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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
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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.
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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
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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.

L11 REFERENCES

Chapter 1- Introduction



Abbots, I.L., 1991, United Kingdom oil and gas fields; 25 years

commemorative volume, Mem. Geol. Soc. Lond., 14, 573p.

Barker, C.E., and Goldstein, R. H.,1991, A fluid inclusion technique for
determining maximum temperature in calcite and its
comparison to the vitrinite reflectance geothermometer:
Geology, 18, p.1003-1006.

Berner, R. A., 1971, Principles of chemical sedimentology, New York,
McGraw Hill, 240 p..

Berner, R.A., 1981, Kinetics of weathering and diagenesis. In Kinetics of
geochemical processes, Reviews in Mineralogy 8, Min. Soc. Am.

Bjorlykke, K., & Brendsal, A.,1986, Diagenesis of the Brent sandstone in
the Statfjord field. In Gautier, D.L., (ed.), Roles of organic matter
in sedimentary diagenesis. SEPM Special Publication No. 38.
p-157-168.

Bjorlykke, K., Nedkvitne, T., Ramm, M., Saigal, G.C., 1992, Diagenetic
processes in the Brent Group (Middle Jurassic) reservoirs of
the North Sea ; an overview. In Morton, A. C., Haszeldine, R.
S., Giles, M. R., & Brown, S., (Eds), Geology of the Brent Group.
Geological Society of London, Bath UK. p. 263-288.

Brint, J. F., 1989, Isotope diagenesis and palaeofluid movement: Middle
Jurassic Brent sandstones, North Sea D. Phil. Thesis University
of Strathclyde, Scotland, 288 p.

Burley, S.D., Kantorowicz, J.D., 1986, Thin section and SEM textural
criteria for the recognition of cement-dissolution porosity in
sandstones. Sedimentology, 33, p.587-604.

Egeberg, P.K.,, & Aagard, P., 1989, Origin and evolution of formation
waters from oilfields of the Morwegian shelf. Appl. Geochem.,
4,p.131-142.

Ehrenberg, S. N., 1990, Relationship between diagenesis and reservoir
quality in sandstones of the Garn Formation, Haltenbanken,
Mid Norwegian Continental Shelf Am. Assoc. Petrol. Geol. Bull,
74, p. 1538-1558.

Ehrenberg, S.N., & Nadeau, P.H., 1989, Formation of diagenetic illite in
sandstones of the Garn Formation, Haltenbank area, mid-
Norwegian continental shelf. Clay Minerals, 24, p.233-253.

Giles, M.R., 1987, Mass balance and problems of secondary porosity
creation in deeply buried hydrocarbon reservoirs. Marine &
Petroleum Geology, 4.p.188-204.

Chapter 1- Introduction

27



Giles, M.R,, Stevenson, S., Martin, S. V., Cannon, S. J. C., Hamilton, P. J.,
Marshall, J. D., & Samways, G. M., 1992, The reservoir
properties and diagenesis of the Brent Group; a regional
perspective. In Morton, A. C., Haszeldine, R. S., Giles, M. R., &
Brown, S., (Eds), Geology of the Brent Group. Geological Society
of London, Bath UK. p. 289-327.

Glasmann, J.R., 1992, The fate of feldspar in the Brent Group reservoirs,
North Sea: a regional synthesis of diagenesis in shallow,
intermediate, and deep burial environments. In Morton, A. C,,
Haszeldine, R. S., Giles, M. R., & Brown, S. (Eds), Geology of the
Brent Group. Geological Society of London, Bath U.K. p. 329-
350.

Glasmann, J. R., Lundegard, P. D., Clark, R. A., Penny, B. K,, Collins, I.
D., 1989 a, Geochemical evidence for the history of diagenesis
and fluid migration: Brent sandstone, Heather field, North Sea
Clay Minerals, 24, p. 255-284.

Glasmann, J. R,, Clark, R. A., Larter, S., Briedis, N. A., and Lundegard, P.
D., 1989 b, Diagenesis and hydrocarbon accumulation, Brent
sandstone (Jurassic ), Bergen High area, North Sea Am. Assoc.
Petrol. Geol. Bull., 73, no. 11, p. 1341-1360.

