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Abstract: Clay-coated grains play an important role in preserving reservoir quality in high-pressure, high-temperature (HPHT)
sandstone reservoirs. Previous studies have shown that the completeness of coverage of clay coats effectively inhibits quartz
cementation. However, the main factors controlling the extent of coverage remain controversial. This research sheds light on the
influence of different depositional processes and hydrodynamics on clay-coat coverage and reservoir quality evolution.
Detailed petrographic analysis of core samples from the Triassic fluvial Skagerrak Formation, Central North Sea, identified that
channel facies offer the best reservoir quality; however, this varies as a function of depositional energy, grain size and clay
content. Due to their coarser grain size and lower clay content, high-energy channel sandstones have higher permeabilities
(100–1150 mD) than low-energy channel sandstones (<100 mD). Porosity is preserved due to grain-coating clays, with clay-
coat coverage correlating with grain size, clay-coat volume and quartz cement. Higher coverage (70–98%) occurs in finer-
grained, low-energy channel sandstones. In contrast, lower coverage (<50%) occurs in coarser-grained, high-energy channel
sandstones. Quartz cement modelling showed a clear correlation between available quartz surface area and quartz cement
volume. Although high-energy channel sandstones have better reservoir quality, they present moderate quartz overgrowths due
to lesser coat coverage, and are thus prone to allowing further quartz cementation and porosity loss in ultra-deep HPHT settings.
Conversely, low-energy channel sandstones containing moderate amounts of clay occurring as clay coats are more likely to
preserve porosity in ultra-deep HPHT settings and form viable reservoirs for exploration.
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The Triassic Skagerrak Formation sandstones are important hydro-
carbon-producing reservoirs in the high-pressure, high-temperature
(HPHT) section of the UK North Sea Central Graben, with present-
day pore pressure and temperature exceeding 80 MPa and 150°C,
respectively (Stricker and Jones 2016; Stricker et al. 2016b). They
exhibit varying degrees of heterogeneity, and contain anomalously
high porosity (up to 35%) and permeability (up to 3000 mD), despite
their present-day burial depth of 3105–5019 m (10 187–16 467 ft)
below sea floor and temperature of over 150°C (Smith et al. 1993;
Nguyen et al. 2013; Akpokodje et al. 2017). Previous studies have
attributed the anomalously high porosity and permeability in the
Skagerrak sandstones to the early onset and continuous increase of
overpressure, which limited mechanical compaction, and the
presence of chlorite coats, which inhibited quartz cementation
during burial diagenesis (Nguyen et al. 2013; Stricker and Jones
2016; Stricker et al. 2016b). However, only a few studies have been
published on the distribution of clay coatings as a function of
depositional facies (i.e. grain size, sorting and clay content) in these
deeply buried sandstones. The HPHT hydrocarbon reservoirs of the
UKCS Triassic successions are becoming increasingly attractive for
further exploration (McKie andAudretsch 2005; Burgess et al. 2020).
They are also potential targets for geothermal energy and carbon
capture and storage (CCS). Thus, understanding the controls on
reservoir quality and, most importantly, clay coat effectiveness is
crucial for finding good-quality reservoirs.

The reservoir quality (i.e. porosity and permeability) of deeply
buried sandstones is mainly dictated by the combined effect of
depositional facies, burial compaction and diagenetic processes
(Ajdukiewicz and Lander 2010). Depositional factors (such as grain
size, sorting, clay content and detrital composition) exert significant
control on sandstone initial depositional porosity and permeability,
and influence the extent and distribution of subsequent diagenesis
(Baker 1991; Smith et al. 1993; Morad et al. 2000, 2010;
Ajdukiewicz and Lander 2010). Diagenetic processes that control
reservoir quality include compaction, cementation (mainly by quartz,
clay minerals and carbonates), and dissolution of framework grains
and cements. In general, with increasing burial depth, sandstones
progressively lose porosity via mechanical compaction. At greater
depth, chemical compaction (pressure dissolution) becomes active,
resulting in further porosity reduction (Bjørlykke 2014). Quartz is
volumetrically the most important pore-occluding diagenetic cement
in deeply buried clean sandstone reservoirs (McBride 1989;
Ehrenberg 1990; Walderhaug 1996; Worden and Morad 2000;
Molenaar et al. 2007; Gier et al. 2008; Worden et al. 2018a, b).
Quartz cementation starts at around 70–80°C (McBride 1989;
Bjørlykke and Egeberg 1993; Walderhaug 1994a; Storvoll et al.
2002; Lander et al. 2008; Ajdukiewicz and Lander 2010; Taylor et al.
2010; Oye et al. 2018). The presence of early formed clay coats (e.g.
chlorite) can inhibit quartz cementation by blocking nucleation sites
and making the surface area unavailable for pore-occluding quartz
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overgrowths, thereby preserving anomalously high porosity in deeply
buried sandstones (Worden and Morad 2000; Bloch et al. 2002;
Ajdukiewicz and Larese 2012; Nguyen et al. 2013; Stricker and Jones
2016; Worden et al. 2020; Xia et al. 2020).

The ability of clay coats to effectively inhibit quartz cementation is
primarily a function of its completeness or coverage (i.e. fraction of
surface area of grains covered by clay minerals) and not just its
presence (Ehrenberg 1993; Walderhaug 1996; Bloch et al. 2002;
Billault et al. 2003; Lander et al. 2008; Ajdukiewicz and Larese 2012;
Stricker and Jones 2016; Charlaftis et al. 2021). Detrital clay coats are
often interpreted as precursors for authigenic clay coats in deeply
buried sandstone reservoirs (Bahlis and De Ros 2013; Verhagen et al.
2020). In fluvial settings, the most common ways by which detrital
clay minerals (e.g. smectite) are incorporated into fluvial sandstones
either as clay coatings or pore-filling clays are by mechanical
infiltration of clay-rich waters and inherited grain-coating clays
(Matlack et al. 1989; Worden and Morad 2003; Dowey et al. 2012).
With increasing burial, detrital clays are recrystallized to authigenic
clays that could either have a positive or negative impact on deep
reservoir quality (Morad et al. 2010;Mahmic et al. 2018; Virolle et al.
2019). In general, the distribution of detrital clay minerals, which are
precursors for authigenic clay minerals, has been reported to be
controlled by depositional processes, at least in shallow-marine
(estuarine) depositional environments (Dowey et al. 2012, 2017;
Wooldridge et al. 2017). Therefore, understanding how the
completeness of clay coats changes as a function of depositional
processes (e.g. grain size, sorting and clay content) is crucial for the
prediction of quality reservoirs in deeply buried sandstones.

In this study, we investigate the impact of depositional facies,
grain size, clay content and clay coverage on sandstone reservoir
quality in two deeply buried sandstone members (Joanne and Judy)
of the Triassic Skagerrak Formation, UK Continental Shelf (UKCS)

Central Graben. In addition, we model quartz cement using burial–
thermal history to understand quartz cement evolution through time
and its relationship with clay-coat coverage, and then compare it
with measured quartz cement in the studied sandstones. The
sandstone members examined in this study are from wells 30/7a-7
(Judy Field) and 30/2c-4 (Jade Field) in Quadrant 30. They form the
main producing intervals in the UKCS Skagerrak Formation;
however, they exhibit different reservoir qualities. This study also
aims to ascertain whether grain size and clay content are viable tools
for predicting clay-coat-enhanced reservoir quality in deeply buried
and diagenetically complex sandstone reservoirs.

Geological setting

The Central Graben is the southern arm of a NW–SE-trending trilete
rift system in the North Sea, with the Viking Graben (VG) as the
northern arm and the Moray Firth Basin (MFB) as the western arm
(Fig. 1a). At least two major rifting phases led to the development of
the Central Graben, one during the Permian–Triassic (290–210 Ma)
and the other during the Upper Jurassic (155–140 Ma), the latter
being the main rifting episode. The Central Graben is divided into
the West and East Central Graben by two main horst blocks, the
Forties–Montrose High and the Josephine Ridge (Fig. 1b), and is
flanked by the Norwegian basement in the east and UKCS in the
west (Gowers and Sæbøe 1985; Glennie 1998; di Primio and
Neumann 2008). The main graben system and the medial horst
blocks are presently deeply buried due to subsequent post-rift
thermal subsidence and sediment inundation that began at the end of
the Jurassic rift episode. Today, they are overlain by a 3–4 km-thick
sequence of Cretaceous and Cenozoic strata (Grant et al. 2014).

The Triassic sediments of the Central North Seawere deposited in
a variety of dryland terminal fluvial settings, ranging from relatively

Fig. 1. Location map showing (a) the North Sea rift system and its structural elements, with the Moray Firth Basin (MFB), Viking Graben (VG), Central
Graben (CG) and Southern North Sea Basin (SNSB) (modified after Brown 1991) and (b) the study area (blue box on the structural map), with the Forties–
Montrose High (to the NW) and Josephine Ridge horst blocks (to the SE) dividing the Central Graben into the East Central Graben and the West Central
Graben. The wells selected for this study are from the fields highlighted in red (Jade and Judy fields).
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arid terminal splay and playa to more vegetated, confined-channel
systems with associated floodplain facies (McKie et al. 2010).
Palaeocurrent data reveal that the fluvial drainage pattern was in a
north–south direction towards the Southern North Sea, with
sediment inputs from the Fennoscandian Shield to the east and
the Scottish Highlands to the west (McKie 2011) (Fig. 1a). The
deposition of the Triassic sediments occurred directly above an
extensive and relatively thick Permian Zechstein salt layer in a series
of fault- and salt-controlled minibasins (pods). Early Triassic rifting
coupled with sediment loading initiated a widespread syndeposi-
tional movement of the underlying Zechstein salt, and this led to the
creation of salt-withdrawal minibasins or pods, in which the
contemporaneous Triassic sediments accumulated (Hodgson et al.
1992; Smith et al. 1993). The progressive withdrawal of the salt
from beneath the pods into the adjacent salt walls resulted in the
continued subsidence of the pods, until they grounded on the
underlying Lower Permian Rotliegend faulted basement. The
overall thickness of the pods and the rate at which they became
grounded vary across the basin and were strongly controlled by the
salt thickness. In areas where the salt was initially thin (on basin
flanks), the sediment pods grounded early and thus prevented
further intrapod deposition and preservation of sediments. In the
East andWest Central Graben, the salt layer was relatively thick, and
the sediment pods did not become grounded until the Late
Cretaceous. This allowed the accumulation and preservation of
thick sedimentary successions within the pods relative to the
interpod areas (Smith et al. 1993; Nguyen et al. 2013).

