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ABSTRACT: In the Miller Field, diagenetic quartz abundance, isotopic compositions and salinities
of quartz-cementing fluids display a distinct pattern which is related to the structural depth of the
reservoir sandstones. Quartz cement volumes increase from the crest of the field (average 6.0 +1.5%)
towards the flanks of the field (average 13.2+2.1%) and directly reduce reservoir porosity. By
integrating petrographic observations with results of fluid inclusion measurements and O isotope
analyses of diagenetic quartz, the pattern of quartz cementation is seen to be related to the reservoir
filling history. Oil filled the crest of the reservoir first and prevented extensive quartz cementation.
At greater depth in the reservoir oil zone, quartz overgrowths continued to precipitate until inhibited
by the developing oil column. Oxygen isotope compositions of diagenetic quartz imply that quartz
cement continued to precipitate in the water zone of the reservoir up to the present day.

KEYWORDS: quartz cementation, Miller deep water sandstone, North Sea, diagenetic quartz.

The Miller Field is located along the fault-bounded
western margin of the South Viking Graben in
blocks 16/7b and 16/8b. The reservoir sequence
comprises Upper Jurassic sandstones of the Brae
Formation, which were deposited as a mid-fan
channelized lobe. To the west of the Miller Field,
the South Brae Field comprises the proximal slope
apron channels of the fan system (Turner et al.,
1987). The South Brae and Miller fan deposits form
part of an extensive syn-rift play in the North Sea.
Near the graben edge in the South Brae Field, the
Brae Formation sandstones consist of thick units of
mud and sand-supported conglomerates and coarse
grained sandstones. Further eastwards in the Miller
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Field, these sandstones prograde into medium- to
fine-grained more distal deposits. In the crest of the
Miller Field, the Brae Formation occurs at a depth
of 3970 m TVDSS, with the oil-water contact
(OWC) at 4090 m TVDSS (Garland, 1993). The
Kimmeridge Clay Formation, which laterally
interfingers with the Brae Formation sandstones
and also directly overlies the main reservoir,
provides the source for the hydrocarbons
(Rooksby, 1991).

As is the case in many North Sea clastic
reservoirs, quartz cementation is a major cause of
porosity loss in the Brae Formation sandstones in
the Miller Field. The aim of this paper is to assess
the formation conditions of the quartz cement and
to discuss the implications of quartz precipitation
for the distribution of porosity. In the crest of the
field, porosity can be as high as 23% (Fig. 2a). This
is higher than the 8% normally expected at depths
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>3.9 km, when the average North Sea sandstone
porosity-loss gradient is ~8% per km depth (Emery
et al., 1993). In the deeper more cemented parts of
the reservoir, the average porosity is ~13%
(Rooksby, 1991).

We have carried out a systematic petrographic
examination of the variations in quartz overgrowth
abundance and corresponding porosity loss, and
secondary porosity generation, between wells and at
different depths. Quartz cement precipitation condi-
tions were constrained by integrating fluid inclusion
temperature data with O isotope geochemistry.

GEOLOGICAL AND STRUCTURAL
SETTING

The Miller Field covers an area of 45 km? defined
by a combination of structural and stratigraphic
trapping (Rooksby, 1991). The Brae Formation has
been subdivided chronostratigraphically into three
units in the South Brae-Miller area. In the South
Brae Field the basal Unit 3 is composed mainly of
coarse-grained, proximal fan sediments which thin
towards Miller, where Unit 3 is represented by thin
sandstones interbedded with mudstones (Garland,
1993). Unit 2 is composed of sandstones and
conglomerates in South Brae, but thickens and
becomes finer grained eastwards towards the Miller
area where it forms the main reservoir (Garland,
1993). The uppermost Unit 1 is present only in the
north of the Miller Field where it is separated from
Unit 2 by up to 50 m of Kimmeridge Clay
Formation. According to Garland (1993) the
distribution of Unit 1 emphasizes a change in the
locus of sediment input to the north of the area,
after the effective cessation of sand supply from the
Southwest by the South Brae feeder channel. This
study focuses mainly on the southern part of the
Miller Field to ensure the sedimentological
continuity of the submarine fan system from the
South Brae to the Miller area. The southern part of
the Miller Field has been thoroughly drilled and,
based upon the depth of the top of the Brae
Formation sandstones in several wells, a contour
map was constructed (Fig. 1a). From this it is clear
that the structure of the reservoir sandstone body
forms an anticline. Different wells can be grouped
according to their position in the anticline into
crestal (top Brae Formation between 3970 and
4020 m TVDSS), mid-flank (top Brae Formation
between 4020 and 4060 m TVDSS) and flank (top
Brae Formation >4060 m TVDSS) wells.
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METHODS

