








ABSTRACT

The Aptian-Albian quartz arenite sandstones of the Ben Nevis Formation were
deposited in a storm dominated shoreface setting during a marine transgression. Sediment
grain size, and poikilotopic calcite cement are largely accountable for the reduction in
porosity and permeability, resulting in mean permeabilities on the order of < 1 to 300
mD. The objective of this study is to develop a knowledge of the paragenetic sequence
during early and late diagenesis, relating timing and source of cements to attempt to
predict cement distribution, its effect on reservoir-scale fluid connectivity and its use as a
development and exploration tool at White Rose Field and potential extensions nearby.
The union of several analytical methods are required to decipher 120 million years of
diagenesis. Diagenetic evolution of the authigenic cements is investigated using core
description, and optical petrography, with corroboration from carbon and oxygen isotopic
analyses.

The paragenetic sequence identified in this study consisted of four phases of
authigenic cement precipitation and four dissolution events, three of which acted on
detrital components and the final dissolution phase acting on ferroan calcite cement. To
understand the diagenetic sequence of any sedimentary rock unit, it is important to
determine physical, geochemical and biological variations in depositional environment, as
the compounded effect of all these will define the course of diagenesis. Transgressing a
deep shelf environment over a shallow shoreface environment will decrease the rate of
deposition, bioclastic content and sand/shale ratio, while increasing mud content, distance
from shoreline and bioturbation. The transgressive nature of the Ben Nevis Formation
compacts Ben Nevis sandstones beneath the Nautilus shales, building pore fluid pressure,
transporting fluids vertically and obliquely towards the shoreline.

While there is a significant volume of serpulid worm tubes, bivalves and
gastropods, it may be thin, compacted and often discontinuous residues of micro-
crystalline textured curved shell fragments that are the primary source for calcite cement.
Petrographic analyses demonstrate various stages of shell dissolution, as well as multi-
layered shells typically composed of aragonite. Carbon isotopes (8'*C values ranges from
-13.9 to +8.8 %o) are consistent with an aragonite source for calcite cement with a +1.20
%o average enrichment between shells and authigenic cement, corresponding to the
aragonite-calcite conversion. Unstable aragonite is dissolved in the burial process
providing an excellent source of enriched 6'C, to then precipitate as calcite cement.

The early stages of diagenesis enriched pore fluids with calcium carbonate
providing the groundwork for the entire diagenetic history. Petrography and isotope
geochemistry work collectively to confirm early precipitation of calcite cement.
Petrographic analyses reveal minus cement packing up to 40%, nearly equivalent to
original unconsolidated grain packing for fine grained sediments. Delicate ornaments on
shells were also preserved within cements, indicating negligible compaction prior to
cementation. Preservation of partially dissolved feldspar grains also indicates early
cementation. Oxygen isotope analyses (8'*0 values range from -9.2 to -1.5 %o) establish
an approximately 13°C increase in temperature between shell formation and cement
precipitation. This equates to a burial depth of only 390 m for precipitation of calcite
cement.
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Distributions of cements support vertical pore fluid flow within the Ben Nevis
Formation. The storm dominated shoreface provides a much larger volume of bioclastic
debris than the lower energy transition to the offshore environment immediately above
but cementation intensity increases up-section. This indicates dissolution of shells in the
lower Ben Nevis and transportation of fluid into the overlying offshore transition where
sedimentation rates slow down, allowing precipitation of cement.

Calcite concretions are not laterally or vertically continuous as demonstrated by
the rounded boundary types and compaction of uncemented sandstones between
concretions, but the enormous volume of calcite cement is occupying pore space that
could otherwise be filled with oil or gas. Concentrating on identifying the east-west
constraints on the distal shoreface through seismic interpretation, additional wells and
basin modelling may prove beneficial for future extensions of the White Rose Field, as
well as the entire Jeanne d’ Arc Basin.
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species, and can locally represent up to 39 % of the modal analysis but overall average is

8.6 %.

4.3.1.5.1 Pelecypods (Bivalves)

The class Bivalvia occupy a wide geological time range from Lower Ordovician
to Recent and poorly constrain depositional environment as they can live in marine,
brackish or fresh water (Majewske, 1969). They can be mobile or sedentary with two
convex valves and the shell microstructure can develop up to three distinct layers with
mineralogy varying between entirely calcite, entirely aragonite or a combination of both
minerals (Majewske, 1969). Common calcitic microstructures include foliated, prismatic,
and homogeneous, while aragonitic structures are usually lost during replacement with
possible relict microstructure within sparry calcite cement or a mosaic of irregularly
grained calcite may suggest the former presence of aragonite (Majewske, 1969).
Bivalves found in WR F-04 and WR B-07 4 display foliated and complex cross
laminated microstructure as well as a multi-layered fabric (Figure 4.10). One distinctive

species found in the Ben Nevis formation is Exogyra (Mcllroy, 2005, pers comm.).

