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ABSTRACT

Tide-dominated deltas have an inherently complex distribution of hetero-
geneities on several different scales and are less well-understood than their
wave-dominated and river-dominated counterparts. Depositional models of
these environments are based on a small set of ancient examples and are,
therefore, immature. The Early Jurassic Gule Horn Formation is particularly
well-exposed in extensive sea cliffs from which a 32 km long, 250 m high
virtual outcrop model has been acquired using helicopter-mounted light
detection and ranging (LiDAR). This dataset, combined with a set of sedi-
mentological logs, facilitates interpretation and measurement of depositional
elements and tracing of stratigraphic surfaces over seismic-scale distances.
The aim of this article is to use this dataset to increase the understanding of
depositional elements and lithologies in proximal, unconfined, tide-domi-
nated deltas from the delta plain to prodelta. Deposition occurred in a struc-
turally controlled embayment, and immature sediments indicate proximity
to the sediment source. The succession is tide dominated but contains evi-
dence for strong fluvial influence and minor wave influence. Wave influence
is more pronounced in transgressive intervals. Nine architectural elements
have been identified, and their internal architecture and stratigraphical dis-
tribution has been investigated. The distal parts comprise prodelta, delta
front and unconfined tidal bar deposits. The medial part is characterized by
relatively narrow, amalgamated channel fills with fluid mud-rich bases and
sandier deposits upward, interpreted as distributary channels filled by tidal
bars deposited near the turbidity maximum. The proximal parts of the stud-
ied system are dominated by sandy distributary channel and heterolithic
tidal-flat deposits. The sandbodies of the proximal tidal channels are several
kilometres wide and wider than exposures in all cases. Parasequence bound-
aries are easily defined in the prodelta to delta-front environments, but are
difficult to trace into the more proximal deposits. This article illustrates the
proximal to distal organization of facies in unconfined tide-dominated deltas
and shows how such environments react to relative sea-level rise.
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INTRODUCTION

Tidal depositional systems are characterized by
cyclical and rapid variations in flow velocity
and, therefore, have inherently complex hetero-
geneities and incision on several different scales
(e.g. Willis, 2005; Dalrymple & Choi, 2007; Mar-
tinius & Van den Berg, 2011). Transgressive tide-
dominated systems that occur as estuaries are
relatively well-studied and have robust facies
models (Dalrymple et al., 1992), whereas progra-
dational tidal delta systems have received less
attention in the literature. Depositional models
of such environments are based on a small, but
growing, set of studied ancient (e.g. Willis &
Gabel, 2001; Mcllroy et al., 2005; Pontén &
Plink-Bjorklund, 2007; Legler et al., 2013) and
modern examples (e.g. Hori et al., 2002; Dalrym-
ple et al., 2003; Kuehl et al.,, 2005). Although
these examples show many similarities, they also
show large differences between systems. Further-
more, the limited number of studies has led to a
lack of data on geometries of depositional ele-
ments in tidal systems. These two factors present
great uncertainties in forecasting hydrocarbon
reservoir development of ancient deposits of
tidal systems (Brandseeter et al., 2005; Martinius
et al., 2005; Filak et al., 2012).

The tide-influenced delta deposits of the Gule
Horn Formation in Jameson Land, eastern
Greenland, are time-equivalent and facies-
equivalent to the prolific, hydrocarbon-bearing
Early Jurassic Tilje Formation of the Bat Group
on the Halten Terrace, offshore Norway (Dalland
et al., 1988; Dam & Surlyk, 1995; Martinius
et al., 2005; Ahokas et al., 2014a; Ichaso & Dal-
rymple, 2014), making them an excellent ana-
logue for these reservoirs. The Gule Horn
Formation is exposed in extensive outcrops,
32 km long and 100 m thick, which are ideal for
studying sedimentary architecture. A key chal-
lenge is that the outcrops are steep and largely
inaccessible. To address this problem, tradi-
tional fieldwork techniques were supplemented
with oblique helicopter-mounted LiDAR (light
detection and ranging) scanning (Rittersbacher
et al., 2014), to produce large virtual outcrops
which facilitate accurate collection of geobody
geometries and tracing of facies boundaries and
stratigraphic surfaces for improved correlation.

The goal of this work is to integrate large-scale
depositional architecture, internal architecture
of sedimentary bodies and fine-scale sedimento-
logical data of a proximal, coarse-grained tide-
influenced delta to increase the understanding

of such systems. The aims of this study are four-
fold: (i) to describe the deposits of the Gule
Horn Formation in the study area; (ii) to propose
a facies model for this succession which may be
applicable to similar deposits elsewhere; (iii) to
collect architectural data on the individual
depositional elements within the tide-dominated
delta succession; and (iv) to interpret how the
system evolved through time under external and
internal forcing factors.

GEOLOGICAL BACKGROUND

Tectonic and palaeogeographic framework

The studied outcrop occurs in cliff sections
along the western side of Hurry Inlet in Jameson
Land, East Greenland (Fig. 1). The deposits are
of Sinemurian to Pliensbachian age (Fig. 2) and
were deposited in the Jameson Land Basin
which covered present day Jameson Land
(Fig. 1; Surlyk, 2003).

A series of north-south elongated rift-basins
formed between Norway and Greenland in the
Devonian, just after culmination of the Caledo-
nian orogeny (Surlyk, 2003). Intermittent rifting
and periods of thermal subsidence continued in
these basins until the Middle Jurassic. The Jame-
son Land basin is the southernmost of these
basins, and it contains an up to 15 km thick
package of sedimentary rocks (Larsen & Mar-
cussen, 1992). The basin has been interpreted to
have been in a thermally subsiding post-rift stage
during deposition of the studied interval,
because the succession shows overall layer-cake
geometry without synsedimentary faulting or
major lateral changes in thickness (Surlyk, 2003).

Volcanism in the latest Palaecocene to earliest
Eocene, associated with the North Atlantic
break-up, led to widespread doleritic intrusions
and thick extrusions in the Jameson Land Basin
and surrounding areas (Larsen & Marcussen,
1992). The extrusives are eroded in Jameson
Land today, but the intrusive rocks appear as ca
2 m wide dykes and ca 9 m thick sills, which
are especially common in the southern part of
the study area. Two to three kilometres of uplift
from the late Palaeocene until present time
(Mathiesen et al., 2000) led to the excellent
exposures seen today (Fig. 3).

The Jameson Land Basin was located at
around 45°N in the Rhaetian (Latest Triassic)
and drifted northward to 50°N in the Hautervian
(Early Cretaceous) (Smith et al., 1994). A major
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Fig. 1. (A) Schematic, pre-drift
reconstruction of the seaway
between Norway and Greenland in
the Middle Jurassic, based on plate-
tectonic reconstructions by Ziegler
(1988) and Doré (1992). Note that
Liverpool Land is attached to a
larger landmass than today.
Modified from Surlyk (2003).

(B) Geological map of Jameson Land
and Liverpool Land showing the
outcrop of the Neill Klinter Group

| and the location of the study area.
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Modified from Ahokas et al.
(2014a).

climatic change from arid to humid subtropical
occurred at the Norian—Rhaetian transition (late
Triassic), recorded by a change from red beds to
lacustrine sediments (Surlyk, 2003). Palaeomag-
netic data suggest that this was caused mainly
by northward drift of the Laurasian continent,
out of the arid subtropics into more humid lati-
tudes (Smith et al., 1994; Nystuen et al., 2014).
The oldest sediments exposed in the study area
are lacustrine sediments of the Kap Stewart
Group (Dam & Surlyk, 1993). Lacustrine condi-
tions ended at the Sinemurian-Pliensbachian
transition when the area underwent marine
transgression and deposition of the shallow-mar-
ine, tide-dominated Neill Klinter Group (Dam &
Surlyk, 1998).

Depositional and stratigraphic framework

Following the transgression of the lacustrine
Kap Stewart Group in the upper Sinemurian
(Fig. 2), the Jameson Land Basin became con-
nected to the narrow (1500 km long and 250 km
wide) seaway between Norway and Greenland

(Fig. 1A), which today is represented by a tide-
influenced and wave-influenced marine Jurassic
succession on the mid-Norwegian shelf (Gjelberg
et al., 1987). In the southern Jameson Land
Basin, this transgression led to deposition of
transgressive shorefaces of the Raeveklgft Forma-
tion. The Reeveklgft Formation is overlain by the
Gule Horn Formation, which was deposited by a
tide-dominated shallow-marine system (Dam &
Surlyk, 1998; Ahokas et al., 2014a). This forma-
tion is divided into the Elis Bjerg and Albuen
members (Fig. 2; Surlyk et al., 1973; Dam & Sur-
lyk, 1998). The Elis Bjerg Member consists of
mainly heterolithic, thin-bedded sandstones and
mudstones, cross-bedded sandstones with mud
drapes on foresets and mud pebble conglomerate
(Dam & Surlyk, 1998). The overlying Albuen
Member consists mainly of alternating mud-
stones and well-sorted, wave-rippled sandstone
beds and occasional massive beds with quartzi-
tic pebbles and sparse granite boulders (Dam &
Surlyk, 1998). Dam & Surlyk (1998) interpreted
the Elis Bjerg Member to be deposits of a tide-
dominated, shallow-marine environment, over-
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lain by a major sequence boundary. The overly-
ing Albuen Member was interpreted to be lower
shoreface or prodelta deposits formed during
transgression and highstand. In contrast, Ahokas
et al. (2014a) interpreted the Elis Bjerg Member
to be prograding to retrograding tide-dominated
delta deposits, and the boundary with the over-
lying Albuen Member to reflect gradual trans-
gression of the shallow-marine system. The
Albuen Member thins significantly from south
to north and pinches out a few kilometres north
of the study area (Fig. 2).

The Gule Horn Formation is sharply overlain
by the Astarteklgft Member of the Ostreaelv For-
mation, which mainly consists of cross-bedded
sandstones with mud-draped foresets within the
study area (Dam & Surlyk, 1998). This has been
interpreted as deposits of a sharp-based distribu-
tary system formed after a major sea-level fall
(Ahokas et al., 2014a,b). A major sea-level rise
in the Aalenian led to flooding of the entire shal-
low-marine system of the Neill Klinter Group,
and deposition of dark, offshore mudstones of
the Sortehat Formation in the restricted Jameson
Land Basin embayment (Fig. 2).

METHOD AND DATASET

This study documents a 32 km long, north-
south-trending outcrop belt near the eastern

margin of Jameson Land (Fig. 1). The dataset
comprises a set of six measured sections (648 m
cumulative length) and a photorealistic virtual
outcrop model of the investigated outcrop
acquired using oblique helicopter-mounted
LiDAR scanning. This model captures the
exposed part of the Neill Klinter Group below
the Sortehat Formation (Fig. 3). The measured
sections span the 100 to 124 m thick Gule Horn
and Raeveklgft formations, and in most locations
also the transition into the overlying Astarteklgft
Member of the Ostreaelv Formation (Fig. 2). The
measured sections record grain size, sedimen-
tary structures, nature of bed contacts, sand/
mud-ratio, degree of bioturbation [bioturbation
index (BI), sensu Taylor & Goldring, 1993] and
palaeocurrent directions of dune foresets.

