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ABSTRACT

Clinoform surfaces are routinely used to mark transitions from shallow waters to deep basins.
This concept represents a valuable tool for screening potential reservoir intervals in frontier
basins where limited data are available. Variations in the character of clinoform geometries

and shoreline and shelf-edge trajectories are indicators of a range of different factors, such as
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palaeobathymetry, changes in relative sea-level and sediment supply. Applications of
conceptual and generalized models might however lead to erroneous assumptions about the
supply of coarse-grained material to the delta front and basin when superficial similarities
between clinoform geometries are not treated holistically. The present study examines the
mudstone-dominated Middle Triassic Kobbe Formation — a potential hydrocarbon reservoir
interval in the Barents Sea, where prodeltaic to deltaic deposits can be examined in cores,
well logs and two-dimensional and three-dimensional seismic data. Despite pronounced
acoustic impedance contrast to the surrounding shale, channel belt networks are not observed
close to the platform-edge in seismic datasets, even at maximum regressive stages. However,
sub-seismic prodeltaic deposits observed on the shallow platform indicate that prodeltaic
deposits were sourced directly from the delta plain. Clinoform surfaces with different
geometries and scale are observed basinward of the palaeo platform-edge of underlying
progradational sequences, correlative to mudstone-dominated prodeltaic core sections.
Results indicate that platform-edge deltas developed at discrete sites in the basin due to
normal regression, but the positions of these deltas are not directly relatable to variations in
clinoform geometries. Transitions from third-order to fourth-order clinoform geometries
record discrete transgressive—regressive cycles but are not necessarily good indicators of
sandstone deposition. Because of prolonged periods with high accommodation, channel
avulsions were frequent and only very fine-grained sandstone was deposited in heterolithic
units at the delta front. Sandstones with good reservoir properties are predominantly found

along basin margins.

INTRODUCTION

Mudstone-dominated deltaic systems constitute a significant part of the sedimentary record
because they are the product of long-lived, large-scale river systems (Orton & Reading, 1993;
Syvitski & Saito, 2007; Patruno et al., 2015a; Hartley et al., 2017). Because sandstone
accumulations within these depositional systems often are of limited size, highly
compartmentalized, of heterolithic nature and scattered over wide areas (e.g. Frazier, 1967;
Burpee et al., 2015), such depositional systems are rarely the preferred target for hydrocarbon
exploration. Consequently, they remain relatively understudied compared to their more
sandstone-rich counterparts. Central issues regarding the development of mudstone-

dominated deltaic systems include the process by which sediment is transported to the slope
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and basin (Nemec, 1995; Walsh & Nittrouer, 2009; Patruno et al., 2015b; Poyatos-Moré et
al., 2016; Gong et al., 2016) and to what extent fluctuations in relative sea-level or sediment
supply is driving clinoform progradation (Blum & Tdrnqgvist, 2000; Carvajal et al., 2009;
Anell et al., 2014).

The present study uses the Anisian Kobbe Formation to improve the current understanding of
ancient large-scale mudstone dominated deltaic successions. This is an ideal case-study of an
ancient mudstone-dominated delta system because there are a number of different datasets
available which cover the succession on different scales: regional two-dimensional seismic
and well logs; local, field scale three-dimensional seismic; and detailed reservoir scale core
sections. Importantly, the depositional system is aerially extensive (more than 300 km?) and
the basinward extent of the formation can be constrained within the study area. Moreover, the
formation is also interesting because of the difference in reservoir properties between the
southern margin and the basin interior. Due to prolific hydrocarbon discoveries in the Goliat
Field, along the southern margin of the basin (for example, well 7122/7-3 in Fig. 1), the
formation has received considerable interest as a potential reservoir interval. Clinoform topset
and channel belts are natural candidates for such reservoir targets, but recent drilling
campaigns targeting these deposits have so far been unsuccessful in locating sandstone with

good reservoir quality.

To date, studies of the Kobbe Formation have mainly focused on 2D seismic. Notable
exceptions are the shallow core descriptions of Mark & Elvebakk (1999) and Bugge et al.
(2002), but these are not fully integrated with seismic data. Thus seismic facies and primarily
clinoform geometries interpreted on 2D seismic data are generally used to infer different
depositional environments and variations between and within these (Rasmussen et al., 1993;
van Veen et al., 1993; Skjold et al., 1998; Riis et al., 2008; Glgrstad-Clark et al., 2010;
Glgrstad-Clark et al., 2011; Lundschien et al., 2014). Following interpretations of steeply
dipping oblique clinoform geometries, sea-level has been interpreted to fluctuate during
deposition and this has naturally been thought to result in periodic bypass of coarse-grained
material to and via what has been interpreted as discrete shelf-edge deltas, or platform-margin
deltas, and the basin floor (Rasmussen et al., 1993; Glgrstad-Clark et al., 2011; Anell et al.,
2014). In more regional studies, sandstone distribution superficially seems extensive since
there is no clear definition of which deposits the shallow or marginal marine environment

comprise — a depositional environment which is often mapped as continuous belts throughout
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the basin in palaeogeographic representations (e.g. Worsley, 2008; Riis et al., 2008; Glgrstad-
Clark et al., 2010; Lundschien et al., 2014).

In the overlying Snadd Formation, extensive topset deposits have been mapped in a similar
mud-dominated progradational system (Klausen et al., 2015). This prograding delta system is
characterized by narrow and frequent tidally influenced distributary channel systems,
comprised of argillaceous and mineralogically immature fine-grained sandstone, feeding
relatively heterolithic delta topsets, with proximal fluvial sandstone deposits showing
medium grain size and more favourable reservoir properties (Henriksen et al., 2011; Klausen
et al., 2014; Line, 2015). Because the two formations are supplied from the same drainage
areas and deposited under equal hydrodynamic conditions in the same basin setting, a similar
development should be expected for the Kobbe Formation. Similar deposits have been
recognized, but zones of elevated porosity and permeability values have not yet been
encountered in the Kobbe Formation. The best reservoir properties are instead found along
the southern margin of the basin (i.e. the Goliat Field) and are attributed to a more mature
provenance area in the Norwegian Caledonides to the south (Bergan & Knarud, 1993; Mark,
1999; Ryseth, 2014; Fleming et al., 2016; Eide et al., in press). How far the southerly derived
sedimentary systems extend into the basin and how the depositional system has evolved in
response to variations in autogenic and allogenic forcing factors is not known, but the
reservoir properties of the Kobbe Formation are likely to be governed by the influx and
extent of mature sediment from the south in combination with reservoir preserving factors in
more central parts of the basin which counter the effects of burial which varied across the
basin (Baig et al., 2016).

In order to understand the clinoform progradation and to differentiate between the relative
impact and extent of factors controlling reservoir properties within this mudstone-dominated
deltaic succession, the present study aims to define depositional elements and environments
in the Kobbe Formation based on available core, well and seismic data. This enables a
discussion of how these deposits developed through time and how prodeltaic clinoforms are
affected by potential autogenic and allogenic variations in their associated deltaic topset and

its implications for hydrocarbon exploration in mudstone-rich deltaic systems.
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GEOLOGICAL SETTING

The up to 825 m thick Kobbe Formation was deposited after a regional transgression that
ended the progradation of the underlying Klappmyss Formation (Dalland et al., 1988;
Glgrstad-Clark et al., 2011). Depositional environments recorded in the Kobbe Formation
range from offshore marine deposits, followed conformably by silt to very fine-grained
sandstone, showing an upward shallowing trend into deltaic deposits as the delta prograded
(Mgrk et al., 1999). Sediments were sourced primarily from an immature provenance region
in the south-east Uralides, but also received minor input from more mature provenance areas
in the Scandinavian Caledonides to the south (Bergan & Knarud, 1993; Mark, 1999; Bue &
Andresen, 2013). The westernmost parts of the basin might have received sediments from the
Upper Palaeozoic to lower Triassic basement as well (Lundschien et al., 2014) but there are
no indications of this system prograding into the study area. Organic rich sediments starved
of terrigenous influx characterize the distal time-equivalent Steinkobbe Formation found in
the western part of the study area (Skjold et al., 1998; Mark & Elvebakk, 1999). The Anisian
to Early Ladinan Kobbe Formation has been defined as a second-order sequence by Glgrstad-
Clark et al. (2010), subsequently subdivided into four third-order sequences (Al to A4)
defined by discrete maximum flooding surfaces (MFS) [cf. Glgrstad-Clark et al. (2011),

refining the subdivision of van Veen et al. (1993)].

