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CHAPTER 1  

INTRODUCTION 

1.1 General statement 

Thailand comprises two main tectonic terranes namely Sibumasu (Sone and 

Metcalfe, 2008) or Shan-Thai (Bunopas, 1981; Charusiri et al., 2002) Terrane in the 

west and Indochina Terrane in the east (Bunopas, 1981; Charusiri et al., 2002; Sone and 

Metcalfe, 2008) (Fig. 1.1) together with other two terranes inbetween: Loei Fold Belt 

(Bunopas, 1981) to the east and Sukhothai Terrane (Sone and Metcalfe, 2008) or 

Sukhothai Fold Belt (Bunopas, 1981) to the west. According to the geological structure 

and rock formation (Bunopas, 1981; Sone and Metcalfe, 2008), in the northern part of 

Thailand, the Loei Fold Belt (LFB)  and Sukhothai Terrane (ST)  are clearly separated 

by Nan suture (Bunopas, 1981; Zaw et al., 2014), whereas these terranes are 

undistinguished in the central part of the country in which the Sukhothai Terrane (ST) 

disappears.  In the eastern part of Thailand, the Loei Fold Belt is bounded by Sra Keao 

Suture and Chanthaburi Terrane (CT) (Fig. 1.1). The CT is correlated with Sukhothai 

Terrane (Sone and Metcalfe, 2008; Sone et al., 2012).  Both Loei Fold Belt and 

Sukhothai Terrane- Chanthaburi Terrane were reported the arc magmatism history, 

particularly in the north (e.g. Nan Suture, Sukhothai, Loei and Phetchabun) and the east 

(e.g. Sra Keao Suture) of Thailand (Fig. 1.1). These magmatic processes are results of 

collision between Indochina and Sibumasu together with their Palaeo-Tethys (Sone and 

Metcalfe, 2008; Metcalfe, 2011b, a, 2013) during Late Carboniferous to Late Triassic 

(Bunopas, 1981; Charusiri, 1989; Barr et al., 1990; Singharajwarapan and Berry, 2000; 

Charusiri et al., 2002; Barr et al., 2006; Sone and Metcalfe, 2008; Boonsoong et al., 

2011; Kamvong et al., 2014; Salam et al., 2014; Zaw et al., 2014).  

In the middle Thailand, Wang Nam Khiao area, Nakhon Ratchasima (Fig. 1.1) 

is situated in a complex conjunction of tectonic terranes, close to the southwestern edge 

of Khorat Plateau.  This area has been reported exposures of variety of plutonic 

complex; plutonic rocks, felsic–to mafic–ultramafic plutonic rocks (Putthaphiban et al., 

1981a, b, 1989a, b; Jiratitipat, 2010; Nonsung, 2010; Booncharoen, 2011; Hunyek, 

2012); however, no detailed study of petrogenesis and geochronology has been 



 

 

2 

examined.  Such varieties of magmatic rocks bear significance in understanding the 

tectonic setting and magmatic event of this region. 

Therefore, petrological and geochemical details as well as zircon U- Pb 

geochronology of plutonic complex in Wang Nam Khiao area, Nakhon Ratchasima are 

also focused in this study.  The results of petrology, geochemistry, and geochronology 

provide the insights into the petrogenesis and emplacement ages of these plutonic rocks. 

 

Figure 1.1 The simplified map of Thailand showing main tectonic terranes including 

Indochina Terrane, Sibumasu (Shan-Thai) Terrane, Loei Fold Belt (LFB), Sukhothai 

Terrane (ST), and Chanthaburi Terrane (CT) (Modified afterCharusiri et al. (2002); 
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Sone and Metcalfe (2008); Sone et al. (2012); Metcalfe (2013); Zaw et al. (2014)) . 

The location of study area, Wang Nam Khiao area, Nakhon Ratchasima is shown in 

the black square. 

 

1.2 Objective 

The overall aim of this study is to obtain the petrogenesis, crystallization P-T 

condition, and tectonic model of plutonic complex in Wang Nam Khiao area, Changwat 

Nakhon Ratchasima. 

 

1.3 Methodology 

The methods of this study are summarized in flow chart (Fig. 1.2) and details 

of each method are also explained below. 

1.3.1 Literature reviews 

Previous researches on the geology, tectonic setting, geochronology, and 

methodology related to this study are synthesized to understand the background and 

design research plan. The comprehensive review from this step together with results of 

this study was used to support the interpretation and discussion in this thesis.  

1.3.2 Field investigation and sample collection  

The general geology and accessibility of the study area were summarized in 

Chapter 2. The field investigation and sample collection were subsequently carried out. 

Occurrences and relationship of the plutonic rocks in the study area were then 

investigated. The exposure of mafic-ultramafic plutonic rocks and granitic rocks was 

focused in the field mapping (Fig. 2.3).  

1.3.3 Petrography 

Representative of all plutonic rocks, more than 50 samples, collected from the 

study area were prepared for the polished thin sections ( c.  30 µm) .  The rock slab 
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samples that slab surface was stick with the glass slide using petropoxy were also 

polished using grinding powders 400, 800, 1500, and 3000, respectively.  Finally, 

diamond pastes 6 µm, 3 µm, and 1 µm were used for the last step of polishing.  These 

polished-thin sections were prepared at the Graduate School of Life and Environmental 

Sciences, University of Tsukuba, Japan.  Petrographic descriptions, mineral 

assemblages, textures, were determined using a NIKON polarizing binocular 

microscope. In addition, the representative samples were selected for investigations of 

whole-rock geochemistry and geochronology. 

1.3.4 Mineral chemistry  

The polished thin sections are used for the chemical analyses.  These polished 

thin sections were carbon coated prior to mineral elementals analysis using an Electron 

Probe Micro Analyzer ( EPMA, model JEOL JXA8530F)  at the Chemical Analysis 

Division of the Research Facility Center for Science and Technology, the University of 

Tsukuba. Focused beam (3µm) with operating conditions were set up at an accelerating 

voltage of 15. 0 kV with 20 nA sample current for hornblende and biotite and at 15. 0 

kV with 10 nA sample current for feldspar and opaque minerals. The analytical results 

were then undertaken automatic ZAF correction supplied by JEOL. The Fe2+ and Fe3+ 

ratios of hornblende, clinopyroxene and biotite were recalculated using the equation of 

Droop (1987).  Representative analyses of hornblende, plagioclase and pyroxene in 

mafic-ultramafic plutonic rocks are presented in Tables 3. 1 to 3. 3 where those of 

hornblende, feldspar and biotite in granitic rocks are presented in Tables 4.1 to 4.3. 

1.3.5 Whole-rock geochemistry 

Whole-rocks major and minor elements of mafic-ultramafic rocks and granitic 

rocks were obtained by X-ray Fluorescence (XRF), Bruker Model AXS S4 PIONEER, 

based at Department of Geology, Faculty of Science, Chulalongkorn University.  Nine 

major oxides ( i.e. , SiO2, TiO2, FeOtotal, MnO, MgO, CaO, Na2O, K2O and P2O5)  were 

measured and calibrated with rock standards provided by Geological Survey of Japan 

(GSJ) and United States Geological Survey (USGS). Moreover, loss on ignition (LOI) 

was also measured prior XRF analysis. 
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Trace and rare earth elements were measured by an Inductively Coupled Plasma-

Mass Spectrometry (ICP-MS), model iCAP Q based at the Scientific and Technological 

Research Equipment Centre, Chulalongkorn University.  The rock powder samples 

were digested by the hydrofluoric acid and nitric acid, as suggested by Shapiro (1975). 

Detection limits range from 0. 0001 ppm to 0. 01%  for trace elements.  The results of 

whole- rock geochemistry study are presented in Tables 3. 4 and 4. 4 for the mafic-

ultramafic plutonic rocks and granitic rocks, respectively. 

1.3.6 Zircon U-Pb geochronology 

The U-Pb geochronology study was dated using the zircon grains extracted from 

mafic-ultramafic rocks (e.g., hornblende gabbro sample no. 2WK6) (Table 3.5) and 

granitic rocks ( Carboniferous biotite granite:  sample no.  WKG1, Late Permian 

hornblende granite sample no.  2WK4, and Triassic biotite-hornblende granite sample 

no. 2WK15) (Tables 4.5 to 4.7). The detailed analytical procedures for zircon analyses 

were followed by Tsutsumi et al. (2012). Firstly, the rock samples were crushed using 

iron-mortar and sieved to less than 0. 2 mm.  Dust was removed by water washing and 

then dried in a hot plate.  The magnetic separation technique, heavy liquid 

( Tetrabromoethane)  and finally hand picking under binocular microscope were then 

used to separate the zircon grains. The selected zircons were mounted in the resin with 

the zircon standard FC1 (206Pb/238U=0.1859, Paces and Miller (1993)) and NIST SRM 

610 standard glass.  Internal structure of zircon was investigated using the 

Cathodoluminescence (CL) images from scanning electron microprobe analyses. The 

U-Th-Pb isotopes were analyzed by a LA-ICP-MS (Inductively Coupled Plasma-Mass 

Spectrometer, Agilent 7700x, with ESI NWR213 Laser Ablation system)  based at the 

National Museum of Nature and Science, Japan. The operating condition was designed 

using Nd-YAG laser with a 213 nm wavelength and 5 ns pulse together with a 25-micro 

spot size and 4-5 J/cm2 laser power.  Instead of Argon gas, Helium gas was used as 

carrier to enhance a higher transport efficiency of ablated materials (Eggins et al., 1998; 

Tsutsumi et al., 2012).  The common Pb correlation for concordia diagrams and each 

age determination using the 208Pb and 207Pb (Williams, 1998) were pprocessed, on the 

basis of the proposed model for common Pb compositions by Stacey and Kramers 
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(1975). The calculation of the upper and lower intercepts in the Concordia diagram was 

studied by Isoplot 4.15/ Ex software (Ludwig, 2008).  

1.3.7 Discussion and conclusion 

The results of field investigation, petrography, mineral chemistry, whole- rock 

geochemistry and zircon U-Pb geochronology obtained from this study are reported in 

chapters 3 and 4, respectively. The results were interpreted and discussed on aspects of 

intrusion depth, magma genesis, age of rocks formation, and tectonic model.  Finally, 

conclusions on specific aspects are stated in chapter 5. 

1.3.8 Research publication and report writing 

The results of this study were divided into 2 main parts, based on rock groups 

( i.e. , mafic-ultramafic plutonic rocks and granitic rocks) .  Therefore, the manuscripts 

submitted to international journals were also prepared and entitled as:  

1)  Petrochemistry and mineral chemistry of Late Permian hornblendite and 

hornblende gabbro from the Wang Nam Khiao area, Nakhon Ratchasima, Thailand: 

Indication of Palaeo-Tethyan subduction 

2) Petrology and zircon U-Pb geochronology of granitic rocks in the Wang Nam 

Khiao area, Nakhon Ratchasima, Thailand: Petrogenesis and tectonic implications 

Both manuscripts were submitted to Journal of Asian Earth Sciences. The first 

manuscript has been already published in volume 130, pages 239-255 since November 

2016.  Currently, the second one is under reviewing process and expected to be 

published in 2017.  

Regarding to the thesis report, it is arranged into 5 chapters including:  1) 

Introduction; 2) Geologic Setting; 3) mafic-ultramafic plutonic rocks; 4) granitic rocks; 

5) conclusion. Overall background, objective, study area, and methodology is explained 

herein this chapter (Chapter 1). General geologic setting, tectonic framework, lithology 

and magmatism and sample collections are reported in chapter 2. Subsequently, 

chapters 3 and 4 are the main results and discussion of this study. Mafic-ultramafic 

plutonic rocks are described in chapter 3 whereas details of granitic rocks are reported 
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in chapter 4 which both chapters are conformed to the manuscripts mentioned above. 

Finally, conclusions of this study are present in chapter 5. 

 

 

 

Figure 1. 2 Summary of research methodology under this study, consisting of 5 main 

steps:  literature review; field investigation and sample collection; laboratory study; 

results and discussion; manuscripts preparation, publication, thesis writing. 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER 2  

GEOLOGIC SETTING 

2.1 Tectonic framework 

The main tectonic terranes in Thailand ( Fig.  2. 1)  can be distinguished into 

Indochina and Shan-Thai (or Sibumadu of Sone and Metcalfe (2008)) Terranes to the 

east and west, respectively.  They were purposed by Bunopas ( 1981) ; Bunopas and 

Vella ( 1992) ; Charusiri et al. (2002).  Both terranes cover from north to south of the 

country; moreover, they also extended to the mainland of Southeast Asia ( Fig.  2. 1) . 

Both microcontinents are separated by Sukhothai Fold Belt ( Sukhothai Terrane; Sone 

and Metcalfe ( 2008) )  and Loei Fold Belt ( Loei-Petchabun Fold Belt; Burrett et al. 

(2014)). The tectonic units are explained below. 

2.1.1 Indochina Terrane 

Indochina terrane, a large tectonic terrane in SE Asia and eastern Thailand, has 

been bounded by the Ailaoshan - Song Ma Suture (Bunopas, 1981; Bunopas and Vella, 

1992; Metcalfe, 2013; Zaw et al., 2014) to the northeast with the Truong Son Fold Belt 

(Kamvong et al., 2014; Zaw et al., 2014) in the eastern margin which is separated from 

the South China Terrane. In the west of this terrane, it is bounded by the Jinhong, Nan 

–  Uttaradit, Sra Keao Suture (Bunopas, 1981; Bunopas and Vella, 1992; Metcalfe, 

2013) with defined the Loei Fold Belt (Bunopas, 1981; Zaw et al., 2014) along the 

western margin of Indochina Terrane.  The Indochina terrane is dominated by 

Palaeozoic marine volcanic rocks, Early Permian-Triassic granitoids, volcanic rocks 

(Carter and Clift, 2008; Lepvrier et al., 2008; Lepvrier et al., 2011; Zaw et al., 2014), 

and thick Mesozoic sedimentary rocks (Brown, 1951; Piyasin, 1985; Racey et al., 1994; 

Booth and Sattayarak, 2011). 

2.1.2 Shan-Thai Terrane (Sibumasu Terrane) 

Shan-Thai Terrane (Bunopas, 1981; Charusiri et al., 2002; Ferrari et al., 2008) 

or Sibumasu Terrane (Sone and Metcalfe, 2008; Metcalfe, 2013) (Fig. 2.1) is bordered 

by the Sakaing Fault – Mokok Metamorphic Belt to the west in Myanmar and Sukhothai 

Fold Belts (Bunopas, 1981; Bunopas and Vella, 1992) including Inthanon terrane 
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(Ferrari et al., 2008; Sone and Metcalfe, 2008; Zaw et al., 2014) to the east in Thailand 

extending southwards to the Malay Peninsula in which is bounded by the Pattani 

(Bentong Raub) Suture Zone to the east (Bunopas, 1981; Charusiri et al., 2002; Ferrari 

et al., 2008; Searle et al., 2012; Metcalfe, 2013). The Shan-Thai Terrane is dominated 

by the Paleozoic sedimentary rocks (Javanaphet, 1969; Bunopas, 1981; Raksaskulwong 

and Wongwanich, 1994), Mesozoic sedimentary rocks (Raksaskulwong and 

Wongwanich, 1994), and Triassic granitoids (Cobbing et al., 1986; Cobbing et al., 

1992; Nakapadungrat and Putthapiban, 1992; Charusiri et al., 1993; Searle et al., 2012; 

Ng et al., 2015a; Ng et al., 2015b).  

