10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://
creativecommons.org/licenses/by-nc-nd/4.0/

Probing into Thailand’s basement: New insights from U-Pb geochronology, Sr, Sm-Nd, Pb

and Lu—Hf isotopic systems from granitoids

Romana E C Dew?*, Alan S Collins?, Stijn Glorie!, Christopher K Morley? 3, Morgan L Blades?, Simon
Nachtergaele*, Rosalind King?, John Foden?, Johan De Grave*, Pitsanupong Kanjanapayont®, Noreen

J Evans®, Brandon L Alessio®! and Punya Charusiri®

1Centre for Tectonics, Resources and Exploration (TRaX), Department of Earth Sciences, The
University of Adelaide, Adelaide, South Australia 5005, Australia

2PTTEP, EnCo, Soi 11, GGS, Vibhavadi Rangsit Road, Chatuchak, Bangkok 10900, Thailand
3Department of Geological Sciences, Chiang Mai University, 239 Huay Kaew Road, Chiang Mai
50200, Thailand

4 Department of Geology, Ghent University, Krijgslaan 281.58, WE13, 9000 Ghent, Belgium

5Basin Analysis and Structural Evolution Special Task Force for Activating Research (BASE STAR),
Department of Geology, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand

6 School of Earth and Planetary Science, John de Laeter Centre, TIGeR, Curtin University, Perth,

Western Australia, 6102, Australia

*Corresponding author (e-mail: romana.dew@adelaide.edu.au)

Introduction

The terranes that form Thailand are key to understanding the palaeogeography of Greater
Gondwana, the Tethys Oceans and the development of present-day Southeast Asia. In attempts to
unravel the tectonic history of Southeast Asia, the region has been divided into various terranes,
although there is no consensus on their number, the nature and location of their boundaries, the
sources and characteristics of the basement, their global affinities or tectonic models for their
amalgamation (Barr et al., 2006; Metcalfe, 2013). This problem is accentuated by the lack of
basement exposure due to the vast cover of younger sedimentary sequences, extensive jungle cover
and deep lateritic weathering. Therefore, on a regional scale, the nature of the basement within
Thailand is mostly unknown. The available basement data is limited to the three main regions of

exposure: northern, southeast and on the peninsula (Hansen and Wemmer, 2011). The ‘basement’
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rocks in Thailand, most of which are medium to high grade regional metamorphic rocks, were
described as ‘Pre-Permian’ by Javanaphet (1969). In recent years, radiometric dating yielded
basement ages ranging from Cambrian to Paleogene (Kanjanapayont et al., 2012; Kawakami et al.,

2014; Lin et al., 2013).

While there are sparse basement exposures, granitoid plutons are common throughout Thailand, and
are useful for understanding the nature of the unexposed basement (Charusiri et al., 1993; Cobbing,
2011). These granitoids formed during the stages of subduction and orogenesis (Ng et al., 2015a; Ng
et al., 2015b; Searle et al., 2012) and also are part of the Southeast Asian Tin Belt, one of the world’s
most productive and largest sources of metallic mineral deposits, especially Sn and Cu (Cobbing et
al., 1992; Schwartz et al., 1995; Searle et al., 2012). There are two main events that led to this
granite emplacement: the Permo-Triassic closure of the Palaeo-Tethys Ocean (and the resultant

Indosinian Orogeny) and the Mesozoic—Paleogene closure of the Neo-Tethys Ocean (Gardiner et al.,

2016; Searle et al., 2012; Sone and Metcalfe, 2008). The Indosinian Orogeny currently encompasses
all late Paleozoic to early Mesozoic orogenesis throughout Asia: from China (Gao et al., 2017; Li et
al., 2004), Vietnam (Halpin et al., 2016; Lepvrier et al., 2004), to Thailand (e.g. Barr and Macdonald,
1991; Metcalfe, 2013; Sone and Metcalfe, 2008). However, the precise timing of the individual
collisional events that make up the Indosinian Orogeny remains uncertain. The earliest events of the
Indosinian Orogeny are latest Permian to Lower Triassic in age and include the collision of South
China with Indochina (e.g. Faure et al., 2014). However, the collision of Indochina and Sukhothai
terranes with Sibumasu is controversial, and may possibly have been diachronous, with the proposed
timing of collision ranging all throughout the Triassic (e.g. Barber et al., 2011; Faure et al., 2014; Hara

et al., 2013; Morley et al., 2013; Sone and Metcalfe, 2008).

Isotopic systems provide important information on the crust’s evolution and can be spatially modelled
to highlight reworked continental crust and juvenile material (Kemp et al., 2006; Liew and McCulloch,
1985). The aim of this study is to use granites as a probe to further develop our understanding of the
underlying basement in Thailand. To do this, we use zircon U-Pb geochronology and Lu—Hf isotopic

signatures and whole-rock Sr, Pb and Nd geochemistry of granitoids. Together, these signatures
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assist in unravelling Thailand’s complex evolution and help strengthen our understanding of

Southeast Asian tectonics.

Terranes of Thailand

Throughout Thailand, the main tectonic terranes (Sibumasu, Sukhothai and Indochina; Fig. 1)
predominantly trend north—south. This trend is not just visible in the main terranes but also in the

suture zones, including the Inthanon Zone, coloured purple in Fig. 1.

The Sibumasu Terrane has been variably defined in the past (Audley-Charles et al., 1988; Hisada et
al., 2004; Metcalfe, 1984), but here will be defined as the basement of Peninsula Thailand, which
extends north into eastern—central Myanmar, east to the Chiang Rai Line and south through the
western Malay Peninsula as defined by Gardiner et al. (2016). The name, Sibumasu, is a
combination of its constituents: Siam-Thailand and Sino-China-Burma-Malaysia-Sumatra. The
Sibumasu Terrane is a ribbon-like continent that is equivalent to the South Qiangtang Terrane in
Tibet, and the Baoshan and Tengchong terranes in southwest China (Ali et al., 2013; Jiang et al.,
2017). It contains tin-bearing, continental collision S-type granites emplaced between 220-200 Ma
(Gardiner et al., 2016; Schwartz et al., 1995; Searle et al., 2012). Paleozoic sedimentary rocks,
including early Permian glaciomarine diamictites, from the Sibumasu Terrane show Gondwanan

biogeographic affinities (Metcalfe, 1984; 2013; Schwartz et al., 1995; Sevastjanova et al., 2011).

The Inthanon Zone represents the convergence zone between the Sukhothai, Indochina and
Sibumasu terranes (Hara et al., 2013; Sone and Metcalfe, 2008). It contains deep-water sequences
(thought to be remnants of the Palaeo-Tethys Ocean) that have been caught up in an accretionary
prism and was subsequently thrust westwards onto the eastern margin of the Sibumasu Terrane
(Barber et al., 2011; Barr and Macdonald, 1991; Hara et al., 2012). The Inthanon Zone also contains
deformed sequences from the continental margin of the Sibumasu Terrane including metamorphic
rocks of unknown age, Cambrian sandstone, Ordovician limestone and Silurian—Carboniferous
sedimentary rocks (Hara et al., 2012; Ueno and Charoentitirat, 2011). Barr and Macdonald (1991)
introduced the term ‘Inthanon Zone’ to describe the high grade metamorphic rocks of the Doi Inthanon

and Doi Suthep areas, including the detached Paleozoic cover rocks of the Sibumasu Terrane.
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Usage of this term has since distorted, instead referring to a region containing relics of the Palaeo-

Tethys oceanic domain (see Fig. 1).

