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A B S T R A C T

The relationship between diagenetic evolution and reservoir quality in large-scale Middle – Late Triassic aged
channel systems (up to 20 km wide) in the southwestern Barents Sea is investigated through core plug data, XRD,
SEM- and modal analyses. The studied channel systems are likely sourced from the southeastern Uralide
mountain range and are characterized by chemically unstable clastic sediment and well-developed, porosity-
preserving chlorite coatings. Chlorite coatings occupy potential quartz nucleation sites on the framework grain
surfaces and likely prevent significant chemical compaction in deeply buried sandstones. Porosity-reduction is
believed to follow mechanical compaction trends of similar sandstone compositions. Modelling and prediction of
porosity preservation in Middle - Late Triassic channel sandstones in the study area is therefore possible, if
temperature histories and sandstone compositions are well constrained.

The tidally influenced channel and fluvial-dominated channels in this study show significant variation in
reservoir quality. These differences are found to be linked to amount of allogenic matrix and grain size, which
significantly reduces the permeability in the tidally influenced channel. If seismic distinction between different
channel types is impossible, the distribution of permeability is considered unpredictable.

Chlorite coatings in the investigated channels are interpreted to be diagenetic overprints of a precursor clay
phase, which appears to have a strong link to the Uralian provenance. Coating precursor emplacement likely
occurs prior to significant burial, but the exact physical conditions enabling this process remain elusive without
systematic laboratory and analogue studies.

1. Introduction

Chlorite coatings are responsible for preserving anomalously high
porosities in deeply buried Middle – Late Triassic sandstone reservoirs
in the structurally complex southwestern Barents Sea. Efficient inhibi-
tion of quartz nucleation on detrital grain surfaces retard the onset of
significant chemical compaction, making these sandstones a unique
natural laboratory for studying mechanical compaction in siliciclastic
sandstones at various burial depths.

Channel sandstone systems sourced from the Uralian Orogeny have
been the subject of intense petroleum exploration and research cam-
paigns in the southwestern Barents Sea during recent years, with a well-
defined sequence stratigraphic framework being established (Glørstad-
Clark et al., 2010, 2011; Klausen et al., 2014, 2015; Eide et al., 2017;
Haile et al., 2017). Despite optimistic predictions from Norwegian state
authorities (Directorate, 2016), recent exploration well results have
proven disappointing due to key risk factors such as reservoir quality,
hydrocarbon charge and migration and seal capacity. Differential uplift

and chemically unstable sandstone composition challenge the estab-
lished prediction methods. Increasing the ability to predict the presence
of high-quality reservoirs units prior to drilling has great economic
potential. Chlorite coating development has been described in multiple
publications from laboratory studies (Matlack et al., 1989; Aagaard
et al., 2000; Haile et al., 2015) and natural sandstones all over the
world (Ryan and Reynolds, 1996; Billault et al., 2003; Gould et al.,
2010; Dowey et al., 2012), but few published studies describe chlorite
coatings in Triassic channels in the southwestern Barents Sea in detail
(Haile et al., 2017).

This paper investigates the diagenetic evolution and reservoir
quality of Middle – Late Triassic channel sandstones of the Kobbe and
Snadd formations (Fig. 1b), and evaluates the predictability of high-
quality sandstone reservoirs within the Triassic petroleum play in the
southwestern Barents Sea. The origin, distribution and emplacement of
chlorite coatings are also discussed. Results from this study may provide
useful input for modelling of compaction in chlorite-coated sandstones
with chemically unstable compositions.

https://doi.org/10.1016/j.marpetgeo.2018.05.025
Received 13 April 2018; Accepted 28 May 2018

∗ Corresponding author.
E-mail address: l.h.line@geo.uio.no (L.H. Line).

Marine and Petroleum Geology 96 (2018) 348–370

Available online 01 June 2018
0264-8172/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/02648172
https://www.elsevier.com/locate/marpetgeo
https://doi.org/10.1016/j.marpetgeo.2018.05.025
https://doi.org/10.1016/j.marpetgeo.2018.05.025
mailto:l.h.line@geo.uio.no
https://doi.org/10.1016/j.marpetgeo.2018.05.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpetgeo.2018.05.025&domain=pdf


2. Geological background

The Norwegian sector of the Barents Sea includes the area bordered
by the Norwegian mainland to the south, the deep Atlantic Ocean
margin to the west, the Svalbard archipelago to the north and the
Norwegian-Russian maritime delimitation line as its eastern boundary
(Fig. 1c). In contrast to the large and deep sag basins characterizing the
eastern Russian sector, the western Norwegian Barents Sea region is
characterized by a complex mosaic of structural highs, platforms and
basins bound to the west by a continental margin (Fig. 1b). The present
basin configuration is the result of two major tectonic phases post-
dating the compressional movements that prevailed during the Cale-
donian Orogeny, and subsequent rescission and erosion (Henriksen
et al., 2011).

During Late Devonian to mid-Permian, intra-cratonic rifting re-
sulted in the development of deep basins, such as the Nordkapp and
Sverdrup Basins, along weakened crustal sutures inherited from the
Caledonian Orogeny. The latitudinal position of the Barents Shelf at the

time facilitated arid conditions, and the deep basins were filled by thick
evaporate and carbonate deposits. The shelf experienced regional sub-
sidence and increased clastic sedimentation during the Middle Permian,
as a response to the Uralide hinterland development in the east
(Ronnevik et al., 1982).

Decreasing subsidence rates and cessation of major tectonic events
characterize the Triassic period, and post-Permian transgression created
accommodation space on the shelf (Lundschien et al., 2014). Several
sequences of major deltaic progradations towards northwest filled the
basin during the Triassic and Early Jurassic, where sediments deposited
on the southwestern Barents Shelf likely originated from the southern
Caledonian and southeastern Uralian provenance regions (Glørstad-
Clark et al., 2010, 2011; Høy and Lundschien, 2011; Anell et al., 2014;
Bue and Andresen, 2014; Klausen et al., 2015; Eide et al., 2017).

The distribution of high-quality Triassic sandstone reservoirs, typi-
cally bearing a Caledonian provenance signature, appears to be re-
stricted to the southern Hammerfest Basin and the Finnmark Platform
margins (Fleming et al., 2016). Remaining areas on the southwestern

Fig. 1. a) The greater Barents Sea region
(yellow frame) covers an area of approxi-
mately 1.3 million km2 (figure modified
Google Earth, 2016). b) Simple strati-
graphic chart of the Triassic period in the
southwestern Barents Sea, modified after
Mørk et al. (1999). Cored sections used in
this study cover the Anisian Kobbe and the
Carnian Snadd formations, indicated in
yellow frame. c) The well database is lo-
cated in the southwestern part of the Nor-
wegian Barents Shelf. Figure modified from
NPD Factpages and Worsley (2008). Red
and blue frames indicate the position of
Fig. 2a and b. (For interpretation of the re-
ferences to color in this figure legend, the
reader is referred to the Web version of this
article.)
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Barents Shelf are dominated by Triassic sediments with a Uralian sig-
nature (Bergan and Knarud, 1993; Mørk, 1999; Fleming et al., 2016;
Haile et al., 2017). Extensional tectonism during the mid- Late Jurassic
generated deep, anoxic basins along the present-day Norwegian con-
tinental shelf, which facilitated deposition of organic-rich source rocks
from the southern North Sea Basin to the Barents Sea Basin in the north.
This Kimmeridgian rifting eventually led to the development of the
Euramerican Basin at the northern margins of the Barents Shelf, ac-
companied by widespread magmatism and uplift of the northern flank.
The opening of the Norwegian-Greenland Sea led firstly to uplift and
erosion throughout the Late Cretaceous, which was followed by a
transpressional and subsequent transtensional regime across the shelf
during the Cenozoic (Worsley, 2008; Henriksen et al., 2011).

Cenozoic strata are absent on platform areas (e.g. Finnmark and
Bjarmeland Platforms), at parts of the Loppa High and generally in the
northeastern regions of the Barents Sea. Truncated Cretaceous strata
below Quaternary sediments indicate a significant regional erosional
hiatus, likely associated with the opening of the Norwegian-Greenland
Sea and post-uplift glaciations in Late Pliocene-Pleistocene. Rocks in the
uplifted regions are currently not at their maximum burial depths
(Henriksen et al., 2011; Baig et al., 2016), and the net erosion in the
southwestern Barents Sea has been estimated to range from 0.7 to
3.5 km, with significant local variations within the basin (Cavanagh
et al., 2006). An overall increase in net erosion magnitude towards east
and northeast is observed (Baig et al., 2016). The estimated geothermal
gradients of the southwestern Barents Sea, calculated based on present-
day bottom hole temperatures (BHT) and drilling stem tests (DST) are
31 °C and 38 °C, respectively (Smelror et al., 2009).

