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Chapter |

Introduction and Literature Reviews

1.1 Introduction

Tight sandstone has increasingly received interest as an unconventional reservoir in the
petroleum industry due to its large oil and gas reserves (Zou et al, 2012). Tight sandstone
reservoirs are defined with porosity and permeability values being less than 10% and 0.1 mD,
respectively (Zou et al,, 2012). Tight sandstone is considered as an unconventional reservoir
because permeabilities of 0.1 md or less are officially recognized by the U.S. Federal Energy
Regulatory Commission (AAPG Wiki). The unconventional reservoirs contain a wide variety of pore
throat, ranging from sub-millimeter to nanometer (Nelson, 2009). Complex pore geometry and
pore throat are the important factors, affecting the reservoir quality and fluid flow (Lai et al,,
2018). The size of pore throat is generally 2 to 0.03 mm in tight gas sandstones (Nelson, 2009).

In addition, microstructures of tight sandstone are difficult to be characterized because of
their small grain sizes, low porosity, pore geometry, and pore throat. Complex microstructures
and properties can be derived from advanced analytical tools such as scanning electron
microscope (SEM), transmission electron microscope (TEM), and synchrotron X-ray tomography.
Synchrotron X-ray experiments provide high spatial resolution of 3D information, which is useful
to visualize the pore geometry and pore connectivity as well as to understand the permeability
and flow within the rocks (Zhenpeng et al,, 2015). This study thus aims to investigate 3D
microstructures, particularly pore structure and connectivity, of tight sandstones from the
Phitsanulok Basin. Phitsanulok Basin, the largest onshore oil reservoir in Thailand, contains a large
amount of tight sandstone such as K, L, M Formation in Lan Krabu Formation (Kiatrabile, 2016).

Tight sandstone in this area can produce kerogen type |, Il, lll, which have the potential to
generate oil and gas (Kiatrabile, 2016). However, there is little research on the properties of tight
sandstone reservoirs. To establish a better understanding of the relationship between pore
geometry and flow ability, this research thus investigates pore system, which includes pore

volume, pore throat, porosity, and permeability in tight sandstones from the Phitsanulok Basin.



1.2 Objectives
1.3.1 To quantify porosity and permeability in tight sandstones
1.3.2 To characterize pore shape, pore volume, and pore throat that affect the fluid flow

and permeability

1.3 Literature reviews

1.3.1 Unconventional Reservoir

Unconventional reservoirs are the reservoir that have a low permeability and porosity so
are difficult to produce. The difference between unconventional and conventional reservoir is
conventional it is not be able to drill in the horizontal if we have the well vertically but, on the
second hand we produce from the source in the unconventional condition so we must have a
horizontal drilling, In the unconventional reservoir the gas and oil does not migrate from the
source rock into the reservoir (Figure 1.1) To produce from unconventional reservoir has to create
the fracturing network.

Only a third of worldwide oil and gas reserves are conventional, the remainder are in
unconventional resources (Figure 1.2) The five major type of unconventional reservoirs are tight

gas sandstone, coalbed methane, shale, Tar sand, Methane hydrate.

Figure 1.1 Unconventional reservoir fluid flow.



Figure 1.2 Worldwide hydrocarbon resources. Note conventional resources make up less than a

third of the total
1.3.2 Tight sandstone

Thirty percent (558 Bcm, 54 Bcfd) of APEC’s gas production is from unconventional gas
(Figure 1.3). In the North America, Tight gas has a production about 239 and 36 Bcm from China
are the worldwide leader of unconventional tight gas production. The U.S has a 6,010 Bcm of
proved The Coalbed methane from the unconventional reservoir providef) Bcm and have an
increase production rate in Australia, Indonesia and Russia. The tight gas play in Mexico (Burgos
Basin) and China (Ordos and Sichuan basins) (Figurer 1.4) boosts the production of the tight gas

resources.

Figure 1.3 APEC’s natural gas production (2011)



Figure 1.4 EIA assessments of shales gas and tight oil resources in Sichuan Basin, China

(EIA,2016)

Tight reservoirs have estimated standard permeabilities of 0.1 md or less are officially
recognized by the U.S. Federal Energy Regulatory Commission (AAPG Wiki). This value is the
standard for classify a tight reservoir was used to identify widely during the late 1970s and early
1980s to qualify for federally allowed enhanced prices of tight gas. Tight gas reservoir is classified
as a low permeability rock in which special well completion techniques are required to stimulate
production such as hydraulic fracturing. Thus, most low permeability gas reservoirs are considered

“unconventional.”

Tight gas sandstone reservoirs are reservoirs with porosity less than 10%, in situ
permeability of less than 1 mD, pore throat diameter less than 1 pm and gas saturation less than
60% (Figure 1.5) (Zou et al. (2010). Tight sandstone reservoir generally hardly to produce to

commercial quantity. However, in many countries tight gas sandstone reservoirs are often defined



according to the gas flow (rates) at well site rather than through the permeability cutoff values
(Schmoker et al,, 1997). It has thus been suggested that tight gas sandstone reservoirs may be

best defined from both the petrophysical and economic viewpoints.

