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Abstract

The Malaysian granitoids form the backbone of the Malay Peninsula and have long
been recognized as composed of two distinct granitic provinces separated by the
Bentong-Raub suture zone:

I. Early Permian to Late Triassic Eastern Province (Indochina — East Malaya) with
mainly “I-type” hornblende-bearing granitoids, associated with Cu-Au deposits, and
subordinate hornblende-free pluton roof-zones hosting limited Sn-W deposits; and

2. Late Triassic Main Range Province, western Malaysia (Sibumasu) with mainly
“S-type” hornblende-free granitoids, associated with Sn-W deposits, and subordinate

hornblende-bearing granitoids.

Field observations and new geochemical data suggested that the division of the Eastern

Province and Main Range granitoids using Chappell and White’s (1974) I-S



classification could be problematic, as there is a large degree of overlap between the
two granitic provinces in terms of lithology, mineralogy and metallogenic affinity. The
Main Range granitoids are more fractionated than the hornblende-bearing Eastern
Province. Although the two granitic provinces were emplaced into different continental
terranes, both granitic provinces exhibit common trace element geochemistry in the
enrichment of high field strength elements (HFSE) and rare earth elements (REE)
compared to typical Cordilleran I-S granites. Such enrichment is interpreted as an
inheritance signature from the protoliths. The Kontum massif (an analogue of Indochina
lower continental crust) comprises intraplate ortho-amphibolites and para-gneisses,
which could serve as two hypothetical source end-members for the Malaysian granitoids.
The model suggests that the geneses of the parental magmas of the Eastern Province
and the Main Range Province were related to hybridization of melts derived from
protoliths, geochemically and isotopically similar to these two source end-members, but
in differing proportions. The fact that the granites from the two granitic provinces are so
similar compositionally and metallogenically, suggests that similar protoliths were
involved in their source. The incorporation of sedimentary-sourced melt makes the
Main Range granitoids transitional I/S-type in nature, but this is unlikely to be true for
the less evolved Eastern Province fractionated I-type granitoids. The hybridization of
igneous- and sedimentary-sourced melts, and granite fractionation promotes Sn

metallogenesis in the Main Range granitic province.

Previous ages were obtained using whole rock Rb-Sr and biotite K-Ar geochronology in
the 1970s and 1980s, dating methods that almost certainly do not accurately represent
the crystallization age of granites. New ion microprobe U-Pb zircon ages are presented

that provide new temporal constraints for the Malaysian granitic magmatism. Eastern
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Province granitoids have U-Pb zircon ages that range from 289 to 220 Ma, while Main
Range Province magmatism is constrained between 227 and 201 Ma. A progressive
westward younging trend is apparent across the Eastern Province, but becomes less
obvious in the Main Range Province. In addition, the U-Pb zircon analysis of the
Malaysian granitoids suggests that both granitic provinces have Cambro-Ordovician and
Mesoproterozoic inheritance signatures, which match the ages of the Kontum intraplate
ortho-amphibolites and para-gneisses, the two source end-members of the suspected

Indochina basement.

Two different tectonic models have been suggested to explain the formation and the
emplacement of the Malaysian granitoids. Both models involve an east-dipping
subduction zone during the Early and Mid-Triassic with Palaeo-Tethys lithosphere
rolling back along the Bentong-Raub suture zone to produce westward younging ages in
the Eastern Province granitoids. The first model (modified after Searle er al. 2012)
suggests the younger Main Range granitoids were produced by another Late Triassic —
Cretaceous east-dipping (Neo-Tethyan) subduction to the west of Sibumasu, after the
Sibumasu — East Malaya collision. The transitional I/S-type geochemistry of the Main
Range granitoids was caused by the partial melting of the more heterogeneous
Sibumasu basement. The second model (Oliver et al. 2014) suggests the younger Main
Range granitoids were produced by the westward underthrusting of Indochina crust of
East Malaya beneath Sibumasu along the Bentong-Raub suture zone after the
continental collision. In this model, the source of the Main Range granitoids was the
pre-collision I-type Eastern Province granitoids. The second model is less likely, as no

geological evidence for such underthrust is found in the Malay Peninsula.
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Extended abstract

The Malaysian granitoids were formed in response to the re-assembly of Precambrian
continental terranes, namely the Indochina — East Malaya terrane and the Sibumasu
terrane, along the Eurasian margin, which were rifted off from Gondwana since
Devonian. The Malaysian granitoids form the backbone of the Malay Peninsula, and
they have been long recognized with two distinct granitic provinces separated by the
Bentong-Raub suture zone:

1. Early Permian to Late Triassic “I-type” Eastern Province hosted by Indochina —
East Malaya; and

2. Late Triassic “S-type” Main Range Province hosted by Sibumasu.

Field observations suggest the Eastern Province granitoids are composed of
predominantly hornblende-bearing granitoids hosting Cu-Au deposits, with hornblende-

free phase developed at the pluton roof-zones hosting Sn-W deposits. The Main Range
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Province granitoids are mainly hornblende-free, lithologically similar to the pluton roof-
zones in the Eastern Province. These hornblende-free granitoids are usually altered by
hydrothermal activity and characterized by Sn and W mineralization. The Main Range
Province is one of the most productive Sn-W metallogenic provinces in the world. The
Bintang Batholith hosts the only hornblende-bearing granite in the Main Range

Province.

New geochemical data suggested that the division of the Eastern Province and Main
Range granitoids using Chappell and White’s (1974) I-S classification could be
problematic, as there is large degree of overlap between the two granitic provinces in
terms of granite type and texture, mineralogy, metallogenic affinity and compositional
attributes. All the Malaysian granitoids can be defined in terms of a single continuous
liquid-line-of-descent (LLOD), in which they are all fractionated with Main Range
granitoids, or the hornblende-free biotite granites more fractionated than the
hornblende-bearing Eastern Province. Although the two granitic provinces were
emplaced into different continental terranes, both granitic provinces exhibit common
trace element geochemistry in the enrichment of high field strength elements (HFSE)
and rare earth elements (REE) compared to typical Cordilleran I-S granites. Such
enrichment is interpreted as an inheritance signature from the protoliths. The Kontum
massif (an analogue of Indochina lower continental crust) comprises intraplate ortho-
amphibolites and para-gneisses, which could serve as two hypothetical source end-
members for the Malaysian granitoids. The model suggests that the geneses of the
parental magmas of the Eastern Province and the Main Range Province were related to
hybridization of melts derived from protoliths, geochemically and isotopically similar to

these two source end-members, but in differing proportions. The fact that the granites



from the two granitic provinces are so similar compositionally, suggests that similar
protoliths were involved in their source. The incorporation of sedimentary-sourced melt
makes the Main Range granitoids transitional I/S-type in nature, but this is insufficient
in the Eastern Province, leaving fractionated I-type granitoids in the province. The
hybridization of igneous- and sedimentary-sourced melts, and granite fractionation

promotes Sn metallogenesis in both granitic provinces.

Previous ages were obtained by whole rock Rb-Sr and biotite K-Ar geochronology in
the 1970s and 1980s, dating methods that may not accurately represent the
crystallization age of granites. New ion microprobe U-Pb zircon ages are presented that
provide new temporal constraints for the Malaysian granitic magmatism. Eastern
Province granitoids have U-Pb zircon ages ranging from 289 to 220 Ma, while the Main
Range Province magmatism is constrained between 227 and 201 Ma. A progressive
westward younging trend is apparent across the Eastern Province, but becomes less
obvious in the Main Range Province. In addition, the U-Pb zircon analysis of the
Malaysian granitoids suggests that both granitic provinces have Cambro-Ordovician and
Mesoproterozoic inheritance signatures, which match the ages of the Kontum intraplate
ortho-amphibolites and para-gneisses, the two source end-members of the suspected

Indochina basement.

Cretaceous granitoids were found in the Stong region (~76—84 Ma) and on Tioman
Island (~80 Ma). These granitoids generally have slightly lower Y/Nb ratios than the
Permo-Triassic Malaysian granitoids. The extracted zircons from these Cretaceous

granitoids are also characterized by higher Th/U ratios up to 2.5. It is speculated that the
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Cretaceous granitoids were formed from different sources from the Permo-Triassic

granitoids, but further field and laboratory investigations are required.

Two different tectonic models have been suggested to explain the formation and the
emplacement of the Malaysian granitoids. Both models involve an east-dipping
subduction zone, with subducting Palaeo-Tethys lithosphere rolling back along the
Bentong-Raub suture zone to produce westward younging Eastern Province granitoids.
The first model (modified after Searle et al. 2012) suggests the younger Main Range
granitoids were produced by another Late Triassic east-dipping (Neo-Tethyan)
subduction zone to the west of Sibumasu, after the Sibumasu — East Malaya collision.
The transitional I/S-type geochemistry of the Main Range granitoids was caused by the
partial melting of the more heterogeneous Sibumasu basement. The second model
(Oliver et al. 2014) suggests the younger Main Range granitoids were produced by the
westward underthrusting of Indochina - East Malaya crust beneath Sibumasu along the
Bentong-Raub suture zone after the continental collision. In this model, the source of
the Main Range granitoids was the pre-collision I-type Eastern Province granitoids. The
second model is less likely, as no geological evidence for such underthrusting has been
found in the Malay Peninsula and the Eastern Province granitoids are unlikely to be the

source of melting for the Western Province Main Range granitoids.
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Chapter 1 — Introduction and Background

1.1 Introduction: granite petrogenesis

In contrast to the denser basaltic oceanic crust, continental crust is much lighter and
comprises greater variety of rock types. The bulk composition of continental crust is
close to that of andesite, found commonly in orogenic belts along active continental
margins (Taylor and McLennan, 1985). The formation of calc-alkaline andesite is
usually associated with regional-scale intrusion of granitic batholiths. This process has
been recognized as the major mechanism of continental growth (Taylor, 1967). Hence,
studying granite petrogenesis and emplacement allows a better understanding of the

origin and the evolution of continental crust.

The origin of granites has been a hotly debate topic between the transformists (e.g. H. H.
Read), who suggested that granites are ultrahigh grade metamorphic rocks, and the
magmatists (e.g. N. L. Bowen), who suggested that granites are purely igneous, being
differentiated from basalts (Pitcher, 1997). It was not until geophysical models and
experimental data became available that the multi-origin of granites was revealed. The
composition of granites is mainly controlled by the melting sources, whether the melts
were derived from igneous or sedimentary protolith or even both, and how the melts
were hybridized. In addition, varied geological processes, such as crustal assimilation
and fractional crystallization, could alter the chemical composition of granitic parental
magma once it was derived. These lead to complexity in studying the magmatic
evolution of granites. The complexity is usually reflected by the subtle difference in
accessory mineral assemblages and mineral geochemistry, which are not easily

observed. Therefore, petrologists and geochemists need to use various techniques to



discriminate granites from different tectonic origins effectively and model their
magmatic evolution. These techniques include careful field relationships and
petrographic observations, as well as geochemistry and isotope chemistry. Various
granite classification schemes have been proposed, namely by Chappell and White
(1974), Ishihara (1977), Whalen et al. (1987), Maniar and Piccoli (1989) and Frost et al.
(2001). Trace element geochemical classifications of granites formed in different
tectonic settings have also been reported by Pearce et al. (1984) and Harris et al. (1986).
All these classification/discrimination schemes require high quality major and trace
element analyses on granites. Nevertheless, these schemes may not be universally
applicable due to the complex nature of granites. Hence, petrologists and geochemists
seldom rely on single system to study granitic rocks. More recently, owing to the
advance of instrumental analytical geochemistry, which allowed rapid and precise
analyses of mineral and rock samples, isotopic analyses (e.g. Sr, Nd and Hf) play an
important role in revealing the source region of the granitic melts. The isotopic
compositions of certain robust accessory minerals, such as zircon, may be able to record
the environment in which the primary melts were derived. In this chapter, landmark
theories of granite petrogenesis, from the formation of the first granitic melt, through
the segregation and transportation of the melt, to the final emplacement of granite will
be reviewed. The classification schemes of granite will be discussed and various granite
discrimination schemes will be introduced in the following section, with their

applications to classic granitic terranes.

1.2 The granite origin controversy
In the mid-20" century, the conflicts between the transformists and magmatists reflected

the broad difference between laboratory studies and field observations. As a



representative of transformists and a field geologist, H. H. Read (1948) suggested that
granites are closely related to migmatites, and hence related to the end-product of
regional metamorphism. He named the formation process of granite as “granitization”,
which is a kind of ultrahigh grade metamorphism of various protoliths to form granites
without going through any “true” magmatic stage. At the same time, representative of
magmatists and an experimental petrologist, N. L. Bowen (1948), suggested that
granites are differentiation products of basalts based on his physiochemical

experimental results.

Apparently, these two hypotheses were contradictory, while neither side could agree
with the model proposed by the opposite camp. Read’s (1948) argument is simple: if
granites were differentiation products of basalts, enormous amount of basaltic material
would be required, yet mafic rocks are not commonly seen in the field associating with
granites. For example, the synkinematic granite referred by Eskola (1932), such as those
purely sedimentary-sourced syn-collisional leucogranites in the Himalayan region,
seldom occur naturally with mafic rocks. Bowen’s (1948) fractional crystallization and
magmatic differentiation model may be able to explain the generation of oceanic
plagiogranites in ophiolitic suites (Pedersen and Malpas, 1984). However, whereas this
can easily explain the simple derivation of granitic melts as the end-member of oceanic
basaltic fractionation, many other processes are operative in the formation of large-scale
continental crustal granitic batholiths. Furthermore, the granites produced by
fractionation of basalts are essentially more sodic, i.e. dacitic or trondhjemitic (Figure

1.3) (Green and Ringwood, 1968; Clarke, 1992; Chappell ef al., 2012).
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extracted from the source should equal to the volume of the pluton formed.



In the meantime, Bowen (1948) also criticized Read’s (1948) “granitization” for being
purely hypothetical, and not supported by any available physiochemical data. He
pointed out that “granitization” might only be feasible in local scale, as enormous
energy would be required for solid-state diffusion of elements and ions to take place at
high-level crust and replace completely any protolith by voluminous granitic batholiths.
In fact, many of the intrusive relationship between granites and country rocks cannot be
explained by ‘“granitization”. Although the igneous origin of granites were later
demonstrated experimentally by Tuttle and Bowen (1958), in which they defined the
granitic magmatic system. The granite origin controversy carried on for decades. It was
not widely accepted until Whitney (1975) confirmed that the cotectic composition of
granites could not be produced by metasomatism. Metasomatic processes, although
important, are related to retrograde lower temperature fluids rather than prograde

magmatic melting processes.

1.2.1 Middle to lower crust as possible source of granite

Although granites were recognized as igneous rocks, the constraints limiting Bowen’s
(1948) model still existed. The formation of granitic batholiths by inefficient
fractionation of basalts is unlikely. Hence, workers have to seek another source for
granitic melts. The formation of granitic melts by partial melting of crustal meta-
sedimentary rocks was recognized and demonstrated by Winkler (1965). Presnall and
Bateman (1973) later used phase equilibria to propose that the Sierra Nevada batholith
could have originated from partial melting of the lower crust, given that enormous
amount of heat was required, as these lower crustal materials (granulite facies) are
essentially dry. They suggested that such heat could be obtained conductively from the

mantle and from radioactive decay in the crust. They also recognized that additional



heat might be provided by subduction-related magmatism. This kind of lower-crustal
melting can be facilitated with the presence of water in the system. Although the
importance of water in the granitic system has already been addressed by Tuttle and
Bowen (1958), the role and the source of water in petrogenesis had not been thoroughly
discussed until Whitney (1988) published his landmark paper. It is now widely accepted
that felsic igneous rocks could not be produced without the presence of water. This is to
account for the hydrated minerals present in the felsic rocks, and more importantly, to

facilitate the melting process (Whitney, 1988).

1.2.2  Mantle vs crust as sources

Apart from identifying the lower crust as a possible source of granites, Presnall and
Bateman’s (1973) work also recognized the role played by mantle in granite
petrogenesis in providing heat for lower-crustal melting. However, it was controversial
whether mantle is a potential source for the genesis of granites. In the late 1980s to
2000s, Sr and Nd isotopic data, and numerical modelling suggested that granites are
products of hybridization of melts with mantle signature and melts with crustal
signature (Gray, 1984; Keay et al., 1997; Kemp et al., 2007; Kemp et al., 2009; Brown,
2013). This is supported by the Hf and O isotopic compositions of the I-type granites in
the Australian Lachlan Fold Belt, which appear to be derived from hybridizing mantle
melt and crustal meta-sedimentary melt (Kemp et al., 2007), and experimental results

(Patifio Douce, 1999).

Clemens et al. (2011), on the contrary, proposed that the mantle isotopic signature was
inherited from the meta-igneous precursors in the crust by Peritectic Assemblage

Entrainment (PAE). This mechanism involves small crystals of peritectic phases being



carried by the melt out of the source, and passed on the mixed mantle and crustal
isotopic signature to the resulting I-type granites. It is also viable in generating the
sedimentary-sourced granites (S-type) in the Cape Granite Suite (Western Cape, South
Africa) with heterogeneous source region (Villaros et al., 2012). Clemens and Stevens
(2012) compared various mechanisms to explain the chemical variation among granites.
They recognized that such variations depend primarily on protolith chemistry, in which
PAE in varying degrees could account for most of the primary compositional variation

in granites with support of geochemical and isotopic data.

1.3  Generation of granitic melts

As the composition of granites is largely determined by the composition of source rocks,
it is important to understand the melting processes that could occur. In the previous
section, we have seen that the source region of granites is restricted to the middle to
lower crust. If partial melting of these crustal materials form the granitic magma, heat

and water have to be provided into the melting system.

1.3.1 Heat and Water

In Presnall and Bateman’s (1973) model, heat is released from radioactive decay,
directly from the mantle, or by dissipation in mechanical and chemical processes, such
as shear heating and latent heat. The latter two could be significant, particularly in
subduction systems where thrusting and crystallization of basaltic magma occur. Water
involvement in the granitic melt generation occurs in two aspects. Firstly, water could
suppress the solidus of the mantle wedge, such that basaltic underplating could be
formed along the base of the crust (van Keken, 2003). Secondly, the crystallization of

this basaltic underplating would leave an H,O-rich fluid residual. It is thought that this



residual would again provide water and heat for crustal melting at the Deep Crustal Hot
Zone (DCHZ) (Huppert and Sparks, 1988; Annen et al., 2006). The DCHZ is the
location, where Melting, Assimilation, Storage, and Homogenization (MASH) take
place (Hildreth and Moorbath, 1988). In this zone, meta-sedimentary rocks started to
melt at around 650 - 700 °C when fluid is present (Brown and Korhonen, 2009; Sawyer,
2010; Brown, 2013). Water could also be provided by hydrate-breakdown melting of
meta-igneous protoliths, for mica-bearing rocks at temperature above 750 °C and
amphibole-bearing rocks above 850 °C (Clemens, 2006). These melting reactions will
be discussed in the following sections. Base-level isotopic and trace element signature is
given to the melt by the source (PAE) and crustal assimilation in the DCHZ, where the

melts derived from different sources are stored temporarily and homogenized.

1.3.2  Fluid-present melting of middle to lower crust
Partial melting of protoliths could be easily achieved with the presence of fluid.
Aqueous fluid could be introduced into the middle to lower crust by fluids driven off a
subducted lithospheric slab. Fluids could be brought into the melting system by the
structural weaknesses along subduction zones or fracture systems to facilitate the
melting process (Whitney, 1988). In sedimentary-sourced granites (S-type granites), the
fluid-present melting of sedimentary precursors can be achieved from the muscovite
dehydration reaction at lower temperatures (Brown, 2010a):
Ms + Bt + P1 + Qtz + H,O = Melt [1]

or by the biotite dehydration reaction at slightly higher temperatures (Brown, 2010a):

Bt + P1 + Qtz + HO = Grt + Crd + Melt [2]
Melting of igneous sourced (I-type) trondhjemite, tonalite and granodiorite can be

achieved by the following reactions (Sawyer, 2010):



Kfs + P1 + Qtz + H,O = Melt [3]
Bt + P1 + Qtz + H,O = Melt + Am + Pl + Sp [4]
Bt + P1 + Qtz + H,O = Melt + Sp [5]
However, these aqueous fluids are limited. In fact, partial melting of middle to lower
crustal materials occurs usually in fluid-undersaturated environment by hydrate-

breakdown melting reactions (Brown, 2010a).

1.3.3  Fluid-absent melting of middle to lower crust
Large amounts of hot H,O-undersaturated granitic melt (10 — 50 vol%) could be
generated by fluid-absent hydrate-breakdown melting reactions (Stevens and Clemens,
1993; Brown, 2010a). These hydrates include muscovite, biotite and hornblende. If such
melting reactions occur within shallower crust, water could also be introduced to deeper
rocks for further melting when there is an inverted pressure gradient at depth, which is
less than the hydrostatic gradient of the fluid (Stiiwe et al., 1993; Stiiwe and Sandiford,
1994). Clemens (2006) suggested that the partial melting of meta-pelites (S-type) could
be achieved by breaking down of muscovite at lower temperature:

Ms + Bt + Pl + Qtz = Als + Grt + Kfs + Melt [6]
or by breaking down of biotite at slightly higher temperature:

Bt + P1 + Als + Qtz = Grt = Crd + Kfs + Melt [7]
In the meantime, the partial melting of metaluminous quartzo-feldspathic rocks (I-type)
could be achieved by breaking down of biotite as well (Clemens, 2006):

Bt + Pl + Qtz = Hbl + Cpx + Kfs + Melt [8]

If the temperature increases, breakdown of hornblende is also possible:

Bt + Hbl + P1 + Qtz = Opx + Cpx + Grt + Kfs + Melt [9]



These reactions taken to completion make amphibolite/granulite rocks into migmatites.
Hydrous phases would be segregated preferentially into the melt and evidence is
preserved as the leucosome (Stevens and Clemens, 1993; Sawyer, 2001; Brown, 2010a).
However, the residual or restite may not be completely anhydrous or restitic, as biotite

and hornblende may still be present in the melanocratic part.

1.3.4 Role of water in metallogenesis

Water content of the melt is also important for mineral ore formation. The amount of
water released from hydrous minerals determines the formation of different porphyry
ores. Robb (2005) suggested that the formation of porphyry Cu—(Mo) is related to
oxidized shallow granitic magma with low water content (2 vol%), initiated by fluid-
absent melting of an amphibolite protolith. Higher initial water content could be
achieved if the granite was emplaced at deeper levels with melt derived from biotite-
bearing protolith (3 vol%). In such case, porphyry Mo—(Cu) would be formed. The
difference is caused by the lack of early-phase crystallization in water-saturated melt in
shallower magma (Robb, 2005). Finally, in reduced hydrous granitic magma (8 vol%

H,0), the formation of porphyry W—(Mo) is more favoured.

1.4  Migmatite: evidence of melt segregation

Once the first granitic melt was produced by partial melting of the source rocks, the
melt has to be segregated and extracted from the residue. This process has been
discussed by Sawyer (1991, 1994, 1998, 2001), Brown (1994, 2010b, 2013) and Brown
et al. (1995). The weakening of the melt-bearing crust would happen when the volume
of melt increased to form an inter-connected grain-boundary network during the “melt

connectivity transition” after around 7 vol% of melt has been formed (Rosenberg and
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Handy, 2005; Brown, 2013). Rosenberg and Handy (2005) suggested that after this
point, the strength of the melt-bearing crust would drop dramatically. They also
suggested that melts were extracted from the source by compaction and they were
drained into a network of veins within the weakened crust. The deformation of melt-
bearing crust would depend on the amount and the distribution of the melts
(Dell'Angelo and Tullis, 1988). The melt-network and the residual are segregated in the
form of leucosome and melanosome in migmatite respectively. The leucosomes
transport the melt and volatiles to the upper crust, while the melanosomes are
sometimes restitic. Migmatites separate usually the lower-level granulite residues from
higher-level granites and mark the location of melting in the crust (Brown, 2001b).
They are therefore, recognized as the products of this melt-producing reaction (Brown,

2001a).

1.5  Transport of granitic magma

In migmatites, granitic melt is transported from in situ leucosomes via a network of
veins, dykes and sills to higher level sheets or diapirs. Sawyer (2001) suggested that the
geometry of leucosomes and melanosomes could indicate the region of melting and
magma stoping in the crust. For example, melting regions are usually characterized by
arrays of thin leucosomes with little melanosomes, while the magma stoping regions are
the migmatite zones with high melanosome to leucosome ratio. According to Brown
(2010a, 2013), melts are formed in triple junctions of grain boundaries, eventually
forming melt seams along foliation or lineation as temperatures increase. As the melt
volume increases granitic melts accumulate in veins and then sills/dykes. Grain-
boundary sliding and granular flow weaken the melt-bearing crust and decrease the

effective mean stress. This allows the injection of melts into the fractures, shear zones,
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and strain-controlled conduits. These conduits are controlled by melt-pressure gradients
between the source and the pluton emplacement. Dykes (discordant) and sills
(concordant) represent the transportation paths of the granitic melts. Dykes are formed
by brittle fracturing in the middle to lower crust, followed by brittle-elastic fracturing in
more viscous subsolidus crust, while sheets are formed by meso-scale pervasive
migration of melt (Brown and Solar, 1998; Brown, 2004, 2010b, 2013). Magma ascent
is controlled mainly by buoyancy, but the ascent style is also controlled by the wall-rock
rheology (Brown, 2013). Transport by diapirism has been proposed by Paterson and
Miller (1998). However, Brown (2010a) suggested that diapirs may be only effective in

lower crustal levels, or in hotter but thinner Archaean crust.