4.3.1.5.2 Serpulid Worm Tubes
Serpulid worm tubes are sedentary polychaetes of the phylum Annelida which
secrete a calcareous habitation tube attached to a hard substrate in a marine environment
(ten Hove and van den Hurk, 1993). Lowenstam (1954) was the first to investigate the

mineralogy and composition of serpulid worm tubes, demonstrating how cold water

73






worm tubes secreted calcitic tubes and tropical species secreted aragonitic tubes. The
proportional increase of aragonite with temperature has since been questioned by
Bornhold and Milliman (1973), demonstrating compositional variations in calcite-to-
aragonite ratios within the same tube. Varying ratios at this scale may represent seasonal
variation but a more relevant question may be the change from calcite to aragonite in
transverse cross-sections from inner to outer tube to determine any mineralogical changes
during a single growth season.

Although serpulid worm tubes are not the most volumetrically significant portion
of bioclastic debris found in the Ben Nevis Sandstone, they are possibly one of the
sources of calcite cement and their presence could also help interpret depositional paleo-
environments. Typically a shallow water fauna (2 to 30 m depth), serpulid worm tubes
inhabit unstable marine environments such as mixed saline (brackish 0.5 to 30 ppt) or
hypersaline waters (>30 ppt), (Majewske, 1969). Serpulid ‘reefs’ are deposited on
continental shelves at intertidal and sub-tidal depths in temperate to tropical seas around
the world.

Ten Hove and van den Hurk (1993) indicate that the Serpulidae (Order
Sabellida) are composed of calcite and/or aragonite. Neff (1969) recognized that
aragonite is secreted by the lumen of what was previously known as the calcium secreting
gland while high-Mg calcite is secreted from the ventral shield epithelium. Some worm
tubes found in the Ben Nevis sandstone (Figure 4.11) reveal partial dissolution and

recrystallization on the outer layer with very little dissolution on the inner layer.
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Assuming that the outer layer was originally aragonite, it has since been dissolved and

may be a source for calcite cementation (See Chapter 5: Carbon and Oxygen Isotopes).

4.3.1.5.3 Gastropods

Gastropods range from the Cambrian to Recent and can be found in virtually any
environment from marine and brackish, to fresh, terrestrial. The univalved cone of
gastropods consists of a series of “whorls” wrapped around a central cavity and may
contain up to five layers of calcium carbonate. The mineralogy of gastropods consists of
calcite and aragonite or entirely aragonite. The mixed layer mineralogy consists of an
external calcite layer and internal aragonite (Majewske, 1969). Figure 4.12 reveals the
size and shape of gastropods found in the Ben Nevis Formation and occasionally

demonstrates calcite replacement.

4.3.1.5.4 Brachiopods

Brachiopods range from Cambrian to Recent but occur in decreasing numbers in
the late Mesozoic and Cenozoic. They are sessile and bivalved and exist mainly in marine
environments. Generally composed of chitinophosphatic and calcareous shells,
brachiopods distinguish themselves from bivalves based on their elaborate internal
structure. Brachiopods can have external hollow spines on one or both valves (Majewske,
1969). The rare examples found in the WR F-04 and WR B-07_4 wells appear to be
transverse sections of calcitic pentamerid brachiopods showing the pedicle and brachial

valves with the spondylium in the center (Figure 4.13 A and B).
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4.3.1.5.5 Corals
Rugose corals are solitary invertebrates found exclusively in marine environments
and have been found in the rock record since the Ordovician (Majewske, 1969). Made-up
of fibrous aragonite crystals, rugose corals are recognized by multiple septa projecting
into a solid club shaped columella (Majewske, 1969). Corals are rare in the cores of this
study, possibly sourced from a very distant reef or carbonate bank eroded during larger

storm events (Figure 4.13 C).

4.3.1.5.6 Bryozoa
The colonial Bryozoa range from Ordovician to recent and are confined to a
marine environment. Colonies consist of densely packed tubes (< 1 mm) and may appear
as a lacy network of irregular polygons (Figure 4.13 D). They are generally composed of

calcite in the form of granules or tiny imbricating plates (Majewske, 1969).

4.3.1.5.7 Unidentified Shell Species
Some ‘problematic’ shell fragments were too broken or fragmented to be
identified petrographically (Figure 4.14), possibly representing cricoconarids,
scaphopods, bivalves or gastropods. The variety of fauna preserved in very small
abundance suggests a of fair weather shallow water environment capable of supporting an

extensive communal ecosystem.
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4.3.2 Matrix

Matrix is detrital clay and other particulate fines deposited at the same time as the
framework grains, which partly or completely infill the intergranular space. The majority
of samples are clean arenites without any trace of matrix, with the majority of matrix-rich
samples (Figure 4.15) occurring in the upper portion of the Ben Nevis Formation as it
appears to grade into clay dominated mudstones of the deep-water Nautilus Formation.
Clay minerals may occur as irregular, discontinuous laminae and may be associated with
opaque minerals.

Clay minerals occupy approximately 1 % of the modal analysis of the samples
selected in this study. Their presence is more pronounced in WR F-04 as the Ben Nevis
sandstones become interbedded with muddy siltstones and finally silty mudstones during
the transition into the overlying Nautilus Formation. Clay minerals provide information
on the energy of the depositional environment, reduced current energy allows clay
minerals carried in suspension the opportunity to settle. Compaction of clay minerals may
be important during diagenesis, when clays are squeezed and deformed within pore
networks, possibly occluding pore space. Another potentially important aspect relative to
clay compaction is the release of structural or adsorbed water which can help to move

fluids through the system directly influencing diagenesis.

