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Chapter |

Introduction

Thailand’s primary energy consumption is mostly from fossil fuels and the
demand has increased every vyear. Thailand has limited domestic petroleum
production and reserves, and imports make up a significant portion of the country's
oil consumption. For decreasing imports of petroleum, Department of Mineral Fuels
(DMF) has a strategic plan to establish and maintain the security of mineral fuel
supply. In the 2013 annual report, DMF has made efforts to continuously promote
the development of petroleum fields in the country especially the northeastern
region (the Khorat Plateau).

The Khorat Plateau is located in the northeast of Thailand. It is defined by
the large area of Mesozoic (mainly Cretaceous) continental sedimentary rocks of the
Khorat Group, with an area of about 200,000 square kilometers (Chantong, 2007).
Petroleum exploration in this plateau began in 1962. Up until now (2015), 55 wells
were drilled in this area, but only 13 wells produced natural gas and condensate
from two commercials fields, Nam Phong and Sin Phu Horm (Chantong et al., 2008).
Moreover, gas accumulation is found in Dong Mun and Si That fields. Dong Mun field
will be developed in the future.

The petroleum provinces in the Khorat Plateu have high potential for
exploration and development. Petroleum in this plateau has been found in the
Permian carbonate rocks of Pha Nok Khao Formation, Saraburi Group. A potential
source rock in this area is the organic-rich Triassic shale of Huai Hin Lat Formation
(Triassic Pre-Khorat Group) and Permian shale of Saraburi Group (Chantong, 2007).
However, previous studies have focused on structure and trap but had overlooked
source rock study. So, petroleum geochemistry data of these source rocks is not
sufficient to prove where the petroleum found in the Khorat Plateau had originated
from. It is expected that more study of the petroleum geochemistry of these rocks

will describe the most probable source rocks for petroleum in the Khorat Plateau.



1.1 Study area

Selected cutting samples of the Huai Hin Lat Formation were collected from
10 exploration wells in the Khorat Plateau; Chonnabot-1, Dao Ruang-1, Dong Mun-1,
Dong Mun-2, Kaset Sombun-1, Kham Palai-1, Non Sung-1, Phu Lop-1, Phu Phra-1 and
Phu Wiang-1. The study area covers the Khorat Plateau, which is located in the
northeast of Thailand between latitudes 15°50°N to 17°20°N and longitudes 101°50’E
to 104°40°E as shown in Figure 1.1.
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Figure 1.1 Location of exploration wells where cutting samples were used in this study.



1.2 Objectives

To evaluate source rocks properties and petroleum potential of Triassic shale
of Huai Hin Lat Formation in the Khorat Plateau, using the biomarker data to

establish petroleum geochemical characteristics of these rocks.

1.3 Data sources

The exploration data and cutting samples in this research are received from
the Department of Mineral Fuels. Under the Petroleum Act of Thailand, the
exploration data can be revealed when the concessionaire has already relinquished
the concession. Data is composed of washed cutting samples, geochemical reports,

and well completion reports.

1.4 Theories

In petroleum geology, source rock refers to organic-rich sedimentary rocks,
where hydrocarbons have been generated or are capable of being generated. Organic
matter in rocks can be divided in two fractions, kerogen and bitumen. Kerogen is the
portion of organic matter preserved in sedimentary rocks that is insoluble in organic
solvents because it has a high molecular weight. Bitumen is the portion of organic
matter, which is soluble in organic solvents (Peters and Cassa, 1994).

Three parameters are used to screen the source rock potential for petroleum
exploration: (1) quantity of organic matter (quantity), (2) types of organic matter (quality)
and (3) maturation of organic matter (thermal maturity) (Tissot and Welte, 1984).



1.4.1 Quantity of organic matter

The quantity of organic matter is used to estimate the total organic carbon
content (TOC, wt%). TOC is a primary screening parameter for petroleum potential,
which is a measurement of the organic richness of a rock and reported in weight
percent (wt.%), including both kerogen and bitumen. TOC is measured by the direct
combustion of a crushed rock sample that is treated by acid in a crucible to remove
carbonate, and analyzed as carbon dioxide. Generally, 0.5 wt.% of TOC is the
minimum value for defining a petroleum source rock. Therefore, the petroleum
source rocks, shale and limestone, in weight% are 0.5 wt.% and 0.2 wt.% respectively

(Jarvie, 1991). TOC's criteria will be shown in Chapter IIl.

1.4.2 Quality of organic matter

Quality of the organic matter is measured by classification of the types
of kerogen contained in the organic matter. Kerogens are capable of generating
hydrocarbons which are derived from both marine and terrestrial sources. Study on
the kerogens can be done two ways, first is to study under the binocular microscope
and see the proportion of kerogen types. The second way is to analyze the kerogen
by Rock-Eval Pyrolysis in which rock sample are pyrolysis at temperature 300°C - 600°C
in an atmosphere of He. After that vaporized compounds will be detected by Flame
lonization detector (FID) and reported as three peaks as shown in Figure 1.2 (Tissot
and Welte, 1984). The first peak (S1) represents the already generated hydrocarbon
in the rock, while the second peak (S2) represents the amount of hydrocarbons
generated by thermal cracking of kerogen in rocks. The third peak (S3) represents
the trapped carbon dioxide (CO,) that is released during pyrolysis temperature
programing up to 390°C. The maximum temperature that generates peak S2 is called
Tmax. It can be summarized that Rock-Eval pyrolysis is used to evaluate the
potential of source rocks by providing information of: (1) quantity of organic matter,

(2) quality of organic matter, and (3) maturation of organic matter.
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Figure 1.2 Schematic diagram of Rock-Eval pyrolysis showing cycle of analysis and

temperature program (Tissot and Welte, 1984).

Kerogen types are recognized by using a Van Krevelen diagram, which is
plotted between the atomic H/C and O/C as shown in figure 1.3a (Peters, 1986). This
diagram is showing different types of kerogens as Type |, Type I, Type I, and Type IV.
Espitalié et al. (1977) modified Van Krevelen diagrams by using the Rock-Eval method
which plots the Hydrogen Index (HI) and Oxygen Index (Ol). This diagram is called a
Pseudo-Van Krevelen diagram as shown in figure 1.3b. Results of HI and Ol are
produced faster and at less cost than the results of atomic H/C and O/C. Hydrogen
index (HI) is a measure of the hydrogen richness of the source rocks and is calculated
from a ratio of S2 to TOC, [HI = (S2/TOC) x 100]. Oxygen index (Ol) is a measurement
of the oxygen richness of the source rock and calculated from a ratio of S3 to TOC,

[Ol = (S3/TOC) x 1001.
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Figure 1.3 Classification of kerogen types by (a) Van Krevelen diagram (b) modified

Van Krevelen diagram (Pseudo-van Krevelen diagram) (Peters, 1986).

The following information on different types of kerogen is from Peters and Cassa
(1994).

Type | kerogen is oil prone, indicates a potential for generating liquid
hydrocarbons, which comprise of aliphatic chain and an abundant amount of
hydrogen (high HI). This kerogen type originates from alginite macerals that are
derived from lacustrine algae.

Type Il kerogen is oil prone which contains aromatic and napthene rings and
moderate HI. This kerogen type originates from several different sources, with the
potential for oil and natural gas. Maceral of type Il kerogen includes exinite derived
from pollens and spores, cutinite derived from terrestrial plant cuticles, resinite
derived from terrestrial plant resins and animal decomposition resins and liptinite
derived from terrestrial plant lipids and marine algae.

Type Il kerogen is gas prone, mainly aromatic and O-functional groups
compounds with low HI. They have a potential for natural gas. Maceral of type Il
kerogen includes vitrinite derived from lignin and cellulose of land plants.

Type IV kerogen is dead carbon, no potential to generate hydrocarbon, which
shows a very low HI. Maceral of kerogen is dominated by inertinite derived from

other kerogen types that have been reworked or oxidized.



1.4.3 Maturation of organic matter

Maturation of organic matter or thermal maturity is the degree of heating of a
source rock in the process of converting sedimentary organic matter into petroleum.
Due to increasing the depth of deposition of rocks, temperature and pressure will be
increased, the organic matter in rock will convert to oil, condensate, wet gas and
lastly dry gas. There are three levels of thermal maturation; immature, mature and
post mature (Tissot and Welte, 1984). Immature source rocks have been affected by
diagenesis, in which organic matters are changed by physical, chemical and biological
processes during and after deposition of sediments with burial temperatures
between 60°™-80°C, and microbial gas is a product. Mature source rocks are in the oil
window and have been affected by thermal process or catagenesis of about 60°-
175°C, that is the temperature range for generating oil. Post mature source rocks is
the gas window, wet and dry gas zones, it has been heated at high temperatures of
about 175°-225°C that generated only small amounts of hydrocarbon gases as shown
in Figure 1.4. Source rock maturity can be estimated using many methods such as
vitrinite reflectance (Ro), fluorescence, thermal alternative index (TAl), thermal

alternative scale (TAS) and Tmax from Rock-Eval pyrolysis.
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Figure 1.4 Typical temperature ranges that oil and gas are generated

(https://spec2000.net/11-vshtoc.htm).



Vitrinite Reflectance (Ro) is a measurement of the ability of light reflecting off
vitrinite particles in the rock, which can be used as an indicator of the maturity of
source rocks. Vitrinite reflectance data is presented in units of %Ro, which is
measured in oil immersion. The classification of maturity levels is shown in Chapter IIl.

Tmax from Rock-Eval Pyrolysis is used to indicate thermal maturation of
source rock. Tmax value is the maximum temperature of hydrocarbon production
(S2), which is generated during pyrolysis. Thus, Tmax is dependent on the types of
kerogen in source rocks. In addition, production index (Pl) is calculated from the

S1/(S2+S3) and can show the level of maturity, for Tmax and PI criteria see Chapter III.

1.4.4 Biomarkers

Biomarkers or biological markers are complex organic compounds that are
composed of carbon, hydrogen and other elements. Biomarkers are found in crude
oils, bitumen and petroleum source rocks, where they show little or no change in
structure from their parent organic molecules that are found in all living organisms
(Peters et al,, 2005b). They are useful for learning more information about their
origins. Petroleum geochemists use biomarker fingerprinting to characterize oils in
term of organic matter origin types in source rocks, indicative depositional
environmental conditions, assess thermal maturity of oil during burial, and determine
the migration pathways of oil from source rocks to the reservoirs correlating of oil-to-
oil and oil-to-source rock.

In addition, Gas Chromatography-Mass Spectroscopy (GC-MS) method is used
to analyze biomarker compounds characteristic in major biomarker groups. Some
examples of biomarkers found in petroleum as follows;

1) The pristane/phytane ratio (Pr/Ph) is used to determine the oxicity of the
depositional environment. Pr/Ph ratio less than 1.0 indicates anoxic conditions, and
more than 3.0 indicates oxic conditions. The ratio values between 1.0 and 3.0 were

interpreted as sub-oxic conditions (Didyk et al., 1978).



2) The isoprenoids/n-alkanes ratio (Pr/n-C;; and Ph/n-Cig) provides valuable
information on biodegradation, maturation and diagenetic conditions. The early
effect of microbial degradation can be monitored by the ratios of biodegradable to
the less degradable compounds. Isoprenoid hydrocarbons are generally more
resistant to biodegradation than normal alkanes (Hunt, 1996).

3) The tricyclic terpanes (m/z 191) can be used to correlate crude oils and
source rock extracts, to interpret organic matter input and to evaluate the extent of
thermal maturity and biodegradation (Peters and Moldowan, 1993). Predominant Cyg
tricyclic terpanes reflects terrigenous organic matter, while higher C,; tricyclic
terpanes indicate marine organic matter (Moldowan et al., 1985).