The stratigraphic division and nomenclature for the Triassic
sequences in the Central North Sea was defined based on detailed
biostratigraphic and lithostratigraphic correlation of wells within the
J-Ridge area in the South Central Graben (Goldsmith et al. 1995,
2003). This stratigraphic correlation has been extended to other
areas of the Central North Sea (UKCS quadrants 2 and 29;
Norwegian Continental Shelf (NCS) quadrants 7, 15 and 16)
through the integration of heavy mineral stratigraphy, seismic and
well-log correlation, and high-quality biostratigraphic data (McKie
and Audretsch 2005; McKie et al. 2010; McKie 2014; Mouritzen
et al. 2017; Burgess et al. 2020). The Triassic of the Central North
Sea is divided into two distinct lithostratigraphic units (or
formations): the Early Triassic Smith Bank Formation and the
Middle–Late Triassic Skagerrak Formation (Fig. 2). The Smith
Bank Formation (lower unit), consisting of shales, evaporites and
thin sandstones, forms the bulk of the pod infill. The overlying
Skagerrak Formation (alternating sandstones and mudstones)
occupies the upper section of the pods and the interpod areas. The
Skagerrak Formation is further subdivided into three sandstone-
dominated members (Judy, Joanne and Josephine) and three
mudstone-dominated members (Julius, Jonathan and Joshua)
(Goldsmith et al. 1995, 2003). The mud-dominated members are
thick and laterally extensive within Quadrant 30 but thin northwards
and are commonly used as the primary correlation markers for the
Skagerrak Formation (McKie and Audretsch 2005). Recent studies
of the Triassic stratigraphic framework have, however, proposed a
new correlation scheme for the Triassic successions based on the
results from high-resolution biostratigraphy and heavy mineral
stratigraphy (Mouritzen et al. 2017; Burgess et al. 2020).

The Triassic Skagerrak Formation underwent a prolonged
shallow burial phase (c. 150 myr) followed by a rapid burial
phase from 90 Ma onwards to their present-day maximum burial
depth (Fig. 3). The phase of rapid burial was accompanied by a
significant increase in pore pressure and temperature (Stricker et al.
2016b). The study area (J-Block, UK Quadrant 30) is situated in the
southern part of the UK Central Graben (Fig. 1). Throughout the
Triassic, this area was at the distal end of a continental clastic
(fluvial distributive) system, with sediment originating mainly from
the Norwegian mainland but with additional source areas in the

Scottish Highlands and Fladen Ground Spur (Steel and Ryseth
1990; Goldsmith et al. 1995; Gray et al. 2020). The focus of this
study is on the Judy and Joanne sandstone members of the
Skagerrak Formation in wells 30/07a-7 (Judy Field) and 30/2c-4
(Jade Field). These sandstone members form the main hydrocarbon
reservoirs in the Skagerrak Formation and occur in an HPHT
environment. In the upper part of the Skagerrak Formation,
especially at depths of 4000–5000 m (13 123–16 404 ft) below
seafloor (bsf), pore pressures and temperatures exceed 11 603 psi
(80 MPa) and 166°C, respectively (Swarbrick et al. 2000; di Primio
and Neumann 2008; Nguyen et al. 2013). Present-day overpressures
in the Judy and Jade fields are 3250 psi (22.4 MPa) and 3950 psi
(27.2 MPa), respectively (Grant et al. 2014) (Table 1).

Methodology

The core samples investigated in this study were chosen from the
Judy and Joanne sandstone members of the Triassic Skagerrak
Formation in wells 30/7a-7 (Judy Field) and 30/2c-4 (Jade Field),
respectively. These two wells were chosen because they contain a
variety of fluvial facies with different reservoir properties. A total of
116 core samples (in the form of chips) covering the main
depositional facies (Table 2) were chosen from well 30/7a-7 (56
samples) at depths of between 11 291 and 11 548 ft, (measured
depth: 3441 and 3519 m) and well 30/2c-4 (60 samples) at depths
between 15 585 and 15 793 ft (measured depth: 4750 and 4813 m).
The samples were selected at depths that had previously measured
porosity and permeability data.

All core samples were vacuum-impregnated with blue-dyed
epoxy resin to enhance porosity identification and then made into
thin sections. The thin sections were partly stained with Alizarin
Red-S and potassium ferricyanide to facilitate the determination of
carbonate cement types. Detailed petrographic analysis was
conducted on all prepared thin sections, using a Leica DM2500P
microscope coupled to a Leica DFC420C digital camera. Thin
sections were point counted to determine the percentage of detrital
grains, clay matrix, pore-filling and grain-coating cements, and
porosity using an automated point-counting stepping stage
(PETROG System, Conwy Valley Systems Ltd, Conwy, UK)
attached to a Leica petrographic microscope. Modal point-count
analysis of the mineral components and porosity was based on 300
point counts per section. Grain size was determined by measuring
the long axis of 200 grains (quartz and feldspar) per thin section
using the PETROG petrographic software package. Sorting was
determined from grain-size measurements using the formula
proposed by Folk and Ward (1957). To understand how grain size
relates to permeability, the Kozeny equation for estimating
permeability from grain size and total porosity (Kozeny 1927;
Walderhaug et al. 2012) was employed. Measured porosity and
permeability data from core analysis were provided by UKCommon
Data Access (CDA). Core-plug porosity measurements were made
using a Boyle’s law helium porosimeter. Air permeability
measurements were performed using nitrogen gas as a flowing
fluid at a confining Hassler pressure of 250 psi. The term ‘thin-
section porosity’ (also known as macroporosity or visible porosity)
used in this study is derived from point counting, and refers to the
sum of intergranular porosity and intragranular porosity. Helium
porosity (i.e. measured/core-plug porosity), on the other hand, is the
sum of macroporosity and microporosity. In this study, micropor-
osity is estimated by subtracting the thin-section porosity from the
helium porosity. Data from point-count analysis was used to
calculate the intergranular volume (IGV). This is defined as the sum
of intergranular porosity, depositional matrix and intergranular
cement in sandstone samples, and is used to measure compaction in
sandstones. Porosity loss due to compaction (COPL) and porosity
loss due to cementation (CEPL) were calculated following the
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methodology described in Lundegard (1992):

COPL ¼ Pinitial–{[(100–Pinitial)IGV]=(100–IGV)}

CEPL ¼ (Pinitial–COPL)(C=IGV)

where Pinitial is the initial depositional porosity, assumed to be 45%;
IGV is the intergranular volume; and C is the intergranular cement.

The detailed point-count results, petrographic information
(including IGV, COPL and CEPL), and laboratory measured
porosity and permeability are presented in the Supplementary
material: Tables S1 and S2.

To investigate the occurrence and morphology of clay minerals in
the studied sandstones, 23 sandstone samples with a clay volume
between 1 and 11% (based on point counting) were selected from

both wells for scanning electron microscopy (SEM) analysis. The
selected samples were polished to 30 μm, carbon-coated and
examined under a Hitachi SU-70 scanning electron microscope
equipped with backscatter (BSE) and an energy-dispersive X-ray
(EDX) spectrometer at an accelerating voltage of 10–15 kV and
working distance of 15 mm. The EDX system was used to identify
the chemical compositions and the distribution of the clays and
other minerals in the samples. Furthermore, using montaged SEM/
BSE images and high-resolution photomicrographs of the 23
selected sandstone samples, two major clay-coat properties
affecting reservoir quality (i.e. clay-coat coverage and thickness)
were measured on 150 quartz grains per sample using JMicroVision
software (https://jmicrovision.github.io/). The clay-coat coverage
(i.e. the fraction of the surface area of grains covered by clay

Fig. 2. Central North Sea (CNS) Triassic
stratigraphic column showing the six
lithostratigraphic members of the
Skagerrak Formation (after Goldsmith
et al. 2003) and their respective ages
(after Gradstein et al. 1995).
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minerals) on detrital quartz grains was measured using the perimeter
tool in the JMicroVision software, following the procedure
proposed by Dutton et al. (2018) (see the Supplementary
material: Fig. S1). In addition, the clay-coat thickness was measured
using the line selection tool in the software. Where clay-coat
thickness varies along a grain surface, several thickness measure-
ments were taken and an average thickness value was calculated.

The burial–thermal history curves of the twowells (30/7a-7 in the
Judy Field and 30/2c-4 in the Jade Field) were constructed using
Schlumberger’s PetroMod® (v. 2012.2) 1D basin-modelling
software. The software uses a forward modelling approach to
calculate the geological evolution of a basin and burial history of a
reservoir, especially the temperature and pore fluid pressure
evolution of the reservoir. Although the technique is limited in its
ability to model overpressure generation from the effect of lateral

fluid flow, diagenetic processes and hydrocarbon charging, it can
effectively simulate overpressure generation from disequilibrium
compaction and pore fluid expansion. Present-day stratigraphy,
well-log lithology and lithological descriptions were used to set the
1D burial models (Knox and Holloway 1992; Cameron 1993;
Johnson and Lott 1993; Richards et al. 1993; Goldsmith et al. 1995,
2003). Palaeobasement heat flow was assumed according to Allen
and Allen (2005), with a heat flow of 63–110 mW m−2 (average
80 mW m−2) during synrift phases and 37–66 mW m−2 (average
50 mW m−2) during post-rift phases. The burial history models
were calibrated against present-day repeat formation tester (RFT)
temperature measurements corrected after Andrews-Speed et al.
(1984), and measured Skagerrak Formation porosities. They were
then carefully adjusted to present-day formation pressure measure-
ments, taking into account late-stage, high-temperature overpressure

Fig. 3. Burial history and temperature
evolution plots for the Judy and Joanne
sandstone members in the Judy (well 30/
7a-7) and Jade (well 30/2c-4) fields.
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mechanisms (i.e. disequilibrium compaction and pore fluid
expansion) (Osborne and Swarbrick 1997; Isaksen 2004).

Quartz cementation models for the Judy and Jade field sandstones
(Judy and Joanne) were built using the approach of Walderhaug
(1996). This mathematical kinetic model calculates the rate of
quartz cementation using a logarithmic function, and assumes that
compaction terminates at the onset of quartz cementation and the
stabilization of framework grains (Walderhaug 1996, 2000). The
model incorporates grain size, percentage of grain coatings (i.e.
coverage), detrital mineralogy (i.e. detrital quartz fraction) and
available quartz surface area, all of which were quantified using the
acquired petrographic data. The model also incorporates tempera-
ture and burial history, both of which were modelled using
PetroMod® (v. 2012.2). Time–temperature histories generated
were used to calculate the heating rates incorporated into the
cementation models. In order to incorporate grain-coat data into the
model, the initial quartz surface area was reduced using the clay-
coat coverage data from the samples. The kinetic model was
generated usingWalderhaug’s (1996) standard parameters on 1 cm3

of sandstone, with an 80°C threshold temperature for quartz
cementation and a starting porosity of 26% at the onset of quartz

cementation. Avalue of 1.98 × 10−22 mol cm−2 s−1 was used for the
pre-exponential constant a, and 0.022°C for the exponential
constant b, as calculated by Walderhaug (1994b) for some North
Sea sandstones. Twenty-one samples of similar facies (i.e. channel
sandstones) were used in the model: eight samples from the Judy
Sandstone Member (well 30/7a07 in the Judy Field) and 13 samples
from the Joanne Sandstone Member (well 30/2c-4 in the Jade Field)
(see the Supplementary material: Table S3).

Results

Facies description and classification

Eight sedimentary facies were identified in the studied cored
intervals from the Judy (well 30/7a-7) and Joanne (well 30/2c-4)
sandstone members of the Skagerrak Formation based on grain size,
lithology and sedimentary structures (Table 2). These facies types
have been classified into three main facies associations comprising:
(1) confined fluvial channels (FC); (2) unconfined fluvial splays and
sheetfloods (SF); and (3) floodplain, palaeosols and lakes (FL)
(Table 3). A schematic fluvial depositional model illustrating the

Table 1. Well data from wells 30/7a-7 (Judy Field) and 30/2c-4 (Jade Field) used in this study

Field Judy Jade

Well 30/7a-7 30/2c-4
Depth interval (ft) 11 291–12 655 15 354–16 675

(m) 3441–3857 4680–5083
(TVDSS ft) 11 219–12 572 14 964–16 276
(TVDSS m) 3420–3832 4561–4961

Water depth (ft) 249 262
(m) 76 80

Top reservoir (TVDSS ft) 11 219 14 964
(TVDSS m) 3420 4561

Overpressure (psi) 3250 3950
(MPa) 22.4 27.2

RFT temperature Measured (°C) 143.3 163.8
Corrected (°C) 164.1 187.7
Depth (TVDSS ft) 12 572 15 566

(TVDSS m) 3832 4745
No. of core samples 56 60
Sandstone Member Judy Joanne

Included are water depth, top reservoir depth, overpressure, and repeat formation tester (RFT) temperatures based on Grant et al. (2014). TVDSS, true vertical depth subsea.

