Marine and Petroleum Geology 112 (2020) 104082

Contents lists available at ScienceDirect

Marine and Petroleum Geology

journal homepage: www.elsevier.com/locate/marpetgeo

Research paper

Sedimentology and facies analysis of ancient sand ridges: Jurassic Rogn
Formation, Trgndelag Platform, offshore Norway

Check for
updates

z

Domenico Chiarella™”, Sergio G. Longhitanob, William Mosdell?, Donatella Telesca”

2 Clastic Sedimentology Investigation (CSI) — Department of Earth Sciences, Royal Holloway, University of London, Egham, United Kingdom
® Department of Sciences, University of Basilicata, Potenza, Italy

ABSTRACT

Sand ridges represent a common type of sedimentary bedform of modern shelves seldom used as analogues to interpret isolated marine sandbodies recognised in the
subsurface. Lack of extended literature on outcrop and subsurface examples limits the possibility for their recognition and seems one of the reason behind this
underrepresentation. The Draugen discovery made in the early 80's represents an unicum in the Trgndelag Platform, offshore Norway. After more than 30 years the
Froan Basin and Frgya High area are still underexplored and the Late Jurassic Rogn Fm play not well understood. Predicting reservoir distribution, and its internal
architecture and properties requires the understanding of factors controlling sedimentation (e.g. palaeocirculation, depositional processes). North-south elongated
sandbodies pertaining to the Rogn Formation are recognised in the Froan Basin and Frgya High encased within thick shaly deposits. Sandbodies develop above a
ravinement or flooding surface (i.e. Callovian Unconformity) of regional extent where local depressions occur with a non-erosional concave-up top. Depressions
representing the depositional loci for the accumulation of sand and development of the ridge. The presence of eastward and westward dipping reflections within the
sandbodies allows identifying their large-scale architectures. Sediments form coarsening-upward vertical units characterised by a shaly base evolving upwards to
medium- and coarse-grained sand forming tabular and trough cross strata. Locally, a fining upward trend characterised by plane-parallel stratification and coarse-
grained massive layers is recognised. Sediments results well organised and sorted, which positively affects final porosity and permeability with values up to 30% and
6 Darcy, respectively - typical values for many sand ridges. Accordingly, sand ridges encased within thick shaly deposits can form stratigraphic traps with the
potential for large hydrocarbon accumulations. The aim of the present study is to help the understanding of distribution, and internal architectures and properties of

the Rogn Fm in the Trgndelag Platform.

1. Introduction

The main depositional processes controlling sediment distribution
on shelf areas are tides, waves and storms being responsible for the
remobilisation and accumulation of sediments according to the main
longitudinal or transverse motion. Shelf sand bars, known also as sand
ridges, are typical bedforms of shallow continental shelves and coastal
regions (Kenyon et al., 1981; Dyer and Huntley, 1999; Snedden and
Dalrymple, 1999; Leva-Lépez et al., 2016; Michaud and Dalrymple,
2016; Leszczynski and Nemec, 2019) formed usually during transgres-
sive phases (Posamentier, 2002; Snedden et al., 2011) if sufficient sand-
size sediment is available and the hydrodynamic conditions are fa-
vourable (Swift, 1975; van den Meene, 1994). The typical evolution of
shelf sand ridges generally oriented subparallel to the prevailing cur-
rent with a progradational component almost perpendicular respect to
the palaeoshoreline (Suter, 2006; Snedden et al., 2011) makes com-
plicated (i) their recognition in the ancient record and (ii) spatial dis-
tribution prediction due to the presence of internal architectures easily
misinterpreted at seismic scale as shorefaces, or, more generally, coastal
prograding bodies (e.g. infralittoral wedges sensu Hernandéz-Molina
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et al., 2000).

Sand ridges are extensively documented on Quaternary shelves (e.g.
Belderson et al., 1982; Dalrymple, 1992; Reynaud et al., 1999; Le Bot
and Trentesaux, 2004; Liu et al., 2007; Snedden et al., 2011; Soo son
et al., 2012; Simarro et al., 2015), but recognition of ancient examples
in the subsurface or outcrop is not so obvious and only few examples
have been identified to date (e.g. Provan, 1992; Olariu et al., 2012;
Schwarz, 2012; Messina et al., 2014; Leva-Lopez et al., 2016). Seismic-
scale outcrop examples of sand ridges are limited in the literature al-
though in the last years several examples have been studied in different
settings (e.g. Siderno paleo-straits, Western Interior Seaway, West
Laurentia continental shelf) producing relevant knowledge advances on
the topic (Chiarella et al., 2012; Desjardins et al., 2012; Longhitano
et al., 2014; Leva-Lopez et al., 2016; Rossi et al., 2017).

The main reason for such lack of confidence in recognising ancient
sand ridges in subsurface and outcrop can tentatively be related to the
lack of well-defined and widely accepted facies models and clear re-
ference frameworks defining distinctive depositional architectures
(Leva-Lépez et al., 2016). Their detection seems less problematic in
modern shelves using high-resolution seismic data (e.g. sparker,
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unibbom, etc.) and cores. Studies have shown that the main diagnostic
character recognisable in seismic sections is the presence of internal
inclined reflectors with a typical angle ranging from 5 to 10° in active
ridges to less than 2° in moribund (inactive) ridges (Suter, 2006). In-
ternally sand ridges are organised with a typical coarsening-upward
vertical trend (Leva-Lopez et al., 2016), and can occur as either isolated
or vertically stacked bodies. Nevertheless, sand ridges distribution, and
relative prediction for exploration purposes, can still be problematic
when dealing with palaeoshelves where oceanographic conditions and
palaeogeographic settings are not fully defined.

