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Asstract:  This paper describes the diagenetic evolution of clay min-
erals in the Rotliegend sandstone reservoir under contrasting burial
histories in the Broad Fourteens basin (Dutch sector, Southern North
Sea). The diagenetic modifications affecting the crystal structure of clay
minerals (both kaolin-group and illitic minerals) were studied using X-
ray diffraction (XRD). The XRD study includes oriented and random
mounts of various size fractions, numerical processing (decomposition)
of XRD profiles, and simulation of one-dimensional and three-dimen-
sional XRD patterns. Petrographic observations, differential thermal
analysis, K/Ar geochronology, and geochemical considerations comple-
ment the XRD study and allow determination of the sequence of min-
eral crystallization and the morphological evolution of clay minerals
and place further constraints on the absolute timing of diagenetic
events and on the nature of the fluids responsible for clay-mineral
crystallization.

From deposition time (~ 275 Ma) to the Kimmerian orogeny (~
155 Ma), crystallization of kaolinite at the expense of K-feldspars was
favored by acid fluids from the underlying Carboniferous Coal Mea-
sures source rocks; kaolinite crystallization is followed by a steady
kaolinite-to-dickite transformation affecting both the structure and the
morphology of kaolin-group minerals. The structural characteristics of
kaolin-group minerals are related to the burial history of the sediments
prior to the Kimmerian orogeny. During the Kimmerian orogeny, rap-
id illitization of kaolin-group minerals was favored both by increased
heat flow in the sedimentary pile and by widespread presence of faults,
which permitted significant fluid flow probably from the Zechstein For-
mation. The morphological and structural characteristics of illitic min-
erals, i.e., illite content of illite/smectite mixed layer (I/S), ratio of illite
to I/S, and three-dimensional structure of illitic minerals, do not rep-
resent the progress of a smectite-to-illite transformation, but these
characteristics clearly reflect the temperature during illitization of ka-
olin.

INTRODUCTION

Diagenetic evolution of clay minerals has been extensively described for
over twenty-five years by many authors. X-ray diffraction (XRD) has been
the essential tool to reveal the diagenetic sequences of clay-mineral trans-
formations. In diagenesis, smectite illitization has been documented mostly
in Gulf-Coast-type basins, where shales make up the bulk of the strati-
graphic section (Burst 1969; Perry and Hower 1972; Hower et al. 1976;
Srodon 1979, 1984a; Velde et al. 1986; Glasmann et al. 1989; among many
others). In addition to being lithologically homogeneous, shales are an es-
sentially chemically closed system (Hower et al. 1976). Indeed, no major
systematic variation in bulk composition has been observed for argillaceous
samples as a function of depth (Dunoyer de Segonzac 1970; Perry and
Hower 1970; Weaver and Beck 1971; Hower et al. 1976).

More recently, diagenetic evolution of clay minerals has been studied in
sandstones, especially in the North Sea, because of the influence of both
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their mineralogy and their morphology on reservoir petrophysical proper-
ties such as permeability (Seeman 1982; Rossel 1982; McHardy et al. 1982;
Morris and Shepperd 1982; Pye and Krinsley 1986; Thomas 1986; Howard
1992). Additionally, the diagenetic evolution of clay minerals has been used
for oil and gas exploration, either for stratigraphic correlations (Fisher and
Jeans 1982) or to determine the timing of clay-mineral emplacement in
response to complex burial history and to resulting porewater chemistry
(Burley 1984; Kantorowicz 1984; Goodchild and Whitaker 1986; Burley
and Flisch 1989). Migration of fluids each with a different composition, in
particular those coming from source rocks, induce parageneses more di-
verse than those in shales (Hoffman and Hower 1979), and vsually fairly
complex sequences of clay-mineral (and non-clay-mineral) neoformation
(see Bjprlykke and Aagaard 1992, for a review of diagenetic schemes pro-
posed for North Sea reservoirs). For example, the various morphologies of
kaolin-group minerals (Throughout the paper the term ‘‘kaolin’’ is used to
describe kaolin-group minerals without specification of the polytype,
whereas “‘kaolinite” refers specifically to the polytype) are usually pre-
sented as resulting from different crystallization episodes (Bjgrlykke and
Aagaard 1992) with major implications for porewater geochemistry (e.g.,
reservoir flushing).

With increasing temperature conditions, a morphological change has
been described for both illitic and kaolin-group minerals from scanning
electron microscope (SEM) observations (Giiven et al. 1980; Pollastro
1985; Keller et al. 1986; Inoue 1986; Ehrenberg et al. 1993; Kantorowicz
1984; Thomas 1986) and transmission electron microscope (TEM) obser-
vations (Inoue 1986; Inoue et al. 1987; Inoue et al. 1988: Glasmann et al.
1989; Lanson and Champion 1991). Whatever the geological environment
(hydrothermal, geothermal, or diagenetic) and to a first rough approxima-
tion, illitic minerals have mostly flaky habits when randomly interstratified
illite/smectite mixed layer (I/S) is dominant, hair-like or lath-shaped par-
ticles when ordered I/S dominates, and mainly platy particles when end-
member illite becomes the essential phase. In diagenesis, the morphology
of kaolin-group minerals also changes from vermicular aggregates to block-
ier crystals along with their polytype modification from kaolinite to dickite
(Ehrenberg et al. 1993; McAulay et al. 1993). Although related, both mor-
phological and structural transitions are not strictly interdependent. The
morphological change has been observed in various reservoir formations
of the North Sea (Kantorowicz 1984; Thomas 1986; Osborne et al. 1994),
but the kaolin polytype modification was not investigated.

Along with the morphological changes, and probably at their origin, the
structure of these clay minerals is modified. In both shale-dominated and
sandstone-dominated environments, clay mineral structure is usuvally stud-
ied by X-ray diffraction on oriented preparations of clay separates. Con-
sequently, structural information is restricted to one dimension along the
c* axis, i.e., in the case of mixed-layer illite/smectite, relative proportions
of smectite and illite layers, as well as the ordering type of the I/S. How-
ever, because the crystal morphology depends not on the stacking sequence
of individual layers but on the three-dimensional (3-D) structure of ele-
mentary layers, the usual approach needs to be complemented with study
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of clay-mineral structure by X-ray diffraction on randomly oriented pow-
ders. The evolution of the 3-D structure of illitic material from a hydro-
thermal environment has been reported previously by Drits et al. (1993).

Here we present a thorough characterization of the diagenetic evolution
of clay minerals in the Rotliegend sandstone reservoir of the Broad Four-
teens basin (Dutch sector, Southern North Sea) and determines the sequence
of diagenetic reactions affecting several blocks with contrasting burial his-
tories. We also describe the structural modifications affecting clay minerals
(both kaolin-group and illitic minerals) by numerical processing of the
XRD profiles recorded on oriented preparations, by XRD on randomty
oriented specimens, and by differential thermal analysis (DTA). Additional
K/Ar dating and chemical considerations allow further constraints to be
placed on the absolute timing of diagenetic events and on the nature of the
fluids responsible for clay-mineral crystallization, respectively.

