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Field and remote-sensing investigations have been performed for mapping the Mesozoic siliciclastic
rocks of the Phu Phan Ranges (PPR), northeastern Thailand. Stratigraphically, the PPR study area has been remapped
and is occupied by 5 distinct successive formations, including the Phu Kradung Formation with the average thickness
of 93 m, the Phra Wihan Formation with the average thickness of 64 m, the Sao Khua Formation with the average
thickness of 63 m, the Phu Phan with the average thickness of 84 m, and the Khok Kruat with the average thickness
of 49 m. Results on field and remote sensing analyses reveal that the PPR rocks are structurally deformed into
series of anticlines and synclines with the NW-SE trend. Geological transects have been performed over the PPR
study area. It has been recognized that the major fold has been displaced by NE-SW, short left-lateral strike slip
faults. A total of 21 samples of the Khorat Group rocks have been collected for petrographic and apatite fission
track (AFT) analyses. Petrographically, all the samples are very fine- to medium-grained sandstones, viz. feldspathic
litharenite and litharenite. The sandstone petrography and modal analysis of quartz, feldspar, and lithic fragments
points to the provenance of recycled orogen. It is considered that the source regions are the Loei-Phetchabun and
the Truong Son Belts. The studied samples have essentially clastic textures with siliceous and calcareous cements
and contain abundant quartz (av. 72.7%) with minor feldspar (av. 3.6%) and rock fragments (av. 23.7%). Apatite and
zircon are significant accessories. Apatite invariably forms long prismatic habits and occurs as discrete detrital grains.
About 120 grains from qualified 6 samples have been analyzed for fission track dating. The current AFT result from
this study along with those of the previous studies reveals an interesting scenario. Three age ranges of the PPR and
surrounding regions have been recognized viz., 78 to 60 Ma, 55 to 42 Ma, and younger than 37 Ma. The first episode
(78 — 60 Ma) corresponds to the tectonic movement in response to the NE-SW compressive stress within the Khorat
region, giving rise to the major deformed structure in the study area. Perhaps the Phu Phan anticlinal structures
have been formed. Two successive basins within the Khorat region may have been developed at this stage. The
second episode (55 - 42 Ma) indicates an extensive exhumation (major uplift and erosion) developed within the
whole Khorat region, becoming a Khorat Plateau. The final episode (<37 Ma) is marked by the minor movement
along the strike-slip fault which slightly displaced the Phu Phan anticlinal structure in response to the clock-wise
rotation of the Indochina block. The AFT results from this current and previous studies advocate an average

exhumation rate of the Phu Phan Mountain range to be ca. 0.0139 mm/yr (or 13.9 m/Ma).
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Chapter 1 Introduction

1.1 Rational

This thesis investigates the Mesozoic — Cenozoic exhumation history of Khorat
Plateau in northeastern Thailand. This area is one of the significant parts of tectonism
in Thailand and is the part of Indochina block. Thailand is a structurally complex region
that has been deeply affected by the Late Cretaceous/Early Tertiary Himalayan
Orogeny. As a distal response to this major mountain building event, Thailand has
developed a numerous of both offshore and onshore Tertiary basins that being
exploited for their hydrocarbon and gas resources. The timing of basin formation and
subsequent inversion is, therefore, of relevance to the petroleum industry for future
exploration.

Khorat Plateau is an area which was affected from the tectonic events that
created many folding structures and faults and exhumed later in Cretaceous and
Cenozoic. Phu Phan Mountain Range which is located in the north-center of Khorat
Plateau, contains plentiful folding like anticlinal and synclinal structure. Besides, the
area has exhumation histories after many uplift events. An apatite fission-track (AFT)
study has been carried out to provide an insight into the timing and mechanism that
drove basin formation during the Tertiary.

Fission track dating is the radiometric dating technique used to understand the
thermal history of the area which was affected from tectonism or burial
metamorphism. This method involves using the spontaneous tracks decay of U-238 in
common accessory minerals to date the time of rock cooling below the closure
temperature (Gleadow et al,, 1986). For fission track dating, the common minerals
which currently use for analysis are apatite, zircon, and sphene (Fleischer and Price,
1964; Gleadow et al., 2002; Tagami et al., 1988) that can be found in the various kinds
of rocks. Generally, they have different temperature of partial annealing, that is to say,
60-120 °C for apatite, 230-250 °C for zircon and 300 °C for sphene.

Carter et al. (1995) is the first person who started investigating the thermal

history of sandstone on Khorat Plateau by using apatite and zircon fission track. His



ZFT study revealed the maximum age of possibly stratigraphic age of Phra Wihan
Formation which ranged from 125 to 160 Ma. However, his AFT study is still going on.
After that, Racey et al. (1997) and Upton (1999) continued studying the AFT in Khorat
Group sandstone, mainly in Huai Hin Lat, Nam Phong, Phu Kradung, Phra Wihan, Sao
Khua, Phu Phan, and Khok Kraut Formation, and some of the granite on the western
edge of Khorat Plateau and northwestern part of Phu Phan Mountain Range.

The studies found that the ages obtained from AFT were younger than their
biostratigraphic age. Therefore, their study was expected that the AFT age should
provide the history of exhumation (uplift and erosion) and contribute the AFT age
range from 31+3 ma from Triassic granite to 84+8 ma from Khorat Group sandstone
with denuded at 45-62m Ma" following 275-440 m of tectonic uplift on Phu Phan
Mountain. Moreover, Carter and Moss (1999) and Carter and Bristow (2003) continued
studying on ZFT dating together with U-Pb zircon dating.

Their studies show the relationship of two methods for providing unique
provenance information in Khorat Plateau where the Khorat Plateau Basin sediments
might have originated from a reactivate event that affected a mature orogenic
hinterland that exhumed slowly and reached shallow crustal levels by the Early to
Middle Jurassic, then exposed to an Early Cretaceous event that invigorated erosion to
create a period of enhanced sediment supply to the basin.

In this study, apatite will be used for fission track dating in order to know the

youngest possible age in Khorat Group sandstone.

1.2 The study area

The location of study area covers on Phu Phan Mountain Range where the
Khorat Plateau, Northeastern Thailand is located. The area under investigation lies
within the latitudes 17°10°03” N to 15°59’41” N and 16°40°16” N to 15°28’51” N and
longitudes 104°00°31” E to 105°38°04” E and 103°36°12” E to 105°13’46” E (black box
in Figure 1.1) which investigates only in Thailand. The study area is approximately 500
km northeast of Bangkok, the capital city of Thailand.



1.3 Objectives

1. To determine ages of apatite fission track dating method and
2. To compare the age obtained from apatite fission track dating results with

the geological events.

1.4 Scope of study

This study is based solely upon the result of the interpreted AFT dating data.
With this result in conjunction with those of the previous studies, Carter et al. (1995),
Racey et al. (1997), and Upton (1999), the tectonic uplift of the study area has been
delineated. Because the stratigraphy of the area under the investigation is complicated
and its ages have not been consensus yet; therefore, in this study, only stratigraphy

used by DMR (1999; 2000; 2001; 2004; 2007; 2008) has been applied.

1.5 Methodology

The methodology of the study is divided into 4 main steps, viz, planning and
preparation of significant data, field investigation, laboratory analysis, and discussion
and conclusion from the results. A flow chart of methodology for this study is

presented in Figure 1.2.

1.5.1 Planning and preparation

The first step involves with data collection in order to contribute preliminarily
available data about the regional study area and to prepare essential data for following
steps. This step includes literature reviews from previous works, finding base maps
(topographic map, geological maps 1:50,000, 1:250,000, 1:2,500,000, and lineament
map), and obtaining the satellite images for selecting the study area and investigating

route condition, and the other related to technical and nontechnical documents.
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Figure 1.1 A simplified geological map of northeastern Thailand based on 1:250,000 geological

map of DMR (Department of Mineral Resources, 2007). The black box is the study area.



1.5.2 Field investigation

This step begins after observing the conditions of study area from the first step.
Basic geological data such as strike and dip angle of bed, cross-bed, rock strata, and
sandstone samples from outcrops at the Phu Phan Mountain Range are collected for

analyses and interpretation.

1.5.3 Laboratory analysis

Laboratory analysis is the third step with the main purpose of collecting
sandstone samples for petrography and apatite fission track dating by Laser ablation
induced couple plasma mass spectrometer (LA-ICP-MS) method following that of
Hasebe et al. (2004), Hasebe et al. (2013) and Donelick et al. (2005). For more detail of

apatite fission track dating procedure is in Chapter 3.

1.5.4 Discussion and conclusion

This stage includes unification of all results, including combining the previous
works of geological structure, stratigraphic columns, paleocurrent data, on the Phu
Phan Mountain Range and apatite fission track data on the whole Khorat Plateau in
order to understand source of rock, the timing and rate of exhumation with geological
structure events of the Phu Phan Mountain Range. Moreover, the previous
geochronological data from apatite fission track dating, Ar-Ar dating, Rb-Sr dating, U-Pb
dating, and U-Th/He dating after the late cretaceous to the present day along the
major fault zone in Thailand are used for interpretation and discussion in order to know

the tectonic implication.
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1.6 Literature reviews

Carter et al. (1995)studied zircon fission track (ZFT) from sandstone in the
western edge of the Khorat Plaeau to know the maximum depositional age of Phra
Wihan Formation, Sao Khua Formation, and Khok Kruat Formation, which contributed
125+18 Ma, 160+6 Ma, and 133+13 Ma, respectively. Therefore, these 3 formations
should be in Early Cretaceous rather than Middle Jurassic that was obtained from
stratigraphy and fossil age. Moreover, apatite fission track (AFT) was performed in Phra
Wihan Formation which provided the ages of 50+5 Ma, 53+6Ma, and 58+5 Ma.

Racey et al. (1997) investigated AFT dating from Phu Kradung Formation, Phra
Wihan Formation, and Phu Phan Formation sandstone of the Khorat Group on the
Khorat Plateau. The burial temperature of the area is above 120°C in 65 - 45 Ma (early
to middle Tertiary) and 50 - 90°C in 35 - 20 Ma (late Tertiary) for the latest cooling
temperature.

Upton (1999) observed the AFT dating from sandstone of Hua Hin Lat
Formation, Nam Phong Formation, Phu Kradung Formation, Phra Wihan Formation, Sao
Khua Formation, and Phu Phan Formation in the Khorat Group. The results, were
interpreted with the data from Racey et al. (1997), provided AFT age range from ~70-
50 Ma (late Cretaceous to early Tertiary) that is younger than depositional age and
stratigraphical age which is the same period of Himalayan Orogeny. Moreover, the rate
of cooling is 1.5+0.5°C per year and the rate of exhumation on western edge of the
Khorat Plateau is 50 — 68 meters per year and 35 — 20 meters per year and the Phu
Phan Mountain Range is 45 — 62 meters per year.

Carter and Moss (1999) acquired the ages of ZFT from Phra Wihan Formation
and Phu Kradung Formation are 114+6 Ma and 141+17 Ma, respectively which
informed the sediment on the Khorat Plateau possibly came from the Qinling Belt and
the large basin parallel to the Mountain Range in the Lasa Plate and Eurasia Plate
collision event during late Jurassic to early Cretaceous.

Carter and Bristow (2003) obtained ZFT age from Phu Kradung Formation
sandstone on the Khorat Plateau equal to 141+17 Ma and 210+24 Ma that are in the

timing of metamorphism of rock. Moreover, the U-Pb zircon dating was performed in



order to know the source of sediment that contributed the age equal to 2,456+4 Ma,
2001+4 Ma, 251+3 Ma, and 168+2 Ma that associated with the age of Qinling Belt in
China.

Putthapiban (1984) reported fission track dating by using apatite, zircon, and
sphene extracted from granitic rock in Phuket area. The fission track ages obtained
from sphene and zircon contributed older ages than fission track age from apatite.
Fission track age of the granite suites range from 57 to 53 Ma. The AFT analysis are
from 3 samples containing sphene, 2 samples for zircon, and 5 samples for apatite. In
addition, zircon fission track age obtained from 1 samples of granite pebble in Permo-
Carboniferous pebbly mudstone is 64 Ma. Furthermore, apatite fission track ages from
granite suites and granite pebble in Permo-Carboniferous pebbly mudstone range from

48 to 43 Ma.



Chapter 2 Geological Backgrounds

This chapter is divided into 3 parts, including physiography, regional structures
and regional stratigraphy. Each part has been compiled using pre-existing data, the

current remote-sensing, and airborne geophysical investigations.

2.1 Regional Physiography

The northeast Thailand (Figure 2.1) is a large area occupying an aerial extent of
about 150,000 sq. km. It is a large plateau with an elevation ranging from 130 to 250
m above mean sea level. To the west of the plateau its physiography is bordered by
the north-south trending Phetchabun Ranges. In the south the plateau is bordered by
San Khampaeng and Phanom Dongrak Ranges with the main area tilting to the north.
Regionally, the Khorat Plateau has the shape like a large basin and is separated by the
long NW-trending Phu Phan Range. The Plateau is also subdivided into 2 sub-basins,
namely Sakon Nakhon basin and Khorat basin (Figure 2.1).

Phu Phan Range

The Phu Pan Range is the long and narrow range almost in the middle portion
of the Khorat Plateau and trends in the NW-SE direction. The range also extends to
Savannakhet and Salavan in southern Lao PDR. Generally, it is a range of hills dividing
the Khorat Plateau of the Esan region into two basins: the northern Sakhon Nakhon
Basin, and the southern Khorat Basin. The Phu Phan Mountains rise above the Plateau
and are not prominent. They straddle most of the Provinces of northern and eastern
Isan, including Khon Kaen, Nong Bua Lamphu, Udon Thani, Sakon Nakhon, Nakhon
Phanom, Kalasin, Roi Et, Maha Sarakham, Mukdahan, Amnat Charoen, and Ubon
Ratchathani province (Figures 2.2 and 2.3).

The highest elevation of the Phu Phan Range is the 641-m high summit known
as Phu Lang Ka. It is located in Nakhon Phanom Province. Other important peaks are
624 m high Phu Mai Hia in Mukdahan Province and the 563-m high summit known as

Phu Langka Nuea in Nakhon Phanom Province.



10

16°F

Phanom|Dangrek|Rangell
SRR

7 ooy

14°

101° 1020 ' 103° 104° 105°
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Figure 2.2 Phu Phan Mountains, Northeastern Thailand have been taken from Wat Tham Kham,
Phannanikhom District, Sakonna Sakon Nakon Province.

(http.//en.wikipedia.org/wiki/Phu_Phan Mountains).

e

Figure 2.3 The Phu Phan Range, and a beautiful lake, Nong Bua Lampu is rich of cultural
attractions. The name Nong Bua Lampu appears in historical records as a rest venue for
the Siamese Army during their march to fight against Vientiane in both the Ayuthaya and

the Rattanakosin eras.
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2.2 Regional Stratigraphy

Northeastern Thailand (or the so-called “Isan” or “Esan” in some literatures)
region is herein called the Khorat Plateau (or Esan) which occupies 200,000 km?, or
one third of the whole country. In general, the topography of the Khorat Plateau
consists of low rolling hills bounded by mountains to the west, south and the middle
of the region (Figure 2.1).

The surface data indicate the most area is covered by the Mesozoic sequence
(the Khorat Group). Only the western rim, the outcrops, consists of Triassic (Huai Hin
Lat Formationor Kuchinarai Group) and Permian rocks (Saraburi Group). The Khorat
Group is a greater thickness unit, which is also found the continental sediments. The
Huai Hin Lat Group is the fluvio-lacustrine clastics sediment, which seal the Triassic
half-graben. The Kuchinarai Group is defined for the fluvio-lacustrine sediments, which
deposited in the Triassic half-graben. The Saraburi Group comprises the sediments of
shallow to deep marine depositional environments during the Permian (Figure 2.6 and
2.7). Figures 2.4 and 2.5 displays a geological map in the area of Khorat Plateau.

An unpublished report by Department of Mineral Resources (1999) on the
petroleum potential assessment of northeastern Thailand divided the Mesozoic thick
sedimentary pile of the Khorat Plateau region into 6 main groups or mega-sequences
(Figure 2.8, 2.9 and 2.10).

The stratigraphic divisions are based almost entirely on bounding major
unconformity surfaces and may be referred to as the tectono-stratigraphic units. The
six groups are as follows:

Group VI Post-Himalayan Mega-sequences: Tha Chang Formation.

Group V Pre-Himalayan Mega-sequences: Phu Tok Formation, Maha Sarakham
Formationand Khorat Group.

Group IV Pre-Indosinian Il Mega-sequences: Huai Hin Lat Formation.

Group Il Pre-Indosinian | Mega-sequences: Saraburi Group and Wang Saphung
Formation.

Group Il Pre-Variscan Mega-sequence Pak ChomGroup.

Group | Pre-Caledonian Mega-sequences: Na Mo Group.
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2.2.1 Na Mo Group

The Na Mo Group forms the metamorphic basement exposed in the Loei area,
on the northwestern margin of the Khorat Plateau. It consists of low grade
metamorphic rocks of the upper greenschist facies (phyllite, chlorite and pelitic schist,
metatuff, and quartzite). The metamorphism is dated stratigraphically as resulting from

the pre-Late Silurian (Caledonian) Orogeny.

2.2.2 Pre-Mesozoic Sequences

2.2.2.1 Pak Chom Group

The Pak Chom Group consists mainly of shallow marine sediments of diverse
lithologies (such as limestone, greywacke, shale, conglomerate, and tuff). The Pak
Chom Group unconformably overlies the Na Mo Group. It contains a prolific fauna
indicating ages ranging from the Late Silurian to Serpukhovian (Early Carboniferous see
Workman, 1975). The Pak Chom Group can be frequently detected in the subsurface

below the Variscan Unconformity on seismic profiles.

2.2.2.2 Saraburi Group

The Saraburi Group can be subdivided into 4 units (in descending order): the
Pha Dua, the Hua Na Kham, the Pha Nok Khao, and the Nam Duk Formations. These
formations are partly coeval and represent sediments deposited in different
environments ranging from delta plain, shelf platform, to deep basin.

The Pha Dua Formation consists of thin-bedded fine grained clastic sequence
with dark shale and siltstone.

The Hua Na Kham Formation consists of intercalated light and dark gray
siltstone, sandstone, claystone, and limestone.

The Pha Nok Khao Formation consists predominantly of massive to thick-
bedded gray limestone and dolomite, and thin-bedded gray shale and black, nodular
or thin-bedded chert may occur locally.

The Nam Duk Formation consists mainly of pelagic shale, clastic turbidites, and

thin- bedded allodapic limestone.
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2.2.2.3 Wang Saphung Formation

The Wang Saphung Formation conformably underlies the massive Permian Pa
Nok Khao Formation. It has been informally called the “Lower Clastics” of the “Ratburi
Group”. It can be delineated from the seismic profiles and commonly occupies a
section between the base of the Pha Nok Khao Formation and the Variscan
Unconformity. In the Loei area the Wang Saphung Formation unconformably overlies
the Pak Chom Group in outcrop. Subsurface data on seismic profiles reveal that the
base of the Wang Saphung Formation is marked by a major unconformity above either
the Pak Chomor economic basement (metamorphic rocks). The Wang Saphung
Formation consists largely of siliclastics (mainly conglomerate, shale, and sandstone)
interbedded with limestones and volcanic rock.The rocks of this group are well

exposed in the northwestern margin of the Khorat Plateau.

2.2.4 Huai Hin Lat Formation

Rocks of this mega-sequence unconformably overlies those of the Wang
Saphung Formation. It is (the Huai Hin Lat Formation) unconformably overlain by mega-
sequences of the Khorat Group. It consists mainly of clastics with minor intercalations
of limestones and has been called the “Huai Hin Lat Formation”. Its age is Late Triassic
based on invertebrates, vertebrates and plant fossils. Data from drilling wells in the
northern Khorat Basin by oil companies indicate that the Huai Hin Lat Formation
contains two intraformational unconformities. Hence the formation is raised to the
Group status for subsurface workers and for oil companies. Three formations which are
almost equivalent to the Huai Hin Lat Formation are also recognized. They are Phu
Lop Formation, Phu Phra Formation and Mukdahan Formation.

The Phu Lop Formation consists mainly of siltstone sand shale, with a few
sandstones. The interpretation of seismic profiles in the Phu Phra area indicates that
the Phu Lop Formation overlies the undifferentiated unit of Phu Phra and Mukdahan
Formations. The Phu Phra Formation consists predominantly of dark shale with minor
amounts of sandstones and siltstones. The fine-grained sediments show varves, coaly

plant remains, ripples and occasional sand-filled mud-cracks.
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The Mukdahan Formation is considered to be the basal unit of the Huai Hin Lat
Group. It consists largely of green to greenish gray volcanogenic sandstone and poorly
sorted sandy conglomerate with intercalations of green siliceous tuff and tuffaceous

shale.

2.2.5 Khorat Group

The Mega-sequence or the more famous name “the Khorat Group” consists of
thick sequences of sedimentary units between the Indosinian Il and the Himalayan
Unconformity. The Himalayan Orogeny which caused the major unconformity in
Northeastern Thailand is dated as Late Cretaceous to Miocene. The Pre-Himalayan
Mega-sequence overlies the Pre-Indosinian Il or older Mega-sequences. It comprises
the Khorat Group, the Maha Sarakham Formation and the Phu Thok Formation
respectively in ascending order. The total thickness of the Pre-Himalayan Mega-
sequence is over 5,000 m.

The Khorat Group has been interpreted to represent Mesozoic non-marine
deposition in an intracontinental basin, during a period of thermal subsidence that
followed rifting and sediment deposition of Triassic rocks. Six formations constitute the
Khorat group. It is estimated by DMR (1999) that the total original thickness is about 5
kilometers. The formations, from base to top, are the Nam Phong, Phu Kradung, Phra
Wihan, Sao Khua, Phu Phan, and Khok Kruat Formations.

The Nam Phong Formation is characterized by thick to massive resistant beds
of reddish brown sandstone, conglomerate and interbedded shale and reddish-brown
claystone. It was deposited by meandering rivers with associated floodplain and over
bank deposits. The age of this formation is Rhaetian (Upper Triassic). The thickness is
100-1,500 meters.

The Phu Kradung Formation is composed of reddish to grey or white thick bed
calcareous mudstone/siltstone, limestone, high radioactive reddish-brown claystone,
siltstone and sandstone. Its paleoenvironment is interpreted as deposition in a
meandering channel system environment. The age of this formation is Middle Jurassic

to Upper Jurassic. The thickness is 800-1,200 meters.
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The Phra Wihan Formation is composed of white, thick and massive bedded,
arkosic to orthoquartzitic and cross-bedded sandstone, interbedded with reddish
brown and grey claystone. Small quartz and chert pebble oriented along cross bedding
and bedding plane are normally found in the upper- most part of the formation. It was
deposited by an extensive semi-distal braided river system. The age of this formation
is Upper Jurassic to Lower Cretaceous. The thickness is 100-250 meters.

The Sao Khua Formation consists of reddish brown and greenish grey claystone,
siltstone, sandstone and calcareous caliche-siltstone-pebble conglomerate. The
depositional environment was a flood plain associated with low energy meandering
system. The age of this formation is Lower Cretaceous. The thickness is 200-760 meters.

The Phu Phan Formation is characterized by thick-bedded, and cross bedded
conglomeratic sandstone, yellowish grey to pinkish grey sandstone interbedded with
siltstone and shale. The depositional environment of the formation is interpreted as
strong, low-sinuosity braided river system. The age of this formation is Lower
Cretaceous. The thickness is 80-140 meters.

