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Plutonic complex with a variety of rock has been discovered in Wang Nam Khiao Area,
Changwat Nakhon Ratchasima. These rocks can be classified, based on petrographic features as mafic-
ultramafic rocks (i.e., hornblendite, hornblende gabbro, and hornblende microgabbro) and granitic rocks
(i.e., biotite granite, hornblende granite, and biotite-hornblende granite). Mineral chemistry and whole-
rock geochemistry indicate that these mafic-ultramafic rocks and granitic rocks, significantly I-type
granite, appear to have been formed by crystallization from the hydrous calc-alkaline magma. Both of
the mafic-ultramafic and granitic rocks show similar enrichment of LILE (e.g. Ba, K, Sr) and depletion
of HFSE (e.g. Nb, Ta, Zr). Moreover, mineral chemistries of particular minerals (e.g., clinopyroxene,
hornblende and biotite) indicate arc-related subduction forming the continental arc. Amphibole-
plagioclase thermometry and Al in hornblende barometry are selected appropriately to estimate PT
conditions of crystallization. The mafic-ultramafic rocks yield 5.3-9.8 kbar and 670-1,000 °C whereas
the granitic rocks are estimated at 2.0-5.8 kbar and 600 - 820 °C. Therefore, the mafic-ultramafic rocks
appear to be stored and crystallized at 28-31 km depth of the lower crust while the granitic rocks may
have intruded into the middle to upper crust at about 10-15 km depth. Zircon U-Pb age dating yields 257
Ma of mafic-ultramafic rocks, 314.6 Ma and 284.9 Ma of Carboniferous biotite granite, 253.4 Ma of Late
Permian hornblende granite, and 237.8 Ma of Triassic biotite-hornblende granite. These data introduce
the genetic model of multiple arc-related magmatism in association with Palaeo-Tethys subduction

beneath the Indochina Terrane during Late Carboniferous/Early Permian, Late Permian, and Middle

Triassic.
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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



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.
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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);



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 um). The rock slab



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 um, 3 um, and 1 um 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 (3um) 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 Fe?" and Fe**
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, FeOxota, MNO, MgO, CaO, Na0, K20 and P.Os) 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.



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. 2WK®6) (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 (?°°Pb/?3U=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/cm? 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 2%Pb and 2°’Pb (Williams, 1998) were pprocessed, on the

basis of the proposed model for common Pb compositions by Stacey and Kramers



(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



in chapter 4 which both chapters are conformed to the manuscripts mentioned above.

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



(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
etal., 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., 19814, 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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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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- Mesozoic Khorat Group
- Permian Saraburi Group

- Permo-Triassic volcanics
- Triassic granite

————  Main road

N/~ Escarpment ed

ge,
with moderate dip of dip-slope

50 km

Prachin Buri

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 14° 15° — 14° 33’ N and longitude 101° 37’ - 101° 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.



16

o o,
101 45 101 50
1 1

14°30

14°25'

14°20'

14°15

T T
101°45' 10150’

LEGEND

Igneous rocks

Plutonic rocks

Sl

Sedimentary rocks

and local
- Triassic: biotite-hornblende granite, biotite-hornblende diorite
- Late Permian: granite, diorite
- Late Permian: gabbro and

Carboniferous: biotite granite, biotite-muscovite granite
Volcanic rocks

yolite, ite, and iated fuff and B and reor

phyllitic shale, siltstone and sandstone

15

SYMBOLS Granitic rocks mafic-ultramafic plutonic rocks
Road v - Biotite-hornblende granite @ - Hornblendite
S JAPPEOmAtE feut [l - Hornblende granite [ - Homblende gabbro
® Town @ - Biotite granite

A - Hornblende microgabbro

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,



Figure 2.4 The exposures of rocks in the study area: (a, b) natural outcrops; (c, d)

artificial quarry in the (e) rolling land.
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Table 2.1 Sample locations of the plutonic rocks in the study area.

Sample location Sampl Rock type Rock unit
Easting Northing  ¢™°

795612 1597861 WK1 hornblendite maficultramafic rocks
795124 1599851 WK2 hornblendite

795463 1599628 WK3 hornblendite

794995 1601513 WK9 hornblendite

795523 1597763 WKI10 hornblendite & marble

794699 1598593 2WK5 hornblendite

794568 1599016 2WK7 hornblendite

794427 1598147 2WKS hornblendite

795634 1597837 2WK9 hornblendite

795472 1601598 2WKI12  hornblendite

796987 1599951 WK4 hornblende gabbro

797658 1601898 WK5 hornblende gabbro

798731 1603105 WK6 hornblende gabbro

797743 1603105 WK7 hornblende gabbro

798315 1602019 WK8 hornblende gabbro

794605 1598514 2WK6 hornblende microgabbro & hornblendite

795079 1602682 2WK14  biotite granite&spotted slate biotite granite
792765 1603009 3WKe6 biotite granite

793579 1602545 3WK7 biotite granite

794265 1602682 3IWKS biotite granite

794692 1602616 3WK9 biotite granite

799208 1603665 3WKI10 biotite granite

798708 1603648 3WKI11  biotite granite

798576 1603882 3WKI12  biotite granite

797301 1603056 WKG1  biotite granite

798878 1603632 2WKI0  biotite granite

809124 1587459 3WKI19  hornblende diorite hornblende granite
807213 1588362 3WK20  hornblende granite

804800 1587214 3WK23  hornblende diorite

806188 1585002 3WK24  hornblende diorite

808110 1586484 2WK1 hornblende diorite

806067 1585784 3WK26 hornblende diorite

809260 1583423 3WK28  hornblende diorite

809151 1583749 3WK27  hornblende granite

804863 1590387 3WK30  hornblende diorite

805912 1585216 2WK4 hornblende diorite




Table 2.1 (cont.)
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Sample location Sample Rock type Rock unit
Easting Northing o.

805995 1589493 3IWK21 hornblende diorite hornblende granite
809968 1587579 3WKI18 hornblende granite

805991 1587632 3WK22 hornblende diorite

806273 1586840 2WK2 hornblende diorite

806569 1585761 3WK25 hornblende diorite

806100 1584729 2WK3 hornblende diorite

808658 1583765 3IWK29 hornblende diorite

803410 1589768 3WK31 hornblende diorite

796392 1602725 2WKI11 biotite-hornblende diorite biotite-hornblende granite
796001 1602401 2WK13 biotite-hornblende diorite

795873 1602788 2WKI15 biotite-hornblende granite

786709 1601488 3WK1 biotite-hornblende diorite

788490 1601954 3WK2 biotite-hornblende diorite

791099 1602109 3WK3 biotite-hornblende diorite

791788 1602889 3WK4 biotite-hornblende diorite

792354 1603210 3WKS biotite-hornblende granite




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 2WK®6), (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).



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).



26

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 %SiO,, 13-15
%Al>03, 13-14 %MgO, 11-12 %Ca0, 10-12 %FeOy, and 2 %Na20 of hornblendite, 40-
42 %Si0z, 13-14 %Al»03, 11-13 %MgO, 12 %Ca0, 12-14 %FeOy, and 2 %Na20 of
hornblende gabbro, and 40-42 %SiO, 13-14 %Al>03, 9-10 %Mg0O, 11 %Ca0, 16-17
%FeOy, and 2 %Na.0 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 Xwuyg
(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 TiO>=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% Al:03, 18-19% CaO, 1% Na»O, while the hornblende gabbro shows
plagioclase composition varying about 45-46% SiO., 34-35% Al203, 18% CaO, 1%
Na20, and the hornblende gabbro reveals plagioclase composition ranges of 45-57%
SiOy, 27-35% Al03, 10-18% Ca0, 1-6% Na.0.

The plagioclase in hornblendite presents significantly higher anorthite (An)
contents (Ang-04, Which is classified as anorthite) than that in hornblende gabbro
(corresponding to labradorite to anorthite in composition, Angs-o1), While composition
of plagioclase in hornblende microgabbro reveals the lowest anorthite contents (Anaz-
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
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ratio (Fig. 3.4c), although clinopyroxene in hornblendite is slightly enriched in Xwg
(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.

Rock type Hornblendite Hornblende gabbro

g'

‘ 5 3 35 3 3 T 3 3
; : 5 F § ¢ 5 % &%
Remark Core Rim Core Rim Rim Core Rim Core
Si0, 3996 4172 3991 4108 4247 4102 4062 4068
AlLO, 15.18 13.34 15.28 1422 13.44 12.86 1348 13.70
Ti0, 1.87 1.64 1.94 1.69 1.87 193 1.95 1.88
Cr,04 0.02 0.00 0.00 0.04 0.02 002 0.01 0.00
FeO 11.75 11.14 10.39 10.32 10.12 13.62 13.67 13.56
MnO 0.16 012 0.13 0.13 0.12 020 020 025
MgO 12.65 13.55 13.51 13.83 13.69 1190 1146 1174
CaO 12.20 12.26 12.02 1221 1146 11.71 11.84 11.65
Na,O 217 214 225 212 224 229 226 230
K,0 0.63 052 061 0.56 057 0.68 077 073
Cl 0.05 0.01 001 0.00 0.04 007 0.08 0.05
F 0.02 0.01 0.01 0.02 0.03 002 0.02 0.02
Total 96.67 9644 9607 9622 9607 9631 9634  96.55
23 (O)
Si 5969 6206 5956 6107 6290 6200 6145 6132
Al 2672 2338 2686 2491 2345 2290 2403 2432
Ti 0210 0183 0218 0189 0209 0219 0221 0213
Cr 0003 0000 0000 0004 0003 0.002  0.001 0.000
Fe3+ 0000 0000 0000 0000 0.000 0000 0.000 0.000
Fe2+ 1467 1.386 1.297 1283 1254 1.721 1.729 1.709
Mn 0020 0015 0017 0016 0016 0026 0026 0032
Mg 2815 3002 3004 3063 3019 2679 2582 2635
Ca 1952 1.953 1921 1944 1818 1.896 1919 1.881
Na 0628 0617 0650 0612 0643 0671 0663 0671
K 0.121 0098 0.116 0107 0.108 0.131 0.148 0.141
Total 15858 15799 15866 15816 15703 15835 15837 15845
Mg/(Fe+Mg) 0.66 0.68 0.70 0.70 0.71 061 0.60 061

Na+K 0.75 0.71 0.77 0.72 0.75 0.80 0.81 0.81




Table 3.1 (cont.).

Rock type

Hornblende gabbro Hornblende
microgabbro

g

= N i n & Nt
g <t <t <t v v
7 = £ E z  Z
Remark Rim Core Rim Core Rim
Si0, 4048 40.50 41.64 4047 4244
AL, 1421 1440 12.58 13.75 12.50
TiO, 1.81 1.85 1.80 1.56 1.11
Cr,0, 0.01 0.00 0.01 0.03 0.01
FeO 13.04 11.65 13.70 1701 16.20
MnO 0.20 0.18 0.21 029 0.30
MgO 11.74 12.94 11.93 942 9.79
CaO 11.86 11.78 11.94 1126 1138
Na,O 235 240 2.06 2.03 1.81
K,0 0.70 0.59 0.67 0.64 0.60
Cl 0.00 0.01 0.01 0.10 0.00
F 0.03 0.03 0.04 0.05 0.05
Total 9643 96.34 96.59 96.61 96.18
23 (O
Si 6.093 6.060 6.266 6.183 6.450
Al 2521 2539 2231 2475 2239
Ti 0204 0208 0204 0.179 0.126
Cr 0.001 0.000 0.001 0.004 0.001
Fe3+ 0.000 0.000 0.000 0.000 0.000
Fe2+ 1.642 1.457 1.724 2172 2.058
Mn 0.026 0.023 0.026 0.037 0.039
Mg 2633 2.885 2,675 2.143 2217
Ca 1912 1.888 1.924 1.843 1.851
Na 0.685 0.696 0.601 0.599 0532
K 0.134 0113 0.129 0.125 0.115
Total 15851 15868 15780 15761 15628
Mg/ Fe+Mg) 0.62 0.66 0.61 0.50 052

Na+K 0.82 0.81 0.73 0.72 0.65
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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.
Rock
type Hornblendite Hornblende gabbro
Analysis
no. WK2-1  WK2-1 WK22 WK22 WK42  WK42 WK41 WK43
Remark P1129 PI134 PI137 P1138 Pl 146  Pl147 P1143  P1148
SiO, 4455 4482 4478 4375 4599 46.14 4598 4499
AlO; 3478 34.67 35.14 34.86 34.11 34.07 34.34 3461
TiO, 0.00 001 0.00 0.02 0.00 0.00 0.00 0.00
FeOr 0.27 0.39 0.28 0.26 032 0.25 024 0.28
MnO 0.00 0.01 0.00 0.00 0.00 0.03 0.03 0.04
MgO 0.00 0.02 0.03 0.01 0.00 0.00 0.02 0.00
Ca0 1892 18.80 18.83 1823 17.68 17.69 17.86 18.33
Na,O 0.68 0.77 0.66 092 1.37 1.36 122 0.99
K,O 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.00
Total 9926 99.56 99.76 98.08 99.46 99.54 99.76 99.25
8 (O
Si 2075 2.082 2073 2061 2129 2134 2123 2.093
Al 1.909 1.897 1917 1.935 1.861 1.856 1.868 1.896
Ti 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe2+ 0.011 0.015 0.011 0.010 0012 0.010 0.009 0011
Mn 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.001
Mg 0.000 0.002 0.002 0.000 0.000 0.000 0.001 0.000
Ca 0.944 0935 0.934 0.920 0.877 0.876 0.883 0913
Na 0.061 0.069 0.059 0.084 0.122 0.122 0.109 0.089
K 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Total 5.002 5.004 4.998 5012 5.002 5.000 4997 5.004
An 0.94 0.93 094 092 0.88 0.88 0.89 091
Ab 0.06 0.07 0.06 0.08 0.12 0.12 0.11 0.09
Or 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00




Table 3.2 (cont.).
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Hornblende gabbro

Hornblende microgabbro

Rock type

Analysis no. WK6-2 WK6-2 2WK6

Remark PI 151 PI 152 P1169

SiO, 4582 4639 53.90 56.77
Al,O4 3441 3448 2920 2740
TiO, 0.00 0.00 0.00 0.07
FeOr 0.25 0.18 0.11 0.06
MnO 0.03 0.03 0.00 0.00
MgO 0.00 0.00 0.03 0.02
CaO 17.97 17.63 11.65 9.68
Na,O 1.29 1.34 492 6.02
K,0 0.02 0.01 0.05 0.06
Total 99.83 100.08 99.85 100.07
8O

Si 2116 2132 2439 2.546
Al 1.872 1.867 1.557 1.448
Ti 0.000 0.000 0.000 0.002
Fe3+ 0.000 0.000 0.000 0.000
Fe2+ 0.010 0.007 0.004 0.002
Mn 0.001 0.001 0.000 0.000
Mg 0.000 0.000 0.002 0.001
Ca 0.889 0.868 0.564 0.465
Na 0.115 0.119 0431 0.523
K 0.001 0.001 0.003 0.003
Total 5.006 4995 5.000 4991
An 0.88 0.88 0.57 047
Ab 0.11 0.12 043 0.53
Or 0.00 0.00 0.00 0.00
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Table 3.3 Representative EPMA analyses of clinopyroxene in hornblendite and
hornblende gabbro in the Wang Nam Khiao, Nakhon Ratchasima, Thailand.

