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ABSTRACT

Hybrid event beds comprising clay-poor and clay-rich sandstone are abundant
in Maastrichtian-aged sandstones of the Springar Formation in the north-west
Vering Basin, Norwegian Sea. This study focuses on an interval, informally
referred to as the Lower Sandstone, which has been penetrated in five wells
that are distributed along a 140 km downstream transect. Systematic varia-
tions in bed style within this stratigraphic interval are used to infer variation
in flow behaviour in relatively proximal and distal settings, although individ-
ual beds were not correlated. The Lower Sandstone shows an overall reduction
in total thickness, bed amalgamation, sand to mud ratio and grain size in distal
wells. Turbidites dominated by clay-poor sandstone are at their most common
in relatively proximal wells, whereas hybrid event beds are at their most com-
mon in distal wells. Hybrid event beds typically comprise a basal clay-poor
sandstone (non-stratified or stratified) overlain by banded sandstone, with
clay-rich non-stratified sandstone at the bed top. The dominant type of clay-
poor sandstone at the base of these beds varies spatially; non-stratified sand-
stone is thickest and most common proximally, whereas stratified sandstone
becomes dominant in distal wells. Stratified and banded sandstone record pro-
gressive deposition of the hybrid event bed. Thus, the facies succession within
hybrid event beds records the longitudinal heterogeneity of flow behaviour
within the depositional boundary layer; this layer changed from non-cohesive
at the front, through a region of transitional behaviour (fluctuating non-cohe-
sive and cohesive flow), to cohesive behaviour at the rear. Spatial variation in
the dominant type of clay-poor sandstone at the bed base suggests that the
front of the flow remained non-cohesive, and evolved from high-concentration
and turbulence-suppressed to increasingly turbulent flow; this is thought to
occur in response to deposition and declining sediment fallout. This research
may be applicable to other hybrid event bed prone systems, and emphasizes
the dynamic nature of hybrid flows.
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INTRODUCTION

Deposits of flows transitional between
turbidity current and debris flow

Sedimentological studies of the marginal and
distal settings of deep-water distributive systems
have increasingly documented sediment gravity
flow deposits that comprise discrete clay-poor
and clay-rich sandstone intervals within a single
event bed (greywacke beds — Wood & Smith,
1958; slurry-flow deposits — Lowe & Guy, 2000;
Sylvester & Lowe, 2004; linked debrites -
Haughton et al., 2003; co-genetic debrite-tur-
bidite beds — Talling et al., 2004; Amy & Talling,
2006; Barker et al., 2008; hybrid event beds —
Haughton et al., 2009; Davis et al., 2009; Hodg-
son, 2009; low-strength and intermediate-
strength cohesive debris flow deposits — Talling
et al., 2010, 2012a; transitional flow deposits —
Kane & Pontén, 2012). Many of these studies
show, or infer, a spatial change in deposit cha-
racter from clay-poor sandstone beds, i.e. classi-
cal turbidites, to beds containing clay-poor and
clay-rich sandstones in downstream (proximal
to distal) or across-flow (axial to marginal) direc-
tions. This facies tract is considered to record
transformation of a flow event with non-cohe-
sive behaviour, to a flow event in which a cohe-
sive turbulence-suppressed behaviour became
more significant: occurring either at a region in
the rear of the flow (Haughton et al., 2009) or
more extensively across the flow (e.g. Talling
et al., 2007). Such variation is typically
expressed over several kilometres or more (i.e.
Haughton et al., 2003, 2009; Hodgson, 2009;
Davis et al., 2009; Talling et al., 2012a); varia-
tion over shorter length-scales (tens to hundreds
of metres) has been recognized and is attributed
to scenarios promoting a more rapid change in
flow parameters (e.g. Terlaky & Arnott, 2014;
Fonnesu et al., 2015). The increased significance
of cohesive flow behaviour during run-out dif-
fers from the classic model for fluidal sediment
gravity flows (i.e. turbidity currents), which
involves increasing turbulence and differential
grain settling in response to declining sediment
concentration via progressive deposition of sedi-
ment and entrainment of ambient fluid (Bouma,
1962; Lowe, 1982; Mutti, 1992; Mulder &
Alexander, 2001; Stow et al., 1996).

Sediment gravity flow behaviour can be
modified by changes in the concentration and
relative proportions of clastic material (e.g.

grain size and type, Lowe, 1982; Lowe & Guy,
2000; Mulder & Alexander, 2001; Baas & Best,
2002; Baas et al., 2009, 2011; Sumner et al.,
2009; Manica, 2012). Downstream change to a
more cohesive behaviour results from an
increasing proportion of clay and electrostatic
bonding of clay particles within the flow, and
is promoted by: (i) clay enrichment by partial
to total loss (deposition) of coarse sand frac-
tions (Wood & Smith, 1958; Talling et al.,
2004; Barker et al., 2008; Sumner et al., 2009);
(ii) clay enrichment due to entrainment of
muddy substrate (Ricci Lucchi & Valmori,
1980; Haughton et al., 2003, 2009); or (iii)
deceleration and reduction in shear and fluid
turbulence, which otherwise prevent cohesive
bonding within clay-rich flow (Talling et al.,
2007; Baas et al, 2009, 2011; Sumner et al,
2009). Experimental studies have demonstrated
how relatively small increases in clay concen-
tration can drive significant changes in flow
behaviour, as well as how sediment is sup-
ported and deposited (Baas & Best, 2002; Baas
et al., 2005, 2011; Sumner et al., 2009).

Haughton et al. (2009) proposed the term
hybrid event bed for deposits that record depo-
sition ‘at a fixed point’ from non-cohesive to
cohesive flow behaviour during the passage of
a single sediment gravity flow. Such sediment
gravity flows are interpreted to have evolved
from non-cohesive flow behaviour, to a flow
that was longitudinally partitioned into dis-
crete rheological =zones, with non-cohesive
behaviour at the front and cohesive behaviour
at the rear (i.e. hybrid flow sensu Haughton
et al. 2009). The rearward transitions in flow
behaviour are suggested to either be: (i) pro-
gressive where banded sandstones record
transient fluctuating non-cohesive and cohesive
behaviour (i.e. slurry flow - Lowe & Guy,
2000; transitional flow — Baas et al., 2005;
Haughton et al., 2009); or (ii) more abrupt
where banded sandstones are absent (Haughton
et al., 2009). Where indicators of progressive
aggradation of the bed beneath a passing flow
are lacking (i.e. banding or lamination), the ori-
gin of the clay-poor sandstone at the base of
the bed is ambiguous. It may record high sedi-
ment fall-out rates from non-cohesive flow, or
late-stage sand settling from a low-yield
strength cohesive flow incapable of supporting
the coarsest sand fractions (Marr et al., 2001;
Mohrig & Marr, 2003; Talling et al, 2004,
2012a; Sumner et al., 2009).
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Inferring sediment gravity flow behaviour
from their deposits

Many studies have used the deposits of sediment
gravity flows to infer flow character and evolu-
tion. Predictions of flow behaviour are of higher
confidence where individual beds can be corre-
lated over relatively long distances. However,
such instances are rare (e.g. Amy & Talling, 2006;
Talling et al., 2007, 2012a; Stevenson et al.,
2014). Furthermore, it should be noted that even
facies tracts within individual beds are them-
selves likely to be diachronously deposited and
represent different parts of flows that evolved
spatially and temporally (e.g. axis and off-axis
positions within a sediment gravity flow, Barker
et al., 2008). Inferring longitudinal flow processes
from typical bed characteristics within a wider
stratigraphic interval entails greater uncertainty,
because beds representing multiple different
types of flow event (e.g. Talling et al., 2012a)
could be grouped and jointly interpreted. Never-
theless, this approach has been adopted in many
highly influential process-based models of deep-
water sedimentation (e.g. Lowe, 1982; Mutti,
1992; Lowe & Guy, 2000; Haughton et al., 2003,
2009) and can be justified as a viable approach in
subsurface studies, given the difficulties in estab-
lishing bed-scale correlations.

