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ABSTRACT

The Kon Tum Massif (KTM) in central Vietnam represents a key geological component of the Viet-Cam Terrane
(VCT), whose early Paleozoic evolution remains poorly constrained, especially along its southwestern margin of the
KTM. This study presents new field, petrographic, zircon U-Pb geochronological, and Hf isotopic data, as well as
whole-rock geochemical data, from early Paleozoic S-type magmatic rocks in the southwestern KTM, to refine their
emplacement age, tectonic setting, and regional geological implications. Zircon U-Pb dating of two samples yields
crystallization ages of 445.4+3.5 Ma and 427.5+1.4 Ma, consistent with late Ordovician and early Silurian
magmatism. The negative eHf(t) values and rich inherited Paleo- and Neo-Proterozoic zircon indicate a sedimentary-
dominated crustal source. At the same time, trace element signatures are characteristic of post-collisional S-type
granites. These new findings, in conjunction with a comparable S-type Chu Lai complex in the northern KTM,
support a widespread post-collision magmatism during the late Ordovician-Silurian within the KTM. Furthermore,
the presence of post-collisional magmatic rocks across the KTM and TSB suggests that the post-collisional tectonic
phase had a broad impact on most of the eastern Indochina block during the Late Ordovician-Silurian. This further
implies that the collision between the KTM and TSB should have occurred before the late Ordovician.

Keywords: Chu Lai complex, S-type granite, Viet-Laos Terrane, Viet-Cam Terrane, suture zone.

1. Introduction collisional orogeny during the Early
Paleozoic, culminating in the current

continental fragments derived from  the configuration of the main Indochina Block
Gondwana supercontinent. These continental (Tran et al, 2014; Shi et al, 2015; Faure et
fragments amalgamated throughout the @l 2018). .The lf)oundary between the VCT
Neoproterozoic to Mesozoic (e.g., Carter et and VLT is believed to be the Tam Ky -

Southeast Asia (Fig. la) is comprised of

al., 2001; Ngo et al., 2014, 2016; Faure et al.,
2018; Tran et al., 2020). The VCT and
Viet-Laos Terrane (VLT, Fig. 1a), which was
accreted through subduction and subsequent
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Phuoc Son suture zone (TPSZ) in Vietnam.
However, its extension to the west remains
debated (e.g., Faure et al., 2018; Thassanapak
et al., 2018). The VCT includes the core of the
KTM, extending southwestward into
Cambodia, while its eastern and southeastern
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parts may have subsided beneath the present-
day East Sea (Tran et al., 2014). Recently,
Tran et al. (2020), based on the occurrence of
ultramafic rocks associated with meta-gabbro
trending northwest to southeast from Po Y
through Dack To down to the Tan Lap areas
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(Kon Tum province, Tran, 1997a, b),

proposed the Chu Sinh suture zone in the

south and southwest of the KTM (Fig. la)

within the VCT. However, the existence of

this suture zone requires further studies to

confirm both its existence and tectonic nature.
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Figure 1. (a) Simplified tectonic features of Southeast Asia showing the Kon Tum terrane, Viet-Laos

terrane, and Viet-Cambodia terrane, Tam Ky - Phuoc

Son Sture (TPSZ), Po Ko Suture (PKSZ), and Chu

Sinh Suture (CSSZ, after Tran et al., 2020. (b) Simplified geological distributions across the TPSZ in
Vietnam (After Phan, 2009; Faure et al., 2018). (c) A detailed map shows the locations of the sample
localities. Referred ages of igneous and metamorphic rocks are from Carter et al., 2001; Nakano et al., 2013;
Shi et al., 2014; Tran et al., 2014; Dinh, 2017; Pham et al., 2016; Ngo et al., 2022 ; 2024; Nguyen et al.,
2021; Nguyen et al., 2024; Tran et al., 2020; Nguyen et al., 2024)

The TKPS is widely accepted as the
tectonic boundary between the KTM and the
Truong Son Belt (TSB, Fig. la), formed
during the Early Paleozoic, contributing to the
formation of the eastern portion of the
Indochina Block. The occurrence of the
Chu Lai S-type granite, which was intensively
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metamorphosed into mylonite, along this
suture is considered a post-collision product
of the KTM and TSB collision (Fig. 1b, c;
e.g., Tran and Vu, 2011; Tran et al., 2014,
2020). The Chu Lai complex is also locally
mapped as small blocks within the KTM,
particularly along the southwestern region of
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the KTM. However, their age and tectonic
nature have not yet been studied or compared
with the main Chu Lai complex in the
northern KTM. Studying this rock complex
will not only provide data to understand the
tectonic nature and formation timing of the
rocks in this area, laying the foundation for a
better understanding of Vietnam's geology,
but also offer evidence to comprehend better
the tectonic event that formed these rocks and
the extent of its influence on the region.

This study will integrate comprehensive
field observations, petrographic analysis,
zircon U-Pb and Hf isotopic dating, and
whole-rock geochemical data from the
mylonitic granite in the southwestern KTM
(Fig. 1b, c). Our new findings aim to enhance
understanding by significantly (1) Further
constraining the emplacement age and
tectonic setting of the S-type granitic mylonite
exposed in the southwestern KTM; (2) The
genetic relationship of the S-type granitic
mylonite in the southwest and north of the
KTM to gain a better understanding of the
Late Ordovician-Silurian magmatic processes
within the KTM; (3) The significance of the
tectonic event that generated the Chu Lai
complex during the Late Ordovician-Silurian
within the KTM.

