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In high-density turbidite (HDT) systems, proximal deposits typically show thick beds ofmassive and/or stratified
sandstone capped by a thin low-density turbidite (LDT) interval of finer-grained laminated and rippled sand-
stone. Distally, the massive/stratified HDT interval thins and is replaced by the LDT interval as the dominant fa-
cies. Whereas this empirical observation is common to many ancient systems worldwide, a very different
relationship is found in the topographically confined Peïra Cava sub-basin in SE France. Eight prominaent beds
can be correlated across much of the exposed basin (3 x 11 km). Three massive sandstone facies are recognised
in these beds: (1) ungraded (2) graded, and (3) massive with patchy texture. In proximal and medial sections,
these facies are capped by a relatively thick LDT interval comprising up to 30% of the bed thickness. Moving to
distal sections, the massive facies come to dominate the bed, in some cases forming 100% of the bed thickness.
Along a downslope transect, three facies tracts are defined that all differ considerably from previously described
trends. Facies tract I and II comprises ungradedmassive sandstone andmassive sandstonewith patchy texture in
distal sections, respectively. Facies tract III comprises repetitive sequence of ungraded and gradedmassive sand-
stones in distal sections. Statistical analysis of the vertical internal character in the eight beds show non-random,
non-cyclic facies trends, with eachmassive facies exhibiting some level of dependency on other facies, suggesting
sediment deposition depended on temporally evolving flow conditions. The ungraded and gradedmassive facies
are interpreted as deposits of high-concentration near bed layers beneath surge-type turbidity currents. In con-
trast, the massive sandstone with patchy texture is interpreted to result from liquefied debris flows. Bed thick-
ness trends and the presence of distinctive grain size breaks indicate depositing flows were bipartite (debris
flow with an overlying concentrated turbulent layer), depletive, unsteady and pulsatory in proximal locations,
but evolved distally into a turbulent flows with a simple surge structure. The distal dominance of these massive
facies is here interpreted as a consequence of flow interaction with confining topography. This interaction in-
duced gravity and body transformations in flows of facies tract I and II, whereas generation and passage of inter-
nal waves in distal sections created the necessary conditions for massive sandstone deposition in facies tract III.
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1. Introduction

Massive sandstones are ubiquitous in many ancient and modern
deep-water systems. They are a classification of deposits defined by a
complete lack of primary sedimentary structures (Stow and
Johansson, 2000); a characteristic which has often prevented a conclu-
sive interpretation of their transport and depositional mechanism(s).
Nonetheless, investigations of the vertical and lateral distribution of
massive sandstones in multiple locations have revealed that the depos-
iting sediment gravity flow leaves a predictable internal facies
architecture and distribution; in proximal andmedial setting, a bed pre-
dominantly comprises massive and/or thick to thin stratified sandstone
intervals, which is capped by low density turbidites (Tb to Td division;
e.g. Hirayama and Nakajima, 1977; Lowe, 1982; Macdonald, 1986;
Tokuhashi, 1989; Mutti, 1992; Remacha et al., 2005; Amy and Talling,
2006; Mcintosh, 2007; Talling et al., 2007a; Sumner et al., 2012;
Talling et al., 2013; Malgesini et al., 2015; Cunha et al., 2017). Moving
along a downslope transect, the massive sandstone interval transitions
(gradually or abruptly), and is replaced as the dominant facies by the
low density turbidite interval. This trend has been incorporated into
the facies tract of Lowe (1982), Mutti (1992) and Kneller and
McCaffrey (2003), and has led many sedimentologists to infer a high
density turbiditic origin to massive sandstones (Amy et al., 2005; Amy
and Talling, 2006; Sumner et al., 2012; Talling et al., 2012).
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However, in structurally- or salt- controlled basins (i.e. confined ba-
sins), the depositing flow can and does encounter lateral and down-
stream basin margins (Amy et al., 2004; Cunha et al., 2017; Tinterri et
al., 2017; Tinterri and Piazza, 2019). Depending on the height of the
flow and topography, the angle of incidence and slope geometry, a
flow encountering these margins can be reflected, deflected or con-
stricted (Patacci et al., 2015). Such interactions can modify the behav-
iour of the flow and lead to distinct deposit architecture that deviates
from the conventional predictive structure observed in other basins
(Kneller et al., 1991; Patacci et al., 2015; Tinterri et al., 2017). Both con-
fined basins and massive sandstones are an important exploration tar-
get for the hydrocarbon industry. Thus, knowledge of the vertical and
lateral distribution ofmassive sandstones, aswell as the bed-scale inter-
nal facies architecture in confined basins is vital. Uncertainty in these as-
pects can have a fundamental impact on exploration and development
of hydrocarbons, and lead to reservoir connectivity issues, reduced
sweep efficiency, and incorrect production strategies and project eco-
nomics.

The main objective of this study is to document bed-scale vertical
and lateral distribution of massive sandstones in the Peïra Cava sub-
basin (part of the larger Grès d'Annot Basin; Fig. 1a) of south-east
France. The Peïra Cava sub-basin is a well-known example of a topo-
graphically confined basin, analogous to the modern day intraslope ba-
sins of the Gulf of Mexico, in which beds can be correlated over a
distance of ~11 km (Hilton, 1994; Pickering and Hilton, 1998; Amy,
2000; Cunha et al., 2017). This allows the vertical and lateral description
of the deposit architecture. For this study, eight laterally extensive beds
are correlated across the sub-basin. The depositional mechanisms of the
massive sandstone intervals are then interpreted based on their vertical
and lateral distribution. This interpretation takes into account the ef-
fects of flow reflection, deflection and/or transformation induced by
the basin margins. It is shown here that the distribution of massive
sandstones in topographically confined basins deviates from previous
empirical evidence based on field studies.

2. Geological setting

2.1. Regional setting

The Eocene-Oligocene Grès d'Annot Formation of SE France and NW
Italy forms a widespread lithostratigraphic unit that represents deep-
Fig. 1. a)Map showing the geographic distribution of theGrès d'Annot and the location of the Pe
the sedimentary succession in the Peïra Cava sub-basin recording the progressive deepening of
showing the location of themeasured sections of the eight correlatable beds. Section names follo
d) Simplified correlation of themajor correlatable units in the Peïra Cava. Eight beds are selected
single sandstone beds, while CB 10 and 11 are amalgamated units consisting of 2 and 3 beds, r
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water sedimentation in the deeper parts of the Tertiary Alpine Foreland
basin (Fig. 1b). The basin was located west of the developing Alpine
thrust belt and north of the emergent Pyrenean-Provençal mountain
belt (Ravenne et al., 1987; Pickering and Hilton, 1998; Sinclair, 2000).
The Grès d'Annot Formation is the topmost unit in a sequence compris-
ing the Calcaires Nummulitiques (a bioclastic nummulitic limestone)
and the Marnes Bleues (hemipelagic marls), which together represent
the gradual deepening and migration of the foreland basin (Fig. 1b;
Apps, 1987). Deposition of the formation occurred in a series of small,
north-south trending, sub-basins that were created by the folding of
the underlying Mesozoic strata during the Eocene regional flexure
(Apps, 1987). These sub-basins were separated by topographic highs
(100's ofmetres in height), as demonstrated by the commonoccurrence
of onlap relationships between the Grès d'Annot and the underling
Marnes Bleues (Apps, 1987). Onlaps locally reach angles of 25° and typ-
ically have apparent slopes of 3° (Elliott et al., 1985; Apps, 1987).

Sediments of the Grès d'Annot Formation were sourced from the
Corsica-Sardinia and Maurès-Esterel massif, which was originally lo-
cated to the south of the Alpine foreland basin (Bouma, 1962; Ivaldi,
1974; Sinclair, 1994). They were transported northwards, parallel to
the basin's axis, and deposited by a variety of sediment-gravity flows
(Amy, 2000). Due to the topographic highs, flows were locally reflected
and deflected, which significantly influenced deposit character in the
sub-basins (McCaffrey and Kneller, 2001). The focus of this study is
the Peïra Cava sub-basin, which today is located 25 km north of Nice,
and preserved as a synclinal outlier (Fig. 1a, c).

2.2. Study area

The Peïra Cava outlier preserves ~50mof the CalcairesNummulitques,
150–200mof theMarnes Bleues and ~ 1.2 kms of deepwater sandstones
and mudstones of the Grès d'Annot (Pickering and Hilton, 1998; Amy,
2000). The latter has been interpreted as deposits ofwaning turbidity cur-
rents, with minor contribution from debris flows and other deep water
processes (Bouma, 1962; Stanley et al., 1978; Pickering and Hilton,
1998;Amy, 2000). The initial basinfill is interpreted to be laterally discon-
tinuous, filling in base of slope scours and topographic lows in the basin
floor (Amy, 2000; Lee et al., 2004; Aas et al., 2010). However, subsequent
sediment gravity flows produced a sheet-like architecture, with individ-
ual beds correlatable in the cross-stream direction for ~3 km and down-
stream for ~11 km (Pickering and Hilton, 1998; Amy, 2000; Amy et al.,
ïra Cava sub-basin in SE France (modified fromApps, 1987). b) Lithostratigraphic columnof
the foreland basin (modified after Ravenne et al., 1987). c)Map of the Peïra Cava sub-basin
wAmy (2000). Base topographicmap is theValléede la Bévéra 1:25000, 3741 ET, IGNMap.
to investigate the vertical and lateral distribution ofmassive sandstone facies. CB 5 to 7 are
espectively (modified after Amy, 2000).

Image of Fig. 1


Fig. 2. A schematic diagram showing the basin configuration and palaeotopographic highs
within the Peïra Cava sub-basin. Flows travelled northwards and were reflected/deflected
by the lateral and bounding slopes. The palaeotopography ponded flows below CB 5 in
proximal locations. Above CB 5, correlation of beds across the outlier show proximal
confinement lessens and the beds obtaining a sheet-like geometry.
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2007; Cunha et al., 2017; Patel, 2018). To the south, the Mention and
Contes sub-basins are interpreted as canyon feeder systems and the prox-
imal equivalent of the Peïra Cava sedimentary fill (Fig. 1a; Hilton, 1994;
Amy, 2000; Joseph and Lomas, 2004). Thus, the present depositional
model of the Grès d'Annot in the study area envisions flows travelling
northwards through the Contes (and Mention) sub-basin, before travel-
ling sub-parallel to the strike of the western lateral slope of the Peïra
Cava sub-basin and depositing their sediment load. The basin is
interpreted to be confining in nature and ponding of the flows is based
on: i) onlap relationship of the Grès d’ Annot and the underlying Marnes
Bleues, ii) thick mudstone caps, iii) anomalous orientation of
palaeocurrent and erosive structures, indicative of flow reflection and de-
flection, iv) thick beds positioned adjacent to the base of slope,
v) repeated or stepwise normal grading, and iv) grain size sorting across
the topography suggesting flow stripping (Sinclair, 1994; Kneller and
McCaffrey, 1999; Amy et al., 2004; Cunha et al., 2017).

2.3. Peïra Cava sub-basin configuration

The configuration of the Peïra Cava sub-basin (and the wider Alpine
Foreland basin) is inherited from movement along shallow Alpine
thrusts in the underlying Cretaceous strata (Apps, 1987; Pochat and
VandenDriessche, 2007). It exerted a strong control on spatial variation
in sediment-gravity flow properties, which in turn controlled sediment
facies distribution, the main focus of this study (Amy, 2000; Amy et al.,
2004; Amy et al., 2007; Muzzi Magalhaes and Tinterri, 2010; Tinterri
et al., 2016; Cunha et al., 2017). Based on onlap relationships and
palaeocurrent data, only the western and southern margins of the
Peïra Cava sub-basin are preserved (Fig. 2; Pickering and Hilton, 1998;
Amy, 2000; Amy et al., 2004; Cunha et al., 2017). The western basin
marginwas oriented in an approximately northwest to southeast direc-
tion, and rotates clockwise to north-northeast to south-southwestmov-
ing northwards (Amy, 2000). In southern areas the dip of this slope was
between 4 and 7° towards the east, increasing to ~15° between the
Baisse de Beasse and Cime de Claudine (Amy, 2000; Amy et al., 2004).
Palaeotopographic reconstructions indicates the southern basin margin
is a continuation of a northward dipping (~ 8°) slope preserved in the
Contes sub-basin (Hilton, 1994). The eastern side of the margin is not
well preserved and no onlap relationship is observed. Nevertheless,
the presence of a low angle lateral slope is inferred from highly variable
palaeocurrent directions, as well as convoluted lamination, alternation
of sedimentary structures (i.e. wavy parallel lamination, ripples, bicon-
vex ripples, and small-scale hummocky-type structures) observed
along the inferred eastern margin (Fig. 2; Amy, 2000; Tinterri et al.,
2016; Cunha et al., 2017). In the northern parts of the sub-basin, the
stratigraphy is folded and overturned, and the bounding slope has not
been preserved. However, the occurrence of thick mudstone caps sepa-
rating sandstone beds indicate the northern slope completely ponded
the sediment-gravity flows in the sub-basin (Sinclair and Tomasso,
2002). Thus, the simplest sub-basin configuration assumes a western
lateral slope with decreasing slope angles to the east (Amy, 2000).

2.4. Sea-floor bathymetry

Aas et al. (2010) reconstructed the Peïra Cava sub-basin
palaeobathymetry through backstripping of overburden and removal of
the synclinal structural overprint using surface-based modelling. The
modelled sea-floor reveals three bathymetric lows separated by topo-
graphic highs (the Rocaillion and Pourcel ridges; Fig. 2), which initially
ponded large flows in proximal locations (Amy, 2000; Lee et al., 2004;
Aas et al., 2010). However, the degree of confinement lessens as the prox-
imal bathymetric lowswere filled, and theflows spilled over to distal part
of the sub-basin. The transition from local confinement to sheet-like ge-
ometry of the beds occurred just prior to the deposition of a distinct
marker bed called ‘CB 5’ (Amy, 2000; Amy et al., 2007; Aas et al., 2010).
The absence of channel elements and infrequent bed amalgamation,
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especially in distal locations, further attest to basin-wide deposition
above marker CB 5 (Aas et al., 2010). Above CB 5, the seafloor in the
sub-basinmay have also been locally irregular (metre-scale), as indicated
by erosive scours, biconvex ripples, convolute laminations, and deposi-
tional relief (Tinterri et al., 2016; Cunha et al., 2017). Proximality trends
in bed thickness also indicate sandstone beds thinned distally across the
outlier. Despite these controls on bed geometry, the systemaggraded uni-
formly with irregularities on the sea-floor being smoothed out by mud
deposition (Amy, 2000). Thus, the Peїra Cava sub-basin sea-floor is as-
sumed to be relatively flat (Aas et al., 2010).

