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The Truong Son and Kon Tum terranes in northeastern Indochina are thought to, respectively, form part of the
Indian and Australian margins of Gondwana and separated one another by the Tam Ky–Phuoc Son Ocean during
the early Paleozoic. In this paper, we present results of a comprehensive geochronological and geochemical study
on a trondhjemite–tonalite suite identified in the TamKy–Phuoc Son Suture Zone. LA–ICP–MS zirconU–Pb dating
yieldedweightedmean 206Pb/238U ages of 518.5 ± 7.1Ma and 502.1± 6.0 Ma for the trondhjemite and tonalite,
respectively. These are the oldest magmatic zircons recorded in this area so far. Both rocks consist primarily of
plagioclase (oligoclase), quartz, with minor, variable amounts of hornblende and biotite. They have high SiO2,
Na2O and Y, but low Al2O3, K2O, Sr and Rb contents, and are characterized by depletion in LREEs with flat
HREE patterns. These features are similar to those of typical oceanic plagiogranites. Our new evidences from
field geology, geochemistry, and zircon Hf isotopic data, along with previously published data from the Tam
Ky–Phuoc Son Suture Zone, suggest that the plagiogranites were originated from extensive fractionation of hy-
drous basalticmagmas. Furthermore, theywere generated in an intra-oceanic arc system above a northward sub-
duction zone within the Tam Ky–Phuoc Son Ocean. The final closure of this ocean took place before the late
Silurian, marked by collision of the Truong Son Terrane with the Kon Tum Terrane along the Tam Ky–Phuoc
Son Suture Zone to form the Indochina Block. After elimination of the southeastward offset along the Red River
shear zone and the clockwise rotation of Indochina relative to South China since the Tertiary, the eastern part
of the TamKy–Phuoc Son Suture alignswell with the Kuungan Suture onHainan Island, together they have likely
recorded the final assembly of Gondwana in this region.

© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The Indochina, South China, South Qiangtang, North China, Tarim,
Lhasa, and Sibumasu blocks have been considered as continental frag-
ments that were distributed around the northern margin of Gondwana
during the early Paleozoic (e.g., Cocks and Torsvik, 2013; Metcalfe,
2013; Cawood et al., 2017; Zhao et al., 2017). However, the precise
paleo–position of the Indochina Block during the early Paleozoic is a
highly controversial issue, perhaps one of the biggest unsolved prob-
lems of eastern Asian paleogeography (Cocks and Torsvik, 2013).
ological Processes and Mineral
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na Research. Published by Elsevier B.
Metcalfe (2011, 2013) placed the Indochina Block adjacent to the
Australian margin of Gondwana mainly based on the presence of gran-
ulites in the Kon Tum Terrane (KT), central Vietnam (Fig. 1), which has
been suggested to form part of the Gondwana granulite belt (Katz,
1993). By contrast, some other workers have used detrital zircon data
from the Truong Son Terrane (TST) to deduce that the Indochina Block
was near the Indian margin of Gondwana (e.g., Usuki et al., 2013;
Burrett et al., 2014; C. Wang et al., 2016). Such interpretive discrepancy
is likely related to the fact that the TST was separated from Kon Tum by
an ocean represented by the Tam Ky–Phuoc Son Suture Zone (TPSZ)
during the early Paleozoic (e.g., Tran et al., 2014; Shi et al., 2015;
Gardner et al., 2017) (Fig. 1).

The E–W trending TPSZ is located in the northeastern part of the In-
dochina Block, extending N100 km from Tamky to Phuocson in central
V. All rights reserved.
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Fig. 1. Simplified tectonic map of Southeast Asia (after Jolivet et al., 2001; Lepvrier et al., 2004; Xu et al., 2014; Cawood et al., 2017; Metcalfe et al., 2017; Faure et al., 2018). The ages of
magmatic and metamorphic rocks are from: Carter et al., 2001; Nagy et al., 2001; Ding et al., 2002; Maluski et al., 2005; Roger et al., 2007; Xu et al., 2007; Usuki et al., 2009; Nakano
et al., 2013; Tran et al., 2014; Shi et al., 2015; Hieu et al., 2016; S.F. Wang et al., 2016; Zhao et al., 2016; Gardner et al., 2017.
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Vietnam (e.g., Tran et al., 2014) (Figs. 1, 2a). Within this zone, there
occur numerous lenticular–shaped, a few meters to several kilometers
long, metamorphosed peridotites (dunite and harzburgite), cumulate
gabbros–pyroxenites, gabbros, and plagiogranites. It is observed that
the peridotites and gabbros are locally cross–cut by doleritic dykes. All
these rocks are sandwiched between, or tectonically juxtaposed by, fo-
liated meta–extrusive (mafic to felsic) rocks that are intercalated with
marbles, meta–siliceous shales, metapelites and metagreywackes
(e.g., Nguyen, 1986; Nguyen, 2001; Huynh et al., 2009; Tri and Khuc,
2011). Dung et al. (2006) and Izokh et al. (2006) suggested that some
of these rocks bear characteristics of ophiolites. Recent structural stud-
ies (Tran et al., 2014, 2016) have also presented persuasive evidence
for terrane assembly along the TPSZ. However, the igneous rocks in
this suture are still poorly understood with regard to their petrogenesis
and formation ages. Tri and Khuc (2011) tentatively assigned an early
Paleozoic age to the metamorphosed mafic–ultramafic suite based on
an Early Ordovician age (whole–rock Rb–Sr isochronmethod) obtained
for the meta–basalts and the cross–cutting relationship with the sur-
rounding rocks. Similarly, some intermediate to felsic intrusive com-
plexes scattered along the TPSZ are also believed to have emplaced in
the early Paleozoic or late Ordovician–early Silurian (Nguyen, 1986;
Tri and Khuc, 2011), although direct age constraints are lacking. The
only temporally well–constrained magmatic rocks are the ca.
430–400 Ma granites that cross–cut the TPSZ (e.g., Tran et al., 2014;
Nguyen and Tran, 2016).

In the present paper, we review previously published data from the
TPSZ area, and present new results of a comprehensive study involving
whole–rock geochemistry, zircon U–Pb geochronology and Hf isotopes,
zircon and plagioclase geochemistry for oceanic plagiogranites in the
TPSZ with aims to better constrain the origin, tectonic setting, and em-
placement ages of these rocks. The new data provide invaluable insights
into the configuration and formation history of the TPSZ and Indochina
Block in the context of Gondwana evolution.
2. Geological setting

The Indochina Block is separated from the South China, Simao and
Sibumasu blocks by the Song Ma Suture, Dien Bien Phu Fault, and
Chiang Mai–Chiang Rai–Bentong–Raub Suture in the northeast, north-
west and west–southwest, respectively. However, the eastern bound-
ary of this block is poorly defined but has been suggested to be
immersed in the South China Sea (Fig. 1) (e.g., Metcalfe, 2013,
Metcalfe et al., 2017; Bui et al., 2017). The TST and KT are located in
the northeastern part of the Indochina Block, and are separated by the
TPSZ (Fig. 1).



Fig. 2. (a) Simplified geological map of the study area in central Vietnam showing distribution of the Tam Ky–Phuoc Son Suture Zone, and (b) a cross–section showing elements of this
suture based on a compilation of (Nguyen, 1986; Nguyen, 2001); (c) the inset map displays all sample locations; field photographs of (d) the Hiep Duc highly serpentinized meta–
peridotite, (e) Ngoc Hoi cumulate pyroxenite, (f) Ngoc Hoi cumulate gabbro, and (g) Nui Vu meta–siliceous shale and volcanogenic metapelite.
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2.1. The Truong Son Terrane

The Precambrian lower continental crust of the TST is represented by
the over 4500 m thick biotite–sillimanite–disthene–garnet schists and
amphibolites of the Bu Khang Dome in northern central Vietnam
(Fig. 1), which was exhumed during the Oligocene–Miocene by
northeast–southwest extension associated with the opening of the
South China Sea (e.g., Jolivet et al., 1999, 2001). This crystalline
basement is mainly covered by Paleozoic to Mesozoic volcano–
sedimentary rocks that were intruded by plutonic rocks of different
ages (e.g., Tri and Khuc, 2011).
2.2. The Kon Tum Terrane

The granulites within the Ngoc Linh metamorphic core complex of
the KT in central Vietnam have been regarded as an exposed Archean
core complex of the Indochina Block (e.g., DGMVN, 1989; Hutchison,
1989; Metcalfe et al., 2017) (Fig. 1). However, the only late Archean
age that has been recorded is a Ndmodel age of 2.7 Ga for a pelitic gran-
ulite, which has trace element signatures similar to that of the lower
continental crust (Lan et al., 2003). Instead, it has been suggested that
the KT basement was principally formed during the Proterozoic
(e.g., Lan et al., 2003; Owada et al., 2007, 2016), and has been reworked
by at least two high–grade metamorphic events during the Ordo–
Silurian (e.g., Nakano et al., 2013; Tran et al., 2014) and Permo–
Triassic (e.g., Nakano et al., 2007; Sanematsu et al., 2011; Faure et al.,
2018). The basement is partly covered by Mesozoic volcano–
sedimentary formations, Neogene–Quaternary basaltic extrusive rocks,
and is intruded by Paleo–Mesozoic igneous bodies (e.g., Hoang and
Flower, 1998; Tri and Khuc, 2011). Because of the dense covering of
younger rocks, the western and southwestern parts of the KT are not
well defined. However, the migmatite widely occurs west of the Po Ko
Neogene sinistral strike–slip fault in the Laos territory (e.g., Faure
et al., 2018), indicating that the KT likely be northwestward extended
under the Mesozoic (e.g., Carter and Bristow, 2003) Khorat Basin
(Fig. 1).
2.3. The Tam Ky–Phuoc Son Suture Zone

There are five rock associations within the TPSZ, namely: the Kham
Duc volcano–sedimentary Complex, the Hiep Duc ultramafic–mafic
Complex, the Ngoc Hoi pyroxenitic–gabbroic Complex, the Dieng Bong
intermediate–felsic Complex and the Nui Vu mafic to felsic volcanic
Complex (e.g., Nguyen, 1986; Nguyen, 2001; Huynh et al., 2009)
(Fig. 2). All rocks have undergone multiple episodes of ductile to brittle
deformation, and have beenmetamorphosed to greenschist to granulite
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facies (e.g., Lepvrier et al., 1997; Lepvrier et al., 2004; Tran et al., 2014,
2016; Faure et al., 2018).