Authigenic/Diagenetic Components

Authigenic minerals precipitate from solution or replace pre-existing minerals

after deposition, representing the effect of diagenesis over the course of sediment burial
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and compaction. The major authigenic components identified in WR F-04 and WR B-
07_4 cores of the Ben Nevis Formation are, in general order of decreasing frequency of

occurrence, ferroan calcite, non-ferroan calcite, siderite, and quartz.

4.3.2.1 Calcite Cement
Calcite is the dominate authigenic cement, ranging from 0 to 50 %, averaging
approximately 17.3 % of the modal analysis in the 88 samples analysed for this study,
Calcite cement is primarily found as clearly defined, discrete horizons where it occurs as
pore-filling cement, veins, or as recrystallization or replacement of bioclasts but it is also
found as partially or weakly cemented horizons. This cement can be separated into non-
ferroan and ferroan and occurs in several habits; coarse poikilotopic cements, pervasive

micritic cements, syntaxial sparry cements on bioclasts and isolated subhedral crystals.

4.3.2.1.1 Non-Ferroan Calcite Cement

Non-ferroan calcite cement accounts for 2.5 % of the modal analyses of the
samples in this study. This non-pervasive cement occurs as syntaxial overgrowths on
coarsely crystalline calcite bioclasts (Figure 4.16 A), and tends to be irregularly
distributed as poikilotopic patches (Figure 4.16 B-C). Where the host grain is iron-free,
the calcite cement shows distinct zoning with an early slightly-ferroan calcite core
followed by outer, clearly later strongly-ferroan calcite (Figure 4.17 A-D). Irregular
boundary suggests neomorphic processes inconsistent with dolomitization. This boundary

appears irregular possibly implying a gradational increase of Fe concentration in pore
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Calcite veins are rare throughout the Ben Nevis Formation with six zones found
within the WR F-04 core and four zones occurring towards the base of the WR B-07_4
core. The lower occurrences may be associated with slumping, which was identified
towards the base of WR B-07 4 during core description. Calcite veins are white to
orange, displaying four zones of distinct colours and intensity under
cathodoluminescence, responding to phases of calcite precipitation (Figure 4.17 D).
Calcite veins are up to 20 cm long, 3 mm wide, sub-vertical, with varying thicknesses and
are sometimes stratigraphically confined to single beds. Calcite veins are generally
located within the very well cemented concretions but are occasionally found on the
edges of concretions or within uncemented sandstones. They are thought to record
extensional forces after the formation of concretions providing timing for the paragenetic
sequence.

The small euhedral dog tooth/bladed crystals have a more intense dark blue iron
staining, range from 5 to 30 um in size and have an elongate growth pattern. They occur
primarily in the partially cemented intervals and may be extensions of the typical zoned

calcite cement that have access to open pore space (Figure 4.19).

4.3.2.2 Siderite Cement
Siderite (Figure 4.20) content is highest in the upper portion of the WR F-04 well
in the deeper water depositional setting. Siderite crystals are yellowish brown in color,
flattened, rhombohedrons in shape and approximately 30 to 50 um in length. The general

association of siderite in most thin-sections is within the mold of a shell (Figure 4.20 A
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member source rock could easily develop a diffusion gradient with the Ben Nevis paleo-
aquifer providing an abundant source of calcium carbonate. A similar relationship could
arise between the Ben Nevis and the underlying marlstones found at the WR B-07 4
location.

Subsequent petrographic observations will use the same guidelines as those
applied to planar features in bedrock geological mapping such as superposition or cross-
cutting relationships. Also very important is the nature of grain and crystal boundaries to
distinguish conditions of growth and/or dissolution. Textural relationships are interpreted
from petrography to estimate relative timing of the paragenetic sequence of the Ben
Nevis Formation at the White Rose Field in terms of early, middle or late. The proposed
paragenetic sequence is presented in Figure 4.23 and each of the mineral phases and

diagenetic events are discussed in chronological order.

4.4.2 Recycled Quartz Overgrowths

Observations with optical cathodoluminescence provide some useful information
regarding the secondary and even tertiary nature of quartz overgrowths. Figure 4.2 (A)
clearly shows two separate stages of quartz overgrowths that have been truncated and
both demonstrate a rounded to sub-rounded texture. These overgrowths were most likely
present prior to burial and could represent the recycling of underlying sandstones such as

the Catalina, Hibernia, or Jeanne d’ Arc Formation sandstones.
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of a micro-crystalline textured curved shell fragment of indeterminate affinity (Figure 4.9
D). These concentrations of pyrite are occasionally found in pelecypod shells as well as
on their own, suggesting it is associated with shell alteration and appear to be remnants of
nearly complete dissolution of a certain shell species. These completely dissolved shells
may provide the necessary calcite for precipitation of calcite-cemented concretions.
Wright et al., (2003) discuss the ‘loss of taphonomy’ in clastic sediments as the
result of selective dissolution of aragonite shells. Lower energy offshore settings dissolve
aragonite shells through microbial decay and acidity in the upper sediment column.
Mollusk shells are sometimes composed of calcite and aragonite layers (Lowenstam and
Weiner, 1989). Class Gastropoda and Class Bivalvia contain members that are entirely
aragonite (Palmer and Wilson, 2004), while other taxa have both aragonite and calcite
layers (Majewske, 1969). Keith et al, (1963) noted that all mollusc ligament fibers are
aragonite and most mollusc shells consist mainly of aragonite. Serpulid worm tubes have
shown various calcite/aragonite ratios (Bormhold and Milliman (1973). Hendry et al,
(1995) discuss the instability of aragonite and suggest that it will normally be removed
during diagenesis. The presence of sparry calcite molds (Figure 4.25 B and C) and
multiple layered shells in thin section (Figure 4.25 D) are consistent with the widespread

presence of aragonite in the Ben Nevis Formation.

