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14 Highlights

15 e The Agat Formation experienced a complex and multistage diagenetic history.

16 e Thick-authigenic chlorite coats caused significant porosity loss in the reservoir.
17 e Chlorite formed through solid-state transformation from a berthierine precursor.
18 ¢ Intense dissolution of feldspars and calcite cement improved the reservoir quality.
19 ¢ Initial mineralogical composition mainly controlled the diagenetic processes evolution.
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Abstract

The turbidite sandstone of the Agat Formation is one of the most important hydrocarbon
reservoirs in the Lower Cretaceous succession of the Norwegian North Sea. The diagenetic
history of these sandstones has greatly impacted the reservoir quality, resulting in a high
heterogeneity in porosity and permeability. To investigate this impact, sixty thin sections and
rock samples were investigated through petrographic observations, geochemical microanalysis,
and X-ray diffraction. Three main diagenetic events occurred during burial and influenced the
reservoir properties: (1) mutual growth of chlorite, siderite, and apatite, (2) calcite cementation,
and (3) dissolution of K-feldspar and calcite. Early diagenesis occurs under strongly reducing
conditions, leading to the formation of Fe-chlorite/berthierine, siderite, pyrite, and apatite
forming coatings around the detrital grains. Chlorite coatings have a key role in controlling the
reservoir quality in the Agat Formation. In the lower part of the reservoir, chlorite forms thick
coats (15-25 pm) that strongly reduce permeability. Conversely, in the upper part of the
reservoir, chlorite coats are thinner (4-10 um), favoring porosity preservation by inhibiting
quartz overgrowth. X-ray diffraction and electron microscope observations indicate Fe-rich
chlorite of 1b polytype, suggesting solid-state transformation from a berthierine precursor. The
kinetics of berthierine/chlorite growth are governed by the dissolution of Fe-rich grains and
fine fraction materials found as matrix and early coats. These grains are abundant in the lower
part of the reservoir favoring the formation of thick chlorite coats. Chlorite was followed by
pervasive calcite cementation in deep burial conditions creating low permeability barriers in
the reservoir. The source of this calcite is internal and probably related to the dissolution of an
early diagenetic calcite cement forming at shallow depth, with a minor contribution from
marine carbonates. During late diagenesis, K-feldspar grains and calcite cements underwent
intense dissolution creating secondary porosity and consequently increasing permeability. The

input of acidic fluids associated with the maturation of the source rocks could have facilitated
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these dissolution reactions. Our results highlight the importance of inherited mineralogy in
controlling the distribution of chlorite, carbonates, and secondary porosity in the Agat
Formation. This study provides useful indicators to help predict diagenetic reactions that can

occur in deep marine siliciclastic reservoirs.

Keywords: Sandstone, Diagenesis, Reservoir, Hydrocarbon, Turbidites, Chlorite coat,

Carbonate cement, North Sea
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1. Introduction

In many hydrocarbon fields, reservoir properties are strongly linked to diagenetic reactions occurring
during burial. These reactions can either positively or negatively affect the quality of sandstone
reservoirs (Worden and Burley, 2003). In some cases, the development of some early diagenetic
minerals can preserve the reservoir quality when the sediments are subjected to increasing burial and
temperature. For example, Fe-chlorite is a common diagenetic mineral in old marine sandstone
generally found as grain coating (Worden et al., 2020 and references therein). Over the last few years,
several studies have shown a close relationship between porosity preservation in deeply buried
sandstone and the presence of chlorite coats around detrital grains (Billault et al., 2003; Bloch et al.,
2002; Ehrenberg, 1993; Hansen et al., 2021; Houseknecht and Ross, 1992; Saiag et al., 2016; Virolle et
al., 2022). Laboratory experiments simulating quartz cementation have demonstrated that chlorite
crystals coating detrital grains can block early quartz overgrowth (e.g., Ajdukiewicz and Larese, 2012).
By inhibiting extensive quartz cementation, porosity can be preserved up to a high burial depth
(Ehrenberg, 1993). Similarly, carbonate cements can significantly influence the quality of sandstone
reservoir by forming barriers to fluid flows (Prosser et al., 1993; Xiong et al., 2016). However, early
diagenetic calcite cements can preserve the inter-granular volume (IGV) by delaying burial compaction,
which may lead to high porosity upon dissolution (Estupifian et al., 2007; Liu et al., 2014; Xiong et al.,
2016).

The origin of diagenetic chlorite and carbonates in deep marine sandstone has not been widely explored
and has received less attention than those from a shallow marine environment (Dowey et al., 2012;
Hendry et al., 1996; Yezerski and Shumaker, 2018). To address these gaps, this study explores the
diagenesis in the turbidite sandstone of the Agat Formation (Fm), one of the most important sandstone
reservoirs in the Lower Cretaceous succession in the northern North Sea (Copestake et al., 2003). The
Agat Fm consists of massive and deep-sea turbiditic sands deposited through gravity flow turbidity
currents at the outlet of canyons incised within the continental shallow marine platform (Hansen et al.,
2021). Although the sedimentological features of this formation are well documented (Bugge et al.,
2001; Hansen et al., 2021; Lien et al., 2006; Nystuen, 1999; Shanmugam, 1995; Skibeli et al., 1995), its

diagenetic evolution has not been widely explored. The recent study by Hansen et al. (2021) highlighted
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the role of chlorite coats in controlling the reservoir quality of the Agat Fm. The study also suggested
that chlorites were the result of the replacement of detrital clay precursors. In this contribution, we go
further by discussing the origin of the clay precursor and the timing of the chloritization process. In
addition to chlorite, carbonate cements are reported in many North Sea reservoirs, including the Agat
Fm (Saigal and Bjerlykke, 1987). However, the source of carbonates and their spatial distribution
within the reservoirs are not fully understood (Morad, 1998).
Therefore, the main objectives of this paper include the following:

1. Reconstruct the diagenetic history of the Agat Formation.

2. Trace the source of chlorite and carbonate cements.

3. Identify the origin of early detrital clay precursors in deep marine sands and the processes that

control their transformation into continuous and well-crystallized chlorite coatings.
4. Assess the effect of diagenesis on the Agat Fm reservoir quality.
5. Build a reliable geological and diagenetic model to predict the distribution of chlorite coats and
carbonate cements in turbidite deposits.

Addressing these objectives will offer a better understanding of the key parameters that control chlorite
and carbonate distribution in turbidite deposits. A prediction model of the reservoir quality based on
these parameters could help unlock many deepwater plays elsewhere.
2. Geological settings
The study area is located in the northeastern part of the North Sea, about 35 kilometers from
the shore of Norway and 6 kilometers from the Gjga oilfield (Fig. 1A). Lying within the Malgy
Terrace, it is bounded to the east by the @ygarden fault complex and to the west by the normal
fault of the eastern margin of Sogn Graben (Fig. 1A). The Cretaceous period in the North Sea
is regarded as a time of thermal subsidence following the major rifting phase of the Middle to
Late Jurassic, which created a series of under-filled rifts and sub-basins (Glennie, 2009).
The Cretaceous succession in the Northern North Sea is dominated by the deposition of fine-

grained lithologies (offshore marls and mudstones) from suspension settling (Fig. 1B) (Isaksen

and Tonstad, 1989). The sediments are transgressive, recording an overall deepening in the
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basin (Ziegler, 1975). However, this period was interrupted by several regressive events during
Aptian-Albian times and during the late Turonian that were related to the culmination of
Austrian tectonic activity (Crittenden et al., 1998; Oakman and Partington, 1998; Ziegler,
1992, 1975). These events locally resulted in the remobilization and deposition of coarse
siliciclastic sediments in deep sub-basins. During the Aptian-Albian times, gravity flows on the
Malgy Slope created a series of slopes and basin floor sand systems known as the Agat Fm
(Bugge et al., 2001; Jackson et al., 2008; Skibeli et al., 1995). These slope systems were
sourced from the east, from a relatively small source area (5000-8000 km?), and the adjacent
paleoshelf was relatively narrow (20-30 km wide) (Bugge et al., 2001; Hansen et al., 2021;
Jackson et al., 2008; Martinsen et al., 2005). The Agat Fm was deposited at the base of a fault-
related slope that was cut by several incised canyons. The sedimentary materials was mainly
derived from the remobilization and reworking of shallow marine sands (Hansen et al., 2021,
Martinsen et al., 2005). The Agat Fm is a stratigraphic pinch-out trap in upper slope settings
(Shanmugam et al., 1994). The massive sand reservoir inter-fingers within the shales or marls
of the Rgdby Fm, acting as a seal (Fig. 1B). The primary source rocks identified in the study
area are the Upper Jurassic organic-rich shale (Draupne and Heather Formations) and the

Lower Jurassic shales of the Ness Formation (Goff, 1984).
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Fig. 1. (A) Simplified map showing the location of the study area indicated by a red square with the
main structural elements of the northern North Sea. MB: Marulk Basin; NVG: North Viking Graben;
SG: Sogn Graben; HP: Horda platform; MT: Maley Terrace. The structural map is edited from the
Norwegian Petroleum Directorate (NPD) website www.npd.no; (B) Cretaceous stratigraphy of the
Northern North Sea (Gradstein et al., 2016) combined with the eustatic sea-level curve of Haq (2014).
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2.1. Well logs and petrophysical properties

A summary of well log data (GR, RHOB, NPHI, Vshale), lithology, porosity, and permeability
measurements is presented in Figure 2. The Agat Fm in the study area has a thickness of about
118 m. The reservoir interval is divided into two parts, mainly based on the reservoir quality
and the sand-shale ratios. The volume of shale (Vshale) is mainly due to the presence of
chlorite (Hansen et al., 2021). The upper part (hereafter called Upper Reservoir (UR))
comprises the “Upper Reservoir 1 (UR 1)” mainly composed of heterolithic sediments with
interstratification of mudclast layers (Vshale 7 % - 45 %), and the “Upper Reservoir 2 (UR 2)”
mainly composed of clean structureless sandstone with high visual porosity and low shale
content (Vshale < 7 %). The reservoir quality of the UR is very good, displaying a permeability
that ranges from 95 mD to 12400 mD and helium porosity that ranges from 17.6 % to 30.5 %.
The lower part (hereafter called Lower Reservoir — (LR)) consists of multiple fining upward
sequences composed of sand with a volume of shale ranging from 10 % up to 25 %. The
reservoir quality of the LR is weak to moderate, displaying a permeability that ranges from

0.15 to 50 mD, and helium porosity that ranges from 8.2 % to 28.5 %.
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Fig. 2. Combination of wireline logs (Gamma Ray (GR), density-neutron (RHOB-NPHI), and Volume
shale (Vshale)) along with core plug porosity and permeability and the lithology log showing the
location of the main facies in the studied well.

2.2. Sedimentology

Many sedimentological models have been proposed for the Agat Fm over the last few years.
Shanmugam et al. (1994) and Skibeli et al. (1995) first suggested deposition from slumping
and debris flows in upper-slope settings. However, recent studies have described the Agat Fm
as the result of gravity flow turbidity currents (Bugge et al., 2001; Lien et al., 2006; Nystuen,
1999). This interpretation was recently confirmed by Hansen et al. (2021), suggesting a
deposition from high-density turbidity currents from the remobilization of shallow marine
sands.