The studied outcrop belt has been divided
into five areas, labelled A to E from north to
south (Fig. 3), separated by cross-cutting scree-
covered intervals or canyons. At least one logged
section was acquired in each area.

The dataset documents a single two-dimen-
sional cross-section, with limited three-dimen-
sional control provided by gullies and valleys
that cross-cut the main outcrop belt. Faults are
rare in the section, and tectonic dip is gentle (on
average 3° towards the west). In the southern-
most 20 km, the section is intruded by abundant
Palaeogene dolerite sills (Larsen & Marcussen,
1992) that mainly follow mudstone units but
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Fig. 3. Overview of the study area. Purple outline shows extent of LiDAR data and the outcropping Neill Klinter
Group, and black vertical lines show location of measured sections. The 8 km section between Areas A and B is
generally covered by scree and has not been studied. Scale varies in this oblique figure, and the scale bar applies

to the vertical cliffs along Hurry Inlet; 3x vertical exaggeration, view from the east. Map data © Google 2013.

often cross-cut bedding and change stratigraphic
interval over kilometres. Dolerite dykes are pre-
sent throughout the study area, but are more
widely spaced towards the north. Although
earlier works (Dam & Surlyk, 1995, 1998; Aho-
kas et al., 2014a) previously logged sections
through these outcrops, the virtual outcrop
model constructed for this study makes it possi-
ble to trace stratigraphic packages and correlate
stratigraphic surfaces with greater confidence, to
map architectural elements and larger bodies
along the cross-section and to characterize the
hierarchy of erosional bounding surfaces.

Acquisition and processing of LiDAR data

Virtual outcrop models (Enge et al., 2007; Buck-
ley et al., 2008a) are 3D computer models of an
outcrop surface textured with high-resolution
digital images. The dataset used in this study
was acquired using the Helimap System (Vallet
& Skaloud, 2004) with a medium-format digital
camera and a 35 mm lens. The distance between
the outcrop face and the scanner was 300 to
400 m during data collection, resulting in a dis-
tance of around 0-3 m between measured points
and an image pixel resolution of around 7 cm.
The workflow for generating virtual outcrops
from oblique helicopter-based LiDAR scanning
is described by Buckley et al. (2008a) and Rit-
tersbacher et al. (2014).

The raw point data are filtered to remove
noise before points are triangulated to create a
meshed 3D model, which the images are finally
draped upon. This process results in a photore-
alistic, geo-referenced virtual outcrop model
which can be interpreted in the office using a
personal computer. Because sedimentary struc-
tures and grain size cannot be measured
directly from the virtual outcrops, lithological
variations observed in the measured sections
are related to bedding defined by geometry and
colour variation of the outcrop face. Sandstone
beds appear as beige to light grey, whereas
mudstones are dark grey to black. Dolerite
intrusions are dark brown, resistant bodies
cross-cutting bedding.

OVERALL ARCHITECTURE AND DEGREE
OF EXPOSURE

The studied deposits of the Gule Horn Formation
occur in a steep, north-south-trending outcrop
belt with variable degree of exposure and five
cross-cutting valleys (Figs 3 and 4). Parameters
such as lithology, bedding, architecture and type
of facies association are visually apparent in areas
of good exposure (c.f. Fig. 4A). In areas of poor
exposure, large-scale vertical changes in sand-
stone content can be inferred from slope breaks
and weathering profile, facilitating recognition of

Fig. 4. Sedimentary architecture in studied outcrop, showing stratigraphic surfaces and facies associations. (A)
Overview of the entire study area. Note that there is some distortion of architecture due to uplift of host rock
above sills. Locations of panels (B) to (E) are indicated. RK, Raveklagft Formation; EB, Elis Bjerg Member; ALB,
Albuen Member; AK, Astarteklgft Formation. (B) Area E. Note the upward increase in sand content towards the
top of the Elis Bjerg Member and the lack of any significant erosion surfaces below the SB1. (C) Area D. Note the
abundant erosive channel geometries of FA5. (D) Area B. (E) Area A. Note the lateral terminations of FA6 (dis-
tributary channels) in the middle part of Elis Bjerg.
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major changes in sandstone content coincident
with stratigraphic boundaries, but types of facies
associations and internal architecture may not be
recognized. Dolerite sills occur within the sedi-
mentary rocks. The host-rock deformation due to
emplacement of intrusions is limited to vertical
uplift above sills, and the reconstruction of origi-
nal sedimentary geometries is generally straight-
forward (for example, Fig. 4C).

Palaeocurrents were measured from dune fore-
sets in outcrop and from clinoform foresets in the
virtual outcrop model (Fig. 5). These are domi-
nantly westward-directed and indicate basinward
sediment transport. This implies that the outcrop
panel is a strike section. This interpretation is
consistent with provenance data, which shows
that the sediment was sourced from nearby Liver-
pool Land (Slama et al., 2011; Fig. 1B).

Stratal geometries interpreted from the out-
crop model are presented in Fig. 4, and a panel

Virtual outcrop
All data

Confidence n=172
sector of mean

palaeocurrent
direction

& Cross-bedding foresets
& Unconfined tidal bar
(FA4) clinoforms

10 km

Fig. 5. Distribution of palaeocurrent measurements,
based on observation of cross-bed foresets (black)
observed in outcrop and unconfined tidal bar (FA4)
clinoform dip directions (purple) identified in virtual
outcrops. Grey sectors show confidence interval for
the mean palaeocurrent direction, and the black line
in the middle of these sectors shows mean palaeocur-
rent direction (Baas, 2000). These are not calculated
in datasets that are not circular normal distributed
(log 5) or have fewer than 15 measurements (logs 3
and 6). Westward palaeocurrents are interpreted as
ebb-oriented currents, while eastward palaeocurrents
are interpreted as flood-tidal currents. Dominance of
westward-directed currents indicates that the system
is an ebb-dominated system.

showing logs and correlations is presented in
Fig. 6. The studied deposits are divided into five
units based on large-scale trends in sandstone
content.

Raeveklaft Formation

A tabular, well-cemented, ca 8 m thick sand-
stone body is present between the Kap Stewart
Group and the Gule Horn Formation over the
entire study area (Fig. 4A). The base represents
the marine transgression of the underlying allu-
vial-lacustrine unit, and the top of the unit rep-
resents further deepening of the study area
during the marine incursion into the Jameson
Land Basin. This unit comprises the Reeveklgft
Formation (Fig. 2) and is interpreted as the pro-
duct of transgressive reworking of the underly-
ing alluvial-lacustrine environment (Dam &
Surlyk, 1998).

Elis Bjerg 1

This is a ca 15 m thick, upward-coarsening unit
which consists of mudstone-rich heteroliths in
the lowermost part, sandstone-rich heteroliths in
the middle part and cross-bedded, pebbly sand-
stones in the upper part. The upper, cross-bedded
part is absent in the southernmost of the outcrop
(Area E, Fig. 4). Elis Bjerg 1 (EB1) is overlain by a
more mud-rich interval in all areas of the outcrop
except the northernmost part (Area A, Fig. 4E),
where there is no obvious candidate for a bound-
ary between Elis Bjerg 1 and 2.

Elis Bjerg 2

This is the most variable of the studied units. In
most of the study area, the lower part consists of
a ca 15 m thick upward-coarsening deposit. This
occurs in all areas except for the northernmost
area (Area A, Fig. 4). In Areas A to C, the
remainder of Elis Bjerg 2 (EB2) consists of large,
sharp-based sandstone bodies (3 to 11 m thick,
>2 km wide) that generally fine upward, encased
in heterolithic deposits. In Area D, a basal
upward-coarsening package is overlain by sev-
eral sharp-based, channelized bodies which gen-
erally coarsen upward and are more mudstone
rich than the sharp-based sandstone bodies in
Areas A to C. In Area E, the upper part of EB2
consists of gradationally based, upward-coarsen-
ing heterolithic to sandy bodies which show
internal westward-dipping surfaces (basinward),
interpreted as clinoforms. In general, Elis Bjerg
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2 exhibits a greater proportion of mudstone in
the southern part than in the north.

Albuen Member

The Albuen Member consists of tabular,
upward coarsening, mudstone-rich heteroliths.
This unit thins considerably from 26 m in the
southern part of the study area (Area E) to
11 m in the southern part (Area A) (Figs 4 and
5). It consists of four upward-coarsening pack-
ages in the southern part and only two pack-
ages in the northern part. Furthermore, each of
these packages coarsens towards the north,
indicating gradual backstepping of the deposi-
tional system.

Astartekloft Member

The lower boundary of Astarteklgft Member is
recognized as a planar, sharp-based surface over-
lain by sandy facies. In the northern part of the
study area (Areas A to C), it consists of several
metres thick cross-bedded sandstone and sandy
heteroliths, while it is more mudstone-rich in
the southern part (Fig. 4).

FACIES ASSOCIATIONS
Nine facies associations that can be recognized

both in measured sections and virtual outcrops
were observed (Fig. 8). Interpreted depositional
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cross-sections in Figs 6, 8 and 11.

environments are: Facies Association 1 (FA1)
transgressive shoreface; Facies Association 2
(FA2) prodelta; Facies Association 3 (FA3) delta
front; Facies Association 4 (FA4) unconfined
tidal bars; Facies Association 5 (FA5) confined
tidal bars; Facies Association 6 (FA6) distribu-
tary channels; Facies Association 7 (FA7) tidal
flat; Facies Association 8 (FA8) wave-dominated
offshore transition zone; and Facies Association
9 (FA9) shoreface. Interpreted lateral relation-
ships and plan-view expressions of the facies
associations are shown schematically in Fig. 9.
Distinguishing factors of heterolithic facies asso-
ciations are summarized in Table 1, and dimen-
sions of laterally restricted facies associations
are summarized in Table 2.

Facies Association 1 — Transgressive
shoreface

This facies association constitutes the majority of
the Reeveklgft Formation, as a ca 8 m tabular con-
tinuous sandstone body over the entire study
area. Thinner and more locally developed exam-
ples of FA1 also occur at the top of the Elis Bjerg
Member, directly underlying the Albuen Member.

It consists of poorly sorted, fine-grained to
very coarse-grained sandstone, with trough
cross-stratification and low-angle cross-stratifica-

tion, wave ripples and massive beds. It contains
abundant quartzite pebbles, thick-walled
bivalves, shell fragments, belemnites, plant frag-
ments and mudstone rip-up clasts (Figs 8F, 10A
to C and 11). This indicates a high-energy,
marine environment. The stratigraphic position
between the alluvial-lacustrine Kap Stewart
Group and shallow-marine Gule Horn Formation
suggests that it is a transgressive deposit. This is
corroborated by the poor sorting of the deposits,
the large amounts of extraformational pebbles
and the presence of plant fragments, which are
probably derived from the reworking of underly-
ing deposits. Poor sorting may be related to
homogenization of layers due to locally intense
bioturbation. Facies Association 1 is interpreted
as a transgressive shoreface deposit, with cross-
stratified sandstones deposited as dunes in the
shoaling wave zone and low-angle cross-beds
formed as foreshore deposits (e.g. Clifton, 2006).
Wavy bedding and flaser bedding might indicate
some tidal influence.

