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The Chu Lai andDai Loc granitic complexes are distributed on two sides of the early Paleozoic TamKy– Phuoc Son
suture zone (TPSZ) in the northernKontumMassif (KTM), central Vietnam. Studies of their petrogeneses and tec-
tonic setting provide new insights into the tectonic evolution of the eastern Indochina Block and its affinity with
the South China Block (SCB). Zircon U-Pb dating indicates that the Chu Lai and Dai Loc granites formed at
445–452 Ma and 415–420 Ma, respectively. The Chu Lai granites have high ASI, K2O/Na2O and Rb/Sr as well as
strongly negative zircon εHf(t) (−14.6 to −2.9) and complex inherited zircon components, characteristics of
typical S–type granites. The Chu Lai granites may be subdivided into two groups based on their geochemistry.
However, both groups have similar zircon Hf isotopes and inherited–zircon age spectra, suggesting that they
probably were derived from different degrees of partial melting of the same late Neoproterozoic meta–
greywacke source at different crustal levels. The Dai Loc granites have variable major– and trace–element con-
tents, ASI, K2O/Na2O, Rb/Sr, and zirconHf–isotope compositions, indicating thatmost of them are S–type granites
and some are I–type granites, suggesting derivation from heterogeneous sources. The petrology, geochemistry,
geochronology and formation temperatures suggest that the Chu Lai granites formed in a syn–collisional setting
between the KTM and Truong Son Belt (TSB) and the Dai Loc granites in a post–collision extensional setting trig-
gered by the upwelling asthenosphere mantle. Similarities of age spectra and Hf isotope compositions of
inherited zircons from the Chu Lai granites with detrital zircons from the Neoproterozoic sedimentary rocks in
Western Cathaysia Block and Tethyan Himalaya suggest they are adjacent each other during the late
Neoproterozoic. The ages and zircon Hf–isotope compositions of early Paleozoic granites between the KTM and
TSB are consistent with those in the SCB, but different frommany other microcontinents from the northernmar-
gin of East Gondwana, suggesting that the SCB was close to the KTM and TSB and experienced similar early Pa-
leozoic tectonothermal events. It can be inferred that there was a concealed early Paleozoic subduction zone
south of the SCB, connecting with the TPSZ in central Vietnam, and that the far–field effects of the subduction
of an unknown oceanic plate triggered the early Paleozoic intracontinental orogeny in the SCB.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The South China Block (SCB) and the Indochina Block are the major
components of Southeast Asia. Previous studies have shown the SCB
and the Indochina Block were located in the northern margin of East
Gondwana from the late Neoproterozoic to early Paleozoic and moved
northward to their present positions during the late Paleozoic (e.g.
Cawood et al., 2013; Metcalfe, 1996, 2013). However, the relative posi-
tions of the SCB, the Indochina Block and other continental blocks, such
.V. This is an open access article und
as the Lhasa Terrane, Western Australia and Tethyan Himalaya, in East
Gondwana are not consistent in different Gondwana reconstructions
(e.g. Cawood et al., 2013; Metcalfe, 2013; Usuki et al., 2013).

Furthermore, over the last decade or so, extensive early Paleozoic
magmatism and metamorphism have been identified in the northern
margin of East Gondwana, such as the SCB (Fig. 1a; Wang et al., 2011;
Li et al., 2010; Shu et al., 2014; and references therein), Indochina
Block (Fig. 1b; Usuki et al., 2009; Gardner et al., 2017; Pham et al.,
2016;Nguyen et al., 2019; and reference therein) and TethyanHimalaya
(e.g. Cawood et al., 2007; Pullen et al., 2011). The relationships of these
magmatic and metamorphic events across different blocks in Southeast
Asia have been being studied (e.g. Faure et al., 2018; Li et al., 2010).
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. (a) Simplified regional geologic map showing Precambrian basement, early Paleozoic granites, and multi–stage faults in South China and Indochina (modified after Zhou et al.,
2017). (b) Sketch geological map of the Kontum Massif showing the distribution of different periods of rocks and Early Paleozoic magmatic rocks and the Tam Ky – Phuoc Son Suture
Zone (modified after Mineral resources map of Vietnam at 1:1,000,000 scale). The ages of magmatic rocks are from Carter et al., 2001; Nagy et al., 2001; Sanematsu et al., 2011; Nakano
et al., 2013; Shi et al., 2015; Pham et al., 2016; Pham and Huynh, 2016; Dinh, 2017; Gardner et al., 2017; Nguyen et al., 2019.
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Zhuet al. (2012) and Cawood et al. (2007) proposed that the subduction
of proto–Tethyan Ocean lithosphere beneath the Gondwana margin re-
sulted in the Andean–type early Paleozoic magmatism in the Lhasa and
Qiangtang terrane. However, Miller et al. (2001) and Liu et al. (2016,
2018) advocated that massive early Paleozoic magmatism along the
northern margin of Gondwana resulted from lithospheric extension
and thinning after the Pan–African orogeny. In the SCB, strong early Pa-
leozoic magmatism in theWuyi–Yunkai area is characterized by exten-
sive S–type granites with rare I–type ones andmafic rocks (Fig. 1a). Due
to the absence of coeval ophiolites, high–pressure metamorphic rocks
and arc–related magmatic rocks, an intracontinental orogeny model
has been proposed and widely adopted (e.g. Faure et al., 2009; Li et al.,
2010; Shu et al., 2014; Wang et al., 2010). Li et al. (2010) thought that
far–field tectonic stress related to distant continental collisions or oce-
anic subduction usually is the original driving force of well–known
intracontinental orogeny. However, where this collision or
subduction–related to the intracontinental orogeny in the SCB interior
occurred remains to be answered.

In the Indochina Block, early Paleozoic magmatism and metamor-
phism are concentrated in the Kontum Massif (KTM) of central
Vietnam (Fig. 1a). This tectonothermal event in the KTM was generally
considered to result from the subduction of the Tam Ky – Phuoc Son
Ocean and the consequent collision between the Truong Son Belt
(TSB) and the KTM and eventually led to the formation of the eastern
part of the Indochina Block (Fig. 1b; Lepvrier et al., 2004; Usuki et al.,
2013; Nakano et al., 2013; Gardner et al., 2017; Faure et al., 2018). The
Hiep Duc complex is distributed between the TSB and the KTM
(Fig. 1b) and consists of meta–peridotites, meta–gabbros, meta–
basalts, meta–andesites, cherts, and marbles, which were interpreted
as part of a dismembered ophiolitic series (Faure et al., 2018; Nguyen
et al., 2019). Based on whole–rock Rb-Sr isochron ages and their rela-
tionship with the surrounding rocks, this complex was assigned an
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Early Ordovician age (Tran and Vu, 2011), consistent with the presence
of an Early Devonian unconformity in the area (Izokh et al., 2006). Thus,
the E–Wtrending TamKy – Phuoc Son Belt was regarded as an early Pa-
leozoic suture zone (i.e. TPSZ) between the TSB and the KTM (Fig. 1b).

Recently, Nguyen et al. (2019) reported that some trondhjemites
and tonalites related to the ophiolite suite in the TPSZ have crystalliza-
tion ages of 518–502 Ma, and suggested that they were generated in
an intra–oceanic arc setting. However, many issues, such as the timing
and polarity of subduction, the direction of the TPSZ extension (east-
ward or westward) and the age of collision between the TSB (or N
Vietnam Block) and the KTM (or S Vietnam Block, Faure et al., 2018),
are controversial. For example, Faure et al. (2018) and Nguyen et al.
(2019) proposed a north–directed subduction of the southern block
below the northern block along the TPSZ, because early Paleozoic
granulite–facies metamorphic rocks are mainly exposed on the south-
ern side of the TPSZ (Fig. 1b). In contrast, Shi et al. (2015) and
Gardner et al. (2017) supported a bilateral subduction of the Tam Ky –
Phuoc Son Oceanic plate, because arc–related magmatic rocks were
identified on both sides of the TPSZ. However, among these studies,
few focus on the link between the early Paleozoic magmatism and
metamorphism in the KTM and the tectonic evolution of the northern
margin of Gondwana and the early Paleozoic tectono–magmatic event
in the SCB, although the Indochina Block is adjacent to the SCB in various
reconstructions of Gondwana.