Glennie, K. W.,1990, Introduction to the Petroleum Geology of the North Sea
(third edition) Oxford, Blackwell Scientific Publications.

Hamilton, P.]., Fallick, A.E., Macintyre, R M., & Elliott, S.,1987, Isotopic
tracing of provenance and diagenesis of lower Brent Group
sands, North Sea. In Brooks, J., & Glennie, K.W., (eds.),
Petroleum Geology of NW Europe, Graham & Trotman, London,
P.939-949. :

Hancock, N.J., & Taylor, A.M., 1978, Clay mineral diagenesis and oil
migration in the Middle Jurassic Brent Sand formation, Jour.
Geol. Soc. Lond., 135, p.69-72.

Harris, N. B., 1992, Burial diagenesis of Brent sandstones: a study of
Statfjord, Hutton and Lyell fields. In Morton, A. C,
Haszeldine, R. S., Giles, M. R., & Brown, S. (Eds), Geology of the
Brent Group. Geological Society of London, Bath UK. p. 351-
375.

Haszeldine, R. S., Brint, J. F., Fallick, A.E., Hamilton, P. J., & Brown, S.,
1992, Open and restricted hydrologies in Brent Group
diagenesis: North Sea. In Morton, A. C., Haszeldine, R.S.,

Chapter 1- Introduction

28



Giles, M. R., & Brown, S.(Eds.), Geology of the Brent Group.
Geological Society of London, Bath UK. p. 401-419.

Haszeldine, R.S., & Osborne, M., 1993, Fluid inclusions in diagenetic
quartz reset during subsidence; implications for oilfield
cementation. In Horbury, A. & Robinson, A.G., (Eds.)
Diagenesis in basin development, Am Assoc. Petrol. Geol. Spec.
Publ. (in press).

Hogg A.].C.,1989, Petrographic and isotopic constraints on the
diagenesis and reservoir properties of the Brent Group
sandstones, Alwyn South, Northern U.K. North Sea D. Phil.
Thesis University of Aberdeen, Scotland, 414p.

Hogg, A.]J.C., Hamilton, P.J., & Macintyre, R.M., 1993, Mapping
diagenetic fluid flow within a reservoir: K-Ar dating in the
Alwyn area, N.Sea. Marine & Petroleum Geology, 10, p.279-295.

Hurst, A., Bjorkum, P.A., 1986, Discussion. Thin section and SEM
textural criteria for the recognition of cement-dissolution
porosity in sandsones, Sedimentology, 33, p.605-614.

Irwin, H., Curtis, C., Coleman, M., 1977, Isotopic evidence for sources of
diagenetic carbonates formed during burial of organic rich
sediments. Nature, 269, p.209-213.

Jourdan, A., Thomas, M., Brevart, O., Robson, P., Sommer, F., and
Sullivan, M.,1987, Diagenesis as the control of Brent sandstone
reservoir properties in the Greater Alwyn area ( East Shetland
Basin ) in Petroleum Geology of North West Europe, Brooks, J.,
and Glennie, K., eds., Graham and Trotman, p. 951-961.

Kantorowicz, J.D., 1984, The origin of authigenic ankerite from the
Ninian field U.K. North Sea. Nature, 315, p.214-216.

Kantorowicz, J.D., Bryant, I.D., Dawans, J.M., 1987, Controls on the
geometry and distribution of carbonate cements in Jurassic
sandstones: Bridport, southern and Viking Group, Troll Field,
Norway. In Marshall, ].D., (Ed.) Diagenesis of sedimentary
sequences, Geological Society Special Publication No. 36,
p.103-118.

Kantorowicz, J.D., Eigner, M.R.P., Livera, S.E., Van Schijndel-Goester,
F.S., & Hamilton, P.J. ,1992, Integration of petroleum
engineering studies of producing Brent Group fields to predict
reservoir properties in the Pelican Field, U.K. North Sea. In
Morton, A. C., Haszeldine, R.S., Giles, M. R., & Brown,

Chapter 1- Introduction

29



S.(Eds.), Geology of the Brent Group. Geological Society of
London, Bath UK. p. 453-469.