2.1.3 Loei Fold Belt 

Loei Fold Belt (Fig. 2.1) (Bunopas, 1981) is located along the western edge of 

Indochina Terrane from northern Laos – Loei – Petchabun – Sra Keao in Thailand and 

run into the western Cambodia (Zaw et al., 2014) which is bounded by the Jinghong – 

Nan – Sra Keao Suture to the west (Bunopas, 1981; Zaw et al., 2014).  This Loei Fold 

Belt is equivalent to the Nakhon Thai Terrane of Charusiri et al. (2002). The Loei Fold 

Belt is composed of the multiple arc-magmatic events which generated the different 

volcanic rocks (Jungyusuk and Khositanont, 1992; Intasopa, 1993; Intasopa and Dunn, 

1994; Panjasawatwong et al., 2006; Khositanont et al., 2008; Barr and Charusiri, 2011; 

Boonsoong et al., 2011; Kamvong et al., 2014; Salam et al., 2014; Qian et al., 2015) 

and plutonic rocks (Cobbing et al., 1986; Cobbing et al., 1992; Nakapadungrat and 

Putthapiban, 1992; Charusiri et al., 1993; Khositanont et al., 2008; Morley et al., 2011; 

Salam et al., 2014; Zaw et al., 2014).  

2.1.4 Sukhothai Terrane-Chanthaburi Terrane 

Sukhothai Terrane (Sone and Metcalfe, 2008) or Sukhothai Fold Belt (Bunopas, 

1981) (Fig. 2.1) is separated from Loei Fold Belt by the Jinghong – Nan – Uttaradit – 

Sra Kaeo Suture.  This terrane is located in the north of Thailand and regionally 

continues to the Chanthaburi Terrane (Sone and Metcalfe, 2008; Sone et al., 2012) in 

eastern Thailand, to southwestern Cambodia (Sone et al., 2012).  This terrane is 

interpreted to link with the East Malaya Fold Belt (Metcalfe, 2013) to the south in the 

Malaysia and the Lincang Terrane to the north in Yunnan (Zaw et al., 2014).  The 

Sukhothai Terrane is dominated by the deep water volcanic clastic rocks inter-bedded 
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with volcanic rocks (Barr et al., 2006), volcanic rocks (Srichan et al., 2009), deformed 

shallow-marine sedimentary rocks (Burrett et al., 2014) and I-  or S- type granitoids 

(Cobbing et al., 1986; Cobbing et al., 1992; Nakapadungrat and Putthapiban, 1992; 

Charusiri et al., 1993).  

 

2.2 Background geology 

Wang Nam Khiao area, Nakhon Ratchasima, northeastern Thailand is 

considered to be a part of the Loei Fold Belt ( Fig.  2. 1)  (Bunopas, 1981; Zaw et al., 

2007; Kamvong et al., 2014; Zaw et al., 2014; Fanka et al., 2016) or Loei-Petchabun 

Fold Belt (Burrett et al., 2014) in the east of the Nan –  Sra Kaeo suture (Zaw et al., 

2007; Sone and Metcalfe, 2008; Metcalfe, 2011b, a, 2013; Zaw et al., 2014) which is 

located between the Sibumasu (Shan-Thai) Terrane and Indochina Terrane (Charusiri 

et al., 2002) ( Fig.  2. 1)  and associated with the close Sukhothai Terrane ( ST)  – 

Chathaburi Terrane ( CT)  (Sone and Metcalfe, 2008; Metcalfe, 2011b, a; Sone et al., 

2012; Metcalfe, 2013).  

In Loei Fold Belt, the magmatic rocks have been reported for both volcanic 

rocks (Jungyusuk and Khositanont, 1992; Intasopa, 1993; Intasopa and Dunn, 1994; 

Panjasawatwong et al., 2006; Khositanont et al., 2008; Barr and Charusiri, 2011; 

Boonsoong et al., 2011; Kromkhun et al., 2013; Kamvong et al., 2014; Salam et al., 

2014; Vivatpinyo et al., 2014; Qian et al., 2015) and plutonic rocks (Cobbing et al., 

1986; Cobbing et al., 1992; Nakapadungrat and Putthapiban, 1992; Charusiri et al., 

1993; Khositanont et al., 2008; Morley et al., 2011; Salam et al., 2014; Zaw et al., 2014) 

(Fig. 2.1).  

In term of plutonic rocks in the LFB, there are widespread exposures of mafic 

– ultramafic rocks (Putthaphiban et al., 1981a, b, 1989a, b; Fanka et al., 2016) to granitic 

rocks (Nakapadungrat and Putthapiban, 1992; Charusiri et al., 1993; Kromkhun et al., 

2013; Salam et al., 2014; Zaw et al., 2014) grouped as both I-type granitoids (Kamvong 

et al., 2014; Salam et al., 2014; Zaw et al., 2014) and S- type granitoids (Sone and 

Metcalfe, 2008; Morley et al., 2011) belonging to the Eastern Granite Belt of Thailand 

(Cobbing et al., 1986; Cobbing et al., 1992; Nakapadungrat and Putthapiban, 1992; 
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Charusiri et al., 1993; Searle et al., 2012).  These rocks are characterized significantly 

by the calc- alkaline affinities (Khositanont et al., 2008; Kromkhun et al., 2013; 

Kamvong et al., 2014; Salam et al., 2014). They were interpreted as the arc-magmatic 

events related to the Carboniferous to Triassic Indochina subduction (Nakapadungrat 

and Putthapiban, 1992; Charusiri et al., 1993; Intasopa, 1993; Searle et al., 2012; Salam 

et al., 2014; Ng et al., 2015a; Ng et al., 2015b), and related to the reported arc- related 

volcanism in the LFB during Early Silurian to Late Cenozoic (Bunopas, 1981; Intasopa 

and Dunn, 1994; Panjasawatwong et al., 2006; Khositanont et al., 2008; Boonsoong et 

al., 2011; Zaw et al., 2014).  

In the Wang Nam Khiao area, a variety of plutonic rocks have been reported 

(Putthaphiban et al., 1981b, a, 1989b, a; Nonsung, 2010; Booncharoen, 2011) ranging 

in compositions from mafic-ultramafic plutonic rocks (e.g. , hornblendite, hornblende 

gabbro) (Putthaphiban et al., 1981a, b, 1989a, b; Jiratitipat, 2010; Hunyek, 2012; Fanka 

et al., 2016) to granitic rocks (Putthaphiban et al., 1981a, b, 1989a, b; Jiratitipat, 2010; 

Nonsung, 2010; Booncharoen, 2011). They are however referred to the Eastern Granite 

Belts of Thailand located in LFB (Putthaphiban et al., 1981a, b, 1989a, b; 

Nakapadungrat and Putthapiban, 1992; Charusiri et al., 1993) ( Fig.  2. 1) .  The mafic-

ultramafic plutonic rocks were reported as the magmatism of Late Permian arc-related 

subduction of Palaeo-Tethys beneath Indochina (Fanka et al., 2016).  In addition, the 

granitic rocks in the Wang Nam Khiao area were interpreted as I- type granites formed 

by magmatism of arc- related subduction and continental collision (Nonsung, 2010; 

Booncharoen, 2011) based on the mineral composition and petrography study.  

These plutonic rocks were associated with the Permo-Triassic volcanic rocks, 

particularly rhyolite and andesite (Putthaphiban et al., 1981a, b, 1989a, b) which may 

be comparable to volcanism of LFB (Jungyusuk and Khositanont, 1992; Intasopa, 

1993; Intasopa and Dunn, 1994; Panjasawatwong et al., 2006; Khositanont et al., 2008; 

Barr and Charusiri, 2011; Boonsoong et al., 2011; Kromkhun et al., 2013; Kamvong et 

al., 2014; Salam et al., 2014; Vivatpinyo et al., 2014; Qian et al., 2015). The magmatic 

rocks in the Wang Nam Khiao area are covered by the Mesozoic Khorat Group 

(Putthaphiban et al., 1981a, b; Piyasin, 1985; Putthaphiban et al., 1989a, b) (Fig. 2.3). 
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Figure 2. 1 The distribution of the igneous rocks, both plutonic and volcanic rocks, 

within the main tectonic terranes of Thailand (Modified after Charusiri et al. (2002); 
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Sone and Metcalfe (2008); Sone et al. (2012); Metcalfe (2013); Zaw et al. (2014)) . 

The distributions of granitic rocks are modified from Nakapadungrat and Putthapiban 

(1992); Charusiri et al. (1993), and volcanic rocks are modified from Jungyusuk and 

Khositanont (1992); Panjasawatwong et al. (2006); Barr and Charusiri (2011).  

 

According to structural geology, the well-known N-S and NE-SW lineaments 

were purposed in the northern and central Thailand (Tapponnier et al., 1986; Morley et 

al., 2013).  The Wang Nam Khiao area is located nearby the WNW– ESE to NW-SE 

trending Khao Yai Fault zone (Ridd and Morley, 2011; Morley et al., 2013) extending 

to the south (Fig.  2.2)  which is similar trend to the NW-SE trending Cenozoic strike-

slip Mae Ping Fault or Wang Chao Fault (Tapponnier et al., 1986; Morley, 2007; Ridd 

and Morley, 2011; Ueno and Charoentitirat, 2011; Ridd, 2012; Morley et al., 2013).  

In term of microstructural geology of the Wang Nam Khiao area, carried out by 

Na Lampang ( 2015) , show ENE-WSW, ESE-WNW, and NE-SW directions for the 

granitic rocks, volcanic rocks, and Permian sedimentary rocks, NW-SE direction for 

the clastic sedimentary Khorat Group which are interpreted as the results of Indosinian 

Orogeny during the Late Permian to Late Triassic (Booth and Sattayarak, 2011). 
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Figure 2.2 Simplified geologic map with the lineaments of the southern border of the 

Khorat Plateau including Wang Nam Khiao area ( red dashed block)  and the 

interpreted Khao Yai Fault (thick solid black line) (Modified after Ridd and Morley 

(2011)).  

 

2.3 Sample collection 

The study area, Wang Nam Khiao Plutonic Complex, is located in Amphoe 

Wang Nam Khiao, Changwat Nakhon Ratchasima, and some parts of Amphoe Na Di, 

Changwat Prachin Buri which cover the plutonic exposures varying in composition 

from mafic- ultramafic rocks to granitic rocks which should be defined as plutonic 

complex ( Fig.  2. 3) .  The study area covers approximately 1,120 square kilometers 

between the latitude 14o 15’ – 14o 33’ N and longitude 101o 37’ - 101o 55’ E.  

This study area is about 200 kilometers northeast of Bangkok ( Fig.  2. 3) .  The 

highway no.  304 can be used to access the southern plutonic bodies and the highway 

number 2082 ( crossing with highway number 304)  is the main road to access the 

northern plutonic bodies (Fig. 2.3).  Natural exposures and artificial quarries are main 

outcrops exposed in the general rolling topography (Fig. 2.4).  

Fifty- two sample locations ( Table 2. 1)  were representatively observed and 

collected the rock samples within this study area.  There are 16 samples of mafic-

ultramafic plutonic rocks and 36 samples of granitic rocks.  Mafic-ultramafic plutonic 
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samples consist of 10 hornblendites, 5 hornblende gabbros and 1 hornblende 

microgabbro. For the granitic samples, 10 biotite granites, 18 hornblende granites, and 

8 biotite-hornblende granites were collected to be representatives.   

Details of the field investigation will be reported in chapters 3 and 4 together 

with laboratory results.   
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Figure 2. 3 The geological map of the study area, Wang Nam Khiao area, Nakhon 

Ratchasima, northeastern Thailand (modified after Putthaphiban et al. (1981a, 1981b, 

1989a, 1989b)) showing sample locations as summarized in Table 2.1. 
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Figure 2. 4 The exposures of rocks in the study area:  ( a, b)  natural outcrops; ( c, d) 

artificial quarry in the (e) rolling land.  

 

 

 



 

 

18 

Table 2.1 Sample locations of the plutonic rocks in the study area. 
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Table 2.1 (cont.) 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER 3  

MAFIC-ULTRAMAFIC PLUTONIC ROCKS 

Mafic- ultramafic plutonic rocks in the Wang Nam Khiao area, Nakhon 

Ratchasima were investigated and will be reported in 6 main parts including field 

observation, petrography, mineral chemistry, whole- rock geochemistry, 

geothermobarometry and zircon U-Pb geochronology.  These results can be used to 

discuss on intrusion depths, magma genesis, petrogenesis, and age of rock formation. 

The main parts of this study have been published in the Journal of Asian Earth 

Sciences, Volume 130, 15 November 2016, Pages 239-255, under the title 

“ Petrochemistry and mineral chemistry of Late Permian hornblendite and 

hornblende gabbro from the Wang Nam Khiao area, Nakhon Ratchasima, Thailand: 

Indication of Palaeo-Tethyan subduction”.  

 

3.1 Field observation 

The mafic –  ultramafic plutonic rocks in the study area are found within the 

mapped area as Late Permian hornblende gabbro and hornblendite ( Fig.  2. 3)  in the 

northern part of the study area which is contact with the Carboniferous biotite granite 

to the north, Triassic biotite- hornblende granite to the northwest, the Permian 

sedimentary rocks to the south, and the Mesozoic sedimentary rocks of Khorat Group 

to the east (Fig. 2.3). However, most contacts of mafic – ultramafic plutonic rocks with 

other rocks are not clear.  The exposures of these rocks cover about 5 km wide and 6 

km long.  These mafic –  ultramafic plutonic rocks can be classified into the 

hornblendite, hornblende gabbro and hornblende microgabbro (Fig. 3.1), based on the 

field investigation and detailed petrographic classification.  Hornblendite is 

characterized by the coarse-grained dark colored massive rock (Fig. 3.1a, b) with some 

weak foliations ( Fig.  3. 1c)  in some locations together with marble lens ( Fig.  3. 1d) , 

particularly near the pluton rim, which are mainly found in the western part of pluton 

(Fig. 2.3). Hornblende gabbro (Fig. 3.1e, f) are exposed in the northwest of pluton (Fig. 

2.3) which is usually characterized by coarse- to medium-grained and dark grayish rock 
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with weak foliation (Fig. 3.1f) in some locations. In addition, the hornblendite is cut by 

the dike of medium-  to fine-grained hornblende microgabbro ( Fig.  3. 1a, b)  in some 

locations. The hornblendite and hornblende gabbro are clearly isolate exposures in the 

pluton which is rolling land (Fig. 2.4). 

 

Figure 3.1 Photographs of mafic-ultramafic exposures in the Wang Nam Khiao area, 

Nakhon Ratchasima including ( a, b)  hornblende microgabbro occurred as a dike 

cutting hornblendite ( sample 2WK6) , ( c)  weak foliation of hornblendite, ( d) 
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hornblendite and marble contact, ( e)  hornblende gabbro with ( f)  weak foliation of 

hornblende gabbro.  

 

3.2 Petrography 

The mafic-ultramafic plutonic rocks in this study are classified, based on 

petrographic study, as hornblendite and related hornblende gabbro. The details of 

petrographic characters are reported below. 

Hornblendite: comprises mostly hornblende (more than 90%) (Figs. 3.2a, b and 

c) with some accessory plagioclase (5%), clinopyroxene (2-3%), and less abundant (1-

2%) chlorite, epidote, calcite, apatite, muscovite and opaque minerals (pyrite, 

magnetite) with/without scapolite and sphene in some samples. Euhedral shape of 

greenish hornblende shows very coarse- to coarse-grained (1 mm to 1 cm). In addition, 

the tiny inclusions of apatite are usually found in these hornblendes. Plagioclase shows 

as the medium- to coarse-grained crystals which are found between the hornblende 

grains. Moreover, between the coarse-grained hornblende and plagioclase are usually 

discovered the fine-grained plagioclase, epidote, chlorite and calcite. Anhedral 

clinopyroxene is found as a relic in hornblende and small crystals around the very 

coarse- and coarse-grained hornblende. For other accessory minerals, fine-grained 

sphene (titanite) are presented as a subhedral to euhedral shapes while medium-grained 

scapolite is found only the hornblendite contact with the marble (Fig. 3.2d), which 

should be resulted from the metasomatism of mafic magma and host marble. Opaque 

minerals are also found as accessory minerals which contain magnetite (Fig. 3.3a, b) 

with some pyrites. 