Four main facies are identified in the Agat Fm in the study area (Hansen et al., 2021): (1)
Massive clast-rich sandstone facies (MCS), which form most of the sandstone interval. These
facies consist of a thick, continuous interval of clean sandstone, generally massive and

structureless, moderately to well-sorted, medium to coarse-grained, and containing dispersed
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lithic/clast materials (Fig. 3A). The lack of stratification in these facies suggests rapid
deposition from multi-events of large-volume concentrated flows. The absence of structure
may be due to dewatering and homogenization. (2) Massive-laminated sandstone facies (MLS)
generally comprises stratified pebbly and non-pebbly sandstone that are moderate to well-
sorted, locally clean, and fine to medium-grained, which overall fining upwards. Planar
stratification or lamination is defined by concentrations of pebbles and mudstone or
carbonaceous-mudstone grains (Fig. 3B). These facies record high-concentration, wanning
tractional grain-flows which gradually decreased in energy through time. This is interpreted as
hybrid beds with a raft of siltstones to mudstones formed at the transition of scour channel-lobe
transition. (3) Conglomeratic-pebbly sandstone facies (CPS) that consists of several meters of
granule and pebble-grade conglomerate beds intercalated with moderately to poorly sorted,
medium to coarse-grained sandstone. Greenish clay grains are highly abundant, as well as mud
clasts and some phosphatic and siderite clasts (Fig. 3C). These sediments are probably derived
from a tractional transport of various clasts within relatively low volume, high energy, episodic
flows. (4) Chaotic facies association (CFA) forming the base of the Agat Reservoir consists of
a 3-meter-thick assemblage of poorly sorted large mudstone clasts in a silty matrix or in fine-
grained sandstone (Fig. 3D). The clasts are likely to be derived from the erosion of the Rodby
Formation (middle Cretaceous shale). These chaotic facies correspond to oliostrome deposits
(slide and slump complex) that accumulate as a semifluid body by submarine gravity sliding or
the slumping of the unconsolidated sediments (Abbate et al., 1970). Their deposition at the
base of the turbiditic sequence is probably related to a period of submarine canyon/channel

incision prior to the establishment of the Agat Fm.
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Fig. 3. Major sedimentary facies in the Agat Fm: (A) Clean structureless coarse-grained sandstone; (B)
Planar stratified fine-grained sandstone. Stratification is defined by eeneentrations-ef mud-clast layers
at the top of the sandstone sequence; (C) Beds of poorly and moderately sorted pebbly sandstone
containing angular fragments of dark grey mudstone and sub-rounded brown sideritic clast. Some
bioclastic fragments are also present; (D) Pebbly sandstone with large mud-clast and sideritic
concretions in contact with highly silty, pebbly sandstone. MCS: Massive clast-rich sandstone; MLS:
Massive-laminated sandstone; CPS: Conglomeratic-pebbly sandstone; CFA: Chaotic facies association.

3. Materials and Methods

All samples are provided by Neptune energy A/S, together with petrophysical data of well logs
and core description reports. Well name and depth will be anonymized for confidentiality
purposes. A total of 67 core plugs were collected from one well in the study area with a
sampling interval ranging from 1 m to 2 m. Sixty samples were thin sectioned and polished for
the petrographic examinations. The thin sections were impregnated with blue epoxy. Samples
that contain carbonate cement were stained with alizarin-potassium ferricyanide. The burial
history curve of the study area was reconstructed using PetroMod 1D ©.

3.1. Optical, cathodoluminescence, and scanning electron microscopy

A Leica DM750P polarizing petrographic 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
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(Roduit, 2007). Additionally, the size of approximately 300 grains was measured along their
longer axis. Data were then imported to Gradistat © Simon Blott, a software calculating the
grain size distribution, skewness, and sorting (Blott and Pye, 2001). Sphericity and roundness
were visually defined following the chart of Krumbein (1963). The type of grain-to-grain
contact and the intensity of compaction were described for each sample using the methods of
Taylor (1950). AIll thin sections containing carbonate cement were examined under
cathodoluminescence microscopy (OPEA cathodyne 12 keV, 200 mA). Scanning Electron
Microscopy (SEM) observations were carried out 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 analyzer (EDS).

3.2. X-ray diffraction analysis

The bulk and clay mineralogy of the sandstone were obtained using a PANalytical X’Pert—Pro
diffractometer with a Cu anticathode (Kal=1.5405; 45 kV; 40 mA) at Geosciences Paris-
Saclay (GEOPS) laboratory. X-ray diffraction (XRD) of randomly oriented powder mounts
was conducted on thirty representative samples to characterize the whele bulk mineralogy
based on dpy reflections. The diffractograms were acquired between 2 and 65°20 at a step size
of 0.02°26 and acquisition time of 1 s. Semi-quantitative estimates of the mineral phases from
X-ray diffraction data were carried out using Rietveld refinement with X'Pert HighScore ©
PANalytical software.

To identify the clay mineralogy according to their dog reflections, X-ray diffractograms of
oriented preparations (< 2um fraction Size) were acquired in air-dried conditions (AD). The
presence of expandable clay minerals was checked using solvation with ethylene glycol (EG).
The clay fraction was separated by sedimentation for 15 representative samples using the
protocol of Brown and Brindley (1980) and Moore and Reynolds (1997). First, the samples

were crushed and then placed in an ultrasonic beaker to ensure a correct dispersion of clay
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minerals. The samples were then treated with oxygen peroxide and hydrochloric acid to
remove organic matter and carbonates. The clay fraction (<2 um) was then extracted by
collecting the first 2 cm after 1h 40 min of sedimentation. X-ray diffractograms of oriented
sample preparations were acquired between 2 and 27°20 at a step size of 0.01°20 and
acquisition time of 0.5 s per step. In addition, the peak positions of the dggo reflection on
randomly oriented <2 pum fraction were acquired between 57-63° 26 with a step size of 0.025°
26 per 8 s counting time.

3.3. Electron microprobe analysis

The chemical composition of carbonates was determined using an Electron Probe
Microanalyzer (EPMA) at the Sorbonne University, Paris. Thin sections were carbon-coated
prior to the analysis. The accelerating voltage was 25 kV, the sample current was 20 nA, and
the spot size was 5 um. The proportions of all elements (Fe, Mn, Mg, Ca, Sr, C, and O) were
normalized to 100 mol % for all samples. For these calculations, oxygen and carbon were
determined by stoichiometry.

3.4. Laser ablation inductively coupled plasma mass spectrometry

The rare earth elements (REE) concentration in calcite and siderite cement were measured
directly on thin sections using a sector field inductively coupled plasma mass spectrometer
coupled to a laser ablation sampling system (LA-SF-ICP-MS) at GEOPS laboratory. Elemental
concentrations were calibrated using NIST614 glass reference material, and the carbonate
pellet MACS-3 (United States Geological Survey (USGS)) was used as a secondary reference
material to ensure accuracy. The laser beam diameter for unknown calcite and calcite reference
material MACS-3 was 85 pum (50 pum for siderite). Unknown calcites and siderite were ablated
at a frequency of 10 Hz and a fluence of 2 J.cm . “*Ca was used as an internal standard, with a
calcite CaO content of 54 wt.% and siderite CaO content of 1.9 wt.% based on EPMA

measurements. The REE distributions were obtained by normalizing to the Post-Archean
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Australian Shale (PASS) (McLennan, 2001). La, Ce, Eu, and Gd anomalies were calculated
according to Lawrence et al. (2006). For some representative bulk rock samples, the REE
concentration was measured by inductively coupled plasma mass spectrometry following
pulverization and dissolution at ALS Minerals laboratory in Loughrea, Ireland.

3.5. In situ °C and "0 microanalysis by SIMS

The isotopic composition of carbonates and quartz overgrowth was measured by Secondary lon
Mass Spectrometry (SIMS) using a Cameca IMS 1270 at the CRPG laboratory, Nancy, France.
Thin sections were cleaned with absolute ethanol to remove any contamination and were gold-
coated prior to the analysis. In carbonates, the oxygen and carbon stable isotope compositions
were measured separately in two sessions using the same experimental conditions. 8'°0 in
quartz overgrowth was measured in a single analytical session. All samples were sputtered with
a 10 kV Cs+ primary beam of 5 nA, focused on ~10 to 15 pum spots. The crater depth was <1
um. Secondary negative oxygen ions were accelerated at 10 kV and analyzed at a mass
resolution of about 5000 using the circular focusing mode of the IMS 1270 and a transfer optic
of 150 pum. For calcite, the instrumental fractionation was determined prior to each session
using a calcite reference material (CCcigA) with a value of 18.94 %o, V-SMOW for 5'%0 and
1.04 %o V-PDB for 8*3C. For siderite, the instrumental fractionation was determined using a
siderite crystal reference material (Ivigtut) with a 8180 value of 9.1 %o V-SMOW and a 8"3C of
—7.6 %0 V-PDB. For quartz, the instrumental fractionation was determined using an internal
reference material (Brésil2) with a 80 value of 19.62 %o V-SMOW. The homogeneity of the
standard was checked by multiple measurements for various profiles. The instrument stability
was checked during each session by carrying out 5 analyses on the reference material every 2

hours approximately. No instrument drift was observed in either session.
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3.6. Microthermometry of fluid inclusions

Three polished wafers (200 pm thick) were prepared for fluid inclusion analysis within calcite
cement to determine their minimal trapping temperature (Th) and the final melting temperature
(Tm = solid ice phase into liquid phase). Fluid inclusions were first observed under transmitted
light at high magnification to determine their nature and type. Fluid inclusion
microthermometry was conducted using a Linkam THMSG600 heating freezing stage.
Calibration was carried out using synthetic supercritical H,O and H,O-CO; fluid inclusions.

4. Results

4.1. Bulk mineralogical composition of the Agat Formation

The whole-rock XRD analysis of the Agat Fm shows close bulk mineralogy between the UR
and the LR (Fig. 4 and Fig. Al in Appendix). The samples are composed mainly of quartz,
feldspar (K-feldspar and minor Na-feldspar), chlorite, and mica/glauconite in varying
proportions. Semi-quantification of mineral phases from XRD shows that chlorite is mainly
concentrated in the LR, and less abundant in the UR (Fig. 4). A similar trend is also observed
for mica/glauconite, which are more abundant in the LR. Anatase, zircon, halite, and sylvite are
present only in few samples. The presence of halite and sylvite in the samples is due mainly to
the brine used in the drilling fluids. Pyrite is mainly observed in the UR 1, particularly in the
MCS facies, where mud clasts are abundant. Calcite and siderite are generally found at the

boundary between the UR and the LR (i.e., at the base of the UR and the top of the LR).

15



Bulk mineralogical composition (%
Depth(m) | g g S 3 §§gg & P (%)
lzsc8235E83|0 20 40 60 80 100
2X25 S ‘ ‘
-
No cores ‘\
= = = Mudclast
wms .
2X50 4= 2 [ THHll
—_— .--
[ [N
- [ Tl
= s
) i -
2X75 § | - -
- - >
2 -
b -
g- Calcite
o
S5 cement
2 = |
2X00 4 | &=
~ |mcs| -
L=
; I
2x25 -§ mes| '
| MLS — .
MCS :
CFA E
2X50 -
g Legend
! Quartz
K-Feldspar
| Glauconite
B chamosite
- Pyrite

322

323  Fig. 4. A semi-quantification of the bulk mineralogical composition from X-ray diffraction using
324  Rietveld refinement. It shows dominance of quartz and K-feldspars in the UR and a strong increase of
325  chloritic and glauconitic clay minerals in the LR. Carbonate cements are mainly found at the limit
326  between the UR and LR.
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4.2. Grain composition

Petrographic observations show that the sand grains are mainly composed of quartz (24 % to
46 %) and lithic rock fragments (5 % to 21 %) associated with K-feldspar (3 % to 10 %) (Table
1). Quartz grains are mainly monocrystalline (av. ~27 % in UR and ~20 % in LR) with
subordinate polycrystalline (av. ~10 % in UR and ~13 % in LR). Feldspar is mainly composed
of orthoclase (av. ~7 % in UR and ~3% in LR) and a small amount of microcline (< 0.5 %).
Lithics (av. ~13 % in UR and ~18 % in LR) are mostly composed of metamorphic fragments,
but locally igneous and sedimentary rock fragments were observed in a small amount (<0.5 %).
The metamorphic rock fragments are composed of polycrystalline quartz and some micas
showing schistose patterns suggesting a high-grade metamorphic origin. Using the quartz-
feldspar-lithic (QFL) ternary diagram classification of Folk (1980), most of the samples fall in
the litharenite and feldspathic litharenite domains (Fig. 5). The framework composition of the
Agat Fm is more homogeneous in the UR than in the LR. The latter contains more lithic
fragments but less quartz and feldspar grains than the UR, reflecting a change in sediment

provenance.