A range of sediment gravity flow deposits,
including hybrid event beds, are present in
sandstones of the Maastrichtian Springar Forma-
tion of the north-west Vering Basin. Five cored
wells that penetrate parts of a major sand-rich
fairway are documented, with the aim of
answering the following questions: (i) What is
the spatial distribution of bed types? (ii) How do
stratigraphic stacking patterns compare with
spatial bed type distributions? (iii) Do bed type
distributions provide insight for the development
of process-based models for facies distribution?
(iv) What factors influence the develop-
ment of hybrid event bed facies and why are
they common in some systems but not others?
(v) What are the implications for the prediction
of depositional environment and of reservoir
quality?

GEOLOGICAL SETTING

Basin setting

The Vgring Basin is located 300 km west of
Mid-Norway in the Norwegian Sea. It formed
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during two regionally extensive rifting episodes
of late Jurassic to early Cretaceous and late Cre-
taceous to Palaeocene age, which resulted in the
opening of the Atlantic Ocean (Skogseid & Eld-
holm, 1989; Roberts et al., 1997; Ferseth & Lien,
2002; Fjellanger et al., 2005) (Fig. 1A and B).
Late Cretaceous rifting was accompanied by
deposition of marine mudstone-dominated suc-
cessions that contained deep-water sandstone
accumulations (Kvitnos, Nise and Springar for-
mations — Kittilsen et al., 1999; Ferseth & Lien,
2002; Lien et al., 2006). This study focuses on
Maastrichtian-aged deep-water  sandstones
(Hvithval Member) of the Springar Formation,
which accumulated during rifting and an overall
relative sea-level rise (Surlyk, 1990; Riis, 1996).
Uplift and erosion of the East Greenland Margin
provided a siliciclastic supply to the Vering
Basin during the Late Cretaceous (Fonneland
et al., 2004; Morton et al., 2005) (Fig. 1B). Sedi-
ments were transported eastward across the
developing ‘proto’ Gjallar Ridge (Lundin & Doré,
1997; Feerseth & Lien, 2002; Roberts et al,
2009), into the deeper part of the basin in the
Vigrid Syncline area (Feerseth & Lien, 2002; Lien
et al., 2006); sediment delivery into the deeper
basin was permitted by structural lineaments
that dissected the ridge (Fjellanger et al., 2005).
Uplift of the Gjallar Ridge commenced in the
Campanian, and continued piecemeal into the
Tertiary (Lundin & Doré, 1997; Roberts et al.,
2009), with significant erosion occurring along
the ridge towards the end of the Cretaceous
(Lundin et al., 2013; Fjellanger et al., 2005).
Maastrichtian-aged deep-water  sandstones
were emplaced by sediment gravity flows, and
comprise very fine-grained to medium-grained
sandstone of sub-arkosic composition, with
detrital clay content ranging from 2 to 26% (Por-
ten et al., 2016).

Stratigraphic framework

Three distinct Maastrichtian-aged sandstone
intervals are recognized, which are informally
referred to as the Lower, Middle and Upper
Sandstone (Fig. 2). The sandstone intervals
were identified based on the thick mudstone-
dominated succession in Well 1 (ca 2850 m),
and biostratigraphic analyses that employ an
in-house biozonation scheme based on palyno-
logy and micropalaeontology. The Upper Sand-
stone is only present in Well 2 and implies
that siliciclastic deposition was limited in
extent or was offset with respect to Wells 3 to
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Fig. 1. Late Cretaceous to Palaeocene stratigraphic column (A) and palaeogeographic map (B) of the Vering Basin
showing the location of studied wells. Well 1 (6704/12-1), Well 2 (6705/10-1), Well 3 (6605/1-1), Well 4 (6604/10-
1) and Well 5 (6603/12-1). Modified from Feerseth & Lien (2002).

5; its absence in Well 1 is attributed to pre-
Danian erosion in the Gjallar Ridge area. The
Middle Sandstone only occurs in Well 1,
implying that siliciclastic sediments were lar-
gely retained behind the ridge at this time, and
that any deposition in the deeper basin was off-
set with respect to the other wells. The Lower
Sandstone interval occurs in all five wells and
is the focus of this study. The total thickness
of the Lower Sandstone decreases in distal set-
tings (Wells 4 and 5); its limited thickness in
Well 2 is attributed to post-depositional modifi-
cation (remobilization or erosion) in the Gjallar
Ridge area, and is discussed further below.
Seismic reflection data demonstrates the age
correlation of the Lower Sandstone within the
early Maastrichtian interval (Fig. 2), and an
overall elongation of sandstone accumulations
from north to south. However, the limited reso-
lution of the seismic data and erosion along

the Gjallar Ridge precludes well-constrained
correlations of the Lower Sandstone between
all studied wells.

DATA AND METHODS

Five exploration wells that penetrate sand-
stones of the Hvithval Member of the Springar
Formation form the basis of this study; these
are distributed along a ca 140 km proximal to
distal transect from the Gjallar Ridge area to
the Vigrid Syncline that represents the deeper
part of the basin (Figs 1, 2 and 3). The Lower
Sandstone (LS) is penetrated by all five wells
from which 121-5 m of core has been described
in terms of lithology, grain size, sorting and
sedimentary structures (Figs 1, 2 and 3). Point
counting of thin-sectioned core samples pro-
vided the texture and compositional data for
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Fig. 2. (A) Summary of the five exploration wells that penetrate Maastrichtian-aged sandstones within the
Springar Formation. Three distinctly aged sandstone packages are highlighted by biostratigraphy (microfossil and
palynological data) and thick bounding mudstones (i.e. ca 2800 m, Well 1). The extensively occurring Lower
Sandstone forms the basis of this study; sedimentological characteristics were determined using core from this
interval, with the amalgamation ratio value determined sensu Romans et al. (2009). See Fig. 1 for well locations.
(B) Schematic interpreted seismic section showing the location of wells with respect to the Gjallar Ridge, and the
broad age correlation of early Maastrichtian-aged strata containing the Lower Sandstone (LS). Uplift of the Gjallar
Ridge occurred piecemeal during the Late Cretaceous — Palaeocene (Lundin & Doré, 1997; Roberts et al., 2009).
Original seismic data are not permitted for publication.
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sandstone facies. The proportion and occur-
rence of bed types, and their constituent facies,
were recorded in order to gain insight into spa-
tial (stratigraphic and downstream) variations
in associated depositional processes. Wireline
logs did not facilitate correlation of smaller
scale packages within the LS, but provided
some insight into non-cored parts of the stratig-
raphy.
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FACIES AND BED TYPES OF THE LOWER
SANDSTONE

Sandstone facies are defined based on sediment
composition, texture and sedimentary structures
(Fig. 4; Table 1). Bed types were defined based
on the type and proportion of their constituent
sandstone facies (Figs 5 and 6). The descriptive
and interpretative terminology of facies and bed

: l Randomly orlentated mlca

H FaciesRb

Fs

Fig. 4. Core and thin-section (plane-polarized light)
photographs of facies documented in the Springar
Formation. LB, light band (detrital clay poor); DB,
dark band (detrital clay rich).
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types draws from that of Lowe (1982), Haughton

Type A beds

et al. (2009) and Baas et al. (2009), which outline

flow behaviour largely according to sediment con-
centration and composition (i.e. non-cohesive

versus cohesive, turbulent versus laminar,
flows with mixed behaviours).

Bed thickness: few cmto 30 cm.
Grain size: silt to fine sand.
Sedimentary stuctures: dominated
by non-stratified matrix-poor sandsto-
ne (Sma) with subordinate stratified
as, normally graded.

