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A B S T R A C T   

Despite the recognition that bed-parallel slip (BPS) must operate during gravity-driven deformation of basinal 
sediments, there is a general paucity of detailed outcrop-based observations to characterise and detect such a 
process. We therefore present detailed timing relationships between BPS and steeper dip-slip faults that were 
both created during seismically-triggered downslope-directed movement of sediments. Using the late Pleistocene 
Lisan Formation that was deposited around the Dead Sea Basin as our case study, we show that ‘sub-seismic’ 
decametric scale BPS planes may pre-date, post-date, or operate coevally with steeper faults generated as sed-
iments slip downslope towards the depocentre. Older BPS can be recognised by sediment injections and minor 
folds and fractures, whereas younger BPS displaces marker faults downslope towards the basin. BPS operating 
coevally with steeper faults results in complex overprinting and development of fault-bound lenses. BPS that 
forms along single surfaces in the footwall of normal faults becomes separated into two distinct planes in the 
downthrown hangingwall block, indicating broadly coeval development. Adjacent BPS planes that operate 
synchronously result in synthetic and antithetic faults that ‘hard-link’ and transfer displacement between BPS 
planes. Attenuated bedding between segments of BPS that overlap and terminate next to one another suggests 
that ‘soft-linkage’ also forms between coeval BPS planes. Displacement-length relationships of measured BPS 
planes plot in the same range as recorded for normal faults, although BPS with larger displacements have 
relatively ‘short’ lengths, suggesting that complete BPS planes are missing due to limitations of outcrop size. 
Although the lack of displaced bedding across BPS makes it largely invisible on seismic sections across large-scale 
gravity-driven systems, it does potentially contribute towards the apparent inbalance between net extension and 
contraction observed in many sections across mass transport deposits. In addition, the realisation that BPS in-
teracts with dip-slip faults to create repeated and missing sections that are particularly focussed along earlier 
deformed horizons and turbidites, has implications for palaeoseismic studies that assume broadly continuous 
stratigraphy.   

1. Introduction 

Many authors have used offshore-based seismic lines to explore the 
large-scale geometry and kinematics of gravity-driven mass transport 
deposits (MTDs) that incorporate fold and thrust systems (FATS) (e.g. 
Bull et al., 2009; Armandita et al., 2015; Scarselli et al., 2016, 2020, 
2022; Ortiz-Karpf et al., 2018; Lenz and Sawyer, 2022; Nugraha et al., 
2022). Most interpretations and models of gravity-driven deformation of 
sediments involve downslope-directed movement that incorporates an 
extensional domain in the upslope areas that is balanced by a downslope 
contractional toe (e.g. Farrell, 1984; for a recent review and references 

see Scarselli, 2020). The intervening area that moves downslope but 
remains largely ‘undeformed’ is generally termed the translational 
domain and involves bed-parallel slip (BPS) along detachments and 
basal shear surfaces in what appears to otherwise be the largely 
undeformed sedimentary pile (e.g. Martinsen and Bakken, 1990; 
Frey-Martinez et al., 2005, 2006; Sobiesiak et al., 2018; Jablonska et al., 
2018; Cardona et al., 2020). Despite the widespread application of this 
model, there is a general lack of detailed observations of discrete BPS 
planes that must be present in such gravity-driven systems. 

The apparent absence of BPS planes may reflect a number of issues, 
with Delogkos et al. (2022, p.18) noting that “their illusive nature partly 

* Corresponding author. 
E-mail address: ian.alsop@abdn.ac.uk (G.I. Alsop).  

Contents lists available at ScienceDirect 

Journal of Structural Geology 

journal homepage: www.elsevier.com/locate/jsg 

https://doi.org/10.1016/j.jsg.2022.104764 
Received 22 July 2022; Received in revised form 17 November 2022; Accepted 19 November 2022   

mailto:ian.alsop@abdn.ac.uk
www.sciencedirect.com/science/journal/01918141
https://www.elsevier.com/locate/jsg
https://doi.org/10.1016/j.jsg.2022.104764
https://doi.org/10.1016/j.jsg.2022.104764
https://doi.org/10.1016/j.jsg.2022.104764
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsg.2022.104764&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Structural Geology 166 (2023) 104764

2

arises from our failure to recognise, or perhaps acknowledge, their po-
tential significance and the prevalence of models that do not include 
BPS”. One of the most significant factors is the requirement for upright 
features, such as older faults or clastic dykes, that act as markers to re-
cord the offset across sub-horizontal BPS planes. The identification of 
BPS at outcrop therefore demands a precise set of requirements 
including, not only the presence of steep early faults or clastic dykes, but 
a refined stratigraphic template to record movement across these faults 
and thereby aid recognition of the BPS itself (e.g. Weinberger et al., 
2016; Delogkos et al., 2017, 2018; Alsop et al., 2020a, 2021a, b, 2022a; 
Lemonnier et al., 2020; Nabavi et al., 2020). An absence of cataclasis 
during faulting in shallow unlithified sediments also helps preserve the 
original BPS relationships that otherwise may be destroyed by breccia-
tion (e.g. Delogkos et al., 2022, p.13). Another important aspect involves 
imaging on seismic sections, which typically have resolution limits of 
10–100 m. This resolution is too imprecise for most cases of BPS which 
are thought to operate with offsets of just a few metres across a large 
range of settings (e.g. see review in Delogkos et al., 2022, p.13). 
Although there may be numerous BPS planes in a sequence, the process 
would therefore remain largely invisible on seismic sections due to the 
issues of scale. 

A common problem that arises when analysing seismic sections 
across gravity-driven MTDs is that upslope extension at the head of the 
system may fail to balance with contraction that creates FATS at the 
downslope toe. A number of authors have noted this discrepancy and 
attribute it to some deformation and lateral compaction, presumably 
having taken place at a scale below seismic resolution (e.g. Butler and 
Paton, 2010; de Vera et al., 2010; Dalton et al., 2015, 2017; Morley 
et al., 2017; Morley and Naghadeh, 2018; Scarselli et al., 2022). 
Although the resolution of seismic is to some extent dependent on both 
the orientation of features and lithological contrasts that are juxtaposed, 
structural features that are mesoscale (1–100 m) are typically consid-
ered to be below the limits of seismic resolution and are referred to as 
being ‘sub-seismic’ (e.g. Pei et al., 2019; Sobiesiak et al., 2017). The 
issue of ‘sub-seismic scale’ has therefore become a broad brush ‘catch 
all’ that accommodates apparent discrepancies in the calculated 
amounts of shortening and extension in sections across MTDs. Moreover, 
the issue of ‘sub-seismic’ deformation is further complicated by the lack 
of information on BPS that may operate in offshore gravity-driven sys-
tems, but is not detected on seismic sections (e.g. Shillington et al., 
2012). 

This study focuses on the outcrop description and assessment of BPS 
that operates in sedimentary sequences affected by gravity-driven 
deformation and is not intended to be a broad review of BPS (for a 
recent synthesis see Delogkos et al., 2022). BPS formed during 
gravity-driven deformation of sediments has been reported by a few 
previous authors based on outcrop or drill core studies, including 
Chigira et al. (2013), Morley (2014), and Gamboa and Alves (2015). The 
present work develops previous studies by Weinberger et al. (2016), 
who recognised BPS generated during co-seismic shaking in the Dead 
Sea Basin, and Alsop et al. (2020a), who ascertained the presence of BPS 
during gravity-driven deformation and created a geometric framework 
for the study of BPS relative to older normal or reverse faults. In this new 
study we develop these earlier concepts of BPS in gravity-driven systems 
by:  

a) establishing the full range of timing relationships between BPS and 
steep faults;  

b) estimating how displacement varies and terminates along individual 
BPS planes;  

c) examining how displacement is transferred between adjacent BPS 
planes via ‘hard’ linked faults and ‘soft’ linked deformation; and  

d) exploring the potential consequences of multiple BPS planes in large- 
scale gravity-driven systems. 

We first outline the general temporal and geometric frameworks that 

allow the detailed classification of BPS, before describing and discussing 
gravity-driven BPS in greater detail. 

2. Temporal and geometric frameworks for the description of 
BPS 

2.1. Temporal framework for the description of BPS 

A range of relative age relationships are possible between BPS and 
adjacent steeper dip-slip faults (e.g. Delogkos et al., 2017, 2018, 2022; 
Alsop et al., 2020a; Childs et al., 2020). Building on the framework 
proposed by Delogkos et al. (2022), BPS is categorised according to 
whether it is younger, older or coeval with dip-slip faults that cut the 
sedimentary sequence. 

2.1.1. BPS abuts and cuts older faults 
In this scenario, older faults (labelled 1) that cut the sedimentary 

sequence either impede the propagation of later BPS planes resulting in 
BPS terminating or ‘abutting’ against the older fault (Fig. 1a and b), or 
alternatively are cut across by the younger BPS (labelled 2) (Fig. 1c). 
Younger BPS abutting against the older faults can be difficult to distin-
guish as the older normal and reverse faults are not offset by BPS 
(e.g. Childs et al., 2020, p.4; Nabavi et al., 2020, p.9). The presence of 
BPS may however be discerned by localised faulting and potential 
sediment mobilisation along the slip plane that inevitably develop due 
to ‘space problems’ at the intersection of BPS and bounding steep faults 
(e.g. Delogkos et al., 2022, p.5). 

The most common scenario where BPS is identified relates to older 
normal and reverse faults being cut and offset by younger BPS (Fig. 1c). 
The older faults therefore act as markers to record the displacement 
across the younger BPS planes (Fig. 1c). The BPS plane maintains its 
structural position (i.e. forms a planar discontinuity), while its strati-
graphic level varies in relation to the throw of the earlier dip-slip faults 
(Fig. 1b and c). The offset of synthetic normal faults and reverse faults 
that dip in the same direction as later BPS movement results in tele-
scoped ‘sawtooth’ profiles where multiple BPS planes form (Alsop et al., 
2020a) (Fig. 1c). Conversely, antithetic normal faults and reverse faults 
that dip in the opposite direction to later BPS are marked by extended 
‘staircase’ profiles (Fig. 1c). 

2.1.2. BPS abutted and cut by younger faults 
In this situation, older BPS planes (1) impede the propagation of 

younger dip-slip faults (2), resulting in these faults either terminating or 
abutting against the BPS plane or potentially cutting the older BPS 
(e.g. Delogkos et al., 2018; 2022, p.4) (Fig. 1d and e). In either case, 
older BPS may be difficult to identify as it does not displace any markers. 
Dip-slip faults that terminate and are vertically bound by overlying and 
underlying BPS planes potentially display higher displacement gradients 
created where displacement continued to accumulate while propagation 
of the dip-slip fault tip was hindered by the BPS (e.g. Roche et al., 2012, 
2017; Delogkos et al., 2022). 

Propagation of dip-slip faults (2) across the BPS plane (1) results in 
its offset and potential ‘locking’ between the steeper fault strands that 
act as barriers to its further movement. In this case, the BPS plane forms 
a series of discontinuous segments that maintain their stratigraphic 
position between beds that are displaced across the older faults 
(e.g. Delogkos et al., 2017) (Fig. 1d and e). In some instances, the dis-
placed BPS is reactivated resulting in the steeper faults being offset at 
different structural levels but at the same stratigraphic horizon 
(e.g. Alsop et al., 2020a, their fig. 6). 

2.1.3. BPS is coeval with contemporary faults 
BPS and dip-slip faults may be broadly contemporaneous resulting in 

repeated offset of BPS planes and steeper faults by one another, leading 
to complex interaction and cross-cutting relationships (e.g. Delogkos 
et al., 2017, 2018, 2022; Childs et al., 2020) (e.g. Fig. 1f). The offset of 
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Fig. 1. Schematic diagram illustrating temporal relationships between bed-parallel slip (BPS in green) and steeper dip-slip faults that can be extensional (in blue) or 
contractional (in red). In each case, age relationships are shown from older (1) to younger (2), while the evolution of structures is shown in stages (1–3 etc.). a) 
Undeformed sedimentary sequence showing the variable propagation and slip direction (towards the right) of future BPS planes adjacent to competent beds. Younger 
BPS can b) abut and terminate against older faults, or c) cut across older faults. Older BPS may d) be abutted by younger faults, or e) be cut across by younger faults. f) 
Coeval BPS and steep faults may interact and move intermittently resulting in offset of both BPS and the fault planes. g) Coeval movement along adjacent BPS planes 
results in linking faults termed antithetic normal faults and connecting faults where they are synthetic to BPS. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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early BPS (1) by later dip-slip faults (2) can lead to the ‘locking’ of some 
displaced BPS segments (Fig. 1f). Other more favourably positioned BPS 
segments may be reactivated during continued BPS movement (3) 
resulting in offset of the dip-slip (2) faults. Segments of BPS at the same 
stratigraphic level may therefore have different histories and resulting 
complexity including early (1), late (3) and reactivated (1 + 3) periods 
of movement (Fig. 1f). 

