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The origin of overpressure in shale has long been a debate as multiple factors are
able to induce high pressure anomalies. Apart from the other overpressure-contributing
factors including disequilibrium compaction and hydrocarbon generation, a rapid-increase
of pore fluid volume through clay minerals diagenetic process is the most complex factor.
The proportion of clay minerals vary greatly among heterogeneous shale. In addition, the
extremely tiny grain size of clay minerals make quantitative analysis challenging. This
study thus aim to investigate a relationship between overpressure, degree of clay diagenesis
and the porosity of shale. A suite of 8 samples were first used in synchrotron X-ray
diffraction (SXRD) experiment for mineral compositions identification. SXRD data show
a broad range of clay mineral content (15-60 vol.%). The main minerals include quartz,
siderite, kaolinite, illite-mica and illite-smectite while chlorite, pyrite, albite, calcite and
dolomite serve as minor components. Moreover, synchrotron X-ray microtomography
(SXRT) experiments were performed for 3D microstructure and porosity analysis.
According to the SXRT data, most shale samples have very low porosity (0.4-2%) and are
dominated by microfracture (0.2-1.2%). The fractured shale sample has significantly
higher porosity (~7.4%). Porosity in sandstone samples range from 7 to 13% and can be
categorized as an intergranular pore. Results from these experiments show that the clay
diagenesis has minor impact on the shale pore pressure. However, discrete shale pore
networks can enable pore pressure build up
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Chapter I: Introduction



Introduction

Overpressure in shale has been a great challenge in petroleum exploration.
Especially in drilling operation, overpressure is a main cause of well kick and blow out
which can cause severe damage. In addition, the presence of overpressure can alter the
whole rock physical properties causing an anomalies during the seismic interpretation
processes. Several factors such as disequilibrium compaction, fluid expansion and clay
diagenesis greatly contribute to overpressure. However, fluid expelled from clay diagenesis
is one of the most complicated factor due to the heterogeneity and variety of shale
compositions. This study aims to investigate a relationship between the existence of
overpressure and portion of clay minerals, specifically illite and smectite, in shale samples
derived from drilled wells using synchrotron X-ray diffraction (SXRD). Moreover,
synchrotron X-ray microtomography (SXRT) is used to analyze pore volumes, geometry
and distribution in order to understand where and how the fluids are stored

Overpressure occurs when the pore pressure rock strata exceeds the hydrostatic
pressure trend. Based on the previous studies, the mechanism of pore pressure anomalies
can be divided into two categories. The first mechanism is disequilibrium compaction,
which is believed to be a primary factor causing an overpressure in a sedimentary basin
(Osborne and Swarbrick, 1997). As the deposition of sediments progresses, along with an
increase in vertical stress due to the sediment loading, the underlying sediments are
compacted and their pore fluids are expelled from the pore space. If the rate of sediment
compaction is comparable to the rate of fluid expulsion, a normal hydrostatic pore pressure
is established (Fig. 1.1). However, in some particular depositional environments such as
delta, the sedimentary deposition rate is more rapid than the rate of fluid expulsion. The
pore fluids are unable to be expelled and thus remain trapped. The trapped fluids prevent
the rocks from further compaction and results in overpressured strata.

Overpressure due to disequilibrium compaction can be predicted by using Eaton
method (Eaton, 1972) which relies on a relationship between effective vertical stress and
porosity. The effective vertical stress is a difference between lithostatic stress and internal
fluid stress. A study by Tingay et al, 2009 uses pore pressure data obtained from the
formation pressure test and porosity data derived from sonic and density logs in the pore
pressure prediction model. High porosity anomalies indicate the presence of overpressure
as the rocks have undergone an under-compaction due to low vertical effective stress which
is caused by high pressure trapped fluid (Tingay et al., 2009). Thus, overpressure due to
disequilibrium compaction can be reliably predicted by using wireline logging data.
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The second mechanism contributing to overpressure is fluid expansion. Fluid
expansion refers to an increase in volume of pore fluids. In organic-rich shale, pore fluids
are presented due to hydrocarbon generation and clay diagenetic processes. As the organic
material or kerogen experiences high pressure and temperature conditions, it becomes more
mature and releases hydrocarbon fluids and gases into pore or fracture spaces. The expelled
hydrocarbon is unable to migrate and trapped in a limited space. Especially at the peak
kerogen maturation, significant portion of kerogen is transform into fluid causing a
significant increase in the rock pore pressure and porosity resulting in an overpressure
(Osborne and Swarbrick, 1997).