4.4.4 Early Non-Ferroan Calcite Cement

Early non-ferroan calcite cement is a non-pervasive cement type which occurs

mainly as coarsely crystalline overgrowths that appear to nucleate on and around the
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remains of calcite bioclasts and tends to be irregularly distributed as disseminated patches
(Figure 4.17). Bioclasts clearly acted as nuclei for calcite precipitation, consistent with
the study by Bjorkum and Walderhaug (1990). Wilkinson (1991) also acknowledged that
burial cements are likely sourced from dissolution of detrital carbonates and bioclasts.

Based on the law of superposition, the slightly ferroan calcite cement is
designated as the earlier authigenic cement which possibly experienced a minor period of
neomorphism based on irregular, strongly embayed boundaries between the cement types
before the pore fluids evolved their iron enhanced character. Veins of calcite cement also
have a non-ferroan outer layer with a later stage core of ferroan calcite. This may imply
that vein-filling cement was also during early stage diagenesis when pore fluids were
non-ferroan. This would suggest early non-ferroan cement to develop after sufficient
lithification occurred to develop fracturing.

One possible explanation for the evolving pore fluids resulting in the transition
from non-ferroan to ferroan calcite could be the rate of deposition. Controlling rate of
burial will affect the progressive change in redox conditions. Raiswell (1987), studied
calcium-rich shales, concluding that a prolonged pause in sedimentation allows time for
cement precipitation, making sedimentation rate the limiting factor for authigenic
cements. Sedimentation rate and the oxygenation state of bottom waters influenced the
preservation of organic matter within the sediments (Didyk et al., 1978) and therefore
were a control on the course and duration of early diagenetic reactions. Calcareous
concretions are confined to specific areas deposited under lower sedimentation rates,

forming in the sulphate reduction zone during lulls in sedimentation along favourable
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horizons (Scotchman, 1991). Concretions generally form within the first few meters of
the sediment water interface (Mozley and Burns, 1993) and rate of sedimentation may be
correlated to concretion mineralogy. While the above studies are primarily based on
anoxic bottom waters above organic rich shales, the rapid deposition of the thick Ben
Nevis Formation will preserve sufficient soft shell tissue and burrow linings while
accomplishing rapid burial into the microbial methanogenesis zone.

Slow sediment accumulation allows active sulphate reduction, providing abundant
sulphate and H,S, which results in the precipitation of pyrite and iron-free carbonate
(Curtis and Coleman, 1986). This would imply that localities of slightly and non-ferroan
calcite cementation are the result of a relative decrease in sedimentation removing iron
from the system and/or relevant oxidizing conditions. Crystal size is consistent with this.
As the rate of deposition increases, sulphate reduction slows down, preventing pyrite
precipitation and precipitating ferroan calcite cement. The only evidence for significant
changes in sedimentation rate for the Ben Nevis Formation is the episodic nature of storm
deposits with inferred periods of comparatively much slower sediment accumulation

during fair-weather periods.

4.4.5 Early Pyrite and Siderite Cement

The concept of depth-controlled processes producing a sequence of marine
sediment zonation from oxic to sub-oxic (Mn reducing, Fe reducing) to sulphate
reduction and finally to methanogenesis is well established (Irwin et al., 1977; Froelich et

al., 1979). Various researchers have worked on determining the environmental conditions
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storm deposits would allow only a brief period in the sulphate reduction and bacterial

methanogenic zones, thereby reducing siderite content in the lower Ben Nevis Formation.

4.4.6 Dissolution of Quartz Grains

The corrosion of quartz grains primarily occurs in the very well cemented
concretions and is generally associated with the poikilotopic cement. Corrosion of quartz
is identified in thin-section by the irregular grain boundaries, free floating nature of the
grains and the less than 20 um islets found encased in calcite cement (Figure 4.3 A-C).

Quartz dissolution appears to be associated with the fluids responsible for
precipitating calcite cement as all pore space is occluded, removing all fluids from the
system and bringing a halt to diagenesis. As lithostatic pressure builds up at load bearing
grain to grain contacts, the solubility of quartz increases, dissolving silica (Walderhaug,

1994).

Bjorlykke and Egeberg (1993) estimate a temperature range of 80 to 100 °C to
initiate quartz cementation in the North Sea Basin based on fluid inclusion studies.
Gluyas et al., (1993) indicates quartz cementation occurred over a wide depth range in a
relatively short period of time during rapid subsidence (>100 m/m.y.) and heating (>2
°C/m.y.). Temperature is not the only factor regulating the precipitation and dissolution
of quartz as the low temperatures concluded for precipitation of calcite cement (25 to 30
°C) were also those responsible for dissolution of quartz cement in the Ben Nevis

Formation.
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source for precipitation of quartz overgrowths. The rare nature of feldspars in this

sandstone would provide a negligible source for quartz cement.