Alternatively, adjacent BPS planes may be linked by synthetic con-
necting faults or antithetic normal faults that transfer displacement 
between the BPS planes and are therefore coeval with overall movement 
(e.g. Gross et al., 1997; Pedrera et al., 2012; Delogkos et al., 2018, p.11; 
Lemonnier et al., 2020) (Fig. 1g). These connecting faults typically have 
sigmoidal surfaces as they flatten into underlying and overlying BPS 
planes. 

2.2. Geometric framework for the description of BPS 

The offset of older markers such as clastic dykes or steep faults allows 
displacement gradients along BPS planes to be estimated and has been 
investigated by Weinberger et al. (2016) and Delogkos et al. (2018, 
2022). 

2.2.1. Measurement of displacement across BPS planes 
As the slip direction of BPS and the strike of older normal ‘marker’ 

faults in gravity-driven systems are both controlled by the same 
downslope-directed deformation, then normal faults will typically strike 
within 20◦ of the transport normal as previously defined by a range of 
structures including FATS (e.g. Alsop et al., 2020a, see section 3). The 
greatest variable and influence on estimates of displacement variation 
along the length of BPS planes is therefore the orientation of the vertical 
outcrop section relative to the slip direction. If the trend of the outcrop 
section is parallel to the BPS direction, then the strike of the earlier 
normal faults has no effect on the displacement (D) calculation and all 
measurements are true displacement. 

Where the trend of the outcrop section is within a 20◦ arc of the slip 
direction, and the strike of older ‘marker’ faults lies within a 20◦ arc of 
the normal to the slip direction, then the measurement of (apparent) 
displacement will be >95% of the true displacement (i.e. <5% variation 
from true displacement if the section is within 17.8◦ of transport). It has 
previously been shown by Alsop et al. (2020a, p.6) that displaced early 
faults can be restored by ‘cut & paste’ restoration along BPS planes, 
where the hangingwall block above the BPS plane is simply ‘moved’ 
back up slope until marker faults coincide. This indicates that the con-
ditions of transport-parallel sections are indeed generally met in the 
chosen outcrops. 

Where a number of early similarly orientated early faults are offset 
along the length of a BPS plane, and given the caveats regarding 
orientation of faults, slip direction and trend of section noted above, it is 
possible to use the different offsets to determine how displacement 
varies along the length of the BPS plane (as denoted by the size of BPS 
arrows in Fig. 2a) (e.g. Delogkos et al., 2022). Such 
displacement-distance (D-D) graphs along BPS are measured from a 
fixed reference point (R) that is chosen upslope of the marker faults. As 
an example, we show how three early faults (labelled, A, B, and C) are 
offset by later BPS, with displacement progressively increasing down-
slope (Fig. 2a–e). Variations in displacement are relatively small 
(<30 mm) compared to downslope distances (>1 m) (Fig. 2a–e). 

2.2.2. Measurement of heave and throw across older faults 
Investigating BPS in horizontal (<1◦ dip) sequences means that both 

BPS and components of earlier dip slip faulting may be analysed in terms 
of horizontal movement, termed heave (Alsop et al., 2020a, p.2). The 
vertical component of displacement, termed throw (e.g. Fossen, 2016, 
p.482), can be measured across early faults in order to confirm the 
correlation of displaced marker faults across BPS. Heave and throw of 
marker beds across early faults remain unaffected by later BPS, unless 

the plane of BPS is positioned between the footwall and hangingwall cut 
offs of the marker bed (Fig. 2f). In that case, where BPS intersects early 
synthetic normal faults that dip in the direction of BPS (hangingwall) 
movement, the overall heave is the product of the normal fault heave (H) 
minus the BPS offset (Fig. 2f). BPS offset greater than the normal fault 
heave results in -ve marker offset and repeated sections across the BPS 
plane (Fig. 2g–k). Conversely, if BPS cuts early antithetic normal faults 
that dip in the opposite direction to BPS movement, the overall heave is 
the product of the combined normal fault heave (H) plus the BPS offset 
(Fig. 2f). This results in +ve marker offset and missing sections across 
the BPS plane (Fig. 2f). 

In our illustrative examples of a synthetic normal fault (Fig. 2g–i) and 
an antithetic normal fault (Fig. 2L–n) being cut by BPS, sections are 
chosen that are sub-parallel (<20◦) to the slip direction, as indicated by 
the strike of normal faults. The repeated section and sawtooth profile of 
synthetic normal faults (Fig. 2j), or missing section and staircase profile 
of displaced antithetic faults (Fig. 2o) undergo ‘cut & paste’ restoration 
so that early marker faults (1) are re-aligned in each case across the later 
BPS (2). While the throw of the early marker faults remains relatively 
constant in both cases (confirming the correlation of faults across BPS), 
the heave component of synthetic faults displays a pronounced negative 
step where marker beds are affected by BPS (Fig. 2k), whereas the heave 
of antithetic faults displays a positive step where cut by BPS (Fig. 2p). 

Having established broad temporal and geometric frameworks for 
the description of BPS, we now apply these concepts to a well-exposed 
case study in the Dead Sea Basin in order to address some funda-
mental questions relating to the timing, distribution and variations in 
displacement along BPS and associated steeper faults in gravity-driven 
systems. 

3. Geological setting 

3.1. Regional geology 

The Dead Sea Fault (DSF) system consists of the western border fault 
zone, which involves a series of oblique-normal stepped faults, and the 
left-lateral eastern border fault (Fig. 3a and b) (Marco et al., 1996, 2003; 
Ken-Tor et al., 2001; Migowski et al., 2004; Begin et al., 2005). These 
faults, which bound the Dead Sea Basin, were active from the Early 
Miocene to Recent (Nuriel et al., 2017), and have generated numerous 
earthquakes that trigger deformation of the basin-fill sediments. Our 
study investigates BPS developed in the Lisan Formation that was 
deposited in Lake Lisan at 70–14 ka, and formed a pre-cursor to the 
modern Dead Sea (e.g. Haase-Schramm et al., 2004). The Lisan Forma-
tion consists of mm-scale aragonite laminae that precipitated from hy-
persaline waters during the summer, while detrital-rich layers, 
comprising quartz and calcite grains with minor feldspar and clays 
(illite-smectite), were washed into the lake during sporadic winter 
floods (Begin et al., 1974; Ben-Dor et al., 2019; Haliva-Cohen et al., 
2012). Thin detrital laminae are formed of fine-grained silt (with ~8–10 
μm grain sizes), whereas thicker (>10 cm) detrital-rich beds deposited 
after major floods are composed of very fine (60–70 μm) sands (Hal-
iva-Cohen et al., 2012). 

Despite the Lisan Formation displaying very low (<1◦) depositional 
dips towards the depocentre of the basin, it preserves a range of 
deformed horizons marking seismically-induced slope failure and 
downslope-directed movement of sediment. Major earthquakes may also 
result in overturn and mixing of the water column that leads to pre-
cipitation of gypsum horizons up to ~1 m thick (Ichinose and Begin, 
2004; Begin et al., 2005). The gravity-driven structures combine to 
create a radial pattern of regional slumping towards the depocentre of 
the basin (Alsop et al., 2020b) (Fig. 3a and b). Thus, E− and 
ENE-directed slumping is generally recorded from the Lisan Formation 
in the western margin of the Dead Sea, while westerly-directed move-
ment has been reported from the eastern shores of the Dead Sea in 
Jordan (El-Isa and Mustafa, 1986) (Fig. 3b and c). Magnetic fabrics 
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confirm the directions of slumping in the Lisan Formation (Weinberger 
et al., 2017; Levi et al., 2018), which at the time of deformation is 
believed to have been weak and fluid saturated, and still retains ~25% 
fluid content (Arkin and Michaeli, 1986; Frydman et al., 2008). 

3.2. Rationale of study area 

Laminated lacustrine sequences represent the ideal setting to 
examine systems of BPS because:  

a) The intricate varved stratigraphy preserved in lacustrine sequences 
allows the structural detail of dip-slip faults and BPS to be identified. 
Within the Lisan Formation, the counting of aragonite-detrital varves 
supported by isotopic dating indicates average depositional rates of 
~1 mm per year (Prasad et al., 2009), which provides a refined 
stratigraphic template to record deformation.  

b) Thin-bedded sequences are thought to contain a greater number of 
BPS planes with relatively small displacements (e.g. Delogkos et al., 
2022, p.18) meaning that offsets across numerous BPS are more 
likely to be identified within the limits of finely-laminated lacustrine 
outcrops.  

c) Lakes may contain pronounced changes in bathymetry leading to 
deep basins with increased potential for gravity-driven deformation 
during downslope sliding of the sedimentary pile. 

The Dead Sea Basin therefore represents an ideal place to study BPS 
and associated structures with the bulk transfer of sediment from the 
basin margins towards the centre resulting in the Lisan Formation being 
three times thicker in the depocentre, where drill cores penetrate 
numerous MTDs (Lu et al., 2017, 2021a, b; Kagan et al., 2018). Regional 
slopes and bathymetry provide a clear kinematic framework (Fig. 3c), 
while the finely-laminated upper ‘White Cliff’ portion of the Lisan For-
mation (Bartov et al., 2002) that was deposited at 31–15 ka (Torfstein 
et al., 2013) preserves the best sections for analysis of BPS. 

3.3. Styles of deformation and post-slumping clastic dykes 

A variety of deformed horizons formed at different depths below the 
depositional surface of the Lisan Formation:  

a) MTDs were created at the surface as they are directly overlain by 
sedimentary caps deposited out of suspension following slope failure 
(Alsop et al., 2017, 2019, 2020b);  

b) FATS were formed in the shallow (<1 m) sub-surface where they are 
bound by detachments that directly influence overlying sedimenta-
tion at the surface (Alsop et al., 2021a, b, 2022a);  

c) Intrastratal FATS and BPS detachments were generated at depths of 
up to 20 m below the surface (the thickness of the hosting White Cliff 
strata) (Alsop et al., 2020a, 2022a); and  

d) BPS detachments marked by 2–10 mm thick layers of gouge are 
produced by co-seismic shaking at depths of up to 20 m below the 
surface (Weinberger et al., 2016). 

Our case study of BPS is taken from the Lisan Formation outcropping 
at Miflat, which is located ~1–2 km east of the Dead Sea western border 
fault zone [N31◦:21.42′′ E35◦:22.49’’] (Fig. 3b and c). This site is a 
marginal area to Lake Lisan with estimated water depths of <100 m 
from 70 to 28 ka, and up to 200 m between 26–24 ka (Bartov et al., 2002, 
2003). At Miflat, NNW-SSE trending fold hinges indicate slump trans-
port towards the ENE and the centre of the basin (Alsop et al., 2020a) 
(Fig. 3b). Previous analysis of slump folds suggests that aragonite layers 
were weaker than the detrital beds, which were generally thicker and 
more competent at the time of folding, (Alsop et al., 2020c; Alsop and 
Weinberger, 2020; Weinberger et al., 2022). 

Gravity-driven structures created during slope failure of the Lisan 
Formation are cut across and injected by a widespread suite of clastic 
dykes that were also triggered by seismicity (e.g. Levi et al., 2006a, b). 
Sediment contained within the dykes gives optically stimulated lumi-
nescence (OSL) ages of 15 and 7 ka (Porat et al., 2007) confirming that 
they post-date deposition and deformation of the 31–15 ka upper ‘White 
Cliff’ Lisan Formation (Haase-Schramm et al., 2004; Torfstein et al., 
2013). Although the late-stage clastic dykes are locally offset by 
co-seismic horizontal slip (Weinberger et al., 2016), they remain 
otherwise undeformed and post-date the gravity-driven structures we 
describe here. 

