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CHAPTER |

INTRODUCTION

1.1 General Statement

Amphibolite is one type of high grade metamorphic rocks which may have been
originated from mafic igneous rocks, i.e., basalt and gabbro. However, amphibolites can
be classified, based on the parental rocks, into two groups, i.e., ortho-amphibolite and
para-amphibolite. Ortho-amphibolite is given for prograde metamorphosed basalts. This
rock type includes amphibole (mostly hornblende), plagioclase, epidote, zoisite,
chlorite, quartz, sphene, leucoxene, ilmenite and magnetite (Winter, 2001). On the other
hand, para-amphibolite may have same equilibrium mineral assemblage as ortho-
amphibolite but it usually includes more biotite, more quartz, and more albite with calcite
or wollastonite depending on the protolith (Winter, 2001). Some previous studies show
that amphibolites may be associated with sutures (Qasim, 1988; Orberger et al., 1995;
Koroteev et al., 2007; Wang et al., 2007; Sutthirat, 2009). Oceanic basalts lain between
two continents may be the initial rock of amphibolite occurred during collision. The other
processes such as metamorphism in the deep continental crust which contained mafic
igneous rocks may take place and turn these rocks to amphibolite. However, mafic and
ultramafic rocks and their related rocks in Thailand have not much been studied in detail
because most exposures are highly weathered due to the hot and humid weather in this
region. This research is aimed to study types and origin of rocks as well as ancient

geotectonic setting within this area.

Metamorphic amphibolites have been found rarely in Thailand. Salyapongse

(2002) reported that metamorphic rocks in Thailand can be subdivided into four belts



elongated in the north-south direction. They are characterized from west to east by
Abukuma Facies Series Belt, Barrovian Facies Series Belt, Blueschist-Greenschist
Facies Series Belt and Unclassified Greenschist Facies Belt. Abukuma Facies Series
Belt is significantly occupied by Precambrian rocks comprising granitic to granodioritic
gneisses, mica to hornblende schists, calc-silicate to marble with local quartzite.
Barrovian Facies Series Belt, or lower greenschist Abukuma Facies belt, compose of
lower grade of Greenschist facies to higher grade of Amphibolite facies rocks. There are
volcanicclastic rocks, calc-silicate, rhyolitic to andesitic rocks, phyllitic tuffs with some
marble lens and are unconformed by younger Jurassic red bed. (suggested that the
study area is in Barrovian Facies Series Belt) For Blueschist-Greenschist Facies Series
Belt, mafic lava (subduction-related metamorphism) also found with associated rocks.
Last, for Unclassified Greenschist Facies Belt, this belt exposed only in Loei province.
Volcanogenic sequence and fossiliferous limestone are mainly exposed with chert beds.
Metaandesite were metamorphosed to the Greenschist Facies are rare. All metamorphic

belts are related to tectonic settings of Thailand.

Charusiri et al. (1997) suggested that Thailand consists of some geological
sutures including Chiang Mai suture situated between Lampang - Chiang Rai volcanic
belt and Shan-Thai micro-continent, Nan suture lain along Lampang - Chiang Rai
volcanic belt and Nakhon Thai plate, Sa Kaeo suture expected to continue from Nan
suture, Loei suture located along Nakhon Thai plate and Indochina micro-continent and
Pattani suture between Shan - Thai and Indochina micro-continents in the south (see

Figure1.1).

However, only a few works have been carried out for rocks related to the suture
in Thailand. For example, Orberger et al. (1995) studied ultramafic and chromititic rocks

collected from Nan-Uttaradit ophiolite suite which is distributed along Shan - Thai and



Indo-China micro-continents in the NE-SW direction. The ophiolite can be grouped into
two ages; Permo-Triassic and Carboniferous age. Sixty samples of these rocks and
related volcanic rocks were analyzed; consequently, this rock sequence was proven to
be related to subduction zone. Moreover, chromititic rocks in this area have two origins,
boninites and transitional boninites. Some parts of the ophiolite suite seem to be
originated in supra-subduction zone. Their protoliths appear to be harzburgites and

dunites.

Ueno and Hisada (2001) studied Paleotethys as indicated by fossils. The
evidences showed that Nan-Uttaradit-Sa Kaeo suture is unlike boundary between
Indochina micro-continent and Sibumasu block. It should be notified that Sibumasu is
comparable to Shan-Thai micro-continent reported by Charusiri et al. (1997). This suture
is only a part of the small ancient sea that is not a Paleotethys. On the other hand,
mafic rocks and amphibolites that are scattered along Chiang Rai being the remnants

of Paleotethys.

Seusutthiya and Maopth (2001) studied on petrography and geochemistry of
ultramafic rocks at Ban Ban Tan, King Amphoe Suwankuha in Changwat Nong Bua
Lumphu. The rock unit was classified into three groups including Pre-Devonian strongly
alterated more-mafic rocks (serpentinite and hornblendite), Devonian pelagic rocks
(metacherts and phyllite) and Post-Devonian unalterated lass-mafic rocks (gabbros,
diabase and granitic rock). The results indicated the pelagic sediments are lying above
more-mafic rocks, which have undergone retrograde metamorphism, likely a part of

ophiolite suites.

Hisada et al. (2004) studied on the ophiolite that is disappeared in Mae Yuam

Fault, using chromium spinel. The chromium spinels were associated with Triassic Mae



Sa Reang Group. They can be divided into three groups including high Ti, low Ti and
high Cr. Three different origins, i.e., volcanic rocks, peridotites (from the ocean floor)

and chromitite were then suggested.

Chutakositkanon and Hisada (2008) studied the evolution of collision between
Indochina micro-continent and the oceanic plate around Sa Kaeo-Chanthaburi
accretionary complex (SKCB-AC); consequently, they divided the study area into five
units including Khao Hleam unit, Khao Prik unit, Ban Nong Bon unit, Soi Dao unit and
Pong Nam Ron Formation. Khao Hleam unit and Soi Dao unit consist of reddish brown
chert, pillow lavas, pyroclastic rocks and serpentinites that appear to be parts of

ophiolitic mélange.

Sutthirat (2009) studied mafic and ultramafic rocks along the suspected sutures
in the country (Figure 1.1). These rocks have been reported as parts of ophiolite suite

which contains sea floor sediments, mafic and ultramafic igneous rocks.

Kumalachan and Yoemniyom (1978) reported occurrences of iron ore
associated with emery in Prachinburi area. The emery was in red-soil that weathered
from coarse-grained hornblendite in Ban Non Sout Ae and Ban Yup | Pun areas (Figure
1.1.) In Ban Yup | Pun area, a part of this study area, outcrops could be divided into six
zones, i.e., corundum-emery zone, spinel-silimanite zone, silimanite zone, garnet-
silimanite zone, calc-silicate zone and marble zone. However, detailed study on
amphibolites in Ban Yup | Pun, Amphoe Wang Nam Khiao, Changwat Nakhon
Ratchasima has never been reported prior to starting of this research study (see also
Figure 1.2). Many outcrops are spreading over and can be easily surveyed. Geological

maps scale 1:50,000 (sheets 5337 | and V) of the Department of Mineral
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Resources show exposures of hornblendite spreading over the center of study area;
therefore, it was selected for this thesis.
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Figure 1.1.

Geologic map showing emery and silimanite ores associated with

hornblendite (redescribed as amphibolite in this study) in Ban Yup | Pun area (after
Kumalachan and Yoemniyom, 1978).

1.2 Scope of Work

The study area is located at Ban Yup | Pun and Ban Nong Mai Daeng areas in
Amphoe Wang Nam Khiao, Changwat Nakhon Ratchasima (Figure1.3). The area can be
accessed using Highway 304 (Kabinburi-Bangkok), then turn to the local road number

2082 at km 79 to Ban Tha Wang Sai, Ban Yup | Pun and Ban Nong Mai Daeng.



According to the topographic map sheets 53371V and 5337 |, it is reported that
topography in this area is mostly high. The highest peak (949 meters above mean sea
level, msl) is located on a ridge of the mountain range in Khao Yai National Park. The
northern area is mountainous while the southern area is flatland. The central area is the
study area is ripples areas. Many exposures of mafic igneous rocks, which were
suspected to be amphibolites, have been extensively found. Field study and sample
collection were taken place initially. The samples were prepared as slabs, thin sections
and polished-thin sections for petrographic work and mineral chemical analysis and as
rock powder and rock solutions for whole-rock chemical analysis. Rock powders were
taken to X-ray Fluorescence (XRF) Spectrometry analysis for determination of major and
minor elements whereas Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) was
used to analyze trace elements and rare earth elements from rock solutions. Moreover,
Electron Probe Micro-Analyzer (EPMA) was engaged to analyze mineral chemical

analysis using polished thin sections.
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Figure1.2. Map of Thailand showing main tectonic blocks and their related sutures

indicated by some crucial rocks; the study area is located in red rectangular (modified

after Sutthirat, 2009).
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Figure1.3. Topographic map of the study area and localities of sample collection

indicated by pink pentagons.
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Figure1.4. Reduction to the pole magnetic map (RTP-map) showing magnetic anomaly
of the study area and sample localities (pink pentagons). This map was used to initiate

boundary of the study area and to plan for sample collection.



1.3 Objective

The main objective of this study is to carry out petrochemistry of the
amphibolites exposed in Amphoe Wang Nam Khiao, Changwat Nakhon Ratchasima. All
data analyzed from this study could be used to interpret the rock origins and ancient

tectonic settings of the study area.

1.4 Methodology

Method of study is shown in Figure 1.5. Previous studies and geological maps
were initially reviewed. However, data of amphibolites in the study were rarely reported
even there are many outcrops of them spreading over the area, particularly at Ban Yup |
Pun and Ban Nong Mai Daeng. Subsequently, RTP-map (Reduction to the Pole-map;
Figure 1.4) prepared and interpreted from magnetic anomaly data were used for field
work and sampling plans. The red-color zone is set for high magnetic anomaly whereas
the blue-color zone is low magnetic. Therefore, amphibolites should response as along

the red zones in which exposures may be occurred.

During the fieldwork and sample collection, 40 samples were collected from 21
stations as shown in pinky pentagons (Figure 1.3). Subsequently, all samples were cut
to slabs, thin sections, polished-thin sections, rock powders and solutions were
prepared for appropriate laboratories. Specimens and slabs were used for rough
description such as color and main compositions to differentiate types of rock.
Subsequently, petrographic investigation was carried out using 59 thin sections under a
polarizing microscope. X-ray Fluorescence (XRF) Spectrometer, Bruker AXS S4
PIONEER, operated at a condition of 220/380V, 50Hz and 8kVA, was engaged for

whole-rock geochemical analyses, major and minor elements. In addition, loss on
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ignition (LOI) and FeO content were also determined by weighting and titration-
technique, respectively. Inductively Coupled Plasma-Mass Spectrometer (ICP-MS),
Perkin Elmer Optima 5300DV and Elan 6100, was used to analyze rock solutions for
trace elements and rare earth elements (REE). This instrument is based at the mineral
and geological services by SGS (Thailand) Limited. Electron Probe Micro-Analyzer
(EPMA), JEOL JXA-8100, with operating condition of focused beam, 15kV and about
2nA was used to analyze chemical compositions of main mineral phases using polished-
thin sections. Finally all analyzed data were discussed and concluded for report writing

and preparing manuscript.

Literature Reviews and Site Selection

A 4

Fieldwork and Sample Collection

\ 4

Sample Preparations

v \ 4
Petrography Mineral Chemistry Whole-rock Geochemistry
A 4
Petrographic Descriptions \ 4
Major and Minor Elements Trace Elements REE

\ 4

Discussion and Conclusions

A 4

Report Writing and Publication

Figure1.5. Flowchart showing methodology of this study.



CHAPTER I

GENERAL GEOLOGY

2.1 Geologic Setting

The main geologic structure of this area is confined by the northwest-southeast
direction parallel to the main fold axis of a large syncline with slightly dipping into the
south. Permian and Permo-Triassic rocks are more metamorphosed than the Khorat
Group (Putthaphiban et al.,, 1981; 1989). Some faults are clearly defined along the
northwest-southeast direction which usually formed features of cliff. The other faults are
additionally in the northeast-southwest and east-west directions. Salyapongse (2002)
reported that the study area is located in a narrow elongate belt belonging to Barrovian
Facies Series Belt. This belt varies from lower grade of Greenschist facies to higher
grade of Amphibolite facies. In general, it usually indicates boundary between Shan-

Thai and Indochina microcontinents.

According to the Putthaphiban et al. (1981; 1989), the regional area consists of
mostly sedimentary and igneous rocks with less abundance of metamorphic rocks. The
ages of rocks are ranging from Permian to Quaternary. The older rocks are exposed in

the central part while the younger ones are surrounding that is called window structure.

Sedimentary Rocks

- Saraburi Group (Permian): is the oldest rock in this area. They include shale,
siltstone, sandstone chert and limestone. Some were metamorphosed to phyllite, slate,

quartz-schist, hornfels, marble and quartzite.
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- Khorat Group (Mesozoic): consists of Phu Kradung Formation, Phra Wihan
Formation and Sao Khua Formation. They mainly consist of siltstone, sandstone and
conglomerate. These rocks mostly found along the mountain ranges excepted the

northwestern range.

- Quarternary sediments: are mainly characterized by colluviums and alluviums.

Igneous Rocks

- Plutonic rocks: in this area are characterized by mafic- to felsic-rocks including
hornblendite, gabbro, diorite, tonalite, alamellite and granite. They are crucially oriented
in the northwest-southeast direction. These rocks appear to be older than the Phu Kra
Dung Formation because they are covered by Phu Kra Dung Formation with

unconformity.

- Volcanic rocks: are composed of rhyolite, andesite, agglomerate and tuff.
These volcanic rocks underlaid the Phu Kra Dung Formation with the disconformity and

angular unconformity.

The igneous rocks in this area could be divided after Putthaphiban et al. (1981;
1989) into many groups as shown with different colors in Figure 2.1. For this study,
amphibolites or black greenish color rocks are also mapped with other gray to black,
medium- to coarse- grained, equigranular texture, hornblende-rich igneous rocks as
shown by the orange area in Figure 2.1. However, they are reclassified, based on
petrographic information gained from this study, as metamorphic amphibolites which

are reported in the nest chapters.
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Figure 2.1. Geologic map of the study area and adjacency (after Putthaphiban et al.,

1989).

2.2 Tectonic Evolution
Thailand consists of two micro-continents, named as Shan Thai and Indochina

(see Figure 1.2) which they appear to have undergone four steps of tectonic evolution
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(Charusiri et al., 1997). Begin with Archeotectonic stage, Pre-Cambrian high-grade
metamorphosed core complexes show that Shan-Thai was a part of Gondwana
supercontinent while Indochina was a part of Pan-Cathaysia supercontinent. Shan-Thai
and Indochina began to move and rotate closer and began moving apart in Devonian of
Paleotectonic stage leading to formations of two new small blocks including Nakhon-
Thai ocean floor expected to be a part of the ancient sea (Paleotethys) and Lampang-
Chiang Rai volcanic arc. Nakhon-Thai block was lying on the west of Indochina micro-
continent while Lampang-Chiang Rai volcanic arc was lying on the east of Shan-Thai. In
Mesotectonic stage, four blocks had been uplifting and suturing while the paleotethys as
some parts of the eastern Shan-Thai microcontinent had closed in late
Triassic. Subsequently, Neuvotectonic stage started from the collision of Indian plate
and Eurasian plate in the southwest of Thailand. Then the collision led to development of
main faults in Thailand within three directions, i.e., northwest-southeast, northeast-

southwest and north-south.

Moreover, the collision of Shan-Thai and Indochina in the past would generate
geologic suturing (Charusiri et al., 1997). These sutures are called Chaing Mai suture
(between Lampang-Chiang Rai volcanic arc and Shan-Thai), Nan suture (between
Lampang-Chiang Rai volcanic arc and Nakhonthai ocean floor), Srakeaw suture
(expected to continue from Nan suture), Loei suture (between Nakhonthai ocean floor
and Indo-China) and Pattani suture (between Shan-Thai and Indochina). These sutures
and related rocks were studied by a few researchers. For example, Sutthirat (2009)
studied mafic and ultramafic rocks along the Chiang Mai suture, Sa Kaeo-Pattani suture
and Loei suture. The research was concluded that both mafic and ultramafic rocks are
part of ophiolite suite (see Figure 2.2) which consists of sea floor sediments, mafic and

ultramafic igneous rocks. However, the detailed study of these rocks in many areas has
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not been reported due to high weathering caused by the tropical climate in Southeast

Asia.

Deep-sea
sediments

Pillow
lavas

] Sheeted
Oceanic dikes

crust

Massive
gabbro

Layered
gabbro

Upper

ridotite
mantie Peridotite

Figure 2.2. Schematic model of ophiolite suites (Monroe et al., 2007).

In addition, Hutchison (1975) suggested that ophiolites were parts of oceanic
lithosphere which have mostly been found as incomplete sequences. In Thailand,
ophiolitic sequences are crucially found in the northern area extending to Laos. These
ophiolitic sequences consist of gabbro, pyroxenite, diabase, andesite, tuff and
metabasite (amphibolites) in Lampang-Houei Sai. They also consist of serpentinized
pyroxenite, gabbro, diorite, dolerite in Uttaradit-Luang Prabang (Hutchison, 1975).

However, information of the other areas including this study area is rarely reported.



CHAPTER Il

PETROGRAPHY

More than 40 samples were collected from 23 stations around the study area
(see Figure 3.1). Subsequently, all samples were prepared as slabs and thin sections
used for petrographic description prior to classification of rock types. Detailed
petrographic investigation was carried out using more than 50 thin sections under a

polarizing microscope.

Map index
= é 1-RTSD Series L-7018
Sheet 53371 and 5337 IV

b Scale 1 : 50,000
0 1 2 3

Figure 3.1. Topographic map (sheet 5337| and 53371V) showing locations of rock
sampling around Ban Nong Mai Daeng and Ban Yup | Pun areas in Amphoe Wang Nam
Khiao, Changwat Nakhon Ratchasima (G = Granular Amphibolites; Mi = Migmatitic
Amphibolites; L = Layered Amphibolites; Gr = Granite; PYX = Pyroxenite; O loose
block; O outcrop).
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In general, these samples are categorized into three groups, based on physical
properties, including granular amphibolites, layered amphibolites and migmatitic
amphibolites. Moreover, a few associated rocks including pyroxenite and pink granite
were also investigated in this study. Details of these rocks are reported in Figure 3.1 and

Figure 3.2.

