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ARTICLE INFO ABSTRACT
Keywords: Soft-sediment deformation structures associated with slumps and mass transport deposits (MTDs) are generally
Mass transport deposit considered to form at the surface when unlithified sediment moves downslope under the influence of gravity.
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Where stratigraphic sequences contain several deformed horizons, the question arises as to whether repeated
slope failure at the sediment surface has systematically built-up multiple MTDs in the stratigraphic record in a
‘sequential failure model’. Alternatively, a single failure event may concurrently create surficial and sub-surface
deformed ‘intrastratal’ horizons at different stratigraphic levels in a ‘synchronous failure model’. The implica-
tions of these differing models are important as sub-surface deformation can be significantly younger than the
depositional age of beds it affects thereby weakening age-depth correlations used to estimate the timing of
palaeo-earthquakes. In order to investigate the potential for sub-surface deformation, we examine the late
Pleistocene Lisan Formation exposed around the Dead Sea Basin that contains numerous MTDs and gravity-
driven fold and thrust systems. Surficial deformation is recognised by identifying irregular erosive surfaces
above MTDs that are overlain by sedimentary caps deposited out of suspension following the failure event. Such
surficial deformation is also characterised by thickened sedimentary successions that create ‘growth’ sequences.
Conversely, sub-surface intrastratal deformation is typified by detachment-bound folds and thrusts that are
marked by repetitions of stratigraphy across the upper detachment surface, fluidised sediment that intrudes
upwards into the overlying sequence, together with abrupt truncations of older faults developed in overburden
above the detachment. MTDs created at the surface form relatively competent horizons when subsequently
buried as they are internally disrupted and lack ‘layer-cake’ geometries, while repeated seismicity can lead to
dewatering and compaction resulting in ‘seismic strengthening’. Later sub-surface deformation may therefore be
focussed adjacent to earlier MTDs that influence the mechanical stratigraphy, leading to secondary failures and
complications when attempting to ‘balance’ extension and contraction that may be of different ages. Sub-surface
deformation is localised along discrete detachments that carry the overlying sequence downslope as relatively
intact slides, affecting what appear to be ‘undeformed’ beds between individual MTDs. As sub-surface defor-
mation does not directly correlate with sedimentary caps, the rates of movement on deeper detachments remain
unconstrained and may be significantly slower than surficial deformation resulting in downslope creep of the
sediment pile.

1. Introduction offshore areas (e.g. Reis et al., 2016; Scarselli et al., 2016; Jolly et al.,

2016; Kumar et al., 2021). MTDs have been recognised from subaqueous

The downslope movement of subaqueous sediments to create mass settings varying from lacustrine (e.g. Van Daele et al., 2015; Sammartini

transport deposits (MTDs) is increasingly documented across a range of et al., 2020; Liang et al., 2021) to deep marine (e.g. Huhn et al., 2020),

m-km scales in both outcrop-based studies (e.g. Gibert et al., 2005; resulting in a number of recent collections of papers (e.g. Van Loon,

Garcia-Tortosa et al., 2011; Sharman et al., 2015; Korneva et al., 2016; 2014; Krastel et al., 2014; Lamarche et al., 2016; Ogata et al., 2020;
Sobiesiak et al., 2017; Cardona et al., 2020) and seismic analysis from Georgiopoulou et al., 2020).
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MTDs incorporate several processes including creep, (which is
defined as “the slow, more or less continuous downslope movement of
mineral, rock, and soil particles under gravitational stresses”; Bates and
Jackson, 1980, p.146), slides (where stratigraphy remains intact and
downslope movement occurs in coherent sheets), slumps (where the
translated mass is internally deformed) and relatively fast debris flows
(Posamentier and Martinsen, 2011, p.8; Moscardelli and Wood, 2008;
Armandita et al., 2015). Where several MTDs are developed in a
sequence then the term mass transport complex (MTC) is commonly
applied (e.g. Bull et al., 2009; Ogata et al., 2012, 2014). Such repeated
deposits are generally considered to represent recurrent slope failure
and are typically separated from one another by intervening unde-
formed beds deposited during periods of stability (e.g. Kumar et al.,
2021). Downslope movement of sediments may be achieved through
gravity-driven fold and thrust systems (FATS) that form in the poorly
lithified sediments (Alsop et al., 2017a, b; Morley et al., 2017). In such
FATS, thrusting can breach the sediment surface and become emergent,
or be buried under the sediment pile where intrastratal deformation is
bound by upper and lower detachments that create sub-surface duplexes
(e.g. Auchter et al., 2016; Alsop et al., 2021a). Auchter et al. (2016,
p-13) define intrastratal deformation as “stratigraphically isolated zones
of deformation bounded above and below by concordant and unde-
formed strata”.

Deformation within both surficial MTDs and sub-surface intrastratal
FATS is considered to affect unlithified or only poorly-lithified sedi-
ments such that soft-sediment deformation (SSD) structures are pro-
duced (see Maltman 1984, 1994a, b for definitions of SSD; Shanmugam,
2017). SSD folds created during gravity-driven slumping share a close
morphological similarity with folds and structures formed during tec-
tonic deformation, potentially complicating their distinction especially
in the rock record (e.g. Maltman, 1994a; Festa et al., 2016; Alsop et al.,
2019). SSD can be triggered by either external deformation (allogeni-
c/exogenic triggers), such as tectonics and earthquakes, or by processes
that develop in the depositional environment (autogenic/endogenic
triggers), including rapid sedimentation and floods (e.g., Chakraborty
etal., 2019). These different triggers have been discussed by Moretti and
Sabato (2007); Moretti and Van Loon (2014) and Van Loon (2014).

While it has previously been recognised from outcrop and seismic
data that MTDs can ‘ride’ on lower or ‘basal’ detachments (e.g. Alves,
2015; Cardona et al., 2020; Kumar et al., 2021), it is generally assumed
that their upper bounding surface was emergent and formed an irregular
bathymetry on the seabed (Frey-Martinez et al., 2005, 2006; Ireland
et al., 2011; Sobiesiak et al., 2020, p.99). This uneven surface, if buried
by subsequent sedimentation, will be preserved as an unconformity in
the stratigraphic record. The lower detachment may also ramp up to the
sediment surface where it forms a basal shear zone as it over-rides the
downslope sediments in frontally-emergent MTDs (Frey-Martinez et al.,
2005, 2006; Sobiesiak et al., 2018). The implication of this model is
two-fold: namely a) that all deformation in MTDs is surficial, and b) that
all deformation is the same age or only slightly younger than the unli-
thified stratigraphy it affects. This close association between the age of
sediment deposition and the timing of surficial deformation allows the
dating of sediments to ‘bracket’ the age of deformation, and hence the
date of earthquakes in seismogenic MTDs.

If deformation and associated structures are shown to be much
younger and form in the sub-surface after sediments are buried, as in the
case of some intrastratal FATS, then no clear or simple relationship can
be drawn between the age of sediments and timing of deformation. In
this case, Toré and Pratt (2016, p.197) have noted that such intrastratal
deformation hinders analysis of seismic recurrence intervals as it “in-
creases the degree of uncertainty in the timing” and the value of SSDs in
palaeoseismic studies is thereby diminished and could even be coun-
terproductive. Furthermore, O’Leary and Laine (1996, p.305) highlight
the difficulty in distinguishing surface versus sub-surface structures and
state that “Intrastratal deformation is easily confused with buried slump
or slide deposits formed initially at the sea ftoor”. Given the significant
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implications of misidentifying surface and sub-surface deformation, we
therefore aim to provide and catalogue some diagnostic outcrop-based
criteria that help discriminate between structures formed in the two
settings.

Distinguishing erosive truncations that cut surficial MTD structures
from cut-offs linked to detachments and bed-parallel slip is crucial. The
importance of erosive surfaces in distinguishing SSDs formed at the
surface, versus those that potentially formed at depth, has been recog-
nised by a range of authors. Tor6é and Pratt (2016, p.180) note that
intrastratal deformation is marked by an absence of overlying trunca-
tions created by erosive processes on the lake floor, combined with a
transition into overlying and underlying beds that remain undeformed.
Van Loon et al. (2016) and Belzyt et al. (2021) examined sediments
deformed during post-glacial rebound and consider that deformed ho-
rizons at different stratigraphic levels are largely created by different
seismic events. Conversely, Gibert et al. (2011) suggest that multiple
deformed horizons may form at different stratigraphic levels during the
same seismic event, while Tor6 and Pratt (2016, p.197) note that “it is
possible a single earthquake could deform two or more closely spaced
intervals separated by intact beds”. In order to link deformation to the
sediment surface, it is of critical importance to identify erosive surfaces
that cut underlying structures and this concept is applied to the analysis
of MTDs.

While it has been suggested that some MTDs might conceal more
than one seismic event, (Alsop and Marco, 2011; Alsop et al., 2016,
2020a; Jablonska et al., 2016, 2018), the role of younger deformation
affecting buried sequences that contain older MTDs has so far not
received the same attention. The aim of this work is therefore to provide
clear descriptions and examples of structures that form at the sediment
surface versus those that form in the sub-surface. The main research
questions addressed are:

a) Which surface and sub-surface deformation models are applicable to
MTDs?

b) What are the key diagnostic criteria to identify surface and sub-
surface deformation?

¢) What controls where and when sub-surface deformation localises?

d) What are the consequences of sub-surface deformation in MTDs?

Finely laminated sediments that are deposited in lacustrine settings
act as an ideal template to record SSD. Such sequences are therefore
increasingly used to constrain earthquake recurrence in palaeoseismic
studies based on outcrops and in successions investigated via drill cores
(e.g. Tor6 and Pratt, 2016; Hou et al., 2020; Gao et al., 2020; Lu et al.,
2021a, b). We focus our attention on MTDs and horizons of SSD that are
generally <1 m thick as these thinner deformed intervals can more
precisely define earthquake events and have therefore been used for
accurate and detailed palaeoseismic analysis in the stratigraphic record
(e.g. Agnon et al., 2006; Dechen and Aiping, 2012; Hou et al., 2020;
Tang et al., 2020; Belzyt et al., 2021).

2. Models of surficial versus sub-surface deformation of
sediments

Deformation of poorly consolidated or only partially lithified sedi-
ments at the surface or sub-surface is known as soft-sediment defor-
mation (SSD) (e.g. Maltman, 1984). This process has been described in
terms of independent particulate flow that analyses the relationship
between pore fluid pressure and cohesive strength due to grain weight
(Knipe, 1986). Hydroplastic deformation develops where fluid pressure
is less than grain weight and results in primary bedding being modified
into structures such as folds similar to those observed in metamorphic
rocks (see Alsop et al., 2020b). Conversely, liquefaction forms where
fluid pressure is equal to grain weight leading to laminar flow of sedi-
ment and consequent destruction of bedding (e.g. Obermeier, 2009).
Liquefaction occurs when “when grain weight is temporarily transferred
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to the pore fluid, through either the collapse of a loose grain packing or
an increase in pore-fluid pressure” resulting in short-lived failure (Owen
and Moretti, 2011, p.141). Finally, if fluid pressure exceeds grain weight
then fluidisation develops in which grains are entrained and carried in
turbulent flow that destroys bedding. Fluidisation is defined by Owen
and Moretti (2011, p.141) as occurring “when the upward-directed
shear of fluid flowing through a porous medium counteracts the grain
weight, reducing the material strength”. Fluidisation can lead to the
injection of sediments into overlying sequences, indicating that the
fluidised layer was buried at the time of deformation, which in some
cases may be km’s below the surface (e.g. Palladino et al., 2016, 2018,
2021). Horizons of SSDs created by variable components of hydroplastic
deformation, liquefaction and fluidisation can form in a range of envi-
ronments including accretionary complexes (e.g. Ogawa and Mori,
2021), although we here focus on surficial MTDs or sub-surface intra-
stratal FATS developed in gravity-driven systems. There are effectively
two end member models when interpreting multiple horizons of SSD at
different stratigraphic levels within a sedimentary sequence.

2.1. Sequential failure model

In the first model, that we term the ‘sequential failure model’, it is
considered that each successive horizon of SSDs represents a new sur-
ficial event and that deformation therefore occurred sequentially up
through the sediment pile as new beds were deposited (e.g. see Sam-
martini et al., 2020 p.217; Kumar et al., 2021) (Fig. 1a). In our schematic
summary, failure occurred in surficial sediments and created MTD 1 in
time 2, while an overlying sedimentary cap was deposited out of sus-
pension immediately afterwards in time 3 (Fig. 1a). The sedimentary cap
is formed of fine-grained sediment that was thrown into suspension
during slope failure and subsequently settled through the water column
to create a depositional cap that drapes the underlying MTD (e.g. Alsop
et al., 2021a). Overlying sediments accumulated prior to a further fail-
ure event 2 that affected surficial sediments at time 6 (Fig. 1a). Repeated
surficial failures therefore sequentially created multiple MTD horizons
through the succession. As deformation was contemporaneous with
deposition, the number of deformed MTD horizons and associated
sedimentary caps therefore represents the number of failure events.

2.2. Synchronous failure model

In the second model, that we term the ‘synchronous failure model’, it is
considered that multiple SSDs form at different stratigraphic levels at
the same time (Fig. 1b). In this scenario, some deformed horizons
develop at, or close to, the contemporary surface, whereas others form
deeper in the sediment pile during intrastratal deformation. Intrastratal
deformation has long been recognised in sedimentary sequences with
large-scale gravity-driven ‘intraformational sliding’ beneath overlying
sediments being reported by Baldry (1938) and Brown (1938) (see
Miller, 1922; Williams, 1960 and Maltman, 1994a, p.18 for historical
perspectives). Rich (1950, p.729) suggested that unconsolidated and
fluid rich layers “served as a zone of gliding along which the entire mass
of overlying sediment crept down a slope and, in the process, crumpled
the bedding within the siltstone”. More recently, Tor6 and Pratt (2015b,
p.382) show several stacked intrastratal deformation horizons display-
ing duplex structures and separated by undeformed beds on the m scale.
They also recognised MTDs in the same sequence that are marked by
erosive bases that formed at the sediment surface.