4.4.9 Calcite Veins

Calcite veins are found in the Ben Nevis Formation in both WR F-04 and WR B-
07 _4 wells, occurring in partially cemented sandstones lower in the formation and in
well-cemented concretions in the upper part of the formation (Figure 4.17 D). Calcite
veins may have developed early as rapid sedimentation caused slumping of
unconsolidated sediments or later when sediments consolidated and fracturing occurred
with progressive burial releasing pore fluids from above. Fluids enriched in calcium
carbonate could then have accessed fractures to precipitate calcite cement. Crude
timeframes such as ‘“early diagenetic” or “tectonic” are normally used regarding the
opening of fractures and subsequent precipitation of calcite cement,

Falcon.tamucc.edu/.../ Montereydiagenesis.html, (January, 2006). Micro-fractures are

occasionally found in thin section of the Ben Nevis core (Figure 4.28) but these
observations require a note of caution as the process of grinding down thin sections can

sometimes induce micro-fracturing.

4.4.10 Siderite Dissolution

Dissolution of siderite appears to be rare, but these rare occurrences seem to be

associated with ferroan calcite cement (Figure 4.29). The dissolution of siderite would
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provide iron ions into the evolving pore fluid system that could subsequently act as a

source for authigenic ferroan calcite cement.

4.4.11 Compaction of uncemented sediments

As deposition continues and sediment load builds, the load of overlying sediments causes
compaction of the framework grains and matrix in uncemented intervals, decreasing
porosity and permeability (Figure 4.29). The rounded nature of the
concretions does not create protective load bearing columns to prevent compaction of
uncemented sandstones. This provides evidence of non-compartmentalization of the
reservoir. Quartz grains exhibit a wide variety of boundaries and grain-to-grain
relationships, from floating grains in poikilotopic calcite cement, to point, planar, sutured
and concavo-convex contacts. Generally, the sutured and concavo-convex contacts are

found in uncemented sandstones exposed to compaction.

4.4.12 Dissolution of Ferroan Calcite Cement

Dissolution of ferroan calcite cement is subtly revealed by petrographic analysis
based on the corroded nature of crystal boundaries (Figure 4.30 B, C and D). Dissolution
of both early poikilotopic and sparry ferroan calcite cements may result from changes in
pore fluid chemistry (Veizer, 1983), primarily organic and carbonic acids associated with

hydrocarbon generation and migration into the reservoir pubs.usgs.gov/.../USGS 3D/

ssx_txt/diagenes.htm (Feb, 2006). Timing of this episode of dissolution is very beneficial

to reservoir production by increasing porosity and permeability.
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CHAPTER 5: STABLE ISOTOPE GEOCHEMISTRY:
CARBON AND OXYGEN ISOTOPES

5.1 Introduction to Isotopes and Stable Isotope Geochemistry

Anderson and Arthur (1983) discuss the value of stable isotopes of oxygen and
carbon for understanding processes of diagenetic alteration of sedimentary rocks.
Longstaffe (1987) used isotopic compositions to reconstruct pore-water evolution in a
sedimentary system. Carbonate cements and shells act as carrier phases for studies of
isotopic composition of past seawater (Veizer et al., 1999). Carbon and oxygen isotopes
are used in this study to provide insight on the source and evolution of sub-spherical
calcite cemented concretions in Ben Nevis Formation sandstones. Isotopic analysis of
authigenic carbonates will attempt to identify carbon and oxygen sources associated with

specific diagenetic environments.

5.2 Limitations of Carbon and Oxygen Isotopes

Carbon and Oxygen isotopes are useful in determining environmental conditions
during precipitation of authigenic cement but they have a number of limitations which
should be considered before applying results. Spatial variability of oceanic 8'*C CO,
(Kroopnick, 1985), diagenetic resetting of the signal, as well as biological factors of shell
formation (McConnaughey and Whelan, 1997) can give rise to a substantial spread of
values. Variations of oceanic 8*C CO,; are a direct result of organic productivity and

mixing caused by global circulation of currents (Kroopnick, 1985). Resetting of
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diagenetic signals can occur when recrystallization of cements cause isotope
compositions to equilibrate with ambient diagenetic fluids (Mozley and Burns, 1993).

Paragenetic interpretations are difficult whenever there is recrystallization of
carbonates (Hutcheon et al., 1985). Recrystallization of carbonates can produce a
resetting of isotopic signature masking original carbonate signature, thereby adjusting the
paragenetic sequence. Handford et al., (1989) recognized problems with non-distinctive
bulk isotopic compositions. Can not distinguish between different phases of cements and
in some cases the isotope signature will be a mixture of bioclasts and cements,
nonetheless the signature will be dominated by the more abundant component. Based on
sampling limitations, cement and bioclast isotopic signatures can be distinguished.