Post-depositional tectonic history includes Late Jurassic to Cretaceous rifting in the south-
western Bjgrngya and Hammerfest basins and Late Cretaceous to Palaesogene uplift and
Neogene glacial erosion to the north and west (Gabrielsen et al., 1990; Faleide et al., 1993;
Henriksen et al., 2011a). Middle Jurassic normal faulting created the most significant offset
within the formation, mainly along the western margin (Bjegrngya Basin) but also in the
Hammerfest and Nordkapp basins and on the Bjarmeland Platform (Swaen Graben)
(Gabrielsen et al., 1990). Subsequently, Eocene tectonic events firstly compressed and
sheared the western margin of the Barents Sea before rifting between Greenland and Svalbard
developed into the present Norwegian Sea (Faleide et al., 1993, Worsley et al., 2008).
Consequently, the western margin of the Norwegian Barents Sea is presently downfaulted
and covered by thick successions of Cenozoic sediments (Faleide et al., 1996). The Kobbe
Formation is for the most part preserved throughout the study area, except for above local salt
domes in the Nordkapp Basin and above the Svalis Dome. Net exhumation varies from down
to ca 800 m in the Hammerfest Basin, up to ca 2400 m on the Bjarmeland Platform (Baig et
al., 2016).
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DATA AND METHODS

This study uses a combination of well logs, core and 2D and 3D seismic data to describe the
depositional system in the formation (Fig. 1). Data coverage is better in the south-western
part of the Norwegian Barents Sea because this area is open to hydrocarbon exploration. Core
data presented here includes the longest cores obtained from the Triassic succession in the
Barents Sea to date, along with more sparse and scattered core intervals and shallow
stratigraphic cores. Attribute maps from 3D seismic facilitate comparison between lithologies
in wells with plan-view architecture of sediment bodies within the Kobbe Formation. Wells
used in the present study are spaced between 35 km and 125 km apart (Fig. 1) and from these
wells, eight core intervals have been studied, ranging from a few metres (7324/10-1) up to ca
164 m (7222/11-2). Regional 2D seismic profiles are spaced about 2 km apart and are used

for regional extrapolation of sequence boundaries and facies.

Eight 3D seismic surveys are used in this study (Fig. 1), all of which has been pre-stack time
migrated with inline and cross line spacing in the range of 12.5 to 25.0 m. The data is noise
cancelled and both full and far angle stacks of the surveys have been used. For the purposes
of this study, far-angle stack data resulted in the better imaging of the depositional elements
within the formation and, with the exception of Survey H (Fig. 1) which was adequately
imaged in full stack data, the 3D seismic presented below are far-angle stacks. Higher
incident angles do in some cases amplify the amplitude of a seismic event (Ostrander 1984;
Castagna 1993; Carter 2003), but a detailed account of these AVO effects on lithology are
beyond the scope of the present paper. The dominant frequency of the seismic data in the
Kobbe Formation depth varies from 25 to 38 Hz (Fig. 2A). All of the 3D data used in this
study has a 4 ms sampling rate. Vertical seismic resolution (which is the minimum
measureable thickness between top and base of a layer) within the 3D data is estimated using
the frequency information derived from spectral decomposition, and the interval velocity data
derived from the well velocity surveys in and around the 3D surveys (Fig 2B). Vertical
resolution is achieved by dividing the dominant wavelength at target interval by four which
gives thickness ranges from 14 to 33 m. However, the limit of visibility for a given layer
(Widess, 1973) is one eighth of the dominant wavelength, in this case ca 7 to 17 m. Increased
resolution might be achieved with high-frequency P-Cable seismic data in intervals at
shallow depth. Since the data are migrated, lateral resolution of the surveys is generally high

and varies between 15 m and 45 m.
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Amplitude derived from full bandwidth seismic data may not adequately image all geological
features and therefore spectral decomposition has been utilized in order to extract amplitude
information from certain frequency ranges. Spectral decomposition creates a continuous
time-frequency analysis of seismic data (e.g. Castagna & Sun, 2006) that can be utilized to
convert broad band seismic data into discrete frequency or frequencies. This study employed
spectral decomposition using a wavelet transform based approach (e.g. Castagna & Sun,
2006) and matched-pursuit decomposition technique (Castagna et al. 2003; Liu and Marfurt
2007) to decompose the seismic volumes into magnitudes of different frequencies. Resulting
frequency volumes are blended using red, green and blue colour ranges. Selection of the
different frequencies depends on the seismic amplitude response of every individual
frequency volume at the target interval. Target intervals were defined by iso-proportional
slicing of individual sequences.

TERMINOLOGY

Figure 3A illustrates how the different segments of the clinoform surface are used in the
present study and the difference between sigmoidal (S) clinoform surfaces, characterized by
topset accommodation, and oblique (O) clinoform surfaces, characterized by limited topset
accommodation (Mitchum et al., 1977; Sangree & Widmier, 1977; Pirmez et al., 1998;
Catuneanu et al., 2009). Intermediate shapes between these end-members are referred to as
complex sigmoidal (cf. Mitchum et al., 1977). Clinoform segment definitions are adapted
from Patruno et al. (2015a).

Clinoform geometries are developed in a range of different depositional environments and
form at different scales (Helland-Hansen et al., 2012; Fig. 3B). Because of the wide range of
scales at which they appear, the topset of subaqueous clinoforms are interchangeably termed
platform and shelf in the literature (e.g. Galloway, 1975; Sydow & Roberts, 1994; Steel et al.,
2003; Porebski & Steel, 2003; Carvajal et al., 2009; Glgrstad-Clark et al., 2010; Helland-
Hansen et al., 2012; Sylvester et al., 2012; Dixon et al., 2012; Laugier & Plink-Bjorklund,
2016; Gong et al., 2016; Poyatos-Moré et al., 2016). The present study reserves the term shelf
as the definition of the topset of continental margin scale clinoforms (ca 500 m to thousands
of metres) and platform as the definition of the topset of shelf prism clinoforms which are
formed on the shelf, whereas for the topset of subaqueous delta clinoforms the term
subaqueous delta top is preferred (cf. Patruno et al., 2015a). While the term shelf prism gives
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an appropriate sense of scale for the Kobbe Formation compared with other basins, it can be
confusing in this case because the contemporaneous shelf-edge proper is not seen in direct
connection with the clinoforms in the basin. The contemporaneous continental scale
clinoforms might have been forming detached from these clinoforms in areas to the north,
outside of the study area, or alternatively: the apparent detachment could simply be due to the
Kobbe Formation clinoforms having developed in a relatively shallow basin without an
associated continental margin. Therefore, the term platform is used instead of shelf prism
herein (cf. Glorstad-Clark et al., 2011). Shelf edge deltas develop where the subaerial delta
progrades across the underlying shelf edge, at which point it might distribute sediments
directly to the basin floor (Por¢bski & Steel, 2003; Carvajal & Steel, 2006). Because the
Kobbe Formation is characterized by platform clinoforms, the term platform edge delta (cf.
Anell et al., 2014) is used herein for deltaic progradation basinward of the platform edge (Fig.
30).

