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ABSTRACT: The plutonic rocks in Doi Pha Rua and Doi Sak, the eastern part of Tha Khao Pluek Sub-District, Mae Chan
District, Chiang Rai Province, exhibit compositions ranging from felsic to mafic rocks. Petrography and geochemistry
are essential tools for classifying rocks into four magmatic groups. Group I is monzogranite, granodiorite, and tonalite,
with titanite as a minor constituent. They are peraluminous and have medium-K transitional to high-K calc-alkaline
affinities that show both I-type and S-type. Their N-MORB-normalized multi-element patterns exhibit LILE enrichment
and a negative Nb anomaly, which are typical of magmas formed at active continental margins. Group II is tonalite, with
titanite as a minor constituent. They are peraluminous, tholeiitic series, characteristic of I-type granite. Group II does
not exhibit a negative Nb anomaly in N-MORB normalized multi-element patterns and might have occurred in a post-
collision environment. Group III is cumulate gabbro and tholeiitic series. Their chondrite-normalized REE patterns
show positive Eu anomalies. Group IV is microgabbro and has chondrite-normalized REE and N-MORB normalized
multi-element patterns that are very similar to those of Group I. Groups I and II are informative to tectonic environments
of formation, while Group III and IV are cumulative (not represent magma) and isotropic, respectively. One Group IV
sample is meaningless for interpretation. The Group I is volcanic arc granite, and Group II might have been post-
collision granite. The Mae Chan granitic pluton is a part of Eastern Granitic Belt (EGB) and represents magmatism
along the boundary between the Sukhothai Arc and the Inthanon Zone.

KEYWORDS: eastern Mae Chan area, I- and S-type granite, petrotectonics, active continental margin, syn-collision,
post-collision

INTRODUCTION underlying almost all northern-central and peninsular

Thailand, the main range of Malaysia, and the Bangka,

The intrusive rocks in SE Asia region have been studied
by many researchers and focused mainly on granitic
rocks because they are voluminous and related to eco-
nomic minerals such as tin-tungsten, precious metals,
and rare earth element (REE) minerals [1-6]. The
granitic rocks in Thailand and SE Asia are separated
into three granitic belts: the Western (SW Thailand-
eastern Myanmar), the Central Main Range (central
north Thailand-western Malaysia), and the Eastern
(Laos, eastern Thailand, and eastern Malaysia), based
on their distribution and geochemistry, as illustrated
in Fig. 1a [7-10]. The western granitic belt (WGB)
is distributed along the Thai-Myanmar border, Phuket
Island (Thailand), and Aceh and Sumatra islands (In-
donesia), and consists of granite, monzonite, and
granodiorite. The WGB whole-rock geochemistry is
ferroan, alkaline to calcic alkaline, and peraluminous,
and shows S-type affinity. The tectonic settings of
formation were syn-collision and post-collision [6].
The central main range granitic belt (CGB) is the
main granitoid in Thailand and SE Asia and occurs
as plutons with a continuous north-south orientation,

Singkep, and Tuju Islands of Indonesia [2,4,10,11].
The CGB in northern Thailand is divided into two sub-
belts. The western sub-belt is situated in the south-
ern part of Mae Hong Son Province along the Thai-
Myanmar border and consists of composite plutons
(Mae Sariang complex) extending from Pai District
through Samoeng, Mae Chaem, and Hot Districts and
Doi Inthanon Mountains, Chiang Mai Province, to the
western part of Tak Province. The eastern sub-belt
comprises the Mae Chan pluton in Chiang Rai Province,
the Fang-Mae Suai-Wiang Pa Pao batholith [12] in
Chiang Mai Province, and the Khuntan batholith in
Lamphun Province. The CGB rocks comprise gran-
ite, granodiorite, and monzodiorite, and exhibit high-
K calc-alkaline, peraluminous, and S-type signatures.
Their absolute ages in northern Thailand, determined
by “°Ar/3°Ar dating, are 220-180 Ma (Late Triassic—
Middle Jurassic) [2]. The zircon U-Pb age of granite
in the Mae Suai area, Chiang Rai Province is 220+1
(Late Triassic) [13]. Eastern Granitic Belt (EGB) is
distributed from central to eastern Thailand, along
the edge of the Korat Plateau. The EGB rocks con-
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Fig. 1 (a) Map showing the distribution of western, central main range, and eastern granitic belts in Thailand, and tectonic
line boundary, modified from Moley [7], Searle et al [8], Qian et al [9], and Jundee et al [10], and study location, and

(b) geological map of the study area, modified from DMR [20].

sist of granite, granodiorite, and monzodiorite, which
are related to metal minerals such as ilmenite and
magnetite. Their whole-rock geochemistry is calc-
alkaline, metaluminous, and I- to A-type. Zircon U-
Pb dating of granite yields ages of 208-226 Ma (Late
Triassic), corresponding to the collision of Sibumasu
and Indochina terranes, and 55 Ma (Eocene), likely
related to the collision of the Indian and Eurasian
continents [13-18].