4) Gammacerane (m/z 191) has been found in sediments from the Late
Proterozoic (Summons et al., 1988), which is used as an indicator for water
stratification during source deposition with both marine and lacustrine environments
(Sinninghe-Damsté et al., 1995).

5) The Trisnorneohopanes (Ts) and Trisnorhopane (Tm) ratio is used as a
maturity indicator. Ts is more stable than Tm, at higher in maturity (Seifert and
Moldowan, 1981).

6) The 17B(H),21a(H)-moretanes and 17a(H),21B(H)-hopanes ratio are used as
maturity indicators. Moretanes are thermally less stable than hopanes, and the
abundance of moretanes decreases relatively to the corresponding hopanes with
thermal maturity (Seifert and Moldowan, 1986).

7) The  homohopanes distribution (m/z  191) is derived from
bacteriopolyhopanol of prokaryotic cell membrane. Homohopane index can be
used as an indicator of the associated organic matter type, and it can also be used to
evaluate the oxic/anoxic conditions of organic matter during and immediately after
deposition of the source sediments (Yalcin et al., 2006).

8) The Homohopane isomerization ratio, 225/(225+22R), can be used to assess the
maturity of geological samples. This ratio reflects the more thermally stable 22S isomer

compared to the biologically derived 22R stereochemistry (Peters et al., 2005b).
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9) The distribution of steranes (m/z 217) is a characteristic fragment in the
sterane series. Steranes are derived from sterols, where they are widely distributed in
microorganisms and plants. The relative amounts of C,7-Cy5-Cyg Steranes can be used
to indicate characteristic source inputs and sedimentary facies. The predominance of
C,7 steranes show a marine influenced system and source input of plankton (algae),
while Cyg sterane predominance shows a terrestrial higher plant input and a swamp
shallow water environment. Cys sterane is a unique biomarker signature of organic
matter deposited in lacustrine facies (Peters and Moldowan, 1993).

10) The regular steranes/17a (H)-hopanes ratio reflects input of eukaryotic
(mainly algae and higher plants) versus prokaryotic (bacteria) organisms to the source

rock (Peters and Moldowan, 1993).
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Chapter Il

Literature Reviews

2.1 General geology

The Khorat Plateau is located in northeastern Thailand between latitudes 14°
and 19° North and longitude 100° and 106° East, covering an area about 200,000
square kilometers. The average elevation is about 130-250 meters above sea level,
the highest elevation about 900 meters above sea level (Department of Mineral
Resources, 2007). The northern and eastern borders are bordered by the Lao People’s
Democratic Republic (Lao PDR) and the Mekong River. The southern part is connected
to Cambodia and the western part is bounded by central and northern Thailand.

The topography of the Khorat Plateau is elevated table land, in which the
main central part is covered by plains and a chain of hills sloping southeastwards to
the Mekong River and extending northward and eastwards across the Mekong River
into the Lao PRD. The Khorat Plateau contains two fold belts; the Northwest-
Southeast trending Phu Phan range in the central part and the North-South trending
Loei-Phetchabun fold belt in the western area. The Phu Phan Mountains divided the
central part into two basins; the northern Udon-Sakon Nakhon basin and the
southern Khorat-Ubon basin. Both basins tilt towards the southeast, and drained to
the Mun and Chi rivers. The plateau is separated from Central Thailand by the Loei-
Phetchabun fold belt and the Dong Phaya Yen Mountain Range in the west, the San
Kamphaeng Range in the southwest and the Phanom Dongrak Mountains in the south
(Sattayarak, 2005).

The general geology of the Khorat Plateau consists mainly of sediment of the
Khorat Group, the Mesozoic sequence, except the western rim, which consists of
Triassic Pre-Khorat Group and Permo-Carboniferous rocks. In addition, the Quaternary

basalt rarely covers the southern part of the plateau (Chantong, 2007).
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The origin and development of the Khorat Plateau is complex. The majority
of events in the late Paleozoic and Mesozoic can be attributed to the sequential
docking of continental microplates with the Indochina block that forms the
underlying continental crust in this region. The basin in this area is structurally
complex and underwent compressive deformation in the Late Permian to Middle
Triassic followed by Late Triassic extension with a marked sinistral strike-slip fault
component. Furthermore, subsequent major tectonic events affecting the area
include mid-Cretaceous inversion and Late Cretaceous-Tertiary uplift and erosion.

The Khorat Plateau underwent four major events that had an effect on the
litho-straitgraphic unit (Chantong, 2007). Firstly, the South China and Indochina
blocks collided in the Late Carboniferous period, which caused the Saraburi Group to
be deposited over the Carboniferous rocks after collision. Seconly, Indosinian
Orogeny | and Indosinian Orogeny Il occurred in Permian to Triassic (Polachan et al,,
2010). Indosinian Orogeny | is the Shan-Thai and Indochina blocks collided together
during Triassic and occurred the Nan-Uttaradit suture. After the collision, crustal
extension caused the development of a number of the northwest-southeast/west-
east trend system of half graben in the Khorat Plateau and deposited Huai Hin Lat
Formation. Then, Indosinian Orogeny Il is the inversion of the half graben with local
fault reactivation in Late Triassic. Following Indosinian Orogeny I, the Khorat group
which composed of continental sediments deposited and inverted in middle
Cretaceous and Tertiary. Thirdly, the Myanmar and Shan Thai blocks collided in the
Cretaceous period. And lastly, the Himalayan Orogeny event occurred in Tertiary

period.

2.2 Stratigraphy of the Khorat Plateau

Based on the exploration well data and the seismic stratigraphy of the Khorat
Plateau, the detail of the stratigraphic sequence from the oldest to the youngest can

be summarized as shown in Figure 2.1, the details of stratigraphy are described below.
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Figure 2.1 Stratigraphy of the Khorat Plateau (Chantong, 2007).

2.2.1 Pre-Permian Basement

This section consists of the oldest Late Carboniferous rocks from Na Mo

Group, Pak Chom Group, and Wang Saphung Group (ATOP Technology Co Ltd, 2006).

1) Na Mo Group of Middle Silurian is the oldest metamorphic basement and

is comprised of low grade metamorphic rocks of upper greenschist facies; chorite

schist, quartzite, metatuff, and phulite. This unit is exposed in the Loei province

area, in the northeastern margin of the Khorat Plateau.
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2) Pak Chom Group of Late Silurian to Early Carboniferous uncomformably
overlies the Na Mo Group, which mainly consists of shallow marine sediments of
limestone, grey wacke, shale, conglomerate and tuff.

3) Wang Saphung Group of Middle to Late Carboniferous unconformably
ovelies the Pak Chom Group, which mainly consists of silicalstic of conglomerate,
shale, siltstone, and sandstone interbedded with limestones and volcanics.
Moreover, the grey to black shales are also recorded in the sequence that is
considered to be the gas prone source rocks. The outcrops of this unit are widely

distributed in Loei province area especially in Wang Saphung district.

2.2.2 Saraburi Group

Saraburi Group is defined in the Late Carboniferous to Late Permian, and
consists of shallow to deep marine sedimentary environment. This group is a
carbonate sequence mainly consisting of limestone, dolomites, and clastic sediments
of shale, sandstone and siltstone, which are indicative of sediment deposition in
various environments ranging from delta plain, shale platform, and deep basin. The
outcrops of Saraburi Group have been exposed along the western edge of the Khorat
Plateau, extending from Loei, Phetchabun to Saraburi province. Saraburi Group can
be divided into four formations; Si That Formation, Nam Duk Formation, Pha Nok
Khao Formation and Hua Na Kham Formation (Chantong, 2007).

1) Si That Formation is the Lower Clastics of the Late Carboniferous to Early
Permian and consists of shallow marine sediments; grey to dark grey shale
interbedded with limestone, dolomite, and siltstone with some conglomerate in the
lower part.

2) Nam Duk Formation deposited from Early to Middle Permian and consists
of shale, dark grey sandstone and vyellow to brown fine-grained limestone
interbedded with chert in limestone. This sequence is indicated to deep-sea basin

environment.
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3) Pha Nok Khao Formation is ranging from the Early to Middle Permain. The
rock units consist of predominantly massive white to dark grey limestone with minor
beds of dark shale, chert, siltstone and fine-grained sandstone, and dolomite. These
sequences indicate the depositional environment was intertidal and tidal flat, fore
reef to back reef and lagoon. The Pha Nok Khao Formation outcrops are found in
Saraburi and Nakon Rachasima Province.

4) Hua Na Kham Formation is the Upper Clastics of the Late Permian that
overlies conformably on the Pha Nok Khoa Formation. This unit has been informally
named the Upper Clastics, which consists of light grey to grey shale, siltstone,
conglomeratic sandstone, and sandstone with minor beds of limestone. The
sedimentary rocks were deposited in a shallow-platform marginal marine
environment due to finding fusulinids in limestone. The outcrops of this formation
are widely distributed in the northern edge of Khorat Plateau near Laos’s border in

Loei province.

2.2.3 Triassic Pre-Khorat Group

The Triassic Pre-Khorat Group is represented as the Huai Hin Lat Formation in
the geological map. This unit consists of conglomerate limestone, conglomerate grey
to dark grey sandstone; siltstone; black shale and marl containing plant fossils, which
was deposited under fresh water lakes and streams environment in Middle to Late
Triassic. The thickness of this formation is about 20 to 1,300 meters. The unit is
divided into two large sequences and five members; the upper and the lower
sequence as shown in Figure 2.2. The lower sequence consists of the Pho Hai and
Sam Khaen Members. The upper sequences consist of the Dat Fa, Phu Hi and the |

Mo Members (Chonglakmani and Sattayarak, 1978).
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Figure 2.2 Members of Huai Hin Lat Formation (Treerotchananon, 2012).

1) Pho Hai Member mainly consists of volcanic rocks such as tuff, agglomerate,
rhyolite and andesite with some intercalations of sandstone, mudstone, and conglomerate
This unit angular conformably overlies the Permian shale and siltstone.

2) Sam Khaen Member is a widely distributed unit of the Huai Hin Lat
Formation, which mainly consists of limestone conglomerate intercalated with
limestone beds, conglomerate often polymictic and red in colour, and intercalated
with red sandstone and shale. The lower contact is at the base of conglomerated
bed and on the upper Permian strata. Moreover, the lower contact is on top of the
volcanic rocks of Pho Hai member in some areas. The red color of the matrix in the
basal conglomerated indicates that it was deposited under a warm terrestrial
environment.

3) Dat Fa Member consists of grey to black, carbon-rich, calcareous, well
bedded shale; argillaceous limestone thin beds. In addition, the member contains
both terrestrial flora and fauna indicating a Late Triassic (Norian age). This unit
conformably overlies the Sam Khaen Member with the lower contact at the top of
the basal conglomerate of Sam Khaen Member where the upper contact is at the
base of sandstone or conglomerate of the Phu Hi Member.

4) Phu Hi Member consists of grey sandstone, shale and argillaceous
limestone with some intercalation of conglomerate bed in the lower half of the
member. This member conformably overlies the Dat Fa Member with the lower
contact at the top of grey shale and limestone of the Dat Fa Member while the

upper contact is at the base of Nam Phong Formation, Khorat Group.
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5) 1 Mo Member is the top and youngest member of Huai Hin lat Formation, it

consists of grey sandstone, shale, limestone, grey diorite, tuff and agglomerate.