3. Data and methods

3.1. Correlation framework and sedimentary logs

This study focuses on eight laterally correlatable beds in the Peïra
Cava outlier (Fig. 1d). These eight beds correspond to CB 5, 6, 7, 10
and 11 of Amy (2000) and Amy et al. (2007). CB 10 and 11 are packages
of beds, consisting of two and three beds respectively (Fig. 1d). Individ-
ual beds within these packages have the suffix−1,−2, etc. to differen-
tiate them. Fig. 1c shows the location of ten sections in the Peïra Cava
outlier were the beds were studied. All the beds were chosen due to
the easewithwhich they can be recognised in the field and the presence
of massive (i.e. structureless) intervals along their downslope facies
tract. The eight beds were also themost easily accessible andwidely ex-
posed in the outlier, especially compared to marker beds below CB 5.

After locating the beds in the field, a detailed sedimentary logwas cre-
ated at a scale of 1:10. Grain size was measured every 2–5 cm using a
grain size comparator and at smaller intervals where abrupt changes in
grading occur or where grain size breaks were observed. This method

Image of Fig. 2
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biases themeasurement to the coarsest 5 to 10% of the grain size distribu-
tion within the sandstone bed, as measured from thin section analysis
(see below; Talling et al., 2004). Nevertheless, it allowed the dominant
grain size range to be measured in the field and provided a reliable mea-
surement of relative grain-size changes between beds. Palaeocurrent
measurements were taken from sole marks. Bed thicknesses were mea-
sured with a standard measuring tape orientated perpendicular to the
bed. Sedimentary facies were described using a hierarchical descriptive
facies scheme that describes the units initially on (i) lithofacies, and
then on (ii) subfacies based on sedimentary structures (Table 1). Outsized
clasts (sand and mud) and dewatering structures were not incorporated
into the facies scheme, but appear as accessory featureswithin each facies.
Thus along a facies tract, discrete bedswill be composed of lithofacies and
subfacies arranged vertically and laterally. The facies scheme is based on
the general process-based facies tract by Mutti (1992), later modified by
Amy (2000) and Cunha et al. (2017) for use in the topographically con-
fined Peïra Cava sub-basin.

3.2. Textural analysis

Field samples were collected from four beds at regular intervals to
confirm the qualitative measurement of grain size in the field, and pro-
vide additional information on the textural characteristics, including the
vertical grading, sorting and mud content. The samples were selected
from CB 5 (NE section), 10-1 (NWT section), 10-2 (NES section) and
11-2 (NES section). Quantitative measurements on the size and sorting
of grains (inclusive graphic standard deviation of Folk and Ward
(1957)) were generated by image analysis using SEM backscatter elec-
tron (BSE) images. A minimum of 300 quartz, feldspar or lithic grains
coarser than 8 μm were measured from each BSE image. The mud con-
tent was estimated by thresholding the images to isolate the clay com-
ponent and calculating the percentage area occupied after binarisation
of the image.

3.3. Embedded Markov chain and entropy analysis

Embedded Markov chain and entropy analysis was used to analyse
the vertical arrangement (against a null hypothesis of independence)
and degree of random occurrence of facies within the logged beds, re-
spectively. Both analyses are useful in defining genetically related facies,
distinct vertical trends, and interpreting transport and depositional pro-
cesses. For this study, the procedures follow that of Powers and
Easterling (1982) and Hattori (1976), respectively. In both analyses,
the transition from one facies to the same facies is not recorded, even
in situations where they are observed. In the present study, such a
state may arise when the facies is separated by a grain size break. The
thickness of the facies is also not considered in either analysis, since it
does not influence the formation of massive sandstones, but is consid-
ered a product of flow duration and/or flow thickness (Kneller and
Branney, 1995). Furthermore, only the sand and coarser facies within
the studied beds are subjected to the analysis in order to reduce diffu-
sion of transitions between the sand and mud lithofacies. And lastly,
the vertical to lateral transition in facies was not investigated using ei-
ther analysis due to the inherent complexity of downslope transitions
where timelines may not be horizontal.

The output of the Markov Chain analysis is a vertical facies relation-
ship diagram. In this study, the statistically significant transition (limit-
ing value of 0.1 based on the difference matrices) and the observed
facies transition (i.e. transition count matrices) are employed to con-
struct the diagrams. The output for the entropy analysis is a set of dia-
grams showing the distribution of entropy pairs; 1) entropy after the
deposition (i.e. post-deposition), which refers to leaving a particular
jth state for any other state and is designated as E(Post), and 2) entropy
before deposition (i.e. pre-deposition), which refers to entering a partic-
ular jth state from any other state E(Pre). The values of E(Post) and E
(Pre) are normalised and plotted to show the inter-relationship
4

between the two entropies. These are then compared to models pre-
sented by Hattori (1976) to classify various cyclic patterns into asym-
metric, symmetric, truncated (lower, upper or both), or random cycles.

For the statistical analysis, the locations of themeasured sections are
grouped into one of three categories according to their relative position
within the sub-basin: proximal (sections SW, CSE, SE, and ET), medial
(PCR and ER), and distal (NWT, NW,NE, andNES; Fig. 1c). This approach
allows both the statistical analysis of the vertical arrangement of facies,
and therefore the temporal evolution of flow processes, and the qualita-
tive characterisation of the downslope facies transition and arrange-
ment.

4. Results

A series of correlation panels of the eight beds, illustrating the
vertical and lateral variability in bed geometry and architecture, are
presented in Figs. 3 to 6. These correlation panels, as well as individ-
ual vertical section of beds, form the basis for evaluating the bed-
scale vertical and lateral distribution of massive sandstones, the
flow hydrodynamics, and impact of the confining topography on
the internal character. The panels are oriented roughly parallel to
the palaeoflow direction and cover a distance of ~11 km. A descrip-
tion of the facies is provided in Table 1, while Fig. 3 shows the key
to the sedimentary logs.

4.1. Massive sandstones at a single outcrop

Since the focus of this study is on themassive sands, these facies are
described in detail below. For description of other facies, refer to Table 1
and Fig. 7.

4.1.1. Sandstone – ungraded, massive (SM1)
Ungraded, massive sandstones (SM1) facies comprise grains covering

the entire sand size range (2 mm to 62 μm). The facies is completely de-
void of any primary sedimentary and dewatering structures (Fig. 8a, c).
Grain sizemeasurements using a comparator in the field showno vertical
grading (Fig. 8a). This is confirmed by thin section analysis, which shows
no statistically significant changes in the coarsest 5% of the grain size dis-
tribution (Table 2). However, complex grading trends are observed in the
finer grain size percentiles in thin sections, and may be indicative of one
or more different grain settling processes (Table 2). Mud content is low,
typically between 2.1 and 7.1% of the total thin section area. Grain sorting
is poor to very poor (between 1.1 and 2.82 phi). Mud clasts are rare, but
where present, they are unarmoured, up to 10 cm in diameter, clustered
floating, and occurring in a thin zone parallel to the bedding plane or at
low angle (with isolated high angle clasts; Fig. 8a, b). They are typically
elongated, with a-axis approximately parallel to the bedding plane.
Grain size trends below and above themudclast zone are stable. Intervals
of SM1 facies are commonly overlain by graded, massive sandstones
(SM2) or intervals consisting of thin, spaced stratification (SL2).

4.1.2. Sandstone – graded, massive (SM2)
Similar to the SM1 facies, this facies is devoid of primary sedimen-

tary structures and consists of grain size covering the sand size range
(2 mm to 62 μm; e.g. PCR and NWT CB 10–2). Vertical normal grading
is observable in the field using a grain size comparator (Fig. 8c), but is
only recognisable in the coarsest 5% of the grain size distribution.
Grain size measurements from thin sections confirm this trend, but is
further characterised by complex grain size trends (i.e. fining or coars-
ening fine-tail distribution) with increasing height from the base of
the facies (NE CB 5; Table 2). Locally, subtle inverse grading is also visi-
ble in this facies. Mud content is relatively low (between 2.6 and 4.7%)
and grain sorting ranges from moderately (0.8) to very poorly (2.21)
sorted. Similar values in the sorting parameter are also observed in
other beds based on visual estimates using a grain size comparator.
Mud clasts, where present, are granular to medium pebble in size (2



Table 1
Description of lithofacies within the eight studied beds in the Peïra Cava sub-basin.

Facies Facies Description Texture Thickness Vertical
Distribution

Lateral
Distribution

Interpretation
Grading Grain

Size Dist.
Sorting

SM1 - Ungraded
massive
sandstone

Massive, ungraded clean
sandstone. Mudclasts are
dispersed graded to locally
clustered floating and
ordered stratified.

Ungraded to
subtle
coarse-tail
graded

250 μm-2 mm Moderate
to poor

dm to >
m

Base and
middle

Proximal to
distal,
increasing in
percentage in
distal sections

See text

SM2 - Graded
massive
sandstone

Massive, graded clean
sandstone. Mudclasts
typically occur as ordered
stratified and dispersed
graded.

Normal
graded –
distribution
and
coarse-tail
grading

187 μm–2 mm Moderate
to poor

dm to >
m

Middle and
top

Proximal to
distal, greater
abundance in
proximal and
medial sections

See text

SM3 - Massive
sandstone,
‘patchy texture

Massive, ungraded clean
sandstone. Patchy texture
consisting of irregular
‘patches’ of coarse grains
adjacent to fine grains.
Chaotic to locally stratified
mudclast
conglomerates/breccia.

Ungraded to
weakly
coarse-tail
graded

250 μm-2 mm Poorly
sorted

dm to >
m

Whole bed,
base and
middle

Medial and
distal sections

See text

SL1 – Sandstone,
laminated

Laminated sandstone, <3
mm thick, planar to wavy,
locally convoluted. No grain
size variation between
laminae. Laminae typically
become more distinct
upwards in the bed.
Laminae traced for metres
laterally. Rarely contain
<2–3 cm mudclast along
distinct horizon.

Normal
graded to
ungraded

125-354 μm Moderate
to
moderately
well

cm to >
m

Top of beds Proximal to
medial. Rarely
distal

Formed from low-density
turbidity current in the
upper stage plane-bed
regime. Experimental work
have shown lamination
forming via migration and
burial of low amplitude
bedwaves under low
sediment fallout rates.

SL2 – Sandstone, thin
(mm to <1 cm)
spaced
stratification

Alternating coarser and
finer grained laminae. 3 -
<10 mm thick. Laminae
thickness decreases with
height from base, and
becomes more distinct
towards the top. Planar to
locally wavy/irregular, sharp
contacts. Individual laminae
are ungraded to normal and
inverse graded. Laminae
traced for cm at base,
increasing towards the top.

Weakly
normal
graded

354 μm-1.5 mm Poor to
moderately
poor

cm-dm Middle and
top

Proximal and
medial sections

Formed by concentrated
turbidity currents from near
bed high-concentration
layers with sediment
concentration of 10–40%.
Hindered settling and
frictional interlocking of
grains are likely to play
important roles in these
layers. The layers are fed
and driven by the overriding
current. Shearing of the
layers and partial erosion by
the current produces a
crude planar stratification,
that become more defined
at lower sediment-fallout
rates.

SL3 – Sandstone,
thick (> 1 cm.)
spaced
stratification

Thick (>1 cm to <15 cm),
alternating coarse and fine
grained lamination. Thickness
of individual layers decreases
with height from base. Diffuse
and irregular at the base,
become more distinct
upwards. Sharp to gradational
contacts between lamination.
Coarser laminae are typically
ungraded, but rarely normal
and inverse graded. Finer
grained laminae are normal
graded.

Normal
graded

545 μm-4 mm Poor dm to >
m

Base and
middle

Exclusively
proximal

Not reproduced in
experimental studies.
Thought to be produced by
similar processes to above
but wth coarser grain sizes,
higher sediment
concentrations and higher
shear stresses. Traction
carpets of Hiscott (1994b),
Sohn (1997).

SR – Sandstone,
rippled

Ripple cross lamination,
planar to trough, climbing
ripples. Locally convoluted.
Wavelength < 15 cm and
typically <10 cm.

Normal
graded

125-354 μm Moderate
to well
sorted

cm-dm Exclusively
top of beds

Predominantly
proximal to
medial

Unambiguous evidence of
deposition from low density
turbidity currents. Sand
reworked as bedload into
ripples in the lower flow
regime. Relatively low rates of
sediment fall-out.

ZM – Siltstone,
massive

Massive, gradational
contacts to the underlying
sand and overlying mud.

Ungraded, to
normal
graded

n/a n/a mm to
dm

Exclusively
top of beds

Proximal
sections

Sedimentation via settling
flocs at the rear of a dilute,
fine grained turbidity

(continued on next page)
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Table 1 (continued)

Facies Facies Description Texture Thickness Vertical
Distribution

Lateral
Distribution

Interpretation
Grading Grain

Size Dist.
Sorting

Abundant carbonaceous
fragments

current.

ZL – Siltstone,
laminated

Planar laminated siltstone,
fissile, gradational contact,
abundant carbonaceous
fragments

Ungraded to
normal
graded

n/a n/a mm to
dm

Exclusively
top of beds

Rarely in distal
section,
predominantly
in proximal
and medial

Not reproduced in
experimental studies to
satisfactory degree. Thought
to be produced by tractional
reworking beneath a dilute,
fine grained turbidity current.