In our schematic summary of the synchronous failure model, the first
failure event (1) did not occur until time 6 after a significant thickness of
sediment had already been deposited (Fig. 1b). This failure event
occurred in surficial sediments and created MTD 1 in time 6, and also
developed concurrently in the sub-surface where a detachment-bound
intrastratal FATS formed in the buried sediments (Fig. 1b). This sub-
surface failure in time 6 deformed sediments that were originally
deposited in time 1 and are therefore significantly older (Fig. 1b). It
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therefore represents an instance of younger structures forming at depth
in an older sequence, with a single failure event creating synchronous
surficial (MTD) and sub-surface intrastratal deformation in the sequence
(Fig. 1b). As deformation was contemporaneous with a single event, but
not necessarily with deposition of the deformed beds that it affects, then
multiple deformed horizons can form synchronously that significantly
post-date the age of sediment (Fig. 1b). Importantly, the number of
deformed MTD and intrastratal FATS horizons does not therefore
represent the number of failure events.

2.3. Secondary failure model

It is entirely possible that variations of the synchronous model
develop and early MTDs, that later become buried in the sequence,
control where secondary deformation and reworking forms in the sub-
surface (Fig. 1c). This was recognised from high resolution seismics by
O’Leary and Laine (1996, p.308) who state that “both mass movement
and intrastratal deformation may figure in the origin of a single layer”.
In our schematic summary, failure initially occurred at the surface to
create MTD 1 in time 2, and this was later covered by overburden
(Fig. 1c). During a second failure event during time 6, a new surficial
MTD 2 was formed at the same time as secondary deformation was
focussed along the boundaries of the earlier MTD 1 in the sub-surface
(Fig. 1c). Reworking results in detachments and reflects the control
exerted by the earlier MTD 1 on the mechanical stratigraphy. Bed-
parallel detachments that developed along earlier MTDs result in
slides where relatively intact stratigraphy moves downslope over a
period of time. Clearly reworking of earlier MTDs by later secondary
deformation could result in overprinting of surficial structures and a
potential for miscounting the number of deformational events.

In our schematic summary we only show two failure events in each
model (Fig. 1a, c), but the process of several horizons being deformed at
the same time may be repeated up through the sequence during depo-
sition of successive layers and repeated major events. This ultimately
builds a stratigraphy containing numerous deformed horizons separated
by apparently undeformed beds, as frequently observed in successions
incorporating SSDs and MTDs. In order to distinguish the different end-
member models, we need to carefully explore the relationships between
deformation and the sediment surface as the ‘sequential failure model’
largely restricts deformation to the sediment-water interface marked by
syn-depositional structures, whereas the ‘synchronous failure model’ and
‘secondary failure model’ permits sub-surface intrastratal deformation
deeper in the sediment pile. We use the late Pleistocene lacustrine sed-
iments of the Dead Sea Basin to test these different models and examine
the effects of deformation in sedimentary sequences.

3. Geological setting
3.1. Regional geology

The Dead Sea Basin is a continental depression bound by the left-
lateral eastern border fault and the western border fault zone which is
characterised by a series of oblique-normal step faults (Fig. 2a and b) (e.
g. Marco et al., 1996, 2003; Ken-Tor et al., 2001; Migowski et al., 2004;
Begin et al., 2005). The Dead Sea Fault (DSF) system is believed to have
been active from the early Miocene to Recent (Nuriel et al., 2017),
including during deposition of the late Pleistocene Lisan Formation at
70-14 Ka (e.g. Haase-Schramm et al., 2004). The present study focusses
on the Lisan Formation that comprises detrital-rich layers washed into
Lake Lisan during flood events, while mm-scale aragonite laminae were
precipitated from the hypersaline waters during the summer (Begin
etal., 1974; Ben-Dor et al., 2019) (Fig. 3a). Isotopic dating, when linked
with counting of the aragonite-detrital varves implies average deposi-
tional rates of ~1 mm per year for the Lisan Formation (Prasad et al.,
2009). Thicker (>10 cm) detrital-rich beds were deposited more rapidly
following major floods and comprise very fine (60-70 pm) sands, while
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Fig. 1. Cartoons of a) sequential failure model, b) synchronous failure model, and c) secondary failure model with older events (Time 1) at the base of the diagram
and younger events (Time 8) towards the top of each column. During sequential failure (a), the contemporary sediment surface fails repeatedly as new sediment is
deposited leading to multiple mass transport deposits (MTDs) that in each case form at the time of sediment deposition. The surficial MTDs are cut by an overlying
erosive surface and sedimentary cap (in orange) deposited from suspension after each event. During synchronous failure (b), surficial MTDs and sub-surface fold and
thrust systems (FATS) form concurrently during a single failure event. Sub-surface FATS are covered by overburden and are therefore not cut by erosive surfaces and
sedimentary caps. FATS are bound by upper and lower intrastratal detachments, which deform sediments in the sub-surface that are significantly older than the
failure event (e.g. stratigraphy from Time 1 is deformed during Time 6). In the secondary failure model (c), MTDs created during surficial failure become buried and
focus later secondary intrastratal deformation and sub-surface detachments along their margins resulting in overprinting structures. (For interpretation of the ref-

erences to colour in this figure legend, the reader is referred to the Web version of this article.)

thin detrital laminae display grain sizes of ~8-10 pm (silt) (Hal-
iva-Cohen et al., 2012). Compositionally, the detrital units consist of
quartz and calcite grains with minor feldspar and clays (illite-smectite)
(Haliva-Cohen et al., 2012). The Lisan Formation is considered to have
been fluid saturated at the time of deformation and still contains ~25%
fluid content (Arkin and Michaeli, 1986; Frydman et al., 2008).

3.2. Regional patterns of slope failure

The Lisan Formation extends for ~100 km along strike and is marked
by very low <1° depositional dips that are directed towards the depo-
centre of the Dead Sea Basin. A range of gravity-driven structures
associated with seismically-induced slope failure are created, including
bed-parallel detachments (Alsop et al., 2020c), FATS (e.g. Alsop et al.,
2021a, b), and MTDs (Alsop et al., 2020d). These structures collectively
move sediment downslope towards the centre of the basin resulting in an
overall radial pattern of slumping (Alsop et al., 2020a) (Fig. 2a and b).
The Lisan Formation on the eastern shores of the Dead Sea in Jordan
records westerly-directed movement (El-Isa and Mustafa, 1986), while
the southern portion of the basin at Peratzim displays NE-directed
slumping, the central portion is marked by E-directed MTDs, and the
northern parts of the basin are dominated by SE-directed movements
(Fig. 2b). The direction of slumping is supported by anisotropy of
magnetic susceptibility (AMS) fabrics (Weinberger et al., 2017). This
collective movement of sediment from the basin margins towards the
centre results in the Lisan Formation being three times thicker in the
depocentre where drill cores penetrate numerous MTDs (Lu et al., 2017,
2021a, b, c; Kagan et al., 2018).

3.3. Rationale for study area

Deformed horizons, breccias, slumps and MTDs within the Lisan
Formation are correlated with repeated seismicity generated along the
DSF (Marco et al.,, 1996; Agnon et al., 2006; Levi et al., 2018). In
addition, gypsum horizons up to 1 m thick precipitate by overturn and
mixing of the water column possibly following major earthquakes
(Ichinose and Begin, 2004; Begin et al., 2005). The varve-like laminae of
the Lisan Formation preserve detailed structures, making the Dead Sea
Basin an ideal place to study sediment failure. The bilaminate sediments,
that consist of varying proportions of aragonite and detrital input,
simplify the mechanics of the resulting fold and thrust geometries (Alsop
et al., 2020a, b, 2021a, b). In addition, the overall control on the kine-
matics of sediment movement exerted by the regional slope are well
constrained, and provides a consistent framework for both surficial and
sub-surface deformation. The best sections for structural analysis are
preserved in the finely laminated upper ‘White Cliff’ part of the Lisan
Formation dated at 31-15 ka (Torfstein et al., 2013). Previous work has
shown this part of the Lisan Formation to contain:

a) MTDs that are overlain by erosive surfaces and sedimentary caps
associated with surficial deformation (Alsop et al., 2018; 2020a),

b) shallowly-buried FATS <1 m below the sediment surface that are
bound by upper detachments but may locally influence overlying
sedimentation (Alsop et al., 2021a),

c¢) intrastratal detachments marked by bed-parallel slip that create slide
surfaces at depths of up to 20 m in the sub-surface which represents

the thickness of the upper ‘White Cliff’ Lisan sequence which hosts
these structures (Bartov et al., 2002; Alsop et al., 2020c, p.16).

The Lisan Formation therefore contains a spectrum of deformation
styles that were created at a range of depths below the sediment surface
thereby providing an opportunity to examine the major influences on
slope failure. The various types of gravity-driven structure are subse-
quently cut by clastic dykes which contain sediment that provides
optically stimulated luminescence (OSL) dates of between 15 and 7 Ka
(Porat et al., 2007). These dates therefore bracket the age of sub-surface
deformation, which is younger than 30 Ka (depositional age of the
‘White Cliff” section of the Lisan Formation) and older than 7 Ka (the age
of the youngest cross-cutting clastic dykes).

The present study focuses on structures preserved in the Lisan For-
mation exposed along the western margins of the Dead Sea Basin at
Miflat [N31°:21.42" E35°:22.49°"], Masada [N31°:20.02"” E35°:21.24""],
Peratzim [N31°:04.56” E35°:21.02’], Wadi Zin [N30°:53.41"
E35°:17.26°’] (Fig. 2b). All of these sites are located ~1-2 km east of
Cenomanian-Senonian carbonates that outcrop in the footwall of the
Dead Sea western border fault zone (Fig. 2b). These marginal areas of
Lake Lisan had the potential to periodically dry out, with maximum
water depths of 100 m for the period between 70 and 28 Ka, and up to
200 m water depth for a short interval between 26 and 24 Ka (Bartov
et al., 2002, 2003). Modern erosion associated with flash floods creates
incised wadis that cut through the Lisan Formation and enable exami-
nation of vertical sections that form parallel to the movement direction
of the earlier slope failures.

4. Criteria used to recognise surficial deformation
4.1. Erosive surfaces

Erosive surfaces that cut pre-existing structures are perhaps the
single most important criteria to demonstrate that deformation took
place at the surface (e.g. Tor6 and Pratt, 2016; Van Loon et al., 2016;
Belzyt et al., 2021) and we therefore now document examples of these
surfaces truncating different underlying structures. For consistency, East
(or NE) which represents the downslope direction is towards the right on
all figures, while scales on photographs are provided by a 15 mm
diameter coin, 10 cm long chequered rule, 20 cm long yellow notebook
and 23 cm long hammer.

4.1.1. Erosive surfaces cutting neptunian dykes

Neptunian dykes that are created by sediment infilling open fissures
from above are formed at the sediment surface. Within the Lisan For-
mation, our investigated neptunian dykes are up to 1 m in height,
typically widen upwards, and cross-cut the aragonite and detrital
laminae that display no offset across the dyke (Fig. 3a and b). The infill
to the dyke comprises mixed aragonite and detrital sediment that dis-
plays crude sub-horizontal stratification (Fig. 3c). Some dykes are
infilled by rounded pebbles and cobbles that have been transported
greater distances (Fig. 3c). The lack of associated fracturing and vertical
fabrics within the infills indicate that these features are not part of the
suite of late clastic dykes injected after deposition of the Lisan Formation
(e.g. Levi et al., 2006a, b). We interpret them as ‘neptunian dykes’
associated with syn-depositional infilling of fissures or desiccation
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Basin. b) Map of the Dead Sea (based on Sneh and Weinberger, 2014) showing
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in the text. The map also highlights the limits of the Lisan Formation, together
with the general movement direction of the fold and thrust systems and MTD’s
around the basin. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

cracks as Lake Lisan periodically shrunk and partially dried up. The
neptunian dykes are overlain by an unconformity marked by conglom-
erates that were deposited during a re-flooding event (Fig. 3a and b).
Unconformity surfaces are irregular and typically erode more deeply
into the underlying dykes (Fig. 3d-g). Neptunian dykes that are
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truncated by unconformities are themselves subsequently offset by later
normal faults (Fig. 3d-g). Normal faults are then cut by bed-parallel
detachments that represent a subsequent stage of deformation
(Fig. 3d-g). Irregular erosive surfaces potentially overlain by conglom-
erates and cutting underlying neptunian dykes are a key indicator of
surficial processes.

4.1.2. Erosive surfaces cutting soft-sediment folds

Instances of erosive surfaces cutting across slump folds in the Lisan
Formation have been previously reported (e.g. Alsop et al., 2021a) and
we here provide some further cases (Fig. 3h and i). Soft-sediment slump
folds form within MTDs during downslope movement and develop with
arange of attitudes from upright to reclined and recumbent (Alsop et al.,
2020b). Irregular erosive surfaces cut directly across the limbs and
hinges of both upright and recumbent folds (Fig. 3h and i). Erosion re-
sults in the potential removal of tens of cm’s of folded stratigraphy,
although the exact amounts are difficult to estimate (e.g. Fig. 3h). The
observation that the erosive surface is irregular and locally cuts up and
down the underlying earlier structures is consistent with erosion along
the sediment-water interface associated with high-energy flow (Alsop
et al., 2021a).

4.2. Syn-depositional fold style

Within the Lisan Formation, the initiation of folding is often associ-
ated with underlying aragonite-rich beds overlain by detrital-rich beds
that form upright ‘billow’ folds (Alsop and Marco, 2011) (Fig. 4a and b).
The aragonite beds form narrow antiforms separated by broad synforms
composed of the detrital-rich units, with the wavelength of the folds
being systematically spaced (Fig. 4a and b). Aragonite-cored antiforms
broaden out at the crest, while the detrital-cored synforms broaden to-
wards their troughs (Fig. 4a and b). This ultimately results in a char-
acteristic ‘fanning’ arrangement of folds and associated axial panes
indicating that the sediments were weak and potentially fluid-rich at the
time of deformation (Alsop et al., 2021a) (Fig. 4c—e). Folds are truncated
by the overlying erosive surfaces and a sedimentary cap indicating that
they formed at the sediment-water interface (Fig. 4c—e). Upright billows
are subsequently modified during downslope translation and carried on
later thrust ramps (Fig. 4f and g). Creation of new thrusts results in the
upright billow folds being ‘back-rotated’ away from the vertical,
although new secondary vertical folds may grow off the older billows
following rotation (Fig. 4h and i). While billow folds can be modified by
continued MTD movement, the initial geometries associated with
thickened crests and troughs is characteristic of deformation in weak
surficial sediments.