Rocks of the late Neoproterozoic–early Paleozoic (e.g., Usuki et al.,
2009; Tri and Khuc, 2011, p. 53) Kham Duc Complex are largely distrib-
uted in the center and southern part of the study area (Fig. 2a, b). They
are characterized by meta–volcanic rocks in the lower part, marble and
metapelite intercalated with meta–volcanic rocks in the middle part,
and dominated by metapelite, metagreywacke in the upper part. Re-
peated deformation (Tran et al., 2014, 2016) had led to overthickening
of the formation to 5000–5800 m (Nguyen, 1986). The Kham Duc
rocks have experienced amphibolite– to granulite–facies metamor-
phism under moderate–pressure conditions (Nakano et al., 2009,
2013; Usuki et al., 2009). The meta–volcanic rocks show subduction–
related geochemical features (e.g., Nguyen, 2001). Collectively, all
these evidences are in favor of an accretionary mélange, which belongs
to the TPSZ, for the Kham Duc rocks (e.g., Faure et al., 2018).

TheHiepDuc Complex is best exposed in theBaXa area (Fig. 2a, d). It
consists of numerous lenticular–shaped, strongly serpentinized, upper
mantle meta–peridotites (dunite and harzburgite), which locally in-
clude the disseminated chromites. Meta–gabbros, meta–basalts, meta–
andesites, quartzitized cherts, and thin–bedded marbles also occur in
this complex. In places, isolated meta–diabases are seen to crosscut
the meta–peridotites and meta–gabbros (e.g., Izokh et al., 2006; Dung
et al., 2006). The Hiep Duc Complex locally exhibits the
Fig. 3. (a) Outcrop photograph of Dieng Bong Complex; (b) close–up photograph of the 16
photographs of 16VN08–08 samples; (e) optical and (f) SEM photographs of 16VN08–09 samp
pseudostratigraphy of a complete Penrose–type oceanic crust, and is
interpreted herein as representing an intra–oceanic forearc remnant
[i.e., forearc ophiolite (e.g., Dilek and Furnes, 2011, 2014)] (seemore de-
tails in Section 6. Discussion).

The 1200–1600 m thick Nui Vu volcanic Complex is striking
northwest–southeast to nearly east–west, and can be subdivided into
lower and upper parts. The lower part is composed mainly of meta–
extrusive (mafic to felsic, mostly intermediate) rocks intercalated with
minor meta–siliceous shale and volcanogenic metapelite, whereas the
upper part consists predominantly of volcanogenic metapelite with
less meta–extrusive intercalations (Fig. 2a, g). The Ngoc Hoi Complex
is characterized by metamorphosed cumulate pyroxenite–gabbro,
pyroxentite and gabbro (Fig. 2e, f), whereas the Dieng Bong Complex
is constituted bymeta–trondjemite–tonalite–diorite (Fig. 3a, b). The in-
trusions of these two complexes usually form small to moderate (from
b1 to over 20 km2) stratiform– or lenticular–shaped bodies that display
oriented structures, and are conformably distributed within surround-
ing foliated metamorphic rocks of the Nui Vu volcanic Complex
(e.g., Tri and Khuc, 2011, p. 51). Previous geochemical studies
(e.g., Nguyen, 1986; Nguyen, 2001) have indicated that all the volcanic
and intrusive rocks show calc–alkaline affinity with depletion in HFSEs
and enrichment in LILEs, and were most likely formed in a
subduction–related setting. In summary, all the three rock associations
have structural, compositional and sedimentological (i.e., mainly
VN08–08 and 16VN08–09 samples, note their sharp contact; (c) optical and (d) SEM
les; Q–quartz, Pl–plagioclase, Hb–hornblende, Bi–biotite, Mt–magnetite, Ilm–ilmenite.



155Q.M. Nguyen et al. / Gondwana Research 70 (2019) 151–170
deep–water and arc–derived sediments in volcanic complex) features
similar to the typical modern intra–oceanic volcanic arc crust (Stern,
2010), with the Ngoc Hoi pyroxenitic–gabbroic Complex, Dieng Bong
intermediate–felsic Complex, and Nui Vu mafic to felsic volcanic Com-
plex corresponding to the lower, middle and upper arc crusts,
respectively.

In summary, the TPSZ consists of three distinct mélange units, in-
cluding, from south to north, an accretionary mélange (i.e., the Kham
Duc Complex), an intra–oceanic forearc mélange (i.e., the Hiep Duc
Complex) and an intra–oceanic volcanic arc mélange (i.e., the Ngoc
Hoi, Dieng Bong, Nui Vu Complexes) (Fig. 2a).

2.4. The surrounding areas of the TPSZ

Themiddle Cambrian–early Ordovician (Tri and Khuc, 2011, p. 59; C.
Wang et al., 2016) A Vuong Formation crops outmostly at northern part
of the study area, and has tectonic contact with rocks of the TPSZ
(Fig. 2a, b). It is 1800–2900 m thick, composed largely of terrigenous,
terrigeno–carbonate, rich in carbonaceous schist with minor altered
mafic to felsic volcanics, located next to the TPSZ, and all rocks have
beenmetamorphosed to the greenschist facies. Themafic to felsic volca-
nic rocks is likely related to the TPSZ. However, the thick, shallow–water
sediments were deposited over a long period, indicating that the A
Vuong Formation might have formed in a passive continental margin
setting (Nguyen, 2001).

Ordo–Silurian granodioritic intrusions (e.g., Faure et al., 2018; au-
thors' unpublished data) are widely distributed in the southern part,
and are parallel to the predominant regional structural orientation
(Fig. 2a). Generally, these rocks belong to peraluminous, calc–alkaline
series with enrichment in LILEs and depletion in HFSEs (e.g., Tri and
Khuc, 2011, p. 240–244). They have been interpreted to have formed ei-
ther in extensive (e.g., Carter et al., 2001; Lan et al., 2003) or in compres-
sive (e.g., Usuki et al., 2009; Tran et al., 2014) settings.

3. Sample locations and petrography

A number of pyroxenitic, gabbroic and intermediate–felsic intru-
sions of the Ngoc Hoi and Dieng Bong complexes are exposed in the
study area and are tectonically incorporated within the Nui Vu volcanic
Complex (Fig. 2a). Five trondhjemite–tonalite–diorite bodies of the
Dieng Bong Complex with areal extent of 0.5 to 20 km2 have been
mapped (e.g., Nguyen, 1986; Nguyen, 2001) (Fig. 2a). Five gray–
colored (16VN08–08–01, –02, –03, –05, –06) and six grayish white–
colored samples (16VN08–09–01, –02, –03, –04, –05, –06) were col-
lected from the best exposed intrusive body (ca. 5 km2) near Tam Ky
Town (Fig. 2a, c) for whole–rock geochemical studies. Among them
two samples (16VN08–08–06, 16VN08–09–06) (15°25′38.46″N,
108°36′50.03″E) were selected for zircon U–Pb dating, Lu–Hf isotopic
composition and mineral geochemistry.

The gray– and grayish white–colored rocks (16VN08–08 and
16VN08–09 samples, respectively) appear to be closely associated
with each other, but are separated by a clear boundary between them
(Fig. 3b). Petrographic observations under optical and scanning electron
microscopes indicate that both rocks are characterized by strongly de-
formed plagioclase, quartz and amphibole (Fig. 3). The 16VN08–08
samples display gneissic texture. They are mainly composed of plagio-
clase (50–60%), quartz (15–25%), hornblende (10–20%) and biotite
(0–2%). Plagioclase is mostly oligoclase in composition, and locally al-
tered to sericite. Hornblende is subhedral and altered to chlorite and ep-
idote. Accessory minerals include magnetite, pyrite, ilmenite, apatite,
sphene and zircon (Fig. 3c, d). The 16VN08–09 samples also have
gneissic texture. They consist mainly of plagioclase (50–60%), quartz
(25–35%), hornblende (1–10%) and biotite (0–1%). Plagioclase ismainly
oligoclase in composition, and locally altered to sericite. Hornblende is
subhedral, and is partially altered to chlorite and epidote. Accessory
minerals include magnetite, pyrite, ilmenite, apatite and zircon
(Fig. 3e, f).

4. Analytical methods

4.1. Zircon geochronology and geochemistry

Zircon grains were separated from samples 16VN08–08–06 and
16VN08–09–06 by heavy–liquid and magnetic methods, then were
mounted in epoxy resin before being polished to expose the interior
of the crystals. Cathodoluminescence (CL) images were taken to exam-
ine zircon morphology, internal textures, and to guide spot selection
during U–Pb analysis. U–Pb dating and trace element analyses were
conducted by LA–ICP–MS at the State Key Laboratory of Geological Pro-
cesses and Mineral Resources (GPMR), China University of Geosciences
(Wuhan) (CUGW). Zircon standards GJ–1 and 91500were used tomon-
itor reproducibility, and instrument stability. During the analyses, the
spot size of laser beam was 32 μm in diameter. Detailed analytical pro-
cedure is similar to that described by Liu et al. (2008, 2010). The off–
line data calibration was conducted using the ICPMSDataCal program
(Liu et al., 2008). Common–Pb correction followed the procedure of
Andersen (2002). Concordia diagrams and weighted mean calculations
were made using Isoplot/Ex_ver3 (Ludwig, 2003). Analytical results are
listed in Tables 1, 2.

4.2. Zircon Lu–Hf isotope analysis

Zircon in–situHf isotopic datawere collected on aNeptune PlusMC–
ICP–MS (Thermo Fisher Scientific, Germany) in combination with a
Geolas 2005 excimer ArF laser ablation system (Lambda Physik,
Göttingen, Germany) at GPMR, CUGW. A laser beam of 44 μm in diam-
eter was used. Helium was used as carrier gas in order to transport the
ablated aerosols from the ablation cell to the ICP–MS torch. The instru-
mental conditions and detailed analytical procedures were similar to
those described by Hu et al. (2012). The interference of 176Yb and
176Lu on 176Hf was corrected by measuring the interference–free
173Yb, 175Lu isotopes and then using the known ratios 176Yb/173Yb =
0.79381 (Segal et al., 2003) and 176Lu/175Lu = 0.02656 (Blichert-Toft
and Albarede, 1997) to calculate 176Yb/177Hf and 176Lu/177Hf, respec-
tively. The 176Lu decay constant of 1.865 × 10−11 a−1 (Scherer et al.,
2001)was used for calculation of the initial Hf isotope values. The calcu-
lated model ages (TDM) are based on the depleted mantle model sug-
gested by Griffin et al. (2000). The analytical data are given in Table 3.

