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Abstract

Oxygen isotope microanalyses of authigenic quartz, in combination with temperatures of quartz precipitation constrained

by fluid inclusion microthermometry and burial history modelling, are employed to trace the origin and evolution of pore

waters in three distinct reservoirs of the Brae Formation in the Miller and Kingfisher Fields (North Sea). Oxygen isotope

ratios of quartz cements were measured in situ in nine sandstone thin sections with a Cameca ims-4f ion microprobe. In

conjunction with quartz cement paragenesis in the reservoirs, constrained from textural and cathodoluminescence (CL)

microscopy studies, pore water evolution was reconstructed from the time of deposition of the sandstones in the Upper

Jurassic until the present.

CL photomicrographs of quartz overgrowths in the Brae Formation sandstones show three cement zones (A, B and C) which

can be related to different oxygen isotope compositions: (1) the earliest, and thinnest, zone A (homogeneous CL pattern with

probable d18O values between + 23xand + 26x—direct measurements were not possible) precipitated in the sandstones at

temperatures < 60 jC; (2) the second zone B (complex CL pattern and directly measured d18O values between + 15xand

+ 18x) precipitated in the sandstones most likely between 70 and 90 jC; (3) the third zone C (homogeneous CL pattern and

directly measured d18O values between + 16xand + 22x) precipitated in the sandstones most likely at temperatures >90 jC.
Calculated oxygen isotope compositions of pore waters show that zone A quartz cements, and enclosing concretionary calcite,

precipitated from a meteoric-type fluid (f� 7x) during shallow burial ( < 1.5 km). Zone B quartz cements precipitated from

fluids which evolved in composition from a meteoric-type fluid (d18O � 7x) to a more 18O-enriched fluid (d18O � 4x) as

burial continued to f 3.0 km. Data from zone C quartz cements are consistent with further fluid evolution from d18O � 4xto

basinal-type fluids with d18O similar to the present-day formation water oxygen isotope composition ( + 0.6xat 4.0 km

burial). A similar pore water evolution can be derived for all three reservoirs studied, indicating that hydrogeologic evolution

was similar across sandstones of the whole Brae Formation.

The quartz cement zones observed in the Brae Formation sandstones, and the pore water history derived for the area

studied, is analogous to published petrographic and pore water evolution data from the nearby Brent Group reservoirs and

from reservoirs located in the Haltenbanken area on the Atlantic margin offshore Norway. Considering quartz cement is a

major porosity-occluding phase in many reservoir sandstones, and because pore waters both dissolve quartz and carry the
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dissolved silica to cementation sites, the data presented are valuable for improving the understanding and prediction of

reservoir quality development in sandstones globally.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Quartz cement is a major destroyer of porosity and

an important control on reservoir quality in many

deeply buried sandstone reservoirs (e.g. Bjørlykke et

al., 1986; Land and Fisher, 1987; Ehrenberg, 1990).

Understanding the origin and distribution of quartz

cement is consequently of economic importance for

reservoir quality prediction in oilfield sandstones.

Quartz cementation in sandstones during burial is

governed by three linked steps: (1) dissolution of a

silica source, (2) silica transport in solution and (3)

quartz cement precipitation. In this paper, the nature of

the fluid in which silica is transported from the site of

dissolution to the site of precipitation is elucidated. Our

study concentrates on the Brae Formation sandstone

reservoirs of the Miller and Kingfisher oilfields (North

Sea) (Fig. 1). Constraining the hydrogeological regime,

which operated during the geological history of the

Brae Formation sandstones, can enhance the under-

standing of the quartz cementation process and facili-

tate prediction of quartz cement distributions in the

reservoirs studied. The Brae Formation sandstones are

Upper Jurassic submarine fan deposits presently buried

to depths of 4.0 km. Porosities in the hydrocarbon

reservoirs examined typically have been reduced by 5

to 15% quartz cement (Marchand et al., 2000).

Provided quartz precipitation temperatures are

known, the oxygen isotope composition of the fluid

from which silica was precipitated can be calculated

from oxygen isotope ratios measured in quartz cement

(Longstaffe, 1989). To date, oxygen isotope compo-

sitions of quartz cement reported in most papers have

been determined using bulk analysis techniques (e.g.

Milliken et al., 1981; Haszeldine et al., 1992;

McLaughlin et al., 1996; Macaulay et al., 1997).

These methods utilise chemical and physical disag-

gregation techniques in order to separate authigenic

from detrital quartz (Lee and Savin, 1985; Brint et al.,

1991). In this paper, oxygen isotope analysis of quartz

cements from the Brae Formation reservoirs was

carried out by means of secondary ion mass spec-

trometry (SIMS). With the ion microprobe, individual

quartz overgrowths, and potentially also different

growth zones in the overgrowths, can be analysed in

situ with a spatial resolution of f 20 Am (e.g.

Graham et al., 1996; Williams et al., 1997; Lyon et

al., 2000; Macaulay et al., 2000). The sequence of

growth of different quartz phases in the Brae For-

mation sandstones was constrained by means of

scanning electron microscopy (SEM)-based cathodo-

luminescence (CL) and petrographic analyses. The

measurement of the oxygen isotope ratios in each

quartz growth phase, in combination with quartz

precipitation temperatures independently constrained

from fluid inclusion and basin modelling studies,

permitted the construction of a pore water evolution

model for the Brae Formation sandstones which

reveals the nature of the fluids involved in quartz

cementation of the reservoirs.

2. Geological setting

The Brae Formation sandstones in the Miller and

Kingfisher Fields were deposited as deepwater fans

along the fault-bounded western margin of the South

Viking Graben (McClure and Brown, 1990). Interbed-

ded and overlain with Kimmeridge Clay source rocks

(Harms et al., 1981), the sandstones currently host a

complex of oil and gas condensate reservoirs in chro-

nostratigraphically different units (Rooksby, 1991).

The oil reservoirs in the Miller and Kingfisher Fields

are located in the Brae FormationUnit 2 sandstones and

are presently buried to depths of around 4.0 km (Fig. 1).

A structural saddle separates the oil accumulations, but

preserves a communal aquifer (Fig. 1). The gas con-

densate reservoir in the Kingfisher Field is located in

the shallower (3.8 km) Brae Formation Unit 1 sand-

stones (Fig. 1). This reservoir is separated from the

Brae Formation Unit 2 oil reservoir by around 25 m of

Kimmeridge Clay mudstones (Fig. 1).
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3. Analytical methods

3.1. Fluid inclusion microthermometry and basin

modelling

Minimum temperatures of quartz cementation were

obtained by measuring the homogenization temper-

atures of fluid inclusions in quartz cements using a

Linkam THM600 heating–cooling stage. Because the

samples are from hydrocarbon reservoirs, waters

within the fluid inclusions are likely to be methane

bearing. Hence, it is reasonable to assume that homog-

enization temperatures are very similar to true trap-

ping temperatures and do not require pressure correc-

Fig. 1. (A) Location map of the Miller and Kingfisher Fields in the North Sea. (B) Structural profile across the Miller–Kingfisher Fields. The

Brae Unit 2 oil reservoirs in the different fields are separated by a structural saddle but still have a communal aquifer. The gas condensate

reservoir in the Kingfisher Field is located in the shallower Brae Unit 1 sands (after Marchand et al., 2001, 2002).
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tion (Hanor, 1980). Polished wafers for fluid inclusion

analysis were made from 24 samples from six differ-

ent wells in the Miller Field and 10 samples from two

different wells in the Kingfisher Field. An overview of

the sample depths is provided in Table 1. The approx-

imate time and duration of quartz cementation in the

different reservoirs was constrained by combining

fluid inclusion temperatures with burial and temper-

ature history modelling of the reservoir rocks using

the BasinModk 1D-modelling package. This pro-

gram uses stratigraphic well log data, thermal con-

ductivities and heat flow as input values. Heat flow

values were derived from measured bottom-hole tem-

peratures in wells. More details on the reconstruction

of burial and temperature history in the Miller and

Kingfisher Fields are provided in Marchand et al.