The study area covers Doi Pha Rua and Doi Sak,
Tha Khao Pluek Sub-District, Mae Chan District, Chi-
ang Rai Province. Geological data of the study area and
vicinity, compiled by Braun and Hahn [19], reported
the Lower Carboniferous stressed granite (G-h) and
Quaternary sediments (Q). However, Department of
Mineral Resources (DMR) [20] reported the occur-
rences of Triassic granite (Trgr), Permo-Triassic ultra-
mafic rocks (peridotite, pyroxene, serpentinite, and
hornblendite) (PTru), and Quaternary sediments (Q)
(Fig. 1b). According to DMR [20], the Triassic igneous
rock is part of the Mae Chan pluton and is classified as
part of EGB. The Mae Chan pluton was divided into two
sub-groups, i.e., Chatchai and Nang Lae subgroups.
The Chatchai subgroup was in the western part of
the pluton, composed of slightly porphyritic stressed
granite with biotite phenocrysts. The Nang Lae sub-
group is distributed east of the pluton and consists
of medium- to coarse-grained porphyritic granite with
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K-feldspar, biotite, and hornblende phenocrysts. The
aim of this study is to petrochemically characterize
the felsic to mafic plutonic rocks in the eastern part
of Mae Chan area, which are informative regarding
tectonic environments of formation and relationships.
This information will be useful for igneous database of
Thailand and vicinity and provides some certain clues
for interpretating the tectonic evolution of Thailand.

MATERIALS AND METHODS

Sample collection and selection

A number of felsic to mafic intrusive rock samples were
carefully selected to obtain least-altered samples from
both outcrops and drill cores. The studied igneous
rocks were collected from both outcrops (11 samples)
and drill cores (9 samples) in the Banchakit mine area
(Fig. 1). The outcrop samples are SPO1, SP02, SP31,
SP32, SP04, MCPRO1, MCPR0O2, MCPR0O3, MCPRO04,
MCPRO5, and MCPRO6, whereas the core samples
are DHO11, DHO012, DH021, DH022, DHO51, DHO052,
DHO053, DHO54, and DHO8. The least-altered samples
generally exclude those with extensive development
of mesoscopic domains of secondary minerals, such as
silicied quartz, epidote, and chlorite; well-developed
foliation or mineral layering; xenocrysts; and xenoliths
totaling more than 5 modal%.
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Sample preparation

The selected rock samples were prepared as thin sec-
tions for petrographic study, stained for modal analysis,
and powdered for whole-rock chemical analysis. For
convenience, the rock slabs of felsic rocks were stained
to differentiate K-feldspar from plagioclase using ama-
ranth and sodium cobaltinitrite solutions [21]. Modal
analysis was performed on stained medium-grained
felsic rock slabs, unstained medium-grained mafic rock
slabs, and thin sections. In case of fine-grained mafic
rocks, modal analysis was performed under the petro-
graphic microscope. The modal analysis carried out in
this study was based on 400 counts, and the results are
listed in Table S1.

The least-altered samples were prepared as sample
powder for whole-rock chemical analysis by splitting
into conveniently sized fragments and then crushing
them into small chips, using a Rocklabs Hydraulic
Splitter/Crusher. Approximately 50-80 g of cautiously
selected and cleaned chips were pulverized for a few
minutes using an automatic laboratory disc mill, model
Scheibenschwingmiihle-TS1000 (Miilheim, Germany),
installed at the Department of Geological science, Chi-
ang Mai university, Chiang Mai, Thailand.

Analytical techniques

The sample powders were chemically analyzed for ma-
jor oxides, trace elements, rare-earth elements (REEs),
and loss on ignition (LOI). Rock-powdered samples
were prepared as fused glass beads and pressed pow-
ders. Chemical analyses of major and minor oxides
(Si0,, TiO,, Al,O,, total iron (FeO and Fe,0,) as FeO*,
MnO, MgO, Ca0, Na, 0, K, 0, and P,0.) and some cer-
tain trace elements (Ba, Rb, Sr, Y, Zr, Nb, Ni, V, Sc, Cr,
and Th) were carried out using a PANalytical Zetium
X-ray fluorescence (XRF) spectrometer (wavelength
dispersive system), model Zetium PW5400 (Almelo,
Netherlands), installed at the Science Laboratory for
Education Division, Kanchanaburi campus, Mahidol
University, Thailand. The standards used were the set
of SARM standards (GS-N, MA-N, and BE-N) [22] and
GSJ Igneous standards (JG-2, JB-2a, and JB-3) [23]
with Ausmon111 Drift Monitor. These major elements
were measured from fused glass beads prepared with
0.5 g of powdered sample and 6.5 g of mixing materi-
als (anhydrous lithium tetraborate (Li,B,0,) 49.75%,
lithium metaborate (LiBO,) 49.75%, and lithium bro-
mide (LiBr) 0.5%) and fused with fusion machine,
model M4 (Quebec, Canada). Trace elements were
measured from pressed powders prepared with 4 g
of sample powder and 1 g of XRF binder (Licowax,
Bedburg-Hua, Germany). Detection limits for Ba are
50 ppm, whereas those for Rb, Sr, Ni, V, Cr, and Zr are
10 ppm, and those for Y, Nb, Sc, and Th are 5 ppm.
Ignition loss was determined by heating approximately
1 g of powdered samples at 1000 °C for 12 h for mafic
rocks and at 800 °C for 8 h for felsic rocks. These proce-