Blue epoxy-impregnated thin sections from wells
16/7b-A03 and 16/8b-3 (crest position), 16/7b-24
(mid-flank position) and 16/8b-5, 16/8b-A06 and
16/7b-26 (flank position) form the petrographic
database for this study (Fig. 1a). Thin-sections were
studied using a standard polarizing microscope, and
the mineralogical composition was determined by
standard point counting (500 counts/section).
Authigenic quartz abundances were confirmed by
combined scanning electron microscopy-cathodolu-
minescence (SEM-CL) and image analysis. Polished
wafers for fluid inclusion analysis were made from
samples from two crestal wells (16/8b-3 and 16/7b-
A03), two wells from the mid-flank (16/7b-25 and
16/8b-A10) and three wells from the flank (16/7b-
26, 16/8b-A06 and 16/7b-All) (Fig. la).
Microthermometric measurements on quartz over-
growths were performed using a Linkham heating-
cooling stage THM600 equipped with a UV
fluorescence analyser.

Stable O isotope analyses of authigenic quartz
were carried out on samples from wells 16/8b-3
(crest), 16/7b-24 (mid-flank) and 16/8b-A06 (flank)
(Fig. 1a). Samples from well 16/7b-20, located in
the nothern part of the field (Fig. 1a), were also
included in the isotopic analyses. By using the
procedure of Lee & Savin (1985), quartz over-
growths were separated from detrital quartz.
Oxygen was extracted from four size-fractions
from each sample (>85 pm, 85-—53 pm,
53—30 pum and <30 pum) using a laser fluorination
system based on that of Sharp (1990). The extracted
O was subsequently converted to CO, and analysed
on a VG PRISM III mass spectrometer. Purity
checks using SEM-CL and image analysis showed
that authigenic quartz was concentrated mainly in
the finest size-fraction (Table la). Cross-plots of
3'%0 vs. authigenic quartz percentage in each size-
fraction show good correlation and the §'*0 value
for quartz overgrowths was obtained by extrapola-
tion towards 100% authigenic quartz. This analy-
tical technique was described in Brint ef al. (1991).

RESULTS
Petrography and diagenesis

Comparing the point-counted K-feldspar percen-
tages with the scheme of McBride (1963), showed
that the Brae Formation sandstones are subarkosic
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Fic. 1. Maps of the Miller Field. (a) Subcrop contour
map of the Top Brae Formation based upon the depth
to the top of the Brae Formation in several different
wells. (b) Map illustrating increasing authigenic quartz
concentrations (AQ) from crest towards flanks of the
field. (c) Map illustrating increasing salinities in fluid
inclusions in diagenetic quartz (expressed as wt.%
NaCl eq.) from crest towards flanks of the field. OWC
= oil-water contact (4090 m). Numbers correspond to
the following wells: 1 = 16/7b-20, 2 = 16/7b-A14, 3 =
16/7b-24, 4 = 16/7b-Al1, 5 = 16/7b-A15, 6 = 16/7b-
AO3, 7 = 16/7b-25, 8 = 16/7b-A07, 9 = 16/7b-21, 10
= 16/7b-26, 11 = 16/8b-A18, 12 = 16/8b-A01, 13 =
16/8b-A22, 14 = 16/8b-A10, 15 = 16/8b-A08, 16 =
16/8b-3, 17 = 16/8b-A02, 18 = 16/8b-A06, 19 = 16/
8b-A04, 20 = 16/8b-5 and 21 = 16/8b-A05.

b Authigenic quartz data
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in composition. Detrital quartz is the most abundant
component comprising 60.3—87.1% of the detrital
framework mineralogy. Feldspar is the second most
abundant detrital component and comprises
4.7-16.5% of the bulk mineral composition.
K-feldspar is the most common feldspar type
present with minor amounts of plagioclase.
Detrital clays, mica, pyrite and rock fragments all
occur in trace amounts.

