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Abstract
Chlorite minerals, mainly in the form of clay coats, play a critical role in deter-
mining the reservoir quality of siliciclastic rocks. They can positively influence 
reservoir quality by preserving porosity during deep burial, but they can also play 
a negative role by reducing permeability through pore filling. The main aim of 
this research is to determine the optimal conditions for chlorite growth in sedi-
mentary basins. This study investigates the Lower Cretaceous turbidite sandstone 
of the Agat Formation in the North Sea. We used a source-to-sink approach to 
investigate the impact of sediment source composition, chemical weathering and 
depositional environment on chlorite formation. Understanding the interplay be-
tween these processes can help refine exploration and exploitation strategies, opti-
mise hydrocarbon recovery, and reduce exploration risks. Representative samples 
from two hydrocarbon fields (the Duva and Agat fields) were investigated using 
petrography, geochemistry, heavy mineral identification and quantification, and 
U–Pb geochronology of detrital zircons. Our results show a strong heterogeneity 
in the sediment provenance between the two turbidite systems. In the Duva field, 
the sandstone is derived from a mixture of mafic and felsic sources, producing 
Fe-rich sediments. Intense chemical weathering generates fine fraction materials 
rich in kaolinite, vermiculite, and hydroxy-interlayered clays, which are trans-
ported into shallow marine settings. Subsequent interaction with seawater results 
in the formation of glauconitic materials, Fe-illite, and phosphatic concretions. 
These Fe-rich materials are remobilised into deep marine settings, providing pre-
cursors for the development of authigenic Fe-clays such as berthierine and chlo-
rite. Conversely, in the Agat field, the sandstone is predominantly sourced from 
felsic rocks that underwent low chemical weathering, producing sediment rich 
in quartz and feldspar with a low amount of clays. With few Fe-rich materials 
transported into the basin, the development of chlorite in the Agat field was less 
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1   |   INTRODUCTION

In many sedimentary basins, deeply buried sandstone 
reservoirs (>3500 m) are considered high-risk targets 
for geological exploration activities including hydrocar-
bon exploration, geothermal activity, or CO2 storage. At 
such burial depths, quartz cementation is expected to se-
verely reduce the reservoir properties (Giles et al., 1992). 
However, over the past years, several studies have re-
ported well-preserved reservoir quality in deeply bur-
ied clastic reservoirs, related to the presence of chlorite 
coats around detrital grains (Azzam et  al.,  2022; Bloch 
et al., 2002; Ehrenberg, 1993; Saïag et al., 2016; Worden 
et al., 2020). Chlorite coats can preserve porosity by lim-
iting quartz overgrowth (Ajdukiewicz & Larese,  2012; 
Azzam et al., 2022; Billault et al., 2003; Bloch et al., 2002; 
Ehrenberg,  1993; Saïag et  al.,  2016). Therefore, under-
standing the parameters that control chlorite coatings in 
sedimentary basins is crucial to predicting the quality of 
deeply buried reservoirs.

Chlorite is mainly authigenic in siliciclastic rocks, 
resulting from the replacement of early clay precursors 
such as berthierine, odinite, kaolinite, dioctahedral-
smectite and trioctahedral-smectite (saponite for Mg-
chlorites) (Azzam et al., 2022; Beaufort et al., 2015; Ryan 
& Hillier, 2002; Virolle et al., 2022). According to Dowey 
et al. (2012), the occurrence of chlorite in clastic reservoirs 
can be favoured under some particular geological settings 
and depositional environments: (1) chlorite-bearing reser-
voirs are more frequent in sediments derived from mafic 
igneous provinces and mixed provinces. This is because 
chlorite is rich in Fe and Mg, which requires a bedrock 
rich in Ferro-magnesian minerals (Worden et  al.,  2020). 
(2) Intense chemical weathering in tropical or temper-
ate climates is important for chlorite development since 
it promotes the dissolution of Fe-Mg minerals in the 

bedrock and thus the amount of Fe and Mg transported 
by rivers (Azzam et al., 2022; Virolle et al., 2022). (3) Fe-
chlorite precursor phases, such as odinite, berthierine, 
Fe-ooids, and glauconite, commonly develop in shallow 
marine environments due to the flocculation of suspended 
Fe-rich particles near river mouths (Azzam et  al.,  2022; 
Dowey et al., 2012; Ehrenberg, 1993; Griffiths et al., 2021; 
Odin,  1988). Additionally, the presence of biofilms pro-
duced by biological activity (particularly in estuarine set-
tings) can help the adherence of detrital clays to the grains 
allowing good coverage by clay coating during transport 
or diagenesis (Duteil et al., 2020; Saïag et al., 2016; Virolle 
et al., 2019; Wooldridge et al., 2017). (4) High sea level pe-
riods, allow long residence time of the sediments on the 
shelf, hence promoting a strong accumulation of Fe-rich 
clay phases (Morad et al., 2013; Odin, 1988; Van Houten 
& Purucker, 1984). Other important conditions for Fe-rich 

pervasive. Basin configuration and depositional environment exerted additional 
control on chlorite distribution. In the confined turbidite system (e.g. Duva field), 
chlorite is typically found as coating, whereas in less confined turbidite systems 
(e.g. Agat field) chlorite shows complex distribution related to depositional en-
vironment and dewatering processes. Our findings demonstrate the importance 
of considering the entire sediment routing system, from source to sink, when 
predicting chlorite occurrence and its impact on reservoir quality in deep marine 
settings. This integrated approach can guide exploration and development efforts 
in deepwater clastic reservoirs.

K E Y W O R D S

chemical weathering, chlorite, Lower Cretaceous, North Sea, reservoir quality, sediment 
provenance, source-to-sink, turbidite

Highlights

•	 The development of chlorite in North Sea tur-
bidites is strongly influenced by the sediment's 
provenance and the weathering conditions.

•	 Mixed source rocks with both mafic and fel-
sic compositions promote the development of 
thick chlorite coats that reduce porosity.

•	 Differences in sediment provenance can result 
in significant variation in chlorite content over 
relatively short distances, with both positive 
and negative implications.

•	 Global climatic and tectonic activities during 
the Lower Cretaceous played a crucial role in 
the widespread chlorite development across 
Northern Europe.
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chlorite formation are the redox conditions during trans-
port, sedimentation, and diagenesis, the presence of or-
ganic matter, and dewatering processes. Fe-rich chlorite 
may be abundant in poorly to moderately rich organic 
matter sandstone with low sulphate content. Siderite 
and pyrite will trap dissolved iron at the expense of Fe-
rich clays if the sediments are rich in organic matter and 
if there is a prolonged interaction with SO4-rich seawater 
(Azzam et al., 2022; Worden et al., 2020). Finally, dewa-
tering processes can redistribute evenly the clay fraction 
within the sediment, allowing the formation of well-
continuous chlorite coatings (Porten et al., 2019).

Most of the research work during the last years has 
focused on the mechanism of chlorite formation during 
diagenesis. However, there has been a lack of studies on 
how chlorite emplacement can be linked to sediment 
routing systems, which involve understanding the role of 
the source, climate, transport conditions and depositional 
environment. Therefore, integrated models for chlorite 
emplacement in sedimentary basins would be crucial to 
predicting the quality of deeply buried reservoirs. This 
paper aims to provide a source-to-sink model for Fe-
rich chlorite formation in sedimentary basins. To do so, 
we focused on the Agat Formation (Fm) in the Northern 
North Sea. The Agat Fm consists of deep-sea channelised 
fan sediments deposited at the base of the shelf break of 
the Norwegian platform during the Aptian–Albian period 
(Martinsen et  al.,  2005). Previous petrographic studies 
have shown that chlorite plays a major role in controlling 
the quality of the reservoirs in the Agat Fm. It can have 
a positive impact by inhibiting quartz overgrowth, but it 
can also have a negative impact by blocking porosity and 
reducing permeability, with thick chlorite coats or pore-
filling chlorites (Azzam et al., 2022; Hansen et al., 2021). 
The distribution of chlorite varies significantly through-
out the Agat Formation. In the Duva field, located in the 
southern part of the Agat system (Block 36/7), chlorite 
can reach up to 25% of the total rock volume (Azzam 
et al., 2022). However, in the northern part, in the Agat 
field (block 35/3), the sandstone contains much less 
chlorite, ranging from 2% to 10% (Azzam et  al.,  2023). 
Moreover, the sandstone composition, texture, and sedi-
mentary facies vary significantly between the two fields, 
indicating changes in the sediment routing. Therefore, the 
Agat Fm provides an excellent opportunity to examine the 
impact of the sediment routing system on chlorite devel-
opment in siliciclastic rocks.

The main objectives of this study are to:

1.	 Identify the provenance of sediments and the paleo-
climate conditions during the Lower Cretaceous.

2.	 Identify the impact of the sediment source composi-
tion, chemical weathering and depositional environ-
ment on chlorite development in sedimentary basins.

3.	 Determine the optimal conditions for chlorite develop-
ment in sedimentary basins required for the preserva-
tion of reservoir quality.

Addressing these objectives will help identify new 
hotspot areas or geological periods that are prominent for 
chlorite development in sedimentary basins. This will pro-
vide important insights into predicting chlorite coat em-
placement, helping to identify siliciclastic reservoirs even 
deeply buried.

2   |   GEOLOGICAL SETTINGS

The study area is located in the Northern North Sea, on 
the Måløy slope bounded to the east by the Øygarden 
Fault Complex (N-S-striking normal faults) and to the 
west by the normal fault of the eastern margin of the Sogn 
Graben (Figure 1a). It comprises the Agat field in the north 
(block 35/3) and the Duva field in the south (block 36/7) 
(Figure 1b). The Agat Fm was first discovered in 1976 by 
Saga Petroleum, who found hydrocarbons in the Lower 
Cretaceous sandstone in block 35/3 (currently called the 
Agat field). Recently, Neptune Energy made significant oil 
and gas discoveries in 2017 in block 36/7, currently called 
the Duva field. A new discovery was made in 2022 in the 
Hamlet structure in block 35/9, with an estimated gross 2P 
reserves of more than 130 million barrels of oil equivalent, 
which confirms the ongoing potential of the Agat play.

The Agat Fm records progressive filling of early post-rift, 
intraslope relief, which was created following the major 
rifting phase of the Middle to Late Jurassic (Glennie, 2009) 
(Figure  1b). Rifting took place along large N-S and NE–
SW trending normal faults, resulting in a horst and gra-
ben landscape dominated by eastward tilted fault blocks. 
Sedimentation during the early Cretaceous was dominated 
by fine-grained lithologies (marls and mudstone) recording 
an overall transgression (Figure 1c). However, this period 
was intruded by many regressive events interpreted to be 
related to the Austrian tectonic phase, which caused the re-
juvenation of older landmasses during Aptian and Albian 
times (Bugge et  al.,  2001; Oakman & Partington,  1998; 
Ziegler,  1975, 1990). These events locally resulted in the 
remobilisation and progradation of siliciclastic sediments 
in deep sub-basins. In the Måløy Slope, this has created 
a deep-water sandstone system that constitutes the Agat 
Formation (Bugge et al., 2001; Jackson et al., 2008; Skibeli 
et  al.,  1995). The architecture and morphology of the 
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turbidite systems were mainly controlled by the complex 
topography of the inherited post-rift landscape (Martinsen 
et al., 2005). The sand intervals were deposited in a series 
of channel-levee and intraslope lobe systems in deep water, 
continental slope environment (Figure  1b) (Martinsen 
et al., 2005). Paleobathymetric reconstruction of the Måløy 
slope during the Aptian–Albian times suggests that the tur-
bidite systems were sourced from the east, from a relatively 
small area (5000–8000 km2), and the adjacent paleo-shelf 

was relatively narrow (20–30 km wide) (Bugge et al., 2001; 
Hansen et  al.,  2021; Jackson et  al.,  2008; Martinsen 
et al., 2005).