Hornblende gabbro: fine- to coarse-grained and subhedral to anhedral 

plagioclase (40-60%), subhedral to euhedral hornblende (40-60%) and clinopyroxene 

(5-10%) are presented as dominant minerals together with other epidote and apatite as 

accessory minerals (1-3%). The clinopyroxene shows subhedral and sometimes 

rounded grains which are probably corresponding to the earliest mineral formed during 

magmatic crystallization. The microscopic textures of subophitic and intergrowth 

textures of plagioclase (0.1-0.7 mm) and hornblende (0.4-1.1 mm) are found in this 
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rock and probably later crystallization phases are found as the matrix of clinopyroxene. 

These textures indicate the clear primary igneous texture (Fig. 3.2e). In addition, the 

foliation of medium-grained hornblende and plagioclase orientation (Fig. 3.2f) are 

found in some parts of the hornblende gabbro.  

Hornblende microgabbro: a dike cut into hornblendite, is dominated by fine- to 

medium-grained (0.05-0.4 mm) hornblende (40-60%) and plagioclase (40-60%). In 

addition, magnetite and epidote (Figs. 3.2c, d) are presented as accessory minerals (1-

5%). Subhedral to anhedral plagioclase and hornblende show primary igneous texture 

with some fine-grained opaque minerals. The grain boundaries of coarse-grained 

hornblende and plagioclase display the fine-grained epidote. Some part of this rock is 

also presented oriented hornblende and plagioclase.  
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Figure 3.2 Photomicrographs of mafic-ultramafic rocks in the Wang Nam Khiao area, 

Nakhon Ratchasima showing typical mineral assemblages and textures. (a, b) 

Equigranular hornblende with some plagioclase and clinopyroxene in hornblendite. 

(c) A contact between hornblende microgabbro (fine-grained texture) and host 

hornblendite (coarse-grained texture). (d) Fine-grained hornblende and plagioclase 

in hornblende microgabbro. (e) Magmatic texture of hornblende gabbro with 

plagioclase, hornblende and clinopyroxene. (f) Hornblende gabbro with abundant 

oriented hornblende and plagioclase. Mineral abbreviations; Hb (hornblende), Pl 

(plagioclase), Cpx (clinopyroxene), Ep (epidote), Opq (opaque minerals). 
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Figure 3. 3 BEI images showing opaque minerals in ( a, b)  hornblendite, ( c, d) 

hornblende gabbro, and (e, f) hornblende microgabbro in the Wang Nam Khiao area, 

Nakhon Ratchasima. Mineral abbreviations; Hb (hornblende), Pl (plagioclase), Cpx 

(clinopyroxene), Ep (epidote), Mag (magnetite). 
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3.3 Mineral chemistry  

Mineral chemical analyses can provide the important data about the 

characteristics of mineral composition of the mafic-ultramafic plutonic rocks in the 

study area.  In addition, the analytical data can be discussed with other results ( e. g. , 

petrography, whole- rocks geochemistry, geochronology)  to understand the genesis of 

rocks which can also be applied to tectonic setting. Moreover, the mineral chemistry of 

some coexisting minerals can be used to estimate the PT condition of rocks’ 

crystallization (Section 3.5).  

As the reported mineral compositions of these rocks, the dominant mineral 

assemblages, especially amphibole, plagioclase and clinopyroxene of the mafic-

ultramafic plutonic rocks were presented and described in this section.  

Sixteen samples ( Table 2. 1)  of mafic-ultramafic plutonic rocks in the Wang 

Nam Khiao area, Nakhon Ratchasima were prepared as polished thin sections for 

mineral chemical analyses using Electron Probe Micro Analyzer (EPMA) (the detailed 

procedures in section 1. 3. 4) .  Solid- solution minerals such as calcic amphibole, 

plagioclase and clinopyroxene are shown in Tables 3.1 to 3.3, plotted in Fig.  3.4, and 

summarized below. 

Calcic amphibole: The calcic amphibole is the most dominant mineral 

assemblages in the mafic-ultramafic plutonic rocks in the study area (Fig. 3.2). The 

representative analyses of calcic amphiboles and their recalculated cations based on 23 

oxygens are revealed in Table 3.1.  

The analyzed calcic amphiboles approximately comprise 40-42 %SiO2, 13-15 

%Al2O3, 13-14 %MgO, 11-12 %CaO, 10-12 %FeOt, and 2 %Na2O of hornblendite, 40-

42 %SiO2, 13-14 %Al2O3, 11-13 %MgO, 12 %CaO, 12-14 %FeOt, and 2 %Na2O of 

hornblende gabbro, and 40-42 %SiO2, 13-14 %Al2O3, 9-10 %MgO, 11 %CaO, 16-17 

%FeOt, and 2 %Na2O of hornblende microgabbro.  

In term of mineral chemistry, the calcic amphiboles in the hornblendite are 

classified as pargasite with some edenite in component (XMg = 0.66-0.71, Si = 5.96-

6.29 pfu, Al = 2.34-2.69 pfu, (Na+K)A = 0.71-0.77 pfu, and TiO2 = 1.64-1.94 wt%; 

Fig. 4a) based on the nomenclature of Leake et al. (1997). The hornblende gabbro and 
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hornblende microgabbro show the same calcic amphibole compositions which fall 

within the same pargasite field (Fig. 3.4a), although the latter shows slightly lower XMg 

(XMg = 0.60-0.66, Si = 6.09-6.22 pfu, Al = 2.23-2.52 pfu, (Na+K)A = 0.73-0.82 pfu, and 

TiO2 = 1.80-1.95 wt% for hornblende gabbro and XMg = 0.50-0.52, Si = 6.18-6.45 pfu, 

Al = 2.23-2.47 pfu, (Na+K)A = 0.65-0.72 pfu, and TiO2 = 1.11-1.56 wt% for hornblende 

microgabbro) (Table. 3.1, Fig. 3.4a). 

Plagioclase: is one of the most common mineral assemblages in all hornblendite, 

hornblende gabbro, and hornblende microgabro (Fig. 3.2). The analytical results of 

plagioclase and calculated formula based on 8 oxygens are presented in the Table 3.2. 

The plagioclase in hornblendite presents composition ranges of about 44-45% 

SiO2, 35% Al2O3, 18-19% CaO, 1% Na2O, while the hornblende gabbro shows 

plagioclase composition varying about 45-46% SiO2, 34-35% Al2O3, 18% CaO, 1% 

Na2O, and the hornblende gabbro reveals plagioclase composition ranges of 45-57% 

SiO2, 27-35% Al2O3, 10-18% CaO, 1-6% Na2O.  

The plagioclase in hornblendite presents significantly higher anorthite (An) 

contents (An92-94, which is classified as anorthite) than that in hornblende gabbro 

(corresponding to labradorite to anorthite in composition, An88-91), while composition 

of plagioclase in hornblende microgabbro reveals the lowest anorthite contents (An47-

57) indicating andesine to labradorite composition (Table 3.2, Fig. 3.4b). The anorthite 

contents of these plagioclase exhibit decreasing from hornblendite to hornblende 

gabbro and hornblende microgabbro; on the other hand, their mineral assemblages 

appear to be increasing amount of plagioclase and decreasing amounts of clinopyroxene 

and calcic-amphibole, representatively. These evidences may indicate their relationship 

of fractional crystallization. 

Clinopyroxene: is found as minor mineral compositions in hornblendite and 

hornblende gabbro (Fig. 3.2) while the clinopyroxene is not presented in the hornblende 

microgabbro. The analytical results of clinopyroxene and calculated formula based on 

6 oxygens are presented in the Table 3.3. 

All the analyzed clinopyroxenes from hornblendite and hornblende gabbro 

reveal nearly consistent Mg-rich composition, classified as diopside, in term of Fe-Mg 



 

 

28 

ratio ( Fig.  3. 4c) , although clinopyroxene in hornblendite is slightly enriched in XMg 

(XMg = 0.76-0.78) than that in hornblende gabbro (XMg = 0.70-0.78) (Table 3.3, Fig. 

3.4c).  
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Table 3.1 Representative EPMA analyses of hornblende in hornblendite, hornblende 

gabbro and hornblende microgabbro in the Wang Nam Khiao, Nakhon Ratchasima, 

Thailand. 
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Table 3.1 (cont.). 
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Table 3. 2 Representative EPMA analyses of plagioclase in hornblendite, hornblende 

gabbro and hornblende microgabbro in the Wang Nam Khiao, Nakhon Ratchasima, 

Thailand. 
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Table 3.2 (cont.). 

 

 

 

 

 



 

 

33 

Table 3.3 Representative EPMA analyses of clinopyroxene in hornblendite and 

hornblende gabbro in the Wang Nam Khiao, Nakhon Ratchasima, Thailand. 
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Figure 3.4 Mineral chemistry plots of (a) calcic-amphibole (Leake et al., 1997), (b) 

plagioclase (Smith and Brown, 1974) and (c) clinopyroxene (Morimoto et al., 1988) 

in the mafic- ultramafic plutonic rocks from Wang Nam Khiao area, Nakhon 

Ratchasima.  
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3.4 Whole-rock geochemistry 

The representative whole- rock geochemistry of hornblendite, hornblende 

gabbro, and hornblende microgabbro from the Wang Nam Khiao, Nakhon Ratcharima, 

Thailand, are described below and summarized in Table 3.4.  

The hornblendite shows major and minor compositions ranging between 41.71-

43.60 % SiO2, 1.30-1.85 % TiO2, 12.68-14.60 % Al2O3, 10.24-11.90 % FeOtotal, 0.01-

0.11 % MnO, 12.04-13.37 % MgO, 11.61-14.97 % CaO, 1.79-2.30 % Na2O, 0.48-0.72 

% K2O, 0.03-0.11 % P2O5, 1.36-2.13 % LOI.  Their trace and rare earth elements in 

ppm are between 80.00-89.00 Ba, 60.00-150.00 Cr, 30.00-140.00 Cu, 13.00-42.00 Ni, 

93.00-115.00 Sc, 290.00-337.00 Sr, 491.00-658.00 V, 36.00-50.00 Zn, 4.70-5.40 Ce, 

60.50-81.40 Co, 0.20-0.20 Cs, 2.64-3.52 Dy, 1.34-1.71 Er, 0.74-0.91 Eu, 12.00-14.00 

Ga, 2.53-3.27 Gd, 0.70 Hf, 0.49- 0.62 Ho, 1.50-1.60 La, 0.14-0.20 Lu, 0.60-1.00 Nb, 

5.30-6.40 Nd, 0.93-1.07 Pr, 2.30-3.30 Rb, 0.50 Sb, 1.96-2.50 Sm, 2.00 Sn, 0.42-0.56 

Tb, 0.10-0.16 Th, 0.18-0.26 Tm, 0.05 U, 84.00-95.00 W, 12.50-16.50 Y, 1.00-1.40 Yb, 

and 18.90-22.00 Zr. 

The hornblende gabbro presents major and minor compositions between 37.92-

45.25 % SiO2, 0.90-1.84 % TiO2, 13.37-20.27 % Al2O3, 11.78-19.29 % FeOtotal, 0.15-

0.19 % MnO, 7.01-10.17 % MgO, 12.74-14.38 % CaO, 1.19-1.74 % Na2O, 0.31-0.47 

% K2O, 0.02-0.04 % P2O5, 0.61-2.41 % LOI.  Their trace and rare earth elements in 

ppm are between 63.00-120.00 Ba, 20.00-250.00 Cr, 40.00-100.00 Cu, 20.00-110.00 

Ni, 35.00-52.00 Sc, 378.00-670.00 Sr, 413.00-683.00 V, 70.00-80.00 Zn, 5.22-8.16 

Ce, 41.00-54.00 Co, 0.20-0.50 Cs, 2.42-3.31 Dy, 1.33-1.77 Er, 0.68-1.01 Eu, 15.00-

18.00 Ga, 2.40-3.45 Gd, 0.70-0.80 Hf, 0.46-0.64 Ho, 1.65-2.79 La, 0.16-0.23 Lu, 0.70-

1.30 Nb, 5.85-8.47 Nd, 0.93-1.50 Pr, 4.00-6.00 Rb, 0.50-4.40 Sb, 1.90-2.94 Sm, 1.00 

Sn, 0.40-0.57 Tb, 0.09-0.12 Th, 0.18-0.25 Tm, 0.02-0.03 U, 0.70-1.00 W, 11.70-16.20 

Y, 1.05-1.58 Yb, and 22.00-23.00 Zr. 

A representative hornblende microgabbro reveals the major and minor 

compositions of 45.63 % SiO2, 1.15 % TiO2, 22.18 % Al2O3, 9.96 % FeOtotal, 0.10 % 

MnO, 3.05 % MgO, 10.25 % CaO, 3.41 % Na2O, 1.16 % K2O, 0.05 % P2O5, 2.24 % 

LOI. Its trace and rare earth elements in ppm are of 210.00 Ba, 30.00 Cr, 40.00 Cu, 20 

Ni, 14.00 Sc, 1281.00 Sr, 182.00 V, 110.00 Zn, 17.70 Ce, 17.00 Co, 0.90 Cs, 2.07 Dy, 
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0. 92 Er, 1. 37 Eu, 23. 00 Ga, 3. 31 Gd, 2. 20 Hf, 0. 35 Ho, 6. 58 La, 0. 11 Lu, 2. 10 Nb, 

14.80 Nd, 2.78 Pr, 22.00 Rb, 0.60 Sb, 3.87 Sm, 1.00 Sn, 0.42 Tb, 0.15 Th, 0.12 Tm, 

0.09 U, 0.80 W, 9.50 Y, 0.72 Yb, and 120.00 Zr. 

Major compositions of all hornblendite, hornblende gabbro and hornblende 

microgabbro show low SiO2 contents varying from 41.71-43.60 wt%, 37.92-45.25 wt% 

and 45.63 wt%, respectively. The Na2O+K2O contents of hornblendite and hornblende 

gabbro are 2. 27- 3. 02 wt%  and 1. 50- 2. 21 wt% , respectively, whereas hornblende 

microgabbro shows higher Na2O+K2O content ( 4. 57 wt%)  and co n s i s t en t s  w i t h 

abundance and composition of plagioclase. In term of Mg# (100*Mg/Mg+Fe) , 

hornblendite shows high Mg# (51.39-54.34), TiO2 (1.30-1.85 wt%), and FeOt content 

( 10. 24-11. 90 wt% )  whereas both hornblende gabbro and hornblende microgabbro 

display lower Mg# ( 29. 64-46. 33 for hornblende gabbro and 23. 44 for hornblende 

microgabbro) with high FeOt (11.78-19.29 wt% for hornblende gabbro and 9.96 wt% 

for hornblende microgabbro) and varying TiO2 (0.90-1.84 wt% for hornblende gabbro 

and 1.15 wt% for hornblende microgabbro). In addition, high CaO (11.61-14.97 wt%) 

and Al2O3 (12.68-14.60 wt%) contents are of hornblendite, corresponding to their high 

abundances of calcic- amphibole, plagioclase, and clinopyroxene.  Also hornblende 

gabbro and hornblende microgabbro display high CaO ( 12. 74-14. 38 wt%  and 10. 25 

wt%, respectively) and Al2O3 (13.37-20.07 wt% and 22.13 wt%) contents, consistent 

with assemblages of calcic-amphibole, plagioclase, clinopyroxene and apatite.  In the 

total alkali ( Na2O+ K2O)  vs.  silica TAS diagram (Cox et al., 1979) ( Fig.  3. 5) , 

hornblendite data are plotted in ultrabasic- alkali gabbro field whereas hornblende 

gabbro and hornblende microgabbro fall within gabbro field varying from ultrabasic to 

basic compositions, consistent with the abundances of hornblende, pyroxene, and 

plagioclase. Regarding to Harker variation diagrams (Harker, 1909) (Fig. 3.6), all the 

samples exhibit some correlations between MgO and other major oxides; Al2O3, MnO, 

Na2O and K2O show negative correlations (Figs. 3. 6b, d, g and h) , whereas TiO2 and 

CaO exhibit positive correlations (Figs.  3. 6e and f)  against increasing of MgO.  SiO2 

and FeOt values present scattered distribution ( Fig.  3. 6a and c) .  These variation 

diagrams are compatible with mineral assemblages and An content in plagioclase which 

exhibit decreasing of clinopyroxene and increasing of plagioclase with lowering An 

content in plagioclase from hornblendite, hornblende gabbro, and hornblende 
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microgabbro.  These variation plots agree well to support the genesis model of magma 

fractional crystallization of these rocks.  