Rock type Hornblendite Hornblende gabbro
Analysis no WK3-1  WK3-1 WK33 WK33 WK4.2 WK4.2 WK4.1 WK4-1 WK62 WK62 WK83 WKS3

Remark Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim
Si0, 49.15 48.62 50.38 50.18 5047 53.08 49.10 5073 4891 4911 51.86 5043
Al O, 6.48 627 474 525 431 229 559 358 549 545 304 435
TiO, 0.71 0.72 0.52 0.63 0.38 0.44 0.77 0.55 0.74 0.73 029 0.58
Cry04 0.04 0.07 0.00 0.00 0.00 0.00 0.03 0.05 0.00 0.04 0.01 0.00
FeO 7.35 751 7.02 714 8.63 6.83 9.08 818 852 8.64 797 845
MnO 0.19 013 011 0.16 027 023 029 026 025 024 021 028
MgO 13.36 1331 13.63 1373 12.85 13.94 12.01 12.68 12.79 13.09 14.09 13.59
CaO 22.80 2261 2393 2299 2328 2453 2272 2404 2217 22.17 2236 21.77
Na,O 031 028 0.19 028 048 033 043 033 041 044 042 0.50
K,0 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 001 0.00 0.01 0.01
Total 100.44 9952 10051 10037 99 54 9954 10003 10041 9929 9991 10029 9996
6(0)

Si 1.822 1.821 1.866 1.858 1.880 1.940 1.844 1.894 1.844 1.840 1.924 1.882
Al 0.283 0277 0.207 0229 0189 0099 0.247 0.158 0244 0.241 0.133 0.191
Ti 0.020 0.020 0.014 0018 0.011 0.012 0.022 0.015 0.021 0.021 0.008 0.016
Cr 0.001 0.002 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.000
Fe3- 0.000 0.000 0.000 0.000 0.000 0.000 0000 0000 0000 0.000 0.000 0.000
Fe2+ 0.228 0235 0217 0221 0269 0.209 0.285 0255 0269 0271 0247 0.264
Mn 0.006 0.004 0.004 0.005 0.009 0.007 0.009  0.008 0.008 0.008 0.007 0.009
Mg 0.738 0743 0.752 0757 0713 0.759 0672 0.705 0718 0.731 0778 0.755
Ca 0.905 0907 0.949 0912 0929 0.960 0914 0961 0.895 0.890 0.888 0.870
Na 0.022 0021 0014 0020 0035 0024 0031 0024 0030 0032 0030 0036
K 0.000 0.000 0.000 0.000 0.000 0.000 0000  0.000 0000 0.000 0.000 0.000
Total 4.027 4029 4023 4.020 4.033 4.010 4026 4023 4028 4034 4017 4.024

MgFe-Mg) 0.760 0760 0780 0770 0.730 0780 0700 0730 0730 0.730 0.760 0.740
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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 % Al203, 10.24-11.90 % FeOxotal, 0.01-
0.11 % MnO, 12.04-13.37 % MgO, 11.61-14.97 % CaO, 1.79-2.30 % Na.0, 0.48-0.72
% K20, 0.03-0.11 % P20s, 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 Sh, 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 % Si03, 0.90-1.84 % TiO», 13.37-20.27 % Al203, 11.78-19.29 % FeOxotal, 0.15-
0.19 % MnO, 7.01-10.17 % MgO, 12.74-14.38 % Ca0, 1.19-1.74 % Na20, 0.31-0.47
% K20, 0.02-0.04 % P20s, 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 Sh, 1.90-2.94 Sm, 1.00
Sn, 0.40-0.57 Th, 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 % SiOz, 1.15 % TiO2, 22.18 % Al>03, 9.96 % FeOtotal, 0.10 %
MnO, 3.05 % MgO, 10.25 % CaO0, 3.41 % Na20, 1.16 % K0, 0.05 % P20s, 2.24 %
LOIL. 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 Th, 0.15 Th, 0.12 Tm,
0.09 U, 0.80 W, 9.50Y, 0.72 Yb, and 120.00 Zr.

Major compositions of all hornblendite, hornblende gabbro and hornblende
microgabbro show low SiO; contents varying from 41.71-43.60 wt%, 37.92-45.25 wt%
and 45.63 wt%, respectively. The Na.O+K:O contents of hornblendite and hornblende
gabbro are 2.27-3.02 wt% and 1.50-2.21 wt%, respectively, whereas hornblende
microgabbro shows higher Na,O+K>O content (4.57 wt%) and consistents with
abundance and composition of plagioclase. Interm of Mg# (100*Mg/Mg+Fe),
hornblendite shows high Mg# (51.39-54.34), TiO2 (1.30-1.85 wt%), and FeO; 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 FeO:(11.78-19.29 wt% for hornblende gabbro and 9.96 wt%
for hornblende microgabbro) and varying TiO (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 Al>Os (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 ( Na;O+ K>0) 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; Al203, MnO,
Na20 and K>0 show negative correlations (Figs. 3. 6b, d, g and h), whereas TiO, and
CaO exhibit positive correlations (Figs. 3.6e and f) against increasing of MgO. SiO>
and FeO¢ 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).



38

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).

Rack type Hornblendite Hornblende gabbro Hornblende

microgabbro
Composition ~ WK9-1  WK22  WK33 WK4-2  WK6-2 WKB8-3 2WK6
Si0, 4238 436 417 379 386 453 456
TiO, 1.85 130 1.66 146 1.84 0.90 1.15
AL O, 146 12.7 145 20.1 134 159 222
FeO, 112 102 119 16.6 193 118 996
MnO 0.01 001 0.11 0.15 0.19 0.17 0.10
MgO 134 12.0 126 7.01 9.21 102 3.05
CaO 116 150 123 127 144 13.0 103
Na,O 230 1.79 201 1.74 1.19 131 341
K,0 0.72 048 0.54 047 031 035 1.16
P,0s 0.11 0.09 0.03 0.04 0.02 <001 055
LOI 1.36 192 2.13 241 149 061 224
Total 100 99.1 99.5 101 999 995 99.7
Ba 80.0 80.0 89.0 122 63.0 80.0 210
Be <5.00 <5.00 < 1.00 <100 <100 <1.00 <100
Cr 150 140 60.0 20.0 40.0 250 300
Cu 140 30.0 100 40.0 50.0 100 400
Ni 420 13.0 40.0 <200 200 110 <200
Sc 115 93.0 103 350 520 49.0 14.0
Sr 290 320 337 670 378 522 1281
\Y% 658 491 589 413 683 433 182
Zn 430 36.0 50.0 80.0 80.0 70.0 110
Ag <1.00 <1.00 <050 <050 <050 <050 <0.50
As <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00
Bi <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Ce 540 470 4.89 8.16 522 6.37 17.7
Co 814 6050 61.0 410 54.0 50.0 17.0
Cs <010 020 <0.10 020 0.50 030 090

Dy 3.52 272 2.64 331 267 242 2.07
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Table 3.4 (cont.)
Rock type Hornblendite Hornblende gabbro Hornblende
microgabbr
0

Compositio WKA4-
n WK9-1 WK22 WK3-3 2 WK6-2 WKB83 2WK6
Er 1.71 134 1.38 1.77 148 133 092
Eu 091 0.74 077 1.01 0.80 0.68 1.37
Ga 140 140 12.0 180 16.0 15.0 230
Gd 327 2.68 2.53 345 253 240 331
Ge 2.00 2.00 140 1.00 140 140 0.80
Hf <1.00 <1.00 0.70 0.80 0.70 0.70 220
Ho 0.62 049 051 0.64 053 046 035
In <020 <020 <0.10 <0.10 0.10 <0.10 <0.10
La 1.50 1.50 1.60 279 1.65 225 6.58
Lu 0.20 0.14 0.14 023 0.17 0.16 011
Mo <200 <200 <2.00 <200 <200 <2.00 <2.00
Nb 1.00 <1 0.60 1.30 0.70 0.80 2.10
Nd 6.40 530 573 847 5.85 5.85 14.8
Pb <500 <500 <500 <500 <500 <500 <5.00
Pr 1.07 093 096 1.50 093 1.05 278
Rb 330 230 3.00 4.00 5.00 6.00 220
Sb <010 <010 0.50 0.50 440 0.50 0.60
Sm 2.50 2.10 1.96 294 2.14 1.90 3.87
Sn 2.00 200 <1.00 <100 1.00 1.00 1.00
Ta <050 <050 <001 004 <001 0.04 0.06
Tb 0.56 043 042 0.57 043 0.40 042
Th 0.10 0.10 0.16 <005 0.09 0.12 0.15
Tl <050 <050 <005 <005 <005 <005 0.10
Tm 026 0.19 0.18 025 0.20 0.18 0.12
U <005 <005 0.05 0.02 0.02 0.03 0.09
W 84.0 950 <050 1.00  <0.50 0.70 0.80
Y 165 12.8 125 162 13.0 11.7 9.50
Yb 1.40 1.00 1.02 1.58 1.18 1.05 0.72
Zr 189 198 220 230 220 220 120
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Figure 3.5 SiO2 and Na,O+K>0 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.
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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 °C. 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 °C, 850-950 °C
and 750-850 °C, 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 Al'", is experimentally calibrated the amount of
Al in hornblende in tonalite under H>O-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.