. Figure 1.5 The relationship bwtween pore throat, porosity and permeability in Xuijia
Formation, China (Zou et al., 2010)

1.3.3 Pore Throat

Pore throat is an intergranular rock, the small pore space at the point where two grains
meet (Figure 1.5), which connects two larger pore volumes. The number, size and distribution of
the pore throats control many of the resistivity, flow and capillary-pressure characteristics of the
rock (Schlumberger Qilfield Glossary, 2015). Although the large pores, the fluid cannot be flow if
the pore have no connectivity. Connectivity in the rock can increase by the increasing of the size
of pore throats and with increasing number of pore throats which connected the single pore. Pore
shape, pore throat size, and pore throat abundance affect the flow dynamics of a reservoir.

Pore-throat sizes in siliceous clastic rocks have a varying size from the millimeter scale to
the nanometer scale. The estimated value of the pore and pore-throat sizes range from about 2

to 0.03 mm in tight-gas sandstones (Fig 1.7). The pore-throat size provides a useful perspective



for considering the emplacement of petroleum in consolidated siliciclastic and fluid flow through

fine-grained source rocks now being exploited as reservoirs (Nelson, 2009).

Figure 1.6 Pore throat is the small pore space at the point where two grains meet (Zhenpeng

2015)

Fig 1.7 Sizes of molecules and pore throats in siliciclasticrocks (Nelson,2009)



1.3.4 Micro-CT analysis

Micro-CT are used for identifying micropores and the quantity and the connectivity of
pores and throats are obtained by reconstruction for the pore scale network. Table 1.1 is a
comprehensive description for four analysis methods applied, including the scanning sample size
the resolution and the main information for each one (Zhenpeng et al., 2015)

In the CT imaging process, a selected tomography is irradiated by X-ray beam from
different directions. After measuring the amount of X-ray penetrating from all directions, the
attenuation coefficient of each volume unit can be obtained by solving the multivariate linear
equation group. And the CT image of the selected tomography is generated in the computer
based on the attenuation coefficient information. The energy of X-ray beam generated from X-
ray tube in Micro-CT machine is relatively low, so the small tomography can be scanned clearly
(Zhenpeng, 2015). In the CT image, the grayscale represents the X-ray absorption distribution
within the object, and local attenuation depends on the chemical composition of the material
and its mass density. So it allows the non-destructive examination of the internal properties of
the examined sample, which include microarchitecture and morphology of pore space (Zhen

peng et al., 2015)

Method Cores sample size  Resolution Information
Macro-CT 1-inch plunger 0.62 mm Porosity histogram and connectivity
Micro-CT 2 mm plunger 1.08 um Quantity of pores and throats
Nano-CT 65 um plunger 65 nm Quantity of pores and throats

Table 1.1 Test Description for pore structure characterization (Zhenpeng et al., 2015)



Chapter Il

Study Area
2.1 Phitsanulok Basin

Phitsanulok Basin or Sirikit Field is in Phitsanulok province, northern of Thailand (Figure
2.1). Phitsanulok Basin is the biggest onshore oil field in Thailand, with STOIIP (stock tank oil-
initially-in-place) estimated 800 MMB (Bal et al., 1992). Phitsanulok Basin located about 400 km
north of Bangkok. The covered area extends about 6000 km?. Phitsanulok basin is intracratonic
rift basin that formed in Oligocene and Early Miocene by east-west extensional movement. Faults
generation in this area forms the appropriate condition for the deposition of the potential source
rocks, reservoir rocks, and the trapping systems in this area (C&C reservoirs, 2009). The depositional
environments are varying from lacustrine to fluvial depositional environment. The elements of
the petroleum system in this area are is complete and the main product of the field is principally

light oil with 40° API (C&C reservoirs, 2009).

Figure 2.1 Location map of the Sirikit Field, Phitsanulok Basin, Thailand (C&C reservoirs, 2009)



2.2 Regional Tectonic setting and Basin Evolution

Phitsanulok basin was formed in the intracratonic extensional and transtensional basins
that originated from the Tertiary Himalayan Orogeny. This controls not only the north-south
trending but also basin fills, structural styles, and hydrocarbon habitats of the basin in Thailand
(Bal et al, 1992). Figure 2.2 shows a tectonic setting in Thailand. The collision between Indian
Plate and Eurasian Plate affect the rotation of Shan-Thai plate relative to Indosinian plate. The
strike-slip faults in this area were developed along the paleosuture of Shan-Thai and Indosinian

Plate (Kreeprasertkul, 2009).

