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NAM DUK FORMATION/NAN-UTTARADIT SUTURE/PROVENANCE/

SILICICLASTIC/PERMIAN/TECTONIC

The huge “Khorat Plateau” is bordered to the west by a belt of rock that
reflects a complex Late Paleozoic to Quaternary history. It includes mountain ranges
that stretch from the Mekong River in the north to Saraburi and Nakhon Ratchasima in
the south, a distance of approximately 400 km. These mountain belts are known as the
Loei Fold Belt (Bunopas, 1981) which is located on the western margin of the
Indochina plate. These N-S elongated mountain ranges are characterized by a series
of different stratigraphic sequences and varying structural histories.  Various
researchers have studied on the deformation history of the Loei or Phetchabun Fold
Belt. The paleogeographic situation of the region during Late Paleozoic time is still
not clearly understood. Different scenarios have to be explored and it is expected that
new data will provide a solution. This solution must be compatible with the wider
geological interpretation of mainland SE Asia.

Provenance analyses of the siliciclastic sediments in the Nam Duk Formation
and Permian sequences in Loei and Saraburi areas have been done based on

geochemical and cathodoluminescence analysis. The geodynamic evolution of the



Nam Duk Basin and the Phetchabun Fold Belt are proposed and discussed. The
results can be summarized as follows;

The pelagic sequence of the Nam Duk Formation was formed in an oceanic
setting between oceanic island and continental island arc environments according to
the result of major and trace elements analyses. The source of the quartz detritus in
the allodapic limestone was from metabasic and volcanic provenance as indicated by
geochemical and blue luminescence family quartz. The subsequent deposition of
flysch and molasse sequences consists of thick siliciclastic sediments. Tectonic
setting discrimination diagrams and trace elements characteristics of flysch and
molasse siliciclastic sediments indicate similar geochemical characteristics. The most
important sources for both flysch and molasse were from mafic igneous, metabasic,
granitic gneiss, and low-silica metamorphic sources. However, the molasse contains
more volcanic quartz grains and recycled sediments than the flysch. Both sequences
were deposited in a continental island arc setting.

Correlation of the Late Paleozoic strata in the Nan-Uttaradit suture zone and
the Phetchabun Fold Belt reveals a continuous sedimentary sequence which can be
used for the paleotectonic reconstruction. An idealized vertical sequence from
oceanic igneous rocks and chert (ophiolite sequence) passing upward through pelagic,
greywacke turbidite (flysch) to shallow marine clastic (molasse) deposits have been
proposed.

Tectonically, the Nam Duk Basin was formed as a back arc basin after the
closure of small oceanic basin (Loei Ocean) in Indosinia continent during the
Devonian-Carboniferous (Intasopa and Dunn, 1994). This basin rifting probably

occurred in Middle Carboniferous (Kozar et al., 1992) and subsequently the pelagic



Vi

sediments were accumulated during Middle — Late Carboniferous to lower Middle
Permian in a deep sea basin. The Pha Nok Khao and the Khao Khwang Platforms (or
probably one coherent unit) were located in the eastern side of the Nam Duk Basin or
the western margin of the Indochina plate. The subduction of Indochina beneath the
Shan-Thai cratons (on the west) towards west was started in the upper Middle
Permian. The provenance signature of the flysch sequence shows the mafic-
ultramafic igneous source which is interpreted as being derived from the accretionary
complex and it was in an outer or a fore-arc environment.

After the Nam Duk remnant ocean was closed, a peripheral foreland basin was
formed with molasse sedimentation. The changing of flysch to molasse sediments as
the result of the termination of the oceanic basin indicates the maximum deformation
or disturbance which is known as the Late Variscan orogeny (Helmcke and

Lindenberg, 1983).
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CHAPTER I

INTRODUCTION

In this Chapter, the author likes to briefly describe the geological setting of
Thailand and the results of geological investigations on the evolution of the mountain
belt bordering the huge Khorat Basin of Northeastern Thailand to the west. This
mountain belt is known in Thai as “Dong Phaya Yen”. Due to the formerly little
developed infra-structure and the wide distribution of primary jungles in this
mountainous region most of the data discussed here were collected only during the
past 25 years. The main intention of this summary of data obtained till now is to
characterize the open questions and problems which cause the ongoing scientific

controversy, and to indicate necessary directions of future research.

1.1 The physiographic and geological setting of Thailand

The physiography of Thailand is the consequence of the long complex
geodynamic evolution during Phanerozoic time except for the Khorat Basin in
northeastern part. According to recent geological interpretation, it is believed that two
micro-continental blocks named Shan-Thai in the west and Indochina in the east
welded together along the Nan-Uttaradit suture (Bunopas and Vella, 1978; Bunopas
and Vella, 1983). The Shan-Thai terrane comprises eastern Myanmar, western
Thailand, western peninsular Malaysia and northern Sumatra. The Indochina terrane

comprises eastern Thailand, Laos, Cambodia and parts of Vietnam. A brief review of



the geology of both terrane are given here for the understanding and introducing of the
study area. A physiographic region of Thailand is given in Figure 1.1. A simplify

geological map of Thailand is given in Figure 1.2.
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1.1.1 The Precambrian

Only Shan-Thai terrane contains the Precambrian rocks. In northwest
Thailand, the first mention of “well-bedded quartzites up to 500 m thick lie
stratigraphically below Ordovician limestones” belonging to the Precambrian age is
reported by Baum et al. (1970). Since then, all the high grade metamorphic rocks in
the western mountain range which are characterized by evidences of migmatization,
were all mapped as Precambrian or inferred Precambrian rocks (Mantajit, 1975;

Dheeradilok, 1975; Mantajit, 1997).

1.1.2 The Paleozoic

The Paleozoic rocks are divided into three parts as lower, middle and
upper Paleozoic. According to Mantajit (1997), the Lower Paleozoic rocks in
Thailand are well exposed in the south and on the main western range of the Shan-
Thai terrane. There is no record of the Lower Paleozoic rocks in the Indochina terrane
in northeast Thailand. On Shan-Thai terrane, the lower Paleozoic rocks are divided
into two conformable rock units: a lower siliciclastic unit, the Tarutao Group and the
upper carbonate unit, the Thung Song Group. They are closely associated with the
Precambrian rocks and have often been repectively equated to the Cambrian and
Ordovician. The red sandstone and shale of the Tarutao Group is a shallow-shelf
sequence periodically subjected to storm (Akerman, 1986) whereas the limestone of
the Thung Song Group is a shallow to deep carbonate ramp deposit (Wongwanich and
Burrett, 1983; Wongwanich et al. 1983).

The Middle Paleozoic rocks of Thailand during the Silurian to

Devonian can be differentiated into three rock units from the west to the east: the



Thong Pha Phum Group, The Sukhothai Group (of Shan-Thai terrane) and the Pak
Chom Formation (Mantajit, 1997). The Thong Pha Phum Group is composed of back
shale, chert, sandstone, siltstone and variegated nodular limestone and was deposited
on shelf to back arc basin (Dheeradilok et al. 1992). The Sukhothai Group (in
Sukhothai fold belt) is composed mainly of metamorphic and metavolcanic rocks
including amphibolite, mica schist, agglomerate, fine-grained tuff, marble and bedded
chert (Bunopas, 1992). The Pak Chom Formation (in Loei fold belt), the latest
Silurian to Devonian sequence, crops out in east of Loei and west of Nong Bua Lam
Phu and Udon Thani. They consist of the Silurian schist, phyllite, quartzite, metatuff,
and fossiliferous limestone and unconformably overlie metamorphic rocks of the
Namo Group.

The Upper Paleozoic rocks consist of Carboniferous and Permian
siliciclastics and limestones which lie conformably over the Middle Paleozoic and are
widely distributed throughout Thailand. In the west and the peninsula, the Thong Pha
Phum Group continues from its uppermost Ordovician-Silurian-Devonian to
Carboniferous without a break (Wongwanich et al. 1990 and Bunopas, 1991). The
pebbly sandstone and mudstone belonging to the Thong Pha Phum Group are named
the Kaeng Krachan Group by some authors (Piyasin, 1975 and Raksaskulwong and
Wongwanich, 1993). In the north, the Mae Hong Son Formation is proposed for chert,
sandstone and shale deposited near the cratonic axis whereas the sandstone, shale,
graywacke and agglomerate of the Dan Lan Hoi Group were deposited in shallow
marine condition further offshore. The Wang Sapung Formation Formation is
proposed for the nearshore siliciclastics rocks interbedded with limestone along

western edge of the Khorat Plateau. The Permian rocks of Thailand are dominantly



limestones and range in age from Lower to Upper Permian and can be subdivided into
three Groups. The Permian karstic limestones in the west and the Peninsular are
referred to as the Ratburi Group and in the north the Ngao Group. These two Groups
belong to the Shan-Thai terrane. Whereas the limestones interbedded with siliciclastic
rocks and chert along western and southern edges of the Khorat Plateau are known as

the Saraburi Group of the Indochina terrane (Bunopas, 1992).

1.1.3 The Mesozoic

The Mesozoic sequences in Thailand can be lithologically suddivided
into two main facies: the marine facies and the non-marine continental facies.
Chonglakmani (2002) divided the Triassic sedimentary rocks into four main facies as
the continental facies, the continental platform facies, marine intra-arc facies and deep
marine and oceanic facies. The continental facies is widely exposed in northeastern
Thailand along the edge of the Khorat Plateau. The facies consists predominently of
siliciclastics rocks deposited in alluvial fan, fluvial, and lacustrine environments. It is
known as the Huai Hin Lat Formation and was dated by fossils as Dictyophyllum-
Clathropteris warm climate flora (Kon’no and Asama, 1973). The continental
platform facies consists of shallow marine clastics and carbonates. It has no volcanic
rocks. The facies was deposited in two separate terranes, the Shan-Murgui and Chiang
Mai terranes. The marine intra-arc facies occurs only in the western part of the
Sukhothai-Indosinia terrane. It consists of shallow marine siliciclastic and carbonate
strata, basinal turbidites, and rhyolitic and andesitic volcanic rocks. These sequences
are represented by the Scythian-Early Norian Lampang Group in the north. The deep
marine and oceanic facies occurs in two linear belts. One belt is discontinuous

between the Chiang Mai and Sukhothai-Indosinia terranes. This belt originates in



Chiang Rai, where it occurs as isolated sheets of pelagic Fang Chert overthrust on
shallow marine carbonate and siliciclastic strata of the Chiang Mai terrane.

The marine Jurassic rocks are exposed on the western and southern
parts of Thailand. Marine Jurassic strata are well exposed in the Mae Sot and
Umphang areas and less extensively near Mae Hong Son, Kanchanaburi, Chumphon
and Nakhon Si Thammarat in the north, west and south respectively (Meesook and
Grant-Mackie, 1997). The continental facies Khorat Group covers northeastern and
some part of northern Thailand. It consists of six formations in ascending order as
Nam Phong, Phu Kradung, Phra Wihan, Sao Khua, Phu Phan and Khok Kruat
Formations ranging from Latest Triassic to Upper Cretaceous. In general, the group
consisting predominantly of red sandstone, siltstone, and mudstone. In Upper
Cretaceous, the remarkable giant evaporite deposits occurred in the Maha Sarakham

Formation.

1.1.4 The Cenozoic

The Tertiary basins in Thailand are mainly N-S trending fault-bounded
grabens which were developed by conjugate strike-slip faults orientating in NW-SE
and NNE-SSW directions and by clockwise rotation of the Southeast Asia crustal
blocks (Polachan and Sattayarak, 1991). Over sixty Cenozoic basins are distributed in
various parts of Thailand, both onshore and offshore except in the northeastern part,
and are grouped in five main geographic regions: the Andaman Sea, Gulf of Thailand,
Peninsular, Central and Northern Thailand (Chaodumrong et al.1983; Polachan et al.

1991).



1.2 Geographic setting of study area

The Khorat Plateau covers an area of about 155,000 square km. Surface
elevations on the Plateau range from about 320 m in the northwest to about 100 m in
the southeast and the range of elevation is about 90-200 m above sea level. The
terrain is rolling, and the hilltops generally slope to the southeast in conformity with
the tilt of the land. This tilting created ranges of low hills, small lakes and mountains
along the western edges of the plateau. The plateau is drained by the Chi and Mun
rivers and is bounded by the Mekong River (north and east on the Laos border). The
Khorat Plateau was formed by uplifting along the western and southern parts. As a
result, the underlying sedimentary rocks were tilted rather than uniformly uplifted.
The escarpments of these uplands overlook the plain of the Chao Phraya basin (central
plain) to the west and the Cambodian plain to the south.

The Phetchabun mountain range forms a barrier between the Khorat Plateau
and the lower northern region and the central plains. The central part of this region is
on the Pa Sak river basin with mountain ranges running along both the western and
eastern sectors. The name “Khao Kao” is made up of mountain ranges to the
northwest of Phetchabun province about 1174 metres above mean sea level covered
mainly by deciduous plants. To the south of Phetchabun province, the continuity of
mountain range covering the area of Lop Buri, Saraburi, Nakhon Ratchaisma, Prachin
Buri, and Nakhon Nayok is locally named “Khao Yai” or “Khao Yai National Park”.
The Khao Yai National Park covers an area of over 2,000 square km and includes one
of the largest intact monsoon forests in mainland Asia. There are also several

mountains of around 1000 meters including Khao Khieo and Khao Phaeng Ma.
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The study area is easily accessible from Bangkok by using highway No. 1 to
Saraburi province. At Saraburi junction, the study area starts when turning to highway
No. 21 to the north and highway No. 2 to the east. The highway No. 21 starts from
Saraburi to Lom Sak and runs parallel with highway No. 201 from Nakhon
Ratchasima to Loei. Both highways are crossed cut by the highway No. 205, 225, and
12 from south to north in west-east direction respectively. The geographical
information is given in Figure 1.3, provincial boundary and highway network is given

in Figure 1.4.

1.3 Subdivision of the Loei-Phetchabun mountain belt

The mountain ranges to the west of the Khorat Plateau comprise the area of
Loei, Phetchabun, Phitsanulok, Chaiyaphum, Lop Buri, Saraburi, Nakhon Ratchasima
and Nakhon Nayok provinces. In this thesis, we mention only the rocks bordering the
Khorat Plateau to the west. They are composed of marine Paleozoic and continental
Mesozoic rocks. The continental red beds which formed the plateau to the east are
cropped out as outliers in these mountain ranges.

The study area comprises two fold belts, the Phetchabun fold and thrust belt in
Phetchabun province and the Loei fold and thrust belt in Loei province. The term
Phetchabun fold and thrust belt is one sector of the Pak Lay-Laung Prabang and
Phetchabun fold belt as proposed by Workman (1975). According to Workman
(1975), this fold belt includes the areas around the Lom Sak-Chum Phae highway and
the area between Muak Lek and Pak Chong in Saraburi and Nakhon Ratchasima
provinces. The term Loei fold and thrust belt covers the region of Loei including the

area around the Chiang Khan-Pak Chom-Sang Khom highway.
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The author has divided this region into seven parts as following, the mountain
region NE of Loei, the mountain region NE of Phetchabun, the mountain region of
Chon Dan, the mountain region of Nakhonthai, the mountain region of Saraburi, the
area east of Phetchabun along Pa Sak River, and the area of Central Plain. The
geological and paleogeographical terms are based on the previous works, e.g., the Pha
Nok Khao Platform (Wielchowsky and Young, 1985), the Khao Khwang Platform
(Wielchowsky and Young, 1985), the Nam Duk Basin (Helmcke and Kraikhong,
1982), the Phetchabun Basin (Chaodumrong et al. 1983), and the Nakhonthai terrane
(Sattayarak et al. 1989).

The Pha Nok Khao Platform covers the area of Loei, Chaiyaphum and some
part of Phetchabun provinces. To the west of Pha Nok Khao Platform, the Nam Duk
Basin exposes extensively along N-S direction covering the area of Phetchabun and
western part of Loei provinces. To the west of Nam Duk Basin, the Khao Khwang
Platform is located and covers the area of Phetchabun, Lop Buri, and Saraburi. The
Tertiary Phetchabun Basin is located between the Nam Duk Basin and the Khao
Khwang Platform blanketed by Quaternary sediments. To the north of Khao Khwang
Platform, the Mesozoic Nakhonthai terrane is located and covers the eastern part of

Phitsanulok and western part of Loei provinces.
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1.4 Research objectives

The objectives of this study are as follows;

14.1

1.4.2

1.4.3

14.4

1.4.5

To study the stratigraphy, sedimentology, and geologic
structures of the Late Paleozoic sequences within the
Phetchabun Fold Belt.

To establish the provenance of the Late Paleozoic siliciclastic
sediments (Nam Duk Formation).

To characterize and interpret the tectonic setting of pelagic,
flysch, and molasse facies of Late Paleozoic age within the
Phetchabun Fold Belt.

To consider the paleogeography and geodynamic evolution of
Thailand in relation to mainland Southeast Asia.

To discuss implications for potential mineral resources within

the Phetchabun Fold Belt.

1.5 Scope and limitations of the study

The study area comprises the N-S elongated mountain belts located west of the

Khorat Plateau and east of the Central Plain. This study is focused mainly on the

stratigraphy, sedimentology, provenance, and structural geology of Late Paleozoic

sequences and associated volcanics, with a view to establish more coherent and

definitive interpretation of the geological and tectonic history of the Phetchabun Fold

Belt.
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1.6 Research methodology

Research strategies and activities will be carried out in Thailand, Germany and
China as follows:

1.6.1 Field surveys in northeastern and adjacent area in Thailand to
investigate the stratigraphic sequences and to collect rock
samples. Selected areas of stratigraphic, structural, and tectonic
importance will be examined.

1.6.2 Sample preparation and thin-sections for sedimentological
analysis will be done. Provenance analysis will be carried out
by the cathodoluminescence method.

