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ABSTRACT

Flood-generated hyperpycnal flows are dense, sediment-laden, turbulent
flows that can form long-lived, bottom-hugging turbidity currents, which
undoubtedly transport large volumes of fine-grained sediments into the
ocean. However, their ability in transferring sand into deep-water basins is
debated. This study presents sedimentological evidence of sandy hyperpyc-
nal flow deposits (hyperpycnites) in a series of basin floor lobe complexes
associated with a progradational shelf margin in the Eocene of Spitsbergen,
Arctic Norway. Four coexisting types of sediment gravity flow deposits are
recognized: (i) sandy hyperpycnites deposited by quasi-steady hyperpycnal
flows; (ii) turbidites deposited by waning, surge-type turbidity currents; (iii)
hybrid event beds deposited by transitional flows; and (iv) mass transport
deposits emplaced during rare slope failures. The abundance of thick-
bedded massive sandstones, frequent bed amalgamation, the distribution of
hyperpycnites across the lobes and the abundance and systematic occurrence
of plant-rich hybrid event beds and associated climbing ripple cross-
laminated beds in the lobe fringes, suggest that hyperpycnal flow was the
most important mechanism driving lobe progradation. Shelf-edge positioned
fluvial channels linked to the basin floor lobe complexes via deeply incised,
sandstone-filled slope channels, suggest that rivers fed directly onto the
slopes where their dense, sand-laden discharges readily generated quasi-
steady hyperpycnal flows that regularly reached the basin floor. The compos-
ite architecture and complex waxing—waning flow facies configuration of the
hyperpycnites is consistent with sustained and concomitant suspension and
traction deposition under fluctuating subcritical to supercritical conditions.
Similar sandstone beds occur on the clinoform slopes, indicating that the
hyperpycnal flows operated likewise on the slope. Plant-rich hybrid event
beds indicate transformation of initially turbulent flows by relative enrich-
ment of clay and plant material via progressive sand deposition to such
an extent that it suppressed turbulence. The multi-faceted character of
the hyperpycnites reported here, challenges traditional beliefs that
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hyperpycnites assumingly preserve the waxing-waning signal of single-

peaked floods.

Keywords Clinoforms, hybrid event beds, quasi-steady hyperpycnal turbid-
ity currents, sediment gravity flows, submarine lobes, Svalbard.

INTRODUCTION

Turbidity currents play a key role in the transpor-
tation of sediment to the deep sea, where their
deposits, termed turbidites, represent the final
sink for terrigenous sediment (e.g. Bouma, 1962;
Middleton, 1993; Mulder & Alexander, 2001; Tal-
ling et al., 2012). Three principal triggering mech-
anisms have been proposed for turbidity currents:
(i) submarine slope failure; (ii) oceanic processes
(i.e. storms, tides and internal waves); and (iii)
direct sourcing from flooding rivers producing
dense, sediment-laden, bottom-hugging dis-
charges, commonly referred to as hyperpycnal
flows (Bates, 1953; Mulder & Alexander, 2001;
Mutti et al., 2003; Piper & Normark, 2009; Talling
et al., 2013; Talling, 2014). These flood-generated
flows are turbulent, quasi-steady sediment gravity
flows which can be classified as long-lived (i.e.
sustained) turbidity currents (e.g. Mulder &
Syvitski, 1995; Mulder et al., 2003; Mutti
et al., 2003). Hyperpycnal flows are known to
transport large volumes of fine-grained sediment
into the ocean and are an important process gov-
erning coastal sediment balance and evolution
(Mulder & Syvitski, 1995; Mulder et al., 2003;
Dadson et al., 2005; Mulder & Chapron, 2011;
Khripounoff et al., 2012; Warrick et al., 2013;
Warrick, 2020; Talling et al., 2022). An elevated
density contrast of the incoming sediment-laden
flood water compared to that of the ambient
basinal water, is a prerequisite for the generation
of hyperpycnal flows (Bates, 1953). Plunging may
also occur if the incoming water has a lower tem-
perature, and thus higher density, than that of the
basinal ambient (Mulder et al., 2003). In marine
basins, which usually have lower temperatures
relative to the incoming riverine flood water, the
high concentration of dissolved salt greatly
reduces the potential for plunging and hyperpyc-
nal flow initiation (cf. Mulder et al., 2003). As
such, hyperpycnal flow conditions are achieved
more readily in freshwater basins. The outburst of
sub-glacial meltwater plumes, which typically
exhibit very low temperatures and carry signifi-
cant amounts of suspended sediments, represent
another extreme case that can generate

hyperpycnal flows (Mackiewicz et al., 1984; Piper
& Normark, 2009). For these reasons, hyperpycnal
flow deposits (‘hyperpycnites’) are commonly
described from various lacustrine and glacio-
deltaic successions, reflecting the favourable con-
ditions for dense underflows to form in these
environments (e.g. Nemec et al., 1999; Zavala
et al., 2006; Girard et al., 2012; Yang et al., 2017;
Cao et al., 2018; Bellwald et al., 2020; Chen
et al., 2021). Despite recent developments in the
surveillance of naturally occurring turbidity cur-
rents (Clare et al., 2016; Azpiroz-Zabala
et al., 2017; Hage et al., 2019; Maier et al., 2019;
Heijnen et al., 2020; Heerema et al., 2022; Pope
et al., 2022; Talling et al., 2022), monitoring data
of hyperpycnal flows in the marine realm is rela-
tively sparse. Most of the reported cases are
related to flash floods in arid regions and show
that these hyperpycnal flows are dilute, mud-rich
bottom plumes, which are readily influenced by
waves, storm-induced currents or tidal currents
(e.g. Wright et al., 1988; Sommerfield & Nit-
trouer, 1999; Warrick & Milliman, 2003; Warrick
et al., 2008; Talling, 2014; Katz et al., 2015; Shan-
mugam, 2018). Monitoring data from multiple
freshwater reservoirs and dams also document
the dilute, low-density, muddy nature of hyper-
pycnal flows (e.g. Lai & Capart, 2009; Olariu
et al., 2011; Talling et al., 2013; Talling, 2014),
further substantiated by core data from modern
flood-generated shelf deposits, which mostly
reveal mud-grade sediments (e.g. Wheatcroft
et al.,, 1996; Sommerfield & Nittrouer, 1999).
Regardless of these observations, hyperpycnal
flows are commonly cited as an important process
for transferring sand onto the shelf, and hyper-
pycnites are interpreted to be an important con-
stituent of many ancient prodelta to delta front
and shelf successions, as well as shelf-slope
clinoform systems (Wright et al., 1988; Mulder &
Syvitski, 1995; Mutti et al., 1999, 2003; Mellere
et al., 2002; Plink-Bjorklund & Steel, 2004; Petter
& Steel, 2006; Tinterri, 2007, 2011; Bhattacharya
& MacEachern, 2009; Olariu et al., 2010; Paim
et al., 2011; Liu et al., 2012; Warrick et al., 2013;
Steel et al., 2016, 2018; Boulesteix et al., 2019;
Grundvag et al, 2020; Warrick, 2020). In
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addition, there is a growing body of literature
describing hyperpycnites in ancient and modern
submarine lobes, suggesting that hyperpycnal
flows may transfer sand into deep-water environ-
ments (e.g. Mutti et al., 2003; Bourget et al., 2010;
Zavala et al., 2012; Warrick et al., 2013; Chen
et al., 2021). This is enigmatic, because it has
been shown that hyperpycnal flows entering
marine basins typically deposit their sandy load
near the river mouth (e.g. Wright et al., 1990), pre-
sumably due to buoyancy reversal via a process
referred to as lofting (e.g. Sparks et al., 1993;
Zavala et al., 2011; Steel et al., 2017). As such,
the role of hyperpycnal flows in transferringsand
into deep-water basins remains ambiguous (e.g.
Wright et al., 1990; Mulder et al., 2003; Tal-
ling, 2014; Shanmugam, 2018, 2019; van Loon
et al., 2019; Heerema et al., 2022).

In this paper, the facies architecture and vertical
to lateral distribution of various sandstone-
dominated sediment gravity flow deposits in a
series of exhumed basin floor lobe complexes in
the Eocene succession of Spitsbergen, Arctic Nor-
way, are presented (see Fig. 1A and B for location).
The stratigraphic context and the palaeogeography
of the basin are well-known (e.g. Steel et al., 1981;
Steel & Olsen, 2002; Fig. 1B to D) and were
recently summarized by Helland-Hansen &
Grundvag (2021). The shelf-edge to slope segment
of the clinoforms hosting the lobe complexes,
reportedly contain flood-related hyperpycnites,
which can be physically traced from shelf-edge
positioned river channels into canyon heads or
gullies on the uppermost slope (Fig. 2A to D; Mel-
lere et al., 2002; Plink-Bjorklund & Steel, 2004;
Petter & Steel, 2006; Henriksen et al., 2011). The
hyperpycnites on the slope occur as composite
sandstone beds which commonly exhibit complex
vertical facies arrangements, suggesting deposition
by sustained hyperpycnal flows (Fig. 2E; Plink-Bj-
orklund & Steel, 2004; Petter & Steel, 2006). How-
ever, few, if any, of the previous studies of the
clinoforms and the associated lobe complexes con-
vincingly demonstrate the presence of sandy
hyperpycnites on the basin floor (Crabaugh &
Steel, 2004; Johannessen & Steel, 2005; Grundvag
et al., 2014a; Spychala et al., 2021). Here, sedimen-
tological data from core and outcrops are com-
bined to interpret flow processes and down-slope
flow transformations responsible for the documen-
ted bed type variability and distribution. This
study particularly explores the role of hyperpycnal
flows and. based on distinct sedimentological evi-
dence, it is argued that hyperpycnal flows were
the most important process in transferring sand
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beyond the slope and governing progradation of
the basin floor lobe complexes in Svalbard.

TERMINOLOGY

In this paper, the term sediment gravity flow is
used for any type of subaqueous, gravity-driven
flow containing dispersed sediment (e.g.
Lowe, 1982; Middleton, 1993). Turbidity current is
used for sediment gravity flows where sediments
are chiefly suspended by fluid turbulence (e.g.
Lowe, 1982; Middleton, 1993; Mulder & Alexan-
der, 2001; Talling et al., 2012). Low-density turbid-
ity current is used for relatively dilute and fully
turbulent flows which deposit their load predomi-
nantly by suspension settling and subordinately
by traction sedimentation (e.g. Bouma, 1962;
Lowe, 1982; Middleton, 1993). High-density tur-
bidity current is used for flows of high sediment
concentrations which consist of a lower, laminar
flow layer (where dispersive pressure caused by
grain collisions, hindered settling and buoyant lift
provides grain support), overlain by a less dense,
turbulent suspension (Lowe, 1982; Postma
et al., 1988). Studies show that many low-density
density turbidity currents also compose a basal
flow layer of high sediment concentration where
turbulence is dampened and other sediment sup-
port mechanisms operate (Lowe, 1982; Mutti
et al., 1999; Mulder & Alexander, 2001; Talling
et al., 2012). However, in this study, turbidite is
used to denote an event bed deposited by a turbid-
ity current, whatever the mechanisms that sup-
ported the particles within the parent flow (e.g.
Mutti et al., 1999). Surge-type turbidity current
refers to a single short-lived (minutes to hours),
downslope decelerating turbidity current which
gradually loses its capacity to carry sediment (i.e.
the highly unsteady, depletive waning flows of
Kneller, 1995). Sustained turbidity current is used
to denote long-lived flow events (several hours to
months). This term is used interchangeably with
quasi-steady flow, according to the terminology of
Kneller & Branney (1995). The term hyperpycnal
flow has been used for a broad spectrum of land-
derived gravity flows, ranging from coarse-grained
flows, which upon entering marine or lacustrine
basins, continue directly as dense underflows, to
dilute, turbulent plumes, which given sufficient
density, plunge to form underflows (e.g. Mulder
et al,, 2003; Shanmugam, 2018; Zavala, 2020).
Hyperpycnal flow is used according to the original
work of Bates (1953), referring to sediment-laden,
flood-related river discharges having excess
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Fig. 1. (A) Location map of Svalbard, which represents the uplifted and exposed north-western corner of the
Barents Shelf. The transform De Geer Zone runs parallel to the western margin of Svalbard. HFZ: Hornsund Fault
Zone, SFZ: Senja Fracture Zone. (B) Map showing location of the West Spitsbergen fold and thrust belt (WSFTB)
and the associated Central Tertiary Basin (CTB). The study area is marked by a white square. (C) Aerial photo-
graph of the study area showing the location of the investigated sections along the northern shores of Van Keu-
lenfjorden. The data set also includes a fully cored research borehole (Fig. 4) and a two-dimensional (2D)
reflection-seismic line (Fig. 5) crossing the well at Sysselmannbreen. Aerial photograph from https://toposvalbard.
npolar.no/. (D) Stratigraphy of the exposed upper Palaeocene to Eocene and Oligocene(?) part of the CTB fill along
the ‘Van Keulenfjorden transect’. This study pertains to a series of basin floor fans referred to as the Pallfjellet,
Sysselmannbreen and Hyrnestabben lobe complexes. Clinoform 14 (following the clinoform numbering conven-
tion of Steel & Olsen, 2002) is highlighted because of its importance for understanding the lateral facies tract from
shelf to basin floor (see Fig. 2 for more details). The transect is modified and redrawn from Steel & Olsen (2002).

density in comparison to the ambient water of the
receiving basin. As such, hyperpycnal flows
should not be mistaken for subaerial river currents
where air is the ambient fluid. When hyperpycnal
flows enter steep slopes or plunge, they generate
long-lived, bottom-hugging, turbulent underflows
which can be equated to sustained turbidity cur-
rents (i.e. the quasi-steady hyperpycnal turbidity
current of Mulder & Alexander, 2001). It should be
stressed that although all hyperpycnal flows (in
the sense that this study uses the term) are sus-
tained and turbulent, not all sustained turbidity
currents equate to hyperpycnal flows because they
can be produced by many other processes (cf. Fell-
etti et al., 2009; Jackson & Johnson 2009). The term
hyperpycnite is used for sediments deposited by
flood-related hyperpycnal flows (e.g. Mulder
et al, 2003). The terms transitional flow and
hybrid flow are used interchangeably, both refer-
ring to sediment gravity flows operating in a state
intermediate between turbidity currents and
debris flows, and which commonly have a bipar-
tite nature with a lower turbulent flow layer and
an upper cohesive layer with laminar flow proper-
ties (e.g. Lowe & Guy, 2000; Haughton et al., 2009;
Sumner et al., 2009). Their deposits are referred to
as hybrid event beds (HEBs; Haughton et al., 2003,
2009). Debris flow is used for cohesive (laminar)
flows in which matrix strength is the main sedi-
ment support mechanism, and from which deposi-
tion occurs en masse (e.g. Lowe, 1982; Mulder &
Alexander, 2001; Talling et al., 2012). The term
debrite is used for their deposits.

GEOLOGICAL SETTING

Tectonic framework

Spitsbergen is the largest island of the Svalbard
archipelago which represents the emergent and

exhumed north-west corner of the Barents Shelf
(Fig. 1A). During the Palaeocene to Eocene, the
progressive northward opening of the North
Atlantic promoted dextral strike—slip movements
along the De Geer Zone with Svalbard moving
southward and eventually separating from Green-
land in the earliest Oligocene (i.e. at Chron 13;
Doré et al., 2015). Most of the dextral movement
along this regional transform gave a largely trans-
tensive response, particularly in the southern
segment of the sheared margin (Kristensen
et al., 2018). However, western Spitsbergen,
which was located between a restraining and a
releasing bend of the shear zone, experienced
transpression along the Hornsund Fault Zone
resulting in ca 20 to 40 km of crustal shortening
(Braathen et al., 1995; Bergh et al., 1997; Fig. 1A
and B).

