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Abstract-The nature, composition, and relative abundance of clay minerals in the sandstones of the 
Brent Group reservoir were studied between 3200-3300 m in a well of the Ellon Field (Alwyn area, 
North Sea), The sandstones have a heterogeneous calcite cement which occurred during early-diagenesis, 
Clay diagenesis of the cemented and uncemented sandstones was investigated using optical microscopy, 
scanning electron microscopy (SEM), X-ray diffraction analyses (XRD), and infrared spectroscopy (IR). 
The influence of cementation on clay neoformation is demonstrated in this study. Detrital illite and 
authigenic kaolinite are present in both the calcite-cemented and uncemented sandstones suggesting that 
kaolinite precipitated before calcite cementation, In the uncemented sandstones, blocky dickite replaces 
vermiform kaolinite with increasing depth. At 3205 m, authigenic illite begins to replace kaolinite and 
shows progressive morphological changes (fibrous to lath-shape transition). At 3260 m, all sandstones 
are not cemented by calcite. Illite is the only clay mineral and shows a platelet morphology. 

In the cemented samples, vermiform kaolinite is preserved at all depths, suggesting that dickite trans
formation was inhibited by the presence of the calcite cement. This observation suggests that calcite 
cement would prevent fluid circulation and dissolution-precipitation reactions. 
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INTRODUCTION 

Clay diagenesis can greatly change the physical 
properties of sandstones in petroleum reservoirs, Pre
cipitation of clay minerals in the pore spaces and the 
evolution of clays through burial and temperature were 
described by many authors; for instance, in the Brent 
Group reservoirs of the (Middle Jurassic) North Sea, 
the evolution of illite and kaolin morphologies with 
depth and temperature is well documented (Kantorow
icz, 1984; Thomas, 1986; Glasmann et ai" 1989; Giles 
et ai., 1992; Haszeldine et ai., 1992). Ehrenberg et al. 
(1993) and Lanson et at, (1996) showed the relation
ship between kaolin morphology (i.e., vermicular or 
blocky kaolin) and the nature of the kaolin polytype 
(i.e., kaolinite or dickite), In the Brent Group reser
voirs, illite replaces kaolinite and muscovite and 
shows morphological changes with burial depth. The 
illitization of kaolinite was described by Bj0rlykke 
(1983) by the reaction: Kaolinite + K-feldspar ~ Illite 
+ Quartz. According to Ehrenberg et at, (1993) and 
Lanson et at, (1996), the kaolin-polytype evolution 
and the illitization reaction are temperature dependant. 
The purpose of this paper is to describe clay diagenesis 
in a sandstone reservoir of the Brent Group in the 
North Sea that is heterogeneously cemented by calcite. 
We compare clay diagenesiS in early calcite-cemented 
sandstones with sandstones in which the calcite ce
ment was absent during burial diagenesis. These com
parisons allow discussion of the mechanisms of illite 
precipitation and the kaolinite to dickite transition with 
reference to depth, lithology, and cementation. 

GEOLOGICAL SETTING 

The studied sandstones were collected from a well 
of the Ellon Field (North Sea), located in the Great 
Alwyn area (Figure 1), The Alwyn area is a interme
diate-faulted terrace between the East Shetland Plat
form and the Viking Graben, The structure of the Ellon 
Field is mainly the result of rifting of the Viking Gra
ben in two stages (Faure, 1990). The first stage oc
curred from Permian to Triassic, The second stage is 
Jurassic and resulted in tilted block faulting. Then, an 
important erosion and a meteoric fluid flow episode 
occurred during the Cimmerian phase (Sommer, 1978). 
A new stage of tectonic extension occurred during the 
late Cretaceous with a high sedimentation rate which 
sealed the basin structure, The studied sandstones be
long to the Brent Group which contains the most pro
lific petroleum reservoirs in the northern North Sea 
Basin (Blanche and Whitaker, 1978, Hancock and Tay
lor, 1978, Giles et at" 1992), The Brent Group is com
posed of five Jurassic formations (late Bajocian to ear
ly Bathonian): Broom, Rannoch, Etive, Ness, and Tar
bert (Bowen, 1975; Deegan and Scull, 1977). From a 
sedimentological view, the Brent sequence records the 
progression from the coastal shallow-marine environ
ments of the Lower Brent Group, to the alluvial or 
deltaic interbedded sands, shales, and coals of the 
Middle Brent, ,and ends with the transitional to marine 
sands of the Upper Brent Group (Jourdan et at., 1987), 
In the studied well, only the Ness B and Tarbert For
mations were cored (Figure 2). The Ness B is divided 
into a lower tide-dominated section and an upper sec
tion of three shoreface-tidal complexes, These two 
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Figure I. Location map of the studied well. 

parts are separated by thin lagoonal or coaly-marsh 
facies. The lower Tarbert Formation comprises two up
per shorefaces separated by a thin transgressive lag. 
The upper Tarbert Formation consists of a thick trans
gressive lag (Figure 2). The sandstones from the Ness 
and Tarbert formations are heterogeneously cemented 
by calcite from 3200 to 3260 m. Below 3260 m, the 
calcite cement is absent. 