In the primitive mantle-normalized spider (Fig. 3.7a), most rock samples show 

positive Ba, K, Sr anomalies, and negative Th, U, Nb, Ta, Zr anomalies. The large ion 

lithophile elements ( LILE)  are highly enriched ( e. g.  Ba, K, Sr) .  In addition, most 

samples also show marked depletion of Nb, Ta and Zr (Fig. 3.7a). 

The hornblendite samples show ( La/Yb) N ratios ranging from 0. 77 to 1. 13 

which are similar to those of hornblende gabbro ( 1. 00 to 1. 54) .  On the other hand, 

hornblende microgabbro shows higher ratio (6.56). The (La/Sm)N ratios of hornblendite 

range from 0. 39 to 0. 53 while hornblende gabbro and hornblende microgabbro yield 

higher ranges of 0. 50-0. 76 and 1. 10, respectively.  These rocks exhibit weakly light-

REE (LREE) enrichment in chondrite-normalized spider diagram for hornblendite and 

hornblende gabbro and higher light-REE for hornblende microgabbro which indicate 

the crystallization sequences from hornblendite to hornblende gabbro and hornblende 

microgabbro, respectively. However, these REE patterns, in overall, are similar patterns 

with those of typical arc setting reported by Togashi et al. (1992), Woodhead et al. 

(1998) and Greene et al. (2006) (Fig. 3.7b).  All hornblendite, hornblende gabbro and 

hornblende microgabbro show similar pattern, the slightly curved patterns with broad 

enrichment of Pr-Nd, suggesting that hornblende megacrysts may have equilibrated 

with LREE-enriched basaltic melt (Irving and Frey, 1984).  The La, Ce to Pr and Nd 

depletions are affected by the mineralogical compositions of cumulated hornblende 

which are effected by hornblende/ liquid partitioning coefficients (Schnetzler and 

Philpotts, 1970). 
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Table 3.4 Representative whole-rock geochemical analyses of hornblendite, hornblende 

gabbro and hornblende microgabbro in the Wang Nam Khiao, Nakhon Ratchasima, 

Thailand (Major and minor oxide in wt%, trace elements and REE in ppm). 
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Table 3.4 (cont.) 
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Figure 3.5 SiO2 and Na2O+K2O discrimination diagram showing the classification of 

plutonic rocks after Cox et al. (1979).  The analyzed mafic-ultramafic rocks mostly 

fall close to the gabbro field.  

 

 

 

 

 

 

 

 

 

 



 

 

41 

 

Figure 3. 6 Harker variation diagrams of the mafic-ultramafic rocks from the Wang 

Nam Khiao area, Nakhon Ratchasima, Thailand. 
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Figure 3.7 (a) Primitive mantle-normalized spider diagrams (primitive mantle values 

from Sun and McDonough ( 1989) )  and ( b)  chondrite-normalized REE patterns 

( chondrite values from Sun and McDonough ( 1989) )  of hornblendite, hornblende 

gabbro and hornblende microgabbro from the Wang Nam Khiao area, Nakhon 

Ratchasima, Thailand comparing to typical arc setting by shade patterns, data from 

Togashi et al. (1992), Woodhead et al. (1998) and Greene et al. (2006).  

 

3.5 Geothermobarometry 

The several geothermobarometers have been purposed for pressure and 

temperature ( P-T)  conditions of amphibole crystallization (Smith and Brown, 1974; 

Blundy and Holland, 1990; Holland and Blundy, 1994; Anderson and Smith, 1995; 

Anderson, 1996; Ague, 1997; Stein and Dietl, 2001).  

Based on the mineral assemblages, hornblende and plagioclase are significant 

in all hornblendite, hornblende gabbro and hornblende microgabbro. Therefore, the P-

T calculation should be carried out using hornblende-plagioclase geothermometer and 

Al-in-hornblende geobarometer.  

The temperature calculation can be commonly applied for the coexisting minerals 

of hornblende and plagioclase (Blundy and Holland, 1990; Holland and Blundy, 1994). 

Based on the experimental data of hornblende-plagioclase, edenite-tremolite reaction 

(edenite + 4quartz = tremolite + albite) and edenite-richterite reaction (edenite + albite 

= richterite + anorthite) were suggested for geothermometers for quartz-bearing igneous 

rocks and quartz-free igneous rocks, respectively (Holland and Blundy, 1994) with 

reported uncertain calibration of ± 40 oC. Thus, the temperatures of crystallization of 
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these mafic-ultramafic plutonic rocks are calculated using the edenite-richterite 

thermometer (Table 3.5). The calculated results for hornblendite, hornblende gabbro 

and hornblende microgabbro show temperature ranges of 670-1,000 oC, 850-950 oC 

and 750-850 oC, respectively. 

For the crystallization pressure of rocks, the Al in hornblende has been widely 

used to calculate the crystallization pressure of magmatic rocks (Hammarstrom and 

Zen, 1986; Hollister et al., 1987; Schmidt, 1992). The correlation of the total Al content 

of calcic amphibole and the pressure was employed to calculate the pressure and was 

confirmed by the experimental studies (Hollister et al., 1987; Johnson and Rutherford, 

1989; Schmidt, 1992; Anderson and Smith, 1995). The calibration equation of Schmidt 

(1992), P (± 0.6 kbar) = -3.01 + 4.76 Altot, is experimentally calibrated the amount of 

Al in hornblende in tonalite under H2O- saturated conditions which is then chosen to 

estimate the pressure of crystallization (Table 3.5). The results present pressure ranges 

from 5.3 to 9.8 kbar for hornblendite, 7.6 to 9.0 kbar for hornblende gabbro and 7.6 to 

8.8 kbar for hornblende microgabbro, respectively. 
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Table 3. 5 Geothermobarometry of the mafic-ultramafic plutonic rocks in the Wang 

Nam Khiao area, Nakhon Ratchasima. 
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3.6 Zircon U-Pb geochronology 

The zircon U-Pb geochronology is widely used to determine the ages of rocks 

(Faure, 1986; Rollinson, 1993; Schoene, 2014) which is applied to determine the 

crystallization ages of plutonic rocks in the Wang Nam Khiao area, Nakhon 

Ratchasima.  The representative mafic- ultramafic plutonic rocks ( hornblende 

microgabbro)  are geochronologically studied by the separated zircons as reported 

below. 

Sixteen zircon grains extracted from hornblende microgabbro (sample no. 

2WK6), which cut into hornblendite, were analyzed by LA-ICP-MS to determine the 

minimum U-Pb age of the magmatic event. Field occurrence of the sample suggests its 

close genetic relation with hornblendite and hornblende gabbro (Fig. 2.3). Among the 

twenty-three analyzed spots plotted on Concordia diagram (Fig. 3.9a, Table 3.6), eleven 

zircons are less than 10 percent discordance as summarized in Fig. 3.9b. Analytical 

spots and 238U-206Pb dating results of the eleven grains are shown in 

cathodoluminescence (CL) images (Fig. 3.8). In general, these zircon grains are 

medium-grained (100-300 µm), anhedral to euhedral in shape, and show clear 

oscillatory zoning or homogeneous grain, suggesting crystallization from magma. Two 

CL-dark zircons, in the bottom line of Fig. 3.8 (analytical spots 03 to 09), yielded older 

ages (over 420 Ma) that may indicate contaminated zircon grains. According to Tera-

Wasserburg Concordia diagram (Fig. 3.9a) and weighted histogram and density curve 

for zircon U-Pb analytical spots with <10% concordance (Fig. 3.9b), the U-Pb data are 

separated into 2 distinctive groups. The dominant group yielded younger ages defining 

a weighted mean 238U-206Pb age of 257.1 ± 3.4 Ma (Fig. 3.9b). On the other hand, a few 

dark CL grains show older ages defining a weighted mean 238U-206Pb age of 447.0 ± 19 

Ma (Fig. 3.9b).  

Hornblende microgabbro appears to have close relationship with hornblende 

gabbro and hornblendite, based on field investigation, petrographic features, and 

geochemistry as reported above.  Thus, the 257.1 ± 3.4 Ma 238U-206Pb ages defined by 

concordant zircons, taken from the younger microgabbro dyke, should indicate the 

minimum age of magmatic crystallization of mafic- ultramafic magma during Late 
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Permian because of cross- cutting relationship of hornblende microgabbro into 

hornblendite. 

 

Table 3. 6 Zircon LA- ICP- MS U- Pb data and calculated ages of zircons in the 

hornblende microgabbro dike into hornblendite (2WK6). 
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Figure 3. 8 CL images of zircon from hornblende microgabbro ( sample no.  2WK6) 

with 206Pb/238U ages. The analytical spot numbers in Table 3.6 are shown by circles. 

 

 

Figure 3. 9 ( a)  The Tera-Wasserburg concordia diagram showing 238U/ 206Pb and 

207Pb/ 206Pb ratio of zircons in hornblende microgabbro ( sample no.  2WK6) .  ( b) 

Histogram display 238U -  206Pb ages with a probability curve and weighted average 

238U-206Pb ages. 
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3.7 Discussions 

Intrusion depths:  The understanding of emplacement pressure of magmatic 

rocks calculated from Al in hornblende (Hammarstrom and Zen, 1986; Hollister et al., 

1987; Vyhnal et al., 1991; Schmidt, 1992) has been generally used to determine the 

intrusion depth (Schmidt, 1992; Stein and Dietl, 2001; Helmy et al., 2004; Hossain et 

al., 2009).  The intrusion depth of both mafic-ultramafic plutonic rocks (hornblendite, 

related hornblende gabbro and hornblende microgabbro)  were determined by the 

calculated pressure of hornblende rim ( Fig.  3. 10)  using the equation P =  pgh ( P = 

pressure (GPa) , p = continental crust density (2.73 kg/m3) , g = specific gravity (10.0 

m/s2), h = depth (km)). 

Based on the calculated crystallization pressure from the Al- in- hornblende 

geobarometry of hornblendite, hornblende gabbro and hornblende microgabbro, these 

calculated pressures can be conversed to emplacement depths (Fig.  3.10)  as averages 

of 31.2 km, 29.8 km and 28.9 km, respectively. The results are very consistent depth of 

crystallization in the lower crust (Petrini and Podladchikov, 2000) ( Fig.  5. 2) .  The 

calculated depth values are also consistent with the calculated hornblende-plagioclase 

temperatures (670-1,000 oC, 850-950 oC and 750-850 oC for hornblendite, hornblende 

gabbro and microgabbro, respectively) , that suggest magmatic crystallization took 

place in the lower crust (Peacock, 1993; Winter, 2001; Kelemen et al., 2003; Richards, 

2003). 
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Figure 3.10 (a, b, c) The histograms of calculated intrusion depth distributions from 

hornblendite, hornblende gabbro and hornblende microgabbro, respectively, in the 

Wang Nam Khiao area, Nakhon Ratchasima, Thailand. 



 

 

50 

Magma genesis: According to the plots of Ca+Ti vs. Ti (Leterrier et al., 1982) 

diagram, the mineral chemistry of clinopyroxene indicates the alkalic features ( Fig. 

3. 11) .  The clinopyroxenes from hornblendite and hornblende gabbro in this diagram 

show mostly in the alkali basalt field with minor subalkalic variety (Fig. 3.11) which is 

consistent with the results of the total alkali ( Na2O+ K2O)  vs.  silica TAS plots ( Fig. 

3.5). 

The geochemistry data also suggest partial melting and crustal contamination 

for the evolution of the mafic-ultramafic rocks.  La/Nb vs.  La/Ba plot ( Fig.  3. 12a) 

indicates magma evolution in subduction- related setting resulted from magma-crust 

interaction ( Fig.  3. 12b) .  The high aluminum contents of these rocks ( 12. 68 wt%  to 

22. 18 wt% )  implies the evolution of high aluminum basaltic magmas which is often 

originated from primitive magma produced by partial melting of mantle peridotite 

(Brophy and Marsh, 1986) above the descending oceanic slab in the mantle wedge 

(Brophy and Marsh, 1986; Crawford et al., 1987) and hornblende formed by reaction 

of pyroxene and water (Sisson and Layne, 1993).  Moreover, all the geochemistry data 

are significantly enriched in LILE (e.g. Ba, K, Sr) and depletion of HFSE (e.g. Nb, Ta, 

Zr) (Fig. 3.7a) suggesting subduction zone or arc-related evolution (Pearce, 1982, 1983; 

Ryerson and Watson, 1987; Kelemen et al., 1990; Ringwood, 1990; Kelemen et al., 

1993).  The REE patterns of these rocks ( Fig.  3. 7b)  are mostly characterized by the 

convex shape and slightly flat which indicate the high degree of partial melting. 
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Figure 3. 11 Clinopyroxene composition plots of Ca+ Na vs.  Ti (introduced by 

Leterrier et al. (1982)) showing the alkali composition. 

 

 

Figure 3.12 (a) Whole-rock geochemical plots of La/Nb vs. La/Ba indicate the effect 

of crustal contamination (Kieffer et al., 2004) and (b) Nb/Yb vs.  Th/Yb plots show 

the magma-crust interaction in volcanic arc affinity (Pearce, 2008).  
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Petrogenesis:  The results of petrography and mineral chemistry of the mafic-

ultramafic plutonic rocks in the study area, particularly hornblende +  plagioclase 

assemblage, cumulate texture (Fig. 3.2), and high An content of plagioclase (Fig. 3.4b) 

indicate the hydrous magma source for the formation of the rocks (Sisson and Layne, 

1993; Sisson et al., 1996).  

The clinopyroxene compositions can be used to explain the crystallization genesis 

using some discrimination diagrams plotting clinopyroxene compositions. The plots of 

clinopyroxene discrimination on TiO2 against Al diagram suggest arc accumulate 

affinity (Fig. 3.13a) which is consistent with the hornblende composition plotted on Si 

vs. Na+K diagram (Fig. 3.13b). 

The plots of major, minor, and trace elements compositions on the discrimination 

diagrams from all analyzed samples (hornblendite, hornblende gabbro and hornblende 

microgabbro) , the chondrite-normalized ratios of La/Sm vs.  Ba/La indicate Island arc 

field (IA) (Fig. 3.14a) which is also consistent with Volcanic Arc (VA) affinity in Zr 

vs. Ti diagram (Fig. 3.14b). Moreover, the primitive mantle-normalized spider diagram 

(Fig. 3.7a) shows clear Nb and Ta depletions in addition with the patterns in chondrite-

normalized REE patterns (Fig.  3.7b)  which suggest subduction-related magmatism in 

typical arc setting (Togashi et al., 1992; Woodhead et al., 1998; Greene et al., 2006). 

Therefore, all the geochemical and mineral chemical features indicate that the 

tectonic setting of these hornblendite, hornblende gabbro and hornblende microgabbro 

is probably related to an arc-related magmatism, which is comparable with the Alaskan-

type mafic- ultramafic intrusions (Taylor, 1967; Irvine, 1974; Snoke et al., 1981; 

Himmelberg and Loney, 1995; Helmy and El Mahallawi, 2003; Ishiwatari and 

Ichiyama, 2004; Batanova et al., 2005; Johan, 2006; Pettigrew and Hattori, 2006; 

Eyuboglu et al., 2010; Su et al., 2012). 
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Figure 3. 13 ( a)  Clinopyroxene compositional plots in TiO2 and Alz, suggesting arc 

accumulate trend in hydrous magmas as defined by Loucrs (1990) with comparable 

other hydrous arc magmatic rocks (Tulameen Complex from Rublee (1994); Gabbro 

Akarem Complex from Helmy and El Mahallawi ( 2003) ; Quetico Intrusions from 

Pettigrew and Hattori (2006) ) .  (b)  Calcic amphibole composition plot based on Si 

and Na+ K, suggesting arc accumulate as defined by Beard and Barker ( 1989) 

together with those of arc Alaskan-type intrusion of Tulameen Complex from Rublee 

( 1994) ; Gabbro Akarem Complex from Helmy and El Mahallawi ( 2003) ; Quetico 

Intrusions from Pettigrew and Hattori (2006); Su et al. (2012)). 

