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ABSTRACT

This diagenetic study of Westphalian fluvio-deltaic sediments from the 
southern  N orth  Sea Gas Basin has revealed two distinct and  complex 
paragenetic sequences for the sandstones and mudrocks. Periodically these 
parageneses are convergent in time space, documenting periods of mudrock 
m ediated diagenesis within the sandstones. These paragenetic sequences were 
constructed on the basis of a detailed pétrographie, fluid inclusion and stable 
isotope study.

Eogenesis within the sandstones and mudrocks was characterised by 
extensive siderite cementation which was mostly sourced from the mudrocks, 
and reflects the meteoric composition of the depositional pore fluids. This 
period of siderite cementation provided framework support during burial. A 
significant volume of kaolinite cement, also sourced from the mudrocks, 
partially occluded some of the remaining primary porosity during eogenesis. 
Pétrographie evidence from the mudrocks indicates that discrete periods of 
overpressure developed during eogenesis. Release of overpressured fluids from 
the mudrocks prom oted the discharge of fluids from the mudrocks into the 
sandstones.

The rapid end Carboniferous inversion event elevated the W estphalian 
sediments through a column of hypersaline Permian formation waters, and 
displaced the m odified meteoric waters from the residual prim ary porosity 
(background porosity) of the W estphalian sandstones. These highly saline 
brines were out of equilibrium with siderite and w ould have initiated its 
dissolution. With a resumption of burial during the Triassic, compaction driven 
"connate-m eteoric" flu ids from the m udrocks w ere expelled (perhaps 
periodically, related to the release of fluid overpressure generated during rapid 
burial, in the presence of well cemented sandstones aquicludes) into adjacent 
sandstones and initiated mixing corrosion of the siderite. This was the main 
period of secondary pore generation.

Quartz cementation was initiated at a temperature of '~100°C within the 
secondary porosity and improved the framework stability. Pétrographie data 
strongly supports a mudrock source for the silica. The rem aining sandstone 
paragenesis comprises secondary pore occluding silicate, phyllosilicate, 
carbonate and sulphate cements. Mesogenetic cem entation was m ostly 
m ediated by internal reactions such as siderite dissolution, albitisation and the 
breakdow n of argillaceous lithic fragm ents. M udrock diagenesis was 
essentially terminated after the expulsion of silica rich fluids.



Flushing of sequences by late stage (^ISO^C) low  salinity fluids, 
apparently  introduced via large basin m argin fault zones, restricted the 
developm ent of further cements, therefore preserving better reservoir 
conditions. The peak hydrocarbon (methane) generating w indow overlapped 
with the mesogenetic cementation events.

A m ajority of diagenetic events have been explained in term s of 
processes requiring a minimum of fluid transport, usually over distances of lO's 
of metres. This is an important consideration within W estphalian sediments 
that contain abundant stratigraphie (thick m udrock units) and diagenetic 
(heavily cem ented sandstones) barriers to prolonged flow of large fluid 
volumes.

Reservoir quality is determined by depositional processes and the 
cum ulative sequential operation of several diagenetic processes during 
eogenesis and mesogenesis.
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CHAPTER 1 
Introduction

1.1 Historical Perspective.
The petroleum  industry in the United Kingdom dates back to the 

production of pitch and heavy oil from surface seeps in Shropshire, during the 
17th century (Besly, 1990). The Carboniferous was first identified as a 
petro leum  exploration target in 1919 w ith  the discovery of the first 
commercially viable U.K. oil accumulation within Dinantian limestones in 
Derbyshire. Following the Eakring Oil Field Discovery in 1938 w ithin 
Carboniferous fluvio-deltaic sandstones, exploration within the East Midlands 
led to the delineation of the most important U.K. onshore petroleum province.

O nshore exploration of the Carboniferous in G erm any and The 
Netherlands during the 1960's resulted in the discovery of several large fields. 
(Besly, 1990). The im petus generated by these discoveries w as rapidly 
transla ted  into offshore exploration for sim ilar W estphalian  plays. 
Unfortunately, the results from the early exploration wells were less than 
promising; unpredictable and extensive multiple phase cementation greatly 
impaired their development potential. Even though suitable gas prone source 
rock is present in abundance, the offshore Carboniferous play was considered 
unprospective (Besly, 1990).

Renewed exploration of the Carboniferous gas plays was not considered 
attractive until the early 1980’s when:

a) the U.K. Department of Energy encouraged deeper Palaeozoic 
penetrations;

b) gas prices increased; and
c) seismic resolution below the Zechstein salt had markedly 

increased enabling a fuller resolution of Westphalian structures;

The results of this more focused investigation are promising. Wells 
within blocks 44/22 and 44/23 have tested gas flow rates of 16-35x1 O f̂t  ̂(Besly, 
1990).



1.2 Project Aims
This project was developed to enhance the present understanding of 

diagenesis within Carboniferous sandstones and mudrocks from the southern 
N orth Sea Gas Basin and to ultimately determine the diagenetic controls on 
reservoir evolution. At present the literature on diagenesis in N orth Sea 
Carboniferous sediments is extremely limited (Cowan, 1989). A total of five 
wells were examined in this study: 44/28-2, 44/22-1, K5a-3,49/25-2 and K5a-4 
(only two mudrock samples were taken from the latter well) (Figure 1.1). The 
nature of reservoir quality was assessed from four wells (Figure 1.1), 
representative of sandstones with good (44/28-2), intermediate (44/22-1) and 
poor (K5a-3, 49/25-2) poro-perm. characteristics (Figures 1.2, 1.3, 1.4 and 1.5 
respectively ). It should be noted that occasional additional samples from below 
12500 feet in well 44/28-2 (Figure 1.2) were provided and have been analysed: 
they were taken from a similar lithostratigraphy with a similar diagenetic 
evolution to that described for shallower samples between 12500 and 12050 
feet.

Mudrocks comprise a significant volume of the W estphalian successions 
(60% and 35% in 44/28 and 44/22 respectively) (Figures 1.2 and 1.3 
respectively) in the southern North Sea Gas Basin: this study will investigate 
the period(s) of the burial cycle during which the mudrocks may have provided 
a significant source of reactants for the sandstones. The significance of the 
m udrock mediated reactions in determining the reservoir quality within this 
well data-base has been investigated.

The effects of a stable pore fluid environment versus a dynamic (i.e. 
changing salinity and /o r composition) pore fluid system on reservoir evolution 
during eogenesis and mesogenesis has been assessed from the pétrographie 
and geochemical data.

The contributions of the above processes in determ ining sediment 
diagenesis have been assessed in relation to tectonic and burial (pressure and 
temperature) processes.

1.3 Carboniferous Stratigraphy
The ch ronostra tig raphy  and  b io stra tig rap h y  for the B ritish 

Carboniferous is presented in Table 1.1. A tectono-lithostratigraphy for the 
Carboniferous is presented in Figure 1.6. It is quite clear from Table 1.1 that 
only spores, w ith zones commonly extending over 3Ma, can provide a 
reasonable biostratigraphic subdivision of the W estphalian; detailed and 
accurate correlation of individual horizons is therefore a significant problem. In 
response to this problem, Leeder et al (1990) proposed an alternative approach
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Figure 1.1. Summary map of the study area illustrating the location of wells 
used in this study.
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Figure 1.2. A summary lithostratigraphy of the studied interval in 44/28- 
2 with depositional environment interpretations. A key to the symbols 
used is presented on the opposite page.
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Figure 1.3. A summary lithostratigraphy of the studied interval in 44/22-1with 
gamma-log trace and depositional environment interpretations. The Saalian 
unconformity is at -11330 ft. A key to the symbols used is presented with 
Figure 1.2.
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Bow Valley report).
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Table 1.1. A summary stratigraphy for the Uppermost Carboniferous, illustrating the stratigraphie intervals studied in each well (moified from 
Besly, 1990).
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to stratigraphie zonation and correlation using wireline logs in association with 
geochemical analyses. Besly and Turner (1983) have addressed the potential for 
developing a crude magnetic reversal stratigraphy for the W estphalian in 
central England. However, this latter technique will probably prove to be of 
greater value for discriminating the boundary between the Perm ian and 
W estphalian C /D  mudrocks where the basal Permian sandstone appears to be 
absent.

The lithostratigraphy of the four main wells that comprise this study 
(44/28-2, 44/22-1, K5a-3 and 49/25-2) is presented in Figures 1.2,1.3,1.4 and
1.5 respectively. Mudrock sequences from K5a-3 and K5a-4 (entirely mudrock) 
were recovered as cuttings with a monotonous grain size distribution and are 
therefore not graphically represented; sample intervals studied in these wells 
are 11811-14665 feet and 12073-12106 feet respectively. A biostratigraphy for 
this well data base is detailed in Table 1.1.

A general single lithostratigraphy for the study area has not been 
defined. Figures 1.2, 1.3, 1.4 and 1.5 present an overlapping and sequential 
lithostratigraphy for the Westphalian.

1.4 Regional Tectonic Evolution.
The long and complex structural history of the North Sea can reasonably 

be traced back to the combined Athollian (Late Cambrian) and Caledonian 
(Late Silurian) orogenies (Glennie, 1990).

Variscan deformation was initiated during the Late Devonian. As the 
Variscan Orogen evolved, the deform ation front m igrated northw ards 
generating a major th rust/nappe complex (Besly, 1990). A flexural foreland 
basin developed in response to the loading of the crust by these thrust sheets 
and the m ost northerly effects of the Variscan deformation developed in what 
is now northern England during the latest Westphalian to Stephanian (Besly, 
1990). The regional deformation associated with the crustal loading resulted in 
widespread folding and block faulting within the foreland basin. Additionally, 
NW-SE transpressional domains associated with strike-slip faulting developed 
in response to the increasing horizontal stress associated with the emplacement 
of thrust sheets, causing wide spread inversion of the foreland basin and 
d issection of the Variscides (Glennie, 1990). The basin w ide Saalian 
Unconformity records this period of inversion.

Uncertainty still prevails over when North Sea graben formation was 
initiated. Glennie (1990) suggested that extension was initiated during the Early 
Permian in response to the northward movement of Gondwana during the 
Variscan Orogeny which in effect drove a wedge betw een the former
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Laurentian and Fennoscandian Continents, causing divergence along the 
lapetus Suture. Alternatively, it is suggested that rifting developed during the 
Late Permian to Early Triassic (Ziegler, 1982; Badly et al, 1988).

Initiation of Atlantic sea floor spreading during the Early to Middle 
Jurassic rejuvenated the developing Central North Sea Graben and led directly 
to the form ation of the Viking Graben during the Bathonian of the middle 
Jurassic (Glennie, 1990). Complete crustal separation of North America from 
Eurasia was achieved during the Eocene and effectively term inated graben 
developm ent in the North Sea. The thermal subsidence was accommodated 
along faults with the main axis of subsidence aligned w ith the Viking and 
Central Grabens. Thermal uplift over the Central Graben during the Late 
Kimmerian resulted in large scale erosion that in places extends down to the 
Carboniferous (Glennie, 1990).

The closure of Tethys during the Late Cretaceous to Early Tertiary 
initiated large scale inversion and erosion of sub-basins w ithin the southern 
North Sea Gas Basin. These inversion structures trend NW-SE and are probably 
reactivated Variscan strike-slip faults.

Clearly these distinct periods of tectonism will have disturbed the 
patterns of fluid flow within the southern North Sea Basin. For example, rapid 
vertical movement of lithological units relative to 'static columns' of pore fluids 
can lead to the displacement of a host pore fluid by extra-formational fluids of a 
contrasting chemical composition. Similarly, structurally elevated fault blocks 
can provide a sufficient hydraulic head to drive low salinity (e.g. modified 
meteoric water) deep into the sub-surface and displace/ mix with the resident 
pore fluids. Significant changes in pore fluid chemistry would be recorded in 
the diagenetic assemblage. Special attention has been paid to evidence for 
significant change(s) in pore fluid chemistry during the diagenesis of the 
Westphalian sediments.

1.5 Palaeogeography and Sedimentary Environments 
of the U.K. W estphalian (Including the North Sea).

Sediment dispersal patterns of Carboniferous sediments were frequently 
controlled by structural activity (Besly, 1990). During the Dinantian, rotation of 
horst and graben structures controlled the development of marine carbonates: 
corals and other shallow marine carbonates were restricted to the crests of 
shallow, subm erged rotated fault-blocks, whilst deep marine carbonates were 
confines to the intervening grabens/ half-grabens. The subsequent and initial 
developm ent of N am urian clastic turbidites was restricted to these basin 
(graben) depocenters unit sufficient volumes of sediment had accumulated to
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cover the horst and graben topography. Further N am urian fluvio-deltaic 
sedim entation was influenced less by basin scale tectonic events. The 
diminishing role of tectonics in mediating sediment dispersal patterns, as the 
Carboniferous stratigraphy is ascended, continued into the Westphalian. Local 
structural activity, such as syn-depositional faulting, is the m ost common 
control on sediment dispersal within Westphalian basins (Fielding, 1984a,b).

Studies by Fielding (1984a,b) show that syn-depositional faulting can 
locally control the distribution and stacking patterns of W estphalian fluvial 
sand bodies (Figure 1.6). In the study of Westphalian A-C sediments from the 
Durham coal measures. Fielding (1984b) identified three major controls on the 
distribution of sand bodies:

a. Large scale: sandstone depositional geometry is controlled by 
patterns of major delta progradation and switching;

b. M edium scale: channel sand distribution is determined by the 
ex ten t of localised structu ra l (i.e. local faulting) verses 
compactional controlled subsidence (Figure 1.6); and

c. Small scale: local sedimentary processes and subsidence patterns.

Clearly the correlation and the identification of channel sandstone trends in the 
subsurface is compounded by the interaction of these num erous depositional 
controls on channel development.

Basin w ide structural activity cannot account for the m inor scale 
sedim ent cyclicity (mostly rhythmic cyclothems) observed in W estphalian 
sediments from wells 44/22-1 and 44/28-2 in particular and in the southern 
Gas Basin in general. Besly (1990) strongly favoured a glado-eustatic control for 
this minor scale (cyclothem) cyclicity. Larger scale sediment cycles (mesothems) 
comprise bundles of cyclothems though their origin is less well defined: 
eustatic, autocyclic and tectonic controls have all variously been proposed to 
explain the mesothems. Holdsworth and Collinson (1980) could not generally 
confirm the link between eustacy and the large scale cycles (mesothems).

For a comprehensive synthesis of the palaeogeographic and depositional 
evolution of the Carboniferous in the N orth Sea, the reader is referred to 
Glennie (1990).

1.5.1 Westphalian A
D uring the W estphalian A times in the southern N orth  Sea area, 

elongate deltas prograded into shallow fresh an d /o r brackish water bodies.
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w ith occasional evidence for periods of p rogradation  into a m arine 
environment (Table 1.1). The Westphalian A commonly contains particularly 
thick and  abundant stacked sandstone units, as described in Figure 1.2, 
representing deposition within a dominantly braided (distributary channel) 
fluvial system. It is uncertain to w hat extent syn-depositional faulting 
controlled the accumulation of the sandstones in 44/28-2.

In contrast, the W estphalian A sequence in well 49/25-2 reflects 
deposition within a distal overbank/lacustrine environment (Figure 1.5): thin, 
very fine grained sandstones (distal crevasse splay) dissect an otherwise 
carbonaceous mudrock succession. The thin coal horizons lack any obvious seat 
earths and are interpreted as being allochthonous.

1.5.2 Westphalian B to mid Westphalian C
According to seismic evidence, the transition from the W estphalian A 

lower delta plain sedimentation to the dominantly upper delta plain succession 
of the W estphalian B appears to be quite abrupt and was probably tectonically 
controlled (confidential Halliburton report). Much of the Westphalian B to mid 
W estphalian C succession is dom inated by coals and m udrocks and is 
occasionally punctuated by stacked medium to coarse grained sand bodies 
(Figure 1.4). The fine grained sediments were deposited in low energy 
ov erb an k /lacu strin e  environm ents transected  by occasional discrete 
distributary channels. However, in the southern part of Q uadrant 44 (Figure
1.1) stacked sandstone packages are m uch more abundant (Leeder and 
Hardman, 1990). These stacked medium to coarse grained tabular/trough cross 
bedded sandstones form packages 40 to 100 ft thick. Individual sandstone units 
have variously erosional, loaded or transitional bases and fine upwards. Water 
escape structures and syn-sedim entary deform ation are also commonly 
present.

The coal horizons in well 44/22-1 range in thickness from 1 to 5 ft; the 
thickest and stratigraphically older coals are demonstrably autochthonous with 
well developed seat-earths. In contrast the stratigraphically younger coals are 
thinner and lack seat-earths; carbonaceous fragments are abundant adjacent to 
these allochthonous coals.

1.5.3 Late Westphalian C to Stephanian (Barren Red Measures)
The Barren Red Measures (BRM) are regionally developed in Quadrants 

44, 49 and K (Figure 1.1) (confidential Halliburton report) and were probably 
deposited in response to renewed uplift of the source area to the north. 
Identification of the BRM is made more complicated by the occurrence of 
secondary  reddening  caused by penetrative w eathering  du ring  the
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Carboniferous and related to fluid flow along the Saalian Unconformity (Besly 
and Burley, in press).

A 1300 feet sequence of variously red /b row n  to white sands and 
red /b ro w n  to grey/black m udrocks that lies directly below the Saalian 
Unconformity (Figure 1.6) in well K5a-3 have in all probability been affected by 
penetrative oxidation. The Westphalian in K Quadrant is dissected by a large 
num ber of faults that could have provided suitable fluid pathways to aid such 
oxidation. A lternatively, this apparent interdigitation betw een red and 
grey/black lithologies might reflect a diachronous facies relationship (Besly, 
1988). No m ature palaeosol horizons have been identified within the sampled 
cuttings.

The red bed sequence in well 44/28-2 (Figure 1.2) dem onstrates the 
relationship between syndepositional pedogenic reddening and penetrative 
oxidation. Evidence of pedogenic activity was observed down to a depth of 
12270 ft, approximately 200ft below the Saalian Unconformity. A further 100 ft 
of reddened sediment is observed without pedogenic textures, and is perhaps 
of secondary origin. The intensity of the red colouration is strongly controlled 
by the presence of permeable sandstone horizons. A dark grey m udrock 
horizon (12236-12270 ft) is present at the junction between the pedogenic 
reddened sequence and the oxidised sequence and is reported to contain 
Orhiculoidea suggesting a marine influence (Besly and Burley, in press).
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CHAPTER 2 
Methodology

2.1 Thin Section Petrography.
Thin sections were prepared from representative sandstone samples 

from wells 44/28-2, 44/22-1, K5a-3 and 49/25-2 (Figures 1.2,1.3,1.4 and 1.5). 
Colour, type of cross bedding (if any) and other sedim entary structures, 
position relative to breaks in lithology and grain size of the sandstones were all 
considered during sample selection.

All the sandstones were impregnated with a blue resin prior to section 
preparation, allowing porosity to be easily recognised. Half of each thin section 
was then stained with Alizarin Red S and potassium ferricyanide, prior to the 
addition of the cover slip, to aid in the recognition of various carbonate 
minerals (Dickson, 1966).

A detailed  pétrographie description of each sam ple was then 
undertaken, noting grain size, shape and sorting characteristics in addition to 
the detrital com ponents and associated sed im entary /structu ral fabrics. 
Authigenic minerals and porosity evolution were described and an empirical 
paragenetic sequence was established.

Point counting was performed using a ten channel Swift Automatic 
Point Counter. Point counting is regularly employed by petrographers to 
determine quantitatively the minerals present w ithin a thin section. As is 
clearly seen from Table 2.1, there is little difference (a maximum of ±1.5%) in 
percentage error between point count studies using 400 and 800 points. For this 
reason all point count data in this study was determined from 400 point counts. 
The maximum spacing between counts was used to reduce bias caused by large 
grains and to traverse as much of the thin section as possible. Special attention 
was made to differentiate the different porosity types. Where possible the 
various morphotypes of individual mineral species were also point counted.

The sandstones were classified according to the scheme of Pettijohn et al
(1973).
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Table 2.1. A comparison of the percentage errors, at the 95% confidence 
level, for samples point counted 400 and 800 times (adapted from Van der 
Plas and Tobi (1965)).

MINERAL ABUNDANCE 10% 20% 30% 40% 50% 60%
400 p o in ts  cou n ted ±3% ±4% ±4.5% ±5% ±5% ±5%

800 p o in ts  cou n ted ±2% ±2.8% ±3.25% ±35% ±3.5% ±3.5%

2.2 Scanning Electron Microscopy (SEM)
Both sandstone and mudrock samples were examined and analysed in 

the SEM. Sandstone samples for SEM analysis were selected on the basis of 
information from thin section pétrographie observations. M udrock samples 
from cored intervals were selected so that variations in colour, induration, 
degree of stratification, and sedimentary structures were fully represented in 
the data set. Special attention was paid to the selection of m udrock samples 
from wells K5a-3 and K5a-4 where only cuttings samples were available. A 
m inim um  sample interval of 300 feet was imposed to restrict the level of 
contamination by cave-ins. The samples were washed to remove the drilling 
mud. Samples that contained more than one lithology were discarded, care was 
taken not to select two samples of the same colour and apparent lithology from 
adjacent intervals.

Samples were examined in the SEM using a variety of operational 
modes, utilising the different interactions of the electron beam with a sample 
and the resultant characteristic emissions. Two principal types of interaction 
are recognised: (i) elastic events which affects the trajectory of beam electrons 
but do not alter their energy, generating backscattered electrons; (ii) inelastic 
events which result in the transfer of energy to the sample, generating 
secondary electrons. X-rays and cathodoluminescence. For a more detailed 
account of scanning electron microscopy and X-ray microanalysis, the reader is 
referred to Goldstein et al (1981). The majority of the SEM work was carried out 
using an Hitachi S 2500 instrument. Additionally, Field Emission Secondary 
Imaging was undertaken using an Hitachi S 800 instrum ent at the Natural 
History Museum. Combined backscatter-cathodoluminescence analyses were 
additionally conducted at the University of Manchester using a JEOL 6400 
instrument.

2.2.1 Secondary Electron Imaging (SEI)
Secondary electrons are those emitted from a sample with an energy of 

less than 50 eV. An important characteristic of secondary electrons is their
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shallow sampling depth of 50-500 Â, a result of the low kinetic energy with 
which they are generated. Observable secondary electrons are formed by the 
incident beam of electrons as they enter the specimen and by backscattered 
electrons as they exit. The operating conditions for SEI were: 10-16mm working 
distance, 2mA current and an accelerating voltage of 20KV.

The SEI mode allows surface topography to be imaged and hence to 
determine three dimensional pétrographie relationships. These observations 
were conducted on freshly fractured sandstone surfaces and of resin pore casts. 
The fractured fragment was attached onto an aluminium stub with epoxy resin; 
the fracture surface was then cleaned of detritus with a stream of pressurised 
air. Samples were gold coated in a splutter coater which produced a gold film 
of approximately 200 Â thickness to prevent charging under the electron beam 
during SEM operations.

Resin pore casts were produced by treating a resin im pregnated 
sandstone sample with hydrofloric acid at 50 for four to seven days. This 
acid digestion of the rock leaves the resin pore impregnation intact. After the 
acid has been neutralised the sample can then be m ounted on an aluminium 
stub and gold coated, as described above.

2.2.1.1 Field Emission Electron Microscopy (FEEM)
Field emission sources are fundamentally different from conventional 

thermionic sources (i.e. tungsten filaments in scanning electron microscopes). 
In a conventional SEM the electrons are generated from a thermionic source by 
passing a relatively high current through a tungsten filament. This is in direct 
contrast with field emission sources were electrons are driven from the filament 
by an electrical field. A comparison between the two types of electron sources is 
given in Table 2.2. The tungsten filament is a precisely oriented finely pointed 
tungsten crystal w ith the crystallographic planes of m ost intense electron 
emission aligned with the optic axis of the microscope (Postek et al, 1980). A 
field emission electron source must operate at ultra high vacuum (better than 
10"9 torr) to stabilise the electron emission and to prevent contamination of the 
filament tip.

The fine beam generated in field emission electron microscopes (less 
than 2 |im are attainable, in contrast to 4 to 8 pm for thermionic sources) allows 
much higher resolution images to be attained;. Furthermore, the depth of field 
is up to 15 times greater than for thermionic emission systems, a function of 
their long focal lengths of up to 20 cm (Postek et al, 1980). These very high 
resolution images are obtained using low accelerating voltages, i.e. 4kV, 
reducing the depth of beam penetration and enabling surface features to be 
imaged.
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This technique also benefits from employing easily prepared fractured 
samples mounted on stubs. An ultra thin gold-palladium coat (15-40 nm) was 
applied to samples to prevent charging during FEEM observations. The 
standard 150-200 Â gold coat used in SEI analyses is far too thick for FEEM 
studies and tends to obliterate surface features.

Table 2.2 A comparison of electron sources (from Postek et al 1980).

TYPE OF EMISSION

Operating vacuum 
(Torr)

Brightness (A/cm^ ster)

Source size (À)

Energy spread (eV)
Probe current stability 
(% per minute)_______

Operating life (hours)

Tungsten
filament

THERMIONIC

10-4 to 10-5

104 to 105

1 Xl06

1-5

0.1 - 1.0

>20

Lanthanum-
hexaboride

THERMIONIC

10-6 to 10-7

105 to 106

2 X 105

0.5-3

0.2 -  2.0

>100

Tungsten
crystal

FIELD

10-9 to 10-:o

107 to 109

<1 X 102

0.2 - 0.3

2 - 1 0

>300

2.2.2 Backscattered Electron Imaging (BSEI)
Backscattered electron imaging has been employed in the study of 

sandstone and mudrock samples. This technique has proved invaluable in the 
investigation of mineral associations beyond the resolution of optical 
microscopes, especially in the mudrocks.

BSEI is readily undertaken with an SEM equipped with a backscatter 
detector. When the electron beam strikes the sample a proportion of the beam 
energy is scattered back out of the specimen as high energy backscattered 
electrons; these are generated as the beam electrons collide elastically with 
atoms of the sample material. Lower energy secondary electrons (< 50 eV) are 
also produced with the backscattered electrons. The two are distinguished by 
the detector which either has sufficient negative potential to repel lower energy 
secondary electrons, or is insensitive to them (White et al, 1984).

The backscattered electron coefficient can be used to measure the degree 
of backscattering and is defined as:

n = number of backscattered electrons/number of incident electrons
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The value of 77 is a function of the mean atomic num ber of a mineral, 
higher mean atomic numbers producing a brighter backscatter contrast. The 
compositional contrast produced by BSEI allows different minerals and their 
pétrographie  relationships to be easily d istinguished  together w ith 
compositional variations of individual minerals.

Samples for BSEI must have polished surfaces to suppress topographic 
relief (Pye and Krinsley, 1984). For this study sandstone samples were prepared 
as polished thin sections, the thin section being initially made slightly thicker 
than normal and is then polished down to 30|im. Mudrocks were set into small 
blocks of resin and cut as directed; this surface was then polished. Both 
polished thin sections and polished blocks were coated with a conductive 
carbon layer in a splutter coater prior to examination, to prevent charging 
under the electron beam.

Operating conditions used for BSEI in this study were: 20mm working 
distance, 2mA current and an accelerating voltage of 20KV.

2.2.3 Cathodoluminescence (C.L.)
Polished thin sections of sandstone samples have been examined using a 

C.L. detector on the S.E.M.
The C.L. mode utilises the visible light emitted when electrons bombard 

the specimen. The light is then collected by a lens and passes via a light guide 
onto a photo multiplier detector. Variations in luminescence are the product of 
impurities, lattice defects and crystal orientation (Sprunt, 1978). Further details 
on the application of S.E.M.-C.L. may be obtained from Kearsley and Wright 
(1988).

Quartz and feldspar have been examined using S.E.M.-C.L. to address 
the relationship of authigenic quartz and authigenic feldspar to their detrital 
counterparts. It is not possible to image carbonates using the SEM-CL due to 
the persistence of the luminescence, resulting in a smeared image. Since the 
vast majority of the carbonates in this study are ferroan, i.e. ankerite and 
siderite, the presence of iron quenches the luminescence (Fairchild, 1983). 
Consequently CL analysis is of little use for the study of these carbonates.

2.2.4 Energy Dispersive X-Ray Analysis
Chemical analyses of minerals during S.E.M. operations are achieved by 

m easuring the energy and intensity distribution of the fluorescent X-rays 
generated by the interaction of the focused electron beam.

X-Rays are generated by two different processes during  inelastic 
scattering of electrons: (i) deceleration of beam electrons in the coulombic field 
(the nucleus and tightly bound electrons) of atoms in the specimen forms a
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continuous spectrum  of X-ray energies called the X-ray continuum ; (ii) 
interaction of beam electrons with inner orbital electrons can cause ejection of 
bound (and excited) electrons. An outer orbital electron will then fill the 
vacancy, the difference in energy between the two orbitals is liberated as X- 
rays. The difference in energy between two orbitals is constant for a given 
element and the X-rays produced are referred to as the characteristic X-rays.

The characteristic X-rays can be described and detected in terms of their 
wavelength (wavelength dispersive spectrometers- WDS) or energy (energy 
dispersive spectrom eter- EDS). The EDS detector produces a voltage in 
response to the incident X-rays which is proportional to the energy of the 
characteristic X-rays which is proportional to the elemental abundance in 
the sample. Normally elements of atomic number 11 (Na) and greater can be 
detected by the EDS detector.

In this study, both qualitative and quantitative analyses have been 
perform ed using E.D.S.. In routine imaging work the system was operated 
qualitatively to aid in mineral identification. Quantitative analyses were 
perform ed on grains of interest within polished thin sections and polished 
blocks. A Link 869 analyser with ZAF4 correction software was used to collect 
and process the data. A cobalt reference standard was used to calibrate the 
system. Structural formulae were calculated using the l a s t  element by 
difference' m ethod after first defining the num ber of oxygens w ithin a 
particular mineral structural formula.

2.2.4.1 Data presentation
The quantitative data obtained from the microprobe and ATEM (see 2.3 

below) have been presented in different formats, depending on the type of 
mineral analysed.

Clay mineral analyses have been plotted on ternary compositional plots 
using  the co-ordinates MR3 - 2R3 - 3R2, as proposed by Velde (1977) to 
represent phyllosilicate compositions. Structural formulae determ ined from 
microprobe data were used to calculate the co-ordinates as follows:

MR^ = K  + Na+2(Ca) 

2 R ^ = U A l + F e ^ ^ -M R ^ )  

3R  ̂= l[Mg+Fe^^ +Mn)
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The ternary plots generated using the above formulae enable rapid 
assessment of compositional variations with respect to mineral end members 
(for example: kaolinite, muscovite and celadonite). Unfortunately, microprobe 
analyses do not distinguish Fe^+ from Fe 3+ and all iron has to be assumed to be 
present as Fe^+ Velde (1985).

Carbonate microprobe data were converted to atom percent values by 
dividing the elemental percent (for Ca, Mg, Fe and Mn) by their respective 
atom ic masses. The atom percent for each element was then divided by the 
sum m ation of the atom percent data and multiplied by 100 to yield the mole 
percent values. The mole percent data were then plotted on ternary diagrams, 
w ith  end member compositions of Ca (calcite). Mg (magnesite) and Fe + Mn 
(siderite).

2.3 Analytical Transmission Electron Microscopy (ATEM)
Accurate quantitative analyses of individual b lades/ plates of pore 

occluding illite are beyond the operational capabilities of a standard SEM. 
Therefore, a limited number of illite rich sandstone samples were prepared for 
analytical transmission electron microscopy (ATEM).

2.3.1 Sample preparation
The original intention was to produce ion milled sections (from 50pm 

thick fluid inclusion wafers), transparent to an electron beam, so that the illitic 
clays could be analysed insitu. Typically the W estphalian sandstones are 
mineralogically heterogeneous and therefore have non-uniform 'thiiming' rates 
w hich compounds the difficulty in producing sufficiently transparent samples 
w hile retaining the delicate illitic material. This technique was rejected after 
se’veral unsuccessful attempts.

In order to attain TEM analyses of pore occluding illites, a compromise 
w as reached: the <0.2p and 0.2-0.5pm clay fractions were isolated from clay 
suspensions with the main disadvantage that the illite could not be analysed 
inisitu. Approximately lOg of sandstone was gently disaggregated in a mortar 
anid pestle, then placed in a jar of distilled water and treated ultrasonically for 
301-40 minutes to dislodge the clay particles from the substrate. The <0.2p and 
0.2-0.5pm clay fractions were then isolated from the clay suspensions by a 
ceintrifuge. Drops of the resulting fine suspension were placed on a 3mm 
coipper grid with a thin supporting carbon film across them. The clay particles 
wœre sedimented onto the carbon film as the water evaporated. The samples 
weere then ready for ATEM (it was not necessary to apply a conductive carbon 
co»at to these samples because of the presence of the carbon film).
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The TEM used in this study was fitted with an energy dispersive X-ray 
spectrometer capable of detecting elements of atomic number >11 (i.e. sodium 
and upwards). In contrast with the quantitative analyses obtained from the 
SEM, the absolute weight percentage concentrations were normalised (using 
the LINK systems RTS program). All elements measured during quantitative 
analyses on the SEM were assumed to be stoichiometrically bound to oxygen 
and were not normalised to 100%. Therefore for totals less than 100%, the 
percentage of carbonate, hydroxyl, or water molecules present within a mineral 
can be determined. Data obtained from the TEM analyses were plotted on 
ternary framework diagrams as described in section 2.2.4.I.

2.4 X-Ray Diffraction (XRD)
Samples for XRD analysis were chosen according to the criteria outlined 

above for the selection of sandstones and m udrocks for pétrographie 
assessment.

The mineralogy of whole rock samples was investigated using powder 
X-ray diffraction, mainly to supplement the mineralogy determined from thin 
section petrography. Clay fractions (<2|im, 0.5-0.2|im <0.2|im) were routinely 
isolated from both sandstone and mudrock samples for X-ray diffraction to 
assess their mineralogical compositions and abundances.

2.4.1 Sample preparation
Samples for whole rock analysis were first broken into small fragments 

in a mortar and pestle, then further reduced in size (5-10pm) in a Tema Mill for 
an appropriate length of time depending on lithology i.e. 60 to 240 seconds. The 
pow ders were then packed into aluminium cavity m ounts to produce an 
approximate random orientation of grains.

Samples for clay mineral analysis were gently disaggregated in a mortar 
and pestle. The coarse powder was then put in a glass beaker and subjected to 
prolonged agitation in a sonic bath for 8 to 24 hours. If flocculation proved to 
be a problem  during preparation of clay fractions, the suspensions were 
washed several times by centrifugation and décantation of the supernatant 
liquid. If flocculation persisted a few ml of ammonia was added to disperse the 
clays. The various clay fractions were separated using a centrifuge. The 
separated <2pm fraction was then m ounted onto unglazed ceramic tiles, 
producing an oriented sample with minimal segregation effects (Shaw, 1972). 
For clay fractions <0.5|im oriented clay sam ples were prepared  by 
precipitating the clay from a water suspension onto a glass slide: the pore size 
of ceramic tiles is greater than these finer clay plate, but is sufficient to retain 
coarser <2|im clays.
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Clay tiles and glass slides were dried overnight in a desiccation 
containing silica gel prior to analysis in an air-dried state in the diffractometer.

The clay separates were analysed in four stages: (i) air-dried, (ii) treated 
with ethylene glycol, (iii) heated to 400 for one hour and (iv) heated to 550 
OC for one hour. Clay mineral species are then identified from the resultant 
diffractograms.

2.4.2 Diffractometer settings
A  Phillips 1830 autom ated diffractometer was used to generate the 

diffractograms employing monochromated C uK a radiation, generated at 40kV 
and 50 mA. An automatic divergence slit system was used during X-ray 
analysis, though the data could be converted to fo fixed slit by the system 
software to allow the data to be directly compared w ith JCPDS mineral 
identification tables.

Whole rock powders were run at 75 seconds /  0, between 2^ and 60®
2$ , Oriented clay samples were run at a scanning rate of 66.67 seconds i  ^2 6 
between 1.8® and 60^ 2 ^ in the air dried state, and between 1.8° and 25.5^2$  
in the glycolated and heated samples.

2.4.3 Diffraction interpretation
M ineral identification was m ade from com puter p rin touts listing 

reflection angles in ®2 $, peak counts and d-spacing in angstroms. These data 
were then compared with published tables of d-spadngs enabling the minerals 
to be identified (Brindley and Brown, 1961). In addition diffractograms were 
plotted allowing data from different samples to be readily com pared and 
contrasted on a qualitative basis.

Mineral abundances were calculated from the whole rock pow der data 
for the mudrocks, using the peak count values and then applying the m ethod of 
Schultz (1964). A mineral specific correction was first applied to the peak count 
data; the correction factors were determined from analysis of m udrocks of 
known compositions (Hugget Method, pers. comm.: Appendix 1).

Semi-quantitative clay mineral abundances were calculated from the 
<2pm clay fraction data using peak areas calculated using the Phillips Profile 
Fit software. The following equations, modified from Schultz (1964), were used 
to calculate mineral abundances. Error bars of ±  10% should be applied to all 
data generated from these equations:

% / + / / 5 =
10 A  \(400"Cj 2 4̂00®c)

xlOO
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%/ =
10/4________ (g lycola ted ')_____

^̂ "̂ (400®C) 2 ^̂ (400'C)
XlOO

%I + C =
1 74
2^ (̂400-c)

XlOO

Where: I = illite
I/S  = mixed layer illite-smectite 
K = kaolinite 
C = chlorite

2.5 Debye Scherrer X-Ray Diffraction
2.5.1 General

In order to differentiate the different polytypes of the kaolinite i.e. 
kaolinite and dickite it was necessary to use a Debye Scherrer X-ray diffraction 
camera. This allowed the characteristic non-basal reflections of the kaolinite 
polytypes to be identified which was not possible in a standard powder 
diffractometer. The Debye Scherrer camera was used for X-ray analysis of 
random ly oriented <4|im clay fractions from sandstones and mudrocks; the 
<4pm clay fraction was selected because it contained the purest and most 
abundant kaolinite samples. The restricted sample volume precluded the use of 
cavity m ounted samples in a standard diffractometer. A full account of the 
Debye Scherrer technique is given in CuUity (1978).

2.5.2 Sample preparation
Sandstone and mudrock samples were gently disaggregated in a mortar 

and pestle then left in distilled water for 24 hours. Samples were then placed in 
an ultrasonic bath for 3-4 hours to complete the process of separating the clay 
fraction from the samples. The complete clay fraction was then poured into a 
1000ml m easuring cylinder, the volume made upto 1000ml by addition of 
distilled water; the measuring cylinder was then placed into a large tank of 
water at 25 °C. The clay suspension was vigorously agitated for approximately 
60 seconds then allowed to settle for 1 hour 48 minutes 40 seconds (from Stokes 
Law). The top 10cm of suspension (<4|im clay fraction) was then siphoned off 
and freeze dried
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Approximately Im g of the freeze dried clay fraction was loaded into 
0.5mm glass capillary tube and the open end sealed. The capillary tube was 
m ounted in the Debye Scherrer camera (Phillips PW 1024) so that it lay 
accurately along the rotation axis of the camera when the specimen holder was 
rotated. The pow der sample was analysed using m onochrom ated C u K a  
radiation generated at 40kV and 20mA for 2.5 hours. The resulting line 
diffraction pattern on the film was measured using a reticule attached to the 
light table and connected to a vernier scale for accurate m easurem ent of the 
diffraction lines. Using established conversion tables (Tucker, 1989) the d- 
spadngs (in angstroms) of the diffraction lines were determined.

2.6 Fluid Inclusion Microanalysis
2.6.1 General

Information relating to the temperature and composition of the fluid 
from which a mineral precipitated can be determined from fluid inclusion 
microthermometry (Shepherd et al, 1985). This is based on the assumption that 
the composition of the fluid inclusions are representative of the fluid from 
which the mineral formed and that the inclusions have not stretched or leaked.

The principles of fluid inclusion geothermometry are illustrated in 
Figure 2.1. The pressure-temperature plot illustrates the cooling path of an 
indusion  formed at point A with a trapping temperature, Tt. The inclusion 
cools along an isochoric path (a line of equal density) until it reaches the liquid- 
vapour equilibrium curve. A vapour bubble develops at point Th, progressive 
cooling to room  tem perature causes the vapour bubble to expand. During 
reheating the fluid indusion follows the liquid vapour curve until the vapour 
bubble disappears upon re homogenisation at Th; the slope and position of the 
isochore is then defined. A m easurem ent of Th therefore provides the 
minimum temperature of trapping. The difference between Tt and Th is known 
as the 'pressure correction' (Ft) and is dependent on pressure and density. If Ft 
is known it is then possible to determine the true trapping temperature (Tt).

Freezing of the fluid inclusions and then slowly heating them can reveal 
a number of phase changes and the temperatures at which these occur can yield 
inform ation on the fluid composition of the inclusions. For example the 
tem perature of first ice m elting (Tfm) can be used to differentiate fluid 
compositions by reference to a data base of known fluid compositions (Table 
2.3).
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Figure 2.1. Diagram to illustrate the cooling path of an inclusion formed at point A. See the text (section
2.6.1) for details.



Table 2.3. Crystallisation temperatures for a selection of common 
salt-water systems (from Borisenko, 1978).

Fluid composition (in terms of salts) First melting (Tfm) (^C)

CaCli-NaCl-HzO -55.0

CaCl2-MgCl2-H20 -52.2

CaCl2-KCl-H20 -50.5

MgCl2-KCl-H20 -37.8

NaCl-H20 -21.2

The temperature of last ice melting (Tmi) is characteristic of the fluid salinity 
with lower Tmi values corresponding to higher salinities. Hydrohalite melting 
(Thm) was occasionally observed, enabling the proportion of the various salts 
to be determined from the relevant phase diagrams. However, the small size of 
hydrohalite crystals within the fluid inclusions usually prevented an accurate 
measurement of Thm.

Further details on fluid inclusion theory and practice are presented in 
Shepherd et al (1985).

2.6.2 Sample preparation
Two phase liquid + vapour fluid inclusions were the subject of a fluid 

inclusion study. These fluid inclusions were analysed using polished rock 
wafers. The wafers must be of high optical quality, less than 100pm thick, and 
retain their coherency over variable temperatures (typically -lOO^C to 200^0. 
To meet these criteria a new preparation technique has been developed in the 
Departm ent of Geology, Imperial College and is reported by McNeil and 
Morris (1992). The sample is vacuum im pregnated with epoxy resin then 
ground on both sides until the sample is exposed. Face A is first flattened by 
hand using silicon carbide abrasive on a glass plate and then polished. Face B is 
prepared by mounting face A onto a glass slide with Bostick*”̂  Superglue 4, 
trimming the sample and grinding down to 100pm A final polishing reduces 
the sample thickness to approximately 50pm and the wafer is then floated off 
the glass slide by soaking with acetone.

2.6.3 Fluid inclusion microthermometry
Fluid inclusion analyses were performed using a Linkham THM600 

heating-freezing stage attached to a Leitz binocular microscope. The eyepiece
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lenses were of x l6 magnification and the objective lens x40 or xlOO. 
Tem perature within the stage is controlled by a Linkham TMS90 computer, 
w ithin the range -200°C to +6OO0C. A Linkham CS196 cooling pum p attached 
to a flask of liquid nitrogen enables the samples to be frozen. The sample was 
placed in a fixed window crucible which was loaded into the stage through a 
side door onto the heating block.

A typical freezing-heating cycle used in this study was as follows. The 
sample was cooled at 30°C per minute until the vapour bubble disappeared or 
contracted. Vapour bubbles in inclusions containing particularly saline brines 
mostly remained stable down to -lOO^C and only on heating to approximately 
-80^C did the vapour phase contract or disappear. An initial test run was 
undertaken, w ith a cooling rate of 5°C per m inute, to determ ine the 
approxim ate temperatures of the phase changes. The inclusion was frozen 
dow n again, and then reheated at 5°C per minute to within 10°C of the first 
phase change whereupon the heating rate was reduced to 1°C per minute 
enabling an accurate determination of the phase change tem perature. This 
procedure was repeated for subsequent phase changes providing the two 
events were not within 10-15°C of one another, in which case the cooling rate of 
l^C  per minute was maintained. A second set of measurements was usually 
determined for each inclusion to check data reproducibility.

A similar procedure was applied during heating for the determination of 
Th. After the vapour phase had homogenised the temperature was lowered. If a 
vapour bubble rapidly nucleated then the vapour phase had not homogenised 
w ith the fluid. This heating-cooling process was repeated with an incremental

increase in tem perature until the vapour phase nucleated at a 
temperature significant below Th (typically 30°C below Th).

Stage calibration by m icrotherm om etry of standards w ith  known 
melting points was periodically undertaken. Correction curves describing the 
tem perature range of interest were plotted and applied to the measurements. 
The calibration curves used in this study are shown in Appendix 2.

2.7 Stable Isotope Geochemistry
2.7.1 General

Although carbonate minerals are present in great diversity within the 
sandstones and mudrocks (e.g. siderite, ferroan dolomite, ankerite, dolomite, 
calcite and breunnerite) only siderite was occasionally developed to the almost 
total exclusion of the other carbonates, enabling pure samples to be separated 
out.
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To help constrain the pore fluid composition and temperature conditions 
under which the authigenic siderite form ed within the sandstones and 
m udrocks, their carbon and oxygen stable isotopic com positions were 
m easured. The samples were prepared at Imperial College and the isotope 
measurements made at the Scottish Universities Research and Reactor Centre 
(SURRC) in East Kilbride.

Stable isotopes are of interest in low temperature systems because of 
their potential for fractionation by natural processes. This arises from the fact 
that certain thermodynamic properties of molecules depends upon the mass of 
their atoms. Molecules containing different isotopes of an elem ent have 
different energies because of differences in vibrational components that are 
mass dependent. Molecules containing the lighter of two isotopes have greater 
vibrational frequences and form weaker bonds, and are therefore more reactive 
than the equivalent molecules containing the heavy isotope. Isotopic 
fractionation can occur during several kinds of chemical reactions such as 
isotope exchange reactions, and during  physical processes such as: 
evaporation-condensation, melting recrystallisation and diffusion due to 
concentration or temperature gradients (Faure, 1986). The isotope fractionation 
that occurs during these process can be represented by the stable isotope 
fractionation factor, a\

where Ra represents the ratio of the heavy to light isotope in phase A, and Rb 
the equivalent ratio in phase B. For carbon and oxygen, R is defined as: ^^C/% 
and

Stable isotope results are reported using 8 notation in parts per 
thousand (%o, permill) as shown below:

STANDARD,

’^STANDARD
xlO^

where the isotope ratio in phase A is reported relative to the ratio in a reference 
standard. Internal laboratory standards are used for routine work but the 
results are then presented relative to international standards for comparison 
with other studies. In this study the results are reported relative to PDB (Peedee 
Belemnite, = 0.0 %o) for carbon and SMOW (Standard Mean Ocean Water, 

= 0.0 %o) for oxygen.
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In an equilibrium  system a ,  the isotopic fractionation factor is 
tem perature dependent. The relationship between a  and tem perature is 
generally reported as:

where A and B are constants and T is the temperature in degrees Kelvin. Stable 
isotope analyses therefore have the potential to be used as geothermometers.

For a mineral—water system, it is clear that the isotopic composition of 
the precipitating fluid can be determined if the isotopic composition of the 
mineral and the temperature of precipitation are known. Alternatively, if the 
isotopic composition of the fluid from which the mineral precipitated is known 
then the temperature of precipitation can be calculated.

A review of the applications of stable isotopes in clastic diagenesis is 
reported in Longstaffe (1989).

2.7.2 Sample preparation.
Prior to the m easurem ent of the stable isotopes the siderite was 

separated from the whole rock while trying to maintain a minimum level of 
contamination. Typically, the sample was gently disaggregated with a mortar 
and pestle. The siderite cement was then separated with the aid of the heavy 
liquid di-iodomethane diluted with absolute alcohol.

Fracture hosted siderite in the mudrocks were extracted with a dentist's 
drill. Sample purity was m onitored from X-ray diffraction analyses of the 
separated materials.

2.7.3 Isotope analysis.
The siderite was reacted with orthophosphoric a d d  overnight at 100 °C 

to yield CO2. After the reaction had proceeded to completion the CO2 was 
extracted in a vacuum line where any H2O and non-condensable gases were 
removed. The CO2 gas was collected and then analysed on a V.G. Isogas SIRA 
10 mass spectrometer at SURRC. Carbon and oxygen isotopes results were 
corrected using standard procedures (Craig, 1957). Isotope ratios of are
reported as relative to PDB. Ratios of ^*0/^®0are reported as relative 
to PDB and SMOW. As the siderite samples were reacted at 100°C, a 
modification to the McCrea (1950) technique, using experimentally determined 
O isotope fractionation factors, was employed (Rosenbaum and Shepherd, 
1986).
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CHAPTER 3 
Sandstone Petrography and Diagenesis

3.1 DETRITAL ASSEMBLAGE
3.1.1 Quartz

Monocrystalline quartz is the most abundant detrital component within 
the sandstones (Tables 3.1,3.2,3.3 and 3.4). Samples from well 44/22-1 exhibit a 
dom inantly uniform optical extinction to a depth of 11770' below which 
moderate to poorly developed undulose extinction becomes more common. 
The sandstones in 49/25-2, 44/28-2 and K5a-3 are dominated by quartz with 
undulose extinctions. Polycrystalline quartz is rarely observed in sandstones 
from these wells.

