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Flow-induced interfacial deformation structures (FIDS):
Implications for the interpretation of palaeocurrents, flow
dynamics and substrate rheology
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ABSTRACT

Sole structures on the base of turbidites, and other bed types, are typically
classified into scour marks and tool marks, such as flutes, grooves, skim
marks and prod marks. Yet, there are a range of other common sole marks
that are unrelated to scouring or tools, and whose origin is poorly under-
stood. Prominent among these sole structures are longitudinal ridges and fur-
rows, and ‘dinosaur leather’ structures associated with mud ripples. Herein,
these features are described and it is argued that they are the product of
deformation of the substrate during a sediment gravity flow event. In these
flow-induced interfacial deformation structures (FIDS), a soft cohesive sub-
strate undergoes deformation in response to a buoyant force induced by the
denser basal component of an overriding flow, and the flow interacts with
this buoyant deformation through shear to remould the substrate. Variations
in the relative strength of these buoyant and shear-induced forces explain
the wide range of FIDS that can form. This FIDS model reinterprets the for-
mation of longitudinal ridges and furrows, which have previously been clas-
sified as scour marks, and explains their distinctive spatial patterns.
Furthermore, the new model builds on the seminal work of Dzulynski and
colleagues in the 1960s and 1970s, who identified that these structures con-
tain key palaeocurrent information, and it is argued that such information is
largely under-utilized. Importantly, alongside their utility as palaeocurrent
indicators, FIDS provide insights into the rheology of the substrate at the
time of their formation, and thus the nature of basal flow conditions in the
formative flows.

Keywords Longitudinal ridges and furrows, mud ripple, sediment gravity
flows, sole mark, transitional flow.
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INTRODUCTION

Sole structures in deep-marine environments are
a class of sedimentary structure that have
received remarkably limited research since the
early 1970s, and whose utility has been largely
restricted to the collection of palaeocurrent
information (Peakall et al., 2020). However,
recent work has demonstrated that flutes and
tool marks can provide information concerning
the nature of the formative flows and the rheol-
ogy of the substrate (Peakall et al., 2020; Baas
et al., 2021a; McGowan et al., 2024). Yet, there
remain a range of sole structures that have not
been re-examined since the pioneering work of
Dzulynski and co-workers (e.g. Dzulynski &
Walton, 1963, 1965; Dzulynski, 1965, 1966;
Dzulynski & Simpson, 1966a, 1966b) and Allen
(1969, 1971a) in the 1960s and early 1970s.
Chief among these are longitudinal ridges and
furrows, and the scales — updip closing arcs —
that can occur within, or occur separate to, these
ridges and furrows (Fig. 1A and B; Craig & Wal-
ton, 1962; Dzulynski & Walton, 1965). There are
also a range of orientated and non-orientated
structures, including polygonal forms, and this
combination of structures can ornament mud
ripples, sometimes producing spectacular sur-
faces termed ‘dinosaur leather’ (Fig. 1D; Chad-
wick, 1948). Lastly, transverse wrinkles (sensu
Dzulynski & Sanders, 1962) are considered
(Fig. 1C). The present paper revisits each of
these structures in turn, and proposes a
process-based model that clarifies the origin and
relationship between these different structures.
The new model has implications for the utility
of these sedimentary structures in terms of
palaeocurrents, flow dynamics and as measures
of substrate strength.

SEDIMENTARY STRUCTURES:
CHARACTERISTICS AND FORMATIVE
PROCESSES

Longitudinal ridges and furrows

Characteristics

Longitudinal ridges and furrows (also called
ridge-and-furrow moulds; Allen, 1982) occur as a
series of regularly spaced (millimetres to tens of
millimetres wide) ridges and furrows with an
overall parallel-to-flow fabric that provides a uni-
directional or bidirectional palaeocurrent indica-
tor (Dzulynski & Walton, 1965; Collinson &

Mountney, 2019; Figs 1A and 2). This
parallel-to-flow nature is confirmed by rare con-
temporaneous sole marks such as grooves, flutes
(Dzutynski & Walton, 1965) and prod marks
(Fig. 2C). In cross-section, furrows are shallow
and flat-bottomed, or deeper and rounded, and
sand-filled (commonly millimetres to tens of
millimetres in depth), with sharper ridges
between them (formed of mud originally, though
typically seen as erosional relief on the base of
sandstones), reflecting troughs and sharp ridges
on the original mud bed (Dzulynski & Walton,
1965; Allen, 1982). Individual furrows typically
initiate as rounded, convex-upstream forms and
terminate longitudinally, either tapering, or via
more rounded concave-upstream forms (Fig. 1A).
A unidirectional flow direction is indicated
where these convex-upstream forms can be recog-
nized (Collinson & Mountney, 2019). Furrows are
typically hundreds of millimetres long, and do
not exhibit a constant width (Figs 1A and 2), in
some cases forming a series of bulbous protru-
sions, as seen in planform, along their length
(Figs 1A and 2A); likewise, ridges do not main-
tain a constant width (Figs 1A and 2A). Ridges
and furrows are frequently slightly sinuous, and
occasionally highly sinuous, in planform, and in
places can exhibit dendritic patterns (Figs 1A and
2C). In some examples, in cross-sectional view,
the mud ridges exhibit flames (Kelling & Wal-
ton, 1957). Longitudinal ridges and furrows tend
to cover the entire base of the bed, and in excep-
tional exposures can show larger-scale patterns of
convergence and divergence (Allen, 1982, fig.
1.25). Ridges and furrows can: (i) form indepen-
dently; (ii) form at the same time as flutes and
tool marks; or (iii) be cut later by flutes and tool
marks (Dzulynski & Walton, 1965). Longitudinal
ridges and furrows are typically found on the
soles of thin (a few tens of millimetres), fine-
grained, turbiditic sands (Allen, 1971b, 1982). In
many cases, longitudinal furrows also exhibit
arrays of cuspate features (scales), composed of
sand, separated by thin mud layers, within the
individual furrows that widen downstream, thus
providing a palaeocurrent direction (Craig & Wal-
ton, 1962). The origin of these ‘scales’ (sensu
Craig & Walton, 1962) is examined after consider-
ation of the formative processes of longitudinal
ridges and furrows below.

Formative mechanisms

A number of formative mechanisms of longitudi-
nal ridges and furrows have been postulated in
the literature.

© 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
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Flow-induced interfacial deformation structures 1711

Fig. 1. Schematic morphologies of flow-induced interfacial deformation structures (FIDS). (A) Longitudinal ridges
and furrows; sand shown in yellow and mud in grey. Three different morphologies are shown from left to right;
partially dendritic (see Fig. 2C), elongated and slightly sinuous (see Fig. 2B) and wider and shorter forms (see
Fig. 2A). Black arrows show unidirectional (dendritic) and bidirectional flow indicators. (B) Scales; sand is shown
in yellow, mud in ridges between furrows in dark grey, and mud between scales in lighter grey. A range of differ-
ent scale morphologies are shown within the figure, including symmetrical and asymmetrical forms, and varia-
tions in the amount of mud between scales (see Fig. 7 for photos). (C) Transverse wrinkles, shown in dark grey,
and surrounding mud in lighter grey (see Fig. 10). (D) FIDS on mud ripples. Morphologies are shown with refer-
ence to the three-dimensional geometry of mud ripples during formation; however they are found on the base of
sandstones and thus are inverted relative to the figure. Flow direction shown by arrows, including the recircula-
tion zone in the lee of the ripples; the latter is shown schematically, with the dimensions of the recirculation zone
altering as a function of flow cohesitivity (see Baas & Best, 2008). A range of FIDS morphologies is illustrated: far
right — polygonal forms in the trough, with more longitudinal forms on the stoss side, some displaying scales; cen-
tre — similar but with equant, but less polygonal, forms on the lee and in the trough; left — showing the upper
stoss as smooth. Darker yellow on stoss side and lighter yellow on lee side of mud ripples, respectively. Mud-
ripple wavelengths range from 0.02 to 0.40 m.

© 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
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1712 J. Peakall et al.

Fig. 2. Examples of longitudinal ridges and furrows. (A) Example showing furrows that are relatively short in a
longitudinal direction, with bulbous projections along their length, and marked changes in furrow width. Oligo-
cene, Krosno beds, Poland. Yellow scale bar is 100 mm long. Yellow arrow shows bidirectional flow direction. (B)
Slightly sinuous and elongate ridges and furrows; middle Ordovician Cloridorme Formation, Gaspé Peninsula,
Quebec, Canada. Lens cap for scale, diameter 77 mm. Yellow arrow shows flow direction, however, this is
obtained from other information, and the longitudinal ridges and furrows only give a bidirectional indicator. (C)
Longitudinal ridges and furrows exhibiting dendritic patterns, best seen where they terminate against the edges of
prod marks, with the latter showing flute marks at their downstream ends; flow from left to right. In places, the
prod marks cut the ridges and furrows, whilst elsewhere the ridges and furrows deform around the prod marks,
showing that the two structures thus formed contemporaneously. Oligocene, Krosno beds, Poland. Black scale bar
is 100 mm long. Yellow arrow gives flow direction. Examples (A) and (C) are from samples in the collection of
the Natural Sciences Education Centre at the Jagiellonian University, Krakéw, Poland.

Formative mechanism 1: Helicoidal scour

The prevailing interpretation for longitudinal
ridges and furrows is that they are pure scour
structures (e.g. Reineck & Singh, 1980;
Allen, 1982; Stow, 2005; Bridge & Demicco, 2008;
Nichols, 2009; Leeder, 2011; Collinson & Mount-
ney, 2019), with a scour origin first proposed by
Craig & Walton (1962). Dzulynski & Walton (1963)
suggested that they were formed by helicoidal
flows close to the bed, and Dzutynski (1965, 1966)
later suggested that these flows were the product
of twin, counter-rotating, helicoidal flow cells.
The experiments of Allen (1971a), using flows
that slowly dissolved plaster-of-Paris (over ca
four to eleven days), supported this model of

paired counter-rotating vortices. Where fluid cir-
culating in the cells was directed downward,
amplified velocity fluctuations were present, and
thus greater dissolution occurred (Allen, 1966),
whilst upward flow led to lower velocity fluctua-
tions, reduced dissolution and the development
of ridges (Allen, 1971a). For clay beds, enhanced
basal shear stress will produce greater erosion
under the descending parts of cells, and reduced
shear stress and erosion under upward flow
(Allen, 1971a). Once formed, topographically-
forced helicoidal flow over these initial ridges
and furrows may promote their further develop-
ment. The ridges and furrows in the plaster-of-
Paris experiments of Allen (1966, 1971a) were

© 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 1709-1743
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Flow-induced interfacial deformation structures 1713

Fig. 3. (A) Rectilinear grooves formed in clay beds; width of bed shown is 0.27 m (used with permission of
SEPM, from Allen, 1969, J. Sed. Petr., 39, 607-623; permission conveyed through Copyright Clearance Center
Inc.). Yellow arrow gives flow direction. (B) ‘Longitudinal ridges and furrows’ formed in plaster-of-Paris (from
Allen, 1971a, reproduced with permission of Elsevier). Arrow at bottom left gives flow direction.

strongly rectilinear with little variation in width
or depth (Fig. 3B; Allen, 1971a, fig. 75). In some
runs, however, longitudinal changes in the width
and depth of the troughs and ridges were present,
together with the development of a planform sin-
uosity (Allen, 1971a, fig. 77), which was assumed
to be the product of secondary transverse instabil-
ities in the flow.

Allen (1969) also undertook experiments
using beds made of kaolin clay settled over a
few days, and described as ‘weakly cohesive’.
Water contents were 53 to 59% by weight,
equivalent to bed densities (strengths) that cor-
respond to hard mud in the classification
scheme of van Rijn (1993). This bed density is
typically representative of >100 years of mud
consolidation, at odds with the several days of
settling and consolidation. Note that allowance
was made for the fact that kaolinite is a weaker
clay than the mixed clays of van Rijn’s (1993)
classification (see McGowan et al., 2024). Fur-
thermore, Allen (1969) noted that the upper
few millimetres were very weakly cohesive, and
the very top of the bed was almost ‘soup-like’.
These experiments produced ‘rectilinear longi-
tudinal grooves’, <1.5 mm deep and spaced 2 to
30 mm apart, at low velocities (ca 0.20 to
0.30 m s~ '), which formed via low erosion rates
over ca 2 to 6 h (Fig. 3A). Allen (1969) stated
that these almost perfectly straight, closely
spaced, lineations had no known analogues in
the geological record. However, Allen (1971a)
later suggested that they might correspond to

the longitudinal ridges and furrows observed in
the plaster-of-Paris experiments. At higher
velocities (ca 0.35 to 0.45 m s~ '), ‘meandering
grooves’ were formed in the kaolin beds, which
Allen (1971a) suggested may be analogous to
more sinuous longitudinal ridges and furrows
seen in the same plaster-of-Paris experiments.
These meandering grooves, however, are far
more analogous to sinuous rill moulds, albeit
these are rare in the rock record (e.g. Dzutynski
& Sanders, 1962).