4.3. Sedimentary caps

Erosive surfaces are generally overlain by a ‘mixed” bed comprising
mud, silt, sand and mm-scale fragments of aragonite and detrital
laminae termed a ‘sedimentary cap’ (e.g. Alsop et al., 2016, 2019). Such
caps are extremely variable in thickness but are generally <10 cm,
although locally can exceed 30 cm and infill underlying irregularities
along the erosive surfaces (e.g. Fig. 3h and i). The top of the cap is
horizontal and is succeeded by aragonite-rich and detrital-rich couplets
representing typical background sedimentation in the Lisan Formation
(Fig. 3h and i, 5a). Sedimentary caps may be graded and also contain
2-3 cm long aragonite fragments that are concentrated towards the base
of the bed and interpreted to be clasts ‘ripped-up’ from the underlying
sequence (Fig. 5a and b). The mixed and graded nature of the sedi-
mentary cap, coupled with the infilling of underlying topography, sug-
gests that it was deposited out of suspension from the water column
following the catastrophic downslope movement of surficial sediments
in an MTD (Alsop et al., 2016, 2019). As such it represents syn-slumping
deposition confirming that the immediately underlying folding and
deformation also formed at the surface.
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Fig. 3. a) Photograph and close-up (b) of infilled desiccation cracks that form neptunian dykes that are cut by an erosive unconformity marked by cobbles in the
Lisan Formation (Wadi Zin). ¢) Neptunian dyke with the infill displaying a crude horizontal stratification of rounded pebbles (Peratzim). d) Photograph and line
drawing (e) of erosive unconformity cutting crudely stratified neptunian dykes. These are then offset by a normal fault, which is subsequently truncated by a bed-
parallel detachment. Inset in d) shows details of the irregular erosive unconformity. Photographs f) and g) show close-ups of the normal fault offsetting the neptunian
dykes and the normal fault being cut by the detachment, respectively. h) Photograph and i) close-up of an irregular erosive surface truncating the hinge and both
limbs of an underlying slump fold. The erosive surface is overlain by a sedimentary cap that infills the underlying topography and has a flat horizontal top sur-

face (Peratzim).

4.4. Syn-depositional faulting - growth sequences across normal faults

The hangingwall of syn-sedimentary normal faults are down-faulted
leading to local topography being infilled by the deposition of a greater
thickness of sediment to create ‘growth faults’ (see Fossen, 2016, p.183).
In the present case study, MTDs and adjacent beds display a thickening
in the hangingwall of normal faults (Fig. 5¢c-h). Stratigraphy underlying
the MTD is thickened on the downthrown side indicating that the
normal fault was already active prior to deposition of the MTD
(Fig. 5c—e). Sequences overlying the MTD are also thickened on the
downthrown side, while they are thinned and ‘draped’ over the culmi-
nation and footwall of the fault, indicating that in this case the active
faulting had ceased by the time of their deposition (Fig. 5f-h). In both
examples of growth faulting, the syn-sedimentary normal faults are later
cut by bed-parallel detachments which generate ‘sawtooth’ profiles
(Alsop et al., 2020c) (Fig. 5f-h). The direct influence on sedimentation
of ‘growth faults’ is clear evidence for MTD deformation at the sediment
surface.

4.5. Syn-depositional folding — growth sequences across culminations

4.5.1. Folding at the sediment surface

Deformation at the time of deposition of the sedimentary cap results
in laminated aragonite-rich beds being interfolded with the overlying
detrital-rich beds and sedimentary cap (Fig. 6a), or with the cap being
‘draped’ over syn-slumping folds (Fig. 6b). Although the top of the cap
remains horizontal and undeformed, the detrital-rich beds that grade
into the overlying sedimentary cap display dramatic changes in thick-
ness from the crests of culminations to the troughs of synforms (Fig. 6a
and b). This reflects the syn-depositional growth of the folds at the
sediment surface. In other cases, culminations comprise folds and
thrusts that not only cause a thinning of the sedimentary cap over the
crest of the culmination, but also continue to influence deposition of
sediments directly above the cap (Fig. 6¢—€). The overlying detrital-rich
beds onlap directly onto the structural high created by the underlying
fold and thrust culmination (Fig. 6¢-€). The arching of the sedimentary
cap and onlap of younger beds suggests that structures continued to
form for some time after deposition of the cap and thereby provides clear
evidence for more protracted syn-sedimentary deformation (Fig. 6¢—e).

4.5.2. Folding immediately below the sediment surface

The timing of deformation relative to sedimentation is ascertained by
examining the thickening or thinning of sediments that overlie culmi-
nations created by thrusting and folding. The stratigraphic position of
this sedimentary thickening brackets the age of deformation (e.g. Fos-
sen, 2016, p.184).

Thrusts and associated folds are bound by lower and upper de-
tachments to create a duplex in laminated aragonite-rich sediments
(Fig. 6f-j). Duplexing creates structural thickening that arches the upper
detachment together with 3-4 cm thick panels of overlying sediment
that maintain their thicknesses across the culminations, indicating that
they were deposited prior to deformation (Fig. 6f—j). The uppermost
layers within the arched roof panels are dark-grey detrital-rich beds that
display constant 1-2 cm thickness across the underlying duplex and may
have influenced mechanical stratigraphy (Fig. 6g, j). The immediately
overlying detrital beds exhibit marked thickening off the crest of the
culminations suggesting that they were deposited during or slightly after
the duplexing that created the underlying structural high and infilled

topography on the lakebed (Fig. 6f-i). These observations, coupled with
the lack of a sedimentary cap, suggest that deformation associated with
duplexing formed in the shallow sub-surface at depths (<10 c¢m) that
directly influenced deposition of the overlying sequence.

In another case of deformation immediately below the sediment
surface, folds and thrusts form above a planar lower detachment and
result in duplication and thickening in the fold and thrust package
(Fig. 7a—c). This ‘lens-shaped’ pod is immediately overlain by a 7 cm
thick sequence of aragonite and detrital laminae that are arched over the
culmination and display little or no variation in thickness. However, a
stratigraphically higher 4 cm thick detrital unit erodes into the under-
lying aragonite laminae and thins to just 1 cm over the crest of the
culmination (Fig. 7a—c). The lack of thickness variation in the 7 cm thick
arched roof sequence indicates that these sediments were deposited
prior to deformation of the underlying sequence, while erosion of this
arch, coupled with thinning of the detrital bed, indicates that the
culmination formed immediately prior to deposition at this level. The
deformation is therefore younger than the sediment it affects and cannot
be viewed as synchronous with its deposition, although it is broadly
coeval with the thinned detrital bed.

In a further example, fold and thrust beds form an overall lens-
shaped pod that is bound by lower and upper detachments. The fold
pod depresses the underlying detachment leading to footwall cut-offs of
lower beds, while the upper detachment is arched upwards (Fig. 7d-h).
The stratigraphic sequence overlying the fold pod maintains its thick-
ness across the culmination and is simply arched upwards. However,
beds 0.5 m above the fold pod show thinning over the crest of the
culmination while the flanks are thicker. indicating that the underlying
fold pod formed in the shallow (<1 m) sub-surface and influenced later
sedimentation. This sedimentary signature 0.5 m stratigraphically above
the deformed horizon brackets the age of deformation, which is notably
younger than the age of the beds it affects.

4.5.3. Stacked erosive surfaces

Evidence for deformation in the shallow sub-surface is provided by
multiple unconformity surfaces that are themselves deformed by the
growth of an underlying culmination. Upright folding developed along a
basal detachment was cut and displaced by a shallowly-dipping thrust
(Fig. 7i and j). The overlying sequence is gently folded into a culmina-
tion that is truncated by an irregular erosive surface forming a local
unconformity (1). Beds overlying this unconformity are also gently
warped before being cut by a second unconformity (2) (Fig. 7i and j).
The crests of culminations below each unconformity are vertically
stacked above one another indicating that there has been no lateral
movement across the surfaces. The progressive deformation and arching
of older unconformities reflects continued growth of the underlying
culmination and indicates that deformation occurred in the shallow sub-
surface over a period of time i.e. deformation in the shallow sub-surface
occurred at the time of deposition of the overlying ‘signature’ beds.

5. Criteria used to recognise deeper sub-surface deformation
5.1. Details of detachment surfaces

Bed-parallel detachments are best observed where they truncate
earlier cross-cutting features such as steep faults, and can therefore be

precisely located within the laminated sediments (e.g. Alsop et al.,
2020c) (Fig. 8a—j). In a representative case study from Masada, early
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Fig. 6. a) Aragonite laminae are interfolded with a sedimentary cap that displays dramatic changes in thickness with a horizontal top indicating syn-depositional
folding at the surface of a MTD (Peratzim). Later vertical fractures and sedimentary dykes cross-cut the MTD. b) Folded aragonite laminae that are draped by an
overlying sedimentary cap above the MTD (Peratzim). ¢) Photograph and d, e) line drawings of a fold and thrust culmination formed above a detachment marked by
small sediment injections (Miflat). The culmination is overlain by an erosive surface and infilling sedimentary cap indicating it formed at the surface. The overlying
detrital-rich beds onlap onto the structural high created by the underlying folds, indicating that the culmination continued to grow after deposition of the cap. f)
Photograph and g) line drawing of a detachment-bound fold and thrust system (FATS) that arches an overlying sequence of sediment which acted as a roof to the
duplex. The sediment package overlying the roof displays thickening off the crest of the culmination, indicating that deformation occurred in the shallow sub-surface.
h, j) Photographs and i) line drawing of a detachment-bound FATS that arches the overlying sequence. The overlying detrital bed displays a marked thickening off the

crest of the culmination indicating that the FATS developed in the shallow sub-surface.

conjugate normal faults are cut by bed-parallel lower and upper de-
tachments which form several individual strands that locally anasto-
mose (Fig. 8a—j). The deformed section is positioned between overlying
and underlying gypsum horizons that form prominent benches in the
Lisan Formation (Fig. 8a-inset). Within the detachment zone, conjugate
normal faults defining horsts and grabens are sharply truncated by the
upper detachment, although upslope (west) dipping normal faults may
rotate into parallelism with the detachment (Fig. 8e—j). Normal faults
developed in the overlying sequence are also truncated by the upper
detachment demonstrating that it developed after deposition and
faulting of this overburden (Fig. 8c and d) (see section 5.3.). The de-
tachments are sharp planar surfaces that are associated with a
buff-coloured mixed detrital and aragonite gouge that has been
described from faults in the Lisan Formation (Weinberger et al., 2016,
2017; Alsop et al., 2018, 2020d) (Fig. 8d, g, j). Layers of gouge are
typically <5 mm thick, although can reach thicknesses of 10 mm where
normal faults are truncated (Fig. 8d, g, j). While generally fine grained,
gouge occasionally preserves larger (<10 mm) aragonite and detrital
fragments. Gouge and associated detachments gently cut across laminae
in the overlying sequence, demonstrating that the detachment formed in
the sub-surface following deposition of the overburden (Fig. 8f and g).

5.2. Repetition of stratigraphy across the upper detachment surface

Interplay between early steep faults and later bed-parallel de-
tachments can result in stratigraphic repetition (see Alsop et al., 2020c).
As stratigraphic repetition is critical evidence for sub-surface deforma-
tion associated with detachments rather than erosive truncation, three
separate cases of this process are provided to establish the relative
timing of cross-cutting events ranked from older (1) to younger (3).

In our first example, early normal faults are cut by later detachments
resulting in a repetition of stratigraphy across the detachment surface
(Fig. 9a—c). An early detachment (labelled 1 in Fig. 9b) associated with
thrusts and folds is subsequently downfaulted into a graben (labelled 2
in Fig. 9b). Continued movement on the detachment (3) then duplicates
stratigraphy (Fig. 9c—e). The downfaulted early detachment (1) is at the
same stratigraphic level below the ‘purple’ marker bed as the later
detachment (3). Detachments that cut earlier faults may therefore result
in a duplication of stratigraphy that is clear evidence of sub-surface
repetition and cannot be created through erosion of a normal fault at
the surface (Fig. 9e).

In our second case, an early bed-parallel detachment (labelled 1 in
Fig. 9f-h) is downfaulted by normal faults that form conjugates (labelled
2 in Fig. 9f-h). Continued movement on non-downfaulted segments of
detachments then results in duplication of stratigraphy across the upper
detachment (labelled 3 in Fig. 9f-h). The downfaulted early detachment
(1) is at the same stratigraphic level below the ‘purple’ marker bed as the
later detachment (3). However, the stratigraphic sequence overlying the
detachment is thinned compared to the same stratigraphy in the
downfaulted segments, potentially reflecting attenuation of the hang-
ingwall block as it slides downslope.

In our third example, we examine conjugate normal faults that form
multiple horsts and grabens that are bound by lower and upper de-
tachments (Fig. 10a—c). The normal faults downthrow portions of well-
defined stratigraphy together with early bed-parallel detachments
(labelled 1 in Fig. 10d-i). The non-downfaulted portions of the
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detachment continue to move, leading to a repetition of stratigraphy
across the grabens, while the crests of horsts are marked by portions of
stratigraphy that are ‘missing’ across the detachment surface. The
downfaulted early detachment (1) is at the same stratigraphic level as
the later detachment (labelled 3 in Fig. 10d-i). This suggests that the
position of detachments is at least partially controlled by mechanical
stratigraphy with horizons prone to slip being re-used during different
phases of downslope movement. The stratigraphic sequence overlying
the detachment is thinned compared to the same stratigraphy in the
downfaulted segments, and possibly reflects attenuation during down-
slope movement. While the normal faults defining horsts and grabens
are sharply truncated by the upper detachment, they rotate towards and
flatten into the lower detachment to define listric geometries and
pockets of gouge where faults meet (Fig. 10a—c, k, 1). There is no evi-
dence of stratigraphic repetition across the lower detachment with
normal faults rooting downwards onto this basal detachment, rather
than cutting it as occurs along the upper detachment. Both the de-
tachments, together with normal faults, are subsequently transected by
regional clastic dykes that inject across the previously deformed
sequence (Fig. 10 j).