The first diagenetic mineral to precipitate after
deposition of the sediments was concretionary
calcite cement. Stable isotope analyses of the

calcite cement indicate that calcite precipitated
from meteoric water during shallow burial
(Table 1b). Similar calcite concretions in the Brae
Formation sandstones were described and analysed
by McLaughlin et al. (1994, 1996) in the adjacent
South Brae Field.

Quartz cement concentrations in the Miller Field
reservoir sandstones range from 3.2—16.8%. When
authigenic quartz abundances are plotted against
depth, and wells grouped together according to their
position in the field, a distinct pattern emerges
(Fig. 1b). Crestal wells display the lowest concen-



208

trations of overgrowths (average 6.0+1.5%), with
increasing concentrations of quartz cement over the
mid-flank (average 8.3+1.5%) to maxima in the
flank wells (average 13.2+2.1%). From Fig. 2b, it
becomes clear that authigenic quartz abundances
increase towards the OWC. Below the OWC there
is no particular trend in percentage of point-counted
amounts of authigenic quartz with depth, but
abundance is generally high.

Before, during and after quartz overgrowth
precipitation, dissolution created considerable (4.6
up to 15.2%) amounts of secondary porosity. In the
shallower parts of the field, secondary porosity
exceeds primary depositional porosity in most
samples (Fig. 2a). Partly dissolved K-feldspar
grains and pores which outline feldspar grain
shapes suggest that part of the secondary porosity
resulted from feldspar dissolution.

Subsequent to secondary porosity formation,
small amounts of pore-filling calcite, kaolinite,
illite and some late stage cubic pyrite were
precipitated.

Fluid inclusion analyses

Two types of inclusions were examined: primary
aqueous liquid-vapour inclusions and petroleum
inclusions. Inclusions located along detrital grain/
overgrowth boundaries, and within overgrowths
themselves, were analysed. Homogenization
temperatures (7;,) were measured to determine
minimum trapping temperatures at the time of
quartz cementation. Because the samples are from a
hydrocarbon reservoir, waters within the fluid
inclusions are likely to be methane-bearing.
Hence, it is reasonable to assume that homogeniza-
tion temperatures are very similar to true trapping
temperatures and do not require pressure correction
(Hanor, 1980). Fluid inclusion ice melting tempera-
tures were also determined to provide information
about the salinity (expressed as NaCl wt.%
equivalent) of the pore-fluids from which the
quartz cements precipitated.

Data used in this study include both results of
measurements carried out by Marchand and
Macaulay, and data published in a Thermie
programme report (1994). The T; ranges from
82.9—125.8°C and salinities range from 5.1—11.8
wt.% NaCl eq. These data are not unusual and lie in
the range reported from previous studies on
authigenic quartz in clastic reservoirs in the North
Sea (e.g. Saigal et al., 1992; Walderhaug, 1994).
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The T, and salinities were plotted vs. depth,
according to their structural position in the field
(Fig. 3a,b). Homogenization temperatures display a
wide range (min. 83°C and max. 126°C) of values
in the crestal, shallower parts of the field (Fig. 3a).
In the deeper mid-flank and flank wells, there is a
trend of increasing homogenization temperatures
with depth (Fig. 3a). Salinities display a slight
increase in values over the whole depth range from
crest to flank (Fig. 3b). Plotting the salinity data on
a map of the field, a pattern similar (Fig. 1c) to that
of authigenic quartz point-count abundance is
observed. This pattern shows that less saline fluids
were present in the shallower parts of the field, and
denser, more saline fluids in the deeper parts. The
present-day salinity trend (Fig. 3b) mirrors this
pattern, indicating that salinity values have not
changed significantly since quartz precipitation.

By examining the wafers under incident UV light
on the microscope, petroleum-liquid dominant
inclusions were detected. Hydrocarbon fluid inclu-
sions trapped in quartz overgrowths indicate that oil
emplacement occurred during quartz cementation
(Walderhaug, 1990; Saigal et al., 1992). According
to Gluyas et al. (1993), variations in reservoir
quality can occur because the crest of the reservoir
received the earliest petroleum charge and protected
the sandstones from extensive cementation. It is
therefore plausible that the processes of quartz
cementation and oil emplacement in the Miller field
overlapped in time.

Oxygen isotope analysis

Values of extrapolated 8'°0 of quartz over-
growths range between 16.5 and 24.0%o and there is
an increase in 8'%0 with depth in wells 16/8b-3, 16/
8b-AO6 and 16/7b-20 (Table la). Well 16/7b-24,
on the contrary, displays a trend of decreasing 5'%0
values with depth.