The Sukhothai Terrane is thought to be equivalent to the Chanthaburi Terrane in southwest Thailand
and the Lincang Terrane of southern China (Fig. 1; Sone and Metcalfe, 2008). This region contains
the remnants of an arc and its associated short-lived basin (e.g. Sone and Metcalfe, 2008; Metcalfe,
2013). The Sukhothai Terrane is dominated by a Permo-Triassic deformed fore-arc basin sequence
and overlying late Permian—Triassic shallow marine molasse-type sedimentary rocks (Chaodamrong,
1992; Hara et al., 2017). The Sukhothai Terrane also includes Permo-Triassic metaluminous
granitoids with an I-type affinity (Sone and Metcalfe, 2008; Sone et al., 2012). Indosinian-aged
deformation occurred in the “Sukhothai Fold Belt”, with the resultant cleavage giving a K-Ar age
between 220-188 Ma (Ahrendt et al., 1993). During the Carboniferous and Permian, the Nan basin
has been interpreted to have separated the Sukhothai and Indochina terranes (Barr and Macdonald,
1987; Qian et al., 2016; Sone and Metcalfe, 2008; Ueno and Hisada, 2001). This, supposedly, short-
lived back-arc basin, is preserved as a harrow N-S trending and discontinuous ophiolite belt known
as the Nan-Uttaradit Suture in northern Thailand and Sa Kaeo Suture in the southeast of the country
(Fig. 1; Sone and Metcalfe, 2008; Ueno and Hisada, 2001). This suture zone is a mélange complex
of gabbro (zircon U-Pb age of 311 + 10 Ma), tholeiitic meta-basalt (zircon U-Pb age of 316 + 3 Ma),

andesite and radiolarian chert lithologies (Barr and Macdonald, 1987; Sone et al., 2012).

The Indochina Terrane extends across large expanses of Laos, Vietham, Cambodia, Malaysia and
Thailand (Fig. 1). There is evidence that it may be a composite terrane comprised of multiple micro-
terranes, potential sutures, metamorphic complexes and mylonitic fault zones (Lepvrier et al., 2004;
Sone and Metcalfe, 2008). Within Thailand, the Indochina Terrane encompasses all of Thailand east
of the Sukhothai Terrane. The granitoids from the Indochina Terrane are mostly metaluminous I-type
granitoids that are related to Cu—Fe—Au—Sb mineralisation (Charusiri et al., 1993; Salam et al., 2014;
Zaw et al., 2014). Mesozoic and Cenozoic sediments cover the Indochina Terrane throughout most
of Thailand, however basement rocks, up to granulite-facies, are exposed in Vietham, Laos and
Cambodia (Nakano et al., 2018; Shi et al., 2015; Wang et al., 2016b). Model ages and inherited

zircons suggest that the main crust of the Indochina Terrane formed in the Paleoproterozoic to
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Mesoproterozoic (Lan et al., 2003; Shi et al., 2015; Wang et al., 2016b). There is evidence that the
high grade metamorphism of basement rocks such as the Kontum Massif and the Truong Son Belt
were caused by the multi-phased Indosinian Orogeny, often specifically attributed to the oblique
collision of the Indochina and South China terranes (see Halpin et al., 2016; Lan et al., 2003; Lepvrier
et al., 2004; Nakano et al., 2018). However, no data are available on the nature of the buried

Indochina basement that underlies eastern Thailand.

Proterozoic to Triassic Tectonic Evolution

Previous studies have located the Indochina and Sibumasu terranes within the Gondwana
supercontinent during the Proterozoic to early Paleozoic, with Sibumasu off the margin of northern
Australia and Indochina further outboard (Bunopas, 1981; Burrett et al., 2014; Cocks and Torsvik,
2013; Usuki et al., 2013). In the past, there has been much debate on the origin of Sukhothai
Terrane, however, it is now acknowledged to be an arc system built on older continental material

(Hara et al., 2017; Sevastjanova et al., 2011).

The northern Gondwana margin was tectonically dynamic in the Cambro-Ordovician, when strike-slip
faulting caused Indochina and South China to begin moving eastwards (Cocks and Torsvik, 2013).
Indochina, South China and northern Tibet separated from Sibumasu and other remnants of
Gondwana as the southern Palaeo-Tethys Ocean opened in the Lower Devonian (Cocks and Torsvik,
2013; Hara et al., 2012; Metcalfe, 2013). This ocean covered the equatorial region from the Devonian
to the Triassic, where carbonates and pelagic chert were deposited (Cocks and Torsvik, 2013; Hara
et al., 2012; Metcalfe, 2013). The preserved Palaeo-Tethyan rocks are characterised by ocean plate
stratigraphy, and were later subducted during the Permian—Triassic under the Indochina Terrane (Cai

et al., 2017; Metcalfe, 2013; Wakita and Metcalfe, 2005).

Previously published plate-tectonic models (e.g. Li et al., 2004; Metcalfe, 2013) suggest that by the
Carboniferous, the South China and Indochina terranes were located in equatorial to low northern
palaeolatitudes. The Indochina Terrane became a stable carbonate shelf in the middle Carboniferous
(Ueno and Charoentitirat, 2011). By the late Carboniferous, carbonate platforms developed along the

margin of the Indochina Terrane (Dew et al., 2018a; Ueno and Charoentitirat, 2011; Wielchowsky and
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Young, 1985). Rift-grabens filled with glacial-marine sediments derived from Gondwana, indicate that
during the early Permian, the Sibumasu Terrane rifted from the Himalayan-Australian margin of
Gondwana (Burrett et al., 2014; Metcalfe, 2013). This northward movement of the Sibumasu Terrane
is thought to have opened the Meso-Tethys Ocean (Burrett et al., 2014). The late Carboniferous—
early Permian sparked the start of the destruction of the main Palaeo-Tethys Ocean, with subduction
northwards beneath the Indochina Terrane (Li et al., 2004; Metcalfe, 2013; Sone et al., 2012). In this
model, as subduction continued, slab rollback caused the Nan back-arc basin to open between the
Indochina and the Sukhothai terranes (Metcalfe 2013). Subduction of the Palaeo-Tethys Ocean
formed an accretionary wedge of “ocean plate stratigraphy” and caused the arc magmatism of the

Sukhothai Terrane (Barr et al., 2006; Qian et al., 2016).

The Indosinian Orogeny led to granite emplacement throughout much of Thailand, often described as
the Central/Main Range and Eastern Granitoid Provinces (Cobbing, 2011; Searle et al., 2012). The
timing of the collision between Indochina and Sibumasu is yet to be detailed, and current constraints
range from latest Permian to late Triassic (Barber et al., 2011; Cai et al., 2017; Hara et al., 2012;
Metcalfe, 2013; Wakita and Metcalfe, 2005). The early stage of this orogenic event is thought to be
driven by the collision of northern margin of the Indochina Terrane with the South China Terrane
(Arboit et al., 2014; Lepvrier et al., 2004; Metcalfe, 2013; Morley et al., 2013). Contemporaneously, or
following the South China—Indochina terrane collision, the Nan basin closed and subsequently thrust
the Sukhothai Terrane over the Indochina Terrane (Lepvrier et al., 2004; Morley et al., 2013). On the
southern margin of the Khorat continental fragment of the Indochina Terrane, the Khao Khwang
Platform was deformed resulting in the Khao Khwang Fold and Thrust Belt (Arboit et al., 2016; Dew et
al., 2018a; Morley et al., 2013; Sone and Metcalfe, 2008). The age of this collision, which was
possibly related to the closure of a small oceanic basin between different Indochina Terrane
fragments, is marked by granite emplacement at a peak age of ~241 Ma (Meffre et al., 2008). In the
Khorat Plateau of central Thailand, the end of this early Indosinian event (sometimes known as
Indosinian 1) is defined by an unconformity whereby the deformed Permian and older units are
overlain by late Triassic (~220 Ma) Kuchinarai Group rift-related sediments (Booth and Sattayarak,
2011). The later Indosinian Orogeny (referred to as the Indosinian Il event) is thought to be related to

the collision of the Sibumasu Terrane to the Sukhothai and Indochina terranes (Booth and Sattayarak,
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2011; Morley et al., 2013). The sediments of the Sibumasu Terrane were thrust underneath the
accretionary complex of the Sukhothai Terrane with the closure of the subduction zone (Sone and

Metcalfe, 2008).

Methodology

Sample Acquisition

Twenty-eight granitoid samples in total are used for this study. The sampling strategy for this study
was to collect granitoids from all three terranes and across major faults and sutures to better delineate
tectonic boundaries. Representative samples of granitoids, and therefore also their underlying
basement, were collected from widespread localities within Thailand. The individual sample locations
and lithology and analysis method for each sample are outlined in Table 1. For further details on the

sample preparation and petrographic descriptions see Dew et al. (2018b).