Figure 2.2 Regional Tectonic setting of Thailand. (After Thai Shell Exploration and Production,
1988)

The Structural Evolution of Phitsanulok basin was controlled by 3 principle elements as

shown in Figure 2.3, the first element is left lateral Uttaradit Fault System in the north of the
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basin which developed the western boundary Fault of Phitsanulok Basin and not extends. The
western boundary fault has 8 kilometers estimated depth in the west and shallower to the eastern
Flank this affects the irregular shape of Phitsanulok half-graben basin. The next element is Left
lateral Mae Ping Fault System located in the southwest of Phitsanulok basin. Finally, right lateral
Phetchabun Fault system lying in the east of Phitsanulok basin. The Phitsanulok Basin can be
divided into 4 phases by the control of these 3 elements. The first phase begins with extensional
tectonics, extensional to transtensional during phase Il tectonics, and gradually increasing to

transpressional tectonics through phase Ill and phase IV. (Kreeprasertkul, 2009)

Phase I: Late Oligocene to Early Middle Miocene (Figure 2.3)

The main rifting occurred along the western boundary Fault. The basin rapidly extended
in WSW-ENE direction and the small antithetic faults formed in the Eastern Flank. Uttaradit Fault
relates to the sinistral strike-slip. The divergence near the junction of movement caused by Mae
Ping Fault and Petchabun Fault. Rewarding to the divergence, the convergence regime was
developed in the north-east. (Kreeprasertkul, 2009)

Phase lI: Early Middle Miocene to Late Middle Miocene (Figure 2.3)

The blockage of Mae Ping Fault and the continued movement of Phetchabun Fault are
the main dominant in Phase Il. Changing condition has arisen along the western boundary Fault
affected to the variation of lacustrine condition to an alluvial condition in Phitsanulok Basin these

cause the depositional of Pratu Tao Formation and local unconformity. (Kreeprasertkul, 2009).
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Figure 2.3 Structural model of Phitsanulok Basin (phase | & II) (After Thai Shell Exploration and
Production, 1988)

Phase llI: Late Middle Miocene (Figure 2.4)

A Hinge zone on the Eastern Flank upthrowing the Nakhon Thai area was introduced by
the blockage of Uttradit and Petchabun Fault. From the discontinue of the extension in the
northern part of Phitsanulok Basin; compression continued and overthrusts developed in the Soi
Dao area. To the north of Uttaradit Fault, Phichai Graben developed, and Sukhothai Depression
possessed the maximum downthrow and the extension continued that result in an anti-clockwise
rotation of southern part of Phitsanulok Basin. (Kreeprasertkul, 2009).

Phase IV: Late Miocene to recent (Figure 2.4)

Due to the blockage of right lateral Phetchabun Fault, extension discontinued. The
compressional stress increased. Inversion feature and dextral wrench fault directly caused the
pre-existing structure, paralleled to Phetchabun Fault. Thus, complex Riedel fault pattern
developed at Tertiary period. The slow and uniform subsidence took place. In addition, basaltic

and rhyolitic volcanism, which is younger, accompanied this phase (Kreeprasertkul, 2009).
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Figure 2.4 Structural model of Phitsanulok Basin (phase Il & IV) (After Thai Shell Exploration and
Production, 1988)

2.3 Stratigraphy

The stratigraphy of Phitsanulok basin can be divided into 8 lithostratigraphic units from
Oligocene to recent as shown in Figure 2.5 and 2.7 (Thai Shell Exploration and Production,
1988). The deposition environment varying from alluvial to lacustrine deposit that related to
structural control in this area that shows in Figure 2.6. Three types of basin fill in Phitsanulok
Basin defined as alluvial fans and alluvial plain in the lowest part, lacustrine and alluvial plains

in the middle part, and alluvial plain and alluvial fans in the upper part (Kreeprasertkul, 2009).
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Figure 2.5 Schematic S-N cross section of Sirikit Field shows the Stratigraphy of Phitsanulok Basin.
Lithostratigraphy comprises 8 units (After Thai Shell Exploration and Production, 1988)

In the Oligocene, Nong Bua Formation, Khom Formation, and Sarabob Formation
abruptly deposit and covered pre-Tertiary units. These related to the high energy deposition
environment of the western Boundary Fault escarpment. In Addition, alluvial plain covered the
basin axis and this affected the several faults blocks in this area. (Kreeprasertkul, 2009).

Late Oligocene time, the subsidence of basin continued that originated the open
lacustrine deposit of Chum Saeng Formation, which extend an area of 4,000 square kilometers.
Chum Saeng Formation is composed of organic-rich claystone. Moreover, the lacustrine
transgression varied due to the varying of base level, the rate of subsidence, sedimentation, and
climate. In the Mid Early Miocene, lacustrine deltas prograde to the south and predominated in
the southern part of the basin (Kreeprasertkul, 2009).

The deltaic deposit of Lan Krabu Formation consists of sandstone interbedded claystone.
At the end of Early Miocene, the open lacustrine deposit re-established in the central of the
basin. The organic-rich claystone of Chum Saeng Formation deposited over Lan Krabu Formation

The fluvio-delta deposit is predominant. The delta plain and alluvial plain of Pratu Tao
Formation and Yom Formation developed during Middle Miocene. Pratu Tao Formation contains
the floodplain shale and Yom Formation consist of Sandy shale. The transtensional in this time

changed into the transpressional that result in the change of depositional environment into the
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meandering fluvial system of Yom Formation and to alluvial fans of Ping Formation which consist

of sand and gravel.