Hornblendite Hornblende gabbro Hornblende microgabbro
Rock type
- - S . A SR S S SRS
2 g 3 5§ S 0% ¢ 3 $ 8 ¢ ¢
g “ Y o i o v o ¥ = = = =
2 = = = = = = = = a a aQ [
Mineral Name Hb Hb Hb Hb Hb Hb Hb Hb Hb Hb Hb Hb
No. oxygen 23 23 23 23 23 23 23 23 23 23 23 23
Si0, 41.72 41.89 40.39 41.24 41.02 41.22 41.30 42.04 41.16 41.72 40.47 42.44
AlO; 13.34 14.73 14.82 14.52 12.86 13.40 13.76 13.40 13.19 12.91 13.75 12.50
TiO, 1.64 1.30 1.48 131 193 1.97 1.98 2.37 1.92 1.10 1.56 1.11
Cr,04 0.00 0.00 0.03 0.02 0.02 0.00 0.00 0.04 0.00 0.00 0.03 0.01
FeO, 11.14 10.43 11.16 11.62 13.62 12.33 12.29 12.03 16.48 16.13 17.01 16.20
MnO 0.12 0.10 0.10 0.15 0.20 0.19 022 0.16 0.28 0.31 029 0.30
MgO 13.55 13.36 12.95 13.00 11.90 12.00 12.45 12.56 9.83 10.01 9.42 9.79
Ca0 12.26 12.61 12.38 12.31 11.71 12.01 11.92 11.47 11.35 11.51 11.26 11.38
Na,O 2.14 2.01 2.01 1.98 229 1.58 2.00 1.94 2.16 193 2.03 1.81
K,0 0.52 0.37 0.48 0.47 0.68 0.67 0.58 0.63 0.49 0.68 0.64 0.60
Total 96.42 96.80 95.81 96.62 96.22 95.86 96.50 96.64 96.86 96.28 96.45 96.14
Formula 23(0)
Si 6.13 6.10 5.97 6.04 6.14 6.14 6.10 6.18 6.18 6.28 6.11 6.39
Al 231 253 2.58 2.51 2.27 235 2.39 232 233 229 244 222
Ti 0.18 0.14 0.16 0.14 0.22 022 022 0.26 0.22 0.12 0.18 0.13
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Fes. 0.53 0.48 0.63 0.64 0.47 0.55 0.51 0.44 0.45 0.46 0.57 0.40
Fe,. 0.84 0.79 0.75 0.78 1.24 1.04 1.00 1.04 1.62 1.57 1.58 1.64
Mn 0.02 0.01 0.01 0.02 0.03 0.02 0.03 0.02 0.04 0.04 0.04 0.04
Mg 297 2.90 2.85 2.84 2.65 2.66 2.74 2.75 220 225 2.12 2.20
Ca 193 1.97 1.96 193 1.88 1.92 1.89 1.81 1.82 1.86 1.82 1.84
Na 0.61 0.57 0.57 0.56 0.66 0.46 0.57 0.55 0.63 0.56 0.59 0.53
K 0.10 0.07 0.09 0.09 0.13 0.13 0.11 0.12 0.09 0.13 0.12 0.11
Total 15.62 15.56 15.59 15.56 15.67 15.48 15.57 1551 15.58 15.56 15.57 15.49
Geobarometer (Schmidt, 1992)
P(kbar)(+0.6 kbar) 8.12 9.16 9.45 9.10 7.89 8.32 8.52 8.15 8.21 8.00 8.77 7.65
Depth (km) 30 33 34 33 29 30 31 30 30 29 32 28
Geothermometer (Holland & Blundy, 1994)
cum -0.0212 -0.0387 -0.0383 -0.0240 0.0019 -0.0139 -0.0002 0.0210 0.0286 0.0139 0.0275 0.0138
XTSi 05336 0.5262 0.4928 0.5110 0.5344 0.5339  0.5250 0.5462 0.5445 05709 0.5267 0.5983
XTAl 0.4664 04738 05072 0.4890 0.4656 0.4661 0.4750 0.4538 0.4555 04291 04733 0.4017
XMAI 02226 0.3175 02765 0.2759 02021 0.2431 02473 0.2535 02556 02873 0.2757 0.3063
XK 0.0966 0.0688 0.0909 0.0884 0.1295 0.1262 0.1083 0.1184 0.0942  0.1304 0.1239 0.1145
XBlk 0.3839 04361 0.4134 0.4405 0.3277 05160 0.4336  0.4999 0.4236  0.4359 04367 0.5086
XNa 0.5195 04951 0.4958 04711 0.5428 03578 0.4581 0.3817 0.4822  0.4337 04394  0.3769
XMNa 0.0452  0.0357 0.0396 0.0460 0.0606 0.0494 0.0572 0.0863 0.0736  0.0651 0.0763 0.0754
XMCa 0.9654  0.9837 0.9796 0.9660 0.9385 09575 0.9429 0.9033 09121  0.9280 0.9099 0.9177
XPI1Ab (0.1-0.9) 0.07 0.06 0.06 0.06 0.12 0.09 0.12 0.22 0.43 0.43 0.53 0.53
XPlAn 0.93 0.94 0.94 0.94 0.88 091 0.88 0.78 0.57 0.57 0.47 0.47
Y1 7.3788 7.6032 7.6032 7.6032 6.2928 6.9372 6.2928 4.3008 0.8988  0.8988 0.0000 0.0000
Y2 -7.3200 -7.5600 -7.5600 -7.5600 -6.1200 -6.8400 -6.1200 -3.7200 1.3200 1.3200 3.0000 3.0000
KD1 0.0062 0.0062 0.0051 0.0062 0.0088 0.0157 0.0132 0.0366 0.0476  0.0606 0.0618 0.1124
KDZH . 03006 0.2661 02593 0.3289 02292 0.2520 02073 0.1719 0.0539 0.0522 0.0349 0.0458
T2( O)+40 € 963 916 965 969 949 918 920 881 833 791 815 754
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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.
2WKG6), 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 2®U-?®Pph 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 um), 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-2%Pp 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 2*3U-?%Pp 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 2*8U-20°Ph 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 (2WK®).

Analytical 0Py Th  ThU  238U206Pb: (1) 207Pb-206Pb- (1) FIBU206PL: U0 e
spot number (¢8) age (1) age (2)
(%) (ppm)  (ppmy) (May (May

2WK6 011 011 361 240 068 2574 + 046 00524 =+ 00045 2457 £+ 43 2453 + 42 Conc
2WK6_022 120 204 108 054 2551 =+ 050 00494 =+ 0.0069 2479 £+ 47 2485 + 46  Conc
2WKé6_023 0.66 118 43 037 2542 £ 086 00508 = 0.0084 2487 = 83 2489 £+ 83 Conc
2WKé6_014 0.00 419 185 045 2477 + 041 00530 =+ 0.0022 2551 = 41 2546 + 42  Conc
2WK6 015 026 207 81 040 2473 + 055 00493 =+ 00048 2555 £+ 56 2562 + 55 Conc
2WK6_025 000 192 60 032 2426 =+ 061 00571 =+ 00035 2604 + 64 2586 + 65 Conc
2WKé6_021 0.06 275 88 033 2445 =+ 047 00495 =+ 00049 2584 =+ 49 2586 + 48 Conc
2WKé6_010 110 452 331 075 2465 043 00438 =+ 0.0048 2564 = 44 2588 + 43  Conc
2WK6_020 000 252 93 038 2421 =+ 048 00573 =+ 00035 2610 + 50 2591 + 51 Conc
2WK6 018 000 142 42 030 2404 =+ 058 00586 =+ 0.0050 2627 + 63 2605 + 64 Conc
2WKé6_013 0.00 186 64 035 2410 =+ 060 00512 =+ 00034 2621 + 64 2621 + 64 Conc
2WK6 016 0.00 134 38 029 2393 + 068 00555 =+ 0.0055 2639 + 73 2626 + 75 Conc
2WK6_024 000 127 39 032 2403 =+ 062 00520 =+ 00039 2629 + 66 2627 + 67 Conc
2WK6_026 003 209 98 048 2393 =+ 062 00544 =+ 0.0063 2639 + 68 2630 + 67 Conc
2WKé6_019 043 151 52 035 2403 + 064 00466 =+ 0.0063 2628 + 69 2639 + 68 Conc
2WK6 012 0.00 115 33 029 2355 + 053 00563 =+ 0.0039 2681 + 59 2665 + 60 Conc
2WK6_001 026 135 49 037 2373 + 051 00468 =+ 00048 2661 + 56 2668 + 55 Conc
2WK6_003 000 661 397 062 1441 =+ 016 00539 =+ 00011 4326 + 46 4326 + 46 Conc
2WK6_004 0.00 698 259 038 1433 + 0.16 00554 =+ 00011 4349 £+ 46 4349 + 46 Conc
2WK6_006 0.00 317 74 024 1393 + 016 00540 =+ 00018 4469 + 49 4469 + 49  Conc
2WK6_005 013 526 102 020 1393 + 018 00533 =+ 00015 4469 + 56 4474 + 56  Conc
2WK6_009 026 702 239 035 1330 =+ 014 00564 =+ 00019 4673 + 48 4673 + 48  Conc
2WK6_008 023 369 145 040 1263 =+ 021 00553 =+ 00028 4914 = 77 4924 + 77  Conc

Errors are 1-sigma; Pb. and Pbrindicate the common and radiogenic portions, respectively
(1) Common Pb corrected by assuming **Pb2¥U-2%Pb2Th age-concordance
(2) Common Pb corrected by assuming *°Pb2¥U-2Pb2* U age-concordance
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Figure 3.8 CL images of zircon from hornblende microgabbro (sample no. 2WKG6)

with 2°°Pb/238U ages. The analytical spot numbers in Table 3.6 are shown by circles.
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Figure 3.9 (a) The Tera-Wasserburg concordia diagram showing 2%®U/2%Ppb and
207ph/2%8ph ratio of zircons in hornblende microgabbro (sample no. 2WK6). (b)
Histogram display 228U - 20%Ph ages with a probability curve and weighted average

238-206pp 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/m®), g = specific gravity (10.0
m/s?), 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 °C, 850-950 °C and 750-850 °C 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, ¢) The histograms of calculated intrusion depth distributions from
hornblendite, hornblende gabbro and hornblende microgabbro, respectively, in the

Wang Nam Khiao area, Nakhon Ratchasima, Thailand.
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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 (Na;O+K>0) 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.
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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 (1A) (Fig. 3.14a) which is also consistent with VVolcanic 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 Al;, 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 EI 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 EI Mahallawi (2003); Quetico
Intrusions from Pettigrew and Hattori (2006); Su et al. (2012)).
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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., 2014) 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 km?2. 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.



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
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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), PI (plagioclase), Kfs

(K-feldspar), Hb (hornblende), Bi (biotite), Ttn (titanite), Opqg (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 %Si02, 7-11 %Al203, 9-14 %MgO, 11-12 %Ca0, 14-19 %FeOy, and 1 %Na0,
while the calcic amphibole in the biotite-hornblende granite reveals 47-51 %SiO», 6-7
%Al>03, 14-15 %MgO, 11-12 %Ca0, 12-14 %FeO¢, and 1-2 %Na20 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 (Nat+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 (Xwmg = 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 (Anze.
52, Classified as andesine to labradorite) than that in the biotite-hornblende granite (Ang.
36, Classified as albite to andesine) and in the biotite granite (Ano.s, which is classified
as albite) (Fig. 4.4b). K-feldspar in biotite granite shows high orthoclase contents (Org,-
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 Xwmyg
(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 (FeOxotal = 15.70-16.96 Wt%) than that in hornblende granite (FeOxotal
= 17.31-22.81 wt%) and biotite granites (FeOita = 16.41-17.92 wt%), in terms of
FeOtotal.



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

Wang Nam Khiao, Nakhon Ratchasima, Thailand.

Rock unit Hornblende granite

EJ ) ° * 2 f\ EI =) i\

= v % U
Remark Core  Rim Core  Rim Rim Core Core Rim
Si0, 4490 4659 4605 4643 4691 4424 4422 4316
AlLO; 959 841 9.01 831 809 10.20 924 1020
TiO, 1.80 1.24 141 1.29 1.03 1.82 130 0.86
Cr,0; 0.02 0.03 0.03 0.04 0.02 0.00 0.00 0.00
FeO 1409 1414 1422 1423 1357 1463 1791 1861
MnO 034 036 036 0.38 036 031 096 0.84
MgO 1250 1316 1287 1299 1360 1206 10.00 928
CaO 1191 1181 1182 1180 1197 1192 1171 1167
Na,O 1.26 1.12 1.28 1.18 1.11 1.44 1.04 094
K,0 0.68 049 053 0.45 053 0.73 1.09 1.18
Cl 0.00 0.05 0.04 0.10 0.02 0.09 0.00 0.00
F 0.07 0.07 0.08 0.09 0.10 0.07 0.10 012
Total 9709 9735 9758 9710 9719 9735 9747 9674
230
Si 6681 6881 6799 6882 6924 6593 6707 6622
Al 1681 1464 1567 1451 1407 1791 1651 1844
Ti 0201 0.138 0156 0144 0114 0204 0.148 0.099
Cr 0002 0004 0004 0005 0002 0000 0000 0000
Fe3* 0.000 0000 0000 0000 0000 0000 0000 0000
Fe* 1.753 1746 1755 1763 1674 1823 2271 2387
Mn 0043 0045 0045 0048 0045 0039 0123 0.109
Mg 2770 2895 2830 2868 2990 2677 2259 2121
Ca 1898 1868 1869 1873 1892 1903 1902 1918
Na 0363 0321 0366 0339 0317 0416 0306 0279
K 0129 0092 0100 0085 0100 0139 0211 0231

15.61

Total 15522 15454 15492 15458 15466 15585 15578 1
Mg/Fe+Mg) 0613 0624 0617 0619 0641 0595 0499 0470
Na+K 0492 0413 0466 0424 0417 0555 0516 0510
P (kbar) 50 40 45 39 3.7 55 49 5.8

Depth (Km) 18 14 16 14 13 20 18 21




Table 4.1 (cont.).

Rock unit Hornblende granite

% 2| El 2| 2\ g| g| r(:ll g|

2 ¢ g ¢ g g g g g

s 2% & &% &% & & & &
Remark Core Rim Core Rim Core Rim Core Rim
SiO, 4514 4340 4528 4437 4686 4576 4585 4554
AL O, 834 1024 8.78 956 747 832 827 844
TiO, 1.39 1.14 124 096 1.53 1.36 1.50 0.97
Cr,0, 0.00 0.00 0.00 0.00 0.02 003 0.00 0.03
FeO 1799 1877 1725 18.11 14.57 1547 1493 15.52
MnO 091 0.89 0.83 0.85 0.53 0.60 051 0.55
MgO 10.36 936 1063 10.84 12.68 1171 1246 1197
CaO 1142 11.66 11.83 11.04 11.76 11.83 1193 1193
Na,O 077 101 093 062 1.04 096 120 1.03
K,0O 083 1.19 093 0.76 0.68 096 095 0.84
Cl 0.02 0.05 0.05 0.09 0.03 0.04 0.00 0.00
F 0.08 011 0.08 0.07 0.11 017 018 0.05
Total 9715 9766 9770 9711 9714 9700 9760 96.82
23O
Si 6837 6601 6804 06714 6962 6861 6822 6.843
Al 1488 1.835 1.555 1.705 1308 1470 1450 1494
Ti 0158 0130 0140 0.109 0171 0153 0168 0.110
Cr 0000 0000 0000 0000 0002 0004 0000 0.004
Fe¥* 0000 0000 0000 0000 0000 0000 0.000 0.000
Fe* 2278 2387 2167 2291 1.810 1939 1857 1.950
Mn 0117 0115 0106 0.109 0067 0076 0064 0.070
Mg 2337 2121 2379 2443 2806 2615 2761 2679
Ca 1852 1899 1904 1.789 1.871 1900 1901 1.920
Na 0226 0298 0271 0.182 0299 0279 0346 0300
K 0.160 0231 0178 0.147 0129 0184 0180 0.161
Total 15454 15616 15503 15489 15426 15480 15549 15529
Mg/Fe+Mg) 0506 0470 0523 0516 0608 0574 0598 0579
Na+K 0386 0528 0449 0328 0428 0462 0526 0461
P (kbar) 41 5.7 44 51 32 4.0 39 4.1

Depth (Km) 15 21 16 19 12 14 14 15




Table 4.1 (cont.).

