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Abstract

Reconstruction of the hydrocarbon filling history of a reservoir is important for prediction of field-scale porosity and permeability, and for
the calibration of basin models. Published histories of the Brent Group show for only a single phase of hydrocarbon filling, which occurred
after the diagenetic reactions had run their course. In contrast, diagenetic minerals preserve evidence of multiple episodes of hydrocarbon
charging. In the Cormorant Field, UK North Sea, authigenic blocky kaolin shows a systematic change in oxygen isotopic composition with
depth, and the trend displays a conspicuous shift at the Mid-Ness Shale, a regionally extensive permeability barrier. The isotopic data are
most readily explained if kaolin recrystallisation (from earlier vermiform kaolin) was synchronous with hydrocarbon charging, with two
hydrocarbon pools, one above and one below the Mid-Ness Shale. The filling history begins with a relatively early, slow, filling phase
(45-70°C; 80-50 Ma) that formed an oil column with the oil-water contact substantially below the present-day position. This first
hydrocarbon subsequently leaked off, allowing renewed diagenetic activity, including the formation of quartz overgrowths with aqueous
inclusions. Emplacement of the present-day hydrocarbon charge was the last event in the history of the reservoir (90—100 °C; 10—-0 Ma).

© 2003 Published by Elsevier Ltd.
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1. Introduction

The timing of oil charge into a trap is of interest to any
geologist trying to gain a thorough understanding of an asset
or prospect. However, the methods available are limited,
and the results sometimes ambiguous because there are no
direct methods of dating petroleum migration. Analysis of
diagenetic minerals can provide an indirect estimate of the
timing of reservoir filling: some reservoirs contain diage-
netic illite that can be dated using the K—Ar system. It has
been proposed that this illite grows at the time of oil filling
(Hamilton, Kelley, & Fallick, 1989) though the physical or
chemical mechanism remains obscure (Darby, Wilkinson,
Fallick, & Haszeldine, 1997; Wilkinson & Haszeldine,
2002). In recent years, basin models have become increas-
ingly popular as tools for the understanding of sedimentary
basins and their hydro-geological systems, but these must be
calibrated to field-specific measurements if their predictions

* Corresponding author. Tel.: +44-131-650-5943; fax: +44-131-668-
3184.
E-mail address: m.wilkinson@glg.ed.ac.uk (M. Wilkinson).
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are to be reliable. For heat flow for example, data such as
vitrinite-reflectance or spore colouration can provide the
constraints required for meaningful modelling. And while a
basin model will predict either the timing of oil migration
or, at least, the time when the kitchen areas become mature,
calibration data are more difficult to obtain. This paper
examines diagenetic evidence for the timing and duration of
hydrocarbon charge, providing a new method for the
possible calibration of basin models into the geological
past, and for the reconstruction of complex reservoir filling
histories.

Many published oil-field descriptions and diagenetic
histories (paragenetic sequences as they are termed) show
only a single phase of oil emplacement, and this is nearly
always the last diagenetic event. Examples for the Brent
Group include Haszeldine, Brint, Fallick, Hamilton, and
Brown (1992) and Osborne, Haszeldine, and Fallick (1994).
However, it is entirely possible for a trap to have a more
complex filling history, which may even involve emptying
due to, for example, seal failure (Deighton, 1996) and
subsequent refilling with hydrocarbon.
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It has been hypothesised that oil charging prevents
diagenesis within the oil-saturated portions of the reservoir,
or at least dramatically slows the rates of mineral reactions
(Bloch, Lander, & Bonnell, 2002; Worden, Smalley, &
Oxtoby, 1998). This has been demonstrated for individual
reservoirs, where careful measurement of cement volumes,
and modelling of thermal histories, enables the influence of
oil emplacement to be quantified (Deighton, 1996; Marc-
hand, Haszeldine, Smalley, Macaulay, & Fallick, 2001).
The influence of early hydrocarbon charging on reservoir
quality is still controversial (Marchand, Smalley, Haszel-
dine, & Fallick, 2002). The theoretical link between oil and
diagenesis is simple: the diagenetic reactions all take place
in the water phase within the rock, and chemical species
must diffuse through the water, and/or advect, from mineral
to mineral. In an oil-filled reservoir, the residual water has a
complex 3D shape with tortuous flow paths. This restricts
the movement of the chemical species (which cannot travel
through the oil), and hence slows the reactions. Even in a
water-wet reservoir (where the grain surfaces are covered in
a thin film of water), the pathways available for diffusion
between adjacent mineral grains are tortuous, so slowing
diffusion, and the effective water permeability can be very
low (Honarpour, Koederitz, & Harvey, 1986) so slowing
advection. Thus early oil charge can prevent the mineral
reactions that lead to chemical compaction, the growth of
mineral cements during burial that occlude porosity, and

the diagenetic dissolution of feldspar and other minerals
during deep burial that generate secondary porosity
(Wilkinson, Darby, Haszeldine, & Couples, 1997). Conse-
quently, early oil charge can preserve high porosities to
unusual depths of burial (Bloch et al., 2002; Heasley,
Worden, & Hendry, 2000).