MM – Mudstone,
massive

Massive (massive), minor
silt fraction at the base

n/a n/a n/a cm to >
m

Mudstone
cap at top
of beds

Proximal to
distal, increasing
in thickness and
preservation in
distal sections

Static settling of clay or
formation of fluid mud
layers from a collapsing
mud cloud

ML – Mudstone,
laminated

Laminated mudstone.
Laminae are 0.1 to <1 mm
thick. Locally the laminae
are silt/ v.f grained. Fissile.

n/a n/a n/a cm-dm,
rarely >1
m

Mudstone
cap at top
of beds

Predominantly
in proximal
locations,
decreasing in
thickness
distally

Settling of flocs from a dilute
and expanded suspension
cloud. Rapid suspension of
mud laminae upon
dampened turbulence. Silt
laminae are deposited when
the mud flocs are broken up
by shearing from the flow.

CM1 –
Conglomerate,
clean, matrix
supported/Pebbly
sandstone

Matrix-supported
conglomerate, mixture of
cobble, and pebble material
floating in a matrix of poorly
sorted coarse sand to
granules. Massive. Mud- and
sandclasts, where present,
are disorganised and chaotic
distributed to locally
inversely/normally graded
and ordered stratified. Mud-
and sandclast vary in size
from cm to >1 m locally.

Dispersed
graded mud
and sand
clasts.
Coarse-tail
grading in the
matrix
component

Matrix – 545
μm-4 mm.
Clasts - >4 mm -
<3 cm

Matrix –
moderately
to poorly
sorted.
Clasts –
poorly
sorted

dm to >1
m

Base of
beds

Predominantly
in proximal to
medial
sections, rarely
in distal
sections

Non-cohesive debris flows,
hyperconcentrated flows or
inflated sandflow with
~40–70% concentration by
volume, characterised by
excess pore pressure and
grain to grain interaction upon
flow deceleration. Deposition
occur via en-masse freezing
due to interlocking of grains.
High hydraulic diffusivity and
well connected pores allows
flow transformation to
concentrated turbidity
currents downslope.

CM2 –
Conglomerate,
clean,
clast-supported

Clast-supported
conglomerate, massive
(massive), locally stratified.
Mud- and sandclasts, where
present, occur either along
distinct horizon (ordered
stratified) towards the top
of beds or chaotically
distributed towards the
base. Mud- and sandclast
vary in size from cm to >1
m.

Dispersed
graded mud
and
sandclasts.
Coarse-tail
grading in the
framework
component.

Matrix >4 mm.
Clasts - > 6 mm -
< 16 cm

Moderately
to poorly
sorted

dm to >1
m

Base of
beds

Proximal and
medial
locations

Non-cohesive debris flows,
hyperconcentrated flows or
inflated sandflow with
~40–70% concentration by
volume, characterised by
excess pore pressure and
grain to grain interaction upon
flow deceleration. Deposition
occur via en-masse freezing
due to interlocking of grains.
High hydraulic diffusivity and
well connected pores allows
flow transformation to
concentrated turbidity
currents downslope.

CM3 –
Conglomerate,
mud-rich,
matrix-supported

Chaotic/disorganised unit
consisting of floating clasts
in a muddy matrix. Mud-
and sandclasts are
disorganised and consist of
marls, limestones and
turbidite beds. Clasts range
in size from cm to >1 m.

Disorganised Matrix – mud.
Clasts – cm to
>1 m

Very poorly
sorted

dm to >1
m

Base of bed Exclusively in
proximal
sections

Highly to moderately
cohesive debris flow
characterised by matrix
strength which provides the
main grain support
mechanism for clasts.
Liquefaction and grain
interaction may be locally
important. Moderate to high
clay content imparts low
hydraulic diffusivity. The
flow comes to rest
en-masse.
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mm – 16mm) and rarely greater than 5 cm. They are predominantly or-
dered stratified; aligned along the long axis and occurring within thin
zones parallel or at a low angle to the bedding plane (e.g. SE CB 10-2
Fig. 8d). The larger clasts are isolated and tend to be more tabular
with increasing clast size. Secondary dewatering features are present
only in one location (PCR CB10-2; Fig. 8f) where they occur as widely-
spaced consolidation laminae, passing into shallow dish structures and
6

pipes towards the top. Intervals of SM2 facies are commonly overlain
by structured intervals consisting of SL2 and parallel lamination (SL1)
facies.

4.1.3. Sandstone – massive, patchy texture (SM3)
Massive sandstonewith patchy texture (SM3) are relatively rare and

consists of juxtaposed irregular patches of poorly sorted coarser and



Fig. 3. Correlation panel of CB 11 beds showing lateral changes in internal bed character and external geometry. The panel is oriented roughly parallel to the palaeoflow direction. Solid
black lines represent bed boundaries, dotted black lines represent transition between debrite, high-density turbidite and low-density turbidite deposits, and dashed red lines represent
correlation of grain size breaks between sections. The key to the sedimentary logs is also provided.
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better sorted finer material (Fig. 8e). The facies is equivalent to the
swirly or patchy texture massive sandstone facies (Cs7) of Talling
et al. (2012) and Talling et al. (2013). Grain size ranges from medium
to coarse as measured in the field, which is confirmed in the coarsest
Fig. 4. Correlation panel of CB 10 beds. See Fig. 3 f

7

5% of the grain size distribution measured from thin sections
(Table 2). Grading is highly erratic due to the juxtaposed coarse and
finer grained sediments, which also makes it difficult to observe in
thin sections. However, the top 5 to 10 cm of this facies in beds
or sedimentary log key and caption for detail.

Image of &INS id=
Image of Fig. 4


Fig. 5. Correlation panel of CB 7 and 6. See Fig. 3 for sedimentary log key and caption for detail.
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commonly shows distribution grading. Sorting is highly variable, rang-
ing from poorly to very poorly sorted, due to the patchy texture. The
mud content is low (between 8.3 and 10.3%), but higher compared to
the two othermassive facies (Table 2).Mudclasts are common in this fa-
cies; observable in themiddle or towards the top of beds, surrounded by
clean sandstone matrix. The clasts vary from small pebble (4 mm) to
cobbles (<40 cm) in size and occur as nested discontinuous zones
sub-parallel to bedding. They are unamoured, elongated, sub-angular
to rounded and are very poorly sorted. In distal locations (e.g. NES,
NE), they are generally dispersed graded and less chaotic than proximal
and medial locations. Similar to the ungraded and graded massive fa-
cies, and based on their composition, the clasts were derived from
within the basin. No dewatering (e.g. dishes, pipes and convoluted con-
solidation laminae) or burrowing features were observed in this facies.
The facies typically constitute the basal and middle portion of beds
and is separated by a grain size break (i.e. abrupt change in grain size)
from overlying facies (i.e. intervals of parallel lamination or thin, spaced
stratification; Fig. 5 CB 6).

4.2. Markov chain

Markov chain transition diagrams for the three grouped locations
(proximal, medial, and distal) are shown in Figs. 9. The chi-squared
statistics for the proximal (x2 = 184) and distal (x2 = 52) location
(limiting value of 91 and 42, respectively) indicate a non-random se-
quence at the 99.5% confidence level. In contrast, the chi-squared
statistics for the medial sections (x2 = 34.54 compared to a limiting
value of 56.9) indicate that deposition was not by Markovian
8

process. However, at the 97.5% confidence level, the medial sections
do reject the null hypothesis. Supplementary data 1 presents the
Markov Chain transition count, upward transition, upward expected
and the difference matrices.

4.2.1. Proximal Markov Chain
The chi-squared statistic for the proximal sections indicates the

hypothesis of quasi-independence can be rejected at the 99.5% con-
fidence level. Based on this, three broad vertical facies trends can
be discerned in the proximal locations from the statistical analysis
and the observed facies transition (Fig. 9a). Two of the trends begin
with either clean, clast-supported (CM2) or mud-rich, matrix sup-
ported (CM3) conglomerates transitioning to clean, matrix sup-
ported conglomerate (CM1; probability P = 0.93 and 0.43,
respectively). The CM1 facies is in turn overlain by either SM2 (P =
0.16) or SM1 (P = 0.13) intervals. Following the SM2 facies path,
the first trend follows a transition through an interval SL2 (P =
0.30), followed by SL1 (P=0.39) and SR (P=0.69) facies. The SR fa-
cies is in turn overlain by finer grained facies (i.e. mudstones). The
second trend follows a path through the SM1 facies, transitioning
to SM2 facies (P = 0.23), which is in turn overlain by SL2 (P =
0.30), SL1 (P = 0.39) and eventually SR (P = 0.69) facies. On a few
occasions, the SM1 facies transitions directly to the SL1 facies (P =
0.16). The third trend has a thick stratified sandstone (SL3) interval
at the base of beds, transitioning to CM1 (P = 0.30) or SM2 (P =
0.16) facies, and then into SL2 (P = 0.24), SL1 (P = 0.37) and finally
into SR (P = 0.69) facies. In each of these trends, the massive sand-
stones forms the core of the bed.

Image of Fig. 5


Fig. 6.Correlation panel of CB5. Sedimentary log at CSE section is taken fromAmy (2000) due to thedifficulty in accessing the bed in thefield. See Fig. 3 for sedimentary log key and caption
for detail.
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4.2.2. Medial Markov chain
The chi-squared statistic for themedial sections indicate the hypoth-

esis of quasi-independence can only be rejected at the 97.5% confidence
level. However, based on observed facies transitions, a general trend
(Fig. 9b) can be constructed that includes coarser grain CM1 facies at
the base, followed upwards by massive sandstone (either SM1 or
SM2), passing into intervals of stratified sandstone (SL1 and SL2) and
rippled laminated (SR) facies, and finally terminatingwith finer grained
facies (Fig. 9b). A crude cyclicity that involved repetitive transitions be-
tween intervals of SM1, SM2, and SL2/SL1 facies is also discerned from
the transition countmatrix. Furthermore, locally thick spaced stratifica-
tion or clast-support conglomerates occur at the base of beds in theme-
dial sections or overly the CM1 facies (Fig. 9b).

4.2.3. Distal Markov Chain
Similar to the proximal location, the chi-squared statistics reject the

hypothesis of quasi-independence at the 99.5% confidence level. Based
on the statistical analysis and the observed facies transition, two
broad vertical facies trends can be discerned (Fig. 9c). The first trend
startswith SM1 and SM2 facies at the base. These two facies occur as re-
peating cycles (P = 0.13 and 0.43, respectively), and are eventually
overlain by finer grained facies (Fig. 9c). However, the observed transi-
tions also show SL2 and SL1 facies commonly following the massive fa-
cies, prior to the transition to finer grained facies. These transitions are
not clearly seen from the statistical analysis, but have been incorporated
into the Markov chain transition diagrams (dashed lines in Fig. 9c). The
second trend shows the massive sand with patchy texture (SM3) pref-
erentially overlain by SL1 (P=0.43) facies, which passes vertically into
SR (P = 0.89) facies. However, the SM3 facies also has a relative high
probability of passing into the SL2 (P = 0.27) facies prior to the
9

transition to SL1 (P=0.81). In an isolated case, the SM3 facies is under-
lain by CM1 facies.

4.3. Entropy analysis

The computed entropy E(Post) and E(Pre), and the respective
normalised entropy R(Post) and R(Pre) for each state are shown in
Table 3. The analysis shows that the influence of each facies on the
preceding or succeeding facies is non-random, but also non-cyclic i.e.
asymmetrical trend (Hattori, 1976). Formost of the facies in the three geo-
graphic locations, the entropies are subequal and E(Pre) = E(Post) ≠ 0.
This indicates a level of dependencyof one facies on theother. For aminor-
ity of facies E(Post)=0, indicating facies i is always succeededby facies j in
the sequence (Table 3). Furthermore, the majority of facies states have
higher values of E(Pre) compared to E(Post), indicating that succeeding fa-
cies states can be discerned with more confidence than those preceding
them i.e. these facies exert a strong influence on the succeeding facies
state, whilst being less influenced by their predecessor.

4.3.1. Proximal entropy analysis
For facies SL1, SL2, SM2, SM3 and CM3, E(Pre) > E(Post), which indi-

cate deposition of these facies did not depend on precursor facies, but
had a strong influence on their successor. Facies SM3 and CM3 have E
(Post) = 0, implying these facies are succeeded by specific facies (SL3
and CM1, respectively) in the sequence. For the remaining facies, SR,
SL3, SM1, CM1 and CM2, E(Post) > E(Pre), indicating that theywere de-
posited under specific depositional conditions, with each facies strongly
dependent on the preceding facies. This is more so for the SR facies,
where there is a large difference between E(Post) and E(Pre). The nor-
malised entropy sets (Fig. 10a) for each state show that facies SR, SL2,

Image of Fig. 6


Fig. 7.Outcrop photographs illustrating lithofacies defined in Table 1. a) SL1 facies transitioning to SR at the top. b) parallel to locally wavy SL1 facies. c) and d) SL2 facies; laminae become
thinner and more diffuse towards the middle of the image, before transitioning to massive sandstone facies. e) SL3 facies showing < 5 cm to >1 cm thick stratification with step-like
normal or inverse grading pattern. g) clean, clast-supported conglomerate. h) mud-rich conglomerate with chaotically organised >1 m long sand- and mud-clasts. The yellow scale is a
1 m ruler.
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SL3, SM1 and SM2, CM1, and CM2 fall within the distribution for A-4
asymmetrical cycle of Hattori (1976). Facies SL1, SM3, and CM3 fall out-
side this field andmay represent lower truncated cycles (Hattori, 1976).

4.3.2. Medial entropy analysis
For facies SR, SL1, SL3, SM2, and CM2, E(Pre) > E(Post), while for

SL2, SM1 and CM1, E(Post) > E(Pre). Facies SR and CM2 have E(Post)
= 0, and are succeeded by SL1 and CM1, respectively. However, it
should be noted that these latter transition occur only once and
may not be representative of true cycles or trends. R(Pre) and R
10
(Post) values of the medial facies sets are shown in Fig. 10b. The en-
tropy analysis indicate that the overall facies trends are symmetrical
(Hattori, 1976). Facies SL1 and CM2 deviate from this trend, with SL1
having a greater influence on succeeding facies and CM2 on the pre-
ceding facies. Despite these results, any interpretation of the entropy
sets should be mindful of the fact that medial sections did not meet
the chi-squared test for Markovian property. This is most clearly
demonstrated for SL2 and SM2 facies, where the large E(Post) and
E(Pre) values suggest a variety of facies states can precede or succeed
them (Table 3).