As is common in many other depositional systems, the Kobbe Formation comprises
clinoform geometries of different scale (Fig. 4). These can be categorized based on the
stratigraphic hierarchy in which they are developed, and are described here based on their
relation to the sequence stratigraphic framework provided in Glgrstad-Clark et al. (2011): (i)
Second-order clinoform surfaces corresponds to and formed above the MFS that bounds
second-order sequences within the basin. The Kobbe Formation itself represents a second-
order sequence, and its upper and lower boundaries are sigmoidal second-order clinoforms.
(i) Third-order clinoforms are formed by the same processes of periodic landward
displacement of the shoreline and also results in sigmoidal geometries. These surfaces follow
above third-order MFS and are probably formed over shorter periods of time, with less
condensation compared to its second-order equivalents. This is reflected in less well-defined
seismic reflection signals compared to the second-order clinoform surfaces which
corresponds to organic-rich, high gamma ray, well-log motifs (Fig. 4). (iii) Fourth-order
clinoform surfaces occur as oblique or complex sigmoidal basinward dipping reflectors
(sensu Mitchum et al., 1977; Glgrstad-Clark et al., 2010) in the upper part of each third-order
sequence (Fig. 4). These clinoform surfaces downlap onto the third-order clinoform surfaces

below.
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FACIES ANALYSIS

Different depositional environments have been categorized earlier based on: basinward-
dipping seismic reflectors of different character (prodelta); parallel continuous reflectors
(shelf); and chaotic and discontinuous reflectors (shallow and non-marine) (Fig. 4). Core data
from the upper A4 sequence add more detail to this understanding and can be used to
describe seismic facies based on their appearance in core and well logs. Characteristic
expressions in seismic attribute maps are also discussed. Facies associations encountered in

the formation are summarized in Table 1.
Offshore (Facies Association 1)

The most distal deposits of the formation have not been studied in core directly, but an
equivalent of this facies association (FAL) is recorded in the Snadd Formation just above the
study interval investigated here (Fig. 5B). It consists primarily of non-stratified grey siltstone
with thin, discontinuous laminae of fine-grained sandstone. The well log character is however
characteristic in relation to its high gamma ray values, in addition to high neutron porosity

and low density.

Interpretation: High gamma ray and neutron porosity readings suggest organic-rich,
sediment-starved, condensed sections and although FAL is only studied in core from a
relatively proximal position with grey siltstone and very fine sandstone laminae, previous
studies document condensed, organic-rich deposits which span the Olenekian, Anisian and
Ladinian and correspond to the Steinkobbe and Botneheia formations in the western part of
the study area (Mgrk & Elvebakk, 1999; Mark et al., 1999). The facies association is
followed stratigraphically by more proximal deposits (FA2). Accordingly, FAL is interpreted
to have been deposited in an offshore marine environment. This is corroborated by seismic

data, discussed below.
Prodelta (Facies Association 2)

Facies Association 2 (FA2) is characterized by structureless to laminated grey siltstone which
is commonly bioturbated by Planolites and interbedded with thin (2 to 10 cm) beds and
discontinuous lenses of very fine sandstone, some of which grade normally into siltstone and
others also show slightly sinuous lamination (Fig. 6G). These deposits comprise an up to ca
150 m thick succession overlain by coarser grained deposits in the core from 7222/11-2 (Fig.

6). In the lower middle part of this succession, two discrete units of relatively thicker (10 to
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50 cm) very fine-grained sandstone beds are planar to cross-laminated and show sharp
erosional bases and tops. Locally, normal to inverse grading to siltstone are stacked in up to
8.5 m thick units (for example, Fig. 61). The upper middle part of the succession comprises a
single bed with soft sediment deformed original lamination followed by massive,
structureless grey siltstone with fluid escape structures (Fig. 6F). This facies association is
characterized in well logs by thick (100 to 200 m) predominantly high, but serrated, gamma
ray trends with occasional blocky to upward decreasing and increasing gamma ray lows of
about 5 m (Figs 4 and 6).

Interpretation: Thin beds of normally graded very fine sandstone are interpreted as slope
apron turbidite deposits (cf. Stow et al., 1983), whereas more lens-shaped, irregular and
sinuous sandstone deposits which show signs of currents reworking with fluctuating energy
are interpreted to be deposited by contour currents (cf. Shanmugam, 2012; Rebesco et al.,
2014). These characteristics are also typically found in turbidite deposits, but the contourite
deposits interpreted here are distinguished by mud-laminae on foresets (for example, Fig 6G).
Relatively larger scale beds of very fine sandstone in the lower middle part of the succession
are variable both in terms of thickness and contacts. Although most beds are sharp-based and
grade into shale representing the classical Bouma sequences, some show inverse grading
indicating waxing hydrodynamic regime (Fig. 61). Because of the repeated, but irregular
pattern of waxing and waning flow, these turbidite beds are interpreted to be deposited by
hyperpycnal flows (cf. Plink-Bjorklund et al., 2001; Mulder & Syvitski, 2003; Bhattacharya
& MacEachern, 2009; Lamb & Mohrig, 2009). The soft-sediment deformation is interpreted
to be caused by slumping in the upper middle part of the prodelta slope and indicate slope
instability. Alternatively, deformation is caused by fluid escape, also caused by increased
sedimentation rates but without slope instability. In addition to the depositional processes
mentioned above, homogenous siltstone (for example, Fig. 6F and G) might have been
deposited by flocculated silt and mud (cf. Schieber & Southard, 2009). The well log character
reflects the dominance of siltstone and sporadic occurrences of sandstone with variable

thicknesses. Therefore, FA2 is interpreted as prodeltaic.
Shallow marine (Facies Association 3)

Facies Association 3 (FA3) is found stratigraphically above the prodelta deposits (FA2) and
is characterized by very fine to fine-grained sandstone associated with a range of

sedimentological structures: (i) wavy to flaser bedded sandstone (30 cm to 4 m thick) with
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mud drapes, non-stratified mud deposits and reactivation surfaces interbedded with siltstone.
Bioturbation is sparse, mostly Planolites (Fig. 7F); (ii) up to 2.4 m thick sandstone with
chaotic and irregular lamination, highlighted by carbonaceous material along bedding planes,
in addition to unidirectional cross lamination (Fig. 6E) with no bioturbation; (iii) 1 to 4 m
thick sandstone with plane parallel lamination, bidirectional cross-lamination and shell
fragments with relatively diverse and intense bioturbation (Fig. 5E), including Planolites,
Teichicnus, Skolithos and Diplocraterion. Sandstones interbedded with silt naturally show a
more erratic gamma ray signal compared to the generally low gamma ray signal which

characterize the facies association (Fig. 6A).

Interpretation: Wavy to flaser bedded sandstone interbedded and interlaminated with
siltstone along with non-stratified mudstone which indicate fluid mud deposition are
interpreted to represent tidal sandflat deposits (Flemming, 2012), whereas slightly coarser
sandstone with plant fragments and chaotic lamination indicate more rapid and episodic
deposition, such as in a mouth-bar setting (cf. Coleman et al., 1964; Roberts et al., 1980).
Relatively more diverse bioturbation in planar laminated sandstone is interpreted to be
deposited in a shoreface setting or as transgressive lags (Clifton, 2006). These three distinct
facies are collectively referred to as shallow marine environment (FA3).

Coastal plain (Facies Association 4)

Facies Association 4 (FA4) occurs stratigraphically above the shallow marine (FA3), is
characterized by siltstone, mud, siltstone, very fine-grained sandstone and coal, and ranges in
thickness from a few centimetres to 6 m (Fig. 8). The siltstone is either: rooted and
gradational to coal; mottled with clay aggregates of greenish-white to reddish colour; or grey
interbedded with sandstone with intense to moderate bioturbation (Fig. 6D). The well log
signal is characterized by: (i) low to moderate gamma ray values, which might be serrated;
and (ii) high neutron log values for the coal deposits while the density log is characteristically

low.

Interpretation: This facies association is characterized by three distinct facies reflecting
varying amounts of marine influence and wetting and drying which can be related back to
shoreline proximity. In particular, coal and carbonaceous shale are interpreted as the water-
logged parts of the floodplain with little marine influence and limited sediment influx
(Diessel, 2006); the multicoloured, mottled siltstones are interpreted as vertisols and reflect
periodic wetting and drying of the floodplain (Mack et al., 1993); grey siltstone with marine
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influence is interpreted to have been deposited in interfluvial bay areas (cf. Coleman et al.,

1964). These facies are collectively referred to as coastal plain (FA4).
Channelized deposits (Facies Association 5)

Facies Association 5 (FA5) is encountered stratigraphically above shallow marine deposits
(FA3) and both above and below coastal plain deposits (FA4). It is characterized by fine to
medium-grained sandstone with two distinctly different characteristics. (i) A generally grey
coloured, argillaceous fine-grained sandstone up to 19 m thick characterized by discrete
intervals of abundant intraformational rip-up mud clasts, mud drapes and non-stratified mud
deposits (Fig. 5C). Discrete beds range in thickness from ca 0.5 to 1.5 m. Sparse Planolites
bioturbation is observed. (ii) The other sandstone deposits within FA5 are up to 10 m thick,
fine to medium-grained and show unidirectional cross-stratification or chaotic lamination.
Fine-grained material and abundant plant fragments highlight laminae. Both facies have
erosive bases and blocky to slightly upward increasing gamma ray values. The former facies
has spikes of high gamma ray values in horizons characterized by abundant rip-up mud
clasts.