In western Spitsbergen, the transpression led to
extensive basement uplift and thin-skinned tec-
tonics involving the upper Palaeozoic to Palaeo-
gene sedimentary rock succession, ultimately
resulting in the formation of the ca 300 km long
NNW-SSE trending West Spitsbergen Fold-and-
Thrust Belt (WSFTB; Fig. 1B; Braathen et al.,
1995; Bergh ef al., 1997). The development of the
WSFTB has occasionally been linked to the Eure-
kan Fold Belt in North Greenland and Arctic
Canada (e.g. Piepjohn et al., 2016), whereby com-
pression peaked at 47 to 49 Ma (mid Eocene).
Concomitant with the structural deformation,
regional flexural subsidence associated with
stacking of thrust sheets and tectonic loading, led
to the development of an elongated, NNW-SSE-
oriented and asymmetrical syncline referred to as
the Central Tertiary Basin (CTB; Fig. 1B and C;
e.g. Steel et al., 1981).

The CTB covers large parts of southern and cen-
tral Spitsbergen and represents the foreland basin
to the WSFTB (Steel et al, 1981; Helland-
Hansen, 1990; Helland-Hansen & Grundvag, 2021).
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Fig. 2. Illustration of the typical shelf-slope-basin floor facies tract of the clinoforms hosting the basin floor lobe
complexes. (A) Clinoform 14 (with base and top marked by white stippled lines) is by far the most studied clino-
form unit of the Central Tertiary Basin (CTB) and is excellently exposed at the mountains of Storvola and Hyrnes-
tabben. Here, it is possible to trace shelf and shelf-edge delta deposits basinward across the shelf-edge, down the
slope and further onto the basin floor where several lobe complexes occur (LC 9 to LC 12). (B) Fluvial distributary
channels occur near the shelf-edge and cut into its associated delta front deposits. (C) The deltaic sandstone-
dominated deposits transition laterally (basinward) into heterolithic sandstone-rich units, interpreted as slope
lobes and shallow slope channels. Log redrawn from Petter & Steel (2006). Both OF the log examples are from
Clinoform 14A (see Fig. 6B and Petter & Steel, 2006, for internal sub-division of the clinoform). (D) Example of a
sandstone-rich slope-lobe unit on the upper slope segment of Clinoform 14A. Note the overall thickening-upward
trend. (E) Internally, the slope lobes contain composite beds, on some occasions being up to several metres thick,
with complex vertical facies sequences, suggesting deposition by long-lived hyperpycnal flows characterized by
fluctuating velocities (e.g. Plink-Bjorklund & Steel, 2004; Petter & Steel, 2006). Measuring stick for scale (20 cm).
(F) The middle slope segment of Clinoform 14 appears to be a zone of extensive bypass, as evident by the pres-
ence of erosively-based, lenticular-shaped sandstone units, interpreted as slope channel fills. Internally, they typi-
cally exhibit several truncation surfaces. (G) In the lower slope-to-basin floor segment, the slope channel bodies
are gradually replaced by sheet-like, basinward-thickening sandstone units. These units are typically erosively
based, and consist of thick bedded, amalgamated sandstones (i.e. the AHP deposits of Fig. 7A), which is inter-

preted to represent the channel-lobe transition zone of the basin-floor lobe complexes.

From the Oligocene onwards, Svalbard has experi-
enced exhumation in the range of 2 to 3 km with
at least (depending on position in the basin) 0.5 to
1.0 km of strata loss due to subsequent erosion
(e.g. Marshall et al., 2015). Thermo-tectonic pro-
cesses and rift-shoulder uplift, as well as isostatic
rebound associated with recurrent late Neogene
and Quaternary glaciations have all contributed to
the regional exhumation (Dimakis et al., 1998;
Lasabuda et al., 2018).

During the Eocene, the CTB had limited con-
nection to the open sea and formed a large
embayment which widened south towards the
Barents Shelf (Steel et al., 1981, 1985; Helland-
Hansen & Grundvag, 2021). This, in combination
with high rates of precipitation and terrestrial
runoff, created ideal conditions for establishing
a hyperpycnal flow-dominated sourcing regime
in the basin (Mellere et al., 2002; Plink-Bj-
orklund & Steel, 2004; Helland-Hansen &
Grundvag, 2021).

Lithostratigraphy and age of the basin fill

The basin strata of the CTB comprises the up to
1.9 km thick Palaeogene Van Mijenfjorden Group
whose upper part consists of an Eocene-Oligo-
cene (?) succession (Steel et al., 1981; Helland-
Hansen & Grundvag, 2021). This succession has a
preserved thickness of >1.5 km and represents
the main infill of the CTB. A regional shift in
provenance from northerly-derived sediments
in the Palaeocene to westerly derived sediments
in the Eocene reflects the sedimentary response
to the evolving WSFTB (Helland-Hansen, 1990;

Petersen et al., 2016; Helland-Hansen &
Grundvag, 2021).

The Eocene-Oligocene (?) basin fill succession
records the eastward progradation of a fluvio-
deltaic and modest shelf-margin system, and
consists of three formations that are genetically
linked: the basin floor and slope deposits of the
Frysjaodden Formation pass gradually upward
into shallow marine and deltaic deposits of the
Battfjellet Formation and continental strata of
the Aspelintoppen Formation (Fig. 1D; Steel
et al., 1981, 1985; Helland-Hansen, 1990; Steel &
Olsen, 2002; Grundvag et al., 2014b). The over-
all regressive nature of the basin fill manifests
the evolution from an underfilled deep marine
to an overfilled continental foreland basin,
mostly during the Eocene (Johannessen &
Steel, 2005; Helland-Hansen & Grundvag, 2021).

Shelf-margin clinoforms and basin floor fans

The Eocene part of the succession has previously
received considerable attention in the literature
because of its seismic-scale (1 km x 10 km) out-
crops (particularly along the northern shores of
Van Keulenfjorden; Fig. 1C) displaying shelf-
prism type clinoforms which constitutes a char-
acteristic and spectacular motif of the basin filling
(Fig. 2A; Helland-Hansen, 1990; Plink-Bjorklund
et al., 2001; Steel & Olsen, 2002). The investigated
lobe complexes belong to the Bjgrnsonfjellet
Member of the Frysjaodden Formation and
occur as a series of kilometre-scale, basinward
thickening-thinning sandstone wedges sand-
wiched between thick mudstone units of basin
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floor and slope origin (Fig. 1D; Steel et al., 1981;
Steel & Olsen, 2002; Grundvag et al., 2014a).
Because the lobe complexes occur in the basin
floor segment of the clinoforms, they are com-
monly referred to as basin floor fans (e.g. Steel &
Olsen, 2002; Crabaugh & Steel, 2004; Johannessen
& Steel, 2005). Previous investigations have estab-
lished the presence of three separate and inde-
pendent basin floor fan systems in the Van
Keulenfjorden area, each containing several lobe
complexes (Steel & Olsen, 2002; Crabaugh &
Steel, 2004; Johannessen et al., 2011; Grundvag
et al., 2014a). In this paper, they are referred to as
(from west to east) the Pallfjellet, the Syssel-
mannbreen and the Hyrnestabben lobe com-
plexes, respectively (Fig. 1D).
Sandstone-dominated shelf-edge delta deposits
of the Battfjellet Formation occur up-dip of the
lobe complexes (Figs 1D and 2; Plink-Bjorklund
et al., 2001; Mellere et al., 2002; Steel &
Olsen, 2002; Johannessen & Steel, 2005; Petter &
Steel, 2006; Grundvag et al., 2014a). Occasion-
ally, these deposits can be traced down-dip via
sandstone-rich slope wedges, which extend up to
5 km into the basin with reliefs in the order of
150 to 300 m at angles of 3° to 5°, into the basin
floor-positioned lobe complexes (Fig. 2; Mellere
et al., 2002; Johannessen & Steel, 2005; Petter &
Steel, 2006; Helland-Hansen & Grundvag, 2021).
Palaeo-water depths of the basin have previously
been estimated to be generally <20 m on the shelf
(based on the thickness of shoreface—shelf parase-
quences; Helland-Hansen, 2010), deepening to
200 to 400 m across the shelf edge (based on the
height of the clinoforms; Mellere et al., 2002;
Johannessen & Steel, 2005). The preserved basin
fill succession thins eastward from >700 m in
the west to ca 300 m in the east in concert with
a loss of both sandstone-dominated slope
wedges and basin floor fans (Helland-Hansen &
Grundvag, 2021). Collectively, this indicates a

gradual shallowing of the basin, as well as con-
temporary decreasing slope relief and gradients
to the east, presumably reflecting the rising fore-
bulge of the CTB (Helland-Hansen, 1990, 2010;
Bruhn & Steel, 2003; Helland-Hansen &
Grundvag, 2021).

STRATIGRAPHIC SIGNIFICANCE AND
DEPOSITIONAL ARCHITECTURE OF THE
LOBE COMPLEXES

The three basin floor fan systems in the Van Keu-
lenfjorden area comprise four lobe complexes
each (Crabaugh & Steel, 2004; Johannessen &
Steel, 2005; Grundvag et al., 2014a). Thus, for
convenience, the lobe complexes are numbered
in a continuous fashion: the Pallfjellet lobe com-
plexes are referred to as LC 1 to LC 4 (Fig. 3), the
Sysselmannbreen lobe complexes as LC 5 to LC 8
(Figs 4 and 5) and the Hyrnestabben lobe com-
plexes as LC 9 to LC 12 (Fig. 6). This numbering
convention must not be confused with the
clinoform numbering established by Steel &
Olsen (2002), despite LC 1 to LC 4 coincidentally
corresponding to Clinoforms 1 to 4 (Figs 1D and
3). In fact, it was the Pallfjellet lobe complexes
that originally formed the basis for the clinoform
numbering in the westernmost part of the basin.
Because of basin margin uplift, there are no
Eocene shelf-slope strata preserved west of Pal-
Ifjellet. Thus, based on the presence of the four
lobe complexes at Pallfjellet, as well as the shelf-
slope-—basin floor facies tracts documented else-
where in the basin, Steel & Olsen (2002) inferred
the presence of at least four older shelf-breaks
(and related clinoform units) outside the pre-
served outcrop window. To avoid confusion and
for clarification, this study only refers to the
clinoform numbers whenever needed. Stratigra-
phically, the Pallfjellet lobe complexes are the

Fig. 3. Overview of the Pallfjellet lobe complexes. (A) Overview photograph of Pallfjellet showing the four lobe
complexes (LC 1 to LC 4). The lobe complexes overlie a ca 300 m thick succession of basin floor shale which is
capped by a 150 m thick unit of slope shale. A slope channel is well-exposed on the western ridge of the moun-
tain. (B) Correlation panel documenting the internal architecture and the progradational stacking pattern of the
lobe complexes. Colour coding shown in Fig. 1D. Modified from Grundvag et al. (2014a). Palaeocurrent data
derived from current ripple cross-lamination indicate an overall eastward sediment flux into the basin. The top
surface of LC 2 was used as a flattening datum for the correlation panel. Note that LC 3 and LC 4 pinch out fur-
ther west at Brogniartfjella. (C) Photograph showing a stack of lobes within LC 2, note the upward thickening of
beds within each lobe. (D) Photograph and a measured section of LC 3, illustrating the amalgamation of lobes in

proximal axial parts of the lobe complexes.
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Fig. 4. Overview of the stratigraphy recorded in fully cored Well BH 10-2008 at Sysselmannbreen. The four inves-
tigated lobe complexes (LC 5 to LC 8) are embedded within the shales of the Frysjaodden Formation and show a
clear progradational stacking trend (see Grundvag et al., 2014a, for more details).
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oldest of the three investigated systems, and the Pallfjellet lobe complexes

Hyrnestabber} lobg comp l.exes the ygungest The Pallfjellet lobe complexes (LC 1 to LC 4)

(Fig. 1D). This relationship is not constrained by .

any biostratigraphic data but is based on their occur in the westernmost part of the study area as
a series of four 10 to 50 m thick, progradationally

respective location in the basin (relative to the .
weSterri basin lma; in) an dl tlEe aslsum tion stacked lobe complexes (Fig. 3A and B; Steel &
5 p Olsen, 2002; Johannessen & Steel, 2005;

that each 101?6 complex strat1gre'1ph}(::fllly repre- Grundvag et al., 2014a). Palaeocurrent data,
sents the basin floor segment of individual, pro- g .
gradationally stacked shelf-margin clinoforms mostly based on current ripple cross-lamination,
(Fig. 1C and D). The successive shelf-edges of indicate generally eastward-directed sediment
& ' 8 transport into the basin (Figs 1C and 3B;

these clinoforms have been mapped by previous . . .

studies (Plink-Bjérklund et a})p 9 OOZ' pMellere Grundvag et al., 2014a). Neither the proximal part

of al.. 2002: Stesl & Olsen "2002_ E}rundvé of the three lowermost lobe complexes (LC 1 to
s’ : ' ’ & LC 3) nor the shelf-slope segment of the clino-

et al., 2014b). The depositional architecture, .
. S . . forms which host them are preserved. However,
internal organization and the established hierar- o

based on the lower slope position of LC 4, the

chy of the lobe complexes builds largely on previ- . .
ouz studies (Steel p& Olsen 2002-8 CZabalfgh & overall progradational stacking pattern, and the
. ’ presence of an overlying ca 150 m thick slope

Steel, 2004; Joh & Steel, 2005; Petter & . .. .
©e Johannessen ee orer shale succession containing slope channel fills, it

S;eaell ’ 22 8 g %’ %rllll:;dzgg rfvicgé, sffalt?ar;a Slﬁ};czljlli is reasonable to suggest that each of the Pallfjellet
Py ' O P grep lobe complexes represents the basin-floor seg-

text for th ized bed t described later, ) .
Xt foT the recognized bed types descnbed fater ment of separate shelf-margin clinoforms that
a summary is given here.
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Fig. 5. Two-dimensional reflection seismic data from Sysselmannbreen. The line crosses Well BH 10-2008. See
Fig. 1C for location. (A) Uninterpreted seismic line tied to the gamma-ray log of Well BH 10-2008. Note the pres-
ence of high-amplitude reflection anomalies exhibiting an offset stacking pattern towards the ENE (i.e. basinward),
and how these anomalies correlate to an interval of serrated and blocky gamma ray signatures in the well (details
shown in Fig. 4B). (B) Interpreted seismic line, showing a basinward-prograding slope succession, which partly
connects with and overlies the progradationally-stacked series of lobe complexes. The interpretation is modified
from Grundvag et al. (2014a), based on Johannessen et al. (2011). The seismic data is from Johansen et al. (2011).
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successively prograded into the basin (Figs 1D
and 3; Steel & Olsen, 2002; Johannessen &
Steel, 2005). In a down-dip, basinward direction,
the lobe complexes pinch out at the neighbouring
mountain (i.e. the western ridge of Brogniart-
fjella), giving a minimum pinch-out distance of
ca 8 to 9 km (Fig. 3B; Grundvag et al., 2014a).
Internally each lobe complex consists of a vari-
able number of shingled to aggradationally
stacked lobes and lobe elements (Fig. 3C and D;
Grundvag et al., 2014a). The successive, basin-
ward offset stacking trend at lobe complex scale
and the upward increase in bed thickness and
degree of amalgamation observed in many of the
lobes, indicates an overall progradational system
(Fig. 3B).

Sysselmannbreen lobe complexes

The Sysselmannbreen lobe complexes (LC 5 to
LC 8) are penetrated by a fully cored research
well, BH 10-2008 ‘Sysselmannbreen’, which is
located near the axis of the CTB and visualized
from (onshore) two-dimensional reflection seis-
mic data (Figs 4 and 5; Johannessen et al., 2011;
Grundvag et al., 2014a). The seismic investiga-
tions demonstrate that the Sysselmannbreen
lobe complexes occur as a series of high ampli-
tude anomalies exhibiting offset-stacking to
the east/north-east (Fig. 5A; Johannessen et al.,
2011; Grundvag et al., 2014a). Each of the anom-
alies extends basinward for at least 3 to 4 km
before abruptly terminating (most likely due to
seismic resolution). The seismic data is gener-
ally of too low resolution and quality to further
delineate the internal architecture of the lobe
complexes. The core and gamma-ray data, how-
ever, document and confirm that the seismic
anomalies represent sandstone-dominated grav-
ity flow deposits (Fig. 4; Johannessen et al.,
2011; Grundvag et al., 2014a). Four 15 to 40 m
thick lobe complexes have been recognized in
the well (Fig. 4; Grundvag et al., 2014a). Inter-
nally, the lobe complexes contain various grav-
ity flow deposits and display upward bed
thickening (Grundvag et al., 2014a). Up to six
stacked lobes are recognized in LC 6. The upper-
most Sysselmannbreen lobe complex (LC 8)
exhibits a high degree of bed amalgamation and
erosive scouring, possibly indicating position at
the base-of-slope or within the channel-lobe
transition zone (Fig. 4). A ca 150 m thick slope
shale succession, which in the seismic data dis-
plays eastward dipping clinoform geometries,
caps the lobe complexes (Fig. 5; Johannessen

Deep-water hyperpycnites 13

et al, 2011; Grundvag et al., 2014a). Collec-
tively, this demonstrates the progradational
nature of the lobe complexes and the associated
clinoform system (Johannessen et al, 2011;
Grundvag et al., 2014a).