U-Pb Zircon Geochronology

Eighteen granitoid rock samples were used for zircon analyses. Details of the preparatory methods
and analytical conditions are summarized by Dew et al. (2018b). All cathodoluminescence (CL)
imagery and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was
completed at Adelaide Microscopy, Adelaide, South Australia. The GEMOC zircon standard GJ-1
(?%6Pb/2%8U TIMS age of 600.7 + 1.1 Ma) was run as the primary standard every 10-20 unknown
analyses, to correct for isotopic drift and down-hole fractionation. Across all analytical sessions,
analyses of GJ-1 yielded a 2°6Pb/238U weighted average age of 601.61 + 0.47 Ma (n=556,
MSWD=1.10). For further information on the zircon standards, analytical parameters and reduction

techniques, see Dew et al. (2018b).

Zircon Lu—Hf Isotope analysis

After the U-Pb zircon geochronology analyses, ten of these granitoid samples were selected for
further zircon Lu—Hf isotope analysis. A subset of the zircon grains for each sample were then
analysed for their hafnium isotopic composition (the specific grains analysed and their concordance
percentage are highlighted in Appendix A). The number of Hf analyses for each sample was

determined by the variability in the age data and the amount of interpreted inheritance. For individual
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zircon U-Pb ages that were interpreted to be indicative of the overall granitoid crystallization age, the
weighted average age of the granitoid was used to calculate the initial 1"®Hf/*"’Hf. For interpreted
inherited zircons the age of the individual analysis was used to calculate the initial 176Hf/17’"Hf. Ten
samples used for Hf and Lu isotopic analyses (all samples except KM-20) were analysed using a
Resonetics S-155-LR 193nm excimer laser ablation system connected to a Nu Plasma Il multi-
collector ICP-MS in the GeoHistory Facility, John de Laeter Centre, Curtin University, Perth, Western
Australia. Hafnium analysis for one sample (KM-20) was undertaken using a Neptune Plus multi-
collector ICP—MS at the University of Wollongong, New South Wales. For further information on

standards, analytical parameters, correction and reduction techniques, see Dew et al. (2018b).

Sm-Nd, Sr and Pb Whole-rock Geochemistry

Sm-Nd and Sr isotopic whole-rock analyses were conducted for fourteen granitoid samples and one
duplicate run for Sm—Nd analyses (NT-13) at the University of Adelaide’s Isotope Geochemistry
Facility (see Table 1). Eight samples and one duplicate (NT-13) were used for whole-rock Pb isotope
measurements (see Table 1). These samples were chosen due to their spatial distribution across the
main tectonic terranes in Thailand (see Fig. 1), and also containing Nd, Sr and Pb elemental
concentrations above the detection limits of the X-ray fluorescence spectrometer (XRF) at Franklin
and Marshall College, U.S.A. Details of analytical conditions, standards and sample preparation are

summarised in Dew et al. (2018b).

Results

U-Pb Zircon Geochronology

The age of the granitoids in Thailand is mostly well constrained (Cobbing, 2011; Hansen and
Wemmer, 2011; Salam et al., 2014; Searle et al., 2012). Additional granitoid ages have been
determined in this study, specifically to better constrain the isotopic data collected (Lu—Hf, Sr, Sm—Nd

and Pb) for their age, and to target any inherited components.

The morphologies and internal structure of the zircons analysed using LA-ICP—MS are documented
in Fig. 2. Concordia plots were created using Isoplot (Ludwig, 1998), and are displayed in Fig. 3. The
crystallization ages are interpreted from data within 5% discordance using the (?°6Pb/238U age)/

207pp/235Y age) calculation. Some analyses clearly show the effects of radiogenic lead loss with
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anomalously young apparent 26Pp/238U ages. Crystallisation ages from these samples were also
determined using regression techniques where appropriate. Outliers were rejected after subsequent
examination, if the laser beam traversed cracks or overlapped with multiple zircon domains within the

grain. For further information on the U-Pb LA-ICP-MS data see Dew et al. (2018b).

Sibumasu Terrane

Crystallisation ages for granitoids from the Sibumasu Terrane vary from the Cambrian to the
Cretaceous. The interpreted crystallisation age for ST-16 was the weighted average age of the
cluster of concordant analyses yielding a 2°6Pb/?8U age of 501 + 15 Ma (n=4, MSWD=1.4; Fig. 3,
Dew et al. (2018b) Table 4). Analyses from ST-16 that were younger than Cambrian in age had very
low Th:U, suggesting that the large Th ion has diffused from the zircon during a subsequent thermal
event. The observation that young 2°6Pb/238U age zircons have low Th/U ratios suggests that both Pb
and Th have been lost from the zircon. This is supported by petrographic observations of igneous
garnet breaking down to muscovite, chlorite and biotite (Dew et al. (2018b), Fig. 1—mm, nn). The
interpreted crystallisation age for NT-17 is the weighted average of the cluster of concordant (+5%)
analyses yielding a 2°6Pb/?38U age of 214.15 + 0.87 Ma (n=10, MSWD=0.89; Fig. 3). For ST-08A,
concordant (+5%) analyses all with Th:U>0.19 yielded a weighted average 2°6Pb/238U age of 213.6 +
2.9 Ma (n=9, MSWD=3.1; Fig. 3). The crystallization age of ST-13 was determined from the
concordant (+5%) analyses all with Th:U>0.1, which yielded a weighted average 2°Pb/238U age of
210.9 £ 1.1 Ma (n=23, MSWD=1.2). A younger cluster of data with low Th:U was interpreted to be the
age of metamorphic resetting, yielding a weighted average 2%6Ph/238U age of 80.72 + 0.79 Ma (n=5,
MSWD=0.58). The crystallisation age of ST-49A was determined from the cluster of concordant
(£5%) data analyses yielding a 2°6Pb/238U age of 81.4 + 1.1 Ma (n=6, MSWD=0.37). The interpreted
crystallisation age for ST-18 was determined by the weighted average of concordant (5%) zircon

analyses, yielding a 206Ph/238U age of 78.26 + 0.82 Ma (n=10, MSWD=1.5; Fig. 3).

Analyses from RDT15_076A included many inherited ages with no crystallisation age evident in the
data collected (see Fig. 2 and 3). Interpreted inherited zircon analyses from the Sibumasu Terrane

ranged in age from 297Pb/2%6Ph age of 3189.3 + 17.8 Ma to 296Pb/238U age of 371.5 + 5.8 Ma, with age
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peaks at 2725 Ma, 2491 Ma, 1360 Ma, 1090 Ma, 940 Ma, 840 Ma, 700 Ma and 500 Ma (see Fig. 3).

For further details on the age determination, please see Dew et al. (2018b).

Inthanon Zone

Three samples from the Inthanon Zone were analysed for U-Pb zircon geochronology. Concordant
(£5%) zircon analyses from Th11/02 with Th:U>0.1 yield a tightly constrained age magmatic age of
206.4 + 1.4 Ma (n=22, MSWD=0.47, Fig. 3). The interpreted crystallization age for RDT16_053 is the
weighted average of all concordant (+5%) analyses with Th:U>0.1, yielding a 2°6Pb/?38U age of 204.1
+ 1.6 Ma (MSWD=1.15, n=4). The interpreted crystallisation age for RDT16_044 is the youngest
concordant grain yielding a 2°6Pb/238U age of 73.3 + 3.7 Ma. The Th:U of this zircon is >0.1 however,
the majority of the analyses from this sample have low Th:U indicating that both Pb and Th have been
lost from the zircon during subsequent thermal events. The interpreted inherited analyses ranged
from a 207Ph/2%6Ph age of 2746 + 29 Ma to a 2°Pb/2%8U age of 258.8 + 4.2 Ma (see Fig. 3). Thereis a
concentration of middle Permian ages from interpreted inherited ages from the Inthanon Zone

samples with an age peak at 270 Ma.