In this study, diagenetic evidence is described from the
Cormorant Field of the East Shetland Basin of the Northern
North Sea (Fig. 1). From the sequence of clay minerals, and
isotopic ratios, we deduce that there was an early oil charge
which leaked off, and that subsequently the reservoir re-
filled with hydrocarbon. Previous work has inferred only a
single phase of oil filling, relatively late in the field history,
corresponding to peak oil generation (Taylor & Dietvorst,
1991). The Cormorant Field is an approximately north—
south oriented horst structure (Demyttenaere, Sluijk, &
Bentley, 1993), the petroleum geology of which is described
by Taylor and Dietvorst (1991). There are four major oil
pools, the largest of which is termed Cormorant I'V. This is a
down-faulted anticline to the east of the main horst, with a
very complex faulted structure (Demyttenaere et al., 1993).
The Brent Group in Cormorant IV is juxtaposed with the
Permo-Triassic sediments of the main Cormorant structure,
locally called the Cormorant Group (Demyttenaere et al.,
1993). The reservoir within Cormorant IV is the Brent
Group, which has been well described in the literature as a
regressive—transgressive marginal marine-deltaic clastic
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Fig. 1. Location map with inset map of the East Shetland Basin (lower right) and field plan showing the 8 wells sampled (upper left).
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system (Morton, Haszeldine, Giles, & Brown, 1992). The
dominant lithology is medium grained sandstone, with inter-
bedded shales. Some of the shales are regionally extensive,
such as the 4—6 m thick Mid-Ness shale that sub-divides the
sequence into an upper and lower reservoir unit (Howe,
1992) and extends over 2100 km? (Richards, 1992). A total
of eight wells were chosen for study, giving a wide
geographic coverage over the field (Fig. 1). Previous
published work on the diagenesis of the Cormorant Field
is limited to Wilkinson, Haszeldine, Fallick, and Osborne
(2000) that presented isotopic and petrographic data for
siderite, and a number of papers concerning illite (Giles
et al., 1992; Hamilton, Giles, & Ainsworth, 1992;
Kantorowicz, 1990). The field is presently at its maximum
depth of burial, and there is no evidence that the present-day
temperature has ever been exceeded. This has been
measured as the flowing bottom hole temperature of 97—
105 °C (25 measurements). The oil-water contact is
presently at ca. 2990—3000 m depth in well CN40.

2. Methods

Sandstone samples for study were collected from core. A
total of 109 thin-sections were prepared (blue resin
impregnated and stained for feldspars and carbonates) for
petrographic examination, and chips of rock examined on an
SEM. Sandstone composition was assessed using point-
counting (200 counts per thin-section, performed by
Badley-Ashton and Associates Ltd), using both our own
thin-sections and those supplied by Shell UK (a further 120
samples). Polished thin-sections were prepared for CL and
BS-SEM examination. The paragenetic sequence was
established using standard optical petrography using thin-
sections, and SEM examination of both polished thin-
sections and rock chips. All sample depths are relative to the
sea surface, and are measured perpendicular to this surface
(true vertical depth).

For stable oxygen isotopic analysis of authigenic
minerals, separates of kaolin and quartz overgrowth were
prepared using settling and centrifugation techniques
described by Brint (1989). Analytical conditions were
described by Fallick, Macaulay, and Haszeldine (1993);
analytical precision is =0.2 (lo). Data are presented in
standard d-notation relative to the V-SMOW standard. Due
to the small size of available samples from well CN40 (most
were 2.5 cm diameter core plugs originally drilled for
measurement of porosity and permeability), it was necess-
ary to group the core plugs in order to obtain sufficient
sample for analysis. This was done on a stratigraphic basis,
hence all samples were made up of two or three plugs from
only a single formation. Depth ranges are given in Table 2.
A single water sample taken during a drill stem test (DST)
was available from well 211/21-9S1 (Fig. 1), although the
stratigraphic interval from which the porewater was
obtained is unknown. Porewater oxygen isotope ratios

were measured by a modification of the carbon dioxide
equilibration method (Epstein & Mayeda, 1953); the
accuracy and precision (1) are *0.2%.. Hydrogen isotope
ratios were made on hydrogen gas produced by reduction
over Cr (Donnelly, Waldron, Tait, Dougans, & Bearhop,
2001); precision and accuracy (10) are = 1%eo.

Fluid inclusions were studied using double polished
wafers 40— 100 pm thick, prepared so as to avoid unnecess-
ary stress and temperatures exceeding 50 °C. Temperature
of homogenisation (7},) was determined using a Reynolds
gas-flow US Geological Survey-modified stage mounted on
a Leitz Ortholux II microscope. Ultra-violet fluorescence
was carried out on the same microscope. Analytical error is
small (=1 °C) compared to the range of the results.

3. Results

A summary of sandstone compositions from point-
counting is given in Table 1. The majority of the rocks are
sub-arkoses according to the classification of Pettijohn,
Potter, and Seiver (1973) (Fig. 2). Kaolin occurs in two
crystal habits, as verms (Fig. 3a) and blocky crystals
(Fig. 3c). The two crystal habits commonly occur together,
with blocky crystals in the spaces within the verms (Fig. 3b).
In this case, the platy sub-crystals within the verms have
irregular margins suggestive of partial dissolution. We
interpret the vermiform kaolin to be early in the paragenetic
sequence (it occurs as a minor phase enclosed within some
early concretions; Fig. 3d) and that it progressively
dissolves while the blocky kaolin crystals grow within the
spaces in the verms. The degree of recrystallisation of an
individual verm is highly variable within a single sandstone
sample, making it impossible to correlate the degree of
recrystallisation to isotopic composition. The clays within
the sandstones are generally stained by oil, which fluoresces
yellow—white in UV light. Some of the secondary porosity

Table 1
Summary of sandstone composition for well CN40 (n = 30)

Mean value 2 Standard errors
Quartz 52.8 49
K-—feldspar 7.6 1.1
Plagioclase 0.6 0.1
Rock fragments 2.2 0.6
Muscovite 3.5 1.6
Indeterminate clay 5.0 2.0
Kaolin 34 1.2
Fe—calcite 8.8 6.3
Siderite 1.2 0.9
Quartz overgrowths 1.7 0.9
Feldspar overgrowths 0.1 0.1
Pyrite 1.1 0.5
Primary porosity 8.0 2.2
Secondary porosity 3.2 0.9
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Fsp Rx