GEOLOGICAL SETTING

The Lower Permian Rotliegend reservoir is the most important gas res-
ervoir of the southern Permian gas province, which extends from the British
sector of the Southern North Sea to Poland (Gaupp et al. 1993). Rotliegend
deposition took place in an arid continental basin with areas of eolian
dunes, wet interdunes, and alluvial-fan sequences (Glennie 1972). The Rot-
liegend reservoir is 200-300 m thick and is sealed vertically and laterally
(locally) by Upper Permian Zechstein evaporites. Rotliegend sandstones
show a marked variability in depositional texture and mineralogy from
facies to facies. Within the study area, stratified eolian sandstones are usu-
ally well sorted with rounded grains; they range from quartz arenites to
sublithic arenites. Wet interdune facies consist of fine to medium, poorly
sorted argillaceous sandstones. Fluvial sandstones are poorly to moderately
sorted and range from sublithic arenite to conglomerate. The petrophysical
parameters of the Rotliegend reservoir show a marked variability, which is
strongly influenced by the combined effect of primary sedimentology and
subsequent diagenetic history (Seeman 1982).

The study area, known as Broad Fourteens Basin (BFB), is in the Dutch
sector of the southern North Sea (Fig. 1). It lies in a graben trending N30-
40°W whose subsidence began during Permian time and reached maximal
burial depth during the Late Jurassic. In the BFB, the Rotliegend sequence
lies unconformably upon Carboniferous source rocks (Westphalian Coal
Measures). In the central part of the graben, the sedimentary pile may be
almost complete (from Carboniferous to Quaternary), whereas the margins
of the basin have been buried much less deeply because of a lower sedi-
mentation rate and repeated deposition and erosion cycles (van Wijhe
1987). The major part of the BFB has been deeply eroded during a complex
tectonic history that, after general subsidence from Permian to Middle Ju-
rassic, began with the regional uplift and the increased heat flow of the
Kimmerian orogenic phase related to the opening of the Atlantic Ocean
(~ 155 Ma) and was followed by two other tectonic disturbances during
Cretaceous and Tertiary time (Lee et al. 1989). As a consequence of this
complex structural history, the Permian North Sea basin was broken into
numerous fault blocks, each with a unique burial history. In the BFB, the
Lower Permian formations show dramatic differences in present burial
depth (from 2500 m to 4500 m) over relatively short distances. Addition-
ally, these present depths are usually less than maximum burial depths
attained before the Kimmerian uplift over the whole BFB area (van Wijhe
1987). From vitrinite reflectance and sonic velocity data, differences be-
tween maximum and present burial depths reach 1500-2000 m in the mid-
die part of the basin (Petroland, internal report). Throughout the paper,
estimated maximum burial depth is used as an indicator of diagenetic con-
ditions, because of its objectivity. However, burial temperature is related
to the maximum burial depth parameter; it increases regularly with burial
depth from deposition time (~ 275 Ma) to the Kimmerian orogeny (~
155 Ma). Additionally, during the Kimmerian orogeny increased heat flow
raised temperature to its maximum, ranging from ~ 110°C (3000 m) to
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Fig. 1.—Location map of the Broad Fourteens Basin structure in Southern North
Sea. The location of the six wells studied (circles labeled 1-6) is shown relative to
the graben structure.

~ 165°C (5000 m), in agreement with fluid-inclusion data (Petroland, in-
ternal report).

Diagenesis of Rotliegend sandstones has been studied all over the south-
ern North Sea and northern Europe (Rossel 1982; Seeman 1982; Pye and
Krinsley 1986; Goodchild and Whitaker 1986; Lee et al. 1989; Bjgrlykke
and Aagaard 1992; Platt 1993; Gaupp et al. 1993). Even though the nature
of the authigenic minerals is relatively simple (quartz overgrowths, car-
bonate and sulfate cements, and clay minerals in which kaolinite and/or
illitic minerals predominate), the diagenetic histories proposed by the var-
ious authors remain rather controversial. There are strong divergences on
the timing of mineral authigenesis; on the basis of petrographic or textural
parameters, several crystallization stages are usually suggested, even on a
very local scale. Similarly for clay minerals, several generations of illitic
minerals and/or kaolinite, related to the major tectonic episodes, are usually
invoked, with major implications for reservoir geochemistry and hydrology
(e.g., flushing of meteoric water).



CLAY-MINERAL CRYSTAL STRUCTURE

TaBLE |.—Present burial depth and estimated maximum burial depth (see text) for
the six wells studied

Present Estimated Maximum

Samples Depth Burial Depth
Well Collected (m) {m below sea floor)
1 13 2975-2990 3000
2 12 3320-3495 3300-3500
3 19 4230-4503 3200-4500
4 14 2480-2546 4500
S 13 2880-2970 5000
6 14 2893-2932 3500

SAMPLES AND METHODS

Samples.—The core samples of Rotliegend sandstone reservoir we stud-
ied (Table 1) were collected from six wells, five of which are roughly
distributed along a cross section of the Dutch part of the BFB (Fig. 1). The
sedimentary facies, and consequently the initial mineralogy, of the six wells
are fairly homogeneous (eolian sandstones). The estimated paleo-burial
depths and the temperatures experienced by the Rotliegend sandstones in
these wells before Kimmerian uplift increase from east (~ 3000 m; Well
1) to west (~ 5000 m; Well 5). Authigenic clay minerals are mostly kaolin
and illitic minerals. The sixth well was sampled in the southern part of the
BFB from a zone in which kaolinite is absent.

Sample Preparation—Samples were gently crushed to obtain grains
about 2 mm in diameter. Rock fragments were then shaken mechanically
in water for 12 hr to extract as much clay-size material as possible. Next,
remaining rock fragments and coarser grains (approximately > 50 p.m)
were removed by sedimentation, and the suspension was ultrasonically dis-
persed. The < 3.0 pm size fractions were obtained by sedimentation (up-
per 2 cm of the suspension after settling for 15 minutes). When larger
quantities of material were required, as for K/Ar dating or XRD on ran-
domly oriented preparations, size fractionation was performed as follows.
(1) From a < 20.0 pm fraction, the < 1.0 pm fraction was thoroughly
extracted by successive dispersion and sedimentation cycles, the > 1.0 pm
being collected as < 20.0 wm fraction. (2) With successive dispersion and
centrifugation cycles, the < 0.2 pum fraction was extracted first from the
< 1.0 pum size fraction. (3) The 0.2-0.5 pm fraction was extracted in a
second senes of dispersion and centrifugation cycles. (4) The remaining
fraction (0.5-1.0 wm) was collected. No cation exchange was performed.
This is assumed to have little influence on peak position, because the I/S
are highly illitic. Lanson and Besson (1992) showed on samples with very
similar clay parageneses that Sr saturation does not significantly modify I/
S peak position. Furthermore, Lanson (1990) showed theoretically that the
presence of up to 25% smectite layers saturated with one water layer does
not greatly influence peak position for such highly illitic I/S (> 90% illite).
Oriented slides were prepared by drying a few milliliters of the suspension
on an aluminum slide. High-gradient magnetic separation (Righi and Ja-
dault 1988) was performed using a 0.5 T magnetic field on a few samples
to separate part of the detrital mica from well crystallized authigenic illite.

For SEM observations, freshly fractured rock fragments were gold-coat-
ed. SEM observations were made on either a JEOL-35C or a JEOL-6400,
both equipped with an energy dispersive spectrometer.

DTA analyses (thermogravimetry; TGA) were performed on the < 20.0
jm size fraction because of the greater abundance of kaolin-group minerals
(see below). Analyses were performed on a Netzsch STA 409 EP, heating
a 20 mg sample up to 1100°C at 10°C/minute.