17



342
343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

Qt @ Upper reservoir

Quartzarenite @ Lower reservoir

Subarkose Sublitharenite

.)50)’1v 25

F r

0.2 04 0.6 0.8

Fig. 5. QtFL (Quartz total — Feldspar — Lithics) ternary diagram of sandstone populations from the Agat
Fm coded with reservoir division.

The ductile framework of the Agat Fm is mainly composed of glauconite-like grains, chlorite
ooids/peloids, and ductile lithic fragments. On average, the ductile content in the UR is about
14.9 %, while the LR has more than 24.5 % of ductile grains. The glauconite-like grains are
comparable in size to the associated quartz grains. These grains generally display an expanded
vermicular shape with rounded abrasive edges, probably due to transport (Fig. 6A). Under
cross-polarized light, they show similar extinction and birefringence to mica. A small
proportion of discrete grains display typical habits of glauconite grains, generally showing a
globular shape (Fig. 6B). Chlorite ooids and peloids are found as discrete spherical grains.
These grains show fractures, abrasive edges, traces of heavy minerals, and micro quartz,
indicating detrital origin. The ooids typically display concentric laminae with a nucleus
consisting of fine matrix or heavy minerals (Fig. 6C), while peloids show massive structureless
shapes composed uniformly of chlorite (Fig. 6D). Ductile lithic fragments are derived from
sedimentary fragments like claystone and siltstone and igneous rock fragments containing

small grains of quartz, feldspar, and biotite. In some samples, ductile grains and lithic
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359  fragments have undergone intense mechanical compaction, forming a pseudo-clayey matrix

360 (Fig. 6E) which strongly reduces the porosity and permeability.
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361  Table 1. Average point counting results of detrital mineralogy, authigenic mineralogy, and porosity for the main facies in the Agat Fm (N:

362  number of samples, T: Thickness, Mo-Qz: Monocrystalline Quartz, Po-Qz: Polycrystalline Quartz, TQz: Total quartz, LF: Lithic Fragments, K-
363  Felds: K-Feldspar, GP: Glauconite pellet, VG: Vermicular Glauconite, B-M: Biotite-Muscovite, Pfc: Porefilling chlorite, Cc: Chlorite coat, Sid:
364  siderite, Ox: oxide, Ap: Apatite: Cal: calcite, Pp: Primary porosity, Sp: Secondary porosity, Tp: Total porosity).

Detrital Mineralogy Authigenic Mineralogy Porosity
Unit Facies Mo-Qz Po-Qz TQz K-Felds LF GP VG B-M| Pfc Cc Sid Ox Ap Cal| Pp Sp Tp
MLS (N=12, T~20 m)
Min 19,4 57 328 32 51 12 16 O 12 27 O 0 0 0 |44 3,7 103
Mean 285 11,1 396 75 92 51 66 12|61 45 07 09 0 0 |131 54 186
Max 404 172 46,7 118 11,7 8 91 28 |[336 92 24 16 04 O |169 86 232
SD 54 44 42 2,5 2 19 23 08|89 19 08 05 01 O | 37 14 34
Upper
MCS (N=17, T~47 m)
Min 17,6 64 301 32 108 12 12 O 0,4 2 05 0 0 O 0 0,5 0
Mean 252 135 388 61 155 45 39 03|38 49 28 04 0 29|119 55 16,8
Max 325 204 444 10 236 94 76 16 |108 72 98 12 05 203|176 95 257
SD 31 43 41 1,8 32 22 16 04| 25 19 24 04 01 73| 4 26 68
CPS (N=7, T~8 m)
Min 17,3 79 259 24 32 36 56 O 08 28 0 04 0 O 0 11 27
Mean 231 108 339 37 12,7 101 91 03|89 102 4 07 05 1 |15 38 53
Max 331 195 438 72 209 16,7 156 04 | 36,3 18,7 147 16 25 4 | 35 72 972
SD 55 43 73 1,6 67 41 41 02125 6 57 04 09 2 | 14 24 26
Lower
MCS (N=14, T~36 m)
Min 16,5 4 245 23 44 35 35 0 08 28 04 0 0 O 0 16 13
Mean 224 106 33 38 171 65 77 03| 33 162 23 06 01 64| 21 39 57
Max 308 166 411 64 308 119 10,7 08 | 74 211 15 24 04 304| 44 53 9.2
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SD

MLS (n=3, T~4 m)
Min
Mean
Max
SD

CFA(n=3, T~3.7m)
Min
Mean
Max
SD

4,4

22,1
26,6
31,1
6,3

21,7
23,5
2,6
26,5

3,9

10,7
12
13,3
1,9

9,8
12

3,3

15,7

5,4

35,4
38,6
41,7
4,5

31,5
355
3,6
38,2

1,2
6,2
7,1

13

3,5

1,4
6,3

6,8

8,4
12
15,6
51

5,2
13,9
7,5
19,1

2,6

5,8
8,5
3,9

3,6
59
2,5
8,6

6,3
7,6
1,8

8,7
10,3
2,3
12,9

0,3

03
0,6
04

0,4
0,6
0,2
0,7

8,1
91
1,5

7,8
7,6
16,4

5,4

16,2
16,9
17,5
0,9

6,8
9,6
3,6
13,7

0,2
0,4
0,3

0,3
0,3
0,5

0,6

04
04
0,4

0,3
04
0,2
0,7

02 12,1

O O oo
O O oo

0 0
01 26
02 33
04 64

1,2

1,1
15
1,8
05

2,1
52

11

1,7
2,8
3,9
1,6

35
4.4
0.9
5,3

2,3

3,5
4,3

54
7,4
1,8
8,7
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Non-chloritized micas (biotite and muscovite), bioclast, organic matter, and heavy minerals
occur as accessory constituents in the Agat Fm. Organic matter and bioclast have only been
observed in small amounts (<0.5 %). Organic matter appears as black to brownish and
elongated macerals that display a vascular structure. Bioclasts correspond to bivalve fragments
and brachiopod shells. Finally, detrital phosphatic concretions and intraclasts are found in some
samples forming massive aggregates of grains cemented by apatite (Fig. 6F). Its noteworthy
that bioclasts, organic matter, and phosphatic concretions are widespread in conglomeratic

facies (CPS and CFA), forming a few cm thick lenses (Fig. 3C, D).
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Fig. 6. Petrographic photomicrographs of the ductile grains in the Agat Fm: (A) Vermicular glauconite
grains; (B) Globular glauconite grains; (C) Ooidal structure composed of chlorite; (D) Chlorite peloid
showing massive structureless morphology associated with glauconite grain and thick chlorite coat, note
that hydrocarbon is covering the chlorite coat in this sample; (E) Pseudomatrix highlighted by the
yellow dashed line composed of chlorite and fine to very fine quartz grains; (F) Phosphatic intraclast
highlighted by the yellow dashed line containing small size quartz and glauconite grains cemented by
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apatite. (Qz: Quartz; K-felds: Alkali-feldspar; VG: Vermicular Glauconite; GG: Globular Glauconite;
CO: Chlorite Ooid; CP: Chlorite Peloid; Tox: Titanium oxide; HC: Hydrocarbon; CC: Chlorite Coat;
PM: Pseudo-Matrix, PI: Phosphatic Intraclast; PP: Primary Porosity; SP: Secondary porosity).

4.3. Texture and mineralogy of diagenetic minerals

Authigenic minerals consist of clay minerals (mainly chlorite), carbonate cement (calcite,
siderite), and a small amount (<0.5%) of pyrite, apatite, secondary quartz, albite, and anatase.
4.3.1. Clay minerals

The clay mineralogy of the Agat Fm is composed of abundant chlorite, illite/mica, and minor
Ilite/Smectite (1/S) mixed layers.

Chlorite is the dominant pore-occluding cement in the Agat Fm. Chlorite is identified by the
following doo reflections 14.24 A, 7.09 A, 4.73 A, and 3.54 A. In both the UR and LR, the
intensity of the even reflections (002 and 004) is higher compared to the odd reflections (001
and 003), suggesting iron-rich chlorite (Fig. 7A) (Brown and Brindley, 1980; Moore and
Reynolds, 1997). Chlorite polytypes were determined from the random powder XRD analyses
by identifying specific reflections (Bailey, 1988; Moore and Reynolds, 1997). Only the
polytype Ib (3= 90°) has been evidenced in the studied samples marked by the reflections at
269 A 265 A, 251 A, 234 A 215 A, 1.96 A (Fig. 7A). In addition, the dogo reflection of

chlorite at 1.555 A indicates trioctahedral chlorite.
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Fig. 7. (A) X-ray diffraction traces of oriented clay fraction specimens (<2 pum) along with X-
ray diffraction traces of randomly oriented clay fractions (<2 um) for some representative
samples from the Upper Reservoir and the Lower Reservoir (AD: Air-dry, EG: Ethylene
glycol-solvated); (C) SEM image of authigenic chlorite coat in the Upper Reservoir showing
rosette-like morphology; (D) SEM image of chlorite coat in Lower Reservoir showing thick
coating size and the presence of two zones.

SEM observations show that chlorites occur mainly as grain coats around detrital grains,
ranging in size from 4 um in the UR (Fig. 7B, 8A) and up to 30 um thick in the LR (Fig. 7C,
8B). The latter is generally composed of two zones: an inner zone composed of small (av. 1.5
pum) randomly oriented chlorite grains and an outer zone composed of large (av. 4.5 um)
euhedral chlorite crystals oriented perpendicular to the grain surface (Fig. 7C, 8B). The outer
zone engulfs small crystals of apatite, which seem to develop exclusively in the inner zone
(Fig. 8B, C). Despite changes in morphology and texture, SEM-EDS analyses show no
significant variation in the chemistry between the two zones (Table 2). Chlorite is also
commonly found as a replacement of glauconitic grains forming ooidal structure (Fig. 8D) and
as a replacement of lithic fragments forming a pseudo-matrix rich in mica (Fig. 8E). In rare
cases, chlorite is associated with siderite in fractures and dissolution pockets in early calcite
cement (Fig. 8F). Based on SEM-EDS analysis (Table 2), the composition of all the observed
chlorites is very comparable, showing a chemical composition close to the chamosite

endmember with an average Fe content of ~27 Wt %.
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Fig. 8. SEM images showing the different forms of chlorite in the Agat Fm: (A) SEM micrograph of
small siderite crystals associated with a thin chlorite coating size in a highly porous zone in the UR; (B)
Authigenic chlorite, siderite, and apatite coating quartz grain in low porous zones in the LR, the green
dotted line indicates the limit between early coat (inner zone) and the latter one (outer zone); (C)
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Chlorite engulfing small apatite crystals which seems to develop exclusively on the inner zone of
chlorite coat supporting a detrital origin for this zone; (D) Ooidal structure showing a nucleus composed
of glauconite materials being replaced by chlorite; (E) Chlorite replacing mica materials in
pseudomatrix; (F) Chlorite and siderite filling fractures and dissolution pockets within early calcite
cement.

Illite/mica occurs as a minor component. The illite/mica is characterized by dgo; reflections at
10.01 A, 4.99 A, and 3.33 A. Most of this illite/mica is detrital and has a glauconite-like
character based on petrographic observations. These grains show dissolution features and are
being replaced by chlorite, as illustrated in Figure 8D, E. In addition to illite, the doo; reflection
at 10.77 A (air-dried conditions) suggests the presence of 1/S mixed layer that shifted toward a
lower 2 Theta angle after ethylene glycol saturation (Fig. 7A). This mixed layer is present in a
small amount in the Agat Fm but increases relatively at the UR and LR boundary. The doo;
reflection at 14.24 A does not shift after ethylene glycol saturation, confirming the absence of
any discrete smectite or chlorite/smectite mixed layers.

