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Keywords: We present quantitative petrographic data, high spatial resolution oxygen isotope analyses of quartz cement,
Sandstone basin modelling and a kinetic model for quartz precipitation for two Paleocene-Eocene Wilcox Group sandstones
Diagenesis from Texas and two Jurassic Fulmar Formation sandstones from the Central North Sea. At each location, one
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sandstone has been buried to ca. 145 °C and one to ca. 185 °C. A key difference between the Wilcox and Fulmar
burial histories is that the Wilcox sandstones are currently at higher vertical effective stresses and, from basin
modelling studies, have been subjected to generally higher vertical effective stresses through their burial history.
The amounts of quartz cement in the Wilcox sandstones are between 12 and 18%, and between 2 and 6% in the
Fulmar sandstones. High-spatial-resolution oxygen isotope data obtained from the quartz cements suggest
temperature ranges for quartz precipitation from 60 to 80 °C to values approaching maximum burial tem-
perature. Factors such as grain coatings or the timing of petroleum emplacement cannot explain the differences
in the amounts of quartz cement. Petrographic data show that most of the silica for quartz cement can be derived
from intergranular pressure dissolution. Although the sample set is small, we interpret the results to suggest that
the differences in quartz cementation in Fulmar and Wilcox sandstones can be explained better by differences in
their vertical effective stress history than their temperature history; in this case, the supply of silica rather than
the precipitation of quartz becomes an important control on the rate and extent of cementation.

1. Introduction kinetics of silica precipitation (Lander and Walderhaug, 1999;

Walderhaug, 1996, 2000). In this model, quartz precipitation initiates

Quartz is the volumetrically most important diagenetic cement in
sandstones buried to depths greater than 2.5 km (Bjorlykke and
Egeberg, 1993; McBride, 1989; Worden et al., 2018a; Worden and
Morad, 2000). Quartz cementation occurs as the result of three serially
linked processes: the supply of silica; the transport of silica through
aqueous solution to precipitation sites; and the precipitation of quartz
cement (e.g. Bloch et al., 2002; Taylor et al., 2010; Worden and Morad,
2000). While any of these processes could be the rate-controlling step
(e.g. Osborne and Swarbrick, 1999; Oye et al., 2018; Robinson and
Gluyas, 1992; Sheldon et al., 2003; Walderhaug, 1996; Worden et al.,
2018b; Worden and Morad, 2000), the currently favoured paradigm is
that quartz cementation is controlled by the temperature-related
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on geological timescales once a kinetic barrier is broken around
70-80 °C, with the rate increasing exponentially and predictably with
temperature (Ajdukiewicz and Lander, 2010; Walderhaug, 1994a,
1996). These ideas have been incorporated into commonly-used models
designed to predict quartz cementation and reservoir quality, allowing
quartz cementation to be predicted as a function of temperature history
(Lander et al., 2008; Lander and Walderhaug, 1999; Taylor et al., 2015;
Walderhaug, 2000).

The critical assumption in the temperature-based precipitation
model is that silica supply is effectively inexhaustible, so that for each
silica molecule precipitated, another is released from a range of po-
tential sources. The most commonly cited and observed silica source is
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from intergranular pressure dissolution and related stylolitisation at
quartz-quartz and quartz-sheet silicate interfaces (Houseknecht, 1988;
Osborne and Swarbrick, 1999; Pittman, 1972; Waldschmidt, 1941;
Worden and Morad, 2000). In one variant of this model, Bjorkum
(1996) proposed that silica is derived from pressure-insensitive dis-
solution at quartz-mica interfaces, in which case the rate of quartz ce-
mentation is controlled uniquely by temperature-related precipitation
kinetics.

More commonly, the rate of intergranular pressure dissolution is
considered to be primarily a function of vertical effective stress, with a
secondary influence of temperature (e.g. van Noort et al., 2008); it
occurs at grain contacts because the chemical potential of silica at
stressed, grain-grain contacts is enhanced over that in the bulk solution.
Gradients in chemical potential drive intergranular pressure dissolution
and releases silica which can then precipitate on free detrital quartz
surfaces (De Boer et al., 1977; Dewers and Ortoleva, 1990; Elias and
Hajash, 1992; Gratier et al., 2005; Oye et al., 2018; Renard et al., 1997;
Sheldon et al., 2003; Shimizu, 1995; Tada and Siever, 1989; van Noort
et al., 2008). If (a) the silica for quartz cementation was supplied pri-
marily from intergranular pressure dissolution, and (b) supply rather
the precipitaition is the rate-controlling step for quartz cementation, we
would expect to see a relationship between the extent and rate of ce-
mentation with the history of vertical effective stress, rather than
temperature. Such a relationship has been proposed previously (Elias
and Hajash, 1992; Osborne and Swarbrick, 1999; Sheldon et al., 2003)
but rarely tested (Oye et al., 2018).

There are other, local influences on quartz cementation which can
complicate the evaluation of the relative importance of silica supply or
precipitation as master cementation variables. Grain-coating clay and
microquartz reduce the availability of precipitation sites on quartz
grains, inhibiting cementation and preserving porosity (Aase et al.,
1996; Ajdukiewicz et al., 2010; Bloch et al., 2002; French et al., 2012;
Gluyas et al., 1993; Heald and Larese, 1974; Osborne and Swarbrick,
1999; Stricker and Jones, 2016; Stricker et al., 2016). Furthermore,
although debate continues, there is some consensus that the occurrence
of hydrocarbons slows the rate of quartz cementation by altering the
wetting state of grains and/or increasing the tortuosity of diffusion
pathways (Maast et al., 2011; Marchand et al., 2000, 2001, 2002;
Sathar et al., 2012; Worden et al., 2018b).

The aim of this paper is to consider the relative importance of (a)
silica supply by intergranular pressure dissolution, and (b) silica pre-
cipitation as controls on quartz cementation. In an earlier paper, Oye
et al. (2018) described the anomalously low volumes of quartz cement
in sandstones from the North Sea's High Pressure High Temperature
Elgin Field, suggesting that it may be the history of effective stress ra-
ther than the history of temperature which is a key control on quartz
cementation. Here, we extend that study and test its findings more
robustly by studying four carefully selected sandstones that have dif-
ferent vertical effective stress and temperature histories. Two were
chosen from Upper Jurassic Fulmar Formation sandstones from Clyde
and (the previously studied) Elgin Fields in the Central North Sea
(CNS), UK, and two from Paleocene-Eocene Wilcox Group sandstones
from Rotherwood and Lake Creek Fields in the Texas coast, Gulf of
Mexico (GoM), USA (Fig. 1); Elgin and Rotherwood have lower present-
day vertical effective stress and higher temperatures than their
equivalents from Clyde and Lake Creek (Table 1). Our approach is to
integrate (a) quantitative petrographic analysis, (b) basin modelling to
evaluate temperature and vertical effective stress histories, (c) high-
spatial-resolution oxygen isotope analyses to evaluate quartz ce-
mentation histories and (d) kinetic modelling of quartz cementation.

2. Geological settings
Samples were selected from four locations, two from the UK North

Sea and two from the Texas Gulf Coast, enabling us to examine the
relative importance of both temperature and vertical effective stress on
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quartz cementation (Table 1). For the chosen Formations, Elgin (North
Sea) and Rotherwood (Texas) have current temperatures of 185-189 °C
but different vertical effective stress, and Clyde (North Sea) and Lake
Creek (Texas) have temperatures of 143-147 °C, again with different
vertical effective stress.