Size fractionation for K/Ar dating was performed as described above;
sample mineralogy was checked by XRD both on oriented clay slides and
on randomly oriented preparations. Argon was measured using a mass spec-
trometer calibrated for 3Ar and corrected for 3Ar. K was measured using
a flame spectrometer, or using the isotope dilution method if the K content
was too low.
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TasLe 2.~—Experimental conditions used for X-rav diffraction data collection

Angular
Range Scanned Step Size Counting
° 20 Range 20 Time
Type of Preparation CuKa A CuKa Seconds
Randomly oriented preparations 2-70 44.0-1.35 0.02 1.0
{bulk rock)
Randomly oriented preparations 2-70 44.0-1.35 0.01-0.02 60-120
iclay separates) 19-36 4.65-2.50
Oriented slides 2-33 44.0-2.7 0.02 1.2
(clay separates—air-dried state)
Oriented stides 2-23 44.0-39 0.02 12
(clay separates—glycerol solvated)
Oriented slides for decomposition 2-14 44,0-6.3 0.01 5.0
(clay separates—air-dried state) 14-33 6.3-2.7 0.025 5.0
Oriented slides for decomposition 2-23 440-39 002 5.0

(clay separates—glycerol solvated}

X-Ray Diffraction.—All samples were run on a Philips PW1729 dif-
fractometer equipped with a stepping-motor drive on the goniometer, and
a sample spinner. Motor and intensity acquisition commands were effected
using a Socabim DACO system. Diffracted-beam-monochromated Cu
K., radiation was used (30 kV, 50 mA). Divergence slit, receiving slit,
and scatter slit were 1°, 0.1 mm, and 1°, respectively. Variable slits were
used to run oriented slides of clay separates. Glycerol solvation was per-
formed using liquid glycerol as a spray. Relative humidity was not con-
trolled during data collection. Experimental conditions used for XRD data
collection are detailed in Table 2.

XRD Profile Interpretation.—Phase identification with XRD is com-
monly performed by comparison with simulated profiles, but the trial-and-
error method is so time-consuming that various alternative methods have
been proposed for ‘‘quick’ identification of clay minerals and especially
of I/S (Srodoni 1979, 1980, 1981, 1984b; Watanabe 1981, 1988; Velde et
al. 1986). However, these methods are difficult to apply routinely, either
because they require measurements on low-intensity higher-angle peaks or
because they necessitate separation of diffraction effects from the various
clay phases coexisting in the sample (Lanson and Besson 1992). Usually
these phases are characterized globally with the Kubler index (Kubler 1964,
1968), and no detail can be obtained on individual populations (e.g., I/S
and illite relative proportions, I/S composition, illite crystallinity). To take
into account the simultaneous presence of several phases (I/S mixed-lay-
ered phases) with closely related crystallographic characteristics resulting
from illitization kinetics (Lanson and Velde 1992), XRD profiles must be
processed numerically. XRD profile decomposition allows accurate char-
acterization of these coexisting phases and of their respective evolutions
{Lanson and Besson 1992; Lanson and Velde 1992). We used the DE-
COMPXR program (Lanson and Champion 1991; Lanson and Velde 1992)
on our samples to show changes in /S composition (i.e., illite content) by
determining the I/S peak position (Fig. 2). Decomposition was performed
routinely on the 5-11° 26 (17.6-8.0 A) range of the air-dried (AD) profile.
However, as suggested by Lanson and Velde (1992), identification of the
various populations of illitic particles (I/S, poorly crystallized illite, well
crystallized illite) performed on this limited range was checked, for some
samples, against data available from other diffraction bands of the AD
profile. Additionally, special attention was paid to obtain consistent results
also from the decomposition of both AD and glycerol-solvated (GLY) pro-
files of the same sample (Fig. 2).

Further, with XRD profile decomposition it is also possible to follow
both (1) the change in relative proportions of I/S and illite (sensu stricto)
by using intensity ratios between I/S and both illite peaks and (2) the
evolution of illite (sensu stricto) crystallinity (i.e., mean coherent scattering
domain size; CSDS). Lanson et al. (1995) developed a new crystallinity
index to take into account both the relative proportions of poorly and well
crystallized illite peaks (PCI and WCI, respectively) and the mean CSDS
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of the poorly crystallized population (which influences both the PCI peak
position and its full width at half maximum intensity; FWHM):

0.1
ToIntpey FWHMper (PoSpe; — Poswer)

Relative intensity of the PCI peak, i.e., PCl int(PCl int. + WCl int. +
I/S int), is expressed in percent, and peak positions are expressed in A,
whereas peak FWHM is expressed in °20 Cu K,. When illite is better
crystallized, this index increases, as the CSDS, whereas the Kubler index
decreases. Differentiation between PCI and WCI is simply a convenient
way to describe the illite population; it does not imply the actual existence
of two distinct populations of illite particles (Lanson and Meunier 1995).

Characterization of the polytype and of the distribution of the cations

Crystallinity =

this angular range (one peak on each side of
10.0 A).

between, for example, the cis and frans octahedral sites is based on com-
parison with computer-simulated XRD profiles (Drits et al. 1990; Reynolds
1993). According to Drits et al. (1993), diagnostic peaks (Fig. 3, Table 3)
are located in the 19-34° 20 range (4.65-2.65 A). The characterization of
kaolin-group minerals was performed on the 19-26° 20 (4.65-3.45 A)
range (Fig. 4, Table 4) using XRD data of Bailey (1980). Additionally,
(11-1) and (02-1) kaclinite peaks were used to estimate structural disorder
in kaolinites (Drits et al. 1990).

EXPERIMENTAL RESULTS

Petrology

Diagenetic Sequence.—In Rotliegend deposits, dissolution of detrital
minerals (mostly feldspars) and pore filling by authigenic minerals (car-
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Fic. 3.—Diagnostic lines for illite polytype identification. d values and relative intensities for the various polytypes have been calculated by Drits et al. (1993). Solid
line, 2M, polytype; regular dashed line, 1M with octahedral trans sites vacant (IMt) polytype; irregular dashed line, IM with octahedral cis sites vacant (1Mc) polytype.
Experimental XRD patterns are from the (.5-1.0 pum size fraction of samples Well 2, 3350 m (top) and Well 3, 4248 m (bottom).

bonates, quartz, kaolin, illitic minerals, sulfates) indicate a diagenetic se-
quence similar to that described by Rossel (1982) for clay minerals and by
Pye and Krinsley (1986) for carbonates and evaporite minerals. The general
sequence can be summarized as follows:

(1) Early crystallization of carbonates (mostly siderite) and possibly sul-
fates.

(2) Progressive infilling of primary pores by euhedral carbonates (fer-
roan dolomite to ankerite), quartz overgrowths, and kaolin aggregates. Nu-
merous features of intergrowth (i.e., mutual stopping of faces) between
these three phases may be observed (Fig. 5A, B). Dissolution of both pla-
gioclase and K-feldspar is clearly concomitant with the crystallization of
euhedral carbonates, kaolin, and quartz, as deduced from petrographic ob-
servations (mutual stopping of carbonates, kaolin and quartz growth faces),
as well as from XRD data (inverse evolution of the relative proportions of
carbonates, quartz, and kaolin on the one hand, and of plagioclase and K-
feldspar on the other hand).

