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ABSTRACT

Chlorite-coated intervals occurring in deeply buried sandstone reservoirs

preserve porosity and permeability by inhibiting quartz cementation. How-

ever, the geometry of such chlorite-coated intervals and the controls on their

distribution remain unclear. The Lower Jurassic Tilje Formation of the Hal-

ten Terrace, Norwegian Continental Shelf, shows sparsely distributed chlo-

rite coats preserving high permeability at great depth. Changes between

chlorite-coated and quartz-cemented intervals can occur at a centimetre scale

and are thus hard to predict. In this study, detailed sedimentological investi-

gations of 12 wells in the Smørbukk Field, integrated with biostratigraphic

data and combined with permeability analysis of more than 5000 core plug

samples, facilitate the interpretation of depositional elements and the tracing

of chlorite-coated intervals across the field. Ten depositional environments

are recognised, representing deposition as a large tide-dominated delta that

prograded in an embayment for most of the Tilje Formation. A shift in depo-

sitional processes occurs towards the top of the formation, with the develop-

ment of a latest Pliensbachian candidate relative sea-level fall and incision

rapidly followed by the onset of a latest Pliensbachian–earliest Toarcian

transgressive phase. The transgressive phase is associated with a change to

an open-marine seaway and the deposition of marine tidal dunes. Two types

of chlorite-coated intervals occur: (i) thick (20 to 30 m), stratigraphically

bounded intervals and (ii) thin (<3 m), sparsely distributed intervals.

Chlorite-coated intervals occur mostly in fluvial-tidal channels but also occa-

sionally in other depositional environments, suggesting that sedimentologi-

cal controls do not fully explain their distribution. Instead, regional controls

such as the composition of the hinterland, climate, relative sea-level change,

tectonics and geochemical conditions in the primary depositional environ-

ments are considered important factors. This study illustrates the various

geometries of chlorite-coated intervals in the subsurface, having important

implications for building predictive models of their distribution and for con-

ventional and CO2 reservoir characterisation.
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INTRODUCTION

Porosity and permeability in sandstone reser-
voirs typically decrease as pressure and thermal
stress increase with burial depth due to diage-
netic processes like compaction and extensive
quartz cementation (Ramm, 1992; Ramm & Bjør-
lykke, 1994; Walderhaug, 1996). Therefore, the
preservation of porosity and permeability in
deeply buried (>2.5 km) sandstone reservoirs
depends on property-preserving mechanisms,
such as the occurrence of grain-coating chlorite
that can inhibit quartz cementation by limiting
the epitaxial growth of quartz in intergranular
space (Heald & Larese, 1974; Ehrenberg, 1993;
Bloch et al., 2002; Billault et al., 2003). This
may result in abnormally high permeability and
porosity preservation at great burial depths
(Ehrenberg, 1993; Martinius et al., 2005; Griffiths
et al., 2021). Additionally, chlorite has the
potential to mineralise with CO2, which makes
it particularly promising for permanent CO2

sequestration projects (Pham et al., 2011; Sundal
& Hellevang, 2019; Cheng et al., 2022). Despite
this, the occurrence and distribution of chlorite
in the subsurface remain poorly documented,
and the controls on the formation of chlorite are
not well understood (e.g., Worden et al., 2020).
Chlorite coats occurring in deeply buried

sandstone reservoirs can originate from: (i) ther-
mally driven recrystallisation of precursor clay
coats such as berthierine (Ehrenberg, 1993;
Aagaard et al., 2000; Ajdukiewicz et al., 2010);
or (ii) in situ precipitation following the dissolu-
tion of iron-rich detrital or diagenetic minerals
through interaction with pore fluids (Bloch
et al., 2002; Worden & Morad, 2003). Recent
studies in modern systems have focused on link-
ing the distribution of precursor clay coats with
primary depositional environments (Wooldridge
et al., 2017, 2018; Griffiths et al., 2019; Virolle
et al., 2019a). Additionally, a limited number of
studies have attempted to investigate the occur-
rence of clay coats in ancient analogues and
identified depositional environments in which
chlorite coats preferably occur (i.e., tidal-fluvial
bars; Griffiths et al., 2021; Virolle et al., 2019b).
Despite this, the spatial distribution of
chlorite-coated intervals in the subsurface has

not been investigated in a systematic manner
previously. Therefore, the geometry and dimen-
sions of such chlorite-coated intervals, and the
controls on their occurrence remain uncertain,
representing a significant challenge with regard
to the accurate prediction of reservoir quality
and development, and the building of reservoir
models.
This study investigates the Lower Jurassic

Tilje Formation of the Halten Terrace, on the
Mid-Norwegian Continental Margin (Figs 1 to 3)
from which chlorite coats have been documen-
ted down to ca. 6 km depth (Ehrenberg, 1993;
Ehrenberg et al., 1998; Martinius et al., 2005;
Griffiths et al., 2021; Nichols et al., 2025). In the
Smørbukk Field, the succession is buried up to
ca. 5 km and porosity and permeability are low
(typically 5% to 10% porosity and permeability
<1 mD) except in zones where chlorite coats
occur, preserving high porosity and permeability
(typically 15% to 20% porosity and permeability
>50 mD, and occasionally up to 4500 mD at
4.5 km depth). Such chlorite-coated intervals
can be easily traced in cores (under white and
UV lights) because of their high friability and
their brown colour, which contrasts with the
more consolidated, quartz-cemented intervals
(Fig. 4). Changes between chlorite-coated and
quartz-cemented intervals can occur at a centi-
metre scale, at the well, field and basin scales,
and are thus hard to predict. Therefore, only
detailed sedimentological investigations com-
bined with petrophysical and petrographic ana-
lyses can provide insights into the distribution
of chlorite-coated intervals.
The Tilje Formation consists of tide-

influenced shallow-marine successions depos-
ited in an epicontinental seaway (Martinius
et al., 2001). Although the highly heterolithic
nature of the formation has long been a chal-
lenge in its investigation, the facies and deposi-
tional environments of the Tilje Formation in
the Smørbukk Field have been thoroughly stud-
ied (Martinius et al., 2001, 2005; Ichaso & Dal-
rymple, 2014; Ichaso et al., 2016; Griffiths
et al., 2021). Despite this, there are conflicting
models for the depositional environment of the
Tilje Formation (i.e., tide-dominated to
mixed-processes estuarine to deltaic succession;
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Martinius et al., 2001; Ichaso & Dalrymple, 2014)
and for sediment provenance and pathways (c.f.,
Ichaso et al., 2016; Bunkholt et al., 2025).
These contrasting models reflect the great
regional variability in depositional architecture
of the formation and the need for more detailed
sedimentological investigations. Additionally,
significant progress has been made in the
understanding of tide-influenced successions in
recent years, especially on the interplay
between tidal, fluvial and wave processes
(Olariu, 2014; Dalrymple et al., 2015; Gugliotta
et al., 2016, 2017; Rossi & Steel, 2016; van Cap-
pelle et al., 2016; Rossi et al., 2017). Therefore,
this study aims to reinvestigate the

sedimentology of the Tilje Formation in the
Smørbukk Field, where the data coverage is
excellent (Fig. 1), using sedimentological, ich-
nological and palynological data, coupled with
mapping of the vertical and lateral extent of
high-permeability anomalies, to particularly
investigate the distribution of chlorite-coated
intervals.
The aims of this study are thus the follow-

ing: (i) to investigate the sedimentology of the
Tilje Formation in the Smørbukk Field; (ii) to
investigate the distribution and geometry of
high permeability anomalies occurring in the
study area; (iii) to demonstrate that these
anomalies are linked to the occurrence of

Fig. 1. Location maps showing (A) paleogeographic reconstruction of northern Europe at ca. 200 Ma, adapted
from Blakey (2021). (B) Main structural elements of the study area (SODIR, 2025) after Blystad et al. (1995) and
Bunkholt et al. (2025) with background bathymetric map (GEBCO, 2024). BFC, Bremstein Fault Complex; KFC,
Klakk Fault Complex; RFC, Revfallet Fault Complex; SF, Smørbukk Fault; VFC, Vingleia Fault Complex; YFC,
Ytterholmen Fault Complex. (C) the Smørbukk Field and studied wells with symbols representing the type of
analysis and data (SODIR, 2025). Red stippled square highlights the well-investigated in Griffiths et al. (2021) and
Nichols et al. (2025).
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chlorite coats; and (iv) to investigate the sedi-
mentological controls on these high permeabil-
ity anomalies.

GEOLOGICAL SETTING

Structural setting

The Halten Terrace is located in the Norwegian
Sea, offshore mid-Norway. It is part of the Nor-
wegian Continental Shelf (NCS), is situated
between the R�as Basin to the west and the Trøn-
delag Platform to the east (Fig. 1), and gradually
merges into the Dønna Terrace to the north
(Blystad et al., 1995). The Smørbukk Field, the
focus of this study, lies centrally in the Halten
Terrace and is bounded to the west by the Smør-
bukk Fault and to the east by the Trestakk Fault
(Figs 1 and 3).
The structural development of the Halten Ter-

race is linked to the evolution of the Norwegian
Continental Margin. Following the Caledonian
Orogeny, the Norwegian Continental Margin
experienced several extensional episodes that
ultimately led to the opening of the North Atlan-
tic in the early Eocene (e.g., Dor�e et al., 1999;
Faleide et al., 2008). Five major regional rifting
episodes that reactivated Caledonian basement
structures occurred between the Devonian and
the Eocene (e.g. Blystad et al., 1995; Dor�e
et al., 1999). In the late Permian to Early Trias-
sic, a major rift event led to fault-block rotation
and tectonic activity along existing faults
(M€uller et al., 2005). This was followed by a sec-
ond rift phase in the Middle to Late Triassic and
by marine flooding and deposition of evaporite
successions (M€uller et al., 2005; Bunkholt
et al., 2025). These evaporites later acted as a
detachment zone and facilitated thin-skinned
tectonic processes that controlled the develop-
ment of the Halten and Dønna terraces (Marsh
et al., 2010; Bunkholt et al., 2025). During the
Early to Middle Jurassic, a super-regional trans-
gression and warming climate resulted in the
widespread deposition of shallow-marine sedi-
ments which accumulated on the Halten and
Dønna terraces and the Trøndelag Platform and
formed largely tabular stratigraphic units. In the
latest Pliensbachian to early Toarcian, however,
tectonic activity was locally rejuvenated, result-
ing in limited local fault-block rotation and
intrabasinal erosion within the uppermost Tilje
or around the boundary between the Tilje and
Ror formations (Bunkholt et al., 2025). A third

major rifting event during the Middle Jurassic to
Early Cretaceous was associated with acceler-
ated tectonic processes and deep erosion of the
uplifted intrabasinal highs. During this rifting
phase, faulting along the Bremstein and Vingleia
Fault Complexes ultimately led to the detach-
ment of the Halten and Dønna Terraces from the
Trøndelag Platform (Blystad et al., 1995).