Table 2. Classification and description of identified facies in the Judy and Joanne sandstone members from wells 30/7a-7 (Judy Field) and 30/2c-4 (Jade Field)

Code Facies Description

S1 Parallel-laminated/current-rippled sandstones Very-fine- to fine-grained sandstones with planar parallel lamination and well-defined
current ripples with thin silty drapes defining laminae. Rippled bedsets define a low-
angle cross-stratification parallel to sparse planar lamination

S2 Massive sandstone Moderately to well-sorted, fine- to medium-grained massive sandstones with thickness
ranging from 0.3 to 2.5 m

S3 Cross-laminated/bedded sandstones Very-fine- to medium-grained, moderately to well-sorted sandstones forming stacked
decimetre- to metre-scale cross-stratified sets with planar erosive set boundaries

S4 Mottled, bioturbated and pedoturbated sandstones Very-fine- to fine-grained mottled sandstones with evidence of bioturbation resulting in
disrupted bedding. Composed of localized dolocrete nodules and dolomite cements

C Intraformational conglomerate and gravelly sandstone Poorly sorted sandstones containing pebble-sized clasts with size ranging from 2 to 8 mm.
The pebbles are primarily composed of dolocrete and mudclasts, and often occur in
channel bases

M1 Mottled and bioturbated mudstone Grey or green/red-coloured bioturbated silty mudstone facies with frequent mottling
M2 Pedoturbated mudstones and siltstones Silty mudstones with pervasive carbonate nodules. Commonly mottled, greenish in colour,

locally reddened, frequently bioturbated and rootletted with occasional preservation of
current rippling and planar parallel lamination.

M3 Laminated mudstone Mid- to dark-grey finely laminated argillaceous siltstone/mudstone with thin laminae and
lenses of laminated or current-rippled very-fine sandstone
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subenvironments and different facies associations identified is
shown in Figure 4. Figures 5–7 show the sedimentary logs for the
two wells, representative cores and thin-section images of the
identified sedimentary facies, respectively.

Confined fluvial channel (FC)

Sandstone sequences representing the fill of fluvial channels are
highly variable but range between distinctive end members (i.e.
high and low energy) based on grain size and bedform scale, all of
which overlie sharp-based erosional surfaces commonly defined by
intraformational conglomerates (C). The more abundant of these
types comprise moderately to well-sorted, fine- to medium-grained
sandstones, forming decimetre- to metre-scale, moderate- to high-
angle cross-stratified beds (S3) (Fig. 6). These are often stacked,
forming channel-filling sequences of up to more than 23 ft (7 m) in
thickness. Channel fills of this type are more common in the Joanne
Sandstone and rare in the Judy Sandstone Member. Both the
dominant grain size (fine sand) and the scale of the bedforms
suggest that most of these channel-filling sandstones were deposited
under conditions of high flow competence in active streams and
represent bar-scale bedforms. Similar characteristics have been
ascribed to deposition within low- to moderate-sinuosity channels
(Bridge and Lunt 2006) but, for the purposes of this paper, they are
referred to as high-energy fluvial channel (HEFC) sandstones.

At the opposite end of the spectrum of channel fills are sequences
that commonly exhibit a marked upward fining. They similarly tend
to overlie intraclastic conglomerates (C) resting on sharply erosive
channel bases but are dominated by very fine to fine sandstones
forming low-angle decimetre-scale beds, planar lamination, and
current and wave rippling (S1) (Fig. 6). Where complete, the
channel-filling sequences can equally range up to more than 23 ft
(7 m) in total thickness but commonly pass upwards into highly

argillaceous very fine sandstones and siltstones that are locally
disrupted by either or both bioturbation and pedoturbation. The
finer grain sizes (i.e. very fine sand) and a range of sedimentary
structures indicate significantly lower energy levels and stream
competence at the time of deposition. While sandstone sequences of
the corresponding type have been interpreted to represent higher
sinuosity channels (Leeder 1973; Bridge et al. 1995; Wu et al.
2015, 2016), in this paper, they are referred to as low-energy fluvial
channel (LEFC) sandstones.

The channel-filling sandstone sequences occurring within the
Joanne and Judy sandstone members are intermediate in character
between the two end members described above. However, the
samples used in this study can be assigned with confidence to the
two end members. It is therefore proposed that the terms high-
energy fluvial channels (HEFC) and low-energy fluvial channels
(LEFC) best serve the purposes of the assessments of reservoir
quality within the present contribution (Fig. 5a, b).

Unconfined fluvial splays and sheetfloods (SF)

This facies association mainly comprises very-fine- to fine-grained,
variably argillaceous and micaceous sandstones, and silty mud-
stones (Figs 5 and 7e, f ). The sandstone components are
characterized by planar lamination and current ripples with thin
silty/mica drapes (S1). The sandstone units of this facies association
commonly occur as weakly defined coarsening-upward sequences
or upward-fining packages that are less than 1 ft (0.3 m) and up to
7 ft (2 m) thick. They are usually interbedded with argillaceous silty
mudstones of facies M1–M3. The splay facies of the Skagerrak
Formation have been interpreted as unconfined sheetflood deposits,
which either form as crevasse (adjacent to river channels) or
terminal splay (McKie and Audretsch 2005; McKie 2011;
Akpokodje et al. 2017; Gray et al. 2020). The micaceous splay

Table 3. Facies association scheme used in this study and their colour codes

Facies association End members Facies code Colour code

Confined fluvial channel (FC) High-energy fluvial channel (HEFC) S1, S2, S3, S4, C
Low-energy fluvial channel (LEFC) S1, S2, S3, S4, C

Unconfined fluvial splays and sheetfloods (SF) S1, S2, S4, M1, M2, C
Floodplain, palaeosols and lakes (FL) S4, M1, M2, M3

Fig. 4. A schematic fluvial depositional
model illustrating the subenvironments
and different facies associations identified
in this study (modified after Nichols and
Fisher 2007).
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sandstone facies are interpreted to depict more proximal sheetflood
deposits, while the argillaceous and highly micaceous splay
sandstones correspond to more distal sedimentation.

Floodplain, palaeosols and lakes (FL)

The sediment packages characterizing this facies association
generally include silt- to clay-grain-sized siltstones and mudstones
(Figs 5 and 7j–l). They significantly contain pedogenic carbonate
nodules (e.g. dolocrete), suggested to be reworked as clasts within

channel bases, influencing the distribution of carbonate cements.
They are usually mottled, bioturbated and pedoturbated. Common
sedimentary structures include current or wave ripples, and parallel
laminations, where not overprinted by bioturbation and pedoturba-
tion. The sediments of this facies association are generally
associated with fluvial channel and splay facies, and can form
thicker units up to 27 ft (8 m). The floodplain facies (M1 and M2:
Fig. 6) represent sediments deposited in low-energy environments
and/or distal parts of sheetflood and splay facies. The lacustrine
facies (M3: Fig. 6) represent depositions within abandoned

Fig. 5. Sedimentary log of (a) well 30/7a-7 (Judy Field) and (b) well 30/2c-4 (Jade Field) showing the interpreted facies association based on lithology,
grain size and sedimentary structures. Corresponding gamma-ray logs of the cored intervals and core sample locations are also shown.
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channels or lakes created by salt tectonic subsidence. The presence
of dolocrete nodules in these deposits is indicative of pedogenesis
resulting from lowering of the water table and prolonged subaerial
exposure in an arid setting (Akpokodje et al. 2017; Gray et al.
2020).

Detrital texture and composition

The Skagerrak sandstones are very fine–medium grained (Fig. 8) and
range from moderately well sorted (0.5–0.71) to very well sorted
(<0.35) according to the classification of sorting degree proposed by
Folk and Ward (1957). The sandstones are subarkosic to lithic
arkosic in composition (Folk 1980) (Fig. 9). Compositionally, the
sandstones (i.e. Judy and Joanne) are immature, and have an average
composition of 55% quartz, 39% feldspar and 6% rock fragments.
Quartz grains comprise both monocrystalline and polycrystalline
quartz but are mostly monocrystalline. The feldspar grains include
K-feldspar, plagioclase (of an albitic composition) and trace
amounts of microcline. Associated rock fragments include igneous
and metamorphic rocks. Intrabasinal mudclasts and dolocrete
nodules are also common and more abundant at channel bases
(Fig. 7j). Detrital micas (muscovite and biotite) range from 0.7 to
19.6% (average 6.2%) and from 0.3 to 8.3% (average 2.7%) in the
sandstones of the Judy and Joanne members, respectively. They are,
however, more abundant in SF sandstones than in HEFC and LEFC
sandstones in both members (Tables 4 and 5). In addition to detrital
micas, other accessory minerals recognized during the SEM analysis
include rutile, apatite and zircon but these occur in trace amounts
within the samples.

Both sandstone members (Judy and Joanne) are compositionally
similar. However, they have different average grain sizes and total
amount of clay (detrital/authigenic). Sandstones from the Joanne
Sandstone Member are, on average, coarser compared to those from
the Judy Sandstone Member (Table 6; Fig. 8). Judy Sandstone
Member sandstones are made up of LEFC, HEFC and SF sandstone
facies, and have an average grain size of 0.102 mm (upper very fine
sand). Joanne SandstoneMember sandstones, on the other hand, are
composed of HEFC and SF sandstone facies, and have an average
grain size of 0.19 mm (upper fine sand) (Tables 4–6). The detrital
clay matrix consists of clay minerals mixed with silt-sized quartz
and feldspar. The clays consist of chlorite and illite, with moderately
high birefringence and greenish to brown colour. In this study, it is
sometimes difficult to distinguish detrital clays from authigenic
clays due to their diagenetic recrystallization. Thus, for simplicity,
the clays have been classified into pore-filling and grain-coating
clays. The total clay content varies from 5.6 to 46.9% in the Judy
Sandstone Member sandstones and 1.3–36.2% in the Joanne
Sandstone Member sandstones, based on point count data (Table 6).
Pore-filling clays vary from 0 to 37.6% (average 9.7%) and from 0
to 33.6% (average 8.9%) in the Judy and Joanne member
sandstones, respectively. Grain-coating clays vary from 0.3 to
17.4% (average 6.6%) in the Judy Sandstone Member sandstones
and from 0.3 to 8.3% (average 3.6%) in the Joanne Sandstone
Member sandstones (Table 6). Generally, the HEFC and LEFC
sandstones in both members have a lower average clay content than
their SF counterparts. In addition, the LEFC sandstones, on average,
have a higher total clay content compared to the HEFC sandstones
(Tables 4 and 5).