Keith et al., (1963) used modern mollusk shells from marine and continental
environments to prove that the difference in carbon and oxygen isotopes are clearly
environmentally controlled, due mainly to land plant and humus effect in continental

waters which should be valid back to the Carboniferous when land plants evolved.

53 Carbon Isotopes

Various diagenetic processes produce distinctive carbon isotopic compositions
(Figure 5.1). Before trying to decipher diagenetic isotopic conditions, it is important to
understand current isotopic conditions in different environmental settings. Mook and Tan
(1991) concentrate on freshwater sources, noting that depending on rock type and
vegetation cover, 8'3C values can range from -27 to -7 %o, but also discuss other sources:

atmospheric 83C (-8 %o to -9 %o for continental, -7.5 %o over oceans), land plants (-29 %o
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Schidlowski, 1988). Hoefs (1987) studied dissolved inorganic carbon in meteoric waters,
suggesting 6'*C ~ -25 %o for CO, from organic carbon, 6"*C ~ +2 %o for carbon from
dissolution of carbonates, and 6"*C ~ -7 %o for atmospheric CO,. MaCaulay et al., (1993)
analysed unaltered shell material to determine 6'*C ~ 0 %o for dissolution of shell debris
in sediments. Mozley and Burns, (1993) also noted that calcite concretions are
considerably lower than that expected of marine carbonate at low temperature (6'°C = -22
to 3 %o VPDB; 8'®0 = -10 to 0 %o VPDB). James and Choquette (1990) argue that
diagenetic stabilization occurs very early in the post-depositional history of rocks,
transforming metastable polymorphs (aragonite and high-Mg calcite) into stable ones
(low-Mg calcite). It is important to note that this applies to limestones and may be similar
but not the same as calcite cement in sandstones.

Carbon isotopes for WR F-04 range from -13.9 to +8.8 0'*C (majority lying
between O to +5 6'*C), throughout a depth interval of 2766m-2870m TVD (Figure 5.2).
The WR B-07_4 well had a smaller carbon isotope range from -2.6 to +6.8 and a slightly
deeper interval at the base of the Ben Nevis Formation from approximately 2897m-

2958m TVD (Figure 5.3).

5.3.1 Carbonate Source
Carbon isotopes can be used to distinguish the source of calcite for Ben Nevis
concretions. Several carbonate sources were hypothesized in the initial stages of this

study:
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1) Diffusion boundaries with underlying limestones such as the Rankin Formation and
Eastern Shoals Formation;

2) Ion transport from compaction of underlying marlstones identified at the base of B-
07_4;

3) Dewatering of overlying Nautilus shales; Land (1983) notes that shale occupies over
50 %o of sedimentary rocks in a basin and shale diagenesis and water expulsion can
control the diagenesis of adjacent sediments;

4) Dissolution of skeletal shell debris and carbonate grains within the Ben Nevis Fm.

5.3.2 Results

To understand the results of carbon isotope geochemistry, a baseline must be
established for original 6'*C conditions under which marine biogenic carbonate formed.
Today’s marine biogenic carbonate has a 6°C of 0 %o (MaCaulay et al, 1993) but
variations over geologic time must be taken into account. Veizer et al., (1999) developed
trends throughout the entire Phanerozoic, showing a steady increase throughout the
Paleozoic, followed by a general decline through the Mesozoic and fluctuations around
the present day value for the Cenozoic (Figure 5.4). A range of +1.5 to +3.3 %o 8°C
(VPDB) of marine biogenic calcium carbonate of Albian age was extrapolated from the
overall Phanerozoic 6'*C trend (Veizer et al.,, 1999). A complete listing of Carbon and

Oxygen results is presented in Appendix C.
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Figure 5.4: Variation of 6'>*C (VPDB) values throughout the Phanerozoic, demonstrating a range of +1.5
to +3.3 during the Albian when the Ben Nevis Formation was deposited. Modified from Veizer ef al.,

(1999).
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The overall trend of 8"*C throughout the Ben Nevis Formation displays an
increase from 1-3 %o 6'*C at the base of WR B-07 4 to 2.5-7.5 %o 6'*C in the upper
portion of the B-07-4 and the entire interval in WR F-04. This enrichment in carbon
isotopes in the upper part of the Ben Nevis Formation may be due to longer term
residence in the zone of microbial methanogenesis (Figure 5.1) as the rate of burial slows

down in the upper part of the formation.

5.3.2.1. Muddy siltstones above the Ben Nevis Formation

Nine samples of muddy siltstone were taken above the Ben Nevis Reservoir
sandstone, of which only five provided enough calcium carbonate to obtain isotopic
results (Figure 5.5). Excluding the notable outlier (sample 342), 3'3C values average 1.6
%o. This overlaps the lower limit of Albian marine carbonate (+1.5 to +3.3 %o 6'*C
VPDB) as extrapolated from Veizer et al., (1999). Samples 343 and 346 correspond to
thin sections 161 and 162 which are dominated by siderite cement occupying
approximately 40 and 35 %o of the modal analysis respectively.
These 8'*C values are very similar to the expected range and may be influenced by
biogenic precipitation from Albian seawater (Veizer et al., 1999), an increase in organic
content (Hoefs, 1987) or a longer residence time in the bacterial sulphate reduction zone
(Irwin et al., 1977). The association of siderite with organic material (4.4.5) suggests an
influence of organic content on the 8*C values in this muddy siltstone interval. The
outlying sample exhibits a much more depleted $'*C value than the rest of this group