The Khok Kraut Formation comprises fluviatile red bed, sandstone, siltstone,
claystone and interbedded conglomerate. The depositional environment of the
formation was the flood plain with interbedded low energy meandering river. The age
of this formation is Upper Cretaceous. The thickness is estimated to be within the range
of 430-700 meters.

The Maha Sarakham Formation overlies the Khok Kruat Formation with a very
sharp boundary at the bottom of the basal anhydrite (Hite and Japakasetr, 1979). The
Maha Sarakham Formation is preserved within the northern Sakon Nakhon Basin and
the southern Khorat Basin. The two basins are separated by the Phu Phan Range. The
Formation averages 250 m thick at the type locality (Gardner et al., 1967). The
sequence comprises claystone, siltstone, and three rock salt beds; the Lower, the
Middle and the Upper salt members which are the main sources of soil and
groundwater salinization in the Khorat Plateau (Figure. 2.10). Most of the current
margins of the basins are dissolution, as are the upper and lower contacts of the salt
units (Warren, 1999). Salt domes and salt anticline of the Maha Sarakham Formation

occur in several places.
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The Phu Tok Formation consists mainly of massive red sandstone with very
large cross-beds interbedded with channelized fine-grained, red to purple sandstone

and siltstone with red clay horizons.

2.3 Regional Structures
2.3.1 Reviews on tectonic structures

Major structural elements of the Khorat Plateau Basin run almost parallel to
the sutures at the northern and western margin of Indochina. Northwest-southeast
trending inversions such as the Khammouane and Namleuk Uplifts of the Phu Luang
Terrane or (Annamictic Fold Belt) in Laos and Phu Phan Uplift in Thailand (Figure 2.11)
are parallel to the Song Masuture to the north (see Figure 2.12). This trend
predominates in the central and eastern parts of the basin and controlled extensional
and flexural depocenters since the Devonian (at least) and into the Late Triassic. It is
alsocontrolled by compression-related deformations and wrenching up the Early
Cenozoic. The N-S trending Phetchabun Foldbelt is associated with the Nan-Uttaradit
suture in the west, which is highly tectonised and eroded. N-S trends have been
reported in the Devonian (Chairangsee et al., 1990), and control the Permian Nam Duk
Basin in the west of the Phetchabun Fold Belt. Kozar et al. (1992) shows this trend to
control basin development during the Late Carboniferous to Permian times. There is
evidence that structures seen at the surface in the Khorat Plateau Basin are basement
controlled. The density of faults affecting the Cretaceous sediments is much lower
than the density offaultsseen both onseismic sections and in outcrops of basement
around the basin margins. Satellite imagery clearly shows that theCenozoic faults have
inherited their orientation fromthe pre-existing structural grain.

Chuaviroj (1997) interpreted lineations of the Khorat Plateau from Landsat TM5
imagery as displayed in Figure 2.13, and he also suggested 3 deformations of the
Mesozoic rocks as briefly explained below.

- F1 is the oldest deformation with N-S fold axes trends inherited from the
suturing of Shan Thai to Indochina. It is possibly Late Cretaceous in age. This trend is

seen at Phu Luang (Loei) and Phu Wiang (Khon Kaen).
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Figure 2.11 Surface geological elements of the Khorat Plateau and hydrocarbon discoveries (after

Smith and Stokes, 1997)
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- F2 resultedfromthe collision betweenindia and Eurasia and produced the Phu
Phan Range. The NW-SE trend was interpretedas the consequence of NE-SW
compression. This trend is seen at The Phu Wiang Syncline, the Si Saket Syncline, the
Khon Kaen Syncline, and the Ubon Anticline.

- F3 was probably produced during the later stages of the Himalayan Orogeny,
which caused up-doming in the Neogene/Pleistocene. Compression was believed to
be NW-SE causing the axes of F3 folds to be almost parallel to the Kumpawapee

Syncline.

2.3.2 Regional structures based on previous remote-sensing interpretation of the

Khorat Plateau

The Khorat Basin is covered most of the northeastern Provinces of Thailand
except Loei Province and also extends into Laos covered Vientiane and Suvan-nakhet.
Phu Phan Mountain Structural Domain is NW-SE trending sub-basin, elongated,
most of the basin is confined in Thailand, and only the southeastern end is extended
into Laos PDR at Muang Tha Khek. The northeastern flank is followed the Mae Khong
River. The basement of basin is formed as a half garben with boundary fault along Mae

Khong River.

2.3.3 Regional structures based on airborne geophysical interpretation of the

Khorat Plateau

The RTP magnetic map of Phu Phan Mountain shows circular and flat magnetic
features and general high magnetic response (Figure 2.14 and 2.16). Rose plots
deduced from the RTP magnetic map shows the NW-SE trending structure as the major
structure (Figure 2.16) in Mukdahan area. The NW-SE trending structure is interpreted
to have both dextral and sinistral fault movements (as shown in Figure 2.16) in SW of
Sakon Nakhon Province. The NW-SE structure is cross-cut by the NE-SW sinistral and
dextral fault well presented in N of Kalasin Province and S of Mudahan Province.
Therefore, the NW-SE trending structure is represented as major structure and oldest

structure in the area.
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Thailand (Chuaviroj, 1997).
In summary, based on magnetic data interpretation, the sequences of

structures in Mukdahan area can be visualized from older to younger. Major NW-SE

trending sinistral and dextral faults may have occurred first and predate the NE-SW
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trending dextral and sinistral faults, respectively. Gravity data (Figure 2.17) shows a
circular feature with high intensity in the NW of area and moderate intensity with flat
gravity feature in the SE of the area. Major structure is represented by the NW-SE
trending structure based on magnetic data. Radiometric data interpretation map (Figure
2.18) shows high intensity and major NW-SE trending surface structure in Mesozoic

rocks and conformable with the deep structure interpreted from the magnetic data.
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Chapter 3 Apatite fission track dating

3.1 Introduction

Apatite fission track (AFT) dating is a method of the low-temperature
thermochronology that has been widely used for constraining low-temperature
thermal histories over four decades ago The application of the method is to investigate
the history of many igneous, metamorphic, and sedimentary rocks in an extensively
range of geological setting, such as the orogenic belt, rifted margins, faults, sedimentary
basins, cratons, and mineral deposits, for solving the geological problems that are
provenance studies, rates of tectonic events, thermal history analysis in sedimentary
basins, sedimentary basin evolution, the timing of hydrocarbon generation and ore
mineralization, the absolute age of volcanic deposits, the effects of major climatic
changes on the near-surface geothermal gradient, long-term landscape evolution,
evolution of orogenic or mountain belts, and applications in non-orogenic settings.
(Donelick et al., 2005; Gallagher et al., 1998). Naeser (1967) and Wagner (1968) provide
the first basic procedures of AFT-dating and later, this technique has been exceeding
developed. While mentioning the history of technique, this review will discuss on the

latest method.

3.2 Track formation

The method of AFT dating is hinged mainly on the fission track accumulation
in the crystal lattice composed of apatite crystals. Fission track is one type of ion tracks
(commonly known as damage trails) which were induced by penetration of swift heavy
ions through solids. In general, there have been many literatures which contains several
models to describe ion track formations including fission tracks. For example, the ion
explosion spike model of Fleischer et al. (1975) (Figure 3.1) illustrated the electron
collision cascade model and the thermal spike model. During spontaneous radioactive
228 nuclei fission, the atomic structures cause its fission to be unstable and produce
two highly charged heavy particles which approximately emit 200 MeV (milli-electron

volt) of energy in the movement of the two fragments (Friedlander et al,, 1981).
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Charged particles are recoiled because of Coulomb repulsion and stripping electrons
(ionization) away transpire in order that the interaction with other atoms will be
happened in the crystal lattice which result in further deformation because of repelling
each other of ionized atoms in the lattice (Gallagher et al., 1998) (Figure 3.1). In parallel,
this interaction and the electron capturing lead to the loss of kinetic energy and
therefore the particles cease moving and leave the obvious defects in the crystal

lattice technically termed fission tracks (Gallagher et al., 1998).

(b)

Figure 3.1 Picture showing three major stages of ion explosion spike conducted by Fleischer et al.
(1975). (a) The highly charged fission fragment ionizes lattice atoms along its trajectory. (b)
Electrostatic repulsion causes displacement of lattice atoms along fragment path. (c) The
matrix is strained elastically in proximity to defects and defect clusters. Some of the

relaxation takes place in the lattice.

The defects approximately vary from 3 to 14 nanometers (nm) in width (Paul
and Fitzgerald, 1992). Chemically etching is operated on apatite grain surfaces in order
to see these defects under an optical microscope (Figure 3.2). In this study, the etching
“recipe” of Carlson et al. (1999), which consisted of 5 mol of HNO; for 20.0s (+ 0.5s)
at 20°C (= 1°Q), is used to etch fission tracks, as most modern fission-track annealing
protocols are calibrated against this and similar etching protocols (Ketcham et al,,
20073, b; Ketcham et al., 1999). Fission tracks in apatite were etched up to 16.3 um
long and ~2 um wide (Fleischer et al., 1975) and can be petrologically detected under
a microscope at high resolution. On account of far fewer spontaneous fission reactions
with time of ?*°U and ?°2Th; therefore, their contribution to the density of total

accumulated fission track in a mineral can be ignored.
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3.3 Track counting

The AFT ages of the samples are determined by counting the spontaneous
tracks within an area. The measurement is carried out with the optical microscope
(Eclipse E600, Nikon) at a magnification of 1000x (10x eye piece and 100x objective
lens magnification). The software used for observing track is NIS-Elements Microscope
Imaging Software.

First step, the surface area wherein the fission tracks are counted is known.

Apatite grains has to be at least 40 pm in diameter to avoid measuring too close to

the rim as the outermost 10 pum represent a transition zone from 27T geometry to 47T
geometry and the cracks or lots of defects with in crystal. Furthermore, the counted
area or the region of interest (ROI) (Figure 3.2) should be selected carefully to the
spontaneous track distribution which should not be defined an area of high
spontaneous track density within a crystal. The apatite grain should have the
distribution of uranium is homogeneity within grain (Donelick et al., 2005) and to
simplify a 20 um laser spot. Importantly, the counted area should be clear as possible
to avoid misinterpretation of defects, such as inclusions and cracks hamper the track
counting. The ROI should be representative of the spontaneous track density of the
entire crystal or a large area within the crystal (Figure 3.2). In case of 20 um spot size
of LA-ICP-MS is not located perfectly, caused of minor stage shift on laser ablation
system, it still yields a representative uranium concentration of counted area.
Therefore, the counted area and beamed spot position need to be considered. Any
confined tracks show in the counted area also counted.

A total of 100 confined tracks were aimed. If confined tracks were not reached
to 100 tracks, more examine on c-axis would be required. Detailed of track length
measurement is in section 3.5 The laser ablation is a destructive method. Therefore, it
might be important to reinvestigate the counted grain in the even that grains yield

anomalous AFT age.
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Track entrance pit

Confined track

Region of interest

Figure 3.2 Schematic image of a polished and etched apatite crystal. Red line indicates the region

of interest or the area counted for AFT analysis (Doepke, 2017)

3.4 Thermal annealing of fission tracks

There are three successive annealing behavior of the spontaneous fission of
28 results that effect to the crystal lattice in apatite that can be repaired (or annealed)
at temperatures above the closure temperature.

The first zone is above ~120°C (on average), all spontaneous fission tracks
anneal rapidly and are removed over geological timescales (Figure 3.3). For cooling
temperature below 120°C, the spontaneous tracks in crystal lattice become short and
annealing of tracks is slower than the track forming. These new tracks are also subject
to shortening until the sample cools below the lower limit of the zone of track
annealing at ~60°C (Gleadow and Duddy, 1981). This zone between ~60 — 120°C where
shortening of fission tracks takes place is termed the “partial annealing zone” or PAZ
(Wagner, 1979). The last zone below ~60°C are nearly unaffected by partial annealing
(Figure 3.3). Nevertheless, Green (1988) recognized a systematic length of track, it is
difference between natural occurring fission tracks and fresh or latent fission tracks
(induced tracks produced in a nuclear reactor) which are usually 1 to 1.5 pm longer.

Induced tracks in apatite are typically 16.3 + 0.9 um long (Fleischer et al., 1975) while
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spontaneous tracks rarely surpass 15 pm (Green, 1988). This shortening clearly indicates
that some annealing occurs between ~60°C and surface temperatures over geological
time scales (Gallagher et al., 1998).

Moreover, the behaviour of track annealing in apatite also depends on
chemical composition and crystallographic orientation (Donelick et al., 2005; Gallagher
et al., 1998). The most common variety of apatite in the crust is near end-member
fluorapatite (F- rich). However, there are two different kind of apatite that are
chloroapatite (Cl- rich) and hydroxyapatite (OH- rich). F- can be substituted by other
anions such as Cl- or OH-. Generally, Chlorine-rich apatite is the most resistant to
annealing than pure end-member fluroapatites (Barbarand et al,, 2003a; Donelick,
1991; Donelick et al., 2005; Gleadow and Duddy, 1981; Green et al., 1986; O'Sullivan
and Parrish, 1995). Thus, chlorine content (Cl wt%) is very important for annealing
behaviour of apatite and has implications for the resultant thermal history models
(Donelick et al., 2005). Other chemical compositions Ca within the apatite crystal lattice
such as Mn, Sr or coupled substitutions of Ca with the rare earth elements (REE) or P
with Si are less prevalent and their role in the annealing behaviour is less well
understood and not included in any annealing models thus far (Barbarand et al., 2003a;
Barbarand and Pagel, 2001; Bergman and Corrigan, 1996; Brown et al., 1994; Crowley
et al,, 1991; Gallagher et al., 1998; O'Sullivan and Parrish, 1995; Ravenhurst et al., 1992;
Spiegel et al., 2007)

Other factor that effects to the annealing behaviour of apatite is the
crystallographic orientation. The process of etching and annealing in apatite crystal is
anisotropic in relation to their crystallographic orientation (Donelick, 1991; Donelick et
al., 2005; Ketcham et al., 2007a). Tracks which are parallel to the crystallographic c-
axis commonly etch faster than tracks perpendicular to the c-axis (Gallagher et al,,
1998), whereas annealing of tracks parallel to the c-axis is slower than tracks
perpendicular to the c-axis (Green et al., 1986). Therefore, the suitable apatite grains
for AFT analysis (both fission-track age and track-length determinations) should be

parallel to the crystallographic c-axis (Figure 3.4).
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Figure 3.3 Schematic diagram showing three successive annealing behavior zone of apatite fission

1} 1

tracks with temperature. Above 120°C the fission tracks will completely anneal. Between
120°C and 60°C the fission tracks will partially anneal (PAZ: partial annealing zone) resulting
in the tracks shrinking by time and temperature. The higher temperature, the track become
shorter. And below 60°C the tracks are nearly “frozen”, which means partially annealed

tracks (short tracks) and newly formed tracks were kept their initial length (Doepke, 2017).

3.5 Track length measurement and distribution

AFT dating provides an AFT age and the distribution of a fission-track length
(TLD) which importantly documents the cooling historic progression of a sample
through the PAZ. AFT system’s ability can provide continual thermal histories which
can be regarded as a major advantage over other radiometric dating methods and also
provide an age of cooling below their consecutive closure temperatures. The
distribution of the track length contains “confined tracks” which are completely
etched fission tracks beneath the crystal surface and horizontal to the polished surface
(Bhandari et al., 1971). They are intersected by other etchable features such as other
fission tracks or defects (Donelick and Miller, 1991) which penetrate the surface and
thus act as conduits for the etching acid to penetrate and etch the confined track

(Figure 3.4).



37

Only confined tracks which are approximately within +10° of the horizontal of
the polished surface should be measured (Donelick, 1991). The ratio of the measured
(apparent) confined track length to the true confined track length is equivalent to the
cosine of the angle of the confined track makes to the horizontal polished surface.
Cosine (10°) equals 0.985 (i.e. close to unity) and thus within the measurement
uncertainty of a single fission-track length (Donelick, 1991; Donelick et al., 2005).

In this study, the Pythagorean theorem (a+b? = ¢?) is used for measuring length
of incline or decline confined track to the surface, where a means the measured length
of the track parallel to the polished grain surface, b refers to the vertical distance from
tip to tip of the inclined fission track and c indicates the true length of the confined
track (Figure 3.4). Length b is determined by focusing on the tip ends and using the
vertical difference in stage heights recorded by the microscope and also takes into
account the refractive index of apatite.

Only confined tracks which are fully etched with both ends clearly visible
should be measured. In addition, there is two different types of confined tracks; TINTs
(Track IN Track) which are intersected by another fission track and TINCLEs (Track IN
CLEavage) which are intersected by defects called (Donelick and Miller, 1991).
Generally only TINTs should be included within the distribution of track length because
TINCLE tracks can display abnormal annealing behavior (Barbarand et al., 2003b;
Donelick et al., 2005). There is only TINCLE tracks which can be measured under certain
circumstance and can be measured if it was intersected by a polishing scratch mark.
Therefore, there was no reason to believe that the TINCLE track would have either
annealed abnormally or that the confined track had opened up by movement on a
cleavage or fracture plane. Furthermore, the number of TINCLE tracks is typically very
small per sample (less than 3), indicating that exclusion would not materially change
the distributions of track length.

At least 100 track lengths should be measured for statistically viable TLD data.
Nonetheless, as explained in Section 3.4, the annealing and etching behavior of fission
tracks are dependent on the orientation to the crystallographic c-axis. Confined tracks
at the high angle to the c-axis anneal faster than tracks parallel to the c-axis. In order

to receive cooling data from the TLD, it is essential that the track length is independent
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of the annealing behavior and therefore only tracks with nearly the same
crystallographic orientation (+15° by convention; Gallagher et al., 1998) should be
measured for individual sample. Nevertheless, it is very hard to probe the number of
tracks with the same orientation, thus a transformation of randomly oriented tracks to
their equivalent “projected” track lengths parallel to the c-axis is undertaken (Donelick,
1991; Donelick et al., 2005). The use of projected track lengths productively raises the
number of tracks with the same orientation and the projected track-length algorithm
is included in the annealing model of (Ketcham et al., 2007b) which is used in this

study.

Confined track with an angle >10°
to the polished surface

" Confined track parallel
to polished surface

Pythagorean theorem

Figure 3.4 Determination of confined track lengths making an angle of >10° to the counting surface

(Doepke, 2017).

For each AFT sample, | attempted to count at least 100 confined track lengths
and subsequently plot them in a histogram with 1 um intervals (Figure 3.5). The TLD
is usually biased towards the longer tracks because (1), longer tracks have a higher
probability of being intersected by a track connected to the surface and (2), longer
tracks are easier to detect than short tracks. However, the TLD still contains more
detailed information about the thermal history of a sample than nearly all of the other

thermochronometers (Laslett et al., 1987).
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The crucial parameter controlling the distribution of track length is the cooling
rate as passing through the PAZ (Figure 3.5). Samples entered the PAZ at the same
time, but cool at different rates will be recorded a different TLD and a different age.
For instance, a sample passing very quickly through the PAZ (high cooling rate) will
have a narrow TLD and a long mean track length (MTL) (Figure 3.5a), whereas samples
that cool slowly through the PAZ (low cooling rate) will exhibit a broad TLD skewed
towards long track lengths with a long tail of short tracks (Figure 3.5b). A bimodal TLD
might indicate a reheating event into the PAZ after the sample has already cooled
below ~60°C (Figure 3.5¢) or a change in the cooling rate while the sample was still in
the PAZ. This last example also reveals that thermal histories based on TLDs are non-
unique. Several different cooling histories through the PAZ could yield similar TLDs
and without additional information which is impossible to determine that which one

is the most realistic cooling history.

3.6 Dpar parameter

The kinetic parameter Dpar is the etch-pit figure of fission tracks intersecting
the polished surface of an apatite grain measured parallel to the crystallographic c-
axis (Donelick et al., 2005). Dpar is the length which is measured from tip to tip of the
hexagonal shaped etch figure (Figure 3.6). Under sturdily controlled etching conditions,
Dpar represents an independent parameter for the annealing behaviour of apatites
and is commonly used in annealing models for thermal modelling such as in QTQt
(Gallagher, 2012) and HeFty (Ketcham, 2005). Dpar typically correlates positively with
Cl wt% and OH wt% and negatively with F wt%. Nevertheless, it is not a proxy for Cl
content in apatites, the reason is, the geometry of Dpar is not only dependent on the
CUF ratio, but includes a number of chemical compositions and potentially some other
variables as yet not fully investigated (Donelick, 1993; Donelick et al., 2005).

A relatively low value for Dpar (<1.75 Jlm) shows fast annealing and can be
considered a near end-member fluorapatite whereas apatites with Dpar with high

values (>1.75 Jm) usually anneal slower (Carlson et al., 1999).
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Figure 3.5 The time-temperature graph showing three possible paths resulting in three different
track length distributions as shown at the bottom of figure. A: The narrow track length
distribution indicates a rapid cooling of the sample through the PAZ. B: A wide distribution
indicates slow cooling through the PAZ. The bimodal distribution indicates reheating of the
sample into the temperature range of the PAZ. The pre-existing length population gets
annealed and shortened while a younger track length population forms, recording the

recent cooling path (Doepke, 2017).
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Figure 3.6 A photograph showing nature of apatite tracks and with their etch pit entrance diameter

(Dpar).

3.7 Types of fission track dating method
3.7.1 External detector method (EDM)

The application of the AFT method was being developed in the early 1980s. In
that time the instrumentation was absent. Determining amount of “**U in the analyzed
crystal was used in a novel approach which is called as the external detector method
(EDM) (Green and Hurford, 1984; Hurford and Green, 1982) which placed the polished
grain surfaces of the counted apatite crystals in the close contact with low-U bearing
“detector” mica, and bombarded with thermal (slow-moving or low-energy) neutrons
in a nuclear reactor (Figure 3.7). This influences on fission of *>’U in the apatite lattice,
whereas “®U induced fission is impossible because the energy emitted by 238U
thermal neutron bombardment is less than the critical energy. Induced fission of *°U

atoms in half of a track length of the apatite grain surface can be registered in the mica
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detector. The content of induced #°U on the mica and the 238U content tracks can
be associated by employing the natural “®U/?**U ratio of 137.88 (Steiger and Jager,
1977).

The induced track density (P) is balanced to “**U content in the apatite, the
neutron flux per unit volume (@) from the irradiation and the thermal neutron fission
cross-section of ?°U (O = 580.2 x 10-24 cm-2; Green and Hurford, 1984; Hanna et al,,

1969) and can be computed by using Equation 3.1.

Pi = q235U¢0 Equation 3.1
where q indicates a plane lined through a given volume where the induced fission
tracks are counted (Galbraith, 2005). The neutron flux in the research reactor can be
modelled by determining the place of dosimeter glasses (of known U content) in
contact with low-U micas in the reactor which are in turn interspersed with the apatite
samples (Hurford and Green, 1982). The neutron flux in the time of each irradiation
duration is stable, as a consequence it is possible to compute “**U content in a sample

by using Equation 3.2.
235y _ Pi235];

sample o glass Equation 3.2
where Py indicates the induced track density in a standard (dosimeter) glass of known
U concentration and #**U glass is the *°U concentration in the dosimeter glass.

