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ABSTRACT

The Kontum Massif (KTM) is the largest Precambrian basement exposure in the Indochina Block, Southeast Asia.
The compositions and formation ages of the KTM basement rocks and the paleo-position of the KTM in Prote-
rozoic supercontinents have not been well constrained. Zircon U-Pb-Hf isotopic data of sixteen samples from the
KTM in this study indicate that the KTM basement consists mainly of different units of metasedimentary rocks.
These sedimentary rocks were deposited in five periods, late Paleoproterozoic (G1, 1.80-1.65 Ga), late Paleo-
proterozoic - early Mesoproterozoic (G2, 1.74-1.45 Ga), Mesoproterozoic (G3, 1.4-1.1 Ga), late Mesoproterozoic
- early Neoproterozoic (G4, 1.1-0.81 Ga), and late Neoproterozoic - early Paleozoic (G5, 0.61-0.51 Ga), and
underwent three phases of metamorphism in the early Paleozoic (501-415 Ma), late Paleozoic (371-331 Ma),
and Indosinian (272-235 Ma). The G1 and G2 sedimentary rocks have abundant Neoarchean (2.63-2.48 Ga) and
late Paleoproterozoic (1.83-1.74 Ga) detritus, and the G3 and G4 sedimentary rocks consist mainly of late
Paleoproterozoic (1.74-1.72 Ga) and middle Mesoproterozoic (1.41-1.35 Ga) clastic materials. The G5 sedi-
mentary rocks are characterized by consecutive Mesoproterozoic detrital zircon age spectra with a wide age peak
at 1.06-1.01 Ga, much different from the G1 to G4 sedimentary rocks. Most Archean detrital zircons show ju-
venile Hf isotopes, whereas late Paleoproterozoic, middle Mesoproterozoic, and Grenvillian zircons show large
Hf-isotope variations. Most detrital zircons are exotic because coeval igneous rocks have not been identified in
the KTM (or elsewhere in Indochina), except ~1.44 Ga ones.

Comprehensive comparisons of detrital zircon U-Pb, Hf isotopes and sedimentary environments of these five
units of sedimentary rocks with the extensive magmatism and coeval siliciclastic rocks in different cratons and
microcontinents suggest that most of the Precambrian sediments in the KTM were derived from southwestern
Laurentia, and the KTM has maintained a long-time connection with southwestern Laurentia for about one billion
years from the G1 to the G4. The KTM was adjacent to Hainan Island and Tasmania during the G3-G4 deposition.
The U-Pb ages and Hf isotopes of detrital zircons and sedimentary environment of the G5 sedimentary rocks
indicate that the KTM was located on the northern margin of East Gondwana and near South China, India and
western Australia, consistent with previous configurations for the Indochina Block. Therefore, the KTM, together
with South China and Hainan Island, experienced quick northward movement from southwestern Laurentia to
the northern margin of East Gondwana during the G4 (ca 1.10-0.81 Ga) to the G5 (0.61-0.51 Ga), which is also
supported by new paleomagnetic data.

1. Introduction

Rodinia. The assembly and disaggregation of supercontinents recorded
complex processes of the Earth evolution. Therefore, supercontinent

The dispersed continents have amalgamated into supercontinents reconstruction has been a hot research topic. The configurations of
several times during the Earth’s history (Cawood et al., 2018), such as Precambrian supercontinents have been continuously refined based on
late Paleoproterozoic Columbia (or Nuna) and late Mesoproterozoic new petrologic and paleomagnetic data obtained from finite
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Precambrian terranes. The Indochina Block, an important terrane in
Southeast Asia, has been missing in the Columbia and Rodinia super-
continent configurations due to the deficiency of Precambrian research.
The Kontum Massif (KTM), situated in central Vietnam, eastern Indo-
china Block (Fig. 1a), was traditionally regarded as an Archean meta-
morphic complex (Hutchison, 1989), mainly based on its petrologic
similarity to the classical Archean granulite terranes in East Gondwana.
Nevertheless, geochronological data indicate that the granulite-facies
metamorphism in the KTM occurred in the early Paleozoic and Indosi-
nian times (Nakano et al., 2013, 2021; Tran et al., 2014; Bui et al.,
2020). Based on Sr-Nd isotopic data from these metamorphic rocks, Lan
et al. (2003) argued against the presence of an extensive Archean
basement, and proposed that the KTM basement is mainly composed of
Proterozoic rocks. The compositions and exact formation ages of the
protoliths of these metamorphic rocks in the KTM were poorly con-
strained. It is well known that the Indochina Block together with South
China Block was located on the northern margin of East Gondwana in
the late Neoproterozoic to early Paleozoic and drifted northward in the
Devonian (Metcalfe, 2021). However, the affinities of the Indochina
Block with other continents and its paleo-positions in the Columbia and
Rodinia supercontinents are unclear. Recently, Wang et al. (2020)
argued that the KTM comprises Mesoproterozoic igneous rocks and
Precambrian sedimentary rocks with depositional ages ranging from the
late Paleoproterozoic to late Neoproterozoic, overlapping the evolution
of the Columbia and Rodinia supercontinents. Nakano et al. (2021) also
identified Mesoproterozoic magmatic rocks and late Paleoproterozoic to
early Mesoproterozoic and Neoproterozoic sedimentary rocks in the
KTM. These rocks provide a possibility to connect the KTM or the
Indochina Block with the Columbia and Rodinia supercontinents. In this
study, we present detailed U-Pb ages and Hf-isotope compositions of
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detrital zircons from sixteen Precambrian samples collected from the
KTM, combined with available geochronological and geochemical data,
to unravel the Precambrian crustal components of the KTM, provenance
of the metasedimentary rocks, affinity of the KTM with other continents,
and its paleo-positions in the Columbia and Rodinia supercontinents.

2. Geological background and sample descriptions

Vietnam, located in the eastern Indochina Block, is composed of five
tectonic units, the Bac Bo, the Tay Bac, the Truong Son Belt, the Kontum
Massif (KTM), and the Nambo Block (Fig. 1a). The KTM in central
Vietnam is the largest exposure of Precambrian basement in the Indo-
china Block (Lan et al., 2003). The massif is bounded by the Truong Son
Belt to the north and the Nambo Block to the south, and consists of
different-grade metamorphic rocks and Phanerozoic igneous rocks. The
east-west striking Tam Ky-Phuoc Son Zone in the north of the KTM
represents an ancient suture zone between the KTM and the Truong Son
Belt (Faure et al., 2018; Nguyen et al., 2019; Tran et al., 2020) or a
paleo-rift belt (Tran et al., 2020). The north-south striking Po Ko Fault in
the western KTM subdivides this massif into the western and eastern
parts (Lepvrier et al., 2008). Recent geochronological studies reveal
Permo-Triassic and early Paleozoic metamorphism in the KTM (Bui
et al., 2020; Nakano et al., 2021). Based on metamorphic grades and
rock associations, the KTM is subdivided into four lithological units
(Fig. 1b): the Kan Nack, Kham Duc, Ngoc Linh, and Dien Binh
Complexes.