Samples from Elgin and Clyde Fields were taken from the syn-rift
Upper Jurassic Fulmar Formation in the Central Graben area of the UK
North Sea (Fig. 1). The Upper Jurassic Fulmar Formation is one of the
principal hydrocarbon reservoirs in the UK Central Graben (e.g. Gilham
et al., 2005; Gowland, 1996; Kuhn et al., 2003; Lasocki et al., 1999;
Osborne and Swarbrick, 1999; Stevens and Wallis, 1991; Wilkinson and
Haszeldine, 2011; Wilkinson et al., 2006). Sediments were probably
sourced from the Triassic sedimentary rocks of the Western Platform in
the Central North Sea, with some contributions from intrabasinal highs
such as the Forties — Montrose High and Josephine ridge (Gowland,
1996). The Fulmar Formation is a shallow marine sandstone, intensely
bioturbated and often occurring as a coarsening-upward succession
grading from siltstones into very fine to medium grained arkosic
sandstones (Gowland, 1996; Hendry et al., 2000; Lasocki et al., 1999).
The Fulmar Formation is mainly Oxfordian to Kimmeridgian in age, but
its geographic variability and diachroneity resulted in the occurrence of
localised areas of the Fulmar Formation with younger ages that extend
to Ryazanian times (Fig. 2). The presence of abundant Rhaxella sponge
spicules has been reported within some intervals, locally (Gowland,
1996). The Fulmar Formation is buried beneath a thick Upper Jurassic
to Tertiary succession of chalk, clays and silts.

Samples from the upper Texas Gulf Coast were taken from the Late
Paleocene to Early Eocene, fluvio-deltaic Wilcox Group (Figs. 1 and 3
(Dutton and Loucks, 2010; Fisher and McGowen, 1967; Galloway et al.,
2000)). Wilcox Group sediments comprise a series of sandstones, silt-
stones and shales which have been extensively studied (Dutton and
Loucks, 2010; Fisher and McGowen, 1967; Galloway et al., 2000). Se-
diments were likely sourced from the Laramide uplands area in the
southern Rocky Mountains. Most Wilcox sandstones in the upper Texas
coast are lithic arkoses and feldspathic litharenites (Dutton and Loucks,
2010). Because geothermal gradients vary in the Texas coast area from
24 to 43 °C/km, the Wilcox sandstones exhibit varying temperature
regimes across different localities (Dutton and Loucks, 2010).

3. Methods
3.1. Sampling strategy

A key objective of this paper is consider the relative importance of
effective stress and temperature histories as controls on quartz ce-
mentation in sandstones. Since other factors, some of which vary on
small spatial scales, also influence the amount of quartz cement (grain-
coating clay, early carbonate cement, grain-coating microquartz, hy-
drocarbon fill in the porosity), our sampling strategy here was to obtain
a relatively small number of samples with a limited range of detrtial
mineralogy and grain size. Restricting the influence of other variables
allows greater insights into the importance of effective stress and
temperature histories. Furthermore, our aim to constrain quartz ce-
mentation histories based on oxygen isotope microanalysis using sec-
ondary ion mass spectrometry, inevitably restricts the number of sam-
ples which can be characterised in detail.

Fulmar Formation samples were obtained from wells 30/17b-2 and
22/30c-G4 in Clyde and Elgin Fields respectively (Fig. 1), from clean,
clay-poor intervals (Table 1). A similar strategy was adopted for the
Wilcox sandstones: two wells that penetrated the Wilcox sandstones
were selected, one from Mobil #48 well in Lake Creek Field, Mon-
tgomery County, and one from Texaco #1 well in Rotherwood Field,
Harris County, Texas. All the sandstones are at or close to their max-
imum burial depth. Sample depths, temperatures and vertical effective
stress are given in Table 1.
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Fig. 1. Maps of study locations; A) UK Central North Sea (CNS) showing Clyde, Elgin and other surrounding fields: B) Texas showing Lake Creek Field in Montgomery
County and the Texaco No. 1 Hallson Well, Rotherwood Field in Harris County (Adapted from Fisher and Land (1986) and Day-Stirrat et al. (2010)).
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Table 1
Depth, Vertical Effective Stress and Temperature matrix for the studied Fulmar Formation and Wilcox Group sandstones.

Field Basin Group/Formation Age Depth (m ssTVD) Temp (°C) VES (MPa)
Clyde UK Central North Sea Fulmar Upper Jurassic 3770-3790 147 40.0
Elgin UK Central North Sea Fulmar Upper Jurassic 5410-5435 189 12.3
Lake Creek Gulf of Mexico Wilcox Early Eocene 3518 143 33.4
Rotherwood Gulf of Mexico Wilcox Paleocene-Eocene 5063 185 23.9

3.2. Petrography

Petrographic data for the Wilcox sandstones were obtained from
Harwood (2011), except intergranular pressure dissolution data which
were measured in this study. Fulmar Formation sandstones were
characterised using standard and cathodoluminescence (SEM-CL) pet-
rography. Using a standard petrographic microscope, grain types, ma-
trix and cement contents were quantified by making not less than 300

grains. Modal analysis was then performed by manually point-counting
detrital quartz, dissolved quartz along grain contacts and authigenic
quartz using the grids to generate 1600 data points per thin section.
Cathodoluminescence petrography allows discrimination of original
grains and cements, so that initial grain sizes were estimated by mea-
suring the diameter of ~120 grains each from ten Fulmar thin-sections.
A more detailed CL petrography method is described in the supple-
mentary material.

point counts per thin section. This revealed that some Fulmar samples
contained early carbonate cement. These carbonate cement-rich sam-
ples were excluded from further analyses, since early carbonate can
significantly occlude porosity and thus bias quartz cement results (Oye,
2019). Twenty Fulmar samples (Table S6), representing the full range
of quartz cement abundance, were subsequently selected for CL petro-
graphy. The CL petrography involved the acquisition of Si element and
CL maps over the same areas (3 mm X 3 mm) for each of the twenty
thin sections using energy dispersive X-ray (EDX) and SEM-CL. A grid of
1600 (40 x 40) square boxes was superimposed on the CL map, while
the EDX map was used as a control for the identification of mineral

3.3. Effective stress and temperature histories

One-dimensional basin modelling was used in this study to re-
construct the burial, pore pressure, effective stress and temperature
histories for both Fulmar Formation and Wilcox Group sandstones using
Schlumberger's PetroMod Petroleum Systems modelling software
(Version 2014.1).

Stratigraphic data from composite logs, geological well reports, core
analysis, and core description reports were used to create the models
(Tables S1, S2 and S3). Drill Stem Test (DST) temperature data for
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Fig. 2. Regional stratigraphy of the Central North Sea from Middle Jurassic to Lower Cretaceous. Shallow marine Fulmar Formation was investigated in this study
(adapted from Graham et al., 2003)
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Fig. 3. Generalised stratigraphy of the Gulf Coast Tertiary and Quaternary section showing the Paleocene-Eocene Wilcox Group and other formations (adapted from

Pitman and Rowan, 2012).

Clyde Field obtained from well composite log and corrected bottom-
hole temperature (BHT) data for Elgin Field were obtained from un-
published well reports. Historical mean surface temperatures were es-
timated using a PetroMod inbuilt algorithm that relates global mean
surface temperatures with paleolatitudes and geologic ages. Heat flow
models were built after Allen and Allen (1990), with an average of 62
and 64 mW/m? for Elgin and Clyde Fields through the basin's history.
The heat flow values at the peak of Permo-Triassic and Upper Jurassic
paleo-rifting events were 70 and 90 mW,/m? respectively for both Elgin
and Clyde Fields. Heat flow, however, averages ~57 mW,/m? (range
50-78 mW/m?) for fields in the Gulf of Mexico (Nunn and Sassen, 1986;
Smith et al., 1981). Vitrinite reflectance data (only available for the
Fulmar sandstones) were used as paleothermometers and combined
with present-day temperature data to constrain thermal models and
reconstruct temperature evolution through time (Figs. S1, S2, S3 and
54).

For the fluid flow part of the basin modelling, lithological data for
each sedimentary unit were defined in Clyde and Elgin Fields from well
composite logs and core analysis descriptions, while the lithologies for
Lake Creek and Rotherwood Fields were solely based on log data.
Petromod's default lithologies were modified to match those observed
in field samples. Pore pressure data obtained from field measurements
were used to constrain the pore pressure model for reconstruction of
effective stress histories for all the fields. The calculation of vertical
effective stress is based on the mathematical expression of Terzaghi
(1925):

o,=S,—P (1)
where o, is vertical effective stress, S, is vertical lithostatic stress and P
is pore fluid pressure (all in Pa).