dures were carried out at the Department of Geological
Science, Chiang Mai University, Chiang Mai, Thailand.
Some certain trace elements (Th and U) and REEs (La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu)
were determined on all the least-altered samples, using
a PerkinElmer NexION® 2000 Inductively Coupled
Plasma Mass Spectrometer (ICP-MS) (Waltham, USA).
Solutions for ICP-MS analysis were prepared by the
Microwave digestion technique. The standards used
in the ICP-MS analysis were the international standard
JA-1 and JB-la. These procedures were carried out
at DMR. The chemical concentrations of the rocks are
listed in Table S2.

RESULTS AND DISCUSSION
Field occurrence and relations

The igneous rocks presented in this study are from
the eastern part of Mae Chan District, Chiang Rai
Province. They are composed mainly of granitic rocks,
with minor gabbro and mafic dikes.

Rock nomenclature and assessment of
least-altered nature

Almost all of the studied least-altered plutonic samples
are medium-grained, except for sample DHO12 that is
fine-grained, and have modal mafic minerals of less
than 90%. They have been plotted in terms of modal
quartz, alkali feldspar, and plagioclase to name the
rocks according to the IUGS classification of plutonic
rocks [24] (Fig. 2). The diagram shows that the stud-
ied samples include monzogranite, granodiorite, and
diorite/gabbro. The diorite/gabbro samples have SiO,,
contents of less than 52 wt%, implying that the rocks
are gabbro. Owing to the fine-grained nature of sample
DHO012, the name “microgabbro” has been assigned to
the sample. The Group IV microgabbro seems to be a
portion of dike in the main granitic body.

The alteration box plot of Large et al [25] (Fig. 3)
was applied to the studied samples to assess their least-
altered nature. The data for major oxides, in terms
of weight%, were used to calculate the Ishikawa al-
teration index (AI) and chlorite-carbonate-pyrite index
(CCPI), following the equations.

1 100(MgO +K,0)
~ FeO+K,0+MgO +Na,0
100(FeO + MgO)
CCPI=
FeO +K,0 + MgO + Na,0

The result shows that the studied monzogranite
and granodiorite lie almost entirely in the field of
least-altered felsic-intermediate rocks; only one sam-
ple is outside the field, although it is very close to
the field boundary of least-altered felsic-intermediate
rocks. This phenomenon is also true for the studied
tonalite, which is mainly in the field of least-altered
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intermediate rocks, but one sample is outside and very
close to the field boundary of intermediate-mafic rocks.
The studied mafic rocks (gabbro and microgabbro)
form a cluster overlapping the right-hand corner of
the limit between least-altered and altered mafic rocks.
Only one gabbro sample and one microgabbro sam-
ple lie within the field of least-altered mafic rocks.
These confirm the least-altered nature of the carefully
selected samples. The appearance of gabbro outside
the field of least-altered rocks may be arisen from the
fact that the gabbro are cumulate rocks, i.e., they do
not represent molten magma, but the diagrams were
constructed using data of volcanic rocks, chemically
equivalent to magma.

Magmatic groups

The studied least-altered plutonic samples have a wide
range of compositions. They are acidic to basic in
composition, with 46.36-73.32 wt% SiO,, and seem
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to form a board, continuous fractionation trends on
Na,O + K,O versus SiO, [26,27] (Fig. 4a) and AFM
[27] (Fig. 4b) plots, suggestive of co-magmatic ori-
gin. The chondrite-normalized REE patterns of the
rocks, however, do not support the co-magmatic origin.
Therefore, magmatic grouping has been carried out,
based on occurrences, petrography, and geochemistry,
in particular chondrite-normalized REE and N-MORB
normalized multi-element patterns. The presented
least-altered rock samples may be divided into four
magmatic groups: Group I monzogranite, granodiorite,
and tonalite; Group II tonalite; Group III cumulate
gabbro; and Group IV microgabbro. Petrography,
geochemistry, and petrotectonics of Groups I, II, and
IV magmatic rocks are individually discussed below. To
avoid ambiguities related to the chemical compositions
of molten magma, Group III cumulate gabbro is dis-
cussed based on petrography and geochemistry only.

