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Abstract:
Changes to the orientation of phyllosilicates in mudstones in the Podhale Basin and the
Northern North Sea have been quantified using High Resolution X-ray Texture
Goniometry (HRXTG). Samples were studied from four wells: Chochotéw PIG-1 and
Bukowina Tatrzanska PIG-1 from the Podhale Basin, and Magnus 211/12-2 and Rhum
3/29a4 from the Northern North Sea. The samples cover a temperature range of ~60 to
170°C. Porosity and pore size distributions were quantified by mercury intrusion
porosimetry. Changes in mineralogy with depth have been addressed by Quantitative X-
ray Diffraction (XRD). Analytical Transmission Electron Microscopy (ATEM) was
performed on illite-smectite from selected samples from the Podhale Basin. All wells
were subjected to 1-D maturity modelling using Genesis 4.8°.
Maximum burial temperatures of the Podhale samples range from ~60 to ~170°C (3 and
8 km). XRD reveals that the sample sets straddle part of the smectite to illite RO to R1
ordering transition zone and that illitization terminates at ~80% illite layers. An increase
in chlorite and a decrease in both kaolinite and K-feldspar occur over the same
depth/temperature interval. Quartz contents increase with increasing temperature. At
the top of the sequence, porosities are.close to 10%, indicating very substantial
compaction. However, HRXTG shows that there is only a modestly preferred alignment
of both illite-smectite and chiorite-kaolinite. A strongly aligned fabric is developed
through the smectite to illite transition in Chochotéw, with a less marked but readily
measurable increase beyond the transition in Bukowina Tatrzanska. Samples from
Chochotéw document a strong relationship between millimetre-scale fabric and clay
mineral transformations, but the relationship is more complex in Bukowina Tatrzannska.
The trend in %l in illite-smectite shows a gradual increase with depth from ~37% layers
to ~75% layers in Chochotdw, with a fabric change from ~3.4 m.r.d. to 5.2 m.r.d. The
trend in the %I in illite-smectite is constant at ~75% of layers in Bukowina Tatrzanska,
but with a fabric increase from ~4.8 m.r.d. to ~6.2 m.r.d. ATEM has been performed on
end member samples to determine chemical variation in illite-smectite. ATEM reveals
significant differences in the octahedral sheet Fe concentrations of samples from
Bukowina Tatrzariska with increasing temperature, pointing to continued crystallite
change beyond the termination of smectite illitization. A relationship between SADP and
structural formulae has been found. Single crystal patterns dominate where structural
formulae reveal little or no substitution in the octahedral sheet.
Samples from Magnus (~3200m; ~120°C) and Rhum (~4800m; ~150°C) consist of
Tertiary, Cretaceous and Jurassic sediments of varying thicknesses and maturity.
Porosity reduction in both wells is from relatively uncompacted sediments (~45%) to tight
muds (~5%). Preferred alignment of phyllosilicates is weak in shallow samples from
both wells (m.r.d. ~ 2.3) and only shows a modest increase in Magnus as compaction
and burial diagenesis (smectite illitization) proceed. Stronger phyllosilicate alignments
are developed at the base of Rhum (6.1 m.r.d.). Generally, a high correlation between
the two mineral peaks exists, the exception being the Jurassic of Rhum where low
kaolinite and chlorite abundance as measured by XRD explains the low fabric
development by HRXTG. XRD also reveals an increase in the %l in illite-smectite, 60%
in Magnus and 65% in Rhum, with increasing depth and temperature. XRD reveals
differences in mineralogy between the Jurassic, Cretaceous and Tertiary reflecting
differences in depositional environment and sediment input.
1-D maturity modelling has established a correlation between, vitrinite reflectance, %l in
illite-smectite and the development of preferred alignment of phyllosilicates. Lit-tle
change in preferred alignment at porosities >15% has been noted, with the major
changes occurring between ~15% and 5% porosity; this coincides with the change
between RO and R1 ordering in I-S and sits in a temperature range between 75°C and
125°C. The mechanism for preferred orientation change is therefore postulated to be
dependent on the dissolution-precipitation reaction mechanism in smectite to illite
formation in a high effective stress environment.
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1.0: Introduction:

This thesis is concerned with the quantification of preferred alignment of
phyllosilicates in mudstones from the Podhale Basin, Southern Poland, and
the Northern North Sea, UK, and how preferred alignments develop with
increasing burial depth, porosity reduction and diagenetic mineral change.

1.1: The Controls on the Phyllosilicate Fabric of Mudstones:
1.1.1: Depositional Controls:

Fine-grained siliciclastic sediments dominate sedimentary systems around
the world (O'Brien & Slatt, 1990; Schieber & Zimmerle, 1998; Aplin et al.,
1999). The processes by which these sediments are deposited have long
been the subject of investigation (e.g. Hjulstram, 1955; McCave, 1971, 1972;
Rieke & Chilingarian, 1974, Potter et al., 1980; Chamley, 1989; Schieber,
1998). Fine-grained siliciclastic sediments probably have a random preferred
alignment of phyllosilicates at deposition (e.g. Oertel, 1970; Oertel & Curtis,
1972; Page & Wenk, 1979; Curtis, 1980; O'Brien & Slatt, 1990; Sintubin,
1994; Ho et al., 1995, 1999; van der Pluijm et al., 1998; Merriman & Peacor;
1999; Jacob et al 2000; Matenaar, 2002; Worden et al., 2005) resulting from
flocculation (e.g. Chamley, 1989; O'Brien & Slatt, 1990; Kranck, 1991) in
estuaries, aggregation (e.g. McCave, 1971; Chamley, 1989) in deeper water
settings and bioturbation (e.g. Bennett et al.,, 1991) at oxic sediment water
interfaces.  In exceptional circumstances depositionally aided preferred
alignments of phyllosilicates may develop. Matenaar (2002) has recorded
high alignments in sediments with low depositional rates in deep marine
settings. In addition, the depositional environment has selected
phyliosilicates at the expense of quartz, feldspar and other non-
phyllosilicates poinfing to particle make up being a significant factor in
preferred alignment of phyllosilicates in mudstones. A decrease in fabric
intensity with increasing quartz content during cleavage development was
noted by Sintubin (1994). This suggests that the shape of the grains is
significant both at deposition and beyond, additionally; the importance of
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grain size has been noted by Matenaar (2002) and tacitly implied by Ho et al.
(1999). Grain size, grain shape and grain content of a mudstone will affect
alignment however mudstones tend to have a random preferred alignment of
phyllosilicates at deposition.

As burial of these sediments in subsiding basins proceeds they are subjected
to changes in compaction state and mineralogy. These changes act on
sediments to rotate the platy phyliosilicates they contain into a preferred
alignment until eventually beyond the diagenetic realm slatey cleavage is
developed. Two processes act alone or in unison to alter the preferred
alignment of phylliosilicates in mudstones; the first is mechanical rotation or
kinking of discrete phyllosilicate grains; the second is chemical alternation
either as phyllosilicate neo-crystallisation or dissolution-precipitation. Grain
kinking and rotation prevails in low-energy environments (Sintubin, 1994; Ho
et al.,, 1995, 1996) as mechanical processes are the most energetically
favourable (van der Pluijm et al., 1998). At later stages of burial diagenesis
and cleavage development (in the low-grade metamorphic zone) and in the
necessarily higher stress environments grain dissolution and
neocrystallisation (MacEwan et al., 1961; Nadeau et al., 1984; Ahn & Peacor,
1986a; Inoue et al, 1987; Altaner & Ylagan, 1997) become prevalent in the
formation of phyllosilicate preferred orientations either parallel to bedding
(e.g. Ho et al., 1999) or parallel to cleavage (Ho et al., 1995. 1996, 1999; van

der Pluijm et al., 1998).

1.1.2: Mechanical Compaction and Rotation of Grains:

Mechanical compaction is the dominant process in the first few kilometres of
burial for siliciclastic sediments (e.g. Athy, 1930; Hedberg, 1936; Giles et al.,
1998) and is essentially the stress driven rearrangement of grains which
causes porosity reduction and the expulsion of pore fluids (e.g Hedberg,
1936). Burial is associated with massive changes in physical properties.
Initially high surface porosities of ~70% are reduced to <5% at ~4km (e.g.
Athy, 1930; Hedberg, 1936; Sclater & Christie, 1980; Dzevanshir et al., 1986;

*
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Giles et al., 1998) and this is associated with permeability variability (e.g.
Olsen, 1962; Scheidegger, 1974; Neuzil, 1994; Schlomer & Krooss, 1997;
Yang & Aplin, 1998; Dewhurst et al., 1999) of as much as 3 orders of
magnitude at any given porosity and is related to lithology of the mudstone |
and therefore grain size (Yang & Aplin, 1998). The flocs or aggregates of
phyllosilicates with edge-to-face morphologies (e.g. O'Brien & Slatt, 1990),
which give rise to this initially high surface porosity are suggested to be short
lived (Sintubin, 1994) as the reduction of porosity by increased effective
stress (Terzaghi, 1921; Skempton, 1970; Burland, 1990; Dewhurst et al.,
1998) causes mechanical rotation of grains in response to loading (Aplin et
al., 1995; Dewhurst et al., 1998; 1999; Yang & Aplin, 1998) into face-to-face
(O'Brien & Slatt, 1990) morphologies and therefore the development of a
preferred alignment of phyllosilicates.

1.1.3: Diagenesis and Rotation of Grains:

Burial induces temperature increases in the sediment pile due to geothefmal
gradients and conditions for diagenetic mineral reactions become more
prevalent. Smectite illitization is one of the most significant change and has
been recorded in many basins around the world (e.g. Burst, 1959; Powers,
1967; Artru & Gauthier, 1968; Perry & Hower, 1970; Hower et al., 1976;
Boles & Franks, 1979; Srodon & Eberl, 1984; Pollastro, 1985; Bell, 1986;
Land et al., 1987; Inoue et al., 1987; Buryakovsky et al., 1995; Huggett, 1995;
Schegg ,& Leu, 1996; Wang et al., 1996; Lynch, 1997; Land et al., 1997,
Rask et al., 1997; Son et al., 2001; Thyhe et al., 2001; Nadeau et al., 2002).
lllitization is instigated at low temperatures, ~60°C (Perry & Hower, 1970;
Hower et al., 1976; Kisch, 1983; Freed and Peacor, 1989) and proceeds to
eventual slate formation at temperatures above ~200°C (e.g. Knipe, 1981;
Ho et al., 1996; van der Pluijm et al., 1998; Jacob et al., 2000). The literature
is full of reference to the effects of diagenesis on the physical properties of
sandstones and carbonates (e.g. Galloway, 1974; Bathurst, 1975; Bjerkum,
1996; Fabricius, 2000), in which temperature increase drives dissolution
and/or cementation that affect porosity. Little is known, however, about the



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 1

effects of mineral diagenesis on physical properties of mudstones (e.g.
porosity reduction and increased alignment of phyllosilicates).

Where in sandstones the effects of mineral diagenesis can easily be seen as
phyllosilicates filling the pore space between large rounded quartz grains
visuarlising the effects of mineralogical change in mudstones is much harder
due to their grain sizes. Mudstones have grain sizes that are often not more
than a few micrometers in diameter so the only recourse to corroborateA
diagenetic change on their physical properties is to observe and quantify
their phyllosilicate alignment into a preferred fabric orientation (e.g. Oertel,
1970; Oertel & Curtis, 1972; Page & Wenk, 1979; Curtis, 1980; Ho et al.,
1995, 1999; van der Pluijm et al., 1998; Merriman & Peacor, 1999; Jacob et
al 2000; Matenaar, 2002; Worden et al., 2005). Where mineralogical change
can be viewed is as pyrite replacement in detrital grains and in authigenic

mineral precipitation in microfossil tests.

The nature of the mechanism of smectite illitization becomes significant when
porosities are low and the space for grain rotation becomes reduced. The
mechanism of smectite illitization may be a solid-state transformation (e.g.
Hower et al.,, 1976) or a dissolution-precipitation reaction mechanism (e.g.
Boles & Franks, 1979) or a combination of the two (Ahn & Peacor, 1986a;
Inoue et al., 1987). A solid-state transformation points to mechanical
processes driving realignment by rotating grains, whereas dissolution-
precipitation allows new minerals to form perpendicular to loading, implying
the vertical component of effective stress governs the orientation into which
new minerals grow. It follows that should diagenetic mineral reactions such
as smectite illitization be important in fabric reorientation the kinetics of the
transformation becomes potentially significant (e.g. Pytte & Reynolds, 19809;
Elliott et al., 1991; Velde & Vasseur, 1992; Huang et al., 1993; Hillier et al,,
1995:; Elliott & Matisoff, 1996; Elliott et al.,, 1999) and the availability of
reactants e.g. K-feldspar (e.g. Hower et al., 1976; Boles & Franks, 1979)
results in fabric change being partly governed by K-feldspar availability and

its dissolution kinetics (Altaner, 1989).



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 1

1.2: Aims of this Study:

The overall rationale for this work is to investigate the factors that influence
the alignment of phyllosilicates in mudstones by:

e Attempting to separate the effects of clay mineral change (illitization of
smectite) and mechanical compaction (porosity reduction) as the
major controls on the phyllosilicate fabric of mudstones.

o Testing the mechanism of illitization through quantifying the change in
preferred alignment of phyllosilicates.

1.2.1: Principle Techniques:

Previous studies have used X-ray texture goniometry (XTG) to quantify the
orientation of phyllosilicates (e.g. Oertel, 1970; 1983; Sintubin, 1994).
However, to improve upon this original method High Resolution X-ray
Texture Goniometry (HRXTG) was developed (van der Pluijm et al., 1994)
and is able to record variations in the ‘strain states’ of compacted rocks on
the mm-scale. Two studies have used this technique to assess mineral
alignment, diagenesis and porosity reduction. They have partially shown the
correlation between smectite to illite diagenesis with increased preferred
fabric alignment of phyllosilicates in mudstones from the Gulf 6f Mexico (Ho
et al.,, 1999; Matenaar, 2002). Where Ho et al. (1999) did not provide any
systematic description of the lithologies studied; Matenaar (2002) provided
ample sediment descriptions (porosity and grain size distributions). Each
study, however, suffered from complex geology; varying grain sizes which
had an effect on the preferred fabric alignment (Ho et al., 1999) and
overpressure and/or rapid burial (Matenaar, 2002) which resulted in a
complex relationship between mineral diagenesis and fabric development

whose results are difficult to interpret.

Transmission Electron Microscopy (TEM) is used to assess mineral change
in illite-smectite in the context of mineralogical change. It has been used
previously in a variety of studies to assess mudstone chemistries (e.g. Ahn &
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Peacor, 1986a; Bell, 1986; Klimentidis & Mackinnon, 1986; Jiang et al.,
1994), diagenesis (e.g. Ahn & Peacor, 1986a & 1986b; Inoue et al., 1987;
‘Hover et al., 1999; Masuda et al., 2001; Nadeau et al., 2002; Kim et al.,
2004), eventual metamorphism (e.g. Merriman & Peacor, 1998; Merriman,
2002) and mineral structures (e.g. Nadeau, 1998; Peacor, 1998), as well as
the morphology of crystallites (e.g. Ahn & Peacor, 1986a; Inoue et al., 1987)
and the disorder created in Selected Area Diffraction Patterns by variable
cation substitution (McCarty & Reynolds, 1995). Analytical Transmission
Electron Microscopy allows the construction of accurate structural formulae
and the detailed changes in the octahedral and tetrahedral cation ratios have
been noted between smectite, mixed-layer illite-smectite with varying
percentages of illite in the mixed layer and end-member illite (e.g. Ramseyer
& Boles, 1986; Ahn & Peacor, 1986a; Jiang et al., 1990; Li et al., 1997;
Hover et al., 1999; Masuda et al., 2001). Analytical Transmission Electron
Microscopy has been included in this fabric study to assess the detailed
chemistries of samples where there is no change in illitization of smectite
with increased burial depth and therefore temperature but an increase in
preferred phyllosilicate alignment.

1.3: Thesis Outline:

This thesis is divided into four stand alone data chapters with their own
discussions and one extended discussion chapter that deals with the thesis
data as a whole and places it in the context of other HRXTG studies related
to diagenesis and compaction in mudstones. Additionally, recommendations
for future work and research directions are made. The format puts emphasis
on the fact that the studies stand alone as pieces of work with unique and
subtle discussions to each piece and may be readily converted into papers

that further express this subtly.

Chapter 2 deals with the mineralogy, physical characteristics and
phyllosilicate fabric of deeply buried, thermally and mineralogically mature
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mudstones from two wells in the Podhale Basin of southern Poland. The
study will combine mineralogical and diagenetic maturity with quantified
preferred alignments of phyllosilicates. The deep burial of the sample set will
allow the assessment of the mechanism of phyllosilicate rotation and the role
of effective stress. Chapter 3 discusses the illite-smectite mineral variation
from selected samples from the Podhale Basin and utilises Analytical
Transmission Electron Microscopy to give a detailed understanding of the
structural formulae of I/S material and how these relate to the nature of the
Selected Area Diffraction Patterns produced. The chapter will test whether
there are differences in structural formulae between sambles over the depth
range of the Podhale Basin and especially béyond the termination of the
illitization of smectite. Similar to Chapter 2, Chapter 4, reports the
mineralogy, physical characteristics and preferred orientation of
phyllosilicates in mudstones from two wells in the Northern North Sea. The
samples cover the entire depth profile of the two wells, where no uplift or
erosion has taken place. Consequently, deposition fabrics and the role of
mechanical compaction in the early stages of burial may be assessed.
Chapter 5 focuses on 1-D maturity modelling to assess maximum burial
depths and the way in which development of phyllosilicate fabric is related to
maturity in the Podhale Basin and Northern North Sea. The modelling will
allow the data in Chapters 2 and 4 to be integrated with HRXTG results
gathered by Ho et al,, (1999) and Matenaar (2002) in Chapter 6, where

recommendations for future work and research directions are made.
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Chapter 2:

Preferred Fabric Orientation in
Deeply Buried Mudstones from the
Podhale Basin, Southern Poland:
Relationship to the lllitization of
Smectite
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2.0: Introduction:

The Podhale Basin in southern Poland has been described in terms of its
mineralogy (Srodon et al., in press), stratigraphy (Olszewska & Wieczorek,
1998; Westwalewicz-Magilska, 1986) and depositional characteristics
(Wieczorek, 1989). No study has combined mineralogy and Vdiagenetic
maturity with a study of the preferred orientation of phyllosilicate minerals in
the Podhale Basin.

The Cainozoic of the Gulf Coast was recognised by early workers (e.g. Burst,
1959) as an accessible area to study the mineralogical changes associated
with the smectite to illite transition at depth. The diagenesis of illite (also
referred to as illitization) has been recognised in other areas and in other
geological Era, the Jurassic of South-eastern France (e.g. Artru and Gauthier,
1968), Carboniferous of Central Poland (Srodori & Eberl, 1984) and the
Cainozoic and Mesozoic of the Rocky Mountains (Pollastro, 1985).

The above studies all describe a change in mineralogy with depth, with the
Gulf of Mexico (Perry & Hower, 1970; Hower et al., 1976; Boles & Franks,
1979; Ahn & Peacor, 1986) providing the bulk of the studies on the illitization
of smectite which is the most prominent phyllosilicate diagenetic reaction.
The classic work of Hower et al (1976) described a reaction where;

Smectite + K-feldspar = illite + quartz

Essentially, this reaction occurs as a solid-state transformation. Boles and
Franks (1979) described a reaction that formed illite from the selective
cannibalisation of smectite, with significant dissolution of phyllosilicates:

Smectite + K-feldspar= illite + chlorite + quartz + H*

In contrast, Ahn and Peacor (1986) and Inoue et al. (1987) have described
through Transmission Electron Microscopy studies mechanisms for
transformation that may well be intermediate between solid-state
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transformation and dissolution-precipitation, with mineral growth dependent
on illite/smectite morphology as described in Transmission Electron
Microscopy studies (e.g. Ahn & Peacor, 1986; Bell, 1986).

The nature of the reaction mechanism (Hower et al., 1976; Boles & Franks,
1979; Ahn & Peacor, 1986; Inoue et al, 1987) as well as the compaction of
the sediment in response to loading (e.g. Athy, 1930; Hedberg, 1936; Sclater
& Christrie, 1980) will have a significant impact of the preferred alignment of
mudstones. Although separating the effects of both is not entirely possible

as they are occurring coincidently.

The preferred orientation of phyllosilicate minerals in mudstones may be
viewed on a variety of scales under the scanning electron microscope
(O'Brien, 1970; O’'Brien & Slatt, 1990), however, quantifying the degree of
preferred orientation of phyllosilicates between samples has proven difficult
(Worden et al., 2005; Charpentier et al., 2003).

X-ray Texture Goniometry has been used to quantify the orientation of
phyllosilicate minerals in various studies (Oertel, 1970; Oertel & Curtis, 1972;
Wenk, 1985; Sintubin, 1994). Van der Pluijm et al (1994) developed High
Resolution X-ray Texture Goniometry to improve upon the traditional
technique as their method measures orientations over mm-scale distances.
It has been used in several studies (Aplin et al., 2003; Charpentier et al.,
2003: Ho, et al., 1995; 1996; 1999; 2001; Jacob, et al., 2000; Van der Pluijm,
et al., 1998) to quantify mineral alignment in both mudstones and low grade

metamorphic pelites.

The aims of this study are to:
o Assess phyllosilicate preferred alignment using HRXTG in
mineralogically well characterised mudstones from the Podhale Basin.
o Discuss the formation of the virtual profile well constructed for the
Podhale Basin by Srodor et al (in press) and describe the maximum

11



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 2

burial depths and temperatures which are important for an
understanding of fabric development and the illitization of smectite.

2.1: Geology and Samples:
2.1.1: Geological setting:

The Podhale Palaeogene Basin, Southern Poland (Figure 2.1a) belongs to
the much larger, Central Carpathian Palaeogene Basin, and is situated
between the Pieniny Klippen Belt to the north and the Tatra Mountains to the
south (Figure 2.1b). The Podhale Basin is suggested to be a fore-arc basin
at the north-east border of the North-Pannonian unit (Kazmer et al., 2003,
Tari et al., 1993). Subsidence rates within the basin were controlled by
collapse structures resulting from subcrustal tectonic erosion at the base of
the Tatra (Barath et al.,, 1997) and is presently filled with a 3000m thick
sequence of deposits (Olszewska & Wieczorek 1998), consisting of upwards
coarsening (Westwalewicz-Magilska, 1986) sandstones, mudstones and
siltstones termed the Podhale Flysch, covering a Mesozoic Basement that is

exhumed in the Tatra Mountains.

According to Srodon (pers. Comms. 2003) Chochotéw PIG-1 comprises the
Chochotéw, Zakopane and Szaflary beds, whereas Bukowina Tatrzariska
consists of only the Chochotow and Zakopane beds. Olszewska and
Wieczorek (1998) describe the Szaflary beds as Eocene age clastic deposits
rare in foraminifera and consider them to have been deposited along a
tectonically controlled submarine ramp (after Wieczorek, 1989) and comprise
mudstones and siltstones. The Zakopane beds are richer in foraminifera and
have the appearance of dark shaley mudstone material that consists of a
generally upwards coarsening sequence related to submarine fan
sedimentation, with minor intercalations of thin bedded sandstones and local
intercalations of ferruginous dolomites. The Chochotdéw beds are psammitic
deposits, very poor in foraminifera with a similar depositional characteristic to
the Zakopane beds; thin bedded claystones, mudstones and sandstones

12
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dominate a generally mudstone rich lithofacies, with local intercalations of
thick bedded sandstones.

The depositional mechanisms at play in the Palaeogene are the subject of
some controversy. Westwalewicz-Mogilska (1986) suggests three S-SW fed
submarine fans, whereas Wieczorek (1989) counters this argument with the
suggestion of just one fan migrating E to W based on transport directions of

the deposits.

The profile of Wieczorek and Olszewska (1999) through the Podhale Basin
suggests that it is an asymmetric structure which is deeper in its northern
limb and that the Palaeogene part of the basin was developed on an uneven
topography of the Mesozoic basement thought to result from karstification of
the carbonate basement and general extensional faulting. Marton et al
(1999) describe the basin structure as an asymmetrical synclinorium, which
is disturbed by E-W trending reverse faults and folding close to the basin

margins.

Within the centre of the basin there are numerous NW and NE striking strike-
slip faults. It is usual in fore-arc basins for regionally based tectonism to be a
controlling factor in stratigraphy, often folding, faulting and tilting along with
tectonic subsidence and/or uplift occur. Marton et al (1999) conclude from
their palaeomagnetic study that the flysch in the Podhale Basin must have
travelled a few hundred kilometres from its depositional location, some time
after the Miocene. This displacement was also accompanied by a 60°

counter-clockwise rotation relative a Stable Europe.

13
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Figure 2.1. Top, the location of the Podhale Basin (square) due south of Krakow (Map from
Tatrzanski Park Narodowy, by Polskie Przedsiebiorstwo Wydawnictw Kartograficznych,
Warszawa-Wroclaw). The Podhale Basin, middle, with its surrounding sub-basins and major
structural faults. The Podhale Basin lithologies, bottom, and the well locations, Chochotow
in the west and Bukowina Tatrzanska in the east (Srodon, 2005. pers. comms).
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2.1.2: Samples:

The sample set consists of core fragments from two boreholes in the
Podhale Basin, Chochotéw P1G-1 (Chi) in the west and Bukowina Tatrzarnska
PIG-1 (BKT) in the east. The suite comprises 19 samples in total, 8 from the
Bukowina Tatrzanska borehole and 11 from the Chochotéw PIG-1 borehole.
Samples were chosen based on similarity in terms of colour, apparent grain
'size and bedding characteristics at the hand specimen scale, to represent
the entire lengths of the two profiles.

Present day burial depths for Bukowina Tatrzarfiska PIG-1 range from 102m
to 2200m and from 193m to 2967m for Chochotéw PIG-1. These depths do
not equate to maximum burial depths, as a significant amount of uplift and

erosion has occurred (Srodon et al, in press).

As a consequence of modelling the Podhale Basin, Srodon et al (in press)
have demonstrated a 20°C/km to 25°C/km palaeogeothermal gradient
(present day geothermal gradient is 21°C/km +/- 2°C, Cebulak et al., 2004),
deduced from /S palaesothermometry, which has been used in various
studies to estimate temperature (Hoffman & Hower, 1979; Pollastro, 1993;
Srodon, 1995). The maximum palaeotemperatures quoted by Srodon et al
(in press) are 135°C for the Chochotéw PIG-1 well and 174°C for the
Bukowina Tatrzanska PIG-1 well, which are adequate temperatures for the
illitization of smectite to proceed (Weaver, 1989), the important phyllosilicate
diagenetic marker in the basin. The timing of maximum palaeotemperatures
estimated through K-Ar dating methods at ~15.8Ma Srodon et al (in press).

2.2: Analytical methods:
2.2.1: High Resolution X-ray Texture Goniometry:

A thin section perpendicular to the main fabric direction of the sample was
prepared for SEM observations and another for the High Resolution X-ray
Texture Goniometry measurements which consisted of a section about
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200pm in thickness, cut perpendicular to bedding and polished; The section
for the SEM observations was prepared with a surface oriented parallel to
that of the section for High Resolution X-ray Texture Goniometry, allowing
direct observation.

The technique seeks to quantify maximum preferred orientation and in a
compacting sequence of sedimentary rocks bedding is assumed to be
perpendicular to maximum effective stress. This is not necessarily the case
for slates (van der Pluijm et al, 1998) where mineral growth associated with
cleavage formation may develop preferred alignments in other orientations.
Bedding is parallel to the surface of deposition and may describe layers more
than 1cm thick (on the hand specimen or outcrop scale). Laminae in the
context of mudstones may be viewed in the same way as bedding, where
each laminae represents a small scale bedding plane, as a consequence the
thin section was cut perpendicular to the lamination/bedding seen in the

hand specimen.

A portion of the polished section was then glued to an aluminium sample

2

holder (12mm diameter, 100mm°® area) for X-ray analysis. The area of

interest was aligned manually with the X-ray beam on the diffractometer.

High Resolution X-ray Texture Goniometry was performed on a modified
Enraf-Nonius CAD4 single crystal diffractometer (Figure 2.2) with a MoKa
source rather than the standard CuKa source, as intensities and hence

mineral peaks are higher and allow greater accuracy of measurement.

Phyllosilicate 001/002 peaks are measured in transmission mode as X-rays
pass through the sample and the detector is positioned at a preset 2-O angle
to receive X-rays diffracted by a specific set of planes of a specific phase.
Rotation allows different orientations to be measured and in full scan mode
1296 measurements are performed per mineral peak. Diffraction intensity
data are collected every 2.5¢ (0-360) for angles of 0-40w (in 9 steps).
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Mineral peaks (Figure 2.3) are identified by an initial 2-© scan over a narrow
range of 2-© angles (0.5-6.0° 2-© Mo, corresponding to 1-13°2-0 Cu).

X-ray source

[X-ray sourcﬂ ‘ sample ] (x-ray detector | LX-ray detector |

1
=
sample holder
20 X-ray detector P

Figure 2.2.The Enraf-Nonius CAD4 single-crystal diffractometer, x-ray source, x-ray detector
and sample are noted along with the rotation and rotation angles of the machine.
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Figure 2.3. Diffractogram resulting from a 2-© scan using a Mo source, showing the 2-0
angles used for preferred orientation quantification.

The results of the full scan are relative pole densities (a pole figure),
expressed in terms of multiples of a random distribution (m.r.d.), conveyed as

a contoured projection showing orientations of a given pole of a given set of

planes (Wenk, 1985).

The samples are corrected for background and absorption effects (sample
thickness) and are then normalised so that the results are concentration-
independent. When a sample rotates around the incident beam there is no

change in X-ray path length or irradiation volume. Tilting of the sample
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relative to the beam increases both path length and the irradiated sample
volume (van der Pluijm et al., 1994). The diffracted intensity decreases with
increasing path length because of absorption but increases with irradiated
volume, therefore the change in intensity is a function of both of these
effects. Only angles 0-40°2-0 of the whole area of a complete pole figure is
measured. This results in the blank areas on the lower hemisphere
projection, however, intensities are still normalised against the whole area of
a complete pole figure as the intensity contribution from the non-measured
area is small (Ho et al., 1996).  Intensity distributions expressed as multiples
of a random distribution (m.r.d.) show the degree of alignment of
phyllosilicate minerals. Multiples of a random distribution is the density of a
given pole and is calculated relative to the average pole density, which is
determined by distributing the integrated total pole density uniformly over the
full sphere (Wenk, 1985; Ho et al., 1999).

Intensity is a measure of the concentration of crystals aligned parallel to each
other. A value for the multiple of a random distribution is produced even
when the sample has not been prepared perpendicular to maximum fabric
alignment, so a stereographic projection showing centred contour lines
validates the multiple of a random distribution value, by assessing whether
the initial thin-section cut for the sample was perpendicular to maximum
preferred fabric orientation. Investigations by various workers (Ho et al.,
1995; 1996; 1999; 2001; Jacob et al., 2000; Matenaar, 2002; van der Pluijm
et al., 1998) as well as measurements from this study reveal that typical
maximum pole densities for sedimentary rocks are:
<1.8 mrd = no/ very weak fabric
2-3 = weak fabric
3-4 = moderate fabric
4-5 = strong fabric
>5 = very strong fabric
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2.2.2: Back Scattered Electron Microscopy (BSEM):

Backscattered Scanning Electron Microscopy (BSEM) was performed on tWO
machines: A Hitachi S3200N Scanning Electron Microscope, with a tungsten
filament, fitted with an Imaging - Everhart-Thornley & Robinson BSE Detector
and an XEDS - Noran UTW SiLi detector was used at the Electron
Microbeam Analysis Laboratory at the University of Michigan. The machine
was operated at 20kV and 2nA, with a spot size of 2um and a working

distance of ~16mm, magnification varied between 400 and 800X.

At the University of Newcastle-Upon-Tyne BSEM was performed on a Hitachi
S2400 Scanning Electron Microscope fitted with an Oxford Instruments Isis
200 Ultra Thin Window X-ray detector. The machine was operated at 20kV
and 2nA, with a spot size of 2um and a working distance of ~10mm,

magnifications varied between 100 and 5000X.

2.2.3: Mercury Porosimetry:

Porosities and pore size distributions were determined on a one gram block
of sample that was freeze dried (Delage & Lefebvre, 1984) for 24 hours, then
dried in an oven at 105°C for a further 24 hours. Samples remained in the
oven until they were loaded for analysis. Porosities were calculated from

bulk volume and grain density.

A further three grams of sample was taken and ground to a fine powder and
used for grain density determinations (British Standard 733, 1987), these
values were used in calculations of porosity rather than an arbitrary value of
2.65g/cm’.  Grain densities were measured using the small pycnometer
method at 20°C, with a qu'artz standard (2.65g/cm3) in each sample batch.
Repeat analyses were made; the quartz standard was repeatable to within

0.02g/cm®.
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Analysis took place on a Micromeritics® Autopore IT 9220 machine and
yielded a figure for porosity, and a pore size distribution. Pore diameters
were calculated from the mercury intrusion data. The analysis used the
assumption that the surface tension of mercury was 0.48 N/m and the
contact angle between mercury and the particle surface was 141°. The pore

r= 746,00y
p

Where r is the pore throat radius (nm) and p is the pressure in kPa.

radius, r, is given by:
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2.3: Results:
2.3.1: High resolution X-ray Texture Goniometry:

Initial 2-© scans on the sample set produced strong, easily identifiable
peaks. 2-O© scans are shown in Appendix 2.1. The scans have peaks at an
approximate d-spacing of 14A, 10A, 7A and 4.257A. These correspond to
peaks for chlorite (001), mica, chloritetkaolinite (002) and quartz,
respectively. Pole-figure scans (full-scans) were obtained at two values of
2-O for each sample. One was obtained at the maximum intensity of the
broad peak in the range d~12-10A, corresponding to the mixed layer phase
illite-smectite. It is stressed that d~10A corresponds to pure mica, usually
detrital in origin, so a peak measurement was not taken at this value. A peak
at a d-spacing of 12.5A corresponds to pure smectite at an intermediate
relative humidity, if it is in the Na form (one water layer). Ca smectite is
characterised by a 15A d-spacing under these conditions (Moore &
Reynolds, 1997). No result for the natural exchange cation in these clays is
offered, so the peak measured between 14A (chlorite) and 10A (mica)
represents the mixed layer phase illite smectite and is migrating towards 10A
with increasing depth (and therefore illitization of smectite), d-spacing values
ranged from 11.13A to 10.12A from the initial 2-© scan (see Table 2.1). The
other full-scans were obtained from the peak at a d-spacing close to 7A,

chlorite+kaolinite (002).

Operationally, a value of 2-O for each peak was obtained in the initial 2-©
scan. Then the value for © was entered into the settings for the full-scan.
Consequently, quoted d-spacing (Table 2.1) values are calculated using the
Bragg equation [1];
2dsin@ =ni (1]
Re-arranged so that d is the subject
d =nA/2sin@

where A is the wavelength for Molybdenum Ka radiation (0.710730A). This
value is a customary weighted average of Ka; and Kaz, where Ka; is taken to
have twice the weight of Ka, (Brindley & Brown, 1980). The results suggest
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that the samples are more illitic than smectitic as they are closer to 10A than
12A and there is a slight migration from 12A to 10A as the deeper samples
are encountered, but the 2-© scan cannot quantify this.

The maximum pole densities, expressed as multiples of a random
distribution, of all poles for both mineral peaks are recorded in Table 2.1.
Using the presentation standard of Ho et al (1999), all pole figures were
processed through two smoothing cycles and rotated so that the maxima are
positioned at the centre of the plot, which allows all plots to refer to the same
orientation (Appendix 2.1).

Typical maximum pole densities expressed as multiples of random
distributions (m.r.d.) defined in previous studies (Ho et al., 1995; 1996; 1999;
2001; Jacob et al., 2000; Matenaar, 2002; van der Pluijm et al., 1998)
suggest that a multiple of random distribution between 3 and 4 (m.rd.)
represent a sample with a moderate fabric, 4 and 5 (m.r.d.) represents a
strong fabric and values greater than 5 (m.r.d.) represent a very strong fabric.
At the lowest depth (current well depth) for samples from the Chochotéw
PIG-1 borehole there is always a fabric present but with a low alignment of
phyllosilicate minerals. It ranges between 3.38 m.r.d. at the top of the
section and 6.99 m.r.d. at the base for the illite-smectite peak and between
2.84 m.r.d. and 7.44 m.r.d. for the chlorite+kaolinite peak (Table 2.1; Figure

2.4).

¥S Max. Poie Density [m.r.d.) vs Actusl Burial Depth [m} C-K Max Pole Density [m.r.d.] vs Actual Burial Depth [m]
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Figure 2.4. Increase of I/S Maximum Pole Density [m.r.d.] with Actual Burial Depth [m] for
Chocholéw PIG-1 and Bukowina Tatrzanska PIG-1, left, and increase of C-K Maximum Pole
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Density [m.r.d.] with Actual Burial Depth [m] for Chocholéw PIG-1 and Bukowina Tatrzariska
PIG-1, right. It should be noted that where two points plot at the same depth these represent
a second analysis in order to verify the result.
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Figure 2.5. Correlations between I/S and C-K fabric [mrd] for both Chochotow PIG-1 and
Bukowina Tatrzariska PIG-1

In Bukowina Tatrzanska PIG-1 the results are less spread, they range
between 4.75 and 6.29 m.r.d. for the illite-smectite peak and 5.12 and 7.32

m.r.d. for the chloritetkaolinite peak.

The maximum pole densities (m.r.d.) increase with depth for both mineral
peaks with illite-smectite and chlorite+kaolinite giving complementary results,
for shallower depths the fabric in the chloritetkaolinite peak is fractionally
weaker than in illite-smectite (Figures 2.4 & 2.5). This reverses at depth and
the fabric as depicted in the chloritetkaolinite pole figurés is stronger than
that in illite-smectite pole figures but not by more than half a unit of
measurement. Where two results exist for the same sample this represents
a re-cut of the sample material and a re-analysis for fabric alignment. The
re-analyses produced results that were no more than 0.42 m.r.d. different to
the original analyses. This validates the machine and the operator as the
results of the second sampling concur with the first and show that any
variability from the obtained general trend is a result of the sample rather
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than an error. There is a high correlation coefficient between I/S and chlorite
+ kaolinite fabrics for both Chochotéw P1G-1 and Bukowina Tatrzariska PIG-
1, R? of 0.9209 and 0.8773 respectively (Figure 2.5).

Table 2.1. HRXTG data for Podhale Mudstones.

Sample number (Chi=Chochotéw PIG-1, BkT= Bukowina Tatrzarska), Actual Burial Depth
(m), Maximum Pole Density [m.r.d.] for the I/S and C-K peaks, Contour interval, degrees 2-0©
for I/S peak andC-K peak, d-spacing values for I/S peak and C-K peak.

Well Actual | I-S'Max. | C-K'Max. | Contour ‘-8’ ‘CK* I-S' Ka ave. C-K' Ka

and Burial Pole Pole interval Peak. Peak d-spacing ave. d-
sample Depth Density Density [m.rd] Degrees | Degrees spacing

[m] [m.rd.] [m.rd]} 2-0 2-0

Chi-04 193 3.97 3.63 0.25 3.73 5.63 10.90 7.23
Chi-06 280 3.38 2.84 0.25 3.89 5.76 10.40 7.03
Chi-06 280 3.80 298 0.25 3.99 5.82 10.15 6.97
Chi-12 513 4.61 543 0.50 3.70 553 10.87 7.22
Chi-20 820 461 455 0.25 3.99 5.69 10.12 7.09
Chi-23 1031 4.16 472 0.25 3.61 563 11.13 7.11
Chi-28 1283 5.18 5.78 0.50 3.80 5.60 10.61 7.17
Chi-38 1671 6.99 7.36 0.50 3.99 5.69 10.12 7.09
Chi-38 1671 6.87 7.44 0.50 3.95 5.76 10.22 7.01
Chi-44 2011 567 5.68 0.50 3.95 553 10.24 7.26
Chi-56 2410 5.65 6.29 0.50 3.89 5.69 10.38 7.09
Chi-60 2611 5.00 4.96 0.50 3.89 5.69 10.38 7.09
Chi-60 2611 514 5.20 0.50 3.89 5.69 10.36 7.07
Chi-66 2967 578 6.23 0.50 3.86 5.66 10.46 7.1
BkT-01 102 4.92 527 0.50 3.83 5.63 10.56 7.18
BkT-06 293 475 5.12 0.50 3.95 569 10.15 7.02
BkT-12 610 5.61 5.66 0.50 3.99 5.69 10.10 7.07
BkT-17 902 5.31 5.93 0.50 3.89 5.76 10.41 7.04
BkT-23 1261 5.38 5.82 0.50 3.92 5.60 10.28 7.47
BkT-28 1594 6.13 7.00 0.50 3.99 5.76 10.15 7.04
BkT-28 1594 6.03 6.96 0.50 3.95 5.69 1022 - 7.09
BkT-35 1904 5.65 5.93 0.50 3.92 563 10.31 7.15
BkT-41 2200 5.94 7.18 0.50 3.89 5.63 10.36 7.15
BkT-41 2200 6.29 7.32 0.50 4,02 5.69 10.10 7.12

2.3.2: Backscattered Scanning Electron Microscopy (BSEM):

Selected images for Chochotéw PIG-1 and Bukowina Tatrzarnska PIG-1 are
presented in Figures 2.6-2.28. Magnifications range from x100 to x2500.
The images reflect the whole of the depth profile in the Podhale Basin. The
BSEM micrographs were taken in a consistent way to make comparisons
between the textural and mineralogical make up of each sample. Figures 2.6
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to 2.15 show the textures of the samples at x100 and x250 magnifications.
The development of phyllosilicate preferred orientations increase with depth.
The shallow samples (Chochotéw-06; Figures 2.6 & 2.7 and Chochotéw-20;
Figures 2.8 & 2.9) have less well developed visual phyllosilicate preferred
orientations than the deeper samples (e.g. Chochotéw-38; Figures 2.10 &
2.11). The difference between the preferred orientations in  Bukowina
Tatrzanska-23 (Figures 2.12 & 2.13) and Bukowina Tatrzanska-35 (Figures
2.14 & 2.15) are more difficult to observe in terms of their visual appearance,
however, they are as well aligned as the deeper samples from the
Chochotéw PIG-1 well.

- The effect of silt sized material on thé preferred orientation of phyllosilicates
is dependent on the nature of the grain. Rounded or angular quartz grains
will disrupt preferred orientations in matrix sized phyllosilicates but silt size
phyllosilicates will promote preferred orientations. The effects of silt size
quartz on the preferréd fabric orientation can be seen in samples Chochotéw-
06 (Figure 2.7) and Chochotéw-20 (Figure 2.9). The effects are more
noticeable at higher magnifications. Chochotéw-20 (Figures 2.16 and 2.17)
and Chochotéw-38 (Figure 2.18) demonstrate quartz breaking up the
alignment of phyllosilicates, with <4um long matrix phyllosilicates bending

and wrapping around angular quartz grains.

Large elongate grains in Chochotéw-20 (Figure 2.16) (~3-20 pm in thickness)
a’re comprised of stacks of phyllosilicates and subangular grains of other
minerals (~5-40 pm) and are probably detrital in origin. EDX analysis
showed the subangular grains to be predominantly quartz and the large
phyllosilicates to be micaeous or chloritic. The matrix material surrounding
the large grains consists of smaller subangular grains having a size range
~0.5-3um that were barely resolvable by BSEM and a fine-grained elongate
material that has phyllosilicate characteristics. The silt size phyllosilicates in
Chochotéw-20 (Figure 2.16) are supporting finer grained minerals and are

therefore promoting preferred alignment.
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Where pyrite replacement has occurred in large phyllosilicate minerals
(Figures 2.19 and 2.20) it represents the only direct evidence for these large
phyllosilicates being detrital inputs rather than the result of in situ growth.
The effect they have on phyllosilicate preferred orientation is to promote
alignment (Figures 2.21 and 2.22). They act as tables onto which other

mineral grains align themselves (Figure 2.22).

The matrix material is heavily influenced by their adjacent grains (Figures
2.17, 2.18 & 2.24), where they bend and wrap around larger grains. In
regions of the sample where they are free from the influence of quartz they
align themselves in random orientations (Figure 2.23 Chochotéw-06) or in
preferred orientations (Figure 2.25, Chochotéw-56) and this behaviour is

related to depth in samples from the Podhale Basin.

Unlike in sandstones where diagenetic mineral growth can be seen as
overgrowths or phyllosilicates filling pore spaces, diagenesis is much harder
to view in BSEM micrographs of mudstones. The main diagenetic process
visible is pyrite replacement in detrital grains where iron from chlorite or
biotite has been scavenged by pyrite, resulting in individual pyrite cubes or
larger framoid formations. The round phyllosilicate structure at the centre of
Figures 2.26 and 2.27 is a diagenetic chlorite grain, which probably replaced
a detrital kaolinite grain and was initially deposited as a faecal pellet. The
grain is relatively euhedral and its internal structure is fibrous and complex in
its texture and it appears to exhibit more of a mineral replacement

morphology due to various greyscales visible in this image.

Maximum pole densities for Bukowina Tatrzanska-28 (1595m, Figure 2.28)
are 6.13 mrd (I/S peak) and 7.00 mrd (chlorite + kaolinite peak). HRXTG thus
indicates a strongly aligned phyllosilicate fabric, somewhat inconsistent with
observations made through BSEM. This highlights the different scales of
observation of the two techniques: 1mm? for HRXTG, seventy times more

than the image in Figure 2.28.
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Acc ‘»‘; “Spro't f‘vﬁgln ‘Dr:;‘t&d‘VVD : f_——i

2000 kV 3.0 100x CEN 100 G Staines CMA Newcastle Uni
Figure 2.6. Chochotdéw-06 (Present Burial Depth 280m). Magnification x100, Maximum Pole
Densities are 3.38/3.8 m.r.d. (I/S peak) and 2.84/2.96 m.r.d. (chlorite + kaolinite peak).
Preferred phyllosilicate orientation is aligned vertically. Chlorite is a mixture of large
(<10pm) detrital material and neoformed small (>2 pm) packets, chlorite composes less than
10% of the whole rock (see Table 2.3). Kaolinite comprises less than 3% of the whole rock
and is consumed in diagenetic mineral reactions. The phyllosilicate fraction of the whole
rock is dominated by mixed-layer I/S with additional detrital mica, free illite and smectite.

Hllite/smeetite
\ 2 ‘Matris Material

e Detrital, T 7
. Chlorite;'. "}

.

AccV  Spot Magn Det WD f——————————r{ 100 pym
2000 kV 30 250x CEN 100 G Staines CMA Newcastle Uni
Figure 2.7. Chocholéw-06 (Present Burial Depth 280m).

phyllosilicate orientation is aligned vertically.

Magnification x250. Preferred
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" 'Spot Magn Det WD ’ ‘""“:'UU‘p}ﬁ”“'

0 30 100x CEN 100 G Staines CMA Newcastle Uni
Figure 2.8. Chochotow-20 (Present Burial Depth 821m). Magnification x100, Maximum
Pole Densities are 4.61 m.r.d. (I/S peak) and 4.55 m.rd. (chlorite + kaolinite peak).

Preferred phyllosilicate orientation is aligned vertically.
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Figure 2.9. Chochotéw-20 (Present Burial Depth 821m).
phyllosilicate orientation is aligned vertically.

Magnification x250. Preferred
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Det WD f———] 200 m
0 00 CEN 100 G Staines CMA Newcastle Uni
Figure 2.10. Chochotéw-38 (Present Burial Depth 1671m). Magnification x100, Maximum
Pole Densities are 6.99/6.87 m.r.d. (I/S peak) and 7.36/7.44 m.r.d. (chlorite + kaolinite peak).

Preferred phyllosilicate orientation is aligned vertically.
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Figure 2.11. Chochotéw-38 (Present Burial Depth 1671m). Magnification x250. Preferred

phyllosilicate orientation is aligned vertically.

]
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Figure 2.12. Bukowina Tatrzanska-23 (Present Burial Depth 1261m). Magnification x100,
Maximum Pole Densities are 5.38 m.r.d. (I/S peak) and 5.82 m.r.d. (chlorite + kaolinite

peak). Preferred phyllosilicate orientation is aligned vertically.

v Lilllite/smedtite 1 ¥
, e onic Matrix:Material |,

‘'
il

V¢ Detrital T (1
Chlorite ‘it
" v - ,‘ “ \-r. L) - \.v "v- 4 e L r“ ; . . "ot - -Sc .
r«c‘cV Spot Magn Det WD }-————-——i 100 pm
2000kV 30 260x CEN 100 G Staines CMA Newcastle Uni
Figure 2.13. Bukowina Tatrzanska-23 (Present Burial Depth 1261m).
Preferred phyllosilicate orientation is aligned vertically.

~

Magnification x250.
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Figure 2.14. Bukowina Tatrzanska-35 (Present Burial Depth 1904m). Magnification x100,
Maximum Pole Densities are 5.65 m.r.d. (I/S peak) and 5.93 m.r.d. (chlorite + kaolinite

peak). Preferred phyllosilicate orientation is aligned vertically.
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Figure 2.15. Bukowina Tatrzanska-35 (Present Burial Depth 1904m). Magnification x250.

Preferred phyllosilicate orientation is aligned vertically.
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S iflifelsmectite’
Matrix Material >

Figure 2.16. BSEM of Chohokbw20 (821m) Magmflcatlon x400, MaX|mum Pole Densmes
are 4.61 m.r.d. (I/S peak) and 4.55 m.r.d. (chlorite + kaolinite peak). Silt size quartz is matrix
supported.

Matnx Material

M\ . d
M Detritaly =
Chlonite®
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2000kV 30 2000x CEN 101 G Staines CMA Newcastle Uni
Figure 2.17. BSEM of Chochotéw-20 (821m). Magnification x2000, Maximum Pole Densities
are 4.61 m.r.d. (I/S peak) and 4.55 m.r.d. (chlorite + kaolinite peak). lllustrates local influence
of angular quartz grains on phyllosilicate alignment.
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Figure 2 18. (Chochoiéw-38 1671m) isa backscattered electron image taken at 20kV with a
working distance of 16mm and a magnification of 600X. Silt size quartz is disrupting the
alignment of platy-phyllosilicates.

Mo W
7|te/smeC}|te
Matrlx Majenal

Figure 2.19. Chochoiéw-04 (193m) Magmf catlon x700 Maxumum Pole Densmes are 3.97
m.r.d. (I/S peak) and 3.63 m.r.d. (chlorite + kaolinite peak). Early diagenetic changes can be
seen in the pyrite crystals scavenging iron from a large grain, top of image.
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n‘

Figure 2.20. (Chocholéw-06, 280m) is a backscattered electron image taken at 20Kv with a
working distance of 16mm and a magnification of 600X. Pyrite replacement in a detrital
chlorite.

IIhte/smectnte
Mamx Matepal

c Spot H"JN Dxt V'\/fl l———_'i gm
2000 kV 30 &800x CEN 100 G Staines CMA Newcastle Uni

Figure 2.21. (Chochotéw-38, 1671m) is a backscattered electron image taken at 20Kv with a
working distance of 10.0mm and a magnification of 500X. Matrix phyllosilicates aligning
themselves parallel to large silt sized phyllosilicates.
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Figure 2.22. (Chochotéw-38, 1671m) a backscattered electron image taken at 20Kv with a
working distance of 10.0mm and a magnification of 1200X. A silt size phyllosilicate acting as
a 'table’ between two quartz grains to support phyllosilicate alignment above it. Area to the
left of the rounded quartz grain in the centre of the micrograph shows more porosity (black
areas) relative to the rest of the micrograph. But porosity and organic matter have not been
separated in this image.
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Figure 2.23. Chochotéw-06, (Present Burial Depth 280m). Magnification x2000, Maximum
Pole Densities are 3.38/3.8 m.r.d. (I/S peak) and 2.84/2.96 m.r.d. (chlorite + kaolinite peak).

The <2um phyllosilicate matrix shows low preferred orientation alignment.
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Figure 2.24. Chochotéw-38 (Present Burial Depth 1671m). Magnification x2500, Maximum
Pole Densities are 6.99/6.87 m.r.d. (I/S peak) and 7.36/7.44 m.r.d. (chlorite + kaolinite peak).
The matrix alignment is disrupted by quartz grains, with <2um phyllosilicates wrapping

around angular quartz grains. Authigenic kaolinite is also visible.

-~ lllite’smectite
- “Matrix*Material

P

AccY  Spot Magn Det WD }————ﬁ 10 pm
2000 kV 30 2000x CEN 101 G Staines CMA Newrastle Uni

Figure 2.25. Chochotéw-56 (Present Burial Depth 2410m). Magnification x2000, Maximum
Pole Densities are 5.65 m.r.d. (I/S peak) and 6.29 m.r.d. (chlorite + kaolinite peak). Silt size
quartz free area, centre of micrograph. Matrix phyllosilicates have developed a preferred

orientation,
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Figure 2.26. (Chochotéw-20, 821m) is a backscattered electron image taken at 20kV with a
working distance of 10.1mm and a magnification of 1500X. Centre of micrograph, a
phyllosilicate faecal pellet, the pellet structure decreases phyllosilicate alignment. Contrasts
in the BSEM micrograph suggest variably mineralogy which may have been inherited or
diagenetic in origin.
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Figure 2.27. Chochotéw-38, 1671m. A Faecal pellet undergoing mineral change, with no
loss of structure.
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Figure 2.28. BSEM of Bukowina Tatrzafska-28 (1595m). Magnification x600, Maximum
Pole Densities are 6.13 m.r.d. (I/S peak) and 7.00 m.r.d. (chlorite + kaolinite peak). HRXTG
thus indicates a strongly aligned phylosilicate fabric, somewhat inconsistent with this image.
This highlights the different scales of observation of the two techniques: 1mm2 for HRXTG,
seventy times more than this image.

2.3.3: Porosity:

Porosity values for both Chochotéw PIG-1 and Bukowina Tatrzanska PIG-1
were low ranging from 10% at the top of Chochotéw PIG-1 to 2% at the base
of Bukowina Tatrzanska PIG-1 (Figure 2.29), these values represent very
tight mudstones which have been subjected to a great deal of compaction.
The porosity data suggest that current borehole depths are too shallow as at
100m burial depth fresh sediments have around 60% porosity (Athy, 1930;
Hedberg, 1936; Sclater & Christrie, 1980). The porosity of these samples
are more in keeping with burial to greater than 4km. The nature of the burial
of these samples has been discussed by Srodon et al (in press) and their
maximum burial depths will be addressed later in this chapter. As would be
expected from samples with such low porosities the pore throat radii were

small, ranging from 20nm to 5nm (Figure 3.30). These values represent very
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tight mudstones whose pores are small and poorly connected (Yang & Aplin,
1998; Schlémer & Krooss, 1998).
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Figure 2.29. Porosity percent against actual well depth [m] for Chochotow PIG-1and
Bukowina Tatrzanska PIG-1.
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Figure 2.30. Porosity (blue) and the porosity density distribution (red) of sample Chochotow
PIG-1_06. Porosity is 10% and the pore size distribution is from 3 nm to 20nm.
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2.3.4: Mineralogy and Geochemistry:

The mineralogy and geochemistry (Tables 2.2 and 2.3) of these samples are
presented by Srodon et al (in press).

The %S in I/S decreases down Chochotéw PIG-1 from ~63% of layers to
~24% of layers (Figure 2.31) and consequently there is a change in the
ordering of these smectite layers with illite in I/S from randomly interstratified
(RO) to ordered layering (R1). However, Bukowina Tatrzariska PIG-1 shows
no decrease in %S in I/S with increasing depth and remains constant at
~24%S (Figure 2.31).

Table 2.2. Percentage smectite in 1/S, ordering and K,0% in the whole rock as determined
by Srodon et al, (in press).

Sample Actual
Burial
Depth (m) %S in I/S Ordering K20 (%)
Chi-4
193.4 52 0 3.62
Chi-6
280.1 50 0 3.56
Chi-12
513.5 63 0 3.21
Chi-20
820.5 47 0 2.95
Cht-23
1031.2 45 o/1 29
Chi-28
1283.1 44 o/t 3
Chi-38
16711 24 1 4.7
Chi-44
2011.5 32 1 34
Chi-56
2410.4 27 1 4.24
Chi-60
2611.3 24 b 2.9
Chi-66
2967.5 3t 1 29
BkT-1
102.2 25 1 35
BKT-6
293.7 24 1 3.55
BKkT-12
610.5 26 1 31
BKT-17
902.7 25 1 33
BkT-23
1261.2 20 1 33
BKT-28
1594.6 30 1 31
BKT-35
1904.3 18 1 - 34
BkT-41
2200.6 24 1 33
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Table 2.3. QXRD analysis of Srodon et al, (in press)

—_ ]
: ;
£ - 5 g
] 3 & g 2 3 2 z @ K g g 5 2 "
o
Cht-4 193 19.0 2.2 30 2.2 38 (*] 1.5 0 '] 32 A5.8 0.7 49.7 86.9
Chi-6 280 243 2.3 5.9 10.2 54 [1] 1.5 0.4 0 1.5 46.8 4.0 52.3 102.3
Chi-12 514 185 2.2 32 11.9 35 0 1.2 0.3 0 3.2 50.2 2.6 56.0 97.3
Chi-20 821 22.9 15 4.7 10.8 4.1 0 0.7 0.7 [} 3.6 49.2 2.1 54.9 100.0
§_Cht-23 1031 21.7 1.3 36 10.0 45 [} 0.9 0.8 0.2 2.9 439 2.6 49.4 924
|_Chi-28 1283 204 0.5 3.7 104 47 [t} 2.3 0 0 2.6 49.1 36 55.3 99.3
Chi-38 1671 16.3 1.5 5.0 09 45 0.6 2.3 1] 0.6 1.0 60.8 7.4 69.2 100.8
Cht-44 2012 26.0 1.0 7.0 37 6.2 0.5 2.5 0.2 04 1.0 539 52 60.1 107.6
|_Chi-56 2410 205 0.5 6.5 36 S2 12 18 [1] 0.5 0.8 60.1 48 65.7 105.5
|_Chi-60 2611 27.5 0.4 9.0 13.2 46 9 1.2 0.2 0.7 0 411 4.7 45.8 102.6
Cht-66 2968 22.4 05 6.0 17.0 62 (1] 15 0.2 0.5 0 418 4.2 46.0 100.8
| BKT-3 102 266 08 2.1 95 7.5 9 0.9 ] o8 0.8 536 3.6 60.0 1129
|_BKkT-6 294 25.2 05 6.8 2.3 6.5 [t} 09 05 o2 [:A] 543 5.6 60.4 108.6
|_BkT-12 611 27.0 10 66 54 76 [1] 1.2 0 o3 (] 52.0 6.1 $8.1 107.4
BkT-17 903 24.1 9.5 5.3 63 6.9 0.5 1.3 9 ° 0 48.1 31 $1.2 97.2
BkT-23 1261 233 1.0 45 6.1 7.8 0 1.0 0 o 0 50.7 4.2 549 99.0
BkT-28 1595 27.0 [o] 6.2 11.2 55 o] 1.5 0 o 0 46.8 4.4 S1.2 103.0
BkT-33 1904 29.4 0.5 §.3 08 62 [«5- 2.4 ('] *3 (] 50.1 3.6 532 100.3
|_BkT-41 2201 26.4 9 5.2 88 4.2 1.0 3.0 0 *? 0 51.5 4.0 S55 104.9

Bukowina Tatrzainska PIG-1 shows little change in mineralogy with
increasing depth. Chochotéw PIG-1 on the other hand shows consistent
trends with increasing depth; kaolinite decreases (Figure 2.32), chlorite
increases (Figure 2.33), quartz increases (Figure 2.34), and K-feldspar
decreases (Figure 2.35) to ~0.5% and this decrease is coincident with
smectite illitization termination. KO in the whole rock (Figure 2.36) remains

constant with depth for both wells.
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Figure 2.31. % Smectite in illite/smectite for Chochotéow PIG-1, left, and Bukowina
Tatrzaniska PIG-1, right against actual burial depth.
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Figure 2.32. % kaolinite for Chochotéw PIG

against actual burial depth.
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Figure 2.33. % chlorite for Chochotéw PIG-1, left, and Bukowina Tatrzariska PIG-1, right

against actual burial depth.
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Figure 2.34. % quartz for Chochotéw PIG-1, left, and Bukowina Tatrzariska PIG-1, right
against actual burial depth.
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Figure 2.35. % K-feldpar for Chochotéw PIG-1, left, and Bukowina Tatrzariska PIG-1, right
against actual burial depth.
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Figure 2.36. % KO in the whole rock for Chochotow PIG-1, left, and Bukowina Tatrzarska

PI1G-1, right against actual burial depth.
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2.4: Discussion:
2.4.1: Maximum Burial Depth and Well Relationship:

The present day relationship between Bukowina Tatrzanska PIG-1 and

Chochotow PIG-1 does not represent the maximum burial depths for these
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Figure 3.37. Virtual profile established for Chochotéw PIG-1 and Bukowina Tatrzanska PIG-
1 (After Srodon et al (in press)), grain density, percentage smectite in illite/smectite, quartz
percent, K-feldspar percent, plagioclase percent, kaolinite percent and the percentage of 2:1
clay material against actual burial depth for Chochotéw PIG-1 and the addition of 2606m to

Bukowina Tatrzanska PIG-1.