Hyrnestabben lobe complexes

The Hyrnestabben lobe complexes (LC 9 to LC 12)
occur as a series of four 5 to 45 m thick vertically
and compensationally stacked lobe complexes
located ca 10 km east of the CTB axis (Figs 1D
and 6; Steel & Olsen, 2002; Crabaugh &
Steel, 2004; Johannessen & Steel, 2005). Based on
their location within the basin, these lobe com-
plexes represent the youngest of the three systems
discussed in this paper (Fig. 1C and D). The low-
ermost lobe complex (LC 9) has its up-dip pinch-
out to the north-west of Hyrnestabben on the
neighbouring mountain of Storvola (i.e. Clino-
form 12 of Steel & Olsen, 2002), thus extending
basinward for a minimum distance of ca 6.5 km
(Figs 2A and 6; Crabaugh & Steel, 2004; Petter &
Steel, 2006; Spychala et al., 2021). The most up-
dip segment of the two succeeding lobe com-
plexes 10 and 11 are exposed in a north-west/
south-east-oriented outcrop section on Storvola
which can be traced further across to Hyrnestab-
ben where the outcrop transect gradually turns to
the north-east (Fig. 1C; Crabaugh & Steel, 2004).
This enables tracing of facies tracts from shelf to
base-of-slope environments on Storvola near par-
allel to the inferred eastward depositional dip
direction of the lobe complexes (Figs 2A and 6)
across to Hyrnestabben and further to the north-
east (along near strike) to where they laterally to
distally pinch out over a total distance of ca
6 km. The two middle lobe complexes are evi-
dently compensationally stacked on Hyrnestab-
ben (Fig. 6; Crabaugh & Steel, 2004; Johannessen
& Steel, 2005), but also exhibit a progradational
component as observed from their up-dip rela-
tionship to the shingled sandstone-dominated
slope wedges on Storvola (i.e. attributed to Clino-
forms 14A and 14C of Steel & Olsen, 2002; Petter
& Steel, 2006). Large-scale folding and soft-
sediment deformation occur frequently in the
upper parts of several lobe complexes, and partic-
ularly the uppermost part of the youngest lobe
complex is pervasively deformed (LC 12, the
‘pink fan’ of Crabaugh & Steel, 2004, attributed to
Clinoform 15 of Steel & Olsen, 2002). Apparent
slope channels with internal lateral accretion
packages have been reported on the north-eastern
side of Hyrnestabben, occurring in the same
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stratigraphic interval as the lobe complexes (Hen-
riksen et al., 2011). However, detailed investiga-
tions and lateral tracing of these features suggest
that they instead represent the soft-sediment
deformed channel-lobe transition zone of LC 11
(this study).

METHODOLOGY AND DATA SET

The data set investigated in this study includes
multiple sedimentary logs from two outcrop sec-
tions along the so-called ‘Van Keulenfjorden tran-
sect’ (Fig. 1C and D; Steel & Olsen, 2002). The
WNW-ESE-oriented Pallfjellet-Brogniartfjella
outcrop section (10 logs on Pallfjellet, two on the
western ridge of Brogniartfjella; Figs 1C and 3) is
parallel to the regional depositional dip and
exposes the Pallfjellet lobe complexes. The
Storvola-Hyrnestabben outcrop section (22 logs
on Hyrnestabben and eight on Storvola; Figs 1C
and 6) comprises a north-west/south-east-
oriented and a south-west/north-east-oriented
segment and exposes the Hyrnestabben lobe com-
plexes at near dip parallel to near strike parallel
directions. The data set also includes core and
accompanying gamma ray data from well BH 10-
2008 (Fig. 4; Johannessen et al., 2011; Grundvag
et al., 2014a). In addition, the well is tied to a 2D
reflection seismic line which intersects the well
site in a west—east direction (Fig. 5; Johannessen
et al., 2011). All of the sedimentary logs were
measured bed-by-bed (with a resolution of a few
centimetres and typically drawn at scale 1:20),
and include descriptions of lithology, grain-size,
sorting, sedimentary structures and trace fossils,
as well as palaeocurrent data from the outcrop
sections (mainly from current ripple cross-
lamination, tool marks and flute casts). Where
possible, lateral facies transitions and stratal
geometries were determined by walking out beds
and key surfaces in the outcrops (usually at only
a few hundred metres) and from visual tracing on
photograph-mosaics. Bed type proportions were
calculated and plotted using Microsoft Excel®.
Bed amalgamation is very common at a variety of
scales and hampers sub-division into bed types,
which naturally influences bed type statistics. It
may involve two or multiple beds, eventually
forming amalgamated units ranging from a few
centimetres to several metres in thickness. Amal-
gamated units were defined (and thus plotted
separately) as sandstone packages bounded at
their base and top by mudstone beds, which
internally exhibit multiple sand-on-sand contacts

(demarcated by abrupt grain-size breaks) and/or
discontinuous mudstone interbeds.

FACIES AND BED TYPES OF THE LOBE
COMPLEXES

From the analysis of outcrop and core data, 13
recurrent sedimentary lithofacies are recognized
within the lobe complexes (Table 1). Bed types
are distinguished by their constituent lithofacies
and the relative proportion of these, and are fur-
ther classified into four main groups reflecting
the inferred behaviour of the flows from which
they originated: (i) hyperpycnites (HPs) depos-
ited by hyperpycnal flows; (ii) turbidites (TBs)
primarily deposited by surge-type turbidity cur-
rents; (iii) hybrid event beds (HEBs) deposited
by transitional flows; and (iv) mass-transport
deposits (MTDs; Fig. 7) deposited by slumps,
slides and debris flows. A description of the rec-
ognized types of gravity flow event beds are
given below.

Hyperpycnite beds (HPs)

AHP — amalgamated sandstone units

Description. Up to 5 m thick amalgamated sand-
stone (AHP) units characterized by a massive,
thick-bedded appearance preserving few sedi-
mentary structures (facies T, S; and Sy
Table 1). Amalgamation surfaces are demarcated
by horizons of aligned intraformational mud-
stone clasts, or low-relief scour surfaces with
thin lags of coarse-grained to very coarse-grained
sandstone (i.e. abrupt grain-size breaks). In addi-
tion, thin (<0.1 m thick), discontinuous mud-
stone interbeds and floating solitary mudstone
clasts occur locally. Dewatering structures are
variably present, whereas thin (some few centi-
metres) and poorly developed intervals of plane
parallel lamination occur within or at the tops
of the AHP units. Two laterally related sub-
categories are recognized. The first type, which
represents deposition in confined settings (AHP-
C; Fig. 7A), is the major constituent of the slope
channel fill bed type association. The AHP-C
units consist of medium-grained to coarse-
grained sandstone with ungraded lower parts
and slightly finer-grained upper parts, which
contain abundant horizons of imbricated to ran-
domly oriented mudstone clasts. The second
type, which represents deposition in largely
unconfined settings (AHP-U; Fig. 7A), is the
major constituent of the lobe axis bed type
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Deep-water hyperpycnites 19

Fig. 8. Representative pictures of inferred hyperpycnite beds (HPs). (A) Details of an HP1A bed exhibiting an
undulating internal scour surface and low-angle stratification, typical of deposition by sustained flow of fluctuat-
ing velocities. (B) A bed displaying an internally asymmetrically loaded sand-on-sand contact, indicating deposi-
tion by successive pulses within the same flow event (bed type HP1B). (C) A bed exhibiting a lower plane parallel
laminated division (Tg) truncated by a coarser-grained massive division (Ta; bed type HP1C), suggesting deposi-
tion under waxing to waning flow conditions. Lens cap for scale (5 cm). (D) A stack of thin-bedded hyperpycnites,
each displaying a lower laminated division and an upper structureless division. Thin-bedded hyperpycnites com-
monly co-occur with thin-bedded turbidites in the lobe fringes, suggesting that many hyperpycnal flows reached
far into the basin. (E) Details of an HP1C bed exhibiting a clear waxing—waning configuration with a lower struc-
tured division (Tg.c) sharply overlain by a coarser-grained structureless division (T4). (F) An HP2B bed exhibiting
a complex facies arrangement with alternations of various traction-generated structures (Tg/c), collectively suggest-
ing deposition under fluctuating sub-critical velocity conditions. All photographs are from the Hyrnestabben lobe

complexes. Bed type details are given in Fig. 7A.

association and represents the down-dip contin-
uation of the AHP-C units. The AHP-U units
consist of fine-grained sandstone with no clear
grain-size trends. Thin, discontinuous mudstone
interbeds are present, whereas mudstone clast
horizons are very rare.

Interpretation. The abundance of amalgam-
ation features indicates that the AHP units have
a composite origin. However, based on their
thick-bedded and structureless appearance, the
AHP units are interpreted to be deposited by
progressive aggradation beneath sustained, high-
density turbidity flows (e.g. Kneller & Bran-
ney, 1995), or by rapid deposition following the
collapse of voluminous, surge-type, high-density
turbidity currents (Lowe, 1982). Event beds
deposited by surge-type currents are commonly
draped by mud of hemipelagic or hemi-
turbiditic origin, implying that a stack of such
event beds in most circumstances will be sepa-
rated by intervening mud deposits. As such, the
sparsity and the thinness of interbedded mud-
stones in the AHP units, suggest that mud gener-
ally bypassed, did not have time to settle
between successive flows (or flow pulses), or
was readily eroded relatively soon after deposi-
tion by overriding currents (Walker, 1966). In
sustained flows, temporal waning promotes sud-
den flow collapse and rapid dumping of sand,
whereas waxing flow pulses may cause localized
erosion, collectively resulting in thick, massive
sand deposits of composite nature (e.g. Stow &
Johansson, 2000; Mattern, 2002; Hodgson, 2009).
Scour surfaces with lags of aligned mudstone
rip-up clasts in the AHP-C units indicate recur-
rent erosion of transient mud accumulations fol-
lowed by bed load traction. In high-density
turbidity current deposits, the preservation of
floating mudstone clasts has been attributed to
intra-flow transport along the rheological

boundary between the basal laminar inertia layer
(i.e. the sandy debris flow of Shanmugam, 1996)
and the overriding, faster-moving turbulent layer
of the flow, followed by en masse freezing and
clast trapping in the middle of the deposit as
the boundary progressively changes upward dur-
ing waning flow (Postma et al.,, 1988; Stow &
Johansson, 2000). Thus, in the AHP units where
there is no profound evidence of internal scour-
ing, multiple levels of floating mudstone clasts
suggest progressive sediment aggradation under-
neath a sustained flow characterized by simulta-
neous bed load (traction) and suspended load
deposition (Zavala & Pan, 2018). Although sus-
tained turbidity currents can be initiated by
many processes (as discussed later), a hyperpyc-
nal flow origin for the AHP units is favoured,
based on the lateral connectivity between shelf-
edge positioned fluvial distributary channels,
slope channels and basin floor fans, as docu-
mented by previous workers (Fig. 2; Johannes-
sen & Steel, 2005; Petter & Steel, 2006; Helland-
Hansen & Grundvag, 2021).

HP1 — composite sandstone beds with internal
truncations

Description. This bed type consists of 0.02 to
0.7 m thick, subtly-graded to non-graded or
locally inversely—normally graded, medium-
grained to very fine-grained sandstone beds
characterized by multiple internal truncation
surfaces and grain-size breaks, floating rip-up
mudstone clasts (in the middle of the bed),
intra-bed horizons of plane parallel to sub-
parallel or low-angle wavy lamination, and
small-scale (5 to 10 cm deep, up to 20 cm wave-
length) scour-and-fill features separated by
mound-like structures (HP1A; Figs 7A and 8A).
The fill of the scours typically consists of
medium-grained to coarse-grained, coarse-tail
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Fig. 9. Representative pictures of turbidite beds (TBs) exhibiting classical Bouma-type facies arrangements point-
ing to deposition under waning flow conditions. (A) A thick-bedded sandstone bed dominated by a massive lower
division overlain by a thin, laminated upper division (bed type TB1C). (B) A medium-bedded sandstone exhibit-
ing normal grading and a clear two-fold division with a plane parallel stratified upper division overlying a mas-
sive division (bed type TB2B). (C) A thin-bedded sandstone characterized by a poorly developed massive
division, successively overlain by a plane parallel and a current-ripple cross-laminated division (bed type TB2C).
(D) A heterolithic unit composed of interbedded mudstones and very thin sandstones beds exhibiting normal
grading and occasionally plane parallel lamination to current-ripple cross-lamination (bed type TB3D). All photo-
graphs are from the Hyrnestabben lobe complexes. Bed type details are given in Fig. 7B.

normally graded, massive sandstone (Fig. 8A).
On some occasions, laminae, which thicken
towards the centre of the scours, partly drape
and partly onlap the scour surfaces (Fig. 8A).
Water-escape structures are variably present. In
places, strongly asymmetrical load casts with
associated flame structures (shaped like Kelvin-
Helmholtz waves) form laterally persistent hori-
zons (or trains) within entirely sandstone-
dominated beds (HP1B; Figs 7A and 8B). The
load casts are typically coarser grained than the
underlying and overlying sandstones. Some of
the thicker HP1A and HP1B beds include a thin
(some few centimetres) silty division on top
consisting of horizontally aligned to imbricated
and randomly oriented plant material and
centimetre-sized coal clasts embedded in a silty
sandstone matrix (Figs 7A and 8B). A lateral
link to the plant-rich HEB1 and HEB2 bed types
may thus be the case. Other beds exhibit a lower
structured division (for example, plane parallel

lamination, current-ripple cross-lamination,
etc.), sharply overlain by a coarser-grained,
structureless, subtly graded division, which gen-
erally constitutes more than half of the bed
thickness (HP1C; Figs 7A and 8C to E). A thin-
bedded (bed thickness typically <0.05 m;
Fig. 8D) variety of this bed type commonly co-
occurs with the thin-bedded turbidites of TB3.
Interpretation. The general structureless, sub-
tle to non-graded character of most HP1 beds
suggests deposition by aggradation of sand from
sustained, quasi-steady turbulent flows (Kneller
& Branney, 1995). Their sharp, scoured bases
indicate initial erosion by powerful turbulent
flows. The many intra-bed truncation surfaces
and scour-and-fill features indicate frequent
velocity fluctuations (i.e. flow unsteadiness)
with short-lived pulses of waxing flow condi-
tions resulting in localized erosion, immediately
followed by rapid suspension fallout during
intervening waning flow. The plane parallel to
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sub-parallel and low-angle wavy lamination in
some beds (HP1A; Fig. 8A) indicates bedload
transport under upper flow regime (supercriti-
cal) conditions (Postma et al, 2009; Jobe
et al., 2012; Cartigny et al., 2014). The intra-bed
occurrence of strongly asymmetrical load and
flame structures (for example, Fig. 8B) indicates
concomitant deposition and shearing by internal
flow pulses of contrasting densities (e.g. Butler
et al., 2016). The lower structured division of
the HP1C beds (Figs 7A and 8C to E) indicates
sustained bed load traction under fluctuating
subcritical to supercritical velocities. The sharp
transition to the upper structureless division of
these beds records erosion by a waxing (super-
critical), turbulent flow, whereas the structure-
less nature of the upper division indicates rapid
dumping of sand when the sustained, turbulent
flow eventually collapsed and came to a com-
plete halt (Plink-Bjorklund & Steel, 2004; Petter
& Steel, 2006). Because abundant plant remains
and similar composite bed architectures have
been attributed to hyperpycnal flows elsewhere
(e.g. Paim et al.,, 2011; Zavala et al., 2011), a
hyperpycnal flow origin for the HP1 bed type is
favoured. The thin, inversely-to-normally graded
sandstone beds with a lower laminated and an
upper massive division (for example, Fig. 8D),
which record deposition under waxing to wan-
ing velocities, may thus represent the deposi-
tional product of distal hyperpycnal flows (e.g.
Mulder et al., 2003; Nakajima, 2006).