Facies Association 2 — Prodelta

This facies association occurs lowermost in the
Gule Horn Formation across the entire study area
and also at some higher levels in the southern-
most part of the outcrop (Area E). It is generally
scree-covered, but is visible as dark, laterally con-
tinuous, muddy heteroliths at the base of larger
coarsening-upward packages in Area E (Fig. 4).

Facies Association 2 consists of mudstone-rich
heteroliths dominated by lenticular to wavy bed-
ding with current-rippled and wave-rippled
sandstone laminae and beds (Figs 8F, 10 and
11). Thin rhythmic alternations between silt-
stone-laminae and sandstone-laminae suggest
fluctuating energy and/or sand supply and rela-
tively slow depositional rates, with thin silt lam-
inae settled from suspension, and thicker
rippled sand beds introduced by river flood cur-
rents or storm waves. Bimodal palaeocurrents of
current ripples suggest modification by tides.
Upward-sandier units (<5 m thick) record local
progradational events and subsequent transgres-
sion following abandonment. Relatively sparse,
low-diversity bioturbation and lack of body fos-
sils suggest a stressed, brackish environment.
This probably reflects rivers debouching into a
restricted marine embayment. This evidence,
together with the stratigraphic occurrence of this
facies association at the base of overall upward-
coarsening sequences, is indicative of a prodelta
environment.
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Expression in outcrop
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A FA 8- Offshore transition zone and FA9 - Shoreface
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E FA 3- Delta front and FA4 - Unconfined tidal bars
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Fig. 8. Idealized expression of facies associations and their appearance in outcrop and logs. See Fig. 7 for legend.
Architectural diagrams show lithology and sedimentary structures in Facies Associations 1 to 9. Black rectangles
in the drawings show location of outcrop photographs, and vertical lines indicate location of idealized logs. (A)
Wave-dominated shoreline deposits, FA8 and FA9. (B—C) Proxmial delta-plain, FA6 and FA7. (D) Confined tidal
bars corresponding to distal delta plain, FA5. (E) Proxmial delta front deposits, FA3 and FA4. (F) Transgressive
shoreface (Raeveklaft Formation) and delta front deposits.

Facies Association 3 — Delta front Individual facies include: (i) wavy-bedded, fine-
grained sandstone beds with current ripples and
wave ripples; (ii) cross-stratified, fine-grained to
very coarse-grained sandstone beds with rare
mudstone drapes on foresets; (iii) lenticular

This facies association consists of upward-
coarsening, tabular, heterolithic beds that are
continuous over several hundreds of metres.
Sandstone content ranges from 30 to 95%.
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Mountains
Supratidal
Intertidal

Subtidal

Fig. 9. Schematic map view of a
tide-dominated shallow-marine
sedimentary system with multiple,
closely spaced distributaries,
showing the lateral relationships
between interpreted facies
associations in the Gule Horn
Formation. Supratidal deposits are

Regressive period

FA1 Transgressive shoreface
FA4 Unconfined tidal bars
FA 6a Tidal bars in distributary channels

Transgressive period

FA2 Prodelta

FA 6b Tidal dunes in distributary channels

FA3 Delta front
FA5 Confined tidal bars in distal distriburary channels

inferred, because these have not
been observed in the study area.
Expression during a regressive
period (A) and transgressive

FA7 Tidal flat FA8 Offshore transitionzone ~ FA9 Lower shoreface period (B).

Table 1. Comparison of heterolithic facies associations, with distinguishing features highlighted in bold type.

Facies Sandstone Wave Current Fluid mud Drowning Secondary

association content ripples ripples beds ripples Bioturbation characteristics

FA2: Prodelta Low Abundant Abundant Uncommon Uncommon Low-moderate High mud-
content

FA3: Delta front Variable Abundant Abundant Uncommon Uncommon Low-moderate Tabular beds,
no associated
minor
channels

FA4: Unconfined High Abundant Abundant Uncommon Uncommon Low-moderate Forward

tidal bars accretion
surfaces

FA5: Confined Upward Sparse Abundant Thick, Abundant Low-moderate Basal erosion,

tidal bars increase abundant debris flows

FA7: Tidal flat Variable Sparse Abundant Uncommon Sparse Low-moderate Channels
containing
mud-pebble
conglomerate
and IHS

FAB8: Offshore Low Abundant Sparse Uncommon Uncommon Low-moderate Hummocky

transition zone Cross-
stratified beds,
pebbly beds

bedded wave-rippled or current-rippled fine- directional currents, with localized wave

grained to medium-grained heteroliths; and (iv)
sandstone beds with planar-parallel lamination
(Figs 8F, 10E, 10F and 11). Mudstone rip-up
clasts, plant fragments and extraformational peb-
bles are common. Bioturbation index varies from
0 to 1.

This facies association is dominated by trac-
tional sedimentary structures formed under uni-

reworking. Sheet-like sandstones suggest uncon-
fined flows. Mudstone drapes within cross-bed
foresets indicate slack-water periods associated
with tides. The sedimentary structures, grada-
tional transition from the underlying muddy
heteroliths, presence of marine palynomorphs
(Ahokas et al., 2014a) and upward-coarsening
trends suggest a delta front that was modified by
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Table 2. Dimensions of laterally restricted architec-
tural elements.

Thickness Along strike

Facies association (m) width (m)
FA4: Unconfined tidal bars 1-4-4-3 540—>1200
FA5: Confined tidal bars 3-8-12-0 80—>1500
FA6a: Distributary 3-1-7-5 >1900
channel with tidal dunes

FA6b: Distributary 2:9-10-9 >4500

channel with tidal bars

wave and tidal processes. Occasional very
coarse-grained sandstone beds probably were
deposited on the delta front during river floods.

Facies Association 4 — Unconfined tidal bars

This facies succession occurs in 1-5 to 4-3 m
thick, 0-5 km to more than 1-2 km wide (wider
than the exposed sections) tabular bodies. One
body is observed to thin laterally and pinch out

i

(Fig. 4B), and most bodies thin gradually from
their thicker axis; they are therefore inferred to
have a convex-up lenticular shape (Fig. 8E).
Internal clinoformal beds dip 3° westward in
some examples (Fig. 12D), and many are contin-
uous for hundreds of metres along the cliffs.
This facies is only observed in Area E in the
southern part of the outcrop belt and is associ-
ated with thick delta-front deposits (FA3).

Facies Association 4 is characterized by
upward-coarsening successions with gradational
bases and an upward increase in sandstone con-
tent (Fig. 8A). Wavy-bedded, wave-rippled and
current-rippled heteroliths occur in the lower
parts, and wavy-bedded and cross-stratified fine
to coarse-grained sandstone beds with mudstone
draped foresets and rip-up mudstone pebbles
occur in the upper parts (Fig. 13A to C).
Palaeocurrents are generally towards the west
(basinward). No signs of erosion or emergence
were observed.

The basal, heterolithic beds were deposited
during occasional bedload transport of sand,
interrupted by suspension fallout of mud. The

Fig. 10. Examples of facies associations 1, transgressive shoreface (A) to (C); 2, prodelta (D) and 3, delta front (E)
and (F). (A) Typical expression of the Reeveklgft Formation showing poorly sorted pebbly sandstone with shell
fragments, belemnites and sparse organic debris. From 2:5 m in log 2. (B) Poorly sorted sandstone with abundant
thick-walled bivalves. From 74 m in log 3. (C) Detail of FA1 showing belemnites (b), shell fragments and extrafor-
mational pebbles. From 1-5 m in log 2. (D) Typical deposits of FA2 (prodelta). Dark siltstone with up to 1 cm
thick, wave-rippled sandstone laminae and abundant, horizontal, Planolites burrows. From 15 m in log 5. (E) Typ-
ical deposits of FA3 (delta front). Sand-rich heteroliths, mainly wave-rippled fine-grained sandstone with horizon-
tal, sand filled burrows. From 17 m in log 1. (F) Typical deposits of the upper part of FA3 (delta front). Wavy-
bedded, wave-rippled and current-rippled heteroliths in the top and base of the image. Middle part shows two
sets of planar cross-bedded, fine-grained, poorly sorted sandstone with occasional mud drapes on foresets (d).

From 36 m in log 2.
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overlying cross-stratified sandstone beds with
internal mudstone drapes on foresets indicate
tidal currents interrupted by slack-water peri-
ods. The large width, tabular to convex upward
lenticular shape, and lack of a basal erosion sur-
face indicate that these units were deposited as
unconfined sheets or bars.

Trough-going, palaeoseaward-dipping clino-
forms indicate that these bodies accreted basin-
ward upon the mostly planar delta-front
deposits of FA3, which lack the forward accre-
tion surfaces in FA4 and show a more chaotic
development.  Architectural relations (c.f.
Fig. 4A) show that FA4 was deposited in close
proximity to, and probably seaward of, tide-
influenced distributary channels (FA6 and FA5).
These bodies are similar to the downcurrent-
accreting tidal bars described by Legler et al
(2013) from the Dir Abu Lifa Member in Egypt.
However, the tops of FA4 are not vegetated and
do not show erosion which could be attributed
to subaerial exposure, and thus they appear to
be fully subaqueous. Kuehl et al. (2005) describe
interdistributary islands in the Ganges-Brahma-
putra Delta with digitate subaqueous shoals that
merge seaward into a broad, lobate apron on the
delta front. The bodies of FA4 were probably
deposited in similar setting and are likely to rep-
resent the unconfined, downstream extension of
the confined tidal bars of FA5. Rounded mud-
stone pebbles are probably remnants of fluid
mud beds eroded further upstream, subse-
quently transported as pebbles rolling along
channel bases, because very little erosion and
fluid mudstone beds are observed in FA4.

Facies Association 5 — Confined tidal bars

This facies association occurs within channel-
ized, concave-upward erosional surfaces. Each
body has a clear sandier-upward trend, with
abundant dark mudstone beds in the lower part,
and amalgamated sandstone beds in the upper
part (Figs 4C, 8D, 12A and 12B). Beds appear to
be conformal to the basal bounding surface, i.e.
beds draping the channel margins are inclined,
whereas beds draping the channel base are flat.
This implies deposition in relatively straight
channels that accreted vertically. The thickness

of bodies in FA5 varies from 3-8 to 12 m, and the
width ranges from 80 m to more than 1-5 km.