SAMPLING APPROACH 

Sampling has focused on comparison of calcite-ce
mented sandstones and sandstones where the calcite 
cement is absent ("uncemented" sandstones). Both 
sandstones were sampled at different depths in the 
Ness and Tarbert Formations of the Brent Group (Fig
ure 2; Table 1). Calculated and measured porosities of 
the studied sandstones are ~20% in the uncemented 
sandstones and <3% in the cemented sandstones (Pot
devin and Hassouta, 1997). Considering the calcite 
content of the cemented sandstones, the initial porosity 
before cementation was ~40%. This high initial po
rosity and the sparitic texture of the cement suggest 
that calcite cementation was an early diagenetic pro
cess occurring at shallow depth, as suggested by Zieg-
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Figure 2. Schematic log of the sedimentary facies within 
the studied well. Symbols: IT = Transgressive lag, SS = Up
per shoreface, M = Marsh, S = Shoreface, CT = Tidal com
plex, BE = Mouth bar. Coal and organic shale are in black. 
The cemented zones are shown in grey. The filled circles are 
cemented samples. The open circles represent uncemented 
samples. 

lar and Spotts (1978). The calcite cementation is het
erogeneous. The contact between cemented and un
cemented sandstones is always very sharp (Figure 3) 
and does not seem to correspond to an initial hetero
geneity but may be a dissolution or a precipitation 
front. The early calcite cementation and the very low 
porosity of the cemented sandstones preserved the 
sandstone grains from water-rock interactions and fluid 
flow during burial. Studying the cemented and unce-
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Table l. Summary of major physical properties of the stud-
ied samples. 

Medium Opti-
Cal- grain cal 

Sample depth cite size poro-
(m)TVD Formation Facies cement (!krn) Sorting sity 

3200 nc TARBERT SS 24 
3200 c TARBERT SS X 
3222 nc NESS S 20 
3222 c NESS S X 
3229 nc NESS BE 180 PM 22 
3229 c NESS BE X 
3234 nc NESS S 15 
3234 c NESS S X 
3238 nc NESS S 155 W 20 
3238 c NESS S X 160 W 
3244 nc NESS S 170 W 22 
3244 c NESS S X 162 W 
3245 nc NESS S 145 W 20 
3245 c NESS S X 142 W 
3246 nc NESS S 130 W 16 
3246 c NESS S X 
3254 nc NESS S 155 W 17 
3254 c NESS S X 160 W 
3256 nc NESS S 160 W 15 
3256 c NESS S X 150 W 
3257 nc NESS S 13 
3257 c NESS S X 
3272 NESS CT 19 
3275 NESS CT 185 W 12 
3277 NESS CT 16 

X = present, SS = Upper shoreface, S = Shoreface, BE = 
Mouth bar, CT = Tidal complex, PM = poor to moderate, 
W = well, nc = uncemented sandstone, c = cemented sand
stone. 

mented sandstones allows us to compare clay burial 
diagenesis in water-present and water-absent sand
stones of the same initial composition. Twenty four 
pairs of adjacent cemented and uncemented sandstones 
were sampled to compare clay diagenesis as a function 
of depth, lithology, and cementation (Table 1). 

METHODS AND ANALYTICAL TECHNIQUES 

Thin sections were examined using petrographic 
and cathodoluminescence microscopes. A Technosyn 
Cold Cathodoluminescence Model 8200 MkII operat
ing at 15-20 kv and 350 fLA was used. Bulk samples 
were also observed by scanning electron microscopy 
(SEM) at 15 kv with a Cambridge Stereoscan 240. 
Samples located in the oil zone were washed at the 
Total-Beauplan Centre to remove organic matter (hy
drocarbons) from the pore spaces. The clay size frac
tions «2 fLm and <5 fLm) were separated from bulk 
samples by settling in a water column. Prior to sepa
ration, each sample was dispersed in deionized water, 
disaggregated and decarbonated with a 0.2 M HCI so
lution and washed several times. Clay mineral assem
blages were determined by X-ray diffraction (XRD) 
on oriented and powdered samples with a Philips PW 
1729 diffractometer using CuKa radiation and a Ni 
filter with a scan speed of 2 °2e/min. The modeling 

Figure 3. Section of sample (3244) showing the sharp tran
sition between (A) uncemented sandstone and (B) a calcite 
cemented sandstone. 

program of Lanson and Besson (1992) was used to 
analyze XRD patterns of clay minerals in the range 5-
12.5 °2e. This program allows the determination of the 
composition of the clay mineral fraction by fitting the 
XRD pattern to the sum of the theoretical individual 
patterns of different clay minerals. Infrared spectra 
were recorded in the 3800-200 cm- J range on a Ni
collet 510 infrared spectrophotometer using pressed 
disks prepared by mixing 4 mg of sample with 300 
mg of KBr. Chemical analyses of selected minerals 
were performed using the electron microprobe Ca
mebax, SX 50 model, of the Camparis Center of Paris 
VII University. Standards were natural silicates and 
oxides, the accelerating voltage was 15 kv, the count
ing time 10-20 s, the current intensity 15 nA and the 
spot size 1 fLm. 