By applying the natural °U/?*°U isotope ratio to the **’U concentration in a
sample, it is possible to determine the U concentration and can calculate the AFT
age with the EDM method (tEDM) using Equation 3.3.

tepy = lin (1 2 ps(pmg)
A Afission  Pi
where “I” refers to the ?°U/*"U isotope ratio (7.253 x 10°°; Galbraith, 2005), O is the

Equation 3.3

thermal neutron fission cross-section (Hanna et al., 1969) and ¢ means the geometry
factor representative of a 2TT (g=1) versus 4TU geometry (¢=0.5 in equation 3) caused
by polishing into the apatite grain (Figure 3.2). Thus, the counted surface within the
apatite (4TT geometry) contain spontaneous tracks descent from #**U fission from both

sides of the counted grain surface, but induced tracks are obtained from the side of
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the apatite in contact with the external detector mica only (Figure 3.7) (Donelick et al.,

2005; Gallagher et al., 1998; Green and Hurford, 1984).

Evaluating Equation 3 unveil some complexity in terms of calculating the AFT

age with the EDM because some parameters are subject to analytical bias and the

accuracy value for spontaneous fission decay constant (Afission) is not certain.

Consequently, a calibration factor is used to the AFT age equation, known as the zeta-

calibration factor (C), which is described below.

3.7.2 Apatite fission track age determination via LA-ICP-MS

Principally, AFT dating used LA-ICP-MS need the same parameters as the EDM

to compute the age are:

(1
(2)
(3)

the #°U content per unit area
the content spontaneous fission tracks per unit area,

the decay constant of “°U (Table 3.1) and modified zeta calibration

factor.

In any case, using laser ablation by passes the requirement to determine the

induced track density and instead directly measures the **U/**Ca ratio which replace

the induced track density (Figure 3.7). Equation 3.4 is the age calculation for a single

fission track age using the LA-ICP-MS method:

1 pi .
t; = P In (1 + ApQuys ;]]) Equation 3.4

where,

Ly is FT age of the ™ grain;

Pjis the spontaneous FT density at the observed surface of the ™ grain
Nj

(Lm™), calculated as — ;
4j

Nj is the number of spontaneous tracks counted for the j grain in a

counted areg;

Aj is the counted area for the " grain (cm?);

Ap is the total decay constant of %8U (1.552 x 10-10/yr, Jaffey et al., 1971);
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- M is the ratio of mass of uranium divided by internal standard (**Ca) of
the unknown sample and mass of uranium divided by internal standard
(¥Ca) of the external standard (NIST SRM610 glass), calculated as
(238Uj) / (238Uexist—j) |

43Caj 43C“exist—j ,

- exist — j denotes the value for the external standard to the j"

measurement of the unknown sample; and
- ZMS represents the adjusted calibration factor zeta for conventional U

concentration measurement by LA-ICP-MS which is calculated in Equation

3.8

The error of the grain age ( O j) is given by Equation 3.5.

2 2

1 Om; (o]

oj =1t |—+ <—]) + (ﬂ) Equation 3.5
N; m; {Ms

Where

- O'mj is uncertainty in the LA-ICP-MS signal intensity (or intensity ratio)
related to 2*®U concentration and

- O¢yg is the uncertainty in (M.S“

The abundant **°U is determined by employing the depth-weighted ***U/43Ca
ratio measured by LA-ICP-MS spot analysis in order that the #*®U/*Ca contents in
contact with the surface of grain (which contributes more fission tracks to the
spontaneous track density) are weighted more heavily than “**U/**Ca content at depth.

The depth-weighted *°U/**Ca ratio is computed during the step of data
reduction in lolite, but is imperatively relied on the rate of ablation, which is computed
from the depth of ~16 um laser pit (as determined by in-house measurement after
ablation) and the settings of laser (295 shots of the laser in 45 seconds) and the
dimensions of the laser spot which is half a sphere obtained from the 20 pm laser spot
size and ~16 um pit depth (Figure 3.8). Because the depth-weighted “*®U/*Ca ratio is
merely determined for the laser spot position, hence it is necessary to intimately

match the laser spot position to the counted area (Aj). Otherwise, probable variations
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in the #*®U/*Ca ratio (e.g. zonation in the apatite grain) might have an influence on the

computed AFT age.

AN v~ ’\)‘
G Isotope THE 35 \.' Accumulation of
X W [ £ _.i'i’, spontaneous tracks
—=@— 7| |sotope which produced /,/ ‘/.\"‘ ton
spontaneous track
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——=1_F— ""U Isotope where CSNC P75 S ¥\ ] . )
fission was induced ) s Polished apatite grain
/’/ ,’ J *4‘; * 5
‘Sl Etched track
> il tched spontaneous tracks
Confined lracks/' 27T geompeotry
No furth ti AR O “L\A-v I [ NN\ P/ OLA» ‘){] External detector (mica)
o er preparation - b i o - O =" X : :
needed for LA-ICP-MS = ,..,/ " ‘J’ o t ~ /l-/ / u *‘{.; f y 94 attached to apatite grain
I | Thermal neutron irradiation
Apatite grain blasted SN gy S A ‘T)Z:, T—_— I Induced tracks registered
patite grain blaste: - or 2 D IVA.N et :
i ke /'/, i O~ /;; *’Jd{—-ﬁ"* S in external detector
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[ 7 M (S \
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with an ICP-MS o, "_, ~/ §5 =% the detector etched

Mirror image Top view of several
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External detector (mica) showing Mount with several apatite grains
induced tracks,white dashed line parallel to c-axis with visible
defines the grain outline spontaneous tracks

Figure 3.7 Schematic diagram showing the preparation of an apatite grain for AFT analysis via the
external detector method (Hurford and Green, 1982) and the LA-ICP-MS method (Doepke,
2017).
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Table 3.1 Decay constants of the U-Th-Sm decay systems employed in low-
temperature thermochronology (Friedlander et al.,, 1981; Jaffey et al., 1971;
Lederer et al., 1967; Steiger and Jager, 1977; Wagner and Van den Haute, 1992).

Isotope Decay Constant (yr™)

2y 1.552 x 10-10 yr'* (Q0)

~7.5x10-17 yr" (sf)

U 9.848 x 10-10 yr' (QU)
22T 4.947 x 10-11 yr* (QU)
*Sm 6.538 x 10-12 yr" (QU)

Notes:
Ol alpha-decay series
s.f.: spontaneous fission decay

Laser spot

W

20 ym

Figure 3.8 Apatite grains with 20 um laser spot. Dotted line shows ablations intervals for

calculation of depth-weighted “*U/*Ca ratio (modified from Doepke, 2017).

3.8 Zeta calibration

Hurford and Green (1982) established the zeta calibration factor that rectified
for several parameters which are not well-known or are subjected to change as
mentioned above. While the total decay constant for 22U is well known (Ap = 1.552
x 10-10 y*, Jaffey et al., 1971), the spontaneous fission decay constant is uncertain and
only estimated at 7.5 x 10-17 y' (Roberts et al., 1968; Wagner and Van den Haute,
1992). Each analysts differently count fission tracks (i.e. sometimes they may disagree
on what is a track and what is not) and thus the spontaneous (Qg) and induced (0;)
track densities are different from analyst to analyst. Therefore, a correction factor has
to account for the analyst bias to ensure that each AFT age is independent from the

analyst who is responsible for counting the tracks.



a7

3.8.1 Zeta calibration for EDM

The zeta factor used in EDM involves placing both counted unknowns and
known age standards (e.g. Durango or Fish Canyon tuff apatite) into the similar
irradiation package. Because standards and unknowns have an identical spontaneous
fission decay constant which experienced the same neutron flux and are subjected to
the same ambivalence in track identification. These uncertainties are removed and
thus the zeta-factor can be defined based on the result shown in Equation 3.6.

¢ = (e/lfstd—l)

A(ps/Pi)stadPa
where, Tgpq refers to a well-known and characterized age standard, (ps/pi)std

Equation 3.6

the ratio of spontaneous to induced track densities in the standard and g indicates the

geometry factor. By including the zeta calibration factor { into Equation 5, the EDM

age calculation can be simplified using Equation 3.7.

tepy = %ln (1 + Alg (%) pD) Equation 3.7

i

3.8.2 Zeta calibration for LA-ICP-MS

As mentioned previously (section 3.7), the EDM was created due to the
difficulties in the measurement of U content and counting apatite grains. These days,
because of enhanced mass spectrometry instrumentation, this is probable to measure
the #*®U content in situ in an apatite crystal which eliminates the need for the EDM
and correction for the neutron flux in the reactor. Anyway, the zeta calibration factor
is still used in the LA-ICP-MS method (Donelick et al., 2005) owing to the uncertainties
in the Afission constant and in analyst bias (e.g. uncertainties in counting). As a
consequence, the modified zeta-calibration factor for the LA-ICP-MS method removes
the neutron flux and replaces the ps/pi ratio of the standard with the spontaneous
tracks (N) per *°U/*Ca ratio in the counted area A; (in um?). Zeta calibration for LA-

ICP-MS can be calculated using equation 3.8.
aM

(MS_AfNAdRskaS i \23BUexisex1076
(exist)

Equation 3.8
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Where

- Af is U spontaneous fission decay constant (8.46 x 10-17/a
Spadavecchia and Hahn, 1967);

- M is the mass of #°U (g);

- Ny is Avogadro’s number;

- dis specific density (3.19 ¢/cm?® for apatite);

- Rgp is a registration factor, by which U in a unit volume would leave
spontaneous tracks on an observed surface that is half of the mean
etchable spontaneous fission track length (cm); and

- kisan experimental factor which varies depending on, for example, the
etching and observation conditions

Generally, (MS varies depending on the LA-ICP-MS system (@), observation

system (K), external standard (IS( j ) and 238Uexist) and mineral species
exist

(d and Rsp) (Hasebe et al., 2013).

For this study, AFT analysis was performed at Kanazawa University. LA-ICP-MS
was completed on an Agilent 7500 instrument equipped with a Microlas Excimer laser
ablation system (Ishida et al., 2004; Morishita et al., 2005). The operating conditions for
the apatite uranium measurements are summarized in Table 3.2. NIST SRM610
standard glass was used as an external standard, and the internal standards were “*Ca
for apatite.

In all studies of LA-ICP-MS fission-track dating, the background-corrected “**U
abundance is normalized to the **Ca content of the apatite (Donelick et al., 2005;
Hasebe et al., 2004). Ca is presumed to be stoichiometric in apatite and employed **Ca
as an internal standard for explaining the variation in the quality of the ablation or
long-term variations within a session in signal intensities (session drift). Minor session
drift in #®U/*Ca ratios is also probable and hence an initial zeta-factor is computed
during an extensive LA-ICP-MS period where individual counted standard grain
(normally Durango apatites) is analyzed many times. In each following ICP-MS session
with unknowns, a secondary zeta calibration factor is subsequently determined and

normalized to the primary session value to describe the variations in ICP-MS sensitivity
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between different period resulted from differing in instrument of tuning parameters
(Donelick et al., 2005; Hasebe et al., 2004). For this study, the value of zeta ((MS) is
0.928+0.022 (Hasebe et al., 2013) for pooled AFT age calculation and 1.8560+0.044 for
central AFT age calculation in IsoPlotR program (Vermeesch, 2018, in press).

In addition, using LA-ICP-MS instead of the EDM method improve the speed of
data acquisition because there is need to be irradiated in the samples and cool-down
after irradiation. It also subtracts the need to count the induced tracks on external

detector micas and on unknowns as well as dosimeter glasses.

Table 3.2 Operating conditions for the LA-ICP-MS analyses at Kanazawa University
(Hasebe et al., 2013)

ICP-MS Laser
Model 7500 s (Agilent) Model Geolas Q + (Microlas)
Forward power 1200 W Wavelength 193 nm (Excimer ArF)
Reflected power 1w Repetition rate 5Hz
Carrier gas flow 1.20 L/min (Ar) Energy density at 8 J/cm2
0.3 L/min (He) target
Auxiliary gas flow 1.0 L/min Spot diameter 20 pm
Plasma gas flow 15 L/min (Ar)
Cones Pt sample cone

Pt skimmer cone

3.9 Age Derivation

In order to determine an AFT age, there are three commonly used methods to
acquire an AFT age, are the pooled, central, and mean age (Galbraith, 2005). Generally,
the mean age is basically statistical arithmetic mean of the single grain ages.

The FT method can provide an individual age for a single grain. To represent
‘the sample age’ from multiple grain ages, either a weighted mean age or a pooled
age is calculated in conventional FT dating (Gleadow, 1981; Green, 1981). For LA-ICP-
MS FT dating, a pooled age can be calculated from the sum of the spontaneous track
count divided by the sum of the weighted (U/Ca); ratio multiplied by the counted area
on each apatite grain (Donelick et al., 2005) by using Equation 3.9.
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1
by = 2 In ll + ApQys :1—1; Equation 3.9

- Tp is the pooled age.

- pp e _Z2 J Equation 3.10
Ap X; Aj
A.
o, i
- my - Zj 2 Equation 3.11

The error estimate for the pooled #°U concentration using the counted area-

weighted O of the grains is suggested by Donelick et al. (2005) in Equation 3.12. This

error is used in the age error estimate.

Aj 2
e
p T 2382 T 2382 quation 3.
p P

Where the subscript P symbolizes the pooled values, and 07y is an error in the **°U

concentration.

However, the statistical meaning of the error of the **®U concentration (or a
representative value of “®U concentration) by using the counted area-weight is not
clear.

The error of the sample LA-ICP-MS data (M) can be calculated from the

general Equation 3.13.

Equation 3.13

In general, the pooled age can be allowed when the apatite grains derive from
the same source and have a similar chemical composition (i.e. crystalline basement
samples or volcanic apatites). Therefore, they should show the same annealing
behaviour and yield a similar age. Unless the slowly cooled samples which have spent
a long time in the PAZ can show different single grain AFT ages despite being from the

same source rock.
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In case of detrital samples in sedimentary basins can have multiple source
areas that can show a wide spread in AFT ages because of variations in apatite
chemistry which may influence annealing behaviour. Galbraith (2005) proposed a

Poissonian distribution to test samples. If the sampled grains derived from a single

source, a P(X)2 test should contribute upper than 5% level (Yates, 1934). In contrast,
if grains of sample fail in test (lower than 5%), it would indicate that either the grains
are from different populations (such as in detrital samples) or that the U distribution
is inhomogeneous in a grain which can influence the track measurement (Galbraith,
1981). However, very slow-cooled samples also can also show large age dispersion

since slightly changes in chemistry and temperature can affect the annealing behavior.

Therefore, the sample that failed in the P()()2 test, the central age is preferred.

The central age was established by Galbraith and Laslett (1993) and is the
weighted mean of the log normal distribution of the single grain ages (Gallagher et al,,
1998). The central age is weighted for the precision of track counts from each grain,
providing a geometric mean age (Gallagher et al.,, 1998). The central age can be

calculated from Equation 3.14:

t, = %log [1 + Alg (117)] Equation 3.14

where 1] is the weighted average of single-grain variance and 77/(1 - T]) the

equivalent of Ns/Ni. In this study, the central age is calculated by IsoPlotR (Vermeesch,

2018) which shows as a radial plot with central age, P())’, MSWD, and age dispersion
(%).

3.10 Apatite fission track standard samples

Durango apatite (DUR)

Durango apatite is almost definitely the best-characterized fluorapatite, and has
been commonly analyzed for AFT annealing and length studies (Green et al., 1986;
Laslett et al., 1984) and widely used as standard in AFT dating. Durango apatites are
naturally coarse-grained (> 1 cm), euhedral crystals that formed in an ore deposit at
Cerro de Mercado near Durango City, Mexico (Young et al.,, 1969). The iron ore deposit

is bracketed by two ignimbrite eruptions which have been dated by the “Ar/*Ar
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method, yielding an age of 31.4 + 0.5 Ma (20) for the Durango apatite itself (Green,
1985). Durango apatite usually has a relatively high chlorine content (0.43 Cl wt%)
compared to most natural occurring apatites. These compositional differences mean
that the chemical composition (including the chlorine content) and / or the kinetic
parameter Dpar should be analysed in apatite unknowns. These data are then
incorporated into the thermal history models in order to account for the compositional
differences and thus the different annealing behaviour between apatite unknowns and
Durango apatite.

Durango apatite is used as standard sample of this study, yields pooled AFT
age analysis as 35.6+2 Ma (Table 3.2), where analyses from 2 pieces of large apatite
crystals were crushed. The total number of track is 268 tracks in the counted area is
155,600 um?. (see more detail in Table 1, Appendix D).

Table 3.2 illustrates AFT ages from pooled age comparing with reference age
(Green, 1985) at Kanazawa University laboratory. The pooled age is older than

reference age from Green (1985) about 4.2 Ma (13.2%)

Table 3.3 Apatite fission track age obtained from standard sample Durango apatite

(DUR).
Sample This study Number of  Reference age*
No. Pooled age (Ma) Central age (Ma) Grains (Ma)
DUR 35.6+2.4 - 2 (pieces) 31.4+0.5

*DUR = Durango Apatite (Green, 1985)

Fish Canyon Tuff apatite (FCT)

The Fish Canyon Tuff (FCT) is a voluminous crystal-rich ignimbrite sheet erupted
over a relatively short period during the late Oligocene from the ca. 2500 km? La Garita
Caldera in the San Juan volcanic field, southern Colorado. The FCT contains many of
dating standard material in that that it has an excellent assemblage of dateable
accessory minerals, such as plagioclase, sanidine, biotite, hornblende, titanite, apatite

and zircon. For fission track dating method, apatite and zircon from FCT are commonly
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used as a laboratory standard, which has the reference age of 27.8 + 0.2 Ma obtained
from K-Ar and “°Ar/*’Ar dating results from several minerals from FCT (Bachmann et al.,
2007; Green, 1985; Lanphere and Baadsgaard, 2001).

The Fish Canyon Tuff standard sample yields the AFT age using central AFT age
model and pooled AFT age model to be 37.9+2.3 Ma and 37.1+2.4 Ma, respectively,

which has number of grain is 16 grains. Data distribution is quite low 10% and P()()2
equals to 14% (see Figure 3.9) with number of track ranging from 3 to 56 in area of 21
to 200 pm?. The total number of track and area of this sample analysis is 319 tracks
and 128,586 um? U/Ca ratio of this apatite standard divided by U/Ca of external
standard (NIST SRM610) falls within 0.0007 to 0.1. Error of ratio U/Ca of apatite standard
divided by error of U/Ca of external standard (NIST SRM610) is in the 0.00002 to
0.00004. (see more detail in Table 2, Appendix D).

Table 3.3 illustrates AFT ages from pooled age and central age comparing with
reference age (Bachmann et al., 2007; Green, 1985; Lanphere and Baadsgaard, 2001) at
Kanazawa University laboratory. Both pooled age and central age provide similar age
but their ages are older than reference age from Green (1985), Lanphere and

Baadsgaard (2001), and Bachmann et al. (2007) about 10 Ma (36.1%)

Table 3.4 Apatite fission track age obtained from standard sample Fish Canyon Tuff
apatite (FCT).

Sample This study Number of  Reference age*
No. Pooled age (Ma) Central age (Ma) Grains (Ma)
FCT 37.9+2.3 37.1+2.4 16 27.7+0.2

*FCT = Fish Canyon Tuff apatite (Bachmann et al., 2007; Green, 1985; Lanphere and Baadsgaard, 2001)

For this study, only the Durango apatite is performed as the standard sample
because the percentages of error from an experiment of DUR is less than the

percentage of error from an experiment of FCT.
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3.11 Sample preparation procedures

For apatite fission track dating, it is necessary to separate apatite from their
host rocks using their characteristic properties of size, magnetism and density. The
examination of petrographic thin sections is sometimes convenient to observe the
presence of apatite in sample before starting the separation procedure. Figure 3.10

displays several steps of mineral separation procedure (Tagami et al., 1988).

3.11.1 Mineral separation

3.11.1.1 Crushing
This procedure will do with hard rock for resize the large rocks into small rock
chips (3-5 cm-dimension) by using a rock trimmer, a jaw crusher and, a disc mill,

respectively.

3.11.1.2 Sieving and Panning

After rock was crushed into small rock chips, the amount of non-using mineral
should be discarded and collected only heavy mineral as much as possible. For this
procedure, the sample will be washed and separated by wet sieving with mesh no. 60.
Normally, the heavy minerals for AFT, such as apatite, zircon, and sphene, has about
less than 0.250 mm-diameter-size that can collect them from the particles that pass

through a mesh no.60. In case of a lot of unnecessary mineral, like quartz, feldspar,
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or mica, Panning will be useful to reduce the amount of sample to reduce the sieving
time. After this process, the sample will be dried in the oven with less or equal 60°C

for 1 day.

3.11.1.3 Heavy liquid separation (LST: Lithium Sodium Tungstate)

In this process, the dried sample will be separated by using the LST in a
separatory funnel, which is non-toxic heavy liquid with density of 2.87 g/cm’. The
heavy particles will sink to the bottom and the light particle will be float. The heavy

particle will be collected and washed until it clean and keep it dry in the fume hood.

3.11.1.4 Magnetic separation

The dry heavy portion was mixing of non-magnetic minerals and magnetic
minerals. Apatite, zircon, and sphene which are commonly required in FT dating, are
non-magnetic mineral, so the magnetic minerals should be removed by using Nd

magnet which is a permanent magnet.

3.11.1.5 Heavy liquid separation (Diiodomethane)

For AFT dating is required only an apatite, therefore other non-magnetic heavy
mineral, such as zircon and sphene should be taken away. Diiodomethane is toxic
heavy liquid which is the density of 3.32 g/cm?. This procedure must do carefully in
fume hood and use it less possible. After mixing of the liquid and heavy minerals, the
lishter minerals, such as apatite and tourmaline, will float but zircon, sphene which
has more density than the liquid, will sink at the bottom of beaker. Then, the floated
mineral is garnered and washed by acetone. The final product will keep in fume hood

again about 1-2 hours.

3.11.2 Sample preparation

After mineral separation processes are done, it is importantly to prepare the
sample before AFT dating. For doing sample preparation, Tagami et al. (1988) proposed

three necessary steps would be done before doing AFT analysis. (Figure 3.11).
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Figure 3.10 Flow chart for mineral separation (modified from Tagami et al., 1988).

3.11.2.1 Handpicking and mounting

In this method, 25 apatite grains in array of 5x5 or 36 apatite grains in array of
6x6 are placed on the teflon slide. The c-axis of apatite grain must be parallel with the
slide. Then, the epoxy resin of fixed a mount is poured on the grains carefully so that

the grain arrangement is not disturbed. Next, the amount of epoxy resin is covered by
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another Teflon slide on the glass spacer (Figure 3.11). The resin should be kept for
about 24 hours at room temperature to be solid. After that, it is slightly heat, which
should be kept below 60°C for 1-2 hours. The resin will accelerate the solidification
that is removed easily. Finally, the sample must be written the code on the backside

of a mount.

3.11.2.2 Grinding and polishing

This process is essential to remove a certain thickness to expose 47T geometry
for observing spontaneous track density. The thickness corresponds to half of etchable
track length of apatite which is about 8 pm (Gleadow et al., 1986). For opening surface
of grains, mount must be grinded with the emery paper of 1500 mesh size (wetted
with water) till maximum possible area expose. (This step will be called as “pre-
grinding”).

After pre-grinding, mount will be removed to expose 4Tt geometry. The mount
is ground perpendicular to the direction of pre-grinding until all of the previous grinding
scratches disappear. This ensure that all the exposed surface area has been ground
and remove for at least 1 pm. Next step of grinding is repeating perpendicular to
previous direction of scratches and makes new scratches of all surface area to confirm
the removal of another 1 um. Hence, each step of grinding must repeat for 8 times.