4.3. Plagioclase geochemistry

Plagioclase composition was determined by a JEOL JXA–8100 Elec-
tron Probe Micro Analyzer equipped with four wavelength–dispersive
spectrometers (WDS) at the GPMR. Operating conditions were: 15 kV
accelerating voltage, 20 nA beam current and a spot size of 10 μm.
Data were corrected on–line using a modified ZAF (atomic number, ab-
sorption, fluorescence) correction procedure. The used standards were
Sanidine (K, Al), Pyrope Garnet (Fe), Diopsode (Ca, Mg), Jadeite (Na),
Rhodonite (Mn), Olivine (Si), Rutile (Ti). The analytical data are given
in Table 4.

4.4. Whole–rock geochemistry

Eleven fresh samples selected for whole–rock geochemical analysis
were powdered to finer than 200 mesh. Major and trace elements
were analyzed by XRF–1800 spectrometry and by an Agilent 7500a
ICP–MS, respectively, at the GPMR. Detailed sample digesting proce-
dures and the analytical precision and accuracy for major and trace ele-
ments are described by Ma et al. (2012) and Liu et al. (2008),
respectively. The analytical results are shown in Table 5.



Table 1
LA-ICP-MS zircon U–Pb data for the Dieng Bong plagiogranites.

Spot number Th U Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U Error correlation 207Pb/206Pb 207Pb/235U 206Pb/238U Concordance

ppm Ratio ±1σ Ratio ±1σ Ratio ±1σ Age ±1σ Age ±1σ Age ±1σ

Sample 16VN08-08-06
01 621 964 0.64 0.0568 0.0013 0.6998 0.0159 0.0889 0.0008 0.3790 487 48.1 539 9.5 549 4.5 98%
02 268 639 0.42 0.0580 0.0013 0.6647 0.0163 0.0827 0.0009 0.4477 532 54.6 517 9.9 512 5.4 98%
03 272 494 0.55 0.0546 0.0013 0.6140 0.0155 0.0812 0.0008 0.4098 398 53.7 486 9.8 503 5.0 96%
04 86.3 247 0.35 0.0574 0.0016 0.6330 0.0183 0.0798 0.0008 0.3467 506 61.1 498 11.4 495 4.8 99%
05 210 557 0.38 0.0570 0.0013 0.6409 0.0148 0.0813 0.0008 0.4240 500 50.0 503 9.1 504 4.7 99%
06 316 575 0.55 0.0561 0.0014 0.6272 0.0161 0.0808 0.0008 0.3875 457 55.6 494 10.1 501 4.8 98%
07 275 779 0.35 0.0578 0.0014 0.5670 0.0136 0.0709 0.0007 0.3823 520 47.2 456 8.8 442 3.9 96%
08 776 897 0.87 0.0559 0.0014 0.6164 0.0154 0.0795 0.0008 0.4141 450 53.7 488 9.7 493 4.9 98%
09 130 415 0.31 0.0565 0.0016 0.6266 0.0185 0.0803 0.0010 0.4214 472 97.2 494 11.5 498 6.0 99%
10 88.0 209 0.42 0.0563 0.0019 0.6833 0.0257 0.0876 0.0014 0.4332 465 76 529 15.5 542 8.5 97%
11 278 509 0.55 0.0565 0.0015 0.6213 0.0166 0.0796 0.0008 0.3832 472 59.3 491 10.4 494 4.9 99%
12 336 670 0.50 0.0551 0.0013 0.6202 0.0155 0.0811 0.0008 0.4068 417 56.5 490 9.7 503 4.9 97%
13 286 670 0.43 0.0579 0.0013 0.6416 0.0147 0.0800 0.0007 0.4065 528 50.0 503 9.1 496 4.5 98%
14 204 414 0.49 0.0553 0.0014 0.6121 0.0155 0.0802 0.0008 0.3904 433 57.4 485 9.8 497 4.7 97%
15 1010 1027 0.98 0.0578 0.0011 0.6717 0.0133 0.0839 0.0007 0.4156 524 42.6 522 8.1 519 4.1 99%
16 137 396 0.35 0.0577 0.0015 0.6419 0.0169 0.0803 0.0008 0.3605 517 55.6 503 10.5 498 4.6 98%
17 196 602 0.33 0.0599 0.0015 0.6668 0.0167 0.0804 0.0008 0.3926 598 51.8 519 10.2 499 4.7 96%
18 249 387 0.64 0.0563 0.0015 0.6512 0.0183 0.0838 0.0009 0.4000 465 28.7 509 11.2 519 5.6 98%
19 153 352 0.43 0.0591 0.0017 0.6705 0.0202 0.0818 0.0009 0.3543 572 63.0 521 12.3 507 5.2 97%

Sample 16VN08-09-06
01 150 300 0.50 0.0624 0.0016 0.7144 0.0191 0.0829 0.0010 0.4361 700 53.7 547 11.3 514 5.8 93%
02 181 371 0.49 0.0569 0.0015 0.6519 0.0176 0.0830 0.0008 0.3736 487 57.4 510 10.8 514 5.0 99%
03 153 321 0.48 0.0582 0.0016 0.6690 0.0195 0.0832 0.0009 0.3707 600 59.3 520 11.9 515 5.4 99%
04 39.6 130 0.31 0.0597 0.0021 0.6933 0.0245 0.0847 0.0010 0.3358 591 106 535 14.7 524 6.0 97%
05 195 358 0.54 0.0582 0.0014 0.6841 0.0172 0.0866 0.0027 1.2509 539 51.8 529 10.4 536 16.2 98%
06 237 432 0.55 0.0604 0.0013 0.6965 0.0156 0.0835 0.0007 0.3962 617 48.1 537 9.4 517 4.4 96%
07 65.3 175 0.37 0.0591 0.0019 0.7049 0.0234 0.0867 0.0011 0.3838 572 72.2 542 13.9 536 6.6 98%
08 82.7 248 0.33 0.0591 0.0017 0.7114 0.0209 0.0871 0.0009 0.3637 569 63.0 546 12.4 538 5.5 98%
09 73.1 209 0.35 0.0675 0.0063 0.7713 0.0667 0.0837 0.0010 0.1371 854 190 580 38.2 518 5.9 88%
10 80.4 221 0.36 0.0578 0.0021 0.6514 0.0229 0.0816 0.0009 0.3108 520 77.8 509 14.1 506 5.3 99%
11 342 530 0.65 0.0577 0.0015 0.6729 0.0178 0.0842 0.0010 0.4455 520 57.4 522 10.8 521 5.9 99%
12 105 265 0.39 0.0599 0.0020 0.6997 0.0228 0.0844 0.0010 0.3666 611 72.2 539 13.6 523 6.0 96%
13 58.2 191 0.31 0.0583 0.0020 0.6895 0.0236 0.0857 0.0010 0.3542 539 74.1 533 14.2 530 6.2 99%
14 47.3 131 0.36 0.0593 0.0024 0.6865 0.0273 0.0840 0.0010 0.3075 576 88.9 531 16.5 520 6.1 97%
15 101 252 0.40 0.0601 0.0019 0.7009 0.0225 0.0845 0.0009 0.3486 609 68.5 539 13.4 523 5.6 96%
16 33.6 118 0.28 0.0583 0.0022 0.6574 0.0242 0.0820 0.0010 0.3296 539 84.1 513 14.8 508 5.9 99%
17 84.9 196 0.43 0.0595 0.0021 0.6699 0.0230 0.0817 0.0009 0.3148 583 75.9 521 14.0 506 5.3 97%
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5. Results

5.1. Zircon U–Pb dating, Lu–Hf isotopic composition and mineral
geochemistry

Thirty–six analyses on 36 grains from samples 16VN08–08–06 and
16VN08–09–06 of the Dieng Bong Complex are listed in Table 1, and
shown in Fig. 4a, b.

All zircon grains are transparent and colorless, subhedral to euhedral
and 100–300 μm in length, with width/length ratios of about 1:1–1:3.
Most zircon crystals from sample 16VN08–08–06 display broad sector
zoning and low CL intensity (Fig. 4a). By contrast, zircon grains from
sample 16VN08–09–06 are planar, show sector or oscillatory zoning
and moderate to strong CL intensity (Fig. 4b). All spots record a wide
range of U (118–1027 ppm) and Th (34–1010 ppm) concentrations,
with Th/U ratios in the range of 0.28–0.98 (Table 1). Collectively, the
Th/U ratios and CL image features indicate that all the zircon crystals
have a magmatic origin.

Nineteen analyses were taken on 19 grains from sample
16VN08–08–06. Excluding three discordant analyses (01, 07, 10), the
remaining 16 concordant ones yielded a weighted mean 206Pb/238U
age of 502.1 ± 6.0 Ma (MSWD = 0.46) (Fig. 4c), which is interpreted
as the crystallization age of the sample.

Seventeen zircon grains from sample 16VN08–09–06 were ana-
lyzed. All but one (spot 05, Table 1) are concordant, and yielded a
weighted mean 206Pb/238U age of 518.5 ± 7.1 Ma (MSWD = 0.4)
(Fig. 4d), interpreted as the crystallization age of the sample.
All zircon grains analyzed in this study have low U/Yb (due to their
low U and high Yb) and high Hf values, thus most of them fall in the
fields of ocean crust zircon defined by Grimes et al. (2007) (Fig. 5a, b,
c). Other zircon geochemical diagrams (Fig. 5d, e, f) show negative cor-
relations between Nb, U/Yb with Hf, Gd/Yb, respectively, and positive
correlation between Gd/Yb and Ce/Yb.

Hf isotope analyses were made on 25 zircon grains from samples
16VN08–08–06 and 16VN08–09–06 (Table 3, Fig. 4a, b). The initial
εHf values range from +11 to +16 (average of +14) and from +13
to +16 (average of +15) for the 16VN08–08–06 and 16VN08–09–06,
respectively (Table 3, Fig. 5g).