The Trgndelag Platform (offshore Norway) is an important under-
explored hydrocarbon province located up-dip of a very prolific basin
(i.e. Halten Terrace) and characterised by a successful Jurassic play. In
particular, the syn-rift Upper Jurassic Rogn Fm can potentially host
significant oil resources (e.g. Draugen field) but sand distribution and
internal heterogeneities are difficult to predict over the entire platform
due to the current limited well penetrations. In the Trgndelag Platform,
the Rogn Fm has been interpreted as shallow marine sand bar (Provan,
1992), but detailed sedimentological analysis has not been so far per-
formed.

The aim of the present study is to characterise the distribution and
sedimentology of the Rogn Fm in the southern part of the Trgndelag
Platform (i.e. Froan Basin and Frgya High). Accordingly, using seismic,
wireline logs and core data, a geometrical- and facies-based approach
has been used to demonstrate as the depositional architectures and
sedimentological features match with the characteristic elements of
sand ridges.

2. Geological setting
2.1. Structural setting and evolution

The Trgndelag Platform is one of the major structural elements of
the Norwegian Sea and includes subsidiary elements like the Nordland
Ridge, Froan Basin and Frgya High (Fig. 1A; Blystad et al., 1995). The
Froan Basin is a NNE elongated Permo-Triassic basin filled with Triassic
and Jurassic deposits. It is ~250 Km long and ~50 Km wide and con-
sists of a set of half-grabens of alternating polarities along strike
(Blystad et al., 1995). The Basin is bounded towards the east by the
Vingleia Fault Complex in the northern and central sectors, and the
Frgya High in the southern one. The Frgya High is a ~120 Km long and
40 Km wide north-south trending structure located between 63°N and
64°30’'N on the mid-Norwegian Continental Shelf (Blystad et al., 1995;
Slagstad et al., 2011). The Frgya High is located south of the Halten
Terrace and is bounded to the west by the Ras Basin through the Klakk
and Vingleia Fault complexes and to the east by the fault structures of
the Froan Basin (Fig. 1A). During the Late Jurassic, the central and
southern portion of the Froan Basin and the Frgya High experienced an
uplift phase characterised by shallow-water deposition and erosion. The
top of the Frgya High consists of a flat Late Jurassic-Early Cretaceous
unconformity surface dipping gently towards west-northwest. Intern-
ally, the Frgya High consists of a granite basement clearly expressed by
a strong positive magnetic anomaly (Blystad et al., 1995).

The Frogya High experienced a long tectonic history possibly asso-
ciated with the Early Permian rifting episode (Blystad et al., 1995;
Surlyk et al., 1984), with the eastern flank active during the Late Per-
mian and Triassic, while on the western side, the major tectonic event
resulted in the Middle Jurassic-Early Cretaceous rift (Blystad et al.,
1995). Both western and eastern sides should be active during the Early
Cretaceous with the top unconformity suggesting exposure during the
same time interval Blystad et al. (1995) and producing the cannibali-
sation of the Middle Jurassic succession. Drainage of the Frgya High is
expected to have occurred towards both the west and the east away
from the uplifted crest with sediments redistributed along the eastern
margin up to the Froan Basin (e.g. Draugen Field area) and down-
thrown along the Klakk and Vingleia fault complexes into respectively
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the Rés Basin and Halten Terrace (Fig. 1A). The lack of sediment de-
position on the Frgya High between the Late Jurassic and Late Cre-
taceous suggests that it may have been subaerial or close to sea level at
that time (Bell et al., 2014). Palaeogeographic reconstructions (e.g.
Ziegler, 1988; Doré, 1992; Ngttvedt et al., 2006) suggest that during the
middle-late Jurassic the Trgndelag Platform was part of a 250 km wide
and 1500km long seaway separating the present-day Norway and
Greenland (Fig. 2A and B).

2.2. Stratigraphic framework

The Middle and Late Jurassic stratigraphy of the Norwegian Sea
represents the early syn-rift stratigraphic interval pertaining to the
Viking Group (Fig. 1B; Dalland et al., 1988), characterised by sandstone
reservoirs interbedded with source rocks and comprised either in stra-
tigraphic or structural traps (Koch and Heum, 1995). The Viking Group
is dominated by open-marine shale deposits (Melke and Spekk fms) as
response to the normal fault-controlled subsidence, which resulted in
drowning of the Halten Terrace area (Dalland et al., 1988; Swiecicki
et al.,, 1998). The Melke Fm (Bajocian-Oxfordian) is dominantly a
claystone deposit with siltstone and limestone interbeds, and sandstone
(Dalland et al., 1988). The Spekk Fm (Oxfordian-Tithonian) consists of
non-calcareous bituminous dark brown to dark grey shale with very
high organic content deposited under starved conditions (Dalland et al.,
1988; van der Zwan, 1990). Locally, around tectonic highs or structural
controlled depocentres, coarse-grained clastic successions accumulated
(Rogn Fm and intra-Melke Sandstone). The Rogn Fm (Kimmeridgian-
Tithonian?) occurs as lenticular units within the Spekk Fm. These units
consist of massive to bioturbated medium-to coarse-grained sandstones
with parallel- and cross-lamination with coarsening-upward grain-size
trends, interpreted as shallow marine sand bar deposits (van der Zwan,
1990; Provan, 1992).