Image of Fig. 7


Fig. 8. Outcrop photographs illustrating the massive sandstone facies. a) and b) SM1 facies with isolated or clustered floating <10 cmmud-clasts. c) and d) SM2 facies with or without
ordered stratified mud-clasts. e) massive sandstone with patchy texture (juxtaposed patches of coarser and finer grains). f) Dewatering consolidation laminae and dish structures in
SM2 facies.
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4.3.3. Distal entropy analysis
In distal sections E(Pre) values are higher than E(Post) for facies

SL1, SL2 and SM1, indicating they exert a strong influence on the
succeeding facies. Facies SM2 and SM3 have entropy sets of E(Post) >
E(Pre) and are strongly dependent on the preceding facies state. E
(Post) = E(Pre) = 0 for facies SR and CM1, implying preceding
and succeeding states for these facies are predicted precisely. How-
ever, since facies SR and CM1 form the top and base of beds in distal
sections, the entropy sets of these two facies can best be described
as truncated upper and lower, respectively (Hattori, 1976). The R
(Pre) and R(Post) values are shown in Fig. 10c. Similar to the me-
dial sections, the entropy sets indicate symmetrical facies arrange-
ment. However, normalised entropy values for SL1 and SL2 are
more indicative of lower truncated cycles. These truncations are
clearly seen in the correlation panels (Figs. 3-6), and are marked
by grain size breaks (see below).

4.4. Grain size breaks

The grain size distribution in the eight bed ranges frommediumpeb-
ble to mud. However, within all examined beds, four types of grain size
breaks (i.e. abrupt changes in grain size vertically within a single bed)
have been discerned (Fig. 11). Table 4 summaries the characteristics
11
of the observed grain size breaks. The grain size breaks are used to aid
interpretation of flow processes, and formation and distribution ofmas-
sive sandstones.

4.4.1. Type I grain size breaks
Type I grain size breaks separate gravelly and pebbly intervals (16mm

to 2.5 mm) from overlying finer material (4 mm to 500 μm; Fig. 11a, b).
This grain size break is only found and correlated at the base and middle
of beds in proximal andmedial sections (Table 4). In these locations, Type
I grain size breaks separate graded and ungraded CM facies from overly-
ing SM1 and SM2 facies in CB 6, 7 and 10–1. The only exception to this
trend is seen in CB 11–2 and 5, where SL3 facies is observed below the
grain size break, and SL3 and SM facies above, respectively. In CB 6 and
7, the grain size breaks can be correlated to adjacent downslope sections
for a distance of ~2–3 km. In both instances, the underlying facies is CM1,
while the overlying facies in CB 6 transition from SL2 to SM1. In CB 7, the
overlying facies is SM3, which is correlated between sections.

4.4.2. Type II grain size breaks
Type II grain size breaks separate coarser sand (2 mm to 177 μm)

from overlying finer grained (1 mm to 62 μm) sediments (Fig. 11c, d).
These are observed in a majority of beds from proximal to distal loca-
tions. However, in CB 5, 7 and 11–3, they are only observed in proximal

Image of Fig. 8


Table 2
Comparison of grain size from SM1, SM2 and SM3 facies as measured in the field and SEM analysis. D10, D50, D90 and D95 correspond to the different percentiles of the grain size dis-
tribution. Var, Stand. Dev., Std. Error, and Std. Error Std. Dev. refer to the variance, standard deviation, standard error of themean, and standard error of the standard deviation respectively.
N is the number of grains measured.

Bed/sample Field measured
grain
size (μm)

Facies SEM image analysis (μm/phi) Summary statistics

Mud
%

D10 D50 D90 D95 Sorting Var Stand.
dev

Std.
error

Mean Std. error Std
dev.

N

NES CB 10-2/ 24 300–400 SM2 3.4 9.9/6.66 133.3/2.91 325.6/1.62 399.8/1.32 1.9 3.55 1.88 0.02 3.59 0.03 5501
NES CB 10-2/ 23 375–500 SM1 4.5 12/6.37 142/2.82 376.5/1.41 476.9/1.07 1.89 3.01 1.73 0.02 3.25 0.03 5520
NES CB 10-2/ 22 375–500 SM1 7.1 13/6.26 138.4/2.85 351.9/1.51 454.9/1.14 1.6 2.63 1.62 0.02 3.19 0.03 4796
NES CB 102/ 21 375–500 SM1 3.3 11.07/6.50 147.4/2.76 356/1.49 455.2/1.17 1.86 3.09 1.75 0.02 3.27 0.03 4936
NES CB 10-2/ 20 375–710 SM1 6.1 14.5/6.10 149.8/2.74 356/1.49 427.6/1.23 1.73 2.67 1.63 0.02 3.21 0.03 5818
NES CB 10-2/ 19 500–750 SM1 4.5 58.8/4.09 150.4/2.73 381.0/1.39 487.8/1.04 1.24 1.61 1.27 0.01 2.82 0.02 9687
NWT CB10-1/ 37 177–250 SL1 3.1 27.63/5.18 105.1/3.23 190.1/2.39 218.5/2.19 1.06 1.32 1.15 0.01 3.5 0.02 15,805
NWT CB10-1/ 36 375–500 SM2 4.1 61.8/4.02 166.5/2.59 332.6/1.59 407.7/1.29 1.14 1.44 1.2 0.01 2.77 0.03 5646
NWT CB10-1/ 35 710–1000 SM1 2.6 12/6.38 224.5/2.15 554.6/0.85 727.5/0.46 1.93 3.42 1.84 0.03 2.63 0.03 3408
NWT CB10-1/ 34 710–1000 SM1 3.2 12.2/6.35 171.2/2.55 514/0.96 717/0.48 2.08 3.71 1.92 0.02 3.06 0.03 4452
NWT CB10-1/ 33 710–1000 SM1 2.1 12.8/6.34 145.3/2.78 514/0.96 737.2/0.44 2.13 3.78 1.94 0.02 3.21 0.03 5732
NE CB 5/ 32 250–375 SM2 3.4 58.8/4.09 130.1/2.94 230.3/2.12 267.5/1.90 0.8 0.95 0.97 0.01 3.1 0.02 9388
NE CB 5/ 31 250–375 SM2 2.6 12.7/6.30 135.8/2.88 302.7/1.72 376.4/1.41 1.39 2.25 1.5 0.02 3.26 0.04 4314
NE CB 5/ 30 375–500 SM2 3.4 10.2/6.6 142/2.82 387.4/1.37 470/1.09 2.04 3.78 1.94 0.02 3.46 0.04 4303
NE CB 5/ 29 500–750 SM2 4.7 22.6/5.47 213/2.23 502.7/0.99 732.6/0.45 1.49 2.56 1.6 0.02 2.44 0.03 3460
NE CB 5/ 28 710–1000 SM1 4.5 9.8/6.67 202.5/2.30 535.1/0.90 733.7/0.45 2.03 2.56 1.6 0.03 2.47 0.03 2838
NE CB 5/ 27 710–1000 SM1 2.5 11/6.50 168.8/2.57 545.8/0.87 749.7/0.42 2.21 4.47 2.11 0.03 3.17 0.04 3156
NE CB 5/ 26 710–1000 SM1 3.4 11.7/6.61 141.2/2.82 544.9/0.88 737.8/0.44 2.16 4.55 2.12 0.03 3.42 0.04 4137
NE CB 5/ 25 710–1000 SM1 2.3 68.2/3.87 156.7/2.67 500.5/1 705.6/0.5 1.11 1.21 1.1 0.01 2.54 0.03 4011
NES CB11-2/18 177–250 SM3 9.7 26.7/5.25 75.1/3.73 178/2.49 233/2.16 1.03 1.06 1.03 0.02 3.81 0.05 3313
NES CB11-2/17 250–375 SM3 10.3 55.0/4.18 141.8/2.86 345.0/1.54 465.5/1.10 1.76 1.47 1.21 0.02 3 0.03 6069
NES CB11-2/16 300–375 SM3 8.3 10.7/6.54 111.5/3.16 375.3/1.41 587.5/0.77 1.86 3.05 1.74 0.02 3.66 0.04 5371
NES CB11-2/15 250–375 SM3 9.5 19.3/5.61 81.8/3.61 302.9/1.72 522.4/0.94 2.05 1.83 1.35 0.01 3.74 0.03 9538
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to medial sections. These three beds all belong to facies tract III (see
Section 4.5.3). Across the outlier, Type II grain size breaks are typically
located in themiddle and top of beds. Grain size breaks located towards
the top of beds occur throughout the outlier, while those located in the
Fig. 9.Markov chain diagrams showing theprobabilities of preferredupward transitions for the
matrix (minimum probabilities of 0.10 were used for the transitions), while dashed lines are b
comprises SW, CSE SE and ET sections. b) Medial grouping comprises PCR and ER sections. Valu
value for the medial grouping was below the limiting value at 95% confidence level. c) Distal g
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middle are primarily restricted to proximal and medial sections. In the
latter sections, the grain size break located in themiddle of the beds pre-
dominantly separate SM1 and SM2 facies fromoverlying SL2 and SL1 fa-
cies. This grain size break character has previously been described in
three section groupings. Solid lineswith associatedprobabilities are based on thedifference
ased on observed facies transitions from the transition count matrix. a) Proximal grouping
es in green are taken from the upward transition probability matrix since the chi-squared
rouping comprises NWT, NW, NE and NES sections.

Image of Fig. 9


Table 3
Entropy sets for the three section grouping. E(Pre) is entropy before deposition, while E
(Post) is entropy after deposition. Together they serve as an indication of the variety of
lithological transitions immediately after and before the occurrence of state i, respectively.
Where E(Post) > E(Pre), the dependency of state i on the preceeding state is stronger than
the influence of state i on the succeeding state. Where E(Pre) > E(Post), state i can follow
different state, and is also succeeded by them.

i,j E(Post) E(Pre) R(Post) R(Pre) Relationship

Proximal
SR 1.50 0.71 0.47 0.22 E(Post) > E(Pre)
SL1 0.57 0.59 0.18 0.19 E(Pre) > E(Post)
SL2 1.48 1.61 0.47 0.51 E(Pre) > E(Post)
SL3 2.09 1.82 0.66 0.57 E(Post) > E(Pre)
SM1 1.49 1.23 0.47 0.39 E(Post) > E(Pre)
SM2 1.83 2.13 0.58 0.67 E(Pre) > E(Post)
SM3 0.00 0.53 0.00 0.17 E(Pre) > E(Post)
CM1 2.36 1.89 0.74 0.60 E(Post) > E(Pre)
CM2 1.00 0.67 0.32 0.21 E(Pre) > E(Post)
CM3 0.00 0.50 0.00 0.16 E(Pre) > E(Post)

Medial
SR 0.00 0.99 0.00 0.35 E(Pre) > E(Post)
SL1 0.92 1.52 0.33 0.54 E(Pre) > E(Post)
SL2 1.91 1.87 0.68 0.67 E(Pre) > E(Post)
SL3 0.39 0.52 0.14 0.19 E(Pre) > E(Post)
SM1 1.03 0.79 0.37 0.28 E(Post) > E(Pre)
SM2 1.82 1.78 0.65 0.63 E(Pre) > E(Post)
CM1 1.46 1.04 0.52 0.37 E(Post) > E(Pre)
CM2 0.00 0.52 0.00 0.18 E(Pre) > E(Post)

Distal
SR 0.00 0.00 0.00 0.00 E(Pre) > E(Post)
SL1 0.00 0.39 0.00 0.15 E(Pre) > E(Post)
SL2 0.00 0.51 0.00 0.20 E(Pre) > E(Post)
SM1 0.41 0.43 0.16 0.17 E(Pre) > E(Post)
SM2 1.71 1.35 0.66 0.52 E(Post) > E(Pre)
SM3 0.92 0.76 0.36 0.29 E(Post) > E(Pre)
CM1 0.00 0.00 0.00 0.00 E(Post) > E(Pre)

Fig. 10. Distribution of normalised entropy sets with respect to individual states for
a) proximal, b) medial, and c) distal sections. The area within the circular region
represents asymmetrical Type A-4 cycles of Hattori (1976).
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detail by Cunha et al. (2017) in proximal settings. However, in beds CB 7
and 11-3, the opposite facies sequence is observed below and above the
grain size break. In contrast, the grain size break at the top typically sep-
arate SL3 and SL2 facies from overlying SL1 and SR facies (Figs. 3 and 5).
In proximal sections, the grain size break can be correlated between sec-
tions, becoming more infrequent and discontinuous in medial sections.
Moving distally, there is a gradual change in facies above and below the
grain size break, with massive sandstone (SM1 and SM3) below and
stratified sandstone (SL1 and SL2) above (e.g. CB 6, 10-1, 10-2, 11-1
and 11-2; Figs. 3-5). Type II grain size breaks in distal sections can be
correlated in a downflow and cross-flow direction.

4.4.3. Type III grain size breaks
Type III grain size breaks separate finer gravel and sand (6mm to 125

μm) from overlying coarser material (16 mm to 375 μm; Fig. 11e, f, g).
This grain size break is restricted to proximal (SW, CSE and SE) and me-
dial (PCR and ER) sections, and is observed in all beds except CB11–1
and 11–2. In many of these beds, the grain size break is discontinuous
at the outcrop scale, disappearing over a distance of 20 m. Vertically, the
grain size break can be observed at any heightwithin the bed. In proximal
andmedial locations, grain size breaks located at the base of beds separate
CM1 facies from an overlying coarser grained CM1 facies. The only excep-
tion to this trend is at the base of CB 10–1, where the overlying facies is
SL3.