Table 2- Chemical composition of phases obtained by SEM-EDS analysis (the spot location is shown in
a yellow cross in figure 8)

Weight 2 3 4 5 6 7
(%) Chlorite  Chlorite  Glauconite  Chlorite  Chlorite  Mica Chlorite
Si 15.6 13.0 21.1 17.2 15.0 20.8 12.8
Al 9.4 9.1 8.1 114 11.2 13.3 9.0
Fe 27.0 27.3 15.6 27.9 28.0 8.3 25.2
Mg 2.3 2.5 2.3 3.2 1.8 2.2 2.3
K 0.1 0.2 5.0 1.2 1.2 4.6 0.1

4.3.2. Carbonate cements

Calcite
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Two generations of calcite cement were identified in the Agat Fm. The first generation (calcite
1) occurs only in two samples. It shows a sparry texture with a crystal size ranging from 20 pm
up to 180 um. Under cathodoluminescence, calcite 1 shows degraded texture with a dull orange
luminescence (Fig. 9A). Calcite 1 occupies ~30 % of the intergranular volume and mainly
occurs between loosely compacted grains showing floating texture. When placed in alizarin-
potassium ferricyanide solution, calcite 1 shows a blue staining coloration, indicating an iron-
rich composition (Lindholm and Finkelman, 1972). SEM observation also shows fracturing
and pressure-solution (Fig. 9B). Fractures and secondary pores are filled with chlorite and
siderite (Fig. 9B, C). The second generation (calcite 2) appears as a blocky to poikilotopic
cement, with crystals reaching several millimeters in size. It shows uniformly bright orange
luminescence with a very homogeneous texture (Fig. 9D). Unlike calcite 1, this generation
occupies ~20 % of the intergranular volume of the samples and mainly develops between
compacted grains filling the primary pore space. Calcite 2 is highly abundant at the boundary
between the UR and LR, which considerably reduces porosity and permeability. However, it
also occurs in varying proportions (1% up to 10%) at different depths in the reservoir. When
placed in alizarin-potassium ferricyanide solution, all calcite cement shows a blue staining
coloration indicating an iron-rich composition. In rare cases, calcite 2 appears to replace some
dissolved plagioclase and lithic fragments (Fig. 9E). Remnants of calcite 2 (<0.5%) are found

in many samples suggesting dissolution of this generation (Fig. 9F).
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Fig. 9. (A) Cathodoluminescence photomicrograph showing the fine altered texture of blocky calcite 1,
note that calcite 2 is also observed filling partially dissolved glauconite grains; (B) SEM micrograph of
calcite 1 showing high intensity of stylolisation with the development of a fracture network; (C) Zoom
on the black square in B showing fractures that are filled with chlorite; (D) cathodoluminescence
photomicrograph showing the poikilotopic texture of the blocky calcite 2; (E) cathodoluminescence
photomicrograph showing calcite 2 replacing plagioclase grains in lithic fragment; (F) Remnant of
calcite 2 after dissolution.

Siderite
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The average siderite amount in the studied samples is 1.5 %. However, this proportion
increases at the boundary between the UR and LR, reaching 9 %. Also, siderite is highly
concentrated in certain levels within the CPS facies, where they reach up to 15%, considerably
reducing the porosity. The morphology of siderite varies significantly between the UR and the
LR. In the UR, siderite forms small (<25 pum) rhombic-shaped crystals that are disseminated as
coats around detrital grains (Fig. 8A), dissolved feldspar, and in the cleavage planes of
glauconite grains. In the LR, siderite forms large crystals (>100 um) that show radial extinction
under polarized light with a rhombic edge (Fig. 8B). This increase in siderite size in the LR can
lead, in some cases, to the total occlusion of pore space. Zonation is commonly observed in
both the small and large siderite. Siderite crystals have a dark black core and a clear uncolored
edge under the optical microscope (Fig. 10A).

4.4. Chemistry of carbonates

4.4.1. Elemental composition

The major and trace elements (Ca, Mg, Fe, Mn, and Sr) in calcite and siderite were measured
by EPMA. For calcite 1, the Fe content varies from 2.51 to 3.32 Wt % (av. 2.95 Wt %), the
Mg content varies from 0.14 to 0.21 Wt % (av. 0.18 Wt %) and those of Mn vary from 0.41 to
0.47 Wt % (av. 0.42 Wt %). The Sr content is below 0.1 Wt % (av.0.07 Wt %). For calcite 2,
the Fe content varies from 0.58 to 1.76 Wt % (av. 1.21 Wt %), the Mn content varies from 0.16
to 0.49 Wt % (av. 0.34 Wt %), and the Mg content is less than 0.1 Wt %. The Sr content is
relatively high, ranging from 0.25 to 0.38 Wt % (av. 0.31 wt. %). Overall, the Fe and Mg
contents are higher in calcite 1, while the Ca and Sr contents are higher in calcite 2. Mn content
is comparable in calcite 1 and 2. Unlike calcite, the chemical composition of siderite varies
significantly from the core to the edges of the crystals. At least two stages of siderite growth
can be distinguished based on elementary profiles and 2D maps of Fe, Mn, Mg, and Ca (Fig.

10B, C): an early-stage rich in Fe but poor in Ca, Mg, and Mn representing the core of siderite,
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496  and a later stage showing a strong decrease in Fe and an increase in Ca, Mg and Mn contents.
497  In the core, the Fe contents vary from 44.0 to 46.0 Wt %, Mg varies from 0.33 to 1.51 Wt %,
498  Cavaries from 1.31 to 1.85 Wt %, and Mn varies from 0.18 to 0.51 Wt %. On the edges, the Fe
499  content varies from 39.1 to 41.9 Wt %, Mg varies from 1.77 to 2.34 Wt %, Ca varies from 2.72

500 to 3.37 Wt %, and Mn varies from 0.52 to 0.99 Wt %.

Mg (Wt %)

501 : ~ : ]
502  Fig. 10. (A) Microscope photograph of one of the analyzed siderites showing zonation, the locations of

503  beam spots are represented by yellow dots; (B) Double y-axis plots presenting compositional changes in
504  siderite along with WDS quantitative compositional profile, the left axis correspond to Fe Wt% and the
505  right axis correspond to Ca, Mg, and Mn Wt%; (C) EPMA element distribution maps of Mn, Mg, and
506  Ca for the analyzed siderite (Wt%: Weight %).
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The REE concentration in carbonates was measured using LA-ICP-MS. Figure 11 shows the
REE distribution in calcite and siderite together with the average bulk REE distribution of the
Agat Fm and the marine carbonate from the Devonian Lennard Shelf reef complexes in
Australia (Nothdurft et al., 2004). The mean total REE (ZREE) in calcite 1 and 2 is 188 ppm
and 65 ppm, respectively. Both calcite generations are characterized by a positive Ce anomaly
(av. 1.79), a slightly positive Eu anomaly (av. 1.17), and depletion in all heavy REE (HREE).
The shale-normalized REE distribution patterns in calcite cement are very different from
marine carbonates but close to the average bulk chemistry of the Agat Fm. In the case of
siderite, the spot size of the beam (~50 um) is too large to sample the core and the edge of the
crystal separately. The REE concentration in siderite is significantly lower (av. 9.8 ppm) than
calcite 1 and 2 but exhibits a close distribution to the bulk rock of the Agat Fm showing a

slightly positive cerium (av. 0.41) and europium anomalies (av. 1.16).

10

-~ Calcite 1 (n=23)
~@-Calcite 2 (n=35)
—@-Siderite (n=14)
—{0—Marine carbonate (Nothdurft et al., 2004)
—{—Agat bulk rock (n=18)

0.001 + t t + + t } t t t t t
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 11. PASS-normalized REE patterns for the average composition of calcite (1 and 2) and siderite
compared to marine carbonate cement from the Devonian Lennard Shelf reef complexes (Nothdurft et
al., 2004) and to the Agat bulk rock.
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4.4.2. Carbon and oxygen stable isotope composition

The oxygen and carbon stable isotope composition in carbonates were measured using SIMS
microanalysis. Oxygen isotopes show a strong contrast between calcite 1 and 2 (Fig. 12). The
520 values of calcite 1 range from —4.0 %o to —5.9 %o V-PDB with a mean value of —4.65 %o
V-PDB (n=26). The 520 values of calcite 2 range from —8.2 to —11.5 %, V-PDB with a mean
value of —10.8 %o V-PDB (n=32). The mean §"C values are comparable between both calcite
generation (—11.7 %0 V-PDB in calcite 1 and —10.6 %o V-PDB in calcite 2). However, Calcite 2
has a broad range of '*C values ranging from —4.8 %o V-PDB to —16.6 %o V-PDB. The lowest
8'3C values are generally found in calcite 2 in the LR, forming local precipitation, while the
highest values correspond to calcite 2 found at the boundary between the UR and the LR.

The C and O isotopic measurements of siderite show a strong variation of 5'%0 and §*3C values
between the core and the edges of the crystals (Fig. 12). The mean 520 and 5'*C values in the
core are —5.13 %o V-PDB and —28.9 %, V-PDB (n=4), respectively. The mean 5'®0 and &'*C
values of the edges are —0.10 %o V-PDB and —8.64 %o, V-PDB (n=25), respectively. Between
the core and the edges, a transition zone was identified with mean 880 and §"3C values of —

0.4 %o V-PDB and —16.9%0 V-PDB (n=7), respectively.
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Fig. 12. Cross plot of the carbon versus oxygen isotopic signatures for various generations of calcite

and siderite in the Agat Fm. The isotopic signature of typical Lower Cretaceous marine carbonates is
from Allan and Wiggins (2019).

4.4.3. Fluid inclusion microthermometry in calcite 2 cement

Fluid inclusions are scarce in calcite 1 due to the small size of crystals and the strong
fracturing. Therefore, the micro-thermometric analyses are focused on the calcite 2 cement,
which has a more homogenous texture and bigger crystal sizes. Most fluid inclusions observed
in calcite 2 are primary (aligned along with growth directions), single-phased (liquid water),
elongated, or irregular in shape (Fig. 13A). Aqueous biphasic inclusions (liquid + vapor) are
rare with tiny vapor bubbles. The inclusions show no hydrocarbon traces under ultraviolet

light. Homogenization temperatures (Th) are between 85 °C and 105 °C, with a mean value of
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93.4 °C (n=29, 0=4.4) (Fig. 13B). The final melting temperature (Tm) is between —1.4 °C and
—3.4 °C, with a mean value at of —2.6°C, corresponding to the melting of ice. No other solid
phases were observed. These final ice melting temperatures correspond to calculated salinity
values between 2.4 and 5.5 Wt % NaCl with a mean value at of 4.3 Wt % NaCl (n=8, 6=1.25)
(Bodnar, 1993). As previously mentioned, due to the very small size of the vapor bubbles, the
final melting of ice was hardly visible in the smallest inclusions. The measured Th of calcite 2
corresponds to the minimum temperature at which fluid inclusions were entrapped. However, a
pressure correction must be applied in order to determine the trapping temperature (Tt) of fluid
inclusions, which also corresponds to the crystal growth temperature in the absence of post-
trapping deformation (Goldstein and Reynolds, 1994). The pressure correction requires an
estimation of the fluid trapping pressure. The Lower Cretaceous in the study area is generally
under a hydrostatic pressure regime (hydrostatic gradient of 100 bar/km) (Riis and Wolff,
2020). By assuming a geothermal gradient of 35 °C/km (Baig et al., 2019) and a trapping
pressure interval between 200 and 250 bar, the trapping temperature of fluid inclusions is ~105

+2 °C (Fig. 13C).
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Fig. 13. (A) Microphotographs illustrating typical fluid inclusion types found in calcite 2 (the red
arrows point to biphasic fluid inclusions); (B) Distribution of homogenization temperatures (Th) for
fluid inclusions in calcite 2; (C) Pressure correction applied on fluid inclusions hosted in calcite 2 to
calculate the trapping temperature (Tt). The isochore is obtained from fluid inclusion micro-
thermometry (Steele-Maclinnis et al., 2012).