For a thorough review of the tectonic history of the Barents Shelf,
the reader is referred to Rønnevik et al. (1982), Faleide et al. (1984),
Gabrielsen et al. (1990), Gudlaugsson et al. (1998) and recent revision
studies by Worsley (2008), Glørstad-Clark et al. (2010), Glørstad-Clark
et al. (2011), Høy and Lundschien (2011) and Henriksen et al. (2011).

2.1. Anisian sedimentation - Kobbe Formation

The Anisian Kobbe Formation on the southwestern Barents Shelf
comprises four coarsening upward clinoform sequences, each separated
by three discrete maximum flooding surfaces (Glørstad-Clark et al.,
2010; Klausen et al., 2017b). The clinothems contain records of con-
formably stacked facies associations ranging from organic-rich offshore
marine to shallowing upwards deltaic successions. Anisian clinoform
surfaces likely developed after repeated gradual progradations of plat-
form deltas punctuating the overall transgressive trend that persisted
throughout the Early Triassic in the western Barents Sea (Worsley,
2008; Klausen et al., 2017b). Previous studies have concluded that
Anisian sediments in the western and central basin are derived from the
southeastern Uralian Provenance, whereas deposits located in areas
south of the Loppa High have a prominent Caledonian signature (Mørk,
1999; Bue and Andresen, 2014; Fleming et al., 2016). The seismic at-
tribute map in Fig. 2a shows the geometry of a 1–2 km wide, late An-
isian channel located on the Loppa High. The channel is interpreted as a
slightly amalgamated distributary channel in a distal position on a mud-
rich delta, where the deltatop gradient is low and tidal influence is
expected to migrate several kilometers upstream (Klausen et al.,
2017b). This is also reflected in palynological signatures from the
Nordkapp Basin, where Hochuli and Vigran (2010) found a slightly
higher marine influence in the Anisian/Ladinian Kobbe Formation in-
terval compared to the overlying Snadd Formation. Early Triassic cli-
matic records indicate a moderately humid climate (Mangerud and
Rømuld, 1991) and both warm temperate and cool temperate char-
acteristics for high latitudes (Ziegler et al., 1994).

2.2. Carnian sedimentation – Snadd Formation

The western Barents Sea region developed from a marine shelf in

the Anisian to a paralic platform in the late Carnian (Høy and
Lundschien, 2011). Kapp Toscana sediments range from Ladinian to
Bajocian/Bathonian in age and are characterized by coarser-grained
sediments compared to underlying units (Vigran et al., 2014). The
Snadd Formation represents a time-transgressive unit that developed as
marginal marine deposits on top of the prograding shelf clinoforms
during Ladinian (Riis et al., 2008). Regional sequence stratigraphic
development of the Snadd Formation was thoroughly investigated by
Klausen et al. (2015) and facies associations ranging from offshore shale
through shallow marine to fluvial regimes were described. Most sedi-
ment derived from the southeastern Uralian source and was transported
into the basin via large-scale (5–20 km wide) channel systems during
periods of platform emergence (Glørstad-Clark et al., 2011; Klausen
et al., 2014). A variety of fluvial seismic geometries have been docu-
mented by Klausen et al. (2014), including point-bar systems in high-
sinuosity, meandering channel belts and low-sinuosity, ribbon channel
fills, as exemplified in Fig. 2b. It is possible that the northern extension
of the Ural orogeny, Novaya Zemlya, became a source area for sedi-
mentation on the Barents Shelf in Middle Triassic (Mørk, 1999). Geo-
metries and spatial distributions of Carnian aged De Geerdalen For-
mation channel deposits on the Hopen island was studied by Klausen
and Mørk (2014) and Lord et al. (2014). These authors documented a
combination of massive, highly cross-stratified, laterally accreting
sandstone bodies representing fluvial deposits, and heterolithic, stacked
channel systems indicative of a tidally influenced paralic depositional
environment. Several smaller channel bodies were also recognized and
interpreted to represent a distributive part of the delta system.

Seismic offlap break trajectories strongly indicate a general ag-
grading to slightly prograding depositional style with a gentle platform
slope (Høy and Lundschien, 2011; Glørstad-Clark et al., 2010, 2011).
Thus, repeated cycles of sea level rise and fall would likely submerge
and emerge areas on the Triassic platform over several hundred kilo-
meters inland. Brackish- and fresh water green algae have been docu-
mented in the Nordkapp Basin from the Anisian/Ladinian to Late Car-
nian intervals (Hochuli and Vigran, 2010). The Carnian stage is divided
into an early Carnian dry period and a late Carnian humid and warmer
period, abruptly separated by the “Carnian pluvial event” (Hochuli and
Vigran, 2010; Mueller et al., 2016). Calcite nodules, hematite and
goethite has been documented in Carnian palaeosols, which suggests
seasonal variations in soil moisture, potentially related to fluctuating
groundwater levels (Stensland, 2012; Enga, 2015; Haugen, 2016).

3. Materials and methods

3.1. Dataset

The study is based on core material from the Anisian Kobbe and
Carnian Snadd formations in five wells located within different basin
configurations in the southwestern Barents Sea (Fig. 1b-c, Table 1).
Parameters investigated during sedimentological logging of the core
material were lithology, grain sizes, sedimentary structures, unit
thicknesses and unit boundaries.

3.2. Sample preparations

Six samples from the Kobbe Formation and 49 samples from the
Snadd Formation were collected from facies interpreted as fluvial
channels with varying degree of tidal influence. Where possible, sam-
ples were collected close to intervals previously sampled for core plug
analyses. Thin sections were prepared at the Department of Geosciences
(University of Oslo) and all sandstone samples were prepared for
powder X-ray diffraction (XRD). Consolidated rock samples were cru-
shed down to smaller particles in a mortar and later milled in a
McCrone micronizer for 12min, using 3 g of sample material liquidized
in 9ml ethanol. The micronized material was left to dry overnight in a
cupboard heated to 50 °C. The dried material was carefully loaded in a
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sample holder, ensuring a random orientation of the particles. A D8
Bruker Powder X-ray diffractometer was used to collect data from 2 to
65 °2θ with a step size of 0.01° and a count time of 0.3 s per step.
Instrumental parameters for the D8 Bruker device are listed in Table A1
in Appendix. Scanning electron microscopy (SEM) analyses were con-
ducted in the Department of Geosciences at the University of Oslo, on a
subset of 11 samples representing channelized deposits from both
Kobbe and Snadd formations. A JEOL JSM-6460LV scanning electron
microscope equipped with LINK INCA Energy 300 (EDS) and a standard

wolfram filament of 15 kV from Oxford Instruments was used during
this study.

3.3. Mineral quantification and distribution

Relative quantification of mineral phases from X-ray diffraction data
was modelled and analyzed using Rietveld refinement through the
software BGMN-Profex (raw data presented in Appendix). Due to
complexity in clay mineral structures, quantitative measurements of

Fig. 2. a) Palaeogeographic reconstruction of the fourth Anisian sequence after Klausen et al. (2017b), seismic attribute map of the Kobbe Formation channel at
Loppa High investigated in this study (Langlitinden survey) and associated interpretation after Klausen et al. (2017b). b) Reconstruction of the southwestern Barents
Shelf during the third Carnian sequence, after Klausen et al. (2015). RGB-blended spectral-decomposition volume from the Caurus survey (with interpretation) and
RMS attribute map from the Ververis survey show various Carnian channel signatures at Loppa High and the Bjarmeland Platform (Klausen et al., 2014, 2015). Red
dashed lines indicate the approximate northern distribution limit of the Caledonian sand type, as proposed by Fleming et al. (2016). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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specific clay phase abundances from bulk XRD results have to be treated
with care based on these analytical approaches.

Mineralogical and textural characteristics were described through
modal analysis on 400 counts per thin section. Compositional variations
are illustrated in quartz-feldspar-lithics (QFL) diagrams, where mono-
granular grains (e.g. quartz, K-feldspars, plagioclases, biotite, musco-
vite) are distinguished from polygranular grains, termed lithic rock
fragments (e.g. microcrystalline chert, igneous/volcanic epiclasts, mica
schist and recycled sedimentary rocks). Completely dissolved and re-
crystallized framework grains, termed pseudomorphous replacements,
were treated as part of the rock fragment assembly. Distribution and
amount of allogenic matrix, authigenic minerals (e.g. quartz, chlorite,
kaolinite, illite and various carbonate minerals) and intergranular
porosity were also quantified through modal analysis.

The longest axis of> 100 grains were measured in each sample to
produce grain size distribution plots, and the sorting parameter was
calculated from the grain size measurements using the standard de-
viation method after Folk (1980). Grain contacts of> 100 grains were
investigated using the visual comparator after Santin et al. (2009) in
order to qualitatively evaluate the degree of mechanical compaction in
the sandstone samples.