5.3. Detachments cutting faults in the overlying sequence

Normal faults developed in the Lisan Formation must clearly be
younger than the stratigraphy they offset. Such normal faults are sub-
sequently cut by underlying bed-parallel detachments, which are
therefore younger than the normal faults and the age of sediment offset
by that normal fault (e.g. Alsop et al., 2020c). Where normal faults
extend for several metres above the detachment they provide an esti-
mate of the minimum depth at which the intrastratal detachment
operated in the sub-surface (e.g. Pratt and Rule, 2021, p.21).

In the first case we describe a normal fault that is cut by a lower
detachment zone and which is traced upwards for 1.5 m before being cut
by an upper detachment that develops directly beneath a gypsum ho-
rizon (Fig. 1la-c). We use a displacement-distance (D-D) plot to
compare the amount of displacement of marker beds across the normal
fault with the hangingwall distance of that marker from a fixed reference
point (‘R’) (Fig. 11a, d) (e.g. Muraoka and Kamata, 1983; Hughes and
Shaw, 2014). As displacement across faults is usually considered to be
time dependent then the older parts of faults accumulate the largest
offsets, with the point(s) of maximum displacement on D-D plots cor-
responding to the site(s) of fault nucleation (e.g. Ellis and Dunlap, 1988;
Ferrill et al., 2016). Here, the greatest displacement is recorded across
the orange and pink detrital beds, suggesting that the normal fault
nucleated in these competent marker beds immediately above where the
detachment zone subsequently formed (Fig. 11a—d). The normal fault
forms a high angle cut-off (>70°) with the lower detachment zone that
abruptly truncates it (Fig. 11c, e, f). Where the normal fault is cut by
several strands of the detachment zone, it forms a series of segments
each displaced by < 30 cm downslope to create a ‘staircase’ geometry
(see Alsop et al., 2020c¢) (Fig. 11c, e, f). The detachment zone is up to 30
cm thick and is bound by sharp curvi-planar upper and lower detach-
ment surfaces that are linked by downslope-verging thrust faults and
associated FATS, which form where the detachment zone ramps up-
wards through stratigraphy (Fig. 11e and f). Stratigraphy within the
intrastratal detachment zone is laterally traceable for several metres and
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Fig. 7. a, b) Photographs and c) line drawing of a fold and thrust culmination formed above a detachment (Miflat). The culmination is overlain by a stratigraphic
package that maintains its thickness over the crest, and which is then cut across by an erosive surface and infilling detrital sequence indicating it formed in the
shallow sub-surface. Arching of the erosive surface, coupled with thickening of the overlying detrital beds off the crest of the culmination, indicates that the
culmination continued to grow after deposition of the overlying sediments. d, f, h) Photographs and e, g) line drawings of a detachment-bound fold and thrust duplex
that locally depresses the lower detachment and arches the upper detachment (Miflat). Inmediately overlying stratigraphic packages maintain thickness over the
culmination, while upper parts of the overburden are thinned over the crest of the culmination indicating that the FATS developed in the shallow sub-surface. i)
Photograph and j) line drawing of FATS that creates an arching of two overlying erosive unconformity surfaces. (Miflat). Arching of stacked unconformities indicates
tAhat the culmination continued to grow in the shallow sub-surface over a period of time.
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Fig. 8. a) Overview photograph and b, e, h) detailed photographs with line drawing (c, f, i) of detachment-bound conjugate normal faults (Masada). Close-up
photographs (d, g, j) show details of gouge and cut-offs developed across the upper detachment surface. Truncation of overlying faults (c, d) indicates that defor-
mation occurred in the sub-surface.

is correlated with the adjacent sequence developed above and below the where the detachment zone locally ramps downwards into the under-
detachment. lying sequence (Fig. 12¢ and d). The location of the detachment zone
In our second example, conjugate normal faults are traced for 1.5 m directly beneath a pre-existing MTD horizon suggests that the buried
above a lower detachment that markedly cross-cuts and truncates them MTD could have influenced mechanical stratigraphy and the position of
(Fig. 12a and b). The normal faults displace thin MTD horizons before subsequent intrastratal deformation (see section 5.5.).
being cut by the underlying intrastratal detachment zone (Fig. 12a and In our third case, conjugate normal faults are bound between upper
b). This zone, which is bound by upper and lower detachments and lower detachments that are themselves overlain by a gypsum ho-
approximately 15 cm apart, contains beds that correlate with the over- rizon (Fig. 12e-g). The lower detachment is associated with multiple
lying sequence, indicating stratigraphic repetition across the upper strands that are marked by downslope-verging folds and thrusts that are
detachment (Fig. 12¢ and d). Within the detachment zone extensional best developed directly below the normal faults (Fig. 12g—i). Antithetic
faults form upslope of downslope verging folds (FATS) that are created normal faults that dip towards the west and up the regional slope are
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Fig. 9. a, c) Photographs and b, d) line drawings of conjugate normal faults that are cut by an upper detachment leading to repetition of stratigraphy across the
underlying graben (Miflat). An early detachment (1) is downfaulted in the graben and is at the same stratigraphic level as the later detachment (3). e) Schematic
summary with circled numbers referring to the relative timing of faulting and detachments based on cross-cutting relationships. Repetition of overburden stratig-
raphy can only be achieved through sub-surface intrastratal detachments rather than erosive truncation. f, h) Photographs and g) line drawings of conjugate normal
faults that are cut by an upper detachment leading to repetition of stratigraphy across the underlying graben (Peratzim). Details of repeated stratigraphy are shown in
h) with circled numbers referring to the relative timing of faulting and detachments.

also associated with downslope-verging folds in the underlying detachment (Fig. 12g-i).

detachment zone. This suggests that the footwalls to these normal faults Finally, we examine normal faults that are truncated by detachments
have moved downslope thereby allowing the hangingwalls to drop that develop directly beneath a gypsum horizon, but also root down-
down, resulting in excision of stratigraphy along the underlying wards onto detachments that form part of a deeper intrastratal
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Fig. 10. a) Overview photograph, b) interpreted photograph and, c) line drawing of detachment-bound conjugate normal faults (Masada). Close-up photographs
(d-j) show details of cut-offs and highlight stratigraphic repetition or ‘missing’ stratigraphy across the upper detachment surface. k, 1) Normal faults becoming listric
and rotating into the lower detachment, which is marked by pockets of gouge. Circled numbers refer to the relative timing of faulting and detachments. Repetition of
overburden stratigraphy can only be achieved through sub-surface intrastratal detachments rather than erosive truncation.

detachment zone or system that develops up to 4 m below the gypsum
(Fig. 13a—c). Normal faults become listric and sole into the underlying
detachment zone (Fig. 13d and e), or alternatively are cut by the lower
detachments indicating a coeval development (Fig. 13f and g). The
lower detachment zone bounds folds and thrusts that develop down-
slope of where major listric normal faults sole into the detachment
system, while the same unit upslope remains relatively unfolded
(Fig. 13a—c). The observation that normal faults may offset folds and
thrusts within the detachment zone, but are themselves truncated by the
upper and lower detachments bounding this zone, demonstrates that the
detachments continued to operate after both the thrusting and normal
faulting and could have had a protracted history of downslope move-
ment (Fig. 13f and g). These observations indicate that extension and
downslope movement along listric normal faults was transferred to the
deeper detachment zone and created local folds and thrusts bound by
the detachments (Fig. 13f and g).
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5.4. Faults affecting overlying gypsum horizons

Gypsum horizons form prominent benches within the Lisan Forma-
tion (Fig. 13a and b). Faults and detachment folds which cut the gypsum,
and by inference the detachments that offset these faults, must therefore
post-date the creation of gypsum and are therefore potentially much
younger than the sediments they affect.

5.4.1. Thrust faults

Deeply-rooted thrust faults may ramp upwards and deform overlying
gypsum horizons (Fig. 14a and b). Thrusts develop early (labelled 1 in
Fig. 14b) and are then cut by detachments (labelled 2 in Fig. 14b) that
displace the thrust ramps downslope towards the east. Detailed analysis
reveals several strands of anastomosing detachments that are concen-
trated beneath the competent gypsum horizon, suggesting that the
presence of gypsum has influenced the position of later intrastratal
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Fig. 11. a) Overview photograph, b) detailed photograph, and c) line drawing of detachment zone cutting a normal fault that is traced through 1.5 m of overburden
(Miflat). The normal fault is cut by an upper detachment beneath an overlying gypsum horizon. In the photographs (a—c), matching coloured pink and orange squares
(footwall) and circles (hangingwall) mark offset horizons across the normal fault, with displacement generally decreasing towards the upper reference point (‘R’ in
yellow circle). d) Displacement-distance (D-D) graph plotted for the normal fault with hangingwall cut-off markers (coloured circles) defining a displacement profile
drawn from the yellow reference point (R) at the right-hand origin. e, f) Photographs showing details of the detachment-bounded fold and thrust system (FATS) that
displaces and segments the overlying normal fault. The intrastratal detachment zone is therefore younger than the most recent sediment offset by the normal fault
and formed in the sub-surface beneath >1.5 m of overburden. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

17



G.L Alsop et al. Journal of Structural Geology 154 (2022) 104493

Truncated normal fault extends
for >1.5 m above detachment

e

Lower detachmeni

Intrastratal =
detachment zone jga

Stratigraphy repeated
across upper detachment

—

Detachment bound Intrastratal —
fold and thrust system detachment zone Lower detachment|

———|FATS = — i =

A

Staircase off:
of early faul

\\

'set
e ts
\

¥ " a

I'd
FATS Buckle folding
=T of detrital beds|

f J—
Detachment bound
Lower detachment 55 : = 25 cm {ower detactmiact i fold and thrust s;stem

Fig. 12. a, c¢) Photographs and b, d) line drawings of a intrastratal detachment zone cutting a normal fault that is traced through 1.5 m of overburden (Miflat). The
detachment zone comprises extensional and contractional folds and thrusts that form downslope of where detachments ramp through the stratigraphy. Repetition of
stratigraphy, coupled with truncation of the overlying normal fault, indicates that the detachment FATS formed in the sub-surface. e€) Photograph, f) overview
photograph and, g) line drawing of a intrastratal detachment zone and associated FATS formed beneath ~2 m of overburden and a gypsum horizon. h) Close-up
photograph and, i) line drawing of downslope verging FATS formed directly beneath upslope-dipping normal faults.
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Fig. 14. a) Photograph and b) line drawing of thrusts causing folding in an overlying gypsum horizon. The thrusts are then cut by a intrastratal detachment zone that
later forms beneath the gypsum (Miflat). ¢) Photograph and d) line drawing of normal faults causing folding in an overlying gypsum horizon. The normal faults are
then cut by a later intrastratal detachment zone (Sedom). e) Detachment folds that form in a competent gypsum horizon that is carried on an underlying detachment.
f) Photograph, g) line drawing and, h) close-up photograph of multiple MTD horizons that are offset by later normal faults (Miflat). Normal faults are truncated by
intrastratal detachments that are traced for 2 m into the overburden, indicating that detachments formed in the sub-surface. i) Photograph, j) line drawing and, k)
close-up photograph of sediment injections that intrude overburden above an intrastratal FATS. Sediment injections taper upwards and cut the upper detachment

indicating that they formed shortly after movement on the FATS had ceased.

detachments (Fig. 14a and b).

5.4.2. Normal faults

Normal faults cut stratigraphy as well as overlying gypsum horizons
where they create local folds (Fig. 14c and d). Normal faults are later
displaced by bed-parallel detachments with the upper block moving
downslope towards the east Fig. 14c and d). Several anastomosing
detachment strands form ~1 m below the gypsum horizon suggesting
that their position is influenced by this horizon.

5.4.3. Detachment folds

Detachment folds generally form classic buckle fold geometries and
are created where a sequence has moved directly above an underlying
detachment (e.g. Butler et al., 2020). Detachment folds can be cut by
subsequent thrust ramps (break-thrust folds) or simply be carried on the
underlying detachment. In our example, detrital-rich beds form class 1B
(parallel) folds while the aragonite-rich beds form Class 1C or Class 2
(similar) folds with thickened hinges indicating that the detrital-rich
beds are more competent at the time of folding (Alsop et al., 2020b,
2021a, b) (Fig. 14e). The buckle folds lack the ‘billow’ shape noted for
surficial folds and are commonly asymmetric with vergence directed
downslope towards the east. Detachment folds deform overlying gyp-
sum beds that form competent horizons, and such deformation must
have operated after the gypsum horizon had precipitated (Fig. 14e)
(Alsop et al., 2020c, p.6). In summary, the deformation of gypsum ho-
rizons by underlying structures indicates that deformation not only
post-dates the gypsum and is therefore sub-surface, but that intrastratal
detachments are concentrated beneath the competent gypsum reflecting
its role in the mechanical stratigraphy.

5.5. MTDs displaced by later faults

Where MTDs and adjacent stratigraphy are cut by later faults that
extend for several metres through the overlying sequence, the later
faulting significantly post-dates the MTD after it has become buried in
the sub-surface. In our example, MTDs form thin (<1 m) horizons that
develop at the sediment surface and are subsequently blanketed by a
sedimentary cap that is deposited out of suspension (see section 4.3.).
Following further deposition and burial by overlying sediments, the
whole sequence is subsequently cut by later normal faults that transect
several metres of stratigraphy above the MTD (e.g. Fig. 12a-d). This
indicates that the normal faults are unrelated to the original MTD as they
offset both it and its associated sedimentary cap, with the MTD itself
having been sub-surface at the time of faulting.

