Clay Minerals (2006) 41, 151-186

Jurassic and Cretaceous clays of the
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ABSTRACT: The principal clays of the northern and central North Sea are illite (sometimes with
interlayered smectite) and kaolin. Chlorite is only locally important. While it has been proposed that
kaolin within North Sea sandstones is detrital in origin, the majority of workers have concluded that
it is authigenic, largely the product of feldspar alteration. Kaolin is found within a wide range of
sedimentary settings (and within shales) apparently defying the notion that kaolin is an indicator of
meteoric water flushing. Within sandstones, the earliest authigenic kaolin has a vermiform
morphology, the distribution of which is controlled by the availability of detrital mica to act as a
nucleus, and the composition of the post—depositional porewaters. This vermiform kaolin formed in
meteoric water, the presence of which is easily accounted for below sub-aerial exposure surfaces in
non-marine formations, and below unconformities over marine units. In fully marine sands, and even
marine shale units, kaolin still occurs. It has therefore been suggested that even these locations have
been flushed with meteoric water.

Early vermiform kaolin recrystallizes to a more blocky morphology as burial proceeds, at least in
the Brent Group. Blocky kaolin has been reported as growing before, synchronously with, and after
the formation of quartz overgrowths, though oxygen isotope studies support low-temperature growth,
pre-quartz. Blocky kaolin may form during meteoric flushing associated with lower Cretaceous uplift
and erosion, though it is found in fault blocks that are thought to have remained below sea level.
Here, the kaolin may form in stagnant meteoric water, relics of the post-depositional porewater. It
has also been proposed that the blocky kaolin grew in ascending basinal waters charged with
carboxylic acids and CO,, though this hypothesis is not supported by stable oxygen isotope data.
Some of the blocky kaolin is dickite, the stable polymorph above ~100°C.

Illite occurs almost ubiquitously within the clastic sediments of the North Sea. An early pore-
lining phase has been interpreted as both infiltrated clastic clay, and as an early diagenetic phase.
Early clays may have been quite smectite-rich illites, or even discrete smectites. Later, fibrous illite
is undoubtedly neoformed, and can degrade reservoir quality significantly. Both within sandstones
and shales, there is an apparent increase in the K content over 4 km of burial, which could be due to
dilution of the early smectite-rich phase by new growth illite, or to the progressive illitization of
existing [-S. Much of the ‘illite’ that has been dated by the K-Ar method may therefore actually be
I-S.

The factors that control the formation of illite are only poorly known, though temperature must
play a role. Illite growth has been proposed for almost the entire range of diagenetic temperatures
(e.g. 15—20°C, Brent Group; 35—40°C, Oxfordian Sand, Inner Moray Firth; 50—90°C, Brae
formation; 100—110°C, Brent Group; 130—140°C, Haltenbanken). It seems unlikely that there is a
threshold temperature below which illite growth is impossible (or too slow to be significant), though
this is a recurring hypothesis in the literature. Instead, illite growth seems to be an event, commonly
triggered by oil emplacement or another change in the physiochemical conditions within the
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sandstone, such as an episode of overpressure release. Hence illite can grow at any temperature

encountered during diagenesis.

Although there is an extensive dataset of K-Ar ages of authigenic illites from the Jurassic of the
North Sea, there is no consensus as to whether the data are meaningful, or whether the purified illite
samples prepared for analysis are so contaminated with detrital phases as to render the age data
meaningless. At present it is unclear about how to resolve this problem, though there is some
indication that chemical micro-analysis could help. It is a common belief that illite ages record the
timing of oil charge, and so can be used to calibrate basin models.

Grain-coating Fe-rich chlorite cements can preserve exceptional porosity during burial. They are
found in marginal marine sandstones, formed during diagenesis from precursor Fe-rich clays such as

berthierine or verdine.

Keyworbps: Cretaceous, Jurassic, clays, North Sea, hydrocarbon reservoirs.

The Jurassic and Cretaceous strata of the North Sea
host the majority of the hydrocarbons within the
UK Continental Shelf? (UKCS), including both
reservoirs and source rocks. The Middle Jurassic
Brent Group is the principal reservoir unit of the
Northern North Sea, while the Upper Jurassic
Fulmar Formation is the most important target in
the Central North Sea (Fig. 1). The majority of
studies on these units has been by, or on behalf of,
the oil companies, and only a (small?) proportion of
the results are in the public domain. The majority of
the work has focused on reservoir sandstones, with
interbedded shales regarded merely as barriers to

fluid flow and potential reservoir seals. Clay
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Fic. 1. Location map. ESB is East Shetland Basin, VG

is Viking Graben, IMF is Inner Moray Firth and CG is

Central Graben. The dot-dash lines show the bound-
aries between the national sectors.

minerals are present within the sandstones both as
detrital minerals and as new growth, authigenic
minerals. The latter have been extensively studied
as even a small percentage of fibrous, authigenic
illite in a sandstone can dramatically reduce
permeability, and hence the rate at which oil can
be extracted commercially. For example, the
permeability of the Etive, Ness and Tarbert
Formations is independent of depth above 3.1 km,
but decreases linearly below this, attributed by
Giles et al. (1992) as due to illite precipitation and
related modifications to the pore network.

This review is arranged by stratigraphy, starting
with the Lower Jurassic. The vast majority of the
work is concerned with sandstones, though shales
are also reviewed. The most important clay
minerals are kaolin and illite or illite-smectite,
with chlorite only common locally. Illite and kaolin
are described separately within each stratigraphic
section, despite the observation that illite is
commonly formed at the expense of kaolin.

LOWER JURASSIC — NANSEN,
STATFJORD, TOFTE AND TILJE
FORMATIONS

There are few published studies of the Lower
Jurassic, as there are relatively few commercial
reservoirs within this interval. The Statfjord
Formation spans the Triassic—Jurassic boundary,
but is included here. Authigenic kaolin occurs both
as verms and blocky crystals, the significance of
which is discussed below. There is no positive
evidence for the presence of the kaolin polymorph
dickite (Purvis, 1995). Illite and quartz cements
become abundant below 3—4000 m, unless inhib-
ited by early chlorite cements (Ramm and Ryseth,
1996). Grain rimming Fe-chlorite cements also
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occur in the marginal marine Nansen, Tofte and
Tilje Formations (Purvis, 1995; Ehrenberg et al.,
1998). These cements are associated with very
high-porosity sands, described for the Middle
Jurassic below. In the Nansen Formation, the
chlorite cements apparently pre-date the early
dolomite and kaolin cements (Purvis, 1995), in
contrast to the very similar chlorite cements of the
Middle-Jurassic sands that post-date carbonate
cementation, see below.

MIDDLE JURASSIC — BRENT
GROUP, SLEIPNER AND GARN
FORMATIONS

This section is, inevitably, dominated by studies of
the Brent Group, though valuable contributions
have been made by workers looking at the
Norwegian Garn Formation.

Middle-Jurassic kaolin

Because of the very fine-grained nature of clay
cements, even early studies of the Brent Group
sandstones utilized scanning electron microscopy
(SEM) for the determination of petrographic
relationships (e.g. Hancock & Taylor, 1978;
Sommer, 1978), while some more modern studies
have benefited from literally hundreds of hours of
SEM observation (e.g. Osborne et al., 1994). The
usefulness of early studies is limited by the lack of
modern stratigraphy, and by the fact that, for
commercial reasons, wells and fields were not
identified. All recent petrographic studies of the
Brent Group have recorded at least two phases of
kaolin growth: early vermiform and later blocky
kaolin. Some have also distinguished kaolin
associated with detrital mica as a third phase,
though some regard this as either synchronous with
the formation of, or equivalent to, vermiform kaolin
(Kantorowicz, 1984; Leney et al., 1986; Thomas,
1986; Glasmann et al., 1989c; Giles et al., 1992;
Harris, 1992; Hogg et al., 1993; Osborne et al.,
1994; Hassouta et al., 1999; Girard et al., 2002;
Wilkinson et al., 2004). Hurst & Irwin (1982)
proposed a model for kaolin morphology whereby
vermiform kaolin grew in meteoric porewaters, and
blocky (‘euhedral’) kaolin grew in marine pore-
waters. This model is rejected here, as discussed
below.

There is some controversy concerning the relative
timing of the formation of kaolin, which is
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important as it has implications for the origin of
the porefluids from which growth occurred. In one
of the first published diagenetic studies of the Brent
Group, Sommer (1978) identified kaolin growth as
post-dating the formation of quartz overgrowths, as
did Blackbourn (1984). Other authors have deduced
that the formation of quartz overgrowths and kaolin
were synchronous (Leney er al., 1986; Thomas,
1986; Scotchman et al., 1989; Giles et al., 1992;
Haszeldine et al., 1992; McAulay et al., 1994;
Girard et al., 2002). Sommer (1978) observed the
penetration of kaolin booklets into quartz over-
growths, and interpreted this to indicate that the
quartz overgrowths had been deeply corroded
during the growth of the kaolin. This meant that
the formation of quartz overgrowths had to pre-date
the lower Cretaceous uplift, when Sommer (1978)
postulated that meteoric water descended from the
resulting unconformity and the kaolin grew. The
same kaolin-quartz overgrowth texture has been
observed in other studies, but has been interpreted
as kaolin formation prior to the growth of the quartz
overgrowths that have enclosed pre-existing kaolin
(Blanche & Whitaker, 1978; Glasmann et al.,
1989C; Harris, 1992; Hogg et al., 1993; Bjerlykke
et al., 1992; Osborne et al., 1994; Wilkinson et al.,
2004). In general, petrographic textures of inter-
growth and corrosion can be very difficult to
distinguish, especially where it is suspected that
one mineral has grown corrosively into a pre-
existing phase. Hurst & Irwin (1982) summarized
the contemporary state of knowledge concerning
diagenesis and concluded that the relationship
between quartz overgrowths and kaolin is controlled
by depositional setting — in fluvial sediments,
kaolin precipitates first, but this is reversed in more
marine settings. They related this to the probability
of the sediments undergoing an early meteoric
water flush-which is very probable in fluvial
systems but much less likely for fully marine
sediments. Here we conclude that the growth of
both early vermiform and late blocky kaolin pre-
dates the majority of quartz overgrowths, with most
kaolin forming below 80°C and most quartz
overgrowths forming above this temperature. This
is probably related to the deltaic setting of the Brent
Group, where the majority of the marine sediments
were overlain by the non-marine Ness formation,
when meteoric water could have penetrated into the
subsurface. A fall in relative sea level in post-Ness
times may have enhanced subsequent meteoric
water penetration (McAulay ef al., 1994).
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Fic. 2. Kaolin morphologies from the Brent Group, Cormorant field. Left: vermiform kaolin from well 211/21-
CN40 at 3466 m drillers’ depth (image 55 pm wide). Right: blocky kaolin from well 211/21-CN23 at 4401 m
drillers depth (image 110 pm wide).

Early authigenic kaolin. The vermiform crystal
aggregates (verms) and kaolin associated with
detrital mica are formed during early diagenesis,
as they are found enclosed within early calcite
concretions (Fig. 2; Glasmann et al.,, 1989c;
Osborne et al., 1994; Wilkinson et al., 2004).
Authigenic kaolin verms are relatively large (up to
200—300 pum maximum dimension) and can be
observed optically in thin section. Osborne et al.
(1994) claimed to be able to measure quantitatively
the abundances of the vermiform and blocky kaolin
using optical thin-section point-counting, though
given that the two polymorphs are frequently
intergrown, this seems optimistic. Despite the
potential problems with the method, a compilation
of point-count data showed a progressive change
from vermiform to blocky kaolin between, 2000
and 4300 m burial depth (Osborne et al., 1994;
Fig. 3). This dataset is evidence that the blocky
kaolin progressively replaces the vermiform kaolin
during burial, as observed petrographically.

Thomas (1986) placed vermiform kaolin before
kaolin intergrown with detrital mica in the
paragenetic sequence. Greenwood et al. (1994)
reversed the order of these two phases in the
Sleipner Formation of the Brae area. They did not
recognize a transformation from vermiform to
blocky kaolin, unlike most other workers.
Greenwood et al. (1994) observed identical kaolin
morphologies in both sandstones and mudrocks.
Osborne et al. (1994) suggested that the vermiform
crystals and those associated with detrital mica
shared a common origin. Kaolin is apparently more
common in the micaceous Rannoch and Ness
Formations than in the more mica-deficient parts

of the Brent Group (Harris, 1992), and there is a
good correlation between detrital mica content and
kaolin in the Statfjord Field (Bjerlykke &
Brendsall, 1986). Together, these observations
could be taken to suggest that every kaolin verm
has nucleated on detrital mica, even if the mica
nucleus is not now readily apparent. This would
explain the unusual crystal morphology which is

Kaolinite
morphologies
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F1G. 3. Point-count data showing the variation in kaolin
morphology with depth of burial (redrawn from
Osborne et al., 1994). As burial depth increases, the
proportion of blocky kaolin increases. In very shallow
samples, there is only vermiform kaolin and kaolin
associated with the alteration of detrital muscovite.
The same assemblage is preserved within calcite
concretions, regardless of present-day burial depth.
Note that some workers do not distinguish between
vermiform kaolin and kaolin associated with mica, and
it may be that all vermiform kaolin is actually
nucleated upon detrital mica.
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barely stable under the conditions of formation
(given that recrystallization to the blocky
morphology begins at only slightly higher tempera-
tures than those at which precipitation took place).
Giles et al. (1992) observed the most kaolin in the
Etive Formation (and not the more micaceous
Rannoch and Ness Formations). However, this
may be related to the depths for which samples
were available: Bjerlykke et al. (1992) presented a
similar regional dataset in which most of the
relatively shallow samples are from the Etive
Formation, and as there is a regional decrease in
kaolin abundance with depth (due to illitization), so
the Etive samples are the most kaolin-rich. Giles et
al. (1992) observed a facies control on kaolin
abundance within the Ness Formation: cross-bedded
and massive sands were more kaolin-rich. This
pattern was not observed within the other forma-
tions, and has not been reported in other studies.