2.2.4 Khorat Group

The Khorat Group is defined as Jurassic to Cretaceous age. This group consists
of continental sediments; very high thickness of red clays, siltstone, sandstone, and
conglomerate. This sequence is found in both the Loei-Phetchabon fold belt and the
Khorat Plateau and divided into eight formations; Nam Phong Formation, Phu
Kradung Formation, Phra Wihan Formation, Sao Khua Formation, Phu Phan
Formation, Khok Kruat Formation, Maha Saraham Formation and Phu Thok Formation
(Department of Mineral Resources, 2007).

1) Nam Phong Formation is the lowest unit of the Khorat Group. This
Formation is a reddish color and consists of interbedded red sandstone, siltstone,
and conglomerate. The Nam Phong Formation overlies the Huai Hin Lat Formation
conformably and the Permian limestone unconformably in some areas. The
thickness of the formation ranges from 100-1,500 meters. The Nam Phong Formation
can be considered as two parts; an upper part and lower part. The Upper Nam
Phong Formation is comprised of predominantly dusky red to red brown to purple
siltstone, minor sandstone, and claystone together with thin limestone. The Lower
Nam Phong Formation consists of red-brown sandstone, siltstone, and claystone.

2) Phu Kradung Formation consists of brown siltstone, greenish grey
sandstone, mudstone, shale, and calcareous conglomerate. The formation overlies
the Nam Phong Formation. In some locations, if the Nam Phong Formation is not
present, the Phu Kradung Formation overlies the Permian rocks. The thickness of this
formation is approximately 800-1,200 meters. Bones and teeth of plesiosaurs and
dinosaurs were also found in this formation.

3) Phra Wihan Formation consists of cross-bedded white quartz sandstone
with thin-bedded and dark grey interbedded siltstone. The sandstone is off white to
grayish green, fine to medium grain but locally is coarse to very coarse grained, with

calcareous cementing. The thickness of the formation is about 100-250 meters.



18

4) Sao Khua Formation is comprised of thick-bedded siltstone, mudstone,
and sandy conglomerate. It contains gastropod (Naticoid), bivalves (Trigonioides sp.
and Plicatounio sp.), and herbivorous dinosaur fossils, these are an Early Cretaceous
indicator. The thickness of the formation is approximately 200-760 meters.

5) Phu Phan Formation is comprised of thick and cross-bedded pebbly
sandstone interbedded with siltstone. The sandstone is off white to light grey, ereyish
green, reddish brown, occasionally light brown, moderately hard, sub ansular, partly
micaceous with traces of siltstone and limestone lithoclasts. The unit was found to
contain some fragments of dinosaur bones and contains some carbon compounds.
The thickness of the formation is approximately 80-140 meters. The Phu Phan
Formation underlies the Khok Kruat Formation and overlies the Phra Wihan
Formation.

6) Khok Kruat Formation consists of red to brown to purple siltstone, off
white to ligsht grey to reddish brown sandstone, red to reddish brown claystone,
caliche siltstone, and conglomerate. The formation was found to contain fragments
of herbivorous dinosaurs, turtles, and fish. The thickness of the formation is about
430-700 meters.

7) Maha Sarakham Formation can be considered as two parts, which consists
of siltstone and shale in the upper part and anhydrite and salt in the lower part. The
salts indicate a non-marine restricted hypersaline lacustrine depositional
environment. Sediments of the formation were deposited in two basins; the Khorat
Basin and Sakon Nakhon Basin. The age of this sequence is Late Cretaceous based on
paleomagnetic and isotopic dating. The thickness of the formation is about 610-
1,000 meters.

8) Phu Thok Formation consists of small cross-bedded and reddish fine-
grained sandstones, which deposit by stream and wind. The thickness of the
formation is approximately 200-730 meters. The Phu Thok Formation overlies the

Mahasarakham Formation uncomformably.
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2.2.5 Cenozoic Rocks

The uppermost rock unit overlies the Khorat Group and Quaternary
sediments. These rocks are known as the Tha Chang Formation, which are consisted
of semi consolidated to consolidated, mudstone, and conglomerate. The formation
was deposited on the Himalayan Unconformity, more than 20 meters in thickness

(Chantong, 2007).

2.3 Petroleum provinces of the Khorat Plateau

The petroleum provinces of the Khorat Plateau can be divided into 7 regions
based on geomorphology, geology, and geologic structures, excluding the western
part covering Loei, Phetchabun, and Chumphae areas, as shown in Figure 2.3
(Sattayarak, 2005).

1) The Loei-Petchabun Fold Belt is located to the western part of the
Northeast, extends from Nakhon Ratchasima in the south to Loei in the north, and
forms the western boundary of the Plateau that separated from the central region of
Thailand. The north-south trending mountain belt is composed mainly of folded
pre-Permian rocks with some igneous rocks and outlining hills of the non-marine
Mesozoic Khorat sediments.

2) The Chum Phae Area is confined between the Fold Belt and the Plateau,
covering Non Bua Lamphu, Chum Phae, Phu Kiew and Kaset Sombun. Topography of
this area is a combination of flat top mountains of Mesozoic Redbeds and their
eroded low lands.

3) The Phu Phan Anticlinorium consists of complex anticlines and synclines
trending Northwest-Southeast, covering from Khao Nam Phong in the west through
Khao Suan Khwang, Khao Phu Phan, and Pha Taem to the east. This province in
underlain by Permo-Carboniferous rocks, Triassic Pre-Khorat Group, and the minor

folding of Jurassic-Cretaceous redbeds in the upper part.
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4) The Nong Khai-Tat Phanom area is located north of Phu Phan Range from
Nong khai in the west extending to Udon Thani and Nakhon Phanom in the east. This
area is covered by a plain represented by the younger rock unit such as Phu Thok
and Maha Sarakham Formation that overlie the redbeds of the Khorat Group
including the lower part of Triassic. The Permo-Carboniferous rocks may be present
at the lowest section in some areas.

5) The Phon Pisai-Nakhon Phanom area is located north of Nong Khai-Tat
Phanom region, which its northern edge is bounded by the Mekong River. From well
reports, the underlying units are thick sandstone of Phu Tok Formation that was
deposited by the eolian process. The lower units encountered are rock salt of the
Maha Sarakham Formation and the redbeds of the Khorat Group on the basement rocks.

6) The Khon Kaen-Ubon area covers mainly Khon Kaen and Ubon Ratchathani
Province lying in an East-West direction. The stratigraphy like the Nong Khai-Tat
Phanom area, but the thickness of the Khorat Group and the overlying sediments are
much greater.

7) The Chok Chai-Det Udom area is covered by gravel beds and basalt that
overlie the redbeds of the Khorat group and the basement rock. The pre-Khorat

rocks are found in some places based on the well data.
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Figure 2.3 Petroleum provinces of the Khorat Plateau (Sattayarak, 2005) and location

of exploration wells where cutting samples are used in this study.
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2.4 Petroleum system of the Khorat Plateau

The properties and the characteristic of sedimentary strata of the Khorat

Plateau can be summarized in petroleum system as follow.

2.4.1 Source rocks

Based on petroleum geochemistry data of rock samples in borehole and
outcrop, the source rock in the Khorat Plateau was divided into 3 groups, the fluvial
sediment of the Khorat Group, Huai Hin Lat Formation and Clastic sedimentary rocks
of the Upper Saraburi Group, summary as show in Table 2.1 (Sattayarak, 2005) and
(Thongboonruang, 2008).

1) Permian Group

The shallow marine shale and limestone of the Permian Group overlies the
older rocks unconformably and can be divided in to three parts. Firstly, the lower
part, Lower Clastics or upper part of the Wang Saphung Formation, consists of shales
interbedded with limestone and occasional lignite beds. Secondly, the middle part,
the Middle Carbonates, comprises limestone and dolomite. The upper part, Upper
Clastics or the Hua Na Kham Formation, is shales interbedded with sandstones and
occasional limestone. The Permian outcrop samples contain TOC content values
about 0.29-1.59 wt.% (very low to moderate organic richness), are maturity level is
post mature where the product is dry gas. Moreover, petroleum geochemical data
summarized by Thongboonruang (2008), who collected data from 4 exploration
wells: Phu Lop-1, Phu Wiang-1, Dao Ruang-1 and Kham Palai-1, the results showed
sedimentary rocks of the Upper Saraburi group have very low to very high organic
richness (poor to excellent potential source rocks) with kerogen type IlIl/IV and the

maturity stage is late mature to post mature.
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2) Huai Hin Lat Formation

The Huai Hin Lat Formation overlies the Permian or older rocks
unconformably and underlies the Khorat Group with a local unconformity. This
sequence is represented as the Huai Hin Lat Formation and comprises shale,
sandstone, limestone, conglomerate and volcanic rocks, which were deposited in a
lacustrine environment. The Huai Hin Lat can be separated into two facies depending
on the sedimentary environment of the lake; the dark gray sediments and the
brownish red sediments. The rock samples contain TOC content values about 0.2-
5.76 wt.%, vitrinite reflectance value of 0.9-4.57%Ro (low to very high organic
richness), which are considered to be potential gas-prone source rocks.

3) Khorat Group

The Khorat Group, the Mesozoic non-marine sequence, consists mainly of
brownish red sediments which were deposited in streams and lakes under arid
climate. Generally, this sequence contains very low quantity organic matter (low
TOC) with kerogen type Il and the maturity stage is mature. Moreover, it may contain
rich woody organic matter beds or thin coal beds at some places, which can be a

potential source rock.

2.4.2 Reservoir rocks

The most significant reservoir rocks in the Khorat Plateau are the Permian
carbonate, which comprises dolomites and limestone from coral reef with high
porosity and permeability indicating good reservoir characteristics. Moreover, the
shallow marine Upper Clastic or the Hua Na Kham Formation, the Upper Triassic
fluvio-lacustrine Huai Hin Lat Formation, and sandstones of the Nam Phong, Phu
Kradung and Phra Wihan Formations are also considered to be high potential

reservoir rocks (ATOP Technology Co Ltd, 2006).
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1) Permian Reservoirs

The characteristics of the Permian carbonate reservoir rocks were deposited on
platform and consisted mainly of fossiliferous packstone and grainstone, with minor
wackstone and mudstone. The porosity of these rocks is generally low with values
ranging 0-18% with the matrix porosity about 4%. The permeability of these
carbonates depends on the micro fractures. Form drilling in the Khorat Plateau, we
understand that the Permian carbonate of Pha Nok Khao Formation is the only unit

that has been proven to be commercial reservoir quality (Chantong, 2007).

Table 2.1 Summary of organic richness, kerogen type and thermal maturity
level of source rocks in the Khorat Plateau (Sattayarak, 2005) and

(Thongboonruang, 2008).

Organic Kerogen Thermal
Group/Formation

richness type maturity
Khorat Group
Phu Phan Formation High - Mature
Low organic material, coal laminated
Sao Khua Formation Very low - -
Claystone/sandstone
Phra Wihan Formation Very low Il Late Mature
Shale/Sandstone
Phu Kradung Formation Very low - Late Mature
Sandstone, claystone, siltstone/limestone
Nam Phong Formation Very low - Mature
Claystone, siltstone, sandstone, poor
source potential
Triassic Pre-Khorat Group
Huai Hin Lat Formation Low to very I/1ll Late Mature to
Lacustrine gray shales, mudstones & high Post mature
limestone
Saraburi Group
Upper clastics Very low to /v Late Mature to

Gray shales very high Post mature
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2) Triassic Reservoirs

The reservoir rocks of Triassic comprise fluvial sandstones and basal
conglomerates that are tight and compact. The porosity value of these rocks range
only 3-8%, not good reservoir rocks.