Moving vertically up from the base, Type III grain size breaks are ob-
served in the middle of CB 6 and CB 7 (Fig. 5). In CB 6, the grain size
break is observed in the CSE section only, where it separates CM1 facies.
In contrast, within CB 7 the grain size break separates CM3 and SL3 fa-
cies from an overlying interval of SL3. Moving downslope in CB 7 to
the ER section (~4 km), the facies transition to graded massive sand-
stone above and below the grain size break. Type III grain size breaks lo-
cated at the top of beds are observed in CB 6, CB 10-2 and CB 11-3
13
(Fig. 3-5), and are more variable in character than those located at the
base and middle of beds. Nevertheless, a general trend is observed in
CB 11-3 and CB 6, where facies above the grain size break transition
from SR and SL2 facies in proximal sections, respectively, to SM1 in me-
dial sections. A similar trend is observed in CB 11-3 for the underlying
facies and consists of SR facies in proximal locations, transitioning to
SL2 facies downslope. The underlying facies in CB 6 is SM1 facies across
the outlier.

4.4.4. Type IV grain size breaks
Type IV grain size breaks are themost common across the outlier and

separate sand (750 to 88 μm) from an overlying laminated to massive

Image of Fig. 10


Fig. 11. Outcrop photographs illustrating the four types of grain size breaks observed in the Peïra Cava outlier. a) and b) Type I grain size breaks with >2 mm sediments below and finer
sand-size sediments above. c) and d) Type II grain size with coarser sand-size sediments below and finer sand- and silt-size sediments above. e) to g) Type III grain size break with finer
sediments below and coarser sediments above. h) Type IV grain size break at the top of most beds, separating silt and sand-sized sediments below and mud above.
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mudstone (MM andML) interval (Fig. 11h). They occur exclusively at the
top of sandstone beds. Due to erosion and amalgamation of beds (i.e. SW
and CSE), Type IV grain size breaks are less common in proximal locations
compared to more distal locations. Vertically, the grain size break occurs
predominantly between the SL or SR facies and ungraded mudstones
(MM). Distally, there is an increased occurrence of graded massive sand-
stone below the grain size break (e.g. ER CB 7 and NES CB 10-2, 11-2, and
11-3).

4.5. Internal bed character, geometry, and downslope facies tract

Figs. 3 to 6 illustrate the vertical and lateral changes in the internal
bed character and geometry in the eight beds. There is a progressive
distal fining and thinning of all beds, and a consistently low mud
content across the outlier. However, the internal bed character and
geometry of individual facies along downflow transects are highly
variable. Fig. 12 shows a number of downslope facies tracts that
describe key changes seen in the eight beds. These facies tracts are
described in terms of the vertical and lateral distribution of the massive
sandstone facies. Cross-flow transects of the beds can only be acquired
in distal locations from NW and NWT sections to NE and NES sections,
and have been shown as part of the downslope transects and marked
on Figs. 3 to 5. The cross-floor transects show similar characteristics
across the outlier.

4.5.1. Facies tract I
Facies tract I is characterised by a gradual transition from graded

massive sandstone in proximal and medial sections to visually ungraded
14
massive sandstone in distal sections. The massive sandstone facies form
a subordinate facies in the core of the beds in proximal and medial
sections, progressively becoming the dominant facies downslope
(Fig. 12a). This change in character is clearly seen in Beds CB 11-1 and
CB 10-2.

In proximal sections, CM1 and SL3 facies typically underlie SM2 fa-
cies. These facies decrease in thickness towards medial sections,
where they taper out and/or transition laterally into SM2 facies. The
overlying facies intervals consists of SL2 and SL1. The SM2 facies
gradually transitions to SM1 facies in distal locations. The structured fa-
cies interval above the SM1 and SM2 facies is thickest in proximal loca-
tions, attaining thicknesses of ~1 m before thinning progressively
downflow (Figs. 3-4 and 12a). This thickness is primarily related to ta-
pering and pinch out of the thin stratified sandstone, with the SL1 and
SR facies intervals maintaining their thickness across the outlier
(Fig. 12a). Centimetre-scale stratified, ordered mud clasts are present
in proximal locations, passing vertically and laterally into graded
dispersed mud clasts. In distal sections, mud clasts are exclusively
mm-scale graded dispersed variety.

In distal sections, a Type II grain size break separates SM1 facies from
the overlying SL1 and SR facies. These grain size breaks are correlated to
adjacent sections in the cross-flow direction. Type II grain size breaks
are also present proximal sections, but the facies above and below are
more variable. SL2 facies below and SL facies above the grain size
break are the most common facies.

The bed geometry has a thickness maximum in the proximal sec-
tions and closely approximates a linear (CB11-1) to sigmoidal
(CB10-2) profile. For CB11-1, the proximal maximum would be the

Image of Fig. 11


Table 4
Characteristics of the four grain size breaks observed in the study area. An asterisk (*) above the facies code refers to the predominant facies below and above the grain size break. U -
ungraded, N - normal grading, I - Inverse graded.

Bed No of observations Lateral position Vertical position Grading below Grading above Grain size below Grain size above Facies below Facies above

Type I - gravel overlain by finer grained sediments
CB 5 3 Proximal & medial Base & middle U N > 4 mm 1.5–1 mm *CM1, SL3 SM1, SM2
CB 6 4 Proximal & medial Base to top N, U U 6–2.5 mm 1.5 mm - 500 μm CM1 *SM1, SL2
CB 7 3 Proximal Base & middle I U 16 - 6 mm 4 - 2 mm CM1 CM1, *SM3
CB 10-1 3 Proximal & medial Base & middle I, U, N U 8 - 3 mm 1.5 mm - 500 μm CM1 *SM1, SM3
CB 11-2 2 Proximal Base I, N N 4 - 3 mm 2 - 1 mm SL3 SL3

Type II - coarse sand overlain by finer sand
CB 5 2 Proximal & medial Top N, U N 250 - 177 μm 125 - 62 μm SL2 SL1
CB 6 7 Proximal to distal Top & middle N, U U 1.5 mm - 375 μm 1 mm - 100 μm *SM, SL2 SM, SL1, *SL2
CB 7 4 Proximal Top & middle N, U N, U 2 - 1 mm 1 mm - 125 μm SL3 SM1, *SL1
CB 10-1 3 Proximal to distal Top N, U N, U 1 mm - 375 μm 1 mm - 187 μm SL2, *SM3 *SL1, SL2
CB 10-2 3 Proximal to distal Top & middle N, U N, U 500 - 250 μm 187 - 100 μm *SL2, SM2 *SR, SL1
CB 11-1 4 Proximal to distal Top & middle N, U N, U 500 - 250 μm 250 - 125 μm *SM, SL2 *SR, SM1
CB 11-2 1 Distal Top N U 250 μm 187 μm SL2 SL1
CB 11-3 5 Proximal & medial Top & middle N, U N, U 750 - 125 μm 4 mm - 375 μm SL1, *SR SM1, SL2, SR

Type III - finer sand overlain by coarser sediments
CB 6 1 Proximal & medial Base to top N, U N, U >500 μm >750 μm SM SM1, SL2
CB 7 5 Proximal & medial Base to top N, U N, U 4 mm - 500 6 - 1 mm CM1, SM1 CM1, SL3, SM2
CB 10-1 2 Proximal Base N, U N, U 3–1.5 mm 8 - 3 mm CM1 SL3, CM1
CB 10-2 1 Medial Top N U 125 μm 500 μm SL1 SL2
CB 11-3 3 Proximal & medial Top N, U N, U 750 - 125 μm 4 mm - 375 μm SL1, *SR SM1, SL2, SR

Type IV - sand overlain by mud
CB 5 5 Proximal to distal Top N, U – 88 μm Mud SR, ZL MM, ML
CB 6 6 Proximal to distal Top N, U – 750 - 100 μm Mud SL, SR MM, ML
CB 7 6 Proximal to distal Top N – 354 - 100 μm Mud SR MM, ML
CB 10-1 5 Proximal to distal Top N – 187 - 88 μm Mud SL2, SR MM, ML
CB 10-2 7 Proximal to distal Top N, U – 250 -100 μm Mud SR ML
CB 11-1 5 Proximal to distal Top N – 250 - 125 μm Mud SR ML
CB 11-2 4 Proximal to distal Top U – 250 - 125 μm Mud SR, SL ML
CB 11-3 6 Proximal to distal Top N – 250 - 125 μm Mud SR, SL, SM2 ML
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minimum preserved thickness due to the partial erosion of the bed
by subsequent flows (Fig. 3). Bed thickness decreases gradually
across the outlier; by as much as ~75% over a distance of ~11 km.
However, a less pronounced decrease (~40–45%) in bed thickness
is seen between the NWT/NW and NEW sections (Fig. 3). In CB10-
2, a local increase in bed thickness of ~9% is observed between
NWT and NW section.

4.5.2. Facies tract II
Facies tract II consists of SM3 facies exclusively bounded by Type II

grain size breaks in distal locations (Fig. 12b, c). This change in bed char-
acter is seen in CB 6, 10-1, and 11-2. The upper grain size break typically
separates the SM3 facies from an overlying thin interval of SL2 and SR
facies, or overlying mudstone. The lower grain size break separates an
underlying CM1 facies. In a crossflow direction, the upper grain size
break can be correlated between distal sections (Figs. 3-5 and 12). The
SM3 facies always contains mud clasts in the core and top of the bed,
with clast size varying from 4 mm to <40 cm. These mud clasts occur
as nested discontinuous zones sub-parallel to bedding and may show
weak grading.

Up-dip from distal sections, SM3 facies transitions abruptly to SM1
and SM2. For an ~2 m thick SM3 interval (i.e. CB 10–1), this transition
occurs over a distance of 4 km (NW to NWT section; Fig. 4). Similar to
facies tract I, a thin (< 20 cm) structured interval comprising SL2, SL1
and SR facies drape the massive sandstone. This structured interval
thickens progressively up-dip at the expense of the underlying SM1 fa-
cies, which in turn tapers out in proximal sections. In contrast, the SM2
interval maintains or increases its thickness up-dip. In proximal sec-
tions, facies tract IIa (i.e. CB 11–2 and 10–1) and IIb (CB6) can be differ-
entiated based on the presence of largemud and sandstone clasts in the
coarser (>2 mm) grain facies underlying the SM2 interval (Fig. 12b, c).
Facies tract IIa is characterised by coarser grained (>2 mm) facies that
lack mud clasts. The coarser grained facies can be massive (CM1; CB
15
10-1) or structured into thick spaced stratification (SL3; CB 11–2).
Downflow, the CM1 and SL3 facies pinch out abruptly, transitioning lat-
erally and vertically into SM1 and SM2 facies. In contrast, facies tract IIb
is characterised by very thick intervals (>3 m) of CM1 and CM2 facies
with rafted, ordered stratified and dispersed graded mud and sand
clasts (Fig. 12c). The interval has a highly variable geometry, doubling
in thickness over a distance of ~1.5 km (between SW and SE sections),
before decreasing and pinching out abruptly over 2 km (Figs. 3 and 4).
The transition to the overlying SM1, SM2 and SL2 is marked by a Type
I grain size break, which can be correlated downslope for a distance of
~5–6 km. Immediately up-dip of CSE section (for ~0.5 km), the clast-
rich CM1 and CM2 facies transition abruptly to clast-poor CM1 andmas-
sive sandstone facies, similar to Facies Tract IIa.

Facies tract II has a thickness maximum in proximal sections. Bed
thickness for facies tract IIa decreases gradually; < 40% over a distance
of 11 km. A significant proportion of this thickness reduction can be re-
lated to the pinch out of the coarser grain CM1 facies, with the overlying
sand grained facies maintaining a relatively uniform thickness. The
downslope profile most closely resembles a linear trend, with increased
rates of thinning inmedial sections. In comparison, Facies Tract IIb has a
more sigmoidal bed profile, with an abrupt thickness change in medial
sections that amounts to asmuch as 71% over a distance of ~4.5 km. This
is largely due to the highly variable thickness of clast-rich CM1 and CM2
intervals. Between ER and NE sections, a distance of ~3 km, Facies Tract
IIb maintains a comparatively uniform thickness (+/− 10% change).

4.5.3. Facies tract III
Facies tract III consists of thick intervals of alternating SM1 and SM2

facies in medial and distal sections (Fig. 12d, e). This characteristic is
clearly seen in beds CB11–3, CB7 and CB5. The SM1 facies interval are
typically thicker than SM2 facies that separate them. In all beds, the pro-
portion of massive sandstone facies, in particular SM1, increases pro-
gressively downslope (Fig. 12d, e).



Fig. 12. Generalised facies tracts of the correlatable beds showing internal bed character.
Due to the high sediment facies variability between sections in proximal locations, only
the most common characteristics between beds are incorporated in the facies tracts.
Beds thickness changes are illustrative, not quantitative, and show overall trend in
downslope variation.
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In distal sections, thesemassive sandstones are capped by thin inter-
vals of SL1 and SR facies without an intervening grain size break. How-
ever, up-dip, this transition is separated by a Type II grain size break
with the underlying facies typically SM2 and SL2. Moving up-dip, the
structured cap progressively thickens at the expense of the massive
sandstone interval, which in turn is gradually underlain by thicker inter-
vals of CM1 and/or SL3 facies. Thus, the alternating SM1 and SM2 inter-
vals form the core of the beds in medial and proximal sections. The
transition between the CM1 and/or SL3 facies is sharp, marked by either
a Type I grain size break or a short strongly graded interval. The CM
16
facies in proximal locations contain mm to cm, and locally dm-scale
mud clasts. They occur as disorganised rafted clasts inmost proximal lo-
cations, evolving downslope to more organised ordered stratified and/
or dispersed graded variety. The former variety is closely associated
with locations of internal grain size breaks and erosive scours
(Fig. 12d). The mudclast interval pinches out abruptly over a distance
of 2 km.

In proximal sections, facies tract III can be differentiated into Type
IIIa (CB11-3 and CB5) and IIIb (CB7) based on the presence of SM3
and SL3 facies (Fig. 12d, e). Facies fract IIIa lacks the massive sandstone
with patchy texture, and instead the graded and ungraded massive fa-
cies are dominant. Vertically, the two facies are more organised such
that beds lack the cyclic transitions seen in medial and distal sections
(Fig. 12d). In contrast, facies tract IIIb is characterised by a lateral transi-
tion from SM1 and/or SM2 to SL3 and SM3 facies. The latter facies has
foundered into the underlying CM1 facies and is separated by a Type I
grain size break. The SM3 facies is also separated from the overlying
SL3 facies by a grain size break. Both of these grain size breaks can be
correlated between proximal sections. Up-dip, the SM3 facies pinches
out abruptly over ~0.5 km, with the SL3 facies overlying the CM1 facies
in the most proximal sections (Fig. 12e).