The majority of authors have assumed that since
kaolin is formed in acidic groundwater at relatively
low temperatures (e.g. Fairbridge, 1967) then this
equates to meteoric water (e.g. Glasmann et al.,
1989c; Harris, 1992; Bjerkum et al., 1990; Giles et
al., 1992). Isotopic studies suggest growth of
vermiform kaolin at temperatures of <40 or 50°C
(Wilkinson et al., 2004; Osborne et al., 1994).
Meteoric water could have penetrated the Brent
Group either immediately following deposition, or
during the formation of the regional lower
Cretaceous unconformity. Petrographic evidence
suggests that the vermiform kaolin is formed very
early, at least before some of the calcite concretions
within which it is enclosed (Osborne et al., 1994;
Wilkinson et al., 2004). It has therefore been
assumed that the vermiform kaolin formed soon
after the deposition of the Brent Group (McAulay et
al., 1994), when meteoric waters collected from the
surface of the delta formed a meteoric water lens
extending out below the sea (Kantorowicz, 1984).
This is supported by the available isotopic data
(Fig. 4). The dataset of Osborne et al. (1994) is
derived by analysis of separates of pure vermiform
kaolin, as this is the only morphology in the
Emerald field. This shows a range of §'*%0 =
16.1—18.5%0 SMOW, which is consistent with
precipitation from meteoric porewaters at
~20—-30°C (Fig. 4).

There is general agreement that the early
(vermiform) kaolin was sourced by the dissolution
of detrital feldspar, most likely K-feldspar (Blanche
& Whitaker, 1978; Glasmann et al., 1989C; Giles et
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al., 1992; Harris, 1992; Osborne et al., 1994). There
is abundant petrographic evidence of K-feldspar
dissolution in the form of partly-dissolved relics
and grain outlines preserved as authigenic over-
growths or clay rims. Some of these can be seen
preserved within early calcite concretions, which
proves that at least some K-feldspar dissolution
took place during early diagenesis. Osborne et al.
(1994) concluded that the K-feldspar dissolution
reaction was isochemical for silica and aluminium,
though no mention was made of the fate of the K.
The chemical reaction used by Osborne et al.
(1994) for their mass-balance calculation was based
on an equation proposed by Giles & de Boer
(1990), and this merely shows the K going into
solution. Unless the K is removed, the reaction will
halt. Either the K is removed in flowing ground-
water, or is absorbed by clay mineral reactions
either within the sandstones or in adjacent shales.
Blanche & Whitaker (1978) had earlier suggested
that detrital ‘degraded illite’ was essential as a K
acceptor, and that this clay mineral was a product
of weathering.

It seems likely that the vermiform kaolin is
invariably the polymorph kaolinite, and not the
higher-temperature polymorph dickite. Hancock &
Taylor (1978) refer only to kaolinite, and their SEM
images show only vermiform kaolin. Although the
field on which the study is based in not identified,
and burial depths are not stated, burial must be
quite deep (~4000 m) as feldspar has apparently all
dissolved and illitization of kaolinite is more-or-less
complete, at least in the lower sections of the field.
This suggests that, in this example, kaolinite is
transforming to illite without recrystallizing into the
blocky kaolin crystals observed elsewhere (see
below), and probably without transforming to
dickite.

Blocky kaolin. The blocky kaolin is observed to
post-date the early vermiform kaolin, which it
progressively replaces during burial (Figs 2, 3).
Using stable oxygen isotope ratios, Wilkinson et al.
(2004) estimated that the blocky kaolin grew at
45-70°C, via a dissolution-reprecipitation
mechanism from the vermiform crystals. This
formation temperature is close to other estimates
of the temperature of formation of blocky kaolin:
30—80°C of Osborne et al. (1994) in a multi-field
isotopic study of kaolin in the Brent Group, and
45—60°C of Glasmann et al. (1989C) from the
Heather field. Giles et al. (1992) and Girard et al.
(2002) derived significantly higher temperatures for
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FiG. 4. Histograms of published stable oxygen isotope ratios of kaolin (8'%0% SMOW) from the Brent Group

and the Magnus sandstone, northern North Sea. The data set of Osborne et al. (1994) is early, vermiform kaolin,

while that of Brint (1989) is mixed vermiform and blocky kaolin (white on Figure). The remainder are at least

predominantly blocky kaolin. All the blocky kaolin data sets have a similar mean and range, apart from the data

of Glasmann et al. (1989a). Here the tabulated data (as plotted) is at odds with the range of data stated in the text
of Glasmann et al. (1989a) and may be in error.

blocky kaolin growth of 90—100°C and
110—125°C, respectively, while Thomas (1986)
did not specify a growth temperature but did
place the formation of blocky kaolin synchronously
with the formation of late quartz overgrowths,
implying a temperature in excess of 100°C.
Wilkinson et al. (2004) noted that, comparing the
diagenetic history of Giles ef al. (1992) with the
likely hydrocarbon generation times in Taylor &

Dietvorst (1991), it is apparent that the majority of
the diagenesis is supposed to have occurred after
peak hydrocarbon generation, i.e. after the Brent
reservoirs had probably filled with oil. The
temperature estimate of Giles ef al. (1992) for the
growth of the blocky kaolin is therefore considered
to be too high. The blocky kaolin described by
Girard et al. (2002) from the Hild field is said to
have formed by replacement of K-feldspar, and not
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by recrystallization of vermiform kaolin (which
alters to illite), so that here the high temperature of
formation may be genuine, perhaps influenced by
evolved porewaters from the deep Viking Graben.
Note that while most workers have implicitly
assumed that the blocky kaolin predates the first
oil charge, Wilkinson et al. (2004) considered the
blocky kaolin to have grown during an early phase
of oil charging, and Girard et al. (2002) placed the
growth of blocky kaolin after an initial oil charge.

There are three hypotheses for the formation of
the blocky kaolin. Based primarily on petrographic
observations, it has been proposed that the blocky
kaolin formed relatively late in the burial history,
synchronous with or after the formation of quartz
overgrowths. As this would be too deep for active
meteoric water penetration, it has been proposed
that the kaolin grew from basinal porewaters
charged with CO, or carboxylic acids
(Blackbourne, 1984; Kantorowicz, 1984; Thomas,
1986; Scotchman et al., 1989). Alternatively, it has
been assumed that the blocky kaolin grew from
descending meteoric porewaters, either directly
from the exposed surface or via a sub-surface
flow path involving faults and aquifer flow
(Hancock & Taylor, 1978; Sommer, 1978; Leonoy
et al., 1986; Glasmann et al., 1989c). Thirdly, it has
also been suggested that the blocky kaolin grew
from stagnant meteoric porewater (a relic of the
early post-depositional porewater) mixed with some
acidic basinal fluid (Haszeldine et al., 1992;
McAulay et al., 1994; Osborne et al, 1994). In
both the latter scenarios, it has been generally
assumed that the meteoric water flow was driven by
fault-related topography exposed during the early
Cretaceous. It is theoretically possible that the
blocky kaolin could have grown during the initial
meteoric water flushing of the Brent Group during
Ness or post-Ness times, but most workers have
assumed that the vermiform kaolin and the calcite
concretions grew during this first phase of burial,
and that the blocky kaolin marks a change in
conditions brought on by the early Cretaceous uplift
and erosion.

Stable oxygen isotopic evidence can sometimes
resolve problems of palaco-porefluid flow.
Excluding data with a significant proportion of
vermiform kaolin (i.e. Osborne et al., 1994 and
Brint, 1989; Fig. 4), there is only a limited range of
stable oxygen isotope ratios for blocky kaolin,
mostly with 3'®0 in the range of 12 to 15%o
SMOW (Fig. 4). The only dataset that is signifi-
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cantly different is that of Glasmann et al. (1989a,
their Table 2), and this may be in error. In the text
of their paper, the range of kaolin 5'%0 is given as
11.1 to 15.5%0 SMOW, but the tabulated data range
from 9.3 to 11.6%o. The range stated in the text is
indistinguishable from the data from the other
studies, and so is probably correct. Figure 5
shows that, using the porewater evolution curve of
Haszeldine et al. (1992), the blocky kaolin must
have grown from porewaters of meteoric composi-
tion, or from a mixture of meteoric and basinal
(evolved) porefluids. As quartz overgrowths do not
form abundantly at temperatures below ~80°C (e.g.
Fig. 3a of Bjerlykke et al., 1992), then the blocky
kaolin must pre-date at least the majority of the
quartz overgrowths, though some growth of the two
phases may have been synchronous. That kaolin
grew in waters which contained at least a
significant proportion of meteoric water has been
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Fic. 5. Stable oxygen isotope evolution curve for Brent
Group porewater (thick line), redrawn from Haszeldine
et al. (1992). Ranges of stable oxygen isotope ratios
for vermiform and blocky kaolin are taken from Fig. 4.
The vermiform kaolin is constrained to have grown at
low temperatures, as it is found within early calcite
concretions. Therefore it is proposed to have grown in
meteoric water, even in submarine fan settings such as
the Magnus sandstone. The blocky kaolin, which post-
dates the calcite concretions, probably grew from
meteoric water or mixed basinal and meteoric water. It
cannot have grown from typical evolved basinal
porewater (shown on the figure) as the calculated
temperatures would be too high, in many cases higher
than the current reservoir temperatures which are the
highest the rocks have been heated to. The kaolin-
water fractionation factor is from Land & Dutton

(1978).
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the conclusion of the majority of the isotopic
studies (e.g. Glasmann et al., 1989a; McAulay et
al., 1994; Osborne et al., 1994; Wilkinson et al.,
2004).

It is interesting to note that apparently identical
authigenic kaolin is found in fields that are thought
to have been flushed with meteoric water below the
early Cretaceous unconformity, and in those that
have not (e.g. Hutton Field, McAulay et al., 1994;
Hild Field, Girard et al., 2002). Differences in the
kaolin may be restricted to subtle differences in
oxygen isotope composition, as in the case of the
Heather and West Heather Fields. In the West
Heather Field, direct exposure to lower Cretaceous
meteoric water seems probable, as the Brent Group
was exposed at the unconformity surface (Glasmann
et al., 1989c) producing kaolin with §'%0 =
15.5-16.5%0 SMOW. The nearby Heather Field
has only limited erosion at the crest, insufficient to
expose the Brent Group below a covering of
Heather formation shales. Here the blocky kaolin
is isotopically lighter (3'%0 = 12.3—14.6%0 SMOW;
Glasmann et al., 1989c), which can be explained as
resulting from either precipitation at higher
temperatures or from fluids with lower &'0
values. As porefluids generally evolve towards
heavier oxygen isotopic compositions during
burial, there is no obvious source of fluids with
3'80 values lower than the contemporaneous
meteoric water. Hence Glasmann et al. (1989a)
proposed that the blocky kaolin grew at elevated
temperatures, from meteoric water that had pene-
trated the sub-surface via faults, driven by a
hydraulic head developed on land to the west. It
is also interesting to note that the blocky kaolin of
the Hild Field, which apparently formed by the
alteration of K-feldspar, and not by the recrystalli-
zation of vermiform kaolin (Girard et al., 2002), has
stable oxygen isotopic ratios that are indistinguish-
able from the remainder of the northern North Sea
blocky kaolin dataset (Fig. 4). It has been proposed
that the Hild Field has been strongly influenced by
evolved basinal porefluids derived from the graben
axis (Girard et al., 2002) though there is no isotopic
evidence for this.

It has been commonly assumed that, if the blocky
kaolin formed as a result of meteoric water
penetration during the lower Cretaceous uplift and
erosion, then there should be a spatial relationship
between the distribution of kaolin and the
unconformity surface (e.g. Harris, 1992; Bjerkum
et al., 1990; Giles et al., 1992). While the former of
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these studies claimed to have found just such a
relationship, the remainder searched and failed to
find any such thing. Given that the Brent Group is
relatively thin (~300 m thick) and that meteoric
water is thought to have penetrated to ~2 km depth
(Haszeldine et al., 1992), and also that total kaolin
abundance is controlled by facies and detrital mica
abundance (as above), than perhaps it is naive to
expect to see a simple decrease in kaolin abundance
below the unconformity. It is interesting to note that
Bjerkum et al. (1990) not only failed to find a
relationship between the kaolin and the unconfor-
mity, but also that they concluded that the kaolin
was of detrital origin. This has not been the opinion
of later workers, or earlier of Blanche & Whitaker
(1978) who considered and rejected a detrital origin
for the kaolin. Interestingly, Scotchman et al.
(1989) recorded a downward decrease in kaolin
abundance within the NW Hutton field, which
might have been interpreted as evidence for
unconformity-related diagenesis by other authors.
However, as above, the NW Hutton field was never
exposed to sub-aerial erosion (McAulay et al.,
1994). Kantorowicz (1984) is perhaps the only
worker to record a significant spatial control upon
the distribution of the blocky kaolin, reporting the
kaolin to be located within large sandbodies with a
presumed connection to a regional aquifer.

Of which kaolin polymorph are the blocky
crystals composed? Kaolinite grows at relatively
low temperatures: dickite is the stable polymorph
above 100°C (Beaufort et al, 1998). Without
specific analysis the polymorph of the kaolin
cannot be determined (Hasouta et al, 1999).
Consequently, in at least some studies the
mineralogy of the blocky crystals is not resolved.
There is some confusion in the literature between
kaolinite and dickite, not least over whether blocky
crystals invariably equate to the dickite polymorph.