Stratigraphic setting

The Pliensbachian to Toarcian-aged Tilje Forma-
tion is part of the Early Jurassic B�at Group, com-
prising four formations that overlay the Triassic
Upper Grey Beds (Fig. 2). The lower boundary
of the group is defined below the first coal bed
of the �Are Formation, which consists of
coal-bearing floodplain and interdistributary
bay-fill, wave- and tide-influenced estuarine,
and shoreface deposits towards the top (Dalland
et al., 1988; Thrana et al., 2014). The base of the
Tilje Formation is defined as a first
erosive-based sandstone bed overlying the
fine-grained wave-dominated deposits of the
uppermost �Are Formation (Ichaso et al., 2016).
The Tilje Formation, the focus of this study, is
characterised by interbedded highly heterolithic
sandstones and mudstones deposited in
fluvial-tidal deltaic settings in a narrow seaway
(Martinius et al., 2001). The succession has been
previously divided into two stratigraphic
sequences (sequences 2 and 3; Fig. 2) inter-
preted as representing a tide-dominated estua-
rine fill and a fluvial- to tidal-influenced delta
(Martinius et al., 2001), or mixed-energy deltaic
deposits influenced by subtle tectonic activity
(Ichaso & Dalrymple, 2014). The Tilje Formation
is sharply overlain by the open-marine mud-
stone deposits of the Ror Formation. The Ror
Formation occasionally interfingers with the
Toarcian-aged coarse-grained sandstones of the
Tofte Formation that represent localised
point-sourced prograding delta fans (Van Cap-
pelle et al., 2017). The upper boundary of the
B�at Group and the contact to the overlying
Fangst Group is defined at the boundary
between muddy shelf deposits of the Ror Forma-
tion and the sandy deposits of the Ile Formation
(Dalland et al., 1988; Bunkholt et al., 2025).

METHODS & DATASET

The dataset investigated in this study com-
prises extensive wireline log, core, and core

� 2026 International Association of Sedimentologists, Sedimentology
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plug data from the Tilje Formation, in the
Smørbukk Field and one 2D seismic line
through the central Halten Terrace, available on
the DISKOS database. A total of 690 m of core
from four wells (6506/12-1, 6506/12-10, 6506/
12-9S and 6506/11-2; Fig. 1) were logged at a
scale of 1:25 for detailed sedimentological
investigation, including descriptions of

lithology, grain size, sorting, sedimentary struc-
tures and trace fossils. The bioturbation diver-
sity and intensity were recorded using the
seven-degree bioturbation index (BI) of Taylor
& Goldring (1993). Biostratigraphic, bio and
palynofacies data (Equinor in-house data) were
integrated with the sedimentary facies data
where available. Eight additional wells were

Fig. 2. (A) Lithostratigraphic chart of the Lower and Middle Jurassic units on the Halten Terrace. Modified after
Bunkholt et al. (2025). The Tilje Formation is highlighted in the red box. (B) Sedimentological log of the Tilje For-
mation in the Smørbukk Field. Curves (from left to right): horizontal permeability (mD), gamma ray (GAPI), paly-
nological species abundance, age, depth (MD), bioturbation index, sandstone/mudstone percentage,
sedimentological log with facies associations coloured, stratigraphic scheme used in this study, stratigraphic
scheme from Martinius et al. (2001) and stratigraphic scheme from Ichaso & Dalrymple (2014).
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investigated based on core photos and wireline
log data (Fig. 1), identifying depositional envi-
ronments based on the facies analysis devel-
oped in logged cores.
Petrophysical data were used in this study to

investigate the stratigraphic and regional distri-
bution of high-permeability intervals throughout
the Tilje Formation in the Smørbukk Field. The
petrophysical data were made available by TGS
through the Facies Map Browser database. This
includes wireline logs and porosity and perme-
ability data from over 5000 core plug samples
for all investigated wells. Permeability data were
used to produce permeability maps for each
stratigraphic interval of the Tilje Formation by
averaging the permeability (geometric average)
of sandstone bodies for the entire stratigraphic

interval. Additionally, 550 core plug samples
from two wells (see Fig. 1 for location) were
used to investigate the relationships between
permeability, facies and facies associations. Per-
meability values used throughout this study
always refer to horizontal permeability. Perme-
ability is referred to as high if it is above 50 mD,
medium if it is between 1 and 50 mD and low if
it is lower than 1 mD.
Petrographical data include 56 resin-

impregnated thin sections made from samples
collected from four wells (Fig. 1) and prepared
for optical microscopy. Petrographic analysis
was undertaken for compositional and textural
analysis with a particular focus on the identifi-
cation and characterisation of grain-coating and
pore-filling chlorite.

Fig. 3. (A) Location map showing the main structural elements of the study area, the principal faults and the
fields (see Fig. 1 for legend). The position of the seismic line is shown by the red line. BFC, Bremstein Fault Com-
plex; KFC, Klakk Fault Complex; RFC, Revfallet Fault Complex; SF, Smørbukk Fault; TP, Trøndelag Platform.
(B) Interpreted seismic reflection line. The Smørbukk Field is highlighted by the black stippled lines. Well 6506/
11-G-1-H (see Fig. 1C for locality and Fig. 6 for correlation) is highlighted by the red line. Note the absence of
Lower Jurassic and Triassic deposits on the Sklinna ridge, indicating that this was an emergent basement high
supplying sediments during deposition of the studied Tilje Formation.
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RESULTS

Facies associations

This study presents a new sedimentological
framework for the Tilje Formation in the Smør-
bukk Field, which will be further compared
with previous studies (c.f., Martinius et al.,
2001; Ichaso & Dalrymple, 2014). A total of 23
sedimentary facies has been defined based on
descriptions of lithology, grain size, sorting, sed-
imentary structures and trace fossils diversity
and intensity. These are summarised in
Table S1 and form the building block of the 10
facies associations recognised in the investigated

core and wells (Figs 5 and 6 and Table 1). The
interpreted depositional environments are
fluvial-tidal channels (FA1), tidal flats (FA2),
lagoons (FA3), heterolithic tidal mouth bars
(FA4), mixed-process mouth bars (FA5), tide-
influenced delta front (FA6), reworked tidal bars
(FA7), prodelta (FA8), lower shoreface (FA9)
and transgressive tidal dunes (FA10).

FA1: Fluvial-tidal channels
Description
Facies association 1 consists of erosive-based,
fining-upwards sandstone bodies dominated
by sandstone facies showing abundant cross-
bedding (F4), current ripple cross-lamination

Fig. 4. (A, B) Details of core showing the small-scale changes between chlorite-coated (C) and quartz-cemented
intervals (D).

� 2026 International Association of Sedimentologists, Sedimentology
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(F6) and high-contrast flaser-bedded hetero-
lithics (F11). These sandstone bodies are com-
monly amalgamated to up to 20 m thick
intervals. According to different internal facies
variations, this facies association has been sub-
divided into: (i) FA1a with organic-rich sand-
stones (i.e., with abundant plant debris and
fragments); (ii) FA1b dominated by cross-bedded
and ripple cross-laminated sandstones showing
common mudstone drapes; and (iii) FA1c with
abundant fluid muds and elongated mudstone
clasts interbedded with cross-bedded and ripple
cross-laminated sandstones.

Interpretation
Facies association 1 is interpreted as channe-
lised sandbodies based on its erosive-based,

fining-upward trend and the abundance of
high-energy tractional sedimentary structures.
The abundance of mudstone drapes, fluid mud
layers, mudstone clasts and bidirectional current
ripples suggests deposition by tidal currents.
Therefore, FA1 is interpreted as representing
single or amalgamated fluvial-tidal channels.
Differences in sedimentary structures, bioturba-
tion and sand-mud ratio occur within this facies
association and reflect subtle changes in deposi-
tional processes according to the relative influ-
ence of fluvial and tidal processes.

FA1a: Fluvial-dominated channels
Description.
Facies association 1a consists of erosive-based
sandstone bodies occurring in bedsets up to 5 m

Fig. 5. Representative logs and detailed photos of the facies associations: (A) Fluvial-dominated channels (FA1a);
(B) Proximal fluvial-tidal channels (FA1b); (C) Distal fluvial-tidal channels; (D) Sandy tidal flats (FA2a); (E)
Muddy tidal flats (FA2b); (F) Lagoons (FA3); (G) Heterolithic tidal mouth bars (FA4); (H) Mixed-process mouth
bars (FA5); (I) Tide-influenced delta-front (FA6); (J) Reworked tidal bars (FA7); (K) Prodelta (FA8); (L) Lower
shoreface (FA9); (M) Transgressive tidal dunes (FA10). Palynospecies abundance (Palyno), bioturbation index (BI),
sandstone/mudstone ratio, facies association and facies are displayed to the left of the logs. (N) Legend.
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thick (Fig. 5A). It typically shows coarse- to
medium-grained tabular cross-bedded sandstones
(F4.1) alternating with bidirectional current ripple
cross-laminated sandstones (F6.1) that show thin
(<1 mm) mudstone drapes on the foresets of the
ripples. These alternate with intervals of
organic-rich sandstones (F8) showing thicker (up
to 3 mm) organic-rich mudstone drapes, together

with mudstone clasts, organic fragments (i.e.,
plant debris <1 cm) and pyrite nodules. Thick
(>1 cm) homogeneous, massive mudstone layers
occur occasionally. Additionally, there is a rhyth-
mic occurrence of erosive-based pebble lags
throughout this facies association, which occur
within or at the base of cross-bedded intervals
and show well-rounded quartzitic pebbles (up to

Fig. 5. (continued)

� 2026 International Association of Sedimentologists, Sedimentology
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3 cm diameter). This facies association is charac-
terised by the absence of bioturbation (BI 0) and
is dominated by pollens and spores.

Interpretation.
Facies association 1a is interpreted as
fluvial-dominated channels showing subordinate
tidal influence during river interflood periods.
The erosive-based nature of the sandstone beds
and the coarse grain size indicate deposition by
high-energy erosive flows in channelised envi-
ronments. The rhythmic alternation of cross-
stratified beds with rounded pebbles and ripple
cross-laminated beds is attributed to differences
in river discharge. The pebbles were transported
by high-energy flows during river floods and
were associated with the formation of high-
energy 3D subaqueous dunes. River discharge
was likely too high to allow tidal reworking,
leading to the deposition of coarse-grained
fluvial-dominated intervals. The beds deposited
during periods of lower fluvial discharge (inter-
flood) show bidirectional current ripples and
abundant mudstone drapes, indicating tidal
reworking and deposition of finer-grained
sediments during slack-water periods. The
low-energy flows carried abundant light organic
debris (Gugliotta et al., 2016), resulting in the
deposition of organic-rich drapes and fragments.
The absence of bioturbation throughout this
facies association suggests that strong fluvial dis-
charge resulted in high sedimentation rates that
prevented biogenic colonisation (Gingras &

MacEachern, 2012). Facies association 1a shows
the coarsest grains observed throughout the Tilje
Formation, suggesting relatively proximal, high-
energy channels.