4. Temporal relationships between BPS and steep faults 

Using frameworks established above (Section 2), we now provide 
illustrated examples and descriptions of the different geometries and 
timing relationships between BPS and dip-slip faults. In all cases, East 
(or NE) is on the righthand side of photographs, while scale is provided 
by a 30 cm long hammer, 10 cm long chequered rule or 15 mm diameter 
coin. 

4.1. Younger BPS cuts older faults 

Older steep faults (labelled 1) that are subsequently offset and dis-
placed by younger BPS planes (labelled 2) provide the most obvious 
evidence for BPS displacement (Fig. 1b and c). In our first example, a 
single younger BPS plane (2) offsets and displaces a pair of conjugate 
NW-SE trending normal faults (1) (Fig. 4a–c). Normal faults and BPS are 
both cut by a late-stage clastic dyke indicating that BPS is not a recent 
phenomenon (Fig. 4a–c). The lateral extent of the BPS surface over >5 m 
is demonstrated by offsets of both the antithetic and synthetic normal 
faults across the BPS plane (Fig. 4a–c). ‘Cut & paste’ restoration reveals 
that BPS offset is broadly constant and only diminished from 460 mm to 
450 mm over a downslope distance of 5.7 m (Fig. 4c and d). Although 

Fig. 2. a) Photograph, b) associated line drawing and c) detailed photograph of light-coloured aragonite laminae and dark detrital-rich laminae cut by older dip-slip 
faults (1), which are subsequently offset by BPS 2. d) Stereoplot shows the orientation of the normal faults, which are shown as poles (solid circles and mean pole as 
open circle) and mean great circle. Downslope transport is calculated as normal to the mean fault strike and is shown by the blue arrow towards 110◦. The brown line 
denotes the 090◦ trend of the vertical outcrop section. e) Graph showing downslope distance along the BPS 2 plane (measured from an arbitrary datum - R) plotted 
against the amount of displacement across the BPS plane as recorded by the three offset normal faults (A–C). Displacement increases slightly downslope. f) Schematic 
diagram showing the effect of BPS cutting older synthetic and antithetic normal faults resulting in telescoped sawtooth and extended staircase profiles, respectively. 
Total marker offset across the synthetic normal fault is the fault heave (H) minus the BPS offset (and is denoted -ve where BPS > H), whereas in antithetic normal 
faults, total marker offset is the combined fault heave plus the BPS (denoted + ve). In each case, total marker offset combines ½H from each margin of the earlier 
fault. Variations in BPS displacement are shown by different sized green arrows and result in repeated and missing sections where cutting synthetic and antithetic 
normal faults respectively (see Alsop et al., 2020a). Photographs (g, L) and associated line drawings (h, m) of a (h) synthetic normal fault and (m) antithetic normal 
fault that are subsequently cut by BPS. i, n) Stereoplots show the orientation of the normal faults, which in i) are measured above the BPS plane (poles as solid circles 
and mean pole as open circle with solid great circle) and below the BPS plane (poles as solid squares and mean pole as open square with great circle). Downslope 
transport is calculated as normal to fault strike and is shown by the blue arrow in each case. The brown lines denotes the trend of the vertical outcrop sections. j, o) 
‘Cut & paste’ restorations of the synthetic and antithetic normal faults and BPS planes. k, p) Graphs comparing types of marker offset (heave, throw) across the fault 
planes shown in g) and L) and highlight (in green) where marker beds have subsequently been displaced by BPS. Distance along fault is measured upwards from an 
arbitrary reference point (R). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the earlier antithetic and synthetic marker faults dip in opposing di-
rections, they display almost identical (156◦) strikes (Fig. 4b) and the 
similarity of BPS offset across these earlier faults indicates that BPS 
displacement gradients are minimal (10 mm or 0.2%). Detailed photo-
graphs and drawings of BPS planes cutting antithetic (Fig. 4e and f) and 
synthetic normal faults (Fig. 4g and h) show classic stepped and 
sawtooth patterns that are supported by variations in marker bed heave 
and relatively constant throw that decreases slightly up the faulted 
segments (Fig. 4i and j). 

Stratigraphy in the hangingwall of the early synthetic normal fault 
displays slight thickening in comparison to the same sequence in the 
footwall (Fig. 4g and h). There is no evidence for sedimentary facies 
variation or increased detrital-rich beds in the hangingwall, suggesting 
that the thickening is unrelated to syn-sedimentary ‘growth’ faulting 

(Fig. 4k and L). We note, however, that this thickening is particularly 
well-developed directly above the BPS plane, suggesting that it may be a 
consequence of the hangingwall to the BPS plane moving downslope and 
‘bulldozing’ its way through the faulted sequence, leading to lateral 
compaction (Fig. 4g-L). The footwall to the early normal fault is rela-
tively rich in competent detritals and effectively acts as a battering-ram 
with differential movement on the underlying BPS (Fig. 4k and L). The 
thickening pattern above the BPS plane is also shown by a local increase 
in throw where the sequence is duplicated (Fig. 4j). This is at odds with 
the general decrease in throw (and associated heave) when the fault is 
traced upwards through the entire sequence. The observation that 
younger BPS (2) has ramped gently upwards through stratigraphy in 
order to avoid thick competent detrital beds in the footwall of the 
normal fault suggests that the detrital package downslope of the normal 
fault may have hindered slip along the BPS plane (Fig. 4k and L). The 
earlier normal fault could have impeded the development of the BPS 
plane that must have also propagated downslope (Fig. 4g-L). 

In our second example, multiple younger BPS planes (2) labelled i to 
v cut numerous synthetic and antithetic older normal faults (1) that form 
broadly conjugate patterns (Fig. 5a-n). While some BPS planes extend 
across the whole outcrop and consistently cut earlier faults with a top-to- 
the east displacement (e.g. BPS i and BPS v at the base and top of the 
sequence respectively), others including BPS ii, BPS iii and BPS iv 
terminate where they abut and intersect adjacent normal faults (Figs. 5, 
6a-k). The earlier faults (1) form conjugates with the normal to the 
intersection forming the presumed transport direction towards 062◦

(Fig. 5a and b). Both the normal faults and subsequent BPS planes are cut 
by a clastic dyke thereby confirming timing relationships (Fig. 5c). In-
dividual BPS planes display very limited displacement gradients 
(<0.6%) with BPS offset of earlier marker faults only varying by 3 cm 
(from 11 cm to 14 cm) as the BPS i plane is traced downslope for a 
distance of ~5 m (Fig. 5c and d). Some marker beds offset by synthetic 
faults are cut by two intervening BPS planes resulting in classic 
‘sawtooth’ patterns (Fig. 5e and f). The stratigraphic level of the 
through-going BPS surfaces (2) varies as they cut across the earlier faults 
depending on the throw of these normal faults (e.g. Fig. 5e–h). Locally, 
there is some evidence of very limited reactivation of synthetic normal 
faults following BPS, as minor mm-scale offset continues from the 
hangingwall to the footwall of the BPS (Fig. 5k and L). 

4.2. Younger BPS abuts older faults 

Displacement on younger BPS planes (2) may decrease towards older 
steep faults, resulting in BPS abutting and terminating against the older 
fault without cutting it (Fig. 1b and c). We describe a number of ex-
amples, including BPS (2) abutting against earlier normal faults (1) 
located further upslope (Fig. 5c, 6a-d). This leads to extensional faulting 
above the BPS plane (e.g. BPS iii) (Figs. 5c, 6a-d) and indicates that BPS 
was propagating in an upslope direction while maintaining a 
downslope-directed sense of displacement (Fig. 6k and L). Conversely, 
BPS terminating and abutting against normal faults further downslope 
results in contractional geometries, including folds and thrusts (e.g. BPS 
ii and BPS iv) (Figs. 5c, 6e-j), and indicates that BPS was propagating in a 
downslope direction (Fig. 6k and L). The development of thrust faults 
above BPS planes and downslope of earlier faults suggests that the 
earlier fault has acted as a buttress and bulldozed the downslope 
sequence resulting in contraction and shortening above the BPS plane 
(Fig. 6e–j). This indicates a reduction in BPS downslope towards its 
termination at the next normal fault, thereby indicating a downslope 
propagating BPS plane (Fig. 6k and L). 

4.3. Older BPS abutted and cut by younger faults 

BPS older than steeper faults results in BPS either being cut and 
displaced by the younger faults, or displacement on the younger faults 
decreases and abuts against the older BPS plane (Fig. 1d and e). Where 

Fig. 3. a) General tectonic map showing the location of the present Dead Sea 
Fault (DSF), which transfers the opening motion in the Red Sea to the Taurus- 
Zagros collision zone. Red box marks the study area in the Dead Sea Basin. b) 
Generalised map (based on Sneh and Weinberger, 2014) showing the current 
Dead Sea, including the position of the Miflat locality referred to in the text. The 
extent of the Lisan Fm. outcrops are also shown, together with the general 
slump directions of the MTD’s around the basin. c) Digital shaded relief map of 
the Dead Sea Basin showing the location of Miflat and directions of 
gravity-driven slumping (from Hall and Calvo, 2005). Green and blue colours 
show areas below sea level while yellows show altitudes up to 1000 m. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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BPS is displaced by younger faults, it will typically maintain its strati-
graphic level across the fault and may be difficult to discern. We 
therefore use a variety of features to help locate these older BPS planes 
that are segmented by younger dip-slip faults. 

4.3.1. Older BPS marked by detachment folds and thrusts 
In our example we examine two adjacent BPS planes, one of which is 

older (1) and is displaced by dip-slip faults (2) while the other BPS plane 
is younger (3) and offsets those steep faults (Fig. 7a–k). The normal 
faults define an overall horst, with Fault A forming an antithetic fault 
that dips upslope towards the west, while Faults B and C are synthetic 
and dip downslope towards the east (Fig. 7 a-c). The calculated transport 
direction normal to the strike of the three faults is towards 085◦ and is 
sub-parallel to the 075◦ trending outcrop. There is no discernible vari-
ation in the orientation of these faults across the younger BPS plane 
(Fig. 7c, stereonet insets). Examination of the younger BPS plane (3) 
shows it to be a single surface that offsets the older marker faults (A-C) 
with displacement decreasing from 60 mm to 30 mm over a downslope 
distance of ~2 m (Fig. 7b). The stratigraphic position of BPS 3 varies as a 
consequence of the throw of the normal faults (2) and is developed 
below the orange marker bed in the centre of the horst between Faults A 
and B, while in the hangingwalls of Faults A and C, on the downthrown 
flanks of the horst, it is positioned above this marker bed (Fig. 7a–c). As 
BPS 3 post-dates the normal faults, its structural position is maintained 
while its stratigraphic position varies across these faults. 

BPS 1, which is located <15 cm below BPS 3, pre-dates the normal 
faults (2) and is therefore offset by them (Fig. 7c–e). BPS 1 very gently 
transects and cuts up through the stratigraphy, resulting in repetition 
and 60 cm displacement of a purple marker bed (Fig. 7d and e). The 
position of BPS 1 is also marked by detachment folds and thrusts that 
form above BPS 1 and are subsequently cut and offset by normal fault B 
(Fig. 7h and i). While normal faults A, B and C are all variably displaced 
by BPS 3, Fault B also clearly offsets earlier detachment folds and thrusts 
formed during BPS 1 (Fig. 7f–k). Development of these associated folds 
allows early BPS to be identified in sequences that may otherwise 
conceal early slip that can be an order of magnitude greater than that 
recorded by BPS offset of later faults. 

4.3.2. Older BPS marked by sediment injections 
The presence of BPS that is older than steep faulting is recognised 

through mobilised sediment that injects along faults and BPS planes in 
unlithified sequences affected by gravity-driven deformation (see Alsop 
et al., 2022a, b). Numerous examples of sediment injections and sills 
have been presented by Alsop et al. (2022b) and we therefore only show 
a single case here. 

In our example, a series of NW-SE striking conjugate normal faults 
(2), indicating downslope transport towards 062◦, offset earlier BPS (1) 
planes that are also displaced by later BPS (3) (Fig. 8a–g). Sediment 
injections are developed in the hangingwall of BPS 1 planes where they 
are composed of a fine-grained aragonite and detrital mixture contain-
ing cm-scale clasts of laminated sediment (see Alsop et al., 2022b). They 
form small-scale (<25 cm) discordant intrusions that sharply truncate 
adjacent laminae in the host sediment with no evidence of mixing or 
mingling along the contacts (Fig. 8a–g). Early phases of movement on 
BPS 1 are associated with sediment injections that are cross-cut and 
displaced by normal faults (2). These normal faults are offset by 

continued movement on older BPS 1 and creation of new BPS planes (3). 
These relationships indicate that BPS, normal faulting and injections are 
intimately related, with injections along detachments and normal faults 
(e.g. Fig. 8a–g). Larger intrusions along the junction of detachments and 
normal faults suggests that mobilised sediment has ‘ponded’ in the 
hangingwall of normal faults, and/or moved along the length of inter-
section at high angles to the downslope direction. Local thickening of 
stratigraphy on the downslope flanks of injections may be caused by a 
‘buttressing effect’ created by weaker sediments undergoing 
layer-parallel compaction as they move downslope against intrusions. 