3.4. Characterization of clay mineral morphology and chemistry

Secondary electron (SEI) and back-scattered electron (BEI) analyses
were conducted on gold-coated stubs and carbon-coated thin sections
using the JEOL JSM-6460LV scanning electron microscope. Elemental
mapping analyses were also conducted on carbon-coated thin sections.
Elemental distributions of Si, Al, Fe, Na and K were particularly in-
vestigated.

3.5. Reservoir quality evaluation

Porosity and permeability values from core plug analyses were ob-
tained from the Diskos National Data Repository by the Norwegian
Petroleum Directorate and compared to petrographic observations from
modal analyses. Interpretations following comparisons between core
plug data and petrographic data must be treated with care, as one is
comparing 3D volumes with 2D sections. Helium porosity and hor-
izontal permeability for liquids were used as reservoir quality para-
meters for the channelized sandstone samples. The cut-off values for
reservoir quality evaluation are presented in Table 2.

4. Results

Sedimentary and petrographic characteristics of the cored Kobbe
and Snadd Formations channels are described separately, followed by a
section documenting clay fraction characteristics.

4.1. Anisian Kobbe Formation

4.1.1. Sedimentological characteristics of the cored section
Description: The Anisian core interval from well 7222/11-2 drilled at

the Loppa High and shown in Fig. 3, covers a 23-m thick succession of
silt and very fine sandstone. The lower 3m comprises grey shale with
thin silt stringers, minor bioturbation and abundant siderite nodules.
An 18-m thick unit of very fine to fine sand overlies this unit with an
erosive base. Frequently occurring mud clast intervals and cm-scale
mud layers are present. Layers of siderite clasts also occur in this unit,
notably at the base and in the upper part. The sandstone fines upwards
to silt and the unit is overlain by an interval consisting of laminated
clay deposits.

Interpretation: The fine-grained deposits in the lower part of the
cored succession represent deposition of hypopycnal sediments. Lack of
sedimentary structures and bioturbation indicate restricted current
conditions and marine influence. The presence of siderite concretions
found within the shale are indicative of fresh-to brackish water condi-
tions (Woodland and Stenstrom, 1979) and suggest proximity to a flu-
vial outlet facilitating supply of Fe2+. An interfluvial bay environment
is interpreted for this part of the succession. The frequency of mud clast
layers might reflect channel instability. The uppermost heterolithic and
plane-parallel laminated shale is interpreted as representing tidal flat
and floodplain facies deposited in a delta top environment.

4.1.2. Petrographic character of the Anisian channel
Samples recovered from the Anisian channel show an abundance of

quartz and plagioclase, comprising 65–85% of the bulk volume (Fig. 3).
Microcline is observed in small amounts (averaging at 1.5%). The most
common clay minerals are chlorite and muscovite/illite, and the con-
centrations of kaolinite range from 0 to 11% of the bulk sample. The
total clay mineral content of the bulk sand appears to increase in
sandstone intervals containing large mud flakes. Where present, siderite
and calcite account for< 1.5% of the bulk. No traces of igneous mi-
nerals (e.g. pyroxene, amphibole, epidote, fluorapatite) were en-
countered in these samples.

The channelized Anisian sandstone is classified as litharenithic
(Fig. 4a). The framework is primarily composed of moderately well
sorted fine to very fine sand grains and with the majority of grain
contacts being long (Fig. 4b). The litharenithic composition indicates
that the high plagioclase concentrations registered from the bulk XRD
analysis must be contained within the lithic rock fragment assembly.
Recycled sedimentary rock fragments, detrital mica and igneous epi-
clasts are the major components of the rock fragment assembly.

The intergranular volume (IGV) of samples collected from the
Anisian channel is presented graphically in Fig. 4c. IGV values range
from 18% to 33% (averages at 28%) and allogenic matrix accounts for
40–65% of the IGV. Pore-filling and pore-lining chlorite cement make
up 3–13% of the IGV, whereas registered concentrations of kaolinite

Table 1
Core location, depths, age intervals and number of samples collected from the Kobbe and Snadd Formation database presented in this study. Samples from the Snadd
Formation account for 90% of the petrographic database.

Well Location Core interval [m MD] Age Formation Samples

7228/7-1 A Nordkapp Basin 2059–2102 Early Carnian Snadd 18
7321/7-1 Fingerdjupet Sub-basin 2386–2395 Late Carnian/Norian Snadd 2
7226/2-1 Bjarmeland Platform 1365–1418 Early Carnian Snadd 18
7222/11-1 Loppa High 778–807 Late Carnian Snadd 11
7222/11-2 Loppa High 2095–2132 Late Anisian Kobbe 6

Table 2
Cut-off values for reservoir quality evaluation used in this study, after Tissot
and Welte (1984).

Reservoir quality Helium porosity [%] Horizontal liquid permeability [Kl]

Poor < 10% <10 mD
Fair 10%–15% 10–100 mD
Good 15%–20% 100–1000 mD
Very good >20% >1000 mD
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and authigenic quartz cement ranges from 0.75 to 5.5% and 1–2.5%,
respectively. The primary porosity obtained from modal analysis ranges
between 0 and 3%.

Core plug data from the Anisian channel show that horizontal
porosities plot above the cut-off value of 10% for fair reservoir quality
(Fig. 4d). However, with horizontal permeability values lower than 10
mD, the channelized Anisian sandstone is characterized as a poor-
quality reservoir (Tissot and Welte, 1984). When comparing core plug
data with corresponding petrographic results, the sample containing
the lowest matrix concentration (2121.97m MD) displays the highest
permeability value of the samples investigated. Although this sample
contains the lowest concentration of cements, the low IGV places the
core plug sample close to the cut-off boundary for fair porosity. High
cement and matrix concentrations result in extremely poor perme-
ability and fair porosity values (2118.85m MD). Helium porosities
approaching 20% are found in samples with less than 10% cement
(2120.80m MD). Matrix content of 15% in this sample limits the per-
meability below the cut-off value for fair reservoir quality.

The petrographic thin section in Fig. 4e shows the abundance of
monocrystalline quartz grains (Qz) mud rock fragments (MRF), partly
dissolved framework grains that have transformed into mixtures of il-
litic and chloritic clay minerals (chl/ill) and allogenic matrix (Mtx).
Lithic rock fragments (LRF) and pore-filling chlorite cement (Chl) are

also observed. The blue-colored epoxy indicates the porosity in the 2D
section. The most common grain contact is long and the grains are sub-
angular to sub-rounded.

4.2. Carnian Snadd Formation

4.2.1. Sedimentological characteristics of Carnian cored sections
Description: Heterolithic shale units at the bottom of the cored

Carnian sections depicted in Fig. 5 are often associated with<2m
thick, fine-grained sand packages with large, sub-angular mud and
quartz clasts. Homogeneous, fine-grained and crossbedded sandstone
overlies the small channel packages and comprise the dominant part of
the cored section (22–50m vertical thickness). Calcite-cemented in-
tervals are frequently observed within the homogeneous section and
overprint sedimentary structures. The boundaries between calcite-ce-
mented and non-cemented lithologies are sharp and do not coincide
with sedimentary boundaries. The upper boundary of the thick sand-
stone section was only cored in well 7228/7-1 A from the Nordkapp
Basin, where the channelized deposit measure 37m in vertical thick-
ness (Fig. 5b). This sandstone package is conformably overlain by a 20-
cm thin, mottled shale unit.

Interpretation: The lowermost heterolithic shale units are interpreted
as floodplain deposits that were cut by distributary channels, equivalent

Fig. 3. Left) Logged section and sample locations collected from the Anisian Langlitinden (7222/11–2) core drilled on the Loppa High. Heterolithic lithology, mud
drapes and frequent mud clast intervals indicate strong tidal influence and channel instability. Right) Bulk mineralogy from X-ray diffraction data shows a dominance
of quartz and plagioclase feldspars, chloritic and kaolin clay minerals and limited distribution of carbonate minerals.
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Fig. 4. Petrographic characteristics of samples collected from the Anisian Kobbe Formation channel at the Loppa High. a) The QFL diagram shows that all sandstone
samples classify as litharenites. b) Grain size distribution plot of very fine to fine sandstone from the Kobbe Formation channel. The shape of the curve indicates
moderate to well sorting. c) Detrital matrix fills about 70% of the intergranular volumes (IGV) registered in the Kobbe Formation channel. d) Horizontal liquid
permeability versus Helium porosity from core plug data. Reservoir quality is defined based on cut-off values: poor (red), good (yellow) and very good (green). Most
samples show good porosity values, but due to poor permeability the Kobbe Formation classify as a poor-quality reservoir. e) Petrographic thin section image from a
sample located at 2120.80m MD, with blue epoxy impregnation. Long grain contacts are indicated in red lines. PPL = Plane polarized light, Mtx=Matrix,
Qz=Quartz, LRF= Lithic rock fragments, Chl= chlorite, ill = illite, MRF=mud rock fragment. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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to the smaller channel bodies documented at the Hopen island by
Klausen and Mørk (2014) and Lord et al. (2014). The crossbedded and
homogeneous sections are interpreted as channel fills and fluvial dune
deposits in deep, stable channels that developed on the delta top during
the Middle – Late Triassic. We interpret the smaller distributary channel
units to represent the first sequence of channel erosion on the delta
plain, deposited prior to the establishment of the deep and stable
channel belts. Channel belt systems have been detected on seismic data
across large distances on the southwestern Barents Shelf (Klausen et al.,
2014, 2015) and in outcrops analogues on the Svalbard archipelagos
(Klausen and Mørk, 2014; Lord et al., 2014). Clastic sediments de-
posited in these channel systems likely constitute a combination of
suspended load and bedload from the provenance, mixed with erosional
products from the floodplain upstream. Homogeneous and fine-grained
particles might testify to long transport distances. The mottled shale
unit overlying the deep channel in the Nordkapp Basin is interpreted as
a palaeosol section.