FA1b: Proximal fluvial-tidal channels
Description.
Facies association 1b consists of up to 6 m thick
erosive-based, fining-upward sandstone bedsets
(Fig. 5B). The lower part of this FA typically
consists of coarse- to medium-grained sandstone
beds with abundant small-scale organic-rich
mudstone clasts (up to 3 cm), organic fragments
(i.e., plant debris) and occasionally a pebble lag.
It is fining upwards into medium to fine-grained
tabular cross-bedded sandstone with thin mud-
stone drapes and alternates with fine-grained
bidirectional current ripple cross-laminated
sandstone. The ripple cross-laminated facies
show abundant thin mudstone drapes (single
and double) typically on the foresets of ripples
and thicker (up to 3 mm) drapes overlying the
ripples. Many of these mudstone drapes are
organic-rich and some show small pyrite nod-
ules. Very rarely thicker fluid mud layers
(>1 cm) also occur. This interval also shows
abundant small-scale stylolites (ca. 5 per metre).
Throughout this facies association bioturbation
is absent to very rare (BI 0 to BI 1) and includes
small-sized Ophiomorpha and Teichichnus.
Facies association 1b is dominated by spores
and pollen, and occasional Botryococcus and
other algae (Fig. 5B).

Fig. 6. North–south correlation panel across the Smørbukk Field. Each well is shown with (from left to right):
permeability (mD), gamma ray (GAPI), depth (MD) and occasionally sedimentological log. See Figs 4 and 5 for
core details. FS, major flooding surface; MRS, major regressive surface; SB, sequence boundary; SB–TTRS,
sequence boundary–transgressive tidal ravinement surface; TWRS, transgressive wave ravinement surface.

� 2026 International Association of Sedimentologists, Sedimentology
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Table 1. Key characteristics of the 10 facies associations observed throughout the Tilje Formation in the Smør-
bukk Field.

Facies association Dominant lithology
Characteristic
sedimentary structures

Bioturbation
intensity and
ichnofacies

Palynospecies
diversity

FA1a:
Fluvial-dominated
channels

Sandstone with
occasional mudstone
clasts.

Tabular cross-bedding.
Abundant rounded
quartz pebbles and
organic fragments.

BI 0. Spores and pollens.

FA1b: Proximal
fluvial-tidal
channels

Sandstone with
common mudstone
clasts.

Tabular cross-bedding
and current ripple
cross-lamination.
Common mudstone
clasts and organic
fragments.

BI 0 to BI 1. Spores and pollens.

FA1c: Distal
fluvial-tidal
channels

Heterolithic sandstone
with fluid mud layers
and mudstone clasts.

Tabular cross-bedding
and current ripple
cross-lamination.
Abundant fluid muds
and mudstone clasts.

BI 0 to BI 6 towards
the top. Low
diversity Skolithos
assemblage.

Spores and pollens,
and occasional
algae.

FA2a: Sandy tidal
flats

Heterolithic sandstone
with thin mudstone
drapes.

Current ripple
cross-lamination and
occasional wave ripple
cross-lamination.

BI 1 to BI 3. Spores and pollens.

FA2b: Muddy tidal
flats

Organic-rich siltstone
and sandstone.

Organic-rich siltstones
with current ripple
cross-lamination and
soft-sediment
deformation. Rooted
sandstone beds.

BI 0 to BI 3.
Psilonichnus.

Spores and pollens.

FA3: Lagoons Mudstone with
lenticular sandstone
beds.

Thin sandstone lenses
with occasional
current ripple cross-
lamination.

BI 1 to BI 2.
Teichichnus.

Spores and pollens,
Botryococcus and
other algae.

FA4: Heterolithic
tidal mouth bars

Heterolithic sandstone
with abundant fluid
muds and mudstone
drapes.

Abundant thick fluid
mud layers and
mudstone clasts.
Current ripple cross-
lamination.

BI 0 to BI 4.
Teichichnus.

Spores and pollens,
and dinoflagellate
cysts.

FA5: Mixed-process
mouth bars

Heterolithic sandstone
with abundant
mudstone drapes.

Current and wave
ripple cross-
lamination, and
low-angle cross-
lamination. Abundant
thin mudstone drapes.

BI 1 to BI 3.
Rosselia.

Spores and pollens.

FA6: Tide-
influenced
delta-front

Heterolithic sandstone
with abundant
mudstone drapes.

Abundant mudstone
drapes. Bioturbated
beds, sedimentary
structures are rarely
preserved.

BI 4 to BI 6.
Rosselia.

Spores and pollens,
and dinoflagellate
cysts.

� 2026 International Association of Sedimentologists, Sedimentology
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Interpretation.
Facies association 1b is interpreted as being
fluvial-dominated, tide-influenced and deposited
in relatively proximal settings within the tidal
limit. This is supported by the presence of pol-
len, spores and algae, which suggest freshwater
influx in relatively proximal settings. Facies asso-
ciation 1b includes channelised sandbodies with
erosive bases and a fining upwards trend. The
basal erosive beds with mudstone clasts and
occasional pebble lags were deposited by high-
energy, highly erosive flows and represent chan-
nel lags. The tabular cross-bedded sandstone
beds were deposited by unidirectional flows due
to the migration of 3D subaqueous dunes on the
channel base. As the flow decelerated, finer-
grained current ripple cross-laminated sandstones
were deposited. The bidirectionality of the cur-
rent ripples and the abundance of thin mudstone
drapes suggest frequent reworking by tidal cur-
rents. Throughout FA1b, sedimentation rates
were too high for consistent biogenic colonisation
(Gingras & MacEachern, 2012).

FA1c: Distal fluvial-tidal channels
Description.
Facies association 1c typically shows an upward
fining trend from a thin, erosive-based basal
coarse-grained sandstone lag (F2) to dominantly
current ripple cross-laminated sandstones (F6.1)
and tabular- cross-bedded sandstone beds (F4.1).
The ripple cross-laminated sandstones show
bidirectional current ripple cross-lamination and
thin (<1 cm) mudstone drapes (single and dou-
ble). They are occasionally interbedded with
coarse to fine-grained bed sets up to 80 cm that
show tabular cross-beds and mudstone drapes
(Fig. 5C). These can be distinguished from the
classical cross-bedded sets because they show (i)
a high concentration of mudstone drapes at the
bottomset of the cross-bed set; (ii) a rhythmic
alternation in grain size between the coarse-to-
medium-grained cross-beds and the finer-grained
material deposited on the foresets of these cross-
beds; and (iii) steepening-upwards cross-bed
foresets. Facies association 1c is also charac-
terised by the abundance of thick (from 1 cm up

Table 1. (continued)

Facies association Dominant lithology
Characteristic
sedimentary structures

Bioturbation
intensity and
ichnofacies

Palynospecies
diversity

FA7: Reworked
tidal bars

Sandstone beds with
abundant sideritic
mudstone clasts.

Tabular cross-bedding
and abundant sideritic
mudstone clasts.
Bioturbated beds,
sedimentary structures
are in places not
preserved.

BI 5 to BI 6.
Cryptobioturbation.

Spores and pollens.

FA8: Prodelta Mudstone with
lenticular sandstone
beds.

Bioturbated beds,
sedimentary structures
are rarely preserved.
Abundant sideritic
mudstone clasts.

BI 3 to BI 6.
Cruziana
(restricted).

Spores and pollens,
and dinoflagellate
cysts.

FA9: Lower
shoreface

Sandstone and
occasional siltstone
beds.

Low-angle
cross-lamination and
occasional wave
ripples and
hummocky cross-
stratification.

BI 0. Spores and pollens.

FA10:
Transgressive tidal
dunes

Sandstone with
abundant mudstone
drapes.

Alternation of tabular
cross-bedding beds
and bioturbated beds.
Occasional mudstone
drapes.

BI 2 to BI 4.
Cruziana (diverse).

Spores and pollens,
and dinoflagellate
cysts.

� 2026 International Association of Sedimentologists, Sedimentology
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to 10 cm) homogeneous mudstone layers (i.e.,
fluid mud layers) and rounded mudstone clasts,
both of which are often sideritic. The uppermost
part of this facies association typically consists
of bioturbated sandstone beds (BI 4 to BI 6)
showing quasi-exclusively large (>5 cm in
height) Teichichnus and Diplocraterion burrows
(F20) and uncommon Ophiomorpha, and Areni-
colites burrows. The biogenic traces appear to
mainly rework fluid mud layers, often resulting
in a muddy bioturbated texture (F19.1). This
facies association is dominated by spores and
pollens, but also shows local fluctuations in the
abundance of Botryococcus, and other algae
(Fig. 5C).

Interpretation.
Facies association 1c is interpreted as repre-
senting fluvial-tidal channels deposited in rela-
tively distal locations, in proximity to the tidal
maximum. This facies association shows sets
of cross-beds interpreted as subaqueous tidal
dunes showing evidence of tidal bundling
(Boersma, 1969). The finer-grained material
was deposited during slack-water periods
between successive tidal cycles. The higher
concentration of mudstone drapes at the bot-
tomset is deposited around neap tide when the
flow velocities are lower, and dune height
decreases (Dalrymple & Rhodes, 1995). In con-
trast with FA1a and FA1b, a high proportion of
the mud in this facies association is deposited
as thick fluid mud layers rather than as thin
mudstone drapes. This suggests that the con-
centration of mud was sufficiently high to form
a high-density basal fluid mud layer (Ichaso &
Dalrymple, 2009; MacKay & Dalrymple, 2011).
This occurs in proximity to the tidal maxi-
mum, where the mixing of fresh and saltwater
results in high mud flocculation (Van den Berg
et al., 2007; MacKay & Dalrymple, 2011). This
facies association is characterised by a quasi-
monospecific trace fossil suite showing oppor-
tunistic colonisation towards the top of the
channels during periods of lower sedimenta-
tion rates (Gingras & MacEachern, 2012).
Additional trace fossils are restricted to Ophio-
morpha and Arenicolites, characteristic of a
Teichichnus ichnofacies assemblage (Gingras
et al., 2025), suggesting stressed brackish con-
ditions. The occasional presence of Botryococ-
cus and other algae indicates fluctuating
freshwater influx or brackish influence (Guy-
Ohlson, 1992).

FA2: Tidal flats
FA2a: Sandy tidal flats
Description.
Facies association 2a consists mainly of fine-
grained current ripple-laminated sandstone to
siltstone beds that show abundant thin mudstone
drapes (F6.2; Fig. 5D). Occasional wave ripples
and wave-reworked current ripples occur (F6.3).
This facies association is low to moderately bio-
turbated (BI 1 to BI 3) and shows Ophiomorpha,
Cylindrichnus and Arenicolites. Occasionally,
subrounded quartzitic pebbles occur in lags
towards the top of this facies association.

Interpretation.
Facies association 2a is interpreted to have
been deposited in the subtidal to lower inter-
tidal area, as indicated by the lack of evidence
for subaerial exposure (i.e., rootlets and coal
beds). The dominant influence of tidal currents
is supported by the occurrence of bidirectional
current ripples and the abundant thin mud-
stone drapes (single and double), which suggest
deposition by suspension fall-out during slack-
water periods. This facies association also
shows evidence of reworking by wave pro-
cesses. Therefore, FA2a was likely deposited in
shallow-water tidal flats under the action of
tidal currents and occasionally reworked by
wave action.