RESULTS 

Petrography 

The bulk mineralogy is very similar in all sand
stones (Table 2). The detrital grains are quartz, feld
spars (albite and microcline), mica, and various types 
of lithic fragments. Mineralogic variations concern 
principally the diagenetic phases which are calcite ce
ment, quartz overgrowth, pyrite, kaolin, and illite. Mi
nor ankerite was also detected by XRD. Calcite and 
ankerite are only present in cemented sandstones and 
are absent below 3260 meters. Kaolin minerals occur 
in cemented and uncemented sandstones above 3260 
m. Quartz overgrowths and illite are very rare in ce
mented sandstones but abundant in uncemented sand
stones located below 3205 m. 

Quartz. Quartz represents 50-70% of the sandstones. 
It is mostly detrital but quartz overgrowths are com
mon in the uncemented sandstones. The detrital core 
is rimmed by one or two stages of diagenetic quartz, 
reducing the pore space between grains. Overgrowths 
give an euhedral shape to quartz grains as shown on 
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Table 2. Mineralogical data on the studied samples. Relative abundances of each mineral were calculated from modal analyses 
calculated from point counting on thin section. XRD data are also presented in this table. 

Sample 
depth (m) 

TVD Cal Rf Om Py Q K·F Ab M Qo ill KIn Kl Dl illl 

3200 nc 0.0 0.0 0.8 0.4 65.6 4.4 0.0 0.2 3.2 0.2 0.6 XX 
3200 c 40.0 0.6 0.0 0.0 55.2 4.2 0.0 0.0 0.0 0.0 XX 
3222 nc 0.0 0.4 2.5 0.7 57.3 3.6 0.2 2.0 6.8 3.6 2.2 XX X 
3222 c 42.9 1.7 5.3 0.6 39.2 3.8 0.3 4.1 0.0 1.9 XX 
3229 nc 0.0 0.1 1.8 0.0 51.8 3.2 0.2 1.7 6.0 6.3 6.0 XX X 
3229 c 47.9 0.5 0.0 1.9 41.1 4.0 0.8 0.7 0.4 2.7 XX 
3234 nc 0.0 0.4 5.4 1.5 49.8 3.6 0.8 5.1 6.4 6.7 5.3 XX X X 
3234 c 43.3 1.3 4.5 1.5 40.2 4.2 0.1 3.2 0.0 1.7 XX 
3238 nc 0.0 2.5 0.0 2.9 54.9 2.5 0.2 4.1 3.8 5.1 3.8 XX X X 
3238 c 42.3 3.6 0.0 3.7 38.1 5.3 0.0 3.2 0.9 2.8 XX 
3244 nc 0.0 0.6 2.0 1.1 55.5 1.5 0.5 3.7 4.2 4.8 3.8 XX X X 
3244 c 47.4 1.0 3.2 1.2 40.6 2.2 0.4 2.2 0.8 1.0 XX 
3245 nc 0.0 1.2 3.5 1.6 52.1 2.9 0.2 3.3 3.7 6.2 4.6 X X X 
3245 c 43.6 0.0 3.4 1.6 42.8 3.0 0.0 3.0 0.0 2.6 XX 
3246 nc 0.0 1.2 2.6 1.0 49.4 2.2 0.4 4.2 8.5 7.8 6.2 X X X 
3246 c 46.5 1.0 2.1 0.5 43.4 2.6 0.0 2.6 0.0 1.3 XX 
3254 nc 0.0 1.8 2.0 2.2 47.1 2.6 0.0 5.0 6.6 11.1 4.2 X XX X 
3254 c 45.0 6.6 0.0 2.8 39.6 2.2 0.0 2.8 0.0 1.0 XX 
3256 nc 0.0 0.5 2.4 2.2 51.4 2.5 0.2 5.0 5.2 11.1 4.5 XX X 
3256 c 49.1 0.7 1.9 5.1 36.5 2.8 0.2 1.9 0.9 0.9 XX 
3257 nc 0.0 1.6 2.9 5.5 50.4 2.8 0.4 6.3 4.9 8.7 2.9 XX XX 
3257 c 46.4 1.0 2.3 4.9 37.0 2.5 0.2 4.2 0.2 1.3 XX 
3272 0.0 2.8 0.0 1.7 63.5 0.3 0.0 4.8 3.0 4.9 0.0 XX 
3275 0.0 2.0 0.2 2.6 67.8 1.6 0.0 2.8 4.6 6.2 0.0 XX 
3277 0.0 0.6 1.8 2.6 70.8 1.0 0.0 2.0 2.4 2.8 0.0 XX 

, Data from XRD, X = present, XX = dominant. 
Cal = Calcite, Rf = Rock fragments , Om = Organic matter, Py = Pyrite, Q = Quartz, K-F = K-Feldspar, Ab = Albite, 

M = Mica, Qo = Quartz Overgrowths, ill = illite, Kin = Kaolin, K' = Kaolinite; D' = Dickite, ill' = illite, nc = uncemented 
sandstone, c = cemented sandstone. 

optical microscope images (Figure 4A). Indented and 
stylolitized contacts between quartz grains indicate 
that pressure-solution was an efficient mechanism de
creasing rock porosity. Quartz overgrowths are absent 
in the calcite cemented sandstones. 