2. Regional geology and sample descriptions

The VCT is bounded with the VLT by the
TPSZ, which formed during the Middle
Ordovician (e.g., Tran et al., 2014; Faure et
al., 2018; Tran et al., 2020; Ngo et al., 2022;
2025). To the west, the boundary between the
VCT and VLT is considered to be the Po Ko
zone (Tran and Vu, 2011; Tran et al., 2014;
Tran et al., 2020), although there are still
doubts suggesting that it may merely represent
a strike-slip fault during the Cenozoic (Bui et
al., 2016; Faure et al., 2018; Nguyen et al.,
2021), and that the Tam Ky - Phuoc Son
suture zone might connect to the Thakhet - Da
Nang fault based on stratigraphic features
observed along the fault (Fig. 1a, Thassanapak

et al, 2018). The KTM and TSB are
considered significant tectonic units that form
the present-day East Indochina Block. The
occurrence of serpentinized peridotite of the
Hiep Duc complex, along with gabbro,
gabbroic  diorite,  plagiogranite,  and
amphibolite within the Nui Vu complex, is
considered to represent an ophiolitic mélange
within the TPSZ (e.g., Tran and Vu, 2011;
Ngo et al., 2025). In the southwestern part of
the KTM, lens-shaped bodies of ultramafic
rocks,  meta-gabbro, and  amphibolite
complexes are exposed, associated with meta-
carbonate and biotite gneiss, and extend from
Po Y through Dak To to the Tan Lap area in a
northwest-southeast trend. Banded and
serpentinized dunite-wehrlite-clinopyroxenite-
gabbro complexes typical of ophiolitic
assemblage in the Po Y area have N-MORB
affinity, and the meta-gabbro yielded a zircon
U-Pb LA-ICP-MS age of 459.5+4.3 Ma (Tran
et al., 2020). The lens-shaped ultramafic rocks
in the Tan Lap area, consisting of peridotite,
serpentinite-apodunite, pyroxenite, and
hornblende, are supported to be similar to the
upper mantle rock of ophiolitic members and
Alpine-type hyperbasic assemblages (Pham et
al., 2020).

The KTM is predominantly composed of
plutonic and metamorphic rocks, ranging in
age from the Precambrian to the Triassic
period (Tran and Vu, 2011; Roger et al., 2007;
Nguyen et al., 2020). Previous studies have
reported Precambrian ages, including an Nd
model age of approximately 2.7 Ga for a
pelitic granulite (Lan et al., 2003) and U-Pb
zircon ages of about 1.6—1.7 Ga from gneissic
granitoid samples (Tran et al., 2019). The
Precambrian basement is overlain and
intruded by Paleozoic-Mesozoic magma-
sedimentary sequences, followed by Neogene-
Quaternary sediment and volcanic rocks (e.g.,
Tran and Vu, 2011). Based on lithological
features and metamorphic grade, the KTM is
classified into three primary tectonic units: the
Kannak, Ngoc Linh, and Kham Duc (Fig. 1b;
Tran & Vu, 2011; Nakano et al., 2013; Usuki
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et al., 2009; Bui et al., 2020). The Kannak unit
is primarily composed of granulite-facies
rocks, with minor amphibolite-facies having
undergone high to ultrahigh-temperature
metamorphism. In contrast, the Ngoc Linh
unit consists of felsic mylonite, pelitic gneiss,

and mafic  granulite, which  were
metamorphosed  under  high-temperature
conditions. Both complexes underwent

metamorphism during the Ordovician-Silurian
period (~430-460 Ma), followed by
metamorphism during the Permian-Triassic
period (~240-260 Ma; Nakano et al., 2013;
Usuki et al.,, 2009; Bui et al., 2020). The
Kham Duc unit, comprising greenschist- to
amphibolite-facies rocks that underwent low-
to-medium pressure conditions (7.9-8.6 kbar)
and moderate temperatures (570-700°C), was
metamorphosed during the Ordovician-
Silurian (Usuki et al., 2013) and Permo-
Triassic periods (Bui et al., 2020).

During the Ordovician to Silurian period,
diorite and granodiorite of Dien Binh and Tra
Bong complexes intruded into metamorphic
complexes within the KTT, with ages ranging
from ca. 453 to ca. 485 Ma, interpreted as the
products of continental arc magmatism
associated with southeastward subduction
beneath the KTT (Nguyen et al., 2021;
Nguyen et al., 2024). In particular, the
magmatic rocks of the Dien Binh complex are
exposed abundantly along the southwestern
KTM, with formation ages of approximately
485454 Ma (Fig. 1b; Nagy et al., 2001;
Nguyen et al., 2024). In the northern KTM,
the Chu Lai and Dai Loc complexes were
dated to ca. 426—455 Ma and ca. 408—428 Ma,
respectively (U-Pb zircon dating by LA-ICP-
MS, e.g., Carter et al., 2001; Pham et al.,
2016; Dinh, 2017; Jiang et al., 2020; Nguyen
et al, 2022). Based on whole-rock
geochemical analyses and Hf-zircon isotope
data, these rocks are classified as S-type
granites. The Chu Lai complex formed in a
syn-collisional tectonic environment, and the
Dai Loc complex is associated with a post-
collisional setting (Jiang et al., 2020). This
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supports that the collision between the VCT
and VLT along the Tam Ky-Phuoc Son suture
zone occurred before 455 Ma (Jiang et al.,
2020; Nguyen et al., 2020). This interpretation
is further substantiated by the unconformity
observed between the Cambrian-Ordovician
island-arc A Vuong Formation and the
Ordovician-Silurian sedimentary strata along
the northern Tam Ky-Phuoc Son suture zone
(Tran & Vu, 2011; Tran et al., 2020), and
Middle to Late Ordovician metamorphic rocks
within the KTM (e.g., Usuki et al., 2009;
Nakano et al., 2013). In addition, the KTM
also contains magmatic and sedimentary
formations of the Permian-Triassic age, which
are thought to be related to tectonic activity
between the Indochina and South China
blocks (Fig. 1b, e.g., Tran and Vu, 2011; Ngo
et al., 2014, 2015; Tran et al., 2020; Nguyen
et al.,, 2023; Tran et al., 2024; Luong et al.,
2025).