Figure 2.6 Schematic depositional environment of Phitsanulok Basin. (After Thai Shell Exploration

and Production, 1988)

Figure 2.7 Stratigraphy of the Phitsanulok Basin (C&C reservoirs, 2009)
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2.4 Petroleum system

2.4.1 Source rock
Source rocks in the Phitsanulok basin were deposited in three environments
e Open lacustrine environment
e Fluvio lacustrine environment
e Marginal lacustrine swamp
The source rocks are up to 400 m thick and belong to the Lower-Middle Miocene Chum
Saeng Formation. Coals are also present in this formation. Freshwater and terrestrial palynofacies
and freshwater gastropod fossils are the key to define the lacustrine deposit of the source rock
(Figure 2.9) (C&C Resevoirs, 2009). The source rocks have a high content of Type | kerogen derived
from freshwater algae with an estimated 2.7 %TOC and Type Il kerogen from higher plants (Figure
2.8). By contrast, the fluvio-lacustrine of Lan Krabu Formation consists of type Il and Il source
rocks with lower %TOC (Figure 2.8). Marginal lacustrine swamp contains carbonaceous shale and

lignite with estimated 14 %TOC (Figure 2.8) (Bal et al., 1992)

+ LACUSTRINE
FLUVIC - LACUSTRINE * VRE< 0.62

LAKE MARGIN / SWAMPS

HYDROGEN INDEX (S2 / TOC X 100)

[=]

40 &0 120 160 200 240 280

(=1

OXYGEN INDEX ($3 / TOC X 100)

Figure 2.8 HI versus Ol plot of source rocks in Phitsanulok Basin. (Illustrated from Bal et al.,

1992)
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Figure 2.9 Marceral Analysis (Illustrated from Bal et al., 1992)

2.4.2 Reservoir

The predominant reservoirs in Phitsanulok Basin are the reservoirs of Early Miocene deltaic
sandstone of Lan Krabu Formation. The reservoir quality and distribution in this formation are
various, relate to rapid lateral and vertical facies change. Lan Krabu Formation is consisting of 4
reservoir subunits which can be subdivided as D, K, L, and M units that interfingering with the
lacustrine Chum Saeng Formation (C&C Reservoirs, 2009). M Reservoirs in Phitsanulok Basin was
defined as Tight reservoir which low productivity and low recovery factor could be due to the
reservoir quality and connectivity problems that are expected to be improved by the hydraulic

fracturing (Kiatrabile et al., 2016).
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2.4.3 Seal

Lan Krabu Formation sealed by claystone of Chum Saeng Formation. This reservoir-seal
pair relate to cyclic delta progradation and lacustrine transgression of this area. Pratu Tao and
Yom seal potential due to thin and laterally discontinuous intraformational seals which make a
trap on this level easily leaked. (Bal et al., 1992) The fault occurrence in this area relates to the
potential of clay smear along the fault plane. Clay smear essentially provides the lateral seal for
hydrocarbon retention. Particularly, lacustrine claystone of Chum Saeng Formation has good
smear potential for Lan Krabu Formation flood plain claystones of Pratu Tao Formation has less
smear potential. Lateral seal for the smaller accumulations in the Pratu Tao formation is formed

by juxtaposition seal. (Kreeprasertkul, 2009).

Figure 2.10 Fault sealing and trapping mode in Phitsanulok Basin. (Illustrated from Thai Shell
Exploration and Production, 1988)

2.4.4 Trap

The trap in the Phitsanulok basin control by the complex fault patterns. Tilted — fault
blocks in Phitsanulok are broken into numerous compartments by intense wrench-related
faulting. Fault trapping mode in Phitsanulok basin consists of upthrown  (Sirikit and Pru
Krathiam area), downthrown (Nong Tum area), and combined (Thap Reat area) fault closure. The

stratigraphic traps also show in this basin, such as onlap, pinch out, diagenetic trap and
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unconformity Due to lateral and vertical facies changes and fault that cut through the formation,
it developed fault juxtaposition of reservoirs against interbedded claystone. Fault sealed by clay

smear have more potential in trapping a longer column of hydrocarbon (Kreeprasertkul,2009).

Figure 2.11 Fault sealing and trapping mode in Phitsanulok Basin. (Illustrated from Shell
Exploration and Production, 1988)
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Chapter I

Methodology
The characterization tight rocks, very tiny and complex, in microscopic in term of pore
structure which includes pore type, pore scale, pore origin and pore connectivity, it is difficult to
characterize pore structure through conventional testing. Many new methods are developed
and applied in the study of tight oil reservoir such as Micro-CT. In the rock physics analysis filed,
Micro-CT have been a useful technology which has been widely use in core heterogeneity

characterization, porosity measurement, saturation measurement, and flow experiment study