Osborne et al. (1994) refer to the blocky crystals
as ‘kaolinite’, and state that XRD was used to
determine the state of crystallinity, so presumably if
dickite was present it would have been identified.
Sommer (1978) and Kantorwicz (1984) refer to
both kaolinite and dickite, but present no evidence
for the presence of dickite. Durand er al. (2000)
claim to have detected dickite within the Ness
Formation of the Alwyn area. This may be based
upon precise X-ray diffraction (XRD) work, or
upon the assumption that blocky crystals equate to
dickite. However, Ehrenberg et al. (1993), McAulay
et al. (1994) and Hassouta et al. (1999) all



North Sea Jurassic and Cretaceous clays

positively identify dickite in the Brent Group. It is
not clear if all of the blocky kaolin crystals within
the Brent Group are dickite, or if some are
kaolinite. Certainly, some of the blocky kaolin
crystals seem to form at much lower temperatures
than the ~100°C that has been proposed for the
kaolin—dickite transition (Beaufort et al., 1998).
Given the present uncertainty, it seems unwise to
assume that all of the blocky crystals of kaolin are
the dickite polymorph.

Kaolin and oil migration. Most authors have
presumed that the formation of kaolin predates the
first emplacement of oil into the Brent Group.
Wilkinson et al. (2004), however, proposed that
while the vermiform kaolin pre-dated the earliest
oil, the transformation to blocky kaolin overlapped
with an early oil-filling episode, at least in the
Cormorant field. This hypothesis was based upon
the spatial pattern of stable oxygen isotope data
(Fig. 6). The Cormorant reservoir subsequently lost
its early oil charge, allowing important diagenetic
reactions to continue (e.g. the formation of quartz
overgrowths) before the present-day oil charge
entered the reservoir.

It has been proposed that kaolin transformed to
illite during oil filling (Hancock & Taylor, 1978;
Sommer, 1978). This is based on the observation
that kaolin is abundant at the tops of fields, but less
common at greater depths of burial where illite is
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abundant, i.e. that the crestal kaolin is preserved by
the oil charge. Regionally, the transformation of
kaolin to illite is demonstrated by the observation
that kaolin becomes less abundant over a depth
range of ~2000—4000 m (e.g. Bjorlykke er al.,
1992; Fig. 7) while illite becomes more abundant.
Kaolin is locally preserved to high temperatures
where there is no K-feldspar to provide K for illite
formation (e.g. 150°C in the Tarbert formation, Hild
Field; Leney et al, 1986). The formation of
authigenic illite is discussed in the illite section of
this paper. Relatively rapid changes in mineralogy
with depth have also been observed in some fields,
for example vermiform kaolinite is replaced by
blocky dickite over a depth interval of only 60 m in
the Alwyn Field (Hassouta et al., 1999). As this
depth interval is small compared to the usual
interval over which this transformation takes
place, it is possible that the recrystallization took
place during oil filling, so that the vermiform kaolin
at the top of the field was preserved by an oil
charge.

Middle Jurassic — Early grain-coating illite

Several studies have observed pore-lining clay
within Brent Group sandstones, that may be either
detrital or authigenic (perhaps grown as smectite).
Early pore-lining smectite cements have been
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Fic. 6. Stable oxygen isotope ratio of authigenic kaolin vs. burial depth for the Cormorant field (redrawn from

Wilkinson et al., 2003). The linear correlation, with an offset at ~3000 m depth that corresponds to a low-

permeability unit, the Mid-Ness shale, has been interpreted as kaolin recrystallization synchronous with early oil
filling at 45—70°C, 80—50 Ma ago.
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FiG. 7. Decreasing abundance of kaolin with burial
depth in the Brent Group measured by XRD (redrawn
from Bjerlykke et al., 1992). This is due to the

reaction of the kaolin with K-feldspar to form illite,
which becomes more abundant over this interval.

recorded within Paleocene sands of the North Sea
that contained detrital volcanic material (Watson,
1993; Watson et al., 1995) and within Lower
Cretacous sands from the Scapa Field that
contained siliceous biogenic debris (Hendry &
Trewin, 1995). In both of these cases the SiO,
activity in porewaters during shallow burial would
have been high, significantly above quartz satura-
tion. Kantorowicz (1984) inferred formation of
early pore-lining illite within the Brent Group
from interstitial saline porewaters that pre-dated
the precipitation of authigenic kaolin indicative of
meteoric water invasion. In this case, neither
biogenic nor volcanic debris was present to
elevate porewater silica levels. Kantorowicz
(1984) believed that illite was stable in marine
porewaters ‘sufficiently saturated with silica and
aluminium’, a condition most likely met by the
dissolution of K-feldspars or muscovite. The
implication is that illite can form at temperatures
as low as 15—20°C. However, grain-coating illite
has also been interpreted as being formed at higher
temperatures, e.g. up to 100°C (Girard et al., 2002).
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This interpretation may be based on the lack of
pore-lining clays within calcite-cemented sand-
stones. It is possible that precipitation of early
calcite cements is associated with the dissolution of
clay minerals, along with the dissolution of feldspar
grains and the etching of quartz-grain surfaces. The
grain-coating illite could hence predate the calcite
cement, and be early in the paragenetic sequence,
and not late as inferred by Girard et al. (2002).
There is also the possibility that the illitic coatings
observed at present day were precipitated as
smectite, and have subsequently recrystallized to
illite or illite-smectite, see below. Such a depth-
related mineralogical transformation has been
documented over small depth intervals in some
studies (Glasmann et al., 1989a; Giles et al., 1992).

Early clay coatings from Brent Group sandstones
have alternatively been interpreted as detrital in
origin, probably emplaced by infiltration (Giles et
al., 1992; McBride, 1992). In the well-sorted Etive
Formation, however, a detrital origin was thought to
be less convincing, unless infiltrated from the
overlying Ness Formation. Giles et al. (1992)
concluded that, in the Etive Formation, the origin
of the pore-lining illite cements was ‘uncertain’.
Early illite-smectites were observed to be recrys-
tallizing between 2750 and 3600 m (Giles et al.,
1992), developing box-work and honeycomb
textures, with a platy, ragged crystal morphology.
The proportion of smectite layers decreased from
~80% to 20% over the same depth interval.
Comparing these observations to regional data
(see below) it seems likely that the recrystallization
observed by Giles et al. (1992) over a relatively
limited depth interval is part of a progressive
change in illite-smectite composition that has
transformed initially quite smectitic clays to the
present-day illite-rich compositions, both in sand-
stones and shales within the North Sea. The
importance of this reaction has not been fully
recognized in the literature.

Glasmann et al. (1989a) identified discrete
smectite in shallow-buried Rannoch sandstones of
the Veslefrikk Field using the XRD peak decom-
position program Newmod@). They suggested that
the smectite might be detrital, introduced by
bioturbation, or even a contaminant introduced
from the drilling mud. Given that a pore-lining
clay with a box-work morphology is illustrated
from the same stratigraphic interval (Glasmann et
al., 1989a, their Fig. 7f) it seems possible that there
is an early smectite cement in this field, though this
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was not identified by Glasmann et al. (1989a). The
smectite may have been stabilized relative to illite
during burial by high Ca to K ratios maintained by
calcite cements within this interval, as suggested by
Eberl & Hower (1976).

Several studies discuss the morphology of illite.
There has been some confusion in the literature (Le
Gallo et al.,, 1998) between early anhedral platy
crystals of probable detrital origin, and euhedral
platy crystals developed in some highly illitized
sandstones (e.g. Ellon Field, Hassouta et al., 1999).
In the latter case, sub-parallel arrays of platy illite
are the last illite morphology to be developed
during growth, forming from fibres and laths
(Hassouta et al., 1999). The anhedral platy clays
of detrital origin act as nuclei for later, fibrous and
lath crystals that grow from 1—2 pm at ~3000 m to
10—15 pm at 3350 m (Giles et al., 1992).

Middle-Jurassic late diagenetic illite:
nucleation and precursor minerals

Late diagenetic illite can have a variety of crystal
morphologies, but the most conspicuous (when
viewed using an SEM on a broken chip sample)
is the fibrous, or hairy, morphology. There is a fair
degree of agreement between workers on the
general timing of late illite growth: SEM studies
show intergrown illite and quartz overgrowths,
suggesting synchronous growth late in the diage-
netic history (e.g. Glasmann et al., 1989a, 1989C;
Swarbrick, 1994; McAulay et al., 1994), though
some workers suggest that illite is the last
diagenetic phase (McBride, 1992). Both may be
true — formation of quartz overgrowth was
synchronous with early illite formation. The
substrate upon which the fibres grow is apparently
variable. In the Heather Field, illite grows
predominantly from kaolin that may be corroded
but is more commonly pristine (Glasmann et al.,
1989c), while in other parts of the East Shetland
Basin, illite grows from detrital grains or their
coatings (Kantorowicz, 1990; Giles et al., 1992;
McBride, 1992; Le Gallo et al., 1998). Replacement
of kaolin by illite is also common (Kantorowicz,
1990; McBride, 1992), though vermiform kaolin is
more prone to replacement than the blocky
morphology (Giles et al., 1992).

The optical appearance of illite in plane-polarized
light (PPL) can potentially be used as a guide to the
precursor mineral. Matthews ez al. (1994) identified
three classes of illite using habit and colour. Coarse
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vermiform illite formed pseudomorphically after
vermiform kaolin, and was colourless in PPL.
Colourless groundmass illite was thought to have
the same precursor phase, but to have lost the
diagnostic structure. In contrast, brown groundmass
illite was the result of alteration of matrix smectite,
kaolin, illite and Fe oxides. It was not possible to
distinguish between these illites by XRD patterns or
K" contents; neither was there a measurable
difference in the times of formation using K-Ar
dating (Matthews et al., 1994).

Late diagenetic illite — formation by closed-
system reaction. The association between authigenic
illite and kaolin has lead to the suggestion that the
illite forms by the reaction of K-feldspar and kaolin
(Bjorkum & Gjelsvik, 1988), a closed-system
reaction that may even occur within an oil-
charged reservoir (Ehrenberg & Nadeau, 1989).
Bjorkum & Gijelsvik (1988) presented a reaction
between feldspar and kaolin which produces illite
and quartz cement (equation 1).

KAISi;O0g¢ + AlSi,O5(OH), —

K-feldspar kaolin
KAI1;3Si30,9(OH), + 2Si0, + H,O (1)
illite (muscovite)  quartz water

This is a closed system reaction that does not
require the import of protons (acid) or the export of
any solutes, and hence does not require unrealisti-
cally large volumes of porefluid to be transported
through sandstones during burial. The formula used
for illite in equation 1 is actually that of muscovite,
though the reaction can still proceed in a closed
system for other illite compositions, with an altered
ratio of K-feldspar and kaolin. The reaction above,
but reversed, has been proposed by Bjerkum &
Gjelsvik (1988) as a source of authigenic kaolin.
The direction of the reaction (i.e. the AG value) is
determined by the quartz supersaturation (Bjerkum
& Gjelsvik, 1988), a relatively high degree of
quartz supersaturation is required to drive the
reaction towards K-feldspar plus kaolin. In the
absence of dissolving amorphous silica, the slow
kinetics of quartz precipitation below 50°C may
result in high quartz supersaturations and hence the
formation of authigenic K-feldspar and kaolin
(Bjorkum & Gjelsvik, 1988). Above this tempera-
ture, quartz overgrowth formation is more rapid
leading to lower quartz saturation in the porefluids
and the formation of illite.

Evidence for the reaction of kaolin to illite comes
from the Dunbar Field, where an original sub-
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arkosic sand has been sampled both at shallow and
deep burial depths. The deeply buried samples have
almost no kaolin or K-feldspar (frequently <1%),
but large volumes of illite (mostly >10% average)
and quartz overgrowth. Kaolin and K-feldspar are
rarely preserved within the same thin section,
presumably because the reaction proceeds until
one or other phase is locally exhausted. Le Gallo et
al. (1998) modelled the reaction of kaolin and
K-feldspar at ~100—110°C, and also, later, illite-
producing reactions. They were able to adequately
reproduce permeability and illite volume distribu-
tion in three dimensions over the Dunbar field.
K-feldspar and kaolin also react together in the
Middle Jurassic Garn Formation of the Norwegian
sector of the Northern North Sea, producing illite
(Chuhan et al., 2001).

There is evidence from the Heather Field that the
abundance of detrital K-feldspar is a major control
on illite development (Glasmann et al., 1989c),
presumably because low-K-feldspar sandstones lack
an internal supply of K to form illite. Reduced
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detrital K-feldspar in Tarbert shoreface sandstones
resulted in smaller illite contents than otherwise
comparable, but more K-feldspar-rich sandstones.
Since both kaolin and K-feldspar are still present
within the sandstones, the illitization reaction
should still be proceeding. Yet K-Ar dating has
yielded illite ages from the Eocene (Glasmann et
al., 1989c) and different size fractions cover only a
small age range suggesting only minimal detrital
contamination.

Morphology. lllite morphology has an important
control on the permeability of a host sandstone
(Sommer, 1978; Le Gallo et al, 1998; Fig 8),
consequently, there are a number of studies of
crystal morphology. Illite morphology can be
studied in situ using broken chip samples on an
SEM, though there is evidence that illite fabrics are
damaged by standard core drying. Kantorowicz
(1990) showed that critical point drying is crucial
for the preservation of delicate, especially fibrous,
illite fabrics. Measured permeability of core
samples are higher after air drying than after
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Fic. 8. The influence of illite morphology on bulk-rock permeability in the Brent Group (redrawn from Sommer
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critical point drying, as air drying tends to collapse
pore-filling illite structures leaving pore networks
artificially free of obstructions. This effect is
greatest for illites of small particle size
(Kantorowicz, 1990).

Kantorowicz (1984) suggested that illite
morphology varies according to sedimentary
facies, with both pore-lining and kaolin-nucleated
illite in marine sandstones, but only kaolin-
nucleated illite in non-marine sandstones. In
contrast, there is a general theme within the
literature of changing morphology of illite particles
with increasing depth. This can either be over a
relatively large depth range, when it is presumably
related to thermally driven new growth or
recrystallization, or over a small depth range
when it has been related to the preservation of
old morphologies due to oil charging, as suggested
by Hancock & Taylor (1978). For example,
Glasmann et al. (1989a) reported a change from
fibrous to lath-like illite crystals over a present-day
depth range of ~3000—4000 m in the Bergen high
area.