The basal erosion surface is directly overlain
by a cross-bedded, poorly sorted coarse-grained
sandstone bed with abundant extraformational
pebbles and mudclasts, interpreted as basal lag
deposits. This is further overlain by ca 1-5 m
thick, dark, heteroliths consisting of homoge-
neous mudstone beds interbedded with current-
rippled sandstones with abundant drowning
ripples. This is interpreted as interlaminated
ripple cross-laminations and fluid mud deposits
(sensu Ichaso & Dalrymple, 2009) deposited dur-
ing rapid settling of mud. Drowning ripples
indicate that the current was still moving as the
mud started to settle within an area of rapid sed-
imentation and high suspended mud concentra-
tion (c.f. Van den Berg et al., 2007). Chaotic,
coarse-grained sandstone lenses (Figs 11B and
13E to G) also occur within these lower deposits
and are interpreted as deposits of debris flows
caused by channel bank failures. The upper and
thickest part of the facies association consists of
trough cross-stratified, fine-grained to very
coarse-grained sandstone beds, which often
coarsen upward (Figs 11B, 13D and 13F). The
cross-bed foresets commonly show single and
double mud drapes, some are also draped by
abundant rounded mud pebbles. Some of the
cross-stratified beds have apparent cyclical vari-
ation in bundle thickness.

Facies Association 5 is interpreted to have
been deposited close to the turbidity maximum
of a prograding tidal delta (c.f. Dalrymple &
Choi, 2007); FA5 is interpreted as deposits of
confined, elongate tidal bars infilling distal parts
of tide-influenced distributary channels. The
upward increase in sandstone content from fluid
muds at the base to amalgamated sand beds on
the top is similar to what has been observed
from tidal bars in tidal channels in the modern
Fly River Delta (Dalrymple et al., 2003) and Gir-
onde estuary (Fenies & Tastet, 1998). However,
in contrast to the tidal bars described by these
authors, the bars in the Elis Bjerg Member are
not overlain by intertidal marsh deposits, proba-
bly because the topsets are eroded by younger
channels (c.f. the Devonian Guaja Formation
described by Pontén & Plink-Bjorklund, 2009).

Fig. 11. Selected logs showing all facies associations described in the studied interval. See Fig. 3 for location and
Fig. 7 for legend. (A) Log 6 from the most distal parts of the study area, Area E. Note the overall finer grain size
compared to the two other logs. (B) Log 5 from the medial parts of the study area, Area D. (C) Log 2 from the more

proximal parts of the study area, Area B.
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Fig. 13. Facies associations 4, unconfined tidal bars (A) to (C); and 5, confined tidal bars (D) to (G). (A) Overview of
distal FA4. Upward-coarsening heteroliths consisting 5 to 10 cm thick siltstone beds with thin sandstone beds and
laminae, and occasional 1 to 20 cm thick, wave-rippled and current-rippled and planar-parallel laminated
sandstone beds. From 48 m in log 6. (B) Detail of medial part of FA4: Sand-rich, somewhat bioturbated (BI: 1 to 4)
heteroliths of FA4, mainly displaying wave ripples. From 56 m in log 6. (C) Proximal example of FA4: Reddish,
well-cemented, tangential cross-bedded, fine-grained sandstone beds with mud pebbles (mp). From 47 m in log 6.
(D) Upper, sandstone-dominated part of FA5: Lower half of image shows stacked 20 to 40 cm thick cross-bedded
fine-grained sandstone beds, separated by ca 1 cm thick siltstone beds with local horizons rich in mud pebbles.
Upper half consists of coarse-grained to very coarse-grained cross-bedded sets up to 75 cm thick with occasional
mudstone drapes on foresets. Person for scale is ca 1-7 m tall. From 68 m in log 5. (E) Lower, mudstone-rich part of
FA5: Mixed, wavy to lenticular bedded heteroliths. Fine-grained sandstone beds are 1 to 3 cm thick and display
slightly wave-modified, bidirectional current ripples and occasional drowning ripples (dr). Interstitial mudstone
beds appear homogeneous, indicating that they are fluid mud deposits, deposited during one slack-water period.
Chaotic beds (c) interpreted as debris flows, possibly related to bank failures. From 59 m in log 5. (F) Detail of upper
part of FA5: Three sets of tangential cross-bedded fine-grained sandstone with mudstone drapes on foresets (d) and
occasional mud pebbles (mp). From 67 m in log 5. (G) Medial part of FA5: Sandy heteroliths with relatively thick
sandstone beds, bidirectional current ripples, fluid mudstone beds and drowning ripples (dr). From 56 m in log 5.
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Facies Association 5 shows a similar, upward-
coarsening motif to FA4, which it occurs close
to and probably up depositional dip from (Figs 6
and 9); FA5 is distinguished by the high-energy
sedimentary structures and concave upward
erosion surfaces that the bodies are contained
within, while FA4 occurs as tabular to convex
upward units. This indicates that FA5 repre-
sents confined tidal bars prograding within
straight channels, while FA4 represents uncon-
fined bars prograding on the delta front.

Facies Association 6 — Distributary channels

This facies association consists of fine to coarse-
grained, trough cross-stratified sandstone beds
with frequent mudstone drapes on cross-bed fore-
sets (Fig. 8B and C). Bodies of this association are
several kilometres wide and never confined by
the studied outcrops (Fig. 4B to D). The internal
architecture is variable, and it has therefore been
divided into two subdivisions: (i) Facies Associa-
tion 6a (FA6a) contains lateral accretion sets com-
posed of cross-bedded sets thinner than 1 m; and
(ii) Facies Association 6b (FA6b) contains for-
ward accretion sets thicker than 1 m. Both are
commonly underlain by relatively planar erosion
surfaces with relief up to 0-5 m. This erosion sur-
face is commonly overlain by logs, plant frag-
ments, mud pebbles and extraformational clasts,
and the deposits generally fine upward.
Palaeocurrents are dominantly basinward direc-
ted. No lateral cut banks or concave-upward ero-
sional surfaces were observed associated with
these deposits, except for one sandstone body
that terminates laterally by interfingering with
FA7 in the northernmost outcrop. The thickness
of these bodies ranges from 2 to 10 m.

Abundant mudstone drapes and occasional
set-climbing ripples occur on generally seaward-
directed cross-beds in FA6. These indicate ebb-
directed dominant tidal currents, slack-water
periods and a much weaker flood-directed cur-
rent relative to the ebb-directed flow (Visser,
1980). Low abundance of simple burrows and
large cross-bed size indicate a stressed, brackish,
high-energy environment. The basal erosion
surfaces, upward fining and clast-rich bases
indicate flow in channels, with the coarsest sed-
iment being located in the channel thalwegs.
These are, therefore, interpreted to be the
deposits of tide-influenced distributary channels
on the delta plain. The large width of these
bodies is interpreted to reflect that they were
very wide and/or migrated widely, as is reported

from many ancient and modern tide-dominated
marginal systems (e.g. Dalrymple et al., 2003;
Hubbard et al., 2011) where distributary chan-
nels are several kilometres wide and channel
migration rate is rapid.

Facies Association 6a — Distributary channel
filled by tidal bars

Very gently dipping (1 to 2°) internal bedding
surfaces, which are oriented normal to overall
sediment transport, are visible in FA6a in Areas
B and C (Figs 8B and 12C). These are interpreted
as lateral accretion surfaces. The lower part of
FA6a consists of stacked coarse to fine-grained,
trough cross-stratified sandstone beds generally
thinner than 1 m, with abundant single or double
mud drapes; sparse oppositely directed current
ripples; and occasional mud-pebble conglomerate
on foresets (Figs 8B, 8C and 14A to C). The upper
parts commonly consist of slightly inclined,
trough cross-stratified fine- to medium-grained
sandstone beds with carbonaceous drapes on the
foresets, interbedded with up to 10 cm thick, len-
ticular to wavy-bedded mudstone beds, or draped
by mud-pebble conglomerate. Lateral accretion
surfaces, abundant tidal indicators, an upward
fining motif indicates deposition as tidal bars in
tidal channels. No instances of both edges of any
one of these channels are observed, and single
edges are only observed in Area A (Fig. 4E),
which could indicate that the channels become
narrower in proximal areas. This is consistent
with observations of both seaward flaring chan-
nels, and a zone of rapid channel migration
located at the bedload convergence zone, often
observed in modern tide-dominated systems (Dal-
rymple & Choi, 2007).

Facies Association 6b — Distributary channels
filled by tidal dunes

This facies association consists of erosively
based sandstone bodies, containing 1 to 4 m
thick cross-bedded sets of fine to coarse-grained
sandstone, which fine upward (Figs 8C and
11B). The foresets dip basinward with dips close
to 23°. They comprised rhythmic, normal-
graded, 2 to 5 cm thick beds with grain sizes
ranging from very coarse-grained to medium-
grained sandstone (Fig. 14D). Some of these
beds are separated by thin, discontinuous mud-
stone drapes. The normal-graded beds and
sparse mudstone drapes are interpreted as the
result of tidal modulation of the river flow and
sparse slack-water periods. The lack of any
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Fig. 14. Facies Association 6, tide-influenced distributary channels. (A) FA6b: Low-angle cross-bedded medium-
grained, poorly sorted, pebbly sandstones with abundant mud pebbles (mp). Occasionally draped by 5 cm thick
mudstone beds. Interpreted as tidal bar deposits. From 46 m in log 3. (B) Cross-bedded, medium-grained to very
coarse-grained sandstone bed with abundant mud chips (mc) and mud pebbles (mp) on some foresets. From 43 m
in log 5. (C) 20 to 40 cm thick tangential cross-bedded, coarse-grained to very coarse-grained sandstone beds with
rippled, muddy toesets and mudstone drapes on foresets. Stippled blue line is the FS2, overlain by distal delta-
front deposits (FA 3). The stippled red line marks erosion of FA6 into FA3. From 27 m in log 5. (D) FA6b: Part of
a single, 4 m thick cross-bedded set. Modal grain size is coarse sandstone, foresets are composed of 2 to 5 cm
thick normal graded cycles spanning medium to very coarse sandstone. Foresets record basinward transport and
dip with an angle of 23°. Contains abundant mud pebbles, quartzite pebbles and organic fragments. Inset picture
shows an 8 cm long woody fragment. From 38 m in log 2. Compass for scale (10 cm long).
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oppositely directed ripples on the foresets indi-
cates a very weak subordinate current in relation
to the dominant ebb-directed current (e.g. Mar-
tinius & Van den Berg, 2011). Facies Association
6b is interpreted as deposits of simple and com-
pound tidal dunes (Ashley, 1990) because of the
scale of the cross-bedding, evidence for tidal
modulation and the interpreted forward migra-
tion of the bedform (c.f. Olariu et al., 2012). The
large scale of the dunes (1 to 4 m) indicates that
they formed in relatively deep water and may,
therefore, represent the deeper thalwegs of tide-
influenced distributary channels.