2.1  |  Lithostratigraphy

Owing to the complex topography of the slope system dur-
ing the Lower Cretaceous, the Agat Formation was formed 

F I G U R E  1   (a) Structural configuration of the Northern North Sea showing the main structural elements and major faults in the Study 
Area (from https://​folk.​uib.​no/​nglhe/​​multi​rift.​html published with the authorisation of the author). The red lines and the green lines 
represent the shear zones and their offshore extension, respectively. NSDZ, Nordfjord-Sogn Detachment Zone; BASZ, Bergen Arc Shear 
Zone; WGR, Western Gneiss Region; ØC, Øygarden Complex (gneiss); ØFS, Øygarden Fault System; HSZ, KSZ, and, SSZ: Hardangerfjord, 
Karmøy, and Stavanger shear zones, respectively; (b) Palaeogeographical settings of the Agat Fm during the Albian-Aptian period showing 
the location of the two slope fan systems: Agat field in the north and the Duva field in the south (map modified from Gradstein et al., 2016); 
(c) East–West cross section showing the Lower Cretaceous stratigraphy of the Northern North Sea (Gradstein et al., 2016).
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under varying depositional environments and was prob-
ably supplied from different small source areas (Gradstein 
et al., 2016). Previous studies by Azzam et al. (2022, 2023) 
indicated a strong variation in the depositional environ-
ment between the Agat and Duva fields, which led to a high 
degree of heterogeneity in reservoir quality in the Agat Fm. 
The following section provides an overview of the deposi-
tional environments in both the Agat and Duva fields.

2.1.1  |  The Duva field

The Duva turbidite system is defined by its thick, massive, 
and largely structureless sandstone units that have been 
entirely cored in well 36/7–4 (Azzam et al., 2022; Hansen 
et al., 2021) (Figure 2). The sediments were supplied from 
the remobilisation and reworking of shelf-derived shallow 
marine sands (Azzam et  al.,  2022; Hansen et  al.,  2021). 
The sediments were deposited within a deeply incised 
channel complex that was approximately 50 m deep and 

3 km wide according to 3D seismic data (Neptune energy 
internal communication). Such structural confinement in 
the Duva field has resulted in the deposition of a homoge-
neous sandstone succession.

Despite the homogeneous, structureless character of 
the Duva sands, there is a significant change in sediment 
composition and reservoir quality between the upper part 
and lower part of the turbidite system. In the upper part 
(hereafter called Upper Reservoir—[UR]), the sandstone 
is dominated by quartz, contains only small amounts of 
clay materials, and displays excellent reservoir quality. 
In the lower part (hereafter called Lower Reservoir—
[LR]), the sandstone is highly rich in green clay materials 
(mainly chlorite), which strongly reduces the reservoir 
quality (Azzam et  al.,  2022). According to seismic data, 
the UR is more laterally extensive than the LR (Neptune 
energy internal communication) (Figure 2). The LR inter-
val extends about 3 km into the basin beyond the 36/7–3 
well, where it downlaps onto the basin floor, whereas the 
UR extends almost as far as the 35/9–3 T2 well (Figure 2).

F I G U R E  2   NW-SE correlation between wells 35/9–3 T2, 36/7–3 and 36/7–4 in the Duva field. Two reservoirs are distinguished: an upper 
clean reservoir and a lower clay-rich reservoir (well logs data are provided by Neptune Energy).
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2.1.2  |  The Agat field

Sandstone in the Agat field shows more complex sedimen-
tary facies distribution with strong vertical heterogeneity 
compared to the massive turbidite system in the Duva field 
(Azzam et al., 2023; Lien et al., 2006). Based on the core 
description, well logs response, and biozones, the turbid-
ite system in the Agat field has been subdivided into five 
members (Agat 50, 60, 70, 80, and 100) (VNG Norge inter-
nal report) (Figure 3). The Agat 50 interval is composed of 
overbank mudstone and interbedded banded sandstone, 
interpreted as a distal deepwater lobe system. The Agat 60 
is dominated by the deposition of fine-grained sediments 
(siltstone and mudstone) reflecting a period of regional 
sea-level highstand. The Agat 70 interval is composed of 
high Net-to-Gross amalgamated sands, interpreted as a 
lobe complex. The transition from Agat 70 to Agat 80 is 
composed of siltstones-mudstone, injected sandstones, 
deformed units, and debrites, indicative of a distal set-
ting and system backstepping. The Agat 80 is dominantly 
composed of stratified sand units, interpreted as a weakly 

confined channelised succession. Finally, the Agat 100 
is composed of medium-grained sandstone in the South 
and fine-grained in the North, interpreted as a channel 
complex and a levee deposit, respectively. The complex 
architecture of the turbidite system in the Agat field may 
reflect the poorly confined nature of the slope fan, which 
allowed lateral migration and avulsion of channels result-
ing in marked vertical heterogeneity.

3   |   METHODS

3.1  |  Petrography

A Leica DM750P polarising microscope was used to 
observe thin sections under different magnifications. 
A composite microphotograph was created from a set 
of overlapping images for each thin section and then 
point-counted 250 times using Jmicrovision® software 
(Roduit,  2007). Additionally, the size of approximately 
300 grains was measured along their longer axis. Data 

F I G U R E  3   N-S stratigraphic correlation of deepwater sub-environments in the Agat 50 to Agat 100 interval in the Agat field, based on 
core sedimentology and gamma-ray response (modified from VNG Norge internal report).
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were then imported to Gradistat © Simon Blott, a soft-
ware calculating the grain size distribution, skew-
ness, and sorting (Blott & Pye,  2001). Sphericity and 
roundness were visually defined following the chart of 
Krumbein (1963).

3.2  |  Bulk rock chemistry

Fifty bulk rock samples were analysed for major, minor, 
and trace elements at the ALS Minerals laboratory located 
in Loughrea, Ireland. The samples were first crushed and 
split before being shipped to the laboratory for analysis. 
Major element chemistry was determined through XRF 
analysis of lithium borate fused beads, while trace and 
rare earth elements were measured through ICP–MS on 
lithium borate fused samples that were dissolved in a 
four-acid mixture of HF, HNO3, HCl and HClO4. The total 
carbon and sulphur content were measured through in-
frared combustion (LECO) analysis.

3.3  |  Heavy minerals

Twenty-five samples were selected for heavy miner-
als (HMs) analysis. Samples have been crushed and 
sieved in two series of metal sieves with a mesh size of 
400 and 63 μm. The grain size fraction between 63 and 
400 μm was selected based on petrographic observa-
tion, which shows that most of the heavy minerals are 
between 65 and 400 μm in size. HMs were then sepa-
rated using bromoform. The extracted fraction was then 
subjected to magnetic separation to eliminate undesired 
heavy minerals (chlorite, glauconite, siderite) using a 
Frantz magnetic separator. The recovered HM fraction 
and homogenously distributed on a watch glass. For 
each sample, at least 300 grains are mounted in resin 
blocks. Resin mounts are then polished and analysed 
using FTIR spectroscopy. The instrument used to quan-
tify heavy minerals is a PerkinElmer FTIR Microscope 
Spotlight 400 available at the Geosciences Paris-Saclay 
(GEOPS) laboratory. The spectra were obtained in re-
flectance mode in the range 4000 to 550 cm−1, with a 
resolution of 4 cm−1, with an interval of 1 cm−1, and with 
25 scans at 20°C. Analysis was made using point mode 
with a spatial resolution of 20 μm. The quantification of 
heavy minerals is made using in-house software “Quanti 
HM” written in Julia, which establishes a correlation co-
efficient between the infrared spectrum of the analysed 
mineral and the database. The results of quantification 
are calculated as a function of a user-selected minimum 
correlation coefficient, which varies among samples be-
tween 75% and 90%.

3.4  |  Zircon U–Pb geochronology and 
garnet geochemistry

Zircon crystals of varying sizes between 80 and 400 μm 
were handpicked, mounted in epoxy, and polished to ex-
pose their surface for laser ablation. The morphological 
parameters of zircons (length, width, elongation, surface) 
were measured using Jmicrovision® software. The mounts 
were examined using cathodoluminescence microscopy 
(OPEA cathodyne 12–15 keV, 150–200 mA) before their 
ablation. Zircon U–Pb geochronology was performed 
at the GEOPS laboratory using a sector field inductively 
coupled plasma mass spectrometer coupled to a laser ab-
lation system (LA-SF-ICP-MS). The laser ablation system 
was operated at a repetition rate of 10 Hz with an ablation 
time of 30s, a spot size of 35 μm, and a fluence of 3 J cm−2. 
Calibration for the zircon analyses was carried out using 
the geostandard 91500 zircon, which was probed every 15 
analyses. Quality control was achieved for most samples 
using the Plesovice standard. The obtained U–Pb age of 
the 91500 zircon was 1063 ± 10 Ma, with a total of 80 anal-
yses, and 337 ± 4 Ma for the Plesovice zircon, with a total 
of 92 analyses. The data reduction was performed using 
the iolite 3 software package by filtering the time-resolved 
signal to remove disturbed ratios. The resulting plots were 
generated using the IsoplotR software (Vermeesch, 2018), 
following the concordant age treatment of Ludwig (1998). 
For more details on the U/Pb zircon methodology, please 
refer to the supplementary materials.

Garnet crystals ranging between 80 and 400 μm in 
size were handpicked, mounted in resin, and polished 
to expose their surface for Scanning electron microscopy 
(SEM) analysis. Garnet major elemental composition is 
measured using a Phenom mini-SEM benchtop (10 keV 
in imaging mode and 15 keV for elementary analyses) 
equipped with an Energy-Dispersive X-ray spectroscopy 
analyser (GEOPS laboratory).

4   |   RESULTS

4.1  |  Textural and mineralogical 
comparison between the Duva and Agat 
field

4.1.1  |  Detrital mineralogy—Rigid  
framework

The Duva and Agat fields exhibit distinct textural charac-
teristics (Figure 4a,b). The Duva field is characterised by 
medium to coarse-grained sandstone (ranging from 270 
to 550 μm), locally pebbly, that is overall poorly to moder-
ately sorted. The Agat field features finer sands (<250 μm) 
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F I G U R E  4   (a, b) Cumulative grain size frequency for sandstone in the Duva field and the main Agat members in the Agat field; 
(c,d) QFL (Quartz–Feldspar– Lithics) ternary diagram of the sandstone population in the Duva field and the Agat field; (e) mineralogical 
assembly from the Duva field showing sandstone that is coarse-grained and poorly sorted. Grains are composed of polycrystalline (Qp), 
monocrystalline quartz (Qm) and K-feldspar, with a wide distribution of metamorphic rock fragments (Mrf). Note the presence of a high 
amount of green clays (Glauconite and Fe-illite); (f) mineralogical assembly from the Agat field showing fine-grained sandstone that is well 
sorted. Sand grains are mostly monocrystalline. Note the presence of biotite and the absence of green clays.
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that are generally well sorted, except for the Agat 100 unit, 
which contains poorly sorted, medium-grained sandstone.

Table 1 illustrates the average mineralogical composi-
tion of the different sandstone units in the Agat Fm, in-
cluding detrital and authigenic minerals.

Sandstone in the Duva field is mainly classified as li-
tharenite to feldspathic litharenite sandstone, showing a 
high proportion of metamorphic lithic fragments (av. 13%) 
(Figure  4c,e). Quartz grains are mainly monocrystalline 
quartz (av. 23%) with subordinate polycrystalline quartz 
(av. 10%), many of which show undulose extinction under 
cross-polarised light. Feldspar is mainly composed of or-
thoclase and microcline, with traces of plagioclase (av. 
0.5%). The UR has an average of 7% of K-feldspar, while 
the LR has an average of 3.4%.

On the other hand, the Agat field mainly consists of 
subarkosic and arkosic sandstone (Figure  4d,f), with 
some samples falling into the feldspathic litharenite do-
main. Monocrystalline quartz is the most abundant min-
eral, ranging from 35% to 46%, with polycrystalline quartz 
ranging from 9% to 18% (Figure 4f). Lithic fragments are 
present in small amounts, averaging around 3%, except for 
the Agat 100 unit, which has a higher proportion of met-
amorphic fragments (av. 7%). The percentage of feldspar 
varies significantly in the Agat field, with the Agat 80 unit 
having the highest percentage (av. 13%), followed by the 
Agat 70 unit (av. 10%), and the Agat 100 unit (av. 7%), and 

the Agat 50 unit having the lowest percentage at less than 
5%. Plagioclase is ubiquitous in the Agat field, with the 
Agat 50 and Agat 70 units being dominated by plagioclase 
and the Agat 80 and Agat 100 units primarily composed of 
K-feldspars.

Overall, the Duva field is characterised by coarser grain 
size and higher concentration of metamorphic lithic frag-
ments, while the Agat field is characterised by finer grain 
size and higher concentration of monocrystalline quartz 
and feldspars (both K- and Na-rich feldspars) with a rela-
tively low percentage of lithic fragments.