Srodon et al (in press) have applied a variety of physical (grain density) and
chemical techniques (QXRD) to unravel the basin complexities in the
Podhale region. Their key findings are presented in Figure 3.37. Essentially,
a range of data types have been integrated to demonstrate and overlap in

the two wells with Bukowina Tatrzanska PIG-1 receiving an additional 2606m

to its actual burial depth.

Applying the same methodology to the porosity data gathered in this study
(Figure 2.38) suggests that this approach is valid as the Bukowina
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Tatrzanska PIG-1 borehole plots below Chochotéw PIG-1 in a continuous

trend.
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Figure 2.38. Virtual profile for the percent porosity for Chocholéw PIG-1 and Bukowina
Tatrzanska PIG-1 applying an addition of 2606m to Bukowina Tatrzariska PIG-1 following

the methodology of Srodon et al (in press).
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Figure 2.39. Increase of I/S Maximum Pole Density [m.r.d.] with Actual Burial Depth [m] for
Chochotéw PIG-1 and applying an addition of 2606m to Bukowina Tatrzariska PIG-1
following the methodology of Srodon et al (in press), left, and the increase of C-K Maximum
Pole Density {[m.r.d.] with Actual Burial Depth [m] for Chochotéw PIG-1 and applying an
addition of 2606m to Bukowina Tatrzanska PIG-1 following the methodology of Srodon et al

(in press), right.

With the addition of 2606m to the actual depths of Bukowina Tatrzariska PIG-
1 actual burial depth the virtual profile validity is established further with the
appreciation of the HRXTG data presented previously. Bukowina
Tatrzariska PIG-1 esfablishes a continuous profile with Chochotéw PI1G-1 and
shows a change in preferred phyllosilicate alignment from ~3 m.r.d. to ~ 6
m.r.d. over a ~5000m depth profile for both peaks (2.39).

45



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 2

Srodon et al (in press) have noted that there has been erosion and uplift in
the Chochotéw PI1G-1 well. The porosity data presented previously suggest
that current borehole depths are too shallow as at 100m burial depth fresh
sediments have around 60% porosity (Athy, 1930; Hedberg, 1936; Sclater &
Christrie, 1980). The porosities of these samples, shallowest at 10%, are

more in keeping with porosities at ~4km.

The Methylphenanthrene Index (MPI) is a maturity parameter based on
aromatic hydrocarbons that may be used in the absence of reliable vitrinite
reflectance data to give a quantifiable measure of maturity. The MPI was
devised, by Radke and Welte (1981) from the distribution of phenanthrene
and methylphenanthrene isomers. The Radke and Welte (1981) study
showed good correlation between MPI and mean vitrinite reflectance (Rm)
allowing a calculated mean reflectance (Rc) to be calculated from MPI data.
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Figure 2.40. Maturity [Calculated Mean Vitrinite Reflectance] against actual burial depth for
Chochotéw PIG-1 (Rospondek and Marynowski 2004) and Bukowina Tatrzanska PIG-1

(Marynowski, 2005; pers comms).

Kotarba and Srodon (pers comms) demonstrated that the vitrinite reflectance
data for Chochotéw PIG-1 and Bukowina Tatrzariska PIG-1 are compromised
by the occurrence of reworked vitrinite, resulting in wholly unreliable maturity
assumptions from this index. Rospondek and Marynowski (2004) published -
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MPI data for the Chochotéw PIG-1 well and Marynowski (pers comms) holds
data for Bukowina Tatrzarska, the results can be seen in Figure 2.40.

The data have been joined into a synthetic profile based on the overlap of
the R. data and checked against grain density and mineralogical trends
following the methodology of Srodon et al (in press) (Figure 2.41).

turity Mean Vitrinits (Y]

QX
et

P|
7000 o
)
8000

9000

{xcr PIG-1 © T PIG-1 |
Figure 2.41, Maturity [Calculated Mean Vitrinite Reflectance] versus proposed maximum
burial depth. Maturity calculated from methylphenanthrene data. See text for more detail of
how maximum burial depth was estimated. X=Chochotéw PIG-1; o=Bukowina Tatrzariska
PIG-1. Figure shows regression line back to a surface maturity of 0.25Rc. The trend line is
logarithmic, y = 4759.5Ln(x) + 6768.

The addition of 3500m to the profile is based on Figure 2.41 and has placed
the dataon a log scale and a line has been used to extrapolate the data back
to the surface and an R. value of 0.25, a typical maturity for surface
sediments (Sweeney & Burnham, 1990; Teichmueller, 1970 for references
and profiles). Consequently, 3500m of eroded sediment are required to bring
the data into line with this point of the surface (Table 2.4).

This result is in keeping with the ~4km of sediment Srodon et al (in press)
have proposed to have been eroded from the western part of the Podhale
Basin and ~7km in the eastern part. Consequently, the wells are now in
proposed maximum burial situations, which allows a better appreciation of
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the fabric development, compaction in general and the diagenetic reactions

at play in the basin.

Table 2.4. Maturity [Calculated Mean Vitrinite Reflectance] data for Chochotéw PIG-1
(Rospondek & Marynowski, 2004) and Bukowina Tatrzarska PIG-1 (Marynowski, 2005. pers
comms) after Radke and Welte (1981), along with actual well depth [m] and proposed
maximum burial depth [m].

Chochotéw PIG-1

Proposed
Maximum
Depth Burial Mean Calculated Vitrinite
[m] Depth [m] Reflectance, Re
193 3693 0.57
280 3780 : 0.61
513 4013 0.59
593 4093 0.65
820 4320 0.68
1283 4783 0.69
1671 5171 0.69
2011 5511 0.7
2075 5575 0.73
2410 5910 0.75
2511 6011 0.77
2900 6400 0.89
Bukowina Tatrzanska PIG-1
Maximum
Depth Burial Mean Calculated Vitrinite
[m] Depth [m] Reflectance, Re
102 6208 0.76
293 6399 0.89
640 6746 0.94
902 7008 1.19
1261 7367 1.26
1594 7700 1.16
1904 8010 1.37
2201 8307 ~

In modelling the Podhale Basin, Srodon et al (in press) have demonstrated a
20°C/km to 25°C/km palaeogeothermal gradient (present day geothermal
gradient is 21°C/km +/- 2°C, Cebulak et al., 2004), deduced from /S
palaeothermometry, which has been used in various studies to estimate
temperature (Hoffman & Hower, 1979; Pollastro, 1993, Srodon, 1995) and
fixing the calculated vitrinite reflectance data from MPI analysis to the to the

plot of Suggate (1998).
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Table 2.5. Maximum Burial Temperatures experienced by the for Chocholéw PIG-1 and
Bukowina Tatrzanska PIG-1 wells based on present day geothermal gradient (after Cebulak
et al., 2004) and maximum and minimum palaeogeothermal gradients [after Srodon et al., (in

press)].
~ Well and Sample Maximum Maximum Maximum Proposed
Palaeotemperature Palaeotemperature | Palaectemperature Maximum
[°C] based on; °C] based on,; C] based on; Burial Depth
21°C/km, geothermal rodoi et al (in rodori et al (in (m]
gradient (after Cebulak press) minimum press) minimum
et al, 2004) geothermal geothermal
gradient gradient
20°C/km 25°C/km
Chochotéw-04 776 73.9 923 3693
Chocholéw-66 135.8 , 129.3 161.7 6467
Bukowina Tatrzariska-01 130.4 124.2 155.2 6208
Bukowina Tatrzanska-41 174.3 166.0 2075 8307

The maximum palaeotemperatures quoted by Srodon et al (in press) are in
Table 2.5. These are adequate temperatures for the illitization of smectite to
proceed (Weaver, 1989), the important phyllosilicate diagenetic marker in the

basin.

Srodon et al (in press) have used the inflection point of the maturity curve,
taken to be at 0.7% R, (Rc in this study) and proposed to be characteristic of
sedimentary basins (Suggate, 1998), with depth to be the key marker in their
modelling reconstruction of the Podhale Basin, having joined the Chochotow
PIG-1 and Bukowina Tatrzariska PIG-1 wells into a virtual profile. This
method requires a stable heat flow through time in the basin. Additionally,
this inflection point becomes the only marker point. Srodon et al. (in press),
therefore, conclude that ~4km of erosion from Chochotéw PIG-1' has taken

place and ~7km.from Bukowina Tatrzanska PIG-1.

The methodology in this study uses an extrapolation of a log plot back to a
surface value of 0.25%R, and estimates ~3.5km of erosion in Chochotow
PIG-1 and ~6.5km in Bukowina Tatrzarska PIG-1.

The amounts of erosion estimated by both methods are similar but have
uncertainties. One requires an inflection point at 0.7% R, fitted to modelled
geothermal gradients. This 0.7% R, has been noted by Suggate (1998) and
additionally by Honty et al, (2004) from the East Slovak Basin to the south of
the Podhale. The other erosion estimate requires extrapolation. The effect
of this 500m difference described by the two estimations will result in a
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~10°C difference. If maturity is the sole parameter taken as a marker this will
have implications for geothermal gradient and/or heat flow. Therefore,
extrapolation back to a surface value of 0.25% R, is more robust. In terms of
loading 500m will not have a great deal of effect on the porosity as the
results suggest overpressuring in the Basin as a whole, the porosity
measurements alone suggest that there has been up lift and erosion.

Yang and Aplin (2004) have published a relationship between mudstone
porosity and effective stress, as a function of clay fraction. Using this
relationship and assuming average clay contents of 55% (Table 2.3), a
porosity of 10% for the shallowest Chochotéw PIG-1 samples (Figure 2.38)
suggests that the maximum effective stress that these samples have been
subjected to is around 27 MPa. At a burial depth of 3.6 km, the lithostatic
stress is around 80MPa and the estimated pore pressure (lithostatic stress
minus effective stress) is then around 53 MPa. Since the hydrostatic stress at
3.6 km is around 35 MPa, it appears that the Chochotéow PIG-1 samples
were substantially overpressured at maximum burial.

2.4.2: Chemical Changes Related to Diagenesis:

Although potassium from K-feldspar is decreasing in abundance with depth
(Figure 2.35) and is suspected of being used in the smectite to illite
conversion the plot of percent K,O against depth (Figure 2.36) exhibits a
constant trend. This suggests that potassium is being conserved within a
closed system and the majority of potassium is from K-feldspar and is driving
the illitization of smectite. Since, the amount of 2:1 clays in the Podhale
Basin does not change significantly with depth, more evidence that the
mudstones in the basin are acting as a closed system, thereby following the
reactions of Hower et al (1976) rather than those of Boles and Franks (1979).
The QXRD presented earlier does not unfortunately distinguish between 2:1
illite, mica and Fe-smectite so it is not possible to apply a methodology of
looking at the ratio of illite:chlorite (Land et al, 1987) to see if the system is
truly closed with respect to potassium or whether the basin diagenetic
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reactions are following a mechanism closer Al conservation (Boles & Franks,
1979).

The illitization of smectite terminates at ~80% illite layers in the Podhale
Basin (Figure 2.31) and the reaction is dependent on time, temperature and
a supply of potassium ions. There is abundantly enough time and
temperature for these sediments to achieve diagenetic maturity (e.g. Elliott et
al, 1999; Elliott & Matisoff, 1996; Hillier et al, 1995; Huang et al, 1993; Velde
& Vasseur, 1992; Elliott et al, 1991; Pytte & Reynolds, 1989; Freed & Peacor,
1989) as they are Palaeogene in age and have reached 170°C+ maximum
burial temperatures (Srodon et al., in press). The fact that the reaction has
terminated at ~20% smectite Iayers' suggests that there are not enough
sources of potassium to facilitate the reaction beyond ~20% of layers, as
commonly observed in basins around the world (Hower et al, 1976; Pearson
et al, 1982; Srodori & Eberl, 1984; Eberl, 1993;). K-feldspar has been
depleted to around half of one percent and the point in the system where it
has changed is at ~6000m (maximum burial depth) in the Chocholow PIG-1
borehole which is coincident with the termination of the smectite to lllite
reaction. This suggests that in this basin K-feldspar is the driving force
behind the illitization of smectite and its consequent termination. K-feldspar
is almost entirely depleted in Bukowina Tatrzanska PIG-1 hence in this
borehole the illitization of smectite has terminated. The illitization of smectite
as perceived by Hower et al (1976) and Boles and Franks (1979) are not the
only diagenetic reactions using K-feldspar. Potassium feldspar and kaolinite
are converted to ilite and water (after Giles et al 1998; K-feldspar +
2Kaolinite= illite + water). As a result K-feldspar and kaolinite may be
depleted by this reaction as well as illitization of smectite in the mixed layer
phase I/S. BSEM images presented early suggest kaolinite change,
although whether illite or chlorite is the end product is not entifely clear and
little evidence for diagenetic phyllosilicate mineral change in mudstones was
observed in BSEM, because it occurs in the less than 2um fraction that is
. often below the resolution of the technique. The K-feldspar dissolution that is
occurring in the basin has not been observed in BSEM images.
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The depth of ~6000m (maximum burial depth) appears to be critical as it is
the termination point for many mineral and chemiéal reactions; however
organic maturity is continuing to increase beyond illitization of smectite
termination (Figure 2.42). Kaolinite depletion (Figure 2.32), chlorite increase
(Figure 2.33) and illite growth all terminate at this depth. Quartz percent
(Figure 2.34) is continuing to increase after. ~6000m (maximum burial depth)
when the illitization reaction is seen to terminate, this can be attributed to
three factors 1; a change of depositional environment over time and/or a
change in sediment type and flow into the basin, 2; diagenetic quartz growth
associated with the illitization of smectite (e.g. Hower et al, 1976; Boles &
Franks, 1979), silica being a product of the reaction, 3; flow of silica rich pore
waters through the system (e.g. Land et al, 1987, Land et al, 1997), which is
unlikely as K;O demonstrates that the system is closed or from diagenetic
quartz formation out of pre-existing pore waters. The most likely explanation
is that quartz continues to increase when the other reactions have terminated
as a result of silica released during much earlier illitization of smectite,
placing higher concentrations of silica into the closed system, which then
precipitates as diagenetic quartz as a steady process unaffected by the

termination of the diagenetic reactions in the basin.
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Figure 2.42. % illite in mixed layer ilite-smectite as a function of theoretical vitrinite
reflectance R.. Solid squares: Chochotéw PIG-1; open squares: Bukowina Tatrzariska PIG-
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If the complete quantitative mineral composition (Table 2.3) from Srodon et
al. (in press) is used to calculate water-free grain density, based on structural
formulae of the component minerals and their average chemical composition,
the value of 2.81-2.82 g/cm® is obtained. Measured grain densities always
invblve some water, which is very difficult to remove; hence the trend
observed by Srodon et al (in press) (Figure 2.37). The 2.65 g/cm® value
measured for the top of Chocholow PIG-1 implies 9.3% water (if dry density
of 2.82 is assumed) and 2.78 g/cm®, characteristic for the bottom of
Bukowina implies 2.2% water. These values are of the same order as the
measured porosities of these samples (Figure 2.38). It is possible that these
amounts of water were released by the rock in the course of diagenesis may
be related to the conversion of smectite into illite occurring at the same depth

range.

Making the assumption that illitization of smectite is driven by the dissolution
of K-feldspar and the evidence presented above does seem to suggest that it
is, then the dissolution of 2.2% K-feldspar (typical value of the shallow
Chocholow samples) provides ~0.32% KO for illitization. Alteration from
40%I to 80%l in illite-smectite clay material is a ~1.7 to ~5.0% K;O (Srodon
et al., 1986) alteration, thus the clay is gaining 3.3% K;O. It follows that the
mass of illite-smectite accounts for ~10% of the bulk rock. The mass of
interlayer water in such illite-smectite is not more than a few percent, less
than 1% of the whole rock. This calculation makes it clear that the water
responsible for the measured grain density changes does not correspond to
the interlayer water lost by illite-smectite. Consequently, there remains some

pore fluid water in the system.

Additionally, the presented calculation indicates that the reactive clays (illite,
smectite, kaolinite, chlorite) account only for about 15% of the rock, while
40% corresponds to non-reactive fine-grained detrital illite and mica. These
volumetric relations suggest that the grains of detrital illite and mica should
dominate the process of realignment of clay particles in the course of
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diagenesis of the studied rocks and have important implications for the
mechanically or chemically induced preferred orientation enhancement.

2.4.3: Fabric Changes:

Fabric alignment, as quantified by HRXTG, is a parameter that is strongly
influenced first by depositional processes (McCave, 1970; McCave, 1971:
Kranck et al, 1996a,b; O'Brien & Slatt, 1990), then, at least in the early
stages of diagenesis, by sedimentary loading (Maltman, 1981) and finally the
vertical component of effective stress at greater depths (Matenaar, 2002).

This study has shown that Bukowina Tatrzanska PIG-1 has a much stronger

fabric alignment than Chochotéw PIG-1.
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Figure 2.43. Maximum Pole Densities [m.r.d.] as a function of Proposed Maximum Burial
Depth [m]. Circles: pole densities of I-S in Chochotéw PIG-1 samples; triangles: pole
densities of I-S in Bukowina Tatrzaniska PIG-1 samples; +: pole densities of C-K in
Chochotéw PIG-1; x: pole densities of C-K in Bukowina Tatrzanska PIG-1. To the right,
representative illite-smectite and chlorite/kaolinite pole figures are also displayed for 6 depth
intervals. The numbers of these samples are shown on the main figure.

54



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 2

The data in Appendix 2.1 and the Figure 2.43 show that maximum pole
densities range from weak (2-3 m.rd.) to very strong (>7 m.rd.). The
samples have gone though a large part of the smectite to illite transition
(Srodon et al., in press) and from random to ordered stratification. These
results are qualitatively consistent with observations made using BSEM
which show evidence of aligned fabrics even in areas where silt sized quartz
is abundant and intuitively would be thought to disrupt and deplete

alignment.

Squeezing clay or compacting sediment tends to rotate phyllosilicates to a
position normal to compression and such preferred orientations were
produced experimentally by Sorby (1853, 1856). There is a bulk of literature
which shows that mechanical compaction (e.g. Athy, 1930; Hedberg, 1936;
Sclater & Christrie, 1980) and clay mineral recrystallisation (e.g. Bowles et
al., 1969; Vasseur et al., 1995; Ho et al., 1999; Aplin et al., 2005 in press) are
taking place on a variety of scales. It should be held in mind that
sedimentary processes (Kranck et al, 1996a,b; Bennet et al, 1991; McCave,
1970;) and bioturbation (O’Brien, 1987) strongly influence initial depositional

and near surface fabrics.

Interestingly and notwithstanding the above caveat, Ho et al. (1999)
presented evidence for a major reorganisation of phyllosilicate fabric as a
direct result of the smectite to illite transition. In the samples described by
Ho et al. (1999) as fine-grained, maximum pole densities jump dramatically
from approximately 3 m.r.d. to between 6 m.r.d. and 7 m.r.d. and this abrupt
change occurred coincident with the S to | transition zone, but appears
influenced by grain size as lower fabric alignments are recorded in ‘sandy’
samples. In the samples presented here, which are also fine-grained, there
is no such jump in the change in fabric intensity through the I/S transition
zone (Srodon et al., in press) which occurs roughly between 5000 and
5500m (maximum burial depth). Instead, the trend in fabric intensity, after an
initial rapid increase with depth, is a continuous increase and this trend is
marked by both of the mineral peaks measured, illite-smectite and
chlorite+kaolinite (Figure 2.43). As is suggested by the starting values for
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the percentage of smectite in illite-smectite and by the ordering present in the
uppermost samples, there is some portion of the curve missing and this
erosion has been established. Consequently, it is not possible to know
whether there was some fabric developed at the time of sedimentation or
what the starting percentages of smectite were, however Bennett et al.
(1991) have shown that modern muds from the Mississippi Delta possess a
primary depositional texture of edge-to-face grain contacts which highlights
the importance of flocculation in the deposition of phyllosilicates, similarly
O'Brien and Slatt (1990) note flocculation at deposition, which lends itself to

low preferred orientation development.

The X-ray diffraction data show that the smectite has largely been converted
to illite and that this reaction has effectively terminated at close to 80% illite
layers. Additionally, Srodon et al (in press) have described a basinal history
(thermal gradient) that would allow for the reaction to run to completion in the
presence of more K-feldspar or an open system, so it appears that some
fabric alignment may be caused by diagenetic mineral reactions. Fabric is
continuing to increase in a steady way, beyond the termination of the
" smectite to illite transition, this is entirely in keeping with the few previous
studies of shales and metamorphic pelites that show recrystallisation
continuing with increasing thermal stress (e.g. Peacor, 1992; Merriman and
Peacor, 1998) into the early stages of metamorphism (the epizone). Figure
2.44 shows that although the I/S transition has effectively terminated, I/S

- fabric alignment continues to develop.

Therefore, it appears that the samples are, predominantly, documenting
mechanically controlled chemical compaction processes and the later phase
of recrystallisation in terms of the I/S trend, both of which have led to a
realignment of phyllosilicates on the square millimetre scale as measurable
through High Resolution X-ray Texture Goniometry and observable on the
BSEM scale. By mechanically controlled, the suggestion is that the
orientation of maximum stress is dictating the orientation into which new
fabric is developed. It should be noted that perhaps only 15% of the clay in
the system is reactive clay, meaning out of equilibrium with the environment,

56



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 2

but it is this phyllosilicate percentage that is facilitating change.
Consequently, reactions in the mudstones of the Podhale Basin are not
wholesale dissolution and then re-precipitation.

7 -
o

6 - o
E “w o
Q a
a’ &
% o
2 " (]
%
(1]
= [ ]

4 - [ ]

[ ]
3 T T T T T
30 40 50 60 70 80 90
% 1inl-S

Figure 2.44. Maximum pole density as a function of % illite in mixed layer illite-smectite.
Solid squares: Chochotdéw PIG-1; open squares: Bukowina Tatrzariska PIG-1.

Historically two mechanisms for I/S change have been proposed, the
MacEwan Crystallite Model and the Fundamental Particle Model. The
MacEwan Crystallite Model (MacEwan et al.,, 1961) is in essence a solid-
state transformation model, where layers of illite and smectite are pictured as
intimately interlayered, stacked either randomly or regularly into fixed
sequences. The sequence acts as a coherent unit and scatters x-rays. In
this model, the transition from smectite to illite is made by remodelling the
chemistry and structure in place without disrupting the stack of layers. A
reaction that occurs in this way involves local bond breaking, diffusion and
bond formation in which reactant and product 2:1 layers are virtually identical
structurally, the only differences are in composition. An indication for this
type of reaction are maintenance of morphology and polytype as the
proportion of illite increases, thus there is an implied memory for orientation
of structure of individual layers (Dong & Peacor, 1996). The MacEwan
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Crystallite Model (Figure 2.45.) assumes that the division of unit cells occurs
in the middle of each octahedral sheet (Altaner and Ylagan, 1997).

MacEwan Fundamental
Crystallite Particle
Model Model
7
Niite 20A paticle
>
Smectite o (®) OOO'O :
>
Tllite
> 30A particle
Nlite
>
. O [e) -
Smectite a3 O, )

N\ 10A particle

Figure 2.45. Divisions made between unit cells in the MacEwan Crystallite Model and the
Fundamental Particle Model (after Altaner and Ylagan. 1997).

Where, in the MacEwan Crystallite Model the division between layers is

made through the middle of each octahedral sheet, the Fundamental Particle

Model divides them at the interlayer space (Figure 2.45).

The tenets of the Fundamental Particle Model (after Nadeau et al 1984) are:

1. Smectitic separates consist of primary aggregates of single 2:1 layer, 10
A thick particles, called elementary smectite layers.

2. Regularly interstatified R1 I/S separates consist of primarily of 20 A thick
particles defined by two 2:1 layers called elementary illite particles.

3. llite separates consist of 20 A to 160 A thick particles with a mean
thickness of 70 A.

The formation of fundamental particles by direct precipitation, rather than
rearrangement of the structure of precursor minerals, is the basis for this
model, a dissolution-crystallisation (DC) model. The DC model involves the
complete dissolution of the precursor mineral followed by nucleation and
growth of a new mineral as a separate or epitaxic grain. During dissolution,
the structural memory of the precursor mineral is lost and, therefore,
indications of a DC mechanism are changes in polytype and loss of
morphological characteristics of the precursor (Altaner and Ylagan. 1997).
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Pollastro (1985) concluded that smectitic I/S dissolves and reprecipitates as
both illitic I/S and discrete illite, resulting in decreasing abundance of I/S as

illitization proceeds.

1st solid solution 2nd solid solutior

<100 to 50% exp. layers ———><—5010 5% exp -

e g

K* fixation maturing illite
1Md M M.

Figure 2.46. Shows the three phases envisaged for the Two-Solid-Solution Model (after
Inoue et al., 1987).

Inoue et al (1987) proposed a model in which anhedral smectite crystallites
(10 A thick) become unstable, a Two-Solid-Solution Model, dissolve and
recrystallise forming thin (20 A thick) euhedral illite laths. Some of which in
turn dissolve and grow into larger (> 40 A thick) euhedral illite laths
(discussed further in next section). The Two-Solid-Solution Model (Figure
2.46), after Inoue et al. (1987), is neither a continuous transformation
process by solid-state reaction nor a neoformation process associated with
stepwise dissolution-precipitation as laid down in the Fundamental Particle
Model. The Two-Solid-Solution Model is a complex neoformation process
consisting of two elementary transformation reactions and a dissolution-
precipitation reaction in the intermediate stage. During the two
transformation reactions (100-50% expandable and 50-0% expandable),

unstable smectite dissolves and reprecipitates as elementary illite particles.

What is presented here is an idea of localised dissolution and re-precipitation
around regions of grain defects or at the edge of grains that are in stress
contact with other grains either quartz or other clay materials. This is due to
the fact that only around 15% of the phyllosilicates in the mudstones are

reactive and sites of change are attributed to localised stress areas or areas

of defect.
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The mechanism presented would allow the necessary rotation of grains by
mechanical processes and the associated diagenetic reactions to occur
penecontemporaneously. As porosity and the ease of rotation decreases
this mechanically controlled chemical compaction and development of
phyllosilicate preferred orientation allows for diagenetic changes in the
reactive clay fraction to facilitate fabric reorientation but the driver behind the
continued change is the vertical component of maximum stress. The view
presented is that porosities of less than 6% and pore size distributions in the
range of 3 to 20nm are too small to account for continued wholesale
mechanical rotation of platy phyllosilicates.

Figure 3.38 shows the slight decrease in porosities with depth. The starting
values for porosity are low, 10% and decrease to 2% with small pore radii (20
to 3nm) at the base of Bukowina Tatrzariska PIG-1, which suggest that these
samples have undergone a high degree of mechanical rotation and grain
packing long before the S to | transition zone was reached and therefore any
reorientation as a result of mineral recrystallisation is not going to be as stark
as that noted by Ho et al. (1999). Partial evidence for this has been
observed in BSEM micrograph (Figure 2.23 Chochotéw-06) where matrix
phyllosilicates have aligned themselves in random orientations and this has
been replaced by preferred orientations (Figure 2.25, Chochotéw-56) as
diagenesis has proceeded. BSEM has been used extensively in the past to
assess fabric alignment in a qualitative way (O’'Brien, 1970; O'Brien, 1987,
O'Brien & Slatt, 1990). Latterly, image analysis techniques using captured
BSEM images have been used to try to quantify phyllosilicate alignment
(Worden et al, 2005; Charpentier et al, 2003) in matrix material. The
technique is selective and does not take into consideration the effects of
quartz and other non-platy phyllosilicates that have been shown to disrupt
fabric alignment (Figures 2.17, 2.18 & 2.22).

It is possible that the increase in fabric intensity, beyond that which can
easily be attributed to mechanical processes, is as a result of the chemically
controlled dissolution-reprecipitation mechanism outlined above. However,
the importance of the vertical component of stress in this scenario cannot be
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overlooked in response to an acceptance of an idea of
dissolution/recrystallisation. As, clearly, without this vertical component of
stress the platy phyllosilicate minerals would not have aligned themselves in
a preferred orientation, as flocculation does not lend itself to phyllosilicate
alignment (Bennet et al., 1991; O'Brien & Slatt, 1990).

- To attribute this fabric increase at such low porosities and pore size
distributions, and high rates of thermal stress to purely mechanical processes
is somewhat difficult to resolve, as there is simply no space within the sample
matrix to accommodate the necessary rotation of phyllosilicate grains on a
variety of scales. It should be noted if a purely chemical process is
envisaged in the Bukowina Tatrzanska P1G-1 well one would have to imagine
continuous recrystallisation of both chlorite and illite-smectite (without any
change in %S), potentially hard to imagine. The hypothesis of the control of
reactive clay minerals over the clay particle realignment does not resolve
why kaolinite and chlorite have the same amount of preferred orientation as
I/S. The diagenetic evolution of kaolinite and chlorite in this work suggests
that they are passive in reorientation into a preferred fabric and that they rely
on diagenetic change to facilitate the initial reorientation and then allow
vertical stress to govern their reorientation. Figure 2.43 suggests that the

reorientation of I/S occurs prior to chiorite + kaolinite.

X-ray diffraction data demonstrates that the percentage of duartz is
increasing, some of which will undoubtedly go towards reducing the
porosities on the scales observed. This quartz increase can only be related
to diagenesis as there is a general upwards coarsening in the Podhale flysch
(VVeshNélewicz-Mogilska, 1986) and as the sample suite has shown a
remarkable homogeneity and consistency in chemical and physical trends.
Consequently, the observed trend in the quartz percentage with depth is
related to diagenesis as silica is released into the system (Hower et al,. 1976-;

Boles and Franks, 1979).
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2.5: Conclusions:

Chochotéw PIG-1 and Bukowina Tatrzanska PIG-1 are documenting the
alignment of illite-smectite and chloritetkaolinite in a high temperature
(~170°C at the base of Bukowina Tatrzanska PIG-1, Srodon et al, in press),
mature (~25%S) basin with a high component of vertical stress (10 to 2%
porosity and 20 to 5 nm pore radii). The view of this alignment under such
conditions is as a function of both mechanical compaction initially and then
chemical compaction as mechanical rotation becomes less energetically
viable, but is governed overall by effective stress. The control on the
illitization of smectite, the main diagenetic phyliosilicate mineral reaction in

the basin, in turn is the availability of potassium through K-feldspar

dissolution to facilitate change.
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Chapter 3:
Analytical Electron Microscopy of

illite-smectite in samples from the
Podhale Basin

| Chi-06_E001/2

A dispersed grain of I/S material on a holey carbon coatéd copper grid with its associated
selected area diffraction pattern.
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3.0: Introduction:

The illitization of smectite has been used by many workers from Gulf Coast
sediments (e.g. Burst, 1959; Powers, 1967; Perry & Hower, 1970; Hower et
al., 1976; Boles & Franks, 1979) and from other basins around the world the
Jurassic of South-eastern France (e.g. Artru & Gauthier, 1968),
Carboniferous of Central Poland (e.g. Srodon & Eberl, 1984) and the
Cainozoic and Mesozoic of the Rocky Mountains (e.g. Pollastro, 1985).
These studies describe an increase in the proportion of illite in mixed-layer
(interstratified) illite/smectite (1/S) with increasing temperature. Ordered /S is
described in the later stages of the reaction (e.g. Perry & Hower, 1970) in
terms of Reichweite Ordering (after Jadgozinski, 1949).

The classic work by Hower et al. (1976), on the Gulf Coast sediments,
envisages a solid-state illitization mechanism for this change, where the

basic reaction is:

Smectite + AP* + K* = illite + Si**.

This reaction implies that smectite transforms to illite by fixing K in interlayer
sites with a penecontemporaneous substitution of Al for Si in the tetrahedral
sheet. The source of the Al and K reactants is the local dissolution of K-
feldspar and/or mica in a closed system (Hower et al., 1976). The excess Si
produced in the reaction forms quartz either as cement or grain coatings.
Hower et al. (1976) noted that the K;O and Al,O3 content in the <0.1uym
fraction increased and SiO; decreased, whereas it remained constant in the

whole rock chemistry.

Boles and Franks (1979) prefer a dissolution-precipitation reaction, with the

following reactants and products:
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3.93K" +

1. 57KNaCa2Mg4Fe4AI14Si3801 oo(OH)zo' 1 OHzo =
Ks.sMgzFeq sAl22Si3s0100(OH)20

+1.57Na* + 3.14Ca®" + 4.28Mg?* + 4.78Fe?* + 24.66Si**

+570% + 11.40 OH + 15.70H,0

The reaction describes the supply of Al to be from the smectite itself and not
from an external source; therefore smectite is consumed in this reaction
rather than conserved. The reaction of Boles and Franks (1979) describes a
dissolution-precipitation reaction whereas Hower et al (1976) describes a

solid-state transformation.

Largely these results have been gained through XRD analysis on separated
clay fractions and therefore related average changes to a polymineralic mix,
even within interstratified I/S. Analytical Transmission Electron Microscopy
(ATEM) using an ion beam thinning technique has demonstrated differences
in TEM and XRD data (Ahn & Peacor, 1986a,b), where at the TEM scale,
packets of crystallites maybe observed as end-member phases, XRD views
the same sample as having variable amounts of smectite in the mixed-layer
phase illite-smectite. This difference reflects the difference in resolution
between the two techniques; XRD on the ‘bulk’ scale, ATEM on crystallite
packets. This therefore has lead to differences in the mechanisms for the
smectite to illite conversion being postulated(e.g. MacEwan et al., 1961;
Nadeau et al., 1984a,b; Ahn & Peacor, 1986a; Inoue et al, 1987; Altaner &
Ylagan, 1997). ATEM has been shown to be able to clearly distinguish end-
member illite from end-member smectite chemistries both in terms of Energy
Dispersive X-ray Spectroscopy (EDS) (e.g. Kim et al., 2004; Severin, 2004)
as well as Selected Area Diffraction Patterns (SADP) (e.g. Bell, 1986; Ahn &
Peacor, 1986; Srodon et al., 1992: Dong & Peacor, 1996; Kim et al., 2004).
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lon beam thinning is not the only technique available for ATEM. Grain
dispersal on a holey carbon substrate has been succeésfully used to
distringuish between illite and smectite (e.g. Klimentidis & Mackinnon, 1986;
‘Hover et al., 1999). What this latter technique cannot do is use lattice fringe
imaging to quantify the %l in I/S (e.g. Ahn & Peacor, 1986a). Both ion beam
thinning and dispersion techniques are subject to the same problems of light

elements (Na, K) being mobile under the electron beam (van der Pluijm et al.,
1988).

This study applies an Analytical Transmission Electron Microscopy (ATEM)
technique on a dispersed clay size fraction with a view to being able to
construct structural formulae for individual analyses for each sample
measured backed up by a selected area diffraction pattern (SADP), which
allows semi-independent confirmation of the phase measured and the nature

of the crystal stacking.

The main aim of this chapter is to assess the detailed chemistries of I/S
material from 5 samples in the Podhale Basin using Analytical Transmission
Electron Microscopy (ATEM). The first part of the study deals with the
applicability of BSEM to the determination of phyllosilicate chemistries. The
primary aim, which may only be exploited by ATEM, is to explore why there
is no change in the percentage of illite in illite/smectite, as quantified by XRD,
over ~2000m in the deepest (6000m to 8300m maximum burial depth) and
hottest (~125°C to 174°C, according to Srodon et al, in press) parts of the
well profile discussed in Chapter 2 and to see if there are any significant
structural formulae differences in I/S even though by XRD the expandability
of I/S is identical. Additionally, the HRXTG made in Chapter 2 suggested
continued fabric formation beyond I/S termination. Various diagenetic
studies have shown phyllosilicate preferred orientation to be partly linked to
I/S change (e.g. Ho et al., 1999; Matenaar, 2002; Worden et al., 2005).
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3.1: Transmission Electron Microscopy:
3.1.1: Samples and Methods: |

Five samples were selected for analysis by Transmission Electron
Microscopy.  Chochotéw-06, Chochotéw-28, Chochotéw-60, Bukowina
Tatrzanska-06 and Bukowina Tatrzanska-41 were taken to represent the
whole of the depth range for boreholes Chochotéw PIG-1 and Bukowina
Tatrzariska PIG-1 from the Podhale Basin. Bukowina Tatrzariska-06 and
Bukowina Tatrzanska-41 were selected because in a well with little variation
in the percentage of smectite in I/S these two samples had exactly the same
percentage of illite in I/S (76%) but are separated by nearly 2000m depth
difference. Chochotéw-06, Chochotéw-28 and Chochotéw-60 represent the
full conversion of smectite to illite seen in the Podhale Basin. In addition an
illite and smectite standard were used in initial BSEM EDS anavlysis and this

same illite standard was used in the TEM analysis.

Table 3.1 states the key physical and mineralogic'al differences between the
5 samples chosen for ATEM analysis. They have a large overall change in
preferred orientation development in the entire basin but little change beyond
~6000m, which coincides with the termination of I/S change and a relatively

constant porosity with depth increase.

Table 3.1 Present day depth [m], maximum burial depth [m], %l in I/S, Maximum Pole
density [m.r.d.] /S, Maximum Pole Density [m.r.d.] C/K and porosity percent as measured
by mercury intrusion porosimetry for the 5§ samples selected for TEM analysis.
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Chocholtéw-06 280 3780 50 3.38/3.30 2.84/2.98 10
Chochotéw-28 1283 4783 56 5.18 5.78 5
Chocholéw-60 2511 6011 76 5.00/5.14 4.96/5.20 ND
Bukowina Tatrzanska-06 2983 6394 76 4.75 512 6
Bukowina Tatrzafiska-41 2200 8301 76" 5.94/629 ' 7.18/7.32 5
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3.1.2: Chemical Analysis by SEM-EDS:

Backscattered Scanning Electron Microscopy (BSEM) was initially performed
to test the general method devised for calculating mineral formulae from
compositional data generated using the SEM’'s Energy Dispersive X-ray
System (EDS). This step was included prior to TEM analysis as more data
could be generated in a shorter time than through TEM. Although the
resolutions and the interaction volumes of the two techniques differ, standard
materials should not be overly affected by the different interaction volumes
and will therefore allow an appreciation of the method before time consuming

and difficult ATEM is undertaken.

EDS analysis was performed on a CamScan series 3 SEM with a tungsten
filament and operating at 20 kV in backscattered mode, with a working
distance of 10mm. The SEM was fitted with an Oxford Instruments 1SIS
UTW (ultra thin window) EDS (energy dispersive X-ray) detector.

Montmorillonite-smectite (hereafter referred to only as smectite) from Ward's
Natural Science (item:46V0435) (http://www.wardsci.com) and illite shale
(hereafter referred to as illite, item:46V0315) were used as two internal
standards for initial BSEM observation and later TEM observation. The
standard materials used were not pure minerals, rather they were
commercially available rock materials‘exceptionally rich in either illite or

smedctite.

Samples Chochotéw-06 and Bukowina Tatrzanska-41 were selected for
initial EDS analysis in BSEM mode representing the %l extremes of the
sample set's mixed layer phase I/S. The sample preparation technique
involved embedding the samples in a resin block (Epo-Thin®, a low viscosity
resin from Buehler) and then polishing the samples to produce a flat surface
for the electron beam. Samples Chochotéw-06 and Bukowina Tatrzarska-
41 were simply embedded with the ‘up-face’ perpendicular to
bedding/maximum fabric intensity. This way the samples were measured on
an adjacent surface to that used for High Resolution X-ray Texture
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Goniometry. The BSEM images presented in Chapter 2 are directly
applicable to the samples analysed by TEM here.

Figure 3.1 EDS spot posit

i

. ity LR ek A
ions used in B

EM EDS analsis on Bukowina Tatrzanska-41.
Magnification is 500X. Spot positions are on matrix material not large phyllosilicates.

The illite and smectite standards were prepared slightly differently, as they
were essentially ground material that were set in resin and then polished to
the surface for interaction with the electron beam. For both the samples and
the standards an area under the beam was selected for EDS analysis (Figure
3.1) and 20 spot positions were selected manually and auto-saved for each

selected area on the sample surface.

The spot selection criterion was that the area measured should be the fine-
grained, phyllosilicate matrix material; all the large, detrital, phyllosilicate
material and non-phyllosilicate material was ignored. The number of
measurements taken varied from between 160 to 260 spot positions from 8
to 13 different areas on the sample block (2cm by 2cm block), for each

sample.

Figure 3.2 shows a typical EDS trace for the illite standard, with a strong K
peak and the presence of smaller Fe peaks. The Si and Al peaks are in
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proportion to those published by Severin (2004) and Kim et al (2004) for illite.
The raw EDS data were converted into structural formulae units and
elemental concentrations expressed as wt% oxides using the conversion

methods detailed by Weaver (1989) and Moore & Reynolds (1997).

Spreadsheets for each sample were produced in which the intent was to
interpret chemical composition in terms of atomic ratios in the octahedral,
tetrahedral and interlayer sheet. Two basic assumptions are made; (1) the
cation charge is equal to the anion charge; (2) the anion charge is known
from the structural studies of coarse grained phyllosilicates (Weaver, 1989)
and is equal to 22 anions (O1[OH]2). An additional assumption is that the
tetrahedral cations add up to 4.0. The calculation method first involves the
atomic percentages being converted to atomic proportions. Next a K factor is
calculated from cation valancy by which the atomic proportions are multiplied
by to produce the structural formulae (See Weaver, 1989; Moore &
Reynolds, 1997). Tetrahedral sheet compositions are determined first with
all available Si attributed to this sheet, plus whatever additional Al is required
to make the tetrahedral sheet contain 4.0 cations. The rest of the Al is
attributed to the octahedral sheet along with all the Fe, Mg and Ti. The
interlayer contains K*, Ca®* and Na* (although Na* was not measured in this

study due to mobility under the electron beam).
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Figure 3.2. EDS spectra for the smectite (A) and illite (B) measured by Kim et al (2004) and
the illite standard (C) measured from BSEM EDS analysis in this study.
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3.1.3: TEM technical settings:

Transmission Electron Microscopy (TEM) has been used in a variety of ways
to assess mudstone and shale chemistries (e.g. Bell, 1986; Klimentidis &
Mackinnon, 1986; Jiang et al., 1994), diagenesis (e.g. Ahn & Peacor, 1986a
& 1986b; Inoue et al., 1987; Hover et al., 1999; Masuda et al., 2001; Nadeau
et al., 2002; Kim et al., 2004), eventual metamorphism (e.g. Merriman &
Peacor, 1998; Merriman, 2002) and mineral structures (e.g. Nadeau, 1998;
Peacor, 1998). TEM in this study was primarily employed to describe the
detailed chemistry of individual minerals using Analytical Transmission
Electron Microscopy (ATEM) as well as obtaining images and selected area
diffraction patterns (SADP) in order to relate the chemical analysis to known
minerals. Samples were examined using a Philips/FEI CM200 electron
microscope equipped with a Field Emission Gun (FEG), and a Gatan
Imaging Filter (GIF). The extinction voltage was set at 3.21 kV, giving a
typical energy resolution of 0.8eV. All analyses were undertaken at the
University of Leeds in the Material Science Department.
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< D GCondenser lens C1 (b)

Aperture

CD Condenser lens C2 (c)

Apertures

EXIIXEoIITE  Specimen

CD Objective lens

Objective aperturel
Selecled area apey

[~ > Diftraction lens

i
CD } Projector lens
el

system

Viewing screen

Figure 3.3. The Philips/FEI CM200 electron microscope.
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The selected samples were initially separated using a freeze-thaw method
which disaggregates the samples without destroying the grain size (Yang
and Aplin, 1997). The less than 2um fraction of the sample was thven
separated by centrifugation applying Stokes’ Law (4 minutes 22 seconds at
800rpm). Selected samples were prepared specifically for the TEM by
grinding the less than 2pm samples with ethanol in a pestle and mortar. 0.5g
of sample was used in an excess of ethanol as a dilute solution of sample
was required. A small droplet of sample (~10pl) was then placed on a
carbon coated 200-mesh copper grid and allowed to evaporate to dryness,
with well dispersed grains of importance. This dispersion method was used
in preference to other sample preparation techniques, such as ion-milling and
diamond microtoming (Merriman & Peacor, 1998), as it is significantly faster
to prepare the sample and because no layer sequence information was

sought, in the form of lattice fringe imaging.

3.1.4: Analytical Transmission Electron Microscopy (ATEM):

Energy Dispersive Spectroscopic (EDS) techniques allow quantitative
chemical data to be obtained from discrete mineral phases (e.g. Kim et al.,
2004). Typically this technique has a resolution of 75A. Analyses were
carried out by focusing the electron beam into a 0.2pum probe and moving it
onto discrete isolated grains. Magnification was at 50,000 times and data
were acquired at between 1000 and 3000 counts per second with a live time
of 50 seconds. EDS data were gathered for each selected sample spot and
then manipulated using Oxford Instruments ISIS EDS. The exposure of the
sample to the beam was kept to a minimum, as was beam diameter, to avoid
electron beam damage to the sample and to negate the fact that some
elements (Na, K) are mobile under the beam (van der Pluijm et al, 1988). A
significant advantage of ATEM relative to conventional electron microprobe
analysis is that ATEM data are obtained over extremely thin areas, and
hence no matrix correction factor (ZAF) is required (Merriman & Peacor,
1998), resulting from the fact that the X-ray intensity measured is directly
proportional to the concentration of the element measured. A significant
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disadvantage is that the thickness of the sample area measured is not
~ known, and hence the exact volume that is being excited, hoWever, should
sample thickness become an issue special mounts of Pt shadowed
separates may be utilised to determine sample thickness (e.g. Nadeau,
1985). This was not an issue in this study as ample grains were available for
analysis so grains that appeared too thick were ignored. The selection of
thick or thin grains is slightly subjective in that thick grains appear darker

than thin grains on the TEM stage.

The elemental composition of individual phases can be calculated by
correcting the characteristic element X-ray intensities by using the ‘K-value’
procedure described by Cliff and Lorimer (1975). A fundamental requirement
of this correction procedure requires specimens to be sufficiently thin so as
X-ray fluorescence and X-ray absorption are negligible, and specimens are
said to adhere to the thin-film criterion (Cliff & Lorimer, 1975). If this criterion
is satisfied the characteristic X-ray intensity ratio for any two elements is
directly proportional to their concentration (Cliff & Lorimer, 1975), as

described in the equation (a):’
[4/1.=K*C4/C, (a)

where |y and I, are the observed X-ray intensities, C1 and C; are the weight
fractions of the two elements and K is the proportionality constant or K-value,
determined experimentally by analysis of standards of known composition
(Cliff & Lorimer, 1975). For the analysis of silicates, K-values are always
determined relative to silica, as shown in equation (b) below: ‘

Kasi=(Castd"Isista)/(Csisa*lsista) (b)
Where, Kasi is the K-value of element A relative to Si, Castg and Csistg are the
weight fractions of A and Si respectively within the standard, Isista and Isistg

are the observed characteristic X-ray intensities of Si and element A
produced during analysis of a standard (Cliff & Lorimer, 1975).
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Rock (2003) had previously determined K-values for biotite and paragonite
standards using the Philips/FElI CM200 used in this study, these K-values
were evoked in this study, as ATEM advantageously only requires these K-
values to be determined once. Once determined, no additional standard
data need be obtained at the times of analysis of an unknown (Merriman &

Peacor, 1998) as K-values do not change.

Table 3.2. Biotite and paragonite standards used for ATEM.

Standard Element K-values
Biotite Mg 2.35

Al 1.25

Si 1.00

K 1.09

Ti 1.18

Fe 1.33
Paragonite Na 5.83

Al 1.21

The chemical composition of an unknown grain may then be determined by
placing the measured characteristic X-ray intensity of each element into

equation (c):
Ca/Csi=Kasi*la/lsi (c)

Where Ca and Cg; are the weight fractions of A and Si respectively within the
unknown silicate and | and [s; are the observed X-ray intensities of Si and A

produced during the analysis of the sample.

3.1.5: Diffraction Pattern Imaging:

A selected area diffraction pattern (SADP) was taken prior to EDS analysis in
order to verify the mineral phase being analysed. The method of analysis
employed was to produce a SADP of a single thin phyllosilicate Qrain,
capture the image of the grain the SADP was taken from and then to collect
the EDS data. An image was only collected if a clear single phase was
present. Figure 3.4 shows the difference between a polycrystalline
phyllosilicate of either rotated layers (turbostratic layering) of the same phase
or the interlayering of different phases. This contrasts with single crystal
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patterns that show clearly defined single points and it is these patterns that

have been collected and analysed.

Electrons (at a given kV) have a specific wavelength so that the planes of
atoms in a crystal will diffract them in a specific way. Powder diffraction files
(PDF) (International Centre for Diffraction Data) allow the relationship

between the various points in a diffraction pattern to be analysed and

identified.

(S e
a

Figure 3.4: Two examples of diffraction patterns taken using the cm200 FEG TEM. The
image on the left is a polycrystalline phyllosilicate showing turbostratic layering. The image
on the right is a single crystal with a more visibly coherent relationship between layers as
evidenced by the hexanets. The large irregularly spaced diffraction bright spots allude to
defects in the crystal lattice.

Due to the platy nature of phyllosilicates, the dispersion method utilised in
this study will present (001) crystal layers normal to the electron beam. The
dispersion method assumes that the c* axis of a phyllosilicate is parallel to
the electron beam and as a result will only exhibit (hk0) diffraction data also
the method yields no information on the nature of layer sequences from
lattice fringe imaging. Lattice fringe imaging is where in mixed layer I/S the
interlayering between wavy smectite packets of crystalltes and more
coherent and larger packets of illite can be seen (e.g. Ahn & Peacor, 1986a),
and which may show a variety of interfaces between the two (Bell, 1986).
Additonally, using the %I in I/S can be measured by counting layer

sequences. Turbostratic stacking is a type of crystalline structure where the
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basal planes have rotated sideways relative to each other causing the
spacing between the planes to be slightly greater than the ideal for a
particular mineral. This causes the collective pattern of all the layers to be
circles which are each equivalent to a single reflection from a single crystal

pattern (Moore & Reynolds, 1997; Nadeau et al., 2002).

BKT-06_H001/2 e : . BKT-41_C011/12

[ W —

87 @x ]
Figure 3.5. A grain in sample Bukowina Tatrzariska-06_H001/2 analysed by ATEM (left).
The grain is thin and consequently produces single crystal SADP, the circle shows the area
of the electron beam position. A grain in sample Bukowina Tatrzanska-41_C011/12
analysed by ATEM (right), the grain is thicker and consequently produces some turbostratic

SADP.

Figures 3.5 and 3.6 show the spot on the grain analysed and the associated
SADP collected from samples Bukowina Tatrzanska-06, Bukowina
Tatrzanska-41 and Chochotéw-06. Bukowina Tatrzanska-06 shows a thin
grain and consequently produces a single crystal SADP that appears to be
well ordered and free of any defects. Chochotéw-06 on the other hand is
slightly thicker and the SADP reveals a single crystal but with some slight
crystal defects evidenced by the increased brightness of some of the

diffraction spots.
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Chi-06_E001/2

Figure 3.6. A grain in sample Chocholow -06_E001/2 analysed by ATEM. The grain is thin
and consequently produces single crystal SADP, the circle shows the area of the electron
beam position.

3.1.6: Indexing Selected Area Diffraction Patterns:

Indexing is the measurement of SADPs relative to characterised examples.
The indexing has been undertaken to marry the chemical data gained by
ATEM with diffraction data and consequently a better understanding of the
phase measured will be gained. It is essentially the calculation of the d-
spacings that have produced the ‘spots’ on the diffraction pattern and then
assigning these spots to the correct diffraction peaks on the PDF associated

with the characterised example by way of Miller Indices.

What follows is a worked example of a method used to index a SADP of the
illite standard. The SADP pattern in question is RO07 and the indexing of this
pattern is presented as a series of steps. The method follows that outlined in
Goodhew and Humphreys (1988) and the data for the h,k,/ reflections (d-
spacings [A]) comes from the powder diffraction files (PDF) (International

Centre for Diffraction Data, 1996).
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Step 1 was to define r values (distances between spots) for 2,3 or 4 spots
close to the centre of the pattern (Figure 3.7, line1). Because the
measurement of ris of critical importance to the indexing process it is done
directly from the negative rather than from a digital copy. As the rvalues are

on the millimetre scale an average of several points was taken.

Step 2 was to tabulate (Table 3.3) these r values and to calculate the d-
spacing [A] from equation [D]

Al=rd [D]
where: Al = 24.1A, the camera constant in the machine used in the this study

(Goodhew and Humphreys, 1988).

Figure 3.7. The 4 lines used to determine average r values from the centre of the pattern,
for the illite standard SADP R007.
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Figure 3.8. The r values for 4 points from the centre of the pattern for the illite standard
R007.

Table 3.3. d-spacings for R007 from r values (Step 2).

Point r (mm) d-spacing [A] at 24.1A camera constant
Line

1 5.03 4.79

2 525 4.59

3 513 4.69

Step 3 is to refer to PDF tables and look for, in this case, three appropriate d-
spacings with a ‘long-short-long sequence’ in the ~4.5A d-spacing region.
The ‘long-short-long sequence’ refers to the d-spacing calculated from
equation [D] and a comparison with the d-spacings quoted in the PDF. PDF
Reference Code 00-040-0020, a Potassium Magnesium Aluminium Silicate
Hydroxide with a chemical formula similar to that of the illite standard was the
only PDF looked at that revealed the correct criteria for indexing this SADP.
Principally the other PDFs did not have enough diffraction spots in the ~4.5A
d-spacing region to create a match with the measured results. Therefore
they were inappropriate. The other possible PDFs were:

00-021-0993, a Potassium Magnesium Aluminium Silicate Hydroxide,
(Magnesium 1M Muscovite Mica)

00-013-0135, a Calcium Magnesium Aluminium Silicate Hydroxide Hydrate,
(Montmorillonite-15A)
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00-013-0305, a Calcium Magnesium Iron Aluminium Silicate Hydroxide

Hydrate, (Ferroan Saponite-15A)
00-040-0021, a Potassium Magnesium Aluminium Silicate Hydroxide.

Table 3.4. Peak number as defined in PDF 00-040-0020 used to index the illite standard

R007, h,k,I reflection (miller indices) and d-spacing [A] are shown.
Peak number  h.k/reflection (miller indices)  d-spacing [A]

3 0.2,0 451277
4 1,10 4.48902
5 -1,11 4.46776
6 0,21 4.40193
7 1,11 4.30267
8 022 4.11154

The three d-spacings [A] in Tables 3.3 and 3.4 do not match and could be
the result of; a) inaccurate measurement of the ‘r’ value or b) the use of an
incorrect camera constant, which in this work was not been measured and
can vary each time a new sample is introduced to the electron beam
(Goodhew & Humphreys, 1988). Consequently, if the camera constant is
varied Table 3.4 suggests that there are ample h,k,/ reflections to find the
necessary three appropriate d-spacings with a ‘long-short-long sequence’.
This is critical as the method requires the definition of three h,k,/ reflections

(a d-spacing value) that fit with the specified mineral.

Step 4 is to alter the camera constant to achieve d-spacings (Table 3.5) in
agreement with PDF 00-040-0020. This is done, in this case, by fixing
4.51[A] (hkI reflection 0,2,0) as the base value and re-calculating the

camera constant based on equation [1].

Table 3.5. d-spacing [A] resulting from re-calculation of the camera constant and associated
h, kI reflections in PDF 00-040-0020.

Point line r{mm) d-spacing at 24.1[A] d-spacing at re- h,k/reflections
camera constant calculated camera
constant 22.69[A]
1 5.03 4.79 4.51 0,2,0
2 5.25 4.59 432 1.1.1
3 5.13 469 442 0,2,1

The re-calculation of the camera constant has resulted in d-spacings that
remain consistent with PDF 00-040-0020. The next stage of this step in the
SADP indexing is to add the Miller Indices of the h,k,/ reflections. The h,k,/
reflections do not match those measured in RO07 as the vectors do not allow
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addition as 1,1,1 cannot be achieved by the vector addition of 0,2,1 and
0,2,0.

Step 5 is to alter the camera constant again and fix it to 4.49[A] (hk,/
reflection 1,1,0) (Table 3.6)

Table 3.6. d-spacing [A] resulting from the second re-calculation of the camera constant and
associated h,k,/ reflections in PDF 00-040-0020.

Point line r (mm) d-spacing at 24.1[A] d-spacing at re- h k/reflections
camera constant calculated camera
constant 22.59[A]
1 5.03 4.79 4.49 11,0
2 5.25 4.59 4.30 1,11
3 5.13 469 4.40 0.2,1

The second re-calculation of the camera constant has resulted in d-spacings
consistent with PDF 00-040-0020. The h,k,/ reflections now match those
measured in RO07. There is freedom to determine specific indices as so far
only the general indices (Goodhew & Humphreys, 1988) have been
determined. So, if this freedom is invoked and 1,1,0 becomes 1,-1,0, then
the vector addition of 1,-1,0 and 0,21 will result in 1,11 as
(1,-1,0)+(0,2,1) = (L,L,1) (Figure 3.9).

Step 6 is to again change the camera constant, to check that no more than
one solution within a camera constant range of ~21A and 26A (lower and
upper limits of acceptable camera constants, Brown, 2005 Pers. Comms.) is
possible. This time the camera constant is fixed to 4.47[A] (hk,/ reflection -

1,1,1) the results are given in Table 3.7.

Table 3.7. d-spacing [A] resulting from the second re-calculation of the camera constant and
associated h, k! reflections in PDF 00-040-0020.

Point line r(mm) d-spacing at 24.1[A] d-spacing at re- h,klreflections
camera constant calculated camera
constant 22.49(A)
1 5.03 4.79 4.47 -1,1,1
2 5.25 459 4.30 1,11
3 5.13 469 4.40 0,2,1

Once again applying vector additions this result does not explain the
diffraction pattern for R007 as: (-111)+(0,2,]) #1,11
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Figure 3.9. The indices of RO07 and the angle between the indices.

Step 7 is to use the other data in the PDF table to test whether the angle
between the diffraction points is valid. This is done by applying equation [E]
(Andrews et al., 1971):

Equation [E]:

CosB = (1/a2.h1.h2)+(1/b% kq.ka.sin*B)+(1/c? I1.I12)-(1/ac.(lih2*lzh1).cosB)/
J (1@ h2)+(1162 ke2.sin®B)+(1/c?1+%)-
(2h4l1/ac.cosB))x((1/a%.ho?) (1162 k% sin?B)+(1/c”.12°)-(2hzl2/ac.cosp))]

Equation [E] calculates the angle © between (hksl;) and (hokalo) for
monoclinic crystal systems, where; a#b#c¢ and a=y=90=#/ and
B=95.7300. This data are from the crystallographic parameters listed on the
PDF for 00-040-0020. (hsksl;) and (hzkzl,) are equal to (1,-1,0) and (1,1,1)

respectively.