2.3. The Rogn Formation

The Rogn Fm represents a sandstone dominated deposit encased
within the shaly Spekk Fm (Fig. 1B). Analysis of well data and 3D
seismic surveys across the mid-Norwegian Continental Shelf (i.e. Froan
Basin, Frgya High, Trgndelag Platform and Halten Terrace) suggests
that the Rogn Fm encompasses different depositional environments
(Fig. 2C) and that deposition was not synchronous across the area. In
the Froan Basin and Frgya High, the Rogn Fm developed in a shallow-
water environment (0-100 m depth) typically forming coarsening-up-
ward units. The lower interval of the unit consists of sandy shales
passing upwards to micaceous, fine-grained sandstones, whose primary
sedimentary structures are obliterated by the intense bioturbation
(Ellenor and Mozetic, 1986). Upwards, the unit is characterised by
generally structureless, moderately-to well-sorted, fine-to coarse-
grained sandstones, with scattered very coarse-grained clasts. This up-
permost interval is commonly bioturbated although cross stratifications
is locally recognised. Individual strata have gradational upper and
lower contacts or may be amalgamated forming several meters thick
strata-sets.

3. Database and methodology

Stratigraphic and sedimentological analysis has been conducted on
time-migrated 3D seismic dataset covering an area of ~1275km?, pe-
netrated by 13 wells (Fig. 2C). Each well contains an extensive and
consistent suite of wireline logs, including gamma ray (GR), neutron
porosity (NPHI) and bulk density (RHOB) logs, with a high-quality core
coverage from 4 wells (144 m of total core length). Conventional se-
dimentological logging has been used, with a bed-thickness measure-
ment accuracy of 0.5 cm (scale 1:50). Facies analysis has been carried
out based on lithology, grain-size and sorting, primary sedimentary
structures, bioturbation index (BI, Bann et al., 2008) and trace fossil
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Fig. 1. A) Map of the main structural elements defined in the Haltenbanken area (modified after Blystad et al., 1995). (B) Stratigraphic column for the Mid-
Norwegian shelf (based upon Dalland et al., 1988) highlighting the Triassic to Early Cretaceous stratigraphy. BCU: Base Cretaceous Unconformity; CU: Callovian

Unconformity.

assemblages. Facies have been grouped into facies associations. Facies
associations have been calibrated with correspondent wireline log
profiles, in order to determine their diagnostic log expression and re-
servoir properties. Data distribution allow us to have (i) the southern
area (i.e. Frpya High) covered by a 3D seismic survey and three wells
(only one of them located within the seismic survey), with cores cov-
erage over the Rogn Fm, and (ii) the northern area (i.e. Froan Basin)
covered by ten wells, including three cores over the Rogn Fm interval
(Fig. 2C). Finally, in order to reproduce a palaeotopography re-
presentative of the Upper Jurassic conditions effects of sediment com-
paction, thermal subsidence and post-rift fault reactivation discussed by
Bell et al. (2014) have been taken into account.

4. Seismic characterisation and distribution of the Rogn Fm

The syn-rift Upper Jurassic stratigraphic interval is defined by the
Callovian (CU) and Base Cretaceous (BCU) unconformities (Figs. 1B, 3
and 4A). The Callovian Unconformity is a sharp ravinement or flooding
surface related to a regional-scale uplift. The thickness of the interval
between the Callovian Unconformity and BCU remains constant except
for the presence of localised zones of thickness increase due to de-
pressions characterising the CU surface. These topographic lows seem
to represent a preferential locus of sedimentation for the Rogn Fm. The
Rogn Fm shows a cross-sectional asymmetric shape consistent
throughout the study area further characterised by the occurrence of
internal, either east or west oriented, dipping reflectors representing
accretionary surfaces associated with mechanisms of lateral migration
(Fig. 5). Deposits are elongated along a preferential NNE-SSW direction

parallel to the Late Jurassic palaeoshoreline (Fig. 2C).

The Rogn Fm has been mapped on 3D seismic data over the
southern portion of the Frgya High (Fig. 2C). Four NNE-SSW oriented
asymmetrical sandbodies referred to the Rogn Fm, and encased within
the Spekk Fm, have been mapped above the CU in the southern area
(Figs. 2C and 4). The sandboby 1 is the northernmost one and not
completely mapped due to its extension out of the area covered by the
available seismic survey (Figs. 2C and 4B). The sandbody is penetrated
by the exploration well 6306/6-1 and is ~5Km long (referred to the
visible mapped extension) and ~3.8 Km wide with a flattened thinning
bulge structure SE of the main body (Fig. 5A). The sandbody is ~93 m
thick in the well position corresponding to ~60 ms. The eastern edge of
the sandbody generally maintains a steeply dipping termination with a
marginally shallower western closure and an overall convex up shape
morphology. Internally, the east-west cross section shows high angle
westwards downlapping internal reflectors. The sandbody 2 shows a
lenticular morphology punctuated by small irregularities at the base
and top (Fig. 5B). The sandbody is ~8.2 Km long and ~3.7 Km wide
with a maximum thickness of ~55 ms. The main peculiar characteristic
is an elongated protuberance that stacks from the main body pinching
out towards the north. Internal downlapping reflectors migrate towards
the east. The sandbody 3 shows a pronounced concave base mor-
phology, and is ~4 Km long and ~3.5 Km wide (Fig. 5C). The typical N-
S elongated shape common to the other sandbodies is not so obvious in
this particular one. Internally, downlapping reflectors show an east-
ward migration marked by a lateral progradation of the body. The
sandbody 4 is the southernmost one, and is not completely mapped due
to its extension out of the area covered by the seismic survey (Figs. 2C
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and 5D). The internal reflectors downlap towards the east against a
steep surface with a pronounced aggradation style.