Fig. 2. Ternary plot of sandstone composition from well CN40. Qz: quartz,
Fsp: feldspar, RX: rock fragments, and SA: sub-arkose.

after feldspars is filled with a non-fluorescent oil or bitumen.
These hydrocarbon signatures are observed throughout the
reservoir, and not just in the present-day oil-leg, though the
intensity of fluorescence is greater in the oil-leg than in

the water-leg. Quartz overgrowths are present in the
majority of the samples, but are never abundant (mean
1.7 £ 0.9%). Quartz overgrowths are observed to grow
around the kaolin (both morphologies; Fig. 3) and are hence
interpreted to post-date the kaolin growth and recrystallisa-
tion. There is no obvious relationship between quartz
overgrowth abundance and burial depth (Fig. 4).

Stable isotopic analyses of authigenic minerals are listed
in Table 2. Stable oxygen isotope data for kaolin are plotted
versus depth in Fig. 5, note the strong correlation between
depth and oxygen isotopic composition. If the data are taken
as a whole, then the correlation coefficient (Rz) is 0.58,
which for 23 points is significant at any reasonable level of
confidence. Also note that the data from well CN40 fall on
the same correlation line as the two sample sets from well
211/21-14S1. SEM examination of the kaolin separates
shows that the 2—5 pum and <2 pm samples are predomi-
nantly blocky crystals, while the 0.1-0.5 pwm samples are
(somewhat surprisingly) platy crystals suggestive of dis-
aggregated verms. SEM examination of chip samples shows
the verms to be substantially larger than the blocky crystals
(ca. 10 wm maximum dimension, Fig. 3a), suggesting that
the 0.1-0.5 pwm samples are probably an early growth stage
of the blocky crystals rather than disaggregated verms.

Fig. 3. Kaolin morphologies. (a) Early vermiform crystals (FOV = 55 wm width) which progressively dissolve, (b) while the blocky kaolin crystals grow
within the spaces in the verms (FOV = 55 pm width), until (c) only blocky crystals remain (FOV = 110 wm width), (d) the vermiform kaolin is early in the
paragenetic sequence as it occurs as a minor phase enclosed within some early calcite concretions (FOV = 275 wm width). There is no visible porosity in this
photomicrograph, the spaces between the three quartz grains is entirely filled with a early ferroan dolomite cement which has been stained dark blue for

identification purposes.
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Fig. 4. Abundance of quartz overgrowths versus depth in well CN40,
measured by point-counting thin-sections using optical methods. There is
no apparent correlation between depth and overgrowth abundance,
suggesting that oil-filling was rapid compared to the rate of overgrowth
formation. Neither is there more quartz overgrowth below the oil—water
contact, suggesting that final oil-filling was relatively recent.

The oxygen isotopic data for the 0.1-0.5 pm samples lie on
the same depth trend as that for the remaining data (Fig. 5).
Quartz overgrowths are not very abundant in Cormorant IV
(generally <2%), due to the relatively shallow depths of
burial (2880-3060 m). Only samples from well 211/21-
14S1 yielded sufficient overgrowths for analysis, with an
average 8'%0 = 17.6 * 0.3%c V-SMOW (Table 2).

Out of six samples processed for illite, only one yielded
sufficient sample for a reliable analysis. Other samples were
either too small or were heavily contaminated by detrital
K-—feldspar, which makes reliable analysis impossible. The
one good sample from 2946.1 m depth in well 211/21-14S1
yielded an age of 60.3 £ 2.0 Ma. The scarcity of recovered
illite presumably reflects the low abundance of illite, though
this is difficult to reconcile with the description of Hamilton
et al. (1992) of ‘substantial illite growth from 75 °C” within
areas I-III of the Cormorant Field. SEM examination of
chip samples from Cormorant IV show that illite is not
particularly abundant. Why there should be less illite in
Cormorant IV compared to the adjacent Cormorant I-III is
unknown. All are at similar burial depths.

Table 3 shows the 8'®0 and 3D results for the DST
water sample for well 211/21-9S1. An attempt to correct

the results for seawater contamination using major-element
analyses resulted in a correction that was less than the
analytical uncertainty. The best estimate of the present-day
porewater composition is 8'%0 = —0.6 = 0.3%0 and
oD = —25 £ 1%0 V-SMOW. Aqueous fluid inclusion
homogenisation temperatures within quartz overgrowths
range from 68 to 116°C, with a mean of 96 * 2°C
(Table 4). No pressure correction has been applied as
clathrates were observed in many of the inclusions,
indicating that the fluids within the inclusions are saturated
with methane (Hanor, 1980). Only a very small number of
petroleum inclusions were observed, and none are suffi-
ciently large to attempt the measurement of homogenisation
temperature (<5 wm diameter). The inclusions fluoresce
the same yellow—white colour as the oil-stained clays,
described above.

4. Discussion

Previous work on the diagenetic history of the Brent
Group has paid little attention to the timing of hydrocarbon
emplacement, and the potential effects upon mineral
reactions. Giles et al. (1992), for example, presented a
detailed paragenetic sequence for the Brent Group that
omits to show hydrocarbon emplacement. Where emplace-
ment is shown, it is invariably the last event (Haszeldine
et al., 1992; Osborne et al., 1994) with a clear implication
that it is unimportant in determining the course of mineral
reactions, except perhaps to halt diagenesis entirely. Below,
we discuss the hypothesis that oil emplacement occurred
relatively early in the burial history of Cormorant IV, and
had important interactions with on-going diagenetic reac-
tions. We propose that the correlation between burial depth
and 8'®0 of blocky kaolin is due to kaolin recrystallisation
during oil filling of the reservoir (Fig. 6).