Allen (1969, 1971a) argued that the initiation
and spacing of the ridges and furrows was a
product of streaks in the laminar sublayer of tur-
bulent flows (e.g. Kline et al., 1967). Streaks are
the slow-velocity zones in the lower boundary
layer coupled to hairpin vortices, and may be
expected to align with the ridges. Periodic
sweeps, that are the flow-parallel, high-velocity,
corridors of fluid in the lower boundary layer,
occur between these low-speed streaks, and in
this model would help to account for the prefer-
ential erosion of the bed in the furrows (e.g.
Best, 1992). The spacing of these streaks is a
function of the shear velocity and fluid viscos-
ity, which at the entrainment threshold of
motion for muds to sands yields lateral spacings
of ca <10 mm (Best, 1992), although the pres-
ence of clays in the flow will alter streak spacing
in drag reducing (Best & Leeder, 1993) and tran-
sitional (Baas et al., 2009, 2016a) flows.
Allen (1971a) hypothesized that these streaks
are then locked into position by the

© 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
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1714 J. Peakall et al.

Fig. 4. (A) Experimental longitudinal ridges and furrows, and (B) Longitudinal ridges and furrows as seen in out-
crop; from Dzulyriski & Walton (1965) reproduced with permission of Elsevier. White arrows show flow direction.

development of the ridges and furrows, as also
speculated for the impact of flow-orientated
ridges in mobile sands (Best, 1992).

In summary, experiments that propose scour as
the formative mechanism for longitudinal ridges
and furrows have been based either on long-term
dissolution processes (plaster-of-Paris) that are
not directly applicable to muddy substrates, or
generated features that formed slowly (over
hours) in weakly cohesive mud. In addition, the
resultant structures in these clay beds are
strongly rectilinear, and are in marked contrast to
field observations that show furrows terminate
longitudinally over short distances, and do not
maintain a constant width and depth. The lateral
spacing of furrows may also be greater than
streak-induced furrows formed in the lower
boundary layer.

Formative mechanism 2: Density differences
and helicoidal flow

Experiments using suspensions of plaster-of-
Paris, run over soft mud beds, have produced
remarkably similar forms to those seen in longi-
tudinal ridges and furrows in the rock record
(Fig. 4; Dzutynski, 1965; Dzulynski & Wal-
ton, 1965). The details for these experiments are
limited, with no flow or substrate measurements
(e.g. Dzutynski & Walton, 1963, 1965); indeed, in
some cases, no experimental details are provided
(e.g. Dzulynski, 1965; Anketell et al., 1970).
However, based on details provided in earlier

papers, some aspects of the flow rheology can be
estimated (Peakall et al., 2020). The plaster-of-
Paris flows, where reported, had densities of ca
1260 to 1520 kg m 2, viscosities around 1.0 to
2.5 Pa s7', and likely exhibited a yield strength.
These are thus analogous to transitional plug
flows (sensu Baas et al., 2009), or intermediate
strength debris flows (sensu Talling, 2013),
rather than turbidity currents as envisaged by
the original workers (see discussion in Peakall
et al., 2020). The plaster-of-Paris flows were run
over a mud bed that had typically formed from
kaolin suspensions settled over several days
(Dzulyniski & Walton, 1965). A qualitative esti-
mate of bed density can be provided by compari-
son to consolidation periods of natural clays in
the classification scheme of van Rijn (1993), with
experiments likely representative of the ‘weakly
consolidated fluid mud’ category, equivalent to
ca one week of consolidation, and bed densities
of 1050 to 1150 kg m .

Anketell et al. (1970) generated longitudinal
ridges and furrows in experiments with reversed
density differences, where the upper layer, in
this case the flow, had a higher density than the
underlying substrate (as was the case for the ear-
lier experiments of Dzulynski and co-workers).
Anketell et al. (1970) argued that longitudinal
ridges and furrows are produced as a result of
vertical deformation of the substrate, in combi-
nation with the influence of a horizontal flow,
and stated that where the: “horizontal

© 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
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Flow-induced interfacial deformation structures 1715

Fig. 5. Model for the formation of longitudinal ridges and furrows. Layer ‘a’ is the substrate and has a lower den-
sity, and higher viscosity, than the overlying flowing layer ‘b’, resulting in the diapir-like development of elongate
ridges of layer ‘a’. Black arrow shows flow direction. Adapted from Anketell et al. (1970) and reproduced with

permission of Annales Societatis Geologorum Poloniae.

component [of deformation] predominates the
interface is directly deformed into a set of longi-
tudinal ridges trending parallel to the direction
of movement”. The flow component was linked
to the development of counter-rotating helicoi-
dal flow cells (Dzulynski & Simpson, 1966a;
Dzulynski, 1996). The evidence presented by
Anketell et al. (1970) consists of a single sketch
of the process (Fig. 5), alongside reference to the
earlier experiments of Dzulynski and co-
workers. Consequently, it is unclear to what
degree the deformation process could be
observed, or how much of the deformation in
experiments such as those of Dzutynski (1965;
Fig. 4) occurred during flow, and how much
was post-depositional.

The model of Anketell et al. (1970) builds on
earlier conceptual ideas of the development of
longitudinal ridges, and scales (Dzulynski &
Simpson, 1966a, 1966b), based on experiments
examining instabilities in air flows with reversed
density gradients and horizontal shear (Graham,
1933). The background to these temperature-
driven convection experiments is described in
more detail in the section below concerning
Scales. However, the emphasis in these previous
papers on sole marks remains on the: “longitudi-
nal ridges [being] produced by shear drag
acting normal to the main flow” (Dzulynski &
Simpson, 1966a) and as a result of: “compression
arising from current shear” (Dzulynski &
Simpson, 1966b), rather than from buoyancy-driven
diapirism. Furthermore, Dzutynski (1996) summa-
rized that, for longitudinal ridges and furrows
with closely spaced sets of ridges, the flows are:
“indicative of relatively rapid flow and relatively
low density of the settling suspension”. This
contention is used more widely (e.g. Dirnerova
& Janocko, 2014), but is at odds with consider-
ation of reversed density systems, and the
physical experiments themselves. However, the

experiments were always considered as turbidity
currents by the original authors, rather than dense
currents more typical of intermediate debris flows
(transitional plug flows) that the flows actually
represented, as revealed in recent research (Pea-
kall et al., 2020).

Formative mechanism 3: Mechanical
deformation

Anketell et al. (1970) undertook an experiment
with a poorly consolidated clay layer over a more
consolidated layer, with the upper layer thus less
dense and less viscous than the underlying layer.
A cylinder was then rolled across the surface, pro-
ducing sharp crested longitudinal ridges and fur-
rows, (Fig. 6), termed dendritic ridges (Dzutynski
& Walton, 1963). The mechanical compaction
forces the lighter layer into the denser one, and
the denser layer rises as a series of ridges. The
denser material adheres to the roller and is thus
pulled up above the surrounding layer (Anketell
et al., 1970). In natural systems, compaction by a
dense overriding flow, such as a debris flow
where the plug flow component directly inter-
sects the bed (laminar plug flow, sensu Peakall
et al., 2020), is unlikely to exhibit this adherence
of material. Furthermore, a laminar plug flow
might be expected to erode the low-density layer.
Assuming that no, or limited, erosion takes place,
then it is possible to envisage a case where the
still relatively poorly consolidated overlying layer
is subsequently eroded to reveal the ridges, prior
to the deposition of a sand layer.

Formative mechanism 4: Formation by lobes
and clefts

Experiments with a slow-moving front of water
over a weak clay bed produced ridges whose
spacing was the same as the crenulations at the
front of the flow (Dzulynski & Walton, 1963).
Allen (1971b, 1982) later postulated that these
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might be linked to lobes and clefts at the front
of turbidity currents, and their expression
within the flow behind the head of a density
current. The observation that clefts occur at mul-
tiple scales was suggested as a mechanism for
explaining more complex patterns of longitudi-
nal ridges and furrows (Allen, 1982). However,
experiments have shown that lobe width scales
with the depth of the flow and the flow Reyn-
olds number (Simpson, 1972), suggesting that
flows would have to be small (equivalent to lab-
oratory size currents) to have generated typical
longitudinal ridges and swales, given their
widths (Allen, 1971b). Lobe width is approxi-
mately one or two times the flow depth in
geophysical-scale gravity currents, and appar-
ently independent of Reynolds number (Dai &
Huang, 2022), further suggesting that the forma-
tion of longitudinal ridges and furrows would
need to be the product of very small flows.
Observations of the planform development and
merging of clefts (Simpson, 1972, fig. 8; Dai &
Huang, 2022, fig. 4) also bear little comparison
to the comparatively straight and elongate
nature of longitudinal ridges and furrows.

Discussion of mechanisms

The experiments of Dzulynski (1965) and
Dzutynski & Walton (1965) produced structures
highly analogous to natural longitudinal ridges
and furrows (Fig. 4). This is in contrast to the
scour features in the experiments of Allen (1969)
with clay beds, which were strongly rectilinear
relative to typical longitudinal ridges and fur-
rows. Similarly, the dissolution-based experi-
ments produced ridges and furrows that are also

Fig. 6. Formation of sharp-crested
longitudinal ridges and furrows via
mechanical compaction generated
by a rolled cylinder. Black arrow
shows flow direction. From
Anketell et al. (1970) reproduced
with permission of Annales
Societatis Geologorum Poloniae.

strongly linear (Allen, 1971a). Where transverse
instabilities developed, the resulting structures
show evidence for merging of furrows and more
variable width, and thus are more comparable to
longitudinal ridges and furrows. However, these
are unstable and ultimately generate local trans-
verse instabilities that develop into flute casts
(Allen, 1971a). Whilst the experiments of
Dzulynski (1965) and Dzutyriski & Walton (1965)
are highly analogous in form, their formative
mechanisms are less clear, with Dzulynski’s
(1996) overview describing, but not critically
assessing, the four mechanisms detailed above.
Consequently, the interpretation of longitudinal
ridges and furrows has remained as scour struc-
tures, following their classification as such in
1962 (Craig & Walton, 1962; see also Dzutynski
& Walton, 1965, table III).

The dimensions of the tanks, and the velocity
of the flows, in the experiments of Dzulynski
and co-workers were not given, although they
were described as ‘small tanks’ (images of sole
structures are <0.50 m in length; Dzulynski &
Walton, 1965). Records from the Jagiellonian
University show that one of the tanks had
dimensions of 0.65 m long, 0.15 m wide and
0.16 m high; the second tank was larger but
details are lacking. Given tanks of 0.65 m length,
and possibly up to several metres, the sediment
gravity flows likely took just tens of seconds, to
perhaps a few minutes, to traverse them. Conse-
quently, the longitudinal ridges and furrows
were produced very rapidly, albeit that an
unknown amount of additional deformation may
have occurred post-deposition. This rapid devel-
opment is at odds with the pure-scour
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experiments of Allen (1969) that took several
hours to develop. If scour were the key process
in the experiments of Dzulyniski and co-workers,
then complex patterns were also formed very
rapidly. In addition, no products of erosion were
noted in the experiments, such as material being
pushed ahead of the flow, nor are there observa-
tions of deposits when the plaster-of-Paris was
removed, enabling the sole structures to be
observed. Consequently, pure scour by helicoi-
dal flows appears improbable in these experi-
ments. Formation by lobes and clefts would also
appear unlikely, given that the spatial distribu-
tion of clefts bears little similarity to longitudi-
nal ridges and furrows, and this process would
again rely upon erosional scour.