Feldspar. K-feldspar is the most abundant feldspar but 
its concentration depends on the sedimentary facies. 
According to modal analyses, K-feldspar represents 4-
5% of the rock volume in the upper shoreface but 1-
7% in the lower shoreface facies. The amount of K
feldspar also varies with increasing depth and cemen
tation. When depth increases, most feldspars display 
dissolution marks in uncemented sandstones (Figure 
4B). In calcite-cemented sandstones, K-feldspars are 
well preserved (Figure 4C) and can display an euhed
ral shape which results in thin K-felspar overgrowths. 
The microprobe analyses show a very pure K-feldspar 
composition of these overgrowths. They are black 
(nonluminescent) in cathodoluminescence, indicating a 
very low trace-element content resulting from a low 
temperature of crystallization (i. e., < 100°C, Marshall, 
1988); this confirms their authigenic origin. K-feldspar 
overgrowths are not observed in uncemented sand
stones. The lack of overgrowths could result in an im
portant dissolution of the K-feldspar grains in these 
sandstones. 

Detrital mica. Detrital muscovite is present in all sam
ples. The amount is not related to cementation, but it 
is dependant on the sedimentary facies. Undulatory 
extinction and flexed mica crystals in the uncemented 
sandstones suggest that deformation occurred during 
compaction. In calcite-cemented sandstones, mica 
grains are well preserved with minor kaolinitization 
developed only at the grain boundaries (Figure 4D), 
whereas in uncemented sandstones the micas display 
open layers filled by kaolin and illite. In some crystals, 
these two minerals entirely replace the mica. 

Calcite. In cemented sandstones, a calcite cement fills 
the pores. The calcite occurs as large crystals in which 
detrital grains are enclosed. Despite evidence of in
tense recrystallization, cathodoluminescence reveals 
growth zones which show the sparitic nature of the 
early cement. The microprobe analyses show that the 
calcite crystals have the structural formula: Cao.94S
Mgo047MIlo.o04SrO.oo]Bao.oo]CO}. Some relics of the cal
cite cement were found inside quartz overgrowths sug
gesting a dissolution episode of the calcite cement pri
or to quartz cementation. 

Kaolin minerals. Three morphologies of kaolin min
erals were observed by SEM. (1) Vermiform kaolin 
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Figure 4. Optical microscope image of studied sandstones. (A) Quartz grains showing one or two phases of overgrowth (01 
and 02), indented contacts between detrital grains of quartz are shown by arrows, (B) dissolved K-feldspar in uncemented 
sandstone, (C) preserved microcline (Kfs) in cemented sandstone, and (D) alteration of muscovite to kaolinite in a cemented 
sandstone. The kaolinite crystals appear at the edge of the muscovite crystal. Plane polarized light. Symbols: Qtz = Quartz, 
Kfs = K-Feldspar, Mus = Muscovite, Kin = Kaolinite, ill = illite, Cal = Calcite. 

fills the pores (Figure SA). (2) Cluster kaolin (Figure 
SB) forms adjacent to, or between, expanded layers of 
detrital mica. This morphology is common in the Ness 
Formation, particularly in the shoreface facies, and is 
probably the result of the higher concentration of mus
covite in these sandstones. Vermiform and cluster 
morphologies are present both in cemented and un-

cemented sandstones suggesting that kaolinite precip
itation preceded calcite cementation. (3) Blocky kaolin 
(Figure SC) is present in the deeper uncemented sam
ples (2:3232 m) but absent in the corresponding ce
mented sandstones and very rare in impermeable coa
ly-marsh facies. These crystals are pseudo-hexagonal 
in shape, S-lO f.lm in thickness with a diameter of 10-
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Figure 5. SEM micrographs of the kaolin polytype morphologies. (A) Vermiform kaolin crystals (3204 m), (B) Cluster 
kaolin crystals (3224 m), (C) Blocky kaolin crystals (3254 m), (D) Replacement of vermiform kaolin by blocky crystals 
(3204 m). (A), (C), and (D) are secondary electron images. (B) is a backscattered electron image. Symbols: Mus = Muscovite, 
KIn = Kaolinite. 

20 j.l.m. This morphology is absent in all calcite-ce
mented sandstones. 

SEM observations of the kaolin morphologies in the 
uncemented sandstones show a progressive change 
with depth. In the most shallow samples (3200 m), 
aggregates of vermiform kaolin crystals were ob
served, - 80-100 j.l.m, and the diameter of the verrni
cules is < 10 j.l.m. Deeper in the Core (- 3204 m), the 
vermiform crystals are progressively replaced by larg-

er crystals (diameter> 10 j.l.m) (Figure 5D). Between 
3254-3260 m, the blocky morphology is dominant. In 
the cemented sandstones, only vermiform and cluster 
kaolinite crystals are observed. Below 3260 m, no ka
olin was observed by SEM. 