The extrapolated O isotope compositions of the
quartz overgrowths are the result of the O isotope
composition of the fluid from which quartz
precipitated and of the temperature at which
precipitation took place (Friedman & O’Neil,
1977). The isotopic composition of the quartz
mineralizing fluid was calculated by combining
the extrapolated 5'%0 of the quartz overgrowths
with homogenization temperatures measured in
fluid inclusions. Since the extrapolated O isotope
compositions represent an average &'°O value
measured over the whole overgrowth, calculations



TaBLE 1. Results of O isotope analyses in authigenic quartz (a) and calcite cement (b) of samples from the Miller field. (a) Measured O isotope data, percentages

of authigenic quartz (%AQ) in different size fractions and extrapolated O isotope values of authigenic quartz. Calculations of O isotope composition of porewaters

were based upon the O isotope fractionation equation determined by Friedman & O’Neil (1977). (b) Calcite cement isotope data. The measured O isotope

compositions in the calcite cement (3'*Ogmowecalcite) were used to calculate precipitation temperatures. Calculations were based upon the equation of Friedman &
O’Neil (1977).

a 3" 0gmow results (%o) in different size-fractions of quartz Extrapolated N 380smow
samples and % authigenic quartz in each size-fraction 3"*0smow (average) (pore-water)
Position Well Depth >85 um 85—53 pm  53—-30 pm <30pm (AQ)
(m TVDSS) 3'%0/%AQ 3'"0/%AQ  3'%0/%AQ  §'°0/%AQ (%o) (°C) (%)
3993.8 15.2/8.4 15.5/17.1 15.9/37.1 16.5/52.3 17.8 110.0 -23
crest 16/8b-3 4116.0 14.3/12.3 15.6/13.7 15.7/35.7 15.8/54.9 18.9 113.0 —-0.9
4670.2 9.4/7.0 13.4/7.5 13.7/32.3 16.5/58.2 24.0 117.4 +4.7
mid-flank 16/7b-24 4045.5 15.4/11.7 15.9/25.0 16.1/24.8 16.4/49.2 18.0 104.2 -2.9
4071.9 15.1/18.7 15.0/16.8 15.9/65.1 16.3/81.2 16.5 114.5 -3.1
4074.8 14.9/14.6 15.4/21.3 15.8/47.3 16.0/72.8 16.8 111.9 -3.1
flank 16/8b-A06  4084.3 15.2/10.7 15.8/23.0 16.2/49.7 16.1/62.5 17.1 108.5 -32
4121.1 14.7/14.1 15.8/23.7 15.8/33.0 16.2/52.8 19.0 108.5 —1.3
4011.7 14.4/7.0 15.2/13.4 14.9/30.6 15.3/33.3 18.8 101.2 —2.4
16/7b-20 4019.8 14.4/11.6 14.9/12.9 15.5/14.2 15.7/62.8 17.9 110.0 —2.2
4100.1 14.0/8.8 15.4/18.6 16.2/37.4 16.2/44.3 20.4 114.1 +0.7
b Well Depth 5" 0gmow Tirecipitation Torecipitation MCP S Calculated Calculated
calcite meteor. water mar. water burial depth temperature
(m TVDSS) (%0) O O (%) (%) (km) O
4102.4 23.8 15.5 44.4 43.6 56.4 0.43 13.0
16/7b-28 4104.0 23.0 19.0 49.1 43.8 56.2 0.42 12.5
4106.1 20.9 28.4 62.5 34.8 65.2 1.27 38.0
4106.2 19.9 335 68.8
4094.1 19.6 35.0 70.9 39.0 61.0 0.84 253
16/8b-A10 4102.4 22.1 22.7 54.6 41.8 58.2 0.59 17.6
4104.4 19.0 38.2 75.4 30.2 69.8 1.79 53.7
4084.0 21.7 245 56.5
4084.1 16.9 49.7 93.5 33.6 66.4 1.40 41.9
16/7b-24 4084.7 16.7 50.9 93.5
4085.1 15.4 59.1 106.5 39.6 60.4 0.79 23.6
4085.6 16.4 52.7 96.2 33.6 66.4 1.40 41.9