(2001, 2002).

3.2. Oxygen isotope microanalysis

Oxygen isotope ratios in quartz cement were

measured with a Cameca ims-4f ion microprobe

equipped with a Charles Evans & Associates control

system at the University of Edinburgh. Analyses

were made with a focused (20–25 Am) primary beam

of 133Cs+ ions accelerated onto gold-coated polished

thin sections. Negative high-energy (offset 350 V)

secondary ions (18O� and 16O�) were accelerated

and focused into a mass spectrometer where the

isotopes were magnetically separated and subse-

quently counted with an electron multiplier. For each

analysis of 18O/16O in quartz, secondary 18O� and
16O� ions were collected with total counting times of

640 and 80 s, respectively. Analytical precision on

individual analyses using the SIMS technique is

F 1xwhich is adequate for reservoir quality appli-

cations (Graham et al., 1996; Macaulay et al., 2000).

Quartz analyses were standardised against Bogala

Quartz (BOG) (d18OSMOW = 12.3F 0.3x; Else-

nheimer and Valley, 1993). The homogeneity of this

standard at the scale of ion microprobe analysis was

demonstrated by Graham et al. (1996).

Nine samples were selected for analysis (Table 2).

Samples were made into polished thin sections (30 Am
thick) and cut to circles of 1 in. diameter in order to fit

into the ion microprobe sample holders. As quartz is

an electrical insulator, the sections were gold-coated

to prevent charge build up on the sample surface.

Prior to oxygen isotope analysis, an SEM image map

(in secondary electron (SE) and CL mode) was made

for each thin section sample. Quartz cement CL zones

suitable for analysis (>20 Am thick) were identified

and marked on each sample map. The SEM SE and

CL photomicrograph maps were subsequently used

during the SIMS analysis session to facilitate identi-

fication of the areas of interest in the reflected light

optical viewing system of the ion microprobe.

4. Quartz cementation in the Brae Formation

reservoirs

4.1. Quartz cementation conditions

Quartz cementation is the main cause of porosity

loss in the Brae Formation sandstone reservoirs of the

Table 1

Sampled depth intervals of rocks used for fluid inclusion and/or SIMS analysis in this study and average (F standard deviation) mineralogical

compositions for each interval

Field Reservoir Well Sample depth

(m)

Detrital quartz

(%)

Feldspar

(%)

Rock fragments

(%)

Detrital clay

(%)

Others

(%)

Miller Brae Unit 2 7b-A03 4022–4070 88.2F 3.7 2.9F 0.7 3.2F 1.6 3.5F 2.3 2.2F 2.6

8b-3 3989–4116 86.3F 3.5 3.0F 1.4 4.8F 1.8 2.2F 0.7 3.7F 2.1

7b-24 4045–4113 87.5F 2.6 3.9F 0.9 2.9F 1.6 2.8F 1.2 3.0F 1.7

8b-5 4086–4145 87.1F 0.3 1.5F 0.6 5.4F 0.7 3.2F 2.9 2.8F 1.7

8b-A06 4065–4112 89.6F 1.9 2.1F 0.7 4.7F 1.5 1.8F 1.0 1.8F 0.7

7b-26 4101–4186 89.0F 2.5 2.6F 0.6 3.2F 0.7 2.5F 0.5 2.7F 0.9

7b-28 4080–4085 87.3F 5.2 3.1F1.8 2.1F1.0 2.4F 0.9 5.1F 3.1

8b-A10 4094–4105 84.8F 4.0 3.0F 0.3 2.7F 0.3 3.2F 1.3 6.3F 2.8

Kingfisher Brae Unit 1 8a-8 3886–3955 82.5F 3.7 2.9F 0.5 3.7F 1.3 6.3F 2.2 4.6F 1.4

Kingfisher Brae Unit 2 8a-4 3990–4126 82.2F 2.1 1.6F 0.5 3.3F 1.0 7.0F 1.9 5.9F 2.1
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Table 2

SIMS results and interpretation of quartz phases (authigenic (AQ), detrital (DQ) or mix of both) and quartz cement CL zones (complex or

homogeneous) which were analysed in oil and water zone samples from Brae Formation sandstones

Analysis number Raw 18O/16O (� 1000) Corr. 18O/16O (� 1000) Standard error (x) d18O (x) SMOW Comment