5. Facies analysis

Facies analysis has been carried out on core material available from
four wells (Fig. 2C). Based on grain-size variability and sorting, nature
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Fig. 2. A) Global palaeogeographic reconstruction of
the northern Hemisphere in the Late Jurassic period
150 Ma. (Deep Time Maps™) B) Schematic re-
construction of the seaway between Norway and
Greenland in the Late Jurassic, based on plate tec-
tonic reconstructions by Ziegler (1988) and Doreé
(1992). C) Reconstruction of a portion of the Nor-
wegian Sea during the Late Jurassic (Kimmeridgian)
across the Froan, Halten and Ras basins, and the
Froya High with used wells, and outline of seismic
data used. Scree apron deposits located along the
Klakk Fault Complex (KFC) and Vingleia Fault
Complex (VFC), and shallow marine sand ridges ac-
cumulated in the Trgndelag Platform (i.e. Froan
Basin and Frpya High) are represented.

of bed contacts, sedimentary structures, and degree of bioturbation,
three main facies associations (FA) have been identified.

5.1. Description

Deposits pertaining to the Rogn Fm lie conformably on top of the
fine-grained open/shelf sediments of the Spekk Fm (Figs. 6, 8 and 10).
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Facies can be grouped into three main facies associations (FA1, FA2 and
FA3) organised to form coarsening-upward trends up to ~40 m thick, in
turn capped by a fining-upward or blocky serrate interval up to ~20 m
thick.

Facies association FA1 represents the lower portion of the succes-
sion and consists of moderate to well-sorted fine-to medium-grained
sandstone containing plane-parallel stratification and ripples-to dune-
scale cross-stratification (Fig. 8D). Cross bedding is highlighted by the
presence of fine-grained laminae producing a rhythmic alternation.
Belemnite rostrums are scatterly distributed (Fig. 8C and D). Bio-
turbation is moderately to commonly present (BI = 1-3) and trace
fossils consist of vertical and horizontal burrows including Skolithos and
Planolites. FA1 is characterised by high upward decreasing GR values
(60-90 API) (Fig. 6).

Deposits of facies association FA2 gradually overlies facies asso-
ciation FA1. FA2 consists of well-sorted medium-to very coarse-grained
sandstone characterised by up to ~1 m thick tabular and trough cross-
strata (Figs. 8-10). Scattered granule-size clasts of quartz and glauco-
nite, and more rarely coal and lignite fragments occur (Figs. 9-11).
Facies association FA2 is locally highly bioturbated (BI = 4-5) and
trace fossils consist of vertical burrows including Diplocraterium and

Ophiomorpha (Figs. 8 and 10). Wireline logs of FA2 show a slightly
blocky to coarsening-upward shape with GR values higher than what
generally expected for well sorted sand (40-80 API).

Facies association FA3 is usually thinner respect to facies associa-
tions FA1 and FA2 except that in wells 6407/12-1 and 6306/6-1 where
it reaches a thickness up to ~30m (Figs. 6A and 7). It consists of
medium-to coarse-grained sandstone characterised by massive and
plane-parallel stratification rich in organic material (Fig. 11). Mudstone
intervals are also recognised in the wireline logs. These lithofacies
commonly alternate each other capping the cross-strata set of facies
association FA2. Bioturbation is moderately to commonly present
(BI = 1-3) in the coarse-grained intervals, and trace fossils consist of
vertical and horizontal burrows including Skolithos and Planolites. FA3
is characterised by a high GR (100-140 API) response (Fig. 6).

5.2. Interpretation

The correlation of sedimentological and wireline logs (Fig. 6) sug-
gests that the studied deposits of the Rogn Fm form mound-shaped,
broadly lenticular sandstone bodies roughly elongated in the north-
south direction. This feature may be indicative of accreting bedforms

Fig. 4. A) Structure map of the Callovian
Unconformity east of the Frgya High. B) 2D map of
the four sandbodies recognised in the Frgya High
area showing their plan view shape and maximum
extension as mapped in seismic. Important to note
that bedform 1 and bedform 2 extend outside the
available seismic survey. (see Fig. 2C for location).
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Fig. 5. Cross-sections of the recognised Upper Jurassic Rogn Fm sandbody showing their external lenticular shape encased within the Spekk Fm deposits. Sandbodies
are internally characterised by westward (A) or eastward (B, C, and D) dipping reflectors indicating the lateral migration of the sand ridges during their evolution.