After the grinding, the mount is polished successively to remove preceding

grinding scratches with 15 um and then 3 um diamond paste.

3.11.2.3 Etching

This procedure is to enlarge fission tracks to be visible. The etching of apatite
uses 5 HNO; at 20°C for 20 second. After the experiment is done, mount must clean
rapidly by distilled water 2-3 times to avoid the corrosion of acid which continue

enlarge the tracks.
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Figure 3.11 Flow chart for sample preparation (modified from Tagami et al., 1988).
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Chapter 4 Results

In order to fulfill the objectives of this thesis. Not only the results of AFT dating
data of the Khorat sedimentary rocks are present but also their structures and

stratigraphic sequences are displayed herein.

4.1 Structural analysis

Remote sensing image (from Google Earth) of the PPR study area (Figure 4.1)
have been interpreted using visual interpretation. The lineament map of the study
area in Figure 4.2 indicates a series of interpreted synclinal and anticlinal structures as
well as fractures and joints. Figure 4.3 is a simplified geological map showing structural
data from the current and previous field data together with those interpreted from

Google Earth image.

104°E 104°30°'E 105°E 105°30’E

17°N

17°N

16°30°N

16°30'N

16°N

16°N

15°30°N

104°E 104°30°E 105°E 105°30°E

Figure 4.1 Google image data of the study (white box) and nearby areas in the Phu Phan Ranges.
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z
3
' L
104°E 104°30’E 105°E 105°30°E
Symbol
—}— Anticline _L_ strike and dip of bed
+ Syncline interpreted from satellite image

_ _ _ _ Fault and fracture

Figure 4.2 Google map showing lineaments with interpreted fold structures using bedding traces.

Several outcrops in the Phu Phan Mountain Range were visited and a total of
25 measurements were recorded (Table 4.1). They are 619 points for the attitudes of
bedding from measured outcrop in field and attitude of bedding in geological map
based on 1:50,000 from DMR (1999; 2000; 2001; 2004; 2008). All structural data are
shown in Figure 4.3. A rose diagram reveals that the principle trend in the Phu Phan
Mountain area is the NW-SE (Figure 4.4). In addition, trending of dip direction for the
Phu Phan Mountain area is shown two directions, they are NE and SE direction (Figure
4.5). In conclusion, the geological structural result of this study harmonizes with the
lineament map by Sangsomphong et al. (2018). It is inferred that the Phu Phan Range

has a complex compressive structural area, like anticlinal and synclinal structures
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(Figure 4.6). Moreover, joints are also measured in individual outcrops. The attitude of
joint is displayed in appendix A. Figures 4.5 and 4.6 show cross-sections of study area
which cut through the main structure of the area with the elevation of sample.
Zoomed picture of each section in Figure 4.8 are in appendix A. It can be clearly seen
(as shown in Figure 4.8A) that the Phu Phan Range structure is dominated by a series
of broad syncline and anticline. The anticlinal structures of the Phu Phan Mountain
area have the wavelength vary from 2 to 26 km and the amplitude of folds from about

200 meters to 300 meters.

Table 4.1 Attitude of bedding in this study

Site Strike/Dip Site Strike/Dip Site Strike/Dip Site Strike/Dip

PPO1 313/02 PP05-2 127/05 PP0O8 306/08, PP13 254/06

PP02 290/10 PP05-3 182/02, 306/04 PP14 071/09

PP03 276/18 172/06 PP09 107/10 PP15 051/05

PPO4 199/04, PP0O6 020/04, PP10 121/06 PP16 005/22
203/03 017/04 PP11 179/06 PTT14 218/10

PP05-1 166/04, PPO7 342/04 PP12 255/10 PTT15 139/09
171/04

4.2 Stratigraphy

Based upon the current lithological and stratigraphical investigations, the Phu
Phan Mountain Range study area consists of 5 formations, from old to young, are Phu
Kradung, Phra Wihan, Sao Khua, Phu Phan, and Khok Kruat Formations, respectively.
Figure 4.13 shows the comparison of stratigraphic column of each cross-section line.
The composite lithostratigraphic column of Phu Phan Mountain Range is illustrated in
Figure 4.14. The correlation of the lithostratigraphic column between Khorat Group
(Department of Mineral Resources, 2014; Racey, 2009) and Phu Phan Mountain from
this study is shown in Figure 4.15.
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(n=619) " Figure 4.4 A rose diagram
showing strikes of
beds in Phu Phan
Mountain area are
NW-SE. (n is number
of bed)

(n=619) N Figure 4.5 A rose diagram
j showing dip
direction of beds in
Phu Phan Mountain
area are NE-SW. (n is

number of bed)
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4.2.1 Phu Kradung Formation

The oldest formation of Khorat Group is the Phu Kradung Formation that can
be found in the Phu Phan Mountain Range study area. The Phu Kradung Formation
exposed clearly along the highway 2287 (16°07'd48"N/104°41'39"E) in Nong Phue District,
Kalasin Province (Figure 4.9). The other well exposed rocks are along the higshway 2219
km 41+700 at 16°48'18"N/103°57'53"E in Nakhu District, Kalasin Province. The attitudes
of beddings are 218/10 NW and 313/02 NE. The bed trending of this formation is NW-
SE. The measured thickness varies from 15 - 47 meters. Lithology of the Formation

includes red, fine-grained sandstone with well-defined cross-bedding with minority of

mudstone.

Figure 4.9 Natural outcrop of sandstone of the Phu Kradung Formation along the Hishway 2287
(16°07'48"N/104°41'39"E), Nong Phue District, Kalasin Province (Mr. Wason Kongpermpool,

172 cm-tall, is to scale). White rectangle is the sampling site.

4.2.2 Phra Wihan Formation

The Phra Wihan Formation is well exposed at Kham Toei Waterfalls in Na Khu

District in Kalasin Province (Figure 4.10). The other good exposures of the Phra Wihan
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Formation are at Na Sok municipal District post, local road 2092, 16°30'd5"N,
104°35'05"E in Mueang Mukdahan District, Mukdahan Province. In general, bedding
attitudes are 290/10 NE and 107/10 SW. The bed trending of this formation is NW-SE.
The thickness is about 10 - 30 meters. The sandstone is mainly white medium-grained

sandstone with cross-bedding. Mudstone is always alternated with this white

sandstone.

Figure 4.10 Natural outcrop of sandstone of the Phra Wihan Formation in front of the entrance
of Kham Toei Waterfall (16°48'48"N/103°57'37"E), Na Khu District, Kalasin Province (Ms.

Chonnipha Fakseangsa, 150 cm-tall, is to scale). White rectangle is the sampling site.

4.2.3 Sao Khua Formation

The Sao Khua Formation is well exposed at Phu Phan Buddha Nimit temple
(16°58'53"N/103°59'29"E), Phu Phan District, Sakhon Nakhon Province (Figure 4.11). The
other good outcrop is at Wat Phuttha Kiri (16°27'08"N/104°20'21"E), Nong Sung District
in Mukdahan Province. Bedding attitudes strike from 127 to 276 and dip angle from 2
to 18 in SW to N. The bed trending of this formation is NW-SE. The thickness varies
from 5 to 30. meters. Lithology of the formation is characterized by reddish brown

fine-grain sandstone with few cross-bedding shale and mudstone.
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Figure 4.11 Natural outcrop of sandstone of the Sao Khua Formation in front of the entrance of
Phu Phan Buddha Nimit Temple (16°58'53"N/103°59'29"E), Phu Phan District, Sakhon Nakhon

Province (Geological hammer, 32.5 cm-long, is to scale). White rectangle is sampling site.

4.2.4 Phu Phan Formation

Rocks of the Phu Phan Formation are well exposed along the highway 2358
(16°11'41"N/104°51'35"E), Tao Ngoi District, Sakhon Nakhon Province (Figure 4.12), Few
good exposures are at Local road 4001 km 11 (16°49'55"N/104°03'51"E) in Na Khu
District, Kalasin Province. The bed trending attitude of this formation are 20 to 342
Strikes and 3 to 22 dip angles in SW to NE. The thickness is from 6 to 30 meters. Whitish
gray to grayish yellow fine to medium-grained sandstones are quite dominate with

some cross-beddings, Mudstone is locally found in association.
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Figure 4.12 Natural outcrop of sandstone of the Phu Phan Formation along Highway 2358
(16°11'41"'N/104°51'35"E), Tao Ngoi District, Sakhon Nakhon Province (Right person-Mr.

Sitichok Kumrangwat, 180 cm-tall, is to scale). White border square is sampling site.

4.2.5 Khok Kruat Formation

The youngest formation of Khorat Group is the Khok Kruat Formation. The
formation is well exposed only in the south where no good road is available in the
Phu Phan Mountain Range study area. However, based on the geological map by
Department of Mineral Resource (2008), Khok Kruat Formation has been found in
Pathum Ratchawongsa District in Amnat Charoen Province and Kut Khaopun District in
Ubon Ratchathani Province. The average strike of bed is in the NW-SE direction. The
thickness varies from 4 to 33. meters. The main rocks of the Khok Kruat Formation are
reddish brown to brown fine-grained sandstones with some cross-beddings are also

reworked by DMR (2008).
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Phu Phan Mountain

Meters
49 : Legend
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Khok Kruat Fm.
84
63 X Phu Phan Fm.
A Sao Khua Fm.
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Figure 4.14 Composite lithostratigraphic column showing thickness of individual formations found

in the Phu Phan Mountain Range study area.

4.3 Paleocurrent patterns

From the detailed surveys of 18 site visits, cross bed can be found in 13 sites
which is from Phra Wihan Formation 1 site, Sao Khua Formation 3 sites, and Phu Phan
Formation 9 sites. Attitude of cross bed from each outcrop is shown in Table 4.2. The

details are as follows.

4.3.1 Phra Wihan Formation

Only one cross bedding was encountered. The direction of each studied site is
shown in Figure 4.16. A rose diagram displays the direction of flow is to northwestward

(Figure 4.19 top-left).

4.3.2 Sao Khua Formation

There are approximately 13 data of cross beddings from 3 outcrops in the Phu
Phan Range area. The directions of individual sites are illustrated in Figure 4.17. A rose
diagram displays that the direction of current is mainly from NE to SW and some from

NW to SE direction (Figure 4.19 top-right).
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4.3.3 Phu Phan Formation

There are 77 data of cross beddings from 9 outcrops in the study area. The
direction of each studied site is shown in Figure 4.18. A rose diagram displays the two
current directions — one is from NE to SW direction and the other NNE to SSW direction.
Because the fold structure of the Phu Phan Mountain Range study area is broad fold,
so paleocurrent direction is not much affected by tectonic deformation. Therefore, in
conclusion, the regional flow pathway is from NE to SW direction. (Figure 4.19 bottom-

left).

Table 4.2 Attitude of cross bedding in this study

Site Strike/Dip Site Strike/Dip Site Strike/Dip Site Strike/Dip
PP02 007/28 PPO7 131/32 PP11 234/14 PP15 076/30
PP03 155/05 093/18 170/21 047/14
172/14 145/28 PP12 179/16 165/34
052/14 068/27 140/12 272/29
073/07 038/25 204/16 172/15
328/15 019/14 168/14 091/17
062/18 101/28 146/05 113/31
PPO4 253/24 077/17 112/16 102/31
240/29 027/20 PP13 264/11 151/23
158/25 112/22 154/15 PP16 106/18
PP0O5 148/20 955/21 181/07 154/24
159/22 115/08 253/19 098/29
183/30 PPO8 288/10 208/07 106/18
162/27 285/08 128/27 114/18
148/20 224/12 138/25 104/08
PPO7 122/33 125/25 PP14 107/26 098/17
027/06 PP10 142/06 293/17 111/19
142/23 189/12 077/08 049/11
165/24 202/19 153/18 113/17
076/26 249/23 151/16 PTT14 070/10
098/15 337/25 178/16 PTT15 258/10
146/28 262/09 239/13
080/20 303/05 152/19

082/19 236/10 007/39
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(n=1)

S

Phra Wihan Formation

(n=77)

Phu Phan Formation

4.4 Petrographic analysis

4.4.1 Sample location

78

N

S

Sao Khua Formation

Figure 4.19 Rose diagrams showing the

paleocurrent  directions.  (Top-left)
Phra Wihan Formation from SE to NW
direction.  (Top-right) Sao  Khua
Formation mainly from NE to SW and
some from NW to SE direction.
(Bottom-left) Phu Phan Formation

mainly from NE to SW direction.

The sampling sites are displayed on Figure 4.20 and grid reference with some

of description in table 4.3. In addition to their location relative to the Phu Phan

Mountain, fieldwork sited were also selected based on their rock type, elevation and

folded structure (Figure 4.6).
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Table 4.3 Sample locations of sandstones

80

Elevation*! Stratigraphic
Sample Latitude Longitude Site visit Formation*?
(m) age*?
PPO1 16°48'18'N  103°57'53"E  Highway 2219 km 239 Phu Kradung  Jurassic
414700
PP02 16°48'48"'N  103°57'37"E  Entrance of Kham 312 Phra Wihan Jurassic-
Toei Waterfall Cretaceous
PPO3 17°01'52"'N  104°04'20"E  Wat Tham Pha Daen 373 Sao Khua Cretaceous
PPO4-1 17°01'17"'N  103°59'31"E  Huai Yai Waterfall 255 Phu Phan Cretaceous
PP04-2 17°01'17"'N  103°59'31"E  Huai Yai Waterfall 255 Phu Phan Cretaceous
PPO5-1 16°58'53"'N  103°59'29"E  Phu Phan Buddha 246 Sao Khua Cretaceous
Nimit temple
PP05-2 16°58'53"'N  103°59'29"E  Phu Phan Buddha 246 Sao Khua Cretaceous
Nimit temple
PP05-3 16°58'53"'N  103°59'29"E  Phu Phan Buddha 246 Sao Khua Cretaceous
Nimit temple
PP06 16°56'17"'N  104°03'd9"E  Ban Na Phang 203 Sao Khua Cretaceous
Reservoir
PPO7 16°56'19"N  104°08'14"E ~ Phaya Tao Ngoi Cave 195 Phu Phan Cretaceous
PPO8 16°49'55"N  104°03'51"E  Local road 4001 km 270 Phu Phan Cretaceous
11
PP0O9 16°30'45"N  104°35'05"E  Local road 2092, Na 215 Phra Wihan Jurassic-
Sok municipal District Cretaceous
Post
PP10 16°28'42'N  104°31'09"E ~ Wat Tham Pha Mong 191 Phu Phan Cretaceous
PP11 16°27'08'N  104°20'21"E  Wat Phuttha Kiri 263 Sao Khua Cretaceous
PP12 16°20'13"'N  104°32'51"E Wat Dan Phaya Nak 178 Phu Phan Cretaceous
PP13 16°18'31"N  104°33'00"E ~ Phu Moo Forest Park 371 Phu Phan Cretaceous
PP14 16°07'48"'N  104°41'39"E  Wat Phu Sung 334 Phu Phan Cretaceous
PP15 16°11'41"N  104°51'35"E  Entrance of Phu Tham 217 Phu Phan Cretaceous
Phra temple
PP16 15°47'53"'N  105°23'33"E Sam Phan Bok 120 Phu Phan Cretaceous
PTT14 16°45'39"N  104°7'46"E Highway 2287 380 Phu Kradung  Jurassic
PTT15 16°54'12'N  104°10'56"E  Highway 2358 282 Phu Phan Cretaceous

*1 Elevation based on GPS (Garmin) which accurate from an elevation pin at Phu Mu Forest Park, Mukdahan Province,

Thailand (Figure 4.41); *? Stratigraphic age based on Department of Mineral Resources (2014); ** Based on geological
map scale 1:50,000 of Department of Mineral Resource (1999; 2000; 2001; 2004; 2008)
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Figure 4.21 Elevation pin situating at Phu Mu Forest Park, Mukdahan province showing an

elevation of 409 meters and is located at latitude 16°18'31"N - longtitude 104°33'00"E.

4.4.2 Petrographic description

Lithology in the Phu Phan Mountain Range study area was described based on
mesoscopic and microscopic analysis. A total of 21 selected sandstone samples were
collected from Phu Kradung, Phra Wihan, Sao Khua and Khoh Kruat Formations which
they are generally slightly weathered and show various colours. Most of the collected
sandstones are very fine- to medium- grained. The microscopic observation using
polarized light microscope reveal that types of sandstone samples are feldspathic
litharenite, sublitharenite and litharenite (Pettijohn, 1975). The studied sandstones
were also performed for model analysis. In details of petrographic description and

mineral grain counting is in table 4.4).
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4.4.2.1 Phu Kradung Formation
a. Macroscopic description

Only 2 sandstone samples of this formation were collected (PP0O1 and PTT14).
The rocks have greenish grey and red color (Figure 4.22) and show a clastic texture.
The grain size of them are very fine grain which are made up mostly of quartz
(colorless), small amount of feldspar (white) and lithic fragments with less opaque

minerals.

~ PTTAA

Figure 4.22 A handspecimen of Red very fine-grained sandstone with faint lamination of the Phu

Kradung Formation (sample no. PTT14).

b. Microscopic description

The rocks are composed mainly of quartz (including monocrystalline quartz
and polycrystalline quartz). Quartz component varies from 69 to 77 modal%. Feldspar
is present in smaller amount with 11 — 15 modal%. Modal % of lithic fragments is from

12 to 16. Detailed description of modal analysis is shown in table 4.2. Therefore,
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sandstones of the Phu Kradung Formation are classified as feldspathic litharenite (PP0O1)
and sublitharenite (PTT14) (Pettijohn, 1975) (see Figure 4.24). The rock sample are also
included of muscovite, biotite, apatite and zircon (Figure 4.23). The size of mineral is
up to 0.05 to 0.2 mm with well sorted. The grains show a low sphericity and angular

shape. The cement of the rocks is siliceous.

4.4.2.2 Phra Wihan Formation
a. Macroscopic description

Only 2 sandstone samples of this formation were collected (PP02 and PP09).
The rocks are whitish grey (Figure 4.25) and show a distinct clastic texture. The grain
sizes are medium grain which are made up mostly of quartz (colorless), small amount

of feldspar (white) and lithic fragments with less opaque minerals.

b. Microscopic description

Petrographically, the rocks are composed mainly of quartz (including
monocrystalline quartz and polycrystalline quartz) (69 - 70 modal %), with small
amount of feldspar (2 - 3 modal %) and lithic fragment (28 modal %) Detailed
description of Phra Wihan sandstone is shown in table 4.2. Figure 4.47 shows that the
studies sandstones are litharenite (Pettijohn, 1975). The accessories minerals are
muscovite, biotite, chlorite and zircon (Figure 4.26). The grain sizes of sandstone vary
from 0.2 to 0.6 mm. The sorting of sandstones is good to moderately good. The grains
show low sphericity and angular shape. Cementing materials of the sandstones are

siliceous.
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Figure 4.23 Photomicrographs of feldspathic litharenite (sample no. PTT14) from the Phu Kradung
Formation at Phu Phan Mountain Range showing well defined clastic texture and grains of
quartz, alkaline feldspar, lithic fragments, muscovite, biotite, and apatite. (top) Ordinary
light and (bottom) Cross polar. (Om = monocrystalline quartz, Qp = polycrystalline quartz,

Kfs = alkaline feldspar, Lt = lithic fragment, Ms = muscovite, Bt = biotite, and Ap = apatite)
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Figure 4.25 A handspecimen of Whitish grey, medium-grained sandstone with well lamination of

the Phra Wihan Formation (sample no. PP02).
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P

Figure 4.6 Photofni&ographs of litharenite (sample no. PP02) from the Phra Wihan Formation at
Phu Phan Mountain Range showing well defined clastic texture and grains of quartz,
alkaline feldspar, lithic fragments, muscovite, biotite, chlorite, and zircon. (top) Ordinary
light and (bottom) Cross polar. (Om = monocrystalline quartz, Qp = polycrystalline quartz,
Kfs = alkaline feldspar, Lt = lithic fragment, Ms = muscovite, Bt = biotite, Chl = chlorite, and

Zr = zircon)
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4.4.2.3 Sao Khua Formation
a. Macroscopic description

There are 6 sandstone samples belonging to the Sao Khua Formation (PP03,
PPO5-1, PP05-2, PP05-3, PP06, and PP11). The studies rocks are reddish grey sandstone
(Figure 4.28) and show a clastic texture. The sandstones are fine— medium- grained are
made up mostly of quartz (colorless), small amount of feldspar (white), lithic

fragments, and mica.

b. Microscopic description

Under microscope, the studied sandstones are composed largely of quartz
(both monocrystalline and polycrystalline) with the modal composition of 67 — 78%.
Subordinate amounts are feldspar (1 modal %) and lithic fragments (21 - 34 modal %)
Table 4.2 displays detailed decription of the studied samples. Based on Pettijohn
(1975)’s classification, the studies rocks are litharenite (PP03, PP05-1, PP05-2, PP0O5-3,
and PP06) and sublitharenite (PP11) (see Figure 4.30). Accessory minerals are
muscovite, biotite, chlorite, calcite, and zircon. Only sample PP05-2, PP05-3, and PP11
contain appreciable amount of apatite (Figure 4.29). The grain sizes of sandstone vary

from 0.05 to 0.6 mm. The studied sandstones have well to moderately well-sorted
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i .

Figure 4.28 A handspecimen of Reddish grey, fine-grained sandstone with faint lamination of the
Sao Khua Formation (sample no. PP05-3),

and moderate sphericity clast. Some clasts have angular shape. Only sample PP11
shows the clasts with high sphericity and subangular shape. Almost cementing
materials of the studied sandstones are siliceous, but one sample (PP11) has

calcareous cement.

4.4.2.4 Phu Phan Formation
a. Macroscopic description

There are 11 sandstone samples of the Phu Phan Formation that were studied
(PP0O4-1, PP0O4-2, PPO7, PP08, PP10, PP12, PP13, PP14, PP15, PP16 and PTT15). The
sandstones are whitish grey and reddish brown (Figure 4.31) and show clastic texture.
Their grain sizes are generally fine to medium grained. Clasts are made up mostly of

quartz (colorless) with small amount of feldspar (white), lithic fragments, and mica.
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Figure 4.29 Photomicrographs of lit‘horenite (sample no. PP05-3) frm the Sao Khua Formation at
Phu Phan Mountain Range showing well defined clastic texture and grains of quartz,
alkaline feldspar, lithic fragments, muscovite, biotite, chlorite, and apatite. (top) Ordinary
light and (bottom) Cross polar. (Om = monocrystalline quartz, Qp = polycrystalline quartz,
Kfs = alkaline feldspar, Lt = lithic fragment, Ms = muscovite, Bt = biotite, Chl = chlorite, and

Ap = apatite)
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Figure 4.31 A handspecimen of Reddish brown fine-grained sandstone of the Phu Phan

Formation (sample no. PTT15).
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b. Microscopic description

The rocks are composed mainly of quartz (including monocrystalline quartz
and polycrystalline quartz) (62 - 88 modal %), with small amount of feldspar (0 - 13
modal %) and lithic fragments (9 - 32 modal %) Detailed data are shown in table 4.2.
Based on Pettijohn (1975), the rocks are classified as litharenite (PP10, PP12, PP13,
PP14, and PP15) and sublitharenite (PP04-1, PP04-2, PPO7, PP16, and PTT15) (see
Figure 4.33). The other mineral constituents are muscovite, biotite, calcite, amphibole?
and zircon (Figure 4.32). Only sample nos. PP10, PP15, PP16, and PTT15 contain
appropriate amount of apatite. The size of clast ranges from 0.05 to 0.8 mm. The
studied sandstones have with well to moderate well sorted clasts. The clasts have
low sphericity and angular shape. Only two samples (PP15 and PP16) have clasts with
high sphericity and subangular shape. Almost studied samples have siliceous cement,

and only one sample (PTT15) is calcareous cement.