Every attempt was made to distinguish between detrital and authigenic 
quartz although not always successfully due to the lack of boundary markers 
(e.g. a dust rim, oxide coating or inclusion trails) between the two; this problem 
was especially pronounced in samples from K5a-3. The assessment of grain 
sphericity and roundness was not greatly compromised by quartz overgrowths 
(CL data confirms that there is not too great a discrepancy); grains are typically 
moderately well rounded and of intermediate sphericity. Textural parameters 
including sorting, sphericity and roundness are presented in Tables 3.1,3.2,3.3 
and 3.4.

3.1.2 Feldspar
Plagioclase feldspar typically comprises 1% to 10% of the detrital 

assemblage (Tables 3.1, 3.2, 3.3 and 3.4.); detrital potassium feldspar is very 
rarely observed and is not recorded in the bulk XRD analyses. Dissolution of 
potassium  feldspar, and to a lesser extent plagioclase, to yield secondary 
porosity  and pseudom orphous kaolinite in conjunction w ith  extensive 
albitisation of plagioclase have significantly altered the nature of the detrital 
feldspar assemblage. Clearly the current detrital com positions of these 
sandstones using a Quartz (Q) - Feldspar (F) - Lithic (L) classification will not 
reflect the nature of the original detrital assemblage.

3.1.3 Lithic fragments
Lithic fragments are ubiquitous within the data (Tables 3.1, 3.2, 3.3 and

3.4.) set with a mean abundance 11%, 19%, 12% and 8% in 44/22-1, K5a-3,
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Table 3.1. Point count data for select sandstones from well 44/22-1. 
Abbreviations used are:

SORTING w ell (w), moderate (m) and poor (p);
MATURITY submature (Sm) and mature (Mm);
ROUNDNESS AND SPHERICITY good (g), moderate (m) and poor (p).



u / m ' " - DETRITAL ASSEMBLAGE AUTHIGENIC ASSEMBLAGE

t 1 Î fDEPTH (ft) Quartz Feldspar Mica Lithics Quartz Kaolinite Undifferentiated
clay Opaques Siderite Ankerite Secondary

porosity

11354 53 4 2 1 7 8 3 trace 23 6 0 m p-m p-m Sm

11357 36 4 1 0 9 trace 0 trace 50 trace 0 w p-m m-g Mm

11362 42 6 4 5 11 12 0 3 12 5 0 m m g-m Sm

11370 38 7 2 1 9 18 0 2 11 9 3 P m m Sm

11374 38 3 6 2 9 19 0 3 17 0 3 m m-g? m? Sm

11455 45 2 4 12 8 13 4 4 6 2 0 m P g Sm

11461 62 0 1 2 9 5 8 0 3 2 8 w m-g m-p Mm

11471 54 3 0 2 9 10 5 0 2 4 11 w m-p m-p Mm

11478 54 2 1 1 10 8 6 1 0 8 9 w w-m m Mm

11491 55 4 3 3 6 13 4 0 6 1 5 m-w m-g m-g? Mm

11503 57 1 3 4 10 10 1 0 2 3 9 w m-g m-g Mm

11521 59 0 0 16 6 4 3 2 2 5 3 m-p m-g p-m Sm

11530 51 3 4 14 3 5 7 2 8 1 2 m m-p m-g Sm

11538 55 2 1 10 5 4 8 2 6 2 5 m -w m-g g Mm

11551 34 6 2 7 1 4 2 1 24 11 8 m -w m-g m-g Mm

11568 43 2 1 5 1 2 20 1 12 4 9 P ? ? Sm

11575 46 3 1 9 6 7 15 4 7 1 1 w g g Mm
11581 50 4 1 11 6 8 8 3 4 2 3 m p-m m Sm

11590 56 2 2 7 5 10 4 2 6 3 3 m m-g m-g Sm

11698 49 1 1 11 0 5 4 2 25 2 0 m f>-m m-g Sm

11728 60 1 2 5 8 12 2 2 1 6 1 m -w m-w g Mm

11751 59 1 0 2 7 12 0 0 1 14 4 w m-g m-g Mm

11798 53 3 2 18 10 5 2 1 4 2 0 P m m Sm

11840 75 ? 0 3 7 3 0 0 7 5 7 P m-g m-g Sm

11893 63 ? 3 0 7 0 22 3 2 6 1 m ? ? Sm

11960 79 ? 0 0 7 4 0 1 8 4 5 P m-g m Sm

12010 38 7 2 0 7 0 19 3 19 19 0 P ? ? Sm



T able 3.2. Point count data for select sandstones from well 44/28-2. 
Abbreviations used in the sorting, roundness, sphericity and maturity columns 
are the same as for those in Table 3.1.



DETRITAL ASSEMBLAGE AUTHIGENIC ASSEMBLAGE

‘5 1 1 Î
^  I a 1

SAMPLE
(ft) Quartz Feldspar Mica Lithics Quartz Kaolinite Opaque Siderite Ankerite Secondary

porosity

12066 65 0 trace 4 5 11 2 0 4 12 p-m m m-g Sm

12191 41 trace 2 16 5 3 13 20 0 0 m ? ? Sm

12206 58 trace trace 7 10 11 trace 6 trace 8 m g m-g Sm

12225 59 0 0 11 14 0 6 6 4 trace m-w m-g g Mm

12240 35 1 4 28 0 4 18 10 0 0 P ? p-m Sm
12254 65 0 1 20 3 4 3 3 4 trace m-w m m Mm
12278 60 3 0 3 13 8 1 3 trace 9 P m-g m-g Sm
12302 57 trace trace 22 7 3 7 2 0 2 m m-g m-g Sm

12325 73 tr 0 trace 12 1 trace 0 trace 14 w g-m g Mm

12346 59 0 trace 8 7 6 7 6 6 1 m m-g m Sm

12356 60 0 1 6 1 5 2 15 9 0 P j>m m Sm

12439 40 0 2 22 0 2 7 11 15 1 j>m ? ? Sm

12451 57 trace trace 17 0 7 1 15 2 trace m ? ? Sm

12469 51 0 0 25 0 13 1 10 0 0 m-p ? ? Sm

12493 55 trace 2 21 5 6 2 7 2 trace m g m Sm

12552 66 0 0 7 10 5 0 trace trace 12 ? ? ? ?
12582 43 0 trace 5 7 12 12 16 5 trace w m-g m-g Mm

12634 60 0 0 5 9 6 7 12 1 0 m-p p-m m Sm
12672 65 0 0 2 10 7 1 trace 1 14 w g-m g Mm

12963 55 0 3 20 0 10 10 2 0 trace P m p-m Sm
12978 73 0 trace 3 8 6 3 5 0 2 w g m-g Mm



T able 3.3. Point count data for sandstones from well K5a-3. The lithic 
fragm ents column m arked 'Lithics' records the volume of quartzite only; 
ductile lithic fragm ents are recorded in the 'A ltered Lithics" column. 
Abbreviations used in the sorting, roundness, sphericity and maturity columns 
are the same as those described for Table 4.1.

T able 3.4. Point count data for select sandstones from well 49/25-2. 
Abbreviations used in the sorting, roundness, sphericity and maturity columns 
are the same as those described for Table 4.1.



w m m DETRITAL ASSEM BLAGE AUTHIGENIC ASSEMBLAGE

I i 11SAMPLE
(ft)

I^eld^par alti^alian S id en te

Quartz Feldspar
(plagioclase)

Mica Lithics Altered
lithics

Pore
kaolinite

Kaolinifç Opaques lEwhWW Secondary
porosity

13235 56 0 4 4 17 2 3 6 3 0 3 2 m 8 m S
13238 59 1 1 7 7 2 1 5 3 1 8 5 m P m S

13241 67 0 1 8 5 1 2 2 3 4 2 5 m m m S
13244 56 2 6 3 24 2 0 3 4 0 0 0 m m P S

13248 60 2 0 8 10 5 1 5 4 0 2 3 m 8 8 S
13251 62 0 1 5 11 1 2 1 2 trace 12 2 m 8 m S

13256 60 0 2 10 11 1 3 2 3 0 4 4 m m m S

13260 55 0 3 7 16 1 5 3 4 0 1 5 m m m S
13266 65 1 3 8 10 0 4 2 3 trace 1 3 m m m S

13271 41 2 7 2 16 0 3 1 28 0 0 0 m P m S

13279 60 0 1 9 8 1 3 2 2 1 3 10 m 8 8 s
13284 61 1 2 7 18 0 3 2 3 0 1 2 m 8 8 s

49/25-2. DETRITAL ASSEMBLAGE AUTHIGENIC ASSEMBLAGE
1

SAMPLE Quartz Plagioclase Mica Lithics
1

Kaolinite Siderite Opaque Secondary
porosity

•0

I I
8891 ft 51 10 1 3 I 4 15 14 2 m m m S
8888 ft 41 6 4 10 7 17 15 0 m m S



44/28-2 and 49/25-2 respectively. The lithic fragments are typically mudstone 
intraclasts with a subordinate schist component. Extensive ductile deformation 
and replacement by kaolinite (and illite?) are important controlling elements in 
reservoir evolution.

3.1.4 Mica
The detrita l mica assemblage is com posed exclusively of fresh 

muscovite, occasionally exhibiting minor alteration to fine grained illite or less 
commonly kaolinite. Although the mica abundance is not significant with a 
mean presence of 2-3%, its potential for influencing pore fluid chemistry could 
be significant (Boles and Johnson, 1984). Bending and crushing of mica sheets 
between ridged framework grains caused the mica to fan out into pore spaces, 
further increasing the potential for m ineral/flu id  interactions and mineral 
authigenesis. Detrital illite and illite-smectite minerals were not observed in 
this study.

3.1.5 Kaolinite
Detrital kaolinite is an extremely rare component within the studied 

intervals where it is invariably observed altering to vermicular kaolinite (Plate 
la).

3.1.6 Sandstone classification
The sandstones have been classified according to Pettijohn et al (1973). 

Point count data were recalculated to the three end members quartz (Q), 
feldspar (F) and lithic fragments (L); these data were then plotted on Q-F-L 
diagrams.

Sandstones from 44/22-1 group into the lithic arenite and a mixed sub- 
lithic arenite/sub-arkose fields (Figure 3.1). The latter group represents samples 
from directly below the Saalian Unconformity and the former from deeper 
successions. Two distinct lithological groups of data are also recognised for 
samples from 44/28-2: a predom inantly lithic arenite group w ith a minor 
sublithic arenite/quartz  arenite group (Figure 3.2). In contrast w ith samples 
from 44/22-1 these data within individual groupings are much more tightly 
constrained in terms of their Q-F and Q-L components, and there is no obvious 
rela tionsh ip  betw een sam ples from  im m ediately below  the Saalian 
Unconformity and their lithological groupings. The field of data for K5a-3 
sandstones cuts across the lithic arenite/sub-lithic arenite boundary and has a 
relatively wide distribution (Figure 3.3). A limited data base for sandstones
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QUARTZ ARENITE

SUB-LITHIC ARENITE

ARKOSIC ARENITE UTHIC ARENITE

LF

Figure 3.1. Composition of 44/22-1 sandstones, classified according to Pettijohn et al
(1973).
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Figure 3.2. Composition of 44/28-2 sandstones, classified according to Pettijohn et al
(1973).
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Figure 3.3. Composition of K5a-3 sandstones, classified according to Pettijohn et al
(1973).
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Figure 3.4. Composition of 49/25-2 sandstones, classified according to Pettijohn et 
al (1973).



from  49/25-2  (Figure 3.4) prevents a detailed assessm ent of sandstone 
compositional variations in this weU.

Although these sediments have been significantly affected by diagenetic 
modifications, changes to the detrital assemblage appears to be limited: detrital 
quartz remained stable; plagioclase is dominantly altered to albite with minor 
volume changes- plagioclase dissolution remained a minor process; and lithic 
fragments that are readily identified after diagenesis. However, the original 
abundance of potassium feldspar remains uncertain and in conjunction with 
uncertainties concerning the nature and abundance of a potential detrital clay 
m ineral assemblage, precludes an accurate assessment of how  the present 
compositions compare with the original detrital compositions..

3.1.7 Provenance
The clastic source for the early to m id W estphalian sediments was 

mainly the Caledonian and Archaen terrains of northern Britain with a possible 
contribution from Fennoscandia and Greenland (Drewery, 1987). However, 
little is known about how the source area(s) became elevated during the 
Nam urian. Additionally the lack of an identifiable tectonic event capable of 
inducing sufficient uplift to generate the observed sedim ent infill is a 
considerable problem (Besly, 1990). Haszeldine (1984) argued that rift shoulder 
uplift associated with extension in the proto-Atlantic would generate a suitable 
source, although Bristow (1988) dismissed this theory. Late W estphalian 
sedim ents were increasingly sourced from lithologies associated with the 
advancing Hercynian Orogeny.

The detrital quartz assemblage provides the only limited evidence for 
provenance. Detrital monocrystalline quartz grains that have a predominantly 
straight to slightly undulose extinction have generally originated from acid 
igneous or gneissic sources (Folk, 1974). The monocrystalline detrital quartz 
grains w ith undulose extinction and grain suturing of grain boundaries are 
typical of metamorphic sources. In addition to the obvious significant recycled 
sedim entary component, a mixed igneous and metamorphic source is also 
inferred for samples from K5a-3. A significant recycled sedimentary component 
is also inferred for sandstones from 44/22-1, 44/28-2 and 49/25-2 in 
conjunction with constituents derived from igneous terrains.

3.2 AUTHIGENIC ASSEMBLAGE
Analysis of authigenic assem blages in reservoir sandstones in 

conjunction with fluid inclusion and stable isotope analyses of these authigenic
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minerals will provide the basis for a greater understanding of the diagenetic 
processes and how these affect reservoir properties.

3.2.1 Quartz
3.2.1.1 General

Authigenic quartz most commonly takes the form of overgrowths on 
detrital quartz (lOpm to 80pm wide) and less frequently on detrital plagioclase. 
The quartz overgrowths developed in optical continuity with detrital quartz, 
identification of the detrital/authigenic contact being achieved through the 
recognition of boundary markers such as inclusion trails, dust/c lay  rims or 
oxide (Plate lb) layers. Where these boundary markers are universally present 
the volume of quartz overgrowth was quantified by point counting (with mean 
values of 7% and 6% for 44/22-1 and 44/28-2 respectively) and the data are 
reported in Tables 3.1 and 3.2. Quantitative data were not collected for quartz 
overgrowths in samples from K5a-3 and 49/25-2 due to the general absence of 
easily recognised boundary markers.

In addition to confirming the presence of authigenic quartz, SEM-CL 
images provided qualitative data on overgrowth abundance for samples where 
a distinction between optical and authigenic quartz could not otherwise be 
made (e.g. samples from K5a-3) (Plate Ic). The SEM-CL images illustrate well 
the predom inantly point/long contacts between framework grains in samples 
from K5a-3 and point/floating contacts in samples from 44/22-1 and 49/25-2. 
Additionally SEM-CL images provide a means of distinguishing detrital quartz 
from detrital plagioclase which is not always possible using an optical 
microscope due to their similar optical properties.

3.2.1.2 Quartz overgrowth structures
In addition to the widely recognised overgrowth and pore occluding 

quartz cements described below, a veneer, typically -4pm  thick is sometimes 
observed mantling detrital quartz grains in sandstones from 44/22-1 (Plate 2 
and Plate 3).

Concentric and sector zoned quartz overgrowth were observed from CL 
images (using the JEOL 6400 only) of quartz overgrowths for samples from 
wells 44/22-1, and K5a-3. There are no meaningful CL data available from 
49/25-2 due to the mostly limited nature of the overgrowths on fine sand and 
silt grains. Samples from 44/28-2 were observed using the SEM-CL facility in 
the Hitachi 2500, which confirmed the presence of overgrowths but could not 
reveal their internal structure.

Quartz overgrowths in samples from 44/22-1 exhibit a variety of paired 
and non-paired growth zones. The w idth of each individual zone varies
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considerably between samples so that either one may be dominant. The CL 
images show that typical growth zones include:

i) An initial sector/chaotic zone followed by a concentric zone (Plate 
3);

ii) A single chaotic growth stage;

iii) An initial sector zone succeeded laterally and outw ardly by a 
mixed sector and chaotic zone (Plate 4); and

iv) A single/m ultiple stage overgrowth with a mixed concentric and 
sector zoned structure (Plate 5).

Instances of particularly well developed sector zonation tend to be observed in 
overgrowths on long flat (at least 400p.m) detrital quartz grains (Plate 2). 
Internal corrosional? surfaces are occasionally evident within the overgrowths 
and are well displayed in 44/28-2 (Plate 6a). There is no systematic variation of 
overgrow th structure w ith facies or grain size, and the nature of the 
overgrowth fabric varies within individual samples.

The quartz overgrowth structure in samples from K5a-3 is m uch less 
regular than in samples from 44/22-1 with sector or concentric zonation 
developed in isolation (i.e. not as couplets) and commonly within the same 
sample. SEM-CL images of overgrowths in samples from K5a-3 sandstones 
demonstrate that authigenic quartz is more significant than was first realised 
through standard pétrographie observations.

Authigenic quartz predates albite, ankerite and barite in all of the wells 
and grew to include siderite. Quartz overgrowths variably include or pre-date 
vermicular kaolinite (Plate 6b).

M easurements from prim ary and secondary fluid inclusions within 
authigenic quartz from wells K5a-3, 44/22-1 and 44/28-2 were m easured and 
the data are presented in Chapter 5.

3.2.2 Albite and potassium feldspar
3.2.2.1 General

Detrital plagioclase is present within all of the wells (Tables 3.1, 3.2, 3.3 
and 3.4.) and has been albitised; also, pore occluding authigenic albite is 
restricted to samples from 44/22-1 and K5a-3. In Figures 3.5, 3.6 and 3.7 the 
almost pure end-member compositions for the albites (pseudomorphous and 
neom orphous varieties) are readily apparent; pseudom orphous albite in 
samples from 44/22-1 is slightly enriched in calcium (Figure 3.5) relative to the
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Figure 3.5. Microprobe analyses of feldspars from 44/22-1 sandstones (12010 ft).
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Figure 3.6. Microprobe analyses of feldspars from K5a-3 sandstones (13271 ft).
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Figure 3.7. Microprobe analyses of albitised detrital plagiodase (7 analyses) from

49/25-2 sandstones (8882) feet.



other analyses from this study. The common end-member albitic composition 
for all the plagiodase is a reflection of the extensive nature of albitisation rather 
than the detrital plagiodase assemblage having a uniform chemistry. Fluid 
inclusion data from albite overgrowths and pore occluding albite are reported 
in Chapter 5.

Preserved detrital potassium feldspar is very rare and only observed 
where an authigenic albite overgrowth has provided a protective envelope 
against aggressive pore fluids. The probe analyses in Figure 3.6 were taken 
from such an example. It is however more common to find a core of authigenic 
kaolinite (endosed by albite) in place of the detrital potassium feldspar.

S.2.2.2 Morphological associations
Secondary electron and backscatter images distinguish four albite 

m orphologies all generally post-dating quartz: (i) a rod like phase, with 
assodated micro-porosity, resulting from the albitisation of detrital plagiodase 
(Plate 6c) (the assodation of microporosity with albitised detrital plagiodase is 
the and not the rule); (ii) a euhedral neomorphic stage (Plate 6d); (iii) remnant 
authigenic albite assodated with its later replacement by ankerite (Plate 7a); 
and (iv) subhedral crystals growing displadvely(?) between detrital potassium 
mica sheets.

Authigenic potassium feldspar is restricted to infilling voids within pore 
occluding ankerite (Plate 7b), exclusively in samples from 44/22-1, and is rarely 
observed.

Fluid indusion data from authigenic albite within 44/22-1 are presented 
in Chapter 5.

3.2.3 Siderite
3.2.3.1 General

Siderite is a ubiquitous pore occluding phase within all the wells 
analysed from the W estphalian of the southern Gas Basin. A lthough these 
siderites are Mg-rich (section 3.2.3.S) i.e. sideroplesites and pistomesites rather 
than siderite sensu stricto, they are referred to as siderite here as a general term. 
In thin section siderite is commonly oxidised to a greater or lesser extent 
enabling it to be readily distinguished from dolomite. For samples from wells 
44/22-1,44/28-2, K5a-3, and 49/25-2 siderite has a mean abundance of 7%, 8%, 
8% and 16% respectively (Tables 3.1,3.2,3.3 and 3.4). Siderite typically displays 
a comprehensive range of assodations, each with an array of morphological 
variations, and these are described below.
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3.2.3.2 Pseudomorphous siderite
Intraform ational argillaceous lithoclasts are frequently partially to 

completely replaced by siderite. Plate 7c shows euhedral to subhedral siderite 
(Ifim -8|im) rhombs developed along pre-existing laminations within a lithic 
fragm ent. W here the margins of the lithoclast are in contact w ith rigid 
framework grains the siderite fabric has become chaotic and siderite crystals 
are more subhedral/  anhedral with a concomitant reduction in the size of the 
rhom bs resulting from mechanical compaction. This contrasts w ith chaotic 
pseudom orphous assemblages of interconnected euhedral/ subhedral rhombs 
that display a significantly higher degree of crystal contact and fracture density 
than is observed in Plate 7c. Both pseudomorphous assemblages pre-date or are 
penecontemporaneous with the onset of compaction.

Partial replacement of detrital plagiodase feldspar by siderite is not 
com m only observed. The replacive siderite apparently  pseudom orphs 
antiperthite exsolution lam ellae/tw in planes or develops unrelated to the 
mineral structure. The pseudomorphs after exsolution lamellae are delicate and 
unlikely to have survived sustained compaction; therefore they appear to have 
developed after the initial compaction event.

3.2.3.3 Microspherulitic siderite
Microspherulitic siderite is restricted to samples from 44/28-2 where it 

occurs in bands up to 1mm wide (Plate 7d) or as discrete crystal; in both 
instances they can be observed to enclose detrital quartz (Plate 8a). Individual 
spheruliths are frequently intricately zoned (Plate 8a) w ith individual zones 
containing massive or euhedral siderite.

3.2.3.4 Pore occluding siderite
G rain coating euhedral/subhedral siderite rhombs (-10pm) are found 

dom inantly around detrital quartz (Plate 8b) and exclusively within K5a-3. 
During the initial stages of compaction these crystals were sometimes crushed 
(Plate 8c). In extreme cases the grain coating siderite underw ent pressure 
solution and contributed to the pore occluding cements (Plate 8d). The grain 
coating siderite is rarely oxidised.

Pore rim m ing  siderite rhombs (50-60pm) are comm only partially 
oxidised, w ith concentric oxidised zones alternating with fresh siderite, and 
form the foundation for further (usually unoxidised) siderite cementation.

There are two morphological variations of pore occluding siderite: (i) 
massive and variably zoned pore occluding siderite; and (ii) euhedral and well 
zoned siderite that occurs in aggregates of 15-20pm rhombs (Plate 9a) or as 
discrete 40-80pm rhombs (Plate 9b). Pore occluding siderite occasionally
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exhibits signs of remobilisation within samples from K5a-3 (Plate 8d). 
M icrospherulitic siderite may also have been remobilised in samples from 
44/28-2 (compare Plate 9c with Plate 9d) to fully occlude individual pore 
spaces. Euhedral zoned rhombs are mostly neomorphic, commonly associated 
with ankerite/ferroan dolomite and barite, and appear to occlude secondary 
pores created by the partial dissolution of massive pore occluding siderite. 
These m icro-rhombic siderites may represent a re-precipitated residual 
component of massive pore occluding siderite. Fractured rhombs were only 
observed in aggregates of siderite pseudom orphous after an unknow n 
component (Plate 10a); the fractures are more commonly developed within the 
larger well zoned crystals and have been variously infilled w ith barite, 
potassium  feldspar or quartz (Plate 9b). Occasionally siderite will infill 
fractures within ankerite, or grow displacively within detrital muscovite mica. 
In general siderite predates ankerite.

3.2.3.5 Siderite chemistry.
The composition of the authigenic siderites was determ ined from 

microprobe analyses. Extensive magnesium substitution for Fe2+ has modified 
the siderite composition so that analyses plot as either sideroplesite (5 to 30 
mol.% MgCOg) or pistomesite (30 to 50 mol.% MgCOg): these probe data for 
44/22-1,44/28-2,49/25-2 and K5a-3 are presented in Figures 3.8, 3.9, 3.10 and 
3.11 respectively. The distribution of data points in Figure 3.8 largely reflects 
the variable siderite chemistries and minor contamination associated with the 
analyses of small intimately zoned crystals. There is no relationship between 
chemical composition, crystal m orphology/internal structure or depth. The 
average composition for the respective siderite analyses are presented in Table
3.5.

Stable isotope data for the siderite are presented in Chapter 5.

3.2.4 Ferroan dolomite and ankerite
3.2.4.1 General

Ferroan dolomite is not as universally abundant as siderite and only 
samples from well 44/28-2 contain a significant volume (mean of 3%); samples 
from well 49/25-2 contain only trace amounts of ferroan dolomite. Ankerite 
was only detected in samples from 44/22-1 (mean abundance of 5%).

3.2.4.2 Pore occluding ankerite
Pore occluding ankerite have been classified into zoned and non zoned 

assemblages.
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Figure 3.8. Compositions of pore occluding siderite within sandstones from 
44/22-1. Microprobe analyses were from samples at 11357, 11461, 11491, 11523, 
118,11790 and 12010 feet.
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Figure 3.9. Compositions of siderites from 44/28-2 sandstones. Microprobe analyses
were from 12439 feet.
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Figure 3.10. Siderite compositions from sandstones from 49/25-2. Microprobe 
analyses were taken from samples at 8891 and 8882 feet.
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Figure 3.11. Compositions from pore occluding siderite within sandstones from K5a-3.
Microprobe analyses were from a sample at 13277 feet.



Table 3.5. Summary compositions of pore occluding siderites.

SID E R O PL E SIT E P IS T O M E S IT E
C E M E N T N O D U L E C EM EN T N O D U L E

49/25-2 (Feo.69 Cao.02 Mgo.28 Mno.oi) CO3 (Feo.57 Cao.o2 Mgo.40 Mno.oi) CO3 (Feo.63 Cao.o2 Mgo.33 Mno.02) CO3
W.yM4.4«Y«YHH4,Y,Y,',YHY,Y,Y,Y,,YÙY,Y,Yi',V#:,%,WAY4V,'mY,W,',Y,'r̂

44/22-1 1 (Feo.70 Cao.os Mgo.24 Mno.oi) CO3

K 5a -3 (Feo.78 Cao.05 Mgo.17 Mntrace) CO3 
(Feo.72 Cao.02 MgO.25 Mno.oi) CO3

i:r,:i:,YrA:i:,Yi:r,';:iYiYiYi:i:i:iYrr:"iYw:!%%+i:w%%:ww:iw:i:A

44/28-2 (Feo.76 Cao.04 Mgo.17 Mno.03) CO3 
(Feo.83 Cao.o4 Mgo.io Mno.03) CO3 
(Feo.87 Cao.o6 Mgo.04 Mno.oi) CO3

(Feo.66 Cao.05 Mgo.27 Mno.02) CO3



Pure growth zoned ankerite was rarely documented. Composite growth 
and dissolution zoned ankerites were more commonly observed preserving 
details of complex dissolution-précipitation events (Plate 10b and Plate 10c). 
Occasionally the dissolution/precipitation within an individual zone is so 
intense that the zonation becomes chaotic and may be in direct contrast with 
relatively well zoned adjacent grains. Less frequently zonation resulting from 
discrete dissolution events were also observed (Plate lOd) w ith the last 
dissolution event occasionally cutting through to the core (Plate lOd). The 
various types of zonation are summarised within Figure 3.12 in terms of a 
possible evolutionary framework.

Most types of the zoned ankerite grew to enclose micro-rhombic siderite 
and quartz overgrowths, and pre-dated barite, illite and kaolinite (K2) (Plate 
10b).

Non-zoned ankerite was less commonly observed and occurred either 
occluding pores or forming overgrowths on zoned ankerite (Plate 10b).

3.2.4.3 Displacive and replacive ankerite
Displacive and replacive ankerite are quite rare and again were only 

observed in samples from well 44/22-1. Displacive euhedral ankerite appears 
to have caused significant expansion of the muscovite mica. Replacive ankerite 
is confined to pseudomorphing detrital plagiodase feldspar, where the pattern 
of replacement may be random  or limited to Ca-rich exsolution lamellae, or 
siderite where the replacement is chaotic.

3.2.4.4 Pore occluding ferroan dolomite
Pore occluding authigenic ferroan dolomite is invariably massive to 

euhedral and m ay replace or overgrow siderite (Plate 11a). It occasionally 
exhibits growth zonation.

As w ith the ankerite assemblages, ferroan dolomite post dates siderite 
and is enclosed by later barite. In contrast with the ankerite described above, 
illite was not observed growing on ferroan dolomite: illite may have pre-dated 
illite formation.

5.2.4.5 Ferroan dolomite and ankerite chemistry.
Microprobe analyses for the ferroan carbonates for samples from wells 

49/25-2, 44/22-1 and 44/28-2 are presented in Figure 3.13 as mole % values. 
Analyses of the 44/22-1 samples plot in the ankerite field in contrast to the 
ferroan dolomite composition determined for the 49/25-2 and 44/28-2 samples 
(Figure 3.13). By definition ankerite has greater than 20% Fe^+ substitution
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Figure 3.12. Proposed sequential development of zonation within secondary pore occluding ankerite from 44/22-1, developed in response to 
evolving pore fluid chemistry.
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Figure 3.13. Composition of pore occluding ankerite and ferroan dolomite,
determine from microprobe data, plotted as mole percent values.



along the Ca, Fe-Ca, Mg join (Deer et al, 1966). The average compositions for 
these three compositional fields are:

44/22-1 Cai.o3 (Feo.46Mgo.53Mntrace) (C(%)2 [n=13]

49/25-2 Cao.98 (Feo.3gMgo.62Mno.02) (€03)2 [n=3]

44/28-2 Cai.o2 (Feo.ii Mgo.78 Mno.ii) (€03)2 [n=7]

These carbonate compositions remained unchanged with depth for the above 
wells.

3.2.5 Dolomite
Although a m inor event w ithin the diagenetic sequence, dolomite 

cementation is locally important in samples from 44/22-1 and less so in those 
from 44/28-2,49/25-2 and K5a-3. Poikilotopic to massive dolomite (upto 30%), 
preserving precompactional features, is observed in samples imm ediately 
below the Saalian Unconformity in 44/22-1 (Plate 11b). Voids within the 
dolomite were later filled by ankerite or (Plate 11b) or siderite (Plate 11c). 
Corrosion of this dolomite is associated with the development of authigenic K1 
kaolinite (Plate 11c) which post dates the dolomite and siderite (and ankerite?) 
(Plate 11c). Less commonly discrete dolomite rhombs were observed in samples 
from K5a-3 as an early feature, predated only by detrital grain rimming micro- 
rhombic siderite, and overgrown by rhombic siderite and massive ankerite 
(Plate 8c).

3.2.6 Kaolin Group Minerals
3.2.6.1 General

Optical and SEM observations in association with XRD analyses have 
confirmed that authigenic kaolin minerals are universally present in all samples 
examined. Point count data (Tables 3.1,3.2,3.3 and 3.4.) indicate a mean kaolin 
group abundance of 7% (range 0% to 19%) for 44/22-1, 5% for 49/25-2 (range 
4% to 7%), 6% for 44/28-2 (range 0% to 13%) and 3% for K5a-3 (range 1% to 
6%). X-ray diffraction of the <2pm clay fraction from these sands confirmed the 
presence of well crystallised kaolin minerals. Figure 3.14 presents a typical 
diffractogram showing the characteristic 001 and 002 kaolin reflections which 
collapsed upon heating to 550 ®C.

Kaolin group polymorphs were differentiated using whole rock XRD 
plus Debye Scherrer XRD of the randomly oriented <4|jm. clay fraction. Three
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Figure 3.14. A typical diffractogram obtained from the <2pm clay fraction separated from a Westphalian sandstone which documents the 
presence of illite and well crystallised kaolinite. Note that the kaolinite structure collapses upon heating to 550°C. The four traces are: air- 
dried (black); glycolated (red); heated to 450°C (green); and heated to 550°C (blue).



samples from K5a-3, J4040, J4043 and J4045 were selected for Debye Scherrer 
XRD. Samples were selected from K5a-3 because the present day burial of 
>13000 feet is the deepest for this data set and therefore most likely to contain a 
significant volum e of dickite (Ehrenberg et al, 1993). The Debye Scherrer data, 
presented in Table 3.6 in addition to the whole rock XRD data for samples from 
K5a-3 and 44/22-1 , confirms the presence of dickite in these sam ples. In 
accordance with previous studies (Ehrenberg et al, (1993) and Keller, (1976)) the 
blocky kaolin m orphology observed from SEM images (see pore occluding 
kaolins) is referred to as dickite and all other kaolins as kaolinite.

Table 3.6. A summary of characteristic dickite peaks identified from the X- 
Ray diffraction of whole-rock and <4pm clay separates from sandstones from 
wells K5a-3 and 44/22-1. The absence of data is signified by n /a .

W ell Sample Depth (ft)
BULK XRD 

Characteristic 
dickite peaks (Â)

DEBYE SCHERRER XRD 
(<4pm) 

Characteristic 
dickite peaks (Â)

J4038 13248 2.324 n /a
J4040 13255 2.324; 1.974 2.324; 1.974
J4043 13264 2.324 2.324; 2.195; 1.974
J4047 13278_

44/22-1 A5 11355

2.324
ÉmËiË
2.324

2.324; 2.195; 1.974

n /a
A18 11372 2.937 n /a
A23 11383 2.937 n /a
A26 11450 2.324 n /a
A34 11458 1.974 n /a
A64 11488 2.324 n /a
A89 11531 2.324 n /a

A179 11734 2.324 n /a

Three distinct associations of kaolinite and one of dickite have been 
documented and are described below:

3.2.6.2 Displacive kaolinite
Kaolinite intergrowths with detrital potassium mica occurs in all of the 

studied intervals. The m assive, and less com m only vermicular, kaolinite 
in ter growths between cleavage bound sheets of muscovite induces dilatancy of 
the micas and in samples from 44/22-1 they have sometimes expanded to fill 
the pore volum es (Plate l id ) . Limited dilatancy of mica sheets, by massive
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kaolinite, is observed in samples from 49/25-2, 44/28-2 and K5a-3. Displacive 
kaolinite expanded the detrital muscovite micas to fill newly created secondary 
pores; nucléation of the kaolinite may or may not have been initiated in 
exposed muscovite cleavage surfaces resulting from mechanical compaction. 
Alternatively the kaolinite may have developed between spayed mica sheets 
which developed in response to mechanical compaction.

3.2.6.3 Pore occluding kaolinite
Authigenic kaolinite occludes significant volumes of secondary porosity 

and is therefore of considerable interest. Vermicular kaolinite and kaolinite 
booklets are observed within all of the studied intervals. Their distribution 
bears no obvious relationship to the availability of adjacent labile components.

Two distinct forms of pore occluding kaolinite are observed (K1 and K2). 
The first (Kl) is dominantly vermicular with plates ~15|im wide that combined 
to form S shaped or linear geometries (Plate 12a). In some instances it is evident 
that these verm icular stacks have been partially disarticulated during 
compaction, possibly initiating sites of increased corrosion. The second group 
of dom inantly vermicular kaolinite (K2) is composed of narrow er (5-8pm) 
plates and post-dates Kl (Plate 12b). Preferential growth of selected crystal 
faces very occasionally results in the formation of atypical, almost rectangular, 
platelets within K2 kaolinite (Plate 12c). Generally vermicular K2 stacks do not 
appear to have been significantly affected by mechanical compaction. The 
degree of illitisation of Kl and K2 is variable and is described below.

Individual pores may contain discrete populations of both kaolinites (Kl 
and K2) separated by a sharp boundary (Plate 12d); K2 is typically fresh 
compared with the invariably (but not uniquely) heavily illitised Kl.

3.2.6.4 Pseudomorphous kaolinite
Replacive kaolinite is rare and exclusively associated w ith the 

breakdown of detrital feldspar and lithic fragments, and less commonly with 
detrital kaolinite (Plate la). Table 3.7 summarises the salient features of the 
pseudom orphous kaolinites. The 'associated micro porosity' column refers to 
the voids commonly observed between individual kaolinite platelets.
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T able 3.7. Sum m ary of kaolinite m orphologies associated w ith  the 
replacement of detrital grains. The degree of illite growth on the kaolinite is 
either limited (-) or variable(±)

DETRITAL HOST GRAIN
Kaolinite

type
Dickite

component?
Associated

microporosity?

PLAGIOCLASE Kl (-) NO YES

LITHIC FRAGMENT Kl and K2 (±) NO YES

KAOLINITE K2(-) NO NO

5.2.6.5 Pore occluding (neomorphic) dickite
Pore occluding (primary?- i.e. non replacive) dickite was observed in 

wells K5a-3, 44/22-1 and 44/28-2. Typical assemblages consist of twinned 
pseudo-rectangular (10pm x 16pm) (Plate 13a), tabular (7pm x 11pm) (Plate 
13b) or prismatic (3pm x 3pm) (Plate 13c) crystals; the thickness of dickite 
blocks was variable and less well characterised.

The close association of both pore occluding vermicular kaolinite (Kl) 
with pore occluding dickite (Plate 13d) is restricted to samples from K5a-3 and 
was not commonly observed; typically the dickite is fresh and free from illite 
overgrowths, in direct contrast with K2 kaolinite. The contact between these 
two kaolins is sharp and cuts across individual pores, geometrically resembling 
the boundary between Kl and K2 kaolinites in Plate 12d and that between 
vermicular kaolinite and quartz in Plate 14a. In both Plate 12d and Plate 13d it 
is K l that is heavily illitised in contrast to K2. Table 3.8 sum m arises the 
distribution of neomorphic dickite.

5.2.6.6 Pseudomorphous dickite
Both generations of vermicular kaolinite (Kl and K2) may be partially 

recrystallised/transformed into dickite (Plate 12a and Plate 14b respectively). 
The replacement dickite is present either as discrete sheets within vermicular 
kaolinites (Plate 12a and Plate 14b respectively) or as a complex assemblage of 
lozenge shaped crystals (Plate 14c); less commonly dickite plates have a non
parallel stacking arrangem ent (Plate 13c). Lozenge shaped dickites are 
progressively more abundant towards the centre of individual pores (Plate 
14c), with vermicular kaolinite preserved, or exhibiting greatly reduced dickite 
replacement at the pore margins (Plate 6b).

The nature and distribution of pseudomorphous dickite w ithin the pore 
occluding kaolinite is summarised in Table 3.8.
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Table 3.8. A summary of the variable degree of dickite replacement of the pore 
occluding kaolinites; the letters N, M and E indicate non-existent, moderate or 
extensive pseudomorphous dickite respectively. For the neomorphic pore occluding 
dickite, its relative abundance is directly proportional to the density of shading. The 
presence (+), absence (-) and variable (±) degree of illite growth on the pore 
occcluding illite is also recorded.

REPLACIVE DICKITE COM POM ENT

Pore occluding 
kaolin

Plate width (pm) 44/22-1 49/25-2 44/28-2 K5a-3

EOGENETIC (Kl) -15 M(±) N(-) Kl
absent?

Kl
absent?

MESOGENETIC (K2) 5-8 E(±) N(-) E(-) E(+)
NEOMORPHIC DICKITE 4-6 zero



3.2.7 Illite and illite/smectite
3.2.7.1 General

Authigenic illite was present in all sandstone samples examined, mostly 
in association with kaolinite (Tables 3.9 and 3.10). The characteristic blades and 
fibres of illite are commonly observed in SET images. The 001 illite reflection is 
broader in samples from 49/25-2 compared to the generally very sharp 001 
illite peaks observed in diffractograms of samples from K5a-3, 44/28-2 and 
44/22-1. Illite was too fine grained to be resolved in the point count studies and 
therefore its abundance has not been quantified.

Semi-quantitative analysis of XRD data using the equations presented in 
section 2.4.3 revealed a wide variation (10-80%) in the abundance of 
illite /sm ectite  (Tables 3.9 and 3.10). The absence of any peak shifts in 
diffraction profiles after glycolation clearly indicates the absence of a significant 
expandable component. However, the steepening of the 10Â (001) illite peak 
upon heating to 450°C and 550°C does indicate the presence of a minor 
expandable component. These observations suggest the identified I /S  is illite- 
rich with a composition of illite (80%)/ smectite (20%).

3.2.7.2 Pore occluding illite
The diversity of illite morphology (Plate 14d) is readily apparent at low 

magnification (~x5000) and at the much higher magnification observations 
from field emission electron microscopy (-x30000 to 50000) the composite and 
invariably complex nature of individual illites is readily dem onstrated (Plate 
15a). Typical morphologies observed include: fibres (0.2pm), blades (from 
1.2pm wide), plates (-5pm  X 9pm) and composite b laded/p la ty  illite (4pm X 
12pm).

It is generally difficult to place the various illite morphologies into any 
relative chronological order given the lack of cross cutting relationships. (Plate 
14d) illustrates a rigid illite blade (A) that is anchored to the pore margin, from 
which a composite platy/bladed illite (B) has developed, growing towards the 
centre of the pore. Note also the adjacent platy illite (C) that contains a support 
of fibrous illite which appears to post-date the platy illite growth. From these 
observations a tentative illite chronology can be established:

(i) Pore bridging bladed illite (Plate 14d)
(ii) Composite platy ('thick' plates)/blade illite (Plate 14d)
(iii) Fibrous illite (Plate 14d)
(iv) Platy ('thin plates') illite (Plate 14d)
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Table 3.9. Results from the X-Ray diffraction of the <2\\m clay fraction from the 
sandstones in wells 44/28-2 and 44/22-1. The pore occluding components(s) in 
bold type is /are  dominant.



ABUNDANCE (%)

WELL SAMPLE DEPTH
(ft)

MAIN PORE OCCLUDING 
COMPONENT(S) Illite Chlorite Kaolin I/S

« m m J12066 12066 Kaolinite 55 0 25 2 0

J12206 12206 Siderite, kaolinite 30 0 15 55
J12225 12225 Quartz, siderite trace trace trace trace
J12278 12278 Kaolinite, siderite trace 0 99 trace
J12325 12325 No dominant phase trace trace 99 trace

J12346 12346 Ankerite/ haematite,
kaolinite 25 0 55 2 0

J12582 12582 Siderite / haematite 30 0 50 2 0

J12672 12672 Kaolinite 1 0 0 70 2 0

JA7 11357 Siderite trace 0 trace trace
]A14 11368 Siderite /kaolinite 50 0 25 25
JA31 11455 Kaolinite 2 0 0 30 50
JA54 11478 Kaolinite 35 0 10 55
JA85 11521 Quartz, ankerite trace 0 trace trace
JA109 11551 Siderite, ankerite 2 0 0 2 0 60

JA131 11575 Undifferentiated clay, 
kaolinite 50 0 2 0 30

JA196 11751 Ankerite 0 0 trace 0

JA381 11970 Siderite 1 0 0 10 80
JA391 11980 Siderite trace 0 trace trace



Table 3.10. Results from the X-Ray diffraction of the <2|im clay fraction separated from the sandstones 
in wells K5a-3 and 49/25-2.

COM POSITION (%)

W ell Sample Depth
(ft)

Main pore occluding 
component

Illite Chlorite Kaolinite I/S

J4034 13234 Kaolinite 40 0 50 1 0

J4040 13254 Siderite / kaolinite 40 0 2 0 40
J4047 13277 Siderite / kaolinite 45 0 30 25

2 5 /4 8882 Siderite / opaques 60 trace 25 15
25 /2 8 8 8 8 Siderite 65 5 5 25
25/1 8891 Siderite / opaques 40 5 1 0 45



Details of the illite structures present adjacent to points A and B from 
Plate 14d are presented in Plates 15b and 15a; the latter plate is particularly 
significant as it illustrates well the m ultiple growth history of illite. The 
development of tubular and tabular sub-domains within bladed illite (Plate 
15a) may be the product of re-crystallisation or merely illite cementation 
binding two morphologies.

3.2.7.3 Pseudomorphous illite
Pseudomorphous illite is much less abundant than the pore occluding 

varieties. Morphologic characteristics of the replacive illite are controlled by the 
host grain mineralogy.

Replacement of detrital (potassium?) feldspar by illite generated two 
contrasting illite populations (Plate 15c). The margins of the detrital feldspar 
are composed of a fibrous illite coat (1^) where the fibres are sub parallel to 
parallel (Plate 15d) and lack the structural complexity associated with the pore 
occluding varieties. Illite from the core (Ic) of these detrital feldspars is fibrous 
or bladed, less densely populated than the peripheral illite coat and is 
morphologically simple. These illites are also intimately associated with and 
are partially included by authigenic quartz (Plate 16a).

If K /A r dating of Westphalian illites are to yield meaningful results, the 
various illite morphologies would have to be isolated and analysed separately 
since the time span between individual stages are unknow n. Such an 
undertak ing  is clearly not possible and therefore K /A r dating  was not 
attem pted. It is not clear if the illite morphologies reported here are widely 
developed in other sedimentary units and if they are responsible for the wide 
range of ages commonly reported.

Pseudomorphous illite is rarely observed nucleating on (Plate 13d) and 
replacing (Plate 12d) authigenic K2 kaolinite.

In general illite is observed growing on ankerite (Plate 16b) and Kl 
kaolinite but mostly pre-dates both K2 kaolinite and dickite (Plate 13d). Quartz 
variably pre-dates and post-dates the illite.

3.2.7.4 Illite chemistry
Illite chemistry was mostly determined from analyses of the <2pm and

0.2 -0.5|im clay separates using an analytical transmission electron microscope 
(ATEM). Only very rarely was it possible to analyse illite insitu using an 
integrated EDS -SEM. The mean structural formulae for the SEM-EDS and 
ATEM are presented in Tables 3.11 and 3.12 respectively.
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Table 3.11. Illite formulae determined from insitu SEM-EDAX analyses of
sandstones from well 44/22-1.

SEM analy&e& 44/22-1
Fibrous illite no data

Bladed K1.64Nao.05Ca0.03 (Al3.l8M g0.07Fe0.2i) [Si6.i7All.33] 0 2 2 (0 H )4

(n=6)

Platy K1.56Nao.04Cao.O8 (Al3.20Mgo.09Feo.13) [Si6.i9Al1.8l] 0 2 2 (0 H )4

(n=6)

These illite probe data were then recalculated in terms of the MR^-2R3- 
3R2 co-ordinates, as defined by Velde (1977) and are illustrated in Figures 3.15. 
3.16, 3.17 and 3.18. It is clear that there is no significant relationship between  
gross illite morphology and chemistry. This may reflect the complex composite 
nature of the illite morphologies.

The average illite composition for sandstones from 44/22-1 determined 
from SEM-EDS analyses (Table 3.11) are not consistent with those generated 
from ATEM (Table 3.12). Two important considerations prevent a direct 
correlation of these two data sets: firstly, the unknown textural and spatial 
relationship of the separates from the sandstones used for the TEM analyses 
(i.e. it is not known if they were of pseudomorphous or pore occluding origin) 
and secondly, the effective diameter of the SEM probe is significantly larger (10 
to 15pm) than that in an ATEM (0.5-1 pm); as a result the ATEM has a greater 
potential for resolving illite growth stages than the SEM-EDS.

Inspection of the A l/S i and K /S i ratios determined from ATEM data 
(Table 3.13) show  that the illites are enriched in A1 relative to the pure 
Marblehead illite. Table 3.13 clearly shows that the excess aluminium is located 
within the octahedral sheets (Al^O; the general abundance of aluminium within 
the Westphalian is well illustrated by the volume of kaolinite cements. Reduced 
substitution of A1 into tetrahedral sheets resulted in a low  mean interlayer 
occupancy of K1.19 in comparison with K1.58 for the Marblehead illite (reduced 
Al^+ substitution into the tetrahedral sheets reduces the m agnitude of the 
negative total layer charge to be balanced by K+). Analyses of illites from the 
Rotliegend and Namurian (Bothamsall) sediments are included in Table 3.13 
for comparison.
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Table 3.12. Illite formulae determined from TEM analyses (ATEM) of clay separates from wells K5a-3, 44/22-1 and 49/25-2.

ATEM analyses K 5 a -3 4 4 / 2 2 -1

S iz e  f r a c t io n  ( |im ) 0.2-0.5 0.2-0.5
F ib r o u s  i l l i t e n o  d a ta n o  d a ta

B la d e d  i l l i t e K l2 Cao.32 (Al3.57Mgo.i4Feo.5i) [Si7.O7Alo.93] 0 2 2 (0 H)4 
(n=3)

K l.i9C ao .i8  (Al3.75Mgo.1Feo.i7) [Si6.93Ali.07l 0 2 2 (0 H )4 
(n=5)

P la ty  i l l i t e K i.51 C ao.i6 (Al3.53Mgo.2Feo.37) [Si6.8Al1.2l C>22(0 H )4
(n=5)

K l.29N ao.iiC ao.li (Al3.4Mgo.52Feo.i6) [Si6.6lAl1.39] 0 2 2 (0 H )4

(n=3)

ATEM analyses 4 9 / 2 5 -2

S iz e  f r a c t io n  (p m ) <0.2
F ib r o u s  i l l i t e n o  d a ta

B la d e d  i l l i t e Ko.97 Cao.31 (Al3.62Mgo.27Feo.23) [Si7.57Alo.43] 022(0H )4

(n=4)

P la ty  i l l i t e Ko.98 Cao.3 (Al3.38Mgo.25Feo.49) [Si6.68Al1.32l 022(0H )4

(n=l)



T able 3.13 Compilation of ATEM data for illites from this study and: 
Bothamsall, Rotliegende and Marblehead illites. Illite analyses from the 
W estphalian sandstones are enriched in Al^l and depleted in potassium  
relative to the pure Marblehead illite. Warren and Ransom (1992); 2 Aja et al 
(1991)).