Miller-Brae Unit 2 reservoir-oil zone sample 3993.8

A13163A1 1.91397 1.888590611 1.4 25.8 AQ/homogeneous

A13163A2 1.89158 1.888296716 1.1 14.0 DQ

A13163A3 1.9117 1.88800282 1.3 24.9 AQ/homogeneous

D13163B1 1.8949 1.892705145 1.2 13.4 DQ

D13163B2 1.89482 1.89241125 1.3 13.5 DQ

A13163B3 1.90583 1.892117354 1.4 19.5 AQ/homogeneous

D13163B4 1.89314 1.891823459 1.0 12.9 detrital

A13163B5 1.90076 1.891529564 1.1 17.1 AQ/complex

A13163B6 1.90884 1.891235668 1.3 21.6 AQ/homogeneous

A13163B7 1.91259 1.890941773 1.2 23.8 AQ/homogeneous

A13163C1 1.90868 1.889472297 1.0 22.5 AQ/homogeneous

A13163C2 1.89555 1.889178401 1.0 15.6 AQ/complex

D13163C3 1.89838 1.888884506 45.5 17.3 mix

Miller-Brae Unit 2 reservoir-oil zone sample 4039.6

A15312A1 1.88718 1.891309396 1.1 10.0 DQ

A15312A2 1.88935 1.890667423 1.2 15.5 AQ/complex

A15312A3 1.90226 1.891095405 1.4 18.2 AQ/complex

A15312A4 1.89267 1.890881414 1.1 16.2 AQ/complex

D15312B1 1.88247 1.888955494 1.4 8.7 DQ

A15312B2 1.8926 1.888741503 1.3 14.3 mix

A15312B3 1.89727 1.888527511 1.1 16.9 AQ/homogeneous

A15312B4 1.90216 1.88831352 1.2 19.6 AQ/homogeneous

A15312B5 1.89112 1.888099529 1.9 13.8 mix

A15312B6 1.90687 1.887885538 0.9 22.4 AQ/homogeneous

D15312C1 1.88418 1.89195137 1.2 8.1 DQ

A15312C2 1.87787 1.891737378 1.3 4.8 mix

A15312C3 1.88953 1.891523387 1.3 11.1 DQ

D15312D1 1.88825 1.89387729 1.4 9.2 DQ

A15312D2 1.89915 1.893663299 1.3 15.1 mix

A15312D3 1.88504 1.893449307 1.1 7.7 DQ

A15312D4 1.8978 1.893235316 1.3 14.7 mix

A15312D5 1.90726 1.893021325 1.2 19.8 AQ/homogeneous

A15312D6 1.8999 1.892807334 1.4 16.0 AQ/homogeneous

Miller-Brae Unit 2 reservoir-water zone sample 4110.4

A5939A1 1.89637 1.891135631 1.1 15.0 DQ

A5939A2 1.90683 1.891056191 1.1 20.7 AQ/homogeneous

A5939A3 1.91152 1.890976752 1.2 23.2 AQ/homogeneous

A5939A4 1.90226 1.890897313 1.2 18.3 mix

A5939A5 1.89697 1.890817874 1.4 15.5 AQ/complex

A5939A6 1.9137 1.890738434 1.1 24.5 AQ/homogeneous

A5939B1 1.89745 1.890102921 1.1 16.1 AQ/complex

A5939B2 1.90978 1.890023481 1.3 22.8 AQ/homogeneous

A5939B3 1.89858 1.889944042 1.2 16.8 AQ/homogeneous

A5939B4 1.90658 1.889387967 1.1 21.4 AQ/homogeneous

A5939B5 1.89951 1.889308528 1.2 17.7 mix

A5939B6 1.89681 1.889229089 1.2 16.3 mix

A5939C1 1.90406 1.890658995 1.3 19.4 AQ/homogeneous

A5939C2 1.89614 1.890341238 1.0 15.3 mix

(continued on next page)
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Table 2 (continued )

Analysis number Raw 18O/16O (� 1000) Corr. 18O/16O (� 1000) Standard error (x) d18O (x) SMOW Comment

Miller-Brae Unit 2 reservoir-water zone sample 4110.4

A5939C3 1.91249 1.890261799 1.1 24.1 AQ/homogeneous

A5939C4 1.90904 1.89018236 1.2 22.3 AQ/homogeneous

A5939D1 1.90246 1.889626285 1.3 19.1 AQ/homogeneous

A5939D2 1.89574 1.889546846 1.4 15.5 mix

A5939D3 1.90777 1.889467407 1.1 22.0 AQ/homogeneous

Kingfisher-Brae Unit 1 reservoir-oil zone sample 3887.5

D13337A1 1.89868 1.888826917 1.0 17.5 DQ

A13337A2 1.89295 1.888859235 1.1 14.4 DQ

A13337A3 1.88232 1.888891553 1.0 8.7 DQ

A13337A5 1.8961 1.88892387 1.1 16.1 AQ/complex

A13337A6 1.91048 1.888956188 1.0 23.7 AQ/homogeneous

D13337C0 1.89659 1.887011904 1.2 17.3 DQ

D13337C1 1.89445 1.887227816 1.3 16.1 DQ

A13337C2 1.90976 1.887155846 1.0 24.3 AQ/homogeneous

A13337C3 1.90676 1.887083875 1.2 22.8 AQ/homogeneous

A13337C4 1.90134 1.886939933 1.1 19.9 mix

A13337C5 1.90811 1.886867963 1.2 23.6 AQ/homogeneous

A13337C6 1.90085 1.886795992 1.0 19.7 AQ/homogeneous

D13337C7 1.88602 1.888988506 1.1 10.6 DQ

D13337E1 1.89327 1.889117777 1.0 14.4 DQ

A13337E2 1.89799 1.889150095 1.0 16.9 AQ/complex

A13337E3 1.89488 1.889182413 0.9 15.3 AQ/complex

A13337E4 1.88833 1.88921473 1.2 11.7 DQ

A13337E5 1.89177 1.889247048 1.2 13.6 mix

A13337E6 1.89928 1.889311684 1.0 17.6 mix

A13337E7 1.90209 1.889279366 1.0 19.1 AQ/homogeneous

A13337E8 1.90741 1.889020824 1.0 22.1 AQ/homogeneous

Kingfisher-Brae Unit 1 reservoir-oil zone sample 3904.2

D13395A1 1.88239 1.88852329 1.2 8.9 DQ

A13395A2 1.90347 1.888451319 1.2 20.3 AQ/homogeneous

A13395A3 1.88708 1.888379349 1.3 11.5 mix

A13395A4 1.88374 1.888307378 1.1 9.8 DQ

A13395A5 1.90143 1.888235407 1.3 19.3 AQ/homogeneous

A13395A6 1.90016 1.888163436 1.2 18.6 AQ/homogeneous

D13395B1 1.8834 1.887803583 1.0 9.8 DQ

A13395B2 1.90452 1.887731612 1.1 21.2 AQ/homogeneous

A13395B3 1.90994 1.887659641 1.3 24.2 AQ/homogeneous

A13395B4 1.89526 1.88758767 1.2 16.3 mix

A13395B5 1.89234 1.8875157 1.0 14.8 mix

A13395B6 1.89838 1.887443729 1.2 18.1 mix

A13395E1 1.88962 1.882854535 1.2 15.8 AQ/complex

A13395E2 1.87628 1.882748926 1.2 8.7 DQ

D13395F1 1.87384 1.883276972 1.1 7.1 DQ

A13395F2 1.87329 1.883171363 1.0 6.9 DQ

A13395F3 1.90041 1.883065753 1.1 21.5 AQ/homogeneous

A13395F4 1.89478 1.882960144 1.2 18.6 AQ/homogeneous

Kingfisher-Brae Unit 1 reservoir-oil zone sample 3938.4

D13512A1 1.88141 1.885070638 1.1 10.2 DQ

A13512A3 1.8996 1.885137604 1.0 20.0 AQ/homogeneous

13512A3 1.90283 1.88520457 1.0 21.7 AQ/homogeneous
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Table 2 (continued )

Analysis number Raw 18O/16O (� 1000) Corr. 18O/16O (� 1000) Standard error (x) d18O (x) SMOW Comment