The Kan Nack Complex is located in the central to southeastern part
of the KTM and experienced granulite- to amphibolite-facies meta-
morphism (Fig. 1b). Two distinct units have been identified based on the
petrologic features. The lower unit is composed of two-pyroxene
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Fig. 1. (a) Simplified tectonic frame map showing different tectonic domains of Vietnam (modified after Jiang et al. (2020)). (b) Sketch geological map of the
Kontum Massif and the sample locations (modified after Mineral resources map of Vietnam at 1:1,000,000 scale).
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granulites, hypersthene-garnet granulites, and cordierite-sillimanite
gneisses, and the upper unit is chiefly represented by garnet-
cordierite-sillimanite-biotite gneisses, cordierite-sillimanite schists,
and quartzites. In addition, locally mylonitic and dome structures were
preserved in the complex, and resulted from intrusive charnockites in
the core (Maluski et al., 2005). Samples collected from this lithological
unit are granulite (16KT6-1), gneisses (17KT41-2, 17KT41-3) and schist
(17KT45w) (Table 1). The granulite 16KT6-1, showing intercalated
contact with other rocks, is dark gray (Fig. 2a), and composed of ~45%
plagioclase, ~15% hypersthene, ~15% garnet, ~15% quartz, ~5%
biotite, and minor magnetite and ilmenite. Samples 17KT41-2 and
17KT41-3 were collected from the eastern part of the Kan Nack Complex
and have similar mineral assemblages of garnet (~5%), sillimanite
(~5%), biotite (~17%), plagioclase (~35%), K-feldspar (~20%), and
quartz (~20%) (Fig. 2b). Garnet porphyroblasts are often altered and
show the metasomatic pseudomorph textures. A schist sample 17KT45w
consists of ~50% quartz, ~15% feldspar, ~25% mica, and ~5% garnet
(Fig. 2¢).

The Kham Duc Complex is in the northern KTM (Fig. 1b) and has a
general metamorphic grade of upper-greenschist to amphibolite facies.
It comprises meta-volcanic rocks in the lower unit, marble and meta-
pelite in the middle unit, and metapelite and metagreywacke in the
upper unit. Ultramafic-mafic rocks outcrop as scattered blocks in the
metasedimentary suite in the northern part of this area (Faure et al.,
2018). They were defined as the Hiep Duc complex and interpreted as a
dismembered ophiolitic series (Nguyen et al., 2019). The whole Kham
Duc Complex has been described as an accretionary mélange (Nguyen
et al., 2019; Faure et al., 2018). Sample 17KT20-2 from this domain is a
biotite gneiss and comprises ~30% quartz, ~30% plagioclase, ~10 % K-
feldspar, and ~25% biotite (Fig. 2d).

The Ngoc Linh Complex is in the center of the KTM (Fig. 1b) and
composed mainly of amphibolite-facies metamorphic rocks. High-grade
metamorphic rocks are present in the western section, while relatively
low-grade granitic gneisses are widely distributed in the eastern part
(Nakano et al., 2013). The Ngoc Linh Complex is subdivided into the Tac
Po Formation to the southwest and the Song Re Formation to the
northeast. The Tac Po Formation, including two-pyroxene granulites
and garnet-orthopyroxene-biotite gneisses, was strongly deformed and
mylonitized along the NW-SE trending DTK belt (Osanai et al., 2004).
The Song Re Formation consists predominantly of amphibolite-facies
metamorphic rocks, such as amphibolites, hornblende-biotite gneisses,
biotite-sillimanite gneisses, and garnet-biotite gneisses (Osanai et al.,
2004). Collected samples include schists (16KT12-1 and 16KT16-1),
leptynite (17KT23-1) and gneiss (17KT23-2) (Table 1). A schist
16KT12-1, intercalated with grayish-yellow gneiss (Fig. 2e), includes

Table 1
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~50% quartz, ~20% plagioclase, ~15% biotite, and minor accessory
minerals such as sillimanite, apatite, and epidote. Schist 16KT16-1 is
light gray and associated with amphibolite (Fig. 2f). It is composed of
~40% mica, ~20% feldspar, and ~35% quartz. A leptynite sample
17KT23-1 is massive (Fig. 2g) and characterized by elongated and ori-
ented quartz (~60%) and less amphibole and epidote. Sample 17KT23-2
contains ~35% elongated quartz, ~30% plagioclase, ~20% hornblende,
and ~7% orientated biotite.

The Dien Binh Complex is situated in the western KTM and separated
from the Ngoc Linh Complex by the Po Ko Fault (Fig. 1b). The western
boundary of this complex is unclear. It consists of amphibolite- to
greenschist-facies metamorphic rocks and Phanerozoic granodioritic to
dioritic bodies, aplitic veins, and mafic dykes (Lepvrier et al., 2008).
These plutons intrude these metasedimentary rocks consisting of para-
gneiss, sillimanite-bearing mica schist, and quartzite. Samples collected
from this area are gneisses (17KT29-4, 17KT29-5 and 17KT34), and
quartz schists (17KT33-1, 17KT33-2 and 17KT33-3) (Table 1). Gneisses
17KT29-4 and 17KT29-5 are dark grayish, moderate grained and
gneissose. They have similar mineral components, but sample 17KT29-4
contains relatively more biotite and sillimanite. Sample 17KT34,
exposed near the Thac Yali water reservoir (Fig. 2h), consists of ~20%
quartz, ~50% plagioclase, ~15 % K-feldspar, and ~15% biotite; half of
the feldspar grains are altered to sericite and biotite is partially altered to
chlorite. Samples 17KT33-1 and 17KT33-2 are fine-grained schists and
have similar mineral components (Fig. 2i), comprising 40-50% quartz
and 50-45% muscovite with minor Fe-Ti oxides, whereas sample
17KT33-3 has fine-grained quartz up to ~85% with less muscovite and
tourmaline.

3. Analytical techniques
3.1. Zircon U-Pb dating

Zircon grains were separated using conventional magnetic and
heavy-liquid separation techniques. Zircon grains were handpicked
under a binocular microscope from the concentrated heavy minerals,
mounted in epoxy disks and polished to expose their cores. Cath-
odoluminescence (CL) imaging was carried out to define the
morphology and internal structure of zircons and to choose potential
target sites for U-Pb dating and Hf-isotope analyses. Zircon U-Pb isotope
analyses were performed at the State Key Laboratory for Mineral De-
posits Research, Nanjing University, China, with three samples (16KT6-
1, 16KT12-1 and 16KT16-1) using an Agilent 7500a ICP-MS equipped
with a New Wave 213 nm laser ablation system, and other thirteen
samples using iCAP RQ ICP-MS attached to a GeoLas 193 nm laser

Lithology and locations of meta-sedimentary rocks from the Kontum Massif, central Vietnam.

