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Abstract

Deltaic sandstones of the Middle Jurassic Brent Group, northern
North Sea, have a complex diagenetic history. The paragenetic sequence
can be simplified to; siderite - feldspar dissolution - vermiform kaolinite
- calcite - feldspar dissolution - blocky kaolinite - quartz - ankerite - illite.
Petrographic and stable isotopic studies indicate that Fe-rich siderite
precipitated from meteoric water which flushed through the Brent
Group during the northward progradation of the delta system. Later Ca
and Mg rich siderites precipitated from sea water during the subsequent
marine transgression which eventually drowned the delta. Later
diagenesis is related to depth of burial and hence depends upon the
subsidence history of individual oilfields. In shallow buried oilfields .
(<1.0km) vermiform kaolinite precipitated, at temperatures of 25-47°C,
~while in more deeply buried oilfields blocky kaolinite precipitated (1.0-
2.0km; 50-80°C). Kaolinite mainly precipitated during the late Cretaceous
to early Eocene, following the dissolution of feldspar. Oxygen and
hydrogen isotope studies indicate that both kaolinite types precipitated
from pore-waters with §180= -6.5 to -3.5%0. These fluids are interpreted
to be mixtures of meteoric water and sea water. Influx of meteoric water
is inferred to have occured during the Palaeocene. Meteoric waters
probably entered the Brent Group via the East Shetland Platform
landmass in the west, fluid flow being driven by a hydrostatic head
above sea level. These surface-derived fluids displaced and mixed with
marine waters which were being expelled from compacting sediments.
Oil migrating from the deeply buried source rocks into the shallower
reservoirs became biodegraded as it interacted with the meteoric water
flowing into the basin. In very deeply buried Brent sequences (>3.0km;
>80°C), continued subsidence meant that the reservoirs were sealed-off
from the influx of surface-derived meteoric fluids. Illite cement, and
greater volumes of quartz cement (>5%) then precipitated in a closed
geochemical system. The unusually high "palaeotemperatures” of the
fluid inclusions in the quartz overgrowths are false and are a product of
resetting during continued subsidence, and do not indicate that influx of
hot fluids occured. Finally pore-waters evolved to present day isotopic
compositions (3180= 0 to +2%0) due to water-rock interaction.
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1 NT N AND ION
11 Definition of diagenesis

Diagenesis can be categorised as the physical and chemical
processes which affect an unconsolidated sediment and result in a solid,
cemented rock. These processes include physical and chemical
compaction, mineral dissolution, precipitation, and alteration. New,
authigenic, minerals may form as overgrowths or as pore-filling
cements. Minerals may precipitate as concretions, layers, or as
disseminated cements. The net result of such cementation is to bind the
grains together and eventually lithify the sediment. Compaction and
cementation combined will reduce the porosity of a sediment, and
generally the porosity of a sandstone decreases with depth of burial.
Diagenetic reactions occur in the realm of shallow burial at relatively low
temperatures and pressures (0-200°C temperature; 0.0-5.0 km burial; 1-
2000 kg/cm? pressure). There is no clear-cut boundary between
diagenesis and low grade metamorphism.

1.2 in ncing diagenesi

A large number of variables will directly or indirectly influence the
diagenetic history of a sand.

Sediment composition.

This can be related to the source terrain of the sediment and in a
wider context to plate tectonic setting. Many of the detrital minerals
present in a sandstone are thermodynamically unstable at the
temperatures and pressures which typify the diagenetic realm. Hence
grains may undergo dissolution and replacement, though many persist
metastably in a thermodynamically unsuitable environment. Generally
feldspars and ferro-magnesian minerals such as pyroxene, amphibole,
and biotite are the most unstable minerals in the weathering and shallow
burial environment (Berner 1971; 1981). In a closed system, the type and
relative abundance of detrital grains will influence which minerals
precipitate following grain dissolution and alteration.
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Temperature and pressure.

Both these will depend upon the burial history and temperature
gradient of the basin. Generally speaking, mineral dissolution reactions
will proceed faster at higher temperatures (Berner 1981). Increasing
pressure will also increase the amount of chemical compaction at grain
contacts. Both temperature and pressure will also exert a control on the
thermodynamic stability of cements and detrital grains.

Chemical environment.

Eh (measure of reducing or oxidising potential) and pH measure
of acidity/alkalinity) exert a strong control on the thermodynamic
stability of minerals, particularly carbonates, sulphides, oxides and
sulphates (Berner 1971). Type and concentration of dissolved ions in the
pore-water will also directly control which minerals precipitate and
which dissolve. Original pore-fluid composition is related to the
depositional environment of the sediment. However with increasing
depth of burial and time, depositional pore-waters can evolve chemically
through water-rock interaction, or become displaced by other fluids
(Sheppard 1986).

Fluid flow.

Fluid may flow through a sedimentary basin in response to
various geological events (see Galloway 1987). Meteoric water, falling as
rain on a landmass, can flow below sea level and penetrate sediments
deep within the basin, fluid flow being driven by a hydrostatic
gravitational head. Expulsion of water from compacting sediments can
result in the upward migration of fluids from deeper in the basin. Fault
movement and release of overpressure by fracturing can enable fluids to
migrate from one pressure compartment to another. Thermal maturation
of organic matter will generate liquid hydrocarbons, which may flow
bouyantly to higher structural levels. Flow of aqueous fluids is
important because it can potentially transport both heat and ions in
solution, hence triggering dissolution/precipitation reactions in rocks
through which the fluid passes (Giles 1987). The potential for diagenetic

Chapter 1- Introduction

10



modification is greatest where the water to rock ratio is high (i.e. when
flow rates are high), because if the water to rock ratio is low the pore-
fluid will quickly reach chemical equilibrium with the surrounding
mineral surfaces. The ability of a fluid to flow through a sandstone will
depend upon the lateral extent, connectivity, porosity, and permeability
of the rock itself. All these factors can be related to depositional facies
and the relative geometry of the sediment packages.

It should now be understood that the diagenetic realm is a
dynamic and composite physico-chemical system, with many complex
inter-relationships existing between the different component parts.
Diagenetic observations made on a microscopic scale can often be related
to geological events on a basin-wide scale. Hence an integrated, holistic
approach must be taken if the diagenetic history of a sediment is to be
correctly unravelled.

1.3 Im n f diagenesi he oil in

Diagenesis is of fundamental importance to the oil industry
because growth of diagenetic minerals occludes pore-space and hence
leaves less volume of the rock available for storage of hydrocarbons.
Growth of different diagenetic minerals will affect the reservoir
properties of the rock in different ways. For example, precipitation of
quartz overgrowths will decrease porosities and narrow pore-throat
diameters, while illite drastically decreases permeability with little effect
on porosity. Migration of fine grained authigenic clay in flowing oil can
cause problems during production. Laterally extensive carbonate
cements can compartmentalise the reservoir, and tightly cemented sands
can act as seals to hydrocarbon traps (Kantorowicz et al. 1987). Although
cementation has a detrimental effect on reservoir properties, mineral
dissolution may be beneficial if it leads to the creation of effective
secondary porosity (Shanmugan 1990). If the factors controlling the
growth and dissolution of minerals can be understood, then it may be
possible to predict their distribution in the subsurface, and hence gain
some idea of the porosity and permeability of reservoir sandstones
during petroleum exploration and appraissal.

Chapter 1- Introduction

11



14 umm f previ work

It is not the intention of this introduction to provide an in-depth
summary of existing literature on the sedimentology, structural setting
and other geological aspects of the Brent Group, as these have recently
been dealt with by other authors (Morton et al. 1992). However particular
aspects of the sedimentology and tectonic history of the Brent Group are
discussed in detail throughout this thesis where they are directly
relevant to an understanding of the diagenetic history.

The structural features of the East Shetland Basin and adjacent
Viking Graben are the product of crustal extension in the early Triassic
which produced tilting of basement fault blocks (Glennie 1990). These
blocks were later buried under sediments accumulating in a post-rift
thermal subsidence basin. This was followed by further late Jurassic
faulting and block rotation. Fault related subsidence ceased in the early
Cretaceous and was then replaced by temperature controlled regional
subsidence.

The stratigraphy and depositional environment of the Brent
Group is reviewed in Richards (1992). The Middle Jurassic Brent Group
consists of deltaic and shallow marine sandstones and shales and forms
one of the major oil reservoirs in the northern North Sea. The Group is
approximately 300m thick in the East Shetland Basin. Researchers
subdivide the Group into Broom, Rannoch, Etive, Ness and Tarbert
Formations. Together the first letters of the Formations form the
convenient acronym BRENT. The depositional settings of these
Formations are generally well established. The Rannoch and Etive
Formations have been described as regressive facies formed during
northwards progradation of the clastic wedge, whilst the overlying
Upper Ness and Tarbert Formations are transgressive in origin and were
formed during a relative sea level rise which eventually drowned the
system. The Broom Formation is regarded as a fan delta, and is not
depositionally associated with the later delta system of which the
Rannoch, Etive, Ness, and Tarbert Formations form a part.

For commercial reasons the diagenesis of the Brent Group has
received much study. The identification of diagenetic minerals and
recognition of a paragenetic sequence of mineral growth, were first
elucidated in the late 1970's (Blanche & Whitaker 1978; Hancock &
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Taylor 1978; Sommer 1978). The earliest cements are pyrite, calcite and
siderite. These are succeded by kaolinite, ankerite and quartz cement,
while illite is the last mineral to form prior to influx of oil. These basic
observations have largely stood the test of time. Later studies have
demonstrated that the same type and sequence of cements occurs in
oilfields throughout the East Shetland Basin area, and also in laterally
equivalent facies in the Norwegian North Sea (Bjorlykke et al. 1992; Brint
1989; Giles et al. 1992; Glasmann et al. 1989; Glasmann 1992; Hamilton et
al. 1987; Harris 1992; Haszeldine et al. 1992; Hogg 1989).

Following the early petrographic studies, many later researchers
concentrated on using particular techniques to further refine their
understanding of Brent Group diagenesis. Fluid inclusion studies of
quartz cements, for example, have been widely used by French, British
and Norwegian researchers in order to constrain the temperature and
origin of the fluid from which quartz overgrowths precipitated (Moge
1985; Malley et al. 1986; Jourdan et al. 1987; Konnerup-Madsen & Dypvik
1988; Brint 1989; Glasmann et al. 1989; Hogg 1989; Ehrenberg 1990;
Walderhaug 1990). One significant observation made by these
researchers was that hydrocarbon inclusions were trapped within the
overgrowths. A great deal of effort has also been channeled into K-Ar
dating of illite cements. As illite growth is thought to cease when oil
enters the reservoir, K-Ar dating of illite cements has helped to constrain
the time of filling (Ehrenberg & Nadeau 1989; Glasmann et al. 1989;
Hamilton et al. 1987;1992; Hogg et al. 1993; Kantorowicz et al. 1992).

Stable isotopic studies of carbonate cements have been widely
used in order to constrain growth temperature, carbon source, and pore-
water origin at the time of cementation (Giles et al. 1992; Hamilton et. al.
1987; Haszeldine et al. 1992; Kantorowicz 1984; Lonoy et al. 1986).
However, stable isotopic studies of illite, kaolinite and quartz cements
are much rarer (Glasmann et al. 1989; Haszeldine et al. 1992).

Much of the earlier (pre-1992) literature deals with the diagenetic
history of individual oilfields, or with single techniques. With time, more
regional diagenetic studies have emerged, many of which adopt a multi-
technique approach, integrating information from point counting,
petrography, fluid inclusions, poroperm analysis, plus stable and
radiogenic isotope geochemistry (Bjorlykke et al. 1992; Giles et al. 1992;
Glasmann 1992; Harris 1992; Haszeldine et al. 1992). The availability of
Brent Group core over a wide depth range (1800->4000m) has enabled
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changes in diagenesis with present day depth of burial to be observed,
although oilfields shallower than 1800m have not yet been studied. Such
depth related studies have shown that;

a) Feldspar content decreases with depth, due to dissolution.

b) Kaolinite is the most abundant diagenetic clay at <3300m, while illite
becomes the most important clay at depths >3300m.

c) Abundance of quartz cement increases steadily with depth.

d) Porosity decreases linearly with depth, while permeability declines
rapidly at depths greater than 3300m.

The Brent Group is an ideal subject for diagenetic study, because
its sedimentology, thermal and burial history are relatively well
constrained, plus core is available over a wide area and range of depths.
Hence it can be used as a case study in order to answer a variety of
geological problems. Have the sandstones been flushed by cool meteoric
or hot compactional fluids? Have the ions required for cementation been
internally derived within the sediment via breakdown of unstable
minerals? Alternatively, have the component ions liberated in this
manner been exported into other rocks? Were the ions required for
cementation imported into the Brent Group from an external source? It is
important to establish whether cementation and dissolution occurred in
a geochemically open or closed system. In a geochemically open system,
ions in solution can be freely imported or exported from the rock. This
has important consequences for reservoir quality; minerals may dissolve
and their component ions be exported, hence improving reservoir
porosities. These ions may subsequently migrate into another reservoir
and precipitate as authigenic minerals, infilling porosity. Conversely, in
a geochemically closed system, dissolution of minerals within the
sediment will be balanced by in-situ cement precipitation, and there will
be little opportunity for export of ions and improvement of reservoir
porosities and permeabilities. By addressing such questions we begin to
have some understanding of the palaeohydrology of sedimentary basins,
and also whether reservoir properties such as porosity and permeability
can be predicted.
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Amongst researchers there is a general consensus that during
early diagenesis (shallow burial) the Brent Group was flushed by
meteoric water (i.e. water that originally fell as rain on a landmass). This
argument is supported by stable isotopic studies of early carbonate
cements which suggest precipitation from cool meteoric waters
(Bjorlykke et al. 1992; Giles et al. 1992; Glasmann et al. 1989; Haszeldine et
al. 1992). Siderite crystals show a similar chemical zonation in different
oilfields and formations, while calcite cements have similar Sr isotopic
compositions, implying a compositionally homogenous pore-fluid
during shallow burial (Haszeldine et al. 1992). Pore-waters are
interpreted to have been meteoric in both marine and non-marine
formations, indicating much fluid flow and displacement of depositional
waters in a geochemically open system. Secondary porosity after
feldspar dissolution is seen in the shallow buried oilfields, and this has
also been interpreted to be the result of the influx of acidic meteoric
water during early diagenesis (Bjorlykke et al. 1992).

However opinion is still sharply divided over whether the
diagenetic system was open or closed during deep burial (late
diagenesis). Bjorlykke et al. (1992) advocate closed system diagenesis
during deep burial, with no large scale fluid movement, and diffusive
transport of ions in solution over short distances only. The lack of
uniformity in elemental and Sr isotopic composition of late diagenetic
carbonates suggests poorer fluid communication and increased
compartmentalisation of the Brent Group during deep burial. However
other researchers advocate large scale circulation of hot fluids through
the Brent Group during late diagenesis (Jourdan et al. 1987; Malley et al.
1986). In support of this hypothesis, these authors’cite the hot
palaeotemperatures from fluid inclusions in quartz overgrowths, which
imply either an elevated geothermal gradient at the time of cementation,
or pulses of hot fluids ascending from deep in the basin via faults.
However recent studies have cast doubt on the reliability of these fluid
inclusion temperatures, due to the possibility of the inclusions being
reset during burial (Giles et al. 1992; Haszeldine & Osborne 1993;
Osborne & Haszeldine 1993).

15 Objectives

The objectives of the thesis were as follows;
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1) To study in detail the diagenesis of the shallow buried Emerald
oilfield (1600m), because most Brent Group sandstones examined by
previous researchers have been deeply buried. This was to gain an
insight into the diagenetic processes which were active during shallow
burial. In addition, the Emerald oilfield lies at the very edge of the East
Shetland Basin, while other Brent Group oilfields are more distant from
the basin edge; hence study of the Emerald oilfield could allow us to
assess how influx of meteoric waters from the East Shetland Platform
would have influenced Brent Group diagenesis.

2) To study cements which precipitated during both early, intermediate
and late diagenesis in order to reconstruct changes in the diagenetic
environment through time, as subsidence progressed. The cements
chosen were siderite (early diagenetic, shallow burial), kaolinite (early-
late diagenetic, intermediate burial depths) and quartz (late diagenetic,
deep burial environment).

3) Establishment of a paragenetic sequence for diagenetic minerals in the
Brent Group using petrography.

4) Stable and radiogenic isotopic analysis of carbonate and silicate
cements in order to determine the source and evolution of diagenetic

fluids and temperatures of precipitation.

5) Assessment of the physico-chemical parameters controlling the
distribution of cements and secondary porosity.

6) Modelling the movement of fluids from which the cements
precipitated.

7) Collation and critical assessment of available published and
unpublished stable isotopic and fluid inclusion data from the Brent

Group.

8) Assessing the effect of diagenesis upon reservoir quality.
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9) Establishing whether import or export of ions has occurred during
cementation and dissolution episodes.

1.6 Approach

A modern, multi-technique approach was taken during this
diagenetic study. A brief discussion of the various techniques used is
presented below. Further information on equipment used and
experimental procedures can be found within each chapter of the thesis.

a) Petrography. Point counting was used as an estimate of cement
abundance. Mineral identification was achieved using a combination of
thin section microscopy (transmitted and reflected light), SEM
observation and EDS analysis, and X-ray diffraction. A paragenetic
sequence of mineral growth was erected using textural criteria. More
detailed examination of textures and variations in cement chemistry
were accomplished using cathodoluminescence microscopy and on an
SEM equipped with a BSE detector. Petrographic examination meant it
was possible to constrain the relative timing of mineral dissolution and
precipitation episodes. Rigorous petrographic interpretations were
considered essential before selecting samples for further geochemical
analysis.

b) Stable isotopic analysis. Petrography and mineral identification do not
in themselves provide us with all the data required to fully understand
the diagenetic history of a sediment. For example a mineral such as
calcite may precipitate over a wide range of temperatures and in many
different chemical environments, hence the mere presence of calcite in a
sandstone provides us with only limited diagenetic information.
However the stable isotopic 13C/12C ratio of carbonates can indicate the
source of carbon during cementation (Irwin et al. 1977). Similarly
180/160 and D/H analysis of carbonate and silicate minerals can help us
constrain the growth temperature of the cement and the origin of the
pore-water from which it precipitated (Longstaffe 1989).

c) Strontium isotopic analysis. 87Sr /86Sr ratios of carbonate cements can

help pinpoint the type of fluid (e.g. meteoric or marine derived water)
from which the cement precipitated, and the source of the Sr itself. In
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combination with the elemental zonation exhibited by individual
crystals, Sr isotopic analysis of carbonate cements can indicate whether
pore-fluids were moving or stagnant at the time of precipitation
(Haszeldine et al. 1992). It is also possible to gain some idea of reservoir
connectivity.

d) Fluid inclusion microthermometry. Microthermometric analysis of
fluid inclusions in cements can indicate growth temperature of the host
mineral, and provide information on the salinity, composition, pressure,
and presence of hydrocarbons within ancient pore-fluids (Roedder 1984).

It should be realised that each of the techniques above has
limitations. Therefore if one technique is used in isolation, data will be
produced that may be open to interpretation. The advantage of using
several of these techniques in combination is that it becomes easier to
rigidly constrain our interpretations and ensure they have a firm
grounding in reality. In any diagenetic study there are many
uncertainties, and the quality of the data produced must be rigorously
assessed. Even petrographic observations may be open to interpretation;
take for example, the argument between Burley & Kantorowicz (1986)
and Hurst & Bjorkum (1986) over the recognition of supposed cement
dissolution textures in sandstones.

Similarly there are uncertainties in the interpretation of stable
isotopic data because fractionation factors and the isotopic composition
of ancient fluids are not precisely known (Sheppard 1986). There may be
further problems with non-equilibrium fractionation and post-

formational isotopic exchange between minerals and water. Fluid

inclusion data can also be problematic, for inclusion homogenisation
temperatures can be reset during burial, resulting in apparent growth
temperatures which are too high (Barker & Goldstein 1991; Osborne &
Haszeldine 1993). Throughout this thesis, an attempt has hence been
made to rigorously test and constrain isotopic and fluid inclusion data.

17  Thesis structure
The thesis comprises four papers, Chapters 2 to 5, which

investigate various aspects of the diagenesis of the Brent Group of the
East Shetland Basin area of the northern North Sea. All these papers
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were written by the author and are entirely the product of his own
research. One has recently appeared in print (Osborne & Haszeldine
1993). Appendix 1 presents a paper which was not written by the author
alone, but is based upon his work.

Chapter 2 is concerned with early diagenetic siderite, its physical
distribution, stable isotopic composition and crystal zonation. Chapter 3
describes the diagenesis of the Emerald oilfield, as a case study of
shallow buried Brent Group sandstones. Again the diagenetic minerals
are analysed using a combination of petrographic, isotopic and fluid
inclusion techniques. Chapter 4 is concerned with diagenetic kaolinite,
and differences in kaolinite morphology, isotopic composition and
distribution are discussed. Chapter 5 is a compilation and critical
evaluation of published and unpublished fluid inclusion data from
quartz cements in Brent Group sandstones. Appendix 1 continues the
discussion of fluid inclusion temperature data, and the implications for
modelling quartz cementation in oilfields. A summary of the main
conclusions of this thesis are presented below.

18 Chapter summaries

Chapter 2. Early diagenetic siderite in the Brent Group
precipitated as concretions, sphaerosiderites and as rhombic crystals
between expanded biotites. Both types of siderite show a similar intra-
crystalline zonation. The earliest growth zone is of very pure Fe-rich
siderite (Zone 1) which is interpreted to have precipitated from meteoric
water. Zone 2 is very Mg rich and bears a strong resemblance to marine
siderite. Zone 3 has a composition intermediate between that of Zones 2
and 3.

Carbon isotopes indicate the siderite precipitated using
bicarbonate from a variety of origins. Sulphate/iron reduction was the
most important source, but bacterial fermentation and possibly shell
dissolution were also involved. Concretionary siderite has 8180 values
which are consistent with precipitation from meteoric or mixed meteoric-
marine pore-waters at <30°C. Siderite which formed within degraded
biotites shows the same three growth zones as concretionary siderite and
must have precipitated at the same time. However these siderites are
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more 5180 depleted than the concretionary siderites. This suggests the
siderite within the biotites precipitated during kinetic rather than
equilibrium isotope fractionation. It is likely that siderite Zone 1
precipitated from meteoric water which flowed through the Brent Group
during the advance of the delta system. Zone 2 precipitated from marine
waters which entered the reservoir sands during marine transgression,
when the Tarbert Formation was deposited. Zone 3 possibly precipitated
from a mixed marine-meteoric water of compactional origin.

Chapter 3. The Emerald oilfield is an example of a shallow
buried Brent Group oilfield (1600m). In this field, early diagenesis
consisted of growth of pyrite, K-feldspar overgrowths and calcite
concretions. During deeper burial, vermiform kaolinite, ankerite and
quartz precipitated, accompanied by feldspar dissolution. Mass balance
calculations indicate that following feldspar dissolution Al was
conserved due to kaolinite precipitation, but Si partly exported, creating
5% secondary porosity. However much of this porosity was lost during
later compaction, with no net improvement in reservoir porosities and
permeabilities. This paragenetic sequence is remarkably similar to the
early diagenetic mineral assemblages seen in the more deeply buried
Brent Group fields. Stable isotopic analyses of ankerite and kaolinite
cements suggest that they precipitated from meteoric or brackish pore-
waters at approximately 20-50°C. This indicates that meteoric water
must have flushed through the reservoir sandstones displacing
depositional marine pore-waters. Influx of meteoric water resulted in the
biodegradation of hydrocarbons, dissolution of feldspar, and
precipitation of kaolinite, quartz and ankerite cements. Fluid flow was
driven by a hydrostatic head on the landmass to the west during the
Palaeocene.

Chapter 4. Two types of diagenetic kaolinite occur in the Brent
Group; vermiform kaolinite and blocky kaolinite. Early diagenetic
vermiform kaolinite precipitated at 25-47°C during shallow burial, and
later diagenetic blocky kaolinite precipitated at 50-80°C during deeper
burial (palaeotemperatures calculated from stable isotopic data). Both
kaolinite types precipitated from pore-waters with 8180=-6.5 to -3.5%o.
These pore-waters either represent mixed meteoric-marine fluids, or
alternatively meteoric waters that had evolved isotopically due to water-
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rock interaction. Most kaolinite precipitated during the late Cretaceous
to early Eocene. Influx of meteoric water into the Brent Group is inferred
to have occured during the Palaeocene. Oil migrating into the Brent
Group in the Palaeocene became biodegraded as it was flushed by
meteoric water.

Vermiform kaolinite initially nucleated between the sheets of
expanded muscovites, while blocky kaolinite precipitated directly into
pore-space. Both kaolinite types precipitated following the dissolution of
feldspar. The differences in the two morphologies is probably a product
of the degree of supersaturation at the time of precipitation; at low
degrees of supersaturation nucleation of kaolinite upon mica surfaces is
kinetically favoured. Because kaolinite is using the mica surfaces as a
template for growth a vermiform morphology is produced. At higher
levels of supersaturation kaolinite can precipitate directly into pore-
space, without nucleation upon mica surfaces, and so kaolinite with a
characteristic blocky morphology is produced.

Chapter 5. Quartz is a major pore-occluding cement in deeply
buried Brent Group reservoir sandstones. Fluid inclusions yield
homogenisation temperatures (Th) which have been thought to represent
growth temperatures for the host quartz. However, early diagenetic
inclusions from the detrital grain-overgrowth boundary yield
excessively high palaeotemperatures which do not match the growth
temperatures calculated from the depth of burial. The temperatures of
these inclusions increase with present day depth of burial, and approach
present day reservoir temperatures. This suggests that the inclusions
have begun to reset towards present day P-T conditiornts. The Th of the
inclusions hence represent burial temperatures rather than growth
temperatures for the quartz. Experimental studies indicate that the
amount of resetting undergone by an inclusion varies depending upon
its size, shape, and fluid composition. A relationship between inclusion
Th and the above variables has been observed in inclusions from deeply
buried quartz cements in the North Sea.

Resetting of the inclusions is thought to be by non-elastic
stretching and shape change. Experimental studies have shown that
inclusion stretching occurs for lower values of internal pressure than
those required to produce brittle fracture. Stretching is thought to be a
time dependant process, hence when P-T conditions are suddenly

Chapter 1- Introduction

21



changed it will take a finite time for the inclusions to re-equilibrate. This
explains why in rapidly subsiding oilfields the modal Th of the fluid
inclusions does not exactly match Formation temperature. Conversely in
oilfields which have undergone a period of slow subsidence, inclusion
Th closely corresponds to reservoir temperature.

Previous researchers have regarded Th as a valid estimate of
growth temperature for the host quartz. This has led to the suggestion
that quartz precipitated from fluids which were hotter than the
calculated geothermal gradient, and that ascending, hot, basinal, brines
must have been responsible for cementation. However if inclusion Th has
been reset to higher temperatures, then influx of hot fluids from depth is
not required in order to explain the fluid inclusion data, and large scale
convective transport of silica in solution is unlikely.

19 Synthesis

During the advance of the Brent delta system (Bajocian-Aalenian times)
meteoric water flushed through the deltaic and nearshore marine
sediments of the Rannoch, Etive and Ness Formations. Hence meteoric
water displaced depositional marine pore-fluids in the Rannoch and
Etive Formations. This acidic meteoric water dissolved feldspars and
resulted in the precipitation of Fe-rich siderite (Zone 1 siderite), plus
some vermiform kaolinite and anatase. During subsequent marine
transgression (Bathonian times) the Tarbert Formation was deposited
and the delta system was drowned by the rise in sea level. This
transgression allowed sea water to enter the Rannoch, Etive, Ness and
Tarbert Formations. Mg and Ca rich siderite precipitated from the
marine derived pore-waters (Zone 2 siderite). During shallow burial
(<30°C, Callovian-Kimmeridgian times) siderite of intermediate
composition precipitated (Zone 3 siderite), from mixed marine-meteoric
compactional waters.

Subsequent diagenetic modification of Brent Group sandstones
was related to depth of burial, and hence is dependent upon the
subsidence and temperature history of individual oilfields. In shallow
buried oilfields (reservoir temperatures 25-47°C), vermiform kaolinite
precipitated following the dissolution of feldspar. In more deeply buried
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oilfields (reservoir temperatures 50-80°C) kaolinite with a blocky
morphology precipitated. Both kaolinite types precipitated from similar
pore-waters (8180= -6.5 to -3.5%o). Such fluids represent either mixed
meteoric and compactional marine waters, or alternatively meteoric
waters that had evolved isotopically due to water-rock interaction. In
either case, the presence of a strong component of meteoric water in the
pore-fluid indicates that extensive displacement and movement of fluid
must have occured, because all the sediments overlying the Brent Group
are marine.

Meteoric waters probably entered the Brent Group via the East
Shetland Platform landmass in the west, fluid flow being driven by a
hydrostatic head elevated above sea level. Regional meteoric fluid flow
was most likely to have occurred during the Palaeocene, when the East
Shetland Platform was sub-aerially exposed. These surface-derived
fluids displaced and underwent mixing with marine waters which were
being expelled from compacting sediments located above and below the
Brent Group.

Significant volumes of quartz and illite cements only began to
precipitate during deeper burial (reservoir temperatures >80°C). The
unusually high palaeotemperatures of the fluid inclusions in the quartz
overgrowths are a product of resetting during continued subsidence, and
do not indicate that influx of hot fluids occurred (Jourdan et al. 1987;
Haszeldine et al. 1992; Osborne & Haszeldine 1993). Hence there is no
evidence for open system convective fluid movement during late
diagenesis, with fluid flow transporting heat, hydrocarbons and silica
into the Brent Group. Instead, it is more likely that the diagenetic system
became more closed as subsidence progressed, so that the water to rock
ratio decreased. Under such conditions, water-rock interaction would
modify the pore-water 8180 isotopic composition to the positive values
seen today (8!80= 0 to +2%o, Egeberg & Aagaard 1989; Haszeldine et al.
1992). The most likely reactions leading to pore-water modification were
probably illitisation of kaolinite and recrystallisation of early calcite
cements (Egeberg & Aagard 1989).

Hydrocarbons migrated bouyantly into the Brent Group
reservoirs during the early Tertiary. In shallow buried oilfields this oil
was biodegraded due to the influx of surface-derived meteoric water. As
oil filled the reservoirs, diagenesis slowed down and was eventually
halted.
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The reservoir quality of the Brent Group is partly dependent upon
the grain size, sorting, and sedimentary structures present in the
sandstones upon deposition. Superimposed upon these primary
depositional controls on reservoir quality, are the secondary diagenetic
effects of compaction, cementation and grain dissolution; processes
which may either decrease or enhance reservoir porosities and
permeabilities. Diagenesis has profoundly modified the primary,
depositional porosities and permeabilities of these sandstones, a point
which will be discussed in detail later.

The depositional controls on reservoir quality of the Brent Group
are summarised in Richards (1992). The Broom Formation consists of
thin, poorly sorted, sandstones of limited reservoir importance. The
Rannoch Formation consists of mica-rich siltstones and sandstones, The
Formation coarsens upwards, from siltstone to very fine or fine grained
sandstone, with reasonable porosity and permeability characteristics.
However concentrations of mica and carbonaceous material along low
angle laminae may inhibit vertical flow. The Etive Formation is generally
the best reservoir interval in the Brent Group, and consists of massive,
well sorted, fine-coarse grained sandstones, with good porosities and
very high permeabilities. Occasional mica and clay layers may reduce
vertical permeability. Both the Rannoch and Etive Formations form
extensive, readily correlatable sheets. The Ness is the most lithologically
varied Formation of the Brent Group, consisting of interbedded
sandstones, shales and some thin coals. Sandstones can have good
porosity and permeability characteristics, but are often laterally and
vertically discontinuous unless stacked fluvial channel sands occur. The
Mid-Ness Shale forms an important non-reservoir horizon. The Tarbert
Formation consists of fine grained, well sorted, micaceous, sandstones,
with a coarser grained base. The Tarbert Formation is of relatively good
reservoir quality, but may be absent or thin at the crest of fields due to
erosion beneath the late Cimmerian unconformity.

The total porosity of Brent Group sandstones decreases
systematically with depth, in all Formations and facies (Figure 1
Bjorlykke et al. 1992; Giles et al. 1992; Harris 1992). The decrease in
porosity is roughly linear, and is the product of the combined effects of
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compaction and cementation. Variation in sandstone permeability with
depth is more complex; at depths of <3100m permeability is independent
of depth of burial, and is related to grain size, sorting, and the presence
of calcite, ankerite and siderite cements (Giles et al. 1992). However at
depths >3100m permeability declines drastically in all Formations and
facies (Figure 2 Bjorlykke et al. 1992; Giles et al. 1992; Harris 1992). The
explanation for this decline in permeability is discussed later.

We shall now discuss the effect of volumetrically significant
cements on the reservoir quality of the Brent Group. Carbonate cements
(calcite with minor siderite and ankerite) are frequently found as
randomly distributed concretions or laterally extensive layers in the
marine Formations of the Brent Group. Carbonate cements are very
common in the Rannoch Formation, common in the Tarbert Formation,
and much less frequently observed in the Broom, Etive and Upper Ness
Formations (Abbotts 1991; Giles et al. 1992). Their influence upon
reservoir quality is variable depending upon the lateral extent of the
cemented layers (from metres to 100's of metres), and the amount of
cement present as a percentage of the total Formation thickness. The
carbonate cements can completely occlude porosity, leading to a
reduction in the total pore-space available to hydrocarbons; in the
Dunlin and Tern oilfields carbonate cements form 12-14% of the
thickness of the Rannoch Formation (Abbotts 1991). Carbonate cemented
layers can also act as barriers or baffles to vertical fluid flow, directly
influencing oil production (e.g. Cormorant, Heather, and Eider oilfields;
Abbotts 1991). However in other oilfields, such as Thistle, Emerald and
Dunlin, the lateral extent and abundance of the carbonate cemented
layers are not significant enough to affect reservoir performance
(Abbotts 1991). ,

Kaolinite precipitation converts open pore-space into inter-
particle microporosity. Kaolinite cement is a by-product of feldspar
dissolution. The amount of kaolinite present in the Brent Group is
widely variable (0-22%), and does not seem to be controlled by the
abundance of detrital feldspar. However, the Etive Formation, and
massive and cross-bedded sands in the Ness Formation, have higher
abundances of both kaolinite and secondary porosity than the rest of the
Brent Group (Giles et al. 1992). These Formations and facies are the most
porous and permeable horizons in the Brent Group, suggesting that
accessibility of the sandstones to fluid flow may have been an important
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influence governing feldspar dissolution and kaolinite precipitation.
Dissolution of feldspar and the creation of secondary porosity has not
greatly improved the overall porosity of the Brent Group, because later
compaction has resulted in the collapse of the secondary pores (Harris
1992). This explains why the volume of secondary porosity present in the
Brent Group remains fairly constant with depth (3%), despite extensive
feldspar dissolution (10-20%) over the same depth range (Bjorlykke et al.
1992; Giles et al. 1992; Harris 1992). Permeability has also not been
significantly improved because Al has not been exported, with kaolinite
precipitating in the pore-space created.

The amount of kaolinite present in the Brent Group decreases at
>3300m due to alteration to illite. Precipitation of fibrous illite cement at
>3300m is largely responsible for the drastic decrease in reservoir
permeabilities below this depth (Figure 2). Less than 2 volume% illite
cement is usually present in the Brent Group, yet this small volume of
cement can reduce permeabilities by three orders of magnitude (Giles et
al. 1992). It is not possible to ascertain differences in illite abundance
between facies and Formations due to the difficulty of accurately point
counting the abundance of such small volumes of fibrous illite in thin
section. However it can often be recognised that there has been
preferential illite growth in the water leg compared to the oil leg; hence
reservoir permeabilities are much lower beneath the oil-water contact
(Giles et al. 1992). This may cause production problems if injection of
water below the oil-water contact is used to provide aquifer support
(Kantorowicz et al. 1992). The greater abundance of illite below the oil-
water contact suggests that oil migration into the reservoir has halted
illitisation.

Quartz overgrowths occlude pore space and result in a narrowing
of pore-throat diameters. The abundance of quartz cement present in the
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Brent Group is strongly depth related, with <5% cement above 2700m,

and increasing volumes (average 10%, but up to 27%) below this depth
(Giles et al. 1992). There are no significant differences in quartz cement
abundance above and below the oil-water contact, or between different
facies and Formations.
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2.1 ABSTRACT

Siderite cements in the reservoir sandstones of the Brent
Group, UK North Sea occur in the form of concretions, sphaerosiderites,
and rhombic crystals within expanded biotites. All the siderite
morphologies grew during early diagenesis at less than 30°C. Siderites
from the Rannoch, Etive, and Ness Formations have three concentric
growth zones (R1, R2, and R3), while siderites from the Tarbert Formation
usually possess only two of these zones (R2 and R3). Siderites from the
Broom Formation have four concentric growth zones (B1, B2, B3, B4)
which are chemically distinct from those occurring in overlying
Formations. The earliest zone (Zone R1) is very Fe-rich (85.7-98.2 mole%
FeCO3) and is compositionally similar to siderite of meteoric origin as
defined by Mozley (1989). Zone R2 is very Mg and Ca rich (60-81.4 mole%
FeCO3) and bears a strong resemblance to marine siderite. Zone R3 has a
composition intermediate between that of Zones R2 and R3. Zones B1, B2,
B3, and B4 consist of impure siderite with variable amounts of Mg and Ca
substitution (68.4-81.4 mole% FeCOg), and closely resemble marine
siderite. Carbon isotopes indicate the siderite precipitated using bicarbonate
from a variety of origins. Oxidation of organic matter accompanying
sulphate reduction was the most important source, but bacterial
fermentation and possibly shell dissolution were also involved.
Concretionary siderite has 8180 values which are consistent with
precipitation from meteoric or mixed meteoric-marine pore-waters at
<30°C. Siderite which formed within degraded biotites shows the same
three growth zones as concretionary siderite (R1, R2 and R3) and must
have precipitated at the same time. However, these siderites are more 8180
depleted than concretionary siderite ( by up to 9%0) which suggests the
siderite within the biotites precipitated during kinetic, non-equilibrium
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fractionation between siderite and water. In contrast concretionary siderite
precipitated in oxygen isotopic equilibrium with the pore-water. It is likely
that siderite Zone R1 precipitated from meteoric water which flowed
through the Brent Group during the advance of the delta system. Zone R2
precipitated from marine waters which entered the reservoir sands during
marine transgression, when the Tarbert Formation was deposited. Zone
R3 possibly precipitated from a mixed marine-meteoric water of
compactional origin. The Broom Formation remained an isolated aquifer,
and Zones B1-4 precipitated from depositional marine waters.