 

 

Figure 3. 14 Whole- rock geochemical plots of tectonic setting discrimination 

diagrams:  ( a)  normalized La/ Sm vs Ba/ La ratio diagram after Wood ( 1980) 
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(chondrite normalized data from Sun and McDonough (1989); (b) Zr vs. Ti diagram 

after Pearce and Cann (1973).  

 

Age of rocks formation: The hornblendite, hornblende gabbro and hornblende 

microgabbro in the Wang Nam Khiao area show very close petrographical, mineral 

chemical and geochemical features, suggesting these rocks were defined by 

crystallization from the same magma chamber in the lower crust. Thus, the hornblende 

microgabbro cut into hornblendite probably reflects the latest stage of crystallization. 

In addition, the CL images of zircon in the hornblende microgabbro clearly show 

oscillatory zoning (Fig. 3.8), indicating the zircon crystallized from magma. The zircon 

yielded weighted mean U-Pb age of 257. 1 ± 3. 4 Ma ( Fig.  3. 9)  which is probably 

interpreted as the timing of magmatism through subduction of Paleo-Tethys beneath 

the Indochina Terrane during Late Permian (Charusiri et al., 1993; Intasopa, 1993; 

Charusiri et al., 2002; Zaw et al., 2007; Sone and Metcalfe, 2008; Barr and Charusiri, 

2011; Metcalfe, 2011b, 2013; Kamvong et al., 2014; Zaw et al., 2014). Moreover, this 

age is consistent with that of Late Permian/Earliest Triassic arc magmatic rocks in Loei 

Fold Belt (U-Pb zircon age, 254-250 Ma) (Khositanont et al., 2008; Salam et al., 2014; 

Zaw et al., 2 0 1 4 )  regarding to Permian-Triassic magmatic arc which may represent 

Palaeo- Tethys subduction beneath western Indochina (Sone and Metcalfe, 2008; 

Metcalfe, 2011b, a; Sone et al., 2012; Metcalfe, 2013).  On the other hand, the older 

zircons yielded weighted mean U-Pb age of 447. 0 ± 19 Ma ( Fig.  3. 9)  which may 

indicate zircon from the older arc-related magmatism of Loei Fold Belt (Khositanont et 

al., 2008; Boonsoong et al., 2011). 

 

 

 

 



 

 

CHAPTER 4  

GRANITIC ROCKS 

The granitic rocks in the Wang Nam Khao area, Nakhon Ratchasima can be 

classified into biotite granite, hornblende granite, and biotite-hornblende granite based 

on the mineral assemblages.  The study of the granitic rocks can be reported within 6 

main parts including field observation, petrography, mineral chemistry, whole- rock 

geochemistry, geothermobarometry, and zircon U-Pb geochronology. These results can 

be subsequently discussed on the intrusion depth, magma genesis, petrogenesis, and 

age of rock formation. 

The main parts of this study have been submitted to the Journal of Asian Earth 

Sciences, special issue:  ASIA2016 on the topic “ Petrochemistry and zircon U- Pb 

geochronology of granitic rocks in the Wang Nam Khiao area, Nakhon Ratchasima, 

Thailand: Implications for petrogenesis and tectonic setting”.  

 

4.1 Field observation 

The exposed granitic rocks in Wang Nam Khiao area, Nakhon Ratchasima 

consists of 3 main granitic units ( Fig.  2. 3) :  biotite granite, hornblende granite, and 

biotite-hornblende granite. 

Biotite granite: is discovered in the northern part where it exposed as small 

bodies covering 2-3 km2. These rocks are characterized by pink biotite granite (Fig. 

4.1a) showing weakly foliation in some areas. The outcrop exposures are commonly 

found as a natural outcrop and some quarries in which they usually show exfoliation 

(Fig. 4.1a). The rock contact with spotted slate are clearly observed (Fig. 4.1b); this 

evidence indicates granite intruded into the country rock.  

Hornblende granite: is found in the southern part of the study area (Fig. 2.3). 

This rock unit covers about 10 km wide and 8 km long. For the outcrop exposures, the 

natural massive outcrops are commonly present (Fig. 4.1c) with thin exfoliations. In 

addition, the mafic autholiths usually embed in this rock (Fig. 4.1c).  These rocks show 
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a variety of hornblende granite to hornblende diorite (Fig. 4.5) which are characterized 

by dominant hornblende within mafic mineral assemblage (Figs. 4.1c, 4.2c-d).  

Biotite-hornblende granite: is exposed in the northern part of the study area 

(Fig. 2.3) contacted with the hornblende gabbro and hornblendite and the biotite granite 

and surrounded by the Permian sedimentary rocks (Fig. 2.3). This rock unit covers 

about 10 km long and 8 km wide. The rock units vary from granite to diorite in 

compositions (Fig. 4.5); however, they are similarly composed of biotite and 

hornblende (Figs. 4.1d-f, 4.2e-f). Massive natural outcrops with the exfoliations of this 

rock unit is clearly observed (Fig. 4.1d). In addition, mafic autholiths (Fig. 4.1e) and 

quart-feldspar veins (Fig. 4.1f) are commonly found in these rocks.  
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Figure 4. 1 Exposures of granitic rocks in the Wang Nam Khiao area, Nakhon 

Ratchasima, Thailand showing (a) biotite granite with (b) contact of spotted slate, (c) 

hornblende granite with the typical mafic autholiths, and ( d)  biotite- hornblende 

granite with the (e) mafic autholith and (f) quartz-feldspar vein.   
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4.2 Petrography 

The classified granitic rocks as the biotite granite, hornblende granite, and biotite-

hornblende granite ( Fig.  2. 3)  in this study are explained the details of petrography 

including mineral assemblages and microtextures.  These features are the most 

important evidences to understand the genesis of rocks which can be used to discuss 

with other results in next section. 

Biotite granite: are characterized by fine- to coarse-grained biotite granite. These 

rocks are dominated by quartz (30-50%), K-feldspar (20-60%), plagioclase (10-40%), 

and biotite (5-25%) with less abundance of opaque minerals (3-5%) (Figs. 4.3a, b), and 

zircon (1-2%) with/without altered minerals (<1%) e.g. sericite and chlorite. Quartz 

(0.2-2 mm) shows anhedral shape with strong wavy extinction. The equigranular 

texture of quartz, K-feldspar, and plagioclase (Figs. 4.2a, b) are presented in this rock. 

In addition, the foliations of fine-grained quartz with sub-grained texture between the 

coarse-grained, and ribbon quartzs are sometime displayed as the foliated granite. The 

medium- to coarse-grained (0.5-3 mm) K-feldspar and plagioclase exhibit anhedral-, 

and anhedral- to subhedral, respectively, as the equigranular texture. For the secondary 

minerals (sericite) are sometime found as fine-grained minerals in plagioclase and K-

feldspar.  

Hornblende granite: comprises abundances of plagioclase (25-60%), quartz (5-

30%), K-feldspar (5-30%), hornblende (10-30%), biotite (5-10%) with less abundances 

(2-8%) of opaque minerals (Figs. 4.3c, d), titanite, zircon, and apatite. Sericite and 

chlorite may be observed as secondary minerals (Figs. 4.2c-d). Fine- to medium-

grained (0.3-1 mm) plagioclase shows euhedral to subhedral shape. Quartz is found as 

fine- to medium-grain (0.1-1 mm) with anhedral shape. Anhedral to subhedral K-

feldspar shows medium- to coarse-grained texture. Fine- to medium-grained (0.3-2 

mm) greenish hornblende commonly occurs with some flaky fine- to medium-grained 

(0.1-1 mm) brown biotite. In addition, the accessory minerals, subhedral (0.2-0.5 mm) 

titanite (sphene) and anhedral (0.1-0.3 mm) opaque minerals (magnetite), are also 

presented in this rock. 

Biotite-hornblende granite: contains mainly quartz (20-40%), plagioclase (10-

60%), K-feldspar (5-40%), biotite (10-20%), hornblende (5-10%) (Figs. 4.2e, f) and the 



 

 

59 

minor (2-5%) assemblages of opaque minerals (Figs. 4.3e, f), zircon, and apatite. These 

mineral assemblages display equigranular texture of the anhedral medium- to coarse-

grained quartz (0.3-2 mm), euhedral to subhedral coarse-grained plagioclase (0.5-2 

mm), and subhedral coarse-grained K-feldspar (0.5-3 mm). Moreover, the zoning 

texture is commonly displayed in plagioclase (Fig. 4.2e). Brownish biotite shows 

medium-grained (0.2-1 mm) and anhedral to subhedral flaky crystals. Altered mineral, 

sericite, is sometime found in plagioclase. 
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Figure 4.2 Photomicrographs of granitic rocks in the Wang Nam Khiao area showing 

mineral assemblages and textures. (a) coarse-grained K-feldspar, quartz, and 

plagioclase and (b) dominant K-feldspar, quartz, and plagioclase, with less abundant 

biotite and opaque minerals in the biotite granite; (c, d) equigranular texture of 

plagioclase, hornblende, quartz, K-feldspar with accessory minerals of titanite, 

opaque minerals in the hornblende granite; (e, f) equigranular texture of zoned 

plagioclase, K-feldspar, quartz, biotite, hornblende with opaque minerals in the 

biotite-hornblende granite. Mineral abbreviations, Q (quartz), Pl (plagioclase), Kfs 

(K-feldspar), Hb (hornblende), Bi (biotite), Ttn (titanite), Opq (opaque minerals). 
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Figure 4. 3 BEI images showing opaque minerals in ( a, b)  biotite granite, ( c, d) 

hornblende granite, and ( e, f)  biotite-hornblende granite in the Wang Nam Khiao 

area, Nakhon Ratchasima Mineral abbreviations, Q ( quartz) , Pl ( plagioclase) , Kfs 

(K-feldspar), Hb (hornblende), Bi (biotite), Mag (Magnetite). 
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4.3 Mineral chemistry  

Mineral chemistry can provide the important characteristics of mineral 

assemblage in studied granitic rocks.  Moreover, the analytical data can be discussed 

with other results ( e. g. , petrography, whole- rocks geochemistry, geochronology)  to 

understand the genesis of rocks and their tectonic setting.  Moreover, the mineral 

chemistry of some coexisting minerals can be used to estimate the crystallization PT 

conditions (Section 4.5).  

Thirty- six samples ( Table 2. 1)  of granitic rocks inform the Wang Nam Khiao 

area, Nakhon Ratchasima were prepared as polished thin sections for mineral chemical 

analysis using Electron Probe Micro Analyzer (EPMA) as reported in sections 2.3 and 

2.4).  

The mineral chemistries of the solid-solutions minerals ( i.e. , calcic amphibole, 

K- feldspar, plagioclase, and biotite)  are presented in Tables 4.1 to 4. 3, and plotted in 

Fig. 4.4. Details are reported below. 

Calcic amphibole: is commonly presented as a minor mineral composition in the 

hornblende granite and biotite-hornblende granite (Fig. 4.4). Amphibole is not found in 

the biotite granite. The analytical results of calcic amphiboles and their recalculated 

cations based on 23 oxygens are revealed in Table 4.1.  

The calcic amphibole in the hornblende granite shows composition ranges of 43-

48 %SiO2, 7-11 %Al2O3, 9-14 %MgO, 11-12 %CaO, 14-19 %FeOt, and 1 %Na2O, 

while the calcic amphibole in the biotite-hornblende granite reveals 47-51 %SiO2, 6-7 

%Al2O3, 14-15 %MgO, 11-12 %CaO, 12-14 %FeOt, and 1-2 %Na2O in compositions. 

In general, the hornblende granite and biotite-hornblende granite show a wide 

composition of calcic amphibole in XMg ((Mg/Mg+Fe) = 0.47–0.69), (Na+K)A (0.33–

0.55 pfu), and Si (6.59–7.37 pfu) (Table 4.1). These calcic amphiboles of are mostly 

edenite with some ferro-edenite components for hornblende granite, whereas only 

edentate is presented for biotite-hornblende granites, based on the nomenclature of 

Leake et al. (1997) (Fig. 4.4a). In terms of (Na+K)A, amphibole composition in the 

hornblende granite shows a lower value of (Na+K)A (0.33-0.55 pfu) with some 

compositional zoning, slightly increases from rim (0.33–0.53 pfu) to core (0.39–0.55 
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pfu), whereas the biotite-hornblende granite shows higher (Na+K)A value (0.39-0.52 

pfu) with decreasing slightly from rim (0.40–0.52 pfu) to core (0.39–0.52 pfu). XMg of 

the hornblende granite (XMg = 0.47-0.64 pfu) is slightly lower than that of biotite-

hornblende granite (XMg = 0.65-0.69 pfu).  

Feldspars: is found as the major composition in all granitic rocks in the study 

area which they are composed of both plagioclase and K-feldspar (Fig. 4.4). The 

analytical results and their recalculated cations based on 10 oxygens of feldspars in the 

biotite granite, hornblende granite, and biotite-hornblende granite are summarized in 

Table 4.2  

Plagioclase in the hornblende granite shows higher anorthite (An) contents (An36-

52, classified as andesine to labradorite) than that in the biotite-hornblende granite (An9-

36, classified as albite to andesine) and in the biotite granite (An0-9, which is classified 

as albite) (Fig. 4.4b). K-feldspar in biotite granite shows high orthoclase contents (Or92-

97) (Fig. 4.4b). 

Biotite: is accessory mineral of all granitic rocks. It was analyzed and 

recalculated cations based on 10 oxygens as summarized in Table 4.3. 

The analyzed biotites in all granites under this study show similar compositions 

(Table 4.3) which are classified as annite-siderophyllite (Fig. 4.4c). These biotites are 

plotted in the Mg-biotite field (Fig. 4.4d) based on the classification of Foster (1960). 

It shows Mg-rich (XMg = 0.47-063). The biotite-hornblende granite shows a higher XMg 

(0.59-0.63) than those in hornblende granite (XMg = 0.47-0.57) and biotite granites (XMg 

= 0.47-0.58). Moreover, Ti content of the biotite-hornblende granite reveals higher Ti 

content (Ti = 0.15-0.20) than that of hornblende granite (Ti = 0.12-0.21) and biotite 

granites (Ti = 0.04-0.15). However, the FeO contents biotite in the biotite-hornblende 

granite are lower (FeOtotal = 15.70-16.96 wt%) than that in hornblende granite (FeOtotal 

= 17.31-22.81 wt%) and biotite granites (FeOtotal = 16.41-17.92 wt%), in terms of 

FeOtotal.  
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Table 4.1 Representative EPMA analyses of hornblende in granitic rocks from the 

Wang Nam Khiao, Nakhon Ratchasima, Thailand.  
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Table 4.1 (cont.).  
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Table 4.1 (cont.).  
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Table 4.1 (cont.).  
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Table 4. 2 Representative EPMA analyses of feldspar in granitic rocks from the Wang 

Nam Khiao, Nakhon Ratchasima, Thailand.  
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Table 4.2 (cont.).  
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Table 4.2 (cont.).  
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Table 4.2 (cont.).  
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Table 4.2 (cont.).  
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Table 4.2 (cont.).  
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Table 4.2 (cont.).  
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Table 4.2 (cont.).  
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Table 4.2 (cont.).  
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Table 4.3 Representative EPMA analyses of biotite in granitic rocks from the Wang 

Nam Khiao, Nakhon Ratchasima, Thailand. 
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Table 4.3 (cont.). 
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Figure 4.4 Plots of mineral chemistry (a) calcic-amphibole (Leake et al., 1997), (b) 

plagioclase (Smith and Brown, 1974), and (c) biotite (Morimoto et al., 1988), and (d) 

biotite classification (Foster, 1960) of the granitic rocks from the Wang Nam Khiao 

area, Nakhon Ratchasima.  
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4.4 Whole-rock geochemistry 

The whole- rock geochemistries, major, minor, and trace compositions, of the 

biotite granite, hornblende granite, and biotite-hornblende granite from the Wang Nam 

Khiao area, Nakhon Ratchasima, Thailand were analyzed and studied (Table 4.4).  