Kingfisher-Brae Unit 1 reservoir-oil zone sample 3938.4

13512B0 1.87913 1.885673333 1.0 8.7 DQ

13512B1 1.88969 1.885874232 1.1 14.3 mix

13512B2 1.90047 1.885941198 1.0 20.0 AQ/homogeneous

13512B3 1.90499 1.8857403 1.1 22.5 AQ/homogeneous

A13512B4 1.89023 1.886008164 1.0 14.5 mix

13512B5 1.89792 1.885807266 1.0 18.7 AQ/homogeneous

A13512B6 1.88735 1.88607513 1.1 12.9 DQ

D13512E1 1.8803 1.889440955 0.8 7.3 DQ

A13512E2 1.90823 1.889473272 1.0 22.3 AQ/homogeneous

A13512E3 1.90375 1.88950559 1.1 19.8 AQ/homogeneous

A13512E4 1.91081 1.889537908 1.0 23.6 AQ/homogeneous

A13512E6 1.90286 1.889570226 1.0 19.3 AQ/homogeneous

A13512E7 1.9122 1.889602543 1.0 24.3 AQ/homogeneous

A13512E8 1.90701 1.889634861 0.9 21.5 AQ/homogeneous

A13512F1 1.90117 1.885405469 0.9 20.7 AQ/homogeneous

A13512F2 1.90586 1.885338502 0.9 23.2 AQ/homogeneous

A13512F3 1.88765 1.885271536 1.0 13.5 mix

Kingfisher-Brae Unit 2 reservoir-oil zone sample 3989.7

A13143A0 1.90048 1.877550829 1.1 24.6 AQ/homogeneous

D13143A1 1.87449 1.877594915 1.3 10.5 DQ

A13143A2 1.88972 1.877462655 1.2 18.8 mix

A13143A3 1.89478 1.877418569 1.3 21.6 AQ/homogeneous

A13143A4 1.89208 1.877374482 1.2 20.1 AQ/homogeneous

A13143A6 1.8793 1.877506742 1.1 13.2 mix

D13143C1 1.87932 1.878388475 1.1 12.7 DQ

A13143C2 1.8772 1.878344388 1.1 11.6 DQ

A13143C3 1.88842 1.878300301 0.9 17.7 AQ/homogeneous

A13143C4 1.89606 1.878256215 1.0 21.8 AQ/homogeneous

A13143C5 1.89142 1.878212128 0.9 19.3 mix

A13143D1 1.8872 1.878035782 1.1 17.1 AQ/homogeneous

A13143D2 1.90031 1.877991695 1.1 24.2 AQ/homogeneous

A13143D3 1.89453 1.877947608 1.1 21.2 AQ/homogeneous

A13143D4 1.90128 1.877903522 1.1 24.8 AQ/homogeneous

A13143D5 1.89473 1.877859435 1.0 21.3 AQ/homogeneous

A13143D6 1.8951 1.877815348 1.1 21.5 AQ/homogeneous

A13143D7 1.88595 1.877771262 1.1 16.6 mix

Kingfisher-Brae Unit 2 reservoir-water zone sample 4030.3

A13274A1 1.89539 1.879730485 1.0 20.6 AQ/homogeneous

A13274B1 1.87733 1.879548792 1.0 11.0 DQ

A13274B2 1.9016 1.879609356 1.0 24.1 AQ/homogeneous

A13274B3 1.88947 1.87966992 1.0 17.5 AQ/homogeneous

A13274C1 1.8978 1.879427663 1.1 22.1 AQ/homogeneous

A13274C2 1.89658 1.879488227 1.1 21.4 mix

A13274D2 1.90198 1.880154436 1.1 24.0 AQ/homogeneous

D13274D3 1.87964 1.880215 1.1 11.9 DQ

A13274D4 1.8964 1.880093871 1.1 21.0 AQ/homogeneous

A13274D5 1.88199 1.880033307 1.0 13.3 mix

A13274D7 1.90117 1.879972742 1.1 23.6 AQ/homogeneous

A13274D9 1.88241 1.879912178 1.1 13.6 mix

D13274E1 1.88337 1.880699515 1.2 13.6 DQ

(continued on next page)
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Miller and Kingfisher Fields (Giles et al., 2000;

Marchand et al., 2000, 2002). The precipitation of

quartz overgrowths in many sedimentary basins com-

monly occurs during deep burial diagenesis (>2.5 km)

at elevated temperatures, typically 70–130 jC (e.g.

Giles et al., 1992; Gluyas et al., 1993; Walderhaug,

1994; Bjørkum et al., 1998). Small amounts of quartz

cement may, however, develop slowly at lower tem-

peratures ( < 70 jC) given enough time (Bjørkum et

al., 1998). There is evidence of some early quartz

cementation in the Brae Formation sandstones. Small

quantities ( < 1%) of quartz overgrowths have been

observed in early diagenetic concretions (Marchand et

al., 2000) (Fig. 2A). High minus-cement porosities

(25–35%) determined in thin section samples of

concretions, and oxygen isotope analyses of the

calcite cement, indicate that calcite precipitated from

meteoric water during shallow burial ( < 1.5 km)

(Marchand et al., 2000). Reconstructed burial and

temperature history models of the Brae Formation in

the Miller and Kingfisher Fields indicate that at

around 1.5 km burial, the sandstones were at approx-

imately 60 jC (Fig. 3). The quartz overgrowths in the

concretions petrographically predate the calcite

cement and must therefore have grown at temper-

atures < 60 jC. However, the lowest homogenization

temperatures measured in fluid inclusions in quartz

cements outside calcite-cemented zones are around 70

jC in all three reservoirs examined (Fig. 4). The lack

of low-temperature ( < 70 jC) measurements in fluid

inclusions can be explained by the fact that the earliest

quartz cement occurs only in small quantities ( < 1%).

Therefore, the likelihood of finding low-temperature

inclusions is small. Also, fluid inclusions trapped

close to earth surface conditions ( < 60 jC) generally
occur as metastable all-liquid inclusions and may

never nucleate a vapor bubble necessary for temper-

ature measurement (Goldstein and Reynolds, 1992).

The main phase of quartz cementation in the Brae

Formation sandstones is interpreted to have occurred

at deeper burial (>1.5 km). Fluid inclusion temper-

atures (Fig. 4) indicate quartz growth from 70 jC
onwards up to present-day reservoir temperatures

(120 jC; Rooksby, 1991). As explained in Marchand

et al. (2002), the volume of quartz cement precipitated

in each reservoir examined is directly linked to the

time and duration of oil emplacement. Marchand et al.

(2001) demonstrated that when oil displaced forma-

tion water from the pore-space in the Brae Formation

sandstones, the quartz precipitation rate was reduced

by at least two orders of magnitude. As a conse-

quence, quartz cement abundances are lowest ( < 6%)

in the crestal parts of the Brae Unit 2 reservoir in the

Miller Field and in the entire Brae Unit 1 reservoir in

the Kingfisher Field, which both filled with oil around

40 Ma (Marchand et al., 2002). Maximum fluid

Table 2 (continued )

Analysis number Raw 18O/16O (� 1000) Corr. 18O/16O (� 1000) Standard error (x) d18O (x) SMOW Comment

Kingfisher-Brae Unit 2 reservoir-water zone sample 4030.3

A13274E2 1.90121 1.880638951 1.0 23.3 AQ/homogeneous

A13274E3 1.89141 1.880578386 1.1 18.0 mix

A13274E4 1.89621 1.880517822 1.0 20.7 mix

A13274E5 1.89272 1.880457258 1.0 18.8 mix

A13274E6 1.89714 1.880396693 1.1 21.2 AQ/homogeneous

Kingfisher-Brae Unit 2 reservoir-water zone sample 4081.0

D13437A1 1.87754 1.884966716 1.0 8.2 DQ

A13437A2 1.89695 1.884861107 1.1 18.7 AQ/homogeneous

A13437A3 1.90235 1.884755498 0.9 21.7 AQ/homogeneous

A13437A4 1.90080 1.884649889 0.9 20.9 AQ/homogeneous

A13437A5 1.89655 1.88454428 1.1 18.7 mix

A13437A5 1.90279 1.884438671 1.0 22.1 AQ/homogeneous

A13437A7 1.90094 1.884016235 0.9 21.3 mix

A13437A8 1.90178 1.883910626 1.0 21.8 AQ/homogeneous

A13437A9 1.88878 1.883805017 1.1 14.9 DQ

A437A10 1.90091 1.883699408 1.2 21.5 AQ/homogeneous

A437A11 1.89785 1.883593799 1.1 19.9 AQ/homogeneous

D437A14 1.8823 1.884121844 1.1 11.2 DQ
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inclusion temperatures from oil zone samples in those

reservoirs are up to 15 jC lower (i.e. 105 jC) than
present-day bottom hole temperatures (120 jC;
Rooksby, 1991), and are therefore in agreement with

inhibition of quartz cementation due to displacement

of pore water by hydrocarbons (Fig. 4). The Miller

Field experienced gradual oil emplacement over a

prolonged period of time (Marchand et al., 2001)

and, as a consequence, quartz cement abundances

Fig. 2. SEM-CL images illustrating the different appearance of

quartz cement zones in the Brae Formation sandstones. (A) Early

diagenetic zone A quartz cement in calcite-cemented sandstone

displays a homogeneous CL pattern (Miller Field sample, 3992.3 m,

field of view 170� 200 Am). (B) Zone B quartz cements display a

complex CL pattern (Miller Field sample, 4022.7 m, field of view

625� 500 Am). Arrows indicate cementation in pore space between

detrital grains. (C) Zone C quartz cements display a homogeneous

CL pattern (Kingfisher Field sample, 4023.6 m, field of view

1300� 1000 Am). Arrows indicate detrital grains in point-contact

with each other. C = calcite cement, DQ = detrital quartz and

P= porosity.