2.2 INTRODUCTION

There are relationships between the trace element (Mg, Ca, Fe
and Mn) composition of diagenetic carbonates such as calcite and siderite
and the composition of the water from which they precipitated (Veizer
1983; Mozley 1989). This means it is possible to distinguish between
carbonates precipitating from meteoric and marine pore-waters. Chemical
zonation of trace elements within individual calcite crystals has often been
thought to reflect variations in the bulk chemistry of diagenetic pore-fluids
through time, and has been widely described and discussed in the
literature (e.g. Meyers 1974; Have & Heijnen 1984).

However, the origin of similar compositional variations within
individual siderite crystals has not yet been established. However this is an
important point to address as siderite is a common diagenetic mineral in
many different sedimentary environments, and unlike calcite; has-been
rarely observed to recrystallise and undergo alteration to other carbonates
upon deeper burial or when pore fluid compositions are changed (Gould
& Smith 1979; Matsumoto & Iijima 1981; Gautier 1982; Pearson 1985; Curtis
& Coleman 1986; Mozley 1989; Mozley & Carothers 1992).

Therefore intracrystalline variations in siderite composition
could successfully record changes in the composition of diagenetic
palaeofluids with time. Furthermore, the composition of siderite is
generally far more variable than that of calcite, due to the ability of Ca, Mg
and Mn to substitute extensively for Fe in the crystal lattice, and so
compositional changes can frequently be measured in terms of mole%
rather than in ppm. Thus siderite is a mineral which is well suited to
quantitative chemical analysis using a microprobe or SEM. This paper
examines compositional variations in diagenetic siderite crystals from the
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Middle Jurassic Brent Group of the North Sea and attempts to interpret
their diagenetic significance.

2.3 EOLOGICAL SETTIN

The samples examined in this study came from Middle Jurassic
Brent Group reservoir sandstones in the Thistle, Murchison, Dunlin, and
Cormorant oilfields in the East Shetland Basin area in the UK sector of the
northern North Sea (Figure 1&2). All five Formations of the Brent Group
were sampled during the study (Broom, Rannoch, Etive, Ness and Tarbert
Formations).

The structural features of the East Shetland Basin and adjacent
Viking Graben are the product of crustal extension in the early Triassic
which produced tilting of basement fault blocks. These blocks were later
buried under sediments accumulating in a post-rift thermal subsidence
basin. This was followed by further late Jurassic faulting and block
rotation. Fault-related subsidence ceased in the early Cretaceous and was
replaced by temperature-controlled regional subsidence. Schematic burial
curves for the four oilfields studied are shown in (Figure 3), using
sediment thicknesses incrementally decompacted from present values
(Brint 1989).

The stratigraphy and depositional environment of the Brent
Group is reviewed in Richards (1992). The Middle Jurassic Brent Group
consists of deltaic and shallow marine sandstones and shales and forms
one of the major oil reservoirs in the northern North Sea. The Group is
approximately 300m thick in the East Shetland Basin. Researchers
subdivide the Group into Broom, Rannoch, Etive, Ness and Tarbert
Formations. Together the first letters of the Formations form the
convenient acronym BRENT. The depositional environments of these
Formations are generally well established and are summarised in Figure 4.
The Broom, Rannoch and Etive Formations have been described as
regressive facies formed during northwards progradation of the clastic
wedge, whilst the overlying Upper Ness and Tarbert Formations are
transgressive in origin and were formed during a relative sea level rise
which eventually drowned the system.

Chapter 2 Siderite zones define palaeoaquifers



37

2.4 BRENT GROUP DIAGENESI

The diagenesis of the Brent Group has received much study,
mainly because it is one of the major oil reservoirs in the northern North
Sea and because growth of diagenetic minerals profoundly influences the
porosity and permeability characteristics of the reservoir sandstones. A
generalised paragenetic sequence for the oilfields studied is shown in
Figure 5. This is based upon observations of the authors and Brint (1989).

Siderite is not one of the most volumetrically important
cements in the Brent Group, though it is of widespread distribution,
occurring in all the oilfields within the East Shetland Basin. Siderite is
quite clearly one of the earliest diagenetic minerals to precipitate in the
Brent Group, as it occurs within calcite concretions with high minus
cement porosities of 35-40% (Figure 6). In addition shale laminae curve
around siderite concretions indicating the cement is pre-compactional in
origin. Early calcite also encloses vermiform kaolinite, pyrite and
authigenic anatase, which probably precipitated co-genetically with the
siderite. Anatase is found replacing detrital sphene

No siderite has been observed to have undergone alteration
and replacement by any other carbonate mineral, and calcite, ankerite and
siderite co-exist in contact with present day pore waters. Rare, late
diagenetic siderite also occurs in the Brent Group (Giles et al. 1992), but has
not been observed during this study.

2.5 TECHNIQUE ED

During diagenetic studies compositional zonation of calcite and
dolomite crystals can been observed using cathodoluminescence (CL).
However, diagenetic siderite possesses more than 15000ppm Fe2+,
resulting in total quenching of luminescence. This means that chemical -
zonation within siderite crystals can only be examined using an SEM
equipped with a BSE detector. Contrast in the BSE image depends on the
chemistry of the surface of the specimen; the higher the atomic number of
the particles in the specimen, the brighter the BSE image becomes. Imaging
of siderite was carried out on polished, perfectly flat specimens. It was
found that various compositional zones could be distinguished in terms of
relative brightness and image contrast.

After compositional zones were identified using BSE,
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quantitative chemical analysis of the individual zones was undertaken
using a Cambridge Stereoscan 360 SEM, equipped with a Link Analytical
1085 S. A ZAF4 FLS programme was used to correct the data. Accuracy of
the measurements is 0.5 mole%.

Over 130 thin sections of siderite-bearing sandstones were
examined in the course of this study, and 40 polished thin sections were
prepared for SEM backscattered electron imaging and quantitative analysis.

In addition a small number of siderite samples were selected for
stable isotopic analysis. Rock samples were gently disaggregated using a
mortar and pestle and the <100pm size fraction retained for further
treatment. The samples were reacted for several days with dilute hydrogen
peroxide to remove oil and other organic matter. Siderite was separated
from other minerals using 1,1,2,2, tetrabromoethane adjusted to a suitable
density, and then further purified using a Frantz magnetic separator. Any
contaminant calcite was removed by reacting overnight with IM tri-
ammonium citrate solution. XRD was used to determine whether each
stage in the purification process had been successful. Sieving was then
used to subdivide the sample into size fractions. As a precaution before
being reacted, the samples were plasma ashed for 2-3hrs to remove any
remaining organic contamination.

Siderite was reacted with phosphoric acid overnight at 100°C in
a hotblock (McCrea 1950), and the CO; gas purified and then analysed on a
VG Isogas SIRA-10 mass spectrometer. Carbon and oxygen isotope results
were corrected in the usual manner, and are presented in the
conventional 3 notation, as parts per thousand relative to the PDB and
SMOW standards. Oxygen isotope fractionation factors derived
experimentally by Rosenbaum and Sheppard (1986) were utilised to correct
the raw data. The reproducability of the isotopic analyses based upon
repetitive measurements and running of laboratory standards is £0.1%o.

2.6 R E & MORPHOL F THE CEME
Authigenic siderite occurs in all five Formations of the Brent
Group, in both marine and non-marine facies. The siderite exhibits a

variety of morphologies:

1. Siderite inclusions associated with degrading biotites.
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2. Concretions.
3. Sphaerosiderites (i.e. siderite with spherulitic morphology).

BSE examination of polished thin sections shows that the
siderite cement present in the Brent Group is chemically zoned. Four
distinct cement generations are seen in siderite from the Broom
Formation (Figure 12b), and three generations in the overlying Rannoch,
Etive, Ness and Tarbert Formations (Figure 9). It was found that various
compositional zones could be distinguished in terms of relative brightness
and contrast of the BSE image. This BSE zonation is described below.

2.6.1 Zonation seen in Rannoch, Etive, Ness & Tarbert Formation
Siderite

Zone R1- light grey to bright. Earliest

Zone R2- dark, or very dark.

Zone R3- medium grey. Latest

Zones R1 to 3 are common to all four Formations, however Zone R1 is
often absent or very rare in the Tarbert Formation (i.e. Zone R1 is present
in <5% of all siderite crystals). All zones occasionally have subzones
developed. Chemical analyses of these compositional zones have been
undertaken, and are discussed later in this paper.

)
N
o

Zonation seen in Broom Formation Siderite

The BSE zonation seen in the Broom Formation is different
from that seen in the overlying four Formations. The zones and their
appearance using BSE imaging are as follows:

Zone B1- dark Earliest
Zone B2- medium grey

Zone B3- very dark

Zone B4- medium grey Latest

The morphology and occurrence of the three morphological
types of siderite cement will be discussed in detail below, together with the
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chemical zonation they reveal when examined using BSE imaging.

2.6.3 Siderite within degrading biotites

This type of siderite is of common occurence in micaceous
sandstones. The siderite is demonstrably early diagenetic as it is enveloped
by calcite cement which exhibits high minus cement porosities of 35-40%
(Figure 6). Siderite often has a tendency to occur along the expanded
cleavage planes of biotites which are undergoing fanning and expansion of
the grain terminations (Figure 7). Some biotites are undergoing
replacement by kaolinite. However both pyrite and siderite inclusions can
be found outside, as well as inside, expanded biotites Biotites may exhibit
fanning and expansion at the grain terminations only, or the whole biotite -
grain itself may be expanded. Muscovite present in the same sample also
show fanning of the grain terminations and alteration to kaolinite, though
in general they are much less altered than the biotites. Siderite and pyrite
inclusions are never found within degrading muscovite. Where the
sandstone has been cemented by early diagenetic calcite, expanded biotites
are preserved in an uncompacted state, but outside of concretions they are
frequently compacted. In sandstones siderite abundance is strongly related
to mica content (illustrated in Figure 8). In the Etive Formation, which is
mica poor, siderite is rare but in the highly micaceous Rannoch Formation
siderite is more abundant. .

The siderite consists of subhedral-euhedral rhombs, sometimes
forming patches of cement if the biotite is fully expanded. If the biotite has
only expanded slightly then the siderite may not have been able to attain a
perfectly euhedral shape, because crystal growth was restricted by the lack
of space available between the mica cleavage planes.

The siderite inclusions show a triple zonation in BSE mode;
zone R1 is typically irregular or subrounded in shape and may show
evidence of dissolution before the more rhombic and euhedral zones R2
and 3 precipitated around the early core (Figure 9). Zone R3 is generally
very thin. This triple zonation is well developed in Rannoch, Etive and
Ness formations. However no expanded biotites have been observed in
the Broom formation, and in the Tarbert Formation zone R1 is often
absent or rare, occuring in less than 5% of all siderite crystals (Figure 10).
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264 Concretions

Siderite concretions in the Brent Group vary greatly from sub-
spherical to irregular in shape. Sideritic layers are also found. Both in-situ
and winnowed concretions occur, and the latter can be distinguished by
the fact that they are typically small (<4cm), well rounded, and have no
regular orientation with regard to bedding. Concretions are of two types:

1. Cryptocrystalline siderite, sometimes enclosing berthierine ooliths.
Cryptocrystalline siderite concretions principally exhibit the earliest BSE
zones (R1, B1); however the outer skin of the concretion may consist of
euhedral siderite in which later zones are evident.

2. Euhedral siderite. Fine grained euhedral siderite forms discrete patches,
perhaps replacing precursor detrital grains. In between these patches of
fine grained siderite, coarser grained siderite has developed, perhaps
infilling what was originally open pore-space (Figure 11). Fine grained
siderite consists entirely of BSE zones R1 and 2, while the coarser grained
siderite mainly exhibits zones R2 and 3, indicating it precipitated later.

2.6.5  Sphaerosiderites

Spherulitic siderite has been observed only in the Broom and
Ness Formations during the present study. The earliest zones are arranged
concentrically, sometimes around a pyrite core, and usually exhibit

subzoning. Later zones usually form euhedral crystalline projections - =

which nucleate on the surface of the spherule (Figure 12).
2.7 ELEMENTAL ANALYSE

Mozley (1989) has demonstrated that marine and freshwater
siderites have distinctly different compositions. Siderites from fresh-water
environments are relatively pure (>90 mole% FeCO3), and may attain end
member composition. Siderite from marine environments is always very
impure, contains less Mn, and has higher Mg/Ca ratios than fresh water
siderite (Figs 13&14). These compositional differences are thought to reflect
the chemistry of depositional pore waters as sea water has a higher Mg/Ca
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ratio and contains less Mn and Fe and more Ca and Mg than meteoric
water (Tablel). Mozley suggests that the composition of early diagenetic
siderite is strongly influenced by the depositional pore-water chemistry.

Comparing the chemistry of Brent Group siderites with the data
from marine and fresh water siderites cited by Mozley (1989) is most
illuminating, revealing that siderites in the Brent Group are of both
marine and meteoric origin.

2.7.1 Elemental Chemistry of Rannoch, Etive, Ness & Tarbert
Formation Siderites

Zone R1 This zone is relatively pure siderite (85.7-98.2 mole% FeCO3). It
has lower Mg/Ca ratios than the other two zones and contains more Mn.
Compositionally it is very similar to meteoric siderite (Figure 15).

Zone R2 This zone consists of very impure siderite (60-81.4 mole% FeCO3).
It has a higher Mg/Ca ratio than Zone R1 and contains little Mn.
Compositionally it strongly resembles marine siderite (Figure 16). There is
often evidence of dissolution between Zones R1 and R2 (Figure 9a).

Zone R3 Similar to Zone R2 in composition, it comprises impure siderite
(68.1-88.2 mole% FeCO3), with high Mg/Ca ratios and low Mn
concentrations. However it is more ferroan than Zone R2. It thus has a
composition intermediate between the marine and meteoric siderites cited
in Mozley (1989) (Figure 17). ' ,

A compositional profile across a siderite crystal showing all
three of these zones is shown in Figure 18.

2.7.2 Elemental chemistry of Broom Formation siderites

Four compositional zones can be distinguished using BSE
imaging. All the zones from the Broom Formation consist of very impure
siderite (68.4-81.4 mole% FeCOj3) showing variable amounts of Ca and Mg
substitution and low Mn concentrations (Figure 19). Roughly equal
amounts of Mg and Ca are present. No direct correlation can be made
between the zonation seen in the Broom Formation and the zonation seen
in siderite from the overlying Rannoch, Etive, Ness and Tarbert
Formations. The compositions of siderite from the Broom Formation are
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generally similar to those of marine siderite cited by Mozley (1989).

2.8 STABLE ISOTOPE ANALYSES

Isotope analyses are tabulated in Table 2 and presented
graphically in Figure 20. The results are generally similar to those obtained
from Brent Group siderite by other researchers (Brint 1989; Giles et al.
1992). Thus although our isotope data base is small we can assert that it is
broadly representative of the Brent Group as a whole. There is a wide
spread in 813Cppp values evident, from -2.8 to -18.4%.. Oxygen values are
also surprisingly variable considering the cements are all early diagenetic
in origin (from 8180ppp -3.5 to -13.0%.). Concretionary siderite, and
siderite occuring within biotites, seem to have distinctive 5180ppB
signatures, the latter yielding more 3180 depleted values (Figure 21).

2,9 DI ION

2.9.1 Elemental Zonation

Trace element zonation of carbonates has been explained in the
literature in two ways.

1. Chemical variation is the the result of changes in bulk pore-fluid
chemistry during mineral precipitation (Meyers 1978) )

2. Chemical zonation does not always reflect pore fluid chemistry. When
carbonate crystals grow slowly impurities may be excluded, whereas during
rapid growth more impurities may be included ( Have & Heijnen 1984;
Given & Wilkinson 1985).

However all of this literature refers to calcite and dolomite, not
to more ferroan carbonates such as siderite, and so may not be wholly
applicable to this study. Generally, the variations in trace element
composition recorded in calcites are much smaller than those in siderite,
and can be measured in ppm rather than mole% (Have & Heijnen 1984).
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The large variations in the amounts of contaminant elements present in
the Brent Group siderite make it more difficult to envisage that the
incorporation of impurities was merely a product of rapid crystal growth.
Intra-stage dissolution events, and sharp boundaries between siderite
zones also suggest that different pore-fluids were involved in precipitation
of the various cement generations (Figure 9a). It is thus more plausible
that chemical zonation in Brent Group siderite predominantly reflects a
varying pore fluid composition.

If the zonation seen in the Brent Group siderites is largely a
reflection of fluctuating pore fluid composition, we can hypothesise that
Zone R1 precipitated from a meteoric water, Zone R2 from a marine water,
and Zone R3 from a water of mixed marine-meteoric composition.

Given & Wilkinson (1985) have also suggested that different
morphologies of CaCO3 cement may be produced by variations in the rate
of precipitation. Siderite in the Brent Group shows a range of
morphologies, with early formed concretionary and spheroidal siderite
being overgrown by later, smaller rhombs. It is thus possible that this
change in morphology may reflect tluctuation in precipitation rate with-
time; we might expect sphaerosiderite to be symptomatic of rapid growth
rates. Euhedral siderite hcwever, probably indicates slower precipitation
rates, from solutions which are less oversaturated with respect to
carbonate.

Although precipitation rate may have influenced siderite
morphology it is unlikely that it controlled siderite compositional
zonation, because in the samples studied there is no systematic
relationship between siderite morphology and composition.
Sphaerosiderites for example, can consist of either very pure or very
impure siderite.

)
g
P9

Stable [sotope Data

Mozley (1992) has compiled published stable isotopic data for
early diagenetic siderite in both marine and non-marine facies. Marine
and non-marine siderites show disinct compositional trends, although
there is considerable overlap in the spread of the data. Comparison of the

Chapter 2 Siderite zones define palaeoaquifers



45

Brent Group siderite 813Cppp and 8180ppp values with those of
continental and marine siderites cited by Mozley & Wersin (1992) indicates
that they have stable isotopic compositions which are not distinctive of
either a marine or non-marine origin (Figure 22).

Use of carbonate §13Cppp values is a well established technique
in ascertaining the source of bicarbonate from which a diagenetic mineral
precipitated. As organic matter is buried it under goes degradation and CO;
is released with specific §13Cppp signatures (Curtis & Coleman 1986). With
increasing depth of burial these are; aerobic oxidation (813Cppp ~ -25%0);
bacterial sulphate reduction (813Cppp ~ -25%o), bacterial fermentation
(313Cppp ~ +15%¢), and thermally-induced abiotic decarboxylation
(813CppB ~ -15%0). In addition marine carbonate from shells, sea-floor
cements and calcareous microfossils can also dissolve upon burial and
release bicarbonate with a 813Cppp signature of approximately 0 %o into
porewaters.

Measured siderite 813Cppp compositions from this study range
from -2.8 to -18.4%0 and are thus not indicative of an end member CO»
source. Such 813Cppp compositions must have been produced by mixing
of bicarbonate from different origins. This is what might be expected, for as
we have seen, the siderite cements are compositionally zoned, and
succesive cement generations may have precipitated in different
hydrologic settings. Thus stable isotope analyses of these siderite samples
represent only bulk analyses of more than one cement phase.

The most depleted 313Cppp values of -15.7 to -18.4%o are close
to the signature of bicarbonate produced during oxidation of organic
matter accompanying/during sulphate reduction (813Cppp ~ -25%o),
suggesting a very sizeable contribution of bicarbonate from this source.
Pyrite is seen in association with plant fragments in some samples
suggesting that sulphate reduction and oxidation of organic matter had
indeed occurred (Figure 23).

If oxidation of organic matter during sulphate reduction
produced some of the CO; for siderite growth then we might expect both
siderite and pyrite to precipitate more or less co-genetically. However,
within concretions and sphaerosiderites, pyrite is clearly seen to pre-date
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siderite, although the relative timing of pyrite and siderite precipitation
within degrading biotites cannot be established. Thus in some instances
pyrite precipitation had ceased before siderite began to grow, presumably
because pore-waters had become depleted in sulphate. It is possible that
lowering of dissolved sulphate levels by flushing with sulphate-poor
meteoric water may actually have helped to induce siderite development.

However other Brent Group siderites have less depleted
813Cppp values (813Cppp= -2.8 to -7.8%o). suggesting that the bicarbonate
supply from iron/sulphate reduction must have been diluted with
813Cppp of another origin in order to produce the observed §13C values.
Primary marine carbonate has a 313Cpppg signature of ~0%o and could have
been the other end member bicarbonate source. Bioclasts would be the
most likely source of primary marine carbonate. Calcite bioclasts are
certainly present in most of the marine Formations of the Brent Group,
and aragonitic bioclasts are also likely to have been present originally in
the sediment upon deposition. Both are unstable in meteoric water, and
are thus likely to have dissolved during early diagenesis when meteoric
water may have flushed through the sediment. The 313Cppp
compositions of siderite in the shelly Tarbert Formation are similar to
those in the non-marine Ness Formation, hence we have no conclusive
evidence that bioclasts were an important source of bicarbonate during
diagenesis.

Alternatively, CO, from bacterial fermentation reactions
(313Cppp= +15%c) could have been incorporated to produce the bulk
313Cppp value analysed. During shallow burial, both bacterial
fermentation and sulphate reduction processes can occur at the same time,
although the latter tends to predominate until all available sulphate in the
pore-water has been utilised. Hence early diagenetic carbonates could be
expected to have 813Cppp signatures indicating mixing of bicarbonate from
these two sources.

To summarise, the carbon isotopic evidence suggests that
siderite in the Brent Group precipitated from a combination of bicarbonate
sources; oxidation of organic matter during sulphate reduction was
certainly important, while bacterial fermentation, and perhaps shell
dissolution also contributed bicarbonate to the system.

Chapter 2 Siderite zones define palaeoaquifers



47

2.9.2.2 Oxygen Isotopes

Two types of siderite were subjected to stable isotopic analysis in
this study; concretionary siderite, and siderite found within the sheets of
degrading biotite. These two siderite types were found to have disinctive
8180 signatures (Figure 21), the siderite forming within the biotites having
the lower values.

Oxygen isotope analyses can be utilised to estimate the
temperature and isotopic composition of the fluid from which a carbonate
mineral precipitated. Using the isotope fractionation equation for siderite
of Carothers et al. (1988), it is possible to construct a plot relating measured
siderite §180gpmow values, precipitation temperature, and the 8180smow
value of the pore-water. However, to ascertain a fluid composition or
temperature of precipitation, we must assume either ot these two variables
in order to calculate the other. Fortunately, we have some constraints on
both the growth temperature, and the likely pore-water compositions at
the time of precipitation.

29.2.3 Temperature constraints

The siderite samples analysed in this study occured within
calcite cemented horizons exhibiting minus cement porosities of 35-40%. If
the calcite has not re-crystallised then these minus cement porosities
represent the original porosity of the sediment at the time of calcite
cementation. This calcite cement post-dates siderite growth, therefore
minus cement porosities at the time of siderite growth could have been
even higher. Using the general porosity curve for the North Sea (Sclater &
Christie 1982) such high primary porosities suggest that the siderite formed
at roughly <750m depth, and perhaps within the first few hundred metres
of burial (Figure 24). If we assume a geothermal gradient of 35°C/km
existed at the time of cementation, then precipitation temperatures of
<30°C are suggested. Hence we have an approximate, but useful estimate
of the temperature below which siderite precipitation must have occured.

29.24 Constraints on pore-water composition

We also have some constraint on the composition of pore-
waters during diagenesis. Because the Brent Group consists of deltaic and
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shallow marine facies it is likely that two pore-water types were involved
in siderite precipitation during early diagenesis; sea water and meteoric
water. Jurassic sea water is held to have had an isotopic composition of
d180smow= -1.2%0 (Sheppard 1986), while Jurassic meteoric water in the
region is thought to have had a $180smow composition of around -7%o
(Hudson & Andrews 1987; Hamilton et al. 1987).

2.9.2.5 Oxygen isotopes of concretionary siderite

The 8180 values of concretionary siderite are isotopically
distinct from those of siderite found within degraded biotites. Using Figure
25 it can be seen that if concretionary siderite precipitated from a marine
pore-water it grew at 38-50°C, whereas if the siderite precipitated from a
meteoric pore-water it grew at 14-20°C. We know from textural evidence,
however, that the siderite is early diagenetic and probably grew at <30°C.
Therefore it is unlikely that the siderite grew from purely marine pore-
water, because the growth temperatures implied by precipitation from
fluids of this isotopic composition are too high for an early diagenetic
mineral. However, if the siderite precipitated from a mixed meteoric-
marine pore-water then it could have grown at a temperature
intermediate between the two end member estimates mentioned above.
Hence if concretionary siderite grew at <30°C, then the 81830 values of
concretionary siderite are only consistent with precipitation from a fluid

with a meteoric component.

2.9.2.6 Oxygen isotopes of siderite from within biotite

The 5180 of siderite within biotites are generally lower than
those of siderite forming concretions. From Figure 26 it can be seen that
this tvpe of siderite precipitated at 57-104°C if pore-waters were marine,
and at 30-61°C if the pore-waters were meteoric. These temperatures are
hence problematic, because the growth temperature estimated from the
depth of cementation is <30°C. If these siderites precipitated at 30°C, then
growth from pore-waters of 8180gpmow= -7 to -13%o is required in order to
explain the 8180 data. If the siderite precipitated at temperatures cooler
than 30°C, then even more depleted pore waters are indicated. These pore-
water compositions are representative of cold climate, high latitude
meteoric waters. Such pore-waters are very unlikely to have been present
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during diagenesis of the Brent Group. These siderites are hence
anomalously 3180 depleted considering their low temperature origin and
the probable composition of the pore-fluids from which they precipitated.
Normally we would interpret the difference in 8180 values
between the concretions and the siderite within biotites as being evidence
that the siderite within the biotites grew at a higher temperature, or from a
different water. However, we have good petrographic evidence that the
two occurrences of siderite must have precipitated more or less
simultaneously, at low temperatures, from the same pore-water.

1) The concretionary siderite has a high minus cement porosity indicating
it is of early diagenetic origin. Expanded biotites within which siderite has
precipitated are also often preserved within calcite cemented horizons
exhibiting high minus cement porosities. This indicates that both types are
early diagenetic, and cannot have precipitated at temperatures hotter than
about 30°C.

2) Both concretionary siderite and siderite within biotites can show
identical intracrystalline compositional zonation. This could indicate that
each compositional zone precipitated from the same pore-water in each
instance, and probably at roughly the same temperature.

This observation is not confined to siderites from within the
Brent Group. Mozley & Wersin (1992), have compiled isotope data from
the existing literature showing that many early diagenetic siderites from
marine facies are anomalously 5180 depleted considering they formed at
low temperatures and probably from marine pore-waters.

Mozley & Carothers (1992) advance four possible explanations
for these problematic 5180 values.

1) Mixing between marine and meteoric water.
2) Water-sediment interaction.

3) Recrystallisation at higher temperatures.

4) Variable isotopic fractionation.

Mozley & Wersin (1992) deduce that meteoric flushing, and/or

water-sediment interaction are the most likely explanations for the
anomalous 8180 data from siderite they have collated.
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We shall examine each of these hypotheses in turn in an
attempt to find a viable explanation for the depleted 8180 values seen in
the Brent Group siderites from within the biotites.

1) Recrystallisation. If the early diagenetic siderite underwent
recrystallisation during deeper burial (i.e. at higher temperatures), then the
depleted §180 values could be explained. However this is unlikely in the
case of the Brent Group siderites because total recrystallisation would have
destroyed the elemental zonation which is exhibited by the siderites.
Atom-by-atom replacement of siderite could perhaps preserve the crystal
zonation while changing 8180. However it is difficult to see why
concretionary siderite would have been less affected by such a replacement
process than the siderite within the biotites.

2) Variable isotopic fractionation. Much of the Brent Group siderite is
impure. As the siderite-water fractionation factor of Carothers et al. (1988)
was determined experimentally using very pure siderite samples perhaps
it cannot be applied to isotopic data from impure Brent Group siderite.
However, as Mozley & Carothers (1992) point out, the variation in isotopic
fractionation between pure and impure siderite is likely to be small, and
would be in the opposite direction to that required to explain the
anomalously depleted 5180 values.

3) Meteoric-marine mixing. As we have seen earlier, the 5180 values of
the concretionary siderite are consistent with precipitation from mixed
marine-meteoric waters at <30°C. However some of the 5130 values from
siderite within biotites are simply too depleted to be explained by mixing of
meteoric and marine waters at low temperatures, therefore an alternative
explanation must be sought.

4) Water-sediment interaction. Alteration of unstable detrital minerals at
low temperatures can preferentially enrich alteration products in §180
while depleting reactive waters at the same time (Lohmann & Walker
1989). For example, Lawrence & Gieskes (1981), have proposed that
alteration of volcaniclastics to smectite can decrease 5180 of modern
marine pore-waters by up to 8% relative to SMOW. No volcanic detritus
has been reported in the Brent Group; however detrital micas are observed
to have undergone alteration to kaolinite. Pore-waters within the
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immediate vicinity of these degrading micas could possibly have become
3180 depleted. Any siderite which precipitated between the expanded
sheets of frayed micas would hence have anomalously low 5180 values,
even though the siderite grew at low temperatures.

Precipitation of siderite may also have lowered pore-water
oxygen values. At low temperatures authigenic minerals are enriched in
8180 relative to the pore-waters from which they precipitate (Lohmann &
Walker 1989). If large volumes of authigenic minerals precipitate rapidly,
then pore-water 8180 can be lowered. Moore et al. (1992) have attributed
depleted 8180 values from carbonates in modern coastal marsh sediments
to be a product of precipitation of large amounts of authigenic carbonates
in a closed hydrological system. However this explanation is unlikely to
apply to Brent Group siderite, because the elemental zonation seen in both
the concretionary and rhombic siderite is identical, indicating that the
hydrological system was an open one, with both types of siderite
precipitating from the same pore-waters.

Instead we envisage a highly localised hydrological micro-
environment existed between the sheets of degrading biotite micas. As
biotite became expanded, H* ions were attracted to the freshly exposed
mica cleavage surfaces. Experimental studies have shown that a pH
decrease of up to 2 pH units can occur in the vicinity of these biotite
surfaces, due to the attraction of the Ht* ion (Boles & Johnson 1984). This
increases the pH of the pore-waters adjacent to the biotite, and hence
stabilises the precipitation of carbonate (Boles & Johnson 1984). In alkaline
solutions, carbonate precipitation may be rapid, and so kinetic (i.e. non-
equilibrium) isotope fractionation between the carbonate and the water
can occur (Macleod 1990; O'Neil & Barnes 1971). This would produce
carbonates which are anomalously 8180 depleted relative to the 8180 of the
pore-waters from which they precipitated (Macleod 1990; O'Neil & Barnes
1971).

The amount of kinetic fractionation seems to have varied
greatly, judging by the wide scatter in siderite 3180ppp values seen (Figure
20). Samples occuring in the same horizon, and only 40cm apart in the
core, can show widely variable 8180ppp values. For example, samples A30
and A31 from the Rannoch Formation of the Dunlin oilfield (Well 211/23-
1), have near identical §13Cppp values of -15.7 and -15.5%o respectively, yet
“one has a §180ppg value of -6.7 and the other 8180ppp of -13.0%o. These
siderites have identical elemental composition and BSE zonation, and
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both are enclosed within early diagenetic calcite cement with high minus-
cement porosities. The 6%o0 variation in 8180ppp seen in these samples
cannot reasonably be explained by growth at higher temperatures, because
petrographic evidence suggests they grew at roughly the same time, from a
pore-water of the same elemental composition. Therefore kinetic isotope
fractionation during siderite growth is the most likely explanation for
these puzzling 5180 values.

In summary concretionary siderites probably provide reliable
palaeotemperature information, and are consistent with growth from
mixed marine-meteoric pore-waters at <30°C. Some of the siderite from
within degrading biotites did not precipitate in isotopic equilibrium with
the pore-water, and so their 8180 signatures cannot reliably be used to
determine growth temperatures.

29.3 Thermodynamic Stability of Siderite

According to Berner (1971) pyrite and not siderite should be the
thermodynamically stable FeZ+ mineral in sea water (Figure 27). For
siderite to form Eh must be low and pore-waters depleted in sulphate. This
is unlikely in sea water which contains abundant dissolved sulphate. This
apparently explains why siderite has been observed to precipitate in many
deltaic, salt marsh and bog sediments at the present day (Postma 1981; Pye
1984), but has not yet been described from modern marine settings. If
Berner is correct, then our observation that diagenetic siderite in the Brent
Group is present in marine sediments is problematic. However siderite is
definitely found in sediments of undoubted marine origin other than the
Brent Group (Boles 1987; Tasse & Hesse 1984; Mozley 1988), hence the
observational evidence apparently seems to contradict Berner's
thermodynamic predictions.

How then can the geological evidence and the thermodynamic
data be reconciled? There are at least three possible explanations.

1) It is possible for marine sediments to have their original marine pore-
fluids displaced by throughflow of meteoric water. This would decrease
dissolved sulphate levels and could allow precipitation of siderite. This is
a feasible explanation for the occurrence of siderite within marine facies of
the Brent Group, as they were deposited near to land and not far from an
area of supposed meteoric recharge (Haszeldine et al. 1992).
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2) If a marine sediment is rapidly buried then pore waters may be cut off
from the overlying sea water which acts as a sulphate reservoir. If sulphate
reduction utilises all the sulphate present in the pore-water then pyrite
precipitation will cease and siderite growth commence, providing
abundant reactive iron and organic nutrients are present in the sediment
(Curtis & Coleman 1986). Hence sedimentation rate will control whether
siderite or pyrite precipitates. This however, is a controversial issue,
because sulphate reduction rates are observed to increase rather than
decrease with high rates of sedimentation (Berner 1978).

3) Perhaps Berner's stability diagram cannot be applied to naturally
occurring sediments. Maynard (1983) has demonstrated that if primary
phases such as Fe(OH)3 and FeS are used in place of haematite and pyrite
then siderite does indeed have a small stability field under normal sea
water conditions (Figure 28). These phases are the first formed iron
compounds in sediments and are later transformed into stable minerals
(Berner 1971 Ch10), hence their use in stability diagrams is perfectly
admissable.

Taken as a whole, the available evidence suggests that siderite
can indeed form in both marine and non-marine environments, although
in general it is more likely to be thermodynamically stable in meteoric or
brackish pore-waters, hence explaining why it is most common in non-
marine sediments. However, precipitation of siderite from marine pore
waters is not necessarily inconsistent with thermodynamics as Berner
(1971) maintained.

294 Preferred Explanation for the Siderite Zonation

As we have seen siderite is a very early diagenetic cement in the
Brent Group and the compositional zoning it displays is almost certainly a
record of changes in pore fluid composition during shallow burial. The
near shore and deltaic sediments of the Brent Group are likely sites of
mixing between depositional marine pore-waters, and meteoric fluids
flowing in from the nearby landmass. Furthermore, because sediments
during shallow burial are highly porous there is great potential for flow of
fluid through the aquifer, and so fluid/rock ratios will tend to be high.
Fluid flow will be particularly important in the highly permeable sandy
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facies which typify the Brent Group. It is thus likely that during early
diagenesis pore fluid chemistry was influenced by the advance and retreat
of the Brent delta system, for during progradation of the clastic wedge,
meteoric fluids could flush through aquifers and displace depositional
marine pore fluids, while during transgression marine pore fluids might
be permitted to re-invade.

Our preferred explanation for the zonation seen in Brent Group
siderite from the Rannoch, Etive, Ness and Tarbert Formations, is as
follows.

Zone R1. (Figure 29) This siderite precipitated from water of meteoric
composition and is present in Rannoch, Etive and Ness Formations.
However, Zone R1 is very rare and frequently absent from the Tarbert
Formation. This suggests that Zone R1 may have precipitated from a
meteoric water which flushed the Brent Group mainly during the advance
of the delta system, when the Rannoch, Etive and Ness Formations were
being deposited.

Zone R2. (Figure 30) This zone compositionally appears to have formed
from marine water, and is present in all four Formations. Zone Rl
(meteoric) is generally absent from the Tarbert Formation, whereas Zone
R2 is well developed. This suggests that Zone R2 could have precipitated
during the marine transgression which drowned the Brent delta and
deposited the Tarbert Formation. Relative sea level rise would allow
marine pore-fluids to enter all four Formations and hence precipitate
siderite with a marine composition.