Plagioclase compositions from samples 16VN08–08–06 and
16VN08–09–06 show low K2O (0.04–0.19%), CaO (2.69–5.62%) and
high Na2O (8.40–10.24%) plotting within the oligoclase field on the
Ab–Or–An ternary diagram of Deer et al. (1992) with An from 20 to
28 for the 16VN08–08–06 and 13 to 24 for the 16VN08–09–06
(Table 4, Fig. 5h).

5.2. Whole–rock major and trace element geochemistry

The loss on ignition (LOI) values of all samples are relatively low
(0.44–0.9 wt%) (Table 5), and display no correlationswithmajor oxides
and fluid–mobile elements (e.g., Rb and K, not shown), suggesting that
effects of alteration and/or metamorphism are negligible.

Based on the CIPW norms calculated from the major element com-
positions, all the 16VN08–09 samples (16VN08–09–01, –02, –03, –04,
–05, –06) are classified as trondhjemites, whereas the 16VN08–08



Table 2
Zircon trace elements analytical data for Dieng Bong plagiogranites.

Sam. Spot Nb La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu U U/Yb Ce/Yb Gd/Yb Nb/Yb

16VN08-08-06 01 14 0.00 68 0.15 4 15 1 119 49 680 301 1531 362 3452 660 958 0.28 0.02 0.03 0.0041
02 2 0.01 24 0.32 6 16 2 115 44 590 251 1272 300 2974 581 638 0.21 0.01 0.04 0.0008
03 3 0.04 40 0.52 12 28 3 192 72 924 375 1747 403 3715 701 497 0.13 0.01 0.05 0.0009
04 3 0.19 16 0.36 4 10 1 89 35 476 195 915 194 1892 355 245 0.13 0.01 0.05 0.0018
05 1 0.00 12 0.07 1 4 1 33 14 214 102 572 147 1680 349 556 0.33 0.01 0.02 0.0009
06 9 0.09 35 0.27 4 16 2 147 58 764 311 1431 311 2892 542 575 0.20 0.01 0.05 0.0031
07 3 0.03 24 0.28 5 14 1 101 40 539 234 1207 286 3020 604 715 0.24 0.01 0.03 0.0011
08 11 0.03 64 0.42 9 27 3 202 75 986 404 1844 424 3861 709 887 0.23 0.02 0.05 0.0028
09 3 0.01 14 0.09 3 9 1 78 32 448 197 988 230 2402 477 430 0.18 0.01 0.03 0.0011
10 2 0.56 12 0.22 2 4 0 40 16 223 93 445 98 977 183 197 0.20 0.01 0.04 0.0024
11 4 0.02 47 0.63 14 39 3 278 103 1305 513 2169 485 4190 759 511 0.12 0.01 0.07 0.0010
12 4 0.03 37 0.41 8 21 2 137 53 722 312 1608 379 3693 720 670 0.18 0.01 0.04 0.0012
13 5 0.02 27 0.16 3 11 1 93 38 549 250 1315 317 3199 641 670 0.21 0.01 0.03 0.0014
14 3 0.02 29 0.49 9 26 3 179 66 851 345 1636 368 3401 642 415 0.12 0.01 0.05 0.0009
15 12 0.01 56 0.29 8 27 3 203 73 917 360 1643 348 3208 597 1002 0.31 0.02 0.06 0.0037
16 1 0.03 8 0.10 2 4 1 29 12 171 77 431 111 1281 271 361 0.28 0.01 0.02 0.0007
17 2 0.01 15 0.18 4 9 2 72 28 388 169 889 214 2295 465 601 0.26 0.01 0.03 0.0007
18 5 0.47 23 0.42 5 15 2 128 50 642 253 1124 230 2144 387 401 0.19 0.01 0.06 0.0024
19 2 0.02 21 0.31 6 16 2 124 47 623 258 1252 279 2769 522 360 0.13 0.01 0.04 0.0008

16VN08-09-06 01 11 0.01 52 0.36 11 39 5 366 141 1891 740 3447 688 6806 1170 862 0.13 0.01 0.05 0.0016
02 16 0.57 60 0.61 9 30 4 296 117 1591 631 2995 605 6095 1059 1057 0.17 0.01 0.05 0.0026
03 12 0.03 48 0.37 9 33 4 319 125 1704 669 3127 631 6267 1094 899 0.14 0.01 0.05 0.0018
04 4 0.00 15 0.09 3 14 2 141 58 851 355 1740 365 3767 682 364 0.10 0.00 0.04 0.0010
05 13 0.01 49 0.17 5 22 3 246 98 1363 545 2568 531 5370 948 1004 0.19 0.01 0.05 0.0024
06 18 0.01 82 0.62 16 60 7 523 198 2630 1007 4607 927 8716 1549 1189 0.14 0.01 0.06 0.0020
07 5 23.51 109 16.45 115 63 5 286 97 1305 512 2401 487 4873 863 490 0.10 0.02 0.06 0.0011
08 9 0.00 30 0.20 4 22 3 223 91 1313 549 2714 566 5895 1068 715 0.12 0.01 0.04 0.0015
09 7 0.01 33 0.27 7 28 3 249 100 1409 571 2772 573 5771 1023 576 0.10 0.01 0.04 0.0012
10 8 0.02 38 0.12 5 20 3 209 85 1186 480 2313 483 4915 871 635 0.13 0.01 0.04 0.0016
11 24 0.02 93 0.37 11 45 6 449 171 2317 898 4184 848 8389 1454 1508 0.18 0.01 0.05 0.0028
12 11 0.00 40 0.11 4 18 3 191 78 1118 453 2189 456 4651 833 761 0.16 0.01 0.04 0.0023
13 7 0.02 29 0.11 3 13 2 142 60 858 355 1755 371 3876 705 553 0.14 0.01 0.04 0.0019
14 4 1.79 24 1.40 13 23 3 195 76 1064 426 2014 410 4128 733 367 0.09 0.01 0.05 0.0009
15 7 0.01 47 0.58 14 47 5 403 153 2075 817 3818 773 7739 1340 710 0.09 0.01 0.05 0.0008
16 4 0.23 17 0.20 3 11 2 120 50 723 297 1448 303 3143 567 328 0.10 0.01 0.04 0.0013
17 6 0.00 26 0.09 2 14 2 141 56 827 337 1628 334 3416 612 555 0.16 0.01 0.04 0.0018

Table 3
Zircon in-situ Lu–Hf isotopic compositions of Dieng Bong plagiogranites.

Spot no. 176Hf/177Hf 1σ 176Lu/177Hf 1σ 176Yb/177Hf 1σ Age (Ma) (176Hf/177Hf)i εHf(0) 1σ εHf(t) 1σ TDM1 TDM2 fLu/Hf

Sample 16VN08-08-06
01 0.282921 0.000032 0.008089 0.000041 0.400875 0.007583 549 0.282838 5 1.23 14 1.26 579 589 −0.76
02 0.282987 0.000060 0.010918 0.000072 0.543825 0.014836 512 0.282882 8 2.18 15 2.21 511 511 −0.67
03 0.282960 0.000042 0.010969 0.000052 0.558199 0.011319 503 0.282856 7 1.57 14 1.60 563 565 −0.67
04 0.282960 0.000048 0.006280 0.000058 0.336710 0.010062 495 0.282902 7 1.78 16 1.81 481 478 −0.81
05 0.282887 0.000023 0.005213 0.000062 0.242388 0.004342 504 0.282838 4 0.97 13 1.01 583 604 −0.84
09 0.282995 0.000043 0.009213 0.000090 0.489290 0.008444 498 0.282909 8 1.61 16 1.65 466 463 −0.72
11 0.282973 0.000045 0.009800 0.000153 0.529858 0.010947 494 0.282882 7 1.68 15 1.74 516 517 −0.70
12 0.282879 0.000047 0.009750 0.000081 0.488431 0.011146 503 0.282787 4 1.73 12 1.77 690 703 −0.71
14 0.282997 0.000056 0.009957 0.000087 0.511592 0.011027 497 0.282904 8 2.06 16 2.10 474 473 −0.70
15 0.282929 0.000049 0.009752 0.000062 0.532964 0.011711 519 0.282834 6 1.82 13 1.86 597 604 −0.71
17 0.282932 0.000039 0.008661 0.000133 0.407692 0.005113 499 0.282851 6 1.47 14 1.53 570 578 −0.74
18 0.282868 0.000029 0.006402 0.000038 0.341747 0.009193 519 0.282806 3 1.16 12 1.19 636 663 −0.81
19 0.282841 0.000047 0.007194 0.000155 0.375287 0.013670 507 0.282773 2 1.73 11 1.79 698 731 −0.78
Ave. 14

Sample 16VN08-09-06
01 0.282932 0.000019 0.004402 0.000106 0.215271 0.002796 514 0.282889 6 0.84 16 0.89 499 494 −0.87
02 0.282919 0.000032 0.006053 0.000074 0.281343 0.006828 514 0.282860 5 1.26 15 1.30 546 552 −0.82
03 0.282867 0.000023 0.004638 0.000061 0.201478 0.001301 515 0.282822 3 0.97 13 1.01 604 626 −0.86
06 0.282888 0.000033 0.004924 0.000031 0.255549 0.004807 517 0.282841 4 1.26 14 1.29 575 590 −0.85
09 0.282901 0.000028 0.004104 0.000069 0.217586 0.001911 518 0.282861 5 1.13 15 1.16 542 549 −0.88
11 0.282925 0.000043 0.007731 0.000070 0.400098 0.005532 521 0.282849 5 1.62 14 1.65 565 571 −0.77
12 0.282943 0.000029 0.004748 0.000024 0.251864 0.005304 523 0.282897 6 1.15 16 1.18 486 478 −0.86
13 0.282941 0.000029 0.005058 0.000035 0.258033 0.005794 530 0.282890 6 1.14 16 1.17 495 489 −0.85
14 0.282879 0.000030 0.003051 0.000070 0.155528 0.003448 520 0.282849 4 1.16 14 1.20 560 573 −0.91
15 0.282918 0.000036 0.005544 0.000060 0.290571 0.008186 523 0.282864 5 1.38 15 1.42 538 543 −0.83
16 0.282906 0.000028 0.003567 0.000095 0.177654 0.002528 508 0.282872 5 1.10 15 1.15 527 530 −0.89
17 0.282910 0.000025 0.003072 0.000058 0.158112 0.001535 506 0.282881 5 1.01 15 1.05 513 511 −0.91
Ave. 15
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Table 4
Electron microprobe analyses of plagioclase in the Dieng Bong plagiogranites.