3.1 Granular Amphibolites

Granular amphibolites are used to describe amphibolites containing large
grains of minerals clearly observed in hand specimens. Granular amphibolites were
sampled from 10 locations in which are usually characterized by greenish black
outcrops. The outcrops are natural exposures and mining quarries. The natural outcrops
have spread throughout the study area; on the other hand, mining quarry is also found
only in the northwestern part as shown in Figure 3.2. These samples clearly contain
amphibole crystals. Mineral compositions are mostly composed of amphiboles with
some feldspar; besides, pyroxene, chlorite, quartz and opaqgue minerals are also found
as small crystals with less abundance. Holocrystalline and pandiocrystalline
granoblastic textures with triple-junction boundaries are commonly observed in these
rocks (Figure 3.3). However, these granular amphibolites can be subdivided into three
groups, based on grain size (0.5 cm) and mineral compositions, including coarse-
grained amphibolite, plagioclase-rich amphibolite and medium-grained amphibolite.
Although, they have similar features and mineral assemblages their petrographic details

are somewhat different as reported below.
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Table 3.1 Mineral assemblages of amphibolites investigated under this study.

Classification

Sample

Mineral Assemblages

Pyx

Pl

Qz Chl Ser

Granular Amphibolites

Coarse-grained

QB_1

*kkk

*k

QC

*kkk

*k

Plagioclase-rich

HT_2

*kKK

PYX_3

*kkk

PYX_8

*kkk

QB_4

Medium-grained

PYX_2

*kkk

*k

PYX_7

*kkk

*k

SC

*kkk

QF

*kkk

*k

N

*kkk

*k

Migmatitic Amphibolites

GU_1

*kKk

*k

GU_2

*kkk

GU_3

*kkk

*kkk

GU_4

*kkk

*k

GlUNE

*kkk

GD_2

*kkk

*k

*kkk

GD_3

*kkk

GD_4

*AKK

*kkk

GD_5

*kkk

*k

Layered Amphibolites

PYX_4

*kkk

*k

PYX_5

*k

*kkk

PYX_6

*k

*kkk

Pyroxenite

PYX_1

*k

,kkk

Remark: Amp = Amphibole; Pyx = Pyroxene; Pl = Plagioclase; Qz = Quartz;

*kkk

Serpentine;

significantly found; *** often found; ** found; * rarely found

Chl = Chlorite; Ser =
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Coarse-Grained Amphibolite: Their specimens are usually greenish black color
and clearly contain coarse-grained amphibole crystals (>0.5 cm in diameter) as shown
in Figure 3.3. Amphiboles (about 80-90% mode) clearly show euhedral crystals usually
forming triple junction boundaries. Plagioclase feldspars are also recognized usually
with small amount (av. 5-10% mode). Plagioclases are usually anhedral to subhedral
lath shape with about 1 mm long and they are strongly altered to sericite. Anhedral

quartz and opaque minerals are rarely found in this group.

Figure3.3. Coarse-grained amphibolites: A) mining quarry is a sample locality (scale 160
meters high); B) a black specimen with very course-grained crystals; C)
photomicrograph showing subhedral amphiboles with perfect cleavages and triple-

junction boundary (XPL); D) subhedral plagioclase laths with obvious twining (XPL).
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In addition, a few chromite and iron mining quarries have been operated in
zones of coarse-grained amphibolites as shown in Figure 3.2. It should be noted that
chromite is typically deposited in ophiolite suite and associated with oceanic plate

(Leblanc, 1989; Ravikant et al., 2004 and Shi et al., 2012).

Plagioclase-Rich Amphibolites: These samples are greenish black color with
white spots. They are highly weathered; however, their fresh parts clearly show green
amphibole and white plagioclase feldspar (Figure 3.4). Amphiboles (av. 60-80% mode)
are coarse-grained (>0.5 cm) anhedral-subhedral crystals showing typically perfect
cleavages which have been turned to oblique cleavages, clearly. Plagioclases usually
contain about 20-40% mode. They mostly present anhedral to subhedral lath shapes,
similar to nematogranoblasts, with more than 0.5 cm long. These plagioclases are also
strongly altered to sericite. In addition, pyroxene, anhedral quartz and some opagque

minerals are also found with very small amounts.
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Figure3.4. Plagioclase-rich granular amphibolites: A) an outcrop showing clearly crystals
of greenish black amphibole and white plagioclase that is typical feature of this rock
group; B) a hand specimen presenting the mixing compositions between amphibole and
plagioclase mostly show nematogranoblastic crystals; C and D) photomicrographs
showing mineral compositions of plagioclase (Pl) and amphibole (Amp) with about 40-

50% mode each (PPL).

Medium-Grained Amphibolite: These specimens are greenish black color and
contain mainly medium-grained crystals (smaller than 0.5 cm). Amphiboles with short
nematoblastic crystals are still the main component (av. 60-90% mode). Plagioclases
(av. 5-10% mode) usually present small anhedral to subhedral lath shapes (short
nematoblasts) with less than 0.5 cm long. They usually have white gray to gray colors.

Pyroxenes are also rarely found (less than 5% mode) (Figure 3.5).
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1 mm

Figure3.5. Medium-grained granular amphibolites: A) a natural outcrop and its specimen
(B) taken for this study; C) photomicrograph (PPL) showing medium-grained short
nematoblastic amphiboles (Amp) are greenish color and clearly show cleavages and
plagioclases (Pl) that have the same size with amphibole crystals; D) pyroxene (Pyx)

with obvious right-angle cleavages is rarely found in this rock (XPL).

3.2 Migmatitic Amphibolites

Migmatitic amphibolites are indicated by migmatite-like features which contain
irregular white bands situated in dark green matrix. Their outcrops are also present
strongly folding (Figure 3.6) and also contain layers of coarse-grained marbles (Figure
3.6) that usually show sutured textures under microscope. Dark green matrix consists

mainly of tiny nematoblastic amphibole crystals (av. 80% mode) with average grain size
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<1 mm whereas irregular white layer usually contains tiny nematoblastic plagioclase (av.
15% mode) and pyroxene (less than 5% mode). Moreover, some quartz crystals and

rare opague minerals are also observed (Figure 3.7) in these samples.

Figure3.6. A natural outcrop of migmatitic amphibolites (dark layers) interbedded white

coarse-grained marble layers with usually about 30-50 cm thick.
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Figure3.7 Migmatitic amphibolites specimen (left). Photomicrographs (PPL) showing
orientation of tiny pale green nematoblastic amphiboles (Amp) and white grey
plagioclases (Pl) but the ratio between amphibole and plagioclase in each zone are

different in each zone A, B and C.

Microscopically, they usually show lineament of amphibole and plagioclase.
Their textures could be classified, based on ratio of mineral compositions, into 3 zones.
Zone A is composed of dark green minerals that are mainly amphibole crystals (av. 50%
mode) with average grain size <1 mm whereas white minerals mostly contain
plagioclase (av. 45% mode) (Figure 3.7). Moreover, pyroxene (less than 5% mode) with

some quartz and rare opaque minerals are also observed. Regarding to mineral
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compositions, they are quite similar to those found in the granular amphibolites. For
Zone B and Zone C, the compositions and textures are similar to Zone A but ratios
between dark green minerals (amphibole) and white mineral (mostly plagioclase) are
different. Zone B has the amphibole/plagioclase ratio of about 3:7 while that of Zone C is

about 7:3 as shown in Figure 3.7 B and C, respectively.

However, migmatitic amphibolites usually contain coarse-grained marble layers
which appear to have been volatilized during metamorphism. The volatilization of
particular CO, may lead to higher gas pressure and partially melting of these

amphibolites.

3.3 Layered Amphibolites

Layered amphibolites have exposed locally in the northern part of the study area
in which is associated closely with pink granite as shown in Figure 3.1. This outcrop is a
part of mining quarry with about 5 m high and 3 m wide (Figure 3.8). It typically shows
layers alternated between white and dark minerals. However, whole mineral
compositions are similar to those of plagioclase-rich granular amphibolite. Although, its
outcrop is strongly alterated, layers are clearly observed on hand specimens (Figure
3.8). Dark layer consists mostly of greenish amphiboles (av. 80% mode) with size <1
mm in diameter whereas white layer contain mainly plagioclase (about 80% mode) with
size of about 0.5-1 mm. Moreover, some anhedral quartz and rare opaque minerals are

also observed (Figure 3.8) as lepidoblastic textures.
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Figure3.8. Layered amphibolites: A) an outcrop showing clearly layers between black
greenish minerals (amphibole) and white minerals (mostly plagioclase) that is typical
feature of this rock group; B) a hand specimen presenting the layers of minerals; C)
photomicrograph showing the layers between amphibole (Amp) and plagioclase (PI)

under cross-polarized (XPL)

3.4 Other Associated Rocks

Although the study area is mostly occupied by amphibolites, the other related
rocks were found in the northern part as shown in Figure 3.2. There are pyroxenite
(highly altered to serpentinite) and pink granite. In addition, phillitic shale (as shown in
Figure 2.2) with some loose blocks of gabbro is also found around the study area.

However, only pyroxenite is taken into this study as described below.
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Pyroxenite is found as a road-cut outcrop while ping granite also found as a
natural outcrops. Only pyroxenite is considered for this study because it may have
originated from the same provenance of amphibolite. A road-cut outcrop with size of
about 2X6 square meters is found near the medium-grain amphibolites (Figure3.2). The
outcrop is mostly weathered and altered to serpentine with some asbestos as shown in
Figure 3.9 B. Microscopically, they consist of less than 0.5 cm pyroxene and plagioclase
crystals that are mostly strongly altered. Serpentine is characterized by fibrous feature
(Figure 3.9C). About 50% mode serpentine are composed in these samples with some

relict minerals of pyroxene crystals are about 30-40% mode as shown in Figure 3.9D

Figure3.9 Pyroxenite: A) outcrop is mostly weathered; B) highly altered specimen of
serpentinite. Photomicrographs (C) showing highly alteration of medium-grained

serpentine (Ser) (XPL) and D) relict grains of plagioclase (Plg) (XPL).



CHAPTER IV

WHOLE-ROCK GEOCHEMISTRY AND MINERAL CHEMISTRY

4.1 WHOLE-ROCK GEOCHEMISTRY

The whole-rock geochemistry of amphibolites and related rocks are investigated
to carry out their characteristics and relations which can lead to interpretation on
tectonic processes involved with their geneses. Major and minor oxides as well as trace
compositions of these rocks were analyzed using X-ray Fluorescence (XRF) and
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) as reported in Chapter 1.
These analyses are correlated with each other rocks and compared with published data
of known tectonic occurrences. General idea of their initial source and tectonic setting is
constructed from these data. Moreover, mineral chemistry of crucial assemblages of
each rock type is also carried out for investigation of metamorphic equilibriums as
reported in the following section. Subsequently, chemical compositions of main
metamorphic minerals are taken for P-T estimation of possible peak metamorphism.
Results gained from this chapter will be therefore discussed along with previous

publications for tectonic model of the study area and regional area.

4.1.1 Major Oxides

Major and minor oxides of rock samples obtained from XRF are selected and

summarized in Table 4.1 and all analytical data are collected in Appendix A.

For granular amphibolites, the coarse-grained granular amphibolites consist of

45.01-45.45 wt% SiO, (av. 45.23%), 10.92-11.12 wt% Al,O, (av. 11.02%), 0.05-1.40 wt%
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Fe,O, (av. 9.52%), 8.32-10.72 wt% FeO (av. 0.73%), 13.00-14.08 wt% MgO (av.
13.54%), 13.26-13.94 wt% CaO (av. 13.60%), 0.10-0.11 wt% MnO (av. 0.11%), 0.72-
0.78 wt% K,O (av. 0.75%), 1.77-1.89 wt% Na,O (av. 1.83%), 1.92-2.05 wt% TiO, (av.
1.99%) and about 0.02 wt% P,O.. Plagioclase-rich granular amphibolites consist of
48.76-50.96 wt% SiO, (av. 49.99%), 5.37-13.47 wt% ALO, (av. 8.53%), 0.02-0.06 wt%
Fe,O, (av. 0.03%), 7.53-9.55 wt% FeO (av. 8.55%), 7.21-14.18 MgO wt% (av. 11.21%),
11.76-21.33 wt% CaO (av. 17.87%), 0.11-0.22 wt% MnO (av. 0.14%), 0.15-1.02 wt% K,O
(av. 0.50%), 0.16-3.86 wt% Na,O (av. 1.49%), 0.59-1.10 wt% TiO, (av. 0.76%) and 0.04-
0.29 wt% P,O, (av. 0.16%). The medium-grained granular amphibolites contain 46.82-
49.31 Wt% SiO, (av. 48.17%), 9.52-15.72 wit% AL,O, (av. 11.57%), 0.02-1.43 wt% Fe,O,
(av. 0.50%), 8.17-12.02 wt% FeO (av. 9.97%), 7.12-16.56 wt% MgO (av. 11.92%), 9.72-
17.68 wt% CaO (av. 12.97%), 0.10-0.15 wt% MnO (av. 0.14%), 0.53-2.39 wt% K,O (av.
1.10%), 1.26-2.14 wt% Na,O (av. 1.51%), 0.62-1.34 wt% TiO, (av. 1.07%) and 0.04-0.32

wt% P,0, (av. 0.17%).

Migmatitic amphibolites are composed of 48.53-49.65 wt% SiO, (av. 48.96%),
9.56-12.25 wt% ALO, (av. 10.49%), 0.10-1.11wt% Fe,O, (av. 0.68%), 6.29-11.08wt%
FeO (av. 9.47%), 5.98-13.07wt% MgO (av. 10.34%), 12.10-18.17 wt% CaO (av. 14.75%),
0.13-0.19 wt% MnO (av. 0.16%), 0.21-0.94 wt% K,O (av. 0.65%), 1.30-2.32 wt% Na,O

(av. 1.69%), 0.78-1.07 wt% TiO, (av. 0.93%) and 0.07-0.84 wt% P,O, (av. 0.46%).

Layered amphibolites yield 61.53-73.61 wt% SiO, (av. 68.97%), 14.18-19.70 wt%
ALO, (av. 16.61%), 0.00-0.16wt% Fe,O, (av. 0.12%), 1.54-3.02wt% FeO (av. 2.26%),
0.43-1.15 wt% MgO (av. 0.68%), 0.85-2.28 wt% CaO (av. 1.33%), about 0.03 wt% MnO,
0.40-3.92 wt% K,O (av. 2.31%), 0.36-0.49 wt% Na,O (av. 0.43%), about 0.06 wt% TiO,

and 0.69-1.27 wt% P,O, (av. 1.06%).
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Pyroxenite, which is closely related to amphibolites, reveals 42.90 wt% SiO,,
11.75 wt% AlLLO,, 0.05 wt% Fe,O,, 12.90 wt% FeO, 19.26 wt% MgO, 12.18 wt% CaO,

0.21 wt% MnO, 0.06 wt% K,0, 0.22 wt% Na,O and 0.34 wt% TiO,,.
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Table 4.1. Whole-rock analyses of amphibolites and pyroxenite from Wang Nam Khiao,

Nakhon Ratchasima. Major and minor oxides (% wt) yielded from XRF analysis and trace

elements (ppm) obtained from ICP-MS analysis.