Zone R3. (Figure 31). This zone is also common to all four Formations
(Rannoch, Etive, Ness and Tarbert). It may have precipitated during
slightly deeper burial conditions from a mixed marine and meteoric pore
water of compactional origin. Another possibility is that the more ferroan
nature of Zone R3 compared to Zone R2 is due to a renewed influx of
meteoric water into the aquifer following marine transgression. This could
have occurred during uplift and subaerial exposure of the Brent Group in
the late Jurassic. Alternatively selective removal of Ca during precipitation
of Zone R2 may have decreased the ratio of Ca/(Fe+Mg) in the pore fluids
and promoted the precipitation of the more Fe and Mg rich Zone R3.
However this latter explanation is only possible during closed system
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diagenesis, and this may not be a realistic scenario during shallow burial of
highly permeable sediments.

Siderite in the Broom Formation does not show the chemical
zonation we observe in siderites from overlying Formations. This
indicates that the Broom Formation was an isolated aquifer during siderite
cementation. The impure composition of Broom Formation siderite
suggests it precipitated from marine pore-waters. Thus it seems that the
Broom Formation was not significantly flushed by meteoric water during
early diagenesis, perhaps because it consisted of less permeable facies, and
so retained its depositional marine pore-waters to a greater extent.

2.9.5 Evidence for changing hydrologies during siderite growth

We deduce that changes in pore-fluid chemistry related to the
advance and retreat of the Brent delta system produced the observed
siderite zonation. There is a great deal of evidence to support our
hypothesis.

1. The rarity or absence of Zone R1 (meteoric) from the Tarbert Formation
supports our hypothesis that Zone R2 (compositionally marine)
precipitated during times of marine transgression.

2. Inter-zonal dissolution events, and sharp changes in siderite
composition across zone boundaries, suggest that different pore-fluids
were responsible for precipitating the various cement generations.

3. Our interpretation involving changing hydrologies is consistent with
the siderite elemental analyses which suggest a change in pore-water
chemistry from meteoric (Zone R1), to marine (Zone R2), to brackish water
(Zone R3).

4. Oxygen isotopic data from siderite concretions are consistent with
precipitation from meteoric or brackish pore-waters at low temperatures.

The simple fact that non-marine and marine facies in the Brent
Group have the same siderite zonation suggests that during siderite
growth these sandstones were not isolated aquifers. Instead the
geochemical system was an open one, in which cross-Formational fluid
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flow was occurring, at least between the Rannoch, Etive, Ness and Tarbert
Formations. The Broom Formation however, remained a confined

aquifer. Hence the zonation also gives an indication of the palaeo-
connectivity of sand bodies at the time of siderite cementation.

2.9.6 Alternative hypotheses for the Siderite Zonation

Alternative interpretations for the siderite zonation are
superficially attractive but upon closer examination are found to have
several serious drawbacks.

2.9.6.1 ontribution of Fe and Mg ions from deerading biotit

Some siderite in the Brent Group is found within degrading
biotite grains. We have interpreted the elemental zonation seen in this
siderite to be representative of major fluctuations in pore-fluid
composition caused by the influx of meteoric and marine pore-waters.
However, it is likely that biotite has contributed at least some Fe and Mg to
the adjacent siderites. It is therefore vital to assess to what extent the
zonation reflects only very local changes in fluid chemistry due to the
proximity of degrading biotites, rather than wholesale influx of pore-fluids
with different compositions. Most of the evidence suggests that
degradation of biotites was not the principal control on siderite
distribution or compositional zonation.

1) 875r /86Sr ratios of Brent Group siderites indicate a Sr contribution from
degrading detrital silicates, plus sea water or dissolved shell debris
(Haszeldine et al. 1992). This suggests that the ions required for siderite
precipitation did not come from the degradation of silicates alone.

2) An instance in which siderite geochemistry has been strongly controlled
by the degradation of silicates is described by Claeys and Mount (1991).
They studied carbonate inclusions within expanded biotites from the Great
Valley Group, California. Biotite expansion occurred during late diagenesis
when low fluid/rock ratios allowed biotite degradation to influence the
chemistry of pore fluids, and thus produce the compositional variations
observed within the carbonate inclusions. The inclusions are zoned and
have a calcitic core and an Fe-rich sideritic rim. Siderite occurrence is
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restricted exclusively to within the cleavage sheets of expanded biotites.
All the above observations are in complete' contrast with the features of
siderite authigenesis seen in the Brent Group. This lack of similarity
between Brent Group and the Great Valley Group siderite suggests that the
Brent Group siderite did not form in a closed geochemical system, and that
the siderite zonation and distribution was not controlled by biotite
degradation.

3) Although some Fe and Mg ions released from the biotite probably
became incorporated within the siderite, it is unlikely that biotite
degradation controlled pore water chemistry, and hence produced the
siderite zonation observed. Biotite alteration would release some Fe and
Mg ions, but the significant amounts of Ca present within the siderite
must be derived from another source. It is probable that during early
diagenesis there were many sources of Fe available for incorporation
within siderite. As well as the Fe dissolved within meteoric pore-waters,
Fe would also be present within detrital hematite, goethite, amorphous
hydroxides and clay vermiculites. The fact that both pyrite and siderite are
found disseminated throughout the sediment proves that abundant FeZ+
was available during shallow burial of the Brent Group. Siderite is not
confined to within biotites alone, but also occurs in the form of
concretions and sphaerosiderites. Thus proximity to biotites is unlikely to
be the major factor controlling siderite distribution or zonation.

4) Siderite from the Brent Group probably precipitated in degrading biotites
not because they were the only source of Fe and Mg ions, but because the
expanded biotites were favourable sites for carbonate nucleation. Boles and
Johnson (1984) have experimentally demonstrated that H* cations are
attracted to biotite surfaces resulting in an increase in the pH of the
adjacent pore-water. This leads to the precipitation of carbonate phases
upon these exposed surfaces. Also the transformation of biotite mica to
kaolinite, which has also been observed in the Brent Group samples
studied, is a reaction which consumes H* ions, increases pH and likewise
stabilises carbonate minerals (Bjorlykke et al. 1979).

5) Evidence for inter-zonal dissolution, and sharp rather than diffuse

changes in composition across the siderite growth zones suggests that
chemically distinct fluids which changed rapidly were responsible for the
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zonation.

To conclude this section, the Fe and Mg necessary for siderite
precipitation came from a variety of sources, therefore biotite degradation
alone did not produce the zonation observed. The siderite formed during
early diagenesis, when fluid/rock ratios were relatively high, hence the
overall control on composition was more likely to have been the
chemistry of the pore fluid flowing through the sediment, rather than
very localised pore scale effects.

2.9.6.2 Contribution of Ca and Mg ions from dissolved marine

carbonate

The change in siderite composition from an Fe rich core (Zone
R1) to a more Ca and Mg rich rim (Zones R2&3) could indicate that the
contribution of ions from the dissolution of bioclasts increased with time.
Indeed bioclasts, especially if they are aragonitic, are susceptible to
dissolution in meteoric water, and are thus a feasible source of Ca and Mg
for siderite precipitation. 87Sr/86Sr of Brent Group siderites also indicate a
Sr contribution from degraded detrital silicates, plus dissolved shell debris
or sea water (Haszeldine et al. 1992). Bioclasts are certainly present in some
of the samples studied from the Rannoch and Tarbert Formations,
however the 313Cppg of siderite from these samples does not indicate that
dissolution of shells was a major source of bicarbonate during siderite
precipitation. Indeed the 3'3Cppg of siderite from the marine Tarbert
Formation are generally similar to the values of siderite from the non-
marine Ness Formation. In addition, if the Ca and Mg rich siderite is
produced by bioclast dissolution, it is difficult to see why zones R2 and R3
occur in the non-marine delta-top sediments of the Ness Formation,
which contain no shell debris.

The above inconsistencies suggest that the siderite zonation
observed cannot simply be explained by variations in the amount of shell
material dissolving. While it is possible that bioclasts provided some of
the Ca and Mg ions for siderite growth, shell dissolution does not seem to
have controlled pore-water chemistry. It is also unlikely that dissolution of
detrital plagioclase provided Ca for siderite growth, because most feldspar
dissolution in the Brent Group occured after siderite precipitation (Giles et
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al. 1992). It thus seems most probable that the source of Ca and Mg ions for
siderite precipitation was sea water. 875r/86Sr of Brent Group siderites
(Haszeldine et al. 1992), also suggest mixing between Sr derived from
degrading detrital silicates, and Sr in sea water. Marine pore-waters could
easily have percolated through the highly permeable sediments of the
Brent Group when the delta complex was drowned during sea level rise.
This influx of Ca and Mg ions triggered the precipitation of the impure
Zone R2 siderite.

2.9.7 Uses of siderite crystal zonation in diagenetic studies

We have seen how siderite crystal zonation in the Brent Group
has recorded fluctuations in pore-fluid composition during early
diagenesis. There is no evidence that this early diagenetic siderite has
undergone any dissolution or recrystallisation, even upon burial to depths
of 3km or more. Furthermore the elemental composition of this siderite
provides an indication of the origin of the pore-waters from which it
precipitated. It thus seems likely that the technique has many potential
applications in diagenetic studies, if used with care and in combination
with petrographic and isotopic work. Some possible applications are
discussed below.

1) The distribution of various siderite cement zones can indicate whether
or not different sand bodies were connected aquifers at the time of
cementation. This may be useful information when modelling oil
migration pathways and fluid flow cementation in reservoir sandstones.
This data holds promise for integration into sequence stratigraphic
frameworks.

2) It may be possible to use siderite zonation in the correlation of facies

between wells.

3) The elemental composition of siderite could assist in the interpretation
of isotopic data by suggesting likely pore-fluid types during cementation.
This constraint on fluid origin is particularly useful when interpreting
isotopic information from carbonates, because other constraints such as
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palaeotemperature and salinity information from fluid inclusions may be
unreliable, due to problems with stretching and leakage of the inclusion
(Barker & Goldstein 1991).

However, the use of siderite elemental composition to pinpoint
pore-fluid type should be a technique used only with caution. This is
because siderite composition can also be influenced by dissolution of
detrital minerals and shell material in the host sediment, or by import of
ions from external sources such as shales. We would expect such
influences to be particularly prevalent during late diagenesis, because by
the time a sediment has become deeply buried connate pore-fluids will
have had their solute chemistry extensively altered by water-rock
interaction.

2.10 CONCLUSIONS
1) The chemical zonation seen within early diagenetic siderite from the
Rannoch, Etive, Ness and Tarbert Formations of the Brent Group reflects
changes in pore-fluid chemistry during cementation from meteoric (Zone
R1), to marine (Zone R2) to brackish water (Zone R3). The Broom
Formation shows four growth zones which are compositionally distinct
from those in the overlying Formations, indicating that this was a
different aquifer.

2) Meteoric siderite (Zone R1) precipitated during the advance of the Brent
delta system when meteoric water flushed through the sandstones and
expelled depositional pore-waters. Marine siderite (Zone R2) grew when
transgression allowed sea water to re-invade the sandstones. A mixed
meteoric-marine water of compactional origin probably precipitated Zone
R3.

3) Oxygen isotopic data are problematic, because within the expanded
biotites, kinetic fractionation of oxygen between water and siderite has
occurred, hence determination of palaeotemperatures is difficult. However
in the case of concretionary siderite, equilibrium isotopic fractionation has
occurred, and 8180 values are consistent with precipitation from meteoric
or brackish pore-waters at temperatures of <30°C. Carbon isotopes indicate
mixed bicarbonate sources during siderite authigenesis, principally
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oxidation of organic matter during sulphate reduction and bacterial
fermentation.

4) Siderite elemental composition can pinpoint the origin of marine or
meteoric pore-waters during cementation, particularly if the siderite
formed during early diagenesis when pore-fluid composition was least
likely to have been altered by water-rock interaction.
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fig Generalised paragenetic sequence for the Brent
Group in the Thistle, Murchison, Dunlin and
Cormorant oilfields.
Calcite
Fig 6. Siderite (dark brown) occurs within calcite
cemented horizons exhibiting high minus cement

porosities of 35-40%. This indicates that siderite

is an early diagenetic mineral which formed
during shallow burial. Transmitted light view,
crossed polars. Sample A30, Dunlin oilfield,
Rannoch Formation, Well 211/23-1, 9105.1 ft

TVD.



Fig 7. Siderite (bright) frequently occurs between the
sheets of expanded biotite micas. BSE image,
sample A30, Dunlin oilfield, Rannoch Formation,
Well 211/23-1, 9105.1 ft TVD.

Fi« 8. Siderite is particularly common within horizons
which are mica-rich. Transmitted light view,
crossed polars. Sample A8, Dunlin oilfield,
Rannoch Formation, Well 211/23-1, 9044.6 ft TVD.
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Siderite crystals within the Rannoch, Etive and
Ness Formations show a well developed, threefold
compositional =zonation wusing BSE imaging.

a) Siderite crystal from a concretion showing
three zones of cement. Zone R1 shows evidence of
dissolution prior to the precipitation of the
euhedral Zones R2 and R3. Sample B4, Dunlin

oilfield, Ness Formation, Well 211/23-2, 9250.5 ft
TVD.

b) Siderite crystal from within an expanded
biotite mica showing three distinct compositional
zones (R.1, R2 and R3). Samp'e A31, Dunlin oilfield,
Rannoch Formation, Well 21.1/23-1, 9105.5 ft TVD.
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Siderite <crystals within expanded biotites from
the Tarbert Formation show’ BSE Zones R2 and R3
only. Zone 1 1is either absent or very rare from

the Tarbert Formation siderites, although it s
very common within siderites from the
underlying Rannoch, Etive and Ness Formations

Sample B16, Dunlin oilfield, Tarbert Formation.
Well 21 1/23-4, 9080.2 ft TVD.

Fine
Grained

Fig 11. Concretionary siderite showing isolated fine
grained patches of siderite cement within a
matrix of coarser grained siderite. Detrital micas
and quartz grains are also present. Transmitted
light view, crossed polars. Sample B4, Dunlin
oilfield, Ness Formation, Well 211/23-2, 9250.5
ft TVD.
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a) Sphaerosiderite, showing a spherulitic Zone 1
which has been overgrown by more euhedral
Zones R2 and R3. BSE image, Sample A31, Dunlin
oilfield, Rannoch Formation, Well 211/23-1,
9105.5 ft TVD.

b) Sphaerosiderite enveloping pyrite (bright).
Siderite exhibits four distinct compositional
zones (B1, B2, B3 B4). Sample M33, Cormorant
oilfield, Broom Formation, Well 211/21-3a, 9026
ft TVD.
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Fig 13. Ternary CaCC>3- MgCC>3 - FeCC>3 (top) and CaCo3 -
MgCO3 - MnCC>3 (bottom) plots for meteoric
siderites from the North Slope, Alaska, USA.
Fresh-water siderites are relatively pure (>90
mole% FeCC>3) and may attain end member
composition. They are Mn rich. From Mozley &

Wersin (1992).
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Fig 14. Ternary CaCo3- MgCo3 - FeCC>3 (top) and CaCo3
MgCO3 - MnCo3s (bottom) plots for marine
siderites from the North Slope, Alaska, USA.
Marine siderites are generally less pure and
have higher Mg/Ca ratios than freshwater
siderites. From Mozley & Wersin (1992).
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Fig 15. Ternary CaCO3- MgCO3 - FeCO3 (top) and CaCOj -
MgCO3 - MnCO3 (bottom) plots for Zone RI1
siderites from the Brent Group, UK North Sea.
These siderites are relatively pure and Mn rich
with low Mg/Ca ratios. Compositionally they
strongly resemble freshwater siderites.
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Fig 16. Ternary CaCO3- MgCOj3 - FeCO3 (top) and CaCOj -
MgCO3 - MnCO3 (bottom) plots for Zone R2
siderites from the Brent Group, UK North Sea.
These siderites are very impure with low Mn
concentrations. They have relatively high Mg/Ca
ratios. Compositionally they strongly resemble
marine siderites.
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siderites from the Brent Group, UK North Sea.
These siderites have elemental compositions

which are intermediate between those of Zone R2
and Zone R3 siderites.
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Fig 19. Ternary CaCO3- MgCO3 - FeCOj3 (top) and CaCOs3 -
MgCO3 - MnCO3 (bottom) plots for Broom
Formation siderites from the Brent Group, UK
North Sea. These siderites are impure with low
Mn concentrations and roughly equal amounts of
Mg and Ca. Compositionally, they most closely
resemble marine siderites.
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Fig 20. 513CpDB and 8180 pdb plot for Brent Group siderites
analysed during this study.



) | R 1 L l 'S 1 ) N 1 l b 1 H H 1 l 1 L ) | b4
= @ Concretions (this study) b
- BB siderite within Biotites (Brint 1989) o
- . [ siderite within Biotites (this study) B
— . [
- . . ‘
- E o
O B A
- s
i mh ;
- 0 =
- D -
L3 LE L] L ] ' ¥ L] L] L3 l' LR L] L] l L] L] L ]
-20 -15 -10 -5 0
13
§'%c (PDB)

Fig 21. 313CppB and 5180ppp plot for Brent Group siderites

from concretions, and from within degraded
biotites, which were analysed during this study.
Data from Brint (1989) is also shown for .
comparison. Siderites from within biotites have
the most depleted 5180 ppp values.
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In siderite bearing sandstones early diagenetic
pyrite is seen in association with plant
fragments. This indicates that sulphate
reduction of organic matter occured during
shallow burial. Sample A31, Dunlin oilfield,
Rannoch Formation, Well 21 1/23-1, 9105.5 ft
TVD.



North Sea Compaction Curve ( Sclater & Christie 1982)
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24, Siderite cement occurs within calcite
cemented horizons exhibiting high minus
cement porosities of 35-40%. Using the
general porosity curve for the North Sea
(Sclater & Christie 1982), such high
primary porosities indicate that calcite
cementation occured at 600-1200m, at
temperatures of roughly 21-42°C. As
siderite growth pre-dates calcite
cementation, siderite growth must have
occured at even lower temperatures than

these.
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Fig 25. Maximum and minimum 3180gpmow mineral

curves for concretionary siderites calculated
using the equation of Carothers et al (1988).
If siderite precipitated from marine pore-
waters (8180smow= -1.2%0) it grew at 38-50°C,
whereas if siderite ©precipitated from

meteoric pore-waters (8180smow= -7% ) it

grew at 14-20°C. If siderite precipitated
from mixed meteoric-marine pore-waters
then it grew at temperatures intermediate
between these two end member estimates. As
we know from petrographic evidence that
siderite grew at roughly <30°C, siderite
5180 sMow mineral values are only consistent
with growth from meteoric or mixed marine-
meteoric pore-waters.
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Fig. 26. Maximum and minimum 3§180gpmow mineral

curves for siderites occuring within
degraded biotites. Curves calculated using
the equation of Carothers et al (1988).

a) If siderite precipitated from marine pore-
waters (81830 gmMow= -1.2% ) it grew at 57-
104°C, whereas if siderite precipitated from
meteoric pore-waters (3l180smow= -7%0) it
grew at 30-61°C.

b) If siderite formed at 30°C then it
precipitated from a pore-water with
5180sMow =-7 to -13%..
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Fig 28. Eh-pH diagram for common Fe-bearing phases

within sediments; siderite is a stable phase
under normal sea water conditions (total
S=10-2.2) if Fe(OH);3 and FeS are used instead
of hematite and pyrite. Redrawn from
Maynard (1983).
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Fig 29. Schematic diagenetic model for
precipitation of Zone R1 siderite, in
Rannoch, Etive and Ness Formations.
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Fig 30. Schematic diagenetic model for the
precipitation of Zone R2 siderite, in the
Rannoch, Etive, Ness and Tarbert
Formations.



SIDERITE ZONE 3 - TWO MODELS

ST AGE: Cal lovian
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LN :
SMEt1 ve A - URTERS
:TT,,;,:,5/-:,Rannoch/N;;.j\\
Dewatering of shales undergoing compaction " ‘™
results in a release of marine & meteoric HRRINE
pore-waters into the more permeable facies. N
Hence siderite of mixed marine-meteoric URTERS
composition precipitates. .Broom
STAGE: Oxfordian-Kimmeridgian
METEORIC
URTER
INFLUX
Sea Level
¥
Brent ’
Group:
Fe +Mn
MIXED
MRRINE- Meteoric water enters the Brent Group
METEOR IC via sub-aerially exposed fault block crests.
SIDERITE This meteoric water mixes with marine derived
pore-fluids, and hence a siderite of intermediate
marine-meteoric composition precipitates.
ZONE 3
Ca 50 50 Me
Fig 31. Two possible schematic, diagenetic models

for the precipitation of Zone R3 siderite, in
the Rannoch, Etive, Ness and Tarbert
Formations.



Table 1. Compositional data for typical ocean and river

water.
Sulfate Manganese Magnesium Iron Calcium
(ppm) (ppb) (ppm) {ppb) (ppm)
Jcean water 2710 0.2 1290 T2 411
River water 8.25 8 3.35 40 13.4

Note: Data from Drever (1982).

Table 2. Stable isotopic data for Brent Group siderite.

Sample | Oilfield|Formation|[Depth (TVD) |8180,p5 | 813Cppg |  8180gpow | Description
and Well
M33 Cormorant} Broom 211/21-3a
9026 ft
<30um - -46 -16.8 26.1 Concretion
53-30umj " " " " -3.5 -17.7 27.3
64-S3um| " " " " -3.6 -18.2 27.2
85-64um| * " ° " -3.6 -17.4 27.2 "
D 8Sum " " “ " -3.7 -18.4 27.1
B4 Dunlin Ness 211/723-2
9250.5 ft
<20um " " " " -4.8 -5.3 26.0 Concretion
30-20pm{ " " " " -47 -5.0 26.1
S3-30um| " . " -4.7 -49 26.1
64-S3um " " " " -49 -4.8 25.9
>85um b " " " -5.1 -7.5 26.1
AJ0 " Rannoch 211723-1 -6.7 -15.7 24.0 Rhombs
9105.1 ft within
biotites
A3 . Rannoch 211/23-1 -13.0 -15.5 175
9105.5 ft
BIS " Tarbert 211/23-4 -11.0 -7.8 19.6
9081.6 ft
B16 " Tarbert 211/23-4 -8.7 -7.7 21.7
9080.2 ft
B7 " Ness 211/23-2 -S.1 -75 25.6 |Concretion
9251.7 ft




Table 3- Siderite Elemental Analyses

Broom Formation

Sample M33, Cormorant, Well 211/21-3a, 9026 ft TVD

Mole %

Fe

68.4
70.2
69.5
72.8
73.0
73.8
73.9

76.3
77.2
71.9
77.8
77.5
76.5

74.4
72.3
71.7
75.6
72.8
69.9

81.1
80.0
81.4
80.7
74.6
79.2

Rannoch Formation

Sample M34, Cormorant, Well 211/21-3a, 9006.9 ft TVD

Mole %

Fe

89.6
90.9
89.8

81.4
79.8
74.0

87.1
88.2

Ca

17.0
14.3
14.8
14.9
14.1
16.0
15.2

11.0
9.9
18.6
9.0
9.6
8.6

14.0
16.2
17.3
12.6
15.7
16.3

9.3
9.1
8.7
9.1
11.3
9.4

13
4.0
9.8

11
2.8

M

13.0
13.1
13.4
10.9
10.6
9.6

10.2

10.8
10.4
8.2

11.0
12.3
12.3

11.3
11.3
10.8
11.2
11.1
13.5

8.4
9.7
8.6
8.9
13.1
9.7

5.2
3.7
4.4

15.7
15.2
15.3

9.0
6.4

1.6
24
23
14
23
0.6
0.7

1.9
25
13
2.2
0.6
2.6

0.3
0.2
0.2
0.6
0.4
0.3

1.2
1.1
13
1.3
1.0
1.7

0.6
0.9
0.7

1.6
1.0
0.9

2.8
2.6

Zone

Bl
B1
Bl
B1
B1
B1
B1

B2
B2
B2
B2
B2
B2

TEEERYE

88 BRR BRER 1}



Sample A30, Dunlin, 211/23-1, 9105.1 ft TVD

Mole %

Fe Ca Mg
90.2 6.5 0.2
89.9 5.1 0.7
91.7 5.2 0.4
64.4 18.7 16.2
67.1 11.9 20.1
72.2 5.9 21.3
85.4 14 11.9
86.2 2.2 10.2
77.3 23 19.1
80.9 0.9 17.0

Sample A2, Dunlin, Well 211/23-1, 9024.1 ft TVD

Mole %

Fe Ca Mg
95.4 2.1 1.5
95.7 1.9 13
97.3 1.2 0.7
75.4 5.2 18.0
76.7 5.6 15.8
78.2 5.8 13.8
78.8 6.8 124

Sample A24, Dunlin, Well 211/23-1, 9078.1 ft TVD

Mole %

Fe Ca Mg
85.7 8.4 0.9
87.8 7.7 1.9
88.6 7.6 1.7
64.7 14.1 20.1
60.5 19.1 19.4
77.6 10.6 10.4
79.0 4.5 14.8

66.7 11.8 19.3

Mh

3.1

43

2.7

0.7
0.9
0.6

13
14
13
1.2

M

1.0
11
0.8

1.4
1.9
2.2

2.0

5.0
2.6
21

11
1.0
14

1.7
2.2

azad RRR ARA §
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Sample A31, Dunlin, Well 211/23-1, 9105.5 ft TVD

Mole %

Fe

86.1
89.0
90.8

64.1
76.0
65.6

78.5
76.0
83.0

Sample A8, Dunlin, Well 211/23-1, 9044.6 ft TVD.

Mole %

Fe

94.9
93.5
97.3

66.7
64.8
62.2

68.1
89.8

Ca

8.3
39
5.2

12.8
10.5
12.1

1.8
9.9
3.1

Ca

3.0
3.2
2.0

7.4
13.6
18.1

71
7.6

Etive Formation

Sample E1, Thistle, Well 211/18-A30, 9662 ft TVD.

Mole %

Fe

98.2
96.3
94.5

65.7
69.5
65.8
63.0
70.8
71.6
73.3
74.7

78.5
84.2
87.8

Ca

0.6
0.7
0.8

2.1
8.5
6.5
6.3
4.7
29
5.0
3.6

4.5
3.0
2.6

0.2
0.9
0.6

22.5
11.6
21.5

18.6
12.7
12.6

11
24
0.0

25.1
20.6
19.1

23.0
2.0

0.7
0.5
2.6

25.4
14.5
20.8
24.2
18.2
18.5
16.3
17.3

12.5
9.5
6.6

5.4
6.2
34

0.6
19
0.8

11
14
13

1.0
0.9
0.7

0.8
1.0
0.6

1.8
0.6

0.5
2.5
2.1

6.8
7.5
6.9
6.5
6.3
7.0
5.4
4.4

4.0
33
3.0

a8 RRR =EE
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Sample E2, Thistle, Well 211/18-A30, 9672.4 ft TVD.

Mole %

Fe

63.5
66.0
64.3
66.4
68.4

71.8

Ca

9.5
11.1
10.9
10.9
8.9

11.3

Ness Formation

Sample B4, Dunlin, Well 211/23-2, 9250.5 ft TVD,

Mole %

Fe

92.0
89.8
91.5
90.4
89.3
89.8
93.0
89.3
90.7
92.2
95.1
90.8

731
71.0
71.3
66.7
69.8
70.0
71.5
65.2
68.9
67.0
70.2
71.1
72.7
77.8
69.8
69.4
66.8
62.2
64.1
64.6

Ca

5.0
4.8
5.0
5.2
6.6
6.0
4.0
7.6
6.1
4.6
2.7
6.1

15.1
17.2
16.3
15.4
14.4
13.4
16.1
15.3
15.1
14.9
17.9
16.8
14.9
13.1
16.3
16.7
16.6
15.9
16.1
14.7

M

24.3
20.0
21.3
19.7
19.6

13.6

2.0
3.2
2.1
2.7
2.1
18
1.6
2.1
2.2
1.9
1.0
1.3

10.2
10.6
11.3
17.2
14.1
15.1
11.5
18.9
14.7
16.8
11.9
12.1
12.3
7.2

12.4
12.7
15.9
211
18.6
19.2

2.7
29
3.5
3.0
31

33

1.0
2.2
1.4
1.7
2.0
24
1.4
1.0
1.0
13
1.2
1.8

1.6
1.2
1.1
0.7
1.7
1.5
0.9
0.6
13
13
0.0
0.0
0.1
1.9
1.5
1.2
0.7
0.8
1.2
15
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Sample B4 (CONTINUED)

Mole %

Fe

71.7
72.3
71.1
72.5
71.9
74.4
73.5
74.7
72.0
74.4
75.1
79.1

Sample B7, Dunlin, Well 211/23-2, 9251.7 ft TVD.

Mole %

Fe

94.5
96.7
94.4

68.5
65.6
67.2

73.1
72.8
75.5

Sample B31, Dunlin, Well 211/234, 9282.8 ft TVD.

Mole %

Fe

95.7
93.5
91.4
97.5
97.5
97.0
95.6

66.9
67.8
69.5
68.1
67.9
67.3
69.4

74.6
77.0
77.0
77.2
83.8

13.6
13.3
13.2
12.3
13.1
9.4

13.0
13.0
11.8
12.4
9.4

10.6

Ca

1.4
1.4
2.6

15.0
15.0
14.8

11.2
12.0
10.8

Ca

1.8
3.5
3.7
1.4
0.8
1.2
1.8

9.4
9.9
9.9
8.1
10.3
10.7
9.8

8.2
8.1
8.1
3.0
3.2

M

12.1
11.0
12.2
10.2
10.1
12.5
9.2

9.2

12.1
10.1
13.9
9.1

Mg

0.6
0.5
0.9

15.7
18.7
17.3

10.5
10.0
9.8

Mg

1.5
24
4.1
0.4
0.4
0.8
18

22.7
21.2
19.9
23.0
20.8
21.1
19.6

15.8
13.5
13.5
18.9
11.4

2.6
34
3.5
5.0
4.9
3.7
43
43
4.1
31
1.6
1.2

M

3.5
14
2.1

0.7
0.7
0.7

5.2
5.2
3.9

1.0
0.6
0.8
0.7
1.3
1.0
0.8

1.0
11
0.7
0.8
1.0
0.9
1.2

14
14
1.4
0.9
1.6
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Tarbert Formation

Sample B16, Dunlin, 211/23-4, 9080.2 ft TVD.

Mole %

Fe

94.7
87.1
94.9

59.6
61.6
61.1
63.1
63.4
62.2
61.0
61.5
61.8
64.3
62.0
66.3
63.8
63.0

79.1
70.6

Ca

1.0
2.0
1.2

14.6
16.2
15.4
14.1
15.9
16.2
17.0
15.7
15.6
15.1
16.0
10.9
14.0
10.2

4.6
12.0

Mg

1.3
7.3
0.9

25.4
21.6
22.8
22.3
20.0
20.9
21.3
22.2
22.1
20.6
21.4
22.2
21.7
26.3

13.6
16.5

3.0
73
3.0

0.4
0.6
0.7
0.5
0.7
0.7
0.7
0.6
0.5
0.8
0.6
0.6
0.5
0.5

2.7
0.9
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THE EMERALD OILFIELD, UK. NORTH SEA:- THE KEY TO
SHALLOW DIAGENESIS AND PETROLEUM
DEGRADATION IN THE BRENT GROUP?

Mark Osbornel, R. Stuart Haszeldinel, & Anthony E. Fallick2.

1- Department of Geology & Applied Geology, University of Glasgow,
Scotland, U.K., G12 8QQ.

2- Scottish Universities Research & Reactor Centre, Isotope Geosciences
Unit, East Kilbride, Glasgow, Scotland, U.K., G75 OQU

3.1 ABSTRACT

The Emerald Sand is a Callovian shallow marine sheet sandstone
forming the reservoir rock to the Emerald oilfield. The oilfield is only shallow-
buried (1600m) and provides an insight into the early diagenetic processes
affecting the Brent Group. The Emerald Sand has a widespread distribution
throughout the western-most margin of the East Shetland Basin, northern
North Sea. Early diagenesis consisted of growth of pyrite, K-feldspar
overgrowths and calcite concretions. During deeper burial, vermiform
kaolinite, ankerite and quartz precipitated, accompanied by feldspar
dissolution. Stable isotopic analyses of ankerite and kaolinite cements suggest
that they precipitated from meteoric or brackish pore-waters at approximately
25-50°C. This indicates that meteoric water must have flushed through the
Emerald Sand, displacing depositional marine pore-waters. Influx of meteoric
water resulted in the biodegradation of hydrocarbons, dissolution of feldspar,
and precipitation of kaolinite, quartz and ankerite cements. Mass balance
calculations indicate that following feldspar dissolution, Al was conserved
due to precipitation of kaolinite, however Si was partly exported, creating
substantial secondary porosity (~5 volume%). However much of this
secondary porosity was lost due to later compaction, with no net
improvement in reservoir quality. Permeabilities have also not increased, due
to growth of kaolinite in the secondary pores. Fluid flow was driven by a
hydrostatic head on the landmass to the west during the Palaeocene. Influx of
meteoric water, feldspar dissolution, and biodegradation of early migrating
oil, are processes which are likely to have occurred in Brent Group oilfields
during shallow burial.

Chapter 3 Diagenesis of the Emerald oilfield
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3.2 INTRODUCTION

The diagenesis of Brent Group sandstones has received much study,
principally because it is one of the most important oil reservoirs in the
northern North Sea (Brint 1989; Hancock & Taylor 1978; Hogg 1989;
Glasmann et al. 1989; 1992; Bjorlykke et al. 1992; Haszeldine et al. 1992;
Shanmugan 1990). However most of the reservoir sandstones studied have
been deeply buried. This means that it is more difficult to unravel the early
diagenesis undergone by these sandstones, as eogenetic cements may have
been dissolved during deep burial. It is also difficult to extract pure samples
of early diagenetic clay minerals from deeply buried sandstones, since, for
example, the clay separates consist of a mixture of different clay generations.

However, if we study Brent Group sandstones which have only been
buried to shallow depths, we should be able to examine early cements which
have not been overprinted by the effects of later diagenesis. Previous studies
of the Brent Group have suggested that leaching of feldspars by meteoric
water occurred during shallow burial (Bjorlykke et al. 1979; 1992, Blanche &
Whitaker 1978; Brint 1989; Glasmann et al. 1989; Hancock & Taylor 1978;
Shanmugan 1988). This supposedly caused grain dissolution and created
secondary porosity, hence improving the reservoir quality of the sandstones
(Bjorlykke et al. 1992; Hancock & Taylor 1978; Shanmugan 1990). Study of
shallow buried Brent Group sandstones should hence enable us to study all
these processes in detail. The reservoir sandstones of the Emerald oilfield
have been buried to a maximum depth of only 1600m, so that they form ideal
subjects for this kind of research.

3.3 LOCATION & GEOLOGICAL SETTING.

The geological setting of the Emerald oilfield has been described by
Wheatley et al. (1987). The field lies on the Transitional Shelf, which is situated
between the East Shetland Basin and the East Shetland Platform (Figure 1). A
interpretation of a regional geoseismic section through the Emerald oilfield is
shown in Figure 2, and a schematic burial curve in Figure 3. The reservoir unit
is the Emerald Sand, of Middle Jurassic (Bajocian-Callovian age) (Figure 4).
The sandstone lies unconformably upon thin Triassic and Devonian
sediments, which are underlain by lower Palaeozoic - pre-Cambrian gneisses.
Hence there is no large sedimentary sequence beneath the Emerald Sand.

Chapter 3 Diagenesis of the Emerald oilfield
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Much of the Middle Jurassic Brent Group is absent from the Transitional
Shelf area. In the Viking Graben area to the east the late Middle Jurassic
(Bathonian) was a time of marine transgression, represented by the marine
sandstones of the Tarbert Formation. However the marine transgression did
not extend onto the Transitional Shelf until the Callovian, when the Emerald
sand was deposited. Hence the depositional environment of the Emerald
sandstone is similar to that of the Tarbert Formation, but the two are not
exactly the same age (Wheatley et al. 1987).

Sedimentological studies (Wheatley et al. 1987) indicate that the Emerald
Sand was deposited as a transgressive sheet-like sand body, in near-shore to
offshore marine conditions, over the whole northern and central areas of the
Transitional Shelf. The sand infills areas of low relief on the underlying
basement and shows only minor variations in thickness across the whole shelf
area (40-60ft). However in vicinity of well 3/11b-4 the Emerald sandstone was
not deposited. This is interpreted to be an emergent palaeo-high over which
the sea never transgressed. The sandstone grain size fines upwards, from
medium grained sandstone to fine grained sandstone and siltstone. This is
interpreted to reflect a deepening in water conditions through time. The
upper part of the Emerald sandstone contains layers of shelly debris
(belemnites and bivalves), which are thought to represent intermittent storm
events. These layers are always cemented by calcite with minor ankerite.
Bioturbation is very common throughout the Emerald Sand, and carbonised
plant fragments are also present.

The sandstones are medium to fine grained and well-sorted, grains
being rounded-subangular in shape. Only very small amounts of detrital clay
- are present in the coarser grained reservoir units. Point count data for the
Emerald Sand are shown in Table 1 and in Figure 5. Petrographically they are
subarkosic arenites according to the terminology of Dott (1964). The amount
of feldspar relative to quartz is higher inside concretions than outside, a point
which will be discussed in more detail later.

Oil is thought to have migrated into the structurally high trap in the
Palaeocene (Wheatley et al. 1987). The oil has an API gravity of 24°, and 90-
99% of the oil contains organic compounds indicative of biodegradation
(Wheatley et al. 1987). The source kitchen was the more deeply buried
Kimmeridge Clay Formation in the Graben to the east (see Figure 2, Wheatley
et al. 1987). The cap rock to the oilfield is the overlying shales of the Heather
Formation.

Chapter 3 Diagenesis of the Emerald oilfield
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3.5 TECHNIQUES USED

Petrographic study of the Emerald Sand was accomplished using
standard optical, SEM and cathodoluminescence mocroscopy. Elemental
composition of carbonates were analysed using a Cambridge Stereoscan 360
SEM, equipped with a Link Analytical 1085 S. A ZAF4 FLS programme was
used to correct the data. Precision of the measurements is +/- 0.5 mole%.