Fig. 6. Representative core photographs of the identified facies. S1, parallel-laminated/current-rippled sandstones; S2, massive sandstones; S3, cross-
laminated/bedded sandstones; S4, mottled, bioturbated and pedoturbated sandstones; C, intraformational conglomerates and gravelly sandstones – the dark
green pebbles represent reworked dolocrete nodules sourced from adjacent floodplain facies (M2); M1, mottled and bioturbated mudstone; M2,
pedoturbated mudstones and siltstones; M3, laminated mudstone.
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Diagenesis

Compaction

Skagerrak Formation sandstones exhibit different degrees of
mechanical compaction, with minimal input from chemical
compaction. Evidence of mechanical compaction in the studied
sandstones include grain rearrangement, grain deformation,
bending of mica grains (Fig. 10a), and point and long grain

contacts between grains (Fig. 10b, c). Chemical compaction
features include concave–convex and sutured grain contacts, and
these occur between some detrital quartz grains (Fig. 10b, d). An
important parameter for measuring the degree of mechanical
compaction is intergranular volume (IGV), which is the sum of
intergranular porosity, intergranular cement and depositional
matrix (Houseknecht 1987, 1988; Paxton et al. 2002). The
calculated IGV values range from 16.3 to 38.1% (average

Fig. 7. Representative thin-section photomicrographs of the various facies and their reservoir properties (ϕ, porosity; Kh, permeability; PPL, plane-polarized
light; XPL, cross-polarized light; n/a, not applicable). (a) Facies S1: very-fine-grained sandstone (30/7a-7); ϕ, 25.7%; Kh, 45 mD; depth, 11 335 ft
(3454.9 m). (b) Facies S2: medium-grained sandstone (30/2c-4); ϕ, 25.4%; Kh, 890 mD; depth, 15 614.17 ft (4759.2 m). (c) Facies S3: upper fine-grained
sandstone (30/2c-4); ϕ, 23%, Kh, 1050 mD; depth, 15 660 ft (4773.2 m). (d) Facies S1: very-fine-grained current-rippled sandstone (30/7a-7); ϕ, 18.1%; Kh,
3.1 mD; depth, 11 480 ft (3499.1 m). (e) Facies S1: lower fine-grained sandstone (30/7a-7); ϕ, 23.5%, Kh, 166 mD; depth, 11 468.3 ft (3495.6 m). (f ) Facies
S1: very-fine-grained current-rippled sandstone (30/7a-7); ϕ, 6.9%; Kh, 0.01 mD; depth, 11 360.1 ft (3462.6 m). (g) Facies S4: upper fine-grained
pedoturbated sandstone – PPL (30/02c-4); ϕ, 13.3%; Kh, 2.6 mD; depth, 15 697 ft (4784.5 m). (h) Facies S4: upper fine-grained pedoturbated sandstone –
XPL (30/2c-4); ϕ, 13.3%; Kh, 2.6 mD; depth, 15 697 ft (4784.5 m). (i) Facies C: (30/2c-4) ϕ, 4.9%; Kh, 0.04 mD; depth, 15 681 ft (4779 m). ( j) Facies M1:
(30/2c-4); ϕ, 6.3%; Kh, 0.014 mD; depth, 15 778 ft (4809 m). (k) Facies M2: (30/2c-4); ϕ, 6.7%; Kh, 0.017 mD; depth, 15 682 ft (4780 m). (l) Facies M3:
(30/7a-7); ϕ, 10.5%; Kh, 0.11 mD; depth, 11 479 ft (3498.8 m). LEFC, low-energy fluvial channel; HEFC, high-energy fluvial channel; SF, splay/
sheetflood; FL, floodplain/lake facies.
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25.7%) and from 12.5 to 42.8% (average 28.4%) in wells 30/7a-7
and 30/2c-4, respectively (Table 6). The wide range in IGV values
indicates variations in the degree of compaction between the
samples. Cross-plots of COPL and CEPL for the studied sandstone
samples are shown in Figure 10e, f. Sandstone samples with a clay
matrix of >10% were not included in the cross-plots to avoid an
overestimation of the compactional porosity loss due to abundant
clay matrix (Lundegard 1992). In the Judy well (30/7a-7), the
COPL and CEPL values range from 20.4 to 34.3% (average
27.8%) and from 3.8 to 13.8% (average 8%), respectively, while in
the Jade well (30/2c-4), the COPL and CEPL values range from
11.9 to 37.1% (average 24.7%) and from 4.7 to 31.6% (average
11.6%), respectively (Table 6). In well 30/7a-7, 11% of the
samples fall between the 0 and 10% intergranular porosity line,
while the remaining 89% fall within the 10–20% intergranular
porosity lines. In well 30/2c-4, 40% of the samples fall within the
0–10% intergranular porosity lines, 52% fall between the 10 and
20% lines, while the remaining 8% fall between the 20 and 30%
intergranular porosity lines. The significance of the COPL
v. CEPL plot is highlighted in the Discussion.

Diagenetic minerals

Quartz cement. In the studied sandstone samples, quartz cement
occurs mainly as syntaxial quartz overgrowths on detrital quartz

grains. They typically occur on non-clay-coated quartz-grain
surfaces or at breaks within clay coatings. Where present, they
partially or fully cover detrital quartz grains and encroach into the
available pore spaces (Fig. 11a–d). Quartz cement thickness ranges
from 2.3 to 100 µm with an average of 14 µm. Based on point
counting, quartz cement volume ranges from 0.3 to 4.7% (average
1.7%) in the Judy SandstoneMember, and from 0.3 to 7.3% (average
3.2%) in the Joanne Sandstone Member (see the Supplementary
material). Microquartz cement has been reported for the Skagerrak
Formation sandstones (Nguyen et al. 2013; Stricker and Jones 2016)
but was not observed in the analysed samples.

Clay minerals. Diagenetic clay minerals are common in all the
sandstones studied. Detailed petrographic and SEM–EDX analysis
revealed that the diagenetic clay minerals are predominantly chlorite
and, to a lesser extent, a mixture of illite and chlorite (Figs 11d–j and
12). Kaolin was not observed in the studied samples. The diagenetic
clays occur in variable amounts and in three principal forms: grain-
coating, pore-filling and grain-replacing. The diagenetic grain-
coating clays are mainly chlorite but in some samples they coexist
with illite; they occur on the surfaces of the detrital grains (e.g.
quartz and feldspar: Fig. 11a–h) and, in some instances, are
enclosed by the pore-filling clays, making their identification
challenging. The diagenetic pore-filling clays are mostly chlorite
(Fig. 11i); however, a mixture of densely packed illite and chlorite,

Fig. 8. Grain-size distribution by
facies for (a) the Judy Sandstone
Member and (b) the Joanne Sandstone
Member. Av., average.
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occurring as pore-filling clay, is also observed in some samples
(Fig. 11j).

Chlorite coat properties (coverage and thickness). As revealed by
SEM–EDX analysis, the chlorite coats in the studied sandstones are
Fe- and Mg-rich (Fig. 12; Table 7). In a few samples, the chlorite
coats commonly display two layers, each exhibiting a different
morphology and orientation (Pittman et al. 1992; Stricker and Jones
2016; Stricker et al. 2018). Layer 1 (or root zone) is made up of
densely packed, laminated and poorly crystallized sheets, orientated
parallel to the detrital quartz-grain surface (Fig. 12). Layer 2 (outer
layer) contains well-defined crystals that are parallel but sometimes
near perpendicular to the grain surface (Fig. 12). Layer 1 comprises
a mixture of illite and chlorite, whereas layer 2 is mainly chlorite
(Fig. 12). The chlorite coats are less developed and discontinuous
on some grains but are well developed and continuous on others.
Where they are absent or discontinuous, quartz overgrowth cements
are observed (Fig. 11a–c). However, in samples where chlorite coats
are well developed and continuous, the development of quartz
overgrowth cements was inhibited (Fig. 11d–h). Chlorite coat
coverage and thicknesses on the measured grains range from 1.2 to
100% and from 0.5 to 16 µm, respectively. Average chlorite coat
coverage in the Joanne Sandstone Member samples ranges from
15.9 to 69%, with 69% of the samples having <40% average chlorite
coat coverage. In the Judy Sandstone Member samples, the average
chlorite coat coverage is higher, ranging from 70 to 98%; 98% of the
coating thickness values are <10 µm, while the remaining 2% are
within the range 10–16 µm. Coating thickness values >10 µm are
commonly found in grain embayments (Fig. 11f, h). Average
chlorite coat thickness ranges from 4.2 to 7.2 µm in the Joanne
SandstoneMember samples, whereas it ranges from 3.5 to 6.2 µm in

the Judy Sandstone Member samples. Coating thickness is
generally not uniform on the grain surfaces; they are often thicker
in grain embayments (i.e. grain indentations) (Fig. 11i). A summary
of the chlorite coat coverage and thickness measurements is
presented in Table 8.

Carbonate cement. Dolomite is the principal carbonate cement in
the studied samples (Fig. 13a, b). Dolomite cements are found in all
the facies identified; however, in variable amounts. Volumetrically,
they range from 0 to 42.7%, with an average value of 11.1%. They
are locally distributed and occur mainly as pore-filling and, in some
cases, infilling in partly dissolved grains. Dolocrete clasts deposited
simultaneously with mud intraclasts were also recognized but are
restricted to channel bases (Fig. 7i, facies C). Petrographic and
SEM–EDX analysis revealed two types of dolomite cements: non-
ferroan (nFe-D) and ferroan dolomite (Fe-D) cements. Based on
petrographic light microscopy analysis, the nFe-D shows no stain,
while the Fe-D was identified by its characteristic pale turquoise
blue stain with potassium ferricyanide (Fig. 13a). Both types exhibit
a rhombic crystal structure with compositional zonation in some
places. The ferroan dolomite cements were observed to enclose the
non-ferroan phase (Fig. 13a, b), indicating that they formed during a
later stage of diagenesis (i.e. mesodiagenesis).