Another mechanism that contribute to an increase in pore pressure is the smectite-
to-illite transformation or clay diagenesis. Several previous studies use X-ray diffraction
techniques to investigate the composition of clay-rich rocks and observe a wide variation
in composition with depth (Hower et al., 1976). For example, a decreases of smectite and
K-feldspar volumes as well as an increase of illite and chlorite in mudrock from the Gulf
of Mexico. The composition variation can be explained by the transformation of smectite
(Na,Ca)o.33(AL,Mg)2(Si14010)(OH)2'nH>0 into illite (K,H30)(Al,Mg,Fe)>Si,A1)4010(OH)a,
(H20.. Both illite and smectite are phyllosilicate minerals with T-O-T structure comprise
of an octahedral sheet in between two tetrahedral sheets. However, one of their differences
is molecules between the T-O-T packages, K+ ion for illite and water for smectite.

As smectite is exposed to high temperature during the subsidence, some aluminium
atoms in octahedral sheets are substituted with silicon atoms, resulting in net positively
charged layers (Fig. 1.2). To neutralize the charge balance between layers, the octahedral
sheets thus need to get rid of water molecules between layers and replace them with small
positive ions. Potassium atoms are generally present due to the weathering of K-feldspar
and can be readily captured in the structure. A new mineral, Illite, is thus formed as a result
of these chemical reactions (Hower et al., 1976):

K* + AIPY 4+ smectite < illite + Si*t
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Another study of mudrock from the Gulf Coast, Texas, USA show that degree of
smectite-to-illite transformation and the dissolution of k-feldspar increase with depth, as
well as the amount of potassium content in the illite-smectite complex (Shaw and Primmer,
1989). The X-ray diffraction data show an increase in illite proportion in the illite-smectite
complex. Moreover, the scanning electron microscopy (SEM) data show that the
crystallization of authigenic kaolinite and chlorite are observed in both matrix and cavities,
such as fossil porosity and corroded k-feldspar samples from the depth below clay
diagenesis transition depth as well as the illite-smectite interlayering. However, the
microprobe data indicate that amount of Fe?"/Mg?" in the illite-smectite increase with burial
depth while the K™ portion decreases. In contrast to the diagenetic reaction proposed by
Hower et al. (1976), the reaction can be described by the following reaction (Shaw and
Primmer, 1989):

K* + Mg?t/Fe*t + smectite « illite + AP

Furthermore, a study by Bruce (1984) suggests that the top of overpressure zone in
the Gulf Coast area is related to the top of smectite illitization reaction and the top of
hydrocarbon generation. This study implies that the overpressure is caused by the
dehydration of smectite layers along with oil and gas generation. Nonetheless, pressure
build up from fluid expansion plays a great role in creating micro fracture which is essential
for fluid migration. As the water is expelled from smectite layers during the diagenesis and
move into restricted pore space, the fluid volume in the pore increase as well as the pore
pressure. When the pressure reach a certain level, small cracks and fractures are generated
in the rock matrix resulting in the pore fluid migration. While the causes of abnormal high
pressure are in debate, one of the most important factor is an effective seal which prohibits
the fluid transfer resulting in an accumulation of pore pressure. One of possible causes of
fluid flow restriction is textural features (e.g. preferred orientation) which affect porosity
and permeability of the rock as a whole (Ho et al., 1999).
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Unlike disequilibrium compaction, pore pressure prediction in a basin which
significant pore pressure is generated by fluid expansion requires a thorough understanding
of rock compositions. Such overpressure occurs in a local scale rather than basin-wide
depending on the compositions such as proportion of kerogen or smectite and suitable
environmental conditions (e.g. temperature) to trigger the fluid-expulsing mechanism. In
practices, both factors influence high pressure formation. A study by Suwannasri et al.
(2014) shows that velocity-vertical stress relationship can be used to estimate the fluid
expansion-induced pressure. When the pore pressure caused by fluid expansion is taken
into account and subtracted from measured pore pressure, the range of Eaton’s exponent
used in pore pressure prediction model reduces significantly and yield less uncertainty
result. Thus, a better understanding in the mechanism of pore pressure generation by fluid
expansion would help improve pressure prediction model.

The goal of this study is thus to investigate mineral compositions, texture and pore
system of shale samples acquired from drilled well core and their relation to overpressure
by using two experimental approaches. The first approach is using synchrotron X-ray
diffraction experiment to quantify the mineral compositions and textures, especially clay
minerals and their preferred orientation. The second experiment is synchrotron X-ray
microtomography. The tomographic data is used to analyze porosity and pore types.