Facies Association 7 — Tidal flat

This facies association occurs as planar and con-
tinuous heterolithic beds (Fig. 12C). It mainly
consists of wavy-bedded heteroliths with thin
current-rippled sandstones occasionally showing
drowning ripples, relatively thin, laterally dis-
continuous, fine-grained to coarse-grained cross-
stratified sandstone beds, with abundant mud
drapes on foresets (Figs 8B, 11B, 11C and 15A).
This facies association also contains three types
of isolated bodies: (i) laterally restricted (50 to
200 m wide) deposits of inclined heterolithic
stratification (IHS, sensu Thomas et al., 1987;
Fig. 13C) with an inclination of ca 5° (ii) ca
10 m wide and up to 0-5 m thick, erosionally
based lenses of mud pebble conglomerate
(Fig. 13B); and (iii) more than 200 m wide, 2 m
thick bodies consisting of darker mudstones with
thin, wave-rippled sandstone beds. Bioturbation
is generally of low intensity and diversity, with a
bioturbation index ranging from 0 to 3, but a few
beds are observed to be completely reworked by
Diplocraterion burrows. The sand content ranges
from 0 to 100%, but is on average near 50%.

The lithology and sedimentary structures of
this facies association are similar to the delta-
front deposits of FA3 (c.f. Storms et al., 2005),
but does not show an upward-coarsening trend,
and contains well-defined, minor channels
which are absent in FA3. The planar, continu-
ous geometries, evidence for tides and presence
of minor erosional channels lead to an interpre-
tation as tidal flats. The facies association lacks
evidence for subaerial exposure, such as
desiccation cracks, coal beds or rootlets, and is
therefore interpreted to have been deposited in
the subtidal to lower intertidal zone. Small
IHS bodies, up to 10 m wide mud-pebble—
conglomerate-filled channels and laterally
restricted mudstone bodies are interpreted as

deposits of tidal creeks which drained the tidal
flats.

Facies Association 8 — Offshore transition
zone

This facies association consists of tabular,
upward-coarsening units with beds that are lat-
erally continuous for several kilometres. The
upward-coarsening units are probably the pro-
duct of individual regressive episodes and are
interpreted as parasequences (sensu Van Wag-
oner et al, 1990). These become sandier
towards the north, indicating that the deposits
become more proximal towards the north. It
consists mainly of heterolithic, wavy to lenticu-
larly bedded mudstones with up to 10 cm
thick, mainly wave-rippled and sparsely cur-
rent-rippled sandstone beds (Figs 8A, 11A, 11B
and 15D). These heterolithic units contain
sparse hummocky cross-stratified (Fig. 15E) and
planar-parallel laminated sandstone beds up to
40 cm thick. The sandstone beds indicate
strong wave activity and occasional storms (c.f.
Dott & Bourgeois, 1982), whereas mud-rich
heteroliths represent fair-weather deposition.
Deposits of this facies association are therefore
interpreted to have been deposited in a wave-
dominated, tide-influenced embayment above
storm-wave base but below fair-weather wave
base, in the offshore transition zone. Unsorted
beds with grain size ranging from fine sand to
pebbles, containing shell fragments and
extraformational clasts, also occur (Fig. 15F)
and are interpreted as deposits of submarine
debris flows. Dam & Surlyk (1998) observed
granite boulders with diameters up to 1-5 m
within such beds, which probably were sourced
from gravelly highstand beaches at times of
extreme storms or tsunamis.

Facies Association 9 — Shoreface

This facies association occurs as a single, ca
5 m thick laterally continuous sandbody only
present in Areas D and E. This unit correlates to
the base of the sharp-based distributary system
of the Astarteklgft Member to the north of these
deposits (Fig. 4A). Facies Association 9 consists
of fine-grained to medium-grained sandstone
beds with wavy bedding, wave ripples, planar-
parallel lamination, occasional cross-beds and
large Rosselia burrows (Figs 8A, 11A, 11B and
15G). The succession is sharp-based and locally
underlain by a pebble-rich horizon.
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Fig. 15. Facies Associations 7, tidal flat (A) to (C); 8, offshore transition zone (D) to (F), and 9, shoreface (G). (A)
Wavy-bedded, current-rippled and wave-modified current-rippled heteroliths typical for FA7. Current ripples are
bidirectional, and transport direction is often opposite to the underlying layer. Occasional drowning ripples (dr)
indicate high suspended load. From 51 m in log 3. (B) Erosively based, matrix-supported mud-pebble conglome-
rate underlain and overlain by wavy-bedded heteroliths. This facies occurs in 20 to 50 cm thick and 10 m wide,
channel forms and is interpreted as deposits of tidal creeks. Base is marked by red arrows, top by blue arrows.
From 69 m in log 1. (C) 50 cm thick deposit of inclined heterolithic stratification with mud pebbles (mp) and
mudstone drapes on foresets, which occur rarely in FA7. Base is marked by red arrows, top by blue arrows. These
are interpreted as the deposits of tidal creeks. From 78 m in log 1. (D) FA8: Mainly wave-rippled, wavy-bedded
heteroliths of the Albuen Member consisting of siltstone and fine-grained sandstone. This facies makes up the
majority of FA8. From 84 m in log 5. (E) FA8: Hummocky-cross-stratified fine-grained sandstone beds. These are
occasionally observed in FAS8, indicating a greater wave influence and water depth compared with the other facies
associations. From 95 m in log 2. (F) 10 cm thick, clast-supported, rounded quartzitic pebbles in a matrix of med-
ium-grained sandstone. Interpreted as a debris-flow deposit. From 87 m in log 3. (G) FA9: Poorly sorted, fine sand-

stone beds with Rosselia burrows (Ri). Wavy-bedded and faintly cross-bedded. Interpreted as a shoreface deposit.
From 18 m in log 5.
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The clean sandstone beds, dominance of
wave-generated structures and the presence of
marine bioturbation suggest a shoreface origin
for these deposits (e.g. Clifton, 2006). The sharp
base, locally underlying pebble horizon, small
thickness compared with shorefaces described
elsewhere (e.g. Hampson, 2010; Eide et al.,
2014) and direct correlations to a sharp-based
channel system in the Astarteklgft Member to
the north suggest that this system may have
been deposited during a forced regression (c.f.
Plint, 1996).

DEPOSITIONAL ARCHITECTURE

Vertical and lateral relationship between
facies associations

The different facies associations are arranged
within consistent lateral and vertical trends
(Fig. 16). Transgressive shoreface deposits (FA1)
occur above the underlying Kap Stewart Group,
and also as localized transgressive lags below
the base of the FA8 deposits of the Albuen
Member (Fig. 6). Facies Association 2 is inter-
preted as prodelta deposits and is gradationally
overlain by FA3 (delta front). Facies Association
3 contains the unconfined tidal bar deposits of
FA4 and is cut into by the distributary channels
of FA6. Facies Association 4 lies laterally adja-
cent to the confined tidal bars of FA5 and above
the delta-front deposits of FA3. Facies Associa-
tion 5 is laterally adjacent to FA6 and the tidal-
flat deposits of FA7. Facies Association 6 is
always overlain by or contained within FA7.

Parasequence
boundaries in
soutH Albuen Mbr.

Inferred

AreaE AreaD AreaC AreaB

®

KAP STEWART GP.

Furthermore, the wave-dominated offshore tran-
sition zone deposits of FA8 overlie the tide-
dominated delta Facies Associations 3 to 7 in
the entire study area.

Facies Associations 2 to 7 are genetically
related as a progradational, tidally influenced
delta system (Figs 9 and 16). Facies Associations
6 and 7 were deposited in large meandering
channels and flanking tidal flats, and FA5 was
deposited in the outermost tide-influenced
distributary channels on the delta. These chan-
nels in turn supplied sediment to the delta front
(FA3) and unconfined tidal bars (FA4). The most
distal environment where sediment supply and
energy was lowest is represented by the prodelta
deposits of FA2.

Facies Association 8 overlies the delta plat-
form facies associations (FA4 to FA7) over the
entire study area, but thins and interfingers with
FA7 towards the north. Facies Association 9 is
only observed in the uppermost part of the
study interval in Areas D and E and grades late-
rally into a sharp-based deposits similar to FA6
in Areas B and C (Fig. 4A). These sharp-based
deposits lie unconformably on top of deposits of
FA8. Facies Associations 1, 8 and 9 appear to
occur predominantly or exclusively during
transgressive episodes (Fig. 9).

Although the mean palaeocurrent directions
are oriented normal to the studied outcrop
(Fig. 5), the facies associations are consistently
more proximal in the northern parts of the out-
crop, compared to the south. Thus, even though
the overall progradation direction was west-
ward, it appears that the system prograded fur-
ther in the northern areas.

Wave-dominated

AreaA estuary?

Albuen: Wave-dom-|
inated embayment
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Fig. 16. Schematic cross-section oriented along depositional strike, showing the distribution of facies associations

and stratigraphic surfaces in the studied interval.
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Sequence stratigraphy

In shallow-marine and paralic settings, sequence
stratigraphic models assume that changes in
accommodation are driven by a combination of
(tectonic and compaction-driven) subsidence
and eustatic sea-level changes (e.g. Van Wagoner
et al., 1990; Helland-Hansen & Hampson, 2009).
The aggradational to transgressive stacking pat-
tern of parasequences observed in the Neill
Klinter Group (Fig. 2) is interpreted as the result
of an overall rise in relative sea-level (Surlyk
et al., 1973), probably related to post-rift thermal
subsidence of the basin following a Triassic rift
event (Surlyk, 2003) combined with eustatic sea-
level rise in the early Jurassic (e.g. Haq et al.,
1987).

Parasequences

Tabular, upward-coarsening packages ca 4 to
8 m thick are common in the more distal facies
associations in the study area: prodelta (FA2),
delta front (FA3), unconfined tidal bars (FA4)
and offshore transition zone (FA8) (Figs 4 and
11). In the southernmost part of the study area
(Area E), these may be traced for more than a
kilometre before they are covered by scree. The
upward-coarsening packages are assumed to be
deposited during gradual regression, and the
sharp transitions to more mud-rich lower parts
of overlying upward-coarsening packages are
interpreted as abrupt deepening events. Thus,
these are interpreted as parasequences (sensu
Van Wagoner et al., 1990), upward-coarsening
units related to kilometre-scale landward dis-
placement of the shoreline caused by alternating
regressive periods and relative sea-level rises.

Although it was more challenging to define
parasequences in the delta platform deposits
(FA5 to FA7), laterally extensive and abrupt
breaks in sandstone content have been correlated
where possible (Fig. 6). Different facies belts (i.e.
facies associations) are commonly not juxtaposed
at the defined parasequence boundaries in more
proximal areas, and it is generally not possible to
demonstrate any landward displacement of the
shoreline at parasequence boundaries in this
study because it is a strike section.