Samples were disaggregated, sieved and the 53-160um size fraction was
retained for heavy liquid (1,1,2,2, tetrabromoethane) separation of ankerite
and calcite from silicate grains. Prior to isotopic analysis each sample was
oxygen plasma ashed in a Polaron Bio-Rad Asher for two hours to remove
labile organic matter. Calcite was reacted with phosphoric acid for 3hrs at
25°C, and the CO; gas produced was collected and purified using standard
procedures (McCrea 1950). The oxygen isotope fractionation factor for calcite
used was a=1.01025 (Longstaffe & Ayalon 1987). Ankerite was reacted
overnight at 100°C and corrections were made to the isotopic analyses using a
fractionation factor of a=1.01169 (Rosenbaum & Sheppard 1986). Gas
produced was analysed on a VG-Isotopes SIRA-10 mass spectrometer.
Oxygen and carbon isotope data are presented in the standard notation
relative to the PDB and SMOW standards (Craig 1957)

Strontium and rubidium were analysed on a VG-Isomass 54E and VG
Micromass MM30 respectively, after chemical separation by standard cation
exchange chromatography. Concentration determination was by isotope
dilution. Powdered samples (10mg) were utilised.

For clay separation, sandstones were dissaggregated using a jaw crusher
and the sieved <500um size fraction treated with hydrogen peroxide to
remove organics. The samples were then treated with 0.3M Na-Citrate, 1.0M
NaHCO3 and sodium dithionite to remove iron oxides. NaOAc-HOAc
solution buffered to pH=5 was then added to remove carbonates. Size
fractions were separated using sedimentation and centrifugation (Jackson
1979).

Oxygen isotope analyses were carried out on a silicate fluorination line
similar to that described by Clayton & Mayeda (1963). Samples (10mg) were
loaded into a nickel reaction vessel and reacted with BrF5 or CIF3 to liberate
oxygen. Oxygen was converted to CO2 over a platinised carbon rod and the
gas analysed on a VG-Isotopes SIRA-10 mass spectrometer. NBS 28 gives
§180=9.72%o.

Chapter 3 ‘Diagenesis of the Emerald oilfield
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Samples for deuterium/hydrogen analysis were degassed overnight at
120°C to remove adsorbed water. The samples were gradually induction
heated to 1200°C in a platinum crucible and the hydrogen collected. Water
liberated during the heating was passed through a uranium furnace at 800°C
to produce hydrogen. All hydrogen was then collected by a Toepler pump.
The gas was analysed on a VG-Isotopes Micromass 602 spectrometer, with a
working standard calibrated against international standards; NBS 30 gives
8D =-65%.

For fluid inclusion studies measurements were made on a Linkam TH
600 heating/freezing stage used in conjunction with a Leitz-Dialux 20-EB
binocular microscope. Doubly polished wafers of sandstones 40-100um thick
were prepared using the method of Crosbie (1981). Fluid inclusions within
quartz overgrowths were subjected to heating and freezing experiments. The
stage was calibrated using standard compounds of a known melting point.

3.4 PARAGENETIC SEQUENCE

Sandstones from wells 2/10a-6,2/10a-7,2/10a-7Z,3/11B-3, and 3/11B-5
were examined during this study (see location map Figure 6). All the
sandstones came from above the oil-water contact (O.W.C. at 5580ft TVSS), as
the entire cored section of the Emerald sand is oil or gas bearing.

Petrographic examination of thin sections and SEM stubs of the Emerald
sand enable a paragenetic sequence to be constructed (Figure 7a). Evidence
for the relative timing of these authigenic cements will be discussed later in
this paper. What is remarkable about the diagenesis of the Emerald sand is
how similar the sequence and mineralogy of early diagenetic cements are to
those preserved within deeply buried Brent Group sandstones. The early
diagenetic cements are virtually identical in both instances (Figure 7b), with
the exception of siderite. Siderite is absent from the Emerald sand; probably
because it is a mineral that is thermodynamically unstable in sea water, and so
tends to precipitate within deltaic settings where pore-waters are meteoric
(Berner 1971). In shallow marine environments, Fe reacts with sea-water
sulphate to form pyrite (FeS,) instead of siderite (FeCO3).

Blocky kaolinite, illite and significant quartz cement (>3%) are not
present in the Emerald sand, though these minerals are commonly reported in
other Brent Group oilfields. This is what would be expected, as the latter are
late diagenetic minerals in the Brent Group; they usually precipitate during
deeper burial conditions. The similarity in the early diagenetic mineral
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assemblage between shallow and deeply buried Brent Group sandstones
suggests that study of the Emerald oilfield can be used to examine some of the
diagenetic processes that were affecting the Brent Group as a whole during
shallow burial.

3.6 EARLY DIAGENETIC CEMENTS

3.6.1 Collophane & Glauconite

Glauconite and collophane grains occur in trace amounts throughout the
Emerald sand. Glauconite occurs as rounded pellets, greenish in colour in
plane polarised light. It also coats detrital grains, and may inhibit the growth
of later quartz cement on the surface of the grain. Collophane occurs as
rounded, phosphatised, fish-bone and teeth fragments.

Both these very early diagenetic cements probably precipitated on the
sea floor in shallow water conditions. Both cements indicate fully marine
conditions and slow sedimentation rates (Berner 1971) prevailed at the time of

Emerald sand deposition .

3.6.2 K-feldspar Overgrowths

K-feldspar cement occurs as euhedral overgrowths up to 50um thick, on
detrital grains of both K-feldspar (orthoclase) and Na-feldspar (albite) (Figure
8). The overgrowths are too euhedral to be reworked grains from earlier
sediments, therefore they formed as authigenic cements within the Emerald
sand itself. As the overgrowths occur on detrital grains within calcite
concretions, they texturally must pre-date calcite cementation, and are thus
very early diagenetic in origin. Under cathodoluminescence, the overgrowths
luminesce dark blue in contrast to the detrital grains which appear bright blue
in colour.

Outside the concretions the overgrowths often show evidence of
leaching during later diagenesis, and take on a skeletal appearance. K-
feldspar overgrowths are a volumetrically minor cement, forming <1.0
volume% of the rock. The ions required for K-feldspar precipitation probably
came from the break down of unstable aluminosilicate grains present within
the sediment itself.
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3.6.3 Pyrite & Marcasite

Early diagenetic pyrite and marcasite likewise pre-date texturally early
calcite cement, and are therefore also very early diagenetic in origin (Figure
9). Pyrite occurs in the form of bladed crystals, framboids, octahedra, cubes
and as pore-filling cement. Marcasite also occurs as pore-filling cement, and
was recognised using reflected light microscopy and X-ray diffraction.
Marcasite and pyrite are polymorphic, and the specific thermodynamic
conditions leading to the formation of one or the other are not known;
however it is likely that marcasite is metastable with respect to pyrite
(Krauskopf 1982). Pyrite/marcasite cemented horizons have high minus
cement porosities indicating the pyrite is pre-compactional in origin. Pyrite
and marcasite are both often associated with burrows. The abundance of
pyrite varies between 0.2 and 5.8 volume%.

Both pyrite and marcasite are seen surrounding carbonised wood
fragments and detrital ilmenite grains (Figure 9). This suggests that the Fe for
pyrite precipitation came from the dissolution of Fe-bearing detrital grains or
grain coatings. The presence of pyrite suggests that sulphate reducing bacteria
were actively degrading organic matter during early diagenesis. This requires
the presence of sulphate (probably from sea water), a supply of organic
nutrients, and a reducing environment.

3.6.4 Calcite

Calcite cement occurs as rare horizons in core, up to 1.0m thick. It is not
possible to tell from core whether these horizons are isolated concretions or
- more continuous layers. Often these calcite cemented horizons are rich in
bioclasts, although relatively few bioclasts occur outwith the concretions,
perhaps due to dissolution (Figure 10). The calcite possesses high minus
cement porosities of 39-55%, indicating that calcite precipitation occured
during shallow burial prior to significant compaction.

The calcite exhibits a wide variation in crystal size, from poikilotopic
spar to smaller intergranular spar. The cement is pore-occluding, replaces
bioclasts extensively, and may corrode detrital grains, hence explaining why
minus cement porosities are higher than the theoretical maximum of 40-45%
(Baldwin & Butler 1985). The cement is non-ferroan and shows no
compositional zonation; under cathodoluminescence it luminesces a
homogenous bright orange colour (Figure 10). Bright luminescence suggests
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the presence of Mn, and the absence of significant Fe. This is supported by
quantitative EDS analysis on SEM which indicates the calcite is relatively pure
(average 98.2 mole% CaCO3), non-ferroan, with some Mg and Mn
substitution (Table 2; Figure 11). Presence of Mn in the calcite is indicative of
reducing conditions at the time of precipitation, though Eh was not low
enough to result in the growth of Fe-calcite. Bioclasts are also compositionally
very pure (average 98.7 mole% CaCO3) with only small amounts of Mg
substitution.

Calcite replaces bioclasts, and pre-dates significant physical compaction.
Calcite cemented horizons hence have high minus cement porosities, and
relatively few of the detrital grains are observed to be touching (Figure 10).
Porosity is extremely low or non-existent within calcite cemented horizons
(porosity 0-1.0%). If laterally extensive these horizons could compartmentalise
the reservoir or act as baffles to fluid flow. However the cemented layers are
confined to well 2/10-a6, and cannot be correlated to any other wells. It seems
that the calcite cement is only of localised, rather than field-wide, distribution.

These calcite cemented horizons are exclusively restricted to layers with
high concentrations of bioclasts, suggesting there is a genetic link between
calcite cement and bioclast abundance. Dissolution of aragonitic shell debris
during shallow burial could certainly have encouraged the precipitation of
calcite in the immediate vicinity of these lag deposits, and calcitic shells
would act as convenient nucleation sites at low degrees of supersaturation.
Early diagenetic calcite cements have been reported from the Brent Group by
other researchers (Brint 1989; Giles et al. 1992; Hamilton et al. 1987). These
calcites are similarly non-ferroan, and occur in the marine Formations of the
Brent Group (Broom, Rannoch, Etive and Tarbert Formations), but are absent
from the non-marine delta-top sediments of the Ness Formation (Giles et al.
1992). This is consistent with the idea that the carbonate for such concretions
was partly provided by the dissolution of detrital shell debris (Brint 1989;
Giles et al. 1992; Hamilton et al. 1987).

3.7 LATER DIAGENETIC CEMENTS

3.7.1 Kaolinite

The kaolinite present in the Emerald oilfield is unusual in that it is all of
the vermiform variety i.e. it exhibits a snake-like morphology (Figure 12). In
contrast kaolinite in the more deeply buried Brent Group fields exhibits a
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blocky morphology. The delicate morphologies frequently exhibited by the
kaolinite indicate it is not of detrital origin, as such structures would likely not
have survived transportation. Great variation in the size of individual verms
is seen; verms range from 10 to >100um in width, and 10 to 150um in length.
Individual kaolinite plates present in the verm are typically thin, sometimes
with ragged edges. Very large verms are observed to have precipitated
between the sheets of fully expanded muscovite mica. Finer grained kaolinite
is observed to precipitate in secondary pore-space following feldspar
dissolution (Figure 13). This suggests that the kaolinite forms by the
breakdown of detrital feldspar.

Evidence of feldspar dissolution is certainly common in the Emerald
Sand as oversize pores were seen in every thin section looked at (42), and
most feldspars have a skeletal appearance due to leaching (Figure 14). Often
the K-feldspar overgrowths are less leached than the detrital grain, suggesting
that the overgrowth was slightly more stable in the corroding fluid. Detrital
albite has also been more extensively leached than K-feldspar, as small
amounts of albite occur within early diagenetic calcite concretions, but are
absent outside, due to dissolution. The greater susceptibility of Na-feldspar to
dissolution is also demonstrated by the fact that the Na-rich lamellae in
detrital perthites are preferentially leached in contrast to the rest of the grain
(Figure 14).

Some vermiform kaolinite is enveloped by calcite cement, although
greater amounts of kaolinite occur outside the concretions. This indicates that
the onset of kaolinite precipitation was co-genetic with the growth of calcite
concretions, although the bulk of the kaolinite post-dated calcite cementation.
Point counted kaolinite abundance varies between 4.0 and 18.8 volume%
(average 12.2%). However this will be an overestimate due to the high
amounts of microporosity present between the clay particles (typically 40%,
Nadeau & Hurst 1991). Therefore true kaolinite abundances are between 0.2
and 11.3 volume% (average 7.3%).

If we know the amount of feldspar which has dissolved in the Emerald
Sand through time, then using the two feldspar decomposition reactions
below (from Giles & deBoer 1990), we can calculate the volume of kaolinite
and quartz which should have precipitated in a closed geochemical system.

Reaction 1

2KAISI308 + 2H*(aq) + H20 ==3 2K* + AlpSi20O5(0OH)4 + 45102
2moles K-Feldspar + fluid ==3fluid + Kaolinite + 4 moles Quartz
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Reaction 2
2NaAlSi30g + 2H*(aq) + H20 == 2Na* + Al2Si205(0H)4 + 45102
2moles Na-feldspar +fluid ==3fluid + Kaolinite + 4moles Quartz

The amount of feldspar dissolved will be equal to the original feldspar
content of the Emerald Sand, minus the present day feldspar content. The
original feldspar content of the Emerald Sand is more likely to have been
preserved within early diagenetic concretions in Well 2/10-a6, because the
main phase of feldspar dissolution post-dated calcite cementation (Figure 7a).
Using the point count data in Table 1 it can be calculated that the percentage
of feldspar grains relative to total silicate (quartz + feldspar) grains within
these calcite cemented zones in Well 2/10-a6 is 30.5 %, which is much higher
than that outside (16.8 %). Hence we can calculate the amount of feldspar that
has dissolved since calcite cementation, as a percentage of the total silicate
grains;

30.5-16.8 =13.7%.

If this volume of feldspar has dissolved, then using reactions 1 and 2
above we can calculate the amount of kaolinite and quartz cement that
should be precipitated in a closed geochemical system. Note that for
dissolution of both orthoclase (K-feldspar) and albite (Na-feldspar), the moles
of quartz and kaolinite produced are the same, hence the relative proportions
of plagioclase to orthoclase present in the samples will make little difference
to our calculations. For our purposes the mass balance can be simplified to;

2V Feldspar ==3V Kaolinite + 4V Quartz
2x1047 ==399.5+4x22.7
209.4 ==> 99.5 + 90.8

Where V Kaolinite, V Quartz, and V Feldspar are the molar volumes of
kaolinite, quartz and feldspar respectively. The molar volume of feldspar
used represents a 50:50 mixture of K and Na-feldspar. If 13.7 volume% of
feldspar have dissolved, then using the molar volume equation above it can
be calculated that 6.5 volume% kaolinite and 5.9 volume% quartz will
precipitate. In a geochemical system which is closed with respect to Al and Si,
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the amount of secondary porosity created by dissolution of 13.7% feldspar
will hence be; 13.7 - 6.5 - 5.9= 1.3%.

The actual average volume of kaolinite present in the Emerald Sand is
7.3 volume%. This is similar to the calculated abundance of kaolinite which
should be present (6.5%), hence an approximate mass balance exists between
feldspar dissolved and kaolinite precipitated in the Emerald Sand. However
the volumes of quartz cement present in the Emerald Sand are <2%, while the
calculated quartz abundance which should be present is 5.9%. Hence at least
3.9 volume % silica has been exported from the rock; i.e. the geochemical
system was an open one at the time of feldspar dissolution. We previously
calculated that the volume of secondary porosity created following
dissolution of 13.7% of feldspar in a closed geochemical system would be
1.3%. However as SiO; has been exported, the total secondary porosity
created is even greater; 3.9 + 1.3= 5.2%.

Point counted secondary porosity in the Emerald Sand is between 0.4-
7.2% (average 3.0%). This is lower than the calculated average volume of
secondary porosity which should be present (5.2%). However the point
counted abundance of secondary porosity is likely to be an underestimate due
to the collapse of secondary pores during later compaction. There is no direct
correspondence between the point counted volume of secondary porosity or
feldspar present in a sample and the amount of kaolinite. This indicates that
following feldspar dissolution, redistribution ofthe component ions has
occured, at least on a thin section scale. However the mass balance
calculations above indicate that kaolinite has not been exported from the rock
as a whole, hence only local redistribution of kaolinite has occurred.
Conversely quartz has apparently been exported from the Emerald Sand as a
whole, creating effective secondary porosity.

3.72  Anatase

A volumetrically minor cement, anatase occurs within the secondary
porosity created by feldspar dissolution, and is frequently seen in association
with kaolinite. It forms tiny (<10pum) tabular, tetragonal crystals, and is found
in trace amounts only.
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3.7.3 Ankerite

Ankerite occurs within calcite concretions, and is particularly abundant
towards their outer edges. However it also occurs outwith calcite concretions,
as disseminated patches of cement. Within concretions ankerite and kaolinite
are frequently observed to replace detrital feldspars, particularly plagioclase
(Figure 15). Using BSE imaging, the ankerite is seen to have two
compositional zones (Figure 15). Zone 1 Ankerites are more Fe rich than the
later, more Mg-rich, Zone 2 ankerites (Figure 11; Table 2). Zone 2 ankerites are
rare and have only been seen within calcite concretions in Well 2/10-a6,
infilling the secondary porosity created by feldspar dissolution. Outside of
concretions only Zone 1 ankerites have been observed. The restriction of Zone
2 ankerites to within calcite concretions may indicate that a more closed
hydrological system existed within these concretions, which have very low
porosities. Because the calcite cemented sands have low porosities and
permeabilities, the water to rock ratio will have been much lower inside these
horizons than outside. In such a semi-closed hydrological system with a
limited amount of Fe in solution, precipitation of Zone 1 ankerites could have
locally lowered the content of Fe in the pore-water, so that eventually less Fe-
rich Zone 2 ankerites precipitated.

All the ankerites analysed are more Ca-rich than stoichiometric ankerite.
This may be because ankerite has replaced earlier formed calcite cement.
Ankerite may have formed partly by replacement of existing calcite, as there
is often only a diffuse boundary at the junction between calcite and ankerite
cements. Brint (1989) and Kantorowicz (1985) have described Ca-rich
ankerites from other Brent Group oilfields, which they also link to partial
replacement of earlier calcite cement. Ankerite abundance in the Emerald
Sand varies between 0.4 and 8.2 volume%.

3.74 Quartz

Quartz overgrowths in the Emerald Sand are generally thin (<50um),
and irregular in appearance (Figure 16). Numerous tiny subhedral-euhedral
crystals of quartz are observed adhering to the surface of the detrital grain.
Fluid is trapped in the numerous cavities which exist between these crystals,
and so fluid inclusions are formed. Overgrowths form only 1-2% of the rock.
Back-scattered SEM imaging of thin sections indicates that the quartz
overgrowths are very thin and are only attached to the surface of the grain at
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a few isolated points (Figure 16). This means that there are often large fluid-
filled cavities located along the boundary between the detrital grain and the
overgrowth. Glauconite may occasionally nucleate around quartz grains and
inhibit the growth of later quartz cement, but other grain coating clays such as
chlorite are absent from the Emerald Sand.

Quartz overgrowths are not found within calcite concretions; this
indicates that quartz cement post-dated calcite cementation. Quartz cement
also envelops vermiform kaolinite, suggesting that quartz cement either post-
dated, or was co-genetic with, kaolinite precipitation (Figure 16). As discussed
earlier, the volumes of quartz cement present in the Emerald sand could
easily be supplied by feldspar decomposition reactions, with no need for an
external source of silica.

3.8 STABLEISOTOPE DATA

Carbon and oxygen stable isotope analyses of calcite and ankerite
cements are tabulated in Table 3, and presented as a scatter plot in Figure 17.

Calcite 813Cppg varies between -0.8 and -3.1%o, and 8180ppg varies
between -3.2 and -3.9%.. Carbon isotopic signatures are close to that of
primary marine carbonate (approximately 513C=0.0%0, 5180=0.0%0). This
suggests that the calcite was largely derived either from sea water, or from the
dissolution of shell debris. Bioclasts are certainly present within the Emerald
Sand itself, so that shell dissolution is a feasible source of bicarbonate.

A minor contribution from sulphate reduction of organic matter is also -
possible (513C= -10 to -25%0); this would explain why the signature of the
cement is slightly depleted relative to marine carbonate. As pyrite is present
within calcite concretions we know that sulphate reduction of organic matter
has certainly occurred within these sediments during shallow burial.

A bioclast (belemnite rostrum) present in the Emerald Sand was
subjected to stable isotopic analysis. §13C and 8180 signatures indicate that
the bioclast is depleted in both 8180 and 513C relative to marine carbonate,
suggesting it has been altered during diagenesis.

Using the fractionation equation of Friedman & O'Neil (1977) it is
possible to construct a plot relating 5180 of calcite cement, 8180 of the water
and growth temperature (Figure 18). From Figure 18, it can be seen that if
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calcite precipitated from a pre-Miocene marine pore-water with §180=-1.2%o
(Sheppard 1986) then it grew at 26-30°C, whereas if calcite precipitated from a
Jurassic meteoric pore-water with (8180= -7%o0, Hamilton et al. 1987; Hudson
& Andrews 1987; Fallick et al. 1993) then it grew at 1-4°C. Given that the
depositional pore-water in the Emerald sand was sea water it is most likely
that the calcite precipitated from a marine pore-fluid, especially as the calcite
is an early diagenetic cement. This is supported by calcite §13C signatures
which indicate that bicarbonate was supplied from a marine source.

Early diagenetic calcite cements have also been reported from other
Brent Group oilfields, and their stable isotopic ratios have been plotted in
Figure 19. All these calcite cements have a non-ferroan chemistry and exhibit
high minus cement porosities, indicating they precipitated prior to significant
compaction, at low temperatures (Giles et al. 1992; Haszeldine et al. 1992).
Oxygen isotopic data suggests that Brent Group calcites precipitated from
meteoric-derived waters at temperatures of <30°C (Giles et al. 1992;
Haszeldine et al. 1992). This contrasts with calcite cement from the Emerald
oilfield, which also precipitated at low temperatures (26-30°C), but from sea-
water rather than meteoric water. As can be seen from Figure 19, calcite
cements from the Emerald oilfield have higher §!80 than all other Brent
Group calcites. This can be explained if the Emerald oilfield calcites
precipitated from sea-water, instead of meteoric-derived water. Temperature
cannot explain the differences in 8180 of the calcites, as all early diagenetic
Brent Group calcite cements are thought to have grown at roughly the same
temperature (<30°C) and depth of burial.

Why did calcite from the Emerald oilfield precipitate from sea-water
whereas all other Brent Group calcites precipitated from meteoric water? This
can be explained by differences in the depositional environment of the
Emerald Sand compared to other Brent Group Formations. The Rannoch,
Etive and Ness Formations of the Brent Group are deltaic or shallow marine
in origin and were deposited during delta progradation. Hence influx of
meteoric water through the delta top sediments of the Ness Formation could
have resulted in the displacement of depositional marine pore-waters from
the Rannoch and Etive Formations. By contrast the Emerald Sand is a
transgressive marine sand-body; hence depositional pore-waters would be
marine, and there would be less opportunity for the incursion of meteoric
waters during relative sea level rise than during delta progradation.
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3.8.2 le i ratios of kaolini

Isotopic data for kaolinite are tabulated in Table 4. Using the
fractionation equations of Savin & Lee (1988) and Lambert & Epstein (1980),
we can construct a $Dgpow versus 8180spow cross-plot, relating kaolinite
mineral isotopic compositions to the temperature and stable isotopic
composition of the pore-water from which the kaolinite originally
precipitated (Figure 20). This approach assumes that no post-formational
hydrogen isotopic exchange has occurred between the kaolinite and organic
compounds, or later pore-waters. From the combined 8Dsmow Vversus
8180spmow plot in Figure 20 we can see that the stable isotopic composition of
the kaolinite indicates that it precipitated at 25-50°C from pore-waters with
8180= -6.5 to -4%o. As pre-Miocene sea water is thought to have had §180=
-1%o0 (Sheppard 1986) it is unlikely the kaolinite precipitated from a marine
water. Instead the calculated low 8180 values suggest that there was a large
component of meteoric water in the pore-fluid. Jurassic meteoric water is
thought to have had §180= -6 to -7%o (Hamilton et al. 1987; Hudson &
Andrews 1987; Fallick et al. 1993) and Tertiary meteoric water §180= -10%o
(Fallick et al. 1993). The calculated pore-water values for the kaolinite (§180=
-6.5 to -4%0) could hence represent a mixture of meteoric water and
depositional marine pore-water, or alternatively a meteoric water that had
evolved isotopically due to water-rock interaction (Sheppard 1986). Hence
meteoric water must have flushed through the Emerald Sand and partially
expelled depositional marine pore-fluids at the time of kaolinite precipitation.

Using Figure 17 it can be seen that ankerite is isotopically distinct from
the diagenetically earlier calcite cement. Ankerite 513C values are enriched in
the heavy isotope, indicating that ankerite bicarbonate was produced by
microbial fermentation reactions (Irwin et al. 1977). The CO2 produced during
microbial methanogenesis has 513C of approximately +15%o, which is close to
the maximum observed in this study. However most other ankerites are less
enriched in 13C, this may be due to the incorporation of relatively 13C
depleted carbonate following the replacement of calcite cement and
dissolution of bioclasts. Alternatively the variation in §13C values could
simply reflect the isotopic composition of the CO3 released at a particular
stage in organic maturation.

Chapter 3 Diagenesis of the Emerald oilfield



115

Using the fractionation equation for ankerite of Fisher & Land (1986), it
can be seen that if ankerite precipitated from meteoric pore-waters with
8180= -7.0%o then it grew at 35-50°C (Figure 21). Conversely, if we assume
that ankerite precipitated from sea water (§180= -1.2%o), then it grew at 67-
90°C (Figure 21). These latter growth temperatures are far higher than the
reservoir temperature of the Emerald oilfield today (60°C Wheatley et al.
1987); hence it is very unlikely that ankerite precipitated from sea water. It is
thus more probable that ankerite precipitated from meteoric or brackish pore-
waters, with similar 5180 and temperature to those from which kaolinite
precipitated.

Ankerite cement has also been found in more deeply buried Brent Group
oilfields, where it is a relatively late diagenetic phase coinciding with oil
migration (Brint 1989; Giles et al. 1992; Kantorowicz 1985). Stable isotopic
compositions of these ankerites are shown in Figure 22. In the Emerald
oilfield, 813C values clearly indicate that ankerite bicarbonate was supplied
by bacterial fermentation reactions. However, ankerite from deeply buried
Brent Group oilfields have more negative §13C (813C= -4.1 to -13.6%o),
suggesting that CO; produced during abiotic degradation of organic matter
(813C= -10 to -25%0; Irwin et al. 1977) was more important as a source of
carbonate. This would certainly be expected if these ankerites formed at
greater depths of burial (higher temperatures) than the ankerites from the
Emerald oilfield. Oxygen isotopic data also suggests that ankerites from
deeply buried oilfields precipitated at much higher temperatures from pore-
waters with a different isotopic composition. Kantorowicz (1985) has argued
that ankerite in the Ninian oilfield precipitated at 98-144°C, from an
isolopically evolved or mixed water with §180 approximately -1%o.

3.9 STRONTIUM ISOTOPE DATA

Sr isotope data for ankerite and calcite from the Emerald oilfieldare
shown in Table 5, and presented graphically in Figure 23. None of the calcites
and ankerites have high Rb concentrations, therefore recalculation for Rb-Sr
decay changes 87Sr/86Sr insignificantly.

3.9.1 Calcite 875r/86S¢

As can be seen from Figure 23 the 87Sr/86Sr ratios of calcite cement in
the Emerald Sand are above that of Jurassic sea water (Burke ¢t. al. 1982). This
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indicates that the Sr present in the calcite was not derived from sea water or
from the dissolution of shell material alone. The 87Sr/86Sr values of other
Brent Group siderites, calcites and ankerites have been interpreted to be a
product of mixing between two sources of Sr; Jurassic shell debris or sea
water (Sr=7000-9400ppm; 87Sr/86Sr= 0.707) and degrading detrital feldspars
and micas (Sr= 33-1238ppm; 87Sr/865r=0.70635-0.709752) (Brint 1989;
Haszeldine et al. 1992). Dating of detrital muscovites from the Rannoch
Formation by Hamilton et al. (1987) yielded an age of 440 Ma, which suggests
that they were derived from the Scottish Caledonides. As can be seen from
Figure 24 calcites, ankerites and some siderites from the Brent Group have Sr
concentrations and 875r/86Sr which could reflect two component mixing
between Jurassic sea water (or shell material) and detrital K-feldspar sourced
from the Scottish Caledonides. It is hence possible that Sr in calcite cement
from the Emerald Sand is a mixture of Sr from sea water or shells, plus Sr
derived by the leaching of aluminosilicates. As calcite is seen replacing both
detrital feldspars and bioclasts in the Emerald Sand, this hypothesis is
certainly feasible.

From Figure 24 it can also be seen that a few Brent Group siderites have
relatively low Sr concentrations and high radiogenic 875r/86Sr ratios which
cannot be explained by mixing of Sr derived from shell debris and K-feldspar.
However it is likely that these siderites derived some of their Sr from the
degradation of detrital micas, as their Sr concentrations and 87Sr/86Sr ratios
are roughly intermediate between those of Jurassic sea water (shell debris)
and detrital micas (Figure 25). Authigenic siderite in the Brent Group is
commonly observed to precipitate between the expanded cleavage planes of
frayed biotites (Haszeldine et al. 1992), hence a Sr contribution from mica is
very likely.

3.92 Ankerite 875r/865r

As can be seen from Figure 23 ankerite from the Emerald oilfield has
slightly more radiogenic values (875r/86Sr=0.70974) than the texturally
earlier calcite cement (875r/86Sr=0.70857-0.709896). Ankerite is also more Sr
rich (679ppm) than calcite (454-525ppm) (Table 5). The more radiogenic Sr in
the ankerite suggests an increased component of Sr derived via the leaching
of detrital feldspars. Indeed ankerite is commonly observed to replace detrital
feldspars within calcite concretions. This suggests that dissolving shell debris
was less important as a source of Sr, Ca, and Mg ions and bicarbonate for
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ankerite precipitation. However ankerite Sr values still suggest an input of
marine derived strontium. As ankerite is observed to replace calcite, marine
Sr could be inherited from the dissolution of calcite.

3.10 FLUID INCLUSION STUDY OF QUARTZ CEMENT

Quartz overgrowths are very thin in the Emerald Sand, which makes it
difficult to find any intact primary fluid inclusions trapped within the cement.
Nevertheless, a number of inclusions were located and subjected to
microthermometric analysis. Fluid inclusion homogenisation temperatures
(Th) range from 51-89°C, with a clear mode at 60-70°C (N=60) (Figure 26, data
from Table 5). No pressure correction has been applied to the inclusion Ty
data because the contents are assumed to be saturated in methane (Hanor
1980), therefore inclusion Tjshould approximate to the true trapping
temperature of the inclusion fluids.

These fluid inclusion temperatures are problematic as they are equal to,
or hotter (51-89°C) than the present day reservoir temperatures (60°C). If the
fluid inclusion temperatures are correct, then quartz cement must have
precipitated during the late Tertiary when the reservoir was approaching
maximum depth of burial. This is very difficult to envisage because oil
migration into the Emerald oilfield would have been complete by the late
Palaeocene-early Eocene (Wheatley et al. 1987) when the reservoir was only
buried to a depth of 1400m and at a temperature of approximately 49°C
assuming the geothermal gradient was similar to today's (35°C/km"1). As the
migration of oil into the reservoir would eventually have halted diagenesis,
continued quartz growth during the late Tertiary is hence infeasible. There are
two possible explanations for these apparently spuriously hot fluid inclusion
temperatures.

1) Perhaps the ambient geothermal gradient at the time of quartz cementation
was much higher than today; fluid inclusion temperatures would indicate
that it could have been as much as 85°C/km-1. Alternatively hot fluids could
have entered the reservoir via faults from the basin in the east. Note however,
that we have no corroborative evidence that hot reservoir temperatures were
attained during the early Tertiary. Oxygen isotope analyses of ankerite and
kaolinite cements are consistent with precipitation from meteoric water at low
temperatures. Furthermore the oil in the Emerald oilfield is biodegraded
(Wheatley et al. 1987). This could not have occurred if reservoir temperatures
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were as high as the fluid inclusions suggest, as biodegradation is possible
only at low temperatures (Dimitrakopoulos & Meuhlenbachs 1987; Hunt
1979). Hence we have no strong evidence that the fluid inclusions are correct.

2) The fluid inclusion temperatures could have been reset during burial so
that they are no longer representative of the growth temperatures of the
quartz (Osborne & Haszeldine 1993). We would certainly expect the fluid
inclusions in the Emerald oilfield to be reset because the overgrowths are very
thin and the inclusions are only trapped by a slender layer of quartz,
sometimes only a few microns thick. This renders the inclusions liable to
decrepitation. Leakage or stretching of the inclusion will also tend to increase
the homogenisation temperature of the inclusions so that they become
representative of maximum burial temperatures (Barker & Goldstein 1991). It
is interesting to note that the modal Th of the inclusions is 60-70°C, similar to
today's reservoir temperatures (60°C). This suggests that the inclusions have
been reset and record no useful information on the growth temperature of the

host quartz.

3.11 BIODEGRADATION OF OIL

In the Emerald field 90-99% of the oil contains organic compounds
which are indicative of biodegradation (Wheatley et al. 1987). Bacterial
degradation of hydrocarbons has resulted in the development of low API
(24°), relatively heavy oils, which are typical of those found on the
Transitional Shelf today (Wheatley et al. 1987). Aerobic degradation of
hydrocarbons in this manner requires the following conditions (Hunt 1979);

1. Low temperatures (20-50°C) to permit growth of bacteria.
2. Influx of oxygenated waters (8mg/I"! dissolved Oy) to support bacteria.
3. Absence of H3S, which poisons aerobic bacteria.

Influx of oxygenated meteoric water into the Emerald Sand during
shallow burial (low temperatures) would fulfil all the above criteria. This is
supported by oxygen isotope ratios of both ankerite and kaolinite cements,
which indicate that meteoric water was present in the pore-fluid at the time
these cements precipitated. In addition, the unusually enriched d13C
signatures of the ankerite cements which are associated with dissolved
feldspars indicate that anaerobic fermentation of organic compounds was the
source of CO2 for carbonate precipitation. Dimitrakopoulos & Muehlenbachs

(1987) have recorded similar values from carbonates from the Lower
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Cretaceous heavy oil deposits of the Alberta basin (§13C as high as +14.3%o).
They believe such carbonates are produced by the in-situ degradation of
petroleum via a two stage process. In the first stage meteoric water with
dissolved O2 interacts with the petroleum and aerobic bacteria degrade the
hydrocarbons, releasing large volumes of acids, alcohols and ketones. CO2
with a very depleted 813C signature is produced. This can result in the
precipitation of 813C depleted carbonates (Figure 27). However in other
instances the organic acids produced during biodegradation will actually
inhibit the precipitation of carbonates and result in feldspar dissolution
(Curtis 1983; Surdam et al. 1984). The second stage in the biodegradation
process occurs once the oxidising potential of the meteoric water has been
exhausted, either because meteoric flow has ceased or because the volume of
oil is so great that all O2 available is utilised. Under such circumstances
bacterial degradation of the organic acids occurs in anoxic conditions. This
will raise the pH and result in the precipitation of carbonates. Because
hydrocarbons have been biodegraded by anaerobic fermentation reactions the
CO37 produced is enriched in 813C. Hence carbonates with enriched §13C
signatures are precipitated (Figure 27).

We can hypothesise that such bacterial fermentation of hydrocarbons
has occured in the Emerald oilfield because a high percentage of
hydrocarbons are biodegraded (Wheatley et al. 1987), and because carbonates
have very enriched 813C signatures. Integration of mineral growth
temperatures with a model of subsidence history (Figure 28) indicates that
kaolinite and ankerite cementation, and feldspar dissolution, were roughly
synchronous with the migration of oil into the reservoir. Hydrocarbons
underwent biodegradation in the low salinity pore-waters. With deeper burial
the Emerald Sand was perhaps cut-off from meteoric water ingress, allowing
the migration of a small amount of unbiodegraded oil (Wheatley et al. 1987).
Alternatively this small component of non-biodegraded oil may indicate that
the oxidising potential of the meteoric water was exhausted through
interaction with the large volume of hydrocarbons entering the reservoir.
Once oil completely filled the reservoir, further diagenesis was halted.

Biodegradation of petroleum has also occured in other Brent Group
oilfields; in the Gullfaks field oil became degraded as it migrated into the
shallow reservoir (<2000m) in the late Cretaceous-Palaeocene (Larter &
Horstad 1992). Similarly, Miles (1990) found that oil in the Ninian tield
contained a small biodegraded component. This was produced during the
late Cretaceous, when early-migrating hydrocarbons were degraded through
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interaction with meteoric waters as they entered the shallow buried reservoir
(<1500m). However, in the Ninian oilfield, the effect of this early
biodegradation has been masked by the later Tertiary migration of non-
biodegraded oils. The presence of a component of biodegraded oil in these
reservoirs suggests that influx of meteoric water into the Brent Group was a
common process during shallow burial. Hence meteoric flushing may have
have influenced the early diagenesis of the reservoir sandstones. This
supports the idea that study of the Emerald oilfield could provide an insight
into the early diagenetic history of the Brent Group as a whole.