4085.8 18.0 43.2 83.3 32.6 67.4 1.51 45.2
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FiG. 2. Petrographic data. (a) Primary, secondary and total (primary + secondary) porosity variation with depth in
the Brae Formation sandstones in the Miller field. (b) Authigenic quartz abundance data plotted against depth.
Data are grouped according to the position of the well in the field, where crest = data from wells 16/8b-3 and 16/
7b-A03, mid-flank = data from well 16/7b-24 and flank = data from wells 16/7b-26, 16/8b-5 and 16/8b-A06. All
porosity and authigenic quartz abundance values are point-count values (500 counts/thin-section).

were carried out with the average 7, measured in
the fluid inclusions in each sample (Table 1a). The
pore-fluid isotopic compositions in the four wells,
calculated by this method, range between —3.2 and
+4.7%o. There is a different trend in O isotope
compositions in the oil zone from that in the water
zone (Fig. 3c). In the oil zone, calculated pore-
water 8'0 compositions display a narrow range
between —2.2 and —3.2%o. In the water zone,
calculated pore-water 3'%0 compositions display a
wider range of values between —1.3 and +4.7%o.
Likely water types from which the quartz over-
growths could have precipitated in the Upper
Jurassic sandstones are meteoric water, marine
water or basinal water, with estimated 3'%0 values
respectively of —7%o (Hamilton et al., 1987;
Hudson & Andrews, 1987), —1.2%o (Shackleton &

Kennett, 1975) and +2 to +5%. (Egeberg &
Aagaard, 1989; Wilkinson et al., 1992). According
to Aplin et al. (1993) it is difficult to identify
uniquely the origin of a formation water because
mixtures can explain most of the compositional
variations observed. Nevertheless, we feel that
constraints can be placed on the origin of quartz-
cementing fluids and these are discussed below.

DISCUSSION

Fluid interpretation

Results of O isotope analyses of authigenic
quartz in the Miller Field show that fluids in the
oil zone have an isotopically different composition
compared to those calculated in the water zone
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(Fig. 3c¢). Fluid inclusion salinities display an
increase of values with depth. Less saline fluids
are present in the crest of the field, and more saline
fluids at the flanks (Figs. lc, 3b).

The calculated O isotopic compositions of pore-
fluids in the oil zone display values ranging
between —2.2 and —3.2%o (Table la). This range
in pore-fluid 8'®0 values suggests a mixing of pore-
water of isotopic composition similar to Upper
Jurassic marine water (—1.2%o0) with pore-water of
isotopic composition similar to Upper Jurassic
meteoric water (—7%o). The influence of marine
water is feasible since the Brae Formation
sandstones are marine deposits. Oxygen isotope
data from early concretionary calcite cement in the
Brae Formation sandstones in the Miller Field
(Table 1b) attest to the presence of meteoric water
in the reservoir during shallow burial. The recorded
salinities (Figs. 1c, 3b) of the quartz cementing
fluids in the oil zone are, however, greater than
rthose of seawater (3.5 wt.% NaCl eq.) or fresh
water (<0.5 wt.% NaCl eq.). Worden (1996)
suggested that clastic and carbonate diagenesis
may have an influence upon the overall salinity of
formation waters. According to Worden (1996), the
dissolution of K-feldspar and subsequent formation
of kaolinite and quartz reduces the water volume
and increases halogen concentrations proportionally.
Since K-feldspar dissolution is observed throughout
the reservoir sandstones, it may have contributed to
elevated pore-water salinities.

From Fig. 3c it can be seen that fluids generally
become more enriched in '80 with depth. The
deepest sample, at 4670 m TVDSS in well 16/8b-3,
clearly displays the isotope signature of basinal
waters (Table 1a). Enrichment in %0 of formation
waters is generally ascribed to reaction with clay
minerals and carbonates (Clayton et al., 1966;
Suchecki & Land, 1983). During water-rock
reactions at elevated temperatures, O isotopes are
repartitioned between minerals and pore-water,
resulting in a relative enrichment of water in '*O.

As can be seen in Fig. 3c, the present day
formation water is slightly more evolved compared
to the calculated 3'%0 values of pore-water in the
water zone. This can be explained by a continued
growth of quartz cement in the water zone up to the
present day. Because the isotope compositions
represent bulk overgrowth compositions, each time
new precipitated quartz was added onto the
overgrowth, the calculated pore-water composition
will shift towards the 8'30 composition of the more
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isotopically evolved formation waters present at
that time in the water zone. In the oil zone, quartz
growth was halted by oil charge into the reservoir.
As a result, original compositions of pore-fluid
from which quartz precipitated are preserved.