FA2b: Muddy tidal flats
Description.
This facies association consists of organic-rich
mudstone beds interbedded with thin sandstone
lenses (lenticular-bedded heterolithics), coal
beds and sandstone beds that show abundant
organic fragments and/or rootlets (Fig. 5E). The
lenticular-bedded heterolithics (F14.2) show
soft-sediment deformation structures in the
muddy beds. The very fine-grained sandstone
lenses are thin (up to 2 cm thick) and commonly
show small current ripple cross-lamination and
occasional wave ripple lamination. Coal beds
(up to 10 cm thick) occasionally overlay these
lenticular-bedded heterolithics. The sandstone
beds contain abundant organic fragments and
very thin coal layers (<1 cm) as well as a few
organic-rich mudstone drapes and common sty-
lolites. They are occasionally disturbed by abun-
dant root traces. Bioturbation (BI 0 to BI 3)
occurs mostly in the muddy and silty beds and
consists of root traces and occasionally of small-
scale Teichichnus and Skolithos.

� 2026 International Association of Sedimentologists, Sedimentology
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Interpretation.
Facies association 2b was deposited in intertidal
flats that were inundated during high tides and
reworked by tidal and wave processes during
storm events. The presence of coal layers and
rooted intervals suggests periods of subaerial
exposure and soil formation. This facies associa-
tion was thus deposited in a vegetated subaerial
delta plain area (i.e., tidal marsh), where sandy
intervals accumulated during occasional flood-
ing. The small-scale ripples reflect deposition
during river floods and minor wave reworking.

FA3: Lagoons
Description
Facies association 3 consists of lenticular-
bedded heterolithics (F14.2) with a low sand-
stone percentage (up to 30%). The very fine- to
fine-grained sandstone lenses are thin (up to
3 cm) and occasionally preserve current ripple
cross-lamination (Fig. 5F). Thicker medium- to
coarse-grained sandstone lenses occur occasion-
ally. This facies association is weakly biotur-
bated (BI 1 to BI 2) with small Planolites and
Teichichnus. It also shows an increase in the
abundance of Botryococcus and other algae.

Interpretation
Facies Association 3 represents sedimentation in
a protected low-energy environment, such as a
central bay-fill or lagoonal-fill, where deposition
occurred mainly as suspension fall-out. The
restricted diversity of trace fossils, together with
the small size of the burrows of the Teichichnus
ichnofacies (Gingras et al., 2025), suggests
stressed brackish settings. The thin sandstone
lenses suggest periodic river input transporting
fine-grained sands into the protected muddy
lagoons. The cyclic variation in the number,
thickness and grain size of these sandy intervals
could indicate flood-interflood periods. This is
also supported by the presence of Botryococcus
and other algae characteristic of freshwater envi-
ronments (Guy-Ohlson, 1992).

FA4: Heterolithic tidal mouth bars
Description
Facies association 4 consists of heterolithic
deposits that are coarsening upward from mud-
stone-dominated heterolithics towards the base
to sandstone-dominated heterolithics towards
the top (Fig. 5G). The sandstone beds are very
fine- to medium-grained and typically show
bidirectional current ripple cross-lamination.

This facies association is characterised by its
highly heterolithic nature, showing abundant
thick fluid mud layers and thin mudstone
drapes. Additionally, FA4 shows a rhythmic
alternation between high-contrast (i.e., hetero-
lithics dominated by thick fluid mud layers) and
low-contrast heterolithics (i.e., heterolithics
dominated by thin mudstone drapes). The high-
contrast heteroliths commonly show fine- to
medium-grained sandstone layers (up to 10 cm
thick) with occasional current ripple cross-
lamination and occasional Planolites, and Tei-
chichnus burrows (BI 0 to 2). The fluid mud
layers are thick and homogeneous (up to 15 cm
thick) and occasionally show syneresis cracks.
The low-contrast heterolithics are dominated by
fine- to very fine-grained sandstone, showing
current ripple cross-lamination and abundant
thin mudstone drapes. Bioturbation is moderate
to common (BI 3 to BI 4) and consists mostly of
Planolites and Teichichnus burrows, although
rare Ophiomorpha occur. This facies association
is occasionally capped by a ca. 1 m thick
erosive-based fine- to medium-grained sandstone
bed that shows tabular cross-bedding and bidi-
rectional current ripple cross-lamination.

Interpretation
Facies association 4 is interpreted as heterolithic
tidal mouth bar deposits that show varying influ-
ence of river discharge during flood and inter-
flood periods. It is occasionally capped by
erosive-based sandstone beds interpreted as ter-
minal distributary channel fills. The abundance
of thick homogeneous fluid mud layers in this
facies association suggests deposition by tidal
currents able to suspend sufficient mud to form
fluid mud layers (Ichaso & Dalrymple, 2009;
MacKay & Dalrymple, 2011). This occurs in prox-
imity to the turbidity maximum (Van den Berg
et al., 2007; MacKay & Dalrymple, 2011). FA4
commonly shows an alternation between two
types of heterolithics (i.e., high- and low-
contrast), reflecting differences in river discharge.
The high-contrast heterolithics suggest deposition
during river flood periods when coarser sedi-
ments are transported by the river and the turbid-
ity maximum is displaced seaward, leading to
high concentration rates of mud and deposition
of fluid mud layers at the mouth bars (Dalrymple
et al., 2015; Gugliotta et al., 2016). The low-
contrast heterolithics are deposited during inter-
flood periods when mud is mainly deposited as
thin drapes on the mouth bars during slack-water
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periods. Similarly, the bioturbation index varies
cyclically throughout this facies association, with
the low-contrast heterolithics showing a higher
bioturbation index (BI 3 to 4) than the high-
contrast heterolithics (BI 0 to 2). The low-
diversity trace fossil assemblage of the Teichich-
nus ichnofacies (Gingras et al., 2025) suggests
stressed brackish conditions.

FA5: Mixed-process mouth bars
Description
This facies association consists of up to ca. 5 m
thick intervals of fine- to very fine-grained
sandstone-dominated heterolithics (Fig. 5H). It
is dominated by bioturbated heterolithics, which
typically show a cyclic variation in bioturbation
intensity and diversity, with mudstone beds typ-
ically being sparsely bioturbated (BI 1 to BI 2)
and showing mainly Planolites and occasional
Teichichnus. Sandstone beds are sparsely to
moderately bioturbated (BI 1 to BI 3), showing
Teichichnus, Ophiomorpha, Skolithos, Phycosi-
phon and Siphonicnus. The preserved sedimen-
tary structures consist of abundant bidirectional
current ripples, wave ripples and low-angle
cross-lamination. They show abundant thin (up
to 3 mm) mudstone drapes (single and double),
and thicker (>1 cm) homogeneous fluid mud
layers also occur.

Interpretation
Facies association 5 represents distributary
mouth bars showing a mixed influence of fluvial,
tidal, wave and storm processes. The dominated
flaser-bedded heterolithics with abundant mud-
stone drapes in FA5 suggest deposition by tidal
currents during slack-water periods. The wave
ripple and low-angle cross-laminated intervals
suggest occasional deposition by oscillatory or
combined flows and are interpreted as represent-
ing tempestite deposits (Arnott & Southard, 1990).
The cyclic alternation in bioturbation diversity
and intensity reflects episodic deposition and fre-
quent shifts in dominant depositional processes
(MacEachern & Bann, 2020, 2023).

FA6: Tide-influenced delta front
Description
Facies association 6 typically consists of sandier
upwards wavy-bedded and flaser-bedded hetero-
lithics (F10.1 and F10.2; Fig. 5I). It is typically
moderately to intensely bioturbated (BI 4 to BI
6) and is dominated by Planolites, Teichichnus
and occasional Paleophycus, Cylindrichnus,
Phycosiphon, Rhizocorallium, Ophiomorpha,

Siphonicnus, Rosselia and Artichnus. These bio-
turbated beds show abundant thin and continu-
ous single to double mudstone drapes. Primary
sedimentary structures are typically not pre-
served due to the high bioturbation index, but
in places, less bioturbated ripple cross-
laminated heterolithic intervals occur, together
with rare wave ripples (Fig. 5I). This facies asso-
ciation occasionally shows a peak in the relative
abundance of dinoflagellate cysts (Fig. 5I).

Interpretation
Facies association 6 is interpreted as a low-
energy, tidal-influenced delta-front prograding
in shallow water. The dominance of low-
diversity ichnogera in the highly bioturbated
heterolithics of FA6 suggests deposition mainly
in a stressed-environment subject to brackish
conditions with reduced salinity. Some inter-
vals, however, show a more diverse trace fossil
assemblage with marine species (e.g., Phycosi-
phon and Rosselia). This suggests intermittent
flooding events subject to fully marine condi-
tions, also indicated by the occasional increase
in dinoflagellate cysts. Throughout FA6, abun-
dant mudstone drapes indicate deposition by
tidal processes during slack-water periods. The
occasional ripple cross-laminated intervals sug-
gest deposition by bidirectional tidal currents,
mostly, and occasional wave ripples indicate
subordinate reworking by wave action.

FA7: Reworked tidal bars
Description
Facies association 7 occurs within the tide-
dominated delta front deposits (FA6). It consists
of sharp- and erosive-based coarse- to medium-
grained bed sets up to 1.5 m thick (Fig. 5J). Typ-
ically, it is dominated by flaser-bedded hetero-
lithics showing abundant sideritic fluid mud
layers and large (>5 cm) sideritic mudstone
clasts. Alternatively, it shows occasional thin
(<1 mm) mudstone drapes. This facies associa-
tion often transitions upward into coarse-grained
tabular cross-bedded sandstone with occasional
sideritic mudstone clasts. This facies association
is intensely bioturbated (BI 5 to 6) and shows
cryptobioturbation where individual burrows are
rarely recognisable (Pemberton & Gingras, 2005;
Pemberton et al., 2008).

Interpretation
Facies association 7 represents reworked tidal
bars prograding on the delta front. This facies
association is distinguished from delta-front
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deposits (FA6) by its coarse grain size, crypto-
bioturbation and the abundance of sideritic
mudstone clasts, which suggest deposition by
high-energy flows. The tabular cross-bedded
intervals indicate deposition by unidirectional
flows due to the migration of 3D subaqueous
dunes. Low sedimentation rates allowed com-
plete bioturbation.

FA8: Prodelta
Description
Facies association 8 consists of mudstone-
dominated heterolithics that commonly show a
high degree of bioturbation (BI 3 to BI 6) and a
peak in the relative abundance of dinoflagellate
cysts (Fig. 5K). It typically coarsens upwards
from mudstone-dominated heterolithics with
thin (<2 cm) sandstone lenses at the base to
mixed sandstone-mudstone heterolithics and
eventually sandstone-dominated heterolithics
towards the top (Fig. 5K). Common sideritic
mudstone clasts or siderite-cemented intervals
typically occur towards the base of FA8
(Fig. 5K). Sedimentary structures are rarely pre-
served because of the high bioturbation index,
albeit a few ripple cross-laminated heterolithic
beds occur towards the top of this facies associa-
tion. The bioturbated beds are dominated by
Planolites burrows and also exhibit Cylindrich-
nus, Siphonicnus, Teichichnus and Skolithos.