TasLe 3.—Positions and Miller indices for X-ray diffraction lines characteristic of
illite IM with octahedral trans sites vacant (IMt), IM with octahedral cis sites
vacant (IMc), and 2M, polytypes (from Drits et al. 1993)

IMt 1Mc M,
Pos. (A hki Pos.(A) bk Fos.(A) K Remark
3.655 -112 3.591 -112 Peak shift is characteristic of
IMt-1Mc illite polytypes
3.073 112 3.126 12 Peak shift is characteristic of
IMi-1Mc illite polytypes
3.885 11 3889 13 Line common to 2M1 and
IMc polytypes
2.873 -3 2,870 115 Line common Lo 2M1 and
IMc polytypes
3.735 023 Characteristic line for 2M1
3.500 —114 Characteristic line for 2M1
3.208 114 Characteristic line for 2M1
299 025 Characeeristic line for 2M1

(3) Illitization at the expense of kaolin aggregates (Fig. 5C, D). Most
often, hematite is associated with illitic minerals.

(4) Late crystallization of sulfates (anhydrite and barite) and less com-
monly siderite. These cements postdate illitization and locally seal both
primary and secondary porosity. These minerals are especially abundant
close to the Zechstein evaporitic cap, which overlies the Rotliegend sand-
StONes reservoir.

Variations in Diagenetic Sequence of Non-Clay Minerals.—Except
for relative proportions and abundances of kaolin-group and illite-group
minerals, which are described extensively below, diagenetic features ob-
served in the six wells are fairly uniform, with three exceptions. (1) There
are slight changes in the nature of authigenic non-clay minerals, e.g., the
local presence of authigenic albite, late siderite, or traces of carnallite. (2)
Textural changes such as progressive increase in average grain size occur
with increasing paleo-burial depth. (3) There is a clear increase in disso-
lution of detrital K-feldspar and plagioclase with burial depth. At shatlower
burial depth (3000 m; Well 1), K-feldspar is common and only partly
dissolved, whereas no K-feldspar relics remain below the burial depth of
4000 m. Although very altered, plagioclase is still present in Well 1 (3000
m} and at the top of Well 2 (3300 m); no plagioclase is observed below a
burial depth of 3400 m.

Kaolin-Group Minerals

Petregraphy and Morphology.—Kaolin was observed in the five wells
of the middle part of the BFB (Wells 1 to 5) in relative proportions varying
from 1% to 15%. This large variation is related neither to the well location
nor to estimated maximum burial depth or temperature. Kaolin is absent
in the Rotliegend sandstones of the well in the southern part of the BFB,
which contains significant proportions (up to 5% in volume) of detrital K-
feldspars and is strongly illitized. Kaolin is developed mostly as pore-filling
aggregates of coarse-grained crystals, and occasionally as isolated crystals
scattered on detrital quartz grains.
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Fic. 4 —Diagnostic lines for kaolin-group mineral identification. d values and relative intensities are from Bailey (1980). Regular dashed line, dickite; irregular dashed
line, kaolinite. Experimental XRD patterns are from the 1.0-20.0 pm size fraction of samples Well 1, 2976 m (top), Well 2, 3358 m (middle), and Well 3, 4248 m

(bottom).

Where present, kaolin shows regular changes in morphology with in-
creasing maximum burial depth. In the well with the shallowest burial
(estimated to be 3000 m, ~ 110°C), kaolin shows vermicular habits typical
of kaolinite (Fig. 6A); the average diameter of kaolinite books is << 10
pm. Intergrowths of larger (diameter > 10 pm) blocky crystals (dickite)
are in some places observed within the pore-filling vermicules of kaolinite.
The thickness (along the ¢* axis) of hexagonal kaolinite books increases
regularly with depth (~ | wm around 3500 m; Fig. 6B), and the average
diameter of these mixed kaolin books increases to 20 m around 3500 m
(Lanson et al. 1995). Further, crystals with dickite morphology can be
clearly seen in the stacking sequence of thin euhedral plates (Fig. 6B). At
an estimated burial depth of 4000 m, the number of kaolin crystals stacked
on top of each other strongly decreases. Stacks of a few dickite crystals
totally replace kaolinite book structures. In wells with deeper burial (4500
m), dickite pseudomorphs of kaolinite books are no longer observed; all
the kaolin is formed by aggregates of individual coarse-grained isometric
dickite crystals whose diameter may be larger than 25 wm (Fig. 6C). In
Well 2, this conversion occurs over a depth interval of only 300 m from
top to bottom of the Rotliegend sandstone reservoir.

TasLE 4.—Positions and Miller indices for X-ray diffraction lines characteristic of
kaolinite and dickite (from Bailey 1980)

Kaolinite Dickite
Position Pasition
(A) hki A) hk! Remark
4,46 020 4439 11-1 Peak shift indicates the presence of
kaolin polytypes
4.18 11-1 Structural disorder in kaolinite
413 i-1-1 4.119 11-2 Peak shift indicates the presence of
kaolin polytypes
3.7% 022 Additional dickite line
3.428 12 Additional dickite line
3845 02-1 Structural disorder in kaolinite

All kaolin-group minerals, whatever their polytype, were subjected to
dissolution during subsequent illitization. Dissolution of the kaolins is
closely related to illitization intensity in the various wells. Typically, partly
dissolved books of kaolinite show ragged or rounded edges (Lanson et al.
1995), whereas partly dissolved blocky crystals of dickite show smoothed
shapes without preferential direction of etching (Fig. 6D).

X-Ray Diffraction—The steady evolution of kaolinite to dickite with
increasing estimated maximum burial depth is clearly shown in Figure 7. The
shallowest samples contain mostly poorly crystailized kaolinite (very weak
11-1 and 02-1 kaolinite peaks). Then, within a rather narrow range of burial
depth (3350-3450 m, Well 2) improvement in kaolinite crystallinity is man-
ifested by increased intensity of kaolinite 11-1 and 02-1 peaks. At the bottom
of Well 2 (~ 3500 m) the transition between this well-crystallized kaolinite
and dickite is achieved, and only dickite can be identified in deeper samples.
The polytype modification occurs prior to the major change in morphology,
i.e., the evolution from thick booklets to blocky crystals.

Differential Thermal Analysis.—The progressive character of the ka-
olinite-to-dickite transition is also clearly shown using DTA (Fig. 8). The
0.5-1.0 pm fraction of sample from 2976 m in Well 1 has a dehydroxy-
lation temperature profile characteristic of kaolinite (Mackenzie 1970). On
the contrary, the well crystallized kaolinite, which is present in a more
deeply buried sample (3350 m, Well 2), has a broadened dehydroxylation
temperature peak that is clearly shifted towards higher temperatures, i.e.,
towards the dehydroxylation temperature of dickite. In addition to the de-
hydroxylation peak characteristic of dickite, such a broad shifted peak is
observed also in the DTA profile of sample from 4285 m in Well 3 even
though this sample contains exclusively dickite (see above).

Hllitic Minerals

Petrography and Morphology.—The petrography of illitic material in
the BFB is very similar to what has been reported previously for the Rot-
liegend sandstones reservoir in other areas (Rossel 1982; Goodchild and
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Fic. 5.—A) Sample from Well [ (2988 m). Simultaneous growth of kaolinite books and quartz inducing intergrowth features. Additional presence of authigenic ankerite.