BLADED ILLITE PLATY ILLITE

Al/Si K/Si Al/Si K/Si

44/22-1 0.70 0.17 0.72 0.20

K5a-3 0.64 0.17 0.70 0.22

49/25-2 0.54 0.13 0.70 0.15

Bothamsall^ 0.18 0.71

Rotliegende^ 0.28 0.72

Marblehead^ 0.22 0.53

3.2.8 Chlorite
3.2.8.1 General

Authigenic chlorite is exclusively present in samples from 44/28-2  
where it is found in trace quantities within a limited number of sandstone 
sam ples (Table 3.9), though it may be locally significant (Plate 16c). Chlorite 
was generally not identified optically because of its spasmodic distribution and 
the small size of aggregates.

Platelets of pore occluding chlorite are either small and heavily corroded 
or relatively large and slightly corroded (Plate 16d). The small heavily corroded 
platelets occlude the greater part of the pore volum e while the larger slightly 
corroded crystals are restricted to areas rich in authigenic quartz (Plate 16b and 
Plate 17a) and less commonly occlude whole pore volumes.

Small volumes of variably euhedral to anhedral ferroan dolomite may be 
dissem inated throughout the chlorites; occasionally chlorite w as observed  
assimilating ferroan dolomite. Ferroan dolomite is present in reduced volum es 
when present in association with the chlorite. Similarly, authigenic kaolinite is 
m uch more rare and generally more heavily corroded in the sandstones 
containing the chlorite.

The chlorite post dates authigenic quartz (Plate 17a) and ferroan 
dolomite; dickite occasionally developed after the chlorite.
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Celadonite

Muscovite

■  Bladed illite (3 analyses) 
0  Platy illite (6 analyses).

Kaolinite

Figure 3.15. TEM analyses of the 0.2-0.5|im clay separates from a 44/22-1  
sandstone (11462 feet).
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Celadonite

Muscovite

■  Bladed illite analyses (n=3) 
#  Platy illite analyses (n=5)

Kaolinite

Figure 3.16. TEM analyses of the 0.2-0.5]am clay separates from a K5a-3 sandstone (13234 
feet).



Celadonite

Muscovite]

Kaolinite

Figure 3.17. TEM analyses of the <0.2^m bladed illite separates from well 49/25-2 
(8882 feet) (4 analyses).
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Kaolinite

Figure 3.18. Microprobe (SEM-EDAX) analyses from pore occluding bladed and 
platy illite from 44/22-1 sandstones (11960 ft) (15 analyses).



3.2.S.2 Chlorite chemistry
Analyses of pore occluding chlorite, whether of discrete or amalgamated 

chlorite platelets plot as a well constrained group in the chlorite field on a MR^- 
2R3-3R2 Velde diagram (Figure 3.19), irrespective of the presence/absence of 
associated authigenic ferroan dolomite. In a plot of tetrahedral A1 versus 
octahedral Fe/(Fe+Mg) the chlorite plots in the metamorphic (lib) chlorite field 
(Figure 3.20). Wiewiora and Weiss vector representation (Wiewiora and Weiss 
1990) of these chlorite data indicate that the chlorites are interstratified with 
between 0% and 10% of a 7Â phyllosilicate (Figure 3.21). However it is 
recognised that dioctahedral substitution of SiA1VI[]AllV_^R2_2 (i.e. increased Si 
within the tetrahedral sheets displaces aluminium into the octahedral sheets 
with a resulting decrease in octahedral occupancy: [] indicates a vacant Figure 
octahedral site; R2 represents Mg) (Hillier and Velde, 1992) and/or 
contamination will generate similar results. SEI investigations of the chlorite 
assemblages failed to reveal the presence of obvious (phyllo)silicate 
contaminants. The increase of R^+ with a corresponding decrease in Si along an 
aluminium isoline (Figure 3.21) is in agreement with trends reported from 
previous studies (Hillier and Velde, 1992).

Octahedral occupancy has been dem onstrated to increase with 
increasing temperature of formation (Cathelineau and Nieva, 1985; Hillier and 
Velde, 1991). Using the curve from Hillier and Velde (1991), an octahedral 
occupancy of 11.68 yielded an apparent temperature of formation of 225^0: in 
contrast the curve of Cathelineau and Nieva (1985) would suggest a 
tem perature of formation of only léO^C. These unrealistically high 
temperatures of formation possibly reflect the restricted application of the 
curves generated by Cathelineau and Nieva (1985); and Hillier and Velde 
(1991). Neverthele^ss iUs likely that such high temperatures indicate a degree of 
chlorite re-eqüüiW & W n with the maximum burial temperature.

The average chemistry of the chlorite is:

(Mgi.i4 AI3.10 Fe7.44) [Sis.32 AI2.68] O20 (OH)i6

3.2.9 Haematite
Haematite (red/brow n under reflected light) has two common 

associations within the Westphalian sandstones. It either represents a single or 
multiple oxidation event within pore occluding ferroan dolomite (Plate 17b) 
and siderite or is neomorphic in muscovite-rich or silty horizons (Plate 17c), 
preserving a precompactional assemblage. The mostly punctuated oxidation of
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( ^ g l .14^3.10^^7.44) [5^5.32^2.68] 02o(O H )j6

I Chlorite

Figure 3.19. Microprobe analyses of pore occluding chlorite from 44/28-2 (12225 ft) 
The average formula on the basis of 24 analyses is presented.



4-1

3-

I 2
iî
H

Metamorphic
(Ilb)

chlorite

0.1 0.2

CLINOCLORE CHAMOSITE

Diagenetic
(Ib)

chlorite

0.3
— I—

0.4

Berthierine \

0.6 0.7 0.8
— r —

0.9 1.0

Octahedral Fe/(Fe+Mg)

Figure 3.20. Composition of pore occluding chlorite from 12225 feet in 44/28-2, determined from microprobe analyses (n=24).
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Figure 3.21. Chlorite compositions plotted in the vector representation 
of Wiewiora and Weiss (1990). These data plot between the curve 
defining a pure trioctahedral phyllosilicate (Sum (IV)=12) and that 
representing 10% interstratification of a 7Â mineral in a 14Â structure. 
Aluminium isolines are also marked.



the eogenetic siderite was probably coincident with the haem atite observed 
preserving precompactional fabrics within silty laminae. Oxidation of the 
mesogenetic ferroan dolomite was the product of a separate event coincident 
with or slightly post-dating the formation of the ferroan dolomite.

Less commonly radial haematite fibres are pseudom orphous after 
spherulitic siderite (Plate 17d) with voids infilled by authigenic quartz and a 
rem nant concentric structure is relatively well preserved. N eom orphic 
concentrations of haematite were observed adjacent to skeletal TiOz structures 
(Plate 18a) and as 16pm spheroids observed on the pore margins of sandstones 
from 44/28-2 that grew to partially include dickite (Plate 18b). W ith the 
exception of the haematite sphaeroids, which are dem onstrably late, the 
generation of radial and neomorphic haematite is less well constrained due to 
the absence of further pétrographie relationships (the quartz associated with 
the fibrous haematite may be a by-product of mineral reactions or related to the 
overgrow th/pore occluding events).

3.2.10 Titanium  Oxide
Trace amounts of authigenic titanium oxide are observed exclusively 

within samples from 44/22-1. The titanium oxide has two distinct associations: 
as a delicate skeletal framework (Plate 18c) set in dolomite cement and partially 
infilled with kaolinite or quartz; or as boudinaged layers within argillaceous 
lithic fragments (Plate 18d). The orientation of the boudinage structure is 
consistent w ith the stress field responsible for the deform ation of detrital 
kaolinite about the dolomite cement (Plate 18d).

Delicate titanium oxide skeletal frameworks similar to those reported in 
this study have been documented by Morad (1988), which he attributed to the 
alteration of detrital ferro-magnesian/ titanomagnetite minerals. The skeletal 
structures are not inherited exsolution textures from igneous or metamorphic 
domains since they would have a low preservation potential during erosion 
and transportation. Furthermore, the precipitation of delicate K1 kaolinite 
within the skeletal structures appears to be contemporaneous with vermicular 
K1 kaolinite observed in the whole sample.

3.2.11 Zircon
SEM studies have shown that authigenic zircon (Zr(Si04)) is present 

only in trace abundance and is restricted to sandstone samples from 44/22-1 
and 49/25-2. Typically zircon is either zoned and euhedral (Plate 19a), or 
chemically homogenous (Plate 19b) and occluding secondary porosity. The 
associated mineral assemblage provides no indication as to the source of the
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zircon. The lack of overlapping mineral relationships precludes the accurate 
positioning of this phase in the paragenetic sequence; zircon can only be said to 
post date secondary porosity development.

3.2.12 Barite
Barite was observed in trace abundance during  SEM studies of 

sandstone samples from 44/22-1,44/28-2 and 49/25-2. Two barite assemblages 
were characterised:

i) Euhedral partially pore occluding barite (Plate 9a), and
ii) Massive pore occluding barite.

The barite has no characteristic associations that might suggest a source; it post 
dates pore occluding ankerite, siderite and quartz, and apparently predates 
illite development.

3.2.13 Anhydrite
Anhydrite is present in trace abundance in samples from wells 44/22-1, 

44/28-2 and 49/25-2. Neomorphic secondary pore occluding anhydrite (Plate 
19c) and anhydrite pseudomorphous after secondary pore occluding ferroan 
dolomite are occasionally observed in samples from wells 44/28-2,44/22-1 and 
49/25-2.

Anhydrite post-dated secondary pore, authigenic quartz (Plate 19c) and 
ankerite formation but pre-dated illite growth on the ferroan dolomite/ankerite 
(Plate 16b).

3.2.14 Pyrite
Pore occluding pyrite cement is restricted to samples from 49/25-2 (Plate 

19d) and is not volumetrically significant. The pyrite fills secondary porosity 
and preserves detrital quartz which is otherwise corroded.

3.2.15 Secondary porosity
3.2.15.1 General

The reservoir potential of the Westphalian sandstones is defined entirely 
in terms of their secondary pore volume; primary porosity was not observed. 
Textures characteristic of secondary porosity were docum ented from thin 
section and SEM studies (Plate 20a). The nature of secondary porosity was 
further investigated through SEM observations of pore casts.
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The nature of secondary porosity is highly variable and is observed on 
two scales: macro- and micro- secondary porosity.

3.2.15.2 Macro secondary porosity
A comparison of secondary porosity in sandstones from K5a-3 with 

44/28-2 and 44/22-1 (there is no optically distinguishable porosity in 49/25-2) 
illustrates well the controlling influence of the detrital assemblage on reservoir 
quality. The location of macro secondary porosity is presented in Table 3.14.

Sandstones from K5a-3 contain a significant volume of altered (ductile) 
lithic fragments that now occlude porosity in association with lesser volumes of 
authigenic siderite and kaolinite (Table 3.3). Macro secondary porosity (mean 
volume of 3%) is commonly associated with partial siderite and plagioclase 
feldspar (and potassium  feldspar?) dissolution and shows lim ited inter
connectivity with adjacent pores.

In contrast sandstones from 44/22-1 and 44/28-2 contain a relatively 
small volume of lithic fragments (Tables 3.1 and 3.2 respectively) resulting in a 
predictably lower degree of early compaction and improved porosities (Tables
3.1 and 3.2 ). Dissolution of siderite cements resulted in the development of 
large well interconnected pores (Plate 20a) with corroded margins.

The common host environments for macro secondary porosity are 
summarised in Table 3.14.

3.2.15.3 Micro secondary porosity
Micro secondary porosity has been semi-quantitatively estimated from 

the difference between gas porosity and thin section macro porosity.
A full set of gas porosity data was available for the 44/22-1 and 44/28-2 

sandstones revealing a m ean micro secondary porosity of 5% and 6% 
respectively. In 44/22-1 the micro secondary porosity is associated with: 
severely occluded macro secondary pores, albitisation of plagioclase (Plate 6c), 
mechanical alteration and growth imperfections (Plate 20b), carbonate 
dissolution (Plate 20c), spaces between kaolinite sheets (Plate 20d and Plate 
21a), dissolution within lithic fragments (Plate 21b), and partial to complete 
dissolution of pore occluding kaolinite (Plate 21c).

Although the micro porosity in samples from K5a-3 cannot be quantified 
in this way (gas porosity data are not available), pore cast studies suggest that it 
is volumetrically significant and that it is associated w ith lithic fragments, 
siderite and authigenic vermicular kaolinite (Plate 21a). The clusters of micro 
secondary porosity in pore occluding vermicular kaolinite in (Plate 21a) are less 
well interconnected than the micro secondary porosity associated with blocky
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kaolinite in 44/22-1 (Plate 21c) and K5a-3. The nature of the types of micro
porosity is summarised in Table 3.14.

3.2.15.4 Pernteability
Permeability data for the samples studied in samples from 44/22-1 and 

44/28-2 (provided courtesy of Conoco and Shell, respectively) give mean 
horizontal and vertical permeabilities of 0.54mD and 0.39mD and 60mD 
(horizontal permeability only) respectively (there were no obvious trends in 
perm eability with facies). Resin casts of samples from 44/22-1 revealed a 
variety of permeability (pathway) geometries: curvy planar (Plate 21 d), planar 
(Plate 22a), hybrid curvy planar/planar associated with carbonate dissolution 
(Plate 22b), honeycomb and chaotic tubu lar/p lanar associated w ith  lithic 
fragment dissolution (Plate 21b). The curvy planar and planar pathways may 
occur as straight low density populations as shown in (Plate 22c), or as high 
density  interactive populations (Plate 22d). Interconnectivity betw een 
micropores is generally better than for the macro-pores (Plate 23a).

Observed permeability pathways in samples from K5a-3 are linear, 
associated w ith partial carbonate dissolution, honeycom bed or chaotic, 
associated with partial lithic fragment dissolution.

3.2.16 Compaction
3.2.16.1 Mechanical compaction

There is abundant evidence for discrete periods of m echanical 
compaction within the sandstones during burial. The generally flat contacts 
between framework grains conveys the moderate degree of overall compaction,
i.e. pressure dissolution of quartz was minimal.

The stress field required to generate the boudinaged Ti02 in Plate ISd is 
consistent with that required to m ould detrital kaolinite around very early 
prim ary pore occluding authigenic dolomite (Plate ISd). Com pactional 
deformation was therefore initiated at a very early stage. Crushing of micro 
rhombic grain rimming siderite (Plate Sc) between framework grains and the 
bending of detrital muscovite mica about pore occluding rhombic siderite were 
also possibly the result of an early compactional event.
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Table 3.14. Environments of micro and macro secondary porosity. Well developed secondary porosity is 
signified by 'YES', and moderately well developed porosity by 'yes'. Uncertainties are indicated by ? .

ENVIRONMENT OF SECONDARY POROSITY

Pore
kaolinite

Kaolinite 
after feldspar Albite Lithics Mechanical

alteration
Authigenic
carbonate

K5a-3 Macro second)^porosity yes yes NO yes NO
y

Micro secondary porosity YES yes ? NO ?

44/22-1 Macro secondary porosity Yes NO NO Yes NO YES
Micro secondary porosity YES ? yes ■ ■ 1 yes YES

44/28-2 Macro secondary porosity yes ?
fiïfïfffïfffffifffUffïi'

? NO NO YES
Micro secondary porosity YES ? ? yes NO YES



Fractures w ithin detrital quartz (Plate 23b) and feldspar, which 
occasionally cut across several framework grains (Plate 8b), have been infilled 
w ith authigenic quartz and predate quartz overgrowth generation (Plate 3 and 
Plate 23b). Ensuing compaction eventually caused fracturing of at least one 
generation of quartz overgrow th which is capped by a non fractured 
overgrowth (Plate Ic and Plate 3).

3.2.16.2 Chemical compaction
Chemical compaction was restricted to stylolite seams between adjacent 

microspherulitic siderite nodules (Plate 8a) and to occasional detrital quartz 
adjacent to mica-rich horizons.

3.2.16.3 Quantifying compaction
The effects of cementational and compactional porosity loss are readily 

apparent w ithin the samples analysed: abundant and diverse carbonate 
cementation in association with well developed quartz and phyllosilicate 
cementation contributed significantly to the bulk pore volume reduction. The 
presence of abundant ductile lithic fragments allows the effects of compaction 
to be readily observed, acting as a 'lubricant' therefore promoting mechanical 
compaction. Clearly these two observations provide a qualitative assessment of 
cementational porosity loss versus mechanical porosity loss.

Correct identification of the dom inant process of porosity loss has 
im portant bearings on the nature of fluid flow, especially when considering 
mass balance (Lundegard, 1992). Lundegard (1992) provided a quantitative 
assessm ent of compactional porosity loss (COPL) versus cem entational 
porosity loss (CEPL) using point count data:

COPL
1 0 0 - f m e

C E P L = (f.-C O fZ ,)x | C

Where:
Pi depositional porosity  (taken to be 41% in

accordance with Pryor, 1973);

?o  total thin section porosity (in 44/22-1 gas porosity
data (Pgas) was also included in the calculations 
to determ ine the effects of micro porosity  on  
ICOMPACT);
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c  volum e percent pore filling cement;

Pmc Po+C.

A useful parameter for comparing different data sets is the compaction 
index (ICOMPACT), where:

COPL
ICOMPACT = {COPL + CEPL)

The compaction index will be unity when all porosity loss is by 
compaction and zero when all porosity loss is by cementation. glCOMPACT 
and oICOMPACT indicate compaction indices calculated using gas and thin 
section determined porosity, respectively.

This m ethod considers the bulk volume reduction attendant during 
compaction, unlike previous studies e.g. Houseknecht (1987), which is essential 
if compactional porosity loss is not to be underestimated (Lundegard. 1992).

The results of this study for wells 44/22-1, 44/28/2 , K5a-3 and 49/25-2 
are presented in Tables 3.15,3.16,3.17 and 3.18 respectively.

3.2.16.4 Results
There is a mean increase of glCOMPACT values from 0.33 to 0.46 in 

44/22-1 and 44/28-2 respectively; the mean oICOMPACT values for K5a-3 is 
0.76 (glCOMPACT data are not available for K5a-3). In general there is a 
correlation between im proving reservoir characteristics w ith decreasing 
ICOMPACT sL A  detailed  assessm ent of the sandstone poro-perm  
characteristics in conjunction with their oICOMPACT and glCOMPACT values 
are presented for samples from wells 44/22-1, 44/28-2 and K5a-3 in Figures 
3.22,3.23, and 3.24 respectively in a Q-F-L framework.

In addition to the range of compaction indices (ICOMPACT) that by 
definition m ust lie between 1.0 and 0, (Lundegard, 1992), a few sandstones 
from 44/22-1 have small negative values (Table 3.19). These values are 
restricted to thin crevasse sandstones and basal erosional surfaces in fine 
grained sandstones (Table 3.20). Negative compaction values suggest that these 
sediments have 'expanded' slightly, most likely in response to the growth of the 
voluminous pore occluding siderite. The implication of these negative values 
are more fully discussed in Chapter 6.
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3.3 Timing of Diagenetic Events
Figure 3.25 illustrates the paragenetic sequence of diagenetic events in 

the sandstones. The relative timing of the authigenic com ponents was 
established from thin section, SEM and FEEM observations of textural and 
mineralogical associations. In accordance with Burley et al (1985) and Schmidt 
and McDonald (1979) eogenetic reactions are defined as those m ediated in the 
presence of depositional pore waters in contrast to modified depositional 
waters for mesogenetic reactions. The boundary between these two diagenetic 
zones is marked in Figure 3.25.

The re-arrangement of detrital framework grains and their bonding by 
grain rimming siderite and dolomite (Plate 8b and Plate 8c) mostly pre-dated 
compaction in lithic-rich sandstones (e.g. K5a-3). In contrast, well developed 
pre to syn compactional dolomite and siderite (Plate 9c and Plate 11b 
respectively) are their corollaries w ithin sandstones containing reduced 
volumes of lithic fragments (e.g. 44/28-2); furtherm ore, the poikilotopic 
dolomite is restricted to those sandstones that immediately subcrop the Saalian 
Unconformity in 44/22-1. These eogenetic carbonates contributed towards the 
reduction of physical compaction during burial. Sphaerosiderite (Plate 7d), 
displadve siderite, pore occluding microrhombic siderite and pseudomorphous 
siderite (Plate 7c) are present in sandstones irrespective of their lithic content 
and are contemporaneous with the siderites described above. Haematite 
formation may punctuate the siderite stratigraphy. The dolomite predates the 
siderite in all instances where they co-exist. The dolomite and siderite are 
consistent with precipitation from alkaline (meteoric?) fluids in oxidising and 
reducing environments respectively.

The general absence of authigenic components derived from alteration 
of detrital components in the eogenetic assemblage strongly suggests a detrital 
mineral assemblage in equilibrium with its depositional waters. Subsequent 
m inerals developed from evolved fluids under elevated tem perature and 
pressure (i.e. mesogenesis).

Neomorphic pore occluding K1 kaolinite (Plate 11c), and perhaps the 
verm icular kaolinite pseudom orphous after detrital kaolinite (Plate la), 
postdate the siderite and dolomite. The K1 kaolinite also occludes voids within 
titanium  oxide skeletons bound by dolomite; less commonly this kaolinite 
occludes voids which usually have an authigenic titanium  oxide rim. The 
absence of dolomite or siderite from these titanium oxide skeletal structures 
suggests a later genesis for the titanium  oxide. Boudinaged authigenic 
(pseudomorphous?) titanium oxide within lithic fragments testify to its pre
compactional origins (Plate 18d); by association the K1 kaolinite is pre
com pactional. The titanium  oxide therefore postdated  the eogenetic
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Table 3.15. Compaction Indides (ICOMPACT) determined for sandstones from 
well 44/22-1. Column headings are defined in the text; numbers highlighted in 
bold indicate the product of calculations determined using gas porosity, as 
opposed to optical porosity, data.



44/224 Po Pgas Pi C Pmc Pmc-g COPL CEPL ICOMPACT
A31 0 5.56 41 33 44 49.5 3.9 (11.9) 31.69 (29.1) 0.1 (0.2)
A37 8 10.0 41 19 27 29.0 16.9 (19.1) 15.7 (15.7) 0.5 (0.5)
A47 11 13.22 41 25 36 38.2 4.4 (7.8) 23.8 (23) 0.1 (0.2)
A54 9 9.64 41 27 36 36.6 6.8 (7.8) 25.1 (24.8) 0.2 (0.2)
A67 5 7.05 41 26 31 33.0 11.8 (14.4) 22.9 (22.2) 0.3 (0.3)
A79 9 11.98 41 25 34 36.9 6.3 (10.6) 23.4 (22.3) 0.2 (0.3)
A85 3 5.3 41 19 22 24.3 22.1 (24.3) 14.8 (14.3) 0.5 (0.6)
A88 2 6.32 41 19 21 25.3 20.9 (25.3) 15.0 (14.2) 0.5 (0.6)
A95 5 10.52 41 19 24 29.5 16.2 (23.3) 15.9 (14.7) 0.5 (0.6)
A124 9 5.34 41 20 29 25.3 20.9 (16.9) 15.8 (16.6) 0.5 (0.5)
A131 1 7.12 41 25 26 32.1 13.1 (20.2) 21.7 (19.9) 0.3 (0.5)
A137 3 8.62 41 23 26 31.6 13.7 (20.2) 19.8 (18.3) 0.4 (0.5)
A146 3 7.89 41 26 29 33.8 10.7(16.9) 23.3 (21.6) 0.3 (0.4)
A173 1 11.86 41 29 30 40.8 0.2 (15.7) 28.9 (24.4) 0 (0.3)
A196 4 7 41 34 38 41 0 (4.8) 34 (32.3) 0 (0.1)
A227 0 10.27 41 22 22 32.2 12.8 (24.3) 19.1 (16.6) 0.4 (0.5)
A267 7 10.46 41 22 29 32.4 12.6 (16.9) 19.2 (18.2) 0.3 (0.4)
A306 1 9.69 41 18 19 27.6 18.41 (27.1) 14.6 (13.1) 0.5 (0.6)
A371 5 10.54 41 24 29 34.5 14.0 (16.9) 18.7 (19.9) 0.4 (0.4)



Table 3.16. Compaction Indides (ICOMPACT) detrermined for sandstones 
from  well 44/28-2. Column headings are defined in the text; num bers  
highlighted in bold indicate the product of calculations determined using gas 
porosity, as opposed to optical porosity, data. The initials n/a, n.d. and -ve are 
abbreviations for 'not available', 'not determined' and 'negative' respectively.



44/28-2 Po Pgas Pi C Pmc Pmc-g COPL CEPL ICOMPACT
12066 ft 12 4,5 41 22 34 26.5 10.6 (19.7) 19.6 (17.6) 0.35 (0.5)
12191 ft 0 7.3 41 41 41 48.3 0 (-ve) 0 (n.d.) n.d.
12206 ft 8 15.6 41 28 36 43.6 11.8 (-ve) 22.7 (n.d.) 0.3 (n.d.)
12225 ft 1 6.3 41 30 31 36.3 14.4 (7.3) 25.6 (27.7) 0.3 (0.2)
12240 ft 0 3.5 41 32 32 35.5 13.2 (8.5) 27.7 (29.2) 0.3 (0.2)
12254 ft 1 n /a 41 14 15 n/a 30.5 (n/a) 9.7 (n/a) 0.7 (n.a.)
12278 ft 9 14.2 41 25 34 39.2 10.6 (2.9) 22.3 (24.2) 0.3 (0.1)
12302 ft 2 n /a 41 19 21 n/a 25.3 (n/a) 14.1 (n/a) 0.6 (n/a)
12325 ft 14 14.1 41 13 27 27.1 19.1 (19) 10.5 (10.5) 0.6 (0.6)
12346 ft 1 11.9 41 32 33 43.9 11.9 (-5.1) 28.1 (n.d.) 0.2 (n.d.)
12356ft 0 7.5 41 32 32 39.5 13.2 (2.4) 27.7 (31.2) 0.4 (0.2)
12439 ft 1 2.3 41 35 36 37.3 7.8 (5.9) 32.2 (32.9) 0.1 (0.1)
12451 ft 0 8.2 41 25 25 33.2 21.3 (11.6) 19.6 (22) 0.5 (0.3)
12469 ft 0 9.8 41 24 24 33.8 22.3 (10.8) 18.6 (21.3) 0.5 (0.3)
12493 ft 0 9.6 41 22 22 31.6 24.3 (13.7) 16.6 (18.9) 0.5 (0.4)
12552 ft 12 12 41 18 30 30 15.7 (15.7) 15.1 (15.1) 0.5 (0.5)
12582 ft 0 n /a 41 52 52 n/a -22.9 (n/a) n.d. (n/a) n.d. (n/a)
12634 ft 0 n /a 41 30 30 n/a 9.2 (n/a) 31.7 (n/a) 0.2 (n/a)
12672 ft 14 n /a 41 19 33 n/a 11.9 (n/a) 16.7 (n/a) 0.4 (n/a)
12963 ft 0 n /a 41 22 22 n /a 24.3 (n/a) 16.6 (n/a) 0.5 (n/a)
12978 ft 2 n /a 41 22 24 n /a 22.3 (n/a) 17 (n/a) 0.5 (n/a)



Table 3.17. Compaction Indicies (ICOMPACT) determined for sandstones from well 
K5a-3. Column headings are defined in the text. Quartz overgrowth was not readily 
distinguished from detrital quartz, so the volume of pore filling cement (C) includes 
an estimate of 5% for the volum e of quartz overgrowths, based on SEM-CL and 
optical data.

K5a-3 Po Pi C Pmc COPL CEPL ICOMPACT
13235 ft 2 41 13 15 30.5 9 0.7
13238 ft 5 41 19 24 22.3 14.7 0.6
13241 ft 5 41 15 20 26.2 11.0 0.7
13244 ft 0 41 11 11 33.7 7.3 0.8
13248 ft 3 41 16 19 27.1 11.6 0.6
13251 ft 2 41 20 22 24.3 15.1 0.6
13256 ft 4 41 13 17 28.9 9.2 0.7
13260 ft 5 41 11 16 29.7 7.7 0.7
13266 ft 3 41 9 12 32.9 6 0.8
13279 ft 10 41 12 22 24.3 9 0.7
13284 ft 2 41 9 11 33.7 5.9 0.8



Table 3.18. Compaction Indicies (ICOMPACT) determined for sandstones from 
well 49/25-2. Column headings are defined in the text. Quartz overgrowths are 
poorly developed, so the volume of total pore occluding cement (C) does not 
include a contribution from the volume of quartz overgrowths.

49/25^2 Po Pi C Pmc COPL CEPL ICOMPACT
8891 ft 2 41 33 35 9.2 29.9 0.2
8888 ft 0 41 39 39 3.2 37.7 0



QUARTZ ARENITE

#  ] SUB-UTHIC ARENITE

ARKOSIC ARENITE LITHIC ARENITE

CROUPI GROUP II
oICOMPACT 0.26 (n=10) 0.46 (n=9)

0.36 (n=10)gICOMPACT 0.55 (n=9)

Macro secondary porosity (%) 6.4 (n=10) 2.67 (n=9)

Micro secondary porosity (%) 3.6 (n=10) 6.0 (n=8)

Horizontal permeability (mD) 0.78 (n=10) 0.62 (n=9)

Vertical permeability (mP) 0.52 (n=10) 0.49 (n=10)

Figure 3.22. Compaction and reservoir characteristics of sandstones from 44/22-1 within
a compositional framework. The sandstones are classified according to Pettijohn et al
(1973).



QUARTZ ARENITE

SUB-ARKOSE

ARKOSIC ARENITE LITHIC ARENITE

SUB-LITHIC ARENITE 
—S------------------

GROUP I GROUP II

oICOMPACT 0.41 (n=10) 0.50 (n=9)

glCOMPACT 0.37 (n=6) 0.29 (n=5)

Macro secondary porosity (%) 5.9 (n= ll) 1.20 (n=10)

Micro secondary porosity (%) 4.8 (n=6) 6.8 (n=7)

Horizontal permeability (mD) 1192 (n=7) 1.45 (n=6)

Figure 3.23. Compaction and reservoir characteristics of sandstones from 44/28-2 within
a compositional framework. The sandstones are classified according to Pettijohn et al
(1973).



QUARTZ ARENITE f.

f  %  SUB-LITHIC ARENITE
SUB-ARKOSE

ARKOSIC ARENITE I LITHIC ARENITE

CROUPI GROUP II GROUP III
0.70 (n=7) 0.80 (n=3) 0.82 (n=l)oICOMPACT

4.6 (n=7) 3.0 (n=3) 1.0 (n=2)Macro secondary porosity (%)

Figure 3.24. Compaction and reservoir characteristics of sandstones from K5a-3
within a compositional framework. The sandstones are classified according to
Pettijohn et al (1973).



Table 3.19. Rarely identified negative compaction indicies (ICOMPACT) determined for occasional 
sandstones uniquely from well 44/22-1. Column headings are defined in the text; num bers  
highlighted in bold indicate the product of calculations determined using gas porosity, as opposed to 
optical porosity, data.

Pq Pgas Pi C Pmc Pmc-g COPL CEPL ICOMPACT
A4 0 5.52 41 44 44 49.52 -5.3 (-16.8) 46.3 (51.4) -0.1 (-0.4)
A7 0 1.77 41 59 59 60.77 -3.5 (-50.4) 44.5 (88.7) -0.1 (-1.3)
A12 0 6.74 41 43 43 49.74 -3.5 (-17.3) 44.5 (58.3) -0.1 (-0.4)
A16 3 7.57 41 49 52 56.57 -22.9 (-35.8) 60.2 (66.5) -0.6 (-1.1)
A20 3 4.00 41 48 51 52 -20.4 (-22.9) 57.7 (59) -0.5 (-0.6)
A109 8 2.44 41 41 49 43.44 -15.6 (-4.3) 47.4 (42.7) -0.4 (-0.1)
A151 0 8.6 41 35 35 43.6 4.8 (-6.4) 34.2 (38.3) 0.1 (-0.2)
A415 0 3.07 41 48 48 51.07 -13.4 (-20.5) 54.4 (57.8) -0.3 (-0.5)



Table 3.20. A comparison of com paction index 
glCOMPACT with sedimentary facies (C= crevasse 
sandstone; CH= channel sandstone; and BE basal erosinal 
surface). N egative glCOMPAT values (i.e. sedim ent 
expansion) are highlighted in red.

Sample Siderite (%)
Crain size 

(pm) Facies glCOMPACT

A4 23 88-125 c -0.48

' A7 50 " 70-90 c -1.31

A12 Y 88-125 , : c -0.42

A16 #  88-125 c -0.16

A20 17: 88-125 c -0.63
A31 6 125-177 CH +0.29

A37 3 177-250 CH +0.55

A47 2 177-250 CH +0.25

A54 0 125-177 CH +0.23

A67 6 125-177 CH +0.39

A79 2 125-177 CH +0.32

A85 2 250-350 BE +0.61

A88 8 88-125 CH +0.64

A95 6 125-177 CH +0.60

A109 i24 88-125 BE -0.49

A124 12 60-88 CH/BE +0.50

A131 7 88-125 CH +0.50

A137 4 88-125 CH +0.52

A146 6 88-125 CH +0.44

AI51 70-90 BE -0.05

A173 1 80-125 CH +0.39

A196 1 125-177 CH +0.13
A227 4 125-177 CH/BE +0.59

A267 7 400-700 BE +0.48

A306 2 177-250 CH +0.67

A371 8 350-500 BE +0.45

A415 a  W 125-177 CH -0.55



carbonates and predated the Kl kaolinite. The mixed vermicular kaolinite and 
skeletal titanium oxide assemblage indicates a pore fluid with neutral to acidic 
pH and an Eh more oxidising than -2 (Morad, 1988).

Replacement of eogenetic siderite by haematite is quite pronounced in 
K5a-3, and is much less prevalent in 44/22-1,44/28-2 and 49/25-2 sandstones. 
Haematite zonation within siderite records discrete single or multiple oxidation 
events of variable intensity and must represent recharge of the pore waters by 
more oxidising fluids. Pore fluid chemistry was therefore quite variable during 
eogenesis. The preservation of under compacted sediments by haematite in 
K5a-3 (Plate 17c) confirms its early genesis; its relationship w ith the K1 
kaolinite and titanium oxide is not clear.

The relative diversity of authigenic components described for this 
eogenetic assemblage does not necessarily suggest that the detrital mineral 
assemblage was out of equilibrium with its depositional waters. Only the K1 
kaolinite (and possibly the titanium oxide) resulted in part from detrital grain 
alteration. Subsequent minerals developed from evolved fluids under elevated 
temperature and pressure (i.e. mesogenesis).

Significant secondary porosity was created in sandstones from wells 
44/22-1 and 44/28-2 i.e. only in sandstones that contained appreciable volumes 
of eogenetic siderite (and dolomite). These eogenetic carbonates stabilised and 
m aintained the framework rigidity during early burial; subsequently partial 
dissolution of these eogenetic carbonates by modified basinal fluids generated 
the secondary porosity. Quartz (Plate 20a), ankerite (Plate 10b), ferroan 
dolomite, albite, chlorite (Plate 16c), illite (Plate 14d) and kaolinite (Plate 14a) 
cements are closely associated with, and post date, this event. The negligible 
porosity in K5a-3 and 49/25-2 sandstones directly reflects the abundance of 
ductile lithic fragments that allowed increased early sedim ent compaction 
which thus reduced the volume into which the early carbonate cements could 
grow.

The timing of displacive kaolinite intergrowths in detrital muscovite 
mica is poorly constrained. Individual examples of extreme displacive kaolinite 
appears to have developed within secondary pore hosted fractured and 
deform ed muscovite mica (Plate l id ) ,  and therefore postdated the initial 
compaction event.

SEM-CL observations illustrate detrital framework grains preserved in 
varying stages of compaction, suggesting that quartz cementation was initiated 
relatively early in the diagenetic history and continued through considerable 
burial, w ith the quartz overgrowths probably representing a period of 
accelerated growth following earlier relatively limited cementation. It is equally 
possible that quartz cementation was entirely a late event in those sandstones
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Euhedral dolom ite

Euhedral siderite

Poikilotopic dolom ite

Poikilotopic siderite 

Sphaerosiderite

Berthierme boids'

Iron oxide

Titanium oxide

Kaolinite (Kl)

Porosity generation

Displacive kaolinite

Quartz

Albite

Ferroan dolom ite
Ankerite

Zircon

Barite
Anhydrite

Chlorite

Potassium feldspar

Illite

Kaolinite (K2)

Dickite

Spaeroidal haematite

Pyrite

EOGHNKSIS MESOGENESIS

Rm —

Precipitation
Dissolution

Figure 3.25. Paragenetic sequence of diagenetic phases within the sandstones. (Rm indicates remobilised micro-rhombic siderite).



where the framework was still preserved by siderite. Occasionally a very thin 
(<4pm) quartz veneer (Plate 2 and Plate 3) in sandstone samples from 44/22-1 
(no data for 44/28-2) provide some evidence for back-ground levels of quartz 
cementation, initiated during late eogenesis/early mesogenesis. This quartz 
cem entation was perhaps confined to the rem aining prim ary pores not 
occluded during eogenesis (i.e. the background porosity). The formation of 
authigenic quartz during late diagenesis is confirmed by its association with 
deeper burial diagenetic assemblages (Plate 6b and Plate 13d). SEM-CL 
observations of the quartz overgrowths show that they usually developed into 
two types of internal zoned structure (Plate 2 and Plate 4). Quartz cementation 
then continued at background levels, assimilating diagenetically late illite (Plate 
6d). Although pressures generated during burial were significant, generating 
fractures in detrital (Plate 23b) and authigenic (Plate Ic) quartz, chemical 
compaction (e.g. stylolite formation) is mostly absent and could not have been 
the universal source of the silica.

The timing of displacive kaolinite intergrowths in detrital muscovite 
mica is poorly constrained. Individual examples of extreme displacive kaolinite 
appears to have developed within secondary pore hosted fractured and 
deform ed muscovite mica (Plate l id ) ,  and therefore postdated the initial 
compaction event.

Authigenic euhedral albite is occasionally recognised in secondary pores 
where it possibly postdated pore occluding quartz (Plate 6d); it is not clear if 
the massive pore occluding albite (restricted to occasional coarse sandstones 
from 44/22-1) and albitisation of detrital plagioclase are the product of a single 
or m ultiple events. Ferroan dolomite and ankerite postdate the albite, 
pseudomorphing partially albitised detrital plagioclase grains (Plate 7a).

Ankerite (44/22-1) and ferroan dolomite (44/28-2, 49/25-2 and K5a-3) 
are variably effective in occluding secondary porosity and is occasionally 
contem poraneous w ith discrete oxidation events (Plate 17b) indicating 
significant fluctuations in pore fluid chemistry. These ferroan carbonates post 
date quartz overgrowths and pre-date illite (Plate 16b). potassium  feldspar 
(Plate 7b), barite and vermicular K2 kaolinite cements.

Zircon is particularly rare, infilling secondary pore volumes (Plate 19b) 
and apparently postdating quartz overgrowths. Vermicular K2 kaolinite 
inclusions are absent from the zircon perhaps suggesting that it predated the 
formation of this kaolinite.

Barite and anhydrite are closely associated with and postdate ferroan 
dolomite and ankerite. Less commonly the barite and anhydrite (Plate 19c) is 
associated with quartz overgrowths which they postdate; additionally, barite 
pre-dates the trace volumes of authigenic potassium  feldspar in 44/22-1.
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Therefore the barite authigenesis, and by association the anhydrite, is 
constrained between the ferroan dolomite/ankerite and the potassium feldspar 
events. The pseudomorphous and neomorphic anhydrite are considered to be 
the product of a single event.

Authigenic chlorite post dates quartz overgrowths (Plate 17a) and is 
occasionally assimilated by dickite (and later vermicular K2 kaolinite?). In 
samples containing illite and chlorite, illite was not observed in association 
with the chlorite, which it possibly pre-dated.

Mesogenetic (K2) kaolinite is a common secondary pore occluding 
component, where it postdates ankerite and ferroan dolomite (Plate 10b) and is 
variably illitised or illite-free. The developm ent of K2 kaolinite probably 
immediately postdated or was contemporaneous with illite.

Illite probably developed im m ediately after authigenic potassium  
feldspar, both of which postdate ankerite and ferroan dolomite and pre-date 
dickite.

Massive secondary pore occluding pyrite is a minor event in the 49/25-2 
sandstones where it encloses quartz overgrowths and K2 kaolinite (Plate 19d). 
It was not possible to determine an upper limit for the pyrite paragenesis due 
to the absence of further pétrographie relationships; nevertheless the pyrite is 
identified as a relatively late event.

Dickite is almost always observed pseudomorphing K2 kaolinite (Plate 
6b) or occupying secondary pores where it is postdated by platy haematite; in 
both instances there is a marked lack of further pétrographie relationships. 
Characteristically dickite remains free of illite and is therefore assum ed to 
postdate it, forming the penultimate or final paragenetic event

Delicate euhedral plates of haematite partially encapsulate dickite (Plate 
18b) in samples from 44/28-2 only. Where present the neomorphic haematite is 
the last recognised diagenetic event.
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PLATE 1

A. Detrital kaolinite (K) exhibiting variable alteration to 2-5jim verm icular 
kaolinite (arrow).
Well 44/22-1,11523 feet. Scale bar = 60^m. BSEI.

B. Extensive quartz  overgrow ths completely occluding porosity . The 
boundaries between detrital quartz (Qd) and the quartz overgrowths are 
defined by iron oxide (open arrow) and dust rims (open arrow  + d); 
occasionally iron oxide defines boundaries within the quartz overgrowths (solid 
arrow + o).
Well 44/28-2, 12978 feet. Scale bar = 40pm Thin section photom icrograph 
(PPL).

C. Fracturing of a quartz overgrowth (Qo) about a detrital quartz grain (Qd). 
Well K5a-3,13240 feet. Scale bar = 270pm. SEM-CL.
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PLATE 2

Well developed concentric zonation whereby zones from adjacent grains 
destructively interfere to produce complex geometries. Discrete sector zonation 
is also observed. Note the presence of an initial quartz veneer. A schematic 
representation of the quartz cement stratigraphy is also presented opposite. 
Well 44/22-1,11751 feet. Scale bar = 50pm. SEM-CL.

+ +
+

^ _____A.

Massive quartz overgrowth.

Concentric quartz overgrowth zonation. 

Sector zoned quartz overgrowth. 

Chaotic quartz overgrowth zonation. 

Discrete quartz? crystals.

Authigenic quartz veneer.

Detrital quartz.

Fractured detrital quartz.

Pore occluding siderite. 

Secondary pore volume.

Key to the schematic diagrams presented in Plates 2,3,4 and 5.
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PLATE 3

Discrete sector and concentric zonation within a quartz overgrowth unit. Note 
the presence of an initial quartz veneer. A schematic representation of the 
quartz cement stratigraphy is also presented opposite; a key to the patterns is 
presented with Plate 2.
Well 44/22-1,11461 feet. Scale bar = 30pm. SEM-CL.
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PLATE 4

Complex sector zonation within authigenic quartz. A schematic representation 
of the quartz cement stratigraphy is also presented opposite; a key to the 
patterns is presented w ith Plate 2.
Well 44/22-1,11461 fee t Scale bar = 30^m. SEM-CL.
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PLATE 5

Well developed sector zoned quartz overgrowth with locally developed 
concentric zonation. A schematic representation of the quartz cem ent 
stratigraphy is also presented opposite; a key to the patterns is presented with 
Plate 2.
Well 44/22-1,11751 feet. Scale bar = 50pm. SEM-CL.
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PLATE 6

A. Dissolution of an initial quartz overgrowth (Q) followed by a second 
generation of overgrowth (arrow).
Well 44/28-2,12325 feet. Scale bar = 38^m. BSEI.

B. Mould of mesogenetic (K2) kaolinite preserved in a quartz overgrowth (Q). 
Note the adjacent pore occluding mesogenetic kaolinite, free from quartz, has 
partially transformed to dickite (arrow).
Well 44/28-2,12436 feet. Scale bar = 6pm. BSEI.

C. Microporosity (M) within an albitised detrital plagioclase feldspar (P). 
Well 44/22-1,11352 feet. Scale bar = 1.00pm. FEEM.

D. Pore occluding authigenic quartz (Q) cradling authigenic albite (Ab), both of 
which grew to include authigenic illite (arrow).
Well 44/22-1,11750 feet. Scale bar = 2.7pm. SET.
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PLATE 7

A. Authigenic albite (Ab) enclosed by ankerite (A) which has replaced detrital? 
plagioclase. Note the rem nant crystallographic orientations of the plagioclase 
(arrows).
Well 44/22-1,11738 feet. Scale bar = 30pm. BSEI.

B. Authigenic potassium feldspar (K) occluding voids within pore occluding 
ankerite (A).
Well 44/22-1,11751 feet. Scale bar = 38pm. BSEI.

C. Parallel layers of micro rhombic siderite (open arrows) developed along a 
pre-existing fabric anisotropy within a lithic fragment. Compaction, either 
between detrital quartz grains (Q) or by impingement of detrital muscovite 
mica (M), has disrupted this anisotropy.
Well 44/22-1,11491 feet. Scale bar = 38pm. BSEI.

D. Sub-millimetre band of phyllosilicate hosted microspherulitic siderite 
exhibiting variable numbers of zones, perhaps reflecting the orientation of the 
section w ith respect to individual spheruliths. Note the inclusion of detrital 
quartz grains (Q) by the siderite.
Well 44/28-2,12439 feet. Scale bar = 300pm. BSEI.
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PLATE 8

A. Detail of the m icrospherulith m arked in Plate 7d highlighting the well 
developed concentric zonation. Note the inclusion of a detrital quartz grain 
w ithin the core of the spherulith (open arrow), microporosity (?) and the 
stylolite seam (arrow) along the boundary of adjacent spheruliths.
Well 44/28-2,12439 feet. Scale bar = 86pm. BSEI.

B. Microcrystalline euhedral siderite m antling a detrital quartz grain. The 
fracture (arrow) that cuts across detrital and authigenic quartz contains 
occasional fluid inclusions.
Well K5a-3,13236 feet. Scale bar = 150pm. BSEI.

C. Crushing of grain-coating micro-crystalline siderite (S) between framework 
grains. Siderite unaffected by compaction is cemented by zoned massive 
ferroan dolomite (open arrow) and then quartz: the boundary between detrital 
and authigenic quartz is indicated (solid arrows). Dolomite is occasionally 
preserved by the siderite (bottom right of the open arrow).
Well K5a-3,13236 feet. Scale bar = 50pm. BSEI.

D. Extensive remobilisation of grain rimming rhombic siderite (S) and re- 
predpitation as massive pore occluding siderite (Sm). The boundary between 
the grain rimming and pore occluding siderite is indicated (arrow).
Well K5a-3,13236 feet. Scale bar = 150pm. BSEI.
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PLATE 9

A. Secondary pore occluded by, in ascending paragenetic order, zoned micro- 
rhombic siderite (S), quartz (Q), zoned ankerite (A) and barite (B); dark areas 
within the pore are micro secondary porosity. Where necessary the pore margin 
has been identified by white dots.
Well 44/22-1,11461 feet. Scale bar = 75|im. BSEI.

B. Massive euhedral siderite (S) containing fracture hosted potassium feldspar 
(open arrow), quartz (Q) and minor barite (B). The adjacent ankerite (A) 
contains internal discontinuities (solid arrows) and is heavily corroded.
Well 44/22-1,12010 feet. Scale bar = 38|im. BSEI.

C. Massive pore occluding siderite with a pseudo-uniaxial cross (arrow s), 
perhaps representing remobilisation of micro-sphaerulitic siderite (see Plate 
9d), enclosing corroded detrital quartz (Q).
Well 44/28-2, 12490 feet. Scale bar = lOjim Thin section photomicrograph 
(XPL).

D. M icrospherulitic siderite w ith well developed pseudo-uniaxial crosses 
(arrow).
Well 44/28-2, 12439 feet. Scale bar = 10pm Thin section photomicrograph 
(XPL).
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PLATE 10

A. Fractured and relatively densely populated pseudomorphous micro rhombic 
siderite (S) enclosed by a mixture of authigenic quartz and illite (arrow).
Well 44/22-1,11790 feet. Scale bar = 60pm. BSEI.

B. Co-existing secondary pore occluding zoned (A) and massive ankerite (Am). 
The zonation is a product of dissolution (solid arrows) and growth events 
(open arrow).
Well 44/22-1,11461 feet. Scale bar = 75pm. BSEI.