Bed geometry of facies tract IIIa has accentuated highs in proximal
and distal sections. Bed thicknesses decrease by ~40% from the proximal
to medial sections, but increase again in distal sections to within +/−
10% of the thicknessmaximum observed up-dip (Fig. 6). In comparison,
facies tract IIIb also has accentuated proximal and distal highs, with only
minor decrease (~-15%) in bed thickness in medial sections (Fig. 5).
However, distal bed thicknesses are marginally larger (+10–15%) rela-
tive to proximal sections.

5. Discussion

5.1. Formation of massive sandstone at single sections

Themassive character in deep-water deposits has been considered a
manifestation of static suspension settling, suspension fallout without
traction, incremental deposition from near bed layers or sustained
near bed liquefied zones within quasi-steady or surge type turbidity
currents (Lowe, 1982; Arnott and Hand, 1989; Kneller and Branney,
1995; Stow and Johansson, 2000; Sumner et al., 2008; Cantero et al.,
2012a; Dorrell et al., 2013). Alternatively, non-cohesive to cohesive de-
bris flows are also envisaged to produce amassive deposit (Lowe, 1976;
Shanmugam, 1996; Baas et al., 2009; Sumner et al., 2009; Talling et al.,
2012). These depositional processes are now contextualised with re-
spect to the empirical evidence and statistical analysis presented in
this study. For interpretation of depositional processes for the remain-
ing facies, please refer to Table 1.

5.1.1. Ungraded, massive sandstone (SM1)
Ungraded massive sandstones have commonly been ascribed to de-

position from a sustained liquified zone beneath turbidity currents and
non-cohesive debris flows (Lowe, 1982; Kneller and Branney, 1995;
Shanmugam, 1996; Talling et al., 2013). The Markov chain and entropy
analysis in proximal andmedial sections reveal a degree of dependence
for the SM1 facies with the underlying CM and SM2 facies, while in
distal sections it exerts a strong influence on the succeeding SM2 facies.
The common occurrence of a Type I grain size break between the
conglomeratic and ungraded massive sandstone in proximal locations
impedes extrapolation of hydrodynamic processes upwards. Neverthe-
less, the presence of a Type I grain size break does indicate that the flow
was bi-partite with a highly concentrated basal layer and a lower
concentration upper layer (see Section 5.2.1).

Regardless, the gradual transition from SM2 to SM1 facies in proxi-
mal sections, as well as the opposite trend in distal sections, may pro-
vide evidence for the formation of SM1 facies. These transitions have
been observed in physical and numerical experiments involving

Image of Fig. 12
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relatively high-sediment concentration. Static settling experiments
show efficient grain segregation at <20% volume concentration to gen-
erate a strongly graded massive sandstone, while frictional interlocking
of grains is shown to inhibit segregation processes at >50% volume con-
centration (Amy et al., 2006). Similar settling behaviour are also ob-
served in the flume experiments where sediment concentration in
excess of 45% fully suppressed turbulence in a grain friction dominated
basal layer, leading to the development of ungraded deposits (Breien
et al., 2010; Cartigny et al., 2013). At intermediate concentrations (ca
20–45%), experimental studies have shown hindered settling to pro-
duce ungraded to poorly graded deposits (e.g. Amy et al., 2006;
Sumner et al., 2008; Dorrell et al., 2011; Dorrell et al., 2013). Though
these studies reported disparate grain support mechanisms, they all
support incremental deposition from a high concentration near bed
layer (sensu Vrolijk and Southard, 1997) where grain segregation was
inhibited based on sediment concentration. These near bed layers are
fed and driven by an overriding turbulent flow and deposition occurs
from the base-upwards due to interlocking of grains (Hiscott, 1994b;
Cartigny et al., 2013).

5.1.2. Graded, massive sandstone (SM2)
The Markov chain and entropy analysis in the three groupings indi-

cate that the successor facies (i.e. SL2 facies) are non-random and there
is a strong dependence on the graded massive sandstone. This transi-
tion, alongwith the normal grading (at the very least in the SM2 facies),
implies that flow velocity and concentration were decreasing during
and succeeding deposition of the SM2 facies (Sumner et al., 2008). It is
therefore unlikely that graded massive interval were deposited by a
sustained near bed liquefied zone, which requires a constant, prolonged
and rapid sediment fallout (sensu stricto Kneller and Branney, 1995). In
addition, these types of flows have not yet been recreated experimen-
tally. In contrast, experimental flows have shown the formation of SL2
facies to be related to lateral shearing of grains during repeated collapse
and subsequent erosion of near bed layers (Arnott and Hand, 1989;
Vrolijk and Southard, 1997; Leclair and Arnott, 2005; Sumner et al.,
2008; Cartigny et al., 2013). However, the deposit character depends
on the concentration (~10 to 35%) within the near bed layers, which
in turn depends on the sediment fallout rates from the overriding flow
(Sumner et al., 2008; Cartigny et al., 2013). At lower concentrations, tur-
bulent reworking of collapsing laminar sheared layers produced the SL2
facies (Vrolijk and Southard, 1997; Sumner et al., 2008; Cartigny et al.,
2013). At higher concentrations, stratification is seen to be suppressed
Fig. 13.Models showing the development of grain size breaks in the Peïra Cava Basin. a) Type I gr
overlying turbulent layer. Further downslope, the hyper-concentrated basal layer transforms int
turbulent flow from capacity to competence driven deposition. c) Type III grain size break is creat
during which earlier deposited sediments may be eroded. Return to net deposition may lead to se
within fluid mud layers.
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leading to the development massive deposits. The bed aggradation
rates at which this occurs is reported to be greater than 2.64 cm
min−1 (Arnott and Hand, 1989; Sylvester and Lowe, 2004; Sumner
et al., 2008). Thus, extrapolating the hydrodynamic interpretation of
the structured facies down to the massive sandstone, as advocated by
the vertical transitions, supports the formation of graded,massive sand-
stone by repeated collapse of near bed layers (similar to ungradedmas-
sive sandstones but with a lower concentration).

5.1.3. Massive sandstone with patchy texture (SM3)
Most intervals of SM3 facies are located in distal sections of the out-

lier. They have previously been described by Talling et al. (2013) in the
Marnaso-Arenacea Formation in the northern Apennines, and attrib-
uted to deposition from liquefied debris flows from which sand grains
partially settle out. Experimental studies on subaerial and subaqueous
debris flows have shown the development of a transient excess pore
pressure by gravitational loading, which can support grains during
transport (Iverson, 1997; Major and Iverson, 1999; Major, 2000; Ilstad
et al., 2004; Breien et al., 2010; Kaitna et al., 2016). Dissipation of this
pore pressure during transit and deposition of the debris flowmay mo-
bilise sediments via slow convection and elutriation. A physical expres-
sion of this could be the irregular or patchy texture in the massive
sandstone. However, to date no experimental work has reproduced
this textural characteristic.

The presence of chaotically organised, unsegregated mud clasts to-
wards the middle and top of the SM3 facies, as well as a sharp grain
size break at the upper boundary, does lend support to deposition
from debris flows (Talling et al., 2012). These mud clasts can be sup-
ported in debris flows if they are less buoyant and have lower densities
than thematrix (Postma et al., 1988). The fact that they are unarmoured
suggests mud clasts may have been protected by a surrounding debris
flow (Piper et al., 1999; Li et al., 2017; Hizzett et al., 2020). The irregular
shape ofmud clasts also implies that they experienced less abrasion as is
common in debris flows (Fukuda and Naruse, 2020).

However, the crude normal grading identified in the SM3 facies from
thin sections eludes to deposition from a turbulent flow. Notwithstanding
this fact, experimental studies have also shown crude coarse-tail grading
occurring in debrisflows after theflowhas stoppedmoving (Major, 2000;
Baas et al., 2009; Sumner et al., 2009; Baas et al., 2011). This could be re-
lated to the hydraulic diffusivity of the debris flow, which may promote
weak grain segregation. In amore permeable debris flow, fluid pore pres-
sures and effective stresses change more rapidly due to the presence of
ain size break is created by en-masse freezing of the lower layer and sediment reworking the
o a turbulent flow. b) Type II grain size break represents change in settling regime within a
ed by multiple surges within a single flow. Each surge is characterised by waxing conditions,
dimentation of coarser sediments. d) Type IV grain size break is created by sediment bypass
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pervasive pathways for fluid migration. As the pore pressure dissipates,
the deposit undergoes consolidation from the base upwards (Sumner
et al., 2009; Baas et al., 2011). The simultaneous expulsion of the pore
fluid elutriates finer grains, while coarse grains settle under hindered set-
tling, producing a crudely graded interval. This latter explanation for the
normal grading observed in facies SM3 could have also led to the forma-
tion of patchy texture. Thus, supporting the mechanism proposed by
Talling et al. (2013) for the deposition of massive sandstone with patchy
texture.

5.2. Origin of the grain size breaks

The eight beds contain four different types of grain size breaks. Local
seabed topographic obstacles are not considered likely to create these
grain size breaks due to the inferred flat intra-basin floor topography
(Sinclair and Cowie, 2003; Aas et al., 2010). In the following section,
they are interpreted as a product of sediment transport and depositional
processes (Fig. 13).

5.2.1. Type I grain size break
Type I grain size breaks are predominantly confined to proximal and

medial locations. Based on experimental andfield observations, they are
interpreted to represent a sharp rheological transition between a highly
concentrated basal layer and an overriding lower concentration plume
(Sanders, 1965; Postma et al., 1988; Mutti et al., 1999; Tinterri et al.,
2003; Ilstad et al., 2004; Stevenson et al., 2014). In the present study,
the dominant facies beneath Type I grain size breaks are conglomeratic
facies, which are likely to be deposited by debris flow or inflated
sandflow (Table 1; Hiscott, 1994b; Sohn, 1997, Pickering and Hiscott,
2015). In contrast, the overlying facies, commonly massive or stratified
sandstones, aremore indicative of incremental deposition fromanover-
riding turbulent current (see above). Due to the rapid deposition of both
facies with only short periods of sediment by-pass, Type I grain size
breaks not only represent a rheological transition, but also likely pre-
serve the vertical bipartite structure of the flow in the deposit
(Fig. 13a). The lateral correlation of the grain size break in proximal lo-
cation can thus be used to infer the runout distance of the basal dense
layer. In the case of CB6, this distance is ~2 km. Beyond the proximal sec-
tions, the observations indicate that flows decoupled and deposited
massive sandstones as they travelled downslope.

5.2.2. Type II grain size break
Type II grain size breaks are common in the Peïra Cava outlier, ob-

served in most beds in proximal to distal sections. They are here
interpreted to represent a transition from capacity- to competence-
driven deposition (Fig. 12b; Kneller and McCaffrey, 2003; Stevenson
et al., 2014). In experimental studies, this transition in settling regime is
often associatedwith sediment by-pass, reworking and/or erosion of ear-
lier deposited sediments (Vrolijk and Southard, 1997; Sumner et al., 2008;
Cartigny et al., 2013). The sediments below the grain size break are poorly
graded and sorted, while those above show strong grading and improved
sorting. The field study of Tinterri et al. (2016) and Cunha et al. (2017)
also interpreted similar facies and concomitant grain size break as a by-
pass horizon due to the decoupling of the basal denseflow and upper tur-
bulent flow. In the current study, facies below the grain size break are
eithermassive or stratified intervals of poorly sorted sandstones. These fa-
cies are deposited incrementally by collapsing high-concentration near
bed layers in which hindered settling is active (Arnott and Hand, 1989;
Hiscott, 1994a; Sohn, 1997; Leclair and Arnott, 2005; Sumner et al.,
2008; Dorrell et al., 2011; Cartigny et al., 2013). Above the grain size
break, possibly after a period of bypass, sediment sorting improves and
deposits are commonly strongly graded, indicating enhanced grain segre-
gation processes (likely a decrease in hindered settling and an increased
in elutriation) due to reduced sediment fallout rates (Table 1; Amy
et al., 2006; Baas et al., 2011; Dorrell et al., 2011; Talling et al., 2012;
Tinterri et al., 2016, 2017; Cunha et al., 2017). The cause of the transition
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from capacity- to competence-driven deposition could be related to lon-
gitudinal variation in flow concentration and velocity (Kneller and
McCaffrey, 2003) or flow deceleration due to topographic confinement
(Tinterri and Muzzi Magalhaes, 2011; Tinterri et al., 2016; Cunha et al.,
2017).

5.2.3. Type III grain size break
Type III grain size breaks are located only in proximal and medial

sections. They are surmised to form from waxing flow conditions that
become sufficiently energetic to increase the capacity of the flow and
erode the previously deposited sediments (Fig. 12c; Kneller, 1995;
Kneller and McCaffrey, 2003). The overlying coarser material is in turn
deposited under conditions of increaseing turbulent energy and shear
velocity (i.e. waxing flow conditions) (Sylvester and Lowe, 2004;
Sumner et al., 2012; Stevenson et al., 2014). Such conditions may arise
if the flow is surging (i.e. pulse of rapidly moving fluid) at the source
due to retrogressive slope failures, variations in ground shaking in cur-
rents initiated by single seismic events, variations in flood hydrograph
for hyperpycnally generated flows, or internal waves generated by in-
teraction with topography and/or velocity pulses (Piper et al., 1999;
Mulder and Alexander, 2001; Kneller and McCaffrey, 2003; Patacci et
al., 2015; Ho et al., 2018). In the current study, no inverse grading is
seen in the facies underlying Type III grain size breaks to conclusively in-
dicate waxing flow conditions, which intimate flowswere either steady
orwaning prior to the formation of the grain size breaks (Kneller, 1995).
Notwithstanding this observation, it is likely that increased flow shear
velocities and turbulence intensities completely removed the deposi-
tional record of the waxing phase.