Granular Amphibolites

R - P—— Plagioclaserich T T— — Migmatitic Amphibolites  Layered Amphibolites  Pyroxenite
QB_.1 QC HT_2 PYX3 QB4 PYX7 SC QF GU_1 GU.3 GU5 PYX4 PYX5 PYX6 PYX1
Sio, 4545 4501 4876 50.16 50.08 47.49 46.82 49.31 4853 4965 4870 61.53 7361 7176 42.90
ALO, 1112 10.92 931 537 1347 952 1078 10.25 956 1225 967 19.70 14.18 15.95 11.75
Fe,0, 10.72 8.32 858 7.53 955 1202 972 817 11.05 629 11.08 3.02 154 2.22 12.90
FeO 0.05 1.40 0.02 0.02 0.06 005 002 143 0.82 111 010 000 021 0.16 0.05
MgO 13.00 14.08 9.83 1418 721 1288 11.11 16.56 13.07 598 1196 115 043 046 19.36
CaO 1326 1394 2121 2133 11.76 1322 17.68 9.27 1210 1817 1399 4.04 228 085 12.18
MnO 0.10 0.1 011  0.13 0.09 0.15 0.10  0.14 019 013 0.6 003  bd bdl 0.21
K0 072 0.78 021 015 1.02 0.88 060/ 239 080 021 094 040 260 3.92 0.06
Na,O 177 1.89 0.16 0.54 3.86 126 1.30  1.34 145 232 130 938 431 3.94 0.22
Tio, 192 205 0.75 0.59 110 131 134 062 095 078 107 045 036 049 0.34
PO, bdl  0.02 0.04 bdl 029 bdl  0.04 0.18 0.07 0.84  bdl 0.06 bdl bdl bdl
Lol 140 061 115 0.76 1.90 142 079 2.04 171 139 189 069 127 1.23 0.89
Total 99.51 99.13 100.13 100.76 100.39 100.20 100.30 101.68 100.30 99.12 100.86 100.45 100.79 100.98  100.86
Elements (ppm)
Ba 75.80 77.10 270 87.00 327.00  93.40 50.10 256.00 83.10 21.50 97.00 221.00 761.00 1600.00 113.00
Ce 410 6.20 920 16.30 1870 11.00 5.50  19.00 17.90 28.00 1520 60.70 42.40 76.00 2.20
Co 7890 77.30 4840 49.50 48.70 @ 69.60 68.40 72.40 7090 40.30 66.40 18.30 61.00 99.80 87.50
Cr 290.00 190.00 60.00 580.00 260.00 430.00 20.00 1600.00 700.00 bdl 770.00 10.00  bdl bdl 220.00
Cu 83.00 129.00 8.00 7.00 2500 115.00 70.00 7.00 47.00 19.00 64.00 207.00 13.00 12.00 286.00
Dy 287 353 215 386 3.10 394 265 1.88 2.97 387 278 483 343 494 1.40
Er 150 197 114 201 194 2:29--43719.05 1.94 190 162 314 188 292 0.80
Eu 0.79 0.86 0.65 .0.98 1.01 116 0.73 0.53 0.99 163 097 194 088 1.54 0.33
Ga 13.00 14.00 22.00 10.00 16.00 1500 13.00 14.00 17.00 18.00 15.00 18.00 10.00 17.00 8.00
Gd 280 3.60 219 878,338 380 237 203 3.26 451 276 451 382 525 1.1
Hf bdl bdl 1.00 1.00 2.00 100 bdl2.00 2.00 100 100 600 400 6.00 bdl
Ho 056  0.71 042 074 063 0.82 052 035 0.61 074 055 1.02 067 0.98 0.26
La 110  1.80 3.60 530 830 340 180 960 6.50 1070 6.10 33.10 22.80 40.50 0.80
Lu 017  0.22 015 031 028 0.30 0.18 015 026 027 021 047 025 044 0.10
Nb bdl 1.00 1.00 200 200 200 bdl 1.00 200 400 200 700 700 9.00 bdl
Nd 550 7.40 730 1320 1250 1130 590 9.80 12,60 1890 10.10 24.40 17.60 3270 2.60
Ni 112.00 67.00 42,00 84.00 75.00 178.00 24.00 462.00 99.00 11.00 108.00 1500 11.00 10.00 245.00
Pr 092 1.25 144 272 277 201 1.04 238 266 419 218 669 479 894 0.43
Rb 170 200 0.20 500 15610 810 210 5220 870 070 1070 290 37.80 92.90 0.70
Sc 89.00 103.00 37.00 54.00 32.00 47.00 80.00 21.00 40.00 21.00 7200 1500 bdl 9.00 41.00
Sm 220 270 180 340 3.00 350 210 2.00 280 470 240 490 380 6.00 0.90
Sr 278.00 219.00 438.00 102.00 497.00 187.00 257.00 251.00 192.00 642.00 278.00 489.00 196.00 187.00  129.00
b 047 0.54 0.34 057 051 0.64 040 028 050 066 045 072 059 0.79 0.23
Th 0.10  0.10 100 060 1.30 040 0.10 3.00 1.10 150 060 800 1230 11.20 0.10
Ti 287.71 8391.59 143.86 95.90 383.62 287.71 95.90 8583.40 4891.10 6665.32 575.42 0.00 1246.75 959.04  287.71
Tm 0.18 0.25 0.16 0.31 028 031 017 0.4 028 031 024 051 028 041 0.10
v 557.00 680.00 382.00 253.00 329.00 390.00 525.00 197.00 336.00 182.00 394.00 75.00 13.00  bdl 192.00
139.00 83.00 243.00 93.00 103.00 98.00 141.00 52.00 76.00 219.00 58.00 213.00 572.00 938.00 64.00
¥ 1410 17.60 10.50 19.40 17.20 19.80 12.60 9.80 1690 17.60 14.50 29.40 1860 26.20 6.60
Yb 110 1.50 1.00 1.90 1.80 1.90 1.00 0.80 1.80 150 140 350 180 270 0.60
Zn 36.00 74.00 43.00 9500 52.00 102.00 38.00 243.00 9500 89.00 7500 11.00 26.00 54.00 69.00
Zr 13.30 18.00 27.20 32.70 54.10 29.70 18.80 50.20 4760 3150 3220 199.00 127.00 210.00 9.40

* bdl = below detection limit
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Figure 4.1. Variation diagrams of major elements plotted against magnesium number
(#Mg = MgO/(MgO+FeQ) of amphibolites and pyroxenite from Wang Nam Khiao Area,

Nakhon Ratchasima
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Major and minor oxides are plotted in Harker-type variation diagrams as shown
in Figure 4.1. In general, granular amphibolites and migmatitic amphibolites fall within
the same ranges of major and minor oxides. For layer amphibolites, they appear to have
higher SiO,, ALLO, and Na,O contents with lower FeO and CaO contents than those of
the other amphibolite groups. This may indicate that layered amphibolites have been
influenced chemically by pink granite exposed in the north of the study area. On the
other hand, pyroxenite (only one analysis available) reveals the same compositions of
main amphibolite groups but appear to have higher MgO and FeO content as shown by
magnesium number or #Mg (see Figure 4.1). SiO,, AL,O,and Na,O contents decreasing
against higher Mg numbers (as black line) are recognized from plagioclase-rich
granular amphibolites towards migmatitic amphibolites and pyroxenite, respectively;
however, these trends are not clearly distinguished in coarse-grained and medium
grained granular amphibolites. For MnO and FeO contents, all groups appear to have
increasing trends towards higher Mg numbers. This can assume that these rock
samples may have mafic composition increasing from plagioclase-rich granular
amphibolites to migmatitic amphibolites, medium- and coarseOgrained granular

amphibolites and pyroxenite, respectively.

4.1.2 Trace Elements

Trace elements, usually present in rocks with very low concentrations of less
than 0.1 wt% (1000 ppm), were analyzed using Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS) in this study. Trace elements with preference to combine in the
mineral phase are described as compatible, whereas elements with preference to
remain in the melt are described as incompatible (Rollinson, 1993). The incompatible

elements can be subdivided, based on charge/size ratio, into high field strength (HFS)
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such as Sc, Y, Th, U, Pb, Zr, Hf, Ti, Nb and Ta and low field strength (large ion lithophile
elements) (e.g., Cs, Rb, K and Ba). Study of trace elements may lead to understanding

of geological processes controlled distribution of these elements.

Coarse-grained granular amphibolites consist of barium (Ba) 75.80-77.10 ppm
(av. 76.45 ppm), cobalt (Co) 78.90-77.30 ppm (av. 78.10 ppm), chromium (Cr) 190.00-
290.00 ppm (av. 240.00 ppm), copper (Cu) 83.00-129.00 ppm (av. 106.00 ppm,),
niobium (Nb) 1.00-2.00 ppm (about 1.50 ppm), nickel (Ni) 67.00-112.00 ppm (av. 89.50
ppm), rubidium (Rb) 1.70-2.00 ppm (av. 1.85 ppm), scandium (Sc) 89.00-103.00 ppm
(av. 96.00 ppm), strontium (Sr) 219.00-278.00 ppm (av. 248.50 ppm), thorium (Th) about
0.1 ppm, vanadium (V) 557.00-680.00 ppm (av. 618.50 ppm), yttrium (Y) 14.10-17.60
ppm (av. 15.85 ppm), zinc (Zn) 36.00-74.00 ppm (av. 55.00 ppm) and zircon 13.00-

18.00 ppm (av.15.50 ppm).

Plagioclase-rich granular amphibolites consist of barium (Ba) 2.70-327.00 ppm
(av. 138.90 ppm), cobalt (Co) 48.40-49.50 ppm (av. 48.87 ppm), chromium (Cr) 60.00-
580.00 ppm (av. 300.00 ppm), copper (Cu) 7.00-25.00 ppm (av. 13.33 ppm), hafnium
(Hf) 1.00-2.00 ppm (av. 1.33 ppm), niobium (Nb) 1.00-2.00 ppm (av. 1.67 ppm), nickel
(Ni) 42.00-84.00 ppm (av. 67.00 ppm), rubidium (Rb) 0.20-15.10 ppm (av. 6.77 ppm),
scandium (Sc) 32.00-54.00 ppm (av. 41.00 ppm), strontium (Sr) 102.00-497.00 ppm (av.
345.67 ppm), thorium (Th) 0.60-1.30 ppm (av. 0.97 ppm), vanadium (V) 253.00-382.00
ppm (av. 390.00 ppm), yttrium (Y) 10.50-19.40 ppm (av. 15.70 ppm), zinc (Zn): 43.00-

95.00 ppm (av. 63.33 ppm) and zircon (Zr) 27.20-57.10 ppm (av. 38.00 ppm).

Medium-grained granular amphibolites consist of barium (Ba) 50.10-256.00 ppm
(av. 133.17 ppm), cobalt (Co) 68.40-72.40 ppm (av.70.13 ppm), chromium (Cr) 20.00-

256.00 ppm (av. 683.33 ppm), copper (Cu) 7.00-115.00 ppm (av. 64.00 ppm), hafnium
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(Hf) 1.00-2.00 ppm (av. 1.50 ppm), niobium (Nb) 1.00-2.00 ppm (av. 1.50 ppm), nickel
(Ni) 24.00-462.00 ppm (av. 221.33 ppm), rubidium (Rb) 2.10-52.20 ppm (av. 20.80
ppm), scandium (Sc) 21.00-80.00 ppm (av. 49.33 ppm), strontium (Sr) 187.00-257.00
ppm (av. 231.67 ppm), thorium (Th) 0.10-3.00 ppm (av. 1.17 ppm), vanadium (V)
197.00-525.00 ppm (av. 370.67 ppm), yttrium (Y) 9.80-19.80 ppm (av. 14.07 ppm), zinc

(Zn) 38.00-243.00 ppm (av. 127.67 ppm) and zircon (Zr) 18.80-50.20 ppm (av. 32.90

ppm).

Migmatitic amphibolites consist of barium (Ba) 21.50-97.00 ppm (av. 67.20
ppm), cobalt (Co) 40.30 to 70.90 ppm (av. 59.20 ppm), chromium (Cr) 700.00-770.00
ppm (av. 735.00 ppm), copper (Cu) 19.00-64.00 ppm (av. 43.33 ppm), hafnium (Hf)
1.00-2.00 ppm (av. 1.33 ppm), niobium (Nb) 2.00-4.00 ppm (av. 2.67 ppm), nickel (Ni)
11.00-108.00 ppm (av. 72.67 ppm), rubidium (Rb) 0.70-10.70 ppm (av. 6.70 ppm),
scandium (Sc) 21.00-72.00 ppm (av. 47.33 ppm), strontium (Sr) 192.00-642.00 ppm (av.
370.67 ppm), thorium (Th) 0.60-1.10 ppm (av. 1.07 ppm), vanadium (V) 182.00-394.00
ppm (av. 304.00 ppm), yttrium (Y) 14.50-17.60 ppm (av. 16.33 ppm), zinc (Zn) 75.00-

95.00 ppm (av. 86.33 ppm) and zircon (Zr) 31.50-47.60 ppm (av. 37.10 ppm).

Layered amphibolites consist of barium (Ba) 221.00-761.00 ppm (av. 860.67
ppm), cobalt (Co) 18.30-99.80 ppm (av. 59.70 ppm), chromium (Cr) about 10.00 ppm,
copper (Cu) 12.00 to 207.00 ppm (av. 77.33 ppm), hafnium (Hf) 4.00-6.00 ppm (av. 5.33
ppm), niobium (Nb) 7.00-9.00 ppm (av. 7.67 ppm), nickel (Ni) 10.00-15.00 ppm (av.
12.00 ppm), rubidium (Rb) 2.90-92.90 ppm (av. 44.53 ppm), scandium (Sc) 9.00-15.00
ppm (av. 12.00 ppm), strontium (Sr) 187.00-489.00 ppm (av. 290.67 ppm), thorium (Th)
8.0-12.30 ppm (av. 10.50 ppm), vanadium (V) 13.00-75.00 ppm (av. 44.00 ppm), yttrium
(Y) 18.60-29.40 ppm (av. 24.73 ppm), zinc (Zn) 11.00-54.00 ppm (av. 30.33 ppm) and

zircon (Zr) 127.00-210.00 ppm (av. 178.67 ppm),
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Pyroxenite (only one analysis) consist of barium (Ba) about 113.00 ppm, cobalt
(Co) 87.50 ppm, chromium (Cr) 220.00 ppm, copper (Cu) 286.00 ppm, nickel (Ni) 245
ppm, rubidium (Rb) 0.70 ppm, scandium (Sc) 41.00 ppm, strontium (Sr) 129 ppm,
thorium (Th) 0.10 ppm, vanadium (V) 192.00 ppm, yttrium (Y) 6.60 ppm, zinc (Zn) 69.00

ppm and zircon (Zr) 9.40 ppm.

Variation (Harker-type) diagrams of selective trace elements plotted against
magnesium number (#Mg=MgO/(MgO+FeO) are shown in Figure 4.2. Magnesium
number contents appear to increase from layered amphibolites towards migmatitic
amphibolites, granular amphibolites and pyroxenite, respectively. Regarding to Ba, Eu,
Rb, Th, Yb and Zr they vyield the highest ranges against low #Mg numbers of layered
amphibolites; on the other hand they decrease dramatically against increasing #Mg of
other amphibolites and pyroxenite which reveal similar ranges of these elements. For Cr
and Ni contents, they vyield the lowest ranges at low #Mg of layered amphibolite and
increase significantly against increasing of #Mg in the other rocks. High Cr
concentration (> 200 ppm) may indicate zone of chromite deposit as described in

Chapter 3.
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Figure 4.3. Chondrite-normalized spider diagrams of granular amphibolites and
pyroxenite from Wang Nam Khiao Area (chondrite’s composition and patterns of E-

MORB and OIB after Sun and McDonough, 1989)
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Figure 4.4. Chondrite-normalized spider diagrams of migmatitic amphibolites from
Wang Nam Khiao Area (chondrite’s composition and patterns of E-MORB and OIB after

Sun and McDonough, 1989)
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Layered Amphibolites
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Figure 4.5. Chondrite-normalized spider diagrams of layered amphibolites from Wang
Nam Khiao Area (chondrite’s composition and patterns of E-MORB and OIB after Sun
and McDonough, 1989)

Chondrite-normalized  spider diagrams (normalized using chondrite’s
composition of Sun and McDonough, 1989) usually show zigzag patterns of all rock
types; however, there are some differences among these patterns. Patterns of granular
amphibolites (Figure 4.3) and migmatitic amphibolites (Figure 4.4) reveal large ion
lithophile (LIL) group appear to decreased slightly from Rb to Ti whereas the High field
strength (HFS) (Gd to Yb) cations yield closely to flat pattern. These patterns are similar
to an E-MORB pattern which is shown in these diagrams for comparison along with a
pattern of oceanic island basalt. Pyroxenite’s pattern (Figure 4.3) is also close to E-
MORB pattern and similar to granular amphibolite patterns; however the whole pattern is
lower than those of amphibolites. For layered amphibolites, their patterns are close to a
pattern of oceanic island tholiitic basalt (OIB) but they also show negative Ta and Sr and

positive Nd and Zr (Figure 4.5). Moreover, the patterns show higher concentrations of
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Rb, Ba, W and Th than those of OIB pattern; these may be caused by granite (felsic

intrusion) intruded in the north of the study area.

4.1.3 Rare Earth Elements

REE are the series of metals with atomic numbers ranging between 57 and 71
(La and Lu). REE are normally normalized to the reference chondritic composition for
presentation so-called chondrite-normalized pattern. REE with even atomic numbers are
more stable than one with odd atomic numbers, the usually producing a zig-zag pattern

on a composition-abundance diagram (Rollinson, 1993).

Coarse-grained granular amphibolites consist of cerium (Ce) 4.10-6.20 ppm (av.
5.15 ppm), disprosium (Dy) 2.87-3.53 ppm (av. 3.20 ppm), erbium (Er) 1.50-1.74 ppm
(av. 1.74 ppm), europium (Eu) 0.79-0.86 ppm (av. 0.83 ppm), gallium (Ga) 13.00-14.00
ppm (av. 13.50 ppm), gadolinium (Gd) 2.80-3.60 ppm (av. 3.20 ppm), holmium (Ho)
0.56-0.71 ppm (av. 0.64 ppm), lantanum (La) 110.00-1.80 ppm (av. 1.45 ppm), lutetium
(Lu) 0.17-0.22 ppm (av. 0.20 ppm), neodymium (Nd) 5.50-7.40 ppm (av. 6.45 ppm),
praseodynium (Pr) 0.92-1.25 ppm (av.1.09 ppm), samarium (Sm) 2.20-2.70 ppm (av.
2.45 ppm), terbium (Tb) 0.47-0.54 ppm (av. 0.51 ppm), thumium (Tm) 0.18-0.25 ppm
(av. 0.22 ppm), tungsten (W) 83.00-139.00 ppm (av. 111.00 ppm) and ytterbium (Yb)

1.10-1.50 ppm (av. 1.30 ppm).

Plagioclase-rich granular amphibolites consist of cerium (Ce) 9.20-18.70 ppm
(av. 14.73 ppm), disprosium (Dy) 2.15-3.86 ppm (av. 3.04 ppm), erbium (Er) 1.14-2.01
ppm (av. 1.70 ppm), europium (Eu) 0.65-1.01 ppm (av. 0.88 ppm), gallium (Ga) 10.00-
22.00 ppm (av. 16.00 ppm), gadolinium (Gd) 2.19-3.78 ppm (av. 3.12 ppm), holmium

(Ho) 0.42-0.74 ppm (av. 0.60 ppm), lantanum (La) 3.60-8.30 ppm (av. 5.73 ppm),
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lutetium (Lu) 0.15-0.31ppm (av. 0.25 ppm), neodymium (Nd) 7.30-13.20 ppm (av. 11.00

ppm), praseodynium (Pr) 1.44-2.77 ppm (av. 2.31 ppm), samarium (Sm) 1.80-3.40 ppm
(av. 2.73 ppm), terbium (Tb) 0.34-0.57 ppm (av. 0.47 ppm), thumium (Tm) 0.60-1.30
ppm (av. 0.25 ppm), tungsten (W) 93.00-243.00 ppm (av. 146.33 ppm) and ytterbium

(Yb) 1.00-1.90 ppm (av. 1.57 ppm).

Medium grained granular amphibolites consist of cerium (Ce) 5.50-19.00 ppm
(av. 11.83 ppm), disprosium (Dy) 1.88-3.94 (av. 2.82 ppm), erbium (Er) 1.05-2.29 ppm
(av. 1.57 ppm), europium (Eu) 0.53-1.16 ppm (av. 0.81 ppm), gallium (Ga) 13.00-15.00
ppm (av. 14.00 ppm), gadolinium (Gd) 2.03-3.80 ppm (av. 2.73 ppm), holmium (Ho)
0.35-0.82 ppm (av. 0.56 ppm), lantanum (La) 1.80-9.60 ppm (av. 4.93 ppm), lutetium
(Lu) 0.15-0.30 ppm (av. 0.21 ppm), neodymium (Nd) 5.90-11.30 ppm (av. 9.00 ppm),
praseodynium (Pr) 1.04-2.38 ppm (av. 1.81 ppm), samarium (Sm) 2.00-3.50 ppm (av.
2.53 ppm), terbium (Tb) 0.28-0.64 ppm (av. 0.44 ppm), thumium (Tm) 0.10-3.00 ppm
(av. 0.21 ppm), tungsten (W) 52.00-141.00 ppm (av. 97.00 ppm) and ytterbium (Yb)

0.90-1.90 ppm (av. 1.27 ppm).