characteristically elongated in one dominant direction typical of ridges
in modern environments (Snedden et al., 2011; Boyd et al., 2004).
Sediments are interpreted to have been deposited under currents
characterised by a strong unidirectional component, periodically
changing in strength and possible direction through time, as testified by
the rhythmical alternation of fine- and coarse-grained sandstone la-
minae. This type of alternation in sand-dominated deposits has been
interpreted by Longhitano and Nemec (2005) in Tortonian similar
successions exposed in southern Italy as evidence of modulated cur-
rents. Plane-parallel and ripple cross lamination (FA1) are interpreted
to be deposited by currents characterised by wave influence in inter-
ridge swales (Swift and Field, 1981; Liu et al., 2007). Currents were
interacting with waves forming long-crested vertically-stacked sub-
aqueous 2D and 3D dunes (FA2) as part of flow-aligned sand ridges. The
alternation of massive and plane-parallel lithofacies in bar capping
(FA3) indicates fluctuating wave orbital velocity (Komar and Miller,
1975) possibly including episodic erosion by storm waves (Clifton and
Dingler, 1984). The swales are thought to have funnelled the near-
bottom current, boosting it to the upper flow regime at tidal current
peaks producing plane-bed transport and considerable downflow by-
pass of sand (Messina et al., 2014). In this setting, mud and fine-grained
sediments are not typically deposited due to the persistent turbulence
related to the interaction of waves and strong currents (Montenat et al.,
1987; Keene and Harris, 1995; Longhitano and Nemec, 2005;
Longhitano et al., 2014). The presence of both horizontal and vertical
trace fossils corroborates the rhythmic alternation of weaker and
stronger currents respectively (MacEachern et al., 2012). Scattered
granule-size clasts, as well as the abundance of vertical escape traces
suggest high rate of erosion and sedimentation, justifying the upward
increase of the compositional maturity of sandstone, the scarce amount
of fine sediments, and the presence of irregular/erosional stratal dis-
continuities.

The presence of glauconite, and the very slow sedimentation rate
required for its formation could contrast with the strong unidirectional

currents necessary for the formation of sand ridges. According to Odin
and Matter (1981), a break in sedimentation of 10°-10° years is ne-
cessary for the formation of well-crystallized glauconitic micas. How-
ever, given enough time, sideritization of clay layers and clasts in sand
units within a ridge could occur after deposition and shallow burial
(Gaynor and Swift, 1988). Coal material suggests the presence of
paralic environments in close proximity of the depositional area. Trace
fossils assemblages can be referred to Skolithos and Cruziana ichno-
facies.

6. Petrographic composition
6.1. Description

Compositional analysis of the arenitic fraction of the Rogn Fm in the
Frpya High (wells 6307/7-U-02 and 6307/7-U-03) indicates a quartz-
feldspatic dominance (Qt53 F36 L11), rich in microcline in the lower
portion, with subordinate lithic fragments (Fig. 12). In order of abun-
dance, the lithic grains (L) consists of quartzite, gneiss, sedimentary
(e.g. chert) and volcanic rocks. Detrital clay minerals include kaolinite,
minor illite, and trace amount of chlorite (Goesten and Nelson, 1992).
Rare authigenic minerals comprising feldspar overgrowths with loca-
lised pyrite, siderite and calcite cements forming concretions are also
present. Common accessory heavy minerals are short prismatic to ta-
bulate euhedral and subhedral zircon, rutile, tourmaline, opaques,
garnet and apatite, and, in places, amphibole, staurolite and kyanite
(Mgrk and Johnsen, 2005. Garnet minerals locally form up to 8% of the
bulk volume. Petrographic data indicate a compositional change, from
the base to the top of the Rogn Fm, from arkosic to sub-arkosic sand-
stone (Fig. 12; Mgrk and Johnsen, 2005).

6.2. Interpretation

A dominance of the stable heavy minerals suggests an origin from
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Fig. 6. (A)Correlation panel over the Draugen Field (Froan Basin) with north-south (A) and east-west (B) orientations. Black bars indicate the extent of core intervals

plutonic source rocks. This is also supported by an apparent lack of
rounding: the zircons are short prismatic to tabulate euhedral and
subhedral, and with no distinct evidence of mechanical abrasion. In the
Draugen Field, reworking of Early and Middle Jurassic sediments has

been recognised in the Rogn Fm (van der Zwan, 1990). This indicates
that the main sediments source area was possibly related to fault uplift
along the western margin of the Trgndelag Platform, suggesting that
both crystalline basement rocks and Mesozoic sedimentary deposits
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Fig. 8. Core log of the Rogn Fm from well 6407/9-1. A) Cross-strata in coarse-
grained-sandstone. B) Fine-to medium-grained sandstones with Diplocraterion
(Di) and Skolithos (Sk) traces. C) Fine-grained sandstones showing a faint
plane-parallel lamination, Belemnite rostrum are present. D) Stratigraphic
contact between the Spekk Fm and the Rogn Fm. Rogn Fm characterised by
fine-grained laminae producing a rhythmic alternation. See Fig. 1 for location
and Fig. 11 for the key.

were involved in the erosion (Mork and Johnsen, 2005).