1.6  Assimilation and Fractional Crystallization (AFC)

Assimilation of country rocks by magma was proposed by Taylor (1980), but quantified
by the governing equations provided by DePaolo (1981). Taylor (1980) recognized that
igneous rocks in various magmatic suites usually have positive correlation between the
initial *’Sr/**Sr ratios and 8'°0 values. He suggested that this resulted from mixing of
mantle-derived rocks and crustal-derived rocks. It was later realized that the low initial
%7Sr/*°Sr ratios and 3'°O values (mantle signature) were inherited from the meta-igneous
precursors in the middle to lower crust (Clemens et al., 2011). Nevertheless, mixing of
melts derived from different sources takes place at the DCHZ, where the melts are
stored temporarily and homogenized (Hildreth and Moorbath, 1988; Annen et al., 2006).
In the DCHZ, the melts would assimilate the wall rock of the hosting crust, and this
would continue as the melts ascend and are emplaced. This melt — wall rock interaction
exchange elements between the hosting crust and the emplaced magma through the wall

rock. Incompatible elements such as Rb and K tend to stay in the melt, while compatible
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elements like transition elements would stay in the solid phases. Moreover, within the
melt body, fractional crystallization takes place, which may be caused by the density
difference of different phases, crystal settling or floatation, and convection effect.
Hence, these processes (AFC) had modified the composition of the granitic melt since
their derivation from the sources until their complete crystallization. These processes
are particularly important to ore formation, as they facilitate the exchange and

fractionation of elements among different phases in the melt system.

1.7 Emplacement of granitoids

It is generally believed that granitic plutons are built incrementally (Daniel et al., 1987).
It has been suggested that the size-frequency and the spacing of pluton emplacements
obey power-law distributions and magmatic systems are self-organized (Bons and
Elburg, 2001; Cruden and McCaffrey, 2001; Brown, 2010a, 2013). Assuming the rate
of melt production, extraction (Qgy), ascent (Q,;) and emplacement (Qg,) are balanced,
along an active continental margin, the distance between plutons and their
corresponding sources are usually less than 30 km, whereas the thickness of the source
region is usually less than 20 km (Figure 1.2) (Cruden, 1998; Brown, 2010a, 2013). The
volume of the plutons formed should also equal the volume of melt being extracted
from the source. Emplacement of granitic plutons occurs when the intrusion reaches the
ductile-to-brittle transition zone, where there is an inversion of mean stress gradient.
This leads to back freezing in the ascent conduit (Brown and Solar, 1999). In order to
accommodate the melt in the middle to upper crust, the floor of the intrusive body could
be depressed while the roof is lifted for inflation (Cruden, 1998). According to the
dimensional data of granitic emplacement, such as sills, laccoliths, plutons and

composite batholiths, collected by McCaffrey and Petford (1997) and McCaffrey and
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Cruden (2002) (Figure 1.3), it is suggested that sills are formed by a change of direction
in minimum principle stress from horizontal to vertical in the local stress regime
(Vigneresse et al., 1999; Brown, 2013). As the melt pressure increases, sills will change
eventually to laccoliths by roof lifting. However, if this continues, the emplacement
floor will start to depress and the emplacement will become a pluton. In deeper crust,
this could be caused by the weaker strength of the materials beneath the emplacement

than that of the roof, or by subsidence of the melt (Brown, 2013).

1.8  Variety of granites and their geochemical classification

Granite is defined as a coarse-grained plutonic rock, which has 20-60% of the sum of
Quartz, Alkali feldspar and Plagioclase (QAP) in volume percentage, while the
plagioclase should make up 10-65% of the total feldspar in the rock (Streckeisen, 1976;
Clarke, 1992). However, as described by Read (1948, 1957), “there are granites and
granites”. As the controversy in origin of granites carried on and more granites studied,
workers started to realize that subtle difference in accessory mineral assemblages and
mineral chemistry among granites may reflect the difference in their formation, source
and tectonic setting. For example, granites associated with continental arc settings may
have less silica contents, and may be named as adamellites (quartz monzonite) or even
granodiorites (Harpum, 1963; Streckeisen, 1976). Hence, workers usually termed the

granite family as granitoids.

1.8.1 Aluminium saturation index (ASI or A/CNK)
Petrologists are interested in discrimination or categorization of different granites using
geochemical analyses for quantifying granitoid composition. The geochemical results

obtained can be easily converted back to normative mineralogy by calculating the
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Figure 1.3 Relationship between granite emplacement thickness (7)), width (L) and horizontal area (4)
shown by McCaffrey and Cruden (2002). S-curve and shaded area were drawn by Brown (2007) to
illustrate the relationship between the dominant emplacement mechanism and emplacement depth

(Cruden and McCaffrey, 2002) in terms of minimum and maximum growth limit.
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CIPW norm (Cross et al., 1903), Barth-Niggli norm (Niggli, 1936; Barth, 1952) or
mesonorm (Mielke and Winkler, 1979). Quartz, alkali feldspar and plagioclase are the
three essential minerals found in granites, while calcium, sodium, potassium and
aluminium are the most dominant oxides, except silica. Shand (1943) defined the
A/CNK or Aluminium Saturation Index (ASI) as the molar ratio of aluminium oxide to

the sum of these oxide of eruptive rocks. The ratio is defined as

A Al,03
—— = molar | 1[10]
CNK (Ca0—1.67P,05)+ Nay0+K,0

The CaO content is corrected with P,Os to account for the presence of apatite. This ratio
is always 1.0 when there are only quartz, alkali feldspar and plagioclase in granite
(haplogranite). Any minor or accessory mineral present could affect the balance.
Normally, if the ratio is above unity, the granite is described as peraluminous.
Otherwise, the granite is metaluminous (Shand, 1943). The A/CNK of hornblende
ranges from 0.3 to 0.5 (Zen, 1986). For example, if the granite contains hornblende, the
A/CNK of the whole rock will be dragged below the unity and therefore, it is described
as metaluminous. The presence of peraluminous minerals such as muscovite (A/CNK
value ranges from 2.0 to 2.5) and tourmaline (A/CNK value is roughly 6) would on the
contrary makes the granite peraluminous. If the ratio is below unity and the Al,O3
content is smaller than the sum of K,O and Na,O, the granite is described as peralkaline
(Shand, 1943). In such case, the alkalis are in excess such that hornblende, or even sodic
amphiboles and pyroxenes, may form. Since the A/CNK value is closely related to the
major and accessory minerals forming the rock, it reflects the composition of the source
(Frost et al., 2001). Maniar and Piccoli (1989) correlated the granites from different
tectonic settings using Shand’s (1943) granitoids classification (Figure 1.4). They
showed that continental collision granites are always peraluminous, while oceanic and

island arc granites are usually, but not exclusively metaluminous. Peralkaline granites
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Granites formed in different tectonic settings have different trace element geochemistry. This is because

WPG are formed from enriched mantle source. In contrast, the generation of ORG involves loss of Rb

during magmatic evolution. Amphibole fractionation occurred when VAG is formed, while volatile-

induced enrichment in Rb and Ta is common when forming syn-COLG.
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are generally related to anorogenic environment. The concept of A/CNK was introduced
by Chappell and White (1974) to separate the two contrasting granitic belts they have
encountered in the Australian Lachlan Fold Belt, one originated from igneous precursor

(I-type) and the other from sedimentary precursor (S-type).

1.8.2  Chappell and White’s (1974) classification of granites by source rock (I- and S-
type granites)
Chappell and White (1974) determined that the melt source was the primary control of
the composition of granites. They identified two contrasting granitic belts in the
Berridale-Kosciuszko region of the Australian Lachlan Fold Belt. Based on mineralogy
and geochemistry, they recognized a belt of hornblende-bearing granites and a belt of
cordierite-muscovite-bearing granites. The former is also characterized by the presence
of sphene, magnetite and occasionally clinopyroxene. These granites are metaluminous
to weakly peraluminous (A/CNK < 1.1). They termed them the I-type granites as these
rocks were formed by melt derived from an igneous source. Apart from cordierite and
muscovite, the latter is also characterized by the presence of monazite and occasionally
garnet and andalusite. These granites are peraluminous (A/CNK > 1.1). Chappell and
White (1974) named them S-type for having sedimentary precursor as their melting
source. The comparison between the I- and S-type granites are summarized in Table 1.1.
This landmark paper inspired the generic classification of granites. Later White (1979)
further divided metaluminous granites (A/CNK < 1.0) as M-type. He argued that these
granites were formed from mantle-derived source. However, the designation of M-type
granites is not popular, as their mantle-origin is still controversial (Frost ef al., 2001).
They are usually regarded as primitive I-type. Other petrologists also noticed that some

of these I-, S- and M-type granites are relatively potassic, while having relatively high
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TABLE 1.1 COMPARISON BETWEEN CHAPPELL AND WHITE’S (1974) I- AND S-TYPE GRANITES (CHAPPELL
AND WHITE, 1974; MCCULLOCH AND CHAPPELL, 1982; CHAPPELL AND WHITE, 1992; CLARKE, 1992;
COBBING ET AL.,1992; PITCHER, 1997; GHANI ET AL., 2013)

Characteristics

I-type granitoids

S-type granitoids

Indicative minerals

Hornblende, biotite, sphene, magnetite

Enclaves Mafic to dioritic microgranular enclave
SiO, 53-76 wt%

Na,O > 3.2 wt%

P,0s5 Decrease with increasing SiO,
A/CNK < 1.1, increase with increasing SiO,
CIPW corundum <1 mol%

¢'sr/*sr), <0.708

eNd(t) +0.4 to -8.9

Muscovite, biotite, sillimanite, iimenite, garnet
Metasediments
65-79 wt%
> 2.2 wt% but < 3.2 wt% at 5 wt% K,O
Increase with increasing SiO,
> 1.1, decrease with increasing SiO,

> 1 mol%
>0.708

-4 to -17

TABLE 1.2 PEARCE ET AL.’S (1984) TECTONIC CLASSIFICATION FOR GRANITES.

Ocean Ridge Granites (ORG)
. Normal ocean ridges
. Anomalous ocean ridges

. Supra-subduction zone

Volcanic Arc Granites (VAG)

. Tholeiitic
. Calc-alkaline
. Shoshonitic

Within Plate Granites (WPG)
. Intraoceanic
. Intracontinental

. Attenuated continental lithosphere

COLlision Granites (COLG)
. Syn-COLlision Granites (syn-COLG)

. Post-COLlision Granites (post-COLG)
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Fe/Mg ratio, Ta, Nb, Zr, Rare Earth Elements (REE) and F concentration (Loiselle and
Wones, 1979; Eby, 1992). These granites are commonly found in anorogenic
environments and were named as A-type granitoids, later further divided into plume-
related (A;-type) and post-collision-related (A,-type) (Eby, 1992). Clarke (1992)
criticized this classification as “A-type” is a pure geochemical designation and not
defined by the nature of the source rock like the I- and S-type granites. More recently,
charnockitic granitoids were termed as “C-type” by Kilpatrick and Ellis (1992). These
rocks are defined by the presence of orthopyroxene (e.g. hypersthene), pigeonite or
olivine (fayalite). It is believed that the C-type melts are derived from a hornblende-
poor, Large Ion Lithophile Elements (LILE)-rich fertile granulitic source by partial
melting at very high temperature (950-1050°C) and subsequent fractionation. However,
the formation of charnockites is mainly controlled by fluid activity, especially when
water activity is restricted (Frost et al., 2000, 2001). Therefore, in contrast to the I- and
S-type, the definition of “C-type” granites is imprecise. In general, the I-, S- and A-type

granites are the most widely applied designations.

Further elaborating from their igneous/sedimentary generic model of granite origin,
White and Chappell (1977) proposed the derivation of granitic magma would leave a
residual product called “restite”. They suggested that fragments of restite are
incorporated into the granitic melt causing a higher mafic content in the granites than
experimental values. Hence, the degree of ‘“restite unmixing” would control the
composition of granites (Chappell et al., 1987). However, later workers realized that the
actual situation is even more complex than they thought, as experimental results could
hardly replicate the “restite unmixing” model. They suggested that incorporated

material in the granitoids should include restite and the source materials that did not
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take part in the melting process, while some of these entrained materials were dissolved
during the magmatic evolution (Clemens et al., 2011; Clemens and Stevens, 2012). This
“restite unmixing” model was eventually replaced by Clemens et al.’s (2011) PAE
model discussed in previous section. Nevertheless, Chappell and White’s (1974) model

and classification remain widely accepted.

1.8.3 Ishihara’s (1977) magnetite-series and ilmenite-series granites

Ishihara (1977) also recognized the existence of contrasting granitic belts along the
active continental margins in the circum-Pacific region, based on their magnetite
contents and mineralization. He defined the granites containing 0.2 to 1.5 modal percent
of magnetite as the magnetite-series. In contrast, those with less than 0.2 modal percent
of magnetite are defined as the ilmenite-series. Hence, this classification divides
granites according to their oxygen fugacity. In other words, magnetite-series granites
are more oxidized than the ilmenite-series granites. In this classic work, he found that
the more oxidized magnetite-series granites are usually associated with sulphide
deposits notably Cu, Pb, Zn and Mo, while the more reduced ilmenite-series granites
contain Sn and W oxide deposits. Ishihara’s magnetite-series and ilmenite-series
granites are usually compared with Chappell and White’s (1974) I-S granites (Table
1.3). In general, S-type granites belong essentially to ilmenite-series, but I-type granites

can belong to magnetite-series or ilmenite-series.

1.8.4 Trace element behaviour of granitoids by tectonic setting
Trace element discrimination diagrams have been useful tools to trace the tectonic
setting that forms mafic volcanic rock (Pearce and Cann, 1973). Trace element

compositions are controlled by the partition coefficients of elements that depend on
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temperature and composition of the system (Henderson, 1982). An igneous rock may
contain just a few, up to ten, major elements but may have up to eighty trace elements
available for comparison. Pearce et al. (1984) realized that although Chappell and
White’s (1974) I-S generic system gives clues to the source region of granites, there is
no well-defined boundaries between each designated granite type, hindering the
correlations with the corresponding tectonic settings. Moreover, Chappell and White’s
(1974) system classified granites is largely based on major element geochemistry. This
is not ideal because this system can only work well only if the granites are significantly

different in mineralogy.

Pearce ef al. (1984) adopted a different approach comparing trace element geochemistry
to tectonic setting. They analyzed the geochemistry of granitoids derived from different
tectonic settings, and divided them into Ocean Ridge Granites (ORG), Volcanic Arc
Granites (VAG), Within Plate Granites (WPG) and COLIlision Granites (COLG). Each
granite category was further subdivided into small categories (Table 1.2). They
summarized the trace element characteristics of different granitoids and found that the
ocean ridge granites and the within plate granites are usually enriched in Y and Heavy
Rare Earth Elements (HREE), in which within plate granites tend to have higher Nb
and Ta concentration. In contrast syn-tectonic COLIlision Granites (syn-COLG) are
usually characterized by high Rb content. These granites can be easily discriminated
from each other by plotting bivariate diagrams with these elements. Pearce ef al. (1984)
proposed that the best distinction between syn-COLG, VAG, WPG and (non-SSZ)
ORG could be seen on Rb vs (Y + Nb) and Rb vs (Yb + Ta) diagrams (Figure 1.5).
However, no diagram could be made to separate post-tectonic COLlision Granites

(post-COLG) and oceanic plagiogranites from supra-subduction zone satisfactorily. All
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these granite classification/discrimination systems being discussed are compared in

Table 1.3.

1.9  Distribution of granites and classic granitic belts in the world

Granites are found in various tectonic environments, and their geochemical signatures
have been summarized by Pearce et al. (1984). Granites differentiated directly from the
crystallization of mantle-derived basaltic melts, termed usually as plagiogranite, are
found within the plutonic sequence of oceanic crust. They are not significant in volume,
and are usually exposed on land in ophiolitic suites (Pedersen and Malpas, 1984).
Archaean granitoids are also different from those formed in Proterozoic and
Phanerozoic time because of the thicker crust at the time they were emplaced (Foley et
al., 2003). Similar to plagiogranite, these “ancient granitoids” are correlated to mantle
source (M-type). They are essentially Tonalite, Trondhjemite and Granodiorite, which
are usually referred as TTG series. TTG are well exposed in all Precambrian cratonic
areas. In Phanerozoic time, continental scale batholithic granitic belts are usually found
along orogenic belts, both Cordilleran-type subduction-related (I-type) and Himalaya,
continental collision related (S-type) and within-plate environment (A-type). In the
following sections, famous granitic belts, which have been extensively studied, will be

reviewed.

1.9.1 Himalaya-Tibet collision zone

The Indus-Tsangpo suture zone separating the Indian and Asian plates represents the
site of closure of the Neo-Tethys Ocean along the Himalayan region. The youngest
marine rocks along the suture are Early Eocene in age and the age of collision with Asia

is thought to be ca. 50 Ma (Figure 1.6) (Green et al., 2008; Searle et al., 2010, 2011).

23



144

‘sajuelb ajejd-ulyum = 94\ ‘sayuelb abpu 01uB820 = HYO ‘Sa)ueIb 24 JlUBDJOA = DA ‘sa)iuelb uois||j00 = 50D ‘eluelboibeld olueado = 4O

‘spioyiuelb Yijdn ojusboliada [elusuRUOD = HNTD ‘SPIoHUBID pajelaI-Yil = HYY ‘SpIojueIB ojuaboio-jsod = HOJ ‘spio}uLIB UOISI||0D [BJUSURUOD = DD ‘SPIojURIS DJe [BJuBURU0D = YD ‘Splojueld dle puels] = O]

'sBuipjes 21U0j08) JuBIBYIP WO} SPIojUERIB JO INOIABYSQ JUSWS|S SOBI) BY) MOYS SYIoMm 8say] "splojiuelb Ajisselo o) paubisap Jou a1am (861 ) Wa)sAs s, je jo 801ead pue (6861 ) Wa)sAs s,110001d pue Jeluep

:9)0N

(syjuswsjd

OdM 940 OVA (o1uopos)-isod) 5109 (01Uojos}-uAs) {¥861) Je 19 9oIRSd s0el)) ASIWaY0099)
oN3d ody do ovI ovO 90d 920 «(6861) 110001d pue Jejue|y
(6.61) SSUOAN puE B||8s107]

(6261) 8NUM (syuswsld

2dfyy odA-W 3dAy-| adA1-g (#261) @NUp pue [laddeyd Jolew) Ansiwayo0a9

soles ajjeubely SolIes ajuaw|| (2261) eseulys| sapixo anbedQ

sainjefouswou

$yo0. suieyjelad $001 SNoUIWN[BIB $300J snoujwnjesad (ev61) pueys |ed1wayo jsii4

spuely PaxXIN leysnig
uibLo siseq UO[}eolISSe|)

‘SIWALSAS NOLLVNINTIDSIA/NOILVIIAISS VIO HLINVID 40 SNOSTHVJINOD €1 HT1dV.L




To the north of the suture, along the Asian plate margin Early Jurassic to Early Eocene
hornblende-biotite bearing Gangdese-Ladakh granites and granodiorites have been
interpreted as the product of Andean I-type magmatism during the subduction of
Tethyan oceanic lithosphere (Chu et al., 2006; Searle et al., 2010). These granites are
also associated with contemporaneous calc-alkaline Linzizong volcanics (Chiu et al.,
2009). The Gangdese I-type granites have initial *’Sr/**Sr ratios ranging from 0.7044 to
0.7048 and eNd(¢) values ranging from +3.2 to +0.9 (Wen et al., 2008). South of the
suture, the Indian plate Greater Himalaya Sequence hosts the Early Miocene tourmaline
+ garnet + cordierite bearing two-mica leucogranites, interpreted as collisional S-type
granites, derived from 100% crustal meta-sedimentary protolith (Searle et al., 2010;
2011). The initial *’Sr/**Sr ratios of these leucogranites range from 0.7240 to 0.7973
and the eNd(7) values range from -13.92 to -17.91 (Guo and Wilson, 2012). These two
contrasting granitic belts reflect the extreme end-members of Chappell and White’s

(1974) I-S granite classification.

1.9.2  Cordilleran Belt granites — Famatinian magmatic arc, northwestern Argentina

Although parallel granitic belts are observed along the active continental margin in the
circum-Pacific region (Ishihara, 1977), the geochemical difference between two belts
are not always as distinctive as those in the Himalaya-Tibet collision zone. The
Famatinian magmatic arc in the Cordilleran Belt was formed in response to the eastward
subduction of the Palaeo-Pacific Ocean in Early Ordovician (Figure 1.7) (Pankhurst et
al., 2000): According to Grosse et al. (2011), the outer western belt consists of
hornblende-bearing I-type granites, which are metaluminous to weakly peraluminous
(A/CNK = 0.94 to 1.05) with eNd(¢) values range from -3.9 to -4.9. The inner eastern

belt consists of muscovite—biotite granitoids and cordierite—biotite granitoids. These S-
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Figure 1.7 Simplified geological map of Sierra de Velasco in the northwestern Argentina, showing the

distribution of I-type, transitional I/S-type and S-type granites (Grosse et al., 2011).
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type granites are peraluminous (A/CNK = 1.13 to 1.63) with eNd(¢) values range from -
4.4 to -8.2. In between these two belts, transitional I/S-type granite was identified,
where biotite granite is dominant with rare muscovite-biotite granitoids. Hornblende
has never been reported in this transition zone (Grosse et al., 2011). Both meta-igneous
and meta-sedimentary enclaves can be observed in these transitional granitoids. They
are normally weakly to moderately peraluminous (A/CNK = 1.03 to 1.24) with eNd
values range from -4.1 to -6.2. It has been suggested that these transitional granitoids
were formed by hybridization of melts derived from meta-igneous and meta-

sedimentary precursors (Grosse et al., 2011).

1.9.3 Northeastern China A-type granites

The Northeastern China A-type granites were emplaced during the amalgamation of
microcontinental terranes in Late Palacozoic to Mesozoic time (Figure 1.8). These A-
type granites were emplaced in three episodes (Permian, late Triassic to early Jurassic,
and early Cretaceous), with the two older A-type granitic provinces formed during post-
collisional slab break-off or lithospheric delamination, while the Cretaceous granitoids
were formed during anorogenic rifting (Wu et al., 2002). According to Wu et al. (2002),
the northeastern China A-type granites are generally leucocractic, feldspar-rich
granitoids, with Na-rich amphibole and pyroxene present as accessory minerals. Both
magnetite and ilmenite could co-exist in the granitoids. Geochemically, these granitoids
are peralkaline and characterized by high Rb, Ga and Rare Earth Element (REE)
contents. It is also found that the Permian and late Triassic to early Jurassic granitoids
are Ar-type, suggesting a post-collisional setting, while the early Cretaceous granitoids

are Aj-type, suggesting a plume origin (Wu et al., 2002). The northeastern China A-
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type granites have rather restricted initial *’Sr/*°Sr ratios ranging from 0.704 to 0.705
and positive eNd(¢) values, similar to those measured in the I-type granitoids nearby

(Wu et al., 2000).

1.10 Aim of research and thesis structure

The formation of granite melts involves a complete spectrum from mantle-derived melts
to wholly crustal melts associated with regional metamorphic terranes. Emplacement of
granite can vary from dyking and large-scale plutonism to in situ melting and
emplacement along sill complexes. The composition of granites is mainly source-
controlled by peritectic assemblage entrainment (PAE) processes. However, later fluid-
rock interaction between the melt and the host crust, and crystal fractionation within the
melt can cause variations in granite composition. Therefore, although the source-type
generic system (alphabet system) has been widely adopted by workers studying granites,
e.g. Cordilleran granitoids (Hervé et al., 2007; Grosse et al., 2011), Himalayan
granitoids (Searle ef al., 2010, 2011), it does not always work perfectly well in many
cases. For example, in the Famatinian Arc of the Cordilleran Belt, transitional I/S-type
pure biotite granite is found in between the hornblende-bearing I-type granites and
muscovite/cordierite S-type granites across the arc (Figure 1.7) (Grosse et al., 2011).
This suggests that granite compositions exhibit a spectral variation in which without
definite mineralogical indicator of the source region, the origin of transitional granites
could be difficult to interpret. This is exactly the case for the Malaysian granitoids in the
Southeast Asian Tin Belt. In spite of being divided into an I-type Eastern Province and
S-type Main Range Province in the traditional geological model of the Malay Peninsula
(Beckinsale, 1979; Cobbing et al., 1986), the mineralogical difference between two

granitic provinces are not as distinctive as has been previously suggested. As will be
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seen in the later chapters, there is large degree of overlap between the two granitic
provinces in terms of lithology, mineralogy and even metallogenic affinity. Clearly, the
petrogenesis of the Malaysian granitoids are more complicated than previous workers
thought, while the compositional variation cannot be simply explained by Chappell and

White’s (1974) I-S generic system.