The Chu Lai complex is located in the
southwestern part of the KTM, comprising
small bodies that range in length from ~5 to
10 km and in width from ~1 to 2 km, oriented
in a northwest-southeast direction (e.g.,
Fig. 1b, c; Phan et al., 2009). These rocks are
tentatively attributed to the Chu Lai complex
based on their similar texture and mineral
assemblage to those found in the northern and
northeastern parts of the KTM. However, they
have not been thoroughly studied to date (e.g.,
Phan et al., 2009). This study focuses on the
deformed rock bodies located in the
southwestern part of the KTM, where
magmatic rocks of the Chu Lai complex are
exposed as small bodies exhibiting consistent
lithological characteristics from the Dak To to
Kon Tum areas. Due to soil cover, the
boundary between these rocks and the
surrounding metamorphic complex remains
unclear. Representative sample localities are
shown in Fig. 1¢. In the field, the rocks appear
dark to grayish white, commonly exhibiting
banded structures with features previously
described as gneissic and augen gneiss
(Figs. 2a, b). However, microscopic
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examination reveals textures characteristic of
metatexites, including cuspate shapes,
embayment, intragrain veinlets, droplets, and
grain boundary migration between quartz and
feldspars (Figs. 2¢, d). These microstructures
indicate partial melting and recrystallization

processes typical of metatexites (Vernon,
2011). The mineral assemblage comprises
quartz  (35-40%), K-feldspar (30-45%),
plagioclase (20-35%), and biotite (3—15%),
with minor amounts of muscovite, garnet, and
tourmaline present in most samples.

o T

oy

Figure 2. Photo showing the representative field occurrence of the Chu Lai complex in the southwest of
KTM (gneissic granite of sample CL24/6 (a) and banded granite of sample QN1-1 (b). Photomicrographs
under cross-polarized light show the representative textures and mineral composition of the gneissic
granite (c¢) and banded granite (d). Abbreviations: Qtz, Quartz; Pl, plagioclase; Kfs, K-feldspar;

Bt, Biotite; Ms, Muscovite

3. Analytical methods
3.1. U-Pb ages, Lu-Hf zircon analyses

Zircon grains were hand-picked from
heavy mineral concentrates and mounted in
epoxy, together with chips of reference
zircon crystals. Before analysis, the grains
were photomicrographed in reflected light,
and their internal zoning was imaged using
cathodoluminescence (CL) with a JEOL
6610LV scanning electron microscope at the
Ochang Campus of the Korean Basic Science
Institute (OC-KBSI). Zircon U-Pb age
dating was conducted using MC-ICP-MS at

OC-KBSI. We followed the analytical
procedure of Lee et al. (2018). During the
analysis, a laser beam of ~30 pm in diameter
was used for each spot. The external and
internal standards used for U-Pb =zircon
analyses were zircon 91500 and zircon
Plesovice, respectively.  Standard Pb
composition was corrected using the EXCEL
program of Andersen (2002). The Concordia
plot and weighted mean ages were calculated
using Isoplot/EX software (Ludwig, 2008),
and all ages mentioned in the text are
reported with 95% confidence limits (20).
Analytical results are listed in Table 1.
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Table 1. Zircon U-Pb data of the Chu Lai samples from the southwest of KTM