Chapter II: Study Area and Methodology



2.1 The Gulf of Thailand

Recently, the Gulf of Thailand has become the main source of off-shore Thai
petroleum field due to the extensive petroleum exploration and production in the Basin
area. The products includes mainly of gas and condensate. There are two main basins in
the Gulf of Thailand area: the Pattani Basin and the North Malay Basin (Fig. 2.1a). The
basins lie with the north-south to northwest-southeast trending due to the Late Eocene to
Oligocene rifting events and consist of sedimentary packages which deposited after the
rifting throughout the Cenozoic Era (Morley & Andrew, 2011). Both Basins consist of
similar stratigraphic sequences. The oldest sedimentary sequence is Sequence |, which
consists mostly of lacustrine shale with minor influx of fluvio-deltaic sedimentary rocks
overlying above the pre-Tertiary basement. Sequence Il overlie the first sequence with an
abrupt transition. This sequence comprises of mudrock and sandstone deposited in various
environment, including fluvial system, delta plain and intertidal which conformably
overlain by Sequence Ill. The Sequence Ill was deposited during the sea level
transgression, consist of fluvio-deltaic sediments with occasionally marginal marine
deposits. The sedimentary rocks of Sequence |1l were later overlain by regression fluvio-
deltaic sediments of Sequence IV which is predominated by sandstone and mudstone from
fluvial and flood plain deposits due to the sea level regression. Lastly, the marginal marine
deposits of Sequence V comprise of unconsolidated claystone mudstone and coal
superimposed the Sequence IV unconformibly according to the seismic data (Morley &
Andrew, 2011) (Fig. 2.1b). Unfortunately, the petroleum exploration has encountered the
problems regarding overpressure in both basins (Fig. 2.2) (Klahan and Nopsuri, 2012;
Suwanasri et al., 2014). In this study, shale samples are retrieved form drilled wells to
analyze compositions microstructures, and 3D internal features using synchrotron X-ray
diffraction and synchrotron X-ray microtomography techniques.
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2.2 Synchrotron X-ray diffraction

The first part is to investigate the mineral compositions using synchrotron X-ray
diffraction (SXRD) technique. SXRD technique relies on Bragg’s equation:

2dsinf = ni Equation 2.1

Where d is lattice spacing, 6 is scattering angle, n is a positive integer and A is
wavelength of X-ray beam. Each mineral contain a different set of lattice spacing (d) thus,
result in a unique diffraction pattern. In particular, a variation of peak position (26) and
peak height (intensity). The result of the SXRD experiments are recorded as Debye ring
(Fig. 2.3a) which represent the diffraction patter of mineral compositions in the samples.
As for clay minerals; the focus of this study, their (001) lattice planes are accounted for the
low scattering angle peaks (low 28) due to their large lattice spacing (more than 7.40 A)
accordingly to the Bragg’s law.

As a non-destructive method, SXRD method enable mineral preferred orientation
analysis as well. Mineral preferred orientation is a selective alignment of mineral lattice

planes in a certain direction which result in unevenly distributed intensity in the Debye ring
(Fig. 2.3b). The preferred orientation can be displayed in pole figure.

(a) 90°

OO

Figure 2.3 (a) An example of Debye ring recorded from the SXRD experiments and (b) an
unrolled 2D plot of the Debye ring shows variation of X-ray intensity distribution which
caused by respective preferred orientation of mineral phases.
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For SXRD experiment, shale samples are cut into cylinders of 1 mm in diameter.
The samples are mounted onto a rotatable platform aligned perpendicular to the X-ray
incident beam. Next, monochromatic synchrotron X-ray of 0.111650 A wavelength at the
Advanced Photon Source (APS), Argonne National Laboratory (Chicago, Illinois, USA)
are used to collect the diffraction data of the samples which are recorded for 60 seconds by
the Mar345 detector placed about 2 meters away from the samples. Each Debye rings
represent the diffraction pattern contain angle of 20 ranged from 0 to 5 degree. The samples
are then rotated around the cylindrical axis from —75° to 90° with 15° increment (-75°, -
60°, -45°, -30°, -15°, 0°, 15°, 30°, 45°, 60°, 75°, 90°; total of twelve data per sample) for
pole figure reconstruction.

Debye rings collected from the experiment are integrated from the azimuth of 0°
with 10° increment producing total of 36 spectra which represent the orientation of mineral
lattice plane. The diffraction pattern are shown in Q-spacing (Q = 2n/d) instead of d-
spacing in order to clearly distinguish the peak positions. Q-spacing ranged from 0.2 to 5
A1 (1.26 to 31.42 d-spacing) are used in further calculation. The spectra are process with
MAUD (Material Analysis Using Diffraction) software which relies Reitveld method,
using least-square method to minimize the calculated model and the experimental data.
Procedure used for quantitative data analysis can be summarized in these following steps.

1) Calibrate the instrumental parameters (sample-detector distance, beam tilt and
image plate tilt) by using LaB¢ standard.

2) Import one out of twelve data (preferably an angle with high texture) and
modify omega value accordingly to the angle of the data.

3) Import crystal structure datafiles of all composition phases base on peaks’
position of the phases. The datafiles can be found in the American Mineralogist
Crystal Structure database and MAUD database.