(8"C = -1.7 %o) and may represent a longer period of non-deposition during the time it
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Rankin Formation (Archer K-19). It is important to note that the Egret men
Rankin Formation is the organic-rich source rock for the Jeanne d’Arc Basin
Williams, 1980).
These samples provide a larger 8'*C spread than preceding samples, frc
+ 2.7 possibly representing a mixture of calcium carbonate sources or a b
consisting of shells and different types of cements (Figure 5.7). The three san
the organic rich Egret Member would be expected to have high organic cont
depleted 6'*C (Hoefs, 1987), but instead have some of the highest 3'*C in t
Formation. The higher '*C for the Egret Member and the M-16 lower unit may
exposure to bacterial fermentation (Irwin et al., 1977) or have a larger con
marine sourced calcium carbonate (Veizer et al., 1999). Expected range for La
marine biogenic calcium carbonate as extrapolated from Veizer et ai
phanerozoic trend is 1.4 to 2.2 %o 8'°C, corresponding to the Egret Member
unit of the Rankin Formation found in the M-16 well. Slower sedimentation rat:
longer periods of time in the sulphate reduction zone may cause depletion of §'?
in K-19 and M-36 middle unit samples.
This section is broken down into the following sample groups to ¢

isotopic difference between shells of mid-Cretaceous age and authigenic calcite

1) calcite cement and shells (Figure 5.8);

2) calcite cement only (Figure 5.9);

3) shells only (Figure 5.10) or

4) without appreciable shells or cement (Figure 5.11).
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to establish ~ 2 %o 8'*0 VPDB depletion through diagenetic stabilization of aragonite and
high Mg-calcite to low Mg-calcite, in much the same way as the 8'*C stabilization
discussed previously. Veizer (2003) modified the earlier study to conclude a 1 %o
depletion of 8'®0 during the aragonite-to-calcite reaction.

Mozley and Bumns (1993) provide several possible explanations for the 8'*0
depletion in carbonate concretions:

1) Recrystallization of calcite cement to re-equilibrate at ambient conditions.

2) Removal of 8'®0 from pore waters during the precipitation of volumetrically
significant authigenic carbonates. Subsequent cements would then be anomalously
depleted.

3) Mixing with meteoric water as the reason for anomalous depletion of 3'*0
values (Sass and Loldny, 1972; Hudson, 1978; Carpenter et al., 1988; Machemer and
Hutcheon, 1988; Thyne and Boles, 1989; Bloch, 1990; Scotchman, 1991). The mixing of
marine and meteoric waters may be quite common during early deposition if meteoric
water impinges on the offshore (Bjorlykke, 1988). Manheim and Sayles (1974) detected
meteoric waters in limestones from DSDP boreholes 120 km off the coast of Florida,
clearly demonstrating the influence of meteoric waters in an offshore environment.

4) Precipitation at anomalously high temperatures. Scotchman (1991) identified
an important product of smectite-illite transition in a closed system with a §'%0 value of
+6 %o at 100 to 140 °C as hot pore waters migrate up-dip from the basin center.

Overpressure zones can cause the geothermal gradient to increase by as much as 62%
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A 8'%0 value of ~ -1 %o for precipitation from Cretaceous marine waters was
derived by Shackleton and Kennet, (1975). This number has since been confirmed by
Veizer et al., (1999) through the development of trends throughout the entire
Phanerozoic, showing a steady increase throughout the Paleozoic, followed by a general
decline through the Mesozoic and fluctuations around the present day value for the
Cenozoic (Figure 5.14). A range of -1.25 to -0.75 %o 5'%0 (VPDB) of marine biogenic
Ca-carbonate of Albian age was extrapolated from the 8'*0 Phanerozoic trend of Veizer
et al.,, (1999). Using a sample selected from an individual shell may give the diagnostic
temperatures of the formation of marine biogenic carbonate during the deposition of the
Ben Nevis Formation. The critical assumption for this determination is that the carbonate
shell was well preserved and has never been diagenetically re-set.

A thermocline is the sharp decrease in water temperature with depth associated
with latitudes between 40°N and 40°S, and ranges from 50 to 500 m, (http://www.esr.org
/outreach/glossary/thermocline.html). The deposition of the Ben Nevis Formation in an
inner shelf to lower shoreface environment in water depths of 20 to 50 m is just above a
hypothetical thermocline and would not be exposed to any drastic decrease in
temperature associated with a paleo-thermocline.

Using equation (4) for 8'%0 values of sample 397, gave a paleo-temperature of
21.1 °C. These temperatures are well within the range of Ben Nevis depositional
temperatures discussed above and also correlate with the temperatures derived from 8'*C

results in the previous section, which suggested between 20 and 25 °C.

144





































































thermal convection to take place. The Ben Nevis Formation in the White Rose Field is a
rare exception of such a thick homogeneous sandstone package adjacent to salt structures
with high paleo-permeabilities, which may satisfy the conditions for Rayleigh
Convection Flow. This may be a major controlling factor of diagenesis and the
production of calcite cemented concretions in a “closed system”, directly applicable to
the White Rose Field supporting the systematic tendency for calcite cement to be
concentrated near the base of the sandstone.