4.5. Minor diagenetic minerals

In addition to the authigenic chlorite and carbonates, SEM observations reveal diagenetic
pyrite, apatite, quartz, titanium dioxide (anatase), and albite present in small amounts (<0.5 %).
Pyrite is mainly found as framboidal aggregates in some sedimentary lithic fragments and can
also be found at the surface of detrital grains in association with chlorite (Fig. 14A). Apatite is
present as an authigenic mineral forming acicular crystals between chlorite grains (Fig. 8B, C).
EPMA results reveal a composition of fluorapatite with an average Wt % of P,0s, F, and CaO

of 38.27 %, 6.9 %, and 55.5 %, respectively. Quartz cement is a minor component in the Agat
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Fm and was only seen in some specific samples, where chlorite coats are detached or absent
(Fig. 14A, B). The oxygen stable isotope composition in quartz overgrowth was measured
using in situ SIMS microanalysis. The 8*°0 values of quartz range from 22.5 %o to 29.6 %o V-
SMOW, showing a strong mode at 26.8 %o V-SMOW (n=42). The average 5'°0 value of
quartz overgrowth is very consistent between the UR and the LR (av. 26.7 % V-SMOW and
26.6 %o V-SMOW, respectively). By contrast, 8*°0 values in the detrital quartz grains are very
low compared to the overgrowth, showing an average of 11.2 %0 V-SMOW (n=5). Anatase is
observed as euhedral crystals, developing mainly on iron-rich grains like glauconite minerals
(Fig. 14C). Finally, diagenetic albite (<0.5 %) is observed as tiny euhedral crystals with sharp
edges partially replacing some dissolved K-feldspar grains (Fig. 14D). Under SEM, euhedral
albite crystals develop in parallel to the cleavage plane of the parent K-feldspar grain. EDS
analysis shows that albite has pure composition, reflecting a diagenetic origin (Chowdhury and

Noble, 1993; Saigal et al., 1988).
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Fig. 14. SEM images of some accessory diagenetic minerals: (A) Framboidal pyrite associated with
chlorite coat. Note the presence of euhedral quartz overgrowth developing where chlorite coat is absent;
(B) Quartz overgrowth developing where chlorite coats are absent or detached. Calcite 2 postdates both
quartz overgrowth and chlorite; (C) Anatase growing on glauconitic grain where chlorite coat is absent
or detached (the yellow dashed line marks the limit between the chlorite coat and the grain); (D)
Diagenetic albite showing euhedral crystals developing within the leached k-feldspar grain.

4.6. Porosity description
The porosity and permeability measurements show a contrasted reservoir quality between the
UR and the LR (Fig. 15). In the UR, macroporosity, measured by point counting, varies from

10 % to 25 %. The primary porosity (av. 12.8 %) consists of small to large inter-granular pores
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that can reach more than 300 um in size. Secondary porosity (av. 5.8 %) consists of moderate
to large, oversized, and moldic pores that can reach several millimeters in size. Secondary
porosity relates mainly to the dissolution of K-feldspar grains and locally calcite cement.
Overall, the connectivity of the pore network varies from moderate to very good. Very good
connectivity is found in samples that have well-developed secondary porosity (>7 %), a small
number of ductile grains (<7 %), and a thin chlorite coat (<4 um) (Fig. 15). This corresponds to
samples that are located at the top of UR 2 (Fig. 15, Type I). Moderate connectivity is found in
samples that show an increase in the amount of chlorite and ductile grains (>10 %) (Fig. 15).
This corresponds to samples that are located at the base of UR 2 (Fig. 15, Type Il). Also, some
samples in UR 1 show low to moderate connectivity due to the presence of abundant ductile
lithic fragments (Fig. 15, Type IV). The base of UR is cemented by calcite 2, showing
permeability of less than 0.1 mD and macroporosity of less than 1 % (Fig. 15, Type VI). The
porosity in this interval consists mainly of isolated secondary pores. Microporosity in the UR
was estimated from the difference between helium porosity (total porosity) and point-counted
porosity (macroporosity). The average microporosity in the UR is 8.5 % and is likely related to
micropores in the clays (mainly chlorite) and ductile grains.

In the LR, macroporosity ranges from 1.3 % to 9 %. Primary porosity in the LR (av. 1.8 %)
consists mainly of small inter-granular pores with a size smaller than 250 um. The secondary
porosity (av. 3.7 %) consists of moderate to large, oversized pores corresponding to the
dissolution of K-feldspar grains. Overall, the connectivity of the pores network is generally
weak and locally moderate. This is mainly due to the presence of a thick chlorite coat (>15 um)
and te the presence of abundant ductile grains (>15 %), which form a pseudo-matrix (Fig. 15,
Type I11). In addition, calcite and siderite are common in some levels in the LR, causing further

reduction of primary porosity and connectivity of pores (Fig. 15, Type V, VI). The average

40



628

629

630

631

632

microporosity in the LR is 18.6 %. The substantial increase in microporosity in the LR is
mainly due to the large amount of chlorite and ductile grains.

In both reservoirs, some residual calcite 2 is present (<1%), suggesting that calcite had also
undergone dissolution (Fig. 9F). However, its amount was difficult to estimate since calcite can

dissolve completely without leaving diagnostic textures.
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634  Fig. 15. Cross plot of permeability versus measured point counted porosity showing the effect of
635  diagenesis on the reservoir quality. Petrographic microphotographs illustrate the pore network of the
636 main rock types in the Agat Fm (PP: primary porosity, SP: secondary porosity).
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637 5. Discussion

638 5.1. Paragenetic sequence

639 A paragenetic sequence is constructed based on textural relationships between the different
640  authigenic phases (Fig. 16). The diagenetic evolution is represented along with the burial
641  history of the Agat Fm reconstructed after Baig (2019). Three main stages of diagenetic

642  evolution can be recognized in the Agat Fm:
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Fig. 16. Burial history and paragenetic sequence of the major diagenetic events in the Agat Fm.

5.1.1. Early diagenesis

Early diagenesis was initiated by the compaction and reorganization of detrital grains. As
burial increases, the ductile framework is compressed and reworked, forming a pseudo-
matrix. The latter is well developed in the LR due to the abundance of ductile grains and

lithic fragments. However, the absence of sutured and concavo-convex contacts between the
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rigid framework grains indicates a limited pressure solution activity. The presence of some
relics of early detrital coat, which correspond to the inner zone in chlorite coat, was probably
inherited from shallow marine environments or related to the redistribution of the clay matrix
in response to pore fluid movement during dewatering (Hansen et al., 2021). The compaction
phase was interrupted by the precipitation of calcite 1 at certain levels of the reservoir. The
high intergranular volumes of calcite 1 (30%) compared to calcite 2 (20%), and the loosely
packed grains (Fig. 9A), suggest that calcite 1 develops before significant compactional
porosity loss could occur. Furthermore, calcite 1 is locally dissolved and filled with chlorite,
siderite, and apatite, which postdate calcite 1 (Fig. 9B, C).

The presence of chlorite in conjunction with siderite and minor framboidal pyrite suggests
growth in a reducing environment at an early stage of burial (Curtis and Spears, 1968). These
minerals are strongly associated with Fe-grains such as glauconite, Fe-ooids, and
ferromagnesian lithic fragments which indicates that these grains are the main source of iron.
Early siderite and pyrite are not coated by chlorite, suggesting that chlorite mainly replaces
an early clay precursor. Also, authigenic apatite cement mainly develops on the inner zone of
the chlorite coat (Fig. 9C), indicating that a clay precursor was present around detrital grains
shortly after deposition. Many studies have found that chlorite and phosphate minerals like
apatite are correlated in sandstone (Ehrenberg et al., 1998; Gould et al., 2010; Pe-Piper and
Weir-Murphy, 2008). Pe-Piper and Weir-Murphy (2008) proposed that the abundance of
phosphorus in sandstone reservoirs could indicate suitable diagenetic conditions for the
precipitation of berthierine. The presence of apatite in the studied samples could be,
therefore, an indicator of the presence of an early berthierine precursor.

5.1.2. Middle diagenesis

The onset of the middle diagenesis is characterized by the chloritization of the early clay

precursor, probably berthierine, at a temperature greater than 50 °C (Beaufort et al., 2015). A
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small amount of quartz overgrowth is observed when chlorite coats are absent or detached,
showing that chlorite has effectively inhibited quartz overgrowth (Fig. 14A, B). Similarly,
anatase appears where chlorite coats are absent. Quartz overgrowth and anatase were
followed by pervasive cementation of calcite 2, which encloses all the previous diagenetic
minerals.

5.1.3. Late diagenesis

The late diagenesis is characterized by the intense dissolution of K-feldspar and locally
calcite cement and by hydrocarbon emplacements. Dissolution of K-feldspar likely occurred
during late diagenesis since most secondary pores are not filled with early diagenetic
minerals such as siderite, chlorite, or late calcite cement. However, some grains of
plagioclase are selectively leached before the dissolution of K-feldspar and are filled with
chlorite and calcite 2 (Fig. 6D, 9E). The dissolution of K-feldspar was also associated with
minor albite overgrowth, which fills some secondary pores. The final diagenetic event in the
Agat Fm was the emplacement of hydrocarbons. This was evidenced by traces of bitumen
covering chlorite coats in some samples (Fig. 6D). Also, the presence of only aqueous fluid
inclusions in calcite 2 suggests that the hydrocarbon charge took place after calcite 2 cement.

5.2. Chlorite origin and formation mechanism
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The formation of Fe-chlorite in low-temperature diagenetic systems is often the result of a solid-
state transformation of an iron-rich clay precursor (Beaufort et al., 2015). The 7 A, Fe-rich green
serpentine-like clay minerals such as berthierine, odinite, and phyllite-V are the most common
clay precursors for diagenetic Fe-rich chlorite (Virolle et al., 2022). These green clay minerals
generally form in shallow marine settings (estuarine, deltaic, or inner shelf settings) under
warm/tropical climate conditions (Ku and Walter, 2003; Odin, 1988). In sedimentary rocks, they
occur as ooids, pre-compactional coatings, and matrix/pore filling (Odin, 1988). These minerals
are metastable and tend to transform into chamosite (Fe-chlorite) upon burial (Beaufort et al.,
2015; Delaloye and Odin, 1988; Hillier, 1994). The formation mechanism of chlorite in the Agat
Fm can be divided into two main steps: (1) the first step occurs prior to the deposition in deep
marine settings and involve the formation of an early clay precursor in shallow marine settings,
(2) The second step occurs after deposition and involve the diagenetic transformation of the early

clay precursor into continuous and well-crystallized chlorite coatings.