Sukhothai

All five samples taken from the Sukhothai Terrane yielded magmatic ages within 15 Ma, between 238
and 224 Ma. No concordant inherited zircons were found from any of these samples (coloured yellow
in Fig. 3). The interpreted crystallisation age for NT-12 is the weighted average of all seven
concordant (+5%) analyses yielding a 2°6Pb/238U age of 238.0 + 2.9 Ma (MSWD=0.95; Fig. 3). The
interpreted crystallisation age for NT-10 is the weighted average of all seven concordant (£5%) zircon
analyses vyielding a 25Ph/238U age of 238.6 + 2.9 Ma (n=7, MSWD = 0.88; Fig. 3). Nineteen
concordant (+5%) analyses from NT-11 have Th:U>0.1 and yield a 2°6Pb/238U weighted average age
of 228.7 + 2.1 Ma (MSWD=0.48; Fig. 3). The magmatic age of Th11/01 is interpreted to be the
weighted average of the +5% concordant analyses with Th:U>0.1 yielding a 2°6Pb/238U age of 227.9 +
1.9 Ma (n=23, MSWD=1.2; Fig. 3). Concordant (+5%) analyses with Th:U>0.1 from sample NT-09
yielded a weighted average 2°6Ph/238U age of 226.5 + 1.8 Ma (n=18, MSWD=0.48; Fig. 3). This range
of Triassic magmatic ages are common in the “Eastern Granitoid Province” within the Sukhothai and

Indochina terranes (Charusiri et al., 1993; Searle et al., 2012).

10
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Indochina

KM-20 contains 2°6Ph/238U ages within 5% discordance for the entire first half of the Triassic period,
from 249.4 £ 5.9 Ma to 221.5 £+ 5.7 Ma. All zircons analyses contained Th:U more than 0.4. We
interpret that the ages older than 235.5 Ma are inherited and the crystallisation age was calculated
from the weighted average of all concordant (+5%) zircon analyses younger than 235.5 Ma, yielding a
206ph/238 age of 229.9 £ 1.9 (n=18, MSWD=1.9). All zircons analyses from NT-07 contained Th:U
more than 0.61. The weighted average of 273.5 £ 3.9 Ma (n=5, MSWD=2.6) is the interpreted
crystallisation age of NT-07. NT-07 also included earliest Permian and latest Carboniferous ages that
were interpreted as inherited analyses. This sample yielded a spread of analyses that may suggest
limited post-crystallisation disturbance of the isotopic system that is supported by the sericitisation of

feldspars seen in thin section (Dew et al. (2018b), Fig 1—u, V).

Zircon Lu—Hf Isotope analysis

Thel?®Hf/177Hf and 176Lu/1""Hf isotopes were measured and used to interpret the isotopic
differentiation of the mantle and crustal reservoirs (Patchett and Tatsumoto, 1980). They reflect the
separation time of the parental magma from the mantle (Gardiner et al., 2016; Kemp et al., 2006).
Hafnium data were plotted in epsilon Hf (¢Hf) versus age space, displayed in Fig. 4, to highlight the
similarities and differences in crustal evolution of similar aged zircon grains (Kemp et al., 2006). For
the interpreted magmatic ages, the U-Pb weighted average age was used to calculate eHfywhere
possible. For older inherited zircons, the individual U-Pb age for that analyses was used to calculate

eHf values.

Sibumasu

The analysis of magmatic zircons from ST-49A for hafnium yielded eHf« values between —14.42 and
-11.73 (Fig. 4). For ST-16, Hf analyses were conducted on one magmatic zircon (eHf of —4.82) and
seven interpreted inherited zircons yielding eHf values between —27.12 and +0.98 (Fig. 4). The Hf
analyses were conducted on six interpreted inherited zircons for RDT15_076A yield eHfw values

between -6.69 and +9.03 (Fig. 4).
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Inthanon Zone

Magmatic eHfw) values from RDT16_053 range between -18.60 and —10.49 (Fig. 4). The hafnium
isotopic analyses of magmatic zircons from Th11/02 yielded eHfg values between -19.58 and —11.62.
The zircons from RDT16_053 and Th11/02 have a similar crystallisation age and yield a similar range

of negative eHf values.

Sukhothai

All Hf analyses from the Sukhothai Terrane were taken from magmatic zircons (Fig. 4). The analysis
of nine zircons from NT-09 yielded eHf( values between -7.31 and —3.23. The hafnium analysis of
five magmatic zircons from the NT-10 sample yielded €Hf(y values between -5.47 and -0.61 (Fig. 4).
The hafnium analysis of seven magmatic zircons from the Th11/01 sample yielded eHf) values
between +0.89 and +3.37. The analysis of nine zircons from NT-11 for hafnium yielded eHf) values
between -8.12 and +5.85, but, eight of the zircons analysed contained positive eHf) values between
+3.00 and +5.81, however, one magmatic zircon from this sample yielded a negative ¢Hf) value of

-8.71.

Indochina
Seven magmatic analyses from KM-20 yielded positive eHfw) values ranging from +4.06 to +10.99 as

shown in Fig. 4.

Sm-Nd, Sr and Pb Whole-Rock Geochemistry

The whole-rock geochemistry of granitoid rocks from Thailand was used to infer the petrogenetic and
tectonic history of the region. The Sm—Nd isotopic system was used, in a similar way to the Lu—Hf
isotopic system in zircon, to interpret the isotopic differentiation of the mantle and crustal reservoirs.
The Sm—Nd whole-rock technique is advantageous compared to the zircon Lu—Hf isotopic system
since it can be used for zircon-poor lithologies and for smaller sample sizes. The Sm—Nd system was
plotted firstly in Epsilon Nd (¢Nd) - age space shown in Fig. 5a, with interpreted depleted mantle
model ages in Fig. 5b. Epsilon Nd (eNd() was also displayed with the initial 8”Sr/88Sr ratios
(87Sr/88Srg) in Fig. 5c¢ to indicate the nature of the magmatic source for granitoids and assist in the

discrimination of S- and I-type granitoids (Chappell and White, 1992, 2001; Ng et al., 2015a).
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Lead isotopes help establish the nature and origin of mixing components in the mantle due to the
linear mixing relationship between the four Pb isotopes: the radiogenic 2°6Pb, 207Pb and 2°8Pb and the
non-radiogenic 2%4Pb (Taylor et al., 2015). The ratios of 2°6Pb/294Pb and 2°7Pb/2%4Pb are displayed in
Fig. 5d with the Stacey and Kramers (1975) terrestrial Pb evolution model and the Northern

Hemisphere Reference Line (NHRL), outlined by Hart (1984), for comparison.

Sibumasu

The two samples from the Sibumasu terranes have negative eNd values of —13.69 (ST-03) and
—-12.80 (NT-17) as displayed in Fig. 5. These strongly negative eNd values indicate the remelting of
pre-existing continental crust. ST-03 contained anomalously low Nd concentrations (see Tables 6
and 7 of Dew et al. (2018b)), therefore we cannot be confident in the reliability of this value, although
it is similar to the eNd) value found in the other Sibumasu sample, NT-17. The 87Sr/®Sr) value of
0.739474 from NT-17 is an enriched upper continental crust signature (see Fig. 5¢). In contrast, the
87Sr/86Sr) value measured for ST-03 is highly anomalous at 1.476070, this may be due to the low Sr
concentration of this sample at 23 ppm and its very high Rb/Sr ratio (Rb ppm is 904.4), which has
been previously suggested by Romer et al. (2012) to create remarkably large uncertainties of the
initial 87Sr/88Sr ratios. NT-17 is enriched in all three radiogenic Pb isotopes with ratios of 2°6Pb/2%4Ph
18.723486, 207Ph/2%4Ph 15.777563 and 2°8Pb/2°4Pb 38.819131 (Fig. 5d). The enriched radiogenic Pb

isotopes measured in this sample suggests the involvement of recycled continental material.

Inthanon Zone

All three samples from the Inthanon Zone have strongly negative eNd) values (RDT16_053 —-12.40,
KM-40A -10.04 and NT-01 -13.01) indicating remelting of pre-existing continental crust (Fig. 5). The
eNd( value of RDT16_053 of —12.40 is within the range of the eHf values found from the zircons
within this sample (eHf between —18.60 to —10.49; Fig. 4). The Permo-Triassic eHf values found
within the zircons from Sibumasu and Inthanon samples also display strong negative values.
Similarly, negative eNd( values were also calculated for the two samples from the Sibumasu Terrane

(Fig. 5a).
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The 87Sr/8Sr(y values for the Inthanon Zone have a wide variance from 0.655385 and 0.704255 (Fig.
5c¢). It is unreasonable for the initial 87Sr/86Sr ratios to be lower than values of Basaltic Achondrite
Best Initial (0.69897 + 0.00003). The anomalously low 87Sr/8Sr value from NT-01 of 0.655385 could
be a result of a post-crystallisation shift in the Rb/Sr (high Rb 753.8 ppm and low Sr 52 ppm). The
87Sr/86Sry) for KM-40A (0.694704) could have also experienced minor resetting within the Rb—Sr
system. The enriched 87Sr/8Sr( value of 0.704255 for RDT16_053 suggests a lower crustal source

for this granitoid.