The early Paleozoic Chu Lai and Dai Loc granitic complexes are dis-
tributed on the northern KTM and southern TSB, respectively. Their
crystallization ages are significantly later than those of plagiogranites
in the TPSZ (518–502 Ma; Nguyen et al., 2019). What is the genetic
link between these two granitic bodies and the evolution of the TPSZ?
This paper presents integrated geochemical and zircon U–Pb–Hf isoto-
pic data for these two granitic complexes, in order to reveal their origin,
their genetic linkwith the TPSZ, and their relevance to the tectonic evo-
lution along the north margin of Gondwana and the early Paleozoic
intracontinental orogeny in the SCB.

2. Geological background and sample features

The Kontum Massif (KTM), located in central Vietnam, is composed
of Precambrianmetasedimentary rocks, early Paleozoic and earlyMeso-
zoic metamorphic rocks, extensive Paleozoic – Mesozoic magmatic
rocks and various periods of sedimentary rocks (Fig. 1b). The Precam-
brian basement is locally covered by Paleozoic – Mesozoic sediments
or even directly byNeogene to Quaternary lava flows or intruded by un-
deformed Jurassic – Triassic granites (Tran and Vu, 2011). The KTM is
generally subdivided into three tectonic units based on their lithology
and metamorphic grade: the Kannack, Ngoc Linh, and Kham Duc com-
plexes from south to north (Fig. 1b; Tran and Vu, 2011; Nakano et al.,
2013). The Kannack complex underwent granulite–facies metamor-
phism and comprises pelitic granulites, cordierite– sillimanite–bearing
gneisses and migmatites. The Ngoc Linh complex underwent
amphibolite–faciesmetamorphism and consists of garnet amphibolites,
hornblende–biotite gneisses, biotite–sillimanite gneisses, and garnet–
biotite gneisses. The Kham Duc complex is characterized by greenschist
facies metamorphism and is made up of hornblende–biotite gneisses,
mica schists, and lesser sillimanite–biotite schists.

Precambrian metamorphic rocks in the KTM were traditionally
regarded as an exposed “Archean” nucleus (e.g. Hutchison, 1989),
based mainly on their petrologic similarity to the classic Archean gran-
ulite terranes in Gondwana, such as those in East Antarctica, India, Sri
Lanka andAustralia (Katz, 1993). However, Nd–isotope data donot sup-
port the presence of an extensive Archean basement in the KTM (Lan
et al., 2003). Recent geochronological studies of granulites, migmatites,
and gneisses from the “Archean” nucleus only yield Permo–Triassic ages
(241 ± 5 to 258 ± 6 Ma) (e.g. Lepvrier et al., 2004; Nagy et al., 2001;
Usuki et al., 2009) or early Paleozoic metamorphic ages (407 ± 11 to
451 ± 3 Ma) (e.g. Nagy et al., 2001; Roger et al., 2007; Usuki et al.,
2009). These two prominent tectonothermal events made the Precam-
brian basement of the KTM complicated (Nakano et al., 2013; Roger
et al., 2007; Sanematsu et al., 2011; Usuki et al., 2009). Thereby the
formation ages of their protoliths have not been well constrained.

The Chu Lai granitic complex in the southern TPSZ intruded into the
northeastern KhamDuc complex and is covered by Cenozoic sediments
to the east (Fig. 2b). The granites in the complex commonly show
gneissose, augen, or banded structures (Fig. 3a–d). Therefore, some-
times they were defined as migmatites (Faure et al., 2018). However,
most researchers, including those Vietnamese geologists, described
the rocks in the complex as granites, gneissoid granites, or migmatitic
granites (Tran et al., 2020; Tran and Vu, 2011). We accept this view-
point. The foliation structures of the Chu Lai complex are very homoge-
neous, and no leucosomes formed by partial melting can be identified.
The banded, gneissose, and augen structures reflect Triassic
(Indosinian) intense deformation. Therefore, these felsic rocks in the
complex may be called gneissic granite or deformed granite. Common
mineral assemblages of these deformed granites from the Chu Lai com-
plex are quartz (10–20%) + plagioclase (20–45%) + K–feldspar (35–-
55%) + biotite (3–15%) + muscovite (0–7%) with minor accessory
minerals, such as apatite, tourmaline, garnet and zircon (Fig. 4a–f). Ac-
cording to mineral assemblage and chemical compositions, the Chu Lai
granitesmay be divided into two groups. Group 1 (G1) is dark and char-
acterized by intensive deformation, showing intensely banded and
gneissose structures (Fig. 3a–b). Feldspar phenocrysts, tourmaline, gar-
net, and small folds are commonly observed in the G1 rocks (Fig. 3a–b).
Group 2 (G2) is gray and moderately deformed, also showing banded
and gneissose structures (Fig. 3c–d). Garnet and tourmaline may also
be recognized in some G2 rocks. G1 rocks generally have more abun-
dant plagioclase and biotite and less K–feldspar than G2 ones (Fig. 4c,
f), and showweak tomoderate ductile deformation (Fig. 4b–c). G2 sam-
ples have larger garnet relics, coarse–grained perthite, and microcline
grains (Fig. 4a, d–f). Direct contact between G1 and G2 can be seen in
the sampling quarries. Their contact boundary is curved without any
chilled border, suggesting that both were emplaced at almost the
same time.

The Dai Loc intrusive body is situated in the southern TSB and adja-
cent to the TPSZ (Fig. 1b). It intrudes into the Cambrian – Ordovician A
Vuong Formation and is partly covered by Cenozoic sediments to
the east (Fig. 2a). Some Dai Loc granites have porphyritic textures
(Fig. 3g, h), and the matrix shows fine– to medium–grained textures
(Fig. 4g–j). They all develop gneissose or augen structureswith oriented
K–feldspar phenocrysts (Fig. 3e–g). These foliation structures in the Dai
Loc complex are homogeneous without any leucosomes produced by
partialmelting. Therefore, these rocks in the complex also are deformed
granites, like those in the Chu Lai complex, but not migmatites. The Dai
Loc deformed granites contain a commonmineral assemblage of quartz
(30–40%), plagioclase (15–25%), K–feldspar (20–45%), biotite (3–12%)
and muscovite (0–10%) with accessory minerals tourmaline, titanite
and zircon (Fig. 4g–j). They are heterogeneous in terms of fabric and
mineral components. Granites in sampling location 16KT23 (defined
as M1) have more biotite and titanite and show weak deformation rel-
ative to those in sampling location 16KT22 (defined as M2) (Fig. 4j). In
contrast, M2 samples are enriched in tourmaline and muscovite
(Fig. 4g–i). Minor muscovite is included in quartz and exhibits reaction
rim texture (Fig. 4i).

3. Analytical methods

3.1. Major and trace element analyses

The samples for whole–rock chemical analysis were crushed and
then powdered to 200mesh in an agatemortar.Major–element concen-
trations were obtained using a Thermo Scientific ARL 9900 X–ray fluo-
rescence spectrometer at the State Key Laboratory for Mineral
Deposits Research, Nanjing University, China. The conditions for



Fig. 2. Geological maps of (a) Dai Loc granitic Complex and (b) Chu Lai granitic Complex (modified after Hoi An Geologic map at 1:200,000 scale).