Sample 16VN08-08-06 16VN08-09-06

Spot 01 02 03 04 05 06 01 02 03 04 05 06

Na2O 9.53 9.09 9.12 8.84 8.40 8.99 9.31 8.69 8.71 8.74 9.36 10.24
K2O 0.08 0.04 0.05 0.04 0.06 0.07 0.19 0.66 0.15 0.13 0.07 0.09
FeO 0.03 0.03 0.04 0.08 0.04 0.06 0.02 0.04 0.06 0.07 0.03 0.05
MgO - - 0.01 0.01 - 0.00 0.01 0.01 0.01 0.01 - 0.00
CaO 3.98 4.71 4.37 4.81 5.62 4.83 3.51 4.27 4.82 5.25 4.52 2.69
MnO - 0.03 - - 0.03 0.04 - 0.02 - - 0.01 0.00
Al2O3 22.98 23.29 22.98 23.34 24.30 23.36 21.82 23.05 23.49 23.42 23.02 21.75
TiO2 - 0.00 - 0.01 0.01 - - - 0.00 0.01 - -
SiO2 64.05 63.61 63.74 62.59 62.01 63.11 64.07 63.19 62.77 62.13 63.07 66.09
Total 100.66 100.79 100.30 99.71 100.45 100.45 98.94 99.92 100.00 99.77 100.08 100.91
Or 0 0 0 0 0 0 1 4 1 1 0 1
Ab 80 76 77 75 71 76 80 74 74 74 77 86
An 20 23 22 24 28 23 17 21 24 24 21 13

“-” below limit of detection.
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samples (16VN08–08–01, –02, –03, –05, –06) are transitional between
tonalites and trondhjemites in the An–Ab–Or diagram (Barker, 1979)
(Fig. 6a). They show high SiO2 (63.6–74.9) and Na2O (4.2–5.8 wt%)
(Table 5). Fig. 6b shows that the 16VN08–08 samples belong to dacitic
rocks, while most of the 16VN08–09 samples plot in the rhyolitic field.
Overall, most samples are calcic, and follow a trend roughly parallel to
the boundary between the calcic and calc–alkalic fields in the modified
alkali–lime index (MALI) diagram (Fig. 6c). The exceptions include
three samples (16vn08–08–02, 16vn08–08–05, and 16vn08–08–06),
which straddle the boundary, likely due to their high modal plagioclase
(Frost and Frost, 2008), as also evidenced by their elevated Sr values
compared to other 16vn08–08 samples (Table 5). Frost et al. (2001)
and Frost and Frost (2008) noticed that the boundary between tholeiitic
and calc–alkaline fields proposed by Miyashiro (1974) was only appli-
cable to rockswith N60% SiO2, but not to those having SiO2 b 60%. There-
fore, they suggested a Fe–index diagram to distinguish Fe–enriched
(ferroan) melts from Mg–enriched (magnesian) ones. All our studied
samples are magnesian according to this classification (Fig. 6d). In
Fig. 6e, all samples define an evolutionary trend characteristic of calc–
alkaline suites (Irvine and Baragar, 1971).

All samples show low contents of Al2O3 (12.9–16.1 wt%) and K2O
(0.38–0.52wt%) (Table 5). The aluminum–saturation index versus silica
plot (Frost and Frost, 2008) shows that these samples are scattered
around the boundary between the metaluminous and peraluminous
fields (Fig. 6f). Fig. 6g confirms that all but one (16vn08–09–03) of the
samples plot within the field of the aluminum–poor trondhjemites of
Barker (1979), whereas Fig. 6h shows that all samples fall in the low
K2O field defined by Coleman and Donato (1979). There are general de-
creases in Al2O3, MgO, FeO, TiO2, CaO and a slight increase in K2O with
increasing SiO2 (Figs. 6g, h, 7a, b, c, d).

Fig. 7e, f shows inverse correlation between Sr and Rb, but positive
correlation between Ba and K. Nickel and Cr values are generally high
with no (or inverse) correlation to MgO content (Fig. 7g, h), likely indi-
cating the cumulation of sulfide phases (Pearce et al., 1995). This is in
agreement with petrographic observations of abundant pyrite.

These rocks have low Sr (74–175 ppm) and high Y (20–48 ppm)
concentrations (Table 5). In the Sr/Y vs. Y diagram (Fig. 8a), none of
the studied samples lie within the high Sr/Y “adakite” field defined by
Defant and Drummond (1990). The rare earth elements (REEs) are rel-
atively lowwith total REEs ranging from35 to 58 ppm in the 16vn08–08
sample and 26 to 34 ppm in the 16vn08–09 sample (Table 5). In a
chondrite–normalized REE diagram, all samples are characterized by
depletions of LREEs relative to HREEs (La/YbN = 0.37–0.76) with dis-
tinctive but variable Eu anomalies (Eu/Eu* = 0.50–1.43) (Table 5,
Fig. 8b). In the N–MORB normalized multi–element diagrams, all the
samples show coherent patterns, with high LILEs (e.g. Cs, Rb, Ba, Pb,
K), Th, U and low HFSEs (e.g., Nb and Ti) (Fig. 8c). The slightly positive
Zr and Hf anomalies might be attributed to accumulation of zircon.
Selected tectonic discrimination diagrams (Fig. 8d, e, f, g) show that
the studied rocks are closely analogous to those of the Troodos
(Freund et al., 2014) and Talkeetna (Kelemen et al., 2014) intra–
oceanic arcs.

6. Discussion

6.1. Rock classification

Trondhjemite–tonalite–diorite suite is characterized by mineral as-
semblages dominated by plagioclase, quartz, with minor, variable
amounts of hornblende, biotite and/or pyroxene, and is compositionally
calcic and magnesian. They are important constituents of Archean
gneiss terrains, where they form so–called continental trondhjemites.
Moreover, they are also a component of oceanic arc and mid ocean
ridge associations, where they are named oceanic plagiogranites
(e.g., Coleman and Donato, 1979; Le Maitre, 1989; Koepke et al., 2007;
Zi et al., 2012; Frost et al., 2016). Continental trondhjemites bear some
geochemical characteristics similar to adakites, e.g., high in Al, Sr, low
in Y, HREE and enriched in LREE. On the contrary, oceanic plagiogranites
are featured by low Al, K, Sr, Rb and high Y (Martin et al., 2005; Frost
et al., 2016).

Samples from the Dieng Bong Complex in the present study share
many similaritieswith trondhjemites/plagiogranites in bothmineral as-
semblage (i.e., mainly consist of plagioclase, quartz, with minor
amounts of hornblende and biotite) and chemical composition
(i.e., calcic and magnesian). Moreover, SiO2 contents and the An–Ab–
Or ternary diagram support classification of the 16VN08–08 and
16VN08–09 samples as tonalites (dacitic) and trondhjemites (rhyolitic),
respectively. On the other hand, the samples are characterized by high
modal plagioclase and quartz, high Y, low Al2O3, K2O, Sr, Rb contents,
and depletion in LREEwith flat HREE patterns, similar to typical oceanic
plagiogranites.

6.2. Petrogenesis

The petrogenesis of trondhjemite–tonalite–diorite suites is ex-
tremely complicated, and has been a subject of much debate
(e.g., Koepke et al., 2007; Frost et al., 2016, for review). Such silicic
magmas can be formed in different tectonic settings through differing
processes (e.g., Brophy, 2008, 2009). As the studied plagiogranites
were formed in intra–oceanic arc settings (see below), two possible
processes have been invoked to explain the generation of silicicmagmas
in such settings, i.e., extensive fractional crystallization of hydrous ba-
saltic magma, and dehydration melting of lower crustal amphibolites
(e.g., Pu et al., 2014; Haase et al., 2016). However, distinguishing the
two processes from one another is not straightforward since both frac-
tionation and dehydration melting can lead to similar major, trace



Table 5
Major and trace elements analytical data for Dieng Bong plagiogranites.