Analytical —7 206 Isotopie r?stgos 207 706 Ratio
point 23£’b 2c 23£b/ 20 206U/ 2c 206Pb/ 20 23§)b/ 26 | Th/U
/U U Pb Pb U
Sample CL 24
1.1 2.700 | 0.160 | 0.220 | 0.007 4.590 0.130 | 0.090 | 0.003 | 1279.0 [ 35.0 | 0.6
1.2 0.558 | 0.021 0.073 | 0.002 12.870 0.260 | 0.053 | 0.001 | 4444 | 9.5 0.1
2.1 1.885 | 0.090 | 0.183 | 0.006 5.490 0.170 | 0.075 | 0.001 | 1084.0 [ 30.0 | 0.3
3.1 0.693 | 0.025 | 0.090 | 0.001 11.110 0.170 | 0.055 | 0.002 | 556.5 | 8.3 0.4
3.2 0.531 0.027 | 0.070 | 0.003 14.520 0.490 | 0.052 | 0.001 | 436.0 | 15.0| 2.3
4.1 3.110 | 0.120 | 0.233 | 0.004 4.317 0.081 0.095 | 0.002 | 1349.0 | 23.0 | 0.9
4.2 0.541 0.016 | 0.070 | 0.001 14.380 0.290 | 0.051 0.001 | 4343 | 84 0.7
5.1 1.210 | 0.100 | 0.135 | 0.008 7.630 0.440 | 0.065 | 0.002 | 813.0 [43.0] 0.4
5.1 0.547 | 0.015 | 0.074 | 0.001 13.380 0.260 | 0.053 | 0.001 | 443.1 8.1 0.2
6.1 0.944 | 0.073 0.113 | 0.006 9.620 0.480 | 0.058 | 0.002 | 688.0 {34.0| 0.3
6.2 0.473 | 0.012 | 0.067 | 0.001 14.800 0.210 | 0.050 | 0.001 | 418.2 | 5.7 0.7
7.1 2.410 | 0.200 | 0.210 | 0.011 4.890 0.250 | 0.082 | 0.003 | 1220.0 | 59.0 | 1.0
7.2 0.550 | 0.013 0.070 | 0.001 14.330 0.190 | 0.052 | 0.001 | 4349 | 5.7 0.9
8.1 2.015 | 0.027 | 0.190 | 0.002 5.253 0.060 | 0.075 | 0.000 | 1123.0 [ 11.0| 1.7
8.2 0.553 | 0.024 | 0.073 | 0.001 13.720 0.270 | 0.052 | 0.001 | 450.6 | 8.7 0.8
9.1 4.190 | 0.170 | 0.301 0.011 3.330 0.110 | 0.100 | 0.002 | 1698.0 | 57.0 | 2.1
9.2 0.544 | 0.022 | 0.071 0.002 14.050 0.290 | 0.052 | 0.001 | 445.6 | 9.1 1.1
10.1 1.226 | 0.081 0.133 | 0.006 7.620 0.340 | 0.066 | 0.002 | 803.0 [34.0| 0.8
10.2 0.548 | 0.018 | 0.074 | 0.001 13.090 0.220 | 0.055 | 0.000 | 4463 | 7.6 0.5
11.1 1.980 | 0.130 | 0.190 | 0.008 5.280 0.230 | 0.074 | 0.001 | 1122.0 [ 44.0| 0.4
11.2 0.551 0.016 | 0.072 | 0.001 14.070 0.280 | 0.052 | 0.001 | 4452 | 8.2 0.5
12.1 0.561 0.013 0.074 | 0.001 13.630 0.160 | 0.053 | 0.001 | 451.5 | 5.1 0.1
13.1 0.559 | 0.014 | 0.073 | 0.001 13.700 0.190 | 0.053 | 0.001 | 453.8 | 6.1 0.2
14.1 0.547 | 0.018 | 0.073 | 0.001 13.720 0.260 | 0.052 | 0.001 | 452.0 | 8.3 0.3
15.1 0.550 | 0.016 | 0.071 0.001 14.200 0.250 | 0.051 0.001 | 4423 | 7.8 0.4
16.1 0.552 | 0.026 | 0.072 | 0.002 13.920 0.300 | 0.052 | 0.002 | 444.8 | 9.6 0.1
17.1 0.554 | 0.020 | 0.071 0.002 13.970 0.370 | 0.052 | 0.001 | 443.0 | 11.0 | 0.8
17.2 1.663 | 0.068 | 0.168 | 0.004 5.980 0.150 | 0.073 | 0.001 | 997.0 [ 22.0| 0.2
Sample QN1-1
-1 0.520 | 0.013 0.068 | 0.001 14.710 0.180 | 0.052 | 0.001 | 425.5 | 5.1 0.6
-2.1 0.513 | 0.009 | 0.068 | 0.001 14.640 0.150 | 0.055 | 0.000 | 4289 | 4.2 0.2
-2.2 1.282 | 0.035 | 0.140 | 0.003 7.100 0.150 | 0.067 | 0.000 | 846.0 [ 17.0| 0.4
-3 0.515 | 0.009 | 0.068 | 0.001 14.630 0.130 | 0.055 | 0.000 | 428.9 | 3.6 0.8
-4 0.514 | 0.009 | 0.068 | 0.001 14.650 0.130 | 0.053 | 0.001 | 426.5 | 3.7 0.1
-5 0.519 0.015 0.068 0.001 14.730 0.160 0.052 0.001 | 4253 4.5 0.9
-6 0.519 | 0.007 | 0.068 | 0.001 14.600 0.150 | 0.055 | 0.000 | 429.0 | 4.2 0.4
-7 0.522 | 0.006 | 0.069 | 0.001 14.590 0.110 | 0.055 | 0.000 | 430.5 | 3.1 0.7
-8 0.529 | 0.011 0.068 | 0.001 14.640 0.150 | 0.052 | 0.001 | 424.8 | 4.5 1.0
9.1 0.519 0.011 0.068 0.001 14.680 0.120 0.052 0.001 | 4253 3.5 0.6
-9.2 0.627 0.017 0.080 0.001 12.470 0.190 0.057 0.000 | 495.2 7.9 0.3
-10 0.510 | 0.011 0.068 | 0.000 14.620 0.100 | 0.055 | 0.000 | 4273 | 2.9 0.4
-11 0.525 | 0.008 | 0.069 | 0.001 14.570 0.130 | 0.055 | 0.000 | 4313 | 3.8 0.5
-12 0.513 | 0.012 | 0.068 | 0.001 14.710 0.150 | 0.053 | 0.001 | 424.7 | 4.1 0.7
-13.1 0.510 0.009 0.068 0.001 14.690 0.130 0.055 0.000 | 425.8 3.7 0.4
-13.2 3.585 0.054 0.272 0.004 3.687 0.048 0.095 0.000 | 1550.0 | 18.0 | 0.5

The Hf isotopic compositions of zircon and the laser beam size of ~40-50 pm used
were measured using the same instrument, for each spot analysis overlapped the U-Pb
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dating spot. The analytical condition and data
acquisition procedure were similar to those
described by Kee et al. (2019). The
instrument parameters were set to a 10 Hz
repetition rate and an energy density of
6-8 Jecm?. He (650 mL/min) and
N, (2 mL/min) were used as carrier gases for
higher Hf isotope intensity (e.g., lizuka and
Hirata, 2005). All the data reduction was
conducted using the Iolite 2.5 software
(Paton et al. 2011). Calculation of the initial
SHf/'"Hf and eHf(t) values was based on
the Chondritic reservoir (CHUR) at the time

of zircon crystallization and the measured
isotopic compositions of zircon from the
analyzed samples, assuming the '"°Lu decay
constant (1.865x10™'" year™; Scherer et al.,
2001), (°Hf/'""Hf)epur  ratio  (0.282772;
Blichert-Toft and Albarede, 1997), and
(""*Lu/"""Hf)cyur ratio (0.0333; Blichert-Toft
and Albarede, 1997). Model age (Tpy®) was
calculated assuming a magmatic origin
derived from the average continental crust,
with a ratio of 176Lu/177Hf of 0.015
(Andersen et al., 2002). Analytical results are
listed in the Supplementary Table 2.