4 W. Jiang et al. / Lithos 376–377 (2020) 105750
quantitative analyseswere 40 kVand 75mA, and scanning time for each
element was 20 s, with analytical precision better than 2% for most ele-
ments. The samples were dried, then Loss on ignition (LOI) was calcu-
lated by weighing the drying samples. Trace–element analyses were
carried out at the Guiyang Institute of Geochemistry, Chinese Academy
of Sciences, using an inductively coupled plasma mass spectrometer
(ICP–MS). Sample preparation and analytical procedures followed
those described by Qi et al. (2000), and analytical precision is better
than 10% for most trace elements. The major and trace element results
are presented in Supplementary Table S1.
3.2. Zircon U-Pb dating

Zircon grains were separated using conventional magnetic and
heavy–liquid separation techniques. Then zircon grains were
handpicked under a binocular microscope from the concentrated
heavy minerals, mounted in epoxy disks and polished to expose their
cores. Cathodoluminescence (CL) imaging was carried out to define
the morphology and internal structure of the zircons and to choose po-
tential target sites for U-Pb dating and Hf–isotope analyses. Zircon U-Pb
isotope analyses of four samples (16KT22–1, 16KT23–1, 16KT24–2,



Fig. 3. Field photographs showing characteristics of the Chu Lai (a–d) and Dai Loc (e–h) granites.
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16KT24–7)were carried out at the State Key Laboratory forMineral De-
posits Research, Nanjing University, using an Agilent 7500a ICP–MS at-
tached to a New Wave 213 nm laser ablation system. The other two
samples (17KT12–1, 17KT12–2) were analyzed at this laboratory
using an iCAP RQ ICP–MS attached to a GeoLas 193 nm laser ablation
system. A 32–μm laser ablation spot size was set for all analyses. The
U-Pb isotopic fractionation was corrected using standard zircon GJ–1
with the age of 600 ± 15 Ma and the accuracy was controlled by
using the standard zircon MT–1 with the age of 732 ± 5 Ma. Detailed
analytical procedures are similar to those described by Griffin et al.
(2004). The results were processed using GLITTER software (ver. 4.4)
(http://www.mq.edu.au/GEMOC; Griffin et al., 2008). Common lead
correction was carried out using the EXCEL program ComPbCorr#3
15G (Andersen, 2002). Age calculations and plotting of Concordia dia-
grams were done using the ISOPLOT/Ex program (ver. 3.0) of Ludwig
(2003). Zircons with highly discordant ages (concordance <80%) were
discarded from age calculations unless they lie on a well–defined
discordia line. The 207U/206Pb age is cited for zircons with 207U/206Pb
ages older than 1000 Ma, and 206U/238Pb age for younger zircon. The
zircon U-Pb dating results are presented in Supplementary Table S2.
3.3. Zircon Hf isotope analyses

In situ zircon Hf–isotope analyses were conducted using a Nep-
tune Plus multi–collector ICP–MS, equipped with a GeoLas 193 nm
laser, at the State Key Laboratory for Mineral Deposits Research in
Nanjing University. Hf–isotope analysis spots are in the same or sim-
ilar zircon domains to those for U-Pb dating. The analyses were done
with laser ablation pits 44 μm in diameter and a repetition rate of
10 Hz. The standard zircon 91,500, whose 176Hf/177Hf value is
0.282300 ± 8 (2σ), was analyzed before the unknowns to check
the reliability and stability of the instrument. Detailed analytical
procedures are similar to those described by Yuan et al. (2003).

http://www.mq.edu.au/GEMOC;


Fig. 4.Photomicrographsof the Chu Lai (a–f) andDai Loc (g–j) granites. Ap– apatite, Pth–perthite, Bt– biotite, Kf–K–feldspar, Grt– garnet,Mc–microcline,Mus–muscovite, Pl– plagioclase,
Qtz– quartz, Tur– tourmaline, Ttn– titanite.
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Initial 176Hf/177Hf values were calculated based on 176Lu decay con-
stant of 1.865 × 10−11 per year (Scherer et al., 2001). A depleted–
mantle model (176Hf/177Hf = 0.283250, 176Lu/177Hf = 0.0384;
Griffin et al., 2002) and a chondritic model (176Hf/177Hf =
0.282772, 176Lu/177Hf = 0.0332; Blichert Toft and Albarede, 1997)
are used to calculate model ages (TDM) and epsilon Hf values. We
have adopted a mean crustal composition (176Lu/177Hf = 0.015;
Griffin et al., 2002) to calculate two–stage crustal model ages (TDMC )
for each zircon. The analytical results of zircon Lu-Hf isotope compo-
sitions are presented in Supplementary Table S3.
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4. Whole–rock geochemistry

4.1. Major elements

4.1.1. Chu Lai granite
Thirteen samples define relatively large compositional variations

with SiO2 of 68.0–75.3 wt%. All samples have high K2O/Na2O (> 1.0)
and aluminum saturation indices (ASI = 1.07 to 1.23) (Supplemen-
tary Table S1), characteristic of peraluminous S–type granites
(Fig. 5b–c). Nonetheless, G1 granites have lower SiO2 and
Na2O + K2O (ALK) and K2O/Na2O, and higher TiO2, Fe2O3

T, MgO,
and CaO contents than G2 ones (Figs. 5a; 6). Although all of them
plot in the granite and alkali granite fields, G1 samples are closer to
the granodiorite field (Fig. 5a). G1 granites belong to the high–K
calc–alkaline series and G2 is attributed to the shoshonite series
(Fig. 5d). As SiO2 contents rise, contents of Fe2O3

T, TiO2 and MgO in
G1 samples decrease (Fig. 6b, c, f), while their CaO and Al2O3 con-
tents exhibit rising and then falling with increasing SiO2, and K2O
contents remain constant (Fig. 6a, d, e). G2 granites have relatively
homogeneous compositions, except for sample 16KT24–2 with
higher SiO2 (Fig. 6).

4.1.2. Dai Loc granite
Four Dai Loc granite samples in this study have high SiO2 contents

of 73.0–73.3 wt%, and plot in the granite field (Fig. 5a). They are dif-
ferent from those collected from other positions of this granite body
(Pham et al., 2016), which are defined as M3 here and show large
heterogeneity. The four granites in this study and some M3 samples
have high ASI (1.09–1.12) and K2O/Na2O, and plot in the field of S–
type granites (Fig. 5b–c; Supplementary Table S1). However, some
M3 samples have low ASI (0.78–1.04) and high CaO, TiO2, Fe2O3

T,
Al2O3 and MgO, similar to I–type granites (Figs. 5b–c, 6a–c, f). In
Fig. 5d, all Dai Loc rocks straddle the high–K calc–alkaline to
shoshonite series. However, these granites do not show good corre-
lations of CaO, Fe2O3

T, TiO2, Al2O3, K2O, and MgO with SiO2 (Fig. 6),
implying that they do not represent simple crystallization differenti-
ation of a single magma. In general, M2 samples have higher Al2O3/
TiO2 and lower Mg# than those of M1 and M3 ones (Supplementary
Table S1), implying that their primary melt probably was produced
by lower–temperature partial melting.

4.2. Trace elements

4.2.1. Chu Lai granite
BothG1 and G2 granites have high Rb, low Ba and Srwith high Rb/Sr

and Rb/Ba ratios (Supplementary Table S1), but G1 samples commonly
contain less Rb (182–325 ppm) andmore Ba and Sr (408–950 ppm and
93.6–165 ppm) and show larger compositional variations than G2 ones
(Fig. 7g). G1 granites also have distinct transition–metal elements (Cr,
Ni, Sc, V, Cu, Zn), with higher Cr and Zn contents than G2 samples and
positive correlations with MgO and Fe2O3

T (Fig. 7a–b).
All of the Chu Lai granites exhibit the LREE–enriched chondrite–

normalized patterns of rare–earth elements (REE) with moderately
negative Eu anomalies (most Eu/Eu* =0.23–0.68) (Fig. 8a). G1 granites
exhibitmoredifferentiatedREE patternswith (La/Yb)N of 8.47–41.3, dif-
ferent from G2 samples ((La/Yb)N = 3.02–10.0), although they have
similar REE contents (156–227 ppm and 149–248 ppm, respectively)
(Fig. 7c–d). Furthermore, with increasing SiO2, the REE contents of the
Chu Lai rocks slowly go down (G1) and then quickly go up (G2)
(Fig. 7d). In contrast, Eu/Eu* ratios of G1 samples first rise and then de-
cline with increasing SiO2, whereas Eu/Eu* of G2 rocks show little
change except for sample 16KT24–2 (Fig. 7e). In the upper continental
crust (UCC)–normalized spidergram (Fig. 8b), although all the samples
exhibit similar patterns, G1 granites have more weakly negative anom-
alies in Ba, Sr, Ti andmore weakly positive anomalies in Th, U, Pb and Y
than G2 ones (Fig. 8b).
4.2.2. Dai Loc granite
The Dai Loc granites from this study and Pham et al. (2016) exhibit

relatively large variations in the contents of trace elements, such as Rb
(136–443 ppm), Sr (30.4–135 ppm), Ba (202–689 ppm) and ratios
such as Rb/Sr (1.01–14.6) (Supplementary Table S1). However, M1
granites generally have trace element contents similar to the M3 ones
and show higher (La/Yb)N, REE, Eu/Eu*, Sr, Ba and Zr/Hf and lower Rb,
Cs and Rb/Sr ratios thanM2 ones (Fig. 7c–e, g; Supplementary Table S1).