Interpretation: Fine-grained argillaceous sandstone with frequent mud drapes, fluid mud
deposits and sparse bioturbation are interpreted as tidally influenced distributary channel
deposits (cf. Martinius & Van den Berg, 2011). Horizons with rip-up mud clasts are
interpreted to represent discrete episodes of cut bank erosion and downstream deposition at
channel bends. Despite a number of discrete beds recording phases of cut-bank erosion, there
are no indications that the channel deposits are amalgamated and multi-storey. Facies with
more homogenous sandstone, unidirectional cross-lamination and chaotic lamination with
plant fragments are interpreted as fluvial channel deposits (Bridge, 2006). The latter is
encountered in core closer to the basin margin (Fig. 7C), where it is associated with coastal
plain deposits with limited marine influence, but is transitional to the tidally influenced
channel deposits in the basin. Similar to the tidally influenced channels, the fluvial dominated
ones are also single-storey. The facies are collectively referred to as channelized deposits
(FAS5).
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Characteristics of facies associations in two-dimensional seismic

Well logs tied to seismic show that the 2D seismic expression of offshore deposits (FAL) is
characterized by high-amplitude parallel reflectors which are often planar and followed
stratigraphically by downlapping, basinward dipping seismic reflectors of the prodelta (FAZ2;
Fig. 9). Facies Association 2 is represented both by flat, parallel reflectors in shallow
platform areas above the delta-plain of the previous sequence, and inclined seismic reflectors
characteristic of clinoform surfaces basinward of the platform-edge of underlying sequences.
Core from well 7222/11-2 shows a 150 m upward coarsening sequence from prodeltaic
turbidites to deltaic deposits (Fig. 6) which correspond to an upward shallowing well log
trend in the platform area of the A4 sequence but is not associated with any type of clinoform
surface (Fig. 9). The well log trend of the prodeltaic core interval is however identical to
wells that penetrate the clinoform succession (Fig. 8F), and since third-order and fourth-order
clinoform surfaces are seen directly basinward of the normal regressive core section (Fig. 9)
the deposits comprised within the different clinoform successions are interpreted to be equal

to those of the prodelta in core from 7222/11-2 and its distal equivalents.

Shallow marine (FA3) and coastal plain (FA4) deposits are generally characterized by
heterogeneous to transparent seismic reflectors in 2D seismic, and both facies are weakly
parallel and chaotic. These facies associations are found stratigraphically above parallel
reflectors of the prodelta (FA2), and commonly encase discontinuous, high amplitude
reflectors of channelized deposits (FA5, Fig. 9). Similar characteristics have been used to
distinguish between seismic facies in previous studies (e.g. Riis et al., 2008). Shallow marine
(FA3) and coastal plain (FA4) deposits are interconnected and transitional to one another, and
core sections show that the latter contain coal deposits and palaeosol horizons in eastern and
southern parts of the study area (for example, Figs 5, 7 and 8), which indicates more
continental environments and periodic subaerial exposure in these more proximal parts of the
basin. Channelized deposits (FAS5) are characterized by discontinuous high amplitude
reflectors in 2D seismic cross-sections. The typical seismic event is about 20 m thick,
indicating a tuning thickness effect around the lower thresholds of seismic resolution (Brown,
2004), and the width of the discontinuous amplitude that characterize the facies association
varies according to how the seismic profile is oriented relative to the facies association. In
core, channelized deposits (FA5) vary between tidally influenced distributaries and fluvial
channels (see Figs 6 and 7), but only the former have yet been confidently tied to seismic
reflectors because their fluvial counterparts have so far not been cored within the formation.
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Facies characteristics in three-dimensional seismic

Depositional elements are only observed in attribute maps in the uppermost part of each
sequence. These parts are generally characterized by low-sinuosity seismic reflectors that
trend towards the north-west (Fig. 10). The discontinuous high amplitude events are up to 5
km wide in plan view in the south-eastern part of the study area (Fig. 9D), where they are
observed to have developed into sinusoidal or discrete convex sets of high-amplitude
reflectors. Similar seismic geomorphologies are at most ca 1.5 km wide in the western part of
the study area (Fig. 10B). In contrast to the upper sequences, the lowermost part of the

succession only shows seismically resolvable channelized deposits in the south-east.

The seismic reflectors which are highly sinuous to elongate in plan view correspond directly
to low gamma ray readings in wells that penetrate them, and core material from these wells is
characterized by fine-grained sandstone with rip-up mud clasts and fluid mud interpreted as
tidally influenced channel deposits (FA5). The sinuous reflectors are therefore interpreted to
represent tidally influenced distributary channel and channel belt deposits in a heterolithic
coastal plain environment (FA4). Fluvial channel deposits could not be directly tied to core
intervals, but proximal equivalents to the tidally influenced channel deposits are expected to
be increasingly more fluvial dominated (for example, Fig. 10C), as is also seen in the coastal
plain facies from core (see Figs 5F, 7B and 8E). Lack of seismically resolvable deposits in
the lowermost sequence is most likely to be related to proximal-distal trends in the
channelized deposits. Distal thinning into terminal distributaries (Olariu & Bhattacharya,
2006) could result in deposits below seismic resolution. In the main distributary channels
however, channel deepening resulting from drawdown effects as the river plume adjust to
sea-level in the backwater zone of the delta during river floods (Lamb et al., 2012) probably
result in thickening of the channel deposits distally. Additionally, the tidal signatures in the
channelized deposits of the Kobbe Formation (for example, Fig. 6B) suggest that the
channels might have been prone to deepening related to tidal currents, in accordance with
results from modelling tidal influence on channels (Rossi et al., 2016). Channelized deposits
in distal parts of the overlying Snadd Formation are indeed characterized by increasing
thicknesses basinward (Klausen et al., 2014). The absence of channelized deposits in distal
parts of the sequences in the Kobbe Formation could alternatively be related to lower acoustic
impedance contrast between channelized deposits and encasing shallow marine facies
associations (FA3), which is reconcilable with the proximal-distal increase in marine
influence and deposition of finer grained material.
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STRATIGRAPHIC ARCHITECTURE

Details from core in the A4 sequence demonstrate how the depositional system evolved in the
later stages of the formation. By comparing geometries, seismic facies and well logs from this
interval with underlying sequences, the regional and temporal development of the formation
can be assessed. Regional correlation of well logs (Fig. 11) shows how the discrete packages
of upward shallowing facies associations presented above relate to the sequence stratigraphic

framework presented by Glgrstad-Clark et al. (2011).
A4 sequence

This sequence is defined as the youngest of four pronounced upward shallowing successions
in the formation (Glerstad-Clark et al., 2011; Paterson & Mangerud, 2017; Fig. 11). It
corresponds to the palynozones Protodiploxypinus decus and Triadispora obscura of Vigran
et al. (2014) in well 7324/10-1, which are independently dated as Late and Middle Anisian
based on ammonoids. The sequence is up to 270 m thick within the study area and is
dominated by prodeltaic (FA2), overlain by shallow marine (FA3), channelized deposits
(FAS5) and coastal plain (FA4) in the more proximal parts of the study area. At its base, the
sequence has an unconformable transition to the underlying deltaic topset of the A3 sequence
characterized by a regional MFS. This flooding is followed by an upward shallowing
sequence of predominantly offshore marine, prodeltaic shale deposits in core from 7222/11-2
(Fig. 6). Prodeltaic deposits are followed stratigraphically by channelized deposits (FA5)
which are seen in 3D seismic as pronounced channel belts (Fig. 10). These deposits are more
well-developed and found further basinward in the A4 sequence than in the previous
sequences. Seismic cross-sections are characterized by parallel seismic reflectors overlying
the A3 sequence, and prodeltaic clinoform surfaces (FA2) basinward to the platform-edge of
the maximum regressive stage of the A3 sequence. Clinoform surfaces in the A4 sequence

are best developed in the areas around the Hoop Fault Complex (Figs 1 and 12).
A3 sequence