4) Refine background polynomial function and proportion of phases.

5) Refine phase microstructure including crystal size and microstrain based on
isotropic modal and bound B-factor parameter.

6) Repeat steps 2) to 5) on the other data from the same sample.

7) Combine all twelve computational results of the same sample by importing all
parameter files into one.

8) Calculate texture of phases with preferred orientation by using E-WINMV
function with 10° orientation distribution function (ODF) resolution and
without symmetry imposing.

9) Export the ODF files, remove calculation artifacts, smoothen and display pole
figure using Beartex program.
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2.3 Synchrotron X-ray microtomography

Second part is 3D porosity and internal micro-scale structures and features analysis
by using synchrotron X-ray microtomography (SXRT). SXRT is a non-destructive method
used for material fabric investigation which relies on Beer-Lambert law:

T=10"4; A= &cl Equation 2.2

Where T is intensity of transmitted X-ray, A is absorbance, € is molar absorptivity,
c is amount concentration and 1 is path length of which the X-ray travel. Transmitted ray
intensity is recorded as a gray scale images with gray scale value representing the
absorbance of materials. The images can be further processed for phases and micro-
structure analysis. In shale, low absorption features can be interpret as kerogen or void
space (e.g. porosity and fracture), high absorption features usually represent heavy
minerals such as pyrite while shale matrix including quartz and clay minerals are shown in
wide-ranged medium value.

At the beginning of the SXRT experiment, several dark field images; images
recorded without X-ray beam, and bright field images; images recorded with X-ray but
without sample, are taken for detection of background noises and X-ray fluctuation for
further correction. Next, shale samples cut in cylinders with 1 mm in diameter and 5 mm
in length are mount onto the rotatable platform vertically in the middle of the field of view.
Then X-ray beam is used to record the data. The transmitted X-ray is projected onto the
scintillator which convert the X-ray into visible light and recorded as images projection
(Fig. 2.4). The samples are then rotated by 180° with 0.120° increment for 3D images
reconstruction coverage.

Figure 2.4 Schematic diagram of the SXRT experiment (Kanitpanyacharoen et al., 2012).
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For 3D images reconstruction, raw projections are processed in the following step.

The images are first processed with bright field and dark field images for background

correction, removing X-ray fluctuation and instrumental artifacts by using the following
equation:

I. = [ — 1)U, — 1)] Equation 2.3

Where I, is corrected image, I, is raw image, I; is dark field image and [, is bright
field image. Then, the images are normalized into the same gray scale value for all dataset
by averaging values in the chosen area which contain no sample. Next, the normalized data
containing all horizontal projection information were rearranged into sinogram. Lastly, the
data were reconstructed into cross section images based on filtered back-projection
algorithm into image files with a size of 2048 pixel x 2048 pixel and will be used for further
images processing. In this study, Simpleware SacnlP is used for 3D tomographic data
segmentation. Further image processing can be summarized in these following steps.

1) Import the images dataset to the program using a pixel size of 0.68 pm and 8-
bit gray scale value.

2) Choose a region of interest of 0.34 x 0.34 x 0.34 mm? preferably from the center
of the samples to avoid artificial features caused by sample preparation

3) Apply median filtering algorithm replacing a voxel gray scale value with the
median of its own value along with neighboring voxels to minimize the
calculation artifacts.

4) Classify features based on gray scale value and visual appearance using an
image thresholding, flood fill and paint-with-threshold function to label every
voxel with gray scale value within the threshold range as mask of interested
features.

5) Perform an island removal function to eliminate any features which are smaller
than 8 voxels which is considered as artifacts.



Chapter III: Results
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3.1 Synchrotron X-ray Diffraction (SXRD)

The main purpose of SXRD analysis is to quantify the portion of mineral
compositions as well as their preferred orientation by fitting the refined model with the
experimental data (Fig. 3.1). Analysis of SXRD data show similarities in mineral
compositions but wide range of volume proportion as summarized in Table 3.1 and Table
3.2. The mineral compositions can be divided into three groups: phyllosilicates or sheet-
like silicate minerals (e.g. kaolinite illite and chlorite), tectosilicates (e.g. feldspars and
quartz) and non-silicate minerals. Overall, the proportion of phyllosilicate mineral vary
greatly (14 — 60 vol.%) and is dominated by illite-mica (8 — 35 vol.%). A significant
kaolinite/dickite (7 - 13 vol. %) and illite-smectie (5 — 14 vol.%) is presented in majority
of sample while chlorite (1 — 3 vol.%) is only presented in as a minor phase in a few
samples. In addition to phyllosilicates, quartz is notably observed in all samples (28 — 77
vol.%). Siderite (FeCO3) is another important mineral, found in large amount in sample #1
and #8 at 23 vol.% and 35 vol.%, respectively. However, other sample contain a small
portion of siderite (1 — 8 vol.%). Some samples also contain a few percentages of pyrite
(0.7 — 1 vol.%), calcite (~ 3 vol.%) dolomite (3 — 8 vol.%) and Albite (2 — 4 vol.%).