The Albuen Member of the Gule Horn Forma-
tion shows well-defined upward-coarsening
packages in FA8 that can be traced with confi-
dence across the study area (Fig. 4). These
deposits consist of four tabular parasequences
(PS), termed PS N to PS Q (Figs 6 and 12E). The
lowermost of these, PS N, grades northward into

more sand-rich deposits of FA7 between Areas B
and C. The second lowermost, PS O, grades into
sandier deposits between Areas A and B. Facies
belts are displaced at least 10 km northward at
each of these parasequence boundaries. The out-
crop is a strike section, and it is therefore not
possible to accurately estimate the magnitude of
shoreline displacement in the dip direction, but
judging from the simple increase in sandstone
from south to north and lack of evidence for an
embayed coastline, it is likely that the coastline
was displaced at least a few kilometres landward
at each parasequence boundary.

Stratigraphic surfaces

Five stratigraphic surfaces, FSO to FS3 and SB1,
have been defined in the study area. These are
defined where the sequence of facies associa-
tions cannot be explained by gradual prograda-
tion of facies belts alone, where a significant
deepening spanning several facies belts occurs,
or where a change in stacking pattern occurs.
Four major flooding surfaces (FS0, FS1, FS2 and
FS3) associated with a landward shift of facies
belts, and one surface associated with a seaward
shift of facies belts (sequence boundary, SB1),
have been defined (Fig. 6).

The FSO is defined at the lowermost occur-
rence of thick, poorly sorted sandstones with
marine fossils (FA1), interpreted as transgressive
shoreface deposits, on top of the underlying
alluvial-lacustrine Kap Stewart Group (Fig. 6).
This surface is planar across the entire facies
belt. It is interpreted to represent a major trans-
gressive surface associated with flooding and
reworking of the underlying, low-lying lacus-
trine system of the Kap Stewart Group.

The FS1 is defined where the poorly sorted
sandstones of FA1 are overlain by mudstone-
rich, rippled heteroliths of FA2, interpreted as
prodelta deposits. This surface is planar over
the entire study area (Figs4 and 6). The
decrease in energy from FA1 to FA2, together
with the upward-coarsening motif observed
above the FS1, indicates that this surface is
associated with further flooding, displacing the
shoreline landward from the outcrop belt and
leading to relatively deep marine waters with
low wave energy in the study area.

The FS2 is associated with distributary chan-
nel (FA6a) and coarse-grained delta-front (FA3)
deposits being overlain by mudstone-rich delta-
front deposits (FA3) in Areas C, D, E and proba-
bly B of the study area (Fig. 6). This surface
cannot be correlated to a facies belt dislocation
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in Area A, but may correlate to the top of a
channel body which occurs at the appropriate
stratigraphic level in this area. This surface is
interpreted to represent a minor flooding event
displacing the shoreline system in the southern
parts of the study area only.

The FS3 is picked at the first occurrence of
FA8 (offshore transition zone deposits) in the
outcrop belt (Fig. 6) and correlated northward
from here. It is obvious from the virtual outcrops
that the base of FA8 in Areas C to E does not
correlate to the base of FA8 further north, but
rather to reworked surfaces within the tidal-flat
deposits (FA7) in log 3. This shows that the base
of FA8 is not a facies shift over the entire study
area, but rather marks the transition from progra-
dational/aggradational to retrogradational stack-
ing of parasequences. In Area A, the FS3 is
tentatively correlated to the base of a set of very
wide channels (Figs 4E and 6), because this
marks a pronounced change at the expected
stratigraphic level of FS3. This is discussed fur-
ther below.

The SB1 is placed where erosively based
cross-stratified sandstone beds (FA6a, Fig. 4A),

‘A6 - Di+libutaryf.han.
FA5 - Confined tidal bars

-Unconf. tldal'hrs
A3 - Delta

FA1-Transgr. slmrqgce

Crysull-lne basement

sharp-based tidal-flat deposits (FA7) and sharp-
based shoreface deposits (FA9) unconformably
overlie the mudstone-rich offshore transition
deposits (FA8) of the Albuen Member (Fig. 6).
This surface is relatively planar without any
obvious scours (Figs 4 and 6) and corresponds
to the base of the Astarteklgft Member of the
Ostreaelv Formation. North of the study area,
the Albuen Member is completely eroded at this
boundary (Fig. 2; Ahokas et al., 2014a). It fol-
lows from the facies relationships (distributary
channels on top of offshore transition zone
deposits) that a large amount of erosion and
truncation of facies belts occurred at the SB1 in
the northern part of the study area and that the
erosion decreased southward to Areas D and E
(sharp-based shoreface deposits onto offshore
transition zone deposits).

Parasequence sets

The studied deposits of the Gule Horn Forma-
tion have been divided into three parasequence
sets (PSS1 to PSS3; Figs 6 and 16), based on
stacking patterns of facies associations and
parasequences, and the four major flooding

Fig. 17. Palaeogeographic maps showing plan-view distribution of facies associations in the studied deposits at
selected time intervals. (A) Deposition of the Raveklaft Formation during the transgression of the Kap Stewart
Group. (B) Maximum transgression during parasequence set 1 (PSS1). (C) Base of PSS2 immediately after the
transgression of PSS1. Note that there is no noticeable landward displacement of facies belts in the northern part
of the study area. (D) PSS2 at maximum regression of the Elis Bjerg Member. (E) Base of PSS3. The southern part
of the study area is transgressed, while FA6 and FA7 are still being deposited in the northern part. (F) Maximum
flooding at the base of PS Q led to the transgression of the shallow-marine system in the entire study area.
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surfaces: FSO marks the flooding of the underly-
ing Kap Stewart Group, FS1 marks the flooding of
the Reeveklgft Formation, FS2 is a flooding event
within the Elis Bjerg Member and FS2 marks the
base of the Albuen Member in the southern part
of the study area (Areas C to E) and the onset of
retrogradational parasequence stacking in the rest
of the study area. The plan-view distribution of
facies associations during the evolution of the
system is illustrated in Fig. 17.

Reevekloft Formation

The Gule Horn Formation is a tabular deposit of
FA1, which has been interpreted as a shoreface
deposited as the underlying alluvial-lacustrine
Kap Stewart was transgressed (Dam & Surlyk,
1998). The base and top of this unit are major
flooding surfaces (FSO and FS1).

In the southernmost part of the outcrop (log 6,
Fig. 6), two stacked 9 m thick sandstone bodies
separated by a 1-2 m thick, more siltstone-rich
interval of FA2 (prodelta) occur. Both of these
bodies were assigned to the Raeveklgft Forma-
tion by Dam & Surlyk (1998), but the facies and
stratigraphic thickness indicates that the upper
package is more likely to correlate to the lower
part of the Gule Horn Formation.

Parasequence set 1

The PSS1 is bounded below by FS1 and above
by FS2 (Fig. 6). In Areas A to D, this parase-
quence set records a shallowing-upward succes-
sion, from prodelta (FA2) via delta front (FA3)
to distributary channels (FA6). The distributary
channels are erosively based, but the lower
boundary is relatively planar over the study
area, without any outsize scours (c.f. Willis &
Gabel, 2003). This suggests that they were
deposited during normal regression of facies
belts, and no evidence for a significant relative
sea-level fall at this level, as interpreted by Dam
& Surlyk (1998, SB3), has been observed. In the
southernmost part of the study area (log 6,
Fig. 6), PSS1 consists of three upward-coarsen-
ing parasequences consisting of FA2 (prodelta)
and FA3 (delta front) deposits; FS2 is placed at
the top of the most coarse-grained deposits in
log 6, planar heteroliths consisting of wavy-
bedded siltstone and poorly sorted medium-
grained sandstone containing abundant extrafor-
mational pebbles.

Parasequence set 2
The PSS2 is bounded below by FS2 and above
by FS3. In the northernmost and most proximal

area (Area A, Fig. 4e), FS2 is not associated with
a dislocation of facies belts, but is rather placed
on top of a channel body. In logs 2 to 5, PSS2
comprises delta-front (FA3) deposits in the low-
ermost part, which coarsen upward and are
overlain by erosively based deposits of FA6 (dis-
tributary channels). Areas B and C record transi-
tions between distributary channels (FA6) and
tidal flats (FA7) for the upper part of PSS2,
while more distal confined tidal bars (FAS5)
occur in Area D (Fig. 4C). In Area E, PSS2
mostly consists of delta-front (FA3) deposits in
the lower part and unconfined tidal bars (FA4)
in the upper part. Thus, this parasequence set
records a progradational to aggradational facies
pattern in the southern parts of the area (Areas
B to E; Figs 4A and 6) and an aggradational pat-
tern throughout in the northernmost part
(Area A).

Parasequence set 3 (Albuen Member and parts
of the Elis Bjerg Member in the north)

The PSS3 is bounded below by FS3, which
marks the base of offshore transition zone depo-
sits (FA8) in Areas C and D, and above by the
sharp-based sandstones of the Astarteklgft Mem-
ber of the Ostreaelv Formation (Fig. 6). The low-
ermost parasequence in PSS3 becomes more
sand-rich towards the north and grades into
tidal flats (FA7) in Area B (Fig. 6). The following
parasequence, PS O also coarsens towards the
north, and consists of FA8 in Area B. Long-
range correlations over the 12 km long, scree-
covered area between Areas A and B, suggest
that PS O correlates to FA6 (distributary chan-
nel) and FA7 (tidal flat) in Area A. The two
uppermost parasequences consist of offshore
deposits over the entire area, indicating that the
delta was fully transgressed in the study area at
this interval. The maximum flooding surface
within the Gule Horn Formation is placed at the
base of PS Q, because this is the most fine-
grained interval in PSS3. The base of the Albuen
Member in the southern part of the study area
defines a retrogradationally stacked parase-
quence set, representing gradual flooding and
backstepping of the Elis Bjerg delta, where the
areas in the northern part of the study area (Area
A) with greatest sediment supply were flooded
last. This explains the northward thinning of the
Albuen Member.

Summary
In summary (Figs 17 and 18), the Raeveklaft For-
mation is the result of a rapid, large-scale trans-
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gression of the lacustrine Kap Stewart Group.
The FSO represents erosion as the marine shore-
lines encroached over the Kap Stewart Group,
and the FS1 formed due to further deepening of
the basin. The PSS1 represents a first prograda-
tional pulse of a tide-dominated delta, which
was transgressed in the southern part at FS2. In
the northern part of the study area, sediment
supply was large enough to keep up with accom-
modation creation in the basin, and no facies
belt dislocation occurred. Following the FS2, the
PSS2 prograded and then aggraded, with more
proximal facies associations developed in the
north than in the south. In PSS3, the system is
retrogradationally stacked, and each parase-
quence records a more landward position of
FAS8, reflecting flooding of the tidal delta system
progressively towards the north. Because the
base of the Albuen Member is defined as the base
of the offshore heteroliths of FAS8, this is an
example of a lithostratigraphic boundary not
coinciding with a sequence stratigraphic bound-
ary (c.f. Bhattacharya, 2011). The two uppermost
parasequences in PSS3, which overlie the maxi-
mum flooding surface, are highstand deposits
with shorelines located landward of the outcrop
belt. The debrites in FA8 are observed to contain
rounded, extraformational pebbles which indi-
cate that the highstand shorelines were pebbly
beaches. Greater wave influence in the distal

-4 .Mawlamyme

parts of PSS3 compared to the deposits of PSS1
and PSS2 is indicated by the presence of more
well-developed wave ripples and the presence of
hummocky cross-stratification. This might indi-
cate a larger basin and reduced tidal influence.
The juxtaposition of the distributary channels
(FA6) of the Astarteklgft Member on top of the
wave-dominated embayment (FA8) is the only
facies contact in the studied succession that
requires a fall in relative sea-level and major
forced regression of facies belts.

