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  Abstract 

Permo-Triassic granitoids from various areas along the Loei Fold Belt, northeastern 

Thailand, were studied. The aim of this work is to document the petrochemical 

characteristics of granitoids in the Loei Fold Belt. The Loei Fold Belt is an 800 km long, 

north-south trending fold belt that hosts several epithermal Au-Ag and skarn Au-Cu-Fe 

deposits. The study areas are divided into five regions i.e., (1) Mung Loei, (2) Phu Thap 

Fah - Phu Thep, (3) Phetchabun, (4) Nakon Sawan - Lobburi and (5) Rayong - Chantaburi 

region. The granitoids consist of monzogranite, granodiorite, monzodiorite, tonalite, 

quartz-syenite and quartz-rich granitoids. These granitoids are composed of quartz, 

plagioclase, K-feldspar at varying proportions with mafic minerals such as hornblende and 

biotite. Accessory minerals, such as titanite, zircon, magnetite, ilmenite, apatite, garnet, 

rutile, and allanite are also present. Magnetic susceptibilities of granitoids vary from 

6.5×10-3 to 15.2×10-3 in SI unit in Muang Loei, from 0.1×10-3 to 29.4×10-3 in SI unit in 

Phu Thap Fah – Phu Thep, from 2.7×10-3 to 34.6×10-3 in SI unit in Petchabun, from 2.4×10-

3 to 14.1×10-3 in SI unit in Nakon Sawan – Lobburi and 0.03×10-3 to 2.8× 10-3 in SI unit in 

Rayong – Chantaburi. Concentration of major elements suggests that these intermediate to 

felsic plutonic rocks have calc-alkaline affinities. Concentration of rare earth elements 

(REE) of the granitoids normalized to chondrite displays moderately elevated LREE and 

relatively flat HREE patterns, with distinct depletion of Eu. Rb vs. Y/Nb and Nb/Y tectonic 

discrimination diagrams illustrate that the granitoids from Muang Loei, Phu Thap Fah – 

Phu Thep, Phetchabun, Nakon Sawan – Lobburi and Rayong - Chantaburi formed in 

continental volcanic-arc setting. New age data from radiometric K-Ar dating on K-feldspar 

from granodiorite in Loei and Nakhon Sawan areas yielded 1713 and 2215 Ma, 
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respectively. K-Ar dating on hornblende separated from diorite in Lobburi yielded 2198 

Ma. These age dating data suggest magmatism of Muang Loei occurred in the Middle 

Jurassic, and Nakon Sawan – Lobburi occurred in Late Triassic. Both Nb vs. Y and Rb vs. 

(Y + Nb) discrimination diagrams and age data indicate that Nakon Sawan – Lobburi 

granitoids intruded in Late Triassic at Nong Bua, Nakon Sawan province and Khao Wong 

Phra Jun, Lobburi province in volcanic arc setting. Muang Loei granitoids at the Loei 

province formed later in Middle Jurassic also in volcanic arc setting. Most of δ34SCDT of 

pyrite separated from granitoids along Loei Fold Belt, range from -2.1 to +2.2‰. The 

negative δ34SCDT values of ore minerals from skarn deposit suggest that the I-type magma 

has been influenced by light biogenic sulfur from local country rocks. The Au-Cu-Fe-Sb 

deposits correlates with the magnetite-series granitoids in Phetchabun, Nakon Sawan-

Lobburi and Rayong - Chantaburi areas. Metallogeny of Au and Cu-Au skarn deposits, and 

epithermal Au deposit are related to adakitic rocks of magnetite-series granitoids from 

Phetchabun and Nakon-Sawan areas. All mineralization along the Loei Fold Belt are 

generated in the volcanic arc related to the subduction of Paleo-Tethys. TAl content of 

biotite of granitoids increase in the following order: granitoids associated with Fe and Au 

deposit < those with Cu deposit < barren granitioids. XMg of biotite in granitoids in Muang 

Loei, indicate the crystallization of biotite in magnetite-series granitoids under high oxygen 

fugacity condition. On the other hand, low XMg (<0.4) of biotite in magnetite-series 

granitoids in Phu Thap Fah – Phu Thep and Rayong – Chantaburi, indicate reduced 

environment, low oxygen fugacity, associated with Au skarn deposit (Phu Thap Fah) and 

Sb-Au deposit (Bo Thong), respectively. The magnetite-series granitoids at Phu Thap Fah 

having low magnetic susceptibilities and low XMg of biotite, were formed by reduction of 
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initially oxidizing magnetite-series granitic magma by interaction with reducing 

sedimentary country rocks as suggested by negative δ34SCDT values. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

 

The Loei Fold Belt is located at the western edge of Khorat Plateau in northeastern 

Thailand (Fig. 1.1). This arcuate magmatic-volcanic belt trends N-S through Thailand and 

Lao PDR.  The district is underlain predominantly by Paleozoic rocks of the Indochina 

Block beneath the Khorat Group where deformed sedimentary and volcanic rocks of 

Silurian, Devonian, Carboniferous, and Permian ages were intruded by Triassic calc-

alkaline plutons that are associated with base metal and precious metal mineralization 

(Crow & Zaw, 2011). The Loei Fold Belt contains a variety of mineral deposits including 

skarn Cu-Au deposits in the area around Loei (Jacobson et al., 1969). There are many 

previous studies on geological, geochemistry, mineralization and tectonics but those are 

restricted to small study areas. Loei Fold Belt is associated with magmatism related to 

subduction in Late Paleozoic to Early Mesozoic (Intasopa & Dunn, 1994; Kamvong et al., 

2007, 2010; Boonsong et al., 2011; Liu et al., 2012). This magmatic event respond to 

subduction and formed magmatic-hydrothermal ore deposits (Richard, 2003) which were 

represented by the Au-Cu-Fe deposits along Loei Fold belt (Fig. 1). There are few studies 

that attempt to understand the magmatism and geodynamic and metallogenic evolution of 

the Loei Fold Belt. Kamvong (2013) investigated the hydrothermal evolution of the Puthep 

(PUT 1) deposit to link between tectonics, magmatism and metallogenesis in the northern 

part of Loei Fold Belt. Most of the studies have focused on volcanic rocks. Intasopa and 

Dunn (1994) studied characteristics of Sr-Nd isotope and Rb-Sr isochron age of rhyolite 

and basalt in the northern Loei Fold Belt. Panjasawatwong et al. (2006) studied 
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petrogenetic and geochemistry of basaltic rocks in Loei province. Boonsong et al. (2011) 

suggested that the Loei Fold belt calc-alkaline volcanic rocks formed in Permo-Triassic 

volcanic arc and related to crustal thickening by back-arc compression (Sone & Metcalfe, 

2008; Metcalfe, 2011).    

However, the relationships between deposits styles and tectonic evolution of the Loei 

Fold Belt still remains controversial.  

 

1.2 Objectives 

Therefore, this project presents an investigation on the geological, geochemistry  

characteristics of granitoids along the Loei Fold belt and has the following objectives: 

 To document the geological, petrography and geochemistry of granitoids  

 To determine the age of the intrusion which was related to the mineral deposits 

 To develop and integrate a geotectonic and metallogenic model for the evolution 

and origin of the Loei Fold Belt and the overall timing and history of terrane 

collision in mainland SE Asia 

 

1.3 Location and access 

The Loei Fold Belt is located in the northeastern Thailand between latitude of 

17˚49’36.15”N to 17˚55’15.74”N and longitude 101°51'16.05"E to 102°13'39.34"E (Fig. 

1). The Loei Fold Belt covers approx. 800km in length of 10 provinces from north to south 

such as Loei, Phetchabun, Nakon Sawan, Lobburi, Saraburi, Chachoensao, Chonburi, 

Rayong, Chantaburi and Prachinburi (Fig. 1). From Bangkok, access to the study area in 

the northern part to Loei, Phetchabun, Nakon Sawan, Lobburi, Saraburi areas can be via 
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Route 201 or Saraburi-Lomsak. For the southern part to Chachoensao, Chonburi, Rayong, 

Chantaburi and Prachinburi areas can be via highways such as highway 304 (Bangkok-Min 

Buri-Chachoengsao Road) or Motorway 7 (Bangkok-Chonburi). 

 

Fig. 1.1 Location of the study area in northeastern Thailand which are shown in 

orange colour, showing the Cu-Au skarn and epithermal Au deposits along Loei Fold 

Belt. (modified from Zaw et al., 2009). 
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1.4 Land use and climate 

The main land use in the study area is for agricultural in Loei, Phetchabun, Nakon  

Sawan, Lobburi, Saraburi, rubber plantations and crops in Rayong, Chantaburi and 

Prachinburi. Some areas are still covered by a deep-green forest and national park. The 

climate is a tropical climate dominated by annual monsoons, high both in temperature and 

humidity. The temperature usually averages 26 to 34 degrees Celsius, with the highest 

temperatures from March to May and the lowest in December and January. The study area 

is dominantly controlled by 2 major seasons which are the rainy season and the hot season. 

It rains from April to November. 

 

1.5 Methods 

Seventy-three granitoid samples were collected from the study areas along Loei Fold 

Belt in five regions of: (1) Mung Loei, (2) Phu Thap Fah – Phu Thep, (3) Phetchabun, (4) 

Nakon Sawan-Lobburi and (5) Rayong - Chantaburi (Fig. 4, Table 1). 

Thin-sections were observed for petrographic analysis under a Nikon polarization optic 

microscope. At least 2000 points per sample were counted to identify the abundances of 

minerals (Table 2). Major and trace elements compositions were analyzed at ALS Minerals 

in Canada. Sulfur isotope of sulfide minerals were analyzed using a Thermo Scientific Inc. 

Flash 2000, Conflo IV and Delta V Advantage in Akita University. The sulfur isotopic 

ratio is presented in δ34S expression relative to the 34S/32S of trotolite in Canyon Diablo 

iron meteorite (CDT). The analysis uncertainty is ±0.2‰.  
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K-Ar dating was performed on K-feldspar separated from Muang Loei Granitoids 

(Gr10), Nakon Sawan – Lobburi Granitoids (NDBI), and hornblende separated from Nakon 

Sawan – Lobburi Granitoids (WPJ-DI). The mineral separates were prepared using a 

magnetic separator and a heavy liquid, following Imaoka et al. (2011). The purity of K-

feldspar and hornblende was higher than 99%, with no impurities observed under the 

microscope. Aliquots of the mineral separates were subsequently pulverized for K analysis. 

K and Ar were analyzed by isotope dilution at Actlabs, Canada, using a 38Ar spike. 

The magnetic susceptibility of the granitoids was measured on site using a Terraplus 

KT-10 magnetic susceptibility meter.  

 

1.6 Thesis organization 

This thesis is divided into seven chapters and organized as follows: 

Chapter 1 provides the general background of the Loei Fold Belt. The objectives and 

an overview of the analytical methods are outlined and the content of each chapter is 

summarized. 

Chapter 2 provides an overview of the tectonic setting of mainland SE Asia and the 

regional setting of Thailand, including the brief summaries of each terrane involved with 

the tectonic evolution. Moreover, the stratigraphic and tectonic framework of the Loei Fold 

Belt is also discussed. It is mainly based on previous studies and published literature. 

Chapter 3 presents the result of the fieldwork undertaken during this study. Deposit-

scale geology of mineral deposits along Loei Fold Belt is described. Petrographic and 

textural characteristics of intrusive rocks of each deposits have been included. 
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Chapter 4 focuses on the whole-rock geochemistry of intrusive rocks in each deposits 

and covers results of sulfur isotopes analyses of granitoids which have never been studied 

in Loei Fold Belt. 

Chapter 5 presents the ages of those granitoids which have been determined using K-

Ar dating and compares the magmatism of Loei Fold Bet to the other fold belt in SE Asia.  

Chapter 6 provides details of rock-forming minerals of granitoids, particularly biotite, 

plagioclase, hornblende and apatite from EPMA analysis. 

Chapter 7 presents discussion and conclusion of all investigation in this study, and 

introduces the interpretation, genesis and exploration implications of the Loei Fold Belt 

metallogeny. Some suggestions for future work area are stated in the last section of this 

thesis. 
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Table 1.1 Location and lithology of rock samples from Loei Fold Belt (sample location in 

Fig. 1.1). 

 

Table 1  Location and lithology of rock samples from Loei Fold Belt (sample location in Fig. 1).

Sample ID Code Zone Easting Northing Lithology Unit/Complex

1 Gr01 47Q 783030 1920822 granodiorite Phu Thap Fah - Phu Thep

2 Gr02 47Q 783030 1920822 granodiorite Phu Thap Fah - Phu Thep

3 Gr03 47Q 783030 1920822 granodiorite Phu Thap Fah - Phu Thep

4 Gr04 47Q 782988 1920850 granodiorite Phu Thap Fah - Phu Thep

5 Gr05 47Q 782988 1920850 granodiorite Phu Thap Fah - Phu Thep

6 Gr07 47Q 781456 1920855 tonalite Phu Thap Fah - Phu Thep

7 Gr08 47Q 781422 1920914 tonalite Phu Thap Fah - Phu Thep

8 Gr09 47Q 788962 1922053 granodiorite Phu Thap Fah - Phu Thep

9 Gr10 47Q 785286 1960980 quartz-syeniteMuang Loei

10 Gr11 47Q 785286 1960980 tonalite Muang Loei

11 Gr12 47Q 785177 1961174 granodiorite Muang Loei

12 Gr14 47Q 784256 1977779 granodiorite Muang Loei

13 Gr15 47Q 784635 1978421 diorite Muang Loei

14 Gr16 47Q 784336 1977215 granite Muang Loei

15 Gr17 47Q 794012 1967898 tonalite Muang Loei

16 Gr18 47Q 796117 1963434 diorite Muang Loei

17 Gr19 47Q 796098 1963474 granodiorite Muang Loei

18 Gr20 47Q 796817 1922781 granite Muang Loei

19 Gr21 47Q 796788 1923496 tonalite Phu Thap Fah - Phu Thep

20 Gr22 47Q 794832 1927353 diorite Muang Loei

21 Gr23 47Q 795164 1925955 diorite Muang Loei

22 Gr25 47Q 801209 1925652 granodiorite Muang Loei

23 Gr26 47Q 686668 1789339 granite Phetchabun

24 Gr27 47Q 686891 1789765 granodiorite Phetchabun

25 Gr28 47Q 687431 1789993 granodiorite Phetchabun

26 Gr29 47Q 687431 1789993 granodiorite Phetchabun

27 Gr30 47Q 694003 1780827 granodiorite Phetchabun

28 Gr31 47Q 696655 1774765 tonalite Phetchabun

29 Gr32 47Q 697466 1775644 granite Phetchabun

30 Gr33 47Q 691653 1789930 tonalite Phetchabun

31 Gr34 47Q 699061 1793684 tonalite Phetchabun

32 Gr35 47Q 702550 1803735 tonalite Phetchabun

33 Gr36 47Q 701317 1807087 diorite Phetchabun

34 Gr37 47Q 708362 1808622 diorite Phetchabun

35 Gr38 47Q 710144 1807532 granite Phetchabun

36 Gr39 47P 762169 1401903 granite Rayong - Chantaburi

37 Gr40 48P 201809 1393051 granite Rayong - Chantaburi

38 Gr41 48P 201809 1393051 granite Rayong - Chantaburi

39 Gr42 48P 196389 1420135 granite Rayong - Chantaburi

40 Gr43 48P 196534 1421115 granodiorite Rayong - Chantaburi

41 Gr44 48P 196356 1422338 granite Rayong - Chantaburi

42 Gr45 47P 801835 1431918 granite Rayong - Chantaburi

43 Gr46 47P 801338 1432899 granodiorite Rayong - Chantaburi

44 Gr47 47P 764975 1470643 granite Rayong - Chantaburi

45 Gr48 47P 765071 1470672 granodiorite Rayong - Chantaburi

46 Gr49 47P 765252 1470247 granite Rayong - Chantaburi

47 Gr50 47P 773088 1524671 tonalite Rayong - Chantaburi

48 Gr51 47P 773272 1524706 granodiorite Rayong - Chantaburi

49 Gr52 47P 771607 1522038 granite Rayong - Chantaburi

50 Gr53 47P 772914 1524766 granite Rayong - Chantaburi

51 Gr54 47P 724697 1614473 granite Rayong - Chantaburi

52 Gr55 47P 678794 1653835 diorite Nakon Sawan - Lobburi

53 Di-KK 47Q 673320 1809575 diorite Phetchabun

54 GR-LB 47Q 672115 1692684 granite Phetchabun

55 8R5T 47Q 676945 1799311 granodiorite Phetchabun

56 KP-DI 47Q 665924 1802933 diorite Phetchabun

57 MKCD 47P 690042 1760386 granodiorite Phetchabun

58 NBDI 47P 677244 1752206 granite Nakon Sawan - Lobburi

59 NBDI1 47P 677244 1752206 granite Nakon Sawan - Lobburi

60 NBDI1(2) 47P 677244 1752206 granite Nakon Sawan - Lobburi

61 NBDI2 47P 677244 1752206 granitoid Nakon Sawan - Lobburi

62 WPJ-DI 47P 681899 1655158 diorite Nakon Sawan - Lobburi

63 WP029 47P 675213 1647563 diorite Nakon Sawan - Lobburi

64 1R5M 47Q 676945 1799311 granodiorite Phetchabun

65 1R1B 47Q 676945 1799311 granodiorite Phetchabun

66 8R5T 47Q 676945 1799311 granodiorite Phetchabun

67 4R4M 47Q 676945 1799311 granodiorite Phetchabun

68 8R1M 47Q 676945 1799311 granodiorite Phetchabun

69 4R5B 47Q 676945 1799311 granodiorite Phetchabun

70 8R5B 47Q 676945 1799311 granodiorite Phetchabun

71 4R2T 47Q 676945 1799311 granodiorite Phetchabun

72 4R4B 47Q 676945 1799311 granodiorite Phetchabun

73 8R3T 47Q 676945 1799311 granodiorite Phetchabun
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CHAPTER 2 

GEOLOGICAL SETTING 

 

2.1 Introduction 

 This chapter presents an overview of the tectonic setting and regional geology of 

Thailand. Many previous works have described the broader country-wide regional setting 

and geological events in Thailand (e.g., Bunopas, 1981, 1982; Charusiri et al. 1997; 

Metcalfe et al. 1999; Ueno, 1999; Bunopas et al. 2002; Charusiri et al. 2002). In this 

chapter, recent information is summarized on the regional tectonic setting of Thailand to 

the district scale geology of the Loei Fold Belt, northeastern Thailand. 