1.6.3 Geochemical analysis of sedimentary rocks (of the Nam Duk
Formation) for clarifying its tectonic setting will be done.

1.6.4 The results of all data will be compiled and interpreted for
reconstruction of the paleogeography and geodynamic evolution

of this region.

1.7 Area of study and localities of collected samples

Field work and sample collection were carried out on the exposures of the Nam
Duk Formation along the highway No. 12 and the Permian section to the north in Loei
province and to the south in Saraburi-Nakhon Ratchasima provinces. Figure 1.5, 1.6,

and 1.7 shows a simplified geological map and localities of collected samples.
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Formation along highway No. 12 (modified from Helmcke et al., 1985).

Sample numbers for geochemistry and CL are indicated by milestone.
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Figure 1.6 Geological map of the Loei area showing the distribution of rock types

and sample localities (modified after Geological Survey Report No. 95,

1989).
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CHAPTER 11l
GEOLOGICAL SETTING AND
PLATE TECTONIC REVIEW

The geological study of northeastern Thailand was recorded more than forty
years ago. The mountain belts bordering the Khorat Plateau to the west are highly
complex during Upper Paleozoic to Tertiary time. Many researchers have proposed
the geodynamic evolution, the timing of the amalgamation and geo-history of these
mountain belts. To clearly understand the geological history of the region, the review

of geological setting bordering the Khorat Plateau will be presented.

2.1 Geological setting

According to general geological subdivision in Chapter 1, more detail of each
area is presented here and in Figure 2.1. The Late Paleozoic stratigraphic correlation
of mentioned area is given in Figure 2.2.

2.1.1 The area NE of Loei (including Pha Nok Khao Platform)

The oldest rocks in this region belong to the Na Mo Group (Bunopas,
1981). They form the metamorphic basement and are composed of low grade
metamorphic rocks of the upper green-schist facies (phyllite, chlorite and pelitic
schists, metatuff, and quartzite). The quartzites and phyllites were obviously affected
by tectonic deformation and metamorphism much more intensively than all other

rocks in this region (Chairangsee et al. 1990). The Na Mo Group conformably
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underlies the siliciclastics Silurian-Devonian Pak Chom Formation and is considered
to be pre-Silurian in age.

The Pak Chom Formation comprises sediments deposited in a marine
sedimentary basin on the metamorphic basement. It consists of sediments deposited
in shallow to deep marine environments. Shallow marine strata are characterized by
platform carbonates and shelf clastics (graywacke, shale and conglomerate). Patches
of coral reef represented by massive limestones of Devonian to Early Carboniferous
age are also recorded in this sequence (Chairangsee et al. 1990). Thin-bedded cherts,
yielding radiolarian with intercalated tuffs, siliceous shale and siltstone, represent
deep-sea sediments. Basaltic lava characterized by pillow structures is found
associated with the chert. The chert is interpreted as oceanic sediment and was
obducted as thrust sheets onto the platform sediments as a result of the Variscan
Orogeny.

The Carboniferous Wang Sapung Formation has been proposed for the
nearshore sandstone, shale, and limestone along western edge of the Khorat Plateau
distributed mainly in Loei and some part of Udon Thani Provinces. The Nam
Maholan Formation (equivalent to the Pha Nok Khao Formation) has been proposed
for the Lower Permian sequence located in the area southeast of Loei province. At
Ban Na Duang, east of Loei, the outcrops of Lower-Middle Permian were recorded by
rich faunal assemblage (Fontain and Suteethorn, 1992). It has been noted that, the
boundary between the Permian and Carboniferous appears to be located in limestone
(Fontaine, 2002; Charoentitirat, 1999). This sequence was interpreted to have been

deposited in the passive continental margin.
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To the east of Nam Duk Basin, the Permian sediments are represented
by the Pha Nok Khao and the Hua Na Kham Formations. The Pha Nok Khao
Formation consists predominantly of massive to thick-bedded, gray limestone and
dolomite. Thin- bedded gray shale and black, nodular or thin-bedded chert may occur
locally. They had been studied extensively from outcrops. It represents all the main
environments of shallow carbonate deposition, from reef to back reef, shoal, bio-
hermal, lagoonal, intertidal and tidal flat, beach deposits and supratidal environments.
They range from Asselian to Middle Permian (Murgabian) (Yanagida, 1966; 1976;
Igo, 1972; 1974; Kobayashi and Hamada, 1979; Fontain and Suteethorn, 1992; Ueno
etal., 1993).

The Hua Na Kham Formation overlies conformably the Pha Nok Khao
Formation and has been informally named the “Upper Clastics” (Mouret, 1994). It
consists of intercalated light and dark gray siltstone, sandstone, claystone, and
limestone. The fossil content and sedimentary structures suggest a shallow platform
marginal marine environment of deposition. Fusulinids from the limestone indicate
Middle to early Upper Permian ages.

Altermann et al. (1983) pointed out that the sedimentation of the
limestones (Pha Nok Kao Formation) ceased in Bolorian time and was followed by
the sedimentation of the thick sequence of shallow marine clastics of the Hua Na
Kham Formation of Bolorian to Kubergadian age. This remarkable change in
sedimentation is therefore older than the typical molasse strata (the Nam Duk Basin, a
more detailed discussion will follow) of the area east of Lom Sak which are of

Murgabian to Midian age.
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The outcrop of the thin-bedded fine-grained clastic sequence with
predominant dark shale and siltstone representing the Pha Dua Formation is mapped
by Chairangsee et al. (1990). It yields a Late Permian floral assemblage (Asama et al.
1968) and conformably overlies the E-lert Formation (equivalent to the Hua Na Kham
Formation). It is about 213 m thick and uncomfortably underlies the Late Triassic
Phu Lop Formation (equivalent to the Huai Hin Lat Formation). The basal part rests
conformably on the Hua Na Kham Formation. The unit comprises predominantly
siltstone and claystone, often tuffaceous, with rare thin beds of sandstone, coal, and
limestone (Mouret, 1994). It was deposited mainly in upper delta to alluvial plain
environments, with minor interruption of lower delta plain and bay facies.

In Pak Chom area, the radiometric age dating of basalts and rhyolites
was reported by Intasopa and Dunn (1994). They proposed two magmatic episodes at
approximately 374 and 361 Ma. The trace element and isotopic compositions of the
rhyolites suggest that they were generated by partial melting of continental crust at
374 Ma. The ocean floor tholeiites basalts belong to a younger magmatic episode at
361 Ma and located to the west of Devonian rhyolites (Fig. 15, page 178 in Intasopa
and Dunn, 1994).

2.1.2 Subsurface data underneath the Khorat Plateau

During the last twenty five years, the prospecting activities were
performed for hydrocarbon exploration within the sedimentary basins especially in the
Permian limestone underneath the formations of the Khorat Group. A number of deep
wells have been drilled during the past years, mainly in the Khorat Basin. The data
from the wells and seismic interpretation have improved and provided much

information on the geological history of the region.
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The Early Carboniferous rocks were drilled below the Variscan
unconformity encountered undifferentiated volcanic, granite (329+3 Ma), meta-
sediments, and sedimentary rocks (Kozar et. al 1992 and Sattayarak et al. 1989).
According to Kozar et al. (1992), they proposed the rifting probably began during the
Late Carboniferous as the region was subjected to back-arc extension and the
extension continued through Middle Triassic. However, the rifting may have abated
during the Late Permian time, and probably was rejuvenated in Early Triassic. This
rejuvenation allowed the Early to Middle Triassic sediments to deposit in the area.
During the Permian, the rift system was fully developed in back arc setting and
appeared to consist of three major deep grabens with intervening high stable horst
blocks. These high platforms were vital locations for the carbonate accumulations.

The stratigraphy of Middle Carboniferous to Middle Triassic was
complied by Mouret (1994) based on data from drilled wells. The rocks comprise the
Middle Carboniferous-Lowermost Permian (Asselian) “Lower Clastics”, the Permian
Pha Nok Khao Carbonate, and the Upper Permian to Lower (?) Triassic “Upper
Clastics” respectively. The Lower Clastics have been drilled in the eastern end of the
Phu Phan range by ESSO Non Sung-1 well. The total thickness is 263 m and it shows
thin beds of low energy sandstones and limestones scattered among siltstones and
shales. Tuffs or lavas form isolated 1 meter thick beds. The Pha Nok Khao
Carbonate known in TOTAL Phu Lop-1X well is thrust-truncated at the base. The
massive 132 m thick section was dated Murgabian to Midian, late Middle to early
Upper Permian by fossil faunas. The Sakmarian to Guadalupian Carbonate was

reported in other well by Kozar et al. (1992).
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The Upper Clastics are overall regressive as shown by the 791 m thick
sequence in TOTAL Phu Lop-1X. The lowermost 95 m are shallow marine limestone
interbeded with coal and organic shale both deposited in a lower delta plain to bay
setting. Above, 600 m of grey beds with a few thin intercalations of reddish brown
beds at the top are comprised of alternated volcano-sedimentary sandstones, rare
sandstones with no volcanic component, siltstones and shales both tuffaceous to a
variable extent, organic shale and coal. They were deposited in lower delta plain/bay
grading upward to upper delta/alluvial environments. Alluvial red beds (96 m) form
the top of the formation, mostly siltstone and shale with some volcano-sedimentary
sandstone. The Dzulfian to Dorashamian (Upper Permian) age of the limestone and
the huge thickness of the formation strongly suggest a Triassic age for the higher part
of the section, especially Lower Triassic.

However, Mouret (1994) did not report the strong tectonic event
during the Middle Carboniferous to Late Permian. Only Middle Permian movement
in the Phetchabun area represented by the relative sea level fall and some minor uplift
was mentioned (Fig. 2, page 135 in Mouret, 1994).

2.1.3 The Phetchabun Fold Belt (Nam Duk Basin)

Based on Helmcke and Kraikhong (1982), the statigraphic succession
in Permian Nam Duk Basin is composed of three units; pelagic facies, flysch facies
and molasse facies related to pre-orogenic, syn-orogenic and post-orogenic events
(Figure 2.3). These facies are exposed between milestone 16.00-20.20, 20.20-21.30,
and 34.0-42.20 respectively on highway No. 12 from Lom Sak to Chum Phae.

According to Helmcke and Lindenberg (1983), the oldest unit of rock

comprises mainly cherts, tuffs, shales, and allodapic limestones. The allodapic
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limestones were transported from south and north in the direction of the axis of the
basin (Winkel et al., 1983). This facies represents a deep-sea depositional
environment. The second unit of rocks consists of greywackes alternated with shales.
In the greywackes all features of the Bouma-cycle can be found, characterizing them
as turbidites. The third unit of rocks comprises a very thick sequence of clastic rocks,
mainly sandstones and shales. Some beds are very rich in fossil and plant remains. In
the upper part of this section limestone layers are intercalated. These limestones are
generally rich in foraminifers and sometimes contain corals. Towards the east the
limestones become thicker and more prominent. The foraminiferal fauna in the
limestone is certainly autochthonous. The fauna can be assigned to a Middle to Upper
Permian age.

Winkel et al. (1983) studied facies and stratigraphy of the lower Lower
Permian strata of Phetchabun fold belt in central Thailand. They found that the
turbiditic limestones (pelagic facies) were derived from carbonate-platforms which
are located in the eastern as well as in the western parts of the Phetchabun fold belt
(Pha Nok Kao limestone of Chonglakmani and Sattayarak, 1978 and Khao Khwang
platform of Wielchowsky and Young, 1985). They proved that the pelagic regime
encompasses the time interval of Upper Carboniferous? - Lower Permian to Lower
Murgabian.

Altermann et al. (1983) proposed the timing of sudden onset of flysch
sedimentation as upper part of Middle Permian. From paleontological data, they also
proved that the molasse sediments comprise not only Murgabian but also part of
Midian, i.e. the molasse sedimentation prevailed into the lower part of the Upper

Permain. The study of fusulinoidean biostratigraphy by Charoentitirat (2002)
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confirms that the molasse unit is in Midian age. Coalification study by Tassanasorn
(1990) indicated that high vitrinite reflectance in the flysch facies is likely due to
subsidence to great depth and decreasing from west to east (flysch to molasse facies).
This study also indicated that the coalification in the Nam Duk Formation was mainly
before the deposition of Mesozoic Khorat Group.

Thanomsap (1992) studied the structural development on the Khorat
Plateau and its adjacent western region. From aerial photograph interpretation, he
reported the thrust of Nam Duk Formation over the Khorat red beds occurred
probably in the Cretaceous (?). Heggemann (1994) mapped the Nam Duk Formation
which thrusted on the Nam Phong Formation (Lower Jurassic) at kilometer 24 on
highway 12 Lom Sak-Chum Phae. Toward the west at kilometer 21, the cleavages
were generated in sandstone (Nam Phong Formation) and the deformation was dated
by K/Ar age in mineral fractions at 97 Ma (Ahrendt et al., 1993).

2.1.4 The area of Chon Dan (Khao Khwang Platform)

To the west of the Nam Duk Basin, the Khao Khwang platform is
distributed in this area (Wielchowsky and Young (1985). In Chon Dan,
Chonglakmani et al. (1983) and Chonglakmani and Fontaine (1992) reported a very
similar startigraphic section to those of Loei area. The section starts from volcanic
and chert layers. The sediments are composed of limestone interbedded with shale
and sandstone ranging from lower Visean to Lower Permian. To the southwest of
Chon Dan, massive limestones and clastic sediments are predominantly represented.
They range from Lower Permian to lower Upper Permian. Fossil woods have been
reported from this area and have been identified as Dadoxylon (Chonglakmani and

Fontaine, 1992). Altermann (1989) pointed out that the strata in Chon Dan area were
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generally younger from west to east. At least two shallowing upward sequences are
exhibited first in the Visean and second in the Visean to Lower Permian.

Charoentitirat (2002) reported the fusulinoidean zonations established
in the Phetchabun, Lop Buri, and Saraburi ranging in age from middle-late Asselian,
early Yakhtashian, and Murgabian to Midian, with some straigraphic breaks.
Altermann (1989) also reported the Permian sandstones and conglomerates
conformably overling the Murgabian massive limestone at Khao Khi Nok west of
Wichianburi.  He proposed a coarsening upward sequence and an increase of
hydrodynamic energy towards the top of this unit by the more likely regressive than
the transgressive processes.

Fontaine et al. (1999) reported the new Carboniferous fossils at Ban Bo
Nam north of Khao Somphot and east of Lam Narai. They consist of calcispherids,
algae, foraminifers and corals indicating mainly a late Moscovian age and locally
extending to early Kasimovian. Moreover, the interesting new information shows that
the stratigraphic range of the sedimentary rocks of this area extends in continuity from
Middle Carboniferous to the top of Middle Permain. Altermann (1989) indicated that
the massive limestones at Khao Somphot are in the stratigraphic range from Asselian
to Midian. Wielchowsky and Young (1985) reported the stratigraphic breaks by the
lowstand sea level in the early Artinskian and again in the Ochoan (lower Upper
Permian). During that period, the carbonate accumulation apparently decreased.

2.1.5 The Phetchabun Graben

The Phetchabun Basin is located within a fold belt in the central

portion of Thailand. The basin comprises a series of five half and full grabens located

in a narrow, elongate (30 kilometres by 120 kilometres) intermontaine rift. In general,
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the Tertiary sediments are blanketed by Quaternary alluvial deposits and alkaline
basalt flows throughout the basin and few outcrops are known. The basin was formed
in the Late Oligocene as a result of simple shear tectonics associated with right lateral
movement on the NW-SE trending Mae Ping and Three Pagodas faults and left lateral
movement along NNE-SSW trending conjugate strike-slip faults (Remus et al. 1993).

Following the Carnarvan Petroleum Report (2002), the subsidence of
the basin began in the Late Oligocene as a broad rift valley. Initial deposits included
alluvial and fluvial sediments deposited in a river system ancestral to the present day
Pa Sak river. By the beginning of the Miocene, increased rates of subsidence resulted
in the formation of a series of lakes in the valley floor. Thick, highly organic rich
shales were deposited in the lakes proper, while deltas and alluvial fans encroached
from the lake margins. A period of tectonic activity at the end of the Early Miocene
was followed by extensive fluvial deposition. A second phase of tectonism and
igneous activity marked the end of the Middle Miocene. Lacustrine conditions were
re-established throughout the basin. Subsidence was halted by Pliocene time, and a
fluvial system was established that persists to the present day.

2.1.6 The Saraburi region

In Saraburi-Pak Chong area, Hinthong et al. (1976) subdivided the
Permian rocks into six formations; the Sab Bon, the Khao Khad, the Pang Asok, the
Nong Pong, the Khao Khwang, and the Phu Phe Formations respectively in
descending order ranging in age from Lower to early Upper Permian. Dawson and
Racey (1993) proposed the Permian strata of central Thailand as a sequence of
supratidal to outer platform facies comprising a Lower-upper Middle Permian

transgressive/regressive carbonate platform succession.
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Chonglakmani (2001), studied in detail of the Saraburi Group in the
Saraburi-Pak Chong area. He recognized the various facies belts representing the
shelf or platform, basin margin and deep basin environments. The platform facies
comprises the Phu Phe, the Khao Khad, and the Khao Khwang Formations. The Sap
Bon, the Pang Asok and part of the Nong Pong Formations represent slope or basin
margin facies. The deep basin or basin plain facies are characterized mainly by fine-
grained sediments. They consist of thin-bedded shales, cherts, argillaceous micrites
and allodapic limestones which are typical of the Nong Pong Formation.

The Permo-Triassic Khao Yai Volcanics are distributed as dikes and
sills in the Permian country rocks in the area south of Saraburi (Hinthong, 1981). To
the east of Pak Chong, the calcalkaline I-type granites with typical Rb/Sr dates of 260
Ma are exposed (Beckinsale et al. 1979; Cobbing et al. (1986). Charusiri et al.
(1999a, quoted in Chutakositkanon et al., 2000) dated the hornblende from andesitic
dikes which crosscut the Permian rocks close to Khao Pun area (north of Kaeng Khoi)
by “°Ar/*Ar indicating the Early Jurassic age. It probably indicates the younger
phase of the more widely exposed Permo-Triassic plutonics (Phra Ngam Diorite,
Hinthong, 1981) and volcanics (Khao Yai Volcanics).