4.4. BPS is coeval with steep faults 

BPS and dip-slip faults that cut the entire sequence can be active at 
broadly the same time, leading to interaction and complex interplay 
between the two sets of structures (Fig. 1f) (e.g. Delogkos et al., 2017). 
Alternatively, contemporary movement on multiple BPS planes may 
create steep linking faults that connect adjacent BPS planes, but are 
restricted to the sediment panel between these planes (i.e. linking faults 
are a consequence of movement on adjacent BPS surfaces) (Fig. 1g). 

4.4.1. Interacting BPS and dip-slip faults 
Intermittent and alternating movement on BPS planes and dip-slip 

faults results in complex overprinting relationships that segment BPS 
into fault-bound lenses. In our examples, different movement phases are 
numbered and restored on summary cartoons, although we stress that 
these stages are only local chronologies with no correlation implied 
between outcrops. 

In our first example (Fig. 8h-m), a NE-SW-striking synthetic normal 
fault (with local conjugates) ‘soles out’ into a BPS plane (1) (Fig. 8h–j, 
stage 1 in Fig. 8m). The steeper portion of this normal fault is then cut 
and displaced up to ~0.5 m downslope by a pair of BPS 2 planes, which 
are locally associated with sedimentary injections and sills summarised 
in stage 2 of Fig. 8m. Finally, a late phase of listric normal faulting and 
BPS 3 cuts across and locally tilts the earlier BPS 2 (stage 3 in Fig. 8m). It 
is also probable that some BPS 3 displacement continues along the base 
of the sill and abuts against the earlier normal fault (1), resulting in it 
‘bulldozing’ and causing folding in its hangingwall (Fig. 8L). The precise 
stratigraphy and ‘razor sharp’ BPS planes permit unravelling of the 
structural history created by the interaction of two listric normal faults 
that sole into BPS planes (1 and 3), separated in time by a pair of BPS 
planes (2) that segment the steeper parts of these listric faults. The 
intrusion of sediment injections along both BPS 2 and BPS 3 planes 
suggests that they are closely linked in time. 

In our second example, early (1) NW-SE-striking conjugate normal 
faults (labelled A and B) are cut across and displaced by BPS 2 
(Fig. 9a–f). The normal fault segments above the BPS plane are offset 
downslope towards the NE, although the amount of displacement re-
mains unknown as they are not observed in the limits of outcrop (stage 1 
in Fig. 9f). BPS 2 is subsequently cut and downthrown by new synthetic 
normal faults (3), while an antithetic normal fault (3) detaches onto BPS 
2 upslope (stage 2 in Fig. 9f). These conjugate normal faults (3) intersect 
along an upper BPS 3 plane (stage 2 in Fig. 9f). Finally, BPS 2 is reac-
tivated to create a new late-stage BPS 4 that cuts across the normal faults 
(3) to displace them ~25 cm downslope towards the east (stage 2 in 
Fig. 9f). The BPS segment upslope of synthetic normal fault (3) therefore 

Fig. 4. Photograph (a) showing both antithetic and synthetic normal faults that define an overall horst and are cut by a single BPS plane. b) Stereonet showing the 
orientation of the synthetic fault (solid blue circle poles and mean great circle) and antithetic fault (solid blue square poles and dashed mean great circle) segments on 
either side of the BPS planes with calculated (strike-normal) transport towards 066◦ (N = 9). The brown line denotes the trends of the vertical outcrop section. c) Line 
drawing and d) ‘cut & paste’ restoration of the normal faults cut by the BPS plane (see Alsop et al., 2020a for details of technique). Photograph (e) and associated line 
drawing (f) showing details of the antithetic normal fault, while g) and h) show details of the synthetic fault. Note in h) the thickening of the sequence above the BPS 
plane in the hangingwall of the normal fault. i, j) Graphs comparing types of marker offset (heave, throw) across the fault plane shown in e) and g), respectively. The 
green lines indicate the stratigraphic level of the BPS plane in the hangingwall of the normal fault, while the green tone indicates the beds separated by the BPS plane. 
Photograph (k) and associated line drawing (L) showing details of the synthetic normal fault and adjacent normal faults that are cut by the BPS plane. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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comprises two movement phases (2 + 4), whereas downslope BPS has 
been separated into two individual planes at different levels. The net 
throw of the blue and orange marker beds across the two synthetic 
normal faults (3) above the BPS planes is constant, suggesting that the 
two normal faults cumulatively accommodate the same throw as the 
single fault strand below the BPS planes (Fig. 9d). Just two phases of 

normal faulting (1 and 3), separated by two intermittent phases of BPS 
(2 and 4), can therefore create the relatively complex structural and 
stratigraphic pattern observed at outcrop. 

In our third example an apparently simple branching thrust fault is 
cut and displaced downslope by BPS 2 (Fig. 9g–i). On closer inspection, 
the thrust fault (1) with the larger displacement is observed to switch 

Fig. 5. Photograph (a) and associated line drawing (c) showing an older conjugate normal fault (1) system cut by five younger BPS 2 planes (labelled BPS i to iv). b) 
Stereonet showing the orientation of the conjugate normal fault segments (N = 26) on either side of the BPS planes with synthetic faults (solid blue circle poles) and 
antithetic faults (solid blue square poles) shown as mean great circles with (intersection-normal) transport calculated towards 062◦. The vertical outcrop trends 060◦

parallel to this transport. d) Graph showing downslope distance along BPS i (measured from an arbitrary datum - R) plotted against the amount of displacement 
across the BPS plane as recorded by the seven offset normal faults (A–G). Displacement increases slightly downslope suggesting that the BPS plane initiated beneath 
the detrital ‘orange’ marker bed. e) Photograph and associated line drawing (f) showing details of normal faults A and B being cut by BPS at the west end of the 
section, with a late clastic dyke cutting both normal faults and BPS planes. g) Photograph and associated line drawing (h) showing details of normal faults D and E 
being cut by BPS in the central part of the section, with inset stereonet showing the orientation of the conjugate normal fault segments (N = 10) on either side of the 
BPS planes with calculated (intersection-normal) transport towards 063◦. Photographs (i, k, m) and associated line drawings (j, L, n) show local details of BPS planes 
cutting normal faults. See f) and h) for details of positions. 10 cm chequered rule and 15 mm diameter coin for scale. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Photograph (a) and associated line drawing 
(b) showing a younger BPS 2 plane terminating and 
abutting upslope against an older normal fault (1). 
Photograph (c) and associated line drawing (d) show 
details of extension and normal faulting that develop 
above BPS iii due to its upslope pinning. Photograph 
(e) and associated line drawing (f) showing a younger 
BPS 2 plane terminating and abutting downslope 
against an older normal fault (1). Details of contrac-
tion and thrusting above BPS iv due to its downslope 
pinning are shown in photograph (g) and associated 
line drawing (h). Photograph (i) and associated line 
drawing (j) show downslope pinning and abutment of 
a BPS 2 plane against an older normal fault (1) 
resulting in deflection of the fault and downslope 
contraction. k) Schematic cartoon and L) associated 
displacement profile along a BPS plane that is pinned 
upslope and downslope by older normal faults. Up-
slope pinning of BPS results in extension, while 
downslope pinning leads to contraction. Location of 
photographs is shown in Fig. 5b.   
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positions with the subsidiary branching fault (3) on crossing the BPS 
plane (Fig. 9g and h). In terms of a chronology, a thrust fault (1) dis-
places the marker bed (stage 1) and is then cut by BPS 2 (stage 2 in 
Fig. 9i). A subsidiary thrust fault (3) then branches in the footwall of the 
earlier thrust (1) in a typical ‘piggyback’ sequence resulting in the 
repeated offset of the marker bed and BPS 2 (stage 3 in Fig. 9i). Finally, 
the BPS plane in the footwall of the thrusts is reactivated (BPS 2 + 4), 
while in the hangingwall it forms a new distinct plane (BPS 4) (stage 4 in 
Fig. 9i). Downslope movement above BPS 4 has resulted in local tight-
ening of the footwall synform to thrust 3 as it is squeezed against the 
thrust 1 ‘buttress’ (stage 4 in Fig. 9i). Thrust 1 is displaced downslope 
across the BPS plane by 352 mm, while thrust 3 is only offset by 208 mm 
(Fig. 9h). This suggests that the BPS 4 component is 208 mm while BPS 2 
accounts for the remaining 144 mm offset of thrust 1. This situation 
differs from the previous two examples in that the apparent simplicity 
hides the interplay between BPS and broadly coeval thrust faulting. 

4.4.2. BPS and hard-linking synthetic normal faults 
Movement on adjacent BPS planes leads to strain accumulation and 

development of linking or ‘connecting’ faults in the intervening panel of 
sediment (e.g. Delogkos et al., 2022, p.17) (Fig. 1g). Synthetic con-
necting faults have the same sense of hangingwall movement as the 
overlying and underlying BPS surfaces and effectively provide a ‘har-
d-linkage’ between these planes. We present an example of two 
N–S-striking synthetic normal faults (labelled A and B) that dip 
moderately-steeply towards the east and become asymptotic to both 
overlying and underlying BPS planes (Fig. 10a–c). As the two connecting 
normal faults link the upper and lower BPS detachments, they form an 
extensional duplex that cuts an earlier lower detachment (1), while 
connecting fault B is offset by localised late-stage BPS 3 (Fig. 10a–c). The 
earlier BPS 1 plane merges with the lower BPS detachment (2) but is also 
offset by the connecting Fault B, indicating that linking faults and BPS 
are coeval (Fig. 10a–c). The overall sigmoidal shape to the connecting 
Faults A and B results in footwall beds being locally ‘back-tilted’ and cut 
across by the overlying BPS detachment (Fig. 10d–g). Such back-tilting 
may be caused by rotation due to the listric fault shape, or reflects 
folding that created a slight monocline before the propagating fault tip 
cuts through (Pollard and Martel, 2020, p.277). The flexure in the 
hangingwall is transported down the listric fault and is therefore less 
developed, although slight ‘roll-over’ is observed above connecting 
Fault A where it joins the lower BPS detachment (Fig. 10a–c). The 
sedimentary sequence forming the footwall to the normal faults is 
attenuated and thinned adjacent to where the faults link with overlying 
BPS planes, potentially reflecting greater deformation (Fig. 10d–g). 

We have also undertaken standard displacement-distance (D-D) 
analysis along connecting faults (e.g. see Muraoka and Kamata, 1983; 
Williams and Chapman, 1983; Chapman and Williams, 1984) 
(Fig. 10h–j). We compare the amount of displacement of marker beds 
with the distance measured up the hangingwall of the fault from a fixed 
reference point (R), located where the normal fault links with the un-
derlying BPS detachment (Fig. 10i and j). Displacement along connect-
ing Faults A and B increases towards both the overlying and underlying 
BPS, with lower amounts of displacement preserved in the central parts 
of the fault adjacent to the detrital bed (Fig. 10i and j). Larger 
displacement is associated with lower angles of fault dip where they 

become asymptotic and rotate into the adjacent BPS planes (Fig. 10h). 
Such rotation of Faults A and B, coupled with greater displacement to-
wards the BPS planes, indicates that these linking faults are coeval with 
BPS and help transfer displacement between adjacent detachments. 