The Dai Loc granites have REE contents varying from 176 ppm to
301 ppm (Supplementary Table S1) and show LREE enrichment ((La/
Yb)N = 4.66–14.0) and moderately negative Eu anomalies (Eu/Eu* =
0.19–0.68) (Fig. 8c). The M1 and M3 samples have similar REE patterns
and higher LREE/HREE ratios thanM2 ones (Fig. 8c). In the upper conti-
nental crust–normalized spidergram (Fig. 8d), all the samples are
enriched in Rb, Th, U, Pb, and depleted in Ba, Sr, P, Ti. Nonetheless, the
M2 granites show more strongly negative anomalies of Ba, Sr, Ti than
theM1 andM3 samples, and have negative anomalies in La and Ce, un-
like the M1 and M3 samples (Fig. 8d).

5. Zircon U-Pb ages and Hf–isotope compositions

5.1. Chu Lai granite

Zircon grains from four Chu Lai granites are generally euhedral to
subhedral and prismatic in shape with 80 μm to 210 μm long (Fig. 9).
They are transparent and light yellow or colorless. These grains mostly
have clear oscillatory zoning and some exhibit core–mantle structure
in CL images (Fig. 9). They have Th/U > 0.4 (Supplementary Table S2),
characteristic of typical magmatic zircon. Zircon cores generally show
irregular shapes and various internal structures, whichmay be inherited
from sources (Fig. 9). A few zircons have very narrow overgrowth rims
with bright CL luminance, such as those in sample 17KT12–1 (Fig. 9).
These rims have much lower Th/U (< 0.1) (Fig. 9; Supplementary
Table S2), suggesting that they are metamorphic overgrowths.

Zircon U-Pb dating results of four samples show a large range of ages
(Fig. 10a–d), but the magmatic rims and uniform grains yield similar
concordant early Paleozoic ages ranging from 400Ma to 470Ma, except
for several grains from sample 17KT12–2 with early Mesozoic ages. Ex-
cluding those discordant, younger or older analytical spots, these early
Paleozoic magmatic zircons from four samples give similar weighted
mean 206Pb/238U ages of 445.0 ± 3.0 Ma (MSWD = 1.02; n = 18),
445.8 ± 4.4 Ma (MSWD = 2.1; n = 17), 451.8 ± 4.3 Ma (MSWD =
0.94; n=16), and 445.0± 3.6Ma (MSWD=0.64; n=23) for samples
17KT12–1, 17KT12–2, 16KT24–2 and 16KT24–7, respectively (Fig. 10a–
d). These are interpreted as the crystallization ages of these granites.
Crystallization ages of G1 samples (17KT12–1, 16KT24–7) are the
same as those of G2 (17KT12–2, 16KT24–2) within analytical errors.
The scattered younger ages probably result from Pb–loss caused by
the Indosinian tectonothermal event. Three dating results on over-
growths in sample 17KT12–2 constrain this late event to about
246–265 Ma. Slightly older ages may be the result of a little mixing of
the inherited cores during ablation.

The inherited zircon cores yield older ages ranging from 0.57 Ga to
2.54 Ga, and some of them are discordant, which probably reflects Pb–
loss during early Paleozoic and early Mesozoic thermal events
(Fig. 10a–d). Several discordant and concordant zircons in 16KT24–7
loosely define a discordia yielding an upper intercept of 2500 ±
55 Ma and the lower intercept of 441 ± 82 Ma (Fig. 10d), possibly im-
plying the presence of a late Neoarchean basement at depth. The
inherited cores from four samples mainly cluster in four groups:
late Neoarchean – middle Paleoproterozoic (2.54–1.93 Ga), late
Paleoproterozoic – early Mesoproterozoic (1.76–1.49 Ga), late
Mesoproterozoic – early Neoproterozoic (1.18–0.87 Ga) and middle –
late Neoproterozoic (0.79–0.57 Ga) (Fig. 15a). Late Mesoproterozoic to
early Neoproterozoic zircons are predominant. The oldest core is
3116 ± 84 Ma and from 16KT24–2 (Fig. 10c). Th/U ratios of these



Fig. 5. (a) Total alkali vs silica (TAS) diagram (Wilson, 1989); (b) AFC diagram (White and Chappell, 1977); (c) A/CNK vs. A/NK diagram (Maniar and Piccoli, 1989); (d) K2O vs. SiO2

variation diagram (solid green lines from Peccerillo and Taylor, 1976; dashed lines from Middlemost, 1985). Data of M3 samples are from Pham et al. (2016).
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inherited cores are predominantly >0.4, and a few <0.2 (Supplemen-
tary Table S2), suggesting that the inherited zircons are mostly of
magmatic origin.

The early Paleozoic magmatic zircons from each sample have εHf
(t) values ranging from −14.6 to −2.9, but the most concentrate from
−11 to −5 (Fig. 11a). Four samples have average εHf(t) values of
−10.6 to−7.59. Two–stage Hf model ages (TDM C) of all magmatic zir-
cons vary from 2.34 Ga to 1.61 Ga with a major peak at 1.93 Ga
(Fig. 11b). G1 samples have zircon εHf(t) values similar to those of G2
samples, implying that both have originated from a similar source. Sev-
eral late Neoproterozoic cores have depleted Hf–isotope compositions
with εHf(t) values of −0.16 to +3.55, corresponding to middle
Mesoproterozoic Hfmodel ages (TDM C= 1.58–1.35 Ga; Supplementary
Table S3). Middle Neoproterozoic zircons all have low Hf–isotope com-
positions with εHf(t) values of −18.5 to−5.74, corresponding to early
Paleoproterozoic to late Neoarchean Hf model ages (TDMC =
2.76–1.92 Ga), implying that this episode of magmatism mainly in-
volved the reworking of older crust. Numerous Grevillian (0.9–1.2 Ga)
zircons show a large range of Hf–isotope variation with εHf(t) of
−12.4 to +10.2 and TDMC of 1.30 Ga to 2.57 Ga. Minor middle
Paleoproterozoic – middle Mesoproterozoic inherited cores also have
large ranges in εHf(t) and TDMC , while late Neoarchean to early
Paleoproterozoic ones have low εHf(t) ranging from −8.99 to −1.94,
corresponding to Mesoarchean Hf model ages (TDMC = 3.49–3.09 Ga;
Supplementary Table S3).

5.2. Dai Loc granite

Zircons from the Dai Loc granites are transparent and light yellow or
colorless. They exhibit smaller size (80–140 μm in length and 50–70 μm
in width) and more idiomorphic shapes than the Chu Lai zircons. All
grains have clear oscillatory or banded compositional zoning (Fig. 9).
Analyzed zircons give concordant and near–concordant ages ranging
from 385Ma to 478Ma (Fig. 10e–f). If a few younger and older outliers
are excluded, the remaining analyses give weighted mean 206Pb/238U
ages of 419.8 ± 2.5 Ma (MSWD = 0.73; n = 24) and 414.8 ± 3.1 Ma
(MSWD= 1.7; n = 28) for samples 16KT22–1 and 16KT23–1, respec-
tively (Fig. 10e–f; Supplementary Table S2). These represent the crystal-
lization ages of the Dai Loc granites. A few zircons with older or
discordant ages may be captured from the country rocks (Fig. 10e–f).