Diagenetic illite. Diagenetic illite is only present in the 
uncemented sandstones. It occurs as aggregates of 
small crystals filling the pore spaces. Illjte can replace 
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Figure 6. SEM micrographs of illite morphology changes 
with depth. (A) Filamentous illite (3204 m), (B) lath illite 
(3244 m), (C) platelet illite (>3260 m). 

the kaolin minerals and detrital muscovite. In SEM 
images, kaolinite aggregates are replaced by fibrous 
illite. The SEM images show that illite morphology 
varies with depth. Filamentous illite (Figure 6A) is ob
served in the shallowest samples (3204 m), and it is 
followed by lath morphology (3238 m) (Figure 6B). 

Both morphologies occur with kaolin minerals to a 
depth of 3260 m. Deeper, illite is the only clay mineral 
identified. It appears as platelet crystals (Figure 6C) 
which fill the pores and replace detrital mica. 

Clay mineralogy (XRD) 

The clay fraction «5 [Lm) consists mainly of illite 
and kaolin (Figure 7). Chlorite is rare and is absent in 
the upper part of the Tarbert Formation. Kaolins are 
characterized by the (001) and (002) reflections, re
spectively, at 7.14 or 7.22 and 3.58 A. Illite is char
acterized by the presence of three peaks at 10, 5, and 
3.3 A corresponding respectively to the (001), (002), 
and (003) reflections. In all of the cemented samples, 
kaolinite is the major phase in the clay fraction, where
as in the uncemented samples, the intensity of the illite 
peaks increases with depth. Below 3260 meters, illite 
is the only clay present in the clay fraction (Table 2). 

Kaolin poly type characterization 

X-ray diffraction data. The random mounts of the 5-
[Lm fraction of the samples were analyzed to charac
terize the kaolin polytype present in the sandstones. 
Polytype identification can be difficult because of the 
superposition of the quartz and feldspar reflections 
with those of the kaolin minerals (Ehrenberg et aI., 
1993). However, some characteristic reflections were 
used to distinguish the various polytypes. In the ce
mented samples, kaolinite is the only kaolin polytype 
and is characterized by reflections at 7.21,3.58,3.136, 
3.32, and 2.34 A (Figure 8A). In the uncemented sam
ples, the XRD patterns display mineralogical changes 
with depth (Figure 9; Table 2). Samples located be
tween 3200-3223 m contain kaolinite. Below 3223 m, 
the occurrence of a reflection at 4.13 A indicates the 
presence of dickite. In samples where dickite is the 
major kaolin polytype, reflections at 2.32 and 4.13 A 
are clearly visible (Figures 8B and 9). 

IR spectroscopy. More accurate distinction between 
kaolinite and dickite can be determined by the position 
and relative intensity of the OH-stretching bands in the 
3600-3700 cm- i region of IR patterns. Well-crystal
lized kaolinite shows a strong absorption at 3697 cm- 1, 

a band of medium-strong intensity at 3620 cm- 1 and 
two bands with relatively weak intensity at 3669 and 
3652 cm- I . In contrast, dickite shows a strong absorp
tion band at 3621 cm- I and two medium-strong bands 
at 3704 and 3654 cm- 1 (Ehrenberg et at., 1993). IR 
spectra on the <5-[Lm fraction of samples from dif
ferent depths are shown in Figure 10. They confirm 
the XRD data, i.e., the presence of kaolinite (well
crystallized) in the cemented samples and the presence 
of dickite in the uncemented samples located at 3254 
m (Figure lOA and lOB). The uncemented samples 
between 3230-3244 m contain both kaolin polytypes. 
The increase of dickite proportion with depth is clearly 
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Figure 7. XRD patterns of a pair of cemented (a) and uncemented (b) sandstones from 3238 m. The kaolinite peaks are 
more intense than illite in the cemented sandstones. (c) XRD patterns of a deep uncemented sandstone (3275 m). The kaolinite 
peaks are absent. 

shown by the IR spectra (Figure LOB). In the sample 
at 3257 m, a shoulder at 3668 em-I, characterizing the 
presence of kaolinite, is still visible in the IR spectra. 
The higher proportion of kaolinite in this clay fraction 
could be related to the relatively low porosity of this 
sample (~13%) compared with the other samples (po
rosity of ~18%) where kaolinite is in smaller propor
tion based on IR spectra. In the cemented samples, 
kaolinite is the only kaolin polytype detected at all 
depths «3260 m) (Figure lOA). 

Illite characterization 

XRD data. The diffraction patterns of the oriented clay 
fraction of both cemented and uncemented samples 
display a large and asymmetric peak between 5-11 °28 
(Figure 11). In the air-dried samples located above 
3260 m, the most intense peak is at 10 A; below 3260 
m, the illite reflections are the most intense, and a 
double reflection is visible with a peak at LO.5 A and 
another one at 10 A. After glycolation, the LO.5-A 
peak disappears. whereas the peak at 10 A becomes 
more intense, but the reflection is asymmetric at the 