Default chalk and shale permeabilities in PetroMod were modified
after Swarbrick et al. (2000), lowering permeabilities for the Chalk

Group and the Pre-Cretaceous shale units until a good fit was achieved
between modelled and observed pore pressures. The Chalk group were
assigned typical shale permeability values because they are extensively
cemented (Swarbrick et al., 2000, 2010). Similar adjustments were
made for Rotherwood and Lake Creek Fields, where permeability values
for the Claiborne and Wilcox shales were modified to lower values
(nanoDarcies) until modelled pore pressures matched field data.

Although temperature histories can be quite accurately modelled in
1D, the same is not necessarily true for pore pressure and vertical ef-
fective stress, since one-dimensional modelling packages are limited by
their inability to model lateral fluid flow. It transpires that this is cri-
tical for the Clyde Field, where regional pore pressure data within the
Fulmar Formation show that pore fluid pressures have decreased sub-
stantially in the last ca. 0.5 million years as a result of lateral drainage
(Swarbrick et al., 2005). These data strongly suggest that vertical ef-
fective stress has increased from ca. 19 MPa 0.5 million years ago, to
40 MPa at the present-day. This is critical for the present study, given
its focus on unravelling the relative importance of temperature and
effective stress on quartz cementation.

3.4. Kinetic model of quartz cementation

Quartz cementation models were built using Walderhaug (1996)
approach, which simulates the precipitation of silica on quartz surfaces
as a logarithmic function of temperature. Commercial quartz ce-
mentation modelling software packages based on the Arrhenius equa-
tion have also been developed (e.g. Lander et al., 2008; Walderhaug,
2000; Walderhaug et al., 2000) but were not available for this study.
However, the essential inputs for each model - a time-temperature
history and the surface area of macroquartz grains - are the same. The
key difference is that in the Walderhaug (1996) model, the kinetics of
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precipitation are defined by a logarithmic function, whereas in the
Arrhenius approach, the kinetics are defined by the pre-exponential
factor and activation energy terms in the Arrhenius equation. In both
cases, key kinetic parameters can be adjusted to obtain local calibra-
tions to quartz cement abundances. Local calibration is not the aim
here; rather, we use single values of the key kinetic constants in
Walderhaug (1996) equation to observe the extent to which a general
model can match observed amounts of quartz cement in different set-
tings. Whilst the Arrhenius approach to the quantification of quartz
precipitation may have a more robust scientific basis, we note that
Arrhenius and logarithm-based methods yielded similar results for
some Jurassic Brent Group sandstones from the North Sea (Walderhaug,
2000).

Walderhaug (1996) empirical model is mathematically expressed
as:

o (jgpn_100m)

Vq, = &9 — (&g — Vq,)exp ————
q, o — (Do q,) prcbobclnlO )

where M and p are molar mass (60.09 g/mol) and density (2.65 g/cms)
of quartz; c is the heating rate (°C/s) calculated from time-temperature
history; ¢ is the porosity at the onset of precipitation; Vq; is the vo-
lume (cm®) of quartz cement present in 1 cm® of sandstone at time T;
(s); Vg is the volume (cm®) of quartz cement precipitated in 1 cm® of
sandstone from time T; and T (s); A, is initial quartz surface area (cm?)
in 1 cm® of sandstone (estimated from grain size); and a (moles/cm?s)
and b (°C™Y) are the precipitation kinetic constants (Walderhaug,
1996).

Through the quartz surface area term, the model incorporates grain
size, mineralogy, and available quartz surface area, all of which were
quantified in this study. The model assumes that compaction terminates
at the onset of quartz cementation, at which point the sandstone fra-
mework is stabilised. Time-temperature histories generated from
Petromod were used to calculate the heating rates incorporated in the
cementation models. The model used 1 cm® sandstone, an 80 °C
threshold temperature for cementation, 26% porosity at the onset of
quartz cementation, grain size estimates from thin-sections during CL
petrography, and Walderhaug (1994b) kinetic constants a
(1.98 x 10722 mol/cm?3s) and b (0.022°C~1). Fractions of detrital
quartz in the bulk rock were obtained from CL petrographic data.
Quantitative petrographic data of grain coat coverage were also in-
corporated in the model using a method similar to Walderhaug (1996)
and (Walderhaug, 2000) approach, for a better constraint of the
available quartz surface area. Quantification of grain coatings coverage
was done through visual inspection and manual point counting using
cathodoluminescence, back-scattered electron, and silica maps gener-
ated over the same area (Oye et al., 2018; Oye, 2019). While back-
scattered electron microscopy allowed the identification of microquartz
and clay coatings in thin section, cathodoluminescence and silica maps
helped identify and discriminate quartz grains and cement.

3.5. Oxygen isotope analysis

One sample was selected from each of Clyde and Elgin Fields for in
situ oxygen isotope analysis of quartz overgrowths, using a CAMECA
IMS-1280 ion microprobe at the WiscSIMS Laboratory at the University
of Wisconsin-Madison (Kelly et al., 2007; Kita et al., 2009; Valley and
Kita, 2009). Six overgrowths with thicknesses between 40 and 100 pm,
three from each sandstone sample, were chosen for analysis. Linear
profiles of 8'80 were measured across each overgrowth using a 3 um
spot diameter. Individual samples were embedded in a polished epoxy
mount alongside grains of University of Wisconsin quartz standard
UWQ-1 (Kelly et al., 2007). Bracketing analyses were performed on the
quartz standard grains within each of the mounts to enable correction
of measured 8'%0 values to the Vienna Standard Mean Ocean Water
(VSMOW) scale. Normally, eight UWQ-1 analyses bracketed each group
of ~12 sample analyses to monitor instrumental drift and to calculate
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external reproducibility for sample analyses (Kita et al., 2009; Valley
and Kita, 2009). The average spot-to-spot reproducibility of §'80 in the
bracketing UWQ1 analyses was 0.7%o (2 standard deviations).

Ion microprobe analysis of individual quartz overgrowths in Wilcox
and Fulmar sandstones were similar except that measurements in the
Wilcox sandstones were made using a 12 um spot size, which improved
spot-to-spot reproducibility to 0.7%o (2 standard deviations). In addi-
tion, 160H~ was measured simultaneously during §'%0 analysis of the
Fulmar samples. Ratios of 160H™ /160~ were background-corrected
by subtraction of average ratios measured on nominally anhydrous
UWQ-1 analyses that bracketed each block of sample data. Four ana-
lyses representing outlying data points after 160H™ /160~ correction
were discarded (Fig. S4 and Fig.S5). A more detailed ion microprobe
analytical procedure is described in prior studies (Kita et al., 2009; Oye
et al., 2018; Page et al., 2007; Pollington et al., 2011; Valley and Kita,
2009). All data are reported in the supplementary material (Tables S8
and S9).

4. Results
4.1. Burial, temperature and vertical effective stress histories

Burial histories are shown in Fig. 4, and both temperature and
vertical effective stress histories in Fig. 5. Temperature histories for
Clyde and Elgin Fields are broadly similar, with higher temperatures in
Elgin as a result of a more rapid early phase of burial (Fig. 5). Tem-
perature histories for Rotherwood and Lake Creek Fields are also like
each other, with higher temperatures in Rotherwood Field due to
greater burial in the Eocene-Oligocene (Fig. 5).