The magmatic zircons from two Dai Loc samples have high and ho-
mogeneous Hf–isotope compositions relative to those from the Chu
Lai granites. Zircons of samples 16KT22–1 and 16KT23–1 have εHf
(t) of −3.73 to +3.13 and − 4.80 to +0.75 (except one grain in



Fig. 6. Harker diagram of the Chu Lai and Dai Loc granites.
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Fig. 7. Correlations of some elements and ratios of the Chu Lai and Dai Loc granites. Vectors of fractional crystallization in diagrams of Ba-Sr (g) and La/Yb–La (h) are from Yu et al. (2007).
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Fig. 8. Chondrite–normalized rare earth element (REE) patterns and Upper Continental Crust (UCC) –normalized trace element spidergrams for the Chu Lai andDai Loc granites. UCC data
are from Rudnick and Gao (2003); Chondrite data are from McDonough and Sun (1995). M3 data are from Pham et al. (2016).
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16KT23–1), respectively (Fig. 11a). Their average εHf(t) values are
−0.77 and − 1.94. It is noteworthy that one M3 sample has higher
zircon εHf(t) values and an older crystallization age than two samples
in this study, showing a trend of decreasing εHf(t) toward younger crys-
tallization ages (Fig. 11a). TDMC of zircons from the M3 sample range
from 0.75 Ga to 1.5 Ga with a major peak at 1.27 Ga (Fig. 11c), whereas
the zircon TDMC of two samples in this study vary from 1.20 to 1.69 Ga
and 1.36 to 1.97 Ga with major peaks at 1.51 Ga and 1.47 Ga,
respectively (Fig. 11c).

6. Discussion

6.1. Ages of the Chu Lai and Dai Loc complexes

6.1.1. The Chu Lai complex
The Chu Lai complex has been dated to ca 444–426Ma (Dinh, 2017;

Tran et al., 2020). However, LA–ICP–MS zircon U-Pb dating of four
samples in this study gives ages spanning from 445 Ma to 452 Ma
(Fig. 10a–d), older than the previous results. Ages of two G1 samples
are ca 445 Ma, a little younger than two G2 samples (446 Ma and
452 Ma). There are many Mesoarchean – Neoproterozoic ages among
the zircon cores in the Chu Lai samples, and these are regarded as
inherited zircons derived from the source rocks (Fig. 10a–d). Complex
age populations in the inherited zircons indicate that the sources consist
mainly of sedimentary rocks, which is consistent with the chemical
compositions (high ASI and K2O/Na2O) of the Chu Lai granites. The
youngest age population of the inherited cores in these four samples is
611–656 Ma, yielding a mean age of ca 634 Ma (Fig. 9), suggesting
that the sedimentary rocks in the source were probably deposited in
late Neoproterozoic (< 634Ma). Due to the overprinting of early Paleo-
zoic and earlyMesozoic thermal events, these younger inherited zircons
are also likely to suffer Pb–loss, leading to decreasing ages. Therefore,
this age is probably a minimum estimate. Two zircons from samples
16KT24–2 have ages of 525 Ma and 526 Ma and low Th/U ratios
(0.067 and 0.072), suggesting an early period of metamorphism before
partial melting. Likewise, strong deformation features and overgrowth
rims on themagmatic zircons indicate that the Chu Lai granitic complex
underwent a late tectonothermal event. Threemetamorphic zircon rims
with low Th/U (0.003–0.005) give ages of 246–265 Ma (Fig. 10b), sug-
gesting that themain metamorphic imprint on the Chu Lai complex oc-
curred during the Indosinian orogeny.

6.1.2. The Dai Loc complex
SHRIMP zircon U-Pb dating for the Dai Loc complex gives crystalliza-

tion ages of 418±18Ma and 407±11Ma (Carter et al., 2001), whereas
LA–ICP–MS zircon U-Pb isotopic analyses yield formation ages of 427±
10Ma and 423±2Ma (Phamet al., 2016). Our data suggest that the Dai
Loc granites were formed at 420–415 Ma (Fig. 10e–f), similar to those
SHRIMP dating results of Carter et al. (2001), but a little younger than
those of Pham et al. (2016). Considering all these age data, the Dai Loc
granitic complex was most probably formed at 420–410 Ma, more
than 20 Ma after the Chu Lai complex. Therefore, the two granitic com-
plexes are not the results of the samemagmatism event. Unlike the Chu
Lai complex, the zircon U-Pb dating results show no Indosinian imprint
on the Dai Loc complex. However, Lepvrier et al. (1997) reported amica
Ar-Ar age (246 ± 1 Ma) for the Dai Loc complex, and the Dai Loc rocks
also show significant gneissose fabric. These observations suggest that
the Dai Loc complex also suffered the Indosinian tectonothermal



Fig. 9. CL images of representative zircons from samples 17KT12–1, 17KT12–2, 16KT24–2, 16KT24–7, 16KT22–1, and 16KT23–1. Solid red circles denote dating ablation spots with
diameters of 32 μm, dashed blue circles are spots for Hf–isotope analyses. “#23, 1689” = “spot number, age (Ma)”.
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imprint, causing strong deformation and weak metamorphism (e.g.
Usuki et al., 2009). The Dai Loc granites contain few inherited zircons,
suggesting a relatively high melting temperature, which is consistent
with the geothermometer results (Fig. 7f).
6.2. Petrogenesis of the Chu Lai and Dai Loc complexes

Although early Paleozoic granites in both complexes experienced
the Indosinian tectonothermal event, these granitesmainly showdefor-
mation features with low–grade metamorphic imprinting. Thus, their
original chemical compositions have experienced little modification
and can reveal the origins and tectonic settings of these early Paleozoic
granites.

6.2.1. The Chu Lai complex
The geochemical and petrographic characteristics suggest that the

Chu Lai granites are all S–type (Figs. 4a–e; Fig. 5b–c), which is consistent
with the presence of garnet and tourmaline, the complicated age spec-
tra of the inherited zircons in the two groups and the range in Hf–
isotope composition of early Paleozoic magmatic zircons (e.g. Zhou
et al., 2017). It is suggested that the Chu Lai granites were derived
from partial melting of late Neoproterozoic metasedimentary rocks.
Abundant inherited zircons and low Zr saturation temperatures (mostly
<815 °C; Supplementary Table S1) suggest that the Chu Lai granites
were formed at relatively low temperatures, excluding a significant con-
tribution of mantle–derived melt or heat. High CaO/Na2O suggests that
the sources of the Chu Lai granitesmainly consisted of metagreywackes
(Fig. 12a).

The G1 and G2 granites have similar formation ages, zircon Hf iso-
tope compositions, and age spectra for the inherited zircons, suggesting
that they have the same source or that sedimentary rocks with different
compositions in the sources were derived from the same provenances.
Thus, the geochemical differences between the G1 and G2 granites are
possibly caused by fractional crystallization, different degrees of partial
melting or restite separation, or different melting depths.

In Harker diagrams, G1 samples show significantly higher TiO2,
Fe2O3

T, MgO and lower K2O contents than G2 granites (Fig. 6b–c, e–f),
even if they have similar SiO2, such as samples 16KT24–1 (G1) and
17KT12–3 (G2) (Fig. 6b–c, e–f). Similarly, their trace elements, espe-
cially the transitionmetals (Sc, V, Co, Zn, Ni, Cr, and Cu), also exhibit out-
standing trends (Fig. 6g, h). Moreover, the transition metals show good
correlation with TiO2, Fe2O3

T, and MgO (Fig. 7a, b), suggesting they are
mainly hosted in the mafic minerals and Ti-Fe oxides. However, the
abrupt change of these element contents from G1 to G2 cannot be
achieved by simple fractional crystallization of any minerals or mineral
assemblages.

Four G1 samples show regular elemental variations, e.g. Cr and Zn
correlate with MgO and Fe2O3

T (Fig. 6g, h, 7a, b), indicating that frac-
tional crystallization of mafic minerals was a main factor. The K2O con-
tents of G1 granites do not noticeably change with increasing SiO2

(Fig. 6e), implying that hornblende probably is the most important
fractioned mafic mineral rather than biotite. Nevertheless, CaO and
Al2O3 contents show trends of rising and then falling with increasing



Fig. 10. Zircon U-Pb Concordia diagrams of six representative samples from the Chu Lai and Dai Loc granites.
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Fig. 11. (a) εHf (t) values vsU-Pb ages ofmagmatic zircons from the Chu Lai andDai Loc granites; (b, c) Histograms of two–stagemodel ages (TDM C) ofmagmatic zircons in the Chu Lai and
Dai Loc granites.
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SiO2 (Fig. 6a, d), suggesting that plagioclase fractional crystallization
happened in the late stage. This is consistent with variations in Eu/Eu*
(Fig. 7e).