lower °28 side. A comparison of the XRD data with 
data generated by the Newmod program (Reynolds, 
1985) indicates the presence of illite rich I-S mixed 
layers (~90% illite layers). With the decomposition 
method of Lanson and Besson (1992), the simulated 
XRD pattern reproduces the air-dried experimental 
pattern in the range 5-11 °2e when they are generated 
by three gaussian curves respectively at ~ 11 (8.03 
°29), 10.5 (8.5 °28), and 10 A (8.8 °28) (Figures 11 
and 12). Experimental patterns of the glycolated sam
ples are reproduced correctly with four gaussian 
curves respectively at -7.3, 8.3, 8.7, and 8.8 °28. 
These decompositions are very similar to those ob
tained by Lanson et ai. (1996) for diagenetic illite 
from the sandstones of the Rotliegend Formation. Ac
cording to these authors, these reflections indicate that 
the illite particles are composed of well crystallized 
illite (8.8 °29 in air-dried and glycolated samples). 
poorly crystallized illite (8.6 °2B in air-dried samples) 
and illite-smectite mixed layers with ~80% illite lay
ers (~8 °2e in air-dried samples). All the samples can 
be decomposed with similar gaussian-fit curves (e.g., 
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uncemented sandstone from the same depth, characterizing the dickite polytype. The evolution of the IR reflectance spectra 
as a function of depth in the uncemented sandstone is shown in B whereas in calcite cemented sandstones (A) there is no 
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Lanson et al., 1996; Lanson and Besson, 1992). How
ever, comparison of samples from different depths 
shows variations of the relative intensity of each gaus
sian curve (Figures 11 and 12). PCI (poorly crystal
lized illite) is more intense in the deepest samples 
whereas WCI (well crystallized illite) decreases and 
"IS" (= ordered mixed layers) presents the same in
tensity (Table 3). 

Relation to illite morphology. XRD patterns of the clay 
fraction of samples with filamentous and lath illite par
ticles (3204-3260 m depth) have asymmetrical 10 A 
reflections. XRD patterns of samples below 3260 m 
with illite crystals having a platelet morphology dis
play a double peak reflection at 10 and 10.5 A. The 
10.5-A peak is less intense (Figure 11) or absent on 
the XRD pattern of the samples showing illite with 
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Figure II. Decomposition of both (A) air-dried and (B) gly
colated XRD profile of a sample from 3244 m. Symbols: WCI 
= Well crystallized illite, PCI = Poorly crystallized illite, 
"IS" = Ordered mixed layers. 

filamentous and lath morphologies. However this peak 
is more intense in the deeper samples where only 
platelet illite crystals are present (Figure 12). 

DISCUSSION 

Chronology of diagenetic processes 

According to the petrographical data the chronology 
of the main diagenetic stages is the following (Figure 
13): (1) K-feldspar overgrowths and kaolinite precip
itation. Both minerals are enclosed in calcite and there
fore formed prior to calcite cementation. (2) Hetero
geneous calcite cementation. The calcite cementation 
is an early diagenetic process which occurred at depths 
shallower than 1000 m (Potdevin and Hassouta, 1997). 
(3) Kaolinite-dickite transition. This transition is only 
visible in uncemented sandstones and therefore oc
curred after cementation. (4) Illite precipitation, quartz 
overgrowth, and feldspar dissolution. Illite replaces 
kaolin in samples below 3204 m. In the deepest sand
stones, kaolin is completely absent, and the pore spac
es are filled with diagenetic illite. Quartz overgrowths, 
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Figure 12. Decomposition of both (A) air-dried and (B) gly
colated XRD profile of a sample from 3275 m. Symbols: WCI 
= Well crystallized illite, PCI = Poorly crystallized illite, 
"IS" = Ordered mixed layers. 

illite authigenesis, and feldspar dissolution are very 
rare in the cemented sandstones and therefore occurred 
after calcite cementation. 

Kaolinite precipitation 

Petrographic investigations suggest that kaolinite 
precipitated early in the burial history of these sand
stones. Kaolinite precipitation is a major diagenetic 

Table 3. Relative intensity of each gaussian curve obtained 
by decomposition of air-dried XRD pattern between 5-11 °28, 
PCI is more intense in the deepest samples whereas WCI 
decreases and "IS" presents the same intensity. 

Depth (m) PCI (1\ A) "IS" (10.51 A) WCI (10 A) 

3238 nc l3.01 53.77 33.22 
3238.2 nc 21.05 48.42 30.52 
3244 nc 13.71 50.47 35.82 
3254 nc 16.00 45.07 38.93 
3270.3 nc 19.94 64.65 15.48 
3272 nc 6.20 55.43 38.37 
3274.8 nc 18.21 68.99 12.80 
3275 nc 17.03 55.16 27.81 

WCI = Well crystallized illite, PCI = Poorly crystallized 
illite, "IS" = Ordered mixed layers, nc = uncemented sand
stone, c = cemented sandstone. 
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event in North Sea sandstones and was discussed by 
several authors. Sommer (1978) and Blanche and Whi
taker (1978) suggested that kaolinite precipitated dur
ing the later stages of burial diagenesis, whereas an 
early origin from the precipitation by meteoritic fluids 
is suggested by other authors (Glasmann, 1992; Bj¢r
lykke and Aagaard, 1992; Haszeldine et al., 1992). 
The present study confirms the latter hypothesis. In
deed, in the studied sandstones, kaolinite is embedded 
in a calcitic cement which precipitated at < 1000 m 
depth (Potdevin and Hassouta, 1997). 