In a further instance, multiple thin MTDs are offset by normal faults
that are traced for 2 m above detachments that form below the MTDs
(Fig. 14f-h). The MTDs contain downslope verging folds and are over-
lain by sedimentary caps which are displaced by the normal faults
(Fig. 14f-h). This indicates that normal faults entirely post-date the
MTDs and their sedimentary caps, and that the lower detachment was
developed at least 2 m below the surface. These relationships collec-
tively indicate that MTDs formed at the sediment surface while later
normal faults and detachments developed in the sub-surface after the
sequence was buried.

6. Sediment injections into overlying sequences

Where sediment becomes over-pressured and fluidised, it can
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mobilise and intrude into adjacent sequences to create sediment in-
jections (e.g. Baldry, 1938, p352; Brown, 1938, p.396; Smith, 2000:
Toro and Pratt, 2016, p.191) (Fig. 14i-k). Sediment injections may taper
upwards indicating intrastratal injection up into overlying beds and
intrusions are therefore younger than the stratigraphy they cross-cut (e.
g. Tor6 et al., 2015, p.222; Tor6 and Pratt 2016, p.191) (Fig. 14i-k). In
some cases, sediment injections are rooted directly into and develop off
underlying detachments (e.g. Baldry, 1938, p.352; Brown, 1938, p.396;
O’Leary and Laine, 1996, p.309), indicating that these detachments that
generate the injections are also younger than the overlying sequence and
therefore formed in the sub-surface (Fig. 14i-k). Sediment injections cut
directly across the upper detachment suggesting that they formed
shortly after movement on the FATS had ceased (Fig. 14i-k).

6.1. Injections above a thrust duplex

Gravity-driven FATS that are bound above and below by intrastratal
detachments in the otherwise largely undeformed sequence may be
associated with sedimentary injections (Fig. 15a—e). The sediment in-
jections are formed of a fine-grained mixed aragonite and detrital matrix
that contains larger (<10 mm) clasts of aragonite and detrital fragments,
presumably sourced from the adjacent Lisan Formation (Fig. 15a-e). The
injections take the form of rounded ‘blobs’ with no discernible defor-
mation or offset of adjacent laminae in the host sediment. The gravity-
driven FATS comprises folds and imbricate thrust ramps which join
into the upper and lower detachments to create a duplex with a mini-
mum of 0.5 m of overburden (Fig. 15a—c) (see Alsop et al., 2021a). The
lower detachment locally cuts down section in the direction of transport
and may also repeat stratigraphy from the footwall sequence
(Fig. 15a-d). The upper detachment comprises an anastomosing system
of braided strands that truncate and repeat stratigraphy, as well as
truncating underlying folded layering (Fig. 15d and e). The injections
form directly along the upper detachment, with traces of injected sedi-
ment preserved along the detachment surface, indicating that the in-
jections were sourced from sediment that was mobilised along the
detachment (Fig. 15a—e).

In a second example, sedimentary injections that form minor (cm-
wide) dykes are displaced by thrust imbricates within FATS and also by
bed-parallel detachments (Fig. 16a—c). Sedimentary dykes do not offset
adjacent laminae, which they sharply cross-cut, although local down-
warping of laminae and the underlying detachment suggests that the
dykes were relatively competent at the time of deformation (Fig. 16d
and e). Note that these sedimentary dykes appear to be sourced from
adjacent to lower detachments in the FATS and should not be confused
with the larger and extensive regional set of clastic dykes that cut across
MTDs and FATS in the Lisan Formation (Levi et al., 2006a, b). The dykes
act as displacement markers and suggest offsets of up to 40 cm across
detachments, although an inability to correlate dykes across some de-
tachments suggests displacement could be larger (Fig. 16b and c).
Sedimentary dykes that develop above upper detachments and cut
overlying stratigraphy are significant as they demonstrate that the
overlying sequence was already deposited at the time of the FATS
deformation that created injections (i.e. the deformation must be
sub-surface).

6.2. Injections along upper detachments

In this example the gravity-driven FATS is bound above and below by
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bed-parallel detachments that are subsequently cut and displaced by a
normal fault that extends into the underlying and overlying sequence for
>0.5 m (Fig. 16f-h). No sedimentary cap is developed above the folds
and thrusts within the FATS, and the upper contact is marked by a
detachment that forms a sharp planar boundary above which the sedi-
mentary injections develop (Fig. 16h—j). The upper detachment is
marked by sediment injections that ‘pond’ upslope in the hangingwall of
the normal fault (Fig. 16h, j). The normal fault locally cuts the injection,
suggesting that injections formed during movement along the upper
detachment and shortly before the later normal fault that cross cuts both
the detachment and injection. The injection does not offset the laminae
in the host sediment, although it is notable that some detrital layers are
thicker on the upslope flank of the injection (Fig. 16i). This suggests that
there may have been a component of later layer-parallel compaction and
thickening on the upslope margin of the injection that acted as a local
buttress and barrier to continued downslope movement.

In summary, sedimentary injections that develop from upper de-
tachments and cut overlying stratigraphy are significant as they
demonstrate that the overlying sequence already formed an overburden
at the time of the deformation that created the injections (e.g. Tor¢ et al.,
2015, p.222). As such, they provide critical evidence that the FATS and
associated deformation must be sub-surface.

7. Reactivation of surficial MTD horizons by later MTDs
7.1. Folding of earlier MTD horizons

Where MTDs and their associated caps are folded or thrusted then it
is clear that at least two episodes of surficial deformation, and potential
seismicity, are recorded by the MTDs. In this example, both an older
MTD (1) and younger MTD (2) are folded and repeated around a later
recumbent fold that is oblique to the section (Fig. 17a-d). MTD 1 con-
tains a 5 cm thick panel of undeformed aragonite-rich laminae that
locally divides this MTD into two sub-units (Fig. 17 a-d). MTD 2 is
marked by a sedimentary cap with a pronounced erosive base that is
repeated around the later fold closure, while the top of the sedimentary
cap remains unfolded (Fig. 17a-d). This indicates that the folding
formed and continued during deposition of the sedimentary cap and is
therefore a later stage feature of MTD 2 (Fig. 17a-d). This highlights the
complications that can develop where locally undeformed beds divide
MTDs into two sub-units (MTD 1a and b), or where sedimentary caps are
repeated around fold closures (MTD 2). In both cases the duplication of
MTDs and caps is a consequence of processes operating during MTD
development and should not be viewed as a later process (Fig. 17a-d).

7.2. Thrusting of earlier MTD horizons

In this example, an older MTD 1 and its overlying sedimentary cap
are cut across by younger thrusts associated with MTD 2 (Fig. 17e-h).
The thrusts displace the sedimentary cap of MTD 1 and tip out into
asymmetric folds in MTD 2 that are overlain by an undeformed sedi-
mentary cap (2) (Fig. 17e-h). This deformed sequence that conceals two
separate MTDs is itself overlain by a detachment system that contains a
FATS duplex (3) (Fig. 17g-j). The roof to the duplex is arched over the
culmination where the 50 cm thick overburden is locally truncated by an
erosive surface, indicating that the duplex formed in the shallow sub-
surface. The modification of MTD 1 by the overlying MTD 2 demon-
strates that MTDs may conceal more than one episode of deformation
that in many cases can only be distinguished by examination of the
sedimentary cap that overlies the older MTD.

8. Reworking of surficial MTD horizons by secondary sub-
surface deformation

MTD horizons represent major heterogeneities within a sedimentary
sequence due to the mixed and irregular shape of the unit, internal
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faulting, folding and thrusting that disrupts original layers, and expul-
sion of fluids from within deforming sediments (e.g. Alsop et al., 2021a).
Such mechanical heterogeneities caused by MTDs are particularly pro-
nounced in otherwise well-bedded or laminated lacustrine sediments
such as developed in the Lisan Formation. The mechanical heterogeneity
introduced into an otherwise relatively uniform sequence by MTDs
during surficial deformation may be utilised by later sub-surface
deformation that focuses secondary intrastratal detachments and asso-
ciated structures next to MTDs (Fig. 1c¢). Faults that cut the overburden
above MTDs and extend downwards into detachments next to the MTD
demonstrate that the detachments formed in the sub-surface after the
MTD had become buried.

8.1. Secondary detachments above earlier MTDs

Asnoted above, secondary deformation becoming localised along the
tops of pre-existing MTDs can result in duplexes being created that arch
the overlying roof panel (Fig. 17h-j). In a further case that involves
reworking and reactivation of earlier normal faults, upper and lower
detachments bound a FATS that creates duplexes developed directly
above detrital-rich MTDs (Fig. 18a and b). Stratigraphy is repeated both
above the lower detachment and beneath the upper detachment, indi-
cating that these truncating structures are detachments rather than
erosive surfaces (Fig. 18a and b). Early normal faults that offset the MTD
are locally reactivated by thrusting, while later normal faults cut across
the entire detachment zone (Fig. 18a and b).

Normal faults can also form conjugate systems between detachments
that develop above pre-existing MTDs (Fig. 18c—f). In some instances,
upper and lower intrastratal detachments appear to be ‘sandwiched’
between underlying MTDs and thick overlying detrital-rich beds
(Fig. 18c-f). The MTD contains billow folds with ‘fanning’ axial planes
that are truncated by an irregular erosive surface at the base of the
overlying sedimentary cap (Fig. 18f). The lower detachment forms a
sharp contact a few cm above the sedimentary cap of the underlying
MTD, while the upper detachment is developed within aragonite-rich
beds and abruptly truncate normal faults that form a conjugate system
between the two detachments (Fig. 18c-f). It is important to note that
the upper detachment is within aragonite-rich units and is not therefore
an erosive surface at the base of the overlying detrital-rich beds, while
the lower detachment is also unrelated and separated from erosive
processes along the sedimentary cap (Fig. 18f). In summary, the upper
and lower detachments bound a zone of conjugate normal faulting that
developed after deposition of the MTD, and also the overlying detrital
beds that formed an overburden to the sub-surface intrastratal
deformation.

8.2. Secondary detachments below earlier MTDs

Detailed examination is required to distinguish truncation of pre-
existing structures by erosive surfaces that form along the base of
MTDs, from intrastratal detachments that may subsequently localise
along the base of MTDs and also cut across earlier faults. In our first
example, a detachment forms beneath a MTD that contains large (>20
cm) clasts of aragonite, and which is itself overlain by a thick sequence
of detrital beds (Fig. 19a—c). Normal faults are abruptly cut by the
detachment that forms an extremely sharp truncation (Fig. 19a—c). The
detachment is a planar bed-parallel surface that is associated with a thin
(<1 cm) mixed gouge unit that is especially well developed where the
detachment intersects detrital-rich beds in the footwall of normal faults
(Fig. 19d and e). A critical observation is that a thin (2 cm) panel of
aragonite-rich laminae is preserved above the detachment and below the
base of the MTD (Fig. 19d and e). This panel of undeformed laminae
proves that the truncation of the underlying normal faults has been
created by the intrastratal detachment, rather than erosion along the
base of the MTD which does not actually intersect the faults (Fig. 19d
and e).
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Fig. 17. a) Overview photograph, b) photograph, c) detailed photograph, and d) line drawing of an older MTD 1 and its sedimentary cap being repeated around a
later recumbent fold that is part of a younger MTD 2 (Miflat). MTD 1 is locally separated into two sub-units by an undeformed package of aragonite laminae. e)
Overview photograph, f) photograph, g) detailed colour-coded photograph, and h) line drawing of an older MTD 1 and its sedimentary cap being cut by thrusts
associated with MTD 2 (Peratzim). The sedimentary cap to MTD 2 remains undeformed and is overlain by FATS that creates a duplex. i, j) Details of duplex that
arches up an overlying panel of sediment indicating that the intrastratal FATS formed in the sub-surface. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

25



G.L Alsop et al. Journal of Structural Geology 154 (2022) 104493

Normal faults root
into detachment zone|
above buried MTD

= —————
> ‘
Iy t / 7 /| detachment zone|
e e
\~

Early normal fault
is reactivated

Detrital bed is repeated across

|
thrust and lower detachment / by later thrusting

—{Billow folds
in MTD

Fig. 18. a) Photograph, and b) line drawing of a FATS that forms above an MTD (Miflat). Early normal faults that offset the MTD are locally reactivated as thrusts. c)
Overview photograph, d) photograph, and e) line drawing of an intrastratal detachment zone with conjugate normal faults forming above an older MTD (Miflat).
Details of billow folds within the MTD that are cut by an overlying erosive surface and sedimentary cap are shown in f).

In the second case, a series of thin MTDs are developed that are offset MTD has not created the truncation of faults. In summary, MTDs

by a listric normal fault and later detachment surface (Fig. 19f-h). The represent heterogeneity below which later sub-surface detachments may
listric normal fault offsets MTD 1 and MTD 2 and is cut by an overlying nucleate. It is critical to recognise thin panels of undeformed strata that
bed-parallel detachment (Fig. 19f-h). A thin (3 cm) panel of aragonite- demonstrate it is the intrastratal detachment that cuts the earlier faults
rich laminae is preserved above the detachment and below the base of rather than the erosive base of an MTD.

the overlying thicker (25 cm) MTD 3 (Fig. 19i and j). In detail, thin mm-

scale aragonite laminae that overlie the detachment are locally cut out, 9. Discussion

indicating that it is a later tectonic excision rather than an erosive un-

conformity (Fig. 19i and j). The thin panel of undeformed sediment that The criteria described above to distinguish surface versus sub-surface

separate the detachment surface from the base of MTD 3 prove that the deformation in gravity-driven MTDs and FATS developed around the
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Fig. 19. a) Overview photograph, b) photograph, and c) line drawing of a detachment that forms beneath an MTD (Miflat). d) Photograph and e) line drawing of
early normal faults being cut by the detachment that is separated from the overlying MTD by a thin panel of undeformed sediment. The normal faults are truncated by
the intrastratal detachment rather than the erosive base of the MTD. f) Overview photograph, g) photograph and h) line drawing of MTDs being cut by normal faults
that are truncated by a detachment. i, j) Photographs of MTD 1 and MTD 2 being cut by the normal fault, while MTD 3 overlies the intrastratal detachment. k)
Photograph of a detachment formed beneath an MTD that is locally separated into two sub-units by an undeformed package of laminae. Only one sedimentary cap is

developed above the upper sub-unit.