Interpretation
Facies association 8 is interpreted as a low-
energy tide-dominated prodelta possibly in a pro-
tected marine embayment. The bioturbated
mudstone-dominated heterolithics with sideritic
mudstone clasts suggest deposition in low-energy
settings with slow sedimentation rates and bio-
genic reworking. The rarely preserved tractional
structures suggest that the sandstone lenses are
deposited by bidirectional currents, possibly dur-
ing flood events. The restricted trace fossil assem-
blage of the Cruziana ichnofacies (MacEachern
et al., 2010) suggests a stressed environment.

FA9: Lower shoreface
Description
Facies association 9 consists of ca. 5 m thick
sharp-based sandbodies, with an alternation of
coarse- to medium-grained sandstone beds and
silty to very fine-grained sandstone beds with low-
angle cross-lamination (Fig. 5L). Occasional hum-
mocky cross-stratification (HCS) and wave ripple
cross-lamination occur in the silty to very fine-
grained sandstone intervals. The coarser sandstone

beds commonly show inclined plane-parallel
cross-stratification and occasional organic-rich
fragments. This facies association is occasionally
capped by a thin (up to 15 cm) conglomerate lag
that shows plane-parallel cross-lamination.

Interpretation
Facies association 9 represents lower shoreface
deposits where deposition is mainly driven by
wave-to-storm-generated processes. The low-
angle cross-laminated siltstone to sandstone
beds with local HCS are interpreted as tempes-
tite event beds deposited below the fairweather
wave base and above the storm wave base. The
HCS record deposition by combined flows with
high aggradation rates (Dumas & Arnott, 2006).
The low-angle cross-laminated sandstone to silt-
stone beds indicate deposition under flow con-
ditions corresponding to upper plane beds
generated by combined flows (Arnott & South-
ard, 1990). These beds have been described from
tempestite sequences elsewhere (Nøttvedt &
Kreisa, 1987; Myrow, 1992; Midtgaard, 1996)
and are part of a continuum of sedimentary
structures generated during storm events under
the influence of combined flows with varying
influence of unidirectional flows.

FA10: Transgressive tidal dunes
Description
Facies association 10 occurs in the uppermost
part of the Tilje Formation (Fig. 6). It consists
mainly of sharp- and erosive-based interbedded
bioturbated sandy heterolithics (F21.1, F22.1
and F19.1 towards the top) and cross-bedded
sandstones (F4.1), low-contrast flaser-bedded
heterolithics (F10.1 and F10.2) and subordinate
organic-rich sandstones (F8). The bioturbated
heterolithics dominate the lower part of FA10
and are progressively interbedded with cross-
bedded and/or organic-rich sandstones upward
(Fig. 5M). The cross-bedded sandstones are typi-
cally medium-grained and well-sorted and occur
in beds up to 60 cm thick. They commonly
exhibit a rhythmic grain size alternation
between medium- and fine-grained sandstone
and occasionally show a steepening upward
trend of the foresets. Mudstone drapes and mud-
stone clasts (a few millimetres in diameter) are
typically abundant at the bottomset of the cross-
beds and then become sparser upwards. Addi-
tionally, sparse tabular sandy heterolithic beds
(F10.1 and F10.2) exhibit current ripple cross-
lamination with mudstone drapes and are likely
to represent bottomsets. Thicker fluid mud
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layers are occasionally present. Overall, all
facies are moderately bioturbated (BI 2 to 4) and
few beds are intensely bioturbated (BI 4 to BI 5).
They exhibit a wide diversity of trace fossils
including Cylindrichnus, Asterosoma, Ophio-
morpha, Teichichnus, Planolites, Rosselia, Are-
nicolites, Phycosiphon and Parahaentzschelinia?
The top metre of this facies association becomes
progressively muddier upwards until it is over-
lain by the muddy heterolithics of the Ror For-
mation. It also shows a significant increase in
the relative abundance of dinoflagellate cysts
(up to 45%; Fig. 5M), that increase further in
the overlying Ror Formation (Fig. 2).

Interpretation
Facies association 10 is interpreted as represent-
ing transgressive marine dunes deposited in
open-marine settings. It is distinguished from the
previous facies associations by the occurrence of
intensely bioturbated heterolithics showing a
diverse trace fossil assemblage of the Cruziana
ichnofacies (MacEachern et al., 2010). The high
diversity of biogenic traces, together with the
abundance of dinoflagellate cysts, indicates a
low-stress environment subject to normal-marine
conditions (c.f. MacEachern et al., 2007). The
cross-bedded sandstone beds are interpreted as
subaqueous tidal dunes deposited by strongly
asymmetric tidal currents. The grain size segrega-
tion observed in the foresets of the dune is com-
monly observed in tidal dunes, is likely related to
pre-sorting of sediments by small superimposed
bedforms (Reesink & Bridge, 2007, 2009; Reynaud
& Dalrymple, 2012). Mudstone drapes that are
concentrated at the bottomset of the dunes indi-
cate repeated slack-water periods and are linked
with periods of suppressed dune migration dur-
ing periods of lower energy that allow floccula-
tion of finer grain sizes. Similar cross-bedded
tidal dunes have been observed from shallow-
marine environments subject to strong tide influ-
ence elsewhere (c.f. Dalrymple & Rhodes, 1995,
Olariu et al., 2012). The rare fluid muds suggest
transport from the river mouths, where mud con-
centration was high enough to form fluid mud
layers (Nishida et al., 2013). These fluid mud
layers are likely to be further transported in more
distal locations during transgression (Osman
et al., 2024). Intensely bioturbated heterolithic
beds are deposited during periods of ceased dune
migration, allowing low sedimentation rates and
high reworking or are in a distal or adjacent loca-
tion to the main tidal dunes (Olariu et al., 2012).

Stratigraphic evolution

Eight regionally recognisable and relevant strati-
graphic surfaces have been defined in the Smør-
bukk Field based on major shifts in depositional
facies. These include three sequence boundaries
(SB2, SB3 and one composite sequence
boundary–transgressive tidal ravinement surface:
SB4–TTRS1), four flooding surfaces (FS1, FS2,
FS3 and FS4) and one maximum regressive sur-
face (MRS1; Figs 2, 6 to 9). These stratigraphic
surfaces were used as basis to divide the Tilje
Formation in the Smørbukk Field into seven
stratigraphic stages based on stacking patterns of
facies associations. SB2 marks the base of the
Tilje Formation and of Stage 1, FS1 marks the
abrupt flooding of Stage 1, FS2 marks the abrupt
flooding of Stage 2, SB3 marks the incision at
the top of Stage 3, MRS1 marks the maximum
regression at the top of Stage 4, FS3 marks the
flooding at the top of Stage 5, SB4–TTRS1 marks
the erosive top and the flooding of Stage 6 and
FS4 marks the top of Stage 7 and the top of the
Tilje Formation (Figs 2, 6, 8 and 9).
The base of the Tilje Formation (SB2) is char-

acterised by a significant hiatus recording a
major shallowing event indicated by the pres-
ence of fluvial-tidal channels of Stage 1 ero-
sively overlying lower shoreface deposits of the
�Are Formation (Figs 6 and 8). This basal inci-
sion surface (SB2) has also been picked as a
major sequence boundary in previous studies
(Martinius et al., 2001; Ichaso & Dalrymple, 2014;
Ichaso et al., 2016) because it records a change
in provenance age indicated by Sm/Nd isotopic
data (Martinius et al., 2001). Above SB2, sandy
deposits of Stage 1 consist of a ca. 30 m thick
interval of amalgamated fluvial-tidal channels
(FA1c). A significant hiatus is recorded by FS1
which marks the abrupt flooding of the channe-
lised deposits of Stage 1 by bioturbated hetero-
lithic delta-front deposits of Stage 2 or prodelta
deposits towards the north of the field (Fig. 7).
Locally sandy bioturbated intervals interpreted
as prograding tidal bars occur within Stage 2
(Fig. 6). These delta-front deposits of Stage 2 are
abruptly flooded by the prodelta deposits of
Stage 3 (FS2). Stage 3 consists of prograding pro-
delta, delta-front, mouth bar and fluvial-tidal
channel deposits, overlain by a ca. 5 m thick
mud-dominated interval interpreted as lagoonal
or bay-fill deposits (Fig. 6). Locally in the north
of the field, the lagoonal deposits are overlain
by tide-influenced delta-front deposits, indicat-
ing a third major flooding episode that cannot
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be correlated throughout the field (Figs 6 to 8).
Stages 1 to 3 are thus part of the first sequence
of the Tilje Formation which records the aggra-
dation of fluvial-tidal channels and 2 major
flooding episodes (FS1 and FS2) followed by the
progradation of the tide-influenced delta (Fig. 8).
The abrupt transition from muddy lagoonal

deposits or bioturbated delta front deposits of
Stage 3 to amalgamated sandy deposits of Stage
4 is recorded by the erosive surface SB3 (Marti-
nius et al., 2001). Martinius et al. (2001) sug-
gested that a major change in provenance age
occurred few metres below SB3, being recorded
by an Nd/Nd isotopic marker. The base of Stage
4 is therefore picked as a sequence boundary
(SB3) as it likely records a major depositional
hiatus. Stage 4 consists of an up to 45 m thick
interval of amalgamated fluvial-tidal channels
showing abundant plant fragments. It is capped
by an organic-rich mudstone interval with thin
coal layers and occasional sandstone beds

showing root traces which record the maximum
regression of the Tilje system (MRS1; Figs 6, 8
and 9). Above this surface, Stage 5 consists of
another ca. 40 m thick interval of fluvial tidal
channel and channel margin deposits (Figs 6
and 7). A third flooding event (FS3) records the
abrupt flooding of the channelised deposits of
Stage 5 by fine-grained sandy to silty lower
shoreface deposits of Stage 6 (Figs 6 and 8). This
surface records a major shift in dominant depo-
sitional processes from tide-dominated below to
wave- and storm-dominated above, indicating
the rapid transgression of the Tilje deltaic sys-
tem (Fig. 8). Stages 4 to 6 are part of the second
sequence of the Tilje Formation, which records
the deposition of aggrading and prograding
fluvial-tidal channels and the onset of the trans-
gression of the Tilje system. The erosive contact
between Stage 6 deposits and tidal dune
deposits of Stage 7 records both field-wide inci-
sion and the onset of a transgressive cycle and

Fig. 7. Dominant depositional environments in the Smørbukk Field for each stratigraphic Stage. Well symbols
highlight the type of data available. The outline of the Smørbukk Field is shown by a white line.
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is therefore picked as a candidate composite
sequence boundary and transgressive surface of
intra-latest Pliensbachian age (SB4–TTRS1;
Figs 6, 8 and 9). A candidate fourth sequence is
therefore proposed for the uppermost Tilje For-
mation (Stage 7), recording relative base sea-
level fall and the onset of a transgressive cycle
(Fig. 8). Further flooding is recorded by FS4
which marks the transition to the muddy early
Toarcian-aged shelf deposits of the Ror Forma-
tion (Figs 2, 6 and 8).