Samples 16VN08-08- 16VN08-09-

-01 -02 -03 -05 -06 -01 -02 -03 -04 -05 -06

SiO2 70.39 64.42 70.81 63.55 63.68 74.88 74.71 69.51 74.04 73.7 74.38
Al2O3 13.93 15.32 13.86 15.24 15.26 13.29 12.91 16.1 13.71 13.81 13.02
FeOT 4.08 6.40 3.89 6.60 6.57 1.67 2.38 2.23 1.89 1.94 2.88
FeO 3.46 5.44 3.30 5.61 5.58 1.42 2.03 1.90 1.61 1.65 2.45
MgO 1.33 2.65 1.41 2.72 2.75 0.77 0.86 0.65 0.87 0.83 0.84
CaO 3.5 3.59 2.96 3.92 4.02 1.93 2.21 3.6 2.22 1.92 2.6
Na2O 4.48 5.11 4.45 5.27 5.25 5.4 4.85 5.81 5.12 5.61 4.2
K2O 0.51 0.39 0.51 0.39 0.38 0.52 0.51 0.38 0.52 0.5 0.52
TiO2 0.41 0.58 0.4 0.58 0.59 0.35 0.31 0.38 0.34 0.34 0.35
P2O5 0.1 0.086 0.073 0.081 0.081 0.062 0.051 0.055 0.057 0.057 0.057
MnO 0.059 0.085 0.05 0.089 0.091 0.022 0.025 0.041 0.025 0.022 0.033
H2O- 0.08 0.12 0.04 0.04 0.02 0 0.02 0.1 0 0.08 0.1
LOI 0.44 0.82 0.64 0.74 0.6 0.72 0.74 0.9 0.68 0.86 0.64
Li 6.57 12.88 10.55 14.36 13.77 7.32 8.58 3.39 9.83 8.59 8.21
Be 0.35 0.36 0.53 0.36 0.34 0.42 0.35 0.49 0.43 0.44 0.34
Sc 24.20 31.15 20.68 25.85 25.70 12.29 15.31 13.52 14.68 13.94 7.88
V 56.78 105.30 56.02 121.87 122.24 36.73 31.11 35.66 39.18 41.26 25.59
Cr 2.82 1.76 3.20 1.98 1.83 3.42 2.76 2.47 2.65 3.65 3.61
Co 205.21 142.48 256.44 154.92 133.72 260.31 227.21 206.90 207.90 283.00 297.01
Ni 109.94 73.36 137.14 79.66 66.17 137.74 119.66 103.54 112.89 157.14 161.51
Cu 8.06 2.31 11.37 2.49 2.11 3.05 5.37 9.07 2.67 3.61 20.97
Zn 22.08 34.57 21.39 32.91 32.28 11.94 12.14 9.89 12.05 13.53 13.00
Ga 14.04 15.69 13.81 15.98 15.80 12.48 12.15 12.50 12.98 12.78 12.98
Rb 5.01 4.48 4.95 4.42 4.36 5.99 5.71 3.99 6.45 5.79 4.90
Sr 142.25 163.07 125.94 173.60 175.29 73.85 117.06 113.76 84.81 76.54 105.19
Y 46.52 48.36 37.40 24.25 24.60 20.06 30.74 25.90 21.78 22.37 24.29
Zr 74.68 53.00 271.95 70.26 68.87 67.16 121.30 138.04 68.86 80.50 185.00
Nb 1.74 1.83 1.47 1.19 1.16 1.53 1.71 1.50 1.82 1.49 1.56
Mo 1.69 0.55 1.06 0.71 0.39 7.83 1.16 4.34 5.78 4.60 0.97
Cd 0.02 0.02 0.05 0.02 0.02 0.01 0.03 0.03 0.01 0.02 0.03
Sn 0.71 0.99 0.61 1.62 1.71 1.79 1.68 1.79 1.87 1.68 0.63
Cs 0.81 1.00 1.25 2.25 2.09 0.77 1.11 0.72 1.48 1.16 0.76
Ba 86.35 43.23 108.66 60.58 56.91 166.06 113.22 111.65 185.24 195.56 158.43
La 3.10 2.94 2.89 2.90 2.85 1.91 1.89 2.24 1.88 1.89 2.26
Ce 9.55 9.43 8.26 7.92 7.79 5.13 5.38 5.97 5.17 5.37 5.24
Pr 1.54 1.56 1.22 1.06 1.05 0.79 0.84 0.92 0.75 0.83 0.71
Nd 9.10 9.30 7.19 5.81 5.52 4.49 5.40 5.05 4.54 4.63 3.69
Sm 3.94 3.96 2.84 2.00 2.09 1.61 2.29 1.86 1.78 1.87 1.16
Eu 0.79 0.81 0.73 0.67 0.67 0.69 0.66 0.83 0.65 0.65 0.71
Gd 5.84 5.84 4.24 3.02 2.94 2.35 3.56 2.70 2.61 2.65 2.00
Tb 1.14 1.22 0.82 0.57 0.59 0.46 0.73 0.57 0.48 0.53 0.42
Dy 7.25 8.11 5.35 3.65 3.82 3.00 4.65 3.69 3.27 3.31 2.93
Ho 1.64 1.89 1.26 0.84 0.87 0.68 1.08 0.88 0.74 0.75 0.75
Er 4.86 5.50 3.92 2.56 2.60 2.03 3.16 2.70 2.21 2.17 2.39
Tm 0.74 0.84 0.65 0.42 0.42 0.31 0.53 0.43 0.35 0.36 0.41
Yb 4.75 5.63 4.35 2.73 2.82 2.08 3.61 3.06 2.41 2.39 2.87
Lu 0.72 0.82 0.72 0.44 0.47 0.33 0.56 0.52 0.37 0.37 0.49
Hf 2.54 2.24 7.78 2.38 2.28 2.55 3.81 4.51 2.63 2.90 5.25
Ta 2.41 1.51 1.95 1.71 1.44 1.85 2.50 2.20 2.45 1.94 2.33
Tl 0.05 0.04 0.04 0.05 0.06 0.06 0.05 0.04 0.05 0.05 0.03
Pb 1.04 1.11 0.98 1.11 1.12 1.14 1.31 1.54 1.39 1.32 0.71
Th 0.48 0.45 0.65 0.40 0.43 0.63 0.70 0.88 0.73 0.71 0.83
U 0.29 0.32 0.65 0.25 0.25 0.31 0.37 0.44 0.32 0.36 0.43
Or 3.07 2.36 3.08 2.36 2.30 3.11 3.06 2.28 3.12 3.00 3.12
Ab 38.61 44.27 38.49 45.76 45.47 46.32 41.68 49.95 43.98 48.22 36.10
An 16.70 17.66 14.52 17.21 17.35 9.29 10.80 17.00 10.80 9.30 12.72
Fe-index 0.72 0.67 0.70 0.67 0.67 0.65 0.70 0.74 0.65 0.67 0.74
MALI 1.49 1.91 2.00 1.74 1.61 3.99 3.15 2.59 3.42 4.19 2.12
ASI 0.98 1.00 1.05 0.95 0.94 1.03 1.03 0.98 1.06 1.05 1.07
∑REE 55 58 44 35 34 26 34 31 27 28 26
Eu/Eu* 0.50 0.51 0.65 0.83 0.82 1.08 0.71 1.13 0.92 0.89 1.43
La/YbN 0.47 0.37 0.48 0.76 0.73 0.66 0.38 0.52 0.56 0.57 0.56
Th/Nb 0.27 0.25 0.44 0.34 0.37 0.41 0.41 0.59 0.40 0.48 0.53
La/Nb 1.78 1.60 1.97 2.44 2.46 1.25 1.11 1.49 1.03 1.27 1.44
Ba/La 27.81 14.73 37.60 20.86 19.94 86.82 59.97 49.94 98.42 103.29 70.20
Pb/Ce 0.11 0.12 0.12 0.14 0.14 0.22 0.24 0.26 0.27 0.24 0.14
Sr/Nd 15.63 17.54 17.52 29.89 31.76 16.44 21.68 22.54 18.70 16.51 28.52

Or, Ab, An calculated from CIPW norms; Fe-index = FeO / (FeO + MgO); MALI = Na2O + K2O-CaO; ASI = Al / (Ca − 1.67 ∗ P + Na + K); Eu/Eu* = Eu / SQRT(Sm ∗ Gd)N.
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elements and isotopic characteristics in felsic magmas (Brophy, 2008).
For the Dieng Bong plagiogranites, however, we suggest a petrogenetic
model dominated by fractional crystallization based on evidences pre-
sented below: (1) The present plagiogranites occur as large (ca.
5 km2), lenticular–shaped bodies with magmatic textures (Figs. 2a, c,
3a, b). These features are typically seen in plagiogranites of fractional
crystallization origin (e.g., Freund et al., 2014; Haase et al., 2016), but
are distinct from those formed by partial melting processes (Sawyer,