B) Sample from Well 4 (2479 m). Simultaneous crystallization of dickite and quartz,

showing mutual stopping of growth faces. C) Sample from Well 3 (4285 m). Iltite

crystallization on kaolin growth sites (see A and B) at the surface of a quartz crystal. D) Sample from Well 2 (3492 m). Illitization of kaolin aggregates.

Whitaker 1986; Pye and Krinsley 1986: Lee et al. 1989; Platt 1993; Gaupp
et al. 1993). Illitic minerals typically are present either as aggregates of
monocrystalline euhedral crystals as replacements of pore-filling kaolin ag-
gregates (Fig. SD) or as coatings 5-15 wm thick on the surfaces of the
framework quartz grains (pore-lining; Fig. 9A). In wells showing intense
illitization of Rotliegend sandstones, these coatings are often two-layered,
with a compact inner layer and an outer layer composed of laths growing
radially into the pores and filling intergranular voids (pore-bridging; Fig.
9A, B). Additionally, authigenic illitic minerals commonly grow on the
surface of secondary quartz grains and Mg- and Fe-carbonates and as re-
placement of kaolin (Fig. 5C).

The shape and size of illitic-mineral euhedral crystals vary significantly
with estimated maximum burial depth. In the shallowest well (3000 m),
illitic crystals are very elongated, filamentous, almost one-dimensional par-
ticles (whiskers; Fig. 9B). The maximum width of these hairy illitic par-
ticles reaches 0.3-0.5 p.m. With increasing paleo-burial depth, illitic min-
erals show first a more rigid lath morphology (Fig. 9C). These lath-shaped
crystals are assumed 10 be elongated along their a axis (Rex 1965; Mc-
Hardy et al. 1982); their maximum width is about 2.0 wm at 3500 m
(Lanson et al. 1995), and reaches 3.0-5.0 wm below 4000 m. Crystal coars-

ening of illitic minerals with increasing depth is associated with a mor-
phological evolution. Even though lath-shaped particles make up the dom-
inant population of illitic minerals throughout the six wells studied, what-
ever their estimated maximum burial depth, isometric pseudo-hexagonal-
shaped particles are present from 4000 m and deeper (Fig. 9D); the
proportion of these isometric plates increases with depth. Their maximum
diameter attains 3.0-5.0 wm around 4500 m (Lanson et al. 1995). This
morphological evolution is related to the modification of the 3-D structure
of illitic minerals with increasing paleo-burial conditions.

Finally, even though crystal size and morphology are related to maxi-
mum paleo-burial depth in the six wells studied, the intensity of illitization
(abundance of illitic minerals in the clay-size fraction) of the Rotliegend
reservoir varies from one well to another independently of depth. For ex-
ample, relative intensities of illitic minerals and kaolinite peaks on XRD
diagrams (Fig. 10) and SEM observations indicate that dissolution of kaolin
and illitization are intense in Well 5, whergas in Well 4 kaolins are only
slightly altered and illitization is weak and not pervasive, in spite of the
very similar burial histories of the two wells.

X-Ray Diffraction.—In diffractograms of oriented preparations (both AD
and GLY) from the Rotliegend reservoir clay separates (Fig. 10) one can
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Fic. 6.—A) Sample from Well | (2976 m). Kaolin-group minerals exhibit vermicular habits typical of kaolinite (books). B) Sample from Well 2 (3494 m). Stacks of a
few thick dickite crystallites replace kaolinite books. C) Sample from Well 4 (2484 m). Coarse isometric dickite crystals. Note the dramatic change in the morphology of
dickite. D) Sample from Well 4 (2507 m). Among unaltered dickite crystals. partly dissolved blocky crystal of dickite has smoothed shapes without preferential direction

of etching.

observe the classic increase of illite *‘crystallinity”” (decreasing width of the
10.0 A band) with increasing burial depth. This increase results both from
illite growth on both illite and I/S particles and from crystallization of illite
at the expense of illitic I/S. The decomposition treatment (Fig. 11) allows
one to separate the contributions of the various effects on peak shape. In
Figure 11, one can note visually both the decrease in I/S peak relative inten-
sity, related to illite crystallization at the expense of illitic I/S, and shift of
the VS peak towards 10.0 A, related to illite growth on I/S particles. Fur-
thermore, relative intensities of poorly and well-crystallized illite peaks vary
with estimated maximum burial depth. The well crystallized micaceous phase
was identified as authigenic illite except for the shallower sample (Well 1,
2976 m), in which detrital mica has been observed. Most of this detrital
contribution is removed with high-gradient magnetic separation (nonmagnetic
fraction), whereas for more deeply buried samples such a treatment does not
modify the relative intensities of poorly and well crystallized illite peaks.
Consequently, only poorly crystallized authigenic illite is present in the shal-
lower sample; with increasing maximum burial depth, the relative conﬂtribu-
tion of WCI increases, and the PCI peak position shifts towards 10.0 A and
becomes sharper, to indicate an increasing mean CSDS. From the decom-

position procedure, these changes can be quantified accurately (Figs. 12A-
C). Figures 12A-C show that any of these parameters, i.e., I/S peak intensity
ratio (I/S relative abundance), I/S peak position (illite content of I/S), and
illite crystallinity (illite mean CSDS), evolves steadily with increasing burial
depth and is characteristic of the maximum burial depth reached by the Rot-
liegend sandstone reservoir.

In addition to this evolution of the illite/smectite stacking sequences
(thickness of the stacking sequences, as well as relative proportions of both
end members) along the ¢* axis, the 3-D crystallochemical structure of
these illitic minerals evolves with burial depth (Fig. 13) from IM with
octahedral trans sites vacant (1Mt) to 1M with octahedral cis sites vacant
(1Mc). Relative intensities of their respective -112 and 112 XRD peaks
show that 1Mt is the prevailing polytype in shallower samples, whereas
the proportion of 1Mc polytype increases with burial depth as indicated
also by the increased intensity of IMc XRD peaks (e.g., 111, -113). This
polytype evolution occurs even for small differences in burial depth (e.g,,
from top to bottom of Well 2; Fig. 13). Furthermore, the proportions of
IMc polytype also increase with the size fraction (Fig. 14).

K/Ar Geochronology.—The problem of contamination by detrital illite is
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Fic. 7.—Evolution of the 3-D crystaitlographic structure of kaolin-group minerals as a function of estimated maximum burial depth. From top to bottom: 1.0-20.0 wm
fractions of sumples from Well 1 (2076 m), Well 2 (3350 m, 3358 m, 3445 m, and 3495 m), Well 3 (4248 m), Well 4 (2545 m), and Well 5 (2968 m). Patterns for
kaolinite (Dry Branch) and dickite {St. Claire, PA) reference samples are same as in Figure 4.

minimized by the eolian origin of the samples studied (Lee et al. 1989).  six wells are fairly consistently between 145 Ma and 165 Ma and were not
Contamination and dilution by other phases was checked by XRD, and min-  differentiated (Fig. 15; mean value 157 Ma). These values coincide with the
imal dilution by non-K-bearing phases is supported by the fairty high K first period of regional tectonic activity (Kimmerian orogeny, ~ 155 Ma).
contents (pure illite contains 8.8% K). Except for the coarser size fractions
of samples from Well 1, where detrital mica is present and authigenic illite ) :
is rare (kaolinite dominant; very low K content) and for samples from Well Diagenetic Sequence

