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Abstract The outcrop samples of the Tak Fa Formation
(Lower Permian) in Phetchabun Province have been stud-
ied to determine their organic geochemical characteristic,
depositional paleoenvironment, and hydrocarbon genera-
tion potential. The total organic carbon (TOC) values
ranging from 1.42 to 4.58 wt% and extractable organic
matter values ranging from 76.84 to 197.65 ppm of the Tak
Fa Formation were generally low and associated with low
S, values (0.00-0.50 mg HC/g rock) and hydrogen index
values in range of 0-32 mg/g TOC, although this could
reflect highly thermal maturity and complex tectonic his-
tory. Thus, kerogen classification can be based on a non-
biomarker study for these outcrop samples instead. The
non-biomarker plot, Pr/n-C;; and Ph/n-C,g from this study
indicates that organic matter originally comes from type I/
IIT kerogen. The samples were also investigated and indi-
cated that the organic matter inputs were derived from
mixed marine and terrigenous sources and deposited under
suboxic to oxic conditions. The depositional environment
of the Tak Fa Formation in this study is interpreted to be an
estuarine environment or restricted lagoonal carbonate
platforms. This has been achieved from normal alkane and
isoprenoids distributions, terpane, and sterane biomarkers.
Thus, the Tak Fa Formation is considered to be a hydro-
carbon source rock during the time of the deposition.
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Although the geochemical data in this study indicate that
the Tak Fa Formation has experienced high maturation, one
or more locations could meet a condition that places this
formation to be an active source rock. The approach and
concepts presented in this study can be applied to similar
evaporite-carbonate deposits in Thailand to find more
petroleum plays.
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1 Introduction

Similar to the rest of the world, petroleum energy demand
has been increasing in Thailand every year, but domestic
petroleum production has been insufficient. In addition,
import of petroleum products includes liquid gas, oil, and
crude oil make up a significant portion for adequate
demand to commercial and household petroleum con-
sumption in Thailand. Thus, Thailand needs more petro-
leum exploration and production works for the nation. The
Khorat Plateau, containing onshore gas fields in the coun-
try, covers an area of approximately 200,000 km* of
Mesozoic continental sedimentary rocks of the Khorat
Group. The only two petroleum commercial fields pro-
ducing presently are Nam Phong and Sin Phu Horm.
Hence, this plateau has a potential petroleum field for
commercial production and development. Petroleum
potential reservoirs in this plateau have been discussed
within three different rocks including (1) Permian car-
bonate of the Pha Nok Khao Formation of the Saraburi
Group, (2) fluvial sandstones of the Khorat Group and (3)
basement reservoirs (Racey 2011). However, Permian
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fractured carbonates of the Saraburi Group is the main
proven reservoir encountered to date (Racey 2011).

Racey (2011) summarized a potential source rock in the
Khorat Plateau that can be predicted from the three source
rocks including (1) Lower Cretaceous Khorat Group con-
taining few centimeters of woody organic materials in its
lateral red bed sequence producing minimal gas by locally
mature stage (2) Triassic Huai Hin Lat organic-rich shale
(Kuchinarai Group), and (3) Upper Carboniferous—Upper
Permian in the Saraburi Group, which was proved to be a
petroleum source rock by total organic carbon (TOC)
0.3-1.6 wt% with kerogen type II and III, comprising both
micritic limestone and marine shale (Si That Formation).
Deposited under shallow marine to basinal sedimentary
conditions, these limestones and shales are believed to be
the main hydrocarbon source rocks of the Khorat Plateau,
including two significant producing petroleum fields.
However, there is no well penetrated to the source rock
strata due to the thick sedimentary rocks of the Khorat
Group (Racey et al. 1996). Thus, petroleum geochemistry
data of these three source rocks are not sufficient to prove
where the petroleum found in the Khorat Plateau originates
from. Outcrop geochemistry data would help to get a better
understanding of hydrocarbon source rocks in the region.

Upper Carboniferous—Upper Permian in the Saraburi
Group was identified as the major source rock unit for
petroleum gas field in the Khorat Plateau and its organic
geochemical character was expected to be regionally
extensive throughout the Permian carbonate platforms. The
Permian rock strata in this region consist of three major
elements: the Khao Khwang Platform/Tak Fa Formation,
the Pha Nok Khao Platform and the Nam Duk Basin
located in the west, the east and middle of the Loei-
Phetchabun Fold Belt, respectively, as presented in Fig. 1
(Wieldchowsky and Young 1985). Chonglakmani and
Sattayarak (1984) suggested these two platforms have ever
been an identical platform before the collision event during
the end of Permian to Early Triassic. Due to the fact that
the organic-rich carbonate sequence in the Pha Nok Khao
Platform was established as the dominant source sequence
for the gas fields in the Khorat plateau (Racey 2011). Thus,
organic richness is probably distributed in both shale and
carbonate rocks in the Khao Khwang Platform as well as
the Pha Nok Khao Platform. This study provides the first
description of petroleum geochemistry data in the Khao
Khawang Platform area. In addition, geochemical data can
be also used to identify the depositional environment in the
study area. This study focuses on the organic geochemical
characteristic and depositional paleoenvironment of the
Tak Fa Formation to gain a better understanding of the
hydrocarbon source rocks in the study area.
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2 Geological setting

The study area is part of the Khao Khwang Platform and
belongs to the Tak Fa Formation which is a correlative of
the Khao Khwang Formation of the Saraburi Group (Ud-
chachon et al. 2014). Geologically, the Saraburi Group is
interpreted as a suite of Permian rift basin fills on the
southern margin of the Indochina terrane controlled by
extensional faults (Booth and Sattayarak 2011; Morley
et al. 2013). The Indochina terrane is interpreted to drift
away from the northern margin of Gondwana by the Early-
Middle Permian (Yan et al. 2018). These Permian basins
are simplified as large basins and platforms based on out-
crop data (Wieldchowsky and Young 1985). However, the
seismic reflection data from the Khorat Plateau area sug-
gests that the geological setting and stratigraphy of these
basins are more complex, with rift basins filled with clas-
tics and mixed clastic and carbonate sediments associated
with small carbonate platforms (Booth and Sattayarak
2011).

The Khao Khwang/Tak Fa Formation is widely dis-
tributed in the northern Saraburi Province to southern
Phetchabun Province. The formation was deposited in a
shallow-marine carbonate platform environment charac-
terized by massive to medium-to-thick, well-bedded lime-
stone with subordinate sandstone and shale (Ridd et al.
2011). The age of the Tak Fa Formation is correlated to the
late Early Permian to early Middle Permian (Chitnarin
et al. 2012; Metcalfe and Sone 2008). The fauna found
within the Tak Fa Formation is representative of the
Equatorial Warm Water Province, close to Indochina
Terrane during the Kungurian (late Early Permian) (Met-
calfe and Sone 2008). The ostracod study from Chitnarin
et al. (2008) also suggests that the Tak Fa Formation was
deposited within a shallow marine, euryhaline, nearshore
environment.