3.12 DISCUSSION

3.12.1 Influx of meteoric water

As has been discussed previously, early cements such as pyrite and K-
feldspar and calcite probably precipitated from depositional marine pore-
waters. Kaolinite and ankerite cements post-date the development of calcite
concretions. On stable isotopic grounds both kaolinite and ankerite are
inferred to have precipitated from meteoric or brackish water at low
temperatures (25-50°C). If the hot fluid inclusion temperatures from quartz
overgrowths are rejected as being unreliable, then it is likely that quartz
cement precipitated at the same time and temperature as kaolinite, following
the dissolution of feldspar.

Hence the diagenetic minerals present in the Emerald Sand record a
change in the chemistry of the pore-fluid through time, with depositional
marine pore-waters being replaced by meteoric waters. There are at least two
possible scenarios whereby meteoric water could have entered the Emerald
Sand.

1) During the lower Cretaceous the Transitional Shelf tilted to the west and
the fault block crest may have become subaerially exposed in the vicinity of
the present day Emerald oilfield. Hence it is possible that meteoric waters
could have penetrated the Emerald Sand via the fault block crest. Other Brent
Group oilfields have been interpreted to have been flushed by meteoric water
in this manner (Bjorlykke et al. 1992; Haszeldine et al. 1992; Shanmugan 1990).

However this is an unlikely scenario in the case of the Emerald oilfield,
because boreholes show that the Emerald Sand itself was not subaerially
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exposed, but remained capped by at least 75m of Jurassic claystones and
siltstones. These overlying sediments would have low permeabilities, and
because they were relatively unconsolidated at the time of exposure they
would probably be rapidly eroded to wave-base. Hence fault block
topography was probably not elevated to any great extent above sea level.
This means it is unlikely that large volumes of meteoric water could have
entered the Emerald Sand via the fault block crest.

In support of this conclusion we note that there is no systematic
variation in the amount of total porosity, feldspar, secondary porosity,
kaolinite and stable isotopic signature of the cement, from the top to the
bottom of the reservoir unit (Figure 29). If corrosive meteoric water was
percolating down into the Emerald Sand from above we would expect the top
of the sandstone to exhibit greater amounts of leaching. Such weathering
profiles have been seen in the Magnus oilfield where the reservoir sandsone
was sub-aerially exposed at the fault crest in the Cimmerian (Emery et al.
1990; Macaulay et al. 1993). Cements beneath this Magnus unconformity also
exhibit systematic changes in stable isotopic composition with increasing
depth (Macaulay ¢t al. 1993). However this type of leaching protfile is absent
from the Emerald Sand (Figure 28).

2) As an alternative to the model discussed in 1 above, it is possible that
meteoric water entered the Emerald Sand via the landmass in the west.
Meteoric water falling as rain on a landmass may flow below the sea floor far
into marine sedimentary basins (Bethke 1989). For example freshwater
aquifers occur 120km off the Florida coast in Tertiary carbonate aquifers
(Mannheim, 1967). The depth of penetration of meteoric water is also
considerable; in the Great Artesian Basin of Australia the meteoric aquifer lies
at depths of up to 2000m (Habermehl, 1980). Hence it is perfectly possible
that the Emerald Sand was flushed by meteoric water during relatively
shallow burial. The flux of meteoric water into the Emerald Sand would be
encouraged by the widespread sheet distribution of the sandbody; the
presence of underlying fractured, permeable, basement; and the close
proximity of the elevated landmass (3-15km distant, Wheatley et al. 1987)
during late-Jurassic to early Cretaceous and Palaeocene times.

Meteoric water flowing into the basin through permeable aquifers must
continue up to the surface. In the case of the Emerald Sand, this would mean
that flow must continue up through the overlying claystones and siltstones,
which we would expect to have a lower permeability. However recently

Chapter 5 ‘Diagenesis of the Emerald oilfield



122

deposited and poorly compacted clays have considerable vertical
permeability and are not good aquitards. At a burial depth of a few hundred
metres muddy sediments may have horizontal permeabilities up to 1mD,
with vertical permeabilities less than this (Riecke & Chillingarian 1974),
therefore meteoric flow could have been allowed to continue to the surface.

During the Palaeocene there was rapid regional uplift of the East
Shetland Platform and the Scottish landmass, and vast amounts of clastics
were shed over the whole Transitional Shelf area (Wheatley et al. 1987). Uplift
of adjacent landmasses could have created a large hydrostatic head of
meteoric water which would have been capable of penetrating deep into the
subsurface and flushing through the marine sediments to the east, displacing
the depositional marine pore-fluids (Figure 30). '

Hence it appears that the most likely mechanism for allowing meteoric
water to enter the Emerald Sand is a regional meteoric flow model, with the
fluid being derived from the landmass to the west during the Paleocene.

3.12.2 Relationship between diagenesis, meteoric fluid flow, and

biodegradation of oil

Within calcite concretions in the Emerald oilfield, detrital teldspars have
been dissolved and both ankerite and kaolinite cements have precipitated in
the secondary porosity created. This opens the possibility that there may be
some kind of genetic link between the dissolution of feldspars and the growth
of ankerite and kaolinite cements. Oxygen isotope studies of these two
cements suggests that they precipitated from meteoric or brackish waters at
similar temperatures (approximately 25-50°C). Textural evidence further
suggests that the two have precipitated at roughly the same time.

There are several possible mechanisms that could generate corrosive
fluids, and hence result in the dissolution of feldspar.

1. Acidic fluids produced during the thermal maturation of organic matter
(Surdam ¢t al. 1984).

2. Acidic fluids generated by clay mineral reactions (Bjorlykke, 1983).

3. Meteoric water penetration (Giles & Marshall 1986).

4. Acidic fluids released by aerobic degradation of petroleum
(Dimitrakopoulos & Meuhlenbachs 1987).
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We shall now critically examine each of these possible mechanisms in
turn, in order to constrain what processes were responsible for feldspar
dissolution in the Emerald Sand.

1. Acidic fluids from organic matter maturation. CO2 and carboxylic acids can
be released from organic compounds as they undergo thermal maturation.
Solution of these compounds into water could result in feldspar dissolution,
and the subsequent precipitation of kaolinite as a by-product of the
dissolution reaction. However the mass balance calculations of Giles &
Marshall (1986) indicate that most of the CO2 and organic acids produced
would interact with carbonates and silicates present within the organic rich
source rocks themselves, and hence be unavailable for the leaching of
reservoir sandstones. In addition most carboxylic acids are released at
temperatures of 80-120°C; temperatures far hotter than those found in the
Emerald oilfield, hence production of large volumes of acids from the
overlying Heather Formation shales is unlikely. The source rock for the oil in
the Emerald field is thought to be the deeply buried Kimmeridge Clay in the
basin to the east (Wheatley et al. 1987). However, acidic fluids released from
the Kimmeridge Clay would be neutralised by interaction with minerals
before entering the Emerald Sand, and hence are unlikely to have produced
the feldspar dissolution observed.

2. Acidic fluids released by clay mineral reactions. Bjorlykke (1981) has
proposed that conversion of smectite to illite, and the illitisation of kaolinite
can both release H*, which would result in acidic fluids capable of leaching
feldspars. Neither of these reactions is a feasible source of aggresive fluids in
the case of the Emerald Sand, as no illite and only trace amounts of other
detrital clays have been observed within the reservoir itself. Again any acids
produced from the Kimmeridge Clay or Heather formation shales would
probably be buffered at source by reaction with enclosing mineral surfaces
(Giles & Marshall 1986).

3. Meteoric water is a potential feldspar leaching agent because it is slightly
acidic due to the presence of dissolved CO2 in rainwater, and organic acids
derived from soil profiles. Rate of feldspar dissolution is not directly
proportional to the flux, but a minimum flux is required to remove K* and
keep the pore-water in the stability field of kaolinite (Bjorlykke & Aagaard
1992). Because meteoric water leaching occurs at low temperatures when
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mineral dissolution rates are slow, the pore-water may remain in the stability
field of kaolinite for a long time. This allows leaching to take place over a flow
pathway of great length. For a meteoric fluid to remain corrosive, a rapid flow
of fluid through overlying strata into the aquifer is required, otherwise the
acidity of the fluid will be neutralised by reaction with minerals in the
overlying rocks. However it is possible that meteoric water could remain
acidic for a greater length of time if it passed through shallow buried
sediments which were generating CO7 during the decomposition of organic
matter (Bjorlykke & Aagaard 1992). As meteoric water flows through the rock
its pH and content of alkali ions will gradually increase. The pH necessary to
saturate the pore-water with respect to Na-feldspar is higher than that
required for saturation with respect to K-feldspar (Bjorlykke & Aagaard 1992);
this explains why Na-feldspar is more leached than K-feldspar in the Emerald
Sand.

In the case of the Emerald Sand, there is strong circumstancial evidence

that meteoric water was the leaching agent because;

a) Oxygen isotopic evidence indicates that kaolinite and ankerite precipitated
from meteoric water-influenced fluid. Both these minerals are texturally
associated with dissolved feldspars.

b) The Emerald oilfield lies close to the East Shetland Platform, a
palaeolandmass and hence a source of meteoric fluid.

c) The Emerald field is only shallow buried, hence acidic meteoric fluid might
have been able to enter the reservoir relatively quickly, before its leaching
capacity was reduced by reaction with minerals in overlying rocks.
Incorporation of CO2 generated from overlying shallow buried sediments
may also have allowed the meteoric water to retain its acidity.

d) The oil in the Emerald oilfield is biodegraded, probably as a result of the
interaction of oxygen-bearing meteoric water with hydrocarbons.

4. Acidic fluids released by the aerobic degradation of petroleum.

Where hydrocarbons are subject to microbiological attack vast amounts
organic acids will be produced, which will result in feldspar dissolution
(Dimitrakopoulos & Muehlenbachs 1987). Biodegradation of oil in this
manner is likely to occur at shallow depths (low temperatures) in the presence
of sulphate-poor, oxygenated water (i.e. meteoric fluid). We know such
processes have been active in the Emerald oilfield because;

a) The oil is biodegraded (API gravity 24.5°).
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b) Oxygen isotopes indicate that kaolinite and ankerite cements precipitated
from meteoric water, hence meteoric fluids must have flushed through the
reservoir displacing depositional marine pore-waters.

c) Ankerite cements have unusually enriched 813C signatures (513C= +6.7 to
+15.8%o0). According to Dimitrakopoulos & Meuhlenbachs (1987) anaerobic
fermentation of petroleum in meteoric waters can generate 513C enriched
CO2, which can subsequently precipitate as 513C rich carbonate cement
(813C as high as +14.3%o).

Hence it appears that there are two possible mechanisms capable of
producing the feldspar dissolution observed in the Emerald Sand; meteoric.
flushing, and in-situ biodegradation of petroleum. Both these processes can be
linked, as petroleum biodegradation requires that sulphate-poor oxygenated
meteoric water interacts with the hydrocarbons. In the Emerald Sand,
precipitation of kaolinite and partial export of silica has occured following
feldspar dissolution. This selective removal of silica can also be explained by
influx of meteoric water through the aquifer. Kaolinite is extremely insoluble,
hence following feldspar dissolution, the aluminium concentration of pore-
waters does not have to build up very far before saturation with respect to
kaolinite will be acheived (Giles & deBoer 1990). However, at low
temperatures, the silica saturation required for quartz precipitation is much
higher than that for kaolinite. In addition, silica precipitation rates at low
temperatures are slow, hence even if silica saturation with respect to quartz
has been reached, quartz may not immediately precipitate (Giles & deBoer
1990). If large volumes of meteoric water flushed through the Emerald Sand
at the same time as feldspar was dissolving, then the silica concentration may
have been kept sufficiently low to avoid quartz precipitation, while still
allowing kaolinite growth. This would have resulted in the export of Si ions
from the Emerald Sand, creating effective secondary porosity.

3.12.3 lications for th leum geologi

1. Dissolution of feldspar in the Emerald Sand and export of Si ions would
have resulted in the production of at least 7% effective secondary porosity,
potentially improving the reservoir quality of the sandstone. However, in
order to prove that secondary porosity really has improved reservoir quality,
it is necessary to show that sandstone porosities in the Emerald Sand are
significantly higher than those occurring in similar rocks buried to the same
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depth (Giles & deBoer 1990). Unfortunately the helium porosities of the
Emerald Sand (averaging 30-27%, Wheatley et al. 1987) are not significantly
higher than those of other Brent Group sandstones buried to similar depths
(averaging 30% at 6700ft, Giles et al. 1992). This implies that the extra porosity
created by feldspar dissolution in the Emerald Sand has been lost during later
compaction. This observation is consistent with those of other Brent Group
researchers, who find that the feldspar content of the Brent Group decreases
with increasing depth of burial, yet the amount of secondary porosity present
remains roughly constant (averaging 3%; Bjorlykke et al. 1992; Harris 1992).
The amount of secondary porosity present is thought to be limited by the
mechanical strength of the sandstone, with most of the large secondary pores
produced by feldspar dissolution being crushed during compaction (Harris
1992). Hence despite extensive feldspar dissolution, reservoir porosities have
not been greatly improved.

Mass balance calculations suggest that Al has been conserved following
feldspar dissolution, due to kaolinite precipitation. Hence permeabilities have
not been significantly increased, due to growth of kaolinite in the secondary
pores. This is supported by permeability data which indicates that the
Emerald Sand has similar, or lower permeabilities than other shallow buried
Brent Group sandstones. Emerald Sand permeabilities average 933-159mD,
(Wheatley ¢t al. 1987), while Brent Group sandstones have horizontal air
permeabilities averaging 1000mD at 6700ft burial (Giles ¢t al. 1992). Hence
despite significant dissolution of feldspar during shallow burial, there has
been no net improvement in either the porosity or permeability of the
Emerald Sand due to secondary porosity creation.

2. As ankerite cements were produced following the biodegradation of
migrating hydrocarbons, carbonates with unusually high §13C could be used
to pinpoint oil-bearing Formations throughout the Transitional Shelf area.

3. Oil should become more biodegraded (lower API gravity) towards the
westerly part of the Transitional Shelf area, as this was the point of entry for
meteoric water. The amount of secondary porosity in the Emerald Sand may
also increase towards the west, again because this was closer to the point of
entry for acidic meteoric fluid.

4. Extensive calcite cemented horizons in the Emerald Sand are likely to occur
wherever laterally-extensive storm deposits with a high concentration of
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bioclasts are found. Such horizons, which have <1% porosity, could
compartmentalise the reservoir if they were laterally continuous. In the
Emerald oilfield these carbonate cemented zones are restricted to well 2/10a-
6, and cannot be correlated across the field. However in other areas of the
Transitional Shelf they may be important permeability barriers. As ankerite
cement is produced following the biodegradation of petroleum, there is also
the possibility of enhanced ankerite precipitation at the oil-water contact. This
could impair the connection between the oil leg and the water leg, directly
influencing oil production. However as no well has been drilled through the
oil-water contact in the Emerald oilfield this hypothesis cannot be tested at
present.

5. As influx of meteoric water into the Emerald Sand is thought to have
occurred during the Palaeocene, any oil migrating into a shallow buried
reservoir (<1400m; <50°C) at this time is likely to have undergone
biodegradation. It is likely that overlying Tertiary sands also contain
biodegraded oils. Non-biodegraded oils will occur in more deeply buried
reservoirs on the Transitional Shelf, or in reservoirs which were filled in post-
Palaeocene times.

6. The diagenetic processes which have affected the Emerald Sand are broadly
similar to those which occured in the Brent Group as a whole during early
diagenesis (shallow burial). In both instances influx of meteoric water is
inferred to have occured; this resulted in feldspar dissolution, and created
effective secondary porosity. This secondary porosity was subsequently lost
during compaction. Early migration of hydrocarbons into the shallow buried
reservoirs during Cretaceous-Palaeocene resulted in the biodegradation of oil,
though in more deeply buried Brent Group reservoirs later Tertiary migration
of hydrocarbons masked the effect of early biodegradation.

3.13 CONCLUSIONS

1) The diagenesis undergone by the Emerald Sand reflects a change in the
chemistry of the pore-fluid through geologic time. Early diagenetic cements
(pyrite, K-feldspar, and calcite) precipitated from sea water trapped in the
sediment upon deposition. Later cements (ankerite, kaolinite, and quartz)
precipitated from a meteoric derived pore-fluid.
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2) The hydrocarbons in the Emerald oilfield have been biodegraded due to the
influx of oxidising, low salinity meteoric water. Degradation of petroleum
may have produced organic acids hence leading to feldspar dissolution, the
formation of secondary porosity, and the precipitation of kaolinite within
secondary pores. Mass balance calculations indicate that following feldspar
dissolution Al was conserved, but Si partly exported, creating secondary
porosity (5 volume%). However much of this porosity was lost during later
compaction, with no net gain in reservoir quality. Anaerobic bacterial
fermentation of the degraded petroleum produced ankerite cements with
unusually enriched §13C signatures.

3) Meteoric water entered the Emerald oilfield from the East Shetland
Platform during the Palaeocene, when the Scottish landmass was being
uplifted and a large hydrostatic head was available to drive fluids deep into
the subsurface.
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Figure 1. Map of the East Shetland Basin area of the northern
North Sea showing the location of the Emerald
oilfield. ESP- East Shetland Platform; ESB- East
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Graben. Location of seismic section in Figure 2 is
shown.
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Figure 2. Interpreted seismic section through the Transitional
Shelf showing the location of the Emerald oilfield
(From W heatley et al. 1987).
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constructed utilising information in W heatley et al.

1987.
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Figure 5. Quartz-feidspar-mica + lithics plot (Dott 1964) for
the Emerald Sand (N=>24, Wells 2/10-a7, 2/10-a6,
2/10-a7z, 3/1 1b-3 and 3/1 1b-5). Data from Table
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Figure 6. Structural map of the Emerald oilfield showing
location of wells, from Wheatley et al. (1987).



P.ARAGENETIC SEQUENCE FOR THE EMERALD SAND
(SHALLOW BURIED)
EARLY LATE

Phosphate
Glauconite
K-Feldspar

Pyrite

Calcite

Anatase

Kaolinite (vermiform)
Ankerite

Quartz

Feldspar Dissolution 7SSSSSS/555555S5SSS8Sss 7 7Vv//SA
Hydrocarbons 1777777772

Figure 7a). Paragenetic sequence for the Emerald Sand.

PARAGENETIC SEQUENCE FOR DEEPLY BURIED
BRENT GROUP

EARLY LATE

(Shallow Burial) (Decp Burial)
K-Feldspar EEE
Pyrite wafts mmmm
Siderite mam
Anatase "Vemifrm  Hody
Kaolinite oo —1
Calcite EEN
Quartz Mill narmrmrmwmren
Ankerite mwrnrnrnm
Illite
Feldspar Dissolution v/ /7 /vI /vy /Sy v/vyir-jrrT7 70
Hydrocarbons (/77877777

Figure 7b). Paragenetic sequence for deeply buried Brent
Group sandstones. The early diagenetic cements
(shown in black) are similar to those in the shallow
buried Emerald oilfield. Modified from Brint (1989).



NA-FELDSPAR

Figure 8a) Small euhedral K-feldspar overgrowths which have
precipitated upon the surface of a detrital Na-
feldspar grain. Well 2/10-a7, 1635.7m TVD.

grain

rigure 8b) Back-scattered electron image of a chemically
zoned detrital K-feldspar grain containing small
amounts of Ti and Ba. The grain is enveloped by pure
K-feldspar overgrowth (0). The overgrowth is
enveloped by calcite cement; this indicates that the
K-feldspar overgrowth precipitated prior to calcite
cementation. Weil 2/10-a6, 1674.4m TVD.



pyrite

Figure 9a) Pore-filling pyrite cement corrodes detrital

bioclasts (B) and is enclosed within calcite cement
(CCT). Well 2/10-a6, 1674 4m TVD. BSE image.

ILMENITE

pyrite

Figure 9b) Pyrite is seen surrounding and replacing detrital
ilmenite grains. Well 2/10-a7, 1635.7m TVD.



homogenous, bright orange iuminescing calcite
cement enveloping dully luminescent bivalve
bioclasts and bright blue feldspars. Well 2/10-a6,
1674.4m TVD.

2.00

Figure 10b) Cathodoluminescence photomicrograph showing
brightly luminescing calcite replacing a dully
luminescent belemnite rostrum. Calcite clearly pre-
dates final physical compaction as calcite-filled
layers in the shell have been offset during
compaction. Same sample as in 9a).
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Figure 11. Triangular plot showing the elemental composition
of authigenic carbonates in the Emerald Sand, data
from Table 2 (N-33).
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Figure 12 Typical vermiform kaolinite. Well 3/1 1b-3, 1675.3m
TVD.

ankerite

Figure 13 Kaolinite (K) is seen infilling the secondary porosity
created by the dissolution of K-feldspar within a
calcite concretion. Well 2/10-a6. 1674.4m TVD.



Figure 14a) BSE image of a thin section showing a dissolved,
skeletal K-feldspar. Well 3/1 1b-3, 1696.9m TVD.

Figure 14b) Na-rich iammelae of a perthitic "-feldspars are
preferentially leached in contrast to the rest of the
grain. BSE image, Well 2/10-a7Z 1809.6m TVD.



calcite

Figure 15a) Two chemically distinct ankerites (1&2) can be
seen infilling secondary porosity created by feldspar
dissolution. BSE image, calcite concretion, Well 2/10-

a6, 1674.4m TVD.

b). Ankerite (ANFC) and kaolinite (K) are frequently
observed to infill the secondary porosity created by
feldspar dissolution. Relict fragments of detrital Na-
feldspar are arrowed. BSE image, calcite concretion,
Well 2/ 10-a6, 1674.4m TVD.



?-ck 16a> SZ'1 pa :rograph of a typical quartz
overgrowth om the Emerald oilfield. Overgrowths

are irregular in appearance and consist of numerous
crystallites. Well 2/10-a7, 1674.4m TVD.

Figure 16b) BSE image of a thin section showing quartz grains
with very thin overgrowths (0), which are only
attached to the grains at a few isolated points
(arrowed). Well 3/1 1b-3 1696.9m TVD.



Figure 16c) Vermiform kaolinite enveloped by quartz
overgrowths (arrowed). This indicates that quartz
cement either post-dated or was co-genetic with,
kaolinite precipitation. Well 3/1 1b-3, 1673.3m TVD.
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Figure 17. Combined §!3Cppp and §180ppg plot showing the

stable isotopic composition of diagenetic carbonates
from the Emerald oilfield. Data from Table 2.
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Figure 18. Pore-water §180g5yow versus temperature plot for
calcite cement. Curves calculated wusing the
fractionation equation of Friedman & O'Neil (1977). If
calcite precipitated from Jurassic sea .water it grew at
26-30°C. If calcite precipitated from meteoric water
it grew at 1-4°C.
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19. Combined §!3Cppp and 5180ppg plot showing the
stable isotopic compositions of all non-ferroan, early
diagenetic calcite cements from the Brent Group.
Calcite cements from the Emerald oilfield have higher
5180 than all other Brent Group calcites. All these
calcites grew at roughly similar temperatures (<30°C);
however the differences in 5180 probably indicate
that calcite cement from the Emerald oilfield
precipitated from sea-water, whereas other Brent
Group calcites precipitated from meteoric-derived
pore-waters. For further discussion see text. Data
from Brint (1989)-Dunlin oilfield; Hamilton et al
(1987)- unspecified Brent Group location; Giles et al.
(1992)- regional study of the Brent Group of the East
Shetland Basin. Emerald oilfield data from this study.
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Figure 20. 3180s5yow versus 8Dsyow plot showing the stable
isotopic composition of authigenic kaolinite from the
Emerald oilfield (solid squares). Solid black lines
represent the stable isctopic composition of kaolinite
that would have precipitated from a meteoric water
with a specific §180 composition (5180= -3, -5, -7 or-
9%). The composition of kaolinite precipitating from
pre-Miocene sea water (5180= -1; 8D= -10%.,, Sheppard
1986) is also shown. Broken black lines represent
constant temperature. The kaolinite apparently
precipitated at 25-47°C from pore-waters with §180=
-6.5 to -4%.. Fractionation equations used were those
of Savin & Lee (1988) for oxygen and Lambert &
Epstein (1980) for hydrogen. 8180 and 8D
compositions of ancient meteoric waters were
calculated from the relationship 8D= §180+8%.. The
latter equation would represent the meteoric water
line in an ice-free world, where sea water §180= -1,

and 8D= -10%. (Craig 1961; Sheppard 1986).
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Figure 21. Pore-water §!805yow versus temperature plot for

ankerite cement. Curves calculated using the
fractionation equation of Fisher & Land (1986). If
ankerite precipitated from sea water it grew at 67-

90°C, whereas if it precipitated from Jurassic
meteoric water it grew at 35-50°C.
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Figure 22. Combined 3§!3Cppg and §!80ppp plot showing the

stable isotopic compositions of all Brent Group
ankerite cements. Ankerite cements from the
Emerald oilfield have higher §!3C than ankerites
from more deeply buried Brent Group oilfields. These
high 813C values indicate that carbon was derived via
fermentation of organic matter. For further
discussion see text. Data from Brint (1989)-Dunlin
oilfield; Kantorowicz (1985)- Ninian oilfield; Giles et
al. (1992)- regional study of the Brent Group of the
East Shetland Basin. Emerald oilfield data from this
study (Table 2).
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Figure 24. 87Sr/86Sr versusl/Sr plot for authigenic carbonates
in the Emerald Sand. Data for carbonates from the
Dunlin oilfield are shown for comparison (Brint
1989). Many Brent Group carbonate cements (calcites,
ankerites, and some siderites) have strontium
isotopic compositions - and concentrations which
suggest that their Sr was derived from mixing of two
sources; Jurassic sea water or shell debris, and
detrital feldspars. Feldspar data from Halliday et al.
(1979) and Haughton. et al. (1991). For further
discussion see text.
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Figure 25. 87Sr/86Sr versusl/Sr plot for authigenic carbonates
in the Emerald Sand. Data for carbonates from the
Dunlin oilfield are shown for comparison (Brint
1989). Some Brent Group siderites have have
strontium isotopic compositions and concentrations
which indicate that their Sr was derived from a
mixture of sea-water (or dissolving shell debris) and
degrading detrital mica. For further discussion see
text. Mica data from Hamilton et al. (1987).
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Figure 26. Histogram of homogenisation temperatures for fluid
inclusions in authigenic quartz (N-60). Well 2/10-a7,

1649.4m TVD. Data from Table 5.
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compositions of diagenetic carbonates associated with
biodegradation of crude oil. A wide range in 513C is
evident; very high 513C indicates biodegradation by
anoxic fermentation reactions, very low 513c indicates
biodegradation by aerobic oxidation. Data from
Dimitrakopoulos & Muehlenbachs (1987); Donovan
(1974) and Gould & Smith (1978). Data for the
Emerald oilfield from this study (Table 2).
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Figure 30. Schematic palaeohy drological model for the
Transitional Shelf during the Palaeocene.
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Well 2/10a-6

Quartz
K-feldspar
Muscovite
Pyrite
Kaclinite

Porosity

Well 2/10a-7

Quartz
K-feldspar
Muscovite
Pyrite
Ankerite
Kaolinite

Porosity

5484’
(1671.5m)

62.8
7.0
1.1
0.9
14.8

13.4

5365
(1635.7m)

56.8
2.6
1.2
2.8
14.4
4.4

17.8

Depth (ft)

5470° 5503
(1667.3m)  (1683.0m)
60.6 66.7
6.8 7.5
0.9 ---
47 0.6
13.1 8.9
12.7 147

Depth (ft)
5376 5380
(1638.6m) (1639.8m)
60.6 60.8
5.6 6.6
1.0 0.4
i.6 2.6
1.8 ---
21.6 17.8
7.8 11.8

5527
(1684.6m)

51.2
15.0
1.2
7.5
14.3 .

10.8

5383
(1640.8m)

62.2
10.0

1.4

3.0

1.6
5.8
16.0

5410
(1648.9m)

71.0

4.6

1.8
8.0

14.6



Table 2 Elemental analyses of carbonates

All analyses from Well 2/10-a6, 1674.4m TVD.

Mole %

Sample Ca Fe Mn Mg Sample Ca Fe Mn Mg
Bioclast 99.4 0.2 0.0 0.4 Ankerite 1 65.9 4.9 0.2 23.4
Bioclast 98.6 0.0 0.0 0.4 Ankerite 1 61.5 10.8 0.4 27.4
Bioclast 97.9 0.0 0.0 2.1 Ankerite 1 59.5 10.8 0.4 27.4
Bioclast 99.6 0.0 0.0 0.4 Ankerite 1 60.3 5.3 0.6 27.1
Bioclast 99.3 0.0 0.0 0.7 Ankerite 1 61.6 11.0 0.5 26.4

Ankerite 1 61.1 11.0 0.5 26.4
Calcite 99.0 0.2 0.4 0.4 Ankerite 1 61.7 11.6 0.4 26.3
Calcite 98.8 0.0 0.8 1.4 Ankerite 1 64.1 10.2 0.4 25.3
Calcite 97.3 0.0 0.6 2.1 Ankerite 1 62.1 11.2 0.5 26.2
Calcite 98.6 0.2 0.8 0.4 Ankerite 1 65.0 5.8 0.3 23.3
Calcite 98.5 0.0 0.8 0.7 Ankerite 2 63.0 3.6 0.2 33.2
Calcite 95.9 0.0 1.7 2.4 Ankerite 2 61.8 3.2 0.3 34.7
Calcite 98.8 0.0 0.8 0.4 Ankerite 2 63.8 5.8 0.2 30.2
Calcite 99.4 0.1 0.9 0.6 Ankerite 2 63.6 6.4 0.2 29.8
Calcite 96.9 0.1 1.3 1.7 Ankerite 2 66.7 6.4 0.2 26.7
Calcite 99.0 0.0 0.7 0.3 Ankerite 2 61.6 6.4 0.4 31.6
Ankerite 2 65.1 5.6 0.2 29.1
Ankerite 2 65.4 6.0 0.2 28.4
Table 3. Stable isotopic data for authigenic carbonatcs
Well Depth (ft) Mineralogy Size Fraction (um) 50ppB SCPDB 50SMOW
2/10-a6 5492'-94 Calcite <50 -3.2 -2.9 27.6
2/10-a6 5492'-.94 Calcite <50 -3.9 -3.1 26.9
2/10-a6 5492'-94 Calcite <50 -3.8 -3.0 27.0
2/10-a6 5492'-94 Calcite <50 -3.9 -3.0 26.9
2/10-a6 5492'-94 Calcite 53-64 -3.6 -2.5 27.2
2/10-a6 5492'-94 Calcite 64-90 -3.8 -1.5 27.0
2/10-a6 5492'-94 Calcite 64-90 -3.7 -1.6 27.1
2/10-a6 5492'-94 Calcite 90-100 -3.9 -1.3 26.9
2/10-a6 5492'-94  Calcite 100-125 -3.7 -0.8 27.1
2/10-a6 5492'-94 Calcite 100-125 -3.7 -1.1 27.0
2/10-a6 5492'-94 Calcite 100-125 -3.8 -0.8 27.0
2/10-a6 5492'-94  Calcite >250 -3.6 -1.0 27.2
2/10-a6 5492'-94  Calcite (bioclast) N/A -4.4 -4.9 26.4
2/10-a6 5492'-94  Calcite (bioclast) N/A -4.5 -5.3 26.3
2/10-a6 5492'-.94 Ankerite <100 -8.7 +158 219
2/10-a6 5528 Ankerite <100 -9.3 +8.0 213
2/10-a6 5528 Ankerite <100 -8.1 +6.7 22.6
2/10-a6 5523 Ankerite <100 -10.7 +6.7 19.9
2/10-a7 5409 Ankerite <100 -7.7 +14.4 229
2/10-a7 5407 Ankerite <100 -8.5 +13.2 222
3/11-b3 55171 Ankerite <100 -11.2 +11.4 193
3/11-b3 5521 Ankerite <100 <9.7 +12.4 209

3/11-b3 5494' Ankerite <100 -10.9 +9.7 19.7



Table 4. Stable isotopic data for Emerald oilfield kaolinite

DEPTH (m) WELL FIELD SIZE (um) 5180 3D  source

1672. 2/10-26 Emeraid <05 18.2 This swudy
1672.3 2/10-a6 Emerald 0.5-2 16.7 -55 This swudy
1672.8 2/10-a6 Emerald 2-10 17.7 -53  This study
1672.8 2/10-a6 Emerald 53-64 17.8 This study
1672.3 2/10-a6 Emerald 53-64 18.3 -47  This swdy
1672.3 2/10-a6 Emerald 53.64 17.9 This study
1672.3 2/10-a6 Emerald 2-10 18.1 This study
1648.7 2/10-a7 Emerald 2-10 17.0 -68 This swudy
1638.6 2/10-a7 Emerald <3 16.5 This swdy
1638.6 2/10-a7 Emerald 0.5-2 17.0 This stwudy
1679.5 2/10-a7 Emerald 0.5-2 16.5 This swdy
1638.6 2/10-a7 Emerald <035 17.0 This study
1638.6 2/10-a7 Emerald 2-10 17.2 This swudy
1679.5 2/10-a7 Emerald <05 16.1 -54  This study
1638.6 2/10-a7 Emerald 2-10 16.9 -54 This swdy
1638.6 2/10-a7 Emerald 0.5-2 17.7 This study
1679.5 2/10-a7 Emerald <05 16.3 -54  This swudy
1681.6 3/11-53 Emerald 0.5-2 16.4 -58 This swdy
1681.6 3/11-b3 Emerald 2-10 17.2 -356 This study
1679.5 3/11-b3 Emerald 2-10 16.8 This study
1682.8 3/11-b3 Emerald 2-10 17.2  -49  This study
1681.6 3/11-b3 Emerald 64.85 18.5 -67 This study

Table 5. Strontium isotopic data for authigenic carbonates
Well 2/10-a6, 35492'.5494 ft TYD.

Mineral Size Fraction (pm)

Rb Sr 87Rbu/86sr 875,/865, 20  (875r/865r)150M
Calcite <33 0.902 456.3 0.0037 0.70896 9 0.70893
Calcite 53.64 0.624 4630 0.0039  0.70872 3 0.70871
Chlcite €4-90 0.317 5346  0.0018  0.70857 3 0.70857
Calcite >2350 0.617 4545 0.0039  0.70877 4 0.70876
Ankerite <100 4.080 679.0  0.0174  0.70974 5 0.70970



Table 6. Fluid inclusion data, Well 2/10-a7, 1649.4m TVD.

Inclusion No.  Tj(*C) Inclusion No.  Tx(°C)
1 64 45 60
2 64 46 65
3 55 47 75
4 65 48 68
5 68 49 68
6 69 - 50 57
7 68 51 51
8 68 52 52
9 68 53 68
10 62 54 73
11 76 55 67
12 62 56 60
13 63 57 64
14 58 58 ' 66
15 60 59 68
16 58 60 70
17 65

18 68

19 64

20 68

21 58

22 64

23 60

24 64

25 70

26 65

27 69

28 69

29 83

30 81

31 81

32 83

33 88

34 65

35 65

36 73

37 87

38 52

39 71

40 71

41 57

42 67

43 87

86

N
N
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KAOLINITE MORPHOLOGY VARIES WITH GROWTH

TEMPERATURE IN ISOTOPICALLY MIXED PORE-FLUIDS,
BRENT GROUP, U. K. NORTH SEA.

Mark Osbornel, R. Stuart Haszeldinel, & Anthony E. Fallick?

1- Dept. of Geology & Applied Geology, Glasgow Univ.,

Glasgow G12 8QQ.

2-Isotope Geosciences Unit, S.U.R.R.C,, East Kilbride, Glasgow, G750QU.

41 ABSTRACT

Diagenetic kaolinite in reservoir sandstones of the Brent Group
precipitated following the dissolution of detrital feldspar. Two distinct
morphologies of kaolinite occur; early diagenetic vermiform kaolinite
which is often associated with expanded detrital micas, and later
diagenetic "blocky" kaolinite. Combined hydrogen and oxygen isotopic
studies suggest that vermiform kaolinite precipitated at 25-50°C, and
blocky kaolinite at 50-80°C, from pore-waters of a similar isotopic
composition (§180= -6.5 to -3.5%0). These pore-waters are interpreted to
be either a mixture of meteoric and compactional waters, or
alternatively a meteoric water that had evolved isotopically due to
water-rock interaction. Kaolinite precipitation occured predominantly
during the late Cretaceous to early Eocene. Influx of meteoric water into
the Brent Group likely occurred during the Palaeocene. Fluid flow across
the entire basin was driven by a hydrostatic head on the East Shetland
Platform palaeo-landmass to the west. The development of the two
kaolinite morphologies is possibly related to- the degree of
supersaturation at the time of precipitation. At low degrees of
supersaturation vermiform kaolinite precipitated slowly upon detrital
mica surfaces. Blocky kaolinite precipitated more rapidly into open pore-
space at higher degrees of supersaturation. Precipitation of blocky
kaolinite was perhaps triggered by the decay of oxalate.

42 INTROD ION
Diagenetic kaolinite and illite have a detrimental effect on the

permeabilities of Brent Group sandstones, and can block pore-throats
during oil production. Recent studies have shown that diagenetic
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kaolinite and illite occur in oilfields throughout the whole of the East
Shetland Basin, but in detail the volumes and morphologies of the clays
differ with present day depth of burial (Giles et al. 1992; Glasmann et al.
1992; Haszeldine et al. 1992).