4, where illite abundance is low (both series of samples are shown in gray From petrographic observations, it appears that precipitation of kaolin
in Figure 15). the K/Ar ages obtained on the various size fractions from the  and quartz is concomitant with dissolution of both plagioclase and K-feld-

DISCUSSION

Fi6. 8.—Evolution of dehydroxylation
Y temperature as a function of estimated maximum
1 L L L burial depth. From top to bottom: 0.5-1.0 pm

fraction of sample from Well 1 (2976 m), 1.0~
100 300 500 700 900 20.0 m fraction of samples from Well 2 (3350

m) and Well 3 (4285 m). Patterns for kaolinite

[}
Temperature (°C) and dickite are same as in Figure 4.
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Fig. 9.—A) Sample from Welt 3 (4341 m). Two-layered coating of illitic minerals growing on a quartz grain and showing a compact inner layer and an outer layer
composed of laths growing radially into the pores and filling intergranular voids. B) Sample from Well 6 (2947 m). Very elongated filamentous illitic crystals growing
radially into the pores (pore bridging). C) Sample from Well 2 (3445 m). Lath-shaped particles of illitic minerals. D) Sample from Well 3 (4238 m). Isometric pseudo-
hexagonal crystals of illitic minerals.

spar: kaolin illitization is superimposed on this early diagenetic transfor-
mation and occurs at the expense of kaolin-group minerals subsequent to
the kaolinite-to-dickite evolution. However, the morphology as well as the
crystaliochemical structure of both clay groups recorded the maximum
burial depth experienced by the Rotliegend sandstone reservoir. On the one
hand, the morphology of kaolin-group minerals steadily evolved from small
kaolinite books to larger blocky crystals of dickite with increasing burial
depth. On the other hand, fiber- and lath-shaped crystals of I/S and poorly
crystallized illite (IM polytype with octahedral trans sites vacant) were
transformed into more equant, larger, more illitic and better crystallized
illite particles (1M polytype with octahedral cis sites vacant). From these
results several problems arise: (1) the origin and the timing of precipitation
of kaolin-group minerals; (2) the driving force of the kaolinite-to-dickite
transformation; (3) the driving force inducing kaolin illitization and the
timing of this reaction. In the following discussion possible schemes for
these mineral reactions are assessed in the light of the thermodynamic
calculations and kinetic considerations of Berger et al. (1995).

Origin of Kaolin-Group Minerals

From petrographic evidence, one can assert that kaolin-group minerals
in the Rotliegend sandstones reservoir of the BFB result not from a late
crystallization episode, as suggested by Goodchild and Whitaker (1986) in
the British Rotliegend reservoir, but from early diagenetic reactions. Kao-
lin-group minerals have formed mostly at the expense of K-feldspars, as
observed previously by Rossel (1982) and Pye and Krinsley (1986), and
have been subsequently illitized. Hydrolysis of K-feldspars, and subsequent
precipitation of kaolinite, is known to consume protons (exchange of H*
by K*) through the reaction

K-feldspar + H* + 1/2 H,0 — 1/2 kaolinite + 25i0,, + K~ (1)

Reaction (1) is conservative for Al and can be used to define the stability
fields of silicates as a function of pH and K*/H* activity ratio in solution.
Two diagenetic schemes are usually proposed to account for this reaction:
(1) intense leaching by meteoric water; (2) release of protons of organic
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Fi. 10.—Characteristic evolution of clay minerals (<0 5.0 pum fraction) as a function of estimated maximum burial depth. Light gray trace, AD profile; black trace,
GLY profile. From top to bottom: samples from Well 1 (2976 m), Well 2 (3321 m, and 3445 m), Well 6 (2893 m), Well 3 (4248 m), Well 4 (2545 m), and Well 5 (2968

m). Intensities are normalized on the 10.0 A peak.

origin in the pore water. The first scheme promotes Reaction (1) if large
volumes of water are available, whereas the second scheme, which corre-
sponds to much lower fluid/rock ratios, favors Reaction (1) because of the
high acidity of the fluids. In both cases the reaction stops when the K*/
H+ activity ratio in solution equals the equilibrium ratio for kaolinite. This
condition is attained either when all K-feldspar is dissolved or if the K*/
H~ activity ratio is on the join between the stability fields of K-feldspar
and kaolinite.

Platt (1993) indicated from oxygen isotope data that the kaolin-group
minerals in the Rotliegend sandstones of northem Germany cannot have
grown from meteoric waters. Rather, the conditions of acid formation water
required for leaching of feldspars and crystallization of kaolin were be-
lieved to have resulted from expulsion of CO,-enriched waters from the
underlying gas-generating Carboniferous Coal Measures (Rossel 1982; Pye
and Krinsley 1986). Indeed, organic acids may be released in fluids, be-
cause of breakdown at low temperature (peak expulsion at 100°C; Platt
1993) of the kerogen in this formation (Scotchman et al. 1989). Clearly,
there is a potential within the Carboniferous Coal Measures sequence for
production of large volumes of acidic solutions (Scotchman et al. 1989;
Platt 1993). Migration of these solutions into the overlying Rotliegend,
evoked by Goodchild and Whitaker (1986), has been clearly shown by
Gaupp et al. (1993) and Platt (1993), who demonstrated, in northern Ger-
many, that extensive feldspar dissolution and kaolin growth occur where
Rotliegend sandstones are in direct contact (vertical or lateral) with the
Carboniferous Coal Measures formation. Additionally, they noted that ka-
olin may be impregnated with bitumen close to the contact with this for-
mation.

However, when pore water is equilibrated with the K-feldspar/kaolinite/
quartz mineral assemblage, muscovite (or end-member illite) is supersat-
urated whatever the temperature (Bjgrlykke and Aagaard 1992). Absence
of illite growth, and survival of this metastable assemblage with no limi-
tation on burial depth, can be understood from kinetic considerations (Ber-

ger et al. 1995). Berger et al. proposed that the absence of kaolinite-to-
illite transformation, which is characteristic of diagenesis in North Sea
sandstones, reflects the high energy barrier of this illitization reaction. In
contrast to the smectite-to-illite conversion, illitization of kaolinite implies
direct precipitation of end-member illite. This precipitation would occur
when the system is greatly oversaturated with respect to the end-member
illite, and consequently when the system is oversaturated also with respect
to K-feldspar. The critical [AG],, ., for illite growth (high oversaturation
conditions) cannot be obtained when pore water equilibrates with K-feld-
spar from undersaturated conditions (**from the bottom™). Consequently,
when organic acids are released in the Rotliegend sandstones of the BFB,
kaolinite is the dominant authigenic silicate phase.

Furthermore, petrographic data reported by Platt (1993), consistent with
the present study, suggest that K-feldspar dissolution cannot be the only
source of Al to account for the observed proportion of authigenic kaolinite
{up to 15% from point counting on thin sections). Consequently, kaolinite
precipitation in Rotliegend sandstones probably resulted also from total (?)
dissolution of other silicates, probably Al-rich smectites of sedimentary
origin that might be present in more argillaceous facies (e.g., interdune
facies).