At the end of the Guadalupian in the Khao Khwang
Platform, the limestone sequence was truncated by two
major erosional surfaces which were related to global sea-
level lowstands (Udchachon et al. 2014). Late Permian
environmental change is indicated by paralic and non-
marine deposits along the western margin of the Indochina
Terrane (Udchachon et al. 2014). Plant and wood fossils
are found in the Late Permian sequences in the Phetchabun
area and further to the north along the Loei-Phetchabun
Fold Belt (Chonglakmani and Fontaine 2000). There was a
tectonic uplift in parts of the Loei-Phetchabun Fold Belt,
possibly around the Guadalupian—Lopingian boundary
which continued up to the Triassic (e.g. Bunopas 1983;
Chonglakmani and Sattayarak 1984; Chonglakmani and
Helmcke 2001). The Permian strata of the Tak Fa For-
mation are separated from the Mesozoic sediments by the
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Fig. 1 The study area and outcrop samples collected from four outcrop exposures within the Tak Fa Formation/Khao Khwang Platform

Indosinian I unconformity. Most Paleozoic strata in the
region were deformed during this Indosinian I event (Ridd
et al. 2011).

3 Materials and methods

Four outcrop locations of the Tak Fa Formation covering in
three districts of Phetchabun Province, including Bueng
Sam Phan (BP), Nong Pai (NP), and Chon Daen (CD)
districts were collected for this study (Fig. 1). Bueng Sam
Phan samples were collected from the southern part of the
study area. While the northern part of the study area
includes Chon Daen in the west and Nong Phai in the east.
Generally, bitumen and kerogen were packed within sedi-
mentary rocks such as shale or limestone, thus organic
hydrocarbon compaction can be observed with the naked
eye to consider the possible organic matter richness. For
example, black shale can be referred to as organic-rich
shale while organic matter within brown shale is relatively
less than black shale. In this study, nine rock samples were
collected as a purposive selection method based on dark-

colored samples for geochemical analysis including total
organic carbon measurement, Rock-Eval pyrolysis, bitu-
men exaction, and gas chromatography-mass spectrometry.
The nine samples were classified as limestone and shale
including argillaceous limestone. The lithological descrip-
tion is used to quantify organic matter richness in different
rock types (Table 1).

The samples referred to as ‘outcrop samples’ in this
paper were not taken directly from the surface (outcrop
wall). Instead, they were collected by digging about 0.10
and 0.30 m into the outcrop to ensure that visibly
unweathered material was obtained. However, it should be
noted that the weathering process of rocks at outcrops in
this region is usually high due to the hot and humid con-
ditions in Thailand. The remaining weathered parts of the
samples are removed before the next procedures. The rock
samples are minimized into remnants by a hammer and a
jaw-crusher, respectively. Then, the samples are ground
into powders by an agate ball mill, which is cleaned
between samples by grinding with baked quartz sand
multiple times. The containing glassware and the ball mill
are also washed with distilled water and then rinsing with
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Table 1 Rock type, total organic carbon (TOC), extractable organic matter (EOM), and Rock-Eval pyrolysis results of the samples from the Tak
Fa Formation

Sample Rock types TOC EOM S S, S5 Tmax HI (mgHC/ OI (mgCO,/ PI

ID (Wt%) (ppm) mg/g rock °C) gTOC) gTOC)

BP-1/1 Argillaceous 2.05 79.97 0.01 0.01 0.12 469 0 6 0.5
limestone

BP-1/2 Shale 2.18 99.28 0.01 0.01 045 471 0 21 0.5

BP-2/1 Argillaceous 2.01 99.78 0.05 0 0.05 - 0 2 0
limestone

BP-2/2 Argillaceous 2.01 99.36 0.05 0 0.05 - 0 2 0
limestone

CD-1/1 Shale 4.05 197.65 0.05 0.26 044 485 6 11 0.16

NP-1/1 Argillaceous 4.58 197.11 0.07 0.5 023 563 11 5 0.12
limestone

NP-1/2 Shale 1.42 99.75 0.07 045 0.09 565 32 6 0.13

NP-1/3 Shale 1.5 76.84 0.01 0.02 0.28 524 1 19 0.33

NP-1/4 Limestone 3.88 118.32 0.01 0.02 0.02 600 1 11 0.33

Average 2.63 118.67 0.04 0.14 0.19 52528 5.67 9.22 0.30

TOC = Total organic carbon, S; = Free hydrocarbon from rock sample mostly light hydrocarbon that implied to oil and gas, S, = Hydrocarbon
cracking from kerogen, S; = Carbon dioxide (CO,) releasing from pyrolyzed organic matter, Tmax = Maximum temperature of S, peak,

HI = Hydrogen index [(S,/TOC) x 100], OI = Oxygen index [(S3/TOC) x 100] and PI = Production index [S/(S; + S,)]

acetone followed by dichloromethane to
contaminations.

prevent

3.1 Extractable organic matter

Organic matters within pore space in sedimentary rocks are
deformed under certain condition, they can be divided into
two types: kerogen and bitumen. Bitumen or
extractable organic matter (EOM) from source rocks is
reconstructed during organic sediment deposits by diage-
nesis, catagenesis, and metagenesis processes (Tissot and
Welte 1984). Thus, bitumen within rocks can be extracted
by organic solvent with solid-liquid extraction technique
(e.g. Li et al. 2015; Sachse et al. 2011). The bitumen was
extracted from 50 g of powdered samples with dichlor-
omethane (DCM). After the extraction process was done,
the massive solvent was removed from an extracted and
collected for isolation by a rotary evaporator. A concen-
trate of the solution was fractionated into saturated
hydrocarbons, aromatic hydrocarbons, and resin by column
chromatography on silica gel recording in part per million
(ppm), which is equivalent to milligram of extractable or-
ganic matter per kilograms rock (mg/kg).

3.2 Total organic carbon (TOC) measurement
The pulverized samples were analyzed for TOC contents
by SHIMADZU TOC analyzer with solid sample module

(SSM-5000A). Details of the TOC measurement are given
in Sleutel et al. (2007). The TOC content was measured on
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nine rock samples of the Tak Fa Formation and reported in
percentage per rock weight (wt%). Rocks that have TOC
values exceeding 0.2 wt% from limestone and 0.5 wt%
from shale are considered as a hydrocarbon potential
source rocks (Tissot and Welte 1984; Hunt 1996).

3.3 Rock-Eval pyrolysis

The Rock-Eval-6 instrument provides a rapid source rock
analysis (37 min/sample) on a small sample (50-70 mg) of
rock by heating over a temperature range of 300-650 °C,
after an initial gas purge at 90 °C. This analysis quickly
evaluates the concentration of volatile and soluble organic
matter, the amount of pyrolysis organic matter and thermal
maturity. The sample is rapidly heated to 300 °C. This
vaporizes the hydrocarbon already present in the samples,
allowing it to be quantified by a flame-ionization detector
and recorded as the S; peak. Hence, S; corresponds to the
quantity of hydrocarbon release during isothermal tem-
perature step at 300 °C and shows the temperature of free
hydrocarbons contained in the rock samples that are pos-
sible represented bitumen and/or methane migrating from
other sources. The temperature is then raised progressively
at a rate of 25 °C/min to 600 °C converting all remaining
petroleum potential of the kerogen into bitumen and gas,
and the S, peak is thus measured. S, then corresponds to
the quantity of hydrocarbon release between 300 and
600 °C and represents the hydrocarbon generated from
thermal cracking of kerogen. The maximum temperature of
peak hydrocarbon generation due to thermal cracking of
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kerogen with the peak of S, is called Tmax. The S; cor-
responds to the quantity of hydrocarbon release between
300 and 390 °C and represents organic carbon dioxide
release. The units of S; and S, are milligrams of hydro-
carbons per gram of rock (mg HC/g rock) (Behar et al.
2001).