Porosity and permeability distribution

Thin-section and helium porosity of samples from the Judy
Sandstone Member (well 30/7a-7) range from 0 to 21% (average
7.3%) and from 2.3 to 26.7% (average 19.1%), respectively, while
the Joanne Sandstone Member samples (well 30/2c-4) have thin-
section and helium porosity values in the range 0–23.9% (average

Fig. 9. QFL plot showing the
classification of the Skagerrak
Formation sandstones in this study
(after Folk 1980).
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5.1%) and 3.7–25.9% (average 13.7%), respectively. Core perme-
ability ranges from 0.055 to 539 mD (average 40.9 mD) in the Judy
Sandstone Member and from 0.004 to 1150 mD (average
197.4 mD) in the Joanne Sandstone Member (see the
Supplementary material: Tables S1 and S2). Cross-plots of
helium porosity and permeability show a strong positive correlation
(R = 0.9) in both the sandstone members (Fig. 14a, b). The thin-
section porosity also significantly correlates with permeability
(Fig. 14c, d). Pore types identified in the studied samples include
primary (intergranular), secondary (dissolution) and micropores,

with intergranular pores dominating the pore system. Intergranular
porosity ranges from 0.3 to 18.7% (average 7.8%) in the Judy
sandstones and from 0 to 21.3% (average 8.8%) in the Joanne
sandstones. Secondary porosity in the Judy and Joanne sandstones
ranges from 0.3 to 6% (average 2.3%) and from 0 to 5.7% (average
1.7%), respectively. The secondary pores were created by partial to
complete dissolution of detrital grains (feldspars and rock
fragments) (Fig. 13c, d). The micropores are not visible under the
microscope. They are associated with the clay minerals in the
studied sandstone samples and are responsible for the higher helium

Table 4. Summary of petrographic data for the Skagerrak Judy sandstones in the Judy Field (well 30/7a-7) by facies

Judy sandstones (30/7a-7)

LEFC HEFC SF

Min. Max. Average. N Min. Max. Average. N Min. Max. Average N

Quartz (%) 20 45 33.8 22 30 42.7 35.3 8 25.7 44.7 33.2 12
Feldspar (%) 17.7 42.7 28.2 22 15 46.7 23.8 8 10.7 41.6 23.9 12
Total lithic fragments (%) 0.3 13.6 6.1 22 0.3 12.6 7.7 8 0.3 11 3.6 12
Total mica (%) 0.7 13.6 6 22 1.3 9.3 4.1 8 1.3 19.6 8 12
Quartz cement (%) 0.3 4.7 1.5 22 0.7 4.3 3.1 8 0 3.8 0.8 8
K-feldspar cement (%) 0 0.7 0.4 22 0 0.7 0.2 8
Carbonate cement (%) 0 30 1.4 22 0 8.3 1.8 8 0.7
Helium porosity (%) 2.3 26.7 22.3 22 17.9 26.0 23.8 8 6.9 23.5 17.5 12
Permeability (mD) 0.01 141 41.2 22 14.0 539 155.9 8 0.01 166 17.3 12
Grain size (mm) 0.07 0.13 0.09 22 0.12 0.17 0.14 8 0.07 0.14 0.09 12
Sorting (Folk and Ward) 0.30 0.61 0.38 22 0.36 0.43 0.38 8 0.32 0.45 0.39 12
Pore-filling clay (%) 0.7 32.7 6.8 22 0 19.6 3.9 8 0 37.6 18.9 12
Grain-coating clay (%) 0.3 17.4 7.5 22 2.7 8.3 5.8 8 0.3 9.7 5.4 12
Total clay (%) 6.3 33 14.3 22 5.6 22.3 9.7 8 6.6 46.9 24.2 12
Intergranular porosity (%) 0.3 13.6 8.4 22 2.4 17.0 9.7 8 0 18.7 4.2 12
Dissolution porosity (%) 0.3 5.6 2.3 22 1.0 6.0 3.7 8 0 5.0 1.4 12
Microporosity (%) 2.3 18.5 11.8 21 2.6 15 9.4 7 2.5 17.8 12.0 12
Total thin-section porosity (%) 0.3 16.6 10.2 22 6.1 19.4 13.4 8 0.7 21 5.5 12
IGV (%) 18.6 31.3 24.3 21 16.3 30.9 25.4 8 18.2 38.1 28.5 11

More detailed data are reported in the Supplementary material: Table S1.

Table 5. Summary of petrographic data for the Skagerrak Joanne sandstones in the Jade Field (well 30/2c-4) by facies

Joanne sandstones (30/2c-4)

LEFC HEFC SF

Min. Max. Average N Min. Max. Average N Min. Max. Average N

Quartz (%) 19.3 54.7 37.7 26 27.6 40 32.9 11
Feldspar (%) 6.3 39.3 24.5 26 12 42.3 23.7 11
Total lithic fragments (%) 0.3 11.7 3.4 26 0.3 3.6 1.4 11
Total mica (%) 0.3 8.3 2.5 26 0.3 6.3 3.0 11
Quartz cement (%) 0.3 7.3 3.8 26 0 4.3 0.9 11
K-feldspar cement (%) 0 1.3 0.2 26 0 0.3 0.1 11
Carbonate cement (%) 0 42.7 8.1 26 0 36.3 8.5 11
Helium porosity (%) 4.9 25.9 19.2 24 6.5 16.0 11.4 11
Permeability (mD) 0.038 1150 394.7 24 0.004 2.35 0.41 11
Grain size (mm) 0.13 0.33 0.21 26 0.063 0.19 0.12 11
Sorting (Folk and Ward) 0.36 0.71 0.5 26
Pore-filling clay (%) 0 27.9 2.9 26 3.6 33.6 23.3 11
Grain-coating clay (%) 0.3 8.3 3.5 26 0.7 7.0 3.8 11
Total clay (%) 1.3 29.2 6.4 26 7.6 36.2 27.1 11
Intergranular porosity (%) 0 21.3 9.3 26 0 3.0 0.7 11
Dissolution porosity (%) 0 5.7 1.9 26 0 2.0 0.7 11
Microporosity (%) 1.4 19.8 7.4 24 6.5 15.7 10.1 11
Total thin-section porosity (%) 0 23.9 11.2 26 0 4.3 1.4 11
IGV (%) 16.9 37.6 27.1 24 12.5 42.8 32.3 8

More detailed data are reported in the Supplementary material: Table S2.
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porosities compared to the thin-section porosities (Fig. 14e, f ).
Microporosity ranges from 2.3 to 18.5% (average 11.4%) in the
Judy sandstones and from 1.4 to 19.8% (average 8.3%) in the
Joanne sandstones (Tables 4 and 5). Cross-plots of microporosity
against total clay and grain-coating clay estimated from point
counting show that microporosity generally increases with
increasing clay content (Fig. 14g, h).

Discussion

Facies/depositional control on reservoir quality

Reservoir quality (i.e. porosity and permeability) of the Triassic
Skagerrak Formation is primarily controlled by depositional
processes, facies, grain size and clay content (Figs 14 and 15).
The best-quality reservoirs are associated with fluvial channel facies
(HEFC and LEFC); however, some splay facies (SF) also retain
good reservoir quality. Lacustrine and floodplain facies (FL)
constitute non-reservoirs; although they have 5–18.9% helium
porosity (Fig. 14a, b), permeability is less than 1 mD and could thus
act as barriers or baffles to fluid flow. Within the channel facies,
HEFC sandstones have better reservoir quality (in terms of
permeability) than the LEFC sandstones (Fig. 14a, b). Cross-plots
of petrographic data show that the main facies elements controlling
reservoir-quality distribution are grain size and clay content, both of
which are influenced by depositional processes (Fig. 15).

The impact of grain size on the porosity and permeability of the
studied Skagerrak Formation sandstones is shown in Figure 15a–f.
As grain size increases, there is a general increase in porosity (thin
section and helium) and permeability in the Judy and Joanne
sandstones. With the exception of a few isolated points,
permeability values in the range of 100–1150 mD are generally
restricted to the fine- to medium-grained HEFC sandstones with an
average grain size of >0.15 mm (lower fine sand to lower medium
sand), while permeability values of <100 mD are restricted to the
very-fine-grained LEFC sandstones and very-fine- to fine-grained
SF sandstones with an average grain size of <0.15 mm (lower very
fine sand to lower fine sand) (Fig. 15e, f ). Furthermore, cross-plots
of grain size and calculated permeability using the Kozeny equation
(Kozeny 1927; Walderhaug et al. 2012) show a significant positive
correlation, with calculated permeability increasing as grain size
increases (Fig. 15g, h). Although the Kozeny equation over-
estimates permeability for most of the samples (see the
Supplementary material: Tables S4 and S5), it does demonstrate
that grain size has a strong influence on permeability. The HEFC
sandstones, on average, are coarser grained (upper fine sand),
whereas the LEFC sandstones are, on average, finer grained (upper
very fine sand). An important parameter controlling permeability is
pore-throat size, which is a function of grain size (Bloch et al. 2002;
Nelson 2009; Lala and El-Sayed 2017; Lai et al. 2018). In this
study, higher permeability in the fine- to medium-grained HEFC
sandstones is associated with larger pore-throat sizes, while lower

permeability in the very-fine-grained LEFC and SF sandstones is
associated with smaller pore-throat sizes (Fig. 7a–c).

The impact of clay content on the reservoir quality of the
investigated Skagerrak Formation sandstones (channel and splay/
sheetflood) is shown in Figure 15i–k. The figure shows an inverse
correlation between clay content and porosity–permeability. As clay
content increases, there is a general decrease in porosity and
permeability. In this study, sandstones with <16% total clay
generally have better reservoir quality (>10 mD), while those with
>16% total clay have lower to poor reservoir quality (<10 mD)
(Fig. 15k). According to Worden and Morad (2003), the amount,
distribution pattern and morphology of clay minerals have
significant impacts on the porosity and permeability of sandstones.
Clay minerals in the form of grain coats (Fig. 11d–h) can preserve
porosity by preventing the development of quartz overgrowths
(Walderhaug 1996; Stricker and Jones 2016; Tang et al. 2018a).
Pore-filling clays (Fig. 11i, j), on the other hand, can degrade
reservoir quality by enhancing mechanical compaction and
blocking pore throats (Schmid et al. 2004; Olivarius et al. 2015;
Oluwadebi et al. 2018; Barshep and Worden 2021; Bello et al.
2021; Bukar et al. 2021). In this study, porosity and permeability
decrease with increasing volume of pore-filling clay (see the
Supplementary material: Figs S2–S4). Generally, sandstones with
>9% pore-filling clay have lower permeabilities (<10 mD), while
those with <9% pore-filling clay have higher permeabilities
(>10 mD).

The variations in sand grain size and clay content between/within
the channel (i.e. HEFC and LEFC) and splay/sheetflood facies
associations could be attributed to variations in depositional energy.
The very-fine-grained, clay-rich LEFC sandstones are suggestive of
deposition in a lower-energy environment, while the fine- to
medium-grained, relatively clean HEFC sandstones are suggestive
of deposition in a higher-energy environment. Our study shows that
as you move from a high-energy environment to a low-energy
environment there is a general decrease in grain size and an overall
increase in clay content (Fig. 15l), and, hence, an overall reduction
in reservoir quality. The ratio of HEFC/LEFC sandstones varies
between the Joanne and Judy sandstone members. In the Joanne
Sandstone Member, the fluvial channel facies are predominantly
HEFCs. In the Judy SandstoneMember, 15% of the fluvial channels
are HEFCs, while the remaining 85% are LEFCs. In general,
channel sandstones from the Joanne Sandstone Member have better
permeabilities (up to 1150 mD) due to their coarser grain size (fine–
medium grained) and lower total clay content (average 6.4%),
which are related to their higher depositional energy. Conversely,
channel sandstones from the Judy Sandstone Member have lower
permeabilities due to their finer grain size (very fine grained) and
higher clay content (average 13.1%), which are indicative of their
lower depositional energy. The above findings are similar to those
of previous research in the Judy and Jade fields, where depositional
facies has been identified as the primary control on reservoir quality
(Jones et al. 2005; Keller et al. 2005).