Kaolinite-to-Dickite Diagenetic Transformation

With increasing diagenetic temperature and time, the morphology of ka-
olin-group minerals steadily evolves from aggregates of books to individual
blocky crystals in connection with the modification of their 3-D structure
from kaolinite to dickite. In late-stage diagenesis, this structural transfor-
mation was first reported in coal basins (Karaganda basin, Kizil basin,
Pechora basin) of the former Soviet Union (Kossovskaya and Shutov 1963;
Shutov et al. 1970). More recently, Ehrenberg et al. (1993), in basins whose
ages range from Late Triassic to Middle Jurassic (Norwegian continental
shelf), and McAulay et al. (1994), in Brent Group reservoirs (Northern
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Fic. 11.—Decomposition of the AD profiles (5.5-10.5° 26; 16.0-8.4 A range) shown in Figure 10. A) Sample from Well 2 (3321 m), B) sample from Well 5 (2968
m).
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Fic. 12.—Evolution as a function of estimated maximum burial depth; A) ordered
IS peak relative intensity (AD; see text for details), B) the ordered I/S peak position
(AD), obtained from peak decomposition, and C) illite crystallinity (see text for
details). Open diamonds, Well 1; solid triangles, Well 2; open squares, Well 6; solid
circles, Well 3; open triangles, Well 4; solid diamonds, Well 5.

UK), showed a similar transition from vermicular kaolinite to blocky dick-
ite crystals. Because of the very few simuitaneous occurrences of kaolinite
and dickite, and also because kaolinite crystallinity was not documented,
these authors suggested a dissolution and recrystallization process for the
kaolinite-to-dickite transformation. On the other hand, Gaupp et al. (1993)
showed the coexistence of kaolinite and dickite in the Rotliegend reservoirs
of northern Germany. Working on the same basins, Platt (1993) observed
both kaolinite and dickite in the shallower samples but only dickite in the
deeper wells. We observed the present coexistence of kaolinite and dickite

also in our samples, despite the severe alteration of kaolin-group minerals
during illitization. Dissolution preferentially affects kaolinite books rather
than dickite blocky crystals, probably because of the larger specific surface
of the former. Consequently, coexistence of the two polytypes is likely to
be restricted to samples in which kaolinite was fairly abundant prior to
illitization. This suggests an extended coexistence of kaolinite and dickite,
and the very steady character of the kaolinite-to-dickite transition driven
by an overall process of minimization of crystal free energy. The progres-
sive kaolinite-to-dickite conversion is indeed superimposed on a prelimi-
nary continuous improvement in kaolinite crystallinity (elimination of
structural defects; i.e., solid-state minimization of volume free energy). The
lack of major morphological changes with the early kaolinite-to-dickite
transformation (Fig. 6A, B) secems to indicate a preliminary solid-state
transformation similar to the observations by Ruiz Cruz and Moreno Real
(1993), who from DTA, infrared spectroscopy, and XRD data, suggested
the existence of intermediate structure between kaolinite and dickite, and
a progressive ‘‘dickitization” of kaolinite with increasing temperature in
very low-grade metamorphism. The intermediate dehydroxylation temper-
ature between those of kaolinite and dickite measured on our samples sug-
gests also a structure intermediate between both polytypes (mixed layer-
ing?), rather than an effect of increased grain size, which is not observed
from SEM. This evolution may correspond to an increasing proportion of
BC sequences (dickite is composed of two individual layers with B and C
octahedral sites vacant; Drits et al. 1990) within the kaolinite crystallites,
which initially contain only B layers. On the other hand, there is undoubt-
edly a later evolution from dickite pseudomorphs of kaolinite vermicules
to dickite blocky crystals (Fig. 6C, D), but this transformation occurs when
most of the observed kaolin is dickite. This late evolution is very similar
to crystal ripening (dissolution/recrystallization) and could be driven both
by elimination of structural defects and by minimization of surface free
energy. In the Rotliegend reservoir of the BFB, the progress of this ka-
olinite-to-dickite transformation reflects thermal and burial histories of the
sediments from the time of deposition until the Kimmerian orogenic phase.

Hydrothermal (?) Lllitization of Kaolin-Group Minerals

Reasonably consistent K/Ar datings of illitic minerals, as well as lack of
a relation between burial depths and K/Ar apparent ages, indicate that the
ongoing prograde kaolinite-to-dickite transformation was stopped suddenly:
during the Kimmerian orogeny, kaolin-group minerals were destabilized
and replaced by illitic minerals. Our K/Ar age of about 155 Ma is very
consistent with previous data for Rotliegend sandstone reservoirs through-
out the southern North Sea. Lee et al. (1985, 1989) in the Dutch sector,
which includes the BFB, and Robinson et al. (1993), Turner et al. (1993),
and Ziegler et al. (1994) in the British sector, slightly farther west, have
indicated K/Ar ages in the 150-160 Ma range. These consistent data sug-
gest that illitic minerals grow during a relatively short time. Consequently,
the crystallochemical structure of illitic minerals reflects the temperature
during illitization of kaolin (~ 155 Ma) rather than the progress of a
smectite-to-illite transformation. In addition to this evolution of the illite/
smectite stacking sequences (decrease in I/S relative abundance, increase
in illite content in I/S, and increase in illite mean CSDS) along the ¢* axis,
the 3-D crystallochemical structure of these illitic minerals evolved from
IM with octahedral trans sites vacant (1Mt) to 1M with octahedral cis sites
vacant (1Mc). This evolution can be related to the morphological changes
observed from particles that are essentially fibers to more equant plates:
for the 1Mt polytype all the vacant sites are lined up along the unique
crystallographic a axis, whereas the availability of two cis sites suggests
that, for the 1Mc polytype, the vacant sites are lined up along two different
crystallographic directions. However, at present there is no direct evidence
for strict interdependence between structural and morphological changes.
Finally, the increased proportion of 1Mc polytype with the size fraction
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Fic. 13.—Evolution of the 3-D crystallographic structure of illitic material as a function of estimated maximum burial depth. From top to bottom: <C 0.2 pm fractions
of samples from Well 2 (3350 m, 3445 m, and 3495 m), Well 6 (2893 m), Well 3 (4285 m), and Well 5 (2968 m). Patterns for cis- and trans-vacant 1M polytypes are

same as in Figure 3.
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Fic. 14.—Evolution of the 3-D crystallographic structure of illitic material as a function of size fraction. Sample from Well 6 (2893 m). From top to bottom: < 0.2
pwm, 0.2-0.5 pm, 0.5-1.0 pwm, and << 5.0 pm fractions. Patterns for cis- and frans-vacant 1M polytypes are same as in Figure 3.
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indicates that the phase growing on existing particles (both IS and illite)
is composed of illite layers with 1Mc polytype.

As in the North German Basin (Platt 1993; Gaupp et al. 1993), the time
of major illite growth in the BFB is related to major features of the tectonic
evolution of the sedimentary basin. In the BFB, illite growth and kaolin
destabilization coincide with the Kimmerian orogeny (Late Jurassic to Ear-
ly Cretaceous) and thus with rifting, extensional faulting, rapid subsidence,
and associated increased basal heat flow into the sedimentary pile (Lee et
al. 1989; Robinson et al. 1993). The abundance of authigenic illitic minerals
increases in the vicinity of graben-bounding faults (Goodchild and Whi-
taker 1986; Platt 1993). In summary, illitization is a brief process favored
both by the high heat flow and by the widespread faulting, which enables
significant fluid flow. The nature of the factors responsible for illite crys-
tallization, and the lack of influence of burial, make kaolin illitization a
hydrothermal reaction rather than a diagenetic one.