3.4 Gas chromatography—mass spectrometry

Gas Chromatography—Mass Spectrometry (GC-MS) is a
usually instrumental technique for identifying the molec-
ular mass of an organic compound by ionized composition.
In this study, GC-MS was used to analyze biomarker
compounds in the bitumen extracts. The sample solution is
injected into the ionizing chamber by electron impact,
ionized gas flows through the column and separated into
compounds by polarity and molecular weight. The sepa-
rated substances throughout from column and then flow
into the mass analyzer equipment. Mass analyzer identifies
compounds by the mass of the analysis molecule under the
electromagnetic field.

In this study, the saturated hydrocarbon fraction was
dissolved in n-pentane and analyzed with an Agilent 7000C
GC/MS (triple quadrupole) with the ion source temperature
of 250 °C and ionizing energy of 70 eV. The column used
in this study is a 30 m long DB-5 (5% Phenyl Methyl
Siloxane) with 250 pm inner diameter and 0.25 pm film
thickness. Starting temperature is 80 °C and held for
3 min. The column temperature is heated from 80 to
310 °C at 4 °C/min and held for 30 min at 310 °C. The
total analysis time is 90 min. Chromatograms were
acquired in scanning: 35-700 molecular weight and
selected-ion-monitored (SIM) for compound identification
and integration. The distribution of organic compounds in
the bitumen extracts was monitored by fragmentograms of
n-alkane (m/z 85), terpanes and hopanes (m/z 191), and
steranes (m/z 217). Details of the analytical procedure used
are summarized in Moustafa and Morsi (2012).

In addition, to avoid the possible sources of analytical
errors such as contamination, measurement errors and
mechanical/instrumental errors on the GC-MS results, a
cautious procedure was needed in order to minimize these
errors (Akande 2012). For example in this study, a fraction
needed to be at high concentration and re-run using
selected ion monitoring (SIM) mode to enhance the signal
to noise ratio.

4 Results and discussions
4.1 Source rock characterization

The source rock quantification was the issue of prior con-
sideration, then investigating the quality of source rock
followed. In addition, the quality of organic carbon is used
to define source rock potential and to specify the origin of
organic matter, due to the fact that different organic matter
types can generate different petroleum products (e.g. oil
and/or gas). A diagnostic depositional environment was
also used to confirm the source of organic matter by using
biomarker identification.

The bitumen (or EOM) contents of pulverized rock from
the study area was extracted in range of
76.84-197.65 ppm, the highest content appeared on the
carbonate rock sample from CD-1/1. On the other hand, the
lowest was the shale sample from NP-1/3 (Table 1). The
average bitumen content of the samples in this study was
118.67 ppm. The bitumen contents of the study area are
less than 500 ppm suggesting a poor potential source rock
at present-day based on Peters and Cassa (1994).

The TOC values vary with locations as presented in
Table 1. The average TOC value of the Tak Fa Formation
is 2.63 wt%, with a range of 1.42-4.58 wt%. The samples
can be classified as good to excellent hydrocarbon potential
at present-day by TOC contents based on Peters and Cassa
(1994). In addition, the northern part of the study area
exhibits high TOC values. The TOC values of the samples
of the northern part were relatively high compared to the
south, whereas low TOC values were recorded in shale
samples at Nong Phai area.

These results indicate that TOC generally exceeds the
kerogen threshold of 0.2 wt% for limestone and 0.5 wt%
for shale necessary for a generation of hydrocarbon (Tissot
and Welte 1984), however, EOM point out in a different
direction than the Tak Fa Formation in this area which is a
poor potential source. It should be noted that TOC contents
can be only used to determine the amount of organic matter
in sedimentary rock. TOC analysis cannot be used to rep-
resent types and origins of organic matter that caused
misinterpretation a hydrocarbon potential source rock.
Thus, other parameters are used to support organic facies
and origin of the source rock in this study area to confirm
the organic matter type.

Sy and S, values of samples in this study area were
relatively very low; S; ranging from 0.01 to 0.07 mg HC/g
rock and S, ranging from 0.00 to 0.50 mg HC/g rock. The
highest values were recorded in the northern part of the
study area, where the TOC values were also high (Table 1).
The highest S, value was 0.50 mg HC/g rock recorded at
Nong Phai area (NP-1/1). Genetic potential is the amount
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of hydrocarbon that can be generated and remain in source
rock by summation of S| and S,. All samples in this study
fall into the poor zone (S; + S, < 2 mg HC/g rock) indi-
cating a low hydrocarbon potential source rock at present-
day based on Peters and Cassa (1994). Generally, source
rocks with S, values less than 4.0 mg HC/g rock are con-
sidered to have poor genetic potential, while yields greater
than 4.0 are common in known hydrocarbon source rocks.
However, Erik (2016) documented that if an S, value is
less than 0.2 mg HC/g rock; pyrolysis data are not reliable.
Possibly, the low values of S; and S, in this study area can
partly be due to advance thermal maturity, highly weath-
ering, and complex tectonic history, which would lead to
the reduction in S; and S, values.

The TOC variation between the rock samples of the
northern part and the southern part of the Tak Fa Formation
can be explained through sedimentary conditions. The
relatively low organic-matter content of the southern part
of the Tak Fa Formation is probably due to its deposition
under well-oxygenated conditions or due to the dilution
effect caused by clastic sediment supply (e.g. Alkhafaji
et al. 2015). Less favorable preservation of organic matter
and stronger clastic input may lead to the formation of
organic-lean sediments as well as land plant materials and
oxidized materials at near-shore environments.

4.2 Quality of organic carbon (kerogen
classification)

Types of organic matters can be defined by the coherence
of pyrolysis parameters and TOC contents for converting to
hydrogen index (HI) and oxygen index (OI) contents and
used to plot in Pseudo Van-Krevelen diagram. Moreover,
the relevance of HI and OI depends on a prototype of
organic matter and condition for preserving organic matter.
High HI content shows that organic matter is deposited
under anoxic condition, while high OI content is usually
related to oxidized organic matter. The relationship of HI
and OI is used to define the type of organic matter or
kerogen type including kerogen type I, II, and III. More-
over, when organic matter overmatures or biodegrades
from microbes, it turns into kerogen type IV as non-po-
tential hydrocarbon generation which mostly consists of a
nitrogen, sulfur, and oxygen-rich molecular structure
(Tissot and Welte 1984).

The HI values from this study range from 0 to 32 mg/g
TOC, with an average of 5.6 mg/g TOC (Table 1). The
highest values are recorded in the northern part of the study
area (shale NP-1/2). The HI values of this study indicate
that the Tak Fa Formation has poor hydrocarbon generation
potential at present-day based on Peters (1986). However,
HI can be reduced with increasing maturity. Therefore, it is
believed that the low HI values of the Tak Fa samples from
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this study are partly caused by a higher level of thermal
maturity. This is supported by the plot between HI and
Tmax (Fig. 2a).