Petrography
Group I mongzogranite, granodiorite, and tonalite

Group 1 granitic rocks comprise monzogranite
(MCPRO6), granodiorite (SP0O4 (Fig. 5a), MCPRO1,
and MCPRO5), and tonalite (DH21 and DH22). The
rock samples are medium-grained and commonly
show a seriate texture. The essential constituents
of these rocks include 24-48 modal% quartz, 25-51
modal% plagioclase, and 1-22 modal% K-feldspar.
Their common accessory minerals are biotite (1-24
modal%), muscovite (trace-6 modal%), titanite (trace-
4 modal%), opaque mineral (trace-1 modal%), apatite
(trace), and zircon (trace). Hornblende is rarely
detected in sample MCPRO1, and garnet is present
in samples MCPRO1 and MCPRO5. Sieve-textured
staurolite is also sporadically observed in sample
MCPRO5. Plagioclase is euhedral-subhedral, zoned,
and slightly altered to sericite. Quartz is anhedral
and forms consertal-textured clusters, interstitial to
other minerals. K-feldspar is anhedral-subhedral and
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perthitic textured and occurs as an interstitial mineral.
Biotite and muscovite are subhedral; the former
exhibits yellowish brown to dark brown pleochroism
and increases in abundance from monzogranite to
tonalite. =~ Hornblende is subhedral and generally
displays yellow to pale green pleochroism. The wide
compositional range from tonalite to monzogranite
and the presence of titanite and hornblende are the
petrographic characteristics of I-type granitic rocks
[28]. The accessory staurolite in granite has been
reported to occur in an extremely narrow interval of
T-P conditions (T~475-410°C and P~1.8-1.4 kbar),
at a relatively low K activity (< 107%) and a high Fe
activity (1073) [29].

Group II tonalite

Group 1II rocks (SP31, SP32, and DHO11 (Fig. 5b))
are all tonalite. They are seriate-textured, medium-
grained rock, consisting essentially of plagioclase (42—
58 modal%), quartz (26-34 modal%), and K-feldspar

(1-2 modal%), with common accessory biotite (14-17
modal%), muscovite (trace), titanite (trace), opaque
minerals (trace), and zircon (trace). Garnet has
been observed in small amount in sample DHO11,
and apatite has been occasionally detected in samples
DHO11 and SP31. Plagioclase is euhedralsubhedral
and moderately altered to sericite. Quartz is anhedral,
consertal-textured, and interstitial to other minerals
and commonly exhibits a consertal texture. K-feldspar
is anhedralsubhedral and occurs as an interstitial min-
eral. Biotite and muscovite have subhedral outlines.
The former exhibits yellowish brown to dark brown
pleochroism and is highly altered to chlorite.

Group III cumulate gabbro

Group III cumulate gabbro includes samples DHO51,
DHO052, DHO053, DHO54, DHOS8, SPO1 (Fig. 5¢), SP02,
MCPRO2, MCPRO3, and MCPR04. These rock sam-
ples are medium-grained, with seriate and orthocu-
mulus textures. Their major constituents are 35-60
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(a) Group I: Granite

| (¢) Group III: Gabbro

Fig. 5 The photomicrographs of representative rock samples: seriated texture of (a) Group I granite and (b) Group II
granodiorite/diorite, (¢) cumulated texture of Group III gabbro, and (d) porphyritic texture of Group IV microgabbro.

modal% plagioclase and may include clinopyroxene
and hornblende, while minor constituents may in-
clude K-feldspar, olivine, titanite, biotite, and opaque
minerals. Clinopyroxene and hornblende in some
samples are present as minor constituents (Table S1).
The plagioclase grains have An-content in a range
of labradorite by the Michel-Levy method and show
anhedral to subhedral outlines. They are slightly
altered to sericite and clay minerals. Clinopyroxene
and hornblende have anhedral outlines. Hornblende
has pale brown to pale green pleochroism and may
contain corroded clinopyroxene cores and be intersti-
tial and poikilitic. Olivine has anhedral outlines and
are moderately altered to iddingsite.

Group IV microgabbro

As its name denotes, Group IV microgabbro (DHO012,
Fig. 5d) is a microporphyritic, fine-grained, basic rock,
with plagioclase and clinopyroxene microphenocrysts,
as well as clinopyroxene glomerocrysts. The ground-
mass consists mainly of plagioclase and clinopyroxene,
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with minor titanite and opaque minerals. All the
mineral constituents are mainly subhedral. Plagio-
clase is slightly altered to sericite and clay miner-
als, while clinopyroxene is slightly pseudomorphed by
hornblende.

Geochemistry
Group I mongogranite, granodiorite, and tonalite

Group I rocks are subalkaline/tholeiitic granite and
granodiorite on total alkalis-SiO, plot (Fig. 4a)
[26,27] and granodiorite on R1-R2 diagram plot
(Fig. 4b) [30]. These rocks form a linear fractionation
trend, caused by removal of Fe-Mg minerals, in the
calc-alkaline field of AFM plot (Fig. 4c) [27]. They
have medium-K to high-K, calc-alkaline signatures on
K,O versus SiO, plot (Fig.4d) [31]. In terms of
molar Al,0,/Na,O + K,O and Al,0,/CaO + Na,O
+ K,0, Group I medium-K transitional to high-K,
calc-alkaline rocks are all peraluminous, as shown in
Fig. 6a [32]. Their tonalite end members appear to
be S-type granite, while the more felsic granodiorite
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Fig. 7 (a) Chondrite-normalized REE [34] and (b) N-MORB normalized multi-element [35] patterns of the studied least-

altered plutonic rocks.