This thesis aims to study the petrogenesis of the Malaysian granitoids by re-interpreting
the whole-rock geochemistry and their Sr-Nd isotopic compositions. A petrogenetic
model for these granitoids will be proposed. Time constraints of granitic magmatism are
provided by ion microprobe U-Pb zircon geochronology. All these data and models are
used to reconstruct the magmatic and tectonic setting of the Malay Peninsula during
Permian and Mesozoic time. Finally, the various tectonic models presented will be

discussed.
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Chapter 2 — The Geology of the Malay Peninsula

2.1  Introduction

The Southeast Asian Tin Belt is the most important and largest tin producing
metallogenic province in the world. Since 1800, over half of tin production has come
from the countries lying within the Belt (Schwartz ef al., 1995). It comprises scattered
tin-bearing granitic outcrops running from Myanmar (Burma), Thailand and Malaysia to
Indonesia (Figure 2.1). Despite the tin production nowadays being dominated by
alluvial placer deposits derived from the tin granites, primary tin ores were once
significant in the Southeast Asian Tin Belt (Taylor, 1979). Other important mineral
resources such as tungsten, copper and gold are also mined from the granitoids and their
host rocks (Scrivenor, 1928; Hutchison and Taylor, 1978; Taylor, 1979; Mitchell and
Garson, 1981; Schwartz et al., 1995). Traditionally, three granitic and mineralization
provinces have been defined, based on the age, the geochemistry of granitoids and the
stratigraphy of the hosting country rocks (Figure 2.1). These include:

1) Middle Permian to Late Triassic Eastern Province dominated by Cu-Au bearing
I-type granitoids, with subordinate Permo-Triassic alkali granitoids and Late
Cretaceous granitoids,

2) Late Triassic to Early Jurassic Main Range Province dominated by Sn bearing
S-type granitoids, and

3) Cretaceous Western Province with Sn bearing S-type granitoids mixed with Cu-

Au bearing I-type granitoids.

Chappell and White’s (1974) source-type generic classification (I-S granite system) was

introduced and applied directly to explain the origin and emplacement of the Malaysian
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granitoids by Beckinsale (1979) and Cobbing et al. (1986). However, the direct
application of the I-S granite system has oversimplified the petrogenetic complexity of
the Malaysian granitoids. It has also been noted that the existing ages were mainly
obtained by Rb-Sr whole-rock dating and K-Ar mica dating, which do not represent the
crystallization ages of granites. Furthermore, the relationship of the tin metallogenesis
and the hosting granitoids is still unclear. Although it is widely accepted that tin
granites are usually S-type (Hutchison and Taylor, 1978; Taylor, 1979; Yeap, 1993;
Blevin and Chappell, 1995), the I-type dominated Eastern Province is also tin producing,
but not as productive as the Main Range Province. These uncertainties leave a research
opportunity to revisit the petrology and geochemistry of the granites in the Southeast

Asian Tin Belt.

In addition, this study (Chapter 4) presents new Secondary Ion Mass Spectrometer
(SIMS) U-Pb zircon geochronology that provides reliable temporal constraints for the
timing of granitic magmatism and tin metallogenesis. Compared to other parts of the
Southeast Asian Tin Belt, the Malaysian granitoids are relatively well studied since the
early 1930s because of the tin mining, and previous geochemical and isotopic data are
available for comparison and as reference (Cobbing et al., 1986, 1992; Schwartz et al.,

1995; Hutchison and Tan, 2009).

Rock samples were collected on two separate field trips and were analyzed at National
Taiwan Univeristy, Taipei (geochemistry) and NordSIM, Stockholm (U-Pb zircon
geochronology). The localities of the samples collected are shown on Figure 2.2, while
their mineral assemblages are presented in Table 2.1. The new geochemical and

geochronological data will be presented in the following chapters. Interpretation of
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these data allows a better understanding of the petrogenesis and tectonic evolution of
the Malaysian granitoids. This study also provides new insights to the Indosinian
orogeny and the amalgamation of the Southeast Asian micro-continental terranes during

Permo-Triassic time.

2.2 Research background and geological framework

Geological studies in the Malay Peninsula were initiated by the tin mining industry in
the late nineteenth-century. Scrivenor laid the foundation of geological research in
Malaysia with two important publications, The Geology of Malayan Ore-deposits
(1928), and The Geology of Malaya (1931). The first set of Rb-Sr and K-Ar radiometric
ages of the granitoids were published by Snelling (1965) and Bignell (1977), which
range between 300 — 200 Ma with several Late Cretaceous plutons (ca. 80 Ma).
However, it was not until the 1970s when Hutchison (1973a, 1977) and Mitchell (1977)
summarized all this information and proposed the tectonic framework of Southeast Asia
with three granitic belts. The three granitic belts were emplaced onto Precambrian
micro-continental terranes, which rifted off from Gondwana, since the Early Devonian,
when the Palaeo-Tethys Ocean started opening (Metcalfe, 2011). These terranes were
re-assembled again along sutures on the Eurasian plate, forming a biogeographical
terrane referred as Sundaland in some literature (Figure 2.3) (Asama, 1984; Bird et al.,
2005; Metcalfe, 2011). The tectonic evolution of Sundaland can be constrained
temporally and spatially by both the fossil record and by palaeomagnetic data from
various terranes. Cathaysian related Upper Permian Gigantopteris flora is found in
Indochina — East Malaya and Northern Thailand East of the Nan-Uttaradit suture
(Fontaine and Workman, 1978; Asama, 1984; Hutchison, 2007). Gondwana-related

Permian Glossopteris flora is found to the west of the Uttaradit suture in the Sibumasu

39



- 4
LIJUNGGAR Iy GRTHEAST CHINA (COMPOSITE é?
2

TARIM

NORTH
CHINA

SUTURES
Palaeo (3) Tianshan

S Pacific (2) solonker
_© Lancangjlang
SOUTH B @Changnmg-wun
CHINA (®) Chiang Malnthanon
® Chanthaburi (cryptic)
- (7) Bentong-Raub
T (8) song Ma
(9) Qilian-Qinling-Dabie
Kuniun
(11) Jinshajiang
Allaoshan
() Median Sumatra
(19) Shan Boundary
%‘ s ‘ ) %_ Jinghong
AN, E S Nan-Uttaradit
> @

ol

Hainan

Palaeo-Tethys

Other Branches

Sra Kaeo
swB(® Meso- (1) Banggong
Tethys Woyla

WEST SUMATRA o] 8 bl e

Proto South
China Sea @ Boyan

Terranes derived from Terranes derived from Sol n Ganzl
E Gondwana in the E Gondwana in the | I ac Teto Yy wl

Devonian Late Triassic-Late Jurassic
Terranes derived from Terranes derived from Terranes derived from
Cathaysialand in the Cathaysialand in the
o [yt ;
late Early Permian Carboniferous-Permian Cretaceous-Tertiary

:”‘::'(‘;mm oo e Palaco-Tethys main ocean suture:
Late Palaeozoic Gondwana - Cathaysia biogeographic divide.
the Cretaceous - - ye i
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Ganzi Accretionary Complex, KL = Kunlun Block, QD = Qaidam Block, AL = Ala Shan Block, LT =
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terrane, which was not separated from Gondwana until Early Permian (Hutchison, 2007;
Metcalfe, 2011). The division between these two floral provinces lies on both the Nan-
Uttaradit suture and the Bentong-Raub suture (Figure 2.1 and 2.3) (Hutchison, 2007). It
was traditionally believed that these divisions marked the location of the Palaeco-Tethys
Ocean, however, the nature of the Nan-Uttaradit line as a major suture has been recently
challenged by Sone and Metcalfe (2008). These authors suggested on the contrary that
the Nan-Uttaradit line should be regarded as a parallel suture, which was responsible for
the closure of the supra-subduction back-arc basin created between the Sukhothai arc
terrane and the Indochina terrane (Sone and Metcalfe, 2008). Metcalfe (2013) later
suggested that this island arc could be extended to the Malay Peninsula and was
responsible for the I-type magmatism in the Eastern Province. Although further
investigation is still required to support the existence of such parallel subduction
systems in Malaysia, the Bentong-Raub suture running along the Malay Peninsula
remains as the most widely accepted main suture of the Palaeo-Tethys Ocean

(Hutchison, 1977; Mitchell, 1977; Sone and Metcalfe, 2008).

Beckinsale (1979) applied the I-S granite system originally proposed by Chappell and
White (1974) to discriminate the granitoids in the Southeast Asian Tin Belt. This system
discriminates the hornblende-bearing granitoids, which are usually found to the east of
the Bentong-Raub suture, into I-type, and the muscovite-bearing granitoids, which
formed the Main Range on the west, into S-type. His observations support Mitchell’s
tectonic model (1977) and proposed that an eastward subduction along the Bentong-
Raub suture would produce these I-type granites on the overriding slab associated with
volcanic activities, while the S-type granites were produced during the subsequent

continental collision of the Sibumasu terrane and the Indochina — East Malaya terrane.
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The Western Belt in Burma is made up of both I-type and S-type granitoids owing to
another eastward subduction of Indian subcontinent beneath Southeast Asia (Beckinsale,

1979). Since then, the geological framework of Southeast Asia has been constructed.

This model is generally accepted, and supported by the field observations and
geochemical data obtained by Cobbing et al. (1986, 1992). Throughout the Southeast
Asian Tin Belt, the ages of the granitic provinces were mainly dated by whole-rock Rb-
Sr isochron method and K-Ar mica dating, e.g. Bignell and Snelling (1977), Darbyshire
(1988a, c, b), Darbyshire and Swainbank (1988), Putthapibian and Gray (1983), and
Kridhenbuhl (1991). However, both methods are unreliable as the parent and daughter
isotopes in the Rb-Sr system are extremely mobile in magmatic-hydrothermal systems
and readily reset, while the K-Ar age only represents the cooling age of the rock
through the closure temperatures of muscovite and biotite (350-300 °C). More accurate
U-Pb zircon ages are provided by Liew (1983), Liew and Page (1985), Liew and
McCulloch (1985), Barley et al. (2003), Searle et al. (2012), and Oliver et al. (2014), in
which the U-Pb ages presented in the recent papers were obtained by ion microprobe,
while the results published in the 1980s were obtained by Isotope Dilution — Thermal
Ionization Mass Spectrometry (ID-TIMS). Before this work, these zircon ages were the
only ones available, mainly on the granitoids exposed on the western and eastern coast

of the Malay Peninsula, Northern Thailand, Phuket, Myanmar and Singapore.

Cobbing et al. (1992) produced a report on the lithology, geochemistry and Rb-Sr/K-Ar
geochronology of the Southeast Asian Tin Belt. They also correlated the texture of
granites with mineralization, suggesting granitoids with homogeneous texture are

generally unmineralized, while those with varying textures (two-phase variant) are
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usually correlated with mineralization, especially for Sn-W deposits. Our field
observations suggest that the “two-phase variants” are the granites with textural and
mineralogical variation. They may probably represent the roof-zone boundary of the
plutons, where the granite is severely altered by fluid. This is characterized by evidence
of fluid activities, such as the extensive development of quartz—tourmaline veins and
secondary minerals, like pyrite and fluorite. Another group of workers compiled a
review paper of The Southeast Asian Tin Belt (Schwartz et al., 1995). They summarized
all the geological, geochemical and geochronological data available since 1960s and
provided both tectonic and metallogenic models to explain the tin mineralization in the

Malaysian granitoids.

Schwartz et al. (1995) generally followed Cobbing et al.’s (1986; 1992) grouping of
granitic provinces, but they further separated the migmatitic complex in Northern
Thailand as the Northern Province from the Main Range Province. The Indonesian Tin

Islands were also studied separately where the I- and S-type boundary is not well

defined in the field.

More recently, Ghani (2000, 2001; 2002; 2003b, a, 2005a, b, 2006, 2009a) focused on
the petrology and geochemistry of the Malaysian granitoids. He argued that the
granitoids in the Main Range Province exhibit mixed I- and S-type features, some of the
Main Range S-type granitoids reported by Cobbing ef al. (1986, 1992) are actually
closer to the I-type granites in the Lachlan Fold Belt in Australia (Ghani, 2000). This
showed that the mineralogical and geochemical differences between the Eastern
Province and Main Range Province might not be as distinctive as previous workers

suggested.
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2.3  The Bentong-Raub suture

The Bentong-Raub suture zone was recognized as a zone of oceanic rocks mainly
radiolarian cherts and mélanges separating zones with different stratigraphy. This suture
zone was mapped along the eastern margin of the Main Range, a 20 km wide zone
characterized by the presence of meta-sediments with deep-sea radiolarian chert,
uncommon serpentinite and metabasite (Haile, 1973; Hutchison, 1973b, 2009).
Radiolarian extracted from the cherts were dated at between Middle Devonian to
Middle Permian, while the age of tectonic mélange including chert and limestone clasts
ranged from Early Carboniferous to Early Permian (Metcalfe, 2000). This coincides
with the timing of opening of the Palaeco-Tethys Ocean, which initially rifted in the
Devonian when the Indochina — East Malaya terrane was separated from Gondwana and
closed in the Late Triassic (Metcalfe, 1984, 1988, 1996, 2002, 2005). Hence, Metcalfe
(2000) suggested that this Bentong-Raub suture represented the Palaco-Tethyan suture
in the Malay Peninsula, and connected north with the Changning-Menglian suture and
Chiang Mai/Inthanon suture in Thailand (Figure 2.3). It has been generally accepted
that the Bentong-Raub subduction was east-dipping, because of the older volcanic-arc-
related Eastern Province granitoids were emplaced to the east. Post-collision slab
breakoff has been proposed by Ghani ef al. (2013) to explain the regional-scale
intrusion of younger doleritic dykes on the overriding Indochina — East Malaya terrane,
and by Oliver ef al. (2014) with subsequent change of subduction direction to explain
the Main Range magmatism. However, this is not supported by any field evidence, as
there is no ultrahigh potassic complex, such as adakites, lamprophyres and shoshonites,
being observed in the Malay Peninsula. These rocks represent the magmatic “flare-ups”
during the slab breakoff in southern Tibet (Chung et al., 2003; Lee et al., 2009; Searle

etal.,2011).
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2.4  Palaeozoic and Mesozoic Stratigraphy of Malay Peninsula

The Malay Peninsula has been divided into three belts based on stratigraphy (Figure 2.4)
(Lee, 2009; Tate et al., 2009; Metcalfe, 2013). The Coastal (Eastern) and Central Belts
are defined as the East Malaya terrane, while the Western Belt is defined as the
Sibumasu terrane. The oldest rocks exposed in the Malay Peninsula are found in the
Northwestern Domain, they can be dated as Late Cambrian. Representative stratigraphic
columns presented by Lee (2009) and Metcalfe (2000, 2013) are shown in Figure 2.5.

The stratigraphy of each Belt will be described separately.

2.4.1 East Malaya terrane

The East Malaya terrane comprises the Coastal Belt (Eastern Belt) and the Central Belt.
The Eastern Belt in previous literature is renamed as Coastal Belt here to avoid any
confusion with the Eastern Province. In the Malay Peninsula, it is bounded to the west
by the Bentong-Raub suture and to the south by the Lalang Line and Sumatran Fault
Zone (Metcalfe, 1988). The location of the eastern boundary is still unclear. It has been
argued that the East Malaya terrane could be a natural extension of the Sukhothai arc
terrane defined in Thailand, while a postulated cryptic suture line may be found
offshore against the Indochina terrane (Metcalfe, 2013). However, this is still
controversial because half of the granitoids in the Eastern Province are weakly
peraluminous as shown in next chapter, and this is generally not the case for island arc
granites (Maniar and Piccoli, 1989). The East Malaya terrane has similar stratigraphy

and igneous suites, which are also found in the Indochina terrane across the Gulf of
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Figure 2.4 Simplified geological map of the Malay Peninsula, modified after Tate et al. (2009) and
Metcalfe (2013). Three stratigraphic belts were defined in the Malay Peninsula, while the oldest Upper

Cambrian rocks are exposed in the Northwest Domain (Lee, 2009).
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Thailand. They belong to a single continuous continental terrane before rifting during

the Palacogene (Metcalfe, 1988; Hutchison, 2007).

Coastal Belt (Eastern Belt): The Coastal Belt (Eastern Belt) runs from the eastern
Kelantan, Terengganu, and eastern Pahang to eastern Johor. The oldest rocks can be
dated as Late Carboniferous, and they are grouped as the Kuantan Group, which
includes the Charu volcanics, the Panching limestone and the Sagor volcanics in eastern
Pahang (Lee, 2009; Metcalfe, 2013). The Sungai Perlis beds in Terengganu could be a
northern extension of the Kuantan Group, while the Seri Jaya and Kambing beds are
interpreted as the southern extension (Lee, 2009). These beds are highly deformed
continental margin carbonates of the East Malaya terrane (Charkraborty and Metcalfe,
1985; Shuib, 2009b). Alternating flora and warm-water fauna are found in the
Carboniferous sandstones and shales, suggesting sediment deposition in a marginal
marine setting (Lee, 2009). The sedimentary succession is continuous up to Permian
time in Terengganu and Eastern Pahang, and may be up to the Triassic time in southern
Pahang, Johor and Singapore, which are followed by a disconformity (Figure 2.5). This
disconformity might be related to the uplift of the East Malaya terrane (Lee, 2009). On
top of the disconformity, continental sediments such as fluvial conglomerate and red
sandstone intercalated with siltstones/mudstones are found. Volcanic components are
significantly reduced higher in the stratigraphic column; this may imply the cease of

magmatic activity in the Coastal Belt (Lee, 2009).

Central Belt: The boundary between the Eastern Belt and the Central Belt runs along

the Lebir Fault in the north and the western boundary of the Dohol Formation in the

south (Lee, 2009). To the west, it is bounded by the Bentong-Raub suture. As in the
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Eastern Belt, the oldest rocks are dated as Late Carboniferous. However, in contrast to
the marginal marine sediments associated with andesitic volcanics in the Eastern Belt,
the Palaeozoic strata are mainly shallow marine carbonates (limestones and calcareous
sediments) and arenaceous sediments (Lee, 2009). Volcanic rocks are occasionally
found within the sedimentary strata and have been interpreted as products of submarine
volcanism (Lee, 2009). A disconformity is again located above the Upper Triassic strata.
On top of the disconformity, the Central Belt is characterized by the alternate deposition
of continental sediments and volcaniclastics, such as the Tembeling redbeds (Figure 2.5)
(Metcalfe, 2013). This shows that the magmatic activity migrated from the Eastern Belt

in the Mesozoic time.

2.4.2  Sibumasu terrane

The Sibumasu terrane is a north-south striking narrow continental strip, which runs
from the Shan Plateau of Myanmar, across north and west Thailand, western part of the
Malay Peninsula to the eastern part of Sumatra (Metcalfe, 2013). Along the east, the
Sibumasu terrane is bounded by the Changning-Menglian suture and Chiang
Mai/Inthanon suture in Thailand, and Bentong-Raub suture in Malay Peninsula (Figure
2.3) (Sone and Metcalfe, 2008; Metcalfe, 2011, 2013). To the north, it is sutured against
the South China terrane; while to the west, it is separated from the West Burma terrane
by the Sagaing Fault (Metcalfe, 2011, 2013). Sengdr (1984) suggested that the
Sibumasu terrane was the eastern part of the Cimmerian continent, and suggested that it
had close tectonic affinity with the Baoshan — Tengchong terrane in western China, and
Qiangtang terrane in Tibet. Its Gondwana-affinity is supported by fossil records, detrital
zircon provenance, and palacomagnetic data, which suggest a northwestern Australian

origin (Stauffer and Mantajit, 1981; Archbold et al., 1982; Metcalfe, 1988, 1994, 2002,
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2013; Shi and Archbold, 1995). In the Malay Peninsula, it contains the Western Belt,
which has the oldest rocks being in the Northwestern Domain in Kedah, Penang, Perlis
and Langkawi. The Western Belt is separated from the Central Belt by the Bentong-

Raub suture, and is characterized by the emplacement of batholithic tin-bearing granites.

Western Belt: The Palacozoic succession in the Western Belt is exposed along the
western foothills of the Main Range. The oldest rocks exposed in the Malay Peninsula
are found in the Northwestern Domain in the Western Belt. They are the Middle
Cambrian to Lower Ordovician Machinchang and Jerai Formation clastics and
metapelites (Lee, 2009). These strata form part of the Palaeozoic shallow-marine
continental shelf sediments. In contrast to the Eastern and Central Belt, volcanic rocks
are not commonly observed in the Western Belt, but carbonates are well developed here,
including the Kaki Bukit limestone, the Mempelam limestone and the Kodiang/Chuping
limestones (Figure 2.5). The deposition of the Semanggol Formation (shallow marine
sediments and turbidites) in the Northwestern Domain during Triassic may represent the
foredeep basin sediments deposited during the Sibumasu — East Malaya collision
(Metcalfe, 2000). This is followed by a disconformity in the Jurassic time, and

subsequent deposition of continental Saiong redbeds.

2.5  Eastern Province granitoids

Granitoids of the Eastern Province of Malaysia were emplaced into the Indochina
(Sukhothai Arc) — East Malaya terrane, which is made up of Lower Carboniferous to
Cretaceous marine-fluvial sediments and volcanics, underlain by postulated
Mesoproterozoic continental basement (Hutchison, 2007; Metcalfe, 2013). However,

this continental basement is not exposed in the Malay Peninsula, but the evidence of its
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existence is supported by the 1100-1300 Ma inherited zircon ages extracted from the
Eastern Belt granitoids on the eastern coast of the Malay Peninsula (Liew, 1983; Liew
and McCulloch, 1985). This is also shown in the Nd depleted mantle model ages and in
the new U-Pb inherited zircon ages presented in the following chapters. Although local
workers further divided the Eastern Province into Coastal Belt (Eastern Belt) and
Central Belt according to the stratigraphy of the host rocks (Hutchison and Tan, 2009;
Metcalfe, 2013; Oliver et al., 2014), no significant geochemical difference is found
between the Eastern Belt and the Central Belt granitoids (Cobbing et al., 1992). This

will be further discussed in Chapter 3.

The Eastern Province has a wide spectrum of lithologies ranging from K-feldspar—
hornblende dacite (e.g. Kerteh, MA54 in Figure 2.2) to K-feldspar phyric (hornblende)—
muscovite-biotite granite (e.g. Maras-Jong, MA49 and MAS50 in Figure 2.2), in which
the latter only has insignificant hornblende and is mineralogically similar to S-type
granitoids. Accessory minerals include apatite, secondary epidote, zircon, allanite,
sphene and iron oxide (Table 2.1), are commonly observed in the Eastern Province
granitoids. In the Eastern Province granitoids, both magnetite-series and ilmenite-series
granitoids are found (Ishihara et al., 1979; Yeap, 1993). This implies that some of the I-
type Eastern Province granitoids are less oxidized than the Cordilleran I-type granites,

which are primarily magnetite-series.

Two-thirds of the Eastern Province exposure are hornblende-bearing granitoids; while
the remaining one-third are hornblende-free pure biotite granitoids (Cobbing et al., 1986,
1992). The hornblende-bearing granitoids formed the main body of the plutons, leaving

the more fractionated hornblende-free phase at the roof-zone. Roof-zone boundaries are
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characterized by gradual textural and mineralogical variation. In addition, these two
phases are usually formed contemporaneously (Chapter 4). These suggest that both the
hornblende-bearing granitoids and the hornblende-free phases belong to the same
plutonic body. Indications of hydrothermal activity, such as greisenization
(chloritization and sericitization of minerals, Plate 2.1) and vein development, are
usually associated in the roof-zone. These greisenized granitoids host the tin deposits of

the Malaysian granitoids.

The Eastern Province comprises small batholithic granitic bodies up to 1000 km? in size,
occasionally cut by mafic doleritic. These dykes are significantly younger than the
granitoids, and ranging from 79 + 2 Ma to 179 + 2 Ma (Ghani et al., 2013). Clearly,
they are not related to the Permo-Triassic Eastern Province magmatism. The I-type
Eastern Province granitoids are also associated with acidic to intermediate calc-alkaline
Andean-type volcanics, tuff, rhyolite, andesite and ignimbrite, as seen for example in
the Andean Cordillera and south Tibet provinces. They form volcanic complexes, such
as those outcropping in Eastern Pahang, Southern Johor and off southeastern Malay
Peninsula. Extraordinary volcanic suprastructures are associated with the Cretaceous
granitoids on some Eastern offshore islands such as the Tioman Island volcanic

complex (MA78-MA103 in Figure 2.2).

In the following sections, the Eastern Province granitoids will be discussed according to

their geographical position.
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2.5.1 Boundary Range and Kapal Range batholiths (MA51-MAS53 in Figure 2.2 and
2.6)
Major mountain ranges such as the Boundary Range and Kapal Range are uplifted
granitic batholiths. Among these, the Boundary Range Composite Batholith is the
largest in the region; its size could be over 1000 km®. However, because of intense
weathering and dense tropical vegetation, samples were collected mainly from roadcuts
and quarries. The composition of these granitoids ranges from diorite to monzogranite.
According to Cobbing et al. (1992), biotite granites are often found at the centre of the
batholiths (Figure 2.6, e.g. the Nal granite of the Boundary Range Batholith, the Peda
granite of the Lawit Batholith and the Kenyir Granite of the Kapal Batholith), they are
surrounded by outcrops of K-feldspar megacrystic hornblende— biotite meso- to
microgranites. Hornblende—biotite enclaves are found occasionally in the granitoids but
not abundantly (Plate 2.2). The field relationships between the hornblende-bearing
phase and hornblende-free phase are not clear. SIMS U-Pb zircon ages of these
granitoids (Chapter 4) suggest that the two phases are contemporaneous. It is likely that
the pure biotite granites are fractionated from the hornblende-bearing phase, forming

the roof-zones of the batholith.