7. Reservoir characterisation

The Rogn Fm is generally characterised by petrophysical values
showing a coarsening upward pattern in the lower interval of the unit
followed by constant values producing a blocky shape in the middle and
upper intervals. In the Froan Basin, wireline logs penetrating the Rogn
Fm indicate the presence of a single unit up to 50 m thick (Fig. 6). The
combination of wireline logs and core data support the interpretation of
this unit as an individual prograding sand ridge. Conversely, in the
Frpya high well data indicate the presence of two coarsening upward
units (each up to 25m thick) capped by a fining upward interval
(Fig. 7). This interpretation is in agreement with the presence of mul-
tiple sand ridges characterised by a more complex internal organisation
than in the Froan Basin. Accordingly, the overall trend recognised in
well 6306/6-1 can represent the result of two vertically stacked com-
plexes possibly capped by deposits pertaining to inter ridge areas. Un-
fortunately, core material from the upper interval has not been re-
covered and thus is not possible to perform a detailed facies analysis.
Comparing the GR with the Vshale well-track of the borehole 6306/6-1
(Fig. 13), both logs correlate well with an increases in GR generally
being mirrored by the Vshale log and both showing varying values
throughout the formation. A strong negative separation has been ob-
served between the shallow and deep resistivity logs that persists
through the whole formation. Both shallow and deep resistivity make a
positive jump when a low GR and low Vshale is reached and resides to
background resistivity values when GR and Vshale increase again.
Vsand values produce extremely variable results with sand content
reaching 0% in some interval and increasing to a maximum of 81%.
These fluctuations are recognised only in well 6306/6-1 in the middle
of the formation with peaks and troughs generally being sustained over
short depth intervals. Beds with low sand content are ~1 m thick in
most cases.

The porosity and permeability logs correlate well with Vsand values
with fluctuations in Vsand being imitated across both permeability and
porosity well tracks. The permeability curve displays sharp deviations
from high to effectively values at contacts between high and low Vsand
responses. In the Draugen Field (Froan Basin), the Rogn Fm shows
porosity up to 30%, permeability up to 6 Darcy at a depth of ~1700 m.
In the Frgya High (well 6306/6-1), total porosity remains constant
throughout the formation with average value of ~24%. For this well,
effective porosity is ~10% less than total porosity, on average. The
difference between effective and total porosity is accounted for isolated
pores, which may indicate the presence of clay content. Prolonged high
porosity and permeability figures are recorded in correspondence with
thick high Vsand sections, which are locally marked by very high Vsand
values at their top and bottom limits. An average NTG of ~75% has
been calculated. Due to the unusually high GR readings in some of the
wells (e.g. 6306/6-1), NTG was not achieved using a GR cut-off value
but instead by analysing the Vsand content, in association with porosity
and permeability logs. In particular, intervals with > 30%
Vsand, > 0.05D and > 10% effective porosity were categorised as
sands. The elevated GR readings are likely to be related to the abun-
dance of K-rich minerals such as micas and glauconite. The negative
separation between the shallow and deep resistivity logs is interpreted
as response to fracturing and permeability.

m {MD})
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Fig. 9. Core log of the Rogn Fm from well 6407/9-5. Coarse-grained sandstone
characterised by the presence of coal layers and leaves fragments. Vertical trace
fossil (Skolithos) presents in the upper part of the core. See Fig. 1 for location
and Fig. 11 for the key.

8. Discussion

The Rogn Fm deposits indicate accumulation of sand in the shelf
area where patchy or isolated sand ridges developed (Snedden et al.,
2011; Desjardins et al., 2012; Leva-Lopez et al., 2016). Similar linear
sand ridges characterised by frontal growth and oblique lateral migra-
tion have been reported from different shallow marine depositional
environments including continental shelves, narrow seaways and
straits, coastal embayments and large estuaries (Caston, 1972; Swift,
1975; Swift and Freeland, 1978; Swift and Field, 1981; Huthnance,
1982; Harris et al.,, 1992; Liu et al., 2007; Chiarella et al., 2012;
Longhitano et al., 2014; Messina et al., 2014; Leva-Lépez et al., 2016;
Rossi et al., 2017). Recently, Hernandéz-Molina et al. (2018)
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documented sandy bedforms referable to sand ridges to deep marine
settings dominated by bottom-currents.

8.1. Paleogeography

Regional-scale paleogeographic reconstructions suggest that during
the Late Jurassic, sedimentation in the Norwegian Sea occurred in a
shelf condition as part of a seaway extending southwards from the open
Boreal Sea (Fig. 2B). Seismic analysis of the Rogn Fm in the study area,
supported by stratigraphic and facies analysis performed in available
wells and core material, suggests a sandy shallow marine depositional
system where tidal currents and storms were able to rework the en-
trapped sand into elongated bedforms. Main paleocurrent circulation
(northward versus southward) is still questionable due to the lack of
dipmeter data.

Latitudinal shifts in paleobiogeographic ammonite provinces can
provide an indication of the net seaway current directions in the
Jurassic (Bjerrum et al., 2001). In particular, Arctic influences on

6407/9-6

!

Fig. 10. Core log of the Rogn Fm from well 6407/9-6 showing medium-to coarse-grained sandstones organised into cross-strata. See Fig. 1 for location and Fig. 11 for

the key.