In Rotherwood and Lake Creek Fields, vertical effective stress in-
creases rapidly in the first 10-20 million years as a result of the rapid
burial of a relatively coarse-grained sedimentary sequence which allows
the effective dissipation of fluid overpressure (Fig. 5). Vertical effective
stress is then fairly constant until the present-day. Although the Wilcox
Group at Lake Creek Field is less deeply-buried than at Rotherwood
Field, vertical effective stress is higher as fluid pressure is much lower,
reflecting the more rapid burial at Rotherwood Field and the relative
inability of the sediment sequence to dewater and thus lose pore

0 M.J., uU.J. |Lower Cretaceous|Upper Cretaceousl Plc.\ Eocene |O|ig.lMiocene|P|
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Fig. 4. Burial history reconstruction for the Central North Sea Fulmar
Formation sandstones from Clyde and Elgin Fields, and the onshore Gulf of
Mexico Wilcox Group sandstones from Rotherwood and Lake Creek Fields.
These models were constructed by using a forward modelling approach on
PetroMod 1D version 2014.1. Fulmar Formation sandstones are 100Myrs older
than the Wilcox Group sandstones. M.J — Middle Jurassic, U.J — Upper Jurassic,
Plc - Paleocene, Olig. — Oligocene, P. — Pliocene, TVDSS — True vertical depth
subsea.
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Fig. 5. Modelled temperature (A) and vertical effective stress (B) histories for
Central North Sea Fulmar Formation from Clyde and Elgin Fields, and Gulf of
Mexico Wilcox sandstones from Rotherwood and Lake Creek. These models
were constructed by using a forward modelling approach on PetroMod 1D
version 2014.1. Upper Jurassic Fulmar Formation sandstones are 100 Ma older
than the Paleocene-Eocene Wilcox Group sandstones. Green dashed line re-
presents the most likely evolution pathway for Fulmar Formation vertical ef-
fective stress history in Clyde Field based on Swarbrick et al. (2005) Fulmar
Formation sandstones experienced low vertical effective stress (VES) for most of
their burial histories compare to Wilcox Group sandstones. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

pressure at the same rate as it is being generated by additional sediment
loading.

Vertical effective stress is low in the Fulmar Formation throughout
the burial history of Elgin Field, and was never greater than the present
12 MPa (Fig. 5). This is due to the fine-grained nature and low per-
meability of most of the overburden above the Fulmar sandstones (See
Supplementary Material). Since the stratigraphic column at Clyde Field
is like that at Elgin, the evolution of vertical effective stress should be
similar to that at Elgin, perhaps with slightly higher vertical effective
stress due to a lower burial rate and thus the greater possibility of pore
pressure dissipation by fluid flow. However, the present-day vertical
effective stress is much higher than that at Elgin, 40 MPa rather than
12 MPa (Table 1). As discussed earlier, regional studies of the Fulmar
Formation in the Clyde area show pore pressure distributions which
indicate regional depressurisation of the Fulmar sandstones through a
leak point well to the west of Clyde (Swarbrick et al., 2005). The re-
gional pore pressure data are best interpreted as depressurisation oc-
curring over the last 0.5 million years, increasing the vertical effective
stress at Clyde from 19 MPa to 40 MPa (Swarbrick et al., 2005). Vertical
effective stress at Clyde is likely to have been low, no more than
19 MPa, throughout all of its burial history bar the last 0.5 Ma.

4.2. Petrographic observations

The two Wilcox sandstone samples from Rotherwood and Lake
Creek Fields are clean, fine grained, lithic sub-arkose sandstones, with
higher plagioclase fractions than their Fulmar Formation counterparts
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(Fig. 6; Table 2 and Table 3). Average porosities in the examined
samples are 6.8% for the sample from the Texaco #1 Hallson well in
Rotherwood Field and 11.8% for the sample from the Mobil #48 well in
Lake Creek Field (Table 3). The feldspars have experienced large scale
albitization and dissolution (Dutton and Loucks, 2010). Grain-repla-
cing-ankerite cements were observed only in the sample from the
higher-temperature Rotherwood Field (Fig. 6E).

The Upper Jurassic Fulmar Formation sandstones investigated in
this study were selected from clay-poor, upper shoreface facies in Clyde
and Elgin Fields. They are fine grained, with subangular to subrounded
grains, and an arkosic mineralogical composition. Illite, the main au-
thigenic clay type observed in these sandstones, is generally less than
3% of bulk composition in all thin sections (Table 2). These clays most
likely have both detrital and authigenic (product of feldspar dissolu-
tion) origins and are found as grain coats or pore-filling matrices. The
illite grain coats in Elgin Field are also found coating authigenic quartz,
and the matrices are frequently impregnated with bitumen (Fig. 7).
Partially or completely dissolved feldspars, with their initial shape
preserved as hollow clay rims, are common features in the Elgin field,
but infrequently observed in Clyde Field. Intragranular porosity, which
is the measure of dissolved feldspars in the analysed thin sections,
averages 0.9% in Clyde and 3.3% in Elgin (Fig. 7E and F; Table 2).
Intragranular porosity from feldspar dissolution was probably under-
estimated in Clyde samples, as oversized intergranular pore spaces
which are most likely sites of dissolved grains are present in the sam-
ples. Carbonate cements are around 9% in the Fulmar sandstone sam-
ples from both fields (Table 2). These carbonates are often found oc-
cluding available pore spaces or destroying porosity locally. Some
carbonates were also found as replacive cements in Elgin samples,
where they either partially or completely replace dissolved mineral
grains. Mineralogically, these carbonate cements occur as discrete do-
lomite, ferroan dolomite, and as ferroan dolomites surrounding dolo-
mite cores. In addition to dolomite and ferroan dolomites, syntaxial
ankerite rims on dolomite nuclei were commonly observed in Elgin
samples. Lithic fragments, micas and pyrite are the other minor com-
ponents common to samples from both fields, with glauconite observed
only in Clyde.

4.2.1. Quartz cementation

Two types of quartz cements, macroquartz and microquartz, were
observed by qualitative petrographic analysis (Figs. 7, 8 and 9). The
macroquartz cements occur as syntaxial and blocky overgrowths and
are optically continuous with their detrital quartz nuclei under trans-
mitted light. Different cathodoluminescence zoning patterns can be
observed within some of the macroquartz overgrowths at high resolu-
tion (Fig. 8). In contrast, microquartz overgrowths are thin, randomly
oriented, polycrystalline quartz overgrowths, with lengths usually
ranging from 1 to 10 um (Aase et al., 1996; French and Worden, 2013).

Quantitative cathodoluminescence petrographic data from the
Central North Sea samples (Table 2) show sandstones from Elgin and
Clyde Fields have similar volumes of macroquartz cement (4.6% and
4.4% respectively). However, normalization of macroquartz cement
volume to detrital quartz content, which is required to avoid bias re-
sulting from variations in the detrital mineralogical composition of the
samples (see Houseknecht, 1984, 1988, 1991), indicates that Clyde
samples have 20% more macroquartz cement than Elgin samples
(Table 2).

For the Gulf of Mexico Wilcox Group, the sample from Lake Creek
Field has macroquartz cement content of 18.8% compared with 12.3%
in the higher temperature Rotherwood samples. Although this study
only investigated two samples from the Wilcox Group sandstones, the
high volume of quartz cement measured in this study is comparable to
the average 12 vol % measured by (Grigsby et al., 1992) from forty-six
Wilcox Group sandstones from Lake Creek Field. After normalization to
detrital quartz content, the Lake Creek sample has 37% more macro-
quartz cement than the sample from Rotherwood Field (Table 3). The
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studied Wilcox samples have at least 40% more macroquartz cement
than the Fulmar Formation samples at equivalent temperatures.

In all cases, observed macroquartz cement volumes in these Fulmar
Formation and Wilcox Group sandstones are lower than those predicted
by the quartz cementation model (Table 4; Fig. 11). Modelled quartz
cement volumes can always be matched to observed volumes by
changing the precipitation kinetic constants a and b in equation (2).
However, very different values of a and b are needed in each of the four
cases, implying that cementation is not a unique function of tempera-
ture. The same conclusion would be drawn if Arrhenius-based kinetics
were used to model quartz cement; it would be possible to alter the pre-
exponential factor and activation energies within the equation to obtain
a local calibration to the amount of quartz cement, but very different
constants would be needed to model the quartz cement volumes in the
North Sea sandstones compared to the Gulf of Mexico sandstones. Given
the relative simplicity of the quartz precipitation reaction, one might
expect the kinetic constants to be similar in all situations.