5.2.1. Synsedimentary deposition of early clay precursors in shallow marine settings

In the Agat Fm, the presence of abundant Fe-rich grains such as glauconite, ooids/peloids,
ductile lithic fragments, and some relics of early detrital coats are all evidence of Fe-rich clay
precursor for Fe-chlorite. The high concentration of glauconitic grains showing evidence of
transport associated with some ooidal structures and phosphatic concretions indicates that these
grains were derived from a shallow environment. In the North Sea, shallow marine sands are
known to be potential chlorite factories particularly during the Jurassic and Cretaceous periods
and therefore, could incorporate clay precursors in deep marine sands (Dowey et al., 2012;
Ehrenberg, 1993; Griffiths et al., 2021). Various processes can explain the incorporation of clays

within shallow marine sands: sediment mixing by bioturbation, mechanical infiltration of muddy
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waters, tidal pumping in coastal environments, and infiltration in the vadose zone in flood plains
(Worden et al., 2020 and references therein). Estuaries and deltas are both suitable places for
chlorite clay precursor development (Dowey et al., 2012). However, estuaries are generally more
efficient than deltas in transporting sediments to deep water systems and are more suitable places
for clay mineral accumulation and iron trapping in continental shelf areas (Daneshvar, 2011;
Ehrenberg, 1993; Wetzel, 1993; Worden et al., 2020). Recent studies showed the importance of
adhesive interactions between clay minerals and exoplymeric substances produced by diatoms
acting as a glue in the formation of detrital clay coats in estuarine environments (Griffiths et al.,
2019a, 2019b; Virolle et al., 2019; Wooldridge et al., 2017, 2019). The development of Fe-rich
clay precursors in these settings also greatly depends on the source of sediments (type of
bedrock) and fluvial activity, which is the main supply of Fe-materials and clays (Dowey et al.,
2012). The recent study by Griffiths et al. (2021) shows that chlorite development and
distribution can be strongly controlled by environmental conditions and fluvial influence.
Chlorite mainly develops as pore-filling in tidal-fluvial channel sandstones deposited during high
river discharge (flood events) or near river mouths leading to poor reservoir quality. By contrast,
chlorite is found as a grain coating in sandstones with moderate fluvial influence, thus limiting
quartz overgrowth and preserving porosity. The grain assemblages of the Agat Fm are
remarkably similar to those described by Ehrenberg (1993) and Griffiths et al. (2021) from the
Lower-Mid Jurassic shallow marine sandstone of the Norwegian continental shelf or by Virolle
et al. (2022) from the Lower Cretaceous Wealden group of the Paris Basin. These periods
coincide with the occurrence of many glauconitic and chamositic deposits in many sedimentary
basins around the world (Van Houten and Purucker, 1984). Many authors have related this

occurrence to an overall increase in the global temperature and the prevalence of warm and
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subtropical conditions similar to those of verdine facies in modern tropical waters (Delaloye and
Odin, 1988; Dowey et al., 2012; Ehrenberg, 1993; Porrenga, 1967). Comparable paleo-
environmental conditions may have prevailed during the deposition of the Agat Fm during the
Aptian-Albian period, allowing the deposition of abundant Fe-grains/clays in some shelfal areas
of Norway. These shallow marine sands were reworked during marine regression (lowstand)
following the rejuvenation of older landmasses in the Norwegian North Sea and transported by
turbidity currents forming slope fans (Brekke et al., 2001).

Despite similar mineralogy and diagenetic evolution between the UR and the LR, the Agat Fm
shows a strong contrast in the relative abundance of iron-bearing minerals. Chlorite and Fe-
grains are strongly concentrated in the LR compared to the UR. The latter shows an increase in
the amount of quartz and feldspar. A likely scenario for this contrast could be related to changes
in sediment supply or sediment provenance. The strong abundance of Fe-clays in the LR
suggests that it was accumulated during a period when abundant Fe was delivered to the sea by
the river systems. Conversely, the weak concentration of Fe-clays in the UR suggests that less Fe
was delivered by the river systems. The source of Fe is likely to be derived from the alteration of
lateritic soil profiles developing on Norway's mainland under warm, humid climates during the
Aptian-Albian (Hay and Floegel, 2012; Larson, 1991; Lidmar-Bergstrém et al., 2009; Olesen et
al., 2012). Lateritic profiles were probably thick and extensively developed during the deposition
of the LR, providing a high amount of Fe and clays (Fig. 17A). The Fe supplied by river systems
will subsequently be trapped near river mouths due to flocculation allowing a strong
accumulation of Fe-clays (Dowey et al., 2012; Griffiths et al., 2021). During the deposition of
the UR, the sediments were probably supplied from weakly altered rocks (parent bedrocks) when

lateritic profiles were exhausted or weakly developed. This is consistent with the increase in k-
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feldspar and quartz in the UR relative to the LR, reflecting an increase in sediment supply from
less weathered rocks (Fig. 17B).

It is noteworthy that environmental conditions occurring on the shelf may also have played an
important role in the distribution of Fe-clays in the Agat Fm. Some samples in the LR contain
abundant pore-filling chlorite due to the high abundance of Fe-grains and fine fraction materials
filling primary intergranular pores. This, for example, is the case of samples found in
conglomeratic facies (CPS) containing an important proportion of pore-filling chlorite (Table 1).
These facies probably result from the reworking of shallow marine sands deposited under flood
conditions or close to the estuarine turbidity maximum zone. This is comparable to what is
observed in the Lower Jurassic Tilje Fm, where abundant pore-filling chlorite occurs during high
fluvial activity or proximal to the central turbidity maximum zone (Griffiths et al., 2021).
Estuarine turbidity maximum zones are suitable places for organic matter and trace metals
flocculation, and therefore, they are hotspots for biological activity (Abascal-Zorrilla et al.,
2020). This can explain why organic matters, bioclasts, and phosphatic concretions are mainly
concentrated in conglomeratic facies while being absent from the rest of the Agat section.
Samples with less porefilling chlorite are probably reworked from sediments deposited far from
the central turbidity maximum or during periods of normal fluvial discharge (Griffiths et al.,

2021).
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Fig. 17. Conceptual sedimentological model of the depositional environment of the study area. The Agat
Fm is formed by the reworking of shallow marine sands in deep water. Shallow marine sands accumulate
on a narrow shelf area during marine transgression. Remobilization occurs during regressive events
following the rejuvenation of older landmasses in the Norwegian North Sea. (A) The LR is formed from
the remobilization of concentrated glauconitic and Fe-clay-rich sands. Strong accumulation of Fe-clay
occurs at the head of the estuary, where abundant iron is supplied by the fluvial system from extensively
developed lateritic soil profiles. (B) The fluvial system delivers less Fe during the deposition of the UR

(weak development of lateritic soils), leading to minor accumulation of Fe-clays.
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5.2.2. Crystallization of Fe-chlorite

After deposition, the alteration of Fe-rich materials (grains/early detrital coats/lithic fragments)
begins with the establishment of reducing conditions in the Agat Fm, leading to the formation of
many Fe-minerals such as pyrite, siderite, and Fe-chlorite. However, the formation of Fe-chlorite
at a low temperature requires the transformation from an intermediate clay precursor (Beaufort et
al., 2015). This clay precursor is probably berthierine since all chlorites in the Agat sandstone are
of 1b polytype (B= 90°) (Beaufort et al., 2015; Billault et al., 2003; Hillier, 1994; Ryan and
Hillier, 2002). Further evidence for a transformation from a berthierine precursor is also
indicated by the 060 and 061 reflections of chlorite. The two peaks observed at 1.555 A and
1.521 A are consistent with those of berthierine (Virolle et al., 2022). The study of Virolle et al.
(2022) of the Wealden Group sandstone of the Paris Basin documented the formation of
berthierine at a depth between 0.8 km and 1 km and at a temperature of 35-40 °C. The growth of
berthierine in the Agat Fm took place at an early stage of burial (<1 km) by replacing pre-
existing Fe-rich materials like glauconite, ductile lithic fragments, and early detrital coat. With
increasing burial (>1.5 km) and temperature (T>50 C°), Fe-chlorite will replace metastable
berthierine through a solid-state transformation (SST) (Aagaard et al., 2000; Beaufort et al.,
2015; Grigsby, 2001; Virolle et al., 2019). SST is a volume-conservative reaction resulting in
similar shapes and sizes of the parental plates (Beaufort et al., 2015). The transformation of
berthierine into chlorite is nearly complete at the present reservoir temperature (~89°C). The
difference in the size of chlorite coating in the Agat Fm is mainly linked to the initial
mineralogical composition of the sediments and the thickness of the inherited detrital coats. The
LR contains almost twice the number of Fe-grains as the UR. Also, early coats are relatively
thick in the LR. Consequently, this has led to a thick chlorite coat (>15 pm) in the LR, while

being thinner in the UR.
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5.3. Origin and formation mechanism of carbonate cement

5.3.1. Siderite and framboidal pyrite

Siderite and framboidal pyrite are among the earliest cement in the Agat Fm. Their close
association with chlorite coat suggests growth under reducing conditions (Akinlotan, 2019;
Curtis and Spears, 1968; Morad, 1998). The framboidal texture of pyrite is generally attributed to
the biogenic formation by bacterial sulfate reduction (Folk, 2005). However, the pyrite amount is
low compared to siderite, indicating a low concentration of Sulphur and, thus, weak development
of the sulfate-reducing zone. Under such conditions, reduced iron will tend to form siderite and
berthierine (Camprubi and Canet, 2009; Longstaffe, 2003; Taylor and Macquaker, 2011).
Petrographic observations show zonation in siderite characterized by an overall decrease of iron
concentration from the core to the edges (Fig. 10B, C). In addition, §'*C and §'°0 values increase
towards the edges (Fig. 12). Such zonation can be related to a change in the pore water chemistry
due to bacterial activity (Wilkinson et al., 2000). Similar isotopic trends were observed by
Bojanowski and Clarkson (2012) in siderite concretions from the Mississippian shales in
Scotland, who attributed this trend to bacterial activity. The authors suggested that bicarbonate
produced in the Sulfate-Reduction (SR) zone and in the Methanogenesis zone (Me) display
contrasted 8"°C and §'®0 values. SR bacteria generally produce very low 8*3C, while bacterial
activity in the Me zone tends to produce higher §*C (Claypool and Kaplan, 1974; Irwin et al.,
1977). Bojanowski and Clarkson (2012) also suggested that strong O isotope fractionation takes
place when organic matter is oxidized via SR bacteria, which will eventually lead to *°O-
depleted bicarbonate. This model of siderite formation may explain the observed isotopic and
chemical zonation. The presence of framboidal pyrite indicates that the sediments have

experienced SR at some stage. In addition, the oxygen and carbon isotopic values are positively
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correlated, implying that they are both controlled by the same bacterial fractionation process.
The core of siderite probably developed in the iron and SR zone, where a high amount of Fe is
available, while the outer part probably grew in the Me zone with comparatively less available
Fe. Using the oxygen fractionation equation of Zheng (1999) and by assuming that the 5'°0
values of their parent fluid were close to Albian seawater (between —1.5 %o and +0.4 %o V-
SMOW; Jaffrés, 2007), siderite precipitated at a temperature between 15 °C and 25 °C (Fig.
18A).

5.3.2. Calcite

Two generations of calcite cement were identified based on chemistry and texture. Calcite 1
precipitated at a shallow depth before significant compaction occurred. The REE distribution in
calcite 1 is different from typical marine carbonate (Nothdurft et al., 2004) but is comparable
with the Agat Fm bulk rock, suggesting that REE were sourced from local fluid-rock
interactions. The positive Ce anomaly in calcite 1 could reflect such interaction of pore fluids
with cerium-rich minerals such as phosphates, Fe-Mn oxyhydroxides, organic matter, and clay
minerals (Abbott et al., 2019; Freslon et al., 2014; Girard, 2009; Hu et al., 2014; Tostevin et al.,
2016). The slight positive Eu anomaly probably reflects a small contribution from plagioclase
dissolution during burial (Lee et al., 2003). The measured 5'20 of calcite 1 suggests precipitation
at a low temperature. By using the fractionation equation of Zheng (1999) and by assuming that
the 8'°0 values of their parent diagenetic fluids are between —4 %, V-SMOW (average value of
present-day meteoric waters) and +0.4 %o, V-SMOW (average value of Albian seawater (Jaffrés
(2007)), the precipitation temperature is between 15 °C and 45 °C (Fig. 18B). The low carbon
isotopic values of calcite 1 (8"3C <—10 %o) could either be related to bacterial isotopic

fractionation during the early burial or to carbon input from the thermal decarboxylation of
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organic matter (Girard, 2009; Jackson, 2012; Mansurbeg et al., 2009; Morad, 1998). The first
hypothesis is more plausible since carbon derived from bacterial activity can display a wide
range of 8'°C values (—25 %o to +16 %o) (Clayton, 1994; Morad, 1998) and is more consistent
with shallow precipitation depth. Pre-compactional calcite cement similar to calcite 1 was
reported in many studies from North Sea reservoirs forming at a shallow depth (Bjorkum and
Walderhaug, 1990; Saigal and Bjgrlykke, 1987; Worden et al., 2019). Most of these studies
proposed a possible origin for this early calcite to be the dissolution product of metastable phases
such as aragonite and high Mg calcite. As there is no evidence of high Mg calcite residues in the
Agat Fm, this assumption cannot be validated.