C. Zoned secondary pore occluding ankerite. The core is either chaotic (Ac) or 
regular (Ar) and has a sharp contact (arrows) with the outer overgrowth.
Well 44/22-1,11728 feet. Scale bar = 40pm. BSEI.

D. Detail of two well developed dissolution events (arrows) within the pore 
occluding ankerite from Plate 9b. The second dissolution event (D2) locally cuts 
through to the core (Xc).
Well 44/22-1,12010 feet Scale bar = 17.6pm. BSEI.
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PLATE 11

A. Ferroan dolomite (deep blue stain) overgrowths (solid arrows) on secondary 
pore occluding siderite (S); pore occluding ferroan dolomite (open arrow) is 
also observed. Porosity (pale blue areas) is partially preserved. The sample has 
been stained with potassium ferricyanide and Alizarin Red S.
Well 44/28-2, 12552 feet. Scale bar = 7pm Thin section photom icrograph 
(PPL).

B. Detrital quartz grains floating within massive pore occluding dolomite (D). 
Ankerite (A) occludes voids within the dolomite cement.
Well 44/22-1,11357 feet. Scale bar = 100pm. BSEI.

C. Authigenic siderite (S) that postdates massive pore occluding dolomite (D). 
Eogenetic (Kl) kaolinite (K) developed within the remaining 'background pore' 
void, corroding the siderite and dolomite.
Well 44/22-1,11357 feet. Scale bar = 30pm. BSEI.

D. Extensive dilatancy of a detrital muscovite mica (M) by authigenic massive 
kaolinite (solid arrow) and eogenetic (Kl) kaolinite (open arrow). The kaolinite 
may also have nucleated entirely or partially within the free spaces between 
sheets of fractured muscovite mica generated during compaction.
Well 44/22-1,11491 feet. Scale bar = 43pm. BSEI.
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PLATE 12

A. Pore occluding eogenetic (Kl) kaolinite (K) partially replaced/ transformed 
into dickite (arrow).
Well 44/22-1,11461 feet. Scale bar = 17.6pm. BSEI.

B. Relatively fresh eogenetic kaolinite (K l) pseudomorphous after feldspar, 
supporting ragged mesogenetic kaolinite stack (K2). The pore void in which the 
mesogenetic kaolinite grew is supported by siderite (S).
Well 44/22-1,11790 feet. Scale bar = 25pm. BSEI.

C. Uniformly stacked vermicular (K2) kaolinite comprising nearly perfect 
rectangular platelets.
Well K5a-3,13238 feet. Scale bar = 4.3pm. SEI.

D. Sharp boundary (arrow) between illitised eogenetic (Kl) kaolinite (K) and 
fresh non-illitised mesogenetic (K2) kaolinite (Kv) within a secondary pore 
volume.
Well 44/22-1,11728 feet. Scale bar = 15pm. BSEI.
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PLATE 13

A. Secondary pore occluding pseudo-rectangular neomorphic dickite 
Well 44/28-2,12436 feet. Scale bar = 10pm. SEI.

B. Secondary pore occluding hexagonal dickite (D). 
Well 44/28-2,12436 feet. Scale bar = 5pm. SEI.

C. N on-parallel stacking arrangem ent of dickite (D), that is partially  
pseudom orphous after platy secondary pore occluding kaolinite (open arrow). 
Note the small dickite prism (solid arrow) attached to the upper surface of the 
stacked dickite and kaolinite.
Well 44/22-1,11750 feet. Scale bar = 8.6pm. SEI.

D. Contact between heavily corroded and illitised eogenetic (Kl) kaolinite (Vk) 
and (pseudomorphous?) lozenge shaped dickite (D). Authigenic quartz has 
assimilated the vermicular kaolinite (arrow) which is in-tum  post-dated by the 
dickite.
Well K5a-3,13258 feet. Scale bar = 23.1pm. SEI.
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PLATE 14

A. Illustration, on a pore scale, of the sharp continuous nature of the boundary 
between the heavily corroded and illitised mesogenetic (K2) kaolinite (K) and 
authigenic quartz (arrow). Illite is present in the voids between the authigenic 
quartz.
Well K5a-3,13266 feet. Scale bar = 136pm. SEI.

B. Discrete re-crystallisation/transformation of platy mesogenetic (K2) kaolinite 
(Vk) into blocky dickite (D).
Well 44/22-1,11352 feet. Scale bar = 1.00pm. FEEM.

C. Recrystallisation of pore occluding eogenetic (Kl) kaolinite (Vk) into 
smaller, discrete lozenge shaped dickites (arrow).
Well 44/28-2,12436 feet. Scale bar = 6pm. SEI.

D. A spectrum of illite morphologies occluding a secondary pore: rigid bladed 
illite (A), composite p laty /b laded illite (B), composite platy and fibrous illite
(C), and fibrous illite (arrow). Areas adjacent to (A) and (B) are shown in detail 
in Plates 15b and 15a respectively.
Well K5a-3,13258 feet. Scale bar = 6.0pm. FEEM.
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PLATE 15

A. Detail of the area adjacent to (B) in Plate 14d showing an aligned sequence of 
bladed illite (Bb) which occasionally display sub domains of tabular (open 
arrow + 1) and tubular (open arrow + 2 ) illite, linked by a strand of illite (solid 
arrow). Anastomising illite fibres developed at 90° to these illite blades which 
they postdate.
Well K5a-3,13258 feet. Scale bar = 0.60pm. FEEM.

B. The pore bridging bladed illite (A) from Plate 14d is 'joined' to an adjacent 
illite blade/ overgrowth (A2) by cross members of bladed ilhte (arrow).
Well K5a-3,13258 feet. Scale bar = 1.00pm. FEEM.

C. Illite pseudom orphous after a detrital feldspar. Detail of the illite from the 
margins (Iw) and core (Ic) of this altered feldspar are presented in Plates 15d 
and 16a respectively.
Well K5a-3,13248 feet. Scale bar = 6.0pm. FEEM.

D. Detail of the illite from the margins of the altered feldspar (Iw) from Plate 
15c further illustrating the parallel to sub-parallel alignment of illite fibres. The 
dark cracked surface pattern is the Au-Pt coat.
Well K5a-3,13248 feet. Scale bar = 0.75pm. FEEM.
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PLATE 16

A. Bladed illite (I) with a composite structure within the core of the altered 
detrital feldspar from Plate 15c. Additionally, illite fibres (arrows) are partially 
enclosed by authigenic quartz (Q).
Well K5a-3,13248 feet. Scale bar = 2.0pm. FEEM.

B. Authigenic illite (arrow) developed on pore occluding ankerite (A). The 
mesogenetic kaolinite (K) is not illitised and postdates the illite.
Well 44/22-1,11728 feet. Scale bar = 13.6pm. BSEI.

C. Extensive secondary pore occluding chlorite (arrow).
Well 44/28-2, 12278 feet. Scale bar = 40pm Thin section photomicrograph 
(XPL).

D. Pore occluding authigenic chlorite. The chlorite plates are either small and 
heavily corroded (open arrow) or are relatively large, euhedral and slightly 
corroded (solid arrow). The euhedral chlorites are commonly associated with 
authigenic quartz (Q): details of this relationship are presented in Plate 17a. 
Well 44/28-2,12225 feet. Scale bar = 27pm. SEI.
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PLATE 17

A. Slightly corroded secondary pore occluding euhedral authigenic chlorite 
(arrow) intimately associated with authigenic quartz (Q).
Well 44/28-2,12225 feet Scale bar = 12pm. SEI.

B. Haematite zones within secondary pore occluding ferroan dolomite. Note 
that the haematite zones have well defined sharp boundaries.
Well 44/28-2, 12436 feet. Scale bar = 10pm Thin section photom icrograph 
(PPL).

C. Sub-millimetre mica rich horizon (open arrows) heavily cemented by 
haematite (H ), preserving an under-compacted fabric.
Well K5a-3,13244 feet. Scale bar = 26pm Thin section photomicrograph (PPL).

D. Radial fibrous iron oxide (H) replacing sphaerosiderite or a berthierine 
'ooid'; a concentric fabric is well preserved (solid arrows). Voids within the 
pseudom orphous iron oxide have been occluded by authigenic quartz (open 
arrows).
Well 44/22-1,11893 feet. Scale bar = 20pm. BSEI.
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PLATE 18

A. Extensive secondary pore occluding iron oxide (H) adjacent to a titanium 
oxide skeleton (T).
Well 49/25-2,8882 feet. Scale bar = 38pm. BSEI.

B. Detail of secondary pore occluding sphaeroidal haematite (H). The iron 
oxide grew to include dickite (D).
Well 44/28-2,12436 feet. Scale bar = 8.8pm. SEI.

C. Delicate titanium oxide skeletal framework (T) set in a dolomite (D) cement. 
The void areas (arrow) are occluded by authigenic kaolinite and quartz.
Well 44/22-1,11357 feet. Scale bar = 38pm. BSEI.

D. Boudinaged layers of titanium oxide (T) set in a corroded dolomite cement
(D). The stress field responsible for the moulding of the kaolinite (K) around 
the dolomite ( are indicated by bold arrows) also generated the boudinaged 
titanium oxide. ).
Well 44/22-1,11357 feet. Scale bar = 38pm. BSEI.
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PLATE 19

A. Secondary pore occluding zoned zircon. N o te : the contrast had  to be 
significantly reduced to highlight this zonation and as a consequence all other 
pétrographie details are lost.
Well 44/22-1,11357 feet. Crystal is 20pm wide. BSEI.

B. Non zoned pore occluding zircon (Z) illustrating the general petrography 
that is otherwise absent from Plate 19a.
Well 49/25-2,8890 feet. Scale bar = 15pm. BSEI.

C. N eom orphic secondary pore occluding anhydrite (A) that postdates 
authigenic quartz (Q).
Well 44/22-1,11586 feet. Scale bar = 30pm. BSEI.

D. Massive secondary pore occluding pyrite (F) postdating quartz overgrowths 
(solid arrow) and assimilating pore occluding mesogenetic kaolinite (open 
arrow).
Well 49/25-2,8882 feet. Scale bar = 30pm. BSEI.
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PLATE 20

A. Extensive secondary porosity (blue stain) in a well sorted sandstone. Quartz 
overgrowths (arrows) are well developed.
Well 44/28-2, 12552 feet. Scale bar = 40pm Thin section photomicrograph 
(PPL).

B. Fractured pore occluding ankerite (A) with associated microporosity (arrow). 
Well 44/22-1,11970 feet. Scale bar = 4.3pm. FEEM.

C. Epoxy resin cast of a rhombic pore volume (F) resulting from the dissolution 
of siderite.
Well 44/22-1,11356 feet. Scale bar = 10pm. SEI.

D. Detail of pore occluding vermicular kaolinite plates (?) with well developed 
cross-members (arrow); note the microporosity between the kaolinite plates. An 
illite fibre is present (bottom left).
Well 44/22-1,11750 feet. Scale bar = 1.5pm. SEI.
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PLATE 21

A. Epoxy resin cast of radial laminar porosity (?) developed within pore 
occluding mesogenetic (K2) kaolinite.
Well K5a-3,13254 feet. Scale bar = 4.3pm. SEI.

B. Epoxy resin cast of the porosity (?) and permeability (arrows) netw ork 
within a lithic fragment.
Well 44/22-1,11480 feet. Scale bar = 8.0pm. SEI.

C. Epoxy resin cast of stacked laminar micro-secondary porosity (arrow s) 
within a pore occluding blocky kaolinite.
Well 44/22-1,11480 feet. Scale bar = 4.3pm. SEI.

D. Epoxy resin cast of a curvy planar permeability pathway (arrow). Note how 
it connects adjacent pores (?).
Well 44/22-1,11500 feet. Scale bar = 15pm. SEI.

160



PLATE 21

0 3 0 3  20KV X2 . 0 0 K 1 5 . 0 u m



PLATE 22

A. Epoxy resin pore cast of linear permeability pathways (arrows). 
Well 44/22-1,11356 feet. Scale bar = 15pm. SET.

B. Epoxy resin pore cast of hybrid curvy-planar permeability (arrows starting at 
point 1) resulting from partial dissolution of siderite.
Well 44/22-1,11802 feet. Scale bar = 17.6pm. SEX.

C. A curvy-planar permeability pathway.
Well 44/22-1,11802 feet. Scale bar = 3.0pm. SEX.

D. Epoxy resin pore cast of high density planar and curvy-planar permeability 
pathways (arrows).
Well 44/22-1,11780 feet. Scale bar = 6.0pm. SEX.
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PLATE 23

A. Epoxy resin cast of microporosity (P) with well developed permeability 
(arrows) connecting pore volumes from an unidentified host.
Well 44/22-1,11591 fee t Scale bar = 7.5pm. SEI.

B. Extensive fracturing (arrow) within detrital quartz (Qd), subsequently 
infilled with authigenic quartz.
Well 44/22-1,11491 feet. Scale bar = 86pm. SEM-CL.
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CHAPTER 4 
Mudrock Petrography and Diagenesis

4.1 PETROGRAPHY
4.1.1 General

Mudrock samples were examined from all wells (Figure 1.1) included in 
this study. In hand specimen the mudrocks are variably dark grey/black, grey 
or red and well indurated. Organic matter is volumetrically significant in the 
black mudrocks as disseminated fragments, thin (mm) laminae or as coals. The 
m ostly hom ogenous fabric of these sedim ents is locally d isrup ted  by 
laminations resulting from grain size variations, fissility, syn-sedim entary 
deformation/dewatering structures and bioturbation.

The petrology of the detrital and authigenic com ponents was 
determ ined from SEM, backscatter and FEEM images in association with 
quantitative and qualitative EDS analyses. Selected sam ples were then 
prepared for whole-rock XRD and clay mineral analysis so that the semi- 
qualitative abundance of the major minerals could be determined; XRD does 
not discriminate between detrital and authigenic components. The results of 
the whole-rock XRD are presented in Tables 4.1, 4.2 and 4.3., and the results 
from clay mineral analyses are presented in Tables 4.4 and 4.5.

4.2 DETRITAL ASSEMBLAGE
4.2.1 Quartz

Quartz is the most abundant non-clay component in the mudrocks. The 
wide range of abundance: 35-55% in 44/22-1,30-55% in 44/28-2,40-70% in K5a- 
3,40-50% in K5a-4 and 25-55% in 49/25-2 (Tables 4.1,4.2 and 4.3) m ay reflect a 
depositional control influenced by the competency of the transporting medium 
(e.g. proximity of the depositional environment to the main channel). The SEM 
analyses have shown that the quartz grains are variably fresh to corroded.

4.2.2 Feldspar
Detrital plagioclase feldspar was identified from SEM studies of samples 

from wells 44/28-2 and K5a-3. Plagioclase is only observed as either fractured 
or corroded grains. XRD analyses (Tables 4.1, 4.2 and 4.3) confirm the low 
abundance of plagioclase in all samples.
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Table 4.1. Bulk X-Ray diffraction of the mudrocks from wells 44/22-1 and 
49/25-2. Abbreviations used for lithological descriptions are: M= massive, N= 
nodular siderite, L= laminated, C= carbonaceous fragments, S for siderite cone- 
in-cone horizons, F for faults, and F for mica rich layers. For mineral 
abundance, n.d. indicates that the mineral was not detected.
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Table 4.2. Bulk X-Ray diffraction of mudrocks from wells K5a-4 and 44/28-2, with a summary lithology. Symbols 
used to describe mudrock lithology are explained in Table 4.1.

MINERAL ABUNDANCE

WELL
D epth

(ft) Lithology Colour Quartz Plagioclase Total
Clay Siderite Ferroan

dolom ite Dolom ite H aem atite

K 5M 12080 M. N. red 40 <5 35 <5 15 < 5 5

12083 M. red /b row n 50 <5 40 <5 n.d. < 5 < 5

12185 L. red /b row n 40 trace 55 trace trace n.d. 5

12219 L. red /b row n 55 trace 35 5 n.d. trace 5
12242 M. grey 50 <5 35 10 n.d. < 5 n.d.

12309 M. red /b row n 35 <5 50 < 5 5 n.d. 5

12366 C. grey 30 n.d. 70 trace n.d. n.d. n.d.

12370 M. grey 45 <5 50 <5 n.d. < 5 < 5



Table 4.3. Bulk X-Ray diffraction of the mudrocks from K5a-3; a lithological 
sum m ary is not presented due to the very small size of the cuttings 
samples.



MINERAL ABUNDANCE (%)

Well D epth
(ft)

Colour Quartz Plagioclase Total
clay

Ferroan
Dolomite

Dolomite Calcite A nhydrite Haem atite Pyrite

W m m i 11500 red 55 < 5 30 n.d. 5 < 5 < 5 < 5 n.d.
11795 red 60 < 5 30 n.d 5 < 5 < 5 <5 n.d.
11870 red 70 <5 < 5 20 n.d < 5 < 5 n.d n.d.
11942 red 55 < 5 30 5 n.d < 5 < 5 < 5 n.d.
12024 red 45 < 5 40 10 n.d. < 5 < 5 < 5 n.d.

12204 dark
brow n

50 5 35 <5 n.d. n.d. 5 < 5 n.d.

12352 light
brow n

50 < 5 35 5 n.d. < 5 < 5 < 5 n.d.

12566 light
brow n

50 < 5 40 5 n.d. < 5 < 5 < 5 < 5

12877 light
brow n

40 <5 50 <5 n.d. < 5 < 5 5 n.d

13369 light
brow n

55 < 5 40 <5 n.d. < 5 < 5 n.d. < 5

13665 mid
brow n

60 < 5 35 <5 n.d. n.d. < 5 < 5 n.d.

14026 black 45 < 5 45 5 n.d. < 5 n.d. n.d. < 5

14337 m id
brow n

40 < 5 50 5 n.d. < 5 n.d. n.d. < 5

14462 black 45 < 5 50 <5 n.d. n.d. n.d. n.d. < 5



Table 4.4. Results of the X-Ray diffraction of the <2}im clay fractions
separated from the mudrocks from wells 44/22-1 and 44/28-2.

1 COM POSITION (%) 1
WELL SAMPLE COLOUR DEPTH Illite Kaolin I/S

J11404 Black 11404 ft 30 25 45

J11524 Black 11524 ft 40 2 0 40

J11645 Grey 11645 ft 45 1 0 45

J11693 Grey 11693 ft 40 30 30

J11771 Grey 11771 ft 60 1 0 30

44/2S-2 J12185 Red 12185 ft 50 2 0 30

J12213 Red 12213 ft 2 0 50 30

J12242 Black 12242 ft 45 40 15

J12317 Red 12317 ft 30 35 35

J12370 Black 12370 ft 25 25 50

J12424 Black 12424 ft 25 2 0 55

J12500 Grey 12500 ft 25 45 30



T able 4.5. Results from the X-ray diffraction of the <2|im clay fraction 
separated from the mudrocks from wells K5a-3 and 49/25-2 (n.d. indicates clay 
mineral was not detected).



COMPOSITION (%)

WELL SAMPLE COLOUR DEPTH
(ft)

Illite Chlorite Kaolins I/S

m m m g J3618 brown/grey 11870 60 n.d. 30 10
J3640 red 11942 60 n.d. 15 25
J3765 red/brown 12352 45 n.d. 25 30
J3875 red/brown 12713 45 n.d. 25 30
J4015 red/brown 13173 40 n.d. 30 30
J4165 brown/grey 13665 30 n.d. 45 25
J4275 dark grey 14026 45 5 30 20
14370 black 14354 60 n.d. 25 15
J4408 black 14462 45 5 30 20

49/2Î5-2 25/19 black 8818 65 n.d. 5 30
25/17 black 8832 60 n.d. 10 30
25/10 black 8856 75 trace 25 n.d.
25/8 black 8863 30 n.d. 40 30
2 5 /7 black 8868 30 trace 35 35



Potassium feldspar is confined to samples from 44/28-2 where it is 
found in trace abundance.

4.2.3 Kaolinite
Detrital kaolinite was only rarely observed in samples from wells K5a-3 

and 44/22-1. This apparen t rarity  m ay in p a rt be a function  of 
d isso lu tion/alteration  to authigenic kaolinite during burial. The detrital 
kaolinite is always heavily corroded and partially disarticulated (Plate 24a) and 
has significantly wider plates than authigenic kaolinite (20-25pm and <5|im 
respectively). Detrital kaolinite is readily distinguished from the authigenic 
kaolinite observed as intergrowths w ith micas but less readily from the 
variously corroded (but not disarticulated) void filling authigenic kaolinite.

4.2.4 Potassium mica
M uscovite mica is ubiqu itous exhibiting vary ing  degrees of 

disarticulation and dissolution. Illite and illite/smectite comprise a significant 
amount of the <2pm clay fraction (Tables 4.4 and 4.5). SEM and FEEM studies 
of fresh mudrock surfaces commonly failed to distinguish between detrital and 
authigenic illite and could not determine if the illite/smectite was authigenic 
or detrital. It is likely that the illite abundance includes a com ponent of 
disarticulated (during sample preparation) detrital muscovite mica.

4.2.5 Chlorite
Restricted to samples from 44/28-2 and 49/25-2, detrital chlorite is 

reasonably well preserved (Plate 24b) and was not detected from bulk XRD of 
whole-rock samples. X-Ray diffraction of the <2|im fraction indicates that 
chlorite is present in trace abundance.

4.3 AUTHIGENIC ASSEMBLAGE 
General

A  significant proportion of the carbonate minerals in the mudrocks 
developed as nodules and veins. Although the vein and nodular structures 
form a minor component of the mudrock sequences, they are significant in 
conveying information on the nature and timing of fluid flow and therefore 
have received m uch attention in this study. Plate 24c and Plate 24d are 
representative of the general mudrock fabric most frequently encountered, and 
in which the nodular and vein structures occur.
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Summary conclusions have been inserted in the text to explain the 
relevance of the detailed observations made from the carbonate assemblages.

A detailed study of the generally very fine grained m atrix of the 
mudrocks was not attempted due to their homogeneity across the well data 
base and by the magnification limitations of backscatter electron microscopy. 
FEEM studies of the m udrocks provide im proved resolu tion  of the 
compactional texture, but could not provide data on specific phyllosilicates due 
to the absence of mineral-specific morphologies and of microprobe analytical 
facilities on the instrument needed to provide mineral compositional analyses.

4.3.1 Calcite
4.3.1.1 General

Bulk XRD analyses of the mudrocks indicate that calcite is restricted to 
samples from K5a-3 in abundance of less than 5% (Table 4.3). Calcite was 
observed as either discrete authigenic crystals in the matrix in K5a-3 or within a 
variety of vein structures in K5a-4: calcite was present in abundances below the 
detection limit for XRD in samples from K5a-4.

4.3.1.2 Vein and nodular calcite
Bedding parallel veins of calcite are 80-100|im wide with diffuse margins 

(Plate 25a) and pinch out laterally (on mm scale). The calcite has an irregular 
geometry and is surrounded, and partially assimilated, by a dolomite host; note 
also the faint fractures normal to the vein margins (Plate 25a).

Elsewhere the calcite is observed in the 'wall' structure (Plate 25b) and 
the core of the nodules (Plate 25c and Plate 25d). The wall structure and 
composition is similar to that observed in the calcite veins with the addition of 
an outer haematite rich zone (Plate 25b); the total width of the wall structure is 
200-225|im. Calcite within the core of this structure is either dissem inated 
throughout the entrapped phyllosilicate matrix (Plate 25d) or nucleated as 
larger discrete zoned crystals in the core of the nodule. In the latter case the 
initial growth stage is subhedral/euhedral, chaotically zoned (Plate 25d) and 
includes haematite; elements of this initial growth stage penetrate the outer 
massive, non-zoned growth stage (Plate 25d). A large calcite vein up  to 350 jim 
wide and parallel to bedding extends from this nodule. The sedim ent was 
compacted about this nodule.

SUMMARY CONCLUSIONS 1

The external haematite zone on carbonate nodules (Plate 25b) may show 
the extent to which oxidising fluids penetrated the permeable nodule margins.
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oxidising iron (carbonate?) components. This conclusion does not explain the 
presence of haematite in the core of the nodule (Plate 25d).

Alternatively, the outer mixed haematite and carbonate assemblage of 
the nodules developed first with subsequent carbonate cementation developing 
centripetally. This assumption appears to be supported by the growth sequence 
1. haematite+caldte; 2. calcite in the core of the nodules (Plate 25d).

4.3.1.3 Matrix calcite
Discrete neomorphic calcite is rarely observed and is usually corroded 

(Plate 26a). Overlapping mineral relationships are absent so it is difficult to 
determine its paragenesis. This calcite may be early and contemporaneous with 
the vein calcite.

4.3.2 Dolomite
4.3.2.1 General

Dolomite is confined to samples from K5a-4,44/28-2 and K5a-3 (Tables
4.2 and 4.3) with abundances ranging from trace to 5%. Dolomite was observed 
in veins, voids/vugs, nodules and within the argillaceous matrix.

4.3.2.2 Vein dolomite
As described in 4.3.1.2., massive dolomite was observed enclosing calcite 

w ithin bedding parallel veins (Plate 25d). Along these veins the mineralogy 
changes abruptly so that dolomite becomes dominant (Plate 26b). Structural 
changes include the development of a boudinage structure within the dolomite, 
highlighted by haematite (Plate 26c). However, pure dolomite veins are mostly 
free from haematite and structural modifications, and radiate from a 'void area' 
within a nodular structure (Plate 26d); they are described below in 4.3.2.3.

SUMMARY CONCLUSIONS 2

Rapid lateral changes in carbonate mineralogy within individual veins 
may be an artefact of random  sample choice. It is also possible that dolomite 
mineralisation may have been controlled by fractures within the calcite.

The radial development of dolomite veins within the dolomite nodules 
strongly suggests development in an overpressured environment.

4.3.2.3 Void and nodular dolomite
Void spaces are usually 200-400|xm in diam eter and occur w ithin 

dolomite nodules; the voids are commonly occluded by authigenic kaolinite 
(Plate 26d). Pure dolomite veins may radiate from the void but are contained
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within the dolomite nodules (Plate 26d). The margins of the voids (Plate 27a) 
are particularly heavily cemented by lightly zoned dolomite in association with 
heavily zoned ferroan dolomite and may grow to partially occlude the void 
space (Plate 27b). Dolomite is similarly abundant in the main body of these 
nodules and has a very sharp contact with the host phyllosilicate matrix (Plate 
27c); dissolution of matrix components adjacent to the dolomite nodules is also 
noted. In contrast dolomite is restricted to the occasional 60|im rhombs within 
the outer wall structure of nodules that contain calcite (Plate 25b).

SUMMARY CONCLUSIONS 3

The distribution of ferroan dolomite cements w ithin these dolomitic 
nodules m ark the paths taken by fluids percolating through the permeable 
nodules, which resulted in the ferroan dolomite cementation in the core of 
these nodules.

The nature of ferroan dolomite (and kaolinite) cem entation of the 
dolomite nodules contrasts with the growth of paragenetically earlier calcite 
which appears to have been penecontemporaneous with nodule development 
(SUMMARY CONCLUSION l).

Deformation of the host matrix about the dolomite nodule strongly 
suggests an early eogenetic origin for the nodule and the enclosed radiating 
dolomite veins.

.̂3,2,4  ̂M atrix dolomite
M atrix dolomite developed as discrete corroded subhedral rhombs 

(Plate 27d) w ith or w ithout a non corroded anhedral overgrow th and is 
separated from the initial rhomb by authigenic ferroan dolomite.

The above collective observations in 4.3.2.1 to 4.S.2.4 strongly suggest an 
early diagenetic origin for dolomite in general.

4.3.3 Ferroan dolomite
4.3.3.1 General

Ferroan dolomite, commonly observed in samples from K5a-4 and 
49/25-2, is less common in samples from K5a-3 and 44/28-2 and absent from 
the 44/22-1 m udrocks (Tables 4.1, 4.2 and 4.3). Since the ferroan dolomite 
within 49/25-2 is concentrated within a few samples not subjected to bulk XRD 
analyses, ferroan dolomite abundance is not recorded in Table 4.1. In common 
w ith other authigenic carbonates, ferroan dolomite is hosted in a variety of 
environm ents (i.e. within veins, voids, cone-in-cone horizons, nodules and 
within the clay matrix).
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43.3.2 Ferroan dolomite cone-in-cone
Ferroan dolomite cone-in-cone horizons are restricted to a large nodular 

concretion in well 49/25-2 (Figure 4.1). The ferroan dolomite cone-in-cone is of 
higher amplitude and frequency than that displayed in siderite cone-in-cone 
horizons. Remnant bedding lineations (free from compactional effects?) are 
preserved w ithin the ferroan dolomite cone-in-cone horizons (Figure 4.1). 
Preservation of an apparently non compacted matrix indicates a very early 
genesis.

4.S.3.3 Ferroan dolomite veins
Veins infilled with massive ferroan dolomite range in thickness from 

200pm (Plate 28a) to 500 pm (Plate 28b). Plate 28a illustrates a branching but 
linear ferroan dolomite dewatering structure, hosted within the core of the 
nodule from Figure 4.1, that has a limited vertical and lateral extent. This 
contrasts with the phyllosilicate hosted ferroan dolomite vein in Plate 28b that 
is laterally continuous across the sample following a tortuous path. Barite 
developed along the vein margins where the vein truncated concentrations of 
barite within the matrix (Plate 28b); barite coated inclusions of siderite within 
the vein are rarely observed. The ferroan dolomite described from Plate 28a 
pre-dates that from Plate 28b, and is discussed below under "nodular ferroan 
dolomite".

Occasionally ferroan dolomite is observed in veins with a mixed mineral 
assemblage: the mineral assemblage may be diverse (Plate 28c) containing 
<50% ferroan dolomite or restricted to two components in equal proportions 
(e.g. barite and ferroan dolomite, sometimes observed discrete 'blocks' that 
define a regular rhythmic pattern along the vein). These veins are generally 
linear and range in width from 20pm to 30pm;

Finally there are ferroan dolomite veins that developed w ithin an 
existing vein system; typically these ferroan dolomite veins are hosted within 
siderite cone-in-cone horizons (Plate 29a and Plate 29b). Euhedral ferroan 
dolomite rhom bs are occasionally evident in the narrow  (150 pm) mono- 
mineralic (ferroan dolomite) veins hosted by the siderite cone-in-cone horizons 
(Plate 29a and Plate 29b). Massive ferroan dolomite is more typical of the wider 
(600 pm) poly-mineralic (but dominantly ferroan dolomite) matrix hosted veins 
(Plate 30). Individual crystals of the granular ferroan dolomite developed in 
optical
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Siderite cone-in-cone.

Ferroan dolom ite  
cone-in-cone.

M assive ferroan dolom ite.

Type I barite vein.

Type II barite vein
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Phyllosilicate matrix.
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sequences?.
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— ' Remnant lam ination?

Figure 4.1. A schematic diagram of the septarian nodule present at 2688 feet in 
49/25-2. The blue and red colours indicate the locations of carbonate micro
probe analyses; the carbonate is w idely disseminated in a dominantly barite 
host. All colours are coordinated with those in Figures 4.2, 4.3 and 4.5. The 
location of relevant Plates are indicated.
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continuity with adjacent elements of the siderite cone-in-cone. Alternatively, 
regularly spaced fractures within a pyritised structure (burrow?) normal to 
bedding (Plate 31a) form the unique host environment for the formation of 
mixed fibrous siderite and ferroan dolomite 'veins' (Plate 31b). Individual 
fibrous veinlets are linked to euhedral ferroan dolomite rhombs along the 
margins of the pyrite structure (Plate 31c).

SUMMARY CONCLUSION 4

It is clear from the above observations of ferroan dolomite veins that 
eogenetic pore fluids were under sufficient pressure to penetrate siderite cone- 
in-cone horizons and sustain a degree of overpressure in these micro
environm ents. The bedding parallel (tensile) fractures w ithin the pyrite 
structure developed in response to a significant bedding parallel stress, further 
emphasising the importance of overpressured fluids during eogenesis.

The presence (in paragenetic order) of pure carbonate, mixed carbonate 
and siliciclastic, and siliciclastic veins documents an evolution of pore fluid 
chemistry towards saturation with respect to non-carbonate species. This trend 
is also evident within the nodules (Plate 27a).

4.3.5.4 Void occluding ferroan dolomite
Zoned ferroan dolomite developed as overgrow ths on the void- 

occluding dolomite (Plate 27a) described above, in the nodular structures found 
in the samples from K5a-4 (4.3.2.3). Angular discordance between the multiple 
growth zones is well developed in association with limited cannibalisation of 
the dolom ite host (Plate 27b). The host dolomite nodules and radiating 
dolom ite veins contain ferroan dolomite in trace abundance only. The 
phyllosilicate matrix is compacted around the host nodules suggesting an early 
genesis for the nodules, and a later development for the veins.

Occasionally displadve ferroan dolomite developed within siderite and 
barite cemented cone-in-cone horizons, occluding large void areas (Plate 31 d). 
Timing of this event is discussed below under "nodular ferroan dolomite".

4.3.5.5 Nodular ferroan dolomite
In contrast with the nodule hosted voids partially occluded by ferroan 

dolomite, dolomite and kaolinite as described above for the K5a-4 sample, the 
nodule from 49/25-2 comprises a massive ferroan dolomite core enveloping 
early zoned microspherulitic siderite (Plate 32a). From Figure 4.1 one observes 
that this nodular ferroan dolomite hosts two types of barite vein (Types I and 
II). These barite veins (described below) contain minor am ounts of ferroan 
dolom ite (Figure 4.1); much less frequently the Type II veins contain
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breunnerite (5-50% Fe substitution into the magnesite lattice) (Figure 4.1) (see 
section 4.3.4.9). These ferroan carbonates have been assimilated by the barite 
(Plate 32b); the pétrographie relationship of the breunnerite with the ferroan 
dolomite remains obscure.

The small Type I barite veins have characteristic sigmoidal or highly 
elongate geometries with simple acute terminations and are mostly confined to 
the core of the ferroan dolomite nodule where they may be associated with 
microveining (Plate 32c). In contrast the larger Type II barite veins are more 
prom inent towards the nodule margins, display considerably greater dilation 
and more complex terminations. They are devoid of associated microveins and 
may additionally dissect the ferroan dolomite cone-in-cone horizons external to 
the margins of this nodule (Figure 4.1). This second phase of veining displays a 
coarser granularity, although in keeping with the Type I veins there is a general 
uniformity of crystal size within individual veins and populations of veins. The 
attitude of these veins is distinctive: Type I veins become increasingly inclined 
from  the vertical on a traverse from nodule core to m argin, a trend not 
observed for the Type II veins.

Siderite cone-in-cone horizons appear to form m icro-aquicludes, 
diverting components of these large (Type II) barite veins laterally (Figure 4.1). 
Anhedral anhydrite was occasionally observed within the nodular ferroan 
dolomite (Plate 32d).

SUMMARY CONCLUSIONS 5

The presence of two generations of barite infilled tensile fractures (Types 
I and II) with contrasting amounts of dilation clearly suggests two discrete 
periods of fluid overpressure of variable m agnitude (Astin, 1986) during 
eogenesis.

4.3.S.6 M atrix ferroan dolomite
The developm ent of discrete ferroan dolomite crystals w ithin the 

phyllosilicate m atrix is rarely observed. Two variants are described: a) 
subhedral rhombs with fractured overgrowths, devoid of m atrix inclusions 
(Plate 33a); and b) anhedral chaotically zoned ferroan dolomite partially 
including authigenic kaolinite (Plate 33b).

Inclusion-free ferroan dolomite probably grew displacively within an 
unconsolidated partially overpressured sediment and pre-da ted the ferroan 
dolomite that partially includes authigenic kaolinite which is possibly related to 
the latter stage of ferroan dolomite veins.
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4.3.3.7 Ferroan dolomite chemistry
M icroprobe analyses for the ferroan dolomites from 49/25-2 are 

presented in Figure 4.2 as mol.% values.
Analyses from matrix and nodule hosted ferroan dolomite from 49/25-2 

plot within the ferroan dolomite field (i.e. they have less than 20% substitution 
along the Ca, Fe-Ca, Mg join (Deer et al, 1966)) (Figure 4.2). From comparisons 
of Figure 4.1 with Figure 4.2 it is clear that ferroan dolomite hosted in Type I 
barite veins, ferroan dolomite cone-in-cone and the core of the nodule plot as a 
common group (colour code green). The ferroan dolomite in the Type II barite 
veins share a common composition with the ferroan dolomite veins and voids 
within the siderite cone-in-cone horizons linked to the nodule (colour code 
red).

Analyses from sinuous veins (Plate 28b) external to this nodular 
structure, ferroan dolomite within siderite cone-in-cone horizons not associated 
w ith the nodular (Figure 4.1) structures (Plate 29a and Plate 29b) and the 
fibrous ferroan dolomite (Plate 31b) are chemically distinct (Figures 4.2 and 
4.3). Chemically these 'external' veins cannot then be directly related to the 
ferroan dolomites within the nodular structure (Figure 4.1) as postulated from 
pétrographie data described above under "nodular ferroan dolomite" From 
Plate 29b it is clear that fluctuations in the concentration of magnesium were 
responsible for the chemical zonation within the siderite cone-in-cone hosted 
ferroan dolomite vein.

4.3.4 Siderite
4.3.4.1 General

Siderite was recognised from bulk XRD analyses of mudrocks from all of 
the wells except for K5a-3 (Table 4.3), and was optically characterised in wells 
49/25-2,44/28-2, K5a-3 and 44/22-1. As with the other carbonate minerals the 
m orphological variation of siderite is considerable, occurring as: micro
spherulitic, vein, cone-in-cone, overgrowth, pseudomorphous, displadve and 
void occluding forms.

4.3.4.2 Microspherulitic siderite
Matrix hosted siderite spheruliths formed as relatively large discrete 

accumulations (Plate 33c) approximately 25pm in diam eter, or as dense 
aggregates where individual spheruliths are no greater than 10pm in diameter. 
The host sediment is commonly deformed around these spheruliths (Plate 33c). 
The m icrospherulitic siderite in the nodular structure (Figure 4.1) are 
considerably larger, at least 60pm in diameter (Plate 32a). Generally siderite 
spheruliths are well zoned (Plate 32a; Plate 33c).
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60 Fe + Mn, 40 Ca

^  Siderite cone-in-cone (within the phyllosilicate matrix) hosted ferroan dolomite 
(8820 feet), discrete phyllosilicate matrix hosted ferroan dolomite veins (8842 feet) 
and fracture hosted ferroan dolomite associated w ith a fractured pyrite burrow  
(8842 feet).

g  Vertical Type II veins hosted by the nodular structure at 8821 feet, and siderite 
cone-in-cone (within the nodule) hosted ferroan dolomite (8221 feet).

0  Nodule hosted vertical Type I vein (8821 feet).

C ai 04 (Fee 28MgQ.76̂ t r a c e ) ( ^ 03)2 [n=30] |  4̂

--------

C^l.14 (Fep.ogMgQ g^Mnp 02)(CO3)2 [n=33] ^

Ca 60 Mg, 40 Ca

Figure 4.2. Ferroan dolomite compositions from various host environments in samples 
from 49/25-2. The colour coding of the symbols is coordinated with Figures 4.1 and
4.3 to better illustrate tenvironments of probe analyses and their relationship to one 
another.
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Figure 4.3. Schematic diagram illustrating the relationship between carbonate chemistry internal 
and external to the septarian nodule in Figure 4.1. Coloured 'arrows' that penetrate the nodule 
indicate a shared chemistry between the nodule and the relevant carbonate. The colour scheme is 
coordinated with Figures 4.1,4.2 and 4.5.



W ithin the core of the n o d u lar struc tu re  from  Figure 4.1, 
m icrospherulitic siderite has been enclosed by later ferroan dolom ite 
cementation.

4.3.4.3 Siderite veins
Fractured pyrite within a sample from 49/25-2 forms the unique host 

mineral for siderite veins. The fractures may be hosted in nodular pyrite and 
contain a mixed assemblage of massive siderite and barite (Plate 33d), or 
alternatively fibrous siderite and ferroan dolomite (Plate 31b) in regularly 
spaced fractures in a burrow-like structure (Plate 31a).

Trace amounts of siderite were rarely documented within Type II veins 
within the nodular structure in Figure 4.1. The siderite is preserved in barite 
cement replacing ferroan dolomite; optically it was not clear if this siderite was 
primary or partially pseudomorphous after the ferroan dolomite.

4.3.4.4 Siderite cone-in-cone
Siderite cone-in-cone structures, confined to samples from 49/25-2, are 

the host to a wide variety of minerals described above in 4.3.3.5 and later in the 
discussion of "calcium, barium and strontium  sulphates". The cone-in-cone 
structures either form ed in association w ith ferroan dolom ite nodular 
structures (Figure 4.1) or are hosted in the phyllosilicate matrix. These cone-in- 
cone horizons vary in thickness from 500pm to 800pm.

The cone-in-cone structure w ith in  siderite veins either has an 
homogenous structural fabric or is structurally zoned, with zones parallel to the 
vein margins. The zone of high amplitude cone-in-cone is the most significant 
and is always wider than the zone of low amplitude cone-in-cone (Figure 4.4, 
(a) and (c) respectively). These two zones are separated by a m edial zone of 
shale inclusions or granular siderite. Ferroan dolomite (Plate 29a and Plate 29b) 
a n d /o r  barite (Plate 30) may be associated with, or assimilate, these shale 
inclusions (Figure 4.4). The general asymmetry of these veins is accentuated by 
the contrasting intensity of fractured and rhombic siderite w ithin the two 
marginal sub-zones (Figure 4.4, u and 1 respectively); these sub-zones are in 
optical continuity with the adjacent siderite cone-in-cone. Brittle deformation of 
the siderite cone-in-cone, adjacent to the medial zone, is only significant were 
the m edial zone is composed of ductile shale inclusions. Similarly, brittle 
deform ation of the siderite cone-in-cone is well developed w here shale 
inclusions are present (Figure 4.4, zones (a) and (c)). From outcrop studies of 
calcite cone-in-cone, Al-Aasm et al (1993) described the high amplitude cone-in- 
cone horizon as being stratigraphically lower than the low amplitude cone-in- 
cone horizon. The marginal sub-zones (Figure 4.4, u  and 1 respectively).
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described above, .are also observed in the non-zoned siderite cone-in-cone 
horizons. These non-zoned siderite cone-in-cone are essentially devoid of shale 
fragments and the associated brittle deformation. The shale fragments may be 
concentrated into sigmoidal geometries which terminate against the marginal 
sub-zones (Plate 34a); the sigmoidal geometry has been suppressed in the better 
developed cone-in-cone horizons (Plate 34b) where they still terminate against 
the marginal sub-zones.

The angle of intersection that the cone geometries make w ith the vein 
margins can vary across the vein axis (Plate 34c) or remain constant. This may 
be a function of the angle of sample section taken through the vein.

Compressional deformation resulting from a maximum horizontal stress 
parallel with the cone-in-cone horizons locally generated horst (Plate 34d) and 
discrete reverse fault (Plate 35a) geometries, further complicated the internal 
structure.

A certain amount of controversy remains concerning the genesis of the 
cone-in-cone fabric (Al-Aasm et al, 1992). The cone-in-cone fabric has variously 
been attributed to:

a) Precipitation and growth during early diagenesis within plasticised 
sediments;

b) Establishment of supersaturation gradients ahead of crystal growth:

c) Host m ineral development directly below the sedim ent-w ater 
interface. The cone-in-cone fabric was then imparted after sediment 
lithification in response to tectonic stresses; and

d) Displacive mineral growth along overpressured horizons in shale 
sequences.

The merits of these various mechanisms in generating the cone-in-cone fabric 
observed in this study are discussed in Chapter 6.

SUMMARY CONCLUSION 6

The marked contrast in geometrical styles displayed by the margins of 
siderite cone-in-cone horizons is potentially the product of an asymmetrical 
pressure regime across these structures: as the cone-in-cone horizons retarded 
vertical fluid flow, the increase in fluid overpressure w ould have been 
restricted to the stratigraphically lower margin of these structures.
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4.3.4.5 Displacive siderite
Displacive siderite is unique to samples from 44/22-1 where it nucleated 

between sheets of detrital muscovite mica, forcing the cleavage bound domains 
apart.

4.3.4.6 Siderite overgrowths
Overgrow ths of siderite are only recorded on haem atites w ithin 

m udrock samples from 44/28-2 (Plate 35b). The siderite is usually zoned, 
variously corroded and has a sharp contact with the haem atite core; the 
haematite is infact oxidised framboidal pyrite.

4.3.4.7 Pseudomorphous siderite
In rare instances siderite within K5a-3 appeared to be pseudomorphous 

after an interm ediate silicate (feldspar?). The apparently pseudom orphous 
siderite was approximately the same size as adjacent detrital quartz grains and 
have a subhedral morphology (much more so than nodular siderite).

4.3.4.S Void filling siderite
Void spaces in the phyllosilicate matrix may be infilled by rhombic 

siderite. In detail the euhedral rhombs typically display complex zonation 
patterns punctuated by periods of dissolution (Plate 35c). The last dissolution 
event occasionally cut deeply into the rhombs Plate 35c; these solution features 
may be infilled by later siderite which is otherwise developed as individual or 
coalesced micro rhombs on the margins of the 'mega-rhombs (Plate 35c).

4.3.4.9 Siderite chemistry
Chemical data were determined from micro probe analyses of 49/25-2, 

K5a-3, 44/22-1 and 44/28-2 siderites. The average chemical compositions for 
these siderites are presented in Table 4.6. The probe data are displayed on 
ternary diagrams in terms of their normalised Fe+Mn, Mg and Ca mol.% values 
(Figures 4.5,4.6,4.7 and 4.8).

Analyses from cone-in-cone horizons from 49/25-2, both external and 
internal to the nodular structure, have a mixed pistomesite and sideroplesite 
mineralogy (Figure 4.5). Plate 29a confirms graphically the magnesium control 
on siderite zonation; calcium was not m apped since preliminary microprobe 
analyses indicated the absence of any significant fluctuations in the 
concentration of magnesium. Occasional analyses from Type II veins within the 
nodular structure revealed a breunnerite composition (Figure 4.5), i.e. between 
5 and 50 mol.% Fe^+ substitution in a magnesite structure (Deer et al 1985).
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Table 4.6. A sum m ary of chem ical com positions determ ined from probe analyses of m udrock hosted siderites, w here N  
represents probe analyses from nodules; C from cone-in-cone horizons; and V  from veins.

SIDEROPLESITE PISTOMESITE BREUNNERITE
44/22-1 N  (Feo.76 Cao.05 Mgo.i7 Mno.02) CO3

.....V ̂ ̂...%.......>....;•................ . ........ ............7""-................ .̂..
49/25-2 1 C (Feo.79 Cao.oi Mgo.i9 Mno.Ol) C O3 C (Feo.62 Cao.oi Mgo.36 Mn o.Ol) CO3 V (Feo.38 Cao.04 Mgo.5 7Mno.oi ) CO3

K5a-3 N +C (Feo.64 Cao.05 Mgo.24 Mno.02) CO3

,' i i i i i m i i i i i i r i i  i i r i i i i i m  i i i i i i i i i i r i 1i i i i 1i i | - i

44/28-2 N (Feo.81 Cao.03 Mgo.15 Mno.02) CO3

V (Feo.84 Cao.02 Mgo.13 Mno.oi) CO3

V (Feo.89 Cao.05 Mgo.04 Mno.02) CO3
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B R E U N N E R I T E

S ID E R O P L E S I T E

(Feo.62Cao.OlMg036Mno.oi)C03 [n=22]

0  Cone-in-cone analyses internal and external
to the ncxlule in Figure 4.1, and from 8831 feet. 

t>- Vertical Type I veins hosted by the nodular
structure 8821 feet (Figure 4.1).

Ca Mg

Figure 4.5. Compositions from siderite within mudrocks from 49/25-2. Microprobe 
analyses were taken from samples at 8821 and 8831 feet. The colour coding for the 
various siderite hosts is coordinated with Figures 4.1 and 4.3.
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Figure 4.6. Compositions from siderite within mudrocks from K5a-3. Microprobe
analyses were from samples at 12139,13172 and 13467 feet.
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Figure 4.7. Compositions of siderite within mudrocks from 44/28-2. Microprobe
analyses of the veins and nodules were from 12436 and 12242 feet respectively.
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Figure 4.8. Composition of nodular siderite within mudrocks from 44/22-1
mudrocks, determined from microprobe analyses of the sample at 11364 feet.



Probe data from nodular and pseudom orphous siderite w ithin K5a-3 
plot as a mixed assemblage within the pistomesite and sideroplesite fields 
(Figure 4.6).

Probe analyses of siderite nodules and veins from 44/28-2 are presented 
in Figure 4.7. These data are essentially confined to the sideroplesite 
compositional field. Similarly, the probe analyses of siderite nodules from 
44/22-1 mostly plot within the sideroplesite field (Figure 4.8).

Therefore siderite s.s. was not present in the mudrocks.
Isotope data for the siderite cone-in-cone horizons are presented in 

Chapter 5.

4.3.5 Barium, calcium and strontium sulphates.
4.3.5.1 General

Barite, anhydrite and celestite are only observed in samples from 49/25- 
2. A lthough the abundance of individual minerals rarely exceeds trace 
abundance for the whole rock, localised cementation is significant. The various 
modes of occurrence are described below.