Sample No. Lithology Location Longitude Latitude Deposition time Max age (Ma) Min age (Ma) Group
17KT23-1 ep-chl schist NLC 108°33'42.12" 14°44'21.12" Late Neoproterozoic - Early Paleozoic <613 >510 G5
17KT23-2 bt-amp schist NLC 108°33'42.12" 14°44'21.12" <607
17KT20-2 bt gneiss KDC 108°24'32.76" 15°12'21.96" <1086
17KT33-1 qtz schist DBC 107°51'24.44" 14°24'53.64" Late Mesoproterozoic - Late Neoproterozoic <1039 >810 G4
17KT29-5 bt gneiss DBC 107°48'55.44" 14°38'49.92" <1072
17KT29-4 sil-bt gneiss DBC 107°48'55.44" 14°38'49.92" <1101
17KT33-2 qtz schist DBC 107°51'24.44" 14°24'53.64" Mesoproterozoic <1360 >1100 G3
17KT41-2 sil-grt gneiss KNC 108°59'31.66" 13°50'38.00" <1411
17KT41-3 grt-bt gneiss KNC 108°59'31.66" 13°50'38.00” <1442
17KT33-3 qtz schist DBC 107°51'24.44" 14°24'53.64" <1544
17KT45w mica schist KNC 108°52'51.62" 14°44'54.79" Late Paleoproterozoic - Early Mesoproterozoic <1621 >1450 G2
17KT34 gneiss DBC 107°47'50.32" 14°13'15.49" <1741
17KT35-1 gneiss DBC 107°48'56.26" 14°12'43.85" Late Paleoproterozoic <1803 >1650 Gl
16KT6-1 granulite KNC 108°34/32.08" 14°10'12.84" <1846
16KT12-1 sil-schist NLC 108°05'01.99" 14°22'10.51" <1856
16KT16-1 schist NLC 107°45'09.97” 15°08'32.32" <1815

Note: KDC — Kham Duc Complex; NLC — Ngoc Linh Complex; KNC - Kannack Complex; DBC — Dien Binh Complex. qtz — quartz, ep — epidote, bt - biotite, sil - sillimanite,

grt — garnet.
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Fig. 2. Field and microscope photographs of the representative samples collected from the Kontum Massif. Grt-garnet; Pl-plagioclase; Qz—quartz; Sill-sillimanite;

Mus-muscovite; Kf-K-feldspar.

ablation system. The laser beams were set at 32 pm in diameter, a
repetition rate of 5 Hz, and an energy of 10-20 J cm 2. Zircon standard
GJ-1 (**7Pb/?%Pb age of 600 + 15 Ma) was used to correct the U-Pb
isotopic fractionation. Another zircon standard Mud Tank (age of 732 +
5 Ma) was used to monitor the accuracy and stability of the instrument.
Detailed analytical procedures are similar to those described by Griffin
et al. (2004). The raw signal data were processed using the software
GLITTER (version 4.4) (https://www.mq.edu.au/GEMOC; Griffin et al.,
2008). An EXCEL program ComPbCorr#3 15G is used to carry out
common Pb correction for younger (2°°Pb/2%®U < 540 Ma) grains ac-
cording to the method proposed by Andersen (2002). ISOPLOT (version
4.15, Ludwig, 2003) was used to calculate ages and plot Concordia di-
agrams. In general, 27Pb/2%°Pb ages are accepted for zircons with
207pp, /206pp, age > 900 Ma (Yu et al., 2010) and 206py, / 23875 ages for
those younger grains. The zircon U-Pb dating results are presented in
Table S1.

3.2. Hf isotopes in zircons

In situ Lu-Hf isotopic analyses of zircons were conducted using a
Neptune Plus multi-collector ICP-MS attached with a GeoLas 193 nm
ArF3 laser ablation system at the State Key Laboratory for Mineral De-
posits Research in Nanjing University. Hf-isotope analysis spots are in
the same or similar zircon domains to those for U-Pb dating. Laser
ablation pits are 44 pm in diameter and laser repetition rate is 10 Hz. The
standard zircon 91500, whose 1761£/177Hf value is 0.282300 + 8 (20),
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). The measured 17611£/1771f ratios and a
1761 decay constant of 1.865 x 10! year ! (Scherer et al., 2001) were
used to calculate initial 17°Hf/'77Hf ratios, and a chondritic model with
176Hf/ 77Hf = 0.282772 and ®Lu/Y7Hf = 0.0332 (Blichert-Toft and
Albarede, 1997) was adopted in the calculation of eHf values. To
calculate the depleted mantle Hf model ages (Tpy) and two-stage crustal

model ages (TS, the depleted mantle with 1761£/177Hf = 0.283250
and 7®Lu/77Hf = 0.0384 and the 7°Lu/}7Hf of average continental
crust (0.015; Griffin et al., 2002) were used. The zircon Lu-Hf isotope
results are presented in Table S2.

4. U-Pb ages and Hf isotopes of zircon grains
4.1. Zircon U-Pb ages

Zircon grains from sixteen metasedimentary rocks show euhedral to
elliptical shapes with variable sizes (Fig. 3). CL images show that most
grains have inherited cores with oscillatory compositional zoning and
narrow overgrowth rims. Most cores have Th/U ratios of > 0.4
(Table S1), suggesting their magmatic origins. About ten percentage of
grains exhibit sector, soccer-shape, or homogeneous internal textures
with low Th/U (<0.1), interpreted as metamorphic zircons.

Detrital zircons from sample 16KT6-1 have concordant (concordance
of 95-105%) ages ranging from 2527 Ma to 1654 Ma, and those from
sample 16KT12-1 straddle from 3212 Ma to 1714 Ma (Table S1). Both
samples have two major groups of detrital zircons, Neoarchean-early
Paleoproterozoic and late Paleoproterozoic ones. They define two dis-
cordia lines and yield upper intercepts of 2560-2498 Ma and
1846-1856 Ma (Fig. 3a-b), respectively, approximating two remarkable
age peaks (Fig. 4a-b). Sample 17KT35-1 has a similar detrital age dis-
tribution (2996-1712 Ma) to the above two samples (Fig. 3c). Late
Paleoproterozoic zircon grains define a discordia with an upper inter-
cept of 1803 Ma, similar to the major peak at 1802 Ma (Fig. 3c, 4c).

Sample 16KT16-1 mainly contains late Paleoproterozoic zircons. The
discordant grains define a discordia with an upper intercept of 1815 Ma
and a lower intercept of 450 Ma (Fig. 3d). Four older grains give
discordant ages of 2624 to 2420 Ma. This sample contains two groups of
metamorphic zircons with ages of 507-418 Ma and 275-253 Ma,
respectively (Table S1).

Samples 17KT34 and 17KT45w also include two main age
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Fig. 3. U-Pb Concordia diagrams of zircons from meta-sedimentary rocks in the Kontum Massif. Ages shown at the intercept of the Discordia are the upper and lower

intercept ages.

populations, Neoarchean and late Paleoproterozoic (Fig. 3e-f; Table S1).
Neoarchean zircon populations yield upper intercept ages of 2666 Ma
and 2763 Ma, respectively, whereas late Paleoproterozoic populations
have adundant concordant grains younger than 1800 Ma, with peaks at
1747 Ma and 1636 Ma (Fig. 4e-f). In addition, sample 17KT34 contains
some early Paleoproterozoic (~2366 Ma) grains (Fig. 3e).

Sample 17KT33-3 has many concordant or near-concordant
(concordance = 95-90%) detrital zircons with ages ranging from
3190 Ma to 1512 Ma (Fig. 3g). These ages define a main peak of 1727 Ma
and three subordinate peaks at 2570 Ma, 2295 Ma, and 1534 Ma

(Fig. 4g). Thirty concordant late- Paleoproterozoic zircons yield a
weighted mean age of 1723 + 8.3 Ma. Three youngest detrital zircons
have concordant ages of 1589 to 1512 Ma.

Samples 17KT41-2, 17KT41-3, and 17KT33-2 have abundant late
Paleoproterozoic and Mesoproterozoic detrital zircons. Most zircons are
concordant or near-concordant, and form two significant age peaks at
1710-1729 Ma and 1447-1416 Ma (Fig. 4h-j). These two zircon groups
define two discordia lines. The upper intercepts of discordia lines con-
strained by late Paleoproterozoic zircons of three samples are 1723 +
19 Ma, 1725 + 17 Ma, and 1755 + 17 Ma, and the upper intercept ages
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Fig. 3. (continued).

constrained by Mesoproterozoic zircons are 1413 + 30 Ma, 1465 + 17
Ma, and 1429 + 22 Ma (Fig. 3h-j). These samples all contain minor
Neoarchean (2568-2693 Ma) and Paleoproterozoic (2355-1989 Ma)
grains. The youngest detrital zircons in the three samples have concor-
dant ages of 1401 Ma, 1349 Ma and 1300 Ma respectively.