Fig. 3. Burial histories combined with isotherms for (A) Miller and

(B) Kingfisher Field. The reservoir intervals studied are shaded grey

(Brae Units 1 and 2) (after Marchand et al., 2002).
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and fluid inclusion temperatures increase (up to 10%

and 120 jC;Marchand et al., 2001) in samples towards

the oil–water contact at 4090 m (Fig. 4). The Brae

Unit 2 reservoir in the Kingfisher Field contains

significantly more quartz cement (8–12%). This res-

ervoir filled with oil recently (around 10 Ma) and

therefore quartz precipitated unhindered over a long

period of time (Marchand et al., 2002). This is also

reflected in fluid inclusion temperatures approaching

present-day bottom hole temperatures (120 jC) in oil

zone samples (Fig. 4). Quartz cement abundances are

also high (10–15%; Marchand et al., 2002), and fluid

inclusion temperatures extend up to 120 jC (Fig. 4) in

the aquifers of the different reservoirs examined.

4.2. Quartz cement paragenesis

CL photomicrograph petrography of quartz over-

growths in the Brae Formation sandstones shows the

presence of at least three cement zones (A, B and C)

in all three reservoirs studied (Fig. 2). Zone A and

zone C cements display a homogeneous CL pattern,

whereas zone B quartz cements display a complex CL

pattern (Fig. 2).

The earliest quartz cement zone to have precipitated

must be zone A (homogeneous CL pattern) in the

calcite concretions (i.e. < 1.5 km and < 60 jC) (Fig.
2A). The absence of zone B (complex CL pattern) in

the early diagenetic concretions indicates that zone B

quartz cements precipitated after calcite cementation

occurred in the sandstones (i.e. >60 jC). Zone B is

rarely observed in the quartz cements, but where it

does occur, it usually borders detrital grains (Fig. 2B).

The thickness of this growth zone varies throughout

the reservoirs and ranges between < 5 to 30 Am. Zone

B cements are often observed to fill pore space

between detrital grains, indicating that cementation

may have occurred before mechanical compaction

was completed in the sandstones (Fig. 2B). Mechan-

ical compaction in quartz-rich sandstones, such as the

Brae Formation sandstones, stabilises when about 30%

(Houseknecht, 1987) to 26% (Paxton et al., 1990)

porosity is reached. This commonly corresponds to

burial depths between 1.5 and 2.5 km. Between that

depth range, when zone B cements were most likely

precipitated, the Brae Formation sandstones were at

temperatures between 60 and 90 jC (Fig. 3). Zone C

(homogeneous CL pattern) quartz cement is the most

common and makes up most of the bulk volume of the

quartz cements in the Brae Formation. The zone C

overgrowths can be up to 50 Am thick and precipitated

mainly on grains which are partly in point-contact with

each other, indicating a post-compactional, and post

zone B cementation, origin (Fig. 2C). Therefore, zone

C cementation most likely occurred at temperatures

>90 jC (post-compaction).

4.3. Sources of silica for quartz cementation

The Brae Formation sandstones are quartzose or

sublithic/arkosic arenites in composition in all three

reservoirs studied (Table 1). Apart from localized

Fig. 4. Histograms of homogenization temperatures (Th) measured in aqueous fluid inclusions in quartz cement. (A) Th data from the Brae Unit 2

reservoir in the Miller Field suggest that quartz cementation was active around 65 jC and that oil zone cementation (peak histogram between

105 and 110 jC) is retarded compared to aquifer cementation (peak histogram between 115 and 120 jC). The highest temperatures measured in

fluid inclusions in crestal samples (c) from the field are between 100 and 105 jC. (B) Th data from the Brae Unit 1 reservoir in the Kingfisher

Field suggest that quartz cementation was active around 70 jC and was halted when the reservoir was buried to temperatures of 95–105 jC
(maximum measured temperatures). (C) Th data from the Brae Unit 2 reservoir in the Kingfisher Field suggest that quartz cementation occurred

over an analogous temperature range in oil and water zones of the reservoir (65–125 jC) (after Marchand et al., 2002).
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extensive calcite cemented volumes, authigenic miner-

als in the porous sands other than quartz are restricted

to < 2% bulk volume of kaolinite, dispersed minor

calcite and pyrite (Marchand et al., 2002). Sources of

silica inherent in the sandstones may be dissolution of

K-feldspars, dissolution of biogenic silica (sponge spi-

cules) and pressure dissolution of quartz at grain

contacts or stylolites. Illitisation of kaolinite also re-

leases silica to the pore waters in sandstones (Bjørlykke

and Egeberg, 1993). However, the studied sandstones

do not show any significant illitisation of the very small

amounts of kaolinite present. Silica precipitated from

meteoric water (e.g. Blatt, 1979; McBride, 1989) and

silica released from interbedded shales during compac-

tion (e.g. Sullivan and McBride, 1991; Gluyas et al.,

2000) can also be considered as potential silica sources.

Petrographic observations and mass balance calcu-

lations indicate that only a small proportion ( < 2%) of

the quartz cements in the Brae Formation reservoirs

studied could have come from K-feldspar and sponge

spicule dissolution (Marchand, 2001). This dissolution

occurred most likely during shallow burial when the

sandstones were open to meteoric water through-flow

(Marchand et al., 2000). Because meteoric water is

usually supersaturated with silica (Blatt, 1979), the

silica released from K-feldspar and sponge spicule

dissolution may have been sufficient to explain precip-

itation of the small amounts of zone A quartz cements

( < 1%) in the reservoirs during shallow burial ( < 1.5

km). The bulk of the quartz cements (zones B and C) in

the Brae Formation sandstones were precipitated dur-

ing deeper burial and at higher temperatures (>70 jC).
Gluyas et al. (2000) calculated that clay mineral reac-

tions in mudstones interbedded with the Brae Forma-

tion reservoir rocks can account for the volumes of

quartz cement observed. There is also abundant evi-

dence in the sandstones, and in small laminae of inter-

bedded argillaceous sandstones, of grain-to-grain

pressure dissolution and stylolites (Fig. 5). Therefore,

it is likely that also pressure solution contributed to the

Fig. 5. (A) Plane-polarised light photomicrograph of stylolite seams

in a sample of the Miller Field (4037 m). Quartz grains adjacent to

the stylolite are irregular-shaped and smaller in size compared to

quartz grains further away from the stylolite suggesting solution of

detrital quartz at the stylolite interface. (B) Plane-polarised light

photomicrograph of pressure solution of quartz grains embedded in

argillaceous matrix in a sample of the Miller Field (4043 m). Silica

dissolved in fine-grained laminae may diffuse to precipitation sites

in nearby medium-grained sandstones and precipitate as quartz

cement. (C) Backscatter SEM image of solution of detrital quartz at

grain contacts between grains in a sample of the Kingfisher Field

(4081 m). In some places, this process has produced sutured grain-

contacts (arrows).
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silica budget. On balance, both processes (pressure

solution and clay mineral reactions) can account for

the volume of quartz cements observed in the Brae

Formation sandstones. The relative importance of each

process could not be judged because we did not quan-

titatively constrain pressure dissolution and/or silica

released from clay mineral reactions in the samples

studied.