2.1.7 The Nakhonthai region

Nakhonthai terrane (Sattayarak et al., 1989) or Nakhon Thai Block
(Charusiri et al. 1999b; quoted in Chutakositkanon et al., 2000) covers the Dan Sai,
Na Haew and Nakhonthai Districts. The Mesozoic Khorat Group conformably
overlies the Upper Triassic Huai Hin Lat Formation. The continental facies consists
of six formations in ascending order as Nam Phong, Phu Kradung, Phra Wihan, Sao

Khua, Phu Phan and Khok Kruat Formations. They formed the synclinorium
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structure and were more deformed than those of the Khorat Plateau. On top of this
section these formations are overlain by unnamed conglomerate and Phu Tok
Formations respectively in asscending order (Heggemann, 1994).
2.1.8 The Central Plains

The large part of central Thailand is blanketed by Quaternary fluvial
sediments which conceal a number of Tertiary Basins underneath. This region
consists of a number of north-south trending half grabens and grabens which are
believed to be originated in the Late Oligocene (Chaodumrong et al., 1983). More
than ten small basins can be observed by seismic exploration. These basin were
formed in response to dextral shear on the Mae Ping and Three Pagodas Fault Zone

systems during the Late Tertiary (Cooper et al., 1989).
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Figure 2.3 Stratigraphic succession of Permian “Nam Duk Formation” in

Phetchabun-Loei area.

2.2 Plate tectonic review

International research during the last three decades has led to the recognition
that the geological backbone of Southeast Asia consists of a series of continental
fragments. All fragments are derived from the ancient continent of Gondwanaland.
After breaking off from the Gondwanaland continent in the Early Paleozoic, slices of
continental crust moved northwards creating a succession of basins with attendant
collision, rotation, accretion, and amalgamation at their respective present positions.
The physiography of Thailand is the result of a long complex geodynamic evolution

during Phanerozoic time. According to modern geologic interpretation, it is believed
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that two micro-continental blocks named Shan-Thai in the west and Indochina in the
east welded together along the Nan-Uttaradit suture (Figure 2.4; Bunopas and Vella,
1978; Bunopas and Vella, 1983). The mountain belts formed in response to
convergent tectonics of the Shan-Thai and Indochina plates during closure of the
Paleo-Tethys ocean during Middle Permian to Late Triassic time based on various
argument (Helmcke and Kraikhong, 1982; Helmcke and Lindenberg, 1983; Sengor,
1985; Sattayarak et al. 1989; Cooper et al. 1989; Kozar et al. 1992; Mouret, 1994).

The Shan-Thai terrane comprises eastern Burma, western Thailand, western
peninsular Malaysia and northern Sumatra. This terrane is an elongate continental
block trending north-south and its basement consists of Precambrian rock. The
fossiliferous glaciomarine siliciclastic rocks of the Early Carboniferous to Early
Permian Phuket Group (equivalent to Kaeng Krachan Group) of southern Thailand
suggest that the Shan-Thai terrane did not rift from Gondwanaland until the Early
Permain (Metcalfe, 1988; Hills, 1989; Shi and Waterhouse, 1991; Singharajwarapan
and Berry, 2000). The Indochina terrane comprises eastern Thailand, Laos,
Combodia and parts of Vietnam. It is also an elongate stable blocks and is composed
mainly of Paleozoic and early Mesozoic marine strata, with a younger Mesozoic
continental cover succession.

Plate tectonic models accounting for the collision between Shan-Thai and
Indochina terranes have been proposed by a number of workers. The timing of
collision and the geometry of plate convergence are still debated. In the recent

literatures four main scientific hypothesises can be distinguished (Figure 2.5).
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Tectonic line

A-B =Nan- Uttaradit/ Sra Kaco suture
C-D = Chiang Rai - Chiang Mai cryptic suture
E-F =Mae Yuam/ Mae Hong Son fault zone

Terranes subdivision mainly in
north/northeast Thailand

I = Peri Gondwana terrane; Glacio-marine
sediments
I = Daoi Inthanon core complex
Il = Sukhothai fold belt
IV = Phetchabun / Loei fold and thrust belts
V = Khorat Basin; Mesozic red beds
“Khorat Group”

Figure 2.5 Tectonostratigraphic terranes and proposed suture lines of Thailand.
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2.2.1 Nan-Uttaradit Suture as the main Paleo-Tethys located between
Shan-Thai and Indochina Cratons.
This scenario is based on the geological concept of “Gondwana” and
“Cathaysia” or “Eurasia” provenance of mainland Southeast Asia. According to this
theory, part of Burma, Thailand, Malaysia and Sumatra (Sibumasu Continent, Burret
and Stait, 1985; Cimmerian Continent, Sengdr, 1985; Shan-Thai Craton, Bunopas,
1981) drifted away most probably from NW Australian part of Gondwanaland in the
Upper Paleozoic. After crossing the Main Paleo-Tethys Ocean, this sub-continent
collided with Cathaysia or Eurasia in the Triassic to Jurassic which caused the
Indosinian orogeny. This interpretation was based on the occurrence of the oceanic
ribbon-bedded chert and shale sequences that have yielded graptolites, conodonts and
radiolarians ranging in age from Lower Devonian to Upper Triassic. These fauna can
be traced from the Bentong-Raub suture zone of Peninsular Malaysia, the Nan-
Uttaradit/Sra Kaeo suture zone of Thailand and the Changning-Menglian suture zone
of South China (Liu et al., 1996; Metcalfe, 1997; Spiller, 2002).
2.2.2Nan-Uttaradit Suture is a branch of the main Paleo-Tethys.
In this scenario, based on the scientists who did not accept that the Late
Triassic “Indosinian orogeny” is the main orogenic event in Thailand and mainland
Southeast Asia (Helmcke and Kraihong, 1982; Helmcke and Lindenberg, 1983;
Helmcke, 1985). According to their theory, Southeast Asia was formed by the
Variscan orogeny during the Permian time. For example, the orogenic event of
Middle Permian age affected large areas of mainland Southeast Asia and the P.R. of
China. Nan-Uttaradit suture zone shows evidence of compressional deformation and

subsequent uplift to an erosional level in the short period of Middle Permian
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represented by the Nam Duk Formation of the Phetchabun fold and thrust belt
(Helmcke and Kraikhong, 1982; Helmcke and Lindenberg, 1983).

The correlation of tectonopaleogeographic units of northern and
northeastern Thailand with southern Yunnan was attempted (Chonglakmani et al.,
2003). The Ailaoshan and Nan-Uttaradit sutures were considered to be the same
orogenic belt to the east of Simao and Lampang-Phrae basins. Recently, the
discovery of an angular unconformity outcrop in Yunxian of Simao region is best fit
for the orogenic event of Permian time (Qinglai and Helmcke, 2001). The outcrop
shows strongly deformed Carboniferous to Lower Permian sediments which were
deposited in a deep basin and are separated by an angular unconformity from the
overlying shallow marine strata of upper Middle Permian age (Qinglai and Helmcke,
2001).

2.2.3 Chiang Mai “Cryptic” Suture is the main Paleo-Tethyan Ocean

The cryptic suture first proposed by Cooper et al. (1989) corresponds
to the terms “Chiang Mai Volcanic Belt” (Macdonald and Barr, 1978; Barr et al.,
1990), “the Inthanon Zone” of Barr and Macdonald (1991) and “the Chiang Mai
Suture” of Metcalfe (2002). This suture proposed for the boundary between the Shan-
Thai and Sukhothai/Indosinian terranes to the east and bounded by Mae Yum Fault
zone which corresponds to western 1+S type granites line proposed by Cobbing et al.
(1986) to the west. The suture characterized by a metamorphic-plutonic basement
with a structurally detached sedimentary cover of mainly Paleozoic age (Barr and
Macdonald, 1991). The discoveries of oceanic and seamount rocks associations in the
Chiang Mai-Chiang Dao area of western Thailand ranging in age from Devonian to

Triassic are interpreted by Metcalfe (2002) as representing the main Paleo-Tethys
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Suture. However, original stratigraphic succession was destroyed by various phases
of metamorphism of the metamorphic core complex concept by several authors
(Dunning et al., 1995). The closing time of the basin and the geodynamic evolution
of this belt are still debated.
2.2.4 The main Paleo-Tethys located along the western-most part of
Thailand
For this scenario, the candidate for the main Paleo-Tethys ocean is
located west of the cryptic suture as mentioned above. This interpretation is based on
the different faunas which are associated with the Gondwana and the Cathaysian
domains (Figure 2.6). The boundary is recognized by the stratigraphic sequence of
Devonian-Early Permian glacio-marine diamictites with Gondwana-related
brachiopod faunas (Phuket Group) succeeded by Middle to Late Permian carbonates
(Ratburi Group) with poor foraminifera (Monodiexodina, Eopolydiexodina, and
Shanita) and rare coral (Chonglakmani, 2002). This boundary extends northwestward
from the Three Pagoda Fault in western Thailand to Mae Sariang-Mae Hong Son and
Mandalay in eastern Myanmar (Figure 2.7). Recent study of radiolarian faunas in
Mae Sariang area range in age from Early Carboniferous to Late Triassic (Caridroit, et
al., 1993; Kamata et al., 2002; Qinglai et al., 2004). The radiolarian results from Mae
Sariang-Mae Hong Son suggest that there was a pelagic basin between the Shan-Thai
terrane and the Gondwanaland during the Early Carboniferous until Late Triassic.
However, the distributions of Devonian-Late Triassic radiolarian chert in northern
Thailand (not only Mae Sariang-Mae Hong Son area) seem to be in conflict with this

scenario. This problem was explained by the tectonic slices concept which some
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sheets were translated eastward from the western part of the Shan-Thai block

(Chonglakmani, 2002).
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Figure 2.6 Comparisons of sedimentary facies and fauna between the Phuket-
Tenassarim Terrane and Inthanon (Northern Thailand) Terrane (From
Toriyama, 1944; Konishi, 1953; Hahn and Siebenhuner, 1982; Fontaine

and Suteethorn, 1988; Vachard et al., 1992; Ueno and Igo, 1997).
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CHAPTER Il
GEOCHEMICAL AND

CATHODOLUMINESCENCE TECHNIQUES

In this chapter, the author would review the methodology of geochemical and

cathodoluminescence (CL) techniques on the siliciclastic sedimentary rocks.

3.1 Geochemical analysis

Determination the provenance of clastic sedimentary rocks is often an
important component of an investigation of any sedimentary sequences. The
composition of clastic sediments is controlled by many complex factors. Detritus
from the sources are rarely uninterrupted, because the path of clastic sediments from
source rock to sedimentary rock formation is composed of several stages, including
tectonic movement, weathering, erosion, transportation, and deposition.

It is generally accepted that certain geochemically immobile trace and rare
earth elements are quantitatively transferred into siliciclastic sediments and thus
preserve the record of the average upper crustal element abundances. As far as
sandstones are concerned considerable efforts have been made to extract provenance
information from compositional and textural features of sandstone, and a thorough
review of the subject is given by Folk (1974), Pettijohn et al. (1987). Standard

petrographical approaches to the identification of source rock of sandstones are
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investigation of types of feldspar present (Pittman, 1970) and rock fragments
(Pettijohn et al. 1987). Tectonic setting can be determined from the relative
proportion of quartz, feldspar, and rock fragments (Dickinson, 1982; 1985).
3.1.1 Equipments and Analytical Method

The samples were crushed and splitted before grinding and sieving for
powder. Geochemical analyses were performed for major and trace elements. Thirty
samples of sandstone and shale of flysch and molasse sequences were analyzed for
major elements by X-ray fluorescence spectrometer (XRF) at the laboratory of
Suranaree University of Technology. XRF using fusion discs prepared according to
the method of Norrish and Hutton (1969). Thirty-three samples of sandstone, shale,
and allodapic limestone of all sequences were analyzed for trace element and rare
earth elements by inductively coupled plasma mass spectrometry (ICPMS) at the Key
Laboratory of the Lithosphere and Crustal Evolution, China University of Geosciences
(Wuhan).

3.1.2 Major Elements

Major elements comprise of SiO,, TiO, Al,O3;, Fe;Os, MnO, MgO,
Ca0, Na,O, K,0, P,0s, and SOs;. The major element composition of siliciclastic
sediments of the Nam Duk Formation at the type section and the sections further north
and south of the Phetchabun Fold Belt are compiled in Appendix A. The commonly
used geochemical criteria of sediment maturity are the SiO,/ Al,O; ratio (Potter,
1978), which reflecting the abundance of quartz and the clay and feldspar content.
According to Herron (1988), the Fe,Os/ K,O ratio is more successfully classified shale
and sandstone and is also a measure of mineral stability, for ferromagnesian minerals

they tend to be amongst the less stable minerals during weathering. The SiO,/ Al,O3
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and Fe,O3/ K,O ratios of the siliciclastic samples are plotted in order to distinguish the
terrigeneous siliciclastic sediments in each formation.
3.1.3 Trace Elements

The geochemical data of trace elements for all rock units are tabulated
in Appendix A. Taylor and McLennan (1985), and Bhatia and Crooks (1986) regard
REE, Y, Th, U, Sc, and Co as the most useful elements in determining upper crustal
abundances from clastic sedimentary rocks and as discrimination of tectonic settings.
This is because both strongly incompatible elements (LREE, Th, U) and strongly
compatible elements (Sc, Co) are represented in this group. All these elements tend to
have low concentrations in ocean and river water, and residence times in the oceans
are similarly low. When these features are combined with the observation that they
are not affected by diagenesis and metamorphism (Rollinson, 1993), the ratios of
incompatible elements can serve as an index of differentiation (Taylor and MaLennan,
1985).

3.1.4 Rare Earth Elements (REE)

The rare earth elements (REE) are the most useful of all trace elements
and REE studies have important applications in igneous, sedimentary and
metamorphic petrology. The REE comprise the series of metals earth atomic numbers
57 to 71 (La-Lu). REE are not easily fractionated during sedimentation and
diagenesis, thus sedimentary REE patterns reflect the REE pattern of the sources
(Taylor and McLennan, 1985; McLennan, 1989; Condie, 1991). It is generally
accepted that mixing of various provenance components results in remarkable
uniformity of the REE patterns in fine-grained sedimentary rocks (McLennan et al.,

1993; Singh and Rajamani, 2001). Therefore, the REE’s are particularly useful in
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provenance investigation and concentration in sedimentary rocks is usually normalized
to a sedimentary standard such as North American shale composite (NASC), European
shale, Post Archaean average Australian Shale (PAAS), and Upper crust.
3.1.5 Tectonic setting and Provenance

Several studies including Bhatia (1983) and Roser and Korsch (1986),
led to the recognition of major elements that are useful discriminating parameters.
The discrimination diagram for sandstone, based upon a bivariation plot of TiO, and
(Fe,O3 + MgO), was proposed by Bhatia, (1983). The fields display oceanic island
arc, continental island arc, active continental margin, and passive margin. Tectonic-
setting discrimination diagram using K,O/ Na,O ratio and SiO, content (Roser and
Korsch, 1986) are applied. The diagrams are suitable for sandstone-mudstone and
show the fields of a passive continental margin, an active continental margin and an
island arc. Ti and Al are generally considered to be chemically immobile
constituents of weathering profiles, sediments and sedimentary rocks (Maynard,
1992), and may be used as provenance indicators (Young and Nesbitt, 1998). The
TiO, versus Al,O;3 plot showing fields of alkali granite, granodiorite, and peridotite is
presented. A discrimination function diagram has been proposed by Roser and Korsch
(1988) to distinguish between sediments whose provenance is primarily mafic,
intermediate or felsic igneous and quartzose sedimentary rocks. A plot of two
discriminate functions, based upon the oxides of Ti, Al, Fe, Mg, Ca, Na, and K,
differentiates most effectively the four provenances.

Trace elements, concentrations of trace element and their ratios can be
useful discriminators of tectonic settings because some trace elements are considered

to be immobile during sedimentation (Bhatia and Crook, 1986). A simple two-
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component mixing model (ratio-ratio plots Co/Th vs La/Sc, Co/Th vs Sc/Th) using
incompatible and compatible elements are plotted. The ferromagnesian trace
elements, Ni, Cr, and V are generally abundant in mafic and ultramafic rocks, and
their enrichment in sedimentary rocks may be indicative of the presence of these rocks
in the provenance area (McLennan, et al., 1993). The abundance of mafic and
ultramafic rocks in the provenance can be further tested by Y/Ni ratios. Cr/V ratios
can also indicate the presence of chromite among the heavy minerals (McLennan, et
al., 1993).

Amount of La, Th, Ba, Sc, Co, Cr and their element ratios such as
La/Sc, Th/Sc, Ba/Sc, La/Cr, Th/Cr are useful indicators for discriminating basic and
felsic source rocks (Andre et al., 1986; Cullers el al., 1988; Culler, 1994). The
immobile elements have also been used for the same proposed as major elements. In
general, there is a systematic increase in the light rare-earth elements (La, Ce, and
Nd), in Th and Nb, and in a La/Y ratio; and a decrease in V and Sc in greywackes
from oceanic island arc to continental island arc, to active continental margin and to
passive continental margin. The trace elements discriminators of tectonic settings and
source composition of Nam Duk Formation are compared to those well study of
Bhatia and Crook (1986) and Culler (1994). Distinctive fields for four environments;
oceanic island arc, continental island arc, active continental margin and passive
margin are recognized on the ternary plots of La-Th-Sc, Th-Sc-Zr/10 and Th-Co-
Z1/10. However, on a La-Th-Sc plot, the fields of active continental margin sediments
and passive margin sediments are overlapped, but the Th-Sc-Zr/10 shows distinct

separation.
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3.2 Cathodoluminescence analysis

Cathodoluminescence (CL) is the visible light emitted by the surface of a
mineral when bombarded with electrons in a vacuum. The term cathodoluminescence
designates the luminescence induced by electron bombardment. The interaction of the
electron beam with the sample gives rise to a number of effects: the emission of
secondary electrons (SE), back-scattering of electrons (BSE), electron absorption
(“sample current”), characteristic X-ray, and CL emission (Figure 3.1). Most energy
of the beam is converted into heat. The penetration depth of electrons and
accordingly, the excitation depth depend on the energy of the electrons (10-20 keV)
and are in the range of 2-8 um (e.g. Marshall, 1988).