This leaves the two mechanisms associated
with vertical deformation of the substrate, based
on the work of Dzulyriski & Simpson (19664,
1966b) and Anketell et al. (1970). Given that the
examples concerning sediment gravity flows are
associated with reversed density gradients where
the flow is denser than the substrate
(Dzutyniski, 1965; Dzulynski & Walton, 1965),
this suggests that the features are formed by a
combination of flow-induced and buoyancy-
induced deformation, as postulated initially by
Dzulynski & Simpson (1966a, 1966b) and later
by Anketell et al. (1970), rather than purely by
flow-induced mechanical deformation squeezing
the bed. The presence of ridges with flames in
some field examples (Kelling & Walton, 1957;
Dzulynski & Walton, 1965) also suggests a
muddy substrate undergoing buoyancy-induced
diapirism, because it is difficult to envisage how
such features can be formed through scouring.
Lateral shear drag normal to the flow, and com-
pression arising from the current shear have both
been postulated for bed deformation (Dzutynski
& Simpson, 1966a, 1966b). However, the induced
shear from counter-rotating flow cells with a
width of millimetres to tens of millimetres is
likely to be very small. By contrast, the buoyancy
forces in the experiments of Dzulynski &
Simpson (1966a, 1966b) induced by the differ-
ence in density of a recently settled clay bed,
estimated at 1050 to 1150 kg m™~? and the flow at
1260 to 1520 kg m~°, are likely to have been
appreciable.

Numerical modelling of reversed-density struc-
tures, exhibiting buoyancy in the absence of a
flow, suggests that the wavelength (width) of the
diapiric structures is a function of the density and
viscosity difference between the two layers, with
wavelength decreasing with increasing density

difference and with increasing viscosity differ-
ence (Harrison & Maltman, 2003). Therefore, the
characteristically small widths of the ridges and
furrows (millimetres to tens of millimetres) sug-
gests that the density difference between flow and
substrate is typically high (viscosity will likewise
likely scale with the density difference — see the
Scales section), in keeping with the experiments
of Dzulynski (1965) and Dzulynski & Walton
(1965).

Scales

Characteristics

Scales (sensu Craig & Walton, 1962), or scaly
structures, are often associated with longitudinal
ridges and furrows, either as relatively isolated
examples within furrows, or as arrays that cover
the entire surface of the furrows (Fig. 1B). Indi-
vidual scales are cuspate and resemble small
flutes in planform, and like flutes indicate the
flow direction, with flow being in the direction
that the cusps widen (Craig & Walton, 1962).
Scales in adjacent furrows, can either be offset
to one another in the downstream direction, or
be aligned with one another (Figs 1B and 7A).
Published examples show symmetrical forms
(Dzutynski & Walton, 1965; Anketell et al.,
1970; Fig. 7A and B), although they can also be
asymmetrical (Fig. 7C). Whilst longitudinal
ridges are occasionally utilized to derive palaeo-
current information (e.g. Basilici et al., 2012; de
Luca & Basilici, 2013; Dirnerova &
Janocko, 2014), scales are rarely used in modern
studies of turbidites (e.g. Dirnerovd &
Janocko, 2014), despite being known for more
than six decades. However, in some cases scales
may have been used but misidentified as flutes
(e.g. Ricci Lucchi, 1995, plate 124; Boggs
Jr, 2014, fig. 36; Dirnerova & Janocko, 2014, fig.
3D; Menzoul et al., 2019), with the key differ-
ences that flutes do not stack in rows one upon
another longitudinally (for example, Fig. 7A), do
not show thin mud layers between their cuspate
forms, and exhibit a characteristic three-
dimensional morphology (Allen, 1971a).

Mechanisms

Experiments using plaster-of-Paris sediment
gravity flows run over weakly consolidated clay
beds (Dzutynski & Walton, 1965) have produced
highly analogous structures to field examples of
scales within longitudinal ridges and furrows
(cf. Figs 8B and 7). These experimental patterns
have  been  interpreted  (Dzulynski &
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1718 J. Peakall et al.

Fig. 7. Scales in longitudinal ridges and furrows. (A) Example showing scale morphology; flow to the right. Mid-
dle Ordovician Cloridorme Formation, Gaspé Peninsula, Quebec, Canada (See Model1). Scale bar is 50 mm long.
(B) Scales and longitudinal ridges and furrows; flow to the top right. Oligocene, Cergowa Sandstone, Poland. From
a sample in the collection of the Natural Sciences Education Centre at the Jagiellonian University, Krakdéw,
Poland. Scale bar is 100 mm long. (C) Scales and longitudinal ridges and furrows in a near vertical outcrop, show-
ing variability across the bedding plane. Flow to the top left. Middle Ordovician Cloridorme Formation, Gaspé
Peninsula, Quebec, Canada. Lens cap for scale, diameter 77 mm. See also Model2 for a further example of exten-
sive scales within longitudinal ridges and furrows. Yellow arrows give flow directions.

Simpson, 1966a, 1966b; Anketell et al., 1970) in
terms of ideas developed using heated plates to
generate reversed density gradients in air, in the
absence or presence of a horizontal shear (Gra-
ham, 1933). These experiments on instabilities
in air flows showed that, in the absence of shear
and with appreciable temperature differences,
polygonal patterns are formed (Fig. 8A; Gra-
ham, 1933; Bodenschatz et al., 2000). Where the
less dense fluid is also more viscous, downward
motion occurs in the centre of the polygons with

upward motion at the edges (Graham, 1933; see
also Anketell et al.,, 1970, for sediments). The
addition of a weak shear flow, in combination
with buoyancy, leads to elongation of these
structures, and the formation of cuspate forms
that open downstream (Fig. 8A, section ‘B’
Graham, 1933). With further increase in shear
relative to buoyancy, the cusps (scales) are lost
and longitudinal structures are formed (Gra-
ham, 1933). The scales observed in the plaster-
of-Paris experiments were interpreted on this
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Fig. 8. (A) Schematic diagram for the formation of scales, showing flow ‘b’ with a density greater than the sub-
strate ‘a’. The combination of the density difference and flow shear leads to the curved surfaces in part ‘C’. Longi-
tudinal sector ‘A’ refers to the polygonal structure formed with a reversed density gradient in the absence of flow.
In the polygons, downward motion occurs in the centre and upward motion at the edges (Graham, 1933). Sector
‘B’ refers to the longitudinal ridges and furrows produced through the addition of a flow (alongside buoyancy),
here shown with scales, and section ‘C’ to the formation of facing ‘cusps’ pointing in the direction of shear. After
Anketell et al. (1970). Note, that in other cases the polygons can be aligned, rather than offset, in planform (Gra-
ham, 1933; Anketell et al., 1970) in which case scales can be found parallel to one another in adjacent furrows,
rather than offset as shown in the present figure. (B) Longitudinal ridges and furrows with abundant scales, pro-
duced experimentally using plaster-of-Paris sediment gravity flows over clay beds (from Dzulynski & Walton, 1965,

reproduced with permission of Elsevier); white arrow shows flow direction.

basis, with the muddy substrate assumed to
have a greater kinematic viscosity but lower
density than the overlying flow, leading to dia-
piric rise of the substrate at the edges of the
cusps (Dzulynski & Simpson, 1966a, 1966b;
Anketell et al., 1970). In experiments that pro-
duced polygonal structures, the points where
the hexagonal structures meet have diapiric
structures that penetrate upward, and thus in
the case of longitudinal ridges and furrows these
diapiric structures are proposed to be higher
where the cusps and longitudinal ridges meet
(Fig. 8A; Anketell et al., 1970). In turn, these
structures are envisaged to start being deformed
by the shear induced by the flow, causing them
to point in the direction of shear (Anketell
et al., 1970). Graham (1933) showed that,
depending on the initial deformation, the cusps
can either form en-echelon (aligned with one
another between adjacent furrows), or can be lat-
erally offset from one another (Dzulynski &
Simpson, 1966a, 1966b; Anketell et al., 1970).
Scales are thus interpreted to form under the
influence of a weak shear flow, with the pres-
ence of a stronger shear flow leading to the for-
mation of regular longitudinal ridges and
furrows (Anketell et al., 1970). Whilst a coherent

theory underpins the model of Anketell
et al. (1970), it is unclear how much evidence
there is from sediment gravity flow experiments,
other than the preserved structures on the soles
of the plaster-of-Paris beds (Fig. 8B), because
cross-sections from the experiments were not
presented. Kuenen & Menard (1952) may have
produced equivalent features in their experi-
ments using dense particulate suspensions mov-
ing over clay beds, but they only show a
cross-section of flame-like features (their fig. 6),
with no planform data.

Similar features have been observed in
deposits of the 2004 Indian Ocean tsunami (Mat-
sumoto et al., 2008), in the form of flames (20 to
60 mm high) that dip downflow and are cuspate
in planform (50 to 100 mm in diameter), with
the cusps opening downstream (Fig. 9; Matsu-
moto et al., 2008). Observations from a series of
trenches, in combination with ‘opencast excava-
tion’, enabled the three-dimensional morphology
of these structures to be reconstructed. These
features were shown to be syn-sedimentary as
they were truncated by parallel-laminated sands
representing upper-stage plane beds (Matsumoto
et al., 2008). The full tsunami deposit formed
from two waves, consistent with observations
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Fig. 9. Model for the formation of scale-like structures in the deposits of the 2004 Indian Ocean tsunami. (A) Ini-
tial sandy layer 1, and overlying muddier layer 2 that has undergone rapid suspension settling. (B) The second tsu-
nami wave causes deformation of layer 2 to produce scale-like features. (C) Truncation of these structures then
occurs, prior to (D) deposition of parallel-laminated sands on top of the structures. From Matsumoto et al. (2008)

reproduced with permission of John Wiley & Sons Ltd.

from witnesses of two inundations. The upper
part of the first deposit is mud-rich, fine-grained
sand, with locally up to 3.6% mud, and was
hypothesized to have settled from suspension
prior to the arrival of the second wave (Fig. 9A;
Matsumoto et al., 2008). The second wave then
induced deformation of this mud-rich layer, pro-
ducing the scale-like structures, and their
cleaner, coarser sand infill, prior to truncation
by the same wave (Fig. 9B and C) and deposi-
tion of an overlying sand (Fig. 9D). Although
Matsumoto et al. (2008) stated that: “this feature
is not described from any known deformation
structure”, these structures are remarkably simi-
lar to the three-dimensional morphology of the
scales reported by Anketell et al. (1970;

Fig. 8A). Two models for the formation of these
structures were proposed by Matsumoto
et al. (2008): (i) shear stress influencing flame
structures that formed under loading deforma-
tion; and (ii) shear-stress induced Kelvin-
Helmholtz instabilities on the interface of the
substrate and the overlying current.

Discussion of mechanisms

Scales are postulated to be generated as a result
of a relatively weak shear flow interacting with
buoyancy-induced diapirism of the underlying
substrate into the overriding and denser flow
(Dzutynski & Simpson, 1966a, 1966b; Anketell
et al., 1970). Thus, scales form under flows with
a weaker shear flow component than flows
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generating longitudinal ridges and furrows
(Dzutynski & Simpson, 1966a, 1966b; Anketell
et al, 1970). The experiments of Anketell
et al. (1970) also suggested that, for the scales to
form, the substrate requires a higher kinematic
viscosity and lower density than the overlying
flow, also similar to the requirement for longitu-
dinal ridges and furrows. Yet, for the case of
mud-rich flows, viscosity might be expected to
be proportional to density and thus scales would
not be expected to form. However, later work
has indicated that for buoyancy-driven deforma-
tion with narrow diapiric structures, such as
scales, the relationship proposed by Anketell
et al. (1970) is typically not the case, and that
substrate viscosity can be lower than that of the
denser upper layer (Harrison & Maltman, 2003;
Owen, 2003). The full role of viscosity in
buoyancy-induced deformation remains an area
to be explored (Harrison & Maltman, 2003). In
both the experiments of Graham (1933) and the
model of Anketell et al. (1970), there should be
one scale per initial polygon, and thus scale
spacing should be a function of polygon, and
therefore furrow, width. However, in some cases
(for example, Fig. 7A) the scale spacing is much
shorter than its width, raising questions about
the detailed dynamics that underpin this model;
a revised model is required to explain this spac-
ing. Asymmetrical scales, as reported herein for
the first time (Fig. 7C), are postulated to be the
product of changing flow directions during the
flow. The example given herein is from the Clori-
dorme Formation, eastern Canada (Fig. 7C),
where research has revealed variability in flow
directions within single event beds (Parkash &
Middleton, 1970; Pickering & Hiscott, 1985;
Edwards et al., 1994).