Migmatitic amphibolites consist of cerium (Ce) 15.20-28.00 ppm (av. 20.37
ppm), disprosium (Dy) 2.78-3.87 ppm (av. 3.21 ppm), erbium (Er) 1.62-1.94 ppm (av.
1.82 ppm), europium (Eu) 0.97-1.53 ppm (av. 1.16 ppm), gallium (Ga) 15.00-18.00 ppm
(av. 16.67 ppm), gadolinium (Gd) 2.76-4.51 ppm (av. 3.51 ppm), holmium (Ho) 0.55-
0.74 ppm (av. 0.63 ppm), lantanum (La) 6.10-10.70 ppm (av. 7.77 ppm), lutetium (Lu)
0.21-0.27 ppm (av. 0.25 ppm), neodymium (Nd) 10.10-18.90 ppm (av. 13.87 ppm),
praseodynium (Pr) 2.18-4.19 ppm (av. 3.01 ppm), samarium (Sm) 2.40-4.70 ppm (av.
3.30 ppm), terbium (Tb) 0.45-0.66 ppm (av. 0.54 ppm), thumium (Tm) 0.60-1.10 ppm
(av. 0.28 ppm), tungsten (W) 58.00-219.00 ppm (av. 117.67 ppm) and ytterbium (Yb)

1.40-1.80 ppm (av. 1.57ppm).
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Layered amphibolites consist of cerium (Ce) 42.40-76.00 ppm (av. 59.70 ppm),
disprosium (Dy) 3.43-4.94 ppm (av. 4.40 ppm), erbium (Er) 1.88-3.14 ppm (av. 2.65
ppm), europium (Eu) 0.88-1.94ppm (av. 1.45 ppm), gallium (Ga) 10.00-18.00ppm (av.
15.00 ppm), gadolinium (Gd) 3.82-5.25ppm (av. 4.53 ppm), holmium (Ho) 0.67-1.02
ppm (av. 0.89 ppm), lantanum (La) 22.80-40.50 ppm (av. 32.13 ppm), lutetium (Lu)
0.25-0.47 ppm (av. 0.39 ppm), neodymium (Nd) 17.60-32.70 ppm (av. 24.90 ppm),
praseodynium (Pr) 4.79-8.94 ppm (av. 6.81 ppm), samarium (Sm) 3.80-6.00 ppm (av.
4.90 ppm), terbium (Tb) 0.59-0.79 ppm (av. 0.70 ppm), thumium (Tm) 8.00-12.30 ppm
(av. 0.40 ppm), tungsten (W) 213.00-938.00ppm (av. 574.33 ppm) and ytterbium (Yb)

1.80-3.50 ppm (av. 2.67 ppm).

Pyroxenite (only one analysis available) consists of cerium (Ce) 2.28 ppm,
disprosium (Dy) 1.40 ppm, erbium (Er) 0.80 ppm, europium (Eu) 0.33 ppm, gallium (Ga)
8.00 ppm, gadolinium (Gd) 1.11 ppm, holmium (Ho) 0.26 ppm, lantanum (La) 0.80 ppm,
lutetium (Lu): 0.10 ppm, neodymium (Nd) 2.60 ppm, praseodynium (Pr) 0.43 ppm,
samarium (Sm) 0.90 ppm, terbium (Tb) 0.23 ppm, thumium (Tm) 0.10 ppm, tungsten (W)

64.00 ppm and ytterbium (Yb) 0.60 ppm.
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Granular Amphibolites and Pyroxenite
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Figure 4.6. Chondrite-normalized REE plots of granular amphibolites and pyroxenite
from Wang Nam Khiao Area (chondrite’s composition and patterns of E-MORB and OIB

after Sun and McDonough, 1989)
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Figure 4.7. Chondrite-normalized REE plots of migmatitic amphibolites from Wang Nam
Khiao Area (chondrite’s composition and patterns of E-MORB and OIB after Sun and

McDonough, 1989)
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Layered Amphibolites
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Figure 4.8. Chondrite-normalized REE plots of layered amphibolites from Wang Nam
Khiao Area (chondrite’s composition and patterns of E-MORB and OIB after Sun and
McDonough, 1989)

Chondrites-normalized rare earth elements’ patterns show similar
patterns of granular amphibolites and migmatitic amphibolites which slightly decrease
from La to Lu (Figure 4.6 and 4.7). These patterns are similar to a pattern of E-MORB
(Sun and McDonough, 1989) with having low contents of Gd, Dy, Yb and Lu and slightly
negative Eu anomaly. Average La/Lu ratios of coarse-grained granular amphibolites,
plagioclase-rich granular amphibolites and medium-grained granular amphibolites are
about 7, 24 and 30, respectively whereas migmatitic amphibolites yield an average
La/Lu ratio of about 30 times. On the other hand, steeper slope of REE patterns (with
average La/Lu of 80) belong to layered amphibolites. For pyroxenite, its pattern shows
similarly to pattern of E-MORB; however, the whole pattern is lower than ten times. In
general, these rocks including most amphibolites and pyroxenite have REE composition

similar to E-MORB although some of them appear to have been slightly derived,
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probably during metamorphism and uplifting process. Moreover, layered amphibolites

may have been modified chemically by later granitic intrusion.

4.2 MINERAL CHEMISTRY

Electron Probe Micro-Analyzer (EPMA), JEOL JXA-8100, was used to analyze
chemical compositions of the main mineral phases observed in polished-thin sections.
Representative EPMA analyses of amphibole, feldspar and pyroxene are summarized in

Tables 4.2 to 4.4. All analyses are collected in Appendix B.

4.2.1 Amphiboles
Amphiboles are the most crucial compositions in all amphibolite groups. The
analytical data and their recalculated cation based on 24 oxygen atoms are selectively

revealed in Table 4.2.

Coarse-grained granular amphibolites: Amphiboles of this group are composed

mainly of 42.40-44.24 %SiO,, 13.48-14.45 %Al,0,, 10.73-12.94 %FeO 13.20-14.69

total?
%MgO, 11.33-12.62 %Ca0 and 1.80-2.37 %Na,O. The main atomic proportions range
between 45.2-50.9 %Mg, 20.9-24.4 %Fe and 28.9-30.5 %Ca which are plotted and

present in Figure 4.9.

Plagioclase-rich granular amphibolites: Amphiboles of this group are composed

mainly of 42.22-43.77 %SiO,, 11.43-13.13 %Al,0,, 10.27-14.19 %FeO 12.90-16.58

total?
%MgO, 12.29-13.42 %Ca0 and 2.03-2.94 %Na,O. The main atomic proportions range
between 43.3-57.5 %Mg, 18.9-26.8 %Fe and 23.5-30.0 %Ca which are plotted and

present in Figure 4.9.

Medium-grain granular amphibolites: Amphiboles of this group are composed

mainly of 41.66-45.26 %SiO,, 11.06-13.89 %Al,0,, 13.11-15.97 %FeO 11.29-14.61

total?
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%MgO, 10.89-13.04 %Ca0 and 1.09-2.88 %Na,O. The main atomic proportions range

between 38.3-45.3 %Mg, 27.1-35.9 %Fe and 26.8-30.0 %Ca which are plotted and

present in Figure 4.9.

Migmatitic amphibolites: Amphiboles of this group are composed mainly of

41.16-47.52 %SiO,, 11.27-14.83 %AlL0,, 7.28-11.86 %FeO 16.59-20.95 %MgO,

total?
10.79-13.20 %Ca0 and 0.09-0.26 %Na,O. The main atomic proportions range between
53.9-61.6 %Mg, 12.0-19.55 %Fe and 24.9-26.9 %Ca which are plotted and present in

Figure 4.9.

Layered amphibolites: Amphiboles of this group are composed mainly of 55.49-

58.09 %SiO,, 2.91-56.95 % AlLO,, 11.23-13.74 %FeO 156.20-17.38 %MgO, 8.48-8.78

total?

%Ca0 and 0.12-0.23 %Na,O. The main atomic proportions range between 52.4-55.0

%Mg, 23.4-26.6 %Fe and 21.1-21.6 %Ca which are plotted and present in Figure 4.9.

In general, Mg-Fe-Ca plots (Figure 4.9) indicate that most amphiboles found
coarse-grained, plagioclase-rich and medium-grained granular amphibolites have
similar proportions. On the other hand, those of migmatitic amphibolites and layered
amphibolites deviate towards higher Mg proportions; moreover, lower Ca proportions of
amphiboles are clearly obtained from layered amphibolites. However, these amphiboles

still mostly fall within the compositional range of actinolite (Figure 4.9).
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Table 4.2 Representative EPMA analyses of amphiboles in rock samples collected from

Wang Nam Khiao Area.

Granular Amphibolites

Migmatitic Amphibolites  Layered Amphibolites
Name Coarse-grained Plagioclase-rich Medium-grained

Qc-4 Qc6 Qc-9 PYX8-3 PYX8-4 PYX8-5 PYX3-1 PYX3-2 PYX3-3 N-2  Scv-1 QBd-1  GU1-6 GU1-8 GU1-10 PYX4-1 PYX4-2 PYX4-3
SiO, 4424 4394 4303 4251 4264 4240 4377 4359 4222 4321 4283 4460 4541 41.16 47.52 58.09 5549 56.67
TiO, 125 050 048 159 150 1.53 071 062 0.12 873 155 163 0.03 0.04 0.00 013 024 0.19
AO; 1368 13.66 14.01 1156 1143 1152 1313 1296 1259 1175 1369 11.51 13.11 1405 14.83 291 595 4.28
FeO 1129 1267 1205 1419 1417 1412 1027 10.59 1093 1597 14.18 14.96 7.28 11.04 954 1123 1374 1221
MnO 0.12 013 0.17 030 028 023 010 015 0.10 0.14 0.18 0.31 015 032 032 035 033 032
MgO 1442 1320 1436 1292 1290 1282 16.02 16.58 1625 11.29 1280 1269 20.95 1881 16.59 17.38 1520 16.12
CaO 1192 1240 1251 1240 1241 1229 1263 1236 1342 11.71 1166 1089 1245 1280 10.79 855 848 878
Na,0 1.80 229 217 273 293 294 203 212 214 187 227 1.79 014 026 011 012 023 0.13
KO 043 045 0.30 053 053 053 0.09 012 0.3 0.11 066 0.51 0.00 0.07 0.07 0.08 0.14 0.08
Total 99.14 99.24 99.09 98.74 98.79 9837 9873 99.10 97.81 99.79 99.80 98.89 9952 9856 99.77 98.83 99.78 98.78
Si 6.345 6.357 6229 6.288 6.305 6.294 6.295 6.262 6.193 6.308 6.219 6516 6.332 5962 6.586 8.028 7.704 7.886
Ti 0.135 0.054 0.052 0.176 0.166 0.170 0.077 0.067 0.014 0410 0.169 0.179 0.003 0.005 0.000 0.013 0.025 0.020
Al 2313 2331 2392 2016 1992 2016 2226 2195 2176 2.023 2344 1982 2154 2399 2423 0473 0.973 0.702
0.227 0.185 0.576 0.261 0.189 0.166  0.677 0.803 1.188  0.000 0.181 0.040  0.000 0.000 0.000  0.000 0.000 0.000
1.127 1.348 0.883 1.494 1.563 1.586 0.568  0.469 0.153 1.950 1.541 1.788 0.849 1.338 1.106 1.298 1.585 1.421
Mn  0.014 0.016 0020 0.038 0.035 0.029  0.012° 0.018 0.013 0.017 0.022 0039 0.018 0.040 0.038 0.041 0.038 0.038
Mg  3.081 2.847 3.098 2.848 2.844 2837 3433 3549 3.562 2457 2770 2764 4353 4.060 3.427 3.5681 3.146 3.342
Ca 1.832 1.922 1940 1964 1966 1956 1.046 1.902 2110 1.832 1814 1705 1.860 1.987 1.602 1.266 1.261 1.310
Na 0501 0.644 0610 0.784 0.840 0.846  0.565 0.592 0.609 0529 0639 0506 0.038 0.073 0.030 0.031 0.062 0.036
K 0.078 0.083 0.056 0.101 0.100 0.100 0.016 0.022 0.005 0.020 0.123 0.095 0.000 0.013 0.012 0014 0.024 0.015
Total 15.653 15.787 15.856 15.971 16.002 16.000 = 15.806 15.880 16.013 15.545 15.821 15.614 15.607 15.876 15.223 14.745 14.828 14.769
Atomic (%)
Mg 492 452 477 434 433 433 51.9 528 50.7 394 439 439 616 55.0 55.9 58.3 524 55.0
Fe 216 243 225 26.7 267 268 18 FemB: Ol Ol 31.3 273 290 120 181 180 211 266 234
Ca 29.2 305 299 299 300 299 294 283 .30.1 294 288 271 263 269 261 206 210 216
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Figure 4.9. Atomic Mg-Fe-Ca plots showing compositions of amphiboles from various
rock types collected from Wang Nam Khiao area, Nakhon Ratchasima (classification

after Eyuboglu et al., 2011).

4.2.2 Plagioclase

Plagioclase grains found in most amphibolites, i.e., plagioclase-rich
amphibolites, migmatitic amphibolites and layered amphibolites, are significantly
weathered; however, a few fresh crystals can be observed and analyzed. The selective
analytical data and their recalculated cations based on 8 oxygen are presented in Table

4.3. The whole range of analyses is collected in Appendix B.

Plagioclase-rich granular amphibolites: Plagioclases found in this rock type are
mainly composed of 61.81-61.97 %SiO,, 20.00-20.67 %Al,0,, 4.91-5.31 %Ca0, 11.89-

11.95 %Na,O and 0.07-0.10 %K,O. Plots of atomic Ca-Na-K proportions (represent to—
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anorthite (An), albite (Ab) and orthoclase (Or) end-members) are present in Figure 4.10.
They fall within narrow ranges of 18.4-19.7 %An, 80.0-81.1 %Ab and 0.3-0.4 %0Or,

respectively.

Medium-grained granular amphibolites: Plagioclases found in this rock type are
mainly composed of 59.2-60.3 %SiO,, 24.00-24.69 %Al,0,, 5.56-5.84 %Ca0, 9.53-9.97
%Na,0 and 0.24-0.31 %K,0O. Plots of atomic Ca-Na-K proportions (represent to-
anorthite (An), albite (Ab) and orthoclase (Or) end-members) are present in Figure 4.10.
They fall within narrow ranges of 24.0-24.9 %An, 73.7-74.6 %Ab and 1.2-1.6 %0Or,

respectively.

Migmatitic amphibolites: Plagioclases found in this rock type are mainly
composed of 67.14-67.55 %SiO,, 19.81-20.86 %AlL0,, 0.24-0.64 %CaO, 10.08-11.04
%Na,0 and 0.02-0.04 %K,O. Plots of atomic Ca-Na-K proportions (represent to-
anorthite (An), albite (Ab) and orthoclase (Or) end-members) are present in Figure 4.10.
They fall within narrow ranges of 1.2-3.3 %An, 96.2-98.5 %Ab and 0.3-0.5 %Or,

respectively.

The other plagioclase group composes with 66.16-66.72 %SiO,, 20.34-20.47
%Al,0,, 10.11-10.43 %Ca0, 0.88-3.50 %Na,O and 0.02-0.04 %K,O. Plots of atomic Ca-
Na-K proportions (represent to—anorthite (An), albite (Ab) and orthoclase (Or) end-
members) are present in Figure 4.10. They fall within narrow ranges of 61.2-67.1 %An,
32.6-38.6 %Ab and 0.2-0.3 %Or, respectively. These plagioclases show higher
percentage of CaO because the rock samples are contained some coarse-grained

marble layers.

Layered amphibolites: Plagioclases found in this rock type are mainly composed

of 64.52-65.97 %Si0,, 20.47-21.77 %AlL,0,, 1.98-3.13 %Ca0, 9.46-10.75 %Na,O and
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0.08-0.11 %K,O. Plots of atomic Ca-Na-K proportions (represent to—anorthite (An), albite
(Ab) and orthoclase (Or) end-members) are present in Figure 4.10. They fall within

narrow ranges of 9.2-15.4 %An, 84.0-90.3 %Ab and 0.4-0.6 %Or, respectively.

Pyroxenite: Plagioclases found in this rock type are mainly composed of 51.79-
56.10 %SiO,, 27.77-30.77 %Al,0,, 11.37-12.36 %Ca0 , 3.89-5.10 %Na,O and 0.02-0.14
%K,0O. Plots of atomic Ca-Na-K proportions (represent to—anorthite (An), albite (Ab) and
orthoclase (Or) end-members) are present in Figure 4.10. They fall within narrow ranges

of 55.1-65.4 %An, 34.5-44.8 %Ab and 0.1-0.3 %0Or, respectively.

Figure 4.10 shows widely end-member plots of plagioclases observed in various
rock types. In general, these plagioclases are chemically characterized by wide
compositional range crucially from albite to labradorite. Plagioclases in plagioclase-rich
amphibolites are mostly oligoclase with some albite as well as those occur in layered
amphibolites. All plagioclase analyses of medium-grained granular amphibolites fall
within oligoclase range. On the other hand, plagioclases in migmatitic amphibolites are
mostly characterized by albite composition; however, a few analyses taken from
samples closed to coarse-grained marble layers yield extremely high An content up to
labradorite-bytownite composition. Plagioclases found in pyroxenite can be divided into

labradorite and andesine.
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Table 4.3 Representative EPMA analyses of feldspars found in various rock samples

from Wang Nam Khiao Area.