Table 6.Distribution of grain size, porosity, permeability and other measured parameters for the Judy and Joanne sandstones in wells 30/7a-7 (Judy Field) and
30/2c-4 (Jade Field)

Formation/well

Grain
size
(mm)

Thin-section
porosity
(%)

Helium
porosity
(%)

Permeability
(mD)

Total
clay
(%)

Pore-
filling
clay
(%)

Grain-
coating clay
(%)

Microporosity
(%)

IGV
(%)

COPL
(%)

CEPL
(%)

Judy sandstones
(30/7a-7)

Minimum 0.065 0 2.3 0.01 5.6 0 0.3 2.3 16.3 20.4 3.8
Maximum 0.165 21.0 26.7 539.0 46.9 37.6 17.4 18.5 38.1 34.3 13.8
Average 0.102 9.5 21.1 54.1 16.2 9.7 6.6 11.4 25.7 27.8 8.0

Joanne sandstones
(30/ 2c-4)

Minimum 0.063 0 4.9 0.004 1.3 0 0.3 1.4 12.5 11.9 4.7
Maximum 0.33 23.9 25.9 1150 36.2 33.6 8.3 19.8 42.8 37.1 31.6
Average 0.19 8.3 16.8 270.8 12.5 8.9 3.6 8.3 28.4 24.7 11.6
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Diagenesis and reservoir quality evolution

During burial diagenesis, compaction and cementation are the two
main processes reducing reservoir quality (Houseknecht 1987;

Gluyas and Cade 1997; Wolela and Gierlowski-Kordesch 2007;
Tang et al. 2018b). Cross-plots of porosity loss due to compaction
(COPL) and cementation (CEPL) show that porosity loss in the
majority of studied sandstones is mainly due to compaction

Fig. 10. Thin-section photomicrographs showing (a)–(d) different compaction features and (e) and (f ) plots of porosity loss due to compaction (COPL) and
cementation (CEPL). (a) Bending of mica; (b) point and concave–convex grain contacts; (c) long grain contact; (d) sutured grain contact; and (e) and (f )
plots of COPL and CEPL for low-energy fluvial channel (LEFC), high-energy fluvial channel (HEFC) and splay facies (SF) in the Judy and Joanne
sandstone members. Sandstone samples with more than 10% clay matrix were not included to avoid an overestimation of compactional porosity loss.
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(Fig. 10e, f ). However, a few HEFC data points in Figure 10f
suggest that cementation also plays a significant role in porosity
loss. These data points (or samples) are mainly from channel bases

and pedoturbated sandstones with significant amounts of dolomite
cement (10–42.7%). Based on petrographic textural observations,
compaction is primarily mechanical and largely influenced by

Fig. 11. Thin-section
photomicrographs and BSE images
showing detrital quartz (Qtz), feldspar
(F), mica (M), quartz overgrowth (Qo),
clay coats, pore-filling clays and
porosity (ϕ). (a)–(c) Thin-section
photomicrographs showing quartz
overgrowth (Qo) and discontinuous
clay coats on detrital quartz grains; (d)
and (e) thin-section photomicrographs
showing well-developed and
continuous clay coats; (f ) and (g) BSE
images showing well-developed clay
coats; (h) BSE image showing thicker
clay coats in grain indentation; and (i)
and ( j) pore-filling clays occluding
pore space.
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depositional facies. According to Paxton et al. (2002), sandstones
with a high proportion of ductile grains, such as mudclasts or mica,
exhibit significantly higher levels of porosity loss by mechanical
compaction at relatively shallow depths of burial. In this study,
channel sandstones (HEFC and LEFC) have a relatively lower
degree of compaction (Fig. 7a–c) due to the absence or lesser
amount of detrital clay and mica. Unconfined splay/sheetflood (SF)
sandstones have a greater degree of compaction (Fig. 7f ) due to
larger amounts of detrital clay and mica content. Very few SF
sandstone samples were observed to have undergone lesser
compaction due to minimal amounts of clay/mica, thus retaining
good porosity and moderate permeability (Fig. 7e). In addition to
depositional facies exerting a significant influence on the variations
in the compaction state, several studies have identified low vertical
effective stress (VES) as a critical factor for reduced state of
compaction and reservoir quality preservation (Grant et al. 2014;
Stricker et al. 2016a).

Apart from carbonate cements, other important diagenetic
cements in the studied sandstones are chlorite, a mixture of chlorite
and illite, and quartz. The diagenetic clays occur mainly as pore-
filling and coatings, and predate quartz cements. Where they occur
as pore-filling, pore spaces and pore throats are occluded, thus
reducing reservoir quality (Fig. 11i, j). In contrast, where they occur
as coatings (mainly chlorite), quartz cementation is inhibited and
porosity is preserved (Fig. 11d–h). Quartz cement is variable
(generally <8%) and localized (Fig. 11c), and has hadminimal or no
effect on the overall porosity and permeability due to the inhibiting
effect of pore-filling clays and chlorite clay coats (Figs 11d–j
and 12).

Clay coats and reservoir quality

Origin of chlorite coats

The chlorite coats in the studied Skagerrak Formation sandstones, as
revealed by SEM analysis, are mostly orientated parallel to detrital
grain surfaces (Fig. 11f–h), indicating a detrital origin and
emplacement by mechanical infiltration process (Matlack et al.
1989; Pittman et al. 1992). In addition, the presence of thicker
chlorite coats within the embayments on detrital grain surfaces
(Fig. 11h) and wide variations in rim thickness point to a detrital
origin (Pittman et al. 1992; Wilson 1992). Several studies have

shown that chlorite-coat formation in sandstones takes place during
diagenesis through precursor phases such as berthierine, odinite,
kaolinite and smectite (Moraes and De Ros 1992; McKinley et al.
2003; Dowey et al. 2012; Charlaftis et al. 2021). As revealed by
SEM–EDX analysis, the chlorite coats in the studied sandstones are
Fe- and Mg-rich (Fig. 12; Table 4), suggesting a detrital smectite
precursor clay mineral. This agrees with earlier interpretations
where chlorite coats in the Skagerrak sandstones have been
interpreted to form by thermally driven recrystallization of precursor
detrital smectite coats (Stricker et al. 2016b). The recrystallization
of smectite to chlorite occurs via a mixed-layer chlorite–smectite at
around 120°C (Worden and Morad 2003; Worden et al. 2020). The
present-day reservoir temperature of the studied Skagerrak
sandstones is >160°C (Fig. 3). This implies that any smectite
precursor clays would have been fully recrystallized to chlorite at
this temperature. As earlier mentioned, the clay coatings on some of
the detrital quartz grains exhibit two layers: an inner layer (layer 1/
root zone) and an outer layer (layer 2) (Fig. 12). As shown in

Fig. 12. BSE image and EDX spectra of a sample at 11 348 ft (well 30/7a-7) showing a two-layered clay coats. The EDX spectra on the right show changes
in the clay coat chemistry from the root zone to the outer layer. The root zone (layer 1) is a mixture of illite and chlorite, while layer 2 is pure chlorite.

Table 7. Result of a spot SEM–EDX spectral analysis conducted on a two-
layered clay coat on a detrital quartz grain (shown in Fig. 12)

Layer 1 Layer 2

Wt (%) Oxide (%) Wt (%) Oxide (%)

Elements
O 42.7 40.7
Si 26.3 15.3
Al 13.7 12.2
Fe 7.6 22.9
Mg 6.9 8.9
K 2.8 0
Total 100 100
Oxides
SiO2 56.3 32.7
Al2O3 19.2 23.1
FeO 9.7 29.5
MgO 11.4 14.7
K2O 3.4 0
Total 100 100
Clay type Illite–chlorite Chlorite
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Table 8. Summary of clay-coat coverage measurements made on 23 sandstone samples from the Skagerrak Formation

Well
name

Sandstone
Member

Depth
(ft) Facies

Average grain
size
(mm) Sorting

Clay-coat
coverage
(%)

Clay-coat volume_point
count
(%)

Total clay volume_point
count
(%)

Clay-coat
thickness
(µm)

Quartz cement
volume
(%)

Temperature
(°C)

Thin-section
porosity
(%)

Helium
porosity
(%)

Permeability
(mD)

30/07a-7 Judy 11 291.3 LEFC 0.098 0.44 78.5 7.3 11.1 3.7 1.8 164.0 9.7 24.1 43
30/07a-7 Judy 11 303.8 LEFC 0.089 0.40 95.3 10 11.3 6.2 1.6 164.0 12 25.7 18
30/07a-7 Judy 11 309.8 LEFC 0.093 0.44 96 6 9 4.9 0.5 164.0 14.4 21.5 27
30/07a-7 Judy 11 335.1 LEFC 0.092 0.38 93 6.7 10.3 3.5 1.7 164.0 14 25.7 45
30/07a-7 Judy 11 338.4 LEFC 0.097 0.34 91 5 7.6 4.9 1.3 164.0 13.3 26.2 53
30/07a-7 Judy 11 433 SF 0.097 0.37 82 8 10.7 3.6 4.7 164.0 13.7 25 48
30/07a-7 Judy 11 442 LEFC 0.101 0.40 98 5.6 6.3 5 2.7 164.0 14.7 25.9 85
30/07a-7 Judy 11 468.3 SF 0.144 0.42 70 7 6.6 4.5 3.8 164.0 21 23.5 166
30/07a-7 Judy 11 490.9 LEFC 0.135 0.50 92.7 5.2 6.3 4.7 4.2 164.0 16.6 21.9 52
30/07a-7 Judy 11 496 HEFC 0.145 0.40 80.4 8.3 8.3 5 4 164.0 19.4 25.3 269
30/02c-4 Joanne 15 612 HEFC 0.152 0.51 69 6.3 6.3 4.5 2.3 187.7 13 23.3 124
30/02c-4 Joanne 15 614.2 HEFC 0.259 0.56 50 4.8 5.5 4.6 6 187.7 21 25.4 890
30/02c-4 Joanne 15 617.1 HEFC 0.245 0.59 36.2 2.3 2.3 5.9 5 187.7 20.3 22 692
30/02c-4 Joanne 15 621.1 HEFC 0.32 0.60 30.2 1.7 2.3 5 4.3 187.7 19.7 23.4 842
30/02c-4 Joanne 15 625 HEFC 0.245 0.71 40 3.7 5.3 6.6 6 187.7 14.3 19.9 355
30/02c-4 Joanne 15 644.9 HEFC 0.22 0.44 60 5.3 6 7.2 4.5 187.7 19.6 24.4 670
30/02c-4 Joanne 15 650.1 HEFC 0.216 0.59 17 2.3 2.6 4.2 7.3 187.7 16.7 19.9 279
30/02c-4 Joanne 15 656.2 HEFC 0.211 0.55 36.8 3.3 3.3 6 4.2 187.7 23.9 25.3 1150
30/02c-4 Joanne 15 660 HEFC 0.221 0.52 27 1.3 1.3 6.2 6.2 187.7 19.7 23 1050
30/02c-4 Joanne 15 671 HEFC 0.145 0.60 60.2 8.3 8.3 5.3 2.7 187.7 13.7 25.9 167
30/02c-4 Joanne 15 676.2 HEFC 0.163 0.64 36 2.7 4.7 5.2 6.3 187.7 17.7 23.3 529
30/02c-4 Joanne 15 718.3 HEFC 0.183 0.55 17.3 2.7 3 5.3 6 187.7 21.1 24.7 614
30/02c-4 Joanne 15 748.2 HEFC 0.274 0.64 15.9 4 4.3 4.9 7 187.7 20 23 1134

Also included are measured textural parameters, quartz cement and clay-coat volume derived from point counting, and their corresponding reservoir properties (LEFC, low-energy fluvial channel; HEFC, high-energy fluvial channel; SF, unconfined splay sandstone
facies).
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Figure 12, the root zone directly overlying the detrital quartz-grain
surface is densely packed, poorly crystallized, and composed of a
mixture of illite and chlorite, which we believe is the product of the
diagenetic recrystallization of detrital smectite coats. The presence
of potassium in the root zone or layer 1 suggests the presence of
small amounts of illite or mica as a contaminant within the chlorite
structure (Humphreys et al. 1994; Shelukhina et al. 2021). The outer
layer is well crystalized and purely chlorite. We hypothesize that the
outer layer is younger and was formed by the interaction of the root
zone’s outermost part with adjacent porewaters during burial (due to
increasing temperature and pressure); hence, the reason for changes
in the chemistry and increased crystallinity of the clay coats from the
root zone to the outer layer.