Sustained or pulsed turbidity currents trig-
gered by processes other than hyperpycnal flows
(for example, retrogressive slumping or earth-
quakes; Felletti et al., 2009; Jackson et al., 2009;
Ho et al., 2018) and fully ponded or partially
reflected turbidity currents in structurally con-
fined basins (e.g. Tinterri et al., 2022), all of
which may result in facies sequences similar to
those of the HP1 beds, are discussed later.

HP2 — composite sandstone beds with
complex facies arrangements

Description. This bed type consists of 0.2 to 0.8 m
thick subtly-graded to non-graded, medium-
grained to very fine-grained sandstone beds char-
acterized by complex facies arrangements (HP2;
Figs 7A and 8F). The lower part of most beds is
sharp based and structureless, whereas the upper
part exhibits alternating divisions of plane parallel
lamination, subcritical climbing current ripple
cross-lamination, and subordinate structureless
divisions (HP2A and HP2B; Fig. 7A). Locally, par-
ticularly in the lobe fringes, some beds, typically
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<0.4 m thick, are completely dominated by climb-
ing current ripple cross-lamination, which occa-
sionally displays transitions from subcritical via
supercritical climbing current ripple cross-
lamination into wavy lamination (HP2C and
HP2D; Fig. 7A). Subtle grain-size variations occur
within and between the various bed divisions. Bed
tops are commonly sharp, but in some cases, an
upper siltstone division may occur, grading
upward into the overlying mudstone.

Interpretation. Based on the sharp-base, subtle
normal grading and the complex facies arrange-
ment with alternations of plane parallel laminated,
climbing current ripple cross-laminated and thin
structureless divisions, these beds are interpreted
to be deposited by semi-continuous bed load trac-
tion beneath sustained quasi-steady turbidity cur-
rents characterized by high amounts of suspended
sand and recurrent waxing and waning pulses
(e.g. Petter & Steel, 2006; Felletti et al., 2009).
The lower structureless division indicates rapid
aggradation and fallout from the initial turbulent
flow. Plane parallel lamination indicate bed load
transport under upper flow regime (supercritical)
conditions, whereas current ripple cross-
lamination points to deposition under slightly
lowered, subcritical flow velocities promoting the
development and migration of bed forms (Jobe
et al., 2012; Baas et al., 2016). The common occur-
rence of climbing current ripple cross-lamination
to wavy lamination suggests repeated episodes of
rapid loss of flow momentum with high rates of
suspension fallout and bed form aggradation being
the result (Zavala et al, 2006, 2011; Jobe
et al., 2012). The subordinate, intervening massive
bed divisions presumably record rapid dumping
of suspended sand during short-lived pulses of
flow collapse. Sandstone beds with very similar
complex vertical facies sequences as the HP2 beds,
which previously have been attributed to deposi-
tion by sustained, fluctuating hyperpycnal flows,
occur frequently on the upper slope segment of
the clinoforms hosting the investigated lobe com-
plexes (Fig. 2; Plink-Bjorklund & Steel, 2004; Pet-
ter & Steel, 2006). As such, the HP2 beds are
interpreted to be hyperpycnites representing a less
energetic, deposition-dominated variety of the
closely related HP1 beds.

Turbidite beds (TB)

TB1 — thick-bedded turbidite sandstones

Description. Massive, non-graded to subtly
graded, medium-grained to very fine-grained
sandstone beds typically 0.4 to 1.0 m thick with
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tabular geometries (Figs 7B and 9A). Most beds
have a thin (some few centimetres), poorly
developed upper division exhibiting plane par-
allel stratification (Fig. 9A). The thickest beds
occasionally show signs of amalgamation (such
as solitary, floating mudstone clasts in the mid-
dle of a bed, subtle grain-size changes and trun-
cated dewatering structures; TB1A) or pervasive
soft-sediment deformation (mostly dewatering
structures such as convolute bedding and dish
structures; TB1B). The bed bases are typically
sharp and flat, occasionally accompanied by
load casts and associated flames. Some beds
have scoured bases which cut some few centi-
metres to decimetres into the underlying
deposits. Rip-up mudstone clasts are occasion-
ally aligned above the scoured bases, forming
discontinuous basal lags. Many TB1 beds thin
and transition down-dip into TB2 beds.
Interpretation. There are many depositional
models for massive sandstone beds in submarine
lobes, including: (i) progressive aggradation of
sand beneath quasi-steady high-density turbidity
currents (e.g. Kneller & Branney, 1995); (ii) rapid
deposition of sand from collapsing, voluminous,
surge-type (unsteady), high-density turbidity cur-
rents (e.g. Lowe, 1982); (iii) rapid sand deposition
by hyperpycnal flows following buoyancy rever-
sal and lofting processes (Gladstone & Pritch-
ard, 2010; Stevenson & Peakall, 2010; Steel
et al., 2016); and (iv) en masse freezing of the lam-
inar flow layer at the base of high density turbid-
ity currents (i.e. the sandy debris flow of
Shanmugam, 1996). All of these processes could
equally have contributed to the deposition of the
TB1 beds, although the latter alternative is the
least favourable since few features consistent
with such processes were observed (for example,
bed tops with mudstone clasts, inverse grading,
irregular upper contacts, etc.; see Shanmu-
gam, 1996). Nonetheless, the scoured bases,
which occasionally are accompanied by basal
lags of mudstone clasts, indicate initial erosion
by powerful, fully turbulent flows prior to deposi-
tion (e.g. Crabaugh & Steel, 2004). The TB1A beds
were probably deposited by quasi-steady high-
density turbidity currents, in which the subtle
grain-size breaks and internal truncations reflect
temporal velocity fluctuations (Kneller & Bran-
ney, 1995). The dewatered character of the TB1B
beds indicates rapid suspension deposition of
sand followed by liquefaction processes, whereas
subtle grading and the traction-generated struc-
tures in the upper part of most beds record wan-
ing flow conditions (Lowe, 1982). The down-dip

thinning of beds and the concomitant transition
into TB2 beds, indicate that most of the flows
depositing TB1 beds decelerated and gradually
lost their transport capacity as they travelled
basinward, which is typical for surge-type turbid-
ity currents. As such, a turbidite affinity for the
TB1 beds is preferred, although it is acknowl-
edged that some TB1A beds are transitional to the
AHP-U deposits and may thus reflect deposits of
hyperpycnal flows (Fig. 7).

TB2 — thin to medium-bedded turbidite
sandstones

Description. Subtly graded, to less commonly
normally graded, sharp-based, fine-grained to
very fine-grained, sheet-like sandstone beds, typ-
ically 0.05 to 0.4 m thick (Figs 7B and 9B). The
TB2 beds are typically structureless throughout,
yet many beds include a slightly finer-grained,
upper division exhibiting plane parallel stratifi-
cation and/or current ripple cross-lamination
(commonly subcritical climbing sets; Figs 7B, 9B
and 9C). Stacked beds are typically separated by
thin mudstone units. However, scoured bases
and bed amalgamation occur frequently in
places.

Interpretation. Based on the normal to subtle
grading, sharp bases and the presence of sedi-
mentary structures attributed to traction, TB2
beds are interpreted as turbidites deposited by
surge-type (unsteady), low-density turbidity cur-
rents (e.g. Kneller, 1995). The grading and vertical
facies arrangement further indicates deposition
under waning flow conditions, typical for basin-
ward decelerating turbidity currents (e.g.
Bouma, 1962; Kneller, 1995).

TB3 — very thin-bedded turbidite sandstones
and siltstones

Description. Normally to subtly graded, sharp-
based, very fine-grained sandstone to siltstone
beds, typically <0.1 m thick, (TB3A and TB3B;
Figs 7B and 9D). Most of the thin sandstone and
siltstone beds are tabular and structureless but
may locally exhibit plane parallel laminated bed
tops. Lenticular beds with current ripple cross-
lamination occur in some few places (TB3C;
Fig. 7B). On many occasions, the sandstone or
siltstone beds alternate with equally thin-bedded
mudstones, forming couplets which stack into
decimetre to several metres thick heterolithic
sheet-like packages (TB3D; Fig. 7B), which rep-
resent an important constituent of the distal lobe
fringe bed type association (e.g. Spychala
et al., 2021). Many TB3 beds appear to transition
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up-dip into TB2 beds, thus being part of a lateral
continuum of bed type configurations.

Interpretation. Based on their limited thick-
ness, fine-grained character, normal to subtle
grading and the occasional presence of traction-
generated structures, the TB3 beds are inter-
preted to be deposited by distally waning, surge-
type, low-density turbidity currents of limited
volumes (sensu Lowe, 1982). Based on the
apparent lateral and genetic relation to the TB2
beds, it seems likely that the currents depositing
the TB3 beds represent the residual, fine-
grained, distal continuation of higher density
flows which deposited their coarser-grained sed-
iment load further up-dip.

TB4 — siltstone to mudstone turbidites
Description. Structureless, normally to subtly
graded and non-graded, sharp-based, siltstone to
mudstone beds, generally <0.1 m thick, but
occasionally reaching thicknesses up to 0.4 m
(Fig. 7B). TB4 beds usually have tabular geome-
tries and occur in close association with TB3
beds, typically being important constituents of
the lobe fringe to distal lobe fringe bed type
associations. Faint parallel lamination to discon-
tinuous wavy lamination, millimetre-scale silt
streaks and mudstone-filled scours, aligned or
randomly oriented plant debris and bioturbation
are variably present. Some of these beds are
transitional to the background mudstone
deposits (Fig. 7B).

Interpretation. Based on their siltstone to
mudstone-dominated character, occasional nor-
mal grading and sharp bases, the TB4 beds are
attributed to deposition by dilute, low-density,
mud-rich turbidity currents (e.g. Stow & Shan-
mugam, 1980; Bhattacharya & MacEachern, 2009;
Boulesteix et al., 2019). The mudstone-filled
scours indicate erosion by waxing, turbulent
flows followed by rapid mud deposition during
flow collapse. High fallout rates of mud from
hypopycnal plumes are known to initiate small,
muddy turbidity currents that can erode the sea-
floor far off the coastline and concomitantly pro-
mote regional mud deposition (Parsons
et al., 2001; Piper & Normark, 2009).

Hybrid event beds (HEBs)

HEB1 - bipartite to tripartite sandstone beds
rich in plant debris

Description. These beds consist of 0.1 to 0.9 m
thick bipartite beds with a lower, sharp-based,
subtly graded to non-graded, fine to very fine-

grained structureless sandstone division, and an
upper, poorly sorted, finer-grained (silty sand-
stone to sandy siltstone) division rich in fossil-
ized plant detritus (Figs 7C and 10A to C). Some
few beds, which typically exhibit signs of amal-
gamation or water-escape related deformation,
exceed 1.5 m in thickness (HEB1A; Fig. 7C).
The contact between the lower and upper divi-
sion of the HEB1 beds is gradational and less
commonly sharp (non-erosive) or loaded. In the
latter case, flame structures protrude from the
sandstone into the overlying fine-grained divi-
sion. The thickness proportion between the two
divisions may vary greatly laterally within a bed
or between stacked beds (compare Fig. 10A to
C). In the thickest beds, the basal sandstone
division is usually thicker than the upper (only
some few exceptions recorded; Fig. 10A and B),
whereas the opposite is usually the case in thin-
ner bed varieties (those <0.2 m thick; Fig. 10C
and D). The plant detritus is typically randomly
distributed within the overall sandy matrix of
the upper division, although clast alignment and
imbrication, as well as coarse-tail inverse grad-
ing occur in places (Fig. 10C and D). Thin, silty
sandstone beds may cap the plant-rich division,
locally resulting in a tripartite bed architecture
(HEB1G; Figs 7C, 10C and 10D).

Interpretation. The distinct bipartite character
of these beds suggests deposition by hybrid sedi-
ment gravity flows (Haughton et al., 2003, 2009).
Based on the sharp base, structureless and subtly
graded character, the lower sandstone division is
interpreted as a high-density turbidity current
deposit (e.g. Haughton et al., 2003, 2009; Amy &
Talling, 2006; Hodgson, 2009). The poor sorting
and random distribution of plant material in the
upper division suggests en masse deposition by a
cohesive debris flow (Amy & Talling, 2006; Hodg-
son, 2009). When a turbulent flow expands across
a basin floor and decelerates, sand-grade sedi-
ment is rapidly deposited in the off-axis region of
a lobe, whereas finer-grade sediment and plant
material may become concentrated in the flow tail
or upper part of the flow. Concentration of these
components can suppress turbulence, causing
transformation into laminar flow and the genera-
tion of a cohesive debris flow which partly over-
rides the underlying turbidite deposit (e.g.
Hodgson, 2009; Kane & Pontén, 2012; Kane
et al., 2017; Southern et al., 2017; Hussain
et al., 2021). The bed thickness variation and the
varying thickness proportion between the two
divisions reflect a proximal/axial to distal/off-axis
continuum. Thick sandstone beds with a thin
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upper division reflect deposition in proximal and
axial lobe settings, whereas thinner beds with a
thick upper division relative to the basal division
are interpreted to represent deposition in the dis-
tal and off-axis areas, as reported in many other
ancient submarine lobe systems (e.g. Hodg-
son, 2009; Kane & Pontén, 2012; Kane et al., 2017;
Spychala et al., 2017a). The thin bedded sand-
stone which occurs in the uppermost part of the
tripartite beds, indicates deposition by low-
density turbidity currents related to the passage
of the dilute, fine-grained flow tail.