Fig. 6. Histograms showing the distribution of (A) detrital quartz and (B) authigenic quartz oxygen isotope values determined with the ion

microprobe in the three reservoirs examined.
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5. Oxygen isotope results

5.1. Data quality control

The oxygen isotope data obtained with the ion

microprobe are listed in Table 2. Due to the small

magnification in the optical microscope (10� ) on the

ion microprobe, it is essential to check where the

primary ion beam hit the sample before making any

data interpretation. Bombardment with the primary

ion beam results in a sputter pit on the polished

sections. These sputter pits are typically 20–25 Am
in diameter. The location of the sputter pits made by

analyses in each thin section was checked by SEM (in

SE and CL operating mode). In Table 2, an interpre-

tation of the location of the sputter pits (in authigenic

quartz, detrital quartz or overlapping both) is inserted

in the ‘comment’ column. The mixed signatures were

not used for interpretation.

5.2. Detrital quartz

The histograms shown in Fig. 6A summarize the

d18O range of the 39 microanalyses of detrital quartz

carried out with the ion microprobe. Both authigenic

and detrital quartz can show cathodoluminescence

(CL) at various intensities, but there is usually a

marked contrast between them in individual grains,

as illustrated by our CL photomicrographs (Fig. 2).

The d18O of detrital quartz grains in the Brae For-

mation sandstone reservoirs examined ranges from

+ 6.9x to + 17.5x (average 11.4F 2.8x). The

significant intragrain variations in detrital quartz

d18O are of comparable magnitude to heterogeneities

measured in quartz from granitic rocks (Valley and

Graham, 1996). According to Blatt (1987), average

d18O of quartz in igneous rocks is around + 9x, in

metamorphic rocks around + 13 to + 14xand in

sandstones around + 11x. The average of all anal-

yses in detrital quartz grains of the Brae Formation

sandstones is similar in all three reservoirs exam-

ined: 11.4F 2.6x in Brae Unit 2 of the Miller

Field, 11.2F 3.5xin Brae Unit 1 of the Kingfisher

Field and 11.7F 1.9x in Brae Unit 2 of the

Kingfisher Field. These numbers are similar to Blatt’s

data for the detrital component of sandstones

(f 11x). The wide range in oxygen isotopic com-

positions of the detrital quartz grains analysed ( + 6.9

to + 17.5x) is consistent with granitic and/or meta-

morphic terranes being the predominant source of the

detrital quartz in the Brae Formation sandstones. A

similar range and average of d18O values in each

reservoir examined suggests a similar source region

for quartz across the whole Brae Formation. The

most likely source region, as suggested by McClure

and Brown (1990), is the Devonian Fladen Ground

Spur (Fig. 1).

5.3. Authigenic quartz

The histograms shown in Fig. 6B summarize the

d18O values of the 86 microanalyses in authigenic

Table 3

Average (F standard deviation) d18O values of homogeneous and complex CL-patterned quartz cements in oil and water zone samples from

Brae Formation sandstones

CL zone Average d18OSMOW

(x)

Standard

deviation

(x)

No.

analyses

Range

(x)

Miller Field Brae Unit 2 oil zone complex 16.5 1.1 5 15.5–18.2

reservoir homogeneous 21.2 3.1 11 16.0–25.8

water zone complex 15.8 0.4 2 15.5–16.1

homogeneous 21.5 2.3 11 16.8–24.5

Kingfisher Field Brae Unit 1 oil zone complex 16 0.7 4 15.3–16.9

reservoir homogeneous 21.4 1.9 27 18.6–24.3

water zone the sampled well did not contain an aquifer

Kingfisher Field Brae Unit 2 oil zone complex – – – –

reservoir homogeneous 21.4 2.5 11 17.1–24.8

water zone complex – – – –

homogeneous 21.5 1.8 16 17.5–24.1
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quartz. The d18O of authigenic quartz in the Brae

Formation sandstone reservoirs examined ranges from

+ 15.3xto + 25.8x(average 20.8F 2.7x). There

is a wide spread in d18O values in all three reservoirs

studied (Fig. 6B). The average oxygen isotopic com-

position of quartz cements is similar in each reservoir:

20.3F 3.2xin the Brae Unit 2 reservoir in the Miller

Field, 20.7F 2.6xin the Brae Unit 1 reservoir in the

Kingfisher Field and 21.5F 2.1xin the Brae Unit 2

reservoir in the Kingfisher Field.

Because it is not possible to petrographically

differentiate the two generations of homogeneous

luminescent quartz cements (zones A and C) in non-

calcite-cemented samples, it was not possible to iso-

topically distinguish zones A and C cements in the ion

microprobe analysis results (Table 2). Consequently,

the oxygen isotope results below are discussed in

terms of the two CL patterns occurring in quartz

cement (homogeneous and complex). The two differ-

ent quartz cement CL patterns are distinct in their

oxygen isotopic compositions (Table 3 and Fig. 6).

The d18O values measured in complex CL-patterned

quartz cements (zone B cement only) range from

+ 15.3xto + 18.2x(Fig. 6). The average oxygen

isotope signature is similar in oil and water zone

samples of the two reservoirs where hydrocarbon

emplacement occurred around 40 Ma, i.e. the Brae

Unit 2 reservoir of the Miller Field and the Brae Unit

1 reservoir of the Kingfisher Field (Table 3). In the

reservoir where oil charged recently (around 10 Ma),

i.e. the Brae Unit 2 reservoir of the Kingfisher Field,

no complex CL-patterned quartz cement was encoun-

tered for analysis (Fig. 6). In homogeneous CL-

patterned quartz cements (zones A and C), d18O
ranges between + 16.0xand + 25.8x (Table 3).

The average oxygen isotopic signature of homoge-

neous CL-patterned quartz cements (zones A and C) is

also similar in oil and water zone samples in all three

reservoirs (Table 3).

6. Discussion

6.1. Petrographic constraints on pore water evolution

Pore water compositions in any basin change with

time and increasing burial. In view of the wide range

in measured quartz cement d18O values ( + 15.3 to

+ 25.8x), reconstruction of the fluid evolution from

the time of the earliest precipitation of quartz cements

in the Brae Formation sandstones (at < 1.5 km burial

and < 60 jC) until the present (4.0 km burial and 120

jC) is subject to considerable uncertainty, particularly

since zone A ( < 1% of the quartz cement) may not be

represented in the ion microprobe data. In order to

calculate the d18O pore water compositions from the

measured oxygen isotope signatures, the following

information on quartz cement paragenesis needs to be

taken into account:

1) the earliest quartz cement zone, A (homogeneous

CL pattern), precipitated in the sandstones at

temperatures < 60 jC;
2) the second quartz cement zone, B (complex CL

pattern), precipitated in the sandstones most likely

between 70 and 90 jC;
3) the third quartz cement zone, C (homogeneous CL

pattern), precipitated in the sandstones most likely

at temperatures >90 jC.