Table 2. Zircon in-situ Hf-isotopic analytical results of the Chu Lai samples from the southwest of KTM
. 176 176 176
A“:l')yott‘cal et |2 [t |2 [ oy | 2s | tMa) | HEQ | eHE®) | TowS | 25
CL24
3.2 0.2822 | 0.0001 | 0.0007 | 0.0000 | 0.0264 | 0.0005 | 445.4 | 0.28222 | -9.82 2.04 |0.17
4.2 0.2822 | 0.0001 | 0.0007 | 0.0000 | 0.0280 | 0.0004 | 445.4 | 0.28223 | -9.49 2.02 |0.17
5.1 0.2822 | 0.0001 | 0.0007 | 0.0000 | 0.0273 | 0.0005 | 445.4 | 0.28222 | -9.64 2.03 |0.17
7.2 0.2824 | 0.0001 | 0.0010 | 0.0000 | 0.0380 | 0.0012 | 445.4 | 0.28235 | -5.16 1.75 10.19
8.2 0.2823 | 0.0001 | 0.0014 | 0.0000 | 0.0531 | 0.0010 | 445.4 | 0.28228 | -7.66 1.91 |0.20
9.2 0.2820 | 0.0001 | 0.0007 | 0.0000 | 0.0253 | 0.0002 | 445.4 | 0.28204 | -16.12 | 2.43 | 0.18
10.2 0.2823 | 0.0001 | 0.0012 | 0.0000 | 0.0490 | 0.0013 | 445.4 | 0.28231 | -6.38 1.82 |0.22
11.2 0.2823 | 0.0001 | 0.0009 | 0.0000 | 0.0369 | 0.0009 | 445.4 | 0.28232 | -6.27 1.82 | 0.19
12.1 0.2823 | 0.0001 | 0.0010 | 0.0000 | 0.0387 | 0.0012 | 445.4 | 0.28233 | -5.78 1.79 10.20
13.1 0.2823 | 0.0001 | 0.0009 | 0.0000 | 0.0350 | 0.0006 | 445.4 | 0.28230 | -6.77 1.85 |0.18
14.1 0.2823 | 0.0001 | 0.0009 | 0.0000 | 0.0361 | 0.0009 | 445.4 | 0.28229 | -7.38 1.89 |0.16

3.1. Major and trace element analyses

Fresh rock samples were crushed and then
powdered in an agate mill to a grain size of
< 200 mesh for major and trace element
analysis. Geochemical analyses of major and
trace elements, including rare earth elements
(REE), were carried out using ICP-MS (VG
Elemental Ltd., PQ3) and ICP-AES (Perkin
Elmer, Optima 4300DU) at the OC-KBSI.
Acid digestion with hydrofluoric acid is
routinely performed on geological materials
for trace-element analysis (e.g., Park et al.,
2013). A 100-mg powdered sample was
accurately weighed into the PTFE digestion
vessel, in addition to 5 ml mixed acid (HF:
HNO;:HCIO,4 = 4:4:1). The sample vessel was

tightly capped and placed on a hot plate for
24 h at 190°C and then cooled down to room
temperature. After opening the cap, the
sample was subsequently evaporated to
incipient dryness. The above process was
repeated once again. The residue was
dissolved in 10 mL of 1% HNO; with
gentle heating until a clear solution was
obtained. The determinations of elemental
concentrations for USGS reference materials
(BIR-1, BHVO-2, and DTS-1) agree with
recommended  values suggested
tolerances, and their precision was better than
+5% for major elements and £10% for trace
elements. Major and trace elements' analytical

within

results are listed in Table 3.
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Table 3. Major element compositions of the Chu Lai samples from the southwest of KTM

Sample N CL24 CL26 CL27 QN1-1 QN1-2 QN1-3
SiO, 73.90 74.60 72.00 72.30 70.31 74.85
TiO, 0.21 0.20 0.39 0.32 0.36 0.27
Al20; 13.49 13.11 14.23 13.86 13.70 12.82
Fe,05 1.81 1.64 2.52 2.88 3.48 1.99
MnO 0.07 0.02 0.03 0.04 0.03 0.02
MgO 0.40 0.44 1.03 1.26 1.47 0.61
CaO 0.99 1.01 1.66 2.53 2.79 1.58
Na,O 2.06 1.91 2.53 2.65 2.75 2.14
K,0 5.72 5.66 4.79 3.17 391 4.85
P,05 0.06 0.09 0.11 0.09 0.12 0.07
LOI 0.89 0.80 0.56 0.56 0.56 0.71
SUM 99.59 99.49 99.86 99.66 99.47 99.91
Mg# 27.73 31.96 41.63 43.23 42.29 34.86
NaO+K,0 7.78 7.58 7.32 5.82 6.66 6.99
K,0/Na,O 2.78 2.96 1.89 1.19 1.42 2.26
4. Analytical results «—Figure 3. Representative Cathodoluminescence

4.1. U-Pb ages, Lu-Hf zircon

Zircon grains from two Chu Lai granitic
samples are predominantly euhedral to
subhedral with prismatic morphology, ranging
in length from 120 um to 210 pm (Fig. 3).
These grains are transparent, exhibiting either
a light yellow or colorless appearance. Most
display well-defined oscillatory zoning, while
some reveal core-mantle structures in CL
images (Fig. 3). The Th/U ratios recorded
from the oscillatory zircon exceeding 0.12
(Table 1) are characteristic of magmatic
zircon. Zircon cores typically possess
irregular geometries and diverse internal
textures, likely inherited from their source

materials (Fig. 3).
434 3=8.4
4
013 457

CI24

7
42 2 100pum

(CL) images of the analyzed zircon grains from
samples CL24/6 and QN1-1 (sample numbers are
shown). The red and yellow circles represent
analytical spots for the U-Pb and Hf isotopic
measurements, respectively

Zircon U-Pb dating results of two samples
show an extensive range of ages, from core
inherited to oscillatory zircons (Fig. 4a, b).
However, the oscillatory zoning magmatic
zircons yield concordant U-Pb ages of Early
Paleozoic. Thirteen spot analyses of zircon
from the gneissic sample CL24 are all
concordant (Fig. 4a), yielding a weighted
mean 206Pb/238U age of 445.4+£3.5 Ma
(MSWD=3.4). Inherited zircons show various
206Pb/238U ages, ranging from
Neoproterozoic to Mesoproterozoic (~0.6—1.7
Ga). On the other hand, thirteen concordant
apparent “*’Pb/**U ages on the sample QN1-1
yield a weighted mean *“Pb/**U age of
427.5£1.4 Ma (MSWD=1.4; Fig. 4b), while
two analyses from inherited zircons present
206Pb/238U ages of 0.9-1.5 Ga.