This sequence is defined as the third pronounced upward shallowing succession in the
formation (Glerstad-Clark et al., 2011; Fig. 11). It corresponds to the upper part of
palynozone Anapiculatisporites spiniger of Vigran et al. (2014) in well 7324/10-1, which is
independently dated as Early Anisian based on ammonoids (Weitschat & Dagys, 1989). The
sequence is up to 230 m thick within the study area and is dominated by prodeltaic (FA2),
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shallow marine (FA3) and channelized deposits (FA5). The base corresponds to an abrupt
flooding of the topset of the A2 sequence. There is no core material available from this
sequence, but 3D seismic data reveals channel belt deposits on the Bjarmeland and Finnmark
platforms (Fig. 13A and B). The channel deposits are generally narrower than the channel
belts described in the overlying sequence. Seismic cross-sections are characterized by parallel
seismic reflectors overlying the A2 sequence, and prodeltaic clinoform surfaces (FA2) are

best developed in the areas around the Loppa High (Fig. 13C).
A2 sequence

This sequence is defined as the second pronounced upward shallowing trend in the formation
(Glorstad-Clark et al., 2011; Fig. 11). It corresponds to the middle part of palynozone
Anapiculatisporites spiniger of Vigran et al. (2014) in well 7324/10-1. The sequence is up to
220 m thick within the study area and is dominated by prodeltaic deposits (FA2), overlain by
shallow marine (FA3) and channelized deposits (FA5). There is no core material available
from this sequence, but 3D seismic data reveals channel belts on the Bjarmeland Platform
(Fig. 14A) and in the eastern part of the basin (Fig. 14B). Seismic cross-sections are generally
characterized by parallel seismic reflectors overlying the Al sequence, but show stratal
terminations of fourth-order clinoform surfaces downlapping onto third-order surfaces in the
west (Fig. 14C). Clinoform surfaces (FA2) are most pronounced in the areas around the
Loppa High (Fig. 1), where they correspond directly to the thickest parts of the sequence.

Al sequence

This sequence is defined by the first upward shallowing trend in the formation (Glerstad-
Clark et al., 2011; Fig 11). It corresponds to the lower part of palynozone Jerseyiaspora
punctispinosa of Vigran et al. (2014) in well 7324/10-1, and is up to ca 200 m thick within
the study area. There is no core material available from this sequence, but well logs coupled
with seismic indicates that the sequence is dominated by prodeltaic clinoforms (FA2),
overlying thin offshore deposits (FA1). Three-dimensional seismic attribute maps reveal
some indications of channel belts in the south-eastern part of the study area (Fig. 15B).
Seismic cross-sections are characterized by parallel seismic reflectors above the Klappmyss
Formation MFS in the most proximal parts of the basin, but generally show downlapping
stratal terminations of fourth-order (intra-Al) clinoform surfaces on this MFS over a larger
area than is the case for overlying sequences (for example, Fig. 15A). Clinoform rollovers
indicate a flat platform-edge trajectory and topsets generally show parallel reflectors.
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Prodeltaic clinoform surfaces (FA2) are best developed in the areas around the Hoop Fault
complex (Figs 1 and 15A), far separated (ca 150 km) from the only channel deposits
observed in 3D seismic on the Finnmark Platform (Figs 1 and 15B).

Thickness variations

Thickness variations in the Kobbe Formation are directly related to the accommodation
available in front of the underlying Klappmyss Formation platform-edge and subsequent
sequences (Fig. 16). Each sequence is constrained in a western basinward direction by
relatively abrupt terminations. It is evident from the thickness map of each discrete third-
order sequence that the Kobbe Formation sequences are characterized by extensive topset
accumulation landward. Individual sequences gradually filled the basin with approximately
equal progradational distance (Fig. 17) and thickness (10 to 25 km basinward and up to 100
to 200 m thick). However, sediments seem to be unevenly distributed across the study area at
any given time. Although progradation distance is greatest in the area east of the Loppa High
(Fig. 17), the main depocentres in terms of accumulated thickness shift from the southern
Bjarmeland Platform in the lower Al and A2 sequences (Fig. 16A and B), and move

progressively northward toward the Maud Basin in the upper A4 sequence (Fig. 16D).

Thickness trends seem to reflect the gradual infill of available accommodation in front of
previous sequences. The most distal 3D seismic datasets (Survey A and B, Fig. 1) have the
lowest dominant frequencies of the surveys within the Kobbe Formation (Fig. 2A), and hence
the lowest resolution, the distal surveys show no indications of channelized deposits. This is
substantiated by well logs from corresponding positions (Fig. 8F). Given that distributary
channel networks are resolved in 3D seismic, the orientation of imaged channels does not
reflect any preferential orientation towards areas of increased thickness (Fig. 17) and it is
unlikely that these areas represented more pronounced topographic lows at the time of
deposition. It also seems that the Al sequence is thinner relative to other sequences and that
its area of increased thickness is more widespread than the following sequences. This is
reflected by the more widespread occurrences of fourth-order clinoform surfaces (for
example, Fig. 15A).

In the three oldest sequences (Al to A3), the thickest part of each sequence is related to the
prodeltaic clinoform succession (for example, Figs 13A, 14C, 15A and 15B). Conversely, in
the youngest A4 sequence relatively thick parts formed east of the Loppa High and in the
Hoop Fault complex (Fig. 15D) at a later stage of the A4 sequence and are not directly related
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to clinoform development as seen in Figs 12D, 13C and 14C. This local thickening attests to
some degree of syn-depositional compaction and subsidence in the topset of the A4 sequence,
and in the Hoop Fault Complex Area it directly affects clinoform geometries and the
platform-edge trajectory of underlying deposits (Fig. 12D). The thickness increase might also
have been subsequently affected by differential subsidence and compaction around the
basement high underneath the Loppa High (Wood et al., 1989) and above the Hoop Fault
complex (Gabrielsen et al., 1990).

The Loppa High (Fig. 1) is suggested to have been elevated at least partially during
deposition of the Kobbe Formation (Glarstad-Clark et al., 2011) and this might have affected
the thickness trends in the formation. In particular, a northward shift of higher rates of
sediment accumulations in the A4 unit might be consistent with such an interpretation
because an elevated Loppa High could have forced sediment accumulation in this direction.
However, there are no depositional features (for example, clinoform surfaces) which indicate
deflection in response to this suggested high. It is also worth noting that the large scale
development of the Kobbe Formation shows only minor indications of being affected by the
Loppa High: the thickest part of the formation which reflects the accumulated thickness of all
clinoform successions shows an overall linear trend, but the area with increased thickness is
slightly more widespread above the suggested high (Fig. 18). The A3 and A4 sequences have
developed a slight protrusion in the platform-edge above the Loppa High (Fig. 16C and D)
which might be related to a platform-edge delta in this area. This interpretation is consistent
with observations from 3D seismic, where most of the channelized deposits are observed in

surveys from the southern part of the basin, trending towards the Loppa High (Fig. 16).

DELTA AND CLINOFORM PROGRADATION

Combining core material with 2D and 3D seismic explains the depositional processes of the
prograding delta. This understanding can be extended to variations in clinoform geometries
within the A4 sequence and sequences below. Clinoform surfaces correspond directly to the
thickest part of each sequence within the Kobbe Formation; however, from the well tie of
7222/11-2 (Fig. 9) it is evident that up to 150 m thick prodeltaic successions developed on the
platform without creating basinward dipping clinoform surfaces. This section evaluates the

main controls on the clinoform development in light of the findings presented above (Figs 12
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to 16), with implications for understanding the depositional processes in mud-dominated

clinoform successions and the relationship between clinoform surface of different scales.
Clinoform development in relation to deltaic topsets

Prodeltaic deposits (FA2) are mainly characterized by heterolithic siltstone and thin turbidite
deposits (Fig. 6). Episodic deposition of thin-bedded turbidite beds over wide prodeltaic areas
is therefore interpreted to act as the main dispersal mechanism for sediment during delta
progradation. Turbidite deposits formed on the gentle prodeltaic slope (Fig. 18) are
interpreted to be deposited by hyperpycnal flows (cf. Plink-Bjorklund et al., 2001; Mulder &
Syvitski, 2003; Plink-Bjorklund & Steel, 2004; Bhattacharya & MacEachern, 2009; Lamb et
al., 2010) sourced directly from the distributary channels during delta progradation. This is
primarily based on sedimentary structures which indicate alternating waxing and waning flow
regimes in a series of turbidite beds (Fig. 61) and is supported by the fact that such deposits
are found stratigraphically below mouth bar and deltaic deposits in a normal regressive
upward shallowing sequence (Fig. 6). Alternatively, the subaerial delta could potentially have
been detached from the contemporaneous platform edge by a subaqueous delta (Fig. 3), but
core intervals from the prodeltaic succession in well 7222/11-2 do not show any distinct
storm deposits or pronounced offshore tidal bar deposits that suggest efficient redistribution
of sandstone from the subaerial to the subaqueous delta front (Patruno et al., 2015b; Poyatos-
Moré et al., 2016). Instead, the upward shallowing succession is dominated by silt, and most
of the very fine-grained sandstone is interpreted to be deposited by dilute low density flows
(Fig. 6G) and redistributed by longshore currents (Figs 6G and 7F) and occasional slumping
(Fig. 6F). This is interpreted to reflect delta progradation attached to its contemporaneous
distal bottomset, feeding hyperpycnal turbidite lobes directly from the river mouth without an

intermittent subaqueous delta staging area.