Furthermore, the predominantly proximal occurrence and
discontinuous nature of the grain size break suggest that the flows
were highly unsteady and pulsatory (i.e. dominated by multiple surges
characterised by waxing and waning conditions) near the source
(Kneller and McCaffrey, 2003). Regardless of the origin of the pulsating
flow, the complete absence of the grain size break in distal locations im-
plies flows likely developed a simple surge structure that was depletive
and waning (Ho et al., 2018). The relative small size of the Peïra Cava
outlier also implies that such organisation occurred over a relatively
short distance (~6 km).

5.2.4. Type IV Grain size break
Type IV grain size breaks mark a vertical transition from non-

cohesive sand and silt tomud. They are interpreted as the onset of cohe-
sive behaviour in the tail of the flow as clay and other cohesive material
settle out (Piper, 1978; Macdonald, 1986; Amy, 2000; Gladstone and
Sparks, 2002; Remacha et al., 2005; Kane et al., 2007; Sumner et al.,
2012; Stevenson et al., 2014). This leads to the development of high
concentration fluid mud layers that hinder non-cohesive grain settling
(Baas et al., 2014; Stevenson et al., 2014). As the fluid layers move
downslope, they transport grains size fractions that would otherwise
settle out of suspension, thus creating the grain size break (Fig. 12d;
Baas and Best, 2002; Baas et al., 2009; Sumner et al., 2009; Baas et al.,
2014; Stevenson et al., 2014).

5.2.5. Implication of the grain size breaks
The presence of multiple Type I, II and, III grain size breaks and their

lateral distribution indicates that flows were stratified, unsteady and
pulsatory in nature. At a given point, this translates into phases of
waxing and waning flow velocity and sediment concentration. In prox-
imal andmedial sections, beds are influencedmore by the surging head
(and subsequent surges), leading to greater sediment re-entrainment
and/or by-pass. Massive sandstones in these locations are likely to
form part of sequences of facies and bounded by grain size breaks. Fur-
ther downslope, the type and frequency of grain size breaks indicate
flows became more organised. Here the massive sandstone are less
likely to be bounded by grain size breaks and more likely to constitute
the sole facies within the beds.
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5.3. Vertical facies transition

Chi-squared statistics reject the null hypothesis of quasi-
independence at the 99.5% confidence level for the proximal and distal
groupings, and at the 97.5% for the medial grouping. These results gen-
erally concur with the entropy analysis, which show no cases where E
(Pre) ≈ E(Post) ≠ 0 (Table 3), implying some level of dependency of
one state on another. Both the Markov and entropy analysis therefore
support in a statisticalmanner the conclusion that deposition of the var-
ious facies in the eight beds depend on temporally evolving flow condi-
tions. This analysis is therefore used to infer temporal evolution of flow
processes and deposition of massive sandstone facies in the Peïra Cava
outlier.

5.3.1. Proximal Locations
In proximal locations, the preferred vertical transition show both

SM1 and SM2 facies occupy a position in the middle of the bed
(Fig. 9). They are overlain by structured intervals and underlain by SL3
or CM facies. This facies sequence broadly conforms with the vertical
transition described by Hiscott and Middleton (1979), Lowe (1982),
Mutti (1992) and Mutti et al. (2003), and was interpreted as a deposit
of surge-type bipartite flows. However, a key deviation from themodels
in the present study is the repetition or incomplete sequences seen in
the top half of the bed, and the presence of grain size breaks. The
grain size breaks commonly separate massive sandstones from the un-
derlying and overlying facies (Fig. 12), and suggest the flow had multi-
ple surges which created phases of waxing and waning flow velocity
and concentrations (Fig. 13).

In the present study, the CMand SL3 facies at the base are likely to be
transported by high concentration traction carpets and/or debris flow
processes and deposited rapidly (Table 1; Hiscott, 1994b; Sohn, 1997;
Mulder and Alexander, 2001; Pickering and Hiscott, 2015). The overly-
ing SM1 and SM2 facies were deposited by high concentration near
bed layers beneath a turbulent flow. Above the SM1 and SM2 facies,
the ideal vertical transition is SL2, SL1 and SR facies. With the exception
of SL2 facies, which were deposited in a manner similar to the massive
facies, the SL1 and SR facies were formed by grains reworked as bedload
in a lower flow regime (Allen, 1982; Baas, 1999; Leclair and Arnott,
2005; Sumner et al., 2008; Talling et al., 2012). This sequence broadly
resembles the modified Bouma sequence of Talling et al. (2012), and
is interpreted to be deposited by turbidity currents. Thus, the boundary
between a high- and low- concentration turbidity current can be placed
between the transition fromSL2 and SL1 facies (Talling et al., 2012). This
transition is commonly recognised by a grain size break, and marks a
switch from capacity- to competence-induced deposition as a result of
longitudinal gradient in velocity and sediment concentration (Kneller
and McCaffrey, 2003; Stevenson et al., 2014). Alternatively, the se-
quence and grain size break can be related to rapid deceleration induced
by topographic confinement in proximal locations (Tinterri and Muzzi
Magalhaes, 2011; Tinterri et al., 2016; Cunha et al., 2017). In such a sce-
nario, the facies sequence could be result of a complex interplay be-
tween waxing and waning conditions, and capacity-driven deposition
(basal massive sandstone) with concomitant development of turbulent
energy and competence-driven deposition induce by flow deceleration
due to flow-topography interaction (Tinterri and Muzzi Magalhaes,
2011). Regardless of the exact mechanism, the overall structure of the
deposits in proximal locations preserves the vertical structure of a bi-
partite flow, as well as a transition from high concentration but turbu-
lent flow to a lower concentration, turbulent flow (Postma et al.,
1988; Sumner et al., 2008; Stevenson et al., 2014; Tinterri and Muzzi
Magalhaes, 2011).

5.3.2. Medial locations
Based on the observed transitions, a sequence consisting of a thin in-

terval of coarser grained facies (e.g. CM1) at the base, followed by SM1
and/or SM2 and structured facies at the top is the most common
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sequence seen in medial sections. This sequence is similar to proximal
locations, and suggest similar temporal evolution of flow processes.
However, a repetitive occurrence of massive and structured intervals
is indicated statistically (Fig. 9), and observed at different stratigraphic
heights in beds CB11–3, CB7 and CB5 (Figs. 3 to 6). This sequence is
used as a diagnostic feature of facies tract III (Fig. 12), and likely con-
tributed to the rejection of the null hypothesis at the higher confi-
dence level (i.e. 99.5%) in the medial sections as a whole. These
repetitive sequences have not been described in previous idealised
models. Longitudinal variations in flow concentration and velocity
induced by surging flows may explain their formation. The passage
of these surges could produce fluctuations in sediment fallout rates,
and consequentially deposition of repetitive sequences of massive
(ungraded and graded) and thin spaced stratified intervals (Kneller
and McCaffrey, 2003). The local presence of Type II and III grains
size breaks does lends supports to this mechanism (Kneller and
McCaffrey, 2003; Stevenson et al., 2014). As the surges progress
downslope, they cannibalise slower moving surges and the flow or-
ganises itself into a single surge (Ho et al., 2018). However, the pres-
ence of repetitive sequences in facies tract III in distal locations
suggests this was not the case, and that alternative mechanisms
likely created the observed internal character.

Repeating sequences of normal graded massive, laminated and/or
rippled sandstones have been observed in confined basins similar to the
Peïra Cava sub-basin, where they are interpreted as a record of flow
interaction (i.e. reflection and deflection) with the confining topography
(Haughton, 1994; Sinclair, 1994; Kneller and McCaffrey, 1999; Felletti,
2002; Muzzi Magalhaes and Tinterri, 2010; Tinterri and Muzzi
Magalhaes, 2011; Tinterri et al., 2016; Tinterri and Piazza, 2019).
Additional criteria for flow interactionwith confining topography include
opposing ripples, convulate lamination and soft-sediment deformation
with load structures, and hummocky type structures (Muzzi Magalhaes
and Tinterri, 2010; Tinterri and Muzzi Magalhaes, 2011; Tinterri et al.,
2016; Tinterri and Piazza, 2019). However, in the current study, most
beds lack many of these structures that would otherwise conclusively
support flow interaction with confining topography. The proximity to
the confining topography is also uncertain for medial sections.

Alternatively, the repetitive facies of facies tract III is here
interpreted as a record of continuous flow interaction with the confin-
ing topographywhich resulted in the generation and propagation of in-
ternal waves (Fig. 14; Pantin and Leeder, 1987; Kneller et al., 1991;
Edwards et al., 1994;; Muzzi Magalhaes and Tinterri, 2010; Patacci
et al., 2015; Tinterri et al., 2016). In this sense, internal waves are oscil-
lations that arise from perturbations of the hydrostatic equilibrium
along density interfaces, where the balance between the buoyant re-
storing forces and inertial driving forces is governed by the Richardson
number (Kneller et al., 1991; Tinterri et al., 2016). They record the prop-
agation of energy, which in turn creates fluctuations in flow velocity,
concentration, pressure and sediment fallout rates (Nemec, 1995;
Muzzi Magalhaes and Tinterri, 2010; Patacci et al., 2015). Tinterri et al.
(2016) suggested different types of internal waves can generate de-
pending on the deceleration rate of the flow against the confining to-
pography, from weak internal waves where there is a transference of
energy, to stronger bores that have the characteristics of density cur-
rents capable of transporting and resuspending sediments. Consequen-
tially, the characteristics of the internal waveswill influence the deposit
character (Muzzi Magalhaes and Tinterri, 2010; Tinterri and Muzzi
Magalhaes, 2011; Patacci et al., 2015; Tinterri et al., 2016). The impact
on the deposit character is likely to be greatest near the source of the in-
ternal waves where they have the greatest energy and amplitude
(Edwards et al., 1994; Patacci et al., 2015; Tinterri et al., 2016; Cunha
et al., 2017). Here, the deposit structure may be characterised by repet-
itive internal erosion surfaces, traction structures, undulate laminations,
and soft-sediment deformation (Kneller et al., 1991; Kneller and
McCaffrey, 1999 Muzzi Magalhaes and Tinterri, 2010; Tinterri et al.,
2016; Cunha et al., 2017). With distance from the source, the waves



Fig. 14. Formation of a sediment-bearing suspension cloud and internal waves as a result of flow interactionwith the distal confining topography. Continuous supply of sediments from the
flow inflates the plume andmigrates upstream. The corresponding increase in concentration results in deposition of massive sandstones inmedial and distal sections. The generation and
upstream passage of internal waves at density interfaces also creates fluctuations in flow velocity and sediment fallout rates, which are expressed in the deposit as repetitive sequence of
facies (represented in facies tract III). Red line shows the evolution of the concentration profile of the suspension plume spatially and vertically.
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decay and variations in flow velocity, concentration, pressure and sedi-
ment fallout rates become subtler (MuzziMagalhaes and Tinterri, 2010;
Patacci et al., 2015; Tinterri et al., 2016). This will translate into subtler
facies transitions such as repeating facies of ungraded and graded mas-
sive sandstone, and thin spaced laminae (MuzziMagalhaes and Tinterri,
2010; Tinterri and Muzzi Magalhaes, 2011; Patacci et al., 2015; Cunha
et al., 2017). Such a mechanism is here interpreted as the cause of the
repetitive facies observed in the medial section. However, it is difficult
to ascertain the source of the internal waves (i.e. proximal, lateral
slope or bounding slope). The lack of repetitive internal divisions in
proximal deposits intimate flow reflection or deflection off lateral or
bounding confining topography as the cause (Fig. 14).

5.3.3. Distal locations
In distal sections, the dominant facies is themassive sandstone in all

the beds. These are overlain by thin intervals of structured facies (e.g. SL
or SR), commonly separated by a Type II grain size break. This ideal se-
quence is seen in many distal basin locations and is similar to that de-
scribed by Bouma (1962) Lowe (1982), Mutti (1992) and Kneller and
McCaffrey (2003). It has been interpreted as a deposit of turbidity
currents that experienced a switch from capacity- to competence-
induced deposition. Where the SM3 facies is overlain by structured
facies, this transition is always marked by a grain size break. This se-
quence is similar to one observed by Talling et al. (2013), who
interpreted a dilute flow reworking the top of the massive sandstone.
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In this case the SM3 facies is interpreted to be deposited by a liquefied
debris flow (Talling et al., 2013).

Similar to the medial sections, the statistical analysis indicates the
presence of repetitive trends in the form of alternating SM1 and SM2 fa-
cies. These trends are clearly seen in beds CB11–3, CB7 and CB5 of facies
tract III. They have not been incorporated into previous facies models,
but due to their similarity with the medial sections, the trends are
interpreted to form in a comparablemanner i.e. flowprocesses associated
with the interaction of internal waves. However, in this setting it is likely
the internal waves were generated by the flows impacting the bounding
topography due to its proximity (Fig. 14). The passage of these internal
waves in turn leads to fluctuations in sediment fallout rates to the static
bed (Patacci et al., 2015), and the development of alternating repetitive
occurrence of ungraded and graded massive sandstones.

6. Lateral distribution of massive sandstones

In many field studies of high-density turbidites in ancient systems, a
systematic downflow trend has been observed in facies architecture.
The proximal (upstream) deposits comprise thick beds of massive and/
or stratified sandstone capped by a thin low-density turbidite interval of
finer-grained laminated and rippled sandstone (Tb to Td turbidite divi-
sions). In distal (downflow) deposits, the massive/stratified HDT interval
thins and is replaced by the LDT interval as the dominant facies (e.g.
Hirayama and Nakajima, 1977; Macdonald, 1986; Tokuhashi, 1989;

Image of Fig. 14


Fig. 15. Model showing the formation of ungraded massive sandstone in distal locations in facies tract I. As the flow decelerates against confining topography, it experiences increased
vertical flow stratification and turbulence suppression. A denser sediment suspension near the base of the flow influences the development of high concentration near bed layers and
the deposition of massive sandstone.
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Remacha et al., 2005; Amy and Talling, 2006; Mcintosh, 2007; Talling
et al., 2007a; Sumner et al., 2012; Talling et al., 2013; Malgesini et al.,
2015; Cunha et al., 2017). These trends have also been reproduced in
physical and numerical experiments (e.g. Dade et al., 1994; Tinterri et
al., 2003; Baas et al., 2004;Malgesini et al., 2015), and are diagnostic of de-
pletive and waning high density turbidity currents that experience hin-
dered settling from a dense near-bed flow in proximal and medial
settings (Talling et al., 2007a; Malgesini et al., 2015).