 

2.2 Regional tectonic setting of Thailand 

Mainland eastern Asia (with Sundaland at its core) (Metcalfe, 2006, 2011, 2017) is 

composed of a complex assembly of continental blocks, arc terranes and suture zones. 

Thailand and its adjacent areas, comprises two major tectonic terranes: Indochina in the 

east and Sibumasu in the west. These two terranes are separated by Sukhothai Fold Belt 

(SFB) on the west side and Loei Fold Belt (LFB) on the east side (Salam et al. 2014). The 

term Sibumasu block, was proposed by Metcalfe (1984) to replace previous terms used for 

the Gondwana-derived block characterized by Late Palaeozoic Gondwana biotas and Late 

Carboniferous–Early Permian glacial-marine diamictites (Metcalfe, 2011). It is widely 

believed to have been rifted from the northwestern Australian part of Gondwanaland (or 

Gondwana in current literatures) in the early Permian (Bunopas & Vella, 1983; Gatinsky 

et al. 1984; Metcalfe, 1988; Hutchinson, 1989; Bunopas, 1991; Barber & Crow, 2002). 
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Indochina block is interpreted to have formed part of the India–Australian margin of 

Gondwana in the Early Palaeozoic and to have rifted and separated from Gondwana by the 

opening of the Palaeo-Tethys ocean in the Early Devonian (Metcalfe, 2011). 

Loei Fold Belt lies along the western margin of the Indochina terrane (Fig. 2.1). 

The granitoids of Thailand are distributed in three provinces comprising a Western, Central 

and Eastern Province (Cobbing et al., 1986; Charusiri et al., 1993; Hutchison, 2007; Searle 

et al., 2012) which are characterized by different granitoid type and ages of emplacement.  
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Fig. 2.1 Distribution of continental blocks, fragments and terranes, and principal sutures of 

Southeast Asia. Numbered micro-continental blocks, 1: East Java, 2: Bawean, 3: Paternoster, 4: 

Mangkalihat, 5: West Sulawesi, 6: Semitau, 7: Luconia, 8: Kelabit–Longbowan, 9: Spratly 

Islands–Dangerous Ground, 10: Reed Bank, 11: North Palawan, 12: Paracel Islands, 13: 

Macclesfield Bank, 14: East Sulawesi, 15: Bangai–Sula, 16: Buton, 17: Obi–Bacan, 18: Buru–

Seram, 19: West Irian Jaya, LT: Lincang Terrane, ST: Sukhothai Terrane and CT: Chanthaburi 

Terrane. C–M: Changning–Menglian Suture, C.-Mai: Chiang Mai Suture, and Nan–Utt.: Nan–

Uttaradit Suture, modified from Metcalfe (2011) and Simons et al. (2007). Yellow box shows 

location of Loei Fold belt in northeastern Thailand. 

 

2.3 Terranes and zones 

 Thailand is subdivided into five major tectonic domains (Barr & Macdonald, 1987; 

Ueno & Hisada, 2001; Sone & Metcalfe, 2008; Sone et al. 2012), from east to west, the 

Indochina Block, Sukothai Terrane, Inthanon Terrane, Chantaburi Terrane and Shan-Thai 

(Sibumasu) Terrane (Fig. 2.2). The Indochina Terrane is separated from the Sukhothai 

Terrane to the west by Nan Suture. Sukhothai Terrane is separated from the Inthanon 

Terrane to the west by Chaing Mai Suture, and the Sukhothai Terrane is separated from the 

Shan-Thai (Sibumasu) Terrane by the Inthanon Suture Zone. Nakhon-Thai Block Terrane 

has been interpreted as having formed as a result of the accretion of oceanic and terrigenous 

materials that were mixed along the western margin of the Indochina block during Late 

Paleozoic to Early Mesozoic by Charusiri et al. (2002), Barber et al. (2011) and Ridd 

(2012). 

2.3.1.  Sukhothai Terrane  
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 Sukhothai terrane or so-called Sukhothai Island Arc basin system, including the 

Chantaburi Terrane of Thailand, is located between the Sibumasu and Indochina terranes. 

It consists of Permo-Carbonifereous metamorphic rocks (Pha Som Metamorphic complex), 

with Permian and Triassic S-type granitoids. It was initially developed as a Permo-Triassic 

volcanic arc of the Indochina Block by opening of the Nan-Sa Kaeo back-arc basin. This 

volcanic arc system was induced by the east-dipping Paleo-Tethys subduction beneath the 

margin of the Indochina Block (Sone & Metcalfe, 2008). The Pha Som Metatmorphic 

Complex has been interpreted as an accretionary complex and occurred as a west-directed 

subduction zone during the Late Permian collision of the Shan-Thai and Indochina 

Terranes (Singharajwarapan & Berry, 2000; Sone & Metcalfe, 2008). 

2.3.2. Chantaburi Terrane 

 The Chantaburi Terrane is the southern extension of the Sukhothai Terrane (Sone 

& Metcalfe, 2008). This terrane is a magmatic arc of the Indochina terrane which bounded 

with the Sa Kaeo Suture on the eastern side and Klaeng Fault on the western side. The 

formation of this terrane consists of the Permian to Triassic magmatic arc (Charisiri et al. 

1993) which was probably emplaced during the eastward subduction of the Palaeo-Tethys 

Ocean beneath the Indochina Terrane. 
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Fig. 2.2 Simplified geological map of Thailand showing the distribution of rocks of various 

ages, significant tectonic plates and major sutures/fault system (modified after Charusiri et 

al. 2002). 
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CHAPTER 3 

DEPOSIT GEOLOGY 

3.1 Introduction 

 The Loei Fold Belt occurs in Thailand between two major crustal terranes in 

mainland SE Asia: Shan-Thai in the west and Indochina terrane in the east. The Fold Belt 

hosts a diverse array of deposit styles containing significant Au and Cu. The following 

individual Cu-Fe-Au deposits were investigated, 

1. Phu Lon skarn Cu-Au deposit, Loei 

2. Phu Thep porphyry/skarn Cu deposit, Loei 

3. Phu Thap Fah Cu-Au skarn deposit, Loei 

4. LD epithermal Au deposit, Pichit 

5. Wang Yai epithermal Au deposit, Pichit 

6. Singto skarn Fe-Cu deposit, Pichit 

7. Chathree epithermal Au deposit, Pichit 

8. Khao Phanompha skarn Au deposit, Pichit 

9. Khao Lek skarn Fe-Cu deposit, Nakhon Sawan 

10. Ban Bothong skarn Cu-Au deposit, Lopburi 

11. Khao Phra Ngam skarn Cu deposit, Lopburi 

12. French Mine skarn Cu-Au deposit, Prachin Buri 

13. Bo Thong epithermal Sb-Au deposit, Chachoensao 

The location of these deposits are shown in Fig. 3.1 and their lithology of host 

rock/age, associated intrusions/age, ore type, alteration minerals, ore mineralogy and 

available tonnage/grade data are presented in Table 3.1. 
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Fig. 3.1 Geologic map of the study area with locations of mines and samples. A: Muang 

Loei granitoids, B: Phu Tap Fah – Phu Thep granitoids, C: Phetchabun granitoids, D: 

Nakon Sawan – Lobburi granitoids, E: Rayong – Chantaburi Granitoids, modified from 

the Department of Mineral Resources (2013). Age dating data sources: (1) Kamvong 

(2005); (2), (3) Zaw et al. (2009); (4) Zaw et al. (2014); (5) De Little (2005); (6), (7), (8), 

(9) Zaw et al. (2007); (10) Muller (1999); (11), (12) Kawakami et al., (2014); (13) 

Paipana (2014). Section Lines of Fig. 2 are illustrated. 
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Table 3.1 Geological characteristics of Cu-Au deposits occurring along the Loei Fold Belt  

 

 

No. Deposit Location Host rock/ages Intrusion/age Ore type
Alteration Mineral & 

Type
Ore mineralogy Tonnage References

1
Phu Lon 

(Prospect)

 1°47'15"N, 

102°19'0.52"E

Limestone/Devonian, 

Volcaniclastics/U-Pb zircon 

359±6 Ma (Late Devonian)

Diorite and quartz 

monzonite 

porphyry/U-Pb 

zircon 244±3 Ma , 

thermal event: Ar/Ar 

187-108 Ma

Porphyry-

related skarn 

(oxidized)

Prograde: garnet, 

pyroxene, wollatonite, K-

feldspar Retrograde: 

quartz, tremolite, 

epidote, chlorite, calcite, 

sericite

Chalcopyrite, 

magnetite, pyrite, 

bornite, gold

5.4 Mt @ 

2.4% Cu, 

0.64 g/t Au

Kamvong 

(2004), 

Meinert et al. 

(2005)

2 Phu Thep

PUT1 (Cu-Au) 

(Phu Hin Lek Fai) 

(Prospect)

 17°28'2.96"N, 

101°52'1.16"E

Siliciclastics and Limestone 

(Wang Saphung 

Formation)/Carbonifereous

Diorite, 

monzodiorite 

porphyry/U-Pb 

zircon 248±6Ma

Porphyry-

related skarn 

(oxidized)

Porphyry: potassic (K-

feldspar, biotite, 

magnetite), phyllic 

(serecite, pyrite), 

propyritic (epidote, 

pyrite); Skarn prograde: 

garnet; Retrograde: 

chlorite, epidote, 

carbonate, quartz, 

sericite

Chalcopyrite, 

pyrite, magnetite

85 Mt @ 

0.4% Cu 

(inferred)

Zaw et al. 

(2014)

PUT2 (Cu-Au) 

(Phu Thong Dieng 

& Phu Tham Phra) 

(Prospect)

 17°25'55.16"N, 

101°45'35.96"E

Sandstone, siltstone, 

mudstone and limestone 

(Wang Saphung 

Formation)/Carboniferous

Granodiorite/U-Pb 

zircon 235±4 

Ma(Middle Triassic) 

and andesitic 

dyke/233±3Ma(Late 

Triassic); whole rock 

K-Ar resetting age of 

177, 198, 200Ma

Porphyry-

related skarn 

(oxidized)

Porphyry; phyllic, 

argillic, propylitic; skarn 

retrograde: chlorite, 

epidote, carbonate, 

quartz, sericite, illite; 

supergene: kaolinite

Chalcopyrite, 

pyrite, magnetite, 

hematite

36 Mt @ 

0.43% Cu 

(inferred)

Khositanont 

(2006)

3
Phu Thap Fah 

(Au) (Mine)

 17°21'15.83"N, 

101°39'10.79"E

Silisiclastic and limestone 

/Permian

Granodiorite/U-Pb 

zircon 245±3 Ma; Ar-

Ar resetting age of 

153-111Ma

Skarn type 

(reduced)

Prograde: garnet, 

pyroxene, quartz; 

retrograde: epidote, 

calcite, chlorite, quartz

Gold, pyrite, 

bismuth, 

pyrrhotite, 

magnetite, 

chalcopyrite

0.7 Mt @ 

3.54 g/t Au 

(reserves) 

0.7 Mt @ 

7.97 g/t Au 

(indicated)

Rodmanee 

(1999); Zaw 

et al.  (2006)

Akita University



16 
 

 

4
LD (Au-Ag) 

(Prospect)

 16°17'31.2"N, 

100°37'58.8"E

Plagioclase-pyroxene phyric 

andesite/U-Pb zircon 

250±5Ma (Early Permian)

No known intrustion

Low-

sulfidation 

epithermal

Quartz, pyrite, calcite, 

adularia, sericite, 

chlorite

Predominantly 

pyrite
No data

Zaw et al. 

( 2007)

5
Wang Yai (Au-

Ag) (Prospect)

 16°21'36.79"N, 

100°45'57.1"E

Volcaniclastics, rhyolite 

breccia Host ryolite/Ar-Ar 

294±1Ma, volcanic 

sandstone/U-Pb 

zircon<247±4, Ar-Ar 

rehearing age at 206Ma

Post-mineral diorite 

intrusion/U-Pb 

zircon 220±5Ma, 

Ar/Ar age of 

188.5±0.3Ma, 

resetting K-Ar age 

124±5, 111±5Ma

Low-

sulfidation 

epithermal

Quartz, pyrite, calcite, 

adularia, sericite, 

chlorite

Electrum, 

argenite, pyrite, 

sphalerite, 

galena, minor 

chalcopyrite

No data
De Little 

(2005)

6
Singto (Fe-Cu) 

(Prospect)

 16°15'8.64"N, 

100°48'3.54"E

Limestone, siliciclastics 

(Permian?)

Diorite/U-Pb zircon 

209±9Ma, 

213±10Ma(Late 

Triassic)

Porphyry-

related skarn 

(oxidized)

Prograde: garnet, 

retrograde: quartz, 

epidote,  chlorite, calcite

Magnetite, 

chalcopyrite, 

pyrite

No data Müller (1999)

7 Chatree (Mine)
 16°17'37.68"N, 

100°38'49.20"E

Volcanoclastics, andesitic 

pumiceous breccia, rhyolite 

breccia/Permian-Early 

Triassic

Hornblende diorite 

dyke, xenocrystic 

granodiorite-bearing 

basaltic dyke, 

hornblende phyric 

dyke/U-Pb zircon 

244±7Ma, 

238±6Ma, 221±8Ma 

(Early Triassic)

Low-

sulfidation 

epithermal

Quartz, pyrite, calcite, 

adularia, sericite, 

chlorite, illite, smectite/ 

Ar/Ar age of adularia 

(Stage 5 mineralized 

vein, C pit) age 

280±6Ma, K-Ar 

250.9±0.8Ma

Electrum, pyrite, 

sphalerite, 

galena, minor 

chalcopyrite

1.8 Moz Au 

(1.8 g/t Au, 

18 g/t Ag) 

(reserves)

Cumming 

(2004), 

Khronkhum 

(2005), Salam 

(2006)

8
Khao Phanompha 

(Au) (Mine)

 16°18'5.21"N, 

100°33'8.96"E

Felsic andesitic 

volcaniclastics
No known intrustion

Mesothermal/s

karn

Prograde: wollastonite, 

biotite; retrograde: 

quartz, tremolite, 

sericite/K-Ar age of 

sericite 252±5Ma (Early 

Permian to Late 

Triassic)

Pyrrhotite, 

pyrite, 

chalcopyrite, 

electrum

No data
Zaw et al. 

( 2007)

9
Khao Lek (Fe-Cu) 

(Prospect)

 15°53'40.17"N, 

100°46'49.56"E

Limestone, siliciclastics 

(Permian?)

Granitoid porphyry/ 

U-Pb zircon 254±10 

to 249±5Ma (Late 

Permian-Early 

Triassic)

Porphyry-

related skarn 

(oxidized)

Prograde: garnet, 

retrograde: quartz, 

epidote,  chlorite, calcite

Chalcopyrite, 

magnetite, pyrite
No data

Zaw et 

al. (2007)

10
Ban Bothong (Cu-

Au) (Prospect)

 15°18'17.85"N, 

100°36'11.83"E

Ar-Ar amphibole age 

187±2Ma

Porphyry-

related skarn 

(oxidized)

Prograde: garnet, 

retrograde: quartz, 

epidote,  chlorite, calcite

Chalcopyrite, 

magnetite, pyrite
No data

Zaw et 

al. (2007)
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11
Khao Phra Ngam 

(Cu) (Prospect)

 14°53'49.18"N, 

100°37'40.79"E

Limestone, siliciclastics 

(Permian?)