2.5.2 Eastern coast (MA46-MA50, MAS5S5 in Figure 2.2 and 2.6)

In contrast to massive composite batholiths forming the mountain ranges, the granitoids
found along the coast are normally exhibited as individual small plutons. The granitoids
exposed on the Perhentian Island (MA46-MA48) were thought to be a natural extension
of the Kapal Range (Figure 2.2 and 2.6) (Cobbing and Mallick, 1987; Ghani, 2001).
However, the ages of Perhentian granitoids obtained in this study (Chapter 4) is

significantly older than the Kapal Range, which does not support this hypothesis. The
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Plate 2.1 a) Perhentian syenite (MA47) contains significant amount of hornblende, some of them are
chloritized (40x, cpl); b) Hornblende-bearing granite is typical in the Eastern Province. Hornblende is
chloritized by post-magmatic hydrothermal alteration (MA52 Boundary Range granite, 40x, cpl); ¢) and

d) Scanning electron microscope images of MA52 and MA74 show the common accessory minerals

found in the Eastern Province granitoids, including allanite, apatite, magnetite and ilmenite.
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Plate 2.2 Mafic hornblende-biotite enclave found in the Kapal granite (MAS51).
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Figure 2.6 Distribution of the Eastern Province granitoids in Terengganu area (Cobbing et al., 1992).
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roof-zone of the Perhentian granite is medium to coarse grained and hornblende-free.
Hornblende-bearing microgranite can be found near the contact with the Perhentian
syenite, which is exposed on the southern part of Perhentian Kecil. The syenite contains
K-feldspar, plagioclase, hornblende, pyroxene, quartz and biotite in decreasing
abundance, which is interpreted as the fractional product of alkali basalt (Ghani, 2001).
It is cut by the Perhentian granite, and in turn cut by doleritic dykes (Plate 2.3a and b).

Mafic enclaves were found in the Perhentian syenite (Plate 2.3c¢).

The Maras-Jong granite (MA49 and MAS50) is a small granitic body outcropping at
Bukit Maras and Bukit Jong (Figure 2.2 and 2.6). It has been considered as an anomaly
in the Eastern Province, as in contrast to other I-type granites, the Maras-Jong granite is
garnet- and muscovite-bearing, lithologically similar to S-type granite. Tourmaline—
quartz veins and miarolitic cavities are commonly found on the Maras-Jong granite
resulting from later hydrothermal activity (Plate 2.4a). It was interpreted as S-type
granite formed from meta-sedimentary precursors to account for its aluminous mineral
assemblage (Cobbing et al., 1986, 1992). However, the geochemistry of the Maras-Jong
granite on the contrary, suggested an I-type origin (Ghani, 2003b). The low A/CNK but
high eNd(7) values obtained from the fresh Maras-Jong granite in this study, which are
presented in Chapter 3, also support Ghani’s (2003b) argument. The parental magma of
the granite could be formed from hybridization of igneous-sourced melt and
sedimentary-sourced melt. It is suggested that the “S-type” lithology is given by the
sedimentary protolith, then intensified by hornblende fractionation and fluid activities
(muscovitization). This is supported by the fact that most of the muscovite grains
observed in the Maras-Jong granite are secondary, while tiny and insignificant amount

of hornblende grains are also found in the granite (Plate 2.4b).
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Plate 2.3  a) Intrusion of Perhentian granite (MA47) into older syenite (MA48), the grain size of the
Perhentian granite is finer in the chill margin; b) Mafic hornblende-biotite enclave observed in the

Perhentian syenite (MA48); ¢) Mafic doleritic dyke cutting through Perhentian syenite.
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Plate 2.4  a) Toumaline-quartz vein observed in the Maras-Jong granite (MAS50); b) Secondary
muscovite from alteration of feldspar is common in Maras-Jong granite, which may simulate S-type
texture. However, tiny hornblende grains are also found in the sample under petrographic microscope.

This shows that the Maras-Jong granite is I-type in nature (40x, cpl).
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The Kuantan granite (MAS55) is another isolated small pluton on the eastern coast. It is
exposed as an equigranular hornblende—biotite granite in a quarry near to the city of
Kuantan (Plate 2.5). The granite exposed is pristine and has insignificant alteration
induced by fluid activity. Cobbing ef al. (1992) suggested that its lithology and texture

are similar to the Lunchoo granite in South Johor.

2.5.3 South Johor and Singapore (MA64-MA104 in Figure 2.2 and 2.7)
Singapore is a natural extension of Johor. The island itself lies on the boundary of the
Eastern Belt and the Central Belt (Figure 2.2). Granites exposed in Johor and Singapore

are dominantly emplaced into the Eastern Belt (Oliver et al., 2014).

Samples were collected from the abandoned Hindhede Quarry in Singapore (MA72)
and from the coast of Ubin Island near Singapore (MA74). These granitoids are
equigranular hornblende—biotite mesogranite. A lithologically similar sample was also
collected at a roadcut connecting Jemaluane and Kluang in South Johor (MA104).
Migmatitic granite is exposed on the coast of Ubin Island (Plate 2.6). Unlike the
equigranular Singaporean granitoids, the sample collected from the Bukit Batupejal
Quarry in southeastern Johor (MA77) is a microgranite with hornblende-bearing matrix

and megacrystic K-feldspar phenocrysts.

Granitoids on Tioman Island (MA78-MA103) are much younger in age (ca. 80 Ma),
and will be discussed in Chapter 4. They are associated with andalusite-hornfels aureole
(Plate 2.7a) and acidic volcanics (Plate 2.7b). Hornblende-bearing granite is mainly
found on the western coast of the island, while the remainder is hornblende-free.

Clinopyroxene is observed in these granites, representing high temperature magmatism,
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Plate 2.5  Equigranular hornblende-biotite granite is exposed near Kuantan (MASS5). This individual
pluton has been correlated with those exposed in South Johore by Cobbing ef al. (1992).

Plate 2.6  Migmatitic granite (MA73) exposed on the shore of Ubin Island in Singapore may represent

the restite of the Luchoo and Singapore granite.
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Figure 2.7 Distribution of the Eastern Province granitoids in Johor area (Cobbing ef al., 1992).
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Plate 2.7 a) Andalusite-bearing hornfels (MA101) formed the metamorphic aureole of the
Tioman granite; b) Gabbroic, dioritic and granitic xenoliths brought up by volcanic gas pipe on Tioman

Island, it is one of the volcanic feature associated with the Tioman magmatism.
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this is supported by zircon saturation thermometry presented in Table 3.1. Biotite
granite is found mainly on the eastern coast associating with the rhyolitic volcanic

succession.

2.5.4 Central Belt granitoids (MA0I1-05, MA35-MA45, MA57-MA70 in Figure 2.2 and
2.8)
The Benom alkali suite (MAO1-05) comprises calc-alkaline syenites, monzonites and
gabbros (Hutchison, 1971; Ahmad, 1979; Ghani, 2009a). The syenite is made up of
megacrystic K-feldspar phenocrysts in a matrix of hornblende, quartz, plagioclase and
epidote, while the gabbro contains plagioclase phenocrysts with hornblende,
clinopyroxene, quartz and biotite in the matrix. The monzonite contains the same
minerals as found in the syenite and gabbro (Ghani, 2009a). Inclusions of syenite are
observed in the gabbro, and vice versa, suggesting they were cogenetic immiscible
liquids (Plate 2.8) (Ghani, 2006; Searle et al., 2012). Ghani et al. (2006) again

interpreted the syenite as a fractionated product of alkali basaltic intrusion.

Large-scale migmatitic bodies are found in the Stong region in the Central Belt
(Hutchison, 2007; Searle et al., 2012). The Stong Complex comprises three unrelated
components, the Berangkat tonalite (MA35 and 36), Kenerong leucogranite (MA37-44)
and Noring granite (MA45), and except for the Upper Triassic Berangkat tonalite; the
latter two have Late Cretaceous ages as shown in Chapter 4. Although these three
granitic suites are in close proximity to each other, owing to the limited exposure the
spatial relationships are not clear. The U-Pb zircon age suggest that the highly deformed
Berangkat tonalite (MA35 and MA36) has been intruded by the Kenerong and Renyok

leucogranite (MA37-MA44), which are in turn cut by the Noring granite (MA45). Both
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Berangkat tonalite and Noring granite are hornblende bearing. However, the former is
highly deformed. Migmatitic tonalite is observed along the Kenerong River and Renyok
River (Plate 2.9a). In contrast, the Noring granite is undeformed, and is characterized by

the presence of pink rounded K-feldspar grains (Plate 2.9b).

The Central Belt granitoids exposed in the Malacca region are different from the
exposure in Benom and Stong. They are hornblende—biotite granites similar to those
found in the Eastern Belt. The Minyak Beku granitoids (MA66 and MA67) contain
microgranite and mesogranite, which probably represent the roof-zone boundary of the
pluton. In the outcrop being visited, the mesogranite (MA66) contains clinopyroxene-
bearing enclaves in megacrystic quartz—K-feldspar vein (Plate 2.10a), which may have
been entrained in the residual liquid. The granite sample collected from Batu Pahat is a
coarse-grained hornblende-bearing granite (MA64). It is associated with gabbro
(MAG65), but the field relationship between them is unclear. Similar to the Minyak Beku
granitoids, the Batu Pahat granitoids can be finer-grained in some parts, containing K-
feldspar megacrystic phenocrysts. Extensive tourmaline—quartz veins are found
intruding the granite in the Hanson Quarry (MA68 and MA69) (Plate 2.10b). This may
represent the roof-zone region of the granitic body, which was influenced by the later
hydrothermal activity. Unlike the heterogeneous Minyak Beku granitoids and the Batu
Pahat granitoids, the Gunung Ledang granite (MAS57 and MASS) is homogeneously

fine-grained and hornblende-bearing.

2.6  Main Range Province granitoids
The Main Range Province granitoids were emplaced into the Sibumasu crust composed

of Upper Cambrian to Upper Permian metasediments and shallow-marine shelf
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Plate 2.8  Syenite (MAO3) cuts the gabbro (MA02) in the Benom Complex. However, gabbro also cuts
syenite in some localities of Benom Complex. Hence, it is suggested that they were cogenetic immiscible

liquids (Searle et al., 2012).
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Plate 2.9  a) Upper Triassic Berangkat migmatitic gneiss of tonalitic composition (MA35 and MA36) is
cut by Upper Cretaceous Kenerong leucogranite (MA42) at Renyok River; b) Pink rounded K-feldspar

grains are commonly observed in Noring granite (MA45).

67



Plate 2.10 a) Clinopyroxene grains are developed within Quartz—K-feldspar vein in Minyak Beku
granite (MA66 and MA67); b) Tourmaline-quartz veins (MA68) are well-developed in Batu Pahat granite
(MAG69) due to post-magmatic hydrothermal activities.
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sediments that are overlain by Mesozoic carbonates and turbidites (Abdullah, 2009;
Ghani et al., 2013). While the Precambrian geology of the Sibumasu terrane is not well
understood, Hutchison (2007) suggested that some of the metamorphic outcrops
exposed in northern and central Thailand might represent the original Precambrian
basement of the Sibumasu terrane. Palacoproterozoic to Mesoproterozoic basement ages
have been given by the inherited zircons extracted by Liew and Page (1985), supported
by the detrital zircon core ages presented by Sevastjanova et al. (2011), the Nd depleted
mantle ages provided in Chapter 3 and the new U-Pb inherited zircon ages presented in
Chapter 4. The Main Range Province, sometimes termed as Western Belt granitoids in
local literature (Cobbing et al., 1992; Ghani, 2000), has a rather restricted range of
lithologies: Most of the granitoids are coarse K-feldspar phyric and biotite bearing, with
fewer K-feldspar phyric hornblende—biotite granitoids in the Bintang Batholith near
Taiping (Table 2.1). Biotite clots were observed in some of the Main Range granitoids,
which may be resulted from retrograde metamorphism of garnet grains (Chenhall et al.,
1980). The mineral assemblages of pristine Main Range Province granitoids are K-
feldspar, quartz, plagioclase and biotite in decreasing abundance, with accessory
minerals such as primary and secondary mucovite, apatite, zircon, secondary epidote,
allanite and sphene (Table 2.1 and Plate 2.11) (Ghani, 2000). K-feldspar phenocrysts
are observed in all kinds of granites, but can be megacrystic in laths up to a few
centimetres in the most fractionated granite. All the Main Range Province granitoids are

ilmenite-series granites (Ishihara et al., 1979).

In contrast to the Eastern Province granitoids, the Main Range Province granitoids are
more severely altered by hydrothermal activities. The widespread greisenisation of the

granitoids and the extensive development of quartz—tourmaline veins and enclaves. The

69



Plate 2.11 Scanning electron microscope images show the common accessory minerals found in the

Main Range Province granitoids (MA11: Cameron Highlands).
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roof-zones of the plutons were greisenized, and replaced with muscovite + quartz +
cordierite assemblage. Quartz—tourmaline veins or miarolitic cavities were often
developed. This is particularly important because the tin deposits of the Main Range
Province are restricted to these greisen-bordered veins localized in the roof-zones.
Famous Main Range primary tin fields are located in the Kinta Valley and near Kuala
Lumpur. Secondary muscovite and chlorite are commonly observed, with lesser extent

pyrite and fluorite.

Homogeneous fine-grained biotite granitic plutons are found surrounded by
homogeneous coarse-grained granite. The boundary between them is often marked by
hydrothermally altered granite, which suggests that the finer phase probably represents

a second intrusion into the coarser phase.

Hornblende-bearing granitoids with mafic enclaves are found in the Bintang Batholith
near Taiping (MA16). Biotite grains in these granites are usually low in Al, and are
associated with sphene and sometimes with actinolite (Ghani, 2000). This resembles the
lithological characteristics of I-type granitoids. The field relationship between the
hornblende-bearing granites and the hornblende-absent granites resembles the

relationship observed in the Eastern Province.

Unlike the small batholithic bodies in the Eastern Province, the Main Range Province
granitoids were emplaced as large batholithic bodies up to several thousands of square
kilometres in area. They are not apparently associated with a regional migmatite terrane,
do not appear to have a Barrovian metamorphic sequence (unless it remains unexposed

in the lower crust) and are not associated with contemporaneous thrust or normal faults.
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These observations contradict the field characteristics of purely-crustal derived S-type
Himalayan leucogranites (Searle et al., 2010). Hence, the S-type designation of the
Main Range granitoids is controversial. The emplacement of these batholiths into the
thick carbonate country rocks caused extensive skarn formation, where tin
mineralization could also be associated (Hutchison, 2007). Good exposure of such
relationship can be seen on Tuba Island near the Langkawi region (MA27-29, Figure
2.2), in which the skarn body is characterized by the presence of biotite, cordierite,

garnet and sphene.

Granitic batholiths in the Western Belt form a large mountain range in western Malay
Peninsula, called the Main Range batholith. The Main Range granitoids will be

discussed according to their geographical locations.

2.6.1 Northern Main Range (MA06-MA30 in Figure 2.2 and 2.9)

In the northern part of Main Range, natural outcrops are found along the road
connecting Ipoh and Cameron Highlands (MA06-MA14); granitoids are also exposed in
quarries in Kinta Valley (MA15). The collected roadcut samples (MA0O6-MA14) are
generally homogeneous in grain size. They are dominantly coarse-grained (cordierite)-
biotite granite without the presence of hornblende (Plate 2.12a). Similar granitoids
could be found in Kulim area on the western coast and the eastern coast of the Penang
Island offshore. However, in some localities, meso- to microgranites of similar mineral
assemblage are found, such as those in Kinta Valley near the city of Ipoh (Plate 2.12b),
central and western Penang Island (Plate 2.12c¢) and Langkawi Island. These fine-
grained phases are usually characterized by the development of greisen and quartz—

tourmaline veins (Plate 2.12d), such as the samples collected from the northern coast of

72



Kampong Batak

— 5N
N
Maxwell Hill

<

=71 . . %

oy 8 g2 i

Melaka Strait Vagt & 27 a8
N\l
+ +| Coarse primary texture . ‘i‘+ SR
+ + | biotite granite Bujang Melaka +
+ .

Secondary magmatic
variants

Microgranites and .
mesogranites Rabiah

Amphibole-bearing
granite

<"+« «| Undifferentiated
.7, " .| granite

(|) kilometres 30

Figure 2.9 Distribution of the northern Main Range Province granitoids (Cobbing et al., 1992).

73



Plate 2.12 a) Coarse-grained biotite granite is a typical unfractionated Main Range Province granite,
fractionated granite usually has much finer grains, may or may not associated with K-feldspar
phenocrysts. They can be found b) in the Kinta Valley near Ipoh, in which pyrite is formed as a secondary
mineral due to hydrothermal alteration, and c) on Penang Island; Evidences of hydrothermal alteration
include d) greisen-bordered quartz-tourmaline vein (Cameron Highlands); ¢) development of secondary
muscovite (MA19: Penang, 40x, cpl); f) Sericitization of K-feldspar and chloritization of biotite (MA13:

Cameron Highlands, 40x, cpl).
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Penang Island (Feringhi granite) (MA18-MA20). They are also highly fractionated in
geochemistry (Cobbing et al., 1992). These granitoids may represent the roof-zones of
the plutons and they are usually associated with pegmatite and mineral layering
development (Ghani, 2000). Sn content is particularly high, up to 30 ppm, in these
fractionated granites (Cobbing ef al., 1992), which makes Kinta Valley one of the most
tin producing regions in the Malay Peninsula. Other evidences of hydrothermal
alteration observed in these fractionated granitoids in the pluton roof-zones include the
presence of secondary muscovite (Plate 2.12¢) and pyrite (Plate 2.12b), sericitization of
K-feldspar and chloritization of biotite (Plate 2.12f). Since the Western Belt has
significant amount of carbonate strata in the upper crust, formation of skarn is usually
associated with the emplacement of Main Range Province granitoids. On Tuba Island,
an endoskarn with garnet, cordierite, biotite and sphene is developed when the granite
was emplaced into the Chuping limestone (Plate 2.13). Hornfels is also formed beyond

the endoskarn due to hydrothermal alteration.

In contrast to the most of the Main Range granitoids, The Taiping Pluton in the Bintang
Batholith has completely different lithology. It is characterized by the presence of
hornblende, similar to the Eastern Province granitoids (Plate 2.14a). The biotite also has
much lower Al content than those being found in the Main Range granitoids (Ghani,
2000). In the most geochemical fractionated part of the granite, K-feldspar grains
exhibit as megacrystic phenocrysts in a hornblende-free microgranitic matrix (Plate
2.14b). Fluorite is found as secondary mineral in the roof-zone of the Taiping granite
(Plate 2.14c). Its formation may be related to the hydrothermal breakdown of Li-mica
(Manning and Exley, 1984). However, no Li-mica has been reported in the Main Range

Province.
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Plate 2.13 Skarn development during the emplacement of the Tuba two-mica microgranite into
carbonates. Endoskarn is characterized by the presence of garnet, cordierite, biotite and sphene. Hornfels

is developed beyond the skarn.
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Plate 2.14 a) Hornblende is present in Taiping granite, which makes it more akin to the Eastern
Province granitoids (MA16: Taiping, 40x, ppl); b) Megacrystic K-feldspar phenocrysts are developed in
fractionated Taiping granite, and can have length up to a few centimetres (MA16); ¢) Secondary fluorite

is associated in Taiping granite as a sign of hydrothermal alteration (MA17).
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2.6.2  Southern Western Belt (MA31, MA59-MAG63 in Figure 2.2 and 2.8)

Main Range batholiths exposed in the southern part are essentially hornblende-free.
Second intrusions with smaller grain size, such as the Jelebu granite, are hosted by the
Main Range batholith. These second intrusions crosscut the coarser-grained main

granitic body and its roof-zone.

The sample collected from Kuala Lumpur granite (MA31) is more akin to the
fractionated granites exposed near Ipoh. It is a medium-grained hornblende-free biotite
granite with K-feldspar megacrystic phenocrysts (Plate 2.15). The grain size of the
granite can vary along the roof-zone boundary, which separates the hydrothermally
altered granite from the pristine granite. Primary and alluvial tin deposits are also
abundant in the Kuala Lumpur region, originating from this granite with Sn content up

to 60 ppm.

The Bukit Mor granite (MA59-MA63) further south is made up of hornblende-free pure
biotite granite, it is cut by later microgranitic sills (Plate 2.16), and the whole section is
again cut by the youngest cordierite—-muscovite K-feldspar megacrystic pegmatite. The
relationship is best seen in the Muar quarry (N01°58'32.8", E102°40'24.5"). It has been
suggested that the formation of pegmatite is related to immiscible fluids of different
water content and viscosity between pegmatite-forming melt and granitic melt (Thomas
and Davidson, 2012). It shows that water played an important role in the latest stage of
magmatic evolution of the Main Range Province granitoids, apart from hydrothermal

alteration.
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Plate 2.15 Textural variation of Kuala Lumpur granite along the pluton roof-zone boundary can be
large, ranging from microgranite to coarse-grained biotite granite. This K-feldspar megacrystic

mesogranite (MA31) was collected along the Karak Highway (E8) near Kuala Lumpur.
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Plate 2.16 a) The Bukit Mor granite exposed at the Muar quarry (N01°58'32.8", E102°40'24.5") exhibits
as a series of microgranitic sills intruded into K-feldspar megacrystic pegmatite. This shows a contrast of
water content in the fluids (water-rich pegmatitic melt and water-poor granitic melt), which forms the

Bukit Mor granite.
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2.7  Volcanic rocks in the Malay Peninsula

Highly deformed Ordovician volcanic sequences are found in the Western Belt
(Sibumasu). They are mainly foliated rhyolitic flows and tuff, sitting conformably on
the Lower Palacozoic meta-sediments (Ghani, 2009b). However, little has been know
about the geochemistry of these volcanic rocks. Petrographically, the tuff exposed in
Perak and Gunong Jerai, Kedah in the Western Belt contain fragments of quartz, K-
feldspar and plagioclase in a matrix of quartz, mica, tourmaline, chlorite and iron oxide

(Jones, 1970; Bradford, 1972; Ghani, 2009b).

The only volcanic succession that has been correlated with the Malaysian Permo-
Triassic magmatism in the Western Belt is the Genting Sempah Complex near Kuala
Lumpur. This Complex comprises tuff, ignimbritic rhyolite and porphyroclastic
rhyodacite (Liew, 1983; Chakraborty, 1995; Singh and Ghani, 2000; Ghani and Singh,
2002; Ghani, 2009b). According to Ghani and Singh (2002), the rhyolite and rhyodacite
have similar phenocryst assemblages as the Main Range granitoids, with quartz, biotite,
K-feldspar and plagioclase, but the rhyodacite is in addition characterized by the
presence of hypersthene (orthopyroxene). These volcanic rocks are peraluminous with
high-K calc-alkaline content, showing similar geochemistry as the Main Range
Province granitoids. The U-Pb zircon age (226.2 £1.2 Ma) of the rhyodacite presented
in Chapter 4 can also be correlated with the time span of Main Range granite

magmatism.

The Eastern Province has been described as a granitic province generated in an Andean-
type setting. Related calc-alkaline arc volcanic rocks are exposed in the Kelantan-

Pahang region, forming the Pahang volcanic series in south and southeast Johor (Ghani,
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2009b). The Pahang volcanic series is dominantly composed of tuff, with subordinate
amount of lava and agglomerate. The geochemistry of these volcanic successions is
andesitic to rhyolitic, while trachyte is also observed (Ghani, 2009b). The pyroclastics
and lava flows in south and southeast Johor are not well understood. Recently, the
geochemistry of the Teluk Ramunia Suite in southeast Johor has been studied by
Roselee et al. (2013) who suggested these volcanics correspond to A-type behaviour,

which these authors related to rollback of the Palaeo-Tethyan subduction zone.

Volcanic islands, like Tioman and Sibu, offshore eastern Malaysia in the South China
Sea have different geological origins. Sibu is dominantly composed of rhyolite lavas
inter-layered with lapilli tuff that gave an Early Permian U-Pb zircon age (287 +4.5 Ma)
(Oliver et al., 2014). In contrast, Tioman Island further north has much younger
volcanic and plutonic sequences (Searle et al., 2012). Weakly metamorphosed
Carboniferous to Triassic sediments on Tioman Island were intruded by Upper
Cretaceous granitoids, overlain by a volcanic suprastructure (Ghani et al., 1999; Ghani
and Rashid, 2008; Searle et al., 2012). The lithology of the Tioman granite has been
discussed in a previous section. Volcanic rocks include pyroclastic flows (ignimbrite,
Plate 2.17) and lava flows, which appear to mingle with granitic lobes (Ghani et al.,
1999). Volcanic features like gas pipes are observed on the coast, which brought up
gabbroic, dioritic and granitic xenoliths (Plate 2.7b). The geochemistry of the lava flows
on Tioman Island ranges from andesitic to rhyolitic compositions. Hornblende is

dominant in andesite but insignificant in dacite and rhyolite (Ghani, 2009b).

The Eastern Province granitoids are cut by younger doleritic or basaltic dykes.

Radiometric dating (Ar-Ar method) of these dykes suggested that they formed between
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Plate 2.17 Ignimbrite (MA92) collected on the eastern coast of Tioman Island.
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79 £ 2 Ma and 179 + 2 Ma (Ghani et al., 2013). They are hence, not related to the
Permo-Triassic magmatism, which formed the Malaysian granitoids. Instead, it is
suggested that they were related to the mantle upwelling beneath the East Malaya
terrane after the slab break-off along the Bentong-Raub subduction zone (Ghani et al.,
2013). However, this hypothesis is still highly controversial, as such slab break-off is
not supported by any field evidence. Cenozoic post-orogenic alkali basalt is found in
Kuantan in eastern Pahang and Segamat in northern Johor (Ghani, 2009b). A K-Ar age
of 62 + 3 Ma has been reported for the Segamat basalt (Bignell and Snelling, 1977). The
Kuantan basalt is extremely young, in contrast to the mafic dykes and the Segamat
basalt. Early Pleistocene ages of 1.5 to 2.5 Ma have been reported by Haile ez al. (1983)
and Ghani and Taib (2007). The tectonics responsible for the formation of these basalts
remained unclear, both Segamat basalt and Kuantan basalt are too young to be

correlated with any known tectonic event.