In the current study, the beds in proximal and medial settings are in-
deed predominantly composed of massive and/or thick to thin stratified
intervals. However, and in contrast to the thin drape seen in other loca-
tions, the upper low density turbidite deposit locally constitute a third
of the thickness of the beds, especially in proximal locations (Fig. 12). Fur-
thermore, the facies tracts clearly show an increase in the relative propor-
tion of themassive facies distally,while the lowdensity turbidite intervals
pinch out (Fig. 12). Similar transitions in Eocene turbidite beds on
Spitzbergenwere attributed to collapse of aflowdue to buoyancy reversal
(Plink-Björklund and Steel, 2004). The Peïra Cava outlier has been
interpreted as a delta-fed turbidite, which could create ideal conditions
for buoyancy reversal in the flows if the interstitial fluid suspending the
sediments was of lower density. However, the observed vertical facies
transitions are different to those predicted forflowswith buoyancy rever-
sal (Stevenson and Peakall, 2010; Steel et al., 2017). In the following sec-
tions, these trends are explained by flow interaction with the confining
topography.

6.1. Facies tract I

Facies tract I displays a basinward transition to SM1 facies (Fig. 12a).
This lateral transition is here interpreted as a response to rapid decelera-
tion of the turbulent flow as it interacted with the confining slope (i.e.
increased slope angle). Dimensionless parameters that modulate turbu-
lence and thus thedegree of turbulencedampening are the shear Richard-
son number and the fall velocity (Cantero et al., 2009, 2012a, 2012b). If
the turbulent flow rapidly decelerated due to an increase in slope angle,
the shear Richardson number would increase significantly. This in turn
would lead to increased vertical flow stratification and turbulence sup-
pression (Talling et al., 2007b). A denser sediment suspension would
form near the base of the flow and influence the development of high
concentration near bed layers. As flows traversed the Peïra Cava sub-
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basin, they are likely to bedepletive and evolve to deposit lowdensity tur-
bidites (i.e. Tb to Td facies) as sediment concentration decrease. However,
a change in slope angle could reconcentrate theflowand allowdeposition
of SM1 facies of facies tract I in distal locations (Fig. 15). Such a reconcen-
tration of the flow could also be aided by the formation of a suspension
cloud as the head of the flow impacted against the confining slope
(Patacci et al., 2015).

6.2. Facies tract II

Facies tract II is defined by basinward transition from SM1 or SM2 fa-
cies to SM3 facies, with the latter interpreted to be deposited by liquefied
debris flows (Talling et al., 2013). Experimental studies have shown the
ability of small volumes of clay (~ 3–4 wt%) to modulate turbulence and
modify the settling regime within flows (Baas and Best, 2002; Baas
et al., 2009; Baas et al., 2011; Baas et al., 2016; Sumner et al., 2009). The
clay may be introduced into the flow through erosion of a muddy sub-
strate and/or disintegration of mud clasts (Amy et al., 2006; Ito, 2008;
Davis et al., 2009; Haughton et al., 2009; Kane and Pontén, 2012; Patacci
et al., 2014; Hizzett et al., 2020). The presence of unarmoured mud clasts
and mud content up to 10% in the SM3 facies, compared to the SM1 and
SM2 facies, does intimate incorporation of mud in to the flow through
this process. In experimental studies, increasing clay concentration is
shown to produce a liquefied basal layer behind the head of an erosive
and turbulent flow (Marr et al., 2001; Breien et al., 2010). These liquefied
layers are characterised by transient excess pore pressure and laminar be-
haviour, with sediments ‘floating’ freely in the sediment-fluid mixture
(Breien et al., 2010). A downslope transformation froma turbidity current
to such a flow is postulated to account for SM3 facies in distal locations
(Fig. 16). Flow transformation could have been initiated by a change in
slope angle, which rapidly decelerated the flow and modulated settling
behaviour (Baas et al., 2009; Sumner et al., 2009). The turbulent plume
that follows this phase reworks the top of the deposit to produce the
grain size break and the thin interval of traction structures that commonly
cap SM3 facies in distal sections.

6.3. Facies tract III

Facies tract III exhibits bed profiles with accentuated highs in the
proximal and distal sections, as well as repetitive alternation of SM1,

Image of Fig. 15


Fig. 16.Model showing the formation of themassive sandstone with patchy texture in facies tract III. An initially erosive flow entrainsmud from amuddy substrate and/or disaggregation
of mud clasts, leading to increased clay content in the flow. This creates a liquefied basal layer with transient excess pore pressure and laminar behaviour. Deceleration of the flow and
subsequent dissipation of the pore pressure, during and after deposition of sediments, gradually remobilises the sediments to produce a patchy texture.

U.S. Patel, A. Gardiner and D.A.V. Stow Sedimentary Geology 424 (2021) 106001
SM2 and SL2 facies in distal and medial sections. The internal character
is thought to relate to generation and propagation of internal waves
away from the confining topography as discussed previously (Fig. 14).
The bed profiles and poorly sorted nature of deposits indicate that the
flows were highly efficient, capable of traversing the length of the
sub-basin withmuch of its sediment load still in suspension prior to en-
countering the confining topography (Gladstone et al., 1998; Salaheldin
et al., 2000). The resulting interaction creates an upstream migrating
sediment-bearing suspension cloud (Edwards et al., 1994; Lamb et al.,
2004; Lamb et al., 2006; Toniolo et al., 2006; Patacci et al., 2015). If
surge-type turbidity currents are involved in their development, as is
likely to be the case here, the suspension cloud migrates upstream be-
fore breaking into a series of internal waves (Edwards et al., 1994;
Tinterri et al., 2016). The initial development of the suspension cloud
corresponds to increased sediment concentrations and consequently
higher sediment fallout rate (Muzzi Magalhaes and Tinterri, 2010;
Patacci et al., 2015; Tinterri et al., 2016). This in turn could cause the
gravitational transformation of the flow in distal location to produce
massive sandstones. The upstream passage of the internal waves leads
to subtle fluctuations in velocity and sediment concentrations, which
in turn modulates the sediment fallout rate to the static bed. The phys-
ical expression of this will be the sequence of repetitive intervals seen in
facies tract III. Analogue bed character are also seen in the vicinity of
onlap surfaces in the Tabernas Basin of SE Spain and the Piedmont
Basin of NW Italy (Haughton, 2000; Felletti, 2002). These basins are rel-
atively small and comparable in size to Peïra Cava sub-basin, which
likely makes it easier to develop and sustain a suspension cloud to re-
concentrate the flow in distal locations. In addition to the repetitive se-
quence described here, the generation of a suspension cloud and
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internal waves is also reported by Tinterri et al. (2016) and Cunha
et al. (2017) as the cause of convolute lamination, load structures and
diffuse soft-sediment deformation in beds in the same distal section
(i.e. NE section) of the Peïra Cava sub-basin. In this case, the passage
of the crests and troughs of successive waves create pressure fluctua-
tions and consequent liquefaction and floundering.

7. Flow evolution and deposition of massive sandstones

Based on the empirical data and the interpretation presented above,
the depositional history of massive sandstone depositing flows is now
summarised. The presence of multiple Type I, II and III grain size breaks
in the studied beds, especially in proximal locations, indicate the flow
was bi-partite and unsteady. Deposition begins from a basal dense
layer and results in a granular to cobble-grained deposit. The overriding
high-density turbidity current subsequently deposits coarse grained
massive and thick spaced stratified sandstone intervals, creating a
Type I grain size break (Stevenson et al., 2014). Deposition from the
high density turbidity current initially occurs via collapse of high con-
centration near bed layers. When sediment fallout rates are sufficiently
high to prevent reworking of the layers, a graded or ungraded massive
interval is likely to form. The hindered settling and grain-to-grain inter-
action operating within the flow during this stage is likely to create a
thickness maximum in proximal locations (Talling et al., 2007a;
Malgesini et al., 2015).

As the flow velocity and concentration progressively decline, the
high concentration near bed layers thin and are reworked by traction
to form graded, thin spaced stratified intervals. Ultimately, the declining
concentration results in deposition of low density turbidites (parallel

Image of Fig. 16
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laminated and rippled sandstone intervals) at the top of the bed, with
the transition marked by a Type II grain size break. Multiple surges are
likely to create a repetition of the high and low density turbidites, sepa-
rated by Type II and III grain size breaks. Further downslope, theflowor-
ganises itself into a simple waning flow (Kneller and McCaffrey, 2003;
Ho et al., 2018).

As the flow travels to medial sections, depositional phases are still
similar to proximal locations for facies tract I and II. Bed thickness also
gradually decrease to resemble a linear to crudely concave up profile.
An increase in the relative proportion of massive sandstone, and a
decrease in the structured facies, suggests the flow maintained its
concentrations downslope, and hindered settling and grain-to-grain in-
teraction processes continued to operate near the base of the flow.
Further downslope in distal sections, flow transformation due to in-
creased vertical stratification and turbulence suppression (facies tract
I) or increased clay concentration (facies tract II) results in continued
massive sandstone deposition. The presence and attrition of mud clasts
likely dictates the evolution of the flow at this stage. The clasts are
eroded from the muddy substrate and the amount of mud released
into the flowwill control the nature of the flow transformation and de-
position of massive sandstone facies (Li et al., 2017; Fukuda and Naruse,
2020; Hizzett et al., 2020).

In facies tract III, the bed profile is relatively constant. The depositing
flow is likely to be large volume and relatively efficient. Proximal loca-
tions are influenced by the initial surging state of the flow, similar to
the facies tract I and II, while medial sections record the depletive
phases. However, the higher efficiency of the flow leads to interaction
with the distal confining slope topography, resulting in preferential de-
position of thicker beds on the upstream side of the topography
(Salaheldin et al., 2000; Kubo, 2004; Lamb et al., 2004, 2006). The inter-
action with the confining topography also generates an upstream mi-
grating sediment-bearing suspension cloud which increases sediment
concentrations, as well as internal waves that propagate upstream.
The passage of these internalwaves in distal andmedial sections creates
subtle fluctuations in flow velocity, sediment concentration, and pres-
sure, which consequently influences sediment fall-out rates and the de-
position repetitive sequences of facies (Haughton, 2000; Felletti, 2002;
Muzzi Magalhaes and Tinterri, 2010; Tinterri and Muzzi Magalhaes,
2011; Tinterri et al., 2016; Cunha et al., 2017).

8. Conclusions

The deep-water deposits within the Peïra Cava sub-basin provide an
opportunity to investigate the influence of the confining topography on
bed-scale architecture. In this study, eight laterally extensive beds were
investigated to document the vertical and lateral distribution ofmassive
sandstone facies, and thus their depositional mechanisms. The eight
beds contain three types of massive sandstone facies: graded massive
sandstone, ungraded massive sandstone and massive sandstone with
patchy texture. Statistical analysis of the internal architecture of the
eight beds reveal the constituent facies are non-random, but also non-
cyclic. Each facies within the bed exhibits a level of dependence on the
preceding facies and exerts some influence on the succeeding facies.
Thus, the vertical organisation of the internal facies is used to infer de-
positional processes for the three massive sandstone facies. The graded
and ungraded massive sandstone facies are interpreted as deposits of
high-concentration near bed layers beneath surge-type turbidity cur-
rents. These layers are characterised by hindered settling, grain to
grain interaction and frictional freezing from the base up. Deposition
is capacity driven since the poorly sorted nature indicates size segrega-
tion of grains was inhibited in the near bed layers. The ungraded inter-
vals are likely to be deposited where concentrations exceed a limiting
value (45% based on experimental studies) in the near bed layers,
which completely suppress turbulence and grain segregation, and
allow frictional interlocking of grains. In contrast, the massive sand-
stones with patchy texture are here interpreted to be deposits of
23
liquefied debris flows. Dissipation of excess pore pressure via slow con-
vection and elutriation during transit and deposition results in
remobilisation of sediments, creating the ‘patchy’ texture.

In all eight beds, the core of the bed in proximal sections is composed
of massive sandstone facies, encased by conglomeratic facies and struc-
tured sandstones at the base and top, respectively. Deposition took
place from an unsteady, depletive flow with multiple surges that pro-
duced multiple grain size breaks. The vertical distribution of four types
of grain size breaks (Type I to IV) indicates that the overall deposit struc-
ture in proximal sections preserves the vertical structure of a bipartite
flow,with an underlying debris flow and an overlying high concentration
but turbulent layer. The reduced abundance and a diversity of grain size
breaks in distal sections suggests the flow evolved into a simple surge
structure. Moving downslope, three facies tracts are recognised. Facies
tract I and II contains predominantly ungraded massive sandstones and
massive sandstone with patchy texture in distal locations, respectively.
While facies tract III contains repetitive sequence of ungraded and graded
massive sandstones in distal locations. This downslope transition to pre-
dominantlymassive sandstone facies distally is inconsistent with existing
models and observations from many ancient deposits, and is here
interpreted as a record of flow interactionwith the confining topography.
The deposition of ungraded massive sandstones in distal locations of fa-
cies tract I is likely induced by gravity transformation of the flow as it de-
celerated due to an increase in slope angle. In contrast, massive
sandstones with patchy texture in distal locations of facies tract II likely
result from body transformation of a turbulent flow into one with a
liquefied basal layer characterised by transient excess pore pressure and
laminar behaviour. Such a transformation is likelymodulated by a combi-
nation of incorporation and disaggregation of mud clasts, and change in
slope angle. And lastly, the repetitive sequences of ungraded and graded
massive sandstones in facies tract III likely result from internalwaves gen-
erated as theflowdeflected and reflected off confining topography. Subtle
variations in flow velocity and sediment fallout rates associated with the
passage of these waves create the condition necessary to deposit graded
and ungraded massive sandstones.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2021.106001.
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