The initial Pb ratios for RDT16_053 were 296Pb/204Ph 19.026140, 2°7Pb/2%4Ph 15.799454 and
208pp/204ph 39.397697. The Pb ratios for KM-40A were 2°6Pb/204Ph 18.642169, 2°7Pb/2%4Pb 15.762181
and 208Pb/204Ph 38.999662. The Pb ratios for NT-01 were 296Pb/20Ph 18.127639, 207Ph/2%4Pb
15.778859 and 208Pb/204Ph 35.393159. The enriched radiogenic Pb isotopes measured in these
sample suggests that it was sourced from continental material that has experienced multiple recycling
events. NT-17, the only sample for Pb isotopic analyses from the Sibumasu Terrane, is within the

isotopic range of the samples from Inthanon (Fig. 5d).

Sukhothai

The duplicate runs of NT-13 contained similar eNd) values of —1.66 and -1.45. The older KM-26
sample from further north also located in the Sukhothai Terrane was more juvenile in nature with an
eNd( value of +1.97. KM-12, located further south gave a eNd value of —0.00. These four eNd
values from Sukhothai sit very close to the CHUR line (Fig. 5a). The Sukhothai samples gave
87S1/85Sr values of 0.701347 (NT-13), 0.705499 (KM-12) and 0.704083 (KM-26). Although the
87Sr/86Sr) data sit within the bulk earth range, eNdg) values are slightly enriched compared to the
observable silicate earth (Fig. 5¢). These results indicate a relatively undepleted mantle source or a
depleted mantle source, which has been contaminated by crustal material with an enriched isotopic
signature. These data, like the eHfw) results (Fig. 4), support a hypothesis where the Sukhothai arc
was built on older continental material (Hara et al., 2017). The duplicate runs of NT-13 gave Pb ratios
of 206Pp/204Ph 19.057330 (A) and 19.058107 (B), 2°7Pb/2%4Pb 15.685211(A) and 15.691958 (B) and
208pp/204Pp 38.608086 (A) and 38.624095 (B). The Pb ratios for KM-26 (2°6Pb/2°“Pb 18.168563,

207pp/204Ph 15.614036 and 2%8Pb/204Ph 36.9956861) are very close to the Stacey and Kramers (1975)
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terrestrial lead evolution model (see Fig. 5d). The Pb ratios of KM-12 are 2°6Pb/204Ph 18.801927,
207Pp/204pp 15.669479 and 208Pb/204Pb 38.391281 are slightly enriched in radiogenic lead. Overall the
Pb isotopes from the Sukhothai Terrane closely follow the Stacey and Kramers (1975) terrestrial lead
evolution model, although KM-12 and NT-13 are slightly more enriched in radiogenic Pb. The whole-
rock data from this study are within the range of the published data from the Sukhothai Terrane,

although KM-26 appears to have more isotopic affinity to the Indochina Terrane (see Fig. 5).

Indochina

All eNd values from the six samples from the Indochina Terrane are positive, ranging between +2.11
to +7.40, reflecting juvenile sources, with minimal continental crust involvement. The samples from
the Indochina Terrane have 87Sr/86Sr) values ranging from 0.703140 to 0.704491. These values are
within the range expected for primitive Bulk Earth. The Pb ppm concentration within all samples from
Indochina, besides KM-25, which was below the 1 ppm detection limit of the XRF, therefore, whole-
rock TIMS analyses were not completed on these samples. The Pb ratios for KM-25 were 206pPb/204Ph
18.263816, 297Pb/?°*Ph 15.579570 and 298Pb/2%4Ph 37.462045. This plots in 205Pb/204Ph, 207Ph/204Ph
space between the crustal evolution model and the MORB-like reservoir of the NHRL (see Fig. 5d;

Hart, 1984; Stacey and Kramers, 1975).

Timing of Magmatism for Thailand’s Granitoids

In this study, latest Triassic magmatism is observed only in samples from the Sibumasu Terrane and
the Inthanon Zone (see Fig. 3). These ages are consistent with published data from Sibumasu and
Inthanon with ages spanning 240-200 Ma (Ahrendt et al., 1993; Charusiri et al., 1993; Gardiner et al.,
2016; Kawakami et al., 2014; Ng et al., 2015a; Searle et al., 2012; Wang et al., 2016c). These are
thought to be supra-subduction zone granitoids, forming coeval with the closure of the Palaeo-Tethys
Ocean (i.e. the older granites from the Sukhothai Terrane) and the subsequent collision of Sibumasu

with the Sukhothai and Indochina terranes during the Upper Triassic (Searle et al., 2012).

Unlike the exclusively Permo-Triassic crystallisation ages found in this study from Indochina and

Sukhothai, the Sibumasu and Inthanon granitoids contained concordant data of other ages. The

weighted average age from ST-16 and inherited zircons from samples in the Sibumasu and Inthanon
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regions are Cambrian in age (see Fig. 3). Cambrian-aged crystalline basement has been found
previously in the Sibumasu Terrane and was associated with arc-related magmatism along the
Gondwanan Indo-Australian margin (Lin et al., 2013). Cretaceous crystallisation ages found in
samples from Sibumasu and Inthanon are also represented in published data from these terranes and
are synchronous with the closure of the Neo-Tethys Ocean (Jiang et al., 2017; Kanjanapayont et al.,
2012; Metcalfe, 2013). U-Pb data from samples ST-16 and ST-13 suggest limited isotopic
disturbance at this time, consistent with a thermal overprint in this terrane at this time. Additionally the
samples from Sibumasu and Inthanon contain abundant Precambrian inherited zircon grains (3200—
600 Ma, see Fig. 3), studies such as Wang et al. (2016c) have also found inherited zircon grains

ranging from 2545 to 400 Ma.

In this study, only early Ladinian (final stage of the Middle Triassic) crystallisation ages are found in
the samples from the Sukhothai Terrane (see Fig. 3). Magmatic ages ranging from 296 to 200 Ma are
found in the Sukhothai Terrane (This study; Beckinsale et al., 1979; Charusiri et al., 1993; Cobbing,
2011; Hansen and Wemmer, 2011; Meffre et al., 2008; Ng et al., 2015b; Qian et al., 2017,
Singharajwarapan and Berry, 2000; Sone et al., 2012; Wang et al., 2016c; Zaw et al., 2014). The
ages from the Indochina Terrane express prolonged Permo-Triassic magmatism compared to the
later Triassic ages seen in the samples from the Inthanon Zone and Sibumasu Terrane (see Fig. 3
and 5). Published data from the Indochina Terrane are consistent with this study’s dataset and
indicate ages spanning from 310 to 203 Ma (Arboit et al., 2016; Charusiri et al., 1993; Halpin et al.,
2016; Kamvong et al., 2014; Ng et al., 2015b; Salam et al., 2014; Zaw et al., 2014). The Ladinian
(late Middle Triassic) ages found in the Sukhothai and Indochina granitoids are likely to be as a result
of the early stages of the South China and Cathaysia collision with Vietham and Indochina (Halpin et
al., 2016; Lepvrier et al., 2004), or the similarly timed collision between Indochina and Sukhothai

(Morley et al. 2013).