The biotite granites reveal the major and minor compositions between 72. 12-

74.51 % SiO2, 0.10-0.21 % TiO2, 12.66-14.86 % Al2O3, 1.14-1.75 % FeOtotal, 0.32-

0.83 % MgO, 0.48-0.91 % CaO, 3.04-5.23 % Na2O, 2.04-4.48 % K2O, 0.89-1.18 % 

LOI,  with trace and rare earth elements in ppm between 1. 64-5. 81 Li, 1. 26-2. 13 Be, 

2.61-19.95 V, 15.59-25.56 Cr, 2.53-4.94 Sc, 2.92-7.37 Ni, 2.58-32.16 Cu, 127.26-

558.53 Mn, 0.98-1.63 As, 51.72-110.49 Co, 20.21-34.78 Zn, 12.03-16.30 Ga, 78.19-

161.63 Rb, 109.89-198.77 Sr, 14.35-25.96 Y, 96.41-110.51 Zr, 0.87-3.49 Sn, 0.15-

0.28 Sb, 0.50-1.11 Cs, 266.57-930.63 Ba, 22.15-46.48 La, 37.36-80.35 Ce, 3.76-7.47 

Pr, 14.42-26.77 Nd, 2.73-4.93 Sm, 2.17-3.90 Gd, 0.36-0.65 Tb, 2.00-3.55 Dy, 0.31-

0.56 Ho, 1.14-2.07 Er, 0. 17-0. 35 Tm, 1.01-2. 39 Yb, 0.17-0.40 Lu, 3. 97-25. 56 Nb, 

1.55-9.57 Ta, 7.50-13.07 Pb, 0.02-0.10 Bi, 9.65-27.85 Th, 3.17-6.68 U, 1.04-2.53 Mo, 

0.50-0.97 Eu, 1.81-3.97 Hf, 0.01-0.02 Re. 

The hornblende granites show the major and minor compositions between 

54.74-73.04 % SiO2, 0.19-0.95 % TiO2, 11.17-16.38 % Al2O3, 1.73-8.78 % FeOtotal, 

0.69-10.89 % MgO, 1.54-8.59 % CaO, 2.86-4.34 % Na2O, 2.86-4.36 % K2O, 0.81-

1. 25 %  LOI,  with trace and rare earth elements in ppm between 5. 24-9. 82 Li, 0. 73-

1.36 Be, 8.81-193.62 V, 7.02-515.72 Cr, 3.51-25.17 Sc, 2.64-191.24 Ni, 1.95-100.16 

Cu, 426.84-1556.72 Mn, 0.96-3.88 As, 35.73-64.98 Co, 23.84-69.00 Zn, 11.89-18.78 

Ga, 16.10-57.35 Rb, 169.41-1048.50 Sr, 9.16-27.86 Y, 87.17-102.19 Zr, 0.67-4.05 Sn, 

0.12-0.41 Sb, 0.18-0.73 Cs, 55.97-852.40 Ba, 9.96-60.39 La, 18.88-51.16 Ce, 2.33-

5.73 Pr, 9.78-22.61 Nd, 1.94-5.10 Sm, 1.49-3.95 Gd, 0.24-0.72 Tb, 1.28-3.99 Dy, 0.20-

0.63 Ho, 0.69-2.21 Er, 0. 11-0. 38 Tm, 0.76-2. 48 Yb, 0.13-0.41 Lu, 3. 22-13. 58 Nb, 

1.35-8.09 Ta, 2.57-10.02 Pb, 0.02-0.05 Bi, 1.06-5.87 Th, 0.51-1.67 U, 0.42-1.70 Mo, 

0.64-1.69 Eu, 0.48-1.98 Hf, 0.00-0.01 Re. 

The biotite- hornblende granites present the major and minor compositions 

between 62.52-68.87 % SiO2, 0.27-0.50 % TiO2, 14.34-15.66 % Al2O3, 2.14-5.03 % 

FeOtotal, 1.60-5.55 % MgO, 0.93-5.18 % CaO, 3.44-4.17 % Na2O, 1.62-4.56 % K2O, 
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0.99-1. 35 % LOI, with trace and rare earth elements in ppm between 5. 33-12. 71 Li, 

1.14-2.55 Be, 20.39-113.34 V, 16.56-157.68 Cr, 6.03-12.84 Sc, 6.77-58.04 Ni, 2.64-

9.14 Cu, 313.82-712.48 Mn, 1.02-1.69 As, 50.41-65.29 Co, 33.26-63.40 Zn, 18.42-

20.06 Ga, 41.06-158.66 Rb, 172.14-1091.22 Sr, 10.63-11.56 Y, 87.65-115.29 Zr, 0.84-

4.01 Sn, 0.13-0.28 Sb, 0.59-0.78 Cs, 275.43-312.41 Ba, 13.01-44.69 La, 26.63-93.28 

Ce, 3.03-8.05 Pr, 13.36-28.47 Nd, 2.68-5.00 Sm, 1.90-3.82 Gd, 0.30-0.48 Tb, 1.54-

1.93 Dy, 0.23-0.26 Ho, 0.78-0.93 Er, 0.12-0.15 Tm, 0.80-1.07 Yb, 0.13-0.19 Lu, 3.10-

12.33 Nb, 0.95-6. 01 Ta, 5.66-17.11 Pb, 0. 02-0.05 Bi, 2.24-24.36 Th, 0.83-3. 84 U, 

0.60-0.76 Mo, 0.84-0.96 Eu, 0.76-4.19 Hf, 0.11 Re. 

According to the major and minor compositions of these granitic rocks, they 

show a range of SiO2 composition (Table 4.4) from diorite to granite (Fig. 4.5). The 

biotite granite presents between 72.12 and 74.51 wt% whereas the hornblende and 

biotite-hornblende granites have lower contents of 58.23 to 73.04 wt% and 62.52 to 

68.87 wt%, respectively. In term of Na2O+K2O contents, the biotite granite shows 

higher Na2O+K2O contents (7.27-8.21 wt%) than those of the hornblende granite (4.54-

7.33 wt%), and biotite-hornblende granite (5.54-7.99 wt%). However, the biotite 

granite reveals lower CaO contents (0.48-0.91 wt%) than in those of the hornblende 

granite (1.54-8.59 wt%), and biotite-hornblende granite (0.93-5.18 wt%). In addition, 

the biotite granite shows low Mg# (MgO/MgO+FeO = 0.21-0.37), TiO2 (0.10-0.21 

wt%), and FeOt (1.14-1.75 wt%) than those of the hornblende granite (Mg# = 0.28-

0.58, TiO2 = 0.19-0.95 wt%, FeOt = 1.73-8.78 wt%), and biotite-hornblende granites 

(Mg# = 0.43-0.53, TiO2 = 0.27-0.50 wt%, FeOt = 2.14-5.03 wt%). These whole-rock 

chemistries corresponese to the main mineral assemblages including plagioclase, 

hornblende, and biotite. Based on the TAS diagram of Cox et al. (1979), the biotite 

granites are plotted in the granite field (acid rock) whereas the hornblende granite and 

biotite-hornblende granite fall within diorite to granite fields (intermediate to acid 

rocks) (Fig. 4.5). Overall, they seem to have positive correlation between silicon and 

total alkai contents. Harker variation diagram, plots of SiO2 against other major and 

minor compositions of all granitic sample groups, (Fig. 4.6) show negative correlations 

between SiO2 and TiO2, FeOt, MgO, MnO, CaO (Figs. 4.6a, 4.6c, 4.6d, 4.6e, 4.6f), 

whereas Na2O and K2O reveal positive correlations (Figs. 4.6g, h). Al2O3 exhibits 

scattered distribution (Fig. 4.6b). These are compatible to their mineral assemblages, 
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particularly K-feldspar, plagioclase, calcic amphibole and biotite. Although, in general, 

all granitic groups appear to have correlations as reported above, each granitic group 

reveal some differences in detail. Negative correlations of SiO2 against TiO2, FeO, 

MgO, CaO and positive correlation of SiO2 against Na2O and K2O are observed in 

hornblende granite and biotite-hornblende granite, whereas those of biotite granite are 

unclearly correlated. These may indicate that these magmas should not have 

conformable magmatic process, particularly magma differentiation or partial melting. 

In addition, FeO, MgO, and CaO compositions seem to be negative correlation among 

all granitic groups (dashed line), each group still displays individual trend which may 

introduce that these rocks may be formed different magmatic sources and/or diferent 

degree of partial melting. 

The primitive mantle-normalized (Sun and McDonough, 1989) spider diagram 

(Fig. 4.7) shows enrichment of large ion lithophile elements (LILE) (e.g. K, Rb, Th, U) 

and depletion of high field strength elements (HFSE) (e.g. Nb, Ti) in all rock units. The 

biotite granite shows similar (La/Yb)N ratio (9.95-33.02) to those hornblende granite 

(4.36-20.98) and biotite-hornblende granite (11.49-29.85). In term of (La/Sm)N ratios, 

the biotite granite reveals high (La/Sm)N ratios (4.94-8.62) whereas the hornblende 

granite and biotite-hornblende granites show lower ranges of 1.90-7.65 and 2.98-5.77, 

respectively. These rocks exhibit slightly high light-REE (LREE) in chondrite-

normalized REE pattern similar to typical arc setting, reported by Blein et al. (2001) 

(Fig. 4.7).  

 

 

 

 

 

 

 



 

 

83 

Table 4.4 Representative whole-rock geochemical analyses of the Carboniferous biotite 

granite, Late Permian hornblende granite, and Triassic biotite-hornblende granite from 

the Wang Nam Khiao, Nakhon Ratchasima, Thailand (Major and minor oxide in wt%, 

trace elements and REE in ppm). 
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Table 4.4 (cont.). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

85 

Table 4.4 (cont.). 
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Table 4.4 (cont.). 
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Figure 4.5 Discrimination diagram, SiO2 and Na2O+K2O, showing the classification 

of plutonic rocks (after Cox et al. (1979)). The biotite granite falls in the granite field 

whereas the hornblende granite and biotite-hornblende granite range between granite 

to diorite fields.   
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Figure 4.6 Harker variation diagrams (Harker, 1909) plotting between SiO2 vs. other 

oxides of granitic rocks from the Wang Nam Khiao area, Nakhon Ratchasima, 

Thailand.  
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Figure 4.7 (a, c, e)  Primitive mantle-normalized spider diagrams (primitive mantle 

values from Sun and McDonough (1989))  and ( b, d, f)  chondrite-normalized REE 

patterns ( chondrite values from Sun and McDonough (1989))  of biotite granite, 

hornblende granite and biotite-hornblende granite, respectively, from the Wang Nam 

Khiao area, Nakhon Ratchasima, Thailand in comparison with typical arc setting 

(shade pattern data from Blein et al. (2001)).  
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4.5 Geothermobarometry 

The pressure and temperature (P-T) crystallization conditions of granitic rocks 

have been carried out by the several geothermobarometers (Blundy and Holland, 1990; 

Schmidt, 1992; Holland and Blundy, 1994; Anderson and Smith, 1995; Anderson, 

1996; Ague, 1997; Stein and Dietl, 2001).  

According to plagioclase and hornblende assemblages, the hornblende granite 

and biotite-hornblende granites were also calculated the P-T condition, using the Al-in 

hornblende geobarometer and hornblende-plagioclase geothermometer.  

The Al-in-hornblende geobarometers have been widely used to calculate pressure 

of magma crystallization (Hammarstrom and Zen, 1986; Hollister et al., 1987; Johnson 

and Rutherford, 1989; Rutter et al., 1989; Schmidt, 1992; Anderson and Smith, 1995; 

Hossain et al., 2009; Fanka et al., 2016). In this study, the calibration equation, P (+0.6 

kbar) = -0.31 + 4.76 Altot which is experimental calibrated by the total Al in hornblende 

from H2O-satrated tonalite of Schmidt (1992) was used to calculate the crystallization 

of the hornblende granite and biotite- hornblende granite ( Table 4. 5) .  The results 

indicate that the pressures of the hornblende granite (3.0-5.8 kbar)  is higher than that 

of the biotite-hornblende granite (2.0-3.2 kbar).  

The coexistence of hornblende and plagioclase has been commonly used as the 

geothermometer to calculate the crystallization temperature (Blundy and Holland, 

1990; Holland and Blundy, 1994).  The suggested geothermometer of Holland and 

Blundy (1994) based on the edenite-tremolite reaction (edenite + 4 quartz = tremolite 

+  albite) , which is suitable for quartz-bearing igneous rocks, with reported uncertain 

calibration of +  40 oC was chosen to estimate the temperature of these granitic rocks 

(Table 4.5).  The calculated temperatures of the hornblende granite range from 700 to 

820 oC while those of the biotite-hornblende granite range from 600 to 750 oC.  
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Table 4. 5 Geothermobarometry of the granitic rocks in the Wang Nam Khiao area, 

Nakhon Ratchasima. 
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4.6 Zircon U-Pb geochronology 

The representative granitic rocks ( biotite granite, hornblende granite, and 

biotite-hornblende granite)  were geochronologically studied to determine the ages of 

rock formation (Faure, 1986; Rollinson, 1993; Schoene, 2014) by the separated zircons 

as described below. 

Thirty zircons from the biotite granite (Sample no. WKG1), 18 zircons from the 

hornblende granite ( Sample no.  2WK4)  and 25 zircons from the biotite-hornblende 

granite ( Sample no.  2WK15)  were LA- ICP-MS analyzed to examine the magmatic 

ages.  All 33 analyses of the biotite granite ( Table 4.6) , 26 analyses of the hornblende 

granite (Table 4.7), and 28 analyses of the biotite-hornblende granite (Table 4.8), were 

plotted on the Concordia diagrams in Figs.  4. 9, 4. 11 and 4. 13, respectively.  The 

cathodoluminescence ( CL)  images and analytical spots with U-Pb dating results are 

presented in Figs.  4. 8, 4. 10 and 4. 12 for the biotite granite, hornblende granite, and 

biotite-hornblende granite, respectively. The oscillatory zoning, medium-grained (100-

400 µm), subhedral to euhedral shape, are obviously present in all zircon grains, which 

indicate crystallization from magma. 

Based on the Tera-Wasserburg Concordia diagram (Figs. 4.9a, 4.11a, 4.13a) and 

weight histogram with density curve (Figs.  4.9b, 4.11b, 4.13b) , the U-Pb zircon data 

show different ages of each rock unit.  The biotite granite is divided into 2 distinctive 

groups ( Figs.  4. 9a, 4. 9b)  such as the dominant older ages defining a weighted mean 

238U- 206Pb age of 314. 6 +  4. 4 Ma ( Fig.  4. 9b)  and younger ages defining a weighted 

mean 238U-206Pb age of 284.9 + 4.2 Ma. These defined 238U-206Pb ages should indicate 

the age of magmatic crystallization of granite during Late Carboniferous to Early 

Permian. The hornblende granite shows a weighted mean 238U-206Pb age of 253.4 + 4.3 

Ma ( Figs.  4. 11a, 4. 11b)  which reflect the crystallization of granites during Late 

Permian.  For the biotite-hornblende granites, 3 groups were separated ( Figs.  4. 13a, 

4. 13b) ; they are the most younger weighted mean 238U- 206Pb age of 237. 8 +  3. 8 Ma, 

the older age of 308. 5 +  5. 7 Ma, and the oldest ages yielded 429. 0 +  24 Ma.  The 

concordant zircon 238U- 206Pb age of 237. 8 +  3. 8 Ma should indicate the Triassic 

magmatism. On the other hand, the older zircon 238U-206Pb ages of 308.5 + 5.7 Ma and 

429 + 24 Ma may indicate the inherited zircons.  
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Therefore, these granitic rocks may occur in 3 main magmatic events that are 

Late Carboniferous to Early Permian, Late Permian, and Triassic magmatisms for the 

biotite granite, hornblende granite, and biotite-hornblende granite, respectively. 