Giles et al. (1992) also recognised two phases of kaolin
precipitation within the Brent Group, with vermiform
kaolin growing at less than 40°C, and this kaolin
recrystallising to a blocky morphology at 90—100 °C. In
the present study, we estimate the temperature of
recrystallisation of the kaolin as 45-70 °C, using oxygen
isotope data (see below). Our temperature estimate is close
to that derived by Osborne et al. (1994) in a multi-field
isotopic study of kaolin in the Brent Group. They also
observed two kaolin morphologies, a vermiform crystal
aggregate that grew at less than 50 °C, and replacive
blocky crystals formed at between 30 and 80 °C.

The kaolin from Cormorant IV is broadly similar to that
described in the studies cited above, i.e. there is an early
vermiform kaolin which transforms, apparently by a
dissolution—reprecipitation mechanism, into a blocky
morphology. The range of measured 3'*0 of kaolin from
Cormorant IV is also similar to previous data sets: 12.9—
16.5%0 V-SMOW compared to 13.0-15.4%c V-SMOW
for McAulay, Burley, Fallick, and Kusznir (1994) and
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561 Table 2 617
562 Stable isotope data of authigenic minerals 618
563 Well Formation Depth (m) Mineral Grain size (pum) 3'80%, V-sMow 619
564 620
565 211/21-14S1 Tarbert 2881.7 Kaolin 2-5 16.5 621
566 211/21-14S1 Upper Ness 2899.8 Kaolin 0.1-0.5 16.1 622
211/21-1481 Lower Ness 2922.5 Kaolin 2-5 15.6
67 a11/1-1481 Etive 2928 5 Kaolin 2-5 15.5 623
568 211/21-14S1 Etive 2928.7 Kaolin 0.1-0.5 16.0 624
569 211/21-1481 Etive 2938.7 Kaolin 2-5 14.5 625
570 211/21-14S1 Etive 2938.9 Kaolin 0.1-0.5 16.5 626
211/21-1481 Rannoch 2946.1 Kaolin 2-5 14.1
571 627
572 CN40 Tarbert 2936.8-2947.3 Kaolin <2 14.3 628
573 CN40 Tarbert 2936.8-2947.3 Kaolin 2-5 14.8 629
CN40 Upper Ness 2954.8-2971.4 Kaolin <2 145
574 CN40 Upper Ness 2954.8-2971.4 Kaolin 2-5 15.4 630
575 CN40 Upper Ness 2982.4-2987.5 Kaolin <2 13.6 631
576 CN40 Upper Ness 2982.4-2987.5 Kaolin 2-5 13.3 632
CN40 Lower Ness 3001.5-3001.9 Kaolin <2 12.9
7T cN4o Lower Ness 3001.5-3001.9 Kaolin 2-5 14.1 633
578 CN40 Lower Ness 3006.1-3009.2 Kaolin 2-5 14.2 634
579 CN40 Etive 3017.2-3022.6 Kaolin <2 14.6 635
580 CN40 Etive 3017.2-3022.6 Kaolin 2-5 14.8 636
CN40 Etive 3026.2-3038.2 Kaolin <2 13.6
B1 4o Etive 3026.2-3038.2 Kaolin 2-5 14.1 637
582 CN40 Rannoch 3044.5-3046.8 Kaolin <2 13.4 638
583 CN40 Rannoch 3050.2-3056.5 Kaolin <2 13.2 639
584 CN40 Rannoch 3050.2-3056.5 Kaolin 2-5 13.2 640
585 211/21-14S1 Upper Ness 2899.7 Quartz overgrowths 5-10 17.1 641
586 211/21-1481 Upper Ness 2899.7 Quartz overgrowths 5-10 17.9 642
211/21-14S1 Upper Ness 2899.7 Quartz overgrowths 5-10 17.5
287 211/21-1481 Upper Ness 2899.7 Quartz overgrowths 5-10 18.0 643
588 211/21-14S1 Upper Ness 2899.7 Quartz overgrowths 5-10 17.8 644
589 211/21-14S1 Upper Ness 2899.7 Quartz overgrowths 5-10 17.4 645
590 646

591 12.3-18.5%0 V-SMOW for Osborne et al. (1994). However,

gradient, or fourthly, the oxygen isotopic composition of 647

392 the Cormorant IV data shows a unique feature: a decrease in the porewaters could have varied with depth, i.e. the kaolin 648
393 §'80 with depth (Fig. 5). There is a displacement in the data recrystallised in stratified porewaters. The options one, three 647
%4 at 3015 m, which is apparent in both grain-size separates, and four are discussed below. 650
95 the significance of which is discussed below. We propose 651
3% that the depth-8180 correlation is due to the recrystallisation + 211/21-1451 0.1 - 0.5 wm 0 652
397 of kaolin synchronous with oil filling (referred to as the oil- 2900 4 © 211721-14812- 5um 653
598 . . . O CN40 <2 um 654
filling model). However, we will also discuss three © CN402.5
599 . . . . pwm 655
500 alternative models for kaolin recrystallisation, each with a +——— analytical precision (+ 20) 656
different explanation for the depth-8'®0 correlation. Only g 0d"® *
601 . . .. . 18 =~ 657
602 two variables can be responsible for variation in & °O: —‘::E:. i 658
3  lemperature and porewater oxygen isotopic composition &) * 659
604 (8'%0). Four possible explanations are proposed for the 660
605 depth-8'®0 correlation. 3000 a . Mid - Ness Shale 661
606 Firstly, the oil-filling model: kaolin recrystallisation took 662
o7  Place during oil emplacement (Fig. 6), with recrystallisation 663
cog  being stopped, or at least retarded, within the filled 664
609  (uppermost) portions of the field. The kaolin at the top of T T T T 665
610 the field would be younger (lower temperature, higher 3'*0) 12 13 14 15 16 17 666
. . . § 18 Q
611 than the kaolin lower down. Secondly, it could be a physical 870 V-SMOW 667
612 mixing line between late blocky (low 8180) and early Fig. 5. Stable oxygen isotope ratio of authigenic kaolin versus burial depth. ~ ¢¢q
613 vermiform (high 8180) kaolin. This is rejected as SEM Note the linear correlation, W.it.h an .offset at ca. 3000 m dept}% which 669
tudi howed all the kaolin separates to be of predomi- corresponds to a low-permeability unit, the Mid-Ness shale. This shale
614 Studies show A p X p coincides with the modern oil-water contact in well CN40, but not in 670
615  nantly blocky morphology. Thirdly, the kaolin could have 211/21-14S1. Data from both wells apparently lie along the same trend, 671
616  recrystallised at a time of extremely high geothermal although the wells are approximately 3 km apart. 672