Calcite cementation 

Calcite cementation is an important factor limiting 
the diagenetic reactions (Kantorowicz et at., 1987; Sai
gal and Bj¢rlykke, 1987; Walderhaug et at., 1989). 
According to Bj¢rlykke et at., (1992), the carbonate 
cement intervals in the Brent Group are generally thin, 
usually <1 m, and usually more abundant in the ma
rine part of the Brent Group (i.e., Rannoch, Etive) than 
in the deltaic environment of the Ness Formation. This 
is well demonstrated in studies of the Heather Field 
(Glasmann et at., 1989). Scotchman et al. (1989) 
showed that in the NW Hutton Field, the sub-littoral 
sheet sand and the wave-dominated delta-front sand 
contain more carbonate cement than distributary 
mouth bar and crevasse splay lobe facies. In the Ellon 
Field, no relationships are observed between the 
amount of carbonate cement and the depositional fa
cies. According to Potdevin and Hassouta (1997), the 
cement fills 34-42% of the sandstone volume, sug
gesting a porosity before cementation of 37-44% (pre
sent porosity in cemented sandstones is ~2-3%, see 
Table 1). These high-porosity values indicate that cal
cite cementation is an early diagenetic episode occur
ring at shallow depth « 1000 m) (Zieglar and Spotts, 
1978). 

The absence of carbonate fossils in the studied sand
stones and the presence of pyrite inclusions inside cal
cite crystals indicate that the supply of CO2 could re
sult from organic matter degradation. A similar expla
nation is given by Walderhaug and Bj¢rkum (1992) 
for the calcite origin of the Oseberg Formation. Cal
cium might be derived from plagioclase, potassium 
feldspar, and/or heavy minerals dissolution. 

Kaolinite-dickite transformation 

Changes in the kaolin poly type morphology in sed
imentary basins were initially described for a coal ba
sin in Russia (Kossovskaya and Shutov, 1963; Shutov 
et at., 1970), and more recently in many reservoir 
sandstones from the North Sea. Ehrenberg et al. 
(1993) described a transition from vermicular to 
blocky kaolin crystals in Triassic and Jurassic reser
voirs of the Norway platform. The same morphologi
cal changes were described by McAulay et al. (1993) 
in Brent sandstones from the Hutton and NW Hutton 

Field (North Sea) and by Lanson et al. (1996) in the 
sandstone reservoirs from the Rotliegend Formation 
(North Sea). The transition from vermiform to blocky 
crystals of kaolin is also observed in the present study, 
but only in uncemented sandstones. IR and XRD data 
confirm the structural modifications, i.e., the polytype 
is dependent on the morphological changes. The kao
linite-dickite transition is observed in uncemented 
sandstone at 3240 m and is characterized by the pro
gressive replacement of vermiform kaolinite by blocky 
dickite crystals (Figure 14). The depth of the transition 
is similar to the depth interval (2.8-3.6 km) proposed 
by Ehrenberg et al. (1993) and Beaufort et al. (1998) 
in the sandstone reservoirs from the continental plat
form of Norway and from the Rotliegend Formation, 
respectively. Ehrenberg et al. (1993) suggested that the 
kaolinite-dickite transition is temperature dependant 
and that it occurs at ~ 120°C. 

The morphological changes observed suggest that 
the kaolinite-dickite transition is a dissolution-precip
itation mechanism. However, Lanson et al. (1996) sug
gested that this could be a two step process, consisting 
of a solid-state transformation without any morpholog
ical changes, followed by a dissolution-precipitation 
reaction involving replacement of vermiform kaolin by 
blocky crystals. Further work is needed to confirm this 
hypothesis. 

Diagenetic illite 

SEM observations of the sandstones above 3260 m 
show the presence of filamentous and lath particles of 
illite. These particles seem to grow from kaolinite lay
ers, suggesting that an alteration of kaolinite into illite 
occurred in these sandstones. Illite authigenesis coin
ciding with kaolinite and K-feldspar dissolution was 
described previously in the Brent sandstones from the 
North Sea by several authors (Bj!llrlykke, 1983; Bj¢rk
urn et al., 1993; Bj!llrlykke and Aagaard, 1992). The 
reaction which results in the formation of illite is ex
pressed as (Bj!llrlykke, 1983): 

AI2Si20s(OH)4 + 0.75KAISi30 s 

~ K07sAI2(Si325Alo7501O)(OHh + Si02 + H20 

Kaolinite + K-Feldspar 

~ Illite + Quartz 

A similar reaction can be proposed in the unce
mented sandstones. For instance, in thin sections, K
feldspar dissolution coincides with the appearance of 
filamentous illite. To characterize and quantify the mo
bility of elements during illite precipitation in the stud
ied sandstones, mass-balance calculations by the Gre
sens method (Potdevin, 1993) were performed, com
paring the chemical composition of cemented and un
cemented sandstones (Potdevin and Hassouta, 1997). 
Gluyas and Coleman (1992) performed a similar com-
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Figure 14. Schematic diagram of kaolin-morphology changes 
with depth in the uncemented sandstones. 