Isotopic Characteristics of Thailand

The data collected in this study shows that the three main terranes in Thailand (Sibumasu, Sukhothai

and Indochina) that show distinctions in their basement isotopic characteristics (see Fig 4 and 5).
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Sibumasu and Inthanon

The Sibumasu and Inthanon terranes exhibit similar age patterns and isotopic characteristics,
suggesting a similar history. Both terranes generally contain evolved recycled crust, which is a
consistent feature of the Hf, Sm—Nd, Sr and Pb isotopic signatures of the Cambrian—Cretaceous
samples from this region (see Fig 4 and 5). The inherited zircon domains from the Sibumasu samples
also have evolved signatures, seen in the negative eHfy values for ages ranging from 2400 to 600
Ma, providing further evidence for multiple recycling events (Fig. 4). The elevated 2°7Pb/204Pb ratios
measured in the samples from the Sibumasu Terrane and the Inthanon Zone suggest the involvement
of recycled continental material in these terranes (Taylor et al., 2015). Evolved isotopic signatures
are also evident in published Sibumasu and Inthanon studies from Thailand, Malaysia and Myanmar
(see Fig. 4-5; Gardiner et al., 2016; Jiang et al., 2017; Kanjanapayont et al., 2012; Lin et al., 2013; Ng

et al., 2015a; Wang et al., 2016a).

A wide range of eHf) signatures are observed in the older inherited grains from RDT15_076A and ST-
16 from Sibumasu (see Fig. 4). This is consistent with the isotopic signatures of S-type granitoids that
can have more heterogeneous source material (Chappell and White, 2001; Cobbing et al., 1992).

The granitoids from Inthanon and Sibumasu have been previously identified to have peraluminous S-
type characteristics indicating that their source rocks had been through an earlier sedimentary cycle
(Charusiri et al., 1993; Cobbing et al., 1992; Liew and McCulloch, 1985; Qian et al., 2017; Searle et
al., 2012; Yokart et al., 2003). Petrographic investigations confirmed the peraluminous characteristics
of ST-16 in which we found the disintegration of garnet crystals, typical for S-type granitoids (see Fig.

1 of Dew et al. (2018b).

Granites from the Sibumasu Terrane have been previously interpreted to be syn-collisional granitoids
formed during the final stages of the Permo-Triassic Indosinian Orogeny and the closure of the
Palaeo-Tethys Ocean (Beckinsale et al., 1979; Bunopas, 1981; Charusiri et al., 1993; Cobbing et al.,
1992; Metcalfe, 2013; Pour et al., 2017; Searle et al., 2012; Yokart et al., 2003). The crustal
thickening and melting of the Sibumasu Terrane during the Indosinian Orogeny is a possible
mechanism for the formation of these S-type granitoids seen both in the Sibumasu Terrane and the

Inthanon Zone (Bunopas, 1981; Charusiri et al., 1993; Mitchell, 1992; Searle et al., 2012).
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Sukhothai and Chanthaburi

The isotopic values from the Sukhothai and Chanthaburi samples in this study are similar to values
expected for the Bulk Silicate Earth or undifferentiated chondrite models (see Fig. 4 and 5). Similar
isotopic values have been found in previous studies (e.g. Barr et al., 2006; Du et al., 2016; Ng et al.,
2015b; Qian et al., 2017). In this study, the granitoids from the Sukhothai Terrane form a continuum
from more juvenile metaluminous I-type granitoids in the east through to more crustally evolved
granitoids in the west. These data are within the range found in previous studies from Sukhothai and
its equivalent terranes (Cobbing, 2011; Mahawat et al., 1990; Qian et al., 2017; Singharajwarapan
and Berry, 2000). The petrogenesis causing these characteristics has been previously attributed to a
hybridised source of a juvenile mafic magma with an ancient meta-sedimentary component (Ng et al.,
2015b; Qian et al., 2017; Wang et al., 2016c). Further evidence for this origin is from a detrital study
by Hara et al. (2017), which concluded that the Sukhothai arc system was built on older continental

material.

Indochina

Data from the Thailand sector of the Indochina Terrane are predominantly from its western margin
due to thick sedimentary cover in the Khorat Plateau further east. The combination of data from this
study with isotopic data from published works indicates that the Thai part of the Indochina Terrane is
relatively juvenile (Fig. 5; Arboit et al., 2016; Intasopa and Dunn, 1994; Kamvong et al., 2014; Qian et
al., 2016; Wang et al., 2016b). The granitoids from the Indochina Terrane are metaluminous with an
I-type affinity (See Fig. 5; Charusiri et al., 1993; Salam et al., 2014). Kamvong et al. (2014) found
adakites in the Loei and Truong Son Belts suggesting their petrogenesis from mantle-modified slab
melts. Similarly, Salam et al. (2014) suggests arc-derived magma origins produced by the interaction
between the depleted mantle wedge and subduction-derived melts and fluids. There are few
available data on the granitoids within the Cambodian sector of the Indochina Terrane. However, one
study based on magnetic susceptibility and major and trace elements by Kong et al. (2012) implies

that I-type granitoids are also found in this southeastern domain of the Indochina Terrane.
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Spatial Distribution of the Isotopic Signatures in Thailand and Neighbouring Regions

Vervoort et al. (1999) used Archean to recent samples from a wide range of depositional
environments to demonstrate the behaviour of Lu—Hf and Sm—Nd isotopic systems in the global
sedimentary system. The crustal array define this isotopic relationship as ¢Hf =1.34eNd + 2.82
Vervoort et al. (1999). For this study, all the available published eNd and recalculated eHf) data
from Thailand and neighbouring regions of Myanmar, Laos, China and Vietnam were used to create

an eNd grid, to be used as a visualisation tool to highlight any trends in the isotopic characteristics.

The eNdy model was generated using the “natural neighbor” analyst tool in ArcGIS, to place the data
into a spatial context. The grid was then clipped to the coastline and manually buffered around the
outermost data points. The resultant model is shown in Fig. 6. Although in some regions the density
of the eNd(y and recalculated eHfw data is relatively low and no external constraints were used, the
interpolation model highlights the different terranes and their boundaries. It also emphasises faults
and major sutures, including the Three Pagodas Fault, the Klaeng Tectonic Line in SE Thailand and

the complex Mae Ping Fault system including the Chainat Duplex and splays further east (see Fig. 6).

From this grid, a definable eastwards trend towards increasing juvenile characteristics occurs in
Thailand (Fig. 6). The data in Fig. 6 clearly differentiates the juvenile nature of the Indochina Terrane
from the more evolved Sibumasu and Inthanon (Fig. 6). Additionally, the grid accentuates the isotopic
difference between juvenile western Indochina to the more evolved Truong Son Belt of northwest
Vietnam near the boundary zone between Indochina and South China (Liu et al., 2012; Wang et al.,

2016bh).

Figure 6 also illustrates that the Sukhothai Terrane is less juvenile than the Indochina Terrane. The
mixed isotopic characteristics of the Sukhothai Terrane require a relatively undepleted mantle source
or a depleted mantle source that has been contaminated with old crust carrying an enriched isotopic
signature. From this study’s isotopic data and previously published studies, the most likely
explanation is that a juvenile magma was mixed with evolved crustal material to produce the
Sukhothai granitoids. The spatial position of the Sukhothai Terrane between the juvenile Indochina

Terrane and the evolved Sibumasu Terrane and the trend of increasing juvenility eastwards through
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the Sukhothai Terrane implies that Sukhothai was a juvenile arc derived from Indochina, but
incorporated evolved continental crust, similar to the Sibumasu Terrane, prior to or during granitoid

emplacement.

Model Ages for Thailand’s Basement

Barovich and Patchett (1992) demonstrated the overall insensitivity of the Nd and Hf isotopic systems
in granitoids to extreme deformational events, lending confidence to the use of Nd and Hf isotopic
systems, and hence model ages, in crustal evolution studies. Hafnium crustal depleted mantle
model ages (HTowm, shown in Fig. 4) denote a minimum formation age for the source material of the
zircon’s parental magma (Gardiner et al., 2016; Kemp et al., 2006; Sevastjanova et al., 2011).

These model ages were calculated for each zircon assuming the zircon grain growth reservoir was
average continental crust with 176Lu/Y"’Hf values of 0.0015 (Griffin et al., 2002). The Nd depleted

mantle model ages (NdTpwm, shown in Fig. 5b) similarly reflect the time of the differentiation of the
crust from the mantle but is a representation for the whole rock rather than individual zircons.
However, since NdTpm samples the whole rock, if it is inhomogeneous in age and the material has

been extracted from the mantle at various times, then the model age then represents an “average

continental crustal residence time” (Arndt and Goldstein, 1987). Together, these model ages, when
supported by other geological constraints i.e. zircon U-Pb inheritance, can be used to infer the rock’s

journey from the mantle to crust (Arndt and Goldstein, 1987; Gao et al., 2017; McCulloch, 1987).