Because there are no distinct fluid inclusion temper-

ature peaks (Fig. 4) which could potentially distin-

guish the different zones of quartz cement, it is

thought that cementation in the Brae Formation

sandstones was more or less a continuous process;

the changes in isotopic ratio in the cements may

therefore be continuous also. The range in measured

d18O values in quartz cements, and the occurrence of

quartz cement zones, is similar in all three reservoirs

examined. Consequently, it is reasonable to assume

that pore water evolution was similar across the

entire Brae Formation. The nature of pore waters in

which silica for quartz cementation in the Brae

Formation was transported is discussed below by

means of oxygen isotope fractionation curves based

upon the fractionation equation of Matsuhisa et al.

(1979) (Fig. 7).

6.2. Geochemical constraints on pore water evolution

Oxygen isotope analyses of early calcite cements

in the Brae Formation indicate that meteoric water

was present in the sandstones at shallow burial depths

( < 1.5 km) (Marchand et al., 2000). Upper Jurassic

meteoric water had an oxygen isotope composition

estimated as f� 7x(Hamilton et al., 1987). The
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measured d18O values in calcite cements are plotted

onto Fig. 7. Present-day formation water isotopic

composition in the Brae Formation is around

+ 0.6x(Smalley and Warren, 1994) at 4.0-km burial

and temperatures around 120 jC. Considering that the

Brae Formation sandstones have been continuously

buried since their time of deposition until the present

(Fig. 3), oxygen isotope compositions of the pore

waters from which quartz cements precipitated most

probably range between Upper Jurassic meteoric

water (� 7x) and present-day formation water

( + 0.6x).

6.3. Pore water evolution

All zone B quartz cements (complex CL pattern),

with d18O compositions between + 15.5xand

+ 18.2x, most likely precipitated between 70 and

90 jC. Pore water oxygen isotope compositions from

which these zone B cements precipitated therefore

correspond to meteoric-type fluids (f� 7x) with a

shift towards more 18O-enriched fluids (f� 4x) as

temperatures approach 90 jC (Fig. 7). This shift in

pore water isotopic composition during burial from

1.5 to 3.0 km is best explained by mixing of the

meteoric-type fluids (� 7x) with basinal-type fluids

( + 2– + 5x; Egeberg and Aagaard, 1989, Wilkinson

et al., 1992). Plausible evidence for the introduction of

basinal-type fluids in the reservoirs may be (1) the

high salinity (15–25 wt.% NaCl eq) of low-temper-

ature (70–90 jC) fluid inclusions (Marchand, 2001)

which may indicate incorporation of dissolved salts

from formations deeper in the basin (probably Zech-

stein) and (2) the coincidence of the arrival of basinal

fluids in the reservoirs with the early stages of hydro-

carbon emplacement (f 40 Ma; Marchand et al.,

2002) in the Brae Unit 2 reservoir of the Miller Field

and the Brae Unit 1 reservoir of the Kingfisher Field.

Considering hydrocarbons originate deeper in the

basin than the reservoir’s burial depth, the oil migra-

tion will most likely be accompanied by fluids of an

isotopically more positive nature. The fact that no

zone B cements were encountered for analysis in the

Brae Unit 2 reservoir of the Kingfisher Field conforms

with the recent oil charge (f 10 Ma; Marchand et al.,

2002) and may consequently not be just a mere

coincidence.

Homogeneous CL-patterned quartz cements, with

d18O compositions between + 16.0xand + 25.8x,

could be zone A or zone C cements. As mentioned

earlier, only small amounts of zone A cement ( < 1%)

developed in the early diagenetic calcite concretions at

Fig. 7. Cross plots of pore water d18O values versus temperature

showing oxygen isotope fractionation curves for calcite cement

from + 15xto + 25x(grey; Friedman and O’Neil, 1977) and for

quartz cement from + 15xto + 25x(black; Matsuhisa et al.,

1979). Shaded areas outline measured quartz cement d18O
compositions and grey circles represent measured calcite cement

d18O compositions from Marchand et al. (2000). Two pore water

evolution models (A) and (B) can be developed in order to explain

quartz cement d18O compositions between + 23xand + 26x.

The pore water evolution model pictured in (A) is favoured for

reasons outlined in the text.
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temperatures < 60 jC. Therefore, the bulk of the

homogeneous CL-patterned quartz cements analysed

are most likely from the zone C generation which

precipitated from f 90 jC onwards up to present-day

reservoir temperatures (120 jC). The most plausible

fluid evolution in the reservoir, which can explain

most of the measured homogeneous CL-patterned

quartz cement d18O compositions (i.e. + 16 –

+ 22x), is that with increasing burial depth and

temperature, quartz cements progressively precipi-

tated from fluids which evolved in composition from

a fluid with d18O f� 4xinitially (f 90 jC) to an

end-member basinal-type fluid with d18O similar to

the present-day formation water oxygen isotope com-

position ( + 0.6x) (Fig. 7A). The continuous enrich-

ment of pore water in 18O may be attributed to

ongoing oil charge and/or rock–water interactions in

mudstones enclosing the sandstones. Possible reac-

tions include illitisation and/or chloritisation of kao-

linite and smectite clays formed by low-temperature

weathering (Wilkinson et al., 1992) and/or recrystal-

lisation of early formed carbonates (Saigal and Bjør-

lykke, 1987).

The measured d18O compositions between + 23x
and + 26xin homogeneous CL-patterned quartz

cements (zone A or zone C) are more difficult to

explain. Two pore water evolution models can be

developed to accommodate d18O values of + 23–

+ 26x(Fig. 7):

1) if these homogeneous CL-patterned quartz cements

correspond to zone A cements, then precipitation

occurred from a meteoric-type fluid (most likely

� 7x to � 6x) at temperatures around 30–50

jC (Fig. 7A);

2) if these homogeneous CL-patterned quartz cements

correspond to zone C cements, then precipitation

occurred from a basinal-type fluid (most likely

+ 2xto + 5x) at temperatures between 90 and

120 jC (Fig. 7B).

Although no low temperatures ( < 50 jC) have been

measured in fluid inclusions in quartz cements, the

first model (Fig. 7A) is plausible for the following

reasons: (1) there is evidence of early quartz cemen-

tation in the calcite-cemented sandstones (Fig. 2A)

which suggests precipitation at shallow burial depths

( < 1.5 km) and low temperatures ( < 60 jC); (2) the

pore water composition derived for homogeneous

CL-patterned quartz cements in this model (from

� 7x to � 6x) is in agreement with measured

calcite cement d18O compositions across the 30–50

jC temperature range (Fig. 7A). Considering the

marine depositional environment of the sandstones,

the presence of waters with oxygen isotopic compo-

sition similar to meteoric water in the Brae Forma-

tion implies that the sandstones were open to surface

water recharge during shallow burial ( < 1.5 km). The

high initial porosities (f 35–40%), and also perme-

abilities, in the sandstones during shallow burial

were likely to have permitted meteoric water flow

during the early stages of diagenesis when the

adjacent graben margin was being uplifted and sub-

aerially eroded. The model presented in Fig. 7B

implies that the pore water d18O values decrease

again to the present-day formation water composition

( + 0.6x) after the influx of basinal fluids occurred.