4.3.5.2 Mixed sulphate and carbonate veins.
The presence of barite in carbonate dom inated veins is a common 

occurrence and the following associations were noted: a) barite preferentially 
formed along the m argins of ferroan dolomite veins where the vein cuts 
through an existing concentration of barite and appears to have re-mobilised 
the barite (Plate 28b): b) barite in mixed fibrous siderite and ferroan dolomite 
veins within a fractured pyrite host (Plate 31c); c) barite and massive siderite in 
a fractured pyrite grain (Plate 33d); d) regularly alternating barite and ankerite 
w ithin a pyrite host; and e) irregular anhedral barite in a mixed siderite, 
ankerite and pyrite vein within an unknown host (Plate 28c). There is no 
evidence for the barite pseudomorphing the carbonates.

Much less frequently barite is observed in veins containing (authigenic?) 
kaolinite and quartz veins (Plate 35d).

4.3.5.3 Sulphate veins
Veins dominated by granular barite were only observed in the nodule 

from well 49/25-2. From Figure 4.1 it is noted that these barite veins either have 
a low length to width ratio (Type I) or high length to width ratio (Type II) (see 
’nodular ferroan dolomite’, above, for details). The barite veins typically contain 
corroded and sometimes euhedral remnants of ferroan dolomite (and less 
commonly breunnerite in Type II veins only); occasionally. Type II veins 
contain a poorly developed cone-in-cone fabric. Within Type II veins the barite
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is rarely preserved exhibiting syntaxial replacem ent/assim ilation of ferroan 
dolomite, leaving a vein core of fresh ferroan dolomite (Figure 4.1 and Plate 
36a). Anhydrite may be associated w ith these mixed barite and ferroan 
dolomite assemblages (Plate 31d). Most of the vertical Type I veins postdate 
horizontal micro veins (Plate 36b). Horizontal (Type I) barite veins are more 
substantial than the microveins and may be faulted (Plate 32b) or folded (Plate 
32c).

The location of the above Plates with respect to the nodule from 49/25-2 
are given in Figure 4.1.

4.5.5.4 Cone-in-cone hosted sulphates
Siderite cone-in-cone horizons are a common host for a complex mixture 

of sulphate minerals (Plate 36c). In Plate 36c the barite contains anhydrite 
inclusions, while the celestite is devoid of anhydrite inclusions, and the barite is 
possibly assimilating the celestite (i.e. the contact is irregular).

The barite associated with the siderite cone-in-cone variously developed 
a cone-in-cone texture (Plate 36d).

4.3.5.5 Nodular barite
Barite 'nodules' are observed as 'additions' to existing pyrite nodular 

aggregates forming complex mineral relationships (Plate 37a), within ferroan 
dolomite nodules or within a phyllosilicate matrix (Plate 37b).

4.3.6 Pyrite
Pyrite was detected by XRD analyses of mudrock samples from 49/25-2, 

K5a-3 and 44/28-2 in abundance of <5%.
Each pyrite framboid frequently contains individual crystallites of a 

uniform  size but discrete framboids do not necessarily share a common 
crystallite size (Plate 37c). Framboidal pyrite assemblages either nucleated 
random ly in the phyllosilicate matrix or were concentrated along organic rich 
horizons (Plate 37d). W ith continued grow th the ind iv idual crystals 
components of a framboid occasionally coalesced to form a single 'mega' 
octahedral crystal.

Nodular pyrite is not particularly common and either grew displacively 
rem aining free of inclusions (Plate 38a) or assimilated authigenic kaolinite 
(Plate 38b and Plate 38c). There was one example of pyrite infilling a vertical 
burrow (Plate 31a).

Deformation of the phyllosilicate matrix around the framboidal pyrite 
(Plate 37d) suggests a very early genesis for the pyrite. Similarly, deformation 
of syn-compactional pyrite framboids around existing framboids suggests a
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very early genesis. (Plate 38d). The lack of cross-cutting relationships affecting 
the other pyrite m orphotypes prevents their accurate placem ent in any 
paragenetic sequence, although they are probably as early as the framboidal 
pyrite.

4.3.7 Quartz
Authigenic quartz was very occasionally recognised in samples from 

49/25-2, K5a-3 and 44/22-1, although its presence cannot be precluded from 
K5a-4 and 44/28-2 due to problems in distinguishing the authigenic quartz in 
the fine matrix.

The authigenic quartz may be anhedral, coating the phyllosilicate matrix 
(Plate 39a) with its surface remaining free from authigenic mineral growth or 
developed as overgrowths on detrital quartz (Plate 33b), within kaolinite veins 
(Plate 35d) or within the matrix. Breaching of siderite cone-in-cone horizons by 
mobilised massive quartz (Plate 39b) is unique to 49/25-2.

Fibrous and massive authigenic quartz are rarely observed in the medial 
zones of siderite cone-in-cone horizons (Plate 39c and Plate 39d). Infrequent 
corroded anhydrite relicts are observed within this quartz implying that the 
quartz has replaced the anhydrite. Massive quartz is also docum ented 
replacing anhydrite within the medial zone: the associated neomorphic barite 
(c.f. replacive barite, above) developed in optical continuity w ith the siderite 
cone-in-cone host, in marked contrast with the associated replacive quartz.

Authigenic quartz is variously observed enclosing most other authigenic 
components.

4.3.8 Albite
Detrital plagioclase feldspar reaches a maximum abundance of ~5% in 

the mudrocks (Tables 4.1,4.2 and 4.3). Authigenic plagioclase was observed in 
a single instance as an overgrowth on corroded detrital plagioclase.

There are no data that would suggest a position in the paragenetic 
sequence.

4.3.9 Kaolinite
Authigenic kaolinite is often difficult to differentiate from detrital 

kaolinite by backscatter imaging due to its fine grain size. Overall, kaolinite 
typically constitutes between 10% and 50% of the <2|im clay assemblage 
(Tables 4.4 and 4.5)

Matrix hosted authigenic kaolinite is the most significant but is typically 
heavily corroded (Plate 40a). Authigenic kaolinite is generally less corroded
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and is mostly observed within mineral hosted voids (Plate 27a and Plate 38b), 
w ithin vein structures (Plate 35d) and replacing detrital kaolinite. Displacive 
kaolinite growth in detrital muscovite mica was occasionally documented.

Authigenic kaolinite post-dated dolomite, ferroan dolomite and siderite 
but pre-dated quartz and albite.

4.3.10 lUite and illite-smectite
Authigenic illite was only positively identified in one mudrock sample, 

(Plate 40b) associated with detrital muscovite, mainly a result of its exceedingly 
fine grain size coupled with operational limitations of backscatter electron 
microscopy. The XRD of the <2|im clay fractions (Tables 4.4 and 4.5) of the 
mudrocks suggests that illite is common (30%-75%) but because of the fine 
grain size of the matrix it was generally not possible to determine the ratio of 
authigenic and detrital illite from backscatter SEM images. For this reason it 
was also impossible to distinguish illite from illite-smectite and to determine if 
the illite-smectite was detrital or authigenic. Detrital muscovite mica is a 
common detrital mineral and is also likely to have contaminated some of the 
XRD analyses of the <2|xm clay fraction. The lack of overlapping mineral 
relationships preclude an accurate placement of the authigenic illite in the 
paragenetic sequence.

X-ray diffraction indicates an illite/smectite (I/S) content of 10-55% for 
the m udrocks (Tables 4.4 and 4.5). The absence of any peak shifts after 
glycoladon clearly indicates the absence of a significant expandable component. 
However, the steepening of the 10Â (001) illite peak upon heating to 450°C and 
550°C indicates the presence of a minor expandable component. These 
observations suggest that the identified I/S  is illite rich with a composition of 
about illite (80%)/ smectite (20%).

4.3.11 Chlorite
Although chlorite was detected in the <2pm clay fraction of mudrocks 

from 49/25-2 (Table 4.5), it appears to be entirely detrital in origin. Authigenic 
chlorite has not been identified from SEM analyses.

4.3.12 Haematite
Haematite was commonly identified from bulk XRD of K5a-3, K5a-4 and 

44/28-2 mudrocks and much less frequently in the samples from 44/22-1 and 
49/25-2 (Tables 4.1,4.2 and 4.3).

Blades/fibres of haematite are frequently observed within the matrix of 
K5a-4 mudrocks showing a strong parallel alignment with bedding (Plate 40c).
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Pervasive cementation of the insitu phyllosilicate matrix and intraclasts in 
occasional samples from K5a-3 represents a more intense development of this 
oxide cementation. The formation of haematite along the margins of (iron rich) 
carbonate veins, and on associated surfaces exposed by fracturing, was also 
noted (Plate 25a and Plate 26c).

Haematite also shows pseudomorphous relationships with framboidal 
pyrite (Plate 35b) and less commonly with carbonates (siderite?) (Plate 40d and 
Plate 41a) w ithin samples from 44/28-2. The boundary between m udrock 
samples containing oxidised and non-oxidised pyrite/siderite  assemblages 
occurs between 12366 and 12424 feet; there is a progressive change in colour of 
mudrocks from red /pu rp le  at 12315 feet to dark grey at 12380, illustrating a 
progressive trend towards syn-depositional/ early eogenetic reddening as this 
interval is ascended. The longitudinal sandstone that overlies this m ud unit 
(Figure 1.2) is brow n/grey and exhibits few signs of early oxidation, suggesting 
that the observed oxidation of siderite/fram boidal pyrite was related to 
processes specific to the mudrocks.

4.3.13 Titanium oxide
Titanium  oxides were not detected by bulk XRD and were only 

occasionally observed from SEM analyses of samples from 44/28-2 and 49/25- 
2.

Delicate skeletal frameworks of titanium  oxide w ithin 44/28-2 are 
perhaps partially pseudomorphous after detrital Fe-Ti oxides (Morad, 1988) 
(Plate 41b). Titanium oxide mantling void space is commonly observed in close 
proximity to pyrite and authigenic kaolinite within 49/25-2. Here the Ti02 pre
dates kaolinite, but elsewhere there are no indicators to suggest its position 
within the paragenesis.

4.3.14 Compaction
Features indicative of physical and chemical compaction are commonly 

observed within mudrocks from all wells.

4.3.14.1 Physical compaction
There is an abundance of pétrographie data illustrating the extremes of 

physical compaction associated with sediment burial, in addition to a minor 
and relatively early episode of bedding parallel compaction. These data are 
described below:

Preferential alignment of detrital muscovite mica, is the most common 
manifestation of compactional processes (Plate 26c). Alignment of detrital mica
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with bedding is particularly well developed immediately adjacent to bedding- 
parallel siderite cone-in-cone horizons. Sediment enclosed by the growth of 
these siderite cone-in-cone horizons commonly developed a compactional 
fabric at some angle to bedding lamination (Plate 34a). Deformation of detrital 
mica about microspherulitic siderite, framboidal pyrite and carbonate nodules 
is less frequently observed, as is the deformation of microspherulitic siderite 
about detrital quartz. These compactional fabrics are the product of a rapidly 
increased overburden developed during initial burial w ith  associated 
dewatering.

Fracturing of a bedding parallel vein infilled w ith mixed calcite and 
ferroan dolomite (Plate 25a) contrasts with the boudinaged dolomite developed 
along strike in the same vein (Plate 26c); both structural fabrics resulted from a 
significant vertical maximum stress and probably developed in response to 
mesogenetic burial. The mode of deformation exhibited within these veins, in 
response to a common event, is perhaps a function of the mineralogy. Normal 
faulting of a horizontal Type I barite vein (plate 13- 49/25) is further evidence 
of a vertical maximum stress.

Sigmoidal barite veins (Plate 32c) within the nodular structure (Figure 
4.1) formed during a period when the maximum stress fluctuated between the 
vertical and horizontal. The development of a significant bedding parallel 
stress is recorded by the regularly spaced bedding parallel (tensile?) fractures 
within a unique pyrite structure (Plate 31a); fibrous mixed siderite and ferroan 
dolomite within these fractures (Plate 31b) recorded the dilation event. Regular 
spacing of such fractures is expected according to Ladeira and Price (1981).

4.3.14.2 Chemical compaction
Features indicative of chemical compaction are less frequently  

encountered, and are most frequently expressed in detrital quartz (Plate 41c). 
Corroded quartz grains with pitted and embayed margins floating within a 
phyllosilicate matrix could not possibly be explained in terms of inter granular 
pressure dissolution and are manifestations of chemical compaction. Very 
occasionally examples of 'paired’ systems are recognised: silica liberated during 
chemical compaction of the mudrocks was subsequently precipitated as quartz 
cements in adjacent siltstone horizons (Plates 41 d and 42a). The transport paths 
for this mobile silica was less than 1mm. Stylolites are only occasionally present 
in siderite cone-in-cone horizons (Figure 4.1).

Detrital mica is not universally present within horizons that display 
evidence of chemical compaction, questioning the influence of micas in 
mediating chemical compaction (Gjeldsvik and Bjorkum, 1984).
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4.3.15 Nodule and vein genesis
The compaction of most fine grained sediments is defined by a linear 

relationship between log depth and void ratio; this relationship predicts pore 
void areas of 80-55% over the initial 30 feet with a gradual reduction to 30% 
over 600-1500 feet burial. Growth of the above described carbonate nodules 
was probably initiated by cementation of such voids. With the exception of the 
mixed siderite-ferroan dolomite nodule, the nodules described above are 
largely devoid of matrix material indicating that they form ed shortly after 
deposition; nodules that formed during deeper burial generally include more 
matrix material since the volume available for unhindered carbonate growth is 
diminished. For this study, the nodular carbonate growth cannot be explained 
in terms of increased alkalinity associated with the decay of organic matter 
since the nodules are mostly present to the exclusion of pyrite and bioclastic 
debris.

A second scenario for nodule formation may be considered. Shortly after 
burial conditions of permeability anisotropy developed within the argillaceous 
sediments; permeability, and hence diffusion, would be greatest along these 
laminae (Raiswell, 1971). If the pore pressure is sufficient, lateral continuity of 
carbonate precipitation in the form of bedding parallel veins m ay result; 
alternatively, a sequence of bedding parallel nodules will develop. The general 
absence of the later in this study would suggest that abnormally high pore 
pressures favoured vein genesis (e.g. Plate 25a, Plate 26c and Plate 35a).

Vertical veins within the nodular structure (Figure 4.1) were perhaps 
septarian in origin (Astin, 1986), though this cannot be confirmed due to the 
lack of 3D control on fracture geometry. In contrast, matrix hosted vertical 
veins were likely to be the product of sediment dewatering.

4.4 Timing of Diagenetic Events
The sequence of paragenetic events described from the m udrocks are 

illustrated in Figure 4.9 Operational limitations of backscattered electron 
microscope imaging (maximum magnification of only X4000) in association 
with the mostly very fine grained nature of the clays was not always conducive 
for the unequivocal determination of the inter-relationship between diagenetic 
events. These problem s were particularly  acute for the phyllosilicate 
assemblage where recognition of individual paragenetic events (particularly 
illite) proved problematic, even for FEEM studies which were hampered by the 
lack of an ED AX system to provide mineral compositional data.

Figure 4.9 has been partitioned into the eogenetic and mesogenetic 
com ponents thus distinguish ing  betw een cem ents p rec ip ita ted  from
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I First generation of septarian nodule hosted fractures.

II Second generation of septarian nodule hosted fractures.

E Proto ferroan dolomite cone-in-cone.

Cone-in-cone generating compactional event, 

m Micro-nodules.

Mz Medial zone of cone-in-cone horizons,

n Phyllosilicate matrix hosted nodule.

Nm Septarian nodule 'matrix'.

Pm Phyllosilicate matrix hosted mineral.

V+C Void and cavity occluding mineral.

— —  Mineral precipitation.

— —— —  Mineral dissolution.

Figure 4.9. Paragenetic sequence of diagenetic phases within the mudrocks. The 
colour schemes are coordinated with Figures 4.1,4.2,4.3,4.4 and 4.5.
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unmodified depositional pore waters and those developed from evolved fluids 
beyond the influence of depositional pore waters.

Framboidal pyrite is a typical by-product of bacterial sulphate reduction 
within the initial few feet of burial. Commonly the mudrock fabric is deformed 
around the framboids (Plate 37d) indicating pyrite formation prior to the initial 
compaction event. Additionally, syn-compactional framboidal pyrites were 
m oulded around the initial pre-compactional framboids to form irregular 
geometries (Plate 38d). The occasional octahedral pyrite crystals represent a 
continuum  of framboid growth, which almost certainly post-dated the initial 
compaction event (Plate 38a). Massive burrow infilling pyrite (Plate 31a) was 
similarly an early event.

In the mudrock sequences mostly devoid of pyrite, e.g. K5a-3 and K5a-4, 
calcite and dolomite are important components of the pre/syn-com pactional 
assemblage.

Calcite cements from K5a-4 are observed within vein and nodular 
structures. In both these environments the calcite has been partially assimilated 
by dolomite (Plate 25a and Plate 25b respectively). The phyllosilicate matrix has 
been compacted in alignment with the bedding parallel mixed calcite and 
dolomite veins (Plate 25a) and deformed around the nodules (Plate 25b and 
Plate 25c respectively) illustrating their pre-compactional origins. The discrete 
subhedral calcite cement from K5a-3 (Plate 26a) is probably related to the same 
initial processes as those in K5a-4, though a later paragenesis cannot be ruled 
out.

Dolomite veins and nodules are restricted to samples from K5a-4, with 
occasional pore occluding cements in K5a-3. Where the dolomite is present in 
veins in association with calcite, the dolomite has partially assimilated the 
calcite (Plate 25a). Alternatively the veins are dominated by dolomite with only 
m inor ferroan dolomite which it pre-dates (Plate 26c). N odular dolomite 
frequently contains voids infilled by euhedral to anhedral dolomite which also 
pre-dates ferroan dolomite (Plate 27a and Plate 27b). The phyllosilicate matrix 
is compacted into alignment with the bedding parallel dolomite veins (Plate 
26c) and deform ed about the nodular structures dem onstrating  their 
precompactional genesis. Infrequent dolomite cements in the matrix of samples 
from K5a-3 were probably pre-compactional, developing in available pore 
spaces; the timing of the dolomite overgrowths has been attributed to a similar 
paragenesis.

There is an inverse correlation between the abundance of siderite 
associated with these mudrocks relative to the sequences containing significant 
pyrite. The siderite is mostly nodular and post-dated by ferroan dolomite;

205



again the phyllosilicate matrix is compacted around the nodules confirming its 
pre-compactional paragenesis. However, in the dolomite veins (Plate 26c) and 
voids within the nodules (Plate 27a), the ferroan dolomite immediately post
dates the dolomite without any evidence of a siderite intermediary. The contact 
between the dolomite and ferroan dolomite in the voids is variously corroded 
and sharp (Plate 27b) reflecting the gradual evolution of the pore fluid (in a 
closed system??).

In m arked contrast with the carbonate paragenesis in samples from 
wells K5a-3 and K5a-4 described above, mudrocks from wells 44/28-2,44/22-1 
and especially 49/25-2, contain significant volumes of microspherulitic siderite. 
The phyllosilicate matrix is commonly deformed around m icrospherulitic 
siderite (Plate 33c) illustrating its early pre-compactional growth. Siderite cone- 
in-cone horizons are restricted to well 49/25-2 where they grew  to include 
matrix material, compacting it between adjacent siderite cone-in-cone horizons 
and deforming it about irregular geometries (Plate 34a), again confirming its 
early pre-compactional paragenesis. The cone-in-cone fabric developed in the 
siderite veins during subsequent compaction.

Haematite cements are either pseudom orphous (mostly restricted to 
44/28-2) after ferroan carbonate (siderite?) (Plate 40d and Plate 41a) and 
possibly pyrite (Plate 35b), or neomorphic and preserve an undercompacted 
fabric. The oxidation event is therefore constrained between the framboidal 
pyrite and a later non-oxidised siderite (Plate 35b). In 44/28-2 at least, the 
siderite cementation appears to be punctuated as opposed to continuous.

The common association of authigenic titanium oxide w ith pyrite in 
49/25-2 is related to the dissolution of Fe-Ti oxides within a sulphate reducing 
environment:

FeTiOa + 2H 2S = TiOz + FeSz + H2O + H2 (Morad, 1988).

This reaction would have been initiated in the sulphate reducing zone probably 
during the initial few feet of burial.

Barite cementation has been observed almost exclusively in samples 
from 49/25-2 where it is abnormally abundant and displays a variety of 
associations. The two barite stages within the phyllosilicate matrix developed 
in rapid succession and are represented as a single event in Figure 4.9. Within 
the phyllosilicate matrix euhedral barite accumulations grew to assimilate 
matrix material, previously cemented by micro-nodular siderite (Plate 37b), 
occasionally dissected by ferroan dolomite veins, and the barite redistributed 
along the vein margins (Plate 28b). Micro-nodular siderite xenoliths coated in
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barite are occasionally detected in these ferroan dolomite veins confirming the 
barite paragenesis between the micro-nodular siderite and ferroan dolomite 
cements.

W ithin the nodule structure (Figure 4.1) barite replaced breunnerite in 
the Type II veins and ferroan dolomite within both the Type I and II veins; the 
absence of further pétrographie relationships prevent an accurate assessment of 
its upper paragenetic limit. This initial barite event is thought to be distinct 
from subsequent barite cementation by virtue of its environment of formation. 
Although this barite pre-dated the cone-in-cone event, the significant volume of 
enclosing ferroan dolomite cement provided a sufficient 'cushion' against the 
elevated stress responsible for the formation of the cone-in-cone fabric. The 
second phase of barite cementation is recorded in the medial zone of siderite 
cone-in-cone horizons where it pre-dated the cone-in-cone event (Plate 36d) 
and pre-dated ferroan dolomite and dolomite (Plate 30), and anhydrite. 
Celestite is rarely observed in association with this barite (Plate 36c) and post
dates the ferroan dolomite (Plate 38b).

Ferroan dolomite is most commonly encountered in veins w ithin the 
phyllosilicate matrix (Plate 28a, Plate 29a and Plate 29b). Less frequently the 
ferroan dolomite is massive and encloses micro-nodular siderite within the core 
of nodules (Plate 32a) or developed as cone-in-cone horizons; these ferroan 
dolomite events pre-dated or were contemporaneous with the development of 
Type I veins. The ferroan dolomite cone-in-cone fabric developed prior to 
significant compaction, in common with the siderite cone-in-cone. Type II veins 
were probably contemporaneous with the siderite veining on the margins of 
the nodule and postdated the ferroan dolomite cone-in-cone (Figure 4.1). The 
matrix hosted ferroan dolomite vein in Plate 28b forms widely varying angles 
w ith bedding laminations; there is also little evidence of matrix compaction 
around irregularities on the vein margin perhaps suggesting that ferroan 
dolom ite cementation persisted through, and continued after, the initial 
compaction event.

A nhydrite cementation is intimately associated with mixed ferroan 
dolomite and barite assemblages (Plate 31 d and Plate 32d), which it postdated.

Authigenic kaolinite is most commonly observed w ithin void spaces 
created by the random growth and interpenetration of adjacent crystals and 
post-dated ferroan dolomite (Plate 27a and Plate 27b) but pre-dated nodular 
pyrite (Plate 38b). This nodular pyrite developed after initial compaction and 
truncates bedding  lineations. Kaolinite cem entation occurred prior to 
significant compaction which would have otherwise retarded the sometimes 
highly expansive kaolinite growth in the detrital muscovite micas. It is quite
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possible that kaolinite infilling the fractured matrix (Plate 35d) is associated 
with a subsequent kaolinite event.

Q uartz cem entation appears to have occurred for a significantly 
extended period of the paragenesis. Fibrous authigenic quartz w ithin the 
medial zone of siderite cone-in-cone horizons (Plate 39c) seems to be an early 
event, in keeping with the characteristically eogenetic m ineral assemblages 
associated with siderite cone-in-cone horizons; similarly, the massive quartz 
that has breached siderite cone-in-cone in Plate 39b might also be a relatively 
early event. In contrast a late diagenetic origin is preferred for the amorphous 
quartz cement, whose surfaces are entirely devoid of authigenic minerals, 
coating the surfaces of secondary pores (Plate 39a). Coarser silt grade sediments 
occasionally developed minor quartz overgrowths at sites where dissolution 
voids, created by the dissolution of framework grains (Plate 33b), had provided 
a suitable open pore volume. These dissolution voids after framework grains 
could only rem ain stable after the sediment had stabilised after significant 
compaction. Dissolution of framework grains, including quartz (Plate 41c), 
provided a possible silica source for the authigenic quartz.

Authigenic albite is generally absent from the paragenetic sequence 
being restricted to a few overgrowths on detrital plagioclase feldspar. The 
formation of albite was possibly synchronous with plagioclase albitisation in 
the sandstones.

As described above, the identification of authigenic illite was 
problematic. Since the only positively identified authigenic illite formed within 
a closed micro environment w ithout cross-cutting relationships w ith other 
minerals its paragenesis remains uncertain.

The petrography reveals a complex diagenetic history for the mudrocks 
w ith  ind iv idual cements commonly related to a num ber of discrete 
precipitation events which mainly occurred during early diagenesis. Specific 
minerals related to an individual episode of cementation may also display a 
variety of grow th geometries and associations e.g. as veins, nodules and 
discrete crystals.
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PLATE 24

A. Heavily altered detrital kaolinite (K).
Well K5a-3,13172 feet. Scale bar = 17.6^im. BSEL

B. Detrital chlorite (C) adjacent to a detrital muscovite mica (M). Note that the 
associated detrital quartz (arrow) has undergone dissolution.
Well 44/28-2,12505 feet. Scale bar = 75fim. BSEI.

C. Typical mudrock fabric with a well developed compactional fabric. Details 
of this fabric are presented in Plate 520064.
Well 49/25-2,8856 feet. Scale bar = 120^im. BSEI.

D. Typical mineral assemblage associated with the compactional fabric in Plate 
520063, comprising detrital muscovite mica (M), detrital kaolinite (K), detrital 
quartz (Q) and (authigenic?) iron oxide (H). The black areas are organic matter. 
Well 49/25-2,8856 feet. Scale bar = 12pm. BSEI.
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PLATE 25

A. Bedding parallel mixed calcite (C) and dolomite (D) vein, cut by a series of 
bedding normal fractures (arrows).
Well K5a-3,12077 feet. Scale bar = 86p.m. BSEI.

B. Detail of the wall structure of the nodule from Plate 25c showing m inor 
calcite (C) cementation enclosed by dolomite (D) and iron oxide (H) cements. 
Sedimentary bedding external to this nodule is well defined by elongate iron 
oxide (B).
Well K5a-4,12077 feet. Scale bar = 250pm . BSEI.

C. Large nodular structure around which sedimentary bedding (So) has been 
deformed. The locations of the subject areas depicted in Plates 25b and 25d are 
illustrated.
Well K5a-4,12077 feet. Scale bar = 0.86mm. BSEI.

D. Extensive calcite cementation within the core of the nodule from Plate 25c is 
variously present as chaotic (Cz) or non-chaotic (Cn) zones, or is massive and 
disseminated throughout the matrix (Cd). Calcite from the inner (Cz) chaotic 
zone may penetrate the outer (Cn) non-chaotic zone (arrow).
Well K5a-4,12077 feet. Scale bar = 136pm. BSEI.
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PLATE 26

A. Partially corroded subhedral calcite (C) within the matrix of a mudrock. 
Well K5a-3,11942 feet. Scale bar = 13.6|im. BSEI.

B. Bedding parallel vein composed of discrete calcite (C) and dolomite (D) rich 
domains; the contact between these two minerals is sharp (arrow). Details of 
the calcite and dolomite components are presented in Plates 25a and 26c 
respectively.
Well K5a-4,12077 feet. Scale bar = 0.60mm. BSEI.

C. Detail of the dolomite component from the bedding parallel vein from Plate 
520592. The dolomite (D) is boudinaged; fractures between the boudins are 
infilled w ith iron oxide (H). Minor ferroan dolomite (Fd) postdates the 
dolomite.
Well K5a-4,12077 feet. Scale bar = lOOjim. BSEI.

D. Dolomite veins (D) and ferroan dolomite (Fd) radiating from a core void 
area occupied by authigenic kaolinite (K), hosted within a nodule composed of 
dolomite (dark contrast) and iron oxide (bright contrast). The contact of the 
nodule with the host matrix is indicated (arrow).
Well K5a-4,3682.17 feet. Scale bar = 0.50mm. BSEI.
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PLATE 27

A. Detail of the relationships between the dolomite (D), ferroan dolomite (Fd) 
and kaolinite (K) observed within the core void area from Plate 26d.
Well K5a-4,12081 feet Scale bar = 100pm. BSEI.

B. Complex interrelationship of the void occluding dolomite and ferroan 
dolomite from Plate 27a. Typically the dolomite is poorly zoned and has a 
variably sharp (Ds) to corroded (Dc) contact with the heavily zoned ferroan 
dolomite (Fd). Kaolinite (K) occluded the rem aining voids w ith minimal 
corrosion of the ferroan dolomite.
Well K5a-4,12081 feet. Scale bar = 17.6pm. BSEI.

C. Contact between the mixed dolomite (D) and ferroan dolomite (Fd) nodule 
described in Plate 26d with the host phyllosilicate matrix (arrows). Ferroan 
dolomite (Fd) is a minor component and postdated the dolomite.
Well K5a-4,12081 feet. Scale bar = 86pm. BSEI.

D. M atrix hosted dolomite. The initial euhedral dolomite (D l) is slightly 
corroded and is separated from the second phase of dolomite (02) by a veneer 
of ferroan dolomite (Fd) which also coats 02.
Well K5a-3,11942 feet. Scale bar = 7.5pm. BSEI.
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PLATE 28

A. Poorly developed septarian nodule hosted bedding parallel ferroan dolomite 
de-watering veins (arrows) that contain siderite inclusions; these are connected 
to a vertical ferroan dolomite de-watering structure (FdS) that is free from 
siderite inclusions.
Well 49/25-2,8821 feet. Scale bar = 0.50mm. BSEI.

B. Laterally continuous matrix hosted ferroan dolomite vein (F) cutting through 
an authigenic barite (B) accumulation. The development of a barite m argin 
(open arrow) on the ferroan dolomite vein is restricted to the imm ediate 
vicinity of the barite accumulation (B). Note the presence of a barite coated 
siderite fragment, stoped from the host phyllosilicate matrix, within the ferroan 
dolomite (arrow).
Well 49/25-2,8842 feet. Scale bar = 900|im. BSEI.

C. Matrix hosted bedding parallel vein containing barite (B), pyrite (F), ferroan 
dolomite (Fd) and kaolinite (K).
Well 49/25-2,8842 feet. Scale bar = 75pm. SEI.
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PLATE 29

A. Backscatter (top left); combined backscatter and iron element (EDS) m ap 
(top right); and combined backscatter and magnesium element (EDS) m ap 
(bottom left) of a matrix hosted siderite cone-in-cone horizon (S) with a medial 
zone of ferroan dolomite (arrow). Note that the siderite on the cone-in-cone 
margins is relatively rich in magnesium.
Well 49/25-2, 8821 feet. Scale: The siderite cone-in-cone horizon is 1.0mm 
wide.

B. Backscatter (top left); combined backscatter and iron element (EDS) map (top 
right); and combined backscatter and magnesium element (EDS) map (bottom 
left) providing detail of the ferroan dolomite medial zone (arrow) hosted by the 
siderite cone-in-cone horizon (S) shown in Plate 29a.
Well 49/25-2,8821 feet. Scale The medial zone is 130pm wide.
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PLATE 30

520276. Diverse mineral assemblage, comprising ferroan dolomite, siderite, 
dolomite and barite, developed within a siderite cone-in-cone horizon. The 
inter-relationship between these various m inerals is also presented 
schematically, opposite.
Well 49/25-2,8842 feet. Scale bar = 0.60mm. BSEI.

KEY TO SYMBOLS

Siderite.

Ferroan dolomite.

Dolom ite.

Barite.

Siderite cone-in-cone.
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PLATE 31

A. Pyrite (F) structure developed at 90® to bedding, containing a sequence of 
regularly spaced bedding parallel fractures (arrows). Details of the fractures are 
presented in Plate 31b.
Well 49/25-2,8842 feet. Scale bar = 0.5mm. BSEI.

B. Detail of an individual fracture infill from the fractured pyrite (?) in Plate 
31a. The mixed siderite and ferroan dolomite fibres (Fds) are oriented at 90^ to 
the fracture margin; these fibrous carbonates may extend from the margins of 
the pyrite into the host matrix (arrow).
Well 49/25-2,8842 feet. Scale bar = 23pm. BSEI.

C. Further details of the mineralogical relationships developed in the pyrite (?) 
structure from Plate 31a. Zones of fibrous siderite (S) and ferroan dolomite (Fd) 
are irregularly developed within the fractures and are closely associated with 
barite (B). Massive ferroan dolomite and siderite are abundant along the 
margins of the pyrite (?) structure.
Well 49/25-2,8842 feet. Scale bar = 60pm. BSEI.

D. Ferroan dolomite cement (Fd) developed within a siderite cone-in-cone 
horizon associated w ith a nodule. The ferroan dolomite has been partially 
assimilated by barite (B) which contains corroded anhydrite (arrow). Figure 4.1 
illustrates the location from which this plate was taken.
Well 49/25-2, 8821 feet. Scale bar = 4 0 p m  Thin section photomicrograph 
(XPL).
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PLATE 32

A. Massive ferroan dolomite (Fd) encapsulating microspherulitic siderite (S) 
within the septarian nodule nodular structure illustrated in Figure 4.1; the 
location of this Plate is marked.
Well 49/25-2,8821 feet. Scale bar = 60pm. BSEI.

B. Faulted bedding parallel Type I barite vein in which the barite has replaced 
ferroan dolomite. The location of this plate is marked in Figure 4.1. (WAY-UP IS 
INDICATED BY THE OPEN ARROW).
Well 49/25-2, 8821 feet. Scale bar = 10pm. Thin section photomicrograph 
(XPL).

C. Sigmoidal horizontal Type I barite vein that postdates vertical Type I barite 
veins within a septarian nodule; the barite has replaced ferroan dolomite. The 
location of this plate is marked in Figure 4.1. (WAY-UP IS INDICATED BY THE 
OPEN ARROW).
Well 49/25-2, 8821 feet. Scale bar = 10pm. Thin section photomicrograph 
(XPL).

D. Anhydrite (A) occluding voids within the zoned massive ferroan dolomite 
(Fd) described in Plate 32a.
Well 49/25-2,8821 feet. Scale bar = 43pm. BSEI.
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PLATE 33

A. M atrix hosted subhedral non-zoned ferroan dolomite (Fd) w ith an 
apparently fractured overgrowth (Pc). The adjacent anhedral dolomite (D) has 
a poorly developed euhedral overgrowth (Do) which postdated corrosion of 
the dolomite core.
Well K5a-3,11942 feet. Scale bar = ISjim. BSEI.

B. Anhedral zoned and corroded ferroan dolomite (Fd) enclosing authigenic (?) 
kaolinite (K). Quartz overgrowths are poorly developed and postdate the 
ferroan dolomite; the contact between detrital quartz (Q d) and a poorly 
developed quartz overgrowth is indicated (arrow).
Well BC5a-3,13369 feet. Scale bar = 30|im. BSEI.

C. Zoned m icrospherulitic siderite (S) around which the matrix has been 
deformed.
Well 49/25-2,8842 feet. Scale bar = 25^m. BSEI.

D. Mixed barite (B) and siderite (S) vein hosted by nodular pyrite (F). 
Well 49/25-2,8842 feet. Scale bar = 25|im. BSEI.
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PLATE 34

A. Poorly developed siderite cone-in-cone horizon containing abundant 
phyllosilicate m atrix material in a series of en-echelon structures (arrow s) 
which terminate against the matrix free marginal sub-zone (Sz).
Well 49/25-2,8821 feet. Scale bar = 17.6|im. BSEI.

B. W ell developed siderite cone-in-cone horizon containing occasional 
phyllosilicate matrix material in suppressed en-echelon structures (arrow). The 
marginal sub-zones remain free of inclusions.
Well 49/25-2,8833 feet. Scale bar = 1.00mm. BSEI.

C. Matrix hosted siderite cone-in-cone horizon exhibiting asymmetric cone-in- 
cone development: the cones on the upper margin (solid arrow) intersect the 
margin at ~70O and the lower margin (open arrow) at 20° to 40O.
Well 49/25-2,8833 feet. Scale bar = 40|im Thin section photomicrograph (XPL).

D. Conjugate reverse faulting (arrows) of a matrix hosted bedding parallel 
siderite cone-in-cone horizon, generating a horst-type structure.
Well 49/25-2,8833 feet. Scale bar = 10|im Thin section photomicrograph (XPL).
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PLATE 35

A. Discrete reverse faults (arrows) within a matrix hosted bedding parallel 
siderite cone-in-cone vein. The dark band is an artefact of sample preparation. 
Well 49/25-2, 8833 feet. Scale bar = 40p.nThin section photom icrograph 
(XPL).

B. Siderite (S) mantling an iron oxide (H) core. The iron oxide appears to have 
replaced framboidal p y rite .
Well 44/28-2,12366 feet. Scale bar = 120pm. BSEI.

C. Euhedral well zoned siderite occluding a cavity within the phyllosilicate 
matrix (M). Dark areas within the siderite are inclusions of detrital quartz.
Well 44/28-2,12436 feet. Scale bar = 75pm. BSEI.

D. Matrix hosted authigenic (?) kaolinite rich vein (K) with authigenic quartz 
(Qa) and barite (Ba) components. The paragenesis of the kaolinite and quartz is 
not clear, although they both postdate the barite.
Well 49/25-2,8842 feet. Scale bar = 30pm. BSEI.
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PLATE 36

A. Syntaxial replacement of ferroan dolomite (blue) by barite (B) within a 
vertical Type II vein hosted by a septarian nodule; remnant ferroan dolomite is 
occasionally euhedral (solid arrow). The location of this plate is m arked in 
Figure 4.1. (WAY-UP IS INDICATED BY THE OPEN ARROW).
Well 49 /2 5 -2 , 8821 feet. Scale bar = lOfim. Thin section photomicrograph 
(XPL).

B. Nodule hosted vertical Type I barite vein (B) with minor ferroan dolomite 
inclusions (solid arrow); this barite vein is connected to a large num ber of 
bedding parallel barite veinlets. The location of this plate is marked in Figure 
4.1. (WAY-UP IS INDICATED BY THE OPEN ARROW).
Well 49/25-2, 8821 feet. Scale bar = 10pm. Thin section photomicrograph 
(XPL).

C. Siderite cone-in-cone hosted barite (B) and celestite (C) associated with a 
nodule. Anhydrite inclusions (solid arrow) are only present in the barite. The 
location of this plate is marked in Figure 4.1. (WAY-UP IS INDICATED BY THE 
OPEN ARROW).
Well 49/25-2, 8821 feet. Scale bar = 40pm. Thin section photomicrograph 
(XPL).

D. Barite hosted cone-in-cone fabric (B) developed in association with siderite 
cone-in-cone (S).
Well 49/25-2,8821 feet. Scale bar = 43pm. BSEI.
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PLATE 37

A. Detail of a m ixed pyrite (F) and (B) nodule and its association w ith 
authigenic kaolinite (K), ferroan dolomite (Fd) and siderite (S), m inerai 
assemblage. The minerai paragenesis is: siderite, ferroan dolomite, kaolinite, 
pyrite and barite.
Well 49/25-2,8842 feet. Scale bar = 75^an. BSEI.

B. Phyllosilicate matrix hosted subhedral/euhedral barite (B). 
Well 49/25-2,8842 feet. Scale bar = 75|im. BSEI.

C. Pyrite fram boids illustrating the uniformity of crystallite size w ithin 
individual framboids. The crystallite size of the entire assemblage is quite 
variable.
Well 44/28-2,12424 feet. Scale bar = 10pm. BSEI.

D. Framboidal pyrite (arrows) concentrated along organic rich laminae (O). The 
phyllosilicate matrix has been deformed around these framboids.
Well 49/25-2,8870 feet. Scale bar = 20pm. BSEI.
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PLATE 38

A. Nodular pyrite (F) with minor fibrous pyrite projections. 
Well K5a-3,12060 fee t Scale bar = 50|im. BSEI.

B. Detail of a authigenic kaolinite (K) occluded void within the pyrite (?) and 
barite (B) nodule from  Plate 37a; note that the pyrite has infilled the 
m icroporosity betw een kaolinite platelets. Fracturing of ferroan dolomite 
rhombs (Fd) was followed by barite cementation (arrow) which was in tum  
superseded by the authigenic kaolinite.
Well 49/25-2,8842 fee t Scale bar = 38pm. BSEI.

C. Well developed void occluding authigenic kaolinite (K) partially enclosed by 
authigenic pyrite (F).
Well 49/25-2,8842 feet. Scale bar = 15pm. BSEI.

D. Phyllosilicate matrix hosted framboidal pyrite assemblage in which the last 
stage of framboidal growth has been deformed about earlier rigid framboids 
(arrows).
Well 44/28-2,12424 feet. Scale: framboids are 15pm in diameter. BSEI.
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PLATE 39

A. Authigenic quartz (Q) coating a void space and enveloping a compacted 
detrital phyllosilicate mineral (arrow).
Well 44/22-1,11410 feet. Scale bar = 2.0pm. FEEM.

B. Authigenic quartz (Q) along the upper and lower margins of a bedding 
parallel siderite cone-in-cone horizon (S). Locally the quartz has breached the 
siderite horizon (solid arrow); this siderite horizon continues out of the bottom 
left hand corner of this Plate. (WAY-UP IS INDICATED BY THE OPEN ARROW).
Well 49/25-2, 8821 feet. Scale bar = 1mm. Thin section photomicrograph 
(XPL).

C. Fibrous authigenic quartz (Q) replacing authigenic anhydrite (solid arrow) 
within the m edial zone of siderite cone-in-cone. The location of this plate is 
marked in Figure 4.1. (WAY-UP IS INDICATED BY THE OPEN ARROW).
Well 49/25-2, 8821 feet. Scale bar = 10pm. Thin section photomicrograph 
(PPL).

D. Siderite cone-in-cone hosted neomorphic barite (B) and quartz (Q); the barite 
is in optical continuity with the siderite (solid arrow) and has a sharp contact 
with the quartz. (WAY-UP IS INDICATED BY THE OPEN ARROW).
Well 49/25-2, 8821 feet. Scale bar = 40pm. Thin section photomicrograph 
(XPL).
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PLATE 40

A. Heavily corroded and compacted (detrital?) phyllosilicate matrix. 
Well 44/22-1,11362 feet. Scale bar = 6.0pm. FEEM.

B. Fibrous and rod-like authigenic illite (I) developed between two plates of 
detrital muscovite mica (arrows).
Well 49/25-2,8842 feet. Scale bar = 2.0pm. FEEM.

C. Well developed compactional fabric illustrated by parallel strands of iron 
oxide (H) (repladve after a detrital phyllosilicate?). The area within the white 
box is presented in detail in the upper photograph.
Well K5a-4,12081 feet. Scale bar (lower photo.) = 0.38mm. BSEI.

D. Extensive phyllosilicate matrix hosted iron oxide (H) pseudomorphous after 
a ferroan (siderite?) carbonate.
Well 44/28-2,12242 feet. Scale bar = 0.38mm. BSEI.
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PLATE 41

A. Detail of the iron oxide (H) from Plate 40d, where it apparently  
pseudomorphs a ferroan (siderite?) carbonate.
Well 44/28-2,12242 feet. Scale bar = 12pm. BSEI.

B. Regular (rhombic) iron-titanium  oxide skeleton (T) associated w ith iron 
oxide (H) described in Plates 40b and 41a.
Well 44/28-2,12242 feet. Scale bar = 8.8pm. BSEI.

C. Chemical compaction of detrital quartz (Q) grains. 
Well K5a-3,13172 feet. Scale bar = 78pm. BSEI.

D. Extensive chemical compaction of detrital quartz (Q) within a silty mudrock. 
Aligned strands of authigenic iron oxide (H) and detrital micas (M) illustrate 
the effect of physical compaction.
Well 49/25-2,8873.5 feet. Scale bar = 100pm. BSEI.
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PLATE 42

A. Extensive quartz cementation within a coarse siltstone, immediately adjacent 
(separation m easured in millimetres) to the silty mudrock from Plate 41 d that is 
largely devoid of authigenic quartz.
Well 49/25-2,8873.5 feet. Scale bar = 100pm. BSEI.
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CHAPTER 5 
Isotope and Fluid Inclusion Geochemistry

5.1 Introduction
Stable isotope and fluid inclusion m icrotherm om etry data allow 

interpretations of fluid compositions in a temperature framework.
Carbon and oxygen stable isotope data were determ ined for siderite 

extracted from both sandstones and mudrocks (Table 5.1). Heavy liquids were 
only effective in the separation of siderite from sandstones containing a 
monomineralic carbonate assemblage. In samples containing a mixed carbonate 
assem blage, the ankerite, ferroan dolomite or dolom ite are intim ately 
associated with the siderite (Plate 9b and Plate 11c), preventing effective 
mineral separation even with the application of a range of heavy liquids of 
appropriate specific gravity.

A stable isotope study of the kaolin mineral and illite assemblage was 
not attem pted due to the universally mixed illite and kaolin assemblages; pure 
separates were not obtainable for any of the phyllosilicates. Furthermore, it 
would have proved impossible to isolate the various morphological variants of 
each phyllosilicate (e.g. kaolinites K1 (Plate 12a) and K2 (Plate 12c); and dickite 
(Plate 13a)) that originate from contrasting parts of the paragenetic sequence. 
Since each kaolin developed from a characteristic pore fluid chemistry, isotopic 
analyses of mixed K1 and K2 (± dickite) assemblages would have yielded 
confusing and meaningless data. This study clearly illustrates the need for a 
strong pétrographie control on the distribution of phyllosilicate minerals before 
engaging in isotope studies.

Fluid inclusion microthermometric analyses were conducted on primary 
inclusions within quartz overgrowths (Plate 43), pore occluding quartz and 
albite cements (Plate 44), and within secondary inclusions hosted in fractures 
cutting across detrital and authigenic quartz (Plate 8b); inclusion morphology is 
variable and is not related to its mode of occurrence. Fluid inclusions within 
auth igenic quartz  and albite are sparse and rarely  exceeded 10pm. 
Consequently freezing data could not be obtained for these inclusions due to 
problems in observing phase changes within them. These analyses provide the 
minimum temperature of formation from which the cements formed (from Th 
measurements); the chemistry of the fluid system from which the cements 
p recip ita ted , e.g. in terms of NaCl-CaCli- H2O (from tem perature  of
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Table 5.1. Siderite stable isotope data from the well data base. Carbonate contamination is identified as ferroan dolomite (F) or 
as ankerite (A).

WELL DEPTH (ft) UTHOLCX3Y MINERAL SEPARATION ^  ŜMOW CONTAMINATION (%)

49/25-2 8840 Mudrock Siderite cone- 
in-cone

Dentists drill -4.44 -6.62 24.08 0

8840 (r) a /a a /a a /a -5.49 -9.41 21.21 0

8842 a /a a /a a /a -5.90 -8.85 21.79 10(F)
8842 (r) a /a a /a a /a ^.60 -8.39 22.257 10(F)

8850 a /a a /a a /a -4.77 -3.62 27.22 0
8860 a /a a /a a /a -6.91 -5.78 24.95 0

........................
44/22-1 11352 Sandstone Siderite

cernent
Heavy liquid -3.48 -8.81 21.83 10(A)

11492 a /a a /a a /a -5.68 -12.06 18.477 0
11589 a /a a /a a /a -0.22 -8.93 21.69 0
11697 a /a a /a a /a -1.84 -8.99 21.64 0
11747 a /a a /a a /a -4.61 -11.76 18.79 0

11750 a /a a /a a /a -2.65 -10.29 20.31 0

11796 a /a a /a a /a -3.08 -10.25 20.35 0

K5a-3 13235 a /a a /a a /a -8.59 -6.91 23.78 10(F)

13277.5 a /a a /a a /a -11.13 -11.93 18.61 0



first ice-melting); and the salinity of these fluids expressed in weight percent 
(wt %) equivalent, for example of NaCl and CaCl].

A comparison of fluid compositions determined from eogenetic siderite 
and m esogenetic/telogenetic quartz and albite serves to illustrate the 
m odifications of fluid chem istry w ith depth. A dditionally  form ation 
tem peratures determined for siderite, quartz and albite, in association with 
bore hole tem perature data (BHT), provide reference points w ithin the 
paragenetic sequence.

5.2 Siderite Isotope Geochemistry
5.2.1 Sandstone siderite data

Siderite separates from the sandstones were analysed to determine their 
carbon and oxygen isotopic signatures. The siderite samples chosen were those 
generally free of other carbonate mineral contamination (Table 5.1).

The results from this stable isotope investigation are presented in Table 
5.1. These data are presented graphically in a plot of against

in Figure 5.1.

5.2.2 Mudrock siderite data
The millimetre siderite cone-in-cone horizons from 49/25-2 (e.g. Plate 

34c) proved to be ideal sources from which pure samples could be readily 
extracted using a dental drill and prepared for isotopic analysis. In samples
2695.04 and 2695.04 (r) there was ferroan dolomite contamination arising from 
the ferroan dolomite vein penetrating along the axis of the cone-in-cone 
horizons (Plate 29a and Plate 29b). The isotope data are tabulated in Table 5.1 
and represented graphically in Figure 5.1 in a plot of against

It was not possible to extract a sufficient volume of microspherulitic 
siderite devoid of significant carbonate contamination.