27



G.L Alsop et al.

Dead Sea are largely based on classical stratigraphic principles (cross-
cutting relationships etc.) as well as fundamental observations linked to
structural geology. As such, they may be equally applicable to defor-
mation of sediments in other basinal settings, including accretionary
complexes where the distinction between tectonic features and gravity-
driven structures formed within soft-sediments may become more
problematic (see Ogawa and Mori, 2021 for details).

9.1. Which surface and sub-surface deformation models are applicable to
MTDs?

Sequential failure models have been typically applied to MTDs,
whereby each MTD represents a separate failure event at the contem-
porary sediment surface that sequentially build up with deposition of
new overlying sediment (Figs. 1a and 20a, b). Each deformed horizon
therefore represents a new failure event that broadly corresponds to the
age of the affected sediment (e.g. Basilone et al., 2014; Van Loon et al.,
2016). Where pre-existing buried MTDs act as competent horizons in the
sedimentary sequence, they can localise later intrastratal detachments
and focus secondary failure along the margins of the MTD (Figs. 1c¢ and
20a, c). Conversely synchronous failure models, where single failure
events concurrently generate multiple deformed horizons at the surface
and sub-surface, have so far largely been applied to sequences that lack
downslope movement (e.g. Gibert et al., 2011) (Figs. 1b and 20a, d).
Several deformed horizons may be generated during a single failure
event and affect sediments that are significantly older than the age of the
event (Figs. 1b and 20a, d).

9.1.1. Evidence for surficial deformation and the sequential failure model

The surficial failure model summarised in Fig. 1a is usually applied
to both gravity-driven downslope deformation of unlithified sediments
to create slumps and MTDs, and also where there is a lack of downslope
movement and deformation is driven by contrasts in density of adjacent
beds (e.g. Owen, 2003 for a review; Van Loon et al., 2016). Deformation
is considered to be contemporaneous with deposition of each layer at the
surface (e.g. Rossetti and Goes, 2000; Basilone et al., 2016, p.320;
Kumar et al., 2021), with erosion above slump folds indicating that
folding took place at the surface prior to deposition, and ‘blanketing’ by
overlying beds (Ortner and Kilian, 2016, p.357). Surficial deformation
and remobilisation of sediment occurred at depths of up to 20 cm from
the sediment surface in Chilean lakes, with this depth increasing with
greater slope angles and larger magnitude earthquakes (Molenaar et al.,
2021). The stratigraphic record preserved by seismo-turbidites in
basinal sediments is crucial to recognise earthquake-induced surficial
deformation of sediments in slope settings (Molenaar et al., 2021).

The significance of turbidites that directly overlie units of SSDs in the
sedimentary record from the Dead Sea has been recognised and analysed
by Lu et al. (2021b, c). The link between deformation and the sedi-
mentary record demonstrates that SSDs in these cases formed at the
sediment surface in the depocentre of Lake Lisan. Within the case study
area, six individual MTDs up to 2 m thick were analysed by Alsop et al.
(2016). Each of these MTDs is separated from the others by undeformed
beds, and each is overlain by a sedimentary cap with a locally erosive
base that was deposited out of suspension after the failure event. These
observations are summarised in Fig. 20a and b and collectively indicate
that each individual MTD sequentially formed at the sediment surface
during recurrent failure of the gentle slope.

9.1.2. Surficial deformation horizons that laterally bifurcate

In some instances, a single deformed horizon may bifurcate laterally
into two or more deformed units at different stratigraphic levels and
separated by intervening undeformed beds (e.g. Gibert et al., 2011;
Morsilli et al., 2020). The upper deformed sub-unit may remain at the
sediment surface, while the lower bifurcated unit will develop in the
shallow sub-surface. This has been interpreted as a result of liquefaction
at different levels in a multi-layered system during a single earthquake
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(Gibert et al., 2011). Morsilli et al. (2020) further suggest that the
intervening undeformed sediments affected porosity and acted as a
barrier to fluid flow and thereby facilitated liquefaction in adjacent
sediments. Both of these cases focus on SSDs and seismites in sections
which are marked by fluidisation and liquefaction structures associated
with density-driven deformation. They appear to lack significant
preferred orientation and development of asymmetrical folds and faults
that characterise downslope mass transport of sediments (Morsilli et al.,
2020, p.12).

Within the Lisan Formation, examples of bifurcating deformed ho-
rizons are developed on the metre-scale where 5 cm thick panels of
undeformed aragonite laminae locally separate MTDs into upper and
lower sub-units (Fig. 17a-d, 19k, 20a, b). Only a single sedimentary cap
is developed (above the upper unit) and this provides a reference for the
position of the surface at the time of deformation. Despite the extensive
exposures around the Dead Sea Basin, we find no evidence for larger
scale bifurcating of MTD systems where individual slumps and MTDs are
traced downslope for 500 m and consistently maintain distinct strati-
graphic levels with each deformed horizon overlain by an individual
sedimentary cap (Alsop et al., 2016). This may reflect the largely
‘layer-cake’ stratigraphy within the varved lake sediments, together
with the simple bilaminate nature of sediments that comprises only
aragonite- and detrital-rich beds. Clearly, even if deformed horizons
were to bifurcate laterally into several individual horizons at different
stratigraphic levels, there is still only one interface between sediment
and the water column, and hence only a single sedimentary cap will
form.

9.1.3. Evidence for sub-surface intrastratal deformation of buried MTDs
and the secondary failure model

Pre-existing MTDs that formed at the surface can subsequently affect
the mechanical stratigraphy of a sedimentary sequence and control
where later secondary intrastratal deformation is focussed in the sub-
surface (Figs. 1c and 20a, c¢). In a highly perceptive paper, Brown
(1938) noted that sediment that had previously undergone folding
nearer the surface could, after further burial, be overprinted by discrete,
downslope-directed slide surfaces. Brown (1938, p.36) declared that
“These large-scale slides will be superimposed on beds which have
already suffered from sealing-wax flow (folding) and rupture on a small
scale, mostly along bedding-planes”. More recently, Sammartini et al.
(2021) have shown from silt-dominated lacustrine sediments that when
surficial MTDs are buried to depths >1.5 m, they have greater shear
strengths than undeformed sediment of equivalent depth. It is consid-
ered that increasing deformation and lateral compaction in the central
part of MTDs may have resulted in reduction in porosity and expulsion of
water leading to increased absolute shear strength in the MTDs (Sam-
martini et al., 2021, p14). Similar relationships are recorded by Daxer
et al. (2020, p.251) who note that slope failures in lacustrine sediments
generally occur at <1 m depth below the sediment-water interface, with
the top of older MTDs controlling where the basal slip surface of younger
failure events develops. Sub-seismic scale MTDs may clearly play a role
in acting as baffles and barriers to hydraulic flow across a range of scales
in the sub-surface (e.g. Steventon et al., 2021).

Within the Lisan Formation, shallow sub-surface FATS can create
duplexes where water is considered to be expelled from folds and thrusts
and migrates upwards to weaken the overlying sequence and thereby
help drive the upper detachment to the system (Alsop et al., 2021a). The
consequence of this is that such deformed horizons become
over-compacted and then act as baffles to later fluid flow. Overlying
MTDs may themselves also act as barriers to fluid flow and influence
where younger sub-surface intrastratal deformation focuses. MTDs and
sub-surface FATS exert significant controls on subsequent fluid flow, and
hence the localisation of secondary deformation, which is focussed
adjacent to older deformed levels (Figs. 17-19).
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reworking of MTDs. Criteria are based on observations from the present study (denoted by figure numbers) and are separated into b) surficial deformation of MTDs
(circled blue letters A-N), c) intrastratal secondary reworking of buried MTDs (boxed green roman numerals i-vii), and d) sub-surface intrastratal deformations in
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9.1.4. Evidence for sub-surface intrastratal deformation and the
synchronous failure model

The synchronous failure model involves deformation in both the
surface and sub-surface during a single event (Fig. 1b) and therefore
necessitates the identification of deeper-seated structures (Fig. 20a, d).
Evidence for the sub-surface deformation of unlithified sediments has
been provided in a number of previous studies including Budillon et al.
(2014) who describe relatively deep gravity-driven slope failures which
are associated with recurrent sediment failures along the seabed, and
which also create internal slip planes within the MTD. Evidence for
sub-surface deformation has also been presented by Moretti and Van
Loon (2014, p.167) who suggest that deformation in marginal lake areas
can take place at depths of up to 9 m in some environments. In this
setting, deeper water-saturated sediments are prone to liquefaction and
deformation, especially where overlain by less permeable sediments (e.
g. Moretti and Van Loon, 2014, p.167). Sub-surface deformation of
unlithified sediments has also been reported from Lake Superior where
high resolution seismic and sonar data from fine grained
glacio-lacustrine sediments has revealed polygonal systems of normal
faults that penetrate unlithified sediments (Wattrus et al., 2003). The
faults terminate at a lower bed-parallel intrastratal surface where sedi-
ment has mobilised and flowed laterally at depths of 10 m below the
sediment-water interface, presumably in response to movement on the
overlying faults (Wattrus et al., 2003).

In a further example of the synchronous failure model, Auchter et al.
(2016) suggest that the rapid emplacement of a thick MTD creates
intrastratal deformation and thrust duplexing in the underlying
sequence. Three intrastratal deformation zones are considered to have
developed synchronously during this single event, with positions
partially controlled by the morphology of depositional sand lobes within
the sequence. Stratigraphic thicknesses suggest that these sub-surface
intrastratal failures formed concurrently at depths of ~60-70 m,
~30-40 m, and ~10 m below the contemporary sediment surface
(Auchter et al., 2016, p.20).

Seismicity linked to post-glacial rebound in late Pleistocene lacus-
trine deposits results in liquefaction occurring at depths of up to 0.6 m
(Belzyt et al., 2021, p.12). Deformation that creates ball and pillow
structures, load casts, and broken laminae, is considered to develop
within decimetres of the sediment surface, with each SSD horizon
generally forming during separate events. However, Belzyt et al. (2021,
p-20) note that sediment injections intrude from underlying SSDs into
the overlying sequence and cross-cut the younger SSD horizons, leading
them to suggest that some deformed horizons that lack overlying
erosional truncations could have developed concurrently during a single
failure event. The lack of erosive surfaces truncating underlying struc-
tures meant that Belzyt et al. (2021) were unable to determine the
maximum number of seismic triggering events for SSDs, although the
number of erosive surfaces provides a minimum estimate.

Although many MTDs recorded in the Lisan Formation preserve
sedimentary caps with erosive bases that formed at the sediment surface,
there are also cases of deformed horizons where no cap or erosive sur-
face is present (e.g. Figs. 2, 8-130a, d). In these cases the deformed
horizon is bound by upper and lower bed-parallel detachments that form
during sub-surface intrastratal deformation and the age relationship
with surficial sediments is therefore lost.

9.2. What are the key diagnostic criteria to identify surface and sub-
surface deformation?

Distinguishing gravity-driven surficial deformation and gravity-
driven sub-surface structures might not be straightforward as both are
governed by the same slope that creates similar kinematics and com-
parable orientations of downslope-verging structures. For instance, folds
created above sub-surface detachments share the same orientation as
folds formed in earlier MTDs (Alsop et al., 2020c). These movement
directions have also been corroborated by magnetic fabrics in AMS
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studies of MTDs (Weinberger et al., 2017) confirming that movement is
directed downslope around the basin. The orientation of folds and
thrusts in MTDs or FATS is therefore of little value in distinguishing their
mode of origin and further criteria need to be established.

9.2.1. Recognising erosive truncation versus bed-parallel detachments

It is crucial to distinguish surficial processes that create erosive
surfaces from deeper-seated structures, such as intrastratal detachments
that also cut across pre-existing structures but could be much younger
than the overlying stratigraphy (Figs. 1b and 20a, b, d). Tor¢ et al.
(2015) record seismically generated intrastratal deformation in lacus-
trine deposits that lack erosive truncations, leading to an interpretation
of intrastratal deformation rather than processes operating directly on
the lake floor. Van Loon et al. (2016) and Belzyt et al. (2021) have also
recognised the importance of identifying erosive surfaces in establishing
surficial SSD in liquified horizons. If a detachment surface is established,
then the associated deformation could have formed at depth in the
sediment pile and the link to the surface (and precise age of deforma-
tion) is then broken. While some erosive surfaces are planar, others
display significant relief on the scale of metres, and are also irregular on
the cm-scale (e.g. Fig. 3h and i). Such rugosity severely hinders
displacement along a detachment surface and is therefore a character-
istic feature that supports an erosive surficial origin.

Issues around establishing the true nature of a bed-parallel surface
are more likely to arise when dealing with planiform erosive surfaces
that display similar geometries to detachments. In some cases, bed-
parallel slip is associated with stratabound horizons of microfractures
that help identify intrastratal deformation that formed at depth below
the sediment surface (e.g. Grimm and Orange, 1997). The difficulty in
recognising bed-parallel slip that creates glide planes at the base of
sediment packages has also been highlighted by Ortner (2007, p.112).
Ortner (2007) recognised local ramps that enable identification of
bed-parallel glide planes that operated at depths of 6-7 m below the
sediment surface during tilting associated with regional tectonics.
Basilone et al. (2014, p.320) described translational slides in deepwater
carbonates where sediment moved downslope above a detachment with
the slide block maintaining its coherency. The detachment zones contain
units of relatively undeformed strata that are bound by lower and upper
detachments (e.g. Basilone et al. (2014, p.313, their Fig. 3). Regional
uplift and overall tilting of the sea floor is, in this case, considered to
drive the downslope movement along relatively discrete detachments
(Basilone, 2017).