4.5 Apatite fission track ages

Overall 21 samples were processed for AFT dating. However, there are 11
samples that did not yield any apatite grains during mineral separation process. Among
these, 4 samples which contain apatite were not analyzed due to the samples contain
less amount of apatite grains, so the detail data are not here in included. Therefore,
AFT dating analysis was undertaken on 6 samples. Table 4.2 displays that all samples
analyzed contain appreciable amount of zircon, suggesting that the host rocks are felsic

igneous rock.

4.5.1 Phu Kradung Formation

Two samples of the Phu Phan Mountain Range study are selected for apatite
fission track dating, they are sample nos. PTT14 and PPO1. Figure 4.34 shows an apatite
grain with fission tracks in the sandstone (sample PTT14). The age dispersion value for
sample PTT14 is 7.9% with P(})* of about 6.2%, suggesting a single population of
apatite grain ages. The apatite grains yield the AFT age derived from 36 apatite crystals

analysed; i.e., pooled FT age estimation ca. 72.5+4.4 Ma and central FT age calculation
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Figure 4.32 Photomicrographs of sublitharenite (sample no. PTT15) from the Phu Phan at Phu

W

Phan Mountain Range showing well defined clastic texture and grains of quartz, alkaline
feldspar, lithic fragments, muscovite, biotite, and apatite. (top) Ordinary light and (bottom)
Cross polar. (Om = monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline

feldspar, Lt = lithic fragment, Ms = muscovite, Bt = biotite, and Ap = apatite)
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to be ca. 77.6+4.7 Ma, (see Figure 4.35 Top-left). Moreover, sample no. PP01 is 0.094

of the ¥* test with the age dispersion of 15%, verified that the pooled FT age and
central FT age calculation to be 65.4+3.8 Ma and 72.8+7.1 Ma, respectively, obtained
from 14 apatite grains (see Figure 4.35 bottom-left).

According to Department of Mineral Resources (2014), the depositional age of
Phu Kradung Formation is about 163.5 to 145 Ma. So, all of the AFT age data suggest
that central age of the samples is younger than the depositional age.

Number of tracks in apatite vary from 0 to 87 within the areas of 426 to 1,704
um? (PTT14) and from 6 to 68 within the areas of 2,247 to 7,693 pm? (PP01). Mean
track length distribution given by sample PTT14 is about 12.84+0.7 um (15 confined
tracks) (see Figure 4.35 top-right) with attached standard deviation of 2.71 pm
Therefore, it is not sure if the result show either, implying bimodal or mixed model.
Confined tracks are not found in sample no. PPO1 during the course of analysis. U-Ca
ratios of apatite of sample no. PTT14 and PPO1 divided by that of external standard
(NIST SRM610) fall within the range of 0.0008 to 0.0715 and 0.002 to 0.0240,
respectively. Besides, the error is in the range of 0.0002 to 0.0003 (sample no. PTT14)
and 0.00001 to 0.00035 (sample no. PP01) (see more detail in Tables 4.5 and 4.6).
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Figure 4.34 An apatite grain with fission tracks from sandstone (sample no. PTT14) belonging to

the Phu Kradung Formation, Phu Phan Mountain Range.

4.5.2 Phu Phan Formation

Four samples have been selected from the Phu Phan Formation including
sample nos. PP10, PP15, PP16, and PTT15. Figure 4.36 illustrates an apatite grain with
fission tracks from sandstone (sample PP16).

AFT age obtained from 13 apatite grains sandstone (no. PP10) shows value of

P(Zz) less than 1 and age dispersion of 29%. The result of analysis gives the pooled
age of 56.1+2.9 Ma and central age of 62.6+6 Ma. It is likely that the central age is little
older than the pooled age ca. 10% (or 6 Ma). Based on the radial plot of single grain
age shown in (Figure 4.37 left), two age groups can be visualized; i.e., the older is about

91.3+8.9 Ma (n=5) and the younger group is about 49.7+3 Ma (n=8).
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Table 4.5 LA-ICP-MS data and fission-track dating sample PP01, belonging to the Phu

Kradung Formation, Phu Phan Mountain Range.

PPO1 LA-ICP-MS data FT dating
spot

grain D Ap NIST610 Ap/NIST610  SE U Average SE Ps Ns A T o

D #8y/Pca SE (%) “Pu/fCa SE (%) (**u/®Cca) (%) (ug/g) Ap/NIST610 (%) (10%/cm?) m?  (Ma) (Ma)

2 a 0.0108 1.7716 4.2708 0.9937 0.0025 203 5.5266 0.0025 0.79 0.2390 12 5020.58 88.3 25.6
b 0.0105 2.2366 4.2609 0.9876 0.0025 244 54047

3 a 0.0149 1.7451 4.2509 0.9814 0.0035  2.00 7.6877 0.0034 3.25 0.2546 14 5498.04 70.0 189
b 0.0136 1.8341 4.2409 0.9752 0.0032 2.08 7.0127

6 a 0.0143 1.4326 4.2417 0.9103 0.0034  1.70 7.4052 0.0036 5.14 0.3991 11 2756.02 100.8 309
b 0.0166 1.7645 4.2471 0.8809 0.0039 197 8.5668

11 a 0.0111 3.0172 4.2525 0.8515 0.0026 3.14 57019 0.0026 0.59 0.1661 6 3,612 59.4 243
b 0.0109 22413 4.2579 0.8221 0.0026  2.39 5.6070

13 a 0.0579 1.1555 4.2633 0.7927 0.0136  1.40 29.7520 0.0122 7.88 0.9697 46 4743.85 732 124
b 0.0463 1.4053 4.2669 2.9495 0.0109  3.27 23.7861

15 a 0.0695 1.3064 4.2650 5.1358 0.0163 530 35.7169 0.0157 2.07 0.9449 42 44448 555 8.7
b 0.0647 1.5951 4.2631 7.3221 0.0152 7.49 332413

21 a 0.0108 1.9013 4.2594 11.6946 0.0025 11.85 5.5491 0.0024 2.96 0.2671 6 224673 101.1 415
b 0.0099 20685  4.2576 13.8809 0.0023 14.03  5.1029

22 a 0.0477 1.1859 4.2431 11.7126 0.0113 11.77 24.6443 0.0155 20.00 1.0507 68 6472.15 62.8 14.8
b 0.0975 1.0560  4.2368 95353 0.0230  9.59 50.4121
C 0.0512 1.8100 4.2306 7.3581 0.0121 758 26.5210

26 a 0.0137 1.4977 4.2243 5.1808 0.0032  5.39 7.0781 0.0032 0.71 0.2514 16 6365.4 73.0 183
b 0.0133 1.5901 4.2180 3.0036 0.0031  3.40 6.8816
C 0.0133 1.6707 4.2113 0.8125 0.0032 1.86 6.9160

32 a 0.0174 1.4908 4.3102 0.7993 0.0040  1.69 8.8652 0.0047 9.90 0.2551 6 235169 50.1 21.1
b 0.0233 1.2195 4.3441 0.8224 0.0054  1.47 11.7509

34 a 0.0518 1.3938 4.3781 0.8455 0.0118 1.63 25.9298 0.0111 4.60 1.1630 33 2837.46 96.4 175
b 0.0458 1.8424 4.4120 0.8686 0.0104  2.04 22.7603

37 a 0.0561 1.8903 4.4211 3.2741 0.0127 3.78 27.8027 0.0130 1.73 0.7311 32 4377.07 519 9.3
b 0.0586 1.4625 4.3963 5.6564 0.0133 584 29.1944

44 a 0.1047 1.3490 4.3714 8.0388 0.0240 8.15 52.4760 0.0216 7.66 1.1018 36 3267.38 47.1 8.7
b 0.0838 1.1103 4.3466 10.4212 0.0193 1048 42.2179

49 a 0.0157 1.6942  4.3668 4.5031 0.0036 4.81  7.8968 0.0035 1.27 0.3510 27 769251 920 179
b 0.0152 13124 43784 21227 0.0035 3.02 7.6039
C 0.0153 1.5710 4.4097 0.9272 0.0035 1.82 7.6033

Weighted mean 70.7 5.6
Pooled mean 0.0081 0.38 0.5755 355 61,686.09 65.4 3.8

Note: Pooled AFT age is calculated with CMS: 0.928+0.022

The other sandstone samples are those of nos. PP15, PP16, and PTT15, shows

}(2 test of 0.0000053 (PP15), 0.061 (PP16), and 0.072 (PTT15) with contributed age

dispersion of about 26%, 1.7%, and 15%, respectively. Nevertheless, sandstone sample

no. PTT15 may be possible is likely to be composed of 2 age components but the two

young plots are obscure because number of tracks counted is small. The samples yield

the AFT age from pooled age calculation to be 48.5+2 Ma (PP15), 45.5+1.6 Ma (PP16),
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Table 4.6 LA-ICP-MS data and fission-track dating sample PTT14, belonging to the Phu

Kradung Formation, Phu Phan Mountain Range.

PTT14 LA-ICP-MS data FT dating
spot
grain D Ap NIST610 Ap/NIST610  SE U Average SE Ps Ns A T o
D 28y/%Ca SE (%) 2PU/PCa SE (%) (**u/®Cca) (%) (ug/g) Ap/NIST610 (%) (10%/cm?) m?  (Ma) (Ma)
12 a 0.0318 29556  4.4878 0.9928 0.0071  3.12 15.5441 0.0071 312 00000 0 53253 00 0.0
-4 a 0.2126 23320  4.5127 1.0237 0.0471 2,55 103.177 0.0471 2.55 18627 14 7516 366 9.9
1-11  a 0.1946 23725 45376 1.0547 0.0429  2.60 93.9602 0.0429 2.60 34878 20 57343 750 17.0
1-12  a 0.0053 29255  4.5625 1.0857 0.0012 312 256157 0.0012 312 00000 0 88922 00 0.0
113 a 0.0901 34519  4.5874 1.1166 0.0196  3.63 43.0125 0.0196 3.63 18146 23 126753 852 181
1-14  a 0.1398 25676  4.5908 1.1573 0.0305 2.82  66.72 0.0305 2.82 38686 21 54283 1168 258
1-16 a 0.0160 25623  4.5694 1.1669 0.0035 282 7.65245 0.0035 2.82 0.0000 0 717.26 00 00
1-17  a 0.0129 27300 4.5479 1.1766 0.0028 297  6.2017 0.0029 1.38 02935 5 170363 936 420
b 0.0133 24991  4.5264 1.1863 0.0029 277 6.44773
121  a 0.0105 22752 4.5049 1.1959 0.0023  2.57 5.10596 0.0023 257 02697 2 74149 1065 754
122 a 0.0699 3.1529  4.4835 1.2056 0.0156  3.38 34.1298 0.0156 3.38 15325 13 84827 90.6 254
1-23  a 0.0163 23075  4.4533 1.1798 0.0037 259 7.99527 0.0037 2.59 03190 4 125399 80.6 40.4
1-27  a 0.0484 25002  4.4445 1.1443 0.0109  2.75 23.8392 0.0112 2.01 05074 11 216801 419 127
b 0.0511 27197 4.4402 1.1266 0.0115 294 25231
131 a 0.0240 22107 4.4358 1.1088 0.0054  2.47 11.8462 0.0059 563 05319 6 112811 835 344
b 0.0281 23698  4.4304 1.0569 0.0063  2.59 13.8967
141  a 0.0034 3.1194  4.4273 0.9544 0.0008 3.26 1.66101 0.0008 3.26 0.0000 0 833.8 00 00
148 a 0.0582 20957  4.4262 0.9202 0.0131 229 28.7864 0.0131 2.29 0.8932 5 559.81 628 281
1-52  a 0.0121 22137 4.3849 0.9475 0.0028 241 6.04077 0.0028 2.41 00384 1 26058 129 129
1-55 a 0.0382 21094 4.3653 0.9953 0.0088 2.33 19.1814 0.0088 2.33 09336 6 64268 982 40.2
342  a 0.0079 20338  3.9213 0.9451 0.0020 2.24 4.39337 0.0020 224 02996 2 66752 1372 97.1
361 a 0.0038 23023 3.9423 0.8981 0.0010  2.47 2.13848 0.0010 247 01496 2 133673 1407 996
414 a 0.0453 15711 3.9432 0.8719 0.0115 1.80  25.191 0.0115 1.80 1.0244 5 48811 821 368
421 a 0.0151 17791 3.9401 0.8666 0.0038  1.98 8.40908 0.0038 1.98 02498 2 800.5 60.1 42,5
4-31  a 0.0242 1.5868  3.9371 0.8613 0.0061 1.81 13.4506 0.0061 1.81 0.4737 5 1055.61 71.2 319
462 a 0.0447 17219 3.9340 0.8561 0.0114  1.92 24.8666 0.0114 1.92 16124 9 55816 1305 437
5-5 a 0.2805 1.7894  3.9245 0.8668 0.0715 199 156.572 0.0715 1.99 6.1147 87 142279 789 88
5-7 a 0.0578 1.8777 39180 0.8828 0.0148 2.07 323154 0.0148 2.07 1.1079 11 99289 693 21.0
5-8 a 0.0242 23255 39116 0.8987 0.0062 2.49 135342 0.0062 2.49 0.5946 6 1009.06 88.7 36.3
5-16 a 0.0910 21651  3.9052 0.9147 0.0233 235 51.0527 0.0233 2.35 25498 21 823.61 100.7 222
519 a 0.0494 21275  3.8923 0.9467 0.0127 233 27.794 0.0127 233 08601 6 69758 626 256
520 a 0.0222 21640  3.8858 0.9626 0.0057  2.37 12.5069 0.0057 237 03651 2 547.82 59.1 418
522 a 0.0090 23047 3.8800 0.9438 0.0023  2.49 5.07992 0.0023 2.49 0.0000 0 42595 00 00
528 a 0.0052 2.2905  3.8804 0.9264 0.0013  2.47 2.94591 0.0013 247 00000 0 55083 00 0.0
531 a 0.0051 3.1294  3.8807 0.9089 0.0013  3.26 2.86974 0.0013 3.26 02225 1 44953 1557 1558
536 a 0.0133 22195 38811 0.8915 0.0034 239 7.50827 0.0034 2.39 0.4486 4 891.63 1203 60.3
541 a 0.0386 21023  3.8814 0.8741 0.0099 2.28 21.7606 0.0094 3.71 0.6060 9 148519 593 199
b 0.0348 2.0418  3.8866 0.8662 0.0089 222 19.5926
5-45 a 0.0174 26790  3.8914 0.8757 0.0045 282 9.76778 0.0045 2.82 0.3584 6 16742 742 304
5-53 a 0.0786 24222  3.8963 0.8853 0.0202 2.58 44.2135 0.0202 2.58 1.2742 9 706.32 583 195
Weighted mean 799 71
Pooled mean 0.0118 0.61 0.9259 318 34,344.02 726 4.4

Note: Pooled AFT age is calculated with CMS: 0.928+0.022
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program (Vermeesch, 2018)
illustrating the relationship between
apatite single grain ages and (Right)
the histogram showing track length
distribution of the sample (Top)
PTT14 and (Bottom) PP01 assigned to
the Phu Kradung Formation, Phu
Phan Mountain Range. Due to the
fact that confined tracks are not
observed in sample no. PP01, so a
graph in not shown herein. Sample
no. PTT14 contain apatite with the
track length 12.84+0.7 and the S.D. of
2.7084.

and 55.1+4.3 Ma (PTT15) and central age to be 50.2+3.6 Ma for sample PP15,

45.8+1.3Ma for sample PP16, 60.8+6.7 Ma for sample PTT15. Their results were

analyzed from 25 (PP15), 7 (PP16), and 5 (PTT15) apatite crystals (Figure 4.37 and 4.38).



Figure 4.36 An apatite grain with fission tracks from sandstone (samp e no. PP16) belonging to the

Phu Phan Formation, Phu Phan Mountain Range.

According to Department of Mineral Resources (2014), the depositional age of
Phu Phan Formation is about 145 to 100 Ma. So, all of the AFT age data suggest that
central age of the samples is younger than the depositional age.

Number of tracks from the analyzed samples show wide range of variation.
There are about 7 - 88 tracks in apatite grains of sample no. PP10, about 0 — 165 tracks
for sample no. PP15, 1 — 492 tracks for sample no. PP16, and 8 — 101 tracks for sample
PTT15 within an area of 3,685 to 18,212 um?, 2,000 to 22,700 pm?, 3,600 to 22,109
um?, and 574 to 6,314 um?, respectively. Confined track lengths are relatively low in
sample no. PP16 (n=2) with a mean of 10.11+0.13 pm (see Figure 4.38 top-right) and
standard deviation of about 0.18. The result is not clearly to be in any model. The

other samples have not found confined track in the measurement.
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U/Ca ratio of this apatite of sample nos. PP10, PP15, PP16, and PTT15 divided
by U/Ca of external standard (NIST SRM610) falls within 0.002 to 0.023, 0.0014 to
0.0353, 0.0011 to 0.0704, and 0.009 to 0.0311, respectively. Furthermore, the error of
ratio U/Ca of apatite standard divided by error of U/Ca of external standard (NIST
SRM610) for sample nos. PP10, PP15, PP16, and PTT15 fall within the ranges of 0.00019
to 0.00027, 0.00014 to 0.00034, 0.00022 to 0.00026, and 0.00014 to 0.00025,

respectively (see more detail in Tables 4.7, 4.8, 4.9, and 4.10).

Table 4.7 The LA-ICP-MS data and fission-track dating from sample PP10, belonging to

the Phu Phan Formation, Phu Phan Mountain Range.

PP10 LA-ICP-MS data FT dating
spot

grain o Ap NIST610 Ap/NIST610  SE u Average  SE Ps Ns A T o

D B8y/PCa SE (%) “Pu/Ca - SE (%) (*®u/ca) (%)  (ug/e) Ap/NIST610 (%) (10%/cm?) (m?d  (Ma) (Ma)

1 a 0.0961 1.8214  4.4294 0.9122 0.0217  2.04 47.5392 0.0232 4.68 14256 88 617291 567 6.7
b 0.1102 1.6029  4.4491 0.8972 0.0248  1.84 54.2726

4 a 0.0064 1.8006  4.4688 0.8822 0.0014 201 3.1578 0.0104 60.95 0.8994 51 5670.66 79.5 49.7
b 0.0872 23831  4.4885 0.8671 0.0194¢ 254 425760

5 a 0.0529 23010  4.5081 0.8521 0.0117 245 257180 0.0123 3.23 05778 41 709605 434 7.0
b 0.0575 1.8814  4.4701 0.8375 0.0129 2.06 28.1800

6 a 0.0216 23890  4.4412 0.8376 0.0049 253 10.6366 0.003319.83 0.1884 21 111447 532 157
B 0.0116 26665  4.4124 0.8378 0.0026 280 5.7544
c 0.0103 2.4088  4.3835 0.8380 0.0023 255 5.1249

7 a 0.0215 1.9822  4.3546 0.8382 0.0049 215 10.8027 0.0052 3.06 05362 22 410276 958 20.8
b 0.0233 1.8965  4.3380 0.8525 0.0054 2.08 11.7796

8 a 0.0073 1.9920  4.3503 0.8667 0.0017 217  3.6532 0.0017 217 01092 7 6409.16 605 229

9 a 0.0729 15501  4.3748 0.8950 0.0167 1.79 36.5091 0.0166 7.81 08209 68 828333 456 6.7
b 0.0608 17757 4.3871 0.9091 0.0139  1.99 30.3689
c 0.0852 1.7507  4.3993 0.9233 0.0194¢ 1.98 42.4401

14  a 0.0071 1.9432  4.4099 0.9546 0.0016 217  3.5302 0.0016 2.76 0.1555 25 16080.18 89.6 18.2
b 0.0066 24294 4.4091 0.9631 0.0015 261  3.2850
c 0.0074 1.8379  4.4083 09717 0.0017 208  3.6923

15 a 0.0303 20258  4.4074 0.9802 0.0069 2.25 15.0683 0.003343.47 0.1471 25 16993.03 40.7 19.5
b 0.0055 23068  4.4066 0.9888 0.0013 251 27520
c 0.0083 21082  4.3867 1.0145 0.0019 234 41310

18 a 0.0220 20231  4.3676 1.0316 0.0050 227 11.0113 0.0042 7.64 02361 43 18211.88 515 89
b 0.0169 19215  4.3485 1.0488 0.0039 219 85141
c 0.0164 23191 4.3294 1.0659 0.0038 255  8.3095

19 a 0.0127 29369  4.3103 1.0831 0.0030 3.13  6.4646 0.0030 3.13 04614 17 3684.63 1435 352

20 a 0.0129 1.8877  4.2912 1.1002 0.0030 2.18  6.6035 0.0028 4.58 02936 19 6470.83 955 225
b 0.0114 33798  4.3051 1.1378 0.0026  3.57 57994

24 a 0.0783 22330 4.3160 1.1446 0.0181 251 39.7454 0.015511.23 0.8265 79 955813 49.3 7.9
b 0.0488 1.9448  4.3270 1.1514 0.0113 226 24.6982
c 0.0740 24631  4.3380 1.1582 0.0171 2.72 373601

Weighted mean 582 36
Pooled mean 0.0070 1.26 0.4221 506 11987825 561 2.9

Note: Pooled AFT age is calculated with CMS: 0.928+0.022
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Table 4.8 The LA-ICP-MS data and fission-track dating from sample PP15, belonging to

the Phu Phan Formation, Phu Phan Mountain Range.