The '"°Hf/'""Hf ratios of 0.28236-0.28205
were obtained from eleven spot analyses on
zircon grains from sample CL24. The
calculated results from the sample CL24 show
eHf(t) values ranging from -16.12 to -5.16
(weight mean value = -7.8 + 1.8, Fig. 5a, b),
and Tpy~ spanning from 1.75 to 2.43 Ga
(weight mean age = 1.95 + 0.13 Ga, Fig. 5c¢).
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Figure 5. (a) Diagram showing the U-Pb age vs. eHf{(t) value of zircon from sample QN1-1. Data from
the Chu Lai and Dai Loc complexes in the northeast of KTM (Jiang et al., 2020; Nguyen et al., 2020)
is plotted for comparison. (b) Histograms of model ages (TD) of magmatic zircons in the Chu Lai
sample. Results from Jiang et al. (2020) and Nguyen et al. (2020) are shown for comparison

4.2. Major and trace elements

Whole-rock major elemental compositions
of 6 samples are given in Table 3. SiO,
contents of the samples vary from 70.31 to
75.85 wt.%, Al,O; from 12.82 to 14.23 wt.%,
and the alkali oxides Na,O + K,0 range from
5.82 to 7.78 wt.%. All the analysis samples
plotted in the field of sub-alkaline granite
(Fig. 6a), consisting of K,O content of
3.17-5.72 wt.%, which belong to high-K calc-
alkaline granites (Fig. 6b). The molecular
A/CNK ratios of these samples range from
0.97 to 2.92, and the K,0O/Na,O ratio ranges
from 1.19 to 2.96, suggesting the study rocks
are of S-type granites.

Whole-rock trace elemental compositions
are presented in Table 4. Total REE (XREE)
concentrations of the samples vary from
159.56 to 193.81 ppm, their
normalized REE patterns show a sub-parallel

chondrite

trend with intensive negative Eu-anomalies
(Ew/Eu* = 0.29-0.38) and strong fractionation
between light and heavy REEs ((La/Yb)N =
6.75-9.77) (Fig. 7a). The primitive mantle
normalized trace element patterns of study
samples show depletion in Ba, Nb, Ta, Sr, Pb
and Ti, while the largeion lithophile elements
(LILEs) such as U, Rb, K, and Th show strong
enrichment (Fig. 7b).
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Table 4. Trace element compositions of the
Chu Lai samples from the southwest of KTM

Sc 9.17 8.12] 6.22| 7.45 570 7.84
\4 26.72| 27.63] 19.25 28.81| 15.22| 25.99
Cr 15.16| 14.55 8.68 14.61] 4.99 11.69
Co 391 4.05 291 4.05 221 3.45
Ni 5.800 5.81] 4.14 6.37] 2.24) 4.51
Cu 6.71 545 24.04 5.64 242 6.57
Ga 16.80| 16.35 16.46] 17.83] 17.40] 17.50|
Rb 274.08| 238.80| 264.22| 284.72|275.28|284.26]
Sr 68.36| 74.99| 143.55| 104.31{135.89| 75.91
Y 36.49| 38.65 39.94| 32.22| 36.23| 28.10|
Zr 116.67] 119.43| 115.17| 152.96/145.32{121.42,
Nb 22.55| 16.87] 17.70, 20.36| 17.43] 19.73
Cs 8.59] 8.39 12.48 9.88 12.20, 13.50
Ba 398.45| 414.10| 370.55| 387.56|464.75(452.61
La 35.37| 35.94 39.41| 38.72| 38.36| 32.61
Ce 75.34) 77.08 80.61| 83.56| 83.79 67.37
Pr 8.46] 856 8.84 9.32 9.15 7.62
Nd 30.60 31.14] 30.93] 34.14| 33.06| 27.71
Sm 6.660 652 629 6.97 6.82] 5.71
Eu 0.71 0.74 0.74, 0.72| 0.61] 0.70
Gd 6.38 6.07] 5.62 6.01 585 5.16
Tb 1.05) 1.03] 0.97] 0.98 0.98 0.84
Dy 648 642 634 587 6.12] 5.08
Ho 1.26) 1260 1.28 1.07| 1.15 0.94
Er 384 3.76] 3.82 294 3.30 2.67
Tm 0.54 0.56] 059 0.43] 0.49 0.38
Yb 354 3.62] 3.84 2.69 3.06 2.42
Lu 0.51] 0.51] 0.56] 0.38 0.44] 0.34
Hf 386 475 4.45 499 494 4.71
Ta 308 2120 1.77] 1.83| 1.54] 2.04
Pb 43.96| 44.13| 44.63] 40.03| 42.90 39.95
Th 29.20| 25.76] 28.03] 27.51| 29.58| 23.48
U 840 6.60| 7.76/ 6.81] 5.53| 8.45
Sum
REEs 180.73| 183.21| 189.84| 193.81/193.18|159.56]
YbN 21.99| 22.46] 23.82] 16.72| 19.00] 15.04]
LaN | 149.24] 151.66| 166.28| 163.39/161.84{137.59
La/YbN 6.79] 6.75 6.98 < 9.77) 8.52] 9.15
Eu/Eu* 0.33] 0.36] 038 0.34] 0.29 0.40