The second generation of calcite (Calcite 2) forms after quartz and chlorite, reflecting
mesodiagenetic origin. Calcite crystallization during mesogenesis is very common in reservoirs
from the Triassic, Jurassic, and Lower Cretaceous in the Norwegian North Sea (Kantorowicz et
al., 1987; Mansurbeg et al., 2020; Morad et al., 1996; Saigal and Bjarlykke, 1987; Worden et al.,
2019). The REE distribution of calcite 2 is identical to calcite 1 and to the Agat bulk rock, again
indicating local fluid-rock interactions. Fluid inclusions in calcite 2 show Th values mostly
between 85 °C and 105 °C, reflecting a deep burial origin. According to Baig et al. (2019) and
Hansen et al. (2021), the Agat Fm in the studied well has reached a maximum burial depth of
~3,000 m which corresponds to a temperature of approximately 105 °C by assuming a
geothermal gradient of 35 °C km (Baig et al., 2019). This suggests that the precipitation of
calcite 2 occurred near the maximum burial temperature. The salinity of fluid inclusions in
calcite 2 (~4.3 Wt % NaCl eq.) is slightly higher than modern sea water (3.5 Wt % NaCl eg.) and
consistent with the majority of formation waters in the Northern North Sea reservoirs showing a

salinity less than 5 Wt % NaCl eq. (Bjerlykke and Gran, 1994). The measured §'°0 of calcite 2

55



881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

and their approximate temperature of precipitation (90 °C - 105 °C) imply that the 50 values of
their parent diagenetic fluids were approximately between +0.1 %o and +2.3 %0 V-SMOW (av.
+1.2 %o V-SMOW) (Fig. 18C). Positive §"®Owater could indicate evolved marine porewater due to
interaction with silicate minerals during burial diagenesis (Denny et al., 2020). The 5'*C values
of calcite 2 (—4.8 %o V-PDB to —16.6 %0 V-PDB) indicate variable sources of dissolved carbon.
The lowermost values (<—10 %o) could be derived from the thermal decarboxylation of organic
matter during late burial (Girard, 2009; Morad, 1998). Another source could be from the
dissolution of early calcite 1 since they have similar §*C values. The upper most values (>—6
%o) are likely derived from mixed sources, possibly with a contribution from marine carbonate or
bioclast.

The calcium involved in the formation of late diagenetic calcite can have several potential
sources. The most common in North Sea reservoirs is the dissolution and re-precipitation of
marine-derived micrite, bioclasts, or early marine cement (Saigal and Bjerlykke, 1987; Worden
et al., 2019). Other sources of calcium include the albitization of Ca-plagioclase (Schultz et al.,
1989) and the dissolution of volcanoclastic detrital fragments (De Ros et al., 1997; Mtys, 2009).
As both the shell fragments and plagioclase are scarce in the Agat Fm, they probably did not
strongly contribute to the extensive calcite 2 cementation. It is, therefore, more likely that Ca was
probably derived from the dissolution of early calcite cement such as Calcite 1.

5.4 Focus on quartz overgrowth

Quartz overgrowths are minor in the Agat Fm. They are only present where the chlorite coat is
absent or detached. The scarcity of quartz overgrowth seems to be mainly related to the well
continuous coverage of detrital grains by chlorite coat. Such continuous coverage suggests that

the early clay precursor has survived transportation from the shelf to deep marine settings.
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Several factors have probably favored the preservation of the early coating, including: (1) the
narrow shelf during the Albian suggests that the sediments have only experienced short
transportation distances, (2) the inner zone of chlorite coat varies from a few micrometers up to
~15 um suggesting that the early clay coat was initially thick enough to be preserved during
transport, (3) experimental studies by Verhagen et al. (2020) suggest that clay coat can withstand
transportation by certain types of flows, and therefore could be exported and preserved in deep-
marine environments. Furthermore, it is suggested that dewatering processes in high-density
turbidites can significantly increase the grain coverage by detrital clay coats through the
reorganization and elutriation of fine fraction materials (Porten et al., 2019). The combination of
all these factors may have resulted in the well continuous coverage of grains by chlorite coats in
the Agat Fm. Quartz overgrowth formed after the main phase of chloritization and prior to calcite
2. Their ™0 values are identical in the UR and the LR, suggesting a single precipitation event.
Assuming that the 8'°0 values of their parent fluid were close to those of calcite 2, the
precipitation temperature is between ~60 °C and ~85 °C (Fig. 18C). Such temperatures agree
with the proposed paragenetic sequence (Fig. 16). The silica involved in the formation of quartz
overgrowth can have several sources: (1) biogenic silica, (2) mineral reactions such as feldspar
dissolution and clay mineral diagenesis, and (3) pressure solution of detrital quartz grains
(Bjarlykke and Egeberg, 1993; Hyodo et al., 2014; Worden and Morad, 2000). In our case,
biogenic silica is not observed. Also, feldspar dissolution probably did not significantly
contribute to quartz overgrowth since it postdates most of the diagenetic events except for some
minor plagioclase. Furthermore, the absence of sutured and concavo-convex contacts between
detrital quartz grains indicates a limited pressure solution activity. Mu et al. (2015) suggested

that the formation of berthierine in sandstone from the dissolution of glauconite is often
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associated with the release of silica and the development of quartz overgrowth. The formation of
chlorite/berthierine and the dissolution and replacement of the pre-existing Fe-materials could be

the source of silica in the Agat Fm.
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Fig. 18. (A) Oxygen isotope values of siderite plotted on the temperature-dependent, siderite-water
oxygen fractionation curve of Zheng (1999); (B) Oxygen isotope values of various calcite generations
(blue: calcite 1, red: calcite 2) plotted on the temperature-dependent, calcite-water oxygen fractionation
curve of Zheng (1999). (C) Oxygen isotope values of quartz overgrowth plotted on the temperature-
dependent, quartz-water oxygen fractionation curve of Zheng (1993).
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5.5. Dissolution of K-feldspar and calcite

As previously mentioned, the major dissolution event in the Agat Fm took place during late
diagenesis at a relatively high depth (>1500 m). This agrees with previous studies of North Sea
sedimentary rocks that have also suggested that K-feldspar dissolution generally occurs during
late diagenesis at depth >1500 m (Saigal et al., 1988; Wilkinson et al., 2001).

The dissolution of calcite cement and feldspar in sedimentary rocks depends on many parameters
such as temperature, pH, pCO,, salinity, porewater flow, and the presence of organic acids
(Schmidt and Mcdonald, 1979; Zhang et al., 2009 and references therein). Many experimental
studies have demonstrated that acidic pore waters favor the dissolution of feldspar and calcite
(Helgeson et al., 1984; Matteo et al., 2018; Zhang et al., 2009). Some studies suggest that
meteoric water can circulate deeply into the sediments and promote the dissolution reactions
through the production of carbonic acids (Bjarlykke, 1983; Mansurbeg et al., 2012; Yuan et al.,
2017). Other authors have proposed that organic acids produced by the maturation of
sedimentary organic matter can increase the acidity of porewater and cause mineral dissolution
(Schmidt and Mcdonald, 1979; Surdam et al., 1989; Yuan et al., 2015, 2019). Meteoric-water
incursion usually happens during early diagenesis or telogenesis, when sediments are shallowly
buried (<1500 m) (Mansurbeg et al., 2012, 2020). This mechanism is also generally associated
with extensive dissolution and kaolinization of silicate grains. However, in the Agat Fm, the
dissolution of k-feldspar occurs at considerable depth and the kaolinization is not observed. The
second mechanism is, therefore, the most prominent. The presence of acidic fluids was noted
above the pervasively calcite-cemented interval. The top of this interval is irregular and erosive,
recording partial dissolution of calcite cement. A weak oil stain is generally found above and
below this interval associated with the dissolution of calcite 2 and feldspar, showing that acidic

fluids were mainly associated with hydrocarbon emplacement in the Agat Fm. It is also
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important to note that feldspar is not dissolved in the calcite-cemented interval (Fig.15),
indicating that feldspars mainly dissolve after calcite 2 cementation. Organic acids likely entered
the Agat Fm prior or during the installation of hydrocarbons (late diagenesis), causing the
dissolution of feldspar and calcite, and releasing AI**, SiO, K*, and Ca?* in solution. However,
the fate of these dissolution by-products is still unknown since most of the secondary pores are
not filled with diagenetic precipitates, except for trace amounts of kaolinite, illite, and quartz
cement. This can be explained by a mass transfer of the dissolution by-products from the
leaching zone to a distant area. Such extensive dissolution in the Agat Fm probably occurred in
relatively semi-open/open geochemical systems with high fluid fluxes, preventing

supersaturation with respect to secondary minerals (Yuan et al., 2019).

5.6. Implications on the Agat reservoir quality
The porosity in the Agat Fm is controlled by mechanical compaction and by a series of
cementation and dissolution events. The relative amount of porosity loss by compaction and

cementation can be estimated by using the following equations of Lundegard (1992):

COPL = OP (100 — OP) = IGV 0
- (100 — IGV)

CEM
IGV

CEPL = (OP — COPL) = (2)

Where COPL is the compaction porosity loss, CEPL is the cementation porosity loss, OP (%) is
the original porosity before compaction estimated based on grain size and sorting using the chart
of Beard and Weyl (1973), CEM (%) is the volume of cement, and IGV (%) is the inter-granular

volume (total volume minus the volume percent of framework grain).
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979  As shown in figure 19, compaction had a similar impact on the UR (av. COPL of 53 %) and the
980 LR (av. COPL of 49 %). This compaction rate is consistent with the absence of sutured and
981  concave-convex contacts, suggesting moderate overall compaction. However, the original
982  porosity was much more reduced by cementation in the LR than in the UR. The CEPL is about
983 46 % in the LR and approximately 20 % in the UR. The increase in CEPL in the LR is mainly
984  linked to the presence of abundant chlorite and locally carbonate cement. A detailed discussion
985  of the influence of the major diagenetic mineral on the Agat reservoir quality is presented in the

986  following sections.
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988  Fig. 19. Plot of intergranular volume (IGV) versus intergranular mineral cement (CEM) coded with

989  reservoir division (diagram after Houseknecht, 1987).

990 5.6.1. Formation of Fe-chlorite coats
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The effectiveness of chlorite in preserving porosity by inhibiting quartz overgrowth can be
significantly balanced by the thickness of the chlorite coat and grain coat coverage. To prevent
quartz overgrowth, detrital grains must be entirely coated since even a tiny gap can allow quartz
crystals to grow (Bloch et al., 2002; Virolle et al., 2020; Worden et al., 2020). In addition,
chlorite coat thickness should be thin to preserve the pore space. The thickness of the coat does
not affect quartz overgrowth inhibition, as even a few micrometers of chlorite coats are enough
to inhibit quartz cement (Worden et al., 2020). In the Agat Fm, most of the framework grains are
entirely coated, and quartz overgrowth is rare. However, chlorite coat thickness has a significant
impact on reservoir properties. The UR has better reservoir quality than the LR. High chlorite
content in the LR is often associated with large coating thickness varying from 15 pum up to 30
pm. This, in turn, can occlude the pore throat and drastically reduce the connectivity of the pore
network. Hence, the presence of chlorite in sandstone does not guarantee good reservoir quality:
Sandstone with low to moderate chlorite content (2-5 %) and thin coating (~4 um) is much better
in preserving the pore space than those with high chlorite content (>10 %) and thick coating (>15
pum).