Rock unit Hornblende granite
% ?3‘ l?'Fl m| g| :?’l gl g\ ;I
T ¥ v, N, N, V. S N, S
43 & & & & & & §& &8
Remark Core Core Core Rim Core Rim Rim Core
Si0, 4714 4639 4772 4484 4703 4728 4489 4644
Al O, 729 751 732 941 741 7.24 921 8.02
TiO, 1.38 1.70 1.59 1.01 1.61 1.58 1.00 1.85
Cr,0, 0.00 0.00 0.00 0.01 0.00 0.01 0.03 0.00
FeO 14.59 1458 1365 1633 1391 1486 1616 1395
MnO 0.56 0.59 0.55 0.52 0.55 0.68 050 058
MgO 12.85 1291 1346 1142 1330 1289 1157 1321
CaO 1191 1166 1166 1213 1136 1133 1194 1143
Na,O 0.95 1.08 1.10 092 1.29 125 0.98 133
K,O 0.70 0.65 052 093 0.55 0.53 096 056
Cl 0.00 0.00 0.04 0.00 0.02 0.00 0.03 0.00
F 0.13 0.14 0.14 0.05 0.16 0.15 006 016
Total 9737 9707 9757 9752 9701 9765 9724 9737
23O
Si 6987 6907 7010 6722 6967 6987 6743 6867
Al 1.273 1318 1267 1662 1294 126l 1.630 1397
Ti 0154 0190 0176 0114 0179 0176 0113 0206
Cr 0.000 0000 0000 0001 0000 0001 0004 0000
Fe* 0.000 0.000 0000 0000 0000 0.000 0.000 0000
Fe* 1.808 1815 1676 2047 1723 1836 2029 1724
Mn 0070 0074 0068 0066 0069 0085 0064 0073
Mg 2837 2863 2945 2550 2935 2838 2589 2909
Ca 1.891 1.859 1834 1948 1802 1793 1921 1810
Na 0273 0312 0313 0267 0370 0358 0285 0381
K 0132 0123 0097 0178 0104 0100 0184 0106
1547
Total 15425 15461 15387 15555 15444 15435 15562 3
Mg/ Fe+Mg) 0611 0612 0637 0555 0630 0607 0561 0628
Na+K 0405 0435 0410 0445 0474 0458 0469 0487
P (kbar) 31 33 30 49 31 30 47 36

Depth (Km) 11 12 11 18 11 11 17 13




Table 4.1 (cont.).

Rock unit Biotite-hornblende granite

2 %I %I g| :I ;I gl gl g|

2 = - = = = Z z b

=,
Remark Core Core Core Rim Rim Core  Rim Rim
Si0, 4727 4863 4846 5087 4805 4736 4773 4880
Al 0O, 7.46 6.45 6.65 6.57 6.49 7.46 717  6.05
TiO, 0.90 0.81 0.76 0.59 0.79 0.94 084 077
Cr,04 0.09 0.07 0.08 0.02 0.08 0.07 004 007
FeO 1332 1262 1297 1209 1355 1338 13.00 1254
MnO 043 045 047 0.36 044 041 045 039
MgO 1384 1449 1457 1381 1403 1379 1411 1469
CaO 1165 1149 1177 1102 1162 1125 1151 1148
Na,O 1.37 1.31 122 0.94 1.19 1.54 146 118
K,0 0.44 0.23 025 1.41 0.32 0.39 034 040
Cl 0.02 0.13 0.06 0.07 0.01 0.07 005 007
F 0.03 0.03 0.03 0.02 0.03 0.03 003 002
Total 96.77 9655 9720 9768 9656 9659  96.65 9637
23(0)
Si 6997 7161 7.108 7365 7118 7.016 7052 7.198
Al 1.301 1.119  1.149 1.121 1.133 1.302 1248 1.052
Ti 0100 0090 0084 0064 0088 0105 0093 0085
Cr 0011 0.008 0009 0.002 0009 0008 0005 0008
Fe’* 0.000 0000 0000 0000 0000 0.000 0000 0.000
Fe> 1648 1554 1591 1463 1678 1657 1.606 1546
Mn 0054 0056 0.058 0044 0055 0.051 0.056 0.049
Mg 3052 3178 3183 2978 3096 3043 3105 3228
Ca 1847 1812 1849 1709 1844 1.785 1.821 1814
Na 0393 0374 0347 0264 0342 0442 0418 0337
K 0083 0043 0047 0260 0060 0074 0064 0075

15.39

Total 15485 15394 15425 15271 15424 15482 15469 3
Mg/Fe+Mg) 0.649 0672 0667 0671 0648 0.647 0659 0676
Na+K 0476 0417 0394 0524 0402 0516 0482 0413
P (kbar) 32 23 25 23 24 32 29 2.0
Depth (Km) 12 8 9 8 9 12 11 7

67
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Table 4.2 Representative EPMA analyses of feldspar in granitic rocks from the Wang

Nam Khiao, Nakhon Ratchasima, Thailand.

Rock unit Biotite granite

& o & & 84 & 3 5 F

= '_4| —«l —«l ‘_‘l ‘_<| 2 2 S

< = = = = = N (S a
Remark Pl.Core PIRim  Kifs Kfs Pl Kfs Pl Pl
Si0, 68.40 6868 06444 6550 6756 6490 6775 6784
ALO, 19.47 19.29 18.23 1847 2020 1838 2031 2005
TiO, 0.02 0.04 0.00 0.03 0.00 0.00 0.00 004
FeO- 0.00 0.05 0.02 0.06 0.13 001 0.08 0.04
MnO 0.00 0.00 001 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 0.14 0.06 0.01 0.02 0.72 0.00 1.00 1.19
Na,O 1142 11.68 043 092 1079 051 11.02 1092
K, O 0.14 0.07 1631 1560 032 1591 0.08 0.07

100.1

Total 99.59 9988 9944 10060 9971 9973 10024 5
8 (0
Si 2.998 3.003 2998 3001 2964 3.002 2958 2964
Al 1.005 0994 0999 0997 1044 1002 1.045 1032
Ti 0.001 0.001 0000 0001 0000 0.000 0.000 0.001
Fe¥* 0.000 0000 0000 0.000 0000 0.000 0.000 0.000
Fe> 0.000 0.002 0001 0002 0005 0.000 0.003  0.001
Mn 0.000 0.000 0.000 0000 0000 0.000 0.000 0.000
Mg 0.000 0.000 0000 0.000 0.000 0.000 0.000  0.000
Ca 0.007 0.003 0.000 0001 0034 0.000 0.047 0.056
Na 0970 0989 0038 0082 0917 0046 0932 0924
K 0.008 0004 0967 0912 0018 0938 0004 0004
Total 4988 4996 5005 4996 4982 4989 4988 4983
An 0.01 0.00 0.00 0.00 0.04 0.00 0.05 0.06
Ab 099 099 0.04 0.08 095 0.05 095 094
Or 0.01 0.00 096 092 0.02 095 0.00 0.00




Table 4.2 (cont.).

Roc'k Biotite granite
unit
: — [\l <t vy o o~
é @l F\rl :I :\ :I :\ :I :I
= o =) <+ < <+ < <+ <
= 2 < v < < < < <
: & Z 3 2 & & & 2
Remark Pl Pl Kfs P1 Pl Pl Kfs Pl
SiO, 6838 6828 64.62 6743 6686 6782 6481 6787
Al O, 19.87 20.07 18.01 19.77 20.69 19.89 18.58 19.86
TiO, 0.00 0.00 0.02 0.08 0.00 0.00 0.00 0.04
FeOr 0.05 0.05 0.04 041 0.02 005 0.04 0.03
MnO 0.03 0.00 0.01 001 0.00 0.00 0.00 0.01
MgO 0.02 0.02 0.03 0.00 0.00 0.00 0.00 0.03
CaO 057 078 0.00 0.72 1.83 0.81 025 0.60
Na,O 11.17 11.16 032 10.95 1050 1088 2.50 11.08
K,O 0.12 0.08 1635 0.11 0.10 009 1332 0.06
Total 10020 10044 9945 9950 10006 9955 9949 99.60
8O
Si 2981 2972 3.006 2.968 2930 2976 2986 2976
Al 1.021 1.029 0987 1.025 1.068 1.028 1.008 1.026
Ti 0.000 0.000 0.001 0.002 0.000  0.000 0.000 0.001
Fed- 0.000 0.000 0.000 0.000 0000 0000 0.000 0.000
Fe? 0.002 0.002 0.001 0015 0.001 0002 0.001 0.001
Mn 0.001 0.000 0.000 0.000 0000  0.000 0.000 0.000
Mg 0.001 0.002 0.002 0.000 0000 0000 0.000 0.002
Ca 0.027 0.036 0.000 0.034 0086 0038 0012 0.028
Na 0944 0941 0.029 0.934 0892 0925 0223 0.941
K 0.007 0.004 0970 0.006 0005 0005 0782 0.003
Total 4983 4986 4998 4986 4984 4975 5013 4981
An 003 0.04 0.00 003 0.09 0.04 001 0.03
Ab 0.97 096 0.03 0.96 091 0.96 022 0.97
Or 0.01 0.00 097 0.01 0.01 0.00 0.77 0.00
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Table 4.2 (cont.).
Rock Hornblende granite
unit
8 O ~ o0 o — o o <t
87 N o o “ “ “ “ “
=z 2 < < v < < < U
z 2 & & 2 % Z2 & B
Remark Pl-Core PlRim Pl PlCore PIRim PIRim Pl P1
SiO, 54.55 5637 5511 5461 5995 5662 5569 5762
Al O, 2940 2832 2839 2924 2558 2735 2838 2727
TiO, 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00
FeO- 026 0.17 0.10 0.19 0.13 0.15 0.16 0.19
MnO 0.00 0.00 001 0.00 0.04 0.04 0.00 0.03
MgO 0.02 0.00 0.00 0.02 0.02 0.01 0.02 0.00
CaO 11.81 1036  10.82 11.68 740 973 1080 933
Na,O 482 577 548 5.04 727 598 548 6.08
K,O 0.15 0.13 0.13 0.09 0.15 0.14 0.10 033
Total 101.01 101.14 10004 10092 10057 100.03 10063 10083
8 (0)
Si 2442 2509 2484 2446 2.659 2544 2494 2565
Al 1.551 1485 1508 1.543 1.337 1448 1498 1431
Ti 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Fe* 0.000 0000 0.000 0.000 0.000 0.000 0000  0.000
Fe* 0010 0006 0004 0.007 0.005 0006 0006 0007
Mn 0.000  0.000 0.000 0.000 0.001 0.002 0000 0001
Mg 0.001 0.000 0.000 0.001 0.001 0.001  0.001 0.000
Ca 0566 0494 0523 0.560 0351 0468 0518 0445
Na 0418 0498 0479 0437 0.625 0521 0476 0524
K 0.008 0.007  0.007 0.005 0.009 0.008 0006 0019
Total 4996 5000 5005 5.003 4989 4997 4998 4991
An 0.57 049 052 0.56 036 047 052 045
Ab 042 0.50 047 044 063 052 048 0.53
Or 0.01 0.01 001 0.01 001 0.01 001 0.02




Table 4.2 (cont.).
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Rock Hornblende granite
unit
g o o o < " o o~ o
= ) | N ¥ - ¥ ¥ ¥
2 9 9 U Y Y $ < <
z 2 2 B 2 5 Z & B
Remark PIRim Pl-Core PIRim Pl-Core Pl-Rim Pl-Core PIlRim Pl
SiO, 5842 58.07 5745 56.35 58.85 5842 5890 5827
Al, O, 2640 27.04 2746 27.53 2577 2552 2584 2616
TiO, 0.01 0.00 0.00 0.03 0.00 0.01 0.00 0.00
FeO~ 0.18 0.13 0.07 0.19 0.17 0.16 016 0.06
MnO 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.00
MgO 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00
CaO 853 925 895 10.06 794 8.00 7.89 8.62
Na,O 6.74 6.08 6.08 5.80 692 6.85 697 6.58
K,O 023 0.37 0.39 021 029 033 0.26 0.18
Total 100.54 10094 10041 100.21 9994 9929 10005 9987
8 (0)
Si 2.604 2580 2.564 2.530 2.633 2633 2632 2611
Al 1386 1416 1.444 1457 1.359 1355 1361 1381
Ti 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Fe¥* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.007 0.005 0.003 0.007 0.006 0.006 0006 0.002
Mn 0.001 0.000 0.000 0.001 0.000 0.000 0.000  0.000
Mg 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000
Ca 0407 0440 0428 0484 0.380 0.386 0378 0414
Na 0582 0.523 0526 0.504 0.600 0.598 0603 0571
K 0.013 0.021 0.022 0012 0.017 0.019 0015 0010
Total 5.001 4984 4987 4998 4995 4998 4996 4989
An 041 045 044 048 038 0.38 038 042
Ab 058 053 054 050 0.60 0.60 061 057
Or 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.01




Table 4.2 (cont.).