An alternative model for the development of
scales has been proposed. This model suggested
that scales form as a result of interference of
transverse wrinkles with longitudinal ridges
(Dzutynski & Simpson, 1966b). However, this
model was not supported by the experiments
undertaken by Dzulyniski & Simpson (1966b), nor
by subsequent work (e.g. Dzulynski &
Simpson, 1966a; Anketell et al., 1970). Conse-
quently, this idea lacks any supporting evidence,
in contrast to the evidence for a model based on
combined buoyancy and shear. Furthermore,
transverse wrinkles appear to be rare, in marked
contrast to the ubiquity of longitudinal ridges
and furrows (see Transverse wrinkles section),
further suggesting that this is an unlikely model
for the formation of scales.

One of the mechanisms proposed for tsunami-
generated cuspate structures is similar to the
buoyancy-induced and shear-induced model
suggested for scales, with shear stress postulated
to influence flame structures that formed under
loading deformation (Matsumoto et al., 2008).
However, this proposed mechanism does not
explicitly recognize a buoyancy force, with the
inference being that the base of the tsunami flow
was denser than the substrate, as has been
inferred in other examples (Hill et al.,, 2023).
The cuspate tsunami-generated structures are
located towards the maximum inland extent of
the tsunami deposit (Matsumoto et al., 2008)
and are thus compatible with a relatively low
flow velocity and shear at the location of these
structures. A second model for the formation of
these cuspate tsunami structures infers forma-
tion of Kelvin-Helmholtz instabilities at the sed-
iment interface. Kelvin-Helmholtz instabilities
are widely recognized in sediment gravity flows
(e.g. Simpson, 1997; Kostaschuk et al., 2018),
and have also been inferred within sediment
layers with density differences across them, trig-
gered by earthquake shaking (Heifetz et al,
2005). However, Kelvin-Helmholtz waves in a
rapidly moving flow are dynamic, rather than
fixed (e.g. Kostaschuk et al., 2018), and thus
should propagate across the surface rather than
stabilize in fixed positions (cf. Heifetz et al.,
2005). Consequently, such a Kelvin-Helmholtz
instability mechanism is considered untenable
herein. Therefore, these tsunami-induced cus-
pate structures are interpreted to form via a
combination of buoyancy and shear in the same
way as scales.

Transverse wrinkles

Characteristics

Transverse wrinkles (sensu Dzulynski &
Sanders, 1962) possess millimetric widths and
crestlines orthogonal to the flow direction
(Figs 1C and 10). The wrinkles may be symmet-
rical or asymmetrical in cross-section (either
upstream or downstream; Fig. 10; Dzulynski &
Walton, 1965, fig. 89) and appear to be rare,
recorded in just a few examples (Dzutynski &
Sanders, 1962; Dzulynski & Walton, 1965;
Dzulynski & Simpson, 1966a; Daly, 1968;
Allen, 1971a). These features that occur on the
soles of sandstone beds should not be confused
with physically-induced or microbially-induced
‘wrinkle structures’ that are preserved on the
tops of beds (e.g. Reineck, 1969; Allen, 1985a;
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Porada & Bouougri, 2007; Davies et al., 2016;
Wignall et al., 2020).

Formative mechanisms

Dzulynski & Sanders (1962) linked the formation
of transverse wrinkles to direct shear-induced
deformation by a flow acting on a weak sub-
strate, and consequently placed them in a sepa-
rate category of ‘deformation caused by
currents’, alongside scour mark and tool mark
categories  (Dzulynski & Sanders, 1962;
Dzulynski & Walton, 1965). It was subsequently
suggested that the interference of transverse
wrinkles with longitudinal ridges led to the for-
mation of ‘scales’ (Dzulynski & Simpson, 1966b;
see discussion in the Scales section). An experi-
mental example of transverse wrinkles was
claimed from plaster-of-Paris flows over muddy
substrates (Dzulynski & Simpson, 1966a, citing
Dzulynski & Walton, 1965, fig. 138). However,
these structures are laterally discontinuous and
were referred to as transverse scours by
Dzutyniski & Walton (1965). Experiments with
open-channel clear-water flows over soft mud
beds also showed some millimetric wrinkles,
transverse to flow, on a few examples
(Allen, 1971a, fig. 106). However, Allen (1971a)
linked these structures to shearing surfaces a
few millimetres deep, and thus postulated that

Fig. 10. Transverse wrinkles on the
sole of a sandstone bed, later
deformed to produce uninterrupted
and interrupted chevron marks (as
shown by the yellow arrows); flow
direction shown by black arrow.
Oligocene, Krosno beds, Poland.
From a sample in the collection of
the Natural Sciences Education
Centre at the Jagiellonian
University, Krakéw, Poland. Yellow
scale bar is 100 mm long.

they were tensional features, an argument also
favoured for the field examples studied by
Daly (1968).

Polygonal, scaly and longitudinal ridges and
furrows on mud ripples

Characteristics

Mud ripples are asymmetrical transverse struc-
tures in muds that resemble ripples with low-
angle stoss sides and steeper, shorter, lee sides
(Figs 1D and 11). They are preserved through
infill by overlying sands, and therefore are seen
as sole structures on the base of sand beds. Mud-
ripple wavelengths range from 0.02 to 0.40 m,
but exhibit uniform wavelengths within individ-
ual ripple sets (Fig. 11; Allen, 1982). Mud ripples
can either have smooth surfaces (with or without
small discontinuous tool marks), or part or all of
the ripples can be covered in smaller deforma-
tional structures. These typically consist of
polygonal patterns on lee slopes and in troughs,
short cuspate features on the lower stoss slope,
and more elongate features with crescentic heads
higher up the stoss slopes (Figs 1D and 11).
These cuspate features on the lower and upper
stoss slope typically show analogies with scales,
and longitudinal ridges and furrows, respectively
(Figs 1D, 11A and 11B). The flaring of the heads

© 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 1709-1743

85UB01 SUOWIWOD SAIIER.D 3[dedl|dde ayy Aq peusenob afe seoie YO ‘8sn Jo seni 1o} Areiq1 38Ul UO A8]IA UO (SUONIPUOD-pUE-SWB)W0D" A8 M Akeq|BulUO//:Sdny) SUOIPUOD pue SWwie 1 841 88S *[7202/0T/20] Uo ARigiTauluo Ajim ‘Ariqi] uriN AiseAlun Jobueg Aq 6TZET PeS/TTTT OT/I0P/W00 A8 | Ale.d1|puluoy/:Sdny Woi) pepeojumod ‘9 ‘vZ0Z ‘TE0ESIET



Flow-induced interfacial deformation structures 1723

Fig. 11. Examples of mud ripples with polygonal structures and scaly longitudinal-furrow like structures. Yellow
arrows point down current. White dotted lines show crestlines separating stoss and lee sides of bedforms. (A)
Mud ripples showing polygonal structures in the lee and troughs of ripples, and longitudinal-furrow like features
on the stoss sides. Krosno beds, Oligocene, Poland. From a sample in the collection of the Natural Sciences Edu-
cation Centre at the Jagiellonian University, Krakéw, Poland. Yellow scale bar is 100 mm long. (B) Three-
dimensional, low relief mud ripples, with dominantly polygonal structures (‘dinosaur leather’). The yellow arrow
gives an overall flow direction, but the structures indicate that the flow patterns are more three-dimensional. Car-
boniferous Crackington Formation, North Devon, UK. White bar for scale, 150 mm. (C) Mud ripples with deeply
indented polygonal structures, with furrow-like structures decreasing in amplitude up the stoss sides, and stoss
crests that are planar. Middle Ordovician Cloridorme Formation, Gaspé Peninsula, Quebec, Canada. White bar for
scale, 80 mm. See also Model3. An example of a large bedding plane with extensive scaly and polygonal struc-
tures (‘dinosaur leather’) is shown in Model4. A line drawing showing the different morphologies is shown in
Fig. 1D.

of the furrows and scales match the direction
obtained from the asymmetry of the mud ripples,
and therefore open in the direction of flow.
The term ‘dinosaur leather’ has been used for
cases where these polygonal and scaly structures
cover the entire surface of the mud ripples
(Fig. 11A and B; Chadwick, 1948; Dzulynski &
Simpson, 1966a). The formation of mud ripples
has been linked to ‘fluid-stressing’ of weak mud
beds by strong currents, with ‘fluid-stressing’
defined as erosion by a fluid without particles,
and thus where abrasion by particles is not a fac-
tor (Allen, 1971a, 1982). However, the more

detailed processes of erosion, or potentially
shear-induced deformation of the bed, involved
in the generation of mud ripples are unclear
(Allen, 1971a). Herein, the focus is on the forma-
tion of the smaller structures that ornament the
surfaces of the mud ripples.

Formative mechanism: turbulent vortices
impinging on soft muds

Experiments with clear water open-channel
flows

Experiments with water flows over mud beds
have produced mud ripples that varied from
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smooth surfaces to complete coverage by small-
scale structures, depending on flow and substrate
conditions (Fig. 12; Allen, 1971a). Mud beds
were composed of kaolinite-water mixtures, with
some having bentonite as a component (2.5% of
the clay fraction). This produced substrates with
water contents of 64 to 71% (Allen, 1971a),
equivalent to the stiff mud (>10 years of consoli-
dation) to hard mud (>100 years of consolida-
tion) classifications of van Rijn (1993), allowing
for kaolinite as the dominant clay type in these
experiments (see McGowan et al., 2024, for dis-
cussion). However, the experimental setup of
Allen (1971a) led to marked stratification within
the substrates, with the upper parts of beds too
weak to accurately measure shear strength using
a shear vane tool, but not exceeding a shear
strength of a few Pascals (Allen, 1971a). This is
equivalent to a Bingham type fluid mud (> a
week of consolidation) or potentially the lower
end of the dense fluid mud (> a month of consoli-
dation) category in the classification scheme of
van Rijn (1993; see strengths tabulated in table 2
of McGowan et al., 2024). The shear vane tool
results therefore indicate that water contents in
the experiments of Allen (1971a) can be highly
misleading as an indicator of substrate strength
(see earlier discussion in the Longitudinal ridges
and furrows section).

Fig. 12. Plaster-of-Paris mould of
mud ripples formed in weak mud
beds. Duration of the open-channel
flow was 39.8 s, and the flow had a
mean velocity of ca 0.55 m s 1, and
a flow depth of ca 78 mm. Black
arrow shows flow direction, crest
line of the mud ripple at the top of
the image shown by white dotted
line, and base of lee slope by
yellow dotted line (modified from
Allen, 1982, photograph reproduced
with permission of Elsevier). The
yellow scale bar is 10 mm.

Flow velocities reported by Allen (1971a),
were ca 0.35 to 0.80 m s *, flow depths ca 20 to
110 mm and run times ca 20 to 250 s. The
small-scale structures were termed polygonal
and elongate marks by Allen (1971a), with the
former forming in the troughs and lee of the rip-
ples, and the latter on the stoss sides (Fig. 12).
The elongate marks were ascribed to periodic
turbulent flow events in areas where the bound-
ary layer was attached. The brief nature of these
turbulent events thus implies that these marks
were  rapidly = modified or destroyed
(Allen, 1971a). In contrast, the polygonal fea-
tures were linked to the area of flow reattach-
ment where downward impinging eddies altered
the bed, with: “each depression the product of
the interaction of a single eddy of flow with the
mud bed” (Allen, 1971a).

Experiments with plaster-of-Paris density
currents

Plaster-of-Paris density currents, similar to those
discussed in the Longitudinal ridges and furrows
section, were run over pre-formed topography
(Dzulynski & Simpson, 1966a, 1966b). A series
of sand ripples were built in the laboratory, and
then covered by clay settled from suspension
(Dzutynski & Simpson, 1966a). The plaster-of-
Paris flows, representative of dense flows of ca
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B

~ .