3.2.1 Cathodoluminescence Microscope (HC3-LM)

The commercially produced hot-cathodoluminescence microscope
(HC1-LM) after Neuser et al. (1995) is provided with a high-vacuum chamber (<107
mbar) and uses an accelerlation voltage of 14 keV (Figure 3.2). The HCI-LM is a
development of the prototype constructed at the IGDL Goéttingen in 1987 (Neuser,
1988) according to the model of Zinkernagel (1978). The electron gun operates as a
“hot cathode”, i.e. the electrons are emitted from a heated filament. The hot-cathode
technique provides a considerably greater beam stability and CL intensity and thus is
suitable for investigation of the weakly luminescent quartz. The electron gun directs a
focused beam upwards onto an inverted thin section; the CL is viewed through the
sample from above. The electron beam with a diameter of ca. 4.8 mm irradiates the
thin section surface with a current density of ca. 10 mA/mm®. The basis of the HC3-
LM is a polarization microscope model OLYMPUS BX30M with some modifications,

for instance, the vacumm sample chamber is mounted in place of the sample stand.
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The polarization objectives have a magnification/numerical aperture of 5x/0.15,
10x/0.30, and 20x/0.40. The high vacumm of the sample chamber is attained by a
Diffstak oil diffusion pump combined with an Edwards rotary vane pump.

3.2.2 Sample Preparation

The samples used for CL measurement need the extremely smooth and
highly polished thin section without cover slips. The first stage of sample preparation
consists of cutting the section, which was mounted on a glass slide with epoxy resin.
Subsequent polishing was carried out with progressively finer grades of abrasive. The
final stage involves polishing with diamond paste with a grade of 0.3 um. The
samples were thoroughly cleaned. The polished surface was mounted on a standard
glass slide (48x24x2.8 nm) with Akemi Mamorkitt 1000. The other glass slide was
removed and the procedure of polishing was repeated until a section thickness of 250
um was reached. For sample temperature measurements during CL and FTIR
spectroscopy the section was removed from the glass slide with Xylol. In addition, a
number of thin sections were chemically polished with a OP-S suspension of different
granularities (1 pum and 3 pm) in order to test the effect of the surface quality on the
CL properties.

Quartz being a non-conductor requires a conductive coating to prevent
charging under electron bombardment. The preferred coating for CL studies is
carbon. The coating was done at standard conditions to a thickness of about 15 pm to
avoid variations in CL intensity. The instruments and thin sections preparation were

done at the Center of Geosciences, University of Gottingen, F. R. Germany.
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3.2.3 Geological Application

Cathodoluminescence petrography is now a routine technique that can
provide essential information on provenance, growth fabrics, diagenetic textures and
mineral zonation, in addition to enabling more precise quantification of constituents
and fabrics. This CL method is very informative for trace element identification in
minerals. From the geological point of view, there are two main applications of CL.
The first is the differentiation of detrital from diagenetic phase and the second provide

information on mineral paragenesis.
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3.2.4 Provenance Interpretation of Quartz from CL

The CL color of quartz and feldspar in sandstone may provide a
signature of the source rock from which individual grains, or populations of grains,
were derived. This information, in concert with conventional petrography, study of
accessory minerals, and geochemistry, provided a broad base upon which to infer
petrogenetic relations (such as shared source regions), provenance, and to some extent,
paleotectonic setting (Owen, 1991).

Provenance studies of detrital quartz are one of the most important of
CL on sandstone petrography (Zinkernagel, 1978; Matter and Ramseyer, 1985; Owen,
1991; Gotze and Simmerle, 2000; Richter et al. 2003). However, there are three
critical assumptions for interpretation which must be made before CL can provide
legitimate provenance information (Owen, 1991). (1) CL color is characteristic of the
grain and does not change with time or exposure to the sedimentary environment. (2)
CL color is invisible to sedimentary processes such that grains are not segregated
appreciably based on their CL color. (3) stratigraphic units under consideration are
sufficiently well mixed so that CL color distributions are sensibly uniform over a
broad area.

Owen (1991) defined the assumptions discussed above as “the relative
abundance of quartz CL colors should remain essentially unchanged for a sand
population as it experiences one or several cycles of uplift, erosion, and deposition. In
this way, the sand’s identity is preserved in a manner similar to the preservation of
blood types or languages among migrating groups of people. If sands become mixed
with other sands during transportation, their petrogenetic signals will become mixed as

well”.
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Based on his pioneering work, Zinkernagel (1978), presented an
extensive discussion of quartz CL, with well reproduced color plates. He defined
three types of quartz, based on CL and original occurrence as follow: Violet-
luminescing quartz, from plutonic, volcanic, and contact metamorphic rocks or rocks
which have undergone fast cooling; Brown-luminescing quartz, from low-grade
metamorphic rocks, or from high-grade metamorphic rocks which have been slowly
cooled; and Nonluminescing quartz, from authigenic. The recent general classification
of the CL behavior of the CL detrital quartz (Gotze and Simmerle, 2000) distinguishes
the following criteria: blue or violet, plutonic quartz as well as quartz phenocrysts in
volcanic rocks, and high grade metamorphic quartz; red, matrix quartz in volcanic
rocks; brown, quartz from regional metamorphic rocks; non or weakly luminescent,
authigenic quartz; short-lived green or blue, hydrothermal and pegmatitic quartz.

Miiller (2000) studied CL properties of magmatic quartz and has
subdivided it into (1) euhedral quartz phenocrysts showing stable, dominantly blue CL
and growth zoning related to Ti distribution and (2) anhedral matrix quartz with
unstable red-brown CL and homogeneous trace element distribution. Rhyolitic and
granitic quartz phenocrysts also show similar growth textures. Hydrothermal quartz
shows similar growth patterns as magmatic quartz, but stepped zoning is dominant.
The application of scanning cathodoluminescence (SEM-CL) imaging to characterize
volcanic, plutonic, and metamorphic quartz was proposed (Seyedolali et al., 1997;
Kwon and Boggs, 2002). According to Seyedolali et al., (1997), the volcanic quartz is
characterized by well-developed zoning in CL images. Plutonic quartz may also be
zoned, but much plutonic quartz is unzoned. Metamorphic quartz is more complex; its

characteristics depend upon whether metamorphism has been largely thermal (contact
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metamorphism) or has resulted from regional tectonic forces.  Thermally
metamorphosed quartz typically displays few internal features in CL images, other
than a few late-stage fractures, or it has a kind of indistinct, ill-defined, mottled
texture.

3.2.5 CL of carbonate mineral

For carbonate minerals, when activated, can exhibit intense CL. The
important ions affecting luminescence intensity in carbonate are Mn®" and Fe*', with
the manganese activating luminescence and the iron quenching it. Hence, variations
in luminescence intensity usually reflect a variation in the ratio of Mn*" to Fe** in a
crystal. The CL measurement of the various carbonate minerals usually ranges in
color from green to red. For example, calcite or dolomite cement often stands out
clearly from the other minerals in a sedimentary sample. One of widespread use of
CL in carbonate studies is in cement stratigraphy using zoned cements. The CL
intensity which is an expression of the possible iron and manganese content may be
used as a guide to deciding whether the sedimentary carbonate was formed under
oxidizing or reducing conditions. The uniformity or non-uniformity of conditions
during deposition and post tectonic deformation can be revealed.

3.2.6 Statistical Analysis for Quartz Provenance

CL reveals petrogenetic relations between candidate sands (or
sandstones) by demonstrating statistically significant similarity between their
distributions of CL colors. This is conceptually identical to linking two sands by
means of modal analysis, except that CL may rely upon fewer variables (Owen, 1991).
When comparing sandstones for possible a genetic connection, multiple CL point

counts are required from each candidate stratigraphic unit. Each point count,
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consisting of CL color determination of grains per thin section, reduces to single
value. If one chooses the simple brown-blue CL color distinction, a value of “percent
brown CL quartz” represents each thin section (Owen and Carozzi, 1986). The
collection of data sets for each formation or sampling site is amalgamated into a
frequency histogram that shows the range and abundance of values held by each
parameter.

As mentioned above, combination of all criteria to identify and
interpret the provenance of detrital quartz grains are presented. The statistical analysis
by point counting was used. CL point counts are required from each candidate
stratigraphic unit. Each point count, consisting of CL color determination of grains

per thin section, reduces to single value.



CHAPTER IV

GEOCHEMICAL RESULT AND INTERPRETATION

This chapter presents the result of the geochemical analysis of the siliciclastic
sediments from the Nam Duk Formation at the types section and the sections further

to the north and south of the Phetchabun Fold Belt.

4.1 Nam Duk Formation

4.1.1 Nam Duk Formation at Phetchabun
Field work and samples collection were carried out on the exposures of
Nam Duk Formation along the highway cut across the forestry area of the Phetchabun
and Loei provinces. Samples are collected from the sequences of pelagic, flysch, and
molasse at the localities indicated by the number of milestone from Lom Sak to Chum
Phae Highway (Figure 1.5 in Chapter 1).

Major elements

All the flysch samples fall in the field of Fe-sand in the plots of SiO,/
Al,O3 and Fe,O3/ K,0O (Figure 4.1). Similarly the samples of molasse sequence are
scattered and fall into the field of Fe-sand with somce in Wacke (Figure 4.2). Both
sequences have very high TiO; and Fe,O3, but low Al,O3, and a wide range of CaO
and K;O. However, an average concentration of TiO,, Fe;Os, and Al,O3 of flysch
samples are lower than molasse samples. It seems to be less Na,O content than

molasse samples, only a few ppm (two samples) can be detected.



57

The tectonic-setting discrimination diagram using K,O/ Na,O ratio and
SiO; content (Roser and Korsch, 1986) was applied to flysch and molasse sequences.
Due to small Na,O content in molasse sequences, only the data obtained from flysch
sequence are plotted. They show indication of oceanic island arc margin to active
continental margin setting (Figure 4.3). The discrimination diagram based upon a
bivariation plot of TiO;, and (Fe,O3 + MgO) is plotted. Due to the high TiO, content,
only half of samples from flysch sequence can be plotted and they fall into the field of
oceanic arc setting (Figure 4.4). The provenance signature of siliciclastic sandstones
from flysch and molasse are plotted by using discrimination diagram of Roser and
Korsch (1988). Scattering plots of both sequences show dominantly mafic igneous
provenance (Figure 4.5). The best-fit line of the TiO, versus Al,O; of flysch and
molasse passes through the estimated peridotite end member which indicates an
ultramafic-mafic provenance (Young and Nesbitt, 1998; Figure 4.6 and 4.7).

Trace elements

The trace elements of pelagic, flysch, and molasse sequences are
compiled in Appendix A. In the pelagic sequence, shales and micritic-limestones
have been chosen for ICPMS. Sandstones and shales are more prominent in flysch
and molasse sequences and are used for trace elements analysis. The plots of
incompatible and compatible elements of La vs Sc, Th vs Sc, La vs Nb, and Th vs U,
all samples show variable degrees of correlation (Figure 4.8). The best correlation is
recorded between Th and U. Correlation trends of bivariate plots in sediments
demonstrate that the detritus was well mixed especially in flysch and molasse
samples. The Y/Ni and Cr/V elemental ratios which are used to identify mafic-

ultramafic sources are plotted in Figure 4.9 (Hiscott, 1984). Cr/V ratios of flysch and
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molasses samples are higher than 1 which indicates the presence of chromite among
the heavy mineral during deposition. Y/Ni ratios in the flysch and molasse are low
which confirms that the mafic and ultramafic rocks were abundantly present in the
source area of the Nam Duk Formation. Cr/V versus Y/Ni ratios is analyzed and they
indicate mainly the ultramafic sources, although some samples are scattered. The
plots of the pelagic samples are scattered. Some of them are similar to Post Archaean
average Australian Shale (PAAS). Two samples plotted are close to the field of
ultramafic and one sample plotted close to the granite member.

Chondrite normalized REE and trace elements abundance patterns of
pelagic, flysch, and molasse samples are plotted and compared with the sedimentary
composition standard as shown in Table 4.1 (Figure. 4.10). Flysch and molasse
samples have higher concentration of Cr, Sr, Zr, Ba, and light rare earth elements
(LREE, La through Eu) similar to pelagic samples but they have lower average values
(Figure 4.11, 4.12, and 4.13). Comparison of REE plot from well known source and
the Nam Duk Formation including chert sample from Nan-Uttaradit Suture Zone is
shown in Figure 4.14. Summation of rare earth elements increases from oceanic
island arc to continental island arc, and it is the highest in an Andean-type margin and
a passive margin (Bhatia, 1985). Summation of REE of the flysch is higher than
molasse and is nearly the same as pelagic samples (Table 4.1). In addition, these
values are also less than the average summation of REE from NASC, PAAS, Upper
Crust, and European shale. The result indicates that the Nam Duk Basin was not
derived from the Upper Crust and should have been deposited in the oceanic to

continental island arc environments.
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According to the comparison data in Table 4.2, flysch and molasse
samples show similarity of continental island arc setting (Bhatia and Crook, 1986)
and indicate low-silica metamorphic sources (Culler, 1994). Pelagic samples are not
clearly defined. They show values between oceanic to continental island arc setting
and indicate low-silica metamorphic sources. A La-Th-Sc and Th-Sc-Zr/10 ternary
diagrams are plotted to discriminate tectonic setting and composition of source rocks
as shown in Figure 4.15, 4.16, and 4.17 (Bhatia and Crook, 1986: Cullers, 1994).
However, on a La-Th-Sc plot, the fields of active continental margin and passive
margin sediments are overlapped, but the Th-Sc-Zr/10 shows distinct separation. For
pelagic sequence, the result of a La-Th-Sc ternary diagram plot falls into the field of
oceanic island arc and continental island arc setting and it is derived mainly from
metabasic source. The sediments of flysch and molasse sequences are derived from
mixed sources from metabasic and granitic gneiss and fall into the field of continental
island arc setting. In consideration of the Th-Sc-Zr/10 plots, most of pelagic samples
fall into the fields of oceanic island arc and continental island arc setting. On the
contrary, only the field of continental island arc setting is plotted in flysch and
molasse sequences. This result is consistent with the low La, Th, U, Zr, and Nb

concentrations in the sandstones and shales.
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Table 4.1 Standard sedimentary compositions and Permian siliciclastic sediments

from Phetchabun and Loei Fold Belt including Nan-Uttaradit suture zone

used for normalizing the REE concentration in sedimentary rocks (in

ppm).
NASC  PAAS  UPPET Es pelagic Flysch Molasse  Thali Cé‘gr‘]g '\ﬂ‘;akk *fsg‘;” C,G;r’f’
(REE) 1 2 3 4 5 6 7 8 9 10 11 12

La 31.10 3820 30.00 4110 1929 20.83 24.62 27.10 2093 2626 27.78 217
Ce 67.03 79.60 64.00 8130 33.08 36.88  46.20 50.80 37.66 51.20 4944 297
Pr 8.83 7.10 10.40 5.00 5.02 5.95 6.60 5.03 6.63 6.40 0.48
Nd 3040 3390 26.00 40.10 2047 1839  22.19 2380 1887 2483 2302 179
Sm 5.98 5.55 4.50 7.30 481 3.71 453 4.60 4.16 5.10 4.48 0.50
Eu 1.25 1.08 0.88 1.52 1.05 0.81 1.00 1.00 0.98 112 0.89 0.16
Gd 5.50 4.66 3.80 6.03 4.45 3.23 4,01 4.10 3.92 4,72 3.92 0.41
Tb 0.85 0.77 0.64 1.05 0.77 0.54 0.69 0.70 0.67 0.80 0.65 0.08
Dy 5.54 4.68 3.50 421 3.03 3.86 3.80 3.67 4.20 3.56 0.40
Ho 0.99 0.80 1.20 0.87 0.60 0.77 0.80 0.76 0.77 0.66 0.09
Er 3.28 2.85 2.30 3.55 2.24 1.68 211 2.20 1.99 2.10 1.88 0.28
m 041 0.33 0.56 0.33 0.25 0.33 0.30 0.29 0.30 0.28 0.04
Yb 311 2.82 2.20 3.29 2.32 1.78 2.28 2.40 212 211 1.95 0.28
Lu 0.46 0.43 0.32 0.58 0.39 0.29 0.37 0.40 0.35 0.34 0.32 0.04
Sum 15450 184.77 146.37 197.98 99.28 97.04 11891 128,60 101.40 130.47 12522 9.70

1 North American shale composite (Gromet et al., 1984)

2 Post Archaean average Australian sedimentary rock (McLennan, 1981)

3 Average upper continental crust (Taylor and McLennan, 1981)

4 Average European shale (Haskin and Haskin, 1966)

5 Average Pelagic sequence of the Nam Duk Formation (this study)

6 Average Flysch sequence of the Nam Duk Formation (this study)

7 Average Molasse sequence of the Nam Duk Formation (this study)

8 Average Permian siliciclastic sediments sequence from Tha Li, Loei (this study)

9 Permian siliciclastic sediments from Chiang Khan, Loei (this study)

10 Permian siliciclastic sediments from Pang Asok Formation, Muak Lek, Saraburi (this study)

11 Permian "Upper Clastic" from Hw.12 Km. 84+530, Khon San, Chaiyaphum (this study)

12 Permian "Chert" from Nan-Uttaradit Ophiolitic sequence (this study)
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Table 4.2 Trace element discriminators of tectonic settings and source composition.