Bed Type Process interpretation
[A]

Description: Very thin to medium-bedded (0-01
to 0-3 m thick), normally graded deposits of pla-
nar laminated and ripple cross-laminated sand-
stone (Ss, Table 1) with sharp, planar, non-
erosive bed bases (Figs 5 and 6). Deposits are

or

Low-density non-cohesive turbulent flow

Deposition and tractional
working beneath a dilute low-
density turbidity current (Lowe,
1982; Hiscott, 1994a).

Bed thickness: 20to | 10 cm.

Grain size: fine to medium sand.
:53:”\ Sedimentary structures: domin-
“|ated by non-stratified matrix-poor
i sandstone (Sma) with subordinate
;1.2 stratified (Ss) or banded sandstone

(Sb).

High-density non-cohesive flow

Largely deposited beneath high-
density non-cohesive flow with
high suspension fall out rates
(sensu Lowe, 1982). Minor
deposition from cohesive flow.

Bed thickness: 40 to 200 cm,
Grain size: upper very fine to lower
medium sand.

Sedimentary structures: wide
range of facies (Sma, Ss, Sb and Smu)
| with Sb o thickness exceeding 30% of
bed thickness and that of overyling
facies Smu. Common dewatering
structures. Mud-clast rich and mud-
clast poor examples occur.

et
=

Bed thickness: 25 to 200 cm.

Grain size: upper very fine to lower

medium sand.

Sedimentary structures: wide

range of facies (Sma, Ss, Sb and Smu)

~—— with Smu thickness exceeding 30% of
\the bed thickness and that of

underlying facies Sb. Mud-clast-rich

and mud-clast poor examples.

Mixed non-cohesive and cohesive flow

Bed Type C:

Initial deposition from relatively
non-cohesive flow (Sma and Ss).
Significant deposition from
near-bed flow that fluctuated
between turbulent and
_| relatively more cohesive states
(Sb; Baas et al, 2005). Final
deposition from cohesive quasi-
laminar flow (Smu).

Proximal

Bed Type D:

As for Type C beds. However,
deposition beneath cohesive,
quasi-laminar flow was more
significant during later stages of
deposition of the bed (Smu).

Bed thickness: 20 to 65 cm.

Grain size: clay to fine sand.
Sedimentary structures: facies
Smu and Rb with poorly sorted, non-
graded, plastic deformation fold and

rics in mud-clasts.

Cohesive, laminar debris flow
deposition (Lowe, 1982; Sohn
etal,1997).

E Planar lamination

Turbulent Laminar

Current-ripple lamination

Non-cohesive |

Clasts Dewatering @ Banding

| Cohesive

Fig. 5. Descriptions and depositional process interpretations for discrete event beds found within sandstones of

the Springar Formation.
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Log legend
Ripple-cross lamination

Dewatering pipes & dishes
Sheared dewatering struc.
Sheared fabrics

|§| Planar-parallel lamination

E Banding

Glauconitic grains
Injectites
Carbonaceous matter

Mudstone clast

Siderite concretion

Fig. 6. Graphic sedimentary logs showing examples of common bed types found within the Lower Sandstone:

VF = very fine sand; F = fine sand; M = medium sand.

typically mud-clast poor; where clasts are pre-
sent they are typically several millimetres in
length and are aligned along laminae.

Interpretation: Type A sediment gravity flow
deposits were emplaced by dilute (low sediment
concentration) turbulent suspensions, in which
grain support by fluid-turbulence permitted dif-
ferential-grain settling, bed traction and the
development of associated sedimentation struc-
tures (e.g. low-density turbidity current, sensu
Lowe, 1982; Bouma, 1962).

Type B beds

Description: Medium-bedded to very thick-
bedded (0-2 to 1-1 m), normally graded deposits
dominated by clay-poor non-stratified sandstone
with moderate to poor sorting (Sma, Table 1,
Figs 5 to 7). Non-stratified sandstone is overlain
by thinner occurrences of planar laminated
sandstone (Ss), or less commonly by banded
sandstone (Sb). In the case of banded sandstone,
it is the dominance of clay-poor non-stratified
sandstone that distinguishes Type B beds from

© 2016 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Type C beds, which are instead dominated by
banded sandstone. Bedding-aligned mud clasts
(ca 0-01 m) and dewatering dishes can be pre-
sent. Erosive bed bases occur and may exhibit
sole structures.

Interpretation: Deposits dominated by clay-poor
non-stratified sandstone with normal grading are
attributed to progressive deposition beneath
non-cohesive largely high-concentration flow,
which underwent a decline in sediment concen-
tration during late-stage deposition of stratified
sandstone (i.e. high-density turbidity current,
Lowe, 1982). Deposits that instead have thin
occurrences of banded sandstone at the bed top
imply that late-stage deposition occurred
beneath fluctuating non-cohesive and cohesive
behaviour (i.e. Lowe & Guy, 2000; Baas et al.,
2005). Such behaviour was probably promoted
by a subtle increase in the proportion of clay
within the flow (e.g. Baas & Best, 2002).

Type C and D beds

The type and arrangement of facies within Type
C and D beds are similar, with the proportion of
these facies being the major difference between
the bed types. As such these bed types are
described together and comparisons are made
where pertinent, in order to gain insight into
depositional processes and inferred flow beha-
viour.

Description: Type C and D beds typically com-
prise medium-bedded to very thick-bedded (0-25
to 2:0 m) deposits with weak normal grading

100%

Facies

Sma [
Sws []
Ss[]
Sb [
Smu []

Facies proportion

Bed

(©)
0]
Q
>

=

°
(5]
m

Type D

and contain a wide range of facies types (Figs 5
and 6; Table 1). Where all facies are present, the
deposits typically commence with clay-poor
non-stratified sandstone (Sma) that is overlain
by planar-laminated sandstone or weakly strati-
fied sandstone (Ss and Sws), which are in turn
overlain by banded sandstone (Sb) with clay-
rich non-stratified sandstone at the bed top
(Smu); capping laminated sandstones at the bed
top are lacking (i.e. the H5 division of Haughton
et al., 2009). The bed top is overlain by mud-
stone, associated with background sedimenta-
tion, or is amalgamated with overlying beds.
Facies contacts are largely gradational (over a
few centimetres), with no dramatic change in
grain size. Both erosive bed bases, sometimes
with sole structures, and non-erosive bed bases
are observed.

Type C and D beds exhibit an upward enrich-
ment of detrital clay and other low-settling
velocity particles (e.g. mica and plant frag-
ments), and a subsequent decline in porosity
and permeability (Figs 8 and 9). Banded sand-
stones often exhibit a saw-tooth mini-permea-
metry profile that reflects variations in the
proportion of detrital clay between bands;
higher permeability coincides with clay-poor
bands. The decline in permeability is often
greater than that of porosity due to the presence
of micro-porosity in the clay-rich sandstone (e.g.
Hurst & Nadeau, 1995). Note that poor reservoir
quality can also occur lower within the bed
(Sma, Ss and Sws) where preferential quartz
cementation has occurred due to the lower pro-
portion of detrital clay in these sandstones
(Heald & Larese, 1974).