3) Post-Triassic Reservoirs

The sandstones of the Khorat Group have good reservoir properties, which are
found in various formations. The sandstones of the Nam Phong, Phu Kradung, Pra
Wihan, Sao Khuan, Phu Phan, and Khok Kruat Formations are fine-grained to medium-
grained. The average porosities of sandstones are 4.9, 6.4, 5.9, 11.5, 10.8, and 11.0
percent, respectively that indicates fair quality reservoir potential (DMF, 2006).

2.4.3 Seal rocks

The seal rocks in the Khorat Plateau consist of shale and thick claystone,
which are found in the Permian Group, Triassic Group, Nam Phong Formation and
Phu Kradung Formation. In addition, the Nam Phong and Phu Kradung Formations
consist of volcanic clastic and conglomerate that are compacted with argillaceous
matrix and relatively low permeability. The seal rocks overlie the carbonate
reservoirs. The fine-grained rocks of Permian age also process good seal

characteristics (Sattayarak, 2005).

2.4.4 Traps

The geology of structures and stratigraphic petroleum traps in the Khorat
Plateau are summarized as four groups; 1) the angular unconformity between the
Permian Saraburi Group and the Triassic Huai Hin Lat Formation, 2) the Permian reefal
limestones in the foreslope, 3) the structure of half-graben under the Khorat group
which consists of Permian and Triassic sediments, and 4) the anticline of Triassic and

Khorat rocks which formed in the Early Tertiary (ATOP Technology Co Ltd, 2006).
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2.5 Previous studies

The petroleum system in Khorat Plateau had been studied by Porwal and
Jain (2008) in block L39/48 and L22/50, and Koysamran and Comrie-Smith (2011) in
block L26/50. They used 1D basin modeling integrated with well data to determine
the burial and erosional history, lithology, and kerogen thermal history of the area.
They proposed two possible source rocks, Huai Hin Lat Formation in Triassic Pre-
Khorat Group and Upper and Lower Permian Nam Duk Formation in the Saraburi
Group. (1) The Huai Hin Lat Formation was deposited during the Late Triassic, which
consists of lacustrine kerogen type I/Il dominated by algal-derived organic matter
with some humic higher land plant material with the potential for oil. It begins to
generate oil in the Mid-Cretaceous time and reached peak oil window in the Tertiary
inversion, as shown in Figure 2.4. Following Cretaceous burial, Schenk
(2011)suggested the hydrocarbon migrated upward along faults into Permian
carbonate reservoirs and possibly into Triassic synrift clastic reservoirs within
structural traps. Finally, the oil cracked to gas following continued burial and
thermal exposure. (2) The Upper and Lower Permian Nam Duk Formation included
shallow marine to deltaic facies containing organic rich shales, micritic carbonates
and coals, which have the potential to provide natural gas, and generate gas in the
Tertiary.

The petroleum geochemistry of cutting samples from 4 wells; Dao Ruang-1,
Kham Palai-1, Phu Lop-1 and Phu Wiang-1 well. From well report, Huai Hin Lat
Formation have very low to low organic richness and poor petroleum potential with
Kerogen type Ill/IV and have thermal maturity in the level of late mature to post
mature, the details of data are as follows.

- Abolins (1993) studied cutting samples from Dao Ruang-1 well. The Huai
Hin Lat Formation thickness is about 1,330 feet and consists of conglomerate,
sandstone, claystone and limestone. TOC content about 0.15 -0.74 wt.% that
indicates very low to low organic richness, and poor petroleum potential because
the S2 value is less than 0.5 mg HC/g rock. Moreover, the samples are in late mature

stage (1.07-1.17 %Ro) with kerogen type IIl/IV.
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Figure 2.4 1D Thermal modeling result (Porwal and

Jain, 2008).

- From Kham Palai well report (Unocal Petroleum, 1994), the thickness of

Huai Hin Lat Formation is not less than 1,500 feet. This unit consists of sandstone,

siltstone, claystone and limestone which yielded TOC value from 0.01-0.52 %wt.

(very low to low organic richness) with post mature level (1.81-1.95%Ro).

- Villain et al. (1994) studied geochemistry of Phu Lop-1 cutting samples with

Rock-Eval pyrolysis. The Huai Hin Lat Formation

thickness is about 279 feet with

predominate siltstone, some claystone, minor sandstone and traces of limestone.

The Huai Hin Lat Formation has very low organic

richness (TOC 0.03-0.12 wt.%) and

poor petroleum potential (52 0.35-1.00 mg HC/g rock).
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- Huai Hin Lat Formation of Phu Wiang-1 thickness is about 1,040 feet, which
consisted mainly of claystone, sandstone, shale and siltstone. One cutting sample
from this unit, dark grey claystone at depth 11,299 feet, had TOC content 0.215 wt.%
(very low organic richness) and S2 0.13-0.33 mg HC/g rock (poor petroleum potential)
(Kaye, 1998).

Outcrop samples of Triassic Pre-Khorat were studied by Phillips Petroleum
Company (1982) and Unocal Petroleum (1994). The samples had low to very high
organic richness (TOC 0.59-5.76 wt.%) and poor hydrocarbon potential (52 0.02-0.88
mg HC/¢ rock) with kerogen type lll/IV. Thermal maturity of outcrop samples is peak
mature to post mature state (0.98-2.23%Ro). Moreover, Khositchaisri (2012) had
studied the petroleum geochemistry of Huai Hin Lat Formation in Amohoe Nam Nao,
Phetchabun Province and Amphoe Chumpae, Khon Kaen Province. By studying
outcrop samples, the Huai Hin Lat Formation has low to very high organic richness
(TOC 0.79-13.80 wt.%) and poor source rock potential (S2 0.06-1.97 mg HC/g rock)
with the thermal maturity level ranging from late mature to post mature (1.05-2.04
%Ro) and the organic matter is kerogen type lll. Biomarkers data indicates the
original source rock was from mixed sources between terrigenous and marine organic
matter, which deposited in a reducing environment, as show in Figure 2.5. The

summarized of previous studies are shown in Table 2.2.
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Figure 2.5 (a) Pr/nCy7 versus Ph/nCyg plot and (b) ternary diagram of C,7-Cpg-Cyg regular

steranes of Huai Hin Lat Formation outcrop samples by Khositchaisri (2012).
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Table 2.2 Summary of organic richness, potential to generate petroleum,
kerogen type and thermal maturity level of cutting and outcrop from Huai Hin

Lat Formation in this study compare with previous studies.

Kerogen Vitrinite

TOC S2
Sample type reflectance
(wt.%)  (mg HC/g rock)
(%Ro)
Abolins (1993) Dao Ruang-1 0.15-0.74 0.69 /v 1.07-1.17
cutting
Unocal Kham Palai-1 0.01-0.52 - - 1.81-1.95
Petroleum (1994) cutting
Villain et al. Phu Lop-1 cutting  0.03-0.12 0.35-1.00 - -
(1994)
Kaye (1998) Phu Wiang-1 0.215 0.13-0.33 - -
cutting
Phillips Outcrop 0.59-4.51 0.02-0.65 I\% 0.98-2.23
Petroleum
Company (1982)
Unocal Outcrop 1.66-5.76 0.13-0.88 - 1.67-2.07

Petroleum (1994)
Khositchaisri Outcrop 0.79-13.80 0.06-1.97 1l 1.05-2.04
(2012)
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CHAPTER IlI

METHODOLOGY

A total of 22 cuttings samples from 10 exploration wells were made available
for this study by the Department of Mineral Fuels (DMF). The method used in this

study can be summarized as a flow chart as shown in Figure 3.1.

Literature

W
Data and Sample Collection
1. Stratigraphy and lithology
-Geological completion report
-Final geological well report
2. Source rock properties
-Geochemical analysis and source rock
evaluation report

-Geochemical evaluation of the well report
3. Cutting samples

Source Rock Geochemical Analysis
Total Organic Carbon content (TOC)
Kerogen Typing
Vitrinite Reflectance (Ro)
Rock-Eval Pyrolysis
Extractable Organic Matter (EOM)
Gas Chromatography (GC-FID)
Gas Chromatography-Mass Spectrometer (GC-MS)

N AR WL e

Y

Geochemical

A4

Conclusion and

Figure 3.1 Flow chart of method used in this study.
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3.1 Literature review

Literature review of the previous studies and published papers were
undertaken to understand the general geology, stratigraphy, source rock
geochemistry and petroleum system of the Khorat Plateau. In this study, previous
studies reports, final well reports were well logging were also reviewed to help in

choosing cutting samples.

3.2 Cutting samples

Twenty two cutting samples from 10 exploration wells in the Khorat Plateau;
Chonnabot-1, Dao Ruang-1, Dong Mun-1, Dong Mun-2, Kaset Sombun-1, Kham Palai-1,
Non Sung-1, Phu Lop-1, Phu Phra-1 and Phu Wiang-1 containing Huai Hin Lat
Formation were selected for this study. The samples intervals were selected from
shale and claystone intervals based on gamma ray and resistivity logs of the wells
which were drilled using water-based mud. The locations of these exploration wells
are shown in Figure 1.1 and their coordinates are listed in Table 3.1.

Each sample in this study was combined from many bags of cuttings samples
because each cutting bag was collected every 10 feet of drilling depth and the
quantity of cuttings in one bag is not enough for studying petroleum geochemistry.
So, one combined sample represents a depth range between 30-200 feet and has a
weight of about 40-70 grams.

All cutting samples were studied for lithology under a binocular microscope.
After that, they were crushed using an agate ball mill. The ball mill is washed with
distilled water and then rinsing with acetone followed by dichloromethane before
grinding the next sample, to prevent organic matter contamination from previous

sample (Jankaew, 2002).



Table 3. 1 Cutting sample wells, locations and depth.
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Location Huai Hin Lat Sample Depth (ft.)
Sample Formation
Well name Latitude
name . Longitude (E)  Depth Range Range Average
N
(ft.)
CNB1 o . . 9,470-9,610 9,540
Chonnabot-1 15" 52' 49"N 102" 26' 35"E 9,314-11,810
CNB2 10,540-10,690 10,615
DR1 @ o o 3,580-3,720 3,650
Dao Ruang-1 16" 27" 19'N 102" 10" 41"E 3,280-4,610
DR2 4,360-4,460 4,410
DM11 7,740-7,860 7,800
DM12 Dong Mun-1 @ 16° 47" 36'N 103° 11' 52'E 7,685-8,870 8,130-8,230 8,180
DM13 8,650-8,750 8,700
DM21 Dong Mun-2 @ 16° 45' 42'N 103° 18' 27'E 7,750-9,054 7,750-7,860 7,805
KSB1 860-1,000 930
KSB2 Kaset Sombun-1 ® 10° 12' 30'N 101° 55' 437E 678-3,105 1,610-1,750 1,680
KSB3 2,910-3,060 2,985
KPL1 © o . 7,420-7,520 7,470
Kham Palai-1 16 43" 15"N 104" 39' 30”E 7,425-8,927
KPL2 7,920-8,020 7,970
NS1 @ o X 5,550-5,700 5,625
Non Sung-1 16 02" 37”N 104" 35' 35"E 3,997-6,554
NS2 6,200-6,350 6,275
PL1 @ . = 4,106-4,180 4,144
Phu Lop-1 17 11'47'N 103" 34' 03"E 4,076-4,364
PL2 4,298-4,364 4,331
PP1 6,620-6,780 6,700
PP2 © o o 6,790-6,910 6,850
Phu Phra-1 17 14' 23"'N 103" 50' 41"E 6,238-8,760
PP3 7,950-8,150 8,050
pPP4 8,400-8,430 8,415
PW1 Phu Wiang-1 *” 15°53 00'N  102° 26' 30'E 10,771-11,811  11,339-11,545 11,442

(1)
(

ESSO Exploration and Production Khorat Inc, 1982), (2)(Dorman and Adams, 1994), m(Gearhart

Geodata Services Ltd, 1990), <Ll)(Behes.ch et al, 1991)<5)(ESSO Exploration and Production Khorat

Inc, 1983)”(Halliburton Drilling Systerns, 1993), "(ESSO Sakon, 1985), *(TOTAL Khorat Limited,
1994), (9)(ESSO Exploration Inc, 1984), (10)(Amerada Hess Exploration (Thailand) Co Ltd, 1998)
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3.3 Total organic carbon (TOC)

Total organic carbon (TOC) is the first screening parameter for determining the
petroleum potential of source rocks. All cutting samples were analyzed for TOC with
the Total Organic Carbon Analyzer HT 1300 at the Environmental Research Institute,
Chulalongkorn University (ERIC) to determine their potential as source rock.