Within the Lisan Formation, no regional tilting has developed and
the bed-parallel detachments translate overlying sediments down gentle
(<1°) slopes towards the depocentre of the basin (Alsop et al., 2020c).
Detachments are generally planar but are recognised by their offset of
older faults (Fig. 20a, d). They are considered to operate within the
upper 20 m of the Lisan Formation, with direct measurement of 10 m
thick overburden above a detachment being deformed (e.g. Alsop et al.,
2021a, p.3. their Fig. 1c and d).

9.2.2. Recognising sedimentary caps versus fluidisation that creates erosion
in the sub-surface

It has been suggested from experimental work that unconformable
surfaces that truncate underlying structures may potentially develop
within buried sedimentary sequences (Moretti et al., 1999, p.376). In
this scenario, silty sand is considered to undergo selective fluidisation
and be transported upwards through overlying medium-coarse grained
sand to create an upper layer of fine-grained sediment. This fine-grained
horizon will be discordant and can truncate structures in the underlying
coarser sand layer, while the top of the layer is horizontal and parallel to
the overlying beds (Moretti et al., 1999, p.376). These experimental
observations suggest that unconformable and erosive relationships
could potentially develop in the sub-surface and are therefore not
necessarily diagnostic of surficial processes. The creation of uncon-
formable surfaces in the sub-surface by diffuse fluidisation and
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elutriation of fine sediment does not leave clear evidence of focussed
upward movement of fluids and could therefore be problematic to
recognise in the sedimentary sequence.

Within the Lisan Formation, the sedimentary caps that overlie
erosive surfaces contain larger cm-scale fragments of folded aragonite
laminae, graded aragonite grains, evidence of currents resulting in cross
laminations, and overall scouring resulting in irregular wave-like
erosive surfaces along the base of the cap (e.g. Alsop and Marco,
2011; Alsop et al., 2016, 2021a). In addition, laminae, although folded
and faulted, are generally preserved in the underlying deformed hori-
zon, while caps thicken in the hangingwall of sedimentary faults to
create ‘growth’ sequences (Fig. 3h and i, 6a-e). These observations
collectively indicate that sedimentary caps and underlying erosive sur-
faces in the Lisan Formation were created at the surface prior to depo-
sition of the overlying sedimentary sequence that subsequently buried
the unconformities.

9.2.3. Recognising sedimentary caps versus gouge along detachments

Given the importance of sedimentary caps in recognising surficial
deformation, it is critical that they are clearly distinguished from gouge
or breccia that forms during slip events (e.g. Weinberger et al., 2016;
Alsop et al., 2020c) Examination of horizons of carbonate breccia led
Van Loon et al. (2013) to suggest that breccia layers with vertical clasts
may have formed in the sub-surface after deposition of overlying beds
that acted as a seal. They propose that although original brecciation
developed on the sediment surface, the subsequent rotation of clasts to
vertical attitudes reflects high pore fluid pressures leading to rapid fluid
escape (Van Loon et al., 2013). Vertical clasts are atypical of sedimen-
tary deposition and developed in the shallow sub-surface after the
deformed horizon was buried by overlying sediments.

Within the Lisan Formation, gouge that is developed along steep-
moderate dipping normal faults or thrusts is readily identified due to
the cross-cutting nature of the fault plane (e.g. Alsop et al., 2018).
However, gouge that forms along discrete bed-parallel detachments can
be more problematic as it remains largely parallel to the adjacent sedi-
mentary layers (Fig. 8a—j). Gouge along detachments typically has a buff
colour that reflects the mixing of aragonite and detrital layers, and is
especially well developed where the detachment transects adjacent
laminae. In addition, sediment injections may develop from the gouge
layers and intrude overlying beds (Figs. 15 and 16), demonstrating that
the gouge is created during high fluid pressures that develops along the
detachment and is inconsistent with deposition of a sedimentary cap at
the surface.

9.2.4. Recognising depositional infilling versus hydroplastic thickening of
beds

Over the past century it has been increasingly recognised that
depositional infilling of underlying structures is a key piece of evidence
in support of surficial deformation with Miller (1922, p.602) noting that
surficial deformation is marked by “the distinct evidence of the filling of
the depressions on the upper surface of the corrugated zone before the
general layers of overlying materials were laid down”. Although it is
commonly observed that sediments will locally thicken and thin as they
‘drape’ over and fill irregular bathymetry at the sediment-water inter-
face (e.g. Basilone, 2017), beds may also display changes in thickness
where they undergo folding and thrusting associated with hydroplastic
deformation in the sub-surface. In the Lisan Formation, sedimentary
caps frequently infill underlying erosive scours resulting in pronounced
changes in thickness to the cap (Fig. 3h and i). MTDs can also display
growth and thickening in the hangingwall of normal faults, indicating
that the faults were active at the time of deposition (Fig. 5¢c-h). In other
cases, the sedimentary packages immediately above FATS maintain
thickness across underlying culminations, and it is detrital units higher
in the stratigraphy that record changes in depositional thicknesses. The
age of the sediment package that displays changes in syn-tectonic
thickness provides a bracket on the timing of the deformation. It is
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normally detrital beds that record thickness changes as these units are
deposited more rapidly during flood events and in general form thicker
units. Continued deformation may fold these growth geometries (Fig. 7),
that locally display onlapping relationships onto culminations indi-
cating the surficial nature of the deformation (Fig. 6¢—€). Alternatively,
aragonite layers can display marked thickness variations around folds
that were created in the sub-surface. In this case, the attenuation and
thinning of units is achieved though hydroplastic deformation that
operates in the sub-surface (Fig. 13f and g, 16f-h). In summary, depo-
sitional infilling is normally accommodated by detrital-rich beds that are
rapidly deposited from flood events, whereas hydroplastic folding leads
to thickening and attenuation concentrated in aragonite beds (Alsop
et al., 2020Db).

9.2.5. Recognising surficial MTD folding versus sub-surface detachment
folds

Although there has been considerable effort to distinguish folds
formed during SSD from those created during hard rock tectonism in
lithified sequences (e.g. Elliot and Williams, 1988; Waldron and Gag-
non, 2011; Alsop et al., 2019, 2020), there has been rather less work on
discriminating between soft-sediment folds formed directly at the sedi-
ment surface versus those created during intrastratal deformation in the
sub-surface. While much of the folding associated with SSD is frequently
assumed to develop at the sediment surface, folding in the sub-surface is
also described with Ortner and Kilian (2016, p.350) noting that “Sub-
surface sediment mobilization may also create soft-sediment folds that
reflect either the downslope direction or fluid movement after break of
the seal (Ortner, 2007).” Distinguishing surficial and sub-surface intra-
stratal folding can be relatively straight forward where folds are trun-
cated by overlying erosive surfaces and sedimentary caps that form at
the surface (Fig. 20a and b), but is perhaps more problematic where such
features do not exist and fold styles and geometries become more
important.

The upright billow folds that form in surficial MTDs of the Lisan
Formation (Fig. 4a—g) are interpreted to be a consequence of horizontal
shortening associated with coaxial dominated deformation at the initial
stage of slumping (Alsop and Marco, 2011, p.449). The upright folding
could also reflect density-driven fold initiation where variations in
density of aragonite-rich and detrital-rich beds lead to vertical move-
ment driven by Rayleigh-Taylor (inverse density gradient) or Kelvin
Helmholz (normal-density gradient) instabilities (e.g. Heifetz et al.,
2005; Wetzler et al., 2010; Lu et al., 2017, p.15; Lu et al., 2021c, p.6.).
The observation that underlying aragonite-rich beds penetrate upwards
as narrow antiformal ‘fingers’ into the overlying detrital-rich beds sug-
gests that the aragonite beds are less dense than the detrital-rich beds.
We speculate that this partially reflects the ‘stellate’ form of needle-like
aragonite crystals that may trap significant volumes of interstitial water,
thereby reducing the overall density of aragonite-rich beds (see also
section 9.3.3.). In other cases, the detrital-rich beds display buckle folds
(Class 1B parallel folds, Ramsay, 1967) suggesting that the detrital-rich
beds were more competent and formed via horizontal compression
above a basal detachment in the sub-surface (Fig. 7a-h, 12c-d) (see
Alsop et al., 2020b). The initiation of folding in MTDs will therefore take
a variety of forms depending on the arrangement of beds of differing
densities, and the amount of dewatering that may already have occurred
in beds prior to downslope movement.

9.2.6. Recognising truncation of overlying structures

Structures such as faults or folds may be truncated by either over-
lying erosive surfaces or by overlying detachments, and as such, trun-
cation from above is non-diagnostic. However, where faults are cut
across by underlying structures then this becomes a key observation as
erosive surfaces clearly cannot truncate features in the overlying
sequence that was not deposited at the time of erosion (e.g. O’Leary and
Laine, 1996, p.311). Rotational slumps studied by Basilone et al. (2016)
comprise folded and faulted beds that are draped by overlying
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undeformed beds indicating surficial deformation during creation of
MTDs. Conversely, Basilone et al. (2016, p.319 their tablel) also
recognise a second type of ‘gravity-slide’ packages comprising relatively
undeformed beds that are shown to have an upper surface that truncates
folds in the overlying sequence. This relationship suggests that the
overlying sediments were already deposited at the time of deformation,
which was therefore sub-surface. In addition, Pratt and Rule (2021,
p-22) have used the length of faults developed in overburden to suggest
that intrastratal sliding occurred under ‘tens of centimetres’ of burial.

Within the Lisan Formation, normal faults that offset stratigraphy are
themselves truncated by underlying detachments (Fig. 11a—f, 12a-d,
14f-h, 20a, d). Similarly, aragonite-detrital laminae can also be trans-
ected by underlying detachments, although the low-angle nature of the
cut-offs makes such relationships more difficult to identify (e.g. Fig. 8g).
Normal faults therefore act as steep markers that allow underlying bed-
parallel intrastratal detachments to be identified (Alsop et al., 2020c).
Where normal faults extend for several metres above detachments then
the detachment must be younger than the sediments affected by the
normal fault. This provides a minimum estimate for the depth at which
the detachment operated. In the case of the Lisan Formation this depth is
typically 5 m before exposure is lost (Alsop et al., 2020c), although
deformation may potentially be up to 20 m below the surface (Alsop
et al.,, 2020c). One of the important keys to identifying and under-
standing bed-parallel detachments that operate in the sub-surface is the
truncation of overlying faults that extend upwards through stratigraphy
towards the surface (Fig. 20a, d).

9.3. What controls where and when sub-surface deformation localises?

9.3.1. Control on sub-surface deformation by de-watering and ‘seismic
strengthening’

The focussing of sub-surface deformation into particular horizons
reflects the overall strength of the sequence, which is highly dependent
on dewatering and build-up of fluid-pressures in the sedimentary pile (e.
g. Owen, 2003; Locat et al., 2014). Ortner and Kilian (2016, p.350) note
that “Incomplete dewatering near the sediment surface can lead to
sub-surface sediment mobilization at a later stage, after some burial”.
This subsequent deeper mobilization may result in sediment injections
but can also weaken the entire sequence as overpressured layers act as
‘easy slip’ horizons along which later deformation localises. Such weak
horizons may include volcano-clastic beds that contain large amounts of
fluid and influence the position of subsequent failure surfaces (e.g.
Kuhlmann et al., 2016).

Molenaar et al. (2021) also recognised that, although much of the
deformation observed in sediment cores from lakes in Chile is linked to
surficial deformation associated with megathrust earthquakes, other
SSDs are created deeper in the sediment pile by seismic-induced dew-
atering of intercalated volcanic deposits, which would consequently
weaken overlying sediment and facilitate sub-surface deformation
(Moernaut et al., 2019). Tephra layers dewater during seismic shaking
leading to an increase in density of these layers and a weakening of the
overlying lake sediment, which then fails and translates downslope
(Moernaut et al., 2019, p.100). Such tephra layers are typically 0.3-0.5
m below the sediment-water interface at the time of seismic shaking,
while deeper buried tephra layers suffer repeated seismicity resulting in
denser grain packing and ‘seismic strengthening’ over time (Moernaut
et al., 2019). This seismic strengthening process involves the creation of
excess pore-pressure during earthquakes, and subsequent dissipation
and gentle escape of fluids during interseismic intervals, thereby leading
to over-consolidated sequences (Moernaut et al., 2019; Lenz and
Sawyer, 2021). However, it is possible for more deeply buried tephra
layers to fail if the overburden reaches a critical thickness of >6 m
sporadically resulting in larger scale translational sliding of the sequence
(Moernaut et al., 2019, p.101). Molenaar et al. (2019, p.6021) examined
sediments in the NE Japan trench and report increases in shear strength
in sediments buried to 9 cm depth below the sediment-water interface,
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which they attribute to a reduction in voids associated with seismic
strengthening. Sediments at 9-15 cm depth have shear strengths that are
comparable to 3-7 m depth of burial in normally consolidated se-
quences, suggesting that repeated seismicity has increased the shear
strength of shallowly-buried sediment.

Numerous earthquakes are reported along the DSF that cause
repeated slope failures and creation of MTDs within the Lisan Forma-
tion. As noted above, recurrent seismicity may also lead to sediment
repacking, dewatering and seismic strengthening that results in buried
MTDs forming relatively competent horizons that focus later deforma-
tion in the stratigraphic sequence (see section 9.1.3.). Concentration of
sub-surface detachments adjacent to MTDs in the secondary failure
model creates the potential for overprinting of surficial structures
created during original MTD emplacement by later intrastratal de-
tachments formed during continued downslope movement in the sub-
surface (Fig. 20a, c).

9.3.2. Control on sub-surface deformation by detrital-rich beds

The control exerted by original sedimentary layering on subsequent
sub-surface deformation is an important factor with Brown (1938,
p-360) originally noting that “sliding in more finely stratified beds is like
that of a pack of cards”. However, where significant variations in the
depositional architecture is formed, such as thicker sandstone lobes,
then these sedimentary geometries may control where later intrastratal
deformation develops in the sub-surface (Auchter et al., 2016).