In this paper we present a compilation of some of the published and
unpublished stable isotopic data (5180, §D) available to us from
authigenic kaolinite in the Brent Group. These isotopic data have been
used to constrain the growth temperature of the kaolinite and the origin
of the pore-water from which it precipitated. These data come from 6
different oilfields in the East Shetland Basin area of the Northern North
Sea, and cover a wide depth range of 1600-4400m. Present depth of
burial, in all instances, is thought to have been the maximum depth
attained. The objective of this study is to improve our understanding of
the origins of the kaolinite, and to generate a better predictive model for
its distribution in the subsurface.

43 GEOLOGICAL SETTING

The samples examined in this study came from reservoir sandstones
in the Thistle, Murchison, Dunlin, Emerald, Heather, and South Alwyn
oilfields in the East Shetland Basin area in the U.K. sector of the
northern North Sea (Figure 1).

The stratigraphy, facies and depositional environment of the Brent
Group is reviewed in Richards (1992). The Middle Jurassic Brent Group,
consisting of deltaic and shallow marine sandstones, is approximately
300m thick, and is subdivided into five Formations. The Broom
Formation is a separate fan delta and is not depositicnally related to the
overlying Rannoch Formation. The Rannoch and Etive Formations
have been described as regressive facies formed during northwards
progradation of the clastic wedge, whilst the overlying Tarbert
Formations are transgressive in origin and were formed during a
relative sea level rise which eventually drowned the system.

The Broom Formation consists of thin, poorly sorted, sandstones of
limited reservoir importance. The Rannoch Formation is thought to
have been deposited within a storm wave influenced shoreface setting,
the sediments coarsen upwards, from siltstone to very fine or fine
grained sandstone. Concentrations of mica and carbonaceous material
along low angle laminae may inhibit vertical flow. The Etive Formation
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is generally the best reservoir interval in the Brent Group, and consists
of massive, well sorted, fine-coarse grained beach-barrier sandstones.
Occasional mica and clay layers may reduce vertical permeability. Both
the Rannoch and Etive Formations form extensive, readily correlatable
sheets. The deltaic and coastal plain sediments of the Ness Formation
are the most lithologically varied succesion in the Brent Group,
consisting of interbedded sandstones, shales and some thin coals.
Sandstones are often laterally and vertically discontinuous unless
stacked fluvial channel sands occur. The Mid-Ness Shale forms an
important non-reservoir horizon. The Tarbert Formation consists of
fine grained, well sorted, micaceous, sandstones, with a coarser grained
base which is interpreted to be a transgressive lag deposit. The Tarbert
Formation was deposited in a shoreface setting during overall marine
transgression. The Formation may be absent or thin at the crest of fields
due to erosion beneath the late Cimmerian unconformity.

Schematic burial curves for the oilfields discussed are shown in Figure
2.

44 KAOLINITE MORPHOLOGY & DISTRIBUTION
441 P raphi

A generalised paragenetic sequence for the Brent Group sandstones
studied is shown in Figure 3. Three morphological types of diagenetic
kaolinite have been recognised within the Brent Group; kaolinite seen
in association with detrital micas, vermiform kaolinite, and blocky
kaolinite (Giles et al. 1992; Glasmann et al. 1989; Harris 1992).

Vermiform kaolinite and kaolinite associated with detrital micas are
observed to occur within early diagenetic calcite concretions. It is likely
that the vermiform kaolinite and the kaolinite within micas have a
common origin, as they possess a similar morphology. Both kaolinites
consist of large platy crystals, often with irregular edges. The plates are
stacked on top of one another, roughly parallel to the 001 face. This
results in large composite crystals (up to 200pm wide and 300um in
length) which are usually curvilinear in shape. Very thin sheets of
muscovite occur within the vermiform kaolinite crystal (Figure 4).

Blocky kaolinite is typically fine grained (<30um) and consists of very
euhedral, pseudo-hexagonal, blocky crystals (Figure 5). Blocky kaolinite
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is found in both primary porosity and secondary porosity created by the
dissolution of feldspars. It is rarely seen in association with detrital
micas. Blocky kaolinite has not been observed within early diagenetic
calcite concretions occurring .in the Emerald, Cormorant, Dunlin,
Thistle, Alwyn South and Murchison oilfields. In contrast vermiform
kaolinite and kaolinite associated with detrital micas are frequently
found within these concretions.

Point count data on the distribution of the three kaolinite
morphologies with depth indicates that vermiform and kaolinite
cemented micas predominate within early diagenetic calcite concretions
at any depth (Figure 6). Vermiform kaolinite and kaolinite associated
with detrital micas also predominate in shallow buried Brent Group
sandstones (<6000ft, 1800m). With increasing depth of burial the relative
amount of blocky kaolinite present in the samples becomes increasingly
volumetrically important (Figure 6).

Collation of published and unpublished point count data (Brint 1989;
Giles et al. 1992; Harris 1992; Hogg 1989) shows that the volume of
kaolinite present in the Brent group is highly variable, from 0-22
volume%, averaging 6.5% (Figure 7). Outside early diagenetic calcite
concretions, kaolinite abundances are 2-3 times higher than inside
concretions (Figure 7). In a study of the Statfjord, Hutton and Lyell
fields, Harris (1992) found that more kaolinite was present in micaceous
sandstones of the Rannoch and Ness Formations. Similarly, Bjorlykke &
Brendsall (1986) found that there was a good relationship between mica
content and kaolinite abundance in the Statfjord field. However detrital
mica content is not the only facies related variable apparently linked to
kaolinite distribution. In a regional study Giles et al. (1992) found that
more kaolinite was present in the Etive than in any other Formation,
and also that massive and cross-bedded sands in the Ness Formation
were more kaolinite rich.

Ehrenberg (1991) has described unusually kaolinite rich sandstones
which occur adjacent to organic rich shales at the top and bottom of the
Middle Jurassic Garn Formation in the Norwegian North Sea, which is
laterally equivalent to the Brent Group of the U.K. sector. These
sandstones contain greater volumes of kaolinite but less feldspar than
the rest of the Garn Formation. Ehrenberg noted however, that the
leached zones are thin (always <9m) and are not present in all the wells
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studied. Such leached zones have not been reported from the U.K.
sector.

It has also been suggested that kaolinite abundance is greater
immediately beneath the late Jurassic unconformity which occurs at the
fault block crests of many Brent Group oilfields (Shanmugan 1990).
Harris (1992) however, in a study of the Statfjord and Hutton fields,
found that there was no increase in feldspar dissolution or kaolinite
abundance below the unconformity. Bjorkum et al. (1990) also found
that most of the kaolinite beneath the unconformity in the Gullfaks
field was detrital in origin, and not a product of in-situ weathering,
whilst Giles et al. (1992), in an extensive regional study of the Brent
Group, found that-only a'very few wells had enhanced porosities
beneath the unconformity, and that there was no marked increase in
kaolinite abundance.

There is a general decline in kaolinite abundance below ~3300m, when
illite replaces kaolinite as the predominant diagenetic clay. This decline
in kaolinite abundance is seen in all facies and formations of the Brent
Group (Giles et al. 1992).

To summarise this section, kaolinite abundance in the Brent Group is
highly variable, with most kaolinite occurring in micaceous sandstones
of the Rannoch and Ness Formations, and in massive and cross bedded
sandstones in the Etive and Ness Formations. Enhanced abundances of
kaolinite are rarely seen beneath late Jurassic unconformity surfaces or
in sandstones adjacent to organic rich mudrocks.

442 In r ion of rographi

More kaolinite is found outside early diagenetic calcite concretions
than inside (Figure 7). This indicates that an extra volume of kaolinite
have grown over time as subsidence progressed. Both vermiform
kaolinite and kaolinite associated with detrital micas are found inside
early diagenetic concretions. This suggests these kaolinite morphologies
precipitated during shallow burial. Blocky kaolinite only occurs outside
early concretions and is thus a diagenetically later precipitate that
formed during deeper burial. This is supported by the fact that the
volume of blocky kaolinite present in the Brent Group increases with
present day depth of burial (Figure 7).
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Kaolinite probably precipitated within muscovites because the mica
surfaces may have facilitated kaolinite precipitation by reducing the
interfacial free-energy barrier to nucleation. Hence kaolinite could have
precipitated upon mica surfaces for lower levels of supersaturation than
those required for homogeneous nucleation (Crowley 1991). The mica
exhibits fanning and expansion of the grain terminations and kaolinite
has precipitated between the cleavage planes without replacement of the
mica itself (Crowley 1991). Although vermiform kaolinite often
precipitated within the expanded sheets of detrital micas, blocky
kaolinite is rarely seen in association with micas. This suggests that
blocky kaolinite did not require the presence of mica surfaces in order to
nucleate. '

Textural evidence indicates that dissolution of detrital feldspar is the
most likely source of Al and Si ions for kaolinite precipitation, because
in thin section corroded feldspar edges interfinger with diagenetic
kaolinite (Figure 4), suggesting that feldspar dissolution and kaolinite
precipitation are genetically linked. Feldspar is the only volumetrically
significant mineral present in the Brent Group which could dissolve to
produce diagenetic kaolinite, and many feldspar grains have a skeletal
appearance due to leaching (Giles et al. 1992; Harris 1992). Feldspar
abundance declines with depth in all Brent Group facies and formations,
suggesting that increasing volumes of feldspar have dissolved through
time as subsidence progressed (Figure 8). Bulk geochemical analyses of
Brent Group sandstones from a wide range of depths suggest that Al and
Si ions have not been exported from the rock following feldspar
dissolution (Harris 1992). The most likely sink for these Al and Si ions
would have been kaolinite precipitation. Mass balance calculations can
ascertain the amount of feldspar dissolution needed to produce the
kaolinite. The average kaolinite abundance in the Brent Group is 6.5
volume %, but this will be an overestimate due to the high amount of
microporosity present between the clay particles (40%, Nadeau & Hurst
1992), hence the true average kaolinite abundance is 3.3 volume%.
Using the feldspar decomposition reactions of Giles & deBoer (1990), and
knowing the molar volumes of the minerals involved, it can be
calculated that 3.3% kaolinite would be produced by the dissolution of
6.9% feldspar. Inspection of the feldspar abundance versus depth trend
in Figure 8 suggests that dissolution of 6.9% feldspar during burial is
feasible. Hence import of Al and Si ions into the Brent Group is
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apparently not required in order to explain the observed kaolinite
abundances.

There are a number of possible reasons for the high variability in
kaolinite abundance seen in the Brent Group.

1. Kaolinite microporosity. Clay minerals contain high amounts of
microporosity, so that their point-counted abundance will be
overestimates. Diagenetic kaolinite has microporosities varying from 25-
50% (Nadeau & Hurst 1991), hence some of the variability in kaolinite
abundance can easily be explained by differences in clay microporosity.

2. Variation in facies may also be an important factor influencing
kaolinite distribution. For example, Giles et al. (1992) found that more
kaolinite was present in the Etive than in any other Formation, and also
that massive and cross-bedded sands in the Ness Formation were more
kaolinite rich. These same facies also contain less feldspar than the rest
of the Brent Group (Bjorlykke et al. 1992). The higher kaolinite
abundance in these facies may be a reflection of the more porous and
permeable nature of these sandstones compared to the rest of the Brent
Group. If the Brent Group was flushed by feldspar-dissolving fluids then
we would expect the more permeable and laterally extensive Formations
to act as preferential conduits for fluid flow. Hence more feldspar
dissolution would occur in these units and greater amounts of kaolinite
precipitate. If kaolinite precipitated from a moving pore-fluid which was
flowing through the sandstones, then some of the variability in
kaolinite abundance at any single depth could also be explained by local
redistribution of ions in solution.

3. Replacement of kaolinite by illite. There is a general decline in
kaolinite abundance below ~3300m, and an increase in illite abundance
(Giles et al. 1992 ). Using the SEM it can be seen that kaolinite plates are
overgrown by fibrous illite, and EDS x-ray analyses indicates that the
kaolinite contains significant potassium. This suggests that kaolinite is
altering to illite, though high resolution TEM studies are needed in
order discover details of the exact replacement process. The
development of illite in the Brent Group is also apparently influenced
by the presence of detrital K-feldspar in the sediment. Where K-feldspar
is absent, kaolinite may persist to much greater depths than usual
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(Ehrenberg 1991). This suggests that local feldspar dissolution is the
source of K* ions for illite growth, and is consistent with
thermodynamic and kinetic considerations which suggest that with
increasing temperature, illite can form through reaction of silica in
solution with detrital feldspar and authigenic kaolinite ( Giles & deBoer
1990).

4. Acidic fluids released from shales. During the thermal maturation of
organic matter in source rocks, organic acids and CO; can be released.
These acidic fluids could enter nearby reservoir sandstones and result in
feldspar dissolution and subsequent kaolinite precipitation (Curtis 1983;
Surdam et al. 1984). However feldspar leached zones containing
abundant kaolinite have rarely been observed adjacent to shales in the
Brent Group (Ehrenberg 1991). This suggests that the potential for
organic acids to cause widespread feldspar dissolution has been limited.

5. Shanmugan (1990) has argued that subaerial weathering of fault block
crests during the late Jurassic resulted in extensive feldspar dissolution
and secondary porosity creation. Enhanced feldspar dissolution could
also have produced increased abundances of diagenetic kaolinite.
However, the potential for leaching by weathering beneath the
unconformity surface is thought to be limited, as fault block uplift in the
late Jurassic was probably accompanied by rapid erosion (Bjorkum et al.
1990; Yielding et al. 1992). This has resulted in reworked sandstones
downflank of the crest in some fields. Hence only insignificant
topographic relief was likely to have been developed on most fault
blocks. Observed leaching profiles are very thin; in the Upper Jurassic
Magnus oilfield Emery et al. (1990) found that porosities and kaolinite
contents were enhanced for a distance of only <10m beneath the
unconformity. In an extensive regional study of the Brent Group Giles et
al. (1992) found that enhanced porosities only occurred in a very few
wells, where thick uniform sands were present beneath the
unconformity. Hence sand-body connectivity and effective large scale
permeability may have influenced the penetration of acidic, meteoric
water. Giles et al. (1992) also found that there was no extra volume of
kaolinite present in these wells, suggesting that the enhanced porosities
may have been the result of dissolution of early carbonate cements,
rather than detrital feldspar. Thus weathering zones beneath the
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unconformity are very rare, and where they do occur they are very thin.
Hence we can conclude that influx of meteoric water at the fault block
crest has had only a minor effect on kaolinite distribution during
subaerial weathering in the Brent Group.

To summarise this section, diagenetic kaolinite in the Brent Group
was a by-product of feldspar dissolution. Variations in kaolinite
abundance can be partly explained by differences in kaolinite
microporosity, and by replacement of kaolinite by illite at depths
>3300m. Facies also has a very important effect on kaolinite distribution,
as the more porous and‘permeable facies have higher kaolinite
abundances than the rest of the Brent Group. Despite all these factors
influencing local kaolinite abundance, the total amount of kaolinite
present in the Brent Group has increased through time. Early diagenetic
vermiform kaolinite precipitated during shallow burial, and extra
volumes of blocky kaolinite precipitated later, during deeper burial.

45 HYDROGEN AND OXYGEN STABLE ISOTOPE

4,5.1 Stable isotopic data

During the present study vermiform kaolinite from the Emerald
oilfield has been subjected to stable isotopic analysis. Glasmann et al.
(1989) have published stable isotope data from blocky kaolinite in the
Heather field, while Brint (1989) managed to obtain analyses of kaolinite
from the Thistle, Murchison, and Dunlin oilfields, although his samples
consisted of a mixture of the blocky and vermiform types.

As can be seen from Figure 9 vermiform kaolinite is typified by
relatively high values (5180), while blocky kaolinite possesses lower
values (5180). In the mixed samples studied by Brint (1989), the highest
values were associated with separates rich in vermiform kaolinite.
Conversely, the lowest values came from samples containing a greater
preponderance of blocky kaolinite. Brint (1989) does not provide
quantitative data on the relative abundance of vermiform and blocky
kaolinite in his mixed samples, and so we are unable to calculate the
isotopic compositions of the end-members by mass balance methods.
However, the consistent relationship between kaolinite morphology
and 8180 does suggest that the data of Glasmann et al. (1989) and our
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own data can be used to isotopically constrain the conditions under
which the blocky and vermiform end-members precipitated. In contrast
to the strong relationship between kaolinite morphology and §180
compositions, there are no marked differences in 8D between the
different morphologies (Figure 10).

4,52 Interpretation of stable isotopic data

After crystallisation it is possible that structural hydrogen and oxygen
in the clay mineral will be exchanged with hydrogen and oxygen present
in the pore-water. It is therefore important to assess whether isotopic
exchange between existing kaolinite and pore-waters has occurred
during burial.

Experimental evidence suggests that the amount of oxygen isotope
exchange for kaolinite is insignificant below 350°C (O'Neil & Kharaka
1976). Bird & Chivas (1988) have argued that marked hydrogen exchange
has occurred at <80°C in Permian kaolinites they have studied. However
they note that oxygen isotopes have not been exchanged, probably
because change of structural H* and not (OH)~ was involved. Longstaffe
& Ayalon (1990) have similarly demonstrated that hydrogen isotopes in
kaolinite have exchanged with present day formation waters at
temperatures as low as 40°C, though oxygen isotopes remain unaffected.

It is possible to test whether significant stable isotope exchange has
occurred if we know the isotopic composition of both the kaolinite and
the Formation water. In the Thistle oilfield, the isotopic composition of
the present day water has been directly measured (5180= +2, §D=-24 to
-27%o Brint 1989). Using the clay data of Brint (1989) from the Thistle
oilfield we can calculate the composition of the pore-waters that would
be in isotopic equilibrium with kaolinite at 112°C, the present day
reservoir temperature in Thistle, using the isotopic fractionation
equations of Savin & Lee (1988) for oxygen and Lambert & Epstein (1980)
for hydrogen (Figure 11). If complete oxygen and hydrogen isotopic
exchange had occurred then the calculated pore-water values for the
kaolinite should be the same as present day Formation waters. However
neither kaolinite 8180 nor 8D is in isotopic equilibrium with the
formation water at present day burial temperature. Hence there is no
evidence that kaolinite has undergone complete stable isotopic exchange
with present day pore-waters. We will therefore assume there has been
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no post-precipitation stable isotope exchange and combine the 5180 and
8D data to constrain the temperature and isotopic composition of the
pore-water from which the kaolinite precipitated. By solving
simultaneously the isotopic fractionation equations of Savin & Lee
(1988) for oxygen and Lambert & Epstein (1980) for hydrogen, it can be
seen (Figure 12) that both vermiform and blocky kaolinite precipitated
from pore-waters with an overlapping isotopic composition (§180= -6.5
to -3.5%o). It is also clear that differences in 8180 of the kaolinite partly
reflect growth at different temperatures, with late diagenetic blocky
kaolinite precipitating at higher temperatures (50-80°C) than the early
diagenetic vermiform variety (25-50°C). If we assume a burial
temperature gradient of 35°Ckm-! and a surface temperature of 5°C
existed at the time of kaolinite precipitation, then vermiform kaolinite
precipitated at depths of 571-1286m and blocky kaolinite at 1286-2143m.
The assumed burial temperature gradient is similar to that measured in
North Sea boreholes today, and is considered to be a reasonable estimate
for the conductive geothermal gradient during the Cretaceous and
Tertiary (Glennie 1990, Ch. 11)

The calculated water 5180 are lower than pre-Miocene sea water
(8180= -1.0%0; Sheppard 1986); therefore the kaolinites are unlikely to
have precipitated from depositional marine pore-waters. Jurassic
meteoric water is thought to have had §180= -6 to -7%o (Fallick et al.
1993; Hamilton et al. 1987), while Tertiary meteoric waters are estimated
to have had 5180= -10%o (e.g. Fallick et al. 1993). These values represent
the range of possible meteoric waters which could have had access to the
Brent Group since deposition. However the pore-waters from which the

kaolinite precipitated had 8180 values which are generally higher than

any possible meteoric water. Therefore the kaolinite must have
precipitated from a mixed meteoric-marine water, or from a meteoric
pore-fluid that had evolved isotopically during water-rock interaction to
become more enriched in 180 (Sheppard 1986). As many of these
kaolinite samples came from open marine Formations, this suggests
that meteoric water must have flushed through the Brent Group, partly
displacing depositional marine pore-fluids.

It is possible to estimate the timing of kaolinite precipitation by
combining the growth temperatures calculated from the stable isotopic
data, with subsidence curves for the individual oilfields (Figure 13, data
from Table 3). It can be seen (Figure 14) that kaolinite precipitated at
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similar times in different oilfields, during the late Cretaceous to early
Eocene. It should be remembered however, that Brint (1989) analysed
mixtures of vermiform and blocky kaolinite, hence his stable isotopic
data represent bulk values for a mixture of different kaolinite
generations. Thus we cannot rule out the possibility that some kaolinite
precipitated earlier or later than the times calculated. Nevertheless, it is
still probable that the greatest volume of kaolinite grew during the late
Cretaceous to early Eocene.

4.6 DISCUSSION

As outlined earlier, vermiform kaolinite and blocky kaolinite

precipitated from waters with a similar isotopic composition (§180= -6.5 -
to -3.5%0), which suggests that there was a component of meteoric water
in the pore-fluid. Integration of kaolinite growth temperatures with
subsidence histories for the individual oilfields suggests that most
kaolinite precipitated during the late Cretaceous to early Eocene (Figures
13 & 14).
Why did extensive kaolinite precipitation (and by inference, feldspar
dissolution) occur at this time? Any diagenetic model advanced to
explain this cementation event must also consider the stable isotopic
data, which suggest that pore-waters in the Brent Group were meteoric
or brackish in composition at the time of kaolinite precipitation.

We suggest that the most likely mechanism allowing meteoric water
to enter the Brent Group during the late Cretaceous to early Eocene is
regional meteoric fluid flow. This meteoric flow would be driven by a
gravitational hydrostatic head on the East Shetland Platform to the west,”
which was a landmass during the Palaeocene (Glennie 1990). This
meteoric water could have undergone mixing with compactional,
marine-derived pore-fluids, which were probably being expelled from
rapidly subsiding marine sediments at this time. Mixing of meteoric
waters and compactional marine waters, would explain the brackish
pore-water compositions suggested by the stable isotopic data.

The amount of uplift during the Palaeocene is not well constrained,
but the Tertiary volcanic province on the west coast of Scotland is
thought to have attained a height of at least 3km (White & McKenzie
1989). Meteoric water precipitating as rain on a landmass may certainly
flow below the sea floor far into sedimentary basins. For example
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freshwater aquifers occur 120km off the Florida coast in Tertiary
carbonate aquifers (Mannheim 1967). The depth of penetration of
meteoric water is also considerable; in the Great Artesian Basin of
Australia the aquifer lies at depths of up to 2000m (Hebermehl 1980). In
this East Shetland Basin study area, Mullis & Haszeldine (1994) have
quantitatively modelled the ancient hydrogeology of the Brent Group
fault blocks. They conclude that large scale meteoric flow was feasible
with rates of 2-6cm/yr -1 resulting from a hydraulic head of only 100m.

In support of regional fluid flow we note that oil columns in the
Emerald, and Gullfaks fields are biodegraded due to the influx of oxygen
bearing meteoric water (Wheatley et al. 1987; Larter & Horsted 1992).
(Larter & Horstad 1992) have suggested that meteoric water entered the
Gullfaks field from the west in the late Cretaceous when the reservoir
was shallow buried (<2000m). However, Mullis & Haszeldine (1994)
suggest that biodegradation in the Gullfaks field occurred in the early
Tertiary. Wheatley et al. (1987) similarly believe that meteoric water
flushed through the Emerald oilfield from the west in the Palaeocene,
resulting in biodegradation (1000m burial). Miles (1990) also found that
oil in the Ninian field contained a small biodegraded component. In the
Ninian oilfield, biodegradation of early migrating oil is thought to have
occurred in the late Cretaceous at <2100m burial. However the effect of
this early biodegradation has been masked by the influx of greater
volumes of non-biodegraded oil during the early Tertiary, when the
oilfield was buried to depths of 2100-3000m (Miles 1990). Hence the
amount of biodegraded oil present in Brent Group oilfields is apparently
related both to oilfield subsidence history, and to the timing of
hydrocarbon charging. If oil entered shallow buried reservoirs during
the late Cretaceous to Palaeocene, then hydrocarbons were biodegraded
due to flushing by meteoric waters. However by the Eocene, most Brent
Group oilfields were deeply buried, and reservoir temperatures were too
high for biodegradation to proceed. Hence hydrocarbons migrating at
this time were not biodegraded.

If meteoric water entered the Brent Group, then it may be directly
responsible for feldspar dissolution, because dissolution is faster in acidic
pore-water and meteoric water is often slightly acidic due to dissolved
CO2 and organic acids produced in soil profiles (Giles & deBoer 1990).
This may explain why the most permeable facies in the Brent Group
possess greater volumes of authigenic kaolinite; such facies would be
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would be preferential conduits for aggressive meteoric waters leading to
intense feldspar dissolution and subsequently greater kaolinite
precipitation. Oxidative biodegradation of migrating oil by meteoric
waters can also lead to the production of large volumes of organic acids,
which would further enhance feldspar dissolution rates, particularly in
the most permeable carrier-bed sandstones (Dimitrakopoulos &
Meuhlenbachs 1987). Note however, that acidic pore-waters would not
necessarily be required for feldspar dissolution to proceed. Feldspar
dissolution is faster in acidic pore-waters, but still occurs in waters with a
neutral pH (Giles & deBoer 1990).

Because dissolution rates at low temperatures are slow, a large flux of
acidic meteoric water through the Brent Group would probably not have
been needed to dissolve the detrital feldspars. However a minimum flux
must have been available to keep K*/H™ low and ensure that the pore-
waters remained in the stability field of kaolinite (Bjorlykke & Aagaard
1992). Oxidative biodegradation of oil also requires a moving pore-water,
because dissolved O must be continually supplied to the bacteria which
are degrading the oil.

We suggest that kaolinite morphologies are related to depth of burial;
at shallow depths (571-1286m, 25-47°C) vermiform kaolinite precipitated,
while at greater depths (1286-2143m, 50-80°C) blocky kaolinite
precipitated. This interpretation is supported by the paragenetic
sequence, petrographic observations, and by palaeotemperature
information calculated using stable isotope data.

Hurst & Irwin (1982) have suggested that influx of meteoric water
results in rapid feldspar dissolution and consequently rapid kaolinite
precipitation. In their model, rapid kaolinite growth results in the
precipitation of vermiform kaolinite. However if there is no flow of
meteoric pore-water then kaolinite precipitation proceeds more slowly,
leading to finer grained, blocky kaolinite. Hence in this model the
growth of different kaolinite morphologies is a transport controlled
process, with growth being fastest in a flowing fluid which is continually
transporting additional ions to the crystal surface.

Our own tentative model for kaolinite growth is shown in Figure 15.
This differs from the transport-controlled growth model of Hurst &
Irwin (1982) in several respects. XRD studies of vermiform and blocky
kaolinite show that both are well-crystalline, indicating they precipitated
from fluids with a low degree of supersaturation (Berner 1981); hence
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vermiform kaolinite could not have precipitated rapidly from a highly
supersaturated fluid as suggested by Hurst and Irwin. Transport-
controlled kaolinite growth also does not explain why vermiform
kaolinite precipitates preferentially within expanded micas. Instead the
association with micas strongly suggests that growth of vermiform
kaolinite was from solutions with a very low degree of supersaturation,
so that mica surfaces were the only kinetically favourable sites upon
which kaolinite could nucleate (Crowley 1991). In such a situation, the
rate of kaolinite growth would be at least partly controlled by reactions at
the mica surface. In surface-controlled growth nutrient ion supply is so
slow that ions can easily be supplied by molecular diffusion, so that the
growth rate will not be affected by the rate of fluid flow (Berner 1981).

Instead it is likely that the difference in the kaolinite morphologies is
related to the degree of supersaturation at the time of precipitation. At
low temperatures (shallow burial) feldspar dissolution rates will be low,
hence we would expect only low levels of supersaturation with respect
to kaolinite (Giles & deBoer 1990). Similarly, kinetic constraints mean
that mineral precipitation rates are very slow at low temperatures
(Berner 1981). Under such conditions, kaolinite precipitation upon mica
surfaces could have been kinetically favoured, as this would have
reduced the interfacial free-energy barrier to nucleation (Crowley 1991).
Expanded mica also possesses many minute cracks and interstices, and
Berner (1971) has theoretically shown that mineral nucleation may
proceed in cracks even from undersaturated solutions. Once the
kaolinite had initially nucleated upon the mica surface, more kaolinite
could have precipitated upon the pre-existing kaolinite crystals.
Succesive plates ‘could then precipitate face to face, producing the
- characteristic vermiform morphology (Crowley 1991).

At higher temperatures (deeper burial), the rate of feldspar dissolution
is greater, increasing 29,220 times, as temperature rises from 25 to 200°C
(Helgeson & Murphy 1983). The rate of feldspar dissolution at depth will
be further be enhanced if acidic fluids are being expelled from adjacent
organic-rich mudrocks over the temperature range 70-110°C (Surdam et
al. 1984). Oxidative biodegradation of migrating oil by meteoric waters
could also have lead to in-situ production of large volumes of organic
acids (Dimitrakopoulos & Muehlenbachs 1987). Such acidic fluids
contain oxalate (carboxylic acid anions), which act as an Al-complexing
agents, greatly enhancing the solubility of aluminium (Surdam et al.
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1984). This could have allowed the Al concentration of the pore-water to
increase following feldspar dissolution. However, as this oxalate
decomposed, the Al in solution would have precipitated in the form of
diagenetic clay (Curtis 1983). It has been experimentally demonstrated
that kaolinite precipitation is very rapid under such conditions, and is
dependent only upon the rate of oxalate decay (Small 1993). Hence
during deeper burial, the combined effects of increased rates of feldspar
dissolution and complexing of some Al in solution could have led to
higher states of supersaturation being achieved. It is thus possible that
blocky kaolinite precipitated from solutions which were supersaturated
to a higher degree.

The smaller size of the blocky kaolinite crystals compared to the
vermiform variety is consistent with precipitation at higher degrees of
supersaturation, because high supersaturation encourages rapid
nucleation of greater numbers of smaller crystals in preference to slower
growth of a few large crystals (Berner, 1971). If supersaturation was high,
mica surfaces would not be required in order to nucleate kaolinite, and
blocky kaolinite could have rapidly precipitated directly into open pore-
space. This explains why blocky kaolinite is rarely seen in association
with muscovite in the Brent Group. Because the kaolinite was not using
mica surfaces as a template for growth, it was possible for the kaolinite to
develop its characteristic pseudo-hexagonal, platy, morphology.

The available experimental data is consistent with this hypothesis. In
the laboratory, Small (1993) managed to precipitate blocky kaolinite from
solution following the decay of oxalate (carboxylic acid anions). Initially
a metastable Al-oxyhydroxide gel is thought to have precipitated, which
subsequently transformed into the blocky kaolinite by the incorporation
of silica (Small 1993). Rapid precipitation of a precursor gel indicates
high levels of supersaturation (Berner 1981). By contrast, Small et al.
(1992) managed to precipitate vermiform kaolinite following HCI
dissolution of feldspar, without any oxalate being present, and with no
precipitation of a precursor gel. Small (1993) suggests that the different
vermiform and blocky morphologies are the result of precipitation via
different mechanisms.

We suggest that in the Brent Group, early diagenetic vermiform
kaolinite precipitated on mica surfaces at low temperatures. Vermiform
kaolinite precipitated slowly, under conditions of low supersaturation.
During deeper burial (higher temperatures) increased rates of feldspar
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dissolution resulted in higher degrees of supersaturation, and blocky
kaolinite precipitated rapidly into open pore-space. Precipitation of
blocky kaolinite was perhaps triggered by the decay of oxalate. This
oxalate had been generated during the biodegradation of crude oil. This
hypothetical model is consistent with the available petrographic,
isotopic and experimental data.

4.7 NCLUSION

1) The distribution of kaolinite morphologies in the Brent Group is
related to depth of burial. At shallow depths (<1800m) and within early
diagenetic calcite concretions, vermiform kaolinite and kaolinite
associated with detrital micas predominate. At greater depths blocky
kaolinite predominates. The most permeable and laterally continuous
facies of the Brent Group contain the greatest volumes of kaolinite.

2) Stable isotopic data suggest that vermiform kaolinite precipitated at
25-50°C and blocky kaolinite at 50-80°C from pore-waters with a similar
composition (§180= -6.5 to -3.5%0). These pore-waters are interpreted to
be a mixture of meteoric fluid and compactional marine pore-waters.
Most kaolinite precipitated during late Cretaceous to early Eocene times.

3) Kaolinite precipitation may be linked to the influx of meteoric water
into the Brent Group during the Palaeocene. Fluid flow across the entire
basin was driven by a hydrostatic head on the East Shetland Platform
palaeo-landmass to the west. This acidic meteoric water flushed
- preferentially through the most permeable formations, resulting in
enhanced feldspar dissolution and kaolinite precipitation in these facies.
Oil migrating into shallow buried reservoirs at this time was flushed by
meteoric waters and became biodegraded.

4) The development of the vermiform and blocky morphologies is
possibly dependent upon the degree of supersaturation at the time of
precipitation. For low degrees of supersaturation vermiform kaolinite
precipitated slowly upon mica surfaces. At higher degrees of
supersaturation blocky kaolinite rapidly precipitated directly into pore-
space. Blocky kaolinite precipitation may have been triggered by the
decay of oxalate.
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Figure 2. Schematic burial curves for the oilfields studied.
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al. (1989).
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K- Feldspar

a) Large vermiform kaolinite crystal. Note that

very thin sheets of muscovite (light 1in colour,

arrowed) occur within the kaolinite crystal. This
suggests that the kaolinite nucleated upon mica
originally. Emerald oilfield, 2/10a-7, 1649.4m TVD

b) Vermiform kaolinite (K) nucleated between  the

sheets of an expanded muscovite (M). Immediately
adjacent to the mica is a K-feldspar clearly
dissolved. Kaolinite precipitated in the secondary
porosity created by feldspar corrosion.This suggests
the Al and Si were supplied by breakdown of
detrital feldspar. Same sample as in 4 a).