 

Table 4. 6 Zircon LA- ICP-MS U-Pb data and calculated ages of zircons in the biotite 

granite (sample no. WKG1). 
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Figure 4. 8 CL images of zircons showing 206Pb/ 238U ages from the biotite granite 

( sample no.  WKG1) .  The analytical spot numbers in Table 4. 6 are presented by 

circles.  

 

 

Figure 4. 9 ( a)  The Tera-Wasserburg concordia diagram showing 238U/ 206Pb and 

207Pb/ 206Pb ratio, and ( b)  Histogram displays 238U -  206Pb ages with a probability 
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curve and weighted average 238U-206Pb ages of zircons in the biotite granite (sample 

no. WKG1).  

 

Table 4. 7 Zircon LA- ICP- MS U- Pb data and calculated ages of zircons in the 

hornblende granite (sample no. 2WK4). 
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Figure 4. 10 CL images of zircons showing 206Pb/ 238U ages from the hornblende 

granite (sample no. 2WK4). The analytical spot numbers in Table 4.7 are presented 

by circles.  

 

 

Figure 4. 11 ( a)  The Tera-Wasserburg concordia diagram showing 238U/ 206Pb and 

207Pb/206Pb ratio, and (b) Histogram display 238U - 206Pb ages with a probability curve 

and weighted average 238U- 206Pb ages of zircons in the hornblende granite ( sample 

no. 2WK4).  
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Table 4.8 Zircon LA- ICP-MS U-Pb data and calculated ages of zircons in the biotite-

hornblende granite (sample no. 2WK15). 
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Figure 4. 12 CL images of zircons showing 206Pb/ 238U ages from the biotite-

hornblende granite (sample no. 2WK15).  The analytical spot numbers in Table 4.8 

are presented by circles.  

 

 

Figure 4. 13 ( a)  The Tera-Wasserburg concordia diagram showing 238U/ 206Pb and 

207Pb/206Pb ratio, and (b) Histogram display 238U - 206Pb ages with a probability curve 
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and weighted average 238U- 206Pb ages of zircons in the biotite-hornblende granite 

(sample no. 2WK15).  

 

4.7 Discussions 

Intrusion depths: Numerous previous studies have estimated crystallization 

depth of plutons using calculated pressure conditions of magmatic rocks (Schmidt, 

1992; Stein and Dietl, 2001; Helmy et al., 2004; Hossain et al., 2009; Fanka et al., 

2016). Calibration of Al component in hornblende has been regarded as a useful 

geobarometer for magmatic rocks as suggested by Hammarstrom and Zen (1986); 

Hollister et al. (1987); Vyhnal et al. (1991); Schmidt (1992). In this study, the intrusion 

depths of the hornblende granite and the biotite-hornblende granite were estimated 

based on the calculated pressures and the equation: P = gh (P = pressure (GPa),  = 

continental crust density (2.73 kg/m3), g = specific gravity (10.0 m/s2), h = depth (km)). 

The intrusion depths determined from calculated pressures using Al-in-hornblende 

geobarometry of both granite groups are reported in Table 4.1 and the mean depths of 

the plutons are estimated and shown in Fig. 4.14. These emplacement depths display 

15 ± 3 km for the hornblende granite and 10±1 km for the biotite-hornblende granite, 

which correspond to the level of middle to upper crust (Petrini and Podladchikov, 2000; 

Ramo, 2005). These intrusion depths are also consistent with the calculated 

temperatures of the hornblende granite (700-820 oC) and the biotite-hornblende granites 

(600-750 oC) which are compatible with the temperature range of the middle to upper 

crust in the general continental crust (Wyllie et al., 1984; Peacock, 1993; Winter, 2001; 

Kelemen et al., 2003; Richards, 2003) with about 20-40 oC /km geothermal gradient 

(Rothstein and Manning, 2003; Annen et al., 2006). 
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Figure 4.14 The histograms of calculated intrusion depth from (a) hornblende granite 

and (b) biotite-hornblende granite in the Wang Nam Khiao area, Nakhon Ratchasima, 

Thailand.  
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Magma genesis:  

Based on field observations, these granitic rocks usually show mafic autholiths 

( Figs.  4. 1c and 4. 2e) ,  which are typical feature of calc-alkaline granitoid magma 

(Barbarin, 1991; Barbarin and Didier, 1992; Barbarin, 2005).  TAS diagram (Fig.  4.5) 

indicates that all the biotite granite, hornblende granite and biotite-hornblende granite 

samples are subalkali/ tholeiitic composition.  In addition, SiO2 and K2O plot ( Fig. 

4. 15a)  indicates that these granitic rocks correspond to calc-alkaline series to high K 

calc- alkaline series, which is consistent with those plots in alkaline- FeOtotal- MgO 

(AFM)  ternary diagram ( Fig.  4.15b, after Irvine and Baragar ( 1971) )  indicating the 

calc-alkaline magmatic series. Their mineral assemblages, particularly hornblende and 

biotite together with titanite, support the genetic model of hydrous magma (Best, 2003). 

Moreover, the whole- rock trace compositions reveal the enrichment of LILE ( e. g.  K, 

Sr, Th, U) and depletion of HFSE (e.g. Nb, Ti) in Figs. 4.7a, 4.7c and 4.7e, suggesting 

arc-derived magma in subduction-zone affinity (Pearce, 1983; Ryerson and Watson, 

1987; Kelemen et al., 1990; Ringwood, 1990; Kelemen et al., 1993; Best, 2003).  The 

REE patterns are clearly characterized by the steep LREE/HREE enrichment ( Figs. 

4.7b, 4.7d, 4.7f) which reflects low degree of partial melting (Rollinson, 1993).  

 

 

Figure 4.15 (a) SiO2 vs. K2O diagram plot (Peccerillo and Taylor, 1976; Rickwood, 

1989) showing the calc-alkaline to high-K calc-alkaline series, and ( b)  the AFM 

diagram (Irvine and Baragar, 1971) showing the calc-alkaline series of granitic rocks 

in the Wang Nam Khiao area, Nakhon Ratchasima, Thailand. 
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The composition of parental magma can be inferred based on biotite chemistry 

(Burkhard, 1993; Lalonde and Bernard, 1993; Stussi and Cuney, 1996; Aydin et al., 

2003; Shabani and Lalonde, 2003; Machev et al., 2004; Masoudi and Badr, 2008; 

Sarjoughian et al., 2015).  Mg- rich biotites in the hornblende granite and the biotite-

hornblende granite ( Fig.  4. 4d)  coexist with hornblende whereas biotite is the only 

ferromagnesian mineral in the Carboniferous biotite granite ( Fig.  4. 16a) .  These 

properties indicate the characters of typical I-type granite (Sarjoughian et al., 2015) as 

defined by Chappell and White ( 1974)  and Chappell and White ( 2001)  or magnetite-

series granite as defined by Ishihara (1977), reflecting a magmatic fractionation (Hecht, 

1994).  In addition, the granites probably have originated from mantle- crust mixed 

magmatic sources based on these biotite compositions ( Fig.  4. 16b) , which are 

consistent with the interpreted mantle-crust mixed origin of calc-alkaline granitoids in 

the Peru, Chili, and California (Barbarin, 1999). 

In summary, their magmatism may have originated under hydrous melting 

environment with low degree of partial melting. 

 

 

Figure 4. 16 ( a)  Plots of biotite and coexisting minerals in the FeO*-MgO-Al2O3 

ternary diagram (Nockolds, 1947). (b) Plots of MgO and FeO/(FeO+MgO) diagram 

(Zhou, 1986) of biotite from the studied granitic rocks showing most mantle-crust 

mixed source of all granitic rocks with more magma crust sources of the biotite 

granite. 
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Petrogenesis: The similar major assemblages of plagioclase, quartz, K-feldspar 

with significant hydrous minerals, particularly hornblende and biotite indicate the calc-

alkaline magmatic series reflecting the hydrous magma derived from arc- related 

subduction.  The biotite compositions plotted on the FeO-MgO-Al2O3 discrimination 

diagram (Abdel-Rahman, 1994) suggest the calc-alkaline magmas related to subduction 

(Fig. 4.17a). Moreover, the calcic-amphiboles plotted on the Si against Na+K diagram 

clearly indicate the arc accumulate affinity (Fig.  4.17b) .  Trace element plots, Y+Nb 

against Rb, tectonodiagram (Fig.  4.18a) indicate volcanic arc granite (VAG) affinity 

consistent with plots of Y against Nb (Fig.  4.19b)  suggesting the volcanic arc granite 

with syn-collisional granite (VAG + syn-COLG) affinity. Moreover, depletion of Nb 

and Ti in the primitive mantle-normalized spider diagram (Figs.  4. 7a, 4.7c and 4. 7e) 

and the chondrite-normalized REE patterns (Figs. 4.7b, 4.7d and 4.7f) of these granite 

groups suggest a typical arc magmatic affinity (Blein et al., 2001).  

Therefore, these granitic rocks appear to have crystallized convincingly from arc-

related calc-alkaline magmas along subduction zone.  

 

Figure 4.17 (a) Plots of biotite composition on the FeO*-MgO-Al2O3 ternary diagram 

(Abdel-Rahman, 1994) fall in subduction related calc-alkaline magma.  (b)  Plots of 

calcic amphibole composition on the Si vs.  ( Na+ K)  diagram (Beard and Barker, 

1989) suggesting arc accumulate together with those of arc Alaskan-type intrusion of 

Tulameen Complex from Rublee (1994); Gabbro Akarem Complex from Helmy and 

El Mahallawi (2003); Quetico Intrusions from Pettigrew and Hattori (2006); Xiadong 

Complex from Su et al. (2012). 
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Figure 4.18 Plots of immobile elements of the granitic rocks in the Wang Nam Khiao 

area, Nakhon Ratchasima, Thailand.  ( a)  ( Nb+ Y)  vs.  Rb discrimination diagram 

(Pearce et al., 1984) showing I- type granite related to volcanic arc.  ( b)  Y vs.  Nb 

discrimination diagram (Pearce et al., 1984) shows these granitic rocks falling within 

the volcanic arc granite (VAG) field. The abbreviations in the figures are syn-COLG 

( syn-collision granite) , WPG ( within plate granite) , VAG ( volcanic arc granite) , 

ORG (ocean ridge granites). 

 

Age of rocks formation:   oscillatory zoning of zircon ( Figs.  4. 8, 4. 10, 4. 12) 

and zircon U-Pb age data (Fig. 4.9, 4.11, 4.13) indicate three events of crystallization 

which imply that these studied granites were probably crystallized from different 

magmas derived by discrete magmatic events.  Moreover, zircon U-Pb geochronology 

of Loei Fold Belt have been reported by some researchers and interpreted for the 

emplacements age magmatic rocks (Zaw et al., 2007; Khositanont et al., 2008; Salam 

et al., 2014; Zaw et al., 2014; Qian et al., 2015) (Fig. 4.20). These ages are comparable 

to the new data gained from this study as reported below. 
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Figure 4. 19 Summary of zircon U-Pb ages of magmatic rocks in the Wang Nam 

Khiao area, Nakhon Ratchasima, Thailand.  
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Figure 4.20 Map of Thailand showing distribution of main granite belts and locations 

of zircon U-Pb ages of magmatic rocks in the Loei Fold Belt including the Wang 

Nam Khiao area, Nakhon Ratchasima, Thailand. 
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The biotite granite with a weighted mean U-Pb age (Fig. 4.19) of 314.6 ± 4.4 

Ma (Fig.  4.9b)  and younger U-Pb ages of 284.9 ± 4.2 Ma were probably crystallized 

through magmatism related to subduction of Palaeo- Tethys under the Indochaina 

Terrane during Late Carboniferous to Early Permian (Charusiri et al., 2002; Sone and 

Metcalfe, 2008; Metcalfe, 2011b, 2013; Salam et al., 2014). These ages are comparable 

to previous reports of U-Pb zircon ages of Carboniferous granites ( 310-323 Ma, Zaw 

et al. (2007)) and volcanic rocks (314-315 Ma, Qian et al. (2015)) formed by arc-related 

magmatism within the Loei Fold Belt through subduction (Zaw et al., 2007; Salam et 

al., 2014; Zaw et al., 2014).  

The hornblende granite with a weighted mean U-Pb age (Fig. 4.19) of 253.4 ± 

4. 3 Ma ( Fig.  4. 11b)  probably indicate the magmatism related to Palaeo- Tethys 

subduction beneath the Indochina Terrane during Late Permian (Charusiri et al., 1993; 

Intasopa, 1993; Intasopa and Dunn, 1994; Charusiri et al., 2002; Shabani and Lalonde, 

2003; Zaw et al., 2007; Sone and Metcalfe, 2008; Barr and Charusiri, 2011; Metcalfe, 

2011b, a, 2013; Kamvong et al., 2014; Zaw et al., 2014; Fanka et al., 2016).  This age 

is also consistent with available U-Pb zircon age of mafic-ultramafic plutonic rocks in 

the study area (257 Ma, Fig. 3.9), which is interpreted as the emplacement age of the 

mafic magma within the lower crustal level (Fanka et al., 2016).  This event probably 

reflects arc magmatism in the Loei Fold Belt during Late Permian/Earliest Triassic 

( 254- 250 Ma, U- Pb zircon ages of granitic rocks and volcanic rocks reported by 

Khositanont et al. (2008); Salam et al. (2014); Zaw et al. (2014))  or Permian-Triassic 

arc magmatism related to Palaeo- Tethys subduction under Indochina (Sone and 

Metcalfe, 2008; Metcalfe, 2011b, a; Sone et al., 2012; Metcalfe, 2013). 

The biotite-hornblende granite with the abundant weighted mean U-Pb age (Fig. 

4.19) of 237.8 ± 3.8 Ma (Fig. 4.13b) is interpreted as a pluton formed by arc magmatism 

related to subduction during Middle Triassic (Charusiri et al., 2002; Zaw et al., 2007; 

Salam et al., 2014; Zaw et al., 2014), which is comparable to the published ages of 

Triassic granitic ( 238- 249 Ma U- Pb zircon ages reported by Zaw et al. (2007); 

Kamvong et al. (2014); Salam et al. (2014))  and volcanic rocks ( 237-238 Ma Ar-Ar 

ages reported by Intasopa (1993)).  The results of this study therefore indicate Triassic 

plutonic emplacement within the Loei Fold Belt (Bunopas, 1981; Zaw et al., 2007; 
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Salam et al., 2014; Zaw et al., 2014) with regarding to the major I- type granite in 

Eastern Granite Belt (Cobbing et al., 1986; Cobbing et al., 1992; Nakapadungrat and 

Putthapiban, 1992; Charusiri et al., 1993; Searle et al., 2012) of Thailand.  In contrast, 

the older zircon U-Pb age of 308.5 ± 5.7 Ma in the biotite-hornblende granite which is 

similar to the dominant weighted mean U-Pb age of 314.6 ± 4.4 Ma (Fig. 4.13b) from 

the biotite granite and other magmatic rocks of the Loei Fold Belt (Zaw et al., 2007; 

Qian et al., 2015), may indicate the inherited age of Late Carboniferous magmatism in 

this area. The oldest mean weighted U-Pb age of 429.0 ± 24 Ma (Fig. 4.13b) might also 

be interpreted as the inherited zircon from the older arc-related magmatism of the Loei 

Fold Belt ( 428-434 Ma of U-Pb zircon ages by Khositanont et al. (2008) and 423 Ma 

of U-Pb zircon age reported by Zhao et al. (2016)).  