Granodiorite/ U-Pb 

zircon 208±10Ma 

(Late Triassic)

Porphyry-

related skarn 

(oxidized)

Prograde: garnet, 

retrograde: quartz, 

epidote,  chlorite, calcite

Chalcopyrite, 

magnetite, pyrite
No data

Zaw et 

al. (2007)

12
French Mine 

(Prospect)

 13°57'24.48"N, 

101°50'1.33"E

Volcaniclastics and 

interbedded limestone 

(Lower Permian)

Granodiorite/ U-Pb 

zircon 203±8Ma 

(Late Triassic)

Porphyry-

related skarn 

(oxidized)

Prograde: garnet, 

pyroxene, wollastonite, 

albite, biotite; 

retrograde: quartz, 

epidote, chlorite, calcite, 

sericite, illite

Chalcopyrite, 

pyrite, sphalerite, 

minor 

molybdenite

No data Müller (1999)

13 Bo Thong (Mine)
 13°22'47.90"N, 

101°41'16.00"E

intermediate to felsic 

volcanic-sedimentary rocks

syenite, basalt 

porphyry 

dykes/260.8±2.6 Ma 

and 254.2±2.3 Ma 

(Late Permian)

Low-

sulfidation 

epithermal

Silicic: quartz-illite-(Fe, 

Mg) chlorite-pyrite; 

phyllic: quartz-illite; 

propyritic: Fe chlorite-

calcite-epidote; argillic: 

kaolinite-

montmorillonite

Pyrite, 

arsenopyrite, 

galena, sphalerite 

and chalcopyrite 

No data
Paipana 

(2014)
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3.2 Metallogenic characteristics 

The distribution of hydrothermal deposits in the belt appears to be associated with granitic 

intrusive rocks, which are characterized by vein type Au deposits, skarns and porphyry-type base 

metal deposits (Cobbing, 2011). 

The Phu Lon skarn deposit had a resource of 5.4Mt at 2.4% Cu and 0.64 g/t Au which is 

hosted in Devonian volcano-sedimentary units and limestone (Kamvong & Zaw, 2009). The 

volcaniclastic units yielded Late Devonian ages 359 ± 6 Ma from U-Pb dating on zircon (Zaw et 

al., 2009) which were intruded by plutons of oxidized, calc-alkaline quartz monzonite and diorite-

monzodiorite (granodiorite porphyry) (Kamvong & Zaw, 2009). U-Pb and 40Ar/39Ar dating yielded 

Early Triassic ages 244 ± 4 Ma on zircon and 108-187 Ma on alkali-feldspar, respectively 

(Kamvong & Zaw, 2005). The presence of primary magnetite and titanite indicates that the plutons 

associated with mineralization are derived from oxidized magmas (Kamvong & Zaw, 2009). 

Zaw et al. (2007a, 2009) described that the Phuthep deposits (PUT1 and PUT2) are skarn 

Fe-Cu (+Au) deposits which occur in fractures as veins, typically centered on at least two dioritic 

to granodiritic intrusions which emplaced into Carboniferous sedimentary rocks (Wang Saphung 

Formation) including siltstone, limestone and sandstone. The Puthep deposit (PUT1) or Phu Hin 

Lek Fia deposit is associated with an intrusion which yielded 242.4±1.3 Ma by U-Pb dating on 

zircon, and 248±2 and 247±6 Ma by 40Ar/39Ar dating on biotite (Zaw et al., 2009). The Re-Os 

dating on molybdenite yielded 245±0.9 Ma (Kamvong et al., 2014), indicating the mineralization 

and intrusion occurred during 248-242 Ma. The overprinted intrusions yielded younger 40Ar/39Ar 

ages on K-feldspar 164±0.6 Ma (Zaw et al., 2014). Kamvong et al. (2014) reported chloritization 

of hornblende and sericitization of plagioclase, which may be related to skarn mineralization at 

PUT1 stock.  Ores include both oxides (magnetite) and sulfides. 
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The Phu Thong Dieng deposit (PUT2) is associated with intrusions that yielded Early to 

Middle Triassic ages 235-233 Ma by U-Pb age on zircon (Zaw et al., 2014). The Phu Thong Dieng 

deposit is represented by earlier phyllic alteration consisting of sericite and chlorite, replacing 

respectively feldspar and mafic minerals such as biotite in the host igneous rock, followed by 

retrograde quartz-carbonate ± epidote assemblages (Khositanont, 2008). In contrast to the Phuthep 

deposit, early prograde skarn minerals such as garnet and pyroxene are rarely found in the Phu 

Thong Dieng deposit (Crow & Zaw, 2011). 

The Phu Thap Fah skarn Au deposit is hosted by a Permian sedimentary sequence 

consisting of shale, crystalline limestone, muddy sandstone, carbonaceous siltstone and shale, 

intruded by Early Triassic granodiorite (245 ± 3 Ma by U-Pb zircon age; Zaw et al., 2014) and 

Late Triassic andesitic dyke cross-cut the mineralized skarn zone, suggesting that skarn formation 

and gold mineralization probably occurred during the Middle to Early Triassic (Rodmanee, 2000; 

Zaw et al., 2007b). The deposit contains gold reserves of 0.41 Mt at 3.54 g/t Au and 0.75 Mt at 

7.97 g/t Au (Zaw et al., 2007b). The 40Ar/39Ar ages of biotite and amphibole in the mineralized 

intrusions are 111 and 153 Ma, respectively (Zaw et al., 2014). The skarn mineralogy of early 

andraditic granet-clinopyroxene skarn was followed by retrograde alteration and mineralization 

(Zaw et al., 2007b, 2008). The retrograde skarn assemblages consist of calcic amphibole (e.g., 

hornblende, tremolite and actinolite), epidote, chlorite, carbonate and quartz (Zaw et al., 2007b, 

2008). Gold occurs as electrum, gold-bismuth and gold-bismuth-telluride associations and the 

greater part of the gold is confined to the massive pyrrhotite and pyrite ore with chalcopyrite in 

the retrograde zone (Zaw, 2007b; Rodmanee, 2000). 

The Singto skarn Fe-Cu deposit is hosted by Permian limestone and siliciclastic rocks, 

intruded by diorite at 209 ± 9 Ma, 213± 10 Ma by U-Pb dating on zircon (Zaw et al., 2014).  
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The Chatree epithermal deposit is located in the central portion of Loei Fold Belt which is 

underlain by a Paleozoic basement that is largely obscured by a wide belt of weakly deformed 

mostly Triassic volcanic rocks and sediments (Salam, 2008). The mineralization occured around 

the Permian-Triassic boundary dated as 250 Ma on the basis of U-Pb dating on zircon by Salam 

(2008). The Cu-Mo mineralization was discovered at the N prospect of the central part of the 

Chatree deposit (Tangwattananukul et al., 2017). The granodiorite porphyry related to the 

mineralization was dated as 243 ± 5 Ma by U-Pb method on zircon (Salam et al., 2013). 

The Khao Lek skarn Fe-Cu deposit is located in Nong Bua district, Nakorn Sawan 

province. The deposit is hosted by Permian limestone and siliciclastic rocks which were intruded 

by granitoids dated as 254 ± 10 Ma, 249 ± 5 Ma, and 241 ± 5 Ma (Zaw et al., 2014). 

The Ban Bothong skarn Cu-Au deposit yielded a laser ablation 40Ar/39Ar age of Early 

Jurassic 187 ± 2 Ma on amphibole (Zaw et al., 2007a, 2009).  

The Khao Phra Ngam skarn Cu deposit is hosted by Permian limestone and siliciclastic 

rocks, which were intruded by a granodiorite dated as 208± 10 Ma by U-Pb method on zircon (Zaw 

et al., 2007a).  

The French Mine skarn Cu-Au deposit in the eastern part of the belt is hosted by Early 

Triassic vocano-sedimentary units of the Ratburi Group dated as 247 ± 6 Ma from U-Pb method 

on zircon, which were intruded by Late Triassic diorite at 203 ± 8 Ma from U-Pb dating on zircon 

(Müller, 1999). This deposit is high grade deposit with 16.8 g/t Au (Müller, 1999).  

The Bo Thong deposit in Chachoensao province in the southern part of Loei Fold Belt, 

consists of Sb-bearing fluorite-quartz-sulfide veins hosted by intermediate to felsic volcanic-

sedimentary rocks which were intruded by a syenite intrusion and basalt porphyry dykes which 

yielded the age 260.8±2.6 Ma and 254.2±2.3 Ma (Late Permian), respectively (Paipana, 2014). 
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The mineralization is characterized by fracture filling hydrothermal veins associated with breccias 

(Paipana, 2014). The major mineralization stages are characterized by quartz and sulfide minerals. 

Stages 2 and 3 consist of pyrite, arsenopyrite, galena, sphalerite and chalcopyrite. Gold, antimony, 

fluorite, stibnite, quartz, pyrite occurred in stage 4 that is associated with silicic alteration (Paipana, 

2014). 

 

3.3 Magmatism and metallogenic epochs 

 This section is the summary of the geochronological data from previous studies to constrain 

the magmatism in relation to metallogenic epochs along the Loei Fold Belt. A time-space evolution 

of the volcanic-magmatic history associated with mineralization along the Loei Fold Belt 

diagrammatically shows that two major mineralized epochs at Early Triassic in Figure 3.2.  

 The Late Devonian volcanism was recorded from a 359±6 Ma old volcaniclastic host rock 

hosting the Phu Lon Cu-Au skarn deposit, northern Loei (Zaw et al., 2009). Intasopa (1993) 

indicated that the Devonian volcano-sedimentary sequence in the Loei district consists of 

sandstone, tuffaceous shale, chert, and conglomerate. The Caboniferous magmatism along the 

Loei Fold Belt was recorded from a 323 ± 5 Ma age rhyolite breccia near the Chatree epithermal 

Au deposit, a 321 ± 5 Ma aged rhyolite at the Wang Yai prospect, and a 327 ± 7 Ma on detrital 

zircon of sandstone from Wang Pong (Zaw et al., 2007b). The intrusion ages were recorded from 

310 ± 8 Ma and 314 ± 11 Ma granitoids at Dong Kui, near the Chatree epithermal Au deposit (Zaw 

et al., 2007b). An Early Permian sandstone has detrital zircons of 331 ± 33 Ma (Zaw et al., 

2007b). These data suggested that oceanic to continental magmatism occured along the margin of 

the Loei Fold Belt in Early Carboniferous. Late Permian volcanism at 250 ± 6 Ma was recorded 

on feldspar-phyric andesite at the LD prospect and 258 ± 3 Ma old feldspar phyric flow-banded 
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rhyolite at Ko Chang Island where old feldspar phyric flow-banded rhyolite was recorded (Zaw et 

al., 2007b). The intrusion ages were recorded from 261 ± 3 Ma and 254 ± 2 Ma on hornblende 

syenite and basalt porphyry dykes, respectively in Bo Thong (Paipana, 2014). Magmatism 

continued throughout the Early Triassic as an 233 ± 5 Ma andesite at southeast of Loei (Zaw et 

al., 2007b). Intasopa (1999) also recorded 242 ± 3 Ma and 235 ± 4 Ma by Ar/Ar dating on 

hornblende, and 238 ± 1 Ma by Ar-Ar dating on K-feldspar in felsic to intermediate volcanic rocks 

in the Petchabun district. The felsic to intermediate magmatism was associated with mineralized 

events along the Loei Fold Belt in the beginning of Triassic. The mineralized event is characterized 

by intrusions ages, 242 ± 6 Ma to 236 ± 5 Ma at Phu Thep (PUT1) (Zaw et al., 2009), 235 ± 3 Ma 

and 233 ± 4 Ma at Phu Thep (PUT2) (Zaw et al., 2014), 244 ± 4 Ma at Phu Lon (Zaw et al., 2009), 

245 ± 3 Ma at Phu Thap Fah (Zaw et al., 2014). These are highly mineralized Cu-Au skarn systems. 

The mineralization age in Phu Thep (PUT1) is 246 ± 1 Ma by Re/Os dating on molybdenite in 

diorite (Zaw et al., 2009). This Early Triassic magmatic episode was followed by intrusions of 

abundant mafic to intermediated dykes, 244 ± 7 Ma, 238 ± 6 Ma, 243 ± 5 Ma, 238 ± 5 Ma (Salam, 

2013) at ‘N’ porphyry at Chatree. The age of the ‘N’ porphyry intrusion was confirmed by a 244 

± 1 Ma by Re/Os dating on molybdenite (Salam, 2013). The felsic/diorite were continued to have 

emplaced in the Loei Fold Belt during Late Triassic to Early Jurrasic. This emplacement occurred 

along mineralized skarn Cu ± Au systems e.g., French Mine, Singto, Khao Lek and Khao Phra 

Ngam.  

 Overall results demonstrated that the volcanic and intrusive rocks associated with most of 

the dozens of medium-sized ore deposits along the Loei Fold belt formed in the Late Permian-

Early Triassic. 
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Fig. 3.2 Time-space plot showing stratigraphic columns of volcano-sedimentary sequences of 

Loei, Phetchabun, Lobburi and Sa Kaeo, and associated mineralized epochs. Modified from Zaw 

et al. (2009). 
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CHAPTER 4 

MAGNETIC SUSCEPTIBILTY, PETROGRAPHY AND  

WHOLE-ROCK GEOCHEMISTRY 

 

 This chapter consists of three sections: (1) magnetic susceptibility (2) petrography and (3) 

geochemical characteristics of the granitoids from five areas along the Loei Fold Belt. 

4.1. Magnetic Susceptibility 

4.1.1. Introduction 

 The magnetic susceptibility of granitoids has been successfully used in previous studies as 

a crude petrographic index to distinguish between magnetite-series and ilmenite-series granitoids 

(Ishihaha, 1977; Takahashi et al., 1980; Ishihara et al., 2000). The main source of the magnetic 

susceptibility in magnetite-series granitoid is titanomagnetite and in ilmenite-series granitoid is 

ferromagnesian silicates and ilmenite, repectively. The magnitude of the magnetic susceptibility 

primarily reflects the abundance, nature and chemical composition of constituting minerals.  

4.1.2. Analytical Method 

The magnetic susceptibility of the granitoids was measured on site and inside the laboratory 

using Terraplus KT-10 and SM30-ZH instruments magnetic susceptibility meters (Fig. 4.1). 
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Fig. 4.1 Measurement of magnetic susceptibility of granitoids using SM30 magnetic susceptibility 

meter. 

4.1.3. Result 

Magnetic susceptibility of the granitoids from five areas along Loei Fold Belt (Table 4.1, 

Fig. 4.1) were studied to constrain their genesis. The magnetic susceptibility of the granitoids 

varies between 0.03 × 10-3 and 34.6 × 10-3 in SI unit. The magnetic susceptibility values of 

granitoids at Muang Loei range from 6.5×10-3 to 15.2×10-3 in SI unit, Phu Thap Fah - Phuthep 

0.1×10-3 to 29.4×10-3 in SI unit, Petchabun from 2.7×10-3 to 34.6×10-3in SI unit, Nakon Sawan - 

Lobburi from 2.4 to 14.1×10-3 in SI unit and Rayong – Chantaburi from 0.03×10-3 to 2.8×10-3 in 

SI unit. 
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Fig. 4.2 Histogram of magnetic susceptibility of granitoids in five areas along Loei Fold Belt. A = Muang 

Loei granitoids, B = Phu Tap Fah – PUT granitoids, C = Phetchabun granitoids, D = Nakon Sawan – 

Lobburi granitoids, E = Rayong – Chantaburi Granitoids. 
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Table 4.1 The magnetite-series and ilmenite-granitoids of the Loei Fold Belt by number of 

magnetic susceptibility measurement. 

 

4.2. Petrography 

4.2.1. Introduction 

 Mineral content, chemical composition and texture are, together with shape and size of 

mineral constituents, measured by using petrographic analysis on thin-sections. The thin-sections 

also used for point counting for granitoids classification.  

4.2.2. Analytical Method 

Area (number of analysis) Magnetite-series Ilmenite-series Mineralization Deposit

Muang Loei

Muang Loei (n=5) 4 0 None

Chiang Khan (n=3) 3 0 None

Whole area (n=7) 7 (100%) 0

Phu Thap Fah-Phu Thep

Wang Saphung (n=4) 2 2 Au Phu Thap Fah

Muang Loei (n=3) 0 1 Cu Phu Thep

Whole area (n=5) 2 (40%) 3 (60%)

Phetchabun

Chon Dan (n=4) 4 0 Au, Ag, Fe, Cu Chatree, Singto

Wang Pong (n=1) 1 0 Au, Ag Wang Yai

Whole area (n=5) 5 (100%) 0

Nakon Sawan-Lobburi

Nong Bua (n=2) 2 0 Fe, Cu Khao Lek

Chon Dan (n=1) 1 0 Fe, Cu Khao Lek

Khao Wong Phra Jun (n=1) 1 0 Cu Khao Phra Ngam

Whole area (n=4) 4 (100%) 0

Rayong-Chantaburi

Makham (n=3) 0 1 None

Phanom Sarakham(n=2) 0 2 None

Bo Thong (n=3) 3 0 Sb, Au Bo Thong

Khao Chamao (n=2) 0 2 None

Muang Rayong (n=1) 0 1 None

Si Mahosod (n=1) 0 1 None

Whole area (n=10) 3 (30%) 7 (70%)
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 Thin-sections and polish sections were observed for petrographic analysis under a Nikon 

polarization optic microscope (Fig. 4.3A). Preparation procedure of thin section and polish section 

are shown as follows; 

Preparation procedure of thin sections 

(1) Cutting hand specimen into the size of the thin section slide glass. 