Hassouta et al. (1999) examined core from the
Ellon Field (Alwyn area) over a small depth range
(~3200—3277 m). They recorded fibrous illite in
the ‘shallow’ samples, laths in the intermediate
ones, and plates ("plaquettes") in the ‘deep’
samples. There were also corresponding changes
in the abundance of kaolin: there was no kaolin
below 3260 m. As the temperature difference
between the ‘shallow’ and ‘deep’ samples is only
small, it is unlikely that the morphology changes
reflect a temperature control. Given that illite K-Ar
ages from Alwyn have been interpreted as recording
oil charging (Jourdan et al., 1987) then the
morphology change could reflect the filling
history. The fibres (top structure) would be oldest,
the result of a short growth history terminated by
early oil charging. A longer growth period, further
down the structure, resulted in laths, and the longest
growth formed plates.

Transmission electron microscopy (TEM) exam-
ination of highly dispersed illite separates prepared
for dating usually shows two crystallite morpholo-
gies: plates and laths (Ehrenberg & Nadeau, 1989;
Glasmann et al., 1989b; Hamilton et al., 1989;
Hogg, 1989; Small et al., 1992; Emery & Robinson,
1993; Fig. 9). Assuming that complete dispersion
has been achieved, these are the fundamental
particles of Nadeau ef al. (1994), and should not
be confused with the platy and lath-like illite
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crystals observed in SEM studies, that are
composed of many crystallographically-oriented
fundamental particles. Emery & Robinson (1993)
interpreted the two morphologies as indicating
different origins: plates were detrital and laths
were authigenic. They graphically estimated the
end-member isotopic compositions of the two
morphologies. The laths gave a reasonable authi-
genic result (8'%0 = 14.5£0.6%0 SMOW), but the
supposedly detrital plates had a similar composition
(3'%0 = 16.5+1.2% SMOW). Emery & Robinson
(1993) suggested that the ‘detrital’ platy illite had
inherited some of the 'O signature from a pre-
cursor mineral, or had suffered isotopic resetting
during diagenesis.

For the illite samples of Emery & Robinson
(1993), there is a strong correlation between the
proportion of plates and laths, and the chemistry of
the separates (Al/(Al+K), Fig. 10). Lath-like funda-
mental particles have Al/(Al + K) = 0.68+0.02, and
the plates have Al/(AlI+K) = 0.46+0.04 (2 standard
errors). There is reasonable agreement between the
composition of the laths determined from the
mixing line and the ATEM results (Al/(Al+K) =
0.69+0.01; Emery & Robinson, 1993). Do the plates
have a composition which could be detrital,
particularly the composition of soil-formed illite?
There are not many good soil-illite analyses
published as it is very difficult to obtain pure
samples from clay fractions, and those published
are usually corrected for a number of impurities
with the consequent resulting inaccuracies (D. Bain,
pers. comm.). Analyses in Newman & Brown
(1987) have Al/(AI+K) of 0.59 to 0.72 (n = 3),
and analyses of illite of weathering origin in Deer

FiG. 9. TEM image of authigenic illite separated for K-

Ar age dating showing typical morphology of plates

and laths. Field of view = 1.8 pum. Fulmar formation,
well 29/10-2, 13999 ft 9 in burial depth.
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Fic. 10. Illite plates and laths have different chemis-
tries, suggesting growth under different chemical
conditions (redrawn from Emery & Robinson, 1993).
The plates and laths were point counted using TEM
images of illite separates prepared for K-Ar age dating.
Emery & Robinson (1993) interpreted the plates as
detrital and laths as authigenic in origin. Here, we
interpret both crystal shapes as authigenic in origin,
using both the stable isotope and geochemical data.
There is some evidence that the laths pre-date the
plates; see text.

et al. (1962) are similar. Hence the platy crystals lie
outside the compositional range of illites of soil and
weathering origin, strongly suggesting that they are
of authigenic origin. In addition, Fe and Mg
contents of the platy illite are also significantly
different to the soil illites. While Emery &
Robinson (1993) do not give full analyses, it is
apparent from the very low Fe and Mg contents of
illite samples containing both plates and laths that
both the platy and lath-like fundamental particles
must have very low Fe and Mg contents (Hogg,
1989). In contrast, the illites of soil and weathering
origin have much higher Fe and Mg contents (Deer
et al., 1962; Newman & Brown, 1987).

It is hence probable that both the platy and lath-
like fundamental particles are of authigenic origin,
as suggested by the euhedral forms of the platy
fundamental particles. As most studies of illite
chemistry have shown increasing K with burial
depth (see "Composition"), the low-K laths would
be relatively early in the diagenetic sequence, with
the high-K plates later. K-Ar dating of the illites
confirms this (Emery & Robinson, 1993). Growth
of illite under experimental conditions also
produces the two particle morphologies (Small et
al.,, 1992). Lath-like illite results from high super-
saturations associated with the breakdown of
oxalate, with platy illite forming from lower
supersaturations after the oxalate is depleted
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(Small et al., 1992). The role of carboxylic acids
in the formation of illite within subsurface
sandstones is unknown.

Timing and temperature of growth. In many areas
of the North Sea, illite has been observed to be
relatively rare as an authigenic phase until some
‘threshold’ burial depth is reached, when it becomes
a major part of the clay mineral assemblage over a
relatively short depth interval (Ehrenberg &
Nadeau, 1989; Bjorlykke et al., 1992; Giles et al.,
1992; McAulay et al., 1993; Le Gallo et al., 1998;
Midtbe et al., 2000; Chuhan et al., 2001). Equating
burial depth with temperature, it has been
concluded that illite can only form at high
temperatures, generally in excess of 100°C. As
this is not due to the thermodynamic instability of
illite at low temperatures (Bjorkum & Gjelsvik,
1988), it is attributed to the slow kinetics of illite
growth. The threshold temperature for illite
formation is apparently variable, from
~100—110°C in the Darwin Field (Alwyn Area,
Le Gallo et al.,, 1998) to 130-140°C in
Haltenbanken (Ehrenberg & Nadeau, 1989). That
a range of temperatures should be found is perhaps
not surprising, given that illite formation is
undoubtedly a function of porewater chemistry as
well as temperature, and porewater chemistry is
presumably a function of variables such as bulk
rock composition. However, compilation of data
from other North Sea stratigraphic units shows that
that illite can apparently grow over a wide range of
temperatures. Even within the Brent Group,
temperatures as low as 15—20°C (Kantorowicz,
1984) have been proposed for illite growth. The
data which gave rise to the ‘threshold temperature’
hypothesis could be re-interpreted in terms of an
illite-forming event, such as oil-charging or over-
pressure release.

Effect of oil emplacement. There has been some
debate regarding whether oil charging stops or
slows diagenetic reactions. As K-Ar ages of illite
are frequently close to the modelled ages of oil
emplacement, many workers assume that emplace-
ment effectively halts diagenesis (Hamilton et al.,
1992). However, Midtbe et al. (2000) concluded
that illite and quartz cements had formed from
residual water within the gas and oil legs within a
Tarbert reservoir. The fluid inclusion data suggested
that illite growth could be related to the influx of
gas at 1—10 Ma ago. No K-Ar data were presented
to confirm the age of the illite, which would be the
youngest published from the Brent Group.
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Several authors have recorded increased illite
abundance in the water leg of the Brent Group
compared to the oil leg (Thomas, 1986; Scotchman
et al., 1989; Giles et al., 1992). Most have
presumed that this indicates that oil charging
retards or prevents the growth of illite.
Contradictory evidence includes the K-Ar ages of
illite from the Garn formation (Etive equivalent)
which post-date modelled oil migration (using
TEMISPACK; Ehrenberg & Nadeau, 1989). In
addition, two cored oil-water contacts from the
Garn formation show no change in illite abundance.
In the Northwest Hutton field, illite abundance
increases with depth over the reservoir interval
(3400—3700 m; Scotchman et al., 1989). This was
interpreted as the result of oil charging terminating
illite growth in crestal regions where the first oil
charge accumulated. Illite growth in the water leg
of the field ceased soon after the main migration of
hydrocarbons (Scotchman et al., 1989).

McBride (1992) separated clay from the sand-
stones of the Bruce field for isotopic analysis, most
samples containing both illite and kaolin. There is
no apparent change in the abundance of illite over
the depth range of the study (3500—4730 m),
although this is the depth range over which an
increase in illite has been reported from other Brent
fields. McBride (1992) observed a marked spatial
control on illite abundance, suggesting that illitiza-
tion was controlled by oil charging or other factors.

In many wells from the Alwyn Field the illite K-
Ar ages increase with depth (Hogg er al., 1987;
Hogg, 1989). This has been used to infer a bottom-
up filling pattern, rather than a more normal top-
down one! Illite morphological trends are reversed
in the Dunbar field (Alwyn area), where illite close
to the structural crest is platy, and fibres are
observed elsewhere (Le Gallo et al., 1998).

Composition. Full chemical analyses of illite are
only available for samples from relatively deep
burial depths (3120—3797 m, Durand et al. (2000);
3550—-3750 m, Hogg (1989); 3698—4539 m,
Matthews et al. (1994); 3200—3277 m, Hassouta
(1999)). Velde & Nicot (1985) and Jahren &
Aagaard (1989) presented chemical data only in
graphical form, on a composition plot of Velde
(1977). The former paper also includes XRD
determinations of smectite content. From these, it
can be seen that smectite contents vary from
4—18%, and that illites with smectite contents of
~10—15% still fall within the ‘illite’ compositional
field of Velde (1977), as do the data of Jahren &
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Aagaard (1989; Fig. 11). It is probable that all of
the so-called illites that have been extracted from
sandstones for K-Ar age dating are actually I-S.
Here, we will continue to call this mineral illite,
though this almost certainly inaccurate. Hassouta
(1999) gave the following average illite composi-
tion that is close to those of Durand et al. (2000),
Hogg (1989) and Matthews et al. (1994):

(Si3.26Al0.74)(Al; 8sMg0.05F€0.04)010(OH),
Ko.76Nag.02Cap.03

Durand et al. (2000) analysed both detrital and
authigenic illite, though how the two were
differentiated is not stated. They found only a
small difference in composition that was probably
not significant compared to analytical uncertainty.
Ammonium, an important interlayer cation in illite-
smectites within shales (Lindgreen et al., 1991),
was not determined in any of the studies cited
above.

There are probably too few published full
chemical analyses of authigenic illite from the
Brent Group to determine if there is a systematic
change in composition with depth. However, K
contents of illite are available for a wider depth
range as these are determined during K-Ar age
dating. This is useful as smectite has a minimal K
content, and pure illite has K as the only cation.
Hence K is perhaps the most useful element for
tracking the changing composition of illite during
burial.

MR3

Mu 4
illite

kaol
2R3 3R?

Fig. 11. Analyses of illite from the Brent Group

(Jahren & Aagaard, 1989) fall in the ‘illite’ field on a

MR*—2R*-3R? plot (redrawn from Velde, 1977). Mu
is muscovite and Ce is celadonite.
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Figure 12 shows that there is a systematic
increase in K content of authigenic illite from the
Brent Group (and other Jurassic sands) with
increasing burial depth. This can be seen both in
individual datasets that cover a sufficiently large
depth range (e.g. Matthews et al., 1994) and in the
compiled data (R = 0.61 for 149 data points) where
the correlation is significant at the 99% confidence
level. Potassium contents of illite are usually
measured by flame photometry, on separates of
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very fine grain size (generally <0.5 pm equivalent
spherical diameter). The K content determined by
this method is less than that determined on
equivalent samples using an electron microprobe
on polished thin sections. Clearly, the two methods
analyse different samples of the illite population,
which may account for the discrepancy. Girard et
al. (2002), however, explained the difference as due
to contamination of the K-Ar separates with K-free
minerals, though it may be equally likely that the
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F1G. 12. Increase in K content with depth in illite prepared for K-Ar age measurement from the Brent Group
(Glasmann et al., 1989a; Hamilton et al., 1992; Hogg et al., 1993; Mathews et al., 1994; Girard et al., 2002), the
Piper sandstone (Burley & Flisch, 1989), and the Fulmar formation (Darby et al., 1994 and Table 1). All samples
were illite separated for K-Ar age analysis. The best-fit line (for the depth interval 2500—4700 m) has a
correlation coefficient (R) of 0.65, which for 105 points is significant for 99% confidence. The increase in K
presumably reflects decreasing smectite content due either to new growth of pure illite and/or recrystallization of
earlier, more smectitic illite. The data suggest that there is no significant alteration in illite composition below
~4700 m. The ‘whole illite’ data are in situ electron microprobe measurements of Mathews et al. (1994) and
Girard et al. (2002), obtained from polished thin sections. The difference between the ‘whole illite’ electron
microprobe data and the K-Ar separates may be due to contamination of the K-Ar separates, or to a genuine
difference between the ‘whole-illite’ and the very finest size fraction separated for K-Ar analysis. The Fulmar
TEM data (Table 2) were obtained from the same illite separates as the Fulmar K-Ar data. Also shown are data
from mudstones from the Piper field (Burley & Flisch, 1989) which also fall on the same general trend.
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‘whole illite’ electron microprobe analyses are
sampling clay-grade authigenic K-feldspar inter-
grown with the illite. It is perhaps most likely that
the electron microprobe analyses are unreliable as
they are calibrated on porosity-free standards with a
smooth, polished surface, and the illite is a high-
porosity sample impregnated with resin, with a
complex geometry.

The data of Hogg (1989) show a systematic
change in K with grain size, with highest values
recorded for the 0.5—0.1 pm size fraction. Other
grain sizes (1.0—0.5 and <0.5 um) were slightly
lower, a trend often observed in clay minerals in
soils (M.J. Wilson quoted in Hogg, 1989). While
the lower values in the 1.0—0.5 um fraction might
be due to contamination with kaolin, the lower
values in the finest grain sizes could be due to
substitution of hydronium for K (Hogg, 1989), or
substitution by ammonium, as above. Analysis of a
single detrital muscovite sample by Matthews et al.
(1994) found significant differences between the
detrital and authigenic phases. Remembering that
identification of detrital illite from authigenic illite
is very difficult by the usual methods (TEM, XRD),
there would seem to be some scope for assessing
the degree of detrital contamination of illite
separates by chemical methods (cf. Emery &
Robinson, 1993).