 

 

 

 

 

 

 



 

 

CHAPTER 5  

CONCLUSION AND RECOMMENDATION 

5.1 Conlusions 

Petrology, mineral chemistry, whole-rock geochemistry and zircon U-Pb 

geochronology of the studied mafic-ultramafic rocks and granitic rocks of the Wang 

Nam Khiao plutonic complex can be concluded below. 

1) Plutonic rocks in the Wang Nam Khiao area, Nakhon Ratchasima can 

be classified into mafic-ultramafic plutonic rocks (i.e., hornblendite, hornblende gabbro 

and hornblende microgabbro) and granitic rocks (i.e., biotite granite, hornblende 

granite, and biotite-hornblende granite).  

2) Mineral assemblages, mineral chemistry and whole-rock geochemistry 

indicate that both the mafic-ultramafic plutonic rocks and the granitic rocks appear to 

have evolved from the I-type affinity related to hydrous calc-alkaline magma.  

3) Enrichment of LILE (e.g., Ba, K, Sr) and depletion of HFSE (e.g., Nb, 

Ta, Zr) together with compositions of clinopyroxene and hornblende in the mafic-

ultramafic plutonic rocks indicate arc-related subduction within continental arc setting.  

4) LILE enrichment (e.g., K, Sr, Th, U), HFSE depletion (e.g., Nb, Ti) and 

compositions of biotite and hornblende in all granitic rocks reflect arc-derived magma 

in subduction zone which the high steep LREE/HREE patterns introduce the low degree 

of partial melting. 

5) P-T conditions of crystallization are estimated at 5.3-9.8 kbar with 670-

1,000 oC, 7.6-9.0 kbar with 850-950 oC, and 7.6-8.8 kbar with 750-850 oC for 

hornblendite, hornblende gabbro and hornblende microgabbro, respectively. On the 

other hand, those of granitic rocks are calculated at 3.0-5.8 kbar with 700-820 oC, and 

2.0-3.2 kbar with 600-750 oC for the hornblende granite and biotite-hornblende granite, 

respectively. 

6) Based on equilibrated pressures of these plutonic rocks, their intrusion 

depths can be then estimated as following. Intrusion depths of mafic-ultramafic plutonic 

rocks are about 28-31 km equivalent to the lower crust. On the other hand, granitic 
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rocks appear to have crystallized at the depth of about 10-15 km in the middle to upper 

crust. 

7) These mafic-ultramafic plutonic rocks and granitic rocks were emplaced 

at different periods in different depths of arc-related subduction environment which 

appears to have produced multi-stages of magmatism, accordingly. 

8) According to zircon U-Pb geochronology, the sample of hornblende 

microgabbro intruded into hornblendite yields 257 Ma which corresponds to the 

minimum age of the mafic-ultramafic emplacement. These mafic-ultramafic magmas 

appear to have been generated by Late Permian arc magmatism resulted from 

subduction of Palaeo-Tethys beneath the Indochina Terrane. Representative samples of 

biotite granite, hornblende granite and biotite-hornblende granite, yield 314.6-284.9 

Ma, 253.4 Ma, and 237.8 Ma, respectively, these results introduce the multiple arc-

magmatism from Palaeo-Tethys subduction beneath Indochina Terrane during the Late 

Carboniferous/Early Permian, Late Permian, and Middle Triassic. The tectonic model 

of this study area can be reconstructed as shown in Figs. 5.1 to 5.4. 

Several models of tectonic evolution in Thailand and Southeast Asia have been 

suggested by several researchers (Bunopas and Vella, 1983; Bunopas et al., 1989; 

Bunopas and Vella, 1992; Charusiri et al., 1993; Charusiri et al., 2002; Metcalfe, 2002; 

Zaw et al., 2007; Sone and Metcalfe, 2008; Barr and Charusiri, 2011; Metcalfe, 2011b, 

a; Searle et al., 2012; Metcalfe, 2013; Kamvong et al., 2014; Zaw et al., 2014; Ng et al., 

2015a; Ng et al., 2015b). Based on petrology, mineral chemistry, geochemistry, and 

geochronology gained from this study as well as previously proposed regional tectonic 

models (Metcalfe, 2011b, 2013; Zaw et al., 2014), a new tectonic evolution model is 

suggested in Fig. 5.4.  

Previous studies suggested that subduction of Palaeo-Tethys beneath the 

Indochina Terrane taken place during Carboniferous to Triassic (Bunopas, 1981; Sone 

and Metcalfe, 2008; Metcalfe, 2011b, 2013) and multiple arc magmatisms (Sone and 

Metcalfe, 2008; Metcalfe, 2011b, 2013; Salam et al., 2014) with formation of the Loei 

Fold Belt (Kamvong et al., 2014; Salam et al., 2014; Zaw et al., 2014) have given rise 

to the growth of the Sukhothai Arc and the generation of the Nan – Sra Keao arc/back-

arc (Ueno and Hisada, 2001; Sone and Metcalfe, 2008; Metcalfe, 2011b, 2013). 
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During Late Carboniferous (Fig. 5.1), arc magmatism resulted from Palaeo-

Tethys subduction under the Indochina Terrane might have started (Bunopas, 1981; 

Sone and Metcalfe, 2008; Metcalfe, 2011b, 2013) and continued through Early/Middle 

Permian (Sone and Metcalfe, 2008; Metcalfe, 2011b, 2013; Zaw et al., 2014). The Nan-

Sra Kaeo Suture arc/back-arc basin had also formed during these periods (Ricou, 1994; 

Ueno and Hisada, 1997, 2001; Sone and Metcalfe, 2008). 

 

 

Figure 5.1 Schematic tectonic model of arc magmatism along Palaeo-Tethys 

subducted beneath Indochina and emplaced the biotite granite in the Wang Nam 

Khiao area, Nakhon Ratchasima, Thailand during Late Carboniferous to Early 

Permian (modified after Sone and Metcalfe (2008); Metcalfe (2011a, 2011b, 2013)).  

 

The arc-related subduction continued during Late Permian (Sone and Metcalfe, 

2008; Salam et al., 2014; Zaw et al., 2014; Fanka et al., 2016) with the emplacement of 

mafic-ultramafic plutonic rocks (Fanka et al., 2016) and the hornblende granite (Fig. 

5.2), while Nan-Sra Kaeo Suture arc/back-arc collapsed (Sone and Metcalfe, 2008; 

Ridd, 2012; Salam et al., 2014; Zaw et al., 2014).  
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Figure 5.2 Schematic tectonic model of arc magmatism of Palaeo-Tethys subducted 

beneath Indochina and emplaced the mafic-ultramafic rocks and the hornblende 

granite in the Wang Nam Khiao area, Nakhon Ratchasima, Thailand during Late 

Permian (modified after Sone and Metcalfe (2008); Metcalfe (2011a, 2011b, 2013)).  

 

During Middle Triassic (Fig. 5.3), the arc magmatism related to subduction of 

Palaeo-Tethys beneath progressive Indochina occurred and led to the formation of 

biotite-hornblende granite as a result of the collision between Sibumasu and Indochina, 

which probably had continued to Late Triassic (Sone and Metcalfe, 2008; Ridd, 2012; 

Salam et al., 2014).  

 

Figure 5.3 Schematic tectonic model of arc magmatism of Palaeo-Tethys subducted 

beneath Indochina and emplaced the biotite-hornblende granite in the Wang Nam 
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Khiao area, Nakhon Ratchasima, Thailand during Middle Triassic (Sone and 

Metcalfe, 2008; Metcalfe, 2011a, b, 2013).  

In summary, the granitic rocks of this study appear to have originated by the 

calc-alkaline magmas related to subduction reflecting the magmatism of the LFB during 

Late Carboniferous to Middle Triassic (Fig. 5.4). 

 

Figure 5.4 Schematic tectonic evolution model of the Wang Nam Khiao area, Nakhon 

Ratchasima, Thailand during Late Carboniferous to Middle Triassic (modified after 

Sone and Metcalfe (2008); Metcalfe (2011a, 2011b, 2013)). 
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5.2 Recommendation  

Although, this thesis research was carefully designed and carried out, the author has 

found some points which should be suggested for further studies.  

1. Fused bead samples may be prepared for whole-rock geochemical analyses 

using XRF for more accurate results.  

2. Volcanic rocks exposed in the Wang Nam Khiao area, Changwat Nakhon 

Ratchasima should be studied to combine with the results of this study to understand 

and construct genesis model and magmatism within this region. 

3. Because the evidence of Sukhothai Terrane (ST) disappears in the study area, 

detailed study on the igneous rocks in the other parts in the middle Thailand should be 

carried out to understand the missing of ST in this region.  
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APPENDIX  

GEOTHERMOBAROMERTY CALCULATION 

The several mineral equilibriums such as amphibole and plagioclase ( e. g. 

Blundy and Holland, 1990; Holland and Blundy, 1994; Schmidt, 1992; Anderson and 

Smith, 1995; Anderson, 1996; Ague, 1997; Stein and Dietl, 2001), will be engaged for 

P-T calculation.  For instance, the P-T calculation can be carried out by hornblende-

plagioclase geothermometer and Al in hornblende geobarometer for the main 

geothermobarometry of this study.  

 

1. Geothermometer 

1.1 Amphibole – plagioclase geothermometer: The amphibole – plagioclase 

geothermometer has been commonly used for temperature calculation ( Blundy and 

Holland, 1990; Holland and Blundy, 1 9 9 4) .  Based on the experimental data of 

coexisting amphibole and plagioclase, Holland and Blundy ( 1 9 9 4)  suggested two 

geothermometers based on the edenite- tremolite reaction ( Reaction A)  and edenite-

richterite reaction (Reaction B) below.  

 

 

 

 

 

According to two reaction above, the edenite- tremolite geothermometer and 

edenite-richterite geothermometer were suggested for quartz-bearing rocks (eq. 1) and 

quartz-free rocks (eq.  2) , respectively, with reported uncertain calibration of +  40 oC. 

The detailed equations to calculate temperature of both geothermometers are explained 

by the following equations with R=0.0083144 kJ K-1 mol-1. 

 

𝑻𝑨 =  
−𝟕𝟔.𝟗𝟓+𝟎.𝟕𝟗𝑷+𝒀𝒂𝒃+𝟑𝟗.𝟒 𝑿𝑵𝒂

𝑨 +𝟐𝟐.𝟒𝑿𝑲
𝑨 +(𝟒𝟏.𝟓−𝟐.𝟖𝟗𝑷).𝑿𝑨𝒍

𝑴𝟐

−𝟎.𝟎𝟔𝟓𝟎−𝑹∙𝐥𝐧 (
𝟐𝟕∙𝑿∎

𝑨 ∙𝑿𝑺𝒊
𝑻𝟏∙𝑿

𝒂𝒃
𝒑𝒍𝒂𝒈

𝟐𝟓𝟔∙𝑿𝑵𝒂
𝑨 ∙𝑿𝑨𝒍

𝑻𝟏 )

  ……………………….(eq. 1) 



 

 

135 

 

Where 𝑌𝑎𝑏 term is given by: for  𝑋𝑎𝑏 > 0.5 then 𝑌𝑎𝑏 = 0  

Otherwise 𝑌𝑎𝑏 = 12.0(1 −  𝑋𝑎𝑏)2 − 3.0 𝑘𝐽 

 

𝑻𝑩 =  
𝟕𝟖.𝟒𝟒+𝒀𝒂𝒃−𝒂𝒏− 𝟑𝟑.𝟔 𝑿𝑵𝒂

𝑴𝟒−(𝟔𝟔.𝟖−𝟐.𝟗𝟐𝑷).𝑿𝑨𝒍
𝑴𝟐+𝟕𝟖.𝟓𝑿𝑨𝒍

𝑻𝟏+𝟗.𝟒𝑿𝑵𝒂
𝑨

𝟎.𝟎𝟕𝟐𝟏−𝑹∙𝐥𝐧 (
𝟐𝟕∙𝑿𝑵𝒂

𝑴𝟒∙𝑿𝑺𝒊
𝑻𝟏∙𝑿𝒂𝒏

𝒑𝒍𝒂𝒈

𝟔𝟒∙𝑿𝑪𝒂
𝑴𝟒∙𝑿𝑨𝒍

𝑻𝟏∙𝑿
𝒂𝒃
𝒑𝒍𝒂𝒈)

  …………………(eq. 2) 

Where 𝑌𝑎𝑏−𝑎𝑛 term is given by: for 𝑋𝑎𝑏 > 0.5 then 𝑌𝑎𝑏−𝑎𝑛 = 3.0 𝑘𝐽  

Otherwise 𝑌𝑎𝑏−𝑎𝑛 = 12.0(2𝑋𝑎𝑏 − 1) + 3.0 𝑘𝐽 

 

T is the temperature in Kelvins, P is the pressure in kbar and the 𝑋𝑖
∅ term denotes 

the molar fraction of species (or component) i in phase (or crystallographic site) ϕ 

The required site term of amphibole for these calculation equations are defined 

as follows: 

cm = Si+Al+Ti+Fe3+ +Fe2+ +Mg+Mn-13.0 

𝑿𝑺𝒊
𝑻𝟏  = (Si-4)/4 

𝑿𝑨𝒍
𝑻𝟏  = (8-Si)/4 

𝑿𝑨𝒍
𝑴𝟐  = (Al+Si-8)/2 

𝑿𝑲
𝑨    = K  

𝑿∎
𝑨    = 3-Ca-Na-K-cm  

𝑿𝑵𝒂
𝑨   = Ca+Na+cm-2  

𝑿𝑵𝒂
𝑴𝟒  = (2-Ca-cm)/2  

𝑿𝑪𝒂
𝑴𝟒  = Ca/2  

The calculation terms of plagioclase are required as follows: 

𝑿𝒂𝒏
𝒑𝒍𝒂𝒈

  = Ca/(Ca+Na)  

𝑿𝒂𝒃
𝒑𝒍𝒂𝒈

  = Na/(Ca+Na)  

 

These thermometers can be applied to calculate the temperature of the rocks, 

both igneous rocks and metamorphic rocks, which contain plagioclase and amphibole 

assemblages.  
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1. 2 Biotite geothermometer:  the temperature of crystallization can be also 

carried out by the other geothermometers such as biotite geothermometer in eq.  3 

(Henry et al., 2005) with the precision of +24 oC. 

 

 

 

Where T is temperature in oC, Ti is the atoms per formula unit based on 22 of 

oxygen, XMg is Mg/(Mg+Fe) and a, b, c are parameters (a = -2.3594, b = 4.6482x10-9, 

c = -1.7283). 

 

2. Geobarometer 

2.1 Hornblende geobarometer: The Al in hornblende has been widely used to 

calculate the crystallization pressure of magmatic rocks (Hammarstrom and Zen, 1986; 

Hollister et al. , 1987; Schmidt, 1 9 9 2 ) .  The total Al content of calcic amphibole has 

correlation with the pressure which was confirmed by experimental studies ( Hollister 

et al., 1987; Johnson and Rutherford, 1989; Schmidt, 1992; Anderson and Smith, 1995). 

The calibration equation of Schmidt ( 1992)  ( eq.  4)  has been chosen to estimate the 

crystallization.  

 

P (+ 0.6 kbar) = -3.01 + 4.76 Altot  ………………………………………(eq. 4) 

 

Where P is the pressure in kbar, Altot is the total aluminum content of 

hornblende in atoms per formula unit.  

 

2.2 Biotite geobarometer: The biotite geobarometer suggested by Etsuo et al. 

(2007) can be employed to calculate the solidification pressure (P) of the host granitic 

rocks by using the total Al content in biotite. The good positive correlation can be seen 

between the total Al content in biotite and the solidification pressure by eq. 5. 

 

P (+ 0.33 kbar) = 3.0 TAl – 6.53 …………………………………….…. (eq. 5) 
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Where P is the pressure in kbar, TAl is the total aluminum content of biotite 

(based on oxygen = 22) 
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