HEB2 — banded sandstones rich in plant
debris
Description. This bed type consists of 0.05 to
0.3 m thick, sharp-based, subtly to non-graded
beds with a fine-grained to very fine-grained basal
sandstone division, and an upper banded divi-
sion consisting of mud-poor very fine-grained
sandstone layers alternating with mud-rich sand-
stone to siltstone layers rich in fossil plant detri-
tus (Figs 7C and 10E to I). The contact between
the divisions is typically gradational with poorly
developed layers (pseudo banding) with aligned
and occasionally imbricated plant detritus
(Facies B,, Table 1) transitioning upward into
well-developed bands rich in plant detritus
(Facies B,, Table 1; HEB2A, Fig. 10E to G). In
some beds, there is a sharp contact between the
sandstone division and the overlying banded
division (HEB2B; Figs 7C, 10H and 10I). This bed
type is closely associated and commonly co-
occurs and alternates with HEB1 beds.
Interpretation. The gradational transition from
structureless to banded sandstone implies that
the two divisions are co-genetic and were depos-
ited by the same hybrid flow. The basal division
was deposited by aggradation underneath a non-
cohesive, high-density turbidity current (e.g.
Haughton et al., 2009), whereas the upper,
banded division is attributed to deposition
under quasi-laminar (transitional/slurry) flow
conditions, indicating that the flow changed
from turbulent to laminar without fully trans-
forming into a cohesive debris flow (e.g. Lowe &
Guy, 2000; Sumner et al, 2009; Kane &
Pontén, 2012; Southern et al., 2017). Turbulence
suppression caused by entrainment of mud, con-
centration of residual material (such as plant
detritus) in the flow tail and upper flow layer, or
flow deceleration during flow spreading (e.g.
Kane et al., 2017; Southern et al., 2017) may all
promote flow transformation.
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HEB3 — bipartite sandstone beds rich in
mudstone clasts
Description. This bed type is 0.3 to 1.2 m thick
and exhibits a distinct bipartite bed division
(Fig. 7C). The lower bed division typically con-
sists of fine-grained to very fine-grained, struc-
tureless to faintly stratified, subtly graded to
non-graded sandstone (Fig. 10] to M). Bed bases
are sharp, but load casts and associated flame
structures occur in places. The contact to the
upper division is either gradational or sharp
with occasional loading. Where loaded, flame
structures are commonly present. The upper
division is poorly sorted and consists of a nor-
mally to subtly graded, muddy sandstone to silt-
stone rich in floating (intraformational)
mudstone clasts, sandstone pseudo nodules and
subordinate fossil plant detritus (D; to Ds,
Table 1). Locally, a thin (<2 cm thick) siltstone
to very fine-grained, normally graded sandstone
layer may occur embedded within the upper
and most fine-grained part of the bed. The mud-
stone clasts are generally randomly distributed,
but in rare cases they may be aligned parallel
(or sub-parallel) to the bedding. Some of the
mudstone clasts are bioturbated. Convolute bed-
ding and overturned to recumbent folding occur
in some beds (for example, HEB3B; Figs 7C and
10L). The bed tops are sharp, but gradual transi-
tions into overlying mudstones occur.
Interpretation. The bipartite (to tripartite) bed
character with a lower sandstone division and an
upper poorly sorted division containing mudstone
clasts, indicates deposition by a bipartite flow
which underwent transformation from turbulent to
laminar before final deposition (Haughton
et al., 2003, 2009; Hodgson, 2009). Thus, the mas-
sive appearance of the lower division suggests
rapid deposition and progressive aggradation
beneath a high-density turbidity current. The
poorly sorted, distorted and chaotic fabric with ran-
domly distributed mudstone clasts and sandstone
pseudo nodules point to en masse deposition from
a laminar (debris) flow for the upper bed division
(Amy & Talling, 2006). The clasts are intra-basinal
and represent semi-consolidated erosional products
that were entrained into the flow (e.g. Fonnesu
et al., 2018). It has previously been argued that the
entrainment and disintegration of mud clasts may
be responsible for the transformation of turbulent
flows into laminar cohesive flows (e.g. Haughton
et al., 2003; Hodgson, 2009; Pierce et al., 2018).
Deceleration during flow spreading may also
reduce the suspension capacity of a flow,
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Fig. 11. Representative pictures of mass-transport deposits (MTD). (A) Typical expression of several metre-scale
basinward-directed folds within thin-bedded heterolithic lobe fringe deposits of LC 9 at Storvola (MTD1). These
MTD represent local slide events, which apparently did not evolve into a full-scale slump. (B) Decimetre-scale
slump folds occur locally within thin-bedded heterolithic fringe and distal fringe deposits, and in proximity to
channel margins (MTD2). These deposits record minor slides and slumps (of very limited run-out) associated with
instability promoted by local relief. The example is from the channel-lobe transition zone of LC 10 at Storvola. (C)
to (E) Examples of a laterally complex and chaotic MTD within LC 12 at Hyrnestabben. This particular MTD
exhibits multiple lateral transitions between segments that record sliding with limited deformation (mostly fold-
ing; C), via units that contain abundant disintegrated and faulted strata due to increased shear-related deformation
(D) to fully disintegrated debris-flow deposits (E). Bed type details are given in Fig. 7D.

promoting flow collapse and laminar transforma-
tion of the upper part of the flow along its full
length (Kane et al., 2017). Alternatively, beds exhi-
biting an upper division with convolute bedding or
overturned folding, as well as sandstone pseudo
nodules, particularly the beds occurring in the lobe
fringes, may record deposition and deformation by
reversed flow pulses reflected by the forebulge
slope (Muzzi Magalhaes & Tinterri, 2010; Tinterri
et al., 2022). The thin, normally graded sandstone
to siltstone bed that occurs locally within the upper
fine-grained portion of some beds reflects deposi-
tion by the low-density turbulent tail of the current
(Haughton et al., 2009; Hodgson, 2009). HEBs like
those documented here are typically reported from
lobe off-axis to lobe fringe environments elsewhere
(Haughton et al., 2009; Hodgson, 2009; Kane
et al, 2017; Fonnesu et al.,, 2018). They are also
increasingly being recognized in base-of-slope to
proximal lobe environments where they presum-
ably record deposition following up-dip erosion

and channel incision events (e.g. Haughton
et al., 2009; Pierce et al., 2018; Brooks et al., 2022).
As such, it is inferred that there is a link between
HEB3 beds in proximal lobe axis settings and mud-
stone rip-up clast-bearing AHP-C deposits occur-
ring in the up-dip slope channel fills (Fig. 6C).
Some of the HEB3 beds may also be transitional to
the slump deposits of MTD3 (Fig. 7C and D; e.g.
Muzzi Magalhaes & Tinterri, 2010).

Mass transport deposits (MTDs)

Description. Several types of mass transport
deposits (MTDs) occur in the investigated lobe
complexes (Fig. 7D). MTD1 beds occur as up to
5 m thick, asymmetrically folded (basinward-
oriented fold axis), heterolithic, thin-bedded
units in LC 1 (at Pallfjellet) and LC 9 (i.e. Clino-
form 12 at Storvola; Figs 7D and 11A). Within
both of these lobe complexes, the MTD1 units
involve folded lobe fringe deposits consisting
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Fig. 12. Schematic illustration of a lobe complex. (A) Plan-view architecture of a lobe complex showing the aerial
distribution of lobe axis, lobe off-axis, lobe fringe and lobe distal fringe deposits. Scouring is most evident in the
lobe axis. (B) Cross-sections showing the internal distribution of bed type associations from proximal to distal
within a lobe complex consisting of a series of progradationally stacked lobes. The relative position of the logs

shown in Figs 13 and 15 are indicated.

mostly of TB2 and TB3 beds and thin mudstone
interbeds.

MTD2 occurs as up to 1 m thick heterolithic,
thin-bedded units (consisting of TB3 and TB4
beds and alternating mudstone interbeds) dis-
playing pervasive folding with no preferred
fold-axis orientations (Figs 7D and 11B). MTD2
occurs in the distal and uppermost part of LC 9
(at Hyrnestabben). Here, these deposits are
located on top of thicker, undeformed, gently
dipping turbidite sandstone beds (Fig. 11B).
They also occur in the channel-lobe transition
zone of LC 10 at eastern Storvola (not dealt with
here).

MTD3 occurs within the base-of-slope seg-
ment of LC 10 and is the dominant bed type of
LC 12 (belonging to Clinoforms 14B and 15 of
Steel & Olsen, 2002, respectively). At Hyrnes-
tabben, the MTD3 deposits within LC 12 can
be traced across the entire outcrop for more
than 3.5 km. Here, these deposits are recorded
as a 1 to 5 m thick heterolithic sandstone unit,

which exhibits a distorted and chaotic charac-
ter with overturned to recumbent slump folds
(involving several beds or the entire unit;
Fig. 11C), convolute bedding (folding within a
single bed), dish structures, boudinage-like
features and syn-sedimentary micro-faults
(Fig. 11D), none of which display a preferred
vergence. In places less affected by pervasive
soft-sediment deformation, sandstone (5 to
30 cm thick) and interbedded mudstone beds
may form coherent heterolithic bed-sets, which
gradually become partly rotated, folded and
distorted laterally. Poorly sorted sandstone
units rich in organic detritus (mostly plant
remains), deformed mudstone to sandstone
intra-clasts of various sizes (up to 10 cm in
diameter) occur laterally of the distorted bed-
sets (Fig. 11E).

Interpretation. Based on their general distorted
to chaotic character, these bed types are inter-
preted to represent slide and slump deposits.
Based on the low degree of deformation, the
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Fig. 13. Representative sedimentary logs illustrating the stratigraphic distribution of various beds and bed type
associations which define lobes within the lobe complexes. (A) Example of a section dominated by amalgamated,
thick-bedded deposits, indicating a proximal axial lobe domain. Location: lower part of LC 10 at Hyrnestabben,
see Fig. 6D for stratigraphic position. (B) Section characterized by a series of (five) stacked lobes dominated by
off-axis deposits, indicating a medial to distal lobe complex setting. Location: LC 11 at Hyrnestabben. See Fig. 6B
for stratigraphic position. (C) Section through the distal/frontal part of LC 3 at the western ridge of Brogniartfjella.
See Fig. 3B for stratigraphic position. The lower part of the section (lobe 2 of Grundvag et al., 2014a) is dominated
by fringe and distal fringe deposits, which record distal lobe progradation. Despite being in a distal part of the
system, the stacked lobes in the upper part (lobes 3 and 4 of Grundvag et al., 2014a) of the section display an
upward increase in erosively based lobe axis deposits reflecting the prograding nature of the lobe complex and
the possible presence of distributary channels across the lobes.

thin-bedded and heterolithic character and their
restricted stratigraphic occurrence in lobe fringe
deposits, the MTD1 beds are interpreted as
small, gravity-triggered slides of limited lateral
translation and deformation with finite liquefac-
tion and sediment mixing. The preferred fold
axis orientation suggests that the sliding took
place on gently inclined, basinward-dipping
surfaces inherited from underlying seafloor
topography.

Based on its limited thickness, slump folded
fabric (with no vergence) and the position on
top of undeformed turbidite sandstone beds, the
MTD2 beds are recognized as the result of minor
slumps with short run-out distances, and which
experienced moderate degrees of liquefaction
and shear-related deformation. Their position
within lobe fringes and channel-lobe transition
zones, indicates that the sloping nature of the
underlying deposit to some degree promoted the
instability.

The chaotic and highly variable character of the
MTD3 beds indicate deposition by slumping and
debris flows. The presence of poorly sorted sand-
stone units suggests that the slumps transformed
into cohesive debris flows. Mudstone and sand-
stone intra-clasts indicate that some of the sedi-
ment was semi-consolidated prior to slumping.
The occurrence of coherent to folded bed-sets sug-
gests that these sections only partly underwent
deformation, sliding down the slope as larger,
semi-consolidated blocks. The large amount of
dispersed plant remains suggests a deltaic origin
for these slump-emplaced sediments. The col-
lapse of over-steepened mouth bars located near
the shelf-edge are known to be an important sedi-
ment source for many accreting slope systems.
Rotated slump blocks overlain by slope lobes and
slope channels containing hyperpycnal flow
deposits have been documented on the associated
slope segment of Clinoform 15 on Storvola
(Pontén & Plink-Bjorklund, 2009).

BED TYPE ASSOCIATIONS

Based on the stratigraphic distribution, relative
proportion and abundance of bed types, as well
as degree of bed amalgamation and overall sand-
stone content, four bed type associations are rec-
ognized, representing: (i) lobe axis; (ii) lobe off-
axis; (iii) lobe fringe; and (iv) distal lobe fringe
depositional sub-environments (Fig. 12; see also
Grundvag et al, 2014a and Spychala
et al., 2021). The four bed type associations
stack to form recurrent thickening-upward and
sandying-upward units, referred to as lobes, in
accordance with previous studies (Figs 13 and
14; Crabaugh & Steel, 2004; Grundvag
et al., 2014a; Spychala et al., 2021). In the verti-
cal domain, a lobe is characterized by distal lobe
to lobe fringe deposits being conformably over-
lain by lobe off-axis, which is capped by ero-
sively based lobe axis deposits (Figs 13 and 14;
Grundvag et al., 2014a; Spychala et al., 2021).
There are no definite boundaries between the
bed type associations in the lateral domain.
Lobe axis deposits can for example be traced for
significant distances along an outcrop, eventu-
ally transitioning (on some occasions rather
abruptly) into off-axis and lobe fringe deposits
(see more details in Spychala et al., 2021). As
such, the recorded distribution and stacking of
bed type associations, at lobe scale, are very
similar to that reported in submarine lobes else-
where (e.g. Hodgson et al, 2006; Prélat
et al.,, 2009; Macdonald et al., 2011; Kane
et al., 2017; Spychala et al., 2017b, 2021; Han-
sen et al., 2019). Because each lobe complex
comprises several stacked lobes, the four bed
type associations occur at multiple levels within
a single lobe complex (Figs 3D, 4B, 13 and 14).
Based on the lateral and vertical distribution
and the relative proportion of bed type associa-
tions, it is possible to interpret proximal,
medial and distal zones at lobe complex scale
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Fig. 14. Selected photographs showing the internal architecture of LC 11 at Hyrnestabben. (A) Laterally, stacked
lobes (L1 to L5), which are typically separated by fringe or distal fringe deposits, may gradually merge to form
thick, amalgamated sandstone units (AHP-U). The cliff is ca 20 m tall. Position of the outcrop segment is indi-
cated in Fig. 6C. (B) Although LC 11 thins to less than <13 m further to the north-east along the outcrop belt, a
series of five lobes may be recognized. The cliff is ca 10 m tall (lobe 1 is not shown on the photograph). (C) to (E)
Detailed photographs showing the internal architecture of lobes 2, 4 and 5 of LC 11. Note the general vertical dis-
tribution of bed type associations with lobe fringe deposits overlain by lobe off-axis and lobe axis deposits. Amal-
gamation and internal scour surfaces, which indicate frequent erosion and bypass, are characteristic for the lobe
axis deposits. Some lobe axis deposits (see example in D) contain amalgamated to thin-bedded turbidites that may
represent tractional lags (sensu Porten et al., 2016) and erosive remnants in shallow distributary channels which

acted as bypass zones during lobe progradation.

(i.e. relative to the base-of-slope, sensu Hodg-
son, 2009; see also Grundvag et al.,, 2014a;
Figs 12, 16 and 17). For example, lobes of the
medial zone record markedly reduced amounts
of scouring and amalgamation in comparison to
lobes of the proximal zone. Instead, they are
dominated by off axis to lobe fringe deposits
and exhibit a diverse bed type variability in
comparison to those of the proximal zone,
which is dominated by lobe axis deposits
(Figs 13B, 16 and 17). Intercalations of thin-
bedded lobe fringe and fine-grained distal
fringe deposits characterize lobes of the distal
zone (Figs 12 and 13C, see lobes 1 and 2 of LC
5 in Fig. 17).

Various mudstone-dominated and sandstone-
rich slope deposits occur stratigraphically above
and up-dip of the lobe complexes (Figs 2 and
15A to D). These have been documented thor-
oughly in the past (e.g. Plink-Bjorklund
et al., 2001; Mellere et al., 2002; Plink-Bjorklund
& Steel, 2004; Johannessen & Steel, 2005; Petter
& Steel, 2006; Grundvag et al., 2014a). However,
erosively based, lenticular-shaped sandstone
bodies, previously interpreted as slope channels,
occur on the slope of some clinoforms, and
appear to link up with basin floor lobe com-
plexes further down dip (Fig. 2; Plink-Bjorklund
et al., 2001; Steel & Olsen, 2002; Johannessen &
Steel, 2005; Petter & Steel, 2006). Although
briefly described in previous publications, these
features need to be assessed in more detail
because they may give hints on sourcing mecha-
nisms and flow behaviour. As such, slope chan-
nel deposits are described separately.