PP15 LA-ICP-MS data FT dating
spot
grain Ap NIST610 Ap/NIST610  SE U Average SE Ps A T o
D 28y/%Ca SE (%) 2PU/PCa SE (%) (**u/®Cca) (%) (ug/g) Ap/NIST610 (%) (10%/cm?) m?  (Ma) (Ma)
1 a 0.1597 1.6324  3.9087 0.7799 0.0409 1.81 89.5152 0.0413 0.78 2.1719 139 6400  48.6 4.3
b 0.1631 20512 39036 0.7747 0.0418 219 91.5233
2 a 0.0073 1.9886  3.8984 0.7695 0.0019 213  4.0801 0.0018 2.05 0.1771 17 9600  90.2 220
b 0.0068 1.8743 38933 0.7643 0.0018 202 3.8496
3 a 0.0094 1.7799  3.8881 0.7591 0.0024 193 52711 0.0024 1.93 0.2464 17 6900 943 231
5 a 0.1372 1.5430  3.8854 0.7879 0.0353 1.73 77.3653 0.0353 1.73 1.8400 92 5000 482 52
6 a 0.0279 1.8849  3.8879 0.8219 0.0072  2.06 15.7094 0.0072 2.06 0.7500 21 2800 963 21.2
13 a 0.0020 3.1237  3.8953 0.9241 0.0005  3.26 1.1115 0.0005 4.06 0.0364 2 5500 69.9 49.6
b 0.0018 33115  3.8978 0.9581 0.0005 3.45  0.9908
15 a 0.1130 1.1661 3.9353 0.9137 0.0287 1.48 62.9001 0.0277 2.59 1.0811 80 7400  36.1 4.2
b 0.1052 1.4361 3.9423 0.8981 0.0267  1.69 58.4570
16 a 0.0101 1.4305  3.9463 0.8771 0.0026 1.68 5.6108 0.0018 16.70 0.0984 6 6100 49.6 219
b 0.0064 1.6784  3.9432 0.8719 0.0016  1.89 35397
[« 0.0052 1.9306  3.9401 0.8666 0.0013 212  2.8889
19 a 0.0327 1.8183  3.9371 0.8613 0.0083 2.01 18.1735 0.0083 2.01 0.3500 14 4000 39.0 105
20 a 0.0911 1.7256  3.9340 0.8561 0.0232  1.93 50.7216 0.0232 1.93 1.4500 29 2000 579 109
22 a 0.0550 1.4109 39116 0.8987 0.0141 1.67 30.8222 0.0141 1.67 0.6207 54 8700  40.8 5.7
23 a 0.0029 2.8260  3.8346 1.0455 0.0008 3.01 1.6510 0.0008 3.01 0.0000 0 6600 00 00
25 a 0.0371 1.6142  3.8923 0.9467 0.0095 1.87 20.8814 0.0051 62.63 0.1023 9 8800 18.7 133
b 0.0022 3.0045  3.8797 0.9612 0.0006  3.15 1.2655
29 a 0.0543 1.5456  3.8804 0.9264 0.0140  1.80 30.6533 0.0140 1.80 0.5797 40 6900 383 6.2
30 a 0.0559 1.5744  3.8807 0.9089 0.0144  1.82 31.5649 0.0144 1.82 0.7778 28 3600 499 9.5
31 a 0.0205 1.5835  3.8811 0.8915 0.0053  1.82 11.5842 0.0060 8.58 0.5385 14 2600 825 232
b 0.0262 1.8030  3.8814 0.8741 0.0067  2.00 14.7847
33 a 0.0950 1.8144 38914 0.8757 0.0244  2.01 53.4590 0.0260 4.39 1.6500 66 4000 586 7.8
b 0.1077 1.7559  3.8963 0.8853 0.0276  1.97 60.5342
34 a 0.0278 21370 3.8255 1.0610 0.0073 239 159362 0.0049 35.33 0.1795 7 3900 342 177
b 0.0093 2.0440  3.8301 1.0533 0.0024 230 53181
37 a 0.0101 21381  3.8392 1.0378 0.0026 238 57719 0.0026 2.38 0.0000 0 2300 00 00
44 a 0.0041 25947  3.9358 0.9295 0.0010 276 22542 0.0014 18.31 0.0667 8 12000 444 177
b 0.0069 25388  3.9634 0.9011 0.0017  2.69 3.8293
46 a 0.0232 1.6515  3.9911 0.8727 0.0058  1.87 12.7291 0.0056 2.34 0.3947 45 11400 64.8 9.9
b 0.0219 1.8291 4.0204 0.8549 0.0054 202 119127
47 a 0.0576 23443 4.0221 0.8655 0.0143 250 31.3855 0.0112 12.02 0.7225 164 22700  59.8 8.7
b 0.0417 23517  4.0238 0.8760 0.0104 251 22.6814
[« 0.0355 24727  4.0256 0.8866 0.0088 2.63 19.2977
48 a 0.0852 19352  4.0290 0.9077 0.0211  2.14 46.2995 0.0211 2.14 0.7442 32 4300 326 59
49 a 0.0266 21901  4.0307 0.9182 0.0066  2.37 14.4315 0.0066 2.37 0.3400 17 5000 47.7 117
Weighted mean 501 22
Pooled mean 0.0108 0.48 0.5685 901 158,500 485 2.0

Note: Pooled AFT age is calculated with CMS: 0.928+0.022
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Table 4.9 The LA-ICP-MS data and fission-track dating from sample PP16, belonging to

the Phu Phan Formation, Phu Phan Mountain Range.

PP16 LA-ICP-MS data FT dating
spot
grain Ap NIST610 Ap/NIST610  SE U Average SE Ps Ns A T o
D #8y/Pca SE (%) “Pu/fCa SE (%) (**u/®Cca) (%) (ug/g) Ap/NIST610 (%) (10%/cm?) m?  (Ma) (Ma)
2 a 0.0172 1.9967 3.9059 0.9043 0.0044 219  9.6385 0.0046 237 0.3342 42 12569.19 678 10.7
b 0.0184 1.9540 3.9108 0.9138 0.0047 2.16 10.3070
3 a 0.0461 2.1451 3.9191 0.9190 0.0118 233 257939 0.0114 262 0.7161 32 446888 583 105
b 0.0429 2.5148 3.9225 0.9147 0.0109 2.68 239529
4 a 0.0967 2.1239 3.9259 0.9104 0.0246 231 539702 0.0296 11.92 1.6172 154 952235 50.4 7.4
b 0.1361 2.0698 3.9294 0.9061 0.0346 226 758477
10 a 0.0042 2.4507 3.9328 0.9017 0.0011 261 23158 0.0011 0.75 0.0278 1 359953 241 241
b 0.0043 2.2734 3.9363 0.8974 0.0011 244 23653
15 a 0.2715 2.0098 3.9351 0.8974 0.0690 220 151.1035 0.0704 0.88 3.2423 350 10,795 42.6 25
b 0.2812 2.1991 3.9304 0.9017 0.0716 238  156.7307
C 0.2778 1.9719 3.9258 0.9060 0.0708 217 154.9790
17 a 0.2150 2.0723 3.9212 0.9103 0.0548 2.26 120.0850 0.0575 192 27460 492 17917.06 44.1 24
b 0.2306 2.1238 3.9165 0.9146 0.0589 231 128.9447
C 0.2304 2.1377 39119 0.9189 0.0589 233 128.9837
25 a 0.1237 2.2162 3.9219 0.9230 0.0315 240 69.0716 0.0287 2.31 1.4338 317 22109.32 46.1 3.0
b 0.1140 1.8490 3.9292 0.9229 0.0290 207 63.5308
C 0.1083 2.2213 3.9365 0.9228 0.0275 241  60.2535
d 0.1096 2.2315 3.9438 0.9226 0.0278 241 60.8515
e 0.1102 1.8956 3.9511 0.9225 0.0279 211 61.0673
Weighted mean 459 15
Pooled mean  0.0348 0.51 1.7140 1,388 80,981.03 455 1.6

Note: Pooled AFT age is calculated with CMS: 0.928+0.022

Table 4.10 The LA-ICP-MS data and fission-track dating from sample PTT15, belonging

to the Phu Phan Formation, Phu Phan Mountain Range.

PTT15 LA-ICP-MS data FT dating
spot
grain Ap NIST610 Ap/NIST610  SE U Average SE Ps Ns A T o
D 28u/Pca SE(%)  “PU/Ca SE (%) (*u/Cca) (%) (ug/s) Ap/NIST610 (%) (10%/cm? (um?  (Ma) (Ma)
1-15 a 0.1423 1.7211 3.9653 0.9263 0.0359 195 78.6303 0.0311 10.79 15995 101 6314.64 475 7.1
p b 0.1048 2.0339 3.9721 0.9302 0.0264 224 57.8183
2-26 a 0.0777 1.3205 3.9925 0.9420 0.0195 1.62 42.6489 0.0195 1.62 1.9160 11 57412  90.7 275
2-28 a 0.0360 2.3864 3.9857 0.9381 0.0090 256 19.8038 0.0090 256 0.8510 8 940.08 86.8 30.8
3-1 a 0.0936 1.4075 3.9964 0.8865 0.0234 1.66 51.2865 0.0212 7.21 15843 42 2651.00 688 11.8
b 0.0759 1.6280 3.9784 0.8653 0.0191 1.84 41.7945
5-26 a 0.0805 1.3640 4.0432 1.0003 0.0199 1.69 43.6058 0.0199 1.69 1.2247 24 1959.61 568 11.7
Weighted mean 61.7 56
Pooled mean  0.0251 1.05 14952 186 12,439.45 55.1 4.3

Note: Pooled AFT age is calculated with CMS: 0.928+0.022
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PP10 Central age = 62.6£3.6 | 11.9 Ma (n = 13) PP15 Central age = 50.23.6 | 7 Ma (n = 24)
MSWD = 3.6, p()’) = 2.5¢-05 MSWD = 2.9, p()¥’) = 5.3e-06
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Figure 4.37 Radial plots from IsoPlotR program (Vermeesch, 2018) displaying the relationship
between apatite single grain ages (Left) PP10 and (Right) PP15 assigned to the Phu Phan
Formation, Phu Phan Mountain Range. It is noted that no confined tracks are found in both

samples.

4.5.3 Summary of the AFT ages

Six samples out of the selected 21 sandstone samples of the Phu Phan Range

study area. The central ages are always older than the pooled age with the difference

in ages of about 10%. Due to the fact that P(}*) of the analyzed samples (nos. PPO1,
PPO1, PTT14, and PTT15) are more than 5%, both central and pooled ages can be
applied. In the case of sample nos. PP10 and PP15, P(}(Z) is lower than 5%, suggesting
that only the central age data is accepted. As shown in Figures 4.39 and 4.40, two AFT
age groups are obtained for both pooled and central age data, one group is about 57.2
Ma and the other is about 61.6 Ma

It is inferred from the current result that the sandstone of bearing-apatite
always yields the pooled age younger than central age. Moreover, the pooled AFT age
is invalid because in general, detrital samples in sedimentary basins can derive from
multiple source areas as noted by Galbraith (2005). The results show a wide spread of
AFT ages in a radial plot and have various apatite chemistry which control annealing
behavior (Galbraith, 2005). Therefore, the central AFT age is more suitable for the

interpretation of thermal overprint on rocks in this area. In case of the sample PP10,
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has 2 age components, indicates that the sample might be incompletely reset.

Therefore, younger age component is preferred for the current interpretation.

PP16 Central age = 45.8+1.3 | 2.5 Ma (n = 7)
MSWD = 2, p()(*) = 0.061
dispersion = 1.7 +20.1/-1.7 %
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PTT15 Central age = 60.8£6.7 | 13.1 Ma (n = 5) . .
MSWD = 2.1, (1) = 0.072 Figure 4.38 (Left) Radial plots from IsoPlotR

- dispersion =15 135115 % program (Vermeesch, 2018) illustrating the
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140
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. ® °
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60.8 Ma

° } 5 track length of 10.11+0.13 um and S.D. of
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PTT15 assigned to the Phu Phan

Formation, Phu Phan Mountain Range.

T
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Table 4.9 illustrates AFT ages from samples no. PPO1, PTT14, PP10, PP15, PP16,
and PTT15 with pooled FT age as 45.5+1.6 to 72.5+4.4 Ma (10). The central FT radial
plots (Vermeesch, 2018) fall within the range of 45.8+1.3 to 77.6+4.7 Ma (see Figure
4.36, 4.37 and 4.38). Sample locations and AFT age data from the pooled age plot and
the central age (except sample PP10 will use the younger age) plot is displayed on a
geological map based on 1:50,000 map modified from DMR (1999; 2000; 2001; 2004,
2008) in Figure 4.39 and 4.40, respectively.
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In case of grouping of the pooled and central AFT age, the results unveil the 2
AFT age ranges are 45 - 56 Ma and 65 - 73 Ma for pooled AFT age grouping (Figure 4.41)
and 45 - 50 Ma and 60 - 77 Ma for central AFT age grouping (Figure 4.42).

Table 4.9 Summary of obtained AFT dating results from samples of the Khorat Group

in Phu Phan Mountain Range.

Fission track age (Ma)
Disp Number P1+10 P2+10 MTL+SD

Sample No. P %) P. age C. age of Grains ) ) (um) nl
(Ma) (Ma)

Phu Phan Fm.

PP10 0.000025 29 56.1£2.9 62.6+6 13 49.7+3 91.3+8.9 - -

PP15 0.0000053 26 48.5+2 50.2+3.6 25 - - - -

PP16 0.061 1.7 45.5+1.6 458+1.3 i - - 10.11+0.18 2

PTT15 0.072 15 55.1+4.3 60.8+6.7 5 - - - -

Phu Kradung

Fm.

PPO1 0.094 15 65.4+3.8 72.8+7.1 14 - - - -

PTT14 0.62 7.9 72.5+4.4 77.6+4.7 36 - - 12.84+2.7 15
Note:

- P. age (Pooled AFT age): calculated from an equation (Hasebe et al., 2013).

- C. age (Central AFT age): calculated from radial plot with IsoPlotR program (Vermeesch, 2018).

- FT pooled age are calculated with CMS: 0.928+0.022 (Hasebe et al., 2013)

- FT central age are calculated with C = 1.8560+0.044 by using an equation from Vermeesch (2017).

- Laser spot diameter size = 20 ym

- Disp gives the percentage of single-grain age dispersion

- P(})=is the chi-squared probability that the dated grains belong to a single statistical population
(samples fail this test if P(}?) < 0.05).

- nlis the number of measured confined tracks.

- MTL is the average confined track length in um with O standard deviation

- P1 and P2 is used for while the AFT data shows a bimodality of single-grain ages, the data set was
decomposed into 2 age polulations that were statistically derived using IsoPlotR program (Vermeesch,

2018).
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Figure 4.41 Two pooled AFT age groups of the sandstones of the Khorat Group in the Phu Phan

Mountain Range from this studly.
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Figure 4.42 Two central AFT age groups of the sandstones of the Khorat Group in the Phu Phan

Mountain Range from this studly.
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Chapter 5 Discussion

Based upon the results of field, petrographic, and geochronological
investigation, 3 topics are herein discuss, namely provenance, AFT age grouping and
uplift rates, and tectonic implication.

5.1 Provenance

Ternary diagram of sedimentary rock mineral composition (Pettijohn, 1975)
reveals that sandstones of the Khorat Group (Phu Kradung to Phu Phan Formation)
sandstone of this study are mostly litharenite, sublitharenite and some of feldspathic
litharenite, all of which have high percentages of quartz and lithic fragments, but less
feldspar. The mineral compositions of the Phu Phan Range sandstones are harmonized

with those of Racey (2009) as shown in Figure 5.1

B Phu Kradung Formation

@ Phra Wihan Formation Q

@ 520 Khua Formation

x Khok Kruat Fm.
Phu Phan Formation (Uppermost
Khorat Group),

Khorat Group
(Phu Kradung Fm. to
Phu Phan Fm.)

Nam Phong Fm.

\ Huai Hin Lat Fm.

Figure 5.1 Quartz-Feldspar-Lithic (QFL) ternary diagram (after Pettijohn, 1975) showing the Phu

Phan Mountain Range sandstone samples of this study conform to the results of Racey

(2009) in gray area.
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Figure 5.2 shows the relationship between detrital mode of sandstone and
different generic types of provenance terrane. The detrital minerals of the Phu Phan
Range sandstone samples are plotted in ternary diagram (after Dickinson, 1985) and all
of them are related to the recycled orogens.

As a whole, the current study indicates that the Phu Phan Range sandstones
are lithic- (<10%) and feldspathic- (<5%) poor and dominated by quartz fragments
(>85%) based on the Gazzi-Dickinson method of point counting. The ternary plots of
Q-F-L strongly show a continental block provenance (Figure 5.2) for the Khorat Basin

suggesting a deeply eroded continental basement provenance.

B Phuk F . Merger of Fields
u Kradung Formation for Mature Rocks
4@ Phra Wihan Formation Q with Stable

Frameworks
@ Ssao Khua Formation

Phu Phan Formation

RECYCLED OROGEN
PROVENANCES

CONTINENTAL
BLOCK J/ \
PROVENANCES /I
[ Increasing Ratio
of Chert
/ to Quartz
/' (MIXED) A
/ N X
Merger of Fields QN \ X
for Plutonic Basment -, VP N
and Are roots : “ P>V N '
Increasing Ratio >
of Plutonic (P) to N\ R

Volcanic (V) Sources N

F >

Figure 5.2 Ternary diagram of relationship between detrital mineral composition of the Khorat

Group sandstone in Phu Phan Mountain and types of provenance (after Dickinson, 1985).

The sandstone samples of this study are related to “recycled orogen provenances”.

The Khorat Plateau is largely bounded by two tectonic belts, i.e., Loei Fold Belt
in the west and the south and Troung Son Fold Belt in the east (Figure 5.3). Results of
the paleocurrent patterns report by Racey (2009), Horiuchi et al. (2012), and Chenrai

(2012) reveals that the sedimentary source of sandstones belonging to Phu Kradung,
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Phra Wihan, Sao Khua and Phu Phan Formations sandstone was derived from the NNE
to SSW direction and from ENE to WSW direction. As mentioned above, Trung Son Belt
is located to the east and the north. Therefore, it is considered that most reliable
source for the sandstone of the Phu Phan Range area is the Troung Son Belt (Figures
54,55, 5.6, 5.7, and 5.8). The cross bed of the Khok Kruat Formation, on the other
hand show different flow direction; i.e., from east to west direction. It also considered
that sediments were transported from the more uplifted and eroded region in the
north until denudation is ceased and afterward the uplifted and eroded area is to the

west and sedimentation developed to become the Khok Kruat Formation.

5.2 AFT-age grouping

Table 5.1 shows the AFT age dating results of Racey et al. (1997) and Upton
(1999) for the sandstones of the Phra Wihan and Phu Phan Formations in Phu Phan
Mountain Range area have range of central AFT age is from 54.7+6.9 Ma to 37.4+4.1
Ma. The sample locations and their age results included this study central AFT age are
show in Figure 5.9. Moreover, the AFT age results of the Western edge of Khorat Plateau
from Carter et al. (1995), Racey et al. (1997), and Upton (1999) is shown Table 5.2.
Figure 5.11 illustrates total AFT age data of the whole Khorat Plateau.

From the AFT age results on the Phu Phan Range from this study and previous
studies, the total average AFT age is 53 Ma with the total standard deviation of 11.8.
However, the AFT ages of sandstones from the Phu Phan Range fall into 3 groups by
using statistic (10) are 78 - 60 Ma, 55 - 42 Ma, and 37 Ma (Figure 5.10). Meanwhile, the
AFT age results on the whole Khorat Plateau from Carter et al. (1995), Racey et al.
(1997), Upton (1999), and this study (Figure 5.11) contribute 50 Ma of total average AFT
age 10.8 of total standard deviation. The AFT age grouping can unite into 3 periods
that are range from 84 - 60 Ma, 55 - 45 Ma, and 37 - 31 Ma (Figure 5.12).



113

Phu Phan Mt.
R ey 1L
it Khorat Plateau

Lo

§

Figure 5.3 Map illustrating the Khorat Plateau located on the Indochina tectonic block is bounded
by two major tectonic belts which are Loei Belt in the west and the south and Troung Son

Belt in the north and the east (modified from Khin Zaw et al., 2014).
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! - Bangkok 2 da
, NNA =
"’/ "/’ Khorat Group area of outcrop —» Direction of flow from channelfill element

- (Horiuchi et al., 2012)
—» Direction of flow (Racey, 2009)

A o B N

(n=17) (n=18)
From channel-fill elements

Figure 5.4 (Top) Map showing the direction of paleocurrent for Phu Kradung Formation flowing
mostly from the E to W and some of N to S, NE to SW and SE to NW (modified from Racey,
2009). Black rectangular is PPR study area. (Bottom) Rose diagram shows comparing of
paleocurrent flow directions (A) mostly NE to SW (Racey, 2009) and (B) mainly from NE to

SW from channel-fill elements data (Horiuchi et al., 2012).
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GULF
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on-Thai TONKING

wuri Basin

-~ -

¥//+ Khorat Group area of outcrop —» Direction of flow from channel-fill element
(Horiuchi et al., 2012)
— Direction of flow (Racey, 2009) —» Direction of flow (This study)

A . B N C -

(n =S29) (n=18) (n = 1)
From channel-fill elements
Figure 5.5 (Top) Map showing the direction of paleocurrent for Phra Wihan Formation flowing

mostly from the E to W and NE to SW and some of N to S and SE to NW (modlified from
Racey, 2009). Black rectangular is PPR study area. (Bottom) Rose diagram shows
comparing of paleocurrent flow directions (A) mostly from E to W and NE to SW (Racey,
2009) (B) mainly from NE to SW from channelfill elements data (Horiuchi et al.,, 2012)
and (C) result of this study to the NW.
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Figure 5.6 (Top) Map showing the direction of paleocurrent for Sao Khua Formation flowing from
the NE to SW and NW to SE (modified from Racey, 2009). Black rectangular is PPR study
area. (Bottom) Rose diagram shows comparing of paleocurrent flow directions (A) from the
NW to SE direction (Chenrai, 2012) and (B) for this study, the major paleocurrent of the Sao
Khua sandstones is mostly from ENE to WSW direction and the other direction is from NNW
to SSE direction.
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Figure 5.7 (Top) Map showing the direction of paleocurrent for Phu Phan Formation flowing mostly
from the NE to SW and some of N to S (modified from Racey, 2009). Black rectangular is
PPR study area. (Bottom) Rose diagram shows comparing of paleocurrent flow directions
(A) from NE to SW and E to W (Racey, 2009) and (B) paleocurrent result of this study to the
SW.
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Figure 5.8 (Top) Map showing the direction of

paleocurrent for Khok Kruat Formation

flowing mostly from the W to E (modified

from Racey, 2009). Black rectangular is PPR

study area. (Bottom) Rose diagram shows

paleocurrent flow directions from W to E

(Racey, 2009).

(n=7)
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Table 5.1 Apatite fission track analytical results of sandstones for the Phu Phan

Mountain Range, Khorat Plateau, northeastern Thailand.

Sample No. Age Dispersion Fission track age (Ma) Number of
Location References

(elevation) ZZ % P. age C. age Grains
Phu Phan Fm.
GC-394-7 17°4'30"N - 42.5+4.1 20 Racey
(320 m) 103°59'6"E et al. (1997)
GC-394-2 17°12'9"N - 37.4+4.1 20 Racey
(284 m) 103°54'18"E et al. (1997)
GC-394-3 17°12'53"N - 46.6+3.7 21 Racey
(390 m) 103°54'16'E et al. (1997)
GC-394-8 17°6'16"N 7 50.2+4.8 20 Racey
(235m) 103°31'12'E et al. (1997)

Phra Wihan Fm.

THI9559 16°47'31'N <1 33 > 5145 20 Upton (1999)
(288 m) 103°57'30"'E

GC-394-6 17°12'9'N - 54.7+6.9 8 Racey

(348 m) 103°57'5'E et al. (1997)

N.B.: P. age = Pooled AFT age; C. age = Central AFT age

Table 5.2 Apatite fission track analytical results from previous studies for the western

edge of the Khorat Plateau, northeastern Thailand.