(2) Polishing one side of the rock chip from step (1), using the polishing powders of #120, 

#120, #320, #800 and #1000 

(3) Drying rock chips for 1 night. 

(4) Attaching the rock chips on the thin section glass using glue (E-bond) and leave it for 1 

night until dry. 

(5) Cutting the rock chips attached on the glass using secondary cutting machine. 

(6) Making the thin sections thinner by using Preparap machine.  

(7) Polishing the thin section after step (6) using polishing powder of #800. 

(8) Continuing polish with the powders of #1000 until proper thickness. For example, quartz 

grain from yellow to grey color under crossed polars. 

(9) Following polish with powders of #2000, #3000, 3µm, and 1µm. 

 

Preparation procedure of polish sections 

(1) Cutting the hand specimen part into 1cm×1cm size. 

(2) Preparing molds (white/yellow) and clean them with ethanol. 

(3) Mixing resin and curing agent with the ratio of 100:2 

(4) Pouring the resin into the molds (10% of mold) and putting the sample inside the molds.  

(5) Pouring more resin until covering the sample (90% of mold) and putting inside the 

vacuum machine with the 5 minutes setting. 

(6) After finish from vacuuming, leaving it dry for 1 night. 

(7) Removing the sample from the mold and clean them. 

(8) Polishing with powder of #120, #320, #800, #1000, #2000, #3000, 3µm, and 1µm. 
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Performing point counting on a petrographic thin section, requires observations to be  

made at regular position on the sample as grid intersections. At each position, we decided to which 

mineral the respective grid point and its local neighborhood belong. By counting the number of 

points found for each mineral by using X-Y Stage Micro Topper (Fig. 4.3B), it is possible to 

calculate the percentage that these values represent overall the counted points. These percentages 

represent the relative proportions of the minerals in the sample. For quantitative examinations 

concerning the statically correct number of count required the image to be manipulated with the 

points between 1,500 and 5,000. This value is established before starting the counting procedure, 

based on the size (area) or each mineral phase present in the sample. 

 

Fig. 4.3 A. a Nikon polarization optic microscope, B. X-Y Stage Micro Topper microscope. 

4.2.3. Result 

Modal analysis of petrographic thin section provided the relative quantity of rock forming 

minerals. Based on modal abundances of quartz, alkali feldspar, and plagioclase (Streckeisen, 

1973; 1976), granitoids along Loei Fold Belt are classified into four main rock types i.e., 
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monzogranite, granodiorite, tonalite and quartz-monzodiorite (Fig. 4.4). In addition, quartz-rich 

granitoid and quartz-syenite are also present (Figs. 4.4, 4.10; Table 4.2).  

4.2.3.1. Granitoids at Muang Loei 

Granitoids in Muang Loei complex (ca. 450 km2, Fig. 4.5) are classified into quartz-

monzodiorite, granodiorite, tonalite and quartz-syenite. Intrusive relationship between the 

granodiorite and the quartz-syenite has been observed based on the presence of xenolith (Fig. 

4.10b). It indicates that the older granodiorite was intruded by the quartz-syenite. There is no field 

evidence of intrusion relationships between the quartz-monzodiorite and the tonalite. The quartz-

monzodiorite is generally fine to coarse-grained, consists mainly of plagioclase, K-feldspar, quartz 

and hornblende with accessory biotite, magnetite, ilmenite, titanite and apatite. The abundance of 

hornblende and biotite of the coarse-grained quartz monzodiorite is higher than the fine-grained 

monzodiorite. The granodiorite is also fine to coarse-grained, composed mainly of plagioclase, K-

feldspar, quartz, hornblende and biotite with accessory magnetite, ilmenite, titanite and apatite. 

Mafic minerals are commonly replaced by greenish fine-grained chlorite.  The tonalite is fine-

grained and relatively equigranular. In comparison with the other rocks in this area, color index of 

the tonalite is higher. It is composed of plagioclase, K-feldspar, quartz, hornblende and biotite with 

trace amount of clinopyroxene and accessory magnetite, ilmenite, titanite and apatite. The quartz-

syenite is coarse-grained and consists of megacrystic K-feldspar, plagioclase, quartz, biotite and 

hornblende with accessory magnetite and ilmenite.  

Granitoids from the Mung Loei are mostly tonalite, monzodiorite and granodiorite (Table 

4.3, Fig. 4.4) and more dispersed within four fields of Streckeisen’s diagram (Fig. 4.4). 

Hornblende-rich granodiorites (Gr19, Gr14) are common near the quartz-monzodiorite (Gr17, 

Gr15), but hornblende is rare in granodiorite (Gr12) situating further away from the quartz 
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monzonite (cf. Table 4.2, Fig. 4.5). Also, the granodiorites of Muang Loei include relatively much 

hornblende compared to other areas (Table 4.3).  
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Table 4.2 Modal compositions of granitoids along Loei Fold Belt. 

 

 

Unit/ Complex Locality Sample code Rock Name

Magnetic 

Susceptibility × 

10
-3

 (SI)

Plg Kfs Qz Cpx Hbl Bt Ms Mt Ilm Ttn Apt Zr Gar Rut Aln

Muang Loei Gr10 Biotite quartz-syenite 7.9   22.7   57.6   10.2     1.4     6.8     0.9     0.4 

Muang Loei Gr11 Biotite tonalite 9.0   40.8     1.6   39.3  <0.1   17.0     1.0     0.2 

Muang Loei Gr12 Biotite granodiorite 6.3   26.6   35.9   33.7     2.4     0.6     0.6  <0.1 

Muang Loei Gr14 Hornblende granodiorite 0.4*   50.9   20.8   19.2     8.3     0.1     0.1     0.1     0.6 

Muang Loei Gr15 Hornblende quartz-monzodiorite 11.1   52.5   19.4   14.6   11.7     1.1     0.6     0.1 

Chiang Khan Gr17 Biotite tonalite 15.2   55.3     3.4   24.7  <0.1     6.0     7.9     1.5     1.1  <0.1 

Chiang Khan Gr18 Hornblende quartz-monzodiorite 6.5   52.5   25.5     5.3   13.3     1.6     0.7     0.5     0.6 

Chiang Khan Gr19 Hornblende granodiorite 9.4   49.4     5.5   19.9   17.0     6.6     1.1     0.4     0.1     0.1 

Wang Saphung Gr7 Hornblende tonalite 0.2   51.3     2.1   33.2   10.6     0.6     0.2     0.1     0.4     1.7 

Wang Saphung Gr8 Hornblende tonalite 0.1   61.6     1.8   20.7   15.4     0.2     0.1  <0.1     0.1  <0.1 

Wang Saphung Gr9 Biotite granodiorite 29.4   44.7     6.8   35.4     4.3     5.6     2.2     0.6     0.3     0.1 

Wang Saphung Gr21 Biotite tonalite 15.4   60.8     0.7   25.9     3.4     6.9     1.6     0.4     0.1 

Muang Loei Gr22 Hornblende quartz-monzodiorite 0.9*   57.6   14.2   16.6   10.6     0.8     0.1     0.2 

Muang Loei Gr23 Hornblende quartz-diorite 0.3   67.1     1.1     4.5   25.9     1.2     0.2     0.1 

Muang Loei Gr25 Hornblende granodiorite 0.1*   67.5     9.1   19.4     3.5     0.4     0.1     0.1     0.1 

Chon Dan Gr26 Hornblende monzogranite 2.7   31.7   27.0   36.9     2.9     0.6     0.5     0.3  <0.1 

Chon Dan Gr30 Hornblende granodiorite 12.8   50.6   17.2   21.0     8.7     0.5     1.0     0.5  <0.1     0.2 

Chon Dan Gr35 Biotite tonalite 34.6   44.2     3.0   19.4   14.6   15.9     2.4     0.4 

Chon Dan Gr36 Hornblende quartz-monzodiorite 20.8   58.0     8.8   11.7   13.9     5.3     1.9     0.3  <0.1 

Wang Pong Gr37 Biotite quartz-monzodiorite 15.2   52.0   22.9   15.1     3.9     4.3     1.4     0.3 

Nong Bua NDBI 2 Biotite quartz-rich granitoid 2.4   18.3   13.6   60.3     0.1     7.2     0.5     0.2 

Nong Bua NDBI1 (2) Biotite monzogranite 6.8   25.2   25.8   44.4     0.3     3.3     0.6     0.2     0.1 

Chon Dan WP024 Biotite granodiorite 12.2   53.1     6.3   26.4     3.0     9.6     0.9     0.2  <0.1     0.2 

Khok Samrong Gr55 Hornblende quartz-monzodiorite 3.0*   48.6     6.3     4.3   39.7     0.1     0.1     0.3     0.7 

Khao Wong 

Phra Jun
WPJ-DI Hornblende quartz-monzodiorite 14.1   67.4   15.1   13.0     3.0     0.1     1.3     0.1 

Makham Gr42 Biotite monzogranite 0.0*   32.4   17.8   42.7     6.4     0.1     0.1     0.3 

Makham Gr43 Biotite granodiorite 0.1   44.5     5.7   21.5     6.5   21.2     0.2     0.1     0.2     0.2 

Makham Gr44 Biotite monzogranite 0.1*   46.1   28.1   20.4     2.4     2.5     0.1     0.1     0.2 

Phanom 

Sarakam
Gr50 Biotite tonalite 0.1   49.0     5.2   24.8   20.5     0.1  <0.1     0.1     0.1 

Phanom 

Sarakam
Gr53 Biotite monzogranite 0.1   23.4   35.7   32.7     0.3     7.7     0.1     0.1 

Bo Thong Gr47 Biotite monzogranite 1.0   21.9   25.1   43.9     8.4     0.2     0.1     0.1     0.1 

Bo Thong Gr48 Biotite granodiorite 2.8   43.6   15.1   30.1     9.6     0.4     0.1     1.1 

Bo Thong Gr49 Biotite monzogranite 1.6   33.1   24.0   39.0     3.2     0.1     0.1  <0.1     0.2  <0.1  <0.1 

Khao Chamao Gr45 Biotite monzogranite 0.0   31.0   21.6   40.6     0.4     6.2     0.1  <0.1 

Khao Chamao Gr46 Biotite granodiorite 0.1   38.4   12.9   35.4   12.8     0.1     0.1     0.1     0.1 

Muang Rayong Gr39 Biotite monzogranite 0.2   31.2   33.0   24.4     0.8   10.2     0.1     0.1  <0.1     0.1 

Si Mahosod Gr51 Biotite granodiorite 0.1   48.7   20.2   24.5     4.7     1.2     0.1     0.1     0.4 

Khlung Gr41 Hornblende monzogranite 0.2*   27.1   19.4   28.3   14.7     9.6     0.4     0.2     0.2 

Abbreviations: Plg, plagioclase; Kfs, K-feldspar, Qz, quartz; Cpx, clinopyroxene; Hbl, hornblende; Bt, biotite; Mt, magnetite; Ilm, ilmenite; Ttn, titanite; Apt, apatite; Zr, zircon; Gar, garnet; Rut, rutile; Aln, allanite; 

Ms, muscovite. *, these magnetic susceptibility values were not use for granitoids series classification since the samples have been altered.
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Fig. 4.4 Classification of granitoids from Muang Loei, Phu Tap Fah – Phu Thep, Phetchabun, Nakon Sawan 

– Lobburi, and Rayong – Chantaburi based on modal composition of quartz(Q), alkali feldspar(A) and 

plagioclase(P) (after Streckeisen, 1976). 
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Fig. 4.5 Distribution of sedimentary rocks and granitoids in Muang Loei area. 
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4.2.3.2. Granitoids at Phu Thap Fah – Phu Thep (PUT) 

Tonalite, granodiorite and quartz-monzodiorite are observed in Phu Tap Fah – Phu Thep 

granitoid complex (ca. 21 km2, Fig. 4.6). They are generally medium to coarse-grained. Field 

observation indicates that the granodiorite intruded the siltstone and limestone (Fig. 4.10c). There 

is no observed field evidence of intrusion relationships among all granitoids in this area. The 

tonalite is coarse-grained and composed mainly of plagioclase, quartz, biotite and hornblende with 

rare K-feldspar and accessory magnetite, ilmenite, titanite and apatite. The granodiorite is 

composed of coarse-grained plagioclase, quartz, K-feldspar, hornblende and biotite with accessory 

magnetite, ilmenite, titanite, apatite, zircon and garnet (Fig. 4.11f).  The fine-grained granodiorite 

is also observed as xenoliths within the tonalite. The quartz-monzodiorite is medium-grained, 

consisting of plagioclase, K-feldspar, quartz and hornblende with accessory biotite, magnetite and 

ilmenite. 

Granitoids from the Phu Thap Fah – Phu Thep are mostly tonalite and granodiorite (Table 

4.3, Fig. 4.6) and dispersed within three fields of Streckeisen’s diagram (Fig. 4.4). Hornblende-

rich tonalite (Gr07, Gr08) are common near the limestone unit (P3), but hornblende is rare in 

tonalite (Gr21) situating near the shale unit (C) (cf. Table 4.2, Fig. 4.6). Also, the quartz-diorite 

(Gr23) of Phu Thap Fah – Phu Thep include relatively much hornblende compared to other 

granitoids (Table 4.3). 
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Fig. 4.6 Distribution of sedimentary rocks and granitoids in Phu Thap Fah – Phu Thep area. 

4.2.3.3. Granitoids in Phetchabun  

In the Phetchabun granitoid complex (ca. 100 km2, Fig. 4.7), four rock types are present, 

quartz-monzodiorite, granodiorite, monzogranite and tonalite. They are generally coarse-grained. 

There is no observed field evidence of intrusion relationships among all granitoids in this area. 
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The quartz-monzodiorite is composed mainly of plagioclase, K-feldspar, quartz, hornblende and 

biotite with accessory magnetite, ilmenite and apatite. The granodiorite is composed mainly of 

plagioclase, K-feldspar, quartz, hornblende with accessory biotite, magnetite, ilmenite, apatite and 

rutile. The monzogranite is also composed mainly of plagioclase, K-feldspar, quartz, hornblende 

with accessory biotite, magnetite, ilmenite and apatite. The tonalite is also observed in this area, 

consisting of plagioclase, quartz, K-feldspar, hornblende and biotite with accessory magnetite and 

ilmenite. 

Granitoids from the Phetchabun are mostly monzodiorite (Table 4.3, Fig. 4.7) and dispersed 

within four fields of Streckeisen’s diagram (Fig. 4.4). Hornblende-rich monzodiorite (Gr36) are 

common near the tonalite (Gr35), but hornblende is rare in monzodiorite (Gr37) situating further 

away from the tonalite (cf. Table 4.2, Fig. 4.7). Also, the tonalite (Gr37) of Phetchabun include 

relatively much hornblende compared to other granitoids (Table 4.3). 
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Fig. 4.7 Distribution of sedimentary rocks and granitoids in Phechabun area. 
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4.2.3.4.Granitoids in Nakon Sawan - Lobburi  

Quartz-monzodiorite, granodiorite, monzogranite and quartz-rich granitoid are present in 

Nakon Sawan – Lobburi granitoid complex (ca. 87 km2, Fig. 4.8). No field evidence of intrusion 

relationships is recognized among those different granitoids. They are medium to coarse-grained 

and some rocks such as quartz-rich granitoid and monzogranite show porphyritic texture. The 

coarse-grained quartz-monzodiorite is composed mainly of plagioclase, K-feldspar, quartz, and 

hornblende with accessory biotite, magnetite, ilmenite, titanite, and apatite. The granodiorite is 

also coarse-grained and composed of plagioclase, K-feldspar, quartz, hornblende and biotite with 

accessory magnetite, ilmenite, titanite and apatite. The porphyritic monzogranite is medium to 

coarse-grained, composed mainly of the phenocrysts of plagioclase, K-feldspar, quartz and biotite 

with accessory hornblende, magnetite, ilmenite and apatite in fine-grained groundmass mainly of 

plagioclase, K-feldspar and quartz. The porphyritic quartz-rich granitoid is also medium to coarse-

grained and composed mainly of the phenocrysts of plagioclase, K-feldspar, quartz and biotite 

with less amount of hornblende, magnetite and ilmenite in fine-grained groundmass consisting 

mainly of plagioclase, K-feldspar, quartz and biotite. 

Granitoids from the Nakon Sawan - Lobburi are mostly monzodiorite (Table 4.3, Fig. 4.8) 

and dispersed within three fields of Streckeisen’s diagram (Fig. 4.4). Hornblende-rich 

monzodiorite (Gr55) are near the volcanic rock unit (PTrv), but hornblende is rare in monzodiorite 

(WPJ-DI) situating further away the volcanic rock unit (PTrv) (cf. Table 4.2, Fig. 4.8). Also, the 

monzodiorite (Gr55) of Nakon Sawan – Lobburi include relatively much hornblende compared to 

other areas (Table 4.3). 