To better understand the behaviors and diagenesis of phyllosilicates, which are the
dominant phases in samples, SXRD data are further analyzed for crystallographic preferred
orientation. Preferred orientation results are present as pole figures. Reconstructed pole
figures from SXRD analyses show that the (001) lattice places of phyllosilicates minerals
are preferentially aligned parallel to the bedding plane. The magnitudes of (001) preferred
orientation are however variable in samples (Table 3.3). All monoclinic phases e.g. illite-
mica and illite-smectite are displayed in the second-setting, where the c-axis acts is a
unique axis thus, making (100) lattice plane show the maximum pole density. In contrast,
tectosilicate and non-silicate minerals show no evidence of preferential orientation. It is
thus can be concluded that quartz, feldspar, pyrite, calcite, and siderite are randomly
oriented in the matrix.
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Pole figure contains important information about the orientation distribution
function of specific lattice places. This probability function describes the magnitude of
finding “poles” or “lattice normals” preferentially oriented in a certain direction. Pole
figure is normally represented as a projection of poles of a specific lattice plane onto an
upper hemisphere and further projected onto a two dimensional plane (Fig. 3.2). The pole
density is measured in multiple of random distribution (m.r.d.). The maximum pole
densities of each phyllosilicate minerals are summarized in Table 3.3. In most samples,
either illite-mica (1.3 — 5.4 m.r.d.) or chlorite (1.9 — 3.9 m.r.d.) show relatively high degree
of preferred orientation with maximum pole density of 5.4 and 3.9 m.r.d. respectively. For
kaolinite and dickite, they show similar intermediate preferred orientation (1.1 —4.5 m.r.d.)
while illite-smectite (1.4 — 3.9 m.r.d.) displays the least magnitude of preferred orientation
in most samples.

(@)
Calc.
Exp.

0.4 1.0 QA 2.0 3.0
(b) - Quartz
Chlorite
e Tllite-mica &
Sr Illite-smectite

Siderite

é 20001

/

/ Kaolinite

10001 &
~AA
Figure 3.1 (a) Comparison of unrolled 2D spectra of sample #3 between calculated data
(upper) and experimental data (lower) and (b) peak profile of the same data showing
calculated data (black line) and experimental data (blue line).
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Figure 3.2 A schematic diagram of the pole projection. The normal lines are projected
from the planes (brown) onto the sphere (red) which are further projected onto the two
dimension plane (blue).

Table 3.1 Tectosilicate and non-silicate mineral compositions (vol. %).

No. Quartz Siderite | Pyrite | Albite | Calcite | Dolomite Total
#1 31.27 23.09 54.36
#2 76.27 0.89 8.24 85.40
#3 49.26 5.66 3.09 58.01
#4 58.65 3.81 62.46
#5 29.70 8.32 0.70 1.63 40.35
#6 60.46 8.43 0.72 2.36 2.78 74.75
#7 34.64 3.80 2.37 3.08 3.90 47.79
#8 27.58 34.60 1.01 63.19

Table 3.2 Phyllosilicate mineral compositions (vol.%), maximum pole density for each
phases are shown in parentheses (m.r.d.).

No. Kao‘hm'te & Illite-Mica | Illite-Smectite | Chlorite | Total | Error (%)
Dickite
#1 8.05(2.88) | 28.29(3.93) 9.30 (2.03) 45.64 12.42
#2 | 6.94(1.05) 7.65 (1.30) 14.59 13.81
#3 | 9.99(2.49) |1991(3.12) | 10.29(2.02) |1.80(3.93) | 41.99 11.23
#4 | 6.87(1.25) |17.40(1.48) | 10.33(1.39) |[2.93(1.90) | 37.53 11.93
#5 | 9.72(4.49) | 35.58(5.43) | 14.35(3.91) 59.65 13.71
#6 | 10.18 (1.24) | 10.27 (3.44) 4.79 (3.63) 25.24 16.62
#7 | 11.15(2.55) | 24.87(3.26) | 13.09 (2.00) |3.09(3.04) | 52.20 11.60
#8 | 12.86(1.61) | 12.92(1.79) | 10.52 (1.60) | 0.50(2.34) | 36.80 11.46




Table 3.3 Reconstructed pole figure of phyllosilicate minerals.
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3.2 Synchrotron X-ray microtomography (SXRT)