2.8  Structural geology of the Malay Peninsula

The NNW-SSE striking Malay Peninsula is mainly controlled by the emplacement of
the Main Range Province granitoids. The terrane has been cut by major faults striking in
N-S, NW-SE, NNE-SSW and E-W directions (Shuib, 2009a). The N-S to NNW-SSE
structural configuration also defined the three stratigraphic belts in the Malay Peninsula.
This follows the strike of the Bentong-Raub suture, where the Sibumasu terrane
collided with the East Malaya terrane. It is believed that these NNW-SSE structures
were formed almost immediately after the collisional orogeny to accommodate the
oblique Palaeo-Tethyan subduction (Hutchison, 2007). The development of the
Semanggol marine foredeep basin on the Sibumasu terrane was probably related to the

stretching of the continental margin during the Palaeotethyan subduction along the
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Bentong-Raub suture (Metcalfe, 2000). The Eastern Belt and Central Belt were
separated by the sinistral Lebir Fault, which was active after the intrusion of the
granitoids (Tija, 1969; Singh, 1985; Aw, 1990). It is thought that this fault was initially
dextral to accommodate the oblique subduction along the Bentong-Raub suture (Shuib,
2009a). Although no field evidence supports the initial dextral motion of the Lebir Fault,
the granitic intrusion in the Eastern Belt were terminated by the fault and oriented 20°—
30° to the major fault plane, which suggests the granitoids were intruded within the
sigmoidal stress field. Its operation also formed the transtensional basins in the Central
Belt, so that thick sequences of pebbly alluvium could be deposited in the basins during
the Jurassic-Cretaceous time (Tija, 1996; Shuib, 2000, 2009b). The Malay Peninsula is
then cut by several terrane-crossing faults, which are oblique to the terranes including
the Kuala Lumpur Fault Zone, Bukit Tinggi Fault Zone and Bok Bak Fault Zone. These
NW-SE oriented strike-slip faults show mainly sinistral shear. Some major fault
systems, such as the Bukit Tinggi Fault Zone apparently show early dextral movement
(Shuib, 2009a). The change in fault movement direction may have resulted from the

Cenozoic collision of the Indian Plate with the Eurasian Plate (Shuib, 2009a).

2.9  Summary

Southeast Asia is composed of Precambrian micro-continental terranes, which were
successively rifted off from Gondwana since Devonian. They reassembled along the
Eurasian margin through the closure of the Palaco-Tethys Ocean, which is characterized
by the series of N-S oriented suspected suture lines. In the Malay Peninsula, the closure
of the Palaco-Tethys Ocean is marked by the NNW-SSE oriented Bentong-Raub suture.
This suture is a linear belt of serpentinite and deep-sea sediments, separating the two

micro-continental terranes, namely the Indochina — East Malaya terrane and the
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Sibumasu terrane. To the east of the Bentong-Raub suture (the Eastern Province), the
granitoids emplaced into the East Malaya terrane are dominated by hornblende-bearing
granites, which eventually fractionated into hornblende-free phases in the roof-zones.
These granitoids are relatively older, ranging from early Permian to Middle Triassic,
and associated with calc-alkaline arc volcanics. They were interpreted as pre-collision
Andean I-type granites (Beckinsale, 1979; Cobbing et al., 1986, 1992). To the west of
the Bentong-Raub Line, the granitoids are generally hornblende-free, although
hornblende-bearing granitoids outcrop in the Bintang Batholith near Taiping. These
granitoids are younger, with ages restricted in Late Triassic. They are batholithic, more
fractionated and highly mineralized. Hydrothermal alteration products, such as
secondary muscovite, tourmaline and fluorite are commonly observed. These granitoids
were interpreted as collision-related S-type granite by Beckinsale (1979) and Cobbing et
al. (1986, 1992), which were formed during the subsequent East Malaya — Sibumasu
collision. However, these field characteristics do not match with those of the purely
crustal-derived S-type Himalayan leucogranites. Hence, the nature of the Main Range
granitoids requires further geochemical studies, which are presented in Chapter 3. The
Palaeo-Tethyan subduction that occurred along the Bentong-Raub suture zone is
therefore, interpreted as east-dipping to account for the formation of older I-type
Eastern Province granitoids. Deformation occurred during subduction, and the collided
terrane is cut by series of NNW-SSE oriented faults, which operated to accommodate
the Palaeo-Tethyan oblique subduction. Some of these faults were re-activated during
the Caenozoic subduction of the Neo-Tethys Ocean, which was followed by the Indo-

Asian collision.
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Chapter 3 — Geochemistry of the Malaysian granitoids

3.1 Introduction

Detailed work over several decades resulted in a sub-division of the granitoids of the
Malay Peninsula into an I-type Eastern Province to the east of the Bentong-Raub suture
zone, and a S-type Main Range Province to the west of the suture (Beckinsale, 1979;
Cobbing et al., 1986, 1992). These authors pointed out that the Eastern Province is
dominated by hornblende-bearing biotite granitoids, and associated calc-alkaline
volcanics, common characteristics of classic I-type granitic terranes (Chappell and
White, 1974). They also suggested that, in contrast to the Eastern Province, muscovite
is occasionally found in the Main Range granitoids instead of hornblende (Beckinsale,
1979; Cobbing et al., 1986, 1992), and that this feature was a signature of S-type
granitoids (Chappell and White, 1974). These authors also used Chappell and White’s
(1974) 1-S classification system to explain the metallogenesis of Cu-Au deposits in the

I-type Eastern Province and the Sn-W deposits in the S-type Main Range Province.

However, more recent works (Ghani, 2000; Searle ef al., 2012; Ghani et al., 2013) has
questioned the traditional I- and S-type classification of the Malaysian granitic belts.
The latter authors suggested that the hornblende-free biotite granitoids, which are
dominant in the Main Range Province, but exist only in the pluton roof-zones in the
Eastern Province, are largely indistinguishable on a broad scale. The muscovite present
in the Main Range Province is usually secondary, and resulted from post-magmatic
hydrothermal alteration. It is also evident that tin mineralization is present in both
provinces, a feature that does not accord with an I-type origin for the Eastern Province.

In addition, unlike the collisional S-type leucogranites of the Himalaya, the Main Range
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granitoids are batholithic in dimension, and more akin to typical volcanic arc I-type
granitoids (such as the Gangdese-Ladakh granitoids of the Himalaya). Hence, the nature
of the Main Range granitoids and the tin metallogenesis in the I-type Eastern Province
is still controversial and requires further geochemical investigation. The application of
the I- and S-type granitic provinces also cannot explain the Sn-W metallogenesis in the
Eastern Province. Consequently, the subdivision of Malaysian granitoids into S- and I-
type belts is considered problematic and the following section is designed to re-examine
the issue from the viewpoint of the samples collected across the peninsula as part of the

present study.

3.2  Major and trace element geochemistry

Major and trace element geochemistry are used to examine the differences between the
Main Range and Eastern Province granitoids. The sample locations were presented in
Figure 2.2. They are also used to compare and contrast the characteristics of Malaysian

granitoids with classic Cordilleran I- and S-type examples.

Samples were crushed and powdered by jaw crusher and corundum mill. The samples
were then fused into glass beads. Major element composition were determined by X-
Ray Fluorescence (XRF) using the Rigaku® RIX-2000 spectrometer in the Department
of Geosciences, National University of Taiwan (NTU). The analytical procedures are
described by Wang et al. (2007), with the Loss Of Ignition (LOI) determined separately
by routine procedures. For trace element analysis, the glass beads produced for major
element analysis were crushed, weighed and digested into sample solutions, which were
then analyzed by Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) using an

Agilent 7500cx quadrupole spectrometer also at NTU. Detailed sample handling and
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preparation procedures followed those of Lee et al. (2012). Reported precision is £5%
(20), and the results are presented in Table 3.1. The new geochemical data are
interpreted together with the data provided by Cobbing et al. (1992), forming a
combined data set. The high sample population (n = 197) would allow better
geochemical interpretation. The combined data set has been primarily classified into
two major groups: the Main Range granitoids (samples collected west of the Bentong-
Raub suture zone) and the Eastern Province granitoids (samples collected east of the
Bentong-Raub suture zone). Among the Eastern Province samples, it is evident, from
the U-Pb zircon dating study (Chapter 4) that certain granitoid samples are Cretaceous
in age and they are discussed separately. Alkali granitoids (syenites) are only found in
Benom and on the Perhentian Island in the Eastern Province. They will be discussed in

separate section.

3.2.1 Geochemical variation of Eastern Province granitoids

The Eastern Province granitoids were emplaced in two distinct sub-units, here termed
the Coastal Belt and the Central Belt, as discussed in Chapter 2. Although these two
belts were designated according to the country rock stratigraphy, no distinct
mineralogical and geochemical differences have been noticed between the granitoids
emplaced in these two belts (Figure 3.1) and hence the samples from the two belts are
not differentiated in the following discussion. In addition, there are only two samples
collected for the alkali granitoids in the Eastern Province. The small sample size does
not allow any meaningful petrogenetic and geochemical interpretation for these alkali
granitoids. It was suggested that they are related to fractionation of more mafic

intrusions (Ghani, 2003, 2006).
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Figure 3.1 Comparison of the Coastal Belt granitoids and Central Belt granitoids in the Eastern Province
in terms of aluminium saturation index (ASI or A/CNK) (A) and alkali oxides (B) showing the overlap
between the Coastal Belt and Central Belt granitoids. The I-S division was suggested by Chappell and
White (1974, 1992), while the granitoid sub-division was suggested by Harpum (1963). Data were
provided by this work and Cobbing et al. (1992).
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3.2.2 Comparison between Eastern Province and Main Range Province granitoids

Aluminium saturation index (ASI or A/CNK): Granitoids of the Eastern Province
and the Main Range were originally distinguished according to their “contrasting”
mineralogy and geochemistry in Chappell and White’s (1974) I-S type granite system.
In this system, I- and S-type granitoids are geochemically discriminated primarily by
their aluminium saturation index (ASI or A/CNK). The division is drawn when A/CNK
= 1.1 (Figure 3.2A), whereby the I-type granitoids are essentially metaluminous and
gradually become weakly peraluminous with increasing silica contents, while S-type
granitoids are typically peraluminous (Chappell and White, 1974, 1992; Ghani et al.,
2013). The Eastern Province granitoids and the Main Range granitoids generally follow
the trend of I-type and S-type granitoids respectively. The “S-type” Eastern Province
geochemical outliers suggested that some of the Eastern Province granitoids are highly
fractionated, while the metaluminous Main Range outliers can be explained by the
presence of hornblende-bearing Bintang Batholith in the Main Range Province. There is
an overlapping area of A/CNK in between 1.0 and 1.1, where a large number of both
Eastern Province and Main Range granitoids can be found. Hence, the A/CNK does not

give satisfactory discrimination for these Malaysian granitic provinces.

Alkali oxides: Another geochemical scheme used for I-S type discrimination is the
proportion of alkali oxides, namely K,O and Na,O, in the granitoids, which is an
analogue of the K-feldspar to plagioclase ratio. It is suggested that I-type granites tend
to be more sodic, while S-type granites are more potassic (Table 2.1) (Chappell and
White, 1974, 1992; Clarke, 1992; Cobbing et al., 1992; Pitcher, 1997; Ghani et al.,
2013). This geochemical behaviour is conceptually drawn as an I-S division line in

Figure 3.2B. The Eastern and the Main Range Provinces largely follow the I- and S-
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Figure 3.2 Comparison of the Eastern Province and Main Range granitoids in aluminium saturation
index (ASI or A/CNK) (A) and alkali oxides (B) showing the overlap between the Eastern Province and
the Main Range granitoids in Chappell and White’s (1974) I-S granite system. The I-S type division is
after Chappell and White (1974, 1992), while the granitoid sub-division was suggested by Harpum (1963)
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type geochemical fields respectively. The Na,O and K,O pair allows further
classification of granitoids as shown by Harpum’s (1963) diagram (Figure 3.2C). It is
observed that the geochemistry of the Eastern Province granitoids covers a variety of
granitoids, including granite, adamellite (or quartz monzonite), granodiorite and tonalite.

However, the Main Range granitoids are generally restricted to the granite field.

Trace elements: The trace element compositions of granites are useful in pointing to
the tectonic setting, in which granitoids are formed (Pearce et al., 1984; Harris et al.,
1986), as discussed in Chapter 2. In the traditional tectonic model proposed by
Beckinsale (1979) and Cobbing et al. (1986, 1992), the Eastern Province granitoids
were interpreted as pre-collision arc-related granites, while the Main Range Province
granitoids were interpreted as collisional granites. Pearce et al. (1984) and Harris ef al.
(1986) suggested that collisional granites are characterized by high Rb contents, which
are related to the incorporation of more evolved source (e.g. felsic precursor) into the
parental magma, or to Rayleigh fractional crystallization of the magma (Halliday et al.,
1991). In Pearce et al.’s (1984) diagram (Figure 3.3A), The present data showed that the
majority of the Main Range Province granitoids are restricted to the syn-COLlisional
Granite field (syn-COLG), with some outliers falling into the Within-Plate Granite
(WPG), whereas most of the Eastern Province granitoids straddle the syn-collision,
within-plate granite and Volcanic Arc Granite (VAG) fields. This is caused by
enrichment of High Field Strength Elements (HFSE), such as Y and Nb. In this Harris
et al.’s (1986) diagram (Figure 3.3B), both Eastern and Main Range Province granitoids
generally follow the pattern shown in the Pearce et al.’s (1984) diagram (Figure 3.3A).
Here, no outliers are found in the within-plate granite field, as no Rb depletion is

observed in the Malaysian granitoids. This suggested that the Malaysian granitoids are
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Figure 3.3 Rb vs (Y + Nb) diagram (A) and Hf-Rb/30-Tax3 diagram (B) illustrating the relatively
fractionated nature of some of the Eastern Province granitoids, diagrams after Pearce et al. (1984) and
Harris et al. (1986). Since no Hf and Ta data are available in Cobbing et al. (1992), only data from this

work are presented in (B).
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not real within-plate granites (WPG), as Rb depletion is expected in such granites.
These trace element diagrams only showed that the Malaysian granitoids are enriched in

HFSE. The cause of such enrichment will be discussed in Section 3.2.3.

Fractionation of the Malaysian granitoids: Harker diagrams (Figure 3.4) show that
the Malaysian granitoids in both granitic provinces experience significant fractionation,
for which the fractionation trend of the Eastern Province and that of the Main Range
Province are largely overlapped. It is also observed that most of the Main Range
Province granitoids are more fractionated. In general, as the silica contents increase in
the Malaysian granitoids, TiO,, Al,O3, FeO, MgO, CaO and P,Os decrease, while K,O
is the only oxide showing positive correlation with silica contents. No correlation can be
found in Na,O. This suggests that the fractionation here is more complicated in both
granitic provinces, and could relate to perthite development in less fractionated
granitoids. Trace elements such as Ba, Sr and Fe are selected to compare with Rb
(incompatible element) in various bivariate diagrams (Figure 3.5). The Ba, Sr and Fe
contents decrease by up to 2 orders of magnitude with increasing silica contents,
suggesting that fractionation of feldspars (decrease in Sr and Ba), biotite and hornblende
(decrease in Fe) were likely to have played a role in the evolving magmatic systems. A
bulk Liquid-Lines-Of-Descent (LLOD) was plotted in each diagram to demonstrate the
composite effect of K-feldspar, plagioclase, biotite and hornblende fractionation (Figure
3.5). They showed the LLODs of the Eastern Province and Main Range Province have
similar slopes, and they may even largely overlap with each other (Figure 3.5A and B).
However, it is also clear that the LLODs of the Eastern Province granitoids and the

Main Range granitoids have different hypothetical starting points. Moreover, The high
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Figure 3.4 Harker diagrams of the Malaysian granitoids on various major oxides, showing the

Malaysian granitoids experienced fractionation in their magmatic evolution, with the removal of mafic

minerals. Symbols follow Figure 3.2.
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Figure 3.5 Trace element bivariate diagrams in Sr, Ba and Fe with bulk liquid-lines-of descent (LLODs)

showing the crystal fractionation trend in the removal of plagioclase (Sr), K-feldspar (Ba), hornblende

and biotite (Fe). Each increment represents 20% of bulk fractionation. The bulk LLOD of the Eastern

Province granitoids is constructed with the fractionation of 10% hornblende, 1% biotite, 50% plagioclase

and 39% K-feldspar. The bulk LLOD of the Main Range Province granitoids is constructed with the

fractionation of 5% hornblende, 1% biotite, 50% plagioclase and 44% K-feldspar. Partition coefficients
suggested by Mahood and Hildreth (1983) and Ewart and Griffin (1994) are adopted in the calculation of

LLODs. These values are shown in Appendix A. Each increment represents 20% of bulk fractionation.
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Rb/Sr ratios observed in the Main Range Province granitoids (Figure 3.5A) suggested

that they are generally more fractionated than the Eastern Province granitoids.

Granite fractionation and tin metallogenesis: Since Sn data are not available in this
work as standard is not available, the study of the relation between granitoid
fractionation and their whole-rock Sn contents relied on the data provided by Cobbing
et al. (1992). In Figure 3.6, trace element ratio Rb/Sr is used as an index of fractionation.
It is observed that the whole-rock Sn contents of the granitoids have a positive
correlation with the fractionation index Rb/Sr. This explained why the more

fractionated Main Range granitoids are usually Sn-bearing.

3.2.3 Comparison between the Malaysian granitoids and the Cordilleran I-S granites

In Figure 3.3A, it is observed that both granitic provinces have data which falls into the
WPG field, suggesting the Malaysian granitoids of both granitic provinces show
enrichment in some of the HFSE, such as Nb and Y. Although such observation is not
shown in the Harris ef al.’s diagram (Figure 3.3B), enrichment of other HFSE, such as
Ga, Zr and Ce, are also supported by Whalen et al.’s (1987) diagrams, in which some of
Malaysian granitoids fell into the A-type geochemical field (Figure 3.7). Such HFSE
anomaly is unusual for typical I- and S-type granites. Spider diagrams (normalized to
primitive mantle) of the Malaysian granitoids (Figure 3.8) were plotted to compare the
trace element geochemistry of the Malaysian granitoids with the more typical
Cordilleran I-S granites (Famatinian magmatic arc in NW Argentina) (Grosse et al.,
2011) and the Northeastern China A-type granites (Wu et al, 2002). These spider
diagrams show that the Malaysian granitoids are more enriched than the Cordilleran I-S

granites in HFSE (e.g. Zr and Nb), and REE). These elements, for example La, Ce, Zr
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Figure 3.7 Whalen et al.’s (1987) diagrams showing the enrichment of HFSE, such as Zr, Nb, Ce, Y and
Ga in Malaysian granitoids, compared to ordinary (OGT) and fractionated I-S granitoids (FG).
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Figure 3.8 Spider diagrams of the Malaysian granitoids (A: Eastern Province Permo-Triassic granitoids,
B: Eastern Province Cretaceous granitoids, C: Main Range granitoids) showing the enrichment of HFSE
and REE relative to typical Cordilleran I-S granitoids (red shading) (Grosse et al., 2011). These spider
diagrams are normalized to primitive mantle (Sun and McDonough, 1989), and the data are plotted with
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al., 2002).
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and Nb, were compared with the Rb/Sr ratios, which have a positive correlation with
granite fractionation, in various bivariate diagrams (Figure 3.9). It is seen that the
content of the HFSE remains constant with increasing Rb/Sr, suggesting that their
enrichment in Malaysian granitoids is not a product of fractionation but possibly a
primary concentration inherited from the source. The HFSE enrichment in the
Malaysian granitoids is worth noticing because both Sn and W have similar chemical
behaviour as these elements. These elements formed larged, highly charged cations,
which are not compatible to polymerized framework of granitic magma (Eugster, 1985).
They tend to be concentrated in the roof-zones of plutons, where cations are mobile and
depolymerization occurs. This implies that high primary Sn and W concentrations could

be inherited from the source as well.

3.2.4 Comparison between the Permo-Triassic granitoids and the Cretaceous
granitoids
Cretaceous granitoids are found in the Eastern Province, namely in the Stong region and
on the Tioman Island. The Cretaceous granitoids does not have distinctive lithological
or geochemical differences from the Permo-Triassic granitoids as seen in previous
sections. The notable exceptions are the relative depletion of Heavy Rare Earth
Elements (HREE) (i.e. Tb, Dy, Ho, Er, Tm, Yb and Lu) than the Permo-Triassic
granitoids (Figure 3.8B). The Cretaceous granitoids are also characterized by low Y/Nb
ratios in Eby’s (1992) diagram (Figure 3.10). These diagrams were designed for
discriminating the plume-related A-type granites (A;-type) from the post-collisional A-
type granites (A,-type). However, since the Cretaceous granitoids are not depleted in Rb
(Figure 3.3B), and many of them do not fall in the A-type geochemical field in Figure

3.7, these diagrams serve for geochemical discrimination of the Cretaceous granitoids
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Figure 3.10 Eby’s (1992) A-type granite discrimination diagrams showing that the Cretaceous granitoids

in the Eastern Province have slightly lower Y/Nb ratios than the dominant Permo-Triassic granitoids.
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from the Permo-Triassic Malaysian granites. Hutchison (2007) suggested that the
occurrence of Cretaceous rift-related granitoids in the Malay Peninsula could be related

to the opening of the Staits of Malacca and the Gulf of Thailand.

3.3  Sr-Nd isotopic analysis

Initial *’Sr/*®Sr ratios and eNd(f) values are often useful as indicators of the nature of
the magmatic source for granitoids and have been used to discriminate between I- and
S-type granites (Table 3.2) (Cobbing et al., 1986; Chappell and White, 1992; Ghani et
al., 2013). In this study, Sr and Nd isotopic data were collected in the Department of
Geosciences, National Taiwan University using a Multi-Collector Inductively Coupled
Plasma Mass Spectrometer (MC-ICP-MS), Thermo Electron Finnigan™ Neptune.

Detailed sample handling and preparation procedures are described in Lee et al. (2012).

3.3.1 Sr-Nd isotopic composition of the Malaysian granitoids

New Sr-Nd isotopic data of the Malaysian granitoids are presented in Table 3.2. It
should be noted that the Sr isotopic data for the Main Range granitoids have limited
applicability because many of these samples have high (> 10) Rb/Sr ratios resulting in
imprecise initial *’Sr/**Sr ratio calculations. This is because the calculation involves
subtraction of the radiogenic components from the measured °'Sr/*°Sr ratio.
Accordingly, these data are omitted from the discussion. In general, however, the new
data of the Eastern Province granitoids show an initial *’Sr/*Sr ratio ranging from
0.7004 to 0.7074, while those from the Main Range Province granitoids range from
0.7062 to 0.7159. In contrast, the Nd isotopic data are more reliable, as both Sm and Nd
in the isotope system are less mobile than the Rb-Sr pair. The initial Nd isotope ratios

for the majority of the Eastern Province granitic samples in the new data range from
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0.5120 to 0.5123, giving a variety of eNd(¢) values ranging from -2.4 to -5.3: (except
for MA36 with a rather low eNd(7) value at -10.01 and the Perhentian syenite sample,
MAA48, with a slight positive value of +0.62). The eNd(#) values calculated for the Main
Range Province granitoids are more restricted, varying from -7.8 to -9.6. These data are
combined with Cobbing et al.’s (1992) and Liew and McCulloch’s (1985) isotopic data
to form a more representative data set, and presented in Figure 3.11A and B. In the
combined data set, the Eastern Province Permo-Triassic granitoids have initial *'Sr/**Sr
ratios ranging from 0.7004 to 0.7143 and eNd(?) values ranging from -0.7 to -5.8. The
Main Range granitoids have initial *’St/*°Sr ratios ranging from 0.7062 to 0.7243 and

eNd(¢) values ranging from -5.4 to -9.6.

The combined data showed that the Nd isotope ratio is a reliable discriminator of
Malaysian granitoids (Figure 3.11). However, the Tpwm values calculated from the Sm-
Nd isotopic values may be unreasonably high if marked fractionation has occurred
between Sm and Nd, giving a high fsmng values compared to the average continental
crust where fsmng = -0.4 (Wu et al, 2002). In such a case, a two-stage neodymium
depleted mantle model age (Tpm2) may be required to correct for the unrealistically high
values obtained, by assuming that the protolith shares the same Sm/Nd ratio as the
average continental crust (Keto and Jacobsen, 1987). The Eastern Province granitoids
have fsmndg values ranging from -0.23 to -0.56, yielding Tpym ranging from 0.89 to 1.92
Ga (Table 3.2). Significant fractionation occurred between Sm and Nd in MAS50 (fsmNd
=-0.23), Tpmz (1.36 Ga) is therefore, adopted as the Nd model age instead of Tpy (1.92
Ga). Hence, the Nd model ages of the Eastern Province granitoids range from 0.89 to

1.36 Ga in the new data (Table 3.2). The Main Range Province granitoids have fsmnd
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values ranging from -0.05 to -0.40. Significant fractionation occurred between Sm and
Nd in MA06, MA14 and MA30. Tpm, is hence, adopted as Nd model age for these
samples. In general, the Main Range Province granitoids have slightly older Nd model
ages ranging from 1.63 to 1.99 Ga in the new data (Table 3.2). All these isotopic data
are again combined with Cobbing et al.’s (1992) and Liew and McCulloch’s (1985)
isotopic data to form a more representative data set, and presented in Figure 3.11C. In
the combined data set, the Eastern Province granitoids have Nd model ages ranging
from 0.74 to 1.63 Ga, while those of the Main Range granitoids are ranging from 1.18

to 1.99 Ga.