Granular Amphibplites

Migmatitic Amphibolites Layered Amphibolites Pyroxenite
Name Plagioclase-rich Medium-grained

PYX8-1 PYX8-2 PYX8-4 QBd-1 QBd-2 QBd-3 GU3-4 GU3-7 GU3-8 GD2-1 GD2-2 GD2-3 PYX4-1 PYX4-2 PYX4-3 N-a3-1 N-a3-3 N-1-2

Si0, 67.31 61.97 61.81 60.31 59.20 60.08 67.33 67.14 67.34 66.42 66.16 66.72 64.66 62.33 64.94 54.61 5584 5225
TiO, 0.02 0.01 0.00 0.02 0.00 0.04 0.00 0.00 0.00 0.04 0.00 0.00 0.04 001 0.00 0.02 0.01 008
Al,0:  19.27 2067 20.00 2410 2469 24.00 20.85 20.10 20.50 20.47 20.34 20.36 21.71 2256 2133 2856 28.00 3047
FeO 010 0.09 0.04 0.13 0.09 0.09 0.03 0.07 0.04 013 019 029 0.04 004 0.07 0.02 0.08 0.30
MnO 0.01 000 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.03 000 0.04 0.00 000 0.01 0.00 0.00 0.1

MgO 0.01 007 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca0 008 531 491 584 556 584 041 024 041 10.04 10.43 10.11 313 437 294 1214 1154 1218
Na,0O 11.34 1189 11.95 997 953 955 1057 11.04 11.00 350 280 0.88 946 9.85 9.59 434 403 454
K:0 0.07 007 0.10 024 031 0.28 0.06 0.06 007 0.02 0.04 0.03 011 014 0.08 0.05 0.02 003

Total 9823 100.07 98.80 100.63 99.39 99.89 9925 98.64 99.36 100.68 99.95 9842 99.14 99.30 98.95 99.73 99.51 99.82

Si 2992 2786 2811 2.688 2667 2.694 2955 2.969 2958 2.897 2902 2.942 2.868 2787 2884 2468 2516 2.373
Ti 0.001 0.000 0.000 0.0017 0.000 0.001 0.000 0.000 0.000 - 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.001
Al 1.010 1.096 1.072 1267 1.311 1269 1.079 1.048 1.062 1052 1.052 1.058 1.135 1.189 1.117 1.522 1.487 1.631

Fe 0.004 0.003 0.002 0.005 0.004 0.003 0.0017 0.003 0.002 0.005 0.007 0.011 0.001 0.001 0.003 0.001 0.003 0.011
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000
Mg 0.000 0.004 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.004 0.256 0.239 0.279 0.268 0.281 0.019 0.012 0.019 0469 0490 0477 0.149 0.209 0.140 0.588 0.557 0.593
Na 0977 1.036 1.053 0.862 0.832 0.830° 0.900 0.947 0.937 0296 0.238 0.075 0813 0.854 0.825 0.380 0.352 0.400
K 0.004 0.004 0.006 0.014 0.018 0.016 0.003 0.003 0.004 0.001 0.002 0.001 0.006 0.008 0.004 0.003 0.001 0.002
Total 4.993 5.186 5.183 5116 5.102 5.094 4957 4.982 4981 4725 4691 4567 4973 5049 4973 4962 4.917 5011

Atomic (%)

An 0.4 19.7 184 242 240 249 24 20 XN 2.0 612 671 86.2 154 195 144 606 612 596
Ab 99.2 800 811 746 744 737 97.5 985 976 386 326 13.6 840 797 851 392 387 402
Or 0.4 0.3 04 1.2 1.6 14 0.4 0.3 0.4 0.2 0.3 0.3 0.6 0.8 0.4 0.3 0.1 0.2
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Figure 4.10. Plots of albite—anorthite—orthoclase end-members showing various
compositions of plagioclases found in each rock type collected from Wang Nam Khiao

area, Nakhon Ratchasima (compositional fields after Deer et al., 1992).

4.2.3 Pyroxene

Pyroxenes are usually altered; however, small fresh pyroxene grains can be
observed in most types of amphibolites except coarse-grained granular amphibolites.
On the other hand, they are the essential composition of pyroxenite. Analytical data and
their calculated cations (based on 6 oxygens) are selectively present in Table 4.4

whereas the other analyses are collected in Appendix B.

Plagioclase-rich granular amphibolites: Pyroxenes found in this rock type contain

mainly 49.78-52.37 %SiO,, 0.91-6.94 %Al,0,, 6.83-11.96 %FeO,,, 13.52-15.43 %MgO,

total”
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and 13.35-23.95 %CaO. Their atomic proportions of Mg, Fe and Ca range from 39.1-
49.1%, 11.0-21.6% and 29.4-49.4%, respectively. These proportions are graphically

plotted in Figure 4.11.

Medium-grain granular amphibolites: Pyroxenes found in this rock type contain

mainly 50.92-54.44 %SiO,, 4.25-5.98 %Al,0,, 9.10-15.38 %FeO 14.60-18.72 %MgO

total?
and 10.35-12.63 %Ca0O. Their atomic proportions of Mg, Fe and Ca range from 47.4-
56.3%, 15.9-27.2% and 24.3-27.9%, respectively. These proportions are graphically

plotted in Figure 4.11.

Migmatitic amphibolites: Pyroxenes found in this rock type contain mainly 53.16-

54.9 %SiO,, 1.27-2.98 %Al,0;, 9.01-11.86 %FeO 18.40-20.75 %MgO and 11.94-

total?
13.20 %CaO0. Their atomic proportions of Mg, Fe and Ca range from 54.7-61.6%, 12.0-
18.1% and 24.9-27.7%, respectively. These proportions are graphically plotted in Figure

4.11.

Layered amphibolites: Pyroxenes found in this rock type contain mainly 52.61-

56.67 %SiO,, 4.28-5.95 %Al,0,, 11.42-13.74 %FeO 15.20-16.12 %MgO and 8.78-

total”
12.55 %Ca0. Their atomic proportions of Mg, Fe and Ca range from 51.0-55.0%, 20.5-
26.6% and 21.0-28.5%, respectively. These proportions are graphically plotted in Figure

4.11.

Pyroxenites: Pyroxenes found in this rock type contain mainly 56.84-57.74

%Si0,, 3.55-4.98 %Al,0,, 6.62-7.73w% FeO 13.59-15.81 %MgO and 12.65-15.49

total’

%Ca0. Their atomic proportions of Mg, Fe and Ca range from 47.4-59.9%, 12.9-17.1%

and 23.4-38.8%, respectively. These proportions are graphically plotted in Figure 4.11.

Atomic Ca-Mg-Fe plots as represented CaSiO,-MgSiO,~FeSiO, end-members of

pyroxene analyses show a wide range of composition varying from diopside to augite. In
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general, most of pyroxenes in all rock samples are characterized compositionally by

augite; however, some analyses of plagioclase-rich granular amphibolites also fall in

diopside composition.

Table 4.4 Representative EPMA analyses of pyroxene found in different rock types

collected from Wang Nam Khiao Area, Nakhon Ratchasima.

Granular Amphibolites

Migmatitic Amphibolites  Layered Amphibolites Pyroxenite

Name Plagioclase-rich Medium-grained

PYX3-1 PYX3-2 PYX3-3 PYX8-3 PYX8-4 PYX8-6 N-1 N-6 N-3 Q-3 Qf4 Q5 GUI-1 GU1-3 GU3-1  PYX4-1 PYX4-3 PYX4-4 PYX-1 PYX-2 PYX-3 PYX-6 PYX-8 PYX-10
Si0, 50.60 60.54 49.78 5235 5207 5216 5237 51.94 6346 54.89 54.44 53.33 5494 5434 5456 5261 5549 5667 54023 5491 5481 b57.74 57.05 56.84
TiO, 0.51 044 083 009 om 0.05 0.30 0.27 018 0.06 0.09 0.04 0.05 0.05 0.00 013 024 0.9 001 0.0z 000 0.53 057 0.0
ALO; 522 522 653 099 119 114 580 590 462 425 456 5.10 298: 247 1.67 518 595 4.28 007 012 0.08 355 480 498
FeO 8.29 707 827 718 736 742 13.8415.00 1320 958 9,10 9.29 978 911 1154 11.58 13.74 1221 1136 1137 1128 7.03 662 7.06
MnO 018 014 0.21 040 039 038 027 031 031 044 015 0.14 027 022 036 034 033 032 014 011 010 030 017 0.10
MgO 1543 1474 1453 1392 13.77 13.52 14.93 14.94 1567 ~ 18,72 18.31 18.61 2046 2075 19.30 16.12 1520 16.12 2222 2203 2247 13.59 14.57 14.58
Ca0 1955 2160 20.13 2374 2355 2341 1120 10.56'11.01 1270 12,63 1261 11.99 11.94 13.20 1256 848 878 12.14 1227 1211 1549 1460 14.72
Na.O 0.31 036 0.35 046 048 048 077 089 061 022 029 035 024 026 0.09 052 023 013 0.07 003 0.02 0.07 0.08 0.07
K0 0.00 000 001 0.00 000 002 0.06 006 002 006 005 0.11 003 003 002 011 014 0.08 0.02 000 000 0.00 0.01 0.00
Total 100.09 100.10 10043 99.11 9891 9857 99.54 99.88 99.08 100.62 99.61 99.56 100.67 98.86 100.75 99.12 99.78 98.78 100.05 100.85 100.86 98.31 98.26 98.86
Si 1.868 1.867 1.836 1969 1963 1973 1.9361.9241.975 1.969 1.968 1.936  1.972 1.983 1.984 1.942 2010 2057 1977 1.989 1984 2092 2.060 2.045
T 0.014 0.012 0.018 0.002 0003 0001 0.008 0.008 0.005 0.002 0.002 0.001 ~ 0.001 0.001 0.060 0.004 0.006 0.005 0000 0.001 0.000 0.014 0.015 0.014
Al 0227 0227 0284 0.044 0053 0.051 0.253 0.258 0.201 0.180 0.1950.218 0.124 0094 0.072 0.225 0254 0.183 0.003 0.005 0.004 0.152 0.198 0.211
Fe’ 0.046 0.061 0053 0.070 0074 0.055 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.073 0.028 0.044 0.000 0.000 0.000
Fe* 0209 0157 0202 0.156 0158 0.179 0.428 0.465 0408 0.287 0.2750282 0294 0278 0351 0357 0416 0371 0274 0316 0297 0213 0200 0212
Mn 0.006 0.004 0.007 0.013 0.012 0.012 0.009 0.010 0.010 0.004 0.004 0.004 0.008 0.007 0.011 0.010 0.010 0.010 0.004 0.003 0.003 0.009 0.005 0.003
Mg 0849 0811 0798 0780 0774 0762 0.823 0.825 0.863. 1,001 0,986 1.007 1.095 1.129 1.046 0.887 0.821 0.872 1.211 1.189 1.212 0.734 0.784 0.782
Ca 0773 0855 0795 0.957 0952 0.949 0.444.0.419 0.436 0.488 0.489 0490  0.461 0487 0.514 0.496 0329 0342 0476 0476 0470 0.601 0.565 0.567
Na 0022 0.026 0.025 0.033 0035 0035 0.0550.0640.044 0.016 0.0200024 0017 0018 0006 0037 0016 0.009 0.005 0002 0001 0.005 0.005 0.005
K 0.000 0.000 0.000 0.000 0.000 0.001 0.0030.003 0.001 0.003 0.0020.005 0.001 0.001 0.001 0.005 0.006 0.004 0.001 0.000 0.000 0.000 0.000 0.000
Total 4.015 4.020 4.018 4.024 4.025 4.019 3.958 3973 3.942 3.949 3943 3968 3.973 3.978 3.984 3.963 3.868 3.853 4025 4.009 4015 3.820 3.830 3.839
Atomic (%)
Mg 452 431 432 397 395 392 486 483 506 563 56.3 566 592 602 547 51.0 524  55.0 595 592 599 474 506 501
Fe 13.6 1.6 138 15 119 121 253 272 239 162 157 1589 15.9 14.8 184 205 266 234 171 171 168 13.8 129 136
Ca 412 453 430 487 486 488 262 245 265 275 279 276 249 249 269 285 210 216 234 237 232 388 365 363




56

Ca

[0 Plagioclase-rich
{ Medium-grained
O Migmatitic

+ Layered

¥ Pyxoxenite

N

diopside‘ hedenbergite

P

L3

augite
% = E
/ pigeonite \

/ enstatite \‘! ferrosillite \
V) V) V) v, RV, \ N N

Mg Fe

Figure 4.11. Atomic Ca-Mg-Fe plots showing wide compositions (diopside-augite range)
of pyroxenes in various rock types collected from Wang Nam Khiao area, Nakhon

Ratchasima (fields of classification after Morimoto et al., 1989).

According to mineral chemistry data, amphiboles in all amphibolites groups are
significantly characterized by actinolite whereas pyroxenes mostly fall within
compositional ranges of augite and diopside. Plagioclases vary from albite to oligloclase
compositions with rare labradorite composition. Actinolite is a calc-amphibole (Leake et
al., 1997) which usually occurs in high temperature metamorphism and igneous
magmatism. It may also occur as an altered product of pyroxene either during the late
magmatic stages of crystallizations or during metamorphism (Klein and Hurlbut, 1977).In
addition, it is an index mineral of upper green schist facies. Augite is commonly found in

igneous rocks while diopside may indicate metamorphism (Klein and Hurlbut, 1977). For
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plagioclase, both albite and oligloclase are widely found in metamorphic and igneous
rocks while labradorite (found in migmatitic amphibolites) is commonly found in gabbro
or basalt (Klein and Hurlbut, 1977). Consequently, it may be concluded, based on
mineral chemistry, that all amphibolites are high grade metamorphic rocks which seem

to have mafic origin.



CHAPTER V

DISCUSSIONS AND CONCLUSIONS

5.1 Protolith and Initial Provenance of Amphibolite

Based on geochemical data presenting graphically as variation diagrams,
discrimination diagrams and tectono-diagrams, chemical compositions of most
amphibolite groups and pyroxenite appear to have been originated within the same
geochemical environment. However, only layered amphibolites have somewhat
differences that may be caused by influence of intrusion on the north. Regarding to
discrimination diagram (total alkali versus SiO,, TAS diagram) suggested by Le Bas et
al. (1986) (Figure 5.1), coarse-grained granular amphibolites, plagioclase-rich granular
amphibolites, medium-grained granular amphibolites and migmatitic amphibolites fall
obviously in the field of basaltic composition whereas layered amphibolites deviate to
the fields of trachytic and rhyolitic compositions. MgO-FeO-alkali plots (Irvine and
Baragar, 1971) indicate signature of tholeiitic magma series for both compositions of
granular and migmatitic amphibolites; although, a few analyses are close to calc-
alkaline series (Figure 5.2). On the other hand, most compositions of layered
amphibolites seem to have modified and some analyses disappear in this diagram,
consequently. Plots of Ti/1000 versus V designed by Jian et al. (2009) suggest that most
compositions of rock samples appear to have related to a provenance of Island Arc
Tholeiite (IAT). In addition, Th-Zr-Nb tectono-diagram (after Wood, 1980) indicates that

all amphibolites and pyroxenite may have been associated with arc-basalt (Figure 5.4).
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Figure 5.1. TAS diagram (Le Bas et al., 1986) showing compositional plots of whole-rock

chemistry of samples collected from Wang Nam Khiao Area, Nakhon Ratchasima.
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Figure 5.2. Triangular MgO-FeO-Alkali plots (after Irvine and Baragar, 1971) applied to

indicate initial magma series of rock samples from Wang Nam Khiao Area, Nakhon

Ratchasima.
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Figure 5.3. Ti-V plots of tectono diagram (after Jian et al., 2009) indicating potentially

initial magma series of rock samples from Wang Nam Khiao Area, Nakhon Ratchasima.

Zr/117

/A Coarse-grianed
O Plagioclase-rich
¢ Medium-grained
O Mgmatitic
+ Layered

A = N-MORB
B = E-MORB
C = OIB (Rift)

D = Arc-basalts

Th Nb/16

Figure 5.4. Th-Zr-Nb tectono-diagram (after Wood, 1980) indicating significantly most

whole-rock analyses of amphibolites geochemically associated with arc-basalt.
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According to geochemical analysis as mentioned above, it may imply on the
basis of isochemical metamorphic process that the initial composition of all amphibolites
including pyroxenite appear to have related to tholeiitic basalt magmas within an ancient

island arc provenance.

In addition, chondrite-normalized REE patterns (chondrite composition after Sun
and McDonough, 1989) (Figures 5.5-5.7) of all rock types collected under this study are
compared with those patterns of normal amphibolites occurred in oceanic domain (after
Castro et al.,, 1996) which present as shaded pattern. Most granular amphibolites
(Figure 5.5) and migmatitic amphibolites (Figure 5.6) are similar to such shaded pattern
slightly decreasing from LREE to HREE. On the other hand, pyroxenite show rather flat
pattern with lower concentration of whole range of REE indicating very low degree of
differentiation or partial melting; this may imply mantle remnant of pyroxenite. Moreover,
layered amphibolites (Figure 5.7) reveal REE pattern having higher LREE that should

support the influence of granitic intrusion.
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Figure 5.5. Chondrite-normalized REE patterns (chondrite composition after Sun and
McDonough, 1989) of granular amphibolites and pyroxenite collected from Wang Nam
Khiao Area compared to shaded pattern of normal amphibolites occurred in oceanic

domain (after Castro et al., 1996).
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Figure 5.6. Chondrite-normalized REE patterns (chondrite composition after Sun and
McDonough, 1989) of migmatitic amphibolites from Wang Nam Khiao Area compared to

shaded pattern of normal amphibolites occurred in oceanic domain (after Castro et al.,

1996).
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Figure 5.7. Chondrite-normalized REE patterns (chondrite composition after Sun and
McDonough, 1989) of layered amphibolites from Wang Nam Khiao Area compared to
shaded pattern of normal amphibolites occurred in oceanic domain (after Castro et al.,

1996).

5.2 Metamorphism

ACF diagram, plots of mole proportions between A (ALLO, + Fe,O, — (Na,0 +
K,0)), C (CaO - 3.33P,0,) and F (FeO + MgO + MnO), were selected for presentation of
metamorphic facies of rock collection, particularly amphibolites, in this study (see Figure
5.8). Consequently, these rocks are significantly corresponding to amphibolites facies,
based on their essential mineral assemblage (Nelson, 2011; Woudloper, 2009). The

diagrams of individual rock types are shown in Appendix C.
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Figure 5.8. ACF diagram showing whole-rock chemical plots against essential mineral

assemblages found in each rock type significantly suggesting amphibolite facies.