and monzogranite are I-type (Fig. 6b,c) [30,33]. The
medium-K transitional to high-K, calc-alkaline series of
Group I rocks is strongly supported by their chondrite-
normalized REE patterns, which have relatively flat
heavy REE (HREE) from Yb to Dy and light REE
(LREE) enrichment from Dy to La (Fig. 7a) [34]. The
values for chondrite normalized Dy/Yb ((Dy/Yb)cn)
and La/Dy ((La/Dy)cn) are 1.04-1.88 and 9.58-22.57,
respectively. They all show negative Eu anomalies,
resulting from plagioclase fractionation.

Group II tonalite

Group II rocks are diorite and monzodiorite on total
alkalis-SiO, plot (Fig. 4a) and tonalite-monzogabbro
on R1-R2 diagram (Fig. 4b). The rocks are tholei-
itic transitional to alkaline on total alkalis-SiO, plot
(Fig. 4a), calc-alkaline on AFM plot (Fig. 4c), and
high-K calc-alkaline to shoshonitic rocks on SiO,, versus
K,O plot (Fig. 4d). The plots of chondrite-normalized
REEs (Fig. 7a [34]) and N-MORB normalized multi-
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elements (Fig. 7b [35]) are, however, not in agreement
with the suggestion of a calc-alkaline series. The
chondrite-normalized REE patters of Group II rocks
are slightly enriched in LREE (chondrite-normalized
La/Yb (La/Yb)en = 1.71-3.27), typical of tholeiitic
series. They show a positive Eu anomaly in the earlier
stage and a negative Eu anomaly in the later stage
of fractionation. The absence of Nb anomaly in N-
MORB normalized multi-element patterns of Group
II tonalite is not characteristic of subduction-related
magma. Therefore, the rocks could not be calc-alkaline
or shoshonitic. Chemically, Group II tonalite is pera-
luminous, similar to Group I tonalite (Fig. 6a), but it
is I-type, different from Group I tonalite, which is S-
type (Fig. 6b,c). The existence of titanite in Group II
tonalite agrees with the characteristic of I-type granitic
rocks.

Group III cumulate gabbro

The cumulate gabbro has been formed by accumu-
lation of minerals crystallized earlier from molten
magma. Therefore, the rock does not have chemi-
cal compositions equivalent to magma and will not
be discussed about tectonic environment of forma-
tion. Group III gabbro contains SiO, in a range of
46.36-49.98 wt%, which are gabbro on total alkalis—
SiO, (Fig. 4a) and gabbronorite on R1-R2 diagram
(Fig. 4b). They are tholeiitic in chemical composi-
tions, as shown by their positions on total alkalis—
SiO, (Fig. 4a), AFM (Fig. 40), and K,O versus SiO,
(Fig. 4d) plots. Their chondrite-normalized REE pat-
terns show LREE enrichment, with (La/Yb)cn = 3.30-
7.06 (Fig. 7a), typical of tholeiite from anorogenic
environments. The patterns also show positive Eu
anomalies, resulting from plagioclase accumulation.
They do not show negative Nb anomalies in N-MORB
normalized multi-element patterns (Fig. 7b).

Group IV microgabbro

Only one sample of Group IV microgabbro has been
recognized, which is insufficient to draw a meaningful
conclusion and discussion about the tectonic environ-
ment of formation. Group IV is gabbro on total alkalis—
SiO, (Fig. 4a) and olivine gabbro on R1-R2 diagram
(Fig. 4b). However, it appears to be either tholeiitic
or calc-alkaline on total alkalis-SiO, (Fig. 4a), AFM
(Fig. 4c), and K, O versus SiO, (Fig. 4d) plots. In case
of calc-alkaline rock, the rock is transitional between
medium-K and high-K affinities based on K,O and
SiO, contents (Fig. 4d). The transitional medium-K to
high-K, calc-alkaline affinity is strongly supported by
its chondrite-normalized REE pattern (Fig. 7a). The
pattern shows relatively flat HREE from Yb to Dy
((Dy/Yb)en = 1.28) and light REE enrichment from
Dy to La ((La/Dy)cn = 10.32), similar to the patterns
of Group I granitic rocks. It sits among those of Group
I granodiorite (Fig. 7a), signifying that they are not co-
magmatic.
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Petrotectonics

Normalized multi-element diagrams, which use a
group of some certain elements incompatible and com-
patible with typical mantle mineralogy, are a power-
ful tool in determining tectonic setting of formation.
The concentrations of large-ion lithophile elements
(LILE), e.g., Cs, Rb, K, Ba, Sr, and Eu, may be a
function of fluid-phase behavior, while those of high-
field strength elements (HFSE), e.g., Y, Hf, Zr, Ti,
Nb, and Ta, are controlled by the chemistry of source
and the crystal/melt processes. In different tectonic
environments with different physical conditions and
mineral assemblages, the order of element incompati-
bility may change significantly. Chondrite-normalized
REE patterns are used considerably in petrotectonics,
using chondrite-normalizing values of Taylor and Gor-
ton [34]. The normalized multi-element diagram used
in this account is N-MORB normalized, established by
Sun and McDonough [35].