Microquartz was frequently observed within certain intervals in the
Clyde samples where they occur as well developed, and sometimes
pore-occluding overgrowths, but are almost absent in Elgin samples
(Figs. 7 and 9). No microquartz was observed in the Wilcox sandstones,
as in previous studies (e.g. Dutton and Loucks, 2010; Grigsby et al.,
1992; McBride et al., 1991).

4.2.2. Intergranular pressure dissolution

Estimation of intergranular pressure dissolution along grain con-
tacts was performed on cathodoluminescence images using Sibley and
Blatt (1976) and Houseknecht (1991) approach (Figs. 6D and 8A).
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Fig. 6. A) Optical thin-section photomicrograph
(plane polarized) of Wilcox sandstone sample from
Lake Creek Field showing interlocked mineral grains,
pore-filling illite, and grain-coating illite engulfed by
quartz cement (QC). Detrital quartz is represented by
DQ. B) Optical thin-section photomicrograph (plane
polarized) of Wilcox sandstone of Lake Creek Field
samples showing secondary porosity from dissolved
feldspars. C) Back-scattered electron (BSE) image of
Wilcox sandstone sample from Lake Creek Field. The
region enclosed in orange circle shows intergranular
pressure dissolution. D) Equivalent cathodolumines-
cence (CL) image of slide C showing example of
projected grain boundary (red circle) used for
quantification of intergranular pressure dissolution
(after Sibley and Blatt (1976) and Houseknecht
(1991)). E) Optical thin-section photomicrograph
(cross polarized) of Wilcox sandstone sample from
Rotherwood Field showing ankerite cement repla-
) cing grains (presumably feldspars) in sandstones
B from Rotherwood Field are visible in cross polarized
X light image (F). Optical thin-section photo-
Albite ' micrograph (cross polarized) of Wilcox sandstone
' sample from Rotherwood Field showing plagioclase
feldspar. Plagioclase feldspars are more common in
Wilcox Group sandstones than their Fulmar Forma-
tion counterparts. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)

Grain boundaries were projected along grain contacts where dissolution
has taken place (Figs. 6D and 8A), and the inferred features were point-
counted as percentage volumes of silica dissolved by intergranular
pressure dissolution. Quantitative results suggest that the average vo-
lume of silica released by intergranular pressure dissolution is 2.7% in
Clyde, 2.7% in Elgin, 11.7% in Rotherwood and 19.7% in Lake Creek
(Tables 2 and 3). Normalization of grain loss to detrital quartz content
(see Houseknecht, 1984, 1988, 1991) (shows that approximately 20%
more silica is released by intergranular pressure dissolution in the
Fulmar Formation samples from Clyde Field than in higher tempera-
ture, low vertical effective stress samples from Elgin Field (Table 2).
Similar observations were made for the Wilcox Group samples, where
approximately 40% more silica is released by intergranular pressure
dissolution in the sandstone samples from Lake Creek Field than in the
higher temperature, lower vertical effective stress sample from Ro-
therwood Field (Table 3). Inter-basinal comparison of the normalised
data also shows that at equivalent temperatures, > 45% more silica is
released by intergranular pressure dissolution in the studied Wilcox
Group sandstones than their Fulmar Formation counterparts.

In summary, while accepting that this is a small set of sandstones,
the combined results from the four fields (Table 5; Fig. 5; Fig. 12)
suggest that:

a) There is a strong positive relationship between the extent of inter-
granular pressure dissolution and the amount of quartz cement.
Most of the quartz cement can be supplied via intergranular pressure
dissolution, with additional silica from feldspar dissolution.

b) At a given temperature, when normalised to detrital quartz, there is
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Table 2

Petrographic data of the Upper Jurassic Fulmar Formation sandstones from Clyde and Elgin fields, Central North Sea. Number of analysed samples is the same for the two fields. More detailed data are reported in the

supplementary material (Fig. S3; Tables S4, S5, S6 and S7).

Elgin Minimum Elgin Maximum

Clyde Minimum Clyde Maximum Elgin Mean Elgin Standard

Clyde Mean Clyde Standard

Number of samples

Deviation

Deviation

0.36
55.7

0.06
32.3

0.05
5.6
3.4
0.7
1.4
1.2
0.8

0.16
44.2

0.41
44.3

0.06

0.06
3.9
3.3
0.5

0.18
38.1

10
19
19
19
19
10
10

Detrital grain size (mm)

Quartz (%)

30.3

29.7
2.7
6.3
6.4
3.8

17.3
0.0
0.3

23.5
1.1
2.0
4.6
2.7

327
2.3

19.7
0.0
0.7

27.3
1.2
3.6
4.4
2.7

Feldspar (%)

Lithic Fragments (%)

7.0

5.9
3.8

1.6
1.1

Quartz cement - standard petrography (%)
Quartz cement - CL petrography (%)

2.1

2.7
1.1
0.10
0.04

1.4

1.0
0.03
0.03

Intergranular Pressure Dissolution - CL petrography (%)

Quartz cement normalised to detrital quartz

0.15
0.10

0.05
0.04

0.03

0.02

0.12
0.07

0.20
0.13

0.15
0.09

10
10

Intergranular Pressure Dissolution normalised to detrital

quartz
Carbonate cement (%)

40

0.0

12.3
4.6
1.5
5.2
2.3

9.4

21

1.3
7.3
0.0

5.1

8.7

19
19
19
33
19

20.7
8.0

1.7
1.0

11.0
3.3
8.5

17.0
3.0

2.7

12.9
0.9

Intergranular porosity (%)

1.0
2.1

Intragranular porosity (%)

Core Porosity (%)

27.9
9.3

22.0
2.8

29.4

5.3

17.2
0.3

24.4
2.3

0.7

1.4

Authigenic and detrital clay (%)
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much more quartz cement in the Wilcox sandstones than the Fulmar
sandstones.

c) The Fulmar sandstones in this study have been subjected to much
lower effective stresses through most of their history, compared to
the Wilcox sandstones.

4.2.3. Oxygen isotope composition of macroquartz cements

High resolution SIMS analysis has proven to be a valuable tool for
reconstructing cementation histories of diagenetic quartz cement, by
measuring 8'%0 profiles across individual macroquartz overgrowths
(e.g. Denny et al., 2019; Harwood et al., 2013; Pollington et al., 2011).

Seventy-two 8'80 measurements were made on six different over-
growths from two sandstones from Clyde and Elgin sample sets. All
880, results are shown as a function of the distance from their det-
rital grain boundary in (Fig. 10). Values of 8180(qc) in the Fulmar
sandstone sample from Clyde shows a 4.1%o range from +26.8 to
+22.7%o, while results from the Elgin sample fall within a 2.7%o range,
from +22.4 to +19.7%o (Fig. 10).

Seventy-nine §'80 measurements were also made by ion microprobe
on ten different overgrowths from two Wilcox sandstone samples from
Lake Creek and Rotherwood Fields (Harwood, 2011). The 8180(qc) of
analysed overgrowths in the Wilcox samples show a 6.1%o range from
+24.7 to +18.6%o for the Lake Creek sample, and a 5.5%o range from
+23.8 to +18.3%o for the Rotherwood sample.

Analyses compromised by the occurrence of fluid inclusions or
which fell within cracks or included detrital quartz were discarded.
Apart from Elgin, where 8180(qc) does not change across the over-
growths, §'80(y values for all sandstones decrease from heavier values
in the earliest formed cement to lighter values in latest formed cement
(Fig. 10). Also, the 8180(qc) versus distance plots (Fig. 10) do not show
smooth trends from the detrital boundary to the edge of the over-
growth. These fluctuations, combined with the varied CL zoning in
overgrowths (e.g. Fig. 8), demonstrates that the development of quartz
cements is more complex than a simple concentric growth pattern.