Akita University



40 
 

 

Fig. 4.8 Distribution of sedimentary rocks and granitoids in Nakon Sawan - Lobburi area. 
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4.2.3.5.Granitoids in Rayong - Chantaburi  

Three rock types are identified in the Rayong – Chantaburi granitoid complex (ca. 1,600 

km2, Fig. 4.9) i.e., monzogranite, granodiorite and tonalite. The monzogranite is medium to coarse-

grained and biotite is more abundant than hornblende. In general, it is composed mainly of 

plagioclase, K-feldspar, quartz, biotite and hornblende with accessory magnetite, ilmenite, titanite, 

apatite, zircon, rutile and allanite. A monzogranite sample shows porphyritic texture with 

plagioclase phenocrysts. The granodiorite is coarse-grained and composed mainly of plagioclase, 

quartz, K-feldspar, biotite and hornblende with accessory magnetite, ilmenite, titanite, apatite and 

zircon. The fine to coarse-grained tonalite is composed of plagioclase, quartz, K-feldspar and 

biotite with accessory titanite, apatite, magnetite and ilmenite. 

 Granitoids from the Rayong – Chantaburi are mostly monzogranite and granodiorite (Table 

4.3, Fig. 4.9) and dispersed within two fields of Streckeisen’s diagram (Fig. 4.4). Hornblende-rich 

monzogranite (Gr41) are situating further away from granodiorites, but hornblende is rare in 

monzogranite (Gr42, Gr47, 49) common near the granodiorites (cf. Table 4.2, Fig. 4.9). Also, the 

monzodiorite (Gr41) of Rayong – Chantaburi include relatively much hornblende compared to 

other areas (Table 4.3). 
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Fig. 4.9 Distribution of sedimentary rocks and granitoids in Rayong - Chantaburi area 
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Fig. 4.10 Outcrops and hand specimens of granitoids. A. Granodiorite outcrop in Muang Loei. B. 

Quartz syenite from Muang Loei with fine-grained granodiorite xenolith. C. Granodiorite sill 

outcrop in Phu Thap Fah – Phu Thep that intrudes Permian siliciclastic and limestone of Pha Dua 

Formation. D. Tonalite in Phu Thap Fah – Phu Thep, showing mafic rock inclusion. E. Granodiorite 

outcrop in Phetchabun. F. Weathered monzogranite from Petchabun. G. Quartz-monzodiorite 

outcrop in Nakon Sawan – Lobburi. H. Hand specimen of quartz-monzodiorite from Nakon Sawan 

– Lobburi. I. Granodiorite outcrop in Rayong – Chantaburi. J. Granodiorite in Rayong – Chantaburi, 

showing mafic rock inclusion. 
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Fig. 4.11 Representative photomicrographs under cross-polarized light of the granitoids along Loei 

Fold Belt. A. Granodiorite from Muang Loei granitoids. B. Granodiorite from Phu Tap Fah – PUT 

granitoids, showing the presence of accessory magnetite. C. Monzogranite from Nakon Sawan – 

Lobburi granitoids. D. Monzogranite from Rayong – Chantaburi granitoids. E. Tonalite from Phu 
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Tap Fah – PUT granitoids. Most of the primary plagioclase is altered to sericite. F. Tonalite from 

Phu Tap Fah – PUT granitoids, showing the presence of accessory garnet. G. Quartz-monzodiorite 

from Nakon Sawan – Lobburi granitoids. H. Quartz-monzodiorite from Phetchabun granitoids. I. 

Quartz-syenite from Muang Loei granitoids. J. Quartz-rich granitoid from Nakon Sawan – Lobburi 

granitoids. Bt = biotite, Grt = garnet, Hbl = hornblende, Kfs = K-feldspar, Mag = magnetite, Pl = 

plagioclase, Qz = quartz. 

4.3. Geochemical characteristics 

4.3.1. Introduction 

Determination of the major and trace element chemistry of whole rocks is the most 

widely used method to classify plutonic rocks, the relationship between individual 

intrusions and also to constrain the tectonic setting of the igneous rocks. Moreover, the 

chemical analysis of igneous rocks is a useful tool in distinguishing between samples of 

differing compositions and magmatic affinities. 

4.3.2. Analytical Method 

The granitoid samples collected for petrographic investigation for the deposit geology  

were also selected for whole-rock geochemistry analysis. Samples were first examined 

under the microscope and a representative sample that showed the least alteration was the 

chosen for analysis. All these samples were carefully screened for alteration and 

weathering in both hand sample and thin section examination then crushed by using a 

hammer before being placed into a agate motar for 5-10 minutes to obtain powdered 

samples with a grain size of <50 µm. Cleaning of all crushing and milling equipment was 

done in between samples to ensure zero contamination. Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) and X-ray Fluorescene Spectrometry (XRF) were used in this 
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study for the analysis of major and trace elements which were analyzed at ALS Minerals 

in Canada and at Akita University (Fig. 4.12) using Rigaku ZSX Primus II X-ray 

Fluorescence (XRF) spectrometer. All samples for XRF using at Akita University, were 

dried with drying oven and then measured the Loss on Ignition (LOI) with muffle furnace.  

The formula for LOI calculation is as below; 

𝐿𝑂𝐼 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
× 100 

The results obtained from XRF analysis show the concentration of major and trace 

elements which were plotted up on different petrologic classification schemes and tectonic 

discrimination diagrams using GCDKit software. Trace elements was normalized with 

respect to those of chondrite and primitive-mantle normalized using the value of Sun and 

McDonough (1989). 

 

Fig. 4.12 Rigaku ZSX Primus II X-ray Fluorescence (XRF) spectrometer at Akita 

University 
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4.3.3. Result 

4.3.3.1. Whole-rock major and trace elements geochemistry 

 Whole-rock compositions of 24 granitoids from different localities along Loei Fold 

Belt were determined (Table 4.2, 4.3). Loss on ignition (LOI) ranges from 0.18 to 1.56 

wt%. The SiO2 contents of the granitoids from Muang Loei, Phu Tap Fah – Phu Thep, 

Petchabun, Nakon Sawan – Lobburi and Rayong-Chantaburi vary from 60 to 76 wt%.  

Binary variation diagrams of major elements oxides relative to the SiO2 content as 

differentiation index indicate that as crystallization proceeds, the concentrations of TiO2, 

Al2O3, P2O5, Fe2O3, MnO, CaO and MgO decrease (Fig. 4.13). Only the concentration of 

K2O increases as SiO2 increases.  

(Na2O + K2O) versus SiO2 (wt%) diagram (Middlemost, 1994) (Fig. 4.14) indicates 

that granitoids in the Loei Fold Belt are classified as diorites, granodiorites and granites. 

The least differentiated rocks are those in Petchabun, while those in Rayong – Chantaburi 

are highly differentiated. K2O versus SiO2 (wt%) discrimination diagram (Fig. 4.15) 

indicates that the diorites from the Petchabun province are medium-K calc-alkaline and 

evolve to high-K calc-alkaline, as shown by the granitoids from Phu Tap Fah - Phu Thep 

and Nakon Sawan - Lobburi. The highly differentiated rocks from Muang Loei and 

Rayong-Chantaburi plots generally in the high-K calc-alkaline field. 

Classification of rocks based on the ASI (Alumina Saturation Index = A/CNK 

[Al2O3/(CaO + Na2O + K2O) molar]) (Fig. 4.16A) (Maniar & Piccoli, 1989) indicates that 

granitoids along the Loei Fold Belt straddles between the metaluminous and peraluminous 

fields. Using A/CNK as an index, granitoids in this area are predominantly I-type. 
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Relationships between the SiO2 content and the spatial distribution apparently 

indicate that the rocks are least differentiated the granitoids in Petchabun, at the central part 

of the Loei Fold Belt. On the other hand, SiO2 content increases in Phu Tap Fah – Phu Thep 

and Nakon Sawan - Lobburi, north and south of Petchabun, respectively. SiO2 contents of 

granitoids from Muang Loei and Rayong Chantaburi, at the northernmost and 

southernmost part of the study area, respectively, are the highest.  

Nb versus Y and Rb versus (Y + Nb) tectonic discrimination diagrams indicate that 

the granitoids along Loei Fold Belt were generated in volcanic arcs (Fig. 4.16B, C). I 

further discriminated these volcanic arc granitoids to identify whether these rocks are 

normal volcanic arc rocks or are adakites. In the Sr/Y versus Y diagram (Defant & 

Drummond, 1990) (Fig. 4.17), the granitoids from Petchabun and Nakon Sawan – Lobburi 

dominantly plot in the adakitic field, while granitoids from Muang Loei, Phu Tap Fah and 

Rayong Chantaburi are considered as normal volcanic arc granites.  

Rare earth element (REE) concentration patterns normalized to chondrite (Fig. 

4.18) show general enrichment of light REEs (LREE) and depletion of heavy REEs 

(HREE). Distinct negative Eu anomaly in granitoids in Muang Loei, Nakon Sawan – 

Lobburi and Rayong Chantaburi indicates possible fractionation of Eu to plagioclase. 

Multi-element diagrams normalized to primitive mantle show distinct depletion in Nb, P 

and Ti (Fig. 4.18). The granitoids from Petchabun and Nakon Sawan – Lobburi which are 

plotted in the adakitic field (Fig. 4.17) show relatively low HREEs (Fig. 4.19). 
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Table 4.3 Whole-rock composition of granitoids along Loei Fold Belt. 

 

SiO2 TiO2 Al2O3 Fe2O3(tot) MnO MgO CaO Na2O K2O P2O5 LOI Total

Chiang Khan Gr18
Hornblende quartz-

monzodiorite
64.68 0.84 13.49 5.90 0.09 3.21 4.71 2.68 3.36 0.20 0.69 99.85

Chiang Khan Gr17 Biotite tonalite 67.52 0.60 13.89 4.10 0.07 2.35 3.98 3.22 3.40 0.16 0.57 99.86

Muang Loei Gr10
Biotite quartz-

syenite
75.25 0.17 12.72 2.27 0.06 0.40 1.19 3.78 3.61 0.05 0.14 99.79

Muang Loei Gr11 Biotite tonalite 70.44 0.45 14.27 3.12 0.12 1.46 2.58 5.04 1.97 0.17 0.27 99.89

Chiang Khan Gr19
Hornblende 

granodiorite
63.23 0.66 15.42 5.83 0.08 2.65 3.98 3.50 2.58 0.17 1.30 99.61

Muang Loei Gr25
Hornblende 

granodiorite
64.96 0.53 15.09 1.95 0.05 2.86 6.98 2.55 3.71 0.25 0.75 99.68

Wang Saphung Gr8 Hornblende tonalite 62.51 0.61 15.98 5.32 0.06 2.64 5.38 3.53 2.05 0.13 1.56 100.55

Wang Saphung Gr9 Biotite granodiorite 67.42 0.61 14.27 3.88 0.11 2.32 4.22 3.67 2.89 0.17 0.34 99.90

Chon Dan Gr36
Hornblende quartz-

monzodiorite
60.23 0.68 17.03 6.99 0.13 3.31 5.60 3.82 0.88 0.13 1.21 100.20

Wang Pong Gr37
Biotite quartz-

monzodiorite
68.87 0.34 14.58 3.96 0.07 1.40 3.65 3.85 2.00 0.08 1.18 100.20

Chon Dan Gr35 Biotite tonalite 63.00 0.71 15.70 6.23 0.11 2.55 4.78 3.74 1.85 0.14 0.57 99.59

Nong Bua NDBI 2
Biotite quartz-rich 

granitoid
75.24 0.17 12.88 1.54 0.04 0.21 0.87 4.14 4.11 0.02 0.25 99.64

Nong Bua NDBI1(2)
Biotite 

monzogranite
76.20 0.13 11.95 1.15 0.03 0.65 0.80 4.24 3.94 0.01 0.18 99.26

Chon Dan WP024 Biotite granodiorite 65.43 0.67 14.79 4.41 0.06 2.93 4.66 3.89 2.14 0.15 0.71 99.84

Khao Wong 

Phra Jun
WPJ-DI

Hornblende quartz-

monzodiorite
62.13 0.48 18.40 3.77 0.05 2.01 5.99 4.94 0.65 0.16 0.50 99.25

Makham Gr44
Biotite 

monzogranite
74.49 0.18 12.24 1.96 0.03 0.67 1.23 3.89 4.97 0.03 0.20 99.89

Phanom 

Sarakam
Gr53

Biotite 

monzogranite
74.81 0.23 11.89 2.29 0.04 0.97 1.53 2.86 4.93 0.04 0.28 99.87

Phanom 

Sarakam
Gr50 Biotite tonalite 74.38 0.20 12.04 2.28 0.07 0.98 1.61 2.85 5.09 0.05 0.31 99.86

Makham Gr43 Biotite granodiorite 71.72 0.22 14.88 1.94 0.04 0.61 2.16 3.67 4.12 0.08 0.26 99.85

Bo Thong Gr47
Biotite 

monzogranite
70.82 0.34 13.86 2.17 0.05 1.22 2.42 3.15 5.43 0.12 0.25 99.83

Bo Thong Gr49
Biotite 

monzogranite
71.08 0.39 13.47 2.60 0.06 1.43 2.51 3.10 4.77 0.14 0.27 99.82

Khao Chamao Gr46 Biotite granodiorite 71.59 0.41 12.90 2.80 0.05 0.93 1.73 2.64 6.50 0.08 0.18 99.81

Muang 

Rayong
Gr39

Biotite 

monzogranite
73.75 0.25 14.23 1.96 0.04 0.53 2.01 3.58 3.16 0.14 0.46 100.25

Khlung Gr41
Hornblende 

monzogranite
70.51 0.50 12.35 4.81 0.07 1.00 2.18 3.12 4.67 0.11 0.51 99.83

Rayong - 

Chantaburi 

Granitoids

Phetchabun 

Granitoids

Nakon 

Sawan - 

Lobburi 

Granitoids

Muang Loei 

Granitoids

Phu Tap Fah - 

PUT 

Granitoids

Unit/ 

Complex
Locality

Sample 

code
Rock Name

(wt. %)
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Table 4.4 Trace elements and REE contents of granitoids along Loei Fold Belt. 

 

 

 

 

 

 

 

 

 

Sample Gr07 Gr08 Gr09 Gr10 Gr11 Gr12 Gr17 Gr18 Gr19 Gr25 Gr33 Gr35 Gr36 Gr37 Gr38 Gr39 Gr41

Rock 

type
tonalite tonalite granodiorite

quartz-

syenite
tonalite granodiorite

Biotite 

tonalite
monzodiorite granodiorite granodiorite tonalite tonalite monzodiorite monzodiorite granite monzogranite monzogranite

Locality
Wang 

Saphung

Wang 

Saphung

Wang 

Saphung
Muang Loei Muang Loei Muang Loei Chiang Khan Chiang Khan Chiang Khan Muang Loei Chon Dan Chon Dan Chon Dan Wang Pong Wang Pong

Muang 

Rayong
Khlung

La (ppm) 16.8 15.4 19.4 43.8 30.6 56.6 15.0 30.5 1.1 29.2 7.3 21.6 12.8 8.7 8.0 12.2 23.5

Ce 33.8 30.1 35.3 89.9 60.3 107.5 31.8 54.9 2.0 50.2 19.6 46.6 28.1 21.4 17.6 28.5 44.1

Pr 4.1 3.6 4.2 10.3 7.0 11.5 4.1 5.9 0.2 5.3 2.9 5.6 3.8 3.0 2.1 3.7 4.7

Nd 16.5 15.0 15.5 37.1 25.5 39.5 16.7 22.1 1.0 19.6 14.8 22.2 16.1 13.8 8.4 16.6 17.3

Sm 4.0 3.7 3.0 7.7 5.1 6.2 3.4 4.3 0.2 3.5 4.2 4.8 3.7 3.7 1.9 4.1 3.4

Eu 0.9 1.0 0.9 0.4 0.6 0.5 0.9 0.9 <0.03 0.9 1.5 1.3 1.0 1.0 0.6 0.9 0.6

Gd 3.7 3.5 2.6 5.8 4.6 4.5 3.1 3.7 0.2 3.1 5.1 4.1 4.0 3.8 1.8 3.9 2.8

Tb 0.6 0.6 0.4 1.0 0.7 0.7 0.5 0.6 0.0 0.5 0.9 0.6 0.7 0.6 0.3 0.6 0.5

Dy 3.7 3.7 2.8 5.1 4.1 3.9 3.0 3.6 0.3 2.6 5.5 3.5 4.2 4.0 1.6 4.1 2.6

Ho 0.8 0.8 0.6 1.1 0.8 0.7 0.6 0.8 0.1 0.6 1.1 0.7 0.9 0.8 0.4 0.8 0.5

Er 2.5 2.4 1.6 3.1 2.4 1.9 2.0 2.3 0.2 1.5 3.3 2.0 2.6 2.5 1.1 2.6 1.4

Tm 0.4 0.4 0.3 0.5 0.3 0.3 0.3 0.3 0.0 0.2 0.5 0.3 0.4 0.4 0.2 0.4 0.2

Yb 2.6 2.5 1.9 2.9 2.2 1.8 1.9 2.0 0.2 1.4 3.0 1.9 2.6 2.4 1.2 2.4 1.4

Lu 0.4 0.4 0.3 0.4 0.4 0.3 0.3 0.4 0.0 0.2 0.5 0.3 0.4 0.4 0.2 0.4 0.2

Rb 80.1 79.0 56.4 98.3 110.5 129.5 99.2 94.1 2.1 60.6 3.1 14.4 42.8 14.6 39.9 36.3 240.0