What causes the change in the K content of the
illite with depth (Fig. 12)? Given that Velde &
Nicot (1985), Glasmann et al. (1989a), Giles et al.
(1992) and Girard et al. (2002) reported significant
smectite interlayers within authigenic illites, and
that the former two studies reported a decrease in
the proportion of smectite with depth, then either
the I-S is recrystallizing to illite, or a significant
volume of pure illite is growing and diluting the
older I-S. Either answer seems plausible, given that
the volume of illite increases significantly over the
depth range of the data (e.g. Giles et al., 1992) and
that there is a similar change in the illite (I-S)
composition within shales where recrystallization is
a more plausible mechanism (Wilkinson &
Haszeldine, 2002b; Fig. 12). It might be possible
to use mass-balance considerations to resolve this
issue, though given the considerable controversy
that has arisen over the mechanism of the smectite
to illite transformation, it seems unlikely that there
will be a simple answer.

In general, authigenic illite is of the 1M polytype
(Hogg, 1989; Jahren & Aagaard, 1989). However,
with increasing burial depth, 1M illites from
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Haltenbanken develop packets of the 2M polytype
(Jahren & Aagaard, 1989). The latter is the
thermodynamically stable polytype, suggesting that
1M illite is formed due to kinetic considerations.
Given sufficient time and/or temperature, recrys-
tallization to the 2M polytype is possible (Jahren &
Aagaard, 1989).

Oxygen and hydrogen isotope data. Haszeldine et
al. (1992) integrated illite oxygen isotope data from
the Dunlin, Thistle and Murchison Fields with those
from other phases to produce a well-constrained
porewater evolution history for the Brent Group
(Fig. 13). Illite was found to have precipitated from
isotopically evolved porewaters. Data from the
Bergen High area are in good agreement with the
Haszeldine et al. (1992) data, with likely porewater
3'%0 of +1 to +4% SMOW (Glasmann et al.,
1989a). The evolved waters were postulated to be
sourced from marine water enriched in '*0 by
diagenetic reactions within shales.

In the Heather Field, the comparison of water
resistivities with oxygen isotope data suggests that
isotopically heavier illite occurs in areas of higher
than normal salinity (Glasmann et al., 1989c,
p. 277). These high-salinity waters probably have
a high proportion of water expelled from deep in
the basin during compaction, and are likely to have
high, i.e. evolved, oxygen isotope ratios. In the
Alwyn South field, Hogg et al. (1995) found only a
small range of 8'0 for a large number of illite

5180 water
b
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Fic. 13. Evolution of oxygen isotopic ratio in the
porefluids of the Brent Group sandstones during burial,
redrawn from Haszeldine et al. (1992). Illite was found
to have precipitated from isotopically evolved pore-
waters. The evolved waters were postulated to be
sourced from basinal water enriched in '%0 by
diagenetic reactions within shales.
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samples (+11.4 to +14.3% SMOW, n = 56)
covering a range of size fractions, depth and
facies. Two analyses of illite from a single shale
sample gave a similar result. The time of illite
precipitation was constrained to the Paleogene
(Hogg et al., 1995), at temperatures of 95—125°C,
in porewaters with an isotopic composition close to
seawater (8'°0 = —1 to +2%, SMOW; Hogg et al.,
1995) with close-to marine salinities. There is no
evidence that meteoric water flushing ever occurred
in this part of the Alwyn field, unlike in the
examples of other Brent Group fields cited above.
Emery & Robinson (1993) measured the 5'%0
and 0D of illite from an unspecified Brent Group
field. They attempted to correct the data for detrital
contamination (see the section on Morphology),
deducing an oxygen isotopic ratio of 14.5+0.6%o
SMOW for the authigenic component. Combining
this with K-Ar ages and basin modelling suggested
illite growth at temperature of 90—130°C, and
porewater compositions of —0.5 to +4.5%0 SMOW.
This is again compatible with the porewater
evolution proposed by Haszeldine et al. (1992).
Emery & Robinson (1993) noted that if illite
cementation was driven by fluid flow, then
compactional or convective flow was implicated,
and not hydrodynamic flow from the basin margins.
Interpretation of hydrogen isotope data (8D) is
complicated by the possibility of resetting at
relatively low temperatures. Several of the datasets
show a large range of hydrogen isotope ratios
compared to the range of oxygen isotope ratios (e.g.
Alwyn, Hogg et al., 1995; Fig. 14) that has been
used as evidence for resetting. However, at least
one of the Brent Group datasets shows a positive
correlation between hydrogen and oxygen isotopic
ratios (Bruce Field; McBride, 1992). As it is
generally believed that oxygen isotope ratios are
resistant to resetting at diagenetic temperatures, so
the hydrogen isotope ratios must be un-reset also. It
is notable that the Bruce Field data lie parallel to
the trend for the Magnus Field (Fallick ez al., 1993;
Fig. 14) interpreted to be the result of precipitation
from two distinct porewaters, the origins of which
are discussed in the Magnus section below. There is
some suggestion that the lath-shaped fundamental
particles within the illite separates have a more
positive 0D signature than the plates (Emery &
Robinson, 1993). The cause of this is unknown.
K-Ar age dating of authigenic illite. 1llite is one
of the few common authigenic phases that can be
radiometrically dated, due to the presence of “°K
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which decays to “’Ar (Faure, 1986). The illite must
be separated from the host sandstone, by a
combination of chemical and physical techniques
such as centrifuging. The aim is to obtain a very
fine size fraction, in the hope that it will be free of
contamination by K-bearing phases such as detrital
mica. It is usually presumed that the resulting
separates are the late fibrous illite observed in SEM
studies of core chips.

A single age is obtained from the analysis of a
single sample (in contrast to the Ar-Ar method) that
must be interpreted in terms of the age of growth of
the illite. There is an extensive dataset of K-Ar ages
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Fic. 14. Stable oxygen and hydrogen isotope ratios of
illite separates from the Brent Group (McBride, 1992;
Glasmann et al., 1989; Emery & Robinson, 1993;
Girard et al., 2002) including data from the Alwyn
field (Hogg et al., 1995). The Magnus data (Macaulay
et al., 1992) and the Fulmar data (Wilkinson et al.,
1994) both fall on the same trend as the majority of
the Brent data, suggesting that all three formations
may have been influenced by porewaters of similar
origin. The data from the Alwyn field are conspicu-
ously different, suggesting a rather different fluid
history.
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of illites extracted from oilfield sandstones within
the North Sea, and the majority are from the Brent
Group. Hamilton et al. (1992) reviewed all then-
published K-Ar ages, to which relatively little has
been added since (though see Cavanagh (2002) and
Girard et al. (2002)). Synthesizing the data into a
coherent whole is complicated by the lack of
coherency between the different datasets, and by
under-reporting of accessory information such as
burial histories, sample depths and even field
names!

K-Ar ages of illite from the Brent Group
sandstones range from ~60 to 17 Ma (Hamilton et
al., 1992; Girard et al., 2002), implying that there is
little or no illite growth at present day. Furthermore,
K-Ar ages from a single well usually only have a
small range of ages (~5—10 Ma) compared to the
age of the host sandstone, even when different size
fractions of illite are dated. Authigenic illite
formation has hence been interpreted as an ‘event’
of relatively restricted duration, the nature of which
is controversial. The ‘event’ interpretation for
sandstones is in contrast with the ‘thermal
threshold” model which has been discussed above
(see the section on ‘Timing and temperature of
growth’). The mechanism of growth of authigenic
illite, in both sandstones and shales, is still only
poorly understood (Wilkinson & Haszeldine,
2002a).

Probably the most common interpretation of illite
ages is that they date oil filling of a reservoir
(Hamilton ef al., 1992). As sample preparation for
K-Ar dating involves the separation of the finest
grain-size illite (separated fundamantal particles in
the case of the <0.1 um grain size), is believed that
the ages are of the most recently formed illite.
Therefore K-Ar ages are the age of the cessation of
illite growth, which in the case of an oil reservoir is
the time when the water was replaced by oil. Since
illite grows from the water phase by diffusion of
solutes, oil emplacement effectively halts growth,
or at least slows it substantially (Giles et al., 1992).
An example is the Heather Field, where K-Ar ages
show an increase with depth (Glasmann er al.,
1989c¢). Interpreting these as the ages of filling, then
the 700 m oil column took ~12 Ma to accumulate.
Kantorowicz (1990) reported a change in illite
morphology close to the oil-water contact in the
Cormorant Field, with only grain-coating illite in
the majority of the oil zone. In the water zone and
the lower parts of the oil zone a further three illite
morphologies were recorded (pore-bridging,
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blooming and replacing kaolin), interpreted to
form after oil emplacement.

While it is easy to imagine why oil filling should
stop illite growth within the oil leg, it is not obvious
why it should stop growth in the adjacent water leg.
Yet K-Ar ages of water leg illite are commonly
similar to corresponding oil leg ages (Hamilton et
al., 1992), despite an apparent supply of solutes and
porewater saturated with respect to illite (Egeberg
& Aagaard, 1989). One explanation is that the oil
filling causes illite growth, perhaps by stirring the
porefluids, by introducing organic acids or CO,
(Small et al., 1992; Barclay & Worden, 2000). In
this hypothesis, the cessation of oil charging ends
illite growth, even in water saturated areas close to
the oil leg. Alternatively, illite precipitation may be
triggered by the decrease of water-rock ratios at the
declining stages of oil charging and associated fluid
movement (Huang et al., 1986).

The ‘event’ interpretation of illite K-Ar data has
clear implications for the interpretation of petro-
graphic data. If illite appears in a well at, say,
140°C, then this does not indicate that illite is
forming at 140°C, but that it formed at some lower
temperature at some point during the past
(Matthews et al., 1994). If both K-Ar ages, and
petrographic data concerning the temperature of
illitization, are available, then this can be demon-
strated. One such study was conducted by
Ehrenberg & Nadeau (1989) on the Garn
Formation (approximate equivalent of the Etive
Formation) of the Haltenbanken area. A rapid
increase in the concentration of illite was observed
below 3.5 to 4.0 km burial depth, corresponding to
present-day temperatures of 130—140°C. Ehrenberg
& Nadeau (1989) concluded that this was the
temperature of illitization, and that 130—140°C was
a kinetic threshold below which illite could not
form at a significant rate. However, this interpreta-
tion implies that the illite should be very young.
K-Ar ages from the Garn Formation ranged from 55
to 31 Ma BP, a mis-match attributed to detrital
contamination by Ehrenberg & Nadeau (1989). A
re-interpretation by the present authors, presuming
the K-Ar ages to be reliable, suggests that
illitization occurred at 110—125°C, between 31
and 55 Ma BP. Subsequent burial has not resulted
in further illitization of the sandstones.

Matthew et al. (1994) used burial curves to
estimate the depths of illitization from published K-
Ar ages for the Jurassic North Sea sandstones:
1800 m (Liewig et al., 1987); 2100 m (Matthew et
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al., 1994); 2400—2800 m (Scotchman et al., 1989);
2500 m (Ehrenberg & Nadeau, 1989); 3000 m
(Thomas, 1986); 3000 m (Matthew et al, 1994).
Such a wide range of burial depths argues against a
simple, thermal (kinetic) control on illitization.

The Dunbar and Alwyn North fields have an
increase in illite corresponding to temperatures of
100—110°C (Le Gallo et al., 1998) from K-Ar ages
and fluid inclusions in quartz overgrowths inter-
preted to be coeval with the illite. While this could
be interpreted as a kinetic barrier effect, Swarbrick
(1994) has suggested, for Alwyn North at least, that
illite grew during periods of hydrostatic pressuring
within the reservoir sandstone, between periods of
significant overpressuring. Sandstone pressure was
modelled using simple 1-D models of compaction
disequilibrium that were able to reproduce present
day conditions. Oil migration was shown to
coincide with illite growth (from K-Ar ages), with
high degrees of overpressure in potential reservoirs
being sufficient to exclude invading petroleum. The
same apparent control of migration by reservoir
overpressure was shown for the Northwest Hutton
field (Swarbrick, 1994).

K-Ar ages of illites from West Heather that dated
illite authigenesis at 89—94 Ma BP (Cretaceous
age) were interpreted to relate to the entry of saline
water into the Brent due to migration of compaction
fluid along major basin boundary faults (Glasmann
et al., 1989c). Differences of 5—10 Ma between
<0.1 pm and 0.1—0.2 pm size fractions support this
interpretation. Here, illite growth is triggered by an
external stimulus, such that the cessation of illite
growth is caused by the withdrawl of this stimulus,
and not directly by changes within the reservoir
such as oil saturation or the depletion of solutes.
Matthews et al. (1994) found that a plot of K-Ar
age vs. depth for illites from the Brent Group and
the upper Skagerrak Formation lay parallel to the
burial curve. This was interpreted to show an illite
formation ‘event’ at ~3000 m burial depth, with no
subsequent recrystallization or argon loss.