Group I rocks exhibit wide compositional range
from tonalite to monzogranite. The presence of biotite-
muscovite is the petrographic characteristics of S-type
granitic rocks, whereas titanite and hornblende are
characteristics of I-type granitic rocks [28]. The tran-
sition from medium-K to high-K calc-alkaline rocks is
the feature of volcanic arc magma rather than oceanic
island-arc magma. Their tonalite end members appear
to be S-type granite, while the more felsic granodiorite
and monzogranite are I-type form a cluster in the fields
of either orogenic or non-orogenic environment on Nb
versus Y (Fig. 6d) and Sr versus Nb + Y (Fig. 6¢e) plots
[36]. The positions of these rocks in Fig. 6e, however,
are fit well to those of a post-orogenic environment.
REE patterns show negative Eu anomalies. The N-
MORB normalized multi-element patterns (Fig. 7b)
show LILE enrichment and negative Nb anomalies
relative to Th and Ce, which are significant signatures
of subduction-related magma [37].

Group II rocks are tonalite. The existence of
titanite agrees with the characteristics of I-type granitic
rocks. Group II appear to have formed in arc and
within-plate environments, as indicated by Nb versus
Y (Fig. 6d) and Sr versus Nb + Y (Fig. 6e) plots. The
REE patters are typical of tholeiitic series and do not
show a negative Eu anomaly (Fig. 6b). Their N-MORB
normalized multi-element patterns support the within-
plate environment. The appearance of an arc environ-
ment might be due to the magma having formed in the
tectonic environment transitional from arc to within-
plate, i.e., post-collision, as shown in Fig. 6e.

Group III cumulate gabbro is discussed in view of
petrography and geochemistry only, to avoid ambigui-
ties involved in the chemical compositions of molten
magma. Group IV microgabbro has an insufficient
sample to draw a meaningful conclusion and discus-
sion about the tectonic environment of formation.

Although the tectonic environments of individual


http://www.scienceasia.org/
www.scienceasia.org

ScienceAsia 518 (2): 2025: ID 20255026

magmatic groups have been determined, the ages of
the rocks and their relationships remain uncertain.
However, the Mae Chan granitic rocks (Groups I and
II) have a zircon U-Pb age of 226+3 Ma (Late Triassic)
[13]. The gabbro/microgabbro (Groups III and IV)
were inferred to be Permo-Triassic [20]. The contacts
between the granitic rocks and gabbro/microgabbro
remain obscure in the field, and the geochemical rela-
tionship does not relate to a faulted contact. Based on
petrography, geochemistry and field relationship, Mae
Chan granitic plutons are assigned to be part of EGB
of Southeast Asia, which sporadically continues south-
ward to Tak batholith [38] and indicates the magma-
tism along the boundary between Sukhothai Arc and
Inthanon Zone [17]. In addition, the mafic-ultramafic
rocks can be observed in these belts [39,40].

CONCLUSION

The Mae Chan plutonic rocks are dominantly felsic
with minor intermediate to mafic plutonic and mafic
volcanic rocks. These rocks may be divided into 4
groups. Groups I and II are isotropic rocks. The chem-
ical compositions are equivalent to those of magma
and could yield information concerning the tectonic
environment of formations. Group III has been formed
by the accumulation of crystals from magma, by either
sinking and floating, i.e., not chemically equivalent
to magma. One Group IV sample is isotropic, but
meaningless for interpretation. Group I composition-
ally ranges from S-type tonalite with minor biotite and
muscovite to I-type granodiorite and monzogranite
with minor biotite, titanite, and hornblende. Group I
belongs to the medium-K transitional to high-K calc-
alkaline series, is peraluminous, shows LILE enrich-
ments, and has negative Nb anomalies, typical of mag-
mas formed at active continental margins. Group II is
I-type tonalite with minor titanite, peraluminous, and
tholeiitic in composition, and the absence of negative
Nb anomalies implies that it might have formed in
an anorogenic/post-collision environment. Group III
is gabbro/gabbronorite that shows cumulate texture
and belongs to the tholeiite series and orogenic en-
vironments, characterized by positive Eu anomalies,
indicative of plagioclase accumulation. The Mae Chan
granitic pluton is part of EGB and can be correlated
with the Tak pluton, indicating magmatism along the
boundary between the Sukhothai Arc and Inthanon
Zone.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasial513-1874.2025.
s026.
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Appendix A. Supplementary data
Table S1 Modal analyses of the studied least-altered plutonic rocks in terms of volume%.
Group Group I Group II Group IV
Sample no. DHO021 DHO022 SP04 MCPRO1 MCPRO5 MCPRO6 DHO11 SP31 SP32 DHO12
Quartz 35.75 40.50  23.75 38.25 34.25 48.25 33.75 26.00 27.00 nd
K-Feldspar 1.50 2.25 14.25 19.00 8.75 21.75 2.00 1.25 1.50 nd
Plagioclase 37.25 32.50 51.00 36.50 48.75 25.50 42.00 58.00 56.75 34.00
Clinopyroxene nd nd nd nd nd nd nd nd nd 65.75
Hornblende nd nd nd 0.25 tr nd nd nd nd nd
Titanite tr tr 3.50 3.75 3.75 2.00 tr tr tr tr
Garnet nd nd nd tr tr nd 5.00 nd nd nd
Biotite 17.50 24.50 6.75 1.75 4.00 1.50 17.25 14.25 14.75 nd
Muscovite 6.50 tr tr tr tr tr tr tr tr nd
Apatite tr tr tr 0.50 0.25 0.25 tr 0.50 nd nd
Opaque mineral 1.50 0.25 0.75 tr tr 0.75 tr tr tr 0.25
Zircon tr tr tr tr 0.25 tr tr tr tr nd
sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Group IIT