100%

Facies occurrence

Bed

o
(5]
om

Type D

[©)
0]
Q
>

=

Fig. 7. Graphs depicting typical facies proportion (left) and facies occurrence (right) within bed types B, C and D.
Determination of facies characteristics did not include beds affected by amalgamation or reworking at the bed top
in order to avoid over-estimation of the thickness and occurrence of facies positioned lower within the bed.
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Fig. 8. Photographs of core and thin-sections (plane-polarized light) of a Type C bed dominated by banded sand-
stone (Sb). The vertical profile of the bed has been characterized in detail using mini-permeametry data (1 cm
spacing), plug based helium porosity and permeability and point counting of thin-sections to determine grain size
and sorting, as well as the proportion of detrital muds and other low-settling velocity material (carbonaceous
material, mica grains and mud clasts). See text for description.
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Fig. 9. Photographs of core and thin-sections (plane-polarized light) of a Type D bed dominated by highly argilla-
ceous sandstone (Smu). The vertical profile of the bed has been characterized in detail using mini-permeametry
data (1 cm spacing), plug based helium porosity and permeability and point counting of thin-sections to deter-
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(carbonaceous material, mica grains and mud clasts). See text for description.
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When compared with Type B beds, Type C
and D beds show a significantly reduced occur-
rence and thickness of clay-poor non-stratified
sandstone, in addition to increases in the occur-
rence and thickness of stratified sandstone and
clay-rich non-stratified sandstone (Fig. 7). Type
D beds are distinguished from Type C beds
where the thickness of the clay-rich non-strati-
fied sandstone exceeds that of banded sand-
stone. Occurrences of clay-poor non-stratified
sandstone are thinner in Type D beds when
compared with Type C beds (Fig. 7). Grain-size
variation between Type C and D beds is not rec-
ognized due to the narrow grain-size range at
any given well location.

Interpretation: The repeated association of clay-
poor and overlying clay-rich sandstone facies
without intervening mudstone has been docu-
mented in a number of studies, and implies that
the facies are co-genetic in that they were
deposited from a single sediment gravity flow
(e.g. Lowe & Guy, 2000; Haughton et al., 2003,
2009; Talling et al., 2004; Barker et al., 2008;
Talling et al., 2010; Kane & Pontén, 2012). Clay-
poor non-stratified sandstone at the base of
such deposits has previously been attributed to
the following mechanisms: (i) deposition
beneath a non-cohesive flow behaviour within a
flow that exhibited spatial and temporal varia-
tion to more cohesive behaviour (i.e. Haughton
et al., 2003, 2009; Barker et al., 2008); or (ii)
late-stage sand settling from a cohesive sedi-
ment gravity flow in which the yield strength
was insufficient to support the coarser sand
fractions (Marr et al., 2001; Talling et al., 2010,
2012a,b; Type III experimental deposits of Sum-
ner et al., 2009).

A number of Type C and D bed characteristics
are inconsistent with deposition via mechanism
(ii) or by en masse flow freezing. Stratified and
banded sandstones are a clear indicator of incre-
mental aggradation of the bed beneath a passing
sediment gravity flow (e.g. Allen, 1985; Lowe &
Guy, 2000). It is difficult to envisage how a
cohesive sediment gravity flow could be suitably
stratified in terms of sediment composition, tex-
ture and subsequent rheology in order to pro-
duce the observed facies types and their vertical
arrangement within Type C and D beds; such
flows are not recognized in the laboratory or in
nature. Furthermore, stratified sandstone specifi-
cally records deposition beneath dilute turbulent
non-cohesive flow. Thus, the clay-poor non-stra-
tified sandstone probably was deposited by

Hybrid event beds in the Vering Basin 761

similarly non-cohesive flow, albeit with higher
sediment concentration, suspension fall-out and
suppression of bed traction (Lowe, 1982).

The type and vertical arrangement of facies
within Type C and D beds provides a temporal
record of changing near-bed flow behaviour dur-
ing the passing of a single sediment gravity flow,
as observed at a fixed depositional point. Thus,
Type C and D beds are interpreted as the deposi-
tional products of flow events that were charac-
terized by longitudinal heterogeneity in the
behaviour of near-bed flow (i.e. hybrid flow,
sensu Haughton et al., 2009). A non-cohesive
(clay-poor) region at the front of the flow (i.e.
Sma, Sws or Ss) was succeeded by a region that
fluctuated between cohesive and non-cohesive
behaviour (Sb), which was in turn followed by
more stable cohesive flow behaviour in the rear of
the flow (Smu). Type C and D beds are considered
to have been emplaced by flows that were either:
(i) the downstream continuation of flows emplac-
ing Type B beds that had become clay-enriched
(e.g. Amy & Talling, 2006; Fonnesu et al., 2015);
or (ii) separate flow events that were character-
ized by higher clay proportions (e.g. Lee et al,
2013). Similar inferences can be made for Type D
beds when compared with Type C beds, because
thicker occurrences of clay-rich non-stratified
sandstone suggest that more deposition occurred
beneath a cohesive flow behaviour.

Type E beds

Description: Type E beds comprise thin to
thick-bedded (0-20 to 0-65 m), non-graded
deposits of clay-rich non-stratified poorly sorted
sandstone (Smu) or deformed heterolithic strata
(Rb, Figs 5 and 6). The clay-rich sandstone often
has outsized sand grains and a ‘starry night’
appearance when compared with that in Type C
and D beds (Smu, Table 1). Sub-angular to sub-
rounded mud clasts, and rare sand clasts, are
wide ranging in size and exhibit variable orien-
tation to bedding. Bed bases are sharp and are
planar or irregular.

Interpretation: Type E beds are interpreted as
the products of slumps and cohesive, laminar
debris flows (Lowe, 1982; Sohn et al., 1997).

Type F beds

Description: Type F beds comprise thick-
bedded (0-35 to 0-90 m), normally graded depos-
its of poorly sorted clay-poor non-stratified
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o Mud-filled
| burrows

Large, angular
mudclast with
sand laminae

Core cutting
saw marks

Heterolithic
clast

Non-stratified
poorly sorted
sandstone

Fig. 10. Core photographs showing an example of the
deposits found in Well 1; non-stratified sandstone
(Sma) are directly overlain by clay-rich non-stratified
sandstone containing large angular mud clasts.

sandstone (Sma), which are directly overlain by
thinner occurrences of clay-rich non-stratified
sandstone (Smu, Fig. 10). Type F beds lack
occurrences of banded sandstone, which distin-
guishes them from Type C and D beds. Angular
clasts of heterolithic strata can be larger than the
0-08 m width of the core. Bed bases are sharp,
planar and may be erosive or non-erosive. Type
F beds are only present in Well 1.

Interpretation: Type F beds are considered to be
either a discrete type of hybrid flow that did not
emplace banded sandstones (e.g. Haughton
et al., 2009; Talling, 2013), or composite depos-
its produced by sediment gravity flows that trig-
gered  destabilization of local sea-floor
topography associated with the Gjallar Ridge (cf.
Stanley, 1982; Kneller & McCaffrey, 1999). The
latter could be implied by the abundance of lar-
ger, angular clasts and the proximity of Well 1
to the developing Gjallar Ridge. However, due to
the limited core recovery from Well 1 the origin
of Type F beds is ambiguous.

STRATIGRAPHIC AND SPATIAL
VARIATION IN THE LOWER
SANDSTONE

The Lower Sandstone (LS) accumulated during
biozone 23.4, a period of ca 0-75 Myr (Fig. 2).

100%

Occurrence

0%

Well 2
Well 3 o
Well 4
Well 5

Bed Type TypeB O TypecE Type DM

Fig. 11. Fence diagram depicting the distribution of
key bed types B, C and D in the Lower Sandstone as
observed in core from Wells 2 to 5. Type C beds are
dominant in Wells 2 and 3, with subordinate Type D
and B beds. Deeper in the basin at Wells 4 and 5,
Type D beds are dominant, Type C beds become sub-
ordinate and Type B beds are entirely absent.

When compared with wells located relatively
proximal to source, the LS in relatively distal
wells 4 and 5 shows a reduction in the degree
of bed amalgamation (sensu Romans et al.,
2009), sand to mud ratio, grain size and total
thickness (Fig. 2). Type C and D beds are com-
mon within the LS and are most dominant in
distal settings where Type B are absent
(Fig. 11). Although partial core recovery can
affect the absolute bed proportions documented,
it is important to note the absence of Type B
beds in distal wells; particularly in Well 4
where the LS was cored in full. Seismic ampli-
tude extracts are generally of poor quality but
appear to highlight weakly channelized sheets
near Wells 2 and 3, with more lobate bodies
occurring near Wells 4 and 5. The upper bound-
ary of the LS exhibits an abrupt upward
increase in gamma in all wells located down-
stream of the Gjallar Ridge (Wells 2 to 5), and
records a sudden shut-down of sediment supply
in the basin, as indicated by the thick mud-
stone-dominated succession in Well 1 (ca
2850 m, Fig. 2). The following sections provide
brief descriptions and interpretations of sand-
stones from the five studied wells.