Lobe axis deposits

Lobe axis deposits are characterized by 1 to 5 m
thick amalgamated sandstone units (AHP-U,
Figs 7, 14A and B). In the proximal lobe complex
zone, the amalgamated wunits can reach

thicknesses up to ca 13 m, thus hampering divi-
sion into individual lobes (for example, Figs 12B
and 13A; see specifically Sections 3 and 6 in
Fig. 16A, and LC 8 and Lobes 4 and 5 of LC 5 in
Fig. 17A). The amalgamated lobe axis deposits in
the proximal zone are thus very similar to chan-
nel mouth deposits reported in submarine lobes
elsewhere (e.g. Hofstra et al., 2018; Hodgson
et al., 2022). When traced laterally, the amalgam-
ated units of the proximal zone tend to thicken
and split into several 2 to 10 m thick aggradation-
ally to progradationally stacked lobes, each exhi-
biting pronounced to more subtle upward
coarsening and thickening trends, and many hav-
ing amalgamated tops (Figs 14A and 16A). Recog-
nition of bed types is problematic within the
amalgamated units, especially in the narrow core,
although various thick-bedded to medium-
bedded, commonly top-truncated hyperpycnite
(for example, HP1A, HP2A and HP2B; Fig. 7A)
and turbidite (TB1 and TB2; Fig. 7B) beds may be
distinguished on some occasions (Figs 13A, 16
and 17). The amalgamation naturally biases the
bed inventory statistics, particularly masking
the presence of individual hyperpycnites, giving
the impression that these deposits are less abun-
dant in the lobe axis deposits than what is actu-
ally the case (Figs 13, 16 and 17). Soft-sediment
deformed or structureless intervals, caused by
extensive water escape, occur locally (also noted
by Crabaugh & Steel, 2004). Erosion occurs on the
base of the thickest beds and particularly at the
base of the amalgamated units which occasion-
ally scour several decimetres into underlying
deposits (for example, TB1A and AHP-U; Figs 7,
13 and 14). Internal low-angle truncation surfaces
and horizons of rip-up mudstone clasts occur in
places. Fine tail deposits like interbedded silt-
stones and mudstones are rare. The uppermost
finer grained division of the thickest sandstone
beds (TB1; Fig. 7B) may occasionally transition lat-
erally into plant detritus-rich divisions (HEB1A;
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Fig. 15. Representative pictures of various slope deposits occurring up-dip and stratigraphically above the basin-
floor lobe complexes (e.g. Figs 2 and 6). (A) The slope succession is dominated by mudstones that frequently exhibit
soft-sediment deformation structures and small-scale faults. Thinly bedded, normally graded sandstones and silt-
stones with sharp, erosive bases (B) and scour surfaces (C) are common features within the fine-grained slope succes-
sion. All core photographs from the Sysselmannbreen well. (D) Locally, heterolithic sandstone-rich successions form
wedges that protrude from the shelf edge onto the upper slope to interfinger with the slope mudstones. These wedges
record deposition from shelf-edge deltas, and previous studies have indicated that hyperpycnal flows were an impor-
tant process for the overall accretion of the slope (e.g. Plink-Bjorklund & Steel, 2004; Petter & Steel, 2006). From
Clinoform 14B, central part of Storvola (see Fig. 6B for clinoform sub-division). (E) Up to 10 m thick, lenticular sand-
stone bodies with concave-up bases occur occasionally within the slope mudstone succession. These represent slope
channels. Internally, the slope channel fill is characterized by a high degree of amalgamation and thick-bedded sand-
stones containing abundant rip-up mudstone clasts (Fig. 3A for location). (F) Frequent flute casts occur at the chan-
nel base. From the southern aspect of Pallfjellet. Lens cap for scale (5 cm). (G) A thick-bedded sandstone unit in the
channel-lobe transition zone of LC10, exhibiting a scoured base and a mudstone clast-rich division interpreted as

traction carpet deposits (facies S,, Table 1). From the eastern ridge of Storvola.

Fig. 7C). Mudstone clast-bearing HEBs (HEB3;
Fig. 7C) may constitute a significant portion of
some proximal lobe axis deposits (up to 13%, see
Section 3 of LC 11, Fig. 16).

Deposits of the lobe axis are mostly tabular but
can also show low relief pinching and swelling
due to minor compensational stacking of beds.
The commonly observed erosive relationship
between the lobe axis deposits and the underly-
ing off-axis deposits presumably indicates the
presence of shallow distributary channels across
the lobes (e.g. Crabaugh & Steel, 2004; Grundvag
et al., 2014a; Figs 12A, 14C to E). In some lobes,
these thick-bedded, amalgamated lobe axis
deposits are incised by up to 1 m thick packages
consisting of thin (<5 cm) and irregular bedded,
fine-grained to medium-grained sandstones (for
example, Fig. 14D). Upon closer inspection, the
thin-bedded appearance of these units is caused
by the presence of multiple bypass surfaces, each
overlain by a thin, top-truncated sandstone, thus
resembling the tractional lag deposits of Porten
et al. (2016).

Lobe off-axis deposits

Lobe off-axis deposits form laterally extensive,
tabular packages which are dominated by
medium-bedded structureless to structured
sandstone beds (TB1C and TB2), beds exhibiting
internal truncations and complex facies arrange-
ments (HP1B and HP1C) and thick beds display-
ing planar lamination (HP2A), as well as units
of thin-bedded sandstones, which commonly
exhibit current ripple cross-lamination (HP2C
and TB2C; Figs 7, 13B, 16 and 17). Bipartite
hyperpycnite beds and HEBs having upper divi-
sions rich in plant debris (HP1A, HEB1B and

HEB2) commonly alternate with the thin-bedded
turbidite sandstones, occasionally forming sig-
nificant accumulations (for example, Fig. 13B).
Interbedded siltstone beds are common, and typ-
ically separate individual beds and bed-sets.
Mudstone clast-bearing HEBs (HEB3; Fig. 7C)
may constitute a significant portion of some lobe
off-axis deposits in the proximal lobe complex
zone (up to 22%, see Lobe 6 of LC 6, Fig. 17),
but are very rare in the off-axis deposits of lobes
positioned in the medial lobe complex zone.

Lobe fringe deposits

Lobe fringe deposits comprise a wide range of
bed types, and from all of the lobe sub-
environments the lobe fringe is the most variable
in facies and bed thicknesses (Figs 13C, 16 and
17). Typically, the lobe fringe deposits occur as
heterolithic sandstone packages dominated by
thin to medium-bedded structureless to struc-
tured sandstones (TB2 beds), as well as beds exhi-
biting internal truncations (HP1B and HP1C;
Fig. 7A) and thin beds (typically <0.2 m) fre-
quently exhibiting climbing current ripple cross-
lamination (HP2C and HP2D). Thicker sandstone
beds are sporadically interbedded within these
deposits (TB1B and TB1C). Thin-bedded, hetero-
lithic packages (TB3 and subordinate TB2A beds;
Fig. 7B) containing thin plant-rich HEBs (HEB1C
and HEB2 beds; Fig. 7C) and siltstone beds
(TB4A) are common. Some lobe fringe deposits of
lobes representing the distal zone contain signifi-
cant amounts (up to 43%, see lobe 2 of LC 5 in
Fig. 17) of plant-rich HEBs (i.e. HEB1 and HEB2;
Fig. 7C). Mudstone and sandstone clast-bearing
HEBs are very rare in the lobe fringes but may
form locally important accumulations (for
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36 S.-A. Grundvag et al.

example, 20% of Lobe 2 of LC 5 in Fig. 17). Dis-
torted and asymmetrically folded bed successions
and bed-sets may occur locally (MTD1 and MTD2
units, Figs 7D and 11A).

Distal lobe fringe deposits

This bed type association is generally weathered
and scree-covered in the outcrops and is there-
fore best observed in the Sysselmannbreen core
(Fig. 4B). The distal lobe fringe deposits form up
to 5 m thick heterolithic siltstone to mudstone-
dominated packages in the lower part of some
lobe complexes where they commonly interca-
late with lobe fringe deposits (for example, see
LC5 in Figs 4B and 17A). The transition from
lobe fringe to distal lobe fringe is marked
through the change from packages with variable
bed thickness to thin-bedded packages with very
low sandstone percentages (<20%). Interbeds of
normally graded, structureless to planar lami-
nated, very thin-bedded, very fine-grained sand-
stone beds are variably present (TB3; Fig. 7B).
Sharp-based, normally to non-graded siltstone to
mudstone beds occur locally (TB4; Fig. 7B).

Slope channel deposits

Description. Lenticular-shaped sandstone bodies
with erosional, concave-up bases occur locally
in the slope segment of the clinoforms
(Fig. 15A). They typically cut several metres into
the surrounding (slope) mudstones but may also
occur within the sandstone-rich slope wedges of
some clinoforms (for example, Clinoforms 12
and 14 of Steel & Olsen, 2002; Fig. 2). The len-
ticular bodies may be some few tens to a couple
of hundred metres wide and may, on some occa-
sions, be traced down-dip into the basin floor
lobe complexes (Figs 1D, 2, 6B and 15E). The
scoured base exhibits flute casts, abundant rip-
up mudstone clasts and subordinate lithic con-
glomerates (Fig. 15F and G), whereas their tops
are most typically sharp and flat. Internally, the
lenticular bodies consist of highly amalgamated
sandstones with a thick-bedded and structure-
less to dewatered appearance (AHP-C; Figs 7A
and 15E), which appears to onlap the basal ero-
sive surface. Locally, the upper part of the chan-
nelized sandstone bodies is characterized by up
to 2 m thick heterolithic units consisting of
thin-bedded turbidite sandstones (TB3) and
interbedded mudstones, as well as subordinate
hyperpycnites (HP1) and hybrid event beds
(HEB1).

Interpretation. Based on their stratigraphic
position, lenticular geometries, concave-up and
erosive  bases incising into surrounding
slope deposits, these sandstone bodies are inter-
preted to represent the fill of low-sinuosity
slope channels (e.g. Plink-Bjorklund et al,
2001; Steel & Olsen, 2002; Johannessen & Steel,
2005; Petter & Steel, 2006; Helland-Hansen &
Grundvag, 2021). Flute casts and rip-up mud-
stone clasts at the base indicate channel forma-
tion through initial erosion by powerful, fully
turbulent flows. The thick-bedded and amal-
gamated nature of the channel fills and the
locally dewatered appearance points to rapid
deposition by the collapse of voluminous,
quasi-steady, high-density turbidity flows. Hori-
zons of aligned mudstone clasts may indicate
progressive sand aggradation accompanied by
bed load transport of clasts beneath sustained
turbidity flows (e.g. Kneller & Branney, 1995).
Albeit many flows deposited their load in the
channels, the high degree of bed amalgamation
(see above description of the AHP-C beds;
Fig. 7A) and the down-dip relationship to the
basin floor lobe complexes, indicate that the
channels where relatively long-lived conduits
for flows bypassing the slope. The sharp tops
indicate abrupt channel abandonment caused
by sudden decrease in sediment flux (for exam-
ple, via channel avulsion or other processes
affecting the fluvio-deltaic feeder system).
Accordingly, the heterolithics in the top of
some channel fills suggest decreasing sedimen-
tation rates and gradual abandonment, or lateral
migration.

In modern submarine channels, scour fills
containing massive sand, and up-slope dipping
beds, which successively onlap (in an up-dip
direction) the underlying erosive surface, have
been linked to upstream-migrating supercritical
bedforms (i.e. cyclic steps, see Cartigny
et al., 2014) caused by flow instabilities (Hage
et al., 2018). Given the steepness of the clino-
form slopes in the present case (3° to 5° e.g.
Johannessen & Steel, 2005), the lenticular
appearance of the channel bodies and the onlap-
ping nature of the channel fill sandstones, chan-
nel Dback-filling by supercritical turbidity
currents may offer an alternative interpretation
(e.g. Postma & Cartigny, 2014; Hage et al., 2018).
Under such conditions, high sediment concen-
trations and hindered settling at the base of
individual flows may have suppressed turbu-
lence, thus forcing deposition of massive sand
beds in the channel (e.g. Postma et al., 2009).
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Fig. 18. (A) Palaeogeographical reconstruction highlighting the most important allogenic forcing factors that facil-
itated the establishment of a hyperpycnal flow-dominated supply system. Collectively, favourable climatic condi-
tions (leading to high rates of sediment supply), shelf-edge positioned river mouths, brackish water conditions in
the basin and steep slopes promoted transfer of sand onto the deep-water basin floor, foremost via river-derived
hyperpycnal flows. Turbidity currents triggered by other mechanisms, such as delta front failure, as well as slope
instability-related slumping, played subordinate roles. WSFTB: West Spitsbergen fold-and-thrust belt. (B) Concep-
tual model showing the main components of a river-derived hyperpycnal flow and the composite character of its
depositional product. See main text for explanation and Fig. 7 for more details on the different bed types. (C)
Main components of a surge-type, waning turbidity current. These currents deposit ‘classical’ Bouma-type turbi-
dites (i.e. TB1 to TB3, Fig. 7). (D) The main characteristics of a slump-derived cohesive debris flow and the resul-
tant deposit (MTD3; Fig. 7). Deposition occurs via en masse freezing of the flow plug. Abbreviations: ¢ -
concentration, d — discharge, t — time, u — velocity.

DISCUSSION abundance of massive thick-bedded turbidite
sands; (iv) abundant composite beds (for exam-
ple, exhibiting inverse-normal grading and
intra-bed cut-and-fill features); (v) abundant
climbing current-ripple cross-lamination (partic-

Criteria for recognizing basin floor lobes fed
by hyperpycnal flows

Several criteria have previously been proposed ularly in frontal lobe regions); (vii) abrupt
for the recognition of hyperpycnal flow- down-dip pinch-out of thick turbidite beds
dominated turbidite systems, including: (i) phys- (caused by lofting processes); (viii) abundance of
ical connection between shelf-edge positioned plant fragments; (ix) low abundance of mass-
fluvial channels and slope channels; (ii) system- transport deposits; and (x) an overall sand-prone

atically accreted turbidite slope wedges; (iii) an turbidite system (Mulder et al, 2003; Mutti
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38 S.-A. Grundvag et al.

et al., 2003; Plink-Bjorklund & Steel, 2004;
Zavala et al., 2006, 2011; Paim et al., 2011; Steel
et al, 2016). In addition, hyperpycnal flows
appear to result in lobate deposits with a high
length to width ratio, presumably recording pro-
longed flood discharge and quasi-steady flow
behaviour in combination with lofting processes
followed by rapid deposition (e.g. Zavala
et al., 2006; Steel et al., 2017; Yang et al., 2017;
Chen et al., 2021).

If reviewed individually, none of these criteria
are unique to systems fed by hyperpycnal flows
(e.g. Talling, 2014; Shanmugam, 2018). Thick
and massive deep-water sandstones, for exam-
ple, may be produced by a wide range of pro-
cesses (e.g. Lowe, 1982; Kneller &
Branney, 1995; Shanmugam, 1996; Gladstone &
Pritchard, 2010; Stevenson & Peakall, 2010;
Steel et al,, 2016), bed amalgamation likewise
(e.g. Walker, 1966; Mattern, 2002), and climbing
ripple cross-lamination may reflect deposition
from surge-type flows experiencing deceleration
and expansion due to loss of confinement or
decrease in slope angle (Jobe et al, 2012). In
fact, the architecture of the lobe complexes
documented here, which is characterized by an
overall proximal to distal reduction in amalgam-
ation, sandstone content and bed thicknesses, as
well as the abundance of HEBs in the lobe
fringes (see Figs 3, 4, 6, 12, 13, 16 and 17), is
very similar to that reported in sandy lobe com-
plexes fed by surge-type turbidity currents and
hybrid flows elsewhere (e.g. Walker, 1978; Piper
& Normark, 2001; Mattern, 2002; Hodgson
et al, 2006; Prélat et al, 2009; Bourget
et al., 2010; Macdonald et al., 2011). Moreover,
it seems that many small-sized to moderate-
sized turbidite systems occurring along tectoni-
cally active margins are sand-dominated (e.g.
Walker, 1978; Piper & Normark, 2001; Mutti
et al., 2003). However, the fact that most of the
above-mentioned recognition criteria are widely
identified in the present case cannot be escaped,
including the physical connection between
shelf-edge positioned fluvial channels and slope
channels (for example, Figs 2, 6 and 15), which
strongly suggests that the basin floor lobes were
dominantly fed by hyperpycnal flows (see also
review by Plink-Bjorklund & Steel, 2004).

At bed scale, some of the most striking evi-
dence includes frequent bed amalgamation, an
abundance of thick, massive sandstone beds (for
example, the AHP units and TB1 beds; Fig. 7),
an abundance of plant remains (forming separate
divisions in many beds, particularly in the

HEB1 and HEB2 bed types as discussed sepa-
rately below; see Figs 7, 8B and 10) and, more
importantly, an abundance of composite beds
across the full length of the lobes, from proximal
to distal (Figs 13, 14, 16 and 17), which exhibit
internal truncations and complex facies arrange-
ments attributable to deposition by quasi-steady
hyperpycnal flows of fluctuating velocities and
densities (HP1 and HP2; Figs 7A, 8 and 18; e.g.
Mutti et al., 2003; Zavala et al., 2006, 2011; Tin-
terri, 2007, 2011). The majority of the hyperpyc-
nite beds documented here exhibit facies
sequences deviating from the classical hyperpyc-
nite facies model (see Figs 7A and 8), which is
portrayed by a thin inversely-normally graded
bed recording deposition during the waxing to
waning stages of a single-peaked flood (Mulder
et al., 2003; Lamb et al., 2010). The exception is
the thin-bedded, inversely-to-normally graded
varieties of the HP1 beds (for example, Fig. 8D)
which, based on their occurrence in the lobe
fringes, may reflect distal hyperpycnal flow
deposits. Interestingly, it has been debated
whether it is possible to preserve even the sim-
plest flood signal in sandy, deep-water hyper-
pycnites (e.g. Nakajima, 2006; Lamb et al., 2010;
Shanmugam, 2018). Conversely, it has been sug-
gested that flood signals have a higher preserva-
tion potential in mud-grade sediments, since
muddy (low-density) hyperpycnal plumes are
less influenced by plunge point dynamics (e.g.
Lamb et al., 2010). Nonetheless, it is suggested
here that the repeated waxing—waning configura-
tion in the HP1 and HP2 beds was caused by
the dynamic interplay between hyperpycnal
flood waters and multiple other processes,
including: (i) plunge-point translations (Lamb
et al.,, 2010); (ii) hydraulic jumps at the river
mouth, within the slope channels and particu-
larly at the base of slope (as discussed in the
final paragraph); (iii) internal waves developing
at the interface between contrasting density
layers (or pulses) within the flow (Pomar
et al., 2012); as well as (iv) tidal modulation of
the dense river effluent and superimposed storm
wave activity during coupled storm-flood events
(e.g. Mutti et al,, 2003; Tinterri, 2007, 2011).
Collectively, this promoted spatiotemporal insta-
bilities and velocity pulsing within the flow,
which further caused fluctuations between sub-
critical and supercritical conditions (e.g. Kos-
taschuk et al., 2018; Salinas et al., 2020).