Samples 17KT33-1, 17KT29-4 and 17KT29-5 have detrital-zircon age
distribution similar to the above three samples (Fig. 3k-m, 4k-m).
However, they have more Ectasian (1400-1200 Ma) and fewer Archean
to early Paleoproterozoic zircons. The discordant detrital zircons of
sample 17KT33-1 yield two upper intercepts of 1762 + 29 Ma and 1371
=+ 35 Ma (Fig. 3k). Those of sample 17KT29-4 define two discordia lines
with upper intercepts of 1788 + 17 Ma and 1367 + 29 Ma (Fig. 31), and

those of 17KT29-5 form two discordia lines with upper intercepts of
1742 + 22 Ma and 1387 + 37 Ma (Fig. 3m). These upper intercept ages
are consistent with the two major age peaks (Fig. 4k-m). The youngest
detrital-zircon ages in these three samples are 1039 Ma, 1101 Ma, and
1049 Ma, younger than the aforementioned samples.

Sample 17KT20-2 is characterized by abundant Mesoproterozoic
detrital zircons with a continuous age range straddling from 1646 Ma to
1057 Ma (Fig. 3n, 4n). Eleven young concordant detrital zircons yield a
weighted mean of 1094 + 19 Ma (Fig. 3n). Samples 17KT23-1 and
17KT23-2 show similar detrital-zircon age populations, characterized by
abundant Mesoproterozoic and less late Paleoproterozoic ages with a
main peak at ca 1050-1000 Ma (Fig. 40-p; Table S1), similar to sample
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Fig. 4. Relative probability density diagrams and histograms of ages with concordance > 90%.

17KT20-2. However, these two samples have adundant younger (<1000
Ma) grains (Fig. 30-p), even down to 651-606 Ma.

4.2. Zircon Hf-isotope compositions

Zircons from fourteen samples show variable Hf-isotope composi-
tions (Fig. 5). Samples 16KT6-1 and 16KT12-1 from the Kan Nack and
Ngoc Lihn complexes have not only similar detrital zircon ages but also
similar Hf-isotope compositions. Their late Neoarchean to early Paleo-
proterozoic detrital zircons have juvenile Hf-isotope compositions,
whereas the late Paleoproterozoic zircons show large Hf-isotope varia-
tions with eHf(t) values of +13.9 to —12.1 (Fig. 5a; Table S2). Late

Paleoproterozoic zircons and a few ~2.5 Ga grains of sample 16KT16-1
have Hf-isotope compositions overlapping with those in samples 16KT6-
1 and 16KT12-1 (Fig. 5a).

Although sample 17KT34 from the Dien Binh Complex has detrital
zircon components similar to those of samples 16KT6-1 and 16KT12-1,
its Neoarchean and late Paleoproterozoic zircons have much low eHf(t)
values (Fig. 5a), distinct from those of samples 16KT6-1 and 16KT12-1.
However, sample 17KT33-3 in the Dien Binh Complex shows zircon Hf-
isotope compositions similar to samples 16KT6-1 and 16KT12-1 (Fig. 5a-
b).

Samples 17KT41-2, 17KT41-3, 17KT33-1, 17KT33-2, 17KT29-4, and
17KT29-5 all contain 1.80-1.70 Ga and 1.45-1.35 Ga detrital zircons,
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Fig. 4. (continued).

but their zircon Hf-isotope compositions are different (Fig. 5b-c). The
~1.7 Ga and ~1.4 Ga detrital zircons in samples 17KT41-2 and 17KT41-
3 from the eastern Kan Nack Complex have negative eHf(t) values except
for two grains, whereas the Mesoproterozoic zircons of the other four
samples from the Dien Binh Complex predominantly exhibit positive eHf
(t) (Fig. 5b). The 1.8-1.7 Ga zircons are also characterized by dominant
positive eHf(t) except those in sample 17KT33-1 (Fig. 5¢), implying that
the clastic debris in sedimentary rocks in two complexes came from
different sources.

Although samples 17KT20-2, 17KT23-1, and 17KT23-2 have similar
detrital zircon age spectra, almost all of detrital zircons in sample
17KT20-2 from the Kham Duc Complex have positive eHf(t), different

from those in samples 17KT23-1 and 17KT23-2 from the Ngoc Linh
Complex (Fig. 5d), also suggesting that they were derived from different
provenances.

5. Discussion
5.1. Formation and metamorphic ages of the KTM basement rocks

The KTM was regarded as an Archean (>2.6 Ga) terrane based on the
high-grade metamorphic rock association (Hutchison, 1989). However,

Archean rocks with accurate isotopic ages have not been identified in
this massif. Nakano et al. (2021) proposed that the 1470-1432 Ma mafic
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Fig. 5. Hf isotope compositions of detrital zircons from the representative samples.

and felsic magmatism represents the early or primary stage of the for-
mation of the KTM. However, new data in this study show that the KTM
basement probably formed earlier than the Mesoproterozoic Era.

Metasedimentary rocks in the KTM have complicated detrital-zircon
components, indicating different depositional ages and provenances.
Samples 16KT6-1, 16KT12-1, 17KT35-1, and 16KT16-1 have predomi-
nant late Paleoproterozoic detrital zircons without younger ones
(Fig. 4a-d). Their discordant Paleoproterozoic detrital zircons define
discordia lines, yielding upper intercepts of 1856 to 1803 Ma (Table 1;
Fig. 3a-d). These upper intercept ages may represent their depositional
ages, and can be used to constrain the maximum depositional ages of
these sedimentary rocks. They all lack 1.72-1.63 Ga detrital zircons
(Fig. 4a-d), which are abundant in sample 17KT45w and the younger
sedimentary rocks. Thus, these four meta-sedimentary rocks were
probably deposited at 1.85-1.63 Ga, before intrusion of the ~1.45 Ga
magmatic rocks.

Sample 17KT34 has fewer late Paleoproterozoic detrital zircons with
scattered ages (Fig. 3e). The two youngest detrital zircons give concor-
dant ages of 1748 Ma and 1733 Ma, with a mean age of 1741 Ma. Sample
17KT45w contains abundant and variable late Paleoproterozoic detrital
zircons. Ten concordant youngest detrital zircons have ages of
1681-1601 Ma, yielding a mean age of 1632 + 22 Ma (MSWD = 0.50)
(Fig. 3f). These two samples lack the 1.54-1.40 Ga detrital zircons
(Fig. 4e-f) that are abundant in the younger sedimentary rocks, conse-
quently constraining their deposition in the late Paleoproterozoic to
early Mesoproterozoic.

The three youngest detrital zircons in sample 17KT33-3 have
concordant ages of 1589-1512 Ma (Table S1), giving a mean age of
1544 Ma. Samples 17KT33-2, 17KT41-2, and 17KT41-3 have abundant
Mesoproterozoic and late Paleoproterozoic detrital zircons (Fig. 4h-j).
The youngest concordant detrital zircons in these three samples yield

weighted mean ages of 1368 + 19 Ma, 1411 + 30 Ma, and 1399 + 37
Ma (Fig. 3h-j), respectively, suggesting that these sedimentary rocks
were deposited later than 1368-1411 Ma. These samples do not contain
1100-1000 Ma detrital zircons which are abundant in many younger
sedimentary rocks, such as samples 17KT20-2, 17KT23-1, and 17KT23-2
(Fig. 4k-p). Therefore, these four sedimentary rocks were most likely to
be deposited in the late Mesoproterozoic, about 1.5-1.1 Ga.