Well 1 - 6704/12-1

Well 1 represents the most proximal well in
the regional context (Fig. 1). Here the LS con-
sists of several mudstone-bound sandstone
packages, and is parted from the Middle
Sandstone by a ca 35 m thick, high-gamma
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mudstone-dominated interval. The top of the
Middle Sandstone is erosionally and uncon-
formably overlain by Danian-aged strata (Fig. 2).
The absence of the Upper Sandstone in Well 1
is attributed to continued uplift and erosion of
the Gjallar Ridge (Roberts et al., 1999). A lim-
ited amount of core (8-4 m) was recovered from
the LS. It contains Type F beds along with
deposits of complexly stratified sandstone (Srw)
that display opposing current-direction indica-
tors and internal scouring (Figs 3 and 10). The
latter deposits record bottom current reworking
(Lovell & Stow, 1981; Stow & Faugeres, 2008),
and may either directly overlie Type F beds or
occur as isolated deposits bound by mudstones
recording background sedimentation. Type F
beds exhibit the coarsest grain sizes, yet the
overall interval has low sand to mud and amal-
gamation ratios that are more comparable with
those in Wells 4 to 5.

Interpretation: When compared with the LS pen-
etrated in Wells 2 to 5, Well 1 may represent the
off-axis or distal setting of a separate, yet more
proximal to source, splay off of the main fairway
(i.e. coarser grain sizes, relatively low sand to
mud ratio and amalgamation ratio, occurrence
upstream of the Gjallar Ridge). However, this is
difficult to constrain considering the limited con-
text and core recovery and, subsequently, Well 1
does not form a significant part of the analysis
herein.

Well 2 - 6705/10-1

The LS sand (13-6 m) has a blocky gamma profile
(Fig. 2) and commences with a thin deposit of
facies St (0-03 m), which records local winnow-
ing beneath gravity flows. This is overlain by a
thick (13-5 m) succession of highly amalgamated
Type C beds (Fig. 3). These beds are the dominant
bed type (Fig. 11) and contain grain-size changes
that delineate bedding contacts, as well as an
abundance of dewatering structures (Fig. 3).
Compared with Wells 3 to 5, the grain size, sand
to mud ratio and amalgamation ratio are greater
and grain sorting is poorer (Fig. 2).

Above the LS is a 4 m-thick interval where
the biozone could not be determined; if biozones
23.2 to 23.3 are present within this interval then
they exhibit a dramatic reduction in thickness
at Well 2 (Figs 2 and 12). The interval com-
mences with a 1 m-thick mudstone displaying
lamination that is discordant to depositional

Hybrid event beds in the Vering Basin 763

stratification with beds, bed tops and bases, and
the top of the LS (Fig. 12); the lamination within
the mudstone suggests that it is not in situ. The
mudstone is overlain by deposits that contain a
basal thin clay-poor sandstone, with an erosive
base and angular rip-up clasts, which is directly
overlain by mud-clast and clay-rich sandstone
(Smu) or deformed strata (Rb). Above the 4 m-
thick interval, the Upper Sandstone (biozone
23.1) comprises another thick succession of
highly amalgamated and dewatered banded
sandstones with bedding orientated similar to
that in the LS (Fig. 2).

Interpretation: Well 2 is located more proximal
to source compared to Wells 3 to 5 (e.g. thin
facies St, coarser grain sizes, poorer sorting,
higher bed amalgamation and sand to mud
ratio). The LS is thought to have been pene-
trated in an off-axis position near the local base
of slope of the Gjallar Ridge considering the
degree of amalgamation, high sand to mud ratio
and the lack of evidence for significant channel-
ization (e.g. inclined erosional cuts, tractional
lags and rip-up clasts). The repeated deposition
of thick amalgamated dewatered banded sand-
stones in both the LS and Upper Sandstone
record a significant amount of deposition
beneath near-bed flow with transitional cohesive
and non-cohesive behaviour (e.g. Baas et al,
2005, 2011). Rapid deceleration of clay-rich
flows has been shown to promote a change from
non-cohesive to relatively more cohesive flow
(cf. Baas et al., 2009, 2011; Sumner et al., 2009),
a process that may have occurred on the down-
stream side of the developing Gjallar Ridge.

The 4 m-thick interval between the LS and
the Upper Sandstone is interpreted to record
remobilization and erosion processes due to a
pulse of uplift in the Gjallar Ridge area. This
would account for the limited thickness of the
LS at Well 2. Furthermore, it could explain
the missing or limited thickness of biozones
23.2 to 23.3, which were either deposited dur-
ing a period of overall bypass or were removed
by subsequent remobilization. Deposits contain-
ing rip-up clasts may be a direct result of such
remobilization, and record a short-lived period
of enhanced entrainment of mud-rich substrate
during slope readjustment (cf. Haughton et al.,
2009). Deposition of the overlying Upper Sand-
stone may record erosion and reworking of
sediment on the Gjallar Ridge; however, this
cannot be constrained with the data available.
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Fig. 12. Core photographs from Well 2 showing the interval of indeterminate biostratigraphy above the Lower
Sandstone (LS). Laminations in the mudstone above the LS are inclined, suggesting that it is not in in situ (i.e.
post-depositional remobilization). Overlying deposits comprise a basal relatively clay-poor sandstone (Sma), often
containing rip-up clasts, which is directly overlain by non-stratified clay-rich sandstone (Smu) or slumped hetero-
lithic strata (Rb); banded sandstones (Sb) are lacking from these deposits.

Well 3 - 6605/1-1

The LS at Well 3 has a greater total thickness
(98-:00 m) compared with that in Wells 4 and 5
(Fig. 2). The sand to mud ratio, amalgamation
ratio, grain size and sorting of the cored interval
(27-10 m) is intermediate between that observed
in the more proximally located Well 2 and dis-
tally located Wells 4 and 5. The core exhibits
a mixed succession of Type B and C beds, with
a serrated gamma response, which is overlain by a
Type C dominated package with comparatively
lower gamma and a higher degree of

amalgamation (Figs 3 and 13). Type C beds are
the most dominant at Well 3 (Fig. 11). The
upper package shows an upward increase in
gamma and a decrease in amalgamation; the
lower package exhibits no vertical trend
(Fig. 13). Overall, there is a vertical transition
from Type B to Type C beds, with a thinning of
non-stratified sandstone, thickening of banded
sandstone and the appearance of clay-rich non-
stratified sandstones (Fig. 13). Bed bases are
commonly erosive; however features associated
with sediment bypass are lacking (i.e. facies St
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Fig. 13. Packages in Wells 3 and 4
exhibit an upward decrease in bed
amalgamation and increase in
gamma, with a capping condensed
mudstone in Well 4, and are
interpreted to record increasingly
distal deposition prior to
abandonment. In Well 3, as the bed
type changes vertically from Type B
to Type C, facies Sma exhibit a
reduction in thickness whilst facies
Smu thickness increases. In Well 4,
stacked Type D beds exhibit an
upward thinning of facies Sb and
thickening of facies Smu. See Fig. 6
for the legend for graphic
sedimentary logs: VF = very fine; F
= fine; M = medium.
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dence for significant channelization suggests
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deposition in an off-axis position of a basin-floor
fan, which was relatively distal from source
compared to Well 2. The cored succession
records an overall increase in the energy of sub-
sequent flow events during deposition of the LS
(e.g. increased amalgamation and sand to mud
ratio) with a shift of deposition basinward or lat-
erally promoting more axial deposition. On a
smaller scale, the upper package captures an
upward reduction in flow energy (landward or
lateral shift to off-axis positions) during late-
stage deposition of the LS, suggesting that Type
C beds represent relatively more distal deposi-
tion compared to Type B beds (i.e. Walther’s
Law). The overlying mudstone with siderite con-
cretions represents a condensed interval and
limited sedimentation, at least locally (MacQua-
ker & Taylor, 1996).