Sample No. ) Age Dispersion Fission track age (Ma) Number of

(elevation) Location 12 % P. age C. age Grains Reference
Khok Kruat Fm.
THI9034 15°32'17"N <1 37 - 40+5 15 Upton (1999)
(232 m) 101°40'1"E
THI9035 15°31'46"N <1 34 - 70+8 20 Upton (1999)
(211 m) 101°43'57"E
THI9T147 17°27'18"N 9 22 - 41+4 19 Upton (1999)
(995 m) 100°55'9"E
Phu Phan Fm.
THI9032 15°40'18"N <1 31 - 44+4 20 Upton (1999)
(306 m) 101°30'47"E
THI9033 15°40'11"N <1 32 - 53+6 20 Upton (1999)
(282 m) 101°33'35"E
Sao Khua Fm.
THI9014 15°21'29"N <1 31 - 41+4 18 Upton (1999)
(208 m) 101°23'16"E
THI9020 15°10'9"N <1 45 - 84+8 30 Upton (1999)

(278 m) 101°25'56"E
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Sample No. Age Dispersion Fission track age Number of

(elevation) Location ZZ P. age C. age Grains Reference
Sao Khua Fm.
THI97144 18°8'36"N 82 6 374 20 Upton (1999)
(443 m) 101°6'31"E
Phra Wihan Fm.
THI9011 15°41'13"N <1 22 42+3 24 Upton (1999)
(410 m) 101°23'15"E
THI9012 15°40'38"N <1 38 58+4 35 Upton (1999)
(689 m) 101°24'48"E
THI9431 14°9'42"N 2 17 50+4 15 Upton (1999)
(159 m) 101°55'17"E
THI9434 14°28'12"N 4 16 40+2 20 Upton (1999)
(535 m) 101°55'39"E
THI9438 14°49'6"N 0 28 47+5 10 Upton (1999)
(300 m) 101°32'9"E
THI9439 14°47'29"N 0 28 49+4 20 Upton (1999)
(300 m) 101°30'58'E
T90/12 15°49'35"N <1 38 58+5 35 Carter et al.
(281 m) 101°35'53'E (1995)
T90/17 15°4'18"N <1 36 50+5 20 Carter et al.
(242 m) 101°24'22'E (1995)
T90/33 15°49'39"N <1 32 53+6 20 Carter et al.
(210 m) 101°51'37'E (1995)
Phu Kradung
Fm.
THI9008 No data a 19 503 28 Upton (1999)
THI9017 15°9'44"N <1 36 50+5 20 Upton (1999)
(233 m) 101°24'12"E
THI9432 14°16'34"N 4 22 39+3 20 Upton (1999)
(95 m) 101°53'41"E
THI9556 16°43'10"N 6 22 49+6 14 Upton (1999)
(647 m) 101°38'25'E
THI9T7153 17°13'33"N <1 21 47+3 28 Upton (1999)
(229 m) 102°25'33'E
GC-394-1 16°39'16" 46.7+8.3 22 Racey et al.
(298 m) 101°43'51" (1997)
Nam Phong Fm.
THI97150 16°43'36'N 32 0 48+3 32 Upton (1999)
(877 m) 101°34'46"E
THI97151 16°43'46"N 22 <1 47+4 22 Upton (1999)
(487 m) 101°24'3'E
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Sample No. ) Age Dispersion Fission track age Number of

(elevation) Location ZZ % P. age C. age Grains Reference
Huai Hin Lat Fm.
THI97160 16°39'28"N 43+3 20 Upton (1999)
(287 m) 101°44'13"E
Triassic granite
THI9430 13°46'5"N 92 0 31+3 15 Upton (1999)
(53 m) 101°30'36"E
THI9T156 17°54'18"N 36 7 54+3 20 Upton (1999)
(219 m) 101°43'18'E

5.3 Rate of exhumation

In the AFT age (Ma) versus sample elevation (m) plot (Figure 5.13 and 5.14)

shows a trend with increasing AFT ages with elevation.

Figure 5.13 illustrates rate of uplift on the Phu Phan Range by AFT age versus

elevation of sample point plot from the results of Racey et al. (1997), Upton (1999),

and this study. The graph depicts a positive-trending linear that give rise to almost

consistent uplift rate, viz 0.0192 mm/yr, 0.0112 mm/yr, and 0.0113 mm/yr. It can be

stated that on average, the rate of uplift is about 0.01 mm/year. The maximum uplift

rate of the PPR study area is 0.019.
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@ This study (without apatite)

Figure 5.9 Geological map showing series of broad deformation structure with the major NW-SE
trend based on DMR (1999; 2000; 2001; 2004; 2008) with sample locations with AFT age
results by Racey et al. (1997), Upton (1999), and this studly.
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Figure 5.11 Geological map of the NE Thailand based on 1:50,000 map modified from DMR (1999;

2000; 2001; 2004; 2008) of Phu Phan Mountain area and 1:250,000 map modified from DMR
(2007) displaying sample locations with central AFT age results from Carter et al. (1995),
Racey et al. (1997), Upton (1999), and this studly.
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After combination of the rate of uplift of the Phu Phan Mountain Range and

the western edge of the Khorat Plateau, the rate of uplift of whole Khorat region can

be constrained.
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5.4 Comparison of AFT ages of Phu Phan Mountain Range and geological events

in Thailand and associated regions.

Based up on the previous and the current geochronological studies (Figure

5.15), tectonic episodes of the Phu Phan Mountain Range and neighboring regions can

be delineated as explained below.

1.

The first episode is the 78-60 Ma (Late Cretaceous to Early Paleogene) episode
which is limited within the Cretaceous-Paleogene Boundary (KPB) may have
been caused by the interaction of between Indochina and the surrounding
plates, viz. one from the west and the other to the south. A broad structural
style of the Phu Phan Range study area has the axial plane in the NW-SE trend,
suggesting the maximum stress axis in the rough NE-SW direction. The maximum
stress is split into 2 directional forces in the approximate N-S and E-W direction.
It is quite likely that such two-tectonic stress are mainly due to the interaction
of the Western Burma block to Indochina (Charusiri et al., 1993; Hutchison,
1989; Morley et al,, 2004; Upton, 1999) in the west and the northwest
subduction of Paleo-South China Sea Plate (Sun, 2016). The structural
deformation as evident by the broad foldings occurred postdating major
tectonic disturbance.

The second episode is the 55-42 Ma (Eocene) episode which corresponds to
the period of India-Asia collision (Searle and Morley, 2011). It initiates foldings,
thrustings, uplift and erosion (exhumation) of the Khorat Plateau (Upton, 1999
and this study) and Dextral strike-slip fault of Khlong Marui Fault
(Kanjanapayont et al., 2012; Watkinson et al., 2011). Moreover, the granite suite
in Phuket area were also unroofed (Putthapiban, 1984).

The lastest episode is about 37 Ma (Oligocene) episode which is equivalent of
the N-S trending, rifting of the Central Plain and Gulf of Thailand. The effect of
rifting may have the principle stress axis in the E-W direction. It has the minor
fault over the anticlinal structure of Phu Phan Mountain Range related to
extension tectonic which affect from India-Eurasia collision (Aitchison et al.,

2007; Hall et al., 2008) and initiate sinistral strike-slip movement of Three
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Pagoda Fault (Barley et al., 2003; Lacassin et al., 1997; Nantasin et al., 2012;
Upton, 1999) and Mae Ping Fault (Barley et al,, 2003; Lacassin et al., 1997;
Morley et al., 2007; Upton, 1999).

4. About 23 Ma, the Three Pagoda fault and Mae Ping fault changed to Dextral
strike-slip movement (Huchon et al,, 1994; Lacassin et al., 1997; Morley et al,,
2004; Upton, 1999) and initiation of an inversion of the Ranong and the Khlong
Marui fault (Nachtergaele et al., 2017; Watkinson et al., 2011; Watkinson et al.,
2008).

5.5 Tectonic implication of the Phu Phan Mountain Range and adjoining Khorat

region

Figure 5.16 is a cooling age data complied from the previous and current
studies. These age data are not only from the Khorat Plateau of the Indochina block,
but also from the other region of the Sibumasu and associated block. It is seen clearly
that age data fall within four age groups similar to that of the Phu Phan Range study
area, implying that these age group can be also applied tectonically to the whole
country.

The first group is the 84 - 60 Ma episode (or event) which correspond to the
interaction of Indochina terrane with the proto-South China Sea plate in the east. In
the Phu Phan Range study area, the strata of Mesozoic red beds (Figure 5.17A) of the
Khorat Basin have been structurally deformed by tectonic compression, as a result to
the broad foldings and faultings (thrusting) the plateau region (Figure 5.17B). Such
Mesozoic strata can be thermally divided into 3 successive zones (Figure 5.17A) the
completely reset ages in the lowermost zone, the partially annealing zone (PAZ) of
fission track, and the uppermost zone where the ages are no reset. It is considered
that all sandstone samples from the current study have been taken from this zone
(Figure 5.17A). Such tectonic compression acting upon the Khorat Basin can give rise to
initiation of the broad anticlinal structure of the Phu Phan Range area. Some fault
movements have been ascribed to form in the WNW-ESE direction of this stage. Two

large sedimentary basins may have been formed, namely the Sakon (-Udon) Basin and
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Khorat (-Ubon) basin along both sides of the anticlinal structures. It is also considered
that such bulging feature may have caused the uplift at are of about 11.2 m/Ma.

The second group is the 55 — 45 Ma episode (or Eocene event) which is coeval
with the timing of the India-Asia continental collision (Hu et al., 2016). This episode is
subdivided into 2 successive events; the first event with the PPR and adjoining region
and the second event is for outside region. The first event includes the regional and
large-scale tectonic event involves initiation of the clockwise rotation of Indochina
terrane and perhaps mild tectonic uplift within the Khorat Basin occurred at this stage
(Figure 5.17C1). The entire Khorat region including the Phu Phan Range study area may
have been gradually uplift at the rate of about 19.2 m/Ma. The second event is about
45 - 40 Ma which is equivalent to the continuing clockwise rotation of SE Asia
(Indochina terrane). Continuing exhumation with the uplifting rate of 11.3 m/Ma
occurred in the Khorat and neighbouring regions. Several fault movements occurred
widespread in Thailand such as western edge of the Khorat Plateau, eastern peninsular
Thailand. It is also inferred that the onset of rifting in northern and central Thailand as
well as that of the Gulf of Thailand may have occurred and formed rift basin at this
stage. In the PPR study area, continuing uplift with erosion and exposures of Phu
Kradung Formation may have developed.

The third group is 37 — 31 Ma episode (Late Eocene to Early Oligocene event)
which corresponds to continuing uplifting with some minor faultings of the Khorat
Plateau (Figure 5.17D) and the major development of the N-S trending rift basins in the
Gulf of Thailand and central to northern Thailand. Such basin formation requires the
maximum stress in the east-west direction. Initiation of sinistral strike-slip movement
of Three Pagoda Fault (Barley et al., 2003; Lacassin et al., 1997; Nantasin et al., 2012;
Upton, 1999) and Mae Ping Fault (Barley et al., 2003; Lacassin et al.,, 1997; Morley et
al., 2007; Upton, 1999) of the Sibumasu may have occurred at stage.

The last and final tectonic episode is 23 - 19 Ma episode (or early to middle
Miocene event) which has not been affected the PPR and adjoining region.
corresponding to the uplift disturbance exhumation in the Shan-Thai (Sibumasu block)
and ongoing subsidence associated with inversion within Tertiary basin. Movements

along the Three pagoda and Mae Ping Faults may have happened at this stage.
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However, changing direction of fault movement may have formed. So, , the Three
Pagoda fault and Mae Ping fault changed to Dextral strike-slip movement (Huchon et
al., 1994; Lacassin et al.,, 1997; Morley et al., 2004; Upton, 1999) and initiation of an
inversion of the Ranong and the Khlong Marui fault (Nachtergaele et al., 2017;
Watkinson et al., 2011; Watkinson et al., 2008).

Several AFT age data are clear in the western peninsular Thailand (or Andaman
sea side) as well as the western region of Thailand (hish mountainous area)
(Nachtergaele et al., 2017). It is considered that uplift or exnumation may have been
more developed in Indochina prior to that of the Shan-Thai (or Sibumasu). This is the
reason of both age data have not been reported from this episode in the PPR study

area.
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Figure 5.17 Tectonic evolution of Phu Phan Range and its adjoining Khorat region.
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Chapter 6 Conclusion

Five formations of the Phu Phan Range (PPR) study area are remapped.

Petrographic investigation of feldspathic litharenite and litharenite of the PPR

sandstones reveals the recycled orogen for their provenance. Loei-Phetchabun Belt to

the west and Trong Son Belt to the east have been inferred to represent the source

region. Results of the apatite fission track analysis of the studied sandstones in the PPR

study area and its adjoining area as well as these of the previous geochronological

studies show 3 successive age ranges.

1.

The first tectonic episode is that of 78 — 60 Ma (Campanion to Early Paleocene),
corresponding to the essential lateral movement in response to the
compressive stress within the Khorat region. Folding and faulting of Mesozoic
rocks strata in the Khorat Basin, forming the Phu Phan Mountain Range, may
have developed at this episode.

The second tectonic episode is during 55 — 42 Ma (Eocene), as indicated by
foldings, thrustings. Exhumation (uplift and erosion) of the Khorat region
including the PPR study area have developed in this episode and became a
Khorat Plateau. This episode is regarded as the most essential tectonic episode
of the PPR and nearby area.

The final tectonic episode is younger than 37 Ma (Oligocene) is marked by the
minor movement along the strike-slip fault movement which slightly displaced
the Phu Phan anticlinal structure in response to the clock-wise rotation
(Charusiri et al.,, 2006; Maranate and Vella, 1986; McCabe et al., 1988; Richter
and Fuller, 1996) of the Indochina block during 40-35 Ma (Late Eocene-

Oligocene).

Based on the current AFT and previous geochronological work, tectonic uplift

of Phu Phan Mountain Range has occurred since very Late Cretaceous/Early Paleogene

times at an average rate of 0.0192 mm/yr. However, during Paleogene, the rate of uplift

became lower, between 0.0112 mm/yr and 0.0113 mm/yr.
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Sample no: PPO1

Location: Highway 2219 km 41+700 (Lat: 16°48'18"N Long: 103°57'53"E)
Rock name: Feldspathic litharenite

Type of outcrop: Natural Outcrop size: 3x100 m

Rock units: Phu Kradung Formation (Khorat Group)

Figure 1 Natural outcrop of sandstone of the Phu Kradung Formation along the hishway 2219 km
41+700, Na Khu District, Kalasin Province (Mr. Sitichok Kumrangwat, 180 cm tall, is to scale).

White rectangle is sampling site.
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Macroscopic description

The greenish gray rock sample is very fine-grained sandstone and shows a
clastic texture. It is a reddish-brown weathering surfaces. The grains are made up
mostly of quartz (colorless), feldspar (white), and less opaque minerals and lithic

fragments.

Figure 2 Greenish-gray very fine-grained sandstone of the Phu Kradung Formation sample no.

PPO1.

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (69 modal %), with small amount of feldspar (15 modal %) and lithic fragment
(16 modal %). The rock sample are also included of muscovite, biotite, apatite and
zircon. The size of mineral is up to 0.1 to 0.2 mm with well sorted. The grains show a

high sphericity and subangular shape. The cement of the rock is siliceous.



igure 3 Photomicrographs of Feédspathic (ithdrenite (éample PP02) fr th Phu Phan Formation
at Phu Phan Mountain Range showing well defined clastic texture and grains of quartz,
alkaline feldspar, lithic fragments, and apatite. (top) Ordinary light (bottom) Cross polar.
(Om = monocrystalline quartz, Op = polycrystalline quartz, Kfs = alkaline feldspar, Lt =

lithic fragment, and Ap = apatite)
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Sample no: PP02
Location: The entrance of Kham Toei Waterfall

(Lat: 16°48'48"N Long: 103°57'37"E)

Rock name: Litharenite
Type of outcrop: Road-cut Outcrop size: 3x200 m
Rock units: Phra Wihan Formation (Khorat Group)
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Figure 4 Natural outcrop of sandstone of the Phra Wihan Formation in front of the entrance of

Kham Toei Waterfall, Na Khu District, Kalasin Province (Ms. Chonnipha Fakseangsa, 150 cm-

tall, is to scale). White rectangle is the sampling site.

Macroscopic description
The whitish grey rock sample is medium-grained sandstone and shows a clastic
texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless), feldspar (white), and less opaque minerals and lithic fragments.
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Figure 5 Whitish grey, medium-grained sandstone with well lamination of the Phra Wihan

Formation (sample no. PP02).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (70 modal %), with small amount of feldspar (2 modal %) and lithic fragment
(28 modal %). The rock sample are also included of muscovite, biotite, chlorite and
zircon. The size of mineral is up to 0.2 to 0.4 mm with well sorted. The grains show a

low sphericity and angular shape. The cement of the rock is siliceous.
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Fiure 6 hotomicrog.rla-b‘hs of litharenite (sample PP02) from the Phra Wihan Formation at Phu
Phan Mountain Range showing well defined clastic texture and grains of quartz, alkaline
feldspar, lithic fragments, muscovite, biotite, chlorite, and zircon. (top) Ordinary light and
(bottom) Cross polar. (OQm = monocrystalline quartz, Qp = polycrystalline quartz, Kfs =
alkaline feldspar, Lt = lithic fragment, Ms = muscovite, Bt = biotite, Chl = chlorite, and Zr =

zircon)
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Sample no: PP03

Location: Wat Tham Pha Daen (Lat: 16°48'48"N Long: 103°57'37"E)
Rock name: Litharenite

Type of outcrop: Artificial Outcrop size: 4x5 m
Rock units: Sao Khua Formation (Khorat Group)
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Figure 7 Natural outcrop of sandstone of the Sao Khua Formation at Wat Tham Pha Daen,
Mueang Sakhon Nakhon District, Sakhon Nakhon Province. (top) The overview of site and
(bottom) White rectangle is the sampling site. (Mr. Sitichok Kumrangwat, 180 cm-tall, is to

scale).
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Macroscopic description

The brownish grey rock sample is medium-grained sandstone and shows a
clastic texture. It is a reddish-brown weathering surfaces. The grains are made up
mostly of quartz (colorless), feldspar (white), and less opaque minerals and lithic

fragments.

Figure 8 Reddish-brown, medium-grained sandstone with well lamination of the Sao Khua

Formation (sample no. PP03).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (65 modal %), with small amount of feldspar (1 modal %) and lithic fragment
(34 modal %). The rock sample are also included of muscovite and zircon. The size of
mineral is up to 0.2 to 0.6 mm with well sorted. The grains show a low sphericity and

angular shape. The cement of the rock is siliceous.
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Figure 9 Photomicrographs of litharenite (saple PP03) from the Sao Khua Formation at Phu Phan
Mountain Range showing well defined clastic texture and grains of quartz, alkaline feldspar,
lithic fragments, and zircon. (top) Ordinary licht and (bottom) Cross polar. (Om =
monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar, Lt = lithic

fragment, and Zr = zircon)
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Sample no: PPO4

Location: Huai Yai Waterfall (Lat: 17°01'17"N Long: 103°59'31"E)
Rock name: Sublitharenite (PP04-1, PP04-2)

Type of outcrop: Natural Outcrop size: 1x50 m
Rock units: Phu Phan Formation (Khorat Group)

Figure 10 (a) Natural outcrop of sandstone of the Phu Phan Formation at Huai Yai Waterfall, Phu

Phan District, Sakhon Nakhon Province (Geological Hammer, 32.5 cm-long, is to scale). (b)

The cross beddings (248/25 and 330/09) were found on the top of outcrop.

Figure 11 White rectangle is the sampling site of sample no. (a) PP04-1 at the lowest section and

(b) PP04-2 at the top of this outcrop.
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Macroscopic description (PP04-1)
The whitish grey rock sample is medium-grained sandstone and shows a clastic
texture. It is a dark brown weathering surfaces. The grains are made up mostly of quartz

(colorless), feldspar (white), and less opaque minerals and lithic fragments.

Figure 12 Whitish grey, medium-grained sandstone of the Phu Phan Formation (sample no. PP0O4-
1).

Microscopic description (PP04-1)

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (88 modal %), with small amount of feldspar (<1 modal %) and lithic fragment
(12 modal 9%). The rock sample are also included of zircon. The size of mineral is up
to 0.1 to 0.6 mm with well sorted. The grains show a low sphericity and angular shape.

The cement of the rock is siliceous.
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Figure 13 Photomicroéraphs of subl'/'té;warenite (sample PP0O4-1 )from the Pﬁu‘ lPhan Formation at
the Phu Phan Mountain Range showing well defined clastic texture and grain of quartz and
lithic fragments. (top) Ordinary light (bottom) (Om = monocrystalline quartz, Op =
polycrystalline quartz, and Lt = lithic fragment)
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Macroscopic description (PP04-2)
The whitish grey rock sample is medium-grained sandstone and shows a clastic
texture. It is a dark brown weathering surfaces. The grains are made up mostly of quartz

(colorless), feldspar (white), and less opaque minerals and lithic fragments.

Figure 14 Whitish grey, medium-grained sandstone of the Phu Phan Formation (sample no. PP0O4-
2).

Microscopic description (PP04-2)

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (79 modal %), with small amount of feldspar (<1 modal %) and lithic fragment
(21 modal %). The rock sample are also included of muscovite, biotite, amphibole and
zircon. The size of mineral is up to 0.2 to 0.8 mm with well sorted. The grains show a

low sphericity and angular shape. The cement of the rock is siliceous.



the Phu Phan Mountain Range showing well defined clastic texture and grain of quartz,

alkaline feldspar, lithic fragments. (top) Ordinary light (bottom) Cross polar. (Om

monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar, and Lt = lithic
fragment)




Sample no:
Location:
103°59'29"E)

Rock name:
Type of outcrop:

Rock units:

Figure 16 Natural outcro

o of sandstone of the Sao Khua Form
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PPO5
Phu Phan Buddha Nimit temple (Lat: 16°58'53"N Long:

Litharenite (PP05-1, PP05-2, PP05-3)

Road-cut Outcrop size: 3x100 m

Sao Khua Formation (Khorat Group)

)
o L4

ation in front of the entrance of

%

Phu Phan Buddha Nimit temple, Phu Phan District, Sakhon Nakhon Province (Geological

hammer, 32.5 cm-long, is to scale). White rectangle is sampling site. (a) Lowest bed (Sample

PP05-1) (b) Second bed (sample PP05-2) and
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Figure 16 cont. (c) Top bed of this site (sample PP05-3).

Macroscopic description (PP05-1)
The reddish grey rock sample is fine-grained sandstone and shows a clastic
texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless), feldspar (white), and less opaque minerals and lithic fragments.



167

/

R A i1
A8 % Ha'ilE 02 3 M4 dis

Figure 17 Reddish grey, fine-grained sandstone of the Sao Khua Formation (sample no. PP05-1).

Microscopic description (PP05-1)

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (72 modal %), with small amount of feldspar (1 modal %) and lithic fragment
(27 modal %). The rock sample are also included of muscovite, chlorite, opaque
mineral, and zircon. The size of mineral is up to 0.1 to 0.3 mm with moderated well
sorted. The grains show a low sphericity and angular shape. The cement of the rock is

siliceous.
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Figure 18 Photomicrographs of litharenite (sample PP05-1) from the Sao Khua Formation at the

Phu Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline
feldspar, lithic fragments, muscovite, biotite, and opaque mineral. (top) Ordinary light
(bottom) Cross polar. (OQm = monocrystalline quartz, Qp = polycrystalline quartz, Kfs =
alkaline feldspar, Lt = lithic fragment, Ms = muscovite, Bt = biotite, and Opg = opaque

mineral)
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Macroscopic description (PP05-2)
The reddish grey rock sample is fine-grained sandstone and shows a clastic
texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless), feldspar (white), and less opaque minerals and lithic fragments.

(sample no. PP05-2).