JMPG 637—23/8/2003—16:24—SHYLAJA—79857— MODEL 5



673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728

M. Wilkinson et al. / Marine and Petroleum Geology xx (0000) xxx—xxx 7

Table 3
Stable isotope data for drill stem test water sample (well 211/21-9S1)

5'80%. SMOW 3D%0 V-SMOW

0.2 —-26
—-04 —-25
-1.0 -27
-0.6

—-12 —24
—-0.9

-0.6 —25
Table 4

Homogenisation temperatures of aqueous fluid inclusions in quartz from
well CN23

Depth (m) 7, (°C)  Max length (wm)  Notes
2845.7 89.2 6 Quartz healed fracture
2845.7 93.9 5 Quartz healed fracture
2845.7 88.9 3 In quartz at boundary
of dust rim and
overgrowth
2845.7 105 2 In quartz at boundary
of dust rim and
overgrowth
2845.7 106 2 In quartz at boundary
of dust rim and
overgrowth
2845.7 95 8 At boundary of dust
rim and quartz overgrowth
2845.7 67.7 2 At boundary of dust rim
and quartz overgrowth
2845.7 107.1 2 In quartz overgrowth at
dust rim
2845.7 106.8 3 In quartz overgrowth at
dust rim
2845.7 102.6 6 In quartz overgrowth out
from dust rim
2845.7 116 2 In quartz cement
2845.7 115 2 In quartz cement
2845.7 96.5 4 In quartz overgrowth out
from dust rim
2845.7 104.3 8 In middle of quartz
overgrowth
2845.7 101.7 6 In quartz cement
2845.7 89.6 6 Near outer edge of
quartz overgrowth
2845.7 92.6 3 In quartz cement
2845.7 96.7 4 In quartz cement
2845.7 85.6 4 In quartz overgrowth
2845.7 107 30 In middle of quartz
overgrowth
28 45.7 81.6 4 In healed quartz fracture
pre-dating overgrowth
2845.7 80.3 7 In healed quartz fracture
pre-dating overgrowth
2845.7 78.1 3 In healed quartz fracture
pre-dating overgrowth
2876.2 98 3 At boundary of dust
rim and quartz overgrowth
2876.2 97.5 4 At boundary of dust
rim and quartz overgrowth
2876.2 105 15 At boundary of dust

rim and quartz overgrowth

Time ———®
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Fig. 6. Paragenetic sequence for the Cormorant Field. Dissolution events
are shown as clear symbols.

4.1. The ‘geothermal gradient’ model

Could the kaolin 8'®*0-depth correlation be due simply to
the ambient geothermal gradient at the time of kaolin
recrystallisation? Calculation shows that if the entire
variation in 3'®0 were due to temperature change, then a
geothermal gradient of ca. 180 °C/km would be implied. A
high geothermal gradient ‘event’ within the East Shetland
Basin can be dismissed conclusively. The present-day
geothermal gradient is only 30-35°C/km (unpublished
sub-surface temperature measurements, Shell Expro UK).
There is no evidence of any igneous activity within the area,
and no previous reports of anomalously high isotopic
mineral ‘temperatures,” fluid inclusion values, or vitrinite-
reflectance data. As the East Shetland Basin has been
exhaustively explored for its hydrocarbon resources, it is
unlikely that such evidence could have been missed entirely.
Any igneous intrusion underlying the Cormorant reservoir
would probably have been revealed by seismic imaging of
the oil-bearing structures. Moreover, the offset in the 3'%0-
depth correlation at ca. 3015 m could not be easily
explained by the geothermal gradient model. We hence
reject the possibility that the 8'®0-depth correlation for
kaolin was due to an enhanced geothermal gradient at the
time of kaolin recrystallisation.

4.2. The ‘layered porefluids’ model

In the Magnus Field, which lies some 50 km from
Cormorant IV, Macaulay, Haszeldine, and Fallick (1992)
used isotopic evidence to show that the porewaters were
stratified for much of the burial history. To apply a similar
model to Cormorant IV, it is necessary to propose that
relatively low 8'%0 water must have been present in the base
of the structure, and higher 5'%0 water at the top, with an
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Fig. 7. Suggested porewater evolution curves for the ‘layered-porefluids’ model. This model is here rejected in favour of the ‘oil-filling’ model. In the ‘layered
porefluids’ model, the porefluids within the sandstone are inhomogeneous, with low 8'®0 fluids at the base of the structure, and higher 8'%0 fluids at the top. It
is proposed that the low 8'®0 fluids entered the base of the sandstones, possibly from the adjacent Triassic sandstones, and evolved to higher 8'%0 compositions
due to mixing as they ascended. The kaolin growth is shown as occurring at 50—55 °C, though higher temperatures could also be accommodated.