Except for 16KT24–2, SiO2 contents of G2 samples show little regular
variation (Supplementary Table S1), and their evolutionary relationship
is not clear based on major elements. Ba-Sr variations of G2 granites
point to significant fractional crystallization of K–feldspar, with less pla-
gioclase andmafic minerals (Fig. 7g), and La/Yb–La correlations suggest
fractionation of monazite or allanite (Fig. 7h).

On the other hand, the petrographic features of the Chu Lai granites
do not suggest that the high MgO and transition–metal contents of G1
granites reflect a higher abundance of relics of the source rocks
(Fig. 4a–c). G2 samples include more irregular garnets (Fig. 4e), consis-
tent with their higher HREE contents compared to G1 granites (Fig. 8a).
G1 granites contain more biotite, plagioclase, and opaque minerals,
which are evenly distributed and suggest typical magmatic crystalliza-
tion. Consequently, the geochemical differences between G1 and G2
are not caused by different proportions of restite.

Higher contents of transition metals and MgO suggest that the pa-
rentalmagma of the G1 granites was produced by larger degrees of par-
tial melting at higher temperatures than the G2 granites, which is
consistent with their low Al2O3/TiO2 ratios and high Zr saturation
temperatures (Figs. 7f, 12a). The plot of Al2O3/TiO2 vs CaO/Na2O
shows that the G1 granites have higher partial melting temperatures
and more psammitic rocks in the source than G2 granites, similar to
the S–type granites of the Lachlan Fold Belt in southeastern Australia
(Fig. 12a; Sylvester, 1998). High temperature leads to the melting of
more refractory components, such asmaficminerals and accessorymin-
erals. Besides, the G1 granites generally have lower HREE and higher
(La/Yb)N and Sr/Y ratios than the G2 granites (Fig. 7c, Supplementary
Table S1), suggesting that the partial melting that generated the G1
magma occurred at deeper lower–crustal levels where garnet is stable
and plagioclase is unstable. Consequently, the differences in chemical
composition are most likely to be related to different degrees of partial
melting at different depths.

6.2.2. The Dai Loc complex
The Dai Loc granites mostly contain tourmaline and muscovite and

have high ASI values so that they plot in the field of S–type granites
(Figs. 4g–h, 5b–c; Supplementary Table S1). These granites have high
K2O/Na2O and Rb/Sr ratios (Supplementary Table S1), consistent with
most Dai Loc granites belonging to the S–type granite. However, themi-
nority of the Dai Loc granites have lowASI, K2O/Na2O, and Rb/Sr, similar
to the I–type granite. Moreover, the Dai Loc granites also have high and



Fig. 12. (a) CaO/Na2O vs Al2O3/TiO2 (after Sylvester, 1998); (b) molar Al2O3/(MgO+ FeO) vs molar CaO/(MgO+ FeO) (after Altherr et al., 2000). The mixing curves between the basalt–
and pelite–derived melts in plot (a) are from Patiňo Douce and Harris (1998) and Sylvester (1998). Legends are as in Fig. 5.
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varying zircon εHf(t) values. The average zircon εHf(t) of two samples
are −0.77 and − 1.94, except for one grain in sample 16KT23–1
(−9.06). One M3 sample gives a higher average zircon εHf(t) of
+2.52 and Zr saturation temperatures (Figs. 7f, 11a). These isotopic
compositions are significantly higher than those of the Chu Lai granites.
Wang et al. (2016) reported the ages of detrital zircons from Late Ordo-
vician to Early Devonian sandstones in the southern TSB, and found that
these sandstones contain abundant early Paleozoic (443–479Ma) detri-
tal zircons. These detrital zirconsmostly have euhedral shapes, suggest-
ing that they were derived from the proximal sources. High Th/U
(> 0.4), oscillatory zoning structures, and depleted Hf–isotope features
(Fig. 16a;Wang et al., 2016) imply that the early Paleozoic igneous rocks
in the southern TSB originated from a basement with more juvenile
crust, or involved the addition of more mantle–derived magmas. The
Dai Loc granites have much lower Mg, Fe, Cr, Ni, and Mg# (Supplemen-
tary Table S1), which is inconsistent with the input of more mantle–
derived magma during early Paleozoic magmatism. Therefore, it is
more probable that the sources of the Dai Loc granitic magma are differ-
ent from those of the Chu Lai granites, and composed of more juvenile
crust. This means that the basement compositions of the TSB are differ-
ent from that of the northern KTM, which in turn suggests that the TSB
and KTM were two individual microcontinents before their amalgam-
ation during early Paleozoic time, and are separated by the Tam Ky –
Phuoc Son Ocean (Faure et al., 2018; Nguyen et al., 2019).

Three samples, from M1, M2, and M3 of the Dai Loc pluton respec-
tively, show a roughly negative correlation between their zircon ages
and Hf isotope compositions (Fig. 11a). This variation may result from
the AFC process, disequilibrium melting of the same source (i.e. zircon
effect; Tang et al., 2014), or different sources. The AFC process predi-
cates that the younger Dai Loc granite underwent stronger differentia-
tion and more assimilation of wallrocks, leading to decreasing εHf(t).
However, the major– and trace–element compositions of the Dai Loc
granites do not exhibit the differentiation trend of the AFC process
from M3 to M1 (Supplementary Table S1; Figs. 6–8). The M1 samples
have lower K2O, Rb, and Al2O3/TiO2 and higher Mg#, CaO, Ba, Sr, and
(La/Yb)N than those M2 ones (Supplementary Table S1), and more
similar to the M3 samples.

Disequilibrium melting of a single source may produce melts with
variable Hf–isotope compositions at the different melting stage (Tang
et al., 2014). Early–stage melting leads to the extracted melt with
mantle–like Hf–isotope composition because more zircons are retained
in the source, and the extracted melt becomes more crustal–like after
extensive melting in the later stage (Tang et al., 2014). However, the
Dai Loc granites do not show an increase in refractory components,
such as Fe, Mg, Ti, Cr, Ni, and Zr-Hf (Figs. 6–7; Supplementary
Table S1), from M3 to M1 with increasing melting degree. Therefore,
the disequilibrium melting model (zircon effect) does not seem
appropriate for the Dai Loc granites.

Therefore, the Hf–isotope variations of the Dai Loc granites in differ-
ent locations of the pluton most probably reflect the heterogeneity of
the source. M1 and M3 samples are enriched in LREE and depleted in
HREE with higher (La/Yb)N ratios and weaker Eu negative anomalies
than the M2 ones (Fig. 8c–d; Supplementary Table S1). They also have
higher Fe, Mg, Cr, Ni contents, and lower Rb, Cs, Nb-Ta contents than
the M2 ones, implying that there were more mafic components in the
sources. Although the M1 and M3 granites exhibit some similarity in
geochemistry, they have significantly different zircon Hf–isotope com-
positions. Moreover, the M1 granites have higher V, Cr, Co, and lower
Fe2O3

T, Zr, Ba, Na2O/K2O, and Zr saturation temperatures than the M3
ones (Supplementary Table S1), also suggesting a difference in their
source compositions. The M3 granites have a range of ASI, from
metaluminous to strongly peraluminous. Two M3 granites (DLT02,
DLT03) have low ASI (1.01 and 0.78), suggesting that their sources
mainly consisted of meta–igneous rocks. Moreover, the ASI values of
three samples with analyzed Hf–isotopes increase from M3 to M1 and
are negatively correlated with ɛHf(t), implying that Hf–isotope compo-
sitions are closely related to the proportions of meta–mafic igneous
rocks and metasedimentary rocks in the sources.