In the facies section above, well logs that penetrate discrete clinoform successions were
compared to the well log associated with the prodeltaic core interval in 7222/11-2 (Fig. 8F)
and these showed distinct similarities. In addition, the core interval from 7222/11-2 records a
normal regressive trend from prodelta to shallow marine and deltaic deposits which is
substantiated by the fact that seismic-scale channelized deposits are not observed close to the
platform-edge delta at any maximum regressive stage (Figs 16 and 17). The most distal 3D
seismic surveys (A and B in Fig. 1) in the study area have the lowest resolution (Fig. 2A), but
channelized deposits similar in thickness to FA5 in 7222/11-2 (Fig. 6) are still within the
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resolution threshold and would be expected close to the platform-edge in a scenario with
forced regression and incision (e.g. Posamentier, 2001). Smaller scale channels linking the
distributary channel to its terminal mouth bar deposits could exist below seismic resolution in
the most distal part of the delta system, but their potential presence is not diagnostic for
incision. Considering the normal regressive nature of the prodeltaic succession, combined
with the fact that clinoform geometries of the third-order and fourth-order are located directly
basinward of the prodeltaic core section (Fig. 9), it is reasonable to interpret the clinoform
successions to be composed of the same deposits as seen in core sections from the platform
(Fig. 19).

The present core material furthermore suggests that the turbidite deposits are close to or
below the lowest possible resolution threshold; this is substantiated by the comparably thin
turbidite deposits (up to 6.5 m) documented by Mark & Elvebakk (1999) from the distal parts
of the underlying Klappmyss Formation in the IKU-well (7323/07-U-06 to 7323/07-U-06-
08). This explains why no turbidite deposits are observed in seismic from the study area but
also illustrates that the present authors cannot draw conclusions based on their presence or
absence based on seismic data. Wells off-axis to the distributary channels indicate that there
are few obvious candidates for turbidite deposits in these northern and distal areas (for
example, 7324/10-1 in Fig. 8F, and 7324/7-1S and 7324/10-1 in Fig. 11). Contour currents
are instead interpreted to have facilitated reworking and lateral distribution of sediment (cf.
Rebesco et al., 2014), and the prodeltaic deposits recorded in this study thus reflect a mixture
of different processes: periodic currents (Fig. 6H) and slumps (Fig. 6F); occasional floods

(Fig. 61); and prevalent contour drift (Fig. 6G).

The coarsest material recorded from the basin centre (fine to medium-grained sandstone) is
found in mouth-bar deposits (FA3) of the A4 sequence in 7222/11-2 (Fig. 6E). It has been
deposited in the upper part of the conformable upward shallowing succession, more proximal
than the A4 shelf-edge delta (Fig. 19). These mouth-bar deposits are interpreted to have been
deposited by a flooding event in the distributary channel system, causing influx of sediments
which are coarser and more rapidly deposited than the tidally influenced channel deposits
(FADL) stratigraphically above (Fig. 6). The more fine-grained channel sandstone is clearly
separated from the mouth bar deposits by marine dominated coastal plain deposits (FA4, Fig.
6D) and suggests that a more stable distributary channel system was established after the
flooding event which deposited the mouth bar in the initial phase of delta lobe progradation
(cf. Slingerland & Smith, 2004). Shallow marine (FA3) deposits in the Kobbe Formation are

This article is protected by copyright. All rights reserved.



however typically more fine-grained, bioturbated and heterolithic than these mouth bar
deposits, suggesting a less catastrophic and weaker hydrodynamic regime (for example, Figs
5E and 7B).

Core data from the A4 sequence highlights pronounced proximal—distal trends within the
basin. Easternmost parts of the study area (IKU wells 7230/5-U-5 and 7230/5-U-5-6, Figs 5
and 8) and the southern Goliat wells (7122/7-3, Fig.7) contain abundant coal beds from the
coastal plain (FA4) and organic fragments in channelized deposits (FA5) in the upper part of
the sequence. Presence of coal deposits contrasts with correlative deposits in cored intervals
in well 7222/11-2 where the upper part of the sequence is mainly characterized by shallow
marine (FA3), exemplified by discrete mouth-bar and tidal deposits (Fig. 6). Lack of well-
developed coastal plain (FA4), but relatively thick shallow marine (FA3) and channelized
deposits (FA5), suggest that well 7222/11-2 cored more distal deltaic deposits than 7230/5-U-
1, 7228/3-U-1 and 7122/7-3 which are located further east and south in the basin.
Importantly, core material is not available from the uppermost part of the sequence, but low
and stable neutron porosity values combined with homogenous and high-density values in log
data (Fig. 6A) suggest the absence of coal horizons. The distal parts of the deltaic topset are
found in the central and western parts of the basin and are to a greater extent dominated by
marine interaction, and the shallow marine FA3 is the most common in the upper part of the
topsets (Fig. 6). This is consistent with higher degrees of tidal influence in the channelized
deposits (FA5) found in the distal part of the basin. Coal deposits with roots and palaeosols
indicate both subaerial exposure and less stressed environments in proximal, eastern and
southern parts of the study area, where coal formed in the periodic absence of marine

incursions and recurrent overbank flooding.

Deltaic systems of the Kobbe Formation are interpreted to be normal regressive with
increasingly more heterolithic and marine dominated deposits basinward on the delta plain, in
front of which discrete successions of clinoform geometries are found in each individual
sequence. Clinoform successions are dominated by fine-grained slope-apron turbidite and
contourite deposits with no pronounced subaqueous delta staging area in front of the

prograding delta, but with sporadic sub-seismic (less than 8.5 m) hyperpycnal flow deposits.
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Characteristics of clinoform geometries

The generally fine-grained clinoform successions of the Kobbe Formation comprise distinctly
different clinoform geometries which reflect different sequence stratigraphic units, or stages
in a series of transgressive—regressive cycles. Clinoform surfaces defining the upper and
lower boundaries of each third-order sequence are generally sigmoidal and vary between 150
m and 300 m in height (Figs 12 to 15 and 19) with foreset slope gradients of 1.7°. They are
thus of a similar scale as modern and ancient shelf-edge and shelf-prism clinoforms (Patruno
et al., 2015a). As indicated by abrupt deepening in well log trends (Fig. 11) compared with
stratal terminations of seismic reflectors (Figs 12 to 15), third-order clinoforms are
interpreted to form after discrete maximum flooding events at the transition between third-
order sequences defined by Glgrstad-Clark et al. (2011) when the normal regressive period of
the previous sequence is punctuated by significant landward displacement of the delta system
(Fig. 19A). These events of increased relative sea-level caused flooding and draping of the
underlying third-order sequence and gave rise to the sigmoidal clinoform geometries which
scale to platform clinoforms (Fig. 19A). These flooding events are similar to the second-order
MFES recorded in core from well 7230/5-U-5 (Fig. 5), and caused lower sedimentation rates
on the newly established shallow shelf as a natural consequence of the transgressive event
which shifted deposition landward (Fig. 20A). Sedimentation rates are interpreted to have
remained restricted until subsequent, gradual progradation of the delta (Fig. 20B and C).
Although the actual boundary between the third-order sequences is defined by a distinct MFS
event, the clinoform surface associated with this flooding and the clinoforms that conform to

this surface are together regarded as third-order clinoform surfaces.