Well 4 - 6604/10-1

The total thickness of the LS in Well 4
(55-20 m) is less than that in Well 3, and was
largely captured by the cored interval (53-87 m,
Figs 2 and 3). There is a progressive vertical
decrease in gamma at the base of the LS,
whereas the top of the LS is characterized by an
abrupt increase in gamma (Fig. 2). The amalga-
mation ratio, sand to mud ratio, grain size and
sorting are lower compared with Wells 2 and 3.
The LS commences with a basal package that
exhibits a progressive decrease then increase in
gamma, which is overlain by three mudstone-
bound packages that lack distinct trends in their
gamma profiles (Fig. 2). The uppermost of these
mudstone-bound packages is parted from the
others by a notably thick (1-1 m) mudstone with
high gamma. Features associated with significant
sediment erosion or bypass are lacking (i.e.
facies St and rip-up mud clasts) and bed bases
are typically non-erosive. The dominant bed
type in the LS changes vertically from Type A,
through Type D to Type C. This is concomitant
with an overall increase in the amalgamation
and sand to mud ratios in successive packages
(Figs 2 and 3).

In the basal package, the initial upward gamma
decrease is driven by the change from thinner
Type A beds to thicker Type D beds and an over-
all increase in bed amalgamation (Fig. 13).
Change to upward decreasing gamma coincides
with reduced bed amalgamation and thickening
of clay-rich non-stratified sandstone within a suc-
cession of Type D beds. The LS is overlain by a
mudstone with siderite concretions.

Interpretation: Well 4 is considered to penetrate
the distal setting of a basin-floor fan (e.g. low
amalgamation, low sand to mud ratio, reduced
total thickness, finer grain sizes and limited evi-
dence of erosion). An overall vertical increase in
flow energy occurred during deposition of the
LS (i.e. increased amalgamation and sand to
mud ratios), which is similar to that in Well 3
and is interpreted to record a basinward or lat-
eral shift to more axial deposition. Smaller-scale
packages can record reductions in flow energy
and increasingly distal deposition, with thicken-
ing of clay-rich non-stratified sandstone within
Type D beds. The overlying mudstone with side-
rite concretions represents a condensed interval
and limited sedimentation (MacQuaker & Tay-
lor, 1996).

Well 5 - 6603/12-1

Well 5 contains the thinnest occurrence of the
LS (35-00 m) with 1847 m of core recovered
and shares a number of similarities with Well 4
(Figs 2 and 3). The basal boundary also exhibits
a progressive upward decrease in gamma, with a
more abrupt gamma increase occurring at the
top of the LS. A high-gamma mudstone (ca
1-40 m) also parts an upper package from the
underlying lower packages. Vertically, the domi-
nant bed type also changes from Type D to Type
C beds (Fig. 3). The amalgamation ratio, sand to
mud ratio, grain size and sorting are also compa-
rable with those in Well 4 (Fig. 2).

Interpretation: The similarities between the core
and gamma response, together with the biostrati-
graphic constraint and their close proximity
(<10 km), suggests that Wells 4 and 5 penetrate
the distal settings of the same lobe. The lower
total thickness of the LS in Well 5 suggests that
it is more distal or off-axis when compared with
Well 4.

Spatial variation in facies within Type C and
D beds

The characteristics of facies (occurrence and
proportion) within Type C and D beds were deter-
mined at different wells (Fig. 14A). This
approach was aimed at gaining insight into poten-
tial variations in depositional processes and
inferred flow behaviour at different points in the
basin; other bed types were not included due to
their limited occurrence across the basin. Fur-
thermore, beds affected by amalgamation were
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excluded in order to avoid bias towards facies
that are positioned lower within the bed, which
are not affected by erosion at the bed top. Consid-
ering these criteria, Wells 1 and 2 are not exam-
ined in this analysis. For a given bed type, facies
occurrence refers to how common a facies type is,
whereas facies proportion refers to the typical
thickness of a facies type; both are expressed as
percentages. Facies characteristics were also
determined specifically just for the facies type
present at the base of Type C and D beds
(Fig. 14B). This was aimed at gaining insight into
variations in the depositional processes associ-
ated with the onset of deposition from the frontal
regions of hybrid flows. Bed bases were easily
identified by their contact with underlying mud-
stones, or by amalgamation surfaces that are
delineated by grain-size changes.

Type C beds

The occurrence and proportion of both clay-poor
non-stratified sandstone (facies Sma) and
banded sandstone (facies Sb) decreases from
Wells 3 to 5, whereas both stratified sandstone
(facies Ss) and clay-rich non-stratified sandstone
(facies Smu) exhibit an increase (Fig. 14A). Fur-
thermore, the relative importance of facies Ss
and Sma changes distally, with Ss becoming
dominant in terms of proportion and occurrence
in Wells 4 and 5. Similar variation is also
observed for bed-basal facies, with higher occur-
rences and proportion of Sma in Well 3, and Ss
in Wells 4 and 5 (Fig. 14B).

Type D beds

Facies characteristics were only determined at
Wells 4 and 5 because non-amalgamated Type D
beds are lacking at Well 3. From Wells 4 to 5
there is a decrease in the proportion of Sma and
Sb, along with an increase in the proportion of
Ss and Smu. In both Wells 4 and 5 there is a
higher proportion of Ss when compared to Sma;
this is true regardless of their position within
the bed (Fig. 14A and B). Thus, facies character-
istics in Type D beds are most comparable to
Type C beds located in Wells 4 and 5, and exhi-
bit similar spatial variation in facies characteris-
tics to those that occur between Wells 3 to 5 in
Type C beds (e.g. dominance of Ss relative to
Sma, and thickening of Ss and Smu). However,
when compared with Type C beds from the
same well, the facies recording deposition with
transient (Sb) or stable (Smu) cohesive flow
behaviour are more significant in Type D beds
(Fig. 15). Considering this, in addition to their
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dominance in distal settings (Fig. 11), Type D
beds are suggested to represent relatively clay-
richer flow and more distal deposition.

DISCUSSION

Significance of variations documented within
the Lower Sandstone

Building on the regional-scale setting (e.g. Lun-
din & Doré, 1997; Feerseth & Lien, 2002; Roberts
et al., 2009), along with the interpretations of
fan sub-environment for each well, Fig. 16 pre-
sents a conceptual model that summarizes the
key aspects during deposition of the LS. Despite
the general age-correlation of the LS, its exact
stratigraphic correlation is subject to uncertainty
(excluding Wells 4 to 5) due to the limitations
of the seismic quality and lack of distinct litho-
logical markers or high-resolution biostrati-
graphic data. Considering this, along with the
spatial extent of the well transect (ca 140 km), it
is unlikely that the documented variations in
facies and bed type are a direct record of that
which occurs across an individual lobe element
or lobe; variations are instead more likely to
capture regional-scale variation within a lobe
complex (sensu Prélat et al., 2009).