Amphibole thermobarometer (Amp-TB) was selected for additional investigation
for pressure and temperature calculation of peak metamorphism. Amp-TB available for
this study has been provided by Ridolfi et al. (2009) which is a spreadsheet operated
under Microsoft Excel Office 2003. This spreadsheet allows calculating T-P-H,Omelt-fO2
conditions from the composition of calcic amphiboles. It gives reliable results within the
ranges of 1064-766K, 73-1000 MPa, —0.3 < ANNO < 2.5, H,Omelt 3.4-10.6 wt%. Results
of P-T calculation from amphibole analyses of all rock types are summarized in Table 5.1
and details are reported below. However, major compositions analyzed by EPMA should
be selected prior to calculation using such spreadsheet which is recommended for the

suitable ranges of 14-20% Al,O,, 1-13% Ca0, <14% MgO, <12% FeO and < 2% TiO,,.
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Table 5.1. P-T estimation of amphibolites from Wang Nam Khiao Area, using Amp-TB of

Ridolfi et al. (2009).

Granular Amphibolites

Samples Coarse-grained Plagioclase-rich Medium-grained
Qc-1 Qc-2 Qc-3 PYX8-3 PYX8-4 PYX8-5 Qf-7 Qf8 Qf9
SiOz (wt.%) 4241 4253 4256 4251 4264 424 4223 4152 4198
TiO; (Wt.%) 221 24 209 1.59 1.5 1.53 21 225 255
Al,O5 (Wt.%) 1445 1444 1433 11.56 1143 1162 1217 1281 125
FeO (wt.%) 10.85 10.73 10.85 14.19 1417 1412 1342 1391 13.11
MnO (wt.%) 0.14 012 0419 0.3 0.28 0.23 0.2 017 0.16
MgO (wt.%) 14.33 1469 1453 1292 129 1282 1461 143 14.82
Ca0 (Wt.%) 11.52 11.33 11.36 124 1241 1229 1116 11.52 11.03
NazO (wt.%) 232 228 24 273 293 2.94 243 241 247
K0 (wt.%) 0.61 0.6 0.61 0.53 0.53 0.53 042 041 036
Check composition
Hz0:mp (Wt.%) 196 1.96 @ 1.96 191 191 191 193 1.93 194
Fez03 (W.%) 7.81 929 862 3.86 3.04 3.15 1246 1225 13.09
FeO (Wt.%) 382 2437 31 10.72 1144 11.29 221 289 133
O=F,Cl (wt.%) 0 0 0 0 0 0 0 0 0
Al# 018 047 017 011 042 012 0.03 0.02 0.01
Physical-chemical conditions.
uncertanty (Qes) 22 22 22 22 22 22 22 22 22
T(C) 726 722 721 685 683 685 689 710 699
P (Kbar) 6.19 / 6.08 5.96 3.39 3.3 3.41 362 421 3886
oceanic depth (km) 219 214 21 12 116 12 128 149 1386
continental depth (km) 23.4 23 225 128 125 129 137 159 146

Based on suggested compositional ranges as

amphiboles found in coarse-grained, plagioclase-rich

mentioned above, analyses of

and medium-grained granular

amphibolites are more appropriate for this amphibole thermobarometer; on the other

hand, those in migmatitic amphibolite, layered amphibolites and pyroxenite are invalid

(see Appendix D). Compositions of amphibole in layered amphibolites appear to have

more felsic composition whereas those in pyroxenite have more mafic composition but

are mostly weathered. For migmatitic amphibolites, they must have higher temperature

and pressure over the mafic solidus curve under water saturation of mafic composition

(see Figure 5.9); then partial melting may have been taken place as suggested by many

researchers (e.g., Schnetger, 1994; Brown et al., 1995; Hartek and Pattison, 1996; Jung

et al., 1998). Therefore, amphiboles occurred in these rocks should have been modified

their compositions, accordingly. Table 5.1 shows P-T conditions of all available rock
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samples. Coarse-grained granular amphibolites yield 721-726°C and 5.96-6.19 Kbair;
plagioclase-rich granular amphibolites fall within 683-685°C and 3.3-3.41 Kbar; medium-
grained granular amphibolites yield 689-710°C and 3.62-4.61 Kbar. In general, these
amphibolite may have equilibrated within a narrow range of 686.4+31.78°C and 4.218+

1.0775 Kbar.

All temperature and pressure results calculated from Amp-TB are also plotted in
a P-T path as shown in Figure 5.9. It clearly indicates that all of these amphibolites
mainly belong to amphibolite facies and forwarding to granulite facies. Moreover, a few
analyses of coarse-grained amphibolites are very close to melting curve of water-
saturated basalt at higher pressure. Migmatitic amphibolites which their amphiboles are
invalid this Amp-TB clearly indicate partial melting process of this amphibolites. For
layered amphibolites, their compositions are partially involved by granite intrusion;
therefore, their amphiboles are not suitable for this calculation. However, they may have
been undertaken the same metamorphic condition prior to influence of igneous

intrusion.
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Figure 5.9. Plots of pressure and temperature (P-T) of amphiboles available under this
study in correlation with metamorphic facies after Cambeses (2011). The red line is a

melting curve of water saturated basalt (after Yoder and Tilley, 1962).

5.3 Ancient Tectonic Setting

Petrochemical data of amphibolites and related rocks indicate initial tholeiitic
affinity prior to metamorphism. Trace elements and REE also show compositional
signature of enriched mid-oceanic ridge basalt (E-MORB) composition as well as their
spider patterns are similar to normal amphibolites in southwest Spain (Castro et al.,
1996) in which they have been reported as MORB-derived composition in oceanic
remnant. This E-MORB signature and tholeiite arc affinity may be associated with

oceanic plate and convection current affected zone (Steven, 2002; Donnelly, 2004).
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Figure 5.10. Ancient tectonic model of the study area as in red rectangular (modified
after Sone and Metcalfe, 2008). Starting with E-MORB-involved tholeiitic arc terrane
occurred in Permo-Triassic as a part of Nakhon Thai oceanic plate (Charusiri et, al.,

1997). Subsequently, Shan-Thai moved eastwards; consequently, its connected oceanic
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plate (Lampang-Chiang Rai named by Charusiri et, al., 1997) subducted into the
Nakhon Thai, Compressional strength appear to have effected to Nakhonthai plates,
continuously until ending of collision between Shan-Thai and Indochina microcontinents
in Late Triassic (Charusiri et, al., 1997). During the collision, it may introduce peak
metamorphism to the study area. Subsequently, granite may have intruded into the
study area as a consequence of partial melting caused by decompressional relaxation

after collision.

During Permo-Triassic period, mantle plume and convection current has
occurred and caused ancient subduction-related volcanic arc as well as sea floor
spreading within back-arc basin yielding E-MORB involvement with arc tholeiitic magma
suite of the study area. This original rock (protolith) may have occurred in Permo-Triassic
(Ridd and Morley, 2011) along oceanic plate of Nakhon-Thai ocean floor laying between
Shan-Thai and Indochina microcontinents (Charusiri et al., 1997). After the collision
between Shan-Thai and Indochina microcontinents during late Triassic, this protolith
may have metamorphosed under high pressure and temperature (see P-T path in Figure
5.9); consequently, various types of amphibolites have been equilibrated as peak
metamorphism (see Figure 5.10). Granite intrusion in the northern area may
subsequently take place in Triassic (Charusiri et al., 1993). These granites have been
studied by Booncharoen (2011) and they also suggested oceanic island arc affinity of

granite.

5.4 Conclusions

1. Amphibolites and related rocks (e.g., serpentinized pyroxenite, granite, gabbro

and phyllitic shale) have spread around an area of Ban Yup | Pun and Ban Nong Mai
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Dang with. Amphibolites can be divided into five groups according to their physical
properties, petrographic description, whole-rock geochemistry and mineral chemistry.
They are composed of coarse-grained granular amphibolites, plagioclase-rich granular
amphibolites, medium-grained granular amphibolites, migmatitic amphibolites and

layered amphibolites.

2. Coarse-grained, plagioclase-rich and medium-grained granular amphibolites are
different in grain size but they have the same mineral assemblage, mainly consisting
actinolite and albite-oligoclase plagioclase. Geochemically, their major and minor
oxides, trace elements and REE fall within the similar ranges assuming that they may
have the same protolith before undertaking metamorphism and reaching amphibolite

facies.

3. Migmatitic amphibolites are found associated with some coarse-grained marble
in the study area. Their mineral assemblages and grain size are similar to medium-
grained amphibolites. In addition, their whole-rock geochemistry is also quite similar but
amphiboles occurred with both rock types have somewhat different composition caused

by temperature and pressure higher than the water-saturated melting curve of basalt.

4. Layered amphibolites are associated with pink granite in the north of study area;

therefore, its compositions appear to have been modified by metasomatism.

5. All amphibolites appear to have occurred in oceanic plate area, part of Nakhon
Thai. Metamorphism caused by compression collision between Shan Thai and
Indochina microcontinents during late Triassic would impact indirectly to E-MORB-

involved tholeiitic in ancient arc terrane yielding different types of amphibolites.
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APPENDIX A

Whole-rock analyses of amphibolites and pyroxenite from Wang Nam Khiao, Nakhon
Ratchasima. Major and minor oxides (% wt) yielded from XRF analysis and trace

elements (ppm) obtained from ICP-MS analysis.

Granular Amphibolite

S -— Coaree e E—— adiom Migmatitic Amphibolite Layer Amphibolite Pyroxenite
QB1 Qc HT2  PYX3 QB4 PYX7 Sc Qf GuU1 GU3  GUS PYX4 PYXS  PYX6 PYX1
Major Oxide (%)
Si0, 4545 45.01 48.76  50.16 50.08 4749 46.82 4931 4853 49.65 48.70 61.53 7361 7176 42.90
AlLO5 11.12 10.92 9.31 5.37 13.47 952 1078/ 10.28 956 1225 967 19.70 14,18 1595 11.75
Fe 0 10.77 11.12 8.62 7.60 9.67 1207  9.76 9.60 1187 740 1118 3.02 1.96 2.38 12.95
MgO 13.00 14.08 9.83 14.18 721 12.88 11.11 16.56 13.07 5.98 11.96 1.15 0.43 0.46 19.36
Ca0 13.26 13.94 2121 21.33 11.76 1322 1768 927 1210 1817 13,99 4.04 228 0.85 12.18
MnO 0.10 0.11 o.n 0.13 0.09 0.15 0.10 0.14 0.19 0.13 0.186 0.03 bdl bdl 0.21
K0 0.72 0.78 021 0.15 1.02 088 0.60 239 0.80 0.21 0.94 0.40 2.60 3.92 0.06
Na;O 1.77 1.89 0.16 0.54 3.86 1.26 1.30 1.34 1.45 232 1.30 9.38 431 3.94 0.22
TiO> 1.92 2.05 Q.75 0.59 1.10 1.31 1.34 0.62 0.95 0.78 1.07 0.45 0.36 0.49 0.34
P-Os bdl 0.02 0.04 bdl 0.29 bdl 0.04 0.16 0.07 0.84 bdl 0.06 bdl bdl bdl
LOI 1.40 0.61 1.15 0.76 1.90 142 0.79 2.04 1.71 1.39 1.89 0.69 1.27 1.23 0.89
SUM 99.51 100.53 100.15 100.81 10045 100.20 100.32 101.68 100.30 99.12 100.86 100.45 101.00 100.98 100.86
Elements (ppm)
Ba 75.80 77.10 270 87.00 327.00 9340 50.10 256.00 83.10 21.50 97.00 221.00 761.00 1600.00 113.00
Ce 4.10 6.20 920 16.30 18.70 11.00.  5.50 19.00 17.90 28.00 1520 60.70 4240 76.00 220
Co 78.90 77.30 4840 49.50 48.70 69.60 6840 7240 7090 4030 66.40 18.30 61.00 ©99.80 87.50
Cr 290.00 190.00 60.00 580.00 260.00 ~ 430.00 20.00 1600.00 700.00 bd  770.00 10.00 bdl bl 220.00
Cu 83.00 129.00 8.00 7.00 25.00 115.00 - 70.00 7.00 47.00 19.00 64.00 207.00 13.00 12.00 286.00
Dy 2.87 3.53 215 3.86 3.10 3.94 2.65 1.88 297 3.87 2.78 4.83 3.43 4.94 1.40
Er 1.50 1.97 1.14 2,01 1.94 2:29 1.37 1.05 1.94 1.90 1.62 3.14 1.88 292 0.80
Eu 0.79 0.86 0.65 0.98 1.01 1.16 0.73 0.53 0.99 1.53 0.97 1.94 0.88 1.54 0.33
Ga 13.00 14.00 22.00 10.00 16.00 15.00 13.00 14.00 17.00 18.00 15.00 18.00 10.00 17.00 8.00
Gd 2.80 3.60 2.19 3.78 3.38 3.80 237 2.03 3.26 451 2.76 451 3.82 5.25 1.1
Hf bdl bal 1.00 1.00 2.00 1.00 bdl 2.00 2.00 1.00 1.00 6.00 4.00 6.00 bdl
Ho 0.56 0.71 0.42 0.74 0.63 0.82 0.52 0.35 0.61 0.74 0.55 1.02 0.67 0.98 0.26
La 1.10 1.80 3.60 5.30 8.30 3.40 1.80 9.60 6.50 10.70  6.10 33.10 22.80 4050 0.80
Lu 017 0.22 0.15 0.31 0.28 0.30 0.18 0.15 0.26 0.27 0.21 047 0.25 0.44 0.10
Nb bdl 1.00 1.00 2.00 2.00 2.00 bdl 1.00 2.00 4.00 2.00 7.00 7.00 9.00 bdl
Nd 5.50 7.40 7.30 13.20 12.50 11.30  5.90 9.80 1260 18.90 10.10 24.40 17.60 32.70 2,60
Ni 112.00 67.00 42.00 84.00 75.00 178.00 24.00 462.00 99.00 11.00 108.00 15.00 11.00 10.00 245.00
Pr 0.92 1.25 1.44 272 277 2,01 1.04 2.38 2,66 4.19 218 6.69 479 8.94 0.43
Rb 1.70 2.00 0.20 5.00 15.10 8.10 2.10 62.20 8.70 0.70 10.70 2.90 37.80 92.90 0.70
Sc 89.00 103.00 37.00 54.00 32.00 47.00 80.00 21.00 49.00 21.00 72.00 15.00 bdl 9.00 41.00
Sm 220 270 1.80 3.40 3.00 3.50 210 2.00 2.80 470 240 4.90 3.80 6.00 0.90
Sr 278.00 219.00 438.00 102.00 497.00 187.00 257.00 251.00 192.00 642.00 278.00 489.00 196.00 187.00 129.00
Tb 047 0.54 0.34 0.57 0.51 0.64 0.40 0.28 0.50 0.66 0.45 0.72 0.59 0.79 0.23
Th .10 0.10 1.00 0.60 1.30 0.40 0.10 3.00 1.10 1.50 0.60 8.00 1230 11.20 0.10
Tm 0.18 0.25 0.16 0.31 0.28 0.31 0.17 0.14 0.28 0.31 0.24 0.51 0.28 0.41 0.10
Ti 11508.46 12287.68 449549 3536.45 6593.39 7852.13 8031.95 3716.27 5694.29 4675.31 6413.57  2697.30 2157.84 2937.06  2037.96
v 557.00 680.00 382.00 253.00 329.00 390.00 525.00 197.00 336.00 182.00 394.00 75.00 13.00 bdl 192.00
w 139.00 83.00 243.00 93.00 103.00 98.00 141.00 52,00 76.00 219.00 58.00 213.00 572.00 938.00 64.00
X 14.10 17.60 10.50  19.40 17.20 19.80 1260 9.80 16.90 17.60 14.50 29.40 18.60 26.20 6.60
Yb 1.10 1.50 1.00 1.90 1.80 1.90 1.00 0.90 1.80 1.50 1.40 3.50 1.80 2.70 0.60
Zn 36.00 74.00 43.00 95.00 52.00 102.00 38.00 243.00 95.00 89.00 75.00 11.00 26.00 54.00 69.00
Zr 13.30 18.00 2720 3270 54.10 2970 18.80 5020 4760 3150 3220 199.00 127.00 210.00 9.40

* bdl = below detection limit
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EPMA analyses of amphiboles in coarse-grained and plagioclase-rich granular

amphibolites collected from Wang Nam Khiao Area.

Granular Amphibolites

Name Coarse-grained Plagioclase-rich

Qc-1 Qc2 Qc-3 Qc4 Qc5 Qc6 Qc-7 Qc-8 Qc-9 PYX8-3 PYX8-4 PYX8-5 PYX3-1 PYX3-2 PYX3-3
SiO, 4241 4253 4256 44.24 43.65 4394 43.30 4240 43.03 4251 42.64 4240 43.77 4359 42.22
TiO, 221 210 209 125 046 050 041 045 048 1.59 1.50 163 071 062 0.12
Al,Oz 1445 14.44 1433 13.68 13.18 13.66 13.41 1324 14.01 1166 1143 1152 1313 1296 12.59
FeO 10.85 10.73 10.85 11.29 11.44 1267 12.78 1294 12.05 14.19 1417 1412 10.27 1059 10.93
MnO 014 0.12 019 012 0413 0413 017 043 047 0.30 0.28 0.23 0.10 0.15 0.10
MgO 14.33 14.69 14.53 14.42 1435 13.20 13.32 14.14 1436 12.92 1290 12.82 16.02 16.58 16.25
CaO 1152 11.33 11.36 11.92-12.62" 1240 12.34 12.59. 1254 1240 1241 1229 1263 1236 13.42
Na,O 232 228 240 1.80.472.007 229 287 232\ 293¢ 273 293 294 203 212 214
K0 061 060 061 043 0.73 045 041 035 0.30 053 053 0.53 0.09 0.12 0.03
Total 98.83 98.80 98.93 99.14 98.56 99.24 9851 9854 99.09 98.74 98.79 98.37 98.73 99.10 97.81
Si 6.127 6.136 6.141 6.345 6.343 6.357 6.327 6.217 6.229 6.288 6.305 6.294 6.295 6.262 6.193
Ti 0.240 0.228 0.227 0.135 0.050 0.054 0.045 0.050 0.052 0.176 0.166 0.170 0.077 0.067 0.014
Al 2460 2455 2438 2313 2258 2331 2311 2289 2392 2016 1.992 2.016 2226 2195 2.176
Fe* 0.069 0.109 0.062 0.227 0.390 0.185 0.300 0.685 0.576 0.261 0.189 0.166 0.677 0.803 1.188
Fe? 1.242 1.186 1.247 1.127 1.000 1.348 1.262 0.901 0.883 1494 1563 1.586 0.558 0.469 0.153
Mn 0.017 0.014 0.024 0.014 0.016 0.016 0.020 0.016 0.020 0.038 0.035 0.029 0.012 0.018 0.013
Mg 3.084 3.157 3.124 3.081 3.107 2.847 2901 3.090 3.098 2.848 2.844 2.837 3.433 3.549 3.552
Ca 1.784 1.751 1.757 1.832 1.964 1.922 1.933 1.978 1.940 1.964 1.966 1.956 1.946 1.902 2.110
Na 0.651 0.637 0.672 0.501 0.562 0.644 0.672 0.658 0.610 0.784 0.840 0.846 0.565 0.592 0.609
K 0.111 0.110 0.113 0.078 0.136 0.083 0.076 0.065 0.056 0.101 0.100 0.100 0.016 0.022 0.005
Total 15.785 15.782 15.805 15.653 15.826 15.787 15.847 15.950 15.856 15.971 16.002 16.000 15.806 15.880 16.013
Atomic (%)
Mg 499 509 50.5 49.2 481 452 454 464 477 434 433 433 519 528 507
Fe 212 209 212 216 215 243 244 238 225 26.7 267 268 187 189 19.1
Ca 289 282 284 292 304 305 302 297 299 299 300 299 294 283 301
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EPMA analyses of amphiboles in medium-grained granular amphibolites collected from

Wang Nam Khiao Area.