Samples 17KT33-1, 17KT29-4, and 17KT29-5 also have two main
age populations at late Paleoproterozoic (1.79-1.75 Ga) and Meso-
proterozoic (1.44-1.34 Ga), but their younger (~1.35 Ga) detrital zir-
cons markedly increase relative to above-mentioned samples (Fig. 4k-
m). On the other hand, they all contain a few late Mesoproterozoic
(Grenvillian) detrital zircons with ages of 1101-1039 Ma, constraining
their deposition after 1101-1039 Ma. These three samples lack the
middle to late Neoproterozoic (816-606 Ma) detrital zircons, suggesting
their deposition occurred in the Neoproterozoic (>ca 810 Ma).

Samples 17KT23-1 and 17KT23-2 contain abundant Grenvillian
detrital zircons (Fig. 40-p). The youngest grains have ages of 598-651
Ma, with a mean age of 610 Ma, suggesting that their deposition was not
earlier than ca 610 Ma. Sample 17KT20-2 in the northern KTM also has
abundant Mesoproterozoic detrital zircons (Fig. 4n), similar to samples
17KT23-1 and 17KT23-2, implying their similar provenances and
deposition ages, even though it does not contain Neoproterozoic zircons.
Extensive early Paleozoic (476-440 Ma) magmatism and metamorphism
occurred in the KTM (Nguyen et al., 2019; Jiang et al., 2020; Tran et al.,
2020; this study). 518-502 Ma plagiogranites have been identified in the
northern KTM, near sample 17KT20-2 (Nguyen et al., 2019). Hence, the
absence of early Paleozoic detrital zircons suggests that these sedi-
mentary rocks were probably deposited in the late Neoproterozoic to
early Paleozoic (ca 518-610 Ma; Table 1).

Almost all samples suffered late tectonothermal events. Our
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geochronological data suggest that the KTM mainly experienced two
periods of metamorphism, in the early Paleozoic (501-415 Ma) and
Indosinian (275-235 Ma). Early Paleozoic zircons generally have low
Th/U (most < 0.1) and internal structures typical of metamorphic zir-
cons, suggesting their subsolidus metamorphic origin. This thermal
event affected almost the whole KTM with high-grade metamorphism up
to granulite-facies locally. In contrast, most Indosinian zircons have high
Th/U (>0.4), and some show oscillatory compositional zoning, similar
to magmatic zircons. This thermal event mainly influenced the western
part of the KTM. In addition, some samples from the Dien Binh Complex,
including Mesoproterozoic gneissic granite (Wang et al., 2020), record a
late Paleozoic (371-331 Ma) tectonothermal imprint (Table S1).

5.2. Components of basement rocks and their origin

New results indicate that the Precambrian basement of the KTM
consists of a great variety of sedimentary rocks with different formation
ages and lesser Mesoproterozoic igneous rocks. The sedimentary rocks
were subdivided into five units (Table 1). The first unit of sedimentary
rocks (G1) formed in the late Paleoproterozoic (ca 1.85-1.65 Ga), and
presents the oldest rocks found in the KTM to date. The second unit of
sedimentary rocks (G2) was deposited in the late Paleoproterozoic to
early Mesoproterozoic (ca 1.74-1.45 Ga), and the third unit (G3) in the
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Mesoproterozoic (ca 1.5-1.1 Ga) is accompanied by coeval mafic and
felsic magmatism (Wang et al., 2020; Nakano et al., 2021). The fourth
unit of sedimentary rocks (G4) was generated in the latest Mesoproter-
ozoic to middle Neoproterozoic (ca 1.10-0.81 Ga), and the fifth unit
(G5) in the late Neoproterozoic to early Paleozoic (0.61-0.51 Ga). No
Archean rocks have been identified in this study, despite the abundance
Archean detrital zircons in the sedimentary rocks.

Different units of sedimentary rocks in the KTM have distinct detrital
zircon components. The Gl sedimentary rocks mainly contain Neo-
archean and late Paleoproterozoic detrital zircons with three major
peaks at ~1.80 Ga, ~2.63 Ga, and ~2.49 Ga (Fig. 6a). The Neoarchean-
early Paleoproterozoic zircons have positive ¢Hf(t) values except for a
few grains (Fig. 7a), indicating an important period of juvenile crust
growth in the source area. Late Paleoproterozoic zircons show large
ranges in eHf(t) (Fig. 7a). Those zircons with the lowest eHf(t) lie on the
evolutionary trend of the Neoarchean zircons (Fig. 7a), suggesting that
their host magma was derived from these Neoarchean materials. A great
number of late Paleoproterozoic zircons have juvenile eHf(t), even up to
the DM evolution line (Fig. 7a), suggesting a large-scale mantle-derived
magmatic activity along with ancient crust reworking. The combination
of these magmatic processes suggests a continental-arc setting, which is
consistent with an arc-related sedimentary setting or the active conti-
nental margin inferred from the geochemistry of the sedimentary rocks
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Fig. 6. Age spectra of detrital zircons from five periods of sedimentary rocks in the KTM and the equivalent sedimentary rocks from different cratons or micro-
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by Wang et al. (2020).

The G2 sedimentary rocks have detrital zircon age spectra similar to
the G1, except for a weak peak of ~2.32 Ga and significantly more
1.75-1.65 Ga zircons (Fig. 6b). However, both Neoarchean-early Pale-
oproterozoic and late Paleoproterozoic zircons are characterized by low
eHf(t), different from those of the G1 (Fig. 7b), indicating a decrease in
the arc magmatic clastics in the G2. Geochemical features also imply
that the G2 sedimentary rocks were deposited in a passive continental
margin (Wang et al., 2020).

The G3 sedimentary rocks are characterized by two major zircon age
populations of ~1.72 Ga and ~1.44 Ga with a minor ~2.57 Ga popu-
lation (Fig. 6¢). The Neoarchean and late Paleoproterozoic zircons have
Hf-isotope compositions similar to those of the G1 (Fig. 7c), suggesting
similar provenances. Middle Mesoproterozoic zircons from different
samples show distinct Hf-isotope compositions (Fig. 5b). Samples
17KT41-2 and17KT41-3 from the eastern Kan Nack Complex have lower
zircon eHf(t) (-11.4 to —4.16), whereas samples 17KT33-3 and 17KT33-
2 from the Dien Binh Complex have higher zircon gHf(t) (-0.14 to 10.6).
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They mainly derived from felsic and mafic sources, respectively.
Geochemical features of these sedimentary rocks also suggest that their
detritus were derived from felsic and mafic sources, respectively (Wang
et al., 2020). The ~1.44 Ga bimodal magmatism occurred in the KTM
(Wang et al., 2020; Nakano et al., 2021), comparable to that in Hainan
Island, South China, which is suggested to occur in a rift-related setting
(Zhang et al., 2018; Xu et al., 2020).

The G4 metasedimentary rocks have striking age peaks at 1740 Ma
and 1348 Ma (Fig. 6d). The ~1.74 Ga components show a large eHf(t)
range (Fig. 7d), similar to those of the G3 samples. The ~1.35 Ga zircons
dominantly have positive eHf(t) (Fig. 7d), similar to those ~1.4 Ga
grains in the G3 samples from the Dien Binh Complex, reflecting the
extensive middle Mesoproterozoic mafic magmatism in the western
KTM.