Within the Lisan Formation, it has been recognised that detrital beds
focus detachments when they are deformed close (<1 m) to the surface
(Alsop et al., 2016, their Fig. 8c and d) suggesting they are relatively
weak fluid-rich horizons. However, detailed analysis of thrust-related
folding at potentially deeper levels in the sediment pile shows that
detrital layers form more competent horizons, resulting in parallel (Class
1B) fold styles compared to similar (Class 2) folds in aragonite-rich beds
(Alsop et al., 2020b; 2021a). We speculate that the differing relative
competence of detrital and aragonite beds that varies with depth could
reflect greater dewatering of detrital beds as they become buried. This is
possibly related to more rounded detrital grains undergoing greater
re-sorting and denser packing after repeated seismic events compared to
the acicular aragonite crystals that form interlocked clusters that trap
fluids. Competent detrital beds act as baffles or seals that trap fluids
beneath them causing potential increases in pore fluid pressure and
localising later sub-surface detachments (Alsop et al., 2018). The
build-up in fluid pressure may ultimately cause fluidised sediment from
along detachments to rupture and break through the overlying compe-
tent bed (Alsop et al., 2018).

9.3.3. Control on sub-surface deformation by early precipitation of cements

Mechanically distinctive horizons formed by early precipitation of
cements may create heterogeneity within a sequence and control where
subsequent sub-surface deformation develops. Intrastratal deformation
in the shallow sub-surface can be created during downslope sliding of
poorly-lithified carbonates which have undergone incipient cementa-
tion (Ettensohn et al., 2011; Pratt and Rule, 2021, p.21). In mixed clastic
and carbonate sequences, clastic sediments undergo surficial deforma-
tion cut by erosive surfaces, while carbonate sediments experience early
cementation and are marked by intrastratal deformation below the
sediment surface (Chen and Lee, 2013). Some carbonates display folding
in the upper part of the bed while the lower part remains undeformed,
suggesting that the upper bed is weaker reflecting a vertical variation in
cementation (Dechen and Aiping, 2012, p.81). The timing of precipita-
tion of cements in carbonates can therefore play an important role in
localising sub-surface deformation, with a number of recent studies
highlighting intrastratal deformation in mixed silicalstic-carbonate se-
quences (e.g. Hou et al., 2020; Walker et al., 2021).

Within the Lisan Formation, gypsum horizons are considered to
precipitate when the usually stratified water column of Lake Lisan was
mixed and overturned, possibly following major earthquakes (Ichinose
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and Begin, 2004; Begin et al., 2005). The competent gypsum horizons
subsequently act as baffles that hinder the upward migration of trapped
fluids through the sedimentary pile. This can result in potential increases
in fluid pressure and concomitant reductions in shear strength of sedi-
ments directly beneath the gypsum (e.g. Alsop et al., 2020c). The
focussing of sub-surface deformation and detachments beneath gypsum
could therefore be a consequence of increased fluid pressures at these
particular levels. The control exerted by MTDs, overlying detrital beds,
or gypsum horizons on later secondary deformation demonstrates that
deformation developed after the overlying barrier to flow had already
formed, thereby indicating sub-surface intrastratal deformation.

9.4. What are the consequences of sub-surface deformation in MTDs?

The critical importance of recognising intrastratal deformation has
been highlighted by O’Leary and Laine (1996, p.305) who state “An
accurate understanding of basin development and marine mass move-
ment requires correct discrimination of intrastratal deformation from
buried surficial slide deposits, as the origins and geological implications
of these two kinds of stratiform features are significantly different”. The
realisation that sub-surface deformation, as well as surficial MTDs,
develop during gravity-driven downslope movement of sediments has a
number of important consequences.

9.4.1. Consequences for balancing of deformation

It is widely considered that extension developed in the upslope
‘head’ of gravity-driven MTDs should broadly balance and be equivalent
to the amount of shortening preserved in the downslope ‘toe’ region (e.g.
Farrell, 1984). However, several authors including Butler and Paton
(2010), de Vera et al. (2010), Morley and Naghadeh (2018) and Ste-
venton et al. (2019) have noted that extension and contraction do not
balance in MTDs. A failure to recognise younger sub-surface deforma-
tion developed adjacent to older MTDs that are buried in the strati-
graphic sequence has important implications for the balancing of
shortening and extension in such systems. For instance, extensional
conjugates associated with sub-surface deformation are developed
adjacent to older contractional folds in MTDs (Fig. 18c—f). A confusion
between structures formed during older surficial MTD movement and
younger sub-surface intrastratal deformation will result in such systems
failing to ‘balance’ as deformation is of two different ages.

9.4.2. Consequences for rates of deformation

Deformation associated with surficial MTDs is considered to be rapid
as structures form before creation of the overlying erosive surface and
sedimentary cap that is deposited out of suspension. Estimates of time
required to deposit sediments out of suspension in lacustrine environ-
ments following an earthquake suggest settling of 1 pm particles from a
1 m thick suspension cloud would take ~2 weeks, while slightly coarser
4 pm particles could be deposited in a matter of hours or days (Wils
et al., 2021) This is similar to previous estimates in the Lisan Formation
where sedimentary caps are thought to be deposited out of suspension
“in a matter of just hours or days” (Alsop et al., 2016, p.80). These
short-lived timescales linked to deposition therefore provide rigorous
constraints on the rates of deformation within the surficial MTDs.
However, once the direct ‘link’ to sediment deposition is broken during
sub-surface deformation, then there are fewer controls and deformation
could potentially be slower and relate to downslope creep of the sedi-
mentary pile. Indeed, Ortner and Kilian (2016, p.361) have suggested
that some slumps form by continuous creep down submarine slopes
prior to complete lithification of the (carbonate) sediments. Similarly,
Basilone (2017) also suggests that intact and coherent stratigraphic
packages moved downslope on bed-parallel detachments via a process of
sediment creep in deepwater carbonates.

Field evidence for slumping associated with creep processes within
Holocene sediments around the Dead Sea Basin has been provided by
Alsop and Weinberger (2020, p.13). Several observations collectively
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support downslope creep of sediments including: i) growth of evaporite
concretions affecting developing fold geometries within slumps, ii)
topography created above slumps infilled by sediment with several
overlying beds thickening and ‘ponding’ in synformal depressions sug-
gesting ongoing fold development, iii) continued and protracted
thrusting affecting unconformities that form above slumps, and, iv) the
lack of overlying sedimentary caps suggesting slumping was not rapid
enough to throw sediment into suspension in the water column.
Although these Holocene slumps are considered to be slow moving on
slopes of 4-6°, they are still thought to develop at the sediment surface
due to the presence of unconformites and erosive surfaces.

In the present study focussing on structures created in the sub-
surface of the Lisan Formation, rates of movement are difficult to
determine as the direct link to sedimentation is broken. However, the
observation that the sedimentary cap itself is arched over underlying
culminations (e.g. Fig. 6¢-e), or that a number of overlying detrital beds
are thinned over structural highs created by FATS (e.g. Fig. 7a-h),
suggests that intrastratal deformation was more protracted than
observed at the surface. Sequences of stacked unconformities that are
deformed above growing culminations (e.g. Fig. 7i and j) also supports
more prolonged deformation related to downslope creep of sediments
immediately below the surface. In some cases, normal faults that
develop in the overburden cut folds and thrusts in the detachment zone
but are themselves truncated by the upper and lower detachments
(Fig. 13f and g). This indicates that detachments continued to operate
after FATS had formed in the sub-surface and suggests protracted
downslope creep of the sediment pile can lead to reworking of structures
that typifies deformation in the sub-surface.

9.4.3. Consequences for age of deformation

The potential role of seismicity during intrastratal deformation has
been recognised over the past century with Miller (1922, p.600) noting
intrastratal deformation in Quaternary sands and clays where “under the
action of gravity or gravity aided by earthquake shocks, overlying beds
have moved differentially over lower-level beds in the general direction
of the dip”. O’Leary and Laine (1996, p.305) studied high-resolution
seismics from the continental slope and stated that “Intrastratal defor-
mation that occurs within a few hundred metres below the sea floor may
indicate rapid, non-disintegrative failure due to seismic shock”, amongst
other things. It has therefore been increasingly appreciated that the
simple counting of the number of deformed horizons in the sedimentary
record cannot be used to accurately determine the number and age of
seismic events. Tor6 and Pratt (2016, p.196) summarise this dilemma by
noting that “In the simplest sense, each deformed interval records a
single earthquake, although it is clear that some [structures] do record a
second or even a third event”.

There are a range of factors that will affect the accuracy of using
deformed horizons in palaeoseismic studies. In some cases, deformed
horizons are created by processes entirely unrelated to seismicity, such
as unequal loading or wave and tidal action (see Owen, 2003; Owen and
Moretti, 2011; for a summary). In deformed horizons that are created by
seismicity, multiple earthquakes can affect the same deformed horizon
(e.g. Wils et al., 2021). In such cases, structures with different defor-
mation styles can be superimposed on one another indicating that the
deformed horizon was affected by more than one event (e.g. Berra and
Felletti, 2011; Tor6 and Pratt, 2016). These overprinting relationships
suggest that the sediments were at different stages of consolidation at
the time of each deformation episode (Berra and Felletti, 2011), and that
the change from plastic to brittle structures records increasing sediment
‘stiffness’ with time (T6r6 and Pratt, 2016). In other cases, sediments
may undergo liquefaction at the contemporary surface marked by
erosional features, followed by later re-liquifaction of the same horizon
after being buried in the sub-surface during repeated seismicity
(Wozniak et al., 2021). Individual horizons can therefore conceal more
than one earthquake event, while in other cases there may be a lack of
suitable fluid-rich sediments that can easily deform and therefore they
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do not record any earthquake event (e.g. see Morsilli et al., 2020).
Multiple generations of sedimentary dykes that overprint one another in
deformed intrastratal horizons indicate several closely spaced injection
events occurred in the sub-surface (e.g. Tor6 and Pratt, 2015b), poten-
tially reflecting multiple seismic events affecting the same horizon.

The recognition in this and other studies that deformed horizons can
bifurcate laterally into two or more separate horizons also has clear
implications for the counting and use of such layers to estimate the
recurrence times of palaeoseismic events (e.g. Gibert et al., 2011; Mor-
silli et al., 2020). Belzyt et al. (2021) were unable identify sedimentary
caps above each of their deformed horizons leading them to suggest that
some horizons could have deformed concurrently at the surface and
sub-surface during a single seismic event.

Within this case study both surficial and sub-surface intrastratal
deformation has been recognised and is schematically summarised in
Fig. 20a—d. Following previous workers who studied SSD intervals that
lack downslope movement (e.g. Van Loon et al., 2016; Belzyt et al.,
2021), we have stressed the importance of recognising erosive surfaces
and sedimentary caps that link MTDs with the surface. Sub-surface
deformation of the sedimentary sequence clearly leads to issues with
simple age-depth correlations where the timing of seismic events is
estimated from the level (depth) of sediment that they affect and
bracketed by dated horizons (see Moernaut, 2020 and Kempf and
Moernaut, 2021 for reviews). The consequences of sub-surface intra-
stratal deformation is that the link with the age of the sediment is
removed and it therefore cannot be assumed that deformation affecting
stratigraphically lower beds is older and triggered by older earthquakes.
The identification of sub-surface intrastratal deformation, coupled with
the synchronous failure model, therefore raise fundamental issues for
the use of SSD in palaeoseismic studies necessitating careful observa-
tions and application of the detailed criteria outlined in this study.

10. Conclusions

In this study we have used the Lisan Formation deposited around the
Dead Sea to document features and stratigraphic relationships that form
at the sediment surface during creation of MTDs and compared these
with intrastratal structures that are created in the sub-surface during
downslope movement of gravity-driven FATS. In such studies, the
orientation and vergence of structures may be of little value in dis-
tinguishing surface versus sub-surface deformation as both are
controlled by the same downslope movement and will therefore have
similar trends. Key points arising from this study are highlighted below.

1) Gravity-driven deformation of sediments associated with slope fail-
ure is divided into two end-member models: i) sequential failure
model where repeated slope failures at the sediment surface sys-
tematically build-up multiple MTDs in the stratigraphic record, and
ii) synchronous failure model where a single event creates concur-
rent surficial and sub-surface intrastratal deformed horizons at
different stratigraphic levels.

2) An intermediate secondary failure model, where buried MTDs sub-

sequently focus later sub-surface deformation, is also developed. This

reflects the fact that MTDs frequently form significant heterogene-
ities within the otherwise layer-cake stratigraphy of the lacustrine
sediments due to earlier dewatering and seismic strengthening.

Other markers, such as thick detrital beds and precipitated gypsum

horizons, also localise later sub-surface intrastratal deformation

beneath them.

Irregular erosive surfaces and overlying sedimentary caps deposited

out of suspension are key features in recognising surficial de-

formations of MTDs. Sub-surface deformation associated with FATS
are marked by upper detachments that display thin horizons of
gouge, repetitions of stratigraphy across the detachment, and trun-
cation of faults in the overlying sequence. Additionally, injection of
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fluidised sediment that forms along detachment surfaces can intrude
into the overlying sequence that buried the detachment.
Sub-surface deformation cuts through entire stratigraphic sequences
containing several separate MTDs and therefore affects and locally
repeats what are considered to be the ‘undeformed’ beds between
individual MTDs. Sub-surface deformation tends to be focussed along
discrete intrastratal detachments with the overlying sequence car-
ried downslope as relatively intact ‘slides’.

5) The recognition of both surficial MTDs and sub-surface intrastratal
deformation within a sequence means that care must be taken to
clearly differentiate structures of different ages and depths of
deformation, as misidentification may lead to contractional-
extensional systems failing to balance.

6) As sub-surface deformation is not directly correlated with the rapid
deposition of sedimentary caps above MTDs, the rates of gravity-
driven movement along deeper detachments are unconstrained and
could be associated with slower downslope creep of the sediment
pile.

7) Assub-surface intrastratal deformation is not directly correlated with
the depositional age of the beds it affects, it cannot be assumed that
deformation is older in stratigraphically lower beds. This weakens
the age-depth correlations frequently used to estimate the timing of
earthquake recurrence in palaeoseismic studies.
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