parison in about ten reservoir sandstones, of Permian 
to Tertiary ages, from oilfields worldwide. They show 
that some early carbonate concretions preserve both 
the sedimentary fabric and the composition of the 
sandstones before calcite cementation from later dia
genetic processes. In our case, the cemented sandstone 
represents the sandstones before illite authigenesis and 
the uncemented sandstone containing illite represents 
the final stage of the rock after illite precipitation. 
Composition-volume diagrams following Gresens 

(1967) show that Si, AI, and K among other elements 
are immobile during diagenesis (Potdevin and Hassou
ta, 1997; Figure 15). Therefore, these elements are not 
brought by fluid flow and illite precipitation occurred 
in a system closed to Si, AI, and K. The K of illite is 
provided by dissolution of K-feldspar and the silica 
released by kaolinite and feldspar dissolution results 
in quartz overgrowths. In the studied uncemented 
sandstones, both mass-balance computations and ob
servations agree with the reaction proposed by 
Bj!/lrlykke (1983) to explain illite authigenesis. 

Below 3260 m, illite with a platelet morphology is 
the only clay mineral present in the pore spaces of the 
uncemented sandstones. The morphological changes 
of illite particles with depth could be related to an 
increase in the crystallinity with burial. However, be
low 3260 m, clays are in smaller proportion according 
to modal analyses and kaolinite is absent. Platelet illite 
crystals seem to have a different origin; they could 
have precipitated directly from fluids without a kaolin 
precursor. Greenwood et al. (l994) described similar 
diagenetic phases in the sandstones sampled in the 
Hingin Formation from the Brae in the North Sea. 
These authors suggested that diagenetic kaolin was 
probably inhibited by temperature and depth of burial. 
Furthermore, the decomposition of the XRD patterns 
between 5-11 °2e suggests a decrease in illite crystal
linity, i.e., an increase of the PCI (10.5 A) curve vs. 
the WCI (10 A) with depth. The increase of the 10.5-
A reflection is correlated with the presence of platelet 
illite, whereas above 3260 m, where illite particles pre
sent a filamentous or lath morphology, the 10-A re
flection is more intense. Filamentous and lath mor
phologies are found at depth lower than 3260 m in the 
shoreface facies where detrital micas are very abun
dant. Therefore, the contribution of the diagenetic illite 
(l0.5-A peak) could be masked by the stronger con
tribution of the detrital mica (lO-A peak) within the 
clay fraction. In the deeper samples (>3260 m) the 
sedimentary facies changes (tidal complex), detrital 
micas are less abundant, and the diagenetic illite re
flection becomes relatively more intense. The second 
explanation for the increase of the 1O.5-A reflection in 
the deeper samples is that platelet particles could cor
respond to poorly crystallized illite that directly pre
cipitated from fluids. 

Factors promoting clay diagenesis in 
sandstone reservoirs 

The clay diagenetic evolution described is clearly 
different in cemented and uncemented sandstones 
(Figure 13). Mineralogical data (IR, XRD, and SEM) 
suggest that kaolinite is the unique authigenic clay 
mineral in all the studied cemented sandstones where
as a kaolinite-dickite transition is observed in the un
cemented sandstones with increasing depth. 
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These data suggest that the kaolinite-dickite transi
tion can be inhibited by the calcite cement and that 
temperature and burial are not the only parameters 
controlling this transition. Zimmerle and Rosch (1991) 
suggested that the dickite occurrence could be restrict
ed to sedimentary rocks of high porosity and perme
ability. This is also confirmed in the present study: in 
cemented sandstones (0-3% porosity) kaolinite is the 
only kaolin phase formed before calcite cementation 
and in uncemented sandstones (13-20% porosity) both 
kaolinite and dickite were identified. By comparison, 
Ehrenberg et ai. (1993), McAulay et ai. (1993), and 
McAulay et ai. (1994) indicated that temperature is 
the major factor controlling the kaolinite-dickite tran
sition. A recent study by Buatier et ai. (1997) of clay
mineral evolution in thrust faults from the south Pyr
enean basin demonstrated that deformation could be 
an important factor promoting dickite crystallization. 
The present study demonstrates that porosity and per
meability are important parameters also. The calcite 
cement would prevent fluid flow in cemented sand
stones. By filling the pores, calcite cement will prevent 

fluid-rock interactions and chemical reactions by dis
solution-precipitation, such as the kaolinite-dickite 
transition. 

CONCLUSIONS 

The sandstones of the Ellon Field reservoir (North 
Sea) show a complex diagenetic evolution; the first 
authigenic clay mineral is kaolinite which precipitated 
during early diagenesis. Then, the sandstones were 
heterogeneously cemented by calcite. This calcite ce
ment preserved kaolinite, whereas in uncemented 
sandstones, kaolinite was progressively replaced by 
dickite with increasing depth. Later, illite precipitated 
in uncemented sandstones. Its morphology changes 
with depth: filamentous, lath, and platelet illites are 
successively found at 3204, 3244, and 3275 m. This 
study shows that temperature and depth are not the 
only parameters which control clay reactions (kaolin
ite-dickite transition, illite precipitation). Pore space 
availability, fluid composition, or fluid flow could be 
also important factors. Our data suggest that the kao-
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linite-dickite transition cannot be used as a simple 
geothermometer. 
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