Kerogen types of the Tak Fa Formation in this study
were determined using the Pseudo Van-Krevelen diagram
(Fig. 2b). The studied samples fall into the corner of the
diagram due to low HI and low OI. This makes it hard to
interpret the source of the organic matter of the formation.
The organic matter of the samples from the Tak Fa For-
mation consists of type IV kerogen. In addition, type IV
kerogen is usually derived from oxidized terrestrial plants
or reworked from other sources (Tissot and Welte 1984),
which was strongly degraded, either during deposition or
during thermal maturation leading to the reduction in HI
values. From Fig. 2b, the Pseudo Van-Krevelen diagram is
seemingly unqualified for kerogen classification from this
study by low HI and OI. Thus, isoprenoid/n-alkane is used
for kerogen classification for organic matter by using
pristane (Pr)/n-C;; and phytane (Ph)/n-C,g diagram (e.g.
Shanmugam 1985; Sachse et al. 2011; Alkhafaji et al.
2015). The diagram shows that organic matter from the
studied samples of the Tak Fa Formation are originally
from type II and III kerogens (Fig. 3). Furthermore, Pr/n-
Cy7 and Ph/n-C g ratios are usually used as indicators of
depositional environments, approximate organic matter
maturation, and level of biodegradation (Peters et al. 2007).

4.3 Molecular geochemistry

The study of the organic matter inputs and depositional
condition of this study area is complicated due to the fact
that TOC and pyrolysis data are poor, possibly due to
strong maturation. In this study, the prototype of the
organic matter and the depositional condition was deter-
mined using alternative tools such as non-biomarker and
biomarker parameters.

4.3.1 n-alkanes and isoprenoids

The gas chromatograms of saturated hydrocarbon fractions
from hydrocarbon samples are shown in Fig. 4 and derived
parameters are listed in Table 2. The saturated gas chro-
matograms of these samples display a full suite of saturated
hydrocarbons between C;5—Cs4 n-alkanes and isoprenoids,
pristane (Pr), and phytane (Ph). The distribution of n-
alkanes can be used to indicate the prototype of an organic
matter source. Short-chain n-alkanes (lower than C,,) are
characteristic of microbial input. In addition, middle chain
n-alkanes (C;;—C,q) are considered to indicate algal and/or
bacterial origin for the organic materials. Long-chain n-
alkanes (more than C,,), high boiling point n-alkane, are
commonly attributed to the contribution of terrestrial
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waxes, especially in the C,s5-C3; range (Peters and Mol-
dowan 1993).

The distribution patterns of n-alkanes from both north-
ern and southern parts of the study area suggest that the
organic materials are derived from different sources. The n-
alkane distribution of the southern area (BP) shows a
mixed source of organic materials. A predominance of
medium to long molecular weight compounds (nC,4—nCs()
suggests a significant high contribution of terrigenous
organic matter with minor marine organic matter contri-
bution in two studied sample, others two studied samples
exhibit a predominance of short molecular weight com-
pounds (nC;s—nC;g) suggesting algal and microorganism
inputs (Tissot et al. 1978; Murray and Boreham 1992).
Similar to the northern area (CD and NP), the n-alkane
distribution also shows a mixed source of organic materi-
als. Thus, the sources of organic matters in the study area

are more likely to be a mixed source of depositional
environment.

Isoprenoids occur in a significant amount in all studied
samples, and diagnostic biomarker ratios are listed in
Table 3. Pristane (C9Hy4o) and phytane (CyoHy,) are reg-
ular isoprenoid hydrocarbons, which both were derived
from the phytol side chain of the chlorophyll molecule
(Miles 1989). The phytol can be transformed into pristane
or phytane depending on the depositional environment. The
pristane/phytane (Pr/Ph) ratio is one of the most commonly
used geochemical parameters to indicate the redox condi-
tions in the depositional environment and source of organic
matter (Powell 1988; Chandra et al. 1994; Large and Gize
1996). High Pr/Ph values (> 3.0) indicates oxic conditions
often associated with terrigenous organic matter input,
while low values (< 1.0) typify anoxic conditions, com-
monly hypersaline or carbonate environments (Peters et al.
1995, 2005) and values between 1.0 and 3.0 suggest
intermediate conditions (suboxic conditions) (Amane and
Hideki 1997). In addition, Lijmbach (1975) divided Pr/Ph
ratios into three groups including (1) ratio lower than 2
indicating reducing-aquatic deposition (including marine,
fresh water, and brackish water), (2) intermediate ratios
2—4 indicating fluvio-marine and coastal swamp deposits,
and (3) ratio more than 4 indicating peat swamp in an
oxidizing environment.

In this study, pristane occurs in relatively high concen-
trations, possessing Pr/Ph ratios in the range of 1.26-15.10
(Table 3) suggest that the studied samples are considered
to be derived from source rock contain mixed organic
facies and suboxic to oxic depositional conditions (e.g.
Peters and Moldowan 1993; Hakimi et al. 2012). Thus, the
sources of organic matters in the study area are more likely
to be a mixed source of depositional environment.
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Fig. 4 The gas chromatogram of saturated hydrocarbon by selected-ion monitoring (SIM) at 85 m/z of the samples from the Tak Fa Formation
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Table 2 Short, middle, and long chain n-alkane peaks identification
by SIM 85 m/z

Peak list Biomarker ID Name of compound

Short chain n-alkane (< n-Cs)

1 n-Cys Pentadecane

2 n-Cig Hexadecane

3 n-Cyy Heptadecane

4 n-Cig Octadecane

5 n-Cio Nonadecane

6 n-Cyo Icosane
Middle chain n-alkane (n-C,;—n-Css)

7 n-Cy Heneicosane

8 n-Cyo Docosane

9 n-Cos Tricosane

10 n-Coy Tetracosane

11 n-Cos Pentacosane
Long chain n-alkane (n-Cy¢—n-Csy4)

12 n-Cyg Hexacosane

13 n-Cyy Heptacosane

14 n-Cog Octacosane

15 n-Cog Nonacosane

16 n-Csg Triacontane

17 n-Csy; Hentriacontane

18 n-Cszo Dotriacontane

19 n-Cs3 Tritriacontane

20 n-Cszy Tetratriacontane
Isoprenoid

Pr Pristane 2, 6, 10, 14-tetramethylpentadecane

Ph Phytane 2, 6, 10, 14-tetramethylhexadecane

4.3.2 Steranes and terpanes

The distributions of steranes and terpanes are commonly
studied using GC—MS by monitoring the ions m/z 217 and
m/z 191, respectively (Peters et al. 2005). The examples of
Terpanes (m/z 191) and steranes (m/z 217) from the study
area are presented in Figs. 5 and 6, respectively, and
derived parameters are listed in Table 4.

The distributions of diasterane and the sterane (C,7, Cag,
and C,g) are characterized by the m/z 217 ion chro-
matograms and are used to indicate organic matter input.
Relative abundances of C,;, C,g, and C,g regular steranes
are calculated and the results are given in Table 3. Cyg
steranes are predominantly in terrestrial higher plants and
brown and green algae; C,g steranes are predominantly
from yeast, fungi, plankton, and algae; C,; steranes are
mainly from marine plankton (Volkman 1986, 2003).
However, microalgae or cyanobacteria can also be an
important source of C,g steranes. On the other hand, the
presence of higher C,; steranes content suggests a marine-
influenced system from micro-plankton and micro-marine
algae. In addition, some C,g and C,; steranes may derive
from freshwater plankton and/or algae (Volkman and
Maxwell 1986). Thus, the relative abundance of C,7, Cog,
and Cy steranes from this study was converted to a per-
centage and plotted in a ternary diagram (Fig. 7). The
regular steranes contents of all the samples from the Tak Fa
Formation are generally similar distributions in the dia-
gram. These similar distributions may also reveal genetic
associations that the studied samples possibly derived from
similar types of organic matter or similar depositional

environments. The samples display a mixed regular

Table 3 The geochemical results and biomarker ratios of saturated hydrocarbon of the samples from the Tak Fa Formation