Therefore, although an increase of pore water d18O
up to + 2– + 5x due to the effect of ongoing

hydrocarbon emplacement is attractive (however,

d18O values up to 24.8xare also recorded in quartz

cements in the Brae Unit 2 reservoir of the King-

fisher Field where oil-fill was recent; Table 2), a

subsequent decrease to the present-day 0.6x is

difficult to explain. Consequently, the pore water

model in Fig. 7A where pore waters evolve contin-

uously from meteoric-type fluids to the present-day

formation water oxygen isotope composition seems

more likely.

6.4. Comparison with pore water evolution in nearby

areas

The Brent Group reservoirs are located approxi-

mately 150 km from the Brae Formation area in the

northern North Sea. An integrated study of petro-

graphic, fluid inclusion and oxygen isotope data from

diagenetic minerals in Brent Group reservoirs, pub-

lished by Haszeldine et al. (1992), reveals a pore

water evolution similar to our Fig. 7A. According to

Haszeldine et al. (1992), diagenesis in the first 2.0 km

of burial (up to 70 jC) of Brent reservoirs occurred in

the presence of meteoric water. As burial continued to

present-day depth of the samples analysed by Haszel-

dine et al. (1992), i.e. up to 3.8 km, pore water oxygen

isotopic composition evolved gradually from mete-
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oric water (� 7x) to present-day formation water

( + 2x) composition.

The Haltenbanken area on the Atlantic margin

offshore Norway is located approximately 650 km

from the Brae Formation area. Williams et al. (1997)

identified three quartz cement phases which corre-

spond with three palaeofluid phases in this area:

1) Phase I quartz with d18O values between + 23x
and + 26x is interpreted to have precipitated

from waters with d18O near � 7xaround 50 jC;
2) Phase II quartz with d18O values between + 14x

and + 19xis interpreted to have precipitated from

waters with d18O between � 5x and 0x as

temperatures increase (up to 120 jC);
3) Phase III quartz with d18O values between + 20x

and + 23x is interpreted to have precipitated

from waters with positive d18O around present-day

temperatures (140 jC).

The growth sequence of quartz cementation zones

and measured d18O values, and the fluid evolution

model derived from those results, in the Halten-

banken area mirrors the results and fluid evolution

model for the Brae Formation area in the South

Viking graben described in this paper. The fact that

Williams et al. (1997) observed three quartz cemen-

tation zones with distinctive oxygen isotopic signa-

tures also substantiates the validity of our definition

of zone A cement in the Brae Formation sandstones

and our preference for the pore water evolution

model pictured in Fig. 7A. The quartz cement zone

A in this study was derived from petrographic and

textural relationships and is believed to correspond to

the measured d18O values between + 23x and

+ 26x. This cement zone corresponds with Williams

et al.’s phase I quartz.

The similarity in pore water evolution across three

distinct subbasins in the North Sea indicates that pore

water evolution may occur through similar subsur-

face processes in many other areas. Considering

quartz cement is a major porosity-occluding phase

in many deeply buried sandstone reservoirs, and

because pore waters both dissolve quartz and carry

the dissolved silica to cementation sites, the data

presented are a valuable contribution to constraints

on reservoir quality predictions of exploration targets

worldwide.

7. Conclusions

(1) The ion microprobe has facilitated in situ oxy-

gen isotope analysis of quartz cements in polished

thin sections with a spatial resolution of f 20 Am and

a precision on individual analyses of F 1x.

(2) Based on petrographic, textural, fluid inclusion

and basin modelling results, three phases of quartz

cement, which precipitated progressively and sequen-

tially as temperatures increased during burial, can be

distinguished: (1) small amounts of zone A (homoge-

neous CL pattern) precipitated at temperatures < 60

jC and < 1.5 km burial; (2) zone B (complex CL

pattern) precipitated most likely between 70 and 90

jC and from 1.5 to 3.0 km burial; (3) the bulk of the

quartz cement, zone C (homogeneous CL pattern),

precipitated most likely at temperatures >90 jC and

3.0 km burial, up to present-day reservoir conditions

(120 jC and 4.0 km).

(3) A wide range of detrital and authigenic quartz

d18O compositions was obtained with the ion microp-

robe analysis technique. The oxygen isotopic compo-

sitions of detrital quartz grains in the Brae Formation

sandstones range between + 6.9x and + 17.5x.

The wide range in detrital quartz d18O values indi-

cates that the grains in the sandstones are a mixture of

quartz from different origins (e.g. igneous quartz,

metamorphic quartz). The oxygen isotopic composi-

tions of authigenic quartz range between + 15.3x
and + 25.8x. The wide range in authigenic quartz

d18O values indicates that quartz cements precipitated

from different pore waters over a range of temper-

atures.

(4) Based on quartz cement petrography, the rela-

tionship to isotopically depleted shallow burial calcite

cement, fluid inclusion precipitation temperatures and

measured d18O compositions, three fluid-temperature

regimes can be recognised in the Brae Formation

sandstones. The most likely scenario is that zone A

quartz cements (estimated d18O between + 23xand

+ 26x) precipitated first from a meteoric-type fluid

(f� 7x) during shallow burial ( < 60 jC and < 1.5

km). Subsequently, precipitation of zone B quartz

cements (d18O between + 14xand + 19x) during

burial from f 1.5 to f 3.0 km (60–90 jC) occurred
from fluids with oxygen isotope signatures between

� 7xand � 4x. The bulk of the quartz over-

growths, zone C, precipitated during burial from 3.0
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km (90 jC) to present-day reservoir depths (4.0 km

and 120 jC) from pore waters which evolved in

oxygen isotope composition from f� 4x to

present-day formation water oxygen isotope compo-

sition ( + 0.6x).

(5) The high initial porosities (f 35–40%), and

also permeabilities, in the sandstones during shallow

burial are likely to have permitted silica transport by

meteoric water flow during the early stages of dia-

genesis ( < 1.5 km and < 60 jC). At deeper burial, the
effect of increasing rock–water ratio and hydrocarbon

emplacement resulted in progressive enrichment of

the pore waters in 18O until eventually the present-day

formation water d18O composition ( + 0.6x) was

reached.

(6) Because the hydrocarbon charging history of

any reservoir is a complex matter, and because we

measured a wide range of d18O values, establishing

a link between the oxygen isotope values measured

in quartz cements and the hydrocarbon emplace-

ment in the Brae Formation reservoirs is difficult.

Our results do not prove that a relationship exists

but can be interpreted to indicate a connection

between the two processes. The deduced increase

in pore water d18O values with time and burial

indicates an influx of basinal-type waters which

coincides with the early stages of oil-fill in the re-

servoirs.

(7) The fluid evolution models derived for Brent

Group reservoirs in the northern North Sea (Haszel-

dine et al., 1992) and for the Haltenbanken area on the

Atlantic margin (Williams et al., 1997) are very

similar to the fluid evolution model for the Brae area

of the South Viking graben described in this paper.

The potential to compare high-resolution diagenetic

patterns globally with a high degree of analytical

certainty demonstrates the value of the SIMS analysis

technique.
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