When considering fluid pathways it might be of interest to take a look at the
migration of petroleum fluids. When petroleum enters a system it flows to the area of
least resistance possibly following conduits that were previously used for cementing pore
fluids. Brown et al., (1989) and Hesse and Abid (1998) proposed that hydrocarbon
migration occurred very late in the diagenetic sequence for the Jeanne d’Arc Basin.
Williamson et al., (1993) used sedimentation, compaction, seal development and thermal
history to develop a model suggesting the Hibernia Field became oil charged at 40 — 60
m.y. This timeframe for oil migration could be similar for the Ben Nevis Formation at the
White Rose Field or could be slightly earlier as this area had time for the build-up of an
extensive gas cap.

Abid (1996) identified the presence of all Jeanne d’Arc oil and gas fields to
correspond to transform faulting. Bjorlykke (1995) suggests flow can develop locally
along fault planes. Transform faults may be responsible for allowing pulses of high
temperature fluids into the system, precipitating authigenic calcite cement. Early

emplacement of calcite cement in sandstones of rift basins may take place from hot
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White Rose B-07_4 Measured apparent thickness will be slightly greater than true vertical thickness due to well deviation.

Core / Thick-
# Type TVD ness Lower Contact
Box
cm
1 70 2927.09- .
24 D7 1068 2928.00 91 Sharp and linear
1 66- 2924.23-
25 C9 63 202576 153  Sharp and wavy
1 62- 2921.99- .
26 C10 59 2023.81 182  Sharp and linear
Sharp and linear
2919.51- . !
27 A5 155 2919.72 21 crgss cutting
lithology
1 55- 2919.20- Sharp and linear,
28BS 54  2919.51 31 conformable
Sharp and linear,
20 B3 154 221881 cross cutting
2919.02 .
lithology
1 39 2000.94- Sharp and
30 C8 53 concave; cross
38 291047 o
cutting lithology
Sharp and
1 38- 2908.51- .
31 A1 35  2909.94 143 con.cavg. cross
cutting lithology
Sharp and
2908.19- .
32 B4 135 2908.51 32 concave; Cross

cutting lithology

Upper Contact

Gradual

Gradual

Sharp and linear

Sharp and linear, cross
cutting litholgy

Gradational

Sharp and slightly
convex

Sharp and linear; cross
cutting lithology

Sharp and convex;
cross-cutting lithology

Sharp and linear,
conformable

Nucleation Site

5 cm thick weak
shell lag

5 cm thick black
wispy shell layer

Abundant shell
fragments and
worm tubes in

center of concretion

None

None

None

Worm tubes at
base

Excellent 15 cm
thick shell lag in

center of concretion

5 cm thick worm
tube lag

Beds Degree of cementation and General
Beds Above
Below Comments
Well Planar to cross
defined laminated Partially cemented
concretion reservoir ss
Planar to
cr.oss Structurgless Moderate Cementation
laminated reservoir ss
reservoir ss
Structurele Planar to cross
ss Ss laminated Moderate Cementation
reservoir ss
Planar to
cross . Very well cemented. (Looks like boxes 55 and 54
. Concretion above . .
laminated may have misplaced core...contacts don't match)
reservoir ss
Planar to cross
Concretion laminated Well cemented
reservoir ss
Planar to
cn:oss Structurgless Well cemented
laminated reservoir ss
reservoir ss
Planar to
cn:oss Concretion above Moderately cemented
laminated
reservoir ss
Moderately AIm.ost )
connecting with
cemented . Very well cemented.
overlying
SS .
concretion
Al .
con]::::fiL Faintly parallel
. 9 laminated Well cemented
with .
reservoir SS

undertying




































Sample #
396 B-07_4
397 B-07_4
398 B-07_4
399 B-07_4
400 B-07_4

M-36 2340 (05-03-30)
M-36 2440 (05-03-30)
M-36 2460 (05-03-30)
M-36 2480 (05-03-30)
M-36 2580
M-36 2680 (05-03-30)
M-36 2780 (05-03-30)
M-36 2860
M-36 2920 (05-03-30)
M-36 2980 (05-04-22)
M-36 3040
M-36 3100
M-36 3140
K-19 3800 (05-04-22)
K-19 3830 (05-04-22)
K-19 3860 (05-04-22)
K-19 3890
K-19 3920 (05-04-22)

613C
1.278

2.631
2.645

1.398
2.847

-0.663
1.266
2.396
2.550
-2.836
-0.799
1.118
1.534
1.606
1.647
2.671
2.115
1.111
-1.148
-2.404

-1.321
0.620

6180
-1.526

-2.18
-5.643

-4.796
-2.708

-1.997
-1.899
-0.923
0.5
-2.968
-2.882
-1.847
-1.97
-2.136
-2.449
-1.808
-1.737
-2.065
-0.664
-3.495

-4.025
-2.481

216

TVD
2955.39
2949.85

2340.00
2440.00
2460.00
2480.00
2580.00
2680.00
2780.00
2860.00
2920.00
2980.00
3040.00
3100.00
3140.00
3800.00
3830.00
3860.00
3890.00
3920.00