It is, however, important to emphasize that
the interpreted hyperpycnites coexist with turbi-
dites (high-density and low-density types),

© 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists., Sedimentology

95U9017 SUOWUWLOD BAIE81D) 3gedijdde ay) Aq pauienob ale Sajole O ‘8sn JO Sajni Joj Aeiq1 auluo A3[IA UO (SUONIPUOD-pUe-SWLB)/L0D A8 IM Akelq1pul|uo//:Sdny) SUONIPUOD pue S | 8L 89S ' [€202/80/0T] Uo Akeiqiauljuo A8[Im ‘| BYeIoljgigsielseAluN AQ SOTET PeS/TTTT OT/10p/wod A3 | Aelqjpuljuoy/sdny wolj pepeojumod ‘0 ‘T0ESIET



hybrid event beds and subordinate mass-
transport deposits (Figs 7, 16 and 17), which
conspicuously demonstrates that there was no
unequivocal flow process which alone was
responsible for the transfer of sand onto the
basin floor (Fig. 18). Multi-pulsed and sustained
(steady or quasi-steady) turbidity currents initi-
ated by processes other than hyperpycnal flood
discharge can result in deposits of very similar
characteristics to the interpreted hyperpycnites
of this study (e.g. Kneller & Branney, 1995;
Mulder et al, 2003; Talling, 2014; Ho
et al., 2018; Heerema et al., 2022). Supercritical
flows may also deposit composite beds due to
flow instabilities and velocity fluctuations (e.g.
Postma et al., 2009; Hofstra et al., 2018; Cornard
& Pickering, 2019), and fully ponded or partially
reflected turbidity currents can result in so-
called contained-reflected beds exhibiting com-
plex facies sequences (e.g. Muzzi Magalhaes &
Tinterri, 2010; Tinterri et al., 2022). Therefore,
other potential triggering mechanisms and flow
processes are carefully evaluated below. In addi-
tion, the physiography of the basin is thoroughly
discussed to highlight various factors which pro-
moted the establishment of the inferred hyper-
pycnal flow-dominated sourcing regime.

Alternative triggering mechanisms and
processes promoting sustained turbidity
currents

Sustained turbidity currents may originate or
transform from several types of land-derived,
dense flows such as debris flows, jokulhlaups,
flash floods and lahars (Mulder et al., 2003; Shan-
mugam, 2018; Zavala, 2020). However, most of
these flow types are related to specific climatic or
physiographic settings and were very unlikely to
occur in the Central Tertiary Basin (CTB). Plink-
Bjorklund & Steel (2004) evaluated alternative
triggering mechanisms for sustained turbidity
currents in the CTB, including instability and
sediment remobilization related to volcanism,
seismically triggered subaerial sliding in the
drainage basin, storm surges, retrogressive slope
failure and breaching, as well as downslope
transformation from debris flows, and found
all of these mechanisms unlikely. Instead,
Plink-Bjorklund & Steel, (2004) favoured the com-
bination of relative sea-level falls, which drove
deltas across the shelf and promoted fluvial inci-
sion when sea level dropped below the shelf
break and hyperpycnal river discharge directly
onto the slope. A close relationship between
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sea-level lowstand and hyperpycnal flow
deposition has also been invoked for clinoform
systems elsewhere (e.g. Mutti et al., 2003; Paim
et al., 2011). However, it is also known that
hyperpycnally fed turbidite systems operate like-
wise during sea-level highstands (e.g. Henriksen
etal., 2011; Steel et al., 2016).

Retrogressive slope failure, particularly involv-
ing over-steepened delta fronts, or due to tectoni-
cally induced seismic shocking, are some of the
most widely cited mechanisms for generating sus-
tained turbidity currents (e.g. Felletti et al., 2009;
Jackson & Johnson, 2009). In submarine canyons,
retrogressive slumping in combination with
breaching and knickpoint migration, can do the
same (Van den Berg et al, 2002; Heijnen
et al., 2020). However, if slumping were to be an
important process in the present case, slump scar
infills should be readily recognized on the slope
of the clinoforms. This is clearly not the case.
Hitherto, only one potential slump scar (on the
slope of Clinoform 13 on Storvola) has been
observed and there are generally few other reports
of such features despite numerous investigations
of the clinoform slopes (e.g. Plink-Bjorklund
et al., 2001; Mellere et al., 2002; Plink-Bjorklund
& Steel, 2004; Johannessen & Steel, 2005; Petter &
Steel, 2006; Helland-Hansen & Grundvag, 2021).
A notable exception is a proposed slump-
generated canyon at the shelf-edge to upper slope
segment of Clinoform 8 (Steel et al., 2000; Mellere
et al., 2003; Plink-Bjorklund & Steel, 2004).
Johannessen & Steel (2005) interpreted the same
feature to represent a channelized, shelf-edge-
positioned mouth bar.

The low abundance of mass-transport deposits
on the basin floor supports the notion of a sys-
tem where slope failures rarely occurred. In this
regard, the mass transport-dominated LC 12
(MTD3; Fig. 7D) appears to be an oddity. Pontén
& Plink-Bjorklund (2009) documented rotated
slump blocks on the associated up-dip slope
segment (Clinoform 15 of Steel & Olsen, 2002)
as well as shelf-edge delta wedges and slope
channels, all containing abundant and locally
pervasively soft sediment deformed sustained
flow turbidites. Ergo, in the case of LC 12, it
seems that slope instability and catastrophic
failure was caused by high sedimentation rates
on the shelf edge, although a seismic trigger can-
not be excluded.

In the Cellino Basin, Italy, Felletti et al. (2009)
attributed a series of thick (up to 23 m) compos-
ite sandstone beds to sustained turbidity cur-
rents generated by seismically triggered slope
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failures along the basin margin. Despite having a
similar composite nature as the interpreted
hyperpycnites of the present study, the Cellino
beds are much thicker, exhibit a sheet-like archi-
tecture and lack a systematic stacking trend.
Earthquakes may also influence the sediment
flux in a basin indirectly by contributing to
increased sedimentation rates and subsequent
slope instability. Dadson et al. (2005), for
instance, reported an increase in the frequency
of hyperpycnal flows as well as the concentra-
tion of suspended load in several rivers follow-
ing an earthquake in Taiwan, and related this to
seismically triggered landslides in the catchment
area.

Monitoring data from the Squamish Delta,
Canada, shows that turbidity current activity
occurs frequently some time after river floods
(Clare et al., 2016). It has been postulated that
the combination of elevated river discharge and
increased sedimentation rates results in rapid
delta front progradation, sediment loading and
increased pore pressure, which eventually pro-
voke post-flood delta front failures (Clare
et al., 2016). A very similar sequence of events
has been proposed for fluvially-derived slope to
basin floor turbidites in the Jurassic Los Molles
Formation in the Neuquén Basin, Argentina
(Paim et al., 2011). Moreover, in a recent moni-
toring study of the Congo Submarine Canyon,
Talling et al. (2022) demonstrate that river
floods, in combination with spring tides and
rapid sediment accumulation at the river mouth,
can generate violent canyon flushing turbidity
flows. In this respect, it is intriguing to see that
another recent deep-water surveillance program
in Bute Inlet, Canada, has documented river/
delta front-derived turbidity currents with thin,
yet very dense heads which are capable of trans-
porting sand beyond the delta front and bypass
it into deep-water (Pope et al., 2022). Sustained
underflow may also develop from fine-grained,
dilute river plumes originating from tidally mod-
ulated river mouths (Parsons et al., 2001; Clare
et al., 2016; Hage et al., 2019) and may likewise
be achieved inherently by short-lived turbidity
currents due to a phenomenon referred to as
flow stretching (e.g. Azpiroz-Zabala et al., 2017).
However, these processes are typical of mud-
rich systems.

Basin palaeo-physiography

There appears to be no available monitoring data
or published accounts of flood-derived sandy

hyperpycnal flows in the modern record, which
naturally questions their existence and relevance
as deep-water transport agents (e.g. Talling, 2014;
Shanmugam, 2018). However, most deep-water
systems currently being monitored are in
completely different settings than the case pre-
sented here. The Homathko/Southgate and
Squamish deltas in western Canada, for exam-
ple, are in the inner part of fjords and are fed by
glacial meltwater (e.g. Clare et al., 2016; Hage
et al, 2019; Heijnen et al., 2020; Pope
et al., 2022). Other examples such as the Congo,
Gaoping, Monterey and Var are all coupled
river-submarine canyon systems variably influ-
enced, by amongst others, the Present eustatic
highstand, tidal forcing, typhoons and anthropo-
genic forcing (e.g. Liu et al., 2012; Talling, 2014;
Maier et al., 2019; Heerema et al., 2022; Talling
et al., 2022).

It is well-known that hyperpycnal flows form
more readily in freshwater than in saltwater (e.g.
Bates, 1953; Mulder et al.,, 2003; Zavala
et al., 2006; Olariu et al., 2011). Greenhouse cli-
matic conditions prevailed in the Eocene,
and multiple palaeo-climatic proxies indicate
increased precipitation rates and warmer tem-
peratures for the entire Arctic, Svalbard being
no exception (e.g. Greenwood et al., 2010; Har-
ding et al., 2011). The increased rates of precipi-
tation and terrestrial runoff combined with the
CTB’s limited connection to the open sea, inhib-
ited water mass circulation and concomitantly
promoted brackish water conditions (Fig. 18A;
Steel et al., 1981, 1985; Mellere et al., 2002;
Helland-Hansen & Grundvag, 2021). The low-
ered density of the ambient brackish basinal
water therefore significantly reduced the sedi-
ment concentrations required for river outflows
to generate dense, bottom-hugging underflows.
In addition, the asymmetrical foreland basin
geometry of the CTB, with deep water and short,
steep slopes in the west (clinoform geometries
indicate water depths of ca 250 to 400 m, and
slope lengths of 3 to 5 km with dip-angles up to
5° for example, Fig. 2A; Plink-Bjorklund
et al., 2001; Mellere et al., 2002; Plink-Bjorklund
& Steel, 2004; Johannessen & Steel, 2005; Petter
& Steel, 2006) created an ideal setting for dense,
sediment-laden effluents to continue directly
onto the slope, igniting sustained hyperpycnal
flows. The latter is manifested by the connection
between fluvial channels positioned at the shelf
edge, which can be traced down-dip, via deeply
incised slope channels, into basin floor lobes
(Figs 2 and 6; Plink-Bjorklund & Steel, 2004;
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Johannessen & Steel, 2005; Petter & Steel, 2006).
Several studies have also pointed out other
important factors such as the short distance
between the tectonically active, mountainous
provenance area of the WSFTB and deep-water
depocentres (only some few tens of kilometres;
e.g. Steel et al., 2000; Mellere et al., 2002; Steel
& Olsen, 2002; Fig. 18A), the narrow width of
the sedimentary shelf prism, implying short
transit distances for prograding deltas (some few
kilometres; Helland-Hansen, 2010) and the high-
supply character of the fluvial system (as evi-
denced by the elongated and lobate geometry of
the deltas, the common soft sediment deforma-
tion features and the poor sorting of the sedi-
ments at multiple levels in the progradational
package; Helland-Hansen & Grundvéag, 2021).

Based on length estimates derived from the
exposed, sandstone-dominated parts of the lobe
complexes, it seems that many of the flows man-
aged to transport significant amounts of sand at
least 9 km into the basin (Figs 3B and 6B). The
actual run-out distances of individual flows
must have been much longer since estimates do
not include slope lengths and do not consider
the lateral extent of the heterolithic lobe com-
plex fringes (which are poorly exposed and
impossible to estimate; e.g. Spychala et al.,
2020). However, this indicates that the Spitsber-
gen lobe complexes are an order of magnitude
smaller than other known examples of
hyperpycnal-fed submarine lobes (cf. Piper &
Normark, 2001; Bourget et al., 2010).

Turbidity currents operating in narrow, struc-
turally confined basins, or bathymetrically com-
plex basins, may be reflected and produce
reversed flow pulses which interact with the
parental flow, eventually depositing composite
beds with complex facies arrangements. These
deposits, commonly referred to as contained-
reflected turbidite beds (e.g. Muzzi Magalhaes &
Tinterri, 2010; Tinterri et al., 2022), may, in
part, resemble the hyperpycnites presented here.
They show bipartite to tripartite architectures,
typically having a lower structureless division
succeeded by structured divisions showing signs
of flow reversals and interaction of flow pulses
(Tinterri et al., 2022). Thus, could the composite
architecture of the hyperpycnites of this study
result from flows being reflected against the ris-
ing forebulge of the CTB? It is of course a possi-
bility that some voluminous flows managed to
traverse the entire basin and run up the fore-
bulge slope before being reversed. However, the
actual position of the forebulge of the CTB is
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debated, but there is consensus that the basin
must have extended several tens of kilometres
further east of the preserved basin (e.g. Bruhn &
Steel, 2003; Helland-Hansen & Grundvag, 2021).
This study found little compelling evidence of
flow reversals in the beds described here
(Fig. 7), albeit that the HEB3B beds occurring in
some lobe fringes may represent potential candi-
dates (for example, Fig. 10L, see also the top-
most bed of lobe 2 in Fig. 13C). Combined with
the palaeogeographical uncertainties and the
limited pinch-out distance of the lobe com-
plexes (typically <10 km; for example, Figs 3, 5
and 6), which indicate that most flows had rela-
tively short run-outs, flow reflection related to
structural confinement seems unlikely, although
some influence cannot be ruled out. Finally, the
similarity between the basin floor hyperpycnites
and those occurring on the upper slope segment
of the clinoforms (for example, Fig. 2D and E;
Petter & Steel, 2006), which surely could not
have been influenced by flow reflection or
deflection, points to a common process, such as
hyperpycnal flows, which operated likewise on
the upper slope as on the basin floor.

Another previously neglected factor that must
have influenced the Spitsbergen lobe complexes
is the global intensification of weathering rates
during the Eocene ‘hothouse’ (e.g. Dypvik
et al., 2011). Several studies demonstrate re-
organization of river systems and a significant
increase in the amount of dissolved and sus-
pended load delivered into the ocean during
this period (e.g. Foreman et al., 2012). In the
CTB, the nearby source area, in this case the
evolving WSFTB (Fig. 18A), comprised stacked
thrust sheets consisting of shale and sandstone-
bearing Palaeozoic to Mesozoic strata. Weather-
ing of these terranes provided massive amounts
of sand readily available for erosion and trans-
port, and choked the rivers with suspended
fines and dissolved load. It has been shown that
the sediment concentration needed for generat-
ing dense river-derived underflows may be as
low as 1 to 5 kg m~3, and in extreme cases 0.1
to 1.0 kgm™® (Parsons et al., 2001; Mulder
et al., 2003). It may thus be that the lowered
density of the ambient water and the elevated
bulk density of the inflowing riverine water,
primed by favourable climatic conditions and
active tectonism, formed a potent combination
for generating a persistent, hyperpycnal flow-
dominated supply regime, which eventually
gave birth to the investigated series of sandy
basin floor lobe complexes (Fig. 18).
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The Al Batha turbidite system off the Oman
margin, which reportedly is fed by sandy hyper-
pycnal flows (Bourget et al., 2010), shares many
similarities with the Spitsbergen lobe com-
plexes, despite being in an arid climatic zone
where flash floods are the most important trig-
gering mechanism for hyperpycnal flows. The
Al Batha turbidite system is characterized by
having a mountainous hinterland containing
easily erodible material, which is drained by a
network of small, steep gradient ‘dirty’ rivers
(sensu Milliman & Syvitski, 1992), a narrow
shelf intercepted by slope channel/canyon
heads, and steep to moderate slope gradients
(Bourget et al., 2010). As such, the Spitsbergen
turbidite system showcases several important
factors which appear to be essential and possi-
bly universal prerequisites for hyperpycnal tur-
bidite systems to develop, including coupled
fluvial-slope feeder channel systems, steep
slopes of sufficient relief, a narrow shelf com-
bined with high sediment supply, as well as a
mountainous, tectonically active hinterland
drained by small to medium-sized ‘dirty’ rivers.
Based on the stratigraphic occurrence and the
age of the Spitsbergen lobe complexes, it may be
speculated that hyperpycnal turbidite systems
develop readily during periods of extreme cli-
matic forcing, such as during the Eocene and
the Cretaceous when greenhouse conditions
prevailed.