approximately linear gradation except for at 3015 m depth
where an offset is apparent in the kaolin data (Fig. 5). A
recrystallisation temperature of 30—100 °C is implied (Giles
et al., 1992; Osborne et al., 1994), with a preferred range of
50-75 °C (this study). Fig. 7 shows the proposed relation-
ships between recrystallisation temperature, porewater
composition and 3'0 of the blocky kaolin for the layered
porefluids model

It is difficult to imagine how layered porewater could be
maintained for geological periods of time, in a highly
porous and permeable sandstone in which both diffusion
and any fluid advection would cause fluid homogenisation.
One explanation is to have a supply of low 3'80 water
introduced continuously into the lower parts of the
structure, and mixing as it ascended with connate, or
other, higher 3'80 waters. de Caritat and Baker (1992)
proposed just such a hydro-geological scheme to account
for an anomalous range in 8'*0 measured in ankerite from
the Aldebaran Sandstone of Queensland, Australia. They
used numerical modelling to show that a combination of an
enhanced geothermal gradient caused by upward move-
ment of fluid, and the effect of introducing low 530 fluids,
could account for a change in 8'®0 in the precipitated
ankerite of approximately 6%o over around 700 m. Fig. 7
shows that this hypothesis is not compatible with
recrystallisation of kaolin in Jurassic meteoric porewaters
typical of Northern Scotland (30 = —5 to —7%o,
SMOW, Hudson & Andrews, 1987), unless recrystallisa-
tion was at the lower limits of the probable temperature
range (ca. 50 °C), when fluids which were slightly more
depleted in '"®0 would have to be involved. The proposed
porewater evolution curves for the lower part of the
Cormorant IV structure (Fig. 7) are broadly comparable

with those published by Haszeldine et al. (1992) for the
Dunlin, Thistle and Murchison fields which lie some
30-40 km to the east of Cormorant IV.

One problem with this model is that a through-flow of
water is required. However, it is clear that the Cormorant
structure is capable of trapping oil, such that any fluid flow
must be quite limited. Furthermore, this model cannot easily
account for the 2%o offset in oxygen isotopic composition of
kaolin at ca. 3015 m depth (Fig. 5), unless two mixing
systems are proposed, one above and one below the Mid-
Ness Shale. For these reasons, we reject the layered
porefluid model as an explanation for the 8'*0 of kaolin-
depth correlation.

4.3. The ‘oil-filling’ model

This is our preferred model for the depth-3'*0
correlation. Kaolin recrystallisation could only be affected
gradationally by hydrocarbon emplacement if recrystallisa-
tion and hydrocarbon filling were synchronous. It is difficult
to directly date the timing of oil filling in Cormorant IV,
however, as it has been proposed that authigenic illite in the
Brent Group grew at the time of trap filling (Hamilton et al.,
1992), the K—Ar dating of illite provides a possible solution.
Unfortunately, only a single illite age of 60.3 * 2.0 Ma has
been obtained from Cormorant IV, from an oil-filled zone.
In the adjacent, structurally higher, areas of the Cormorant
field (designated Cormorant I-III), illite has been dated as
35 = 1 and 41 = 1 Ma within a water-filled zone (Hamilton
et al., 1992). Here, detrital contamination was identified as a
potential problem, so that the true age of the illite may be
younger than the analytical result. Hamilton et al. (1992)
noted that the immediately overlying Kimmeridge Clay
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Fig. 8. Basin model of a pseudo-well located in the deepest part of a
potential kitchen area due east of Cormorant I'V. It shows that hydrocarbons
were being generated from mid-Cretaceous times onwards, and that it is
realistic to have kaolin growth (80-40 Ma) as synchronous with
hydrocarbon charging into the reservoir. The stratigraphy of the model is
constructed using a 2D seismic section supplied by Shell UK. The thermal
history is very simplistic, as there is no data available to calibrate the model.
Default values of heat-flows and thermal parameters were used from
BasinMod™.

formation was immature with respect to oil generation at the
time of apparent illite growth, since the Brent Group itself
was at only 75 °C. However, the Cormorant structure lies
immediately west of a structural low, in which a
considerable thickness of Kimmeridge clay can be identified
(unpublished seismic data, Shell Expro). The thermal
history of the sediments of this potential kitchen has been
modelled using a 1D code (BasinMod™, Fig. 8). Although
the thermal model used is very simplistic, and uses mostly
default parameters (as there are no data from the kitchen
area to calibrate the model to), the results support the
hypothesis that the illite ages of Hamilton et al. (1992)
record oil filling in the Cormorant structure, as the illite ages
coincide with peak maturity in the potential source rocks.
Previous work has indicated first oil generation at 65 Ma,
and peak generation during the Paleogene (Taylor &
Dietvorst, 1991). This latter result is probably representative
of the deeply buried source rocks within the Viking Graben,

which lies immediately to the east of the East Shetland
Platform (Fig. 1). Hence, the field may have been involved
in a long and multi-stage history of filling and migration.