3.1 Samples preparation

Three samples of tight sandstone were selected for this study. The three samples are
tight sandstone in Phitsanulok Basin from the same borehole. Most of the samples were cut
into small prisms size 0.5 mm x 0.5 mm x 5 mm then the prisms were glued on a glass slide
and polished into small cylinders which 0.5 mm diameter x 5 mm length.
3.2 Synchrotron X-ray Tomography

Synchrotron experimental set up is shown in Figure 3.1 The X- ray beam is the source
from Synchrotron and run through monochromator with a monochromatic X-ray energy of 18
keV. The incident X- ray strike the sample surface on a rotational stage in a long axis vertical
arrangement. The sample was rotated 0.125 per X-ray beam shot for a total of 180. The
transmitted X-ray beam was converted to a visible wavelength by scintillator. After that the
visible light projected on a CCD detector that be a 2D data which was used to reconstruct a 3D

image (Kanitpanyacharoen et al., 2012)

Figure 3.1 Schematic diagram of the Synchrotron X-ray Micro-CT experiment. (Kanitpanyacharoen

et al., 2013)
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Materials have a different X-ray absorption ability according to Beer Lambert ‘s law
(Figure 3.2) The different absorption coefficient depends on atomic number and density of the
elements that represent in 32-bit TIF in a wide range of grayscale values (256 shades)
(Kanitpanyacharoen et al., 2012).

The X-ray attenuation or linear Attenuation Coefficient (LAC), as defined by Wellington
and Vinegar (1987) is a measure of the transmissivity or absorptivity of a sample to the incident
X-rays and is largely a function of both electron density, e, and effective atomic number, Ze.
LAC depend on the incident photon energy from a synchrotron X-ray beam, E. High atomic
number in mineral will be shown in bright tone and low atomic number will be shown in dark

grayscale also as a pore.

Avizo software was used to identify the structure inside the rock by using the different
grayscale. The software can calculate the quantity of pore and porosity also can simulate a fluid

flow simulation in 3D configuration.

Figure 3.2 Beer-Lamburt Law show that the light intensity come into the material has a different

value with the light intensity throughout. (www.slideplayer.com)

3.2 Data Analysis

Avizo Fire was used to perform the image segmentation on the tight sandstone sample
and to create a representation of the pore space surface. Some area of the core images contained
artifacts such as beam-hardening rings or concentric ring and were disinterested for model study.

Images data had to be cropped significantly into a voxel size(um) to be use in simulation. The
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thresholding segmentation was identified through the Label Analysis Avizo module. Grey scale
values for the pore space and minerals were investigated by Glemser (2008). The grey scale value
from 0-85 thresholding scale represented pore-space while 86-255 represented rock matrix. An
example of a grey-scale image pore space extracted by thresholding (Blue) is shown in Figure 3.4
and before segmentation in Figure 3.3. After the segmentation the Avizo program can illustrated

the single pore simulation in the sample (Figure 3.5)

Figure 3.3 Image before thresholding segmentation



Figure 3.4 Different shades of grayscale was used to identify the material

Figure 3.5 Illustration of the selected single pore
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The absolute permeability is the parameter used to characterize pore which allows of a
single-phase fluid flow. The effective porosity and quantity of throat can provide a flow channel
for the fluid. In Avizo, flow simulation was realized by use of a single-phase laminar flow and the
absolute permeability derived from the of Darcy’s law. The 3D simulation which is the results

from permeability are illustrated (Figure 3.6).

Figure 3.6 Flow simulation which is the results from permeability

To study pore throat it necessary to study the pore diameter and orientation that was
divided into four step module the first step is pore detection which the result image will show in
the thresholding binary image where one of the intensity level equal to pore and one equal to
the matrix (Figure 3.7). Next is Pore post-processing, the small objects are removed in this step.
The objects boundaries are smooth, and some objects are disconnected. The third is to custom
measure group definition to determine the distribution of pore diameter. The Avizo label analysis
module allows computation of a set of measure for each particle of a 3D image once the
individual analysis has performed a histogram (Figure 3.8) of a given measure was be plotted in
order to produce a representation of the measure distribution. The EgDiameter was used in this
step (Equation 1). Finally, customization of measure definition to compute the sphericity of pore

and throat.
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Figure 3.7 The binary image where one of the intensity levels equal to pore and one equal to

the matrix in pore detection

Figure 3.8 The analysis diameter histogram

EqDiameter=36 Volume3d (1)
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To determine how the pore were connected. Pore were connected if they shared a
common face while pore voxels that shared only common edges or points were not considered
connected. The “Connected Components” module in Avizo was used to find connected pore.
Auto skeleton module will use to model the connectivity between pore chamber and illustrate

into 3D skeleton which will be identify as pore throat (Figure 3.9)

Figure 3.9 3D Simulation of Auto skeleton module
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Chapter IV

Results

In Synchrotron X-ray Tomography, three samples of tight sandstone were selected for this
study (PH1, PH2, and PH3). Most of the samples were cut into small prisms size 0.5 mm x 0.5 mm
x 5 mm then the prisms were glued on a glass slide and polished into small cylinders which 0.5
mm diameter x 5 mm length.