Fig. 13. Images of plaster-of-Paris moulds of experimental mud ripples, with small-scale structures in the troughs
and on the lowermost part of the stoss side. (A) Series of mud ripples. Black arrows show flow direction. Yellow
scale bar is 100 mm long. (B) Close up of ornamentation on the experimental mud ripples, showing equant struc-
tures in the lee and the trough of the ripple, with these structures becoming more elongate on the lowermost parts
of the stoss slope. Crest lines shown by purple dotted lines, and base of lee slope by yellow dotted lines. Note
that, as this is a mould, the structures are all inverted. From samples in the collection of the Natural Sciences
Education Centre at the Jagiellonian University, Krakéw, Poland. The experiments are reported in Dzulynski &

Simpson (1966a, 1966b) and presented in Dzulynski (2001).

1260 to 1520 kg m ™, and analogous to transi-
tional plug flows (sensu Baas et al., 2009) or
intermediate-strength debris flows (sensu Tal-
ling, 2013), were then run over this topography
for tens of seconds to possibly several minutes
(see Longitudinal ridges and furrows section).

These produced more equant, polygonal defor-
mation in the lee and trough of the bedforms,
and slightly more elongate scale-type features on
the lowermost parts of the stoss side (Fig. 13).
The edges of these structures are better defined,
without the obvious erosion and overprinting
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(cf. Figs 12 and 13) seen in the open-channel
experiments of Allen (1971a). The experiments
were interpreted in a similar way to
Allen (1971a), with polygonal patterns linked to
the formation of turbulent vortices in the lee of
the ripple crests (Dzutynski & Simpson, 1966b;
Dzulynski, 1996).

Discussion of mechanisms

The small-scale structures developed in the
experiments of Allen (1971a) bear a superficial
resemblance to those in natural examples,
although they are the product of multiple struc-
tures that constantly modify and rework one
another. Consequently, there are many overlap-
ping structures and remnants of structures, and
individual structures exhibit complex bound-
aries (Fig. 12). This is in contrast to those in nat-
ural systems that show a much higher degree of
alignment between the elongate structures, with
clearer and simpler boundaries (Figs 1D and 11).
Similarly, the polygonal patterns are again more
distinct, uniform and polygonal in natural exam-
ples (Fig. 11). The plaster-of-Paris flows over
pre-formed mud-ripple topography produced
equant, polygonal features and scaly structures
(Fig. 13) that are much better defined than those
in the experiments of Allen (1971a), and more
analogous to those formed in natural systems.
However, the interpretation of each polygon or
scale being formed by individual vortices in the
plaster-of-Paris experiments appears problem-
atic, as the lack of cross-cutting suggests that the
vortex positions were constant, which is not a
property of turbulent flows. Furthermore, the
dense nature of the plaster-of-Paris flows, and
their viscosity of around 1.0 to 2.5 Pas™' —
comparable to runny honey (Yanniotis et al.,
2006; Peakall et al., 2020) and around three
orders of magnitude greater than water — sug-
gests that turbulence should be less important in
these experiments relative to the clear water
flows of Allen (1971a).

An alternative explanation is that these experi-
mental structures were also strongly related to
the reversed density gradient between the under-
lying substrate and the denser plaster-of-Paris
flows, as also implied herein for longitudinal
ridges and furrows, and scales. However, this
aspect is largely unremarked upon in the original
experiments of Dzulynski & Simpson (1966a,
1966b) and Dzulynski (1996). The theory out-
lined above for the formation of scales suggests
that polygonal structures form in areas with den-
sity inversion but no significant flow, and thus

where buoyancy-driven forces dominate. In con-
trast, scales form in areas with weak flow relative
to buoyancy, and longitudinal ridges and furrows
form in areas where flow shear is stronger. Such
a theory fits the known distribution of flow over
ripples (e.g. Baas & Best, 2008), with low veloci-
ties in the separation or expansion zone in the
lee of the ripple, and velocities increasing up the
stoss side (Fig. 1D). Thus, polygonal or equant
forms are found in the lee and trough, and scales
are found on the lowermost parts of the stoss
side (Fig. 1D). The absence of longer scales on
the rest of the stoss side, as observed in some
natural examples (Figs 1D, 11A and 11B), may
reflect erosion of the muddy material from the
upper parts of the stoss side, and accumulation
of this sediment in the troughs. This contention
is supported by the depth of structures being
greatest in the troughs and decreasing and finally
terminating along the stoss side, as often seen in
natural examples (Fig. 11C).

Irregular orientated and non-orientated
structures

Characteristics

Alongside the structures described previously,
there is also a range of structures that do not eas-
ily fit into the existing categories. These range
from ‘non-orientated irregular dimpled struc-
tures’ (see page 79 of Dzulynski & Walton, 1965),
to short and partially irregular structures that
exhibit an overall linear fabric (Fig. 14). In some
of these examples, there can be considerable vari-
ation in the size and orientation of structures
within a small area (Figs 14 and 16).

Formative mechanisms

Some of these structures, such as those in
Fig. 14, have been identified as load casts, but
classical load casts occur by gravitational loading
of an unstable system (a Rayleigh-Taylor instabil-
ity: denser layer above less dense), typically in
the absence of a flow (Dzulynski & Walton, 1963;
Allen, 1982; see discussion in Differentiating
FIDS from load casts and flames below). Conse-
quently, the preferred orientation of the struc-
tures is difficult to explain through purely
vertical gravitational loading (Fig. 14). The smal-
ler structures visible in Fig. 14A are also cut by
the skim marks, and thus were formed earlier,
with the skim marks also broadly aligned with
the smaller structures. Skim marks themselves
are formed by a flow with considerable cohesive
strength, but in which tools can arc down, and
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Flow-induced interfacial deformation structures 1727

Fig. 14. (A) Short, elongate, structures displaying a dominant orientation, albeit with considerable variation, on
the sole of a turbidite bed. These structures are cut by skim marks (yellow arrows), most of which are in the same
orientation. The skim marks themselves exhibit deformed margins. White arrow shows flow direction. Coin for
scale, 23.4 mm in diameter. (B) Cross-section showing faint planar lamination in overlying sands, infilling the
undular FIDS surface. This section is located just beyond the top left hand corner of the slab shown in part A,
and is orientated approximately 10° from the longitudinal direction of the FIDS. This is taken from a counterpart
slab; flow direction is from right to left. Coin for scale, 24.5 mm in diameter. Both examples from Pendle Grit, Car-

boniferous, Wiswell, Lancashire, UK.

then away, from the bed (Peakall et al., 2020).
Here, the skim marks exhibit crenulated edges,
reflecting deformation of their sides, suggesting
that the substrate was still relatively weak at the
time of their formation. Thus, these cross-cutting
relationships, and the similarities in orientation
of the smaller-scale structures and the skim
marks, indicate that the smaller orientated struc-
tures formed in a relatively weak mud bed prior
to the deposition of the overlying sand bed, thus
suggesting that they may be flow-related. When
seen in cross-section (Figs 14B and 15), the struc-
tures are filled by dominantly planar laminated
sands, suggesting that there must have been sub-
strate topography that had formed prior to depo-
sition. Importantly, subsequent loading of the
substrate is either minor or has not occurred at
all (Figs 14B and 15). Figure 16 shows irregular
orientated and non-orientated structures in
patches, separated by small-scale longitudinal
ridges and furrows. It is unclear whether this is
the product of small-scale variations in flow

velocity, with non-aligned areas representing
slower zones, and ridges and furrows represent-
ing faster zones, as argued by Dzulyriski (2001).

DISCUSSION

Sedimentary structures: overview and
problems

The sedimentary structures produced in the
experiments of Dzulynski and co-workers (e.g.
Dzutynski, 1965, 2001; Dzutynski & Walton, 1965;
Dzulynski & Simpson, 1966a, 1966b) are remark-
ably analogous to natural examples of longitudi-
nal ridges and furrows, scales, and polygonal
and scaly structures over mud ripples. This con-
trasts with the experiments of Allen (1969,
1971a) for small-scale structures formed across
mud ripples, and longitudinal ridges and fur-
rows, which bear some superficial similarities,
but are not strongly analogous to natural
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Fig. 15. Cross-sections through
FIDS from a single block of the
Pendle Grit Formation from the
same bed seen in Fig. 14A. (A) A
cross-section at an angle of ca 40°
to FIDS elongation (actual down-
flow direction unclear). (B) The
example is orthogonal to the
elongation direction and shows
cross-sections of elongate ridges and
furrows. Infill in (A) and (B) is
dominantly planar laminated but
shows initial healing of the
topography (in B), with beds
thickening into low-points. Post-
depositional features include the
slight concave inflection of the
bedding planes at the margins of
the FIDS, caused by minor loading,
and millimetre-scale mud injection
veins (example arrowed). Note that
images have had their contrast
enhanced.

Fig. 16. Irregular orientated and non-orientated structures, in association with small-scale examples of longitudinal
ridges and furrows. Krosno beds, Oligocene, Poland. Yellow arrow shows bidirectional flow direction. Scale bar is
50 mm broken into 10 mm increments (based on Dzulynski, 2001). Courtesy of Waldemar Obcowski. From samples
in the collection of the Natural Sciences Education Centre at the Jagiellonian University, Krakéw, Poland.

examples. Other structures, such as those in the
irregular orientated and non-orientated structures
category, have received less attention in terms of
their formative mechanisms. Yet, the structures
generated in the experiments of Dzulynski and
co-workers are interpreted in a variety of ways.
Scales were dominantly related to reversed

density gradients between the flow and the bed,
interacting with a shear flow, whilst longitudinal
ridges and furrows were dominantly linked to
helicoidal flows that cause scour, and induce
deformation via lateral shear drag normal to the
flow. Lastly, polygonal features associated with
mud ripples were interpreted in terms of
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turbulent vortices impinging on soft muds. The
wide range of processes invoked for the same
experiments, and the attribution of specific pro-
cesses to individual sedimentary structures, ren-
ders their interpretation strikingly complicated.
This is particularly true in comparison to process
models of sedimentary structures such as aggra-
dational bedforms in sand, and erosional sole
structures in deep-marine systems (e.g. Baas
et al., 2016a, 2021a; Peakall et al., 2020), which
demonstrate a wide range of depositional and
erosional bedforms generated through progressive
changes in flow rheology and substrate character.
Herein, a new holistic model is proposed for the
formation of the structures documented above.

Flow-induced interfacial deformation
structures (FIDS)

Two key observations are present in the seminal
experiments of Dzulynski and co-workers.
Firstly, the structures formed quickly (in tens of
seconds to perhaps 1 to 2 min) and thus there
was little time for scour, in keeping with the lack
of evidence for scour structures and erosional
products. Secondly, the plaster-of-Paris flows
were much denser (ca 1260 to 1520 kg m~°) than
the substrate (ca 1050 to 1150 kg m~°), and thus
considerable buoyancy forces were present in the
experiments. Given these observations, and the
physical theory of Anketell et al. (1970), it is pro-
posed that these structures can be explained as
what are herein termed flow-induced interfacial
deformation structures (FIDS). In these FIDS, the
soft cohesive substrate undergoes deformation in
response to a buoyant force induced by the
denser basal component of an overriding flow,
and the flow interacts with this buoyant deforma-
tion through shear to remould the substrate.

The relative strength of these buoyant and
shear-induced forces explains the wide range of
sole structures — FIDS — that can be formed. In
areas such as the recirculation zone in the lee of
mud ripples, where shear forces are limited,
buoyancy forces lead to purely vertical deforma-
tion, and the production of polygonal structures
(Fig. 1D). The addition of a small amount of
shear along the ripple stoss side deforms these
buoyancy-induced polygons and leads to the for-
mation of scales, within longitudinal ridges and
furrows, on the lowermost parts of the stoss side
of the mud ripples. As shear forces increase fur-
ther, relative to the buoyancy forces, the scales
are lost, and regular longitudinal ridges and fur-
rows are formed.

Such an interpretation is reinforced by the
observations of irregular orientated structures
(Fig. 14), which indicate that substrate deforma-
tion occurred early, prior to the production of
basal sole structures, and that the deformation
also occurred prior to significant sedimentation.
Furthermore, once deposition occurs then
remoulding of the diapiric features will rapidly
stop. Instead, deposition in the furrows would
lead to an increased loading force. However,
given the vertical length scales of these struc-
tures, the additional thickness of sand in the fur-
rows relative to the ridges will likely result in
very limited additional loading (for example,
Figs 14B and 15). Thus, any lamination present
within the furrows, would not be expected to be
significantly deformed, as seen in the examples
in Fig. 15. Considering this evidence, and the
associated arguments, collectively, supports
the presence of buoyancy-induced diapirism of
the bed whilst a flow was running over the sub-
strate, with sedimentation infilling the resultant
topography during subsequent flow deceleration.