6.3. Tectonic setting

The early Paleozoicmagmatism in the northern KTMoccurred over a
large time range from518Ma to 426Ma (Fig. 1b), but opinions differ on
the tectonic setting that generated those magmatic rocks. Nguyen et al.
(2019) identified some Cambrian (518–502 Ma) plagiogranites within
the TPSZ and proposed they were formed in an intra–oceanic arc sys-
tem, suggesting the existence of the Tam Ky – Phuoc Son Ocean be-
tween the TSB and the KTM. Moreover, the Hiep Duc mafic–ultramafic
complex along the TPSZ was interpreted as a dismembered ophiolitic
series (Izokh et al., 2006; Tran and Vu, 2011). Nguyen et al. (2019) ar-
gued that the Hiep Ducmafic–ultramafic complex represents fragments
of an intra–oceanic forearc crust (i.e. Ngoc Hoi, Dieng Bong, Nui Vu
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Complexes). Gardner et al. (2017) advocated the subduction of the oce-
anic slab under the continental crust based on 476–470 Ma adakitic di-
oritic intrusions and rhyolitic tuffs from the Dien Binh complex.
Therefore, all the previous studies agreed that an ocean had existed be-
tween the KTMand the TSB and eventually closed along the TPSZ (Faure
et al., 2018; Gardner et al., 2017; Nakano et al., 2013; Nguyen et al.,
2019; Pham et al., 2016). Nevertheless, the subduction polarity and clo-
sure time of the Tam Ky – Phuoc Son Ocean and the age of the collision
between theKTMand the TSBhave been highly controversial (e.g. Faure
et al., 2018; Nguyen et al., 2019; Shi et al., 2015).

S–type granites are generally formed in syn–collision and post–
collision settings (Harris et al., 1986; Pearce et al., 1984; Pitcher, 1983;
Sylvester, 1998). Cool S–type granites resulted from decompression
melting after syn–collision thickening and in situ radiogenic heating,
while hot S–type granites originated from melting of lower crust trig-
gered by themantle–derived heat in post–collision extensional settings
(Sylvester, 1998). Zr saturation temperatures suggest that the Chu Lai
granites formed at lower temperatures than the Dai Loc ones, except
for G1 (Fig. 7f), which is consistent with the high Al2O3/TiO2 and pres-
ence of numerous inherited zircons in the Chu Lai granites (Figs. 9,
12a). In the tectonic discrimination diagrams (Fig. 13), the Chu Lai gran-
ites predominantly plot in the field of syn–collision granites, and this
tectonic setting is consistent with the regional metamorphism in this
area (Faure et al., 2018; Usuki et al., 2009). Usuki et al. (2009) reported
early Paleozoicmetamorphism in the TPSZ.Mineral assemblages and P–
T calculations indicate that thesemetamorphic rocks underwent high–P
/ medium–T metamorphism and a subsequent low–P / high–T meta-
morphism with a clockwise P–T path. U-Pb ages of zircon rims indicate
that peak metamorphism occurred at ca 450 Ma, equivalent to the for-
mation age of the Chu Lai granites. Usuki et al. (2009) argued that the
peak metamorphism occurred during the decompression after crustal
thickening related to a collisional orogeny and that the ages constrain
the minimum time of the crustal thickening event. In that case, the
Chu Lai granites record the transition from the syn–collision stage to
post–collision stage of an early Paleozoic orogeny between the KTM
and the TSB, suggesting that the closure time of the Tam Ky – Phuoc
Son Ocean must be earlier than 452 Ma.

In contrast, the Dai Loc granites were formed at relatively high tem-
peratures, consistent with the absence of inherited zircons, and mostly
plot in the field of the late and post–collision granitoids (Fig. 13).
From their geochemical and isotopic features and later formation ages,
it can be inferred that the Dai Loc granites were generated in the late
post–collision setting and even intraplate extensional setting, which is
consistent with the viewpoint proposed by Carter et al. (2001).
Fig. 13. Hf – Rb/30 – Ta*3 discrimination diagram of granitoids (after Harris et al., 1986).
As mentioned above, there are two viewpoints regarding the sub-
duction polarity of the Tam Ky – Phuoc Son Ocean, the north–directed
subduction and the bilateral subduction (Faure et al., 2018; Gardner
et al., 2017; Nguyen et al., 2019; Shi et al., 2015). The Dai Loc granites lo-
cated in the southern TSB show high TZr and εHf(t) values. High–
temperature melting conditions are probably related to upwelling of
the asthenospheric mantle triggered by break–off of the subduction
slab beneath the TSB (Fig. 14c). This extension tectonic regime also led
to the formation of the coeval sedimentation basin in the southern
TSB so that Cambrian to Devonian sedimentary rocks were widely de-
veloped in the area (Tran and Vu, 2011). Geochemical features suggest
that the Dai Loc granites did not suffer any significant mixing of the
mantle–derived melt. Therefore, high–temperature partial melting of
ancient crustal materials was induced mainly by the heated fluids es-
caping from the upwelling asthenosphere mantle (Fig. 14c). Based on
the origin, tectonic setting, and spatial relationships of the
445–452Ma Chu Lai granite pluton and the 410–420Ma Dai Loc pluton,
we prefer the model of northward subduction of the Tam Ky – Phuoc
Son Oceanic plate (Faure et al., 2018).

Thus, a model for the early Paleozoic tectonic evolution of the TPSZ
can be proposed as follows: (1) North–directed subduction of the Tam
Ky – Phuoc Son Oceanic plate beneath the N Vietnam Block and subse-
quent closure happened before ca 452Ma (Fig. 14a); (2) The S Vietnam
Block collided with the N Vietnam Block before 452–445 Ma, resulting
in the thickening of the crust between the S Vietnam Block and the N
Vietnam Block and subsequent anatexis in the root of the orogenic
belt and generation of the Chu Lai granitic magma (Fig. 14b); (3) The
break–off of subducted oceanic lithosphere beneath the Dai Loc area
was caused by the pulling of eclogite–facies metamorphic ocean slab
during about 420–410 Ma, leading to the upwelling of the astheno-
sphere mantle and partial melting of the lower crust in an extensional
setting (Fig. 14c).

6.4. Affinity with South China Block

The Indochina Block has been generally regarded as a part of Gond-
wana, and adjacent to the SCB during the late Neoproterozoic to early
Paleozoic. For instance, based on the comparison of U-Pb ages and Hf–
isotope compositions of detrital zircons, Usuki et al. (2013) and Wang
et al. (2016) proposed that the Indochina Block was adjacent to the
SCB and India in the northernmargin of Gondwana during the early Pa-
leozoic. Coincidentally, paleontological studies also drew a similar con-
clusion (e.g. Burrett et al., 2014). However, the detrital zircons used in
Usuki et al. (2013)’s research were collected from three river sands in
the TSB, hence cannot reflect the early Paleozoic paleogeographic loca-
tion of the TSB. Although detrital zircons from a Cambrian sample in
the TSB may be used to trace the affinity of the TSB with other conti-
nents (Wang et al., 2016), it cannot be considered to represent the
whole Indochina Block, because, as mentioned above, amalgamation
between the KTM and TSB and formation of the eastern part of the Indo-
china Block occurred just before ca 452Ma (Fig. 14b). Thereby, the rela-
tionship between the KTM and SCB and other continents is not well
constrained from late Neoproterozoic to early Paleozoic.

The integration of detrital zircon U-Pb age spectra and Hf–isotope
compositions has been widely used to constrain the deposition time
and provenances of the metasedimentary rocks and spatial relation-
ships with other continents. The youngest age population of the
inherited zircons in the Chu Lai granites constrains the deposition age
of metasedimentary rocks in the sources in late Neoproterozoic
(< 634 Ma). These inherited zircons yield four age groups, late
Neoarchean – middle Paleoproterozoic (2.54–1.93 Ga), late Paleoprot-
erozoic – early Mesoproterozoic (1.76–1.49 Ga), late Mesoproterozoic
– early Neoproterozoic (1.18–0.87 Ga) and middle – late
Neoproterozoic (0.79–0.57 Ga) (Fig. 15a). Thesemagmatic and tectonic
events have never been reported in the S Vietnam Block, so detrital
zircons of these ages were probably derived from other continents.