SXRT data are used to reconstruct 3D internal features of the samples and analyzed
volume fractions, morphology, and distribution of constituent phases that cannot be
quantified by the SXRD method. Image segmentation is applied to distinguish different
phases in the samples. This approach classifies different features based on their grayscale
values. Low x-ray absorbing materials normally have low grayscale values and are
classified as pore, fracture, or kerogen. High grayscale values thus indicates high x-ray
absorbing features such as heavy minerals (Fig. 3.3a). However, a distinct separation of
phases that have low and moderate grayscale values e.g. clay minerals and the matrix (Fig.
3.3b), is very challenging to obtain. The histogram of grayscale values has many
overlapping peaks. It is thus necessary to use visual classification in addition to
computational segmentation approach. A summary of 3D segmentation results is shown in
Table 3.4. The samples can be classified into two rock types based on microstructure and
phase volumes. The first group represents sandstone with large grain size approximately
0.1 mm (Fig. 3.4a). The pore space in this rock type is generally large and can be clearly
observed by eyes. The second group shows fine to very fine grain sizes, which are quite
indistinguishable from the matrix (Fig. 3.4b). This group is classified as shale and
mudstone. Sandstone also contains almost no kerogen but high total porosity (pore +
kerogen), ranging from ~7 to ~13%, while shales have considerably lower total porosity
(~1-~2%) and mostly comprise of small discrete kerogen-filled pores and dispersed
randomly in the matrix. Sample #3 however, contains a large amount of connected fractures
and fracture-parallel kerogen. The presence of kerogen and fracture contribute to high total
porosity (~7%) in this sample.

Pores are categorized further into different pore types based on their distribution
and morphology. A study by Loucks et al., 2012 shows different pore types from nano to
microscales which are used as guidelines for pore classification in this study (Fig. 3.5).
However, some pore types are unable to be classified due to the resolution limit of the data
(e.g. kerogen pores and corroded-grain pores) or the lack of host features (e.g. pellet pores
and moldic pores). The main, pore types in our samples include inter granular pore, fracture
pore, fossil pore, framboidal pore, irregular pore and micro-pore as summarized in Table
3.5 (Fig. 3.6). For sandstones, only intergranular pores can be classified as they are
composed mainly of quartz grains. On the other hand, shales samples are dominated by
fracture pore, micro-pore and irregular pore are also common as well. The other pore types
are feature-dependent, meaning their portions are based on the compositions of the rock.
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(b)

Gray scale 255

Figure 3.3 (a) An example of tomographic data and (b) histogram showing grayscale value
distribution of the data. The numbers indicate the range of value used for segmentation
different phases, whereas [1] pore, [2] matrix and [3] pyrite. The size of the tomographic
image is 0.34 x 0.34 mm?.
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(2)

Figure 3.4 Comparison between tomographic images of (a) sandstone with larger grain
size and (b) shale. The size of the tomographic image is 0.34 x 0.34 mm?.

Figure 3.5 The spectrum of pore types. The pore types presented in this study are marked
in red (modified from Loucks et al. 2012).
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Table 3.4 Minimum and maximum gray scale value used for the segmentation for all
sample are close-ranged. The segmented mask can be used to calculate further for volume

percentages.
Sample Pore Kerogen Total
Min Mix Vol.% Min Mix Vol.% | (Vol.%)

#1 0 28 0.05 29 46 0.37 0.42
#2 0 42 13.27 - - - 13.27
#3 0 20 1.04 21 46 6.62 7.66
#4 0 46 7.31 - - - 7.31
#5 0 30 0.34 31 46 1.42 1.76
#6 0 30 0.13 31 41 0.79 0.92
#7 0 30 0.24 31 45 0.84 1.06
#8 0 32 0.41 33 42 0.48 0.89

Table 3.5 Pore types classification for each samples displayed in vol.%. Sandstones are
marked with an asterisk.

Sample | Fracture | Irregular | Fossil | Framboid | Intergranular | Micro | Total
#1 0.20 0.16 0.02 - - 0.04 0.42
#2* - - - - 13.27 - 13.27
#3 5.26 0.37 - - - 2.04 7.66
#H4* - - - - 7.315 - 7.31
#5 1.18 0.13 - - - 0.51 1.76
#6 0.46 0.36 0.13 - - 0.30 0.92
#7 0.65 0.05 - - - 0.33 1.06
#8 0.34 0.19 - 0.30 - 0.07 0.89




Figure 3.6 Types of pore used for classification including [1] fracture pore, [2]
intergranular pore, [3] framboidal pore, [4] micro-pore and [5] irregular pore and [6]
fossil pore.
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Chapter IV: Discussion
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4.1 Clay diagenesis