4.1.2  |  Ductile framework and Fe-bearings 
detrital grains

The ductile framework in the Agat Fm is mainly com-
posed of Fe-bearing grains, which include glauconite, 
ferric illite (Fe-illite), biotite and pseudo-matrix. Pseudo-
matrix includes some degraded igneous lithic fragments 
(volcanic fragments) and a mixed clay matrix composed of 
Fe-bearing kaolinite and Hydroxy-interlayered minerals 
(HIMs) mixed with illite. Fe-poor grains like muscovite 
are present in small amounts.

The distinction between glauconite and ferric illite is 
based on the studies of Azzam et  al.  (2022) and Patrier 
et al. (2023), who differentiated the various green minerals 

T A B L E  1   Average mineralogical composition of the different sandstone intervals in the Agat Fm.

Mineralogy Duva UR Duva LR Agat 50 Agat 70 Agat 80 Agat 100

Mo quartz 26.7 21.8 34.3 45.2 41.9 32.4

Po quartz 13 10.1 18.8 9.6 10.2 18.2

K-feldspar 6.1 2.9 1.4 5.7 10 5.2

Plagioclase 0.9 0.6 3.7 5.3 3.2 2.1

Lithic fragments 13.1 16.4 6 1.9 2 7.3

Glauconite pellets 4.5 6.9 0.2 1.7 1.3 1.6

Ferric illite 4.9 7.8 0.7 1 1.3 1

Biotite 0.2 0 7.4 3.4 3.3 3.7

Muscovite 0.5 0.3 2.3 1 1.9 0.7

Pseudomatrix 4.8 9.3 0 1.1 3.4 4.5

Authigenic mineralogy

Quartz overgrowth 0.5 0.2 4.4 1.5 0.4 1

Chlorite coating 4.9 15.2 2.4 2.4 3 1.6

Porefilling chlorite 0 0 10.3 2.1 2 5.3

Siderite 1.6 2.6 8.2 0.8 0.4 3.6

Kaolinite 0 0 3.2 2.7 1.6 1.5

Apatite 0.5 0.4 0 0 0 0

Calcite 1.3 2 0.3 5.4 13.4 6.3

Porosity 16.5 3.5 0 9.2 0.7 4
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in the Agat Fm based on their chemistry and morphology. 
By definition, iron in glauconite occurs in both ferric and 
ferrous states, while it is mainly ferric in Fe-illite (Patrier 
et al., 2023). The latter generally occurs as long vermicular 
pellets (Figure 5b,c), which resemble biotite under cross-
polarised light. Glauconite, on the other hand, shows a 
more globular massive shape and is generally opaque 
under cross-polarised light (Figure 5b,c,g). Biotite is dis-
tinguished by its dark brownish colour, forming elongated 
crystals (Figure 5f) with moderate to strong pleochroism. 
Muscovite appears as tabular or elongated crystals that 
are distinguished from biotite by its pale silvery-white co-
lour. Pseudo-matrix consists mainly of Fe-bearing volca-
nic fragments, which have undergone strong compaction, 
containing residues of mica, feldspar and silt-size quartz 
(Figure 5c). In the Agat field, pseudo-matrix mainly com-
prises detrital Fe-bearing kaolinite and mixed-layer clay 
minerals (MLM) composed of HIMs and illite. According 
to Azzam et  al.  (2023), these clays have a pedogenetic 
origin.

The percentage of Fe-bearing minerals varies signifi-
cantly between the Agat and the Duva fields. Glauconitic 
materials, Fe-illite, and pseudomatrix are widely distrib-
uted in the Duva field. The LR in the Duva field contains 
a higher percentage of glauconite pellets (av. 6.9%) and 
Fe-illite (av. 7.8%), compared to the UR (4.5% and 4.9%, 
respectively). Similarly, the percentage of pseudomatrix is 
also higher in the LR (9.3%) compared to the upper res-
ervoir (av. 4.8%). It is noteworthy that pseudomatrix, de-
spite having a detrital origin, is generally totally replaced 
by chlorite in the Duva field. Figure 5d shows some rel-
ics of detrital kaolinite in pseudo-matrix that have been 
completely replaced by chlorite (only the vermiform mor-
phology of kaolinite can be distinguished). Biotite and 
muscovite are present in trace amounts in the UR, with 
an average of 0.2% and 0.5%, respectively, and are nearly 
absent in the LR. Fe-grains in the Duva field are generally 
associated with phosphatic concretions, which according 
to Azzam et al. (2022), indicate that they formed in shal-
low marine environments.

The Agat field has a lower percentage of glauconitic 
materials (ranging from 0.2% to 1.7%) and ferric illite 
(ranging from 0.7% to 1.3%) across all units (Figure 5e). 
Biotite is present in higher amounts in the Agat field, with 

the highest percentage found in the Agat 50 unit (av.7.4%) 
and is close to 3.5% in the other units (Agat 70, Agat 
80, and Agat 100) (Figure 5d). Muscovite is present in a 
lower proportion than biotite (ranging from 1.0% to 2.3%). 
Pseudomatrix in the Agat field includes detrital kaolinite, 
and mixed layer clays composed of Fe-bearing kaolinite, 
HIMs, and illite (Figure 5h). Pseudo-matrix is present in 
a minor amount in Agat 50 and Agat 70 (Traces up to 2%) 
but is relatively high in Agat 100 (av. 4.5%) and Agat 80 
(av. 3.4%).

4.1.3  |  Chlorite in the Agat Formation

Chlorite, kaolinite, siderite, pyrite, quartz overgrowth and 
calcite are the main authigenic minerals in the Agat Fm. 
Chlorite is the most important authigenic mineral since 
its presence plays a crucial role in determining the reser-
voir quality of the Agat Fm. Its presence and configuration 
in the sandstone can positively or negatively impact the 
reservoir quality, leading to the division of the Agat Fm 
into different groups (Figure 6a):

1.	 Group 1 shows the highest reservoir quality, charac-
terised by porosity greater than 15% and permeability 
that varies between 500 mD and up to 12,000 mD. This 
group is characterised by low amounts of chlorite 
forming thin coats that completely cover detrital grains 
(Figure  6b) associated with extensive dissolution of 
feldspar grains. This group mainly forms the UR in 
the Duva field.

2.	 Group 2 is characterised by porosity between 7% and 
15% and permeability between 100 and 1000 mD. 
Chlorite in this group shows similar characteristics 
to group 1 forming a thin continuous coating around 
detrital grains. However, this group is characterised 
by a higher amount of kaolinite due to the extensive 
dissolution of feldspar in a closed diagenetic system 
(Figure 6c). This group mainly forms the lobe deposits 
of Agat 70 and the channel complex of Agat 80 in the 
Agat field.

3.	 Group 3 is characterised by porosity between 1 and 10% 
and permeability between 3 and 75 mD. This group is 
characterised by sandstone with thick chlorite coats 

F I G U R E  5   (a) Fe-bearing mineral composition in the Duva field; (b) photomicrograph of Fe-bearing Minerals in the UR of the Duva 
Field. It highlights the widespread occurrence of glauconitic grains and vermicular Fe-illite; (c) photomicrograph of the LR in the Duva 
Field. This image displays a sandstone predominantly composed of glauconite and vermicular Fe-illite. These elements are partially to 
completely replaced by chlorite. (d) SEM image showing chlorite completely replacing kaolinite and pseudo-matrix in the Duva field; 
(e) Fe-bearing mineral composition in the Agat field; (f) photomicrograph of Fe-bearing Minerals in the Agat Field, displaying the common 
presence of biotite; (g) rare occurrence of glauconite in the Agat Field, appearing as isolated grains with massive globular morphology; 
(h) SEM image of pseudo-matrix in the Agat field, which consists of kaolinite and Hydroxy-interlayered clay minerals (HIMs). Note that 
chlorite only replaces the outer part of the pseudo-matrix.
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which can reach up to 30 μm in size, significantly re-
ducing the permeability of the sandstone (Figure 6d). 
This group typically forms the LR in the Duva field.

4.	 Group 4 shows similar reservoir quality to Group 
3: chlorite in this group is mainly found as a pore-
filling mineral, significantly reducing permeability 
(Figure 6e). Group 4 is generally related to distal lobe 
deposits of the Agat 50 and the channel and levee de-
posits of the Agat 100.

5.	 Group 5 is characterised by porosity of less than 7% and 
permeability between 0.5 and 75 mD. It comprises sam-
ples with thin discontinuous chlorite coatings around 
detrital grains (clay-coat coverage <40%). The discon-
tinuous character of these coats allowed extensive ce-
mentation by quartz, which reduced both porosity and 
permeability (Figure 6f). This group is detected in Agat 
70 and Agat 50 composed of amalgamated lobe depos-
its and distal lobe deposits, respectively.

6.	 Group 6 shows the poorest reservoir quality due to ex-
tensive calcite cementation (Figure 6g). Calcite fills most 
of the pore space leaving some residual porosity. Calcite 
is not restricted to any units but widespread across the 
Agat Fm both in the Duva field and the Agat field.

Overall, the Agat reservoir quality is greatly affected by 
the presence of chlorite, mainly by the amount of chlo-
rite in the pores and the thickness of the chlorite coats. 
Higher amounts of chlorite in the pores and thick coats re-
sult in lower reservoir quality that allows the development 
of quartz overgrowth. The reservoir quality is better pre-
served with thin continuous chlorite coats rather than a 
discontinuous coating. Additionally, the presence of other 
minerals such as kaolinite and calcite can also lower the 
reservoir quality.

4.2  |  Whole rock chemistry

4.2.1  |  Major and minor elements

The bulk chemistry of the Agat Fm is given in supplemen-
tary materials. A strong chemical variation is observed 
between the Duva field and the Agat field, as well as a 
significant deviation within the different reservoir units 
(Figure 7).

In the UR of the Duva field, the average SiO2, Al2O3, 
Fe2O3, CaO, K2O, MgO content is 78.19%, 5.73%, 7.11%, 
1.84%, 0.60%, 2.08%, 0.60%, respectively. The average con-
tent of minor elements such as Na2O, TiO2, P2O5, Cr2O3, 
MnO is 0.34%, 0.34%, 0.17%, 0.01%, 0.06%, respectively. 
The average C (total carbon) content is 0.87% and the av-
erage loss on ignition (LOI) is 4.0%.

In the LR, the average SiO2, Al2O3, Fe2O3, CaO, K2O, 
MgO content is 68.69%, 6.73%, 13.18%, 2.20%, 1.76%, 
1.15%, respectively. The average content of minor ele-
ments is 0.38%, 0.43%, 0.23%, 0.01%, 0.08% for Na2O, TiO2, 
P2O5, Cr2O3, MnO, respectively. The average LOI is 5.22%, 
and the average C content is 1.16%. Overall, the Lower 
Reservoir unit has a higher percentage of Fe2O3, MgO and 
Al2O3, while the Upper Reservoir unit has a higher per-
centage of SiO2 and K2O. The Lower Reservoir also has a 
higher percentage of LOI.

In the Agat field, the average SiO2, Al2O3, Fe2O3, CaO, K2O 
and MgO is 76.97%, 5.47%, 3.08%, 5.20%, 1.32% and 0.62%, re-
spectively. Minor elements have an average content of 0.66%, 
0.76%, 0.05%, 0.003% and 0.08% for Na2O, TiO2, P2O5, Cr2O3 
and MnO, respectively. The average C content is 1.48% and 
the average LOI is 5.87%. The Agat 50 unit has the highest per-
centage of SiO2 (av. 85.85%), Fe2O3 (av. 3.96%), and Na2O (av. 
0.79%), while the Agat 100 unit has the highest percentage of 
CaO (av. 8.17%). The Agat 70 unit has the highest percentage 
of TiO2, with an average of 1.11%. The Agat 80 unit has the 
highest percentage of K2O (av. 1.81%), MgO (av. 0.74%) and 
Al2O3 (av. 5.64%) compared to the other Agat units.