Ba 413.0 402.0 528.0 409.0 328.0 733.0 430.0 544.0 13.0 621.0 52.1 201.0 292.0 178.0 351.0 302.0 397.0

Th 5.6 5.5 6.7 15.4 8.2 13.4 12.7 14.1 0.3 9.1 0.9 3.9 3.8 1.3 5.1 2.7 16.4

U 2.1 2.2 2.4 3.0 2.4 1.9 2.4 2.1 0.6 2.7 0.3 1.0 0.9 0.6 1.3 0.9 6.1

Nb 5.4 5.8 4.6 12.8 12.8 9.4 6.5 6.6 0.4 7.6 5.2 7.9 4.4 3.4 3.0 3.7 15.5

Ta 0.4 0.4 0.3 1.1 0.8 0.6 0.6 0.5 <0.1 0.7 0.3 0.5 0.3 0.2 0.3 0.3 2.9

Sr 346.0 356.0 432.0 143.0 240.0 162.0 341.0 351.0 60.2 743.0 905.0 589.0 368.0 404.0 337.0 443.0 101.0

P 611.0 567.3 654.6 349.1 698.2 218.2 654.6 829.2 916.4 1047.4 1265.6 611.0 654.6 349.1 741.9 654.6 436.4

Zr 146 144 147 104 168 80 139 160 4 127 140 180 167 113 122 189 111

Hf 4.0 4.3 4.3 4.1 4.8 2.8 4.5 4.8 0.2 3.7 3.7 4.6 5.3 3.6 3.8 5.5 3.4

Ti 2998 3657 2758 1019 2698 779 3597 5036 3957 3177 9532 4256 4077 2038 4496 1499 2998

Y 22.1 21.0 16.0 30.9 22.9 19.2 17.5 20.7 1.8 14.5 29.3 18.6 23.8 22.5 10.2 23.3 14.8
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Table 4.4 Trace elements and REE contents of granitoids along Loei Fold Belt. (continue) 

 

 

 

 

 

 

 

 

Sample Gr42 Gr43 Gr44 Gr46 Gr47 Gr49 Gr50 Gr51 Gr52 1R5M 0R3T MKCD NDBI1 NDBI2 TFDI WPJDI WP029

Rock 

type
monzogranite granodiorite monzogranite granodiorite monzogranite monzogranite tonalite granodiorite granite granodiorite granodiorite granodiorite monzogranite monzogranite tonalite monzodiorite diorite

Locality Makham Makham Makham
Khao 

Chamao
Bo Thong Bo Thong

Phanom 

Sarakam
Si Mahosod

Phanom 

Sarakham
Chatree Chatree Chon Dan Nong Bua Nong Bua Lam Phayon

Khao Wong 

Phra Jun

Khao Phra 

Ngam

La (ppm) 30.1 13.2 28.5 37.0 41.4 18.4 35.3 22.2 17.4 10.3 10.3 15.8 41.6 9.4 6.4 8.2 6

Ce 60.3 28.0 52.9 76.7 74.5 37.5 70.9 45.2 35.6 20.9 21.1 33.1 82.6 19.7 14.8 17.6 14.0

Pr 7.0 3.4 5.8 9.1 8.3 4.3 8.1 5.4 4.1 2.6 2.6 4.2 10.1 2.4 1.8 2.3 1.85

Nd 27.2 13.7 20.4 35.5 28.6 16.1 30.0 21.5 15.2 11.4 12.1 17.1 39.3 10.6 8.4 10.2 8.4

Sm 6.8 3.2 3.7 8.0 4.6 3.3 5.0 4.8 3.3 2.2 2.4 3.9 9.1 2.1 1.6 2.2 1.97

Eu 1.1 0.4 0.6 0.4 0.7 0.5 0.8 0.6 0.5 0.8 0.8 0.9 0.7 0.8 0.6 0.8 0.6

Gd 6.6 3.2 2.6 7.6 3.1 2.9 3.2 4.4 3.0 2.0 1.9 3.1 8.8 1.6 1.8 2.3 1.97

Tb 1.1 0.6 0.4 1.2 0.5 0.4 0.4 0.8 0.6 0.2 0.3 0.6 1.4 0.3 0.3 0.4 0.3

Dy 7.4 3.7 2.3 7.6 2.7 2.7 2.4 4.7 3.6 1.3 1.5 2.7 9.5 1.5 1.5 2.0 1.93

Ho 1.6 0.8 0.5 1.7 0.6 0.6 0.5 1.0 0.7 0.2 0.3 0.6 2.2 0.2 0.3 0.4 0.35

Er 4.8 2.3 1.4 4.6 1.7 1.7 1.3 3.0 2.1 0.7 0.8 1.6 6.6 0.7 0.8 1.2 1.1

Tm 0.7 0.3 0.2 0.7 0.3 0.3 0.2 0.5 0.4 0.1 0.1 0.2 0.9 0.1 0.1 0.2 0.15

Yb 5.1 2.2 1.5 4.6 1.5 1.7 1.5 3.3 2.3 0.7 0.8 1.7 5.6 0.7 0.9 1.1 1.12

Lu 0.8 0.3 0.3 0.7 0.3 0.3 0.2 0.5 0.4 0.1 0.1 0.2 0.9 0.1 0.1 0.2 0.19

Rb 183.0 196.5 290.0 170.5 297.0 129.5 261.0 226.0 141.5 5.7 9.8 53.3 110.0 6.4 9.7 9.7 3.2

Ba 233.0 372.0 427.0 283.0 475.0 626.0 408.0 224.0 450.0 165.5 175.0 359.0 651.0 194.5 190.0 252.0 71.5

Th 24.5 13.3 25.6 20.1 35.6 13.5 17.4 18.9 12.8 0.6 0.6 4.2 9.3 0.6 1.4 0.6 1.95

U 6.8 3.1 9.3 4.5 27.6 4.0 2.3 6.3 4.9 0.3 0.3 1.6 3.3 0.3 0.5 0.3 0.55

Nb 7.4 4.4 15.7 8.1 16.8 4.2 6.6 8.7 5.4 3.2 3.1 4.5 14.1 3.1 1.7 3.3 3.6

Ta 0.8 0.4 1.9 0.7 2.3 0.5 0.3 0.8 0.6 0.2 0.2 0.4 0.8 0.2 0.2 0.2 0.4

Sr 139.0 43.5 180.0 46.6 195.5 152.0 133.0 85.2 174.5 694.0 761.0 432.0 42.1 706.0 977.0 839.0 744

P 131 349 131 349 524 611 218 393 262 709.0 927 655 44 87 655 698 546

Zr 217 86 136 190 150 64 216 176 84 82 116 199 184 76 89 134 85

Hf 6.6 3.2 5.2 7.0 5.3 2.4 6.3 6.2 3.2 2.3 2.9 5.5 6.1 2.0 2.5 3.3 2.5

Ti 839 1319 1079 2458 2038 2338 1199 2158 1319 2098 2548 4017 779 1019 1724 2878 2848

Y 47.3 20.6 15.4 42.8 20.9 17.2 13.4 32.5 21.1 6.5 6.9 14.8 57.7 6.1 7.7 10.3 10.1
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Fig. 4.13 Binary variation diagrams of whole-rock major elements with respect to SiO2 (wt%) 

oxides of granitoids from Loei Fold Belt. 
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Fig. 4.14 Classification of granitoids from Muang Loei, Phu Tap Fah – Phu Thep, Phetchabun, 

Nakon Sawan – Lobburi, and Rayong – Chantaburi based on whole-rock SiO2 and (Na2O + K2O) 

contents (Middlemost et al., 1994). 
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Fig. 4.15 SiO2 vs. K2O (wt%) diagram of Peccerillo et al. (1976) dividing the granitoids from 

Muang Loei, Phu Tap Fah – Phu Thep, Phetchabun, Nakon Sawan – Lobburi, and Rayong – 

Chantaburi into two groups; high-K calc-alkaline and medium-K calc-alkaline groups. Some 

plutons consist of combination of more than one series.  
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Fig. 4.16 (a) A/CNK [Al2O3/(CaO + Na2O + K2O) molar] vs A/NK[(Al2O3/Na2O + K2O) molar] 

diagram (Maniar & Piccoli, 1989), (b), (c) discrimination diagram of tectonic environment (Pearce 

et al., 1984) of granitoids along Loei Fold Belt. Abbreviation: VAG = volcanic-arc granite; syn-

COLG = syn-collision granite; WPG = within plate granite; ORG = oceanic ridge granite. 
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.  

Fig. 4.17 Sr/Y vs. Y (a; Drummond & Defant, 1990) and La/Yb vs. Yb (b; Matin, 1986) diagrams 

discriminating between adakitic and arc calc-alkaline compositions. Arrows show fractionation 

trends. 
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Fig. 4.18 Chondrite normalized rare earth elements and primitive-mantle normalized trace elements patterns 

of granitoids along Loei Fold Belt (Chondrite are values from Sun & McDonough). 
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4.3.3.2. Granitoids from Muang Loei  

 Granitoids from the Muang Loei plot as high-K calc-alkaline (CAK) series (K2O= 2.58-

5.0 wt%) and mid-K calc-alkaline series (K2O=1.97 wt%) (Fig. 4.15). The SiO2 content ranges 

from 63.2 to 75.2 wt%. Five granitoids from Muang Loei, tonalite (Gr17), quartz-monzodiorite 

(Gr18), granodiorite (Gr19, Gr12) and quartz-syenite (Gr10) are high-K calc-alkaline with K2O 

ranging from 2.6 to 5.1 wt% and SiO2 ranging from 63.2 to 75.3 wt%. The SiO2 and K2O content 

of tonalite (Gr11) at Muang Loei is 70.4 wt% and 2.0 wt%, respectively, which plot in the mid-K 

calc-alkaline field. 

The ASI of the granitoids from Muang Loei ranges from 0.8 to 1.0. In the 

A/NK[Al2O3/(Na2O + K2O) molar] vs. A/CNK diagram (Fig. 4.16A), tonalite (Gr17, Gr11) and 

monzodiorite (Gr18) from Muang Loei are metaluminous (A/CNK < 1.0). The granodiorite (Gr12) 

and quartz-syenite (Gr10) are peraluminous (A/CNK > 1.0). The granodiorite (Gr19) straddles 

along the metaluminous and peraluminous field boundary. 

 In tectonic environment discrimination diagram (Pearce et al., 1984) (Fig. 4.16A), tonalite 

(Gr17, Gr11), monzodiorite (Gr18), granodiorite (Gr19, Gr12) and quartz-syenite (Gr10) plotted 

in the I-type field (A/CNK < 1.1). According to the diagrams of trace elements (Y, Nb, Rb) (Fig. 

4.16B, C) (Pearce et al., 1984), all granitoids in Muang Loei are in the range of volcanic-arc granite 

(VAG).  

Sr/Y vs. Y (Fig. 4.17) of tonalite (Gr17, Gr11), monzodiorite (Gr18), granodiorite (Gr12)  

and quartz-syenite (Gr10) are plotted in normal andesite-dacite-rhyolite field whereas  

granodiorite (Gr19) from Muang Loei are plotted close to adakite field (Defant & Drummond,  

1990). 
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 In the binary diagrams (Fig. 4.13), the TiO2, Al2O3, P2O5, Fe2O3, CaO and MgO contents  

of tonalite (Gr17, Gr11), monzodiorite (Gr18), granodiorite (Gr19, Gr12) and quartz-syenite  

(Gr10) are negatively correlated with the SiO2 content whereas the Na2O and K2O contents are  

positively correlated with the SiO2 content. 

Rare earth and trace elements of tonalite (Gr17, Gr11), monzodiorite (Gr18), granodiorite 

(Gr19, Gr12) and quartz-syenite (Gr10) were normalized to chondrite and primitive mantle values 

(Sun & McDonough, 1989; Fig. 4.18). LREE of granodiorite (Gr12), tonalite (Gr17, Gr11), 

monzodiorite (Gr18), quartz-syenite (Gr10) are slightly enriched with negative Eu anomaly and 

relatively flat HREE patterns (Fig. 4.18). The level of negative Eu decrease from quartz-syenite 

(Gr10), through granodiorite (Gr12), tonalite (Gr17), monzodiorite (Gr18) to tonalite (Gr17). 

LREE are highly enriched with flat HREE pattern with strongly negative Eu anomaly in quartz-

syenite (Gr10) and granodiorite (Gr12), but slightly negative Eu anomaly in a quartz-monzodiorite 

(Gr18). Large ion lithophile elements (LILE: Ba) are enriched while high field strength elements 

(HFSE: P and Ti) are depleted in most of the granitoids from Muang Loei (Fig. 4.18). 

 

4.3.3.3. Granitoids from Phu Tap Fah – Phu Thep  

 Granodiorites (Gr09, Gr25) from the Phu Thap Fah – Phu Thep plot in the field of CAK 

series (K2O 2.9-3.1 wt%) and a tonalite (Gr08) plots in the field of mid-K calc-alkaline series (K2O 

2.1 wt%) (Fig. 4.15). The SiO2 content narrowly ranges from 62.5 to 67.4 wt%. Two granodiorites 

from Muang Loei (Gr25) and Wang Saphung (Gr09) belong to high-K calc-alkaline series with 

K2O ranging from 2.9 to 3.7 wt% and SiO2 ranging from 65.0 to 67.4 wt%. The SiO2 and K2O 
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content of tonalite (Gr08) from Wang Saphung is 62.5 wt% and 2.1 wt%, respectively, which plot 

in the mid-K calc-alkaline field. 

The ASI of the granitoids from Phu Thap Fah – Phu Thep ranges from 0.7 to 0.9. The 

granodiorite (Gr09, Gr25) and tonalite (Gr08) are metaluminous (A/CNK < 1.0) (Fig.4.16A). In 

this diagram, granodiorite (Gr09, Gr25) and tonalite (Gr08) are plotted in the I-type field (A/CNK 

< 1.1). According to the diagrams of trace elements (Y, Nb, Rb) (Fig. 4.16B, C) (Pearce et al., 

1984), all granitoids in Phu Thap Fah – Phu Thep are in the range of VAG granites.  

Sr/Y vs. Y (Fig. 4.17) of granodiorite (Gr25) is plotted in adakite field, whereas  

granodiorite (Gr09) and tonalite (Gr07, Gr08) are plotted in normal andesite-dacite-rhyolite  

field (Defant & Drummond, 1990). 

LREE are highly enriched with flat HREE pattern of granodiorite (Gr09, Gr25) and tonalite 

(Gr07, Gr08) in Phu Thap Fah – Phu Thep, in chondrite-normalized REE patterns but higher 

enrichment of LREE in granodiorite (Gr25) than tonalite (Gr07, Gr08) and granodiorite (Gr09). In 

primitive-mantle normalized trace element diagram show that the LILE (Ba) are enriched while 

HFSE (P and Ti) are depleted in granodiorite (Gr25, Gr09) and tonalite (Gr07, Gr08) (Fig. 4.18). 

 

4.3.3.4. Granitoids from Phetchabun  

The TiO2, Al2O3, Fe2O3, Na2O, MnO, CaO and MgO contents of monzodiorite (Gr36,  

Gr37), tonalite (Gr35) and granodiorite (8R5T) are negatively correlated with SiO2 content 

whereas the K2O content is positively correlated with the SiO2 content (Fig. 4.13). 
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Tonalite (Gr35), monzodiorite (Gr36, Gr37), and granodiorite (8R5T) from the Phetchabun 

plot as mid-K calc-alkaline series (K2O=0.9-2.0 wt%) (Fig. 4.15). Two granitoids from Chon Dan, 

tonalite (Gr35), monzodiorite (Gr36, Gr37) from Wang Pong belong to mid-K calc-alkaline series 

with K2O ranging from 0.8 to 2.0 wt% and SiO2 ranging from 60.2 to 68.9 wt%. 

The ASI of the granitoids from Phetchabun ranges from 0.9 to 1.0. In the A/NK vs. A/CNK 

diagram (Fig. 4.16A), monzodiorite (Gr37) and tonalite (Gr35) are metaluminous (A/CNK < 1.0) 

and monzodiorite (Gr36) is between metaluminous and peraluminous. In this diagram, 

monzodiorite (Gr37, Gr36) and tonalite (Gr35) are plotted in the I-type field (A/CNK < 1.1). 

According to the diagrams of trace elements (Y, Nb, Rb) (Fig. 4.16B, C) (Pearce et al., 1984), all 

granitoids in Phetchabun are in the range of VAG with syncollisional granites (syn-COLG). 