Rock Hornblende granite
unit

Q
= = ~— (=N (=) — (o] < v
2 N ) ) e e ° 2 2
t ¢ ¢ ¥ § o § ¥ ¢ z
Z = = = = = = = =

(@] (] (@] o~ o (@] (@] (@]

Remark Pl-Core PIRim Pl-Core PIRim Pl-Core PIRim Pl-Rim Pl-Core

Sio, 58.64 58.18 57.53 5817 5798 5820 5891 5641
Al O, 2601 2636 2760 2680 @ 2661 26.78 26.16 27.86
TiO, 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
FeO- 0.09 0.09 0.17 0.11 022 0.06 0.11 0.15
MnO 0.00 0.04 0.00 0.00 0.00 0.01 0.00 0.00
MgO 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
CaO 824 8.58 9.36 897 8.57 8.85 8.08 10.12
Na,O 6.80 6.71 6.05 642 6.56 647 6.87 5.65
K,0 0.25 0.18 0.18 0.14 026 0.16 0.17 022

Total 10003 100.14 10090 10063 100.19 100.56 10032 10041
8 (O)

Si 2622 2.602 2557 2589 2593 2591 2.624 2526
Al 1.370 1.389 1.445 1.405 1.402 1.405 1.373 1470
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe¥ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe? 0.003 0.003 0.006 0.004 0.008 0.002 0.004 0.006
Mn 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Ca 0.394 0411 0446 0427 0410 0422 0.385 0485
Na 0.589 0.581 0.521 0.553 0.568 0.558 0.593 0.490
K 0.014 0.010 0.010 0.008 0.015 0.009 0.010 0.012
Total 4.994 4.999 4.986 4988 4997 4989 4990 4990
An 0.40 041 0.46 043 041 043 0.39 049
Ab 0.59 0.58 0.53 0.56 0.57 0.56 0.60 0.50

Or 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
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Table 4.2 (cont.).
RO?k Hornblende granite
unit

E @I g| ;\ ‘j..z“ QI B%\ gl %I

e 3 § § § § § § @
Remark Pl-Core PIRim Pl-Core PlRim PILRim Pl-Core PlRim Pl-Core
SiO, 58.68 63.04 5936 63.74 6193 62.42 63.39 59.89
Al O, 2512 2298 2467 21.67 23.06 22.67 2211 2444
TiO, 0.00 0.00 001 0.00 0.05 0.00 0.00 0.00
FeOr 0.15 014 013 015 0.11 015 0.06 0.12
MnO 0.00 0.03 0.00 0.01 0.02 0.00 0.00 0.02
MgO 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00
CaO 744 454 6.55 348 461 442 3.76 648
Na,O 7.04 8.84 733 937 8.78 8.67 940 7.40
K,O0 0.29 0.14 037 020 0.31 032 0.11 0.34
Total 98.72 9974 9842 98.62 98.89 98.66 98.83 9871
8 )
Si 2.654 2796 2.686 2.851 2776 2.799 2.831 2.700
Al 1339 1.201 1.315 1.142 1218 1.198 1.163 1.298
Ti 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000
Fe¥ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.005 0.005 0.005 0.006 0.004 0.005 0.002 0.004
Mn 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001
Mg 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000
Ca 0360 0216 0318 0.167 0221 0212 0.180 0313
Na 0617 0.759 0.643 0812 0.763 0.753 0813 0.647
K 0017 0.008 0.021 0.011 0018 0.018 0.006 0.019
Total 4993 4987 4988 4989 5.003 4987 4996 4983
An 0.36 022 032 017 022 022 0.18 032
Ab 0.62 077 0.65 0.82 0.76 0.77 0.81 0.66
Or 0.02 0.01 0.02 0.01 0.02 0.02 0.01 0.02
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Rock Biotite-hornblende granite
unit
_ <
é g| g| S'{l QI g| g| g| 2\
2 < < v . . < < <
Remark PlCore PIRim PlCore PlRim Pl-Core PlRim Pl-Core PlRim
Si0, 60.61 62.09 63.82 6447 60.54 60.55 59.54 5943
Al O, 2471 23.03 20.05 22.00 24.64 2415 2491 2581
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO* 0.19 024 0.06 0.18 0.12 0.15 0.12 0.17
MnO 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
MgO 0.05 015 0.02 0.00 001 002 0.00 0.00
CaO 6.23 3.07 1.37 339 642 6.39 6.98 755
Na,O 7.67 834 555 954 734 7.62 736 725
K,O 0.38 1.14 777 0.14 073 0.17 022 0.18
Total 99.85 98.05 98.63 99.74 99.79 99.06 99.17 10042
8O
Si 2702 2.800 2918 2.850 2703 2717 2.676 2.643
Al 1298 1224 1.080 1.146 1296 1277 1319 1353
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe¥ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.007 0.009 0.002 0.007 0.004 0.006 0.005 0.006
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.003 0010 0.001 0.000 0.001 0.001 0.000 0.000
Ca 0298 0.148 0.067 0.161 0307 0307 0336 0359
Na 0.663 0.729 0492 0817 0.635 0.663 0641 0625
K 0.021 0.065 0453 0.008 0.042 0.010 0012 0.010
Total 4991 4985 5014 4989 4987 4981 4990 4998
An 030 0.16 0.07 0.16 031 031 0.34 036
Ab 0.68 077 049 0.83 0.65 0.68 0.65 0.63
Or 0.02 0.07 045 001 0.04 001 0.01 001
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Rock unit Biotite-hornblende granite

g g g = S S 2 = =

é Ql 2\ (2\ 2| 2| QI 2| 2|

= b
Remark Pl-Core PIRim Pl-Core PIRim PlCore Pl-Core PIRim PlRim
Si0, 6125 6587 6061 6419 6047 60.05 6166 62.64
AlL,O,4 2420 2103 2521 2198 2450 2501 2352 2278
TiO, 0.00 0.00 0.01 0.00 0.00 001 0.00 0.00
FeOr 0.14 0.14 0.18 0.13 024 0.15 0.13 0.11
MnO 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.00 001 0.02 0.15 0.00 0.01 0.00
CaO 586 2.36 6.80 3.26 442 6.90 527 455
Na,O 788 10.19 7.55 977 742 7.60 814 871
K,0 034 0.12 025 0.14 141 025 032 0.20
Total 99.72 99.72 100.62 9953 98.61 9997 99.06 99.02
8O
Si 2729 2903 2683 2.846 2726 2678 2759 2798
Al 1271 1.092 1.315 1.148 1301 1315 1.240 1.199
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe¥ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.005 0.005 0.007 0.005 0.009 0.006 0.005 0.004
Mn 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.001 0010 0.000 0.001 0.000
Ca 0280 0111 0322 0.155 0213 0.330 0253 0218
Na 0.680 0871 0648 0.839 0.648 0.657 0.706 0754
K 0.019 0.007 0014 0.008 0.081 0014 0018 0.011
Total 4986 4989 4990 5.003 4988 5.000 4983 4985
An 029 0.11 033 015 023 0.33 026 022
Ab 0.69 0.88 0.66 0.84 0.69 0.66 0.72 0.77
Or 0.02 0.01 001 0.01 0.09 001 0.02 001
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Rock Biotite-hornblende granite
unit
. & &3 & &8 3 & 8§ &
a - - - N - N N N
=z < < < . < . < .
z 2 & RS RS 2 B
Remark PlCore PIRim Pl-Core PIRim Pl-Core PlRim Pl-Core Pl-Rim
Sio, 63.52 6242 6175 6451 6268 63.84 60.40 6093
AL O, 23.11 2339 23.54 2233 2263 2137 2483 23.88
TiO, 0.04 0.02 0.00 0.00 0.05 003 0.00 0.00
FeO* 012 0.14 0.14 0.10 022 0.08 0.08 0.14
MnO 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00
MgO 0.00 0.02 003 0.00 001 0.00 0.00 0.00
CaO 442 495 523 374 437 282 638 579
Na,O 8.95 8.64 824 9.08 8.95 10.04 751 7.75
K,O0 028 020 021 023 018 011 038 038
Total 10043 99.79 99.14 100.00 99.12 9828 9958 98.87
8O
Si 2798 2772 2760 2.843 2799 2863 2698 2736
Al 1200 1224 1240 1.160 1.191 1.129 1.307 1.264
Ti 0.001 0.001 0.000 0.000 0.002 0.001 0.000 0.000
Fe’ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.004 0.005 0.005 0.004 0.008 0.003 0.003 0.005
Mn 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000
Mg 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000
Ca 0209 0235 0250 0.177 0209 0.136 0305 0278
Na 0.764 0.743 0714 0.775 0774 0.873 0.650 0.675
K 0016 0011 0012 0013 0010 0.006 0.022 0022
Total 4991 4993 4983 4971 4996 5011 4984 4980
An 021 024 026 0.18 021 013 031 029
Ab 077 0.75 073 0.80 078 0.86 0.67 0.69
Or 0.02 0.01 0.01 0.01 001 0.01 0.02 0.02
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Table 4.3 Representative EPMA analyses of biotite in granitic rocks from the Wang

Nam Khiao, Nakhon Ratchasima, Thailand.

Rock unit Biotite granite Homblende granite
<] o]

; f\ f\ f\ E\ ol = a ;\‘r‘ @, &
z S Y ¥ ¥ U g g 9 N, 3
e & & & & & & & g & g
Remark Bi Bi Bi Bi Bi Bi Bi Bi Bi Bi
Si0, 36.76 36.92 36.95 3588 37.04 31.76 33.66 3251 3591 3546
ALO; 16.79 1851 1814 17.82 1747 1621 1572 1541 1483 1581
TiO, 131 073 235 152 275 217 2.64 382 336 275
FeO* 1643 1725 1535 1792 1641 2281 21.89 2195 1731 1757
MnO 041 0.54 052 050 0.57 0.69 0.66 067 043 0.56
MgO 1263 849 877 10.02 9.86 12.05 10.84 11.08 11.65 1291
Ca0 044 0.16 037 017 035 0.10 013 097 0.13 014
Na,O 0.10 0.05 0.03 0.03 0.02 0.04 0.05 0.06 0.10 0.05
K,0 395 434 421 438 487 398 632 473 885 721
Total 88.82 86.99 86.69 88.24 89.34 89.81 9191 9121 9257 92.50
8 )

Si 2604 2672 2659 2584 2618 2340 2434 2364 2.544 2493
Al 1402 1579 1538 1512 1455 1407 1339 1320 1238 1310
Ti 0070 0.040 0127 0.082 0.146 0120 0.143 0209 0.179 0.145
Fe* 0.000 0.000 0.000 0.000 0.000 0253 0227 0316 0218 0197
Fer 0973 1.044 0924 1079 0970 1153 1.097 1018 0.807 03836
Mn 0025 0033 0032 0.030 0034 0.043 0.040 0.041 0.026 0033
Mg 1333 0915 0940 1075 1038 1323 1.168 1200 1229 1352
Ca 0033 0.012 0.029 0.013 0.026 0.008 0.010 0.076 0010 0.011
Na 0014 0.007 0.004 0.004 0.003 0.006 0.007 0.008 0014 0.007
K 0357 0401 0386 0402 0439 0374 0583 0439 0.800 0.646
Total 6.810 6.703 6.640 6.781 6.729 7026 7.048 6991 7.065 7032
Mg Fe+Mg) 0.58 047 0.50 0.50 0.52 0.48 047 047 0.55 0.57
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Table 4.3 (cont.).

Rock unit Biotite- homblende granite

E ;2\ R\ g\ FBI g\ p\ li\ l(j:\ %\ g\
= < & “ “ ¥ ¥ & & “ “
z & & & & & & A & & &
Remark Bi Bi Bi Bi Bi Bi Bi Bi Bi Bi
Si0, 36.64 3639 3747 3718 36.54 3622 3731 3721 36.59 3422
AL O, 13.71 13.79 13.75 14.13 13.89 13.75 13.79 1421 14.07 1421
TiO, 345 334 346 302 337 325 342 378 317 275
FeOr 15.70 15.81 15.85 15.70 16.59 16.96 1643 15.68 16.65 16.84
MnO 025 028 028 029 021 028 026 025 025 028
MgO 13.40 13.79 13.45 14.16 13.75 13.70 1339 13.01 1429 1572
CaO 0.04 0.06 0.03 0.04 0.05 003 0.01 0.00 0.05 027
Na,O 0.08 0.08 0.10 0.08 0.08 0.09 008 0.09 0.07 0.04
K,0 9.08 9.02 939 8.66 891 845 935 943 8.11 588
Total 9244 92.64 94.03 9346 9346 92383 94.09 93.78 9338 9032
80
Si 2580 2560 2595 2578 2553 2549 2588 2.581 2547 2451
Al 1.138 1.143 1122 1.155 1.144 1.140 1.127 1.161 1.154 1.199
Ti 0.183 0177 0.180 0157 0.177 0172 0.178 0197 0.166 0.148
Fe 0.282 0297 0283 0267 0303 0310 0284 0257 0299 0350
Fe* 0.642 0.633 0.635 0.643 0.666 0.688 0.669 0.652 0.669 0.658
Mn 0.015 0017 0016 0017 0012 0017 0015 0015 0015 0.017
Mg 1.406 1.445 1388 1463 1431 1436 1384 1344 1482 1.677
Ca 0.003 0.005 0.002 0.003 0.004 0.002 0.001 0.000 0.004 0.021
Na 0.011 0.011 0013 0011 0.011 0012 0.011 0012 0.009 0.006
K 0815 0.809 0.829 0.766 0.794 0758 0827 0.834 0.720 0.537
Total 7.079 7.100 7.078 7.070 7.099 7.091 7.087 7.061 7072 7070
MgiFe+Mg) 0.60 061 0.60 0.62 0.60 059 0.59 0.60 0.60 0.62
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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 % Al203, 1.14-1.75 % FeOxotal, 0.32-
0.83 % MgO, 0.48-0.91 % CaO, 3.04-5.23 % Na20, 2.04-4.48 % K0, 0.89-1.18 %
LOI, with trace and rare earth elements in ppm between 1.64-5.81 Li, 1.26-2.13 Be,
2.61-19.95V, 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 Sh, 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 % Al203, 1.73-8.78 % FeOrotal,
0.69-10.89 % MgO, 1.54-8.59 % CaO, 2.86-4.34 % Na20, 2.86-4.36 % K0, 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 Sh, 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 % TiOz, 14.34-15.66 % Al»03, 2.14-5.03 %
FeOrotal, 1.60-5.55 % MgO, 0.93-5.18 % CaO, 3.44-4.17 % Na20, 1.62-4.56 % KO,
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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 Sbh, 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 Th, 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 SiO> 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 Na,O+K>O contents, the biotite granite shows
higher Na,O+K0O 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 FeOy (1.14-1.75 wt%) than those of the hornblende granite (Mg# = 0.28-
0.58, TiO2 = 0.19-0.95 wt%, FeO: = 1.73-8.78 wt%), and biotite-hornblende granites
(Mg# = 0.43-0.53, TiO2 = 0.27-0.50 wt%, FeOr = 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 SiO, against other major and
minor compositions of all granitic sample groups, (Fig. 4.6) show negative correlations
between SiO; and TiOz, FeO;, MgO, MnO, CaO (Figs. 4.6a, 4.6c, 4.6d, 4.6e, 4.6f),
whereas Na>O and K>O reveal positive correlations (Figs. 4.6g, h). Al.Oz exhibits

scattered distribution (Fig. 4.6b). These are compatible to their mineral assemblages,



82

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 SiO; against TiO2, FeO,
MgO, CaO and positive correlation of SiO2 against Na,O and K>O 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)y 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).