The main focus of this study is to determine the influences of expulsed water from
clay diagenesis reaction to the increase of pore pressure in shale. According to smectite-
to-illite transformation reaction, the amount of water released from the process is related
to the amount of smectite that is transformed into illite. Two factors that largely govern the
process are the degree of smectite diagenesis and the proportion of initial smectite in the
pre-diagenetic phase. Even though the initial portion of smectite is unable to measure
directly, based on an assumption that the initial compositions of shale and mudrock include
pure phase smectite, pure phase detrital illite-mica and other components. As the diagenesis
progresses, smectite is gradually transformed into illite-smectite complex and ultimately
become pure illite or further react with muscovite to become illite-mica. Thus, the initial
smectite proportion is estimated from the summation of illite-smectite and illite-mica
volume percentages regardless of the initial detrital illite-mica. The degree of smectite
diagenesis can be determined by the illite-smectite crystallinity based on the proportion of
illite in the illite-smectite complex (e.g. Hower et al., 1976; Shaw and Primmer, 1988). The
different mixture of smectite and illite also yield different X-ray diffraction peak positions
and intensities which can be used for proportion identification (Raynolds and Hower,
1969).

In the following part, the interpretation relies mainly on the clay content of the
samples. Sample #2 has low clay content (< 15 vol.%) and will be excluded from the
smectite estimation. The initial smectite data shows a great variation among samples from
low and deep depths. However, the average initial smectite volumes for both depths show
similar values (~30 vol.%) (Fig. 4.1). According to the computational diffraction pattern
of illite-smectite mixed phases by Raynolds and Hower, (1969), the peak position of illite-
smectite phase in this study represents an illite-smectite complex which contain between
80% and 100% illite. Hence, our samples are estimated to contain 85% to 95% of illite in
the illite-smectite phase.
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Figure 4.1 Cross plots between initial smectite vol.% in the shales samples from different
depth. The blue data points represent the individual data of each samples and the oranges
are the average value between the samples from adjacent depth.
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Figure 4.2 The kaolinite vol.% in this study samples. The blue data points represent the
individual data of each samples and the oranges are the average value between the samples
from adjacent depth.
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Another potential clay diagenesis which can increase the pore fluid volume through
water expulsion are the transformation of kaolinite to illite reactions which can be
summarized by the reactions (Bjerlykke et al., 1998):

Kaolinite + K-feldspar < lllite + 2Quartz + Water (1)
or
3Kaolinite + 2K-feldspar + 2Na* o 2Illite + 2Albite + 2H + 3Water (2)

The kaolinite diagenetic reactions start at higher temperature than the smectite
illization which is possibly related to the overpressure zone in the Gulf of Thailand.
However, there is no clear observation of kaolinite diagenesis in this study. The difference
in kaolinite proportion between samples from two depth apart are minimal (Fig. 4.2). The
lack of k-feldspar in shale samples possibly due to the alteration of anorthoclase
(orthoclase-albite solid solution) to albite along the (2) reaction path. Nonetheless, the
samples contain approximately 10 vol.% of kaolinite, thus the kaolinite diagenesis may not
release significant water volume.

A comparison between the initial smectite and degree of diagenesis from this study
and previous studies in the Gulf of Mexico (Perry and Hower, 1972; Bruce, 1984) shows
that clay diagenesis in the Gulf of Thailand yield less significant fluid volume than that of
the Gulf of Mexico (Table 4.1). Shale samples in this study have approximately 30 vol. %
while those from the Gulf of Mexico contain about 45 vol.%. As for the degree of
diagenesis of illite-smectite, this study shows a difference in illite content of approximately
10% illite (from 85% to 95%) in contrast to the difference of 55% illite (from 25% to 80%).
In addition, water expulsed through diagenetic process of clay minerals in the study area
has less impact on the shale pore pressure than the pore pressure gradient of about 20 kPa/m
in the Gulf of Mexico suggesting that other factors simultaneously contribute to the
increase in pore pressure. Moreover, the reason behind the significant differences between
the illite content is possibly caused by different geothermal gradient. The Gulf of Thailand
has higher geothermal gradient (45-70 °C/km) than the Gulf of Mexico (15-25 °C/km)
(Bustin and Chonchawalit, 1995; Morley, et al., 2013; Christiec and Nagihara, 2015). Thus,
smectite from the Gulf of Thailand has been altered prior to the depth of investigation.
Results suggest that there is no direct correlation between the diagenesis zone of smectite
and overpressure zone unlike those of the Gulf of Mexico (Shaw and Primmer, 1988).
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Table 4.1 Comparison between initial smectite volumes, degree of diagenesis and pore
pressure gradients of the Gulf of Thailand (this study) and the Gulf of Mexico (Perry and
Hower, 1972; Bruce, 1984).