When the equation of Andrews et al. (1971) is applied to the h,k,/ reflections
as shown in Figure 3.9 the resultant angle of 59.86014° for 6 is achieved
which satisfies the crystallographic requirement as the crystal system is

monoclinic therefore the angle between spots must be ~60°.
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3.1.7: Indexing Uses and Uncertainties:

The basic difficulty in indexing samples correctly is a); measuring the
~ distance between points on the SADP (r values) correctly and b); having to

change the camera constant to fit the d-spacing taken from a PDF. Indexing
in this study cannot stand alone as a piece of work. It was undertaking in
order to confirm or not confirm the phase analysed by EDS. That is to say
the structural formulae calculated from the atomic ratios are the primary
identification tool, with indexing confirming the structural formula to a known
mineral. As a result of the above uncertainties not every sample was
indexed directly. The approach was to match the indexed sample to the
other samples by overlaying the negatives. Such an approach yielded exact

matches, a close match and no match (see later sections).

There is no difficulty in separating chlorite and mixed layer I/S as it is easy to
differentiate between the two in the SADP because the r-values in chlorite
are much larger than in I/S. Additionally, the greater concentrations of Fe in
chlorites create very different initial EDS spectra. Consequently, a SADP
and the EDS spectra may screen out any chlorites from the analyses. What
indexing does not directly allow is an appreciation of exact mineralogy (i.e.

the %S in I/S).
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3.2: Results:
3.2.1: SEM EDS on illite and smectite standards:

The rationale for gaining chemical information by BSEM was to test the EDS
software, which is the same for both the CamScan series 3 (SEM) and the
Phillips/FEI CM200 Electron Microscope (TEM). Additionally, the
spreadsheets designed to calculate structural formulae from atomic weights

were to be tested.

The results of the structural formulae determined for the illite and smectite
standards are in Figure 3.10 as a plot of tetrahedral and octahedral Al
against tetrahedral Si following the convention of Ahn & Peacor (1986a).
The data plot into two distinct regions, the smectite has low Al and high Si
with the illite standard having less Si but more Al. Additionally, ATEM and
SEM data may be compared as data for (a) standards and (b) samples was
collected. Structural formulae for the illite and smectite standards are listed

in Appendix 3.1.

The two other octahedral cations may be plotted in the same way (Figure
3.11). The Fe cation concentrations are broadly similar between standards
with the separation of the data coming from the illite standard having less Si.
Both standards have a mean Fe cation concentration of ~0.2 cations. The
Mg cation concentrations for the illite standard are ~0.2 cations in the
octahedral sheet; the smectite standard shows much more variation with two
clusters at around ~0.2 and 0.3 cations (Figure 3.12). The cation make up of
the interlayer sheet (Figure 3.13) also describes a difference between the
standards with the illite having high K concentrations (~0.6 cations) and the
smectite standard having very low K concentrations (~0.02 cations). The
interlayer Ca (Figure 3.14) shows the smectite standard rich in Ca relative to
the illite and overall has a low concentration of interlayer cations relative to

illite.
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Tetrahedral and Octahedral Al Vs Tetrahedral Si
3
} 2.8 -
2.6
1 2.4 -
< 22 a— :
E 2 1 — . a .
| © %
F 18 1 T
| et e
B ;e
| 14— : . - :
| 12— - :
I 1 ) T :
3 3.2 3.4 3.6 3.8 4
Tetrahedral Si
(T B T T
« llite standard - smectite standard ‘
Tetrahedral and Octahedral Al vs Tetrahedral Si
3 ‘
- X a4 B I [ _
2.8 s@%x = >§<
26 ¥ X —Xx—
X X A o‘A
24 o o ;’r‘g._S > I
O
e
© - o——a =8
S 2 : AR
1.8 —— g re —
8 " q it.l_oﬂ_u =
1 : o T, e
1.4 +— S e = .’
A
1.2 —— = = 7 ———— R =
1 ‘ : A ‘
3 3.2 3.4 3.6 3.8 4
Tetrahedral Si
e Lietal 1997 Smectite - * Lietal 1997 IS a Hover et all 1999 Mg S ;
X Jiang et al 1990 Rectorite-like X Jiang et al land IS 0 Ramseyer & Boles 1986 S and
A Masuda et al 2001 S e Masuda et al 2001 | — Brusewitz 1986 S
a Srodon et al 1986 | ¢ Srodon et al 1986 S e Srodon et al 1986 S
+ Srodon et al 1986 S © Ahn & Peacor 1986 S O Ahn & Peacor 1986 |
* Weaver 1989 /S * Weaver 1989 Na-Mont

Figure 3.10. Tetrahedral and Octahedral Al against Tetrahedral Si for the illite and smectite
standards, (top) and (bottom) global data plotted using the convention of Ahn & Peacor
(1986a). Data are from a variety of techniques; Atomic absorption Spectroscopy, DC
Plasma-Emission Spectroscopy, Ignited weights, X-ray fluorescence and not Analytical
Electron Microscopy alone. The division of the data into illite and smectite is based on the

individual author's descriptions.
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Octahedral Fe Vs Tetrahedral Si
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Figure 3.11. Octahedral Fe against Tetrahedral Si for the illite and smectite standards, (top)
and (bottom) global data plotted using the convention of Ahn & Peacor (1986a). Data are
from a variety of techniques; Atomic absorption Spectroscopy, DC Plasma-Emission
Spectroscopy, Ignited weights, X-ray fluorescence and not Analytical Electron Microscopy
alone. The division of the data into illite and smectite is based on the individual author’s

descriptions.

86



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 3

| Octahedral Mg Vs Tetrahedral Si
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Figure 3.12. Octahedral Mg against Tetrahedral Si for the illite and smectite standards, (top)
and (bottom) global data plotted using the convention of Ahn & Peacor (1986a). Data are
from a variety of techniques; Atomic absorption Spectroscopy, DC Plasma-Emission
Spectroscopy, Ignited weights, X-ray fluorescence and not Analytical Electron Microscopy
alone. The division of the data into illite and smectite is based on the individual author's

descriptions.
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Figure 3.13. Interlayer K against Tetrahedral Si for the illite and smectite standards, (top)
and (bottom) global data plotted using the convention of Ahn & Peacor (1986a). Data are
from a variety of techniques; Atomic absorption Spectroscopy, DC Plasma-Emission
Spectroscopy, Ignited weights, X-ray fluorescence and not Analytical Electron Microscopy
alone. The division of the data into illite and smectite is based on the individual author's

descriptions.
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Interlayer Ca Vs Tetrahedral Si
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Figure 3.14. Interlayer Ca against Tetrahedral Si for the illite and smectite standards, (top)
and (bottom) global data plotted using the convention of Ahn & Peacor (1986a). Data are
from a variety of techniques;, Atomic absorption Spectroscopy, DC Plasma-Emission
Spectroscopy, Ignited weights, X-ray fluorescence and not Analytical Electron Microscopy
alone. The division of the data into illite and smectite is based on the individual author's

descriptions.
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The average chemistries of 58 results from the illite standard and 99 results

from the smectite‘ standard are:

lllite standard: (Al;.46F€0.23MQ 0.19Ti0.04)(Si3.77Al0.23)O10(OH)2C a0 004Na0 00 Ko 58
Standard deviation: (Aly.11F€0.05Mg 0.03Ti0.07)(Sio.10Al.10)O10(OH)2Ca.01Nag 00Ko 08

Smectite standard: (Al goF €0.21Mg 0.24 Tio.01)(Si3 87Al0.03) O10(OH)2Cap 04Nag 00Ko 02
Standard deviation: (Aly 0sF€9.03Mg 0.06 Tio.07)(Sio.07Alp.07)O10(OH)2Cag.617Nag 00Ko.08

A test of the accuracy of the data is through summation of the cations in the
octahedral sheet, the total should equal 2.00 cations (Weaver, 1989). The
smectite has an average of 2.06 (+ 0.05) cations and the illite 1.92 (+0.04)

cations.

There are two possibilities as to why the octahedral cations do not total two;
(1) there is some impurity in the standard material changing the chemistries;
or (2) the detection through the EDS software is not working correctly. The
EDS has an error of 5% (Brown, 2005 pers. comm.), which equates to an
error margin of £0.1 cations. The average results are within the machine
error. Additionally, in the plot of total Al against tetrahedral Si (Figure 3.10)
the difference between the standards is only ~ 0.2 Si cations. Ahn & Peacor
(1986a) recorded twice that, but from single crystal analysis, with the illite
plotting at 3.4 Si cations and 2.4 Al cations. The standards do not have
significantly different Fe cation concentrations (Figure 3.11) whereas the
global trend describes a broad decrease between smectite and illite. The
smectite standard has more Mg (0.05 cations) than the illite standard, with
the global trend describing a decrease in octahedral Mg concentrations from
smectite to illite (Figure 3.12). The illite standard has significantly more
interlayer K than the smectite standard. The global trend has significant
scatter but a general increase in K from smectite to illite (Figure 3.13).
Interlayer Ca is much higher in the smectite standard then in the illite but the
spread of the data is marked by the high standard deviation.

The accuracy of the octahedral totals and the ability to separate standard
materials (Figures 3.10 to 3.14) based on published plotting conventions of
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structural formulae (Ahn & Peacor, 1986a) suggests that the methodology
used construct structural formulae from EDS data is robust.

3.2.2: XRD on the illite and smectite standards:

X-ray diffraction was run on the illite and smectite standards with a view to
trying to explain why the illite and smectite standards had plotted so close
together in Figure 3.10, as end members in the global trend should not.

X-ray Powder diffraction was run at Newcastle University. The sample
preparation was aimed at simple random orientation, with sample powder
being placed in the sample holder and prepared with a minimum of pressing,
however, alignment cannot be ruled out by this method. The samples were

air-dried on running.

The machine used was a PANalytical X'Pert Pro diffractometer, fitted with an
X'Celerafor and a secondary monochromator. The X'Celerator an attachment
to the X'Pert and has the effect of giving a good quality pattern in a fraction of
the time of the traditional diffractometer. The secondary monochromator
eliminates fluorescent scattering from the specimen, and so results in a
better peak: background ratio for samples containing transition metals and

rare earth elements.

Scans covered the range 2.5 - 70 degrees, programmed to a nominal step
size of 0.033 degrees 2-theta and time per step of 2 seconds. Scans are
carried out in "continuous" mode, rather than "step scan" and take about 54
minutes per run. Radiation is Cu K-alpha: lambda = 1.54180 angstroms.

Phase identification is carried out by means of the X'Pert accompanying
software program High Score and the ICDD database, Sets 1-49 (1999). It
should be noted that the machine and software are not set up for clay
mineral analysis, the software database is particularly poor in characterised
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clay minerals and no glycolation is offered to discuss any mixed layering.

The scans were purely done to assess purity of the two standards.
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Figure 3.15. llite standard with phase identification carried out by means of the X'Pert
software program High Score and the ICDD database, Sets 1-49 (1999). A strong quartz
peak is evident. The illites in the database were minimal.

The illite standard shows a strong quartz peak (Figure 3.15). This was not
observed in the BSEM when the EDS data was collected mainly due to the
fine grained nature of the standard, so much of the sample ‘matrix’ was
below the resolution of that technique. This would go some way to

explaining why the average structural formulae are not as distinct in their
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tetrahedral Si/Al ratios as the literature suggests they might be (e.g. Ahn &
Peacor, 1986a; Weaver, 1989; Masuda et al., 2001).

However, the accuracy of the octahedral totals does not suggest quartz
interference with the electron beam, thereby artificially increasing Si
concentrations. The illite trace also has signs of mixed layering due to the
peak in the less than 10 degrees 2-theta region. The degree of mixed

layering has not been assessed.

The smectite trace is a lot cleaner (Figure 3.16), with no quartz peak at 26.5
degrees 2-theta. The trace has been matched to a montmorillonite by the
ICDD database but possibly not the right one due to it only having a few clay
minerals characterised, but peaks characteristic of smectite are present in

the spectrum.

Consequently, the low degree of separation between illite and smectite
standards in terms of the octahedral and tetrahedral cations reflects the fact
that the differences in structural formulae méy be small, the exception being
the interlayer K and Ca concentrations that are indicative illite and smectite.
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Figure 3.16. Smectite standard with phase identification carried out by means of the X'Pert
software program High Score and the ICDD database, Sets 1-49 (1999). There is a good fit
by the software for a montmorillonite, sepiolite is there as a comparison.
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3.2.3: SEM EDS on Chochotéw-06 and Bukowina Tatrzanska-41:

When two samples in this study Chochotéw-06 and Bukowina Tatrzariska-41,
representing extreme end members of the I/S transition (see chapter 2 for
details) are presented to the electron beam (Figure 3.17, 3.18, 3.19, 3.20 &
3.21) under BSEM conditions, using the same method as for the illite and
smectite standards, the results do not fit well with the global trend. Quite
simply there is a large spread of the data for all cations. With the multiple
substitutions possible in the octahedral sheet, the Mg and Fe cation
variability could be explained by substitution of Al for either Mg or Fe or both.
The structural formulae may be seen in Appendix 3.2. The key test of
accuracy is the total of the octahedral cations for Chochotéw-06 (average
octahedral total 1.88 with a standard deviation of 0.35 cations) and Bukowina
Tatrzafiska-41 (average octahedral total 1.84 with a standard deviation of

0.37 cations).

These results suggest that the method devised for calculating structural
formulae from atomic ratios is robust but that the interaction volume of the
technique is too large for heterogeneous samples such as mudstones. Even
a standard material that is comprised of some quartz may significantly
contaminate the result. The results for Chochotéw-06 and Bukowina
Tatrzanska-41 show that the beam has interacted with the chlorite, kaolinite,
K-feldspar, pyrite, calcite and so on that these samples contain (see chapter
2) and has therefore produced results that reflect this. So the calculation of
structural formulae is valid but SEM interacts on a crystal aggregate scale
(Velde, 1992) whereas a higher resolution technique would act on a single

crystal scale.
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Figure 3.17. Tetrahedral and Octahedral Al against Tetrahedral Si for the illite and smectite
standards and samples Chochotéw-06 and Bukowina Tatrzanska-41, (top) and (bottom)
global data plotted using the convention of Ahn & Peacor (1986a). Data are from a variety of
techniques; Atomic absorption Spectroscopy, DC Plasma-Emission Spectroscopy, Ignited
weights, X-ray fluorescence and not Analytical Electron Microscopy alone. The division of
the data into illite and smectite is based on the individual author's descriptions.
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Figure 3.18. Octahedral Fe against Tetrahedral Si for the illite and smectite standards and
samples Chochotéw-06 and Bukowina Tatrzariska-41, (top) and (bottom) global data plotted
using the convention of Ahn & Peacor (1986a). Data are from a variety of techniques; Atomic
absorption Spectroscopy, DC Plasma-Emission Spectroscopy, Ignited weights, X-ray
fluorescence and not Analytical Electron Microscopy alone. The division of the data into illite

and smectite is based on the individual author’s descriptions.
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Figure 3.19. Octahedral Mg against Tetrahedral Si for the illite and smectite standards and
samples Chochotéw-06 and Bukowina Tatrzarska-41, (top) and (bottom) global data plotted
using the convention of Ahn & Peacor (1986a). Data are from a variety of techniques; Atomic
absorption Spectroscopy, DC Plasma-Emission Spectroscopy, Ignited weights, X-ray
fluorescence and not Analytical Electron Microscopy alone. The division of the data into illite
and smectite is based on the individual author’s descriptions.
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Figure 3.20. Interlayer K against Tetrahedral Si for the illite and smectite standards and

samples Chochotéw-06 and Bukowina Tatrzanska-41, (top) and (bottom) global data plotted
using the convention of Ahn & Peacor (1986a). Data are from a variety of techniques; Atomic
absorption Spectroscopy, DC Plasma-Emission Spectroscopy, Ignited weights, X-ray
fluorescence and not Analytical Electron Microscopy alone. The division of the data into illite
and smectite is based on the individual author’'s descriptions.
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Figure 3.21. Interlayer Ca against Tetrahedral Si for the illite and smectite standards and
samples Chochotéw-06 and Bukowina Tatrzanska-41, (top) and (bottom) global data plotted
using the convention of Ahn & Peacor (1986a). Data are from a variety of techniques; Atomic
absorption Spectroscopy, DC Plasma-Emission Spectroscopy, Ignited weights, X-ray
fluorescence and not Analytical Electron Microscopy alone. The division of the data into illite
and smectite is based on the individual author's descriptions.
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3.2.4: Analytical Transmission Electron Microscopy:

The sampling criteria for the samples analysed consisted of selecting a grain
under the TEM that was thin (see earlier sections for images of analysed
areas). Next a SADP was taken to assess whether it was a single crystal; if
it was a single crystal an image of this SADP was captured, then the EDS

data were collected for the same live time for each sample.

Standard structural formulae for a half cell and associated elemental
concentrations expressed as weight percent oxides are presented below in
Tables 3.8 to 3.13 for the illite standard, Bukowina Tatrzanska-06, Bukowina
Tatrzanska-41, Chochotéw-06, Chochotéw-28, and Chochotéw-60,
- respectively. The I/S oxide weight percents are obtained by normalising the
atomic ratios to 95 wt% following the convention of Merriman et al., (1995).
The structural formula units are presented after applying the conversion
methods detailed by Weaver (1989) and Moore & Reynolds (1997) to the
atomic ratios as measured by EDS.

The average structural formulae for the illite standard calculated from
measurements gathered from ATEM-EDS based on 11 results is:

lllite standard: (A|1.40Feo.:_a1M9 o.2sTio.oz)(Sis.51A|o.49)o10(QH)zcao.ozNao.ooKo.m
Standard Deviation: (Al 1sF€0.14Mg 0.04Tio.01)(Sio.10Al0.10)O10(OH)2Cap.02Nag 00Ko 24

The composition of tetrahedral Si and total Al is midway between end-
member illites and smectites based on previous studies (e.g. Li et al., 1997,
Hover et al., 1999; Jiang et al., 1990; Ramseyer & Boles, 1986; Masuda et
al.,, 2001; Ahn & Peacor, 1986a; Brusewitz, 1986; Srodon et al., 1986;
Weaver, 1989). The average total cation summation is 2.00 cations with a

standard deviation of 0.08 (Table 3.14).

The illite standard (Table 3.8) has octahedral sheet cation totals within the
5% error margin of analysis (2.00 cations £ 0.1 cations). There is interlayer
variability obvious in analyses RT and R013 with low values being insufficient
for charge balance between the interlayer sheet and the charge set up
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between substitution in the octahedral and tetrahedral sheets, this is due to
potassium mobility. The Si/Al ratios are consistent with the global dataset
(e.g. Figure 3.10). Sample illite-R009 has a lot of Fe and Mg substitution for
Al. In fact the illite standard is a poor standard as it has a lot of variability in
crystal composition compared to the other five measured samples.

The average structural formulae for the illite standard calculated from

measurements gathered from SEM-EDS based on 58 results is:

lllite standard: (Aly 4sF€0.23Mg 0.19Ti0.04)(Si3 77Al5.23) O10(OH)2Ca0.004N30.00Ko 58
Standard deviation: (Alp 11Fe0.0sMg 0.03Ti0.07)(Sic.10Al0.10)O10(OH)2Ca0,01Na0.00Ko .08

When comparing the averages by ATEM and SEM-EDS, the significant
differences lie in the tetrahedral Si to Al ratio and that octahedral Fe and Mg
concentrations are higher. Additionally the ATEM has measured more

interlayer K than was recorded by SEM.

The average structural formulae below are based on samples that comprise
I/S material. The selection criterion was based on the structural formulae
conforming to published data for smectite, I/S or illite material. The
differentiation of chlorite from illite from the structural formulae unit is straight
forward as the Si/Al ratios are hugely different. End-member smectite and
illite range from 4.00 Si to 3.00 Si in the tetrahedral sheet. Chlorite has much
lower Si and higher Fe. Additionally, the EDS spectra give a good first
approximation of whether illite, smectite or chlorite is being sampled
(Severin, 2004). Also, kaolinite has roughly equal Si and Al abundances

(Weaver, 1989) so attributing I/S material to kaolinite is unlikely.

The average structural formulae of samples that comprise illitic material are:

Bukowina Tatrzariska-06: (Al ssFeo.18Mg 0.16Tio.02)(Siz 33Al0.67)O10(OH)2Cao.07Nag.00Ko.73
Standard Deviation: (Alo.17F €0.0sMg 0.09Tio.02)(Sio.12Al0.12)O10(OH)2Cao.10Na0.00Ko 29

Bukowina Tatrzariska-41: (Al 7sF€0.10Mg o.1sTio.og)(Si3.39A|o.s1)010(OH)2C30A04N30.00K0.57
Standard Deviation: (Alg 14F€0.03Mg 0.12Ti0.02)(Sio.13Al0,13)O16(OH)2Ca0.0sNa0.00Ko.27

Chochotow-06: (Als 74F €5.13Mg 0.13Tio 02)(Si3 39Al0.61)O10(OH)2Ca0.06N20.00Ko 51
Standard Deviation: (Aly.19F €0,0sMg 0.00 Ti0.01)(Slo.17Al0.17)O10(OH)2Ca0.0sNap.00Ko 23
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Chochotéw-28: (Alt.ssFquaMg 0.15 Vo.02)(Si3.17Al0.83) O10(OH).Cap 05Nag 00Ko 95
Standard Deviation: (Alg.15F €0.10Mg 0.12Ti0.01)(Si0.11Alo.11)O10(OH),Cap.13Nag 60Ko.22

Chocholéw-80: (Al esF €0.1sM 0.14Tio.02)(Siz 26Al0.71)O10(OH)2Cap.10Nag 00Ko 73

Standard Deviation: (AI0,21Feo.o5Mg 0.12Tio_o1)(Sio_11A|o.11)010(OH)2C80,11Nao_ooKo,21
Bukowina Tatrzanska-06 (average of 16 results), Bukowina Tatrzarnska-60
(average of 11 results), Chochotéw-06 (average of 14 results), Chochotéw-28
(average of 11 results) and Chochotéw-60 (average of 10 results).

The standard deviations of the tetrahedral sheet cations are very consistent
for the 5 samples, with little variation within a sample. Equally the standard
deviation of the Al cation in the octahedral sheet is consistent but standard
deviations within the sample are quite large, but partly reflect the multiple
substitutions possible in the octahedral sheet. The standard deviation of the
Fe cation is similar for four of the samples with only Chochotéw-28 being
much different, essentially there is not a great deal of Fe cation variation
within the sample. The five samples have quite consistent Mg cation
concentrations in their octahedral sheet and are more variable than the Fe
concentrations. The standard deviations in the interlayer are large showing
the variable interlayer charges between individual crystals. Also, part of the
large standard deviation may result from the fact that K and to some extent
Ca are mobile under an electron beam so some of the interlayer may be lost.

The interlayer should therefore be treated with caution.

The measured crystallites in Bukowina Tatrzariska-06 (Table 3.9) have
consistent octahedral cation totals but with sample HT being too low and
HO015 and H020 too high. HO15 is too high because the analysis has
attributed too much Al to the sample whereas H020 has too much Fe and Mg
substitution and HT not enough of either Al or its possible substitutes. It is
accepted that I/S has an interlayer of ~0.55-1.00 K* cations (Srodori et al,
1986), several crystals from this sample have too little K to meet the charge
needs for substitution, interlayer cation mobility under the X-ray beam could
explain this (van der Pluijm et al., 1988). H026 and H032 are very close to
mica based on their Si/Al tetrahedral ratios (Weaver, 1989). -
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Original work by Hower and Mowatt (1966) established the interlayer charge
value of 0.75/01o(OH); for illite and illite rich I/S. Subsequently, this was
updated to ~0.55/04¢(OH), for mixed-layer I/S with less than 50%! and ~ 1.0/
O10(OH), for more ordered I/S (Srodon et al, 1986) but as has been latterly
demonstrated, illite is a mixture of high and low charges (Inoue et al, 1978;
Eslinger et al, 1979; Brusewitz, 1986). The concentration of K in the
interlayer space should range from ~0.55 cations in illite layers in randomly
interstratified I/S (R=0;>50% smectite layers) to ~1.0 cations for illite layers in
ordered I/S, where R>0 (Srodon et al., 1986). As a consequence the
distributions presented in Tables 3.9 and 3.10 shows that for both Bukowina
Tatrzaiska-06 and Bukowina Tatrzaniska-41 there are structural formulae
calculated from ATEM data that do not allow charge balancing as the

interlayer cation concentration is too low.

The crystals analysed from Bukowina Tatrzanska-41 (Table 3.10) are similar
to Bukowina Tatrzariska-06. Where octahedral totals do not total 2.00
cations these crystals also have low potassium in their interlayers. The main
difference between Bukowina Tatrzariska-06 and Bukowina Tatrzanska-41 is
that Bukowina Tatrzanska-41 has less Fe in the octahedral sheet and this Fe

has been replaced by Al.

The octahedral totals for crystals from Chochotéw-06 (Table 3.11) are close
to 2.00 cations except for E013 and E017 which have an Si/Al ratio that is
comparable to a mica. Additional crystals, E005, E011 and EO030 are also
very like end-member illite (Weaver, 1989 for a discussion of illite structural
formulae). Generally the interlayer charge is either higher or lower than the

0.55-1.0 layer charge window.

Only K029 has an octahedral total that is too low for crystals in Chochotow-
28 (Table 3.12). All the Si/Al ratios are very consistent and with much lower
Si than the other samples in this study and are more characteristic of end-
member illite-smectite material. There is more Fe substitution in these
crystals than in Chochotéw-06 or Chochotéw-60 but the Mg substitution is
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similar. The variation in the interlayer K is notable and may be explained by
the Si/Al ratios producing more layer.charge in the tetrahedral sheet that

needs to be offset by the interlayer.

Crystals from Chochotéw-60 (Table 3.13) have generally good octahedral
totals except for JOO5 and JOO7 which are too low. The Si/Al ratio is more
like end-member illite than Chochotéw-06, but less so than Chochotéw-28.
In general the average structural formulae are comparable to Chochotéw-06.

The difference between Chochotéw-06 and Chochotéw-60 is expected based
on the fact that they have 50% and 76% | in I/S, respectively (Srodon et al.,
in press). More illitic material will have lower Si cation concentrations (Ahn
and Peacor, 1986a). Chochotéw-28 is anomalous as it has 56% | in I/S, yet
its Si cation distribution lower than Chochotéw-60.
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Table 3.8: llite standard structural formulae for a half cell and associated elemental
concentrations expressed as wt% oxides normalised to 95% (after Merriman 2002).

R001 R003 R005 R007 R009 RO13
Si 3.56 3.61 3.67 353 3.39 3.43
Al 0.44 0.39 0.33 0.47 0.61 0.57
Tet. Sum 4.00 4.00 4.00 4.00 4.00 4.00
Al 1.43 1.55 1.45 1.45 0.99 1.46
Fe 0.35 0.25 0.31 0.2 0.68 03
Mg 0.27 0.26 ©0.21 0.27 0.22 0.3
Ti 0 0 0.03 0.01 0.02 0.04
Oct. Sum 2.05 2.06 2.00 1.93 1.91 2.10
Ca 0.03 0 0 0 0.04 0.03
K 0.51 0.47 0.5 0.95 0.98 0.47
Inter. Sum 0.54 0.47 0.50 095 1.02 0.50
Si0; 54.32 55.88 56.33 52.23 48.49 526
A0 2413 25.37 23.15 2411 19.46 26.29
TiO; 021 0.02 0.55 0.19 0.39 0.76
Fe;0s 7.08 5.12 6.33 3.85 12.92 6.13
MgO 2.77 275 2.18 263 214 3.1
Ca0 0.38 0.14 042 0.84 . 0.56 0.44
K:0 6.11 5.73 6.05 11.06 11.04 5.68
Total 95 95 85 95 95 95
RO15 RO17 RO19 R021 RT
Si 3.58 3.37 3.52 3.42 3.56
Al 0.42 0.63 0.48 0.58 0.44
Tet. Sum 4.00 4.00 4.00 4.00 4.00
Al 1.43 . 1.45 1.44 1.25 1.47
Fe 0.24 0.2 0.18 0.39 0.35
Mg 0.24 0.28 0.36 0.32 0.29
Ti 0 0.03 0.03 0.03 0.01
Oct. Sum 1.91 1.96 2.01 1.99 2.12
Ca 0.01 0.06 0.02 0.03 0
K 0.92 0.93 0.69 0.85 0.35
Inter. Sum 0.93 0.98 0.71 0.88 0.35
SiO; 53.19 50.07 53.5 50.51 55.11
Al;04 23.38 26.26 24.85 2293 25.03
TiO: 0.47 0.5 07 0.55 0.22
FezOs 4.77 3.88 37 7.56 7.26
MgO 2.37 28 3.69 3.1¢9 2.96
Ca0 0.11 0.64 0.27 0.4 0.18
K20 10.7 10.86 8.28 9.86 424
Total 95 95 95 95 95
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Table 3.9: Bukowina Tatrzafiska-06 structural formulae for a half cell and associated
elemental concentrations expressed as wt% oxides normalised to 95% (after Merriman
2002)., 76% illite in I/S.

HT H003 H007 H009 Ho11 HO13 HO15 HO18
Si 3.29 3.36 3.22 3.38 3.52 3.32 3.22 3.42
Al 0.7 0.64 0.78 0.62 0.48 0.68 0.78 0.58
Tet. Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Al 1.37 1.66 1.32 1.68 1.66 - 1.76 2.02 1.76
Fe 0.23 0.20 0.34 0.18 0.12 0.14 0.17 0.07
Mg 0.25 0.22 0.28 0.03 0.16 - 0.07 0.00 0.17
Ti 0.00 0.00 0.02 0.01 0.00 " 0.0 0.02 0.01
Oct. Sum 1.85 2.08 1.96 1.80 1.94 1.98 2.21 2.01
Ca 0.34 0.19 0.00 0.03 0.04 0.00 0.04 0.01
K 0.75 0.22 1.18 0.91 0.73 0.80 0.05 0.71
Inter. Sum 1.09 0.41 1.18 0.94 0.77 0.80 0.09 0.72
SiO; 48.67 52.40 46.43 50.66 53.39 50.30 51.46 52.61
Al;03 26.03 30.52 25.62 29.21 27.60 31.49 37.83 30.38
TiOz 0.08 0.03 0.32 0.16 0.53 021 0.33 0.25
Fe20; 4.44 419 6.50 3.54 250 2.76 3.59 1.34
MgO 2.46 2.31 270 0.30 1.61 0.71 0.40 1.73
CaO 4.70 2.81 0.04 0.41 0.63 0.01 0.61 0.14
K20 8.64 275 13.39 10.71 8.75 9.51 0.69 8.55
Total 95 95 95 95 95 95 95 95
H020 H022 H024 HO26 H028 H030 H032 H034
Si 3.13 3.26 3.17 3.39 3.07 3.38 3.10 3.46
Al 0.87 0.74 0.83 0.61 0.93 0.61 0.90 0.54
Tet. Sum 4.00 + 400 4.00 4.00 4.00 4.00 4.00 4.00
Al 1.21 1.72 1.49 1.54 1.04 1.58 1.44 1.53
Fe 0.31 0.14 0.22 0.26 0.56 0.19 0.22 0.15
Mg 0.67 0.05 0.24 0.15 0.29 0.16 0.31 0.23
Ti 0.02 0.01 0.00 0.05 0.06 0.02 0.05 0.02
Oct. Sum 2.21 1.92 1.95 2.00 1.95 1.85 2.02 1.93
Ca 0.12 0.06 0.10 0.07 0.22 0.01 0.04 0.00
K 0.67 0.89 1.01 0.55 0.89 0.90 1.02 0.94
Inter. Sum 0.79 0.95 1.1 0.62 1.1 0.91 1.06 0.94
SiO; 46.46 48.84 46.54 51.70 43.80 50.73 45.44 51.93
A0 26.13 31.35 28.87 27.72 23.78 27.82 28.98 26.28
TiO2 0.40 028 - 0.00 1.08 1.05 0.36 0.97 0.43
Fe 0, 6.03 2.84 4.28 5.36 10.67 3.88 4.34 294
MgO 6.63 0.49 2.38 1.55 277 1.56 3.01 236
CaO 1.61 0.78 1.30 0.96 295 0.14 0.53 0.07
K0 7.74 10.423 11.63 6.63 9.98 10.52 11.72 10.99
Total 95 95 95 95 95 95 95 95
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Table 3.10: Bukowina Tatrzarnska-41 structural formulae for a half cell and associated
elemental concentrations expressed as wt% oxides normalised to 95% (after Merriman
2002). 76% illite in I/S.

C001 C003 C005 C007 C010 C012
Si 341 3.28 3.24 3.22 3.52 3.38
Al 0.59 0.72 0.76 0.78 0.48 0.62
Tet. Sum 4.00 4.00 4.00 4.00 4.00 4.00
Al 1.85 1.77 1.88 1.94 1.50 1.76
Fe 0.09 0.11 0.04 0.07 0.07 0.10
Mg 0.24 0.19 0.00 0.10 0.35 0.18
Ti 0.00 0.01 0.01 0.00 0.07 0.02
Oct. Sum 2.18 2.08 1.93 211 1.99 2.06
Ca 0.06 0.00 0.10 0.03 0.16 0.00
K 0.17 0.67 0.75 047 0.45 0.58
Inter. Sum 0.23 0.67 0.85 0.50 0.61 0.58
SiO; 54.47 49.83 4919 50.14 54.44 52.31
AlLO; 33.02 32.18 34.07 35.93 26.10 31.27
TiO: 0.09 0.19 0.26 0.11 1.41 0.35
Fe;0s 1.93 227 0.81 1.62 1.52 2.13
MgO 2.55 1.94 0.27 1.00 3.64 1.90
Ca0 0.83 0.63 1.43 0.50 2.38 0.05
K.0 2.1 7.96 8.97 579 5.52 6.99
Total 95 95 95 95 95 95
C014 CO016 C018 C020 CT
Si 3.28 3.47 3.40 367 3.41
Al 0.72 0.53 0.60 0.33 0.59
Tet. Sum 4.00 4.00 4.00 4.00 4.00
Al 1.79 1.58 1.62 1.65 1.85
Fe 0.09 0.17 0.14 0.10 0.09
Mg 0.02 0.13 0.19 0.38 0.24
Ti 0.01 0.03 0.03 0.00 0.00
Oct. Sum 1.91 1.91 1.98 213 218
Ca 0.00 0.02 0.00 0.00 0.06
K 0.97 0.86 0.82 0.34 0.17
Inter. Sum 0.97 0.88 0.82 0.34 0.23
SiO2 49.30 52.21 51.39 57.86 54.47
ALOs 31.95 27.07 28.55 26.44 33.02
TiO2 0.23 0.66 0.69 0.40 0.09
Fe;Os 1.88 3.40 275 2.00 1.93
MgO 0.16 1.27 1.91 4.00 2.55
Ca0 0.02 0.23 0.01 0.14 0.83
K0 11.45 10.17 9.69 4.16 2.11
Total 95 95 95 95 95
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Table 3.11; Chochotéw-06 structural formulae for a half cell and associated elemental
concentrations expressed as wt% oxides normalised to 95% (after Merriman 2002)., 50%

illite in I/S.
E001 E003 E005 E007 E009 E011 E013
Si 3.31 3.65 3.12 13.30 3.56 3.12 3.08
Al 0.69 0.35 0.88 0.70 0.44 0.88 0.92
Tet. Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Al 1.93 1.77 1.47 2.00 1.59 173 1.03
Fe 0.07 0.07 0.20 0.09 0.14 0.07 0.74
Mg 0.00 0.10 0.23 0.06 0.28 0.19 0.63
Ti 0.01 0.02 0.02 0.01 0.00 0.03 0.00
Oct. Sum 2.01 1.96 1.92 2.16 2.01 2,02 2.40
Ca 0.00 0.02 0.00 0.00 0.02 0.01 0.07
K 0.68 0.52 1.34 0.24 0.66 0.95 0.19
Inter. Sum 0.68 0.54 1.34 0.24 0.68 0.98 0.26
Si0; 50.24 57.21 44.78 52.55 54.52 46.67 45.97
ALO; 33.77 28.18 28.50 36.38 26.23 33.08 24.62
TiO, 0.17 0.47 0.41 0.28 0.35 0.69 0.19
Fe.0s 1.37 1.46 3.72 2.00 2.88 1.37 14.71
MgO 1.24 1.01 2.24 0.60 2.88 1.88 6.31
Ca0 0.16 0.24 0.33 0.14 0.28 0.15 0.97
KO 8.05 6.43 15.04 3.05 7.86 11.15 2.23
Total 95 95 95 95 95 95 95
E017 E019 E021 E024 E026 E028 E030
Si 3.25 3.59 3.50 3.44 3.32 3.26 3.04
Al 0.75 0.41 0.50 0.56 0.68 0.74 0.96
Tet. Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Al 2.10 1.61 1.48 1.63 1.62 1.69 1.55
Fe 0.04 0.15 0.24 0.18 0.15 0.19 0.20
Mg 0.00 0.20 0.25 0.16 0.14 0.09 0.33
Ti 0.04 0.00 0.03 0.02 0.01 0.03 0.02
Oct. Sum 2.18 1.96 2.00 1.99 1.92 2.00 2.10
Ca 0.06 0.03 0.19 0.02 0.25 0.01 0.09
K 0.04 0.67 0.34 0.66 0.55 0.76 0.82
Inter. Sum 0.10 0.70 0.53 0.68 0.80 0.77 0.91
SiO; 51.95 0.69 54.05 52.54 50.58 49.26 4507
Al,Oy 38.62 33.08 25.88 28.45 29.69 31.16 31.59
TiO; 0.83 0.15 0.63 0.49 0.15 0.59 0.36
Fe.0s 0.80 11.15 5.02 3.64 3.12 3.89 3.85
MgO 1.34 46.67 2.57 1.62 1.39 0.92 3.27
Ca0 0.94 1.88 2.72 0.34 3.54 0.16 1.31
K0 0.52 1.37 4.14 7.91 6.53 9.02 9.56
Total 95 95 95 95 95 95 95
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Table 3.12: Chochotéw-28 structural formulae for a half cell and associated elemental
concentrations expressed as wt% oxides normalised to 95% (after Merriman 2002)., 56%

illite in I/S.
K009 K011 K013 K015 K017 K021
Si 3.17 3.18 3.37 3.30 3.26 3.14
Al 0.83 0.82 0.63 0.70 0.74 0.86
Tet. Sum 4.00 4.00 4.00 4.00 4.00 4.00
Al 1.99 1.57 1.65 1.65 1.77 1.68
Fe 0.03 0.06 0.06 0.23 0.23 0.04
Mg 0.00 0.35 0.27 0.01 0.05 0.23
Ti 0.02 0.02 0.03 0.03 0.01 0.02
Oct. Sum 2.04 2.00 2.01 1.92 2.06 1.97
Ca 0.00 0.00 0.01 0.02 0.01 0.01
K 0.68 1.13 0.82 0.90 0.60 1.15
Inter. Sum 0.68 1.13 0.83 0.92 0.61 1.16
SiO; 48.83 46.95 51.09 49.26 49.85 46.35
Al2Os 36.85 29.78 29.38 29.82 32.52 31.87
TiO; 0.43 0.44 0.69 0.57 0.20 0.35
Fez0, 0.55 1.25 1.27 447 4.61 0.73
MgO 0.05 3.45 273 0.09 0.56 2.26
Ca0 0.04 0.06 0.09 0.30 0.09 0.19
K.0 8.26 13.07 9.75 10.49 7.18 13.25
Total 95 95 95 95 95 g5
K025 K027 K029 K031 K033
Si 3.10 3.06 3.17 3.09 3.26
Al 0.90 0.94 0.83 0.91 0.74
Tet. Sum 4.00 4.00 4.00 4.00 4.00
Al 1.77 1.75 1.45 1.58 1.26
Fe 0.07 0.11 0.20 0.18 0.35
Mg 0.15 0.13 0.10 0.15 0.34
Ti 0.01 0.00 0.02 0.01 0.02
Oct. Sum 2.00 1.99 1.77 1.92 1.97
Ca 0.01 0.02 0.47 0.00 0.01
K 1.05 1.03 067 1.27 1.13
Inter. Sum 1.06 1.05 1.14 127 1.14
SiO; 46.00 45.37 46.96 44 .83 47.06
AlLOs 33.67 33.87 28.53 30.64 24.52
TiO; 0.17 0.08 0.33 0.27 0.39
Fe,0s 1.33 2.20 3.88 342 6.78
MgO 1.46 1.27 1.04 1.44 3.33
Ca0 0.18 029 6.55 0.01 0.13
K20 12.19 11.92 7.72 14.39 12.78
Total 95 95 95 95 95
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Table 3.13:. Chochotow-60 structural formulae for a half cell and associated elemental
concentrations expressed as wt% oxides normalised to 95% (after Merriman 2002)., 76%

illite in 1/S.

J0O1 JO05 J007 J009 JO11
Si 3.32 3.26 3.20 3.28 3.47
Al 0.68 0.74 0.80 0.72 0.53
Tet. Sum 4.00 4.00 4.00 4.00 4.00
Al 1.81 1.46 1.27 1.78 1.63
Fe 0.10 0.14 0.23 0.14 017
Mg 0.14 0.07 - 0.32 0.07 0.21
Ti 0.02 0.00 0.01 0.01 0.03
Oct. Sum 207 1.67 1.83 2.00 1.94
Ca 0.05 0.49 0.38 0.07 0.1
K 0.49 0.79 0.85 0.62 0.65
Inter. Sum 0.54 1.28 1.23 0.69 0.76
SiO2 51.62 48.03 46.59 50.26 52.81
Al,0; 32.71 27.54 25.70 32.45 26.64
TiO: 0.48 0.03 0.17 0.23 0.62
Fez0s 2.00 2.82 4.54 2.94 3.42
MgO 1.48 0.72 3.10 0.76 219
Ca0o 077 6.75 5.14 0.95 1.54
K0 ' 5.94 9.10 9.76 7.42 7.79
Total 95 95 ) 95 95 95
JO13 JO15 J017 JO19 J021
Si 337 3.25 3.12 3.19 3.37
Al 063 0.75 0.88 0.81 0.63
Tet. Sum 4.00 4.00 4.00 4.00 4.00
Al 1.80 1.67 1.45 1.72 1.93
Fe 0.08 0.18 0.21 0.17 0.10
Mg 0.05 0.10 0.31 0.01 0.01
Ti 0.01 0.05 0.02 0.02 0.01
Oct. Sum 1.94 1.98 1.99 1.92 2.05
Ca 0.07 0.06 0.05 0.09 0.04
K 0.70 0.76 1.13 0.89 0.45
Inter. Sum 0.77 0.82 1.18 0.98 0.49
SiO; 51.63 49.02 45.41 47.59 §2.78
AlO, 3163 . 31.04 28.69 32.11 33.99
TiO; 0.26 0.92 0.33 0.32 0.12
Fe;0; 1.59 3.16 3.99 3.28 2.05
MgO ©0.53 1.00 3.07 0.08 0.06
Ca0 0.96 0.84 0.67 1.20 0.52
K0 8.41 9.02 12.84 10.42 5.48
Total 95 95 95 95 95

111



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 3

Table 3.14: The average octahedral total and standard deviation for the illite standard,
Bukowina Tatrzanska-06, Bukowina Tatrzanska-41, Chochotéw-06, Chochotéw-28, and
Chochotdéw-60 from ATEM measurement. The octahedral totals are within the 5% error
margin (0.10 cations) of the EDS software.

Average Octahedral

Octahedral Total Standard
Sample Total Deviation
liite standard 2.00 0.08
Bukowina Tatrzariska-06 1.98 0.09
Bukowina Tatrzariska-41 2.04 0.10
Chocholéw-06 2.02 0.08
Chochotéw-28 1.97 - 007
Chochotéw-60 1.97 0.08

Figures 3.22, 3.23 and 3.24 plot the data from Tables 3.9, 3.10, 3.11, 3.12
and 3.13 using the convention of Ahn and Peacor (1986) and may be

compared to the global dataset.

The octahedral and tetrahedral Al against Si (Figure 3.22) for the Podhale
Basin as a whole is directly comparable to other published data. The caveat
being that at low Si cation concentrations, Al cation concentration is slightly
decreased from levels that would be predicted based on the global trend
(Figure 3.22). The Fe cation concentrations will plot comparably with the
global dataset. The Mg cation concentrations are more spread than in the
global data set for crystals with low tetrahedral Si cation concentrations, with
as much as twice the Mg cation concentration at a given Si cation
concentration. This will account for the slightly decreased levels of Al cation
concentration at low Si. This additional Mg cation concentration is a source
phenomena rather than a measurement error as the illite standard has Mg
cation concentrations of ~0.2 cations. Elevated Mg cation concentrations
have been recorded by Hover et al. (1999) in which Mg has substituted for Al

in high Mg environments.

Using the plotting convention of Ahn & Peacor (1986a) the Si/Al
concentrations in the Chochotéw well do not show a great deal of separation
between samples. Chocholow-06 has higher Si concentrations than
Chochotéw-60, making it more ‘smectitic’ but the intermediate sample
Chochotéw-28 plots beyond Chochotéw-60 making it the most like and end-
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member illite sample (Figure 3.25). There is no trend in the Fe and Mg
concentrations (Figures 3.26 and 3.27).

The amount of octahedral Fe and Mg is slightly above those of the global
trend for the portion of the plot between 3.0 and 3.6 Si cations (Figures 3.23
and 3.24) and explains the low Al concentrations relative to the global trend.
The low Al cation concentrations have been offset by Fe and Mg
substitutions, where Hover et al. (1999) sampled a very Mg rich, albeit
smectite, sample they noted similar trends in the Mg and Fe substitution of Al
in the octahedral sheet. Additionally, the (Fe + Mg) contents and the Al/Si
ratios are very similar to those published by Garrels (1984) and Nadeau &

Bain (1986).

Overall, the ATEM data presented here as structural formulae are very
similar to previously published data. Where there is divergence it is due to
" the cation make up of the phase analysed being dependent on the cation
make of the initial smectite material that it started from during the smectite to
illite transition, assuming the phase analysed is interstratified I/S, and from
the initial composition of the input matefial into the basin should smectite
have evolved form another phase prior to illitization (Srodon, 1975).

The Bukowina Tatrzanska-06 well shows no separation in the Si/Al
concentrations (Figure 3.28), however, there appears to be half as much Fe
cation concentration in Bukowina Tatrzaniska-41 as in Bukowina Tatrzarnska-
06 (Figure 3.29), with ~0.2 cations in Bukowina Tatrzariska-06 and ~0.1
cations in Bukowina Tatrzanska-41. This is confimed by the average
structural formula units presented above. The Mg cation concentrations
show a large spread from between 0.0 cations to ~0.4 cations, but with no

particular trends evident (Figure 3.30).

The global dataset may be split into data that have been derived from ATEM
analysis and is therefore directly comparable to this study (Li et al., 1997;
Hover et al., 1999; Jiang et al., 1990; Ramseyer & Boles, 1986; Masuda et
al., 2001; Ahn & Peacor, 1986a) and what may be described as bulk data
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from techniques such as Atomic absorption Spectroscopy, DC Plasma-
Emission Spectroscopy, Ignited weights, X-ray fluorescence (Brusewitz,
1986; Srodon et al., 1986; Weaver, 1989). The Si/Al ratios are also around
those noted by Srodon et al. (1986) measured from bulk analyses. The
majority of the results from Tatrzanska-06, Bukowina Tatrzarska-41,
Chochotéw-06, Chochotdéw-28 and Chochotéw-60 are most in keeping with
those published by Jiang et al. (1990), with Si cation concentrations of

around 3.2.

The percentage of illite in I/S for the samples measured vary between 50 and
76%; Chochotéw-06 (50%), Chochotéw-28 (56%), Chochotéw-60 (76%),
Tatrzanska-06 (76%), Bukowina Tatrzanska-41 (76%). The percentage illite
in I/S for the illite material of Ahn and Peacor (1986) is 80%, whereas their
smectite samples are 40%| and are associated with 3.7 Si cations in their
tetrahedral sheet (Figure 3.22). Chochotéw-06 (50%I) has a spread of Si
cations in the tetrahedral sheet and would make a connection with the data
published by Ahn and Peacor (1986a). Jiang et al. (1990) do not offer a
percentage of illite in I/S but ordering of R2 (but according to Srodon and
Eberl, (1984) R2 ordering does not exist) and locally R3 in their
interpretations of the XRD traces points to high percentages of illite in I/S
(more than 80%), however, the ordering in the Podhale Basin does not go

beyond R1 (Srodor et al. in press).

The ATEM analyses using microprobe teéhniques on thin-sections are
sometimes viewed as end-member phases rather than mixed-layer I/S, as
the textural characterisation identified the analysed ‘crystallite packets’ as
end-member phases on the scale of the electron beam (Ahn & Peacor,
1986a). How much the analyses in this study were end-member ‘crystallite
packets’ cannot be assessed in the same way as no lattice fringe imaging
was produced. Consequently, the samples in this study must be viewed as
averages of mixed layer I/S, as in the study by Hover et al. (1999) where the
same dispersion technique as used here was utilised. Chochotéw-60 (76%l),
Tatrzanska-06 (76%l), Bukowina Tatrzanska-41 (76%l) are mixed-layer
phases but have the same Si/Al characteristics as end-member crystaliite
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packets. Chochotéw-28 (56%l) has very low Si cation concentrations in the
tetrahedral sheet and does not fit with the idea of analysing an average of
mixed layer I/S as this would produced a higher Si cation concentration. The
analysis of this sample may show the results of end-member illite that was
inherited into the system as a sample with 56% illite in I/S does not have the
necessary ordering of illite and smectite layers in a mixed phase to allow the
analysis of end-member ‘crystallite packets’ within a mixed-layer phase (Ahn
& Peacor, 1986a). It is known that I/S tends to have a higher (Mg + Fe)
content and a lower Al/Si ratio than coexisting illte, regardless of the
environment of formation prior to diagenesis (Frey, 1970; Foscolos &
Kodama, 1974; Hower et al., 1976; Boles & Franks, 1979). So, it appears
that coexisting illite has been analysed in th.is sample.

Chochotéw-06 (50%I) has a variable Si/Al ratio, the high Si analyses are
more comparable to the 40%| samples of Ahn & Peacor (1986a), albeit with
a 10% difference in I/S. This demonstrates that there is a trend in Si/Al ratio
as illitization proceeds and that there is not a jump in the ratio as is inferred
by Ahn and Peacor (1986a).

There appears to be a relationship between %l in I/S and the Si/Al; ratio in
the tetrahedral sheet, with illite rich I/S having less Si in the tetrahedral sheet
than the smectite rich I/S, with the associated structural formulae being a
function of the relative number of illite and smectite layers. It is possible to
have relatively low Si cation concentrations in mixed-layer I/S (~3.4 cations)
but with more than 90%l! in I/S (R3 ordering). This therefore points to the
composition of the starting material in a smectite to illite transition as being

important in the context of the end-member structural formulae.

The quality of the structural formulae produced from the ATEM data has
already been assessed, with octahedral totals within the 5% error of the EDS
software (Brown, 2005, Pers. Comms.) and comparable to the published
octahedral totals (e.g. Srodori et al., 1986) except where stated. It is
important to note that the interlayer K (varying between 0.04 and 1.34) is in
doubt due to beam mobilisation of light phases '(van der Pluijm et al, 1988).
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As a consequence, techniques such as Atomic Absorption Spectroscopy, DC
Plasma-Emission Spectroscopy, Ignited weights, X-ray fluorescence give a
better analysis of the interlayer but at the loss of the crystallite scale. Where
K is low (less than 0.5 cations in the interlayer) it is insufficient to meet the
charge needs of a mixed-layer I/S set up through substitution of Fe and Mg
for Al in the octahedral sheet. As a result this study treats the interlayer with

caution. -
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Figure 3.22. The global trend in tetrahedral Si and total Al (top), tetrahedral Si and total Al
for Bukowina Tatrzanska-41, Bukowina Tatrzanska-06, Chochotéw-06, Chochotéw-28 and

Chochotéw-60, (bottom).
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Figure 3.23. The global trend in tetrahedral Si and octahedral Fe (top), tetrahedral Si and

octahedral Fe for Bukowina Tatrzanska-41,
Chochotéw-28 and Chochotéw-60, (bottom).
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Figure 3.24: The global trend in tetrahedral Si and octahedral Mg (top), tetrahedral Si and
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Figure 3.25: Octahedral and tetrahedral Al against tetrahedral Si for Chochotéw-086,
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Figure 3.27: Octahedral and tetrahedral Mg against tetrahedral Si for Chochotow-06,
Chochotéw-28 and Chochotéw-60
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Figure 3.28: Octahedral and tetrahedral Al against tetrahedral Si for Bukowina Tatrzanska-
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3.2.5: Tests of normality and distribution of the Structural Formulae:

Kolmogorov-Smirnov Test:

Figure 3.26 and the average structural formulae quoted previously for
Bukowina Tatrzariska-06 and Bukowina Tatrzanska-41 highlight an apparent
difference between these two samples in terms of their octahedral Fe cation
concentrations. These two samples, however, have the same percentage of
illite in the mixed layer phase illite-smectite as recorded by XRD (76%). They
are separated by ~2000m, which by taking the 21°C/km palaeogeothermal
gradient quoted by Srodon et al. (in press) equates to a maximum

temperature difference of ~40°C.

In this section the samples from the Podhale Basin will be statistically tested
to see if Bukowina Tatrzanska-06 and Bukowina Tatrzanska-41 are different

and how they compare to the other measured results from Chochotéw-06,

Chochotéw-28 and Chochotdéw-60.

The Kolmogorov-Smirnov test (Chakravarti et al., 1967 and references within)
is designed to determine if two datasets differ significantly. The Kolmogorov-
Smirnov Test makes no assumption about the distribution of data. It is a
distribution free test and is non-parametric. The Student’s t-test only gives a
reliable result if the data are normally distributed. The divergences from the
expected normal concentrations calculated in the Kolmogorov-Smirnov test
for the cumulative fractions (Whittaker & Robinson, 1967) test the normality

of the distributed.

The Kolmogorov-Smirnov test is based on the empirical distribution function

(ECDF). Given N ordered data points Yy, Y2, ..., Y, the ECDF is defined as
En = n(i)IN

where n(i) is the number of points less than Y; and the Y; are ordered from

smallest to largest value. This is a step function that increases by 1/N at the

value of each ordered data point (Chakravarti et al., 1967).

The Kolmogorov-Smirnov Test is a robust test that cares only about the
relative distribution of the data (Whittaker & Robinson, 1967) not its
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adherence to normality or not, so it can deal with small datasets and does
not make type | and type Il errors, typical in the Student’s t-test. If the t-test is
applied to non-normal data, this increases the risk of error.

When comparing like data, for example the distribution of Fe cation
concentration in the octahedral sheet, the Kolmogorov-Smirnov Test uses
the maximum vertical deviation between the two curves as the D-statistic and
describes the difference between these two datasets. The Kolmogorbv-
Smirnov Test does not care about the relative distribution no confidence
_ interval need be applied. Since, cumulative fraction is plotted, a cumulative

fraction total of 1.0 or 100%, the D-statistic is quoted as a percentage and
the larger this percentage the more degree of difference there is between
comparable compared data. In other words the D-statistic is a measure of

separation.

3.2.5.1: Kolmogorov-Smirnov Test results, divergence from normality:

The divergence or adherence to normality for cations from Bukowina
Tatrzanska-06, Bukowina Tatrzariska-41, Chochotéw-06, Chochotéw-28 and
Chochotéw-60 can be seen in Figures 3.31, 3.32, 3.33, 3.34, 3.35 & 3.36 and
a summary of results may be seen in Table 3.15. The distribution of Si
cation concentrations in Bukowina Tatrzanska-06 is nearly normal as it
adheres closely to a straight line relationship as laid down by the
Kolmogorov-Smirnov Test (Figure 3.31). The more ‘bow-shaped’ distribution
of the Si cation concentration in Bukowina Tatrzariska-41 demonstrates a
lack of normality. The method of plotting makes the x-axis comparable to
that in Figure 3.22 and shows the spread of the data. Bukowina Tatrzanska-
41, although not normally distributed has a more homogeneous distribution

than Bukowina Tatrzarska-06.

The Fe cation concentration distributions in the octahedral sheet for
Chochotéw-06, Chochotéw-28 and Chochotéw-60 do not have a normal
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distribution (Figure 3.35). Chochotéw-60 is the closest to being normally
distributed. Chochotéw-06 is skewed by one data point that has caused the
tail at the top of the distribution to form. ATEM analysis E013 has produced
this tail. The same sample has high Mg and an octahedral total that is
outside of 5% of 2.00, so this point is somewhat erroneous, however, by
ranking the data in the Kolmogorov-Smirnov test the effect of this outlier on
the distribution when compared to other data is negated. Consequently, no
data points have been removed and this will have no effect on the D-statistic

calculated in the next section.
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Figure 3.31. Distribution of tetrahedral Si for Bukowina Tatrzanska-06 and Bukowina
Tatrzanska-41, relative to the expected normal distribution, both calculated in the
Kolmagorov-Smirnov Test. Bukowina Tatrzanska-06 is nearly normal as it adheres closely
to a straight line relationship, whereas Bukowina Tatrzanska-41 shows a divergence from

normality.
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Figure 3.32. Distribution of octahedral Fe for Bukowina Tatrzanska-06 and Bukowina
Tatrzanska-41, relative to the expected normal distribution, both calculated in the
Kolmagorov-Smirnov Test. Bukowina Tatrzanska-06 and Bukowina Tatrzanska-41 shows a

divergence from normality.
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Figure 3.33. Distribution of octahedral Al (first row) Mg (second row) and the Ti (third row)
and interlayer K (fourth row), for Bukowina Tatrzanska-06, left-hand column and Bukowina
Tatrzanska-41, right-hand column, relative to the expected normal distribution, both
calculated in the Kolmagorov-Smirnov Test. Only the Mg and Ti cation concentrations in
Bukowina Tatrzanska-41 show a close to normal distribution.
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Figure 3.34. Distribution of tetrahedral Si for Chochotéw-06, Chochotéw-28 and Chochotow-
60, relative to the expected normal distribution, both calculated in the Kolmagorov-Smirnov
Chochotéw-06, Chochotéw-28 and Chochotéw-60 are nearly normal as the
distributions adhere nearly to a straight line relationship. '

Test.
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Figure 3.35. Distribution of octahedral Fe in Chochotéw-06, Chochotéw-28 and Chochotow-
60, relative to the expected normal distribution, both calculated in the Kolmagorov-Smirnov
Test. Chochotéw-06, Chochotéw-28 are not normally distributed as they do not adhere to a

straight line relationship. Chochotéw-60 is the closest to being normally distributed.