Sample ID BP-1/1 BP-1/2 BP-2/1 BP-2/2 CD-1/1 NP-1/1 NP-1/2 NP-1/3 NP-1/4  Average

Parameter
EOM (ppm) 79.97 99.28 99.78 99.36 197.65  197.11  99.75 76.84 118.32  118.67
Pr/Ph 4.09 15.10 1.86 4.64 2.48 3.40 1.51 1.26 2.44 4.09
Pr/n-Cy4 0.17 0.82 0.69 0.23 0.15 1.02 0.39 0.29 0.32 0.45
Ph/n-C g 0.05 0.14 0.23 0.07 0.09 0.25 0.23 0.23 0.07 0.15
%Cy7 sterane ratios 37.12 26.81 47.90 33.06 35.58 28.88  32.57 29.79 33.25 33.88
9%C,g sterane ratios 29.53 45.30 38.11 42.19 41.36 37.17  43.55 43.38 29.46 38.89
%C,9 sterane ratios 33.35 27.89 13.99 24.75 23.06 3395 23.88 26.83 37.29 27.22
Regular steranes/17a-hopanes 0.26 0.33 0.19 0.47 0.37 1.57 0.46 0.58 0.44 0.52
C3; 22R homohopane/C;, hopane 0.45 0.39 0.44 0.43 0.40 2.90 0.30 0.21 0.26 0.64
Gammacerane index 0.24 0.16 0.19 0.29 0.19 0.67 0.13 0.15 0.13 0.24
Csy 22S/(22S + 22R) 0.58 0.57 0.58 0.59 0.58 0.30 0.59 0.60 0.61 0.56
Ts/(Ts + Tm) 0.64 0.48 0.60 0.63 0.65 0.46 0.55 0.50 0.54 0.56
Moretane/(Hopane 4+ Moretane) 0.14 0.07 0.09 0.23 0.10 0.74 0.09 0.09 0.09 0.18
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Fig. 5 Pentacyclic terpanes (m/z 191) from the study area
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Fig. 6 Regular steranes (m/z 217) from the study area

The summarized relative abundance of C,7, Csg, and Cyg

steranes which is an indicator of the mixed marine/ter-
rigenous organic matters (Fig. 7). This is also supported by

Pr/n-Cy; and Ph/n-C,g ratios (Fig. 3).

regular steranes is 33.88, 38.89, and 27.22%, respectively
(Table 3). It reveals the C,g steranes are slightly higher

than concentrations of C,; or C,g steranes (C,; < Cog.

The regular steranes distribution of the Tak Fa samples
in this study indicates an estuarine environment (Fig. 7).

> Cyg). The predominance of C,; and C,g steranes in
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Table 4 Pentacyclic terpanes Peak list Biomarker ID Name of compound m/z

and regular steranes peaks

identification Pentacyclic terpanes
1 Ts C,; 180(H)-22,29,30-Trisnorhopane 191
2 Tm Cy; 170(H)-22,29,30-Trisnorhopane 191
3 Cy9Hop Cy9 170(H),21B(H)-Hopane 191
4 CsoHop Czo 170(H),21B(H)-Hopane 191
5 Moretane Cso 17B(H),21ou(H)-Moretane 191
6 Cs;S C3; ap-Homohopane (22S) 191
7 Cs30R C;; apf-Homohopane (22R) 191
8 Gammacerane C50 Gammacerane 191
9 C3,S C3; op-Homohopane (22S) 191
10 C3;R C3, op-Homohopane (22R) 191
11 Cs3S C33 af-Homohopane (22S) 191
12 Cs3R Cs3 ap-Homohopane (22R) 191
13 C34S C34 af-Homohopane (22S) 191
14 Cs4R Cs4 of-Homohopane (22R) 191

Steranes

1 aoo-C»7(20S) Sa, 140, 17a(H)-Cholestane 20S 217
2 aBB-C,7(20R) 5o, 14B, 17p(H)-Cholestane 20R 217
3 aBB-C,7(20S) 5o, 14B, 17B((H)-Cholestane 20S 217
4 aoo-Cr7(20R) 5a, 140, 170 (H)-Cholestane 20R 217
5 aoo-Crg(20S) Sa, 140, 170 (H)-Ergostane 20S 217
6 apB-Cs5(20R) Sa, 14B, 17B (H)-Ergostane 20R 217
7 aBB-Cps(20S) So, 14B, 17p (H)-Ergostane 20S 217
8 aoo-Crg(20R) Sa, 140, 170 (H)-Ergostane 20R 217
9 000i-Co9(20S) Sa, 140, 170 (H)-Stigmastane 20S 217
10 aBB-Ca9(20R) 5o, 14B, 178 (H)-Stigmastane 20R 217
11 aBB-C29(20S) 5o, 14B, 17B (H)-Stigmastane 20S 217
12 aoto-Cro(20R) 5o, 140, 170 (H)-Stigmastane 20R 217

Fig. 7 Ternary diagram of
relative abundance of C,7, Cog,
Cy regular steranes shows the
sources and depositional
environment of the sample from
the Tak Fa Formation
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studied samples is interpreted as a marine environment
with minor freshwater organisms. However, a significant
presence of C,g steranes in all samples is interpreted that
terrestrial input was an influencing factor as it is typically
associated with land plants in this study area (Volkman
et al. 1986). Thus, it seems likely that there is a mixed
source of organic matter within this study between marine
and terrestrial sources. The transitional zone of the depo-
sitional environment is determined in samples by an
increased ratio of C,; and C,g regular steranes relative to
C, steranes.

4.4 Thermal maturation

In this study, a variety of biomarker maturity indicators
have been used to evaluate the level of thermal maturity
including gammacerane index and sterane isomer ratios
(Table 3). Tmax can also be used to evaluate the maturity
level of organic matter. In addition, Tmax can be combined
with PI to consider and confirm the maturity level of
organic matter (i.g. Hatampour 2014; Adelzadeh et al.
2014). The studied samples range in late to over-mature
stage from PI and Tmax cross plot providing source rock
maturation level (Fig. 8).

4.4.1 C;3; 225/(22S + 22R) homohopane isomerization
ratio

Homohopane isomerization ratio is used as a maturity
indicator. It is measured from the m/z 191 mass chro-
matogram by SIM mode. 22S/(22S + 22R) homohopane
ratio describes the isomerization conversion of the bio-
logical 22R to the geological 22S configuration of

Fig. 8 PI and Tmax cross plot 620
provides source rock maturation 600
level of the sample from the Tak
Fa Formation

480 u

homohopane molecules, so this ratio has range O to around
0.6 at equilibrium during maturation. The ratio values
ranging from 0.50 to 0.54 show maturity of organic matter
almost reached to oil generation and the ratios from 0.57 to
0.62 indicate that the oil window has been reached (Mol-
dowan et al. 1986).

C3122S/(22S + 22R) homohopane isomerization ratios
of the study area have values ranging from 0.58 to 0.61
(Table 3). These ratios suggest that organic matters in this
study have been reached a mature stage, except for the
sample NP-1/2 with 0.30 indicating immature source rock.
These C53;22S/(22S + 22R) homohopane isomerization
ratio results of the Tak Fa Formation samples are consistent
with Tmax from pyrolysis data indicating that most sam-
ples have been reached an over mature level.