Flow-induced interfacial deformation provides
a coherent process model that explains all of the
sedimentary structures formed in the experi-
ments of Dzulynski and co-workers, as a balance
between buoyancy-induced forces and shear
forces (Fig. 17). The short length of individual
ridges and furrows, their variable width and sin-
uosity, and in some cases observations of a
series of bulbous protrusions along their length,
are in keeping with structures with a strong
component of buoyancy-induced diapirism
(Fig. 17A), as in mud and salt diapirs (e.g.
Hudec & Jackson, 2007; Blanchard et al., 2019).
Scales also show a significant diapiric compo-
nent. Furthermore, this model provides a coher-
ent explanation for the distribution of structures
across mud ripples (Fig. 17B). More irregularly
orientated and non-orientated structures with
spatial variability (for example, Figs 14 and 16)
may reflect either local changes in substrate
properties, small-scale temporal or spatial vari-
ability in the flows (e.g. Parkash & Middle-
ton, 1970; Dzulynski, 2001), or potentially more
complex interactions between buoyancy and
shear forces (see comparison with fluid dynam-
ics experiments below).

Transverse wrinkles

Transverse wrinkles have been linked to direct
shear-induced deformation by flow on a weak
substrate (Dzulynski & Sanders, 1962; Dzulynski
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A

A
buoyancy

Fig. 17. Schematic process model for the formation of FIDS. (A) Initial weak muddy substrate (t1) that then
undergoes deformation as a result of a high-density flow (t2). At t2, buoyancy forces lead to the growth of diapiric
structures in the mud, with corresponding downward movement of the high-concentration flow. Subsequent
deposition of sands leads to the formation of longitudinal ridges and furrows. (B) Low-density flow forming mud
ripples (t1), followed in the same event by a higher-density flow that leads to the formation of FIDS on the surface
of the mud-ripples (t2). More equant FIDS occur in low-velocity regions in the lee sides and ripple troughs (see
inset for processes), whilst scale-like structures form on the stoss sides (t2). Insets also show downstream flow
coming out of the page, as shown by the arrow head in the circle at the top.

& Walton, 1965). In this scenario, buoyancy plays
either no role, or a very limited role, and shear is
dominant. In this respect, transverse wrinkles are
at the other end of the process spectrum to
polygonal structures that are purely buoyancy-
driven. As noted earlier, transverse wrinkles may
also potentially be the product of other processes,
such as tensional stresses within the substrate.

Comparison between FIDS, Rayleigh-Bénard
convection (RBC) and inclined layer
convection (ILC)

Comparisons can be made between FIDS, and
their postulated control by the relative effects of
buoyancy and shear forces, with Rayleigh-B-
énard convection (RBC) and inclined layer con-
vection (ILC). RBC is exemplified in a fluid,
normally air in experiments, between two differ-
entially heated horizontal closely-spaced paral-
lel plates. The differential heating (heated from
below and cooled from above) generates a
reversed density gradient and the generation of
instabilities in the fluid. If the differential

heating across the plates is high, hexagonal
forms are produced (Graham, 1933; Bodenschatz
et al.,, 2000). However, Graham (1933) also
showed that the addition of a shear flow pro-
duces scales and longitudinal structures. More
commonly, the interaction of buoyancy and
shear forces is studied in ILC, where the inclina-
tion angle of the two closely spaced parallel
plates is altered (e.g. Daniels et al., 2000; Subra-
manian et al., 2016). In this case, differential
heating across the fluid leads to hotter, less
dense fluid rising up the plate, and less hot,
denser fluid flowing down, thus imposing a
shear force. Numerical and experimental studies
have focused on systems with small temperature
differences that conform to the Oberbeck-
Boussinesq approximation, in which density
variations are assumed to be restricted to the
buoyancy terms (Daniels et al., 2000; Subrama-
nian et al., 2016). For low inclination angles,
buoyancy dominates and longitudinal rolls are
formed that are parallel to the shear flow, whilst
at high inclination angles of 75 to 80° shear
forces dominate and transverse rolls develop
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L 30 80 90 120

Fig. 18. Phase space of patterns produced by air in Inclined Layer Convection. v is the inclination angle, and is a
measure of the shear force, with values greater than 90° reflecting the whole double plate system overturning. ¢ is
a dimensionless Rayleigh number, a measure, in part, of the buoyant force. Specifically, € = (R—R4(y))/Rc(y) where
R is the Rayleigh number, and R.(y) is the critical Rayleigh number where periodic arrays of convection rolls initi-
ate, which varies as a function of inclination angle. Furthermore, R is the ratio of buoyancy and thermal diffusiv-
ity. The red star represents the point where buoyancy and shear are equal. Points above the coloured lines
represent secondary instabilities. The conditions assume a Prandtl number (the ratio of kinematic viscosity to
thermal diffusivity) of 1.07, and therefore the momentum diffusivity and thermal diffusivity are approximately
equal. CR, crawling rolls; KN, knot instability (image enlarged for clarity); LB, longitudinal bursts; LR, longitudi-
nal rolls; LSO, longitudinal subharmonic oscillations; TB, transverse bursts; TO, transverse oscillations; TR, trans-
verse rolls; WR, wavy rolls. Modified from Subramanian et al. (2016) incorporating shadowgraph generated
images of experiments originally from Daniels et al. (2000).

(Fig. 18; Daniels et al., 2000; Subramanian et al.,
2016). Beyond 90° there is a stable density gradi-
ent, and thus shear forces dominate. Secondary
instabilities can also lead to a range of more
complex patterns that have been widely studied
as part of the field of pattern analysis (Fig. 18;
Daniels et al., 2000; Subramanian et al., 2016,
and references therein). Whilst these systems are
relatively simple compared to FIDS, with a sin-
gle fluid and the density difference being the
product of heating, the broad trends in struc-
tures mirror those postulated herein for FIDS.
Longitudinal ridges and furrows are analogous
to longitudinal rolls, wavy rolls and longitudinal
subharmonic oscillations in the ILC system
(Fig. 18), and thus form where buoyancy

dominates over shear. In contrast, transverse
wrinkles are analogous to transverse rolls and
transverse oscillations with shear greater than
buoyancy, and in many cases the product of pure
shear. Irregular orientated and non-orientated
structures are here postulated to be analogous to
those structures that form where shear force and
buoyancy are almost comparable (for example,
knot instability, longitudinal bursts). However,
FIDS are unlikely to exhibit perfect temporally
steady flow as in an ILC system, and thus pat-
terns likely lack such regularity. Although scales
are not observed in the ILC system, they are
observed experimentally at higher temperature
gradients, under non-Oberbeck-Boussinesq condi-
tions and low shear (Graham, 1933).
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Fig. 19. Schematic phase space diagram of flow-induced interfacial deformation structures as a function of buoy-
ancy and shear forces. Structures due solely to buoyancy and that occur post-deposition (flames, loads, balls and
pillows) are shown on the left for reference. Note that this schematic diagram excludes consideration of the dura-

tion of deformation.

Although FIDS form in a more complex sys-
tem, with a deforming lower density substrate,
and a denser flow, each with different viscosities,
the comparison with RBC and ILC reinforces the
view that FIDS are the product of a dynamic
interaction between buoyancy and shear forces.
A schematic distribution of FIDS as a function of
shear forces and buoyancy is illustrated in
Fig. 19. It should be highlighted that time is not
considered in Fig. 19, in part because the experi-
ments of Dzulynski and co-workers demonstrate
that the millimetric to tens of millimetric diapir-
ism of FIDS can form very quickly, on the order
of just a few minutes. However, an open question
is whether the magnitude of the imposed forces,
and their temporal duration, might have an influ-
ence on the nature of FIDS. The importance of
this force magnitude and duration in boundary
layers can be seen in the initiation of bedload
transport in gravels, where impulse, the product
of turbulent forces and their temporal duration,
has been shown to be a key parameter (e.g.
Diplas et al., 2008). Future experiments may
enable these schematic ranges to be refined, and
for questions such as the influence of magnitude
and duration to be examined.

Additional loading during, or after,
sedimentation

Herein, the focus has been on the formation of
structures as a function of buoyancy and shear
forces. However, once sedimentation begins on
these substrates, additional gravitational deforma-
tion may occur. Recently deposited muds, such
as those involved in the formation of FIDS,
exhibit plasticity, and will therefore flow if sedi-
mentation leads to their yield strength being
exceeded (Owen, 2003). The magnitude of load-
ing is partly related to the thickness of the bed
overlying the FIDS, along with the thickness and
rheology of the mobile substrate. However, since
the FIDS will have already partially, or fully,
adjusted to the density contrast between sub-
strate and flow, any additional loading will relate
to the density difference between the formative
flow of the FIDS, and the density of the final
sedimented bed. Thus, herein it is postulated
that most FIDS will not exhibit significant addi-
tional deformation (for example, Figs 14B and
15). However, some cases, such as the polygonal
and scaly structures in mud ripples, can show
bulbous forms that suggest additional loading
during, or after, deposition (Fig. 11C).
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Can FIDS form true substrates?

The concept that deposition occurs almost imme-
diately behind the head of a density current, and
thus sole structures are preserved almost
instantly (Kuenen, 1957), has been an integral
part of interpretations of the Bouma sequence
(Bouma, 1962) and palaeohydraulic analyses of
turbidites. However, this concept has been chal-
lenged recently, with evidence for a significant
time gap between the formation of sole structures
and overlying deposition from the same flow
(Peakall et al., 2020). Complete sediment bypass
has also been argued to occur in some cases,
with the sole structures and the overlying deposit
being the product of different flows (Peakall
et al.,, 2020; Davies & Shillito, 2021; McGowan
et al., 2024). This allows the substrate to consoli-
date forming the ‘true substrates’ of Davies &
Shillito (2021). Evidence also suggests that sub-
strates cut by sole structures — such as grooves,
chevrons and flutes — may form true substrates
(Peakall et al., 2020; Davies & Shillito, 2021;
McGowan et al., 2024). Formation of FIDS, how-
ever, occurs in weak substrates where the dia-
piric upward movement of less-dense substrate is
balanced by downward movement of higher-
density fluid from the overlying flow, and stabili-
zation of these structures therefore requires rapid
sedimentation in the same flow event. Conse-
quently, FIDS are unlikely to act as true sub-
strates. Furthermore, this suggests that where
FIDS are cut by later sole structures, such as
grooves and skim marks (see Fig. 14), this occurs
within the same flow event.

Implications for flow dynamics

Flow characteristics

The presence of FIDS indicates that the formative
flows are denser than the underlying substrate,
and dense enough to trigger buoyancy-driven dia-
pirism during the flow event. FIDS also show lit-
tle evidence for scour, suggesting that the
formative flows were non-erosive. Furthermore,
the remoulding of the diapiric structures shows
that a flow bypass phase can take place, indicat-
ing that the formative flow was not depositional
during that phase. This lack of deposition is
intrinsic to the buoyancy versus shear mecha-
nism postulated for the origin of these structures.
In addition, the basal part of the flow must also
be sufficiently fluidal to flow between the grow-
ing diapiric structures, and thus basal conditions
are incompatible with debris flows where the

plug flow reaches all the way to the base (lami-
nar plug flows, sensu Peakall et al., 2020). This
model of FIDS formation recognizes the impor-
tance of a flow bypass phase, and thus implies
that the flow is not depositional upon arrival.
Yet, shear at the base of sediment gravity flows
can also act during deposition, through kinematic
boundary layers (Butler et al.,, 2016). However
these kinematic boundary layers produce
transverse-dominated structures in sands and
muds, such as loads and flames, and inclined
convolute lamination (Butler et al., 2016). The
dominance of diapiric forces in FIDS, their pres-
ence on mud ripples that were not deforming
during the generation of FIDS, and the absence
of transverse structures composed in part of
deposited sands, all indicate that there was not
significant shearing of the bed after the initiation
of sedimentation. Therefore, there was an
absence of a kinematic boundary layer.