DHO51 DHO052 DH053 DHO054 DHO08 SPO1 SP02 MCPRO2 MCPRO3 MCPRO4
K-Feldspar 2.25 2.25 0.50 tr 2.00 0.50 1.50 1.50 1.50 2.00
Plagioclase 35,50 39.50 49.50 39.00 52.75 60.00 43.00 50.75 53.50 51.50
Clinopyroxene 42.00 51.75  35.00 43.50 12.25 12.00 13.75 3.50 7.50 3.00
Olivine 10.75 nd 1.50 tr 0.75 3.00 2.25 0.25 3.50 4.75
Hornblende 8.75 5.75 13.50 17.50 32.00 24.50 39.50 40.75 30.00 37.75
Titanite 0.25 0.75 tr tr tr tr tr 2.75 3.75 1.00
Biotite nd nd nd nd nd nd nd nd 0.25 nd
Opaque mineral 0.50 tr tr tr 0.25 tr tr 0.50 tr tr
sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

tr = trace, nd = not detected.
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Table S2 Major and minor oxides, some certain trace elements, and REE of the studied least-altered plutonic rocks.

Group Group I Group II
Sample no. DHO021 DHO022 SP04 MCPRO1 MCPRO5 MCPRO6 DHO11 SP31 SP32
Major oxide (wt%)
Sio, 67.49 70.97 71.90 71.82 73.32 71.27 64.28 52.94 60.98
TiO, 0.78 0.50 0.28 0.26 0.09 0.30 0.56 0.75 0.59
AlL,0, 14.87 15.04 14.59 15.32 15.45 15.02 17.68 21.12 18.12
FeO* 6.24 4.00 2.22 2.06 0.87 2.43 4.89 6.35 6.16
MnO 0.11 0.07 0.13 0.12 0.08 0.14 0.24 0.15 0.33
MgO 2.97 1.87 0.78 0.69 0.25 0.86 2.10 2.60 2.08
CaO 2.59 2.95 2.43 2.31 2.46 2.54 3.78 7.43 5.48
Na,O 1.49 1.89 3.83 3.76 4.22 4.01 3.31 3.66 2.82
K,O 3.32 2.58 3.69 3.56 3.02 3.30 2.75 3.40 2.77
P,0O, 0.14 0.14 0.15 0.11 0.22 0.13 0.41 1.59 0.68
LOI 2.58 1.58 0.58 0.64 0.70 0.70 2.30 1.94 0.81
Original Sum 100.22 101.45 101.29 101.40 101.39 101.97 101.95 101.95 101.33
Trace elements (ppm)
Ba 669 865 1624 1522 806 1494 90 797 573
Rb 126 96 147 136 80 146 <10 102 87
Sr 146 211 440 435 566 457 232 426 341
Y 36 37 33 32 20 34 10 43 41
Zr 167 135 151 139 109 139 29 71 92
Nb 22 20 12 12 12 14 11 25 20
Ni 92 61 14 16 16 20 65 16 15
Cr 155 90 11 <10 <10 29 426 12 18
A% 80 48 26 21 <10 27 14 62 47
Sc 16 10 8 5 <5 6 25 17 19
Th 16 12 37 38 5 34 <5 <5 <5
REE (ppm)
La 41.70 30.00 38.10 44.70 9.00 56.00 6.60 11.10 6.50
Ce 79.90 57.30 63.90 64.80 17.10 74.50 13.30 26.60 14.40
Pr 9.07 6.44 6.20 6.67 1.91 8.71 1.86 3.83 1.96
Nd 32.80 23.30 19.30 20.80 6.60 26.80 6.80 17.50 8.50
Sm 6.10 4.49 3.17 3.45 1.27 4.28 2.15 5.85 3.03
Eu 1.07 1.22 0.71 0.83 0.39 0.90 1.03 1.45 1.18
Gd 5.25 4.07 2.63 2.92 1.05 3.54 2.76 6.94 4.97
Tb 0.69 0.58 0.35 0.41 0.13 0.47 0.57 1.27 1.07
Dy 3.62 3.23 1.94 2.30 0.64 2.56 3.83 7.91 7.10
Ho 0.65 0.63 0.38 0.44 0.11 0.49 0.77 1.45 1.27
Er 1.67 1.70 1.11 1.31 0.30 1.40 2.25 3.48 3.19
Tm 0.21 0.22 0.16 0.20 0.04 0.20 0.32 0.42 0.41
Yb 1.23 1.37 1.09 1.41 0.28 1.36 2.17 2.24 2.51
Lu 0.19 0.20 0.18 0.23 0.05 0.22 0.33 0.29 0.35