4. Discussions

4.1. Emplacement age of the Chu Lai
complex

The Chu Lai complex is located in the
northern and southwestern parts of the KTM
and is considered to intrude on the Kham Duc
and Ngoc Linh metamorphic complexes,
respectively. The Chu Lai rocks were first
dated by the Rb-Sr whole-rock method,
yielding approximately 530 Ma. Later, they

were determined using the U-Pb (TIMS)
method, yielding ages of roughly 772 Ma and
515 Ma (Tran and Vu, 2011, and references
therein). Based on these results, the Chu Lai
complex has been inferred to have formed
during the Neoproterozoic to Early Paleozoic,
spanning the entire KTM (e.g., Tran and Vu,
2011, and references therein). More recent U-
Pb zircon age dating of the Chu Lai complex,
focused on the northeastern part of the KTT,
has yielded ages of ca. 444-426 Ma (Dinh,
2017; Nguyen et al., 2022; Trinh et al., 2021)
and ca. 455445 Ma (Fig. 1b, Jiang et al,
2020; Nguyen et al., 2020). Two samples of
Chu Lai rocks from the Phuoc Son area
(northwestern part of the KTT) have U-Pb
zircon ages of 432-433 million years (Ma)
(Dinh, 2017). These ages indicate that the
emplacement of the Chu Lai complex along the
northern and northeastern parts of the KTM
occurred during the Late Ordovician to the
Middle Silurian. New U-Pb zircon dating using
the LA-ICP-MS method for two samples in this
study provides ages of 445.5 + 4.2 Ma and
427.5 £ 1.4 Ma for the gneissic and banded
samples, respectively. The age data were
obtained from analyses of oscillatory zoning
zircons, and their Th/U ratios range from 0.12
to 2.33, which are typical characteristics of
zircons crystallized from magma (Kirkland et
al., 2015). Therefore, the age results of 445.5 +
42 Ma and 427.5 £ 1.4 Ma represent the
emplacement timing of the magmatic rocks
under study. These results fall within the
previously established age range of the Chu Lai
complex in the northern and northeastern KTM
(Fig. 1b, Fig. 8; Dinh, 2017; Jiang et al., 2020;
Trinh et al., 2021; Nguyen et al., 2020; Nguyen
et al., 2022), suggesting their coeval formation.

The presence of large S-type granites from
the Dai Loc complex in the northern KTM
suggests that they formed during the period of

408-428 Ma (late Silurian), which is later
than the Chu Lai complex (ca. 452428 Ma).
The Dai Loc complex is classified as S-type
granites, originating from the partial melting
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of sedimentary materials. Hf isotopic results
show higher Hf isotope values (-10 to +5)
compared to the Chu Lai complex, indicating
the involvement of mantle-derived material in
the post-collision magma formation (Jiang et
al.,, 2020). Although one age in this study
(ca. 427.5 Ma) overlaps with those of the Dai
Loc complex (Fig. 8), the isotopic
characteristics, however, indicate that the
studied rocks share a similar magmatic source
with the Chu Lai complex.
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Figure 8. Histograms U-Pb age magmatic zircons
in the Chu Lai and Dai Loc granitic gneiss.
(1) Chu Lai samples (this study); (2) Chu Lai
samples (data from Dinh et al., 2011; Jiang et al.,
2020; Nguyen et al., 2020; Nguyen et al., 2022;
2021); (3) Dai Loc S-type granitic gneiss. D1:
Early Devonian; S: Silurian; O3: Late Ordovician

4.2. Petrogenesis and tectonic setting

Petrographically, the study samples
commonly exhibit aluminous-rich silicate
minerals such as muscovite, garnet, and

tourmaline, which are typical characteristics
of S-type granites. The abundant inherited
zircon observed in CL images (Fig. 3),
yielding Meso- to Neo-Proterozoic ages,
suggests that the sources of the study samples
are primarily sedimentary in  origin.
Additionally, the strongly negative zircon
eHf(t) values (ranging from —15.0 to —2.37)
observed in the study samples further support
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a sedimentary-dominant source. Furthermore,
all the analyzed samples belong to the high-K
calc-alkaline series and are characterized by
high K>O/Na:O and A/CNK ratios, plotting
within the S-type granite field (Fig. 7c, d).
The observed negative anomalies in Eu, Ba,
Nb, Sr, and Ti, along with enrichments in Rb,
Th, U, and Pb (Fig. 8a, b), are consistent with
granitic rocks derived from partial melting of
crustal sources (e.g., Harris et al.,, 1986;
Chappell and White, 1992). All the evidence
mentioned above indicates that the rocks of
the Chu Lai complex in the southwestern parts
of the KTM are of S-type affinity and were
emplaced during the Late Ordovician-Silurian
(ca. 445.55-427.5 Ma, Fig. 8).

Previous studies have confirmed that
S-type granites are generally formed in syn-
collisional and post-collisional tectonic settings
along collision zones (Harris et al., 1986;
Pearce et al., 1984; Pitcher, 1983; Sylvester,
1998). We support the notion that the study
samples are from a post-collisional tectonic
setting  for the  following  reasons:
(1) On the tectonic discrimination diagrams,
the Chu Lai samples predominantly plot in the
post-collisional tectonic setting field (Fig. 9a,
b). (2) The granite with Mg# > 40 is generally
linked to mantle-derived mafic magma mixing
(Bonin, 2004). The study samples contain Mg#
ranging from 27 to 43, with three out of six
analyses having Mg# > 40, which probably
suggests a varying contribution from mantle-
derived melt and/or heat, a characteristic
typical of post-collisional granite (Moyen et al.,
2016). (3) High-temperature granulites along
the southern and western parts of the KTM
have been recorded at around 468-432 Ma
(Roger et al., 2007; Nakano et al., 2013), which
probably indicates the minimum age constraint
for a possible crustal thickening event during
the early Paleozoic triggered by the collision
process along the plate boundary (e.g., Usuki et
al., 2009; Nakano et al., 2013). This also
coincides with the proposed collision event
between the VCT and the VLT, which is
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suggested to have occurred around 452 Ma
(Jiang et al.,, 2020) or during the middle
Ordovician (Tran et al., 2020; Ngo et al., 2022,
2024). The samples in this study have ages of

Rb/30

Hf 3*Ta

approximately 445 and 427 Ma, which are
recognized after the proposed collision event,
further supporting their post-collision tectonic
setting.
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Figure 9. (a) Hf-Rb/30- Ta*3 (after Harris et al., 1986) and (b) Rb versus (Y + Nb)
(after Pearce et al., 1984). Abbreviations: WPG - within-plate granitoid, ORG - ocean-ridge granitoid,
VAG - volcanic arc granitoid, COLG - collisional granitoid