4.3. Temperature-controlled quartz cementation models

Results of the quartz cementation modelling are shown in Fig. 11
and predict that, with the exception of Clyde, all the sandstones in this
study have experienced sufficient levels of thermal stresses to be com-
pletely cemented with quartz. However, there is a very poor agreement
between modelled and measured quartz cement volumes (Table 4). The
respective 30 and 50% grain-coatings coverage estimated from petro-
graphic analyses for the Fulmar Formation samples from Elgin and
Clyde Fields were incorporated in the models. Zero grain-coatings
coverage was used for the Wilcox Group sandstones from Rotherwood
and Lake Creek Fields. The model overpredicts quartz cement volumes
by 50 and 80% in sandstones from the high temperature Rotherwood
and Elgin Fields respectively (Fig. 11 and Table 4). Similarly, the model
overpredicts quartz cement volumes by 30 and 55% for the sandstones
from Lake Creek and Clyde Fields respectively (Fig. 11 and Table 4).

5. Discussion
5.1. Quartz cementation histories

Since the oxygen isotope composition of a mineral is a dual function
of temperature and 8'®O¢yatery (Clayton et al., 1972), our §'®0y data
cannot alone provide a unique temperature history of quartz pre-
cipitation. The data can, however, be interpreted to make the most
geologically realistic deductions if we make reasonable assumptions
about the evolving oxygen isotope composition of the water from which
the quartz precipitated. The framework for this is shown in Fig. 13 and
is based on the quartz-water oxygen isotope fractionation factors re-
ported by Matsuhisa et al. (1979).

Present-day 8180(Water) in Fulmar Formation sandstones in the



O.J. Oye, et al.

Table 3
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Petrographic data of the studied Wilcox Group sandstones. All data from Harwood (2011), except Intergranular Pressure Dissolution (IPD) data. Bt = Berthierine, M/
I = Mica/Illite, K-F = K-Feldspar, Na-F = Na-Feldspar, Ch = Chlorite, An = Ankerite.

Field Sample size Average quartz Average detrital Quartz Cement/ IPD (%) IPD/Detrital Non-quartz Porosity (%) Average grain size
cement (%) quartz (%) Detrital Quartz Quartz minerals (%) (mm)

Lake Creek 1 18.8 53.4 0.35 19.7 0.37 M/I, Bt, K-F (16%) 11.8 0.17

Rotherwood 1 12.3 56.9 0.22 11.7 0.21 Ch, M/I, Bt, Na-F, 6.8 0.16

An (24%)

Detrital ;
quartz Detrital
quartz

Dissolved
Feldspar

Feldspars

"

Clyde-Elgin area is around +4.5%o (Hendry et al., 2000), and values
more positive than this are unusual for Jurassic reservoirs in the Central
North Sea (Warren et al., 1994). The first quartz cement to precipitate
in Clyde sandstones has 8180(qc) of +26.8%o, and the first to precipitate
in Elgin has §'®0() of +22.4%o. If precipitation began in waters si-
milar to Jurassic seawater (8180(water) = —1%o), this represents 55 °C
in Clyde and 80 °C in Elgin. Similarly, if the last quartz to form
(+22.7%0 and +19.7%o in Clyde and Elgin respectively) precipitated
from water that had evolved to a value of +4.5%o at present-day, this
would correspond to temperatures of 125 °C in Clyde and 150 °C in
Elgin (Fig. 13A). The temperature ranges for quartz cementation are
then 55-125 °C in Clyde and 80-150 °C in Elgin.

A similar logic can be applied to the Wilcox Group sandstones. Here,
Land and Fisher (1987) reported present-day 8"®0(yater) ranging from
+ 3.5 to +5.8%o measured over a wide range of temperature for Wilcox
Group sandstones from fields adjacent to the study areas (Fig. 13B). If
quartz precipitation started with 8'®0¢ of +24.7%o in Lake Creek

10

Fig. 7.A) Cathodoluminescence (CL) image of
Fulmar Formation sample from Elgin Field showing
partially dissolved feldspar, quartz cement and det-
rital quartz. Quartz overgrowths have stunted
growth despite significant porosity and the very high
present-day temperature (~190 °C). B) Optical thin-
section photomicrograph (plane polarized) of Fulmar
Formation sample from Elgin Field showing bitumen
impregnated authigenic illite (red arrows) coating
already precipitated macroquartz cement surfaces.
Macroquartz cements completely engulfed grain-
coating illite (black arrow). The blue areas represent
porosity (Image from Fig. 6 in Oye et al., 2018). C)
Optical thin-section photomicrograph (plane polar-
ized) of Fulmar Formation from Clyde Field showing
detrital grains with macroquartz and microquartz
overgrowths. Pore-occluding microquartz cements
are also present. D) Optical thin-section photo-
micrograph (plane polarized) of Fulmar Formation
from Clyde field showing the coexistence of adjacent
detrital grains completely enveloped by either mi-
croquartz or macroquartz overgrowths. The orange
arrow points to poorly-developed clay coat on the
detrital quartz with thick macroquartz overgrowth.
The yellow arrow points at the well-developed grain-
coating microquartz completely coating available
surface area on the other detrital quartz grain. E)
Optical thin-section photomicrograph (cross polar-
ized) of Fulmar Formation from Elgin Field showing
bitumen-impregnated clay rim preserving the shape
of completely dissolved feldspar; the red arrow
points at partially dissolved feldspar impregnated
with bitumen. F) Optical thin-section photo-
micrograph (plane polarized) of Fulmar Formation
from Clyde field showing altered feldspars, and pre-
served K-feldspar overgrowth outlining the shape of
dissolved detrital K-feldspar. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Field and + 23.8%o in Rotherwood Field from waters similar to Eocene
seawater (—1%o), all quartz cementation could have occurred in
8'80(water) that evolved from —1 to +3.5%o at the present-day. This
would give a temperature window for quartz cementation of 65-145 °C
in Lake Creek and 74-160 °C in Rotherwood Field (Fig. 13B). If
SISO(Water) in Rotherwood Field is + 5.8%o, then cementation occurs to
maximum burial temperature. These data imply that quartz cementa-
tion occurred up to maximum burial temperature only in Lake Creek,
and perhaps in Rotherwood Field.

It is rather surprising that cementation did not apparently continue
to maximum burial temperature. A plausible explanation for is this that
cementation did in fact continue up to maximum burial temperature
but is not captured by the SIMS data, as it is very difficult to make
analyses to the very edge of the quartz overgrowth (Fig. S4). In all
cases, however, the amount of cement precipitating within 20-30 °C of
the maximum temperatures would be small.

The inevitable uncertainties in the interpretation of §'®0(,, data, in
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Fig. 8. Back-scattered electron (BSE) images (left)
and equivalent cathodoluminescence (CL) images
(right) of Upper Jurassic Fulmar sandstones showing
A) sample projected grain boundary (after Sibley and
Blatt (1976) and Houseknecht (1991)) used to define
and quantify pressure dissolution, and healed grain
fractures; B) quartz grain from Clyde sample set with
very thick syntaxial overgrowth typified by mosaic-
type CL zoning; C) quartz grain from Elgin sample set
with syntaxial overgrowth showing angular CL zo-
nation. These zoning patterns show that the idea of
an overgrowth nucleating concentrically on detrital
quartz, as assumed in quartz cementation model, is
not always the case. Generally, overgrowth thick-
nesses are up to 60 pm in Elgin samples, and 100 pm
in Clyde samples.

Fig. 9. Micrographs of Upper Jurassic Fulmar
Formation sandstones from Clyde and Elgin Fields A)
Scanning electron microscope (SEM) image of Clyde
sample showing macroquartz and microquartz
overgrowths nucleated on the same detrital quartz.
B) Higher magnification view equivalent to the box
in panel A. C) SEM image of Elgin sample showing
quartz grain surface with poorly developed micro-
quartz overgrowth and clay coats. D) Higher mag-
nification of the box in panel C. Microquartz over-
growth are effectively absent in the Elgin samples
(Images from Fig. 5 in Oye et al., 2018).
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Table 4
Comparison of modelled and measured quartz cement volumes for sandstones
from all the study locations.