Rock type: Biotite-hornblende granite Biotite granite

Sample no: 2WKI1  2WKI3  2WK15  3WKS 2WK14  3WK6 3WK7 3WK9 3WKI10  3WKI1  WKGI 2WK10

Major and minor oxide (%)

$i0, 63.61 62.52 63.79 68.87 72.15 7224 7237 72.84 74.18 72.12 73.23 74.51
TiO, 0.45 0.50 0.46 0.27 0.14 0.17 0.17 0.17 0.12 0.10 0.21 0.11
ALO, 14.34 14.40 14.77 15.66 14.48 14.86 14.08 14.04 13.64 13.72 12.66 13.84
FeQ 4.35 5.03 4.61 2.14 1.29 148 L.75 147 114 122 129 123
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 4.82 5.55 5.02 160 0.61 0.83 0.66 0.64 032 033 0.76 0.44
CaO 4.52 5.18 4.52 0.93 0.84 0.87 0.84 0.91 0.48 0.75 0.71 0.67
Na,0 4.00 3.93 4.17 3.44 3.81 5.23 3.96 3.85 4.07 393 3.04 4.38
K,0 1.77 1.62 1.65 4.56 4.28 2.04 4.03 4.18 4.07 429 4.48 3.60
P,0 0.18 0.20 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LOIL 0.99 1.00 1.35 1.00 118 111 1.06 1.06 1.03 111 0.89 1.02
Total 99.01 99.92 100.34 98.54 98.78 98.83 98.94 99.18 99.05 97.56 97.28 99.79

Trace elements and REE (ppm)

Li 11.73 12.31 12.71 5.33 5.28 3.19 421 5.57 4.23 5.81 1.64 2.39
Be 1.21 114 116 2.55 1.39 213 1.65 1.74 1.26 1.70 1.28 1.59
v 96.77 113.34 101.52 20.39 7.10 19.95 8.29 8.74 3.27 2.61 6.28 5.20
Cr 126.20 157.68 141.00 16.56 18.77 16.44 19.77 15.59 25.56 23.34 20.81 2239
Sc 10.96 12.84 12.01 6.03 2.53 3.18 4.94 3.08 3.25 3.10 297 3.26
Ni 47.68 58.04 53.14 6.77 7.37 3.94 388 4.70 391 292 338 5.15
Cu 3.14 6.17 2.64 9.14 4.08 343 258 4.86 2.68 2.64 20.35 32.16
Mn 608.50 712.48 648.89 313.82 363.34 155.73 335.04 558.53 169.02 388.19 127.26 187.77
As 1.07 1.02 1.02 1.69 0.98 1.28 1.63 116 1.21 1.22 1.56 1.36
Co 53.49 50.41 65.29 60.54 63.44 19.77 79.86 86.70 110.49 75.89 51.72 108.75
Zn 46.56 63.40 4737 33.26 34.78 22.87 27.19 34.17 20.21 30.47 27.08 34.52
Ga 19.18 20.06 19.84 18.42 12.87 16.30 15.29 13.57 12.03 14.05 12.99 13.69
Rb 41.28 42.80 41.06 158.66 135.07 78.19 131.94 161.63 145.18 142.44 136.21 10236
Sr 97525 109122 1049.04 172.14 173.30 185.63 146.82 198.77 109.89 168.02 182.38 170.36
Y 10.63 11.16 11.46 11.56 15.56 16.83 2596 16.55 14.35 24.55 17.76 14.79
Zr 88.01 88.10 87.65 115.29 97.69 110.51 101.70 101.28 100.65 101.83 96.41 101.52
Sn 0.84 0.89 1.76 4.01 1.13 0.96 240 1.26 3.49 0.90 0.87 1.72
Sb 0.14 0.13 0.16 0.28 0.17 0.17 028 0.24 0.26 0.15 0.16 0.28
Cs 0.65 0.59 0.70 0.78 0.75 0.59 0.67 111 0.94 0.93 0.50 0.69
Ba 27543 312.41 284.56 301.06 266.57 639.92 378.39 753.34 500.09 930.63 409.61 676.42

La 13.01 13.28 13.76 44.69 2477 46.48 39.85 28.76 2217 3250 28.06 22.15




84

Table 4.4 (cont.).
Rock type: Biotite-hornblende granite Biotite granite
Sample no: 2WKI11  2WKI3 2WKI15 3WKS5 2WK14  3WK6 3WK7 3WK9 3WKI10  3WKI1  WKGI 2WK10
Trace elements and REE (ppm)

Ce 26.63 27.44 27.98 93.28 4338 80.35 74.75 52.60 37.36 50.92 51.50 42.46
Pr 3.03 3.15 3.28 8.05 4.20 747 7.07 4.86 3.76 5.51 5.05 4.02
Nd 1336 14.29 14.82 28.47 15.91 25.34 26.77 18.16 14.42 21.53 19.37 15.29
Sm 2.68 2.86 298 5.00 2.80 3.48 4.93 3.13 2.73 4.06 3.46 2.89
Gd 1.90 2.03 211 3.82 225 2.57 3.90 250 217 332 273 2.24
Tb 0.30 032 0.34 0.48 0.38 0.36 0.65 0.41 037 0.58 0.44 0.39
Dy 1.54 1.63 1.71 1.93 2.07 2.00 3.55 219 2.02 3.19 237 2.16
Ho 0.23 0.23 0.25 0.26 0.32 0.33 0.56 0.34 0.31 0.49 0.37 0.33
Er 0.78 0.80 0.85 0.93 1.20 1.26 2.07 1.27 1.14 1.78 137 1.27
Tm 0.12 0.13 0.13 0.15 0.21 0.17 0.35 0.22 0.20 0.30 0.23 0.23
Yb 0.80 0.83 0.85 1.07 1.44 1.01 2.39 1.56 1.36 2.00 1.57 1.60
Lu 0.13 0.13 0.13 0.19 0.24 0.17 0.40 0.27 023 0.33 0.26 0.27
Nb 841 5.60 310 12.33 12.67 25.56 3.97 9.99 5.77 10.06 12.18 6.20
Ta 5.84 0.95 6.01 4.59 3.15 5.28 1.55 9.57 8.32 7.65 2.10 9.57
Pb 7.00 5.66 6.67 17.11 11.55 7.50 12.71 12.44 13.07 12.11 11.22 8.80
Bi 0.02 0.02 0.02 0.05 0.06 0.04 0.03 0.10 0.02 0.05 0.03 0.07
Th 2.64 224 2.99 24.36 10.19 27.85 17.13 10.56 11.40 11.10 9.65 13.49
U 1.09 0.83 0.98 3.84 3.31 6.68 3.79 4.10 3.17 3.62 335 3.82
Mo 0.64 0.60 0.69 0.76 1.15 1.05 1.12 1.17 1.33 1.04 1.42 2.53
Eu 0.84 0.90 0.94 0.96 0.50 0.97 0.85 0.55 0.51 0.70 0.51 0.56
Hf 0.80 0.76 0.78 4.19 2.04 3.97 291 236 242 2.62 1.81 2.61
Re 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.02
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Table 4.4 (cont.).
Rock type: Hornblende granite
Sample no:  3WK20 3WK23 3WK24 3WK26 3WK27 2WK4 3IWK21  3WKI8  3WK22 2WK2 3WK25
Major and minor oxide (%)
Si0, 6837  58.23 59.17 60.27 73.04 54.74 57.03 66.74 57.80 58.59 58.69
TiO, 0.40 0.95 0.60 0.56 0.19 0.64 0.87 0.33 0.85 0.69 0.59
AlLO, 14.24 1423 16.25 16.38 13.87 16.25 11.17 14.94 14.57 15.46 15.27
FeO 3.55 8.37 7.12 6.12 1.73 7.71 7.83 3.69 8.78 8.02 6.64
MnO 0.00 0.14 0.17 0.16 0.00 0.16 0.11 0.12 0.15 0.20 0.17
MgO 1.92 4.88 3.31 2.99 0.69 5.20 10.89 1.75 5.11 3.84 4.54
CaO 2.38 6.97 7.35 7.17 1.54 8.59 6.15 3.58 7.18 7.30 7.98
Na,O 3.71 2.86 4.08 4.01 4.36 3.65 292 433 293 2.98 3.51
K,0 3.34 1.74 1.15 1.19 2.97 0.98 1.66 1.51 1.61 2.02 1.07
P,0; 0.12 0.30 0.28 0.24 0.00 0.29 0.26 0.21 0.24 0.35 0.27
LOI 0.81 1.11 1.02 1.25 1.03 1.17 1.25 1.08 1.05 1.08 1.03
Total 98.83  99.79 100.50 100.33 99.42 99.38 100.14 98.27 100.28 100.54 99.77
Trace elements and REE (ppm)

Li 6.95 8.09 6.97 7.14 5.84 7.96 9.82 7.20 9.02 6.83 5.24
Be 1.34 1.06 0.79 0.80 1.36 0.73 0.83 1.04 0.89 0.87 0.73
v 41.82 193.62 147.42 138.05 8.81 192.45 185.89 18.34 185.59 149.72 167.36
Cr 2441 4772 25.03 22.92 49.04 26.70 515.72 9.49 20.26 7.02 23.52
Sc 8.08 2517 10.39 9.80 3.51 14.08 20.81 4.10 22.34 10.72 12.28
Ni 4.04 23.25 11.78 11.85 4.80 12.19 191.24 3.51 43.73 2.64 11.95
Cu 5.63 100.16 5.58 10.62 2.59 16.35 72.14 1.95 41.82 4.46 18.55
Mn 520.44 1087.87  1182.21 1134.89 426.84  1178.31 831.62 733.80 1260.54  1556.72  1250.69
As 1.91 2.66 1.31 1.41 0.96 1.00 3.88 1.72 233 1.74 1.06
Co 64.20 37.88 49.14 52.20 64.98 53.70 50.49 48.84 42.27 35.73 53.80
Zn 34.06  69.00 66.14 64.38 23.84 66.55 47.94 46.87 68.18 63.93 66,22
Ga 13.16 16.39 17.79 17.81 11.89 18.78 17.75 14.43 17.50 16.91 18.58
Rb 57.35  50.76 19.91 21.49 54.25 17.84 41.65 31.10 50.71 35.57 16.10
Sr 29843 51478 901.29 956.26 169.41 996.81 729.08 467.42 566.95 742.06  1048.50
Y 27.16 26.08 9.16 11.85 19.55 9.83 15.54 12.61 22.46 27.86 12.77
Zr 97.13  87.64 88.34 87.70 96.95 88.93 102.19 89.58 87.17 87.96 88.91
Sn 2.67 1.82 1.67 1.22 4.05 0.67 1.07 1.85 1.64 1.03 1.01
Sb 0.23 0.22 0.17 0.15 0.17 0.13 0.41 0.37 0.22 0.16 0.12
Cs 0.73 0.61 0.50 0.49 0.43 0.36 0.18 0.47 0.70 0.57 0.22
Ba 852.40 115.21 55.97 94.90 529.51 165.20 277.58 167.75 221.24 161.00 643.72
La 27.22 60.39 9.96 12.05 24.31 10.11 12.02 19.44 17.05 14.21 12.24
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Table 4.4 (cont.).