4.2.2. Petrographic character of Carnian channels
Quartz and feldspars make up>80% of the average mineral as-

sembly in the Snadd Formation channels in this study. Plagioclase is the
most common feldspar and accounts for 10–20% of the bulk in all
channels. The concentration range of K-feldspar varies with location;
5–13% at the Loppa High (Fig. 5c), 3–6% in the Nordkapp Basin
(Fig. 5b) and 1–4% in the northernmost wells (Fig. 5a and d). The
dominating clay mineral is chlorite, mostly ranging in concentration
from 5 to 10% of the bulk sample. Muscovite accounts for 2–3%, al-
though slightly higher concentrations (5–8%) were encountered in the
channel on the Loppa High. Less than 2% biotite was observed in
samples from the Bjarmeland Platform and in a few samples from the
Loppa High. Kaolinite concentrations range from 2 to 5% in the
Nordkapp Basin and Loppa High channels, but only trace amounts of
kaolinite were observed in channels from the Fingerdjupet Sub-basin
and the Bjarmeland Platform. Carbonate minerals such as calcite,
siderite and ankerite occur sporadically throughout the Carnian chan-
nels. Whenever present, calcite comprises 25–35% of the bulk miner-
alogy in a sample. Most siderite is observed in the lower part of the
channel from the Bjarmeland Platform, where it accounts for 5–15% of
the bulk. Ankerite was detected in minor amounts (< 2%) in the
Nordkapp Basin channel. Samples from the Carnian channels in the
Nordkapp Basin, Fingerdjupet Sub-basin and Bjarmeland Platform
contain 0.5–4% pyroxene. Amphibole and fluorapatite were only ob-
served in the Nordkapp Basin channel and usually account for< 1% of
the bulk mineralogy.

The Carnian channels are classified as litharenites, but samples from
the Bjarmeland Platform and Loppa High display slightly more mature
compositions compared to channels in the Nordkapp Basin and
Fingerdjupet Sub-basin (Fig. 6a). A few samples from the Bjarmeland
Platform classify as sub-litharenites. Slightly higher feldspar content is
noted for the channel on the Loppa High. Lithic rock fragments are
usually detrital chert grains, recycled sedimentary fragments, mica
grains and metamorphic/igneous epiclasts. These grains generally show
poor preservation (secondary pores and rough surfaces). Medium to
fine-grained sand is registered within the channels from the Fingerd-
jupet Sub-basin and Nordkapp Basin, fine-grained sandstone beds
dominate the Bjarmeland Platform channel and very fine to fine-
grained sandstone beds dominate the Loppa High channel of the Snadd
Formation (Fig. 6b). The most common grain contact in the channels
from the Nordkapp Basin and Fingerdjupet Sub-basin is long, whereas

tangential grain contacts dominate in the Loppa High and Bjarmeland
Platform channels.

The helium porosity versus permeability plot in Fig. 6c shows that
most samples from the Carnian channels in this study contain porosity
values defined as very good (> 20%). Liquid permeability values plot
above good quality (> 100 mD). Samples that plot within the poor
reservoir quality area, showing both low porosity and permeability, are
carbonate-cemented. Samples from the Carnian channel at Loppa High
display the best reservoir quality, with measured porosities above 30%.
The Nordkapp Basin channel data show slightly more varied reservoir
quality, but a clear trend between porosity and permeability is ob-
served. The channel on the Bjarmeland Platform shows consistently
good reservoir quality. Inset boxes in Fig. 6c show matrix content, ce-
ment concentration and IGV for a few sandstone samples in the dataset.
There appears to be a relationship between matrix content and re-
servoir quality, where samples with the best reservoir quality contain
limited amounts of detrital matrix. However, matrix concentrations up
to 16% (as seen in the sample at 1406.60 m MD from the Bjarmeland
Platform) appear to be acceptable for good quality reservoirs. Siderite
cement up to 10% appears to have limited effect on the reservoir
quality. Pore-filling chlorite cement and detrital matrix reduces both
helium porosity and liquid permeability values in the Nordkapp Basin
sample.

Non-cemented samples from the Carnian channels show an average
IGV of 29% (Fig. 7). The average amount of matrix material varies
between the channels;< 3% on the Loppa High (Fig. 7c), 5% in the
Nordkapp Basin (Fig. 7b), 9% on the Bjarmeland Platform (Fig. 7a) and
12% in the Fingerdjupet Sub-basin (Fig. 7d). Chlorite and kaolinite
make up an average of 12% in the Carnian channel on the Loppa High,
8% in the Nordkapp Basin and Fingerdjupet Sub-basin channels and 4%
in the Bjarmeland Platform channel. Quartz cement comprises< 3% in
all samples. The average primary porosities obtained from modal ana-
lysis range from 10 to 13%. The average IGV of the carbonate-cemented
samples is 40% in the Nordkapp Basin channel, 31% in the Fingerdjupet
Sub-basin, 38% on Loppa High and 34% in the channel at the Bjar-
meland Platform. Pore-filling cements are mostly calcite, but these
samples also contain minor amounts of siderite, chlorite, illite and
kaolin cements. The average porosity in the cemented samples is< 3%.

The petrographic thin section from the Carnian channel on the
Bjarmeland Platform shows slightly higher compositional maturity
compared to the other Carnian channels, and both tangential grain
contacts (Fig. 7e) and long grain contacts are observed in these sand-
stones. Samples from the lower half of this channel are characterized by
clusters of Fe-rich, zoned sphaerosiderites (Sphr.siderite) and smaller
spheroidal siderites. Both siderite types are attached to chlorite-coated,
detrital quartz grains. These cements are included as part of the inter-
granular volume and are also observed in samples from the Nordkapp
Basin.

Fig. 7f shows the typical immature composition of a sample from the
Nordkapp Basin as seen in crossed polarized light (XPL). The grains are
sub-angular and the most common grain contact is long. Pseudomor-
phous replacements (PsMR) are grains where fine-grained chlorite has
replaced precursor minerals of detrital framework grains, while pre-
serving the shape of the original grain (Fig. 9a-b). Other dissolved rock
fragments are replaced by pore-filling chlorite and kaolinite cements.

The sample from the channel studied at the Loppa High shows im-
mature sandstone composition with sub-angular grains and tangential
grain contacts (Fig. 7g). Dissolution of framework grains is common
and higher bulk kaolinite content is registered in this channel compared

Fig. 5. Sedimentary features, sample overview and bulk XRD mineral assemblies from the Carnian channels cored in the a) Bjarmeland Platform (Early Carnian), b)
Nordkapp Basin (Early Carnian), c) Loppa High (Late Carnian) and d) Fingerdjupet Sub-basin (Latest Carnian/Norian). The core signature is dominated by fine to
medium-grained cross-beds alternating with massive sandstone lacking any primary sedimentary structures. Coal fragments and clay stringers occur frequently.
Coarse conglomerates with mudrock clasts and/or quartz pebbles usually occur at the base of the channelized sections. The dominating minerals are quartz and
plagioclase, and chlorite is the dominating clay mineral. Calcite-cementation occur at irregular intervals.

L.H. Line et al. Marine and Petroleum Geology 96 (2018) 348–370

356



to the other Carnian channels (Fig. 7c). Rock fragments are composed
of mineral aggregates of K-feldspar, quartz and chlorite (Figs. 8, 9g-h).
Albite is often the remaining material outlining the original shape of the
detrital framework grain (Figs. 9c-d, 9g-h).

4.3. Clay fraction characteristics in Anisian and Carnian channels

The clay fraction in the Carnian and Anisian channels is dominated
by chloritic clay minerals, but kaolin was also identified from XRD, SEM
and modal analyses. Most clay material is distributed as pore-filling
crystals, often within proximity to partially dissolved rock fragments.
Pore-filling chlorite crystals often display pipe cleaner morphologies or
bridges between detrital grains (Fig. 10a), whereas kaolin minerals
(kaolinite and dickite) are characteristic by their stacked booklet
morphology.