Figure 7 shows correlation diagrams of selected oxides 
in the Duva and Agat fields. The relationship between 
Al2O3 and SiO2 is used to evaluate the shale content in 
the sandstone. Typically, there is a negative linear cor-
relation between Al2O3 and SiO2, as the quartz content 
decreases, when the content of clay minerals increases 
(Craigie,  2018). The Agat field displays a slightly higher 
SiO2/Al2O3 ratio, consistent with the higher amount of 
quartz in the Agat field. Fe2O3 and MgO show positive lin-
ear correlation but with distinct trends for the Agat and 
Duva fields. The highest concentrations of Fe2O3 and MgO 
are found in the Duva field in the LR, suggesting these 
elements are primarily associated with chlorite. Figure 7 
shows a weak correlation between K2O and Na2O, but 
with a significant increase in Na2O in the Agat field con-
sistent with the higher amount of plagioclase.

F I G U R E  6   (a) Cross-plot of permeability versus optical porosity illustrating the effect of chlorite on reservoir quality; 
(b) photomicrograph of the Upper Reservoir (UR) from the Duva field, exhibiting excellent reservoir quality with most of the sand grains 
covered with thin, continuous chlorite coats; (c) photomicrograph of the Agat field (Agat 80), displaying good reservoir quality with well-
continuous thin chlorite coats, but with primary porosity filled by kaolinite; (d) photomicrograph of the Lower Reservoir (LR), displaying 
thick chlorite coats that block the connectivity of the pore network; (e) photomicrograph of chlorite filling the intergranular volume in the 
Agat field (Agat 50); (f) photomicrograph of a sample in the Agat field (Agat 70) dominated by quartz overgrowth and lacking chlorite coats; 
(g) photomicrograph of sample dominated by calcite.
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TiO2 and Cr2O3 display a positive linear correlation 
but with distinct trends between the Duva and Agat sand-
stones. TiO2 and Cr2O3 are primarily associated with chro-
mite and rutile, or other TiO2 oxides (Craigie, 2018). TiO2 
shows a small variation in the Duva field, while Cr2O3 
is highly enriched in the LR. In contrast, Cr2O3 varies 
slightly in the Agat field, but TiO2 shows strong variation, 
with an enrichment in the Agat 70.

Figure 7 also shows a distinct trend of P2O5 and MnO, 
with higher concentrations of P2O5 in the Duva field 
and more MnO in the Agat field. The relatively high 

concentration of P2O5 in the Duva field is consistent with 
its higher abundance in phosphate clasts and diagenetic 
apatite (Azzam et al., 2022). In contrast, higher manganese 
in the Agat field is found in calcite-cemented samples.

The relationship between LOI and CaO can be used 
to estimate the amount of carbonates, clays, and organic 
matter (Heiri et al., 2001). Only traces of organic matter 
are detected in the Agat Fm suggesting that LOI is pri-
marily related to clays and carbonates, which explains 
the presence of two distinct trends. The increase of LOI 
in the Duva field, while CaO constant, is mainly due to 

F I G U R E  7   Cross-plots of major oxides showing distinctive trends between the Agat field and the Duva field (all units are in oxide wt.%).
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the presence of clays, particularly chlorite. The mutual 
increase of LOI with CaO is indicative of the presence of 
carbonates (calcite or siderite).

4.2.2  |  Trace and rare earth elements

Trace and rare earth elements (REEs) geochemical data 
are normalised to the average values in the upper continen-
tal crust (UCC: Rudnick & Gao, 2003) and post-Archean 
Australian Shale (PAAS: Taylor & McLennan,  1985). 
UCC-normalised and PAAS-normalised distributions are 
illustrated in Figure 8a,b.

Figure  8a shows distinct UCC-normalised distribu-
tions between the Agat and Duva fields. It also shows 
some variability between the UR and the LR in the Duva 
field and slight variability within the Agat field reservoir 
units. Most trace elements in the UR are depleted relative 
to UCC, except Zr (av. 178 ppm), V (av. 80 ppm), and Li (av. 
25 ppm). The LR shows a similar trend as the UR but is 

more enriched in Zr (av. 191 ppm), V (av. 156 ppm), Ni (av. 
31 ppm), Cr (av. 76 ppm), and Zn (av. 114 ppm).

The Agat Field shows strong depletion in all trace ele-
ments except for Zr (av. 625 ppm), Nb (av. 12 ppm), and Sr 
(av. 341 ppm) with the strongest enrichment in Zr being 
observed in Agat 70 reaching up to 2500 ppm. Overall, the 
Duva field is highly enriched in V, Ni, Cr, Zn and Cu rela-
tive to the Agat field. The latter shows strong enrichment 
in Zr and Sr.

In terms of REEs distribution (Figure  8b), the Duva 
field exhibits a PAAS-normalised pattern characterised by 
a light REEs (LREEs) enrichment relative to heavy REEs 
(HREEs), and strong positive Ce/Ce* anomaly, with an av-
erage of 1.32 in the UR and 1.57 in the LR. The average 
Eu/Eu* anomaly is 0.73 in the UR and 0.71 in the LR. The 
total rare earth elements (ΣREE) range from 53 ppm up 
to 201 ppm with an average of 96 ppm in the UR and an 
average of 133 ppm in the LR.

In the Agat field, the REE distributions show no frac-
tionation between LREEs and HREEs except for some 

F I G U R E  8   (a) UCC-normalised multi-element and (b) PASS-normalised REE plots of sandstone populations in the Agat Fm.
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samples in the Agat 70 showing strong HREE enrichment. 
The Ce/Ce* anomaly is consistent in all Agat field units 
with an average of 1.01. The Eu/Eu* anomaly ranges from 
0.62 up to 0.96 with an average of 0.75. The total rare earth 
elements (ΣREE) range from 43 ppm up to 180 ppm with 
an average of 76 ppm.

4.3  |  Heavy minerals

The heavy mineral (HM) assemblages in the Agat 
Formation show low variations in both the Agat and the 
Duva fields. Overall, transparent HM assemblage is pri-
marily composed of zircon and subordinate rutile and 
garnet. Other transparent HMs such as anatase, apatite, 

and tourmaline are present in minor amounts and spo-
radically. Opaque minerals are mainly dominated by TiO2 
oxides (altered ilmenite) (Figure  9e,f), pyrite, chromite, 
amphibole (tremolite and actinolite) and biotite. Figure 10 
shows the percentage of transparent HMs along with HM 
indices such as garnet: zircon index (GZi), rutile: zircon 
index (RuZi), and apatite: zircon index (AZi) and zircon 
morphology distribution (Morton & Hallsworth, 1994).

In the Duva field, transparent HMs is dominated by zir-
con which ranges from 48% up to 96%. However, a strong 
variation is noted in HM indices between the UR and the 
LR. The UR is characterised by high GZi and RuZi, and 
moderately high AZi. Conversely, the LR shows a significant 
downhole decrease of all indices showing dominant com-
position by zircon reflecting an ultra-stable composition. 

F I G U R E  9   (a, b) Petrographic 
photomicrograph of garnet grains in the 
Duva field and the Agat field, respectively. 
Note the difference in the size and colour 
and the presence of etching patterns on 
those in the Agat field. (c) Petrographic 
photomicrograph of green diamond 
crystals observed at the limit between the 
UR and the LR showing (d) octahedron 
shape under SEM. (e, f) TiO2 oxides 
(anatase or rutile) replacing ilmenite 
grains in the Duva field and the Agat field 
(Agat 100 mainly), respectively.
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One notable difference between the two reservoirs is also 
related to the size and morphology of garnets. In the UR, 
garnet is generally well preserved and is composed of 
coarse reddish grains with a size bigger than 350 μm and 
smaller uncoloured ones (<300 μm) (Figure 9a). In the LR, 
garnets are less common and are smaller in size showing 
etching patterns and alteration features. Traces of green di-
amond crystals were observed at the boundary between the 
UR and the LR (Figure 9c,d). The size of these diamonds 
ranges from 100 μm up to 170 μm.

In the Agat field, zircon also dominates the HM as-
semblage ranging from 44% to 85%. Zircon is highly con-
centrated in the Agat 70 and 50 compared to other units. 
The GZi shows an overall increase through the Agat 100, 
while RuZi and AZi seem to show less variation between 
the different Agat field units. Garnet is uncommon in the 
deepest samples (Agat 50) and is altered in the rest of the 
samples. Tourmaline and amphibole (tremolite and ac-
tinolite) are noted in many samples but mainly in small 
amounts (<4%).

F I G U R E  1 0   An overview of the heavy mineral percentages, computed indexes and zircon morphological groups of sandstones from the 
Agat and Duva fields.
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4.4  |  Zircon characterisation

Elongation (El), defined as the ratio of width to length 
(Gärtner et al., 2013), is a morphological parameter to eval-
uate the transport and recycling history of zircons. Based 
on El, zircon in the Agat Fm can be classified into five main 
groups (Figure 11): (1) prismatic (El < 0.33), (2) stalky long 
(0.33 < El < 0.4), (3) stalky short (0.4 < El <0.5), (4) stubby 
long (0.5 < El < 0.67), and (5) stubby short (El > 0.67). The 
abundance of these groups in the Agat Fm is shown in 
Figure 10. Overall, both the Agat field and the Duva field 
are dominated by stubby zircons, subordinate stalky zircons 
and rare prismatic zircons. However, zircon in the Agat 
field is dominated by well-rounded stubby short zircon, 
while the Duva field is dominated by stubby long zircons. 
Such a difference can be seen in Figure 12a. The Duva field 
shows unimodal distribution with a strong mode at 0.55 

corresponding to stubby long zircons, while the Agat field 
shows polymodal distribution with modes at 0.54, 0.66 and 
0.9. The presence of collision marks at the grain boundaries 
on many of the analysed zircon (Figure  11d,j,k,l) results 
from collision during transportation (Gärtner et al., 2013).

Cathodoluminescence (CL) imaging of zircons in the 
Agat Duva field (Figure 11) reveals metamorphic features. 
Most of the grains show a very complex internal texture, 
which is characterised by a weak CL emission and are 
either completely uniform (Figure  11k,n) or have very 
chaotic/distorted textures (Figure 11e,f,h,j). In some zir-
cons, we distinguish dark CL cores that are surrounded 
by high-luminescent rims displaying sector zoning pat-
terns (Figure  11j,i,m), corresponding to overgrowths 
(Figure  11j,m,o). Only a few grains display the typical 
habit of igneous zircon (Figure 11b,d), which are mainly 
prismatic and stalky.

F I G U R E  1 1   Illustrations of various groups of zircon morphologies observed in the Agat Fm. On the left are petrographic 
photomicrograph images and on the right are the corresponding cathodoluminescence images. (a–c) Prismatic zircons, (d–f) stalky long 
zircons, (g–i) stalky short zircons, (j–l) stubby long zircons, (m–o) stubby short zircons.
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Figure  12b shows the evolution of Zr concentration 
against TiO2. A high enrichment of Zr and TiO2 is noted 
in the Agat field, particularly in the Agat 70, where Zr 
reaches up to 2700 ppm and TiO2 reaches up to 1.8%. This 
enrichment is associated with the high abundance of zir-
con and rutile observed in the Agat 70. Such enrichment 
could indicate sedimentary sorting and recycling. The Th/
Sc versus Zr/Sc plot is widely used to assess the effects 
of sedimentary recycling and sorting (Chen et  al.,  2014; 
McLennan, 1989; Wang et al., 2019). Basic igneous rocks 
generally contain high Sc content, while felsic rocks are 
rich in Th. Therefore, fluctuation in Th/Sc ratios can reflect 
changes in source composition. However, the Zr/Sc ratio 
does not vary significantly with changes in source compo-
sition but is more sensitive to the process of sedimentary 

recycling. Both the Duva and the Agat field follow a recy-
cling trend with an important recycling effect recorded in 
the Agat field, particularly in the Agat 70.

4.5  |  Zircon U–Pb geochronology

The results of LA-ICP-MS analyses, including 207Pb/235 U 
ratios, 206Pb/238 U ratios, 270Pb/206 U ratios, and calcu-
lated ages, with the exclusion of discordant grains (<10% 
discordance), can be found in the supplementary materi-
als. The obtained zircon age distributions are represented 
in Figure 13 showing the distribution of zircon ages in the 
different reservoir units along with kernel density esti-
mate (KDE) plots.