Sr/Y vs. Y (Fig. 4.17) of granodiorite (8R5T, 8R5B, 4R4M, 0R3T, 4R4B, 4R5B, 8R1M,  

4R2T, 1R1B, 1R5M), diorite (WP029) and monzodiorite (Gr37) are plotted in adakite field,  

whereas tonalite (Gr33, Gr34, Gr35) from Chon Dan, monzodiorite (Gr36) and granodiorite  

(Gr38) from Wang Pong are plotted in normal andesite-dacite-rhyolite field (Defant &  

Drummond, 1990). 

LREE of the granitoids from Phetchabun are enriched with relatively flat HREE patterns 

(Fig. 4.18). LREE contents of all tonalite are higher than that of quartz-monzodiorite and 

granodiorite. LILE (Ba, Sr) are enriched and HFSE (P and Ti) are depleted in the granitoids from 

Phetchabun (Fig. 4.18). 

 

4.3.3.5. Granitoids from Nakon Sawan - Lobburi  
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The Al2O3, P2O5, Na2O and CaO contents of granodiorite (MKCD), monzogranite  

(NDBI1) and monzodiorite (WPJ-DI) are negatively correlated with the SiO2 content whereas  

the K2O content is positively correlated with the SiO2 content (Fig. 4.13). 

Monzogranite (NDBI1) from Nakon Sawan - Lobburi plots as CAK series (K2O 4.1 wt%), 

and granodiorite (MKCD) plots as mid-K calc-alkaline series (K2O 2.1 wt%) (Fig. 4.15). SiO2 and 

K2O contents of monzogranite (NDBI1) from Nongbua is 75.2 wt% and 4.1 wt% respectively, 

which plots in CAK field. SiO2 and K2O contents of granodiorite (MKCD) is 65.4 wt% and 2.1 

wt%, respectively which plots in CK series.  

The ASI of the granitoids from Nakon Sawan - Lobburi ranges from 0.9 to 1.0. In the A/NK 

vs. A/CNK diagram (Fig. 4.16A), granodiorite (MKCD) and monzodiorite (WPJ-DI) are 

metaluminous (A/CNK < 1.0) except monzogranite (NDBI1) from Nong Bua which is 

peraluminous (A/CNK > 1.0). In this diagram, granodiorite (MKCD) and monzodiorite (WPJ-DI) 

and monzogranite (NDBI1) are plotted in the I-type field (A/CNK < 1.1). According to the 

diagrams of trace elements (Y, Nb, Rb) (Fig. 4.16B, C) (Pearce et al., 1984), all granitoids in 

Nakon Sawan - Lobburi are in the range of VAG with syn-COLG granites. 

Sr/Y vs. Y (Fig. 4.17) of monzodiorite (WPJ-DI) are plotted in adakite field, whereas 

monzogranite (NDBI1) from Nongbua and granodiorite (MKCD) from Chon Dan are plotted in 

normal andesite-dacite-rhyolite field (Defant & Drummond, 1990). 

LREE of the granitoids from Nakon Sawan - Lobburi are slightly enriched with relatively 

flat HREE patterns (Fig. 4.18). Monzogranite sample (NDBI1) from Nong Bua shows negative Eu 

anomaly. LILE (Ba, Sr) and HFSE (P and Ti) are depleted in the granitoids from Nakon Sawan - 

Lobburi (Fig. 4.18). 
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4.3.3.6. Granitoids from Rayong - Chantaburi  

The Al2O3, P2O5, Fe2O3, MnO, CaO and MgO contents of granodiorite (Gr51, Gr46,  

Gr43), monzogranite (Gr53, Gr47, Gr49, Gr44, Gr42, Gr41, Gr39) and tonalite (Gr50) are  

negatively correlated with the SiO2 content (Fig. 4.13). 

Monzogranite (Gr47, Gr42) and granodiorite (Gr46) from the Rayong - Chantaburi plot as 

shoshonitic (HK) series (K2O 5.1-6.5 wt%), tonalite (Gr50), granodiorite (Gr51, Gr46, Gr43) and 

monzogranite (Gr53, Gr49, Gr44, Gr41) plot as CAK series (K2O 4.1-5.5 wt%) and monzogranite 

(Gr39) plots as mid-K calc-alkaline series (K2O 3.2 wt%) (Fig. 4.13). Most of the granitoids 

including monzogranite (Gr41) from Klung, granodiorite (Gr42) and monzogranite (Gr44) from 

Makham, monzogranite (Gr49) from Bo Thong, granodiorite (Gr51) from Si Mahosod and 

monzogranite (Gr53) from Phanom Sarakam belong to CAK with K2O ranging from 4.1 to 5.5 

wt% and SiO2 ranging from 71.7 to 75.7 wt%. SiO2 and K2O contents of tonalite (Gr50) from 

Panom Sarakam, monzogranite (Gr47) from Bo Thong, and granodiorite (Gr46) from Khao 

Chamao show HK character with SiO2 and K2O ranging from 70.8 to 74.4 wt% and from 5.1 to 

6.5 wt% respectively. The SiO2 and K2O content of monzogranite (Gr39) from Muang Rayong is 

73.8 wt% and 3.2 wt%, respectively which plots in CK series.  

The ASI of the granitoids from Rayong - Chantaburi ranges from 0.9 to 1.1. Tonalite 

(Gr50), monzogranite (Gr53, Gr47, Gr49, Gr44, Gr41) and granodiorite (Gr46) are metaluminous 

(A/CNK < 1.0) except granodiorite (Gr51) from Phanom Sarakham, granodiorite (Gr39) from Wat 

Khao Banchob (Gr43) and monzogranite (Gr42) from Chaman which are peraluminous in the 

A/NK vs. A/CNK diagram (Fig. 4.16A). In this diagram, tonalite (Gr50), monzogranite (Gr53, 

Gr47, Gr49, Gr44, Gr42, Gr41) and granodiorite (Gr51, Gr46, Gr43) are plotted in the I-type field 
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(A/CNK < 1.1), except a monzogranite (Gr39) from Muang Rayong which is S-type. According 

to the diagrams of trace elements (Y, Nb, Rb) (Fig. 4.16B, C) (Pearce et al., 1984), all granitoids 

in Rayong - Chantaburi are in the range of VAG with syn-COLG granites. 

Sr/Y vs. Y (Fig. 4.17) of identity are plotted in normal andesite-dacite-rhyolite field 

(Defant & Drummond, 1990). 

 LREE of granodiorite (Gr51, Gr46, Gr43), monzogranite (Gr53, Gr47, Gr49, Gr44,  

Gr42, Gr41, Gr39) and tonalite (Gr50) from Rayong - Chantaburi are slightly enriched with  

negative Eu anomaly and relatively flat HREE. LILE (Ba, Sr) of the granitoids from Rayong –  

Chantaburi are enriched and HFSE (P and Ti) are depleted in primitive-mantle normalized trace  

element diagram (Fig. 4.18). 

 

Fig. 4.19 Chondrite normalized rare earth elements patterns of granitoids along Loei Fold Belt (Chondrite 

are values from Sun & McDonough). Typical adakites are from Huichizi, China (Qin et al., 2015), Hainan, 

China (Wang et al., 2012), Costa Rica (Defant et al., 1992) and Ecuador (Samaniego, 1997). 
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CHAPTER 5 

MINERAL CHEMISTRY AND SULFUR ISOTOPES  

 

5.1. Composition of biotite 

5.1.1. Introduction 

Mineral composition of minerals provides a means of evaluating P-T condition and the nature 

of the magma during the emplacement of granitoids. Biotite is a significant ferromagnesian 

mineral in most intermediate and felsic igneous rocks. Biotite compositions depend largely upon 

the nature of magma from which they have crystallized (Abdel-Rahman, 1994; Moazamy, 2006; 

Shabbani & Lalonde, 2003). The composition of the biotite reflects the nature and the 

physicochemical conditions of magma from which it formed. Also, they can be used to provide 

valuable petrogenetic information.  

 

5.1.2. Analytical Method 

In this study, we present electron microprobe data to examine the possible link existing 

between the chemistry of biotite and the original magma and estimate the pressure and temperature 

at which plutons is emplaced. Before the EMPA, we need to prepare thin section samples as the 

procedure below; 

(1) Marking observation points on the thin section using carbon pen. 

(2) Carbon coating for the analyzing sample. 

(3) Putting the sample on the sample holder of EPMA. 

(4) Fixing the samples using carbon tape and for electric conductivity, and taking photo. 
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The samples selected for present study were derived from quartz-syenite, tonalite, 

granodiorite, monzodiorite, quartz-rich granitoid and monzogranite. Mineralogy of studied 

samples is summarized in Table 4.2. Mineral compositions were determined using an electron 

probe microanlyzer JXA-8800R (JEOL Ltd.) at Akita University. The quantitative analyses of 

selected minerals were performed with a 15keV accelerating voltage, a 10nA beam current and a 

5 µm beam size. Biotite was analyzed with a probe diameter of 5 µm at an accelerating voltage 15 

kV and a probe current of 12nA, and hornblende was analyzed with a probe a diameter of 15 µm 

at an accelerating voltage of 15kV and a probe current of 12nA. The analytical conditions are 

shown in Table 5.1 (biotite and hornblende).  

Biotite is rather homogeneous and their compositions are uniform throughout individual 

samples. Most analyses represent averages of three or more individual several spot analyses from 

different biotites. The color of the biotite in magnetite-series biotite granodiorite at Wang Saphung 

in Phu Thap Fah - Phu Thep area (Fig. 5.1A) is greenish brown, because the mineral is rich in Mg 

due to iron consumed to form an earlier crystallized magnetite as Fe3+ (black cubes) (Ishihara, 

1998). Biotite in ilmenite-series tonalite at Phanom Sarakam in Rayong -Chantaburi area is reddish 

brown, because its Fe2+-rich (Ishihara, 1998) (Fig. 5.1B). 
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Fig. 5.1 A. Magnetite-series biotite granodiorite at Wang Saphung in Phu Thap Fah - Phu Thep 

area, B. Ilmenite-series biotite tonalite at Phanom Sarakam in Rayong-Chantaburi area.  

 

Table 5.1 Analytical condition for biotite and hornblende. 

Element Crystal Fluorescence 
line analyzed 

Standard Counting time (s) 
(peak/background) 

Detection 
limit (ppm) 

F TAP Kα Fluorapatite 30/16 2200 
Fe LIF Kα Hematite 20/10 270 
Cl PETJ Kα Sodalite 60/30 60 
Na TAP Kα Albite 20/10 100 
Mn LIF Kα Manganosite 30/15 200 
Ca PETJ Kα Wolasstonite 20/10 130 
Al TAP Kα Corundum 20/10 580 
K PETJ Kα KTiOPO4 30/15 70 

Mg TAP Kα Periclase 20/10 90 
Ti PETJ Kα Rutile 20/10 200 
Si TAP Kα Albite 20/10 130 

 

 

5.1.3. Result 

5.1.3.1. Biotite composition 

The chemical compositions of some analyzed biotites in granitoids along Loei Fold  

Belt are given in Table 5.2 The number of ions on the basis of 22 oxygen was calculated from the 

oxide values (Table 5.2). Ternary MgO-FeOtot-Al2O3 tectono-magmatic discrimination diagram 

(Abdel-Rahman, 1994) suggests that biotite compositions from the Loei Fold Belt granitoids fall 

within calc-alkaline field (Fig. 5.2), except for quartz-rich granitoid (NDBI2, NDBI2(1)) and 
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granite (Gr45) plotted in alkaline field. The biotite composition of monzogranite (Gr39, Gr47, 

Gr53), granite (Gr49) and tonalite (Gr50) from Rayong – Chantaburi plotted in peraluminous field. 

In Muang Loei granitoids, total Al content (TAl) of biotite in fine to coarse-grained 

granodiorite is higher than that of fine-grained and relatively equigranular tonalite, fine to coarse-

grained granodiorite and coarse-grained quartz-syenite, respectively. The TAl content of biotite of 

medium to coarse-grained granodiorite in Phu Thap Fah-Phu Thep is high. The TAl content of 

biotite of medium to coarse-grained with porphyritic texture quartz-rich granitoid in Nakon 

Sawan-Lobburi is lowest among the granitoids in all area. In Rayon-Chantaburi granitoids, the TAl 

content of biotite of coarse-grained granite is higher than that of medium to coarse-grained with 

porphyritic texture monzogranite, coarse-grained granodiorite and fine to coarse-grained tonalite. 

Atomic Mg/(Mg+Fe) or XMg of biotite in tonalites (Gr11, Gr17) in Muang Loei range from 

0.47 to 0.56, granodiorites (Gr12, Gr19) range from 0.51 to 0.52, quartz-syenite (Gr10) is 0.46. 

and monzodiorite (Gr18) is 0.55. XMg of biotite in granodiorite (Gr09) from Phu Thap Fah – Phu 

Thep is highest 0.60, while XMg of biotite in quartz-rich granitoid (NDBI2) from Nakon Sawan – 

Lobburi is lowest 0.26. The XMg of biotite in granitoids in Rayong – Chantaburi widely range from 

0.22 to 0.48.  

Fluorine concentrations of biotite in granitoids in Muang Loei range from 0.07 to 0.51 atoms 

per formula unit (apfu). F concentrations of biotite from tonalite (Gr11) and granodiorite (Gr12) 

are highest, 0.44 apfu and 0.51 apfu, respectively. F concentration of biotite in monzodiorite 

(Gr18) is 0.07 apfu. Cl concentrations of biotite in granitoids taken from the west of Muang Loei, 

quartz-syenite (Gr10), tonalite (Gr11) and granodiorite (Gr12), are 0.03, 0.05 and 0.07 apfu., 

respectively. Cl content of biotite in granitoids taken from the east of Muang Loei, tonalite (Gr17), 

monzodiorite (Gr18) and granodiorite (Gr19) are 0.08, 0.11 and 0.06 apfu., respectively. 
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Fluorine and chlorine contents of granodiorite (Gr09) in Phu Thap Fah are relatively low at 

0.12 and 0.03 apfu., respectively. F and Cl contents of biotite of quartz-rich granitoid (NDBI2) in 

Nakon Sawan – Lobburi are 0.48 and 0.12 apfu., respectively.  

Chlorine contents of biotite from granitoids in Rayong - Chantaburi are not significant, except 

monzogranite (Gr42) and granodiorite (Gr46) with concentrations of 0.10 and 0.02 apfu., 

respectively. Fluorine concentrations of biotite, on the other hand, widely vary from 0.02 to 0.41 

apfu. F concentration of biotite in monzogranites range from 0.02 to 0.31 apfu. F concentrations 

of biotite in granodiorites range from 0.23 to 0.36 apfu. F concentrations of biotite in granites range 

from 0.21 to 0.41 apfu, while that in the tonalite is 0.17 apfu.  

F concentrations versus XMg of the biotite from granitoids in Rayong - Chantaburi (Fig. 5.3B) 

are positively correlated. F contents and XMg of biotite in the western granitoids in Muang Loei 

are positively correlated along with the slope of the biotite in granitoids from Rayong - Chantaburi. 

Chlorine concentrations and XMg of biotite in granitoids from Rayong - Chantaburi and Muang 

Loei are distinct. Chlorine content and XMg of biotite in granitoids from Rayong - Chantaburi are 

negatively correlated (Fig. 5.3C).  

 

5.1.3.2. Hornblende composition 

 The total Al content of hornblende in granodiorite (Gr19) and quartz-monzodiorite (Gr18) 

from Muang Loei, granodiorite (Gr09) from Phu Thap Fah – Phu Thep and granodiorite (Gr30) 

from Phetchabun were analyzed (Table 5.3). The oxygen fugacity relative to nickel-nickel oxide 

(ΔNNO) was calculated based on 23 oxygen on the basis of Ridolfi et al. (2009). The log fO2 of 

hornblende of granitoids from Muang Loei, Phu Thap Fah – Phu Thep, and Phetchabun ranging 

from NNO+0.7 to NNO+1.7 which indicates a high oxidized state of magma.
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CHAPTER 6 

GEOCHRONOLOGY 

 

6.1. Geochronology 

6.1.1. Introduction 

K-Ar dating technique is based upon the decay of a naturally occurring isotope of 

potassium, 40K to an isotope of argon, 40Ar. The decay of 40K is by a branching process; 

10.48% of 40K decays to 40Ar by β+ decay (Beckinsale & Gale 1969), followed by γ decay 

to the ground state, and by electron capture direct to the ground state, and 89.52% decays 

to 40Ca by β- to the ground state. Argon is a rare trace element and radiogenically produced 

40Ar generally exceeds the levels of trapped 40Ar. The naturally occurring isotopes of argon 

are measured by mass spectrometry for K-Ar dating (36Ar, 38Ar and 40Ar). The 36Ar/38Ar 

ratio is almost constant, although cosmogenic 38Ar can be detected in some Ca-rich samples 

(Renne et al. 2001). Absolute argon concentrations, required for the K-Ar technique, are 

measured as a ratio with respect to a known amount of 38Ar tracer gas. In K-Ar dating, 

potassium is measured generally using flame photometry, and atomic absorption 

spectroscopy.  