Sibumasu

The depleted mantle model ages (Tom) from the magmatic zircon Hf analyses in this study range
between 2.02 Ga to 1.73 Ga with an average of 1.92 Ga. One Sm—-Nd model age (Tom) was
calculated from the Sibumasu Terrane (NT-17) yielding an age of 2.41 Ga. This range of older
heterogeneous Towm values observed in the Sibumasu granitoids suggests that these granitoids were
formed by assimilating or remelting older crustal material, which is consistent with the isotopic
signatures analysed in this study. The HTom model ages found in this study are consistent with zircon
inheritance found in this study (Fig. 2 and 3) and other published studies from the Sibumasu Terrane

(Gardiner et al., 2016; Jiang et al., 2017; Liew and McCulloch, 1985; Lin et al., 2013; Sevastjanova et
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al., 2011). Although the older Sm—Nd model age from this study is in agreement with the zircon
inheritance ages (see Fig. 2, 3, 4 and 5), this age is not commonly reported in the literature. A minor

model age peak of 2.8-2.5 Ga was mentioned in Sevastjanova et al. (2011).

Inthanon

The corresponding " Tom model ages from the magmatic eHf data in this study are between 2.44 Ga
and 1.87 Ga (Fig. 4). The NdTpwmfrom this study range between 2.97 Ga to 2.24 Ga with an average of
2.60 Ga. The U-Pb zircon inheritance ages are consistent with these model ages (Fig. 3). These
values suggest that these granitoids were produced by assimilating or remelting 2.44-1.87 Ga crustal
material. These model ages correspond to values for other rocks in the Sibumasu and Inthanon
terranes along with their equivalents throughout Asia (Hansen and Wemmer, 2011; Qian et al., 2017,

Sevastjanova et al., 2011; Wang et al., 2016c).

Sukhothai and Chanthaburi

The solely magmatic data from the Sukhothai Terrane yielded Lu—Hf model ages between 1.74 and
0.86 Ga, with an average of 1.27 Ga. The Sm—-Nd model ages were within a similar age range (1.71
to 0.85 Ga with an average of 1.42 Ga). The NdTpm from KM-26, close to the Indochina Terrane (0.85
Ga), affects the range of model ages seen in the Sukhothai Terrane since this value is 570 Ma
younger than the next youngest model age from this terrane. This age is more comparable with
model ages found in Indochina. The Tom ages for the Sukhothai samples in this study are within the
range of previously published Towm values (1.95 to 0.96 Ga, with peaks at 1.90 Ga and 1.10 Ga) from

northwest Thailand (Wang et al., 2016c).

Indochina

The corresponding Tom model ages from the Nd data are between 1.28 and 0.50 Ga with an average
of 0.83 Ga (Fig. 4). One sample from the Indochina Terrane was used for zircon Hf analyses (KM-
20), giving corresponding "Tom model ages between 0.97 and 0.53 Ga. These values suggest that
the source material is largely juvenile, with minimal crustal input. Similar model ages have been
published from the Khao Khwang Fold-Thrust Belt of Indochina’s western margin (location is shown in

Fig. 1a; Arboit et al., 2016). Previous studies have highlighted that there is little evidence of the
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existence of the western Thai sector of the Indochina Terrane prior to the middle Silurian (Cocks and
Torsvik, 2013; Ridd, 2011). However, published detrital zircon studies from the Indochina Terrane
suggest that the protoliths of the metasedimentary basement rock formed during the Neoproterozoic—
early Paleozoic (Burrett et al., 2014). The model ages calculated for the Indochina Terrane in this
study are much younger than the previous published source estimates from equivalent regions in
Vietham and Malaysia of greater than 3.7 Ga to 1.88 Ga (Sevastjanova et al., 2011; Usuki et al.,

2013).

Implications for Terrane Evolution

This study indicates that western Indochina is relatively juvenile with middle Mesoproterozoic to
Cambrian N9Tpm model ages. Regions that conceivably have similar-aged material to the Indochina
Terrane are the west coast of Australia (Collins, 2003), and northeast margin of India (Ghosh et al.,
2005), both are locations where the Pinjarra Orogen crops out. The Neoproterozoic—Cambrian
Pinjarra Orogen forms part of a much larger orogenic belt that can be traced along Western Australia
and through eastern Antarctica (Burrett et al., 2014; Collins, 2003; Ghosh et al., 2005). Published
NdTpm ages of 1.18 to 1.08 Ga from southwestern Australia are consistent with the older
Mesoproterozoic model ages for the Indochina Terrane in this study (Fletcher and Libby, 1993;
McCulloch, 1987; Wilde, 1999). Other possible neighbouring domains could be northwest India
(Wang et al., 2017), along with other localities where the East African Orogen intersects the northern

Gondwanan margin i.e. the Arabian Nubian Shield (Blades et al., 2015).

Previous detrital zircon work on Paleozoic-Mesozoic sediments demonstrates that the Thai parts of
the Indochina Terrane had U-Pb and Lu—Hf affinities to the rest of Indochina (including Central
Vietnam and the Truong Son Belt), South China, Qiangtang and Lhasa terranes during the early
Paleozoic (Burrett et al., 2014; Usuki et al., 2013). Published granitoid geochemistry from the Lhasa
Terrane is juvenile, similar to the Indochina data from our study (Fig. 5b; Ma et al., 2017). However,
the data from this study, when integrated with published works in Fig. 6, highlights a distinct isotopic
contrast between juvenile western Indochina and the evolved Truong Son Belt, which are both part of
the composite Indochina Terrane. Previous studies in the northern Truong Son Belt (see Fig. 6; Liu et

al., 2012; Wang et al., 2016b) produced eHfy and eNdg) values that were generally negative and had
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corresponding Tom ages dated to the Paleoproterozoic and backed up by zircon U-Pb inheritance
ages. Further south in the Truong Son Belt, the eNd) values from Hoa et al. (2008) range from +6 for
in extrusive rocks from Dak Lin to —13.3 for the peraluminous granite from Hai Van Complex. Hoa et
al. (2008) stated that the model ages for the Permo-Triassic granites in this study were late
Paleoproterozoic (2.23 to 1.80 Ga). Although these model ages are older than the Towm for the
Indochina Terrane determined in this study, much of the isotopic data from the Truong Son Belt is
comparable (see Fig. 5b and c). The main isotopic difference is that along with the juvenile signature
observed in both Indochina and Truong Son, Truong Son also has a more evolved component, which
is coincidentally similar to values seen in the Sukhothai Terrane. A more comprehensive study of
Indochina, its western margin, the Truong Son Belt and the regions through Cambodia and Laos, is

required to further understand this relationship.

South China and Indochina have been shown in a previous detrital U-Pb zircon provenance study to
be statistically similar with Gondwanan elements, common sediment sources and palaeo-proximity
(Burrett et al., 2014). In the South China Terrane, Permo-Triassic granitoids with eNd values of —11
to -8 and Towm values of 2.0 to 1.6 Ga, have been interpreted to be derived from Neoproterozoic
sedimentary and igneous rocks based on zircon inheritance and the spatial relationship to adjacent
Neoproterozoic material (Gao et al., 2017). This supports the idea that Indochina was spatially linked
with South China in the Neoproterozoic, possibly part of the geodynamic system involving South
China, Madagascar, NW India and Seychelles presented by Wang et al. (2017). This study produced
new isotopic data and has incorporated all the available published eNdw and recalculated eHfy data
from Thailand and neighbouring regions of Myanmar, Laos, China and Vietnam to visualise and
highlight trends in the isotopic characteristics. However, more analysis of the separate components
of the composite Indochina and South China terranes, would be beneficial in order to constrain their

affinities and palaeo-positions more closely.

The young and juvenile Indochina Terrane contrasts with the Sibumasu Terrane, which is more
conceivably part of ancient cratonic Australia. The Tom ages of the Sibumasu Terrane are within the
range of values also seen in Western Australia through the Kimberley, Pilbara and Yilgarn regions

(McCulloch, 1987; Wilde, 1999). For example, Sibumasu may have originated outboard of northwest

23



647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

Australia, in association with the Barramundi and older orogens (Ali et al., 2013; Bunopas, 1981,

Burrett et al., 2014; McCulloch, 1987; Sevastjanova et al., 2016).