One of the principal problems of dating illite is
assessing the purity of mineral separates. X-ray
diffraction analysis is rapid and cheap, but not
reliable for low levels of contamination (<5%) that
can strongly influence results (e.g. Hamilton ez al.,
1989; Clauer & Chaudhuri, 1995). Hence some
workers have used TEM examination, relying on
quantitative examination of small numbers of
crystals. Detrital K-feldspar is relatively easy to
recognize, as the equant fragments are electron
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dense, and dark on photomicrographs (Glasmann,
1992, his fig. 7a). Such clay-grade feldspar is
probably the result of diagenetic corrosion of
much larger detrital grains. Detrital mica can also
be recognized, especially as it is frequently
overgrown by authigenic illite (Glasmann, 1992,
his fig. 7a). A more serious problem is the presence
of detrital illite, either as separate crystallites, or as
cores with authigenic overgrowths. Ideally, detrital
grains should be anhedral, and authigenic grains
should be euhedral, though overgrowths of detrital
grains will complicate the situation. If the illite is
present as discrete contaminant grains, then
selective area diffraction (SAD) can be used,
since detrital illite of high-temperature origin (2M)
and authigenic illite (1M) are usually different
polytypes (see Glasmann, 1992, his Fig. 4). Note
however that Jahren & Aagaard (1989) interpreted
2M illite as authigenic in origin in Haltenbanken. A
potentially more quantitative approach was
attempted by Emery & Robinson (1993), using
Al/K ratios, as described above.

In a review of illite ages from Jurassic sandstones
of the North Sea, Clauer & Chaudhuri (1995)
identified contamination of illite separates as a
major barrier to the meaningful interpretation of K-
Ar ages. The authors were strongly influenced by
the results of Liewig et al. (1987), where
conventional sample preparation resulted in illite
separates with 5—13% K-feldspar (determined by
XRD). Such high levels of contamination are
unusual, but allow for graphical correction to a
pure end-member illite age. Disaggregating the
same samples using a commercially available
freeze-dryer yielded ‘pure’ illite (by XRD), with
ages that agreed well with the end-member illite
ages from the contaminated samples. A more
serious problem with the K-Ar method is contam-
ination of illite separates by levels of K-feldspar too
low to quantify using XRD, but which significantly
affect the results (Hamilton et al., 1989). An
example of a dataset determined on badly
contaminated separates may be the work by
Girard et al. (2002), who presented a set of 12
K-Ar ages of fibrous illite from the Tarbert
Formation. Here, TEM examination revealed
detrital mica and early grain-coating illite as K-
bearing contaminants. Ages ranged from 45-—70
Ma, ie. within the normal range for the Brent
Group (Hamilton et al, 1992). However, using
petrographic relationships calibrated to fluid inclu-
sion data, Girard et al. (2002) concluded that the
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illite grew from 40—10 Ma, possibly coincident
with oil migration at 30—35 Ma (from basin
modelling), and that only the youngest K-Ar age
could be used to give, at best, an estimate of the
upper limit to the real timing of illite growth.

Rb-Sr age dating of authigenic illite. Compared
to the K-Ar method, the Rb-Sr dating technique has
only rarely been applied to authigenic illites.
Liewig et al. (1987) attempted Rb-Sr dating of
illites from Alwyn South. An isochron could not be
constructed, and calculated individual ages of the
samples are unreasonably high (220—350 Ma).
Clauer & Chaudhuri (1995) used the data to
determine *’Sr/*°Sr of the porefluids from which
the illite grew. Initial ratios varied from 0.7136 to
0.7239, with smaller ranges within individual wells.
The data fall into two groups, one of which has a
pure illite end-member ratio of 0.712, the other of
which is indeterminate. Ankerite that was thought
to be contemporary with illite growth had a
878r/%°Sr ratio of 0.709, suggesting that at least
two brines were present during illite growth.

Middle-Jurassic chlorite cements

Chlorite cements are usually only a small
proportion of rock volume; however, the chlorite
seems to inhibit both chemical compaction and
cementation and so preserve anomalous porosity to
great depths of burial (Ehrenberg, 1993). There are
two types of authigenic chlorite: Fe-rich and Mg-
rich (Hillier, 1994). The former are found in
transitional marine to non-marine environments,
such as the Middle-Jurassic sandstones of the
Garn Formation in the Haltenbanken area. Here
the chlorite cements form coatings upon the grains
that post-date the growth of calcite concretions and
mechanical compaction, but pre-date quartz over-
growths (Ehrenberg et al., 1998). This is consistent
with the hypothesis that chlorite does not form
under earth surface conditions, but forms instead
during diagenesis from an Fe-rich clay precursor
such as berthierine or verdine (Worden & Morad,
2003).

The factors that control the distribution of the
cements are problematic, though of obvious
relevance to the petroleum industry where the
prediction of high-porosity reservoirs is of
economic interest. Ehrenberg (1998) used Sm-Nd
age dating to test the hypothesis that the chlorite
cements were controlled by sediment provenance,
i.e. that chlorite was more likely to form from an
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Fe-rich sediment. He concluded that there was no
provenance control on the distribution of chlorite
cements, and that the cements were formed by
Fe-rich authigenesis on the sea floor, localized by
fluvial discharge into a nearshore marine setting.

MIDDLE JURASSIC — PENTLAND
FORMATION

The Pentland Formation represents a non-marine
fluvial, possibly delta-top, environment (Jeremiah
and Nicholson, 1999). It is an important petroleum
reservoir within the Central North Sea, though in
many fields it is only a secondary target after the
more prolific Fulmar Formation. There are very few
publications dealing with the Pentland Formation,
and even fewer describing the diagenesis. Here, we
draw upon our own unpublished work, which is
based upon samples that are buried to between 3100
and 5800 m at temperatures of ~100—200°C.
Authigenic kaolin clay is a conspicuous feature
of the Pentland formation in thin section (Fig. 15),
frequently showing vermiform textures. The kaolin
occurs as clusters that are approximately the same
size as the detrital grains. These clusters may be
pseudomorphs after feldspar, or possibly after
volcanic fragments derived from the contempora-
neous Rattray Volcanics. Given the non-marine
depositional setting of the Pentland formation and
the sub-tropical (i.e. humid) climate, it would have
been reasonable to assume that the Pentland had
been flushed by meteoric water at the time of
deposition. The only surprising thing about the
kaolin is its preservation to high temperatures,
given that illite is generally more stable than kaolin
above ~100°C, as in the Brent Group, above. In

Fic. 15. Photomicrograph of kaolin from the Pentland
formation.
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order to convert kaolin to illite, there must be a
supply of K, as illite contains significant K but
smectite has none. Conventionally, K is supplied by
the dissolution of K-feldspar, which is generally
lacking in the Pentland Formation (0—5%, unpub-
lished data). The Pentland Formation is therefore
deficient in K relative to a ‘normal’ sand. This
would necessarily restrict the reaction of kaolin to
illite, stabilizing kaolin at high temperatures at
which it would normally not survive. There has
been no detailed mineralogical study of the
Pentland Formation published, consequently there
is no data concerning the possible presence of
dickite.

UPPER JURASSIC — CENTRAL
NORTH SEA (FULMAR
FORMATION)

The Fulmar Formation is the principal reservoir of
the Central North Sea. Surprisingly little work has
been published describing the diagenesis, despite
the sometimes extreme burial depths (down to
7 km) that mean that diagenetic modifications to
reservoir properties can be extreme, even to the
extent that most hydrocarbon production is from
secondary porosity (Haszeldine et al., 1999). In the
section below, we draw upon our own unpublished
data. The diagenetic sequence of the Fulmar field,
in which the reservoir is the Fulmar Formation, was
described by Stewart (1986). As this field is buried
to only ~3000 m, diagenetic clays were not seen as
volumetrically important, though this is not true in
many of the deeper sections.

Kaolin clay is largely absent from the Fulmar
Formation (Stewart, 1986; Wilkinson et al., 1994).
Was kaolin formed during shallow burial and
subsequently altered to illite clay, or was it never
formed? Stewart (1986) presumed that kaolin had
never grown, and used this as evidence that
porewater chemistry had never favoured kaolin
formation. However, small quantities of kaolin are
occasionally observed within the Fulmar Formation,
and XRD analysis of the clay fraction commonly
detects significant quantities of this mineral
(unpublished data). The issue is therefore not
straightforward, and is of interest for two reasons.
Firstly, kaolin can react with K-feldspar during
deep burial, to form illite, leaving potentially
important secondary porosity. Also, kaolin is often
regarded as forming during early burial in meteoric
water, and so is evidence of meteoric water ingress
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into a sandstone (Fairbridge, 1967). For a deeply
buried marine sandstone (such as the Fulmar
Formation), it can be difficult to assess if early
meteoric water flushing has occurred (Wilkinson et
al., 1994). As feldspar dissolves during meteoric
flushing, forming secondary porosity, it is important
to know if this process has occurred as part of
understanding the porosity evolution of a sandstone.
There are several lines of evidence to consider:

(1) There are traces of kaolin in the Fulmar even
at extreme burial depths, detected by both XRD and
optical methods (unpublished data). This could be
the remnant of a more abundant, shallow cement
phase.

(2) As the Fulmar sea was bordered by land,
from which ran rivers supplying the sediment
(Jeremiah & Nicholson, 1999), then rainfall on the
land would have entered the groundwater, and
‘meteoric lenses’ of water would have penetrated
into the shallow buried Fulmar sediment.

(3) Kaolin is found in the more shallowly buried
Fulmar on the Western Platform, where burial
depths are not so extreme (<3000 m; unpublished
data).

(4) If an attempt is made to reconstruct the
oxygen isotopic evolution of the porewater within
the Fulmar during burial, then meteoric water
flushing is required, at least for well 29/10—2
(Fig. 16). This well is currently at ~4400 m burial
depth, i.e. intermediate in the regional context.

It has been suggested that the deepest areas of the
Central Graben may never have been subjected to
meteoric water flushing, presumably because they
were too remote from a palaeo-shoreline to be
invaded by a ‘meteoric-lens’ (e.g. Elgin and Franklin
Fields; Hendry et al., 2000). This hypothesis was
based on the preservation of detrital plagioclase that
has been described as ‘pristine’. As plagioclase tends
to dissolve in meteoric water, this is evidence that
meteoric flushing (and kaolin formation) never
occurred. However, on balance, evidence suggests
that the majority of the Central Graben was once
flushed by meteoric water, probably as part of a
‘meteoric lens’ attached to the western shoreline.
Kaolin would have been abundant, but has
subsequently altered to illite, leaving only remnants.
It is possible that the deepest parts of the graben
were not flushed by meteoric water, or perhaps not
for sufficiently long to form significant kaolin at the
expense of plagioclase or K-feldspar.

The clay mineralogy of the Fulmar Formation is
dominated, at present day, by illite. This includes
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FiG. 16. Porefluid evolution diagram from the Fulmar formation in well 29/10-2. While the early part of the curve
is constrained by the stable oxygen isotopic data for very early dolomite and illite (illustrated), the later part of
the curve is drawn using unpublished data from other Fulmar fields. Note the very low temperatures of illite
formation, derived from K-Ar age dates and the regional geothermal gradient. Fractionation equations are from

Land (1983) for dolomite and Yeh & Savin (1977) for illite.

both authigenic, neoformed fibrous illite, and grain-
rimming clay. Some of the latter is probably
recrystallized detrital clay, some of which may
have originally been faecal pellets, now dispersed
by the ubiquitous bioturbation. The original
mineralogy of the detrital clays is unknown,
though was probably smectite or illite-smectite, as
described for the Brent Group, see above. The
authigenic fibrous illite has been described by
Wilkinson et al. (1994) from well 29/10-2, that
lies some 7 km south of the Puffin Field. Late
fibrous illite is an important authigenic phase,
intergrowing with quartz overgrowth (Wilkinson et
al., 1994). The illite is generally nucleated upon the
detrital clay coatings of framework grains, except

where it is replacing authigenic kaolin. A late
bitumen ‘cement’ covers much of the illite, and
makes study difficult.

K-Ar ages of authigenic illite (presumed to be the
late fibrous morphology) fall into two groups
(Darby et al., 1997 and Table 1; Fig. 17). The
earlier group was interpreted as the product of
compactional porewater movements due to a sudden
increase in the subsidence rate, while the younger
were linked to either periods of overpressure release
or to oil migration (Darby et al., 1997). As the K-
Ar ages within well 29/10-2 become younger with
depth (Fig. 18), illite growth is now proposed to
have occurred during slow filling of the structure
with hydrocarbons in the late Cretaceous, between

TaBLE 1. K-Ar age data for illite separates from the Fulmar Formation, well 29/5b-6.

Depth (m) Grain size (um) Radiogenic “Ar  Radiogenic % *°Ar K (wt.%) Age+ ¢ (Ma)
(107" mol/g)

5278 <0.1 4.364 24.49 7.29 34.2+41.7

5400 0.1-0.05 6.571 63.33 6.91 54.0+1.3

5405 0.1-0.05 3.785 19.33 6.56 33.0+2.1

5410 0.1-0.05 5.969 43.95 6.36 53.3£1.6
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Fic. 17. Histogram of K-Ar ages of authigenic illite
from the Fulmar Formation (data from Darby et al.,
1997 and Table 1).

84 and 58 Ma. The well is currently ‘dry’ i.e. does
not contains hydrocarbon in commercial quantities,
so that the original hydrocarbon charge must have
escaped subsequent to illite growth. Residual
bitumen proves that hydrocarbon has been present
in the well. K-Ar ages (Darby et al, 1997 and
Table 1) imply illite growth at temperatures of only
40—65°C in porewaters of meteoric origin (Fig. 16).
This fits the majority of the stable oxygen isotopic
data. This temperature of illite growth is low
compared to the majority of values reported for
the Brent Group (see above), though within the
range of reported temperatures (15—140°C).

The composition of the illite within the Fulmar
Formation plots on the same % K-depth trend as the
Middle Jurassic data (Fig. 12). This suggests that
here also, the ‘illite’ is actually I-S (though there is
only a minor swelling component at such depths),
and that the percentage of smectite decreases during
burial either due to recrystallization or new growth
unaccompanied by dissolution. The increase in K is
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Fic. 18. K-Ar age vs. burial depth for authigenic illite
from the Fulmar formation in well 29/10-2 (data from
Darby et al., 1997). The systematic increase in depth is
taken as evidence that the illite grew during oil filling
of this reservoir. Estimated temperatures at the time of
filling are low, only 40—65°C.
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not apparent in the data from below ~4500 m,
suggesting that the recrystallization/new growth
reaction may have stopped. There is good
agreement between K contents derived by flame
photometry for K-Ar age dating and by analytical
TEM (Table 2, Fig. 12). There is a small discre-
pancy between K contents of the illite separates
determined by flame photometry and atomic
absorption spectrometry (Table 1, Fig. 6) though
not sufficient to alter the interpretation of the data.