Figure 5. Typical appearance of blockv kaolinite. This type of
kaolinite consists of very euhedral, sub-hexagonal

plates. Murchison oilfield, Well 211/19-3,
3148mTVD.
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6. Point count data on the
kaolinite morphologies with present
burial. Vermiform kaolinite and kaolinite seen in

association with detrital micas predominate within

buried sandstones and within early

calcite concretions. With increasing depth

shallow
diagenetic
of burial the relative amount of blocky kaolinite in

samples becomes increasingly volumetrically

important. Data from Table 1.
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7. Compilation of point count data showing the

variation in kaolinite abundance with present day
depth of burial. Kaolinite occurring within early

diagenetic calcite concretions has also been plotted,
the depth of cementation being calculated from the
minus cement porosities of the concretions in
conjunction with the compaction curves of Baldwin
& Butler (1985). Note that kaolinite content within
concretions is lower than that outside <concretions,
suggesting extra kaolinite has ©precipitated through
time. Kaolinite abundance is highly variable at any
one depth. Data from Brint (1989); Giles et al. 1992,
and Harris (1992) plus data of the authors from the
Emerald oilfield
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Figure 8. Variation in feldspar abundance with present day
depth in the Brent Group. There is a general decline
in feldspar content with increasing depth.
Compilation of point count data from Brint (1989);
Giles et al. (1992); Harris (1992), plus data of the

authors from the Emerald oilfield.
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Figure 9. Histogram showing the variation in 570 of
kaolinite separateswith clay morphology. Blocky
kaolinite has the lowest 57~ 0, while vermiform
kaolinite has the highest. Mixtures of vermiform
and blocky kaolinite have intermediate S”*O. Data
from Brint (1989); Glasmann et al. (1989), plus
unpublished data of the authors from the Emerald
oilfield. Data presented in Table 2.
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Figure 10. Histogram showing the variation in 5D of kaolinite
separates with clay morphology. There is no
systematic variation in 5D with kaolinite
morphology. Data from same references as in Figure

9, and Table 2.
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ure 11. versus 5D plot showing the 1isotopic

composition of waters that would be in 1isotopic
equilibrium with diagenetic kaolinite in the Thistle
oilfield at present day reservoir temperatures
(112°C). The calculated water isotopic compositions
are not the same as present day formation waters.
This indicates that it is unlikely that 1isotopic
exchange between kaolinite and formation water has
occured. Kaolinite mineral values from Brint (1989),
present day Thistle pore-water composition from
Haszeldine et al. (1992). Fractionation equations
used were those of Savin & Lee (1988) for oxygen
and Lambert & Epstein (1980) for hydrogen.
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Figure 12. 570 versus 5D plot showing the stable isotopic
compositions of vermiform kaolinite, blocky
kaolinite, and mixtures of the two types. Solid black
lines represent the stable isotopic composition of
kaolinite that would have precipitated from a
meteoric water with a specific composition
(51~0= -3?7 .s, -7, or -9%c ). Broken black |lines
represent constant temperature. The isotopic
composition of kaolinite which precipitated from
ancient sea water with 87"0= -1%o0; 5SD= -10% 1is also
shown (Sheppard 1986). Both vermiform and blocky
kaolinite precipitated from waters of similar
isotopic composition (8*"0= -6.5 to -3.5%0). However
vermiform  kaolinite precipitated at 25-50°C and
blocky kaolinite at 50-80°C. Fractionation equations
used were those of Savin & Lee (1988) for oxygen,
and Lambert & Epstein (1980) for hydrogen. S*O
and 5D compositions for meteoric waters were taken

from the meteoric water line of Craig (1961).
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Figure 13. By combining kaolinite growth temperatures with
the subsidence histories of the individual oilfields,
it is possible to estimate the time at which kaolinite
precipitated. - Data from Table 3. Plots were
constructed assuming a temperature gradient of
35°C/km and surface temperature of 35°C existed at
the time of cementation. Burial curves redrawn in
part from Brint (1989) and Glasmann ef al. (1989).
For further discussion see text.
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Figure 14. Plot showing the timing of kaolinite cementation

in different Brent Group oilfields. Most kaolinite
precipitated during the late Cretaceous to early

Eocene. Data from Table 3. See text for further

information.
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Table 1. Percentage of different kaolinite morphologies present in
Brent Group sandstones. Point count data, 200 points per thin
section. '

Depth(m) Well Field %Vermiform %Blocky %Frayed Mica
3130.5 211/19-3 Murchison 34 56 10

3159.8 211/19-3 Murchison 4 92 4

3151.2 211/19-3 Murchison 12 84 4

3167.7 211/19-3 Murchison 18 78 4

3100.9 211/19-4 Murchison 12 88 0

3062.2 211/19-4 Murchison 12 86 2

3091.8 211/19-4 Murchison 18 78 4

3072.8 211/19-4 Murchison 12 88 0

3055.5 211/19-4 Murchison 6 94 0

3095.1 211/19-4 Murchison 16 54 30

2852.1 211/19-1 Thistle 50 50 0

2894.3 211/19-1 Thistle 32 40 28

2853.7 211/19-1 Thistle 38 16 46

2933.2 211/19-1 Thistle 20 64 10

2929.3 211/19-1 Thistle 20 78 2

2907.3 211/18-A30 Thistle 26 66 8

2970.7 211/18-A30 Thistle 12 76 12

2894.5 211/18-A30 Thistle 34 64 2

2934.8 211/18-A30 Thistle 12 74 14

2925.9 211/18-A30 Thistle 22 72 6

3035.7 211/18-A31 Thistle 22 78 0

3174.1 211/18-A45 Thistle 14 74 12

4303.96 211/18-A45 Thistle 20 74 6

4288.7 211/18-A45 Thistle 6 82 12

3583.8 211/18-A10 Thistle 50 42 8

3602 211/18-A10 Thistle 22 56 22

2874.1 211/18-A07 Thistle 20 70 10

2849.7 211/18-A07 Thistle 42 38 20

2857.3 211/18-A07 Thistle 40 56 4

3769.8 3/13a-1 Alwyn area 0 100 0

3764.9 3/13a-1 Alwyn area 0 100 0

3811.3 3/13a-1 Alwyn area 0 90 10

1683.9 3/11b-3 Emerald 90 0 10

1682.7 3/11b-3 Emerald 90 0 10

1680.9 3/11b-3 Emerald 94 0 6

1667.5 2/10-a6 Emerald 98 0 2

1674.4 2/10-a6 Emerald 93 0 7

1708.5 3/11b-5 Emerald 95 0 3

1664.2 2/10-a7Z Emerald 95 0 3

1671 2/10-a6 Emerald 97 0 3

1675.6 2/10-a6 Emerald 98 0 2

1675.9 2/10-a6 Emerald 99 0 1

1676.5 3/11b-3 Emerald 99 0 1

1675.3 3/11b-3 Emerald 100 0 0

1696.9 3/11b-3 Emerald 95 0 5

1700 3/11b-5 Emerald 98 0 2

1696.3 3/11b-5 Emerald 97 0 3

1799.6 2/10-A7Z Emerald 99 0 1

2793.6 211/18-A31 Thistle 20 0 80 Concretion
2974.3 211/18-A31 Thistle 64 0 36 Concretion
2850.6 211/23-4 Dunlin 5 0 90 Concretion
2851.8 211/23-4 Dunlin 6 0 89 Concretion
2850.3 211/23-4 Dunlin 0 0 100 Concretion
1667.4 2/10-a6 Emerald 21 0 79 Concretion
1674.4 2/10-a6 Emerald 35 0 65 Concretion
1664.2 2/10-a6 Emerald 30 0 70 Concretion



Table 2. Stable isotopic data for Brent Group kaolinite
SOURCE

DEPTH (m)
1672.8
1672.8
1672.8
1672.8
1672.8
1672.8
1672.8
1648.7
1638.6
1638.6
1679.5
1638.6
1638.6
1679.5
1638.6
1638.6
1679.5
1681.6
1681.6
1679.5
1682.8
1681.6
2628
2630
2631
2634
2637
2793
2800
2812
2741
2756
2765
2768
3012
3038
3048
3056
3187
3228
2875
2880
2884
2711
2757
2761
2765
2831
2838
3720
3353.1
3363.5
3373.6
3388.3
3388.7
3417.3
34214
2962.7
3325.9
3325.9
2891.5
2891.5
2891.5
2894.2
29109
2910.9
3569.6
3581.9
3590
3619.8
3621.3
3625.4
3646.2
3648
3654.6
4323.9

WELL
2/10-a6
2/10-a6
2/10-a6
2/10-a6
2/10-a6
2/10-a6
2/10-a6
2/10-a7
2/10-a7
2/10-a7
2/10-a7
2/10-a7
2/10-a7
2/10-a7
2/10-a7
2/10-a7
2/10-a7
3/11-b3
3/11-b3
3/11-b3
3/11-b3
3/11-b3
211/18-A45
211/18-A45
211/18-A45
211/18-A45
211/18-A45
211/18-A30
211/18-A30
211/18-A30
211/18-A31
211/18-A31
211/18-A31
211/18-A31
211/19-4
211/19-4
211/19-4
211/19-4
211/19-6
211/19-6
211/23-2
211/23-2
211/23-2
211/12-3
211/12-3
211/12-3
211/23-4
211/23-4
211/23-4
3/13a-1
2/5-3
2/5-3
2/5-3
2/5-3
2/5-3
2/5-3
2/5-3
2/5-4
2/5-9
2/5-9
2/5-8B
2/5-8B
2/5-3B
2/5-8B
2/5-8B
2/5-8B
2/5-12A
2/5-12A
2/5-12A
2/5-H4
2/5-H4
2/5-H4
2/5-H4
2/5-H4
2/5-H4
2/5-H34

FIELD
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emerald
Emeraid
Emerald
Emerald
Emerald
Emerald
Emerald
Thistle
Thistle
Thistle
Thistle
Thistle
Thistle
Thistle
Thistle
Thistle
Thistle
Thistle
Thistle
Murchison
Murchison
Murchison
Murchison
Murchison
Murchison
Dunlin
Dunlin
Dunlin
Dunlin
Dunlin
Dunlin
Dunlin
Dunlin
Dunlin

Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather
Heather

SIZE (pm)

<0.5
0.5-2
2-10
53-64
53-64
53-64
2-10
2-10
<53
0.5-2
0.5-2
<0.5
2-10
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18.2
16.7 -55
17.7 -53
17.8
18.3 -47
17.9
18.1
17.0 -68
16.5
17.0
16.5
17.0
17.2
16.1 -54
16.9 -54
17.7
16.3 -54
16.4 -58
17.2 -56
16.8
17.2 -49
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158 -59
15.8 -49
16.9
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17.1  -61
18.3
17.0 -58
16.7 -55
147 -63
14.9
15.6 -57
16.1 -54
16.7
15.8 -67
16.5
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16.7 -67
18.3 -58
17.2 -66
15.7
135 -52
13.5
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14.5 -44
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Table 3. Temperature and timing of kaolinite precipitation in Brent Group

oilfields.

Field Growth Temp. (°C) Timing (Ma)

Emerald 25-50
Thistle 32-58
Murchison 40-53
Dunlin 36-50
Heather 50-80

50-80
47-76
57-72
72-83
63-86

Depth of Kaolinite Type
Cementation (m)

571-1286 Vermiform
771-1514 Mixture
1000-1371 Mixture
886-1286 Mixture

1286-2143 Blocky
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EVIDENCE FOR RESETTING OF FLUID INCLUSION
TEMPERATURES FROM QUARTZ CEMENTS IN OILFIELDS

Mark Osborne, and R. Stuart Haszeldine
Department of Geology & Applied Geology, Glasgow University, Glasgow,
G12 8QQ, Scotland.

5.1 ABSTRACT

Quartz is a major pore-occluding cement in North Sea oilfield
reservoir sandstones. Fluid inclusions yield homogenisation temperatures
(Th) which have been thought to represent growth temperatures for the
host quartz. However, early diagenetic inclusions from the detrital grain-
overgrowth boundary yield excessively high palaeotemperatures which do
not match the growth temperatures calculated from the depth of
cementation. The temperatures of these inclusions increase with present
day depth of burial, and approach present day reservoir temperatures. This
suggests that the inclusions have begun to reset towards present day P-T
conditions. The Thof the inclusions hence represent burial temperatures
rather than growth temperatures for the quartz. Experimental studies
indicate that the amount of resetting undergone by an inclusion varies
depending upon its size, shape, and fluid composition. A relationship
between inclusion Th and the above variables has been observed in
inclusions from deeply buried quartz cements in the North Sea.

2.2 INTRODUCTION

Fluid inclusion studies of authigenic minerals have been widely
used in attempts to understand the diagenetic history of sedimentary rocks
( Roedder 1979; Burruss 1981; Haszeldine et al. 1984, 1992; Burley et al. 1989;
Barker & Goldstein 1991). Primary inclusions, when subjected to
microthermometry and UV-light microscopy, are thought to yield
information on the growth temperature of a diagenetic mineral, together
with the salinity, composition, and presence of hydrocarbons within
diagenetic palaeofluids.

A major problem in such studies has been that resetting (re-
equilibration), of fluid inclusion homogenisation temperatures (Th) can
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occur when the host mineral is subjected to temperatures and pressures
higher than those at which it initially formed. This has been shown to be
particularly important in carbonates and other cleaved minerals (Burruss
1987; Goldstein 1986; Bodnar & Bethke 1984; Barker& Goldstein 1991).
Hence upon deeper burial inclusions may be reset so that Th measured
becomes representative of burial temperatures rather than growth
temperatures. Our paper attempts to assess whether or not fluid inclusions
from quartz cements in the Brent Group of the North Sea show evidence
of resetting.

53 TECHNIQUES USED

For fluid inclusion studies measurements were made on a Linkam
TH 600 heating/freezing stage used in conjunction with a Leitz-Dialux 20-
EB binocular microscope. Doubly polished wafers of sandstones 40-100pm
thick were prepared using the method of Crosbie (1981). Fluid inclusions
within quartz overgrowths were subjected to heating and freezing
experiments. The stage was calibrated using standard compounds of a
known melting point. Fluid inclusion volumes were calculated using the
method of Bodnar (1983), and shape factors assigned to the inclusions
using the methodology of Bodnar et al. (1989).

5.4  EELD DATA

The data used in this study comes from 14 different North Sea
oilfields, the majority of which lie in the East Shetland Basin and the
Viking Graben (see Glennie 1990, for a summary of the geology). Sample. .
points span a depth range of 1676-4450m. Most data come from quartz
cemented sandstones in the deltaic and shallow marine Middle Jurassic
Brent Group, or laterally equivalent facies in the Norwegian North Sea.
The remaining data is from Upper Jurassic North Sea submarine fan
sandstones. The present day depth of the samples in all cases is thought to
represent the maximum depth of burial. A “pressure correction” has not
been applied to any of the inclusion data because Raman probe analyses of
oilfield fluid inclusions show appreciable methane to be present (Malley et
al. 1986). Thus a temperature correction to obtain a trapping temperature
hotter than the Th is not advisable (Hanor 1980).
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5.5 QUARTZ CEMENTS & THEIR FLUID INCLUSIONS

Quartz overgrowths are a major pore-occluding cement in Brent
Group reservoir sandstones. From Figure 1 it can be seen that the volume
of quartz cement present in the Formations of the Brent Group increases
with present day depth of burial. Only minor amounts of quartz cement
occur at less than 9000ft (2700m) burial, while deeper than 9000ft there is a
clear trend of increasing volumes of quartz cement with depth. There are
no systematic variations in the volume of quartz cement between facies,
therefore quartz overgrowth development seems to be depth (i.e.
temperature) related.

At depths of <2.0km, quartz overgrowths are generally thin (50um
thick) and irregular and appearance (Figure 2a). Numerous tiny subhedral-
euhedral crystals of quartz are observed adhering to the surface of the
detrital grain (Figure 2b). Fluid is trapped in the numerous cavities which
exist between these crystals, and so fluid inclusions are formed. With
deeper burial, these early microcrystalline aggregates would become
enveloped by later, more extensive, euhedral overgrowths, with a low
microporosity. This observation explains why most fluid inclusions in the
Brent Group are trapped close to the surface of the detrital grain, while
relatively few occur further out in the overgrowth itself. This means that
the majority of fluid inclusions in the Brent Group are early diagenetic in
origin, as they are trapped within the first stages of quartz overgrowth.

At depths >3.0km quartz overgrowths are generally thick and
euhedral, and single, optically continuous prisms are sometimes observed
to envelop detrital grains (Figure 3a&b). Fluid inclusions are largely

- confined to the grain-overgrowth boundary, or tofractures within the:

detrital grain (Figure 3c). However a few inclusions, some hydrocarbon
bearing, are found within the overgrowth itself.

Euhedral, tiny crystals of microquartz are occasionally observed to
infill the secondary porosity created by feldspar dissolution (Figure 4a)
Quartz overgrowths are observed to envelop blocky kaolinite and illite.
This suggests that the later stages of quartz cementation post-dated or
coincided with kaolinite and illite precipitation (Figure 4b). As the outer
zones of some quartz overgrowths contain hydrocarbon inclusions, we can
deduce that the later stages of quartz cementation were occurring at the
same time as oil was migrating.
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5.6 A" R RE R F A

1. In many instances the onset of quartz cementation in the sandstones
is thought to have been relatively early diagenetic event, commencing at
1800-2000m at temperatures of about 70°C (Giles et al. 1992, Hogg et al.
1992). However quartz cements are found within early diagenetic calcite
doggers (Harris 1992), and 1-2% quartz cement is present in the shallow
buried Emerald oilfield (1600m), suggesting that cementation may have
began even earlier. The majority of fluid inclusions in oilfield sandstones
are preserved at the overgrowth-detrital grain boundary, therefore they
were also trapped diagenetically early and should thus yield relatively low
homogenisation temperatures (from 60-80°C upwards). However the
homogenisation temperatures obtained from inclusions in North Sea
authigenic quartz are much higher (from 80-140°C, e.g. Figure 5).

2. Inclusions from diagenetic quartz inside calcite concretions (i.e.
quartz which predated a texturally early calcite cement), yield similar
homogenisation temperatures to diagenetic quartz cements outside
concretions (Walderhaug 1990). If no resetting had occurred then the
quartz cement outside the concretions would have yielded hotter growth
temperatures.

3. In histograms of fluid inclusion populations there is usually an
asymmetry present in the inclusion distribution pattern, the histogram
often possessing a high temperature “tail”. Furthermore a very wide
spread in Th values is seen if a large number of measurements (>100) are
taken from one sample-at:a single depth (Figure 5; Table 1). We suggest
that both features could be caused by resetting of inclusions to higher
temperatures. Similar wide variations in Th values are observed in reset
fluid inclusion populations from carbonates (Goldstein 1986).

4. Scatter plots of maximum, modal, and minimum Thshow a
correlation of increasing Th with present day depth, using all available
North Sea data (Figure 6; Table 2). A similar trend of increasing Th with
maximum palaeotemperature has been seen in fluid inclusions from
carbonates by Barker & Goldstein (1991), which they likewise attribute to
resetting. As well as occuring on a basin wide scale, an increase of Th with
depth has also been observed within individual oilfields such as Tartan
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(Burley et al. 1989). This is what would be expected if resetting is indeed a
pervasive phenomenon.

5. The amount of resetting undergone by a fluid inclusion has been
shown experimentally to be partly dependent upon its size (Roedder &
Skinner 1968; Leroy 1979; Bodnar & Bethke 1984; Bodnar et al. 1989).
Inclusions which are small are more resistant to resetting than those
which are large. Thus in a reset fluid inclusion population large inclusions
should yield higher Th than small inclusions. This has been observed in a
deeply buried sample from the South Brae oilfield (Figure 7; Table 3). The
location and general appearance of these inclusions is shown in Figure 8.

6. Resetting has been found experimentally to be partly dependent
upon inclusion shape (Leroy 1979; Bodnar & Bethke 1984; Bodnar et al.
1989). Irregularly shaped inclusions could thus be reset to greater extent,
and hence yield higher Th, than regular inclusions. This has likewise been
observed in a fluid inclusion population from the South Brae oilfield
(Figure 9; Table 3).

57 DISCUSSION

In the Brent Group most inclusions are trapped close to the
boundary between the detrital grain and the overgrowth, or within healed
fissures in the grain (Figure 10). A few late diagenetic inclusions occur
further out into the overgrowth itself. This means that most inclusions are
early diagenetic in origin and should therefore be preserving relatively low.
temperatures. However from Figure 6 we can see that minimum Th
records increases with depth of burial. The fact that early diagenetic
inclusions from deeply buried samples do not yield low temperatures is
highly suspicious, suggesting at least some resetting has occurred. Because
some inclusions were trapped during late diagenesis we would certainly
expect some of the inclusions to yield higher temperatures indicating
entrapment during deep burial conditions, but because these are relatively
scarce they should not predominate in any sample studied. It is thus likely
that the temperatures obtained from deeply buried fluid inclusions will be
derived mainly from reset early diagenetic inclusions. However it appears
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that the Th yielded by such inclusions represents burial temperatures
rather than genuine growth temperatures for the host quartz.

In Figure 11 we have plotted Th versus present day Formation
temperatures for the small number of samples where we have both types
of information. At low temperatures modal Th is similar to Formation
temperatures. At higher temperatures the fit between modal temperatures
and Formation temperatures is less good, though most modes come
within 20°C of the maximum burial temperature. When fluid inclusions
in carbonates are reset the modal Th of the population closely approaches
the maximum burial temperature obtained (Barker & Goldstein 1991).
However, as can be seen from Figure 11, modal Th of fluid inclusions in
quartz approach, and do not exactly coincide with, Formation
temperatures. This is to be expected for although experimental studies of
carbonates have shown that overheating causes the mean or modal Th of
an inclusion to approach maximum temperature attained (Prezbindowski
& Larese 1987), other studies indicate that not every fluid inclusion in a
sample resets to the peak burial temperature (Goldstein 1986;1988;1990).
Thus although the Th of many fluid inclusions may increase, they may not
increase sufficiently to coincide with Formation temperatures. The
confining strength of the mineral has an important effect, for although
fluid inclusions will be reset when the internal pressure exceeds the
external pressure during burial, resetting will cease when the internal
pressure equals the external pressure plus the strength of the mineral.
(Bodnar & Burruss 1991). Quartz has a greater confining strength than
cleaved and less competent carbonate minerals, so we would not
necessarily expect modal Th of reset fluid inclusions in quartz to exactly
match Formation temperatures.

Furthermore experimental studies have shown that fluid inclusions
in quartz take a finite time to reset when P-T conditions are changed
(Gratier & Jennaton 1984; Sterner & Bodnar 1989), whereas fluid inclusions
in calcite are thought to reset more or less instantaneously. Thus the
discrepancy between modal Th and formation temperature can be
explained if the inclusions have not yet had sufficient time to re-
equilibrate with todays P-T conditions, due to rapid subsidence. This time
lag effect is discussed in detail in Haszeldine & Osborne (1993).
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5.7.1 Resetting mechanism

The data we have compiled does not permit us to rigorously
demonstrate the exact process whereby inclusions in authigenic quartz are
reset. However, the number of possible mechanisms is very small, and
from these we can deduce what must be the most likely cause of resetting
during burial diagenesis. '

The basic situation producing resetting is outlined in Figure 12. Deep
burial of the rock increases the P and T of pore fluids along a pressure
gradient (100bars/km, 35°C/km). At the same time the internal P and T of
an inclusion increases along an isochore, a line of constant volume. The
position and slope of this isochore varies depending upon the salinity and
Th of the inclusion. In the example given an inclusion with Th of 75°C and
salinity of 1Wt% is trapped at 112°C and 3.2 km depth. If the rock has
increased in temperature by 48°C due to an additional 1.4 km of subsidence,
then for the PVT isochore relationship, this inclusion will have an
increase of internal pressure of 500 bars (50 MPa) relative to external pore
fluid pressures. This increase in internal pressure can cause an inclusion to
be reset in two different ways.

1. Plastic deformation or stretching (Bodnar & Bethke 1984).
2. Brittle deformation or decrepitation (Roedder 1984).

An important difference between the two processes is that
decrepitation can produce microfractures which reach the grain boundary
. of the overgrowth. Thus decrepitated inclusions can exchange-fluids with
their external environment, resetting temperature, pressure and chemical
composition of the aqueous contents. .

Many workers (e.g. Leroy 1979) have measured the overpressure
required to produce total decrepitation of fluid inclusions in quartz. The
values differ depending on the size and shape of the inclusion as large,
irregularly shaped inclusions are more susceptible to decrepitation than
small spherical inclusions. The general overpressure value is between 850
and 1000 bars, but for small inclusions is greater than 2500 bars. Such
internal pressures will not be generated within the realm of burial
diagenesis, and so decrepitation is an unlikely mechanism for resetting of
fluid inclusions in quartz cements.
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In another experimental study of quartz Bodnar et al. (1989)
discovered that substantial numbers of inclusions deformed by stretching
rather than decrepitation. Stretching behaviour was confined to small
inclusions (<6mm), similar in size to those r in authigenic quartz. In this
experiment inclusions were incrementally overheated in order to raise
their internal pressures gradually. Increase in the Th of inclusions was
observed to occur before total decrepitation was produced. This increase in
Thmust have been produced by stretching or partial decrepitation. Thus
resetting can occur for lower values of overpressure than those required to
fully decrepitate the inclusion. They also managed to reset the Th of 20% of
the inclusions by as much as 30°C for overpressure values of only 400 bars.
Overpressures of this magnitude could easily be produced during deep
burial of inclusion bearing cements, making stretching the most likely -
method of resetting in authigenic quartz.

Although only about 20% of inclusions were succesfully reset in the
above experiment, this does not prove that the remaining inclusions
would always be resistant to the resetting process. This is because resetting
of fluid inclusions in quartz has also been found to be time dependent.
Sterner and Bodnar (1989) discovered that once the resetting process
begins, fluid inclusions come closer to re-equilibration with the new P-T
conditions with increasing time. Furthermore stretching and change in the
shape of an inclusion is likely to be a kinetically governed process (Gratier
& Jennaton 1984), and will therefore proceed only very slowly at low
temperatures and pressures. All the experimental studies have a duration
of a few years at most, but in a geological situation there are often tens of
millions of years available for resetting to proceed. Thus the experimental
data does not rule out the possibility that fluid inclusions in quartz could '
reset slowly, over long periods of time, for relatively low values of
overpressure.

A further objection to the usefulness of overpressure data derived by
experiment is the fact that experimental conditions rarely conform to those
existing in nature. Hydrothermally grown single crystals of synthetic
quartz are used in such experiments because they have few structural
defects and are free of microcracks, which can facilitate brittle failure.
However in nature most fluid inclusions in quartz form at the junction
between detrital grain and overgrowth, where two overgrowths conjoin,
or within healed microfissures (Burley et al. 1989). Overgrowths
themselves are not structurally homogenous but are formed from a
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number of crystal subunits (Pittman 1972). Thus in quartz overgrowths,
fluid inclusions are often trapped along boundaries which are planes of
weakness, rich in structural discontinuities. Because of the existence of
such structural weaknesses fluid inclusions in quartz overgrowths may be
even more susceptible to stretching and even to decrepitation than the
experimental data would indicate. Resetting could thus occur for lower
values of overpressure than those published in the literature.

5.7.2 Fluid inclusion salinities

The Brent Group data (Figure 13; Table 4) shows that most
inclusions are only slightly saline, as 93% of the inclusions have salinities
of <5Wt% NaCl equivalent, while some salinities are as low as 0.5Wt%,
indicating fresh water. The preponderénce of brackish water inclusions
suggests that evaporitic brines, ascending from deep in the basin, were not
of major importance in quartz precipitation. Some of the more saline
inclusions could represent partial mixing of palaeo-meteoric water with
compactional brines, or they could indicate that the fluid compartment
was connected to Triassic evaporites. In any case these high salinity
inclusions form only a very small part of the total population.

There is a tendency for higher salinity inclusions to have lower Th
than inclusions which are only slightly saline (Figure 13). This is the
opposite of what might be expected, for as depth of burial increases we
would expect the Th of inclusions in succesive generations of quartz
overgrowth become gradually hotter. Inclusion salinities should also
increase with depth in sedimentary basins, as depositional meteoric pore
fluids are replaced by hot brines expelled from compacting sediments.

The fact that the high salinity inclusions have lower Ththan low
salinity inclusions can be explained if the former have been less susceptible
to resetting. Potter & Brown (1977) have remarked that aqueous inclusions
with salinities up to halite saturation are more compressible than pure
water in the temperature range of diagenesis. This implies that the higher
the salinity of the inclusion the more compressible are its contents. Upon
deep burial, high salinity inclusions will develop smaller internal
overpressures than than low salinity inclusions (Burruss 1987), and thus
be less susceptible to resetting. Resetting of aqueous inclusions is thus
dependent upon the salinity of the contents; the lower the salinity the
greater the amount of resetting.
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If resetting of inclusions in quartz was accomplished by decrepitation
as well as by stretching, then the inclusion contents would be able to
exchange fluid with their external environment. As pore water salinity
generally increases with depth of burial, decrepitated inclusions would
potentially show an increase in salinity with rising homogenisation
temperature ( redrawn from Reynolds et al. 1990) (Figure 14). We certainly
do not see this trend from inclusions in authigenic quartz, which supports
the hypothesis that resetting occurs predominantly by stretching. Indeed
many of the highest temperature inclusions in the Brent Group have
relatively low salinities. If the inclusions have only been stretched they
will have retained their original salinities. This means they will still
provide useful information on the composition of ancient pore fluids.

5,73 Petroleum inclusions

Late diagenetic inclusions in the Brent Group sometimes contain
hydrocarbons, indicating that oil migration was occurring at the same time
as the later stages of quartz cementation. It has been pointed out by Burruss
(1987) that resetting should be less common in petroleum inclusions
compared to aqueous inclusions because hydrocarbon bearing fluids are
generally far more compressible than water. It is interesting to note in this
respect that hydrocarbon bearing inclusions often yield lower
homogenisation temperatures than aqueous inclusions which were
trapped simultaneously (Burruss 1981). Admittedly hydrocarbon and
aqueous inclusions which were originally trapped at the same P and T may
yield slightly different Th because the PVT properties of the two fluids are
different. However, if resetting of aqueous inciusions has indeed occured,
then it is very likely that part of the discrepancy in Th between aqueous
and petroleum inclusions is also a product of resetting.

The fact that petroleum inclusions from quartz in the Brent Group
yield lower temperatures (Th 55-95°C) than aqueous inclusions (Th 95-
135°C) (Malley et al. 1986) can thus potentially be explained if the
petroleum inclusions have undergone little or no resetting. Thus in
overgrowths which contain both petroleum and aqueous inclusions the
former may yield approximate temperatures for cementation, while the
latter, due to greater amounts of resetting, record only burial temperatures.

It is often difficult to ascertain the true trapping temperatures of
such petroleum inclusions due to a lack of knowledge about the exact
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composition and PVT properties of the fluid involved. However if these
can be calculated using data from fluid inclusion extracts or reservoired
oils then meaningful minimum temperatures for quartz formation could
possibly be obtained. Temperature data from petroleum fluid inclusions
should be used with caution because during burial heating hydrocarbon
cracking or bitumen precipitation could occur within the inclusions,
limiting their usefulness. However research using petroleum inclusions is
still in its infancy, so it is premature to condemn them.

5.7.4 Recognition of resetting

The main implication of resetting is that homogenisation
temperatures for fluid inclusions are not necessarily an accurate record of
the growth temperature for the host quartz if the cement has been deeply
buried. Uncritical acceptance of reset fluid inclusion data is only likely to
lead to erroneous interpretation.

Of the minerals barite, calcite, fluorite, sphalerite and quartz
commonly used in fluid inclusion studies, quartz is thought to be the most
reliable (Ulrich & Bodnar 1988). We surmise however, from the fluid
inclusion data we have examined, that fluid inclusions in authigenic
quartz are continually resetting as the mineral subsides. This means that
maximum, modal and minimum Txr gradually increase with depth of
burial. Conversely, many other researchers have regarded Th as a valid
estimate of growth temperature for the host quartz. This has led to the
suggestion that quartz precipitated from fluids which were hotter than the
calculated geothermal gradient, and that ascending, hot, basinal, brines
must have been responsible for the mineralising event (Haszeldine et al.
1984a,b; Jourdan et al. 1987; Burley et al. 1989). B

However in the most detailed of these studies, that of the Tartan
reservoir (Burley et al. 1989), inclusion Th is observed to increase
systematically with depth of burial. Inclusion temperatures define an
apparent geothermal gradient of 34°C/km, similar to that of the present
day, and the hottest fluid inclusions come within 10°C of Formation
temperatures. Furthermore, at any one depth, higher salinity inclusions
yield lower Th than inclusions which are less saline. As has been discussed
earlier, these observations can all be explained by the resetting hypothesis.
If inclusion Th has been reset to higher temperatures, then influx of hot
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fluids from depth is not required in order to explain the fluid inclusion
data.

Our examination of data from the North Sea suggests that there are
a number of observations which can be consistently explained by the
resetting hypothesis. If a large number of these features is present within a
fluid inclusion population, then it is wise to consider the possibility that
the inclusions have been reset.

The most striking piece of evidence is the trend showing increase
in Th min., Th mode , and Th max. with maximum depth of burial (Figure 6).
Modal This seen to approach present day burial temperatures (Figure 11).
When resetting has occurred hydrocarbon inclusions may have lower Th
than saline inclusions, and there may also be a decrease in the Th of
aqueous inclusions with increasing salinity (Figure 13). Large inclusions
may yield higher Th than small inclusions. A distinct asymmetry in the
fluid inclusion histogram may be present. A wide spread in Th within a
population from a single depth will also be observed (Figure 5). In
addition, there is unlikely to be any temperature zonation of inclusions
across the overgrowth, unless the inclusions have widely differing
salinities.

Because experimental studies have shown that resetting of an
inclusion is dependent upon its size, shape, composition, and location
(Leroy 1979; Bodnar & Bethke 1984), great discrimination must be exercised
in selecting inclusions for microthermometry. We recommend that where
the object of the study is to obtain growth temperatures, measurements
should be restricted to highly saline aqueous inclusions which occur
within the overgrowth itself, and do not lie along structural boundaries.
Small, primary, spherical inclusions should be measured in preference to
those which are large and irregularly shaped. Hydrocarbon inclusions are
potentially the most useful in diagenetic studies, if the size of the “pressure
correction” can be accurately assessed. By examining all the fluid inclusion
types occuring in a sample it is possible to obtain information on both
growth and burial temperatures, along with compositional data on the
evolution of diagenetic pore fluids through time.
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23 CONCLUSIONS

1. Fluid inclusions in authigenic quartz are continually being reset as
the mineral subsides, perhaps due to stretching of the inclusion. This
means that maximum, modal and minimum Th gradually increase with
depth of burial.

2. Hydrocarbon inclusions have undergone smaller amounts of
resetting, and may vyield accurate growth temperatures, if the PVT

properties of the fluid can be ascertained.

3. Aqueous inclusions have usually been reset and record only burial
temperatures. The higher the original salinity of an inclusion, the less
susceptible it is to resetting. It should still be possible to determine original

salinity variations between inclusion populations.

4. Inclusions may have been reset by varying amounts depending upon
their size and shape. Large and irregularly shaped inclusions are the most

susceptible to resetting.
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2.a) SEM photomicrograph of a typical quartz

overgrowth from a shallow buried Brent Group
sandstone. Overgrowths are irregular in
appearance and consist of numerous crystal

subunits. Emerald oilfield, Well 2/10-a7,
1674.4m TVD.

b) Higher magnification view of 2a. Tiny
crystals of quartz (01) have nucleated wupon the
surface of the detrital grain (G). Fluid s
trapped in the cavities between these crystals
forming fluid inclusions (I). Later, more
euhedral overgrowths (02) envelop this early

generation of quartz cement.



Figure

3a) In deeply buried Brent Group sandsones
overgrowths are thicker and more euhedral.
SEM photomicrograph of a large, euhedral
quartz overgrowth. NW Hutton oilfield, Well
21 1/27-a2, 3751.8m T VD.

b) Photomicrograph of a fluid incusion wafer
showing cloudy, inclusion rich detrital grains
(DG), enveloped by <clear quartz overgrowths

(O). P=porosity. Same sample as in 3a.



Figd. c¢) Photomicrograph of a fluid inclusion wafer.
Most fluid incusions (arrowed) occur close to
the boundary between the overgrowth (O) and
the detrital grain (DG). P=porosity. Same sample

as in 3b.



Figure 4. a) Euhedral, tiny crystals of microquartz.
These arc observed to infill the secondary
pore-space created by feldspar dissolution. NW
Hutton oilfield, Well 211/27-a2, 3781.Im TVD.

b) Blocky kaolinite (K) and fibrous illite cement
(I) are enveloped by quartz cement (Q). This
indicates that some quartz cement either post-
dated or was co-genetic with kaolinite and illite
precipitation. NW Hutton oilfield, Well 211/27-
a2, 3781.1m TVD.
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Figure 5. Fluid inclusion histogram for quartz cement
from the N.W. Hutton oilfield (Well 211/27-
a2, 3751lm TVD). Note the widespread in Th
and the asymmetry in the histogram.
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Fluid inclusion populations from North Sea
quartz cements have minimum, modal and
maximum Tn which increases with present
day depth of burial. Correlation coefficient
(R) between depth and Max. Th=0.8088, Modal
Th=0.798 and Min. Th=0.768. Data from Malley
(1984a,b); Moge (1985); Malley et al. (1986);
Jourdan et al. (1987); Crocket et al. (1988)
quoted in Hogg (1989); Konnerup-Madsen &
Dypvik (1988); Brint (1989); Glasmann et al.
(1989 a&b); Hogg (1989); Ehrenberg (1990);
Walderhaug (1990). Unpublished data of C.
Macauley, O. McLaughlin and M. Osborne is
also included.
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have the highest homogenisation

temperatures. Inclusion volume is calculated
using the method of Bodnar (1983). For
further discussion see text.



Figure

8.

Typical appearance of fluid incusions in quartz
cement from the S. Brae oilfield.

a) Photomicrograph of a fluid inclusion wafer
showing a cloudy inclusion rich detrital grain
(G) enveloped by clear quartz overgrowths
(O). Inclusions are trapped adjacent to the
detrital grain (arrowed). Well 16/7a-All,
4265.5m TVD).

b) High magnification view of fluid inclusions
occuring at the overgrowth detrital grain
boundary. Some inclusions are spherical in
shape, but others are more irregular.
Inclusions are arrowed. Same sample as in

Figure 8a.
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REEQUILIBRATION BY STRETCHING.

Depth

Figure 14. Hypothetical plot of temperature against
salinity (from Reynolds et al. 1990). The two
trends intersect at a single point representing
the characteristics of the original fluid
inclusion population before resetting. The
horizontal trend is due to resetting by
inclusion stretching. The inclined trend 1is due
to resetting by decrepitation during

increasing temperature and salinity.



Table 1 Fluid inclusion data for the NW Hutton oilfield (Well 21 1/27-a2)

375Im TVD 3780m TVD 3725m TVD
e e /_,_/\\

— S e .
inciusion Th (°C) {nclusion Th(°C) Inclusion Th(*C) Inclusion Th (*C)
{ 72.6 S5 135 l IS l 99
2 73.5 56 108 2 116 2 119
3 74.4 57 118 3 110 3 110
4 73.6 58 99 4 110 4 106
S 75.3 59 101 S 116
6 76.1 60 90 6 104
7 123 61 99 7 {07
8 92 62 100 8 13
9 113 63 103 9 97
10 88 64 90 10 99
11 [14 65 97 11 137
12 112 66 {16 12 93
13 123 67 104 13 127
14 123 68 100 14 119
15 97 69 102 1S 106
16 142 70 10 16 116
17 94 71 119 17 108
18 119 72 105 18 116
19 102 73 106 19 97
20 98 74 75 20 110
21 104 75 71
22 113 76 77
23 107 77 77
24 105 78 106
25 100 79 106
26 100 80 106
27 103 81 tio
28 95 32 100
29 107 83 102
30 {03 84 (08
31 101 85 114
32 103 86 103
33 102 387 106
34 990 88 106
335 114 89 108
36 115 90 110
37 102 91 101
38 102 92 99
39 92 93 105
40 94 94 97
41 98 95 106
42 99 96 106
43 95 97 1S
44 110 98 116
45 102 99 110
46 85 {00 109
47 I3 101 127
48 87 102 132
49 [t 103 104
50 125 104 104
51 123 105 132
52 120 106 106
53 101 107 101t
S4 100




Table 2. Homogenisation temperatures and present day depth of burial

-a compilation of the available published and unpublished data.