127



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 3

Cumative Fraction for octahedral Al in Chochokbw-06 Cumdative oot ——— |
Cumuative Fraction for octahearal Al in Chochoiow-28 R A “ |
; , ! — |
/} 5 / —’ Eoel ok [ |
o8 { 08 { g 7 1
& / 2 /' | s | /p [
¢ 08 So6 | s T— |
gu % go. /-{ 904l — Zdl
02 / v§ / 1/ 5 L //
2 202 —% ] z 02 5
o“ 112 1 1 b ’ °L =
4 12 8 2 22 08 1 12 14 16 18 2 22 o8 1 12 14 16 18 2 22
= Experimertal data Dwtriouon — Expected Normal distribution | - Oolaaaa A
[+~ Experimental data Destribution — Expected Normal detribution ] [+ Expenmental data Distribution — Expected Normal dutribution)
Cumuative Fraction for Mg in Chochokow-06 Cumuatwe fraction Chochokéw-
Cumuative Fraction for Mg n Chocholow-28 ( el b
1
pp—— 3
09 1 . T
i 09 o ] =8
08
io, eds | o8 . — g:: il
Eog 7 S For / ‘506
0s v (22 s H
o e | v —~ §0s 1 i
03 -5 S Sas—Z ]
go2 s g %02 ]
— 02 z 0 |
01 o1 o1 —
0K 0 ] o { |
0 o1 02 03 04 05 06 07 0 01 02 03 04 ° 01 02 03 04
Octahedral Mg Octahedral Mg Octahedral Mg
[~ Experimental data Dstribution — Expected Normal )] [= data Drstribuon — Expected Normal distribution| [~ Experimental data Dwtribuion — Expected Normal distribuon |
( Fraction for T\ in 06 Cumuative fraction for Ti in Chochotow-60
( Cumusatve Fracton for Tiin Chochow-28
n: f/ 1 — o;l
08 09
ga, = o8 I/ ,gg: ‘
0 I L34 5 &os I §
o8 z Cos 7 il |
o8 —t o5 A os Y
o o 04 —# 04 = |
02 o % | )
F F02—>~7 Fo2
01 o - 01
0 ° 0
0 oo 002 oo 004 003 [ 001 002 003 0.04 005 [ 001 002 003 0.04 005 006 |
Octahedral Ti Octahedrai Ti Octahedral Ti |
[+~ Experimertal data Dutribution — Expocted Normal dwtrbuion | [+~ Expermental data Detribuion — Expected Normal etributon [=— data — Expected |
Cumuative Fraction for K in Chochoiw-06 Cumuative fraction for K in Chocholw-60
Cumulative Fraction for K in Chochokow-28
1
1 1
09 — 09 ‘// by L
g:; — 08 — el =
06 ¢ ar Y4 €os L
05 /1/ Los v oF
o4 0s L ]
03 — g“ // |:;
Cozp——0n 03 7 [Saa 2
L.~ wad =z [ o1 4
01
o 02 04 06 08 1 12 14 ot i ] o
Interlayer K 0 02 04 06 o8 1 12 14 0 02 04 [ o8 1 12 14
- Interiayer Ki Interiayer K
l [+~ Expermertal data Dwtribution — Expected Normal distribuion | I

= Experimertal data Distrbuion — Expected Normal

[o Expermertal data Outriouton — Expected Normal datributon
Figure 3.36. Distribution of octahedral Al, Mg and Ti; and Interlayer K for Chochotow-06 (left-
hand column), Chochotéw-28 (centre column), and Chochotéw-60 (right-hand column),
relative to the expected normal distribution, both calculated in the Kolmagorov-Smirnov Test.
Only octahedral Ti cation concentration in Chochotéw-06 and K interlayer cation
concentration in Chochotéw-28 have a near normal distribution.

Table 3.15. Adherence or divergence of the cation distributions in samples from the Podhale
Basin. N=not normally distributed, (Y) is nearly normally distributed.

Octahedral
| _Sample Si___Fe Mg Al Ti K
Bukowina Tatrzanska-06 ) N N N N N
Bukowina Tatrzanska-41 N N N ) N (Y)
Chochotéw-06 (YY) N N N Y) N
Chochotéw-28 () N N N N
Chochotéw-60 My Y N N N N
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3.25.2: Kolmogorov-Smirnov Test results, divergence between

samples:

All divergence between samples (D-statistic) may be viewed in Table 3.16 to
3.20, with the method for calculating the D-statistic demonstrated in Figures
3.37, 3.38 and 3.39.

Table 3.16. D Statistic difference between Bukowina Tatrzanska-08 and Bukowina
Tatrzariska-41, Chochotéw-06, Chochotéw-28 and Chochotéw-60.

Bukowina Tatrzanska-06
Bukowina Tatrzanska-41  Chochotéw-06 Chochotow-28 Chochotéw-60
Element D Statistic D Statistic D Statistic D Statistic
Si 23 19 41 21
Fe 74 30 45 43
Mg 11 12 39 40
Al 46 19 31 11
Ti 15 20 15 12

Table 3.17. D Statistic difference between Bukowina Tatrzanska-41 and Bukowina
Tatrzarniska-06, Chochotéw-06, Chocholéw-28 and Chochotow-60.

Bukowina Tatrzanska-41
Bukowina Tatrzanska-06 Chochotéw-06 Chocholdéw-28 Chochotow-60
Element D Statistic D Statistic D Statistic D Statistic
Si 23 26 62 45
Fe 74 48 36 52
Mg 11 8 27 32
Al 46 33 40 44
Ti 15 23 32 26

Table 3.18. D Statistic difference between Chochotéw-06 and Bukowina Tatrzanska-06,
Bukowina Tatrzariska-41, Chochotéw-28 and Chochotéw-60.

Chochotéw-06

Bukowina Bukowina

Tatrzanska-06 Tatrzannska-41 Chochotéw-28 Chochotéw-60
Element D Statistic D Statistic D Statistic D Statistic
Si 19 26 36 24
Fe 30 48 . 18 18
Mg 12 8 18 27
Al 19 33 10 14
Ti 20 23 18 22
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Table 3.19. D Statistic difference between Chochotéw-28 and Bukowina Tatrzariska-086,
Bukowina Tatrzariska-41, Chochotéw-06 and Chochotéw-60.

Chochotéw-28

Bukowina Bukowina

Tatrzanska-06 Tatrzaiska-41 Chochotéw-06 Chocholéw-60
Element D Statistic D Statistic D Statistic D Statistic
Si 41 62 36 36
Fe 45 36 18 40
Mg 39 27 18 20
Al 31 40 10 18
Ti 15 32 18 20

Table 3.20. D Statistic difference between Chochotéw-60 and Bukowina Tatrzanska-06,
Bukowina Tatrzanska-41, Chochoiéw-06 and Chocholéw-28.

Chocholdéw-60

Bukowina Bukowina

Tatrzanska-06 Tatrzanska-41 Chochotow-06 Chocholow-28
Element D Statistic D Statistic D Statistic D Statistic
Si 21 45 24 36
Fe 43 52 18 40
Mg 40 32 27 20
Al 11 44 14 18
Ti 12 26 22 20

The difference in the Si octahedral cation distribution between Bukowina
Tatrzanska-06 and Bukowina Tatrzanska-41 is calculated to be 23% and is
not significant (Figure 3.37). The D-statistic calculated for the Fe cation
distributions in the octahedral sheet is statistically different (D=74%). This
confirms the difference noted in the average structural formulae and in Figure
3.29. The D-statistics for the Mg (D=11%) and Ti (D=15%) cation
distributions confirms no significant difference between Bukowina
Tatrzanska-06 and Bukowina Tatrzanska-41. The difference in the Fe cation
distribution is counter acted by the octahedral Al cation distribution (D=46%)
and Figure 3.37 succinctly demonstrates this. The tetrahedral Al cation
distribution is not plotted as it will have exactly the same D-statistic as the Si
cation distribution. This is due to the fact that in assigning all the available Si
to the tetrahedral sheet then completing the tetrahedral sheet cation
occupancy with Al to a total of 4.00 cations, the tetrahedral Al will vary by the

same factor as the Si cation concentration.
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The D-statistic for the Si cation concentration in the Chochotéw well does not
show a significant difference between samples (Figure 3.38). Chochotéw-28
has less Si than either Chochotéw-06 or Chochotéw-60, which in turn are
similar to each other. Chochotéw-28 differs from both Chochotéw-06 and
Chochotéw-60, but Chochotéw-06 is intermediate between Chochotéw-28
and Chochotéw-60. The Mg, Ti and Al cation concentrations do not differ

significantly between samples.

The deep sample from the Chochotéw well (Chochotéw-60) has been
compared to the Bukowina Tatrzanska well (samples Bukowina Tatrzanska-
06 and 41 in Figure 3.39). Sample Bukowina Tatrzariska-06 overlaps with
Chochotéw-60 in terms of their depth ranges (Chapter 2; Srodon et al., vin
press). The Si cation concentrations do not differ significantly and both have
characteristics of end-member illite (following the convention of Ahn and
Peacor, 1986a). The Fe and Mg cation distributions differ by the same
amount (~40%) with Bukowina Tatrzanska-06 having more octahedral
substitution than Chochotéw-60. Chochotow-60 represents an intermediate
position between Bukowina Tatrzariska-06 and Bukowina Tatrzariska-41 in
terms of their Si and Fe cation distributions. Figure 3.39 suggests that
Chochotéw-60 differs in the amount of Mg substitution in the octahedral

sheet.
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Figure 3.37. D-statistic calculated in the Kolmogorov-Smirnov test highlighting the difference
between samples in the Bukowina Tatrzanska well. A high D-statistic in the Fe and Al
concentrations shows a significant difference, low D-statistic in the other cation
concentrations shows no significant difference.
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133



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones

Chapter 3

Ci ive Fraction for T Si in Podhale
1
09 e
508 >
T o7 ‘/
< o6 S A D' Statistic, 21%
£ os /7o D2 Statistic, 45%
s
go04 AV,//V
8 o3 il
@ g5 e
o
0
3 31 32 33 34 3s 36 37
Tetrahedral Si
! [- T 06 = T 41 —Ch 60
Cumulative Faction for O Fe in Podhale
1
B i —
goe L =
o7 :
£ oa ‘ D' J D! Statistic, 43%
00T /1 7 orsutstc 2w
1 T 13
E 04 4
3 o3 A
e iy 7
i -
0
0 01 02 03 04 05 06
Octahedral Fe
[-=B T 06 B T 41 ~-C 60]
Cumuilatve Fraction for Octahedral Mg in Pochale
1
09 ) e
e =
go7 il
£ o |
E o5 A~ D' Statistic, 40%
g“ [ To 02 329
P
;oa
02
i 74
0
0 01 02 03 04 05 06 07
Octahedral Mg
[~-B: T 06 - 2 41 —== Chocholow-60
Cumulative Fraction for Octahedral Al in Podhale
1
. [ 4%
i3 /7
47 "3 gl
2oe g;sumc,n% yd
Statistic, 44
o8 XYW
&2 {llrr
03 el
02 A\
0
0 02 04 06 08 1
Octahedral Al
[ Ti 06 o T 41 —-C 60]
C Fraction for O Tiin Podhale
2 T
06
gz: ﬁ‘y
“ o6 £
P o= ‘7 D' Statistic, 12%
f 4 D? Statistic, 26%
04 &/
ST
F o244
0142
0
[ 001 002 003 004 005 006 007 008
Octahedral Ti
(=8 06 T 41 ~ Choch -A]

Figure 3.39. D-statistic calculated in the Kolmo1gorov-Smirnov test for how Bukowina
Tatrzanska-06 compares with Chochotow-60 (D) and Bukowina Tatrzanska-41 with

Chochotéw-60 (D).
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3.2.6: Selected Area Diffraction Patterns (SADP):

The SADPs presented in Figures 3.40 and 3.41 represent the end member
samples of the illitization of smectite in the Podhale Basin. Presented are
four SADPs for Bukowina Tatrzafiska-41 (Figure 3.40) and four SADPs for
Chochotow-06 (Figure 3.41) and these diffraction patterns may be cross
referenced with the ATEM data for these samples presented in Table 3.10
and Table 3.11 respectively. Bukowina Tatrzariska-41_C005 shows a good
single crystal pattern with clear hexanets, there is some evidence for lattice
defects seen in the irregular brighter diffraction spots. Bukowina Tatrzanska-
41_C010 shows a dominant crystal pattern but the less bright diffuse spots
and small ring structures hint at a slight polycrystalline stacking. The
polycrystalline turbostratic layering may be observed in Bukowina
Tatrzanska-41_CO012, the diffuseness of the spots is clear however as they
are centred on the same spot it is the same phase diffracting the electron
beam and that what is seen are stacking effects in a thick crystal, although
no crystal thickness measurements are offered in this study. Bukowina
Tatrzariska-41_C014 is similar to Bukowina Tatrzariska-41_CO005 in that a
single crystal has been selected and that there are irregular, brighter spots
indicating crystal defects. The two samples do not have the same defects.
When these four SADPs are cross referenced with the ATEM data what
becomes evident is that Tatrzaﬁska-41_0005 and Tatrzanska-41_C014 have
very low amounts of substitution of Fe and Mg for Al in the octahedral sheet
and low tetrahedral Si concentrations (below 3.25 cations). The other two
samples have a lot of substitution, so producing a single crystal pattern

appears related to substitution, which enhances the turbostratic arrangement

in these crystals.

Chochotdéw-06_E007 is a single crystal diffraction pattern with some
turbostratic stacking, however the irregular bright spots in the diffraction spot
arrangement points to crystal defects. Chochotéw-06_E017 has crystal
defects but is a good single crystal with little turbostratic stacking.
Chochotéw-06_E026 and Chochotéw-06_EOQ30 exhibit turbostratic stacking
and the interaction of two discrete phases. One phase is dominant and has
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some crystal defects that have diffracted the electron beam irregularly. The
ATEM data for Chochotow-06_E007 and Chochotéw-06_E017 show low
substitution of Fe and Mg for Al in the octahedral sheet and a low
concentration of Si in the tetrahedral sheet. Conversely, Chochotow-
06_E026 and Chochotéw-06_EO030 have significantly higher amounts of

octahedral substitution and relatively higher Si concentrations.

On the other hand the variability in chemistry associated here could be due
to the beam interacting with a thick grain that is comprised of more than one
phase or two grains overlying each other in the dispersion under the beam,

thereby creating an artificial ‘mixed-phase’.

Figure 3.40. 4 Selected Area Diffraction Patterns for Bukowina Tatrzariska-41 showing
variable crystal structures. C005, top left, CO10, top right, C012, bottom left, C014, top right.
Structural formulae and wt% oxides for each can be seen in Table 3.10. Coo5 and C014 are
single crystal patterns. A slight ring pattern in C010 is from polycrystalline stacking.

In comparing SADP (Figures 3.40 and 3.41) with their associated structural

formulae what may be noted is that there is a relationship between Si:Al ratio
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and diffraction pattern. Where the ratio is close to 3:1, single crystal patterns
are more evident (Bukowina Tatrzanska-41 C005 and C014). Additionally,
the cleanliness of the octahedral sheet has an effect on the nature of the
SADP produced. Where few Fe and Mg cations have substituted for Al
cations in the octahedral sheet the diffraction patterns are more developed
into single crystal arrangements (e.g. Bukowina Tatrzanska-41 CO005,
Chochotéw-06 E017). Diffraction pattern EO030 (Chochotow-06)
demonstrates that the Si:Al ratio in the tetrahedral sheet appears to be the
more dominant factor in single crystal diffraction pattern formation as it has a
ratio of 3.04:0.96 but 0.55 Fe, Mg and Ti substitutions for Al in the octahedral

sheet yet has produced a clear single crystal pattern.

Figure 3.41. 4 Selected Area Diffraction Patterns for Chochotéw-06 showing variable crystal
structures. E007, top left, E017, top right, E026, bottom left, EQ30, top right. Structural
formulae and wt% oxides for each can be seen in Table 3.11. Single crystal patterns show
some crystal deflects noticeable from large irregular spaced diffraction spots.
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Similar patterns have been noted by various workers (e.g. Dong & Peacor,
1996; Kim et al., 2004; Hover et al., 1999), in which smectite has produced
ring patterns whereas pure illite has produced single crystal patterns, but
most of this work has been done using ion beam thinning to produce the
working surface rather than dispersion and identification was through lattice
fringe imaging rather than a chemical identification. All SADPs may be

viewed in Appendix 3.3.

3.2.7: Indexing Selected Area Diffraction Patterns:

The SADP for the illite standard crystal RO07 has been previously indexed to
a characterised sample from the PDF database.

The other SADPs in this study have not been indexed in the same way. This
is because they are numerous and the benefits of indexing are small due to
the inherent inaccuracies of the technique as already noted. The two
significant sources of error in the indexing are the initial measurements of the
distances between diffraction spots and the camera length used in the
analysis. Therefore, with these inaccuracies in mind the approach taken to
indexing the other SADPs is to use a comparison approach between them
and R007. The comparison was done by overlaying the negatives of R007
and each diffraction patterns in turn. The overlaying of negatives can
actually be done with more accuracy than measuring the distance between
diffraction spots. Three types of diffraction patterns were then defined
relative to R0O07. An exact match was recorded where all the diffraction
spots overlaid exactly with those of R0O07. A close match was recorded
where the diffraction pattern did not exactly match RO07 but the pattern was
within ~0.2mm, either because of ring formation or because defining the
exact ‘centre’ spot was not possible due to over exposure of the negative
producing a very large ‘centre’ spot and general diffraction spots. No match
was recorded when the diffraction pattern clearly did not match R007 and
was not close to being recorded as a close match. Clearly, there is some
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subjectivity involved in deciding what is a close match and what is not, but it
is no more inaccurate than deciding whether the distance between spots is

5.90mm or 5.92mm using a standard ruler.

Chlorite produced a diffraction pattern with much increased ‘r' values (see
previous section for definition), so confusing a chlorite with an ‘illite’ did not

occur.

Single crystal patterns or stacked crystal patterns were also noted and as
previously stated these appear to have a relationship to the Si:Al ratios in the
tetrahedral sheet and to the amount of octahedral substitution in the

structural formulae.

Where single crystals have a SADP that yields an exact match with R007, it
is noticeable that the structural formulae are not identical (Table 3.21). R007
has a Si:Al ratio of 3.53:0.47 and Fe, Mg and Ti substitution for Al of 0.48.
The matched pattern often have different ratios such as HO03 and HO13
(Bukowina Tatrzariska-06) that are ~3.35:0.64, Si:Al. Also, HO13 has much

less octahedral substitution (0.22 cations).

This relationship is not true for Bukowina Tatrzariska-41 and Chochotéw-06
where the samples that match have very similar Si:Al ratios to R007.
Mismatches or matches in structural formulae between samples that have
exact SADP matches with R007 also occur for Chochotéw-28 and
Chochotéw-60. Consequently the relationship between the indexed sample
and those with exact matches are not clear in terms of their structural
formulae and could be the effects of polytypes (Moore & Reynolds, 1997) or
complex ‘double diffraction’ (Moore & Reynolds, 1997, Goodhew &

Humphrey, 1988).
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Table 3.21: SADP for the 5 samples from the Podhale Basin compared to the indexed illite
standard sample R007. (n/a — no available information)

Sample Match relative to lllite standard ROO7 Single Crystal or Stacked

Bukowina Tatrzanska-06

HO003 Exact Match Turbostratic

HO07 Close Match Singte Crystal Pattern

HO08 No Match Single Crystal Pattern

HO14 No Match Single Crystal Pattern

HO13 Exact Match Single Crystal Pattern

HO15 No Match Single Crystal Pattern

HO18 Close Match Single Crystal Pattern

HO20 Ciose Match Single Crystal Pattern

HO024 No match Turbostratic

Ho26 No SADP na

H028 No SADP na

HO30 No SADP na

H032 No SADP na

HO34 No SADP na

Bukowina Tatrzanska-41

co01 No Match Turbostratic

C003 Close Match Single Crystal Pattemn

C00s Close Match Single Crystal Pattern

CcoQ7 Close Match Turbostratic

co10 Exact Match Single Crystal Pattemn

C012 No Match Turbostratic

C014 Close Match Single Crystal Pattemn

co18 Close match Turbostratic

Cco18 Ciose Match Single Crystal Pattern

C020 Close Match Turbostratic

CcT No SADP na

Chocholow-06

E001 No Match Turbostratic

E003 No Match Turbostratic

E005 Close Match Single Crystal Pattern

E007 No Match Turbostratic

E009 No Match . Single Crystal Pattern

EO11 No Match Single Crystal Pattern

EO013 No Match Turbostratic

EC17 Close Match Singte Crystal Pattern

E019 Exact Match Single Crystal Pattern

EO021 Close Match Turbostratic

E024 No Match Turbostratic

£026 Close Match Turbostratic

E028 Close Match Single Crystal Pattern
‘ E030 No Match Single Crystal Pattern

Chocholow-28

K009 No Match Single Crystal Pattern

K011 No Match Single Crystal Pattern

K013 Exact Match Single Crystal Pattern

K015 Exact Match Single Crystal Pattem

Kot7 Exact Match Single Crystal Pattern

K021 No Match Single Crystal Pattern

K025 Exact Match Single Crystal Pattern

K027 Close Match Singie Crystal Pattern

K029 Ciose Match Single Crystal Pattern

K031 Ciose Match Single Crystal Pattern

K033 Exact Match Single Crystal Pattern

Chocholow-60

Joo1 Close Match Single Crystal Pattern

JOo5 Exact Match Singte Crystal Pattern

Joo7 Close Match Single Crystal Pattern

Joos Exact Match Single Crystal Pattern

Jo11 Close Match Single Crystal Pattern

Jo13 Exact Match Single Crystal Pattemn

Jo15 Close Match Single Crystal Pattern

Jo17 Close Match Turbostratic

Jo19 Ciose Match Single Crystal Pattern

J021 No Match Turbostratic
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3.3: Discussion:
3.3.1: Statistical differences between samples in the Podhale Basin and

the relation to I/S change:

XRD has revealed a difference in the %l in I/S between the 5 samples
analysed by ATEM to produce the structural formulae already stated.
Chapter 2 has demonstrated that maximum burial depths differ greatly from
present day burial depths (Table 3.22).

Table 3.22. Samplé, present day depth{m] and maximum burial depth[m] for the 5 samples
analysed by ATEM

Sample Present day Maximum Burial
depth [m] depth [m]
Chocholéw-06 280 3780
Chochotéw-28 1283 4783
Chochotéw-60 2611 6111
Bukowina Tatrzariska-06 293 6400
Bukowina Tatrzaniska-41 2200 8307

The Kolmogorov-Smirnov Test has demonstrated that most of the cations in
the structural formulae of the 5 analysed samples are not normally distributed
and as a consequence an appreciation of the D-statistic from the

Kolmogorov-Smirnov Test allows the differences between the samples to be

judged.

The D-statistic from the Kolmogorov-Smirnov Test reveals that there is only a
small difference between Chochotéw-06 and Chochotéw-60 in terms of their
structural formulae, (D-statistics are: Si 24%, Fe 18%, Mg 27%, Al 14%, Ti
22%) for an increase in the %l in I/S from 50% to 76% (RO to R1 ordering)
yet there are consistent diagenetic increases and decreases in other
minerals (Table 3.23, see Chapter 2).

There is less Si cation concentration in Chochotéw-60 than in Chochotéw-06
(24%) decrease is offset by the Al cation concentrations (14%), which also
balances the substitutions of Fe (18%) and Mg (27%) to give a structural

formulae total of 6.00 cations.
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Table 3.23. The mineralogy of Bukowina Tatrzanska PIG-1 by QXRD (From Srodon: et al, in
press), where Qtz=Quartz, K-Fsp=K-feldspar, Pl=Plagioclase, Cal=Calcite, Dol=Dolomite,
Hal=Halite, Py=Pyrite, Ant=Antase, Kin=Kaolinite, 2:1(1+M+Fe-S)= undifferentiated llite, Mica,

Iron-smectite, Chl=Chlorite.

E| %
[ —~
gl 3 $ >
[} o L} i F —~
g > 3T sl & = | s 5 & c | = < bl &
E x| 2E| &{£| =| S| & E| | &) €] z|B| s| 3| o
[ et E = °© 2
- 3 A - x
g E -
¢ 3 N
a =
Cht-4 193.4 3693.4 19 2.2 3 72 | a8 0 15 1 o 32 | 458 | 07 | 497 | 869 | 362
Cht-6 280.1 3780.1 243 1 23] 59 | 102 | 54 0 15 ] o 15 | 468 4 | 523 | 1023 | 356
Chi-12 513.5 4013.5 185 ) 22 | 37 | 119 | 35 0 12 ] o 32 | s02 | 26 ] s6 973 | 32
Cht-20 820.5 4320.5 229 1.5 4.7 10.5 4.1 0 0.2 0 3.6 49.2 2.1 549 100 2,95
Cht-23 1031.2 4531.2 21.7 1.3 3.6 10 4.5 0 0.9 0.2 29 439 2.6 49.4 92.4 2.9
Chi-28 1283.1 4783.1 20.4 0.5 52 10.4 4.7 0 23 0 2.6 49.1 36 55.3 99.3 3
Chi-38 1671.1 5171.1 16.3 1.5 5 0.9 4.5 0.6 23 0.6 1 60.8 7.4 69.2 100.9 4.7
Chi-44 2011.5 5511.5 26 1 7 37 | 62 ] 05 | 25 | 04 1 539 | 62 | 601 | 1076 | 34
Chi-s6 2410.4 5910.4 205 | 05 ] 65 36 s2 | 22 | 18] 05 ] o8 | 601 | 48 ) 657 | 1055 | 4.24
Cht-60 2611.3 6111.3 275 | 04 9 132 | 46 0 12 | 07 [} 411 | 47 | 458 | 1026 | 29
Chi-66 2967.5 6467.5 224 | 05 6 17 6.7 0 15 | 058 0 418 | a2 | 46 1008 | 2.9

The equations of Boles and Franks (1979) and Hower et al. (1976) attribute
I/S change to smectite converting to illite with Fe and Mg released, this Fe
and Mg release from the octahedral sheet of a smectite or mixed layer phase
is seen clearly in the global data set (Figures 3.23 and 3.24). So if the ATEM
technique as used here has taken an average of the interstratified I/S
‘crystallite packet' the 26% difference in I/S between Chochotow-06 and
Chochotéw-60 in terms of the %l in I/S by XRD has been represented as a
24% difference in the Si cation concentration in the tetrahedral sheet of the
structural formulae. Chochotéw-06 and Chochotéw-60 are distinct in that
they show a decrease in tetrahedral Si consistent with increasing illite
character and implies a release of silica into the system (Hower et al, 1976)

or as quartz (Boles & Franks, 1979).

As has already been discussed Chochotéw-28 does not fit with this trend as
the ‘crystallite packets’ analysed have different characteristics to those of
Chochotéw-06 and Chochotéw-60. With the implication that the ‘crystallite
packets’ analysed from Chochotéw-28 represent a localised phenomena of
illite-rich packets that are not reflective of the sample as a whole as the bulk
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analysis by XRD suggests a much higher %l in I/S that is inferred from the

structural formulae calculations alone.

3.3.2: Iron ratios in Bukowina Tatrzanska-06 and Bukowina Tatrzanska-
41; Relation to QXRD and Rc:

There is no significant difference between the Si cation concentration in
samples from Bukowina Tatrzanska-06 and Bukowina Tatrzanska-41 (Figure
3.37). There is a significant difference in Fe cation concentrations (Figures
3.29 and 3.37). This difference is not marked by the | Mg cation
concentration, consequently it is the octahedral Al concentration that is
higher in compensation. XRD (Chapter 2) indicates these samples have the
exact same percentage of illite in I/S (76%), further they are separated by
some 2000m and this according to Srodon et al (in press) corresponds to a
temperature difference of nearly 40°C [their calculated geothermal gradient is
21°C/km and is close to the present day recorded geothermal gradient of 19-
23°C Cebulak et al, (2004)]. At 76% illite in I/S the palaeo-temperature in the
' Podhale Basin is around 130°C and this smectite in I/S at this temperature is
in keeping with studies from the North Sea (Lanson et al, 2002).
Consequently, the base of Bukowina Tatrzanska is at ~170°C plus with
apparently no change in I/S from that which was present at 130°C.

While no change in the percentage of illite in /S has been recorded the
Theoretical Vitrinite Reflectance (R;) as tabulated in chapter 2 (after
Rospondek & Marynowski, 2004 and Marynowski 2005 pers. comms), which
is directly comparable to Vitrinite Reflectance (Vr) and has been calculated
from the Methylphenanthrene Index (MPl) (Radke & Welte 1981), has been
shown to increase from 0.89 to 1.37 (from sample Bukowina Tatrzarnska-06
to sample Bukowina Tatrzariska-35, no result from Bukowina Tatrzariska-41
has been recorded). So where by XRD no mineralogical change has been
seen to occur considerable organic maturation has occurred and is a function

of the increased temperature down the borehole.
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The average mineral formulae and the D-statistic from the Kolmogorov-
Smirnov Test suggest that the only significant differences in terms of mineral
chemistry between these two samples are the loss of iron which is replaced
in the octahedral sheet by aluminium and the decrease in interlayer
potassium as the effects of layer substitution decreases (change in valency,
as some Fe is Fe?* and not all Fe®*) the need for charge compensation in the

interlayer.

The differences between Bukowina Tatrzanska-06 and Bukowina
Tatrzariska-41 may result from diagenetic change assuming homogeneous
starting materials or inherited from heterogeneous input into the basin at the
time of sedimentation that has lead to different chemical characteristics as

recorded by the structural formulae.

Table 3.24. The chemistry of Bukowina Tatrzanska PIG-1 by QXRD (From Srodor et al, in
press), where Qtz=Quartz, K-Fsp=K-feldspar, Pl=Plagioclase, Cal=Calcite, Dol=Dolomite,
Hal=Halite, Py=Pyrite, Ant=Antase, Kin=Kaolinite, 2:1(I+M+Fe-S)= undifferentiated lllite, Mica,
Iron-smectite, Chi=Chlorite.
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BkT-1 102.2 6208.5 | 266 | 0.8 7.1 9.5 7.5 0 0.9 0.5 0.8 53.6 5.6 60 112.9 3.5
BkT-6 293.7 6400 25.21 0.5 6.8 7.3 6.5 0 0.91 0.5 0.5 54.3 5.6 60.4 108.6 3.55
BkT-12 610.5 6716.8 27 1 6.6 5.4 7.6 0 1.2 | 0.5 [+ 52 6.1 58.1 107.4 3.1
BkT-17 902.7 7009 24.1] 0.5 5.3 6.9 6.9 0.5]1.3 0.5 0 48.1 3.1 51.2 97.2 3.3
BkT-23 1261.2 7367.5 | 23.3 1 4.5 6.1 7.8 0 1 0.4 0 50.7 4.2 54.9 99 3.3
BkT-28 1594.6 7700.9 27 0 6.2 11.2 5.5 0 1.5 0.4 0 46.8 4.4 51.2 103 3.1
BkT-35 1904.3 8010.6 | 29.4( 0.5 6.3 0.8 6.2 0.5 124 0.5 0 50.1 3.6 53.7 100.3 3.4
BkT-41 2200.6 8306.9 | 26.4 0 5.7 8.8 4.2 1 3 0.3 0 51.5 4 55.5 104.9 3.3

Supposing the input material is the same for both samples and given the
consistent trends in mineralogy in Table 3.24 (After Srodon et al., in press)
for the Bukowina Tatrzannska well this might be possible. Then following the
smectite to illite reaction of Boles and Franks (1979) the sink for the Fe
released is chlorite, although Table 3.24 does not lend any solid evidence for
this. No chlorite analyses were performed to assess the possible iron uptake

in these phases.

The source of the aluminium in the change in structural formulae between
Bukowina Tatrzanska-06 and Bukowina Tatrzanska-41 is a little harder to
attribute as K-feldspar and kaolinite as reactants in the illitization of smectite
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in a closed system (after Hower et al, 1976) have essentially been depleted,
the consistent KO concentrations in the rock point to a closed system. The
source for the aluminium may simply be from the basinal pore fluids, implying
fluid flow within the closed system where mineral sources such as kaolinite,
K-feldspar and plagioclase have been consumed in diagenetic reactions (e.g.
Hower et al, 1976; Boles and Franks, 1979) or from biotite that has been
altered in early stage reactions releasing Al into the system (pyrite formation
and replacement in biotite grains has been seen in BSEM in chapter 2
highlighting biotite degradation) and is now being used by the illitic material
to become more pure, because this reaction is now the most energetically
favourable given a depleted supply of K to carry illitization further.

3.3.3: Mineralogical change relative to structural formulae change in the

Podhale as a whole:

Chochotéw-60 and Bukowina Tatrzariska-06 are separated by ~300m in
maximum burial in a continuous burial profile. Figure 3.39 and Table 3.20
demonstrate that there are some differences between these samples in
terms of their octahedral cation make up, with Chochotéw-60 having less Fe
and Mg than Bukowina Tatrzariska-06. When Bukowina Tatrzariska-41 is
added to Figure 3.39 it appears that Chochotéw-60 is intermediate between

Bukowina Tatrzariska-06 and Bukowina Tatrzafiska-41.

Given the differences highlighted between Chochotéw-06 and Chochotéw-60
(Figure 3.38), Bukowina Tatrzariska-06 and Bukowina Tatrzariska-41 (Figure
3.37) and with an overlap in the cation distributions between Bukowina
Tatrzanska-06 and Chochotéw-60 (Figure 3.39). There appears to be a
gradation in the structural formulae and specifically ratio of Si to Al in the
tetrahedral sheet and Fe and Mg occupancy in the octahedral sheet (the
exception being Chochotéw-28). First with the decrease in the percentage of
smectite layers in the mixed-layer I/S, matched with a decrease in the ratio of
Si to Al in the tetrahedral sheet (e.g. Jiang et al, 1990; Srodon et al, 1986;
Ahn & Peacor, 1986a) and then from the cleaning of the octahedral sheet of
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Fe and Mg without further change in interstratification of smectite and illite by
XRD. The fact that there has been no more smectite conversion in the
mixed-layer phase is a function of K availability, which is known to be a key
reaction driver (e.g. Hower et al., 1976; Boles & Franks, 1979). Yet it is
envisioned that the ‘crystallite packets’ maintain the same interfaces between
smectite and illite layers in the stacking sequence (Bell, 1986; Ahn & Peacor,
1986a) and the same interlayer chemistry, keeping the character of smectite,
as smectite has more Ca and less K than illite, relative to the neoformed
interstratified illite layers or larger more coherent illite crystallite packets (e.g.
Nadeau et al, 1984a,b; Nadeau, 1985; Nadeau & Bain, 1986; Nadeau 1998).
Further the chemical change is facilitated by the flux of Al to illite and Si, Fe
. and Mg to other mineral phases such as quartz and chlorite implicit in the
equations of Hower et al. (1976) and Boles and Franks, (1979). The Al is
sourced from K-feldspar even though it has been depleted by this stage.
Work by Altaner (1989) has demonstrated that the rate of illitization of
smectite is slower than K-feldspar dissolution. Consequently, Al may be
present in the system from and reside in pore fluids. So it would appear that
‘crystallite packets’ are changing in terms of their cation distribution but not

their mineralogical characteristics in XRD.

3.3.4: Octahedral cation substitution and Selected Area Diffraction
Pattern (SADP):

It is well known that smectite material produces concentric ring patterns in
SADPs associated with turbostratic disorder (Moore & Reynolds, 1997) and
such ring structures have been noted in diagenetic studies by various
workers using ion beam thinning techniques in ATEM (Ahn & Peacor, 1986a;
Li et al, 1997) and in dispersion techniques (Hover et al, 1999; Nadeau et al,
2002). The reason smectite produces turbostratic disorder results from a low
concentration of hydrated cations in the interlayer space and the weak
mutual attraction between them and adjacent 2:1 layers leads to relatively
large distances across the interlayer. This results in no ‘keying’ effects
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between layers and the relative position of layers becomes random (Moore &
Reynolds, 1997).

This study did not find such advanced ring patterns in SADPs. Rather more
coherent patterns were produced with some turbostratic disorder principally
because the XRD data pointed to more illite material or higher grade I/S
material with R1 or R3 ordering with little smectite present either as discrete

packets or as interstratified layers in I/S to diffuse the SADP.

These results are in keeping with previous studies of high grade I/S, with
~80% | in I/S (Jiang et al, 1990; Ahn & Peacor, 1986a). The coherency of a
‘crystallite packet' also has an effect on the SADP, with larger packets
producing more clearly identified single crystal patterns (Ahn & Peacor
19863a; Li et al., 1997). The nature of the smectite and illite interfaces in
interstratified ‘crystallite packets’ will have an effect on the SADP (Bell,
1986), as the boundary between smectite and illite layers might be layer
terminating, which will change the crystal lattice planes under the scale of the
electron beam and will produce what appears to be small amounts of
turbostratic disorder (see Figures 3.40 & 3.41). Chochotow-28 is quite distinct
from the other four samples analysed and may represent an original I/S
interlayering where there was no change in the boundary between smectite
and illite layers (Bell, 1986). Consequently, the SADPs produced are the
most coherent and with the least turbostratic stacking disorder, however, with
no lattice fringe imaging this cannot be tested and the sample is still
anomalous as it has 56%I in /S but with ‘crystallite packets’ with a structural
formulae characterisitic closer to end-member illite (e.g. Jiang et al., 1990;
Srodon et al, 1986).

This study has noted a link between octahedral substitution of Fe and Mg for
Al and the apparent increase in disorder in the SADP. This is due to n60° or
n120° rotation in a regular way (Weaver, 1989; Moore and Reynolds, 1997)
in which the interlayer cations (usually K) sit in the hexagonal or trigonal
holes in the surface planes of tetrahedral sheets. Due to the regular spacing
of these holes arbitary rotation is impossible and only sets of n60° or n120°
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rotations are allowed (distinct from smectite). These regular rotations give
rise to polytypes (Moore & Reynolds, 1997). McCarty and Reynolds (1995)
found n60° disorder in K-bentonites (I/S) and a correlation between Fe and
Mg substitution in the octahedral sheet and increased disorder. The effects
of n60° rotations on the SADPs are complicated because 60°, 180° and 300°
rotations do not produce the same results (Moore & Reynolds, 1997).

The link between substitution and the effect on SADP is most obvious in
Chochotow-28 where the low amounts of octahedral substitution of Mg and
Fe for Al has produced the most ordered diffraction patterns, for example
analysis K009 (Figure 3.42 and Table 3.12). This is contrasted by
Chochotéw-06, analysis E026 (Figure 3.41 and Table 3.11).

It has been statistically demonstrated that sample Bukowina Tatrzanska-06
has twice as much Fe in its octahedral sheets than Bukowina Tatrzariska-41,
with Al making up this difference with all other parameters the roughly equal.
The relationship between SADP and structural formulae is not as clear as
was demonstrated by McCarty and Reynolds (1995), as Bukowina
Tatrzanska-41 appears to have more turbostratic disorder than Bukowina
Tatrzanska-06. This disorder in the SADP may therefore result from
polytypism in Bukowina Tatrzariska-41 whereas the analyses from Bukowina

Tatrzanska-06 were unwittingly produced from the same polytype.

Chochotéw-06 has fewer single crystal patterns than Chochotéw-60. The D-
statistic for the all cations in the tetrahedral and octahedral sheets for the two
samples differs by ~20%. So it appears that a 20% difference in cation
concentration is enough to markedly change the amount of disorder in the
SADP. However, this conclusion must be held in the context of the %! in I/S
‘between these samples, which as so increased, by 26%.
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Figure 3.42. SADPs for Chochotéw-28 K009, left, Chochotéw-06 E026, right. K009 has less
Siin the tetrahedral sheet and less Fe, Mg and Ti substitution in the octahedral sheet.

The perfect crystal with every atom in exactly the correct position does not
exist as substitution and the effects of impurities will break up the perfect
crystal system. Crystal defects in this study have been noted as irregularly
spaced diffraction spots. The defects can result from cation vacancy in an
irregular way or through the incorporation of interstitial cations. Additionally,

the imposition into the octahedral sheet of cations of the incorrect size or

valancy can produce defects (e.g. Ti).

The SADPs that show crystal defects may give a hint as to why the cation

totals do not always equal 2.00 cations in the octahedral sheet. Low totals
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may show an irregular vacancy in the sheet where in the more mature
samples (80% | in I/S) have lost Mg and Fe and the necessary Al has not
filled these vacant sites. Additionally, high totals may result from Fe and Mg
released and replaced by Al being taken into the crystal structure as

interstitial cations.

3.4: Conclusions:

The dispersion method employed in this study, over other techniques such
as ion-milling and diamond microtoming (e.g. used by Ahn & Peacor, 1986a;
Nadeau et al, 1984a), has been proven to be a good technique for preparing
and sampling accurately the chemistries of clay minerals in terms of the
tetrahedral and octahedral cation contents. The interlayer represents more
of an issue due to beam mobilisation of light elements such as K.

The ATEM results coupled with the single crystal SADPs show that the
technique may extract data from single crystals in a consistent way and that
many different grains be sampled quickly and effectively using absolutely
repeatable procedures. Since no information on the coherency of clay
packages from lattice fringe imaging were sought in this study, the very fast
sample preparation and data collection times were the main advantages of
the technique employed. Where the dispersion technique is somewhat weak
in the indexing of SADPs as one is never sure what axis the sample will be
orientated in and relies on the phyllosilicate lying with its c* axis parallel to
the electron beam. The indexing offered in this chapter should not stand
alone as a dataset rather it should be viewed as an additional piece of
evidence for the phase analysed after consideration of whether a single
crystal has been sampled and hence the quality of the ATEM data. The
principle weaknesses to indexing are the fact that the camera constant is not
measured and is therefore fixed in applying the technique outlined here and
that the initial measurement of the distance between spots has to be done to

the millimetre on a negative photograph, allowing tiny yet unavoidable errors
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to creep in. This study, therefore, recommends that grain dispersion be used
only for ATEM as the quality has proven to be high and the exact same
method may be applied on samples many weeks apart with no need to re-
calibrate standards after the initial measurement; the additional information of

SADPs is a requisite as it proves the analysis of a single phase.

Where ion beam thinning would have improved this work is in the nature of
the /S interlayers as this techniques would have given more of an insight
through lattice fringe imaging into the make up of the ‘crystallite packets’ in
" terms of size and the coherency as diagenetic grade proceeds. The issue of
beam danger increases with this technique as the sample needs to be
subjected to the beam in order to collect another piece of information

_ increasing the likelihood of elemental loss.

The ATEM results on the five samples from the Podhale Basin show uniform
compositions of analyses within a sample. The octahedral totals are close to

the optimum values and demonstrate that the technique is robust.

In the Chochotéw well composition has been shown to change with
decreasing %S in I/S. Tetrahedral Si decreases along with octahedral Fe
and Mg and is co-incident with total Al increase. In the Bukowina Tatrzarfiska
well, for no change in %S in /S, there is a ~40°C temperature increase.
Octahedral Fe is substantially decreased with increasing temperature and

this is offset by Al increase.

The Kolmogorov-Smirnov Test has allowed comparison between samples
and has demonstrated significant differences in samples from the Bukowina
Tatrzanska well and more subtle differences between samples in the
Chochotéw well. Additionally, the deepest sample from the Chochotow well

is intermediate between samples from Bukowina Tatrzarska.

A relationship between SADP and structural formulae has been found.
Single crystal patterns dominate where the structural formulae reveal little or

no substitution in the octahedral sheet.
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4.0: Northern North Sea; Rhum 3/29a4 and Magnus 211/12-2;

The overall aim of this Chapter is to describe and understand changes to
phyllosilicate composition and fabric in two wells from the Northern North
Sea: Rhum 3/29a4 and Magnus 211/12-2.

Specific aims are to:
e Describe the key fabric changes in relation to compaction and
mineralogical change.
¢ Discuss the mineralogy and fabric development in the context of the
different depositional environments and ages encountered.

o Assess the effects of compaction on fabric development.

Fabric orientation studies have previously predominantly concentrated on
studies of metamorphic cleavage development in a structural geology context
(Oertel, 1970; Oertel et al., 1989; Ho et al., 1995, 1996, 2001; van der Pluijm
et al., 1998; Jacob et al., 2000). Additionally similar principles have been
applied to the investigation of mineralogical changes during burial diagenesis
and low-grade metamorphism (Ahn & Peacor, 1986; Freed & Peacor, 1989;
Merriman et al., 1990; Merriman & Peacor, 1998), although these studies did
not quantify fabric orientation. In studies that are strictly sedimentalogical in
approach there is a common paradigm that phyliosilicates are deposited in a
random orientation or as flocs and these studies have presented SEM
images to show this (O'Brien, 1970; O'Brien & Slatt, 1990). The premise
then follows that any increase in preferred orientation must be caused by
compaction effects, the increase in maximum effective stress (Oértel &
Curtis, 1972; Curtis et al., 1980; Sintubin, 1994: Ho et al.,1999; Jacob et al.,
2000). As mineralogical changes take place as a function of increasing
" temperature and stresses increased levels of preferred orientations may be
observed (Ho et al., 1995, 1996, 1999, 2001: van der Pluijm et al., 1998,

Jacob et al., 2000).
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The North Sea has been described recently in the context of diagenesis;
illitization (e.g. Thyne et al., 2001, Nadeau et al, 2002), rock properties (e.g.
Bjarlykke, 1998), mineralogy and geochemistry (e.g. Thyberg et al., 2000;
Pearson et al., 1982), High Resolution Scanning Electron Microscopy (e.g.
Huggett, 1995) and extensively in overview by Glennie (1990). There has
only been one previous fabric study (Matenaar 2002) on samples from the
North Sea using High Resolution X-ray Texture Goniometry (HRXTG). The
North Viking Graben was analysed using 8 samples from several wells at
variable depths and ages. Additionally, an image analysis technique has
been used to quantify preferred orientation (Worden et al., 2005) in
mudstones from the Upper Cretaceous Shetland Group, Northern North Sea.

The North Sea was selected because it is has been the basis for many
previous studies related to diagenesis but has yet to receive a fully quantified
fabric assessment. The fabric study presented here takes many more
samples than have ever been studied before in the North Sea from two wells,
Rhum 3/29a4 (950m to 4830m) and Magnus 211/12-2 (1449m to 3220m).
The samples represent the full, or close to full, depth range of the boreholes
and consequently full chemical and physical profiles, with maximum burial
temperatures of ~150°C in Rhum 3/29a4 and ~120°C in Magnus 211/12-2.
The samples have been analysed for mineralogy, porosity as wéll as fabric
alignment using HRXTG, and have been visually recorded using Back
Scattered Electron Microscopy (BSEM). This is a new departure for the
North Sea as previously such in depth analysis has only been done for the
Gulf of Mexico (Ho et al., 1999; Matenaar, 2002) and the Podhale Basin

(Chapter 2).
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4.1: Samples and Locations:
4.1.1: Field Locations and well data:
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Figure 4.1: Locations of Rhum 3/29 and Magnus 211/12 oil and gas fields in the Northern
North Sea modified from nns_map_ worldoil.com inc.
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The wells sampled are Rhum 3/29a4 and Magnus 211/12-2. Their locations
can be viewed in Figure 4.1 and in detail in Figures 4.2 & 4.3.
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Figure 4.2: The location of Rhum 3/29a4 (Modified from DTI Qil and Gas).
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Figure 4.3: The location of the Magnus field and well 211/12-2. The Magnus field is east of
Shetland and at the edge of the UK and Norwegian sectors (Modified from DTI Qil and Gas).

These wells were selected as they represent continuous profiles with no
apparent uplift or erosion previously characterised by XRD. The base of
Rhum 3/29a4 is at 150°C and the base of Magnus 211/12-2 is at ~120°C.
Rhum 3/29a4 has been sampled down to 4800m whereas Magnus 211/12-2
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is only sampled to 3200m this is as a result of Rhum 3/29a4 being located on
a deeper section of graben, the ages are nonetheless the same however
maximum burial temperatures will be higher for Rhum 3/29a4 than Magnus
211/12-2, therefore they may be viewed as related wells, with age ranges of
Tertiary to Jurassic in Rhum 3/29a4 and Tertiary to Late Cretaceous in
Magnus 211/12-2 Both wells have associated completion log information,
although Rhum 3/29a4 is of much higher quality than Magnus 211/12-2 and
allows a good understanding of lithology and associated logging information,
(pressures and bottom hole temperatures). The significant downside to
these samples in terms of using them for a diagenetic study is that they are

of variable ages (Jurassic to Tertiary) with attendant variation in depositional

environments.

Rhum 3/29a4 and Magnus 211/12-2 are treated in this study as a single
study area but two distinct wells.

4.1.2: Sample descriptions:

Tables 4.1 & 4.2 give descriptions of the samples analysed for fabric
alignment and mineral composition for Rhum 3/29a4 and Magnus 211/12-2
respectively. Figures 4.4 and 4.5 give a lithological column and information
on sampled horizons for Rhum 3/29a4 and Magnus 211/12-2 respectively.
The data are visual observation of the core material and information
synthesised from the completion logs for thé cuttings material, the cuttings
were general very small so little information or visual descriptions could be
described. The names of formations are those that appear on the completion

logs.

157



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 4

Depth(m) Name Lithology Kerogen  Time(my) Penod
o 0=
| 33 E
3 3 1o ot
0 3 33
3 33
g 3
Ly
1000 B3
= 33
dpbictcland GrO... 3
—_ D
1500 7

Tortialand Gr ... LEE
Frigg F [Tertia. ..

Lista F (Tertia

Shetland E L.

qlnlllllll le s 1 s 2001 s I

5 Lithology tor Unknown
3 = yon
- B 3
q [Shetiand D [L.... = asian =
] e @
: 7]
] [sretanac.. A agtion 8
] 2 3
3 2 © o
4000 7] | Shettand A (L. = £ c (] (]
] = w © c c o
3 = = - o S 8 =
. — ¢ ° G-y E
4 |E. Cretacecus... = (= T =t 2 25
] = 3 c 8 § ES
b = w = ¢ 3Aa
- — [ s 3
45007 | 140 =
1 |Jurassic Evo.. 13 =
= Jurassic-Heat ... ] 1amemert
y E 0 2 4 ) )
o 1 Oxtorchan
E Callovian S5 i 3

Figure 4.4. Lithological column created in Genesis 4.8 for Rhum 3/29a4, see chapter 5 for
construction details. Red lines mark the sampling intervals.
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4.1.2.1: Rhum 3/29a4 sample description:

Table 4.1: Sample descriptions and ages of samples from Rhum 3/29a4

Dept | Description Ct/Cr Age

h

[m]

950 Mudstone: medium grey to moderate Cutting | Tertiary to Recent, Nordland Group,

. brown grey, firm to moderately hard, Undifferentiated Formation.
silty, trace mica.

1050 | Siitstone: dark grey brown to dusky yellow Cutting | Tertiary to Recent, Nordland Group,
brown, firm to moderately hard, crumbly, Undifferentiated Formation.
slightly dolomitic, mica, disseminated pyrit

1150 | Mudstone: medium grey to moderate Cutting | Tertiary to Recent, Hordaland Group,
brown grey, firm to moderately hard, Undifferentiated Formation.
silty, trace mica.

1250 | Mudstone: medium dark to dark grey, Cutting | Tertiary to Recent, Hordaland Group,
firm to moderately hard, subblocky, non Undifferentiated Formation.
to local slightly calcareous, trace
disseminated pyrite and glauconite.

1350 | Mudstone: dark grey to dark brownish Cutting | Tertiary to Recent, Hordaland Group,
grey, moderately hard, blocky to Undifferentiated Formation.
subfissile, silty, slightly dolomitic, trace
disseminated pyrite, rare trace very fine
glauconitic nodules.

1450 | Mudstone: dark grey to dark brownish Cutting | Tertiary to Recent, Hordaland Group,
grey, moderate hard, blocky to Undifferentiated Formation.
subfissile, slightly dolomitic, silty,
disseminated pyrite, trace mica&
carbonaceous specks, are glauconite.

1550 | Mudstone: medium to dark grey, grey Cutting Tertiary to Recent, Hordaland Group,
black to brown black, moderately hard, Undifferentiated Formation.
blocky to subfissile, silty, variable traces
of mica, pyrite&carbonaceous specks,
rare glauconite.

1650 | Mudstone: moderate to dark brown grey, | Cutting | Tertiary to Recent, Hordaland Group,
medium to dark grey, moderate hard, Undifferentiated Formation.
silty, occasional limestone intercalations,
variable silty, traces of mica,
pyritefcarbonaceous specks

1750 | Mudstone: moderate to dark brown grey, | Cutting | Tertiary to Recent, Hordaland Group,
medium to dark grey, moderate hard, Undifferentiated Formation.
silty, occasional limestone intercalations,
variable silty, traces of mica,
pyrite&carbonaceous specks

1850 | Mudstone: moderate to dark brown grey, | Cutting Tertiary to Recent, Hordaland Group,
medium to dark grey, moderate hard, Undifferentiated Formation.
silty, occasional limestone intercalations, :
variable silty, traces of mica,
pyrite&carbonaceous specks

1950 | Mudstone: medium to dark grey, Cutting Tertiary to Recent, Hordaland Group,
moderate to dark brown grey, firm to Undifferentiated Formation.
moderately hard, blocky, silty, very '
slightly dolomitic, trace disseminated
pyrite&carbonaceous specks

2550 | Mudstone: greenish black, brownish Cutting | Tertiary to Recent, Rogaland Group,
black, becoming locally greyish brown to Lista Fm
greyish black, firm to moderately hard,
crumbly to blocky, locally micropyritic
and microcarbonaceous

3060 | Mudstone: medium grey, occasionally Cutting Late Cretaceous, Shetland Group,
light grey, firm, blocky to crumbly, Shetland ‘D’ Fm
locally subblocky, slightty to moderately
calcareous, occasionally slightly
micromicaceous and microcarbonaceous.

3140 | Mudstone: medium grey, occasionally Cutting Late Cretaceous, Shetland Group,

light grey, firm, blocky to crumbly,
locally subblocky, hygroturgid, slightly to

moderately calcareous, occasionally

Shetland ‘D’ Fm
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slightly micromicaceous and
microcarbonaceous.

3550 | Mudstone: light grey, becoming medium | Cutting | Late Cretaceous, Shetland Group,
to dark grey and occasionally olive grey, Shetland ‘D’ Fm

firm to moderately hard, subblocky to
blocky, moderately calcareous, slighty
silty, micromicaceous and
microcarbonaceous, in part micropyritic

4300 | Mudstone: greyish red to dark reddish Cutting Cretaceous, Early-Late Albian,
brown interbedded with dark grey and Cromer Knoll Group, Rodby Fm.
occasionally medium to light bluish grey,
firm to moderately hard, locally soft and
hygoturgid, micromicaeous, non to
slightly calcareous

4330 | Mudstone: greyish red to dark reddish Cutting Cretaceous, Early-Late Albian,
brown interbedded with dark grey and Cromer Knoll Group, Rodby Fm,
occasionally medium to light bluish grey,
firm to moderately hard, locally soft and
hygoturgid, micromicaeous, non to
slightly calcareous

4632 | Mudstone: medium to medium dark Cutting Early Cretaceous, Valanginian,
grey, locally light to medium grey and ‘ Cromer Knoll Group, Lower Valhall
olive grey, firm to moderate hard, blocky Fm

calcareous, micromicaceous,

4650 | Mudstone: brownish to greyish black and | Cutting Early Cretaceous, Late Ryazanian,
dusky yellow brown, firm to moderately Humber Group, Kimmeridge Clay,
hard, crumbly to blocky, micropyritic and Upper Reservoir.
microcarbonaceous, slightly calcareous,
with occasional calcite mottling.

4707 | Mudstone: dark to brownish biack, hard, | Core Late Jurassic, Early Middle Volgian,

.64 fissile, occasionally sandy laminations, Humber Group Kimmeridge Clay,
very silty ' Upper Main Reservoir

4712 | Mudstone: dark to brownish black, hard, | Core Late Jurassic, Early Middlie Volgian,

.40 fissile, occasionally sandy laminations, Humber Group Kimmeridge Clay,
very silty Upper Main Reservoir

4759 | Mudstone: dark grey to brownish black, Core Late Jurassic, Early Middle Volgian,

.50 moderately hard to hard, angular, Humber Group Kimmeridge Clay,
subfissile, micropyritic, traces of mica, Upper Main Reservoir

with common laminations and thin
interbeds of sandstone

4771 | Mudstone: dark grey to brownish black, Core Late Jurassic, Early Middle Voigian,
.51 moderately hard to hard, angular, Humber Group Kimmeridge Clay,
subfissile, micropyritic, traces of mica, Upper Main Reservoir

with common laminations and thin
interbeds of sandstone

4830 | Mudstone: dark grey, hard, fissile, Core Middle Jurassic, Early Volgian-
51 pyretic non calcareous, and minor olive Kimmeridgian, Humber Group
grey, sandy sitstone Kimmeridge Clay, Lower Reservoir

Samples of mudstones were selected for Rhum 3/29a4 using the foliowing
criteria. The Tertiary samples were selected at 100m intervals from 950m to
1950m. This was done as the cuttings samples were of poor quality so
finding suitable material for HRXTG was potentially problematic, also these
were the sampling intervals used for initial XRD by. BP. Sample R2450
(2450m) was chosen as representative of the Lower Tertiary mudstones in

the absence of other suitable samples in the Lower Tertiary.

The Cretaceous of the Shetland group was very difficult to sample as there
were no good samples (1cm? pieces of mudstones). The cuttings bags
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contained mostly dry dust or material that effervesced under HCI, as a
consequence only 3 samples from the Shetland ‘D’ formation were selected,
as they did not effervesce and where of a suitable size to be potentially cut
into thin sections for BSEM and HRXTG. Similarly, the cuttings from the
Lower Cretaceous were of equally low quality but 4 samples were selected
from 4300m to 4650m.

Five samples from the Jurassic were sampled. These were taken from thin
shale/mudstone horizons interbedded within the sandstone units of the
Upper Main Reservoir, Lower Main Reservoir and Lower Reservoir
(Completion Log nomenclature). These Jurassic samples were selected
from high quality core material; laminations were obvious so the samples

were marked with their correct orientations to bedding.
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4.1.1.2: Magnus well 211/12-2 sample description:
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Figure 4.5. Lithological column created in Genesis 4.8 for Magn
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Table 4.2: Sample descriptions and ages of samples from Magnus 211/12-2.
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SWC no. Depth [m] Description Age
54 1449.0 Siltstone, clayey, Packstone texture, Tertiary,
grey blue, Calcareous, Shells. Palaeogene,
Palaeocene,
“Formation IV”
48 1532.0 Mudstone, Silty, Medium grey, Tertiary, No
Micaceous. . Formation
Information
40 1567.0 Siltstone, clayey, Wackestone texture, Tertiary, No
grey green, calcareous, Mica. Formation
Information
34 1580.0 Siltstone, clayey, Wackestone texture, Tertiary, No
Grey brown, calcareous, Mica, mottled. Formation
Information
21 1610.0 Mudstone, Silty, Mudstone texture, Tertiary, No
Medium grey, Calcareous, Pyritic. Formation
Information
03 1700.0 Mudstone, Mudstone texture, Medium Upper Cretaceous,
grey, Calcareous, Pyritic. Maastrichtian
101 1802.5 Mudstone, Silty, Dark grey, Calcareous, Upper Cretaceous,
Micaceous, Well consolidated. Maastrichtian
82 2098.0 Siltstone, clayey, Packstone texture, Upper Cretaceous,
Medium grey, Micaceous, Mottled, Well (Turonian)-
consolidated. Campanian
77 2399.5 Mudstone, Silty, Wackestone texture, Upper Cretaceous,
| Medium grey, Calcareous, Micaceous, (Turonian)-
Glauconitic, Laminated, Poorly Campanian
consolidated.
73 2602.0 Mudstone, Medium grey, Micaceous, Upper Cretaceous,
Well consolidated. Campanian
89 2706.0 Siltstone, clayey, Wackestone texture, Cretaceous,
Medium grey, Calcareous, Micaceous,
Glauconitic, Well consolidated.
69 2775.5 Mudstone, Silty, Medium grey, Cretaceous,
Calcareous, Micaceous, Well
consolidated.
87 2880.5 Mudstone, Silty, Medium grey, » Cretaceous,
Micaceous, Poorly consolidated.
190 3035.0 Shale, Mudstone texture, Medium grey, Cretaceous
Micaceous, Calcareous, Well
consolidated.
175 3220.0 Shale, Mudstone texture, Dark grey, Upper Jurassic, Late

Micaceous, Well consolidated.