The G5 sedimentary rocks contain abundant Mesoproterozoic to
Neoproterozoic detrital zircons with a major peak at ~1.06 Ga and four
minor peaks at ~1.43 Ga, ~0.89 Ga, ~0.81 Ga, and ~0.61 Ga (Fig. 6e).
Compared with the above groups, Archean to Paleoproterozoic zircons
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significantly decrease, whereas late Mesoproterozoic to Neoproterozoic
grains increase, especially Grenvillian ones. Mesoproterozoic zircons
show significantly varying Hf-isotope compositions (Fig. 7e), and those
from sample 17KT20-2 in the northern KTM have positive eHf(t)
(Fig. 5d), suggesting that their sources comprise more juvenile crustal
material.

5.3. Paleo-positions of the KTM from Columbia to Gondwana

Where was the KTM or whole Indochina Block from? Re-
constructions of supercontinents in the Earth’s history are largely based
on paleomagnetic data and comparison of the global-scale collisional
orogenies (Zhao et al., 2002). However, reconstructions of the Columbia
supercontinent are not definite, because Paleoproterozoic paleomag-
netic data are scarce and show a large scatter of poles (Evans and
Mitchell, 2011). Thus, comparisons of orogenic events among different
orogens and cratonic blocks have become essential to determine the
linkages between different continents (Zhao et al., 2002). However,
zircon age data alone are not enough to strictly constrain the nature of
the orogen and the relationship of separated continental fragments.
Zircon Lu-Hf isotopic data and whole-rock geochemistry can provide
additional constraints (Yu et al., 2012). The integration of these factors
provide a rigorous “barcode” to match the signatures of various conti-
nental blocks. The five units of sedimentary rocks in the KTM contain
complex information on the orogenic events in the KTM and nearby
continents, which can be used to constrain the paleo-positions of the
KTM in the supercontinents.

5.3.1. Orosirian - Statherian (1.85-1.65 Ga)

The G1 sedimentary rocks with maximum deposition ages in the
Orosirian Period contain abundant 2.65-2.40 Ga and ~1.80 Ga detrital
zircons (Fig. 6a). The synchronous magmatism has not been reported in
the KTM; hence these clastics should be allochthonous. Paleoproterozoic
orogenic belts with Neoarchean basement are globally widespread.
However, Paleoproterozoic orogenies in many cratons occurred at
1.95-2.25 Ga or on the older (>2.6 Ga) basement, such as the Yangtze
Craton of South China, West Africa, South America, South Africa,
western Australia, West Greenland, and Siberia cratons (Wang et al.,
2016a; Boher et al., 1992; Grochowski et al., 2021; Zeh et al., 2016;
Johnson et al., 2011; Gardiner et al., 2019; Rosing et al., 2001). The
tectonothermal events in these areas are inconsistent with the age peaks
recorded in the G1 sedimentary rocks, and consequently they are
excluded as potential sources. Significant 2.60-2.40 Ga orogenies
occurred in Laurentia, West Greenland, India, North China, and the
Mawson Continent (East Antarctica and the Gawler Craton of southern
Australia), and extensive late Paleoproterozoic (~1.85 Ga) magmatism
occurred in East Cathaysia, India, northern Australia, the Mawson
Continent, North China, and Laurentia. These cratons or blocks are po-
tential sources of the sediments deposited in the G1.

The Paleoproterozoic orogeny in East Cathaysia occurred at
1.90-1.85 Ga on the basement consisting mainly of metasedimentary
rocks with dominant ~2.5 Ga detritus (Yu et al., 2012). Late Paleo-
proterozoic granitic rocks were sourced from this basement and have
negative zircon eHf(t) (Yu et al., 2009, 2012), different from those of the
G1 (Fig. 7a). Extensive 1.90-1.80 Ga arc-related magmatism took place
in the Aravalli-Delhi orogenic belt (Richards et al., 2005; Sen et al.,
2019) and the Khetri area (Kaur et al., 2009, 2017) in northwestern
India. However, their zircon Hf isotopic compositions are significantly
different from those of the G1. Different age spectra and Hf-isotope
compositions of detrital zircons from the coeval sequences in north-
western India (Figs. 6a, 7a) further suggest that the Aravalli-Delhi
orogenic belt was not in the source area of the Gl. Widespread
1.87-1.80 Ga magmatism developed in the Pine Creek Orogen in
northern Australia and Neoarchean inliers (~2.5 Ga) in the nearby
Granites-Tanami Orogen (laccheri and Bagas, 2020). Notably, the Oro-
sirian sedimentary rocks in these orogens have significant detrital-zircon
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age peaks of 2523 Ma and 1869 Ma similar to that of the G1 (Fig. 6a).
However, these zircons show large Hf-isotope composition discrepancies
with those of the G1 (Fig. 7a), implying that the KTM was not adjacent to
northern Australia at 1.85-1.65 Ga.

The initial cratonization of the North China Craton resulted from the
amalgamation of major microcontinents along several granite-
greenstone belts during 2.58-2.45 Ga, and the ~1.85 Ga Trans-North
China Orogeny lead to the assembly of the eastern and western blocks
(Tang and Santosh, 2018; Zhao et al., 2011; Zhai et al., 2015). However,
the ~1.85 Ga collisional event is dominated by high-grade meta-
morphism with minor granitic magmatism. The ~1.85 Ga metamorphic
and granitic rocks have low zircon gHf(t) values (Yang et al., 2021; Tang
and Santosh, 2018). These signatures are consistent with detrital zircons
from modern river sands in North China (Yang et al., 2009), but
significantly different from the G1 (Fig. 7a). Therefore, the KTM was
unlikely connected with the North China Craton in the late
Paleoproterozoic.

Extensive Neoarchean and Paleoproterozoic magmatism and meta-
morphism are recorded in Laurentia. However, Neoarchean magmatism
in northwestern to northern Laurentia mainly occurred at 2.72-2.65 Ga
(Breemen et al., 2007; Davis et al., 2006). In northwestern Laurentia,
there is not only late Paleoproterozoic but also strong middle Paleo-
proterozoic magmatism (Furlanetto et al., 2016; Berman et al., 2013;
Partin et al., 2014), and consequently the affinity of northwestern
Laurentia with the KTM can be excluded. Strong ~2.5 Ga magmatism
occurred in southwestern Laurentia, such as the Wyoming Province
(Mueller and Frost, 2006; Mueller et al., 2011) and the adjacent Gawler
Craton (Mawson Continent) (Hand et al., 2007; Swain et al., 2005;
Howard et al., 2009; Reid et al., 2014).