Nam Duk Formation

Graywackes, Bhatia and Crook (1986) (this study)

Culler (1994)

Trace Passi\_/e co'r?t?g(\a/:tal C_ontinental 'Oceanic mheltgar;f;:;)ﬁc mle(i\zlivr:(llrlgs ic Molasse Flysch Pelagic
ele. margin margin island arc island arc SOUTCes SOUTCes (ave) (ave) (ave)
Discriminators decreasing toward oceanic island or low silica sources
Pb 16.00 24.00 15.10 6.90 14.99 12.18 11.11
Th 16.70 8.80 11.10 2.27 17.00 8.00 9.40 6.88 3.50
Zr 298.00 179.00 229.00 96.00 210.36 185.98 159.35
Hf 10.10 6.80 6.30 2.10 12.20 6.90 6.08 5.26 4.66
Nb 7.90 10.70 8.50 2.00 9.44 7.58 6.47
La 33.50 33.00 24.40 8.72 57.00 45.50 24.62 20.83 33.98
Ce 71.90 72.70 50.50 22.53 127.00 87.00 46.20 36.88 54.86
Nd 29.00 25.40 20.80 11.36 22.19 18.39 35.37
Rb/Sr 1.19 0.89 0.65 0.05 0.353 0.133 0.078
La/y 131 1.33 1.02 0.48 1.134 1.188 0.757
La/Sc 6.25 455 1.82 0.55 20.00 1.80 2.484 2.584 1.598
Th/Sc 3.06 2.59 0.85 0.15 7.00 0.33 0.949 0.854 0.285
Th/U 5.60 4.80 4.60 2.10 4.159 3.865 2.340
Ba/Sc 268.00 29.50 19.037 17.019 10.557
La/Cr 3.70 0.98 0.029 0.023 0.116
Th/Cr 1.10 0.11 0.011 0.008 0.021
Discriminators increasing toward oceanic island or low silica sources
Ti 0.22 0.26 0.39 0.48
Sc 6.00 8.00 14.80 19.50 4.50 31.00 9.910 8.060 12.070
Co 5.00 10.00 12.00 18.00 13.700 14.250 11.470
Zn 26.00 52.00 74.00 89.00 67.990 59.440 65.380
Cr 18.50 113.00 840.760  899.050 166.890
TilZr 6.74 15.30 19.60 59.80
Zr/Hf 29.50 26.30 36.30 45.70 34.599 35.357 36.342
Zr/Th 19.10 9.50 21.50 48.00 22.379 27.029 29.052
La/Th 2.20 1.77 2.36 4.26 2.619 3.028 5.608
Sc/Cr 0.16 0.30 0.32 0.57 0.012 0.009 0.072
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Figure 4.1 Classification of terrigeneous sandstones and shales of flysch samples

(after Herron, 1988). The plots fall into the field of Fe-sand.
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Figure 4.6 TiO, versus Al,O3 plot for the flysch samples shows a positive correlation

trend with peridotite end member (Young and Nesbitt, 1998).
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Figure 4.7 TiO, versus Al,O3 plot for the molasse samples shows a positive

correlation trend with peridotite end member (Young and Nesbitt, 1998).



67

15.00

R 50.00
N |
A
] . 40,00 ¢
10.00 - AA ] oa 4
< ] : - - . 3000 ¥
= l- " - 5 1 [ “‘
] - 20,00 aniallm,
5'00i LI . | -
[ ] *
* 10.00 -
] ¢ o * 1 * * -
00+ 0.00 +—————————————
0.00 5.00 10.00 15.00 20.00 25.00 0.00 5.00 10.00 15.00 20.00 25.00
Sc Sc
50.00 20.00
] . ]
40,00 . 1500 ] .
] R ]
30.00 v ] . A
3 ] 'l.‘t a £ 10,00 4 oA A
20.00 A ]
| * -:.* A 1 "”
5.00 1 '
10.00 A .o, ] oy m
1 ] * *
o0 b —+—1—+——+—7 0.00 * : : : :
0.00 5.00 10.00 15.00 20.00 0.00 2.00 400 6.00
Nb U
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Pelagic samples show scattering plot (Hiscott, 1984).
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Chondrite normalized rare earth element distributions in pelagic,

flysch, and molasse samples display similar characteristic especially

for flysch and molasse.
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Figure 4.11 Chondrite normalized trace elements and rare earth elements distribution in pelagic sample, Nam Duk Formation.
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Figure 4.12 Chondrite normalized trace elements and rare earth elements distribution in flysch sample, Nam Duk Formation.
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Figure 4.13 Chondrite normalized trace elements and rare earth elements distribution in molasse sample, Nam Duk Formation.



Sample/Chondrite

100.00 -
10,00 -
1.00

010 -

0.01

La

Ce Pr

Nd Sm Eu

Gd Tb Dy Ho
REE

Er Tm Yb

73

—e— NASC

—a— Upper crust
—x—ES
—x— Pelagic
—e—Flysch
—+— Molasse
Chert, Nan

Figure 4.14 Chondrite normalized rare earth elements of average pelagic, flysch,
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Figure 4.15 (a) La-Th-Sc ternary diagram for pelagic samples of the Nam Duk
Formation (after Bhatia and Crook, 1986; Cullers, 1994). (b) Th-Sc-
Zr/10 ternary diagram for pelagic samples of the Nam Duk
Formation (after Bhatia and Crook, 1986). Explanation of tectonic

setting and provenance are shown in each figure.



75

La (flysch)

Granitic gneiss

sources EC”"E"S. Granitic HENess!

1994) metabasite mixed sources
(Cullers, 1994}
Metabasic
v ! y . SOUFCES
Active continental margindnd “er { S Nt {Cullers, 1994)

PASSIVE mMargin
{Bhatia and Crook, 19

Continental island arc
{Bhatia and Crook, 1986)

Oceanic island ard o
(Bhatia and Crook, 1986)

Th Se
(flvsch) (flvsch)

Th (flvsch)

Active continental margip
(Bhatia and Crook, 1986)

Passive margin

{Bhatia and Crook,
| 986

Continental island anj\_ ________
(Bhatia and Crook, 1988~ 1

P ™
l\-»-_.-‘ + _#_ ‘. .

......

(b) j' _," Oceane island arc
b Bl (Bhatia and Crook, 1986)

s
........

Se Zr/i
{flysch) {(flvsch)

Figure 4.16 La-Th-Sc ternary diagram for flysch samples of the Nam Duk
Formation (after Bhatia and Crook, 1986; Cullers, 1994). Th-Sc-
Zr/10 ternary diagram for flysch samples of the Nam Duk
Formation (after Bhatia and Crook, 1986). Explanation of tectonic

setting and provenance are show in each figure.
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Figure 4.17 La-Th-Sc ternary diagram for molasse samples of the Nam Duk
Formation (after Bhatia and Crook, 1986; Cullers, 1994). Th-Sc-
Zr/10 ternary diagram for molasse samples of the Nam Duk
Formation (after Bhatia and Crook, 1986). Explanation of tectonic

setting and provenance are shown in each figure.
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4.1.2 Nam Duk Formation at Tha Li
On highway No. 201 at approximately 50 kilometer west of Chiang
Khan, at junction 3 kilometer east of Ban Nong Phu, there are two open pits exposing
well bedded sandstones interbedded with dark shales (Figure 1.6 in Chapter 1). The
samples were taken from 2 open pits east and west of the junction near the small
military camp close to Thai-Laos border (sample no. THL 05-09). Altermann (1989)
reported this outcrop as Permian (P2) flysch sediments (Nam Duk Formation) which
are a northern continuation more than 150 kilometer from the Lom Sak — Chum Phae
Highway. The flysch seems to be overthrusted above the P3 Formation (Pha Dua
Formation), which crops out to the east. Based on Altermann (1989), sandstones
comprise up to 60% texturally immature fine-grained lithic graywackes with mainly
sericitic-chloritic and some carbonate matrix.

Major elements

The major elements composition is compiled in Appendix A. The
Si0,/ Al;0O3 and Fe,0Os/ K;0 plots of the collected samples fall mainly into the field of
Fe-sand and wacke (Figure 4.18). The samples contain very high TiO, (ave. 1.57%)
and Fe,O3 (ave. 19.62%), and low Al,Os (ave. 7.57%), and overall values are more
than those of type locality from Phetchabun Fold Belt. The Na,O concentration is
lower concentration similar to Phetchabun sample, only a few ppm (three samples) can
be detected.

The tectonic-setting discrimination diagram using K,O/ Na,O ratio and
SiO; content (Roser and Korsch, 1986) is plotted. Due to less Na,O content, only one
sample (THL 07) is plotted and it shows indication of an oceanic island arc setting

(Figure 4.19). The discrimination of these samples, based upon a bivariation plot of
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TiO; and (Fe,O3 + MgO), cannot be plotted due to the high TiO, content. The
provenance signature of siliciclastic sediments are plotted following discrimination
diagram of Roser and Korsch (1988). The plots are scattered and show dominantly
mafic igneous provenance (Figure 4.20) with one sample falling into the field of felsic
igneous provenance. The best-fit line of the TiO; versus Al,O3; passes through the
estimated peridotite end member which indicates an ultramafic-mafic provenance
(Figure 4.21).

Trace elements

The trace elements composition is compiled in Appendix A.
Correlation trends of bivariate plots in sediments demonstrate that the detritus was
well mixed. The Y/Ni and Cr/V elemental ratios which are used to identify mafic-
ultramafic sources are plotted in Figure 4.22 (Hiscott, 1984). Cr/V ratios of Tha Li
samples are higher than 1 which indicates the presence of chromite among the heavy
minerals during deposition. Y/Ni ratios are low and confirm that abundant mafic and
ultramafic rocks must have been exposed in the source area of the Tha Li siliciclastic
sediments. Cr/V versus Y/Ni ratios are analyzed and mainly indicate ultramafic
sources, except for a sample THL 08 which is close to the filed of PAAS.

Chondrite normalized REE and trace elements characteristics of Tha Li
samples are plotted in Figure 4.23. The samples have higher concentration of Cr, Sr,
Zr, Ba, and light rare earth elements (LREE, La through Eu) similar to flysch type
section of Phetchabun area. Summation of REE of the samples is higher than flysch
and molasse but still lower than the average values of NASC, PAAS, Upper Crust and

European Shale (Table 4.1). The result indicates that the Tha Li siliciclastic sediments
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were not derived from the Upper Crust and have a geochemical character similar to
flysch and molasse sequences of the Nam Duk Basin.

According to the comparison data in Table 4.3, Tha Li samples show
similarity of continental island arc setting (Bhatia and Crook, 1986) and indicate low-
silica metamorphic sources (Culler, 1994). A La-Th-Sc and Th-Sc-Zr/10 ternary
diagrams, which are plotted to discriminate tectonic setting and composition of source
rocks, are shown in Figure 4.25 (Bhatia and Crook, 1986: Cullers, 1994). The result
of a La-Th-Sc ternary diagram shows that the samples fall into the field of continental
island arc setting and were derived from metabasic and mixed granitic gneiss sources.
The samples show a scattering Th-Sc-Zr/10 plot and mainly fall into the field of

continental island arc setting.

4.2 Pha Dua Formation

The sandstone sample THL-01 was collected from three kilometer west of
Chiang Khan, on highway 2195 running along the border between Thai-Laos (Figure
1.6 in Chapter 1). The outcrop consists of fine-grained sandstone, siltstones, and
mudstones in beds ranging from a few centimeters up to two meters thickness. The
beds show gradded bedding and plant fragments and are highly micaceous. THL-04
sample was collected from highway 203 at milestone 8+300 from Loei to Dan Sai
(UTM: 47Q 0782182N, 1934720E). The outcrop consists of silty, fine-grained
sandstonse, and shales with one or two centimeter to over fifty centimeter thick. THL-
14 sample was collected from a small quarry at approximately 10 kilometer from Loei
to Tha Li on the eastern side of highway 2115. The outcrop consists of thick sequence

of thin-bedded siliceous shale containing Agathiceras ammonoid (Middle Permian).
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Major elements

The SiO,/Al,03 and Fe,03/K,0 plots, THL-01, THL-04, and THL-14
samples fall into the field of Fe-sand, Wacke to Askose, and Litharenite respectively
(Figure 4.18). The THL-01 and THL-04 samples display very high TiO, but the THL-
14 sample is low in TiO; (0.74%) content. THL-04 sample contains low Fe;O3 (3.9%)
which is the lowermost value of the siliciclastic samples from Loei area. The tectonic-
setting discrimination diagram using K;O/Na,O ratio and SiO, content (Roser and
Korsch, 1986) is plotted. Due to undetected Na,O content of THL-04 and THL-14,
only THL-01 is plotted and it shows indication of an oceanic island arc setting (Figure
4.19). However, it seems to be inconsistency with the sedimentological evidence and
the low SiO, (41.41%) of the sample. The discrimination, based upon a bivariation
plot of TiO,and (Fe,O3; + MgO), can not be plotted due to the high TiO, content. The
provenance signature of siliciclastic sediments is plotted by using discrimination
diagram of Roser and Korsch (1988) (Figure 4.20). The THL-01 samples fall into the
field of intermediate igneous provenance. The THL-04 samples fall into the field of
felsic igneous provenance. The THL-14 samples are in the field of quartzose
sedimentary provenance. In contrast to the plotted of the TiO, versus Al,O3; diagram,
all samples pass through the estimated peridotite end member which indicates an
ultramafic-mafic provenance (Figure 4.21).

Trace elements

The Y/Ni and Cr/V elemental ratios which are used to identify mafic-
ultramafic sources are plotted in Figure 4.22 (Hiscott, 1984). Y/Ni versus Cr/V
diagram displays a field of PAAS for THL-04 and THL-14 and is close to a field of

ultramafic end member for THL-01 sample. Chondrite normalized REE and trace
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elements characteristics of Chiang Khan and north of Loei samples are plotted in
Figure 4.24.

According to the comparison data in Table 4.3, THL-01, THL-04, and
THL-14 samples are not clearly defined between continental to oceanic island arc
setting (Bhatia and Crook, 1986) but indicate low-silica metamorphic sources (Culler,
1994). A La-Th-Sc and Th-Sc-Zr/10 ternary diagram are plotted to discriminate
tectonic setting and composition of source rocks in Figure 4.25 (Bhatia and Crook,
1986: Cullers, 1994). The result of the plotted La-Th-Sc ternary diagram falls into the
field of continental island arc setting with mainly metabasic source for the THL-01
sample. A plotted ternary diagram of THL-04 falls into the field of continental island
arc setting with overlapping of metabasic and granitic gneiss mixed sources. THL-14
sample can not be plotted into a defined tectonic setting but is close to a continental
island arc field. In the Th-Sc-Zr/10 diagram, the THL-01 sample falls into the field of
continental island arc setting and displays an oceanic island arc setting for THL-14
sample. THL-04 sample can not be plotted into a defined tectonic setting but is close

to a continental island arc and passive margin.
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Figure 4.19 Discrimination diagrams of Roser and Korsch (1986) for Loei and

Saraburi sandstones showing the field of oceanic island arc to active

continental margin.
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Figure 4.22 Cr/V vs. Y/Ni diagram showing ultramafic, PAAS, and Granite member

of Loei samples (Hiscott, 1984).



Table 4.3 Trace element discriminators of tectonic settings and source composition, comparison with Loei and Saraburi areas.

Graywackes, Bhatia and Crook (1986) Culler (1994) this study
Trace  Passive Agtive Continental Oceanic high—silica_ IOW—siIica_ Tha Li Chiang Loei-Dan Loei-Tha Pang Khao Hua Na
ele. margin contlne_ntal island arc island arc metamorphic - metamorphic (P2) Khan Sai (P3) Li (P3) Asok Fm.  Khad Fm.  Kham Fm.
margin sources sources (P2)
Discriminators decreasing toward oceanic island or low silica sources
Pb 16.00 24.00 15.10 6.90 10.50 8.55 17.21 16.06 17.52 19.45 10.29
Th 16.70 8.80 11.10 2.27 17.00 8.00 9.95 6.78 12.97 2.62 1191 6.51 11.15
Zr 298.00 179.00 229.00 96.00 278.00  166.80 520.23 54.84 225.07 176.05 217.72
Hf 10.10 6.80 6.30 2.10 12.20 6.90 7.90 4.88 13.88 1.56 6.65 5.48 6.47
Nb 7.90 10.70 8.50 2.00 9.71 8.19 11.22 4.16 11.00 6.40 8.05
La 33.50 33.00 24.40 8.72 57.00 45.50 27.10 20.93 33.99 21.28 3111 67.73 27.78
Ce 71.90 72.70 50.50 22.53 127.00 87.00 50.80 37.66 65.71 17.18 60.71 34.54 27.78
Nd 29.00 25.40 20.80 11.36 23.80 18.87 30.46 19.25 29.29 89.48 23.02
Rb/Sr 1.19 0.89 0.65 0.05 0.577 0.366 1.490 1.212 0.896 0.094 0.592
La/Y 1.31 1.33 1.02 0.48 1.173 0.889 1.504 1.275 1.176 1.639 1.495
La/Sc 6.25 4.55 1.82 0.55 20.00 1.80 2.533 2.069 3.301 2.281 2.841 2.943 2.138
Th/Sc 3.06 2.59 0.85 0.15 7.00 0.33 0.930 0.671 1.262 0.281 1.088 0.283 0.862
Th/U 5.60 4.80 4.60 2.10 4.061 3.809 4.262 2.426 4.093 3,519 4.706
Ba/Sc 268.00 29.50 18.598  17.129 25.437 10.707 24.438 31.043 16.308
La/Cr 3.70 0.98 0.038 0.058 0.197 0.112 0.107 1.663 0.070
Thi/Cr 1.10 0.11 0.014 0.019 0.075 0.014 0.041 0.160 0.028
Discriminators increasing toward oceanic island or low silica sources
Ti 0.22 0.26 0.39 0.48
Sc 6.00 8.00 14.80 19.50 4.50 31.00 10.70 10.07 10.34 9.34 10.95 22.97 13.03
Co 5.00 10.00 12.00 18.00 12.30 9.12 2.78 4.85 12.33 7.69 13.19
Zn 26.00 52.00 74.00 89.00 58.30 55.23 24.71 23.68 68.40 83.40 72.12
Cr 18.50 113.00 719.00  359.97 173.21 191.15 290.66 40.68 396.25
TilZr 6.74 15.30 19.60 59.80
Zr/Hf  29.50 26.30 36.30 45.70 35190 34.221 37.410 35.128 33.845 32.117 33.694
Zr/Th  19.10 9.50 21.50 48.00 27940 24.631 40.000 20.916 18.898 27.035 19.464
La/Th 2.20 1.77 2.36 4.26 2.724 3.083 2.615 8.130 2.612 10.399 2.482

Sc/Cr 0.16 0.30 0.32 0.57 0.015 0.028 0.060 0.049 0.038 0.565 0.033
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Figure 4.23 Chondrite normalized trace elements and rare earth elements distribution in Tha Li samples, north of Loei.
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4.3 Pang Asok Formation

The sandstone sample THS-10 was collected from a road cut, three kilometer
from Muak Lek to Pak Chong of Friendship Highway (no.2) (Figure 1.7 in Chapter
1). The outcrop is exposed approximately 500 meter on left hand side and opposite to
a limestone mountain. This outcrop consists of thin-bedded fine-grained sandstone
and tuffaceous sandstone intruded by younger volcanic dike. Hinthong et al. (1976)
reported this outcrop belonging to the Pang Asok Formation (P2). The shale sample
THS-15 was collected from a large quarry for dimension stone in Pak Chong area.
The outcrop is located at the left hand side of Friendship Highway from Muak Lek to
Pak Chong opposite to animal check point station (Khao Bandai Ma). Thin to thick
shale and slate and interbedded fine-grained sandstone is prominent in the quarry.
They belong to the Pang Asok Formation (P2).