Approximately 200 mg of the powdered sample was put into a porcelain
crucible and inorganic carbon in the form of carbonates is removed with concentrate
2 N hydrochloric acid (HCl) until the reaction of the de-carbonating stopped (no
bubbling). Then, the sample was dried at 105°C to evaporate off HCl from the
sample. Then, the samples were analyzed with the Total Organic Carbon Analyzer HT
1300 by burning in an oxygen atmosphere at 1,200°C. The detector measured the
amount of carbon dioxide and calculated the amount of carbon in grams per
kilogram or carbon percentage to sample weight. Table 3.2 shows the classification of

source rock richness between shale and carbonate (Peters and Cassa, 1994).

Table 3.2 Classification of source rock richness based on Total Organic Carbon

content and Extractable organic matter (Peters and Cassa, 1994).

TOC (wt.%) EOM
Source Potential
Shale Carbonate (ppm)
Poor <0.5 <0.2 <500
Fair 05-1 0.2-0.5 500-1,000
Good 1-2 0.5-1.0 1,000-2,000
Very good 2-4 1.0-2.0 2,000-4,000

Excellent >4 >2.0 >4,000




35

3.4 Vitrinite reflectance (%Ro)

Eighteen cutting samples were analyzed by Core Laboratories (Core Lab),
Malaysia for vitrinite reflectance. Vitrinite reflectance is a technique for determining
the thermal alteration of source rocks. Origin of vitrinite particles came from
terrigenous higher plants which are found dispersed throughout most sedimentary
rock samples which are younger than Silurian in age, because land-plant
communities were well developed by Devonian time (Peters et al., 2005a). When
vitrinite reflectance increases regularly with increased thermal alteration, a
reflectance measurement can be used to determine the degree of thermal
maturation of that sediment. In order to perform reflectance readings, the cuttings
or pulverized rock fragments are embedded in an epoxy resin plug. The hardened
plug is polished and the reflectance of the individual vitrinite particles identified is
measure under reflected light microscope. A histogram of reflectance values for the
sample is reported (Core Lab).

The number of individual reflection measurements will be dependent on the
abundance of vitrinite particles in the sample. Vitrinite reflectance may be correlated with
the main zones and thresholds of petroleum generation as in Table 3.3 (Peters and Cassa,

1994).

Table 3.3 Parameters for describing the level of thermal maturation of source

rock by %Ro, Pl (Peters and Cassa, 1994), and Tmax (Bacon et al., 2000).

Level of Vitrinite Tmax (°C) for kerogen
Production Index
thermal Reflectance type
(PI = S1/(S1+S2))
maturity (Ro, %) Type | Typell Typell
Immature 0.2-0.6 <0.10 <445 <435 <440
Early  0.6-0.65 0.10-0.25
Mature Peak  0.65-0.9 0.25-0.40 445-455 435-460 440-470
Late 0.9-1.35 >0.40

Post mature >1.35 - >455 >460 >470
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3.5 Rock-Eval pyrolysis

The Rock-Eval pyrolysis method is the most basic petroleum geochemical
analysis of source rocks. Laboratory pyrolysis of the organic matter in sedimentary
rocks aims to parallel the changes in the subsurface and provides a useful technique
for characterizing organic matter, which can evaluate the petroleum-generative
potential and thermal maturity of rocks. Twenty two cutting samples of source rock
were analyzed by PTT Research and Technology Institute (PTT RTI), PTT Public
Company Limited, Wangnoi, Ayutthaya.

Rock-Eval pyrolysis is a technique that decomposes organic matter by heating
in an inert atmosphere, usually helium or nitrogen, followed by the recovery and
measurement of the volatile components. There are three peaks (S1, S2 and S3)
which are recorded from pyrolysis as follows, as shown in Figure 1.2 (Peters, 1986).

Rock-Eval pyrolysis parameter can divide 2 measurements, direct
measurements and derived measurements (Peters and Cassa, 1994). Direct
measurements are S1, S2, S3 and Tmax. Derived measurements are hydrogen index,
oxygen index, production index and potential index.

- S1 peak is the amount of free or adsorbed hydrocarbon C;-Cy3 in the rock
generated under the temperature of 300°C which is present in the rock before
pyrolysis, measured as mg hydrocarbon/g rock (mg HC/g rock). ST minimum value for
good source rock is 1.0 mg HC/g rock

- S2 peak is the amount of hydrocarbons generated from the thermal
breakdown of kerogen or from C,4, bitumen by heating up to 600°C, measured as mg
HC/g rock. S2 minimum value for good source rock is 5.0 mg HC/g rock.

- S3 peak is the trapped carbon dioxide, which is released during pyrolysis
up to 390°C. This value is proportional to the oxygen present in the kerogen. The
unit of measurement is mg CO,/¢ rock. Carbonate rocks may increase S3 values.

- Tmax is the temperature at the maximum amount of S2 hydrocarbons

generated which is supposed to increase with increasing maturity.
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- Hydrogen Index (HI) corresponds to the quantity of hydrocarbon from S2
relative to the TOC (HI = (S2 x 100)/TOC) in the sample, which is measured as mg
HC/g TOC. HI is a measure of the hydrogen richness of the source rock.

- Oxygen Index (Ol) corresponds to the quantity of carbon dioxide from S3
relative to the TOC (Ol = (S3 x 100)/TOC) in the sample, which is measured as mg
CO,/g TOC. Ol is a measure of the oxygen richness of a source rock and can be used
in conjunction with HI to estimate the quality and thermal maturity of source rocks.

- Production Index (PI) is defined as the ratio S1/(S1+52), which is the ratio of
already generated hydrocarbon to potential hydrocarbon. Low ratio indicates either
immaturity or extreme post mature organic matter. And, high ratio indicates either
the mature stage or contamination by migrated hydrocarbons or drilling additive.
The Pl values increases with depth and associated hydrocarbon generation.

- Potential yield (PY) is the summation of S1 and S2 (S1+S2) that is quantifies
the hydrocarbon generation potential.

Rock-Eval pyrolysis data can be used to estimate the organic matter type in
rock samples by plotting HI values against Ol values in the Pseudo-Van Krevelen
diagram, as shown in Table 3.4 and Figure 1.3(b). In addition, maturation of the
source rock samples can be classified using Tmax and Pl as shown in Table 3.3.
However, the range of Tmax depends on kerogen types contain in the samples and
Tmax values for small S2 peaks (<0.2 mg HC/g TOC) are unreliable (Peters, 1986).

Table 3.5 shows S2 and PY values that are used to describe potential source rocks.



Table 3.4 Kerogen type and expelled products based on Hydrogen index (HI)
(Peters and Cassa, 1994).

Kerogen type Hydrogen index (mg HC/g TOC) Main product at peak

maturity
I >600 Oil
| 300-600 Oil
/111 200-300 Oil/gas
If 50-200 Gas
Y <50 None

Table 3.5 Parameters for classified the petroleum potential of source rocks

m(Peters, 1986), (2)(Tissot and Welte, 1984).

5o® py@
mg HC/g rock Source Potential mg HC/g rock Source
Potential
<2.5 Poor <2.0 Low potential
2.5-50 Fair
5.0-10.0 Good 2.0-6.0 Moderate
potential
10.0-20.0 Very good

>20.0 Excellent >6.0 High potential
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3.6 Kerogen typing

Sixteen cutting samples were analyzed by Core Laboratories (Core Lab),
Malaysia. Kerogen typing is visual kerogen analysis. Kerogen is separated from the
rock matrix. High-powered microscope examination of kerogen are done in
transmitted light and under ultraviolet ligsht to determine the thermal maturation
state and whether the type or organic matter is favorable for petroleum generation.
The kerogen composition is reported as 9%alginite, plus fulorescent and non-
fluorescent amorphous; % exinite/cutinite; %%vitrinite and %inertinite. The ability of
the various kerogen types to yield oil decreases in the following order: alginate-
exinite-vitrinite-inertinite. The color of the spore and pollen grains present is also
used as an indicator of thermal maturation level. For visual kerogen analysis,
standard palynological techniques are used to separate the kerogen from the rock
matrix. The isolated organic matter (kerogen) is mounted on glass slide and

examined under a high powered Leitz microscope.

3.7 Extractable organic matter (EOM)

Extractable organic matter (EOM) is a technique which extracts soluble organic
matter from rock sample by using organic solvents and a soxhlet extraction
apparatus. The powdered cutting samples were loaded into cellulose thimbles and
covered with cotton wool, both cellulose thimbles and cotton wool were extracted
with dichloromethane in soxhlet apparatus for at least two hours before using. The
organic solvent used in the extraction is a mixture of dichloromethane (93%) and
methanol (7%). Approximately 550 ml of solvent mixture was divided into two
portions. First portion, 200 ml of solvent was poured into a 1,000 ml round bottom
flask with a few anti-bumping granules. Then, the flask was connected to soxhlet
extractors and the powder filled thimble was put into the extractor with tweezers.
Second portion, 350 ml of solvent was filled into the soxhlet apparatus that ensure
the solvent volume was enough for recirculation. The sample was extracted at
temperature of about 40°C for at least 48 hours. When the extraction was finished,
the thimble was removed with tweezers and left to dry before wrapped in aluminum
foil. All glassware and tweezers were cleaned with distilled water and followed with

acetone and dichloromethane respectively before extracting the next sample.
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The extract solution in round bottom flask was evaporated off with Rotary
Vacuum Evaporator at a temperature of 40°C until the amount of solution is about 5 ml.
Then, the sample solution was transferred into a 2-ml pre-weighted vial, which has
been rinsed several times with dichloromethane. The vial was set on a stand and
left for solvent to evaporate off and the vial has more space to transfer the
remaining solution. This process may be repeated until all the sample solution is
transferred to a vial and the flask was rinsed several times with dichloromethane to
ensure no sample was left. The sample vial was left overnight in the fume hood
before being re-weighted. The amount of total extracted organic matter left in the
vial is the extractable organic matter (EOM) value. EOM criteria is shown as Table 3.2

(Peters and Cassa, 1994).

3.8 Separation of the extract

The sample extract was separated using a column chromatography method,
which is @ method commonly used to separate molecules in complex mixtures. In
column chromatography, the stationary phase is packed into a vertical glass column
and the mobile phase is added on the top and passed through the column by either
gravity or external pressure. In this study, stationary phase is silica gel (70-230 mesh)
and mobiles phase are n-pentane for saturated hydrocarbon fraction and n-
pentane/dichloromethane (7:3 v/v) for aromatic hydrocarbon fraction. The column
used in separation was prepared from a Pasteur pipette that is about 22 cm long and
5.7 mm in diameter.