Clyde Elgin Rotherwood Lake Creek
Temperature (°C) 147 189 185 143
Modelled Quartz Cement (%) 10.1 26.0 26.0 26.0
Measured Quartz Cement (%) 4.4 4.6 12.3 18.8

terms of the exact range of temperature and thus time over which ce-
mentation occurred, means that we cannot determine the precise rate of
quartz cementation through the full burial history. In general, the fact
that there is much more quartz cement in the younger Wilcox sand-
stones compared to the older Fulmar sandstones, indicates that ce-
mentation rates in the Wilcox sandstones were on average greater than
those in the Fulmar sandstones. Similarly, if we assume that quartz
cementation started at temperatures between 60 and 80 °C
(Walderhaug, 1994a), the Fulmar sandstones have spent much longer in
the proposed quartz cementation “window” than the Wilcox sand-
stones. Placing the 8'®0(y data into the context of the time-tempera-
ture and time-vertical effective stress histories (Fig. 5) for each well
support these qualitative statements and suggests that:

a) Quartz cementation rates are on average slower in lower vertical
effective stress Fulmar Formation sandstones than higher vertical
effective stress Wilcox Group sandstones.

b) Quartz cementation rates are on average slower in Fulmar Formation
and Wilcox Group sandstones from the high temperature Elgin and
Rotherwood Fields than their low temperature counterparts from
Clyde and Lake Creek.

5.2. Silica supply and quartz cementation

Quantitative petrographic data show that local, intergranular pres-
sure dissolution could have supplied between 95 and 115% of the silica
required for quartz cementation in the studied Wilcox Group sand-
stones, and 60% of silica in the studied Fulmar Formation sandstones
(Table 5). Fully- or partly-dissolved feldspars occur in both the Fulmar
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Formation and Wilcox Group sandstones (Fig. 6A and B, Fig. 7E and F)
and provide an additional local source of silica via reactions such as the
conversion of K-feldspar to illite:

1.0 K-feldspar + 0.174H,0 + 0.522H"* + 0.109 Mg>* = 0.739K"* +
0.435 Illite +1.478 Quartz

Oye et al. (2018) have shown that enough silica is released from this
mid-late diagenetic reaction to account for the difference between the
observed quartz cement and the silica supplied through intergranular
pressure solution in Elgin. Although dissolved feldspar ghosts are less
obvious in Clyde compared with Elgin, we suggest that the very
common occurrence of oversized pores in Clyde indicates that the silica
deficit can be filled in the same way. Fig. 12A also suggests that pre-
cipitation started around 50 °C; an indication that silica for early-
formed quartz cement might have been sourced from seawater
(Harwood et al., 2013). In summary, in all four cases, all or most of the
silica requirement is fulfilled by local intergranular pressure dissolu-
tion, with the remainder in the Fulmar sands from local feldspar dis-
solution.

5.3. Does vertical effective stress exert an influence on quartz cementation?

Quantitative petrographic observations, inferred cementation his-
tories, and modelled temperature and vertical effective stress histories
combine to suggest that the history of vertical effective stress may exert
an important influence on quartz cementation in these four studies. The
key observations are:

1. Although some silica can be sourced from feldspar dissolution in the
Fulmar, the majority of the silica required for the observed volumes
of quartz cement can be supplied through local intergranular pres-
sure dissolution, in all four case studies (Table 5). The amount and
inferred rate of intergranular pressure dissolution is commonly
considered to be controlled by vertical effective stress, with a sec-
ondary influence of temperature (De Boer et al., 1977; Dewers and
Ortoleva, 1990, 1991; Elias and Hajash, 1992; Gratier et al., 2005;
Nenna and Aydin, 2011; Oye et al., 2018; Renard et al., 1997; Robin,
1978; Rutter and Elliott, 1976; Sheldon et al., 2003; Shimizu, 1995;
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Fig. 11. Models showing quartz precipitation from quartz cementation threshold (80 °C) to present-day for Fulmar Formation from Elgin and Clyde Fields, and
Wilcox Group sandstones from Rotherwood and Lake Creek Fields. Walderhaug (1996) approach was applied to 1 cm® volume of the studied sandstones using an
80 °C threshold temperature for cementation and a starting porosity of 26%. Time-temperature history was generated using PetroMod version 2014.1. Average grain-
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Grain coatings are very rare in the studied Wilcox Group sandstones.

Tada et al., 1987; Tada and Siever, 1989; van Noort et al., 2008;

Weyl, 1959).

2. At a given temperature, the amount of quartz cement is much lower

in the sandstones that have experienced lower vertical effective
stress through their history (Lake Creek versus Clyde; Rotherwood
versus Elgin; Fig. 5). In addition, both the Wilcox and Fulmar
sandstones buried to higher temperatures and greater thermal stress,
Rotherwood and Elgin, have less quartz cement than their lower
temperature counterparts (Fig. 11; Table 5).

. Measured volumes of quartz cement are lower than those predicted
by temperature-controlled precipitation models for all the studied

Table 5

sandstones (Figs. 11 and 13B), especially for the sandstones that
have never experienced high vertical effective stress. Although it
would be possible to obtain local calibrations to quartz cement vo-
lumes by altering the kinetic constants in either the Walderhaug
(1996) or Arrhenius-based (Lander et al., 2008; Taylor et al., 2015;
Walderhaug, 2000) quartz cementation models, very different va-
lues would be needed for Wilcox and for Fulmar. We suggest that the
need for different kinetic constants implies that quartz cementation
must be influenced by factors other than the temperature-controlled
rate of quartz precipitation (Ajdukiewicz and Lander, 2010; Lander
et al., 2008; Walderhaug, 1994a, 1996, 2000).

Normalised quartz cement contents for the Fulmar Formation and Wilcox Group sandstones. VES = Vertical Effective Stress; slso(qc) is the oxygen isotope com-
position of quartz cement. VES in Clyde is the proposed VES 0.5 Ma ago, prior to reduction in pore pressure as a result of lateral fluid drainage (Swarbrick et al.,
2005). Present-day VES in Clyde is 40 MPa. Temp. Range is the temperature range over which quartz cement is suggested to form, based on oxygen isotope

composition. IPD is intergranular pressure dissolution.

Field Modelled Quartz Cement Measured Quartz Cement Quartz Cement/Detrital IPD/Detrital Temp. (°C) VES (MPa) 8180(qc) range Temp. Range
(%) (%) Quartz Quartz (°C)

Elgin 26.0 4.6 0.12 0.07 189 12.5 2.7 80-150

Clyde 10.1 4.4 0.15 0.09 147 19.2 4.1 55-125

Rotherwood 26.0 12.3 0.22 0.21 185 23.2 5.5 75-160

Lake Creek  26.0 18.8 0.35 0.37 143 33.7 6.1 65-145

13
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Fig. 12. (A) Intergranular pressure dissolution versus quartz cement. All
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We interpret these observations to suggest that the vertical effective
stress-controlled supply of silica from intergranular pressure dissolution
exerts an important influence on quartz cementation. This has been
suggested previously (Elias and Hajash, 1992; Osborne and Swarbrick,
1999; Oye et al., 2018; Sheldon et al., 2003; van Noort et al., 2008), but
the idea may not have gathered support, perhaps because it can be
difficult to unravel the relative effects of time-temperature and time-
vertical effective stress histories. Accepting that it is difficult to obtain
accurate histories of vertical effective stress from basin models, it is not
uncommon to observe a general positive relationship between tem-
perature and vertical effective stress during burial. As an illustration, if
pore pressure remains hydrostatic throughout the burial history of a
sandstone, there will be a very strong correlation between increasing
temperature and increasing effective stress through the sediment's
burial history. It is only by studying samples from sandstones with very
different histories of vertical effective stress, such as those described
here, that the relative influence of temperature and stress can be ex-
amined.