4.4.2 Ts/Ts + Tm)

Ts (Cy7 18a (H)-22,29,30-trisnorneohopanes) and Tm (Cy;
170 (H)-22,29,30-trisnorhopane) ratios are used for the Ts/
(Ts + Tm) unit and can be measured from m/z 191 mass
chromatogram by SIM mode. This ratio can also be used as
thermal maturation and lithology of the source rocks
(Moldowan et al. 1985). During catagenesis of petroleum
generation, Tm is less stable than Ts (Seifert and Moldo-
wan 1986). Organic source rock is mature when the values
of the Ts/(Ts + Tm) ratio are between 0.35 and 0.95
(Peters et al. 2007). In addition, the Ts/Ts 4+ Tm ratio may
also be influenced by variation in lithology, in which car-
bonate petroleum source rocks are significantly lower than
clay-rich siliclastic source rocks (Waples and Machihara
1991; Peters and Moldowan 1993). The studied samples
contain a mixture of land and marine-derived organic

Over Mature
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matter; thus, the variation of Ts/Tm ratios appear to be
more strongly influenced by maturity instead of the source
input. The Ts/(Ts + Tm) ratios from this study range from
0.46 to 0.65 with a mean value of 0.56 indicating that the
organic matter is in a mature stage. The result of Ts/
(Ts + Tm) ratios in this study coincide with Tmax data.

4.4.3 Moretane/(hopane + moretane) ratio

The ratio of 17f (H),21a (H)-moretanes and 17a (H),213
(H)-hopanes are used as a thermal maturation indicator by
using the moretane/(hopane 4+ moretane) ratio and can be
measured by m/z 191 mass chromatogram by SIM mode.
Moretanes are less stable than hopanes under thermal
condition, and the abundance of moretanes decreases rel-
ative to the corresponding hopanes with increasing thermal
maturity. Thus, the ratio of moretane to their corresponding
hopanes decreases with increasing thermal maturity, from
about 0.8 in immature sediments to about 0.15-0.05 in
mature source rocks and oils (Mackenzie et al. 1981; Sei-
fert and Moldowan 1986). The C,9 and C3, compounds are
used for the moretane/(hopane + moretane) ratio (Peters
et al. 2007).

Moretane/(hopane 4 moretane) ratios from this study
range from 0.09 to 0.74 with a mean value of 0.18 indi-
cating that the samples in this study have been reached at
mature stage. In addition, moretane/(hopane + moretane)
ratios and all sterane isomerization ratios of the Tak Fa
Formation from this study are consistent.

4.5 Paleoenvironment characteristics

Biomarker analysis of soluble organic matter in the rock
samples has contributed to a better understanding of the
characteristics of the depositional environment of the area
(e.g. Waples and Machihara 1991; Sivan et al. 2008). In
this study, organic facies and depositional environment are
interpreted using pristane/phytane ratios, terpane (m/z
191), and sterane (m/z 217) distributions. In addition, non-
biomarker parameters such as n-alkane, isoprenoid, Pr/Ph,
Pr/n-Cy; and Ph/n-Cg, can be used to identify the source of
organic matter and depositional environment (e.g. Shan-
mugam 1985).

The samples from the Tak Fa Formation have similar n-
alkane isoprenoid, sterane, and terpane distributions both in
the north and south of the study area and thus similar in
depositional environment, organic matter type and matu-
rity. In gas chromatograms of the studied samples, domi-
nant n-alkanes suggest the influence of terrestrial and
marine organic matter input, indicating a mixed source of
depositional environment.

170 (H)-homohopane ratios are essential as a paleocli-
mate indicator (Waples and Machihara 1991). A decrease

in the C5,—Cs5 extended hopanes reflect a clastic facies,
and the C5; 22S5/(22S + 22R) homohopane ratio can be
correlated with peat and coal (e.g. Villar et al. 1988). The
C3; homohopane/C;, hopane ratio can be used to distin-
guish between marine and lacustrine source rock environ-
ments (Table 3). This ratio is generally higher than 0.25 for
marine environments and lower than 0.25 for lacustrine
environments (Peters et al. 2007). In this study, the Cj;
homohopane/C;, hopane ratio was relatively high in most
of the studied samples, except sample (NP-1/3 with 0.21)
from the Nong Phai area (Table 3).

Gammacerane is Cjzy pentacyclic triterpene can be
measured in m/z 191 mass chromatogram by SIM mode.
Gammacerane is eluted after C3; homohopane 22S and
22R doublet. Gammacerane indicates a stratified water
column in marine and non-marine depositional environ-
ments and is associated with increasing salinity of the
depositional environment (Peters and Moldowan 1993).
The gammacerane index is shown as the ratio of gam-
macerane/(gammacerane + C3y of-hopane). All samples
from the Tak Fa Formation in this study have gammacer-
ane index ranging from 0.1 to 0.67, thus, the organic matter
source of the Tak Fa Formation is from saline water
environment.

On the basis of these data, the studied rock samples are
believed to have been deposited in a lagoonal/estuarine
environment which was periodically influenced by marine
and fresh-water conditions at a nearshore area. Evidence
includes the common evaporitic textures (Fig. 9) and high
gammacerane index values (Table 3). These observations
suggest a shallow, stratified, evaporative (saline) facies
association in which organic matter was deposited and
preserved. Chitnarin et al. (2008) suggested that the Tak Fa
Formation in Bueng Sam Phan area is a shallow marine,
euryhaline, nearshore environment. Similarly to this study,
the geochemical analysis indicated a estuarine environment
by C,;, Cug, Cyo regular steranes. The estuarine environ-
ment is in a transitional zone, that is, a transition from fresh
to saline water. Organic facies are confirmed by a bivariate
plot between Pr/n-C;; and Ph/n-Cg as shown in Fig. 3.
The observed organic sedimentary rocks from this study
were possibly deposited in restricted lagoonal marine
conditions or back-reef environment.

It should be noted that highly weathering can cause a
significant decrease of TOC, the bulk composition of
organic matter, as well as changes in carbonate content,
extract yields and percentage yields of organic fractions
and could significantly influence paleoenvironmental,
source and maturity interpretations (Littke et al. 1991;
Marynowski et al. 2011). Thus, unknown paleoweathering
history of the area may affect the interpretation of this
study area.
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Fig. 9 The polygonal evaporitic texture in argillaceous limestone form BP-2 as indicator of high evaporate conditions at near shore area

4.6 Source rock potential

Subtropical arid climatic conditions during the Tak Fa
deposition and restricted lagoonal carbonate platforms
could have enhanced the accumulation of organic carbon
through the increased production of phytoplankton and
terrestrial sediment input, leading to enhanced bacterial
organic matter accumulation on the subtidal platform
slopes and in intertidal lagoons. The TOC values in this
area are relatively high compared to general shallow
marine carbonates, and this is possibly the result of low to
moderate energy, restricted water condition, and a suboxic
to oxic environment, so that organic matter can be pre-
served in the sediments. However, geochemical data from
this study suggest that organic matters are originally type II
and III kerogens which suggest more gas-prone generation.
These organic matters exhibit highly maturation through
complex tectonic events of the area.

Moreover, a subtropical arid climate in super tidal
environment favors the development of microbial mats or
algae mats with relatively high organic-rich layers, espe-
cially where hypersalinity has inhibited the activity of
burrowers and a scavenging benthos (Gerdes et al. 1991).
The productivity of these algae mats could have been
amplified by their impact on the anoxic-suboxic conditions
in the water column at restricted lagoonal facies in the
study area.