Gulf of Mexico This study
Initial smectite ~45vol.% ~ 30 vol.%
Degree of diagenesis 25 = 80 % illite 85 =2 95 % illite
Pore pressure gradient 19-21 kPa/m N/A
Y Y
4 50 um 50 um X
Fracture Fossil pore

Approximation of

A
. Irregular pore - Framboidal pore Y ‘ ‘ ‘A/ bedding plane

X >
V4

Figure 4.3 An example of shale 3D segmented porosity model. The pore mainly consist of
irregular pores and fractures. The fractures align almost parallel to the bedding plane.
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4.2 Porosity analysis

The segmentation of 3D porosity shows that shales from the Gulf of Thailand
possess low and discrete pore system (Fig. 4.3). The separated pores prohibit the pore fluid
transfer therefore, enable the pore pressure build up as the water expulsed (Bruce, 1984).
While the most abundant pore types of shale samples in this study are fracture and irregular
kerogen-filled pores, a study by Loucks, et al. (2012) shows that nano-scale pores in shale
are consist mainly of interparticle pore, intraparticle pore and organic matter pore. Even
though several factors such as organic matter type, content and mineralogy control the
variety of pore network, it is possible that the Gulf of Thailand shale may contain more
tiny pores which are under the image resolution hence, undetectable via SXRT experiment.
Moreover, organic matter pore and interparticle pore tend to connect the effective pore
network and allow fluid flow (McCreesh et al., 1991; Loucks et al., 2009). However, low
permeability due to nano to micro scale pore throat may retain the pore fluid and increase
pore pressure.
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Figure 4.4 Total clay content vs. maximum pole density cross plots, each data point
represent the individual pole density of respective mineral (001) lattice plane. These data
show an increasing trending of pole density with clay content.
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4.3 Preferred orientation

All phyllosilicate minerals in this study show a preferred orientation of a (001)
lattice paralleled to the bedding plane. The preferred orientation of clay minerals derived
from the Rietveld analysis shows that the maximum pole density of clay orientation
increase correspondingly with total sample clay content (Fig. 4.4). However, no clear
relation function between clay content and degree of preferred orientation can be stated,
except that degree of preferred orientation tends to increase with clay content. Moreover,
the comparison between the preferred orientation averages of shallow and deep samples
shows no distinguishable trends, suggesting that the different confining pressure has little
to no effect on the clay mineral preferred orientation in this study (Fig. 4.5).
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Figure 4.5 Cross plots between weight-averages of maximum pole density and total clay
content for each samples. Comparison between shallow (orange) and deep (blue) samples
shows similar trend of pole density with increasing clay content.
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5.1 Conclusions

The main focuses of this study is about an effect on pore fluid from smectite
illization and pore network of shale samples from the Gulf of Thailand. The synchrotron
X-ray diffraction analysis shows that the samples contain a significant clay content,
especially illite-smectite and illite-mica. However, only small amount of smectite is
converted to illite within the overpressure zone. Consequently, clay diagenesis can only
yield minor pore fluid and has minor impact to pore pressure build up in this area. The
overpressure in this area is thus, mainly accompanied by other factors. The 3D
reconstruction images of shales from the synchrotron X-ray microtomography generally
show a low porosity volume and contain a wide range of micron-size pore types. The
dominant pore type is fracture and kerogen-filled irregular pores. Small, discrete pores
make up the majority of pore volumes and are randomly scattered in the matrix. The
dispersion of these pores may play an important role in pore pressure build up as they
restrict fluid flow.

5.2 Future works

Due to the high heterogeneity of shale, more rock samples are need to minimize the
sampling bias. In the basin with high geothermal gradient, sample collection should be
extended above the top of overpressure zone in order to clearly understand the changes
with depth. This is because the diagenetic reaction possibly start prior to the depth of
overpressure. Correlation with formation pore pressure from the actual well data is
suggested in order to investigate the causes of overpressure and improve pore pressure
prediction technique. The investigation for nano pores should be carried out in order to
thoroughly understand the actual pore network of shales and how the pore fluid is stored.
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Figure 6.1 (a) A Diffraction peak profile and (b) 2D spectra plot of sample #1
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Figure 6.2 (a) A Diffraction peak profile and (b) 2D spectra plot of sample #2



Quartz

Chlorite /

Illite-mica &

Illite-smectite Siderite
Kaolinite
QA
0.2 1.0 0 3.0 4.0 50
(b)
Calc.
Exp.

Figure 6.3 (a) A Diffraction peak profile and (b) 2D spectra plot of sample #3
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Figure 6.4 (a) A Diffraction peak profile and (b) 2D spectra plot of sample #4
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Figure 6.5 (a) A Diffraction peak profile and (b) 2D spectra plot of sample #5
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Figure 6.6 (a) A Diffraction peak profile and (b) 2D spectra plot of sample #6
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Figure 6.7 (a) A Diffraction peak profile and (b) 2D spectra plot of sample #7
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Figure 6.8 (a) A Diffraction peak profile and (b) 2D spectra plot of sample #8
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