Kimmeridgian,
“Formation S”

The sampling criterion for Magnus 211/12-2 was quite simple all the available
sample material was taken and entirely consisted of side wall core, which

was taken from mudstone horizons; in turn these points had been marked on

the completion log.
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4.1.3: Depositional environments:

The sample sets in this study have ages that range from the Late Tertiary to
Middle Jurassic. This represents a considerable time interval, in the range of
150Ma, and as a result the depositional character and material inputs into the
Northern North Sea and specifically Rhum 3/29a4 and Magnus 211/12-2

have been quite variable.

It has been demonstrated by Matenaar (2002) that there must be an
appreciation of sedimentation regime in a fabric study as depositional
environment has been shown to have an effect on fabric alignment. Maltman
(1981) has acknowledged the importance of phyllosilicate grain shape on
depositional fabric development but due to their small size and charged
character (Weaver, 1989) other mechanisms of deposition are prevalent.
Flocculation causing a house of cards structure (O’'Brien & Slatt, 1990) will
break up this natural alignment of phyllosilicates. Sintubin (1994 and
references therein) has impressed the point that original depositional
structures such as laminations are dependent on low level of bioturbation,

which are usually associated with anoxia.

Below is a short description of the various depositional and tectonic settings
of the Northern North Sea for the Jurassic to the Late-Tertiary as
sedimentation regime and source area changed significantly throughout the

depositional time period.

4.1.3.1; Jurassic depositional environments:

The detailed analysis of onshore and offshore areas has demonstrated that
marine mudstones were both numerous and distinctive throughout the Late
Jurassic of the North Sea. Very slow sedimentation rates associated with
mudstone and siltstone deposition has promoted the growth of authigenic
minerals (e.g. pyrite)'(UnderhilI, 1998; MacQuaker et al, 1997) and has
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preserved high amounts of total organic carbon (Schmitz, 1994) in the Upper
Jurassic Kimmeridge Clay sampled here. The onshore and offshore
diagenesis has been described by MacQuaker et al. (1997). The Jurassic
samples presented here are from the Kimmeridge Clay Formation which is
characterised by slow sedimentation rates and anoxia.

4.1.3.2: Cretaceous depositional environments:

Cretaceous sediments were deposited over the entire continental shelf of
Western Europe, these sediments have been divided into the Cromer Knoll
Group, broadly siliciclastic, and the Shetland Group, in the Northern North
Sea, which is a more argillaceous version of the Upper Cretaceous Chalk
Group found in other areas (Worden et al., 2005; Oakman & Partington,
1998). The depositional style of the late Jurassic continued into the Early
Cretaceous, the global sea level rise of the Cretaceous (Haq et al, 1988)
flooded previously exposed landmasses resulting in initial shallow marine
deposition followed by deeper depositional regimes, evidenced by carbonate
production and the interlaying of mudstone horizons. This in turn had an
effect on the depositional characteristics of the mudstones sampled in this
study from the Cretaceous to those of the Jurassic Kimmeridge Cléy
Formation. The Cretaceous mudstones are distal/shelf deposits representing
normal marine deposition with higher energy environments, in oxic and

possibly bioturbated regimes.

4.1.3.3: Tertiary depositional environments:

The Tertiary sequences are thick deposits, 2500m in Rhum 3/29a4 and
1600m in Magnus 211/12-2. The dominant depositional environments were
fans and fan deltas (Bowman, 1998), with the Lista and Sele (encountered in
Rhum 3/29a4 but not sampled due to grain size) formations describing a
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wide spread progradation of small submarine fan complexes controlled by
localised accommodation space loss or creation.

The bulk of the mudstone input in the Tertiary was from normal terrestrial
sedimentation from various source areas. There is a strong imprint of
Tertiary Volcanism on the samples in this study associated with the opening
of the Atlantic (Thyberg et al, 2000; Ziegler, 1999; Hinz et al, 1992) which
produced volcaniclastic inputs (England et al, 1992) to the whole of North
West Europe, and specifically to the North Sea Basin. Consequently, the
samples analysed from the Tertiary are the most complex, in terms of their

mineralogical assemblages.

4.2: Analytical Methods:
4.2.1: Quantitative X-ray Diffraction (QXRD):

X-ray Diffraction (QXRD) was used to quantify the mineral species present in
wells Rhum 3/29a4 and Magnus 211/12-2. The analysis was undertaken at
the Macaulay Land Use Research Institute (MLURI), Aberdeen. The
quantification method utilised a full-pattern fitting method dsing corundum as
the internal standard. The patterns are then scaled to fit intensity and any
small shifts (less than the step size) are accommodated using a cubic spline
interpolation, using the least squares routines of an Excel Solver.
Essentially, the method involves fitting the whole of the observed diffraction
pattern with a synthetic pattern. This synthetic pattern is in turn the sum of
patterns calculated for each phase in the sample (Snyder & Bish, 1989; Bish,
1994; Mumme et al., 1996). The full-pattern fitting method is predicated on
the fact that the diffraction pattern is the sum total of all of the effects, both
instrumental and specimen related. As a consequence, the method requires
phase identification and then allowing the computer program (Excel Solver)
to fit the data until the best fit between the synthetic pattern and the
experimental pattern is obtained. The key to this method is the pattern fits
only what the user asks the Excel Solver to find, if a phase is missed no
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fitting occurs. Therefore, the technique requires the characterisation of
numerous pure samples in a database used by the Excel Solver to calculate
a synthetic pattern. The minerals in the database are constantly updated
and re-analysed (Hillier, 2005, Pers. Comms).

The accuracy of the procedure is +/- 3wt% (Hillier, 2003), with a lower limit
detection (LLD) of less than 0.5 wt% for all minerals except mica
(LLD=1wt%). This is due to the non-basal peaks from mica in a random

powder being stronger diffractors than the basal peak.

4.2.1.1: Spray drying sample preparation:

The samples were spray dried to produce truly random powders for X-ray
powder diffraction. The method is described by Hillier (2002a, b and 1999)
and essentially consists of preparing the samples as aqueous slurries and
spray drying in a heated chamber. The spherical spray droplets produced by
spraying dry in the chamber form spherical granules, which due to their
shape and the way spheres pack together allows a truly random
arrangement of particles (Hillier, 2002a; b; 1999). Random arrangements
are required as all the hkl reflections of the minerals present with their correct
relative intensities of their reflections are required in a quantitative analysis
(Hillier, 2003; Moore & Reynolds, 1997).

4.2.1.2: Machine settings:

Samples were run on a Siemens D5000 X-ray diffractometer, using cobalt K-
alpha radiation (K-alpha = 1.790260 (Brindley & Brown, 1984)) selected with
a diffracted beam monochromator. Patterns were obtained by step scanning
from 2-75° 2-theta with a step size of 0.02 degrees and counting for 2

seconds per step.
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4.2.1.3: Clay mineralogy and percentage of illite in lllite/smectite:

The <2prﬁ clay size fraction of samples from Rhum 3/29a4 and Magnus
211/12-2 were separated and analysed by XRD. The analysis required
orientated clay mineral aggregates so specimens were prepared using a
technique similar to the “Millipore® Filter Transfer Method” outlined in Moore
and Reynolds (1997).

The relative percentage of clay minerals in the <2pm clay size fraction were
previously determined for these samples by MLURI for BP Exploration with a
view to assessing the percentage of illite in illite/smectite. The <2um clay
size fraction was extracted by centrifuging the sample material and using

Stokes’ Law .

Stokes' Law is an equation relating the terminal settling velocity of a smooth,
rigid sphere in a viscous fluid of known density and viscosity to the diameter
of the sphere when subjected to a known force field. It is used in the particle-
size analysis of soils and disaggregated mudstones by the pipette,
hydrometer, or centrifuge methods, here the centrifuge method was
employed. The equation is:

V = (2gr3)(d1-d2)/9p

Where;

V = velocity of fall (cm sec),

g = acceleration of gravity (cm sec),

r = "equivalent" radius of particle (cm),

d1 = density of particle (g cm),

d2 = density of medium (g cm), and

u = viscosity of medium (dyne sec cm).

The timings used to extract the <2um clay size fraction by centrifuging were:
2 minutes 48 seconds at 1000rpm

4 minutes 22 seconds at 800rpm

7 minutes 47 seconds at 600rpm
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These analyses are not repeated in this study BP has kindly supplied that
data, however, an appreciation of the sample preparation is important. In
preparation the <2um clay size fraction of the samples were vacuum filtered
onto a filter paper and then peeled onto a glass slide. The slides were then
analysed on a Siemens DS5000, using cobalt K-alpha radiation with a
diffracted beam monochromator under air-dried, ethylene glycol solvated
(60°C for 24 hours) and heat treatment to 375°C (for a detailed discussion of
these procedures see Moore & Reynolds, 1997). The percentages of illite in
ilite/smectite were determined using the methodology of Moore and
Reynolds (1997):

1- The diffraction patterns of air-dried, ethylene glycol solvated and heat
treated to 375°C give provisional identification of I/S. '

2-The Reichweité or ordering type (Jagorzinski, 1947) is dete'rmined by the
position of reflections between 5 and 8.5° 20 for ethylene glycol solvated
samples.

3-The pércent illite can be determined using a value of °A20 from Table 8.3
of Moore and Reynolds (1997), which varies between 9.01 and 10.31 °A20
for 001/002 reflections and 15.80 and 17.39 °A20 for 002/003 reflections.

4.2.2: High Resolution X-ray Texture Goniometry (HRXTG):

The analytical methods employed in these analyses were entirely the same
as those employed for the Podhale samples (Chapter 2). As there was a
significant delay between blocks of analyses, two Podhale samples were re-
run to check reproducibility. The original run gave I/S peak maximum
intensities of 6.99 m.r.d. and 6.87 m.r.d. for sample Chochotéw-38 and 4.61
m.r.d. for Chochotéw-12. The re-measurement gave values of 6.77 m.r.d.
and 4.38 m.r.d. for Chochotéw-38 and Chochotéw-12 respectively. Variance
of within +/- 0.5 m.r.d. was deemed an acceptable repeat result providing the
pole figures were complete (Figure 4.6) based on analyses made during the
setting up of the machine in 1994 (van der Pluijm, 2005, Pers. Comms.).
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Repeat analysis was on the same thin section as the original measurement.
No record of the exact millimetre of beam interaction with the sample was
kept from the original run, so the re-analysis took place on the same
available surface as the original measurement is (1cm?). Therefore, variance
between the original and the re-analysis was the result of slight sample
heterogeneity on a square millimetre scale over an available analysis surface

of a square centimetre.

Original Repeated

Chochotéw-38
0 Chochotéw-38
m.rd. =6.87 m.rd. =86.77

Chochotéw-12 Chochotow-12.
m.rd. =462 m.rd. =4.38

Figure 4.6. The maximum fabric alignment in m.r.d. and the associated pole figures for the
repeated measurements of Chochotow-38 and Chochotéw-12 from different blocks of
analysis. Rotation of the pole figure in Chochotéw-12 is not significant.

Despite similar pole figures, 2-theta scans of the re-run samples differed from
the originals. Figure 4.7 demonstrates that intensity in the d-10A to d-7A
region of the trace (3.5 to 7.0° 2-theta) is not as high in the repeated runs for
both samples as it was in the original run. Also, any characteristic peaks for
the various phases present are drastically reduced. The quartz peak, in the
repeated run, at a d-spacing of 4.257A appears much more intense than in
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the original run in its relative intensity in comparison to the 3.5 to 7.0° 2-theta

region of the trace.
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Figure 4.7. The “2-theta scans” for Chocholow-12 and Chocholow-38, on the left the ongmal
traces from chapter 2, on the right the repeated traces.

The data as collected by the Enraf-Nonius CAD4 Single Crystal
diffractometer are plotted (Figure 4.7) and analysed using a program called
XPFG2 written by Ho (1995). In order to assess whether this program is
performing the same function from run to run, the raw data (gathered as a
\VAX file) may be imported to an Excel file and re-plotted (Figure 4.8). In
comparing the original and repeated runs of Chocholow-38 and the two
methods of graphical data description, it is clear that the original and
repeated runs have not produced the same “2-theta scan” but this is not a
function of the XPFG2 program incorrectly presenting the data, rather the

problem lies elsewhere.
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Figure 4.8. The “2-theta scan” raw data from the .VAX file imported into Excel and re-plotted
for sample Chocholow-38 for both the original and repeated runs.

A “2-theta scan” was performed on a blank, i.e. with just the sample holder.
This was done to assess whether there was something blocking the source
or detector on the goniometer head. The ‘blank’ “2-theta trace may be seen
in Figure 4.9. The background best fit curve is also plotted and shows clearly
that the trace produced is that of the background with no false reading due
source or detector contamination. Overlaying the original and repeated run
for sample of Chocholow-38 with the background best fit curve clearly

demonstrates the loss of intensity from run to run.
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Figure 4.9. The top trace produced by the goniometer with no sample in the holder. The
smooth line represents background best fit curve. The bottom trace is sample Chocholow-38
for both the original run (strong peaks) the repeated run (low intensity line) overlain by no

sample curve and the background best fit curve.

The final test of the machine involved running another sample over a longer
“2-theta scan” and for a longer step time. Sample M1610 from this analysis
was run over 0.5 to 40° 2-theta and for a step time of 4 seconds (Figure
4.10). Overlain on this trace is the standard trace for the same spot on the
sample run over 0.5 to 12° 2-theta. The intensities are increased by the
longer step time and no shift in the data is observed. The trace for no
sample and the background best fit curve are also shown.

The strenuous assessment of the nature of the “2-theta scan” between the
original and repeated runs has been done as the qualitative assessment of
the diagenetic grade of illite-smectite has been inferred by this method in
chapter 2, here in this chapter no qualitative assessment may be offered as
peak identification is hampered by the loss of intensity. The “full scan” pole

figures and quantification of fabric alignment assigned by maximum intensity
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is not affected by this loss of intensity in the “2-theta scan”. The full scan is
normalised so it is independent of concentration of sample parameters such
as mineral content by summing all data points over the whole pole figure and

weighting them with respect to their areal distributions (van der Pluijm et al.,
1994).
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Figure 4.10. Sample M1610 from this analysis was run over 0.5 to 40° 2-theta and for a step
time of 4 seconds. Overlain on this trace is the standard trace for the same spot on the
sample run over 0.5 to 12° 2-theta. The intensities are increased by the longer step time.
The trace for no sample and the background best fit curve are also shown.

4.2.3: Backscattered Scanning Electron Microscopy (BSEM):

At the University of Newcastle-Upon-Tyne BSEM was performed on a Hitachi
S2400 Scanning Electron Microscope fitted with an Oxford Instruments Isis
200 Ultra Thin Window X-ray detector. Images were captured at an

accelerating voltage of 20kV using a working distance between 10.0 and

10.1Tmm.

4.2.4: Mercury Intrusion Porosimetry (MICP):

Porosities and pore size distributions were determined on a one gram block
of sample freeze dried (Delage & Lefebvre 1984) for 24 hours, then oven
dried at 105°C for a further 24 hours. Samples remained in the oven until

they were loaded for analysis. A further three grams of sample was taken
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and ground to a fine powder and used for grain density determinations.
Porosity is determined from bulk volume (from MICP prior to injection of
mercury) and measured grain density. Grain densities (Gs) were measured
using the small pycnometer method at 20°'C (British Standard, 733, 1987),
with a quartz standard (2.65g/cm®) in each sample batch, using the equation:

Gs (gecm™) = [mass bottle & sample — mass bottle] / [mass bottle & water +
mass bottle & sample — mass bottle — mass bottle & sample & water].
Repeat analyses were made; the quartz standard was repeatable to within
0.02g/cm?.

Analysis took place on a Micromeritics® Autopore 9220 machine and yielded
a figure for porosity, and a pore size distribution. The analysis used the
assumption that the surface tension of mercury was 0.48 N/m and the
contact angle between mercury and the particle surface was 141", The pore

r= 746,00y
P

where r is the pore throat radius (nm) and p is the pressure in kPa.

radius, r, then is given by:
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4.3: Results:
4.3.1: Quantitative X-ray Diffraction (QXRD):

The results of the full pattern fitting method can be seen graphically in
Figures 4.11 and 4.12. Figure 4.11 demonstrates that the full-pattern fitting
for the whole trace has fitted the raw data for both peak position and
intensity. Generally there is an excellent fit between the experimental data

and the synthetic trace.

Figure 4.12 is an enlarged section of the trace between 20° and 45° 2-theta
of the raw data and the full-pattern fitted data. The full-pattern fitted lines are
smoother than the raw data and this has resulted in some slight mismatches
e.g. between 26° and 27° 2-theta (anorthite, a calcium variety of plagioclase
feldspar) and around 32° (clinoptilolite) but the exact nature of the effects
these small mismatches have on the quantification is unclear (Hillier, 2005,
Pers. Comms). Additionally, due to the varying expandability of these
samples slight mismatches occur in the region of 7° and 10° 2-theta. This is
due to the synthetic trace matching the phase but not its percentage
expandability but is within the error margin of the technique (Hillier 2003;
Hillier, 2005 Pers. Comms.). Nevertheless the raw data has been full-pattern
fitted for both intensity and peak position. Getting a good fit is to some extent
dependant on asking the least squares routine of the Excel Solver to look for
a specific phase as the synthetic pattern is the sum of patterns calculated for
each phase in the sample (Snyder & Bish, 1989; Bish, 1994, Mumme et al.,
1996), if this is not done no good fit will be achieved (Hillier, 2003). In the
case of Rhum 4830 the pattern has been resolved as the correct phases

were searched for.

The initial phase selection was simply to select the most commonly
associated minerals in mudstones and shales (e.g. from Weaver, 1989) and
run the trace through the Excel Solver. |If a poorly fitted pattern was
produced, comparing the trace with 2-theta angles in the PDF of minerals
(from the international centre for diffraction data, 1996) would yield a likely
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new mineral to add to the least squares routine (providing it has been
characterised in house). Mixed-layer minerals present a problem in that
peak positions shift depending on diagenetic maturity. In this case three
mixed-layer illite-smectites were used in the Excel Solver to calculate phases
with RO, R1 and R3 ordering. Two saponite minerals previously analysed at
MLURI were used to calculate tri-octahedral smectite abundance. Four
‘smectite’ minerals (strictly nontronite and montmorillonite) were used to
calculate di-octahedral smectite abundance. Pure ‘illite’ was resolved using
three illite varieties characterised previously at MLURI. The full-pattern fitting
method, therefore, represents the synthesis of various known and locally
characterised minerals that have been selected based on iteration with the
traces and the solution yielded by the Excel Solver. All traces for Rhum
3/29a4 and Magnus 211/12-2 are in Appendix 4.1.

The percentages of all the mineral species present in Rhum 3/29a4 and
Magnus 211/12-2 have been normalised so that they are free from the barite
assumed to be present in the non-normalised data as driling mud
contamination. Quartz exhibits a general background level between 20 and
40%, representing a large variaﬁon but is marked by a low zone between
1350m and 1950m, which is co-incident with inflated levels of tri-octahedral
smectite in the Tertiary samples and may be attributed to the Tertiary
volcanism that was prevalent in the region as the Atlantic opéned (Thyberg et
al, 2000; Ziegler, 1999; Hinz et al., 1992). Smectite is not a volcanic mineral
however smectite may form from the transformation of volcanic glass (e.g. de
la Fuente et al, 2002; Tomita et al, 1993 and preferences therein) and
specifically tri-octahredral smectite may form from andesitic pyroclastic rocks
(Son et al., 2001). Di-octahedral smectite (Figure 4.13) is also high in the
same zone, (see Table 4.3 & 4.4) however there is a general decrease in this
phase and the tri-octahedral smectite down the well, consistent with
diagenetic reactions (e.g. Hower et al., 1976, Boles & Franks, 1979).
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Figure 4.11: Plot of the raw data as measured by the Siemens D5000 diffractometer and the
Full Pattern Fitted results used to quantify mineralogy for characteristic sample Rhum 4830m
from Rhum 3/29a4.
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Figure 4.12: Plot between 20° and 45° 2-theta of the raw data as measured by the Siemens
D5000 diffractometer and the Full Pattern Fitted results used to quantify mineralogy for the
characteristic sample Rhum4830m Rhum 3/29a4.
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Table 4.3.‘Whole Rock Quantitative X-ray Diffraction analysis on samples from Rhum
3/29a4, using the full-pattern fitting method. The label I/S refers to the mixed layer phase

illite/smectite.
= b & Q 2 E
- P E B g £ 23 g 23
£ £ o o % o S T Qo = g5
g| @ & 2 e 3 5 g 2 £ -
e & x e o} &
950 | RO950-B  40.59 5.85 6.59 3.84 0.3/ 236 4.61  0.43 Tertiary
1050 | R1050-B 30.46 5.54 540 3.61 039 210 425 059  Tetary
1130 | R1130-B 18.83 6.05 4.63 1.79 047 122 216 0.54  Tertay
1250 | R1250-8 55.88 3.84 6.18 4.95 035 1.06 295 0.64  Tetary
1350 | R1350-8 9.95 7.71 443 0.66 049 160 829 053  Tetary
1450 | R1450-B 8.48 6.67 3.18 0.84 053 219 7.83 078  Tetay
1550 | R1550-B 7.54 7.34 3.67 1.23 0.54 239 9.49 057  Tetary
1650 | R1650-B 6.52 7.19 3.69 0.49 050 261 7.58 1.03 Tertiary
1750 | R1750-B  7.94 7.57 3.41 113 040 283 564 068  Tetary
1850 | R1850-B 8.53 819 3.23 071 024 259 814 075  Tetary
1950 | R1950-B 11.84 6.09 282 0.78 0.16 1.68 193 038  Tetary
2450 | R2450-B 23.87 9.25 3.85° 1.28 047 152 229 061 Tertiary
2550 | R2550-8 28.46 7.10 3.55 0.92 028 199 197 0.01 Tertiary
3060 | R3060-8 29.01 7.61 1.15 6.19 0.07 061 0.56 0.07  Cretaceous
3140 | R3140-B 32.56 7.06 1.83 473 041 119 223 056  Cretaceous
4300 | R4300-B 30.39 6.65 101 0.63 029 074 1.00 0.08 Cretaceous
4330 | R4330-B 24.19 434 126 072 014 045 056 0.17  Creteceous
4632 | R4632-B 29.18 3.58 1.47 220 2.07 469 269 055  Cretaceous
4650 | R4650-8 32.15 2.65 2.16 0.41 1.01 7.00 220 0.22  Cretaceous
4707 | R4707-B 85.44 1.36 0.00 0.14 049 3.79 050 0.05  Jurassic
4712 | R4712-8 1733 1.08 033 021 0.00 1033 1.51 000  lurassic
4771 | R4771-B 3628 0.52 052 0.2t 0.07 620 1.62 0.00  Jurassic
4830 | R4830-B 29.49 0.41 103 0.43 143 845 236 0.10  lumassic
E|l o £ °cg £¢ 2 o T 1
— —_— = o o E = = —_ pu)
=| B s ws3j .33 £ 5 0§ & LB
s| & S s "8k 8 5 - > o4&
Qo z gvn gV x O E
950 | RO950-B  9.04 0.00 18.03 250 521 0.58 100.00 35.37  Termary
1050 | R1050-8 10.01 5.34 1850 3.08 9.86 0.87 100.00 47.65  Tertiary
1130 | R1130-B 11.65 1.84 27.22 8.74 13.68 1.20 100.00 64.32  Tertiary
1250 | R1250-8 2.20 2.85 10.83 4.22 3.48 0.55 100.00 24.14  Teriary
1350 | R1350-B8 8.64 3.04 23.77 15.07 13.69 2.13 100.00 66.33  Tertiary
1450 | R1450-B 10.85 0.00 29.36 14.04 14.02 1.25 100.00 69.51  Tertiary
1550 | R1550-B 6.63 8.69 28.20 11.99 9.99 173 100.00 67.22  Tertiary
1650 | R1650-B  6.09 6.24 31.87 13.09 1137 174 100.00 70.39  Teriary
1750 | R1750-8  6.87 8.3 25.07 1529 1255 228 100.00 70.41  Teriary
1850 | R1850-8 3.57 6.06 32.81 13.78 9.86 1.54 100.00 67.62  Tertiary
1950 | R1950-8 8.57 16.16 32.41 9.01 585 232 100.00 7432  Tetary
2450 | R2450-8 13.73 5.83 16.29 8.67 7.28 5.05 100.00 56.85  Tertiary
2550 | R2550-B 10.71 15.43 12.44 10.56 261 3.97 100.00 5572  Terary
3060 | R3060-B 17.80 10.02 7.43 4.03 1055 4.91 100.00 54.73  Cretaceous
3140 | R3140-B 14.27 17.16 258 3.99 7.41 4.03. 100.00 49.44  Cretaceous
4300 | R4300-B 11.37 24.99 6.94 3.77 7.95 4.20 100.00 59.22  Cretaceous
4330 | R4330-B 11.34 28.69 4.46 6.23 10.48 6.96 100.00 68.16  Cretaceous
4632 | R4632-B  6.07 29.46 078 1.98 1446 0.80 100.00 53.56  Cretaceous
4650 | R4650-B 8.37 26.48 1.87 1.08 13.76 0.63 100.00 52.19  Cretaceous
4707 | R4707-8 2.96 ©0.00 219 0.00 277 030 100.00 821  lurasic
4712 | R4712-B  27.94 22.75 123 0.00 17.24 0.02 100.00 69.19  Jurassic
4771 | R4771-B  21.33 19.58 2.28 0.00 10.72 0.66 100.00 54.57 Jurassic
4830 | R4830-B  25.39 25.98 326 0.00 1.40 0.27 100.00 56.29  lurassic
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Table 4.4. Whole Rock Quantitative X-ray Diffraction analysis on samples from Magnus
211/12-2, using the full-pattern fitting method. The label I/S refers to the mixed layer phase
illite/smectite.

— Q — g .6
g o 8 2 I S a
Q2 (w] ] o = = =~
& & & & & 8 8 & & ® &k
1449 M054-B 0.45 17.34 5.17 0.75 0.53 1.11 1.75 0.00 Tertiary
1532 | M048-B 11.15 9.16 3.20 1.76 0.22 0.93 3.67 1.41 Tertiary
1567 M040-B  20.69 11.24 5.30 0.71 0.37 0.84 1.81 0.58 Tertiary
1580 | M034-B 26.22 12.62 7.82 0.53 0.57 0.61 2.33 2.46 Tertiary
1610 M021-B  19.53 6.31 3.48 4,70 0.28 0.64 1.26 4.25 Tertiary
1700 | M003-B 16.06 4,78 3.04 2451 0.21 0.80 1.64 2.67 Tertiary
1802 | M101-B 23.68 7.99 3.17 3.42 0.15 0.86 0.84 2.30 Cretaceous
2098 | M082-B 34.06 9.86 3.76 0.20 0.17 0.31 0.87 3.10 Cretaceous
2399.5 | MO77-B  36.33 10.65 4.46 0.27 0.15 1.05 1.32 3.89 Cretaceous
2606 | M073-B  29.12 5.68 2.44 2.10 0.10 0.46 0.91 4,80 Cretaceous
2709 | M089-B 32.36 8.53 2.65 4.32 0.17 0.66 1.29 3.65 Cretaceous
2775.5 { M069-B  30.08 5.79 2.48 2.89 0.07 0.73 0.95 5.06 Cretaceous
2880.5 | M087-B  36.50 4.98 3.22 1.11 0.10 0.39 0.99 4.51 Cretaceous
3035 | M190-B 26.64 6.43 1.14 8.21 0.11 1.05 1.17 4.61 Cretaceous
3220 | M175-B  17.63 5.57 4.05 1.27 0.96 3.21 7.10 2.79 Cretaceous
= 5 K = 3
Elog ot §riros o 3 i,
£ [=Y < £ 0O 5 £ ‘T - = B
% E S [ g “E, LY g g ° g 2 c? c b
a @ S = 8380 +oWw < (@] 2 o -y
1449 | M0S4-B 18.16 0.00 0.00 53.51 0.00 1.24 100.00 7291 Tertiary
1532 M048-B 14.60 5.87 22,09 20.21 3.60 2.14 100.00 68.50 Tertiary
1567 | M040-B  19.99 1.04 10.28 21.38 3.17 2.60 100.00 58.47 Tertiary
1580 | M034-B 14.09 6.85 7.53 13.25 3.12 2.00 100.00 46.85 Tertiary
1610 M021-B  16.13 8.06 16.05 6.44 10.58 2.29 100.00 59.55 Tertiary
1700 | M003-B 11.88 7.20 10.29 4.77 9.89 2.27 100.00 46.30 Tertiary
1802 | M101-B  14.58 9.98 16.18 4.38 9.37 3.12 100.00 57.59 Cretaceous
2098 M082-B 19.98 0.00 11.53 2.75 10.01 3.41 100.00 47.68 Cretaceous
2399.5 | M077-B  10.92 3.75 9.10 3.38 10.95 3.80 100.00 41.89 Cretaceous
2606 | M073-B  16.12 10.24 8.92 3.13 12.01 3.96 100.00 54.38 Cretaceous
2709 | M089-B 16.80 4.30 7.78 2.57 10.53 4.39 100.00 46.37 Cretaceous
2775.5 | M069-B 13.67 1248 6.60 434 11.14 3.73 100.00 51.95 Cretaceous
2880.5 | M087-B 13.94 10.32 13.09 2.13 6.66 2.04 100.00 48.18 Cretaceous
3035 | M190-B 14.39 12.81 4.44 3.76 11.22 4.02 100.00 50.64 Cretaceous
3220 | M175-B _ 16.60 7.90 15.02 3.50 12,71 1.68 100.00 57.41 Cretaceous

The carbonate fraction in the whole rock mineralogy is generally low and
shows no trend. Mixed-layer I/S shows a variable trend for both wells
(Figure 4.15) with a general increase, this increase has the over print of
diagenesis (e.g. Hower et al, 1976; Boles & Franks, 1979). The illite/mica
(Figure 4.16) which is detrital in origin, is quite variable. However, the
dominant control seems to be that of stratigraphy as there are no uniform
trends from one well to the other, which is characteristic of diagenesis.
Kaolinite (Figure 4.17) is persistent to the base of the wells and has a
variable trend that is not in keeping with most diagenetic profiles that have
kaolinite decreasing with increasing diagenesis. Equally, chlorite (Figure
4.18) is only present in a few percent so distinguishing a diagenetic trend
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from the overprint of detrital input is not possible. Pyrite (Figure 4.19), an
early diagenetic mineral, has a consistent trend with depth at only a few
percent but increases rapidly into the Jurassic, where it constitutes 6-10% of
the mineralogical make up. Clinoptilolite, a zeolite, is observable in all the
samples (Figure 4.20), elevated levels are contemporaneous with low quartz
and high di and tri-octahedral smectites, hinting at an igneous source either
directly from Tertiary volcanism or from weathering of igneous rocks on the
continental source area. K-feldspar exhibits a general decrease (Figure
4.21) with depth for both wells énd is almost depleted by the Juassic in Rhum
3/29a4. Plagioclase (Figure 4.22) is variable with depth and disappears in
the Jurassic. Plagioclase tends to be more common in sandstones than
mudstones (Lee et al, 2003). The diagenesis of plagioclase generally follows
~ that of K-feldspar and a source of Al for the illitization of smectite is
generated (e.g. Hower et al, 1976) but additionally plagioclases have been
demonstrated to be reprecipitated as Ca-enriched overgrowths (possibly
zeolites) and clays (Karner & Schreiber, 1993). This possibly explains the
presence of clinoptlilolite persisting to depth, well out of the Teriary volcanic

zone.

The dataset presented is complex due to the changes in sediment input type
and depositional environment over the period from the Jurassic to the
Tertiary. The variable sediment input appears to be the dominant control but
in parts diagenesis appears to play a role in the trends observed, however

there are no clear diagenetic increases or decreases (compare Chapter 2).

The effects of Tertiary volcanism in both wells are demonstrated by a
decrease in quartz and an increase in smectite and clinoptiliolite. The
Cretaceous has the most constant trends and is the only section that shows
diagenetic trends. The depth range is not enough to show complete
diagenetic profiles. In contrast, the Jurassic represents a completely
alternative environment with elevated pyrite levels and very low chlorite. If a
diagenetic profile was complete chlorite should be as abundant as in the
Cretaceous. As a consequence, differences in depositional environment and

181



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 4

associated sedimentary deposition are the dominant processes involved in
the Northern North Sea.
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Figure 4.13. Whole Rock Quantitative X-ray Diffraction analysis trends for Di-Octahedral
Smectite in Rhum 3/29a4 and Magnus 211/12-2.
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Figure 4.14. Whole Rock Quantitative X-ray Diffraction. analysis trends for Tri-Octahedral
Smectite in Rhum 3/2924 and Magnus 211/12-2,
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Figure 4.15. Whole Rock Quantitative X-ray Diffraction analysis trends for mixed-layer
illite/smectite in Rhum 3/29a4 and Magnus 211/12-2.
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Figure 4.16. Whole Rock Quantitative X-ray Diffraction analysis trends for end-member illite

in Rhum 3/29a4 and Magnus 211/12-2.
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Kaolinite in Rhum 3/29a4
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Figure 4.17. Whole Rock Quantitative X-ray Diffraction analysis trends for kaolinite in Rhum

3/29a4 and Magnus 211/12-2.
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Figure 4.18. Whole Rock Quantitative X-ray Diffraction analysis trends for chlorite in Rhum

3/29a4 and Magnus 211/12-2.
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Pyrite in Rhum 3/29a4
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Figure 4.19. Whole Rock Quantitative X-ray Diffraction analysis trends for pyrite in Rhum

3/29a4 and Magnus 211/12-2.
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Figure 4.20. Whole Rock Quantitative X-ray Diffraction analysis trends for clinoptilolite in
Rhum 3/29a4 and Magnus 211/12-2. .
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Whole Rock Quantitative X-ray Diffraction analysis trends for K-feldspar in

Figure 4.21.
Rhum 3/29a4 and Magnus 211/12-2.
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Figure 4.22. Whole Rock Quantitative X-ray Diffraction analysis trends for plagloclase in

Rhum 3/29a4 and Magnus 211/12-2.
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Table 4.5. Quantitative clay mineralogy in the <2um clay size fraction for Rhum 3/292a4.
Clino refers to the presence of Clinoptilolite and tri to the presence of tri-octahedral
smectites. Exp. may be read as the percentage of smectite in illite/smectite.

Relative percentage of clay minerals in the <2um clay size fraction
XRD pattern
Depth name lllite Chlorite  Kaolin lllite-smectite  *%Exp. Comments Age
1130 3-29A-4 1130 4 0 10 86 94 Tri Tertiary
1190 3-29A-4 1190 5 0 12 83 89 Tri Tertiary
: Fine-grained
1250 3-29A-4 1250 16 0 16 67 90 quartz Tertiary
1350 3-29A-4 1350 4 0 15 81 94 clino, tri Tertiary
1460 3-29A-4 1460 3 0 13 84 75 clino, tri Tertiary
1550 3-29A-4 1550 2 0 10 88 89 clino, tri Tertiary
1650 3-29A-4 1650 3 0 10 87 75 clino, tri Tertiary
1750 3-29A-4 1750 5 0 24 71 84 clino, tri Tertiary
1850 3-29A-4 1850 4 0 8 89 94 clino, tri Tertiary
1950 3-29A-4 1950 4 1 5 91 66 Tertiary
1990 3-29A-4 1990 3 1 2 94 75 Tertiary
2050 3-28A-4 2050 5 3 4 88 60 Tertiary
2160 3-29A-4 2160 6 0 15 79 84 Tri Tertiary
2250 3-29A-4 2250 8 1 5 87 75 Tertiary
2350 3-29A-4 2350 7 8 3 82 60 Tertiary
2450 3-29A-4 2450 7 6 4 83 49 Tertiary
2550 3-29A-4 2550 2 2 0 96 49 Tertiary
2740 3-20A-4 2740 19 8 6 66 49 Cretaceous
3050 3-29A-4 3050 16 10 6 68 45 Cretaceous
3500 3-29A-4 3500 17 9 10 64 45 Cretaceous
3980 3-29A-4 3980 0 0 0 0 45 - Cretaceous
4120 3-29A-4 4120 17 10 15 58 49 Cretaceous
4300 3-29A-4 4300 12 4 9 75 49 Cretaceous
4470 3-29A-4 4470 7 5 5 83 49 Cretaceous
4650 3-29A-4 4650 14 2 20 64 ) 35 Ordered Jurassic
*%Exp = percentage expandable layers in mixed-iayer illite-smectite

The mineralogy of clay minerals in the less than 2um clay size fraction for
Rhum 3/29a4 can be viewed in Tables 4.5 and Figures 4.23 to 4.27. The
bulk of the clay fraction is mixed-layer illite-smectite with varying percentages
of smectite, which decrease with depth and is diagenetic in origin as
described by the classic Gulf of Mexico studies by Hower et al. (1976) and
Boles and Franks (1979). Chlorite only appears below 1850m in the middle
Tertiary and therefore must be diagenetic in origin and increases in
abundance through the Cretaceous and then decline towards the Jurassic.
The sample at 4650m is the only Jurassic sample measured and it only
contains 2% chlorite. This is consistent with the measurements in the whole
rock quantification presented above. Kaolinite generally decreases through
the Tertiary and Cretaceous, the Jurassic sample has relative elevated levels
in comparison to the Early Cretaceous samples. The sudden increase in
illite in the down-hole trend coinsides with the boundary between the
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Cretaceous and the Tertiary. The temperatures down the profile consist
solely of corrected bottom hole temperature data, 104°C at 2927m, 130°C at
4405m, 150°C at 4710m and 151°C at 4865m.

Mineralogy of clay minerals in the less than 2um clay size fraction for
Magnus 211/12-2 may be viewed in Tables 4.6 and Figures 4.23 to 4.27.
The bulk of the less than 2um clay mineral fraction is composed of mixed
layer illite-smectite, with decreasing percentages of smectite in the mixed
layer phase as the diagenetic mineral reactions (Hower et al., 1976; Boles &
Franks, 1979) in the basin evolve as a function of increased temperature and
pressure. Kaolinite increases down the well, which is the reverse of the trend
‘documented in chapter 2 and may be a function of sediment input change
rather than solely a diagenetic change as there is a noticeable increase in
the Cretaceous compared to the Tertiary. Likewise, the illite concentration
increases at the same boundary point but the change is not as marked as
that observed in Rhum 3/29a4. In contrast to Rhum 3/29a4 the chlorite in
the less than 2um fraction is present from the top of the sampled section and
increases slightly with depth.

As with the whole rock mineralogy the effects of depositional environment
and sediment supply can be seen in the less than 2um clay size fraction of
the clay minerals (Figures 4.23 to 4.27). The low chlorite in the base
Cretaceous and Upper Jurassic and the high kaolinite concentrations diverge
from published diagenetic trends (e.g. Hower et al, 1976; Boles & Franks,
1979) and suggest the overprint of changing sediment type through time.
The decrease in the percentage of smectite in illite-smectite shows a rapid
decrease in the Tertiary and a more constant decrease through the
Cretaceous to a high termination value of ~35% S. The amount of K-feldspar

is depleted by this point in the system.
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Table 4.6. Results of the quantitative clay mineralogy in the <2um clay size fraction for
Magnus 211/12-2. Exp. May be read as the percentage of smectite in illite/smectite.

Relative percentage of clay minerals in the <2mm clay size fraction
XRD pattern lilite-

depth name lllite  Chlorite  Kaolin smectite %Exp* Comments Age

1000 211-12-2-1000 9 3 7 81 75 Clinoptilolite Tertiary
1100 211-12-2-1100 5 3 10 82 70 Clinoptilolite Tertiary
1200 211-12-2-1200 4 4 8 84 75 Clinoptilolite Tertiary
1300 211-12-2-1300 2 1 2 95 84 Clinoptilolite Tertiary
1350 211-12-2-1350 3 2 85 84 Clinoptilolite Tertiary
1413 211-12-2-1413 2 1 2 95 84 Tertiary

smectite is tri-
1449 211-12-2-1449 100 100 octahedral Tertiary
1475 211-12-2-1475 12 2 1 85 75 Tertiary
1525 211-12-2-1525 10 2 87 75 Tertiary
kaolin is
1572 211-12-2-1572 3 5 92 60 kaolin/smectite? Tertiary
1610 211-12-2-1610 9 5 9 77 66 Tertiary
1700 211-12-2-1700 10 6 7 77 66 Tertiary
1800 211-12-2-1800 10 5 12 73 60 Cretaceous
1907 211-12-2-1907 10 6 9 75 66 Cretaceous
1998 211-12-2-1998 11 5 12 72 66 Cretaceous
2100 211-12-2-2100 12 7 9 72 54 Cretaceous
2200 211-12-2-2200 10 6 7 77 60 Cretaceous
2300 211-12-2-2300 17 12 14 57 49 Cretaceous
2400 211-12-2-2400 18 9 15 58 54 Cretaceous
2490 211-12-2-2490 16 8 15 61 50 Cretaceous
2600 211-12-2-2600 19 10 12 59 49 Cretaceous
2710 211-12-2-2710 13 8 11 68 49 Cretaceous
2802 211-12-2-2802 12 7 10 71 49 Cretaceous
2876 211-12-2-2876 15 11 16 58 40 Cretaceous
2987 211-12-2-2987 11 8 13 €8 40 Cretaceous
3080 211-12-2-3080 18 7 14 61 40 Cretaceous
*%Exp = percentage expandable layers [smectite] in mixed-layer illite-smectite

% S in mixed-layer VS in Rhum 3/29a4 % S in mixed-layer VS in Magnus 211/12-2
% Expandability % Expandability
100 80 60 40 20 0 100 80 60 40 20 0
0 1 yl 1 i 0 i A L L
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+ + e X
T 2000 F———*= S 2000 ¥
£ o4 + £ x,’é
Q. a 8.
& 3000 o a 3000 ¥
4000 e 4000
B
A
5000 5000
+ Rhum 3/29a4 Tertiary 0 Rhum 3/29a4 Cretaceous
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A Rhum 3/29a4 Jurassic

Figure 4.23. %smectite in mixed-layer illite/smectite from the quantitative clay mineralogy in
the <2um clay size fraction for Rhum 3/2924 and Magnus 211/12-2,
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Mixed-layer V'S in Rhum 3/29a4 Mixed-layer VS in Magnus 211/12-2
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Figure 4.24. % of mixed-layer illite/smectite from the quantitative clay mineralogy in the
<2um clay size fraction for Rhum 3/29a4 and Magnus 211/12-2.
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Figure 4.25. % kaolinite from the quantitative clay mineralogy in the <2um clay size fraction

for Rhum 3/2924 and Magnus 211/12-2.
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Chlorite in Rhum 3/29a4 Chlorite in Magnus 211/12-2
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Figure 4.26. % chlorite from the quantitative clay mineralogy in the <2um clay size fraction
for Rhum 3/29a4 and Magnus 211/12-2.
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Figure 4.27. % end-member illite from the quantitative clay mineralogy in the <2um clay size
fraction for Rhum 3/29a4 and Magnus 211/12-2,
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4.3.2: High Resolution X-ray Texture Goniometry (HRXTG):
4.3.2.1: Rhum 3/29a4:

The pole figures associated with HRXTG recorded for samples from Rhum
3/29a4 are shown in Figure 4.32. The maximum intensity (m.r.d.) contours
for the I/S and C-K peaks along with the contour interval, the 2-theta
positions for the measured peaks and associated Ka average d-spacings for
Rhum 3/29a4, are presented in Table 4.7. The 2-theta positions for the I/S
peak range from 3.34° 2-O to 4.05° 2-O, for the C-K peak 2-theta positions
range from 5.52° 2-© to 5.95° 2-0. The associated d-spacings for these 2-
theta positions calculated by using the average Ka radiation of Molybdenum,
a weighted average (Brindley & Brown, 1980) and applying the Bragg
Equation [1] are presented in Table 4.7.

2dsin@=nl (1]
Where A is the wavelength for Molybdenum (Ka = 0.710730). This value is a
customary weighted average of Kay and Ka,, where Kay is taken to have
twice the weight of Kaz (Brindley and Brown, 1980).

As discussed previously, the intensity of the transmitted X-ray beam is not as
great as typically recorded for the samples presented in Chapter 2. This also
raises data quality issues. Figure 4.28 is an overlay of “2-theta scans” for
samples from Rhum 3/29a4. Four samples of increasing depth are plotted,
sample R1150 (Green line), sample R2550 (Blue line), sample R4707
(Brown line) and sample R4830 (Purple line) along with a run where no
sample was introduced to the X-ray beam (Black line). The figure clearly
shows the decreasing intensity recorded, especially so in the C-K peak
region (d= 7A). The deepest samples from the Jurassic have almost no peak
height'above the background (no sample), making peak identification and
analysis problematic. What is apparent from the 2-theta scans (Figure 4.32)
is the general scarcity of strong identifiable peaks in the d-7A region. The d-
10A peak is also somewhat weak but is identifiable and measurable in most
samples. These observations contrast strongly with the results presented in
Chapter 2. As a consequence, the ‘full scans’ were taken at the peak
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maximum in the d-7A region, but the low intensity of the peak resulted in a
large spread of 2-theta angles for the sample suite. The measurement at the
d-10A region was taken from a peak maximum where available. In the case
of no clear peak being produced a second 2-theta scan was performed, if no
peak was visible either no result was gathered or a cross reference with the
previously gathered XRD data was made and a d-10A position was chosen

based on XRD mineralogy.
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Figure 4.28. An overlay of “2-theta scans” for samples from Rhum 3/29a4. No sample
(Black line), sample R1150 (Green line), sample R2550 (Blue line), sample R4707 (Brown

line) and sample R4830 (Purple line).

Figure 4.29 shows fabric intensity as a function of depth. Three zones may
be identified. From 1000m to 2600m there is a weak fabric produced, not
more than ~2 m.r.d. and these fabric intensities are associated with a single
pole or with multiple poles (Figure 4.32). They are all Tertiary samples
Samples between 1050m and 2600m have wavy contour lines as plotted on
the equal area lower hemisphere projections (Figure 4.32) for both mineral
peaks. Also, where the fabric intensity is particularly low double or multiple
peaks are visible (e.g R1850 and R1050). The Cretaceous samples

measured between 3000m and 3140m show some variability. They have low
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to moderate fabrics (~1.8 to ~3.80 m.r.d.). and this change in fabric is also
co-incident with the changes in mineralogical characteristics presented
above. The samples from the Jurassic (greater than 4700m) have a variable
phyllosilicate preferred orientation that ranges from high to very high (Table
4.7). There are low intensities noted in several samples for their kaolinite +
chlorite peak. These results qualitatively confirm the XRD observation of
little chlorite in the Jurassic and are not a function of low d-7A intensity. The
samples in the Jurassic produced single poled projections, even when the
fabric intensity was relatively low, the exception being sample R4830 where
no C-K fabric was developed and this is evident from the pole figures (Figure

4.32).

Maximum Intensity (m.r.d.) }
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Figure 4.29 7fa7birirc; Maximiur‘r] intens}ty of fabric development in m.r.d. for the illite-smectite
and kaolinite-chlorite peaks with depth (m) for Rhum 3/29a4.
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Table 4.7 The maximum intensity (m.r.d.) contours for the I/S and C-K peaks along with
contour interval, the 2-theta positions for the measured peaks and associated Ka average d-
spacings for Rhum 3/29a4, nd refers to not determined for this peak. X refers to a re-cut of

the sample.

Ka ave.
Max. Max. d- Ka ave. d
Depth intensity | intensity Contour 2-Theta | 2-Theta | spacing | spacing

Sample ID (m) mrd 'I-S' | mrd 'C-K' interval mrd '|-S' 'C-K' '|-S' 'C-K'
R1050 1050 2.15 1.87 0.11 3.88 5.95 10.39 6.74
R1150 1150 2.08 1.95 0.11 3.83 5.55 10.50 7.21
R1850 1850 nd 201 0.11 nd 5.74 nd 7.04

R1850x 1850 2.28 nd 0.11 3.95 nd 10.17 nd
R1950 1950 2.21 2.05 0.11 3.92 5.64 10.23 7.07
R2550x 2550 2.18 2.04 0.11 4.05 5.64 9.94 Y
R3060 3060 1.81 1.81 0.10 3.45 5.55 11.78 7.32
R3060x 3060 2.18 2.45 0.11 3.34 5.52 12.06 7.25
R3140 3140 2.9 3.32 0.21 3.54 5.64 11.39 7.1
R3140 3140 3.83 333 0.21 3.64 5.55 11.03 7.18
R4707 4707 5.82 2.92 0.55, 0.11 3.83 5.77 10.43 6.86
R4712 4712 6.11 4.06 0.55, 0.33 3.89 5.64 10.27 7.02
R4712x 4712 6.08 3.99 0.55, 0.33 3.92 5.75 10.19 6.89
R4759 4759 4.85 4.32 0.45, 0.33 3.73 5.74 10.80 6.98
R4771 4771 6.05 5.19 0.55, 0.45 3.76 5.64 10.18 7.07
R4771x 4771 5.52 4.40 0.45 3.88 5.56 10.34 7:17
R4771xx 4771 7.15 nd 0.55 3.75 5.55 10.70 7.18
R4830 4830 6.27 2.07 0.55, 0.11 3.95 5.52 10.06 7.13
R4830x 4830 4.26 1.80 0.33,0.10 3.64 5.58 10.99 7.10

R4830xx 4830 4.82 nd 0.45 4.05 nd 9.86 nd

Rhum I/S Fabric vs CK Fabric [MRD]
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Figure 4.30. I/S against C-K maximum fabric intensity [m.r.d.] with a low correlation
coefficient of 0.2793 for Rhum 3/29a4. The red squares indicate the samples removed for

Figure 4.31.
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Rhum VS Fabric vs C-K Fabric [MRD]
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Figure 4.31. /S against C-K maximum fabric intensity [m.r.d.] with a high correlation
coefficient of 0.8758 for Rhum 3/29a4 after the anomalously low C-K fabric alignment in the
Jurassic samples were removed.

Figure 4.30 compares the I/S and C-K fabric intensities (m.r.d.) for Rhum
3/29a4. A low correlation co-efficient (0.2793) was calculated for the
correlation between I/S and C-K fabric intensity when all the data was
analysed (Figure 4.30). When the samples with very low C-K fabrics and
high 1/S fabrics are removed, the criterion being that the difference between
I/S and C-K fabric be less than 2.5 m.r.d. and/or no fabric was produced
evidenced by the pole figures presented in Figure 4.32, the correlation
coefficient changes from 0.2793 to 0.8758 (Figure 4.31). By removing the
samples where no chlorite is present, the correlations between the I/S and C-
K peaks for Rhum 3/29a4 approach the same correlations between peaks as
is tabulated by Matenaar (2002) and Ho et al. (1999).
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Figure 4.32: 2-theta scans and full pole figures for Rhum 3/29a4. Full pole figures are for the
illite/smectite and kaolinite-chlorite peaks the fabric alignment in m.r.d. is stated below the

pole figure.
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4.3.2.2: Magnus 211/12-2:

The pole figures plotted as equal area lower hemisphere projections for
Magnus 211/12-2 are shown in Figure 4.35, with associated data in Table
4.8. As for Rhum, the intensity of diffracted X-rays was low, but there is no
evidence that this has affected the pole figures and estimates of fabric
intensity. The “2-theta scans” in Figure 4.35 shows the peak at a d-spacing
of approximately 7A to be more pronounced than in Rhum 3/29a4 and this is
a reflection of the fact that QXRD reveals more chlorite and Kaolinite in these

samples.

Phyllosilicate preferred orientation was taken at 2-theta angles that ranged
between 3.17° 2-O© and 4.05° 2-O for the I/S peak and between 5.54° 2-©
and 5.83° 2-0O for the C-K peak. The Ka d-spacings for these angles are in
Table 4.8 and have been calculated in the same manner as for Rhum
3/29a4. Figure 4.33 is a plot of maximum intensity (m.r.d.) against depth for
this well, it shows a range of fabric development from 1.92 m.r.d. (no fabric
developed) to 3.81 m.r.d. (moderate fabric developed). There is a wide
range of fabric development at a any given depth. The pole figures produced
for this well (Figure 4.35) displays a mixture of wavy contour lines with weak

maximum poles developed (e.g. sample M2399) to perfectly centred pole
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figures with a clear ‘bulls-eye’ appearance. Fabric development is weak in
both the shallow and deeper samples down to 3220m. The two peaks give
comparable results for both I/S and C-K peaks and this visual observation
was corroborated when a correlation co-efficient of 0.7024 was calculated
when the I/S fabric intensity (m.r.d.) and the C/K fabric intensity (m.r.d.) were

cross-plotted (Figure 4.34).

The reproducibility is within ~0.5 m.r.d. for each sample and reflects the fact
that the technique measures on the scale of a square millimetre so the result
is an average alignment of phyllosilicates over that area. The variability at a
single depth is considerable in comparison to data from the Podhale Basin
(Chapter 2) and reflects the changes in grain size distribution between

samples.
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Figure 4.33: Maximum intensity of fabric development in m.r.d. for the illite-smectite and
chlorite/kaolinite peaks with depth for Magnus 211/12-2.
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Table 4.8. The maximum intensity (m.r.d.) contours for the I/S and C-K peaks along with
contour interval, the 2-theta positions for the measured peaks and associated Ka average d-
spacings for Magnus 211/12-2, nd refers to not determined for this peak. X refers to a re-
analysis on the same same cut as the original, r refers to a re-cut of the sample.

I

Max. intensity MRD |-S

Max. Max. Ka ave. d
Sample Depth intensity intensity 2-Theta 2-Theta Ka ave. d spacing 'C-
ID (m) mrd 'I-S' mrd 'C-K' 'I-S' 'C-K' spacing 'l-S' | K'
M1449 1449 nd nd nd nd nd nd
M1532 1532 nd nd nd nd nd nd
M1580 1550 1.92 nd 3.95 nd 10.25 nd
M1567 1567 2.47 nd 4.05 nd 10.01 nd
M1610 1610 2.39 2.17 3.92 5.58 10.29 7.21
M1610r 1610 2.28 nd 4.05 5.55 9.91 7.20
M1610x 1610 2.84 nd 4.14 5.74 9.72 6.98
M1700 1700 3.36 3.05 3.95 5.64 10.20 7.11
M1802 1802 2.42 2.24 4.05 5.77 10.04 7.04
M2098x 2098 1.99 nd 4.05 nd 10.04 Nd
M2399 2399 2.18 1.98 3.92 5.68 10.29 7.07
M2602 2602 2.91 2.86 3.89 5.77 10.45 7.04
M2602r 2602 nd nd nd nd nd nd
M2602r 2602 2.82 2.92 3.89 5.68 11.45 8.15
M2706 2706 2.63 2.21 3.92 5.62 10.29 715
M2706x 2706 2.28 2.12 3.95 5.74 10.33 711
M2706x 2706 2.23 2.19 3.64 3.26 11.20 12.51
M2775 2775.5 3.12 3.34 3.95 5.55 10.22 723
M2880r 2880 3.54 3.81 3.86 5.80 11.48 7.96
M2880 2880.5 3.13 3.71 317 5.77 12.74 6.96
M2880r 2880.5 nd nd nd nd nd nd
M3035 3035 2.62 2.65 3.94 5.70 10.30 v i
M3220 3220 3.62 3.22 3.75 5.83 10.80 6.93
M3220ar 3220 3.32 2.55 3.86 5.54 10.48 7.29
M3220z 3220 2.86 nd 4.05 5.71 10.93 8.01
Magnus VS Fabric vs C-K Fabric
: - |
y = 1.0207x - 0.1621 ° ‘
. R2 = 0.7024 . |
LDB 35 <
< / .
2 ®
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Figure 4.34. Fabric intensity of I-S and C-K for Magnus 211/12-2, with a good correlation
coefficient between I/S and C-K fabric of 0.7024.
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Figure 4.35. 2-theta scans and full pole figures for Magnus 211/12-2.Full pole figures are for
the illite/smectite and kaolinite-chlorite peaks the fabric alignment in m.r.d. is stated below
the pole figure.
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4.3.3: Backscattered Scanning Electron Microscopy (BSEM):

In describing the BSEM images collected in this study Rhum 3/29a4 and
Magnus 211/12-2 will be dealt with, for the sake of brevity, at the same time
as the observations and comments are directly applicable to both wells, even

though they are discrete wells.

The scales used to capture images varied from 250x to 10000x magnification
in order to assess the textural and mineralogical information on a variety of
scales. The BSEM images presented here are unfortunately not the whole
sequence, as 1-there was not enough material to sample the core material of
the Jurassic and 2- the samples were prepared from exceptionally small
pieces of cuttings material that did not produce good thin-sections for BSEM
analysis. The thin-sections were often ‘plucked and cratered’ and in turn this
caused the samples to charge under the electron beam even with the

addition of carbon tape and silver paint to remove the electron charge.

Nevertheless, the collected images (Figures 4.36 to 4.45) reveal some
interesting textures and relationships.  Detrital phyllosilicate grains are
predominantly ~3 to 20um thick (width) packets of mica (may be referred to
as illite) and chlorite (Figure 4.44). These initial packets are persistent to
depths and appear diagenetically inert. The fine-grained detrital (at the
surface/in the shallow samples) minerals predominantly illite/smectite are
active in diagenetic reactions (e.g Hower et al. 1976) referred to as

authigenic at depth and can be seen in all images as moderately sized
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packets of illite-smectite and as isolated grains below the resolution of
BSEM.  Figure 4.45 shows a 2pm thick (width) illite/smectite grain (EDS
traces consistent with I/S material, see Chapter 3) surrounded by other
grains I/S grains of a variety of smaller scales. These grains are resolvable
in this image to <0.1um. The sample from Magnus 211/12-2 from 1802.5m
(Figure 4.44) shows that the orientation of the detrital I/S has no visual

preferred orientation.

The preferred orientation in the shallow samples (Figures 4.36, 4.37, 4.43,
4.44 & 4.45), down to ~2550m in Rhum 3/29a4 and ~2000m in Magnus
211/12-2, is poorly developed as measured by HRXTG, the BSEM confirms
this visually. Sample R2550 shows little preferred orientation on any scale
(Figures 4.36 & 4.37), likewise, Figures BSEM 4.43, 4.44 & 4.45 (Magnus
211/12-2, 1700m, 1802.5m, 1802.5m respectively) show no preferred fabric
orientation. The deeper samples, from the Jurassic (R4712 and R4830,
Figures 4.38, 4.39, 4.40, 4.41 & 4.42 respectively), show a much clearer
visual preferred orientation. At low magnifications (Figures 4.38 & 4.41) it is
hard to pick out preferred orientations of phyllosilicate grains as they are
below the resolution of BSEM, so visual preferred orientations are defined by
the sample ‘splitting’ or ‘parting’ along lines perpendicular to maximum
effective stress as a function of either decompaction or drying but this is only
visible in the deep samples where fabric as recorded by HRXTG is high.
Higher magnifications (Figures 4.39 & 4.40) reveal that it is the alignment of
phyllosilicates, seen in these figures, bending and wrapping around quartz
grains, that give rise to a preferred fabric alignment.

Subrounded to subangular quartz grains typically ~5-30pm in diameter can
be seen breaking up the alignment of platy phyllosilicate minerals (Figures
4.36, 4.37, 4.38, 4.39, 4.41 & 4.44). The effects of large quartz grains on
preferred alignment is most stark in the samples where fabric is more greatly
developed (e.g. Figures 4.38, 4.39 & 4.41). The size of the images is an
important factor in the visual assessment of whether quartz has significantly
disrupted fabric alignment. The size of the images in this study are between
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200um by 150um to 12um by 8um, much smaller areas than are in fact
measured by HRXTG, as this technique measures on the mm? scale.
Therefore, although quartz can be seen to be disrupting fabric alignment, the
technique measures on such a scale as to negate these localised

disruptions.

Pyrite also disrupts fabric development where it is present in framboid form
(Figures 4.38, 4.39 4.40, 4.41 & 4.42). QXRD reveals pyrite is not present in
any significant quantities (more than 0.5%) until the Kimmeridge Clay
Formation of the Jurassic where percentages rise to ~10%. At these
percentages and in framboids form (as revealed by QXRD) fabric disruption
by pyrite becomes significant.