Before separation, the column needed to be rinsed with acetone and
dichloromethane to prevent contamination. Silica gel was activated at 120°C for at
least 8 hours and cooled in a desiccator. Pasteur pipette was plugged with a small
amount of cotton wool to prevent the adsorbent from leaking out. Approximately
0.6 ¢ of activated silica was added into the column. The n-pentane was added to the

top of the silica gel for pre-eluting the column.
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The extracted sample, about 10-20 mg, is dissolved in a minimum volume of
n-pentane. This solution is loaded onto the top of column. Once the sample is in
the column, 2.0 ml of n-pentane is added to the top and ready to begin the elution
process by gravity for saturated hydrocarbon fraction. The eluted solvent is collected
in a first pre-weighted vial. Then, the column is eluted again with 2.0 ml of n-
pentane/dichloromethane for aromatic hydrocarbon fraction and eluted solvent is
collected in a second pre-weighted vial. Both vials are left overnight in the fume

hood before being re-weighted.

3.9 Gas Chromatography (GC-FID)

Gas chromatography (GC-FID) is a type of chromatography used to separate
volatile components of a mixture. A small amount of the sample to be analyzed is
drawn up into a syringe and the syringe needle is placed into a hot injector port of
the gas chromatography. The injector is set to a temperature higher than the
components boiling points, which caused components of the mixture evaporate into
the gas phase. A carrier gas flows through the injector and pushes the gaseous
components of the sample onto the GC column. It is within the column that
separation of the components takes place. After components of the mixture move
through the GC column, they reach a flame ionization detector (FID). The detector
sends a signal to the recorder which results in a peak on the chromatogram. The
area of the peak is proportional to the number of molecules generating the signal
(Amonsit and Petchsom, 1992).

In this study, the whole samples extract were dissolved in dichloromethane
and analyzed with Agilent 6890N GC of the Department of Mineral Fuel (DMF)
Laboratory, Phra Padaeng, Samut Prakan. This GC is equipped with a 30 m long HP-5
(5% Phenyl Methyl Siloxane) with 320 um inner diameter and 0.25 um film thickness.
Initial column temperature and hold time were 70°C and 4 minutes, respectively.
The column temperature was increased by 5°C/minute up to 310°C and held at
310°C for 53 minutes. The total analysis time is 105 minutes. The injector was set at
325°C in the splitless, helium gas was used as the carrier gas with a head pressure of

9.52 psi.
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3.10 Gas Chromatography- Mass Spectrometry (GC-MS)

Gas Chromatography-Mass Spectrometry (GC-MS) is an instrumental
technique, comprising the gas chromatography (GC) coupled to the mass
spectrometer (MS) to identify complex mixtures within a sample. The sample
solution is injected into the GC, flows through the column and separated into
compounds. The separated substances emerge from the column opening, and then
flow into the MS. MS identifies compounds by the mass of the analysis molecule
(Amonsit and Petchsom, 1992).

In this study, the saturated hydrocarbon fraction was dissolved in n-pentane
and analyzed with Agilent 7890B GC and Agilent 7000C GC/MS at Scientific and
Technological Research Equipment Centre (STREC), Chulalongkorn University, with
the ion source temperature of 250°C and ionizing energy of 70eV. The column used
in this study is a 30 m long HP-5MS (5% Phenyl Methyl Siloxane) with 250 um inner
diameter and 0.25 pum film thickness. Starting temperature is 80°C and held for 2
minutes. The column temperature is heated from 80°C to 310°C at 4°C/minutes and
held for 30 minutes at 310°C. The total analysis time is 90 minutes. Data were
acquired in selected-ion-monitored for compound identification and integration: n-

alkane (m/z 85), terpanes and hopanes (m/z 191) and steranes (m/z 217).
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CHAPTER IV

RESULT AND INTERPRETATION

For this study, twenty two cutting samples were taken from ten exploration
wells, including Chonnabot-1, Dao Ruang-1, Dong Mun-1, Dong Mun-2, Kaset
Sombun-1, Kham Palai-1, Non Sung-1, Phu Lop-1, Phu Phra-1 and Phu Wiang-1. The
samples depth of each exploration well in this study can be summarized in Figures
4.1 and 4.2. Samples were selected based on cutting availability within the Huai Hin
Lat Formation in the study area and were analyzed for quantity of organic matter,
quality of organic matter, thermal maturation and biomarkers. The results are
interpreted and shown below.

Cutting samples were studied for lithology under a binocular microscope and
shown detail in Table 4.1. Most samples consisted mainly of claystone 40-100% and
minor of siltstone and sandstone. Samples are divided into two groups based on
claystone color; reddish-brown group and grey to black group. Moreover, three
samples from Phu Phra-1 well (PP2, PP3 and PP4) consisted of only black shale.

Table 4.1 Cutting samples studied: sample name, sample depth and lithology.

Sample Depth (ft.)

Sample .
Average Lithology
name Depth range depth
CNB1 9,470-9,610 9,540 Claystone: reddish-brown (100%)
Claystone: dark grey (90%)
CNB2 10,540-10,690 10,615

Siltstone: reddish-brown (10%)

Sandstone: light grey, grey and dark grey (50%)
DR1 3,580-3,720 3,650 Claystone: white to light grey (40%)
Shale: dark grey (10%)

Sandstone: light grey to grey (60%)
DR2 4,360-4,460 4,410
Claystone: light grey to grey (40%)

Claystone: reddish-brown to dark reddish-brown (50%)
DM11 7,740-7,860 7,800 Siltstone: reddish-brown (40%)
Sandstone: reddish-brown (10%)

Claystone: reddish-brown (60%)

DM12 8,130-8,230 8,180
Siltstone: brown (40%)
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Table 4.1 Cutting samples studied: sample name, sample depth and lithology (cont.).

Sample Depth (ft.)

Sample .
Average Lithology
name Depth range depth
Claystone: reddish-brown (60%)
DM13 8,650-8,750 8,700 Siltstone: reddish-brown (30%)
Sandstone: quartz and calcite (10%)
Claystone: reddish-brown (60%)
DM21 7,750-7,860 7,805 Siltstone: reddish-brown (35%)
Sandstone: white and reddish-brown (5%)
Claystone: reddish-brown (90%)
KSB1 860-1,000 930
Calcite: white and light reddish-brown (10%)
Claystone: reddish-brown (50%)
KSB2 1,610-1,750 1,680
Siltstone: reddish-brown (50%)
Siltstone: reddish-brown (50%)
KSB3 2,910-3,060 2,985
Claystone: grey (50%)
Sandstone: transparent, light reddish-brown (40%)
KPL1 7,420-7,520 7,470 Claystone: reddish-brown (30%)
Siltstone: reddish-brown (30%)
Sandstone: transparent, light reddish-brown (40%)
KPL2 7,920-8,020 7,970 Claystone: reddish-brown (30%)
Siltstone: reddish-brown (30%)
Sandstone: transparent, light grey (35%)
Siltstone: grey (25%)
NS1 5,550-5,700 5,625
Claystone: grey (25%)
Claystone: reddish-brown (15%)
NS2 6,200-6,350 6,275 Claystone: black (100%)
Sandstone: reddish-brown and grey (60%)
PL1 4,106-4,180 4,144  Siltstone: reddish-brown (20%)
Claystone: reddish-brown (20%)
Sandstone: grey and brown (60%)
PL2 4,298-4,364 4,331
Claystone: reddish-brown (40%)
Claystone: light grey (50%)
PP1 6,620-6,780 6,700
Siltstone: light grey (50%)
PP2 6,790-6,910 6,850 Shale: black (100%)
PP3 7,950-8,150 8,050 Shale: black (100%)
PP4 8,400-8,430 8,415 Shale: black (100%)
Siltstone: dark grey (30%)
Limestone: grey (30%)
PW1 11,339-11,545 11,442

Claystone: grey (30%)
Shale: grey (10%)
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Figure 4.2 The cutting samples depths of each exploration wells from west to east in

this study.
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4.1 Quantity of organic matter

Quantities of organic matter in sedimentary rocks are used to consider a
potential of rocks to be petroleum source rock. Organic matter in the source rock
should reflect quantity of the petroleum capable of generating from the source rock.
In this study, the parameters used to determine organic richness; total organic carbon
(TOC) content, S2 and potential yields (PY) from Rock-Eval pyrolysis, and extractable
organic matter (EOM).

4.1.1Total organic carbon content (TOC)

TOC is the first screening parameter for measuring the potential for petroleum
generation of source rocks. Twenty two cuttings samples from ten exploration wells
were analyzed for TOC content by TOC analyzer HT-1300 at Environmental Research
Institute (ERIC), Chulalongkorn University.

Result

The TOC values of twenty two cutting sample from ERIC range from 0.018
wt.% to 2.950 wt.%, which classifies them as having poor to very good source
potential. Only seven of the samples have TOC values more than 1.0 wt.%, indicating
good to very good hydrocarbon generating potential. TOC values for each sample are
summarized in Table 4.3 and Figure 4.3.

Most cutting samples have very low organic content (TOC less than 0.5 wt.%),
suggesting poor potential to generate petroleum. Six cutting samples; DR1, DM11,
DM12, DM21, NS2 and PW1, contain rocks with low to moderate organic contents
(TOC 0.530-1.600 wt.%) indicative of fair to good potential for petroleum generation.
PP2, PP3 and PP4 samples have high organic content (TOC 2.760, 2.950 and 2.630

wt.% respectively) indicating very good hydrocarbon generating potential.
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Figure 4.3 Present-day TOC from this study sorted by exploration wells.

TOC data from laboratory is present-day TOC, which is decreased from
original TOC (TOCp) with thermal maturity due to the conversion of organic matter to
hydrocarbon. The TOC measurement may include carbon contain in oil or bitumen,
which may not be completely removed during the typical decarbonation step before
the TOC analysis. The measured TOC values can be converted to the TOCq with a
correction factor based on the type of kerogen and level of maturity as shown in
Table 4.2

Because visual kerogen analysis (Table 4.5) revealed that samples contain
mostly of inertinite (type IV) and amorphinite of non-fluorescent amorphous (Type
l/IV) which could originally be organic matters of kerogen type I-lll before
experiencing thermal maturation, the minimum TOCqy has been calculated from
kerogen type Il and maximum TOCq has been calculated from kerogen type | using
criteria of vitrinite reflectance more than 1.0%. The range of TOCq values are shown
in Table 4.3 and Figure 4.4, which classifies them as having poor to excellent source

potential
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Table 4.2 Correction factor TOC values (Hunt, 1996).

Vitrinite reflectance

Kerogen type

<0.8 0.8-1.0 >1.0
I 1.00 2.00 2.50
Il 1.00 1.33 2.00
Il 1.00 1.05 1.15

From Figure 4.1, ten exploration wells in this study can be separated into
three petroleum provinces; Chum Phae Area, Khon Kaen-Ubon Area and Phu Phan
Anticlinorium. TOCq of each petroleum province is summarized in below and shown
in Figures 4.5.

Chum Phae Area has two wells; Kaset Sombun-1 and Dao Ruang-1. Two
samples from Kaset Sombun-1 (KSB1 and KSB2) mainly composed of reddish-brown
claystone and siltstone and one sample (KSB3) consisted of grey claystone. They are
considered very low in organic richness (poor source rock potential). Two samples
from Dao Ruang-1 (DR1 and DR2) mainly consisted of light grey to grey to dark grey
sandstone and white to light grey to grey claystone. Both samples are considered
having very low to moderate organic richness (poor to good source rock potential).