Major elements

The SiO,/Al;03 and Fe;0O3/ K;0 plots of THL-10 and THL-15 samples
fall into the field of Fe-sand and Fe-shale respectively (Figure 4.26). The samples
contain very high TiO, (THL-10, 1.52% and THL-15, 1.70%). The tectonic-setting
discrimination diagram using KO/ Na,O ratio and SiO, content (Roser and Korsch,
1986) can not be plotted due to undetected Na,O content. The provenance signature of
siliciclastic sediments are plotted following discrimination diagram of Roser and Korsch
(1988) (Figure 4.27). The plots show a mafic igneous provenance. The best-fit line of
the TiO, versus Al,O3 passes through the estimated peridotite end member which

indicates an ultramafic-mafic provenance (Young and Nesbitt, 1998; Figure 4.28).
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Trace elements

The trace elements composition is compiled in Appendix A. The Y/Ni
and Cr/V elemental ratios which are used to identify mafic-ultramafic sources are
plotted in Figure 4.29 (Hiscott, 1984). Y/Ni versus Cr/V diagram displays between a
field of PAAS and ultramafic. Chondrite normalized REE and trace elements
characteristics of the Pang Asok samples are plotted in Figure 4.30.

According to the comparison data in Table 4.3, the samples clearly
defined as a continental island arc setting of low silica metamorphic sources. A La-Th-
Sc and Th-Sc-Zr/10 ternary diagram are plotted to discriminate tectonic setting and
composition of source rocks in Figure 4.31 (Bhatia and Crook, 1986: Cullers, 1994).
The result of the plotted La-Th-Sc ternary diagram falls into the field of continental
island arc setting with mainly overlapping of metabasic source and granitic gneiss mixed
sources. Inthe Th-Sc-Zr/10 diagram, the sample falls into the field of continental island

arc setting.

4.4 Hua Na Kham Formation

The sandstone sample THP-13 was collected at kilometer 84+530 on Highway
No. 12 from Lom Sak to Chum Phae of the Khon San area (Figure 1.5 in Chapter 1).
This outcrop belongs to the Hua Na Kham Formation (P2) or Upper Clastic sequence
of Loei-Phetchabun area.

Major elements

The SiO,/Al, 03 and Fe;O3/ K,O plots of THP-13 sample fall into the
field between Fe-sand and Fe-shale (Figure 4.26). The samples contain very high TiO,

(1.54 %). The tectonic-setting discrimination diagram using K,O/Na,O ratio and SiO;
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content (Roser and Korsch, 1986) cannot be plotted due to undetected Na,O content.
The provenance signature of siliciclastic sediments are plotted following discrimination
diagram of Roser and Korsch (1988) (Figure 4.27). The plots show a mafic igneous
provenance. The best-fit line of the TiO, versus Al,O3; passes through the estimated
peridotite end member which indicates an ultramafic-mafic provenance (Young and
Nesbitt, 1998; Figure 4.28).

Trace elements

The trace elements composition is compiled in Appendix A. The Y/Ni
and Cr/V elemental ratios which are used to identify mafic-ultramafic sources are
plotted in Figure 4.29 (Hiscott, 1984). Y/Ni versus Cr/V diagram displays between a
field of PAAS and ultramafic. Chondrite normalized REE and trace elements
characteristics of the Hua Na Kham sample are plotted in Figure 4.30.

According to the comparison data in Table 4.3, the plotted sample
between oceanic island arc and continental island arc setting and indicates low silica
metamorphic sources. A La-Th-Sc and Th-Sc-Zr/10 ternary diagram are plotted to
discriminate tectonic setting and composition of source rocks in Figure 4.31 (Bhatia and
Crook, 1986: Cullers, 1994). The result of the plotted La-Th-Sc ternary diagram falls
into the field of continental island arc setting and it was derived from a metabasic
source. In the Th-Sc-Zr/10 diagram, the sample falls into the field of continental island

arc setting.
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Figure 4.26 Classification of terrigeneous sandstones and shales of Late Paleozoic

samples from Saraburi and Chaiyaphum areas (after Herron, 1988).
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Figure 4.29 Cr/V vs. Y/Ni diagram showing ultramafic and PAAS end member of

Saraburi and Chaiyaphum samples (Hiscott, 1984).
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CHAPTER YV

CATHODOLUMINESCENCE RESULT

AND INTERPRETATION

The cathodoluminescence characteristics of quartz grains in several units of
sandstones and allodapic limestone can be observed. These data are essential for
interpretation of the provenance of the detrital quartz grains in the investigated
stratigraphic units. The result can contribute to a better understanding of the plate

tectonic evolution of the study area during the Late Paleozoic.

5.1 Nam Duk Formation

The allodapic limestone samples were collected from pelagic sequence at
milestone 17+100, 17+120 and 17+227 (Figure 1.5 in Chapter 1). Sample numbers
indicate milestone at the sampling locality along highway No. 12. Thin sections
under ordinary light and cathodoluminescence for each sample are given in Figures
5.1, 5.2, 5.3, 5.4, 5.5 and 5.6. In general, photomicrographs of all samples are
crystalline packstones comprising skeletal fragments. Some foraminifera (fusulinid),
deformed quartz and feldspar grains can be observed. Thin-section under CL shows
syn-sedimentary elements of clastic and biogenic components. The alteration rim of
calcite and quartz grains with overgrowth of authigenic quartz is well observed.
Micro-vein, which is invisible from ordinary light, and younger calcite vein (growth

zonation) with associated opaque mineral are well developed. Most of the quartz
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grains show typical blue color and some grains were deformed before deposition. A
zoned structure of blue luminescence quartz with an authigenic vein is clearly shown
in Figure 5.6. In addition, fine-grained crystalline quartz texture is represented by
dark brown luminescence. A more detail explanation is given in Figure 5.1, 5.2, 5.3,
5.4,5.5and 5.6.

From the result of CL analysis, the detrital quartz grains from the allodapic
limestone of the pelagic facies display the blue CL which indicates the volcanic and
plutonic sources. The presence of brown crystalline quartz indicates its derivation

from Low-T hydrothermal influence associated with acidic volcanics.
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Figure 5.1 Thin section under CL of pelagic sample no. 17+100, comparing
between ordinary light (left) and cathodoluminescence (right), (a)
volcanic detrital grains are represented by dark blue luminescence in the
allodapic limestone (dark yellow to orange), (b) tabular shape of detrital
volcanic quartz grains (left position on CL image) and metamorphic
detrital quartz grains are represented by dark brown CL (right position on
CL image), (c) detrital quartz luminescence showing violet and blue

color indicates its derivation from plutonic and volcanic sources.
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Figure 5.2

Thin section under CL of pelagic sample no. 17+100, comparing
between ordinary light (left) and cathodoluminescence (right), (a) fine-
grained, blue (left and right position) and crystalline dark brown (lower
right corner) CL quartzes indicate its derivation from two component
sources, (b) this figure clearly shows alteration rim of violet CL quartz
from original dark blue detrital quartz with zoned feature, (c) authigenic
(dark CL) overgrowth in original dark blue CL quartz indicates low

temperature of crystallization.
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Figure 5.3 Thin section under CL of pelagic sample no. 17+120, comparing between
ordinary light (left) and cathodoluminescence (right), (a) the figure
displays two calcite grains (bright yellowish CL) with micro-veins pass
through from left to right which can be observed by CL image, (b) the
figure displays an opaque mineral in a younger dark CL vein (free of
Mn®" and Fe?*), (c) the figure displays a bright zone containing Mn?*
activator and a dark zone more or less free of Mn** and Fe”" indicating a

second phase of diagenesis.
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Figure 5.4 Thin section under CL of pelagic sample no. 17+120, comparing between
ordinary light (left) and cathodoluminescence (right), (a) the figure
shows bright yellowish CL and calcite vein. (b) authigenic quartz is well
developed around original dark blue to violet detrital CL quartz grain,

(c) deformed detrital quartz with replacement of authigenic quartz vein.
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Figure 5.5 Thin section under CL of deformed pelagic sample no. 17+227
comparing between ordinary light (left) and cathodoluminescence
(right), (a) the figure shows dark yellowish and yellow luminescence
with scatter of feldspar (dark blue), (b) sparitic texture displays the
second phase of diagenesis (dark yellowish to bright yellow, round shape
at the center), (c) calcite grain displays bright yellow  luminescence

while the cement shows dark luminescence.
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authigenic quarlz

authigenic micro-vein quartz

authigenic quartz

Figure 5.6 Thin section under cathodoluminescence of quartz properties; (a)
deformed detrital volcanic quartz in allodapic limestone of sample
no.17+120 displays blue CL with zoned feature and healed authigenic
quartz, (b) overgrowth of authigenic quartz in an original volcanic

quartz grain of sample no. 17+120.
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The sandstone samples of flysch facies were collected from milestone 18+720,
20+375, 20+550, and 21+050 (Figure 1.5 in Chapter 1). The sandstones are identified
under normal thin section as immature lithic greywacke. They are very fine- to
medium-grained, angular to sub-rounded sandstones. From percentage point
counting, thin-section under CL shows approximately typical 55% dark brown and
brown, 45% blue and violet CL color of quartz grains and dominant calcareous and
siliceous cements. It contains less than 2% of feldspars and zircons. Sample no.
18+720 from the lower part of flysch sequence displays mainly brown luminescence
with calcite cement. Sample no. 20+375 displays inhomogeneous mixed CL color of
blue and violet in the same grain. Younger calcite vein is well observed in sample no.
21+050. A more detail explanation is given in Figure 5.7 to 5.10.

The result of detrital quartz CL in flysch facies shows brown and blue color.
Detrital quartz grains of sample no. 18+720 (lower part of flysch sequence) show
mainly brown color and some of them display crystalline texture indicating a regional
low-grade metamorphic provenance. Blue CL quartz grains are increasing and more
prominent in the upper part of the section and interpreted as derived mainly from high
temperature quartz of plutonic/volcanic origin. No internal feature of detrital quartz is

found.
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Figure 5.7 Thin section under CL of flysch sample no. 18+720 comparing between
ordinary light (left) and cathodoluminescence (right), a. and b. fine-
grained sandstone shows the majority of brown quartz while the minority

is blue luminescence. Calcareous cement is dominant.
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Figure 5.8 Thin section under CL of flysch sample no. 20+375, comparing between
ordinary light (left) and cathodoluminescence (right). Detrital quartz
grain shows mixed composition of violet, light purple, blue, and brown
luminescence with calcite cement, (a) some quartz grain displays mixed
color in the same grain, (b) zircon grain is indicated by bright
luminescence, (c) light purple quartz shows irregular shape with pinkish

streak color indicating a cooling phase or hydrothermal process.
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Figure 5.9 Thin section under CL of flysch sample no. 20+550, comparing between
ordinary light (left) and cathodoluminescence (right). The sample is
fine- to medium-grained sandstone with quartz cement and carbonate
matrix. Quartz crystalline texture in ordinary light displays mainly
brown color in CL image. (a) The majority of quartz is brown while the
minority is blue and light purple. The matrix is carbonate, (b) bright

pinkish luminescence and pinkish purple quartz are well observed, (c)
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upper left corner displays deformed quartz with healed brown CL, a few

feldspar grains with shined azure are scattered in the section.
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Figure 5.10 Thin section under CL of flysch sample no. 21+050 comparing
between ordinary light (left) and cathodoluminescence (right). The
sample shows deformed fine- to medium-grained sandstone with
siliceous cement, (a) younger calcite vein is well presented, the
majority of quartz is brown while the minority is blue color, (b)
authigenic quartz vein together with calcite vein indicates filling of

carbonate mineral after authigenic vein generated.
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Sandstone samples of molasse facies were collected from milestone 34+600,
34+750, 35+175, 36+650, 37+550, and 40+400 (Figure 1.5 in Chapter 1). The
sandstone samples are identified as immature fine- to medium-grained, angular to
sub-rounded lithic greywacke and lithic arenite under normal thin section. From
percentage point counting, thin-section under CL shows approximately typical 48%
dark brown to brown, 52% blue and violet CL color of quartz grains and dominant
calcareous and siliceous cements. The CL image displays blue luminescence streak
and healed pinkish and non-luminescence fractures. Patchy mottled texture with
pinkish violet luminescence is also present. A zoned feature in quartz grain is well
shown and the quartz grains display blue, purple and yellowish brown luminescence.
A more detail explanation is given in Figure 5.11 to 5.16. Zonation of quartz pattern
in molasse samples is given in Figure 5.17.

In molasse sequence, quartz CL population seems to be similar to flysch
sequence but represents more variety of quartz provenances. CL characteristic of
internal quartz grain such as zoned, mottled, and streak structures is well presented.
For example, sample no. 40+400 represents a variety of detrital quartz family and
indicates its derivation from volcanic, plutonic, and hydrothermal quartzs.

The percentage of quartz population from flysch and molasse sequences is

summarized in Figure 5.18.
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Figure 5.11 Thin section under CL of molasse sample no. 34+600, comparing
between ordinary light (left) and cathodoluminescence (right), (a) the
majority of quartz is brown while the minority is blue with carbonate
matrix and cement, left figure demonstrates a mixture between
ordinary light and CL light, (b) mottled texture in the pinkish coarse

grains indicates thermally metamorphosed quartz.
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Figure 5.12 Thin section under CL of molasse sample no. 34+750 comparing

between ordinary light (left) and cathodoluminescence (right), (a) the
sample displays light purple and dark blue CL in coarse grains and
brown CL in fine grains, a few pinkish CL and carbonate matrix are
presented, (b) brown quartz grains are dominant in the sample, a few

coarse quartz grains are blue and light purple in carbonate matrix.
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Figure 5.13

Thin section under CL of molasse sample no. 35+175, comparing
between a mixture of ordinary light and CL (left) and
cathodoluminescence (right), (a) greywacke sandstone displays mainly
brown and light purple CL, feldspar is scattering in matrix and vein,
red and reddish orange spots probably indicate dolomitic composition,
(b) some authigenic quartz is present in vein with replacement of blue

CL material.
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Figure 5.14 Thin section under CL of molasse sample no. 36+650, comparing
between a mixture of ordinary light and CL (left) and
cathodoluminescence (right). The sample displays very fine-to fine-
grained grewwacke sandstone. (a) The majority of quartz is brown
while the minority is light purple and pinkish blue in carbonate matrix.
(b) Fine-grained brown quartz is dominant in the rock, a few coarse

quartz grains are blue and pinkish blue.
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Figure 5.15

Thin section under CL of molasse sample no. 37+550 comparing
between ordinary light and CL (left) and cathodoluminescence (right).
(a) The majority of quartz is blue and violet color while the minority is
brown. Deformed detrital quartz represented by blue CL. (b) The

majority of quartz is brown and brownish blue.
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Figure 5.16

Thin section under CL of molasse sample no. 40+400 comparing
between ordinary light (left) and cathodoluminescence (right). (a) The
majority of quartz is blue and violet color while the minority is brown.
Carbonate grain is well defined by bright yellowish and scattered
feldspar is dark blue. (b) The majority of quartz is brown while the
minority is blue. K-feldspar (azure color) is at the left between quartz
grain and scattering all over. (c) Low temperature hydrothermal quartz

displays stepped zoning.
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Figure 5.17 (a) Zoned pattern of quartz grain in molasse sample no. 40+400 displays

stepped zoning of violet-light blue-dark blue. (b) Zoned pattern of
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quartz grain in molasse sample no. 40+400 displays growth sector with
initially light reddish brown, light purple, violet, light reddish brown. (c)
Zoned pattern of quartz grain in molasse sample no. 34+750 displays
stepped zoning of light purple with non luminescent deflecting near the
center. (d) Zoned pattern of quartz grain in molasse sample no. 34+750

displays stepped zoning of light blue with pinkish point and micro-vein.
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Figure 5.18 Bar plot showing percentage of metamorphic, plutonic and volcanic
quartz grains in sandstone samples from flysch and molasse sequences of

the Nam Duk Formation.
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5.2 Nong Pong and Pang Asok Formations

In Saraburi area, allodapic limestone sample was collected from the Nong
Pong Formation (PC-02) and sandstone sample from the Pang Asok Formation (THS-
10) (Figure 1.7 in Chapter 1). The PC-02 sample was collected along the road from
Muak Lek to Ban Sab Noi Nua (UTM 47P; 0759480N, 1640614E). The outcrop
approximately 300 meter wide is on a small hill and composed of thin-bedded
allodapic limestones, siliceous shales, and cherts. These rocks belong to the Nong
Pong Formation (Hinthong et al., 1976). The THS-10 sample was collected from a
road cut three kilometer from Muak Lek to Pak Chong of Friendship Highway (No.2).
The outcrop is exposed approximately 500 meter wide on left hand side and opposite
a limestone mountain.