The Paleoproterozoic crust of southwestern Laurentia generally was
formed by accretionary orogenesis (Holland et al., 2015, 2018). The arc
magmatism and crustal accretion occurred between 1.91 and 1.83 Ga
(Schneider et al., 2007), and the terminal collision along the Trans-
Hudson Orogen occurred between 1.83 and 1.80 Ga (Breemen et al.,
2007). The Orosirian-Statherian sedimentary (such as Vishnu Basin) and
igneous rocks in southwestern Laurentia yield a zircon age spectrum
with several peaks at 2483 Ma, 1857 Ma, 1784 Ma, and 1742 Ma
(Fig. 6a). The two peaks of 2483 Ma and 1857 Ma match well with those
of the G1. The ~2.63 Ga detrital materials are enriched in late Paleo-
proterozoic successions in southwestern Laurentia, which probably were
sourced from the Clearwater complex in the southern part of the
Wyoming Craton (Holland et al., 2018; Vervoort et al., 2016). The 1784
Ma and 1742 Ma zircon grains are lacking in the G1 but abundant in the
G2. On the other hand, the corresponding zircon Hf-isotope composi-
tions from southwestern Laurentia almost overlap with those of the G1,
especially the ~1.8 Ga zircon grains (Fig. 7a). All these signatures
suggest that the KTM had a close affinity with southwestern Laurentia
before ~1.65 Ga (Fig. 8a).

5.3.2. Statherian to calymmian (1.74-1.45 Ga)

Compared with the G1, the G2 sedimentary rocks contain higher
proportions of ~1.75 Ga, ~2.01 Ga, and ~2.32 Ga detrial zircons
(Fig. 6b), in addition to similar ~2.56 and ~1.83 Ga populations,
indicating more complicated sources. Abundant ~2.56 and ~1.83 Ga
detrital zircons in the G2 suggest that the KTM remained near south-
western Laurentia during 1.74-1.45 Ga. Large-scale magmatic accre-
tionary belts, such as the 1.8-1.7 Ga Yavapai and 1.7-1.6 Ga Mazatzal
belts, formed along the present-day southern flank of North America
(Betts et al., 2008; Holland et al., 2015). Coeval felsic and mafic mag-
matism occurred in the Mawson Continent (Fig. 6b; Goodge et al., 2017;
Belousova et al., 2009). These igneous rocks have a large range in zircon
eHf(t) (Holland et al., 2018; Belousova et al., 2009), similar to those of
the G2 (Fig. 7b).The SWEAT model shows a spatial connection between
the southwest United States and East Antarctica at ca 1.6-1.3 Ga
(Mulder et al., 2015), which has been confirmed by recent paleomag-
netic data (Kirscher et al., 2021). Thus, integration of zircon age spectra
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Fig. 8. Paleogeographic reconstruction
showing correlations of the Kontum
Massif (Central Vietnam) with East
Antarctica, Australia, Laurentia, and
Hainan Island from the Columbia to
Gondwana supercontinents (modified
from Xu et al., 2020; Goodge et al.,
2017; Mulder et al.,, 2015, 2018; Yao
et al., 2017; Belousova et al., 2009; Yu
et al., 2008; Jing et al., 2021). The KTM
was closely linked with the south-
western Laurentia for about billion years
(a-d), and rapidly moved from the
southwestern flank of Laurentia to the
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northern margin of East Gondwana
together with South China Block in the
middle Neoproterozoic (e). KTM-Kon-
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with Hf-isotope compositions suggests that ~1.75 Ga detritus in the
KTM were probably derived from the Yavapai-Mazatzal Belt and the
Mawson Continent. The ~2.0 Ga magmatism has also been identified in
East Antarctica (Belousova et al., 2009; Goodge et al., 2017). The rocks
are predominantly granitoids with negative zircon eHf(t) values
(Belousova et al., 2009), matching the coeval detrital zircons from the
G2 (Fig. 7b). The striking peak at ~2.32 Ga in the G2 is unconspicuous in
other continents (Fig. 6b), but synchronous with the 2.5-2.3 Ga
Arrowsmith orogeny along the western flank of the Rae Craton in
northern Laurentia (Berman et al., 2013). Furthermore, the ~2.32 Ga
detrital zircons and igneous rocks in the Arrowsmith orogeny show
dominantly low eHf(t) of —12.6 to —1.5 (Cui et al., 2019), overlapping
those in the G2, indicating that the Arrowsmith orogen is a possible
source. Consequently, the KTM may have received sediments from the
Mawson Continent and the Arrowsmith orogen in addition to south-
western Laurentia during deposition of the G2 (Fig. 8b).
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5.3.3. Calymmian to Ectasian (1.5-1.1 Ga)

One of the most important characteristics of the Mesoproterozoic
geology is widespread continental rifting and anorogenic magmatism,
following the breakup of Columbia (1.5-1.4 Ga; Tang et al., 2021). The
G3 sedimentary rocks in the KTM were deposited during 1.5-1.1 Ga,
synchronous with the Ewenling Formation of the Baoban complex
(1.45-1.30 Ga) in Hainan Island of South China, the lower-middle Rocky
Cape Group (1.45-1.33 Ga) in Tasmania, and the Belt-Purcell Super-
group (1.47-1.40 Ga) and Marquenas Formation (1.47-1.45 Ga) in
southwestern Laurentia (Mulder et al., 2015; Stewart et al., 2010; Xu
et al., 2020).

The age spectrum of detrital zircons in the G3 has a major peak at
1721 Ma and a minor peak at 1441 Ma with fewer ~2.57 Ga ages
(Fig. 6¢). Strong ~1.45 Ga bimodal magmatism has been identified in
southwestern Laurentia, the KTM, and Hainan Island (Bickford et al.,
2015; Zhang et al., 2018; Wang et al., 2020; Xu et al., 2020; Nakano
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et al., 2021). The coeval sedimentary sequences from southwestern
Laurentia and Hainan Island show similar clastic components to the G3
(Fig. 6¢). Moreover, their zircon Hf-isotope compositions overlap
(Fig. 7¢), suggesting the same provenance. The ~1.72 Ga detrital zircons
in the G3 have a larger eHf(t) range (Fig. 7c). Holland et al. (2015) re-
ported that the Mojave and Yavapai crustal provinces respectively
contain both evolved and juvenile late Paleoproterozoic crust, implying
that the KTM was located near these two provinces. Therefore, the KTM
together with Hainan Island probably remained connected with south-
western Laurentia during the G3 period (Fig. 8c).

The equivalent successions in Tasmania also exhibit an age spectrum
and Hf-isotope compositions comparable with the G3 sedimentary rocks
(Fig. 6¢, 7¢). Mulder et al. (2015) thought that Tasmania was situated in
southwestern Laurentia and recorded a East Antarctica - Laurentia
connection. Consequently, Tasmania may have been adjacent to the
KTM (Fig. 8c).

5.3.4. Stenian-Tonian (<1.1 Ga)

This period witnessed the assembly and breakup of the Rodinia su-
percontinent. The assembly of different continents took place along the
Grenville-age orogenic belts during 1.3-0.9 Ga. The Grenvillian orogens
are subdivided into the older (1300-1050 Ma) and younger (1050-900
Ma) ones. The former is distributed across southern Laurentia, western
Australia, western East Antarctica, and Kalahari (Goodge et al., 2017;
Fitzsimons, 2003; Kirkland et al., 2011; Moller et al., 2002; Milidragovic
et al.,, 2011), and the latter occurs in northern East Antarctica
(Mikhalsky et al., 2010, 2013) and eastern India (Chattopadhyay et al.,
2015; Dasgupta et al., 2013). The G4 sedimentary rocks in the KTM have
striking detrital-zircon age peaks at 1740 Ma and 1348 Ma with a minor
peak at 1116 Ma. The presence of older Grenvillian detrital zircons in
the G4 suggests that the KTM was close to either southern Laurentia or
western Australia during their depositional time. However, the syn-
chronous sequences in western Australia contain few late Paleoproter-
ozoic and early Mesoproterozoic zircons (Fig. 6d), suggesting that the
KTM was not close to western Australia. On the contrary, the large
proportions of ~1.74 Ga and ~1.35 Ga zircons correspond to the
Yavapai-Mazatzal magmatic belt and Granite-Rhyolite province in
southwestern Laurentia. As stated above, the 1.8-1.6 Ga Yavapai-
Mazatzal magmatic belt is a large-scale accretionary belt with mafic
and felsic rocks showing varying zircon Hf-isotope compositions
(Holland et al., 2015, 2018). The detrital zircons of ~1.74 Ga and ~1.35
Ga in the G4 have Hf-isotope compositions very similar to these igneous
rocks in southwestern Laurentia. A weak age peak of ~1.45 Ga in the G4
is synchronous with the bimodal magmatism in the KTM, Hainan Island,
and southwestern Laurentia (Xu et al., 2020; Nakano et al., 2021;
Bickford et al., 2015; Wang et al., 2020). All these observations suggest
that the KTM probably was still connected with southwestern Laurentia.
However, coeval sedimentary rocks in southwestern Laurentia show a
prominent 1250 Ma peak, which is lacking in the G4 (Fig. 6d). This
suggests that the KTM might have been far from the 1250 Ma source.