Lack of seismically resolvable clinoforms in the topset above each sequence is interpreted to
reflect a very shallow prodelta gradient where several fine-grained slope-apron turbidite
deposits (for example, Fig. 6) are deposited progressively basinward over a wide area on a
shallow platform with restricted accommodation (cf. Galloway, 1998). Low gradients are
likely in a mud-dominated deltaic system (Patruno et al., 2015a). It is likely that some
sediment was transported to the platform-edge and beyond during prodeltaic sedimentation
on the shallow shelf, with increasing magnitude as the delta prograded progressively more
basinward (Fig. 20). The lower part of the Al sequence represents an exception (Fig. 19). In
this sequence, clinoform surfaces formed over a wider area, but are relatively low relief
compared with those developed in younger sequences (Figs 15A and 16). This is caused by
the available accommodation over the transgressed Klappmyss Formation: contrary to the
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platform areas created during flooding of third-order sequences within the Kobbe Formation,
there is enough accommodation to facilitate clinoform surfaces, but this accommodation is
still less than what is available in front of discrete platform-edge breaks in each successive

sequence.

Basinward of the parallel prodeltaic seismic reflectors, smaller-scale (100 to 150 m high)
fourth-order clinoform surfaces show oblique and complex sigmoidal geometries. These
fourth-order clinoform surfaces follow stratigraphically above and downlap onto third-order
clinoform surfaces within each third-order sequence, and are interpreted to reflect stacked
normal regressive prodelta lobes (for example, Figs 12 to 15). The fourth-order clinoforms
have approximately the same basinward dip angle as the underlying third-order clinoforms.
An apparent absence of topsets in the seismic data for the oblique and complex sigmoidal
clinoform geometries observed in the fourth-order clinoforms (for example, Fig. 13C) could
be interpreted to reflect restricted accommodation (e.g. Mitchum et al., 1977; Sangree &
Widmier, 1977; Catuneanu et al., 2009). Such an interpretation could therefore imply bypass
of some of the coarsest grained sediments available in the fluvial system to the delta front.
Although the efficiency of bypass might be mitigated in delta plains over 1000 km wide,
these oblique fourth-order clinoforms have therefore been suggested to represent discrete
shelf-edge deltas with bypass of sandstone to the delta front at the maximum regressive stage
of each third-order sequence (Glarstad-Clark et al., 2011). However, considering the lack of
evidence for relative sea-level fall and the fine-grained sediment supplied to the basin (for
example, Fig. 6), it is more likely that the oblique and complex sigmoidal clinoform surfaces
result from an increase in sediment supply rates in combination with tuning effects at the
interface between different clinoform surfaces and overlying deposits (Holgate et al., 2014;

Patruno et al., 2015a) rather than relative sea-level change or changes in grain size.

The present study thus suggests that the clinoform surfaces in the Kobbe Formation are
formed by two interconnected processes: (i) flooding of deltas in the underlying sequence
creates a condensed and sediment starved series of third-order clinoform surfaces (Fig. 20A)
which are interpreted to aggrade slowly in distal locations in response to limited influx of
sediment distal to the prograding delta, but progressively faster as the shallow shelf is filled
by sediments from the delta (Fig. 20B and C); and (ii) when the delta progrades across the
platform-edge into deeper waters created by the underlying sequence, fourth-order clinoforms
merge with the underlying third-order surfaces and prograde basinward together (Fig. 20D)
before the cycle is repeated by the next MFS (Fig. 20E). Third-order clinoform surfaces thus
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represent a flooding of the delta which is building fourth-order clinoform surfaces and also
represents the basinward equivalent for the following fourth-order deltaic surfaces. The two
orders of clinoform surfaces are distinct, but interconnected, and might therefore resemble
compound clinoforms (Swenson et al., 2005). In the Kobbe Formation, however, the different
scales of clinoform surfaces are created by changes in relative sea-level and progradation of

these different clinoforms seems to be controlled by supply directly from the subaerial delta.

Clinoform geometries in this mud-dominated formation developed due to increased
palaeobathymetric relief, and their development does not reflect a change in deposition
within the delta topset or a fall in relative sea-level — promoting platform-edge deltas and
bypass of sandstone. The prodeltaic deposits instead prograded at pace with, and were

sourced from, a network of distributary channel systems on the contemporaneous delta.
Southern versus south-eastern sediment source

Reservoir quality in the central south-west Barents Sea is generally poor compared with the
Goliat and Nucula discoveries along the southern margin (wells 7122/7-3 and 7125/4-1; Figs
1 and 5). Platform-edge delta interpretations implying sand bypass to the platform-edge and
beyond have caused an overly optimistic prognosis for sandstone accumulation in the Kobbe
Formation. Where reservoir scale sandstone deposits are encountered they are usually of
poorer quality than the sandstone of the Goliat Field (Tsikalas et al., 2017). This is primarily
due to how the more fine-grained, immature and mud-rich nature of sediments sourced from
the south-east (Bergan & Knarud, 1993; Mark, 1999; Eide et al., in press).

Nothing in the present seismic dataset can reveal the extent of sedimentary systems fed by the
southern provenance area (for example, Fig. 21B), but it is likely that these systems would
have linked with and fed into the south-easterly derived river systems in the
Anisian/Ladinian. The relative contribution and extent of the more mature southern system
could be investigated from petrography and provenance analysis (e.g. Fleming et al., 2016).
This is beyond the scope of the current study, but the poor reservoir quality in the 7222/11-2
well (Fig. 6) indicates that the sediment contribution from the southern provenance area was

negligible north of the Hammerfest Basin (ca 96 km from the margin, Fig. 21A).
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Despite deeper burial and more immature mineralogy, there exists some reservoir potential in
the basin interior. Mouth-bar deposits of FA3 in well 7222/11-2 show better reservoir
properties (¢ = 20%, K = 10 to 30 mD) than the channel sandstones of FA5 (¢ = 18%, K =2
to 8 mD) stratigraphically above (Fig. 6). This is due to coarser grained sediments with lower
mud content deposited by more fluvial dominated processes. The texture of these deposits is
more suitable for chlorite coating of grains which preserve pore space at depth (Line, 2015).
Pore-preserving chlorite coating is also associated with favourable reservoir properties in
fluvial channel belts in the overlying Snadd Formation (Henriksen et al., 2011; Line, 2015),
and it is natural to consider that the sedimentary texture favouring pore-preserving chlorite
coating in discrete mouth-bar deposits is related to similar depositional processes as more
proximal fluvial river systems. On the contrary, the hydrodynamic regime which dominates
tidally influenced distributary channel deposits favours deposition of finer grained sand and
mud with chlorite clays as a limiting factor for permeability (Line, 2015). Reservoir
properties of the south-easterly derived river system might therefore be expected to increase
proximally towards its provenance area where the hydrodynamic regime favours a

sedimentary texture that promotes pore-preserving chlorite coating.
Age constraints on sequences

Palynological data from Vigran et al. (2014) show relatively poor correlation to the sequences
defined in seismic and well log data. The four sequences defined by Glgrstad-Clark et al.
(2011) have only three counterparts in this playnological zonation, two of which are found in
the upper third-order A4 sequence. There are also large discrepancies between the
palynological zonation in wells listed in the study by Vigran (2014) and the zonation in
Paterson & Mangerud (2017). Furthermore, data from 7324/10-1 indicate an Olenekian age
for the Al sequence, which is not consistent with seismic and well log interpretations. This
suggests that the relative age constraint on sequences and correlation of palynological zones

within the Kobbe Formation needs to be scrutinized further.

DISCUSSION

Data and analysis presented above provides a better understanding of the depositional
processes behind the mud-dominated clinoform successions of the Kobbe Formation of the

Barents Sea, and provides a basis for comparing with and understanding similar deposits
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worldwide. Clinoform development can be considered in terms of process regimes controlled
both by autocyclic and allocyclic forcing factors, and three different stages of delta
development are summarized schematically in Fig. 22, approximately to scale. Deltaic
progradation occurred both on the platform (for example, Fig. 20B) and at the platform edge
(for example, Fig. 20D) and was probably interrupted by transgressive events (for example,
Figs 5 and 20A) in response to autocyclic avulsion. Large parts of the study area were prone
to marine inundation and bay deposits in interfluve areas (for example, Fig. 7B). Southerly
derived mature sediments probably formed alluvial fans close to the basin margin and fed
tidally influenced channels merging with and forced westward by the easterly derived system
across the Goliat Field (Fig. 7).