As has already been discussed anoxia was present in the Jurassic giving rise
to the pyrite seen in the BSEM images additionally conditions of low oxygen
would have been prevalent in low energy conditions. Therefore the amount
of coarse grained quartz input must have been low, Figure 4.38 (~17%
quartz by XRD), have relétively few large (10pum+) quartz grains. This allows
greater fabric development as there are less rounded or angular grains to
break up platy phyllosilicate packing. This is somewhat offset by the
presence of pyrite framboids for the reasons mentioned above. Depositional
information from the Cretaceous and Tertiary is a harder to ascertain as
there are so few micrographs from these samples. Although Figure 4.43
appears to show a lot of flocked material showing edge-to-face
characteristics as described by O'Brien & Slatt (1990). Similar random
orientations of smaller, less than 1um, clay mineral grains can be seen in
Figure 4.44.
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Illitefsmectite

S

Figure 4.36. Rhum 2550[m] x 1000 magnification. Pyrite cubes and framboids. The quartz
grain to the bottom right corner shows that the sample has been ‘plucked’ in preparation and
the bright spot on this grain is due to charging.

lllite/smectite 4

Figure 4.37. Rhum 2550[m] x 2000 magnification. A packet of illite/smectite in the centre of
the shot surrounded by quartz grains, isolated pyrite cubes are visible.
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Organic
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Illite/smectite

Figure 4.38. Rhum 4712.4[m] x 500 magnification. The alignment of grains running across
the image, decompaction/drying has cleaved the sample along the general phyllosilicate
preferred orientation. Pyrite framboids and quartz grains are breaking up the parallel
alignment of platy phyllosilicates. The black areas are organic material.

Organic

3

l; " | MA Neweastie Uni ;
Figure 4.39. Rhum 4712.4[m] x 1500 magnification. The image shows a sub rounded
quartz grain breaking up the alignment of phyllosilicate minerals, predominantly
illite/smectite. There are also pockets of pyrite growth.
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Figure 4.40 Rhum41.4] X 50 gification. Well developed pyrite framboids can
be seen breaking up the alignment of phyllosilicate grains, which are forced to bend around
them.

-

¥oes . Tlite/smectite grairts -
L : -~

Figure 4.41. | Rhum 4830,[m] X 2 mgification‘ Fabric is orientated left to right in the
image, quartz and pyrite can be seen breaking up this alignment and the sample has parted
along the line of the fabric in response to decompaction/drying effect. The black areas on

this image are organic material.
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Figure 4.42. Rhum 83[m] X 3500 mnification. Pyrite framboids with illite/smectite
bending and wrapping around them.

,&

=
4

‘ Illite/smectite

Figure 4.43. Magnus 1700 [m] x 5 mgnification. Angular quartz grains set in a matrix
of phyllosilicate minerals, predominantly illite/smectite, whose orientation is quite random.
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Figure 4.44. Magnus 1802.5[m] x 2000 magnification. Subround quartz grains surrounded
by a variable matrix of phyllosilicate grains and groundmass below the resolution of the
image. A large chlorite grain (arrowed) has undergone some replacement by pyrite and is
probably detrital in origin. To the right of the quartz grain highlighted are small pyrite cubes.
Areas of flocked illite/smectite are highlighted

Figure 4.45. ' Magnus 1802.5 [m] x 10000 magnification. The high magnification image
shows the morphology of an illite/smectite grain (centre left) that has been fractured. To its

left are smaller packets of phyllosilicates.

214



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 4

4.3.4: Porosity:
4.3.4.1: Mercury Intrusion Porosimetry (MICP)
: 4.3.4.1.1: Rhum 3/29a4 MICP:

The absolute porosities for Rhum 3/29a4 range from 44% at the top of the
section to as low as 14% at 3060m with the Lower Cretaceous at 22%. The
results are in Table 4.9 and plotted against depth in Figure 4.46.

The grain density measurements using the small pycnometer method were
not used in the analysis, rather a default grain density of 2.666 g/cm® was
employed. The grain density determinations proved inaccurate as the results
of the two quartz standards run at the same time as the sample analyses did
not fall into the +/-0.02 g/cm3 requirement of the method (Matenaar, 2002).
Additionally, the fact that the samples have a high percentage of smectite
means that the initial heating io 105°C prior to density measurement will
have caused the loss of interlayer water from smectite (Colton-Bradley,
1987).

Table 4.9. Porosity percent and associated depth for Rhum 3/29a4, as measured by
Mercury Intrusion Porosimetry.

| Depth  Porosity
[m] Percent
950 29
1050 35
1150 44
1250 42
1350 31
1650 28
1750 27
1850 30
1950 29
3060 14
3140 21
3550 . 22
4300 26
4330 22
4632 24
4650 22

The pore size distributions are in Figure 4.47. The pore size distributions
may be divided into unimodal and bimodal distributions. There are three
samples that show bimodal distributions, R1050, R1250 and R4330. These
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results suggest that the sample is a mixture of mud and sand/silt sized
material. The rest of the samples have a unimodal distribution that is
variable between 3 and 30nm and the cumulative porosity trends are

therefore quite similar in shape.

The porosities recorded at the base of the Cretaceous, 22%, 24% and 22%
(Table 4.9), are somewhat higher than would be expected for samples buried
to ~4500m. A value closer to 10% would be more realistic (Yang & Aplin,
1998) based on normal compaction trends. However, these sediments are

highly overpressured (lllife, 2005, pers comms).
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Figure 4.46. Porosity by Mercury Intrusion Porosimetry plotted against depth for Rhum
3/29a4.
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Figure 4.47: The red dots mark the pore throat sizes; the blue dots the cumulative porosity
for four samples of varying depths from Rhum 3/29a4. Rhum 1050, 1250 and 4330 show a

bimodal pore throat distribution.
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4.3.4.1.2: Magnus 211/12-2 MICP:

Porosities for Magnus 211/12-2 range from 44% at 1449m to 20% at

2775.5m. The trend of porosity reduction with depth are plotted in Figure

4.48 and are in Table 4.10.

Depth
[m]
1449
1532
1567
1580
1610
1700
1802.5
2098
2399.5
2602
2706
2775.5
2880.5

Porosity
Percent
44
38
38
44
37
29
23
22
24
20
29
20
25

Table 4.10. Porosity percent and associated depth for Magnus 211/12-2, as measured by

Mercury Intrusion Porosimetry.
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Figure 4.48. Porosity by Mercury Intrusion Porosimetry plotted against depth for Magnus

211/12-2.
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Samples presented in Figure 4.49 are representative distributions for
Magnus 211/12-2. Samples Magnus 101, 69 and 190 have a unimodal pore
size distribution. Magnus 89 is bimodal and appears to have sand/silt
material present based on the pore size distributions. The pore throat radii
for the unimodal distributions range from 7 to 30nm.

The porosity measured by MICP for Magnus 211/12-2 is in keeping with a
recent study on two adjacent wells, 211/13-1 and 211/13-3, by Worden et al.
(2005) who recorded porosities of 35% at 1615m and 22% at 3316m. In this
study 44% at 1449m is perhaps a little high given a normal compaction trend
where porosity is ~30% at 1km, however, where high levels of smectite in

illite/smectite exist 44% porosity in relatively shallow buried mudstones is not

exceptlonal (e.g. Worden, 2004).
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Figure 4.49. The red dots mark the pore throat sizes; the blue dots the cumulative porosity
for four samples of varying depths from Magnus 211/12-2. Magnus 89 shows a bimodal

pore throat distribution.

4.3.4.2: Porosity from the sonic log for Rhum 3/29a4:

The rationale for the addition of porosity data from the application of acoustic

impedance is that no porosity measurements were taken for the samples
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from the Jurassic. If an appreciation of porosity loss as a function of fabric
alignment is to be looked at porosity values in the Jurassic have to be

attained.
The Raiga-Clemenceau equation (1988)
@ =1/C(Adlog— Amatrix/ Atfluid — Ammatrix)

Where @ is porosity, At is the transit time from the sonic log, Atmatrix is the
transit time of the matrix and Affluid is the transit time of the pore fluid, was
used to calculate the porosity from the sonic log for the entirety of the profile
using a correction factor, C, of 1/1.60 (Figure 4.50). This was done as the
equation by Wyllie (1956), which equates transit time to porosity, has been
shown (Raymer et al., 1980) to give porosities that are too large for
unconsolidated sediments. The Raiga-Clemenceau equation does not work
for gas-filled sediments as this lowers sonic velocities (Hansen, 1996), but

there is no evidence that the sediments in this study contain gas.

The porosities range from around 35% between 1000 and 2000m, then
decrease to around 15%~20% between 2500 and 4500m. As the Jurassic
strata, below 4650m, are encountered porosity decreases to less than 10%.
There is good agreement at depths down to ~3500m with measured porosity
by mercury intrusion, though the samples at the base of the Cretaceous are

in less agreement.

Since the main aim of this section is to assess porosities in the Jurassic
Figure 4.51 has been included. It shows the porosity in only the Jurassic

samples below 4650m. The equation

®=1-(66.8/Adlog) !

used to calculate sonic porosities is from Okiongbo (2005) and is a
relationship between shale porosity and transit times determined from shale
cores using mercury porosimetry calibrated against transit times from sonic
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logs recorded from strata that are only Jurassic in age, including three
samples from Rhum 3/29a4. The porosities in the Jurassic calculated by

this method are around 5%.

Rhum 3/29a-4 Porosity (%)-Sonic Log

0 10 20 30 40 50
0 . L . A ;

500 A

Depth (m)

Figure 4.50. Porosity as calculated from the Raiga-Clemenceau equation from the sonic log
data. The red dots are measured porosity by mercury intrusion.

’ Porosity from sonic log
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Figure 4.51. The porosity in the Jurassic samples from Rhum 3/29a4 using the equation of
Okiongbo (2005).
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Diagenetic Controls on the Phyllosilicate Fabric of Mudstones : Chapter 4

4.4: Discussion:

The alignment of phyllosilicate grains in mudstonés and siltstones is
controlled by many different parameters. Grain size and effective stress
have been demonstrated to be the dominant control on compaction
(Matenaar, 2002) and therefore fabric alignment in the early stages of burial.
Previous fabric studies related to diagenesis (e.g. Ho et al., 1999; Matenaar,
2002) have impressed the point that grain shape and the nature of
depositional setting (e.g. Bennett et al., 1991) can have an effect on fabric
development. The mineral reactions associated with diagenesis (e.g. Hower
et al., 1976) have also been shown to effect fabric development (Ho et al.,
1999; Worden et al., 2005).

This discussion concentrates on the nature of the fabric development in the
Northern North Sea in the Rhum 3/29a4 and Magnus 211/12-2 wells in
response to changes in physical and mineralogical conditions as a function of
sediment supply, depositional environment, diagenesis and compaction by

porosity loss.

4.4.1: Depositional Environments and the Associated Mineralogical

Characteristics:

As has been discussed earlier the depositional environments in the Northern
North Sea from the Jurassic to the late Tertiary were quite variable, with
water depths and sediments sources changing, both in direction and content.
Low energy anoxic environments dominated the Jurassic (Underhill 1998;
Schwartz 1994) this is evident in samples from Rhum 3/29a4 where pyrite
grains and framboids are present in significant quantities (QXRD and BSEM
images). Matenaar (2002) has demonstrated that low sedimentation rates, in
low energy environments promote better initial alignment of phyllosilicates,
consequently, the high I/S fabric intensities may in part be interpreted as
having been aided by fabric alignment conducible environments and original

222



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 4

depositional characteristics such as laminations may have been preserved
as a direct result of anoxia halting bioburbation of the fresh sediment.

The mineralogical characteristics of the Jurassic are exemplified by the
abundance of pyrite material (FeS,) that is not seen anywhere else in the
younger sections in any significant quantities. Also, QXRD reveals that
chlorite percentages are very low; this could be as a result of different
mineral pathways during diagenesis at depths up to ~4700m, or as a result of
different source material entering the Jurassic system compared to the
Cretaceous and Tertiary. Nevertheless, the low percentage of chlorite has
had an effect on the quantification of fabric as maximum pole densities
cannot e gathered in the absence of a phase.

Quartz percentages in the mudstones sampled is very variable between 17
and 85% and represents the fact that the material used in this study was
extracted from siltstone/mudstone layers within the reservoir units and
therefore has variable mudstone/siltstone/sandstone characteristics. Further,
this suggests that even though anoxia was persistent in producing sulphur for
pyrite formation there was some variability in sediment supply, consistent
with a fluvio-deltaic setting in which depositional processes are complex and
forced by flooding (storm action), tidal and current activities (Reading &

Collinson, 1996).

The Cretaceous and Tertiary samples differ greatly from those of the
Jurassic and have had a variety of depositional environments and sediment
inputs. The Tertiary volcanism associated with the opening of the Atlantic
(Ziegler, 1999) saw exceptional source materials introduced to the Northern
North Sea Basin (Thyberg et al, 2000), whereas the Cretabeous was a time
of carbonate production interspersed with siliciclastic mudstone deposition
(Glennie, 1990). Clearly from the QXRD results anoxia was not as prevalent
as in the Jurassic and the literature (e.g. Oakman & Partington 1998;
Brewster & Dangerfield 1994) suggests that seas were deeper and more
carbonate rich than the Jurassic. This led to entirely different depositional
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environments which, due to the increased energy of the system, would have
required clays to be deposited by flocculation (e.g. Chamley, 1989; Kranck,
1991) in estuary settings and by organo-mineralicc aggrages in the open
ocean and probably different sediment source areas too resulting in little or
no enhanced depositional aid to fabric development from the Late Jurassic

onwards.

Mineralogically, the samples of the Cretaceous are the most consistent, in
that they show constant trends with depth (Table 4.3 & 4.4) either increasing
or decreasing as a function of the various diagenetic reactions at play. This
hints at a relatively consistent sediment regime throughout the Cretaceous,
or as consistent as one could hope for in a diagenetic study. At ~2000m
thick this equates to a ~60°C temperature difference from the top of the
section to the base (30°C/km geothermal gradient, see chapter 5 for details),
which is insufficient to further “explore these changes in relation to

diagenesis.

The QXRD in this study shows that there are elevated levels of tri-octahedral
smectites in the Tertiary and this implies that source areas and materials
changed through time. The high levels of tri-octahedral smectites are co-
incident with decreased levels of quartz and illite/mica suggesting some
volcanic material input from the Tertiary opening of the Atlantic (Ziegler,
1999; Thyberg et al, 2000 and references therein) either from fallout from
volcanic dust clouds with volcanic glass altering to smectite (e.g. Son et al,
2001) or through normal sedimentation regimes fed with sediment generated
from the spreading centre to the west of what is today the Northern North
Sea. This volcanic source is further evidenced by the presence of elevated
levels of clinoptilolite, a zeolite, which commonly occurs as a devitrification
product of volcanic glass shards in tuff and as vesicle fillings in basalts,
andesites and rhyolites, with organic-acid dissolution of feldspars the most
probable source of aluminium and cations for clinoptilolite formation (Huggert

et al, 2005).
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In any diagenetic study an appreciation of the starting materials must be held
in mind. Sedimentation regimes have been demonstrated to have varied for
the Northern North Sea from the Jurassic to the Late-Tertiary so
phyllosilicate mineralogy at the time of deposition can be related to sediment
provenance and facies (e.g. Weaver, 1989). This then leads to
complications in interpreting diagenetic trends with depth and age, these
complications then extend to the physical properties of the rocks and effects
that variability in composition will have on fabric alignment.

4.4.2: Diagenetic Changes:

In assessing the fabric alignment of phyllosilicate minerals in mudstones, it is
essential to have an underétanding of the mineralogy of mudstones, since
'previous studies (Oertel & Curtis, 1972; Curtis et al, 1980; Ho et al, 1995;
van der Pluijm et al, 1998; Jacob et al, 2000; Matenaar 2002; Aplin et al,
2003; Charpentier et al, 2003) have shown the significance of diagenesis on

fabric development.

Most sedimentary basins exhibit the transition from smectite to mixed layered
illite/smectite to illite (Perry & Hower, 1970; Hower et al, 1976; Boles &
Franks, 1979; Pollastro, 1985; Ahn & Peacor, 1986; Bell, 1986; Land et al, -
1987; Jiang et al, 1990; Eberl, 1993; Schegg & Leu, 1996; Nieto et al, 1996;
Wang et al, 1996; Rask et al; 1997; Land et al, 1997; Lynch, 1997; Hover et
al, 1999; Masuda et al, 2001; Son et al, 2001;). Essentially, smectite is
converted to illite as in the equations listed below, with a source of potassium

as a fuel for the reaction.

Smectite + AI** + K* = lllite + Si** (Hower et al, 1976)
Or
Smectite + K* = lllite + Chlorite + Quartz + H* (Boles and Franks, 1979)
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The difference between the equation postulated by Hower et al (1976) and
by Boles and Franks (1979) is that Hower et al view the sedimentary system
as a closed system with respect to potassium, whereas Boles and Franks
see the reaction as essentially the “cannibalization” of smectite to form illite.
The progression towards lower smectite percentages in the diagenetically
formed mixed layer phase illite/smectite may be tracked through X-ray
diffraction (Moore & Reynolds, 1997) on the separated clay fraction (<2um)
and the relative percentages point to the relative grade of diagenesis

encountered.

lllitization of smectite is controlled by various parameters, temperature (e.g.
Freed & Peacor, 1989), time (e.g. Srodon & Eberl, 1984; Velde, 1995),
pressure (e.g. Srodon and Eberl, 1984; Buryakovsky et al, 1995), potassium
availability (e.g. Hower et al, 1976; Moore and Reynolds, 19@7) and the
chemistry of pore fluids (e.g. Drief & Nieto, 2000). The stoichiometry has
been examined for Gulf of Mexico by various workers (e.g. Land et al, 1987;
Lynch, 1997; Land et al, 1997). The kinetics of the reaction is a study in itself
and has been assessed by various authors (e.g. Vasseur & Velde, 1992;
Huang et al, 1993; Hillier et al, 1995; Elliott & Matisoff, 1996, Elliott et al,
1999) with a unifying kinetic model still elusive.

The XRD analysis of the samples from the Northern North Sea for wells,
Rhum 3/29a4 and Magnus 211/12-2 (presented previously), reveal that there
is an increase in the percentage of illite in illite/smectite with increasing depth
(Figures 4.23, 4.52 & 4.53). There are distinct differences in mineralogy
between the Tertiary, Cretaceous and Jurassic, so discussing the profile as
continuous reaction series is perhaps misleading. To compare the Jurassic
with the Tertiary is not to compare like with like, the Jurassic is characterized
by mineralogy consistent with an anoxic regime and the almost complete lack
of chlorite seen in both the XRD and the 2-theta scans in HRXTG, either
diagenetically produced or as initial detrital input. The Tertiary is swamped
with volcanic alterating products such as clinoptilolite and diftri-smectite from
the alteration of volcanic glass (Son et al., 2001) associated with the opening
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of the Atlantic (Ziegler, 1999). The illitization of smectite reaction has not
run to the usual termination point by the base of the sections, which is
usually at 80% of illite layers (e.g. Hower et al, 1970; Bell 1986; Rask et al,
1997) in the mixed layer phase illite/smectite. The Jurassic samples from
Rhum 3/29a4 are hot enough (~150°C) to reach the termination of the
reaction at greater than 80% illite layers (Weaver, 1989). The key to
smectite in illite/smectite at 35% persisting to these temperatures appears to
be related to K-feldspar dissolution, the key driver in the illitization of smectite
(e.g. Boles & Franks, 1979; Hower et al.,, 1976). In Rhum 3/29a4, the
illitization limiting factor appears to be K-feldspar availability, as in the
deepest samples the amount of K-feldspar has decreased to almost zero
from initial levels of more than 6%, this is consistent with other studies on
potassium availability (e.g. Hower et al, 1976; Moore & Reynolds, 1997;
references therein). Therefore, Rhum 3/29a4 may in fact represent a
partially complete diagenetic pattern in each Period similar to those observed
in the Gulf of Mexico (e.g. Burst, 1959; Hower et al., 1976) and the North
Sea (Pearson et al., 1982) but be limited by potassium input to the basin at
the time of sedimentation.
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Figure 4.52. lllitization of smectite terminating at ~40%S layers in Rhum 3/29a4, left, and
the depletion of K-feldspar to less than 1%, right. The temperature data come from
modelling Rhum 3/29a4 in Genesis 4.8, see chapter 5 for details.
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The deepest samples from Magnus 211/12-2 (110°C) have illite at 60% of
layers. Atthe equivalent temperature in Rhum 3/29a4 illite comprises 55% of
layers, the additional 40°C associated with the additional core depth for
Rhum 3/29a4 only sees a further decrease in smectite of around 10%, so
illite is comprising 65% of layers. Since the temperature in Magnus 211/12-2
is only 110°C and K-feldspar has not been completely depleted it appears
thaf the reaction in this well has some way still to run. Consequently, Rhum
3/29a4 and Magnus 211/12-2 appear to represent incomplete illitization of
smectite at their bases for differing reasons.

There are potentially other mineral reaction pathways at play in the basin,
meaning that the ‘classic’ illitization of smectite (after Hower et al, 1976) is
retarded. This latter point is worth exploring as there is evidence from
studies by Merriman and Peacor (1998) and Merriman (2002) that tri-
octahedral 2:1 smectites may form chlorites via the mixed layer phase

corrensite, a mixed-layer chlorite-smectite (Figure 4.54).

% Expandability (%S in mixed-layer VS) K-Feldspar in Rhum 3/29a4 and Magnus 211/12-2
0 20 40 60 80 100
0 * : . . K-Feldspar [%)
0 2 4 ] 8
0 L L L
25
— 25
O,
2 o)
8 0 0
3
8 50 o F 50
5 ° ! o
- g8 § Lo o o
T o. 8 75 x
& o -
a o 5 X
£ 75 X o
g X § 100 X
E 3
2 x E] X X
x* s
100 % 125
X
X
%
150
125 ‘
o Magnus 211/12-2 Tertiary
x Magnus 211/12-2 Cretaceous [0 Magnus 211/12-2 Tertiary X Magnus 211/12:2 Cretaceous |

Figure 4.53. lllitization of smectite terminating at ~40%S layers in Magnus 211/12-2, left,
and the incomplete depletion of K-feldspar, right. The temperature data come from modelling
Magnus 211/12-2 in Genesis 4.8, see chapter 5 for details.
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Cretaceous tri-octahedral smectite is not elevated in the same way that it is
in the Tertiary. Therefore, Magnus 211/12-2 appears to simply be not buried

deeply enough to attain the necessary temperatures in this part of the basin.

In addition to the illitization of smectite, as has been demonstrated in Figure
4.54 there are other diagenetic reactions happening in sedimentary basins to
a greater or lesser extent. Boles and Franks (1979) have written their
reaction, stated previously, to include the formation of chlorite from the
illitization of smectite but equally, chlorite can form from kaolinite and
smectite (Merriman 2002; Weaver, 1989) in response to burial diagenesis.
There is no evidence that kaolinite is produced in diagenetic phyllosilicate
reactions but it may form from the alteration of K-feldspar (Weaver, 1989),
however, kaolinite may be persistent to high temperatures, 180°C+ (Dunoyer
de Segonzac, 1970), so it may be inert in the system.
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Figure 4.54. (After Merriman, 2002). The heavy arrows indicate main reaction progressions.
The diagonal arrows indicate products contributed from one series to another. The
approximate positions of reactants and products are shown in relation to metapelitic zones.

Time (Srodon & Eberl, 1984; Velde, 1995) is another limiting factor in the
context of the kinetics (Velde & Vasseur, 1992; Huang et al, 1993; Hillier et
al, 1995; Elliott & Matisoff, 1996; Elliott et al, 1999) of the illitization of
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smectite. Recent sediments simply do not have the time to reach diagenetic
maturity; sediments with rapid burial histories may also be likewise affected.
Since the deepest samples in both wells are Jurassic in age time in this case

is not going to be a relevant cause of incomplete illitization.

The results from the less than 2um fraction shows that illite/smectite is less
prevalent in the deeper samples and that the general trend is a decrease in
both wells from around 90% in the Tertiary to around 60% of material in the
Jurassic (Figure 4.55). This is accompanied by the fact that the free illite in
the less than 2um fraction (Figure 4.55) is increasing from around 2% to
around 18%. Due to the particle size under consideration this may be
viewed as a diagenetic effect and it may be interpreted that some percentage
of illite in the deeper samples has formed at the expense of mixed-layer illite
smectite. This observation is entirely in keeping with those of Pollastro

(1985).

The imprint of diagenesis is not entirely clear. Kaolinite in most diagenetic
sequences around the world that are related to the illitization of smectite
show a decrease with depth (e.g. Srodon et al, in press; Boles & Franks,
1979, Hower et al, 1976). In Rhum 3/29a4 the trend has a decrease in the
Tertiary followed by an increase in the Cretaceous. The Tertiary observation
may be related to elevated levels of clinoptilolite and di/tri-octahedral
smectite (e.g. Figures 4.13, 4.14, 4.20 & 4.57). Likewise in Magnus 211/12-2
the increase in kaolinite through the Tertiary and Cretaceous which again is
inconsistent with accepted trends of diagenesis and appears linked once
again to elevated di/tri-octahedral smectite concentrations.

Chlorite increases in both the Tertiary and Cretaceous in Magnus 211/12-2
as is predicted by the diagenetic reactions stated by Hower et al (1976) and
Boles and Franks (1979), however, this is not accompanied by coincident
kaolinite decrease. Chlorite increase in the Cretaceous of Rhum 3/29a4 may
be related to the smectite to chlorite reaction pathway (Figures 4.54 & 4.58)
postulated by Merriman (2002), since the change in the %l in I/S slows
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considerably through the Cretaceous. Chlorite levels are particularly low in
the Jurassic and Tertiary in Rhum 3/29a4 and points directly to the variation
in sediment source as being the dominant control over that of diagenesis in
assigning the mineralogical trends with depth. Separating the effects of
diagenesis from sedimentary input variation is not possible in these wells.
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Figure 5.55. % mixed-layer illite-smectite in Rhum 3/29a4, left, and Magnus 211/12-2, right.
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Figure 4.56. Free illite taken from the <2um fraction by XRD with depth [m] for Rhum
3/29a4, left, and Magnus 211/12-2, right.
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Figure 4.57. Chlorite in the <2um fraction by XRD with depth [m] for Rhum 3/29a4, left, and

Magnus 211/12-2, right.
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Magnus 211/12-2, right.
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4.4.3: Controls on fabric development:

There is a general link between grain size and depositional energy in
sedimentary systems (e.g. Hjulstram 1935; Bouma, 1962). Essentially, the
lower the energy of deposition, the smaller the grain size and this relationship
has been recorded variously (e.g. Chamley, 1989; Aplin, 2000). The
deposition of phyllosilicates and fine-grained muds in general is controlled by
the energy of their environment. Studies (e.g. McCave, 1970; McCave,
1971; Schieber, 1998) have demonstrated that deposition of phyllosilicates is
not limited to low-energy regimes, as flocculation of heavier silt or sand sized
aggregates facilitates deposition where a single grain will remain in
suspension (Chamley, 1989; Kranck, 1991). Flocculation can form many
phyllosilicate microstructures that may be described as non-aligned with the
resultant affect that there is no initial preferred orientation of platy
phyllosilicates (e.g. Rieke & Chilingarian, 1974, O’Brien & Slatt, 1990;
Bennett, et al, 1991). Additionally, initial preferred alignment may be further
disrupted by bioburbation (e.g. Bennett, et al, 1991).

The Jurassic samples in this dataset may be candidates for depositionally
enhanced fabric development, with anoxia retarding bioturbation activity in a
generally low energy regime. It should be noted that by QXRD, the low
energy environment has not preferentially selected phyllosilicates at the
expense of quartz. Figure 4.59 reveal that the Jurassic sample from Rhum
3/29a4 at 4830m has less and finer quartz material than a Cretaceous
sample at 2550m, with the deeper sample having a more aligned
phyllosilicate matrix as a visual observation and quantified by HRXTG (Table

4.7).

In more energetic regimes such as those of the Cretaceous and Tertiary the
deposition of fine-grained clay sized phyllosilicates would have been through
flocculation.  Flocculation then may result in initial non-alignment of
phyllosilicates (e.g. O'Brien & Slatt, 1990; Bennett et al, 1991) at deposition,
however how long clay flocs are retained first in bioburbation conditions and
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second in burial conditions is debatable. Sintubtin (1994) has postulated that
such structures were short lived, although this study has found flocculated
material persistent to ~3000m (Figure 4.60) and Matenaar (2002) has poor
preferred alignments in phyllosilicates down to ~5000m in the Gulf of Mexico.

WS TR L -

n\ 1

A Yiterstfootite
T

>

Organic
material

L

Figure 4.59. The top image is Rhum 2550m (Cretaceous) at 2000x magnification. The
bottom image is Rhum 4830m (Jurassic) at 2000x magnification. The Jurassic sample from
Rhum 3/29a4 has less and smaller quartz material than the sample from the Cretaceous at
2550m and the difference in grain size at the same magnification is obvious.

The BSEM images presented previously demonstrate that grain size and
grain shape have a significant impact on fabric alignment. Quartz which can
vary in shape from angular to well-rounded and in grain size from clay to silt
size disrupts fabric development and various micrographs depict small platy
phyllosilicates bending and wrapping around larger quartz grains. Ultimately,
the potential for fabric alignment disruption is a function of size (Matenaar,
2002), abundance and whether the quartz material is in laminations, as
isolated grains or the dominant component in a clast support matrix structure.
Such laminations may be thick, thin, wavy or lenticular (O'Brien & Pietraszek-
Mattner, 1998; O'Brien & Slatt, 1990) and their effect on fabric
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measurements is dependent on them being significant on the 1mm? scale,
the surface interaction area in HRXTG. The BSEM micrographs presented
in this chapter show all of the above quartz structures and occurrences. Yet
due to the low percentages of quartz present relative to total clay minerals
the overall effect on preferred orientation of phyllosilicates by localised matrix
supported quartz material is low. Pyrite and specifically pyrite framboids do
not usually have a significant effect on fabric as they are not present in
significant enough quantities to disrupt fabric. However, when their presence
is as high as ~9% in the Jurassic of Rhum 3/29a4 it becomes a significant
localised factor in the disruption of fabric. A couple of high magnification
BSEM images presented earlier show that although the pyrite framboids
appear to be quite porous they are extremely resistant to the effects of
loading and maintain their rounded form at great depths causing
phyllosilicates to bend and wrap around them, although their affect will be

similar to quartz on the scale of HRXTG technique.

Figure 4.60. Samples from Magnus 211/12-2 at 1700m (top image) and 1802m (bottom
image) at 5000x and 10000x magnification, respectively, showing the flocculation of
illite/smectite particles persisting to present day burial depths.
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The fact that there is a correlation between mineralogical change and fabric
development with depth or at least increasing stress (e.g. Oertel & Curtis,
1972; Curtis et al, 1980; Ho et al, 1995; 1999; van der Pluijm et al, 1998;
Jacob et al, 2000; Matenaar 2002; Aplin et al, 2003; Charpentier et al, 2003.
Worden et al., 2005) suggests that there is a significant role for diagenetic
mineral reactions in the development of preferred alignment of
phyllosilicates. The samples from the Podhale Basin (Chapter 2) showed
that in deep burial situations fabric development is linked to diagenesis. In
this study where the samples are shallow buried and the effects of sediment
loading are not as acute as in the Podhale Basin the effects of diagenetic
reactions certainly in the Tertiary samples are less clear. As diagenesis
proceeds through the Cretaceous samples the effects may be heightened,
however the percentage of smectite in I/S is ~60% in both Rhum 3/29a4 and
Magnus 21 1/12-2 s0 the distribution of layers is still randomly interstratified.

In this study, the effects of diagenesis in the formation of phyllosilicate
preferred orientation are overshadowed by the effects of different sediment
regimes through time. Consequently, the role of diagenesis in the preferred
alignment of clay minerals in mudstones cannot be unravelled in this study.
What can be noted is there is only a weak preferred alignment generated in
the smectite-rich samples of both wells down to ~2500m. There is some
evidence for incomplete illitization within the Cretaceous samples of Rhum
3/29a4 associated with a very small increase in preferred orientation
alignment. A similar trend was noted by Worden et al (2005), however, the
Cretaceous alone is not a thick enough (~2000m) or hot enough (~60°C
temperature difference) sequence to fully observe the characteristics of
illitization on preferred alignment. The Kimmeridge Clay Formation has
generated extremely well aligned fabrics but discerning the imprint of
depositional effects from those of diagenesis cannot be made.
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4.4.4: Fabric and compaction trends:

With increasing loading porosity reduction will dccur. Porosity decreases
with increasing burial depth (e.g. Athy, 1930; Hedberg, 1936; Dzevanshir et
al, 1986) and hence increasing effective stress and temperature needed to
drive diagenetic mineral reactions. However, porosity reduction is a trade off
between the rotation of grains (e.g. van der Pluijm et al, 1994), and grain size
(e.g. Matenaar, 2002), grain shape (e.g. O'Brien and Slatt, 1990) and sorting
effects (e.g. Weaver, 1989). Dissolution-recrystallisation reactions (e.g.
Inoue et al, 1987; Moore & Reynolds, 1997) in mineral diagenesis and
effective stress (e.g. Yang & Aplin, 2004) are also significant. Lithology and
overpressuring will have a significant bearing on porosity reduction, with

overpressuring holding pore structures open.

These caveats notwithstanding, there is a general relationship in this study
between porosity reduction and fabric development. A weak fabric that is no
greater than ~3 m.r.d. is developed with porosity at greater than 30% and
these approximately correlate with Tertiary samples. An intermediate zone
may be identified between 30% and 15% porosity and is characterised by
variable preferred alignment that ranges from weak to moderate and
correlates with the Cretaceous. A third zone with less than 15% porosity is
associated with é strong to very strong preferred alignment of phyllosilicates

and is entirely comprised of Jurassic samples (Figure 4.63).

High fabric and high porosity is not occurring in these samples, contrary to
some observations made my Matenaar (2002). The results of this study are
consistent with the depth-fabric-porosity study of Aplin et al (2003). The
nature of the relationship between fabric and porosity in the Cretaceous
samples of this study, 25% to 15% and 2.5 m.r.d. to 4.5 m.r.d., is similar to
that described by Worden et al. (2005) for the Cretaceous of the Northern
North Sea. Starting porosities of 44%, by MICP, at ~1000m are indicative of
shallow buried sediments and are in line with porosity depth trends for the
North Sea (Sclater & Christie, 1980) from sonic logs in normal pressure
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systems. As a result the lack of preferred alignment of phyllosilicates in the
Tertiary and Cretaceous as porosity is reduced must be as a result of
depositional characteristics that are not conducive to aiding initial
phyliosilicate alignment, these characteristics such as flocs of phyliosilicates
have been seen in BSEM micrographs to be present even to ~3000m and
porosities of ~20%.
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Figure 4.61.

I'S Maximum Pole Density in m.r.d. plotted against percent porosity as

recorded by Mercury Intrusion Porosimetry for Rhum 3/29a4 and Magnus 211/12-2 and the
porosity from the Sonic Log (calculated using the Raiga-Clemenceau (1988) equation) and
the Density Log (calculated using the equations derived by Okiongbo, 2005) for Rhum
3/29a4.
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" The Jurassic samples are very different in character to those of the
Cretaceous and Tertiary in terms of their response to loading and porosity
reduction. The depositional characteristics of the Jurassic samples have the
biggest effect on their response to loading, as the potentially inherited
preferred orientation of phyllosilicates and the relatively reduced size of the
quartz material, relative to the Cretaceous and Tertiary, has aided the
packing together of grains and therefore the porosity produced as a function

of effective stress.
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4.5: Conclusions:

This study has noted that there are significant differences in mineralogy
between samples from the Tertiary, Cretaceous and Jurassic for both
Magnus 211/12-2 and Rhum 3/2924. The Tertiary is characterised by high
smectite concentrations along with clinoptilolite and have been interpreted as
alteration products of sediments related to the Tertiary Volcanism of the
Northern Atlantic. The Cretaceous represents the least variable period in
terms of mineralogy. The Jurassic shows signs of a much different
depositional environment to the Tertiary and Cretaceous. Anoxia produced

high pyrite concentrations that characterise samples from the Kimmeridge

Clay Formation.

The diagenetic trends in Magnus 211/12-2 and Rhum 3/29a4 are unclear.
The effects of variable sediment input are too strong to note changes related
to diagenesis and the variable input has meant that one period to another
cannot be treated as a continuous sequence. Notwithstanding, the illitization
of smectite has terminated at ~40% of smectite layers in Rhum 3/29a4 and is
co-incident with K-feldspar depletion. Diagenetic mineral reactions are
incomplete in Magnus 211/12-2 as temperatures and burial depths are not

high enough to facilitate complete reaction.

Fabric intensity has been shown to increase quantifiably with depth for both
mineral peaks and in both wells and may be grouped into Tertiary,
Cretaceous and Jurassic zones. The fabric intensity has increased from no
fabric development to a clearly preferred orientation. Preferred phyllosilicate
alignment is dependent on the nature of initial depositional mechanism
highlighted by the difference between the Tertiary/Cretaceous and the
Jurassic in this study. The development of fabric orientation is enhanced by
loading (the vertical component of effective stress) and is the key to the
preferred fabric intensities seen with depth in these wells. However, weak

fabrics are persistent to 3km.
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Overall these samples do not allow an appreciation of phyllosilicéte preferred
orientation development with diagenesis as there are too many uncertainties
surrounding the nature of the diagenetic trends and the sources of sediment
input. The study has highlighted the importance of a continuous sequence
and the nature of the source material in a diagenetic study.

241



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 5

Chapter 5:

1-D Maturity modelling of two
Northern North Sea wells and two
wells from the Podhale Basin
Southern Poland
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5.0: Introduction to the Modelling of Northern North Sea Wells and
Podhale Basin:

This chapter deals with 1-D modelling of two wells from the Northern North
Sea (Rhum 3/29a4 and Magnus 211/12-2) and the fwo wells from the
Podhale basin (Chochotdéw PIG-1 and Bukowina Tatrzanska) that have been
dealt with in a fabric reorientation and diagenetic context in chapters 2, 3 and
4. The modelling has been undertaken using the 1-D basin modelling
software package, Genesis 4.8, formerly developed at ARCO Exploration
and Production Technology and now handled by ZetaWare Inc

(http://www.zetaware.com/).

Srodon et al (in press) have demonstrated that the Podhale Basin has been
significantly uplifted and these results have been added to in Chapter 2. The
maximum burial depth has been estimated based on the theoretical vitrinite
reflectance data (after Rospondek & Marynowski, 2005; Marynowski, 2005
pers. Comms.). The geothermal gradient quoted by Srodon et al (in press) is
based using on I/S as a palaeothermometer, since the illitization of smectite
is dependent on the increase in temperature with burial and has been used,
perhaps rather unsuccessfully, as a palaeothermometer (Pollastro, 1993 and
references therein) as in the Gulf Coast Region where variable temperatures
for either the onset or completion of illitization have been anticipated (Freed
& Peacor, 1989). In addition chlorite has been postulated as a
palaeothermometer (De Caritat et al., 1993; Walker, 1993) but has proved to

be inaccurate (Jiang et al., 1994).

Consequently, this study models the Podhale Basin using Genesis 4.8 to test
the validity of the burial and therefore maximum temperature estimates.
Porosity and vitrinite reflectance data act as the main controls in the model
and the sophisticated coupled mathematics in Genesis 4.8 allow the
assessment of maximum burial depth and maximum burial temperature,
required to integrate key fabric information (Chapter 6) gained through
HRXTG with results published by Ho et al. (1999) and Matenaar (2002). In
this chapter modelled vitrinite reflectance is used as a marker for maturity, as
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it is the most widely used parameter to indicate maturity and is the primary
calibration parameter for modelling temperature histories in basin analysis
(Poelchau et al., 1997).

The context for this work is to solidify the relationships between the illitization
of smectite and thermal maturity for two unrelated basins, as I/S change and
vitrinite maturation are both controlled by kinetics. This work has principally
been undertaken as plotting physical or chemical data as a function of depth
leaves many unanswered questions, concerning the role of overpressure,
burial rate, maximum burial depth and thermal gradient. Therefore, a
modelled estimation of vitrinite reflectance is sought for each well that will
give an estimate for maximum thermal maturity.

The aims of this chapter are to:

e Model in 1-D the porosity and vitrinite maturity characteristics of Rhum
3/29a4 and Magnus 211/12-2 and Chochotéw PIG-1 and Bukowina
PIG-1 thus assessing the complex interplay between lithology,
sedimentation and burial history, erosion and heating rate.

e Gain a proxy for maturity, vitrinite reflectance (Ro), in the absence of
true temperature data for each data point measured %l in I/S.

e Assess the burial histories and the maximum burial depths in the four

wells analysed in this thesis so far.

The general topic of basin modelling includes 1-D, 2-D and 3-D simulations.
2-D and 3-D models combine thermal and fluid flow models and will not be
dealt with in this work. 1-D models are better described as maturity models
(Waples, 1998), in that they'allow the prediction of when a source rock has
reached hydrocarbon maturation. The inputs into the 1-D models do allow
the prediction of overpressures in reservoirs (e.g. Darby et al., 1998) but only
if flow is in 1-D, which it often is not. Additionally, 1-D models allow the easy
visualisation of subsidence curves (e.g. Darby et al., 1998). In order to
constrain the maturity and burial history of, most often, a reservoir or source
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rock unit, some calibration of the model is required, typically by temperature
data or by a temperature proxy or maturity indicator such as vitrinite
reflectance (e.g. Archard et al.,, 1998; Schegg & Leu, 1998). The proper
application of a maturity indicator can also give rise to an understanding of
uplift and erosion that may have taken place in a basin and the analysis of
both the subsidence curves and the maturity indicators gives semi-
independent confirmation. When the model has been suitably calibrated with
well control data (Hegre et al., 1998), a better understanding of the complex
interplay between lithology, burial history and erosion can be gained, and
maximum maturities can be assessed. Maturity can then be related to other

diagenetic processes such as illitization and compaction.

5.1: Genesis 4.8:

Genesis 4.8 is a software package that reconstructs burial histories and
calculates thermal histories in 1-D and is an efficient way to integrate
geological, geochemical and geophysical data. It is of utmost importance to
recognise that a model is just that; a model, and that it is accurate but may
not be correct. All the variables and assumptions placed into the model must
be retained with caveats in mind concerning data quality and the empirical or
theoretic models within the model itself. The output results may be described
as best estimates and the confidence in those estimates being correct is
based on the confidence placed in the initial input data and the relative
weight one must therefore place on one parameter over another. The key to
effective modelling in general is to keep the model simple, yet true to
geological reality; the user must use his or her geological understanding to

constrain the model to reality.

5.1.1: Modelling Inputs:

A burial reconstruction includes a whole variety of parameters that are
inherently linked (Figure 5.1) to give the final model output. In this section
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the basic modelling approach is stated. Appendix 5.1 holds information with

regard to the input parameters. Additionally, the assumptions and

uncertainties in the model are stated in Appendix 5.2 as this chapter does
not represent a critique of maturity modelling.

Time
Solid Volume «——— Sedimentation Rate

—

Pressure

Model Outputs
~

Temperature  Thermal <~ Lithology

‘Q\duc\t‘ivity
Thermal Gradient <= Heat Flow

Figure 5.1. A burial history reconstruction that includes these parameters may reveal the net
effect of their interaction. The following diagram shows the interdependencies of parameters
that go into building a model.

Depth «—— Porosity +— Permeability

Table 5.1. The inputs and/or calculated parameters in Genesis 4.8.

Density (Rock Grain),g/cm3
Density of Oil Expelled.g/cm3
Density of Oil Remaining.g/cm3
Density of Rock (Bulk),g/cm3
Density of Water,g/cm3

Effective Stress,MPa

Effective Stress (Maximum),MPa
Expuision Efficiency, %

Fiow Velocity (Water),cm/my

Flux of Water (Cumulative),cm3
Flux of Water (Vertical),cm3/my
Fractions of Each Lithology, fraction
Fractions of Each Karogen Type fraction
Gas Expelled,mg/g rock

Gas Expelled (C2-C5),mg/g rock
Gas Expelied (Methane),mg/g rock
Gas Generated,mg/g TOC

Gas Generated (C2-C5),mg/g rock
Gas Generated (Methane), mg/g rock
Gas Generation Rate,mg/g rock/my
Geothermal Gradient,C/100m

GOR of Expelled Products,scf/bbl
GOR of Residual Products,sct/bbl
Heat Capacity (Bulk),cal/g C

Heat Fiow,cal/g.cm2.s

Hopane H1 fraction

Hydraulic Potential MPa

Hydrogen Index,mg/g TOC

Oil Expelled.mg/g rock

Oil Expelied (C15+),mg/g rock

Oil Expelied (C6-C15),mg/g rock
Oil Generated,mg/g rock

Qil Generated (C15+),mg/g rock
Oit Generated (C6-C15),mg/g rock
Oil Generation Rate,mg/g rock/my
Permeability (Average Vertical) md
Porosity (Bulk),fraction

Porosity of Each Lithology,fraction
Pressure (Capillary Entry) MPa
Pressure (Excess)MPa

Pressure (Fluid),MPa

Pressure (Hydrostatic), MPa
Pressure (Total Overburden) MPa
Pressure Gradient MPa/m
Production Index fraction

Quartz cement fraction

Rate of HC Expuision,mg/g Rock
Ratio of Atornic H/C (LL Model),
Ratio of Atomic O/C (LL Model),
Remaining Potential,mg/g TOC
Residual Coke Generated,mg/g TOC
S1,mg/g Rock

S2,mg/g Rock

Saturation (HC),fraction

Seal capacity (oil column),m

Seal capacity (gas column),m
Solid Hydrocarbon Reflectance, %
Sterane A1 fraction

Sterane A3 fraction

Sterane $1 fraction

Sub-Layer Thickness,meters
Subsidence (Tectonic), meters
Subsidence (Total),meters
Subsiding Velocity (Matrix),m/my
Surface Temperature,C
Temperature,C

Thermal Conductivity (Bulk),callcm2.5.C
Thermal Gradient,C/m

Tmax,C

TOC (Remaining),%
Transformation Ratio (HC),fraction
Transformation Ratio (TG),fraction
TSI,

TTI (Waples Model),

User Biomarker A fraction

User Biomarker B, fraction
Velocity (Acoustic),m/s

Vitrinite Ro (ARCO),%

Vitrinite Ro (LL Model), %

Vitrinite Ro (Waples Model), %
Vitrinite Ro (BP),%

In this study the manual inputs (i.e. the measured data) into Genesis 4.8 are
lithology, age, vitrinite reflectance, temperature, surface temperature, pore
pressure and porosity. These are by no means the only potential input
parameters but are the ones available to this study. Genesis 4.8 calculates
over 80 parameters (Table 5.1), which are derived from models and empirical
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formulations within the model. The input parameters are those that may be
obtained through production data and measurements made on core or

cuttings material in the laboratory.

5.1.2: Setting up the modelled outputs:

The flow of work in the modelling process may be summed up in the
following way;

1. Define the initial stratigraphy of the well in question based on the
completion log

2. Define the initial lithological mix from the completion log.

3. Add in the measured data (e.g. porosity, vitrinite reflectance,
temperature, pore pressure).

4. Refine the thermal properties of the model in order to match the
calibrated data.

5. Refine the lithological mix based on the thermal properties of the
model and the calibration data.

6. Set the fluid flow model and calibrate with porosity and pore pressure
data.

7. Refine the lithological mix based on the changes made with the setting
of the fluid flow model.

8. Refine the thermal model based on the changes from the above steps.

9. Check the final lithologies to make sure that they are geologically
realistic.

10. Check all the modelled outputs to assess the final model situation and
the overall adherence to the calibration data.

The settings for the thermal and fluid flow models are presented below, with
more detail stated in Appendix 5.1 with uncertainties noted there. The
thermal model is set to transient, fixed temperature at the base of the
lithosphere. This implies that the base of lithosphere temperature is always
1330°C and that the effect of this temperature is of heat flow up into lower
temperature regions. This flow is affected by the sediment pile and is
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therefore not lasting or durable as fast sedimentation rates may cause
temporarily lower heat flow in the sediments. Additionally, the lithosphere
and crust are assumed to generate heat by Radiogenic Heat Production
(RHP) and that the flow of this heat is advective.

As mentioned above the mantle lithosphere-aesthenosphere boundary is
always taken to be 1330°C in Genesis 4.8 therefore thinner lithosphere
thicknesses will result in higher total heat flow. A mantle thickness of 120km
(Upper Crust 7km, Lower Crust 8km and Mantle Lid 105km) has been set
based on the cross-section of the Rhum Field (Christiansson et al., 2000).
Additionally, heat production in the lower crust and mantle lid has been
turned to zero, under the assumption of no lithosphere stretching, these
settings resulted from a process of iteration during the modelling on Rhum
3/29a4, Magnus 211/12-2, Chochotéw P1G-1 and Bukowina Tatrzanska wells.

Surface temperature is a single input variable for the top of the section, and
for marine deposition it will range between 0 and 10°C for the present day.

The fluid flow model is set to transient and the permeability model to the
Dutta-Franklyn model, with the base of the well set to no flow predicted, a
fracture gradient of 0.95 and an initial water density of 1.05g/cm®. It should
be emphasised that the settings used for burial history control are those used
by BP as their defaults (lllife, 2005; Pers. Comms.).

For each lithology there is an equation relating porosity to effective stress in
Genesis 4.8. Darcy's Law is then used to calculate fluid flow during burial
from a porosity-permeability function and in turn is coupled to a calibration of
void ratio and permeability (e.g. Dutta, 1987) and each lithology will have a
different coefficient in the function. Finally, thermal conductivities will change
with porosity loss so this then relates fluid flow to heat flow.

Where porosity is the key calibration data for fluid flow vitrinite reflectance is

the key calibration data for the thermal side of the model. Consequently, the
modelling method outlined in the work flow above resulted in an emphasis
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being placed on the vitrinite reflectance data followed by temperature, in
respect to the thermal model, with porosity being the main emphasis for

calibration of the fluid flow model.

5.2: Modelled Results:
5.2.1: Rhum 3/29a4:

The lithological column presented in Figﬁre 5.2 came about as a result of the
initial input into Genesis 4.8 from the completion log as previously described
but as the lithology presented in Table 5.2 attests the final lithology involved
some minor changes to each lithological unit from the starting composition.
The nature of these changes has to be seen in the context of the whole
modelling with consideration of the temperature, pressure, porosity and

vitrinite reflectance curves all taken into account.

Figure 5.2 and Table 5.2 shows that the Upper Tertiary samples have an
even mix of shale and loose mud with other Tertiary horizons having a
slightly more complex assemblage, as a reflection of lithology and therefore
depositional environment. The base of the Tertiary sees the start of the
carbonate-bearing sequences that dominate the Cretaceous, yet the fine-
grained siliciclastic sequence is present throughout. The loose mud typical in
the Tertiary has been replaced with tight mud as loading has decreased
porosity and has squeezed out water. The fine-grained material in the
Jurassic is predominantly shale however the reservoir units are naturally

sandstone and dominate those horizons.

No significant hiatuses in deposition or unconformity events have been
modelled into the sequence, as the completion log did not show any
significant time gaps or loss of time intervals and the other modelling outputs
(e.g. porosity and vitrinite reflectance) did not show ‘dog-legs’ or trend shifts,
which would be indicative of an unconformity. This lithological output is,
therefore, reasonable based on the completion log information (synthesised
in chapter 4) and the modelling presented later.
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Table 5.2. Formation name, top of formation, age and lithology percentage where; sh=shale,
shs=loose mud, Is=limestone, ml=marl, ss=sandstone, ch=chalk, ssh=tight mud,
do=dolomite, si=silt, for Rhum 3/29a4. See text for more information on how lithological mix
was derived.

Lithology and

' Top/ Ages percentage of lithology
Formation Name Thickness [m] _ [Ma] type in each unit.
Nordland Group Tertiary 131.5 0 sh43,shs57
Hordaland Group Tertiary 1235 11.2 sh48,shs48,is2,mi1,ss1
Frigg Formation [Tertiary-Hordaland Group Burdigalian
(Early.Miocene) 2005 151 sh87,ss13
Balder Formation [Tertiary-Rogaland Group Chattian
(Late Oligocene) 2119 21.8 sh34,ssh66
Sele Formation [Tertiary-Rogaland Group]Rupelian
(Early.Oligocene) 2167 30 sh92,ssh5,si3,mi1
Lista Formation [Tertiary-Rogaland GroupBartonian (Late
Eocene) 2259 36.6 sh73,1s27
Maureen Formation {Tertiary-Rogaland Group Ypresian
(Early Eocene) ' 2569 436 sh30,ss10
Ekofisk Formation [Tertiary-Chalk Group] 2572 57.6 sh31,s55,ch14
Shetland E Formation [L. Cretaceous) 2615 66.4 sh18,Is61,ml1,ssh19
Shetland D Formation [L. Cretaceous] 2909 745 sh29,1s37,ssh34,ml0,do0
Shetland C Formation [L. Cretaceous] 3611.5 84 sh57,s37,ssh2,do1,mi2
Shetland B Formation [L. Cretaceous]) 3844 87.5 sh16,mig4
Shetland A Formation [L.Cretaceous] 3853.5 93.5 sh37,s32,ssh30,ml2,do0
Early Cretaceous-Rodby Formation 4095 97.5 sh59,Is19,ssh22
Early Cretaceous-Sola Formation 4342 113  sh37,ssh63
Early.Cretaceous-Valhall Formation 4392 119 sh29,mi1,ls1,ss0,ssh69
Kimmerage & Upper Main Reservoir Kimmeridgian Group :
(Lower Jurassic) 4633.5 144 sh86,ss0,ssh9,mli2,si3
Jurassic Early Volgian-Kimmeridgian-Oxfordian (Late
Jurassic) 4667.5 156 sh17,ss83
Jurassic-Heather & Rattray Groups 4882.5 163 sh99,ss1,si0,ssh0
base 4996 169

5.2.1.1: Burial History:

The burial history for Rhum 3/29a4 (Figure 5.3) is a relatively simple one.
Steady burial in the Jurassic was followed by a period of rapid burial in the
early Cretaceous. The middle and late Cretaceous saw slow but continued
burial and the loss of some volume by compaction (Figure 5.3). The Tertiary
saw 2000m of deposition in a short space of time that led to rapid burial of
the sediment pile. Attributing exactly how much material was deposited
lower down the section is notoriously difficult as compaction is a significant
" unknown in basin analysis (Giles et al., 1998). Compaction and therefore
. loss of rock volume as porosity decreases is built into Genesis 4.8. In
addition to the simple burial plot (Figure 5.3) the model can be run to plot
burial history as a function of either total subsidence (Figure 5.4) or more

251



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones Chapter 5

usefully temperature. The temperature plot with burial history in Figure 5.4
demonstrates the rapid burial in the Tertiary as colder isotherms are pushed
deeper (~700m and ~2200m). The temperature in this plot comes from the
model calculating heating rates based on temperature data in the model
from BHT/DST data or from equations in the model relating vitrinite
reflectance to temperature and age. The time-temperature history shows
maximum temperatures reached by each lithology. Due to the rapid burial in
the Tertiary the Jurassic units now between ~120°C and ~160°C will not
have been at these temperatures for more than ~10Ma, which is significant
for the shape of the progress of illitization.
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Figure 5.3. Burial history for Rhum 3/29a4.
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Figure 5.4. Burial history plot as a function of total subsidence for Rhum 3/29a4 (left), and
the same burial history as a modelled temperature plot (right).

5.2.1.2: Vitrinite Reflectance:

The measured vitrinite reflectance, Ro, data for Rhum 3/29a4 was previously
obtained by BP Exploration who have kindly offered it for this study. The
trend in the measured data is plotted in Figure 5.5. The curves in the same
figure are the default curves for Ro from ARCO, the LLNL model (Sweeney &
Burnham, 1990) and BP Maximum and Minimum. The exact assumptions

and the models used to generate the ARCO and BP Maximum and Minimum

models are unknown to the user.
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Figure 5.5. Measured Vitrinite Reflectance, Ro, data for Rhum 3/29a4 with modelled curves
for Ro from ARCO, the LL model and BP maximum and minimum.

In this study the BP Maximum and Minimum vitrinite reflectance are the
curves that estimate vitrinite reflectance the best for Rhum 3/29a4. The
curves fit the data well at the top and base of the Ro profile. Fitting the data
at the base of the section is the most important facet of vitrinite reflectance
modelling as the upper sections of the curve will have little effect for
changing the lithologies or thermal parameters because of the nature of the
kinetics of vitrinite maturation, where time at maximum temperature is the
critical factor. The fact that the curves fit the data at the top of the section
simply proves that there has been no loss by erosion of significant amounts
of sediment as vitrinite reflectance of surface material is taken to be ~0.25.
The under-estimate of the Ro by the BP Maximum and Minimum curves in
the middle of the section is probably a function of the quality of the vitrinite
used in the analysis, which according to the technical report was low due to
possible contamination issues in sampling. This latter scenario is based
around the fact that the middle section was drilled with few casing points,
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increasing the risk of the possibility of caving. There is a casing change right
at the boundary between the Jurassic and Cretaceous and is marked by an
increase in the quality of the vitrinite and the adherence of the data points to
the BP curves. The samples from the Cretaceous therefore appear to be

subject to cavings and mis-sampling.

5.2.1.3: Temperature:

The measured temperature data (Figure 5.6) in this study comes from a
Bottom Hole Temperature (BHT) correction completed by Baker Hughes at
the time of drilling. The inaccuracies of BHT use are highlighted in Appendix
5.1 but the necessary temperature corrections have been made at source
and the results are as comprehensive as one could gain (Cawley, 2005; Pers.
Comms.). The modelling has generated a good fit between the BHT and the

modelled temperature.

Temperature(c)

Figure 5.6. Measured and corrected Bottom-Hole-Temperature using ‘time since circulation
correction’ modelled in Genesis 4.8 to produce the temperature curve plotted.
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5.2.1.4: Pore Pressure:

The pressure data for this well comes from completion log tests done by the
drilling team on the reservoir units in the Jurassic at the time the well was
drilled. Figure 5.7 shows the modelled fluid pressure along with the lines for
the hydrostatic and total overburden pressure. The well appears normally
pressured in the Tertiary, until the Frigg Formation, and then significantly
over pressured to the base of the well. Since there is very rapid Tertiary
burial it is more than likely that overpressure has been caused by
disequilibrium compaction. Since the well is thermally mature hydrocarbon
generation in the reservoir units might be an additional cause of

overpressure along with thermal expansion of fluids in the system.

Pressure (atm)
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Figure 5.7. Modelled fluid pressure in Rhum 3/29a4, measured pressures in the reservoir
units are from production completion log data. The overburden and hydrostatic lines are
also plotted, the section below the Frigg Formation appear to be overpressured.
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5.2.1.5: Porosity:

The measured porosity as recorded by Mercury Intrusion Porosimetry (see
chapters 2 & 4 for the method) and the modelled bulk porosity are shown in
Figure 5.8. The curve for bulk porosity shows the effect that overpressure
has on the porosity trends. The measured results at the base of the
Cretaceous and the modelled bulk porosity results appear to agree with one
another and the fact that ~20% porosity has persisted to ~4500m suggests
that the overpressure highlighted in the previous section is indeed real. If
pore pressures were hydrostatic the porosities that could be expected at
~4000m would be ~10% (e.g. Dzevanshir et al., 1986), so overpressure has

significantly held back compaction processes.

Porosity

Figure 5.8. Measured porosity as recorded by Mercury Intrusion Porosimetry and the
modelled bulk porosity.

The measured porosities in the Tertiary show a wide variation, probably
reflecting the variability of individual samples. There is also a poor match in

the measured porosities in the Shetland D formation where there is a
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significantly lower porosity recorded by mercury injection porosimetry than
the model would estimate. The bow-effect in the curve for estimated porosity
in the same formation is due to the lithological mix in this unit. At a given
effective stress carbonates have a higher porosity than shales and muds so

the model has predicted elevated porosities in this unit.