Hamilton et al. (1992) made a detailed study of illite K—
Ar ages in the Brent Group, and concluded that illite ages
are related to oil filling. Ages from the water-leg of the
reservoir were thought to immediately post-date filling.
Hence, we use K—Ar ages of illite from Cormorant as
probable indicators of the cessation of field filling and use
the single oil-leg age (this study) as an indication of time of
oil-filling (60.3 = 2.0 Ma). Using the burial history of
Hamilton et al. (1992) implies oil emplacement at maximum
temperatures of 70—80 °C. This is also the maximum
temperature at which biodegradation can occur, to form the
bitumen observed in thin-sections. Fig. 9 shows that
temperatures of 70-80°C are consistent with kaolin
recrystallisation from Jurassic meteoric porewaters
(30 = —5 to —7%c V-SMOW), and fit well with data
from siderite (Wilkinson et al., 2000) and quartz over-
growths (Tables 3 and 4). The porefluid evolution shown is
comparable to that of Haszeldine et al. (1992), which was
proposed for the Dunlin, Thistle and Murchison fields.
These fields lie some 30—40 km to the east of Cormorant
IV. Note that the present-day porewater in Cormorant IV
has considerably heavier 8'®0 values than Jurassic meteoric
water. Haszeldine et al. (1992) proposed that the East
Shetland Basin had a zoned paleo-hydrogeology, with
active meteoric water recharge down to a depth correspond-
ing to a temperature of 80-90 °C. Below this were static
‘basinal” porewaters with 3'%0 of greater than 0%0 SMOW.
Our results support this model, and imply that the first
hydrocarbon charge would have been emplaced within the
actively recharging, meteoric water aquifer, portion of the
basin. This might be expected to lead to the formation of
bitumen, due either to water washing, or to bio-degradation
of the oil due to the low ambient temperatures (Lomando,
1992). Bitumen is observed within thin-sections, even
within the present-day water-leg, and is especially promi-
nent within secondary pores developed in potassium
feldspars.

There is one observation that does not seem to fit the oil-
filling hypothesis. Some of the blocky kaolin samples were
taken from the present-day water-leg of the reservoir, and
the 3'%0-depth trend is apparent here (well CN40) as well as
in the present-day oil-leg (Fig. 5). We propose that, in the
past, this lower zone of the reservoir was oil-filled, and that
the oil has subsequently leaked off into the overlying
formations. Such filling and emptying of reservoirs over
geological time periods are a widespread phenomenon
(Bhullar, Karlsen, Backer-Owe, Seland, & LeTran, 1999;
Heasley et al., 2000). Direct evidence for the former
presence of oil in the lower section of the reservoir is
provided by very rare minute oil inclusions trapped within
quartz overgrowths, and the yellow—white fluorescence in
ultra-violet light of pore-filling clays. The colour of the
fluorescence is the same as observed in the oil-filled sections
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Fig. 9. Suggested porewater evolution curve for the ‘oil-filling’ model. The porewaters within the sandstone are homogeneous at any given time, but evolve

during kaolin growth, which is simultaneous with oil filling. Kaolin growth

begins at ca. 45 °C in porewaters of meteoric origin, and ends at the completion of

oil filling. The early kaolin at the top of the structure is preserved as oil filling prevents or retards further growth. The porefluid evolution curve is constrained by

isotopic data from siderite and quartz overgrowths which were extracted fro

of the reservoir, but less intense. The fluorescence is
interpreted as due to adsorbed hydrocarbon on the clay
surfaces.

The 8'®0-depth correlation shows an offset of 2%o at ca.
3015 m depth (Fig. 5). This corresponds to a regional shale
unit, the Mid-Ness shale. This regionally extensive 4—6 m
thick shale might be expected to have acted as a barrier to
vertical fluid migration (as at present-day, Howe, 1992),
causing oil to accumulate below it during filling despite the
presence of water-filled sandstone above the shale. Hence,
in the ‘oil-filling’ model, the offset in the §'®0-depth
correlation at ca. 3015 m depth represents local oil pooling
below the Mid-Ness shale.

The timing of hydrocarbon leakage from Cormorant IV
is poorly constrained. However, the fluid inclusions from
quartz overgrowths are predominantly filled with aqueous
fluids, and record quartz growth in the present-day water-
leg, presumably in the absence of high concentrations of
hydrocarbons, i.e. after leak-off. As the fluid inclusions
record temperatures of 68—116 °C, the present-day water-
leg must have lost the hydrocarbon column soon after the
completion of the initial filling episode (Fig. 9). Quartz
overgrowths have formed throughout the reservoir sand-
stones, and could only have formed after the interpreted
initial oil filling, as the temperatures were too low before
filling. The minimum temperature at which quartz over-
growths are commonly formed is ca. 80 °C (Giles et al.,
1992), and the first hydrocarbon is interpreted to have filled
the reservoir at a lower temperature. In order to produce
uniform quartz overgrowths throughout the reservoir
(Fig. 4), there must have been a significant period of time

m other wells in Cormorant IV, though the proposed curve is not a unique solution.

in between leak-off of the first hydrocarbon charge, and
the arrival of the second (present-day) charge. Assuming
that the quartz overgrowths were still forming when the
second oil-filling began, then it might be expected that the
abundance of quartz overgrowths would increase with
increasing depth within the reservoir, due to top—down
filling causing the cessation of quartz overgrowth formation
at the crest of the field first, and only later at lower levels
(Marchand et al., 2001, 2002). Such a pattern in the
abundance of quartz overgrowths is not observed (Fig. 4),
for which the most likely explanation is that filling was
rapid compared to the rate of formation of quartz over-
growths. In addition, the measurement of quartz overgrowth
abundance by conventional optical methods is not very
accurate, especially when low abundances are being point-
counted. Hence, any subtle variation in the abundance of
quartz overgrowths with depth might easily be missed.
Secondly, there is a range of sandstone facies within the
Brent Group, and the rate of formation of quartz over-
growths will vary from facies to facies. Both of these factors
will tend to obscure any pattern in overgrowth abundance.