4.4.3. BPS and hard-linking antithetic normal faults 
Antithetic normal faults have the opposite sense of hangingwall 

movement compared to the adjacent BPS surfaces, but may still provide 
a ‘hard-linkage’ between these planes (Fig. 1g). In these cases, the 
orientation and displacement along linking faults are in response to 
movement on BPS planes, which are therefore considered the primary 
structures (Delogkos et al., 2022, p.4). In our first example we examine 
the intersection of a moderately west-dipping antithetic normal fault 
that becomes asymptotic with an overlying BPS plane (Fig. 10k-m). 
Detrital-rich beds in the footwall to the normal fault are ‘back-tilted’ 
where the fault-rotates into parallelism with the overlying BPS 
(Fig. 10n-q). Slight ramping of the BPS plane over the thick detrital bed 
results in minor conjugate normal faults, together with small pockets of 
mixed gouge along the detachment surface (Fig. 10n-q). D-D plots of the 
antithetic fault show that displacement progressively increases upwards 
towards the overlying BPS, suggesting that this BPS detachment is the 
primary structure that controls deformation. Antithetic faults therefore 
appear to have a different pattern on D-D plots compared to synthetic 
faults, which are more variable (Fig. 10i, j, r). 

In our second example, an antithetic west-dipping normal fault links 
upper and lower BPS detachments (Fig. 11a, b). An earlier BPS plane (1) 
is cut by the normal fault (2) that steepens up towards the lower BPS 
detachment and flattens out towards the upper BPS plane (Fig. 11a–d). 
At the upper detachment an earlier BPS plane (1) is partially cut and 
downfaulted by a normal fault (2) (Fig. 11c–f). The original BPS plane 
(1) is marked by folding and thrusting (FATS) developed upslope of the 
normal fault (2), suggesting that BPS 1 became locked before displace-
ment was transferred to a new BPS plane (3) that formed above the FATS 
(Fig. 11c–i). Local offsetting of BPS 1 by normal fault 2, before continued 
BPS movement (3), indicates that faulting and BPS were broadly coeval. 
BPS thus operates along different stratigraphic levels (BPS 1 and BPS 3) 
in the downthrown hangingwall of the normal fault, whereas in the 
footwall BPS forms a composite (BPS 1 + 3) surface (Fig. 11a–i). The D-D 
plot shows that displacement on the normal fault progressively increases 
upwards towards the overlying BPS detachment, although the 
displacement profile is influenced by the thick MTD horizon towards the 
top of the fault (Fig. 11g). Larger displacement is associated with lower 
angles of fault dip towards the top of the fault, where it becomes 
asymptotic and rotates into the overlying BPS plane (Fig. 11h). The 
overall evolution of the antithetic fault and BPS plane is summarised in 
Fig. 11i, which highlights the offset and locking of the earlier BPS 1 
leading to contractional folding and thrusting. 

4.4.4. Soft-linkage of BPS planes across earlier faults 
The termination of one BPS plane adjacent to where another over-

lapping BPS surface initiates without notable connecting faults may be 
viewed as a ‘soft-linkage’ (Delogkos et al., 2022). In the example we 
show, conjugate normal faults (1) are cut by later BPS (2) with a 
downfaulted detrital marker bed controlling how BPS propagates across 
the graben (Fig. 11j-q). The N–S striking normal faults are moderately to 

Fig. 7. Photograph (a) and associated line drawing (c) showing both antithetic and synthetic older normal faults (2) that define an overall horst and are cut by a 
single BPS plane (3). b) Graph showing distance downslope along BPS 3 (from an arbitrary datum - R) plotted against the amount of displacement across the BPS 
plane as recorded by the three offset normal faults (A, B, C). Displacement reduces downslope suggesting that the BPS plane initiated beneath the detrital ‘orange’ 
marker bed by Fault A. In c), the inset stereonets show the orientation of the three normal faults labelled Fault A (N = 6), Fault B (N = 6), Fault C (N = 6) measured 
above the BPS plane (poles as solid circles, and mean plane as open circle (pole) and solid great circle) and below the BPS plane (poles as solid squares and mean pole 
as open square and dashed great circle). Downslope transport is calculated as normal to fault strike and is shown by the blue arrow in each case. d) Photograph and e) 
associated line drawing showing older BPS 1 being cut by normal faults (2). Photographs (f, h, j) and associated line drawings (g, i, k) showing details of Faults A, B, 
and C being cut and displaced by the BPS 3 plane. The BPS 3 plane switches to different stratigraphic levels relative to the orange marker bed where it cuts the normal 
faults. Photograph h) also shows the earlier BPS 1 and associated folds and thrusts being cut by normal fault B. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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steeply dipping and form a symmetrical graben that extends across the 
section with the top and base remaining unexposed (Fig. 11j-L). BPS 
develops beneath a prominent detrital bed on either flank of the graben, 
whereas within the graben itself BPS transfers its position across this 
marker (Fig. 11k-q). BPS cuts and displaces the synthetic normal fault to 
create a sawtooth profile, and, on crossing the fault to the downthrown 
side, switches position from beneath the detrital marker to directly 
above it (Fig. 11m, n). BPS can be traced above the marker and results in 
a thrust propagating off the BPS plane (Fig. 11m), although there is no 
offset of the opposing normal fault. The antithetic normal fault on the 
opposite side of the graben is offset by a BPS plane that cuts directly into 
the detrital marker in the graben (Fig. 11o, p). This detrital marker 
above the BPS plane undergoes attenuation and thinning as the BPS 
plane terminates. The BPS segments in the downthrown graben overlap 
one another and terminate (Fig. 11q). Soft-linkage is therefore marked 
by the upslope segment displaying contractional folds and thrusts, 
whereas the downslope segment is associated with extension and 
attenuation (Fig. 11m-q). 

5. Estimates of displacement along BPS detachments and steeper 
faults 

We have compared the amount of BPS with the net horizontal offset 
(heave) of marker beds affected by a range of earlier synthetic and 
antithetic normal faults and thrust faults (Fig. 12a and b). Antithetic 
normal faults and synthetic thrust faults (i.e. those faults dipping up-
slope) have their heaves increased (Fig. 2f), whereas synthetic normal 
faults and antithetic thrusts (i.e. backthrusts) have their heaves reduced 
and can become -ve (i.e. repeated sections) where BPS displacement is 
larger (Fig. 12a and b). In these cases, the -ve offset of markers (i.e. 
contraction) increases as BPS makes a larger component of extension 
across the earlier faults (Fig. 12c). 

We have also compared the measured length (L) of BPS and normal 
fault planes with the maximum recorded displacement across those 
planes on normal plots (Fig. 12d and e) and logarithmic plots 
(Fig. 12g–i). There is a general positive correlation with measured 
lengths increasing with greater maximum displacement for both BPS 
planes and normal faults, although, in the case of BPS, larger displace-
ments appear to have their lengths under-estimated, potentially 
reflecting an inability to measure complete lengths due to lack of 
markers to record BPS and the constraints of outcrop size. The normal 
fault and BPS data broadly overlap with one another and plot within the 
displacement-length fields recorded by faults elsewhere (see Delogkos 
et al., 2022). 

Displacement gradients (Dmax/0.5 fault length, see Fossen, 2020, 
p.135) are compared with the measured length of BPS planes and 
normal fault planes (Fig. 12j-L). Normal faults tend to produce clustered 
data whereas BPS data is more diffuse and displays a small positive 
correlation with displacement gradients increasing on longer faults. This 
may once again reflect the fact that BPS planes with larger displacement 
have their lengths under-estimated, thereby increasing their apparent 
displacement gradient. Although the two data sets are overlapping, 
normal faults tend to lack the low displacement gradients (<0.1) 
recorded by some BPS planes, possibly reflecting the role of overlying 
competent gypsum horizons that inhibit fault propagation across them, 

or vertical limitations of outcrop benches. Comparing the measured 
maximum displacement with displacement/length for normal faults and 
BPS planes shows a positive correlation in both cases with the two data 
sets broadly overlapping, implying that normal faults and BPS planes 
with larger displacements have their lengths under-estimated 
(Fig. 12m-o). 

6. Discussion 

In a previous publication on BPS around the Dead Sea Basin, Alsop 
et al. (2020a) discussed the various mechanisms that potentially drive 
BPS, the depth and timing of BPS relative to the depositional age of 
sediments, and the stratigraphic consequences of younger BPS cutting 
older normal and reverse faults. We now build on this by addressing a 
number of research questions pertinent to BPS in gravity-driven settings: 

6.1. What detailed timing relationships are developed between BPS and 
steeper faults? 

In this case study we have provided examples of a range of timing 
and geometric relationships between dip-slip faults and BPS planes. The 
criteria that can be used to determine the relative age of BPS and steeper 
faulting are summarised on Fig. 13. It is important to note that all 
relative timing relationships are locally established and such schemes do 
not apply to the wider area, i.e. BPS 1 that pre-dates dip-slip faulting in 
one location may be temporally equivalent to BPS 2 that post-dates 
faulting in another locality. 

6.1.1. Older BPS abutted and cut by younger steep faults 
Some studies suggest that normal faults terminate and abut against 

older BPS planes due to fault propagation being restricted by the weak 
BPS plane (Roche et al., 2012; Delogkos et al., 2022) (Fig. 1d). In this 
case, displacement across the normal fault rapidly decreases towards 
zero at the BPS plane. The normal fault neither cuts, nor can be traced 
across, the older BPS plane, meaning that identifying such abutting re-
lationships is difficult. In the present study, displacement on steep faults 
does not decrease to zero adjacent to the older BPS planes and we find no 
evidence for such abutting relationships. 

Identification of older BPS planes that are cut and offset by younger 
faults (Fig. 1e) is problematic and “has only been established in cases of 
multiple repetitions of normal faulting and BPS” (Delogkos et al., 2022, 
p.7). In this case study, recognition of older BPS relies on features locally 
developed along the BPS plane, including gentle transection of bedding, 
minor detachment folds and faults (Fig. 7d–k), and sedimentary in-
jections (Fig. 8). BPS becomes segmented between dip-slip faults and 
correlation between later faults depends on determining the throw of 
that fault and identification of the minor features described above and 
summarised on Fig. 13a and b. 

6.1.2. BPS is coeval with contemporary steep faults 
Situations in which steeper faults were broadly active at the same 

time as BPS, or underwent phases of reactivation, have been described 
by a number of authors (e.g. Watterson et al., 1998; Delogkos et al., 
2018). Broadly synchronous normal faulting and BPS during overall bed 
tilting associated with contractional overprint is also described by Van 

Fig. 8. a) Photograph and b) associated line drawing showing multiple BPS planes, normal faults and related sediment injections. c) Stereoplot (N = 4) showing the 
orientation of the synthetic normal faults as poles (solid circles) and mean (solid) great circle, with mean antithetic normal faults shown by the dashed great circle. 
Fault transport (calculated as normal to the conjugate fault intersection) is shown by the blue arrow towards 062◦. d, f) Detailed photographs and line drawings (e, g) 
of relationships between older BPS (1), sediment injections, normal faults (2) and younger BPS (3). Location shown in b). h) Photograph and associated line drawing 
(i) showing predominantly synthetic normal faults cut by BPS planes. The encircled numbers refer to the relative timing of faults with older normal faults (1) being 
cut by younger BPS planes (2 and 3). BPS 3 cuts down section and develops into a listric normal fault (3). j) Stereoplot (N = 3) showing the orientation of the 
synthetic normal faults as poles (solid circles) and mean (solid) great circle, with mean antithetic normal faults shown by the dashed great circles. Fault transport 
(calculated as normal to the conjugate fault intersection) is shown by the blue arrow. Photographs k) and L) show details of cross-cutting relationships (positions 
shown in h). m) Summary evolutionary cartoon showing development of multiple fault and BPS geometries from stages 1–3. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 9. Photograph (a), interpreted photograph (b) and associated line drawing (d) showing earlier normal faults (labelled 1 and 3) defining a general horst being cut 
by later BPS planes (labelled 2 and 4). BPS (2) forms along the same stratigraphic level (below the blue marker horizon) and is locally reactivated (BPS 4). c) 
Stereonet (N = 2) shows the orientation of the synthetic normal faults as poles (solid circles) and mean (solid) great circle, with mean antithetic normal faults shown 
by the dashed great circles. Fault transport (calculated as normal to the conjugate fault intersection) shown by the blue arrow. e) Close-up photograph of fault and 
BPS interaction. f) Summary evolutionary cartoon showing development of fault and BPS geometries from stages 1–3. Photograph (g) and line drawing (h) of two 
thrust planes (1 and 3) cut by later BPS. The position of the thrust with greater displacement (1) switches from being the upslope strand beneath the BPS to the 
downslope strand above the BPS and is displaced downslope by 352 mm, whereas the later thrust (3) is only displaced by 208 mm. This suggests that BPS and 
thrusting operated at the same time as shown in the summary cartoon (i) that highlights a 4 stage evolution of structures. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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der Zee et al. (2008). 
Coeval dip-slip faults may move intermittently and alternate with 

horizontal displacement on BPS planes, leading to overprinting re-
lationships associated with complex segmented BPS and steep faults 
(Figs. 1f and 13a, c). The throw of the dip-slip fault at the time of BPS 
movement can be estimated by measuring the thickness of the repeated 
or missing stratigraphic sections across the BPS planes (Delogkos et al., 
2022, p.6), while the horizontal heave of BPS increments is calculated by 
measuring the offset of the dip-slip faults. In the case study we provide 
examples of intermittent movement on normal faults with a listric 
normal fault being cut by a pair of BPS planes before a later listric fault 
and BPS (Fig. 8h-m), a horst being cut by 3 phases of BPS (Fig. 9a–f), and 
a reverse thrust fault with multiple strands that are cut by two phases of 
BPS (Fig. 9g–i). Each of these scenarios has been shown in schematic 
cartoons that highlight each stage in the evolution of the final structure. 
Unravelling movement histories is important because it demonstrates 
the interactive and contemporary nature of BPS and dip-slip faults, and 
may also enable propagation directions of BPS and faults to be better 
constrained (Delogkos et al., 2022). 