Fig. 4. Cathodoluminescence images showing morphology of represented zircon extracted from (a) 16VN08–08–06 and (b) 16VN08–09–06 samples. Red and yellow circles indicate the
analytical sites for U–Pb and Hf isotopes, respectively. LA–ICP–MS zircon U–Pb concordia diagrams for (c) 16VN08–08–06 and (d) 16VN08–09–06 samples. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5.Zircon geochemical diagrams for 16VN08–08–06 and16VN08–09–06 samples: (a, b, c)U/Yb vs. Hf, U/Yb vs. Yb andU vs. Y discrimination diagrams (after Grimes et al., 2007); (d)Nb
vs. Hf diagram (after Pietranik et al., 2017); (e, f) U/Yb vs. Gd/Yb and Gd/Yb vs. Ce/Yb diagrams (after Grimes et al., 2015). (g) Zircon εHf(t) vs. U–Pb ages diagram, Oytag intra–oceanic arc
data of Jiang et al. (2008). (h) Feldspar (anorthite–albite–orthoclase) composition diagram for 16VN08–08–06 and 16VN08–09–06 samples (after Deer et al., 1992). Zrn–zircon, ttn–
titanite, ap–apatite, ilm–ilmenite.
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ig. 6. Geochemical discrimination diagrams for 16VN08–08 and 16VN08–09 samples: (a) CIPW norms calculated from major element compositions of the rocks using the scheme
uggested by Barker (1979); (b) total alkali–silica diagram (after Lebas et al., 1986); (c) modified alkali–lime index (MALI) diagram (after Frost et al., 2001); (d) Fe–index diagram
after Frost and Frost, 2008); (e) AFM diagram (after Irvine and Baragar, 1971); (f) aluminum–saturation index diagrams (after Frost and Frost, 2008); Al– (g) and K–boundary lines
h) are from Barker (1979) and Coleman and Donato (1979), respectively.
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Fig. 7.Diagrams showing variation of SiO2 with selected elements (a)MgO; (b) FeO; (c) TiO2 and (d) CaO. Note that all our samples display similar trends with the Troodos fractionation–
origin, intra–oceanic forearc tholeiitic plagiogranite data from Freund et al. (2014). (e) Inverse correlation between Sr and Rb by fractionation of plagioclase and biotite (e.g., Halliday et al.,
1991; Frost et al., 2016); (f) increased Ba with K by fractionation of plagioclase (Perfit et al., 1980); (g, h) relatively high Ni, Cr contents and no (or inverse) correlation with MgO by ac-
cumulation of sulfide phases (Pearce et al., 1995).
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2008), which commonly produce migmatites; (2) the U–Pb zircon ages
of the tonalite (16VN08–08–06) and trondhjemite (16VN08–09–06)
samples are identical within analytical errors, and display similarly
high, positive zircon εHf(t) values (average of +14 and +15, respec-
tively, which are slightly lower than those of the depleted mantle)
(Fig. 5g). These indicate that they might be products of fractional crys-
tallization of mafic magma derived from slab-modified mantle wedge,
and were crystallized roughly simultaneously. A fractionation origin of
the studied rocks seems to be also supported by the overlap of their zir-
con (176Hf/177Hf)i values (0.282773–0.282909 and 0.282822–0.282897,
Table 3) with remarkably different whole–rock SiO2 (63.68 and
74.38 wt%, respectively, Table 5) contents; (3) On the SiO2 versus se-
lectedmajor elements diagrams (Figs. 6g, h, 7a, b, c, d), the studied sam-
ples display negative correlations of Al2O3, MgO, FeO, TiO2, CaO and
slightly positive correlation of K2O with SiO2 values. It is likely that
these features have been resulted from fractionated crystallization of
plagioclase, amphibole, biotite and Fe–Ti oxides minerals. Moreover,
the studied plagiogranites show evolutionary trends overlapping with
those of the Troodos intra–oceanic forearc tholeiitic plagiogranites. A
fractional crystallization origin has been well established for rocks
from the latter locality (Freund et al., 2014). Otherwise, the experimen-
tally discriminating line in the TiO2 vs. SiO2 diagram to distinguish the
petrogenesis of oceanic plagiogranites of Koepke et al. (2007) was also
added into Fig. 7c for discussion. Koepke et al. (2007) suggested that
the TiO2 values of plagiogranitic veins or small stocks generated by hy-
drous partial melting of oceanic cumulate gabbros are low, and distrib-
ute below this line, while those plagiogranites generated by MORB
differentiation (and liquid immiscibility that is very rare in nature) are
relatively high, and fall above this line. Fig. 7c shows that the TiO2 values
and evolutionary trend of the Dieng Bong oceanic plagiogranites totally
overlap with those of the fractional crystallization–derived, SiO2–rich,
calc–alkaline rocks in the Oytag (Jiang et al., 2008) and Talkeetna
(Kelemen et al., 2014) intra–oceanic arcs, but are completely different
from Fournier mid–ocean ridge plagiogranites generated by hydrous
partial melting (Brophy and Pu, 2012). However, the TiO2 concentra-
tions of calc–alkaline plagiogranites from the Tam Ky–Phuoc Son,
Oytag, and Talkeetna intra–oceanic arcs are slightly lower than those
of the tholeiitic plagiogranites from the Troodos intra–oceanic forearc,
and are also lower than the minimum TiO2 contents of experimental
melts formed by MORB differentiation in tholeiitic systems (Koepke
et al., 2007) (Fig. 7c). These slightly low TiO2 contents are likely due to
the high water content and oxidizing condition (Ni–NiO buffer) in arc
settings, which results in early stabilization of Fe–Ti oxides
(e.g., titanomagnetite), leading to a transition of the MORB differentia-
tion path from tholeiitic (dry conditions) to calc–alkalic (water–satu-
rated), and TiO2 depletion in the residual melts (e.g., Sisson and
Grove, 1993; Berndt et al., 2005); (4) the studied rocks display flat,
chondrite–normalized REE patterns with slight LREE–depletion, which
is typically seen in plagiogranites generated by fractional crystallization
from a hydrous oceanic arc basaltic magma (e.g., Dilek and Thy, 2006;
Jiang et al., 2008; Freund et al., 2014; Haase et al., 2016). By contrast,
plagiogranites formed bydehydrationmelting are commonly character-
ized by enrichment of LREEs, and a concave upwards REE pattern
(e.g., Pu et al., 2014) (Fig. 8b); (5) the studied rocks show a decrease
in Sr with slightly increasing Rb (Fig. 7e), which is normally attributed
to fractionation of plagioclase and biotite (e.g., Halliday et al., 1991;
Frost et al., 2016). Petrographic observations of abundant plagioclase
as well as minor biotite and positive correlation between Ba and K
displayed by the studied samples seem to support this interpretation
Fig. 8. (a) Sr/Y vs. Y diagram, note that noneof our samples liewithin thehigh Sr/Y “adakite”field
diagram (the normalization values from Sun and McDonough, 1989). Note that the patterns
plagiogranites (Freund et al., 2014), but totally different from those of the Asogo dehydratio
concentrations are normalized to N–MORB (Dilek and Furnes, 2011). Note that patterns of ou
Tectonic discrimination diagrams: (d) Nb vs. Y and (e) Rb vs. Y + Nb (after Pearce et al., 19
granite, ORG: ocean ridge granite; (f) Zr/117–Th–Nb/16 (after Wood et al., 1979); (g) Th/Yb v
of the Troodos and Talkeetna intra–oceanic arc rocks.
(Fig. 7f). Furthermore, the roughly parallel to the MALI boundary
trending (Fig. 6c), the variably negative Eu anomalies (Fig. 8b) and
high Pb/Ce and Sr/Nd ratios (Fig. 8c, Table 4) shown by the studied sam-
ples lend further support to the above interpretations; (6) from zircon
chemistry, Pietranik et al. (2017) suggested that the variations of Hf
concentration in zircon can be roughly related to those of Si content in
the surroundingmelt. Therefore, the increase of Hf values with decreas-
ing Nb values in zircon observed in this study (Fig. 5d) is most likely re-
lated to fractionation of amphibole in the ambient melts, because of the
much higher distribution coefficient of Nb in amphibole than any other
major phase (e.g., Brophy, 2008). In support of this consideration, the
zircon U/Yb vs. Gd/Yb diagram (Fig. 5e) also shows fractionation trends,
indicating crystallization of amphibole, zircon, titanite, apatite and il-
menite (Grimes et al., 2015). This is consistent with the trends shown
in the Gd/Yb vs. Ce/Yb zircon diagram (Fig. 5f), suggesting removal of il-
menite and apatite from the melts (Grimes et al., 2015).

In summary, the Dieng Bong plagiogranites were most likely to be
formed by extensive fractionation of hydrous basaltic magma.

6.3. Emplacement timing

Two representative samples of the tonalite (16VN08–08–06) and
trondhjemite (16VN–08–09–06) from the TPSZ yielded zircon U–Pb
ages of 502.1± 6.0Ma and 518.5± 7.1Ma, respectively, indicating em-
placement during the Cambrian. In the TPSZ and surrounding areas, re-
cords of early Paleozoic arc–related magmatism are limited, and these
are the oldest magmatic zircons that have been documented so far.
Gardner et al. (2017) published a zircon U–Pb age of ca.470 Ma for
arc–like magmatic rocks located to the south of the TPSZ (Fig. 1). Tri
and Khuc (2011) also reported some early Ordovician arc–likemafic, di-
oritic and granitic rocks in the northern KT, but direct age constraint is
lacking. However, the most common magmatic rocks in this area
range in age from ca. 450 to ca. 400 Ma, and have been interpreted as
products of arc– or collision–related processes (e.g., Usuki et al., 2009;
Shi et al., 2015). These rocks either cross–cut the TPSZ (e.g., Tri and
Khuc, 2011; Tran et al., 2014) or intrude in the KT (e.g., Carter et al.,
2001; Nagy et al., 2001) and TST (e.g., Carter et al., 2001; Vuong et al.,
2004; Shi et al., 2015; Hieu et al., 2016; Nguyen and Tran, 2016; S.F.
Wang et al., 2016) (Fig. 1). The available geochronological data indicate
flare–ups of arc–related magmatism during early Paleozoic, suggesting
a major period of tectono–magmatic activity in the central Vietnam.
The geochronology data reported in the present study are likely records
of this early tectonic event.

6.4. Tectonic setting

The Dieng Bong calc–alkaline plagiogranites have coherent patterns
in N–MORB–normalized multi–element diagrams (Fig. 8c), and show
depletion in LREE relative to HREE, and are comparable to those of
MORB. However, the enrichment of LILEs (e.g. Cs, Rb, Ba, Pb,
K) relative to HFSEs (e.g., Nb, Ti) (Fig. 8c) distinguish these rocks from
those formed in mid–ocean ridge or intraplate, but rather similar to
subduction–related volcanic rocks (e.g., Kelemen et al., 1993, 2003).
Relatively high Th/Nb (0.25–0.59), La/Nb (1.03–2.46), Ba/La (15–103),
Pb/Ce (0.11–0.27) and Sr/Nd (16–32) (Table 5) also suggest the involve-
ment of subducted components into the magma generation (Kelemen
et al., 2014; Chiaradia, 2015). Moreover, the arc–like features are also
evident on the tectonic discrimination diagrams including Nb vs. Y, Rb
vs. Y + Nb (Pearce et al., 1984), Zr/117–Th–Nb/16 (Wood et al., 1979)
defined byDefant andDrummond (1990); (b) chondrite–normalized rare–earth element
of our samples are very similar to those of the Troodos fractional crystallization–origin
n melting–origin plagiogranites (Pu et al., 2014); (c) extended trace–element diagrams,
r samples are remarkably similar to those of the Talkeetna rocks (Kelemen et al., 2014).
84), VAG: volcanic arc granite, Syn–COLG: syn–collisional granite, WPG: within–plate
s. Nb/Yb (after Pearce, 2014). Note the distribution of our samples is very similar to that
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and Th/Yb vs. Nb/Yb (Pearce, 2014) (Fig. 8d, e, f, g). Generally, the
subducting slab materials (i.e., sediments and altered oceanic crust)
can be partial melted and dehydrated at various portions of the slab to
produce the melts and aqueous fluids, respectively. These melts/fluids
then migrate upward and mix with the overlying mantle wedge to
form arc magmas (e.g., Ryan and Chauvel, 2014; Schmidt and Poli,
2014). Alternately, slab compositions can be physically mixed with hy-
drated mantle at slab–mantle interface to form high–pressure mélange
that subsequently ascend as diapirs into themantle wedge andmelts to
produce arc magmas (e.g., Nielsen and Marschall, 2017; Codillo et al.,
2018). Our samples show highly positive zircon εHf(t) (average of
+14 and+15) values, but are scattered and slightly below the depleted
mantle values (Table 3, Fig. 5g). These demonstrate that they might
have crystallized within the magma generated by mixing of sediment
melts with the mantle wedge (e.g., Nielsen and Marschall, 2017). In
other worlds, the parental magma of our plagiogranites were most
likely derived from the mantle wedge that was slightly modified by
melts and aqueous fluids released from subducting slab.