5.2.3 Siderite results -sandstone s
Seven siderite samples from sandstones in well 44/22-1 were analysed. 

From Table 5.1 and Figure 5.1 it is clear that the values are more

variable (from -0.22%o to -5.68%o) than the values (from -8.81 %o to

-11.76%o). The presence of ankerite w ithin sample 11352 has not unduly 
affected the siderite isotopic composition, with its values falling within the 
range displayed by uncontaminated siderite samples (Table 5.1).

The isolation of pure siderite separates from K5a-3 proved quite difficult; 
two samples were analysed for their oxygen isotopes (Table 5.1). Sample 4034m 
contains a 10% ferroan dolomite impurity which may have affected the isotope
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Figure 5.1. Carbonate versus compositions for all siderite analyses.



data, although similar levels of impurity within a 44/22-1 siderite (11352) had a 
negligible effect on the isotopic ratios. The siderite separated is most likely to be 
a pore occluding phase (Plate 8c) as opposed to the grain rim m ing variety 
(Plate 8b) which is tightly bound to the detrital grain by quartz and ankerite 
cements.

5.2.4 Siderite results -mudrocks
The range of values (from -4.44%o to -6.91 %o) is much more

tightly constrained than for the results (from -3.62%o to -9.41 %o).

Sample reproducibility is reasonable for 2695.04m (Table 5.1) but much less so 
for sample 2694.43m (Table 5.1).

5.3 Discussion of Stable Isotope Results
5.3.1 General

The conditions and constraints determined from the stable isotopes data 
for siderite are now discussed. In Chapter 6 these data are discussed in terms of 
the overall pattern  of diagenesis, pore fluid evolution and the effects on 
reservoir quality.

Stable isotopes can be used to determine palaeotemperature an d /o r pore 
fluid compositions, provided that the following assumptions are correct: (i) that 
equilibrium fractionation factors between the mineral and water are known; (ii) 
that isotope equilibrium is maintained during mineral formation; and (iii) that 
post-crystallisation isotopic exchange has not occurred. The validity of these 
assumptions varies according to the isotope (e.g. O or C) and the mineral under 
consideration. Recent work by Spiro et al (1993) suggested that in the case of 
eogenetic siderite, equilibrium  fractionation cannot always be inferred. 
Equilibration fractionation factors for oxygen are discussed by Longstaffe 
(1989) and references therein.

Isotopic exchange between minerals and pore fluids is a function of 
tem perature, grain size and mineralogy; for e.g. carbonates are more 
susceptible to oxygen isotope exchange than quartz. Oxygen isotope exchange 
is potentially more significant for finer grained mineral particles because of 
their relatively large surface areas. Longstaffe (1989) and references therein 
presented a detailed discussion of the above controls on isotope exchange.

Stable isotope analyses are potentially a useful technique for estimating 
paleaotemperatures and characterising the nature of the pore fluids from which 
discrete authigenic minerals developed, providing that the constraints on their 
use and interpretation are fully understood.
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5.3.2 Discussion o f oxygen isotope results
There is a marked contrast in the distribution of values between

the mudrocks (well 49/25-2) and sandstones (well 44/22-1), Figure 5.1. The 
values determ ined for the siderites from 44/22-1 sandstones are

restricted between -8.81 %o and -11.76%o. In contrast the for the 49/25-2

m udrocks have a broader range, between -3.62%o and -9.41 %o. These 
isotopically light values suggest either siderite precipitation from fluids with an 
elevated temperature or from meteoric fluids (Hudson, 1977). Petrographically 
these siderites are early and developed within terrestrial sediments, i.e. within 
a meteoric water environment. The narrow range of Ŝ ^Ô p̂ p.̂  values for the

siderite from 44/22-1 sandstones indicate a formation fluid of more restricted 
composition and temperature variability compared to the fluids from which the 
49/25-2 (mudrock) siderites originated. The restricted isotope data available for 
the K5a-3 sandstones show results similar to those described above for siderite 
from a similar pétrographie environment. It is therefore only possible to 
conclude that the siderite cements in general precip ita ted  from  low 
temperature meteoric fluids.

The pore fluid composition an d /o r fluid temperature were determined 
from the equation that describes the oxygen- isotope fractionation between 
siderite and water:

3.13x10' -3.50 Spiro et al (1993)

where T is temperature in degrees Kelvin. It should be noted that this equation 
refers to pure siderite (FeCOg), the fractionation factor for m agnesium  rich 
siderite such as those reported for this study has not been determined. In the 
presence of Mg the fractionation should shift in the direction of the magnesite 
(MgCOa) end member since the ionic radius of Mg2+ < Fe2+ (0.72 versus 0.78); 
the magnesite-water fractionation should therefore be greater than that for 
siderite-w ater (there is an inverse relationship between ionic radius and 
fractionation) (Mozley and Carothers, 1994). Considering the slight difference 
in ionic radii of the cations, displacement of the fractionation value should be 
minimal.

Using the above equation the oxygen-isotope water composition has 
been plotted against temperature for the extreme values of à̂ ^Ô p̂ p̂  displayed

by the 44/22-1, K5a-3 and 49/25-2 siderites (Figures 5.2, 5.3 and 5.4 
respectively). Assuming a Carboniferous meteoric fluid composition of -7%o 
(SMOW) (A.E. Fallick pers. comm.) then the pore occluding siderite cements
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from 44/22-1 and K5a-3 sandstones developed over a temperature ranges of 
45°C to 60°C and 35°C to 60°C respectively (Figures 5.2 and 5.3). A similar 
approach for the siderites from 49/25-2 mudrocks yielded a temperature range 
of 2QOC to 45°C (Figure 5.4). Clearly these temperatures are consistent with the 
precipitation of siderite during eogenesis, as suggested by the petrography. It is 
unlikely that the Mg-rich siderite compositions could account for this 
discrepancy (see above).

It is also possible that these eogenetic siderites re-equilibrated with 
evolved basinal fluids during burial diagenesis. Assuming that the siderites 
from 44/22-1, K5a-3 and 49/25-2 re-equilibrated with a deep basinal brine with, 
for example, a composition of +5%o (SMOW) then the revised temperatures of 
formation are 120°C to 160°C, llO^C to 160°C and 80°C to 13CPC respectively. 
These tem peratures are likely to represent the upper limits of tem peratures 
attained by these sediments in their respective wells.

5.3.3 Discussion o f carbon isotope results
Carbon isotope values characterise the source of the bicarbonate ( HCO^) 

responsible for the carbonate cem entation event(s) since a series of 
characteristic depth dependent CO2 reactions have been identified with 
associated characteristic signatures (Figure 5.5).

From Figure 5.5 it is clear that the data fall between values

characteristic for abiotic reactions (CO2 derived from the organic maturation 
and  de-gassing of more deeply buried sediments) and bacterial fermentation. 
Mixing of CO2 derived from these two sources dominated the carbon isotopic 
signature for these siderites. The association of trace abundances of sulphide 
w ith  the siderite indicates that bacterial sulphate reduction m ade a minor 
contribution towards the carbon isotope signature.

5.4 Fluid Inclusion Microthermometry
5.4.1 General

Fluid inclusions were mostly confined to authigenic quartz  w ith 
occasional bu t significant numbers also observed w ithin authigenic albite. 
O ther authigenic minerals were essentially devoid of fluid inclusions. Typically 
flu id  indusions are 5pm to 10pm, mostly solitary and widely dispersed; of the 
25 wafers investigated (6 from 44/28-2; 10 from 44/22-1 and 9 from K5a-3) only 
5 (2 from 44/22-1, 1 from K5a-3 and 2 from 44/28-2) contained measurable 
inclusions. The results from this microthermometric investigation are presented 
in Tables 5.2,5.3,5.4 and 5.5.
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It was possible to measure Th for the vast majority of fluid inclusions; 
freezing data are much more sparse due to practical difficulties in the accurate 
recognition of phase changes in small inclusions.

Pressure corrections have not been applied to the Th data since there are 
no independent data on the trapping pressures. The Th tem perature range 
indicated by these inclusions fall within the zone of peak methane generation; 
the presence of methane within the inclusions would reduce the difference 
between Th and the trapping temperature (Ft) i.e. recorded values of Th will 
closely approximate to the trapping conditions (Guscott and Burley, in press). 
The Th data in this study are regarded as the minimum trapping temperatures.

5.4.2 Quartz results
The results of the analyses from quartz hosted fluid inclusions are 

presented in Tables 5.2, 5.3, 5.4 and 5.5. Typical fluid inclusions were -5  to 
10pm, exceptionally they approached 15pm. Inclusion morphology was mostly 
rounded and regular (Plate 43) with occasional irregular and negative crystal 
geometries. The fluid inclusions were two phase (liquid + vapour) and devoid 
of liquid hydrocarbons i.e. they did not fluoresce in ultraviolet light.

The range of Th values for the fracture, overgrowth and pore occluding 
quartz inclusions in 44/22-1 overlap (Figure 5.6) and range from IIO^C to 
165°C; mean tem peratures for these inclusion populations were 117.5°C, 
120.40c  and 143.30c  respectively. Homogenisation tem peratures in fracture 
and quartz overgrowth hosted inclusions from K5a-3 range from 114.9^0 to 
I 470C (Figure 5.7). These are approximately coincident with the range defined 
for quartz hosted inclusions in 44/22-1 with their m ean hom ogenisation 
temperatures of 125.6°C and 127.4®C respectively. Measurable fluid inclusions 
were particularly sparse in 44/28-2 which is reflected in the low number of 
inclusion data presented in Table 5.5 and Figure 5.8. The distribution of Th data 
from quartz overgrowth hosted fluid inclusions from 44/28-2 (Figure 5.8) are 
closely coincident with the lower temperature values determined from 44/22-1 
inclusions hosted in quartz overgrowths (Figure 5.6). These essentially pre-date 
quartz authigenesis in K5a-3 (Figure 5.7). Additionally, Th data determined 
from 44/28-2 and 44/22-1 pore occluding quartz share a similar temperature 
distribution (Figures 5.8 and 5.6 respectively). It was not necessary to apply 
calibration corrections (Appendix 2) to the Th data determined from this study: 
a temperature correction of a fraction of one degree Celsius applies for a range 
of Th values from 100-150°C.

Freezing data for inclusions from samples in wells 44/22-1,44/28-2 and 
K5a-3 are reported in Tables 5.2,5.3,5.4 and 5.5. A reliable interpretation of the 
freezing data is generally not available for these data due to difficulties in
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Table 5.2. Fluid inclusion data from a depth of 11980 feet in well 44/22-1. Table 
headings are described in the text. The abbreviations used are: Q (quartz), Ab 
(albite), Qo (quartz overgrowth), pore (pore occluding) and n.s. (not seen). Repeat 
measurements are in parentheses.

Well Sample depth 
(feet)

Inclusion
host Tmf (OC) Tmi (OC) Thm (oc) Th(oC)

4 4 ^ 4 ... , 11980 A b pore -58.6 (-58.6) -24.1 (-26.0) -0.3 125.5

A b pore -73.1 -24.9 +6.1 124.7

A b pore -69.9 -25.0 -0.4 126.7

A b pore -69.9 -24.7 -0.4 122.8
A b pore -57.2 -23.6 +10.5 150

A b pore n.s. -24.1 -1.7 117.1

A b pore n.s. n.s. n.s. 112.3 (1122)

A b pore n.s. n.s. n.s. 121 (120.6)

A b pore n.s. n.s. n.s. 104.1

A b pore n.s. n.s. n.s. 109.4

A b pore n.s. n.s. n.s. 109.8

A b pore n.s. n.s. n.s. 113.2 (1129)

A b pore n.s. n.s. n.s. 123.8

A b pore n.s. -20.1  ̂ -1.6 103.1

A b pore n.s. -20.2 -2.0 100.1

A b pore n.s. -19.3 -2.0 102.3

A b fracture -52.8 -22.1 +8.3 136.1

A b fracture -54.6 -22.2 +0.1 146.6

A b fracture n.s. -22.1 +5.6 130.0

Q pore n.s. n.s. n.s. 151.9

Q pore n.s. n.s. n.s. 151.9

Q pore n.s. n.s. n.s. 149.7

Q pore n.s. n.s. n.s. 149.8

Q pore n.s. n.s. n.s. 150.4

Q pore n.s. n.s. n.s. 149.4

Q pore -48.5 -15.0 n.s. 163.6

Qpore -47.9 -17.3 n.s. 147.9

Q pore -48.8 -22.1 n.s. 115.2

Q pore ^9.4 -20.0 n.s. 127.1 (127.9)

Q pore n.s. n.s. n.s. 119.7

Qpore -53.3 -22.5 (-21.8) n.s. n.s.

Qo n.s. n.s. n.s. 125.9

Qo -58.0 -22.4 +2.8 127.9 (127.7)

Qo n.s. n.s. n.s. 121.8

Qo n.s. n.s. n.s. 107.9

Qo n.s. n.s. n.s. 109.9



Table 5.3. Fluid inclusion data from a depth of 11940 feet in 44/22-1. Table 
headings are described in the text. The abbreviations used are: Q (quartz), Ab 
(albite), Qo (quartz overgrowth), pore (pore occluding) and n.s. (not seen). Repeat 
measurements are in parentheses.

Well Sample depth 
(feet)

Inclusion
host Tmf (OC) Tmi (OC) Thm(oC) Th(oC)

U / Z S r l 11940 A b cleavage n.s. -22.4 n.s. 125.0

A b cleavage -58.3 (-50.9) -21.8 +0.9 115.5 (115.6)

Q fracture -72.8 -23.4 n.s. 124.1

Q fracture -44.7 (-43.0) -23.1 (-23.2) n.s. 120.8 (120.3)

Q fracture -58.9 n.s. n.s. 116.2

Q fracture -58.9 n.s. n.s. 116.2

Q fracture n.s. -21.5 +24 119.4

Q fracture n.s. n.s. n.s. 108.1 (108.4)

Qo -70.1 (AS) -23.5 n.s. 129.0

Qo -50.9 -21.8 -0.4 108.4 (108.0)

Qo n.s. n.s. n.s. 110.4 (110.2)

Qo n.s. n.s. n.s. 110.4

Qo n.s. n.s. n.s. 124.4 (124.7)

Qo n.s. n.s. n.s. 128.0

Qo n.s. n.s. n.s. 110.8 (104.4)

Qo n.s. n.s. n.s. 129.9 (129.8)

Qo n.s. -22.3 (-23.8) n.s. 123.6

Qo n.s. -20.4 (-24.1) n.s. 125.3

Qo n.s. -23.1 n.s. 124.2

Qo n.s. n.s. n.s. 121.0

Qo n.s. n.s. n.s. 115.2

Qo n.s. n.s. n.s. 121.0

Qo n.s. n.s. n.s. 126.3

Qo n.s. n.s. n.s. 130.0



Table 5.4. Fluid inclusion data from 12225 and 12278 feet in 44/28-2. Table 
headings are described in the text. The abbreviations used are: Q (quartz), Ab 
(albite), Qo (quartz overgrowth), pore (pore occluding) and n.s. (not seen).

Well Sample depth 
(feet)

Inclusion
host Tmf (OC) Tmi (OC) Thm(oc) Th(oc)

12225 Qo n.s. n.s. n.s. 124.2

Qo n.s. n.s. n.s. 112.7

Qo n.s. n.s. n.s. 111.7

Qo n.s. n.s. n.s. 111.0

Qo n.s. n.s. n.s. 110.8

Qpore n.s. n.s. n.s. 126.1

Well Sample depth 
(feet)

Inclusion
host Tmf (OC) Tmi (OC) Thm(oc) Th(oc)

I # # # # 12278 Qo n.s. -19.1 n.s. 112.4

Qo -55.5 -19.2 n.s. 118.3

Qo -55.2 -21.2 n.s. n.s.

Qo -56.9 -21.1 n.s. 107.3

Qo -54.3 -20.8 n.s. 108.7

Qpore n.s. +0.2 n.s. 149.6

Qpore n.s. -0.1 n.s. 151.2

Qpore n.s. +3.5 n.s. 150.3



Table 5.5. Fluid inclusion data from a depth of 13241 feet in well 
K5a-3. Table headings are described in the text. The abbreviations 
used are: Q (quartz), Q o (quartz overgrowth), pore (pore 
occluding) and n.s. (not seen). Repeat measurements are in 
parentheses.

Well Sample depth 
(feet)

Inclusion
host Tmi (OC) Th(OC)

13241 Q  fracture n.s. 131.8

Q  fracture +0.4 133.8

Q  fracture +3.1 129.0

Q  fracture +4.7 118.0

Q  fracture +3.0 127.0

Q  fracture +0.7 127.0

Q  fracture n.s. 114.9

Q  fracture n.s. 123.0

Qo n.s. 124.0

Qo n.s. 147.0

Qo n.s. 126.0

Qo n.s. 127.0

Qo n.s. 136.0

Qo n.s. 136.0

Qo n.s. 135.0

Qo n.s. 134.0

Qo n.s. 121.7

Qo n.s. 113.3

Qo n.s. 116.0

Qo +1.0 128

Qo n.s. 116.0

Qo n.s. 130.6 (130.3)

Qo n.s. 130.3 (130.0)

Qo n.s. 134.0 (133.2)

Qo n.s. 120.1

Qo +3.6 127.0

Qo +4.9 127.5

Qo n.s. 122.7

Qo n.s. 122.7
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accurately observing the phase changes, and which was ultimately responsible 
for the small size of the data set. Furthermore some freezing data defined 
subsolidus eutectics and not the true eutectic (Figure 5.9); first melting 
temperatures significantly below -55^C are most likely to be sub-solidus 
eutectics and are therefore not relevant. Discarding these data, the various 
inclusion assemblages in 44/22-1 yielded the following freezing data:

Table 5.6. Summary (edited from Tables 5.2 and 5.3) freezing data from 
well 44/22-1. Numbers in parentheses are the number of data.

44/22-1 Inclusion host Range of Tfm (QQ mean Tfm (OQ

Pore occluding quartz

Quartz overgrowth

Quartz-fracture

-53.3 to -47.9

-50.9 to -48

-44.7

-49.6 (n=5)

-49.5 (n=2)

-44.7 (n=l)

A comparison of the above pore occluding and quartz overgrowth data 
with experimentally determined information for salt-water systems e.g. 
Shepherd et al (1985) suggests that H20-CaCl2, H20-MgCl2-CaCl2, F120-KC1- 
CaCl2 or H20-NaCl-CaCl2 systems may be present in the quartz hosted 
inclusions. It would no^sensible to ascribe a salt-water composition to the 
quartz-fracture hosted inclusions on the basis of one analysis. Assuming a 
relatively simple H2O-NaCl-CaCl2 system, the data from quartz overgrowths 
allow equivalent salinity values to be calculated. The values Tmi -21.8^C; Thm 
-0.3°C yielded a fluid composition of 24wt% NaCl and 2wt% CaCl2 equivalents 
(Vanko et al, 1988). These data suggest salinities of approximately ten times 
that of sea water. The very low temperatures (-100^0 at which all the quartz 
hosted inclusions froze on initial cooling is a further indication of very saline 
fluids in all of the inclusions. Robinson et al (1992) (their Figure 4b) reported a 
similar distribution of last ice-melting data for the Westphalian. For inclusions 
where hydrohalite melting was not determined due to problems in observing 
the phase change, only the ratio of the NaCl to CaCl2 solutes can be determined 
(Vanko et al, 1988); this approach suggests that quartz hosted inclusions in this 
well developed from a fluid in which NaCl comprised 75% of the solute (and 
CaCl2 25% ).

First ice melting was not observed in the quartz hosted inclusions in 
K5a-3. Last ice melting was metastable and the vapour phase nucleated 
instantaneously at temperatures above zero (Table 5.5), with mean values of 
+3.20C and +2.40C for quartz overgrowth and fracture hosted inclusions
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respectively. This metastability is an indication of low salinity brines. These 
inclusions commonly froze at approxim ately -SO^C suggesting a brine 
considerably less saline than that determined for inclusions in 44/22-1.

The first melting data identified for all of the quartz overgrowth hosted 
inclusions in 44/28-2 display metastable eutectics (Table 5.4), precluding an 
assessm ent of pore fluid chemistry. Quartz overgrow th hosted inclusion 
assemblages consistently froze between -SO^C to -lOO^C with first ice melting 
data (Table 5.4) indicating a very saline brine (approximately ten times sea
water). The relative percentages of NaCl and CaCl2 solutes were determined 
for the inclusions where Tmi data were available, using Vanko et al (1988); this 
approach suggests that quartz hosted inclusions in this well developed from a 
fluid in which NaCl comprises -75% of the solute and CaCl2 the remaining 
25%. In contrast the inclusions hosted by pore occluding quartz in samples 
from 44/28-2 typically froze down at -30 to -40°C and are metastable, whereby 
the vapour phase nucleated instantaneously between -0.8 ®C and +3.5^C; these 
data would suggest a low salinity brine (not quantifiable) similar to that found 
in samples from K5a-3.

The homogenisation data described from the widely dispersed quartz 
hosted assemblages are thought to be representative of the total quartz hosted 
inclusion assemblage. Further analyses of the freezing data would be necessary 
to establish the validity of these initial interpretations.

5.4.3 Albite results
The results of fluid inclusion analyses from albite hosted fluid inclusions 

in 44/22-1 are presented in Tables 5.2 and 5.3. The Th data for the fracture 
(including cleavage hosted inclusions) and pore occluding albite hosted 
inclusions overlap, ranging from lOO.l^C to 150®C. Mean Th values are 130.6°C 
and I I 6.70C respectively. Typical fluid inclusions are approxim ately 10pm, 
occasionally approaching 20pm. Inclusion m orphology was considerably 
varied w ith a relatively large proportion of irregular geometries (Plate 44). 
Fluid inclusion populations were two phase (liquid + vapour) and devoid of 
liquid hydrocarbons i.e. they did not fluoresce in ultraviolet light.

Interpretation of the freezing data is ambiguous given the general 
paucity of data (Tables 5.2 and 5.3). Subsolidus eutectics (Figure 5.9) have been 
identified in these data rendering the Tfm data for pore occluding albite 
unusable. Fracture hosted inclusions have a mean first melting temperature of 
-53.70c  (n=2), very close to the experimentally defined eutectic of the H 2O- 
CaCl2-NaCl system (Shepherd et al, 1985). Approximate brine compositions 
based on the last ice and hydrohalite melting data, determined from (Vanko et 
al, 1988) yielded the following compositions:
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T able 5.7. Summary brine compositions determ ined for albite hosted 
inclusions in samples from 44/22-1 (Edited from Table 5.2).

44/22-1 

11980 feet
Inclusion

host
Tmi (OC) Thm(oC)

Equivalent 
wt% CaCli

Equivalent 
wt% NaCl

Ab pore -25.0 -0.4 7 20

Ab pore -24.1 -0.3 7 20
Ab pore -24.7 -0.4 7 20
Ab pore -24.1 -1.7 5 22

Ab fracture -22.2 +0.1 1 25

These total salinities are similar to those determ ined for the quartz 
hosted inclusions in the same well, again suggesting fluids of approximately 
ten times the salinity of sea water. The remainder of the albite hosted inclusions 
consistently froze at approximately 100°C confirming the generally high 
salinity of all these albite hosted inclusions. For inclusions where hydrohalite 
melting was not determined, the relative percentages of NaCl and CaCl] can be 
determ ined (Vanko et al, 1988). This approach suggests that albite hosted 
inclusions in this well developed from a fluid in which NaCl comprises -70% 
of the solute and CaCh the remaining 30%,

The homogenisation data described from the widely dispersed albite 
hosted assemblages are thought to be representative of the total albite hosted 
inclusion assemblage.

5.5 Discussion of Fluid Inclusion Results
5.5.1 General

Q uartz hosted fluid inclusions have been assum ed to have resisted 
resetting by tem peratures and pressures represented by diagenetic systems 
(Robinson et al, 1991). The reliability of microthermometric data from quartz 
hosted inclusions has recently been questioned by Osborne and Haszeldine 
(1993). The small inclusion size reported for quartz hosted inclusions in this 
study  and their m ostly regular geom etry reduces the probability  of 
deformation. Furthermore very saline fluids data are more compressible than 
less saline fluids therefore reducing internal overpressure and hence the 
probability of inclusion deformation, usually by decrepitation (as opposed to 
stretching in inclusions containing low salinity brines) (Osborne and 
Haszeldine, 1993).

271



The effectiveness of high salinity brines in suppressing inclusion 
deformation is partially offset by their potentially corrosive nature towards the 
quartz. Hall and Wheeler, (1992) demonstrated that for two similar quartz 
hosted inclusions, one containing pure water and the other 25wt% NaCl brine 
the internal overpressures required to initiate inclusion stretching were 3.4Kb 
and 3.0Kb respectively. The effectiveness of structures (fractures and micro
structures) w ithin quartz overgrowths (Plates 2 and Plate 4) in increasing 
inclusion susceptibility to stretching are unknown.

A m ostly consistent liquid to vapour ratio (L:V) (determ ined 
qualitatively  by optical inspection) precludes inclusion resetting  by 
decrepitation and stretching.

The quartz (and albite) cements developed during a period of intense 
methane generation: if the methane was incorporated into the inclusions during 
form ation, then the Th values should closely resem ble the trapping  
tem perature and eliminate the need for a pressure correction (J. Wilkinson, 
Pers. Comm.).

5.5.2 Discussion o f heating data.
Hom ogenisation data from 44/22-1 quartz overgrow ths have an 

embryonic bimodal distribution (Figure 5.6), perhaps reflecting the dual 
composite nature of quartz overgrowths (Plate 2 and Plate 3). Similarly, the 
unimodal distribution of Th data from K5a-3 inclusions (Figure 5.7) may be 
related to the apparently single stage overgrowth development observed in 
SEM-CL images. Without SEM-CL data for 44/28-2, it is impossible to relate the 
unim odal distribution of Th data (Figure 5.8) to their quartz overgrowth 
structure.

The presence of a well defined cleavage in albite and the less regular 
inclusion geometry will have increased the probability of inclusion resetting. A 
seemingly consistent L:V ratio would suggest that the albite hosted inclusions 
have not re-equilibrated.

5.5.3 Discussion o f freezing data.
A significant distribution in the salinity of the various inclusion hosts in 

44/22-1 is revealed by Figure 5.10. Albite hosted inclusions record two discrete 
populations: the higher temperature assemblage has a significantly more saline 
pore fluid composition (Figure 5.10).

Quartz overgrowth hosted inclusions indicate fluid salinities similar to 
that defined by the two pore occluding albite populations (Figure 5.10) over a 
similar tem perature range. Pore occluding albite and quartz overgrowths 
therefore appear to have developed from the same parent fluid.
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The pore occluding quartz hosted inclusions defines a curve in Tmi-Th 
space (Figure 5.10) which defines a progressive decrease in salinity with 
increasing temperature. A decrease in fluid salinity with progressive diagenesis 
may indicate an influx of less saline fluids. This apparent linear development of 
Tmi with Th for pore occluding quartz should be treated w ith caution 
considering the low number of data. A similar degree of caution should be 
applied to the interpretation of the fractured albite hosted and pore occluding 
albite hosted inclusions which also apparently define curves (Figure 5.10). In 
contrast with the data for pore occluding quartz, these albite hosted inclusions 
document an increase in salinity with increasing temperature of formation; this 
trend is consistent with an open system that was re-charged with progressively 
more saline fluids. It is interesting to note that the paragenetic sequence: pore 
occluding albite- fractured albite- pore occluding quartz sequence documents a 
progressive reversal of increasing salinity with increasing temperature (Figure 
5.10, curves 1,2 and 3 respectively).

The distribution of fracture hosted inclusions within quartz is poorly 
defined (Figure 5.10). Freezing data from pore occluding quartz in 44/28-2 are 
insufficient for the determination of salinity trends with respect to Th (Figure 
5.11). The rem aining freezing data from 44/28-2 fluid inclusions (i.e. the 
inclusions w ith Th > 149°C) (Table 5.4) and those from K5a-3 (Table 5.5) 
yielded minor negative to positive Tmi values that are consistent with inclusion 
metastability. A common cause of inclusion metastability is the presence of low 
salinity fluids (the salinity cannot be estimated). Basin m argin fault zones 
a n d /o r  de-w atering of overpressured low salinity fluids from  adjacent 
mudrocks are considered as possible sources of such low salinity fluids. These 
processes are discussed in section 6.23.
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PLATE 43

TOP. Irregular fluid inclusion geometry for quartz overgrow th hosted 
inclusions.
Well 44/22-1, 11940 feet.Scale bar = 7p.m. Thin section photom icrograph 
(PPL).

BOTTOM. Authigenic quartz (Q) within a 'cracked' fluid inclusion hosted 
within a quartz overgrowth; the margins of the inclusion are indicated by solid 
arrows. This inclusion was observed on a freshly fractured sandstone surface. 
Well 44/22-1,11940 feet. Scale bar = 7.5pm. SEI.

276



PLATE 43

1

L

/



PLATE 44

TOP. Regular geometry of an authigenic albite hosted fluid inclusion.
Well 44/22-1, 11980 feet.Scale bar = 7|im. Thin section photom icrograph 
(PPL).

BOTTOM. An authigenic potassium alumino-silicate daughter mineral (solid 
arrow) within a 'cracked' fluid inclusion hosted within authigenic albite. Note 
how the inclusion geometry is controlled by the albite cleavage (open arrows). 
This inclusion was observed on a freshly fractured sandstone surface.
Well 44/22-1,11980 feet. Scale bar = 6.0pm. SEI.
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CHAPTER 6 
Reservoir Evolution and Evaluation

6.1 Introduction
The diagenetic evolution of the Westphalian sediments described above, 

are presented in this chapter. Modes of formation for the various diagenetic 
components are considered that most suitably complement the pétrographie 
and geochemical data base established in the preceding chapters. Additionally, 
the effects of chemical reactions within the mudrocks in mediating sandstone 
diagenesis, during both during eogenesis and mesogenesis, will be addressed. 
Similarly, the contributions of hypersaline brines, meteoric water and ’connate- 
meteoric' water to reservoir evolution will be discussed. Finally, all these data 
are combined to provide a practical model for the identification of potential 
reservoirs.

6.2 Burial History of the W estphalian
The burial history of block 44/22 has been investigated by Burley et al 

(1990) using data from wells 44/22-1,44/22-4 and 44/22-6z; their burial history 
model is presented in Figure 6.1. Data required to generate the burial history 
curve include: depths of the major Formation tops and their ages. Formation 
lithologies, probable water depth during deposition, geothermal gradients, 
surface temperatures, kerogen maturity (vitrinite reflectance for their study) 
and the thickness of sediments removed at erosional surfaces. The position of 
the gas window was determined from the measured vitrinite reflectance data.

Two fundam ental problems have influenced the accuracy of burial 
history modelling of Westphalian sequences: (i) the Carboniferous has a poorly 
defined biostratigraphy; and (ii) the thickness of material rem oved at the 
Saalian and Kimmerian unconformities are not accurately defined. The absence 
of these data for wells 44/28-2, K5a-3, K5a-4 and 49/25-2 precluded the 
reconstruction of geologically meaningful burial histories. Instead, Figure 6.1 
has been adopted as a general representation for the burial history of the 
W estphalian in the wells that comprise this data base. It is clearly understood 
that the magnitude of end Carboniferous and Kimmerian inversion events will 
vary, as will the maximum burial.

Figure 6.1 illustrates the initial deposition of Westphalian sediments in a 
rapidly subsiding basin; this rapid subsidence continued until the end of the 
Carboniferous when basin inversion initiated a reverse in this trend.

281



CARB. iPERM.jTRIAS., JURASSIC , CRETACEOUS , TERTIARY

2000-

4000-

6000-

8000-

Q 10000-

12000 -

120 '

14000-

Main gas 
generating window

16000-

THERMAL RELAXATION18000- EXTENSION

SILESIAN 
BURIAL CYCLE

MESOZOIC BURIAL CYCLE

Figure 6.1 Burial history curve for Carboniferous sediments in 
block 44/22, from Burley et al (1990).



attaining maximum basinal elevation by the end of the Permian. A prolonged 
period of rapid burial immediately ensued, initiated by North Sea rifting at the 
end of the Permian, taking the sediments down to a maximum burial of 14000 ft 
during the upper Jurassic. Thermal relaxation of the basin initiated a second 
period of basin inversion; the inversion profile is very steep and it seems 
unlikely that thermal relaxation can solely account for this (an error in the basin 
modelling may be the cause since there is no obvious large scale compressional 
tectonism at the end of the Jurassic in the southern Gas Basin).During the burial 
cycle, W estphalian sediments resided in the gas window for a maximum period 
of 60 Ma. The Middle Cretaceous was a period of non-deposition/erosion 
w here the sedim ents rem ained at a constant tem perature of 80°C for 
approxim ately 25 Ma, after which the basin began to gradually subside in 
response to the accumulation of vast thicknesses of Upper Cretaceous/Tertiary 
sediments.

6.3 Diagenetic Assemblages and Processes
The processes responsible for the observed sequence of diagenetic events 

w ithin  the sandstones and m udrocks are discussed below. Diagenetic 
components present in both the sandstones and mudrocks are described first.

6.4 Dolomite
Pre-compactional dolomite is most commonly observed in trace amounts 

w ithin sandstones from K5a-3 and 44/28-2, and in mudrocks from K5a-3 and 
K5a-4. Dolomite cementation is locally significant in 44/22-1 sandstones (up to 
30% of the rock by volume) w ithin a -40 ft zone below  the Saalian 
Unconformity. Dolomite is usually closely associated with ferroan dolomite 
a n d /o r  calcite within the mudrocks (Plate 25a, Plate 26c, Plate 27b and Plate 
33a) and is always present to the exclusion of pyrite. In their study of eogenetic 
carbonate cements from a range of depositional environments, Matsumoto and 
lijima (1981) documented the characteristic association of calcite and dolomite 
cem ents w ith  m arine and brackish w ater sedim ents. A lthough these 
Westphalian sediments developed within a dominantly non-marine continental 
m argin succession, it is quite probable that transgressive m arine/brackish 
conditions occasionally prevailed. The mixing of these end-member pore fluid 
compositions (marine and meteoric) could generate sequences/assemblages of 
eogenetic carbonate cements that obscure the distinct character of the cement 
sequences recognised by M atsumoto and lijima (1981). The m ixing of 
chemically distinct pore fluids during eogenesis and its effect on carbonate 
cementation is discussed by Curtis and Coleman (1986).
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From pétrographie evidence it is clear that the eogenesis in the majority 
of W estphalian sediments was mediated by meteoric pore fluids. The onset of 
microbially m ediated methanogenic reactions was therefore displaced to 
shallower levels and 'replaced' the sulphate reducing zone. A general reaction 
for the generation of bicarbonate, for the eogenetic dolomite (and eogenetic 
carbonates in general), within the methanogenic zone is expressed below:

2CH2O + H 2O ^  HCO3 + CH4 + H+ (Curtis et al, 1986)

For the occasional horizons where it is suspected that the eogenetic pore fluid 
chemistry has been modified by m arine/brackish fluids, sulphate reduction 
(almost entirely to H 2S) proceeded as follows:

s o l '  + 2CH2O -> HS" + 2HCO3 + H+ (Curtis and Coleman, 1986)

(H++HS--^H2S)

In the absence of Fe^^these reactions will promote supersaturation of non- 
ferroan carbonates (subject to availability of Mg^^ and Ca^^) within the pore 
fluids. The non-ferroan carbonates within these W estphalian sedim ents 
obviously pre-dated the build up of Fe^  ̂ (most likely by the progressive 
reduction of detrital Fe^  ̂ or was perhaps introduced by migrating pore fluids) 
responsible for the subsequent precipitation of siderite (see section 6.7).

Stratigraphically and paragenetically restricted, relatively intensive 
dolomite cementation within mudrock sequences (e.g. in K5a-4) (Plate 26b, 
Plate 26c and Plate 27a) suggests a local and finite source of Mg^^ and Ca^^ 
such as a m inor brackish/m arine incursion. In contrast the position of 
nucléation sites, within the mudrocks, for the development of disseminated 
dolomite (Plate 33a) was controlled by the breakdow n/rem obilisation of 
unstable Ca-Mg rich detrital components by meteoric pore fluids, such as 
detrital carbonates and hydrated oxides/ organo-metal complexes.

The development of precompactional (commonly poikilotopic) dolomite 
cem ents w ith in  W estphalian sandstones associated w ith  the Saalian 
Unconformity in well 44/22-1 (and not in well 44/28-2 where sandstones also 
directly subcrop the Saalian Unconformity) appears to be the mineralogy of the 
overlying Permian Silverpit Formation (playa lake sediments). Evaporites are 
m uch more abundant within the lowermost stratigraphy of the Silverpit 
Formation within well 44/22-1 than in 44/28-2 (based on core description data)
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and are a potentially significant source of Mg^^ and Ca^^. It is also possible 
that meteoric fluids charged with Mg^^ and Ca^^, leached from soil profiles 
(Curtis and Coleman, 1986), permeated this unconformity zone during basin 
inversion at the end of the Carboniferous and initiated/contributed to the 
dolomite cementation.

The distribution of dolomite cemented sandstones associated with the 
Saalian Unconformity can also be related to the stratigraphy of the host 
W estphalian sediments. Westphalian C /D  sediments from well 44/28-2 that 
subcrop the Saalian Unconformity (to a depth of -500 ft) have been affected by 
both penetrative syn-sedimentary weathering and penetrative oxidising fluids 
related to the development of the sub-Permian unconformity. Both these 
oxidation events depleted the reserves of organic matter available to sustain 
methanogenesis (Equation 6.4a), possibly delaying the onset of significant 
HCO3 generation and ultimately reduced the rate/volum e of HCO3 generated. 
Equivalent unconformity related sediments from well 44/22-1 are Westphalian 
B which remained free from penetrative oxidising fluids during eodiagenesis.

6.5 Pyrite
Eogenetic pyrite is most commonly observed as framboids within the 

mudrocks from 49/25-2 and 44/28-2 (Plate 37c) where they rarely exceed trace 
abundance. Nodular pyrite (Plate 38b) and pyrite associated w ith biological 
structures (Plate 31a) are also similarly restricted in abundance. K5a-4 
mudrocks are devoid of pyrite. Sandstone hosted pyrite is confined to samples 
from 49/25-2 where it was very occasionally observed occluding secondary 
pore spaces.

Fram boidal pyrite is typically associated w ith bacterial sulphate 
reduction during the initial 30 ft of burial. Elimination of oxygen from the pore 
waters by respiratory micro-organisms is essential before bacterial sulphate 
reduction can be initiated: a source of SOj“ is also required. Further constraints 
on the formation of sedimentary pyrite are reviewed by Berner (1984) and are 
briefly described below.

Pyrite formation within non-marine sequences is controlled by the 
availability of dissolved SO4"; the low concentrations of SOj" associated with 
non-m arine sediments severely limits the formation of pyrite. All available 
SO4" is reduced by organic matter (abundant within Westphalian mudrocks) to 

yield hydrogen sulphide:

2CH2O + SO4- -> H 2S + 2HCO; Equation 6.5a.
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This hydrogen sulphide reacts with the Fe 2+ generated from Equation 6.5b to 
form metastable iron monosulphide (FeS) which transform to pyrite during 
diagenesis (Equation 6.5c). Formation of the iron monosulphide is kinetically 
favoured over the formation of the thermodynamically stable pyrite; Pyrite 
appears only to precipitate directly if the pore water is undersaturated with 
respect to iron monosulphide (Carstens, 1985).

ZFe^Og + 3HzO + CH^O -> 4Fe^+ + HCO ' + 70H " Equation 6.5b.

Fe^^ + HgS 2H^ + FeS + S —> FeSj Equation 6.5c.

The formation of authigenic pyrite via metastable greigite always appears to 
lead to framboidal structures (Carstens, 1985).

The role of organic m atter in m ediating pyrite form ation is well 
illustrated  in m udrocks from 49/25-2 where the developm ent of linear 
framboidal pyrite assemblages is clearly restricted to the m argins of organic 
rich laminae (Plate 37d). Organic matter in mudrocks from 44/28-2 is more 
dispersed resulting in scattered populations of fram boidal pyrite. These 
observations suggests that in horizons where SO]' was relatively abundant 
during eogenesis (e.g. in 44/28-2 Burley and Besly (in press) have identified a 
marine horizon between 12252 ft and 12267 ft), pyrite distribution reflects the 
general distribution of organic matter that reduced the SO\~ enriched pore 
fluids to Ŝ ~ (see Equation 6.5a above). This contrasts w ith horizons in which 
the pore fluids were depleted in SOj" (e.g. 49/25-2); here the SOj“ was 
preferentially reduced at the most 'active sites' -mostly organic rich laminae or 
sites of organic decay. Organic matter within the active sites m ay also differ 
compositionally from that in the surrounding sediments. Compaction driven 
brines liberated from marine/brackish sequences are the most likely source of 
SOj" in 49/25-2 mudrocks. It is unlikely that these brines were locally sourced 
(in contrast to well 44/28-2) since brackish/m arine sedim ents were not 
recognised within the Westphalian core.

Discrete pyrite octahedra within an individual pyrite framboid have a 
uniform size distribution; occasionally, the number of sites available for the 
nucléation and growth of octahedral pyrite varied between discrete framboids 
resulting in the development of variable sizes of pyrite octahedra (Plate 37c). 
These framboidal assemblages sometimes exhibit punctuated growth stages: 
initial grow th was spherical, perhaps growing displacively and predated 
compaction (Plate 37c); where identified the second stage is typically deformed 
about the first (Plate 38d). This second growth stage had insufficient time to
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crystallise into a rigid structure prior to compaction indicating that growth was 
initiated either shortly before or during initial compaction.

The spasmodic distribution of secondary pore occluding pyrite within 
sandstones from 49/25-2 was limited to microenvironments with a local supply 
(on the pore scale) of SO^".

6.6 Ferroan Dolomite and Ankerite
6.6.1 Eogenetic assemblage

It is significant that, w ith in  the  m udrocks, post-compaction ferroan 
dolomite is confined to open void spaces (usually the cores of dolomite 
concretions) that have been stabilised by early eogenetic dolomite cementation 
(Plate 26d, Plate 27a and Plate 27b), and is mostly absent from pre-compaction 
eogenetic carbonate vein systems where a space problem  inhibited its 
form ation (Plate 26c). The presence of mesogenetic kaolinite cements, 
postdating the ferroan dolomite, within the dolomite concretions (Plate 27a and 
Plate 27b) enforces the view that these dolomite concretions rem ained 
chemically open during prolonged burial (upto and including mesodiagenesis). 
Jordan et al (1992) reached sim ilar conclusions from  their study  of 
siderite/calcite concretions in the upper Jurassic Heather Formation, northern 
North Sea.

BSEI studies of the ferroan dolomite revealed limited compositional 
variations across the microzones (Plate 27b) (micro-probe analyses were not 
performed since individual zones were beyond the resolution of the electron 
beam); the zonation is mostly the product of discrete discordant growth events. 
These observations indicate that the zonation was a product of punctuated/ 
interm ittent supply of ions through the permeable concretionary dolomite 
framework, as opposed to growth from a finite volume of trapped pore fluid 
w ithin indiv idual concretions. Carbonate and kaolinite (section 6.16.1) 
cementation was sustained by one or more of the following processes:

(a) Diffusion of ions through the concretion framework in response 
to a concentration gradient. However, it seems probable that 
diffusion would have rapidly brought the chemistry of the infinitely 
small volume of the concretion-hosted fluid into equilibrium with 
that of the infinitely large volume of enclosing mudrock fluids.

(b) The cycling of numerous pore volumes through the nodule could 
account for the elevated levels of carbonate (and kaolinite) cements.
In addition a driving force for this fluid flow has to be identified.
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and the confinement of the carbonates to the nodules explained. If 
the pore pressure of the mudrocks increased at a greater rate than 
that in the concretions (as a result of rapid burial, reduced rates of 
fluid expulsion from the m udrocks as siderite cem ented the 
sandstones, and low permeability of the concretion wall structure), 
the probability of fluid exchange between these two reservoirs 
would have increased. Clearly, once a pore volume has reacted to 
produce the ferroan dolomite, it m ust be displaced to allow a 
continuation of the reaction. Periodic dissipation of the m udrock 
pore pressure through de-w atering w ould have reversed the 
direction of the pressure gradient between the concretion and the 
mudrock matrix, possibly leading to a discharge of fluids from the 
concretion. A repeat of this cycle may have provided a sufficient 
intermittent supply of cations for ferroan dolomite cementation and 
account for the well developed zonation. The restriction of ferroan 
dolomite cements to the core of concretions m ay have been a 
function of the ability of the migrating mudrock pore fluids to leach 
Ca2+ and Mg2+ from the concretion wall structures. This evolution of 
ferroan dolomite to kaolinite within the nodules mirrors a similar 
evolution of pore fluid chemistry within the phyllosilicate matrix: 
clearly processes within these two environments are linked.

These concretion hosted ferroan dolomite and kaolinite cements do not 
have time equivalent cements of any description w ithin the enclosing 
mudrocks. The original source of Ca2+ and Mg2+ for the ferroan dolomite has 
not been established.

Micro-probe analyses from samples in well 49/25-2 suggest a link 
betw een eogenetic ferroan dolomite cementation in the m udrocks and 
mesogenetic (?) ferroan dolomite (occasionally this pore occluding ferroan 
dolomite is observed to post-date authigenic quartz) in the sandstones (Figure 
6.2). This link is curious considering the time period that spans these two 
events: either the chemistry of this apparently mesogenetic ferroan dolomite 
fortuitously occurs at the end of the evolutionary path for m udrock hosted 
ferroan dolomite, or it is an eogenetic cement that occasionally encloses detrital 
remnant quartz overgrowths.

6.6.2 Mesogenetic assemblage
Sandstone hosted mesogenetic ferroan dolom ite/ankerite has a greater 

stratigraphie distribution and appears to be a basin-wide event. Pétrographie
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data clearly show the absence of a volumetric relationship between ferroan 
dolom ite/ankerite cementation and the abundance of altered argillaceous lithic 
fragments- a potential source of both Ca2+ and Mg2+. Adjacent mudrocks can 
also be discounted as a viable source of Ca^+ and Mg2+ during mesogenesis 
due to the complete absence of contemporary carbonates. Fluid inclusion data 
(Chapter 5)from quartz and albite cements strongly indicate the presence of 
significant concentration of Ca2+ (upto 25% of the total dissolved solids) within 
the pore fluids. Clearly these pore fluids represent the most likely source of 
calcium; significant iron and magnesium would of course have been liberated 
by the dissolution of the Mg-siderites. Since the volume of available Ca^+ was 
finite relative to the volumes of Fe2+ and Mg2+ supplied from the siderite, it 
m ay well have been the dom inant control on ankerite /ferroan  dolomite 
formation: the rate of siderite dissolution may possibly have influenced the 
timing of precipitation.

As m entioned above, iron for ankerite/ferroan dolomite cementation 
was sourced from the dissolution of siderite. Assuming that siderite occupied 
an original prim ary porosity of 41% (Pryor, 1973) (which it d id  not- a 
significant volume of 'background' porosity was present, providing access for 
the fluids responsible for siderite dissolution) the relative volumes of siderite 
removed from 44/28-2 and 44/22-1 sandstones can be determined. The total 
volume of siderite accounted for from the petrography will be related to the 
volume of existing oxidised (haematite) and non-oxidised siderite. The 
oxidation of siderite can be expressed as follows:

2FeCOg + 2HgO + 0. SOg -> FegO^ + 2H 2CO3 Equation 6.6a

so that two volumes of siderite produce one volume of haematite. Therefore the 
total volume of siderite accounted for from the petrography (Sr) is defined by 
Equation 6.6b:

2(oxide%) + siderite% _ _^ ------------- = Sr Equation 6.6b

This approach yielded mean Sr values of 30% and 50% for sandstones from 
wells 44/22-1 and 44/28-2 respectively, i.e. siderite was considerably more 
mobile in sandstones from 44/22-1. This observation may account for the iron 
rich ankerite composition in 44/22-1 (Feo.46 formula positions-Figure 3.13) 
relative to the iron depleted (Feo.ii formula positions-Figure 3.13) recorded in 
44/28-2.
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The contrasting textures within the ankerite from well 44/22-1 (Figure 
3.12) and the ferroan dolomite from 44/28-2 (Plates 11a and 17b) document 
carbonate growth either from: (a) two fundamentally different pore fluids; or
(b) at different stages in the evolution of a common pore fluid composition. 
Fluid inclusion data from pore occluding quartz in 44/28-2 recorded a flushing 
event by low salinity fluids (mixing with or displacing the resident hypersaline 
brines), which may also account for the presence of discrete oxide zones in the 
ferroan dolomite (the apparent development of oxidising conditions at -130°C 
is quite perplexing). These data would therefore favour option (a).

Clearly the sequence of growth-dissolution textures within the ankerites 
from 44/22-1 (Figure 3.12) record a fluid mixing event Gander et al (1988) also 
attributed similar growth-dissolution textures within dolomite to a fluid mixing 
event Considering the rapid burial of the Westphalian sediments, a significant 
potential for the development of overpressure w ould have existed in the 
mudrocks. Release of low salinity fluids from the mudrocks (see Section 6.23) 
into the sandstones at a depth of -8000ft would have initiated fluid mixing and 
increased the solubility of ankerite (pore fluids from the mudrocks would have 
been undersaturated with respect to ankerite); as the fluid moved back towards 
equilibrium  w ith ankerite, dissolution zones w ould have been gradually 
replaced by growth zones (Figure 3.12). Such m isdble displacement of one 
aqueous fluid by another within a solid exchanger matrix will have resulted in 
multiple component cation exchange (Griffioen, 1992) and may have initiated 
the formation of additional minerals e.g. kaolinite and barite.