Medium-grained granular amphibolites

HeR Qf-2 Qf-3 Qf5 Qf7 Qf8 Qf9 N-1 N-2 N-4 N-5 Scv-1 Scv-2 Scv-3
SiO, 41.96 41.66 4256 4223 4152 41.98 42.67 43.21 52.02 52.02 42.83 4260 42.68
TiO, 077 154 102 210 225 255 315 373 039 039 155 157 1.57
AlLO; 1149 11.82 1250 1217 1281 1250 11.33 11.75 10.96 10.96 13.69 13.82 13.89
FeO 16,12 15647 1359 1342 1391 13.11 1594 15.97 16.16 16.16 14.18 14.09 13.50
MnO 045 028 014 020 0.17 0416 023 014 024 024 0.18 0.19 0.22
MgO 12.78 12.32 13.82 14.61 1430 14.82 11.35 1129 969 969 1280 12.62 12.70
Ca0 12.44 12.02 13.04 1116 11.52 11.08 11.44 1171 9.07 9.07 11.66 11.88 12.08
Na,O 278 277 220 243 241 247 109 187 033 033 227 232 231
KO 034 024 004 042 04 036 133 011 021 021 066 065 064
Total 98.12 98.11 98.92 98.74 99.30 98.97 98.52 99.79 99.07 99.07 99.80 99.74 99.58
Si 6.279 6.231 6.236 6.191 6.079 6.130 6.343 6.308 7.370 7.370 6.219 6.196 6.202
Ti 0.087 0.173 0.112 0.232 0247 0.280 0.352 0.410 0.041 0.041 0.169 0.171 0.172
Al 2.026 2.083 2.159 2103 2.211 2151 1.986 2.023 1.831 1.831 2.344 2.370 2.380
Fe* 0.561 0.398 0.769 0.427 0.573 0.404 0.088 0.000 0.000 0.000 0.181 0.188 0.158
Fe™ 1.330 1.537 0.896 1.219 1.130 1.198 1.894 1.950 1.915 1.915 1.541 1.526 1.483
Mn 0.057 0.036 0.017 0.025 0.022 0.020 0.029 0.017 0.029 0.029 0.022 0.023 0.027
Mg 2.850 2.747 3.017 3191 3.121 3.226 2515 2457 2.045 2045 2770 2736 2.750
Ca 1.994 1.927 2.048 1.753 1.807 1.7256 1.822 1.832 1.377 1.377 1.814 1.852 1.881
Na 0.808 0.802 0.626 0.691 0.683 0.698 0.314 0.529 0.090 0.090 0.639 0.653 0.652
K 0.064 0.046 0.008 0.078 0.076 0.067 0.2563 0.020 0.039 0.039 0.123 0.120 0.118
Total 16.057 15.979 15.889 156.910 15.948 15.897 16.5695 15.545 14.738 14.738 15.821 15.835 15.822
Atomic (%)

Mg 423 416 448 484 471 492 398 394 383 383 439 434 438
Fe 281 293 247 250 257 244 314 313 359 369 273 272 262

Ca 296 292 304 266 273 263 288 294 258 258 288 294 300
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EPMA analyses of amphiboles in migmatitic amphibolites and layered amphibolites

collected from Wang Nam Khiao Area.

Migmatitic Amphibolites

Layered Amphibolites

Name

GU1-4 GU1-5 GU1-6 GU1-8 GU1-9 GU1-10 GU1-11 GU1-12 GU1-13  PYX4-1 PYX4-2 PYX4-3
SiO, 4433 44.34 4541 41.16 41.83 4752 4456 43.16 43.83 58.09 55.49 56.67
TiO, 0.00 0.05 0.03 0.04 0.00 0.00 0.00 0.04 0.00 0.13 0.24 0.19
Al,O3 12.98 12.17 13.11 14.05 13.27 14.83 1167 12.05 11.27 291 595 4.28
FeO 9.01 911 728 11.04 1186 954 1154 11.04 11.86 11.23 13.74 12.21
MnO 026 022 015 032 034 032 0.36 0.32 0.34 0.35 0.33 0.32
MgO 19.83 20.75 20.95 18.81 1840 16.59 19.30 18.81 18.40 17.38 1520 16.12
Ca0 12.08 11.94 1245 1280 1266 10.79 1320 12.80 12.66 8.55 848 878
Na,O 019 026 0.14 026 0.17 0.11 0.09 026 0.7 012 023 0.13
KO 0.03 0.08 0.00 0.07 0.03 | 0.07 0.02 0.07 0.03 0.08 0.14 0.08
Total 98.70 98.86 99.52 98.56 98.55 99.77 100.76 98.56 98.55 98.83 99.78 98.78
Si 6.292 6.292 6.332 5962 6.070 6.586 6.298 6.234 6.342 8.028 7.704 7.886
Ti 0.000 0.005 0.003 0.005 0.000 ©0.000 0.000 0.005 0.000 0.013 0.025 0.020
Al 2171 2.037 2154 2399 2270 2423 1944 2052 1922 0473 0973 0.702
Fe* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe® 1.069 1.081 0.849 1.338 1439 1.106 1.364 1334 1435 1.298 1595 1.421
Mn 0.031 0.026 0.018 0.040 0.042 0.038 0.044 0.039 0.042 0.041 0.038 0.038
Mg 4.194 4390 4.353 4.060 3.979 3.427 4.066 4.049 3.967 3.681 3.146 3.342
Ca 1.837 1.815 1.860 1.987 1.969 1.602 1.999 1.981 1.963 1.266 1.261 1.310
Na 0.052 0.072 0.088 0.073 0.048 0.030 0.023  0.073 0.048 0.031 0.062 0.036
K 0.005 0.005 0.000 0.013 0.005 0.012 0.004 0.013 0.005 0.014 0.024 0.015
Total 15.651 15.723 15.607 15.876 15.821 15.223 15.743 15.778 15.723 14.745 14.828 14.769
Atomic (%)
Mg 591 602 616 550 539 559 54.7 55.0 53.9 58.3 524  55.0
Fe 150 148 L2104 1180 M98y Dil8.a 18.4 18.1 19.5 211 266 234
Ca 2569 249 263 269 267 261 26.9 26.9 26.7 20.6 210 216
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EPMA analyses of plagioclase in plagioclase-rich granular amphibolites, medium-

grained granular amphibolites and migmatitic amphibolites collected from Wang Nam

Khiao Area.
Granular Amphibplites

Name Plagioclase-rich Medium-grained e

PYX8-1 PYX8-2 PYX8-4 QBd-1 QBd-2 QBd-3 GU3-2 GU3-3 GU3-4 GU3-56 GU3-6 GU3-7 GU3-8 GU3-9 GU3-10 GD2-1 GD2-2 GD2-3
SiO, 67.31 6197 61.81 60.31 59.20 60.08 67.15 67.54 67.33 67.55 67.48 67.14 67.34 67.09 67.03 6642 66.16 66.72
TiO2 0.02 0.01 0.00 0.02 0.00 0.04 0.08 0.03 000 0.02 0.00 0.00 0.00 0.00 0.02 0.04 0.00 0.00
AlLO3 19.27 2067 20.00 2410 24.69 24.00 20.12 20.86 20.85 19.81 19.96 20.10 20.50 20.00 20.10  20.47 20.34 20.36
FeO 010 0.09 0.04 0.13  0.09 0.09 0.03 000 003 0.04 0.00 007 004 005 0.04 013 019 029
MnO 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 001 0.00 0.00 000 0.00 0.03 0.00 0.04
MgO 0.01 0.07 0.00 0.00 0.01 0.00 0.01 000 000 0.00 0.00 0.00 0.00 0.00 0.5 0.03 0.00 0.00
CaO 0.08 531 491 584 556 584 039 039 041 035 064 024 041 049 024 10.04 1043 10.11
Na,O 11.34 1189 11.95 9.97" 963  '9.55 1045 10.08 10.57 10.81 10.36 11.04 11.00 10.71 10.56 3.50 280 0.88
K:0 0.07 0.07 0.10 024 031 028 0.06 0.05 006 0.05 0.09 0.06 007 005 0.09 0.02 0.04 0.03
Total 98.23 100.07 98.80 100.63 99.39 99.89  98.30. 98.94 99.25 98.63 98.53 98.64 99.36 98.39 98.12 100.68 99.95 98.42
Si 2992 2786 2.811 2688 2667 2694 2974 2965 2955 2984 2982 2969 2958 2.973 2974 2.897 2902 2942
Ti 0.001 0.000 0.000 0.001 0.000 0.001 0.003 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000
Al 1.010 1.096 1072 1267 1311 1269 1.051 1,080 1.079 1.032 1.040 1.048 1.062 1.045 1.052 1.052 1.052 1.058
Fe 0.004 0.003 0.002 0.005 0.004 0.003 0.001 0.000 0.001 0.002 0.000 0.003 0.002 0.002 0.001 0.005 0.007 0.011
Mn 0.000 0.000 0.000 0.000 0.000 0.000° 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001
Mg 0.000 0.004 0.000 0.000 0.001 0.000  0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.002 0.000 0.000
Ca 0.004 0.256 0.239 0.279 0.268 0.281 0,019 0.018 0.019 0.016 0.030 0.012 0.019 0.023 0.011 0469 0490 0477
Na 0977 1036 1.053 0.862 0.832 0.830 0.898 0.858 0.900 0.926 0.887 0.947 0.937 0.920 0.908 0.296 0.238 0.075
K 0.004 0.004 0.006 0.014 0.018 0.016 0.003 0.003 0.003 0.003 0.005 0.003 0.004 0.003 0.005 0.001 0.002 0.001
Total 4.993 5.186 5.183 5116 5.102 5.094 4.949 4.925 4.957 4964 4.944 4982 4981 4.966 4.956 4725 4.691 4.567
Atomic (%)
An 0.4 19.7 184 242 240 249 20 21 21 g kv 4 3.3 1.2 20 24 1.2 612 671 86.2
Ab 99.2 800 811 746 744 737 97.6—-87.6-—-97.5—98.0-.962 985 976 972 982 386 326 136
Or 0.4 0.3 0.4 1.2 16 14 03 03 04 03 05 03 04 03 0.5 02 03 03
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EPMA analyses of plagioclase in layered amphibolites and pyroxenite collected from

Wang Nam Khiao Area.

Layered Amphibolites Pyroxenite

Name

PYX4-1 PYX4-2 PYX4-3 PYX4-4 PYX4-5 PYX4-6 PYX6-1 PYX6-2 N-a3-1 N-a3-3 N-ul-1 N-u1-2 N-u1-3 N-u2-1 N-u2-2 N-u2-3 N-1-1 N-1-2 N-1-3
SiO, 64.66 62.33 64.94 6597 6452 6591 6766 67.84 5461 5584 5554 5516 54.85 5518 53.31 54.88 51.79 5225 52.79
TiO, 004 0.01 0.00 000 000 003 000 005 002 001 000 0.00 000 000 0.03 004 001 003 008
ALO, 2171 2256 21.33 2047 20.77 2050 19.95 19.73 2856 28.00 2847 2854 2865 29.34 30.36 29.45 29.92 30.47 29.22
FeO 004 0.04 007 001 011 004 012 046 002 008 009 005 000 0.09 0.09 009 020 030 0.09
MnO 000 0.00 0.01 000 000 003 004 000 000 000 000 0.00 002 001 000 000 001 001 000
MgO 000 0.00 000 001 000 0.01 000 0.02 000 000 000 0.00 000 000 0.01 001 0.02 0.00 0.01
Ca0 313 437 294 198 278 202 0.10 0.16 1214 1154 1168 11.73 1221 1203 13.34 1236 12.14 12.18 11.58
Na,O 946 9.85 959 10.75 10.65 10.54 10.77 10.49 434 403 454 495 444 468 3.89 456 457 454 505
K20 011 014 008 009 009 009 004 0.09 005 002 002 002 002 004 003 014 003 0.03 0.03
Total 99.14 9930 98.95 99.27 9893 99.16 98.67 98.84 9973 99.51 100.33 100.46 100.19 101.37 101.05 101.52 98.68 99.82 98.85
Si 2.868 2.787 2.884 2920 2880 2919 2986 2991 2468 2516 2490 2476 2468 2455 2389 2443 2379 2373 2416
Ti 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.003
Al 1.135 1.189 1.117 1.068 1.093 1.071 1.038 1.026 1.522 1.487 1.505 1.510 1.520 1.539 1.604 1.545 1.620 1.631 1.577
Fe 0.001 0.001 0.003 0.000 0.004 0.001 0.004 0017 0.001 0.003 0.003 0.002 0.000 0.003 0.004 0.003 0.008 0.011 0.004
Mn 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 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 0.001 0.000 0.001 0.0000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.001
Ca 0.149 0.208 0.140 0.094 0.133 0.096 0.004 0.007 0.588 0.557 0.561 0.564 0.589 0.574 0.640 0.589 0.598 0.593 0.568
Na 0.813 0.854 0.825 0922 0.921 0.905 0921 0.897 0.380 0.352 0.395 0.431 0.387 0.404 0.338 0.393 0.407 0.400 0.449
K 0.006 0.008 0.004 0.005 0.005 0.005 0.002 0.005 ~ 0.003 0.001 0.001 0.001 0.001 0.002 0.002 0.008 0.002 0.002 0.001
Total 4973 5.049 4.973 5010 5037 5.000 4957 4.946 4962 4917 4.955 4985 4.966 4.978 4.978 4.984 5.015 5.011 5.018
Atomic (%)
An 154 195 144 9.2 12.6 9.5 0.5 0.8 606 612 586 56.6 602 585 654 595 594 596 558
Ab 840 797 851 903 87.0 90.0 992 986 392 387 413 432 396 412 345 397 404 402 441
Or 0.6 0.8 0.4 05 0.5 0.5 0.3 0.6 0.3 0.1 0.1 0.1 0.1 0.2 0.2 0.8 02 02 041
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EPMA analyses of pyroxenes in plagioclase-rich granular amphibolites and medium-

grained granular amphibolites collected from Wang Nam Khiao Area.

Granular Amphibolites

Name Plagioclase-rich Medium-grained

PYX3-1 PYX3-2 PYX3-3 PYX8-1 PYX8-2 PYX8-3 PYX8-4 PYX8-56 PYX8-6 Qf-1 Qf2 Qf-3 Qf4 Qf-6 N-1 N-2 N-3 N-5
SiO, 50.60 50.54 49.78 52.37 5222 5235 5207 5201 5216 51.24 50.92 54.89 54.44 53.33 52.37 52.00 53.46 51.94
TiO, 051 044 063 004 003 009 011 009 0.05 0.04 0.09 006 0.09 0.04 0.30 0.28 0.18 0.27
Al;,04 522 522 653 091 098 099 119 120 114 522 563 425 456 510 580 598 462 590
FeO 829 707 827 727 683 718 736 777 742 1451 1472 958 9.10 9.29 13.84 15.38 13.20 15.00
MnO 0.18 014 021 041 043 040 039 044 038 026 0.28 0.14 0.15 0.14 0.27 0.33 0.31 0.31
MgO 1543 1474 1453 1400 13.82 1392 1377 1370 1352 1592 1523 18.72 18.31 18.61 14.93 14.60 15.67 14.94
CaO 1955 21.60 2013 2371 23.95 2374 2355 2363 2341 1224 1203 1270 12.63 12.61 11.20 10.35 11.01 10.56
Na,O 031 036 035 039 049 046 048 051 048 064 0.96 022 029 035 077 0.77 0.61 0.89
K0 0.00 000 0.01 000 000 000 0.00 000 0.02 0.17 0.18 0.06 0.05 0.11 0.06 0.06 0.02 0.06
Total 100.09 100.10 100.43 99.09 98.74 99.11 9891 99.36 9857 100.23 100.04 100.62 99.61 99.56 99.54 99.76 99.08 99.88
Si 1.868 1.867 1.836 1.970 1.970 1.969 1.963 1.958 1.973 1902 1.896 1.969 1.968 1.936 1.936 1.929 1.975 1.924
Ti 0.014 0.012 0.018 0.001 0.001 0.002 0.003 0.002 0.001 0.001 0.003 0.002 0.002 0.001 0.008 0.008 0.005 0.008
Al 0.227 0227 0.284 0.040 0.044 0.044 0.053 0.053 0.051 0.228 0.247 0.180 0.195 0.218 0.253 0.261 0.201 0.258
Fe® 0.046 0.061 0.053 0.068 0.074 0.070 0.074 0.094 0.055 0.031 0.049 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.209 0.157 0.202 0.161 0.142 0156 0.168 0.151 0.179 0.420 0.409 0.287 0.275 0.282 0.428 0.477 0.408 0.465
Mn 0.006 0.004 0.007 0.013 0.014 0.013 0.012 0.014 0.012 0.008 0.009 0.004 0.004 0.004 0.009 0.010 0.010 0.010
Mg 0.849 0.811 0.798 0.785 0.777 0.780 0.774 0.769 0.762 0.880 0.845 1.001 0.986 1.007 0.823 0.807 0.863 0.825
Ca 0.773 0855 0.795 0956 0.968 0957 0.952 0.953 0.949 0.487 0.480 0.488 0.489 0.490 0.444 0.411 0.436 0.419
Na 0.022 0.026 0.025 0.028 0.035 0.033 0.035 0.037 0.035 0.046 0.069 0.015 0.020 0.024 0.055 0.056 0.044 0.064
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.008 0.009 0.003 0.002 0.005 0.003 0.003 0.001 0.003
Total 4.015 4.020 4.018 4.023 4.025 4.024 4.025 4.031 4.019 4.010 4.016 3.949 3.943 3.968 3.958 3.962 3.942 3.973
Atomic (%)
Mg 452 431 432 399 396 397 . 396 891 392 484 474 563 56.3 56.6 486 47.6 506 483
Fe 13.6 11.6 13.8 11.6 11.0 1.5 119 124 12:1 248 257 162 157 159 253 28.1 239 27.2

Ca 412 453 430 485 494 487 486 485 488 268 269 275 279 276 262 243 255 245




EPMA analyses of pyroxenes

in migmatitic amphibolites
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collected from Wang Nam

Khiao Area.