Avizo Fire was used to perform the image segmentation on the tight sandstone sample
and to create a representation of the pore space surface. Images data had to be cropped
significantly into a 500x500x500 voxel size (0.72 Um) to be use in simulation. Each sample was
randomly selected into 3 VOI, finally the 9 VOI are shown in Figure 4.1. The thresholding
segmentation was identified through the Label Analysis Avizo module. Grey scale values for the
pore space and minerals were investigated by Glemser (2008). The grey scale value from 0-65
thresholding scale represented pore-space (Figure 4.2a) while 65-255 represented rock matrix

(Figure 4.2b)

Figure 4.1 Three sample of tight sandstone was divided into 3 area (Total 9 VOI) Sample PH1,
PH2, and PH3 are a, b, and c respectively
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Figure 4.2 (a) The grey scale value from 0-65 thresholding scale represented pore-space while

(b) 65-255 thresholding scale represented rock matrix

4.1 Grain Size Analysis

Grain size analysis of each VOI are classified to diameter of grain size via Wenworth scale
(Figure 4.3) Grain size analysis method of the samples was analyzed by Label analysis module.
The results show that the grain size of three samples are varying from 3.9 to 125 micrometers
which are very fine silt to very fine sand size due to the Wenworth scale. Figure 4.4 show that
PH1 sample have the biggest grain size from three samples. Grain size class in this sample are
varying from very fine silt to very fine sand which the greatest number of grains is coarse silt. The
average of grain size in PH1 is 61.15 um which is classified into very fine sand class. Grain in PH1
sample shows well sorted of grains.

For PH2, grain size class are from very fine silt to coarse silt the greatest number of grains
is in medium size and the second is fine silt. The average of grain size diameter is 30.01 um which
is classified into medium silt size of grain and shows very well sorted of grain inside the sample.
PH3 sample dominated with the grain size like PH2 which the greatest grain is in medium silt class
but the second is coarse silt class. Range of grain size in PH3 are varying from fine silt to coarse
silt which the average diameter is 41.11 um that is classified into coarse silt size. In this sample

shows very well sorted of grain.
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Figure 4.3 Grain size classification which analyzed due to grain diameter (Wenworth, 1922)

Figure 4. 4 Grain size analysis classified by grain diameter based on Wenworth scale
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4.2 Pore Classification

Synchrotron X-ray Tomography can use in primary identification of pore shape. In this
study use pore shape classification based on pore shape of reservoir rock which classified by
Louck et al. (2012) In Figure 4.5 show that pores are classified in to main three types (Mineral
Matrix Pores, Organic-Matter Pores, Fracture Pores). For this study, Mineral Matrix Pores
(Interparticle Pores) and Fracture Pores are the major of pores which generally found in three
sample.

Two classes of pore in interparticle pores type which show in three sample are pores
between grains and Pores at the edge of rigid grains. Pore between grains (Figure 4.6a) are the
space around each grain in rock matrix or space between pore. This pore type found normally in
all sample in this study but dominated in the PH1 sample. Pore between grains usually forms in
low to medium compaction rate of rocks and can enhance the porosity and permeability in the
rock in the normal rock reservoir.

For pore at the edge of rigid grains (Figure 4.6b) is the small space at the edge of the grain
which usually found in higsh compaction of rock or very small grain size. This pore type can be
found in the whole rock samples in this study but dominate in PH2 and PH3 sample. This pore
type can enhance the porosity but in the other hand some situation the permeability in rocks
will lower than the other pore type.

Fracture pores (Figure 4.6¢), this pore type is the widest space of pore type in rock samples.
Fracture pore can find in only PH3 sample. This pore type well enhances porosity and

permeability in the rock that have very small grain size and high compaction.



Figure 4.5 Pore shape classification (Louck et al.,2012)
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Figure 4.6 Three pores type f in samples of this study (a) Pores between grains (b) Pores at the

edge of rigid grains (c) Fracture pores
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4.3 3D Pore shape and Volume

To study of pore shape character in rock sample the Label analysis module in Avizo
software are used. The module will calculation width, length, radius, and volume in micrometers
scale of selected area. Pore shape identification uses width versus length of the object to identify
the character of pore in the samples. If aspect ratio of width and length is 1 pore will consider to
be sphere.

PH1 sample show the plot between width and length in Figure 4.7a. Average aspect ratio
of PH1 is 0.48. This value of aspect ratio shows that pore in PH1 have shape like oval. The data
of PH1 show trend of data in linear. The volume of most pore in PH1 is in the range of 1000 to
5000 um?®. In the volume more than 5000 um? have high different between each value so it shows
the wide spread of data in this volume of PH1.

In figure 4.7b shows width versus length plot of PH2 sample. This sample have 0.47 value
of an average aspect ratio which approximate to aspect ratio in PH1. But the volume of pore
which more than 5000 pum? is lower than PH1. In the same as value of volume in range of 1000
to 5000 um? have count number lower than PH1. This will affect to the porosity in PH2 that
possible to lower than PH1 too. The low volume of PH1 pore space it may be affect from the
pore shape that have a greatest number of pores at the edge of rigid grains.