We suggest an intra–oceanic setting for the studied plagiogranites
on the basis of the following observations: (1) REE patterns of the stud-
ied rocks are similar (except for Eu anomalies) to those of MORB and
Troodos intra–oceanic forearc tholeiitic plagiogranites (Fig. 8b); (2) no
inherited zircons are found in our samples; (3) on discrimination dia-
grams of zircon U/Yb vs. Hf, U/Yb vs. Yb and U vs. Y (Grimes et al.,
2007), the samples mostly fall in the ocean crust field, and have U/Yb
(0.09–0.33, Table 2) ratios slightly higher than that of the MOR zircons
(typically b0.1) but are typical for the oceanic arc zircons (Grimes
et al., 2015) (Fig. 5a, b, c); (4) their highly positive zircon εHf(t). On
the other hand, the spread of data across the volcanic arc–ocean ridge
fields in the Nb vs. Y and Rb vs. Y + Nb plots is a feature that has been
usually seen in plagiogranites formed in an intra–oceanic arc setting
(e.g., Floyd et al., 1998; Jiang et al., 2008; Freund et al., 2014) (Fig. 8d,
e). This is also demonstrated in the Th/Yb vs. Nb/Yb plot (Fig. 8g) in
which all the analyzed samples fall in the oceanic arc field (Pearce,
2008, 2014). Collectively, these lines of evidence suggest that the stud-
ied plagiogranites were formed in an intra–oceanic arc. This is consis-
tent with the previously reported geological setting of the Dieng Bong
Complex, which belong to intra–oceanic volcanic arc crust within the
TPSZ.
6.5. Tam Ky–Phuoc Son Suture Zone evolution and tectonic implications

As mentioned above, the Hiep Duc ultramafic–mafic Complex is
most likely the on–land fragments of an intra–oceanic forearc crust
(i.e., forearc ophiolite) within the TPSZ (Fig. 2a, d). This is supported
by several lines of evidence: (1) the presence of deep–water sedimen-
tary rocks suggests this rock mélange was probably formed in an oce-
anic setting; (2) the mafic–ultramafic rocks show arc–type
geochemical features, i.e., depletion in Nb, Ti and enrichment in Rb,
Ba, U, Th (e.g., Izokh et al., 2006); (3) Cr# values of Cr–spinel in the pe-
ridotite are N0.5 (0.5 to 0.54, Dung et al., 2006), typical of a forearcman-
tle (e.g., Stern, 2010); (4) the peridotites are dominated by strongly
depleted harzburgites, and are mostly serpentinized, supporting their
formation in a forearc setting (e.g., Dilek and Furnes, 2011, 2014;
Pearce, 2014); and (5) some boninitic rocks, which are common in
forearcs (e.g., Stern, 2010), have been found within the TPSZ in the
Phuoc Son area (Fig. 2a) (Nguyen, 2001). Moreover, Fig. 2a shows that
the Hiep Duc Complex rocks show close affinities to the intra–oceanic
volcanic arc mélange (i.e., Ngoc Hoi, Dieng Bong, Nui Vu Complexes).
This indicates that they might represent the forearc and volcanic arc of
an intra–oceanic arc system, generated by the subduction of an oceanic
crust under another oceanic crust within the Tam Ky–Phuoc Son Ocean
(TPO). In this scenario, the forearc was produced during a short time in-
terval (b10My) at the early stage, followed by the formation of the vol-
canic arc during the early Paleozoic. This is consistentwith observations
in the modern intra–oceanic arc systems (e.g., Stern, 2010; Ishizuka
et al., 2014).

The subduction polarity of the TPO has remained uncertain. Re-
cently, Faure et al. (2018) argued that the pre–Devonian volcano–
sedimentary rocks in the north of the TPSZ experienced low metamor-
phic faces. In contrast, the early Paleozoic migmatites and highly meta-
morphic rocks abundantly occur in areas to the south of the suture. In
fact, highly metamorphosed and deformed rocks often form parts of
the subducted plate in many orogenic belts (e.g., Dilek and
Altunkaynak, 2007, for review). Therefore, Faure et al. (2018) proposed
a northward subduction for the early Paleozoic TPO. Meanwhile, Shi
et al. (2015) and Gardner et al. (2017) suggested bilateral subduction
models for the TPO evolution during themiddle Ordovician–middle Tri-
assic and Ordo–Silurian, respectively, based on the finding of arc–
related magmatic rocks in both the TST and KT. However, direct evi-
dence from the TPSZ is lacking. Based on the spatial configuration of
the TPSZ, i.e., from south to north, accretionary (Kham Duc Complex)
– forearc (Hiep Duc Complex) – volcanic arc (Ngoc Hoi, Dieng Bong,
Nui Vu Complexes) (Fig. 2a), we advocate the viewpoint of Faure et al.
(2018). Similar configurations have been seen in the Jurassic Talkeetna
(south–central Alaska) intra–oceanic arc system (e.g., Clift et al., 2005;
Kelemen et al., 2014). The northward subduction scheme is also sup-
ported by the similarities, in both age and tectonic history, between
the eastern part of the TPSZ and the Kuungan Suture on Hainan Island
(see below). As a result, the ca. 470Ma arc–like magmatic rocks located
in the south of the TPSZ (Gardner et al., 2017) (Fig. 1) is interpreted as
nappes that have been thrust southward during continental collision.
Alternatively, they might be separated from the TPSZ by a detachment
fault, which triggered the exhumation of the northwest–trending
Ngoc Linhmetamorphic core complex (Fig. 1) southof the suture during
the Triassic (e.g., Faure et al., 2018). Similar displacement on a detach-
ment fault resulting in isostatic uplift of the lower plate has been well
put forward by e.g., Spencer (1984). The middle Cambrian–early Ordo-
vician A Vuong Formation in the north of the TPSZ (Fig. 2a) was formed
in a passive continental margin setting. This indicates that the oceanic
crust within the TPO was not subducted directly under the TST, at
least during the deposition of this formation. The tectonic model pro-
posed for this region during the Cambrian is shown in Fig. 9b.

Detrital zircon (e.g., Usuki et al., 2013; Burrett et al., 2014; C. Wang
et al., 2016) and paleontological (e.g., Fortey and Cocks, 1998; Burrett
et al., 2014) studies have revealed that the TST was connected to the
Indian margin of Gondwana during the early Paleozoic. However, Nd
model ages and zircon inherited ages (e.g., Lan et al., 2003), together
with recent provenance studies of detrital zircon from the KT
(e.g., Usuki et al., 2009; Burrett et al., 2014), have demonstrated age
spectra dominated by older Grenvillian–aged (ca. 1.1–1.3 Ga) sources,
which is characteristic of the Australian margin of Gondwana (Zhu
et al., 2011). This provides an additional evidence for the existence of
the TPO between the TST and KT during the early Paleozoic (Fig. 9a).
However, the presence of late Silurian China and Australia brachiopods
in the TST (e.g., Tong-Dzuy et al., 2001) suggests that the TST might be
proximal to Australia at that time (e.g., Metcalfe, 2011; Usuki et al.,
2013). In other words, the TPO should have been closed before the
late Silurian to form the Indochina Block. This is evidenced by the pres-
ence of many ca. 460–400 Ma metamorphic rocks (e.g., Maluski et al.,
2005; Roger et al., 2007; Usuki et al., 2009; Tran et al., 2014) (Fig. 1)
and collision–style structures (e.g., Tran et al., 2014, 2016) along the
TPSZ as well as in TST and KT. The final suturing event took place at
ca. 450 Ma (Usuki et al., 2009; Faure et al., 2018) or ca. 430 Ma (Tran
et al., 2014).

As for the western extension of the TPSZ, Tran et al. (2014) sug-
gested that it likely extends northwestward along the TST into Laos.
This seems to be supported by the increasing recognition of Ordo–
Silurian, arc–like, magmatic rocks along the TST, whichmight be related
to the TPSZ (e.g., S.F. Wang et al., 2016; Zhao et al., 2016) (Fig. 1). Re-
garding the eastern continuation of the TPSZ, it is noteworthy that



Fig. 9. (a) Schematic cartoon showing the position of Truong Son and Kon TumTerranes at the northernmargin of Indian–AustralianGondwana in the early Paleozoic (after Xu et al., 2014;
Han et al., 2016; Cawood et al., 2017); (b) schematic cross–section from Truong Son to Kon Tum for the Cambrian showing the north–dipping subduction within the Tam Ky–Phuoc Son
Ocean.
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Indochina were separated from the South China Block by the Song Ma
Ocean during late Paleozoic–early Mesozoic (e.g., Liu et al., 2012;
Metcalfe, 2013; Zhang et al., 2014) (Fig. 1); the Song Ma ocean has
been considered a branch or back–arc basin of the main Paleo–
Tethyan Ocean (e.g., Metcalfe, 2013; Wang et al., 2017). However, irre-
spective of the nature of the SongMaOcean, the paleo–position of Indo-
china relative to South China before and after the opening of this ocean
seems to be stable without noticeable variation (e.g., see Cocks and
Torsvik, 2013; Lai et al., 2014 and references herein for discussion).

It is important to point out that, since the Tertiary, the Indochina
block has been offset ca. 600 km southeastward along the Red River
shear zone (e.g., Leloup et al., 1995; Wang et al., 1998; Sato et al.,
1999), which has been accompanied by a maximum of 10–15 degree
clockwise rotation (Yang and Besse, 1993) relative to the South China
Block. Interestingly, by recovering Indochina to its pre–Tertiary position
(Carter and Bristow, 2003), the TPSZ completely matches with the
Kuungan Suture between the Qiongzhong and Sanya blocks on Hainan
Island (Figs. 1, 9a). The Kuungan Suture also incorporates remnants of
an early Paleozoic intra–oceanic arc system which is believed to have
formed above a north–dipping subduction zone during the final assem-
bly of Gondwana (e.g., Ding et al., 2002; Xu et al., 2007, 2008; Xu et al.,
2014; Cawood et al., 2017).
7. Conclusions

Our new results obtained in this study, combined with previously
published data from the TPSZ, allow the following conclusions to be
drawn:

(1) The Dieng Bong trondhjemite and tonalite within the TPSZ are
oceanic plagiogranites, and were emplaced in the Cambrian
(520–500 Ma). They were derived by extensive fractionation of
hydrous basaltic magma originated from an intra–oceanic arc
system, which was likely triggered by a northward subduction
within the Tam Ky–Phuoc Son Ocean;

(2) The Truong Son andKon TumTerraneswere located at the Indian
and Australian margins of Gondwana, respectively, and were
separated one another by the Tam Ky–Phuoc Son Ocean during
the early Paleozoic. This ocean might have closed before the
late Silurian, resulting in suturing of the TST with the KT to
form the Indochina Block;

(3) Although the TPSZ is postulated to extendnorthwestwards along
the Truong Son Terrane, its eastern extension most likely joins
the Kuungan Suture on Hainan Island, which has recorded the
final assembly of Gondwana.
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