Rock type: Hornblende granite
Sample no: 3WK20 3WK23 3WK24 3WK26 3WK27 2WK4 3WK21  3WKI8  3WK22 2WK2 3WK25

Trace elements and REE (ppm)

La 2722 60.39 9.96 12.05 24.31 10.11 12.02 19.44 17.05 14.21 12.24
Ce 51.16 42,71 19.07 23.97 46.04 18.88 23.17 38.75 35.21 30.60 23.08
Pr 5.73 5.32 2.33 295 4.99 2.33 3.41 4.52 4.34 443 2.97
Nd 2221 2261 9.78 12.53 18.44 10.02 15.75 18.03 18.82 20.09 12.80
Sm 4.68 5.10 1.94 2.58 3.51 2.08 3.57 3.32 4.26 4.82 2.70
Gd 3.81 3.95 1.49 1.96 2.80 1.60 2.62 2.42 331 3.84 2.06
Tb 0.68 0.69 0.24 0.33 0.49 0.27 0.44 0.38 0.58 0.72 0.34
Dy 3 3.68 1.28 1.72 2.69 1.41 2.27 1.90 312 3.99 1.82
Ho 0.61 0.57 0.20 0.26 0.43 0.22 0.34 0.29 0.48 0.63 0.28
Er 221 1.95 0.69 0.90 1.57 0.75 1.10 0.98 1.67 217 0.95
Tm 0.38 0.32 0.11 0.15 0.28 0.13 0.17 0.16 0.27 0.36 0.16
Yb 2.48 2.06 0.76 0.96 1.88 0.84 1.01 1.03 1.77 2.34 1.01
Lu 0.41 0.33 0.13 0.16 0.32 0.14 0.16 0.17 0.29 0.38 0.17
Nb 4.21 13.58 5.70 4.86 5.46 5.01 8.96 3.22 10.30 9.28 5.46
Ta 7.24 5.14 1.35 4.69 8.09 2.81 432 3.97 3.87 3.26 2.36
Pb 8.34 5.91 2.57 4.75 10.02 4.05 6.24 4.36 5.53 3.25 5.28
Bi 0.04 0.05 0.03 0.03 0.02 0.03 0.04 0.02 0.03 0.04 0.03
Th 5.87 5.08 1.10 1.46 5.75 1.06 1.62 2.24 4.42 2.00 1.29
U 1.67 1.61 0.52 0.60 1.56 0.51 0.58 0.67 1.52 0.96 0.57
Mo 1.70 1.70 0.71 1.05 0.98 0.86 0.42 0.60 1.17 0.87 0.80
Eu 1.19 1.26 0.76 0.98 0.64 0.80 1.13 1.09 1.15 1.69 1.00
Hf 1.53 0.61 0.64 0.57 1.73 0.72 1.98 0.59 0.48 0.67 0.74

Re 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
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Figure 4.5 Discrimination diagram, SiO» and Na.O+KO, 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 SiO- 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 Al*which is experimental calibrated by the total Al in hornblende
from H.O-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 °C 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 °C while those of the biotite-hornblende granite range from 600 to 750 °C.
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rocks in the Wang Nam Khiao area,

Rocktype Homblende granite Biotite-homblende granite
v o a s = Al T # B 3 Z =
= g g = o o 3 = = = = A h
f; R & B E E 5 E E E 2 % %
Mineral Name Hb Hb Hb Hb Hb Hb Hb Hb Hb Hb Hb Hb
No. oxygen 23 23 23 23 23 23 23 23 23 23 23
5i0; 4480 4643 4424 4422 4340 4703 4702 48B3 4727 48B4 4736 4773
AlLO; 2359 331 1020 924 1024 T41 1 6.30 746 6.63 746 717
T, 1.80 129 182 130 114 1.61 0.86 072 0.90 0.76 0.94 0.84
Cry05 002 0.04 0.00 0.00 000 000 0.06 0.02 0.09 0.08 0.07 0.04
FeO, 1400 1423 1463 1781 1877 1391 133 1177 1332 1297 1333 13.00
MNnO 034 038 031 0.96 0.89 033 041 043 043 047 041 045
MzO 1250 1299 1206 10,00 936 1330 1384 1502 1384 1457 1379 1411
Ca0 1181 1130 1182 1171 1166 1136 1161 1149 1165 1177 1125 1151
Na 0 126 1.18 144 104 101 129 138 143 137 122 154 146
K0 0.68 043 0.73 1.09 119 0.33 0.33 023 044 023 0.39 0.34
Total 9709 9710 9735 9747 9766 9701 9623 9678 9677 9720 96359 9663
Formula 23(0)
i 6613 6806 6329 6627 6510 6.897 6939 7071 6923 7.024 6041 6981
Al 1665 1435 1774 1632 1810 1280 1236 1150 1288 1136 1283 1236
Ti 0.199 0142 0202 0146 0120 0477 0085 0078 009% 0083 0104 0092
Cr 0002 0005 0000 0000 0000 0000 0.007 0002 0010 0009 0008 0.003
Fes. 0452 0308 0445 0547 0635 0466 0472 0462 0473 0543 0492 0464
Fey. 1284 1235 1361 1697 1719 1239 1180 0963 1159 1020 1147 1125
Mn 0042  0.047 0039 0122 0113 0.063 0051 0055 0033 0058 0051 0056
Mg 2743 283 2631 2232 2091 2903 3042 3240 3020 3146 3010 3074
Ca 1879 1852 1884 1.87% 1873 1.784 1835 1782 1828 1.827 1766  1.803
Na 0360 0335 0412 0302 0204 0347 0393 0401 0382 0343 0437 0414
K 0.128 0.084 0137 0208 0228 0.103 0.104 0.046 0082 0046 0073  0.063
Total 15370 15287 15434 15393 15400 15287 15357 15262 15326 15244 15317 15313
Geobarometer (Schmide, 1992)
P(kbar){+0.6 khar) 499 390 552 485 573 315 294 257 318 246 319 2903
Depth (km) 1816 1418 20.06 17.64 20.82 1144 10.68 934 1158 895 1159 10.66
Geothermometer (Holland & Blundy, 1994)
cum 0.0006 00109 00006 00022 00059 00333 00168 00300 0.0167 00183 00320 00283
XTSi 0.6538 07015 06324 06567 06274 07242 0.7348 07678 07312 07561 0.7351 0.7452
XTAl 035462 02985 03676 0.3433 03726 02758 02652 02322 02638 02430 02649 02548
XMAL 0.1400 01207 0.1517 01292 0.1397 0.0836 0.0878 0.1158 01064 00801 0.1144 0.1083
XK 0.1278 0.0841 0.1374 02083 02276 0.1028 0.1033  0.0462 0.0822 0.0462 00720 0.0634
XBlk 06327 07173 05660 0.6074 06000 0.7129 06501 0.7406 06843 07656 0.6913  0.6916
XNa 02396 019835 02266 0.1843 01724 01842 02464 02133 02335 01881 02359 02450
XMNa 00601 00683 00376 00332 00606 00912 00741 00040 00777 00773 01007 00844
XMCa 09396 09262 09421 09397 09365 08921 09175 08910 009139 09136 08828 09015
XPlAb (0.1-0.9) 042 063 044 053 058 053 0.62 083 0.83 065 078 086
XPlAn 0.38 0.37 0.36 047 042 047 0.38 0.17 0.17 033 022 0.14
V1 1.0368 0.0000 07632 0.0000 00000 0.0000 0.0000  0.0000 00000 0.0000 0.0000 0.0000
T2 1.0800  3.0000 1.5600 3.0000 3.0000 3.0000 3.0000  3.0000 3.0000 3.0000 3.0000 35.0000
KD1 02209 035641 01323 03525 03384 0.5630 04780 1.0052 06081 08648 06602 0.74%0
KD2 00703  0.0420 0.0363 0.0448 0.0333 0.1004 00579 0.0301 0.0200 00396 00377 0.0188
T1(" C)(+40°C) 792 731 805 750 728 756 741 673 694 727 697 685
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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 um), 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
238-205pp age of 314.6 + 4.4 Ma (Fig. 4.9b) and younger ages defining a weighted
mean 238U-?%Pp age of 284.9 + 4.2 Ma. These defined 233U-?%Pb ages should indicate
the age of magmatic crystallization of granite during Late Carboniferous to Early
Permian. The hornblende granite shows a weighted mean 233U-2%Pp 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-2%Pp 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 2*8U-2%°Ph age of 237.8 + 3.8 Ma should indicate the Triassic
magmatism. On the other hand, the older zircon 28U-2*Pp 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).

Anallytieal pip ey Y ™ gy sy, WP P (1) UL age PUBRb e e
spot number (ppmy (ppmy (hHMay (2)May

WKG1_025 0.00 215 72 034 2340 = 046 004380 =+ 00032 2698 + 52 2698 = 52 Conc
WKG1_004 080 473 172 037 2268 = 053 00456 + 00032 2782 = 63 2803 = 64 Conc
WKG1_029 013 596 264 045 2247 = 042 00495 = 00032 2806 = 51 2810 = 50 Conc
WKG1_026 042 257 80 032 2243 = 047 00472 =  0.0046 2812 = 58 2824 = 57 Conc
WKG1_028 0.00 429 162 039 2216 + 041 00536 = 00020 2845 = 51 2839 = 51 Conc
WKG1_006 091 347 150 044 2232 + 058 00470 =+ 0.0039 2825 + 72 2842 + 72 Conc
WKG1_032 045 399 189 048 2223 = 042 00476 + 00037 2837 + 52 2849 = 52 Conc
WKG1_030 0.00 237 87 037 2203 = 047 00552 + 0.0033 2861 = 60 2850 = 61 Conc
WKG1_052 018 546 272 051 2177 £ 035 00568 = 00037 2895 = 45 2878 = 44 Conc
WKG1_027 724 432 259 061 2180 = 042 00464 = 00092 2892 = 54 2914 £ 52 Conc
WKG1_042 0.00 1009 761 077 2156 + 033 00539 = 00014 2922 = 44 2916 = 44 Conc
WKG1_050 0.00 720 445 063 21 53548 40 35 00507 + 00016 2926 = 47 2926 + 47 Conc
WKG1_003 0358 212 74 036 2096 + 057 00540 + 00043 3005 = 80 2999 + 80 Conc
WKG1_040 0.00 266 102 039 2068 + 044 00553 + 00028 3045 = 63 3034 £ 63 Conc
WKG1_008 0.05 289 96 034 2066 + 043 00511 + 00035 3047 = 62 3049 £ 62 Conc
WKG1_046 0.00 395 178 046 2053 + 041 00566 + 00024 3065 = 59 3050 = 60 Conc
WKG1_047 0.00 606 256 043 2046 + 031 00560 + 00019 3076 = 46 3063 £ 46 Conc
WKGI1_051 049 613 253 042 2046 + 035 00553 + 00033 3077 = 51 3067 £ 51 Conc
WKG1_034 0.00 408 197 050 2047 £ 035 00526 + 00020 3075 51 3074 £ 51 Conc
WKG1_037 046 403 146 037 2051 + 037 00503 + 00037 3069 = 54 3077 £ 54 Conc
WKG1_038 1.04 405 191 048 2036 + 037 00536 + 00044 3091 = 55 3087 £ 54 Conc
WKGI1_035 0.00 493 308 064 2019 = 037 00498 + 00017 3116 = 56 3116 = 56 Conc
WKGI1_001 280 271 107 041 2027 £ 050 00479 + 00041 3105 = 75 3123 £ 76 Conc
WKG1_009 0.00 708 317 046 1985 + 036 00500 + 00015 3169 = 56 3169 £ 56 Conc
WKG1_010 030 317 125 041 1985 =+ 036 00483 =+ 00035 3168 =+ 56 3177 + 55 Conc
WKG1_039 0.00 439 204 048 1969 + 036 00536 =+ 00024 3194 =+ 57 3191 =+ 57 Conc
WKG1_048 075 309 135 045 1956 =+ 040 00557 =+ 00041 3214 % 64 3203 + 64 Conc
WKG1_045 0.00 571 284 051 1960 =+ 033 00537 + 00019 3208 =+ 53 3204 £ 54 Conc
WKG1_014 0.00 507 226 046 1936 =+ 031 00536 =+ 00020 3246 =+ 51 3244 £ 52 Conc
WKG1_033 0.66 208 86 042 1929 + 045 00535 =+ 00049 3258 =+ 73 3256 =+ 73 Conc
WKG1_015 0.00 649 270 043 1927 + 031 00506 =+ 00017 3261 + 51 3261 =+ 51 Conc
WKG1_016 0.00 393 232 061 1892 + 031 00551 =+ 00021 3320 =+ 52 3311 =+ 53 Conc
WKG1 011 0.00 327 172 054 1876 =+ 032 00535 =+ 00021 3349 =+ 55 3347 + 56 Conc

Errors are 1-sigma; Pb_ and Pb-indicate the common and radiogenic portions, respectivel
g < genic p P y.

(1) Common Pb corrected by assuming *Pb*8U-2%*Pb23?Th age-concordance

(2) Common Pb corrected by assuming *Pb/*$U-""Pb?*U age-concordance
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Figure 4.8 CL images of zircons showing 2%Pb/?%U ages from the biotite granite
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curve and weighted average 2*8U-2%Pb 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).