3.3.2 Comparison of the Malaysian granitoids with other granitic belts in the world

Figure 3.11A also compares the isotopic data of the Malaysian granitoids with other
granitic belts in the world. Since the most depleted (igneous-sourced) reservoirs are
always plotted in the upper left quadrant, while the most enriched (sedimentary-sourced)
reservoirs are always located in the lower right quadrant (Rollinson, 1993). In other
words, granites plotting into the upper left quadrant would be purely I-type, while those
fell into the lower right quadrant would be close to purely S-type. It is observed that the
Gangdese-Ladakh I-type granites and the Himalayan S-type leucogranites could
therefore; serve as two end-members of the granitic compositional spectrum. It is worth
noting that both of these end-members are not tin-producing. However, the Malaysian
Main Range granitoids (and some of the Eastern Province granitoids), Cordilleran —
Famatinian S-type granites and the Lachlan Fold Belt S-type granites, which lie
between the two end-members, are all tin-producing. Although it is commonly
understood that tin deposits are usually associated with S-type granites (Floyd, 1993;

Blevin and Chappell, 1995; Grosse et al., 2011), the end-member S-type Himalayan
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leucogranites are essentially Sn-barren. Clearly, the two end-members here can be Sn-
deficient. However, this may also suggest tin metallogenesis in granites requires the
participation of the melts derived from both igneous and sedimentary precursors.
Walshe et al. (2011) proposed that the input of igneous-sourced melts might sustain a
thermal flux in the magmatic system, could induce the segregation of brine and vapour
in the magma chamber and the increase of internal fluid pressure. This allows extreme
fractionation of the granitoids. However, this proposed mechanism requires further

laboratory investigation.

The only comparable example for the Malay Main Range Province granitoids is the
Cornubian granites in SW England. Although the Cornubian granites are not as
voluminous as the Main Range granitoids, the Sn-W mineralization in both granitic
terranes are usually associated with greisen-bordered hydrothermal veins and
tourmalinization (Taylor, 1979; Manning, 1986). However, the Cornubian granites are
charcherized with late-stage topaz granites, which are enriched in F, Li and P. Such
phase is absent in the Main Range, although fluorite is reported in some of the

greisenized granites (Plate 2.14c).

3.3.3 Possible source regions of the Malaysian granitoids

Chapter 1 discussed the genesis of granitic magma and suggested that they may form by
hybridization of melts derived from igneous and sedimentary precursors (DePaolo,
1988; Keay et al., 1997; Gray and Kemp, 2009; Kemp et al., 2009). Since the
Malaysian granitoids lie in between the purely igneous-sourced (I-type) Gangdese-
Ladakh granites and the purely sedimentary-sourced (S-type) Himalayan leucogranites,

it is likely that the parental magmas of the Eastern and the Main Range Province

127



granitoids are hybridized melts derived from variable proportions of igneous and

sedimentary precursors.

The Kontum massif: Possible source regions for the Malaysian granitoids can be
considered by comparing their Sr-Nd isotopic compositions with those of the
surrounding basement rocks. Hence, the Sr-Nd isotopic compositions of the Eastern
Province granitoids are compared with isotope data obtained from the Kontum massif,
an ultrahigh-grade metamorphic complex interpreted as an analogue of the lower
continental crust of Indochina. The ortho-amphibolites of the Kontum massif have been
interpreted as metamorphosed intraplate basalt, which was dated as Cambro-Ordovician,
by Lan et al. (2003). These ortho-amphibolites and para-gneisses are essentially
enriched in HFSE (Figure 3.12A) (Lan et al., 2003). In Section 3.2.3, it was suggested
that the high HFSE concentrations in the sources might contributed to the primary Sn-
W enrichment in the Malaysian granitoids. However, no Sn and W data are available in
the Kontum massif for such comparison with the average continental crust. The
occurrence of the ortho-amphibolites has been linked either with the slab break-off of
Proto-Tethyan oceanic lithosphere (Zhu et al., 2012) or to the Pan-African orogeny
(Castro et al., 2012; Kawakami et al., 2014) in the Cambro-Ordovician time. The para-
gneisses of the Kontum massif have been interpreted as Mesoproterozoic basement of
the Indochina continental terrane (Figure 3.12B) (Lan et al., 2003). It is suggested that
partial melting of these ortho-amphibolites (initial *’Sr/**Sr = 0.7035, eNd(¢) = +1.5)
and para-gneisses (initial *’Sr/**Sr = 0.7800, eNd(¢) = -18.0) could provide igneous-
sourced and sedimentary-sourced melts respectively for the Eastern Province parental

magma. This hypothesis is also supported by the Cambro-Ordovician and
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Mesoproterozoic inheritance signature given by the extracted zircons in the Eastern

Province granitoids (Chapter 4).

Formation of the Eastern Province parental magma by hybridization of melts
derived from Kontum end-members: Two hypothetical mixing curves were
constructed between the selected end-members. Curve A wuses the Sr and Nd
compositions of the Kontum end-member lithologies (Stigneous = 200 ppm, Ndigneous = 6
pPM, Stscdimentary = 240 ppm, Ndsedimentary = 45 ppm) (Lan et al., 2003). Curve B uses
those of average ocean island and average continental crust as end-members (Stigneous =
650 ppm, Ndigneous = 25 ppm, Stecdimentary = 150 ppm, Ndsedimentary = 60 ppm) (Prame
andPohl, 1994; Villaseca et al., 1998; Wilson, 2007). It is found that, except for the
Berengkat tonalite, which gives extraordinarily low eNd(¢) values, most of the Eastern
Province granitoids were formed from 80-90% of igneous-sourced melt. Since the
incorporation of sedimentary-sourced melt is insignificant here, the I-type mineralogy
and geochemistry are largely retained in the Eastern Province. It is suggested that the
sedimentary involvement in the Eastern Province could give rise to the tin
metallogenesis in the highly fractionated granitoids in the province. One possible
mechanism is that sedimentary-sourced melt lowered the oxidation state of the Eastern
Province parental magma, which promoted the fractionation of Sn into the magma
(Lehmann, 1990) and led to the formation of tin deposits after crystal fractionation. This
model is supported by the presence of both ilmenite-series granites in the Eastern

Province, as discussed in Chapter 2 and in Ishihara et al. (1979) and Yeap (1993).

Formation of the Main Range Province parental magma: The Main Range Province

hosted by the Sibumasu terrane comprises predominantly biotite granite, with
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subordinate amount of Bintang hornblende—biotite granodiorite and adamellite. This
implies that the source of the Main Range granitoids would be largely pelitic and
psammitic, but small amount of igneous materials were also contributed to form the
parental magmas. No Precambrian Sibumasu basement rocks are exposed in the Malay
Peninsula. Although high-grade metamorphic rocks were reported in northern and
eastern Thailand, no Precambrian ages were reported (MacDonald et al, 2010;
Kawakami et al., 2014). Hence, with regards modeling the Main Range granitoids,
which were all emplaced into the Sibumasu terrane, there is no basement analogue for
source mixing. The Sr-Nd isotopic ratios of samples from the Main Range are
nevertheless plotted in Figure 3.11A since they are likely to have been derived from
similar precursors as the parental magma of the Eastern Province. This is because the
Main Range granitoids also have enriched HFSE signature, with Cambro-Ordovican
and Mesoproterozoic inheritance (Chapter 4). These mixing curves show the mixing
trend between meta-igneous source and meta-sedimentary source like those found in the
Kontum massif. However, the incorporation of sedimentary-sourced melt in the Main
Range parental magma is much more significant (up to 40%). This increases the
peraluminosity of the Main Range granitoids and does not favour the presence of
hornblende (Zen, 1986). Hence, the Main Range Province is dominated by hornblende-
free biotite granitoids. The high-degree of involvement of sedimentary-sourced melt
also lowered the oxygen fugacity of the Main Range parental magma, producing solely
ilmenite-series Main Range granitoids, which favours the formation of tin deposits

(Lehmann, 1990).
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3.4  Summary

The mineralogical difference between the Eastern Province granitoids and the Main
Range Province granitoids is reflected in geochemistry. The Eastern Province granitoids
are dominantly hornblende-bearing. They are essentially more sodic, Sr rich, with
A/CNK ranging from metaluminous to weakly peraluminous. These agree with the “I-
type” definition given by Chappell and White (1974, 1992). The Main Range Province
granitoids are generally more potassic, Rb rich and are exclusively peraluminous,
except for the hornblende-bearing Bintang Batholith. Nevertheless, discrimination
between the Eastern Province granitoids and Main Range Province granitoids using
these parameters is not easy, and there is large degree of overlap between the two
granitic provinces in terms of granite type and texture, mineralogy, metallogenic affinity
and compositional attributes (Figures 3.2 and 3.3). The Harker diagrams (Figure 3.4)
and the trace element bivariate plots (Figure 3.5) show that all the Malaysian granitoids
can be defined in terms of a largely-overlapping continuous liquid-line-of-descent, in
which the Main Range granitoids, or the hornblende-free biotite granites are generally
more fractionated than the hornblende-bearing Eastern Province. This supports the field
observations that the biotite granites found in the pluton roof-zones are fractionated
product of the hornblende-bearing granitic bodies as discussed in Chapter 2. These
fractionated granitoids, which are dominant in the Main Range Province but also

observed in the Eastern Province, favour tin metallogenesis (Figure 3.6).

Beckinsale (1979) and Cobbing et al. (1986, 1992) explained the two “contrasting”
granitic provinces in the Malay Peninsula by Chappell and White’s (1974) I-S granites
model. However, the Malaysian granitoids also differ from the typical Cordilleran I-S

granites (e.g. Famatinian arc in NW Argentina), by showing in terms of enrichment in
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HFSE and REE (Figures 3.7 and 3.8). The HFSE and REE contents of the Malaysian
granitoids remain constant in both unfractionated and fractionated granitoids (Figure
3.9). This suggests that the HFSE anomaly was inherited from the partial melting of

enriched sources.

The Sr-Nd isotopic compositions of the Malaysian granitoids assist in distinguishing the
granitic provinces from one another and in sources identification. The Eastern Province
granitoids generally have low initial Sr ratios (0.7004 — 0.7143), but higher eNd(?)
values (-0.7 — -5.8) than the Main Range (initial Sr ratios: 0.7062 — 0.7243, eNd(?)
values: -5.4 — -9.6). Two hypothetical mixing curves were constructed with reference to
the Kontum massif (an analogue of Indochinese lower continental crust) (Figure 3.11A).
The Kontum massif comprises intraplate ortho-amphibolites and para-gneisses, which
could serve as two hypothetical source end-members for the Malaysian granitoids. The
model suggests that the geneses of the parental magmas of the Eastern Province and the
Main Range Province were related to hybridization of melts derived from both
intraplate ortho-amphibolites and para-gneisses, but in differing proportions. The fact
that the granites from the two granitic provinces are so similar compositionally and
metallogenically, suggests that similar protoliths were involved in their source. These
sources are enriched in HFSE and could provide primary Sn-W concentrations to the
Malaysian tin granites. In addition, the hybridization of igneous- and sedimentary-
sourced melts also promotes fractionation of granitic magma, and hence the Sn

metallogenesis in both granitic provinces.

The Eastern Province granitoids are dominantly Permo-Triassic (290-220 Ma) (Chapter

4). Cretaceous granitoids were also found in the Stong region and on Tioman Island in
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the Eastern Province. These granitoids do not show significant compositional or
geochemical differences from the dominated Permo-Triassic granitoids. However, these
Cretaceous granitoids can be discriminated from the Permo-Triassic granitoids by Eby’s
(1992) diagrams. The Cretaceous granitoids tend to have lower Y/Nb ratios, which put
them into the A;-type geochemical field, while the Permo-Triassic granitoids are in A,-

type geochemical field (Figure 3.10).
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Chapter 4 — U-Pb Zircon Geochronology of the Malaysian Granitoids

4.1 Introduction

Existing models for the nature and origin of the tin granite belts in Malaysia have been
constructed by Beckinsale (1979) and Cobbing et al. (1986, 1992) based largely on the
contrasting I- and S-type characteristics of the Eastern Province and Main Range
granitoids, respectively. In Chapter 3, the geochemistry of the Malaysian granitoids has
been reviewed and it has been shown that the two granitic provinces differ only slightly
in terms of their compositional and isotopic characteristics. Existing models also suffer
from a paucity of precise time constraints. Previous geochronology has relied on only a
few U-Pb zircon ages in addition to numerous K-Ar mica cooling ages and whole-rock
Rb-Sr isochron ages (Table 4.1). These studies suggested that the Eastern Province
granitoids were formed mainly in the Permo-Triassic periods with a few plutons formed
in the Cretaceous, while the Main Range granitoids were emplaced mainly in the
Triassic. The K-Ar mica cooling ages and the whole-rock Rb-Sr isochron ages are
generally imprecise as the parent and daughter isotopes in the Rb-Sr system are
extremely mobile in magmatic-hydrothermal systems and readily reset, while K-Ar ages
only represent the cooling age of the rock through the closure temperatures of
muscovite and biotite (350-300 °C) (Searle et al., 2012). It is now widely accepted that
these methods do not produce reliable crystallization ages for rocks such as the highly
mineralized granitoids of the Malay Peninsula. The robustness of the U-Pb isotope
system in zircon makes it the preferred method for granitoid dating and, since the
development of high spatial resolution U-Pb isotopic analysis using microbeam
methods (e.g. SIMS), this has become routine, allowing for the rapid and precise

determination of both crystallization ages and possible inherited ages in zircon cores.
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Before this work, only twenty reliable U-Pb zircon ages for the Malaysian granitoids
were available (Table 4.1). They were mainly obtained from granitoids collected along
the eastern and western coast of the Malay Peninsula, and in Singapore (Liew, 1983;
Liew and McCulloch, 1985; Liew and Page, 1985; Oliver et al., 2014; Searle et al.,
2012). More extensive high precision U-Pb geochronology on the Malaysian granitoids
is clearly necessary for the reconstruction of the Malaysian tectonic framework. Thirty-
nine new U-Pb zircon ages have been obtained in our study and will be presented in the
next section. Twenty-four samples from the Eastern Province and fifteen samples from
the Main Range Province were analyzed. Most of the rock samples were collected from
road-cuts and quarries. Samples from the Stong region were mainly collected from
riverside outcrops along the Kenerong and Renyok Rivers. Samples collected from
outlying islands like Perhentian, Tioman, Penang, Langkawi and Ubin were from fresh

shoreline outcrops.

4.2  U-Pb zircon geochronology

High-spatial resolution, high-precision secondary ionization mass spectrometry (SIMS)
was used to analyze the U-Pb isotopic composition of the extracted zircons. The grains
were extracted from rock samples by standard disaggregation, heavy liquid (bromoform)
separation and magnetic separation procedures. Handpicked zircons were then mounted
in epoxy, polished and imaged using a Robinson cathodoluminescence detector,
mounted to a Hitachi S4300 Scanning Electron Microscope (SEM). U-Pb isotope ratios
were collected using a Cameca IMS1280 ion microprobe at the NordSIM facility,
Swedish Museum of Natural History, Stockholm, following the protocols described by
Whitehouse et al. (1999) and Whitehouse and Kamber (2005). Discussion of the data is

presented in groups according to the geographical locality of samples. Data are
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summarized in Tables 4.2 and 4.3, and the ages obtained were mapped on Figure 4.1.
Selected cathodoluminescence (CL) images of dated zircons and Tera-Wasserburg
concordia diagram interpretations of all analyzed samples are presented in Figures 4.2
and 4.3 respectively. Given the ubiquitous presence of post-crystallization, possibly
recent, Pb-loss causing a skewed age dispersion towards apparently younger ages, as
well as the presence in some zircons of clear inherited cores, we used a consistent
filtering approach to extract the probable crystallization age. This involved initially
excluding any obvious older cores. This is followed by rejecting the youngest analyses
(**U/*Pb age) interpreted on the basis of CL images to belong to the main magmatic
crystallization group, which most likely reflect Pb-loss, until the remaining group of
ages yielded a concordia age, sensu Ludwig (1998), with a statistically significant low
Mean Square Weighted Deviation (MSWD). This value indicates the coherence of data,
comparing with analytical uncertainties. Value less than the unity indicates the
analytical uncertainties have been overestimated, while if it is greater than the unity,
either the uncertainties were underestimated or other geological scatters are present. The
rule of thumb is MSWD less than 1.50 is considered as acceptable. In general, we
consider concordia ages obtained from five or more pooled analyses to be robust
indicators of the magmatic crystallization age, while those incorporating fewer analyses
are given as reference ages that are accorded somewhat lower significance in our
interpretation. All ages are presented at 2 (or, where appropriate, 95% confidence level)
including decay constant errors, with the MSWD value representing that of both
concordance and equivalence following the recommendation of Ludwig (1998). Decay

constants follow the recommendations of Steiger and Jéger (1977).
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Figure 4.1 U-Pb zircon ages of the Malaysian granitoids presented in this research (in red) and those
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al., 2012; Oliver et al., 2014) (in black).
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A. Eastern Province Permo-Triassic granitoids
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Figure 4.3A Terra-Wasserburg diagrams for all dated Eastern Province granitoids.
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B. Eastern Province Permo-Triassic granitoids
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Terra-Wasserburg diagrams for all dated Eastern Province granitoids.
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C. Eastern Province Permo-Triassic granitoids
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Figure 4.3C (Cont’d) Terra-Wasserburg diagrams for all dated Eastern Province granitoids.
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D. Eastern Province Permo-Triassic granitoids

MAG69 - Batu Pahat - Hanson Quarry
.5 +2.5 Ma

data-point error ellipses are 20

225.5%2.5
MSWD =0.24,n=3
0.049 U
272 276 28.0 284 288
§ e, 0. TUPTPD
4200,

#0300
005 2PE

0.04

40

data-point error ellipses are 20

MAZ76 - Musoh River Mou
238.5 1.7 Ma
MSWD=1.02,n=6

th

0.06

T
270 274
ey

Pb loss

15 25 35

Figure 4.3D (Cont’d)

278

207Pp/26Ph

0.064

data-point error elipses are 20
MA73 - Ubin Island
231.0 2.6 Ma

MSWD =2.10,n =3

014 220+
012
010
.
272 216 280 284 288
20y
008
0.06 §
kocg <
- g
885
004
15 2 35 45 55 65 75
275y
data- il 2
0057 | MA104 - Jemaluane - Kluang pontertor elpses are 2o
2445 +3.1 Ma

MSWD =1.80,n=3

20 24 28

32

Terra-Wasserburg diagrams for all dated Eastern Province granitoids.
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E. Eastern Province Kemahan granite and Cretaceous granitoids
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Figure 4.3E Terra-Wasserburg diagrams for the Eastern Province

granitoids.

Kemahan granite and Cretaceous
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F. Eastern Province Cretaceous Tioman granites
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Figure 4.3F Terra-Wasserburg diagrams for all dated Cretaceous Tioman granites.
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G. Main Range Province granitoids
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Figure 4.3G Terra-Wasserburg diagrams for all dated Main Range Province granitoids.
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H. Main Range Province granitoids
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Figure 4.3H (Cont’d)
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In this section, the U-Pb zircon data and ages of the Eastern Province and Main Range
granitoids are presented separately. The Eastern Province granitoids are further divided
into Coastal Belt (Eastern Belt) granitoids, Central Belt granitoids and Cretaceous
granitoids. This is just for the convenience of data presentation. It should be noted that
there is no significant compositional and geochemical difference between the granitoids

in the Coastal Belt (Eastern Belt) and the Central Belt as discussed in Chapter 3.

4.2.1 Eastern Province Permo-Triassic granitoids in the Coastal Belt (Eastern Belt)

Zircons extracted from granitic samples collected on the Coastal Belt are mostly well-
faceted prisms exhibiting oscillatory zoning with CL-dark cores, while those extracted
from the Kerteh dacite (MA54) are fragmented and homogeneous (Figure 4.2A). The
CL-dark domains in such images typically reflect high U contents, as confirmed by
SIMS analyses (Table 4.2A). The age yielding clusters have U contents ranging from
300 to 4000 ppm and Th/U ratios ranging from 0.11 to 1.14. MA50 from Maras-Jong
has much higher U contents in the age-yielding zircons than on average, ranging from
3700 to 7000 ppm, while the zircons extracted from the Kerteh dacite sample (MA54)
has much lower U contents, ranging from 180 to 380 ppm. Although both U contents
and Th/U ratios vary over a large range between samples, they are consistent within
individual samples, adding confidence to our interpretation of magmatic ages from each
pooled group of analyses. Exceptions are the Maras-Jong granite (MAS50), the
Jemaluang— Kluang granite and the Ubin migmatitic granite (MA73), all of which have
zircons that exhibit Pb loss and variable Th/U ratios even within individual sample. For
the latter granitoids the number of pooled analyses available for age calculation was

reduced, and hence, only reference magmatic ages could be calculated. Inherited zircons
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are identified as cores to younger zircon overgrowths and record ages of 444.3, 467.7

and 1044.7 Ma (Figures 4.3A and 4.4A).

The oldest granitoids dated in this study were found in the Coastal Belt. Granites
formed on the eastern coast have U-Pb ages ranging from 289.3 + 2.4 to 231.0 + 2
(Figure 4.1), spanning the Permo-Triassic periods. The age data are summarized Table
4.3A. The oldest sample dated is a K-feldspar phyric, (hornblende)-biotite granite
(MA50) from Maras-Jong. However, zircons extracted from this sample exhibit
significant post-magmatic Pb loss. Omitting the analyses interpreted as showing Pb-loss,
a group of four analyses yield a reference concordia age of 289.3 +2.4 Ma. The oldest
robust U-Pb age obtained is obtained from the Perhentian Island syenite (MA48). A
group of thirteen analyses yields a magmatic age of 284.2 + 1.6 Ma. This syenite is
intruded by a biotite granite (MA47) that yields an age of 257.6 + 1.6 Ma. Other robust
east coast ages obtained from Terengganu and Pahang include 250.5 + 1.7 Ma for the
K-feldspar phyric Kerteh dacite (MA54) and 270.0 + 1.4 Ma for the hornblende—biotite
Kuantan granite. The inland hornblende—biotite granites of the Kapal Batholith (MAS51)
and Boundary Range (MAS52) yielded robust concordia ages of 247.8 + 1.7 Ma and
248.4 + 1.8 Ma respectively. They are younger than the coastal samples. Only one
robust age was obtained in the southern part of the Malay Peninsula, namely 238.5 = 1.7
Ma from a K-feldspar phyric rhyolite collected at the Musoh River Mouth. The other
two ages obtained are reference ages of 244.5 + 3.1 Ma for the Jemaluang — Kluang K-
feldspar phyric hornblende—biotite granite and 231.0 + 2.6 Ma for the Ubin Island
migmatitic granite in Singapore. Zircons extracted from these two samples have

suffered severe Pb loss, which hindered the age interpretation. Most of the U-Pb zircon

163



v91

*(g) sprojiueid 2ourA01d duey U 9y} pue () 99UIA0I UId)SeH Y} WOIJ PIPOIA SPIOYD dOUBILIOYUI A[ONI] PUB S9FE UOJIIZ PAILIdYU]  {'f 9In3I

Adooz/Nesz
ob 0z 0 Adooz/Nesz
T T T T T S¥0°0 ov 0¢ 0 .
T T T T T S¥0'0
J o
9500 4 ss00
] S
< 1 N
o <
S S
4 S900 o) . S
3 4 s900
S )
o
SplojiuB.B DISSell| -0WIad
20UINOId UIB)SET 4 6200 splojuelb oissel| -owiad owofc.. .
90UIN0Id UJB)Se] 4 600
a0uIn0ld abuey Ule|y
m 30UIN0Id abuey ulepy 4 ‘
00} @ 1

0¢ a1 sesdi2 JoLid juiod-ejep 0z aJe sasdy||9 Jous julod-ejep



ages presented here agree with those obtained by Liew (1983) and Liew and McCulloch

(1985).