Khon Kaen-Ubon Area has Chonnabot-1 and Phu Wiang-1 wells, which Phu-
Wiang-1 well is a redrilled Chonabot-1 well in 1997 by Amerada Hess Exploration
(Thailand) Co. Ltd. (ATOP Technology Co Ltd, 2006). Two cutting samples of
Chonnabot-1 (CNB1 and CNB2) and one cutting samples of Phu Wiang-1 (PW1) were
analyzed. CNB1 consisted of reddish-brown claystone, CNB2 consisted of dark grey
claystone and reddish-brown claystone, and PW1 consisted of dark grey siltstone,
grey limestone, grey claystone and grey shale. Both Chonnabot-1 samples are
considered very low in organic richness (poor source rock potential), while PW1 is
considered moderate to high organic richness (good to very good source rock

potential).
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Table 4.3 Present-day TOC, original TOC (TOCy) based on type Ill and | kerogen,

and EOM contents for cutting samples studied.

Average TOC, TOCo
Sample Present-day TOC EOM
depth (kerogen type III) (kerogen type 1)
name
(ft.)  (wt.%) potential (wt.%) potential (wt.%) potential (ppm) potential
CNB1 9,540  0.174 Poor 0.200 Poor 0.435 Poor 1,829 Good
CNB2 10615  0.126 Poor 0.145 Poor 0.315 Poor 2,022 Very good
DR1 3650  0.520 Fair 0610 Fair 1.325 Good 2,329 Very good
DR2 4410  0.225 Poor 0.259 Poor 0.563 Fair 1,761 Good
DM11 7,800 1.500 Good 1,725 Good 3.750  Very good 10,676 Excellent
DM12 8,180 1.290 Good 1.484 Good 3225 Very good 11,331 Excellent
DM13 8,700 0.327 Poor 0.376 Poor 0.818 Fair 3,607 Very good
DM21 7,805 1.330 Good 1.530 Good 3325  Very good 11,900 Excellent
KSB1 930 0.041 Poor 0.047 Poor 0.102 Poor 141 Poor
KSB2 1,680 0.065 Poor 0.075 Poor 0.162 Poor 862 Fair
KSB3 2,985 0.041 Poor 0.047 Poor 0.102 Poor 909 Fair
KPL1 7470  0.018 Poor 0.021 Poor 0.045 Poor 875 Fair
KPL2 7970  0.225 Poor 0.259 Poor 0.563 Fair 517 Fair
NS1 5,625 0.074 Poor 0.085 Poor 0.184 Poor 794 Fair
NS2 6,275 1.600 Good 1.840 Good 4.000 Very good 1,152 Good
PL1 4,144 0.271 Poor 0.312 Poor 0678 Fair 2,316 Very good
PL2 4,331 0.213 Poor 0.245 Poor 0.533 Fair 2,475 Very good
PP1 6,700 0.387 Poor 0.445 Poor 0.968 Fair 909 Fair
PP2 6,850  2.760  Very good 3.174  Very good 6900  Excellent 2,935 Very good
PP3 8,050 2950 Very good 3393  Very good 7375  Excellent 3,150 Very good
PP4 8415  2.630 Very good 3025  Very good 6.575  Excellent 2,411 Very good
PW1 11,442  0.960 Fair 1.104 Good 2400 Very good 2,000 Very good
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Figure 4.5 Original TOC (TOCy) results of cutting samples from each exploration well

from west to east in this studly.
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Phu Phan Anticlinorium has six exploration wells; Dong Mun-1, Dong Mun-2,
Phu Lop-1, Phu Phra-1, Kam Palai-1 and Non Sung-1. Samples from Dong Mun-1
(DM11, DM12 and DM13), Dong Mun-2 (DM21), Phu Lop1 (PL1 and PL2), Kham Palai-1
(KPL1 and KPL2) consisted of reddish-brown claystone, reddish-brown siltstone and
reddish brown sandstone. DM11, DM12 and DM21 are considered to have moderate
to high organic richness (good to very good source rock potential), while DM13, PL1,
PL2, KPL1 and KPL2 are classified as having very low organic to low organic contents
(poor to fair source rock potential). There are four samples of Phu Phra-1. PP1
consisted of light erey claystone and light grey siltstone that is considered very low
to low organic richness (poor to fair source rock potential). PP2, PP3 and PP4 which
consisted of black shale are considered as having high to very high organic richness
(very good to excellent source rock potential). In this petroleum province, the north
central part has high organic richness when compared with the eastern and western

parts of the petroleum province.

4.1.2 Extractable organic matter (EOM)

Extractable organic matter (EOM) analysis involves grinding the fine-grained
rock and extracting with organic solvents. After extraction, the solvents are removed
by evaporation, which residue remaining is referred to as bitumen (Hunt, 1996). It
contains the hydrocarbons plus asphaltic nitrogen, sulfur and oxygen compounds.
The hydrocarbon range in extract may start as low as Cy; or Cy, that depend on the
method of solvent removal. Furthermore, EOM is separated by column
chromatography into the saturated and aromatics. The saturated fraction is used in
biomarker study in this study.

Result

The EOM values of twenty two cutting samples are summarized in Table 4.2
and Figure 4.6, which range from 141 ppm to 11,900 ppm, indicating poor to excellent
source potential. KSB1 is the only sample that has an EOM value less than 500 ppm,
indicating poor potential to generate hydrocarbon. Only three samples have EOM

more than 4,000 ppm; DM11, DM12 and DM21, indicating excellent source potential.
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Figure 4.6 EOM results from this study sorted by exploration wells.

4.1.3 S2 and potential yields (PY) from Rock-Eval pyrolysis

Rock-Eval pyrolysis is used to evaluate the hydrocarbon-generative potential
and thermal maturity of rocks. Samples were analyzed using Rock-Eval 6 analyzer at
PTT Research and Technology Institute (PTT RTI), PTT Public Company Limited,
Wangnoi, Ayutthaya. S2 and PY are parameters used to measure the potential for
petroleum generation of source rocks. S2 represents the hydrocarbon generation
through thermal cracking. Minimum value for good source rock is 5.0 mg HC/g rock.
PY is the summation of S1 and S2 value.

Result

S2 values of twenty two cutting samples are shown in Table 4.4 and Figure 4.7.
Most of the samples have S2 values less than 2.5 mg HC/g rock, which indicates poor
source potential. Only three samples have S2 value from 2.5 to 5.0 mg HC/g rock;
DM11, DM12 and DM21. No sample has on S2 value more than 5.0 mg HC/g rock.

PY values of twenty two cutting samples are shown in Table 4.4 and Figure 4.8.
Most of samples have a PY value less than 2 mg HC/g rock indicating poor

hydrocarbon generating potential. Only three samples, DM11, DM12, and DM21, have
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PY values more than 6 mg HC/g rock. PP2, PP3 and PW1 cutting samples have PY value

from 2 to 6 mg HC/g rock that is considered to have moderate source potential.

Table 4.4 S2 and potential yields (PY) from Rock-Eval Pyrolysis results for

cutting samples in the study area.

S2 PY
Sample Average
name depth (ft.) mg HC/g rock souree mg HC/g rock souree
potential potential
CNB1 9,540 0.25 Poor 0.33 Low
CNB2 10,615 0.17 Poor 0.30 Low
DR1 3,650 0.83 Poor 1.40 Low
DR2 4,410 0.64 Poor 1.17 Low
DM11 7,800 3.38 Fair 8.07 High
DM12 8,180 3.87 Fair 9.64 High
DM13 8,700 0.74 Poor 1.77 Low
DM21 7,805 3.70 Fair 8.54 High
KSB1 930 0.41 Poor 0.71 Low
KSB2 1,680 0.24 Poor 0.42 Low
KSB3 2,985 0.29 Poor 0.41 Low
KPL1 7,470 0.24 Poor 0.38 Low
KPL2 7,970 0.26 Poor 0.42 Low
NS1 5,625 0.35 Poor 0.55 Low
NS2 6,275 0.37 Poor 0.68 Low
PL1 4,144 0.72 Poor 1.04 Low
PL2 4,331 0.59 Poor 0.77 Low
PP1 6,700 0.57 Poor 0.90 Low
PP2 6,850 1.33 Poor 2.55 Moderate
PP3 8,050 1.12 Poor 2.10 Moderate
PP4 8,415 0.73 Poor 1.79 Low
PW1 11,442 1.28 Poor 2.05 Moderate




10 52 (mg HC/g rock)

10.00

1000 -

A

0 T
s [ e ] e oo

2000

1500

A

2500

3000 -
3500

»

9500

X®

10000

11000

10500

11500
12000

12500 -~
= Chonnabot-1

= Dao Ruang-1

* Dong Mun-1

+ Dong Mun-2

4 Kaset Sombun-1

4 Kham Palai-1 + Non Sung-1 + Phu Lop-1 ® Phu Phra-1 ® Phu Wiang-1

Figure 4.7 S2 results from this study sorted by exploration wells.
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Figure 4.8 Potential yields (PY) results from this study sorted by exploration wells.
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4.2 Quality of organic matter

Many organisms provide to the organic matter present in petroleum source
rocks. These organisms differ in their contents of lignin, lipids, resin, etc. Organic
matter type has important influence on the nature of the hydrocarbon products. So,
the quality of organic materials is used to evaluate the potential of source rock. In
this study, parameters used for the evaluation of the type of organic matter are:
kerogen typing, hydrogen and oxygen indices (HI & OI) from Rock-Eval pyrolysis, and
cross plot of S2 versus TOC.

4.2.1 Kerogen typing

The study of visual kerogen analysis is used to identify the types of kerogen
present in the source rocks. There are four types of kerogen in sedimentary rocks.
Type | composes of oil-prone kerogen, which has hydrogen-rich organic matter
generally in lacustrine and some marine sediment. Type Il composes of oil-prone
and gas-prone kerogen that has hydrogen-rich organic matter mainly in marine
sediment. Type Il composes of gas prone kerogen that is low in hydrogen content,
generally found in terrestrial sediment. Type IV composes of dead or inert carbon
that has little or no generating capacity (Atta-Peters and Garrey, 2014).

Result

Sixteen cutting samples were analyzed by Core Laboratories (Core Lab),
Malaysia and the percentages of macerals identified are shown in Table 4.5. Most
samples contain 70-90 percent of inertinite, kerogen type IV. Except, KSB1 and PL1
which contained less than 20 percent inertinite, both samples have 76% and 77% of
non-fluorescent amorphous of amorphinite respectively. Non-fluorescent amorphous
originates from phytoplankton or bacterially derived or terrestrial plants (kerogen type
-l/IV) and has a character in transmitted light microscope as opaque dark brown to

black minute particles and amorphous organic matter (Sawada et al., 2012).
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4.2.2 Hydrogen index (HI) and oxygen index (Ol) from Rock-Eval pyrolysis

Rock-Eval pyrolysis data is used to describe the type of kerogen in rock
samples by using a graph plotted between hydrogen index (HI) and oxygen index (Ol),
called Pseudo-Van Krevelen diagram.

Result
The Rock-Eval pyrolysis results from this study are shown in Table 4.6. HI values for
each sample against the depth are shown in Figure 4.9. Hl and Ol plot of samples are
shown in Figure 4.10. Most cutting samples have HI values between 50-200 mg HC/g
TOC and 200-300 mg HC/g TOC, which indicates kerogen type Il (gas-prone organic
matter) and mixed kerogen type I/Ill. Five samples (DM11, DM12, DM21, PL1 and
PL2) show HI values greater than 300 mg HC/g TOC, which indicates oil-prone Type |l
kerogen. However, in the case of samples PL1 and PL2 due to very low TOC contents
of the samples, which may lead to relatively high HI values, the interpretation of
kerogen type (i.e. type Il) may not be justified. These two samples also have very
high Ol values (Figure 4.10) Very low TOC content of these samples accompanied
with high S3 values are the reason for their apparent high Ol values. High S3 values
in these two samples may be caused by their high carbonate contents. However,
this study does not analyze carbonate content of the samples, therefore this cannot
be verified by this study. Moreover, two samples (NS2 and PP4) have HI values less
than 50 mg HC/g TOC, which indicates kerogen type IV.
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Figure 4.9 HI results from this study sorted by exploration wells.
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4.2.3 TOC versus S2

S2 value from Rock-Eval pyrolysis can be used to evaluate the properties of
organic material within a source rocks to plot a graph S2 versus present-TOC is an
effective tool. This diagram uses a linear regression curve on the S2 versus TOC,
which is the way of calculating HI. The diagram shows the petroleum potential and
the type of kerogen (Yalgin et al., 2006).