The FIDS are therefore related to high-density
flows that are initially bypassing and whose
basal layer is fluidal; but, beyond this, what is
the nature of these formative flows? High-
concentration turbidity currents in a bypass
phase, as observed in some laboratory experi-
ments (Baker et al., 2017), may be a possibility.
Hindered settling as observed in high-
concentration turbidity currents starts at concen-
trations of just a few percent by volume depend-
ing on grain size (Baas et al., 2022), well below
the widely used value of 10% (Bagnold, 1954).
Conservatively, taking the 10% Bagnold value,
flows only have densities of 1165 kg m °,
assuming a density of 2650 kg m® for the sedi-
ment. If concentrations at the base approach the
packing limit, perhaps 45 to 55% by volume,
traction carpets may form (Hiscott, 1994), but
these are not fully bypassing or sufficiently flu-
idal to be compatible with FIDS. High-
concentration turbidity currents with basal con-
centrations between these two end members
may potentially provide the requisite density
difference, and the fluidal nature of the flow.
However, as sediment concentrations rise in
high-concentration turbidity currents, turbulence
damping (Cantero et al., 2012, 2014) may take
place. If sediment concentrations become high
enough for full turbulence extinction to occur,
this may lead to rapid sedimentation (Cantero
et al., 2012), which is incompatible with the
need for a sediment bypass phase as required
for FIDS formation. Alternatively, the incorpora-
tion of mud into a sediment gravity flow leads
to transitional flows (Baas et al.,, 2009, 2011),
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known to form a range of high-density plug
flows at higher sediment concentrations. A flu-
idal basal layer is formed beneath these plug
flows, the lowermost part of which is a thick-
ened viscous sub-layer that may be of the order
of 100 mm in thickness in natural flows (Baas &
Best, 2002; Baas et al., 2009, 2016a; Peakall
et al., 2020). These laminar basal layers are flu-
idal and high-density, but do not scour the bed
(Baas et al., 2009; Peakall et al., 2020; McGowan
et al., 2024). Such flows may also account for
the pristine preservation of FIDS, shielding the
bed from turbulence and erosion, prior to sand
deposition (see discussion in McGowan et al,
2024, regarding the preservation of delicate
chevron marks).

Flow transformation

The FIDS that ornament mud ripples likely
formed in the same flow event as the mud rip-
ples, because flow fields are observed to be in
phase with the bedforms (i.e. the polygonal struc-
tures form in the lee and trough, scales are pre-
sent in the lowermost part of the stoss side, and
furrows form further up the stoss side — see
Polygonal, scaly and longitudinal ridges and fur-
rows on mud ripples above). Furthermore, more
pronounced FIDS form in the trough whilst FIDS
are absent or less pronounced on the upper stoss,
suggesting that soft muds preferentially accumu-
lated in the troughs, and there was little time for
compaction. Similarly, the mud ripple substrate
remains weak enough to undergo flow-induced
interfacial deformation. Consequently, mud rip-
ple formation by a fully bypassing current, fol-
lowed rapidly by FIDS formation during a
second event that exhibited flow characteristics
in phase with the bedforms, appears improbable.
However, whilst formed in the same event, mud
ripples develop in a different flow regime to
FIDS, with mud ripples forming under lower
density flows, where buoyancy is not significant
and shear forces dominate. Consequently, where
FIDS ornament mud ripples, it implies that there
was subsequent flow transformation to denser
flows, as observed elsewhere in decelerating tran-
sitional flows (e.g. Baas et al, 2021a, 2021b).
These changes in transitional flows are known to
alter the degree of turbulence and the length of
the recirculation zone in the lee of ripples (Baas
& Best, 2008), eventually leading to a cessation of
the recirculation zone and formation of a leeside
flow expansion region under quasi-laminar plug
flows (sensu Baas et al., 2009). The transition
point between polygonal forms and scales may

therefore offer a methodology for determining the
dimensions of the recirculation/expansion zone
during the formation of FIDS on mud ripples,
and thus a methodology for estimating the broad
nature of the transitional flow. However, further
work is required to examine whether the dynam-
ics of flow over mud ripples exhibit similar char-
acteristics to those examined for the ripples
studied by Baas & Best (2008).

High-concentration flow head

The densest part of a subaqueous sediment grav-
ity flow has been shown in many cases to be the
head of the flow, or in a smaller flow cell at the
very front of the head (Azpiroz-Zabala et al.,
2017; Baas et al, 2021a; Pope et al.,, 2022;
McGowan et al., 2024), related to shear stresses
and thus erosion being highest at the flow front
(Necker et al., 2002; Sequeiros et al., 2009, 2018;
Baas et al., 2021a). This flow head, or flow cell,
has been shown to be orders of magnitude
denser than the rest of the flow (Azpiroz-Zabala
et al., 2017; Pope et al., 2022). Outcrops provide
evidence for flow heads that are cohesive debris
flows (equivalent to quasi-laminar plug flows,
sensu Baas et al., 2009) capable of forming
grooves (Peakall et al., 2020; Baas et al., 2021a),
whilst studies of modern examples have argued
for high-concentration cohesionless modified
grain flows (Pope et al, 2022) or high-
concentration weakly turbulent fronts (Talling
et al., 2022). Once the head of the flow has
moved from an erosional phase to a bypass
phase (neither eroding nor depositing, i.e. the
equilibrium flows of Criséstomo-Figueroa et al.,
2021), this zone of exceptional high-density, rel-
ative to the lower density substrate, could pro-
vide the buoyancy force to initiate FIDS. The
presence of grooves (Dzulynski & Walton, 1965)
or skim marks (Fig. 14), that have been linked to
clasts near the front of the flow head (Peakall
et al., 2020; Baas et al., 2021a), that cross-cut
FIDS, reinforces this concept. The temporal rela-
tionships between tool marks and FIDS provide
additional insight into the structure of the head
or flow cell. In some cases, tool marks and FIDS
are formed contemporaneously, with Fig. 2C
showing that FIDS can form under conditions
suitable for prod marks, which have been linked
to flows in the upper transitional plug flow
regime (Peakall et al., 2020). Where FIDS are cut
by grooves (e.g. Pszonka et al., 2023, fig. 4B) or
chevrons (Fig. 10), this suggests that the front of
the head is associated with formation of FIDS,
and that the tools responsible for groove and
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chevron formation that are linked to debris flows
(quasi-laminar plug flows; Peakall et al., 2020),
are some distance further back from the nose of
the current. Collectively, the relationships
between FIDS and tool marks suggest that
towards the very front of their formative flows,
the fluid dynamics are characterized by transi-
tional plug flows, or potentially quasi-laminar
plug flows (debris flows), which lack tools inter-
acting with the bed.

As a flow, characterized by a bypass phase,
with a debritic, or other high-concentration, head
decelerates, it is likely that the more turbiditic
component overtakes the head to produce a fore-
running turbidity current (Amy et al., 2005; Baas
et al., 2021a). In such cases, the more fluidal flow
could shape the bed through shear, producing
mud ripples in weak cohesive substrates, prior to
the arrival of the slower moving head of the
denser debritic or high-concentration component
(Baas et al., 2021a), which would cause FIDS to
develop on the mud ripples.

Implications for palaeosubstrate rheology

The FIDS thus provide substrate information (see
Model5 for a range of FIDS on successive beds),
demonstrating that the substrate is weak enough
to undergo buoyancy-driven diapirism. Further-
more, FIDS can form on top of mud ripples indi-
cating that these mud ripples also reflect
relatively weak substrates. In contrast, flutes
require a substrate that is sufficiently strong that
it can maintain the relatively steep slopes at their
upstream ‘noses’ (Peakall et al., 2020), explaining
why flutes and FIDS, and likewise flutes and
mud ripples with FIDS, are not found together.
An apparent exception to this rule is the occur-
rence of large flutes on mud ripples with FIDS
observed by Winterer (1964), but these were cut
at a time when sufficient consolidation had
occurred that the steeper sides of the flutes could
be maintained, and thus represent a later flow
event. In the absence of experiments with exten-
sive measurements of shear strength, it is not
possible to quantify the range of substrate
strengths that are represented by FIDS, mud rip-
ples and flutes. Nonetheless, they provide a qual-
itative guide to substrate conditions. Experiments
have demonstrated that once beds become
strongly consolidated (ca 5 to 10 kPa in Yin
et al.,, 2016; equivalent to hard mud in the van
Rijn, 1993, scheme), erosion produces flute-like
morphologies and potholes, that are analogous to
bedrock-river features rather than flutes as

observed in deep-marine conditions, thus placing
some constraints on an upper limit for flutes (Yin
et al., 2016). Allen (1971a) produced flutes with
smooth surfaces in pipes using abrasion of
modelling clay over periods of 27 to 74 min,
although these experiments lacked substrate
shear-strength measurements. In contrast, experi-
ments with clearwater flows over ‘weakly cohe-
sive’ muds (see Longitudinal ridges and furrows
— mechanism 1) also formed flutes (Allen, 1969).
However, these were not smooth as observed in
outcrop examples, but instead were covered in
smaller structures (such as those in Fig. 12),
interpreted as the product of individual eddies.
Furthermore, run times were of the order of 3 to
4 min (based on erosion rates, Allen, 1969,
table 1). Consequently, it is unclear whether the
flutes documented by Allen (1969) were stable,
or representative of outcrop examples. Experi-
ments using substrates comprising different
strength kaolinite mixtures have demonstrated
that various types of chevron marks and striated
grooves form in specific substrate conditions,
ranging from fluid-solids (>60 Pa) to stiff muds
(>160 Pa) (McGowan et al., 2024). Utilizing the
approach of McGowan et al. (2024) and the
example of interrupted chevron marks cutting
and deforming wrinkle marks (Fig. 10), provides
an estimate of substrate rheology for FIDS, of ca
70 to 80 Pa. Thus, collectively, these results sug-
gest that sole structures provide considerable
information on substrate rheology. Such substrate
information provides an estimate of consolida-
tion times of mud at that interface, and thus a
minimum estimate of the time between sediment
gravity flow event beds through assuming rela-
tionships, such as those in van Rijn (1993).
Hence, in systems where sole structures are
abundant and mud beds are thin (i.e. the inter-
face is a good guide to the properties of the
whole mud bed), their relationships to substrate
strength provide the potential for ultra-high-
resolution studies (months to centennial scales)
of the temporal variability of sediment gravity
flows, for rocks that may be hundreds of millions
of years old.

Implications for palaeocurrents

Flow-induced interfacial deformation structures
(FIDS) are a highly under-used set of sedimen-
tary structures for deriving palaeocurrent mea-
surements, despite their utility being known
since the 1960s. FIDS can provide both a sense-
of-direction flow indicator (i.e. a bidirectional
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indicator), and in the case of some longitudinal
ridges and furrows, and scales, an indicator of
absolute flow direction. Larger-scale, areally
extensive, patterns of ridges and furrows (e.g.
Allen, 1982, fig. 1.25, based on Kruit et al,
1975) also provide more detailed information on
local palaeocurrents and flow patterns, albeit
this is a resource with no real analysis under-
taken to date. The recognition that FIDS are
related to higher-density flows also suggests that
their palaeocurrent directions may differ from
lower-density flows that generate scour struc-
tures, particularly where flows interact with
topography. Such changes have previously been
observed between higher-density flows associ-
ated with grooves, and lower-density flows
related to flutes (Muzzi Magalhaes & Tin-
terri, 2010; Tinterri & Muzzi Magalhaes, 2011;
Bell et al., 2018; Peakall et al., 2020). Conse-
quently, this reinforces the contention of Peakall
et al. (2020) that palaeocurrents should be differ-
entiated by the type of sedimentary structure as
demonstrated by Tinterri et al. (2016, 2022),
rather than simply analysed as a collective. It is
recommended herein that palaeocurrents are
analysed separately for the three main categories
of sole structures; scour marks, tool marks and
FIDS. Furthermore, care needs to be taken to
correctly separate FIDS scales from flutes
because these are the products of radically dif-
ferent formative flows; scales stack one upon
another longitudinally (for example, Fig. 7A),
whereas flutes do not, and scales show thin
mud layers between their cuspate forms, and do
not exhibit the characteristic three-dimensional
morphology of flutes (Allen, 1971a).