5.2.1.6: Effective Stress:

The modelled effective stress increases to the base of the Tertiary and then
does not significantly increase with depth. This suggests that the effects of
stress are being negated due to increased pore pressures as a result of
overpressure not allowing the lithologies to be compacted further. The fact
that the fluid pressure increases beyond the hydrostatic and the decrease in
porosity effectively start at the same depth shows that these two parameters
are linked by equations in the model. Additionally, the effective stresses
(Figure 5.9) calculated for Rhum 3/29a4 are the inverse of the porosity trend

showing that effective stress is calculated from porosity in Genesis 4.8.
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Figure 5.9. Modelled effective stress for Rhum 3/29a4 in MPa, left, and porosity, right,
showing that the model has calculated effective stress from porosity as they are effectively
inverses of one another.
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5.2.2: Magnus 211/12-2:

As with Rhum 3/29a4 the thickness to the base of the lithosphere is taken to
be fixed at 120km, with the thermal model as; transient and with a fixed
temperature at the base of the lithosphere (1330°C). The significant
difference between this model and that created for Rhum 3/29a4 is in thermal
properties. The thickness to the base of the lithosphere has remained at
120km but the upper crust was set to 11km, the lower crust to 19km and the
mantle lid to 90km. This is significantly different to the numbers entered for
Rhum 3/29a4 but in the modelling process it provéd the only geologically
reasonable solution. The fluid flow model was set to transient and the Dutta-

Franklyn permeability model was applied.

The lithological column presented in Figure 5.10 is based on the completion
log for Magnus 211/12-2, as with Rhum 3/29a4 its exact lithology evolved as
modelling was carried out. The exact percentages of each lithological type in
each unit are presented in Table 5.3, along with the formation name taken
from the completion log, the age and the tops information. The formation
names have simply been assigned by period or epoch name rather than a
classic formation name such as the Kimmeridge Clay Formation as this is
what appears on the completion log for this well. The absolute ages are not
as precise as for Rhum 3/29a4 as the information on the completion log is

not as thorough.

The lithological column shows that silt becomes the most dominant lithology
from the Jurassic to the Tertiary. Carbonates are present in the Cretaceous
and in the Miocene, in similar age intervals to the lithological column for
Rhum 3/29a4. The sandstone reservoir units in the Jurassic are picked out -

with a generally rather more complex unit lithology than higher up the section.
It should be noted that there are no unconformities in the model; however, it

is clear from Figure 5.10 that there is little deposition between the
Kimmeridgian and the Turonian. The completion log does not suggest
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significant uplift and erosion giving an unconformity but the depositional style
in the Jurassic as discussed in Chapter 4, was punctuated by frequent
marine transgressions and forced regressions. It is, therefore, more than
likely that hiatuses in deposition will have occurred, however, as already
stated this is not as serious a consequence for modelling as the loss of strata

at an unconformity.
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Figure 5.10. Lithological column created in Genesis 4.8 for Magnus 211/12-2, see Table 5.3
for lithology mix.
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Table 6.3. The formation name, top of formation height, age and lithology percentage for
Magnus 211/12-2 where; sh=shale, shs=loose mud, Is=limestone, ml=marl, ss=sandstone,
ch=chalk, ssh=tight mud, do=dolomite, si=silt, as derived through modelling in Genesis 4.8

Lithology and percentage
Top/thickness Ages of lithology type in each
Formation Name [m] [Ma] unit
Recent 200 0 sh90,si8,ssh2
Pliocene 666 1.6 sh92;si8
Miocene 1070 5.3 sh74,s26
Oligocene 1297 23.7 sh100
Eocene 1397.5 36.6 sh21,s79
Palaeocene Form »
Vi 1414 52 sh100
Palaeocene Form
I\ 1429 63.6 sh49;si51
Palaeocene Form
VI 1466 65 sh100
Maastrictian 1615 66.4 sh38,s18 si43,ss0
Campanian 1943 74.5 sh40 si60
Turonian 2416.5 84 sh18,1s8,si77,ss0
Barremian-Aptian 3200 93.5 sh9,1s45,si46
Jurassic Form S 3208 124 sh5,si84,shs8,ssh3
Jurassic Form W 3222 156 sh16,5843 si25,shs10,ssh6
Jurassic Form R 3391 163 sh32,ss41,5hs23 si5
Jurassic Form P 3535 164 sh45 1s55
base 3683.5 169

5.2.2.1: Burial History:

The burial history (Figure 5.11) is very similar to that for Rhum 3/29a4
(Figure 5.3). The profile is very simple with initial rapid burial in the Jurassic
followed by a steadier and slower burial up to the Cretaceous where another
period of rapid burial was followed by a much slower period. The Tertiary
has a final period of rapid burial of around 1300m in less than 24Ma.

The relative simplicity of the burial history may reflect the fact that the
completion log lacked some age information therefore the rapid burials at the
start of a period or epoch may be slightly misleading and attributable to the
lack of good age markers in the section. The maximum temperatures (Figure
5.12) in the Jurassic are between 100°C and 120°C based on heating rates
but due to the rapid burial in the late Tertiary the time at maximum
temperature will not be more than ~5Ma. The nature of the isotherms is

indicative of the slow burial in the Cretaceous.
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Figure 5.11. Burial history for Magnus 211/12-2.
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Figure 5.12. Time-temperature history for Magnus 211/12-2 as a function of depth[m].
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5.2.2.2: Vitrinite reflectance:

No primary vitrinite reflectance data (Ro) was available for Magnus 211/12-2.

Figure 5.13 is included to show the nature of the estimated vitrinite

reflectance increase with burial depth. The BP average modelled vitrinite

reflectance for each sample with a percent expandability is used later in this

chapter.
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Figure 5.13. Estimated vitrinite reflectance curves modelled in Genesis 4.8 Magnus 211/12-

2.

5.2.2.3: Temperature:

Corrected BHT data for Magnus 211/12 are taken from Okiongbo (2005).
The modelled temperature has been fitted with these BHT data (Figure 5.14).
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Figure 5.14. Measured BHT temperature data Magnus 211/12 and the modelled curve for
Magnus 211/12-2.

5.2.2.4: Porosity:

The measured results in Figure 5.15 come from the mercury intrusion
porosimetry measurements presented in chapter 4. The model has
estimated a bulk porosity that is up to 5% less than the measured results.
This is not surprising as there is no pressure data for Magnus 211/12-2 to in
any way constrain the data as to whether there is any overpressure at play in
the basin, which appears likely given that similar porosities were recorded by
Worden et al. (2005) for adjacent wells in the same block. As was
demonstrated with Rhum 3/29a4 there was significant overpressure in the
Cretaceous and Jurassic formations and this may well be the case in
Magnus 211/12-2 in the Cretaceous samples, however, as there is simply no
pressure data this is merely speculation. The only way to achieve a better fit
between the porosity data as measured by mercury intrusion porosimetry is

to significantly change the silt and shale permeability, which is unrealistic.
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The changes possible in terms of the thermal controls makes no significant
difference to the estimated porosity trend, with only minute shifts in the curve

for large changes in thermal properties.
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Figure 5.15. Modelled and measured porosity data (by mercury intrusion porosimetry) for
Magnus 211/12-2.
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5.2.3: Podhale Basin:

Given the obvious uplift in the Podhale Basin (Chapter 2) an assessment of
maximum burial depth is required if I/S change and fabric intensity increase
are to be correctly assessed. For the two wells from the Podhale Basin the
aim is to model vitrinite reflectance so that maturity can be correlated with
other measured parameters such as fabric orientation change and the %l in
I/S.

The geological history of the Podhale Basin has been discussed by Srodon
et al., (in press, summarised in Chapter 2) and in reconstructing a burial
history and building a thermal model it presents the difficulty of having to join
Chochotéw PIG-1 and Bukowina Tatrzarska PIG-1 together into a virtual
profile and factor in the significant unconformity present at the top of
Chochotéw PIG-1. Additionally, no completion log is available in this study
so the lithological mixes are therefore quite simple and based on information
furnished from the literature (Westwalewicz-Mogilska, 1986; Wieczorek, 1989,
Wieczorek & Olszewska, 1999; Srodon et al., (in press)).

As with Rhum 3/29a4 and Magnus 211/12-2 the thickness to the base of the
lithosphere is taken to be 120km, with the thermal model as transient, with a
fixed temperature at the base of the lithosphere (1330°C). The fluid flow
model is set to transient and the Dutta-Franklyn permeability model was
applied. The distribution of the thickness between the upper crust, lower
crust and mantle lid was set to upper crust (17km), lower crust (13km) and
mantle lid (90km) for Chochotéw PIG-1 and to upper crust (12km), lower
crust (11km) and mantle lid (97km) for Bukowina Tatrzariska PIG-1. This
reflects the increased sediment pile in Chochotéw PIG-1 relative to Bukowina

Tatrzanska PIG-1.
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Figure 5.16. Lithological columns for Chochotéw PIG-1, left, and Bukowina Tatrzanska PIG-1,
right. The columns show the uplift discussed in chapter 2 and the very simplified lithology is
after Srodon et al., (in press). The dark brown colour in the lithology mix is shale, the light
brown is sandy shale and the pink is silt.

The lithological columns presented in Figure 5.16, for Chochotéw PIG-1 and
Bukowina Tatrzanska PIG-1, are very rough lithologies for the two wells in
question as completion logs were not available in this study. The units are
dominated by shale with the addition of silts and tight muds. It remains
unclear when sedimentation ended (Garecka, 2005) and the division of the
units within the basin have been divided informally (Srodon et al., in press).

The amount of erosion is based on the estimate presented in chapter 2
where the Ro data was used to estimate the amount of uplift in the
Chochotéw PIG-1 and Bukowina Tatrzanska PIG-1 wells. The best
esﬁmates were ~3500m in Chochotéw PIG-1 and ~6100m in Bukowina
Tatrzanska PIG-1 and these values have been used to define the maximum
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burial depth of each well. The timing of the onset of uplift has been set at
17Ma (Srodon et al., in press).

5.2.3.1: Burial History:

Due to the simplicity of the lithological columns in Figure 5.16 the burial
histories (Figure 5.17), are correspondingly simple. They show very rapid
burial of the units after the deposition of the Oligocene aged units and simply
plunge to their maximum burial depths. The uplift of these wells was equally
swift. The exact timing of uplift is at 17Ma ‘(Srodor'\ et al, in press). The
model predicts maximum burial temperatures at 120-160°C for Chochotéw
PIG-1 and 150-200°C for Bukowina Tatrzariska PIG-1, which are in line with
those published by Srodon et al. (in press), based on their calculated
palaeogeothermal gradient of 20-25°C/km, which is comparable to present
day geothermal gradient (~21°C/km, after Cebulak et al., 2004).

The fast sedimentation rates in Bukowina Tatrzariska PIG-1 (~460m/Ma:
8300m of burial in 18Ma) and ~380m/Ma in Chochotéw PIG-1 (6500m of
burial in 17Ma) have caused temporarily lower heat flow in the sediment pile.
Therefore, temperature as experienced by the sediment pile is not in
equilibrium with sedimentation rate, hence the drawing down of cooler
temperatures as the sediments are rapidly buried. As equally rapid uplift
occurs, almost instantaneously warmer isotherms are pushed higher creating
the asymmetric ‘V' shape in the time-temperature history at the base of the

two wells.
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Figure 5.17. Burial histories for Chochotéw PIG-1, left, and Bukowina Tatrzanska PIG-1,
right. Lower plots show time-temperature histories.
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5.2.3.2: Vitrinite Reflectance from MPI Index:

The vitrinite reflectance data presented here in Figure 5.18 is the theoretical
vitrinite reflectance data presented in chapter 2 (after Respondek and
Marynowski, 1999; Marynowski, 2005, pers. Comms.) calculated from the
Methylphenanthrene Index (MPI, after Radke & Welte, 1981). The modelled
Ro in Chochotéw PIG-1 did not produce a really well defined match with the
estimated curves produced in Genesis 4.8 for Chochotow PIG-1 as there is a
lack of fitting at the top of the section compared to the base. In Bukowina
Tatrzanska PIG-1 the fit between the measured data and the estimated

curves is much more reasonable.
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Figure 5.18. Measured vitrinite reflectance data using the MPI index from Chapter 2 and the
modelled results in Genesis 4.8 for Chochotéw PIG-1, left, and Bukowina Tatrzanska PIG-1,

right.

In terms of which curve to use as a best estimate for modelled Ro, a case for
any of the four could be made but for the sake of consistency the BP average

Ro was used.
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5.2.3.3: Porosity:

Chochotéw PIG-1 and Bukowina Tatrzanska PIG-1 have porosities that were
measured by mercury intrusion porosimetry (Chapter 2). These measured
results are 1-2% higher than the modelled porosities (Figure 5.19).
Measured porosities are those of deeply buried samples as the modelled and
measured results are in close agreement. This suggests that the amounts of
erosion from the two wells have been estimated correctly as the results are in

the correct depth regime as predicted by the model.

Deptn(m)

Figure 5.19. Modelled porosities for Chochotow PIG-1, left, and Bukowina Tatrzanska PIG-1,
right, reflecting the difference in total burial depths encountered in these wells, the measured

results are the porosity by mercury intrusion porosimetry.
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5.2.4: Thermal Maturity from Vitrinite Reflectance:

The modelling has allowed an appreciation of the confidence that may be
placed in the maturity data in this study. The measured vitrinite reflectance
data for Rhum 3/29a4 produced a near perfect match with the estimated
curves for BP maximum and minimum vitrinite reflectance. Further
confidence in the thermal aspects of this model may be gained from the fact
that temperature data from corrected BHT were matched by the estimated
temperature curve and that overpressure was predicated where high

porosities were measured in the Cretaceous.

Magnus 211/12-2 is more difficult to appreciate fully as the amount of well
control data is not as complete as for Rhum 3/29a4. Nevertheless, Genesis
4.8 was able to generate a near perfect match between the measured BHT
and the modelled estimates. The BHT data used in this study is open to the
same sources of error as the vitrinite reflectance data. The modelled
temperature curve intersects well with the measured data in the Cretaceous.
Given the inaccuracies associated with BHT data (Hermanrud, 1990) vitrinite
reflectance is the stronger maturity parameter but the fact that vitrinite
reflectance and temperature were able to be resolved allowing them to be

used as applicable outputs.

The Podhale Basin represents a different problem to the wells from'the
Northern North Sea as they have been significantly uplifted. The quality of
the modelled vitrinite data (Rospondek & Marynowski, 2004; Marynowski,
2005 pers. comms) from the MPI index (after Radke & Welte, 1981) is high.
‘The modelled results and the measured results for Chochotéw PIG-1 have a
slight mismatch at the top of the well but at the base they match and are
consistent with a BP average vitrini’te reflectance. In contrast the fit in
Bukowina Tatrzanska PIG-1 is good between the measured and the
modelled vitrinite reflectance, except for the middle of the section but this

simply represents sample variation.
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Figure 5.20 summarises the vitrinite reflectance characteristics of the four
wells in question Magnus 211/12-2, Rhum 3/29a4, Bukowina Tatrzanska
PIG-1 and Chochotéw PIG-1, what is immediately apparent is that the two
basins (Podhale and the Northern North Sea) have different thermal histories,
but the wells within the basin have the same thermal characteristics.
Bukowina Tatrzariska PIG-1 and Chochotéw PIG-1 have significantly lower
thermal gradients than Magnus 211/12-2 and Rhum 3/29a4 and probably
reflects the difference in heat flow in oceanic and continental crustal settings.
This lower thermal gradient will possibly have an effect on the rate of the
conversion of smectite to illite as it is known that temperature is one of the
driving forces behind illitization (e.g. Hillier et al., 1995; Huang et al., 1993;
Velde & Vasseur, 1992; Pytte & Reynolds, 1989). This will therefore have an
effect on fabric development, if illitization is accepted as being a significant
fabric developer (e.g. Ho et al., 1999). These aspects will be covered in
much greater depth in Chapter 6. Modelling the Podhale Basin has shown
that the maximum burial depths postulated in Chapter 2 are valid based on

porosity and vitrinite reflectance data.
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Figure 5.20. Estimated vitrinite reflectance against maximum modelled burial depth for
Magnus 211/12-2, Rhum 3/29a4, Bukowina Tatrzariska PIG-1 and Chochotéw PIG-1.
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5.3: Discussion:
5.3.1: Compaction:

The estimated bulk porosities (Figure 56.21) demonstrates that the maximum
burial depths estimated by modelling in this chapter and built upon those
postulated by Srodon et al (in press) are broadly in the correct depth space
(é.g. Athy, 1930; Hedberg, 1936; Sclater & Christie, 1980; Dzevanshir et al.,
1986). There is a clear trend with increasing depth between Magnus 211/12-
2, Chochotéw and Bukowina Tatrzaniska, that follows many of the published
trends for shale porosity with depth (e.g. Athy, 1930; Hedberg, 1936,
Dzevanshir et al.,, 1986). The modelling estimates that Magnus 211/12-2,
Chochotéw and Bukowina Tatrzanska are normally pressured and therefore
follow normal compaction trends with depth. The high porosities in Rhum
3/29a4 have been demonstrated to be caused by significant overpressuring
which should effect fabric alignment if mechanical processes alone drive re-
orientation (e.g. Oertel & Curtis, 1972; Curtis et al., 1980; Sintubin, 1994,
Jacob et al., 2000). When these estimated porosities are plotted with the
measured porosities gained through mercury intrusion porosimetry there is a
slight mismatch at depth in Chochotéw and Bukowina Tatrzariska but this is
only by a few percent and could represent an inaccurate maximum burial
depth, simple sample heterogeneity or problems associated with injecting
mercury into rocks with ~5% porosity. The fit of the measured data for
Magnus 211/12-2 and Rhum 3/29a4 with the estimated porosities gained
through modelling are much more in agreement. Where the modelling
predicted open pores in Rhum 3/29a4 in response to overpressure the
measured results record this more open porosity with values of ~20%

porosity persisting to 4000m.
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Measured Porosity [%] vs Depth [m] :
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Figure 521. Estimated bulk porosity and measured porosity (by mercury intrusion
porosimetry) against maximum modelled burial depth for Magnus 211/12-2, Rhum 3/29a4,
Bukowina Tatrzanska and Chochotéw.

5.3.2: Burial Histories and Erosion Estimates:

The burial histories presented previously for, Rhum 3/29a4 (Figure 5.3),
Magnus 211/12-2 (Figure 5.11), Chochotow PIG-1 (Figure 5.17) and
Bukowina Tatrzanska PIG-1 (Figure 5.17) show that the wells from the
Northern North Sea have not experienced any significant uplift and erosion,
whereas present day burial depths for the wells from the Podhale Basin do
not represent maximum burial depths. Maximum burial depths have been
estimated in Genesis 4.8 based on porosity and vitrinite reflectance data.
Chapter 2 has demonstrated how the two wells from the Podhale Basin may

be joined to create a virtual profile.

The timing of uplift in the Podhale Basin is based on the diagenetic
ages,~17Ma (Srodor et al., in press), which accordingly maybe be
interpreted as close to the ages of maximum palaeotemperatures (Clauer et
al., 1997). Following the K-Ar age method of Clauer et al (1997), Srodon et
al (in press) inferred maximum palaeotemperature ages to be 15.8Ma. This
therefore describes a basin that underwent rapid burial and almost

instantaneous uplift upon reaching maximum burial, with Chochotéw PIG-1
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experiencing uplift and erosion at ~230m/Ma and Bukowina Tatrzariska PIG-
1 ~400m/Ma. Due to the age of the basin and the depth of burial the
sedimentation rates were nearly comparable to these uplift results (Bukowina
Tatrzaiska PIG-1~ 460m/Ma and Chochotéw PIG-1 ~380m/Ma) meaning a
quite symmetrical burial history and basin profile.

5.3.3: Temperature Estimation and Palaeothermometry:

Estimating maximum temperature is necessary as studies by Ho et al. (1999)
and Matenaar (2002) on the preferred alignment of phyllosilicates do not
offer maturity data such as vitrinite reflectance.

The issue of maximum burial temperatures in the North North Sea is
relatively easy to resolve. The corrected BHT data give a fairly reliable
estimate of temperature at a given depth, given the caveats concerning BHT
temperature corrections (Hermanrud et al.,, 1990; Hagen & Surdan, 1989).
Additionally, there has been no uplift or erosion in the Rhum 3/29a4 and
Magnus 211/12-2 sections (Figures, 5.3 & 5.11) analysed here. So, the BHT
temperatures represent maximum burial temperatures and the model in
Genesis 4.8 has resolved them against the other input parameters in the

model.

The question of maximum temperature in Chochotéw and Bukowina
Tatrzanska is not so clear primarily due to the degree of uplift and erosion
experienced by these wells and the Podhale Basin in general. The time-
temperature histories produced by Genesis 4.8 was able to resolve the
model for the maximum burial temperature histories in Chochotéw and
Bukowina Tatrzanska (Figure 5.17) with the present day geothermal gradient
of 19°C to 23°C/km (Cebulak et al., 2004), and with the deduced maximum
temperatures of 20°C to 25°C/km (Srodori et al., in press) based on I/S
palaeothermometry. The use the illitization of smectite as a
palaeothermometer is a study in itself, there are many proponents of the
method (Hoffman & Hower, 1979; Pollastro, 1993; Srodon; 1995).
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Constraining temper'ature to anywhere near the accuracy of even BHT has
proved difficult (Weaver 1989), as there is a spread in the temperature
position of the change from RO to R1 ordering, 55% to 65% illite in I/S (Moore
and Reynolds, 1997) that is the key marker for assigning temperature along

with the reaction termination point.

In assigning a temperature to these changes in ordering and termination
individual basins vary in the nature of the transition of smectite to illite, so
much of the temperature estimates are based on the classic work of Hower
et al (1976) in the Gulf of Mexico. The temperature character of other basins
may be remarkably different; the Niger Delta (Velde et al., 1986) has a much
lower temperature termination point and the lllinois Basin even lower, with a
termination at 90% of illite layers in 1/S but an inferred temperature of only
80°C (Moore, 1982).

The use of I/S as a palaeothermometer will only be applicable where the
input is constant. This point is satisfied based on the mineralogical trends for
the Podhale Basin presented in chapter 2, however, smectite to illite
transition only occurs over a set temperature range. The Bukowina
Tatrzanska PIG-1 well alone is of little use in I/S palaeothermometry as the

%I in I/S does not change.

Applying a 21°C geothermal gradient to the Podhale basin continuous I/S
profile using Chochotéw PIG-1 and Bukowina Tatrzarfiska PIG-1 wells, gives
a temperature change between RO and R1 ordering in I/S, 55-65%illite at
5000m at 105°C and a vitrinite reflectance of 0.6Ro. This then follows that
the maximum temperature at the termination of the illitization of smectite is
136.5°C, with the base of Bukowina Tatrzanska PIG-1 at 173.3°C. These
latter results are at the top end of those published for the change in ordering
(Weaver 1989), so must be considered with caution. In Figure 5.25 three
zones of smectite illitization are noted. Zone Two where most of the I/S
change occurs concurs with Zone Two noted by Eberl (1993). According to
this study 60%S corresponded to 60°C and 20%S at 110°C. In the Northern
North Sea 60%S is at ~2000m corresponding to 60°C (based on a
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geothermal gradient of 30°C/km in Rhum 3/29a4), 20%S is not reached in
the Northern North Sea due to a lack of K* availability to drive illite formation.
In the Podhale Basin 60%S is at ~3700m (Figure 5.24) at a temperature of
78°C, 20%S has formed at 6500m, 136.5°C.

The above demonstrates partially the significant problems associated with
the use of I/S as a temperature indicator and this is undoubtedly due to the
complex kinetics of the conversion (e.g. Vasseur & Velde, 1992; Huang et al.,
1993; Hillier et al., 1995; Elliott & Matisoff, 1996; Elliott et al., 1999) and the
individual nature of basin sediment input, where the reaction activation
energy will determine the shape and the depth of the reaction progress curve
(Figure 5.22). Reaction progress is greater in older series which have a
convex upward curve e.g. the Northern North Sea should there be enough K*
to allow the reaction to run further. The Podhale Basin (if the high smectite
portion of the curve were present) would be described as concave
downwards. This suggests that the two basins have divergent kinetic drivers,
with the Podhale Basin having a high activation energy requirement and
would be temperature dependent, whereas the Northern North Sea has a low

activation energy and is time dependent.
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Figure 522. After Velde (1992).' The kinetic parameters of smectite to illite formation.
Reaction activation energy will determine the shape of the curve (a) and (b) the effect of

relative age on reaction progression.

Therefore, in the absence of reliable temperature data, vitrinite reflectance or
theoretical vitrinite reflectance (calculated from the methylphenantrene index)
data is a better way of estimating maturity as the kinetics of vitrinite
maturation are less complicated and better restrained (Sweeney & Burnham,

1990). Although inferring burial depth from vitrinite reflectance is not
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possible as vitrinite maturity is a function of heating rate rather than depth

alone.

5.3.4: Heating Rates:

Different types of sedimentary basins have different mechanisms of
formation and therefore crustal settings which will effect the heating rates
experienced by the basin fills and consequently the shape and depth of the
smectite-illite reaction curve. Geothermal gradients range from 20-50°C/km
with burial rates of between 20-400m/Ma, the product of the two is heating
rate and that will normally lie between 1-10°C/Ma for most sedimentary basin

settings (Gretner & Curtis, 1982).

Deposition and hence heating in Bukowina Tatrzanska PIG-1 began at
~35Ma, heating reached its maximum at 15.8Ma (Srodon et al., in press)
equating to 19.2 Ma of heating. Maximum burial of Bukowina Tatrzarnska
PIG-1 is 8300m and applying the 21°C/km geothermal gradient of Cebulak et
al., (2004) the well reached a maximum temperature of 173.3°C, a heating
rate of 9.03°C/Ma. In Chochotéw PIG-1 deposition began at 34Ma and
reached maximum burial temperatures at 15.8Ma. Using the same
geothermal gradient this equates to a maximum burial temperature of
136.5°C (6500m), a heating rate of 7.50°C/Ma. The Northern North Sea has
experienced a much higher geothermal gradient but the basin has been
forming since the Jurassic. Consequently, Rhum 3/29a4 has experienced
169Ma of heating and has reached a maximum temperature of 149°C, a
heating rate of 0.90°C/Ma. At 3401m in Magnus 211/12 (164Ma of deposition)
a temperature of 103°C occurs (based on a geothermal gradient of 30.3°C),
consequently Magnus 211/12-2 has experienced a heating rate of 0.62°C/Ma.

These heating rates may be compared to those proposed by Hillier et al.,
(1995) for various basinal settings (Figure 5.23). The Podhale Basin heating
rate is ~8°C/Ma with an Ro value of ~1 at 25% expandability this places the
Podhale Basin in a continental rift setting. The Northern North Sea by
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comparison has a much lower heating rate ~0.8°C/Ma and a vitrinite
reflectance of ~0.3 at 70% expandability places this well in an old passive

margin setting.
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Figure 5.23. After Hillier et al., (1995) the heating rates of various basin types compared to
%expandability and mean vitrinite reflectance.

5.3.5: lllitization of Smectite and Vitrinite Reflectance Rélationships:

The thermal histories between wells from the Northern North Sea and the
Podhale Basin are associated with different geothermal gradients ~30°C/km
and ~21°C/km respectively. The trend in the percentage of illite in I/S (Figure
5.24) bghNeen the diageneticélly immature samples in Magnus 211/12-2 and
Rhum 3/29a4 and the more mature samples in Chochotéw PIG-1 and
Bukowina Tatrzanska PIG-1 is smooth, even with a 1.5km apparent offset
between the basins. This offset is accounted for by the difference in thermal

gradients between the two basins.

Figure 5.25 shows that there are three zones to the percentage expandability
(%S in mixed-layer I/S) against estimated vitrinite reflectance for Magnus
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211/12-2, Rhum 3/29a4, Bukowina Tatrzainska PIG-1 and Chochotéw PIG-1.
Zone one has a fixed vitrinite reflectance at around ~0.3Ro but a decrease in
the percentage of smectite in I/S from 100% to 60%. This decrease in %S
could reflect the natural variability of the input material to the sediment pile.
Chapter 4 has noted the variable input material in the Tertiary of the Northern
North Sea associated with North Atlantic volcanism. Variable input material
is the most likely explanation as there is no apparent maturity increase for
these rapidly buried Tertiary sediments.

Zone two shows a decrease in smectite in I/S from 60% to 20% of layers and
an associated increase in Ro from ~0.3 to 0.8. Zone three has no decrease
in smectite percent as the reaction has run to termination and is governed
here by K™ depletion as a source of K* is needed to form illite (Chapters 2 &
3).

continues to increase.

However, the organic maturity of the samples from the Podhale basin
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Figure 5.24. Percentage expandability (%S in mixed-layer I/S) against maximum modelled
burial depth for Magnus 211/12-2, Rhum 3/29a4, Bukowina Tatrzariska and Chochotow.
Showing the 1.5km offset between the northern North Sea and the Podhale Basin.
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Additionally, when expandability is plotted as a function of maturity (Figure
5.25) rather than depth (Figure 5.24), the effects of the differences in
geothermal gradient between the northern North Sea and the Podhale Basin
are negated and the apparent 1.5km offset between the smectite to illite
transition in the two basins is closed up and the reaction becomes a

continuous profile.
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Figure 5.25. Percentage expandability (%S in mixed-layer I/S) against estimated vitrinite
reflectance for Magnus 211/12-2, Rhum 3/29a4, Bukowina Tatrzariska and Chochotéw.
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Figure 5.26. % Expandability and vitrinite reflectance with depth for the Northern North Sea,
the Podhale Basin, (geothermal gradients 30°C/km and 21°C/km, respectively) compared to
the Vienna Basin, The Great Hungarian Basin and the Transcarpathian Basin (geothermal
gradients of 25°C/km, 35°C/km and 55°C/km, respectively, after Hillier et al., 1995).
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The trends in % expandability with vitrinite reflectance in this study have
once again highlighted the dependence of maturity and I/S change on
temperature (e.g. Huang et al.,, 1993; Velde & Vasseur, 1992; Pytte &
Reynolds, 1989). A change in geothermal gradient can have a significant
effect on the shape of the I/S conversion trend as well as on vitrinite
reflectance (Figure 5.26) (Hillier et al., 1995).

Following the convention of Hillier et al., (1995) when expandability is plotted
against a log of vitrinite reflectance zone 2 as previously mentioned is
highlighted and it is clear that this is the zone of most significant I/S
conversion as a function of increasing maturity (Figure 5.27). The data from
this study compare quite favourably with that of Hillier et al., (1995) (Figure
5.27)

As a consequence, a plot of expandability against vitrinite reflectance will
effectively remove geothermal gradient as a factor as both the illitization of
smectite and vitrinite reflectance are dependent on temperature to mature.
Care should be taken in interpreting the I/S relationship in Magnus 211/12-2
and Rhum 3/29a4 as a continuous reaction series as Chapter 4 has
highlighted the significant differences in sedimentary input for the Tertiary,

Cretaceous and Jurassic.

s &8 8
BOGBBR
xop

100 < T T ‘ [ - - ‘ |
‘ |
|
|
|

3
8
>
=7

% Expandability (%S in mixed-ayer US)
o
o
g
ax
— g
i

8

»n w
o o
X n

-
o

o

01
Modelled Ro, BP Average ‘

|
[ % Chochotéw PIG-1 © Bukowina Tatrzafiska PIG-1 A Rhum 3/29a4 |
;o Magnus 211/12-2 O Transcarpathian Basin X Great Hungarian Basin
1 |+Viemna Basin__

=

Figure 5.27. Correlation between expandabithQ of I/S and vitrinite reflectance for the
Northern North Sea, the Podhale Basin, the Great Hungerian Basin, the Vienna Basin and
the Transcarpathian Basin (after Hillier et al., 1995). Vitrinite reflectance is plotted on a log

scale.
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A general assumption is that the progress of a chemical reaction is governed
by kinetic constants. In first order kinetics [1]:

dS/dt =-kS [1]
Where k is the rate constant, where in turn following the Arrhenius
relationship [2]:

(Aexp = frequency factor and exponential function, Ea = activation energy, R

= universal gas constant, T in °K).

If these kinetics are true for the smectite to illite transition and the maturity of
vitrinite, a relationship between the progress of the two reactions is to be
expected (Figure 5.27). The reaction progress is dependent of several
parameters, the time-temperature history, heating rate and most importantly

maximum temperature.

Significant issues are presented by the data in this study with regard to
smectite to illite kinetics. The Podhale Basin is not well constrained in terms
of the time-temperature history. The heating rates have been shown to be
significantly different between the Northern North Sea and the Podhale Basin.
This will have an effect on the percentage expandability and mean vitrinite

reflectance (Figure 5.27).

In smectite to illite kinetics, the difference in heating rates will result in
differing activation energies (Velde, 1992). Previous smectite to illite kinetic
models have predicated activation energies that are quite variable;
33kcal/mol (Pyﬁe & Reynolds, 1989), Skcal/mol and 17kcal/mol (Velde &
Vasseur, 1992) 28kcal/mol (Huahg et al., 1993) and 8kcal/mol (Hillier et al.,
1995). Additionally, the assumption that smectite to illite 'kinetics follows first
order reactions (e.g. Velde & Vasseur, 1992; Huang et al., 1993; Hillier et al.,
1995) may not hold true as Pytte and Reynolds (1989) show that the kinetics

is sixth order.

Consequently, unifying the kinetics beyond that which is already presented is
not expedient as the dataset in this study does not present a clear geological
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situation to undertake unifying kinetic modelling. However, the modelling has
allowed an assessment of maximum burial temperature to be made.

5.4: Conclusions:

Maturity has been established for Magnus 211/12-2 and has been resolved
for Rhum 3/2924 and Bukowina Tatrzanska and Chochotéw. The match in
Rhum 3/29a4 between measured temperature, vitrinite reflectance, porosity
and pore pressure and modelled outputs are robust. The match in the
Podhale Basin is less constrained due to the availability of well control data.
- The method is robust based on the results from Rhum 3/29a4.

Modelling the Podhale Basin has successfully established maximum burial
depths based on porosity and vitrinite reflectance. The base of Chochotéw is
at 6300m and the base of Bukowina Tatrzanska is at 8300m. Therefore,
applying the present day geothermal gradient of the Podhale Basin yields a
maximum burial temperature of ~130°C in Chochotéw and ~170°C Bukowina

Tatrzanska.

The relationship between I/S and depth has been shown to be a function of
geothermal gradient. Using modelled vitrinite reflectance as a proxy for
maximum temperature has shown that the I/S trend in the virtual well profile
plotted for the Podhale Basin and the Northern North Sea has a continuous
trend with three zones of I/S change noted. Unfortunately, the dataset does
not afford a unifying kinetic model to be established for I/S change.
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Chapter 6:
- Diagenetic Controls on the
Phyllosilicate Fabric of Mudstones:
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6.0: Discussion:

The preferred alignment of phyllosilicate minerals has been acquired for the
Podhale Basin (Chapter 2) and for the Northern North Sea (Chapter 4)
through the use of HRXTG. The results have shown a general increase in
preferred alignment for both I/S material and kaolinite-chlorite with increasing
burial depth. Mineralogy ahd the percentage of smectite in I/S through XRD
measurement has also been discussed in these chapters. The relationship
between time and temperature has been solidified in Chapter 5. Gaining
modelled maximum temperature information for each sample where no
temperature data existed allow the fabric data gathered here to be compared
to that of previous studies (Ho et al., 1999; Matenaar, 2002), which relate
preferred alignment change to diagenetic mineral reactions and mechanical
compaction. This chapter offers an overall discussion of the data collected in
this study and how it relates to the key studies of Ho et al. (1999) and
Matenaar, (2002). The discussion focuses on I/S change, mechanical

compaction and how these two factors influence the preferred alignment of

phyllosilicate minerals.

6.1: Controls on the lllitization of Smectite:

The illitization of smectite has been used by many workers as the key marker
of mineralogical maturity in a basin. Gulf Coast sediments have been the
basis for numerous studies (e.g. Burst, 1959; Powers, 1967; Perry & Hower,
1970; Hower et al., 1976; Boles & Franks, 1979; Bell, 1986; Lynch, 1997,
Rask et al., 1997). Other basins around the world; the Jurassic of South-
eastern France (e.g. Artru & Gauthier, 1968), Carboniferous of Central
Poland (e.g. Srodon & Eberl, 1984) and the Cainozoic and Mesozoic of the
Rocky Mountains (e.g. Pollastro, 1985), as well as the North Sea Basin (e.g.
Huggett, 1995; Thyne et al., 2001; Nadeau et al., 2002), the Swiss Molasses
(e.g. Schegg & Leu, 1996; Wang et al., 1996) and various offshore Japan
basins (e.g. Inoue et al., 1987; Son et al., 2001) have also described /S
change. Additionally, the illitization of smectite has previously been
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demonstrated to play a role in the development of phyliosilicate preferred
orientations (Ho et al., 1999; Matenaar, 2002; Worden et al., 2005).

lllitization of smectite is controlled by various parameters including
temperature (e.g. Freed & Peacor, 1989), time (e.g. Srodon & Eberl, 1984;
Velde, 1995), pressure (e.g. Srodori and Eberl, 1984; Buryakovsky et al.,
1995), potassium availability (e.g. Hower et al., 1976; Moore and Reynolds,
1997) and the chemistry of pore fluids (e.g. Drief & Nieto, 2000). The
reaction stoichiometry has been examined in Gulf of Mexico mudstones by
various workers (e.g. Land et al., 1987; Lynch, 1997; Land et al., 1997), as
have the kinetics of the reaction, which have been assessed by various
authors (e.g. Vasseur & Velde, 1992; Huang et al., 1993; Hillier et al., 1995;
Elliott & Matisoff, 1996; Elliott et al., 1999), with a unifying kinetic model still

elusive.

Studies on the illitization of smectite describe an increase in the proportion of
ilite in mixed-layer (interstratified) illite/smectite (I/S) with increasing
temperature. The classic work by Hower et al. (1976), on the Gulf Coast
sediments, describes a solid-state reaction where:

Smectite + AP* + K* = illite + Si**

Alternatively, Boles and Franks (1979) prefer a dissolution-precipitation
reaction. This reaction is associated with the selective ‘cannibalisation’ of
smectite layers to form illite and therefore describes significant volume loss,

with the following reactants and products:
Smectite + K* = illite+ chlorite + quartz + H".

Intermediate reactions that represent a compromise between solid-state
transformation and dissolution-precipitation have also been described (e.g.‘
Ahn & Peacor, 1986; Inoue et al., 1987). The reaction of Hower et al. (1976)
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implies that smectite transforms to illite directly by fixing K in interlayer sites
with a penecontemporaneous substitution of Al for Si in the tetrahedral sheet.
The source of the Al and K reactants is the local dissolution of K-feldspar
and/or mica in a closed system. It has been observed (Hower et al., 1976)
that it is the <0.1um fraction that is active in diagenetic reactions with
increasing depth and temperature, whereas the whole rock chemistry is

constant.

The results from the two diagenetic studies presented in this thesis point to
the importance of K-feldspar dissolution in the illitization of smectite. The
percentage of smectite in illite smectite has reached 40% of layers in Magnus
211/12-2 at ~110°C. K-feldspar is not depleted so these sediments have the
potential for further illitization (Figure 6.1). Rhum 3/29a4, on the other hand,
has ~35% of smectite remaining in I/S with a temperature at its base of
~150°C and has almost completely depleted its supply of K-feldspar (Figure
6.2). The illitization of smectite in the Podhale Basin (Figure 6.3) is at 80% of
layers and this termination is co-incident with K-feldspar deletion. These
results suggest that the dissolution of K-feldspar is the key driver in the
ilitization of smectite in terms of the remaining expandability left at
termination. This confirms the observation of Srodon and Eberl (1984) that

the percentage of smectite in I/S at termination is a localised phenomena.
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Figure 6.1. lllitization of smectite terminating at ~40%S layers in Magnus 211/12-2, left, and
the incomplete depletion of K-feldspar, right.
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Figure 6.2. lllitization of smectite terminating at ~40%S layers in Rhum 3/29a4, left, and the
depletion of K-feldspar to less than 1%, right.

Maximum Burial Depth [m]

% Expandability (%S VS)
0 20 40 60 80
0 L i N
1000
2000
3000
4000 Ky
5000 - X5 j@"
6000 gﬁx
7000 A °v<>
8000 o5
9000
x Chochotéw PIG-1
© Bukowina Tatrzarska PIG-1

Maximum Burial Depth [m].

% K-Feldspar
0 05 1 .15 2 25
x|
X x X
X

v X

= %,

MY
X Chochoidéw PIG-1
¢ Bukowina Tatrzanska PIG-1

Figure 6.3. lllitization of smectite terminating at ~20%S layers in the Podhale Basin, top, and
the depletion of K-feldspar to less than 0.5%, bottom.

The maturity modelling undertaken in Chapter 5 has allowed the formation of
a continuous profile for the Podhale Basin and for the two wells from the
Northern North Sea (Figure 6.4) with respect to the %S in I/S. The
differences in geothermal gradients (Figure 6.5) between the two basins
results in an offset of ~1.5km when %S is plotted with depth. Similarly, the
two studies (Figure 6.4) from the Gulf of Mexico (Matenaar, 2002; Ho et al.,
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1999) have significantly different geothermal gradients (Figure 6.4).
Therefore, although attractive to use maximum burial depth, it is maximum
burial temperature that represents a far better axis for plotting as it removes
the differences in geothermal gradient (Figure 6.6). Additionally, in the
absence of temperature data either yielded by BHT measurements or
through modelling a proxy for temperature such as vitrinite reflectance or a
theoretical vitrinite reflectance calculated from the MPI index (after Radke &

Welte, 1981) may be used (Figure 6.7).

Figures 6.6 and 6.8 demonstrate that there are two trends in the %S versus
temperature plots. The Podhale Basin and the Northern North Sea data
show a continuous convex-up profile with illitization terminating at ~20%S
layers (Velde, 1992), whereas the Gulf of Mexico (data from Ho et al., 1999
and Matenaar, 2002) terminates at less than ~20%S layers and shows a
concave down reaction profile. The net result of combining all the data
(Figure 6.6) are divergences of the two basin type at the top and the base of
the profile but a common middle section coinciding with the onset of R0 to R1
ordering (Jadgozinski, 1949; Weaver, 1989 and references therein) in mixed-
layer I/S. There is a decrease in %S from ~60% to ~20% of layers and this

coincides with an increase in temperature from 75°C to 125°C.

The divergence of the convex up and concave down profiles at the top of the
section is partly a function of variable sediment input as the %S in the detrital
I/S is not uniform. The divergence at the base of the profile is a
consequence of the availability of K-feldspar to drive the illitization of
smectite beyond 80% of layers. Additionally, the shape of the reaction curve
is controlled by the kinetics of I/S alteration (e.g. Vasseur & Velde, 1992;
Huang et al., 1993; Hillier et al., 1995; Elliott & Matisoff, 1996; Elliott et al.,
1999). The concave down reaction profile in the Gulf of Mexico samples
(Figure 6.4 and after Ho et al., 1999; Matenaar, 2002) have a high activation
energy in their kinetic transformation, which results in more rapid
transformation at greater temperatures (Velde, 1992). Conversely, the wells
from the Northern North Sea and the Podhale Basin (Figure 6.4) have low
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activation energies and the reaction proceeds evenly at low temperatures but

is continuous for many millions of years.
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Figure 6.4. lllitization of smectite terminating at ~20%S layers in the virtual profile of the

Podhale Basin and Northern North Sea well (Rhum 3/29a4 and Magnus 211/12-2), left, and
the decrease in the %S in I/S for the Gulf of Mexico study of Ho et al. (1999) and Panis, lkon

and Diva (After Matenaar, 2002).

Significant differences occur between wells due to

differences in geothermal gradient. A ~1km offset occurs between the Podhale Basin and
the wells from the Northern North Sea.
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Figure 6.6. lllitization of smectite terminating at ~10%S layers in the virtual profile of the
Podhale Basin, Northern North Sea well (Rhum 3/29a4 and Magnus 211/12-2) and the Gulf
of Mexico study of Ho et al. (1999) and Panis, lkon and Diva (After Matenaar, 2002). The
significant offset noted in Figure 6.4 is removed in a plot of maximum burial temperature

rather than depth.

Temperature data for the Ho et al. (1999) study are based on a

geothermal gradient of 37.5°C/km and a surface temperature of 10°C.
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modelled in Genesis 4.8, right.
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Figure 6.8. lllitization of smectite terminating at ~20%S layers in the virtual profile of the
Podhale Basin and Northern North Sea well (Rhum 3/29a4 and Magnus 211/12-2) shows a
convex up reaction profile, where as the Gulf of Mexico (data from Ho et al., 1999 and

Matenaar, 2002) shows a concave down reaction profile.

6.2: Controls on the Enhancement of Phyllosilicate Preferred

Orientation:
6.2.1: Mechanical Compaction:

Although the thermal histories between the basins are quite different the
measured porosities (Figure 6.9) demonstrates that the maximum burial
depths estimated by modelling in Chapter 5 and built upon those postulated
by Srodon et al. (in press) are broadly in the correct depth space (e.g. Athy,
1930; Hedberg, 1936; Sclater & Christie, 1980). There is porosity reduction
with increasing depth between Magnus 211/12-2, Chochotéw PIG-1 and
Bukowina Tatrzanska PIG-1, that follows many of the published trends for
mudstone porosity with depth (e.g. Athy, 1930; Hedberg, 1936; Sclater &
Christie, 1980; Dzevanshir et al., 1986; Giles et al., 1998). The 1-D maturity
modelling carried out in Chapter 5 estimates that Magnus 211/12-2,

Chochotéw PIG-1 and Bukowina Tatrzanska PIG-1 are nearly normally
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pressured and therefore follow normal compaction trends with depth. The
high porosities at depth in Rhum 3/29a4 have been demonstrated to be
caused by significant overpressuring which should effect fabric alignment if
the purely mechanical processes in fabric re-orientation as assumed (e.g.
Oertel & Curtis, 1972; Curtis et al., 1980; Sintubin, 1994, Jacob et al., 2000).

Additionally, the trend in porosity reduction in the Gulf of Mexico samples
(Matenaar, 2002) follows a different trend to that of the Northern North Sea
and the Podhale Basin (Figure 6.9). It has a more concave downwards trend
whereas the other two basins are convex up. This same trend has been
noted in the response of the illitization of smectite to increased depth and

temperature (Figures 6.6 & 6.8).

If mechanical compaction is assumed to be the only driver of preferred
phyllosilicate orientation change then the change in porosity demonstrated in
Figure 6.9 results in a generally linear cha‘nge in preferred orientation with
maximum burial depth (Figure 6.10) for samples from the Northern North Sea
and the Podhale Basin. When data from the studies of Matenaar (2002) and
Ho et al (1999) are superimposed on the results from this study the
relationship between sedimentary loading and preferred phyllosilicate
orientation becomes more complex (Figure 6.10). Understandings of the
sediment type and basin environment are important factors to be taken into
account. Three types of phyllosilicate orientations may be observed in
response to increasing depth: 1- a general trend; 2- a clay percentage effect
trend; and 3- an overpressure/rabid burial trend. The results from this study
show what may be described as a general trend in increased preferred
phyllosilicate alignment with increasing maximum burial depth (Figure 6.10).
It should be noted that these samples have ~50-55% total phyllosilicate
material as quantified by XRD, whereas the samples described by Ho et al
(1999) have very variable grain size distributions. The samples described as
‘sandy’ sit on the general trend as described by samples measured in this
study, whereas the much finer-grained samples have increased preferred
fabric alignments (~2 m.r.d.) for a given depth relative to the general trend.
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Figure 6.9. Measured porosity against maximum modelled burial depth, top, and measured
porosity against maximum burial temperature, bottom, for Magnus 211/12-2, Rhum 3/2924,
Bukowina Tatrzariska PIG-1 and Chochotéw PIG-1 and measyred porosity for Panis, lkon
and Diva (After Matenaar, 2002).

Sample Chochotéw-38 from the Podhale Basin that joins the samples from
the Ho et al. (1999) study suggests that these samples have ~70% total
phyllosilicate material with less than 20% quartz. Although, from the BSEM
micrographs presented in this study from both the Podhale Basin and the
Northern North Sea the role of quartz in disrupting fabric development
appears to be offset by the amount of total phyliosilicate material, with the
latter having the greater impact on fabric alignment. This observation follows
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that of Matenaar (2002) who demonstrated that the granulometrical
composition of the silt and clay fraction was more significant for primary
phyllosilicate fabric than the overall grain size. The rapid burial noted in this
study and by Matenaar (2002) may retard preferred orientation development
to depths of around ~3 to ~5km, respectively, with these low fabric

alignments observed in BSEM micrographs.

The three trends above highlight different physical burial processes. When
phyllosilicate preferred alignment is expressed against porosity (Figure 6.11)
it is remarkable how little change (less than 1 m.r.d. difference) there is in
preferred phyllosilicate alignment between 45% and 15%. There is some
spread in the data but this represents individual sarhple variability,
however,30%of porosity is lost for only a ~0.5 m.r.d. increase in preferred
orientation (from ~2 to ~2.5 m.r.d.). At 15% porosity and ~2.5 m.r.d. there is
a key knick point in the trend. Porosity is reduced to almost zero and fabric
alignment increases from ~2.5 m.r.d. to ~6.5 m.r.d. The implication is that in
terms of porosity significant fabric alignment change is only associated with
porosities that are less than ~15%. Additionally, this implies a small pore
throat radius, with the development of preferred phyllosilicate fabrics only
associated with pore throat radii of less than 10nm (Matenaar, 2002).

With an understanding of the depositional setting and burial
depth/temperature in mind, the relationship between porosity and maximum
pole density is compelling (Figure 6.11), especially below ~15% porosity, and
allows some prediction of preferred alignment based on a measured porosity.
- At greater than 15% porosity it appears that the effective stress experienced
by the mudstone horizons sampled are not high enough to facilitate the
alignment of phyllosilicates, yet it is enough to significantly reduce porosity.
This suggests that the flocculated clay material observed at ~3000m in the
Northern North Sea and at ~5000m in the Gulf of Mexico (Matenaar, 2002) is
held in its depositional arrangement. Prediction based on Figure 6.11 is not
efficient in the case of surface or near surface sediments with a high
preferred orientation and an open porosity. The deep sea clay noted by
Matenaar (2002) with ~40% porosity and a preferred phyllosilicate alignment
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of ~5.5 m.r.d. diverges from the predictions made based on Figure 6.11.
Even in highly overpressured systems 40% porosity will not persist to depths
beyond 1-2km (lllife, 2005, pers. comms), consequently with an
understanding of the depositional setting and burial depth/temperature,

predictions and interpretations based on Figure 6.11 can still be made.
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Figure 6.10. Fabric development (maximum pole density in M.R.D.) as measured by
HRXTG against maximum burial depth for Magnus 211/12-2, Rhum 3/29a4, Bukowina
Tatrzariska and Chochotéw, left, and for Magnus 211/12-2, Rhum 3/29a4, Bukowina
Tatrzanska and Chochotéw, Gulf of Mexico wells Ikon Diva and Panis (after Matenaar 2002)
and the Gulf of Mexico study by Ho et al. (1999), right.
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The key implication of the data presented in Figure 6.11 is that depositional
fabrics (flocculated clay material) assumed to be random (e.g. Sintubin, 1994,
O'Brien & Slatt, 1990) with a typical phyllosilicate ‘edge-to-face’ morphology,
except in the cases of depositionally aligned fabrics (e.g. Matenaar, 2002;
Bennett et al, 1991), are more resistant to the effects of loading than have

been previously suspected (Sintubin, 1994).

6.2.2: Smectite illitization:

In the samples from this study there is a general increase in phyllosilicate
preferred orientation with increasing temperature (Figure 6.12), with the
majority of the change occurring between 75°C and 125°C (Figure 6.13).
Likewise, the phyllosilicate preferred orientation observed in the Gulf of
Mexico samples (After Matenaar, 2002 and Ho et al., 1999) have a general
increase. There is a greater spread of the data and this has been attributed
to overpressure retarding preferred orientation development (Matenaar, 2002)
and to grain size effects (Figure 6.13) decreasing the possibility of
phyllosilicate alignment (Ho et al., 1999; Matenaar, 2002).
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Figure 6.12. Fabric development (maximum pole density in M.R.D.) as measured by
HRXTG against maximum burial temperature for Magnus 211/12-2, Rhum 3/29a4, Bukowina
Tatrzanska and Chochotéw,left, Gulf of Mexico wells Ikon Diva and Panis (after Matenaar
2002) and the Gulf of Mexico study by Ho et al. (1999), right. Large scatter of results at
~100°C reflects the various controls on fabric development at play in different basins.
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This temperature window is coincident with the major change in /S
expandability (Figure 6.6). Phyllosilicate preferred orientation has been
quantified to be low (less than ~2.5 m.rd.) between 100% and 60%
expandability (Figure 6.14) so that the majority of this fabric change occurs in
the region of 60%S to 20%S in I/S. Expandability decrease is seen to
terminate in the Podhale Basin samples at ~20%S, however fabric continues
to increase, albeit at a much slower rate. Previously, in this thesis ATEM
data have been presented that document crystallite change yet with no
change in %S. Figure 6.14, therefore, documents 3 zones of preferred
alignment increase. Zone 1 is affected by loading, a very large increase in
vertical effective stress but no substantial fabric change is noted. Zone 2
sees less increase in the vertical component of effective stress than Zone 1
but much more increase in phyllosilicate alignment. Therefore, it is entirely
influenced by I/S change. Zone 3 is affected by an increase in vertical
component of effective stress that is similar to Zone 1 but is associated with
only a modest increase in preferred alignment of phyllosilicates and is either
a purely mechanical process in which the vertical component of effective
stress drives continued alignment or is associated with mineralogical change

in ‘crystallite packets'.
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Figure 6.13. Fabric development (maximum pole density in M.R.D.) as measured _by
HRXTG against maximum burial temperature for Magnus 211/12-2, Rhum 3/29a4, Bukowina
Tatrzanska and Chochotéw, Gulf of Mexico wells Ikon Diva and Panis (after Matenaar 2002)
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and the Gulf of Mexico study by Ho et al. (1999). Large scatter of results at ~100°C reflects
the various controls on fabric development at play in different basins.
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Figure 6.14. 3 zones of fabric development (maximum pole density in M.R.D.) as measured
by HRXTG as a function of I/S change.

6.3: Diagenetic Controls on the Phyllosilicate Fabric of Mudstones:

The key results of this thesis are presented in Figure 6.16. The illitization of

smectite is controlled by time, temperature and potassium availability. The
change in ordering and the bulk of I/S change occurs between 75°C and
125°C, which is coincident with the bulk of phyllosilicate preferred orientation

alignment.
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Figure 6.15. Top left, decrease in expandability with increasing temperature, dashed lines
above 60%S show divergent paths in initiation of smectite to illite transformation, dashed
lines below 20%S show divergent reaction paths in response to K-feldspar availability. Top
right, maximum /S pole density [m.r.d.] with maximum burial temperature [°C],
overpressured samples (this study and Matenaar, 2002), ‘sandy’ samples (Ho et al., 1999)
and inherited alignments (Matenaar, 2002) are marked, with the general fabric increase most
marked between 75°C and 125°C. Bottom left, maximum I/S pole density [m.r.d.] with %S in
I/S. Bottom right, the response of maximum /S pole density [m.r.d.] increase to porosity

decrease.

This I/S change and temperature interval is consistent with published
temperature ranges in relation to I/S palaeothermometry (e.g. Hoffman &
Hower, 1979; Pollastro, 1993; Srodon, 1995) and I/S transformation in
general (e.g. Hower et al., 1976; Boles & Franks, 1979; Pearson et al., 1982;
Srodon & Eberl, 1984). Additionally, I/S change is associated with the
majority of phyllosilicate preferred alignment. Inherited alignment and grain
size effects have significant influences over the range of maximum pole
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densities encountered. However, the vertical component of effective stress
is critical. 1/S change and associated dissolution facilitates rotation of grains
but it is loading that drives this change and gives increased phyllosilicate
alignments. The two processes work together as loading alone appears
insufficient to create wholesale fabric change whereas dissolution and

mineral diagenesis without a loading regime has no power to effect

orientation.

The above trends have a sig‘nificant impact on which mechanism could be
controlling /S transition (discussed in Chapter 2). The MacEwan Crystallite
Model (MacEwan et al., 1961) assumes a solid-state transformation with in
situ change (I/S change by the reaction of Hower et al., 1976), whereas a
Fundamental Particle Model (e.g. Nadeau et al., 1984a; 1984b; Nadeau, et
al., 1985a; 1985b; Srodon et al., 1992; Dong & Peacor, 1996; Nadeau, 1998;
Peacor, 1998) assumes direct precipitation after initial dissolution. This latter
model may account for the rearrangement of phyllosilicate minerals seen to
coincide with I/S transition (6.15). This dissolution-precipitation is not a
wholesale change, rather Chapter 2 has suggested that perhaps only ~15%
of the phyllosilicate minerals in the mudstone are reactive. Consequently,
what is presented here is an idea of localised dissolution and re-precipitation
around regions of grain defects or at the edge of grains that are in stress
contact with other.grains either quartz or other clay materials and the vertical
component of effective stress forces neo-crystallites into a preferred

orientation.

If dissolution-precipitation of neo-crystallites is a localised process, in which
small areas of a grain diagenetically alter in response to the conditions they
are under, which in turn is exploited by effective stress by rotation grains into
an enhanced preferred alignment, it does not explain the coherency of a
‘crystallite packet’ as noted in the SADP collected as part of the ATEM
analysis in this thesis. Larger packets producing more clearly identified
single crystal patterns (Ahn & Peacor 1986; Li et al., 1997) and the single
patterns in this study were predomihantly associated with more diagenetically
mature samples. Also, the nature of the smectite and illite interfaces in
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interstratified ‘crystallite packets’ will have an effect on the SADP (Bell, 1986),
as the boundary between smectite and illite layers might be layer terminating,
which will change the crystal lattice planes under the scale of the electron
beam and will produce what appears to be small amounts of turbostratic
disorder. So as well as producing a phyllosilicate preferred orientation
“recorded by HRXTG, the mineralogical changes in smectite illitization have
facilitated coherent crystallite patterns that have produced predominantly

single crystal patterns.

The hypothesis of the control of reactive clay minerals over the clay particle
realignment does not fully resolve why kaolinite and chlorite have the same
amount of preferred orientation as I/S. The diagenetic evolution of kaolinite
and chlorite in this work suggests that they are passive in reorientation into a
preferred fabric and that they rely on diagenetic change to facilitate the initial
reorientation and then allow vertical stress to govern their reorientation. The
loss of kaolinite in diagenetic trends is associated with some volume loss
(Giles et al., 1998). Chlorite is predominantly neo-formed so its alignment is

a function of effective stress governing th_e orientation into which it may

precipitate. '
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6.4: Conclusions:

The rationale for this study was to investigate the role of both mechanical
compaction and diagenetic phyllosilicate mineral reactions on the |
phyllosilicate fabric of mudstones. The results have shown that:

e Smectite to illite changes occur predominantly in a temperature
window between 75°C and 125°C. The relative ages of the basins
studied have an effect on the shape of the reaction curves. K-feldspar
dissolution is an important source of potassium to the system to form
illite layers.

e Phyllosilicate preferred orientation is initially affected by random
alignments or inherited preferred alignments that are a function of
depositional environment.

e Grain size and phyllosilicate content affect the degree to which
preferred alignments can be generated. In initially random alignments
of phyllosilicate grains loading and porosity decrease to 15% do not
significantly align grains. It is only with the onset of ordering changes
in smectite illitization that enhanced alignments are observed.

e The role of vertical effective stress places the neo-formed phases into
a preferred alignment but alone is not enough to form strong fabric
alignments on initially random alignments of phyllosilicates.

e The results of the preferred alignment of phyllosilicates documented in
this thesis points to the illitization of smectite being driven by a
mechanism of dissolution-precipitation. ATEM data suggest some
mineralogical change is continuing beyond I/S termination, that also
has an effect on the nature of the SADP produced, and is aiding

enhanced phyllosilicate alignment.
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6.5: Future Work:

Work to date on the preferred orientation of phyllosilicate in mudstones has
taken thus far has concentrated on trying to unravel the effects of mechanical
compaction and diagenetic changes. Practical aspects to this work still
remain in regard to petrophysical properties such as permeability and

mechanical strength.