Smectite minerals preferentially form during weathering in arid
climates (McKinley et al. 2003). In arid environments, evaporation
frequently exceeds meteoric influx, resulting in an upward flow of
groundwater, evaporation, and the formation of various smectitic
clays and magnesium-rich clay minerals (Worden andMorad 2003).
The Skagerrak Formation sandstones were deposited in an arid to
semi-arid environment (McKie 2011, 2014), therefore supporting
the assumption that the precursor clay mineral for the chlorite coats
is smectite. In addition to smectite acting as a precursor for chlorite
in the studied sandstones, the dissolution of volcanic rock fragments
(Fig. 13d) observed in some samples may have aided the formation

of chlorite. According to Dowey et al. (2012), authigenic chlorite
can also form during diagenesis from the dissolution of Fe- andMg-
rich detrital grains and volcanic rock fragments. Thus, this
observation is likely to support the interpretations of Humphreys
et al. (1989) that authigenic chlorite in late Triassic sandstones from
the North Sea Central Graben developed from a potential smectite
precursor and was aided by detrital grain dissolution.

Chlorite coats and quartz cementation

Quartz cementation is the dominant mechanism for porosity loss in
deeply buried sandstones, especially those with prolonged exposure
to elevated temperatures (Worden and Morad 2000; Taylor et al.
2010; Xia et al. 2020). In this study, the modelled burial–thermal
history (Fig. 3) reveals that the Triassic Skagerrak Formation is at its
maximum burial depth (>3400 m) and temperature (>160°C) at the
present day. Considering the temperature history, quartz cement,
which commonly forms at around 70–80°C (Walderhaug 2000;
Worden and Morad 2000; Bjørlykke 2014; Xi et al. 2015), is
expected to have pervasively developed in the studied samples,
occluding the entire pore spaces. However, this is not the case, as the
quartz cement volume recorded is generally <8%. Petrographic
examination reveals that the presence of early formed chlorite coats
has significantly inhibited the growth of quartz cement and therefore

Fig. 13. (a) Thin-section photomicrograph showing non-ferroan (nFe-D) and ferroan dolomite (Fe-D) under plane-polarized (PPL) and cross-polarized light
(XPL). (b) BSE image showing non-ferroan (nFe-D) and ferroan dolomite (Fe-D). Both dolomite types exhibit a rhombic crystal structure with
compositional zonation. The ferroan dolomite encloses the non-ferroan phase, indicating that the ferroan dolomite was formed during late-stage diagenesis.
(c) and (d) Thin-section photomicrographs showing secondary porosity created by partial and near to complete dissolution of feldspar grain (c) and igneous
rock fragment (d).
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Fig. 14. (a) and (b) Cross-plots of helium porosity and permeability for the Judy and Joanne sandstones. (c) and (d) Cross-plots of thin-section porosity and
permeability. (e) and (f ) Cross-plots of helium porosity and thin-section porosity. (g) Cross-plots of clay microporosity and total clay (pore-filling and
grain-coating clays). (h) Cross-plots of clay microporosity and grain-coating clay.
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contributed to the preservation of reservoir quality (Fig. 11d–h).
However, in a few samples, quartz cementation is observed to be
pervasive and locally distributed due to the absence or lack of
continuous chlorite coats (Fig. 11a–c). In the studied sandstones,
detrital quartz grains with continuous chlorite coats have minimal or

no quartz cements, while those with discontinuous or no chlorite
coats have moderate quartz cements. This implies that sandstones
with discontinuous clay coats on detrital quartz grain surfaces are
more prone to quartz cementation. Figure 16a shows the relationship
between chlorite coat coverage (i.e. continuity/discontinuity) and

Fig. 15. Relationship between grain size, clay content and reservoir properties of the studied Skagerrak sandstones (HEFC, high-energy fluvial channel
sandstones; LEFC, low-energy fluvial channel sandstones; SF, splay facies). (a) and (b) Cross-plots of helium porosity and average grain size. (c) and (d)
Cross-plots of thin-section porosity and average grain size. The cross-plots show that porosity increases with increasing grain size. (e) and (f ) Cross-plots of
measured permeability and average grain size. (g) and (h) Cross-plots of Kozeny permeability (calculated) and average grain size for the Judy and Joanne
sandstones. The cross-plots show that permeability generally increases with increasing grain size. (i) Cross-plot of helium porosity and total clay. ( j) Cross-
plot of thin-section porosity and total clay. The cross-plots show that porosity decreases with increasing total clay. (k) Cross-plot of measured permeability
and total clay. Permeability decreases with increasing total clay. With few exceptions, sandstones with <16% total clay (circled) have better reservoir
quality. (l) Cross-plot of total clay and average grain size. An increase in grain size results in a decrease in total clay.
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quartz cement volume for 23 of the investigated samples. As
illustrated in Figure 16a, there is an inverse relationship between
chlorite coat coverage and quartz cement, with quartz cement
volume generally increasing as chlorite coat coverage decreases.
With few exceptions, sandstones with a lower average chlorite coat
coverage (<50%) have a higher quartz cement volume (4.2–7.3%),
while those with a higher average chlorite coat coverage ranging
from 60 to 98% have a lesser quartz cement volume (0.5–4.2%).
This finding is similar to those of previous studies where an inverse
correlation between clay-coat coverage and quartz cement volume
has been identified (Bloch et al. 2002; Taylor et al. 2015; Dutton

et al. 2018). In addition, this finding supports the claim that the
completeness of clay coats and not just its presence is the most
important factor governing its ability to effectively inhibit quartz
cementation (Heald and Larese 1974; Ehrenberg 1993; Walderhaug
1996; Bloch et al. 2002; Billault et al. 2003; Lander et al. 2008;
Ajdukiewicz and Larese 2012).

To further test the impact of the continuity or discontinuity of clay
coats on quartz cementation and reservoir quality, clay-coat
coverage data for 21 fluvial channel sandstone samples (Table 5)
was incorporated into the quartz cementation model developed for
this study (Fig. 16b, c). The sandstones of the Judy and Joanne

Fig. 15. Continued.
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members are currently buried to temperatures of >160°C and have
stayed in the quartz cementation window (above 80°C) for about 41
and 45 myr, respectively (Fig. 3). The model shows that with 50%
clay-coat coverage in both the Judy and Joanne sandstone members,

there is minimal or no effect on quartz cementation; however,
increasing the clay-coat coverage to 90% results in a significant
impact on quartz cementation. At 90–91% clay-coat coverage, the
modelled quartz cement volume is 9.1% (after 41 myr in the quartz

Fig. 16. (a) Inverse relationship between clay-coat coverage and quartz cement volume. (b) and (c) Quartz cementation model output for the Judy
sandstones (Judy Field) and Joanne sandstones (Jade Field) showing the effect of varying clay-coat coverage on quartz cement evolution through geological
time. Increasing clay-coat coverage results in a reduction of the quartz cement volume. Average measured clay-coat coverage in the Judy and Joanne
sandstones is 91 and 38%, respectively. The model outputs indicate that the Judy and Joanne sandstones would require around 97–98% clay-coat coverage
for their current average quartz cement volumes of 2.2 and 5.2%, respectively. (d) and (e) Quartz surface area v. time for the Judy and Joanne sandstones.
The plots show the effect of varying the clay-coat coverage on the quartz surface area and its evolution through time. Generally, increasing clay-coat
coverage results in a reduction of the initial quartz surface area available for quartz cement precipitation. (f ) Cross-plot of point-counted quartz cement and
initial quartz surface area per cubic centimetre of sandstone. The positive correlation suggests that the available quartz surface area (and the extent of the
clay-coat coverage) have a significant influence on quartz cementation.
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cementation window) and 15% (after 45 myr in the quartz
cementation window) for the Judy and Joanne channel sandstones,
respectively (Fig. 16b, c). Based on point counting, the average
measured quartz cement volume for the modelled Judy and Joanne
channel sandstones is 2.2 and 5.2%, respectively (see the
Supplementary material: Table S3). The concurrence between
measured and modelled quartz cement volume for the Judy and
Joanne channel sandstones was achieved at 98 and 97% clay-coat
coverage, respectively (Fig. 16b, c). This implies that to limit the
average quartz cement volume to the observed value of 2.2 and
5.2%, each detrital quartz grain must be 97–98% coated.

Chlorite coat coverage ranges from 78 to 98% in the Judy
channel sandstones and from 15.9 to 69% in the Joanne channel
sandstones (Table 5). In the Judy channel sandstones, the average
chlorite coat coverage is 91% and this gives an average measured
quartz cement volume of 2.2% (see Supplementary material:
Table S3), which is lower than the modelled volume (9.1%, after
41 myr in the quartz cementation window), using a similar coating
coverage of 91% (Fig. 16b). In the Joanne channel sandstones, the
average chlorite coat coverage is 38% and this gives an average
measured quartz cement volume of 5.2% (Supplementary
material: Table S3), which is significantly lower than the
modelled volume (25.9%, after 41 myr in the quartz cementation
window) using a similar coating coverage of 38% (Fig. 16c). The
lower measured quartz cement volume compared to the modelled
volume in both sandstones can be attributed to the additional
impacts of high pore fluid pressure and low vertical effective
stress (VES), which inhibited mechanical compaction in the
Skagerrak Formation sandstones (Nguyen et al. 2013; Grant et al.
2014; Stricker and Jones 2016; Stricker et al. 2016a). In general,
chlorite clay coats have inhibited quartz cementation in the studied
Skagerrak Formation sandstones; however, its effectiveness is
dependent on its extent of coverage (or continuity) on the detrital
grain surfaces.

Grain size and quartz cementation

In addition to clay coats, grain size has also been reported to have a
significant effect on quartz cementation (Walderhaug 1996; Bloch
et al. 2002). According to Walderhaug (1996), the surface area
available for quartz cementation is a function of grain size. Finer
grain sizes have a larger surface area than coarser grain sizes. As a
result, finer-grained sandstones are likely to be more quartz
cemented than coarser-grained sandstones (Walderhaug 1996;

Bloch et al. 2002). In this study, however, very-fine-grained
sandstones contain less quartz cement than fine- to medium-grained
sandstones. This could be attributed to the higher clay-coat coverage
in the very-fine-grained sandstones, which resulted in a significant
reduction of available quartz-grain surface area for quartz
precipitation. The quartz cementation model shows that prior to
clay coating (0% coating coverage), the very-fine-grained Judy
sandstones (average grain size 0.11 mm) have a higher quartz
surface area (199 cm2 cm−3) than the fine-grained Joanne sand-
stones (110.7 cm2 cm−3) with an average grain size of 0.22 mm
(Fig. 16d, e). Increasing the chlorite coat coverage to 91 and 38%
(average measured values) in the Judy and Joanne channel
sandstones, respectively, reduces the quartz surface area available
for quartz precipitation to 17.9 cm2 cm−3 in the Judy channel
sandstones and 68.5 cm2 cm−3 in the Joanne channel sandstones
(Fig. 16d, e). This implies that finer-grained sandstones with
extensive clay-coat coverage can become less quartz cemented than
coarser-grained sandstones with a lesser clay-coat coverage. In
general, the positive correlation between initial quartz surface area
and quartz cement volume, as shown in Figure 16f, suggests that the
available quartz surface area is a primary control on quartz
cementation. In addition, clay coatings can inhibit quartz cemen-
tation by reducing the quartz surface area available for quartz
precipitation (Walderhaug 1996, 2000).