10



D. Chiarella, et al.

Marine and Petroleum Geology 112 (2020) 104082

claystone =

KEY

sandstone
silty/coal laminae | —

bioturbation

= plane-parallel lamination

siltstone | | indistinct cross-lamination

— trough cross-lamination

¢ bioturbation

ﬂ plant remains

@ belemnites
mud drapes

glc glaucony
Py pyrite

m (MD)
1176

IF

I

lE

1181

Ia

TwelF | M. C-UC;GR|
CLAY |SILT) SAND

6306/6-1

Fig. 11. Core log of the Rogn Fm from well 6306/6-1. A, B and D) Sharp contact between medium-grained and coarse-grained sandstone. The boundary is char-
acterised by the presence of vertical bioturbations. C) Coarse-grained sandstones showing indistinct inclined cross-lamination highlighted by silty laminae (black
arrows) and vertical trace-fossils. E) Fine-to medium-grained sandstones showing horizontal trace-fossils. F) Fine-to medium-grained sandstones with indistinct
inclined lamination highlighted by silty laminae (black arrows). See Fig. 1 for location.

seaway waters are indicated by faunal dominance and southward
spread of boreal ammonites and cooler climatic conditions inferred
from palynology and clay mineralogy. Conversely, Tethys-influenced
seaway waters may be inferred from the presence of sub-Mediterranean
fauna and indicators of warmer water/climate (Bjerrum et al., 2001).
Overall, the paleobiogeographic provinces of the Jurassic suggest that
southward-flowing seaway currents dominated in the Toarcian, Early
Callovian, latest Callovian to Early Oxfordian, late Middle and Late

11

Oxfordian, and in the Kimmeridgian (Bjerrum et al., 2001). In inter-
vening periods the currents flowed northwards or were blocked by very
shallow sills or land as in much of the Middle Jurassic. Accordingly,
although in the studied area northward-directed currents have been
proposed by van der Zwan (1990), the contemporaneous presence of
eastward and westward dipping internal surfaces (Fig. 5) suggests the
presence of southward paleocurrents as well. This condition is common
to large seaways where currents with opposite directions may co-exist
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Fig. 12. Ternary diagram showing the petrographic composition of the Rogn
Fm in the wells 6307/07-U-02 and 6307/07-U-03. Results show a general
quartz-feldspatic composition.

promoting the migration of bedforms accreting accordingly. Moreover,
enrichment in diagnostic heavy minerals recognised in core material
(i.e. 6307/7-U-02 and 6307/7-U-03) indicates a contribution from
slightly weathered metamorphic and igneous mafic rocks (located north
of Frgya High) suggesting a southward sediment transport (Mgrk and
Johnsen, 2005). Southward paleocurrents and current-dominated
sandstone bodies have been recognised also in the adjacent East
Greenland seaway (Surlyk, 1991; 2003) and documented in the Halten
Terrace in Middle-Jurassic (Bajocian-Bathonian) deposits of the Garn
Fm (Messina et al., 2014).

8.2. Sand ridges architecture

Integrated sedimentological and facies analysis using seismic and
core data allow to characterise the studied internal sandbody geometry
in terms of both large- and small-scale architectures. Seismic analysis
performed in the southern area shows how the sandbodies of the Rogn
Fm result completely encased within the thick marine mud interval of
the Spekk Fm. In particular, the Rogn Fm has a sharp basal ravinement
or flooding surface corresponding to the regional Callovian
Unconformity (Figs. 4A and 5). The Callovian Unconformity is char-
acterised by patchy distributed erosional depressions forming the se-
dimentation loci for the subsequent development and accumulation of
the sandbodies (Fig. 4A). The growth of a linear shelf ridge from a small
sea-floor perturbation, not necessarily elongated according to the future
ridge orientation, was first modelled by Huthnance (1982). In this
model, the bottom friction associated with the sea-floor depression
delays the upslope current more than it accelerates the downslope one.
Therefore, the transport of sand towards the ridge crest will be higher
than the off-ridge transport producing ridge growth dominantly over
ridge advancement (Reynaud and Dalrymple, 2012). Accordingly, the
characters of the Callovian Unconformity and the resulting palaeoto-
pography seem to represent a key factor in order to predict the dis-
tribution of the Rogn Fm in the Trgndelag Platform.

The top of the Rogn Fm is non-erosional with a convex up geometry
passing upwards to the Spekk Fm. The large-scale geometry of the
sandy deposits shows a lenticular shape in both N-S and E-W directions
(Figs. 5 and 14A). The sand ridges were formed slightly parallel to the
main palaeocurrent and palaeoshoreline (Fig. 2C). The bedforms are
characterised by the presence of dipping internal surfaces showing
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direction of lateral accretion at a high oblique angle relative to the
prevailing palaeocurrent direction (Fig. 5). The sandbodies thickness
show an asymmetry with gradual increase followed by a rapid decrease
towards the main direction of migration (Fig. 14A). Similar features are
visible at different scales in present-day examples (Fig. 14B and C). In
these modern sand ridges, strata are arranged to form single, or occa-
sionally multiple, vertically stacked coarsening-upward units covering
the entire thickness of the bedform (Fig. 6). Smaller bedforms are ty-
pically oriented at an oblique angle to the crests (Fig. 14C). Sediments
are organised into two-dimensional and three-dimensional dunes with
subordinate amount of plane parallel stratification and trace fossils
(Figs. 8-11, 14B and 14C). Modern examples of sand ridges show that
dunes developing on active ridges have orientations with angles of
~40° with respect to the ridge axis (Fig. 14B and C).