Although beyond the scope of this paper, a critical predictive next
step would be to quantify the rate of intergranular pressure dissolution
as a dual function of vertical effective stress and temperature. A paper
by van Noort et al. (2008) presents such a model, based on higher
temperature laboratory experiments, but it has never been tested
against data in sandstones in sedimentary basins. Some initial insights
can be gleaned from the current study, in that vertical effective stress in
Clyde Field has increased from 19 to 40 MPa in the last 0.5 million
years but has quartz cement volumes which are qualitatively consistent
with the lower vertical effective stress value. This suggests that the
kinetics of intergranular pressure dissolution are geologically slow,
such that greater (sub million-year) timescales are required for the re-
sults of intergranular pressure dissolution to be observed as quartz ce-
ment.

5.4. Can the pattern of quartz cementation be explained by other factors?

The occurrences of grain-coating clays and microquartz, and the
emplacement of petroleum into sandstone reservoirs, have been ex-
tensively discussed as ways in which macroquartz cementation can be
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inhibited. We now discuss - and dismiss - these mechanisms as im-
portant controls on quartz cementation in these sandstones.

Pervasive grain-coating clays and microquartz are very effective
inhibitors of quartz cementation (Ajdukiewicz and Lander, 2010;
Berger et al., 2009; Dutton et al., 2016; Morad et al., 2010; Nguyen
et al., 2013; Stricker et al., 2016; Taylor et al., 2010, 2015) but cannot
account for the low amounts of cement in these sandstones. In the
Wilcox sandstones, microquartz was not observed and some of the
minute grain-coating clays present have been engulfed by quartz ce-
ment. Grain-coating microquartz was observed in variable abundance
in the Clyde sample set. Although samples with the most grain-coating
microquartz overgrowths have the least quartz cement, quantitative CL
petrography revealed that other samples with little or no microquartz
have very low volumes of quartz cement compared to the volume
predicted by the temperature-dependent quartz cementation model
(Fig. 11 and Table 3). Grain-coating microquartz is very rare in sand-
stones from Elgin and thus has no effect on quartz cementation.

The Fulmar Formation sandstones in this study are upper shoreface
facies with low volumes of illitic clays (< 3%). The detrital or authi-
genic origin of these clays is not easily discernible as detrital illite can
recrystallise as a function of temperature (Wilkinson and Haszeldine,
2011). Grain-coating illite derived from feldspar alteration is unlikely
to have inhibited quartz cementation, because quartz cement would
have precipitated on free detrital quartz surfaces prior to feldspar dis-
solution (Oye et al., 2018). Petrographic evidence (Fig. 7) confirms this
assertion, as authigenic illite coating the surfaces of some macroquartz
overgrowths suggests that macroquartz cementation predates authi-
genic illite formation. Illite of detrital origin forms early on detrital
grains and is likely to possess more inhibitive effect on quartz ce-
mentation. However, petrographic observation of the Fulmar Forma-
tion sandstones shows that poorly-developed grain coatings have been
completely engulfed by quartz cement (Fig. 7).

Quantitative analysis shows that the combined average grain-coat
coverage of clay and microquartz is less than 50% in the Fulmar
Formation samples from Clyde and Elgin Fields (Fig. 14). Quartz ce-
mentation modelling performed on the Fulmar Formation sandstones
were tested with varying grain-coat coverage values. The outputs sug-
gest that each detrital quartz grain requires grain-coat coverage of
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Fig. 13. Plot showing 8'®0yater in equilibrium with
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around 80% in Clyde Field, and 99% in Elgin Field, to limit the ob-
served average quartz cement volumes in both fields to their current
values (4.4 and 4.6%). The required coating coverage is thus much
higher than those observed.

The possible role of hydrocarbon emplacement as an inhibitor of
quartz cementation in sandstone reservoirs has been discussed in many
studies (e.g. Aase et al., 1996; Aase and Walderhaug, 2005; Dixon et al.,
1989; Emery et al., 1993; Gluyas et al., 1993; Marchand et al., 2000;
Marchand et al., 2002; Molenaar et al., 2008; Saigal et al., 1992;
Wilkinson and Haszeldine, 2011; Worden et al., 2018a; Worden et al.,
2018b; Worden et al., 1998). In this study, basin modelling suggests
that all the studied sandstones were charged with hydrocarbons from
the Miocene, except for the Elgin reservoir that was charged from the
Eocene. These timings are similar to those estimated in previous studies
of the Fulmar Formation and Wilcox Group sandstones (see Pitman and

Rowan, 2012; Rudkiewicz et al., 2000; Stevens and Wallis, 1991).
Comparison of the charge histories with modelled and actual ce-
mentation histories estimated from oxygen isotope data, indicate that
the effect of hydrocarbon emplacement on quartz cementation in the
studied sandstones is negligible. Firstly, temperature-based quartz
precipitation models predict that substantial quartz cement should have
precipitated prior to hydrocarbon emplacement and secondly, quartz
cementation histories from in situ oxygen isotope analysis suggest that
cementation continued beyond the time of hydrocarbon emplacement,
potentially to the present-day. These results show no evidence that
hydrocarbon emplacement has played a significant role on quartz ce-
mentation in the studied sandstones.

15
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Fig. 14. Percentage of detrital quartz fraction in the analysed Upper Jurassic
Fulmar Formation sandstones from Clyde and Elgin Fields, and their corre-
sponding percentage grain coat coverage. Average grain coat coverage in both
Clyde and Elgin Field is less than 40%. The analysed grain coatings in Clyde
include clays and microquartz.

6. Summary and conclusions

We have presented quantitative petrographic data, high spatial re-
solution oxygen isotope analyses of quartz cement, basin modelling and
a kinetic model for quartz precipitation for two Paleocene-Eocene
Wilcox Group sandstones from Texas and two Jurassic Fulmar
Formation sandstones from the Central North Sea. In each basin, one
sandstone has been buried to ca. 145 °C and one to ca. 185 °C.

The amounts of quartz cement in the Wilcox sandstones are between
12 and 18%, and between 2 and 6% in the Fulmar sandstones. Oxygen
isotope data suggest that in all cases, quartz cementation occurred from
60 to 80 °C to temperatures close to maximum burial. Petrographic data
show that most of the silica for quartz cement can be derived from
intergranular pressure dissolution, with an additional contribution in
Fulmar sandstones from feldspar alteration. There is no strong evidence
that factors such as grain coatings or the timing of petroleum empla-
cement can explain the differences in the amounts of quartz cement in
these Wilcox and Fulmar samples.

A key difference between the Wilcox and Fulmar sandstones is their
history of vertical effective stress. The Wilcox sandstones in this study
are currently at much higher vertical effective stresses than the Fulmar
sandstones, and basin modelling studies suggest that they have been
subjected to generally higher vertical effective stresses through their
burial history. Both the extent of intergranular pressure dissolution and
of quartz cementation are more strongly related to vertical effective
stress than to temperature. We therefore suggest that the differences in
quartz cementation in Fulmar and Wilcox sandstones can be explained
better by differences in their vertical effective stress history than their
temperature history. In this case, the rate of intergranular pressure
solution would be an important control on quartz cementation, and an
important next step would be to quantify the rate of intergranular
pressure dissolution as a function of both vertical effective stress and
temperature. In the Clyde case study presented here, vertical effective
stress has increased from 19 to 40 MPa in the last 0.5 million years but
sandstones have quartz cement volumes which are qualitatively con-
sistent with the lower vertical effective stress value. This suggests that
the kinetics of intergranular pressure dissolution are slow on a sub
million-year timescale.

Because it is not uncommon for both temperature and vertical ef-
fective stress to increase as sedimentary rocks are buried, it can be
difficult to unravel the relative importance of temperature and vertical
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effective stress histories as potential controls on quartz cementation.
From a petroleum exploration perspective, the limited datasets pre-
sented here suggest that sandstones which have been buried to high
temperature, but which have been subjected to a history of low effec-
tive stress, could still be effective reservoirs.
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