In general, PC-02 sample under thin section CL displays bright yellowish
luminescence indicating a homogeneous texture (Figure 5.19 a). Detrital quartz
grains are scattered and display light purple color. The result indicates a volcanic
provenance similar to the pelagic sequence of the Nam Duk Formation. THS-10
sample is a fine-grained sandstone with calcareous cement (Figure 5.19 b). Detrital
quartz shows mainly brown with minor blue color. Its source interprets as derived
mainly from the low-grade regional metamorphic terrane.

The Nong Pong and the Pang Asok Formations show indication of a southern
continuation from the Nam Duk Formation of the Phetchabun Fold Belt based on

cathodoluminescence result.
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5.3 Hua Na Kham Formation

The THP-13 sandstone sample was collected from kilometer 84+530 of
Highway No. 12 from Lom Sak to Chum Phae of the Khon San area (Figure 1.5 in
Chapter 1). This outcrop belongs to the Hua Na Kham Formation (P2) or Upper
Clastic sequence of Loei-Phetchabun area. THP-13 sample shows sub-angular to sub-
rounded fine- to medium-grained sandstone. CL image displays very clear brown and
light blue quartz luminescence (Figure 5.19 ¢). A metamorphic quartz grain is
indicated by crystalline texture and brown luminescence. Slightly overprinting of
deformed texture is well observed by CL.

Sandstone of the Upper Clastic sequence (Hua Na Kham Formation) of the
section from Chum Phae-Lom Sak shows CL petrography of different quartz
characteristic to the molasse sequence on the west. The quartz grains could be
derived from different provenances as they consist mainly of detrital quartz from

metamorphic terrane.

5.4 Pha Dua Formation

The outcrops of the thin-bedded, fine-grained clastic sequence with a
preponderance of dark shale and siltstone in Chiang Khan, Loei area were mapped by
Chairangsree et al. (1990) as the Late Permian Pha Dua Formation. The unit
comprises predominantly siltstone and claystone, often tuffaceous, with rare thin beds
of sandstone, coal, and limestone (Mouret, 1994). It was deposited mainly in upper
delta to alluvial plain environments, with minor interruption of lower delta plain and

bay facies.



123

The sandstone samples were collected from western part of Chiang Khan,
north of Loei Province along the border between Thai-Laos border (Figure 1.6 in
Chapter 1). Three kilometer west of Chiang Khan on Highway 2195, the outcrop of
fine-grained sandstone, siltstones, and mudstones in beds ranging from a few
centimeters up to two meters thickness was studied and the sandstone sample was
collected. The sandstone 03THO1 sample is identified as immature lithic greywacke
from thin-section. Photomicrograph shows 50% very fine-grained quartz with sub-
angular to sub-rounded grains 10% feldspar and 40% lithic fragments. Thin-section
under cathodoluminescence shows dominant calcareous cement and typical 80% dark
brown to brown color and 10% blue and light purple color of quartz grains (Figure
5.20). From the CL result, these sediments are interpreted to be derived from a
regional metamorphic region and a few from high temperature source such as a

volcanic rock. The result clearly indicates a source area of metamorphic terrane.
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Figure 5.19 Thin section under CL of the Nong Pong and the Pang Asok Formations
in Saraburi-Pak Chong areas and from Upper Clastics “Hua Na Kham
Formation” of the Khon San, Chaiyaphum. (a) Sample PC-02 of the
Nong Pong Formation shows bright yellowish color and homogeneous
texture with volcanic detrital quartz grain represented by light purple
color. (b) Sample THS-10 of the Pang Asok Formation shows the

majority of quartz is brown while the minority is blue and light purple
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luminescence in calcite cement. (c¢) Sample THP-13 of the Hua Na
Kham Formation shows typical brown and blue quartz luminescence
color. Crystalline quartz texture from ordinary light is represented by

brown color indicating the metamorphic sources.

Figure 5.20 Thin section under CL of Pha Dua Formation, west of Chiang Khan,
comparing between ordinary light (left) and cathodoluminescence
(right). (a) Thin section shows very fine- to fine-grained sandstone with
micaceous fragments. (b) CL micrograph shows the majority of quartz is
brown while the minority is blue and light purple luminescence in calcite

cement.



CHAPTER VI

TECTONIC EVOLUTION OF THE NAM DUK BASIN

In this chapter, the geodynamic evolution of the Nam Duk Basin and
Phetchabun Fold Belt based on geochemical analysis, cathodoluminescence and field

investigations including data from published literature are proposed and discussed.

6.1 Provenance and Tectonic setting of the Nam Duk Formation

The evolution of the Nam Duk Basin started from the pelagic sequence which
consists predominantly of pelagic shale and allodapic limestone. This sequence was
formed in an oceanic setting between oceanic island and continental island arc
environments according to the result of major and trace elements analyses. The
source of the quartz detritus in the allodapic limestone was from metabasic and
volcanic provenance as indicated by blue luminescence family quartz.

The subsequent deposition of flysch and molasse sequences consists of thick
siliciclastic sediments. Tectonic setting discrimination diagrams and trace elements
characteristics of flysch and molasse siliciclastic sediments indicate similar
geochemical characteristics. The most important sources for both flysch and molasse
were mixed mafic igneous, metabasic, granitic gneiss, and low-silica metamorphic
sources. Both sequences were deposited in a continental island arc setting. The
detrital quartz grains in the flysch sequences show characteristic of regional low-

grade metamorphic sources in the lower part and mixed between low-grade
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metamorphic and volcanic/plutonic quartzs in the upper part of the section. Quartz
luminescence composition of molasse shows similarity to flysch sequences but has
more variety of volcanic provenances as indicated by well developed internal zoned
structure. Detail of provenance and tectonic setting of the Nam Duk Formation is
given in Figure 6.1.

Comparisons of geochemical and cathodoluminescence characteristic of the
sections north and south of the Nam Duk Formation at its type section have been
done. The result shows that the Tha Li siliciclastic sediments approximately 150
kilometers north of the Lom Sak and the Pang Asok Formation in the Saraburi region
to the south can be correlated with the flysch sequence. This indicates that the axis of

the Nam Duk Basin is at least 400 kilometers long in a N-S direction along the

western margin of the Khorat Plateau.

. . - . f ; Provenance o T
Perind| Ape |Series | East Europe | South China Thailand ::"1111 U.UL . . . Pron em_m':e lectonic
. Formation | {Geochemistry) (Cathodoluminescence) setting
- d4 = ) -
F 4 = ~hanghsingian .
m—_— ‘ | | ‘ | ‘ | | ‘ | ‘ Daorachamian
- 4 = P = Mixeid metabasic,
= ] Wuchiapingian | Dehulfian e R EEE - Mixed low grade .
= - Tataris uliramaiic-malic L= Continental
— 260 dtarian . rocks, sranitic sneiss | Metamorphic and mainly| .
Midian - . island are
== - - e Torw silic voleanic quartes
CasT] B [assessnsres|sscsesnssnes B T o oy ey
- 1 = A (1] - Misc alxasic, - Mixed low grade
- = = Mug;lhlun ultramafic-malic . = Contimental island
] i metamorphic and ;
70 g Kazanian Maokouan 1] rocks, pramitic gneiss olcumicmluionic arc Active
g — I Ufimian levy silien Vol Ca Pl contmental margin
= - metamorphic source | UAITZES
EE 3 Kubergandian ]
= OO . B . {nmtinental
o C _ Kungurian Chasian . inland ane
B Cawrpd Bolorian :
E E E — - - Pelagicy] - vewhasic source, Mainly detrital
- 3 ¢ Artmskan Yakhtashion FEssiesd | aw silica voleanic quartz
C J1 o= ) .
- d = . : metwmorphic
- 4 = Sakmuarian . . Sakmuarian
Cond = 8 Chuanshanian 3 SONTCE
- 3 Asselian Asselian Ocennic island arc

Figure 6.1 Detailed stratigraphic succession of the Nam Duk Formation including its

provenance and tectonic setting based on geochemical and

cathodoluminescence data.
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6.2 Geodynamic model of the Phetchabun Fold Belt

From geochemical and cathodoluminescence results including the published
data from various authors, the possible evolution and paleotectonic reconstruction of
the Nam Duk Formation is summarized as following.

The Nam Duk Basin was formed as a back arc basin after the closure of small
oceanic basin (Loei Ocean) in Indosinia continent during the Devonian-Carboniferous
(Intasopa and Dunn, 1994). This basin rifting probably occurred in Middle
Carboniferous (Kozar et al., 1992) and subsequently the pelagic sediments were
accumulated during Middle — Late Carboniferous to lower Middle Permian in a deep
sea basin (Figure 6.2). This deep sea oceanic basin was bordered on both sides by
shallow marine sea. The geochemical and cathodoluminescence results indicate that
the pelagic facies of a deep sea basin was formed close to an oceanic island and on an
oceanic crust.

The Pha Nok Khao and the Khao Khwang Platforms (or probably one
coherent unit) were located in the eastern side of the Nam Duk Basin or the western
margin of the Indochina plate. The subduction of Indochina beneath the Shan-Thai
cratons (on the west) towards west was started in the upper Middle Permian. During
subduction the accretionary complex comprising mixture of pelagic sediments
including radiolarian chert and mafic-ultramafic rocks was formed at the eastern
margin of the Shan-Thai block. This ophiolite belt has been known as the Nan-
Uttaradit Suture Zone. Erosion of the accretionary complex produced the influx of
siliciclastic or flysch sediments to the Nam Duk Basin. The provenance signature of
the flysch sequence shows the mafic igneous source which is interpreted as being

derived from the accretionary complex.
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The result of geochemical analysis of flysch sequence as discussed in the
previous chapter indicates that it was deposited in a continental island arc setting. It
could be interpreted that it was in an outer or a fore-arc environment. Upon the
oceanic crust was completely consumed the Indochina collided with the Shan-Thai
terranes causing the Variscan Orogeny (Helmcke and Lindenberg, 1983). The basin
was shallowing, the siliciclastic sediments were continuously supplied from the same
sources representing the molasse sediments. The geochemical and
cathodoluminescence results confirm that both flysch and molasse sequences show
similar characteristics representing the same provenance and tectonic setting.
However, the molasse contains more volcanic quartz grains than flysch and more
recycled sediments.

A geodynamic model based on geochemical and cathodoluminescence

analysis is shown in Figure 6.2.
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Figure 6.2 Tectonic model and evolution of the Nam Duk Basin and adjacent region

during Late Paleozoic - Triassic based on geochemical and

cathodoluminescence analysis including data from various publications.
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6.3 Discussion

The discovery of detrital chromain spinels in the flysch and molasse sequences
of the Nam Duk Formation was reported by Chutakositkanon et al. (1999). However,
interpretation of the provenance of the chromain spinels from the Loei ultramafic
located in eastern edge of Nam Duk Basin is unlikely and inconsistent with the
geologic evolution of the region (Chonglakmani and Helmcke, 2001; Chonglakmani
et al., 2001). The present study confirms that the sources of the chromian spinels is
likely to be derived from the ultramafic accreted to the subduction complex in the
west. This provenance contributed the siliciclastic sediments of flysch and molasse
sequences including detrital chromian spinels.

The sandstone sample from Chiang Khan (Middle-Late Permian Pha Dua
Formation) displays mainly detrital quartz grains derived from metamorphic sources.
This could be related to the denudation of metamorphic terrane on the east of the Nam
Duk Basin. The metamorphic sources could be the older orogen deformed during
Late Devonian-Early Carboniferous (Intasopa and Dunn, 1994).

Correlation of the Late Paleozoic strata in the Nan-Uttaradit suture zone and
the Phetchabun Fold Belt reveals a continuous sedimentary sequence which can be
used for the paleotectonic reconstruction. Figure 6.3 displays an idealized vertical
sequence from oceanic igneous rocks and chert (ophiolite sequence) passing upward
through pelagic, greywacke turbidite (flysch) to shallow marine clastic (molasse)
deposits. Interpretation of vertical sequence are the result of seafloor spreading to
form an oceanic crust (pillow basalt, gabbro, and peridotile) followed by chert
sequence in Nan and part of the pelagic facies in the Nam Duk Formation. These

were subsequently followed by terbidite limestone and flysch sedimentation in a
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remnant ocean basin. After the remnant ocean was closed, a peripheral foreland basin
was formed with molasse sedimentation. The changing of flysch to molasse
sediments as the result of the termination of the oceanic basin indicates the maximum
deformation or disturbance which is known as the Variscan orogeny (Helmcke and
Lindenberg, 1983).

From an economic point of view, volcanic and plutonic activities during
Permo-Triassic in the Phetchabun Fold Belt may contribute significantly for mineral
exploration targets. However, from the basin evolution and tectonic interpretation,
this region is considered as a peripheral foreland basin with typical late and uplift
stage of plutonic (post orogeny S-type granite) and intermediate to acidic volcanic
rocks. It seems to be contradictory with the result of 260 Ma calcalkaline I-type
granites dated by Beckinsale et al. (1986). Therefore, mineralization in this belt is
considered to be not prospective. Even though the epithermal gold and silver deposits
have been found in Phichit-Phetchabun area but they cannot be correlated with the
Permo-Triassic igneous rocks along the western margin of the Khorat Plateau. Thick
column of siliciclastic sediments of the peripheral foreland basin in the Phetchabun
Fold Belt especially the Permian upper clastic sequences (molasse) can be considered

as reservoir, source, and even seal rocks for hydrocarbon exploration.
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Figure 6.3 Idealized vertical sequence from ophiolite suite of Nan-Uttaradit Suture



CHAPTER VII

CONCLUSIONS

The result of this study of major and trace element compositions and
cathodoluminescence analysis of the siliciclastic sediments in the Nam Duk
Formation and Permian sequences in Loei and Saraburi areas have implications for
tectonic interpretations in Thailand. Based on geochemical and cathodoluminescence
analyses the result can be summarized as follows;

1. The pelagic sequence of the Nam Duk Formation was formed in an oceanic
setting between oceanic island and continental island arc environments. The source
of the quartz detritus in the allodapic limestone was from metabasic and volcanic
provenance.

2. The flysch and molasse sequences show similar geochemical characteristics
(very high TiO, and Fe,O3, low Al,O3) and indicate mixed mafic igneous, metabasic,
granitic gneiss, and low-silica metamorphic sources. Both sequences were deposited
in a continental island arc setting.

3. The Nam Duk Formation at Tha Li in Loei and the equivalent Pang Asok
Formation in Saraburi-Pak Chong area can be correlated with the flysch sequence at
its type section in the Phetchabun Fold Belt.

4. The sandstone sample from Chiang Khan (Middle-Late Permian Pha Dua

Formation) displays mainly detrital quartz grains derived from metamorphic sources
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and could be related to the denudation of metamorphic terrane from older orogen of
Late Devonian-Early Carboniferous age (Intasopa and Dunn, 1994).

5. Tectonically, subduction of the Indochina beneath the Shan-Thai cratons
(on the west) towards west was started in the upper Middle Permian resulting in the
formation of an accretionary complex. The provenance signature of the flysch
sequence shows the mafic igneous source which is interpreted as being derived from
the accretionary complex and it was in an outer or a fore-arc environment. The
maximum orogenic movement occurred during the completion of suturing process.
The molasse sequence was accumulated after mountain building process consisting
predominantly of the siliciclastic sediments.

6. This study supports an idea of Nan-Uttaradit suture as being one branch of
the main Paleo-Tethys represented by the Nam Duk remnant ocean Basin in the
Phetchabun Fold Belt. This ocean was already closed during the short period of
Middle Permian.

Finally, the following works are recommended to be carried out for some
geological clarification:

- Tracing of the continuation of Permian Nam Duk Basin across Thai-Laos
border to Pak Lay - Luang Phrabang in Laos, and SW-Yunnan.

- U-Pb dating of a small set of zircon population from Nam Duk Formation
and correlatives with the equivalent rock units in order to determine the age of its
components and the provenance of the components.