Depositional model

The Tilje Formation is characterised by the
highly heterolithic nature of most of the facies,
showing abundant mudstone drapes and thick
fluid mud layers preserved throughout most of
the succession. Therefore, a depositional model
of the Tilje Formation in the Smørbukk Field
must reflect the substantial amounts of fine-
grained material available for transport and

deposition and that this fine-grained material
remained mostly trapped in the basin. The
depositional evolution of the Tilje Formation in
the Smørbukk Field can be divided into two
main phases, with Stages 1 to 5 representing
deposition in a large tide-dominated embayment
and Stages 6 to 7 representing deposition in a
tide-influenced seaway.

Stages 1 to 5: Deposition of a large tide-
dominated delta in a structural embayment
The lower part of the Tilje Formation is charac-
terised by the overall dominance of tide-
generated structures, the scarcity of wave- and
storm-generated structures, and a mostly
restricted ichnological diversity (Figs 5 to 8).
This suggests deposition by a large tide-
dominated delta in the semi-enclosed structural
embayment that formed within the Early Juras-
sic Seaway. Paleogeographic reconstructions
suggest that deposition of the Tilje Formation
occurred within the narrow seaway with

Fig. 8. Simplified stratigraphic section across the Smørbukk Field. Facies associations, architectural elements and
chlorite-coated zones are simplified from Fig. 6. Stippled black lines show well locations. Palynological data (spe-
cies abundance) from two wells is shown up to 40% for simplification. The remaining 60% consists of pollen and
spores (light grey). RSL, relative sea level; SS, sequence stratigraphy.
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Fig. 9. Model for the deposition of the Tilje system and the distribution of chlorite-coated intervals in (A) Stage 7;
(B) Stage 4; (C) Stage 2; (D) Stage 1. The white stippled line shows the approximate location of the Smørbukk Field.
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Greenland and the Jan Mayen microcontinent to
the west and Mainland Norway to the east
(Dor�e, 1991). Furthermore, seismic sections
across the Halten Terrace show that the Tilje
Formation forms a generally tabular unit from
the Norwegian landmass, onlapping on the
Sklinna Ridge to the west (Fig. 3). Therefore,
deposition of the Tilje deltaic system occurred
in this narrow basin (Fig. 9), contributing to
enhancing tidal currents and minimising wave
action. Recent studies have shown that tide-
dominated deltas in structurally controlled
embayments (the Eocene Lower Dir Abu Lifa
Member in Egypt; Legler et al., 2013; and the
Early Jurassic Gule Horn Formation in eastern
Greenland; Eide et al., 2016) display minimal
evidence of wave reworking, and these are good
analogues for the lower part of the Tilje
Formation.

Stages 6 to 7: Deposition of transgressive tidal
dunes in a tidal-controlled seaway
A major shift in dominant depositional pro-
cesses is observed above FS3, where waves and
storms become the dominant processes responsi-
ble for the deposition of the lower shoreface
deposits. These are overlain by erosive-based
tidal dune deposits (Stage 7) that record deposi-
tion in open-marine settings, as shown by the
increase in dinoflagellate cysts and the much
more diverse trace fossil assemblage of the
Cruziana ichnofacies (Figs 5M and 8). Biostrati-
graphic data place the base of Stage 7 within the
very latest Pliensbachian, and the upper part of
this unit and the contact to the overlying Ror
Formation at or near the Pliensbachian–Toarcian
boundary. Field-wide correlation of the ero-
sional contact at the base of Stage 7 highlights
significant truncation and removal of underlying
units (Fig. 6). Thus, the base of Stage 7 deposits
represents a candidate combined sequence
boundary and transgressive tidal ravinement
surface that records a significant change in the
morphology of the basin (Fig. 9) and the abrupt
flooding of the Tilje deltaic system. At a North
Atlantic rifted seaway scale, regional compari-
sons indicate this event may be age equivalent
to a well-documented phase of intra-latest
Pliensbachian relative sea-level fall, tectonics
and erosion immediately prior to early Toarcian
eustatic sea-level rise, as documented regionally
in UK outcrops and on the conjugate margin in
East Greenland (Hallam, 1988; Hesselbo & Jen-
kyns, 1995; Hesselbo et al., 1998: Van Buchem &
Knox, 1998; Krencker et al., 2019).

Petrographic analysis

Qualitative analysis of 56 petrographic thin sec-
tions has allowed petrographic analysis of sev-
eral facies associations including distal fluvial-
tidal channels (FA1c), sandy and muddy tidal
flats (FA2a and FA2b), heterolithic tidal bars
(FA4), tide-influenced delta-front (FA6), lower
shoreface (FA9) and transgressive tidal dunes
(FA10). Grain-coating chlorite occurs mostly in
samples of FA1c, facilitating primary porosity
preservation (Fig 10A and B). Discontinuous
chlorite coats occasionally result in quartz over-
growth, and a few samples show pervasive
quartz overgrowth due to the absence of grain-
coating chlorite. Feldspar dissolution occasion-
ally leads to secondary porosity (Fig. 10A). Pore-
filling kaolinite–chlorite mixed-layer clay pre-
cipitation (occurring in less than 8% of the sam-
ples) is detrimental to reservoir quality as it
blocks pore throats. Samples of FA6 and FA10
occasionally show the occurrence of chlorite
coats preserving porosity (Fig 10C to E). How-
ever, minor quartz overgrowths or pore-filling
kaolinite–chlorite result in reduced porosity
(Fig. 10C). Additionally, few samples of FA6
show chlorite coats that are sufficiently thick to
occlude pore space (Fig. 10D). Samples of FA2a,
FA2b, FA4 and FA9 are characterised by the
absence of grain-coating chlorite. This results in
extensive quartz cementation and reduced
porosity (Fig. 10F).

Permeability analysis

Permeability in the sandstone beds of the Tilje
Formation in the Smørbukk Field is typically
low (i.e., <1 mD) throughout the studied wells
(Fig. 6) because of extensive quartz cementation
blocking the pore space (e.g., Fig. 10F). How-
ever, up to ca 30 m thick anomalous intervals
showing elevated permeability values occur
throughout the Smørbukk Field (Fig. 6). These
correspond to intervals where permeability is
preserved due to the occurrence of chlorite coats
around quartz grains, as shown by several thin
sections (Figs 10A, B, E and 11D, E, G to I) and
highlighted by previous studies (Ehrenberg, 1993;
Martinius et al., 2005; Griffiths et al., 2021;
Nichols et al., 2025). Critically, as we demon-
strate herein, such chlorite-coated intervals
showing high permeability can easily be traced
in the core because of the colour and friability
differences between quartz-cemented intervals
(white, hard) and chlorite-coated intervals
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(brown, friable; Figs 4 and 11). These distinct
intervals occur at different scales (facies
association-scale, facies-scale, bed-scale and

lamina-scale) and are partly controlled by sedi-
mentological changes (facies, facies association;
Fig. 12). In the Tilje Formation, permeability is

Fig. 10. Petrographic thin sections of samples in (A), (B) distal fluvial-tidal channels (FA1c); (C, D) tide-
influenced delta-front (FA6); (E) transgressive tidal dunes (FA10); and (F) lower shoreface (FA9).
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preserved mainly in distal fluvial-tidal channels
(FA1c) with strong tidal influence (Fig. 12).
Other facies associations such as proximal
fluvial-tidal channels (FA1b), sandy tidal flats
(FA2a), mixed-process mouth bars (FA5), tide-
influenced delta-front (FA6), reworked tidal bars
(FA7) and transgressive tidal dunes (FA10) only
occasionally show elevated permeability
(Fig. 12). Muddy tidal flats (FA2b), lagoons
(FA3), heterolithic tidal bars (FA4), prodelta
(FA8) and lower shoreface (FA9) show consis-
tent low permeability (Fig. 12), indicating that
chlorite coats do not occur in such environ-
ments. Furthermore, high permeability is pre-
served only in a few sedimentary facies: (i) F4.1:
coarse- to medium-grained cross-stratified sand-
stone; (ii) F6.1: coarse- to medium-grained cur-
rent ripple cross-laminated sandstone; and (iii)
F11.3: high-contrast flaser-bedded heterolithic
with elongated mudstone clasts (Figs 11 and

12). The other facies show consistent low per-
meability (<1 mD).
The permeability anomalies can be divided

into two categories representing distinct strati-
graphic occurrences, mainly based on their
thickness and traceability between wells. Thick
permeability anomalies show approximately
continuously high (>50 mD) permeability for a
stratigraphic interval of a few 10’s of metres and
can be correlated between several wells within
the Smørbukk Field (Figs 6, 8, 11 and 12). Thin
permeability anomalies show high permeability
for a stratigraphic interval of a few metres.
These anomalies cannot be traced laterally
between several wells (Figs 6 and 8), and are
therefore less than a kilometre in lateral length.
None of the permeability anomalies described
herein can be identified on the 2D seismic pre-
sented herein (Fig. 3) as they occur at a scale
below seismic resolution.

Fig. 11. (A) Sedimentological log of well 6506/12-9S with (from left to right): permeability data (mD; green dots
show a permeability higher than 50 mD, yellow dots show a permeability between 1 and 50 mD and red circles
show a permeability lower than 1 mD), gamma ray (GAPI), depth (MD), bioturbation index, sandstone/mudstone
ratio, sedimentological log with facies associations coloured. Core sections are highlighted in (B) and (C). Perme-
ability data from core plug samples is shown by green, yellow and red circles. Petrographic thin sections are
shown in (D to I).
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Fig. 12. Percentage of (A) facies and (C) facies associations that show permeability lower than 1 mD (red),
between 1 and 50 mD (yellow) and above 50 mD (green); permeability as a function of (B) facies and (D) facies
association.
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Thick permeability anomalies
These permeability anomalies are sustained over
a significant stratigraphic interval (>10 m) and
can be correlated between several wells. This is
the case in stratigraphic Stage 1, where an ele-
vated permeability interval of ca. 20 to 30 m
thick can be correlated laterally between all
investigated wells (ca. 40 km; Figs 6, 8, 9 and
13). This high permeability interval occurs in
amalgamated tidal-fluvial channels (FA1c)
which make up for most of Stage 1, and it
stands out in contrast to the overlying low per-
meability (<1 mD) bioturbated delta-front hetero-
lithics (FA6) of Stage 2 (Fig. 6). In comparison,
the average permeability for Stage 1 is 3.3 mD,
with typical high values of 20 to 200 mD. In
well 6506/12-9S, there is high permeability for a
sustained thickness in the amalgamated tidal-
fluvial channels of Stage 1. This interval can be

easily identified in the core due to the brown
and friable aspect of the cross-bedded and ripple
cross-laminated sandstone beds that show high
permeability (Fig. 11). These brown friable beds
alternate with commonly 5 to 10 cm thick and
up to 60 cm thick white, hard intervals that
have been extensively quartz-cemented, and
show abundant fluid muds and elongated mud-
stone clasts (F11.1, F11.2 and F11.3; Figs 4 and
11). Critically, this observation indicates that in
these intervals, the main property hindering
chlorite coating is the proximity to the organic-
rich fluid mud layers and organic-rich mudstone
clasts. Furthermore, the facies associations
which show chlorite coating in Stage 1, occur in
other stages where they do not necessarily show
elevated permeability and are thus not chlorite-
coated. This indicates that facies association is
not the only control on chlorite coat presence in

Fig. 13. Average permeability (geometric average) for each stratigraphic Stage. Thin permeability anomalies are
not represented because of their thin stratigraphic occurrences. The outline of the Smørbukk Field is shown by a
white line.
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such deeply buried sandstone reservoirs, as the
same facies association both show the presence
and absence of chlorite-coated intervals.
Additionally, there is a thick high-

permeability anomaly in Stage 7 only in the
northern part of the Smørbukk Field that can be
correlated laterally between 3 wells (ca. 17 km;
Figs 8, 9 and 13), in which permeability is pre-
served for a ca. 10 m thick stratigraphic interval
in transgressive tidal dunes (FA10). Permeability
is especially high in the northernmost well of
the field (6506/12–12A; Fig. 13) with an average
of 40 mD for the entire stage, while Stage 7 has
an average of 4.3 mD in the entire field, with
typical high values of 100 to 1200 mD. This
indicates significant regional variations in chlo-
rite coat distribution that occur across the facies
association variations, indicating external
regional controls such as relative sea-level
change, changes in composition of the hinter-
land, climate, tectonics or geochemical
conditions.