Sea-floor topography associated with the
developing Gjallar Ridge is considered to have
been a moderate influence upon deposition of
the LS, because both Late Campanian and Maas-
trichtian strata exhibit local thinning towards
the ridge (e.g. Bjornseth et al., 1997), and sand-
stones sourced from East Greenland extended
deep into the basin (Morton et al., 2005). Well 1
is located upstream of the Gjallar Ridge and is
dominated by Type F deposits that record
either: (i) deposition from discrete hybrid flows
in the distal or off-axis parts of a lobe that was
relatively more proximal to source; or (ii) gra-
vity-current triggered destabilization of local
sea-floor topography (cf. Stanley, 1982). The low
amalgamation ratio and sand to mud ratio may
favour the latter; however, it is difficult to dis-
count either mechanism considering the limited
amount of core recovered. The repetitive succes-
sions of highly amalgamated, dewatered banded
sandstone in Well 2 are thought to record the
local influence and overprinting effect of sea-
floor topography associated with proximity to
the Gjallar Ridge base of slope (Figs 2 and 3). It
is thought that the local rapid deceleration of
clay-rich flow promoted increased sediment
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Fig. 14. (A) Fence diagrams illustrating variations in the proportion and occurrence of facies at Wells 3, 4 and 5
for Type C and D beds. (B) As for (A), but only facies present at the very base of the bed are considered. Beds with
amalgamated or reworked tops were excluded to avoid over-estimation of characteristics for facies lower in the

bed.

concentration and reduced fluid turbulence (cf. number and onset of more cohesive flow beha-
Lowe, 1975; Vrolijk & Southard, 1997), with a viour (Talling et al., 2007; Barker et al., 2008).
subsequent reduction in the flow Reynolds Such changes may have only occurred in the
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Fig. 15. Fence diagram comparing the proportion of
facies deposited beneath cohesive flow (Sb and Smu)
and non-cohesive flow (Sma, Ss and Sws) in Type C
and D beds at Wells 4 (left) and 5 (right).

depositional boundary layer due to settling of
sediment into a dense near-bed flow layer.
Although banded sandstone can be deposited in
the absence of sea-floor topography (e.g. Haugh-
ton et al.,, 2009), comparable thicknesses of
banded sandstone within hybrid event beds

Varing Marginal

Proto-Gjallar Ridge
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have only been documented in the Britannia
Sandstone, North Sea (Blackbourn & Thomson,
2000; Lowe & Guy, 2000; Barker et al., 2008); a
system where sea-floor topography is also
thought to have influenced depositional facies
(Barker et al., 2008). The near exclusive domi-
nance of banded sandstone in the LS at Well 2
at least suggests there was a sustained, perhaps
local, influence upon deposition.

Increasingly distal styles of deposition occur
deeper in the basin (e.g. decreased amalgama-
tion ratio, sand to mud ratio, grain size, total
thickness and increased sorting). The local
reduced thickness of the LS at Well 2 is attribu-
ted to post-depositional erosion following con-
tinued uplift of the Gjallar Ridge. Concomitant
with these basinward changes is an increase in
the occurrence of hybrid event beds (Type C
and D) and loss of Type B beds, with a notable
increase in the occurrence of Type D beds that
record more cohesive flow behaviour and more
distal deposition (Fig. 11). Continued uplift of
the Gjallar Ridge is thought to have reduced the
sediment supply deeper in the basin (i.e.
absence of Middle Sandstone in Wells 2 to 5).
Deposition of the Upper Sandstone either
records a fairway that exploited a low point in

Fig. 16. Conceptual block diagram depicting the main features and aspects of sedimentation within the north-
west Vearing Basin during emplacement of the Lower Sandstone (LS). Well penetrations are tentatively assigned to
sub-environments of the fan model based on core descriptions and wireline responses; seismic data does not pro-
vide a strong constraint on these depositional environments. The developing Gjallar Ridge was dissected by
north-west/south-east trending lineaments that permitted deposition deeper in the basin (Fjellanger et al., 2005).
The position of the shelf is poorly constrained, but is approximated by the eastern limit of the Varing Marginal

High (Roberts et al., 1997; Feerseth & Lien, 2002).
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the ridge, or local erosion and resedimentation
from the Gjallar Ridge.

Process model for deposits comprising co-
genetic clay-poor and clay-rich sandstone

Based on the observed variation in bed type and
facies characteristics within the LS, Fig. 17 pre-
sents a conceptual process model that depicts
inferred downstream changes in the longitudinal
structure of near-bed flow within hybrid flows.
Although the variations captured by Wells 2 to
5 may represent relatively proximal and distal
parts of separate sedimentary bodies, they are
still thought to provide insight into the varia-
tions in flow character that can occur with dif-
fering flow run-out distances and variable
interaction with local sea-floor topography.
Overall, the longitudinal structure of near-bed
flow behaviour became increasingly heteroge-
neous during downstream run-out, as zones of
transitional (facies Sb) and cohesive quasi-lami-
nar turbulence-suppressed (Smu) flow behaviour
were developed in the rear of the flow (i.e.
hybrid flow, sensu Haughton et al., 2009). Com-
parable flow evolution has been documented in
a number of studies and is attributed to the
enrichment of clay within flows either by: (i)
entrainment of muddy substrate (Haughton
et al., 2003, 2009); or (ii) deceleration and depo-
sition of coarser sand fractions (Talling et al.,
2004, 2007; Sumner et al., 2009). Initiation of a
cohesive behaviour is most likely to occur in the
clay-rich rear of flows that are characterized by
longitudinal variations in grain size and compo-
sition (i.e. Baas et al., 2005, 2011). Initially,
transitional flow was most dominant in hybrid
flows and deposited the thick banded sandstone
in Type C beds. With increasing flow run-out
distance and clay-enrichment, the region of
steadier quasi-laminar cohesive flow became
increasingly significant in the rear of hybrid
flows (i.e. facies Smu, Type D beds); enhance-
ment of this flow state may drive the distal
reduction in banded sandstone thickness as rear-
ward regions of near-bed flow became clay-
enriched (Fig. 11). Concomitantly, the front of
the hybrid flow remained non-cohesive and
underwent a discrete style of evolution, presum-
ably in response to deposition and declining
sediment concentration (Fig. 17). The front of
the hybrid flow evolved from flow with a high
sediment concentration and suspension fall-out
rate with capacity-driven deposition (i.e. basal
occurrences of Sma), to flow behaviour that

became increasingly dilute and turbulent with
competence-driven deposition (i.e. basal occur-
rences of Ss). Such non-cohesive flow and its
downstream variation suggests that hybrid flows
in the LS most probably evolved from non-cohe-
sive sediment gravity flows, rather than by dilu-
tion or acceleration of cohesive flows (i.e.
Talling et al., 2007). The described variations in
flow behaviour could occur either during the
downstream run-out of individual sediment
gravity flows that were prone to clay-enrichment
and the development of longitudinally heteroge-
neous near-bed flow (i.e. Fig 17), or in separate
flow events with increasing proportions of clay.

Comparisons with other models

The observations and interpretations presented
herein are aligned with many current models
that concern hybrid event bed and transitional
flow deposit distribution within deep-water
depositional systems (e.g. Haughton et al., 2003,
2009; Talling et al., 2004, 2012a; Amy & Talling,
2006; Barker et al., 2008; Hodgson, 2009; Kane &
Pontén, 2012). This study provides further
insight into the flow processes associated with
the emplacement of these deposit types.