F I G U R E  1 2   (a) Comparison of zircon elongation distribution between the Duva and Agat fields; (b) cross-plot of Zr vs. TiO2 showing an 
overall increase in the Agat field typically in Agat 70; (c) Th/Sc versus Zr/Sc plot showing that the samples deviate from the compositional 
trend, implying the addition of zircon and suggesting a recycling effect.
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Three main groups of zircon ages are identified: 850–
1150 Ma, 1350–1550 Ma and 1550–1800 Ma, with very few 
zircons older than 1800 Ma. These groups correspond to 
the major geodynamic events in Norway, including, from 
the youngest to the oldest, the Sveconorwegian orogenic 
phase, the Telemarkian orogeny, and the Gothian orogenic 
phase. Additionally, minor groups of ages are identified, 
including 350–550 Ma, 550–850 Ma and 1150–1350 Ma. 

The relative abundance of these groups is represented in 
the form of stacked bar charts for each of the reservoir 
units (Figure 13a). Overall, the Duva field is dominated by 
850–1150 Ma zircons, with a relative abundance ranging 
from 23.8% up to 48.3% (av. 35.3%) and by 1350–1550 Ma 
and 1550–1800 Ma zircons, which are equally present 
with an average of 20.4% and 22.7% respectively. The rel-
ative abundance of minor zircon ages, including those 

F I G U R E  1 3   (a) Stacked bar chart showing the percentage of the different zircon age groups; (b) Histograms showing zircon ages for 
the different sandstone populations in the Agat Fm along with kernel density estimate age distribution curves (bandwidth: 50 Ma). N is the 
number of considered zircon U–Pb measurements (<10% discordance).
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between 350–550 Ma, 550–850 Ma and 1150–1350 Ma and 
>1800 Ma is 2.9%, 0.90%, 14.0% and 3.8%, respectively. The 
zircon age signatures of the UR and the LR are very simi-
lar, with a comparable proportion of 850–1150 Ma zircons 
(35.9% and 31.1%, respectively) and 1350–1850 Ma zircons 
(41.5% and 46.5%).

The zircon age signature in the Agat field is only slightly 
different from the Duva field in terms of the proportion 
of the main group ages showing a relative abundance of 
42.0%, 15.2%, and 20.2% for 850–1150 Ma, 1350–1550 Ma, 
and 1550–1800 Ma, respectively. Also, a more significant 
proportion of 550–850 Ma zircons (av. 8.7%) is noted, to-
gether with a lower proportion of 1150–1350 Ma (av. 
8.0%). Agat 50, 70, and 80 show similar zircon age distri-
butions, which is significantly different from the Agat 100 
showing a decrease in the proportion of 850–1150 Ma zir-
cons (23%). Additionally, the proportion of older zircons 
>1800 Ma increases significantly in Agat 100.

Overall, the Duva field is dominated by 850–1150 Ma 
and 1350–1850 Ma zircons, which are distributed in equal 
proportion, while the Agat field shows a significant in-
crease in the proportion of 850–1150 Ma zircons. However, 
the Agat 100 shares a closer distribution to the Duva field.

4.6  |  Garnet composition

Garnet composition from the Duva and Agat field is illus-
trated in ternary diagrams in Figure 14, alongside garnet 
geochemistry in modern river sediments from Norway 
(Morton et al., 2004). The ternary diagrams show the vari-
ations of the garnet assemblages, which were quantified 
by determining the relative abundances of types A, Bi, 
Bii, Ci, and Cii (as defined by Morton et al., 2004). Type A 
garnets, have high Mg and low Ca, and are mostly found 
in high-grade metasedimentary rocks, charnockites, or 

F I G U R E  1 4   (a) Stacked bar chart and garnet geochemistry ternary plots showing the variations in abundance of garnet types for 
the Agat and Duva field (ternary plot classifications are based on Morton et al. (2004)); (b) Figure: Garnet geochemistry variation in river 
sediments from different regions in Norway, indicating a higher concentration of type C garnets in the N4 area compared to other regions 
(adapted from Morton et al. (2004)).
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intermediate-silicic deep crustal igneous rocks. Type B 
has low Mg and variable Ca, is commonly rich in Mn, and 
can have various sources such as lower amphibolite facies, 
metasedimentary rocks, and intermediate-acidic meta igne-
ous rocks. Type B is generally divided into two subgroups: 
Bi extremely rich in Fe mainly corresponding to granitoids 
and pegmatites and Bii with higher Ca mainly correspond-
ing to low-medium grade metasedimentary rocks. Type C 
has high Mg and high Ca and is generally found in high-
grade mafic and ultramafic gneisses, and is subdivided into 
subgroups: Ci and Cii, which separate garnets from meta-
mafic rocks and meta-ultramafic rocks respectively.

The proportion of the various garnet types is shown in 
Figure  14a for the different reservoir units. Garnet geo-
chemistry shows a significant variation between the Agat 
and the Duva fields, primarily in terms of the percentage 
of type B and type C garnet. In the Duva field, the garnet 
populations are mostly dominated by type Ci garnet with 
a relative proportion ranging from 36.1% up to 62.0% (av. 
45.5%). Ultramafic type Cii garnet shows a relative pro-
portion of 9% on average, while Bi and Bii show a rela-
tive proportion of 19.9% and 20.8%, respectively. Type A 
is uncommon, with a proportion of less than 4%. Both the 
UR and the LR in the Duva field show similar garnet geo-
chemistry on average with only a slight increase in type Ci 
and Cii observed in the lower reservoir.

In the Agat field, garnets are dominated by type Bi, 
which ranges in proportion from 39.1% up to 57.6% (av. 
48.0%) while Bii ranges from 4.3% up to 15.7% (av.9.2%). 
The average proportion of type Ci and Cii garnets is 29.5% 
and 5.6% respectively. However, the Agat 80 has a higher 
proportion of type Ci (av. 39.1%) and Cii (av. 13.0%) gar-
nets compared to the other Agat units. Additionally, gar-
nets type A are more common in the Agat field showing 
an average proportion of 7.5%.

Overall, garnet in the Duva field is composed of two 
main origins: a type C garnet reflecting a high-grade mafic 
source associated with subordinate type B garnet reflecting 
a felsic source associated with lower-grade metamorphic 
rocks. Conversely, the Agat field is dominated by type Bi 
reflecting a strong contribution from felsic low-grade met-
amorphic rocks with subordinate type C garnet reflecting 
a weaker contribution from high-grade metamafic rocks.

5   |   DISCUSSION

5.1  |  Diagenetic control on mineralogy 
and chemistry of the sandstone

Diagenetic evolution in the Agat Fm was widely explored 
by Azzam et  al.  (2022, 2023), Hansen et  al.  (2021), and 
Patrier et al. (2023). These studies show that the pristine 

mineralogical composition of the Agat Fm was greatly 
modified through the authigenesis of clay minerals 
(mainly chlorite and kaolinite), dissolution of unstable 
minerals such as feldspar, and cementation of carbonates 
(siderite and calcite). Although the diagenetic reactions in 
the Agat and Duva fields were comparable, the intensity 
of these reactions varied significantly. This variability can 
be attributed to two key factors: (1) the amount of Fe origi-
nally present in the sediments and (2) the degree of open-
ness of the diagenetic system, which determines the fate 
of dissolved by-products.

Chlorite is the main authigenic mineral in the Duva 
field, representing up to 25% of the total rock volume in 
the Lower Reservoir (LR), but less than 7% in the Upper 
Reservoir (UR). In contrast, chlorite abundance in the 
Agat field ranges from 2% to 12%. In the Duva field, chlo-
rite has a high iron content (XFe > 0.88), primarily due 
to the original composition of the sandstone, which in-
cludes a high concentration of glauconite, Fe-illite, and 
Fe-ooids/peloids (Azzam et  al.,  2022, 2023). In the Agat 
field, however, chlorite is richer in magnesium (XFe ca. 
0.71–0.75), mainly due to the dissolution of biotite and Fe-
bearing clays such as HIMs and detrital kaolinite (Azzam 
et  al.,  2023). Polytype Ib (β = 90°) is dominant in both 
the Agat field and the Duva field, supporting a transfor-
mation from a berthierine precursor (Azzam et al., 2023; 
Beaufort et al., 2015; Patrier et al., 2023). Based on XRD 
analysis, the studied samples do not contain any traces 
of corrensite, thereby excluding a transformation from 
tri-octahedral smectite (saponite). If corrensite was com-
pletely transformed into chlorite at the present burial 
temperature (105–129°C), then polytype IIb should be 
dominant (Azzam et al., 2023; Beaufort et al., 2015; Patrier 
et  al.,  2023). However, polytype IIb is a minor compo-
nent in the samples studied, indicating that only minor 
amounts of Fe-chlorite may have been derived from cor-
rensite or more likely have a detrital origin. The formation 
pathway of chlorite in the Agat Formation can be sum-
marised as follows:

1.	 Berthierine formation commenced with the dissolution 
of detrital clay minerals, likely pedogenetic kaolinite 
and hydroxy-interlayered clays derived from weathered 
soil profiles on the Norwegian mainland during the 
Lower Cretaceous (Lidmar-Bergström et  al.,  1997).

2.	 Under reducing early diagenetic conditions facilitated 
by microbial activity, Fe2+ was released from the al-
teration of Fe-bearing detrital grains and clays, leading 
to the nucleation and growth of berthierine (Azzam 
et al., 2022; Murakami et al., 2004; Sugimori et al., 2009; 
Virolle et al., 2022). Low sulphate prevented pyrite for-
mation, favouring berthierine precipitation (Azzam 
et al., 2022).
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3.	 With increasing burial temperatures exceeding 50°C, 
the metastable berthierine underwent a solid-state 
transformation to chlorite (Beaufort et al., 2015; Virolle 
et al., 2022). This transformation is nearly complete at 
the current reservoir temperatures of 80–129°C.

In the Agat field, there is a correlation between sec-
ondary porosity from feldspar dissolution and kaolinite 
presence. Feldspar dissolution provided aluminium for 
kaolinite to precipitate, but it occurred mainly during late 
diagenesis since early diagenesis shows preserved feld-
spar grains and minimal kaolinite. Feldspar dissolution is 
primarily driven by acidic pore waters, which are mainly 
generated from organic acids during the maturation of or-
ganic matter (Schmidt & Mcdonald, 1979; Surdam et al., 
1989; Yuan et  al., 2015). Dissolved feldspar by-products 
are redistributed throughout the pore system and pre-
cipitate as secondary minerals such as kaolinite, and lo-
cally as quartz overgrowth. This process typically occurs 
in a closed diagenetic system (Xiao et  al.,  2018), which 
contrasts with the Duva field, where an open diagenetic 
system is implied due to the lack of secondary kaolinite 
precipitation (Azzam et al., 2022).

Carbonate cementation, such as siderite and calcite, 
primarily affects the CaO and LOI values. When carbon-
ates are scarce, the variations in LOI are mainly due to the 
dehydration of clay minerals. This explains the two trends 
shown in Figure 7, which reflects the distribution of car-
bonates and clay minerals. The presence of calcite cement 
is also responsible for the positive Sr anomaly found in the 
Agat field and some samples in the Duva field.

The Duva field also contains common diagenetic apa-
tites that derive from the leaching of phosphatic concre-
tions. These diagenetic apatites are responsible for the 
high P2O5 content found in the Duva field.

5.2  |  Reconstructing the sediment 
routing system

5.2.1  |  Depositional environment: Role of 
inherited topography

The most distinguished parameter between the Agat field 
and the Duva field is the texture and the sorting of the 
sandstone. The strong difference in textural characteris-
tics between the two turbidite systems reflects significant 
changes in the transport-depositional characteristics dur-
ing the Lower Cretaceous. Based on the classification of 
Bouma  (2000), the Duva field exhibits all the character-
istics of a coarse-grained turbidite system showing a high 
sand/shale ratio, low vertical shale interbeds with sedi-
ments that are poorly sorted, and gradually outbuilding 

into the basin. Conversely, the Agat field displays typical 
characteristics of a fine-grained turbidite system charac-
terised by overall well-sorted grains with a relatively mod-
erate sand/shale ratio.