DISCUSSION

Comparison with previous work in the area

Application of helicopter-based LiDAR scanning
and generation of virtual outcrops have made it
possible to trace beds over large distances, to
make improved correlations and to define inter-
nal architecture in sedimentary bodies. The facies
associations defined in this study broadly agree
with the interpretations of Ahokas et al. (2014a,
b), but are on a finer scale. Table 3 shows how the
facies associations used in this study fit into the
architectural elements of Ahokas et al. (2014a).
Some subtle changes to the existing sequence
stratigraphic framework (Dam & Surlyk, 1998;
Ahokas et al., 2014a) are suggested (Table 4).

N

Mountains

-

*

Mountains

Fig. 18. A suggested modern analogue for the Elis Bjerg delta: the Salween River delta, near Mawlamyine, Mon
State, Myanmar. See inset map for location. The Salween River delta exhibits extensive tidal flats and kilometre-
wide distributary channels with prograding tidal bars. It has a narrow coastal plain which onlaps the nearby
mountains. Image data © Google 2013.
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Comparison between facies associations used in this study and relevant architectural elements used by

Ahokas et al. (2014a). The architectural elements are broader environments which several of the facies associa-
tions defined in this study fit into. Note that the inshore tidal facies associations (FA5 to FA7) can exist in both
the TDDP and TDSS (regressive and transgressive, respectively) architectural elements.

Subordinate
Architectural element (Ahokas et al., 2014a) Facies association (this study) architectural
elements
Code Name Code Name Code
TDSS Tide-dominated subtidal FA9 Shoreface —
sandy shoal
WDBE Wave-dominated brackish- FA8 Offshore transition zone -
marine embayment
TDDP Tide-dominated/influenced FA7 Tidal flat TDSS
delta platform FA®6 Distributary channels TDSS
FA5 Confined tidal bars —
TDDEF/ Transitional between FA4 Unconfined tidal bars -
TDDP TDDF and TDDP
TFFD Tide-dominated delta front FA3 Delta front -
FA2 Prodelta -
SHFS Shoreface—foreshore sandstone FA1 Transgressive shoreface TDSS

The base of distributary channels in PSS1
(‘within-trend normal regressive surface’ in
Fig. 6) was interpreted as a sequence boundary
by Dam & Surlyk (1998). In the present study, this
surface is rather interpreted as having formed as
wide or widely meandering distributary channels
prograded onto the delta front. Ahokas et al.
(2014a) interpreted the overlying surface, termed
FS2 in this study, as a facies transition from dis-
tributary channels to tidal flats. This surface is
rather interpreted as a major flooding surface,
leading to deposition of delta-front deposits
(Fig. 6), based on the regional extent of the sur-
face and lack of channelized erosion features
commonly observed in tidal-flat environments.

The base of the Astarteklgft Member, SB1 was
interpreted as a coalesced subaerial unconfor-
mity and transgressive surface along its entire
length by Ahokas et al. (2014a,b). This surface is
planar but erosive in the study area for the pre-
sent article and completely erodes away the
Albuen Member north of the study area (Fig. 2).
It is underlain by wave-dominated heteroliths of
FA8 and overlain by cross-bedded sandstones
with mudstone drapes and tidal bundling in the
northern part of the study area (Areas A to C,
Figs 4 and 6), interpreted as the deposits of tide-
influenced distributary channels. However, in
the southern part of the outcrop, which was not

studied by Ahokas et al. (2014a,b), this surface
correlates with a sharp-based shoreface deposit
(FA9; logs 5 and 6, Fig. 6), interpreted as a
shoreface sandbody within the Albuen Member
by Dam & Surlyk (1998). This interpretation is
not supported by the analysis performed on the
virtual outcrop dataset. It is suggested that the
first occurrence of FA9 in the southern parts of
the study area correlates to SB1.

The offshore transition deposits (FA8) of the
Albuen Member underlying SB1 show an
upward-coarsening trend (log 5, Fig. 6), which
indicates progradation just underneath this sur-
face. The SB1 is, therefore, interpreted to have
formed as a result of forced regression of the
highstand shorelines of the Albuen Member,
leading to the deposition of nearshore deposits
in the southern part of the study area. The base
of the Astarteklgft Member is therefore an ‘at-
tached lowstand’ (sensu Ainsworth & Pattison,
1994). North of the study area, offshore transi-
tion deposits (FA8) at the Albuen Member
interval are absent (Fig. 2), and the SB1 shows
a greater magnitude of erosion (Ahokas et al,
2014a,b). Thus, the SB1 is a coalesced trans-
gressive surface and subaerial unconformity
(SB1) north of Harris Fjeld, a subaerial uncon-
formity developed at the base of forced regres-
sive distributary channels in Areas A to C, and
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Table 4. Comparison between important sequence stratigraphic surfaces and their significance in this study and
Ahokas et al. (2014a).

This study Ahokas et al. (2014a)
Code Significance Code Significance Difference
SB1  Forced regression of SU1/TS3 Coalesced sequence boundary Interpreted in this paper
shorelines to the and transgressive surface over as a regressive facies shift,
Albuen Area the study area representing forced
regression of environments
in the study area
MFS Maximum flooding of MFS2 Maximum flooding of the study None
the study area during area during the Gule Horn
deposition of the Gule Formation
Horn Formation
FS3  Flooding of the Elis TS2 Flooding of the Elis Bjerg Coincides in the southern

Bjerg shorelines in the
southern parts of the

Member shallow-marine
system

part (Areas C to E), but
TS2 of Ahokas et al.

study area (Areas C to E),
onset of retrogradational
parasequence stacking
pattern over the

entire study area

FS2  Kilometre-scale landward FSb
displacement of the Elis
Bjerg Member shorelines in
southern parts of the
study area

FS1  Flooding and abandonment FSa
of the wave-dominated
transgressive shoreface
of the Reaeveklgft Formation

FSO  Flooding of the alluvial— TS1
lacustrine environments

of the Kap Stewart Group Group

Minor flooding surface within
the Elis Bjerg Member

(2014a) north of Albuen is
in this paper considered a
diachronous facies

boundary (Figs 16 and 18)

Greater magnitude of
landward displacement
of shorelines interpreted
in this study

Flooding and abandonment of the None
wave-dominated transgressive

shoreface of the Reeveklgft Formation
Flooding of the alluvial-lacustrine None

environments of the Kap Stewart

a regressive surface of marine erosion in Areas
D and E. Detached lowstand deposits are, there-
fore, not predicted further seaward. Further-
more, a significantly increased abundance of
extraformational clasts at the base of the SB1,
as noted by Ahokas et al. (2014a,b), has not
been observed in this study. Extraformational
pebbles appear to be present at the base of
most channelized facies associations in the area
(Fig. 6), and it does not seem justified to use
this criterion to argue for subaerial exposure
and erosion in the study area in the Jameson
Land Basin.

Estimation of net shoreline trajectory of
parasequence sets

The Elis Bjerg Member has a dominance of sea-
ward-directed palaeocurrents throughout, and

seaward-directed forward accretion surfaces in
the unconfined tidal bars (FA4, Fig. 15). The
average grain size decreases palaeoseaward
(Fig. 6). The Elis Bjerg Member is generally
without marine body fossils, but contains rela-
tively abundant terrestrial-derived material, such
as logs and plant fragments. This indicates a
dominance of seaward-directed sediment trans-
port. It is underlain by a major flooding surface
(FS1) and prodelta deposits (FA2) that coarsen
upward towards an erosion surface interpreted
as the base of extensive distributary channels
(FA6), which indicates progradation of the sys-
tem. The Elis Bjerg Member contains two late-
rally extensive incision surfaces (Fig. 16), but
these are not associated with significant seaward
facies shifts, but rather represent the gradual
progradation of erosively based distributary
channels over the delta front. The system shows

© 2016 The Authors. Sedimentology © 2016 International Association of Sedimentologists, Sedimentology, 63, 1474—1506



Facies model for a coarse-grained, tide-influenced delta 1501

an overall progradational stacking pattern in
PSS1 and PSS2, only briefly interrupted by a
minor flooding at the FS2 in the southern part
of the study area (Fig. 6). Based on these crite-
ria, the parasequence sets PSS1 and PSS2 of the
Elis Bjerg Member are interpreted as the depo-
sits of an overall prograding shoreline system
(i.e. a delta).

The PSS3, which consists of the lithostrati-
graphically defined Albuen Member and upper
parts of the Elis Bjerg Member in the north
(Figs 2 and 6), is retrogradationally stacked,
although the individual parasequences are
upward coarsening. This indicates that this part
of the Elis Bjerg is retrogradational, and is there-
fore a net retrogradational shallow-marine sys-
tem, and an estuary by definition (Dalrymple &
Choi, 2007).

An estuary is a system fed by both marine and
fluvial processes and would, therefore, have a
bedload convergence zone, recording a balance
between seaward and landward sediment trans-
port, and commonly has a grain-size minimum
in the centre of the system (Dalrymple et al.,
1992; Dalrymple & Choi, 2007). Estuaries are
transgressive environments and would be under-
lain by an erosion surface and record more dis-
tal facies succession upward (Dalrymple et al.,
1992). The overlying Astarteklgft Member is
underlain by an erosion surface which juxta-
poses distributary channels on top of shelfal
deposits (Fig. 6) and is therefore interpreted as
an estuary (c.f. Ahokas et al., 2014b). However,
it is important to note that these units are estu-
aries in the sense that they are retrogradational
tide-influenced shallow-marine systems (Dal-
rymple & Choi, 2007) and not in the classical
sense of a terraced, drowned palaeovalley (e.g.
Dalrymple et al., 1992). The latter type of estu-
ary is also present in the Neill Klinter Group,
but only north of the study area (Ahokas et al.,
2014b).