Why did not the recrystallisation of kaolin continue after
the loss of the early hydrocarbon charge? The most likely
explanation is that all of the oil was not flushed from the
sandstone, but that some was left, particularly coating grain
surfaces. Polar oil molecules have a preference for clay
surfaces (Larter et al., 1996), as these have a residual surface
charge. Hence the residual oil would have been preferen-
tially left upon the kaolin. This would effectively isolate the
(oil-wet) kaolin from the porewater, and prevent further
recrystallisation. Quartz and feldspar surfaces would have
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been left more water-wet, allowing processes such as the
formation of quartz overgrowths to continue relatively
unimpeded.

All previous published diagenetic histories of Brent
Group reservoir have assumed that oil emplacement was
the last event to have occurred (Haszeldine et al., 1992;
Osborne et al.,, 1994) or have omitted hydrocarbon
emplacement as a diagenetic event, presumably with the
implication that hydrocarbon emplacement had little or no

A 45-70°C

B 70-80°C

C . 100 °C

water

- hydrocarbon

Fig. 10. Summary of the filling history of the Cormorant IV field. (A) The
initial hydrocarbon charge has two oil-pools separated by a regionally
extensive shale barrier (the Mid-Ness Shale, MNS). Filling is contempora-
neous with the growth of authigenic kaolin. (B) Complete leak-off allows
diagenesis to continue, especially the formation of quartz overgrowths,
which trap fluid inclusions. (C) The present-day oil charge is the last event
in the field history.

influence upon diagenetic reactions in this instance (Giles
et al, 1992). The reconstruction of diagenetic events
presented in this paper shows that hydrocarbon emplace-
ment occurred relatively early in the history of the
reservoir, and was synchronous with the recrystallisation
of kaolin (Fig. 6). Other reactions, such as the formation of
quartz overgrowths, occurred only after the initial hydro-
carbon charge had leaked off. Given the large volume of
work that has been carried out on the Brent Group fields in
the East Shetland Basin, it is perhaps surprising that no
other workers have suggested interaction between hydro-
carbon fluids and diagenetic processes. As an illustration,
comparing the diagenetic history of Giles et al. (1992) with
the likely hydrocarbon generation times in Taylor and
Dietvorst (1991), it is apparent that the majority of the
diagenesis is supposed to have occurred after peak
hydrocarbon generation. It remains to be seen how
applicable the proposed filling history for Cormorant IV
is to other Brent Group fields.

In summary, the oil-filling model is the preferred
explanation for the 8'®0-depth correlation (Fig. 10). It
has also the advantage of being compatible with previous
diagenetic studies in the area, and of inherent simplicity.
It does require that there was previously a hydrocarbon
column that was substantially greater than the present-
day fill. However, there is sufficient independent
evidence for the previous presence of oil within the
present-day  water-leg (minute hydrocarbon-filled
inclusions, oil-stained clays) to justify this. In addition,
biodegraded oil is found in some Brent Fields (Bhullar
et al., 1999; Horstad et al., 1990). Given that biode-
gradation is halted at around 70-80 °C, this is good
evidence for early oil charging. Early oil leak-off and
replacement with a recent charge has also been described
(Bhullar et al., 1999).

5. Conclusions

1. The Cormorant IV reservoir is interpreted to have been
filled by hydrocarbons from 80 to 40 Ma, interrupting
diagenetic reactions within the oil-leg. There were two
oil pools, one above and one below the Mid-Ness Shale,
a regionally extensive low-permeability unit that divides
the Brent Group. The hydrocarbons subsequently leaked
off, allowing diagenesis to continue throughout the
reservoir, until the present-day oil charge was emplaced
as the last event in the reservoir history (Fig. 10). This
sequence of events is more complex than has been
previously assumed, and has been reconstructed using
diagenetic evidence.

2. There are two morphologies of kaolin in Cormorant IV,
an early vermkiform and a later blocky kaolin. The
blocky kaolin is formed by the recrystallisation of the
vermiform kaolin. All the kaolin samples prepared for
isotopic analysis consisted of the later, blocky kaolin.
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3. There is a strong correlation between 8'*0 of blocky
kaolin and depth for kaolin samples from two wells
from the Cormorant Field, with a 2%o0 offset corre-
sponding to the Mid-Ness Shale. The correlation is
interpreted as due to kaolin recrystallisation during
hydrocarbon filling from 45 to 70 °C, at which time
modelling of a kitchen area in an adjacent depo-centre
shows potential source rocks to be at peak maturity.
The Mid-Ness Shale sub-divided the reservoir. Filling
ended approximately 60 Ma ago, which is coincident
with the single K—Ar age of an illite sample from the
water-leg of the field. The (lowermost) oil—water
contact at this time is proposed to have been
significantly lower in the stratigraphy than the
present-day equivalent, as shown by minute oil-bearing
inclusions and oil-stained clay within the present-day
water-leg. The reservoir was within the zone of active
meteoric water recharge, and bitumen was formed by
water washing or biodegradation.

4. The hydrocarbon which is interpreted to have been
initially reservoired in the Cormorant IV structure
probably leaked off soon after filling ended, allowing
diagenesis to continue in the (new) water-leg (Fig. 10).
Quartz overgrowths are the major late diagenetic
phase.

5. The last event to occur within the reservoir was the
influx of the present-day oil charge. This is inferred
to have occurred when the reservoir was buried
below the zone of active meteoric water recharge in
the basin, in the zone of relatively stagnant basinal
porefluids (Fig. 10).

6. All previous published diagenetic histories of Brent
Group reservoir have assumed that oil emplacement
was the last event to have occurred. Our reconstruction
shows that hydrocarbon emplacement occurred rela-
tively early in the history of the reservoir, and was
synchronous with some of the diagenetic reactions.
Other reactions occurred only after the initial hydro-
carbon charge had leaked off. It remains to be seen
whether this filling history is applicable to other Brent
Group fields in the East Shetland Basin.
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