The second type of coeval dip-slip faults are linking faults where 
synthetic connecting faults and antithetic normal faults join adjacent 
BPS planes (Figs. 1g and 13a, c). Similar fault geometries have been 
described by Delogkos et al. (2018, 2022), who note that BPS planes are 
considered the primary structures with displacement across these planes 
driving the movement and development of the (secondary) linking 
faults. In the case study, both synthetic and antithetic faults are 
asymptotic to upper and lower BPS planes, with rotations of the footwall 
to the normal faults leading to truncations by overlying BPS planes 
(Fig. 10). Such relationships help distinguish linking faults from older 
steep faults affected by BPS. 

6.1.3. Younger BPS abuts and cuts older faults 
Older faults that pre-date BPS act as markers to allow displacement 

gradients along BPS planes to be measured, thereby making younger 
BPS relatively easy to identify (Delogkos et al., 2018; Alsop et al., 2020a) 
(Figs. 1 and 13a, d). Older faults can cut entire sequences and extend 
beyond the influence of observed BPS planes and are simply markers. 
However, some early faults can act as a buttress to BPS propagation and 
influence displacement gradients and patterns. In this case, younger BPS 
planes simply abut and terminate against older faults (Fig. 6). The 
generation of local contractional structures in the hangingwall of normal 
faults suggests a component of ‘bulldozing’ and lateral compaction 
above the later BPS planes (Fig. 6i and j). Such contractional structures 
form adjacent to a BPS plane that terminates and abuts against the next 
marker fault downslope, suggesting some form of contractional toe to 
the BPS plane (Fig. 6g and h). Alternatively, BPS can terminate and abut 
older faults in the upslope direction, resulting in extension and conju-
gates forming above the BPS plane downslope of the fault (Fig. 6k and 
L). This demonstrates the control exerted on conjugates not only by 
adjacent BPS planes, but also by earlier normal faults that act as barriers 
to BPS propagation leading to variations in displacement. 

A further complication is that steep older faults may flatten into weak 
horizons that subsequently became BPS planes (e.g. Fig. 10n, o). 
Inherently weak beds in stratified sequences can therefore influence the 
geometry of older faults that become listric and flatten into such weak 
horizons, as well as control the position of subsequent BPS planes that 
localise along such beds. 

6.1.4. Reactivation and re-use of BPS planes 
Although we have described BPS in terms of its temporal relation-

ships with steep faults, it is entirely possible that older BPS planes may 
subsequently reactivate and be re-used during later downslope move-
ment. BPS and normal faults reactivating on several occasions produces 
complex overprinting scenarios (e.g. Delogkos et al., 2017, 2018) 
(Figs. 8h-m, 9). In some cases only very limited (mm-scale) reactivation 
of early faults that locally displace the BPS plane are observed (e.g. 
Fig. 5k, L) and are readily identified and restored. In other situations, 
larger reactivations and re-use of BPS planes occur which may be more 
problematic to identify. We now highlight some of the characteristics of 
such reworked planes that are useful in their identification.  

a) Reactivation of BPS planes - BPS planes may reactivate original weak 
horizons such as developed along MTDs or detrital beds (Figs. 4, 5 
and 7). These weak horizons could be reactivated several times so 
that the observed BPS offset is not necessarily achieved in a single 
slip event, but is rather a cumulative total. Such composite planes 
can be identified by relationships with cross-cutting faults. BPS that 
forms two distinct planes (e.g. BPS 1 and 3) at different stratigraphic 
levels in the downthrown hangingwall of normal faults (2) becomes a 
single composite surface (BPS 1 + 3) in the footwall to the fault. In 
the case study these footwall and hangingwall patterns are irre-
spective of the dip direction of the faults and are repeated across 
synthetic normal faults (e.g. Fig. 9a–f) and antithetic faults (e.g. 
Fig. 11a–i). The downthrow of earlier BPS planes allows the com-
ponents of dip-slip motion on later synthetic or antithetic faults to be 
examined (Figs. 9d–f and 11e-i). Ideally, its only possible to discern 
and quantify components of multiple slip events if cross-cutting 
faults of different ages display differing amounts of BPS offset, as 
has been observed where individual increments of BPS can be 
distinguished (Fig. 9g–i).  

b) Re-use of BPS planes - Re-use of BPS planes is defined as where the 
same stratigraphic horizon is utilised by BPS in both the footwall and 
hangingwall of an earlier fault (see Alsop et al., 2020a, p.18). This 
results in two BPS planes that are at the same stratigraphic position, 
but at different structural levels on either side of the earlier fault. 
Propagation of BPS across the earlier fault is considered to initiate 
from the side of the early fault where the controlling (competent) bed 
is located, meaning that one of the BPS planes must have initiated 
downslope (and propagate upslope), while the other initiates up-
slope and propagates downslope across the earlier fault (see Alsop 
et al., 2020a, p.18). In the case study we show how early BPS planes 
(1), marked by sediment injections, are subsequently offset by a 
normal fault, before reactivation of BPS 1 results in offset of the 
normal fault (BPS 3) (Fig. 8a–g). Although these overall processes 
have broadly been termed reactivation and re-use of BPS planes, 
deformation could operate more as a continuum with steeper faults 
sequentially forming and being systematically offset as downslope 
BPS continues. 

6.2. How does displacement and propagation vary along BPS planes and 
linking faults? 

Compared to the precision in determining the limits of normal faults 
that offset mm-scale varves in the Lisan sediments, the exact upslope and 
downslope extent of BPS is difficult to ascertain due to a lack of offset 

Fig. 10. Photograph (a) and associated line drawing (c) showing synthetic normal faults (labelled A and B) bound by upper and lower BPS detachments. The normal 
faults are asymptotic to the upper and lower detachments, which they link to form an extensional duplex. In b), the stereonet shows the normal faults (N = 2) to dip 
towards 092◦ parallel to the face of the outcrop. Detailed photographs (d, f) and associated line drawings (e, g) showing upper listric geometry of Faults A and B 
respectively. h) Graph showing how the dip of Faults A and B reduces with increasing displacement. i, j) Displacement-distance (D–D) graph of normal faults A and B 
with displacement increasing towards upper and lower BPS detachments. Photograph (k) and associated line drawing (L) showing antithetic normal fault bound by 
upper BPS detachment. The normal faults are asymptotic to the upper detachment. m) Stereonet showing the normal fault (N = 2) dipping towards 059◦ sub-parallel 
to the face of the outcrop. Detailed photographs (n, p, q) and associated line drawing (o) showing upper listric geometry of the normal fault. r) Displacement-distance 
(D–D) graph of normal fault with displacement increasing towards upper BPS detachment. 
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markers (faults), although there may be sediment injections and frac-
turing of host sediment adjacent to BPS. The variation in BPS offset 
recorded by early faults provides an indication of displacement gradi-
ents and if displacement increases or decreases downslope. 

6.2.1. Displacement gradients on BPS planes 
There are very few studies on displacement gradients along BPS 

surfaces, with Weinberger et al. (2016, see their fig. 9) reporting a 5% 
displacement gradient along horizontal slip surfaces generated during 
co-seismic shaking in the Lisan Formation. Another notable exception is 
the work of Delogkos et al. (2018, 2022), which examines Quaternary 
faults and BPS on a metre scale in a lignite mine in Greece. The exca-
vated faces allow correlation of steep normal faults across BPS planes 
and indicate that displacement gradients on BPS planes are lower than 
on the normal faults (Delogkos et al., 2017, p.126). It is generally 
considered that BPS planes are similar to other faults, with displacement 
reaching a maximum value at the centre of the slip plane, and then 
diminishing to zero towards the tip (e.g. Delogkos et al., 2022, p.15). 
Within the Lisan Formation, it has previously been recognised that 
thrust faults that cut across unlithified sediments typically display pro-
nounced displacement gradients (Alsop et al., 2017). The question arises 
as to whether BPS planes display similar patterns of displacement to 
dip-slip faults in the Lisan Formation. 

Where more than two faults are offset by BPS, it is possible to use 
their offset for a general indication of displacement gradient along the 
BPS surface (Fig. 12j). In many cases, multiple earlier faults directly 
restore, given similar ‘cut & paste’ displacement across the BPS surface 
(e.g. Alsop et al., 2020a). For instance, BPS offset is broadly constant and 
only diminishes by ~1 cm from 46 cm to 45 cm over a downslope dis-
tance of 5.7 m (Fig. 4e–h). In another example, BPS ii offset is nearly 
constant and only varies from 10.4 cm to 10.8 cm when traced down-
slope for 0.563 m between Faults A and B (Figs. 5e, f and 6e, f). In some 
cases, BPS displacement increases downslope by 30 mm over ~1 m 
(Fig. 2a–e), or from 11 cm to 14 cm over a distance of 5 m (Fig. 5d). 
Alternatively, BPS displacement reduces downslope by 3 cm over a 2 m 
distance (Fig. 7b). There is therefore no systematic variation in BPS 
displacement gradients or directions, that can remain broadly constant, 
or alternatively increase or decrease in the downslope direction. 

Our analysis of normal faults and BPS planes on D-D plots, measured 
lengths and displacements (Fig. 12d–i), together with maximum dis-
placements and gradients (Fig. 12j-o) collectively suggest that normal 
faults and BPS planes with larger displacements have their lengths 
under-estimated. This may reflect a failure to recognise longer fault and 
BPS planes due to limitations of outcrop size, or alternatively that 
displacement continued to accrue on BPS planes and normal faults that 
did not continue to grow in length. This could indicate restrictions to 
propagation imposed by earlier faults or BPS planes (abutting), previ-
ously noted gypsum horizons restricting growth of normal faults, or 
displacement transferring to adjacent faults or BPS planes via unrecog-
nised ‘soft’ linkages. 

Clearly, a number of variables can affect estimates of BPS offset, 
including the orientation of the earlier offset faults that may not be 
suitably orientated for calculating true BPS displacement, together with 
timing of faulting with some later faults potentially not recording all BPS 
movement. For instance, in the case of conjugate faults shown in 

Figs. 5a–d and 7a–c, the estimate of displacement could be complicated 
as marker faults dip in opposing directions and may therefore be 
apparent (rather than true) markers of BPS displacement. However, the 
available observations indicate that displacement does not vary 
dramatically along BPS surfaces and records relatively low (<0.6%) 
displacement gradients. This is contrary to thrust faults cutting across 
the sequences where gradients of >30% are observed (e.g. Alsop et al., 
2017). This may reflect a) the mechanical control of layering; b) fluids 
trapped along certain ‘easy-glide’ horizons (e.g. see Alsop et al., 2020d, 
2021a, b, 2022a, b); and c) BPS post-dating the marker faults and 
therefore affecting more deeply buried and potentially partially lithified 
sediments. The potential role of fluids in generating over-pressured 
weaker horizons that control mechanical stratigraphy in larger 
km-scale MTDs has also recently been discussed by Gatter et al. (2021) 
and Wu et al. (2021), and supports our interpretation regarding weak 
horizons influencing BPS planes. 