The most obvious future direction is to try to make a link between sonic
velocity or seismic impedance and the alignment of phyllosilicates on the
millimetre scale. This represents some significant upscaling issues;
nevertheless the results of such research should not only help predict fluid
flow in sedimentary basins but also locate clay mineral diagenesis in seismic

Or sonic surveys.

In direct relation to the samples from the Podhale Basin, a full scale TEM
morphology study to produce lattice fringe images is extremely attractive for
a study of the nature of crystallite packets in samples where the illitization of
smectite has terminated. Such a study may be able to link crystallite size
and mineral phase boundary conditions to the mechanism of phyllosilicate
alignment and I/S change in samples that are already extremely well

characterised.

Further the link between fabric change and mineral alignment in the
diagenetic realm with those of the early stages of metamorphism has not
received the full attention that they deserve. Work on cleavage development
and the role of chlorite growth perpendicular to ‘bedding’ fabrics in lithologies
with effectively 0% porosity offer an opportunity to study the mechanisms of
phyllosilicate mineral growth and reorientation from diagenesis to zeolite and

greenschist facies.

Preferred alignments of phyllosilicates will have effects on such properties as
permeability and tortuosity of fluid flow through phyllosilicate dominated
lithologies. Synthetically manufactured blocks of such material may be a
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useful addition to clay barriers in nuclear waste repositories or in the clay
barriers of refuse repositories.
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8.0: Appendices:
Appendix 2.1. Chochotéw PIG-1 2-theta, and the pole figures for the measured peaks, illite-
smectite and kaolinite/chlorite along with their measured m.r.d. values. Depth values are in
Actual Burial Depth, (ABD) and Proposed Maximum Burial Depth (MBD).
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Appendix 2.1 continured. Bukowina Tatrzanska PIG-1 2-theta, and the pole figues for the

measured peaks, illite-smectite and kaolinite/chlorite along with their measured m.r.d.

values, Actual Burial Depth (ABD) and Proposed Maximum Burial Depths (MBD).
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Appendix 3.1: Structural Formulae for the illite and smectite standards as
measured by SEM-EDS. :

lllite standard

Octahedral.
(Al Fe Mg T) Total (Si Al) O10{(OH)2 Ca K
1.48 0.24 0.22 0.02 1.96 3.76 0.24 0.008 0.54
1.48 0.26 0.23 0.02 1.99 3.75 0.25 0.009 0.48
1.44 0.24 0.18 0.05 1.91 3.79 0.21 0.000 0.61
1.43 0.24 0.22 0.05 1.93 3.77 0.23 0.000 0.59
1.64 0.19 0.17 0.01 2.0 3.69 0.31 0.000 0.44
1.42 0.30 0.20 0.02 1.93 3.70 0.30 0.016 0.65
1.52 0.21 0.19 0.02 1.95 3.78 0.22 0.000 0.55
1,12 0.31 0.14 0.28 1.85 3.73 0.27 0.009 0.58
1,53 0.20 0.21 0.01 1.96 3.76 0.24 0.000 0.57
1.47 0.24 0.20 0.02 1.93 3.81 0.19 . 0.000 0.56
1.50 0.21 .0.18 0.03 1.92 3.76 0.24 0.000 0.64
1.67 0.12 0.12 0.02 1.93 3.53 0.47 0.000 0.78
1.46 0.25 0.18 0.03 1.92 3.76 0.24 0.014 0.62
1.44 0.27 0.17 0.02 1.90 3.87 0.13 0.001 0.58
1.46 0.24 0.23 0.03 1.96 3.75 0.25 0.000 0.57
1.44 0.24 0.16 0.01 1.85 3.99 0.01 0.001 0.58
1.42 0.29 0.21 0.02 1.94 3.74 0.26 0.000 0.64
0.92 0.42 0.12 0.42 1.89 3.48 0.52 0.004 0.55
1.52 0.14 0.15 0.05 1.86 3.71 0.29 0.000 0.80
1.48 0.25 0.20 0.01 1.94 3.79 0.21 0.000 0.58
1.46 0.26 0.20 0.01 1.93 3.76 0.24 0.007 0.63
1.35 0.33 0.18 0.04 1.90 3.74 0.26 0.003 0.70
1.48 0.22 0.21 0.03 1.94 3.79 0.21 0.003 0.56
1.49 0.16 0.19 0.03 1.88 3.87 0.13 0.000 0.66
1.46 0.28 0.22 0.02 1.98 3.70 0.30 0.006 0.53
1.53 0.21 0.20 0.01 1.94 3.81 0.19 0.003 0.56
1.51 0.21 0.23 0.03 1.98 3.70 0.30 0.000 0.55
1.56 0.20 0.20 0.02 1.99 3.66 0.34 0.000 0.56
1,54 0.18 0.21 0.03 1.95 3.82 0.18 0.004 0.49
1.40 0.27 0.16 0.04 1.86 3.77 0.23 0.000 0.76
1.46 0.22 0.17 0.03 1.88 3.91 0.09 0.004 0.58
1.51 0.21 0.21 0.04 1.97 3.70 0.30 0.008 0.54
1.59 0.16 0.23 0.01 1.98 3.79 0.21 0.000 0.47
1.45 0.25 0.16 0.03 1.89 3.89 0.11 0.000 0.57
1,53 0.20 0.20 0.03 1.97 3.67 0.33 0.002 0.61
1.49 0.30 0.16 0.04 1.99 3.69 0.3t 0.001 0.47
1.57 0.16 0.15 0.01 1.89 3.94 0.06 0.000 0.52
1.47 0.25 0.20 0.02 1.93 3.75 0.25 0.007 0.61
1.51 0.22 0.18 0.01 1.92 3.88 0.12 0.000 0.54
1.47 0.22 0.19 0.02 1.90 3.88 0.12 0.000 0.60
1.49 0.20 0.19 0.02 191 3.89 0.11 0.001 0.54
1.25 0.20 0.18 0.25 1.89 3.73 0.27 : 0.001 0.53
1.50 0.20 0.21 0.02 1.93 3.95 0.05 0.003 0.46
1.47 0.24 0.19 0.02 1.91 3.88 0.12 0.000 0.55
1.39 0.26 0.26 0.11 2.02 3.65 0.35 0.003 0.44
1.44 0.26 0.24 0.02 1.97 3.51 0.49 0.000 0.79
1.46 0.22 0.21 0.03 1.91 3.87 0.13 ~ 0.002 0.56
1,51 0.21 0.18 0.02 1.92 3.87 0.13 0.003 0.53
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1.28 0.28 0.20 0.17 1.93 3.73 0.27 0.000 0.50
1.47 0.22 0.20 0.03 1.92 3.80 0.20 0.015 0.59
1.45 0.26 0.21 0.02 1.94 3.76 0.24 0.009 0.60
148 0.24 0.21 0.01 1.95 3.72 0.28 0.002 0.63
1.48 0.22 0.20 0.03 1.93 3.76 0.24 0.009 0.59
1.40 0.26 0.22 0.06 1.95 3.73 0.27 0.003 0.59
1.48 0.22 0.20 0.03 1.93 3.85 0.15 0.009 0.52
1.48 0.25 0.23 0.02 1.98 3.70 0.30 0.001 0.57
1.47 0.22 0.20 0.02 1.92 3.73 0.27 0.078 0.55
1.43 0.24 0.19 0.03 1.90 3.89 0.11 0.006 0.56
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Smectite Standard
Octahedral

(Al Fe Mg Ti) Total (Si A 010(0H)2 Ca K

1.52 0.23 0.36 0.00 2.12 3.94 0.06 0.027 0.01
1.59 0.21 0.31 0.01 2.12 3.89 0.11 0.023 0.01
1.60 0.20 0.32 0.00 211 391 0.09 0.029 0.00
'1.60 0.19 0.32 0.01 212 391 0.09 0.019 0.00
1.58 0.20 0.30 0.01 2.09 3.93 0.07 0.040 0.01
1.62 0.19 0.29 0.00 2.10 3.93 0.07 0.030 0.00
1.59 0.03 0.04 0.03 1.69 4,15 -0.15 0.018 0.76
1.57 0.20 0.30 0.00 2.07 400 0.00 0.035 0.01
1.62 0.19 0.33 0.00 2.14 3.88 0.12 0.016 0.01
1.55 0.23 0.35 0.01 2.14 3.86 0.14 0.020 0.01
1.64 0.16 0.32 0.01 212 3.92 0.08 0.012 0.00
1.61 0.19 0.30 0.00 2.10 3.92 0.08 0.031 0.00
1.32 0.33 0.39 0.06 2.10 3.84 0.16 0.044 0.09
1.64 0.20 0.27 0.00 211 3.91 0.09 0.018 0.00
1.62 0.19 0.30 0.00 2.11 3.91 0.09 0.021 0.00
1.59 0.19 0.29 0.01 2.09 3.95 0.05 0.024 0.02
1.60 0.20 0.29 0.01 211 3.91 0.09 0.026 0.01
1.60 0.21 0.30 0.01 2.12 3.90 0.10 0.018 0.00
1.58 0.20 0.32 0.01 212 390 0.10 0.026 0.00
1.55 0.20 0.39 0.00 2.15 3.89 0.11 0.026 0.01
1.60 0.20 0.30 0.01 211 3.90 0.10 0.025 0.01
1.60 0.20 0.26 0.01 2.08 3.92 0.08 0.028 0.03
1.57 0.21 0.34 0.01 213 3.86 0.14 0.037 0.01
1.61 0.20 0.32 0.00 212 3.91  0.09 0.019 0.00
1.60 0.21 0.30 0.01 212 391 0.09 0.019 0.00
1.61 0.20 0.27 0.01 2.09 3.96 0.04 0.019 0.01
1.63 0.20 0.25 0.01 2.09 3.93 0.07 0.026 0.01
1.60 0.20 0.29 0.01 2.10 3.91 0.09 0.020 0.02
1.63 0.20 0.25 0.01 2.08 3.93 0.07 0.026 0.01
1.63 0.22 0.23 0.01 2.09 3.92 0.08 0.018 0.00
1.64 0.20 0.23 0.01 2.08 3.93  0.07 0.021 0.01
1.61 0.19 0.31 0.01 212 3.91 0.09 0.018 0.01
1.60 0.20 0.31 0.01 211 3.91 0.09 0.020 0.01
1.63 0.21 0.26 0.01 2.10 390 0.10 ° 0.019 0.01
1.60 0.20 0.29 0.00 2.10 3.94 0.06 0.023 0.01
1.58 0.20 0.33 0.00 211 3.96 0.04 0.014 0.01
1.61 0.19 0.30 0.00 211 3.92 0.08 0.020 0.00
1.61 0.21 0.30 0.00 2.12 3.90 0.10 0.018 0.01
1.60 0.19 0.34 0.00 213 390 0.10 0.018 0.00
1.56 0.20 0.36 0.01 213 391 0.09 0.028 0.01
1.63 0.21 0.19 0.01 2.03 3.96 0.04 0.068 0.00
1.64 0.19 0.18 0.01 2.03 396 0.04 0.063 0.01
1.63 0.22 0.17 0.01 2.03 3.93 0.07 0.071 0.01
1.66 0.19 0.18 0.00 2.04 3.94 0.06 0.064 0.00
1.65 0.19 0.18 0.01 2.02 3.95 0.05 0.072 0.00
1.64 0.20 0.19 0.01 2.03 393 0.07 0.073 0.00
1.65 0.20 0.20 0.00 2.04 3.92 0.08 0.072 0.00
1.64 0.21 0.18 0.00 2.03 3.93 0.07 0.072 0.00
1.63 0.23 0.18 0.01 2.04 3.90 0.10 0.074 0.00
1.66 0.20 0.19 0.01 2.05 3.93 0.07 0.045 0.01
1.63 0.22 0.19 0.00 2.04 391 0.09 0.070 0.00
1.63 0.22 0.18 0.01 2.04 3.92 0.08 0.074 0.00
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1.63 0.21 0.19 0.01 2.04 3.93 0.07 0.062 0.00
1.62 0.21 0.19 0.01 2,03 3.96 0.04 0.068 0.00
1.65 0.21 0.18 0.01 2.04 3.92 o0.08 0.059 0.00
1.65 0.20 0.18 0.00 2.03 3.95 0.05 0.062 0.01
1.65 0.21 0.19 0.01 2.05 3.94 0.06 0.040 0.01
1.61 0.23 0.21 0.00 2.06 3.94 0.06 0.045 0.00
1.63 021 0.19 0.0t 2.04 3.94 0.06 0.058 0.01
1.64 0.22 018 0.01 2.05 392 0.08 0.051 0.00
1.59 0.24 0.20 0.00 2.04 399 0.01 0.046 0.00
1.57 0.26 0.21 0.01 2.05 3.96 0.04 0.047 0.01
1.58 0.21 0.20 0.00 2,01 4.02 -0.02 0.030 0.10
1.59 0.23 0.22 0.01 2.05 3.98 0.02 0.047 0.00
1.58 0.23 0.22 0.01 2.04 399 0.01 0.040 0.01
1.62 0.20 0.22 0.00 2.04 4.02 -0.02 0.037 0.00
1.58 0.21 0.22 0.01 2.02 4.06 -0.06 0.050 0.00
1.61 0.19 0.22 0.01 2.04 4.04 -0.04 0.026 0.01
1.59 0.22 0.21 0.01 2.03 4.04 -0.04 0.033 0.00
1.59 0.22 0.22 0.00 2.03 4.05 -0.05 0.034 0.01
1.58 0.23 0.22 0.00 2.03 4.02 -0.02 0.043 0.00
1.58 0.23 0.22 0.00 2.04 4.01 -0.01 0.039 0.01
1.56 0.26 0.22 0.01 2.04 4.01 -0.01 0.033 0.00
1.58 0.23 0.21 0.01 2.03 4.04 -0.04 0.033 0.00
1.57 0.25 0.22 0.00 2.04 4.03 -0.03 0.031 0.01
1.56 0.26 0.20 0.01 2.03 4.01 -0.01 0.033 0.00
1.58 0.23 0.22 0.01 2.04 399 0.01 0.055 0.01
1.59 0.20 0.20 0.00 1.99 4.13 -0.13 . 0.049 0.01
1.61 0.19 0.15 0.00 1.95 4.19 -0.19 0.044 0.02
1.62 0.19 0.21 0.01 2.03 4.04 -0.04 0.031 0.01
1.57 0.24 0.22 0.01 2.04 4.02 -0.02 0.028 0.01
1.58 0.24 0.21 0.00 2.03 400 0.00 0.052 0.01
1.59 0.2t 0.20 0.01 201 4.08 -0.08 0.033 0.02
1.59 0.22 0.22 0.01 2.04 401 -0.01 0.031 0.01
1.62 0.21 0.20 0.01 2.04 4.01 -0.01 0.035 0.00
1.60 0.21 0.22 0.01 2.03 4.04 -0.04 0.032 0.01
1.58 0.20 0.21 0.04 2.03 4.02 -0.02 0.036 0.01
1.60 0.17 0.20 0.00 1.97 420 -0.20 0.032 0.01
1.62 0.22 0.20 0.00 2.04 4.00 0.00 0.030 0.0t
1.60 0.23 0.22 0.00 205 © 399 0.01 0.028 0.01
1.58 0.26 0.20 0.01 2.04 399 0.01 0.028 0.01
1.54 0.31 0.18 0.01 2.04 397 0.03 0.034 0.01
1.63 0.19 0.23 0.01 2.05 4.00 0.00 0.021 0.01
1.60 0.24 0.20 0.01 2.05 399 0.01 0.026 0.01
1.57 0.26 0.20 0.01 2.04 4.00 0.00 0.036 0.01
1.56 0.21 0.22 0.03 2.02 397 0.03 0.075 0.02
1.61 0.22 0.22 0.01 2.05 399 0.01 0.024 0.01
1.60 0.21 0.23 0.01 2.05 4.00 0.00 0.034 0.01
1.59 0.23 0.22 0.01 2.05 4.00 0.00 0.029 0.01
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Appendix 3.2: Structural Chochotéw-06 and Bukowina Tatrzanska-41as
measured by SEM-EDS.

Chochotéw-06
Octahedral
(Al Fe Mg Ti) Total (Si Al) 010(0OH)2 Ca K
0.91 0.30 0.33 0.03 1.57 2.97 1.03 1.037 0.54
1.49 0.12 0.17 0.12 1.90 3.22 0.78 0.177 0.76
1.22 0.50 0.36 0.02 2.09 3.48 0.52 0.057 0.47
0.32 1.22 0.98 0.01 2.53 2.70 1.30 0.265 0.16
0.83 0.18 0.89 0.01 1.92 3.16 0.84 0.795 0.38
1.40 0.20 0.22 0.02 1.84 3.64 0.36 0.310 0.43
0.92 0.29 0.25 0.04 1.51 3.07 0.93 1.084 0.45
1.49 0.22 0.20 0.02 1.93 3.26 0.74 0.143 0.84
0.82 0.64 0.46 0.10 2.03 3.26 0.74 0.259 0.50
1.19 0.22 0.39 0.01 1.80 3.39 0.61 0.555 0.48
0.92 0.51 0.39 0.04 1.86 3.36 0.64 0.462 0.48
0.45 0.61 1.74 0.01 2.81 2.63 1.37 0.286 0.11
1.43 0.30 0.33 0.04 2.09 3.34 0.66 0.034 0.62
1.35 0.24 0.15 0.11 1.85 3.16 0.84 0.273 0.78
1.79 0.03 -0.02 0.02 1.82 4,46 -0.46 0.022 0.01
1,25 0.24 0.21 0.04 1.74 4.01 -0.01 0.232 0.49
1.19 0.41 0.41 0.02 2.04 3.67 0.33 0.143 0.32
1.10 0.25 0.39 0.03 1.77 3.40 0.60 0.597 0.46
1.37 0.26 0.33 0.02 1.98 3.54 0.46 0.197 0.43
1.36 0.26 0.27 0.02 1.91 3.70 0.30 0.199 0.43
1.09 0.38 0.27 0.04 1.78 3.43 0.57 0.457 0.53
1.23 0.24 0.28 0.04 1.78 3.43 0.57 0.406 0.65
1.19 0.47 0.50 0.04 2.20 3.23 0.77 0.110 0.42
0.81 0.34 0.26 0.02 1.42 3.24 0.76 1.180 0.39
0.77 0.51 0.43 0.08 1.79 3.19 0.81 0.635 0.53
1.89 0.06 0.05 0.02 2.02 3.28 0.72 0.026 0.62
1.54 0.12 0.13 0.02 1.81 3.19. 0.81 0.418 0.64
1.29 0.33 0.35 0.02 1.99 3.44 0.56 0.106 0.69
1.40 0.23 0.23 0.02 1.88 4.05 -0.05 0.101 0.32
1.03 0.54 0.21 0.03 1.81 3.52 0.48 0.421 0.39
0.86 0.33 0.39 0.03 1.60 3.22 0.78 0.961 0.43
1.38 0.24 0.18 0.06 1.86 4,05 -0.05 0.062 0.35
1.93 0.06 0.03 0.02 2.03 3.19 0.81 0.002 0.72
1.88 0.08 0.04 0.02 2.02 3.14 0.86 0.014 0.80
1.48 0.23 0.17 0.02 1.90 3.37 ' 0.63 0.227 0.62
1.18 0.26 0.29 0.04 1.77 3.37 0.63 0.562 0.44
1.15 0.39 0.28 0.01 1.83 3.64 0.36 0.353 0.43
1.90 0.07 0.03 0.02 2.01 3.10 0.90 0.010 0.85
1.07 0.27 0.36 0.04 1.73 3.45 0.55 0.650 0.37
1.33 0.34 0.25 0.03 1.94 3.30 0.70 0.212 0.67
0.99 0.23 0.21 0.04 1.47 3.67 0.33 0.866 0.35
1.81 0.10 0.08 0.00 2.00 3.23 0.77 0.021 0.82
0.02 1.57 1.59 0.01 3.18 2.00 2.00 0.016 0.02
1.19 0.53 0.26 0.04 2.02 3.41 0.59 0.164 0.44
1.32 0.33 0.33 0.02 2.00 3.38 0.62 0.206 0.51
1.16 0.49 0.27 0.03 1.95 3.48 0.52 0.246 0.41
1.09 0.38 0.33 0.02 1.82 3.40 0.60 0.524 0.39
1.36 0.29 0.27 0.02 1.94 3.58 0.42 0.140 0.58
1.43 0.26 0.22 0.03 1.94 3.92 0.08 0.033 0.38
-0.57 0.20 0.16 0.04 -0.18 2.15 1.85 4.033 0.42
1.63 0.17 0.13 0.03 1.95 3.23 0.77 0.021 0.98
1.13 0.26 0.25 0.11 1.76 3.66 0.34 0.420 0.37
1.64 0.14 0.12 0.02 1.92 4,01 -0.01 0.055 0.22
1.39 0.32 0.11 0.04 1.86 3.79 0.21 0.036 0.62
1.59 0.20 0.13 0.01 1.93 3.77 0.23 0.120 0.34
1.24 0.23 0.40 0.07 1.95 3.56 0.44 0.269 0.39
1.24 0.24 0.18 0.02 1.67 3.43 0.57 0.602 0.50
1.40 0.22 0.27 0.03 1.92 3.43 0.57 0.209 0.64
1.52 0.19 0.23 0.02 1.97 3.52 0.48 0.060 0.66
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0.64 0.23  0.18 0.06 1.10 2.80 1.20 1.738 0.55
1.17 025  0.30 0.02 1.74 3.35 0.65 0.641 0.44
1.27 025  0.45 0.01 1.98 3.41 059 0.300 0.48
1.32 030  0.24 0.03 1.88 3.73  0.27 0.155 0.52
0.55 1.01 0.77 0.02 2.35 2,92 1.08 0.263 0.27
1.36 0.30  0.21 0.02 1.89 3.84 0.16 0.160 0.34
-0.25 0.24 1.43 0.02 143 220 1.80 2.273  0.36
1.45 0.24 029 0.02 2.00 3.65 0.35 0.109 0.41
131 0.35  0.25 0.02 1.93 3.59 0.41 0.159 0.54
0.81 0.26  0.28 0.03 1.38 3.16 0.84 1.280 0.40
0.85 0.27  0.56 0.02 1.70 336 0.64 0.836 0.40
1.40 0.27 0.29 0.03 1.98 373 0.27 0.099 0.39
1.09 0.27  0.26 0.02 1.64 351  0.49 0.702 0.39
1.18 0.30  0.21 0.06 1.75 4.06 -0.06 0.244 0.35
1.13 025  0.29 0.01 1.68 3.17 0.83 0.762 0.55
1.14 035  0.18 0.17 1.84 3.44 0.56 0.156 0.74
1.02 027  0.38 0.04 171 401 -0.01 0.426 0.36
1.03 032  0.32 0.08 1.75 3.54 0.46 0.548 0.36
0.82 0.21 0.80 0.02 1.84 274 126 ~0.939 0.62
1.17 030  0.10 0.08 1.64 311 0.89 0.441 1.11
1.08 027  0.27 0.23 1.85 336 0.64 0.336 0.46
1.53 0.17  0.22 0.02 1.94 3.47 0,53 0.127 0.67
1.12 034 023 0.02 171 3.56 0.44 0.490 0.54
0.74 099 051 0.01 2.25 2.96 1.04 0.252 0.30
1.13 0.38  0.25 0.07 1.82 3.51 0.49 0.317 0.57
0.65 1.25 070 0.01 2.60 265 1.35 0.023 0.18
1.51 0.22  0.25 0.02 2.00 3.69 0.31 0.019 0.49
0.57 1.19  0.61 0.1 2.39 276 1.24 0.166 0.35
1.07 0.22  0.19 0.01 1.49 420 -0.20 0.655 0.18
0.67 0.25  0.36 0.04 1.32 3.08 0.92 1.437 0.41
1.12 037 047 0.03 1.99 3.29 0.71 0.333 0.52
1.39 0.22  0.28 0.02 1.91 3.76 0.24 0.161 0.45
1.01 0.41 0.34 0.15 1.91 3.73  0.27 0.215 0.31
0.99 0.26  0.28 0.01 1.54 3.49 0.51 0.913 0.35
1.30 035  0.37 0.02 2.03 3.47 0.53 0.150 0.48
0.70 0.29  0.36 0.04 1.38 318 0.82 1.320 0.35
0.33 0.86 120 0.07 2.46 290 1.10 0.015 0.82
0.86 0.23  0.39 0.05 1.52 3.14 0.86 1.111  0.40
1.50 0.14  0.19 0.01 1.84 3.43  0.57 0.241 0.74
131 029 035 0.02 1.96 3.63 0.37 0.182 0.47
1.47 0.31 0.21 0.03 2.02 3.45  0.55 0.063 0.55
1.25 047 032 0.02 2.05 3.15 0.85 0.105 0.80
1.12 0.46  0.27 0.05 1.89 3.46 0.54 0.233 0.62
139 022 027 0.02 1.90 3.88 0.12 0.144 0.38
032 0.19  0.24 0.23 0.98 281  1.19 1.965 0.34
1.48 0.09  0.11 0.02 1.70 3.99 0.1 0.305 0.39
1.27 0.5 0.36 0.01 1.80 299 1.01 0.606 0.75
138 031  0.35 0.02 2.07 3.71  0.29 0.028 0.37
1.20 0.50  0.45 0.02 2.18 3.39  0.61 0.038 0.42
0.23 020  0.16 0.02 0.62 3.20 0.80 . 2338 0.40
0.81 024  0.37 0.02 1.43 338  0.62 1.154 0.39
1.64 0.15 023 0.01 2.02 3.41 0.59 0.036 0.66
1.13 0.7 035 0.06 1.70 4.16 -0.16 0.313  0.40
1.72 0.09  0.14 0.06 2.00 321  0.79 0.011 0.84
1.65 0.1  0.11 0.02 1.89 3.72 0.28 0.021 0.66
1.20 0.42  0.43 0.01 2.06 3.56 0.44 0.152 0.36
1.18 0.18  0.44 0.01 1.81 3.14 0.86 0.667 0.54
163 028 020 0.05 2.16 3.11  0.89 0.009 0.54
155 0.13  0.09 0.29 2.05 3.07 0.93 0.045 0.48
1.68 0.19  0.13 0.06 2.07 3.17  0.83 0.001 0.70
1.93 0.08  0.04 0.01 2.06 3.41  0.59 0.007 0.42
166 0.08 003 0.01 1.78 4.00 0.00 0.003 0.66
1.63 0.2  0.05 0.01 1.82 4.15 -0.15 0.003 0.45
1.84 0.04  0.04 0.01 1.92 3.78 0.22 0.002 0.47
1.76 0.05  0.05 0.02 1.88 3.92 0.08 0.005 0.45
1.66 0.18  0.06 0.01 101 3.64 0.36 -0.004 0.68
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0.96 0.73 0.44 0.00 2.14 3.91 0.09 0.010 0.10
1.11 091 0.47 0.01 2.50 2,64 1.36 0.005 0.31
1.78 0.04 0.02 0.01 1.85 3.95 0.05 0.003 0.51
1.77 0.04 0.05 0.01 1.88 3.88 0.12 0.001 0.52
2.00 0.07 0.02 0.01 2.10 3.24 0.76 0.002 0.46
152 0.32 0.13 0.04 2.01 3.31  0.69 0.011 0.71
1.38 0.45 0.25 0.20 2.26 291 1.09 0.008 0.33
1.27 0.29 0.25 0.02 1.82 3.25 0.75 0.119 1.27
145 0.21 0.27 0.01 1.94 3.39 0.61 . 0.064 0.91
1.48 0.27 0.18 0.02 1.96 3.46 0.54 0.008 0.79
1.51 0.01 0.01 0.01 1.53 4.24 -0.24 0.002 1.16
131 0.36 0.25 0.00 1.92 4.38 -0.38 0.016 0.05
1.62 0.20 0.16 0.02 2.00 3.44 0.56 0.007 0.70
-0.33 0.14 0.16 1.93 1.90 2.10  1.90 0.004 0.41
1.87 0.02 -0.06 0.01 1.83 4.29 -0.29 0.047 0.06
1.84 0.06 -0.02 0.00 1.89 3.96 0.04 0.034 0.29
1.81 0.03 -0.04 0.00 1.80 4.29 -0.29 0.051 0.18
1.85 0.02 -0.06 0.01 1.81 439 -0.39 0.044 0.03
1.86 0.01 -0.08 0.00 1.80 4.33 -0.33 0.084 0.03
1.82 0.04 -0.06 0.01 1.81 4.38 -0.38 " 0.052 0.03
1.83 0.02 -0.05 0.00 1.80 4.36 -0.36 0.081 0.01
0.33 0.10 0.16 1.35 1.95 2.44 1.56 0.017 0.50
1.44 0.01 0.00 0.00 1.46 4.13 -0.13 © 0.001 1.50
1.78 0.09 0.12 0.02 2.01 3.34 0.66 0.003 0.72
1,25 0.35 0.48 0.09 2.18 3.43 0.57 0.025 0.39
1.42 0.19 0.32 0.01 1.94 3.87 0.13 0.041 0.53
0.94 0.34 0.60 0.03 1.91 3.23 0.77 0.632 0.35
143 0.22 0.24 0.04 1.93 3.96 0.04 0.022 0.41
-0.03 2.08 0.83 0.01 2.88 2.13  1.87 0.012 0.03
1.44 0.14 0.26 0.01 1.85 3.33 0.67 0.361 0.65
1,53 0.20 0.16 0.01 1.90 3.83 0.17 0.170 0.29
0.93 0.83 0.57 0.02 2.36 3.18 0.82 0.007 0.30
1.05 0.43 0.29 0.26 2.03 3.42 0.58 0.026 0.47
1.63 0.05 0.03 0.01 1.73 4.08 -0.08 0.124 0.50
0.18 1.83 0.96 0.00 2.97 2.00 2.00 0.016 0.01
1.60 0.24 0.09 0.05 1.98 3.16 0.84 -0.001 0.94
1.69 0.19 0.11 0.03 2.01 3.19 0.81 -0.003 0.84
1.37 0.33 0.09 0.03 1.82 3.24 0.76 0.149 1.08
1.26 0.22 0.26 0.03 1.77 3.39 0.61 0.449 0.62
0.89 0.65 0.57 0.08 2.19 3.09 0.91 0.288 0.26
0.54 0.23 0.22 0.02 1.01 3.50 0.50 1.709 0.26
1.32 0.28 0.28 0.08 1.96 3.13 0.87 0.125 0.93
-0.03 0.84 0.54 0.03 1.38 2.40 1.60 1.898 0.19
0.83 0.67 0.71 0.06 2.27 3.27 0.73 0.075 0.43
0.27 1.08 1.20 0.07 2.62 271 1.29 0.017 0.52
1.00 0.22 0.15 0.04 1.41 3.90 0.10 0.830 0.31
1.72 0.02 -0.05 0.00 1.69 4.08 -0.08 0.384 0.02
171 011 0.16 0.04 2.01 3.46 0.54 , -0.022 0.68
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Bukowina Tatrzanska-41

Octahedral

(Al Fe Mg Ti) Total (Si Al) O10(0OH)2 Ca K
1.23 0.56 0.35 0.03 2.17 3.31 0.69 0.008 0.48
1.51 0.15 0.13 0.03 1.82 3.87 0.13 0.131 0.50
1.60 0.12 0.24 0.05 2.01 3.33 0.67 0.121 0.58
1.26 0.21 0.24 0.12 1.83 3.34 0.66 0.357 0.57
1.79 0.09 0.05 0.04 1.96 3.22 0.78 0.048 0.81
1.60 0.16 0.10 0.02 1.89 3.96 0.04 0.074 0.32
1.56 0.18 0.20 0.01 1.95 3.64 0.36 0.101 0.49
1.36 0.21 0.25 0.02 1.83 3.56 0.44 0.344 0.49
1.39 0.21 0.57 0.02 2.19 3.21 0.79 0.158 0.46
1.15 0.46 0.49 0.01 2.12 3.50 0.50 0.136 0.35
1.52 0.21 0.22 0.02 1.98 3.96 0.04 0.034 0.23
1.58 0.16 0.26 0.02 2.01 3.61 0.39 0.057 0.49
1.27 0.27 0.25 0.09 1.88 3.50 0.50 0.246 0.54
1.45 0.24 0.29 0.02 2.00 3.52 0.48 0.022 0.69
0.87 0.21 0.30 0.02 1.40 3.14 0.86 1.235 0.47
1.38 0.21 0.36 0.01 1.95 3.81 0.19 0.116 0.44
0.47 0.21 0.17 0.04 0.89 3.23 0.77 1,935 0.35
1.52 0.17 0.23 0.03 1.95 3.56 0.44 0.140 0.50
1.52 0.11 0.15 0.04 1.82 3.83 0.17 0.155 0.51
1.28 0.29 0.10 0.07 1.74 3.83 0.17 0.101 0.78
1,71 0.07 0.02 0.01 1.81 3.94 0.06 0.177 0.29
1.29 0.36 0.32 0.03 2.00 3.63 0.37 0.107 0.46
1.57 0.14 0.18 0.02 1.91 3.88 0.12 0.068 0.40
1.55 0.24 0.24 0.02 2.04 3.56 0.44 0.030 0.47
0.85 0.75 0.79 0.02 2.41 2.97 1.03 0.161 0.24
0.68 0.46 0.48 0.04 1.66 3.10 0.90 1.025 0.32
145 0.24 0.22 0.02 1.93 4.04 -0.04 0.015 0.33
0.36 0.13 0.14 0.02 0.65 2.76 1.24 2.501 0.43
1.47 0.29 0.21 0.01 1.98 3.51 0.49 0.015 0.70
1.33 0.37 0.36 0.01 2.08 3.40 0.60 0.087 0.54
1.13 0.25 0.21 0.03 1.63 3.36 0.64 0.533 0.87
0.86 0.56 0.53 0.04 1.99 3.08 0.92 0.541 0.37
0.94 0.52 0.41 0.02 1.88 3.18 0.82 0.588 0.39
1.37 0.20 0.25 0.05 1.88 3.63 0.37 0.210 0.50
1.26 0.11 0.13 0.02 1.52 3.86 0.14 0.655 0.37
1.28 0.09 0.14 0.01 1.52 3.15 0.85 0.956 0.50
0.76 1.07 0.50 0.02 2.35 2.80 1.20 0.084 0.46
1.33 0.33 0.36 0.01 2.03 3.56 0.44 0.135 0.43

-0.02 0.21 0.25 0.05 0.49 2.67 1.33 2.831 0.40
0.43 0.22 0.25 0.03 - 0.92 2.73 1.27 2.127 0.46
1.54 0.17 0.21 0.04 1.97 3.47 0.53 0.088 0.63

-0.26 0.16 0.21 0.03 0.14 2.45 1.55 3.488 0.34
1.57 0.16 0.19 0.02 1.94 3.36 0.64 0.161 0.67
142 0.17 0.18 0.02 1.80 3.92 0.08 0.210 0.43
1.04 0.43 0.44 0.06 1.97 3.58 0.42 0.299 0.29
1,30 0.33 0.26 0.01 1.90 3.85 0.15 0.165 0.38
1.69 0.13 0.13 0.02 1.97 3.41 0.59 0.032 0.72
1.49 0.36 0.26 0.02 2.13 3.17 0.83 0.033 0.61
1.25 0.49 0.40 0.02 2.16 3.32 0.68 0.090 0.39
0.99 0.22 0.20 0.00 1.41 3.04 0.96 1.258 0.41
1.56 0.26 0.26 0.03 2.12 3.21 0.79 0.020 0.61
1.55 0.09 0.15 0.02 1.82 3.55 0.45 0.282 0.55
1.57 0.15 0.16 0.03 1.91 3.46 0.54 0.144 0.64
1.61 0.11 0.18 0.01 1.91 3.98 0.02 0.017 0.42
1.85 0.07 0.06 0.01 2.00 3.74 0.26 0.058 0.22
1.12 042 0.52 0.01 2.08 3.09 0.91 0.323 0.54
1.47 0.25 0.26 0.03 2.01 3.46 0.54 0.039 0.66
1.58 0.19 0.17 0.03 1.96 3.52 0.48 0.028 0.67
1.66 0.11 0.09 0.03 1.89 3.82 0.18 0.041 0.48
1.77 0.09 0.03 0.01 1.90 3.85 0.15 0.005 0.46
1.41 0.15 0.14 0.04 1.74 3.40 0.60 0.452 0.59
1.51 0.13 0.25 0.03 1.92 3.53 0.47 0.167 0.59
0.58 0.08 0.12 0.02 0.80 3.66 0.34 1.888 0.26
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1.02 0.46 0.67 0.02 2.18 3.20 0.80 0.318 0.28
1.12 0.35 0.12 0.07 1.66 3.12 0.88 0.481 1.00
1.36 0.31 0.35 0.02 2.03 3.06 0.94 0.286 0.62
1.36 0.25 0.23 0.02 1.86 3.62 0.38 0.207 0.59
1.52 0.17 0.28 0.03 1.99 3.46 0.54 0.082 0.64
1.30 0.24 0.34 0.08 1.96 3.35 0.65 0.286 0.45
0.72 0.75 0.68 0.01 2.17 3.03 0.97 0.477 0.18
1.29 0.21 0.33 0.02 1.86 3.27 0.73 0.457 0.54
1.20 0.13 0.20 0.03 1.57 3.73 0.27 0.697 0.34
1.47 0.22 0.27 0.02 1.97 3.74 0.26 0.107 0.39
1.53 0.17 0.16 0.02 1.88 3.91 0.09 - 0.064 0.46
1.57 0.14 0.18 0.02 1.90 3.67 0.33 0.091 0.59
1.30 0.28 0.34 0.05 1.98 3.44 0.56 0.202 0.52
1.17 0.14 0.19 0.02 1.52 3.39 0.61 0.802 0.61
1.52 0.10 0.20 0.01 1.83 4.04 -0.04 0.118 0.41
1.37 0.15 0.25 0.18 1.95 - 3.44 0.56 0.109 0.55
0.59 0.58 0.79 0.02 1.97 2.89 1.11 0.828 0.32
1.45 0.22 0.33 0.03 2.03 3.32 0.68 0.210 0.8
1.25 041 0.59 0.01 2.26 3.40 0.60 0.032 0.34
1.13 041 0.56 0.01 2.10 3.38 0.62 0.288 0.28
1.30 0.28 0.33 0.02 1.93 3.53 0.47 0.233 0.52
0.13 0.39 1.03 0.01 1.56 3.11 0.89 1.488 0.24
161 0.11 0.14 0.01 1.88 4.01 -0.01 0.035 0.42
0.60 0.24 0.67 0.06 1.57 2.95 1.05 1.236 0.49
1.32 0.24 0.37 0.04 1.97 3.44 0.56 0.260 0.45
1.10 0.55 0.56 0.05 2.26 3.33 0.67 0.050 0.29
1.43 0.19 0.19 0.03 1.84 3.50 0.50 0.279 0.56
1.48 0.12 0.20 0.01 1.81 3.86 0.14 0.251 0.39
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Appendix 3.3: Selected Area Diffraction Patterns for Chochotow-06,
Chochotow-28, Chochotéw-60, Bukowina Tatrzanska-06 and Bukowina

Tatrzanska-41.

Bukowina Tatrzanska-06: analysis HO03, left, HOO7, right.

Bukowina Tatrzanska-06: analysis H009, left, HO11, right.
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Bukowina Tatrzanska-06: analysis HO13, left, HO15, right.

Bukowina Tatrzanska-06: analysis HO18, left, HO20, right.
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Bukowina Tatrzanska-06: analysis H024

Bukowina Tatrzanska-41: analysis C001, left, CO03, right.
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Bukowina Tatrzanska-41: analysis C010, left, C012, right.
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Bukowina Tatrzanska-41: analysis C018, left, C020, right.
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E

Chochotéw-06: analysis E001, left, EOQ3, right.

Chochotéw-06: analysis E005, left, EO07, right.
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Chochotéw-06: analysis E013, left, EO17, right.
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Chochotéw-06: analysis E024, left, E026, right.
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Chochotow-28: analysis K009, left, KO11, right.
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Chochotow-28: analysis K017, left, KO21, right.
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Chochotéw-28: analysis K025, left, K027, right.

Chochotow-28: analysis K029, left, K031, right.

354



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones References and Appendices

Chochotéw-60: analysis J001, left, JOOS, right.
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e

e

Chochotow-60: analysis JOO7, left, JOO9, right.

Chochotow-60: analysis J011, left, JO13, right.
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Chochotéw-60: analysis JO15, left, JO17, right.

Chochotéw-60: analysis J019, left, JO21, right.
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Appendix 4.1: Rhum 3/29a4 and Magnus 211/12-2 QXRD traces.
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Appendix 5.1:
5.1.1: Lithology:

Lithology in this study comes from the synthesis of the information gathered
from the completion logs of the wells in question. This is based on an
assessment of the sonic, gamma ray and resistivity logs produced by
downhole measurement at or close to the time of drilling and the lithology key
and lithological descriptions by the mudlogger/well site geologist that furnish
the completion log. The Genesis program allows the input (Figures 5.1x &
5.2x) of 15 different lithologies; sandstone, silt, shalysand, sandyshale, shale,
marl, limestone, dolomite, halite, gypsum, anhydrite, coal, chalk, igneous and
conglomerate, in varying percentages designated by the user from an
appreciation of the completion log. The initial lithological mix of the chosen
lithological units is done by first defining the stratigraphy of the well in
question and then making an assessment of the lithological mix of each unit
and whether it would be more appropriate to further divide the stratigraphy

once the lithological mix has been assessed.
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Figure 5.1x. The 15 input lithologies in Genesis 4.8, with three user defined lithologies (silt,
20%, limestone, 10% and shale, 70%) for a chosen unit.

In the hypothetical example in Figures 5.1x & 5.2x the chosen layer is 300m
thick and has a lithological mix of silt, (20%), limestone, (10%), and shale,
(70%), these being present as thinner units within the overall unit. However,
it is not necessary to divide this lithological unit into smaller single lithology
units as the unique mixing model in Genesis 4.8 preserves the properties of
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end member lithologies and does not model the unit as the average or
weighted average of the three incorporated lithology types (ZetaWare, 2005).
The way Genesis 4.8 calculates the properties of these unique mixes is
through coupled mathematics as some of the properties are interdependent.
In the first construction of the model this lithology must be viewed as a first
iteration and will change subtly as the model is refined as more parameters,

such as temperature, pressure, vitrinite reflectance are added to the model.

Depth(m) Name Lithology Kerogen  Time(my) Perod
07 i . 0 ~Tale Piocene
] e
Chattian

Figure 5.2x. The input lithologies in Figure 5.2 are between 200 and 500m in this
hypothetical section.

5.1.2: Age:

The age input parameter in this study was simply that which is read off of the
completion log; in general it is defined from the stratigraphy and the
occurrence of marker beds. Absolute ages are not as important the

chronostratigraphic stage or lithostratigraphic group.

An understanding of the stratigraphy is essential as hiatuses in deposition
and erosional unconformities can be entered into the model. Unconformities
may be highlighted in the stratigraphy or through the early stages of
modelling where dog-legs in, for example, the porosity or vitrinite reflectance
trend with depth may be evident and describe the erosional loss of sediment.
The way Genesis 4.8 views an unconformity is as essentially equal time of

deposition and equal time of erosion at some fixed rate taken to be the rate
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of accumulation prior to deposition (see Lerche, 1993 for a discussion of this
method).

Depth(m) Name Lithology Kerogen Time(my) Period
0 0

TITTTTTTT
ILITTTT

TITTTTTT

| | L.Oligocene CHI
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1 NS EES

L%IIII T

]
rr )

Figure 5.3x. A 3500m unconformity modelled into Chocholow PIG-1.

|

2
]
5

Figure 5.3x shows the 3500m unconformity at the top of the Chocholow PIG-
1 well from the Podhale Basin in southern Poland. Here, the model assumes
that the time from the top of the Chattian to the end of the erosional event

was equally divided between sediment accumulation and sediment erosion.

5.1.3: Vitrinite Reflectance; Porosity:

Vitrinite Reflectance (Ro), is a secondary analysis and may be imported into
Genesis 4.8 as a text file, in the same way that porosity data (in this study
from mercury intrusion porosimetry) may be imported. This data helps to
calibrate the model to measured results and does not solely rely on the

theory or empirical formulations in the model (see the next section for more

on compaction within the model).

5.1.4: Surface Temperature:

Measurements of temperature at depth are of limited value if the thermal
profile cannot be extrapolated back to the surface. Surface temperature is a
single input variable for the top of the section, and for marine deposition it will
range between 0 and 10°C for the present day. The importance of surface
temperature on deep burial diagenesis has been described by Worden et al

(2000). Present day mean annual surface temperature can be approximated
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reasonably well as a function of latitude both for land surface data (Spangler
& Jenne, 1980) and sea surface temperature (Schweitzer, 1993).
Palaeoclimate reconstructions (e.g. Hoffert and Covey, 1992) have ably
demonstrated that mean global temperatures have fluctuated through time
relative to the present. As a consequence the effects of surface temperature
will be a function of latitude and relative sea level as it has been
demonstrated that 3" order sea level changes can have a significant effect
on the temperature profile of a basin (Worden et al., 2000). Additionally, if
deposition of the strata in question occurred in deep water, a bottom water
temperature estimate is needed to model subsurface temperatures and this

will be variable depending on water depth and latitude.

5.1.5: Downhole Temperature:

Temperature data is often based on bottom hole temperature (BHT) data and
is notoriously unreliable (Hermanrud et al., 1990). BHT data should only be
used as a last resort given the large uncertainties associated with correcting
these data (Corrigan, 2003). More reliable types of temperature data (i.e.,
temperature measurements from electronic pressure/temperature gauges
used on modern DST/PT equipment from permeable intervals, production log
temperature measurements from shut-in production wells) should be sought
to constrain the subsurface thermal regime whenever possible (Jensen &
Doré, 1993). In the absence of the above data a Horner corréction
(Lachenbruch & Brewer, 1959), or an empirical correction using time since
circulation correction (e.g. Roux et al, 1982) should be used to convert raw
BHT (Hermanrud et al., 1990; Vik & Hermanrud 1993). In this study all BHT
data presented has been corrected using time since circulation method.

5.1.6: Pore Pressure:

The pore pressure data is sourced from the well test data usually at the foot

of the completion log or as a sundry appendix to the log.
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5.2. Appendix:
5.2.1: Modelling assumptions and uncertainties:

With maturity modelling in Genesis 4.8 there are a seriee of models built into
the modelling software whose sources and base assumptions are not
available to the user. This lack sight into the model results from the simple
fact that the models and assumption are numerous and in using Genesis 4.8
to model burial histories and so on, there is simply not time to go into every
aspect of the model itself, the empirical determinations and process
modelling, and create a critique. However, some of the assumptions in the

model will be commented upon.

Heat input into the system comes from two primary sources, that which is
generated in the aesthenosphere and that which is generated in the
lithosphere and in the crust. The temperature at the lithosphere-
asethenosphere boundary is taken to be a fixed temperature of 1330°C, and
the thickness of this boundary and for the purposes of this modelling study in
Genesis 4.8 is taken to be 120km.

Heat is generated in one region and flows to another, as heat flows form
higher temperature regions to lower temperature regions. This implies that
any temperature difference will cause heat to flow and the temperature of
any lithology is proportional to the heat it retains. There are three factors that

control terrestrial heat generation.

e The thickness of lithosphere. Since at the base it is always
1330°C, thinner lithosphere results in higher total heat flow to
cooler regions of the lithosphere (i.e. up into the sediment pile).

o The Radiogenic Heat Production (RHP) and thickness of the
lithosphere, mostly from granites, may account for up to 50% of

heat flow in crustal sediments. Thin crusts will produce little
heat by RHP.
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o The RHP from sediments, is a relatively small contribution but
may become significant when the sediment column s

significant.

Genesis 4.8 calculates temperature from given heat flow and thermal
conductivity information. Thermal conductivity is given for each different
lithology and is a function of porosity. Heat flow may be calculated from
present day temperature méasurements and the known conductivities of

each lithology present in a system.

The definitions and units of measurement are:

e Thermal gradient (G) — Rate of change of temperature with
depth °C/100m, °C/km or °F/ft .

e Thermal conductivity (K) — power per length - degree. W/m-K
or cal/cm/sec.

o Heat flow (Q) — Rate of heat transfer, expressed as or power
per unit area. mW/m? or HFU (cal/cm?/sec).

o Radiogenic heat production (RHP) — source of heat in
sediments or basement, mW/m®

¢ Basic formula — Heat flow Q = K-G.

Thermal conductivity of rocks and fluids vary from 20 to 400 mW/m? or 0.5-
9.6 callcm?sec (Barker, 1996) for a given heat flow, shales, having a low
conductivity, will result in higher thermal gradients. Higher porosity also
means lower bulk conductivity because fluids have much lower thermal
conductivities than the rock matrix. Each lithology in a basin fill has a
different thermal conductivity which has been defined by Gretener (1981) and
these are implicit in Genesis 4.8. In addition, transient effects at the base of
the lithosphere and fast sedimentation rates may cause temporarily lower
heat flow in sediments and thermal conductivity will increase with decreasing

porosity for all lithologies.

368



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones References and Appendices

5.2.2: Compaction in the burial model:

If a burial history in Genesis 4.8 were not to incorporate compaction, the
burial history diagram would have burial paths that would be parallel and
would therefore assume that porosity would remain unchanged through time.
This is clearly not the case and additional factors need to be addressed such

as;

o Compaction during burial means unit thickness changes (e.g. Giles et
al., 1998; Brewster & Butler, 1985) and is based on increased
effective stress with depth, where effective stress results from
subtracting pore pressure from overburden stress. .

e Empirically, porosity is largely a function of depth (e.g. Athey, 1930;
Bahr et al., 2001; Yang & Aplin, 1998). But mineral diagenesis must
be factored in. |

e Overburden pressure is never going to be homogenous in terms of
lithology or porosity therefore the amount of compaction a unit
receives is a function of its lithology and porosity.

e The weight of overburden is partly borne by pore fluids and
compaction cannot occur if fluid cannot escape and it is well known

that overpressured rocks have anomalous porosities (e.g. Scholle et
al., 2008).

The above all create a significant problem for the rﬁodel to solve because
parameters such as porosity, effective stress, and permeébility are
interdependent and the model cannot solve them sequentially. Therefore the
model requires mathematical coupling and the simultaneous solution of
systems of equations. How these all interact are unseen by the user and
must be held in mind that they are happening in the software as the model is

executed.

It should be noted that the equations in the model are unseen but the
assumptions behind porosity loss with depth are governed by lithology type.
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A change in lithology in the model will result in an increase or decrease in
predicted/estimated porosity based on the parameters in Genesis 4.8 for
each of the 15 lithology types it handles and the relative proportion of those
in stratigraphical unit (how the model handles mixed lithology has been
previously mentioned). The model solves for porosity under normal
compaction (hydrostatic conditions) as well as in overpressure situations as
the depth-porosity relationship for each lithology is know through empirical
measurement either by physical determination or by wire-line techniques. As
a result the porosity-effective stress relationship may be derived (e.g. after
Magara, 1978, Yang & Aplin, 1998) and the empirical relationship between
porosity and effective stress for each lithology can be calibrated against

known examples (e.g. after Ungerer et al., 1990).

The simultaneous solution of systems of equations in Genesis 4.8 using
coupled mathematics and the interdependent nature of these equations
would follow something like this; effective stress is coupled to void ratio. For
each lithology there will therefore be an equation relating porosity to effective
stress. Darcy's Law is then used to calculate fluid flow during burial from a
porosity-permeability function and in turn is coupled to a calibration of void
ratio and permeability (e.g. Dutta 1987) and each lithology will have a
different coefficient in the function. Finally, thermal conductivities will change

with porosity loss so this then relates fluid flow to heat flow.

5.2.3: Pressure:

The common causes of overpressure in a basin are;,
e Compaction disequilibrium
e Uplift and erosion
o Hydrocarbon generation
e Heating (thermal expansion of fluid)

¢ Tectonic compression
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The model can incorporate overpressure prediction but it requires at least
porosity data as a cross-check to the prediction, as overpressure will give
anomalously high porosity results relative to depths and normal pressure
systems. The key to modelling overpressure is the porosity-effective stress
relationship in Genesis 4.8, as it is calibrated to porosity by the various
lithological mixes possible and thus to permeability allowing overpressure
prediction. The equations for fluid pressure will create a curve plotted against
depth that will change as a function of lithology, burial depth and rate of
burial.  Additionally, velocity data is often used to calibrate overpressure,

although it is not available to this study.

5.2.4: Vitrinite Reflectance:

The study of sedimentary organic matter metamorphism from kerogens to
hydrocarbons has been increasingly exploited. The key attraction of vitrinite
reflectance in this context is its sensitivity to temperature ranges that largely
correspond to those of hydrocarbon generation (ie. 60 to 120°C)
(e.g.Armagnac' et al.,, 1989) and the temperatures at which illite-smectite
ordering changes (Weaver, 1989). This means that, with a suitable
calibration, vitrinite reflectance can be used as an indicator of maturity in
hydrocarbon source rocks and mudstones in general. Generally, the onset of
oil generation is correlated with a reflectance of 0.5-0.6% and the termination
of oil generation with reflectance of 0.85-1.1%. Genesis 4.8 uses four
equations to derive Ro curves as a function of increasing thermal maturity,
the Lawrence Livermore National Laboratory (LLNL) model (e.g. Sweeney &
Burnham 1990) and the ARCO model, plus two BP models referred to as BP
maximum and BP minimum (no references for the exact equations). All four
models are essentially kinetic models that model the increase in Ro with

increasing temperature in subtly different ways.

Where porosity is the key calibration data for fluid flow vitrinite reflectance is

the key calibration data for the thermal side of the model.

37



Diagenetic Controls on the Phyllosilicate Fabric of Mudstones References and Appendices

As mentioned above the mantle lithosphere-aesthenosphere boundary is
always taken to be 1330°C in Genesis 4.8 therefore thinner lithosphere
thicknesses will result in higher total heat flow. Figures 5.4x, 5.5x & 5.6x
show the thermal settings used in this study, where a default crust and
mantle thickness of 120km has been set based on the cross-section of the
Rhum area published in the Millennium Atlas. Additionally, heat production
in the lower crust and mantle lid (Figure 5.6x) has been turned to zero, under
the assumption of no lithosphere stretching, these settings resulted from a
process of iteration during the modelling on Rhum 3/29a4 and Magnus

211/12-2 wells.

Figure 5.4x shows the thermal controls used in this study. The thermal
model is set to transient, fixed temperature at the base of the lithosphere.
This implies that the base of lithosphere temperature is always 1330°C and
that the effect of this temperature is of heat flow up into lower temperature
regions. However this flow is affected by the sediment pile and is therefore
not lasting or durable as fast sedimentation rates may cause temporarily
lower heat flow in the sediments. Additionally, the lithosphere and crust are

assumed to generate heat by RHP and that the flow of this heat is advective.

Thermal Modet: |hansnen(, fixed temperature at base lithosphere _:]
Thermal History Variation Model
(= Constant O Biitroodel € Udor ditipad

Base bthosphere temperature

(% User specified value 1330 deg. C

Suface Temperature
& Constent vabe O
" User defined variation
€ Calbulute fompalelatings

Other Effects

¥ Advective heat transport
¥ Radioaclive heat production

Crust and Lihosphere Properties .| =

Figure 5.4x. Thermal controls set in Genesis 4.8 for this study, 1330°C base of lithosphere
temperature, a constant surface value temperature, under conditions of a transient thermal
model with the fixed temperature of 1330°C at the base of the lithosphere. Additionally, RHP

is assumed to occur with advective heat transport.
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The fixed conditions at the crust-mantle boundary will have a key effect on
how heat flow will operate in the basin. If the base of the lithosphere is a
constant temperature boundary, then thicker crust will result in lower thermal
gradients and heat flows in the basin. Alternatively, if the base of the crust is
a constant heat flow boundary, with a constant flow of heat from the
aesthenosphere, then crustal thickness has little effect on the thermal

gradient beyond that of heat production (Beardsmore & Cull, 2001).

The effects of other thermal models will change the model significantly,
Genesis 4.8 allows a further 4 models to be selected (Figure 5.5x). These
changes allow the position of heat production to be moved from the
lithosphere-aesthenosphere boundary up to the base of the sediment pile.
This may be applicable in basins intruded by dykes and sills. Alternatively,

the flow properties can be changed. A steady state heat flow model may be

appropriate for sediments close to a spreading centre.

Thermal history controls i ]
Thermal Model: Transient, fixed temperature at base lithosphere lj

[ Steady state heat flow model

Thermal History Variati{ T ansient heat flow boundary at base sediment
¢ Theimal gradient model

o fant Tvans ent hoat llow bo u\da

Base ithosphere tempet

= User specified value |‘330 deg C

€ Coloulate frony thermad gradicnt
0 CAloiiste Trom mensiéd temperatire
Surface Temperature
& Constant vakis o e
€ User defined variation
€ Calbidate ffon patealatiliide
Other Effects

¥ Advective heat tansport
¥ Radioactive heat production

Crust and Lithosphers Propeties .| - i l

Figure 5.5x. The other possible thermal controls set in Genesis 4.8.
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| Thermal history controts 0o S e I3
T |
{
Thickness Thermal Heal Density Heat
Conductiviy  Products i
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Upper Cuust. | 78] 35 [ 28e008 [ 2800 | |
Lower Crust: | g E | o [ w0 [T 0%
Matelde [ 105 [ 25 [ o [ w0 [ 1w

Heal production depth decay (km) I 100

Crust/Sub crust stretch 1atio (0-no crust '
streching, 1=uniform stretching) f |

Depth to basement I 51275 'm i
Radiogenic heat lrom Rhosphers = 18,93 mw/m2 { 0.45 HFU )
[Foci] Cancel |
Ok l Cancel '

Figure 5.6x. The crust and lithosphere properties set in Genesis 4.8 for Rhum 3/29a4 and
Magnus 211/12-2, where a default crust and mantle thickness of 120km has been set and
heat production in the lower crust and mantle lid has been turned to zero, under the
assumption of no lithosphere stretching, these settings resulted from the iterative nature of

the modelling on these two wells.

As well as the thermal models used in this study being open to variation the
burial history controls may also be set in Genesis 4.8 (Figure 5.8). The fluid
flow model is set to transient and the permeability model to the Dutta-
Franklyn model, with the base of the well set to no flow predicted, a fracture
gradient of 0.95 and an initial water density of 1.05g/cm®. It should be
emphasised that the settings used for burial history control are those used by
BP as their defaults (lllife, 2005; Pers. Comms.). A transient fluid flow model
is used as a steady state fluid flow model will assume a constant durable flow,
whereas a transient model takes into account that flow might not be steady
or durable. The selection of the Dutta-Franklyn permeability model over the
Koseny-Carman model is quite arbitrary, but in choosing the Dutta-Franklyn
model a choice regarding the calibration of the Dutta-Franklyn model is made
as it will apply a different empirical relationship between permeability and

void ratio for the various lithologies the model solves for.
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Burial History Contiols
Fluid Flow Modet: € Steady state & Transient
Permeability Model: & Dutta-Franklyn € Koseny-Carman

[~ Aqua Themal Effects

[~ Pressure from HC Generation

Base of Well % No flow " Hydrostatic
Fracture Gradient 0.95
Initial Water Density 1.05 g/em3

[ok ]  cancel |

Figure 5.7x. The Burial History Controls, with the default settings selected for this study.
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