Coarse-grained turbidite systems are common in ac-
tive margins (Bouma, 2000). They are distinguished by a 
short distance between the sediment source and the coast, 
narrow shelves, and a steep gradient of the fluvial system. 
The fan system is built through progradation, resulting in a 
high sand/shale ratio. On the contrary, fine-grained turbid-
ite systems are typical of passive margins (Bouma, 2000). 
Their source of sediment is located far from the coast with 
a low gradient of the fluvial system. The shelves are wide 
with gentle slopes. The deltaic system is often large, and the 
fan system is constructed through a bypass, fed by major 
fluvial-deltaic systems that require a significant sea-level 
drop to reach the shelf break (Bouma, 2004). Most of the 
turbidite systems in the Northern North Sea basin during 
the Cretaceous and the Paleogene (e.g. Kyrre Fm, Nise Fm, 
Springar Fm, Heimdal Fm, Tang Fm) are fine to medium-
grained, with only a few instances of coarse-grained sand-
stone (e.g. Hauterivian sandstones in Slørebotn sub-basin) 
(Lien et  al.,  2006; Martinsen et  al.,  2005). The presence 
of coarse clastic sediments in the Slørebotn sub-basin is 
related to the presence of high reliefs along the scarp of 
faults inherited from Jurassic rifting. Sediments were 
mainly deposited in small and narrow sub-basins fed from 
small drainage areas located close to the depositional 
zone (Martinsen et al.,  2005). The Frøya High (North of 
Slørebotn sub-basin) features several incised canyons at its 
crest that cut deeply into the basement acting as pathways 
for the transport of coarse clastic sediments (Bukta, 2018). 
These canyons were established during the late Jurassic fol-
lowing rifting and deepened during the Lower Cretaceous 
(Bauck et al., 2021). These deeply incised canyons are very 
similar to those observed in the Duva field based on seismic 
data (Neptune Energy internal report). The depositional 
model of the Hauterivian sandstone was likely similar to 
the Duva turbidite system formed at steep slopes in small 
and narrow sub-basins. Sediments were transported in 
structurally confined canyons as confirmed by 3D seismic 
data. The drainage area was probably small and close to 
the zone of deposition as suggested by the immature com-
position of the sediments. The Agat system, on the other 
hand, shows less confinement based on 3D seismic data 
(VNG, internal report). The channels are weakly amal-
gamated with more lateral migration suggesting a larger 
depositional area and a gentler slope. The sediments are 
likely fed from a larger source area as suggested by the size 
of the turbidite system which is three times bigger than the 
Duva turbidite system.

In summary, the texture of turbidite systems during 
the Lower Cretaceous was largely controlled by inherited 
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bathymetry from the Jurassic rifting. Coarse-grained tur-
bidite systems (e.g. Duva turbidite system) were more re-
stricted to small confined sub-basins formed at the edge of 
steep slopes that are close to the sediment source.

5.2.2  |  Sediment provenance

5.2.2.1  |  Duva turbidite system
Sandstones of the Duva field are typically litharenite to 
feldspathic litharenite containing a high proportion of 
metamorphic rock fragments, as well as many quartz 
grains displaying undulose extinction, testifying of a 
strong contribution from a metamorphic source (Basu 
et al., 1975). Feldspar is mainly composed of orthoclase, 
microcline and perthitic feldspar with scarce plagioclase 
suggesting a felsic source. Also, a small component of vol-
canic rock fragments is detected suggesting the presence 
of some volcanic terranes in the drainage area.

Both the LR and the UR in the Duva field are similar in 
terms of mineralogical composition but show significant 
quantitative variation in terms of chemistry and mineral-
ogy. Fe grains are strongly concentrated in the LR, while 
there is an increase in the amount of quartz and feldspar 
in the UR. Azzam et  al.  (2022) and Patrier et  al.  (2023) 
attributed the quantitative changes between the two res-
ervoirs to be the result of progressive erosion and denu-
dation of saprolite profiles developing on the protolith. 
During the deposition of the LR, the sediments were sup-
plied from saprolite profiles, which form the main source 
of Fe and fine fraction materials. During the deposition 
of the UR, the sediments are progressively supplied from 
weakly altered rocks or the parent rocks.

Heavy mineral quantification reveals the abundance 
of zircon in the LR and the substantial increase of gar-
net, apatite, and rutile in the UR. The high concentration 
of zircon in the LR suggests an ultra-stable composition, 
which can be attributed to the intense chemical weather-
ing of the less stable minerals in saprolite profiles, prob-
ably in acidic soil settings (Morton & Hallsworth, 1999). 
Conversely, the increase of garnet, apatite, and rutile in 
the UR suggests an increasing input from the protolith 
when saprolite profiles were denuded. Additionally, the 
strong increase in garnet size in the UR indicates a direct 
contribution from the metamorphic source. In addition, 
the presence of some diamond crystals detected at the 
limit between the UR and the LR suggests the erosion of 
ultra-high metamorphic rocks in the drainage area.

Garnet chemistry from the Norwegian landmass shows 
that area N4, located east of the study area, supplies gar-
net populations similar to those found in the Duva field 
(Figure  14b) (Morton et  al.,  2004). Morton et  al.  (2004) 
indicated that Mg content in garnets varies significantly 

depending on the composition of the metamorphic rocks: 
High-Mg garnets are typically found in ultramafic rocks, 
moderate Mg garnets are typically found in mafic rocks, 
and low-Mg garnets correspond to intermediate-acidic 
rocks and granites/pegmatites. The western gneiss region 
consists mainly of Precambrian gneissic rocks, which 
also contain high-grade basic gneisses (including eclog-
ites). and locally, pyroxenites and peridotites are present 
(Cuthbert et  al.,  2000; Ravna et  al.,  2006). Based on the 
chemistry of garnets in the Duva field, the sediments are 
dually sourced from (1) a metamorphic source consisting 
of meta-mafic rocks (including eclogites) and subordinate 
meta-ultramafics (such as peridotites and pyroxenites), 
(2) a felsic source, associated with lower-grade metamor-
phic rocks (e.g. quartzo-feldspathic gneisses) with some 
high-Mn garnets (subfield Bi) possibly sourced from 
granitoid rocks. In addition, many localities in the west-
ern gneiss, like the Nordøyane UHP domain, host eclog-
ite/coesite and micro diamond-bearing rocks (Butler 
et al., 2013; Cuthbert et al., 2000), which could be a poten-
tial analogue to the high-grade metamorphic source in the 
Duva field. No significant differences were found in the 
chemical composition of garnets between the LR and UR, 
supporting similar sources for the two reservoirs.

Most zircons in the Duva field are metamorphic with 
small proportions of igneous zircons. Zircons are mostly 
rounded and stalky, suggesting that they have been recy-
cled. The detrital zircon ages in the Duva field match those 
found in the western gneiss region (Figure 15) (Bingen & 
Solli,  2009). The basement rocks of the western gneiss 
contain widely spread 1749–1650 Ma and 1649–1520 Ma 
zircons that match the detrital 1550–1800 Ma zircons 
group in the Duva field. It also contains 1519–1470 Ma, 
1469–1400 Ma, and 1399–1200 Ma zircons correspond-
ing to the detrital 1350–1550 Ma and 1150–1350 Ma zir-
con groups identified in the Duva field. The area also 
has an abundance of 999–850 Ma zircons, which match 
the younger detrital 850–1150 Ma group. These groups of 
zircons record major magmatic episodes that correspond 
to the Gothian—Telemarkian (1.52–1.66 Ga and 1.48–
1.52 Ga, respectively) and Sveconorwegian (0.92–1.04 Ga) 
orogenic periods (Wiest et al., 2018). There is also a small 
component of 350–550 Ma zircons that likely correspond 
to the Caledonian orogeny (Scandian phase) (Fossen 
et al., 2017).

In summary, the provenance of Duva sandstones can be 
mostly tied back to the Western Gneiss Region. This region 
underwent intense metamorphism during Precambrian 
and Palaeozoic times. The source of sediments can be 
compared to the actual UHP domains that are found on 
the Eastern margin of the Western Gneiss Region. These 
domains contain mixed mafic (mainly eclogite) and fel-
sic (granite and quartz feldspathic gneisses) rocks, which 
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are reflected by the chemistry of garnets in the Duva field. 
Finally, combined petrographic observations and heavy 
minerals data suggest similar sources for the LR and UR. 
The difference between the mineralogy of the two reser-
voirs is explained by weathering/denudation processes.

5.2.2.2  |  Agat turbidite system
Sandstones in the Agat field are typically subarkosic dom-
inated by monocrystalline quartz and subordinate poly-
crystalline quartz with a small proportion of metamorphic 
lithic fragments. Agat 100 however contains a higher pro-
portion of metamorphic fragments than the other units. 
Additionally, the Agat field contains a significant amount 
of K-feldspar and plagioclase compared to the Duva field. 
These observations confirm the weaker contribution from 
metamorphic sources. The relative increase of plagioclase 
in the Agat field could either be explained by chemical 
weathering processes or related to the source composi-
tion. Since plagioclase is less stable than K-feldspars and 
tends to dissolve faster in regoliths (White et al., 2001), its 
presence could indicate low chemical weathering rates 
or high denudation rates of the protoliths. An increase in 

plagioclase content could also indicate a more basic com-
position of the source rocks (Clark, 1966).

Heavy minerals in the Agat field are quite similar to 
those in the Duva field in terms of the species identified. 
However, tourmaline and amphibole are more common 
in the Agat field. The GZi index varies significantly be-
tween the different units, while AZi and RZi are more sta-
ble. Extremely low GZi is observed in Agat 70 and Agat 
50, which is related to the high concentration of zircon in 
these units. This is attested by Zr content in Agat 70 reach-
ing 2500 ppm. Rutile seems to follow the same trend as zir-
con showing a significant increase in Agat 70 and Agat 50. 
Zircon and rutile are both resistant to physical transport 
conditions, so they tend to concentrate on sediments with 
increasing sorting. Previous palaeogeography reconstruc-
tion of Agat 70, 80, and 100 by VNG Norge suggests that 
Agat 70 and probably Agat 50 are supplied from different 
sediment entry points. The Agat 70 sandstones probably 
experienced a higher degree of reworking and sorting on 
the shelf before their deposition in deep marine settings. 
As shown in figure (Figure 12c) the recycling/sorting ef-
fect is far more superior in the Agat field compared to the 

F I G U R E  1 5   Summary of zircon ages distribution in Scandinavia, compiled by Bingen and Solli (2009). Map of zircon age distribution: 
(a) Ages between 3000 and 1400 Ma, (b) ages between 1400 Ma and 251 Ma.
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Duva field. This is consistent with the texture of the sand-
stone, which suggests longer transportation distances and 
better sorting.

Garnet in the Agat field shows common etching fea-
tures, which indicate some influence of deep burial dia-
genesis (Morton & Hallsworth,  1999). Our petrographic 
observations show that garnets are still preserved below 
3600 m despite the common etching feature suggesting 
that it can be still used as a provenance indicator (Morton 
et al., 2004). The garnet signature in the Agat field is very 
different from the Duva field. Type B garnets are dominant 
in the Agat field with subordinate type C suggesting input 
from low-grade metamorphic or granitoid rocks with 
weaker input from meta-mafic rocks (eclogites). Another 
key difference is also the higher proportion of subtype 
Bi compared to Bii subtype, which suggests that the fel-
sic component is largely composed of granitoids. This 
is also supported by the presence of tourmaline in that 
field, which is commonly attributed to granite and peg-
matite rocks (Kotowski et al., 2020). The garnet signature 
in the Agat field does not correspond directly to Area N4 
but rather seems to represent a mixture between Area N3 
and N4 (Figure 14b). Area N3 in northern west Norway 
features complex lithologies composed of upper alloch-
thon metasediments and has wide exposures of gneisses, 
granites, and gabbros (Morton et al., 2004). There are few 
eclogite exposures in this area, but they are far less im-
portant than those found in area N4 in the Western Gneiss 
Region.

Zircons in the Agat field show metamorphic features, 
with only a small proportion retaining igneous characters. 
However, zircons in the Agat field exhibit a more rounded 
morphology, particularly in the form of stubby zircons, 
indicating a higher degree of transportation and sorting. 
There are certain similarities in the zircon age signature 
between the Duva and Agat fields, with some differences 
in the proportion of the main zircon age groups. For in-
stance, the Agat field contains a significantly higher pro-
portion of 850–1150 Ma zircons, except for the Agat 100, 
which has a proportion similar to the Duva field.