Depositional environments of FIDS

As a consequence of the limited recognition of
FIDS, there are few systematic records of their
presence in sedimentary successions. An excep-
tion is the study of Dirnerova & Janocko (2014),
which showed that longitudinal ridges and fur-
rows are most common in depositional environ-
ments that were interpreted as interlobe and
channel interdistributary areas. More generally,
the present work indicates that FIDS will be
found in settings where mud can accumulate,
and currents occur that are associated with high-
density, cohesive, debritic heads. Consequently,
proximal settings such as channels, channel
mouth settings and proximal lobes are expected
to have few FIDS as a result of the low

preservation potential of muds and the erosive
nature of the sandstone bases (e.g. Prélat et al.,
2009; Brooks et al., 2018; Hubbard et al., 2020;
Hodgson et al., 2022; Nieminski et al., 2024). Ele-
vated areas such as external levées and terraces
will accumulate muds, but will have few high-
density mud-rich flows (e.g. Kane & Hodg-
son, 2011; Hansen et al., 2015; Baas et al.,
2021a). Distal areas, such as the fringes of distal
lobe complexes and basin plain deposits, are
therefore the most likely palaeoenvironments to
generate FIDS, because these have high mud
accumulation, transitional mud-rich flows and
flat-bedded, non-erosive sands (e.g. Pickering &
Hiscott, 1985; Talling et al., 2004; Amy & Talling,
2006; Prélat et al., 2009; Spychala et al., 2017;
Baker & Baas, 2020; Tinterri et al., 2022). Whilst
these a priori arguments can be made, there is a
need to test these ideas through detailed field
observations across a range of environments.

Differentiating FIDS from load casts and
flames

Morphology and processes

Load casts form in reversed density systems and
are typically symmetrical in cross-section
(Owen, 2003). However, in some cases, the axes
of loads and flames can be inclined (Das-
gupta, 1998; Moretti et al., 2001; Owen, 2003).
The planform orientation of this inclination is
generally unclear, as sections are typically
two-dimensional and both longitudinal-inclined
and transverse-inclined loading has been
observed (Moretti et al., 2001). Where observed in
planform (Fig. 20), load casts are typically bul-
bous, equant or elongate (length up to two to four
times width; Pettijohn & Potter, 1964;
Grumbt, 1966; Potter & Pettijohn, 1977; Allen,
1982, 1985b), in keeping with experimental pat-
terns (Anketell et al., 1970; Allen, 1985b). A plan-
form example is shown in Moretti et al. (2001),
with a series of elongate ellipsoidal load casts
(long axis ca 1.3 times greater than the short axis)
that are parallel to slope. These load casts, how-
ever, lack the planform regularity of FIDS and are
quite sparse rather than covering the entire bed-
ding surface, as typically observed in FIDS (see
Moretti et al., 2001, plate 46). Transverse elongate
load casts are also recognized, developing into
elongate pillows if liquefaction is sufficiently
long-lasting (Allen, 1982). Inclination of load
casts has been linked to: (i) fluid flow (Kuenen &
Prentice, 1957; Sanders, 1960; Anketell &
Dzulynski, 1968; Postma et al., 2009; Butler et al.,
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Fig. 20. Load casts seen in planform on the basal surface of a bed. The load casts are broadly equant across the
whole surface, and also show appreciable areas of mud-rich sediment (flames). Carboniferous Bude Formation,
North Devon, UK. Scale bar shows 1 cm increments. See also Model6.

2016; Tinterri et al., 2016); (ii) fluid flow and sed-
imentation in turbidity currents that penetrate
into a mud bed (Baas et al., 2014, 2016b); (iii)
unequal thickness of the overlying sand as a
result of erosion, leading to lateral variations in
loading (Dasgupta, 1998); and (iv) the downslope
component of weight (Moretti et al, 2001;
Allen, 2003). Moretti et al. (2001) demonstrated
in a field example that the structures aligned with
the slope, whilst the associated flute and tool
marks were oblique to the load cast orientation,
indicating that flow drag was not the cause.
Experiments also illustrate the importance of the
downslope component of weight in generating
flames tilted downslope (Moretti et al., 2001).
Fluid flow as postulated by Kuenen & Pren-
tice (1957) and Sanders (1960) was inferred but
formative mechanisms were not proposed. In con-
trast, Tinterri et al. (2016) argued, based on field
data, that an increasing rapidity of deceleration of
sediment gravity flows due to interaction with
topography leads to increasing inclination of load
cast morphology. Furthermore, Anketell &
Dzulynski (1968) showed experimentally that, in
the case of thin plaster-of-Paris layers over a clay
bed, a subsequent dense plaster-of-Paris flow led
to two-dimensional load casts, transverse to the
flow and tilted downstream. Additional flow
related mechanisms, such as flow induced lique-
faction (Postma et al, 2009) or shear from

kinematic boundary layers (Butler et al., 2016),
may also lead to inclined load casts. These mech-
anisms all differ from those envisaged herein for
FIDS and result in load casts that do not form
more elongate structures such as those observed
in longitudinal ridges and furrows, or scale-like
features. A possible exception, however, are the
elongate, three-dimensional structures observed
by Ninard et al. (2022; fig. 6) that bear a striking
similarity to longitudinal ridges and furrows.
These structures formed between two fluvial
sands separated by a thin (tens of millimetres
thick) clay layer, with deformation of the overly-
ing cross-beds indicating that they formed post-
depositionally rather than during a flow (Ninard
et al., 2022, fig. 6A). The structures have been
interpreted to be orthogonal to the migration
direction of a seismically-induced liquefaction
front (Ninard et al., 2022; cf. Anketell et al., 1970,
fig. 7). However, scale-like structures (Ninard
et al., 2022, fig. 7A) may suggest that the move-
ment of the liquefaction front was parallel to the
structures, as in longitudinal ridges and furrows.

Internal structure within load casts and
FIDS

Lamination in load casts typically parallels the
boundaries of the deformation (e.g. Dzulynski &
Walton, 1965; Owen, 2003; Wizevich et al., 2016;
Ninard et al., 2022) reflecting the bending of

© 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 1709-1743

85UB01 SUOWIWOD SAIIER.D 3[dedl|dde ayy Aq peusenob afe seoie YO ‘8sn Jo seni 1o} Areiq1 38Ul UO A8]IA UO (SUONIPUOD-pUE-SWB)W0D" A8 M Akeq|BulUO//:Sdny) SUOIPUOD pue SWwie 1 841 88S *[7202/0T/20] Uo ARigiTauluo Ajim ‘Ariqi] uriN AiseAlun Jobueg Aq 6TZET PeS/TTTT OT/I0P/W00 A8 | Ale.d1|puluoy/:Sdny Woi) pepeojumod ‘9 ‘vZ0Z ‘TE0ESIET


https://skfb.ly/oMVns

1738 J. Peakall et al.

laminae, or in some cases flow-generated shear-
ing during deformation (Wizevich et al., 2016).
In the elongate load casts of Moretti et al. (2001),
internal layers are inclined in the downstream
direction. These laminae relationships differ from
those proposed herein for FIDS, where the small
vertical length scales of the structures mean that
the additional thickness of sand in the furrows
relative to the ridges will likely result in very
limited additional loading. Thus, any parallel
lamination present within the furrows, would
not be expected to be significantly deformed from
the horizontal (for example, Figs 14B and 15).

Recognition criteria — FIDS versus load casts
and flames

Load casts and flames are symmetrical or
slightly asymmetrical in cross-section (ellipsoi-
dal in planform), and do not form elongate
structures (longer than ca two to four times
their width), apart from in exceptional circum-
stances (e.g. Ninard et al., 2022). Furthermore,
load casts and flames exhibit laminae that are
deformed — typically parallel to the deforma-
tion. In contrast, FIDS form far more elongate
and regular structures, such as longitudinal
ridges and furrows and arcuate scale-like fea-
tures, or exhibit progressive transitions between
structures as a function of morphology, as seen
across mud ripples. Furthermore, internal lami-
nae are not concordant with deformation. A
further difference is that FIDS are always thin
(millimetres to tens of millimetres), whilst load
casts can be metres in depth in some cases
(e.g. Van der Merwe et al., 2009; Tasgin et al.,
2011; Gruszka et al., 2016; Wizevich et al.,
2016). This reflects the weak but coherent sub-
strates required for FIDS, whilst large load casts
can form via large-scale liquefaction of the
underlying bed (Allen, 1982).

Challenges to the understanding of FIDS

Linking the existing literature on sole marks that
are herein classified as FIDS, largely from the
1960s and early 1970s, to the subsequent
advances in understanding of sediment gravity
flows, and the fluid dynamics of systems with
varying buoyancy and shear, has enabled a new
model for FIDS to be proposed. However, there
remain challenges to understanding these struc-
tures. A key missing component is information
on the nature of the overlying beds; what are the
relationships between bed types and FIDS? This
lack of data is even greater than that observed for

flutes and grooves, where some work had exam-
ined the relationship between sole mark type
and Bouma divisions (Bouma, 1962; Pett &
Walker, 1971; Crimes, 1973; see table 1 of Peakall
et al., 2020), although this early work was lim-
ited by a lack of recognition of more recently
identified bed types such as hybrid event beds
(Haughton et al.,, 2003, 2009) and transitional
flow deposits (sensu Privat et al., 2024; see also
Baker & Baas, 2020; Taylor et al., 2024). More
recent studies have begun to address the nature
of flutes and tool marks and their overlying beds
utilizing a modern approach to bed types (Baas
et al., 2021a). A similar approach for FIDS would
be beneficial. Similarly, there is no information
on the nature of the mud beds, their thickness,
and whether there is any broader zone of defor-
mation associated with them. In turn, these bed
relationships need to be integrated with a
broader understanding of where FIDS are found
in terms of sub-environments.

There is also a need to improve the understand-
ing of the formation of FIDS. In particular, the
three-dimensional nature of scales is poorly
known, and would benefit from studies examin-
ing serial cut and polished sections through these
features, or possibly detailed computerized
tomography (CT) scanning, tied to thin-section
analysis to identify the distribution of laminae.
Such analysis would address limitations in pre-
sent understanding, such as the presence of scales
that are more closely spaced longitudinally, than
the width of their furrows. Physical experimenta-
tion, with measurement of flow and substrate
properties, would also enable an improved under-
standing of the substrate rheology required for
FIDS development (cf. McGowan et al., 2024). As
highlighted in Peakall et al. (2020), there has been
abundant research on aggradational bedforms
such as ripples and dunes in the past half-century
(e.g. Baas et al., 2016a, 2019; Vinent et al., 2019),
but remarkably little work on sole structures. The
recognition that FIDS, and sole marks in general,
contain information on flow characteristics, flow
transformation, the longitudinal distribution of
flows and substrate rheology, in addition to
palaeocurrent indicators, makes the case for fur-
ther research to tackle the challenges highlighted
herein.

CONCLUSIONS

Herein, it is argued that weak, cohesive substrates
may actively deform as flows travel across them,
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and that the action of the overriding flow (shear),
and the density difference (buoyancy) between the
less dense substrate and the denser overlying flow,
determine the type of sedimentary structures
formed. Analogies are drawn between these sedi-
mentary structures and pattern analysis obtained
from classical fluid dynamics experiments exam-
ining the interaction of buoyancy versus shear
forces. This group of sole marks is herein termed
flow-induced interfacial deformation structures
(FIDS), and includes longitudinal ridges and fur-
rows, scales (cuspate marks that open downflow),
polygonal structures, and collectively the ‘dino-
saur leather’ that covers many mud ripples. Trans-
verse wrinkles may be formed by strong shear and
weak buoyancy, or by pure shear. This new pro-
cess model challenges long held concepts: longitu-
dinal ridges and furrows have been predominantly
considered to be scour marks for the past 60 years,
and structures on mud ripples have been linked to
individual eddies within a turbulent flow for over
50 years. FIDS represent a third group of sole
marks alongside scour marks and tool marks. They
are highly under-utilized as palaeocurrent indica-
tors, with the direction of the scales being known
as a unidirectional indicator since the 1960s, but
little used today. It is also demonstrated that FIDS
provide information beyond just palaeocurrents,
indicating the passage of dense flows above weak
muddy substrates, which means that they likely
develop, and preserve, preferentially in relatively
distal depositional environments. The ornamenta-
tion of FIDS across mud ripples points to a tempo-
ral flow transformation with flows becoming
denser with time. This new knowledge of the for-
mative mechanisms, and utility, of flow-induced
interfacial deformation structures, can be inte-
grated with recent work on the mechanics and
uses of scour marks and tool marks, to make sole
marks an important source of sedimentological
information, moving beyond purely palaeocurrent
analysis.
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