The origin and distribution of plant-rich
hybrid event beds

Traditionally, the abundance of plant material
has been used as a diagnostic criterion for inter-
preting hyperpycnally sourced turbidites, and
particularly for interpreting fallout deposits
related to lofting processes (Mutti et al., 2003;
Plink-Bjorklund & Steel, 2004; Pritchard & Glad-
stone, 2009; Paim et al, 2011; Zavala
et al., 2011, 2012; Steel et al., 2016). However,
tidal currents and longshore currents are both
capable of transporting plant material away from
fluvial entry points to sites more prone to tur-
bidity current initiation, such as canyon heads
(Talling, 2014; Shanmugam, 2018), and low-
density turbidity currents may deposit plant-
rich, deep-water turbidites (Saller et al., 2006).
Thus, inferring hyperpycnal sourcing based
solely on the occurrence of plant remains
should be avoided.

In this study, however, the abundance of plant-
rich HEBs and the physiography of the basin,

make a strong case for hyperpycnal sourcing
(Fig. 18). The concentration of plant-rich HEBs in
the lobe off-axis to lobe fringe deposits (see, for
example, Section 22 in Fig. 16 and Lobes 1 and 2
of LC 5 in Fig. 17) is particularly intriguing
because it mimics the spatial distribution of mud-
stone clast-rich HEBs reported in many other sub-
marine lobes (e.g. Haughton et al., 2009; Porten
et al., 2016; Kane et al., 2017; Southern
et al., 2017; Pierce et al., 2018). In mudstone clast
rich HEBs, flow transformation is proposedly
driven by clay enrichment via turbulent erosion
and entrainment of mud clasts in combination
with flow deceleration in low gradient settings,
such as the lobe fringe (e.g. Haughton et al., 2003;
Hodgson, 2009; Southern et al, 2017; Pierce
et al., 2018). Hodgson (2009) attributed the occur-
rence of plant-rich HEBs in the basin floor lobes
of the Karoo Basin, South Africa, to hybrid flows
triggered by the collapse of shelf-edge deltas rich
in terrestrial material. That study found it
unlikely that dilute river floods could transform
into dense, cohesive debris flows, which usually
requires significant seafloor erosion and clay
entrainment. However, it has later been postu-
lated that decelerating, clay-rich, turbidity cur-
rents may experience sudden loss of turbulence,
even at low concentrations, whereby reduction in
bed-shear stress and suspension capacity result
in the formation of a low yield strength basal
layer which inhibits vertical mixing within the
flow (Eggenhuisen et al., 2017; Kane et al., 2017).
The result is rapid deposition from the laminar-
ized basal flow and concomitant clay concentra-
tion in the upper flow layer, which promote en
masse transformation.

A similar scenario for hyperpycnal flows (see
also Hussain et al., 2021) is suggested here.
When a hyperpycnal flow, which carries signifi-
cant volumes of suspended sand, fines and plant
remains, experiences rapid deceleration (for
example, caused by flow expansion and thin-
ning), temporarily waning (for example, caused
by variations in the flood hydrograph, plunge
point translations, or internal flow instabilities;
e.g. Mulder et al., 2003; Tinterri, 2007; Lamb
et al., 2010; Zavala et al., 2011), or finally comes
to rest (i.e. losing all of its capacity), large
quanta of sand can be deposited rather abruptly
through progressive aggradation as the flow col-
lapses (Fig. 18B). The remaining flow becomes
enriched in residual material, including plant
debris, to such an extent that it suppresses tur-
bulence and stimulates en masse transformation
to laminar flow behaviour, which eventually
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results in the deposition of a co-genetic
turbidite-debrite bed (HEB1; Figs 7C and 18B).
Lofting plumes can theoretically enhance this
process by removing significant amounts of clay
and silt from the upper part of the flow (to be
carried away and deposited through suspension
fallout elsewhere), resulting in a relative enrich-
ment of plant material in the remaining bottom-
hugging flow, ultimately forcing transformation
into a quasi-laminar, hyperconcentrated flow
(sensu Mulder & Alexander, 2001; Pritchard &
Gladstone, 2009).

In the lobe fringe deposits investigated in this
study, HEBs with a linked debrite division typi-
cally co-occur with HEBs having an upper
banded division (HEB1 versus HEB2; Fig. 7C) and
beds exhibiting climbing ripple cross-lamination
(HP2C and HP2D; Fig. 7A). Traditionally, band-
ing has been attributed to the cyclic deposition
and freezing of sand and mud layers on top of a
cohesive viscous, near-bed sublayer (Lowe &
Guy, 2000), as well as cyclic fallout deposition
from lofting plumes coming off hyperpycnal
flows (Zavala et al., 2006, 2011, 2012). However,
it is suggested that the banding indicates transi-
tional regimes in the upper layer of some hybrid
flows (turbulent and laminarized fluctuations)
and that the two HEB types represent
various stages of turbulence-suppressed flow
transformation.

Hybrid event beds with banding have been
described from various deep-water settings else-
where but appear to be more common in slope-
positioned lobes and channels, base-of-slope
channel mouths and proximal lobe regions than
in distal, lobe fringe regions (Kane &
Pontén, 2012; Southern et al., 2017; Spychala
et al., 2017b; Hofstra et al., 2018; Stevenson
et al., 2020). In addition, thin and poorly devel-
oped banded units seem to be diagnostic of full-
length confined deep-water systems (Haughton
et al., 2009; Southern et al., 2017; Tinterri
et al., 2022). Interestingly, Stevenson
et al. (2020), suggested that banding is a result
of sustained traction and bedform aggradation
underneath quasi-steady flows in proximal set-
tings (see also Baas et al., 2016). The same
authors argue that the unsteady behaviour, rapid
deceleration and catastrophic collapse of flows
in distal settings suppress traction and inhibit
banding-related bedforms from developing,
eventually favouring en masse flow transforma-
tion and linked-debrite deposition (i.e. deposits
similar to HEB1/HEB3 beds in the present study;
Fig. 7C). As such, the occurrence of banded
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HEBs in the fringes and distal fringes of the
Spitsbergen lobes is enthralling, because, if they
represent banding-related bed forms, they may
indicate that quasi-steady flows operated in the
distal regions of the lobe where they promoted
sustained traction deposition (Fig. 18B). The
occurrence of beds exhibiting climbing ripple
cross-lamination (HP2C and HP2D; Fig. 7A),
which commonly alternate with both types of
plant-rich HEBs in the lobe fringe deposits, also
indicate sustained traction and temporarily high
fallout rates from quasi-steady flows that
reached the distal/frontal lobe regions. Climbing
current-ripple cross-lamination appears to be
very common in frontal lobes fed by quasi-
steady hyperpycnal flows (Zavala et al., 2006,
2011), and less common in lateral and frontal
lobes fed by surge-type turbidity currents (Spy-
chala et al.,, 2017b; Hansen et al., 2019). It is
therefore suggested that the combination of sys-
tematically occurring plant-rich HEBs, including
banded varieties and climbing ripple cross-
laminated beds in the fringes of basin floor
lobes, provide a strong criterion for interpreting
deposition by hyperpycnal flows.

Supercritical turbidity currents versus
hyperpycnal flows

Plane parallel to sub-horizontal stratification,
wavy lamination, coarse-tail normal grading,
and intra-bed scour-and-fill features, which were
observed in many of the HP1 beds, have all been
attributed to deposition by supercritical turbid-
ity currents (i.e. rapid/unstable flow, Postma
et al., 2009; Cartigny et al., 2014; Cornard &
Pickering, 2019). Supercritical, surge-type tur-
bidity currents running down slope channels
may transform into subcritical flow via a
hydraulic jump in areas where there is a marked
reduction in gradient and the incoming high-
velocity flow undergoes abrupt deceleration,
such as at the base-of-slope, or where a confined
flow experiences sudden lateral expansion, such
as in the channel-lobe transition zone (e.g.
Postma & Cartigny, 2014; Hodgson et al., 2022).
A turbidity current may also experience
repeated hydraulic jumps on its way down the
feeder channel when it passes over in-channel
bed forms, such as cyclic steps or crescentic
sediment waves (e.g. Postma & Cartigny, 2014;
Hofstra et al., 2018), or when it leaves the base-
of-slope channel mouth due to lateral switching
of the high velocity flow core and the concomi-
tant dynamic interplay between erosion,
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deposition and bedform development near the
channel mouth (i.e. the ‘hose’ effect of Hofstra
et al., 2018). All of these processes cause spatio-
temporal flow instabilities and velocity pulsing
which can produce turbidite beds with complex
subcritical to supercritical facies expressions. In
addition, experimental studies have shown that
repeated transitions between subcritical and
supercritical conditions may take place in tran-
scritical flows, even in the absence of underly-
ing bedforms (Salinas et al., 2020).

Although it seems possible that fluctuating
velocities in supercritical, surge-type turbidity
currents may produce turbidite beds with com-
plicated facies architectures like the hyperpyc-
nite beds presented here (i.e. the AHP, HP1 and
HP2 bed types; Figs 7 and 18B), the many other
signals consistent with deposition by quasi-
steady hyperpycnal flows, as already discussed
and summarized below, cannot be rejected
(Fig. 18). Neither can the signs of deposition by
supercritical flows in the proximal as well as
the distal reaches of the lobes be neglected.
Supercritical flow conditions can be maintained
for long distances if a flow is confined (e.g.
Hamilton et al., 2015; Postma et al., 2016). This
is interesting considering the self-incisional
nature of hyperpycnal flows, in which their fast-
moving, turbulent body tends to erode shallow
channels across the associated lobe (e.g. Mulder
& Alexander, 2001; Zavala et al.,, 2006, 2011;
Yang et al., 2017; Zavala & Pan, 2018). There-
fore, rather than dismissing one or the other, it
is suggested here that the quasi-steady nature of
the hyperpycnal flows, in combination with flow
confinement in shallow distributary channels,
periodically fostered supercritical flow condi-
tions across the full length of the lobes (or gen-
erated supercritical flow pulses that propagated
across the lobes), which ultimately resulted in
the deposition of hyperpycnite beds dominated
by facies consistent with supercritical flow (for
example, HP1A and HP1B; Fig. 7A).

Finally, the combination of the following fea-
tures indicates that hyperpycnal flows were the
main deep-water sediment delivery mechanism
in the CTB: (i) the lateral facies tract with shelf-
edge positioned fluvial channels that link up with
basin floor lobe complexes via deeply incised
slope channels (Figs 1D, 2, 6 and 15E; Crabaugh &
Steel, 2004; Plink-Bjorklund & Steel, 2004; Johan-
nessen & Steel, 2005; Petter & Steel, 2006;
Helland-Hansen & Grundvag, 2021); (ii) the fre-
quent occurrence of interpreted hyperpycnites on

the slope segment of the clinoforms (e.g. Plink-Bj-
orklund et al., 2001; Petter & Steel, 2006; Fig. 2);
(iii) the proximal to distal abundance of compos-
ite sandstone beds exhibiting internal truncations
and complex facies arrangements (Figs 7A, 8, 13,
14, 16 and 17), which facies-wise resemble
the previously reported slope hyperpycnites
(Fig. 2E); and (iv) the systematic co-occurrence of
plant-rich HEBs and climbing ripple cross-
laminated beds in the lobe fringes (recording sus-
tained traction and contemporary high rates of
suspended load fallout). As such, this study pro-
vides additional recognition criteria for hyper-
pycnites, and illustrates the importance of river
floods in transferring sand into deep waters via
hyperpycnal flows.

CONCLUSION

Hyperpycnal flows generated by river floods are
a widely cited triggering mechanism for sus-
tained turbidity currents. However, their ability
in transferring sand into deep-water basins is
unclear. This study investigates the spatial and
stratigraphic distribution, as well as the variabil-
ity of various sediment gravity flow deposits in
progradationally stacked basin floor lobe com-
plexes in the Eocene succession of Spitsbergen,
Arctic Norway. Four principal flow types inter-
acted during progradation of the lobe com-
plexes: (i) hyperpycnal flows depositing sandy
hyperpycnites; (ii) surge-type turbidity currents
depositing turbidites; (iii) transitional flows
depositing hybrid event beds; and (iv) rare
slumps, slides and debris flows emplacing mass-
transport deposits.

Frequent bed amalgamation, an abundance of
thick-bedded massive sandstones, the proximal
to distal abundance of composite beds exhibit-
ing internal truncations and complex facies
arrangements consistent with deposition from
sustained flows of fluctuating densities and
velocities, and an abundance of plant remains,
typically concentrated in the upper division of
hybrid event beds, indicates that quasi-steady
hyperpycnal flows were the most important pro-
cess in transferring sand onto the basin floor.
This is substantiated by the low abundance of
mass-transport deposits on the basin floor and
the concomitant lack of slump scars on the slope
(which could have indicated that slope failures
triggered sustained turbidity currents), as well
as the shelf-slope-basin floor facies tract where
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shelf-edge delta and fluvial distributary channel
deposits can be traced down-dip into basin floor
lobe complexes via deeply incised slope chan-
nels filled by thick-bedded hyperpycnite and
turbidite sandstones. This suggests that sand-
laden river effluents discharged directly onto the
steep slopes, readily generating powerful, quasi-
steady hyperpycnal flows. The hyperpycnal
discharge regime was primed by favourable
physiographic conditions, including brackish
basinal waters that lowered the density thresh-
old for hyperpycnal flow to initiate, an immense
influx of sediments eroded from a tectonically
active hinterland composed of older sedimen-
tary strata, and increased weathering rates
which choked the feeding rivers with suspended
fines which elevated the bulk density of incom-
ing riverine waters.

The frequent and systematic occurrence of
bipartite plant-rich hybrid event beds, particu-
larly in the lobe fringes, suggests transformation
of fully turbulent currents rich in plant material,
such as flood-generated hyperpycnal flows,
into transitional or laminar flows. Rapid sand
deposition during flow deceleration, either due
to expansion or temporarily waning, forced
turbulence suppression via concentration of
fine-grained sediments and plant material. The
relative enrichment of fines resulted in negative
buoyancy and flow lofting, which further concen-
trated the amount of plant material relative to the
other components. This inhibited turbulent mix-
ing in the remaining bottom-hugging flow and
eventually forced en masse transformation.

The composite and complex facies architecture
of the interpreted sandy hyperpycnites, which
deviate from the classical facies model for hyper-
pycnites, presumably reflects the interaction
between a wide range of processes, including
plunge point translations and internal flow insta-
bilities, clearly demonstrating that it is problem-
atic to link composite deep-water deposits to
simple, single peaked flood hydrographs. Finally,
this study illustrates the complexity of deep-
water sediment gravity flow deposits and high-
lights the need to carefully evaluate bed-scale
facies variations in combination with analyses of
entire facies tracts and basin physiography to
confidently separate hyperpycnites from deposits
of multi-pulsed or sustained turbidity currents
triggered by other mechanisms (for example, ret-
rogressive slope failure), reflected turbidity cur-
rents and supercritical, surge-type turbidity
currents, which all produce beds with complex
facies sequences.
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