Fig. 14. Early Paleozoic tectonic–magmatic evolution models of the study area. See the text for the details.
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Early Neoproterozoic – late Mesoproterozoic (1.18–0.87 Ga, i.e.
Grenvillian) detrital zircons are the most abundant in the source of
the Chu Lai granites (Fig. 15a). This age spectrum with the main age
peak at ~970 Ma is similar to age spectra of detrital zircons from late
Neoproterozoic to Cambrian sedimentary rocks of Western Cathaysia,
Tethyan Himalaya and the TSB (Fig. 15b, c, e), which were thought to
derive from the Indian and East Antarctica continents, East Gondwana
(Myrow et al., 2010; Wang et al., 2016; Yu et al., 2008). Also, minor
late Mesoproterozoic (1300–1037 Ma) detrital zircons were probably
derived from the Albany–Fraser belt in Western Australia, where the
Grenvillian Orogeny dominantly occurred from 1330 Ma to 1050 Ma
(Fig. 15d; Spaggiari et al., 2015; Markwitz et al., 2017). The age
populations of 2.54–1.93 Ga and 1.76–1.49 Ga among the inherited zir-
cons in the Chu Lai granites likely sourced fromother continental blocks,
such as India, East Antarctica, and Western Australia. Hf isotopes of the
inherited zircons in the Chu Lai granites also support the above interpre-
tation. In Fig. 16a–b,magmatic and inherited zircons of theChu Lai gran-
ites have large ranges of εHf(t), respectively overlapping with those of
early Paleozoic granites in the Cathaysia Block and detrital zircons
from the Western Cathaysia and Tethyan Himalaya. Therefore, the
KTM probably was close to Western Cathaysia and Tethyan Himalaya
and the TSB, in the northern margin of East Gondwana, during late
Neoproterozoic to early Paleozoic time. Because early Paleozoic sedi-
mentary rocks in the TSB contain more early Mesoproterozoic



Fig. 15. (a–e) Age spectra of inherited zircons from the Chu Lai granites and detrital zircons of sedimentary rocks from different areas. Data forWestern Cathaysia Block are from Yu et al.
(2008, 2010) and Zhou et al. (2015). Data forWestern Australia are fromMarkwitz et al. (2017). Data for TethyanHimalaya are fromMyrow et al. (2010). Data for Truong Son Belt are from
Wang et al. (2016). All analyses used in these plots have concordance of >80%.
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(1300–1050 Ma) detrital zircons than those in the KTM and Cathaysia
Block (Fig. 15e), the TSB probably was closer to Western Australia
during early Paleozoic.

Extensive early Paleozoic magmatic events broke out along the
northern margin of East Gondwana and lasted from 557 Ma to 450 Ma
(Zhu et al., 2012). However, the timing, rock types, and tectonic setting
of magmatic activity in different blocks are different, such as West
Qiangtang–Baoshan (499–465 Ma; e.g. Pullen et al., 2011; Liu et al.,
2016, 2018), Tengchong (495–466 Ma; e.g. Lin et al., 2012), Tethyan
Himalaya (530–473 Ma; e.g. Cawood et al., 2007; Pullen et al., 2011),
Northeastern Australia (513–505 Ma; e.g. Glass and Phillips, 2006)
and South China (460–410 Ma; e.g. Shu, 2012; Shu et al., 2014; Wang
et al., 2011; Zhang et al., 2012). Rock types include basalt, andesite, A/
I/S–type granite, and ultrapotassic rhyolite (e.g. Liu et al., 2016, 2018).
As for the tectonic setting, the majority of scholars have advocated an
Early Paleozoic Andean–type orogeny along the Gondwana proto–
Tethyan margin that occurred after the assembly of Gondwana (e.g.
Cawood et al., 2007; Zhu et al., 2012), whereas a minority has argued
for a post–orogenic extensional setting following the Pan–African orog-
eny (e.g. Liu et al., 2016, 2018; Miller et al., 2001).

The early Paleozoic magmatism also appears in the KTM (Fig. 1b).
The oldest magmatic rocks recently found in the TPSZ, northern KTM,



Fig. 16. Comparison of Hf–isotope compositions of zircons from the Chu Lai granites and Dai Loc granites with those from Western Cathaysia Block (Yu et al., 2008, 2010), Tethyan
Himalaya (Zhu et al., 2011), Western Australia (Veevers et al., 2005), Early Paleozoic granites in the Cathaysia block (Wang et al., 2011; Zhang et al., 2012; Zhao et al., 2013), and Truong
Son Belt (Wang et al., 2016).
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are trondhjemite and tonalite of 518–502Ma, which were generated in
an intra–oceanic arc setting (Nguyen et al., 2019). The Ben Giang intru-
sive complex in the KTM is composed of gabbrodiorite, diorite, quartz
diorite, granodiorite, and granite and was dated at ca 479 Ma (Pham
and Huynh, 2016). This calc–alkaline rock association probably was
formed in a subduction–related continental arc setting. Moreover,
Gardner et al. (2017) indicated that 476–470 Ma adakitic dioritic intru-
sions and rhyolitic tuffs in the Dien Binh complex, western KTM, were
also generated in a continental–arc setting. Combined with this study,
it is clear that the TPZS underwent ocean–ocean subduction, and then
ocean–continent subduction, finally continent–continent collision oro-
genesis and subsequent post–orogenic extension from 518 Ma to
415 Ma (Fig. 14). Evidently, the northern KTM and southern TSB had a
different early Paleozoic evolution history than the above–mentioned
blocks on northern margin of Gondwana.

In the interior of the SCB, the early Paleozoic magmatism was fo-
cused between ca 460–410 Ma (e.g. Shu, 2012; Shu et al., 2014;
Wang et al., 2011; Zhang et al., 2012), later than the early Paleozoic
magmatism in many microcontinents in the northern margin of
East Gondwana, but coeval with the collisional and extensional
stages of early Paleozoic orogeny between the KTM and TSB (e.g.
Wang et al., 2011; Zhang et al., 2012; Shu et al., 2014; Fig. 14b–c).
Therefore, Faure et al. (2018) and Tran et al. (2020) regarded the
amalgamation along the TPSZ as the driving force behind the
intracontinental orogeny in the SCB. However, the early Paleozoic
orogenesis in the SCB is characterized by voluminous S–type gran-
ites and lesser I–type granites, which is similar to the magmatism
in the southern TSB and the northern KTM. Furthermore, the Hf–
isotope compositions of magmatic zircons of the Chu Lai and Dai
Loc granites overlap with those of early Paleozoic granites in the
Cathaysia Block (Fig. 16a). Consequently, the KTM probably was ad-
jacent to the SCB in late Neoproterozoic to early Paleozoic time. Due
to the lack of ophiolitic rock association and arc–related igneous
rocks, the early Paleozoic magmatism in the SCB has been ascribed
to intracontinental orogeny (Faure et al., 2009; Li et al., 2010; Shu
et al., 2014; Wang et al., 2010). Recently, a 445–475 Ma granodiorite
– tonalite – quartz diorite association was identified in the south-
western SCB (Xu et al., 2016), similar to the Ben Giang intrusive com-
plex in the KTM. Thus, we infer that there was a subduction zone
(suture) in south or southwest of the SCB, which probably connected
with the TPSZ in the northern KTM.We therefore accept that the far–
field effects of this subduction and subsequent collision with an un-
known continent that caused the early Paleozoic intracontinental
orogeny and related magmatism in the SCB.
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7. Conclusions

(1) High–precision geochronological analyses show that the Chu Lai
and Dai Loc granites have crystallization ages of 445–452Ma and
415–420 Ma, respectively.

(2) The Chu Lai granites have the geochemical features of S–type
granites and originated from different degrees of partial melting
of late Neoproterozoic meta–greywackes at different levels in
the syn–collision setting caused by the collision between the S
Vietnam and the N Vietnam blocks. The Dai Loc granites exhibit
variable geochemistry and were derived from heterogeneous
sources, including meta–greywackes and meta–igneous
rocks. The partial melting of the protoliths was triggered mainly
by hot fluids escaping from the upwelling asthenosphere
mantle in the post–orogenic extensional setting within the
southern TSB.

(3) The KTM was neighboring with Western Cathaysia and Tethyan
Himalaya during the late Neoproterozoic, and the KTM and TSB
may still have been adjacent to the SCB but far away from
Australia, India, and other microcontinents during the early Pa-
leozoic. The early Paleozoic tectonic history of the SCB is closely
related to the contemporaneous collision between the N
Vietnam and S Vietnam blocks in time. There probably was a
subduction-collision zone to the south of the SCB, which proba-
bly connects with the TPSZ in the northern KTM. It was the
northward subduction of an ocean plate and the collision with
an unknown continent that drove the early Paleozoic intracont-
inental orogeny within the SCB.
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