Correlation between grain size and clay-coat coverage

In the studied datasets, a significant correlation exists between grain
size and clay-coat coverage, with clay-coat coverage increasing with
decreasing grain size (Figs 17a and 18). Average clay-coat coverage
ranges from 78.5 to 98% in the finer-grained LEFC sandstones
(average grain size <0.15 mm), whereas it ranges from 15.9 to 69%
in their coarser-grained HEFC counterparts (average grain size
>0.15 mm). This observation is consistent with those of previous
studies, where clay-coat coverage has been reported to increase with
decreasing grain size (Wilson 1992; Ajdukiewicz et al. 2010;
Wooldridge et al. 2017). Furthermore, the lower clay-coat coverage
characterizing the HEFC sandstones could be linked to the high
degree of abrasion or reworking they were subjected to during
sediment transport. During sediment transport, coarser grains
experience a higher degree of abrasive transport than finer grains.
As a result, clay coats can be more completely abraded on coarser
grains than finer grains (Wilson 1992; Ajdukiewicz et al. 2010;
Wooldridge et al. 2019a; Verhagen et al. 2020).

Fig. 17. (a) Correlation between clay-coat coverage and grain size. Clay-coat coverage increases with decreasing grain size and is influenced by depositional
energy. Low-energy fluvial channel (LEFC) sandstones have better clay-coat coverage than their high-energy fluvial channel (HEFC) sandstone
counterparts. (b) A positive correlation between clay-coat coverage and clay-coat volume. Clay-coat coverage increases with increasing clay-coat volume.
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Correlation between clay volume and clay-coat coverage

Increased clay mineral volume (occurring mainly as coats) has been
widely reported to enhance clay-coat coverage (Pittman et al. 1992;
Wooldridge et al. 2019b; Charlaftis et al. 2022). In this study, a
positive correlation exists between clay-coat coverage and clay-coat
volume derived from point counting (R = 0.77) (Fig. 17b).
Sandstones with >60% average clay-coat coverage contain clay-
coat volumes in the range of 5–10%, while sandstones with ≤50%
clay-coat coverage have <5% clay-coat volume (Fig. 17b; Table 5).

With few exceptions, sandstones with >60% average clay-coat
coverage and 5–10% clay-coat volume are restricted to the LEFC
sandstone facies, while those with <50% clay-coat coverage and
<5% clay-coat volume are restricted to the HEFC sandstone facies.
This implies that variations in depositional energy exert a significant
influence on the volume of detrital clay distributed as clay coats
prior to final burial. This observation supports the assertion of
Wooldridge et al. (2019a) that lower-energy environments
generally have a greater volume of clay available for infiltration
and higher degrees of clay-coat coverage than high-energy
environments.

Microporosity and chlorite coats

Clay minerals in sandstones often contain considerable micropor-
osity, which contributes to the total porosity from core analysis and
wireline-log data (Hurst and Nadeau 1995). However, clay
microporosity can introduce high irreducible water saturation,
lowering the effective porosity and permeability (Hurst and Nadeau
1995; Xia et al. 2020). This study shows a positive correlation
between microporosity and volume of chlorite coats, as well as a
positive correlation between microporosity and chlorite coat
coverage (Fig. 19a, b). Sandstones with >6% microporosity have
a higher clay-coat volume (5–10%) and clay-coat coverage (60–
98%). Conversely, those containing <6% microporosity have a
lower clay-coat volume (1.3–5%) and clay-coat coverage (15.9–
60%). In general, clay microporosity increases with increasing clay-
coat volume and coverage.

Correlation between clay-coat coverage and porosity–
permeability

Previous studies (Dutton et al. 2018; Bello et al. 2021) have
established a positive correlation between clay-coat coverage and
porosity–permeability. These studies showed that porosity and
permeability increase with increasing clay coat coverage. However,
in this study, such a positive correlation could not be established
(Fig. 19c–e). In this study, sandstones with lower clay coat coverage
(HEFC) have higher porosity (thin section) and permeability than
those with higher clay coat coverage (LEFC). The porosity and
permeability of the sandstones are primarily influenced by the
depositional processes/energy of the system, which in turn control
the distribution of grain size and clay content. The high porosity
(thin section) and permeability exhibited by the HEFC sandstones,
despite their low clay coat coverage and greater quartz cement
volume, is due to their coarser grain sizes (fine–medium grained)
and absence or minimal amounts of clays (Fig. 19f–i). In contrast,
the low porosity (thin section) and permeability characterizing the
LEFC sandstones, despite their higher clay coat coverage, is due to
their finer grain sizes (very fine–fine grained) and the relatively
higher amounts of clay (Fig. 19f–i). It is worth noting that the cross-
plot of measured permeability and helium porosity for the selected
sandstones in Figure 19j shows a poor correlation, in contrast to
Figure 14a, b, which includes all of the investigated samples. This is
due to the effect of clay microporosity on helium porosity. However,
a strong positive correlation occurs when plotted with thin-section
porosity (Fig. 19k).

Implications for reservoir quality prediction

It is a common practice to target clean (clay-free) sandstones and
ignore their relatively clay-rich counterparts (Wooldridge et al.
2017). This is due to the general belief that the best reservoir quality
occurs in clean and coarser-grained sandstones. As demonstrated in
this study, cleaner and coarser-grained channel sandstones have
better reservoir quality than finer-grained, clay-rich channel
sandstones. However, the cleaner and coarser-grained channel

Fig. 18. Grain-coating phase maps of three representative chlorite-coated
Skagerrak Formation sandstones showing the relationship between clay-
coat coverage and grain size. (a) Low-energy fluvial channel (LEFC)
sandstone: depth, 11 309.8 ft; average grain size, 93.3 µm (0.093 mm);
average clay-coat coverage, 96%. (b) High-energy fluvial channel (HEFC)
sandstone: depth: 11 496 ft; average grain size, 145 µm (0.145 mm);
average clay-coat coverage, 80.4%. (c) High-energy fluvial channel
(HEFC) sandstone: depth: 15 650.1 ft; average grain size, 216 µm
(0.216 mm); average clay-coat coverage, 17%. Generally, the average
clay-coat coverage reduces with increasing average grain size.
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sandstones (HEFC) have a greater quartz cement volume due to a
lesser clay coat coverage (<50%) on the detrital quartz-grain
surfaces. Continuous burial of these clean, coarser-grained and less-
coated sandstones into ultra-deep HPHT settings (>20 000 psi and
>200°C) (Smithson 2016) could result in further quartz cementation
and significant porosity–permeability loss. Conversely, the higher
clay coat coverage (70–98%) in the finer-grained, slightly dirty
channel sandstones (LEFC) will inhibit further quartz cementation,

and help to preserve good porosity and moderate permeability,
when buried in ultra-deep HPHT settings (Fig. 20).

It is also worth noting that increased clay content and clay-coat
thickness in sandstones can have negative impacts on reservoir
quality. Our study suggests that between 5 and 10% clay fraction
(occurring primarily as clay coats) is required to form adequate clay
coat coverage that can effectively inhibit quartz cementation and
preserve favourable reservoir quality in deeply buried fluvial

Fig. 19. Relationship between clay-coat volume, coverage and reservoir parameters for 23 of the studied sandstone samples from the Skagerrak Formation.
(a) Cross-plot of clay-coat volume and microporosity. (b) Cross-plot of clay-coat coverage and microporosity. (c) and (d) Cross-plots of clay-coat coverage
v. thin-section and helium porosity. (e) Cross-plot of measured permeability and clay-coat coverage. (f ) and (g) Cross-plots of thin-section porosity and
measured permeability v. grain size. (h) and (i) Cross-plots of thin-section porosity and permeability v. total clay. ( j) Cross-plot of helium porosity and
measured permeability (Note: unlike Fig. 14a, b, the plot does not show any clear correlation due to the effect of clay microporosity on helium porosity).
(k) Plot of permeability against thin-section porosity showing a good correlation.
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sandstones. This range is within the optimum range (5–13%)
proposed by Pittman et al. (1992) for the Tuscaloosa Formation.
Depending on pore-throat size, thicker clay coats can block pore
throats and consequently inhibit fluid flow (Worden et al. 2020).
Clay-coat thickness in this study ranges from 0.5 to 10 µm (except in
embayed surfaces where it is up to 16 μm) and has not resulted in the
blockage of pore throats. These thickness values are within the 5–
10 µm range reported as beneficial for reservoir quality preservation
(Anjos et al. 2003; Sun et al. 2014; Charlaftis et al. 2021).

The impacts of authigenic chlorite on wireline logs (particularly
neutron and resistivity logs) have been highlighted in the literature
(Nadeau 2000; Bloch et al. 2002; Worden et al. 2020; Azzam et al.

2022). Chlorite contains more hydrogen atoms than illite, and
therefore gives rise to high neutron responses and, ultimately,
additional porosity. The presence of microporous grain-coating or
pore-filling chlorite in sandstones commonly results in anomalously
high water saturation. Consequently, low resistivity can result even
in oil-bearing sandstones (Anjos et al. 1999; Xia et al. 2020).
Ultimately, this can lead to underestimating the recoverable
hydrocarbon resources during field appraisal and development.
This implies that low reservoir quality intervals (dirty sandstones),
previously regarded as non-productive zones in ageing and matured
fields, need to be carefully re-evaluated. This can help to replenish
reserves and increase production/recovery.

Fig. 19. Continued.
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Conclusions

(1) The reservoir quality (porosity and permeability) of the
deeply buried HPHT Triassic Skagerrak fluvial sandstones
is primarily controlled by depositional facies/processes,
grain size and clay content.

(2) The confined fluvial channel facies constitute the best
reservoirs, while the floodplain, palaeosols and lake facies
form poor to non-reservoirs. However, within the channel
facies, there is a variation in reservoir quality. The high-
energy channel sandstones have higher reservoir quality
(100–1150 mD) due to their coarser grain size and lower
clay content. The low-energy channel sandstones, on the
other hand, have lower reservoir quality (<100 mD) due to
their finer grain size and slightly higher clay content.

(3) Petrographic and SEM analysis revealed that the
preservation of good reservoir quality in these channel
sandstones is also partly due to the presence of grain-coating
chlorite that inhibited the extensive growth of quartz
cement.

(4) In this study, clay coat coverage (the principal factor
controlling the ability of grain-coating clays to effectively
inhibit quartz cementation) can be linked to depositional
facies, grain size, clay-coat volume and depositional energy.
Higher clay coat coverage (70–98%) occurs in finer-
grained, low-energy channel sandstones containing
between 5 and 10% clay-coat volume, while lesser clay
coat coverage (<50%) is found in coarser-grained, high-
energy channel sandstones containing <5% clay-coat
volume.

(5) Clean sands have been highlighted as being the best starting
material for good reservoir quality at depth. This study
demonstrates that clay-rich fluvial channel and crevasse
splay sandstones with moderate amounts of clay, mostly in

the form of clay coats, could equally offer good reservoir
quality.
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