6.7 Siderite
Authigenic siderite was present in the vast majority of samples studied, 

especially within the sandstones where its role in the preservation of large 
volumes of m inus cement porosity during initial burial to 12000 ft was a 
fundam ental control on reservoir quality. The increased framework rigidity 
afforded by this siderite was crucial during burial: porosity preservation is 
m inim ised in sequences that have experienced rapid burial, such as the 
Westphalian (Figure 6.1) (Ramm, 1992).

W ith occasional exceptions siderite cementation was the initial event 
within the sandstones and mudrocks; cementation was invariably most intense 
within the sandstones. The intensity of siderite cementation is illustrated by its 
expansive grow th (i.e. negative glCOMPACT values) in thin (typically 
crevasse) sandstones (Table 3.20). As a result of this increased cementation, 
background porosity was volumetrically much less significant and hence 
greatly reduced the potential for secondary porosity development (see Section
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6.23); these extensively cemented sandstones form effective aquicludes. The 
preservation of large volumes of pore occluding siderite, occasional siderite 
cemented intra-formational argillaceous rip-up clasts and the absence of 
framework grains replaced by siderite confirms its early genesis.

The preservation of variable siderite compositions as revealed from 
BSEI (Plate 29a, Plate 31b, Plate 32a and Plate 33c) of 49/25-2 m udrocks 
suggests that the present magnesium rich siderites represents their original 
siderite chemistries: the complete solid solution series between siderite and 
magnesite (MgCOj) does not appear to have stim ulated any subsequent 
modification. Furthermore, compositional trends from 49/25-2 mudrock hosted 
nodules, revealed by microprobe analyses, are occasionally replicated within 
veins, further suggesting that the siderite precipitated from successive fluids of 
variable composition. It was not possible to repeat this exercise for mudrock 
hosted siderite from wells 44/28-2,44/22-1, K5a-3 and K5a-4 as micro-nodular 
siderite was present alm ost to the exclusion of other m orpho-types. 
Substitution of Mĝ "̂  into an existing pure siderite can be discounted as this 
w ould reduce the dimension of the unit cell (Pearson, 1974); there is no 
evidence of volume reduction associated with these siderites.

It is more difficult to assess the significance of recrystallisation processes 
w ithin sandstone hosted siderite as significant portions have been removed. 
The remaining pore occluding siderite may be massive to zoned, is occasionally 
fractured and has a straight to moderately inclined optical extinction; none of 
which suggest significant recrystallisation of siderite. However, there is some 
evidence for (localised?) remobilisation of the pore occluding siderite (Plate 8d) 
and sphaerosiderite (Plates 9c and 9d); porosity within the sphaerosiderite 
(Plate 8a) may be related to volume reduction associated with the substitution 
of Mg^^ (for Fe^^) into the original siderite. The development of minor, zoned 
euhedral micro-rhombic siderite within secondary pores (generated through 
dissolution of pore occluding siderite) of 44/22-1 sandstones, commonly in 
association with paragenetically late ankerite and barite (Plate 9a and Plate 9b), 
possibly represents a re-precipitated residual component of the dissolved pore 
occluding siderite: the microrhombic siderites have a bulk chemistry close to 
that for the pore occluding siderite, although the microrhombic siderite was too 
small for analyses of individual zones.

As described in sections 3.2.3.5 and 4.3.4.9, ^  the siderites are 
m agnesium  rich. Matsumoto and lijima (1981) and Mozley and Carothers 
(1994) both state that such magnesium-rich siderites are indicative of marine 
depositional environments; however, the Westphalian sediments in this study 
are dom inantly terrestrial with only minor m arine/brackish intercalations. 
C urtis et al (1986) dem onstrate a trend of increasing M g/F e directly
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proportional to the depth of siderite nodule genesis: this trend is quite diffuse 
so that, for e.g., Mg/Fe= 0.2 describes nodules that formed between 30ft and 
2400ft. The development of uncharacteristically high magnesium siderite 
within non-marine sediments are also reported by Matsumoto and lijima (1981) 
and Mozley (1989) who offered several explanations for this anomaly:

a) early mixing of marine and fresh waters from associated facies;
b) early diagenetic alteration of pore fluids by the dissolution of 

magnesium enriched minerals; and
c) initial precipitation of iron rich siderite depleted the Fê "" 

reservoir and promoted the development of higher M g/Fe ratios 
within subsequent siderites.

Additional sources of magnesium may be considered:

d) compaction driven basinal brines;
e) clay mineral transformations (Pearson, 1974); and
f) breakdown of bacterial/organic matter (Mozley and Carothers, 

1994).

4
The universal presence^ high magnesium siderites in all wells, 

irrespective of their stratigraphy and variable (but minor) marine intercalations, 
eliminates processes (a) and (b); the absence of iron rich siderite rules out 
process (c). Considering the vast thickness (upto 5000 ft) and extent of
Westphalian mudrocks in the southern North Sea Gas Basin, processes (d), (e) 
and (f) could all provide abundant sources of Mg^^. There is abundant 
evidence of a possible significant influence of organic processes in forming the 
Mg-rich siderite. The Red Bed sequence from well 44/28-2 has undergone 
extensive post-depositional diagenetic reddening which resulted in the 
oxidation of organic matter; as a consequence sandstone and mudrock hosted 
siderites from this well (Figures 3.9 and 4.7 respectively) are depleted in 
magnesium relative to siderite from the other wells (Figures 3.8, 3.10, 3.11; 4.5, 
4.6, and 4.8).

Stable isotope analyses of the siderite suggest that it precipitated 
between 40-60°C in the sandstones and 20-40°C in the mudrocks assuming that 
precipitation occurred in equilibrium with Carboniferous meteoric water. These 
temperatures generally conform with pétrographie observations which suggest 
siderite growth during eogenesis.

293



Carbon isotope composition of the 49/25-2 m udrock hosted siderite 
(Ô̂ ^C -6.91 %o to -4.44%o) suggest that these mudrocks resided in the bacterial 
sulphate reducing (BSR) zone prior to entering into the methanogenic zone and 
the presence of early eogenetic framboidal pyrite confirms this view. In the 
absence of sulphate reducing bacteria, anaerobic sedim ents will support 
methanogenic reactions producing HCOl enriched in (Curtis et al, 1986); 
the heavier carbon isotope composition for 44/22-1 sandstones suggest 
form ation w ithin a dom inantly methanogenic environm ent. There is no 
pétrographie data that would support an initial BSR zone w ithin these 
sandstones or associated mudrocks. However, if SOl~ was initially present and 
was reduced to H^S then one would not expect to find pétrographie evidence 
of a BSR zone. Data for siderites within K5a-3 sandstones are restricted but 
suggest that bacterial sulphate reduction was significant during formation (or 
decarboxylation during recrystallisation). Again there is no pétrographie 
evidence that would support an initial BSR zone within these sandstones or 
associated mudrocks.

Chemical conditions that strongly favour siderite formation include: 
sediments with low oxidation potentials; high concentrations of HCO^; very 
low to zero concentrations of SOl~ and restricted pore w ater circulation. 
Several reactions can be defined for siderite formation:

SULPHATE REDUCTION

(i) 2CH2O + SO]- -» + 2HCO; 4- HS" Spiro et al (1993) 

METHANOGENESIS

(ii) 2CH2O + H 2O - 4 H++ HCO; + CH4 Spiro et al (1993)

Reaction (i) will initially precipitate pyrite but if Fe^  ̂ is present in excess after 
all of the sulphate has been reduced then siderite will form, as illustrated by the 
petrography of the mudrocks from well 49/25-2. In the absence of SO^' 
reaction (ii) becomes significant: it would appear that siderite precipitation was 
most strongly influenced by methanogenic reactions during the first 3000 - 3500 
ft of burial. Detrital haematites and hydroxides are also potential sources of 
Fê "̂  for siderite, as described by the following reaction:

4FeOOH + CH 2O + 3H 2CO3 -4  4FeC0 3 -f6 H 2 0  Postma (1982)
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6.8 Haematite
6.8.1 Eogenetic haematite

Eogenetic haematite cements are commonly observed as low intensity 
events that span the mudrock and sandstone paragenetic sequences. As a rule 
replacive haematite is present to the almost total exclusion of neomorphic 
haem atite w ithin the sandstones in general, and specifically to m udrock 
successions affected by penetrative oxidising weathering (e.g. 44/28-2). Within 
the rem aining m udrock sequences haem atite is m ostly present in trace 
abundance and is variably neomorphic (usually as haematite cemented rip-up 
clasts) to replacive (as oxidised detrital micas (Plate 40c) and oxidised margins 
of ferroan dolomite veins (Plate 25a and Plate 26c). The ferroan dolomite hosted 
w ithin the dolomite concretions remained free from oxidising fluids, even 
though the concretions apparently  rem ained chem ically open during  
diagenesis, as a result of the sacrificial/ preferential oxidation of detrital iron 
rich clay minerals in the enclosing sediment.

Each oxidation 'event' w ithin sandstone hosted eogenetic siderite 
frequently comprise several discrete sub-events (i.e. oxidation was pulsed and 
alternated with growth episodes of the host mineral). This contrasts markedly 
with the discrete non-pulsed oxidation events recorded within the mudrocks 
(Plate 35b and Plate 40d) (during eogenesis only). These observations can be 
interpreted into two end-member hypotheses, both of which require the 
sandstones to be exposed to limited (hypothesis 1) or extensive (hypothesis 2) 
volumes of extra-formational oxidising fluids:

1 During eogenesis the sandstones were effective conduits for 
the redistribution of compaction driven fluids (mostly from the 
mudrocks) but were also open to the periodic influence of extra- 
formational oxidising fluids. These oxidising extra-formational 
fluids were effectively excluded from the m udrocks by the 
strong fluxes of de-watering fluids.

2. An alternative hypothesis for the zoned eogenetic haematite 
can be considered as follows. Oxidising fluids may have been 
residen t w ithin the sandstones and periodically  w ere 
displaced/ diluted by punctuated flow of compaction driven 
fluids from the mudrocks. Recharging of the sandstones by 
oxidising fluids would have to post-date some of these de
w aterin g  ep isodes, req u irin g  perm eable  sandstones. 
Permeability will have deteriorated w ith each cem entation 
event and may explain the generally progressive reduction in
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the volume and intensity of haematite in the latest eogenetic 
siderites.

Pétrographie observations from the mudrocks often provide evidence 
for episodic dewatering (see section 6.6.1); in addition, m icroprobe data 
dem onstrates a parallel evolution of siderite chemistry w ithin adjacent 
sandstones and mudrocks.

6.8.2 Mesogenetic haematite
Mesogenetic haematite cementation is restricted to the sandstones from 

well 44/28-2, recording the d ilution/ displacement of deep basinal brines by 
oxidising fluids. Partial dissolution of the eogenetic siderite cements generated 
an inter-connected porosity-permeability network, stimulating the ingress of 
extra-formational fluids. Sandstones spanning the depth interval 12066-12450 ft 
exhibit spasmodic development of an oxide layer within quartz overgrowths 
(Plate lb ) and as multiple but discrete zones within ferroan dolomite (Plate 
17b). The haematite layer that is occasionally observed partitioning the initial 
stage of quartz overgrowth from the second documents the transition to pore 
fluids of relatively low ionic strength; microthermometric data from quartz 
hosted fluid inclusions demonstrates a dramatic reduction of salinity from 
overgrowth 1 (the oldest) to overgrowth 2 (the youngest) (see Chapter 5 and 
sections 6.12 and 6.23). Authigenic haematite zones within the paragenetically 
later ferroan dolomite document the continued, but spasmodic, influence of 
oxidising fluids on the pore fluid chemistry.

Basin inversion during the Upper Jurassic/ Lower Cretaceous (see 
Figure 6.1) may have provided the hydrodynamic head necessary for the 
displacem ent of deep connate brines by the meteoric water. A lthough the 
meteoric water was undoubtedly modified during its descent through the rock 
column, it remained less saline than the pore fluids that it displaced/ replaced.

6.8.3 Stratigraphie distribution
A  general control on the stratigraphie distribution of haem atite is 

recognised in the Carboniferous. Within this study, large scale syn-depositional 
reddening is restricted to Westphalian C /D  sandstones and m udrocks from 
well 44/28-2. It was not possible to determine the extent of the syn- 
depositional reddening as most evidence has been masked by the more intense 
period  of penetrative w eathering. W ithin the W estphalian A- lower 
W estphalian C authigenic haematite is mostly hosted w ithin siderite (see 
above); the abundance of authigenic haematite within these W estphalian A-
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lower W estphalian C sediments is not controlled by their close proximity to the 
Saalian Unconformity.

The sandstones and mudrocks from well 44/28-2 have also been affected 
by penetrative oxidation to a depth of 12350 ft; the degree of oxidation was 
controlled by permeability, residence time of the oxidising fluids in the 
sedim ents and local drainage conditions. A perm eability control on the 
distribution of penetrative reddening is clearly evident from the random  inter
digitation of red /purp le  sediments with non-oxidised grey and black coloured 
lithologies in well 44/28-2. This penetrative oxidation was responsible for the 
oxidation of pyrite (Plate 35b) and siderite (Plate 40d) within the mudrocks. The 
absence of extensive siderite oxidation in the sandstones is perhaps due to a 
possible time lag in the initiation of siderite cementation (according to the 
stable isotope data, siderite cementation within the sandstones may have been 
initiated at temperatures -20°C higher than in the mudrocks- see Chapter 5) 
within the sandstones and instead resulted in the oxide coatings on detrital 
quartz. Alternatively, the penetrative oxidation may have post-dated the 
siderite cementation of the sandstones (which transformed them into effective 
diagenetic aquicludes) leaving the mudrocks relatively more permeable to the 
penetrative oxidising fluids.

6.8.4 Experimental studies
Laboratory studies that simulate near surface conditions (25°C and 1 

atm. pressure) show that haematite can form over a wide range of pH  (2 to 14) 
and Eh (-0.6 to +0.1) conditions (Boggs Jr 1992), although this will be greatly 
reduced under natural conditions. The predominance of replacive haematite 
(replacing ferroan carbonates and pyrite) demonstrates the low solubility of 
iron within the oxidising pore fluids: there was no evidence for the diffusion of 
iron away from these iron reservoirs during or after oxidation. Iron (Fe^^) 
solubility was obviously greatly enhanced within the reducing pore fluids from 
which the siderite precipitated. The volume of iron required to sustain basin- 
wide siderite cementation (and ultimately haematite cementation) throughout 
m uch of the Carboniferous m ust have been enormous. Considering the 
relatively uniform  distribution of siderite cementation w ithin the various 
lithologies it would seem that the volume and distribution of the iron reservoir 
was controlled by depositional processes. This iron reservoir became 
chemically active (i.e. prone to dissolution and re-precipitation as siderite) 
during early burial (35*^C to 60®C- see Chapter 5). Detrital iron was transported 
to the depositional environments in one or more of the following forms:

(a) colloidal;
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(b) sorption onto clay particles; and
(c) sorption onto organic matter.

Gerstil and Banin (1980) proposed the following pathway for the conversion of 
Fe^^, adsorbed onto montmorillonite (See (b) above), into a neutral iron 
compound:

(i) Fe^^ adsorbed on the montmorillonite is oxidised to Fe^^;
(ii) The Fe^  ̂is then hydrolysed to form hydroxyl-ions; and
(iii) Conversion of Fe^  ̂ to a neutral iron compound.

6.9 Titanium  Oxide
The occurrence of authigenic titanium  oxide is determ ined by the 

distribution of the parent detrital iron-titanium oxide (e.g. ilmenite) and the 
effectiveness of the replacement reaction, as defined by Morad (1988):

FeTiOg + 2H^ —> TiOg + HgO + Fe^  ̂ Equation 6.9a

Pseudom orphous replacement of homogenous ilmenite by titanium  oxide is 
accompanied by a molar volume reduction of 35% (i.e. 35% micro voids are 
created) (Morad, 1988); a reaction of this nature may well explain the significant 
volume of microvoids within the titanium oxide (Plate 18c). If microcrystals of 
alum inous spinel were present w ithin the ilm enite, they m ight have 
contributed towards the supply of aluminium necessary for the development of 
kaolinite within the above mentioned microvoids (Plate 18c).

Iron liberated during the replacement of iron-titanium oxide by titanium 
oxide (Equation 6.9a) will have locally contributed towards the development of 
ferroan carbonate or haem atite cements, depending on the pore w ater 
chemistry.

6.10 Secondary Porosity and Permeability
6.10.1 General

Macro secondary porosity within W estphalian sandstones is mostly 
redistributional and intergranular, resulting from the partial dissolution of 
primary pore occluding siderite (Plate 14a and Plate 20a). Discrete 'background' 
(primary) porosity was mostly not observed and has been assimilated into the 
secondary porosity (nucléation centres for the developm ent of secondary 
porosity were probably controlled by the distribution of background pores).
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The volumetric significance of micro-secondary porosity is mostly 
controlled by the abundance of detrital lithic fragments. In sandstones 
containing >20% lithic fragments micro-porosity comprises upto 80% of the 
total porosity (Figures 3.22,3.23- Group II) compared with a maximum 40% for 
sandstones containing >20% lithics (Figures 3.22, 3.23- Group I). Although the 
total porosity for Group I and II sandstones are roughly the same (10% and 9% 
respectively for 44/22-1 sandstones; and 11% and 8% for sandstones from 
44/28-2), the greater tortuosity of the interconnecting permeability associated 
with lithic hosted micro-porosity (Plate 21b) will greatly reduce the volume of 
effective porosity.

Pétrographie data clearly show that secondary porosity pre-da ted the 
development of the majority of mesogenetic minerals (Plate 9a) and is therefore 
influenced by the volume and types of mesogenetic cements. These secondary 
pore occluding components exert both a positive and negative influence on 
reservoir evolution: a diagenetic evolution that favours the development of 
pore stabilising events (e.g. quartz overgrowths) over pore occluding events is 
the ideal. This is well illustrated by comparing the volumes of mesogenetic 
cements with the cementational porosity loss data (CEPL) data (Table 6.1). An 
increase in CEPL in the 44/22-1 sandstones is dominantly controlled by the 
presence of vermicular kaolinite. In contrast the greatest contributor to CEPL in 
44/28-2 sandstones is eogenetic siderite i.e. the main CEPL event pre-dated the 
developm ent of secondary porosity. The potential for the preservation of 
secondary porosity is therefore correspondingly higher in the 44/28-2 
sandstones. Although a similar increase in CEPL with increasing siderite 
percent is recorded in sandstones from K5a-3, initially rapid mechanical 
compaction of these sandstones dramatically reduced the primary pore volume 
available for siderite cementation and hence reduced the potential volume 
available for secondary porosity. Insufficient data were available to conduct 
sim ilar analyses on the 49/25-2 sandstones. W ithin all the above cases.

299



Table 6.1. Regression analysis of pore occluding cements against 
cementational porosity loss (CEPL), determined using optical and gas 
porosity data (oCEPL and gCEPLrespectively).

oCEPL gCEPL
44/22-1 44/28-2 K5a-3 44/22-1 44/28-2 K5a-3

Kaolinite 0.85 -0.06 0.36 0.83 -0.19 n /a
Quartz
overgrowth 0.41 -0.01 n /a 0.38 -0.33 n /a

Siderite -0.34 0.62 1 0.90 i -0.27 0.65 n /a

Ankerite 0.46 0.52 absent 0.49 0.63 n /a

Good  correlat ion coefficient (>80). 

Reasonable  correlat ion coefficient (>bO, <80).



authigenic quartz dominantly contributed towards framework support (i.e. a 
low correlation coefficient with CEPL).

A lthough the dom inantly verm icular K2 kaolinite is an abundant 
secondary pore occluding component, detailed SEM observations show that a 
significant volum e of micro-secondary porosity is present betw een the 
phyllosilicate sheets (Plate 20d, Plate 21a and Plate 21c; Table 3.14). The laminar 
low, tortuosity  of this m icro-secondary porosity m ay have effectively 
transm itted some fluids: adhesion between the transm itted fluid and the 
kaolinite plates could potentially limit the contribution of this micro-secondary 
porosity. Other mineral hosts of micro-secondary porosity include albite (Plate 
6c) and siderite (Plate 20d and Plate 22b).

Permeability pathways that connect macro secondary pores are mostly 
planar and of low tortuosity (Plate 21 d, Plate 22a, Plate 22b, Plate 22c, Plate 22d, 
and Plate 23a).

The volume of secondary porosity within individual sandstone horizons 
is not linked in any obvious way by their proximity to adjacent mudrocks.

6.10.2 Mechanisms o f secondary porosity generation
A num ber of mechanisms have been proposed for the generation of 

fluids responsible for mineral dissolution. The most frequently d ted  are: (a) 
generation of CO2 by the decarboxylation of organic m atter in mudrocks 
(Schmidt and McDonald, 1979); (b) carboxylic acids generated during the 
thermal m aturation of organic matter (Surdam et al, 1989); (c) acidic fluids 
produced by clay mineral reactions in shales (Bjorlykke, 1983); (d) ingress of 
meteoric fluids (Bjorlykke, 1989); and (e) mixing corrosion (Plummer, 1975). 
The potential for these various models to explain the observed secondary 
porosity in Westphalian sandstones are discussed below:

(a) Schmidt and McDonald (1979) suggested that the CO2 liberated 
during the m aturation of mudrock hosted organic m atter could react with 
water to produce carbonic adds: expulsion of these acidic fluids into adjacent 
sandstones w ould initiate the dissolution of carbonates in particular, and 
perhaps feldspars. Clearly this model is potentially of great significance for the 
organic rich sediments of the Westphalian.

However, the effectiveness of CO2 liberated from organic m atter in 
generating significant volumes of secondary porosity has been criticised by 
Giles and M arshall (1986): their mass balance calculations suggest that 
insufficient CO2 is generated to account for the observed secondary porosity, 
even w ithin organic rich Coal Measure sequences. In addition, reactive 
volumes of feldspar and carbonate within the mudrocks will act to neutralise
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acidic fluids prior to expulsion into the sandstones. A pétrographie study of the 
mudrocks clearly shows that the carbonates are only slightly corroded (Plate 
25a, Plate 26c, Plate 27d, Plate 34a, Plate 34b, and Plate 33c). Considering the 
elevated temperatures attained during burial (upto 170oC) and the very low 
rates of fluid flow within the mudrocks, reactions between carbonates and 
acidic fluids should have been maximised.

VERDICT: Given the markedly non-corroded nature of carbonates within the 
mudrocks and the significant volumes of non-corroded siderite that remain in 
the sandstones, it is not likely that CO2 generated acidic fluids played a 
significant role in the development of secondary porosity.

(b) The potential for water soluble organic species (mainly carboxylic 
acids- RCH2COOH) to enhance the solubility of aluminium, resulting in the 
dissolution of alumino-silicate minerals has been discussed by Surdam et al 
1989. Also, the potential for such acidic fluids to dissolve carbonates is also 
emphasised. Carboxylic acids are generated by the release of peripheral phenol 
and carbonyl groups from kerogens prior to the expulsion of liquid  
hydrocarbons (Surdam et al, 1989) an d /o r by thermal cracking of the kerogen. 
Thermal cracking of oxygen-rich Type III organic m atter (OM) present in 
W estphalian sediments can potentially generate more carboxylic a d d  per unit 
volume than the relatively oxygen deficient Types I and II OM. Carboxylic 
adds can be expected to be significant in oil-field brines during the temperature 
interval 80-120°C: below 80°C bacterial activity degrades organic complexes, 
and at temperatures in excess of 120°C thermal decarboxylation destroys the 
adds.

Clearly this tem perature range is significant in that it straddles the 
period of maximum secondary porosity development within the W estphalian 
sandstones. Crossey et al (1986) indicated that reactions which generate 
carboxylic acids may also produce sufficient water to transport the caustic 
fluids into adjacent sandstones.

Serious difficulties become evident when applying this model to the 
W estphalian , and sequences in general (Giles and  M arshall, 1986). 
Experimental work by Stoessel and Pittman (1990) indicated that the ability of 
aluminium to complex with acetate is insignificant under reservoir conditions 
and hence the ability of carboxylic acids to generate secondary porosity 
through the dissolution of alumino-silicates may be much less than previously 
thought. The reduced ability of aluminium to complex with acetate is not a
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serious problem  for Westphalian reservoirs since the majority of secondary 
porosity resulted from the dissolution of siderite.

Before the carboxylic acids can be effective in the creation of secondary 
porosity, they m ust be expelled from the sandstones while retaining their 
corrosive properties. Giles and Marshall (1986) remained unconvinced that: (i) 
sufficient carboxylic acid can be generated to account for observed volumes of 
secondary porosity (in general); and (ii) that they can exit the mudrocks while 
retaining their corrosive properties (see discussion from (a) above).

As already discussed above, the absence of w idespread carbonate 
d issolution w ith in  the m udrocks cannot be easily reconciled w ith  the 
generation, through-flow and expulsion of acidic fluids from these rocks. 
However, Surdam et al (1989) suggested that under conditions of high partial 
pressure of CO2 (pC02) carboxylic acids will buffer the precipitation of 
carbonates, preserving the carbonates: under these conditions Surdam et al 
(1989) also predicted that aluminium will be mobile and potentially removed 
from the system (mudrocks). It is most probable that high pC02 were attained 
during m aturation of organic-rich Westphalian sediments and may explain the 
lack of corroded carbonates within the mudrocks (and sandstones?). This 
would of course render this process incapable of generating secondary porosity 
through carbonate dissolution. The potential for this process to export 
alum inium  complexes into adjacent sandstones remains controversial (see 
sections 6.16.1 and 6.16.2).

VERDICT: Carboxylic acids have probably not contributed significantly 
tow ards the developm ent of secondary porosity w ithin the W estphalian 
sandstones.

(c) The generation of aggressive fluids w ithin m udrocks by this 
mechanism is discussed by Bjorlykke (1983). This mechanism relies on the 
generation of acidity through illitisation reactions:

Smectite 4-K^ + A1 -» illite + quartz + 4H^

SKaolinite + 2K+ -> 2illite + 2H+ + SH^O

An almost total absence of identifiable authigenic illite from the W estphalian 
mudrocks would tend to rule out these reactions. Mineral dissolution within
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the m udrocks will also probably have buffered the above reactions. The 
effectiveness of the above reactions in creating secondary porosity cannot be 
determined quantitatively (Giles and Marshall, 1986).

VERDICT: Most unlikely to have contributed towards the form ation of 
secondary porosity.

(d) Development of secondary porosity in the shallow sub-surface via 
the dissolution of carbonates and alumino-silicates m ay be achieved by 
meteoric flushing (Bjorlykke, 1983; Bjorlykke et al, 1989). The leaching capacity 
of these meteoric fluids will be determined by the volume of dissolved CO2 and 
the speed with which the fluids descended through the sedimentary prism: a 
rap id  descent w ould have favoured the m aintenance of relatively  
undersaturated fluids suited for mineral dissolution.

If meteoric fluids were responsible for the development of secondary 
porosity they would have had to by-pass the overlying evaporitic Permian 
sediment, perhaps along faults or the Saalian Unconformity. One suspects that 
this w ould lead to the concentration of secondary porosity in fault zones, 
contrary to pétrographie observations. Within the samples examined for this 
study there is no relationship between the distribution or m agnitude of 
secondary porosity and the Saalian Unconformity.

VERDICT: It would appear that meteoric fluids were ineffective in generating 
secondary porosity within Westphalian sandstones.

(e) Mixing corrosion arises when two solutions in equilibrium with the 
same mineral (e.g. siderite), and are of a different composition, mix (Figure 6.3) 
(Giles and Marshall, 1986). The solubility of a mineral at any given temperature 
is usually a non-linear function of pore fluid composition and related variables 
such as ionic strength (Giles and Marshall, 1986); for carbonates the most 
im portant variables controlling the degree of mixing corrosion are pC02  and 
ionic strength.

Prior to the generation of secondary porosity the background porosity 
would have contained hypersaline brines, a product of their ascent and then 
descent through the Permian water column. These hypersaline fluids were out 
of equilibrium with the eogenetic mineral assemblage and may have initiated 
siderite dissolution i.e. the fluid chemistry moved towards equilibrium with
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Y (e.g. hypersaline brine 
resident in the background 
porosity within the sandstones).

UNDERSATURATED

X (e.g. lower salinity 'connate meteoric' 
fluids resident in the mudrocks).

Partial pressure of CO2

Figure 6.3 An illustration of the origin of mixing corrosion. The solubility 
of carbonates (e.g. calcite) are a non-linear function of the partial pressure 
of carbon dioxide. Hence mixing of two waters (X and Y) both in 
equilibrium with respect to a given carbonate can result in a water (Z) 
undersaturated with respect to that given carbonate. Modified from Giles 
and Marshall, (1986).



siderite. It seems unlikely that the Permian brines penetrated the mudrocks to 
any significant extent: the permeability contrast was probably a sufficient 
barrier. In addition the mudrock petrography strongly supports diagenesis 
resulting from the evolution of depositional pore waters only.

The potential therefore arose for two chemically distinct fluids (at or 
close to equilibrium  with siderite) to co-exist in adjacent sandstone and 
m udrock units. Gradual or punctuated de-watering possibly through the 
release of overpressure generated by rapid burial during the Early Triassic 
w ould have allowed mixing of the sandstone and mudrock pore fluids, and 
enhanced the solubility of siderite. The potential for m udrocks to retain 
relatively un-modified fluids to considerable depths where they can be released 
into the sandstones as 'connate-meteoric' fluids is documented by de Caritat 
and Baker (1992). Certainly the textures present with the secondary pore 
occluding ankerite are strongly suggestive of a fluid mixing event. The 
development of ankerite did not coincide with the onset of secondary porosity 
and was delayed until sufficient Ca, Mg and Fe was available. During the depth 
interval where porosity was created, mudrock de-watering could still have 
been significant (Giles and deBoer, 1989- their figure 1) and release of 
overpressure would have contributed to the volume of fluids expelled. In 
addition, de-watering of the mudrocks may have been significantly enhanced 
by the oscillatory expulsion of methane and CO2 (Park et al, 1990). Complete 
dissolution of siderite is not observed possibly because the finite volume of 
hypersaline brines in the background porosity limited the extent of corrosion 
mixing.

VERDICT: Mixing corrosion could have been significant in creating secondary 
porosity on a basin wide scale.

6.10.3 Summary conclusions
Pétrographie evidence shows that secondary porosity pre-dated the 

onset of most mesogenetic minerals and that reservoir quality is dictated by the 
volume, type and diversity of the secondary pore occluding components. There 
is no direct evidence that constrains the temperature interval during which 
form ation of secondary porosity was active: an upper lim it of -llO ^C  is 
perhaps constrained by the development of quartz overgrow ths. Mixing 
corrosion between sandstone hosted hypersaline brines and m udrock hosted 
'connate-meteoric' fluids was responsible for siderite dissolution.
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6.11 Albite
6.11.1 General

The trace abundance of authigenic albite within W estphalian sediments 
is consistent with its general occurrence in numerous sedimentary successions 
globally. Measurable fluid inclusion populations within the sandstone hosted 
albite (especially in the albitised detrital plagioclase) provided information on 
the pore fluid chem istry during m esogenesis (see C hapter 5). Albite 
authigenesis was initiated just prior to the onset of quartz cementation (Plate 
6d) and proceeded to develop in parallel with authigenic quartz (Figure 5.6).

Potential for albitisation reactions would have increased significantly 
with the introduction of high salinity sodium rich brines to the background 
porosity. Albitisation reactions may or may not have been initiated prior to this 
event. Albitisation of detrital plagioclase within the background porosity 
would have been controlled by (list compiled from Ramseyer et al, 1992):

(i) COMPOSITION: calcium rich varieties are more susceptible to
albitisation;

(ii) SURFACE AREA: a greater surface area in contact w ith  the pore
fluid enhances the rate of albitisation;

(iii) LATTICE ORDER/DISORDER: plagioclase w ith an ordered
arrangement of Al^+ is most stable;

(iv)

(v) PERMEABILITY: see section 6.11.2 below; and

(vi) TEMPERATURE: see section 6.11.2 below.

At tem peratures in excess of ~100°C, i.e. during the creation of secondary 
porosity, factors (ii) and (v) will have become much m ore significant in 
controlling albitisation.

The contrasting fluid inclusion assemblages within the pseudomorphous 
albite (large populations of small <10|im  inclusions) and pore occluding 
neomorphic albite (rare and frequently large 10-20|xm inclusions) are related to 
the contrasting mechanisms of albite formation. These mechanisms of albite 
formation are discussed by Ramseyer et al (1992):
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(i) PSEUDOMORPHOUS ALBITE: growing albite crystals nucleated on 
rotated fragments of plagioclase, resulting in a high density of small 
residual inclusions. The resulting albite has a clouded appearance.

(ii) NEOMORPHIC ALBITE: a developing albite crystal can grow freely 
within a pore space and therefore does not trap a high density of 
inclusions, except perhaps at nucléation sites. The resulting albite is 
characteristically clear (Plate 44).

6.11.2 Permeability and temperature controls on albitisation
A lbitised detrital plagioclase is present throughout the studied 

W estphalian sections, irrespective of sediment permeability. Careful point- 
count studies and analysis of BSE images indicate that the pore occluding albite 
does not exceed 5% by volume; normal point-count studies did not differentiate 
authigenic quartz from albite due to their mostly similar optical properties (the 
albite cleavage is not always visible, even at x40 magnification). Figure 6.4 
illustrates a possible perm eability control on the developm ent of pore 
occluding albite. The pore occluding albite was only observed in samples from 
between 11940' and 11960', and also at -11980 feet and is mostly coincident 
with increased vertical permeability (klv) and(?) horizontal permeability (klh) 
(Figure 6.4). Measurable fluid inclusions were only available from a depth of 
-11980 ft which corresponds with a less well defined increase in klh and klv. 
Porosity has not exerted a controlling influence on the developm ent of 
neomorphic albite (Figure 6.4).

As a general rule the development of authigenic albite is temperature 
dependent; the temperature interval during which albitisation was active can 
vary considerably from a minimum of 75°C to a maximum of 160°C (Ramseyer 
et al, 1992; M orad et al, 1990; Boles, 1982). The tem perature control on the 
development of authigenic albite in deeply buried sediments can be suppressed 
in the presence of low permeabilities, as discussed by Kalsbeek (1992).

The process of albitisation can be expressed in a num ber of ways, as 
shown by Morad et al (1990):

Anorthite + 2Si02 + 0.5 H ,0  + Na"̂  -> albite + 0. Skaolinite + Ca '̂  ̂ £q.6.11a

Anorthite + 2Na"  ̂+ 4H^Si04 2albite + Ca^^ + 8H 2O Equation 6.11b
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Figure 6.4. Poro-perm characteristics for the sandstones from 44/22-1. Secondary 
pore occluding albite is restricted to samples associated with the permeability 
maximum at approximately 11940 ft.



Equation 6.11a requires the dissolution of two volumes of quartz for every one 
volume of anorthite to be albitised. Pétrographie data do not support this 
reaction as the dissolution of quartz tends to be mostly controlled by the 
presence of carbonates. Considering that albite authigenesis was mostly 
coincident w ith that of quartz and that the pore fluids contained high 
concentrations of NaCl (see Chapter 5), Equation 6.11b most satisfactorily 
describes the formation of albite.

Occasionally micro-secondary porosity is associated with the albitisation 
of de trita l plagioclase (Plate 6c), especially w ithin sedim ents of low 
permeability (klh=0.12 mD; klv=0.10 mD for the enclosing sediments from 
which Plate 6c was taken). In such instances sodium is most likely to be 
conserved:

Nag ŷ Cag 27 A l| 24̂ 12 ygOg + 0. ISHgO + 0.54H^ —> 0.74albite + 0.25kaolinite
Eq.6.11C

+0.27Ca^^+0.03Si02

It was not possible to determine the extent of albitisation within the 
detrital plagioclase in the mudrocks; quantitative microprobe analyses of 
plagioclase was impossible because of the very fine grain size. However, 
qualitative microprobe analyses of the detrital plagioclase did detect some 
calcium. It is unlikely that this is contamination since the enclosing matrix 
contains only potassium  mica, kaolinite and quartz. Considering the low 
perm eability of the enclosing sediments it w ould not be surprising if the 
present feldspar chemistry was closely related to its original composition. 
Albitisation within the mudrocks therefore appears to have been limited by the 
low permeability of the enclosing sediments which excluded the sodium rich 
brines.

6.12 Quartz
6.12.1 General

Authigenic quartz from sandstones in 44/22-1 and 44/28-2 have mean 
volumetric abundances of 7% and 6% respectively. Although this volume of 
quartz cement is not as volumetrically significant as the 10-20% recorded from 
the Jurassic Brent Group (Bjorlykke and Egeberg, 1993), it should be noted that 
the authigenic quartz in Westphalian sandstones typically constitutes -40% of 
the secondary pore occluding assemblage. The volumes of quartz cement in 
sandstones from 49/25-2 and K5a-3 could not be determined. Authigenic 
quartz developed in the pore volumes created by the dissolution of siderite and 
helped to m aintain framework stability. Although quartz cementation was
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effective in stabilising significant volumes of secondary porosity, mechanical 
compaction did occur (Plate 23b). Fluid inclusions within fractured detrital 
quartz from 44/22-1 and 44/28-2 (Figures 5.2 and 5.3) clearly show that 
fracturing was coincident with the development of quartz overgrowths (and 
hence siderite dissolution). Fracture development within K5a-3 and 49/25-2 
sandstones was less commonly observed, reflecting the general absence of 
siderite dissolution.

W hilst the fluid inclusion data base is limited (see Chapter 5), Th data 
uniformly indicates the onset of quartz authigenesis at -lOO^C (Figures 5.2,5.3, 
and 5.4). The range of Th values for quartz overgrowth hosted inclusions 
correspond with burial depths of 8000 to 11000 ft using the burial history model 
in Figure 6.1.

6.12.2 Origin o f the silica
Silica was not sourced from w ithin the sandstones (only m inor 

rem obilisation of silica has been documented- see section 3.2.16.2). Fluids 
saturated w ith silica m ust therefore have been introduced into these sandstones 
d u rin g /a f te r  the dissolution of siderite. A m odel that describes the 
development of authigenic quartz must explain the near universal presence of 
quartz  w ith in  W estphalian sandstones alm ost regardless of litho /b io  
stratigraphy or facies, on a basin-wide scale. Potential sources of silica for the 
quartz cement include: (a) feldspar dissolution; (b) clay mineral reactions; (c) 
carbonate replacement of quartz; (d) fault controlled fluid ingress; and (e) 
mudrock processes. These processes are considered below:

(a) Feldspar dissolution. The abundance of detrital potassium  feldspar 
rarely exceeded trace abundance within the Westphalian sandstones and can 
therefore be excluded from the list of potential sources of silica. Detrital 
potassium  feldspar was rapidly corroded by the meteoric depositional pore 
fluids.

(b) Q a y  m ineral reactions. Transformation of smectite to illite during 
burial diagenesis has been documented from the Tertiary of the Gulf Coast 
(Burst, 1959; Hower et al, 1976; Ahn and Peacor, 1986). This transformation is 
therefore a potentially significant source of silica for (sandstone) sequences 
containing considerable thicknesses of smectite rich shales. A num ber of 
authors have applied this smectite to illite model to N orth Sea sequences 
(excluding the W estphalian) (e.g. Dypvik, 1983; Glasm ann et al, 1989). 
However, Primmer and Shaw (1987) cautioned against the general application
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of this model for progressive illitisation with depth in successions from the 
North Sea because of the variable influx of detrital clay minerals through time.

Assuming that the mudrocks within the W estphalian were originally 
smectite rich, then this process could theoretically account for the quartz 
cementation. However, the detrital clay mineralogy of the m udrocks is not 
known, therefore volumetric calculations cannot be made to test this process. 
Generation of silica from the smectite to illite transition is possible upto the mid 
tem perature range recorded by quartz hosted fluid inclusions (120-130OC) 
(Freed and Peacor, 1989).

(c) Carbonate replacement of quartz. Corrosion a n d /o r replacement of 
silicate grains within sandstones by carbonates will contribute silica to the pore 
fluids (Burley and Kantorowicz, 1986). Detrital quartz grains w ithin the 
sandstones have been corroded by eogenetic siderite but there is little evidence 
of mesogenetic quartz corrosion, and certainly not on a scale that would 
account for the volumes of authigenic quartz. SEX and BSEI studies show that 
ductile lithic fragments contain a network of micro-pores created by the 
leaching of a labile component (Plate 21b): Figure 6.5 shows an inverse 
relationship between the volume of quartz overgrowth and the abundance of 
lithic fragments, ruling them out as a source of silica.

Corrosion and etching of detrital quartz is w idespread w ithin the 
mudrocks (Plate 24b, Plate 41c and Plate 41 d) but is not always linked to the 
presence of siderite. If significant volumes of silica were generated at such an 
early stage one w ould have expected it to have been exported to the 
'background' porosity prior to the development of secondary porosity. Clearly 
this is not the case and this process can be discounted as a source of silica for 
the authigenic quartz.

(d) Fault controlled fluid migration. Dilated fractures and fault planes 
have been proposed as high perm eability conduits for flu id  flow in 
sedimentary basins (Sibson et al, 1975). Such high permeability pathways have 
been proposed as conduits for the import of reactive fluids into sandstones 
which then initiated cementation/dissolution events (e.g. Burley et al, 1989). As 
fluids ascend faults/fractures they cool, prom oting the precipitation of 
minerals with prograde solubilities (e.g. quartz) and initiate the dissolution of 
carbonates which have retrograde solubilities (Bjorlykke and Egeberg, 1993; 
Pedersen and Bjorlykke, in press). De-gassing of CO2 associated with the 
ascending cooling fluids will counter the tendency for carbonate dissolution.

If authigenic quartz was derived from fluids introduced via fau lt/ 
fracture systems, several key points have to be addressed:
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(i) H ow  did the fault/fracture planes remain permeable to fluids 
over a geologically significant period of time?;

(ii) What was the source of the fluids (i.e. the driving force)?;

(iii) Is it possible for this process to produce a reasonably  
hom ogenous distribution of quartz overgrowths within sandstones 

on a basin-wide scale?

100

g
<
a
( j  10 1

To 15 20

LITHIC FRAGMENTS (%)

Figure 6.5. Authigenic quartz is most abundant within sandstones from 44/22-1 
which contain a minimum of ductile lithic fragments. An approximate line of 
best-fit has been applied to these data.

(i) Fractures and faults usually develop in response to tension during 
periods of sediment unloading, tectonic deformation and uplift. In the absence 
of significant pressure, a component of lithostatic stress w ill act to close the 
fracture/fault; closure of the fault/fracture w ill be opposed by the shear 
strength of the host lithology (Bjorlykke, 1993). Mudrocks and shales,from the 
W estphalian are m ostly w ell cemented and potentially have high shear 
strengths, although it is not clear how the shear strength will be diminished by 
the strong fabric anisotropy. Fractures and faults are abundant w ithin
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Westphalian sediments but are very rarely mineralised and are not necessarily 
associated with heavily cemented zones.

(ii) Assuming that there were permeable faults present on a basin wide 
scale during deep burial, a source and driving force for these fluids has to be 
identified. The rate of fluid flow will be a function of the transport capacity of 
the fault/fracture, the rate of fluid flow into the fracture/fault and the rate at 
which the fluids are dissipated at the top of the fracture (Bjorlykke, 1993; 
Pedersen and Bjorlykke, in press). In their modelling of pore water flow along 
vertical fractures, Pedersen and Bjorlykke (in press) considered four 
m echanism s for the flow of fluids into the base of fractures/fau lts: a. 
decompression of pore water; b. release of overpressure; c. focused flow of 
compaction driven fluids from below the fracture, and d. focusing of pore 
w ater m oving through a fracture. Their study concluded that pore water 
decompression and focused flow (c and d) would yield only a limited pore 
w ater flux that was unlikely to result in cementation. Focusing of fluids 
liberated from overpressured units along fractures may yield sufficiently high 
fluxes to cement the fracture but flow m ust be maintained for a geologically 
significant period of time (0.3-30 Ma for 50% cementation of a fracture 
assuming a flow velocity of l-lOOmyr^ (Pedersen and Bjorlykke, in press)). 
Clearly if large volumes of fluid passed through the faults/fractures one would 
assum e that the fractures will have become rapidly  cem ented before 
cementation of the sandstones was complete.

(iii) To maintain fluid flow along the fractures, fluids m ust have been 
dispersed within the W estphalian sandstones (or Permian sandstones if the 
fau lt/fra c tu re  extended up-stratigraphy). It seems unlikely  that the 
'background' porosity and embryonic secondary porosity could have effectively 
dispersed fluids throughout the sandstones. Implicit in this m odel is the 
assum ption that the most porous and perm eable sandstones w ould be 
preferentially cemented by quartz; with the occasional exception (Plate lb) this 
is not observed in the Westphalian. Deformation associated with fault/fracture 
generation will further reduce the ability of fluids to escape into surrounding 
rocks, and also to enter the fracture at source (Antonellini and Aydin, 1994).

The balance of evidence strongly suggests that fault related fluid ingress 
did not mediate quartz authigenesis.

(e) M udrock processes. A pétrographie study of the m udrocks has 
clearly shown that silica was mobile, most probably during mesogenesis (Plate 
39a and Plate 39b): widespread dissolution of detrital quartz was mostly not
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related  to corrosion by eogenetic siderite. The occasional presence of 
mesogenetic quartz within the medial zones of siderite cone-in-cone horizons 
(Plates 39c and 39d) is indicative of an overpressured pore fluid environment. It 
w ould also seem that the magnitude of fluid overpressure was sufficient to 
breach structural defects within diagenetic aquicludes (Plate 39b) and that flow 
was diverted around, or contained by, these aquicludes. Siderite cone-in-cone 
horizons are only locally significant as barriers to fluid flow. Fluid overpressure 
would provide the necessary driving force for the expulsion of silica rich fluids 
into the adjacent sandstones and was probably closely related to the fluid 
mixing event responsible for the generation of secondary porosity. Evans (1990) 
has also demonstrated a mudrock source for quartz hosted cements. Mixing of 
the 'connate meteoric' fluids from the mudrocks with the hypersaline brines 
will have reduced the solubility of silica (Porter and James, 1986), promoting 
the (initially rapid?) formation of authigenic quartz.

Mudrock related process could not have realistically been the source of 
silica for the higher tem perature quartz cement. The introduction of low 
salinity brines into 44/28-2 sandstones at -125oC may have initiated further 
quartz cementation. This of course does not resolve the problem  of high 
temperature authigenic quartz in 44/22-1 and K5a-3 sandstones.

In direct contrast with these observations, a numeric model by Bloch and 
Hutcheon (1992) suggests that shales are more likely to be a sink for silica. This 
numeric model is clearly not representative of the Westphalian.

M udrocks therefore appear to have been the dom inant source for 
secondary pore occluding quartz within the Westphalian sandstones. A driving 
force for the expulsion of Si-rich fluids from the mudrocks has been identified, 
as has a potential catalyst for quartz precipitation. Oscillatory release of 
m ethane from the organic-rich m udrocks could have aided in the re
distribution of silica-rich fluids throughout the sandstones (Park et al, 1990).

6.1Z3 Silica migration and precipitation
Although fluid convection is commonly invoked as a mechanism for 

distributing silica throughout sandstones, Bjorlykke (1993) has demonstrated 
that thin interbedded shales (0.1m) are sufficient to sub-divide convection cells 
and therefore suppress Rayleigh convection. The abundance of thin shales and 
extensive siderite cemented silts within W estphalian sandstones will have 
prevented the development of convection cells. Bjorlykke and Gran (1994) and 
Aplin et al (1992) documented an increase in salinity with depth for North Sea 
formation waters: if convection had been important during diagenesis, these
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salinity variations would have been homogenised. Diffusion processes are 
mostly considered unlikely to have contributed towards the development of 
authigenic quartz (Bjorlykke and Egeberg, 1994).

As a result of the rapid rate of burial, upwards fluid flow w ould have 
been less than the subsidence rate for the Westphalian sedimentary sequences 
(Figure 6.1) (Bjorlykke, 1994). Assuming a constant geothermal gradient, pore 
fluids will be heated as they subside (relative to the sea floor) increasing the 
solubility of silica. Temperature is usually the most significant control on 
quartz solubility. However for the Westphalian, the mixing of two fluids of 
variable salinity, thereby reducing silica solubility, is considered to be the 
dominant control on quartz precipitation.

6.13 Barite
Authigenic barite is an accessory mineral within the sandstones and 

mudrocks examined in this study. The disparate characteristics of the mudrock 
and sandstone hosted barite assemblages reflects their eogenetic and 
mesogenetic origins respectively, as discussed below.

M udrock hosted barite was only observed within samples from 49/25-2. 
It is not clear if this is a casual or causal relationship that may be attributed to 
one or more of the following: (i) proximity of these mudrocks (tens of feet) to 
the Saalian Unconformity and the overlying evaporite rich Permian; or (ii) the 
presence of marine bands within the Westphalian A in general. Three genetic 
barite assemblages have been identified from the petrography of these 
mudrocks which reflect the dominant mechanism (i.e. mechanical or chemical) 
by which the barite was accumulated.