Analytical

235Y205Ph- age

238U 205Ph- age

spot number DL Ppm) (ppm) ThU U b P (1)Ma) 2)Ma) Cone
2WK4 049 008 36 14 039 2692 + 109 00747 + 00156 2351 £ 93 2282 + 89 Conc
2WK4_050 048 41 17 042 2490 + 089 00481 =+ 00120 2539 + 89 2548 + 88 Conc
2WK4 051 0.00 46 23 033 2519 = 095 00640 + 00081 2509 + 92 2470 + 94 Conc
2WK4 052 0.00 39 17 044 2310 = 082 00578 =+ 00079 2732 = 96 2712 + 98 Conc
2WK4 053 0.00 78 43 057 2609 + 082 00614 =+ 00059 2424 + 735 2393 + 76 Conc
2WK4 055 0.00 45 18 042 2433 + 081 00511 =+ 00068 2596 + 85 2596 + 85 Conc
2WK4 059 097 60 35 060 2548 + 076 00365 =+ 00090 2482 + 72 2506 + 70 Conc
2WK4 061 0.00 62 39 064 2519, £ | 093 00469 =+ 00053 2509 + 91 2509 £+ 91 Conc
2WK4 062 106 66 42 066 2586 + 076 00477 + 00105 2446 + 70 2456 + 69 Conc
2WK4 063 0.00 46 26 058 2489 + 087 00566 =+ 00086 2540 + 87 2523 £ 91 Conc
2WK4 064 0.00 67 27 042 2506 + 075 00590 =+ 00058 2523 £ 74 2499 + 75 Conc
2WK4_065 0.00 55 33 062 2336 + 080 00435 + 00061 2702 £+ 91 2702 + 91 Conc
2WK4_066 094 50 18 038 2442 + 089 00554 =+ 00102 2587 + 93 2575 + 92 Conc
2WK4 071 012 46 25 055 2403 + 101 00367 =+ 00110 2628 + 108 2631 + 105 Conc
2WK4 072 044 56 35 064 2433 + 075 00507 + 00113 2596 + 79 2598 + 76 Conc
2WK4 073 098 50 21 044 2381 =+ 088 00443 + 00097 2652 + 96 2675 + 96 Conc
2WK4 074 3692 77 68 091 2455 + 159 00709 =+ 00763 2574 + 164 2523 + 157 Conc
2WK4 075 221 63 24 040 2532 + 083 00499 =+ 00108 2497 + 80 2501 + 79 Conc
2WK4 077 0.00 57 34 062 2444 + 089 00532 =+ 00056 2585 £ 92 2580 + 93 Conc
2WK4 081 096 46 18 040 2610 + 084 00470 =+ 00109 2424 £ 76 2436 + 76 Conc
2WK4 082 0.00 57 35 063 2432 + 073 00420 =+ 00056 2597 + 76 2597 + 76 Conc
2WK4 083 0.00 52 26 051 2480 + 092 00566 =+ 00063 2548 + 93 2532 + 94 Conc
2WK4 084 0.00 50 22 045 289N AN L 09: 00491 =+ 00064 2452 + 85 2452 + 85 Conc
2WK4 085 0.00 55 28 052 2336 = 076 00503 =+ 00070 2702 + 86 2702 + 86 Conc
2WK4 086 052 42 17 042 2367 = 092 00397 =+ 00123 2667 + 101 2681 + 98 Conc
2WK4 088 0.00 54 33 062 2310 + 086 00569 =+ 00061 2732 = 99 2715 + 101 Conc

Errors are 1-sigma; Pb. and Pb-indicate the common and radiogenic portions, respectively
(1)Common Pb corrected by assuming 2°°Pb>8U 2%Pb2*2Th age concordance
(2)Common Pb corrected by assuming 2°Pb2¥U2Pb?*U age-concordance
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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).

Analytical 206Pbeql)(%) v T T 238U,206ph 1) 207Pb/206Phx (1) PPUAPbrage PPUAPL-age Cone
spot number ppm) %) U () 2)(%)

2WK15_001 0.00 195 80 042 2737 + 060 00473 =+ 00033 2313 = 50 2313 £ 50 Conc
2WKI15_002 0.00 179 63 036 2565 = 061 00454 <+ 0.0030 2465 = 57 2465 += 57 Cone
2WK15_003 0.00 214 106 051 2040 =+ 038 00543 =+ 00022 3085 + 57 3079 + 57 Conc
2WK15_004 0.74 175 61 036 2557 = 056 00467 = 00049 2473 =+ 53 2487 = 53 Conc
2WKI15_005 0.00 154 52 034 2658 + 060 00543 + 0.0039 2380 = 53 2371 += 54 Conc
2WK15_006 0.01 181 76 043 2705 + 058 00512 =+ 00055 2340 = 50 2339 £ 49 Conc
2WK15_007 0.00 250 145 059 2598 + 052 00513 + 0.0034 2435 + 48 2434 + 49 Cone
2WK15_008 0.00 140 58 043 2500 = 065 00471 =+ 0.0028 2528 =+ 65 2528 + 65 Conc
2WK15_009 0.00 157 60 039 2472 = 055 00490 = 00036 2556 =+ 55 2556 + 55 Cone
2WKI15_010 1.61 77 25 034 2506 = 075 00473 + 00103 2522 + 74 2535 = 75 Cone
2WK15_011 0.00 486 320 068 1430 = 025 00545 = 00018 4357 = 74 4357 = 74 Conc
2WK15_012 053 117 53 046 2469 =+ 079 00505 = 00080 2559 = 80 2562 = 79 Conc
2WKI15_013 0.00 126 57 046 2625 + 063 00556 =+ 0.0052 2410 = 57 2397 + 58 Conc
2WK15 014 0.00 12 39 036 2387 =+ 080 00541 = 00051 2645 + 87 2637 + 89 Conc
2WK15 015 0.00 224 141 064 2488 + 062 00584 =+ 00041 2541 = 62 2519 += 63 Cone
2WK15_016 043 114 45 040 2781 =+ 070 00516 = 00059 2278 =+ 56 2275 + 56 Conc
2WK15_017 0.00 84 22 027 2787 + 080 00593 = 00051 2273 £ 64 2249 + 65 Conc
2WKI15_018 026 205 102 051 2760 = 050 00493 <+ 0.0045 2294 = 41 2298 + 41 Conc
2WK15_019 0.79 141 44 032 2683 = 073 00433 = 0.0055 2359 = 63 2378 = 62 Conc
2WK15_020 0.00 143 48 034 2606 = 069 00495 <+ 00035 2427 + 63 24277 + 63 Conc
2WKI15_021 048 197 94 049 2682 + 059 00499 + 0.0056 2360 = 51 2363 = 5.1 Conc
2WK15_022 159 94 32 035 2831 = 089 00362 = 0008 2238 + 69 2274 + 68 Conc
2WK15 023 3.66 169 50 030 2584 + 062 00533 + 00063 2447 + 58 2441 = 57 Cone
2WK15_025 0.00 470 289 063 2728 = 050 0.0508 = 0.0021 2321 = 42 2321 £ 42 Conc
2WK15_026 0.00 346 175 052 2735 + 0350 00530 = 0.0023 2315 = 41 2309 £ 42 Conc
2WKI15_027 0.00 405 304 077 2738 + 059 00516 =+ 00025 2313 = 49 2311 += 50 Conc
2WK15_029 1.07 422 507 123 1481 = 032 00444 = 00066 4212 + 88 4256 = 83 Conc
2WK15 030 0.03 116 36 032 2698 + 077 00503 + 00071 2346 + 66 2347 + 64 Conc

Errors are 1-sigma; Pb, and Pb-indicate the common and radiogenic portions, respectively.
(1) Common Pb corrected by assuming 2°Pb/43¥U-2%Pb,232Th age-concordance

(2) Common Pb corrected by assuming 2°°Pb/438U-207Pb35U age-concordance
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and weighted average 23U-2%Pb 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 = pgh (P = pressure (GPa), p =
continental crust density (2.73 kg/m®), g = specific gravity (10.0 m/s?), 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 101 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 °C) and the biotite-hornblende granites
(600-750 °C) 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 °C /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
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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 K>O 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- FeOxota- 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).
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Figure 4.15 (a) SiO2 vs. K>O 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.
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Figure 4.16 (a) Plots of biotite and coexisting minerals in the FeO* -MgO-Al203
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- Al>O3 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 4.7¢)
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.

- [ [b]

A : extension related ~
alkaline magmas % ~<«——Tulameen

C : subduction related
calc-alkaline magmas 0.8

P : collisional
peraluminous magmas

Na+K

0.2 1

L
FeO* ALO, 6.0 6.5 si 7.0 7.5 8.0

0.0

I @ -Biotte granite B - Hombiende granite W/ - Biotte-hornblende granite |

Figure 4.17 (a) Plots of biotite composition on the FeO*-MgO-Al0s 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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Plutonic rocks in Wang Nam Khiao area
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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 °C, 7.6-9.0 kbar with 850-950 °C, and 7.6-8.8 kbar with 750-850 °C 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 °C, and
2.0-3.2 kbar with 600-750 °C 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).

314-285 Ma| Late Carboniferous - Early Permian

West Palaeo-Tethys .. Biotite granite East
0
35 Indochina
§ —_— 50 —

Back-arc collapse

100 —

- Biotite granite km

—

] 0

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).
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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).

314-285 Ma| Late Carboniferous - Early Permian

West Palan-TethyS > Biotite granite East
Indochina
257 Ma | Late Permian
West e 7 "_,,.-Hornblende-biome granite
o Palan-Tethys |/~ " _Homblende gabbro, hornblendite East
Sibumasu —= .
T — ~ Indochina
9 Back-arc collapse
\\
237 Ma | Middle Triassic
West Biotite-hornblende granite East
Sibumasu Indochina

Back-arc collapse

s

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, 1994). Based on the experimental data of
coexisting amphibole and plagioclase, Holland and Blundy (1994) suggested two
geothermometers based on the edenite-tremolite reaction (Reaction A) and edenite-

richterite reaction (Reaction B) below.

NaCa,MgsSiy(AlSi;)05,(0H), + 4810, = Ca,Mg;Siz0,,(0OH), + NaAlSi;Og <. ..(Reaction A)
(edenite) +  (quartz) = (tremolite) + (albite)

NaCa,MgsSi4(AlSi;)0,,(0H), +  NaAlSi;Oq = Na(NaCa)Mg;Siz0,,(OH), +  CaAl;Si,04 ...(Reaction B)
(edenite) + (albite) = (richterite) + (anorthite)

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°C.
The detailed equations to calculate temperature of both geothermometers are explained
by the following equations with R=0.0083144 kJ K'* mol,

~76.95+0.79P+Y g +39.4 X4 o +22.4X 4 +(41.5-2.89P) X2 €. 1)
TRARTLAPIAG  terereeereseseeseeeeen g.

27 XwXsi Xap
—-0.0650—R-In(———42—
n( 256- X4 o X1} )

TA:
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Where Y,,;, term is given by: for X,;, >0.5thenY,, =0
Otherwise Y, = 12.0(1 — X ;)% — 3.0 kJ

78.44+Y gy an— 33.6 XNt —(66.8—-2.92P) X¥?+78.5X1 1 +9.4X4 ,

Tp = T Rt (eq. 2)
0.0721—R-In(—-Na -Si “an __
(64 xM4.xT1. x%“g )

Where Y,;,_ ., term is given by: for X, > 0.5then Y,;,_,, = 3.0 kJ
Otherwise Y p_gn = 12.0(2X,, — 1) + 3.0 kJ

T is the temperature in Kelvins, P is the pressure in kbar and the X? term denotes
the molar fraction of species (or component) i in phase (or crystallographic site) ¢

The required site term of amphibole for these calculation equations are defined
as follows:

cm = Si+Al+Ti+Fe3" +Fe?" +Mg+Mn-13.0
XTIl = (Si-4)/4
X'l =(8-Siy/4
xM2 = (AI+Si-8)/2
X4 =K
X4 =3-Ca-Na-K-cm
X4, = Cat+Na+cm-2

XxM4 = (2-Ca-cm)/2

= Ca/2

The calculation terms of plagioclase are required as follows:

XxPlag — ca/(Ca+Na)

XP1%9 = 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 °C.

N 3
T = (P NM 30335 (eq. 3)

Where T is temperature in °C, Ti is the atoms per formula unit based on 22 of
oxygen, Xmg is Mg/(Mg+Fe) and a, b, ¢ are parameters (a = -2.3594, b = 4.6482x10°°,
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, 1992). The total Al content of calcic amphibole has
correlation with the pressure which was confirmed by experimental studies ( Hollister
etal., 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 Al (eq. 4)

Where P is the pressure in kbar, Al 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(+0.33kbar) =3.0 TAI=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)



138

VITA

Mr. Alongkot Fanka was born on March 9, 1986 in Wiangsa, Nan, Thailand. He completed
high school from Sa School, Nan in 2004. He then graduated Bachelor’s Degree (B.Sc) in geology
in 2008 from Department of Geology, Faculty of Science, Chulalongkorn University focused on
petrography and geochemistry of igneous rocks. After graduated his bachelor degree, he got the
scholarship from the Human Resources Development in Science Project (Science Achievement
Scholarship of Thailand, SAST) for his Master’s and Ph.D.’s Degrees. He started the Master’s Degree
in Geology Program at Department of Geology, Faculty of Science, Chulalongkorn University and
his research focused on the petrochemistry of corundum-bearing rocks of Montepuez Deposits,
Mozambique and published in the Journal of The Gemmological Association of Hong Kong
(ISSN2076-7412) Volume XXXIV in 2013. For his Ph.D.’s Degree, he study have focused on the
petrology, geochemistry, mineral chemistry, geothermobarometry, and geochronology of plutonic

rocks. His research is published in the Journal of Asian Earth Sciences, Volume 130 in 2016.



	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1  INTRODUCTION
	1.1 General statement
	1.2 Objective
	1.3 Methodology

	CHAPTER 2  GEOLOGIC SETTING
	2.1 Tectonic framework
	2.2 Background geology
	2.3 Sample collection

	CHAPTER 3  MAFIC-ULTRAMAFIC PLUTONIC ROCKS
	3.1 Field observation
	3.2 Petrography
	3.3 Mineral chemistry
	3.4 Whole-rock geochemistry
	3.5 Geothermobarometry
	3.6 Zircon U-Pb geochronology
	3.7 Discussions

	CHAPTER 4  GRANITIC ROCKS
	4.1 Field observation
	4.2 Petrography
	4.3 Mineral chemistry
	4.4 Whole-rock geochemistry
	4.5 Geothermobarometry
	4.6 Zircon U-Pb geochronology
	4.7 Discussions

	CHAPTER 5  CONCLUSION AND RECOMMENDATION
	5.1 Conlusions
	5.2 Recommendation

	REFERENCES
	APPENDIX  GEOTHERMOBAROMERTY CALCULATION
	VITA