Well-developed chlorite coatings were observed in SEM and are
characterized by two coating generations (Fig. 10b): The first-genera-
tion coating (Chlorite 1) consists of a chloritic material with small,
anhedral crystals that fill in indentations of grain surfaces. Large
thickness variations are observed for the first-generation coating and a
sub-parallel orientation to the grain surface is registered. The second-
generation chlorite (Chlorite 2) displays larger, euhedral crystals and
show a growth orientation perpendicular to the grain surface. Carnian
channel sandstones from the Fingerdjupet Sub-basin contain euhedral
crystals with thickness up to 12 μm, whereas euhedral coating thick-
nesses between 2 and 6 μm are registered in the other channels of this
study.

The grain coating coverage appears to be complete on most grain
surfaces in the Snadd Formation (Fig. 10c), whereas chlorite coatings
are less developed in the Kobbe Formation. Large chlorite crystals are
absent at grain-to-grain contacts, but smaller crystals have been ob-
served in these areas through SEM (inlet micrograph in Fig. 10c).
Chlorite coatings are also observed in calcite-cemented samples
(Fig. 10d) and around secondary pore space, outlining the shapes of

completely dissolved grains (Figs. 9a-b, 9g-h).

5. Discussion

The discussion based on this study will focus on; 1) the relationship
between provenance, initial sandstone composition and distribution of
precursor clay coatings, 2) the relative impact of early diagenesis and
mechanical compaction on reservoir quality, and 3) palaeo-
temperatures indicated from clay mineralogy.

5.1. Sandstone provenance and composition

Previous studies describe Middle – Late Triassic sandstones north of
the Hammerfest Basin as immature and compositionally varied, with
abundant concentrations of polygranular rock fragments. Reported rock
fragment assemblies throughout the basin include polycrystalline me-
tamorphic fragments, metasediments (e.g. schists), micas, chert and
granitic grains (Bergan and Knarud, 1993; Mørk, 1999; Fleming et al.,
2016). The abundant minerals in the Snadd and Kobbe formations are
quartz and albite, whereas the distribution of K-feldspar is limited.
Observed accessory minerals are pyroxene, epidote and black ore mi-
nerals, but these are mostly restricted to the Carnian Snadd Formation
sandstones located in the eastern areas of the Barents Shelf. Kaolinite,
chlorite and mica/illite dominate the clay fraction throughout the
basin, but smectitic clays have been observed in Carnian deposits in the
northern and eastern regions of the Barents Shelf (Bergan and Knarud,
1993; Mørk, 1999). Mineralogical results from previous investigations
comply well with the results from the present study, indicating a
common provenance. Detrital zircon age signatures from the Late
Triassic De Geerdalen Formation on the Svalbard archipelagos contain
populations of Carboniferous and Permo-Triassic age signatures that
have been linked to the Uralides and Taimyr source areas (Bue and
Andresen, 2014). As sandy equivalents of the Anisian Kobbe Formation
never reached the northern position of the present-day Svalbard

Fig. 6. Petrographic characteristics of samples from the Carnian channels. a) The QFL-diagram after Folk (1980) classifies most samples as lithic arenites, but the
samples from the Bjarmeland Platform show a more mature composition. b) The grain size distribution graph shows variety from very fine to medium-grained sand.
There appears to be a correlation between grain size and location, where the grain size is coarser in the Fingerdjupet Sub-basin and finer on the Loppa High. c)
Horizontal liquid permeability versus Helium porosity from core plug data. Cut-off values are the same as in Fig. 4 and most Snadd Formation samples plot within the
good reservoir quality field. Highlighted colors represent point-counted samples. Poor-quality samples are associated with calcite cementation. Matrix values up to
16% are acceptable for good-quality reservoirs with high IGV.
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archipelago, we assume a common provenance for both Snadd and
Kobbe formations in the southwestern Barents Sea based on the mi-
neralogical similarities documented in this study. Combined with
seismic evidence of northwestward prograding clinoforms in the
southwestern Barents Sea during the Triassic (Glørstad-Clark et al.,
2010, 2011), most data point towards a southeastern Uralide prove-
nance for the Middle – Late Triassic sandstones in this study.

The hardness of albite and microcline (6.0–6.5) would suggest that
the physical endurance of feldspars is comparable to that of quartz
(hardness 7.0). This implies that, in terms of physical transport, fine-
grained sandstones comprised of 70–80% quartz and plagioclase, as
documented in the present study, could be considered as a physically
mature sediment. The general consensus state that reservoir quality in
Uralian-sourced sandstones in the Barents Sea is challenging to predict
due to compositional variability (Fleming et al., 2016). In published
literature, sandstones north of the Hammerfest Basin vary from feld-
sarenites and lithic arkoses to feldspathic arenites and litharenites, re-
presenting the whole range of sandstone classes with less than 80%
quartz (Fig. 11). Plagioclase dominates over K-feldspar in sandstones
investigated by Bergan and Knarud (1993), Haile et al. (2017) and in
the present study, whereas Mørk (1999) registered K-feldspar as the
dominant feldspar. Clearly, sandstone classification from modal ana-
lysis is prone to inconsistent registration due to poor preservation of
twins in feldspar grains, making feldspar separation difficult in micro-
scope. Untwinned feldspars may thus represent a characteristic feature
of the Uralian provenance. Mapping of aggregate grains in this study
revealed a significant amount of feldspathic minerals as dominant
constituents of the rock fragment assembly (Figs. 8 and 9). Sandstone
classification diagrams, e.g. Folk (1954) and Dott (1964), would be
affected by inconsistent separation between feldspar-rich lithic rock
fragments (e.g. polycrystalline granitic grains) and detrital, mono-
crystalline feldspar grains, as exemplified by litharenithic samples from
the present study (colored circled in Fig. 11). In the present study, it

appears as the bulk XRD results are better aligned with elemental dis-
tribution maps obtained from SEM, compared to results from modal
analysis. As modal analysis is considered semi-quantitative and prone to
subjective interpretation, such analyses should be coupled with SEM
and XRD analyses, and detailed facies descriptions. Most publications
do not make a clear facies distinction when describing Triassic sand-
stones from the southwestern Barents Sea petrographically, which
could also account for the observed compositional variability depicted
in published literature (Fig. 11).

5.2. Emplacement of precursor clay coatings in fluvial sandstones

While pore-filling chloritic clays generally have a negative impact
on the reservoir quality, the presence of grain coating chlorite is con-
sidered a necessity for preserving porosity in sandstones exposed to
temperatures exceeding 70 °C (Ehrenberg, 1993; Walderhaug, 1996;
Bloch et al., 2002). In the following section we discuss the physical
emplacement process of the precursor clay material on detrital grain
surfaces. The precursor material is not to be confused with the crys-
talline chlorite coatings documented in this study (Fig. 10), which re-
present the diagenetic overprint of the detrital coating precursor.

As grain-coatings were observed in completely calcite-cemented
samples with IGV values in the range of 33–40% (Fig. 10d), petro-
graphic relations suggest that the emplacement of the precursor coating
pre-dates the formation of early carbonate cementation. The first-gen-
eration coating is thicker in grain surface indentations and the pre-
cursor clay was likely emplaced on the grain surfaces prior to sig-
nificant sediment packing. Small chloritic crystals observed at grain-to-
grain contacts indicate movement of the grain framework simulta-
neously with the onset of the coating emplacement process. Few em-
pirical studies exist on the physical mechanisms for emplacing clay
coatings on detrital sand grains, but Matlack et al. (1989) found that
four criteria facilitated such a process: 1) coarse sediment, 2) high

Fig. 7. Intergranular volumes for Carnian channel samples (presented in m MD) located in the a) Bjarmeland Platform, b) Nordkapp Basin, c) Loppa High and d)
Fingerdjupet Sub-basin. Figures e) – g) show petrographic thin sections from three samples. Examples of tangential grain contacts are indicated in yellow dots and
long grain contacts are indicated in red lines. Abbreviations: PPL= plane-polarized light, XPL= cross-polarized light, LRF= lithic rock fragments, Qz=quartz,
Sphr.side= sphaerosiderites, Chl= chlorite, Sid.coat= siderite coating, Diss.Fld= dissolved feldspar, Kao=kaolinite cement, PsMR=pseudomorphous replace-
ment, Sed. RF= sedimentary rock fragment. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 8. Elemental distribution map of Na, Si, K, Ti and Fe
in a sample from the Bjarmeland Platform (sample
depth= 1417.80m MD) shows the relative abundance of
albite grains (blue), chorite coatings and iron-rich clasts
(red), quartz grains (white) and K-feldspar grains (green).
Lithic rock fragments (LRF) are mineral aggregates of
iron-rich minerals, albite, rutile (pink), K-feldspars and
quartz, and often display long grain contacts. (For inter-
pretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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concentrations of clay in suspension, 3) fluctuating water levels and 4)
little sediment reworking. These criteria raise several implications for
the Triassic channels in this study:

1) The first criteria would suggest that the Uralian-sourced Anisian and
Carnian channels display grain sizes too small for grain coating
emplacement to be efficient. The presence of well-developed grain

(caption on next page)
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Fig. 9. Backscatter (BSE) micrographs and elemental mapping of Na, Si, K and Fe from two Snadd Formation channels located at the Bjarmeland platform (a–f) and
Loppa High (g–h). a) – b) Lithic and sedimentary rock fragments consist of mineral aggregates of quartz, K-feldspar and iron-bearing minerals that produce long grain
contacts (indicated with red lines). Chlorite coating is almost completely distributed around framework grains. Pseudomorphous replacements (PsMR) solely consist
of iron-rich, authigenic chloritic cements with ductile deformation response to mechanical stress. c) – d) Quartz overgrowths grow into the intergranular pore space.
Rock fragments containing K-feldspar (green) and albite (blue) are significantly altered. Albite is also found as overgrowth on detrital K-feldspar grain (seen on the
left). e) – f) Altered mica clast replaced by iron-rich authigenic cement (chlorite?). Chlorite coating crystals are well-defined and distributed around detrital
framework grains. g) – h) Albite is often the remnant material that outlines the shape of dissolved framework grains. Abbreviations: LRF= lithic rock fragment,
PMR=pseudomorphous replacement, SRF= sedimentary rock fragment, Qz=Quartz, K-feld=K-feldpar (microcline), Kao=Kaolinite. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Backscatter (BSE) micrographs showing chlorite coating characteristics in Anisian and Carnian channels. a) Pore-filling chlorite often display “pipe cleaner”
morphology or bridges between detrital grains (indicated by black dashed line). b) Two generations of chlorite coatings are observed on a detrital quartz grain in the
Kobbe Formation channel at Loppa High: small, anhedral first-generation coatings (Chlorite 1) and larger, euhedral second-generation coatings (Chlorite 2). c) High
grain-coating coverage of framework grains was registered in the Snadd Formation channel at the Loppa High. Grain-to-grain contact areas (highlighted by dashed
white lines) are coated with small, anhedral chlorite crystals (inlet micrograph). d) Chlorite coating was observed rimming detrital framework grains in a calcite-
cemented sample (IGV=34%) from the Carnian Fingerdjupet Sub-basin channel.

Fig. 11. Sandstone classification diagram
(Folk, 1954) showing Snadd Formation
samples in this study (colored circles)
compared to published results from modal
analyses of Middle – Late Triassic samples
in various basin locations after Mørk (1999)
and Haile et al. (2017). By registering feld-
spar-rich granitic grains as lithic rock frag-
ments, samples from the present study are
placed in the litharenithic class. Mørk
(1999) included polygranular quartz grains
in the lithic rock fragment assembly, and
thereby placing the samples closer to the
lithic rock fragments (LRF) axis compared
to studies without the mono-polycrystalline
distinction. Sedimentary facies were not

distinguished. Samples from Haile et al. (2017) appear significantly more feldspar-rich, which could be an effect of the distal position of Edgeøya relative to the
Uralide provenance.
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coating chlorite in fine-grained Kobbe and Snadd formation sand-
stone beds contradicts the statement. In a recent study of grain
coatings in the Ravenglass Estuary, NW England, Wooldridge et al.
(2017) found that fine-grained sediment together with>5% matrix
content facilitated development of uniform, well-developed clay
coats on detrital grains. As the coating in the Kobbe Formation
channel is thinner relative to the coatings in the coarse-grained
Carnian channels, sediment grain size might still impact the coating
thickness. Thin grain coatings would be preferable in regards to
reservoir quality, as they have reduced effect on the pore neck
diameters, which influence the sandstone permeability. This effect is
not observed in the data presented in this study, as the permeability
values registered in the Kobbe Formation channel is significantly
lower compared to the Snadd Formation channels. The coating
thickness effect on permeability in the studied samples is believed to
be camouflaged by high concentrations of pore-filling matrix that
have a significantly higher impact on reservoir permeability.

2) With the Triassic Barents Shelf being characterized as a clay-rich and
low-gradient deltaic system (Klausen et al., 2017b), high suspended
clay concentrations in the Anisian channels would be expected. Both
the Carnian and the Anisian delta systems were likely very sensitive to
sea level variations, and tidal influence is believed to migrate several
kilometers upstream during sea level highstand. In this scenario, tidal
currents could facilitate deposition of suspended clay particles into the
channelized sand by counteracting and stagnating the fluvial current,
making settling of the suspended clay material possible. Physical
disaggregation of lithic aggregate grains and mud rock fragments
eroded from the floodplain is also believed to contribute to high
suspended clay concentrations in the channels.

3) Sedimentary structures observed in the Anisian channel at Loppa
High would suggest a strong tidal component in this channel and
thereby attest to fluctuating conditions. Strong tidal influence could
also explain the high matrix concentrations documented in this
channel. The Carnian Snadd Formation channels show very few
sedimentary structures that would attest to a strong tidal influence,
but sporadic occurrence of calcite cement would suggest marine
influence. This is also supported by palynological evidence from the
Nordkapp Basin core, where fresh-to brackish-water algae were
documented in the Carnian interval (Hochuli and Vigran, 2010).
The tidal influence in the Triassic channels is interpreted to reflect a
shallow-gradient delta plain, similar to that described from onshore
Svalbard (Knarud, 1980) and from clinoform studies in the Barents
Sea (Anell et al., 2014).

4) Little petrographic evidence of significant physical sediment re-
working is found in the studied channels. The presence of unstable
lithic rock fragments would also suggest dumping of sediments
without significant physical reworking. Evidence of detrital grain
dissolution is found, but this is more likely related to post-deposi-
tional groundwater leaching.

A statistical study of chlorite coatings from a wide range of sub-
surface examples conducted by Dowey et al. (2012) concluded that
prediction of porosity-preserving chlorite coatings must be related to
hinterland geology, soil development and river systems. Based on re-
sults from the present study, we claim that an understanding the phy-
sical process behind grain coating emplacement, and its link to de-
positional environments and climate conditions that facilitate such
processes, are of equal importance for reservoir quality prediction in
hydrocarbon plays containing chlorite coatings. Laboratory studies that
investigate the physical mechanisms facilitating grain coating empla-
cement in sediment of various composition and textures is strongly
advised.

5.3. Meteoric leaching

Although we have characterized the Middle – Late Triassic channel

deposits in this study as physically mature, feldspathic sandstones are
considered chemically immature and would be prone to post-deposi-
tional chemical alteration by meteoric leaching. Evidence of framework
grain dissolution is found in almost all studied samples, but the leaching
intensity is generally low and varies between the channels. On average,
3–7% secondary porosity was preserved in the Snadd Formation
channels, as opposed to 1% in the Kobbe Formation channel.
Feldspathic and metamorphic rock fragments and micas are the most
commonly leached framework grains, and dissolution of minerals such
as albite, microcline and muscovite result in precipitation of pore-filling
authigenic kaolinite. Metamorphic aggregate grains and biotite may
have precipitated iron-bearing clays when dissolved (Fig. 9 a–b and e-f).
Despite albite and microcline being abundant components in the lithic
rock fragment assembly (Figs. 8 and 9), authigenic kaolinite content
varies from 0 to 6% in all studied channels (Figs. 4c and 7a-d). As
limited kaolinite concentrations cannot be explained by an initial
feldspar-poor sediment composition, it is likely the result of restrictions
on meteoric leaching.

Consistently low kaolinite concentrations, regardless of channel age
and basin location, suggest a temporally stable, regional factor limiting
the feldspar dissolution in the basin. Arid and warm climatic conditions
are interpreted for the Boreal realm during most parts of the Middle –
Late Triassic (Preto et al., 2010; Decou et al., 2017), although periods of
increased humidity have been documented (Hochuli and Vigran, 2010;
Ogg, 2015; Mueller et al., 2016). The most renown humid interval, the
Carnian Pluvial Event (CPE), was assigned to an early Carnian (Julian
1) age in the Boreal region by Mueller et al. (2016) and corresponds to
an abrupt short-term sea level increase in the global eustatic sea level
curve after Haq et al. (1987) (Fig. 12). The early Carnian channels on
the Bjarmeland Platform and the Nordkapp Basin may have been de-
posited during this climatic phase, but this correlation remains spec-
ulative due to inexact dating of the core intervals. Leaching capacity of
meteoric water requires gravitational potential, as defined by the ele-
vation above sea level (Bjørlykke, 1993). During marine inundations on
the shelf, the gravitational potential is zero and meteoric leaching
would stagnate. High sea level coupled with a flat platform gradient
could thus explain the limited authigenic kaolinite concentrations
(0–3%) in the early Carnian channels. Temporal variations in sea level
and climate might explain slight variations in leaching intensity and
clay mineralogy between the studied channels, but the overall trend
during the Middle – Late Triassic points toward limited chemical
weathering and a dominance of mechanical weathering in the basin.