Frequent avulsions on the coastal plain were anticipated to have caused a uniform distribution
of sediment in the clinoform topset, but despite extensive 3D seismic coverage (Fig. 16) no
distributary channel systems are observed in the northern part of the present study area.
Although this could be related to issues with seismic resolution in these surveys (Fig. 2A),
well logs from this area are characterized by thin low gamma ray readings and no pronounced
prodeltaic or deltaic sandstone deposits (Figs 8F and 11). This contrasts with well logs further
south (Figs 3, 6 and 21), where channelized deposits are also observed in seismic closer to the
platform edge (Fig. 16). Sediment accumulation in the absence of fluvial input in northern
areas is interpreted to have been promoted by shore-parallel transport of suspended fine-
grained sediment from a southern riverine input (Fig. 6G), contributing towards more linear
platform-edge trends in these areas (Figs 16 and 18). Suspended sediments are readily
redistributed by shear forces on the platform (cf. Pirmez et al., 1998; Ogston et al., 2000;
Wright et al., 2001; Swenson et al., 2005) and are deposited basinward of the rollover
(Wright et al., 1989; Friedrichs & Scully, 2007). Preferential deposition immediately
basinward of the underlying rollover is seen at the maximum regressive stages of each
sequence in the Kobbe Formation (Fig. 22C), but limited bottomset thickness in all sequences

also indicates that the suspended sediments were not transported far basinward (Fig. 16).

Lateral transport of suspended sediment furthermore implies that the river mouth was
detached from major parts of its widespread depocentre along the contemporaneous platform-
edge (cf. Subaqueous Delta Clinoform in Walsh & Nittrouer, 2009), yet prodeltaic deposits
recorded here suggest sediment supply directly from the river without a distinct staging area
directly in front of the prograding system (Fig. 61). As explained above, accumulation of fine-
grained sediment on the prodeltaic platform and slope is therefore interpreted to have been
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primarily facilitated by dilute low-density flows as seen in the frequent thin bedded turbidite
deposits (Fig. 6H) in combination with contour currents (Fig. 6G) and additional fall-out
from the hypopycnal component of sedimentary plumes from the distributary systems
effluent (Wright et al., 1988; Fig. 22B). Basinward protrusions in the thickness trends of the
A3 and A4 sequences (Fig. 16C and D) also attest to this mixture of prodelta accumulation
and significant longshore drift. Protrusions formed where platform-edge deltas deposited
preferentially more sediment directly in front of the delta than was redistributed longshore
(cf. Proximal Accumulation Dominated in Walsh & Nittrouer, 2009), causing the platform-
edge to prograde further basinward in the south relative to the Hoop Fault Complex area

further north.

There is a clear and documented eustatic signal at the stage level (Miller et al., 2005),
separating the Kobbe Formation from overlying and underlying formations (Glerstad-Clark et
al., 2010). In the Anisian, four upward shallowing sequences have also been observed in
other basins (e.g. Gianolla et al., 1998; Embry, 2011) and the maximum flooding surfaces
that separate the distinct third-order sequences of Glarstad-Clark et al. (2011) might thus
represent a eustatic signal. Despite a significant difference in scale, both shelf-edge and
platform-edge deltas might form without a fall in relative sea-level if sediment supply is
sufficient (Burgess & Hovius, 1998; Carvajal & Steel, 2006; Carvajal et al., 2009), and it is
fair to assume that the smaller-scale platform-edge deltas studied herein prograded faster and
developed more rapidly compared with larger-scale shelf-edge equivalents (cf. Patruno et al.,
2015a). Relatively low rates of eustatic sea-level change are furthermore promoted by the
prevailing Triassic Greenhouse climatic setting (Semme et al., 2009), which facilitated a
relatively stable high-accommodation setting in which syn-sedimentary compaction and
subsidence in the deltaic topset could add to the accommodation. In addition to this, a gentle
delta gradient (Fig. 19) impeded transport of coarse-grained sediment to the delta front and
basin. The delta front thus remained relatively fine-grained and heterolithic even at discrete

maximum regressive stages (Fig. 20D).

Clinoform surfaces in the Kobbe Formation are therefore interpreted to represent normal
regressive mud-dominated platforms with a generally linear advance facilitated by longshore
currents (Fig. 22) accompanied by subtle protrusions at discrete sites of platform-edge deltas
(Fig. 16). Uniform and shallow water depths on the transgressed platforms probably
facilitated a more even distribution of prodeltaic sediments (e.g. Plint, 2014), preventing
discrete clinoform surfaces from forming (Fig. 21B). During progradation, continuous
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deposition at the delta front counteracted formation of deep, long-lived prodeltaic canyons on
the platform and at the platform-edge, instead promoting relatively thin chute channels and
multiple, unconstrained, thin low-density turbidite aprons on the slope (cf. Plink-Bjorklund et
al., 2001; Dixon et al., 2012) which might have been reworked by longshore currents (cf.
Rebesco et al., 2014). This explains the distinct lack of seismically resolvable turbidite
channels, while the presence of sporadic prodeltaic turbidite deposits (for example, Fig. 61)
suggest episodic hyperpycnal flows from distributary channels in the Kobbe Formation (cf.
Lamb & Mohrig, 2009; Lamb et al., 2010).

The present case-study demonstrates that shallow marine and prodeltaic deposits in high-
accommodation, mud-dominated successions are generally fine-grained and highly
heterolithic. Only minor sandstone deposits have been observed within the clinoform
successions, and these heterogeneities are primarily the result of autocyclic changes where
the limited sandstone input hinges on the presence of distributary channels which diminish in
volume proximal to the platform-edge delta. Reservoir-scale sandstone accumulations are
restricted to these distributary channels, and their reservoir properties are most favourable in
the proximal parts of the basin, either due to more mature provenance areas (as seen along the
southern margin of the basin, Fig. 7) or sedimentary textures favourable for pore-preserving
chlorite coating (as seen in the more fluvial dominated mouth-bar deposits in well 7222/11-2,
Fig. 6).

Fourth-order clinoform geometries are interconnected with more distal third-order clinoform
surfaces and develop in response to underlying bathymetry. Fourth-order clinoforms are
therefore encountered both in areas with and without indications for platform-edge deltas
(Figs 15D, 16 and 17) and the transition from third to fourth-order clinoform geometries
simply records the gradual filling of accommodation space and does not necessarily reflect

influx of sandstone to the delta front or basin.
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CONCLUSIONS

Clinoform successions in the mud-dominated Kobbe Formation consist predominantly of
siltstone deposited by contour currents interbedded with thin bedded dilute turbidite beds, but
also comprise sporadic prodeltaic turbidite sandstone sheets below seismic resolution. These
deposits are interpreted to be sourced directly from the delta front either on the platform or at
the platform-edge in response to normal regressive delta progradation. Contemporaneous
shore-parallel transport of suspended sediments facilitated deposition in areas without
pronounced channel networks and has resulted in widespread, linear platform edges. Deltaic
topsets show heterogeneous deposits which follow a predictable pattern towards less marine

influenced deposits in proximal parts of the delta plain.

Normal regressive progradation and heterolithic marine-influenced topset deposits indicate a
high accommodation setting. In such a scenario, there are few mechanisms favouring bypass
of coarse-grained material to the delta front and the best reservoir rocks are therefore
expected in the upper delta plain regions. Because of this sequestration and continual topset
accumulation, there are no direct relationships between oblique clinoform surfaces or areas of
increased isopach thickness and preferential sandstone accumulations in the Kobbe
Formation. However, more favourable reservoir properties are present in certain depositional
environments (i.e. in fluvial deposits prone to favourable chlorite coating which preserve
porosity and permeability during burial), and in general along the southern margin due to

shallower burial and a local, more mature source area.

Clinoform geometries formed in response to progradation of the mud-dominated delta across
the platform-edge of the underlying sequence and are thus the result of inherited bathymetry
rather than reflecting autogenic changes from mud-dominated to sand-dominated prodelta.
The transition from sigmoidal third-order clinoform surfaces to oblique and complex
sigmoidal fourth-order clinoform surfaces at discrete maximum regressive stages is caused by
increased sedimentation rates as the delta progrades across its underlying platform edge,
without changes in grain size or relative sea-level. Changes in geometries thus represent the

gradual transition between two interconnected depositional systems.
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