Furthermore, various studies, in agreement with our work, have shown
that in Rotliegend sandstone reservoirs illitization occurs mainly at the
expense of kaolin-group minerals (Rossel 1982; Lee et al. 1985; Pye and
Krinsley 1986). This reaction can be viewed as an exchange of K+ by H*:

kaolinite + 2/3 K* — 2/3 illite + H,O + 2/3 H* (2)

As emphasized above, the kaolinite-to-illite transformation requires high
oversaturation conditions of the end-member illite. Thus, although illite is
the only K-bearing silicate to precipitate, both illite and K-feldspar are
oversaturated. These conditions prevent K-feldspar from being the source
of K*, and Reaction (2) implies an external source of K*.

The absence of K-feldspar crystallization reflects the lower degree of
saturation of K-feldspar than of illite for a given fluid chemistry. Further-
more, the supply of K* has to be balanced by consumption or exportation
of H* to keep the K*/H* high enough to favor illite precipitation. Also
the presence of Fe and Mg in solution, which is induced by dissolution of
accessory minerals, both increases the stability field of illite and permits
crystallization of illitic I/S rather than pure end-member illite.

Both the above geochemical constraints and the structural characteristics
of the illitized zone support the assumption that the kaolinite-to-illite trans-
formation resulted from flow of K*-rich fluids through the Rotliegend sand-
stone reservoir of the BFB. Such fluids are assumed to have come from
the overlying and laterally adjacent Zechstein evaporite formations, in
agreement with previous studies by Rossel (1982), Pye and Krinsley
(1986), and Goodchild and Whitaker (1986). Slightly west of the study
area, Goodchild and Whitaker (1986) observed intense anhydrite cemen-

tation occurring preferentially in the upper part of the reservoir and induced
by fluids originating from Zechstein formations, in agreement with sulfur
(Sullivan et al. 1994) and oxygen (Sullivan et al. 1994; Ziegler et al. 1994)
isotope data from the neighboring Leman field. Additional evidence for the
Zechstein origin of the fluids is given by Pye and Krinsley (1986), who
detected a significant concentration of Sr in barite, as well as the presence
of halite and traces of camnallite in some wells. Chemical analyses of car-
bonate cement (Pye and Krinsley 1986) also indicate substantial Cu and
Zn, which are likely to have come from the Kupferschiefer shales, which
lie between Zechstein evaporites and Rotliegend sandstones. Furthermore,
the proportion of illitic minerals (relative intensities of illite and kaolin
diffraction peaks; Fig. 10) in Wells 4 and 5 is markedly different and is
related to the presence of halite, although the structural characteristics of
illitic minerals are very similar in these structurally similar wells. This
correlation clearly suggests a common Zechstein Formation origin for the
fluids responsible for crystallization of halite and for illitization. Conse-
quently, and as suggested by Rossel (1982), Goodchild and Whitaker
(1986), and Pye and Krinsley (1986), the main source of ions for illitization
of kaolin was probably the overlying Zechstein evaporites, which contain
sylvite and polyhalite just west of the study area (Indefatigable Shelf; Zie-
gler et al. 1994), and not the Carboniferous Coal Measures, as inferred by
Gaupp et al. (1993) and Platt (1993), although they observed more intense
illitization farther from the Coal Measures formation.

CONCLUDING REMARKS

Despite the variety of burial and thermal histories, the sequence of min-
eral growth remains broadly constant in the Rotliegend sandstone reservoirs
of southemn North Sea. The diagenetic sequence of clay minerals in the
BFB can be summarized as follows (Fig. 16): (1) from deposition time to
the Kimmerian orogeny, crystallization of kaolinite was favored by fluids
coming from the underlying Carboniferous Coal Measures source rocks
and steady kaolinite-to-dickite transformation; (2) simultaneously with the
Kimmerian orogeny, sudden illitization of kaolin-group minerals was fa-
vored both by the increased heat flow in the sedimentary pile and by the
widespread presence of faults, which permit significant fluid flow from the
overlying Zechstein Formation.

Furthermore, in the Broad Fourteens Basin, the structural characteristics
of both kaolin-group and illitic minerals are clearly related to the maximum
burial depth. The structural characteristics of kaolin-group minerals are
related to the burial history of the sediments prior to the Kimmerian orog-
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eny, whereas the structure of illitic minerals is related to the temperatures
during the Kimmerian orogeny (Fig. 16). The structural characteristics of
itlitic minerals, i.e., illite content of IS, ratio of illite to I’S, and 3-D
structure of illitic minerals, do not represent the progress of a smectite-to-
illite transformation but these characteristics clearly reflect the temperatures
during hydrothermal illitization of kaolin (~ 155 Ma).

Successive crystallization and growth of kaolin-group minerals and of
illitic minerals both reflect interactions between Rotliegend sandstones and
“‘external’’ fluids of contrasting origin and characteristics: (1) Acid pore-
waters, probably expelled from underlying Carboniferous Coal Measures,
for dissolution of K-feldspars, crystallization of kaolinite and later kaolin-
ite-to-dickite evolution; and (2) K*-rich brines, probably from the Zech-
stein formations, for the kaolin-to-illite reaction.

Clay parageneses and sequences of clay-mineral crystallization observed
in the various North Sea reservoirs are very consistent with our study of
the Broad Fourteens Basin (see Bjgriykke and Aagaard 1992 for a review
of diagenetic schemes proposed for North Sea reservoirs). On the one hand,
the diagenetic evolution of clay minerals, as well as the burial history of
the Rotliegend sandstone reservoir, are recorded by the progress of the
kaolinite-to-dickite conversion, which follows the crystallization of kaolin-
ite at the expense of K-feldspars. On the other hand, in the BFB as well
as in most North Sea reservoirs, illitization of kaolin-group minerals is not
directly related to burial history. Its timing actually coincides with tecton-
ically active periods with increased heat flow, intense fracturing and fault-
ing, and flows of fluid from an external formation. Consequently, illitization
of kaolin-group minerals is to be viewed as a hydrothermal reaction rather
than as a diagenetic one. However, in the BFB, as in other Rotliegend
sandstone reservoirs from the southern North Sea, an external fluid source
for potassium is essential. In other North Sea reservoirs, potassium is usu-
ally assumed to be locally derived from K-feldspar, in spite of the high
oversaturation conditions for end-member illite, and consequently for K-
feldspar, required by the kaolinite-to-illite transformation.

Finally, the widespread character of these transformations emphasizes
the need for an accurate characterization of both 1-D and 3-D crystallo-
chemical structure modifications of both kaolin-group and illitic minerals.
This characterization requires numerical treatment of experimental XRD
profiles and comparison with calculated profiles. Furthermore, in high-po-
Tosity systems such as sandstone reservoirs, where crystal growth is not

maximum burial depth is detailed in smaller
characters.

spatially limited, authigenic clay minerals may be fairly large. Consequent-
ly, study of the finest clay size fraction must be complemented the with
careful examination of coarser size fractions (Towe 1974). Only such care-
ful characterizations of the 1-D and 3-D structures, and of their modifica-
tions, performed on all authigenic clay minerals will permit, as a first step,
determination of the reaction mechanisms of their diagenetic transforma-
tions and, as a second step, modeling of these reactions.
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