Stable oxygen and hydrogen isotopes of illite
extracted for K-Ar age determination show very
similar values to those from the Brent Group
(Wilkinson et al., 1994; Fig. 14). Although
Wilkinson et al. (1994) interpreted the hydrogen

TABLE 2. ATEM analyses of illite prepared for K-Ar age dating from the Fulmar Formation. Results as element
wt.%. Each is an average of four to six analyses.

Depth (m) Grain size K Mg Al Si Ca Ti Fe
(nm)

5278 <0.1 7.2 1.1 13.1 15.5 0.5 0.46 2.6

5400 0.1-0.05 7.3 1.1 13.3 15.8 0.6 .55 22

5405 0.1-0.05 7.3 1.1 13.1 15.5 0.5 0.49 2.8

5410 0.1-0.05 7.0 1.1 12.8 14.8 0.4 0.4 4.0
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isotopic ratios to be reset during burial (on grounds
of the large spread of hydrogen data when
compared to the oxygen data) it is apparent that
instead, the two-fluids model proposed for the
Upper Jurassic Magnus fan sandstone (Macaulay et
al., 1992) could equally be applied, as described
below.

UPPER JURASSIC — SUBMARINE
FAN SANDSTONES

Piper Formation (Outer Moray Firth)

The Piper Formation of Oxfordian—Kimmeridgian
age underlies the Kimmeridge Clay source rocks in
the Outer Moray Firth (Fig. 1). Burley & Flisch
(1989) proposed a complex diagenetic history for
the Piper Formation sandstones involving multiple
phases of illite growth. An early burial (eogenetic)
phase of pore lining illite or I-S cementation
identified by Burley (1986) and Spark & Trewin
(1986) was preserved within the oil zone and dated
as 151-93 Ma using the K-Ar dating method.
Water zone dates were dominated by late stage
fibrous illite grown during, or shortly after, oil
emplacement (mostly 40—70 Ma). These ages
required correction for detrital K-feldspar contam-
ination, yielding corrected ages of 30—65 Ma
(Burley & Flisch, 1989). Oil accumulation was
considered to have taken place ~29—35 Ma ago.
Potassium contents of the Piper illites, as extracted
for K-Ar age determination, fall on the regional
trend of increasing K with depth (Fig. 12). This
implies a significant smectite component in the
‘illite’, and that the proportion of smectite decreases
with depth due to growth of new, pure illite, or by
recrystallization of existing smectite to illite. The
Piper mudrocks are discussed below.

Piper Formation (Inner Moray Firth)

Within the Inner Moray Firth, the sandstones of
the paralic Piper Formation have both vermiform
and blocky kaolin (Spark & Trewin, 1986) but only
minor illite. No attempt was made to elucidate the
relationship between the two kaolin morphologies.
In contrast, kaolin is present only rarely in the
turbiditic Ten Foot sandstone enclosed within the
Kimmeridge Clay Formation and the Claymore
Sandstone member turbidites. This can be attributed
to the lack of meteoric water flushing in turbidite
units. Diagenesis was controlled by the chemistry of
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the depositional porewaters (Spark & Trewin,
1986). Kaolin is also present within the mudrocks
of the Piper formation (Burley, 1986) though
whether it is authigenic or detrital was not
determined.

An arenaceous sequence of Oxfordian age from
the Inner Moray Firth may hold the only
quantitatively abundant early illite cement recorded
within the UK offshore area. Although absent from
marine sandstones, the cement constitutes up to
20% of the solid rock volume in non-marine facies
(Jeans & Atherton, 1989). Described as a ‘mica’,
the 10 A clay occurs as thin fibrous or platy
crystals lining many primary and secondary pores.
K-Ar dating suggests growth from 97—115 Ma,
concurrent with the argillization of the eroded
granite upon which the sandstones were deposited.
Associated mudstones may also contain authigenic
illite (Jeans & Atherton, 1989).

The illite cements must have formed at unusually
low temperatures. The K-Ar ages correspond to
burial depths of only ~1200 m, implying tempera-
tures of 35—40°C. Organic maturity data from
surrounding mudrocks precludes illite growth
during a ‘thermal event’. Jeans & Atherton (1989)
suggest that some of the sandstones may have
included unstable volcanic detrius, and that this
may have caused the formation of early siliceous
and illitic cements, in a closed diagenetic system.

Magnus Sandstone

The Upper Jurassic Magnus sandstone was
deposited on a submarine fan fed from the uplifted
Scottish landmass. The kaolin within the Magnus
sandstone is similar to that recorded in other North
Sea formations such as the Brent Group. Both
vermiform and blocky kaolin are recorded, with the
vermiform morphology most common at the crest
of the field, and blocky kaolin more common on the
flanks (Macaulay et al., 1992). Such a trend could
be re-interpreted as kaolin recrystallization during
progressive oil filling of the reservoir, as in
Wilkinson et al. (2004). There is sufficient
dissolved feldspar within the Magnus sandstone to
account for the formation of all the observed kaolin
in a closed system (Macaulay e al., 1992).

The Magnus Sandstone has the only (blocky)
kaolin isotopic data that are significantly different
from the other North Sea datasets (Fig. 19;
Macaulay et al., 1992). The stable oxygen isotopic
data are indistinguishable from the rest of the
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FiG. 19. Cross plot of stable oxygen and hydrogen isotope ratios for kaolin from the Brent Group and Magnus

sandstones. The range of oxygen ratios is explained by some of the samples being vermiform kaolin (Osborne et

al., 1994) or mixtures of vermiform and blocky kaolin (Brint, 1989). The remainder of the data are from blocky

kaolin, and show a remarkably small range of oxygen isotope ratios. For the hydrogen isotope ratios, the range is

again fairly small, with the exception of the Magnus sandstone data (Fallick et al., 1993). This could indicate

resetting of the hydrogen ratios, but has instead been interpreted as the influence of a porewater with very light
hydrogen isotopic ratios, of unknown origin.

datasets, but the 6D data have a unique range
(Fig. 19), with extreme values less than —100%o
SMOW (Macaulay et al., 1992). As 8'*0 and 8D
correlate, the isotopic data can be explained as a
mixing line between two end-member porefluids.
However, while one fluid is plausibly a typical
evolved basinal fluid, the other would be of unusual
and unexplained composition. It is possible that the
hydrogen isotopes are reset by (for example)
interaction with organic material, though this
would require resetting of oxygen isotopes which
seems unlikely (Fallick ef al., 1993). Macaulay et
al. (1992) interpreted the isotopic data to indicate
the growth of blocky kaolin and illite from stratified
waters over a period of ~35 Ma.

There are two phases of illite precipitation
recorded from the Magnus Sands. Both Rainey
(1987) and Macaulay (1990) observed early, grain-
coating illite and a later fibrous illite contempora-
neous with quartz overgrowth formation. The early
illite consists of ‘hand-shaped’ flakes perpendicular
to the grain surfaces with wispy ends with anhedral
terminations that are likened to the fingers of a

hand. Rainey (1987) interpreted the anhedral ends
as an artifact of air-drying of the samples, while
Macaulay (1990) suggested that they represented
dissolution. The identification of the clay as illite
(as distinct from smectite) was based upon EDS
measurements of the clay composition, and espe-
cially the presence or absence of K. With the very
small particle size, accurate determination would be
impossible. Hence it is possible that the clay was
smectite, though it may now be partly illitized.
The late-stage illite grew contemporaneously
with quartz overgrowths, and was nucleated either
upon the early illite or grew by the progressive
illitization of orthoclase and kaolin (Rainey, 1987,
Macaulay, 1990). Some of the most intensely
illitized kaolin and feldspars occur within the oil
zone, while the least altered kaolin is found within
the water zone (Rainey, 1987). This was interpreted
to suggest that illitization was complete before oil
charging (Rainey, 1987). In contradiction, De’Ath
& Schuyleman (1981) and Heavyside et al. (1983)
both recorded more illite in the water leg of the
reservoir than the oil leg, interpreted as indicating
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that oil emplacement had halted diagenesis.
McHardy et al. (1982) also interpreted illite
growth to be terminated by oil emplacement, and
Macaulay (1990) observed more illite in down-dip
wells than in crestal ones. K-Ar ages (see below)
suggest that illite continued to grow in the water-leg
after oil emplacement (Macaulay, 1990).

Fundamental particles of illite separated from
Magnus sandstones for K-Ar dating are thin
(20-30 A; McHardy et al., 1982; Nadeau, 1985),
ie. 2—3 unit cells thick. Kantorowicz (1990)
interpreted this as due to the relatively short
period of time the Magnus reservoir has spent
above 100°C, only 10—25 Ma. The precipitation of
illite within the Magnus sand may have been
triggered by the influx of CO, associated with the
carly stages of oil generation. Using geochemical
modelling, the influx of CO, was shown to cause
the dissolution of K-feldspar and the precipitation
of quartz, ankerite and illite within an arkosic sand
host (Barclay & Worden, 2000).

Oxygen isotopes. Porewaters within Magnus
Field apparently remained stratified and stable
over at least 35 Ma, during upper Cretaceous and
Paleogene times (Macaulay et al., 1992). Separated
minerals (illite and kaolin, also siderite and
ankerite) show a consistent difference of ~3%o in
380 between crestal and flank wells. In addition,
isotopic data (5'%0 and 8D) for both illite and
kaolin show a strong linear correlation (Fallick et
al., 1993; Fig. 19), interpreted as precipitation of
minerals from fluids of variable composition at
constant temperature (Fallick et al., 1993). This
implies the presence of two isotopically distinct
porefluids within the Brent sandstone, one of which
might be the present-day Magnus reservoir fluid,
but the other is more problematic. Fallick et al
(1993) suggested that a Cretaceous meteoric pore-
water with altered 0D values could be implicated.
The meteoric water is present predominantly within
the crestal area of the field, consistent with entry
during Cretaceous uplift and erosion. The diage-
netic record ends ~55 Ma ago, when K-Ar ages of
illite in the water leg record the cessation of illite
growth.

K-Ar age dating of illite. Authigenic illite from
the Magnus Sandstone yields ages of 88 to 42 Ma
(Macaulay et al., 1992; Emery et al., 1993). The
illite in the oil leg (youngest age 55 Ma) was
thought to record oil filling (Macaulay et al., 1992)
while a younger age in the water leg reflected
continued illite growth after oil filling. The oldest
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recorded age (88 Ma) was rejected as probably due
to sample contamination (Emery er al., 1993).
However, a recent re-examination of this field,
along with basin modelling, has shown that this age
is coincident with oil migration into the field
(Cavanagh, 2002). There are now thought to be
two kitchen areas providing oil to the Magnus
structure, which resulted in a spread of illite ages.
Cavanagh (2002) related all the K-Ar ages to oil-
filling events.

The Brae area

Authigenic kaolin is present within both sand-
stones and mudrocks of the open marine Heather
Formation of the Brae area (Greenwood et al.,
1994). The earliest kaolin is associated with altering
detrital micas, with vermiform kaolin apparently
slightly later in the paragenetic sequence. Figure 3C
of Greenwood et al. (1994) illustrates kaolin that is
very similar to the blocky kaolin described from the
Brent Group (see above), though Greenwood et al.
(1994) do not distinguish this from vermiform
kaolin. It is possible that the process of kaolin
recrystallization described from the Brent Group
also occurred within the Heather Formation. The
kaolin is described as being an alteration product of
detrital feldspar. There are no data concerning the
presence or absence of dickite.

Kaolin is not present within the pro-delta sands
of the Hugin Formation (Greenwood et al., 1994),
even though it is present within the laterally
equivalent Heather Formation, as above. The
difficulty is not, perhaps, so much to explain the
absence of kaolin in the Hugin Formation (which is
unstable with respect to illite at the depths the study
material was taken from) but to explain the
presence of kaolin in the Heather Formation.
Presumably the Heather Formation is deficient in
K, without which the illitization reaction cannot
proceed, as with the Pentland Formation of the
Central North Sea, discussed above. The distribu-
tion of kaolin is not simply controlled by the
distribution of meteoric porewaters during early
burial, otherwise kaolin should be present within
the marginal marine Hugin Formation and absent
from the fully marine Heather Formation. This is
the reverse of the observed pattern.