Increased sediment supply from the Ural mountain range could re-
duce the sediment residence time in the leaching zone. As connate pore
water becomes oversaturated with respect to dissolved minerals, effi-
cient replacement of meteoric water is required for leaching to proceed.
Weathering rates of K-feldspar and albite at surface temperatures are
520.000 and 190.000 years/mm respectively (Busenberg and
Clemency, 1976; Chou and Wollast, 1985), and a stable supply of un-
dersaturated meteoric water over long periods is required before sig-
nificant leaching of feldspathic sediment is possible. The mineralogy of
the investigated channels rather indicates rapid subsidence and burial
of the sediment, and thereby favoring preservation of albite and K-
feldspar.

Aquifer (channel) permeability may also constrain groundwater
leaching capacity by affecting the water flux through the sediment
(Bjørlykke, 1993). High concentrations of allogenic matrix in the in-
tergranular volume, as documented in the tidally influenced Kobbe
Formation channel, reduce the channel permeability and consequently
the leaching capacity. Finer grain sizes in the Anisian channel result in
smaller pore neck diameters, and thereby imprisoning infiltrated clay
particles and reduce the channel permeability. Variations in leaching
intensity could thus relate to an uneven distribution of allogenic clay
matrix and varying grain sizes in tidally influenced and fluvial-domi-
nated channels.
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5.4. Palaeotemperatures indicated from clay mineralogy

Crystallization temperatures of authigenic cements were used to
infer temperature ranges and associated burial depths of the studied
cores, by using the present-day average geothermal gradient of 31 °C/

km for the southwestern Barents Sea (Smelror et al., 2009). As quartz
nucleation initiates around 65–70 °C, the presence of quartz over-
growths indicates a minimum burial depth of approximately 2 km for
all the studied channels. Chloritic cements are interpreted as diagenetic
overprints concealing the identity of an amorphous precursor clay

Fig. 12. Long-term and short-term global eustatic sea level
curves for the Triassic, modified after Haq et al. (1987). Stage
boundaries were retrieved from ICS's chronostratigraphic
chart (2017), while substage boundaries were obtained from
www.stratigraphy.org. The Carnian Pluvial Event (CPE) in
the Boreal region was assigned to a Julian 1 age by Mueller
et al. (2016), indicated by the red column. Relative age of
core intervals (black columns) were obtained from strati-
graphic correlations after Klausen et al. (2015) and palyno-
logical records after Hochuli and Vigran (2010). (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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material. Aagaard et al. (2000) found that authigenic chlorite crystals
form from iron-rich precursor clays at around 90 °C, adjusting the
minimum burial estimate for the investigated channels to 2.9 km. Upper
palaeotemperature limits are difficult to estimate using clay miner-
alogy, but can be inferred from the kaolinite - illite transformation,
which occurs at temperatures exceeding 120 °C (Lanson et al., 2002).
The presence of vermicular kaolinite and lack of fibrous illite crystals in
the studied channels would suggest that the maximum temperature did
not exceed 120 °C in any of the investigated channels, yielding a max-
imum burial depth of 3.8 km.

5.5. Mechanical compaction

Following the arithmetic average net exhumation map after Baig
et al. (2016), maximum burial depths differ significantly according to
well location (Fig. 13a). Maximal burial depths of the cored intervals,
calculated from the exhumation map, were plotted against point
counted IGV and compared to experimental compaction curves for
various lithologies (Fig. 13b): Well-sorted sands containing 25% me-
tamorphic, sedimentary or volcanic lithics were obtained from Pittman
and Larese (1991), a medium-grained quartzite with 20% clay from
Chuhan et al. (2003), and feldspathic greywacke after Fawad et al.
(2011). Mismatch between natural sandstones and experimental sands
is likely related to varying matrix content, which has significant effect
on mechanical compaction of sandstones.

Clay mineralogy suggests all studied samples were buried into the
chemical compaction regime. However, as extensive quartz over-
growths are absent, chlorite coatings appear to be efficient in inhibiting
quartz cement from nucleating on the grain surfaces. The intergranular
volume in non-calcite cemented samples appears to stabilize around
20–30% after 2 km burial, suggesting that less than 3% quartz cement is
needed to stabilize the grain framework and counteract further me-
chanical compaction (Fig. 13b). Formation of quartz overgrowths in the
studied sandstones thus appear to have a slightly positive influence on
reservoir quality as the grain framework become more resistant to
mechanical compaction.

Grain contacts reflect the stress level inflicted on the grain frame-
work (Santin et al., 2009) and the sediment response to mechanical
stress is linked to mineralogy and textural composition (Fawad et al.,
2011). Higher concentrations of lithic aggregate grains with ductile
deformation response, e.g. metasediments, volcanic and granitic lithics
and sedimentary mudrocks, affect the compressibility of the sandstone
(Pittman and Larese, 1991). These grains will likely deform more easily
than monocrystalline mineral grains. Ductile framework grain de-
formation reduces the intergranular volume during mechanical com-
paction but inhibit grain fracturing and onset of quartz cementation on
uncoated surfaces at burial temperatures exceeding 70 °C. Long grain
contact dominance in samples from the Nordkapp Basin reflects the
high amounts of lithic aggregate grains characterizing this channel
(Fig. 7f). Higher relative quartz content in the Bjarmeland Platform

Fig. 13. a) Arithmetic average net exhumation map after Baig et al. (2016), with well locations indicated in colored dots. Calculated maximum burial estimates for
cored intervals and associated maximum temperatures calculated from the present-day geothermal gradient in the southwestern Barents Sea (Smelror et al., 2009)
are presented in the table below. b) Estimated maximum burial depths versus point-counted IGV from the studied Snadd and Kobbe formations (legend same as listed
in table), compared to published experimental compaction curves for various lithologies (Pittman and Larese, 1991; Chuhan et al., 2003; Fawad et al., 2011).
Carbonate-cemented samples are indicated with dark circles. Although buried into the chemical compaction regime, the IGV appears to stabilize around 20–30% due
to chlorite coatings.
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channel (Fig. 11) results in a dominance of tangential grain contacts
and higher resistance to mechanical compaction, which might explain
slightly higher IGV and reservoir quality in this channel (Fig. 7e). The
late Carnian channel on the Loppa High has similar mineralogical
composition as the channel from the Nordkapp Basin, but the dom-
inance of tangential grain contacts indicates less mechanical compac-
tion in this channel, possibly related to the tectonic evolution of the
Loppa High. This is reflected in the reservoir quality, as the best por-
osity and permeability measurements were located in this channel.

IGV from calcite-cemented samples provide information about in-
tergranular porosities prior to mechanical packing of the sediment.
Depending on the amount of matrix material, the initial porosity might
have been around 40–45% immediately after deposition. If so, 20% of
the intergranular volume has been lost to mechanical compaction in the
studied channels. As the mechanical compaction appears to be the main
porosity-reducing agent in these sandstones (Fig. 14), future reservoir
quality assessments of Middle – Late Triassic channels should include
the use of experimental compaction curves for lithologies that are
comparable to the Uralian-sourced, feldspathic sandstones.

5.6. Predicting reservoir quality in Middle – Late Triassic channels

5.6.1. Porosity prediction
Intergranular volumes attest to a potential for preserving primary

porosity in Anisian and Carnian channels investigated in this study.
This is linked to fine grain sizes and precipitation of up to 3% quartz
overgrowth, that likely contribute to mechanical strengthening of the
grain framework prior to significant burial. Although estimated max-
imum burial temperatures are above the quartz nucleation threshold,
the limited distribution of quartz overgrowth indicates that chlorite
coatings efficiently inhibit significant chemical compaction. Porosity
prediction in Middle – Late Triassic channels in the Barents Sea is
therefore possible if temperature histories and initial sediment com-
positions are known.

Extensive distribution of porosity-preserving chlorite coatings in the
investigated channels provides a unique natural laboratory to study
mechanical compaction in deeply buried sandstones. Mechanical com-
paction experiments should be conducted on sand with the same tex-
tural and mineralogical composition as Uralian-sourced sandstones, in
order to improve maximum burial estimates. Porosity upside potentials

and downside risks should be modelled using various amounts of lithic
grains of different types and textures, and various amounts of clay.
Early calcite-cemented samples contain information about initial tex-
tural properties of the sediment at the surface.