Thin permeability anomalies
Thin permeability anomalies also occur in most
of the studied wells (Figs 6, 8 and 11), showing
high permeability for a thin stratigraphic inter-
val (<3 m). They occur in several stages of the
Tilje Formation in fluvial-tidal channels (FA1c),
in sandy tidal flats (FA2a), mixed-process mouth

bars (FA5), tide-influenced delta-front (FA6) and
reworked tidal bars (FA7). They cannot be corre-
lated between several wells and therefore their
lateral extent is believed to be less than a kilo-
metre (Fig. 8). Their true lateral dimensions are,
however, uncertain due to the lateral limitations
of well data. Thin permeability anomalies have
an average of 12.6 mD, with typical high values
up to ca. 100 mD. These anomalies do not have
a noticeable impact when permeability is aver-
aged for an entire stage (Fig. 13) due to their
stratigraphically thin occurrence.

DISCUSSION

Comparison with previous studies

Detailed sedimentological investigations of core
data from 12 wells have made it possible to refine
the understanding of the depositional environ-
ments and the stratigraphic architecture of the
Tilje Formation in the Smørbukk Field. Previous
stratigraphic frameworks (cf.Martinius et al., 2001;
Ichaso & Dalrymple, 2014; Ichaso et al., 2016) have
divided Tilje Formation into six main reservoir
units (T1 to T6; see Fig. 2) and several sub-units
(e.g., T1.1.1 and T1.1.2). Several of these units are
bounded by sequence boundaries or flooding sur-
faces and can be correlated for several kilometres.

Fig. 14. Paleogeographic reconstruction of the Halten Terrace during the deposition of the Tilje Formation.
(A) Early to late Pliensbachian (Stages 1 to 5). (B) Latest Pliensbachian to earliest Toarcian (Stages 6 to 7).
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However, other units merely represent reservoir
units (i.e., units with common petrophysical, fluid
and/or pressure properties) and do not necessarily
have stratigraphic significance. Therefore, this
study rather proposes a new division based on
stratigraphic units (Stages 1 to 7) bounded by
sequence boundaries, major flooding surfaces,
maximum regressive surfaces or composite
sequence boundary–transgressive tidal ravinement
surfaces that can be correlated throughout the
Smørbukk Field (Figs 2, 6 and 8). Sequence
boundary 2 (SB2) is picked, in accordance with
previous studies (Martinius et al., 2001; Ichaso &
Dalrymple, 2014; Ichaso et al., 2016), at the abrupt
change of facies between fine-grained heterolithic
lower shoreface deposits of the �Are Formation and
erosive-based fluvial-tidal channels of Stage 1.
However, sequence boundary 3 (SB3) is picked at
a slightly deeper stratigraphic depth than previous
study by Ichaso & Dalrymple (Ichaso & Dalrym-
ple, 2014; Fig. 2). This is supported by the ero-
sional nature of the surface, the sharp grain size
change between mudstones below and coarse- to
medium-grained sandstones above the surface and
an abrupt change of depositional environment
between lagoonal deposits below the surface and
fluvial-tidal channels above (Figs 2, 6 and 8). Mar-
tinius et al. (2001) showed that an Nd/Nd isotopic
marker below SB3 records a major shift in prove-
nance age between deposits below and above SB3.
The depositional environments of the Tilje

Formation defined in this study are in general
accordance with previous studies (cf. Martinius
et al., 2001; Ichaso & Dalrymple, 2014; Ichaso
et al., 2016). However, the uppermost sandstone
bodies (Stage 7 in this study, T6 in previous
studies) have been previously interpreted as dis-
tributary mouth bar deposits (Ichaso & Dalrym-
ple, 2014). Based on evidence described in this
study, such as the occurrence of cross-bedded
sandstones, the net increase in marine organ-
isms (dinoflagellates) and the more diverse
marginal-marine bioturbation, this unit is rather
interpreted as having been deposited as com-
pound transgressive tidal dunes away from the
fluvial source. The base of this unit is erosive
and is likely to represent a composite sequence
boundary–transgressive tidal ravinement surface
of intra-latest Pliensbachian age (Fig. 8). It is
overlain by muddy shelf deposits of the Ror For-
mation, representing further flooding in the
early Toarcian. This has major implications for
basin reconstruction and is discussed in the
next section.

Paleogeographic implications

Several studies have shown that the Tilje Forma-
tion was deposited in an embayment that
enhanced tidal processes and minimised wave
action (Martinius et al., 2001; Ichaso & Dalrym-
ple, 2014). Seismic sections across the Halten
Terrace (see Fig. 3 and Bunkholt et al., 2025)
indicate that this embayment was flanked by an
emerging provenance area to the west (paleo-
Sklinna Ridge) and by the Norwegian landmass
to the east (Figs 1, 3 and 14). While a previous
study by Ichaso & Dalrymple (2014) in the Smør-
bukk Field suggests that the most proximal facies
occurred in the north of the embayment, a more
recent regional study by Bunkholt et al. (2025)
suggests that the Tilje Formation prograded
northwards. The facies trends presented in this
study indicate that the most distal facies occur in
the north of the Smørbukk Field (Figs 6 to 8),
contrasting with the previous interpretation of
Ichaso & Dalrymple (2014). This is supported by
palynological data that indicated an increase in
the abundance of marine organisms in the north
of the field, suggesting more frequent marine
flooding (Fig. 8). This indicates that the embay-
ment was opened to the north, allowing for occa-
sional reworking by wave and storm processes,
especially in the north of the field (Figs 8, 9 and
14). The Smørbukk Field probably lay centrally
within the embayment, close to its western mar-
gin (Fig. 14), and while the embayment was
likely several tens of kilometres wide, the field is
ca. 6 km wide. Most of the Tilje Formation (Stage
1 to Stage 6) was likely deposited in this embay-
ment that enhanced tidal currents and favoured
the trapping of mud in the basin, resulting in the
deposition of highly heterolithic tide-influenced
facies. A major shift in basin physiography is
here interpreted to have occurred towards the top
of the Tilje Formation, with the onset of a late
Pliensbachian to early Toarcian regressive-
transgressive relative sea-level event causing the
basin to evolve from an embayment to a more
marine strait setting (Figs 8 and 14). This
resulted in an initial incision phase followed by
deposition of Stage 7 transgressive tidal dunes
and later of heterolithic early Toarcian shelf
deposits of the Ror and sandy delta fan deposits
of the Tofte Formations (van Cappelle
et al., 2017). This event may be age equivalent to
the well-documented intra Latest Pliensbachian
(Margaritatus zone) eustatic sea-level fall, fol-
lowed by the Early Toarcian eustatic sea-level
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rise and warming towards the Toarcian oceanic
anoxic event documented elsewhere in the North
Atlantic rifted seaway (e.g., Hesselbo & Jen-
kyns, 1998). Bunkholt et al. (2025) however also
points to a regional intra-Tilje (latest Pliensba-
chian) tectonic event during which the North
Atlantic rift system propagated northward, result-
ing in transgression of the Tilje system in the
south. Intensified tectonic activity is interpreted
to have uplifted local intra basinal highs at this
time, while adjacent areas subsided, resulting in
a complex depositional pattern across the Halten
Terrace (Ichaso et al., 2016; Bunkholt
et al., 2025). Regional comparisons to age equiva-
lent outcrop sections in the UK (Hallam, 1988;
Hesselbo & Jenkyns, 1995, 1998; Hesselbo
et al., 1998; van Buchem & Knox, 1998), East
Greenland (Dam & Surlyk, 1998; Ahokas
et al., 2014; Eide et al., 2016; Krencker
et al., 2019) and subsurface data from the North-
ern North Sea (Marjanac & Steel, 1997; Charnock
et al., 2001) reveal many parallels, with most
authors pointing to a combination of eustasy and
Atlantic rifted seaway tectonics to drive strati-
graphic evolution over the Pliensbachian–
Toarcian boundary.

Sedimentological controls on the distribution
of chlorite-coated zones

The results of this study suggest that only a few
facies and facies associations occasionally pre-
serve relatively high permeabilities due to the
occurrence of chlorite coats (Fig. 12). These
facies are medium to coarse-grained, cross-
bedded or ripple cross-laminated, and mainly
‘clean’ sandstones (i.e., not heterolithic with a
general absence of mudstone drapes, fluid mud
layers or mudstone clasts). In some cases, the
presence of organic-rich mudstone clasts and
fluid mud layers seems to be the main control
on the occurrence of chlorite coating (Figs 4 and
11). These facies were deposited by medium- to
high-energy uni- or bidirectional flows due to
ripple or dune migration, suggesting that these
depositional processes might be favourable to
the formation of chlorite coats. However, these
coarse-grained and clean sandstone facies are
likely to be the facies that would have preserved
high porosity and permeability in the primary
depositional environment. Therefore, as dis-
cussed by Gould et al. (2010), the present high
permeability of these facies cannot be used as a
guide to early diagenetic conditions. Addition-
ally, the preservation of high permeability in

these facies only occurs occasionally and not
systemically, suggesting that facies is not the
only control on the preservation of high perme-
ability due to the occurrence of chlorite coats.
Recent studies on the occurrence of chlorite

coats in the subsurface have shown that the
optimum conditions for developing chlorite
coating occur in tidal-fluvial bars (Virolle
et al., 2019b; Griffiths et al., 2021). The results
of this study show that chlorite-coated zones
mainly occur in distal fluvial-tidal channels
(FA1c; Figs 8, 9 and 12). However, chlorite-
coated zones also occur in other depositional
environments, like transgressive tidal dunes
(FA10) in the north of the Smørbukk Field
(Figs 8, 9, 12 and 13). These depositional envi-
ronments represent high-energy settings where
tidal processes are dominant. Conversely, inter-
vals where wave and storm actions are the dom-
inant depositional processes do not show high
permeability (Figs 6, 8 and 13). This indicates
that tidal processes are favourable to the devel-
opment of chlorite-coated intervals, likely
because tidal processes are efficient at reworking
sediments and serve as an effective mechanism
for the distribution and development of precur-
sor clay coats. The heterogeneous distribution of
chlorite coats in distal fluvial-tidal channels,
especially in Stages 4 and 5, could reflect differ-
ential reworking and/or precursor clay material
availability.
Although chlorite-coated zones often occur

within distal fluvial-tidal channels, the geometry
of these zones varies greatly throughout the Tilje
Formation (Figs 8 and 9), and this greatly impacts
reservoir connectivity. Thick (ca. 20 m), stratigra-
phically bounded chlorite-coated zones occur
within Stage 1 and Stage 7 in the north of the
field, while thin (ca. 2 m), discontinuous zones
occur within Stages 2 to 5. These anomalies occur
within similar facies and facies associations, and
it is therefore difficult to recognise subtle differ-
ences in depositional processes. However, Stages
4 and 5 represent the most proximal stages of the
system and show overall a greater influence of
fluvial processes. This might have been detrimen-
tal to the development of chlorite coats either
because tidal processes were too weak to effi-
ciently bring precursor clay minerals or because
the fluvial energy was too high to deposit the
finer grain size fractions. The thick chlorite-
coated intervals of Stages 1 and 7 occur within
transgressive cycles and above regressive cycles
and sequence boundaries (Fig. 8). Therefore, fluc-
tuations in relative sea-level could explain
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differences in the distribution of chlorite-coated
intervals, where transgressive cycles favour the
reworking of precursor clay coats and thus the
development of chlorite-coated intervals, as pre-
viously suggested by Morad et al. (2010).