— Migmatitic Amphibolites

GU1-1 GU1-2 GU1-3 GU1-4 GU1-5 GU1-6 GU1-7 GU1-8 GU1-9 GU3-1 GU3-2 GU3-3 GU3-4 GU3-5 GU3-6
SiO; 54.94 54.33 54.34 57.41 58.11 57.27 59.50 59.43 58.16 54.56 53.16 53.83 59.39 60.84 59.39
TiO, 0.05 0.00 005 0.03 0.03 004 003 0.02 0.06 0.00 0.04 000 0.00 0.00 0.00
AlL,O5 293 298 217 111 087 112 095 0.76 132 167 205 127 283 112 283
FeO 978 9.01 911 728 7.09 695 709 713 740 1154 11.04 1186 954 7.90 954
MnO 027 026 022 015 015 012 0.15 018 0.17 036 032 034 032 032 032
MgO 2046 19.83 20.75 20.95 20.75 20.36 19.39 19.48 20.16 19.30 18.81 18.40 16.59 17.56 16.59
Ca0 1199 12.08 11.94 1245 1269 12.88 1244 1249 1258 13.20 1280 12.66 10.79 11.14 10.79
Na,O 024 019 02 014 020 009 019 0411 033 0.09 026 017 011 0.02 011
K0 0.03 003 003 0.00 0.02 0.03 002 000 006 002 007 003 0.07 0.03 0.07
Total 100.67 98.70 98.86 99.52 99.90 98.87 99.76 99.61 100.24 100.75 98.56 98.55 99.63 98.94 99.63
Si 1.972 1.983 1.983 2.054 2.068 2.061 2.110 2.112 2.065 1.984 1974 2003 2.115 2.164 2.115
Ti 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000
Al 0.124 0.128 0.094 0.047 0.036 0.048 0.040 0.032 0.055 0.072 0.090 0.056 0.119 0.047 0.119
Fe* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.294 0.275 0.278 0.218 0.211 0.209 0.210 0.212 0.220 0.351 0.343 0.369 0.284 0.235 0.284
Mn 0.008 0.008 0.007 0.005 0.005 0.004 0.005 0.005 0.005 0.011 0.010 0.011 0.010 0.010 0.010
Mg 1.095 1.079 1.129 1.117 1.101 1.092 1.025 1.031 1.067 1.046 1.041 1.020 0.880 0.931 0.880
Ca 0.461 0.472 0467 0.477 0484 0497 0473 0.476 0.479 0.514 0.509 0.505 0.412 0.424 0.412
Na 0.017 0.013 0.018 0.010 0.013 0.007 0.013 0.008 0.023 0.006 0.019 0.012 0.008 0.002 0.008
K 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.003 0.001 0.003 0.001 0.003 0.001 0.003
Total 3.973 3.960 3.978 3.927 3.920 3918 3.876 3.876 3.918 3.984 3.991 3976 3.831 3.814 3.831
Atomic (%)
Mg 59.2 591 602 616 613 60.7 600 600 604 547 550 539 559 585 559
Fe 159 151 148 120 118 116 123 123 124 184 181 195 180 148 18.0
Ca 24.9 259 24.9<42B3 27.00 276 27.7 279 @/l4Y 269 269 267 261 267 2641
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EPMA analyses of pyroxenes in layered amphibolites and pyroxenite collected from

Wang Nam Khiao Area.

T Layered Amphibolites Pyroxenite

PYX4-1 PYX4-2 PYX4-3 PYX4-4 PYX-1 PYX-2 PYX-3 PYX-6 PYX-7 PYX-8 PYX-9 PYX-10 PYX-11 PYX-12
SiO, 52.61 5266 5549 56.67 54.03 5491 54.81 57.74 51.74 57.05 57.16 56.84 57.74 57.05
TiO, 0.13 0.14 024 0.19 0.01 0.02 000 053 074 057 039 050 053 057
Al,O3 518 514 595 4.28 0.07 0.12 0.09 355 472 460 477 498 355 4.60
FeO 11.58 1142 1374 1221 1136 11.37 11.28 7.03 975 662 773 7.06 703 6.62
MnO 034 032 033 032 014 011 0.0 030 0.09 017 019 0.0 030 017
MgO 16.12 15685 1520 16.12 2222 22.03 2247 13.59 21.34 1457 1581 14.58 1359 14.57
CaO 1255 12.03 848 8.78 1214 1227 1211 1549 1224 14.60 1265 1472 1549 14.60
Na,O 052 059 023 0.13 0.07 0.03 0.02 0.07 0.04 008 015 007 0.07 0.08
K>0 0.11 0.10 0.14 0.08 0.02 0.00 000 000 005 001 001 0.00 000 0.01
Total 99.12 98.24 99.78 98.78  100.05 100.85 100.86 98.31 100.70 98.26 98.86 98.86 98.31 98.26
Si 1.942 1955 2010 2.057 1.977 1.989 1.984 2.092 1.869 2.060 2.051 2.045 2.092 2.060
Ti 0.004 0.004 0.006 0.005  0.000 0.001 0.000 0.014 0.020 0.015 0.010 0.014 0.014 0.015
Al 0.225 0.225 0.254 0.183 0.003 0.005 0.004 0.152 0.201 0.196 0.202 0.211 0.152 0.196
Fe® 0.000 0.000 0.000 0.000 - 0.073 0.028 0.044 0.000 0.041 0.000 0.000 0.000 0.000 0.000
Fe* 0.357 0.355 0.416 0.371 0.274 0.316 0.297 0.213 0.254 0.200 0.232 0.212 0.213 0.200
Mn 0.010 0.010 0.010 0.010 0.004 0.003 0.003 0.009 0.003 0.005 0.006 0.003 0.009 0.005
Mg 0.887 0.877 0.821 0.872 1.211 1189 1.212 0.734 1.148 0.784 0.846 0.782 0.734 0.784
Ca 0496 0479 0.329 0.342 0476 0476 0.470 0.601 0.473 0.565 0.486 0.567 0.601 0.565
Na 0.037 0.042 0.016 0.009 0.006 0.002 0.001 0.005 0.003 0.005 0.010 0.005 0.005 0.005
K 0.005 0.005 0.006 0.004 0.001 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000
Total 3.963 3.952 3.868 3.853 4.025 4.009 4.015 3.820 4.014 3.830 3.843 3.839 3.820 3.830
Atomic (%)
Mg 51.0 513 524 550 5956 592 B899 474 599 506 541 501 474  50.6
Fe 20.5 20.7 266 234 171 171 169 188 154 129 148 136 138 12.9

Ca 28.5 280 210 216 234 237 232 388 247 365 311 363 388 365
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APPENDIX C

Metamorphic facies diagram of coarse-grained, plagioclase-rich, medium-grained

granular amphibolites, migmatitic amphibolites, layered amphibolites and pyroxenite
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APPENDIX D

P-T calculation of coarse-grained and plagioclase-rich granular amphibolites from Wang Nam Khiao Area (Amp-TB of Ridolfi et al., 2009)

Coarse-grained GranularAmphibolites

Plagioclase-rich Granular Amphibolites

R Qc-1 Qc2 Qc-3 Qc4 Qc-5 Qc6 Qc-7 Qc-8 Qc-9 PYX8-3 PYX8-4 PYX8-5 PYX3-1 PYX3-2 PYX3-3 QB4-1 QB4-2 HT2-1 HT2-2 HT2-3 HT2-4 HT2-5 HT2-6 HT2-7 HT2-8
SiO, (wt.%) 42.41 4258 4256 4424 43.65 43.94 433 424 43.03 4251 4264 424 | 4877 4359 4222 493 493 5134 5167 5225 53.08 52.37 53.06 52.34 51.05
TiO, (Wt.%) 221 21 209 125 046 05 041 045 048 159 15 1.53 0.71 062 012 171 171 014 023 005 008 033 0.1 0.09 0.07
AlLO; (Wt.%) 1445 14.44 1433 13.68 13.18 13.66 13.41 1324 14.01 1156 1143 1152 1313 1296 1259 1206 1206 10.74 1066 1047 10.28 10.69 10.34 10.65 10.82
FeO (wt.%) 10.85 10.73 10.85 1129 1144 1267 1278 1294 12.05 1419 1417 1412 1027 1059 10.93 10.93 1093 11.23 976 899 864 1039 842 974 9.86
MnO (wt.%) 014 012 019 012 043 0.13 017 0.13 0.17 0.3 0.28 0.23 0.1 0.15 0.1 014 014 029 021 025 024 026 047 024 022
MgO (wt.%) 14.33 1469 1453 1442 1435 132 13.32 14.14 1436 1292 129 1282 16.02 1658 1625 1478 1478 1626 1691 1722 1733 1561 17.12 16.27 15.88
CaO (wt.%) 1152 11.33 11.36 11.92 1262 124 1234 1259 1251 124 1241 1229 1263 1236 1342 896 896 968 9.75 9.3 96 925 945 923 1123
Na,O (wt.%) 232 228 24 1.8 2 229 237 232 217 273 293 2.94 2.03 212 214 06 06 009 013 009 003 0.3 007 0.1 0.14
K;0 (wt.%) 061 06 061 043 073 045 041 035 03 0.53 0.53 0.53 0.09 0.12 - 0.03 042 042 018 007 009 006 022 007 0.1 0.17
Check composition

Hz0;mp (W.%) 196 196 196 197 195 196 194 193 195 197 191 191 197 197 193 202 202 205 205 205 207 205 206 205 204
Fe, 05 (Wt.%) 781 929 862 798 532 448 536 798 8.14 3.86 3.04 3.15 9.1 1195 '9.28 0 0 0 0 0 0 0 0 0 1079
FeO (wt.%) 382 237 31 411 665 863 795 576 472 1072 1144 1129 207 --0.16 258 1093 1093 1123 976 899 864 1039 842 974 0.5
O=F,Cl (wt.%) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Physical-chemical conditions

uncertanty (Qest) 22 22 22 invalid invalid invalid invalid 22 22 22 22 22 22 invalid 22 invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
TCE) 726 722 721 invalid invalid invalid invalid 708 711 685 683 685 702 invalid 724 invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
P (Kbar) 6.19 6.08 596 invalid invalid invalid invalid 4.85 5.6 3.39 33 341 441 invalid 4.1 invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
oceanic depth (km) 219 214 21 invalid invalid invalid invalid 17.1 19.8 12 116 12 155 invalid 14.5 invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
continental depth (km) 234 23 225 invalid invalid invalid invalid 183 21.1 12.8 125 12.9 166 invalid 15.5 invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
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P-T calculation of medium-grained granular amphibolites from Wang Nam Khiao Area (Amp-TB of Ridolfi et al., 2009)

Medium-grained Granular Amphibolites

R Qf2 Qf3 Qf5 Qf7 Qf8 Qf9 Qf10 Qf11 Qf12 Qf13 Qf14 N-1 N-2 N4 N-5 Scv-1Scv-2 Scv-3 QBd-1 QBd-2 QBd-3 QBd-5
SiO, (wt.%) 41.96 41.66 42.56 42.23 41.52 41.98 53.13 514 49.62 49.94 49.95 42.67 43.21 52.02 52.02 42.83 42.6 42.68 44.6 4417 4526 43.31
TiO, (wt.%) 0.77 154 102 21 225 255 0.02 014 024 012 024 315 373 039 039 155 157 157 1.63 1 1 0
AlL,O3 (wt.%) 11.4911.82 12,5 12.17 12.81 12,5 10.71 11.25 11.24 11.57 1129 11.33 11.76 10.96 1096 13.6913.82 13.89 1151 115 119 11.06
FeO (wt.%) 15.12 1547 13.59 1342 1391 13.11 8.15 9.17 894 9.2 8.63 1594 15.97 16.16 16.16 14.1814.09 13.5 14.96 15.11 14.72 15.14
MnO (wt.%) 045 028 0.14 02 017 0.16 0.14 0.19 0.18 021 017 023 0.14 024 024 018 019 022 031 026 0.31 0
MgO (wt.%) 1278 12.32 13.82 14.61 143 1482 18 17.93 19.25 17.56 17.46 1135 1129 9.69 9.69 128 1262 12.7 1269 1296 134 14
Ca0 (wt.%) 12.44 12.02 13.04 11.16 11.52 11.03 9.25 8.13 9.93 10.76 1068 1144 11.71 9.07 9.07 11.6611.88 12.08 10.89 1096 11.02 12.25
Na,O (wt.%) 278 277 22 243 241 247 014 019 014 025 024 109 187 033 033 227 232 231 179 181 173 288
K;0 (wt.%) 0.34 024 0.04 042 041 036 0.09 038 041 0.18 0.27 133 011 021 021 066 065 064 051 049 036 0.1
Check composition

HoO5mp (Wt.%) 189 189 193 193 193 194 208 205 205 205 204 19 194 2 2% 195 195 195 194 192 196 1.92
Fe,05 (Wt.%) 6.02 642 6.7 1246 12251309 O 0 5183 17.1 15.55 GAIo2d——rt 0 796 6.78 555 9.9 1123 1191 8.85
FeO (wt.%) 9.71 969 756 221 289 133 815 9.17 432 -6.18 -536 10.06 11.21 16.16 16.16 7.02-7.99 851 6.05 5.01 4 7.18
O=F,Cl (wt.%) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Physical-chemical conditions

uncertanty (Qest) 22 22 22 22 22 22 invalid invalid invalid invalid invalid 22 22 invalid invalid 22 22 22 22 22 22 22
T(°C) 683 686 700 689 710 699 invalid invalid invalid invalid invalid 645 655 invalid invalid 694 701 706 621 624 621 659
P (Kbar) 339 367 408 362 421 3.86 invalid invalid invalid invalid invalid 3.19 3.39 invalid invalid 524 549 562 3.11 3.14 326 289
oceanic depth (km) 12 129 144 128 149 13.6 invalid invalid invalid invalid invalid 11.3 = 12 invalid invalid 18.5 194 19.8 11 A 118 102
continental depth (km) 12.8 13.9 154 13.7 159 14.6 invalid invalid invalid invalid invalid 12 12.8 invalid invalid 19.8 20.7 212 117 119 123 109




P-T calculation of migmatitic amphibolites, layered amphibolites and pyroxenite from Wang Nam Khiao Area (Amp-TB of Ridolfi et al., 2009)

Sample Migmatitic Amphibolites Layered Amphibolites Pyroxenite

GU1-1 GU1-2 GU1-3 GU1-4 GU1-5 GU1-6 GU1-8 GU1-9 GU1-10 GU1-11 GU1-12 GU1-13  PYX4-1 PYX4-2 PYX4-3 PYX-1 PYX-2 PYX-3 PYX-4 PYX-5 PYX-6 PYX-7 PYX-8
SiO, (wt.%) 41.85 41.74 4138 44.33 4434 4541 4116 41.83 4752 4456 43.16 43.83 58.09 5549 56.67 64.32 64.37 64.98 64.37 64.26 64.32 64.37 64.98
TiO, (wt.%) 0.16 022 0.08 0 0.05 0.03 0.04 0 0 0 0.04 0 0.13 024 019 0 0.01 0.04 0.03 01 0 0.01 0.04
AlLO; (Wt.%) 18.34 17.81 179 1298 1217 13.11 14.05 1327 1483 1167 12.05 11.27 291 595 428 012 054 0.09 0.18 0.13 0.12 0.54 0.09
FeO (wt.%) 13.62 1392 1346 9.01 911 728 11.04 1186 954 1154 11.04 11.86 {23 13.74 1221 271 3585 269 254 3.04 271 385 269
MnO (wt.%) 02 01 015 026 022 0.15 032 034 032 036 032 034 0.35 033 032 0.12 0.19 0.3 0.07 0.13 0.12 019 0.13
MgO (wt.%) 2419 24.79 25.39 19.83 20.75 20.95 1881 184 16.59 193 1881 184 17.38 152 16.12  23.03 22.16 22.54 22.72 22.75 23.03 22.16 22.54
CaO (wt.%) 0.01 0 0.01 12.08 11.94 1245 128 1266 10.79 132 128 12.66 8.55 848 878 89 864 914 898 884 89 864 9.14
Na,O (wt.%) 0 0 0.02 0.19 026 0.14 026 0.17 0.1 009 026 0417 0.12 023 013 0 0 0 0 0 0 0 0
K50 (wt.%) 0.19 0.72 032 0.03 0.08 0 0.07 0.03 0.07 0.02 0.07 003 0.08 0.14  0.08 0.01 0.02 0.03 0.01 0 0.01 0.02 0.08
Check composition
H2O0zmp (Wt.%) 202 202 202 199 199 203 195 195 2.04 2 1.96 1.96 2.05 204 203 215 216 216 215 215 215 216 2.16
Fe,05 (Wt.%) 19.68 20.39 22.71 2511 27.52 2394 26.11 2594 1966 23.86 23.19 23.02 0 0 0 0 0 0 0 0 0 0 0
FeO (wt.%) -1.99 228 49 -1342 -1547 -14.26 -12.36 -11.37 -8.15,,985 9.74 " -8.75 11.28 (£13.74 1221 271 3.85 269 254 3.04 271 385 269
O=F,Cl (wt.%) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Physical-chemical conditions
uncertanty (Gest) invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
T(°C) invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
P (Kbar) invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
oceanic depth (km) invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
continental depth (km) invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid invalid
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