6.2.2. Propagation directions on BPS planes 
Farrell (1984) recognised that, while the sense of gravity-driven 

slope failure will be down the regional slope, the direction of failure 
propagation can be either up or down this slope. Within the case study 
the direction of BPS is always with a top-to-the-east sense of movement, 
whereas the direction of BPS propagation may be either up or down the 
slope away from the point of initial failure (Alsop et al., 2020a). The 
issue becomes one of determining the local direction of BPS propaga-
tion, which can be ascertained by examining a number of factors listed 
below.  

a) BPS may propagate towards older faults where it terminates as it 
abuts against the steep discontinuity. The direction of propagation is 
revealed by the side of the fault that BPS abuts against, with BPS 
displacement decreasing and terminating both upslope (e.g. BPS iii in 
Fig. 5c, 6a–d), or when traced in a downslope direction (e.g. BPS ii 
and BPS iv in Fig. 5c, 6e–j).  

b) Mechanical influences exerted by competent units, such as detrital 
beds or MTDs, can control BPS levels on either side of early faults. 
BPS may propagate across early faults from adjacent to the control-
ling unit, thereby enabling propagation directions to be deduced 
(Alsop et al., 2020a). 

c) The geometry of minor structures that form along BPS planes adja-
cent to earlier faults may enable the propagation direction to be 
determined. Although visible deformation is limited adjacent to BPS 
planes, contractional faults and folds are occasionally developed next 
to BPS either upslope or downslope of early marker faults (Fig. 6e–j). 
The absence of such structures elsewhere along the BPS plane sug-
gests that they are related to the influence of early faults being cut by 
BPS and can therefore be used in determining the direction of BPS 
propagation.  

d) Displacement gradients along BPS planes can be used to determine 
sites where BPS initiated, with larger displacements considered to 
accrue where slip nucleates (Delogkos et al., 2022). Analysis of 
displacement gradients along BPS planes suggests that displacement 
does not vary significantly (<0.6%) nor does it consistently increase 
or decrease in a downslope direction. Such low displacement 

Fig. 11. Photograph (a) and associated line drawing b) showing antithetic normal fault bound by upper and lower BPS detachments. The normal fault is asymptotic 
to the upper detachment and is sharply truncated by the lower detachments. Detailed photographs (c, e) and associated line drawings (d, f) show the contact of the 
fault with the upper BPS detachment. g) Displacement-distance (D–D) graph of normal fault with displacement increasing towards upper BPS detachment. h) Graph 
showing how dip of normal fault reduces with increasing displacement. i) Summary evolutionary cartoon showing development of normal fault and BPS planes from 
stages 1–4. Photograph (j) and associated line drawing (k) showing conjugate normal faults each cut by a single BPS plane. L) Stereonet showing the orientation of the 
conjugate normal faults with poles and mean great circles. Fault transport is calculated as normal to fault strike and is shown by the blue arrow. Photograph m) and 
associated line drawing n) show details of the synthetic normal fault, while photograph o) and associated line drawing p) show detail of the antithetic normal fault. 
The BPS plane (2) that cuts each normal fault terminates in the graben with displacement transferred via soft-linkage to the neighbouring BPS. q) Summary 
evolutionary cartoon showing development of graben and soft-linked BPS geometries from stages 1–3. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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gradients may be of limited value in determining BPS propagation 
direction. 

6.2.3. Displacement gradients on linking faults 
Faults that link adjacent BPS planes are controlled by movement 

along the BPS surfaces and do not extend beyond the panel of host 
sediment between BPS. Both synthetic connecting faults and antithetic 
normal faults are associated with rotation of footwall beds that are 
locally truncated by overlying BPS (Fig. 10d–g, p, q). Deflection and 
folding of layers next to faults is termed drag and reflects “ductile fault- 
related strain” with softer rocks considered to develop more drag (Fos-
sen, 2016, p.187, p.198, p.201). Fault drag may reflect variable 
displacement, friction and non-planar fault geometries and can develop 
by granular flow in poorly or unlithified sediments, such as in the Lisan 
Formation (Fossen, 2016, p.201). 

In the case study, synthetic connecting faults are marked by 
displacement increasing towards both the upper and lower BPS planes, 
with lower amounts of displacement preserved in the central portions of 
the connecting fault (Fig. 10i and j). These displacement patterns, 
coupled with rotation of the connecting fault towards the horizontal BPS 
plane (Fig. 10h), suggest that the faults were generated and initiated 
along BPS planes and propagated across the intervening panel of sedi-
ment, thereby transferring displacement between adjacent BPS surfaces. 

In the case of antithetic faults, displacement is greatest towards the 
upper BPS plane and reduces down the fault with local variations 
reflecting the influence of thicker detrital beds (Figs. 10r and 11g). 
Greater displacement and rotation of the fault towards the upper BPS 
plane (Fig. 10r and 11g, h) suggests that the normal fault was largely 
controlled by movement along this upper surface. In some cases, the 
fault may cut across and displace the overlying BPS plane, leading to a 
component of upslope contraction and thrusting before the upper BPS 
steps to a new higher level (Figs. 11e and f). This confirms that antithetic 
faults are coeval with BPS and are responding to movement along the 
upper BPS surface. 

6.2.4. Transfer of displacement by ‘hard-linkage’ between adjacent BPS 
planes 

It has long been recognised that mechanical stratigraphy can influ-
ence fracture propagation (e.g. Helgeson and Aydin, 1991, and refer-
ences therein). These studies are also relevant to BPS in the case study 
where competent detrital beds and earlier MTDs influence where BPS 
develops. Indeed, Delogkos et al. (2022, p.3) have noted that “BPS 
planes have a geometry that is intrinsically controlled by mechanical 
layering”. This control is considered to reflect the influence of stratig-
raphy in trapping fluids, which then encourage slip to develop in these 
weakened and potentially over-pressured horizons (e.g. Alsop et al., 
2020a, 2022a). BPS can however anastomose into several planes (e.g. 
Figs. 8f and g, 10a-c, 11a-i), or transfer displacement to different strat-
igraphic levels by a variety of means. Adjacent BPS planes may be 
‘hard-linked’ by steeper dip-slip faults that join the BPS surfaces and 
potentially transfer displacement across the intervening panel of sedi-
ment to a different stratigraphic level via releasing relay zones (e.g. 
Delogkos et al., 2022, p.16) (Fig. 13a, c). Multiple BPS planes may be 
linked by either synthetic or antithetic faults that are coeval with BPS 
movement and can form through granular flow in poorly or unlithified 
sediments (Fossen, 2016, p.201) (Fig. 1g). 

In the case study we have described both synthetic connecting 

normal faults and antithetic normal faults that are confined between 
upper and lower BPS planes and transfer displacement between these 
planes. The local attenuation and truncation of tilted beds in the foot-
wall of linking faults, and especially antithetic faults, suggests that fault- 
bounded blocks were relatively soft and capable of internal deformation 
around the margins in order to accommodate any geometric ‘space 
problems’ created by the corners of rotating blocks. The previously 
described displacement profiles along linking faults indicates that 
movement on faults was driven by BPS, which is typically considered the 
dominant primary structure (see Delogkos et al., 2022). The recognition 
of such hard-linking faults in the case study demonstrates that multiple 
BPS planes may have locally operated as a linked gravity-driven system 
rather than individual strands. 

6.2.5. Transfer of displacement by ‘soft-linkage’ between adjacent BPS 
planes 

Soft-linkage, where adjacent BPS planes terminate and transfer 
displacement without notable faulting, results in the segmentation of 
adjacent BPS surfaces parallel to the slip direction (e.g. Delogkos et al., 
2018, 2022). Such soft linkages are generally difficult to identify due to 
a lack of consistent offset of earlier markers, coupled with an absence of 
localised faulting in the intervening package of sediment. 

Our first example of soft-linkage includes the termination of BPS iv 
above BPS ii, which itself also terminates a further 2 m downslope 
(Fig. 5a–f). There are no discernible linking structures between BPS ii 
and iv, although the development of a backthrust above BPS iv coupled 
with an upslope decrease in BPS ii displacement as it offsets earlier 
Faults B and A, suggests that a soft-linkage developed with some 
displacement potentially transferred from BPS ii to overlying BPS iv 
(Fig. 5). BPS ii terminating downslope of where the overlying BPS iv 
terminates created an overlapping transfer zone that migrated upslope. 
Both BPS ii and BPS iv terminate downslope against older synthetic 
normal faults (Fig. 5). Soft-linkage and transfer of displacement to 
adjacent BPS planes may encourage termination and abutting of these 
BPS planes against older faults. 

In a second example, two BPS planes do cut older faults, but each 
terminates and forms a ‘soft-linkage’ in a graben between the older 
faults. The upper BPS plane thus terminates downslope while the lower 
BPS surface terminates upslope, with transfer of displacement between 
the overlapping BPS segments creating a releasing relay zone (Fig. 11j- 
q). Thrusting (contraction) above the upslope segment of the BPS plane 
combined with attenuation (extension) in the downslope segment re-
flects BPS displacement reducing and transferring to a new BPS plane 
downslope (Fig. 11j-q). Attenuation between the BPS segments is 
consistent with ‘soft-linkage’ as displacement is transferred between 
planes further downslope. Soft-linkage may simply be marked by 
attenuation of intervening sediments and is therefore difficult to 
recognise. In addition, continued displacement on adjacent BPS surfaces 
that initially had a soft-linkage could lead to the development of con-
necting faults and ‘hard-linkage’, thereby masking the original 
geometries. 

6.3. What are the consequences of multiple BPS planes on larger steep 
faults? 

Improved resolution of seismic sections across offshore continental 
margins reveals large scale gravity-driven fold and thrust belts that 

Fig. 12. Measured BPS and fault offset data from the case study. a, b) BPS displacement plotted against net heave of older synthetic and antithetic faults cut by BPS. 
Upslope-dipping antithetic normal faults (N = 30) and synthetic thrust faults (N = 15) have greater net heave where BPS increases. Downslope-dipping synthetic 
normal faults (N = 48) and antithetic thrust faults (N = 10) have net heave reduced and become negative with greater BPS. c) Offset of marker bed plotted against 
BPS % extension. Markers have a greater offset where BPS forms a larger % of total extension. Measured length of BPS or fault planes plotted against measured 
maximum displacement on normal and log-log plots for d, g) BPS planes (N = 115 in green), e, h) normal faults (N = 52 in blue), and f, i) combined BPS and normal 
faults. Measured length of BPS or fault planes plotted against displacement gradient for j) BPS planes, k) normal faults, and L) combined BPS and normal faults. 
Measured displacement/length of BPS or fault planes plotted against measured maximum displacement for m) BPS planes, n) normal faults, and o) combined BPS and 
normal faults. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 13. a) Cartoon summarising BPS features and relationships observed in this study used to distinguish b) where older BPS is cut and abutted by younger faults 
(letters in yellow squares), c) where BPS is coeval with steep faults (numbers in pink squares), and d) where younger BPS cuts and abuts older faults (capital letters in 
lilac circles). Initiation of structures is shown towards the left and evolved structures towards the right-hand side. Complexity of structures generally increases down 
the diagram. Timing of features (1, 2 etc.) only applies to local structures and is not correlated across the entire figure. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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move downslope towards the deeper parts of basins (e.g. Corredor et al., 
2005; Bull et al., 2009; Butler and Paton, 2010; de Vera et al., 2010; 
Morley et al., 2011; Jackson, 2011; Peel, 2014; Scarselli et al., 2016; Reis 
et al., 2016; Steventon et al., 2019; Lenz and Sawyer, 2022). Although 
normal faults are generally interpreted from upslope (head) regions and 
reverse faults in the downslope toe area, the seismic sections still typi-
cally lack the resolution to undertake detailed analysis of structural re-
lationships associated with very low angle failure surfaces with 
Delogkos et al. (2022, p.3) noting that “displaced markers and BPS 
planes are likely to be below the limit of seismic resolution”. There are a 
few exceptions, including Lee and Chough (2001) who use detailed 
seismic sections to investigate gravity-driven failure surfaces that form 
at scales of <10 m in very gently dipping (<1◦) slopes offshore Korea. 
BPS has also been interpreted on seismic sections across large-scale 
gravity-driven MTDs offshore SE Brazil by Gamboa and Alves (2015). 
Although BPS magnitude remains unresolved, these authors suggest, 
from seismic and outcrop studies, that BPS had affected blocks carried 
within MTD’s. BPS has also recently been interpreted from seismic 
sections across the Inner Moray Firth of the North Sea (Delogkos et al., 
2022, their fig. 11). In this case, interpretation of seismic sections sug-
gests that steep normal faults in the basin act as ‘markers’ and are offset 
by ~300 m across discrete BPS planes (Delogkos et al., 2022, p.13). We 
would expect future improvements in seismic resolution to enable more 
examples of BPS to be imaged in such basinal settings. 