5.2.3  |  Climates and chemical weathering

Tracing the paleoclimate conditions can be a challenging 
task owing to the great diversity of processes that can af-
fect the original mineralogical composition of sediments 
before or after their deposition. Many proxies have been 
proposed in the literature to evaluate the intensity of 
chemical weathering and alteration. Clay minerals in sed-
iments, especially marine sediments, are useful indicators 
of paleoclimate (Brekke, 2000; Deepthy & Balakrishnan, 
2005;Singer, 1984; Thiry, 2000). The intensity of chemical 

weathering can also be evaluated using the chemical 
Index of Alteration (CIA), which is considered a widely 
accepted weathering index for reconstructing past cli-
mate conditions (Goldberg & Humayun, 2010; Heinrich & 
Nicole, 2011; Meunier et al., 2013). However, these prox-
ies must be approached critically and factors such as the 
distinction between authigenic and detrital clay minerals, 
the relationship between climatic parameters and clay 
mineral formation, post-depositional diagenetic changes, 
and differentiation during transport, must be considered 
(Singer, 1984; Thiry, 2000). Diagenesis has greatly altered 
the original mineralogical assembly of the sediments in 
the Agat Fm. Most of the inherited detrital clay fraction in 
the Duva field has been transformed into authigenic chlo-
rite (Figures 5d and 6) (Azzam et al., 2022). In the Agat 
field, the precipitation of authigenic kaolinite in addition 
to chlorite makes it difficult to fully decrypt the origi-
nal detrital signature of the clays (Azzam et  al.,  2023). 
Additionally, the precipitation of carbonates and the dis-
solution of feldspar make it challenging to calculate the 
CIA index. In this study, we used two proxies to evalu-
ate the intensity of chemical weathering: (1) by focusing 
on some minerals sensible to chemical alteration like 
Mica and by identifying the nature of detrital clays, (2) by 
studying trace element distributions. There is a significant 
difference in the composition and distribution of micas 
between the Agat field and the Duva field. While the for-
mer is dominated by biotite and muscovite and traces 
of glauconite, the latter is dominated by Fe-illite grains 
and glauconite with scarce biotite and muscovite. Fe-
illite grains are important to evaluate chemical weather-
ing since they typically form from pedogenetic alteration 
(Price & Velbel, 2014). For many years, these grains were 
considered typical glauconite or expended mica grains 
(Ehrenberg, 1993) without any consideration of their ori-
gin. These grains show some morphological similarities 
to biotite, but they are highly expanded along the c-axis 
resembling kaolinite (Figures  5b,c and 16a). According 
to Patrier et al. (2023), this morphology of Fe-illite in the 
Agat Fm is inherited from the supergene vermiculitisa-
tion of large phyllosilicates in saprolite (mainly biotite). 
Alteration of biotite into vermiculite is witnessed in many 
Mesozoic Scandinavian saprolitic remnants (Fredin 
et al., 2017; Lidmar-Bergström et al., 1997, 2009; Olesen 
et al., 2012). Biotite weathering into vermiculite typically 
occurs under acidic leaching conditions in humid temper-
ate/subtropical regions (Lidmar-Bergström et  al.,  1997; 
Loveland,  1984). These conditions prevailed during the 
Lower Cretaceous, allowing the development of deep sap-
rolite or laterite profiles in some areas in Western Norway 
(Lidmar-Bergström et  al.,  1997). Based on these facts, 
the ratio of Fe-illite grains over primary micas minerals 
(biotite/muscovite) can be used as a paleo weathering 
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F I G U R E  1 6   (a) Ternary plot of muscovite-green clays-biotite to evaluate the intensity of chemical weathering. The Duva field falls 
in the strong weathering domain, while most of the studied samples in the Agat field fall in the weak to moderate weathering domain 
containing fresh biotite and muscovite that are weakly altered; (b) principal component analysis (PCA) diagram of some selected trace 
metals and REEs, showing a strong variation in the Agat Fm related to the inherited source and paleoclimate conditions.
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indicator with Fe-illite being the end-product of intensive 
chemical weathering. As shown in Figure 16a, the Duva 
field is mainly supplied from highly weathered bedrock in 
contrast to the Agat field. The presence of detrital kaolin-
ite (iron bearing) in deformed ductile rock fragments indi-
cates extensive development of laterites in the source area. 
Most of these detrital kaolinites are transformed into chlo-
rite during burial diagenesis (Figure 5d). In the Agat field, 
the rare occurrence of Fe-illite and the preservation of 
primary micas (biotite/muscovite) indicate a weak supply 
from saprolites. Figure 16a shows that Agat 70 and 50 are 
supplied from weakly weathered bedrock, while Agat 80 
and Agat 100 are supplied from more moderately weath-
ered bedrock. This is consistent with the higher amount 
of residual pedogenetic clays in the Agat 80 and Agat 100 
consisting of hydroxy-interlayered clays and illite (HIMs) 
mixed with kaolinite (Figure 5h) (Azzam et al., 2023). This 
also explains the high amount of plagioclase in Agat 50 
and 70 compared to Agat 80 and Agat 100, which are pri-
marily composed of K-feldspars. Another important proxy 
to evaluate the intensity of the chemical weathering is the 
distribution of trace metals (Ni, Cr, V, Sc, Zn, Ga, Li, Pb, 
Zr…) and REEs. A Principal Component Analysis (PCA) 
was conducted to analyse the distribution patterns of se-
lected trace metals and REEs in both the Agat and Duva 
fields (Figure 16b). The first principal component (PC1) 
explains 44.7% of the data variability and distinguishes 
between Metal-REEs enriched sandstones and depleted 
ones. The second principal component (PC2) accounts for 
22.0% of the data variability and separates heavy metals 
enrichment from REE enrichment. The Duva field is en-
riched in trace metals (V, Ni, Cr, Sc, Zn, Ge, Pb, As) and 
some REEs (Ce, Nd, Sm), which seem to correlate posi-
tively with Mg and Fe. The Agat field on the other hand 
is strongly depleted in trace metals but some samples are 
highly enriched in REEs, which is typically associated 
with zircons. This explains why certain samples in Agat 
70 are highly enriched in Zr, Hf, U, and REEs. Trace met-
als such as Pb, Zn, Ni, Cr, Co and V are highly enriched 
in saprolites developing under a humid tropical environ-
ment (Ansart, 2022; Sharma & Rajamani, 2000; Taylor & 
Eggleton, 2001; Tijani et al., 2006). Strong enrichments of 
heavy metals and REE in some Norwegian tills were also 
interpreted to be the result of a deep weathering process 
under humid climate conditions (Olesen et al., 2012). In 
the saprolites, these elements are mainly hosted in the 
form of Fe-oxides-oxyhydroxides and clay minerals (e.g. 
kaolinite, smectite, illite) (Sharma & Rajamani,  2000; 
Tijani et  al.,  2006). These minerals can be eroded and 
transported into marine environments serving as pre-
cursors for chlorite, which can incorporate these trace 
metals into its structure. Therefore, the relatively high 
enrichment of trace metals in the LR of the Duva field 

could reflect a strong input of materials from saprolites. 
Additionally, the strong positive Ce-anomaly detected in 
the Duva field is mainly attributed to the presence of ce-
rianite (observed under SEM), a mineral that is typically 
found in lateritic profiles (Braun et  al.,  1990). The Agat 
field, on the other hand, shows strong depletion in trace 
metals indicating a very weak development of saprolites 
or alteration profiles.

The Agat Fm also comprises some altered miner-
als, which have a morphology that resembles ilmen-
ite, mainly composed of TiO2 with less than 2% Fe2O3. 
These minerals are ubiquitous in the Duva field form-
ing most of the opaque fraction of heavy mineral as-
semblages. They are also noted in Agat 80 and Agat 
100. The alteration of ilmenite is generally attributed 
to leaching caused by supergene processes (Mücke & 
Bhadra Chaudhuri,  1991). The leaching of ilmenite is 
promoted in oxidising and acidic environments, which 
enable the formation of pseudorutile, which in turn can 
transform into leucoxene and to anatase/rutile as a final 
product (Anand & Gilkes, 1984; Cornu et al., 1999; Hugo 
& Cornell, 1991; Knudsen et al., 2015; Mücke & Bhadra 
Chaudhuri, 1991). Such a mechanism of leaching is per-
vasive in tropical environments such as in the Amazon 
basin, where ilmenite is strongly altered in hot humid 
climates while being preserved under dried conditions 
(Knudsen et al., 2015). The presence of altered ilmenite 
in the Agat Fm could further support a hot humid climate 
in the Duva field source area and probably the establish-
ment of a more humid climate during the deposition of 
Agat 80 and 100 in the Agat field. However, the use of 
ilmenite alteration as a paleoclimate indicator must be 
approached carefully since ilmenite alteration was also 
reported during diagenesis under both oxidising and re-
ducing conditions (Mücke & Bhadra Chaudhuri,  1991; 
Weibel & Friis, 2007).

In summary, the source rock was subjected to differ-
ent degrees of chemical alteration, which has greatly in-
fluenced the mineralogy of the Agat Fm. The source of 
materials in the Duva field (typically the LR) was mostly 
associated with saprolite or laterite profiles formed under 
warm humid climates. The advanced chemical weather-
ing promoted the alteration of biotite into vermicular Fe-
illite grains and the enrichment in fine fraction materials 
hosting heavy metals (V, Ni, Zn, Cr…). Conversely, the Agat 
field was sourced from weakly to moderately altered bed-
rocks and the weathering profiles were probably very thin 
resulting in low concentrations of trace metals. Although 
both the Agat and Duva fields primarily originate from 
source rocks in western Norway, differences in tectonic 
uplift and geomorphic response are likely to have resulted 
in the outcrop of a heterogeneous hinterland geology on 
the Norwegian mainland. While some regions preserve 
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thick, well-developed alteration profiles due to tectonic 
stability and limited erosion, others lack distinct profiles as 
a result of intense erosion episodes stripping pre-existing 
alteration zones. The periods from Early Barremian to 
Early Aptian and from Early Barremian to Middle Albian 
are characterised by significant tectonic inversion events 
(Crittenden et  al.,  1998; Indrevær et  al.,  2017; Oakman 
& Partington,  1998; Ziegler,  1975). Differential uplift in-
duced by reactivation of inherited basement faults has 
led to erosion of existing weathering surfaces and expo-
sure of less weathered basement rocks in regions such 
as the southwestern Norwegian shelf of the Barents Sea 
(Johannessen et al., 2013; Ksienzyk et al., 2014; Redfield 
et al., 2005). Tectonic inversion events, such as those docu-
mented in the Loppa High, can reshape the local topogra-
phy, promoting differential erosion and revealing diverse 
source rocks (Indrevær et al., 2017). In the northern North 
Sea, tectonic inversion events probably led to the exposure 
of different source rocks with heterogeneous preserva-
tion of saprolite over short distances (Lidmar-Bergström 
et al., 2009; Migoń & Lidmar-Bergström, 2001). These geo-
logical variations played a pivotal role in the formation of 
chlorite through its precursor minerals within weathered 
sediments.

5.3  |  What are the implications of 
chlorite development in deep marine 
siliciclastic reservoirs?

The development of chlorite in the Agat Formation is 
governed by an intricate interplay of factors related to 
sediment source composition, the intensity of chemical 
weathering, and basin configuration/depositional envi-
ronment. These diverse controls collectively influence 
the availability of detrital clay precursors, early diagenetic 
pore water chemistry, burial temperature evolution, and 
the distribution patterns of chlorite within reservoir units. 
These complex interactions and their effects on chlorite 
development are outlined in the subsequent sections and 
summarised in Figure 17.

5.3.1  |  Controls on the source materials 
(precursors) of chlorite

The composition of the source and the intensity of chemi-
cal weathering will have a direct control on the detrital 
composition of the sediments, which in return will influ-
ence the composition and chemistry of chlorite.

F I G U R E  1 7   (a) Paleographic reconstruction of the Agat Fm depositional environment during the Albian-Aptian period (adapted from 
Gradstein et al., 2016). The deposition in the Agat field occurs in a relatively open area in contrast to the confined character of the duva 
field. Note that the morphology of turbidite systems was controlled by the complex inherited topography and the presence of intrabasinal 
relief and highs; (b) Schematic representation of the drainage system in the South and the East showing a significant change in the source 
composition and the degree of chemical alteration which influence directly the sedimentary legacy and chlorite content.
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The sandstone in the Duva field is sourced from a va-
riety of rocks, having a mixed mafic and felsic composi-
tion (with some ultramafic rocks), including eclogites, 
quartzo-feldspathic gneisses, and granitoids, which have 
undergone extensive chemical alteration. The develop-
ment of thick alteration profiles (saprolites or laterites) 
over this mixed rock composition has produced large 
amounts of fine fraction materials which was likely 
rich in kaolinite, vermiculite, Fe-rich oxy-hydroxides, 
and hydroxy-interlayered clays (HIMs) such hydroxy-
interlayered smectite (HIS) and hydroxy-interlayered ver-
miculite (HIV) (Patrier et  al.,  2023) (Figure  17b). These 
materials were transported into shallow marine settings 
allowing the formation of large amount of glauconitic 
materials and Fe-illite through interaction with seawater 
(Azzam et al., 2022). Some phosphatic concretions were 
also formed at this time. These highly Fe-rich materials 
were remobilised into deep marine settings forming pre-
cursors for the development of authigenic Fe-clays during 
diagenesis, such as berthierine and then chlorite.