Based on these interpretations, we suggest that the
development of organic-rich carbonate lagoonal environ-
ments like this area can be regarded as a useful source rock.
For instance, the organic matter value in the intertidal
hypersaline carbonate lagoons of Abu Dhabi can be ranged
between 1 and 2.7% (Kenig et al. 1990). Thus, the Tak Fa
Formation can be a hydrocarbon source rock of the area
during the time of deposition. Although the geochemical
data in this study indicate that the Tak Fa Formation has
experienced high maturation, one or more locations could
meet a condition that places this formation to be an active

@ Springer

source rock. The close association of this organic-rich
formation, with good reservoir facies confined to carbonate
platform margins, could create an excellent petroleum
system in the area. The approach and concepts presented
here can be applied to similar evaporite-carbonate deposits
in Thailand to find more petroleum basins.

5 Conclusions

The study of organic geochemical investigations of the Tak
Fa Formation from this study leads to the conclusion that
this formation has high TOC values (more than 2.0 wt% in
carbonate rock and more than 5.0 wt% in shale), but the
rock samples in the study area have experienced highly
maturation at the present day as indicated by Tmax and
biomarkers. Considering S; and S, hydrocarbon values, the
samples show low values that can partly be due to high
thermal maturity, large amounts of weathering, and com-
plex tectonic history, which would lead to the reduction in
S; and S, values. In this study, Tmax and biomarker data
suggest that the reduction of S; and S, values are more
likely due to high thermal maturity. Thus, pyrolysis data
are not useful for source rock assessments from outcrop
sample in the study area. Kerogen classification can be
based on a non-biomarker study for outcrop sample
instead. The bivariate non-biomarker plot, Pr/n-C;; and Ph/
n-Cig, form this study indicates that organic matter origi-
nally comes from type II/III kerogen.

The depositional environment of organic matter of the
Tak Fa Formation in this study area is interpreted to be a
estuarine environment or a restricted lagoonal carbonate
platforms based on C,;, Cyg, and C,9 regular steranes
occurrence. Thus, the Tak Fa Formation is considered to be
a hydrocarbon source rock of the area during the time of
the deposition. Although the geochemical data in this study
indicate that the Tak Fa Formation has experienced high
maturation, one or more locations could meet a condition
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that places this formation to be an active source rock. The
approach and concepts presented in this study can be
applied to similar evaporite-carbonate deposits in Thailand
to find more petroleum plays.

Acknowledgements The authors gratefully acknowledge the finan-
cial support from the Ratchadaphisek Somphot Endowment Fund
under Outstanding Research Performance Program, Science Super III
(Department)-009, Chulalongkorn University. Anonymous reviewers
are thanked for their useful and constructive comments.

References

Adelzadeh MR, Hatampour A, Ghiasi-Freez J (2014) Hydrocarbon
potential of Kangan and Dalan formations using organic
geochemistry, mineralogy, and petrography. Pet Sci Technol
32:2159-2167

Akande WG (2012) A review of experimental procedures of gas
chromatography-mass spectrometry (GC-MS) and possible
sources of analytical errors. Earth Sci 1(1):1-9

Alkhafaji MW, Aljubouri ZA, Aldobouni IA, Littke R (2015)
Hydrocarbon potential of Ordovician—Silurian successions in
Akkas field, western desert of Iraq. AAPG Bull 9:617-637

Amane W, Hideki N (1997) Geochemical characteristics of terrige-
nous and marine sourced oils in Hokkaido, Japan. Org Geochem
28:27-41

Behar F, Beaumont V, De B, Penteado HL (2001) Rock-Eval 6
Technology: performances and developments. Oil & Gas
Science and Technology 56:111-134

Booth JE, Sattayarak N (2011) Subsurface Carboniferous-Cretaceous
geology of northeast Thailand. In: Ridd MF, Barber AJ, Crow
MIJ (eds) The geology of Thailand. Geological Society, London,
pp 184-222

Bunopas S (1983) Palaecozoic succession in Thailand. In: Nutalaya P
(ed) Proceedings of the workshop on stratigraphic correlation of
Thailand and Malaysia: Haad Yai, Thailand, vol 1, pp 39-76

Chandra K, Mishra CS, Samanta U, Gupta A, Mehrotra KL (1994)
Correlation of different maturity parameters in the Ahmed-
abadeMehsana block of the Cambay basin. Org Geochem
21:313-321

Chitnarin A, Crasquin S, Chonglakmani C, Broutin J, Grote PJ,
Thanee N (2008) Middle Permian ostracods from Tak Fa
Limestone, Phetchabun Province, central Thailand. Geobios
41(3):341-353

Chitnarin A, Crarquin S, Charoentitirat T, Tepnarong P, Thanee N
(2012) Ostracods (Crustacea) of the early-Middle Permian from
Central thailand (indochina block). Part I. Order Palaeocopida.
Geodiversitas 34:801-836

Chonglakmani C, Fontaine H (2000) The lam Narai-Phetchabun
region: a platform of Early Carboniferous to Late Permian age.
In: Proceedings of the development geology of Thailand into the
year 2000, pp 39-98

Chonglakmani C, Helmcke D (2001) Geodynamic Evolution of Loei
and Phetchabun Regions—Does the Discovery of Detrital
Chromian Spinels from the Nam Duk Formation (Permian,
North-Central Thailand) Provide New Constraint? Gondwana
Res 3:437-442

Chonglakmani C, Sattayarak N (1984) Geological map of sheet
Changwat Phetchabun (NE 47-16), scale 1:250,000: Department
of Mineral Resources. Bangkok, Thailand

Erik NY (2016) Paleoenvironment characteristics and hydrocarbon
potential of the Lower Miocene bituminous shales in Sivas Basin
(Central Anatolia, Turkey). Arab J Geosci 9(1):18

Gerdes G, Krumbein WE, Reineck HE (1991) Biolaminations:
Ecological versus depositional dynamics. In: Einsele G, Ricken
W, Seilacher A (eds) Cycles and events in stratigraphy. Springer,
Berlin, pp 592-607

Hakimi MH, Abdullah WH, Shalaby MR (2012) Molecular compo-
sition and organic petrographic characterization of Madbi source
rocks from the Kharir oilfield of the Masila Basin (Yemen):
palaecoenvironmental and maturity interpretation. Arab J Geosci
5:817-831

Hatampour A (2014) Using Rock Eval pyrolysis for studying the
hydrocarbon potential of the Pabdeh Formation in Ziluee oilfield,
south west of Iran. Pet Sci Technol 32:1586-1597

Hunt JM (1996) Petroleum geochemistry and geology, 2nd edn. W.H.
Freeman and Company, New York, p 743

Kenig F, Huc AY, Purser BH, Oudin JL (1990) Sedimentation,
distribution and diagenesis of organic matter in a recent
carbonate environment, Abu Dhabi, United Arab Emirates. Org
Geochem 16:735-747

Large DJ, Gize AP (1996) Pristane/phytane ratios in the mineralized
Kupferschiefer of the Fore-Sudetic Monocline, southwest
Poland. Ore Geol Rev 11:89-103

Li H, Jiang L, Chen X, Zhang M (2015) Identification of the four
rearranged hopane series in geological bodies and their geo-
chemical significances. Chin J Geochem 34:550-557

Lijmbach W (1975) SP (1) on the origin of petroleum. In: 9th World
petroleum congress