4.3. Regional geology implications

VCT and VLT have been identified as
distinct microcontinents located along the
northern margin of East Gondwana before the
early Paleozoic period (e.g., Jiang et al., 2020;
Ngo et al, 2024). The subduction and
subsequent closure of a Tethyan oceanic plate
among these continental terranes ultimately led
to their collision during the Early Paleozoic
(e.g., Lepvrier et al., 2004, 2008; Shi et al.,
2014; Tran et al., 2014; Faure et al., 2018; Tran
et al., 2020; Jiang et al., 2020). Subduction
under both the VCT and VLT terranes during
the periods of ca. 470430 and 450-280 Ma,
respectively, has been proposed (Shi et al.,
2015; Gardner et al., 2017). More recently, the
occurrence  of magmatic rocks  with
compositions ranging from mafic to felsic,
dated to ca. 518-410 Ma and ca. 488430 Ma
on the VCT and VLT terranes, respectively, is
interpreted as being related to subduction
beneath these terranes, followed by continental
collision during the Early Paleozoic (Gardner
et al., 2017; Nguyen et al., 2019; Jiang et al.,

2020; Nguyen et al., 2021; Nguyen et al., 2024;
Ngo et al., 2022; 2024). Moreover, the Hiep
Duc, Plei Wek mafic-ultramafic complexes
along the Tam Ky-Phuoc Son, Po Ko zones
have been interpreted as remnants of a
dismembered ophiolitic sequence (Lepvrier et
al., 2004; 2008; Izokh et al., 2006; Pham et al.,
2019; Tran et al., 2020). Therefore, previous
studies primarily support the existence of an
ancient ocean between the VCT and VLT,
which was eventually consumed during the
Early Paleozoic.

Our research results confirm that the
S-type magmatic rocks in the southwestern
KTM formed during the late Ordovician to the
Silurian period (ca. 445.4-427.5 Ma). These
rocks are consistent in both age and tectonic
setting with the Chu Lai complex along the
northern KTM, reinforcing the post-
collisional magmatic phase within the KTM.
The Dai Loc complex is also mapped locally
within the TSB. It is identified as post-
collisional magmatism, dating back to the late

Silurian to early Devonian period (e.g., Jiang
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et al., 2020). The presence of post-collisional
magmatic rocks across the eastern Indochina
Block indicates widespread magmatic activity
during the late Ordovician to Silurian,
suggesting a tectonic phase that affected the
entire region. This phase is coeval with high-
and  ultra-high-temperature =~ metamorphic
events previously documented in the KTM,
probably linked to post-collisional extension
events. However, further studies are needed to
confirm the overlap in age of the different
rock types from this period, thereby providing
a better understanding of their tectonic nature
and origin. The presence of the 455430 Ma
Chu Lai post-collisional granites may imply
that the closure of the oceanic basin between
the TSB and KTM occurred around the
Middle Ordovician. This implication is further
supported by the unconformity between the
upper Ordovician-Early Silurian Long Dai
Formation and the Lower Cambrian-
Ordovician A Vuong Formation (e.g., Tran et
al., 2020). Notably, S-type granites aged
<470 Ma are associated with syn-/post-
collision magmatism in the Tibetan-
Himalayan region (Lai and Zhu, 2021), which
is earlier than the ca. 455410 Ma Chu Lai
and Dai Loc S-type magmatic rocks,
reflecting that the KTM and TSB were located
as distinct blocks in the East Gondwana
during the early Paleozoic. The age range of
the Chu Lai and Dai Loc complexes is
relatively similar to the 460-410 Ma
intracontinental orogeny magmatism in the
South China Block (Jiang et al., 2020 and
references therein). This may indicate that the
KTM and TSB were located close to the
South China Block during the early Paleozoic
period, and the collision between KTM and
TSB could be tectonically related to the
intracontinental orogeny event in the South
China Block

The potential role of the Chu Sinh and Po
Ko suture zones as boundaries separating
distinct blocks within the KTM remains a
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crucial question. While evidence for ophiolitic
sequences has been supported in the Po Y,
Dack To, and Tan Lap areas, more
comprehensive geological studies are needed
to confirm the existence of well-defined
suture zones. If these sutures are validated,
they will further clarify the tectonic model for
the region, as well as their role in the crustal
thickening event throughout the entire KTM,
providing further insights into the processes of
terrane accretion and crustal deformation in
Southeast Asia during the Early Paleozoic.
The abundant presence of the post-collisional
Chu Lai complex in the northern margin of
the KTM, along with the similarity in age,
tectonic nature, and source of these rocks,
may suggest that the post-collisional
extension along the TKPS played a significant
role in the tectonic processes during the Late
Ordovician - Silurian within the KTM.

5. Conclusions

This study identifies and characterizes
early Paleozoic S-type granites from the
southwestern =~ KTM,  revealing their
crystallization during the Late Ordovician to
Silurian  (~445-427 Ma). Petrological,
geochemical and isotopic evidence suggest a
sedimentary crustal origin and post-collisional
tectonic setting for the study rocks. The
timing, geochemical, and  Hf-isotopic
characteristics of the study rocks are similar to
those of the S-type Chu Lai complex in the
northern and northeastern KTM, suggesting
synchronous crustal thickening and orogenic
activity following post-collisional extension,
which affected the entire KTM during the
Late Ordovician - Silurian. The widespread
presence of post-collisional magmatic rocks
across the KTM indicates a significant
tectonic phase during this period, likely linked
to post-collisional extension and high-
temperature metamorphic events in the region.
This suggests that the collision between the
KTM and TSB occurred before the Late
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Ordovician, playing a key role in the collision
and subsequent post-collisional processes
during the Late Ordovician to Silurian period.
This collision event may be related to the
intracontinental orogeny event in the South
China Block.
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