Thickness of banded sandstones

The position of banded sandstone between
underlying clay-poor sandstone facies and over-
lying clay-rich sandstone facies is similar to that
observed in hybrid event beds from other deep-
water systems (Lowe & Guy, 2000; Haughton
et al., 2003, 2009; Barker et al., 2008; Sylvester
& Lowe, 2004). However, the proportion of
banded sandstone is significantly greater than
that documented in most of these studies, with
the exception of the Cretaceous Britannia Sand-
stone, North Sea (Lowe & Guy, 2000; Barker
et al., 2008). As discussed previously, it is
inferred here that rapid deceleration of clay-rich
flows near the Gjallar Ridge base of slope
reduced turbulent kinetic energy and may have
promoted the onset of more cohesive flow beha-
viour. Similarly, deposition of the Britannia
Sandstone was associated with large-volume
flows that healed and interacted with significant
sea-floor topography associated with mass-trans-
port deposits (Barker et al., 2008; Eggenhuisen
et al., 2010). Thus, it is possible that thick
occurrences of banded sandstone can be pro-
moted by the interaction of clay-rich sediment
gravity flows with pronounced or persistent sea-
floor topography.
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Fig. 17. Conceptual process model illustrating deposit accumulation (A) and inferred variation in near-bed flow
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© 2016 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 64, 747-776



772 S. ]. Southern et al.

Significance of basal facies trends in beds
containing co-genetic clay-poor and clay-rich
sandstone

Non-stratified and stratified sandstones have been
documented at the base of hybrid event beds and
transitional deposits (Haughton et al., 2003; Amy
& Talling, 2006; Talling et al., 2007; Barker et al.,
2008; Hodgson, 2009; Kane & Pontén, 2012). Indi-
vidual beds in the Marnoso-Arenacea Formation
have been correlated over distances of tens of
kilometres, and provide the first documentation
of downstream changes between non-stratified
and stratified clay-poor sandstone at the base of
hybrid event beds (Amy & Talling, 2006). How-
ever, to date, no studies have discussed the impli-
cations of this downstream facies change in terms
of the behaviour and evolution of hybrid flows.
The occurrence of this bed-base facies trend, both
in this study (Fig. 14) and in the Marnoso-Arena-
cea Formation, suggests that the front of hybrid
flows can remain non-cohesive and undergo a
discrete style of evolution compared to the rear of
the flow. Frontal regions of hybrid flow evolved
from high-concentration turbulence-suppressed
flow with capacity-driven deposition, to low-con-
centration turbulent flow with competence-dri-
ven deposition (Fig. 17); presumably in response
to increasing deposition and declining sediment
concentration during downstream run-out
(Lowe, 1988; Mutti, 1992). Such non-cohesive
flow and its downstream variation suggest that
hybrid flows in the LS most probably evolved
from non-cohesive sediment gravity flows, rather
than by dilution or acceleration of cohesive flows
(i.e. Talling et al., 2007).

Kane & Pontén (2012) used repeated vertical
stacking patterns in the Wilcox Formation, Gulf
of Mexico, to infer downstream facies tracts that
also record deposition beneath increasingly
cohesive flow behaviour. The downstream trans-
formation was attributed to the rapid decelera-
tion of clay-rich flows upon exiting the channel
mouth. Interestingly these authors documented
a different bed-basal facies tract, with stratified
sandstones being replaced by non-stratified
sandstone downstream. We suggest that this
reflects the mechanism by which the basal clay-
poor sandstone was emplaced; Kane & Pontén
(2012) propose emplacement of the non-strati-
fied sandstone by sand settling through high-
concentration quasi-cohesive flow (cf. Sumner
et al., 2009). Thus, their documented bed-basal
facies tract records a different style of flow evo-
lution, whereby flow emplacing the relatively

clay-poor sandstone became increasingly turbu-
lence-suppressed. As such, spatial variation in
the relative importance of stratified and non-stra-
tified clay-poor sandstone at the base of hybrid
event beds are proposed to differ depending on
the mechanism by which they are emplaced (i.e.
beneath non-cohesive flow or via sand-settling
from non-cohesive flow).

The implications of such variation in flow
behaviour at the front of flow events that emplace
co-genetic clay-poor and clay-rich sandstone are
significant. Previous studies have shown how
changes in sediment concentration, turbulent
state and sedimentation rate influence flow inter-
action with the ambient fluid (e.g. Allen, 1985;
Kneller & Buckee, 2000), the sea-floor substrate
(Verhagen et al., 2013; Baas et al., 2014) and sub-
sequent depositional character.

Reservoir implications

The clay-rich sandstone facies (Sb and Smu) are
generally of poor-reservoir quality, and whilst
they may contribute to overall recoverable vol-
ume and hydrocarbon drive, they are not worth-
while targets alone. The recognition that up-dip
deposits contain thick proportions of banded
sandstone (i.e. Wells 2 and 3), suggests that
exploration further down-dip in the same sys-
tem may encounter thick clay-rich non-stratified
sandstones and would be ill advised. Similarly,
the dominance of stratified sandstone at the base
of hybrid event beds could be used as an indica-
tor of relatively more distal settings, where clay-
rich facies are greater in occurrence and propor-
tion, and that exploration up-dip would be more
preferable.

Limitations of analysing stratigraphic
packages

Because the correlation of individual beds is
generally not possible in subsurface data, this
study wuses stratigraphic packages correlated
between wells to infer flow processes. As noted
above, this approach runs the risk that beds rep-
resenting different and independent down-
stream processes of flow evolution may be
analysed jointly. Furthermore, given the con-
straints of seismic resolution, paucity of distinct
lithological markers and lack of sufficiently
high-resolution biostratigraphic data, the possi-
bility that the LS represents separate fans of dif-
fering extent, rather than a single fan, cannot be
eliminated. Subsequently there could either be:
(i) hybrid flows in which the frontal non-
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cohesive region of flow evolved from high to
low-sediment concentration during downstream
run-out, with concomitant change in the near-
bed flow behaviour from turbulence-suppressed
to turbulent; or (ii) a discrete class of hybrid
flow that was always dilute and turbulent in the
head, but typically bypassed proximal areas in
favour of deposition in the most distal settings.
Regardless, observations from hybrid event beds
in relatively proximal and distal positions high-
light the variation in flow properties that can
occur at the front of hybrid flows. Despite the
limitations of analysing stratigraphic packages
in this context, a number of useful insights and
models for predicting flow behaviour have been
developed (e.g. Lowe & Guy, 2000; Lowe et al.,
2003; Haughton et al., 2003, 2009; Barker et al.,
2008; Davis et al., 2009). Given the paucity of
outcrops where models for flow evolution can
be reliably tested it is hoped that the observa-
tions here, along with detailed coring studies of
the modern sea floor (e.g. Stevenson et al., 2013;
Talling et al., 2015), will provide a framework
for future physical and numerical modelling
studies.

CONCLUSIONS

The range in the depositional character of
hybrid event beds is inferred to reflect the com-
plexity of flow transformation in sedimentary
systems which are controlled by a complex
interplay of allogenic and autogenic controls.
An examination of the spatial and stratigraphic
distribution of bed types, and the facies within
hybrid event beds has highlighted the follow-
ing:

1 The development of hybrid flows with longi-

tudinally distributed discrete zones of flow
behaviour (i.e. non-cohesive versus cohesive,
turbulent versus turbulent-suppressed) within
near-bed flow and variation in their relative
importance in proximal and distal settings.

2 Rearward regions of near-bed flow in hybrid
flows became increasingly clay-rich and turbu-
lence-suppressed in distal settings, promoting
deposition of banded and clay-rich non-stratified
sandstones.

3 Frontal regions of near-bed flow remained
clay-poor and non-cohesive, but underwent a
decrease in sediment concentration and sediment
fall-out rate that drove an increase in fluid turbu-
lence, bed traction and relative importance of
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stratified sandstone at the base of hybrid event
beds compared to non-stratified sandstone.

4 Thus, hybrid flows are complex in that they
can evolve both spatially and temporally with
discrete, potentially simultaneous, styles of vari-
ation occurring in different regions of the flow
event or between separate flow events.

5 Sediment gravity flows may have been
primed for transformation to increasingly cohe-
sive flow behaviour following deceleration at
the Gjallar Ridge base of slope; prior to which
significant entrainment of muddy substrate may
have occurred above this ridge.

6 Thick occurrences of banded sandstone
appear to be promoted by the interaction of
clay-rich sediment gravity flows with persistent
sea-floor topography (i.e. spatial decelerations).

7 The complex and dynamic nature of down-
stream flow evolution within sediment gravity
flows that exhibit both cohesive and non-cohe-
sive flow behaviour.
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