Microscopic description (PP05-2)

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (69 modal %), with small amount of feldspar (1 modal %) and lithic fragment
(30 modal %). The rock sample are also included of muscovite, biotite, calcite, apatite
and zircon. The size of mineral is up to 0.1 to 0.6 mm with moderate well sorted. The

grains show a low sphericity and angular shape. The cement of the rock is siliceous.
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Figure 20 Photomicrographs of litharenite (sc‘;m,ole PP5—2) from the Sao Khua Formation at the
Phu Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline
feldspar, lithic fragments, muscovite, biotite, and calcite. (top) Ordinary light (bottom) Cross
polar. (OQm = monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar,

Lt = lithic fragment, Ms = muscovite, Bt = biotite, and cal = calcite)
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Macroscopic description (PP05-3)
The reddish grey rock sample is fine-grained sandstone and shows a clastic
texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless), feldspar (white), and less opaque minerals and lithic fragments.

Figure 21 Reddish grey, fine-grained sandstone with faint lamination of the Sao Khua Formation

(sample no. PP05-3),

Microscopic description (PP05-3)

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (68 modal %), with small amount of feldspar (~1 modal %) and lithic fragment
(31 modal %). The rock sample are also included of muscovite, biotite, chlorite and
zircon. The size of mineral is up to 0.1 to 0.2 mm with moderate well sorted. The

grains show a low sphericity and angular shape. The cement of the rock is siliceous.
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Figure 7.22 Photomicrographs of litharenite (sample PP05-3) from the Sao Khua Formation at Phu

Phan Mountain Range showing well defined clastic texture and grains of quartz, alkaline
feldspar, lithic fragments, muscovite, biotite, chlorite, and apatite. (top) Ordinary light and
(bottom) Cross polar. (Om = monocrystalline quartz, Qp = polycrystalline quartz, Kfs =
alkaline feldspar, Lt = lithic fragment, Ms = muscovite, Bt = biotite, Chl = chlorite, and Ap
= apatite)



Sample no:
Location:

Rock name:

Type of outcrop:

Rock units:
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PP0O6
Ban Na Phang Reservoir (Lat: 16°56'17"N Long: 104°03'49"E)
Litharenite

Natural Outcrop size: 0.5x100 m

Sao Khua Formation (Khorat Group)

—~

Figure 23 Natural outcrop of sandstone of the Sao Khua Formation at Ban Na Phang Reservoir,

Phu Phan District, Sakhon Nakhon Province (Mr. Norarat Boonkanpai, 175 cm-tall, is to

scale). White rectangle is the sampling site.
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Macroscopic description
The reddish grey rock sample is fine-grained sandstone and shows a clastic
texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless), feldspar (white), and less opaque minerals and lithic fragments.
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Figure 24 Reddish grey, fine-grained sandstone with faint lamination of the Sao Khua Formation

(sample no. PP06).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (75 modal %), with small amount of feldspar (1 modal %) and lithic fragment
(24 modal %). The rock sample are also included of muscovite, chlorite and zircon.
The size of mineral is up to 0.05 to 0.2 mm with well sorted. The grains show a low

sphericity and subangular shape. The cement of the rock is siliceous.
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Figure 25 Photomicrraphs of litharenit.e (sample PP06) from the Sao Khua Formation at the Phu
Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline
feldspar, lithic fragments, muscovite, biotite, and chlorite. (top) Ordinary light (bottom) Cross
polar. (OQm = monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar,

Lt = lithic fragment, Ms = muscovite, Bt = biotite, and Chl =chlorite)
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Sample no: PPO7

Location: Phaya Tao Ngoi Cave (Lat: 16°56'19"N Long: 104°08'14"E)
Rock name: Sublitharenite

Type of outcrop: Natural Outcrop size: 6x100 m
Rock units: Phu Phan Formation (Khorat Group)

Figure 26 Natural outcrop of sandstone of the Phu Phan Formation at Phaya Tao Ngoi Cave, Tao
Ngoi District, Kalasin Province (Mr. Sitichok Kumrangwat, 180 cm-tall, is to scale). White

rectangle is the sampling site.
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Macroscopic description

The whitish orange rock sample is medium-grained sandstone and shows a
clastic texture. It is a brownish orange weathering surfaces. The grains are made up
mostly of quartz (colorless), feldspar (white), and less opaque minerals and lithic

fragments.

Figure 27 Whitish orange, medium grained sandstone of the Phu Phan Formation (sample no.

PPO7).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (77 modal %), with small amount of feldspar (~1 modal %) and lithic fragment
(23 modal %). The rock sample are also included of muscovite, chlorite and zircon.
The size of mineral is up to 0.1 to 0.4 mm with well sorted. The grains show a low

sphericity and subangular shape. The cement of the rock is siliceous.
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Phu Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline

feldspar, plagioclase, lithic fragments, and muscovite. (top) Ordinary light (bottom) Cross
polar. (OQm = monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar,

Pl = Plagioclase, Lt = lithic fragment, and Ms? = muscovite?)



Sample no:
Location:

Rock name:

Type of outcrop:

Rock units:

Sample: PP08
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PPO8

Local road 4001 km 11 (Lat: 16°49'55"N Long: 104°03'51"E)
Litharenite

Road-cut Outcrop size: 8x100 m

Phu Phan Formation (Khorat Group)

ocal road 4001 km

11 Na Khu District, Kalasin Province (Mr. Sitichok Kumrangwat, 180-cm tall, is to scale). White

rectangle is the sampling site.

Macroscopic description

The whitish grey rock sample is fine-grained sandstone and shows a clastic

texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless), feldspar (white), and less opaque minerals and lithic fragments.
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Figure 30 Whitish grey, fine-grained sandstone with faint lamination of the Phu Phan Formation

(sample no. PP08).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (67 modal %), with small amount of feldspar (12 modal %) and lithic fragment
(21 modal %). The rock sample are also included of muscovite, apatite, and zircon.
The size of mineral is up to 0.1 to 0.2 mm with well sorted. The grains show a high

sphericity and subangular shape. The cement of the rock is siliceous.



Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline

feldspar, lithic fragments, biotite, and apatite. (top) Ordinary light (bottom) Cross polar. (Om
= monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar, Lt = lithic
fragment, Bt = biotite, and Ap = apatite)
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Sample no: PP09
Location: Local road 2092, Na Sok municipal District Post (Lat: 16°30'45"N
Long: 104°35'05"E)

Rock name: Litharenite
Type of outcrop: Road-cut Outcrop size: 5x100 m
Rock units: Phra Wihan Formation (Khorat Group)
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Figure 32 Natural outcrop of sandstone of the Phra Wihan Formation along the Local road 2092
(nealby Na Sok municipal District Post), Mueang Mukdahan District, Mukdahan Province

(Geological hammer, 32.5 cm-long, is to scale). White rectangle is the sampling site.
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Macroscopic description
The whitish grey rock sample is medium-grained sandstone and shows a clastic
texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless), feldspar (white), and less opaque minerals and lithic fragments.

Figure 33 Whitish grey, medium grained sandstone of the Phra Wihan Formation (sample no.

PPO9).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (69 modal %), with small amount of feldspar (3 modal %) and lithic fragment
(28 modal %). The rock sample are also included of muscovite and zircon. The size of
mineral is up to 0.1 to 0.6 mm with moderate well sorted. The grains show a low

sphericity and angular shape. The cement of the rock is siliceous.



Phu Phan Mountain Range showing well defined clastic texture and grain of quartz,

plagioclase, and lithic fragments. (top) Ordinary light (bottom) Cross polar. (Om =
monocrystalline quartz, Qp = polycrystalline quartz, Pl = Plagioclase, and Lt = lithic

fragment)



Sample no:
Location:

Rock name:

Type of outcrop:

Rock units:

Figure 35 Natural outcrop of sandstone of the Phu Phan Formation at Wat Tham Pha Mong,
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PP10

Wat Tham Pha Mong (Lat: 16°28'42"N Long: 104°31'09"E)
Litharenite

Natural Outcrop size: 5x250 m
Phu Phan Formation (Khorat Group)

Mueang Mukdahan District, Mukdahan Province (Orange sledge hammer, 32.5 cm-long, is

to scale). White rectangle is the sampling site.
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Macroscopic description

The brownish white rock sample is medium-grained sandstone and shows a
clastic texture. It is a reddish-brown weathering surfaces. The grains are made up
mostly of quartz (colorless), feldspar (white), and less opaque minerals and lithic

fragments.

Figure 36 Brownish white, medium-grained sandstone of the Phu Phan Formation (sample no.

PP10).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (62 modal %), with small amount of feldspar (13 modal %) and lithic fragment
(25 modal %). The rock sample are also included of muscovite, biotite, apatite and
zircon. The size of mineral is up to 0.1 to 0.4 mm with well sorted. The grains show a

low sphericity and angular shape. The cement of the rock is siliceous.
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litharenite (sample PP10) from the Phu Phan Formation at the Phu

Figure 37 Photomicrographs of
Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline

feldspar, lithic fragments, and apatite. (top) Ordinary light (bottom) Cross polar. (Om

monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar, Lt = lithic

fragment, and Ap? = apatite?)
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Sample no: PP11

Location: Wat Phuttha Kiri (Lat: 16°27'08"N Long: 104°20'21"E)
Rock name: Sublitharenite

Type of outcrop: Road-cut Outcrop size: 1x250 m
Rock units: Sao Khua Formation (Khorat Group)
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Figure 38 Natural outcrop of sandstone of the Sao Khua Formation in front of Wat Phuttha Kiri,
Nong Sung District, Mukdahan Province (Geological hammer, 32.5 cm-long, is to scale). White

rectangle is the sampling site.
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Macroscopic description
The reddish grey rock sample is medium-grained sandstone and shows a clastic
texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless), feldspar (white), and less opaque minerals and lithic fragments.
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Figure 39 Reddlsh erey, medium-grained sandstone of the Sao Khua Formation (sample no. PP11).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (78 modal %), with small amount of feldspar (<1 modal %) and lithic fragment
(21 modal %). The rock sample are also included of calcite, opaque mineral, apatite,
and zircon. The size of mineral is up to 0.1 to 0.5 mm with well sorted. The grains

show a high sphericity and subangular shape. The cement of the rock is calcareous.



Phu Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline

feldspar, lithic fragments, calcite, and apatite. (top) Ordinary light (bottom) Cross polar. (Om
= monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar, Lt = lithic

fragment, Cal = calcite, and Ap? = apatite?)



Sample no:
Location:

Rock name:

Type of outcrop:

Rock units:
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PP12
Wat Dan Phaya Nak (Lat: 16°20'13"N Long: 104°32'51"E)
Litharenite

Natural Outcrop size: 5x100 m

Phu Phan Formation (Khorat Group)

Figure 41 Natural outcrop of sandstone of the Phu Phan Formation at Wat Dan Phaya Nak,

&%

Nikhom Kham Soi District, Mukdahan Province (Orange sledge hammer, 32.5 cm-long, is to

scale). White rectangle is the sampling site.
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Macroscopic description
The reddish white rock sample is fine-grained sandstone and shows a clastic

texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless) and opaque minerals and lithic fragments.

2

Figure 42 Reddish white, fine-grained sandstone of the Phu Phan Formation (sample no. PP12).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (69 modal %), with small amount of feldspar (<1 modal %) and lithic fragment
(31 modal %). The rock sample are also included of muscovite, calcite, amphibole?,
opaque mineral, and zircon. The size of mineral is up to 0.1 to 0.6 mm with moderate
well sorted. The grains show a low sphericity and angular shape. The cement of the

rock is siliceous.
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Figure 43 Photomicrographs of litharenite (sample PP12) from the Phu Phan Formation at the Phu

Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline
feldspar, lithic fragments, and muscovite. (top) Ordinary light (bottom) Cross polar. (Om =
monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar, Lt = lithic

fragment, and Ms = muscovite)



Sample no:
Location:

Rock name:

Type of outcrop:

Rock units:
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PP13
Phu Moo Forest Park (Lat: 16°18'31"N Long: 104°33'00"E)
Litharenite

Natural Outcrop size: 20x50 m

Phu Phan Formation (Khorat Group)

Figure 44 Natural outcrop of sandstone of the Phu Phan Formation at Phu Moo Forest Park,

Nikhom Kham Soi District, Mukdahan Province (Orange wedge, 30 cm-long, is to scale). White

rectangle is the sampling site.
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Macroscopic description

The pale brown rock sample is medium-grained sandstone and shows a
clastic texture. It is a reddish-brown weathering surfaces. The grains are made up
mostly of quartz (colorless), feldspar (white), and less opaque minerals and lithic

fragments.

b

Figure 45 Pale brown, medium-grained sandstone of the Phu Phan Formation (sample no. PP13).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (70 modal %), with small amount of feldspar (1 modal %) and lithic fragment
(29 modal %). The rock sample are also included of zircon. The size of mineral is up
to 0.1 to 0.7 mm with well sorted. The grains show a low sphericity and angular shape.

The cement of the rock is siliceous.



Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline

feldspar and microcline, and lithic fragments. (top) Ordinary light (bottom) Cross polar. (Om
= monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar, Lt = lithic

fragment, Mc = microcline)
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Sample no: PP14

Location: Wat Phu Sung (Lat: 16°07'48"N Long: 104°41'39"E)
Rock name: Litharenite

Type of outcrop: Natural Outcrop size: 10x50 m
Rock units: Phu Phan Formation (Khorat Group)

‘ PN ‘ ‘}\5{\
Figure 47 Natural outcrop of sandstone of the Phu Phan Formation at Wat Phu Sung, Loeng Nok

Tha District, Yasothon Province (Orange sledge Hammer, 32.5 cm-long, is to scale). White

rectangle is the sampling site.
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Macroscopic description
The white rock sample is medium-grained sandstone and shows a clastic
texture. It is a reddish-brown weathering surfaces. The grains are made up mostly of

quartz (colorless), feldspar (white), and less opaque minerals and lithic fragments.

Figure 48 White, medium-grained sandstone of the Phu Phan Formation (sample no. PP14).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (72 modal %), with small amount of feldspar (<1 modal %) and lithic fragment
(28 modal %). The rock sample are also included of zircon. The size of mineral is up
to 0.2 to 0.8 mm with moderate well sorted. The grains show a low sphericity and

angular shape. The cement of the rock is siliceous.
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Figure 49 Photomicrographs of litharenite (sample PP1 4)rom the Phu Phan Formation at the Phu
Phan Mountain Range showing well defined clastic texture and grain of quartz and lithic
fragments. (top) Ordinary light (bottom) Cross polar. (Qm = monocrystalline quartz, Qp =
polycrystalline quartz, Lt = lithic fragment)
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Sample no: PP15
Location: Entrance of Phu Tham Phra temple (Lat: 16°11'41"N Long:
104°51'35"E)

Rock name: Litharenite
Type of outcrop: Natural Outcrop size: 5x100 m
Rock units: Phu Phan Formation (Khorat Group)

e

Figure 50 Natural outcrop of sandstone of Phu Phan Formation at the entrance of Phu Tham
Phra temple, Chanuman District, Amnat Charoen Province (Mr. Sitichok Kumrangwat, 180

cm-tall, is to scale). White rectangle is the sampling site.
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Macroscopic description
The white rock sample is medium-grain sandstone and shows a clastic texture.
It is a reddish-brown weathering surfaces. The grains are made up mostly of quartz

(colorless), feldspar (white), and less opaque minerals and lithic fragments.

¢
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Figure 51 White, medium-grained sandstone of the Phu Phan Formation (sample no. PP15).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (65 modal %), with small amount of feldspar (3 modal %) and lithic fragment
(32 modal %). The rock sample are also included of apatite and zircon. The size of
mineral is up to 0.1 to 0.5 mm with well sorted. The grains show a high sphericity and

angular shape. The cement of the rock is siliceous.



sfle LT B -
Figure ;2 Photomicrographs of litharenite (sample PP15) from the Phu Phan Formation at the Phu
Phan Mountain Range showing well defined clastic texture and grain of quartz, alkaline
feldspar, and lithic fragments. (top) Ordinary light (bottom) Cross polar. (Om =
monocrystalline quartz, Qp = polycrystalline quartz, Kfs = alkaline feldspar, and Lt = lithic

fragment)



Sample no:
Location:

Rock name:

Type of outcrop:

Rock units:
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PP16
Sam Phan Bok (Lat: 15°47'53"N Long: 105°23'33"E)
Sublitharenite

Natural Outcrop size: 5x100 m

Phu Phan Formation (Khorat Group)

Figure 53 Natural outcrop of sandstone of the Phu Phan Formation at Sam Phan Bok, Pho Sai

District, Ubon Ratchathani (Mr. Sitichok Kumrangwat, 180 cm-tall, is to scale). White

rectangle is the sampling site.

Macroscopic description

The whitish grey rock sample is medium to coarse-grained sandstone and

shows a clastic texture. It is a reddish-brown weathering surfaces. The grains are

made up mostly of quartz (colorless), feldspar (white), and less opaque minerals and

lithic fragments.
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Figure 54 Whitish grey medium to coarse grained sandstone of the Phu Phan Formation (sample

no. PP16).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (80 modal %), with small amount of feldspar (2 modal %) and lithic fragment
(18 modal %). The rock sample are also included of calcite, apatite, and zircon. The
size of mineral is up to 0.2 to 0.8 mm with well sorted. The grains show a high sphericity

and subangular shape. The cement of the rock is siliceous.
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Figure 55 Photomicrographs of litharenite (sample PP16) from the Phu Phan Formation at the Phu
Phan Mountain Range showing well defined clastic texture and grain of quartz and lithic
fragments. (top) Ordinary light (bottom) Cross polar. (Qm = monocrystalline quartz, Qp =
polycrystalline quartz, and Lt = lithic fragment)
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Sample no: PTT14

Location: Highway 2287 (Lat: 16°45'39”N Long: 104°7'46"E)
Rock name: Feldspathic litharenite

Type of outcrop: Natural Outcrop size: 5%x200 m
Rock units: Phu Kradung Formation (Khorat Group)

'8 <

Figure 56 Natural outcrop of sandstone of the Phu Kradung Formation along the Hishway 2287,
Nong Phue District, Kalasin Province (Mr. Wason Kongpermpool, 172 cm-tall, is to scale).

White rectangle is the sampling site.

Macroscopic description
The red rock sample is very fine-grain and shows a clastic texture. It is a reddish-
brown weathering surfaces. The grains are made up mostly of quartz (colorless),

feldspar (white), and less opaque minerals and lithic fragments.
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Figure 57 Red very fine-grained sandstone with faint lamination of the Phu Kradung Formation

(sample no. PTT14).

Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (77 modal %), with small amount of feldspar (11 modal %) and lithic fragment
(12 modal %). The rock sample are also included of muscovite, biotite, and apatite.
The size of mineral is up to 0.05 to 0.1 mm with well sorted. The grains show a low

sphericity and ansgular shape. The cement of the rock is siliceous.
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Figure 58 Photomicrographs of feldspathic litharenite (Sample PTT14) from the Phu Kradung

Formation at Phu Phan Mountain Range showing well defined clastic texture and grains of
quartz, alkaline feldspar, lithic fragments, muscovite, biotite, and apatite. (top) Ordinary
light and (bottom) Cross polar. (Om = monocrystalline quartz, Qp = polycrystalline quartz,
Kfs = alkaline feldspar, Lt = lithic fragment, Ms = muscovite, Bt = biotite, and Ap = apatite)
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Sample no: PTT15

Location: Highway 2358 (Lat: 16°54'12"N Long: 104°10'56"E)
Rock name: Sublitharenite

Type of outcrop: Natural Outcrop size: 5%x20 m
Rock units: Phu Phan Formation (Khorat Group)

SR

Figure 59 Natural outcrop of sandstone of the Phu Phan Formation along Hishway 2358, Tao Ngoi

ok 0w

District, Sakhon Nakhon Province (Right person-Mr. Sitichok Kumrangwat, 180 cm-tall, is to

scale). White rectangle is the sampling site.

Macroscopic description
The red rock sample is very fine-grain and shows a clastic texture. It is a reddish-
brown weathering surfaces. The grains are made up mostly of quartz (colorless),

feldspar (white), and less opaque minerals and lithic fragments.
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Figure 60 Reddis‘h brown fine-grained sandstone of the Phu Phan Formation (sample no. PTT15).
Microscopic description

The weathered rock sample shows a clastic texture. The rock compositions are
composed of largely of quartz (including monocrystalline quartz and polycrystalline
quartz) (86 modal %), with small amount of feldspar (5 modal %) and lithic fragment
(9 modal %). The rock sample are also included of muscovite, biotite, and apatite. The
size of mineral is up to 0.05 to 0.2 mm with moderate well sorted. The grains show a

low sphericity and angular shape. The cement of the rock is calcareous.



Figure 1 Photomicrographs of sub(/’thdrenite (sample PTT15) from the Phu Phan Formation at
Phu Phan Mountain Range showing well defined clastic texture and grains of quartz,
alkaline feldspar, lithic fragments, muscovite, biotite, and apatite. (top) Ordinary light and
(bottom) Cross polar. (OQm = monocrystalline quartz, Qp = polycrystalline quartz, Kfs =
alkaline feldspar, Lt = lithic fragment, Ms = muscovite, Bt = biotite, and Ap = apatite)
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(b) Clay

M Phu Kradung Formation

@ Phra Wihan Formation
® Ss:z0 Khua Formation

Phu Phan Formation

Carbonate QFM

(d)

Carbonate

Carbonate QFM Carbonate

Figure 62 The ternary plot showing the most samples from (a) Phu Kradung Formation, (b) Phra
Wihan Formation, (c) Sao Khua Formation, and (d) Phu Phan Formation were dominated by

quartz rather than by clay and carbonate (after Gamero-Diaz et al., 2013).

Table 1 Attitude of joint plane in this study

Site Strike/Dip Site Strike/Dip Site Strike/Dip Site Strike/Dip

PP0O2  240/80, PPO2 193/63, PTT14 065/16, PTT14 310/05,
190/10, 290/86, 065/80, 175/75,
351/62, 285/10, 075/05, 163/77,
257/83, 328/19, 305/50, 083/25,
295/70, 168/03, 060/08, 177/88,
115/80, 299/15, 310/19, 133/45
095/88, 335/14 128/70, PTT15 246/80,
180/85, PP05-3 279/76, 153/65, 160/88,
090/78, 188/79 170/85, 345/75,
170/89, PP09 222/86, 096/25, 190/05,
153/65, 107/10, 155/50, 170/80
140/70, 296/84 160/60,

150/85, PP13 275/89, 288/80,

176/82, 183/80 203/80,
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APPENDIX B: Zoomed cross sections of this study
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APPENDIX C: LA-ICP-MS data and pooled AFT age
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APPENDIX D Uranium concentration comparing with single grain age
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The uranium concentration comparing with single grain age by using IsoPlotR
program (Vermeesch, 2018)

Following the analytical process and result from Glorie et al. (2017) to compare
with optional variable will use an “other” option that is provided in program. There
are 3 necessary columns to fill the value, are t — a column of AFT age, s[t] - the
standard errors of AFT age, and [C] — an optional value which in this topic will use the
value of #®U/*Ca ratio of their single-grain apatites. In case of central FT age of this
method is a slightly different from a direct “fission track” method, but in this study,
will use the central FT age results obtained only from direct method which has actual
values for calculating. Therefore, in this part will show some interested result that
related to the single-grain apatite plot in radial plot.

The results show that the high precision value (t/0) has more red color which
means it has more uranium content (see Figure 4.48). At the same time, the apatite
grain which has younger age will have more uranium content than the older grain (see

clearly in sample PP10, Figure 4.48).
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Figure 1 Apatite fission track results illustrated on radial plots (Galbraith, 1990) for the Phu Phan
Mountain Range. The plots were drawn using IsoPlotR[beta] (Vermeesch, 2017). The colour code

displays uranium concentrations
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