The chemistry of chlorite in the Duva field is extremely 
rich in iron (XFe > 0.88), reflecting the wide availability of 
ferrous iron in the sandstone during diagenesis. As a re-
sult, nearly all the Fe-Al-rich detrital materials were trans-
formed into chlorite. However, in the LR, the fine fraction 
materials and Fe content were extremely high, leading to 
excessive development of chlorite and the formation of 
thick coats around detrital grains reaching up to 30 μm in 
size (Azzam et al., 2022). The presence of these coats has 
negatively impacted the reservoir quality by reducing the 
permeability through decreasing connectivity of the pore 
network. Conversely, in the UR, the sandstone is clean, 
containing smaller amounts of fine materials with mod-
erate Fe content, which favours the development of thin 
chlorite coats. These coats play a positive role by inhibit-
ing quartz overgrowth while preserving the primary inter-
granular porosity. This suggests that Fe-rich sands, such as 
the LR, are risky targets for reservoir exploration, despite 
the wide occurrence of chlorite. Conversely, weaker input 
of fine fraction materials from saprolites is more suitable 
for the development of thin chlorite coats.

The sediment source for the Agat field primarily com-
prises felsic rocks, such as granitic gneisses, which have 
undergone minimal chemical weathering or had their al-
teration profiles eroded at an early stage. The raw mate-
rials provided from the erosion of these rocks are highly 
rich in quartz, feldspar (both Na and K-feldspar), biotite, 
muscovite, and variable amounts of clays (mainly HIMs 
and kaolinite). The bulk chemistry of this mineralogi-
cal assembly is rich in SiO2 and Al2O3 but low in Fe2O3. 
Chlorite development under low Fe conditions depends 
on many factors, such as the type of clay precursors, the 

availability of ferrous iron, and the redox conditions. In 
the Agat field, chlorite mainly forms by replacing early 
detrital clays like HIMs and kaolinite through an inter-
mediate berthierine precursor (Azzam et al., 2023). The 
source of Fe is typically related to biotite grains contain-
ing a considerable amount of Mg and to Ferric clays. The 
Fe content provided by the dissolution of these grains 
was low to moderate but was sufficient to transform 
most of the clay precursors into Fe-chlorite while leaving 
some residual clay precursor (Figure  5h). The chemis-
try of these chlorites is highly magnesian (XFe ca. 0.7) 
reflecting moderate availability of ferrous iron during 
sandstone diagenesis.

In summary, chlorite does not necessarily require a 
strong input of Fe-rich materials to form. A weak to mod-
erate input of Fe-rich materials from saprolites or laterites 
is more suitable for the development of thin chlorite coats 
that preserve primary intergranular porosity.

5.3.2  |  Controls on chlorite distribution

The distribution of chlorite in the Agat Fm cannot only 
be explained by provenance and supergene alteration. 
While chlorite mainly occurs in the form of coatings in the 
Duva field, it shows a more complex distribution in the 
Agat field, with a variable amount of pore-filling and pore-
lining chlorites. This difference can be related to changes 
in the depositional processes and transport conditions in 
deep marine settings. In the case of the Duva field, the sed-
iments are transported within confined incised channels. 
The sandstones are massive and homogenous showing no 
evidence of dewatering structures. According to Azzam 
et al. (2022), chlorite in the Duva field replaces early de-
trital coats that were formed in shallow marine environ-
ments. The confined character of the turbidite system and 
the narrow shelf probably allowed the preservation of 
these coats during transportation (Azzam et al., 2022). In 
the Agat field, the depositional environment is more com-
plex, characterised by a longer transportation distance 
and deposition in open and less confined settings. Rapid 
sedimentation in the Agat field often leads to the forma-
tion of dish-and-pipe dewatering structures, particularly 
within lobe and channel deposits. The intensity of dewa-
tering processes plays a crucial role in determining the 
distribution and concentration of chlorite within the Agat 
field (Azzam et al., 2023). Pore-filling chlorites dominate 
in Agat 50 and Agat 100, composed of distal lobe deposits 
and mud-rich channel deposits, respectively, while chlo-
rite coats dominate in Agat 70 and Agat 80, composed of 
lobe deposits and weakly confined channel complexes, re-
spectively (Azzam et al., 2023).
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5.4  |  Improving chlorite predictive 
models: Moving towards a universal model 
for Fe-chlorite formation?

The Agat Fm highlights the importance of having a ho-
listic understanding of the sediment routing system to 
improve predictions of chlorite occurrence and distribu-
tion in sedimentary basins. Most of the studies focusing 
on chlorite have been, to some extent, limited to its ori-
gin in the sandstone, with poor understanding of the pro-
cesses occurring in the source area. Dowey et al.  (2012) 
analysed numerous chlorite-coated sandstones worldwide 
and proposed that the formation of Fe-rich chlorite is fa-
voured near the equator due to enhanced drainage and 
warmer temperatures. This promotes chemical weath-
ering, which supplies iron oxyhydroxides and detrital 
aluminium-rich clays across tropical and temperate re-
gions. Ehrenberg (1993) suggested a genetic link between 
chlorite-coated sandstones, verdine facies, and oolitic iron-
stone facies, despite their formation in distinct environ-
ments. Chamosite-type ironstones represent low-energy 
equivalents of chlorite-rich sandstones, typically accumu-
lating in shallow marine settings with minimal sedimen-
tation rate and low-energy conditions (Ehrenberg, 1993). 
Most of the chamosite ironstone deposits have been 
documented during the Cambrian to Devonian periods, 
mainly forming along the margins of cratonic blocks. A 
subsequent episode of ironstone formation began during 
the Late Triassic following the assembly of the supercon-
tinent Pangaea. This continued throughout the Jurassic, 
persisting into the Cretaceous and Middle Cenozoic eras 
marked by widespread ironstone deposition (Van Houten 
& Purucker, 1984). Iron-rich ooids have been discovered 
in the upper part of the Wealden Group sandstones in the 
fluvio-deltaic facies association of the Paris Basin, as well 
as in the Weald Basin (Taylor, 1990; Virolle et al., 2022). 
Numerous studies have attributed the origin of oolitic 
ironstones in Western Europe to the development of thick 
lateritic weathering soils during the early Cretaceous, fol-
lowing successive tectonic events and several sea level falls 
that resulted in the emersion and erosion of local domains 
(Barbarand et al., 2018; Meyer, 1976; Taylor, 1990; Thiry 
et al., 2006). In the Wealden sandstones, the presence of 
quartz or ironstone nuclei suggests that the detrital grains 
(iron fragments and quartz) were most likely derived from 
the lateritic and ferricrete palaeosols located in the east-
ern Paris Basin (Taylor,  1996). Weathering and erosion 
processes acting on iron-rich palaeosols bordering the 
Paris Basin (e.g. Ardennes, Brabant Massifs) facilitated 
the transport of significant amounts of Fe and Al, primar-
ily in the form of clays (e.g. Kaolinite, HIMs, Vermiculite) 
and Fe-ooids composed of iron oxyhydroxide (Corentin 
et al., 2020; Virolle et al., 2022). The incorporation of these 

Al- and Fe-bearing minerals into the sediments is believed 
to be critical for the formation of berthierine within the 
Paris and Wealden basins (Virolle et al., 2022).

The Agat Fm shares similar mineralogy and diagenetic 
evolution with the Wealden sandstones. However, the Agat 
Fm underwent deeper burial. This difference in burial 
conditions likely explains the prevalence of berthierine in 
the Wealden sandstones, whereas chlorite dominates the 
Agat Fm. The Lower Cretaceous sandstone of the Paris 
Basin serves as a potential candidate for the environmen-
tal conditions prevailing during the deposition of the Agat 
Formation. Fe- and kaolinite-rich soils were widespread 
across Europe during the Lower Cretaceous period (Migoń 
& Lidmar-Bergström,  2001). Kaolinitic saprolites with 
characteristics resembling tropical palaeosols and bauxite 
have been found in both the southeastern and northwest-
ern regions of southern Norway. Research suggests that the 
formation of blockfields in southern Norway is partially at-
tributed to chemical weathering (Follestad, 1974; Strømsøe 
& Paasche,  2011). The exact age of these saprolites re-
mains unclear; however, clay mineral assemblages suggest 
lateritic-bauxitic weathering processes occurring in a trop-
ical setting predating the Late Cenozoic period (Lidmar-
Bergström et  al.,  1999; Roaldset et  al.,  1982). Kaolinitic 
saprolites have been assigned to the Jurassic and Early 
Cretaceous periods as they occur within landscapes that 
are likely to have formed in a sub-Mesozoic relief (Lidmar-
Bergström et al., 1999). These kaolinitic palaeosols likely 
served as the primary source of kaolinite and iron-rich 
materials (hydro-interlayered clays, iron oxyhydroxides) 
essential for the formation of berthierine/chlorite within 
the Agat Formation and potentially other geological forma-
tions in Norway. This may suggest that chlorite formation 
was not an isolated event but rather a large-scale, global 
process influenced by a combination of geological, climatic 
and tectonic events across Europe. The results of this study 
hold the potential to improve our ability to predict chlorite 
occurrence within sedimentary basins, representing a sig-
nificant advancement in this field.

6   |   CONCLUSION

The Agat Fm was deposited during the Lower Cretaceous 
from a series of turbidite systems displaying strong tex-
tural and mineralogical heterogeneity. Two turbidite sys-
tems were investigated in this study: the Duva field and 
the Agat field. The reservoir quality of these deep marine 
deposits was controlled by the presence of chlorite and by 
its distribution in the sandstone. Our results allowed the 
reconstruction of the sediment provenance as well as giv-
ing insight into the climate conditions during the Lower 
Cretaceous.
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In the Duva field, the sandstone is supplied from the 
Western Gneiss Region, from mixed metamorphic rocks, 
which includes UHP metamorphic rocks like eclogites 
and probably coesite-bearing rocks, as suggested by the 
presence of diamonds. These complex bedrocks were 
subjected to intensive chemical alteration under humid 
climates allowing the development of thick alteration 
profiles. In the Agat field, the sandstone is supplied from 
Western Norway and possibly some parts of Northern 
Norway. The bedrock is mainly composed of low-grade 
metamorphic rocks (dominated by granitic composition) 
with only weak development of alteration profiles. This 
study highlights the role of supergene alteration of the 
continental source rocks on the amounts and the distri-
bution of chlorite in the turbidites of the Duva and Agat 
fields. The erosion of thick alteration profiles can provide 
abundant Al and Fe-rich fine-grained materials (clay min-
erals and oxi-hydroxides) into the basin. Such a material 
allowed subsequently the growth of thick Fe-chlorite 
coats, which have a negative impact on the reservoir qual-
ity. When the sediment is supplied from weakly to non-
weathered basement rocks, only thin diagenetic chlorite 
coats occur, allowing the preservation of good reservoir 
quality.

The distribution of chlorite, whether in the form 
of coating or pore-filling, was controlled by the depo-
sitional environment and basin configuration, which 
was related to the inherited topography from Jurassic 
rifting. Chlorite distribution in fine-grained turbidite 
systems like the Agat field is likely to be controlled by 
dewatering processes. Conversely, chlorite in confined 
coarse-grained turbidite systems could be inherited from 
shallow marine environments. The mineralogical and 
textural heterogeneity observed in the Agat Fm suggests 
a complex interplay between the source, chemical alter-
ation and depositional environment in controlling the 
distribution and development of chlorite in deep marine 
deposits. These findings have important implications for 
predicting chlorite distribution in sedimentary records 
and can help guide future exploration and development 
of deep marine deposits.
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