The equivalent metasedimentary rocks from Hainan Island and
Tasmania have detrital- zircon age spectra similar to the G4 (Fig. 6d),
and their zircon Hf-isotope compositions are consistent (Fig. 7d). Mulder
et al. (2018) and Yao et al. (2017) concluded that Tasmania and Hainan
Island were close to southwestern Laurentia in the late Mesoproterozoic
to early Neoproterozoic. Hainan Island and the KTM were also subject to
the same tectonic setting during this period (Yao et al., 2017; Wang
et al., 2020). Collectively, the KTM probably had a close affinity with
Hainan Island, Tasmania, and southwestern Laurentia in the period of <
1.1 Ga (Fig. 8d).

5.3.5. Ediacaran (0.61-0.51 Ga)

The G5 sedimentary rocks in the KTM contain adundant Meso-
proterozoic to Neoproterozoic detritus with a steep Grenvillian age peak
(Fig. 6e), much different from those of the G1 to G4 sedimentary rocks,
implying a drastic change in the depositional environment and
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provenances from the G1-4 to the G5. The significant Grenvillian
detritus in the G5 suggests that the KTM was close to a Grenvillian
orogenic belt during the G5 deposition. The Grenville Orogen in
southern Laurentia may be a potential source for older Grenvillian
detritus in the G5. However, the abundant younger Grenvillian and
middle Neoproterozoic detritus is incompatible with this source
(Fig. 6e). The wide spread of Grenvillian ages of detrital zircons in the
G5 sedimentary rocks suggests that the KTM was located near both older
and younger Grenvillian orogenic belts. Previous studies placed the
Indochina Block on the northern margin of East Gondwana, adjacent to
South China (Burrett et al., 2014; Cawood et al., 2018; Metcalfe, 2021).
Thus, the KTM was most likely located among the Eastern Ghats Prov-
ince in eastern India (Dasgupta et al., 2013), Northern Prince Charles
Mountains of East Antarctica (Daczko et al., 2018), the Albany-Fraser
belt and the Musgrave block in western to central Australia (Ksienzyk
et al.,, 2012), and the Windmill Islands-Bunger Hills (Goodge et al.,
2017) of East Antarctica (Fig. 8e). Weak 1434 Ma, 1749 Ma and Neo-
proterozoic age peaks are also consistent with those sedimentary rocks
in northeastern India and western Australia (Fig. 6e). Hf-isotope com-
positions of these detrital zircons in the G5 match well with those from
the Albany-Fraser collisional belt and northeastern India (Fig. 7e). All
similarities support the KTM configuration in the northern margin of
East Gondwana (Fig. 8e).

Detrital zircon ages and Hf-isotopes and paleomagnetic data indicate
that South China was between western Australia and northeastern India
during latest Ediacaran and early Cambrian time (Yu et al., 2008; Zhang
et al., 2015; Wang et al., 2021; Xue et al., 2021). The G5 sedimentary
rocks have detrital zircon age spectra similar to those Ediacaran sedi-
mentary rocks from the West Cathaysia Block (Fig. 6e), but different
from those of the West Yangtze Block. Moreover, their zircon Hf-isotope
compositions are also similar to those of the West Cathaysia Block but
different from those of West Yangtze Block (Fig. 7e). These lines of ev-
idence imply that the KTM (Indochina) was situated on the southwest
flank of South China and closer to northeastern India and western
Australia (Fig. 8e), consistent with previous reconstruction models
(Wang et al., 2016b).

The above discussions suggest that the KTM experienced rapid
movement from the core of Rodinia (near southwestern Laurentia) to the
northern margin of East Gondwana (near eastern India - South China)
from the G4 to the G5. This is a remarkable drift, and paleomagnetic
data seem to support it (Jing et al., 2021). Based on the new paleo-
magnetic data obtained from the Tonian Lower Liantuo Formation in
central South China and other available data, Jing et al. (2021) suggest
that the South China Block and India craton were located near south-
western Laurentia at ca 800 Ma, and moved rapidly to the Northern
Hemisphere from 800 Ma to 760 Ma (Jing et al., 2021). The KTM shows
an affinity with South China and eastern India during the G5, and was
situated near southwestern Laurentia during the G4, which is consistent
with the positions of South China and India. Therefore, the KTM
together with South China and India probably quickly drifted to the
Northern Hemisphere from the G4 to the G5 periods (Fig. 8e). Drastic
changes of clastic components and provenances between the G4 and G5
sedimentary rocks support this model.

6. Conclusions

The basement rocks of the KTM consist mainly of different periods of
Precambrian sedimentary rocks and lesser Mesoproterozoic igneous
rocks. These sedimentary rocks were deposited in five periods,
1.85-1.65 Ga, 1.74-1.45 Ga, 1.4-1.1 Ga, 1.1-0.81 Ga, and 0.61-0.51
Ga, labeled as G1 to G5. Late Paleoproterozoic (G1) metasedimentary
rocks are the oldest lithological unit identified in the KTM to date. The
G1 and G2 sedimentary rocks are composed mainly of late Neoarchean
and late Paleoproterozoic detritus, and the G3 and G4 sedimentary rocks
comprise abundant late Paleoproterozoic and middle Mesoproterozoic
ones. The G5 sedimentary rocks contain dominantly Mesoproterozoic
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detrital zircons with an age peak at 1.06-1.01 Ga, much different from
the G4, suggesting a abrupt change in the deposition environment and
provenance from the G4 to the G5. Few Precambrian igneous rocks are
recognized in the KTM, except ~1.45 Ga igneous rocks, suggesting that
the most Precambrian detritus in the G1 to G5 sedimentary rocks are
exotic. Comprehensive comparisons of the age spectra and Hf-isotope
compositions of detrital zircons in these sedimentary rocks with
magmatic events and detrital zircons from synchronous successions in
different continents and microcontinents suggest that the KTM retained
a long connection with southwestern Laurentia from the G1 to the G4
(1.8 Ga to 0.8 Ga), and near Mawson, Hainan Island and Tasmania at
least from the G3 to the G4. Subsequently, the KTM was situated at the
northern margin of East Gondwana during the G5 deposition. The KTM,
with South China, India and Hainan Island, experienced rapid north-
ward drift from the G4 to the G5. This finding is consistent with
paleomagnetic data and the drastic change in the clastic components
between the G4 and the G5 sedimentary units.
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