Besides reducing effective porosity, high chlorite content can affect the evaluation of oil
saturation using resistivity logs by increasing the irreducible water saturation contained in
chlorite microporosity (Anjos et al., 2009; Xia et al., 2020). In our case, microporosity reaches
up to 50-60% of total porosity in the LR, while being less than 20% in the UR. This indicates
that helium porosity does not necessarily reflect the effective porosity in chlorite-coated
sandstone and that hydrocarbon estimations from resistivity logs in chlorite-bearing reservoirs
can be significantly biased.

5.6.2. Carbonate cement
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Carbonate cements (siderite and calcite) are heterogeneously distributed in the Agat Fm. Despite
being less abundant than chlorite, their presence has locally led to the total occlusion of the pore
space, causing reservoir segmentation. The ~3 m thick calcite-cemented interval at the boundary
between the UR and LR shows the same mineralogy and texture as the overlying sandstone
except for increased siderite content. Other calcite-cemented intervals of a few centimeters thick
were also locally identified. The §'°C values of calcite 2 in the main calcite-cemented interval
are higher than those in the other disseminated occurrences, suggesting a contribution from **C-
enriched carbonates like bioclast or marine carbonate. Small bioclast lenses are observed in the
underlying conglomerate layer (CPS facies) (Fig. 2C), supporting therefore a bioclastic
contribution. However, these lenses are only a few cm thick, which makes it difficult to confirm
their role in the increase of the carbonate cementation at the boundary of the UR and the LR.
Another possible interpretation for this interval would be the result of permeability variations
between the UR and LR creating a localized fluid flow. When fluids move from a low
permeability zone (i.e., LR) to a high permeability/underpressured zone (i.e., UR), the PCO,
drops, promoting calcite precipitation (Morad, 1998). This interpretation predicts that the main
calcite-cemented interval is continuous at the scale of the field. The investigations of seismic
sections in the study area coupled with well logs of the nearest wells have revealed a strong
discontinuity at the boundary between the UR and LR. Since this interval was not cored in other
wells, the presence of extensive calcite cementation remains unknown.

The impact of siderite on reservoir properties is less important than calcite. However, the siderite
proportion increases significantly at the boundary between the UR and LR and is locally high in
the underlying CPS facies. The size of siderite crystals strongly increases at these levels,

reaching up to 100 um, causing a significant drop in permeability and porosity (Fig. 8B, 15).
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This localized siderite cementation can be explained by an increase of the organically derived
bicarbonate that will lead to preferential growth of siderite at the expense of Fe-clay minerals.
Moreover, petrographic observations show that siderite preferentially nucleates on detrital grains
that do not have early chlorite coats. In CPS facies, the framework grains are partially covered
with an early detrital coat, providing more nucleation sites for siderite (Fig. 8B). Therefore, early
chlorite coat precursors around framework grains inhibited siderite growth during early

diagenesis, together with quartz overgrowth during late diagenesis (Pe-Piper and Piper, 2020).

5.6.3. Feldspar and calcite dissolution

The development of the secondary porosity has improved the quality of the Agat Fm, especially
in the UR. Effective secondary porosity development is limited in the LR due to the weak
connection of secondary pores which are often isolated by thick chlorite coatings. In contrast, in
the UR, the presence of a high amount of dissolved feldspar has significantly increased the
permeability (>1,500 mD). In some samples, the dissolution was so intense that the permeability
reached values greater than 10,000 mD. This is the case at the top of the UR 2, representing a
high dissolution zone of more than 15 m thick. The presence of this zone can be explained by a
preferential fluid circulation favoring feldspar dissolution. Moreover, the top of the UR 2
contains a less proportion of ductile framework and chlorite (<4 %) compared to the base (>10
%). This has led to low sediment compaction, thus allowing fluids to circulate more easily.

In the case of calcite, the dissolution is evidenced in many samples but particularly from two
meters above and below the calcite-cemented interval at the boundary between the UR and the
LR. The former calcite cement was entirely dissolved at this level, leaving some residual calcite

cement (0.5-1.5 %) (Fig. 9F) and some irregular pore textures. This suggests that the calcite-
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cemented interval at the boundary between the UR and the LR was thicker and has undergone
dissolution at its top and base.

5.7. Conceptual diagenetic model and reservoir quality evolution of the Agat Fm

A conceptual diagenetic model of the main lithofacies in the Agat Fm is proposed in figure 20.
The reservoir quality of the Agat Fm was controlled by several eogenetic and mesogenetic
alterations mainly related to the initial mineralogy and depositional facies. The same diagenetic
alterations were observed across the Agat Fm. However, the intensity of these alterations varies
significantly between the UR and the LR. The LR was mainly affected by the development of a
thick chlorite coating, which blocks the pore throats and increases the volume of ineffective
porosity. Porosity and permeability were further reduced by the strong compaction of the ductile
framework (Fe-grains and fine fraction materials), forming a pseudomatrix. On the contrary,
such pseudomatrix is less developed in the UR, since it contains only a small amount of ductile
framework. The presence of a thin chlorite coating has also retained more intergranular
macropores in the UR. However, more pseudomatrix is found on top of the UR in hybrid bed
facies (MLS), where abundant mudclasts can locally cause intense porosity loss upon
compaction.

The distribution of carbonate cements was more localized compared to chlorite and
pseudomatrix. Calcite cement mainly developed at the boundary between the UR and LR,
forming a low permeability barrier. Such an extensively cemented zone is significant for
reservoir evaluation since it can cause reservoir compartmentalization and lack of pressure
communication between sand bodies. Similarly, strong siderite precipitation was associated with
CPS facies. Organic matter and bioclastic fragments are widespread in these facies and have

probably led to elevated aqueous HCOj3, promoting siderite growth instead of berthierine or
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chlorite. Early chlorite coating also partially covers sand grains in these facies, offering more
nucleation sites for siderite.

The late dissolution of feldspars and calcite has significantly increased the reservoir quality in
both the UR and the LR. Such dissolution probably took place in a relatively open/semi-open
geological system with little precipitation of secondary minerals. The UR contains more feldspar
than the LR and fluids can circulate more easily in the UR due to the high primary porosity.
Therefore, mineral dissolution is widespread in the UR.

The detrital mineralogy plays the primary role in controlling the reservoir quality of the Agat
Fm. The LR serves as an analog for glauconitic/chamositic rich sands, in which most of the
intergranular porosity is blocked by chlorite coating and pseudomatrix. The UR provides an
excellent case in which optimal chlorite growth conditions are present “chlorite Goldilocks zone”

(Griffiths et al., 2021).
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Fig. 20.

Conceptual model of the diagenetic evolution pathways of the main lithofacies in the Agat Fm.
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6. Conclusion

The reservoir quality of the Agat Fm has been controlled by a series of cementation,
dissolution/recrystallization, and fluid flow events at different stages of burial. Several
concluding remarks can be retained from this study, including:

e The Agat Fm was first subjected to highly reducing conditions during the early
diagenesis, allowing chlorite, siderite, pyrite, and apatite crystallization. These minerals
are highly concentrated in the lower part of the reservoir, where a thick chlorite coating
(>15 pm) and large siderite crystals are developed. The significant increase in chlorite
coating thickness drastically reduces the permeability of the lower part of the Agat Fm. In
contrast, the chlorite coat is thinner in the upper part of the reservoir and has preserved
permeability.

e The formation of chlorite coat has inhibited both quartz overgrowth and early siderite
cement. Chlorite likely formed from a berthierine precursor that crystallized at low
temperature (<40 °C) under reducing conditions.

o Bacterial activity during early diagenesis is evidenced through chemical and isotopic
zonation in siderite crystals. Reactive Fe required for the crystallization of early
berthierine, siderite, and pyrite is mainly sourced from the dissolution of Fe-rich detrital
materials such as glauconite, ooids, lithic fragments, and detrital clay coats. These Fe-
materials are highly concentrated in the lower part of the reservoirs causing excessive
growth of berthierine/chlorite and, consequently a thick chlorite coating.

e The solid-state transformation of metastable berthierine into Fe-rich chlorite occurred
with increasing burial and temperature (>50 °C). The formation of berthierine/chlorite

was accompanied by minor quartz overgrowth at temperatures between 65°C and 85 °C.
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e At higher temperatures (>85 °C), pores were plugged by the local precipitation of calcite,
probably derived from the dissolution of an earlier calcite cement. Similar REE
distribution in calcite generation, comparable to the bulk hosting rocks, suggests
precipitation from local pore fluids instead of external fluids.

o Secondary pores formed through the dissolution of K-feldspar and calcite cement by pore
waters enriched in acidic fluids prior to the hydrocarbon emplacement. This dissolution
event has significantly enhanced the reservoir quality of the Agat Fm by creating a large
macro-porosity and consequently increasing the permeability.

The Agat Fm offers an excellent example of how diagenesis influences the reservoir quality

in turbidite sandstone. This work also highlights the role of initial detrital mineralogy in

controlling the abundance and texture of chlorite coats in sandstone. Identifying the sources,
transport, and accumulation conditions of Fe-rich detrital materials will help predict chlorite
emplacements in similar geological settings worldwide.

Acknowledgments

This study was funded by Neptune Energy. The authors thank Neptune Energy Norge AS,
PGNiG Upstream Norway AS, Idemitsu Petroleum Norge AS, and Sval Energi AS for access to
samples, data, and information. The authors would also like to thank Serge Miska and Olivier
Dufaure for assistance with XRD analysis and Julius Nouet for assistance with SEM. We are
grateful to Philippe Blanc (Lithologie Bourgogne) for high-quality thin sections. The authors
also thank Nourdine Bouden (CRPG) for assistance during the use of the SIMS Cameca 1280,
and Nicolas Rividi and Michel Fialin (CAMPARIS, Sorbonne University) for their assistance
during EPMA analytical sessions and Frédéric Haurine for assistance during ICM-PS analysis.
Paris-Saclay University benefits from the Schlumberger Software Donation Program. We are
grateful to Schlumberger for the PetroMod software license. We are also grateful to the
reviewers (Joshua Griffiths, Guanhghui Yuan, and an anonymous reviewer) for their constructive
comments and suggestions that improved this paper. We would also like to thank the associate
editor Telm Bover-Arnal.

69



1148

1149

1150
1151
1152
1153

1154

1155
1156
1157

1158
1159
1160
1161

1162
1163

Appendixes

5 £ = =5 =
<« < % =< 9
v £ 4 - > - w
= b= w = ~ w n o = =
~ = s,.—_".‘ D0 = —3“5 w = = N N N = s
" ag N o E % T o £ 0 - [ N
T 2 rRxzZ <% oxdia0 @x:f‘rugc@q‘g;"gs o323 823 823283 383
L_ILA.__L_JJJ\JM 2442m
JL.—M‘—A-L_JL—L— 2461m
)l.lL.‘ 2495m

L.\h_/L._‘L__J»-/\_L__J\JN._L 2501m

113 () ) B

B S B I e e e e I S B

10 20 30 40 50 60
Position [* 2 Theta)

Figure Al. X-ray diffraction traces of some representative bulk powder samples from the UR and LR.
Sample 308 in blue belongs to the calcite cemented interval. Chl = chlorite; I/M = illite/mica; Na-fs = Na-
feldspar; Kfs = K-feldspar; Ant = anatase; Qtz = quartz; Ca = calcite; Py = pyrite; Sd = siderite; Zr =
zircon; HI = halite; Slv = sylvite.
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