The development of sand ridge along the shelf can be related to
forced regressive and transgressive system tracts dominated by storms
or tides (Leva-Lopez et al.,, 2016 and references therein). Following
Snedden and Dalrymple (1999), conditions that seem to be necessary in
order to promote the development of sand ridges after the formation of
the Callovian transgressive ravinement (CU) are (i) pre-existing irre-
gularities in the seafloor topography, (ii) sufficient sand sediment
supply, (iii) presence of tidal and/or storm-driven currents able to re-
work sand-sized sediment, and (iv) sufficient time for the sand to be
moulded into a ridge or ridge field. Measured velocities of ridge-
forming currents are in the range of 0.5-2.5m/s (McBride, 2003). In
particular, bathymetric irregularities on the sea floor accelerate the
flow due to constriction. Analysis of modern examples shows that tidal
sand ridges may reach ~50 m in height with their width and length up
to 10 km and 180 km, respectively. Shallow seismic investigations re-
veal internal dipping reflectors having angles ranging from less than 2°
in moribund (inactive) ridges up to 5-10° in actively accreting ridges.
Ridges generally migrate with an oblique angle of ~20° in the direction
of the dominant regional current. Moreover, regardless the nature of
the currents generating the ridges (i.e. waves or tides), all ridges share
similar morphological external and internal architectures. The only
significant difference recognised studying present-day examples is that
tidal-built ridges are commonly more elongated respect to the main
current direction than storm-built ridges (Desjardins et al., 2012). Ac-
cordingly, the Rogn Fm deposits recognised in the Draugen Field,
bedforms 1 and bedform 2 could be potentially related to tidal-modu-
lated currents, while the bedform 3 to storms (Figs. 1 and 4B). Bedform
4 is not possible to be referred to any of the two proposed processes due
to its extension outside the area covered by the available seismic survey
(Fig. 4B).

8.3. Reservoir potentiality

Shelf sand ridges can represent a significant type of reservoir. The
process of ridge evolution and its development above a ravinement
surface after the transgressive phase, improve the sandbody properties
from a textural standpoint, which often positively affects subsurface
porosity and permeability (Snedden et al. 1999). The typically high
content of K-rich minerals like glauconite can have an impact on the
reading of GR respons that need to be taken into account for a correct
Net-to-gross evaluation. The Rogn Fm deposited in the Trgndelag
Platform represents a successful example of good reservoir. In parti-
cular, the Draugen Field discovered in 1984, and brought into pro-
duction in 1993, has produced as today around 147 million Sm3 o.e. of
the original recoverable reserves, with ~3 million Sm3 o.e. re-
presenting the remaining reserves (NPD, 2019). Moreveor, petrophy-
sical analysis suggests that the Rogn Fm reservoir properties are good in
the sandbody tested in the Frgya High as well. That suggests that sand
ridges represent an underestimated type of reservoir in the Trgndelag
Platform worthy of further attention.
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Fig. 13. Set of wireline logs for the well 6306/6-1 showing the main properties and patterns in the Rogn Fm interval (Frgya High).

9. Conclusions

The Upper Jurassic syn-rift Rogn Fm deposited in the Froan Basin
and Frgya High, Trgndelag Platform, offshore Mid-Norway represents a
good example of sand ridges developed along an ancient continental
shelf. 3D seismic reflection, core and wireline log data allow us to in-
vestigate their architecture as well as their sedimentological and re-
servoir properties. The principal results of this study are as follows:
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e Sandbodies seems to have been controlled by the geometry pro-
duced by the Callovian Unconformities suggesting that the palaeo-
topography played a crucial role in favouring the enucleation of the
sandbodies in their embryonic phases. This aspect is extremely im-
portant during the exploration phase because it can highlight areas
characterised by the presence of a potential reservoir.

e Although palaeocurrent towards the north have been reported for
the Draugen Field deposits, regional-scale distribution of
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Fig. 14. —-A) Depth map of the Top Rogn reservoir (Draugen Field) highlighting the lenticular shape of the sandbody as recognised in the Frgya High area (see Fig. 5),
and N-S profile along the Draugen sand ridge. B) Satellite image of a modern sand ridge (Banc d'Arquin, France) showing plan view geometry comparable with what
recognised in the Draugen Field and bedforms 1-4. C) Bathymetric profile and multibeam echosounder bathymetry of tidal bedforms (Breaksea Shoa, Australia)
showing the typical vertical profile along a sand ridge. 3D image of a 150 m long nuclear submarine is shown for scale (Image courtesy of Ron Boyd).

paleobiogeographic ammonite provinces as well as variation in the
mineralogical composition of the Rogn Fm from suggest a south-
ward direction of main sediment transport during the Middle
Jurassic, as identified in the Kristin Graben (Halten Terrace).

The architecture of the Rogn Fm shows a lenticular shape with a
convex-up top where the sandy deposits result encased within a
shale unit (Spekk Fm). Internally, they are characterised by dipping
reflectors recording the lateral migration of the ridge during the
growing phases. The external shape of the sandbodies (elongated
versus rounded) could be related to the main process controlling the
distribution of sand. Analysis of present-day examples suggests that
the elongated ones are typically related to tidal currents whilst the
rounded ones to storms.
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e Core analysis shows that sediments form coarsening-upward units

characterised by a shaly base evolving upwards to medium- and
coarse-grained tabular and trough cross strata. However, when the
crest of the ridge developed under the influence of high-energy
processes, an alternation of plane-parallel stratification and coarse-
grained massive layers occurs.

From a reservoir point of view, sediments result well-sorted posi-
tively affecting the final porosity and permeability and NTG. In the
Draugen Field, the Rogn Fm shows values of porosity and perme-
ability up to 30% and 6 Darcy respectively, supporting the inter-
pretation that sand ridges represent excellent reservoirs.

® Seismic-scale outcrop analogues are important to better understand

the sub-seismic stratigraphic architectures and facies distributions,
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and may help to further characterise and broaden our understanding
of the risks associated with the exploration of subsurface sand
ridges.
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