Other controls on the distribution of chlorite-
coated zones

Although this study shows that depositional pro-
cesses and depositional environments are key
factors partially controlling the distribution of
chlorite-coated zones in the subsurface, they do
not fully explain the distribution of chlorite in
the Tilje Formation. Therefore, other controlling
factors must be considered. Assuming that chlo-
rite coats are formed by the recrystallisation of
precursor clay minerals (Ehrenberg, 1993;
Aagaard et al., 2000; Ajdukiewicz et al., 2010),
the distribution of chlorite coats in the subsur-
face is controlled by the distribution of these clay
minerals or their precursors in the primary depo-
sitional environment and the capacity to remobi-
lise and attach these clay minerals to sand grains
(Wooldridge et al., 2017; Worden et al., 2020;
Haile et al., 2022). Ehrenberg (1993) proposed
two mechanisms for forming precursor clay min-
erals in high-energy sandstones: (i) these formed
in a favourable environment elsewhere and were
introduced in the sand by reworking; and (ii)
they mineralised within the sand due to local
favourable geochemical conditions. If these two
mechanisms for forming precursor clay minerals
co-occurred within the Tilje Formation, they
could have resulted in differences in the distribu-
tion of chlorite coats and therefore in the two
types of chlorite-coated zones observed through-
out the Formation (Figs 8 and 9).
Studies have shown that precursor clay min-

erals such as odinite form in shallow prodelta
and shelf settings (Odin & Fullagar, 1988), and
Griffiths et al. (2021) postulated that chlorite
precursors could form in lagoonal settings. A
recent study by Jahren et al. (2025) suggests
that the formation of iron-rich precursor clay
minerals can occur in shelf- to lower shoreface
settings, in the ‘chlorite kitchen facies’. These
precursor clay minerals might be later
reworked by storm processes, incorporated
within more proximal sandy environments,
and eventually be attached to sand grains and
recrystallise to form precursor clay coats.
Lower shoreface deposits of the �Are Formation,
below Stage 1, and lower shoreface deposits of
Stage 6, below Stage 7, might thus be

favourable environments for the formation of
precursor clay minerals. It is therefore possible
that tidal currents that were dominant in Stage
1 and Stage 7 reworked these lower shoreface
deposits, incorporating large amounts of pre-
cursor clay minerals within the fluvial-tidal
channels of Stage 1, eventually leading to the
development of thick chlorite-coated zones
(Fig. 8). Conversely, Stage 4 and Stage 5 were
not deposited in proximity to lower shoreface
deposits favourable for the formation of precur-
sor clay minerals, and therefore rather
depended on local favourable geochemical con-
ditions within the sands for forming precursors
clay minerals (mechanism two; Ehren-
berg, 1993). This could have resulted in the
patchy distribution of chlorite-coated zones
observed in Stage 4 and Stage 5 (Figs 8 and 9).
In this case, the occurrence and distribution of
chlorite coats might be controlled by the prox-
imity to the favourable environment for form-
ing precursor clay minerals (i.e., lower
shoreface or shelf) and by the ability to rework
and incorporate these precursor clay minerals.
This might also depend on changes in relative
sea-level, as transgressive cycles are more effi-
cient in reworking and mixing fine-grained
material (Sa€ıag et al., 2016). Therefore, the
development of thick chlorite-coated zones in
the Smørbukk Field likely depends on a combi-
nation of factors, including depositional pro-
cesses (facies, facies association) dominant at
the time of deposition, as well as depositional
processes in adjacent environments and the
ability to rework previously deposited material
during, for example, relative sea-level rise.
Several Lower to Middle Jurassic formations of

the NCS show chlorite-rich intervals (e.g., the
Tilje and Tofte formations; Ehrenberg, 1990,
1993; the Cook Formation; Marjanac &
Steel, 1997; Aagaard et al., 2000; Charnock
et al., 2001; Folkestad & Steel, 2023). This sug-
gests that conditions favourable to the develop-
ment of chlorite coats occurred regionally in this
period. Therefore, regionally controlled factors
such as the composition of provenance material
might be key to developing chlorite-coated zones.
Several sediment sources might have been active
at different times throughout the deposition of
the Tilje Formation (Morton et al., 2009; Bun-
kholt et al., 2025). Differences in the composition
of the sediment source control the supply of iron
into the sedimentary system and therefore influ-
ence the availability of precursor clay minerals in
the system (Worden et al., 2020). This might
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result in differences in the distribution of
chlorite-coated zones in the Tilje Formation. This
possibility needs to be investigated by a high-
resolution provenance study to understand possi-
ble variations in sand provenances throughout
the Formation and the basin.
The exact mechanism for forming chlorite

coats in the Jurassic Formations of the NCS
remains uncertain (Ehrenberg, 1993), but it is
known that favourable geochemical conditions
are necessary for forming precursor clay min-
erals that will recrystallise to chlorite (Jahren
et al., 2025). The cool temperatures in the early
to middle Pliensbachian were followed by a
major warming interval during the early
Toarcian oceanic anoxic event (Scotese
et al., 2021). Such oceanic anoxic events affect
the global carbon cycle, causing major changes
in ocean chemistry (Jenkyns, 2010). However,
the effects of such regional geochemical and
climatic events on chlorite formation, when
coupled to the well-documented high-
frequency eustatic cycles in the Pliensbachian
to Toarcian time intervals (Hallam, 1988, 1997;
Hesselbo & Jenkyns, 1995, 1998; Hesselbo
et al., 1998; Van Buchem & Knox, 1998), have
yet to be investigated. Furthermore, chlorite-
rich ooids and ironstones are commonly
described across several Lower to Middle Juras-
sic sedimentary successions of the North Atlan-
tic rifted seaway (e.g., in the Cleveland Basin,
England; Hesselbo & Jenkyns, 1995, 1998; van
Buchem & Knox, 1998; Powell, 2010; the Hebri-
des of Skye and Raasay, Scotland; Mor-
ton, 1965; Hesselbo et al., 1998; in Liverpool
Land, East Greenland; Surlyk et al., 2021). This
suggests that a favourable Early- to Middle
Jurassic climate is likely to have contributed to
the distribution of iron-rich chlorite precursors
on a regional scale across sub-basins of the
North Atlantic Seaway. Data from the Cleve-
land Basin and adjacent areas may be particu-
larly informative as they document examples of
both in situ chlorite formation developed on
intrabasinal highs (chamositic/limonitic oolite
successions), and reworking of material from
these highs into adjacent basins and incorpora-
tion with shelfal clastics (van Buchem &
Knox, 1998; Powell, 2010). These studies sug-
gest that Jurassic oolitic ironstones in Europe
preferentially accumulated during periods of
condensation in shallow water on, or adjacent
to, densely vegetated landmasses that under-
went lateritic weathering during periods of
reduced sediment influx.

CONCLUSION

Ten facies associations (FA1 to FA10) have been
defined in the Tilje Formation in the Smørbukk
Field, on the basis of sedimentological, ichnolo-
gical and palynological data. Most of the investi-
gated deposits are highly heterolithic, showing
abundant mudstone drapes and fluid muds and
a restricted trace fossil assemblage, recording
the evidence of tide action. The lower part of
the Tilje Formation (Stages 1 to 5) is interpreted
as being deposited in a large aggrading and later
prograding tide-influenced delta, showing river
influence and weak wave influence. The upper
part of the Tilje Formation (Stages 6 and 7) is
interpreted as the deposits of transgressive shor-
efaces and tidal dunes.
The highly heterolithic nature of the Tilje For-

mation, and the general scarcity of wave- and
storm-generated structures indicate that sedimen-
tation occurred in a large structural embayment,
resulting in a high amount of mud available for
deposition and enhanced tidal currents. The most
distal facies occur in the north of the Smørbukk
Field, suggesting that the embayment was opened
to the north, and this allowed occasional rework-
ing by wave and storm processes. This large del-
taic system was progressively transgressed,
resulting in the deposition of wave- and storm-
influenced deposits and transgressive tidal dunes.
This shift to more marginal-marine conditions
towards the top of the Tilje Formation reflects the
progressive opening of the embayment to the
south and further deposition in a tidal-dominated
strait. Biostratigraphic data indicate this event is
of intra-latest Pliensbachian to early Toarcian age,
and likely correlates to a pronounced phase of
tectonism and high-frequency eustatic change
within the North Atlantic rifted seaway.
The Tilje Formation is buried to ca. 5 km in

the Smørbukk Field, resulting in extensive
quartz cementation and therefore very low per-
meability, except in zones that show chlorite
coats preserving high permeability down to ca.
5 km. Chlorite coats mainly occur in coarse-
grained sandstone facies, suggesting that they
develop in high-energy settings. Additionally,
chlorite coats occur preferentially in transgres-
sive cycles in distal tidal-fluvial channels and
tidal dunes, suggesting that tidal currents and
rises in relative sea-level play an important role
in reworking and mixing chlorite precursor min-
erals with coarse-grained sands. Wave-
dominated environments and proximal fluvial-
tidal channels do not develop chlorite coats.
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For the first time, this study highlights the lat-
eral and vertical distribution of chlorite-coated
zones in the subsurface and shows that the geom-
etry of such zones varies greatly within the Tilje
Formation between thick stratigraphically
bounded zones and thin laterally discontinuous
zones. Such chlorite-coated zones occur within
the same facies and facies associations, indicating
that sedimentological controls do not fully
explain the distribution of chlorite in the subsur-
face, and that other regional controls such as
provenance, climate, tectonics, eustasy and geo-
chemical conditions in the primary depositional
environments have to be considered. Hence, the
results presented in this study are a valuable first
step for understanding the distribution and geom-
etry of chlorite-coated zones in the subsurface.
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Additional information may be found in the online
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Table S1. Observed lithofacies of the Tilje Formation,
based on descriptions of lithology, grain size, sorting,
sedimentary structures and trace fossils.
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