4.2.2 Eastern Province Permo-Triassic granitoids in the Central Belt

Similar to the zircons extracted from the Coastal Belt samples of the Eastern Province,
zircons extracted from the Central Belt granitoids are mostly well-faceted oscillatory-
zoned prisms, with either CL-bright or CL-dark core (Figure 4.2A). Zircons extracted
from Minyak Beku (MA66) and Batu Pahat (MA68 and MA69) usually have CL-dark
cores, which indicates high U contents as shown in Table 2A. Zircons extracted from
the Berengkat tonalitic migmatite on Renyok River (MA42) have metamorphic
overgrowths, which display growth zoning. The age-yielding clusters have U contents
ranging from 270 to 4000 ppm, while Th/U ratios range from 0.09 to 1.52. Generally,
both U contents and Th/U ratios are consistent within samples. Exceptions are the
Berengkat migmatitic tonalite collected from the Renyok River (MA42) and the K-
feldspar phyric biotite granite of Batu Pahat (MA69). Both of these samples have
zircons exhibiting Pb loss and in MA69 extremely high U metamict zircons were
encountered which adversely affects the accuracy of the ages. Metamorphic rims were
found in the zircons extracted from the Berengkat migmatitic tonalite (MA42). No good
rim ages have been calculated because of Pb loss, which is also a problem in inherited
zircons found in MA36 and MA109. Most of the core data obtained from these grains
are discordant. Although they are not useful in determining individual sample ages, they
are useful in identifying possible inherited or source components of the granitic magmas
— zircon core ages indicate upper intercept ages at Cambro-Ordovician and Proterozoic

times (Figure 4.4A).
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The granitoids sampled in this area have ages ranging from 231.8 + 1.7 to 222.2 + 1.8
Ma (Figure 4.1). The age data are summarized in Table 4.3A. Robust U-Pb zircon ages
were obtained from the K-feldspar phyric hornblende—biotite granite of the Jeli Blunero
Quarry (MA109: 226.7 + 2.2 Ma), felsite from the Penjom Gold Mine (MA33: 222.4 +
1.8 Ma), K-feldspar phyric hornblende—biotite tonalite from Berengkat in the Stong
region (MA36: 231.8 £ 1.7 Ma), clinopyroxene—hornblende-biotite granite from
Minyak Beku (MA66: 222.2 + 1.8 Ma), and K-feldspar phyric biotite microgranite from
Batu Pahat (MA68: 227.2 £ 1.9 Ma). Compared to the U-Pb zircon ages obtained in the
Coastal Belt, the ages obtained here is much younger. Reference ages only were
obtained from MA42 and MA69 due to the presence of zircons with Pb loss. For MA42,
clusters of four analytical spots yield reference age at 220.4 + 3.9 Ma. This reference
age is broadly consistent with the other Berengkat sample collected at Kampong Jerek
(MA36), and other robust ages obtained in the Central Belt. It also confirms the
temporal relationship between the hosting tonalite and the Cretaceous Kenerong—
Renyok leucogranitic dyke (MA43). For the Batu Pahat K-feldspar phyric biotite
granite (MAG69), a cluster of four pooled analyses yield a reference age at 225.5 + 2.5
Ma. This age is consistent with MA68 collected at the same locality, which has robust
age at 227.2 + 1.9 Ma. Although field relationships suggested that the Batu Pahat Bt
microgranite (MA68) cuts the coarser-grained granite (MA69), the age difference is
within error of both ages and the two granitic bodies are considered to have formed

contemporaneously.

4.2.3 Eastern Province Cretaceous granitoids

Granitoids outcropping in the Stong region (Kenerong and Noring) and on Tioman

Island are Late Cretaceous in age. Zircons extracted from a leucogranitic dyke (MA43)
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at Renyok are mainly multi-faceted prismatic grains considered to be of metamorphic
origin. They are homogeneous and unzoned. In contrast, grains from the Noring Kfs-
phyric Hbl-Bt granite (MA45) are well-faceted, oscillatory-zoned, magmatic zircons. U
contents of zircons from both Stong samples are high, ranging from 450 to 6600 ppm.
The Tioman zircons are well-faceted prisms (Figure 4.2A). They are mainly
homogeneous, unzoned to faint-oscillatory-zoned, magmatic zircons. These zircons
generally have lower U contents than those extracted from the Peninsula samples. They
usually have U contents less than 1000 ppm (Table 4.2B). However, the Th/U ratios of
all of the Cretaceous zircons are variable, in the range of 0.36 to 4.05, and generally
higher than the Permo-Triassic granitoids. Older inherited zircons were also extracted
from these samples and most of these yielded discordant data similar to the inherited
zircons extracted from the Permo-Triassic granitoids in the Eastern Province. Although
two of them give Carboniferous to Triassic concordant ages, no relevant petrologic or

tectonic interpretation can be made.

Robust U-Pb zircon ages are provided for the Renyok leucogranitic dyke (MA43) at
83.9 + 0.8 Ma and the Noring K-feldspar phyric hornblende—biotite granite (MA45) at
75.7 £ 0.6 Ma. The granitic samples collected from different parts of Tioman Island
(MA78, MA90, MA91, MA97 and MA100) all yielded robust ages at 80.0 = 1.0 Ma

(Table 4.3B and Figure 4.3F).

4.2.4 Main Range Province
Zircons extracted from the Main Range Province granitoids are mostly well-faceted
prismatic grains that are typically coarser grained than those extracted from the Eastern

Province granitoids (Figure 4.2B). Both CL-dark and CL-bright cores can be found in
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the grains with oscillatory zoning. Fragmented zircons are found in the volcanic sample
collected from Genting Sempah (MA110). Zircon in the age yielding group usually
have U contents ranging from 100 to 3000 ppm (Table 4.2C). MAO7 from the Cameron
Highlands has higher U contents in its age yielding group lying between 1500 and 8500
ppm, with the Th/U ratios in this group ranging from 0.04 to 1.35, similar to the Eastern
Province. In contrast to the Eastern Province samples, the Main Range zircons have a
relatively limited range of Th and U contents. Core-rim relationships were found in
some of the extracted zircons from most samples. The core ages, if concordant, usually

suggest a Cambro-Ordovician or Neoproterozoic upper intercept ages (Figure 4.4B).

Fifteen samples were dated in the Main Range Province. The U-Pb zircon ages range
from 226.2 £ 1.2 to 200.8 = 2.0 Ma (Figure 4.1). The oldest samples with robust ages
were found in the inland, i.e. from the Cameron Highlands (MAO7: 219.4 + 1.5 Ma,
MAI13: 225.4 + 1.3Ma, MA14: 218.3 + 2.4 Ma), Ipoh (MA15: 220.1 + 1.0 Ma), Kuala
Lumpur (MA31: 222.4 + 1.8 Ma) and Bukit Mor (MA62: 217.4 + 1.2 Ma). All these
ages were obtained from K-feldspar phyric (muscovite)-biotite granites. Younger
samples were found on the western coast and outlying islands like Penang (MA23:
212.1 £ 2.4 Ma) and Langkawi (MA26: 215.3 £ 2.6 Ma and MA30: 215.9 = 1.7 Ma).
The only hornblende-bearing granite in the Main Range Province, the Taiping granite
(MA16) of the Bintang Batholith, also gives a robust age of 215.7 + 1.6 Ma. Hence, it is
formed at the same time as the other hornblende-free Main Range granitoids. Reference
ages are provided when the zircons suffered from severe Pb loss and these include
samples from a K-feldspar phyric cordierite—biotite granite of the Cameron Highlands
(MAO06: 220.1 £2.8 Ma), the K-feldspar phyric biotite granites from Penang (MA19:

213.9 £2.9 Ma and MA20: 215.5 + 1.5 Ma), and the Ms-Bt microgranite at Tuba
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(MA30: 200.8 + 2.0 Ma). The reference ages provided are comparable to the robust

ages obtained in nearby samples. All these ages are reported in Table 4.3D.

4.2.5 Westward younging of the Malaysian granitoids

The age younging trend observed in the Eastern Province also follows in the Main
Range Province. In other words, the granitoids on the eastern coast are the oldest, while
the youngest granitoids are found on the western coast (Figures 4.1 and 4.5). The
Eastern Province granitoids have U-Pb ages ranging from 289 Ma to 222 Ma (Coastal
Belt: 289 — 231 Ma, Central Belt: 226 — 220 Ma). The Main Range Province granitoids
have U-Pb ages ranging from 227 Ma to 201 Ma. However, it is also observed that the
chronological isolines 220 Ma and 210 Ma in the Main Range Province are close to
each other, and they are not as well defined as other isolines in the Eastern Province
(Figure 4.5). The Genting Sempah volcanics have been correlated with the Main Range
magmatism due to their similar geochemistries (Ghani and Singh, 2002, 2005). The
orthopyroxene-bearing dacite (MA110) there was dated at 226.2 + 1.2 Ma (26, MSWD
of concordance and equivalence = 1.30), which provides temporal evidence for such a

conclusion.

4.2 U and Th contents and Th/U ratios of zircons in the Malaysian granitoids

Compared to the common U and Th contents of zircon in granitic rocks (median values
350 ppm of U and 140 ppm of Th, n = 1684) (Wang et al., 2011), the zircons in the
Malaysian granitoids are generally more enriched in U and Th than typical granitoids.
The U contents can be 10-fold of those values in normal zircons extracted from
granitoids. Zircons with thousands ppm of U contents are common (Tables 4.2).

Radiation damage to the crystal lattice will enhance Pb mobility rates, which can
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Figure 4.5 Chronological isolines drawn according to the U-Pb zircon ages presented in this chapter.
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explain the ubquitious Pb loss problem in these samples. The U and Th geochemistry
does however suggest a subtle difference in the source region and/or petrogenesis of the
different sample groups. Compared to the Permo-Triassic Malaysian granitoids (Th/U
ratios ranges from 0.2 to 1.2, with average Th/U = 0.5), the Cretaceous plutons
generally have higher Th/U ratios, ranging from 0.5 to 2.5 and average Th/U = 1.3
(Figure 4.6). Since the U and Th contents of the zircons are primarily controlled by the
U and Th contents of the melt, the difference observed here may be attributed to the

compositional difference of the sources.

43  Summary

Thirty-seven granitic samples and two volcanic samples were collected throughout the
Malay Peninsula for U-Pb zircon geochronology, of which twenty-four samples were
from the Eastern Province and fifteen from the Main Range Province. The Eastern
Province magmatism is bracketed by the Perhentian syenite at 289.3 + 2.4 Ma and the
Berangkat migmatitic tonalite at 220.4 + 3.9 Ma. An obvious trend is evident in these
data whereby granite ages young progressively from the eastern coast to the Bentong-
Raub suture (Figure 4.5). The Main Range Province magmatism is bracketed by the
Genting Sempah dacite at 226.2 + 1.2 Ma and the Tuba microgranite at 200.8 + 2.0 Ma.
The ages of granite magmatism in the Main Range also appear to young progressively
westwards, from the Bentong-Raub suture to the west coast of the peninsula, although
the pattern is not as well defined as that in the Eastern Province. The duration of Main
Range magmatism (25 million years) appears to be shorter than that applicable to the
Eastern Province magmatism (69 million years). Cretaceous granitoids are reported in
the Stong region (Kenerong leucogranite: 83.9 + 0.8 Ma, Noring granite: 75.7 = 0.6 Ma)

and on the Tioman Island (ca. 80 £ 1 Ma).
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Both the Eastern Province and Main Range granites carry Cambro-Ordovician and
Mesoproterozoic inheritance signatures provided by zircon core ages and defined by
upper intercepts on the Tera-Wasserburg plot (Figure 4.4). This suggests that unexposed
basement in both continental terrane, namely the East Malaya terrane (Eastern Province)
and the Sibumasu terrane (Main Range) comprise early Phanerozoic and
Mesoproterozoic rocks, which were the hosts for emplacement, and possibly also the

source rocks, of the Malaysian granitoids.

The zircons extracted from the Permo-Triassic and Cretaceous Malaysian granitoids
have different Th and U contents. Zircons extracted from the Permo-Triassic granitoids
typically have Th/U ranging from 0.2 to 1.2, with average Th/U = 0.5, while the those
extracted from Cretaceous granitoids can have Th/U ratios ranging from 0.5 to 2.5, with
average Th/U = 1.3. The difference could be attributed by the compositional difference

of the melting sources.
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Chapter 5 — Discussion and Conclusion

5.1 Synopsis

In Chapter 1, concepts of granite petrogenesis were reviewed. It is widely accepted that
the composition of granites is mainly determined by the source regions in the middle
and lower crust (Chappell and White, 1974; Clemens and Stevens, 2012). The parental
granitic magma usually involves hybridization of melts derived from different source
regions (protoliths), which can be either of igneous or sedimentary origin in upper
amphibolite to granulite metamorphic facies (Gray, 1984; Keay et al., 1997; Kemp et al.,
2007). Partial melting of these protoliths is facilitated by the heat and fluids introduced
by the subduction system and the breakdown of hydrous minerals. Heat can be
generated by crustal thickening, internal radiogenic heat production or by basaltic

underplating.

In Chapter 2, the geological framework of the Malay Peninsula has been presented. The
Malaysian granitoids were formed and emplaced during the re-assembly of Gondwana-
originated Precambrian micro-continental terranes, namely Indochina — East Malaya
terrane and Sibumasu terrane in the Malay Peninsula. The Eastern Province is bounded
to the west by the Bentong-Raub suture zone, and is dominated by hornblende-bearing,
pre-collision I-type granites. The younger Main Range Province biotite granites west of
the suture zone have been interpreted as “syn-collision S-type granites” by previous
authors (Beckinsale, 1979; Cobbing et al., 1986, 1992). Field observations suggest that
the hornblende-bearing granitoids in the Eastern Province usually have a more
fractionated roof-zone which is hornblende-free and characterized by hydrothermal

alteration. The hornblende-free roof-zones in the Eastern Province are mineralogically
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similar to the biotite granitoids that dominate in the Main Range Province. On the other
hand, the Bintang Batholith in the Main Range Province also exhibits hornblende-
bearing granitoids that are mineralogically similar to those in the Eastern Province. In
addition, both granitic provinces share commonality in accessory mineral assemblages
in containing sphene, allanite, apatite and ilmenite. This shows that the two granitic
provinces being defined are not as mineralogically contrasting as previous authors

(Beckinsale, 1979; Cobbing et al., 1986, 1992) suggested.

In Chapter 3, the geochemistry of the Malaysian granitoids was reviewed. The Eastern
Province granitoids are akin to typical I-type granites in major element geochemistry,
but this study also shows that some of the Main Range Province granitoids cannot be
distinguished geochemically from the Eastern Province granitoids. It further shows that
all the Malaysian granitoids follow a common LLOD, while the hornblende-free
granitoids in both granitic provinces are geochemically more fractionated. In other
words, the Main Range Province granitoids are generally more fractionated than the
Eastern Province granitoids. Positive correlation has been found between Sn
metallogenesis and fractionated granitoids. The trace element geochemistry of the
Malaysian granitoids suggests that they are all enriched in HFSE and REE. The
enrichment signature is likely inherited from the protoliths, which are also enriched in
these elements. The Sr-Nd isotopic data shows that the Eastern Province were formed
from hybridized magmas made of both igneous protolith and sedimentary protolith
similar to the Kontum ortho-amphibolites and para-gneisses, analogues to the two end-
member sources of the Indochina basement. The Main Range granitoids of the Western
Province have a similar source but the incorporation of sedimentary-sourced melt is

much more significant in the parental magma, in contrast to that of the Eastern Province,
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which comprised predominantly igneous-sourced melt. It is suggested that the
incorporation of both igneous- and sedimentary-sourced melts can promote the

formation of Sn deposits.

In Chapter 4, thirty-nine new U-Pb zircon ages from the Malaysian granitoids were
presented. These new data show that the Eastern Province magmatism occurred
between 289.3 + 2.4 Ma and 220.4 + 3.9 Ma, while the Main Range Province
magmatism occurred between 226.2 £1.2 Ma and 200.8 + 2.0 Ma. Late Cretaceous
magmatism is restricted in the Eastern Province, with granitoids outcropped in the
Stong region and on Tioman Island. A westward younging trend is prominent in the
Eastern Province, but becomes poorly defined in the Main Range Province. All the
Malaysian granitoids in both granitic provinces have Cambro-Ordovician and
Mesoproterozoic inheritance signature, which are interpreted as the ages of the source
regions. In addition, zircons extracted from the Cretaceous granitoids are characterized

by high Th/U ratios.

5.2  The Malaysian granitoids in Chappell and White’s (1974) I-S granite
classification system

Beckinsale (1979) and Cobbing et al. (1986, 1992) separated the Malaysian granitoids
into an I-type Eastern Province and a S-type Main Range Province according to their
lithological and geochemical differences. The field observations and geochemistry
presented in Chapters 2 and 3 confirm that the hornblende-bearing granitoids in the
Eastern Province have typical I-type mineralogy and geochemical signatures.
Mineralogically, they contain I-type indicative minerals like hornblende and sphene.

Geochemically, they are metaluminous to weakly peraluminous, and tend to be more
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sodic. These I-type granites are however not wholly restricted to the Eastern Province;
the hornblende-bearing Bintang Batholith in the Main Range Province is also I-type.
Although Sr-Nd isotopic data suggests that up to 10 —20% of sedimentary-sourced melt
was incorporated into the parental magma of the Eastern Province granitoids, the I-type
mineralogy and geochemistry are still largely retained. Some of them could be highly

fractionated, and may host Sn-W deposits.

In contrast, the Main Range Province is dominated by hornblende-free biotite granites,
interpreted as “S-type” because they are generally more potassic and peraluminous
(Beckinsale, 1979; Cobbing et al., 1986, 1992). However, these characteristics are also
found in fractionated I-type roof-zone granites in the Eastern Province, and make the
Main Range granitoids mineralogically and geochemically indistinguishable from the
fractionated hornblende-free pluton roof-zone in the Eastern Province. The only way to
discriminate Main Range granitoids from the Eastern Province is using Sr-Nd isotope
compositions. The Main Range granites have higher initial Sr isotope ratios, but lower
eNd(7) values. These values are in the middle of the range of values of igneous and
sedimentary end-member sources (Figure 3.11A), suggesting these granitoids are
formed from hybridized parental magma with significant input from both an igneous
precursor and a sedimentary precursor. Hence, it is suggested that the Main Range

Province granitoids are transitional I/S-type here, instead of S-type.

5.3  Comparison of the Malaysian granitoids and the Himalaya-Tibet granitoids
The tectonic relationship between pre-collision I-type granites and syn-collision S-type
granites is best demonstrated by the granitoids intruded along the Himalaya-Tibet

collision zone (Figure 1.6). The Malay Eastern Province granitoids are comparable to
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the pre-collision arc-related I-type Gangdese-Ladakh granites in lithology and
geochemistry (Searle et al., 2010). Both of them are of batholithic size and are
associated with contemporaneous calc-alkaline volcanic rocks (Linzizong volcanics in
Tibet and Pahang volcanics in the Eastern Province). Although the Eastern Province
granitoids have lower eNd(7) values than the Gangdese-Ladakh granites (Figure 3.11A)
(Wen et al., 2008), this probably reflects the incorporation of meta-sedimentary material
into the parental magma of the Malay Eastern Province granites. The formation of large
granitic batholiths involves large amounts of heat and water, and could only be supplied
by fluids driven off a subduction zone as discussed in Chapter 1. In Beckinsale’s (1979)
and Cobbing et al’s (1986, 1992) traditional model, the Greater Himalayan
leucogranites would be an analogue to the “collision-related” Main Range Province

granitoids.

The Greater Himalayan two-mica tourmaline leucogranites are entirely of sedimentary
origin, occur as in situ melts within sillimanite-grade gneisses and are associated with
widespread regional Barrovian metamorphism and partial melting at pressures varying
from ~10 — 4 kbar (Searle et al., 2010). These leucogranites and their migmatitic host
occur along a mid-crustal channel, bounded by a crustal-scale thrust fault along the base
(Main Central Thrust) and by a crustal-scale low-angle normal fault (the South Tibetan
Detachment) along the top. None of these features compare with the morphology and
lithology of the Main Range Province granitoids. The Main Range Province granitoids
are also batholithic, and they are even more voluminous than the Eastern Province
granitoids. The Malay Main Range granitoids are not apparently associated with a
regional migmatite terrane (at least not an exposed one), do not appear to have a

Barrovian metamorphic sequence (unless it remains unexposed in the lower crust) and

178



are not associated with contemporaneous thrust or normal faults. Clearly the Main
Range granitoids require a far greater heat source that the Himalayan leucogranites.
Internally derived heat from crustal thickening is only sufficient to derive relative small
volumes of Himalayan leucogranite melts, not large batholiths. Besides, the surface
geological evidence for major crustal thickening (e.g. the uplifting of 1500 m Cameron
Highlands) and regional metamorphism (typically in greenschist facies) in western
Malaysia cannot explain the enormous heat required for the Main Range magmatism.
The only other source of heat is from the mantle, therefore some sort of magmatic

underplating above a Triassic subduction zone is proposed to account for this extra heat.

5.4  Petrogenetic model of the Malaysian granitoids

We have seen that the generation of both the Eastern Province granitoids and the Main
Range Province granitoids require huge amounts of heat and water provided by
subduction zone(s). During subduction, fluids are driven off the subducting slab and
these fluids can induce melting at the base of the crust. Magmatic underplating seems to
be the best process to generate both extra heat and the fluid-induced melting to make the
Main Range batholith. Partial melting of the upper amphibolite to granulite facies
middle and lower crust could be achieved with or without the presence of water by the
fluid-present or fluid-absent melt reactions addressed in Chapter 1. To produce

voluminous Malaysian granitoids, water-present melting is preferred.

The mineralogical and geochemical differences between the Eastern Province granitoids
and the Main Range Province granitoids is mainly controlled by the compositional
difference between their source regions (Chappell and White, 1974; Clemens and

Stevens, 2012). In the previous section, we have seen that the parental magma of the
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Eastern Province was mainly derived from an igneous precursor (I-type), hybridized
with a minor amount of sedimentary-sourced melt, as suggested by the Sr-Nd isotope
data. This implies that the lower crust basement of the Indochina — East Malaya terrane
is dominated by granulite facies meta-igneous material. On the contrary, the parental
magma forming the Main Range Province granitoids was probably a hybridized magma
with significant input from both igneous and sedimentary precursors (transitional I/S-
type). Hence, the lower crustal basement of the Sibumasu terrane should also have both
igneous and sedimentary precursors. According to the field relationship and
geochemistry of the Malaysian granitoids in both provinces (Chapters 2 and 3),
hornblende-bearing granitoids were fractionated to form hornblende-free roof-zone at
the top of plutons, which is essentially a zone characterized by hydrothermal alteration
and mineralization. In the Main Range Province, some of the microgranitic plutons are
hosted by coarser-grained granites (Figure 2.8), suggesting multiple phases of intrusion
of granitic magma may have occurred. Contact metamorphic skarns are developed
where the Main Range granites are in contact with the country rock sedimentary rocks,
dominantly carbonates (Plate 2.13). All these observations are also summarized into the

petrogenetic model of the Malaysian granitoids (Figure 5.1).

5.5  Tin metallogenesis in the Malaysian granitoids

Tin mineralisation is usually hosted within greisen veins associated with fractionated S-
type granites (Groves and McCarthy, 1978; Babu, 1993; Esmaeily et al., 2005;
Mlynarczyk and Williams-Jones, 2005). In the Malay Peninsula, tin deposits are mainly
hosted in the greisen-bordered veins and pegmatite of the transitional I/S-type
hornblende-free, biotite granites in the Main Range Province, which is more

fractionated than the Eastern Province granitoids. Some of them are hosted in the
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hornblende-free pluton roof-zones of the I-type Eastern Province granitoids, where the
granitoids are often greisenized, hydrothermally altered and also geochemically
fractionated. Hence, there is a correlation between fractionated granites and tin
metallogenesis. The association of tin with I-type granitoids is rarely seen worldwide.
This is because tin tends to be fractionated into aqueous fluid in a more reduced
environment (Taylor, 1979). In Chapter 2, it was suggested that ilmenite-series granites
are found in both granitic provinces, including the I-type dominated Eastern Province.
Hence, the Eastern Province granitoids are more reduced than typical Cordilleran I-type
granites, which usually belong to magnetite-series (Ishihara, 1977; Ishihara et al., 1979;
Clarke, 1992; Pitcher, 1997; Frost et al., 2001). The incorporation of sedimentary-
sourced melts into the Eastern Province parental magma may have played a role here, as
suggested in Chapter 3. Moreover, the Malaysian granitoids are generally enriched in
HFSE, such as Nb and Ta, which are primary concentration inherited from the protoliths.
These elements have a similar geochemical behaviour to Sn and W, in forming large,
highly charged cations, which are readily rejected by polymerized granitic magma.
Hence, the Malaysian granitoids may have high primary concentration in Sn and W as
well (Chapter 3). These geochemical features might explain the formation of the tin
deposits in the greisen-bordered veins and pegmatite associated with the fractionated

granitoids in both Malaysian granitic provinces.

5.6  U-Pb ages of the Eastern Province and temporal constraints on the closure
of the Palaeo-Tethys Ocean

The new U-Pb age data presented in Chapter 4 support the earlier contention that the
Eastern Province granitoids were formed in an Andean-type continental setting along

the western margin of Indochina above an east-dipping subduction zone during the
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period Early Permian to Mid-Late Triassic (Mitchell, 1977; Cobbing et al., 1986, 1992).
The new U-Pb zircon ages obtained in this study are generally compatible with zircon
age data from previous authors in the Eastern Province (Liew, 1983; Liew and

McCulloch, 1985; Liew and Page, 1985; Searle et al., 2012; Oliver et al., 2014).

The U-Pb zircon ages from the dominantly hornblende-bearing granitoids of the Eastern
Province span the period 289 — 220 Ma, which it is interpreted to reflect the timing of
active Palaeo-Tethyan subduction and Andean-type magmatism along the Indochina
terrane. Although the Bentong-Raub suture zone only contains serpentinites, deep-sea
radiolarian cherts and sedimentary rocks spanning Middle Devonian (ca. 390 Ma) to
Upper Permian age (ca. 250 Ma) (Metcalfe, 2000; Sevastjanova et al., 2011), the
Palaeo-Tethyan main suture in Thailand (Changning-Menglian suture zone, Inthanon
suture zone, and the Klaeng tectonic line) contain marine sediments as young as Mid-
Triassic (ca. 230 Ma) (Sone and Metcalfe, 2008; Sone et al., 2012). This age correspond
closely to the youngest I-type arc-related granite ages from the Eastern Province and
thus these data are interpreted to correspond with the timing of closure of Palaeco-Tethys
along the Bentong-Raub suture between 230 — 220 Ma (Hutchison, 2009). Continental
red-bed clastic sediments overlie older marine sediments both along the suture zone and
across the Indochina terrane (Sone et al., 2012). In Singapore, Oliver and Prave (2013)
also demonstrated the change to continental sedimentation during the Late Triassic

using detrital zircon age data (Sevastjanova et al., 2011).
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5.7  Tectonic model of the Malay Peninsula in the Permo-Triassic period
Geological, geochemical and geochronological data can now be used to determine a
suitable tectonic model for the evolution of the Malay granite provinces. Two main

tectonic models have been proposed which are discussed individually below.