- More detail structural analysis in order to recognize phase of deformation

during Mesozoic to Tertiary.
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- Micro-paleontology study of a pelagic sequence of the Nam Duk Formation
and the equivalent section in Saraburi (Nong Pong and Khao Phaeng Ma Formations)

in order to study the paleogeography during Permian time.
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Table A-1. Concentration of trace elements (in ppm) for pelagic sequence, Nam Duk

Formation.
Formation Pelagic sequence/MNam Duk Formation
Sample dotdfe pa+FR0 fe+TeE ST=0ed JTHETE O ITHTON MERIG FRHAGD P00
w ahale chinke sl el sdile cal sheile calshake whale shale <ol
Trace ele

He (L3 076 .05 it 060 03l 1.74 1.0 l.56
Sc 7.52 17.5 2149 405 9 k4 4,52 1.7 0.7 14.7
W T D B B o8 125 a0E 2400 140 #5310 730
Cr L0 141 835 211 182 el 100 213 453
Co 341 12.0 250 33E 15.1 528 121 154 113
Mi 674 3LE 46,2 1LE 789 144 338 355 153
Cu 13.0 37.2 a8 4 312 21 1.0 469 6.1 R0
Zn ME 036 T4 199 102 3 TR T [ S o o B -
Cia 523 144 19.9 1.45 104 LEE 194 112 11.9
Ehb 11.1 449 A% I9 740 285 102 636 548
Sr 176 395 413 K05 473 Q41 00 407 H2R
Y 92 12,2 174 241 11 Ba9 243 16,3 7.0
Zr 615 039 1l 48 714 53400 150 147 154
Nb 289 Slde 4.7 2,13 441 . I 731 6.47
Cs (64 1.82 237 IR 0sY 025 540 348 221
Ha 6,0 126 300 1.2 505 142 215 139 I1a
La 423 nls R.A5 17.1 137 T2 306 19.48 4.0
Ce GTE HI3 144 164 108 990 527 327 540
P 134 1.47 243 3300 21 1.53 738 4.64 B.73
il 604 563 oRs 132 796 ser 2810 1E.L 54
Sm 17.1 145 257 282 1.B1 .24 532 1687 7.30
Eu 3.53 040 057 6l 136 038 (W (1] 073 1.74
Gid 167 135 249 283 156 100 455 305 65E
Th 266 030 050 051 020 020 078 0.531 [.19
Dy 13.2 1.94 04 303 (J11] 105 438 .72 6,98
Hi 245 nAs .64 67 0.6 024 0.935 0.60 144
Er 5.62 1.31 1.94 1.83 .99 0Tl 2.57 l.&1 3,60
Tm 76 0.20 0.30 (25 0.14 0,10 0.3% 0,24 0,53
¥h 555 1.52 221 192 0938 &7 275 1.76 152
Lu Lo 025 3 03z 0l6 oL 0n4s 0.31 .59
Hf 1.16 2.ha4 331 0,73 2.02 l.56 4,84 384 4,66
Ta iz 030 0.27 (005 .25 o3 .64 048 0,44
Ph 213 5.58 TG 2.69 7.74 3,38 13.7 154 11.1
Th 155 424 280 056 216 L&h B3 f.44 150
U 310 143 1.27 33 1.27 0.71 .81 .65 .12

Mote: sample no. indicate milestone at the sampling locality along highway no. 12
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Table A-2. Concentration of major elements (in wt%) and trace elements (in ppm) for
flysch sequence, Nam Duk Formation.

Formation Flysch sequence/Nam Duk Formation

Sample | 7Re728 J0H0SR POHRTE MHIM J0SE40 0 20HRS0 20HS00 204525 NTO0 QTSR 204828 2eE2E 20000 MHIBD 21100 244020

M swadnane sandsoee sandstcee sandsione sondstone smedsone sandscee sandsose sandstene sandstone shale  sandewes sandsooe Rpgoss, sadsione skedaone
S0y 4263 1844 4507 506l M40 2786 55.0F 5024 ol57 4721 5317 5958 ST.BT 3B65 5LBR 5149
Ti0, l.l6 52 1ol .12 128 0.91 l.14 LOF DG LIE 1.38 1.74 1.04 (e 1.31 100
Al 461 lea 306 502 571 LR 507 54T 64l 504 R34 992 Tz 407 6,03 5.6l
Fey(), 1348 874 1226 1647 1478 1323 1901 2061 2645 1445 17,700 20071 2691 1787 20,22 24,10

MnCy 0,23 020 030 030 0.21 039 027 038 030 029 003 00w 120 047 0,37 035
MgO 031 019 0.23 0,33 037 022 047 048 034 030 037 05 052 039 058 075
Calr 3345 GR35 3421 2247 1977 5181 107 1783 06T 2RI 16898 120 162 3Is 1429 1178
N0 (00 (LMY i g 000 002 000 005 000 000 000 000 O 000 002 01 002

K0 L3 046 12% 221 22% L0824 133 LI 183 273 50 158 145 185 L&Y
a0 000 000 000 0002 000 000 004 sredpes 000 000 sdspps 004 Mosgee 000 000 000
50 0.7 050 034 00 04 052 0% 034 02 0.5% 006 02%F 0 029 034 036 025

Sum U826 9906 9877 9874 9894 9EER4 BEEI HRTO 9021 S9.00 9922 9811 903 9874 GRRD  SRAS2

Trace cle. Ii;"':ﬁ’.'

Be 050 033 054 073 068 051 .72 OBE 065 1.52 .53 L1 .01
¢ 627 453 S0l R4 6.61 508 135 TR 3 158 806 996 B8RS
W 669 2193 73.0 107 ¥54  T24 127 11 2 115 Bl2  BAT 107
Cr 565 264 107 17200 1133 114 242 1787 714 200 631 754 1473
Co 125 747 1L 158 13.3 15,1 19.9 17.1 1.4 7.3 R3 250 174
Mi LT - 280 403 423 33 356 460 30 32, N3 40R 912
Cu 940 439 Ins 150 ILE 120 450 I35 119 284 15.7 17.5 20.2
£n 554 333 3R 447 487 374 17 484 434 B3 .8 S6.d 10% 559
Cia 6.0 305 533 797 £13 510 6.2 B33 754 16.2 103 1.1 1.2
R 3NE 107 91 498 4748 6E ®Bae 550 460 119 614 624 0.5
Sr 40 15344 703 289 169 674 429 264 358 054 14 60E 263
Y 00 IR 130 131 17.1 14.4 179 l4n 138 239 15.1 74 15.8
£r 162 123 144 135 232 128 a7 149 219 193 219 Il 2Kl
MNh 657 441 622 703 T 549 el T 7.26 1.3 R34 KD H.RG
s 193 074 160 333 234 137 463 i 23 7.58 362 38R i
Ba @3 33 65.5 118 120 674 194 135 14 270 149 153 173
La 19.3 167 153 19.3 2.1 154 314 A 308 221 e 03
Ce 353 2% 159 41 s 271 518 oy 3T 573 40.3 39.1 373
Pr 513 3l 09 4,50 512 3T OTTT O 402 442 T4 531 Al 492
Nd 06 154 135 162 18.6 140  2R9 143 157 26,7 18.8 19.1 17.3
Sm 451 382 285 313 S S e 488 180 243 49 358 442 L]
En 097 082 e .66 070 0Ey 084 074 063 0.93 0.72 L1l .82
Gd 359 3 244 166 295 LR 393 175 251 429 14 452 306
Th 06d 055 039 043 052 046 061 047 041 0.73 053 084 0.52
Dy 33 1w 08 229 2% 252 345 LeR 235 427 305 463 1r4
Hao Oad D56 042 045 059 048 0eh 051 048 0.87 a2 082 0156
Er 1.73 1.54 122 131 L&7 1.33 L.39 141 143 248 177 241 1.68
Tm 25 02 0Ig 019 024 0% 029 020 022 0.37 n27 031 0.26
Th L7e 158 130 143 1749 133 2% 145 159 263 192 235 1.91
Lu 028 024 023 0323 028 02 035 023 027 0.43 032 038 0.33
Hi 456 345 425 386 665 648 313 1487 602 5.55 633 596 511
Ta 050 027 N4l 047 057 034 06} 0350 052 084 Al 06t .63
Ph 158  Rnd 605 714 .50 154 220 E45  I0% 213 13.3 1.2 1.7
Th 640 325 497 @ls TIT 456 9.0l 63l 69 (1] 43 Te2 B30
(4] Lal .67 135 146 1.82 1.31 1.5 154 Lo% 244 190 216 230

Note: sample no. indicate milestone at the sampling locality along highway no.12
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Table A-3. Concentration of major elements (in wt%) and trace elements (in ppm) for

molasse sequence, Nam Duk Formation.

Formation Mulasse sequence/Nam Duk Formation
E‘;El-l'ﬂp]e MR BTN AEERS0 AFHITE Bl 500 A6He0d Bebed0 Jabafl 344TR0 404 iS00 SRR S0 J0HEeT
Migor 12 Rock | asdoone sandsce sandsione andsioge sieditone ssdsone  shale  sandsione sandsione sesdione  shake  sandstoe shale shale
510 5523 4255 5595 0492 6D3R 0 4967 S156 0 5249 6901 5525 5531 S44R 4706 2214
TiO: L4z 136 108 0E7 1.23 1.32 1.97 L8 1.54 oo s 191 121 0,77
Al AT T 7.20 7.12 0.53 7.1 Inns 545 E70 5.6l 1L 17 571 310
Feyy IR.6% 1971 2106 2531 2343 2262 1942 1484 1440 2503 22018 2149 2546 TAT
MnCy 022 3l n.22 .33 n.22 0.24 .19 0,33 .04 Nn.3s .12 0,21 0,60 (00K
Mgtd 045 (58 038 .49 0.33 .63 .53 0.24 032 0.43 041 042 .64 13
Cald L0% 2455 1030 11.55 1.18 14.50 852 17700 107 036 274 332 15.94 6346
Mazld 000 i) 000 seamee 0006 000 000 S5 000 oo 00 000 Q00 0
L8] il 253 2.1 1.95 2.78 243 531 3400 g2 1.63 4.68 518 20 1.36
PsCy 005 sistppm 003 0003 o0 003 0.05 008 03 0.02 004 006 0.00 (0.0
S0, 024 068 051 D48 nir 05 099 002 003 029 033 028 024 052
S U040 G031 9884 9905 G928 9000 ORS0 9924 90007 G870 9900 9908 990%  9h2s
Trace ele.
Be 1.43 1.0R 1.23 1.0% 219 0.9% 053 204 053 212 077
S¢ H.64 T.78 T.HH TR0 15.9 743 L 17.5 T 13.9 Al
W RLT 100 103 Rl (L] h23 124 114 TH1 11 473
Cr a7 16492 161l q15 287 178 2184 330 A5 322 136
Cn 133 14.2 15.2 12.5 15.1 576 215 170 142 144 745
Mi 373 49,7 4381 41.% 350 1.7 539 404 270 220 17.1
Cn 199 234 18.2 14.5 41.2 Q.05 19,3 EER 124 43.2 h.51
In 745 B0 A 559 108 TR 54.1 RT3 424 Q48 8.4
Cia 12.9 1.1 103 1.0 158 11.3 063 18.4 534 172 f.17
Rh (7.5 504 505 50 132 627 422 1o S0 I1E 440
Sr 132 97.2 137 138 I1E a3 104 124 214 133 a6l
hy 21.5 149,1 19,2 22.7 2.2 176 15,4 298 214 287 14.3
i 220 231 191 243 17 230 163 324 238 211 RH.3
Nh 089 912 1.7 0.51 118 102 7.58 13.1 533 11.4 518
Cs 4.07 2193 2R3 332 1.2 2R6 351 963 68 111 147
Ha 213 152 158 170 327 180 (L] 259 125 264 109
La 253 17,8 18.5 24.1 EER!] 268 20,1 358 21.3 29 141
Ce 48.1 3313 5.0 458 h54 455 iT4 nH.2 A3 hid 235
Pr .05 432 4604 SE% R 3] 4% K63 48R B.l6 332
Md 224 6.0 173 2% 208 26 187 327 17.5 s 15l
Sm 4.57 337 3E7 4.45 595 4.0% 4.37 .35 R4 a0d 296
En 0n.95 0,82 1.2 108 115 K1 105 1.22 087 118 Kl
Cid 411 323 .70 A.0% 4.9% 325 BN 529 413 s 239
Th (.70 059 066 0.71 .79 0153 a9 090 072 Oks 040
Dy 309 348 sl 40% 447 104 359 521 76 5020 207
Ho 0.77 065 065 0.78 0,93 .62 .68 L 072 102 044
Er 2.08 121 1.Eé& 206 2,59 1.7% 1.83 anz2 1.92 2.E8 120
Tm n.31 0,32 nz7 0.3 041 .30 .29 047 n.32 .45 nl7
¥h 229 114 o4 234 282 22 187 329 204 307 .16
Lu .35 034 032 037 047 021 030 057 034 04% 019
Hf 2,30 6,88 549 7.01 4,E8 641 510 0.32 (.93 a.l2 241
Ta 0.76 0,73 057 0.73 0,95 0.E] 055 1.05 0.6l 082 033
Ph 181 1.8 Q15 15.3 2.7 11.4 153 200y R 230 K11
Th 102 &4 714 004 129 100 744 158 708 12,5 453
U 259 2.00 1.73 217 X7a 215 1.8¢  XI8 206 2RI 147

Mote: sample no, indicate milestone at the sampling locality along highway no,12
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Table A-4. Concentration of major elements (in wt%) and trace elements (in ppm) for

Late Paleozoic siliciclastic sediments from Loei and Saraburi area.

Formation Late Paleozoic Siliciclastic sediments from Loei and Saraburi arca
Si'm'lFllE THL of THL 04 THLOF THL o6 THL 0T THL0g THEL 0 THY ¢ THE I THS 1@ THFIG THSIf
ajor e Pock | oindeione sandone sandssane sandstooe sondstone shale  sandeone sandstoee shale chert samdeinne shale
SiCh | 4141 6762 4886 4825 5486 5970 4616 4425 4970 B6T2 6085 4692
Tick 205 2.6l I.E2 [.25 1.3y 208 142 I.52 .8} 03E 1.54 170
Al Oy 15 12.72 7449 5.0 [ 11,50 703 H3 12,300 3,50 AR Q.50
Fey O, 14,37 .90 1990 I8EE 1787 IATS 2460 1697 2836 635 1986 21,78
MaCr 0,42 002 LI | 0,72 [ H IR 0,28 0,20 0,008 110 0.1 .24
Mgl [t B AT 1 049 056 051 030 043 024 074 0h 045 (65
Cul) 327 595 17RO 2030 15012 162 1707 Zes2 277 o4 406 1307
M) 009 000 sciepes 000 007 000 000 oo 002 00r 00 0
KO a7 584 2134 246 23F 0 635 119 231 e 131 338 45§
PO 005 0.0 004 000 002 0l 0 sestges 000 00D 013 i}
S0 003 019 o 0Er 038 e 008 ol o0 3l nd o 0es
Sum GO0 Ua0s  9e0r 9594 9001 9907 9930 0%2] 9357 9040 9905 09954
Trace gle,
Be .10 1.47 0,54 1.0 .94 227 1.0 1.12 1.42 0,55 1.43 238
A 101 0.3 105 722 7 0.7 0.5 8% 230 347 130 15.0
W Tn.g mr o %A e a7 89 143 837 6ls BT R 992 107
Cr 36l 173 541 1326 1103 [[I2) 519 355 407 602 106 226
Co 9.12 278 |38 15.6 137 759 10.5 14 7os 563 132 3.2
Mi ilG 0.3 322 41.6 44,2 2.3 359 26,6 742 224 51.2 359
Cu 125 9.02 15.4 163 154 4.0 180 023 LER 9.5 122 354
in 552 47 39 478 491 845 LEN| T B34 [ I | 801
Ga L0 154 1L 967 297 212 124 96l a4 5.24 14.7 |88
Rh TR 40 478 f3.3 6.9 149 583 577 186 169 619 142
Sr 158 i, 1 146 175 144 103 9.1 06,9 411 14,7 106 126
b 235 e 172 132 218 7.4 0E N 413 6.2 8.6 9.3
i a7 520 469 281 313 162 (Hix] 2an 176 T4 218 134
™h B.19 1Lz 201 L 12.2 9% ROD3 O 640 431 &05 131
s IR2 476 310 295 23 a2 288 33 .76 063 366 920
Ha 173 in2 159 i 173 352 14 210 Ti4 (b 22 325
La 209 M0 74 232 e 3746 23% 03 677 24 TR 360
Ce 3.7 657 HIE 435 e TIU 438 512 345 IR0 494 702
Pr 03 63 664 5462 576 all 574 .63 42 6,01 6.40 .05
M I8.9 s 243 20000 05 334 210 248 BG.5 228 230 338
Sim 4,160 575 4,78 IRT ERE 6,17 4.26 500 17.1 4,19 4,48 [ENEL
Eu 0.9 113 088 08% (9 1.26 (TR 112 342 0#s 089 1.3
Gl 392 4410 440 & 371 s: g 472 1.5 g 392 sad
Th 0.67 070 075 036 062 083 062 080 1Lo0 05 065 094
Ly EXiF) 4,00 4,15 36 367 451 359 4.20 967 2,74 3,50 5,38
Ho 0,70 1,§1 (1,#4 LK 0.7% 1.02 0,70 0.7 .59 0,52 [IRES 1,08
Er 1.59 1 2144 L&D 201 2,72 189 2010 475 |48 1L.RE 299
Tm 0.9 035 030 026 032 039 28 03 060 020 028 045
Yl 212 25 272 200 242 296 185 201 408 l.46 |95 3.27
Lu 0,35 0,44 (.45 .34 .40 0.449 034 034 .64 0,22 0,32 0,54
Ht 4.58 134 12.9 802 R e 4,75 4,59 T4 548 1.5 6.47 543
Ta 0.57 .58 .64 (.66 (X 00,54 (1.0 (6% 0.42 022 .60 .12
Fh .55 172 130 lG 101 0.2 21 123 194 380 3y 227
Th 6,78 130 978 E26  8.40 4.9 5.42 ROl .51 .72 (s 14.9
1] 1.78 305 260 211 21.2% 3.04 218 277 .85 0,52 23K .04
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Changwat
Amphoe
Ban

Doi

Huai
Khao
Khlong
Mae

Mae Nam
Phu

Phu Khao
Wat
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Glossary of Thai Geographic Terms

= Province, city

= Sub-province, town, district

= Village, small community

= Mount, mountain, a proiment peak of a mountain
= Gully, creek

= Hill, isolated mountain

= Stream, canal

= River

= Large River

= Hill or mountain (especially northeastern Thailand)
= A mountain range

= Temple
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