Depth (m) Min. Th(*C)

4215
4029
3755
3736
3724
3700
3665
3561
3450
3200
3122
2931
2775
2547
4450
3450
3430
1676
3450
3657
3748
3564

102
115
85
93
94
96
87
96
80
84
92
75
74
92
116
89
105
50
80
107
105
96

Modal Th('C)

113
131
123
108
97
103
108
103
107
99
103
85
83
99
124
95
107
67
100
108
110
111

Max. Th('C)

155
150
142
143
131
120
127
128
133
122
136
120
122
119
143
104
110
90

135
127
132
124

Oilfield

S. Brac
Iuldra

NW lHutton
Alvyn S.
3/13a-1
Alwyn S.
Alwyn S.
Alwvyn S.
Haltenbanken
Murchison
Magnus
Heather
Thistle
Haltenbanken
[Taltenbanken
Ilaltenbanken
"Viking Graben"
Emerald
Alwyn area
Alwyn area
Alwyn area
Alwyn area

Source

McLaughlin 1992 (unpublished)
Glasmann et al. 1989

Osborne (this study)

Hogg 1989

Brint 1989

Hogg 1989

Hogg 1989

Hogg 1989

Ebrenberg 1990

Brint 1989

Macavulay 1990 (unpublished)
Glasmann et al. (1989)

Brint 1989

Walderhaug 1990

Ehrenberg 1990
Konnerup-Madsen & Dypvik 1988
Moge 1986

Osborne (this study)

Malley et al. 1986

Malley et al. 1984 a&b
Malley et al. 1984 a&b
Malley et al. 1984 a&b



Table 3. Fluid inclusion data for the S. Brae oilfield, Well

16/7a-A11, 4265.5m TVD. Observations by M. Osborne. |

Volume (pm3) Th (°C) Bubble Shape
Size (um) Factor

7.930 105.000 0.860 7.000
14.330 112.000 1.080 8.000
4.340 107.000 0.720 9.000
1.950 96.000 0.500 7.000 |
40.190 121.000 1.580 6.000 |
14.130 113.000 1.080 9.000
11.990 124.000 1.080 3.000
6.760 116.000 0.860 1.000
22.650 119.000 1.300 2.000
31.090 118.000 1.440 3.000;
1.950 96.000 0.500 8.000.
7.800 106.000 0.860 3.000
1.850 99.000 0.500 9.000
4.340 107.000 0.720 9.000
5.300 95.000 0.720 8.000
7.450 109.000 0.860 6.000
2.100 92.000 0.500 9.000'
4.520 104.000 0.720 8.000
4.850 100.000 0.720 7.000
13.910 114.000 1.080 3.000
7.450 109.000 0.860 2.000°
31.090 118.000 1.440 2.000
19.710 115.000 1.220 4.000
14.900 109.000 1.080 7.000
33.180 123.000 1.500 4.000
43.020 118.000 1.700 4.000
27.080 122.000 1.440 5.000
29.110 117.000 1.440 3.000
20.260 122.000 1.080 10.000
20.420 112.000 0.860 6.000
22.080 116.000 1.080 5.000



Table 4. Compilation of fluid inclusion salinity data for
.the Brent, firnnp

Malley et al. 1984 a.b Brint 1989 Hogg 1989

Th  (Wt. % Th (Wt. % Th (Wt. % Th  (Wt. %
CC) NaCl eq.) CC) NaCl eq.) CC) NaCl eq.] cc) NaCl eq.)
114 4. OC 99. 3.5C 86. 5.5 102 9.75
112 3.75 99. 4.0C 88. 4.0 107 5.20
112 3.75 104 3.5C 96. 3.4 107 3.50
107 3.75 104 3.75 104 3.2 101 3.50
108 3.75 108 3.5C 131 2.9 101 2.75
112 3.75 108 3.5C 111 2.7 102 2.75
122 3.75 104 4.0C 101 1.9 106 3.50
108 3.75 104 3.75 87. 6.4 101 1.90
116 3.75 102 3.75 80. 5.8 106 3.20
116 4.25 102 4.0C 87. 7.7 102 3.25
127 4.25 102 3.5C 94, 7.1 104 3.20
120 4. 80 103 3.5C 75. 6. 1 112 3.50-
122 4.00 103 3.75 92. 5.7 106 3.20<
108 2.75 103 3.75 94. 3.5 117 4. 00<
111 2.75 107 4.0C 109 3.7 103  2.30*
109 2.75 104 3.75 94. 3.9 113 3.20<
109 2.75 107 3.75 86. 8.6' 110 2.30<
107 2.75 99, 3.50 92, 3.2- 108 3.30i
114 4.0C 99, 3.50
112 3.75 100 4.00 Malley et al. 1984 a.b
112 3.75 106 4.80 ™ (W %
107 3.75 106 4.30 CC) NaCl eq.)
108 3.75 106 4.25 90.0 4.00
112 3.75 108 4.80 108.  4.00
122 3.75 01 3.75 135. 4.00
108 3.75 101 4.00 80.0 12 5
116 3.75 101 3.75 92.5 125
116 4.25 101 3.75 100. 125
127 4.2%5 wiI 3.75
120 4. 80 104 3. 25 Osborne (NW Hutton, this study)
122 4.00 104 3.50 T (WM. %
108 2.75 104 3.50 CC) NaCl eq.)
111 2.75 96. 3.25 106 2.3
109 2.75 101 2.50 132 2.8
109 2.75 113 3.25
1072.75 112 3.50 Crocket et al. 1988
108 5.20 122 4 .80 .
114 4 00 111 4. 80 Th (WM. %
111 3.50 104 4.00 CC) Nad(l eq.)
111 3.50 120 2.25 108 0.5
111 4.80 111 2.50
115 4.80 119 2.25
105 4.80 118 2.50
105 4.80 106 3.25
105 4.25 107 3.50
105 4.80 107 4.00
105 2.75 106 3. 75
105 3.25 106 3.25
109 3.50 116 4.00
109 3.25 112 3.75
106 3.50 116 3.50
106 3.50 112 3.50
103 4.80 118 4.00
1 124 4.00
183 ;’:3 120 4. 00

112 4. OC

113 4 OC
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ABSTRACT

Fluid Inclusion (FI) temperatures in diagenetic quartz are often used as
crucial evidence to infer abnormally hot paleo-temperatures, and precipitation of
pore-filling quartz cements following advection of large volumes of hot waters
from depth. However, we consider that FI temperatures do not record their
original paleo-temperatures.

North Sea and Norwegian Jurassic oilfield sandstones show volumes of
diagenetic quartz cement which today increase monotonically with depth from
1.8km to at least 4.2km. Minimum, modal and maximum FI temperatures within
this diagenetic quartz all show a progressive temperature increase with depth. If
subsidence of an oilfield was slow during the past 5 Ma, then those FI modal
temperatures coincide exactly with rock temperature. But if subsidence was rapid
(>10m.Ma"l), then FI modal tcmpcratu;’es systematically lag beneath rock |
temperatures.  Additional geological evidence faQon'ng resetting includes:-  high
temperature quartz FI in texturally and isotopically shallow veins; and high
temperature quartz FI inside and outside shallow-formed carbonate cement.
Laboratory experiments also show some resetting of quartz FI within one year of
overheating. The resetting mechanism is unlikely to be by fracturing and
leakage, but more likely to be via stretching and local shape change. Inclusion
compositions are probably unaltered.

A FT temperature distribution from any single depth records the pauses in
subsidence aad maxim_um .burial temperature, but does not simply record the
temperature of quartz growth. Resetting of FI negates temperature evidence for
massive circulation of hot basinal fluids transporting quartz. We conclude that
diagenetic quartz in these rift basin sandstones may be supplied by local

diffusion, so that cement volumes are inherently predictable.
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INTRODUCTION

Quartz cement is an important cause of porosity reduction during deep
burial diagenesis of oilfield sandstones. Such cements can form 5-15% of the
whole rock volume and so can reduce porosity by 50% (eg Giles er al 1992). The
processes by which such quartz cements origiﬁazc are thus crucially important
both industrially - to understand why sandstone reservoirs contain only half the
hydrocarbons they might- and intellectually, to understand how ions forming
153% of a rock can be moved in the sub-surface. Two rival hypotheses are current
to explain quartz cements. Neither diagenetic cement textures nor isotopic
evidence are conclusive in testing between these two hypotheses (Haszeldine e:
al. 1992), so that FI evidence has a pivotal role, and its reliability must be
examined closely. The two hypotheses are:-

1) Quartz grew as a mineralising c;rcnt. transported by hot {luids which
circulated in the deep basin (Haszeldine er al. 1984a,b, Jourdan er al 1987,
Burley er al. 1989, Glasmann er al 1989b).

2) Quartz grew during a geologically long timﬁ span at equilibrium
temperature; ions were locally supplied (Blanche and Whitaker 1979,
Walderhaug 1990, Bjorlykks et al 1992).

Evideace of "elevated temperatures” from fluid inclusions (FI) (Haszeldine
er al. 1984, Burley er al. 1989) is frequently used as critical data to support the first
hypothesis. Here we have compiled a large FI data set from published and
unpublished North Sea an‘d Norwegian information to test the accuracy of the FI
paleo-temperature record. We find that FI homogenisation temperatures in
diagenetic quartz show a correlation with preseat day burial depth and an
excellent correlation with burial temperature, when corrected for subsidence
rate. We conclude that FI in diagenetic quartz are reset during burial, and do not

record the simple paleo-temperatures of quartz growth. Thus the key evidence
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evidence supporting hypothesis 1| is probably wrong. It is very probable that
diagenetic quartz grew over a long time span, supplied by local diffusive
processes rather than by large scale fluid advection. Consequently, porosity

reduction by quartz cementation can poteatially be modelled as a closed system.

FLUID INCLUSIONS IN DIAGENETIC QUARTZ.

Of critical importance in the following discussion is the simple observation
that quartz cement increases monotonically with depth, especially as this can be
documented within a single field (Scotchman er al. 1939) moving lkm vertically
over an 8xm lateral distance. Regional compilations of middle-Jurassic data show
the same effect (Glasmann er al 1989a, Ehrenberg 1950, Giles er al. 1992, Bjorlykke
et al 1992). These data imply that quariz cémcm has formed, and is still forming,
gradually with depth (Fig. 1), commencing around 70°C, 2km. If quartz had
formed frem a single short-term mineralising event in ancient times, then
sandstones would have been cemented in relation to their paleo-depth, and would

not show a relationship of quartz cement to their present depth.

During burial of sandstones, diagenetic quartz nucleates on detrital grains
to form overgrowths which may reach 100 pum thick and gradually fill primary
porosity. The great majority of FI (Fig. 2) form at the boundary between the
detrital sand grain and the overgrowth or at boundaries of cathodoluminescence
growth zones, suggcstix;g d‘iaStems in the growth history. Burley er al (1989) and
Hogg et al (1992) show that growth zones within these overgrowths are, in
general, conceatric, so that FI at a grain/overgrowth boundary would have been

trapped at about the same temperature. Inclusion workers attempt to select

primary unaltered FI from these populations to obtain accurate temperature and



salinity measurements. Inevitably these are biased towards the start of quartz
growth. Raman probe analyses of oilfield basin FI show appreciable methane
contents, meaning that a "pressure correction” is not necessary to obtain a hotter
trapping temperature than the measured homogenisation temperature (Tj)

(Hanor 1980).

WHY RESETTING MIGHT OCCUR- FLUID INCLUSION SYSTEMATICS

When a fluid inclusion is trapped during mineral growth in the subsurface
it is assumed that one aqueous fluid phase is present, without any free vapour.
Surface pressures and especially temperatures are lower than the subsurface
reservoir, and this volume decrease of the liquid forces a small vapour'bubblc to
nucleate within the aqueous fluid inclusic:m.. Heating the inclusion in a
laboratory mimics the burial temperature of original growth, and the vapour
bubble merges again into one fluid. This is the "homogenisation temperature”
and Ty original o0 Fig. 3 shows that this rcprcsem's the minimum trapping
temperature of that particular inclusion, ie the minimum growth temperature of
that mineral. This relies on several crucial assumptions:- 1) That the
isochore B-C is steep, so that the temperature of entrapment approximates to that
measured by Th original- In sedimentary basins, the aqueous fluid inside
inclusions is analysed to be methane-rich, so that this condition is true¢ and any
"pressure correction” can be neglected (Hanor 1980, Burley er al 1989). 2)

The inclusion has remained a closed system. neither losing nor gaining
fluid or vapour. 3) The inclusion has maintained a coastant volume. 4)
The fluid was trapped as a single aqueous phase.  Conditions 2 and 3 can

both potentially be violated for FI in minerals grown in a subsiding sedimeatary
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basin. where pressures and especially temperatures outside the inclusions
increase due to additional burial after their growth.

As an inclusion is buried and becomes heated, the aqueous fluid trapped
within it attempts to expand, within the fixed volume of the inclusion. The
pressure within the inclusion consequently increases until at some point the
strength of the host mineral is exceeded, and the inclusion succeeds either in
expanding in volume, or in losing some of its contents. Experimental studies
show that this can occur in two ways:- Plastic deformation and stretching (Bodnar
& Bethke 1984); or Brittle deformation and fracture decrepitation (Roedder 1984).

For decrepitation to occur, microfractures must have developed from the
inclusion towards lower pressure space at the edge of the grain, or within
another inclusion; fractures of the correct diameter may even selectively “pump”
water out of inclusion§ (Bakker & .Janscn 1990). These fractures permit the
inclusion to lose fluids to its extemal environment. Once the fractures heal, the
growth temperature, pressure and chemical composition of that inclusion's
contents will have changed. Loss of fluid from the inclusion has lowered the
intermal density of the inclusion, and must result in a new, higher,
homogenisation temperature. Decrepitated inclusions can potentially be
recognised during petrographic observation, as they are often surrounded by a
halo of small secondary inclusions (Sterner & Bodnar 1989).

As an alternative response to the increased internal pressure, the
inclusion may deform plastically and non-elastically, and “stretch”, so that the
volume of the inclusion increases. This again results in a decrease in the density
of the fluid and an increase in the new homogenisation temperature (Fig. 3, Ta
new). As there has been no loss of fluid, the inclusion coatents retain their
original chemical composition. This size change is impossible to detect

petrographically, for an inclusion of 5 wt%NaCl fluid compositicn, a density

.
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change of only 3% is needed to produce a temperature increase from 100 to 150°C,

equating to a spherical diameter change in an inclusion from 5 to 5.05um.

EXPERIMENTAL DATA

The problem for fluid inclusion studies in situations of increasing
temperature, such as subsiding hydrocarbon basins, is to decide the limits to
strength and ability of each mineral to resist decrepitation or stretching with
increased temperature. It is well established that minerals such as fluorite and
sphalerite are "weak"” (Bodnar and Bethke 1984). Laboratory experiments have
been undertaken to measure the intemal overpressure required to decrepitate
fluid inclusions in quartz. These experiments are usually undertaken by short
term heating (days or months) of artificialiy grown inclusions in laboratory
quartz. Robinson er al (1992) have reviewed experimental results and have
coniidence in FI data partly because they have been impressed by reports from
Bodnar er al (1989) and from Stermer and Bodnar (1989) which emphasise large
decrepitation pressures rather than stretching as FI resetting mechanisms for
quartz. We have examined these and other workers publications, and come to
differing conclusions on processes. The experimental values obtained depend
upen the size of the inclusion (Bodnar er al 1989). Small inclusions (Sum) require
internal overpressures of >2,500bars, whereas large inclusions (30um) require
overpressures of only 850-1,000 bars. Neither of these values is likely to be
achieved in a hydrocarbor; burial setting, where Burrus (1987) has shown that
internal overpressures resulting from 70°9C (2km) of subsideace will only reach:
400 bars. Thus, subsidencs-related decrepitation of inclusions in authigenic

quartz can be rejected.
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By contrast., Gratier (1982), Gratier and Jenatton (1984) have
experimentally observed plastic and diffusive deformation and stretching of fluid
inclusions in quartz. These experiments on inclusions in synthetic quartz, at
internal overpressures as low as 3MPa (50 bars) and temperatures sometimes
increased from only 212 to 217°C, produced shapc changes from irregular towards
spherical or negative crystal inclusion shapes within 120 days. Inclusions which
changed shape and did not fracture were observed to increase in Tp, inferred by
Gratier and Jenatton (1984) to be due to the density decrease of the fluid inside the
inclusion.  These changes in FI shape were deduced to have a kinetic barrier; so
that FI in synthetic quartz produced measurable changes within days, whereas
natural FI in quartz would have needed 4 years to achieve similar changes.  This
slow time dependency is important for our arguements (below) of slow geological
resetting rates in natural systems. |

Likewise, Bodnar ét al (1989) found‘to their surprise that many inclusions
underwent non-elastic stretching before undergoing brittle fracture.
Stretching occurred at low overpressures and was often followed by decrepitation
upon increased heating. This bcﬁaviour was confined to the smaller inclusion$
(<6um) in their experiment- similar in size to those occurring naturally in
diagenetic quartz. Internal overpressures in these inclusions were thought by
Bodnar ef al (1989) to be only 400 bars, and so are achievable during burial.
About 20% of the inclusions increased in temperature by up to 30°C during this 12
moanth experiment. Although the majority of the inclusions did not increase in
temperature, these experiments still demonstrate that the process of resetting by
stretching of inclusions in quartz is feasible. Sterner and Bodnar (1989) found
experimentally that this resetting process is time dependant- once it has begunm,
then individual inclusions come closer to re-equilibration with anew P-T
conditions with increasing time. In laboratory experiments, very long times are

a difficult variable to alter; by looking back in time to the geological record, we
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can see the end effect of any resetting processes.  This is what we attempt to do in

the bulk of this paper.

PATTERNS IN FLUID INCLUSION TEMPERATURE DISTRIBUTIONS.

Roedder (1984)l explains thev different types of information available from
FI. Here we are only concerned with homogenisation temperatures which are
commonly interpreted to yield the growth temperature of diagenetic quartz
(Haszeldine et al. 1984a, Ehrenberg 1989, Glasmann 198%a, b, Burley ef al. 1989). A
cartoon histogram of FI homogenisation data (cf Glasmann er al 1989a, Haszeldine
et al 1992) is shown in Fig. 4. This shows one or more modes, with isolated reading
at lower temperatures and a skewed tail towards hotter temperatures. vEmpirically.
we find that this pattern requires a Iar'gc r;umbcr of readings (greater than 40,
preferably >100) to be measured at each individual depth. This pattém is blurred
if data from different depths are merged, and the full pattern does not appear in

smaller data sets. We propose that Th min. mode and max in these spectra are

important.

EMPIRICAL GEOLOGICAL DATA

We have compiled all published FI data from North Sea quartz cements and
combined these with .our own measurements. When homogenisation temperature
is plotted against present day burial depth of sandstones (Fig. 5) a pattern of
increasing temperature with present depth is seen. Notice that the minimum
temperature of each distribution also increases with depth. When a 359C.km"!

temperature gradient, typical of today's North Sea is projected for comparison
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with present-day rock temperatures (Fig. 5), we observe that some modes coincide
very closely with the rock temperature today, whereas others are too cool. Also
apparent is that temperature maxima in FI histograms rarely exceed today's rock
temperature.

This simple co-relation of depth and FI temperature (which contains
minimal interpretation), made us suspect that FI temperatures are partly a record
of todays temperature not a record of ancient temperatures. However, there is no
simple graphical fit to the data (Fig. S); fits can be made ranging from a 35°C km-!
temperature gradient to a 18°C km-! t.cmperaturc gradient. The full

interpretation is necessarily more complex (sec below).

EVIDENCE THAT HOMOGENISATION TEMPERATURES ARE RESET.

[t has beesn established experimentally (Bodnar and Bethke 1984) and
geologically (Goldstein 1686, Barker and Goldstein 1990) that FI in soft cleaved
minerals such as carbonates are reset and show a good correla.tion with maximum
paleo-temperatures of a sediment. Metamorphic quartz FI are also reset during
experimental or natural overheating (Sterner and Bodnar 1989%9). It is therefore
logical to ask if FI in diagenetic quartz can also be reset during burial and heating
after their growth. Several lines of geological evidence suggests that this has

indeed taken place.

1. Temperature profiles.

Quartz cement volume increases with present day depth in Mid- and Upper
Jurassic sandstones from the North Sea (Fig. 1), and so is hers inferred to grow
gradually through a depth range. Thus inclusions within the overgrowth would

be expected to increase in homogenisation temperature from the detrital grain
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rim towards the last formed edge of the diagenetic overgrowth. We have looked
for this effect in inclusions from Emerald, NW Hutton, and South Brae, and re-
examined data from Alwyn South (Hogg 1989). In none of these is any systematic
temperature profile observed within overgrowths. Only in the Tartan Field study
(Burley ¢t al. 1989) has any systematic increase in FI temperatures been shown
throughout an overgrowth. Even here, no gscillations of temperature (from hot
and cool fluids) are recorded. The Tartan case, however, may be complicated
because the cooler FI are very saline whereas the hotter are not. Osbome and
Haszeldine (1992) point out that saline FI are reset less- than pure water, so that
this altermative to hot fluid pulses is feasible in Tartan. We note also that the
Tartan FI temperature “palacogradient” is 34°C km-!, just as it is today, and the
hottest FI are within 10°C of present reservoir temperatures (Burley er al. 1939,

figs. 13, 15). These fearures suggest that Tartan FI are reset.

2.  Lowest FI temperatures.

Thesec provide minimum temperatures for the commencement of
overgrowths. Fig. 5 shows that minimum temperatures today increase with
present day sandstone depths. One interpretation of this is that quartz growth in
the same sandstone facies in different oil fields, and even within the same oil
field, was initiated at different temperatures. If an equilibrium temperature
gradient is assumed, this implies that some sandstones grew quartz cement at 2km,
whereas others had no quartz cement until 4km. When we remember that the
percentage of quartz cement today clearly increases with depth (Fig. 1), and if
this quartz cement commences at around 70°C, we consider the variable
temperature and depth interpretation of FI evidence to be too simple and
incorrect.

By contrast a more satisfactory explanation is that quartz cement in these

sandstones has been and still is commencing growth at around 70°0C (65-90°C).
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This is shown by the intercepts on Fig 1. If the original (coolest temperature) FI
are continually resetting with depth to increase their apparent temperaturs, then
there can be no certain FI record of these lowest temperatures. Indesd, we see
from Fig. 5 that Ty min does increse progressively with today's depth (not paleo-
depth). If FI at grain-overgrowth boundaries did indeed grow at different
temperatures in the past from a rising hot fluid it is difficult to see how the
present day quartz volume : depth profile and Ty min profile could result. Neither
can these FI be responding to a present-day hot rising fluid, for the desper FI

temperatures are cooler than rock temperature. This is discussed further below.

3. Hot paleo temperatures.

Quantiz FI temperature modes in these sandstones are always at, or below,

present day reservoir temperature and generally increase with present day depth

(Fig. 5). Some FI maxima exceed present day rock temperature; these are not
uplifted, but are thought to result from FI stretching (see 6 below). If quanz is

hypothesized to have started growth in the geological past, whea a sandstone was
at a shallower burial depth than today, so the FI temperatures recorded today are
too hot whea related to an equilibrium 35°Ckm-! temperature gradieat in the
geological past. One interpretation of this is to invoke a period of hot fluid
circulaticn, which heated the sandstone and also transported the quartz cement
(Haszeldine er al. 1984a,b, Jourdan er al. 1987, Burley er al. 1989). This leads to very
great problems.

Firstly, the key problem is that a huge volume of fluid (at least 106 pore
volumes) is nesded to transport the volumes of quartz cement, due to the very low
solubility of quartiz in oilfield brines. However, such large volumes of fluid are
not available during burial diagenesis (Haszeldine 2t al 1984b). Transporting

heat into the rock with this volume of fluid is easy, and simple calculations show
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that only one pore volume of water flow every 103 yr would suffice to keep a 2km
deep sandstone at 130 °C.

Secondly, if quartz cement was transported by hot fluid, then the fluid
should be cooling to precipitate quartz (Fig. 6). A cooling fluid would fossilise a
high apparent temperature gradient. By contrast if a rising fluid was keeping its
heat and not cooling, its temperature would not change much vertically and a low
apparent temperature gradieat would be fossilised. The North Sea FI data
apparently record an equilibrium to low 35-18°C.km-! gradient (Fig 3), implying a
fluid rising but not cooling to precipitate quartz. If a rsing fluid had cooled
beneath the surface, then a high gradisnt and high femperatures would exist in
the shallow basin (Fig. 6). Notice that these temperatures lie right of the
equilibdum line in Fig. 6, whereas the real-life data (Fig. 35) lie left of it We have
attempted to backstrip our samples to infer coavincing episodes of hot fluids in
the geological past, which are preserved un:;llered in the FI today, but without
success, as the subsidence histories of the North Sea and the Norwegian margin

are so different.

4. Shallow veins.

In the Fulmar field (Johnson er al. 1986), subvertical veins 0.5-3cm wide
occur, filled with carbonate and silica. In core these are observed to be
ptygmatically compacted in silty sedimeat. This texture clearly demonstrates that
such vein-fills were crystallised at shallow burial depths (0.1-lkm), whilst
compaction of surrounding sediment was dominant. Macaulay er al (1993) have
measured FI tcmper;tures and quartz 5!80 from these veins. The compaction of
ptygmatic folds and 5!80 data are interpreted to indicate a growth temperatre of
40°C from seawater. By contrast, the Fl in these quartz veins rscord a temperature

mode of 119°C which compares well with present day reservoir temperature
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(129°C). We infer that these FI were formed around 40°C and have been reset

during burial.

5. Shallow overgrowths.

Walderhaug (1990) studied quartz FI from a mid-Jurassic sandstone in the
Norwegian Haltenbanken area (geological setting in  Ehrenberg 1990). He
observed minor quartz overgrowths which pre-dated calcite cement, and major
quartz overgrowths which post-dated calcite cement. Quartz overgrowths both
inside and outside the calcitic sandstone show FI temperatures with coincident
identical modes of 94, 100°C, and a maximum Tp of 118°C. The present reservoir
temperature is also 118°C. Walderhaug (1990) suggests that quartz started growth
above 90°C and the calcite cement post-dated this.

Altemativély, we intérprct that the FI in these minor quartz overgrowths
formed around 70°C throughout the -sandst-one (s=e Ehrenberg's compilation from
this same area on Fig 1). One sandstone was occluded by calcite at relatively
shallow depths. The other sandstone continued to cement with quartz until
hydrocarbon charging. All inclusions subsided with the sandstone and have been
reset from their minimum growth temperatures towards present day reservoir
temperatures.

An analogous effect is rccor&cd in diagenetic calcites from the Middle and
Upper Jurassic, Upper Viking Graben by Moge and Pagel (1990), where pre-quanz
and post-quartz calcite cements are isotopically distinct but show identical ranges
of homogenisation temperatures. These have modes 5°C above, and identical with,

the intervening quartz (103°C) respectively.

6. Experimental data
Bodnar, Binns and Hall (1989) undertook experiments where artificially

grown FI in quartz were heated from 330-370°C for one year to inducs excess
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pressures of 400 bars inside the inclusions. The temperature distribution of
homogenisation temperatures was recorded before and after these runs. A
distinct increase occurred in the FI mode (Fig. 7). In a different experiment,

Stemner and Bodnar (1989) heated and then cooled FI in quartz from metamorphic

temperatures to induce interhal pressure difference of 1000 bars. In both cases
FI temperature modes were changed. We suggest that these experiments indicate
that quantiz FI are less susceptible to resetting by overheating than other

minerals, but will inevitably slowlv increase or decrease in homogenisation
temperature, and even reform to trap cooler temperature samples of a secend,

saline pore fluid.

7. Correlation with subsidence

We have noted that the simple plot of FI temperature against present-day
depth (hencs temperature) shows an .ovcralil trend of increasing Fi temperature
with depth (Fig. 5). with a wide scatter. This should not be interpreted as a simple
control of FI temperature by present day temperature. e noted from
experimental evideace that FI temperatures show a small increase after zm
overheating time of only one year. Therefore, we have investigated the effect of
geological time on particular FI populations. We have used subsidence
(geohistory) curves for the few oilfields where we also know the present day
temperature and have fluid inclusion data. These curves enable us to estimate
total subsidence in metres during the past 5 Ma, this is a crude measure of
subsidence rate. We hayc plotted this value against the difference betwesn modal
FI temperatures in quartz cement and present day sandstone temperatures. We
find a strong linear correlation (Fig. 8), significant at the 99% confidencs level.
Oilfields which have remained within 50m of their present depth during the past

5 Ma show Tp which are within a few degress Centigrade of todays sandstone

temperature. By coatrast, oilfields which have subsided more rapidly (greater
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than 100m) within the last 5 million years show Ty populations which are too cool,
and lag the preseat day sandstone temperature. The most extreme value, from the
North Sea Central Graben was predicted to within 5°C by extrapolation from our
slower subsiding dataset.

An identical pattern of FI values to that in Fig. 5 is recorded from
Haltenbanken by Ehrenberg (1990) and Grant and Oxtoby (1992). Where they
provide enough supporting data we have replotted temperaturs, subsidence and
fluid inclusion spectra in the same format as Fig. 8; and obtain a good fit. Thus,
similar effects are observed in the Viking Graben and Central Graben failed rifts;

and the Haltenbanken continental margin.

DISCUSSION.

We have seen firstly, that the monotonic increase in quartz cement vclume
with present-day depth is difficult to explain by an ancient mineralising eveat.
Secondly that the tcmperal;.xre gradient of FI today of less than 35°C/krﬁ is
evidencs against the ascsat of an ancient hot fluid cooling and precipitating
transported quartz.  Thirdly, by contrast, the increase of quartz cement with
depth makes it much more probable that quartz grew, and is still growing,
throughout a long time span over a range of tcmperamres. Independent evidence
for this process comes from a detailed isotopic study of the Magnus oil field
(Macaulay et al. 1992) wh(?rc stratified and distinct pore waters existed adjaceat to
each other for at least 35 Ma. This field shows the same diagenetic minerals as the
other sands in our compilation, including 5-10% diagenetic quartz, which must
have been supplied through a stationary pore fluid. If moving fluids did not
transport diagenetic quartz, then some type of diffusive supply of silica cemeat

must be inferred. Mullis (1992) has shown numerically that diffusion is a



263

geologically rapid process, and that the theoretical distance of silica transport is
limited only by laboratory-derived solution residence times (rather than by
geological information). Fourthly, we have demonstrated several independent
geologically-based lines of reasoning which suggest that Ty values recorded today
have been reset towards present day temperatures Fifthly, geological data sets
show that a FI population needs increased temperature over a time span of at least
5 Ma (Fig. 8) to complete re-equilibration. Osborne and Haszeldine (1992) discuss
the resetting mechanism in detail, concluding that stretching and FI shape
change to produce 2 volume change of only 1-3% are quite sufficient to
accommodate the temperature changes needed.

Diagenetic quartz overgrowths commence forming at or before a 70°C
threshold temperature, perhaps depending upon the sediment's lithology and
inter-grain stress (overpressure). At such shallow depths, FI temperature
distributions are not strongly comrollc& by .slow or by rapid subsidence (Fig.
Sa,b). If subssquent subsidencs is slow, inclusions in a sandstone re-equilibriate
and record maximum burial temperatures (Fig. 9¢). Altematively the sandstone
may have subsided rapidly; in this case FI population lags reservoir temperature
below the equilibrium temperature line (Fig. 9d). The resetting process is always
active, but needs time to complete. Consequently these populations preserve
temperature modes from depths where they were in equilibrium. If such a
sandstone then subsided slowly at its maximum depth (Fig. 9e), a high temperature
skewed tail will gradually form by depleting the lower temperature FI. This is the
case in the Tartan ﬁgld (B}xrlcy et al. 1989).

The shape of an FI temperature distribution can, therefore, give
information on pauses in subsidence, on the maximum temperature experienced,
but only an approximate guide to its original growth temperature. The bulk fluid
composition within FI remains intact, although interpreted salinity values will

nesd correction for density changes resuiting from slight increases in FI volume.
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Relative salinities will be unaffected. We have not attempted extensive

compilations of FI data in uplifted sandstones.

w

()

W

CONCLUSIONS.

The full temperature distribution of Thp measurements must be used when
interpreting FI data. This entails at least 40 measurements for each sample
depth, and no hot temperature "cutoff”.

FI temperatures are slowly reset upwards to values in equilibrium with
prevailing rock temperatures. This process takes at least 5 Ma, and may
occur via stretching and shape changes.

[f subsidence is rapid, Ty values lag below rock temperature, and preserve
modal temperatures which record eciuilibri{xm at cooler temperatures.
Re-cquilibriation at hotier temperatures gradually depletes the coolest
first-formed FI, which progressively stretch to produce an equilibrium
temperature skewed tail to the population at each acpth. Eventually the
equilibrium FI mode is re-established within a few degrees Centigrade of
rock temperature. This could find an application in estimating maximum
burial temperatures of uplifted rocks, and in recording temperatures
(hence times) of slow subsidencs.

There is an excelleat correlation of the lag in Ty mode relative to preseat
rock temperature, and metres of subsidence during the past 5 Ma. This may
have predictive value in recoastructing the most receat subsideace
history, often the most important in terms of hydrocarbon generation.
FI contents are intact, so that their relative salinity ranking is still
feasible. However, corrections should be made if absolute salinity values

are needed.
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7. There is no evidence of high paleo-temperature gradients in FI populations
from the North Sea Jurassic.  This quartz did not grow by circulation of hot
waters. We propose that quartz grew slowly in relation to burial depth,

probably by some type of local diffusive supply.
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Quartz overgrowth volume increases with present day burial depth in

the Middle Jurassic Brent Group and Gam Formation. Data replotted

from Scotchman efdl 1989, Ehrenberg 1990, Giles efdl 1992,

Bjorlykke e dl 1992).



Schematic Cathode Luminescence (CL) thin section view of quartz
overgrowth showing location of diagenetic FI preferentially at

grain-overgrowth boundaries (Burley er al 1989, Hogg et al 1992).
Fewer FI occur at CL boundaries within the overgrowth, and still

fewer as isolated FI within one CL zone.



Fig.3

=] i@ AN e

g

5

Th oRIGINAL Th NEw
Temperature

Pressure-Temperature phase relations of an aqueous fluid inclusion.
When heated from the surface (A), the liquid-vapour curve is
followed wuntil the homogenisation temperature Th original* where the
vapour bubble disappears (B). Upon further heating (burial

through time), the isochore relating to the fluid density is followed,
and the internal pressure increases P1-P3. At C the inclusion
"stretches" or fractures in order to release the internal overpressure
down to 22 ~ stretched by shape change, its volume increases, so
the homogenisation temperature rises to Th new (D). Continued burial
and heating will follow a new isochore D-E corresponding to the new

fluid density.
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Idealised FI temperature distribution, showing isolated low
temperature readings, and one or more modes within the body of data,
and skewed high temperature tail. Such patterns need more that 40

readings at each depth to be visualised.
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Fig.6 Cartoons illustrating the equilibrium temperature gradient of
350Ckm-1, and temperature gradient possibilities for:- A) Rising hot
fluids cementing near the surface, and discharging as warm springs.
B) Rising hot fluids cooling and cementing in the subsurface. The
rising fluid is shown with an approximate 18°Ckm-! gradient, to
enable comparison with Fig.5. Both A and B rising fluid temperature
gradients lie right of the 35°Ckm'}1 line, indicating hydrothermal
conditions, rather than to the left as in Fig. 5. In alternative B most
silica cementation must have occurred during the rapid cooling high
gradient at around 2km. We find no FI evidence of such a high
palaco-gradient wihin individual oilfields (eg 34°Ckm-! paleo-
gradient between up and down fault blocks in Burley et al 1989). A
very fortuitous combination of post-cementation subsidence must also
be proposed for both Haltenbanken and the North Sea to produce the

present-day trends of gradually increasing silica cement with depth

(Fig 1).
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Fig. 7 Experimental data from Bodnar ef dl. 1989 showing that FI

temperatures from 36 FI before heating are cooler than 50 different

FI in the same sample after heating for one year at 400 bar internal

pressure. This shows that quartz FI can reset slowly when heated

above growth temperatures (cf Gratier and Jenatton 1984).
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Fig. 8 Plot of subsidence in last 5§ Ma against temperature difference (todays
rock temperature minus FI mode). This shows "lag" of FI resetting is

directly proportional to rate of subsidence. Data from Table 1
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Cartoon explanation of subsidence pathways to result in different

present day FI temperature distributions. This assumes that quartz

grows continually from 70°C, most FI are trapped at at the grain-
overgrowth boundary, and few FI are trapped during burial; all
are reset. Compare real life data of Fig. 5:-

A + B slow and rapid arrival below 70°C threshold.

C shows subsidence and resetting.

D, E subsidence too fast for resetting.



FELD ROCK TEMP Fi MODAL {ROCK-FI) FIDEPTH (km) 5 Ma SUBS km

HEATHER 110 95 1 3.294 0.050
EMERALD 60 67 5 1.650 0.060
WALDERHAUG 118 102 16 2.547 0.400
THISTLE 104 83 21 3.400 0.881
ALWYN SOUTH 127 123 4 3.505 0.100
HULDRA 150 131 15 4.000 0.600
SOUTH BRAE 132 113 19 4.270 0.740
FULMAR 129 119 10 4,047 0.350
TARTAN 109 101 8 3.653 0.100
GARNWELL | 143 127 186 3.702 0.750
MAGNUS 118 102 14 3.075 0.720
QUAD 29 NE 183 150 33 1 5.480 1.350
Table 1 Data of measured fluid inclusion temperature in relation to present

day rock temperature at sample depth and to subsidence in last SMyr.
This selection is only for fields where we have access through
publications or released data to good quality well locations, burial
curvcsl. temperatures, and accurately located single depth fluid
inclusion temperature distributions. Thus much published data has
been excluded. Temperatures and stratigraphy from Abbots (1991),
Heather _(GIasmann et al 1989b), Emerald (Osborne unpub),
Walderhaug (1990), Thistle (Haszeldine er al 1992), Alwyn South (Hogg
1989), Huldra (Glasmann et al/ 1989a), South Brae (McLaughlin
unpub), Fulmar (Macaulay unpub), Tartan (Burley ez al 1989), Well I
(Garn) (Ehrenberg 1990), Magnus (Macaulay unpub), UK Central
North Sea Quadrant 29 NE (Osbome unpub).
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