Littke R, Klussmann U, Krooss B, Leythaeuser D (1991) Quantifi-
cation of loss of calcite, pyrite, and organic matter due to
weathering of Toarcian black shales and effects on kerogen and
bitumen  characteristics. = Geochim  Cosmochim  Acta
55(11):3369-3378

Mackenzie A, Li RW, Maxwell J, Moldowan J, Seifert W (1981)
Molecular measurements of thermal maturation of Cretaceous
shales from the Overthrust Belt, Wyoming. Adv Org Geochem,
USA, p 503

Marynowski L, Kurkiewicz S, Rakocinski M, Simoneit BR (2011)
Effects of weathering on organic matter: I. Changes in molecular
composition of extractable organic compounds caused by
paleoweathering of a Lower Carboniferous (Tournaisian) marine
black shale. Chem Geol 285:144—156

Metcalfe I, Sone M (2008) Biostratigraphy and palaeobiogeography
of Lower Permian (lower Kungurian) conodonts from the Tak Fa
Formation (Saraburi Limestone), Thailand. Palacogeogr Palaeo-
climatol Palaeoecol 257(1-2):139-151

Miles JA (1989) Illustrated glossary of petroleum geochemistry.
Oxford University, Oxford

Moldowan JM, Seifert WK, Gallegos EJ (1985) Relationship between
petroleum composition and depositional environment of petro-
leum source rocks. AAPG Bull 69:1255-1268

Moldowan JM, Sundararaman P, Schoell M (1986) Sensitivity of
biomarker properties to depositional environment and/or source
input in the Lower Toarcian of SW-Germany. Org Geochem
10:915-926

Morley CK, Ampaiwan P, Thanudamrong S, Kuenphan N, Warren J
(2013) Development of the Khao Khwang fold and thrust belt:
implications for the geodynamic setting of Thailand and
Cambodia during the Indosinian orogeny. J Asian Earth Sci
62:705-719

Moustafa YM, Morsi RE (2012) Biomarkers. In: Dhanarasu S (ed)
Chromatography and its applications. Intech, Croatia,
pp 165-186

Murray AP, Boreham CJ (1992) Organic geochemistry in petroleum
exploration. Australian Geological Survey Organization, Can-
berra, p 230

Peters KE (1986) Guidelines for evaluating petroleum source rock
using programmed pyrolysis. AAPG Bull 70:318-329

@ Springer



306

Acta Geochim (2020) 39(3):291-306

Peters KE, Cassa MR (1994) Applied source rock geochemistry. In:
Magoon LB, Dow WG (eds) The petroleum system from source
to trap. American Association of Petroleum Geologists, Tulsa,
pp 93-120

Peters KE, Moldowan JM (1993) The biomarker guide: interpreting
molecular fossils in petroleum and ancient sediments. Pentice
Hall, Englewood Cliff

Peters KE, Clark ME, Das Gupta U, McCaffrey MA, Lee CY (1995)
Recognition of an Infracambrian source rock based on biomark-
ers in the Baghewala-1 oil, India. AAPG Bull 79:1481-1494

Peters KE, Walters CC, Moldowan JM (2005) The biomarker guide,
vol 1. Cambridge University Press, Cambridge, pp 1-471

Peters KE, Walters CC, Moldowan JM (2007) The biomarker guide,
vol 2. Cambridge University Press, Cambridge, pp 475-708

Powell TG (1988) Pristane/phytane ratio as environmental indicator.
Nature 333:604

Racey A (2011) Petroleum geology. In: Ridd MF, Barber AJ, Crow
MJ (eds) The geology of Thailand. The Geological Society,
London, pp 351-392

Racey A, Love MA, Canham AC, Goodall JGS, Polachan S, Jones PD
(1996) Stratigraphy and reservoir potential of the Mesozoic
Khorat Group, NE Thailand: part 1: stratigraphy and sedimen-
tary evolution. J Pet Geol 19(1):5-39

Ridd MF, Barber AJ, Crow MJ (2011) The geology of Thailand. The
Geological Society, London, pp 71-136

Sachse VF, Littke R, Heim S, Kluth O, Schober J, Boutib L, Jabour H,
Perssen F, Sindern S (2011) Petroleum source rocks of the
Tarfaya Basin and adjacent areas, Morocco. Org Geochem
42(3):209-227

Seifert WK, Moldowan JM (1986) Use of biological markers in
petroleum exploration. In: Johns RB (ed) Methods in geochem-
istry and geophysics, vol 24. Elsevier, Amsterdam, pp 261-290

Shanmugam G (1985) Significance of coniferous rain forests and
related organic matter in generating commercial quantities of oil,
Gippsland Basin, Australia. AAPG Bull 69:1241-1254

Sivan P, Datta GC, Singh RR (2008) Aromatic biomarkers as
indicators of source, depositional environment, maturity and
secondary migration in the oils of Cambay Basin, India. Org
Geochem 39:1620-1630

@ Springer

Sleutel S, De Neve S, Singier B, Hofman G (2007) Quantification of
organic carbon in soils: a comparison of methodologies and
assessment of the carbon content of organic matter. Commun
Soil Sci Plant Anal 38(19-20):2647-2657

Tissot B, Welte D (1984) Petroleum formation and occurrence: a new
approach to oil and gas exploration. Springer, Berlin

Tissot BP, Deroo G, Hood A (1978) Geochemical study of the Uinta
Basin: formation of petroleum from Green river formation.
Geochim Cosmochim Acta 42:1469-1485

Udchachon M, Burrett C, Thassanapak H, Chonglakmani C, Camp-
bell H, Feng Q (2014) Depositional setting and paleoenviron-
ment of an alatoconchid-bearing Middle Permian carbonate
ramp sequence in the Indochina Terrane. J Asian Earth Sci
87:37-55

Villar HJ, Piittmann W, Wolf M (1988) Organic geochemistry and
petrography of Tertiary coals and carbonaceous shales from
Argentina. Org Geochem 13:1011-1021

Volkman JK (1986) A review of sterol markers for marine and
terrigenous organic matter. Org Geochem 9:83-99

Volkman JK (2003) Sterols in microorganisms. Appl Microbiol
Biotechnol 60(5):495-506

Volkman JK, Maxwell JR (1986) Acyclic isoprenoids as biological
markers. In: Johns RB (ed) Biological markers in the sedimen-
tary record. Elsevier, Amsterdam, pp 1-42

Volkman K, Allen DI, Stevenson PL, Burton HR (1986) Bacterial and
algal hydrocarbons from a saline Antarctic lake, Ace Lake. Org
Geochem 10:671-681

Waples DW, Machihara T (1991) Biomarkers for geologists. In:
American association of petroleum geologists methods in
exploration series, vol 9, pp 91-99

Wieldchowsky CC, Young JD (1985) Regional facies variation in
Permian rocks of the Phetchabun Fold and Thrust Belt, Thailand.
In: Thanvarachorn P, Hokjaroen S, Youngme W (eds) Proced-
ings on geology and mineral resources development of north-
eastern Thailand. Khon Kaen University, Khon Kaen, pp 41-55

Yan Y, Huang B, Zhang D, Charusiri P, Veeravinantanakul A (2018)
Paleomagnetic study on the Permian rocks of the Indochina
Block and its implications for paleogeographic configuration and
northward drifting of Cathaysialand in the Paleo-Tethys. J Geo-
phys Res Solid Earth 45234538




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2020-05-12T13:15:32+0530
	Preflight Ticket Signature