Result

In Figure 4.11, most of the cutting samples consist predominantly of kerogen
type II, type I/l and lll. Four samples; NS2, PP2, PP3 and PP4, indicate kerogen type IV,
with good to very good potential from TOC value but poor potential from S2 value.

TOC value consists of three components; the carbon in extractable organic
matter (EOM carbon or S1 peak), convertible carbon (S2 peak) and residual carbon
fraction (Jarvie, 1991). The EOM carbon is composed of carbon contain in the
hydrocarbon already formed. Normally, EOM carbon fraction is a less than convertible
carbon fraction of the TOC. By increasing maturity, EOM carbon fraction will increase
until the point of expulsion, while convertible carbon fraction decreases. Therefore,
the result in this study, especially the case of sample NS2, PP2, PP3 and PP4 which
have high TOC value but low S2, may be influenced from post mature level of the

samples (i.e. TOC values reported may contain EOM).
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Figure 4.11 Plot of S2 versus present-TOC indicating kerogen types of the cutting

sample in this study sorted by exploration wells.
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4.3 Thermal maturation

The level of thermal maturation is important for the generation of
hydrocarbon. Thermal maturity describes the impact of time and heat during burial
of sediment and converts kerogen into petroleum. Several parameters have been
used to evaluate the level of organic maturity. For this study, parameters used for
the evaluation of the maturation are: vitrinite reflectance (%Ro), Tmax and
Production Index (PI) from Rock-Eval pyrolysis, thermal alteration scale (TAS), and

biomarkers.

4.3.1 Vitrinite reflectance

Vitrinite reflectance (%Ro) is widely used to indicate thermal maturity. %Ro is
a measure of the amount of light reflected by vitrinite particles in the source rock,
which is based on the change in the reflectance of polished vitrinite particles with
increasing time and temperature, but not affected significantly by pressure.
Reflectance increasing is caused by the progressive aromatization of the kerogen with
accompanying loss of hydrogen in the form of hydrocarbon gases, in which the end
product of the process is graphite (Peters and Cassa, 1994).

Result

Eighteen cutting samples from 9 explorations well, except Dong Mun-2 well,
were measured by Core Laboratories (Core Lab), Malaysia. Seven samples cannot
determine vitrinite reflectance, no determination possible (NDP), because there was
no vitrinite particles found in the plate (polish block) that can be taken for %Ro
measurement. These samples include CNB1, CNB2, DM13, KSB1, KSB2, KPL1 and PL1.

Based on vitrinite reflectance criteria, 11 cutting samples are post mature,
more than 1.35 %Ro. The ranges of vitrinite reflectance values for each unit are
summarized in Table 4.7 and Figure 4.12. Histograms showing the %Ro variation for

each unit with mean Ro values and standard deviations are shown in Appendix C.
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Figure 4.12 Vitrinite Reflectance results from this study and previous studies sorted

by exploration wells.

4.3.2 Thermal alteration scale (TAS)

The color of the spore and pollen grains present is used as an indicator of
thermal maturation level; thermal alteration index (TAI), spore color index (SCI) and
Thermal alteration scales (TAS). Organic matter such as spore and pollen under the
microscope in transmitted light, generally change color from yellow to brown to
black with increasing burial depth (Peters and Moldowan, 1993). Batten (1980) had
discussed a utilization of sporomorph color change for evaluating hydrocarbon
potential of rocks and created a simple 7-point scale, as shown in Table 4.8. This
scale is called the TAS scales, which is compared with the TAI and SCI scales in

Figure 4.13 (Traverse, 2007).
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Table 4.8 Palynomorph colors change for evaluating hydrocarbon potential of

rocks (Batten, 1980).

TAS scale Color of palynomorgh The maturity level
1 Colorless, pale yellow, Chemical change negligible; organic
yellowish green matter immature, having no source
potential for hydrocarbon
2 Yellow Some chemical change, but organic
matter still immature
3 Light brownish vyellow, Some chemical change, marginally
yellowish orange mature but not likely to have potential
as a commercial source
4 Light medium brown Mature, active volatilization, oil
generation
5 Dark brown Mature, production of wet gas and
condensate, transition to dry gas phase
6 Very dark brown-black Over-mature; source potential for dry gas
7 Black (opaque) Traces of dry gas only
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Figure 4.13 TAS scale compared to other thermal maturation parameters (Traverse, 2007).
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Result

Except Dong Mun-1 and Dong Mun-2, sixteen cutting samples from eight
exploration wells were measured for TAS by Core Laboratories (Core Lab), Malaysia
and the TAS results are shown in Table 4.7. TAS values of samples range between 5-6/7.
This value indicates the maturity level in the range of late mature to post mature,

which could generate wet gas and dry gas, respectively.

4.3.3 Tmax and production index (PI) from Rock-Eval pyrolysis

Trmax and Pl value from Rock-Eval pyrolysis are thermal maturation
parameters. Tmax is the temperature at which the maximum amount of S2
hydrocarbons liberate and dependent on the kerogen type in the source rock. Tmax
values correlate directly with vitrinite reflectance values. Pl is the ratio of already
generated hydrocarbons (S1) to potential hydrocarbon (S2), which is calculated from
the ratio S1/(S1+S2). Tmax values from too small S2 peaks (<0.2 mg HC/g rock) and
S52<S1 are unreliable (Peters, 1986).

Result

Trmax values for cutting samples are summarized in Table 4.7 and Figure 4.14.
Almost all cutting samples have Tmax less than 440°C indicating that a majority of
the samples are immature. Except PP1 sample has Tmax 449°C, which indicates
mature source rock.

Pl values for cutting samples are summarized in Table 4.7 and Figure 4.15.
Most samples have PI values between 0.29-0.60 which indicate that the samples
have the maturity level in the range of peak mature to late mature. Except CNB1 and
PL2 samples which have Pl values less than 0.25 that indicate early mature level.

In this study, Pl values correspond with vitrinite reflectance (Ro) and thermal
alteration scale (TAS) result, while Tmax values do not correspond with Ro and TAS.
Results of Ro and TAS suggest the samples are of late mature to post mature.

However, Tmax of PP1 sample correspond with Pl values.
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Trmax results of Dao Ruang-1, Phu Lop-1, Phu Wiang-1 from previous studies
agree with this study, suggesting immature level. When considering the depth and
age of the samples, Tmax values in this study are unreliable. Furthermore, Tmax
values from too small S2 peak (<0.2 mg HC/g rock) and S2<S1 are unreliable (Peters,
1986). In addition, Peters (1986) had suggested that sample which has high PI but low
Tmax may be caused by weathering or migrated hydrocarbon.

Pl result of Dao Ruang-1 well from previous study agrees with this study. But,
Pl of Phu Lop-1 and Phu Wiang-1 wells from previous studies do not conform to this
study, which they indicated the maturity level in the range of immature to early
mature. Results of Phu Lop-1 and Phu Wiang-1 from previous study include very low
S1 (0-0.06 mg HC/g rock) when compare to S2 (0.13-1.00 mg HC/g rock) (TOTAL
Khorat Limited, 1994) and (Amerada Hess Exploration (Thailand) Co Ltd, 1998).
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Figure 4.14 Tmax results from this study sorted by exploration wells.
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Figure 4.15 PI results from this study sorted by exploration wells.

4.3.4 Biomarkers maturity parameters

Biomarkers or biological markers are molecular fossils that derived from
formerly living organisms. They are complex molecules, which mainly consist of
carbon, hydrogen, and other elements. They are found in crude oils and extracts of
petroleum source rocks. Biomarkers are used to indicate the origin of organic matter
in source rocks, determine depositional conditions, and assess thermal maturity
level. Because they keep all or most of their original carbon skeletons of the original
natural product and this structural similarity reveals more information about their
origins than other compounds (Peters et al., 2005b). Biomarker parameters can be
archived from GC-MS data.

Biomarkers maturity parameters are based on measuring the relative

concentrations of reactant (A) and product (B) in the following reaction;

R1
A B
<~m

The ratio of the concentration of B to the sum of A and B (B/(A+B) ratio) can
range from 0 to 1 or 0 to 100% with increasing thermal maturity. R1 and R2 represent
the rates of the forward and reverse reactions, respectively (Peters and Moldowan,
1993). For this study, two biomarker groups are used for the evaluation of the
maturation, terpanes (m/z 191) as shown in Figure 4.16 and steranes (m/z 217) as shown

in Figure 4.17. Biomarker maturity parameters results are summarized in Table 4.9.
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Figure 4.16 Example of terpanes (m/z 191) chromatogram from the DM12 sample.

Ciglri
CyoTri
CyqTri
Cy,Tri
CysTri
CyqTri
CyqTetra
Ts

m
CaoHop
CaoHop
Moretane
C3S/R
Gammacerane
C3,S/R
Cs3S/R
Cs4S/R
C35S/R

Cyg Tricyclic Terpane

Cyo Tricyclic Terpane

Cy; Tricyclic Terpane

Cy, Tricyclic Terpane

Cys Tricyclic Terpane

Cyq Tricyclic Terpane

Cyq Tetracyclic Terpane

C,7 18a(H)-22,29,30-Trisnorhopane

C,7 17a(H)-22,29,30-Trisnorhopane

Cyo 17a(H),21B(H)-Hopane

Cso 170(H),21B(H)-Hopane

Cso 17B(H),21a(H)-Moretane

C31 ap-Homohopane (22S) and Cs; af-Homohopane (22R)
C30 Gammacerane

Cs, ap-Homohopane (22S) and Cs, af-Homohopane (22R)
Cs3 af-Homohopane (225) and Cs3 af-Homohopane (22R)
Csq GB-Homohopane (225) and Cs4 af-Homohopane (22R)
C35 a-Homohopane (225) and Cs5 af-Homohopane (22R)
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Figure 4.17 Example of steranes (m/z 217) chromatogram from the DM12 sample.

4.3.4.1 C5,225/(225+22R) homohopane isomerization ratio

Homohopane isomerization ratio is used as a biomarker maturity parameter. It
is measured from the m/z 191 mass chromatogram. 22S/(225+22R) homohopane
ratio describes the conversion of the biological 22R to the geological 22S
configuration of homohopane molecules, so this ratio increased from zero to about
0.6 at equilibrium during maturation. Values in the range 0.50 to 0.54 have barely
entered oil generation, whereas ratios from 0.57 up to 0.62 indicate that the oil
window has been reached (Seifert and Moldowan, 1986). Homohopane isomerization
ratio can be calculated from any or all of the Cj3-C35 homohopanes. This study
calculates from C3; homohopane.

Result

From Table 4.9, most cutting samples have Cs; 225/(225+22R) homohopane
ratios in the range 0.55 to 0.63, which indicate the oil window has been reached.
The exception is homohopane ratio of PW1 sample (0.53) that indicates early mature
level. Homohopane isomerization ratios values do not correspond with Ro and TAS,
indicating late mature to post mature. Peters et al. (2005b) suggest this ratio is highly
specific for immature to early oil generation. Therefore, this parameter is not significant

for this study.
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