The date measured by K-Ar techniques reflects the time since radiogenic argon 

produced by decay of 40K, become trapped in the mineral or rock. This maybe be the age 

of the rock of the most recent cooling event and in some samples may even reflect an 

integrated cooling age for a range of sub-grains.  
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In this study, I report new results of K-feldspar and hornblende K-Ar dating for 3 

samples representing the quartz-syenite from Muang Loei, monzogranite and monzodiorite 

from Nakon Sawan – Lobburi (Table 6.1).                                                                                    

6.1.2. Analytical Method 

The rock samples were crushed using a stainless steel mortar and sieved into 0.25-

0.35 and 0.35-0.5 mm size-fractions. The material was then washed in water and dried in 

an oven temperature at about 50°C. Heavy liquid, magnetic separation and handpicking 

under a binocular microscope produced about 0.5 g of K-feldspar and 0.7 g of hornblende 

separates which were subsequently cleaned in distilled water. The two samples of K-

feldspar (NDBI, GR10), and one sample of hornblende (WPJ-DI) have been concentrated 

at Akita University and submitted for Geochronology test by K-Ar method to Actlabs, 

Canada.  

Aliquots of the samples were weighted into Al container, loaded into sample system 

of extraction unit, degassed at ~100°C during 2 days to remove the surface gases. Argon 

was extracted from the sample in double vacuum furnace at 1,700°C. The determination of 

radiogenic argon content was carried out twice on MI-1201 IG mass-spectrometer by 

isotope dilution method with 38Ar as spike, which was introduced to the sample system 

prior to each extraction. The extracted gases were cleaned up in two step purification 

system. Then pure Ar was introduced in to custom built magnetic sector mass spectrometer 

(Reinolds type). The test was done twice to ensure the consistency of the result. Two 

globally accepted standards (P 207 Muscovite and 1/65 “Asia” rhyolite matrix) were 

measure for 38Ar spike calibration.  
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For age calculations the international values of constants were used as follow: 

𝜆𝐾 = 0.581 ×  10−10𝑦−1,  𝜆𝛽 = 4.962 × 10−10𝑦−1,  40𝐾 = 0.01167 (𝑎𝑡. %)  

6.1.3. Result 

Pure K-feldspar concentrates were extracted from fresh quartz-syenite (Gr10) in  

Muang Loei and monzogranite (NDBI) in Nakon Sawan – Lobburi as well as hornblende  

from quartz-monzodiorite (WPJ-DI) in Nakon Sawan – Lobburi. K-Ar age dating yielded  

the age 1713, 2215, and 2198 Ma, respectively (Table 6.1). The certainty of the ages  

calculated fall within 2σ error. 

 

Table 6.1 Summary of age dating of granitoids. 

 

 

Sample no. Location Rock Type Method Dated mineral K, % ± σ
40

Ar rad, (ng/g) Age (Ma) 

Gr10 Muang Loei quartz-syenite K-Ar K-feldspar 9.76±0.10 121.4±0.4 171±3

NDBI Nakon Sawan monzogranite K-Ar K-feldspar 6.07±0.07 99.0±0.3 221±5

WPJDI Lobburi quartz-monzodiorite K-Ar Hornblende 0.650±0.015 10.49±0.04 219±8
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CHAPTER 7 

DISCUSSION AND CONCLUSIONS 

 

7.1. Discussion  

7.1.1. Geodynamic implications 

Various geodynamic models have been proposed to explain the genesis of the Permian 

to Early Triassic magmatism along the Loei Fold Belt (e.g. Kamvong et al., 2014, 

Charusiri, 1989; Charusiri et al., 1993; Intasopa, 1993; Charusiri et al., 2007; Barr and 

Charusiri, 2011; Boonsoong et al., 2011; Zaw et al., 2014; Salam et al., 2014). These 

magmatism produced high-K calc-alkaline (high-K) and calc-alkaline (medium-K) 

plutonic rocks and have contributed to the magmatic-hydrothermal fluids that gave rise to 

a variety of ore deposit types along the Loei Fold belt (e.g. Charusiri et al.,1993; Charusiri 

et al., 2007; Kamvong & Zaw, 2009; Zaw et al., 2009; Crow & Zaw, 2011; Salam et al., 

2013). Previous classification of the granitoids along the Loei Fold Belt suggested features 

of both “I” type granites (Cobbing et al., 1986; Charusiri et al., 1993, Barr & Mcdonald, 

1991) and “S” type granites (Metcalfe, 2011; Sone & Metcalfe, 2008). However, 

geochemical and petrographic data of samples I collected across the length of Loei Fold 

Belt, suggest the predominance of I-type granitoids throughout the belt. Notable features 

of these granitoids are: 

(a) mafic minerals are invariably hornblende and biotite; 

(b) muscovite, garnet and cordierite are absent; 

(c) accessory minerals present include titanite, apatite, zircon; monazite is not 

present; 

(d) in terms of A/CNK, A/CNK of most of the collected granitoids are < 1.1; 
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(e) there are Au and Cu mineralization but no Sn or W mineralization; 

All these features are consistent with “I” type granite.  

Different tectonic discrimination diagrams show consistently that the granitoids 

from Petchabun, Phu Tap Fah and Nakon Sawan-Lobburi were generated in a volcanic arc 

setting, while granitoids of Muang Loei and Rayong – Chantaburi are plotted in both 

volcanic arc and collisional zone fields. This transition from volcanic arc to collisional 

setting reflects the initiation of continental collision (Fig. 7.1). Geochemistry and the age 

of Muang Loei suggest that the Paleo-tethys ocean must have been closed by the late 

Middle Jurassic.   

 Moreover, the new geochronological data from this study suggest that magmatism 

along Loei Fold Belt continued further to late Middle Jurassic instead of ceasing at late 

Early Jurassic, as suggested by previously reported ages (Zaw et al., 2009; Kawakami, 

2014). This new finding has further implications for tectonic reconstructions being carried 

out in Asia and surrounding regions.   
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Fig. 7.1 Trace-element tectonic discrimination diagrams. (A) Hf-Rb/10-Ta×3 and (B) Hf-

Rb/30-Ta×3 discrimination diagrams for plate granites after Harris et al. (1986). 

7.1.2. Metallogenic implications 

The magnetic susceptibility of the granitoids show wide range variation between 0.03 

× 10-3 and 34.6 × 10-3 in SI unit, corresponding respectively to ilmenite-series (<1 × 10-3 

in SI unit) and magnetite-series (>1 × 10-3 in SI unit). Low magnetic susceptibility value is 

due to hydrothermal alteration. Magma derived from partial melting of subducted slab 

materials in a volcanic arc setting would have assimilated sedimentary materials not only 

in deep levels but also at the site of intrusion to have formed the relatively reduced I-type 

granitoids with low magnetic susceptibility. The local reduction of granodiorite magma by 

sedimentary rocks of the Phu Thap Fah Au skarn deposit suggested that the contrasting 

lithology of the crust formed by the collision controlled oxygen fugacities and chemical 

trends of granitoids through magma-wall-rock interactions (Sato, 1991). Magnetite-series 

granitoids are in Muang Loei, Phu Thap Fah – Phu Thep, Phetchabun, Nakon Sawan – 

Lobburi and Rayong - Chantaburi. The abundance of magnetite, as observed under the 

microscope, suggests that the granitoids along Loei Fold Belt belong to magnetite-series.  

XMg of biotite and the assemblage of high Xmg hornblende-magnetite-titanite-quartz in 

granitoids in Muang Loei, indicating oxidized environment, high oxygen fugacity, which 

corresponds with the occurrence of magnetite-series granitoids. Hornblende oxybarometry 

indicates a high oxidized state of magma (log fO2 ranging from NNO+0.7 to NNO+1.7) 

(Table 5.5). XMg of biotite in Phu Thap Fah – Phu Thep and Rayong – Chantaburi is low 

(<0.6), indicating reduced environment, low oxygen fugacity which also corresponds with 

the occurrence of magnetite-series granitoids associated with and Sb-Au deposit (Bo 

Akita University



85 
 

Thong) in Rayong – Chantaburi. Low magnetic susceptibility values for the magnetite-

series granitoids may probably suggest that granitic magmas in Phu Thap Fah – Phu Thep 

and Rayong – Chantaburi areas were contaminated by C-bearing sedimentary host rocks.  

Regionally, granitoids along the Loei Fold Belt are magnetite-series based on the 

classification of granitoid series by Ishihara (1977). The magnetite-series granitoids 

predominate in the Muang Loei area, Phetchabun area related to the Au-Ag (Chatree, Wang 

Yai) and Fe-Cu (Singto) deposits and Nakon Sawan - Lobburi area related to the Fe-Cu 

(Khao Lek) and Cu (Khao Phra Ngam) deposits while the magnetite-series granitoids were 

reduced in the Phu Thap Fah - Phu Thep area which related to Au (Phu Thap Fah) and Cu 

(Phu Thep) deposits and Rayong - Chantaburi area related to the Sb-Au (Bo Thong) 

deposit. A few residual iron deposits (e.g. Khao Lek deposit) were mined in magnetite-rich 

magnetite-series plutons (Nakon Sawan - Loburi area). 

The granitoids along the Loei Fold Belt related to skarn mineralization are adakitic 

(e.g. Salam, 2013; Kamvong et al., 2014; Paipana, 2014). The granodiorite in Phu Thap 

Fah - Phu Thep area, granodiorite, diorite and monzodiorite in the Petchabun area and 

monzogranite, monzodiorite and granodiorite in Nakon Sawan - Lobburi area associated 

with skarn Cu-Au deposit are adakitic (Fig. 4.12). Skarn deposits are absent in the Muang 

Loei area and Rayong -Chantaburi area. Geochemistry of tonalite, granodiorite and quartz-

syenite in the Muang Loei area, granodiorite and tonalite in the Phu Thap Fah - Phu Thep 

area, and monzogranite, granodiorite and tonalite from Rayong – Chantaburi area indicates 

that these are normal typical volcanic arc rocks. 

Most of the mineralization are related to granodiorite, monzodiorite and tonalite 

from Muang Loei, Phu Thap Fah - Phu Thep, Phetchabun, Nakon Sawan - Lobburi and 
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Rayong -Chantaburi that show volcanic arc signatures. Quartz syenite and tonalite from 

the Muang Loei and monzogranite from Rayong - Chantaburi areas which indicate 

formation in a collisional setting are not associated with significant mineralization. 

Metallogeny of Cu-Au skarn deposits, Au skarn deposit, epithermal Au deposit and 

epithermal Sb-Au deposit along the Loei Fold Belt must have been related to the 

subduction of the Paleo-Tethys, and ceased upon initiation of continental collision (Fig. 

7.2). 
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Fig. 7.2 Schematic model for the arc magma genesis, tectonic and metallogenic evolution 

of the Loei Fold Belt during Early Triassic to Middle Jurassic. Enclosed within the box is 

the cross-section of Loei Fold Belt, as interpreted in this study. Modified from Kamvong 

et al. (2014). 

 

7.1.3. Relationship between solidification depth of granitoids and formation of 

hydrothermal ore deposits  

Chemical compositions of biotite from granitoids in the Loei Fold Belt are presented 

in Table 5. Ternary MgO-FeOtot-Al2O3 tectono-magmatic discrimination diagram (Abdel-

Rahman, 1994) suggests that biotite compositions from the Loei Fold Belt granitoids fall 

within calc-alkaline field (Fig. 7.3), except for granodiorite (Gr30) from Petchabun plotted 

in alkaline field and granodiorite (Gr46, Gr43), monzogranite (Gr44, Gr39, Gr42, Gr45, 

Gr53) and tonalite (Gr50) from Rayong – Chantaburi plotted in peraluminous field.  
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Fig. 7.3 (a) A/CNK [Al2O3/(CaO + Na2O + K2O) molar] vs A/NK[(Al2O3/Na2O + K2O) molar] 

diagram (Maniar & Piccoli, 1989), (b), (c) discrimination diagram of tectonic environment (Pearce 

et al., 1984) of granitoids along Loei Fold Belt. Abbreviation: VAG = volcanic-arc granite; syn-

COLG = syn-collision granite; WPG = within plate granite; ORG = oceanic ridge granite. 

 

The relationship between the estimated solidification pressure of granitic magma and 

Altotal content of biotite proposed by Uchida et al. (2007) is applied to estimate the 

solidification pressure of granitoids along the Loei Fold Belt. The estimation of 

solidification pressures of granitoids are 0.5 to 1.9 kb in Muang Loei, 1.1 kb in Phu Tap 

Fah – Phu Thep, 0.6 kb in Nakon Sawan – Lobburi, and 1.0 to 3.1 kb in Rayong – 

Chantaburi (Table 5).  
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 The total Al content changes with the metal type of the accompanying hydrothermal 

ore deposits and increases in the following order: Fe-Cu deposit (Khao Lek) and Au deposit 

(Phu Thap Fah) < Cu deposit (Phu Thong Dieng or PUT2) < barren granitic rocks (Fig. 

7.4). 

 

Fig. 7.4 The relationship between the estimated solidification pressure of granitoids along 

Loei Fold Belt and the TAl content of biotite. Modified from Uchida et al. (2006). 

 

7.2. Summary and Conclusions 

Integration of existing data with new geochemistry, petrography, magnetic susceptibility, 

mineral chemistry and field data leads to the following conclusions. 
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(1) Granitoids along Loei Fold Belt are petrographically classified into four main rock 

types i.e., monzogranite, granodiorite, tonalite and quartz-monzodiorite. In 

addition, quartz-rich granitoid and quartz-syenite are also present locally. Whole-

rock SiO2 vs. (Na2O + K2O) plot also indicates that those granitoids are classified 

into granite, granodiorite and diorite.  

(2) According to the whole-rock SiO2 vs. K2O plot, granitoids along Loei Fold Belt are 

medium-K calc-alkaline and high-K calc-alkaline series, while monzogranite and 

granodiorite from Rayong Chantaburi are shoshonite series.  

(3) Biotite ternary MgO-FeOtot-Al2O3 tectono-magmatic discrimination diagram 

suggests that biotite compositions from the Loei Fold Belt granitoids fall within 

calc-alkaline magmas field, except for granodiorite from Petchabun and 

granodiorite, monzogranite and tonalite from Rayong – Chantaburi which fall 

within peraluminous. 

(4) All granitoids are I-type, except a monzogranite from Rayong - Chantaburi. 

Tonalite and monzodiorite from Muang Loei are metaluminous, whereas 

granodiorite and quartz-syenite are peraluminous. All granodiorites and tonalites 

from Phu Tap Fah – Phu Thep are metaluminous. Monzodiorite and tonalite from 

Phetchabun, granodiorite, monzogranite and monzodiorite from Nakon Sawan – 

Lobburi are metaluminous. Tonalie, monzogranites, and granodiorites from 

Rayong – Chantaburi are metaluminous, whereas some of monzogranites and 

granodiorites are peraluminous.  

(5) In the whole-rock Sr/Y ratio vs. Y concentration diagram, granodiorite, diorite and 

monzodiorite from Petchabun, granodiorite from Phu Thap Fah – Phu Thep and 
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monzodiorite from Nakon Sawan – Lobburi are plotted in adakite field, whereas 

tonalite, granodiorite and quartz-syenite from Muang Loei, granodiorite and 

tonalite from Phu Thap Fah – Phu Thep and monzogranite, granodiorite and tonalite 

from Rayong Chantaburi are plotted in the normal volcanic arc andesite-dacite-

rhyolite field.  

(6) The K-Ar age on K-feldspar of quartz-syenite from Muang Loei is 171±3 Ma, K-

Ar age on K-feldspar of monzogranite from Nakon Sawan is 221±5 Ma, and K-Ar 

age of hornblende of quartz-monzodiorite from Loburi is 229±8 Ma. These age data 

suggest magmatism of Muang Loei occurred in the Middle Jurassic, and Nakon 

Sawan – Lobburi occurred in Late Triassic. Both Nb vs. Y and Rb vs. (Y + Nb) 

discriminations and age data indicate that the Paleo-Tethys subducted under the 

Indochina plate in Nakon Sawan – Lobburi area during Late Triassic, while 

volcanic arc in Muang Loei formed later in Middle Jurassic.  

(7) δ34SCDT value of pyrite ranging from -1.3 to +2.2‰ indicates that sulfur in that 

hydrothermal fluid was derived from magmatic materials. Likewise, low magnetic 

susceptibility values of granodiorite at Phu Thap Fah Au deposit in Phu Thap Fah 

– Phu Thep area (<1×10-3 in SI unit) suggest that the rocks are hydrothermally 

altered. Especially magnetite-series the Au-Cu-Fe deposits along Loei Fold Belt is 

related to adakitic rocks of magnetite-series granitoids from Phetchabun and 

Nakon-Sawan areas that were generated in the volcanic arc related to the 

subduction of Paleo-tethys.  

(8) Chemical analysis of biotite in granitoids indicates that the TAl content of biotite 

differs with metal type, that is, TAl content increases in the following order: Fe-Cu-
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Au deposit < Cu deposit < barren granitioids, reflecting that the TAl content of 

biotite of granitoids depends on the crystallization pressure. 
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