Some authors have advocated re-equilibration of
fluid inclusions by leakage or stretching to present-
day temperatures (Haszeldine & Osborne, 1993;
Osborne & Haszeldine, 1993). Others state that
resetting of fluid inclusions in quartz is rare under
diagenetic conditions (e.g. Worden ef al., 1995).
Since there is no conclusive evidence that the
measured fluid inclusions were not reset, the
isotopic compositions of pore-waters were also
calculated using 20° lower than the average
measured 7}, in each sample. Results of such
calculations are presented in Fig. 3c. It can be
seen that the calculated pore-water compositions
display a similar trend to calculated pore-water
compositions calculated with average Ty, but shifted
towards lower values. The re-calculated 8'*0 pore-
water compositions point towards a larger compon-
ent of Upper Jurassic meteoric water (—7%o;
Hamilton et al., 1987; Hudson & Andrews, 1987).
Given the mid-fan setting of the sandstones, this
seems less likely than the pore-water compositions
calculated by using average 7;, values.

QUARTZ CEMENTATION MODEL

In the Miller Field, diagenetic quartz abundances
increase with structural depth towards the OWC in
the reservoir sandstones. In the water zone,
diagenetic quartz abundance is high overall.
Porosity distribution in the reservoir is opposite to
the quartz cement distribution (Fig. 2). Maximum
porosities occur in the crest of the field (up to
23%). A petrographic study of the reservoir
sandstones showed that, particularly in the shallow
parts of the reservoir, the contribution of secondary
porosity to total porosity is high (Fig. 2a). The
pattern of increasing quartz cement and decreasing
porosities with depth is interpreted as being the
result of oil charge into the reservoir. This concept
of oil halting quartz growth and preserving porosity
in the oil zone, is confirmed by the presence of
petroleum fluid inclusions in the authigenic quartz
and by different calculated pore-water 3'¥0
compositions in oil zone and water zone.

The overall rate of quartz cementation is related
to silica source, silica transportation from the site of
the source to the site of cementation, and quartz
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cement precipitation (Worden et al., 1998). When
oil starts to accumulate in the crest of the anticlinal
structure in the Miller Field, quartz cementation
will initially slow down because of a decreased
silica diffusion rate in the presence of oil (Worden
et al., 1998). Eventually, when oil saturations
become sufficiently high, quartz cementation will
be inhibited because the fluids dissolving and
precipitating silica cannot gain access to the detrital
quartz grains any more (Worden et al., 1998). This
results in low amounts of authigenic quartz in the
crestal parts of the field and consequently higher
preserved porosities. At greater depth in the
reservoir, quartz cement will continue to precipitate
until inhibited by the developing oil column. This
explains the observed increase of quartz cement
abundance and decrease of porosity with depth
towards the present-day OWC in the reservoir. In
the water zone, quartz cementation has continued
up to the present, resulting in an overall high
authigenic quartz abundance.

CONCLUSIONS

(1) In the Miller Field, diagenetic quartz
abundances, O isotopic compositions and fluid
inclusion salinities all display similar spatial
patterns which are related to the structural depth
of the reservoir sandstones.

(2) The observed quartz cement and porosity
distributions in the reservoir are explained by
progressive hydrocarbon filling of the anticlinal
structure of the Miller Field. This resulted in low
diagenetic quartz abundances and preserved poros-
ities in the crestal parts of the anticline, and higher
quartz cement abundances and lower porosities
towards the OWC. In the water zone, quartz
cementation continued unhindered up to the
present day resulting in an overall high abundance
of diagenetic quartz.

(3) Fluid inclusion salinities display similar
values to present-day formation water salinity
values. This indicates that the salinity of pore-
fluids has not changed significantly since quartz
precipitation. Petroleum fluid inclusions attest to the
presence of oil during quartz cementation.

(4) In the oil zone, authigenic quartz precipitated
from a mixing of pore-waters with O isotope
compositions similar to Upper Jurassic marine and
meteoric water. In the water zone, pore-water O
isotope compositions become more enriched in '*0
as a result of water-rock reactions. Continued quartz
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cementation in the water zone caused the calculated
3'80 pore-water values to shift towards the 3'0
composition of the more isotopically evolved
formation waters present at that time in the water
zone. Hence, the present-day 8'°0 formation water
composition is only slightly more evolved
compared to calculated 5'%0 values in the water
zone.
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