FeO* = total iron (FeO and Fe203).
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Table S2 (Continued.)

Group Group III Group IV
Sample no. DHO051 DHO052 DH053 DH054 DHO08 SPO1 SPO2 MCPRO2 MCPR03 MCPR04 DHO012

Major oxide (wt%)

SiO, 48.29 4734 4998 49.70 4848 4845 47.94 46.76 47.98 46.36 50.67
TiO, 0.23 0.20 0.21 0.18 0.30 0.23 0.22 0.21 0.24 0.18 0.79
AlL,0, 12.89 16.02 13.33 19.88 18.89 19.56 18.90 21.68 21.13 20.43 15.19
FeO* 6.45 5.81 4.66 4.43 531 466 4.96 5.04 4.56 5.17 9.39
MnO 0.12 0.10 0.10 0.08 0.10 0.08 0.09 0.09 0.08 0.09 0.18
MgO 14.63 12.75 10.53 9.80 9.31 9.20 10.01 9.25 8.48 10.79 10.68
CaO 16.65 16.94 20.65 13.20 16.07 16.77 16.86 15.78 16.45 16.05 9.62
Na,O 0.62 0.67 0.42 1.51 1.15 0.87 0.81 0.96 0.88 0.80 2.02
K,0 0.13 0.15 0.10 1.19 0.36 0.16 0.17 0.21 0.17 0.13 1.32
P,O, 0.01 0.01 0.01 0.02 0.03 0.02 0.03 0.03 0.03 0.02 0.14
LOI 1.84 2.38 2.54 2.78 224 116 1.06 1.10 2.09 1.10 2.78

Original Sum 100.19  99.03 100.16 100.19 100.13 99.10 99.56 99.55 99.09 99.83 99.73

Trace elements (ppm)

Ba 124 122 90 263 100 164 172 179 136 133 499
Rb <10 <10 <10 75 <10 <10 <10 <10 <10 <10 37
Sr 303 330 232 474 287 511 500 680 539 540 343
Y 10 10 10 18 16 11 10 10 10 10 19
Zr 35 36 29 52 79 57 56 72 62 56 96
Nb 10 10 11 9 14 9 9 8 9 9 13
Ni 93 88 65 65 34 69 74 90 76 27 227
Cr 399 314 426 183 143 204 283 92 252 89 906
v 15 <10 14 11 93 15 13 13 17 <10 76
Sc 35 29 25 21 33 25 23 22 25 23 34
Th <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 10
REE (ppm)
La 1.90 1.40 1.90 2.30 3.50 2.80 2.70 3.10 3.60 2.00 25.90
Ce 4.30 3.30 4.30 4.70 740 6.00 5.60 6.40 7.10 4.10 50.90
Pr 0.61 0.47 0.59 0.57 097 081 0.70 0.81 0.91 0.54 5.72
Nd 2.80 2.20 2.60 240 400 330 290 3.40 3.80 2.40 20.20
Sm 0.79 0.62 0.72 0.61 1.01 0.83 0.77 0.83 0.93 0.62 3.62
Eu 0.29 0.24 0.29 0.24 037 030 0.29 0.32 0.35 0.26 0.92
Gd 0.88 0.69 0.81 0.65 1.09 0.89 0.79 0.84 0.97 0.65 3.26
Tb 0.13 0.11 0.12 0.09 0.16 0.13 0.12 0.12 0.15 0.10 0.45
Dy 0.78 0.64 0.73 0.55 0.97 0.77 0.70 0.69 0.87 0.56 2.59
Ho 0.16 0.13 0.15 0.12 0.19 0.15 0.14 0.13 0.17 0.11 0.51
Er 0.44 0.35 0.40 0.31 0.53 041 0.39 0.34 0.47 0.29 1.46
Tm 0.06 0.05 0.05 0.04 0.07 0.06 0.06 0.05 0.07 0.04 0.21
Yb 0.35 0.28 0.32 0.26 044 035 0.32 0.29 0.41 0.24 1.30
Lu 0.06 0.04 0.05 0.04  0.07 0.05 0.06 0.05 0.06 0.04 0.21

FeO* = total iron (FeO and Fe203).
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