Barite disseminated throughout the matrix (Plate 37b) and nodular 
barite (Plate 37a) are very early, pre-dating most other paragenetic 
events, and possibly represent precipitation from a confined 
reservoir (e.g. a discrete lithostratigraphic unit) enriched in Ba^^ and
soj-.

In contrast it is suspected that the development of barite 
within the medial zones of siderite cone-in-cone horizons (Plates 30 
and 39d) is the product of focused fluid flow that prom oted the 
development of overpressure (Plate 29b). As fluid pressure within 
the phyllosilicate matrix fluctuated in response to the development 
and dissipation of overpressure (or just increased with progressive 
burial), there would have been a delay in the transmission of these 
pore pressure variations to the medial zone (controlled by the
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permeability of the cone-in-cone structure) leading to the creation of 
a pressure gradient. The longevity of the increased pressure within 
the medial zone would be dependent on how quickly the matrix 
derived fluids could permeate the cone-in-cone structure. If the rate 
of change of pore fluid pressure within the matrix is greater than the 
diffusion rate through the cone-in-cone structure, the pressure 
imbalance may have been m aintained therefore prom oting the 
continued ingress of reactive fluids (until the medial zone attained a 
critical 'overpressure'). If fluid composition within the medial zone 
was modified at a rate greater than the rate of fluid ingress, by the 
precipitation of ferroan dolomite for example, m ixing of two 
relatively distinct fluids may have taken place perhaps prom oting 
the development of barite (Dejonghe, 1990).

Barite w ithin the medial zone of cone-in-cone horizons probably post-dated 
that disseminated in the matrix or nodular barite.

The relative abundance of barite within the medial zones of cone-in-cone 
horizons relative to the enclosing phyllosilicate matrix is clearly related to the 
greater rates of fluid flow/rates of fluid recharge in association with the small 
volume of the reaction vessel (i.e. the medial zone). By contrast, Ba^  ̂ and SOj" 
w ithin the m udrock matrix would have been effectively dispersed within a 
reaction vessel of almost infinite volume, accounting for the dissemination of 
barite in this environment.

Replacement of the nodule hosted ferroan dolomite veins by barite 
(colour photo 1,11 15 and 13) distinguishes this event (in a time framework) 
from the initial neomorphic barite (see (i) above) and the medial zone hosted 
neom orphic barite (see (ii) above). The nodule (Figure 4.1) was probably 
(geochemically) open to the influence of pore fluids from the phyllosilicate 
m atrix (Jordan et al, 1992); this exchange of pore fluids m ay have been 
prom oted by the establishment of a similar pressure regime described for the 
cone-in-cone horizons in (ii) above. There are no data that w ould suggest a 
mechanism of barite replacement for ferroan dolomite, or w hat initiated such a 
reaction.

At present no explanation can be offered either for the development of 
an apparently eogenetic mixed kaolinite and quartz vein (Plate 35d) or its 
association with barite.

S a n d s to n e  hosted barite does not have a restricted stratigraphie 
d istribution , occurring in sandstones from the W estphalian A to the 
W estphalian C /D . The barite is almost exclusively confined to occluding
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secondary porosity and always im m ediately postdates ankerite /ferroan  
dolomite and quartz; the development of the latter has not been impaired by 
the formation of barite nor has the barite had a corrosive effect on the quartz.

According to Pye and Krinsey (1986) barite precipitates from reducing 
alkaline brines and the reducing alkaline brines that sustained the formation of 
ferroan dolomite and ankerite in wells 44/28-2 and 44/22-1 respectively, would 
certainly have sustained the subsequent development of barite. The Ba^  ̂ and 
SO4" were introduced earlier in the basin history as the sequences first 
ascended then descended through Permian formation waters (see Section 6.23). 
There is no evidence that would suggest Ba^  ̂was supplied by the breakdown 
of detrital potassium feldspar.

6.14 Anhydrite
Mudrock hosted eogenetic anhydrite is closely associated w ith barite 

and ferroan dolomite assemblages which it postdated, and acted as a sink for 
the excess Ca^^ and SO\~. It is also of course possible that this eogenetic (and 
assum ed neom orphic) anhydrite initially developed as gypsum  and 
subsequently dehydrated to anhydrite as the formation temperature exceeded 
-40OC.

Mesogenetic secondary pore occluding neomorphic anhydrite cements 
have a random  distribution that reflected locally aberrant geochemical 
conditions that favoured its formation. A lthough the sandstone hosted 
anhydrite is rarely present in close association w ith barite and ferroan 
carbonates (which it postdates), in contrast with the mudrocks, it may still be 
the product of residual components that were more thoroughly distributed in 
the elevated permeability environment of sandstones.

The source of sulphate during early diagenesis has been addressed in 
section 6.5. Potential sources for Ca^+ during eogenesis of the W estphalian 
include: (i) fluids enriched in calcium as a result of illuviation; (ii) detrital 
carbonates; (iii) calcium  complexes w ith  organic m atter; and  (iv) 
m arine/brackish fluids.

During mesogenesis the pore fluids were a significant reservoir of Ca^+ 
as indicated by the fluid inclusion data. Albitisation of detrital calcium 
plagioclase will have augmented the supply of calcium to the pore fluids, but 
has not been quantified. The sulphate for the anhydrite and barite cements was 
also sourced from these (modified Permian) brines.
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6.15 Illite and Illite-Smectite
Although authigenic illite is a volumetrically minor component in the 

W estphalian sandstones, its deleterious effect on reservoir quality is well 
documented (Huang, 1992; Kantorowicz, 1990). The effectiveness of illite in 
reducing permeability is a function of its large surface area to volume ratio. The 
tortuosity of the fluid flow paths is increased in the presence of illite, but in 
addition the strong adhesive forces between illite surfaces and the pore fluids 
are most effective in reducing permeability.

Illite morphologies are mostly characterised by thick bladed and platy 
geometries (Plate 14d and Plate 15b) which would pflîeen more resistant than 
fibrous forms to collapse during air drying (Kantorowicz, 1990). The general 
stability of illite in Westphalian sandstones may be related to kinetic factors 
associated with their prolonged residence at temperatures in excess of lOO^C 
(-90 Ma): protracted exposure of illite to temperatures in excess of 100°C 
promotes growth along the c axis (at 90° to elongation), after an initial period 
of rapid growth parallel to the a and b axes (Kantorowicz, 1990). Fibrous illite 
and thin platy illite postdate the more ridged blades and thicker plates of illite 
(section 3.2.72 and Plate 14d) and may have developed during basin inversion 
as sediments ascended through the 100°C barrier in the Lower Cretaceous.

X-ray diffraction indicates an illite/smectite (I/S) component of 10-80% 
for the clay fractions from the sandstones and 10-55% for the mudrocks (Tables 
3.9, 3.10, 4.4 and 4.5). The composition of the I/S  in both the sandstones and 
mudrocks is approximately 80% illite/20% smectite. The ATEM data indicate 
the presence of significant Na+ and Ca^+ within the illites (Table 3.12) which is 
perhaps a clear indicator of a previously more voluminous smectite component 
w ithin the I/S . However, SEM-EDS data indicate lower Na+ and Ca^ + 
abundances in the I/S  and thus provides less compelling evidence for a 
smectite component (Table 3.11) and is more in agreement with the XRD 
interpretation. Without a detailed FEEM and TEM study of these illites it is not 
possible to further determine if the illites evolved from a more smectite rich I/S 
mixture or was neomorphic.

Experimental work by Huang (1992) has shown that bladed illite 
develops from neutral solutions with a high concentration of dissolved silica. In 
contrast experimentally formed platy illite developed from neutral solutions 
with a low concentration of dissolved silica. The illite paragenesis based on 
morphological variations (section 3.2.7.2) therefore represents a gradual 
depletion of silica from the pore fluids during mesogenesis. This is consistent 
with illite authigenesis partially overlapping with an extended period of quartz 
cementation.
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SEI and FEEM analyses of selected sandstones shows that neomorphic 
illite has an apparently random  distribution, partially influenced by the 
presence of the dominantly vermicular K1 kaolinite (surface area= 1200m2g-D 
and detrital lithic fragments. The absence of paragenetically late fibrous illite on 
dickite or the dominantly vermicular K2 kaolinite may be due to their smaller 
surface areas (~350m2g"i and ~900m2g"l respectively) (Kantorowicz, 1990).

As burial tem peratures exceed 130°C the kaolinite and potassium  
feldspar assemblage becomes metastable, after which illite becomes the stable 
phyllosilicate. Pétrographie evidence indicates that detrital feldspars were only 
present in trace abundance and have altered to illite plus quartz (Plate 16a). A 
detailed SEI and FEEM survey identified only trace volumes of authigenic illite 
in the mudrocks. At present the source of K+ is poorly constrained but must 
have been local considering its low transport potential (i.e. it is rapidly 
consumed in diagenetic reactions). It is possible that the modified Permian 
brines contained sufficient potassium to sustain the observed illitisation: the 
presence of a of K-Al-Si daughter mineral in albite hosted inclusions (Plate 44) 
may indicate that the potassium was sourced from the Permian hypersaline 
brines that were present during albitisation.

As described above, the ratio of potassium feldspar/potassium  feldspar 
+ kaolinite for Westphalian sandstones approaches zero and these conditions 
require a maximum fluidrrock ratio of 10 to initiate the precipitation of illite 
(Huang, 1992). At higher fluid:rock ratios the fluid chemistry does not move 
effectively into the illite field. Clearly the generation of secondary porosity 
w ould have served to increase the fluidrrock ratio and therefore reduce the 
probability of illitisation. A plot of gas secondary porosity verses illite 
abundance (from the <2pm clay XRD data) for samples from 44/22-1 and 
44/28-2 confirms that the fluid (porosity): rock volume ratio exerted an 
influence on the abundance of illite (Figure 6.6). Sandstones from K5a-3 and 
49/25-2 contain little or no porosity which favoured illitisation reactions and is 
reflected by the higher than average abundance of illite in sandstones from 
these wells (Table 3.10).

6.15.1 Illite morphology and K/Ar dating
The FEEM technique has enabled the surface textures of in-situ illites to 

be studied in great detail. Surface textures revealed by this study have been 
previously documented by Vali et al (1991) but due to the involved nature of 
sam ple preparation (freeze etch replicas), they could not discount the 
possibility that they were artefacts.

It is not clear if the fibrous and tabular illite (Plate 15a) have been 
assimilated during the formation of larger illite blades (perhaps by Ostwald
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Figure 6.6. Decreasing illite abundance with an increase in total gas 
porosity for sandstone samples from 44/22-1 and 44/28-2. Each curve 
includes data from both 44/22-1 and 44/28-2.

ripening) or if they represent a re-crystallisation effect. These observations in 
concert with the obviously multiphase growth of the illite (Plate 15a) poses an 
interesting problem for K /A r dating. If the illite re-crystallised it will have re
set the K /A r date, as will Ostwald ripening. The presence of multiple illite 
growth events (fibrous illite potentially developed -65 Ma later than the bladed 
illite; see above) within the same macro grain will have a similar effect.

6.16 Kaolinite and Dickite
6.16.1 Mudrocks

Authigenic kaolin assemblages within the sandstones are characterised 
by variable morphologies, size of plates (dimensions of the a - b plane; and 
thickness parallel to the c -axis) and the presence of two polymorphs (dickite 
and kaolinite). Detrital kaolinite was rarely observed in the sandstones and is 
invariably partially replaced by authigenic kaolinite and thus it was not 
possible to assess the original abundance of detrital kaolinite within the 
sandstones. In contrast the authigenic kaolinite assemblage within the 
mudrocks is dominated by a singular morphological variant (Kl). Detrital
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kaolinite is rare and has not been replaced by authigenic kaolinite. These 
fundam ental pétrographie differences between the sandstone and mudrock 
assem blages were determ ined by the tim ing and hence host sedim ent 
permeability.

Kaolinite cementation within the mudrock matrix was m ost intense 
during eogenesis while sediment permeability was high. The potential for 
continued kaolinite authigenesis within the mudrock matrix during deeper 
burial w ould have depended the availability of AP+ and Sî '*' an d  on the 
effectiveness of fluid overpressure in m aintaining a relatively open 
pore/perm eability  framework. Well developed kaolinite cements w ithin the 
core of carbonate nodules (Plate 27a) possibly represents an extension of 
kaolinite authigenesis beyond the eogenetic regime. Aluminium species were 
obviously sufficiently mobile to m igrate through the m icro-porous wall 
structures of these nodules. The complete occlusion of the rem aining void 
space (after ferroan dolomite cementation) clearly required the through flow of 
numerous pore volumes (see section 6.6.1).

Although authigenic kaolinite assemblages are present throughout the 
mudrocks, they are least corroded when present in association with carbonates 
(Plate 27a, Plate 33b and Plate 38b). Mixing of relatively high pH  pore fluids 
from carbonate micro-environments with evolving lower pH  fluids from the 
main fluid reservoir, in the presence of dissolved silica, would have reduced 
the solubility of kaolinite (Crowley, 1991) (Figure 6.7).

Kaolinite assemblages also occur with pyrite and pre-da ted siderite 
cementation. This association indicates a localised reduction of pore water pH 
associated with a bacterial sulphate reduction (assuming an excess of H+ over 
S^-) that would have reduced the solubility of kaolinite (Figure 6.7). However, 
kaolinite cementation in the mudrocks was most voluminous after siderite 
cementation and appears to be a time equivalent of the K l kaolinite present in 
the background porosity of the sandstones. Very occasionally, the presence of 
eogenetic kaolinite and quartz in bedding parallel veins (Plate 35d) serve to 
illustrate their mobility.

Pétrographie data from this study cannot confirm or discount that the 
mobility of kaolinite saturated fluids extended into adjacent sandstones. This 
study does, however, clearly illustrate that the siderite in the sandstones was 
sourced from the mudrocks (see section 6.22). Assuming that the sandstones 
retained sufficient permeability after cessation of siderite cementation and that 
the m udrocks were still de-watering (inevitable during eogenesis) then the 
potential for the export of kaolinite saturated fluids m ust have been high. 
Curtis (1983) believes that pore waters expelled from m udrocks with an 
elevated pH  are capable of transporting Si and A1 species into the sandstones.
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Figure 6.7 Plot of the total concentration of dissolved aluminium (ppm) 
(i.e. the sum of the concentrations of all aluminium complexes) as a 
fnction of pH for the system sea water-kaolinite-quartz. Modified from 
Giles and de Boer (1990).

6.16.2 Sandstones - kaolinite eogenesis
W ithin the sandstones kaolinite cementation was, by contrast, most 

intense during mesogenesis; relatively minor volumes of eogenetic (Kl) 
kaolinite cementation were limited to the background porosity.

A number of pétrographie observations from 44/22-1 sandstones appear 
to illustrate remnant background pores occluded by kaolinite (Plate 12d, Plate 
13d and Plate 14a). The background porosity was mostly 'assimilated' by the 
secondary pores during the dissolution of siderite. The linear divide between 
pore occluding eogenetic kaolinite (Kl) and mesogenetic kaolinite (K2) (and/or 
dickite and siderite) may have developed as follows:
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EOGENESIS
(i) Primary pore volume was partially infilled by siderite creating a 
linear (geopetal) boundary. The remaining primary porosity free from 
siderite cement is the 'background porosity'.

(ii) Subsequent eogenetic (Kl) kaolinite partially/ completely occluded 
the remaining background pore volume (Plate 11c);

MESOGENESIS
(iii) Partial/total dissolution of siderite from the local pore environment;

(iv) Mesogenetic (K2) kaolinite and dickite developed in the voids 
created by the dissolution of siderite (Plate 12d, Plate 13d, and Plate 14a).

It should also be noted that in sandstones from 44/22-1, background porosity 
was only identified in sandstones with a mode grain size of >250|xm which 
have better than average porosity (11%), although their mean permeability does 
not vary significantly from that for the whole data set (Figure 3.22). 
Background porosity or evidence of background porosity was only occasionally 
observed in sandstones from wells K5a-3 and 44/28-2 but were absent from the 
49/25-2 sandstones. These observations can be linked to the ratio of mudrocks 
to sandstones in the sequences. Within sequences dom inated by sandstones 
(e.g. 44/22-1, Table 6.2) the siderite generating capacity of the mudrocks is less 
likely to occlude all of the primary porosity than in sequences dom inated by 
m udrocks (Table 6.2, wells 44/28-2, 49/25-2 and K5a-3). The volume of 
background porosity will therefore potentially be greatest in sandstone 
dominated sequences, assuming that framework rigidity was maintained. This 
trend towards an increase in the ratio of siderite: background porosity with a 
decrease in the sandstone : mudrock ratio can be reversed if the sandstones are 
sufficiently coarse grained and permeable, enabling siderite to be more evenly 
distributed (e.g. sandstones from 44/28-2).

The source of the eogenetic (Kl) kaolinite has been discussed above. It is 
difficult to assess the contribution of unconformity related meteoric fluids in 
mediating the formation of eogenetic kaolinite within the W estphalian since 
depositional pore fluids were similarly meteoric. Vertical fluid flow through 
the W estphalian sediments would have been greatly reduced by the well 
cemented sandstones and thick mudrock successions. In addition detrital 
potassium  mica and plagioclase feldspar are commonly well preserved in
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sandstones immediately below the Saalian Unconformity. These data suggest 
that meteoric fluids did not exert a controlling effect on sandstone eodiagenesis.

Table 6.2 Abundance of sandstones within the various wells 
incorporated in this study.

PERCENT SANDSTONE

44/22-1 60

44/28-2 40

49/25-2 20

K5a-3 <20

because the rate of vertical penetration of the meteoric fluids was less than the 
rate of erosion at the Saalian Unconformity (Bjorkum et al, 1990).

6.16.3 Sandstones - kaolinite mesogenesis
Secondary pore occluding (K2) kaolinite was extensively developed 

during mesogenesis within the Westphalian of this study. This kaolinite did not 
nucleate w ithin all available secondary pore volumes. Its distribution and 
volum e was controlled by the availability of nucléation sites (e.g. finely 
crystalline phyllosilicates- but there was no evidence for the nucléation on 
eogenetic kaolinite), the availability of Si and A1 complexes and their mobility.

The source of Si and A1 for the kaolinite is not readily apparent. There 
are no obvious trends between the abundance of argillaceous lithic fragments 
and the abundance of kaolinite in sandstones from wells 44/28-2, 49/25-2 and 
K5a-3. The kaolinite point count data did not discriminate between the various 
kaolinite morphologies (due to practical reasons) and will have therefore 
obscured any trends and the qualitative assessment of the SEI and BSEI data 
could not conclusively demonstrate the dominance of any one kaolinite. 
However, Figures 6.8a and 6.8b demonstrate a link between detrital clay 
com ponents and kaolinite authigenesis in sandstones from 44/22-1. A 
qualitative assessment of SEI and BSEI from 44/22-1 sandstones also clearly 
shows that the mesogenetic (K2) kaolinite is significantly more abundant than 
the eogenetic (Kl) kaolinite. Figures 6.8a and 6.8b therefore principally 
docum ent the formation of mesogenetic kaolinite from the breakdow n of 
undifferentiated clay and detrital lithic fragments. Pore casts from the 
sandstones frequently illustrate extensive microporosity within argillaceous 
lithic fragm ents (Plate 21b) which clearly developed at the expense of an 
unstable (alumino-silicate?) component(s).
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Figure 6.8a. The total abundance of the authigenic kaolins increases as the 
volume of undifferentiated clay decreases for sandstones from 44/22-1. This 
relationship suggests that either the kaolinite developed at the expense of the 
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Figure 6.8b. This graph demonstrates two detrital sources of A1 and Si for 
authigenic kaolinite from well 44/22-1. The total consumption of undifferentiated 
clays to yield kaolinite is shown by the three dashed curves A to C (this 
relationship is also clearly demonstrated in Figure 6.8a). There is a positive 
correlation between the volumes kaolinite and ductile lithics (Curve D) because 
only a fraction of the ductile lithics have contributed towards kaolinite 
authigenesis, whilst the remainder of the lithic fragments remained stable.



The mudrocks as a source for the mesogenetic kaolinite seems unlikely 
since the m udrocks themselves do not contain an equivalent mesogenetic 
kaolinite assemblage. It should be noted that mudrocks from 8000 ft (-IIOOC) 
would still have been capable of expelling reasonably significant volumes of 
fluid into adjacent sandstones at this depth (Giles and de Boer, 1989). Indeed, 
partial dissolution of siderite, just prior to the onset of mesogenetic kaolinite 
cementation, may have significantly increased the rate of fluid flow from the 
mudstones to the sandstones.

Displacive growth of kaolinite between sheets of detrital muscovite 
occurs in both the mudrocks (eogenetic?) and sandstones (mesogenetic); the 
timing of these events reflects the period of increased fluid: rock ratios for both 
lithologies. Expansion of the muscovite mica was always greatest in the 
sandstones containing the greater abundance of free void (porosity) spaces. 
Equally, the disarticulation of muscovite mica along its cleavages and 
subsequent kaolinite cementation may exaggerate the degree of dilation due to 
kaolinite growth. From these observations, one can conclude:

(i) Permeability of the host sediment was perhaps im portant in 
mediating the exchange of K+ for H+ and therefore sustaining a 
chemical environment favourable for the precipitation of kaolinite.

(ii) The development of kaolinite between sheets of muscovite mica 
does not necessarily represent displacive growth.

Crowley (1991) proposed that similarities in crystal structure between kaolinite 
and muscovite mica may be responsible for their common co-existence.

A stable isotope study of the various kaolin minerals would have better 
constrained their conditions of formation. Unfortunately, it was not possible to 
obtain pure separates of the individual kaolins due to their common co
existence and in addition kaolin separates invariably contained illite.

A recent study by Ehrenberg et al (1993) comprehensively reviewed the 
present understanding on the nature of the kaolinite to dickite transition. In 
summary, replacement of kaolinite by dickite is favoured in sandstones with 
relatively high permeabilities that have exceeded temperatures of 120°C for a 
sufficient time period to sustain the transformation. It is this permeability 
control on the formation of dickite that determined its apparent absence from 
W estphalian mudrocks (based on an extensive optical investigation during 
which only raged plates of eogenetic kaolinite were observed). X-ray diffraction 
studies confirmed the presence of dickite within the sandstones (Table 3.6).
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Micro-porosity between kaolinite sheets (Plate 20d, Plate 21a and Plate 
21c) was probably significant in mediating the transition to dickite: kaolinite 
that grew 'displacively' between sheets of muscovite mica did not contain 
microporosity and has not transformed to dickite.

Detailed observations of the neomorphic and pseudom orphous dickite 
indicate the existence of two transformation pathways:

(i) pore occluding dickite (Plate 13a, Plate 13b and Plate 13c) 
developed via a dissolution (probably of vermicular kaolinite) re
precipitation pathway; and

(ii) in situ replacement of the host mesogenetic kaolinite (solid state 
reaction) by dickite. This transform ation pathw ay results in a 
reduction in the width (in the a - !? direction) of the kaolinite plates 
(Plate 14c) and the Ostwald ripening of discrete kaolinite platelets 
(Plate 14b + Plate 20d) which if continued to completion results in 
the deformation of the original kaolinite stacking structure (Plate 
13c). The solid state transformation to dickite was discounted by 
Ehrenberg et al (1993).

The nature of the kaolinite to dickite transition is unlikely to be governed solely 
by sediment permeability or temperature since dickites of apparently the same 
paragenetic stage, derived from both pathways (i) and (ii), may be observed in 
the same sample.

X-Ray diffraction data for the sandstones and mudrocks show that the 
absolute abundance of kaolin minerals varies widely and (Tables 3.9, 3.10, 4.1 
and 4.2) and does not follow any identifiable depth or facies related trends. 
These data are characteristic for sequences affected by more than one stage of 
authigenic kaolin, e.g. K l, K2 and dickite within the sandstones. The random  
variations in kaolin abundances for the mudrocks (Tables 4.4 and 4.5) are more 
difficult to explain considering the presence of a single authigenic kaolinite 
event; stratigraphic/facies variations in the volumes of detrital kaolinite may 
have contributed towards this randomness.
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THE FOLLOWING MINERALS WERE CONFINED TO THE
SANDSTONES AND ARE DESCRIBED IN PARAGENETIC ORDER.

6.17 Potassium Feldspar
Authigenic potassium feldspar is restricted to sandstones from 44/22-1 

and is present in trace abundance. The formation of authigenic potassium 
feldspar requires relatively high or H^SiO^ activity. If the activity of the
H^SiO^ is close to amorphous silica saturation potassium feldspar can form in 
the presence of m uch lower K^/H^ (Ali and Turner, 1982). No further 
conclusions on the genesis of potassium feldspar can be draw n from this study.

6.18 Chlorite
Secondary pore occluding chlorite is an accessory com ponent in a 

restricted num ber of sandstones from 44/28-2 (Table 3.9). Pétrographie data 
clearly shows that chlorite postdated the quartz overgrowths and ferroan 
dolomite; chlorite is generally present to the exclusion of kaolin minerals. 
Chlorite and illite assemblages are always mutually exclusive.

Microprobe analyses revealed a narrow compositional range for the 
chlorite (Figure 3.19). Generally, silica rich chlorites (i.e. [Si^] >5.4 formula 
positions) are magnesium rich (Hillier and Velde, 1991). However, the silica 
rich chlorites in 44/28-2 sandstones (Si occupies 5.32 formula positions) are iron 
rich. Similar silica and iron rich chlorites have been reported by Hillier and 
Velde (1991) and develop in response to extensive substitution of aluminium 
into the octahedral layers. There appears to be a clear link between the iron-rich 
composition of these chlorites and the pétrographie observations that show 
ferroan dolomite being assimilated/corroded in the presence of chlorite. In the 
rare instances were kaolinite is observed in association w ith chlorite, it is 
corroded and m uch less abundant suggesting that kaolinite was the Al-Si 
reservoir during chlorite authigenesis. Additional (equivocal) evidence for the 
involvem ent of kaolinite in the chlorite genesis is presented in Figure 3.21 
w hich suggests that these chlorites contain betw een 1-10% of a 7Â 
phyllosilicate. Hutcheon (1990) described the development of chlorite from 
ferroan dolomite and kaolinite:
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SCaMgCCO)); +  A l2Si2 0 5 (0 H )4 +  S iO ; +  2 H jO  <=> M gsA l^ SijO ioC O H ),
Equ. 6.18a

+5CaCOa +5CO;

Unfortunately, this reaction produces a magnesium rich chlorite in association 
w ith calcite- neither of which are present in this study. Considering the 
abundance of siderite in Westphalian sediments, an alternative reaction may be 
considered (from Hutcheon, 1990):

SFeCOg + Al2Si205(0 H >4 + Si02 + 2H 2O <=> Fe5Al2Si30^o(OH)g + 5CO2 Equ, 6.18b

This time the end product is an Fe-rich chlorite and is therefore in general 
agreement with the probe data (Section 3.2.8.2). Furthermore, the mean M g/Fe 
for all siderite analyses from 44/28-2 sandstones (mean M g/Fe=0.18) 
corresponds closely with that of the chlorite (mean Mg/Fe=0.15).

Although pétrographie observations demonstrate a link between the 
dissolution of ferroan dolomite and the formation of chlorite, the above 
discussion would suggest that it made a relatively minor contribution in the 
presence of the considerably more voluminous siderite. Why the magnesium 
within the siderite did not promote the formation of a more magnesium rich 
chlorite is unclear, as is the origin of the additional magnesium and calcium 
released from the breakdown of ferroan dolomite.

It is quite surprising that chlorite is not more voluminous w ithin the 
W estphalian when one considers the almost infinite volume of the necessary 
reactants. An important controlling factor may have been the partial pressure 
of carbon dioxide (pCO]) as a high pCO] would tend to maintain the reactants 
in equilibrium (Equations 6.18a and 6.18b). It was therefore perhaps only in 
sequences were CO2 was effectively dissipated through a more permeable 
reservoir that chlorite could form. Abundant CO2 would have been liberated by 
the m aturation of the organic rich sediments of the W estphalian on a basin 
wide scale.

Chlorites adjacent to authigenic quartz is commonly much fresher and 
coarser than those occupying the remainder of secondary pores (Plate 16d). 
This may be due to:

(a) Elevated levels of silica saturation adjacent to the quartz overgrowth-
this would explain the Si-rich nature of these chlorites; an d /o r

(b) The low salinity brines (associated with pore occluding quartz-see
Chapter 5) that 'flushed' the 44/28-2 sandstones were slightly corrosive
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tow ards the chlorite. Connate waters bound to the rock framework 
(irreducible water) may have retained their chemical identity, therefore 
favouring the preservation of chlorite in these narrow zones. The fact 
that chlorite immediately adjacent to the quartz overgrowths are coarser 
than those in the bulk of the secondary pores may also suggest that 
chlorite continued to grow within the irreducible water volume after 
flushing of the sandstone by low salinity fluids.

Determ inations for the tem perature of chlorite form ation based on 
octahedral occupancy have yielded temperature of lôO^C and 225°C. If, as the 
petrography suggests, the chlorite authigenesis was contemporaneous with 
that of qu a rtz , these temperatures are over-estimates by a minimum of 30°C.
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THE FOLLOWING MINERALS WERE CONFINED TO THE MUDSTONES
AND ARE DESCRIBED IN PARAGENETIC ORDER.

Cementation events that are confined to the mudstones developed under 
aberrant geochemical conditions within carbonate concretions/ medial zone of 
siderite cone-in-cone horizons and are restricted to the W estphalian A in well 
49/25-2.

6.19 Celestite
The presence of celestite (SrS04 ) in association with anhydrite and barite 

(Plate 36c) would suggest a common source of depositional sulphate, perhaps 
related to the presence of brackish pore fluids: Sr2+, Ba2+ and Ca^+ are not 
usual components of meteoric fluids. It is not entirely clear why the celestite is 
restricted to the carbonate concretions/ medial zone of siderite cone-in-cone 
horizons, but may have been influenced by the decay of organic material.

6.20 Breurmerite
The occurrence of breunnerite within sedimentary nodules has been 

documented by Eisbacher (1969). Breurmerite is the product of iron substitution 
into the m agnesite lattice; there is a 100% solid solution series between 
m agnesite (MgCOg) and siderite (FeCOg). This cem entation event may 
represent a convergent point for the evolving ferroan dolomite and siderite 
chemistries (Figure 6.9). The trace abundance of breunnerite within the Type II 
veins (Figure 4.1) rendered further interpretations impractical.

6.21 Influence of Depositional Environment on Diagenesis
Given that the Westphalian sediments of this study were all deposited 

w ithin a fluvio-deltaic environment, it would seem most unlikely that the 
depositional environment exerted a control on reservoir evolution. Indeed, 
channel, crevasse, longitudinal and point bar sands share a common mineral 
paragenesis; only the intensity of siderite cementation varied, as follows:
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(i) Sandstone: m udrock ratio. Sequences containing >50% m udrock 
appear to have had the capability to more effectively cement the 
sandstones than those sequences in which sandstones were dominant. 
The reason for this is that the m udrocks appear to have been the 
dom inant source of the eogenetic pore filling siderite cement in the 
sandstones. Siderite is much less abundant (and siderite veins absent) 
w ithin mudrocks from sandstone dom inated sequences (e.g. 44/22-1 
(60%)). Sequences containing abundant mudrocks (49/25-2 (80%); 44/28- 
2 (60%)) had a residual siderite generating capacity after cementation of 
the sandstones: this excess generating capacity was confined to the 
mudrocks as bedding parallel veins (Table 4.1).

(ii) Lithic fragments. Ductile deformation of lithic fragments accelerated 
mechanical compaction prior to siderite cementation, reducing the 
volume available for the development of siderite minus cement porosity. 
The presence of 5-10% spherical ductile grains increases the degree of 
mechanical compaction by -10% (Rittenhouse, 1971). A lthough this 
compaction is not too severe, the lithics deformed into linear cm /m m  
thick bedding parallel zones which reduced vertical permeability and 
inhibited the formation of pore occluding siderite (Figure 6.10). In 
addition, reduced volumes of detrital lithic fragments will lower the 
potential for the development of pore occluding kaolins.

The temperatures and pressures developed during mesogenesis were 
sufficient to m aintain a common paragenesis across the well data set. 
Irregularities in the distribution of mesogenetic cements (perhaps w ith the 
exception of mesogenetic kaolinite) appear unrelated to their environment of 
deposition/depositional mineralogy.

6.22 Sandstone-M udrock Interaction During Diagenesis
Mudrocks can be a significant source of anions/cations for diagenetic 

reactions w ithin sandstones, as discussed by deCaritat and Baker (1992). In 
addition the mudrocks can provide the necessary fluxes through sediment de
watering to transport these reactive components into the sandstones. Also, the 
short transport paths involved (lO's of metres) are geologically realistic.

The following pétrographie and geochemical data supports a link 
between mudrock and sandstone diagenetic processes during eogenesis:
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Figure 6.10 Schematic diagram illustrating the effects of detrital lithic fragments 
(grey) on the magnitude of sediment compaction, and the distribution and 
volum e of siderite cement (red). Background porosity is blue. Clearly a 
reduction in the volume of initial siderite cementation dramatically increases 
the amount of mechanical compaction (right hand diagram). See text for 
discussion.



(i) The parageneses of the eogenetic siderite cements overlap for the 
sandstones and mudrocks, and share a common sequence of chemical 
zonation (Figures 3.8 to 3.11; and 4.5 to 4.8).

(ii) Abundant eogenetic kaolinite cementation within the mudrocks is the 
time equivalent to the background pore occluding K1 kaolinite in the 
sandstones. The mudrock hosted kaolinite formed during a period of 
extensive mudrock de-watering (even after siderite cementation) and it 
seems most improbable that kaolinite rich fluids w ould have been 
excluded from the residual primary porosity (background porosity).

The almost universal presence of corroded detrital quartz within the mudrocks 
allied with the occasional evidence for quartz mobility during mesogenesis, 
strongly suggests that initial quartz cementation in the sandstones was sourced 
from the mudrocks.

A quantitative assessment of the flux from the mudrocks has not been 
attem pted since the original chemistry of the mudrocks is unknown. Analyses 
of the residue from carbonate concretions (Evans, 1989) would not necessarily 
represent the detrital chemistry, since observations from this study and that of 
Jordan et al (1992) clearly show that concretions remain chemically open during 
diagenesis.

6.23 Pore Fluid Evolution
An empirical pore fluid evolution for the Westphalian sequences can be 

reconstructed from the detailed pétrographie and geochemical data presented 
in this study, in conjunction with a wider understanding of basin history. This 
information has been summarised for the sandstones in Figure 6.11.

Sedimentological data for the sequences studied in this project strongly 
indicates deposition within a fluvio-deltaic environment (Figures 1.2,1.3,1.4 
and 1.5) w ith meteoric depositional pore waters. This is confirmed by the 
w idespread occurrence of eogenetic siderite. The presence of m inor discrete 
intercalated brackish to marine sequences cannot be discounted, especially 
within the 'pro-delta' sediments of the Westphalian A.

Progressive displacement of the remaining depositional meteoric pore 
fluids (in equilibrium  w ith siderite) w ithin the background porosity by 
hypersaline Permian formation waters (out of equilibrium with siderite) during 
the Permian inversion event would have initiated the dissolution of siderite. 
Inversion of the W estphalian sequences was geologically rapid so that the 
sediments will have in effect ascended through a static column of overlying 
hypersaline Permian fluids. The hypersaline brines would then probably have
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moved towards equilibrium with siderite, as siderite dissolution progressed. 
After eogenesis the mudrock paragenesis becomes strongly divergent from that 
of the sandstones, indicating that the hypersaline brines did not invade the 
mudrock sequences.

Fluid inclusion data (section 5.5.3) suggest that the sandstones were 
initially open to the ingress of high salinity brines, with pore occluding albite 
hosted inclusions recording an increase in salinity w ith an increase in 
tem perature. As diagenesis progressed and the W estphalian sedim ents 
subsided through the Permian formation waters, fluid salinity decreased with 
increasing temperature: this decrease in fluid salinity was caused by the mixing 
of the resident hypersaline brines with low salinity fluids expelled from 
adjacent mudrocks. The combining of these two fluids initiated the mixing 
corrosion responsible for the formation of secondary porosity (see below).

The low  salinity fluids p resent during  upper m esogenesis (at 
temperatures of >149°C) in sandstone samples from 44/28-2 are more likely to 
have been derived from an extra-formational source. Although the source of 
these fluids has not been identified, the large basin margin fault zone adjacent 
to 44/28-2 may have provided a suitable conduit for such fluids into the deep 
subsurface (Figure 1.1). Diagenesis was arrested within the horizons affected by 
this flushing event in 44/28-2, and contributed towards the preservation of 
superior reservoir properties in these sandstones. The source of the low salinity 
brines within sandstones from K5a-3 is uncertain.

The main period of siderite dissolution was a product of the mixing 
corrosion stimulated by the release of preserved 'connate meteoric' fluids from 
the mudrocks during the Middle to Upper Triassic and their introduction to the 
adjacent sandstones. The duration of mixing corrosion w ould have been 
controlled in part by the volume of background porosity containing the 
hypersaline brine.

6.23.1 Overpressure history
6.23.1.1 Eogenetic overpressure

A . Tensile fractures within eogenetic nodules (Figure 4.1) indicate the 
previous existence of overpressured pore fluids during burial. The horizontal 
stress has to be small if these fractures are to rem ain open: these two 
generations of tensile fractures therefore developed under quite different 
pressure conditions than those responsible for the fractured pyrite and faulted 
siderite veins, described below. Fracture dilatancy is directly proportional to 
the m agnitude of pore fluid overpressure (for tensile fractures) present during 
their formation (Astin, 1986). The evolution from Type I to Type II fractures
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therefore records an increase in pore fluid pressure during eogenesis. The 
intensity of the initial overpressure event was insufficient to counter the 
distortion of the stress-field (created by the convex geometry of the nodule, and 
the higher shear strength of the nodule with respect to the matrix), resulting in 
sigm oidal fractures with outer radial term inations that trend  tow ards 
parallelism with the nodule margin (Figure 4.1). In contrast, pore fluid pressure 
during the formation of Type II fractures was sufficient to over-ride the 
distortional effects described above, resulting in linear fractures that cut across 
pre-existing structures (Figure 4.1).

The asymmetrical structure of siderite cone-in-cone horizons (Figure 4.4) 
may be related to contrasting pressure regimes at the upper and lower margins 
of the veins. Siderite cone-in-cone horizons were effective aquicludes and 
periodically promoted the build-up of elevated fluid pressures below each vein. 
Consequently, sediments adjacent to the lower margins were probably poorly 
bonded onto the siderite and therefore less well able to contain structural 
modifications of the cone-in-cone horizons resulting for e.g. from significant 
bedding parallel stresses (see below) or fluctuations in pore fluid pressure 
(similar to freeze-thaw action): this would account for the restriction of 
fractured siderite to the lower cone-in-cone margins (Figure 4.4). Siderite veins 
developed along overpressured horizons: the mechanism responsible for the 
subsequent development of two discrete wavelengths of cone-in-cone within 
individual siderite veins remains unclear.

Euhedral ferroan dolomite rhombs and complex mineral assemblages 
w ithin the medial zones of siderite cone-in-cone horizons (Plate 29b, Plate 30 
and Plate 36c) strongly indicate the presence of overpressure during eogenesis. 
A degree of overpressure would have been required to 'jack apart' the upper 
and lower components of the siderite cone-in-cone horizons to enable the 
unconfined growth of minerals (Plate 30). The evolution of eogenetic carbonate 
chemistry in terms of overpressure history is presented in Figure 6.9.

B. Pétrographie evidence for the existence of large horizontal stresses 
and associated overpressure during early diagenesis is well documented in the 
mudrocks from 49/25-2. The most graphic evidence is illustrated by Plate 31a 
and Plate 31b where a vertical pyrite burrow has been dissected by horizontal 
bedding-parallel fractures, infilled with eogenetic ferroan dolomite. Similarly, 
horst structures within bedding parallel cone-in-cone horizons (Plate 34d and 
Plate 35a) required a significant horizontal stress. It would seem that the rapid 
removal of overburden during the end-Carboniferous inversion event may well 
have contributed to the higher than usual horizontal stresses (Astin, 1986). The
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above structures therefore developed during inversion (contrast with section A 
above).

The evolution of the above structures can be summarised:

6.23.1.2 Mesogenetic overpressure
The development of overpressured mudrocks during the Triassic would 

be consistent with rapid burial (Figure 6.1) of extensively cemented sandstones. 
It is conceivable that the authigenic quartz w ithin siderite cone-in-cone 
horizons (Plate 39c) was injected along the medial zone during a period of 
mesogenetic overpressure, prior to the expulsion of silica rich fluids into the 
sandstones.

6.24 Summary Conclusions
During the course of this research a variety of techniques were used in 

the pétrographie and geochemical investigations of the sandstones and 
mudrocks. In particular, attention is draw n to the novel use of FEEM for 
obtaining high resolution images of in-situ mineral surface textures in both 
sandstones and mudrocks, and its general usefulness in diagenetic studies. The 
FEEM technique would benefit from the addition of an EDAX system to 
provide mineral compositional data.

The lim itations of conventional m ineral separation techniques in 
preparation  for isotopic analysis have been highlighted. W estphalian 
sandstones and mudrocks contain a number of intimately related cements from 
which it was mostly impossible, with the exception of siderite, to isolate pure 
mineral separates for isotopic analysis. The problem is further compounded for 
individual phyllosilicate minerals for which there is usually more than one 
growth stage (e.g. K1 and K2 kaolinite) representing growth under disparate 
chemical conditions. For these reasons it was not possible to obtain K /A r dates 
of the illites, or isotopic data for phyllosilicates in general in the Westphalian.

The preceding discussions have determined the most likely processes 
responsible for the complex sequence of cementation and dissolution events 
within the sandstones and mudrocks. A majority of these events have been 
explained in terms of processes that require a minimum of fluid transport, 
usually over distances of lO's of metres. This is an im portant consideration 
within sedimentary sequences that contains abundant stratigraphie (mudrocks) 
and diagenetic (cemented sandstones) barriers to large volumes of prolonged 
fluid flow; Ultim ate reservoir quality of W estphalian sandstones was 
determined by depositional parameters and the cumulative operation of a
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num ber of processes that occurred during the eogenetic-mesogenetic burial 
cycles. These processes are:

a. SEDIMENTARY ENVIRONMENT AND TECTONICS. Litho-facies controls 
on reservoir quality are minimal: with the exception of thin (l-5ft) crevasse 
sandstones, fine to medium grained channel, longitudinal, point bar and levee 
sandstones can develop into reservoirs providing that the diagenesis evolved 
under the conditions described below (b. to h.). There are no clear structural 
controls on reservoir quality. Sequences that have been inverted through 
Permian hypersaline brines contain extremely variable reservoir properties: this 
may be related to the ability of mudrocks to liberate m odified 'meteoric- 
connate' fluids (to initiate mixing corrosion) which in-tum  may be related to the 
abundance of mudrocks within the sequence (see 'b' below). Furthermore, 
sandstones with economic reservoir characteristics have not necessarily been 
flushed by low salinity fluids (possibly conducted to the reservoir along fault 
zones) during mesogenesis (e.g. sandstones from 44/22-1). An assessment of 
the role of tectonics in producing hydrocarbon traps within the Westphalian is 
beyond the scope of this project.

b. RATIO OF SANDSTONES TO MUDROCKS. Lithostratigraphic sequences 
in which m udrocks are dom inant have the greatest capacity to generate 
sufficient siderite for the uniform cementation of adjacent sandstones, therefore 
providing a well dispersed host in which the secondary porosity may develop 
(through mixing corrosion of the siderite). Sandstone porosity and permeability 
will have controlled the volume and distribution of the siderite.

c. DUCTILE UTfflC FRAGMENTS. The absence of detrital lithic fragments 
from the detrital assemblage increases the potential for the development of 
significant secondary porosity in two ways. Firstly, the mechanical destruction 
of prim ary porosity, prior to the onset of siderite cementation, is minimised. 
Secondly, the absence of horizons of deformed lithic fragm ents (effective 
barriers to vertical fluid flow) removed a barrier that would have otherwise 
impeded the uniform distribution of siderite.

Since mesogenetic (K2) kaolinite is a bi-product of the breakdown of 
ductile lithic fragments, the absence of detrital lithic fragments also benefits the 
preservation of secondary porosity. There does not appear to be any obvious 
trend between lithic abundance and facies/ stratigraphy.

d. SANDSTONE AND MUDROCK INTERACTION. A lthough diagenetic 
reactions in the mudrocks are numerous and complex when one considers the 
nodule and cone-in-cone m icro-environments, m udrock diagenesis can
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essentially be described in terms of eogenetic siderite and kaolinite cementation 
('Event' 1) and the mesogenetic dissolution of detrital quartz ('Event' 2). 
Significantly, these two discrete periods of increased diagenetic activity 
corresponded with the establishment of fluid fluxes from the mudrocks to the 
sandstones.

Fluids released from the compacting mudrocks controlled the basin- 
wide cementation of primary porosity. Eogenetic kaolinite cem entation of 
primary porosity was similarly related to the de-watering of the mudrocks. Its 
distribution was strongly controlled by the volume of prim ary porosity 
rem aining after siderite cementation and the availability of non-siderite 
cemented fluid conduits connecting the mudrocks to the sandstones. There is 
strong pétrographie evidence for the periodic development of overpressure 
w ithin the m udrocks during eogenesis. The periodic dissipation of these 
overpressures would have provided an additional driving force for fluid 
expulsion from the mudrocks; chemical zonation within the pore occluding 
siderite may be a product of a punctuated supply of fluids from the mudrocks.

The release of silica-saturated preserved 'connate-meteoric' pore fluids 
from the mudrocks during mesogenesis and its mixing with hypersaline brines 
in the background porosity in the sandstones controlled both the formation of 
secondary porosity and the precipitation of framework stabilising quartz (see 'f  
below). Mixing of these two disparate fluids resulted in the enlargement of the 
background porosity by the mixing corrosion of siderite. The precipitation of 
quartz was controlled by the salinity contrast between these two fluids. The 
magnitude of the porosity and quartz events was determined by the volume of 
hypersaline brines within the background porosity.

e. BACKGROUND POROSITY. The volume of prim ary porosity that 
rem ained free from eogenetic siderite and kaolinite (i.e. the background 
porosity) provided the reaction cham ber for m ixing corrosion during 
mesogenesis. The finite volume of hypersaline brine within the background 
pores determ ined the extent of mixing corrosion and hence the volume of 
siderite corroded to form secondary porosity. Background pores that were 
isolated from the permeability network that conducted the preserved 'meteoric- 
connate' fluids from the muds experienced a minimum of mixing corrosion: 
such background pores are generally identified by the prominence of barite 
an d /o r anhydrite cements, representing direct precipitation from a hypersaline 
brine.

f. QUARTZ CEMENT. Secondary porosity developed at a depth  of 
approximately 7000 ft during a period of sustained and rapid burial i.e. under
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conditions that would have minimised the preservation potential of this 
porosity. However, since secondary porosity and quartz cementation were both 
controlled by the expulsion of fluids from the mudrocks (see 'd ' above), there 
was a tendency for the mechanical stabilisation of secondary porosity.

g. ILLITE. The development of minor volumes of illite within porosity is 
usually sufficient to degrade reservoir properties to sub-economic levels. 
Within the Westphalian of the southern North Sea Gas Basin a pattern of illite 
cem entation w ithin the secondary pores has been observed: as porosity 
increases (increasing the fluidrrock ratio) illite abundance decreases.

h. MESOGENETIC FLUSHING OF SANDSTONES BY LOW SALINITY FLUIDS. 
The potential for the development of secondary pore occluding cements was 
significantly reduced in sequences flushed by low salinity  fluids at 
tem peratures in excess of (e.g. sandstones from well 44/28-2). The
source of these low salinity fluids has not been determined, however the basin 
margin fault zone adjacent to well 44/28-2 (Figure 1.1) may have acted as a 
suitable conduit.

Pétrographie data indicates that the majority of diagenetic reactions took 
place during the first two burial cycles upto and including the Upper Jurassic. 
Other than the late illite and haematite events during the early Cretaceous, the 
remaining burial history cycle is moribund.
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Appendix



APPENDIX 1.

An adaptation of the method of Schultz (1964) for 
XRD quantification of mudrocks.

J. Huggett (pers. comm.)

Ten simulated shale compositions have been analysed from which the 
intensity factors below have been determined:

Mineral Peak position (°2 6 /Â ) Intensity factor

quartz 20.83/ 4.26 37
albite 27.9/3.19 33
plagioclase 27.9 33
potassium feldspar 27.5/3.25 33
gypsum 9.95/7.6 100
haematite 33/2.69 27
pyrite 32.9/2.7 17
clay (general) 19.9/4.4 4
illite rich ditto 3
kaolinite rich ditto 4
montmorillonite rich ditto 2
rectorite rich ditto 6
glauconite rich ditto 2
chlorite 18.7/4.73 10
chlorite 12.4/7.1 30

If the quartz 4.26Â peak has an intensity of 600 counts, then quartz has an 
abundance of (600/37)%. Accuracy is ±20% of the derived values.
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