In this study, we demonstrate that the Sukhothai arc system involved pre-Paleozoic continental crust,
contrary to models where Sukhothai represents a Carboniferous oceanic arc system (Sone and
Metcalfe, 2008). Possible explanations for these observations include: 1) The Sukhothai Arc would
have been located outboard of Sibumasu on the northwest Australian margin of Gondwana (see Fig.
7). In this model, the Inthanon Zone would represent the back-arc basin between Sibumasu and
Sukhothai and the main Palaeo-Tethys suture would separate Sukhothai and Indochina (the Nan
Suture). 2) The Sukhothai Arc was derived from Indochina, but contains relict Precambrian
signatures, similar to those signatures observed in the Truong Son Belt to the northeast. This would
require a zone of weakness between the more juvenile western Thai Indochina Terrane and the
evolved Sukhothai Terrane crust to have been exploited by the back-arc extension that separated
these terranes (see Fig. 7). For example, analogue modelling by Corti et al. (2011) has shown how
the boundary zone between colder, more rigid cratonic (i.e. Archean-type) crust, and less rigid mobile

belts tends to localise rifting.

Explanation 1) is contrary to popular models where the Inthanon Zone represents the main Palaeo-
Tethys suture. These models are based on the presence of long-lived Devonian—Triassic highly
condensed deep marine cherts, allochthonous limestone-capped seamounts and the continuation of
the zone into the Changning—Menglian zone of Yunnan (see reviews in Sone and Metcalfe, 2008;
Metcalfe 2013; Gardiner et al., 2015). Explanation 2) adheres to the currently accepted consensus
regarding the origin of the terranes, but requires a coincidence of circumstances to explain the lack of
similarity between the Sukhothai and Indochina terranes. However, there is a third possibility that
may reconcile these two contradictory explanations. The hybridised nature of the mid-Triassic
granitoids in the Sukhothai Terrane may be due to the incorporation of evolved distal passive margin
sequences of the Sibumasu Terrane as they approached the subduction zone (see illustration in Fig.
7). A similar manner of arc contamination is observed in the Sunda Arc (Handley et al., 2011). In this
third model, the Sukhothai Terrane could still be part of the Indochina Terrane and the Inthanon Zone

could still represents the major Palaeo-Tethys suture, coinciding with the evidence from the long-lived
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deep basin sedimentary sequences. It also broadly follows the geochemical data from the Sukhothai
Terrane that appears to spatially distinguish between the I-type and hybrid granites, with more
juvenile granitoids closer to the margin with Indochina and more crustal contamination in the granites
further west, closer to the Inthanon Zone boundary. Nevertheless, further analyses and data collation
on a regional scale is required to visualise a more complete history of the founding components of

Southeast Asia.

Conclusion

This study used granites as a probe to further develop our understanding of the unexposed basement
in Thailand. From the investigation of zircon U-Pb geochronology and Lu—Hf isotopic systems and
whole-rock Sm—Nd, Sr and Pb geochemistry of granitoids, we determined:
e The Indochina Terrane is isotopically juvenile
e The Sukhothai Terrane has a hybridised isotopic signature indicating that juvenile material
was contaminated with evolved continental crust
e The Sibumasu Terrane and associated Inthanon Zone contain relatively evolved, recycled
crust
o e¢Hf—-Ndy model highlights a trend from evolved granitoid source material in the west of

Thailand (Sibumasu and Inthanon) through to juvenile affinities in the east (Indochina)

Contrary to a number of previous hypotheses, the Indochina Terrane is built on relatively juvenile
crust that formed primarily in the Neoproterozoic. There is no evidence for older crust in the western
part of the Indochina Terrane. This contrasts with the Sibumasu and Sukhothai terranes that
preserve evolved crustal material. We suggest that the hybridised isotopic nature of the mid-Triassic
granitoids in the Sukhothai Terrane is due to the integration of evolved material from the Sibumasu

Terrane during the progressive subduction of the Palaeo-Tethys Ocean.
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Figure List
Fig. 1. a (left): Regional map showing major terranes and the granitoid sample localities for zircon U—

Pb and Hf analyses. Structure and tectonic domains discussed in text are highlighted with arrows. b
(right): Regional map showing major terranes and the granitoid sample localities for whole-rock

analyses. Base map adjusted from (Dew et al., 2018a). Sone and Metcalfe (2008)

Fig. 2. Representative cathodoluminescence images for all granitoid rocks sampled in Thailand. U—
Pb laser, Hf spots shown. The age given for each spot is the U238/Ph2% age, unless marked with an

asterisk (*) indicating that the Pb2°7/Ph2% Age is given. Individual spot eHf( values are given.

Fig. 3. Concordia Diagrams and weighted averages for each U-Pb sample, grey box indicates extent
of expanded concordia where applicable. All age uncertainties are quoted at the two sigma level and
MSW0Ds are quoted for each calculated age. a: U-Pb data for samples from the Sibumasu Terrane,
coloured blue, b: U-Pb data for samples from the Inthanon Zone, coloured purple, .c: U-Pb data for
samples from the Sukhothai Terrane, coloured yellow-orange, d: U-Pb data for samples from the
Indochina Terrane, coloured green. Data with Th:U<0.1 are coloured white on weighted average

plots.

Fig. 4. a (top): Hafnium isotope diagram for the sampled granitoids, displayed as eNd) against the
interpreted sample crystallisation age (the weighted average age). For interpreted inherited zircons,
individual zircon spot U-Pb ages are used to calculate eHf. Both horizontal and vertical error bars
show 20 error. The dashed rectangle indicates the extent of the inset. The Towm (crustal) Hf evolution
lines are based on a 176Lu/1"7Hf ratio of 0.015 (Griffin et al. 2004). b (bottom): Hafnium isotope

diagram for published granitoid data (see Dew et al., (2018b) for further details) displayed as eNd
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against the age. The Towm (crustal) Hf evolution lines are based on a 176Lu/*""Hf ratio of 0.015 (Griffin et

al. 2004).

Fig. 5. a (top left): eNd( against age. Depleted Mantle assumes the linear depletion of the mantle as
per (Goldstein et al., 1984). Error bars show age uncertainties, see Table 1 for references for ages
used. b (top right): Plot of eNd with depleted mantle model ages (N4Towm) using assumed values from
Goldstein et al. (1984). c (bottom left): eNd) against initial Sr. d (bottom right): Lead isotope ratio plot
for granitoid analysed in this study with published Pb data. Reference lines from (Hart, 1984; Stacey

and Kramers, 1975). References for published data tabulated in Dew et al., (2018b).

Fig. 6. A map collating all available eNd() and eHf data from Thailand and neighbouring regions,
references for published data tabulated in Dew et al., (2018b). The data have been scaled by colour
and gridded in ArcGIS using the “nearest neighbor” analyst tool, to assist in visualising the data in a
spatial context. Data clearly differentiates the juvenile Indochina Terrane from the other more evolved
terranes, showing a trend of increasing juvenility to the east in Thailand, with the dark blue highly
negative eNdg values in the Sibumasu Terrane moving eastwards into the orange to red positive eéNd

values in the more juvenile Indochina Terrane.

Fig. 7. Diagrams for the potential tectonic development of the Thai terranes. a: Explanation 1) The
Sukhothai Arc would have sat outboard of Sibumasu on the northwest Australian margin of
Gondwana. In this model, the Inthanon Zone would represent the back-arc basin between Sibumasu
and Sukhothai and the main Palaeo-Tethys suture separates Sukhothai and Indochina (the Nan
Suture). b. Explanation 2) The Sukhothai Arc was derived from Indochina, but contains relict
Precambrian signatures. This would require a zone of weakness between the more juvenile western
Thai Indochina Terrane and the evolved Sukhothai Terrane crust to have been exploited by the back-
arc extension that separated these terranes. c. Explanation 3) The hybridised nature of the mid-
Triassic granitoids in the Sukhothai Terrane may be due to the incorporation of evolved distal passive

margin sequences of the Sibumasu Terrane as they approached the subduction zone.
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Table List
Table 1. Descriptions and localities for samples in this study. All age uncertainties where given are

20.
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