6.3.1. Consequences of multiple BPS planes in large-scale gravity-driven 
systems 

Systems of multiple BPS planes that cut earlier dip-slip faults have a 
number of geometric consequences in gravity-driven systems. Synthetic 
normal faults that dip down the slope are ‘telescoped’ across multiple 
later BPS planes, resulting in ‘sawtooth’ patterns that form a steeper 
overall fault zone (Fig. 14a, b, d). The offset marker beds have a reduced 
apparent heave when correlated across the fault zone (Fig. 14b), with 
negative heave developed where BPS offset is greater than original fault 
heave (Fig. 14d). Antithetic normal faults that dip up the slope form a 
shallower ‘staircase’ fault zone where cut by multiple BPS planes 

(Fig. 14a, c). The more gently-dipping normal fault zone results in an 
increased apparent fault heave when offset marker beds are correlated 
across the zone (Fig. 14c). Similar patterns are also recorded across 
synthetic and antithetic reverse faults at the downslope toe regions of 
MTDs (e.g. Alsop et al., 2020a) (Fig. 14a). 

6.3.2. Consequences of vertically exaggerated seismic sections for 
recognising BPS 

While there are a number of benefits with the common practice of 
significantly exaggerating the vertical scale of seismic sections (e.g. 
Stewart, 2011), it does lead to a distortion of true fault geometries, and 
may help mask increases or decreases in dips of fault zones where cut by 
multiple BPS planes. This could be exacerbated where the dips of early 
faults vary continuously to create listric geometries. In an exhaustive 
review of >1400 publications, Stewart (2011, p.963) estimates that 75% 
of published seismic sections are vertically exaggerated (VE) by > 2, 
including 37% at VE > 6. As an illustrative example, if we apply a 6 x VE 
to a synthetic fault dipping at 45◦, then it would appear to dip at ~80.5◦

on the exaggerated seismic section, while the telescoped fault zone with 
a sawtooth pattern that now dips at 70◦ (Fig. 14a and b) would appear to 
dip at 86.5◦ on the 6 x VE seismic. Alternatively, the 45◦ antithetic faults 
that now form extended fault zones with staircase patterns dipping at 
~35◦ (Fig. 14a, c) would appear to dip at 76.5◦ on the VE seismic sec-
tion. In summary, while cross-cutting BPS planes resulting in small 
apparent ~5◦ increases or decreases to the ~80◦ fault zone dip are likely 
to go largely unnoticed on vertically exaggerated seismic sections, they 
do have a dramatic effect on calculations of fault heave, which is 
reduced by 66.6% or increased by 90% respectively due to the effects of 
BPS in these cases (Fig. 14b and c). 

6.3.3. Consequences of multiple BPS planes for balancing gravity-driven 
systems 

Seismic sections across gravity-driven fold and thrust belts forming 
offshore MTDs frequently do not balance with some deformation pre-
sumed to take place at a scale below seismic resolution (e.g. Butler and 
Paton, 2010; de Vera et al., 2010; Dalton et al., 2015, 2017; Morley 

Fig. 14. Schematic diagrams showing (a) multiple sequential BPS planes cutting and telescoping earlier downslope-dipping normal and thrust faults, while upslope- 
dipping faults are extended. b) Detail of telescoped normal fault with sawtooth geometry resulting in a 66.6% reduction in fault heave. c) Detail of extended normal 
fault with staircase geometry resulting in a 90% increase in fault heave. d) Detail of telescoped normal fault with sawtooth geometry resulting in negative fault heave. 
In each case the position of a schematic drill core is shown with a single MTD horizon recovered in b), no MTD horizon recorded in c), and repeated MTD horizons 
recovered in d). 
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et al., 2017; Morley and Naghadeh, 2018). The actual amount of 
downslope shortening recorded by interpreted structures on seismic 
sections can be up to 40% less than extension measured in the upslope 
domain (e.g. Butler and Paton, 2010; de Vera et al., 2010). This may 
partially be accounted for by variable lateral compaction in the down-
slope toe (e.g. Morgan and Karig, 1995), with estimates of 
compaction-related shortening ranging between 5% (Dalton et al., 
2015), and ~20% (Dalton et al., 2017; Morley and Naghadeh, 2018; 
Scarselli et al., 2022). In addition, the role of ‘out of plane’ movement 
and other sub-seismic scale structures in the balancing of extension and 
contraction in seismic sections remains uncertain (e.g. see Alsop et al., 
2020b; Steventon et al., 2019). 

Balancing of seismic sections across gravity-driven FATS is compli-
cated not only by estimates of sub-seismic deformation noted above, but 
also by precise ‘picking’ of fault horizon cut-offs that can lead to errors in 
estimating bed-length (e.g. Steventon et al., 2019). This may be com-
pounded where the magnitude of shortening across thrusts is taken as 
heave (the horizontal component of deformation) (e.g. Steventon et al., 
2019, p.608). Some fault analysis on seismic sections focuses solely on 
heave across faults, as this represents a quick and efficient means to 
determine fault offsets which are not subject to potential error created 
by depth conversion. (e.g. Totake et al., 2018 p.214). While this has 
much of merit, the addition of later multiple BPS that will be largely 
invisible on seismic sections may affect and distort such patterns of 
heave. 

BPS can affect estimates of contraction and extension differently due 
to different numbers of upslope and downslope dipping faults, and 
potentially different amounts of BPS surfaces in settings further upslope 
(typically dominated by extension), from those downslope generally 
considered to be more contractional. Downslope-directed BPS would 
reduce heave on downslope dipping normal faults and increase heave on 
downslope verging thrust faults (Fig. 14c). Given that more upslope 
dipping thrust faults typically develop compared to backthrusts (e.g. 
Alsop et al., 2017) then BPS would preferentially lead to an increase in 
thrust heave in downslope contractional domains. In addition, more 
normal faults may develop in steeper parts of the slope where failure 
occurs, while thrusts form in downslope areas with potentially lower 
gradients. Mourgues and Cobbold (2003) have shown from sandbox 
experiments that more gravity-driven normal faults develop upslope and 
a greater number of thrusts initiate downslope when the gradient of 
basal slopes is increased. We suggest that greater numbers of these faults 
provide a potential opportunity for the effects of BPS to be increased. 
Given that downslope-verging normal faults dominate the upslope 
extensional domain while thrust/reverse faults form in the downslope 
contractional zones of MTDs, then the addition of a BPS component 
actually makes the overall balancing of extension – contraction com-
ponents more problematic. 

6.3.4. Consequences of multiple BPS planes for palaeoseismic studies 
Lacustrine sequences represent ideal settings in which to undertake 

palaeoseismic research as the laminated lake sediments form a superb 
log of seismically-induced disturbance that might otherwise be unre-
corded in other environments (e.g. Moernaut et al., 2019; Moernaut, 
2020; Sammartini et al., 2020, 2021; Molenaar et al., 2021, 2022; Guo 
et al., 2022; Oswald et al., 2022). The potential presence of BPS should, 
however, be considered in such settings as laminated lake sediments are 
prone to slip along multiple planes. Delogkos et al. (2022, p.18) note 
that “BPS is expected to exist in all multi-layered host rock sequences, 
irrespective of their lithological and mechanical properties”. Although 
BPS alone will not significantly disturb the stratigraphic record, the ef-
fect of BPS cutting earlier dip-slip faults is to create either repeated or 
missing sections across synthetic or antithetic faults, respectively 
(Fig. 14b and c). The amount of repeated or missing section is unrelated 
to the amount of BPS, but rather depends on the vertical throw of the 
earlier faults. Although individual BPS planes typically only have offsets 
on the scale of metres (this study; Delogkos et al., 2022), the prevalence 

of multiple slip planes in laminated lake sediments means that there is a 
greater likelihood of them offsetting earlier dip-slip faults. The devel-
opment of BPS planes in lacustrine sediments, such as the Lisan For-
mation, with negligible depositional dips of <1◦, demonstrates their 
ability to form in basinal settings that lack significant slopes. 

While the presence of BPS in gravity-driven settings can be ascer-
tained at outcrop using the criteria we have outlined, its recognition in 
less well-exposed areas or from limited widths of observation in drill 
cores (typically <10 cm diameter) remains challenging. Many palaeo-
seismic studies use drill cores recovered from basins in order to analyse 
apparently continuous depositional histories, including turbidites that 
may be generated by seismic events together with deformed MTD ho-
rizons and seismites more directly linked to earthquakes (e.g. Gao et al., 
2020; Hou et al., 2020; Molenaar et al., 2021; Lu et al., 2021c; Tian et al., 
2022). We highlight the potential issues created by BPS cutting earlier 
faults in laminated lacustrine sediments by showing schematic cores 
through a sequence containing a single seismogenic MTD horizon 
(Fig. 14b–d). Depending on the position of the drill core relative to 
earlier synthetic or antithetic faults that are offset by BPS, the core could 
record a single MTD horizon (Fig. 14b), no MTD horizons (Fig. 14c), or 
multiple MTD horizons (Fig. 14d) from the same stratigraphic sequence. 
While it may be possible to identify repeated sections in narrow drill 
cores, the ability to recognise missing sections without reference to an 
established stratigraphic template is highly problematic. Furthermore, 
the effects of BPS may be exacerbated as it tends to develop adjacent to 
earlier deformed horizons, MTDs and turbidites (detritals) that form the 
focus of palaeoseismic studies. The mechanical heterogeneity intro-
duced into laminated sequences by seismically-generated MTDs and 
turbidites may therefore be the very factor that encourages BPS to 
concentrate along, and complicate, these sequences. BPS planes created 
by earthquakes can be considered a further example of seismogenic 
structures (seismites) preserved in the stratigraphic record. 

7. Conclusions 

We have presented an outcrop-based case study of BPS structures 
formed in late Pleistocene MTDs developed during gravity-driven 
deformation of sediments towards the Dead Sea Basin. In particular, 
we examine the role of BPS and how it pre-dates, post-dates or is coeval 
with steep dip-slip faults that potentially act as markers to allow ‘sub- 
seismic’ metre-scale patterns of horizontal displacement to be recog-
nised. Specific conclusions to the study are listed below.  

1) A broad spectrum of temporal relationships are observed in the case 
study with BPS being older, coeval or younger than adjacent dip-slip 
faults. The apparent prevalence of younger BPS planes cutting older 
structures may simply reflect the relative ease of discerning this 
particular relationship. We suggest that BPS and dip-slip faults are 
broadly coeval with both being generated by gravity-driven down-
slope movement of the sediment pile.  

2) Displacement-length relationships of measured BPS planes plot in 
the same range as recorded for normal faults in the Lisan Formation 
and elsewhere. Displacement-length data from the BPS planes shows 
that length increases non-linearly with displacement. BPS with larger 
displacements have relatively ‘short’ lengths, implying that complete 
BPS planes are potentially missing due to limitations of outcrop size.  

3) BPS planes are interpreted to propagate up or down slope based on 
the direction of increasing BPS displacement on individual surfaces, 
generation of local structures and position of controlling competent 
beds. BPS planes that operate coevally can be hard-linked with 
synthetic connecting faults and antithetic normal faults that transfer 
displacement between adjacent planes. BPS planes may also be soft- 
linked where they overlap and terminate next to one another, 
resulting in either extension and attenuation, or contraction and 
folding, in intervening panels of sediments. 
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4) The net effect of multiple BPS planes in seismic sections across large- 
scale gravity-driven MTDs is to potentially make downslope-dipping 
fault zones look steeper and thereby reduce the apparent net heave of 
these faults. Conversely, upslope dipping fault zones will appear 
more gently-dipping with a concurrent increase in apparent heave. 
Such variations in the apparent dip and heave of fault zones could 
have significant effects on balancing of sections but may not be 
immediately noticeable due to vertical exaggeration on seismic 
sections.  

5) The realisation that BPS cuts earlier faults and thereby creates locally 
repeated or missing sections has consequences for palaeoseismic 
studies that may assume continuous records in lacustrine sequences. 
The recognition that BPS can be focussed along pre-existing me-
chanical heterogeneities created by MTDs and turbidites enhances 
the likelihood of such complexity. 
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