Palaeogeographic implications

The immaturity of the sediments indicates short
transport distances and an irregular topography
in the source area. Provenance studies show that
the sediments in the Neill Klinter Group (Fig. 2)
were sourced from the crystalline basement in
nearby Liverpool Land (Slama et al.,, 2011),
which is onlapped by Mesozoic strata (Ahokas
et al., 2014a; Fig. 1). Liverpool Land is moun-
tainous today, and the immature sedimentary
textures in the study area indicate that it also

had a significant topography at the time of depo-
sition of the Gule Horn Formation. It is likely
that the distance from the sediment source area
in Liverpool Land to the studied outcrop belt
was the same as it is today (Fig. 1). The short
inferred distance from the sediment source com-
bined with the parallel palaeocurrent directions
suggests a line-sourced system rather than a
radial fan. However, it is likely that an input
point near Harris Fjeld in the northern part of
the study area supplied more sediment than the
others, due to the consistently more proximal
facies associations, greater proportion of sand
and coarser grains in the northern part of the
study area. Liverpool Land today is small with
minor watersheds and is probably too small to
have supplied a delta system of the magnitude
that is described for the Elis Bjerg Member.
However, Liverpool Land was attached to a
much larger land mass until the separation of
the Jan Mayen Microcontinent from East Green-
land in the latest Eocene (e.g. Lundin & Doré,
2002; Mjelde et al., 2008; Fig. 1), which gives a
potential for larger catchments during this time.

In log 1, the thickness of the Gule Horn For-
mation is 115 m, while it is on average 98 m in
the other logs (95 to 103 m). This probably indi-
cates greater subsidence in the northern part,
possibly due to increased loading because of
larger sediment supply or somewhat larger post-
depositional compaction in the more mudstone-
rich sediments in logs 2 to 6 (Fig. 6). Together
with the more distal facies in the southern part,
this indicates a higher sediment supply in the
northern parts of the study area. This pattern is
observed in the entire Neill Klinter Group (for
example, the Harris Fjeld Member of the
Ostreaelv Formation, Fig. 2) and implies a long-
lived, structurally controlled sediment entry
point around Harris Fjeld.

Significance of the lack of subaerial deposits

No evidence of subaerial exposure, such as the
presence of coal beds, desiccation cracks or
rooted horizons, is observed within the studied
interval. Possible interpretations for the absence
of supratidal or coastal plain facies are: (i) that
the delta built out mostly subaqueously and had a
restricted coastal plain which never prograded to
the study area; (ii) removal of coastal plain depos-
its by widely meandering tidal channels; (iii)
removal of coastal plain by transgressive erosion
at parasequence boundaries; or (iv) that the delta
had wide subtidal and intertidal flats and a
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restricted coastal plain that never prograded to
the outcrop belt. Tdanavsuu-Milkeviciene &
Plink-Bjorklund (2009) discussed differences
between tide-dominated versus tide-influenced
deltas, most notably that tide-influenced deltas
normally develop coastal plains, while tide-domi-
nated deltas are overlain by extensive subaqueous
tidal flats. For example, the modern, tide-domi-
nated Changjiang delta (Hori et al., 2002) shows
an approximately 50 km wide subaqueous delta
platform consisting of mainly subtidal sandflats
between the coastline and the delta front. This is
probably not a good analogue for the system in
the Elis Bjerg Member, because of the obvious
channels present in FA5, FA6 and FA7 (Figs 14
and 15A to C). It seems unlikely that channels
with well-defined, relatively steep cut banks with
evidence for cut-bank failure (FA5) and inclined
heterolithic stratification (FA7) could develop
fully subaqueously.

It is possible that subaerial deposits were
removed by transgressive erosion at parasequence
boundaries (c.f. Willis et al., 1999; Hwang & Hel-
ler, 2002) or by regressive erosion at the base of
distributary channels and tidal bars (c.f. Pontén &
Plink-Bjorklund, 2009). However, it is regarded
as less likely that these processes could have
removed subaerial deposits to such a complete
degree over the entire study area. It is, therefore,
suggested that the proximal parts of the studied
deposits developed as extensive subtidal to inter-
tidal flats (FA7), drained by numerous minor tidal
creeks and cut by widely meandering distributary
channels which were filled by tidal dunes and
bars (FA6), and that supratidal deposits were
developed further landward.

Process regime

The sparse wave-generated structures suggest
that the Elis Bjerg system was not deposited on
an open coast. This is consistent with regional
palaeogeographical studies, which placed the
Early Jurassic of the Jameson Land Basin in a
structurally controlled embayment connected to
a narrow, tide-influenced seaway (e.g. Dam &
Surlyk, 1998; Surlyk, 2003; Fig. 1).

Most facies in the studied deposits contain
some indication of tidal influence. The hetero-
lithic facies contain bidirectional current rip-
ples or high-frequency sand-mud alterations.
Sandstone beds contain abundant mudstone
drapes on cross-bed foresets, and other features
caused by slack-water periods and flow reversal
associated with tides, such as cyclical bundle

thickness variations, and oppositely directed
cross-beds (‘herringbone cross-stratification’) are
also observed. However, the majority of
palaeocurrent readings from cross-bed foresets
record palaeoseaward (westward) transport
(Fig. 5) and no evidence of mutually evasive
tidal channels are observed. The dominance of
ebb-oriented palaeocurrents, overall prograda-
tional motif, abundant terrestrial-derived
organic fragments and lack of marine body fos-
sils, indicates a strong fluvial influence. The
more fine-grained facies associations (FA2, FA3,
FA7 and FA8) contain abundant wave ripples,
but hummocky cross-stratification is only
observed sporadically in the Albuen Member.
Shoreface deposits are present only in the
underlying Reeveklgft Formation and the overly-
ing Astarteklgft Member of the Ostreaelv Forma-
tion (Fig. 2). Thus, the deposits are influenced
by tides, river currents and waves. The imprint
of waves is relatively minor within the regres-
sive Elis Bjerg Member, but is higher in the
transgressive Reeveklgft Formation (PSS0) and
net transgressive Albuen Member (distal parts
of PSS3). Applying the classification scheme of
Ainsworth et al. (2011) and Vakarelov & Ains-
worth (2013), the studied deposits belong to the
Tfw-category (tide-dominated, fluvial-influenced
and wave-affected).

A modern analogue for this system must
include extensive tidal flats, wide distributary
channels, a near-absence of wave-dominated ele-
ments, a parallel distributary pattern and close
proximity to the sediment source. The Salween
River delta of Myanmar (Fig. 18) satisfies these
criteria and demonstrates that the model pro-
posed in this study is possible.

Nature of channels

The distributary channels (FA6) in this study
are erosively based, upward fining 3 to 12 m
thick sheets wider than a few kilometres, which
occasionally contain low-angle dipping surfaces,
interpreted as lateral accretion surfaces. Channel
beds have a relief of less than 0-5 m. Distribu-
tary channels in modern tide-dominated systems
are between 5 m and 15 m deep (Willis, 2005),
and the observed channels in the Elis Bjerg
Member fit well within these observations.
There are no deep erosion surfaces indicating
either extreme deepening of channels due to
tidal scouring, as observed in many ancient and
modern systems (Willis & Gabel, 2003; Choi
et al., 2004) or incised valleys (e.g. Ahokas
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et al., 2014b). The observed channel belts were
very wide compared with what has been
observed in other studies, suggesting that the
channels are wide or widely meandering. This
could be caused by increased erodibility of the
banks due to coarser grain size and lack of vege-
tation in the study area.

Distributary channel bodies of FA6 appear to
be narrower in the upper half of parasequence
set 2 (PSS2) in the northern part of the study
area than anywhere else (Area A, Figs 4E and
16). This is interpreted to be the most proximal
part of the deposits and indicates that the tide-
influenced distributary channels observed in
this study become wider closer to the shoreline.
This observation is consistent with current mod-
els of deposition in tide-dominated depositional
systems, which predict funnel-shaped and
seaward-flaring channels (Dalrymple & Choi,
2007; Vakarelov & Ainsworth, 2013).

CONCLUSIONS

Nine facies associations have been defined in
the Reeveklgft and Gule Horn formations in
Jameson Land, Eastern Greenland, on the basis
of lithological expression in logs and appear-
ance in outcrops. The studied deposits contain
poorly sorted, coarse-grained sediments and
abundant terrestrial-derived wood fragments,
record predominantly seaward-directed
palaeocurrents, and contain abundant evidence
for tides. The studied succession is interpreted
as the deposits of a prograding and later retro-
grading tide-dominated delta with strong river-
influence and weak wave-influence. Wave-pro-
cesses appear to be more pronounced during
transgressive periods. The tide-dominated delta
is interpreted to lie close to uplands with signif-
icant topography because of the immaturity of
the sedimentary rocks and regional stratal rela-
tionships.

In coarse-grained, tide-dominated delta sys-
tems, lithological variation on a facies scale can
be bewildering, with great variation in grain size
and sedimentary structures over short vertical
distances. However, the large-scale architecture
of the Gule Horn Formation shows relatively
simple lateral variations, dominated by wide
facies belts and wide channels. Sandy channel
bodies become narrower in more proximal areas,
consistent with seaward-flaring channels often
observed in modern tidal systems. The great
width of facies belts is probably related to a

large tidal range and low-lying sedimentary nat-
ure of the landscape, which distributes similar
environmental conditions over a large area. This
leads to greater distance from the delta front to
subaerial coastal plain deposits compared with
other delta types. In contrast to dominantly fine-
grained tidal deltas where channels are mainly
filled by well-defined inclined heteroliths, chan-
nels in coarse-grained tidal deltas are rather
filled by amalgamated sandy tidal dunes and
bars consisting of cleaner, pebbly sandstone.

The Gule Horn Formation has been divided
into three, mostly tabular parasequence sets
(PSS). The PSS1 is progradational and records
the progradation of a tide-dominated delta,
spanning prodelta, delta-front and distributary
channels. The overlying parasequence set (PSS2)
occurs above this major flooding surface and
records progradation and later aggradation of the
system. The upper part of PSS2 is characterized
by a proximal-distal facies succession from
wide distributary channels flanked by extensive
tidal flats in the north of the study area, con-
fined tidal bars in the medial part and forward-
aggrading unconfined tidal bars in the distal
parts. The PSS2 is overlain by the retrograda-
tionally stacked PSS3, in which wave-domi-
nated offshore transition zone heteroliths overlie
the tide-dominated delta. Successive parase-
quences in the PSS3 record a progressive flood-
ing of the delta system from south to north,
until the tide-dominated delta system is fully
transgressed in the study area. Finally, sharp-
based distributary channels and shoreface
deposits overlying the PSS3 indicate a relative
sea-level fall at the base of the attached low-
stand deposits of the Astarteklgft Formation.

The most proximal areas in the Elis Bjerg
Formation show extensive subtidal to lower
intertidal flats dissected by tidal creeks inter-
spersed with kilometres wide tide-influenced
distributary channels, which are filled by sandy
tidal dunes and tidal bars. Medial parts of the
studied deposits occur as upward coarsening,
channelized tidal bars with abundant fluid muds
at the bases, which is characteristic of confined,
elongate tidal bars which occur near the turbid-
ity maximum on the outer parts of tide-
dominated deltas. These grade into sandy
unconfined, downcurrent-stepping tidal bars,
which contain pronounced clinoforms; these are
probably analogous to mouth bars in river-domi-
nated deltas. In the most distal reaches, hetero-
lithic, planar delta front and muddy prodelta
deposits occur.
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