In the Brae oilfield, the reservoir sandstones are
submarine fans enclosed within the argillaceous
Kimmeridge Clay formation. The paragenetic
sequence for the sandstones of the South Brae
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oilfield proposed by McLaughlin et al. (1994) is
unusual in that the kaolin is proposed to be late,
apparently post-dating the majority of quartz
overgrowth formation. Also unusual is the lack of
clay minerals present compared to the volume of
K-feldspar that has apparently dissolved — there is
so little authigenic clay that it was proposed that
both Al and Si had been exported from the Brae
formation (McLaughlin et al., 1994). It was
suggested that early meteoric water flushing
removed Si and Al so completely from the
formation that no early kaolin was formed, in
contrast with all the other formations in the area.
Later, basinal waters that were forced through the
aquifer during compaction of the basin were
proposed to have been charged with organic acids
that mobilized Si and Al from feldspar dissolution
and removed them from the sandstone. Hence, in
this case, kaolin is proposed to have been largely
absent from the formation because it never formed.
In another shallow-marine sandstone enclosed
entirely by the Kimmeridge Clay formation, Jeans
& Fisher (1986) also found kaolin to be the last
authigenic silicate phase. However, at least some of
the kaolin is enclosed by a concretionary calcite
cement, which presumably post-dates the kaolin.
Again, kaolin is relatively uncommon. The dissolu-
tion of feldspars to form kaolin was related to the
biotic generation of organic acids and the abiotic
generation of CO, (Jeans & Fisher, 1986). In
another similarity to the study of the Brae field
sandstones (McLaughlin et al., 1994; above), Jeans
& Fisher (1986) record two phases of silicate
dissolution with no apparent reaction products.
The sandstones of the Brae area have two
generations of illite. The earlier phase is grain-
coating, and the later, fibrous and porefilling
(McLaughlin et al., 1994; Greenwood et al.,
1994). McLaughlin et al. (1994) described the
Kimmeridgian—Volgian Brae Sandstone, while
Greenwood et al. (1994) worked upon the
Bathonian to Oxfordian Hugin, Sleipner (Pentland)
and Heather Formations. The paragenetic sequences
presented by the two teams differ significantly in
the order of growth of authigenic phases, although
both published studies place the pore-lining illite
after significant diagenetic events (calcite concre-
tion and early quartz overgrowth formation). The
illite would hence be of authigenic origin, rather
than being infiltrated detrital material. However, as
noted elsewhere, concretionary calcite can cause the
dissolution of earlier phases resulting in spurious
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petrographic relationships, so that there is at least
some uncertainty regarding the origin of the pore-
lining illite. The paragenetic sequence of
McLaughlin et al. (1994) shows that the illite clay
rim cement developed in mid-diagenesis, after the
growth of calcite concretions and contemporaneous
with the onset of quartz overgrowth formation. This
implies temperatures of 50—90°C (McLaughlin,
1992). The fibrous, late illite is only a minor
phase in the Brae Formation (McLaughlin et al.,
1994). A single sandstone K-Ar age of 48.5 Ma
from the Sleipner Formation was deemed to be
typical of the North Sea Jurassic sandstones, and to
represent a growth temperature of ~100°C
(Greenwood et al.,, 1994). Stable oxygen isotope
data of illites (two analyses) suggested precipitation
from evolved porewaters of marine origin (+2%o
SMOW; Greenwood et al., 1994).

CRETACEOUS

There is remarkably little published work
concerning the clay minerals of the thick
Cretaceous section from the North Sea, partly due
to the fact that much of the rock is chalk! However,
siliciclastic rocks do exist, and Lower Cretaceous
shales form commercially important seals to
Jurassic reservoirs in many places. There is also a
small siliciclastic component in chalk, and this has
been studied in detail, as below. Maliva et al
(1999) described authigenic clay minerals from
within veins in the chalk, and suggested that they
had been sourced from lower down in the
stratigraphy.

Hendry & Trewin (1995) described a lower
Cretaceous shale, ~100 m thick, from the Scapa
Field of the Witch Ground Graben (Fig. 1). At
burial depths of ~2500 m, the mineralogy was
described as being dominated by smectite and illite,
with subordinate chlorite and kaolin (Jones et al.,
1989). Presumably the smectite is actually present
as I-S, with or without additional discrete illite. The
method of identifying clay phases from the XRD
traces was not described.

The clastic component of chalk can only be
studied after extraction from the carbonate matrix
by acid dissolution or where concentrated as clay
layers, that are thought to be at least partly
diagenetic in origin (Lindgreen et al., 2002).
Around 90% of the clay is a high-smectite I-S
phase and a low-smectite illite-smectite-chlorite
(I-S-Ch) phase, probably of detrital origin.
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However, two samples contain significant amounts
of tosudite and Ch-Serpentine. Diagenetic reactions
involve fixation of Mg (possibly sourced from high-
Mg calcite) and neoformation of a tosudite or of a
random mixed-layer trioctahedral chlorite-
berthierine.

MUDROCKS

The mudrocks of the North Sea are the principal
oil-source rocks, occurring in greatest thicknesses in
the Viking and Central Grabens. Interlayered illite-
smectite (I-S) is an important component of
mudrocks of Jurassic to Paleogene age. The I-S
has been interpreted to be at least partly of
authigenic origin, the product of the alteration of
unstable basic volcanic debris (Pearson et al.,
1983). In detail, the I-S has a vermiculite compon-
ent (see below). While there are only limited
chemical data from the North Sea, there is a
systematic increase in K in the I-S in the shales of
the Piper field (Burley & Flisch, 1989; Fig. 12).
This is indistinguishable from the compositional
change in the illite within sandstones over the same
interval, and presumably reflects an ongoing
smectite-to-illite transition, as below.

Mudrocks throughout the Jurassic sequence have
only a small percentage of smectite layers within
illite-smectite (~20%, Wensaas et al., 1994).
However, there is reasonable evidence that the I-S
was originally more smectitic and has been illitized
during diagenesis. Several studies have documented
a progressive increase in the illite content of I-S
with depth through North Sea Paleogene—Mesozoic
sections, from a wide geographic area including the
Viking Graben—Moray Firth (Pearson et al., 1982;
Pearson et al., 1983; Pearson & Small, 1988;
Burley & Flisch, 1989; Wensaas et al., 1994) and
the Central Graben (Dypvik, 1983; Lindgreen et al.,
1991). For example, within the mudrocks overlying
the Brent Group in the Gulfaks field there is a clear
trend from highly smectitic clays at shallow burial
depth (70—100% smectite) to more illitic clays at
depths of 1.5 to 3.5 km (Wensaas et al., 1994). This
trend is similar to the change in mudrock
composition in the Texas Gulf coast, which has
been the source of much controversy since the work
of Hower et al. (1976). The Brent Group mudrocks
also have a transition from random (R = 0) to
ordered (R = 1) layering with increasing depth,
which is a feature of the Gulf Coast mudrocks. It is
probable that the illitic I-S clays within the Brent
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Group mudrocks were smectite-rich at the time of
deposition, and have been progressively illitized
during burial.

A single K-Ar age from a Brent Group mudrock
of 108 Ma was significantly younger than the
stratigraphic age, but older than K-Ar ages in
interbedded sandstones (Matthews et al.,, 1994).
This was interpreted as a result of progressive
illitization acting on a smectite-rich precursor
mineral. Upper Jurassic mudrocks in the Central
Graben include volcanic clays that are presently
randomly ordered I-S with ~50% illite layers
(Hansen & Lindgreen, 1989). This contrasts with
the enclosing clastic sediment where the I-S has
~70—-90% illite layers. The illitization of smectite
within the volcanic sediments may be inhibited by
lack of K (Ehrenberg, 1991; Chuhan et al., 2000).

Mudrocks both within and above the Upper
Jurassic Piper Formation (Inner Moray Firth) show
progressive illitization of smectite, from ~40%
smectite at 2400 m to practically pure illite at
4200 m (Burley & Flisch, 1989). K-Ar ages of
<0.5 pum size fractions are between 153 and 68 Ma,
with the oldest ages from the most shallow samples,
interpreted as clay neoformation in Jurassic weath-
ering profiles. Deeper illites have only slightly
increased “°Ar, but much increased K due to
illitization, and consequently have much younger
K-Ar ages. Burley & Flisch (1989) interpreted the
data to indicate a two-stage illitization reaction
within mudrocks: dissolution of smectite (with loss
of *°Ar) followed by neoformation of illite.
Illitization was believed to have occurred
50—60 Ma ago.

Volumetrically, the dominant component of the
clay fraction of the Upper Jurassic mudrocks is
mixed-layer illite-smectite-vermiculite (I-S-V; Drits
et al., 1997), which has more usually been
described as illite-smectite (I-S). Drits et al
(1997) recognized three groups of I1-S-V. Group
one I[-S-V is predominantly detrital and has
0.69—-0.73 illite, 0.26—0.20 smectite and
0.04—0.07 vermiculite interlayers, the illite, smec-
tite and vermiculite interlayers being segregated.
Group two I-S-V has been diagenetically trans-
formed and has 0.80 illite, 0.12 smectite and 0.08
vermiculite interlayers, the vermiculite interlayers
being segregated whereas the illite and smectite
have the maximum ordering possible for R = 1. The
I-S-V of group three has been further transformed
during diagenesis and has 0.84 illite, 0.08 smectite
and 0.08 vermiculite interlayers. The interlayer sites



180

within the I-S-V are partly filled with ammonium
ions, the proportion of which increases from 0.03 to
0.20 per O;¢(OH), during burial from
1500—4000 m (Lindgreen et al., 1991; Lindgreen,
1994). The end-member ammonium mineral is
termed tobelite, and the ammonium is believed to
be sourced from maturing organic material (Drits et
al., 2002). The ordering of the I-S changes during
burial, from short-range ordered (IS) to long-range
ordered (ISII; Lindgreen, 1994). The illitization
reaction coincides with oil generation. Dypvik
(1983) recorded discrete smectite as a component
of shales within the Viking and Central Grabens.
The smectite disappears at 65 to 75°C, presumably
due to dissolution or illitization.

Lateral changes in shale mineralogy have been
attributed to differences in detrital input, rather than
to depth-related clay reactions (Shaw & Primmer,
1991). Lower Cretaceous—Upper Jurassic shale
from Central Brae has smectite-rich, randomly
interstratified I-S, where as slightly deeper North
Brae samples have illite-rich ordered I-S. However,
the Central Brae mudrocks are very calcareous,
suggesting that porefluids may have had high Ca®/
K", which would retard illitization (Eberl & Hower,
1976). Hence the observed changes in mineralogy
could still be part of a general illitization of
smectite. The ordered I-S was recorded as ISII or
IS/ISII, and not the IS polytype. Shaw & Primmer
(1991) record both authigenic illite and I-S (as well
as kaolin). Recognisable authigenic clays are
usually restricted to microfossil tests or secondary
pores. Clays within open pores usually lack
diagnostic fabrics, probably due to compaction.

Lindgreen et al. (1991) used a number of
techniques to investigate the smectite-to-illite
transition. As they found that illite layers have
some smectite characteristics, they concluded that
the transformation proceeded by a solid state
mechanism. Studies by TEM of fundamental
particle shape also throw light on growth mechan-
isms (Lindgreen et al.,, 1992). The finest I-S
separates include equal numbers of laths and
equant particles (plates) at ~3500 m, but mostly
equant particles at ~4500 m, suggesting that lath-
like particles enlarge to become equant. Thickness
distributions are dominated by 10A particles at both
depths, though the deeper sample had significant
numbers of 20—60 A thick particles, suggesting
particle thickening by the addition of 2:1 layers.
These layers may develop from the outer edges of
the particles, initially as isolated ‘peaks’, then as
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rims. Rare spiral crystals observed at ~4500 m
suggest that a spiral growth mechanism may also
operate at relatively high temperatures.

Three K-Ar ages of shales from the Sleipner (or
Pentland) Formation of the Brae area (western edge
of the Viking Graben) were reported by Greenwood
et al. (1994). Separated illite samples (115—84 Ma)
were assumed to contain some detrital material,
though this was not quantified. Following Shaw &
Primmer (1991), Greenwood et al. (1994) consid-
ered that the illite in the mudrocks could be formed
by direct precipitation, rather than being the end-
point of the smecite-illite transformation. Stable
oxygen isotope data of separated illites from the
Heather Formation all lie close to equilibrium with
Jurassic marine water at 60—80°C (Greenwood et
al., 1994). It seems unlikely that the connate marine
porewaters within these mudrocks were ever
displaced by externally sourced fluids.

Within the Kimmeridge Clay Formation are two
turbiditic sandstone units, the Claymore Sandstone
Member and the "Ten-foot" sandstone. In both
units, authigenic clay minerals are rare, with only
sparse rim cements of illite-smectite (Spark &
Trewin, 1986).

CONCLUSIONS

(1) The clay minerals kaolin, illite and illite-
smectite are common in North Sea oilfield
sandstones: chlorite is only locally abundant.
Smectite may have been common at the time of
deposition, but has decreased in abundance with
increased burial due to illitization.

(2) Kaolin originated by the dissolution of
feldspars in meteoric porewater. Most UKCS
sandstones have suffered this, including sandstones
deposited on submarine fans. The only sands that
may have escaped this process are the most distal
offshore sands of the Fulmar Formation of the
Central North Sea. Vermicular kaolin formed
during early burial (surface ~40°C) recrystallized
to blocky kaolin at 40—80°C in porewaters with a
predominantly meteoric stable isotope signature. A
relationship between 5'%0 and 8D exists for some
kaolin suites, with depleted 6D values suggesting
direct interaction between clay minerals and organic
matter.

(3) Early pore-lining illite has been interpreted as
both infiltrated clastic clay, and as an early
diagenetic phase. Early clays may have been
smectite-rich illites, or even discrete smectites.
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Later, fibrous illite is undoubtedly neoformed, and
can degrade reservoir quality significantly. Within
both sandstones and shales, there is an apparent
increase in the K content over 4 km of burial,
which could be due to swamping of the early
smectite-rich phase by new growth illite, or to the
progressive illitization of existing I-S. Much of the
‘illite’ that has been dated by the K-Ar method may
actually be I-S. There is an accompanying change
in crystal shape during burial, from laths to plates.

(4) The controls on the formation of authigenic
illite are only poorly known, though temperature
must play a role. Illite growth has been proposed
for almost the entire range of diagenetic tempera-
tures (e.g. 15—20°C Kantorowicz (1984); 35—40°C,
Jeans & Atherton (1989) Oxfordian Sand, Inner
Moray Firth; 50—90°C McLaughlin (1992) Brae
Sst; 100—110°C Le Gallo et al. (1998); 130—140°C
in Haltenbanken, Ehrenberg & Nadeau (1989)). It
seems unlikely that there is a threshold temperature
below which illite growth is impossible (or too slow
to be significant), though this is a recurring
hypothesis in the literature. Instead, illite growth
seems to be an event, commonly triggered by oil
emplacement or another change in the physico-
chemical conditions within the sandstone such as an
episode of overpressure release.

(5) While much is known about illite in the North
Sea, there is much that remains unknown. Most of
these unknowns are equally applicable to the illite
from any sedimentary basin world wide, and must
be viewed within this context. For example, K-Ar
age dates are potentially vital for calibrating basin
models, yet there is no consensus concerning the
degree to which contamination affects the data.
Promising avenues of research include detailed illite
chemistry, or mineralogy.
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