5.7.1 Tectonic Model A — two east-dipping subduction zones

The model generally accepted for the evolution of the Malaysian granitoids (Metcalfe,
2000; Barber and Crow, 2003; Sone and Metcalfe, 2008; Barber et al., 2011; Metcalfe,
2011; Searle et al., 2012) involves eastward subduction of Palaeo-Tethyan lithosphere
along the Bentong-Raub suture zone. It resulted in subduction-related, Andean I-type
granite magmatism along the over-riding Indochina — East Malaya Block in the Eastern
Province (Figure 5.2). The “Central belt granitoids” of Chu et al. (1988) and Hutchison
and Tan (2009) has been interpreted as products related to the Sukhothai island arc in
the Malay Peninsula (Sevastjanova et al., 2011; Metcalfe, 2013). However, in Chapter 3,
it was shown that these “Central Belt plutons” have similar geochemistry to those in the
Coastal Belt, a proposal also made by Ghani (2009). Hence, the “Central Belt’ plutons
are grouped with the Eastern Province granitoids in this study. The intervening Lebir
fault is a later structure that truncates the granites and has limited offsets; it cannot have
been a terrane bounding fault during the Permo-Triassic. The U-Pb age data presented
in Chapter 4 show the age range of the Eastern Province granites from Early Permian to
Middle-Late Triassic (ca. 289 — 220 Ma). The geographical distribution also suggests a
progressive westward younging trend for the formation of these granitoids. This may
imply a Palaeo-Tethyan subduction rollback along Bentong-Raub suture zone.
Following closure of the Palaeo-Tethys Bentong-Raub Ocean, and continental collision

of Sibumasu and East Malaya, oceanic subduction beneath Indochina ceased. I-type
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magmatism ended soon after and magmatism started in the Main Range Province
(Sibumasu) where voluminous crustal-melt granites were intruded forming the Main
Range batholith during the Late Triassic. New U-Pb zircon ages presented here suggest

a restricted period of intrusion of these granites spanning 227 — 201 Ma (Figure 5.2).

This model has some similarity to the well-known tectonic evolution of the Himalaya-
Tibet collision. In the Himalaya-Tibet collision zone, the earlier, pre-collision (ca. 180 —
50 Ma) I-type granites (Gangdese-Ladakh granites) and calc-alkaline volcanics
(Linzizong Group) occur on the Eurasian plate above a northward-dipping oceanic
subduction zone, while the later (ca. 26 — 19 Ma) post-collision S-type leucogranites
occur along the Indian plate south of the suture zone (Figure 1.6). The major difference
with the Himalaya is that the Main Range granites are of much larger extent, batholithic

proportions, lithologically and geochemically more akin to transitional I/S-type.

Searle ef al. (2012) suggested that a second east-dipping subduction zone was required
west of the Sibumasu Main Range province in order to explain another belt of
subduction-related I-type granites extending from western Phuket Island along western
Thailand and southeastern Burma (Figure 5.2). Cobbing ef al. (1986, 1992) referred to
this zone as the Western (Peninsula Thailand — Burma) Province composed of large
batholiths of tin-bearing granites and smaller I-type plutons. However, most of the
granites along the west coast of Phuket Island are hornblende-bearing granitoids that
continue north along the Mergui coast of Southeast Burma. In Burma these granitoids
are dominantly either tin-bearing Main Range transitional I/S-type or fractioned I-type

granites but appear to be much younger with Cretaceous ages (Barley and Zaw, 2009).
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Figure 5.2 Schematic diagram of Tectonic Model A explains the formation and the emplacement of the

Malaysian granitoids in the Permo-Triassic period, modified after Searle et al. (2012).
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A lack of U-Pb zircon age data in this western Thailand — southeast Burma region
precludes any detailed tectonic correlations, but in the Mogok belt of Burma (Myanmar)
Andean I-type granitoids have U-Pb ages spanning Jurassic to mid-Cretaceous (Barley
et al., 2003; Mitchell et al., 2012). However, Searle ef al. (2012) provided new U-Pb
zircon core ages of 212 + 2 and 214 + 2 Ma for the Phuket granite, while Late Triassic
zircon xenocrysts (209 + 4 Ma) was reported previously in the Kyanigan gneiss further
north in Mandalay of Burma by Barley et al. (2003). More precise U-Pb zircon ages are
needed along this belt in order to constrain the tectonic evolution of Neo-Tethyan
closure along this part of the India-Burma-Sibumasu collision zone. Although the
evidence lies mostly north of Malaysia in Thailand and Burma, the presence of Late
Triassic Andean I-type granitoids and calc-alkaline volcanics along this province would
seem to require a second east-dipping subduction zone to the west of Sibumasu. It is
possible that once the Palaeo-Tethyan subduction zone ceased along the Bentong-Raub
suture during the Late Triassic, the Neo-Tethyan subduction zone initiated to the west

of Sibumasu, but until more age data becomes available, this model remains speculative.

5.7.2  Tectonic model B — westward underthrusting of Sibumasu by Indochina

An alternative tectonic model was proposed by Oliver et al. (2014) who demonstrated a
progressive decrease of age in subduction-related gabbros, granitoids and rhyolites from
east to west, from Sibu Island (with 285 Ma early magmatic zircon) off the SE coast of
Malaysia to Singapore (Ketam granite, 230 + 6 Ma). Based on limited sampling, they
suggested that the subduction zone steepened and progressively rolled back, resulting in
stretching of the lithosphere and a westward migrating magmatic front (Figure 5.3). The
new U-Pb zircon age data obtained in this study supports this model with 15 new zircon

ages across the Eastern Province also showing a pronounced westward decrease in ages
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(Figure 5.3). Oliver et al. (2014) further suggested that following collision, the Main
Range Province (Sibumasu) overthrusted the Indochina province along the Bentong-
Raub suture zone, resulting in partial melting of thickened crust in Sibumasu and
intrusion of transitional I/S-type tin granites along the Main Ranges of Western

Malaysia.

This model is also not without problems. First, there is no geological evidence for
westward underthrusting (or easting overthrusting) of the Main Range Province over the
Eastern Province. Second, the source for the Main Range crustal melt granites is
unlikely to be the underthrust Eastern Province hornblende-bearing I-type granitoids.
And third, the Main Range tin-granites are also present in the western Sibumasu terrane,
along the western part of the Malay Peninsula (Kinta valley and west coast), and are not
restricted to the eastern part of the Main Range Province as shown on Oliver et al.’s
model (2014) (Figure 5.3). Ghani ef al. (2013) and this study both show that the Main
Range granites were fractionated transitional I/S-types with many characteristics typical
of S-types (elevated ¥'Sr/*Sr ratios > 0.706, presence of ilmenite and occasional
cordierite and andalusite, and presence of meta-sedimentary enclaves), but also some
characteristics of I-types (presence of sphene and amphibole, meta-igneous enclaves).
These granitoids are more likely to have been sourced by a lower crust with a dominant
meta-sedimentary source than a hornblende-biotite granodiorite-granite as required in

the Oliver et al. (2014) model.

A study of U-Pb detrital zircon ages in modern rivers across Malaysia by Sevastjanova

et al. (2011) concluded that it was not possible to distinguish between Eastern and

Western Province basement rocks, both of which have a common Proterozoic (or
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Figure 5.3 Schematic diagram of Tectonic Model B explains the formation and the emplacement of the

Malaysian granitoids in the Permo-Triassic period, proposed by Oliver et al. (2014).
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possibly Neo-Achaean) age. Although detrital zircon ages and particularly zircon Hf
isotopes can potentially provide good indicators of provenance, the Hf results from the

Main Range Province are essentially inconclusive.

5.8  Conclusion

This study has reviewed the formation and the emplacement of the Malaysian granitoids.
The data provides new geochemical and U-Pb zircon geochronological constraints that
can be applied to interpreting the tectonics of the Malay Peninsula during the Permo-
Triassic period. Table 5.1 summarizes the characteristics of Malaysian granitoids in
both the Eastern Province and the Main Range Province that have been presented in
Chapters 2-4. In general, the Malaysian granitoids were divided into a pre-collision
Andean-type, arc-related I-type Eastern Province (289 — 220 Ma) in Indochina — East
Malaya, and a transitional I/S-type Main Range Province (226 — 201 Ma) in Sibumasu.
Although both granitic provinces have the same source signatures of HFSE enrichment,
and Cambro-Ordovican and Mesoproterozoic zircon inheritance, they were emplaced
into different continental terranes. The HFSE enrichment and the Cambro-Ordovician
inheritance were interpreted as source signature (Castro ef al., 2012; Zhu et al., 2012;
Kawakami et al., 2014). Tin metallogenesis is related to the hybridization of igneous-
and sedimentary-sourced melts during the granite formation and subsequent

fractionation.

The petrogenesis and emplacement of the Malaysian granitoids could be explained by
two possible tectonic models. Both tectonic models involve an east-dipping subduction
zone along Bentong-Raub suture, along which rollback subsequently to resulted in

westward younging I-type Eastern Province granitoids on the over-riding Indochina —
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TABLE 5.1 LITHOLOGICAL AND GEOCHEMICAL CHARACTERISTICS OF THE MALAYSIAN GRANITOIDS

Characteristics

Main Range Province

Eastern Province

Morphology Batholithic

Age (Ma) 227 - 201 289 - 220

Indicative minerals Biotite, sphene, iimenite, (muscovite but usually Biotite, hornblende, sphene, ilmenite,
secondary), (hornblende in Bintang Batholith) (magnetite)

A/CNK > 1.1, except Bintang Hbl-bearing granite <11

Major element geochemistry’ Transitional I/S-type I-type

Trace element geochemistry”
(*'sr*sr),
eNd(f)

Nd model age (Ga)

Parental magma

Syn-collision granite
0.7062 — 0.7159
-7.82 - -9.56

1.63-1.99
Hybridized magma with significant input of

igneous and sedimentary melts

Volcanic arc granite to syn-collision granite
0.7044 — 0.7074
-2.39 — -5.25 (+0.62 for Perhentian syenite and
-10.01 for Berangkat tonalite)
0.89 — 1.36 (1.69 for Berangkat tonalite)
Hybridized magma with dominantly igneous

melt

Source signature

Enrichment in HFSE

Cambro-Ordovician and Mesoproterozoic zircon inheritance

191




East Malaya terrane. However, these two tectonic models have different interpretation
on the formation of transitional I/S-type Main Range Province. Tectonic Model A is
modified after Searle et al. (2012), which suggests the Main Range was formed in
response to a new east-dipping subduction of Neo-Tethys Ocean lithosphere started in
the mid-Triassic to the west of Sibumasu, after the Sibumasu — East Malaya collision.
The Main Range Province granitoids were produced by similar processes as the Eastern
Province granitoids, but involved melting of both igneous and sedimentary crustal
sources. The Main Range granites are extremely radiogenic with very high U
concentrations (8900 — 40,000 ppm) (Searle et al., 2012) so some of the extra hear
required to melt the Main Range batholith was probably internal from high heat-
producing elements. Extra heat could also have been derived from magmatic
underplating during subduction. Fluids driven off the subduction zone could also have
contributed to lowering of the granite solidus promoting extensive lower crustal melting.
This model also explains the I-type granitoids in Phuket Island and along the Mergui

Coast of Burma, although the ages of these I-type granitoids remains poorly constrained.

Tectonic Model B was proposed by Oliver et al. (2014). This model involves slab roll-
back along the Bentong-Raub Palaeco-Tethyan subduction zone during the Sibumasu —
East Malaya collision, followed by underthrusting of East Malaya beneath Sibumasu (or
overthrusting of Sibumasu over East Malaya). In this model the Main Range granitoids
were produced by partial melting of underthrust I-type Eastern Province granitoids.
However, there is no geological evidence for such underthrusting (overthrusting), and
partial melting of I-type granitoids to form transitional I/S-type Main Range granitoids
is unlikely. Overall, Tectonic geological and geochronological data tend to suuport

Model A as the preferred option.
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Appendix A — Methodology on major and trace element analysis

Samples were crushed and powdered by jaw crusher and corundum mill. The samples
were then fused into glass beads. Major elements of samples were given by the X-Ray
Fluorescence (XRF) analytical results of these glass beads using Rigaku® RIX-2000
spectrometer in the Department of Geosciences, National University of Taiwan. The
analytical procedures mentioned in Wang et al. (2004) were adopted in this paper, while
the Loss Of Ignition (LOI) was determined separately by routine procedures. The glass
beads were then crushed, weighed for ~40 mg and digested by HNO; (1:1) and super-
pure HF in Teflon® beakers at 100 °C for 2 hours. The digested samples were then
evaporated to dryness, and then digested by HNO; (1:2) at 100 °C again overnight.
Internal standard solution of 10 ppb Rh and Bi in 2% HNO; was added. The sample
solutions were diluted by 2% HNOs by 1500 times after all. The sample solutions were
then ready for analysis by Inductively Coupled Plasma — Mass Spectrometry (ICP-MS)
technique using an Agilent 7500cx spectrometer also in the Department of Geosciences,
National Taiwan University. The precision of the result is generally within £5% (20).
The external standard used in the analyses were USGS standards AGV-2, BHVO-2 and

BCR-2.

Partition coefficient (Kd) of elements in particular mineral in high silica rhyolite

Kd Hornblende Biotite Plagioclase K-feldspar
(Ewart and Griffin, 1994) (Mahood and Hildreth, 1983) (Ewart and Griffin, 1994) (Ewart and Griffin, 1994)
Ba 4.50 3.70 1.80 2.70
Fe 21.0 59.1 0.12 0.85
Nb 0.76 0.47 0.16 0.21
Rb 0.046 5.30 0.029 0.72
Sr 0.77 7.20 4.04 2.1
Zr 4.20 9.10 0.27 0.16
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Recommended values of the USGS andesite standard AGV-2

Element wt% * Oxide wt % *
Al 8.95 0.11 Al,O4 16.91 0.21
Ca 3.72 0.09 CaO 5.20 0.13
Fe 4.68 0.09 Fe,0, 6.69 0.13
K 2.39 0.09 K,O 2.88 0.11
Mg 1.08 0.02 MgO 1.79 0.03
Na 3.1 0.09 Na,O 4.19 0.13
P 0.21 0.01 P,0s 0.48 0.02
Si 27.7 0.35 SiO, 59.3 0.7
Ti 0.63 0.13 TiO, 1.05 0.22
Element Hg/g * Element Hg/g *
Ba 1140 32 Pb 13 1
Be 23 0.4 Pr 8.3 0.6
Ce 68 3 Rb 68.6 2.3
Co 16 1 Sc 13 1
Cr 17 2 Sr 658 17
Cu 53 4 Th 6.1 0.6
Dy 3.6 0.2 u 120 5
La 38 1 20 1
Mn 770 20 Yb 1.6 0.2
Nb 15 1 Zn 86

Nd 30 Zr 230

Ni 19

Information values of the USGS andesite standard AGV?2

Element Hg/g * Element Hg/g *
Cs 1.16 0.08 Lu 0.25 0.01
Er 1.79 0.11 Sb 0.6

Eu 1.54 0.10 Sm 5.7 0.3
F 440 Sn 23 0.4
Gd 4.69 0.26 Ta 0.89 0.08
Hf 5.08 0.20 Tb 0.64 0.04
Ho 0.71 0.08 Tl 0.27

Li 11 Tm 0.26 0.02
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Recommended values of the USGS basalt (Hawaiian Volcanic Observatory) standard

BHVO-2

Element wt% * Oxide wt % *
Al 7.16 0.08 Al,O4 13.5 0.2
Ca 8.17 0.12 CaO 11.4 0.2
Fewt 8.63 0.14 Fe2030t 12.3 0.2
K 0.43 0.01 K,O 0.52 0.01
Mg 4.36 0.07 MgO 7.23 0.12
Na 1.64 0.06 Na,O 2.22 0.08
P 0.12 0.01 P,0s 0.27 0.02
Si 233 0.3 SiO, 49.9 0.6
Ti 1.63 0.2 TiO, 2.73 0.04
Element Hg/g * Element Hg/g *
Ba 130 13 Nd 25.0 1.8
Ce 38 2 Ni 119 7
Co 45 3 Rb 9.8 1.0
Cr 280 19 Sc 32 1
Cu 127 7 Sr 389 23
Ga 21.7 0.9 \ 317 11
Hf 4.1 0.3 Y 26 2
La 15 1 Zn 103 6
Mn 1290 40 Zr 172 11
Information values of the USGS basalt (Hawaiian Volcanic Observatory) standard
BHVO-2

Element Hg/g * Element Hg/g *
F 370 Sm 6.2 0.4
Gd 6.3 0.2 Sn 1.9

Ho 1.04 0.04 Ta 14

Li 5 Tb 0.9

Lu 0.28 0.01 Th 1.2 0.3
Nb 18 2 Yb 2.0 0.2
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Recommended values of the USGS basalt (Columbia River) standard BCR-2

Element wt% * Oxide wt % *
Al 7.14 0.10 Al,O4 13.5 0.2
Ca 5.09 0.08 CaO 7.12 0.11
Fewt 9.66 0.15 Fe2030t 13.8 0.2
K 1.49 0.04 K,O 1.79 0.05
Mg 21.6 0.03 MgO 3.59 0.05
Na 2.34 0.08 Na,O 3.16 0.11
P 0.15 0.01 P,0s 0.35 0.02
Si 253 0.4 SiO, 54.1 0.8
Ti 1.35 0.03 TiO, 2.26 0.05
Element Halg * Element Hglg *
Ba 683 28 Rb 48 2
Ce 53 Sc 33 2
Co 37 Sr 346 14
Cr 18 Th 6.2 0.7
Eu 2.0 0.1 u 1.69 0.19
Ga 23 2 416 14
Gd 6.8 0.3 Y 37 2
La 25 1 Yb 35 0.2
Mn 1520 60 Zn 127

Mo 248 17 Zr 188 16
Nd 28 2

Information values of the USGS basalt (Columbia River) standard BCR-2

Element Halg * Element Hglg *
Cs 1.1 0.1 Lu 0.51 0.02
Cu 19 2 Pb 11

F 440 Pr 6.8 0.3
Hf 4.8 0.2 Sm 6.7 0.3
Ho 1.33 0.06 Tb 1.07 0.04
Li 9 2 Tm 0.54
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Appendix B — Methodology on Sr-Nd isotope analysis

Powdered samples were weighed for ~80 mg and digested by HNO; (1:1) and super-
pure HF in 15 mL screw-top Savillex” beakers for 5 days at ~150 °C. The samples were
then evaporated to dryness. The samples were then dissolved by 2 mL 4N HCI and IN
HCI, and then put into centrifugal separation. Sr and Rare Earth Elements (REE) were
isolated from the sample solution and passed through an AG50W-X8 cation-exchange
column filled with 100-200 mesh resins produced by Eichrom Industries, Inc, which can
selectively extract Sr and REE respectively. Nd fractions were further separated from
the REE portion and were purified using LN resin. HCl was used as eluent. Once
separated, the Sr and Nd fractions were loaded with a Ta-HF activator on a single W
filament and a Re double filament assembly respectively for measurements. The
measurements of isotope data rely on Multi-Collector Inductively Coupled Plasma
Mass Spectrometry (MC-ICP-MS), using the Thermo Electron Finnigan™ Naptune in
the Department of Geosciences, National Taiwan University. Measured *'Sr/*°Sr and
Nd/"**Nd were then normalized to 0.1194 and 0.7219 respectively for mass
fractionation. SRM (NBS) 987 and JNdi-1 were used as Sr and Nd standards during
data acquisition. The measured values for *’Sr/**Sr and '’Nd/"**Nd were 0.710287 and

0.512095 respectively.

Recommended values for SRM (NBS) 987 and JNdi-1

Reference ¥Sri*sr Reference ™Nd/™Nd

SRM (NBS) 987 0.710250 JNdi-1 0.512100
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Appendix C — Methodology on U-Pb zircon geochronology

U-Pb geochronology is generally considered the most reliable radiometric dating
method for dating the crystallization ages of granites due to the long half-life decay (ca.
4.5 Ga for U and 704 Ma for *°U) and its high precision (0.1 to 1%) (Steiger and
Jager, 1977; Davis et al., 2003; Parrish and Noble, 2003). Compared to *°Ar-’Ar
geochronology, which relies on the singular decay of K-Ar, the U-Pb method, on the
contrary, relies on two independent chronometers, the >**U-***Pb and the **U-*"Pb
systems (Bowring and Schmitz, 2003).

280 =2Pp + 8*He + 6B (T1, = 4.4683 x 10’ years) [11]

33U =2"Pb + 7*He + 4B (T1, = 7.0381 x 10° years) [12]
These half-lives (T,,) are much longer than the half-lives of their respective
intermediate daughters (*Th: 24.10 x 10’ days, *'Th: 255.2 hours). Hence, the Th

decays are usually neglected in the systems.

Both *”°Pb and *’Pb are long-lived radiogenic isotopes but are observationally stable,

while 2%

Pb is stable isotope used as reference. The total daughter Pb isotope generated
by these U decay series in a certain mineral is obtained by the deduction of common Pb

(the Pb that present since the formation of mineral) and blank Pb (the Pb that were

introduced during analytical processes).

The age of the mineral is given by the following formulae:

206py,
238 = 8/12381: - 1[12]

35 = 8/12351: - 1[13]
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Decay constants (Ayg = 1.55125 x 107 year” and Ay35 = 9.8485 x 107" year™) follow

the recommendations of Steiger and Jager (1977).

In granites, accessory mineral zircon is one of the best U-Pb geochronometer. It is
because zircon tends to have high U content, and it provides a nearly closed system for
both U and Pb (Davis ef al., 2003). It is also a robust mineral in the granite magmatic

system, which can be stable up to 1690 °C and 4.8 GPa.

High-spatial resolution, high-precision Secondary Ionization Mass Spectrometry (SIMS)
was used to analyze the U-Pb isotopic composition of the extracted zircons. The grains
were extracted from rock samples by standard disaggregation, heavy liquid (bromoform)
separation and magnetic separation procedures. Handpicked zircons were then mounted
in epoxy, polished and imaged using a Robinson CathodoLuminescence detector,
mounted to a Hitachi S4300 Scanning Electron Microscope (SEM). U-Pb isotope ratios
were collected using a Cameca IMS1280 ion microprobe at the NordSIM facility,
Swedish Museum of Natural History, Stockholm, following the protocols described by

Whitehouse et al. (1999) and Whitehouse and Kamber (2005).

Ten or more pooled analyses were obtained from the extracted zircons in each rock
sample. More than one analysis may be made on heterogeneous zircons, which were
identified in CL images. Each analysis was sputtered by an O, primary beam, with
incident energy at 23 kV (-13 kV primary, +10 kV secondary). The primary beam was
then operated in aperture illumination (K6hler) mode with spot size at ca. 15-20 um. In
each run, procedures including pre-sputtering with a 25 pm raster for 120 seconds,

centering of the secondary ion beam in the 3000 pum Field Aperture (FA), mass
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calibration optimization, and optimization of the secondary beam energy distribution,
were carried out by the SIMS automatically. *°Zr,'°O" species at nominal mass 196 was
applied to FA with energy adjustment. All peaks were mass calibrated in the mono-
collection sequence and this was carried out at the start of each session. Within each run,
only those peaks that yield consistently high signals from the zircon matrix, namely
P71,"°0%, **7r,'°0" (nominal mass 204), ""HfO," (nominal mass 209), ***U" and
28U'%0,", were scanned with mass calibration optimization, while those intermediate
peaks were adjusted by interpolation. To ensure adequate separation of Pb isotope peaks
from nearby HfSi" species, a mass resolution (M/AM) of ca. 5400 was used. The axial
ion-counting electron multiplier was used to detect ion signals. Fully automated chain

sequences were applied in each run of sample.

It is assumed the data reduction follows the power law relationship between Pb'/U" and
UO,"/U" ratios with an empirically derived slope. This is to calculate actual Pb/U ratios
with respect to those in the 91500 standard, which provides references for both U
concentrations and Th/U ratio. When ***Pb counts exceed average background
statistically, common Pb is corrected and it is assumed that the **’Pb/*?°Pb ratio is 0.83
(Stacey and Kramers, 1975). The age interpretations were then done by the Isoplot
macros on Excel (Ludwig, 2001). Given the ubiquitous presence of post-crystallization,
possibly recent, Pb-loss causing a skewed age dispersion towards apparently younger
ages, as well as the presence in some zircons of clear inherited cores, a consistent
filtering approach was used to extract the probable crystrallization age. This involved
first excluding any obvious older cores, then rejecting the youngest analyses (>**U/**°Pb
age) interpreted on the basis of CL images to belong to the main magmatic

crystallization group, which most likely reflect Pb-loss, until the remaining group of
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ages yielded a concordia age, sensu Ludwig (1998), with a statistically significant low
MSWD. In general, concordia ages were obtained from five or more pooled analyses to
be robust indicators of the magmatic crystallization age, while those incorporating
fewer analyses are given as reference ages that are accorded somewhat lower
significance in our interpretation. All ages are presented at 2¢ (or, where appropriate,
95% confidence level) including decay constant errors, with the MSWD value
representing that of both concordance and equivalence following the recommendation

of Ludwig (1998).
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