Konnerup-Madsen, J., and Dypvik, H., 1988, Fluid inclusions and quartz
cementation in Jurassic sandstones from Haltenbanken,
offshore Mid-Norway Bull. Mineral, 111, p. 401-411.

Longstaffe, F., 1989, Stable isotopes as tracers in clastic diagenesis, in
Hutcheon, I.C., (Ed.), Burial Diagenesis, Miner. Assoc. of
Canada, Short Course Handbook, v.15, p.201-277.

Lonoy, A., Akselsen, J., & Ronning, K., 1986, Diagenesis of a deeply
buried sandstone reservoir:Hild field, Northern North sea.
Clay Minerals, 21, p.497-511.

Malley, P., Jourdan, A., Weber, F. ,1986, Etude des inclusions fluides
dans les nourrissages siliceux des gres reservoirs de Mer du
Nord: une nouvelle lecture possible de I'histoire diagenetique
du Brent de la region D' Alwyn Acad..Sci.Paris 302, p. 653-658.

Moge, M., 1985, Evolutions diagenetiques et characteristiques
petrophysiques de formations greseuses a porosite secondaire
D. Phil. Thesis, University of Nancy 125p.

Morton, A. C., Haszeldine, R.S., Giles, M. R., & Brown, S.(Eds.), 1992,
Geology of the Brent Group. Geological Society of London, Bath
UK. p. 27-43.

Osborne, M., & Haszeldine, R.S., 1993, Evidence for resetting of fluid
inclusions in oilfield quartz, Marine & Petroleum Geology,10, p.
271-279.

Richards, P.C., An introduction to the Brent Group, a literature review.
In Morton, A. C., Haszeldine, R.S., Giles, M. R., & Brown,
S.(Eds.), Geology of the Brent Group. Geological Society of
London, Bath UK. p. 15-26.

Roedder, E., 1984, Fluid inclusions,in Ribbe, P.H., ed., Reviews in
Mineralogy 12, Mineralogical Society of America, p. 644.

Shanmugan, G., 1990, Porosity prediction using erosional
unconformities. In Prediction of reservoir quality using chemical
modelling, Eds. L.D. Meshri & PJ] Ortoleva, AAPG memoir 49,
p-1-23.

Sheppard, S.M.F., 1986, Characterization and isotopic variations in
natural waters. In Miner. Soc. Am. reviews in mineralogy, 16,
p.165-183.

Chapter 1- Introduction

30



31

Sommer, F., 1978, Diagenesis of Jurassic sandstones in the Viking
Graben, Jour. Geol. Soc. Lond., 135, p.63-67.

Walderhaug, O., 1990, A fluid inclusion study of quartz cemented
sandstones from offshore Mid- Norway ; possible evidence for
continued quartz cementation during oil emplacement J. Sed.
Pet., 60, p. 203-210.

Chapter 1- Introduction



?>>>

N>>>

27777

22777

28777

AD>>>

A>>>
A>

>>>
c 3

<>>>

?2>>>

N>>>

A>>>>

22777

A9>>>

AD>>>

A>>>

9>
2 F
FYL
9>
% $* %
!
2 +
' %



35 " 58& 4+ * # 8 5D >Z B4

:AD
> 525 D/? 1 C
20" / " :DC
22027777
22777
28777
24777
=1t . 7 .7 77 7 717
K 0 2 (
*$ 9 K 1 % ( + $
! 3 L2 | +
4 A>&>>> 6D>;7?(8. I %

$% 3 , 3 ( B6ANNOY9S,






34

ZONED SIDERITE CEMENTS DEFINE PALAEO-AQUIFERS,
BRENT GROUP, UK NORTH SEA.
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2- Isotope Geosciences Unit, Scottish Universities Research and Reactor
Centre, East Kilbride, Glasgow, Scotland, U.K., G75 OQU.

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.
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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

Chapter 2 Siderite zones define palacoaquifers



43

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
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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.
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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.

Chapter 2 Siderite zones define palaeoaquifers



50

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

Chapter 2 Siderite zones define palaeoaquifers



60

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 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.










































































































































































































































































































































































































































































































































































































