5.6.2. Permeability prediction
Although the potential for porosity preservation appears to be ap-

proximately the same for the tidally influenced Anisian channel and
fluvial-dominated Carnian channels, the fluvial channels show sig-
nificantly better permeability compared to the tidally influenced
channel in this study. Low permeability measurements correspond to
high concentrations of allogenic matrix in this study. Very fine grain
sizes with narrow pore neck diameters could have facilitated the en-
trapment of allogenic clay material, as observed in the Anisian channel
on the Loppa High. Fine-grained, clay-rich sandstones may be linked to
mud-rich delta sequences that likely developed under repeated influ-
ence by marine inundation. Subsidence induced accommodation on a
low-gradient delta top could only facilitate transport of fine-grained
clastic material to the delta front and basin, which left the Anisian
channelized deposits fine-grained and heterolithic in composition
(Klausen et al., 2017b). Analogous deposits to the upper part of the
Snadd Formation from the De Geerdalen Formation on Hopen island
show that tidal and fluvial channels have equal size and geometries, but
distinct differences in internal heterogeneities and sedimentary struc-
tures (Klausen and Mørk, 2014; Lord et al., 2014). At present, the dis-
tinction between mud-rich, tidally influenced channels and clean, flu-
vial-dominated channels can only be resolved through the study of
outcrop analogues or in core. Tidally influenced channels are often
associated with other tidal deposits (e.g. channels incising into tidal flat
deposits) and marine proximity. Thus the influence of marine processes
may therefore be inferred by observing the relationship between the
location of a channel and its proximity to known shoreface deposits or
palaeocoastlines (Lord, pers. comm., 2018). As subsurface seismic data
are unable to resolve distinctive depositional features in various
channel reservoirs, pre-drill permeability prediction is considered im-
possible at present.

5.6.3. Predicting chlorite coating occurrence
Chloritic cements detected in the studied channels are interpreted as

diagenetic overprints, representing recrystallization products from a

Fig. 14. Intergranular volume plotted versus total cement for
the studied samples (modified after Houseknecht, 1987;
Ehrenberg, 1989). The dashed line represents a set of points
where equal amounts of original porosity (assumed 40%)
have been lost to mechanical compaction and cementation.
Apart from the calcite-cemented samples plotting in the
upper right corner of the diagram, an indisputable abun-
dance of samples has lost their initial intergranular porosity
to mechanical compaction, as presented in the pie chart to
the right.
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precursor clay material that was incorporated into the sandstone prior
or subsequent to deposition. If sourced from the Uralide mountain
range, the channels located in the southwestern Barents Sea represent a
distal position on the Triassic delta, which explains the fine grain sizes
documented in the fluvial facies. Lithic grains are more abundant in
samples collected from eastern parts of the Barents Sea (Mørk, 1999),
which represents a proximal position relative to the Uralian prove-
nance. It is likely that the physical endurance of polycrystalline lithic
rock aggregates (e.g. metamorphic rock fragments and epidote schists)
during fluvial transport is significantly lower compared to mono-
crystalline quartz and feldspars. Disaggregation of lithic grains with
iron-bearing minerals (e.g. epidote, biotite and pyroxene) along the
transport profile could represent the origin of the precursor clay ma-
terial. Continuous contribution from disaggregated mud rock fragments
eroded from the floodplain also represents an additional source of the
suspended clay fraction in the channels. The clay precursor could have
been incorporated into coarser clastic bedload within the channel
during high-tide, when the tidal current stagnated the fluvial current. In
a mud-rich delta system frequently flooded by marine inundation, it is
not unlikely that a clay precursor might have been re-transported into
the channels via tidal currents and incorporated into the sediment
during slack tide.

From this interpretation, it follows that the distribution of precursor
clay material in the Middle – Late Triassic channels (and thus re-
crystallized chlorite coatings) is provenance-controlled. This hypothesis
is supported by an abrupt decrease in chlorite concentrations associated
with a shift from dominating Uralian zircon age signatures to more
pronounced Fennoscandian and Caledonian age signatures (Bergan and
Knarud, 1993; Klausen et al., 2017a). Coatings from Jurassic sandstones
in the southwestern Barents Sea usually have illitic chemistry and are
scarcely distributed compared to the Triassic chlorite coatings (Clark,
2017). We therefore expect the presence of chlorite coatings within
large-scale Uralian-sourced Triassic channels in the southwestern
Barents Sea.

From their study of the modern Ravenglass Estuary in northwestern
England, U.K., Wooldridge et al. (2017) claimed that the distribution of
detrital clay-coated grains can be predicted if specific depositional en-
vironment, clay fraction percentage and grain size is known. These
authors concluded that the most extensive clay coatings, and conse-
quently the best porosity potential, are expected to occur in fine-
grained, clay-bearing inner tidal flat facies sands. However, porosity-
preservation alone does not yield the best reservoir quality, as de-
monstrated in the low-permeable, tidally influenced Kobbe Formation
channel. Well-developed and efficient chlorite coatings consistently
occur in both fluvial and tidal channel systems, independent of grain
size, allogenic matrix concentrations, or basin location. This observa-
tion indicates that the precursor coating material develops regardless of
channel type (fluvial versus tidal) and is rather the product of prove-
nance and repeated marine inundations. The link to depositional facies
can only be obtained by identifying the precursor phase in transmission
electron microscopy. Physical mechanisms behind the grain coating
emplacement process remains elusive without dedicated laboratory and
analogue studies.

6. Conclusion

The Anisian Kobbe Formation channel located on the Loppa High
represents a disappointing drilling prospect, where the best reservoir
quality is characterized as fair. Despite acceptable intergranular

volumes and the presence of efficient chlorite coatings, low perme-
ability properties due to high matrix concentrations reduce the re-
servoir potential in this channel. The Carnian channels investigated in
this paper show good reservoir quality, mainly due to the presence of
chlorite coatings and intergranular matrix concentrations below 15%.
Mineralogical and textural properties, and basin burial and uplift his-
tory are interpreted to control the compaction of Anisian and Carnian
sandstones in this study. Development of precursor coatings in the
fluvial channel facies is considered vital for later inhibition of chemical
compaction by quartz cementation.

It is our understanding that porosity in Middle – Late Triassic fluvial
sandstone reservoirs is predictable by coupling initial sediment com-
position and depositional facies with basin burial history. Chlorite
coatings are present in all studied samples from the fluvial sandstone
facies, indicating a potential for preserving porosity in reservoirs ex-
ceeding temperatures of 70 °C. Mechanical compaction is the abundant
porosity-reducing agent, and IGV can likely be predicted by using ex-
perimental compaction curves for sandstones with similar petrography
as Uralian-sourced sandstones. The abundance of fine grain sizes in
distal delta positions yields a large number of grain contacts that me-
chanically strengthen these sandstone reservoirs.

Allogenic matrix concentration is considered unpredictable and re-
presents the major risk factor for reservoir quality in the Middle – Late
Triassic petroleum play. Results from this study indicate that pore-
filling matrix material above 15% have a negative impact on reservoir
permeability. A link between matrix concentration, grain size and
channel type was detected. Distinction between the very fine-grained,
matrix-rich tidally influenced channels and clean, fluvial-dominated
channels is only possible in outcrop analogue and core studies.

Future exploration strategies for Uralian-sourced sandstone re-
servoirs should target large-scale, seismically resolvable Carnian
channels of the Snadd Formation, as the probability of encountering
good reservoir quality is higher in these channels compared to under-
lying formations such as the Kobbe Formation. Future assessments of
the Triassic hydrocarbon play in the southwestern Barents Sea should
emphasize temperature and uplift history, as these parameters are un-
derstudied and remain highly speculative. Constraining uplift and
erosion events are critical for determining the maximum burial depths
and the time spent at given temperature conditions (Baig et al., 2016).
Regional maps displaying maximum burial temperature distributions in
the southwestern Barents Sea are necessary inputs for reservoir and seal
properties modelling.
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Appendixes

Table A.1
Instrumental parameters used for X-ray diffraction analyses at the
Department of Geosciences, University of Oslo (2017). *Clay frac-
tion samples.

Instrumental parameter Value

Lambda 1.5418 (Cu)
Divergence slit 2 mm
Goniometer radius 280mm
Soller slit 1 2.5mm
Soller slit 2 2.5mm
Sample length 5 mm/*2.5 mm
Sigmaster 12
Mustar 45
Exchange capacity 0.36

Fig. A.1. Bulk XRD raw data for all channel sandstone samples collected from the Kobbe Formation in well 7222/11–2 (Langlitinden).
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Fig. A.2. Bulk XRD raw data collected from the channel sandstone in Snadd Formation in well 7222/11–1 (Caurus).

Fig. A.3. Bulk XRD raw data for all channel sandstone samples collected from the Snadd Formation in well 7226/2–1 (Ververis).
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Fig. A.4. Bulk XRD raw data for all channel sandstone samples collected from the Snadd Formation in well 7228/7-1 A (Nordkapp Basin).

Fig. A.5. Bulk XRD raw data for all channel sandstone samples collected from the Snadd Formation in well 7321/7–1 (Fingerdjupet Sub-basin).
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