For PH3 sample, this sample have an average aspect ratio lowest from the others. The
average aspect ratio is 0.37 and shown the linear trend of data. This can be considered that the
pore shape of PH3 is flatter or more tabular than others. The volume of pore in PH3 are mostly
in range from 500 to 1000 um°. The second number of ranges is 1000 to 4000 um?. This may
affect from the greatest count number of pores at the edge of rigid grain. By the way, PH3 have
a like horizontal linear data in range of >5000 um?®. Aspect ratio of this range shows that pore
have a shape like tabular more than PH1 and PH2. This value may affect from the fracture pores

in PH3 sample.



Figure 4.7 Width versus Length plot of pore in PH1, PH2, and PH3
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4.4 Pore Throat

Pore throat is an intergranular rock, the small pore space at the point where two grains
meet (Figure 1.5), which connects two larger pore volumes. The number, size and distribution of
the pore throats control many of the resistivity, flow and capillary-pressure characteristics of the
rock (Schlumberger Qilfield Glossary, 2015). This study will focus on shape, size, and connectivity
of pore throat. Auto skeleton module is used to model the connectivity of pore (Figure 4.8) and
then calculate the geometry of connectivity area in term of width, length, radius, and volume
(Figure 4.9). The geometry of connectivity area is identified to be pore throat and re calculate to

show the specific character of throat shape inside the rock.

Figure 4.8 Pore Skeleton use to identify and calculate geometry of pore throat. (a) Cyan areas

represent the whole pore space in sample after Auto Skeleton Module (b) Grey spheres represent

the pore chamber and red skeleton represent the connectivity area of pore chamber (pore throat)
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Figure 4.9 (a) 3D simulation of Pore Throat show the radius and length which can calculate the
geometry of throat. (b) Grey spheres represent the pore chamber and red skeleton represent the

connectivity area of pore chamber (pore throat)
The result show that the greatest ranges of pore throat radius are between 0.36 to 1.44

um (Table 4.1 and Figure 4.10). The biggest pore throat size is pore throat in PH3, the second is

PH1 and the last one is PH2. PH2 sample no show in pore throat size over 1.44 um.

Figure 4.10 This graph shows pore throat radius of PH1, Ph2, and PH3
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Minimum radius (um)  Maximum radius (um) Average (um)
PH1 0.36 1.74 0.51
PH2 0.41 0.87 0.48
PH3 0.39 2.67 0.56

Table 4.1 Minimum, maximum, average radius of pore throat in PH1, PH2. And PH3

Width, length, and radius of pore throat will tumn into Intermediate length(l), longest

length(L) and shortest length(S) respectively. Then the ratio between S/ and I/L will plot on Zingg

Diagram (Zingg,1935) (Figured.11) to observe the shape of throat that evaluate the porosity and

permeability. The simple rule is (L > | > S) when the type of shape will be spheroid (L= | = S),

blade (L» 15 S), rod(L > | = S), and discoid(L = | » S).

Figure 4.11 The Zingg diagram (Illustrated from Zingg, 1935)
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Figure 4.12 shows the results of Zingg diagram plot in PH1, PH2, and PH3. PH1 contains
amount of Rod, Spheroid, Blade, and discoid pore throat shape respectively. In the PH2 show
the result like the PH1 but the number of Blade and Discoid shape is more than in PH1 this may
affect from the number of pores at the edge of rigid grains in PH2. Furthermore, PH3 contains
only Rod and Spheroid pore throat shape where the greatest type of pore throat is Rod shape.
This may affect from the natural shape of pore fracture which dominated in PH3 that generally

are the tabular or flat.

4.5 Porosity and Permeability

The results of porosity and permeability show in Table 4.2. The porosity in each sample
have a reasonable relationship between pore volume in 4.3 and porosity as shown in Figure 4.13.
PH1 contain the PH1-2, PH1-2, and PH1-3 VOI. PH1-1, PH1-2, and PH1-3 have porosity 14.5, 9.41,
14.03% and permeability 0.23, 0.14, and 0.19 mD respectively. The porosity in PH1 have direct
variation with permeability. The average porosity is 12.65% and average permeability is 0.19 mD.

Porosity and permeability of PH1 is in the second order of all samples.

PH2-1, PH2-2, and PH2-3 have porosity 12.7, 11.35, 10.35% and permeability 0.17, 0.18,
and 0.12 mD respectively. The porosity in PH2 have direct variation with permeability. The average
porosity is 11.47% and average permeability is 0.16 mD. Porosity and permeability of PH1 is in the

third order of all samples.

PH3-1, PH3-2, and PH3-3 have porosity 13.31, 15.86, 24.34% and permeability 0.14, 0.27,
and 0.49 mD respectively. The porosity in PH3 have direct variation with permeability but have
the spread of data in PH3-3 due to the number of pores fractures in this sample. The average
porosity is 11.47% and average permeability is 0.16 mD. Porosity and permeability of PH1 is in the

first order of all samples.



Figure 4.12 Zingg diagram plot of I,L, S length of pore throat in PH1, PH2, and PH3
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Porosity (%) Permeability (mD)
PH1-1 14.5 0.23
PH1-2 9.41 0.14
PH1-3 14.03 0.19

PH2-1 12.7 0.17
PH2-2 11.35 0.18
PH2-3 10.35 0.12

PH3-1 13.31 0.14
PH3-2 15.86 0.27
PH3-3 24.34 0.49

Table 4.2 Porosity and Permeability of PH1, PH2, and PH3

Figure 4.13 3D pore distribution in PH1, PH2, and PH3
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Chapter V

Discussion and Conclusion

5.1 Porosity and Permeability

Porosity in all sample are ranging from 9.41 % to 34.34 % and permeability are ranging
from 0.12 to 0.49 mD. Figure 4.14 shows the plot between porosity and permeability this have a
linear variation of data mean that the higher porosity the higher permeability. Each porosity values
are in the range and more than the standard cut off which porosity of tight sandstone reservoir
should be average value near 10% porosity and less than 1 mD of permeability these values are
officially recognized by the U.S. Federal Energy Regulatory Commission (FERC). When compare
the porosity and permeability in the tight sandstone in study of Zou et al, 2010, the permeability
of tight sandstone reservoir is usually less than 0.1 mD. Due to the pores in tight sandstone
reservoirs in most Chinese basins are characterized by intergranular and intragranular dissolution
pore types which show narrow and less effective pore throat, poor pore size distribution and
overall poor reservoir quality. This reason effects the higher permeability observes in tight

sandstone in Phitsanulok basin which have wide pore and amount of effective pore throat.

Figure 4.14 Porosity versus Permeability plot of 9 VOI
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5.2 Pore Classification

PH1 samples have a second ranks of average porosity and permeability which relate to
the volume of pore inside the whole sample that higher than PH2 but lower than PH3. This
permeability and porosity in PH1 due to the pore between grains that dominated in PH1 sample.
For PH2, the lowest porosity and permeability may affect from the quantity of pore at the edge
of rigid grains and the volume of pore in this sample shows the smaller volume than the other
samples. PH3 have high porosity and permeability that affect from the high volume of pore are
shows in the sample. Not only the volume but also the greatest numbers of fractures pore that
dominated only in the PH3 is the factors that enhances the porosity and permeability in the
sample (Figure 4.13). The fracture pores contain high connectivity of pore shape so the higher
permeability in the rocks with this pore type while the pore at the edge of rigid grains show low
connectivity and effect to the permeability in the rocks. For study of tight sandstone by Zou et
al in 2015 show that the secondary pore or fracture pore are the importance character of tight

gas sandstone reservoir in most of Chinese Basin.
5.3 3D aspect ratio and pore throat

3D aspect ratio of pore show that all samples contain high elongation of pore size so the
elongation of pore effect the high connectivity of each pore chamber which enhance the ability
of fluid flow in rock unit. For throat classification, throat radius of all sample are 0.36 to 2.67
UM when compare to the throat diameter in the study of diameters in siliciclastic rocks (Nelson,
2009) found that the throat from three sample in Phitsanulok basin are in the range of tight
sandstone reservoir because usually the pore throat in sandstone reservoirs is 20 um while tight
sandstone is 2 um. The ranges of diameters are like to the sandstone in East Texas Basin (Figure
4.15). The plot between pore and pore throat diameters with the grain size (Figure 4.16) which
compared to 26 sandstone samples worldwide. The samples in this study are in the range of tight
sandstone range that can evaluate to be the reservoir. From the result shows some smaller throat
observes in sample in this study when compare to the sandstone sample in Nelson’s study. This
may affect from the method used which is mercury injection that can detect the size of object

bigger than detection from Synchrotron X-ray tomography.



Figure 4.15 Sizes of pore throats in siliciclastic rocks on a logarithmic scale covering seven
orders of magnitude. The res line shows then pore throat size ranges of 9 VOI of this study

(Modified from Nelson,2009)
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Figure 4.16 Grain size, pore size, and pore-throat size for 27 sandstone samples (Wardlaw and
Cassan, 1979) The blue, red, and yellow line show the pore and pore throat of PH1, PH2, and

PH3 respectively.
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5.4 Conclusion

Porosity range are from 9.41 to 24.34 % and Permeability range are from 0.12 to 0.49 mD
which can be the tight sandstone reservoir. Most of pore types are interparticle pore (pore
between grains and pore at the edge of rigid grains) and fracture pore can enhance the highest
permeability and porosity in sample. Pore throat size range from 0.36 to 2.67 pm which have the
range in the tight sandstone and the diameter range are likely to sandstone in East Texas Basin.
Most of pore throat shape is rod type spheroid type that the longer of shape the more
permeability in sample. PH3 samples have highest porosity and permeability. The second is PH1

and the last is PH2 the flow simulation PH3 compare to PH2 are show in Figure 4.17

Figure 4.17 Flow simulation PH3 compare to PH2
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