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Abstract

During the Late Pai.nzoic to Cenozoic, with the closure of the Tethys oceans, the East
and/or Southeast Asia was amalgamated by individual blocks. In order to understand the
Paleogeography of the Eastern Paleo-Tethys, a systematic U-Pb dating on 11 samples have
conducted to constrain the age and provenance of the elements forming the Ailaoshan-Song
Ma mélange. These samples consist of the ophiolitic mélange zone (6 samples), the
sedimentary cover of the Indochina block (4 samples), and the post-orogenic continental
deposits (1 samples). The achieved detrital zircon age distribution, and the corresponding in-
situ Hf isotopic recorder allow us to discuss the provenances of the materials involved in the
tectonic processes during the subduction and collision. Three units (M1, M2, M3), which
stand for the different segment of the suture zone, could be separated based on the differences

in zircon age clusters and Hf isotopic values. These differences might be due to the variety of



provenances. Combined with the previous works, especially our work on the Song Chay
mélange zone, we concluded that both upper and lower plates are potential provenances for
the mélanges between South China block and Indochina block. Along the suture zone, the

component of the mélange presents a significant heterogeneity.

Keyword Eastern Paleo-Tethys, Ailaoshan-Song Ma Suture, Detrital zircon, in-situ Hf

isotopic content, Mélange, Tectonic evolution of SE Asia

1. Introduction

Sedimentary provenance analysis is a popular me:tmcd and an effective tool to study the
evolution of an orogenic belt as well as the erosion, th.e v~nsport and finally the deposition
processes in the foredeep basins (e.g. Fedo et al. 7J(3; Cawood et al., 2007, 2012; Dickinson
and Gehrels, 2009). Ideally, the analyzed sz.pio would completely represent geological
history by including evidence of all the po.-«ble provenances. Detrital zircon geochronology
has received particular attention as a si.2le-mineral provenance tool because the abundance of
zircon (in terms of numbers of grains) does not change drastically during sediment transport,
owing to the inherent stability of ~ircon. The in situ Hf-isotope analysis of single zircon grains
has proven to be a useful too! for “econstructing the tectonic evolution of continental blocks
(Griffin et al., 2000; Condie ¢* 2,., 2009). Therefore, the age spectra and related geochemistry,
established from a larg= 1..'myer of detrital zircon grains of igneous origin, could be used to
constraints the ages of serimentary sequences, to assess the provenance, and the routing of
sediments through temporal/spatial dimensions. Such an approach requires a good knowledge
of the magmatic, metamorphic, and tectonic events that took place in the source regions
(Condie et al., 2009). Conversely, the analysis of detrital zircon age spectra might help to
improve the understanding of the geological evolution of the source areas by revealing
unexpected, or poorly documented magmatic or metamorphic events. This method has been
widely applied in various orogenic belts, for instance the Tethyan & Alpine-Himalayan
orogenic belts (Gehrels et al., 2011; Cai et al., 2016; Chu et al., 2016; Malusa et al., 2016; Lin
et al., 2018; Metcalfe, 1996, 2002, 2011, 2013, 2021). The European Variscan-Appalachian

belt is well investigated in Iberia (e.g. Martinez Catalan et al., 2008, 2009 and references



therein), the Bohemian massif (e.g. Henderson et al., 2016; Linnemann et al., 2004, 2007),
Amorican (Lin et al., 2019), and Variscan Corsica (Avigad et al., 2018). As a syntectonic
sedimentary formation, resulting of erosion, transportation and deposition in active settings,
turbiditic matrix of the ophiolitic mélange records much information, such as uplift and
tectonic phases that were erased by the late events of the corresponding orogenic belt
(Henderson et al., 2018).

In Southwest China-North Vietnam region, several ophiolitic mélange zones, namely
Ailaoshan-Song Ma, Song Chay and Song Hien/Dian-Qiong zones, have been proposed as the
suture zones between South China Block (SCB) and Indochina ®iock (IB), representing the
remnants of the Paleo-Tethys ocean (Figs. 1 and S1; Zhong, 19yc® 1rung et al., 2006; Sone &
Metcalfe, 2008; Cai and Zhang, 2009; Lepvrier et al., 2017, r.21pin et al., 2016). According to
the Paleogeography, correlationpetrology of the mafic a1 uiramafic rocks, regional
geochronology framework, different model related th clcsing of the Paleo-Tethys ocean were
proposed: 1) Stampfli and Borel (2002) proposed Paleo-1 «thys was a giant ocean whose
width increased to the east. 2) An archipelagic o *ar. with numerous islands or seamount,
which was situated between the Laurasia *o ti e nurth and the Gondwana to the south (Liu et
al.,1993, 2002; Pan et al., 1996); 3) the Pale. -Tethys served as a “conveyor belt”, in which
several plates with different scale, surh a. Tarim, Qaidam, North Qiangtang, South
Qiangtang, Lhasa, India, Sibumas' Ir.7r,china, and South China etc..., were moved north-
wardly and finally accreted on the >outh margin of Laurasia accordingly (Becker and
Faccenna, 2011); 4) An entirer,” continent-locked ocean in which a Cathaysian bridge uniting
various elements of Chinu «.a indochina into an isthmian link between Laurasia and
Gondwana-Land duriny the iatest Permian, inhibiting any deep-sea connection between the
Paleo-Tethys and the Paiithalassa (Sengér and Atayman, 2009; Richards and Sengor, 2017).
Based on structural geology and kinematic analyses, Faure et al. (2016) united the three
ophiolitic mélange zones as a single suture zone duplicated by the Cenozoic Red River strike
slip fault during the Cenozoic extrusion of Sundaland. However, the comparison of the
detrital components between these three ophiolitic mélange zones is weak. A systematic U-Pb
geochronological analysis and in-situ Hf isotopic on 11 samples have been realized to
constrain the age and provenance of the elements forming the Ailaoshan-Song Ma mélange
zone. The achieved detrital zircon age distribution, and the corresponding in-situ Hf isotopic
recorder allow us to discuss the provenances of the materials involved in the tectonic

processes during the subduction and collision. Our new data suggests a complicated source of



ophiolitic mélange, together with the published data in this region, this study shed new light
on the understanding the paleogeographic reconstructions of the postulated positions of Asian
continental blocks since Early Carboniferous to Middle Triassic.

2. Geological setting

As a significant Indosinian orogenic belt between SCB and 1B, it was consisted by the
Ailaoshan belt in NW and Song Ma belt in SE (Lepvrier et al., 2008; Faure et al., 2014,

2016). Each part could be subdivided into several individual tec.nic zone.

2.1. The Ailaoshan belt

The Red River fault (RRF, Fig. 1) does not "<, resent the plate boundary between
Indochina and S. China blocks. This continen*-l suwie sinistral strike-slip fault, sometimes
referred to as the “Ailaoshan-Red River <aea’ zone” is a Cenozoic intracontinental feature
that accommodated the southeastwarc' extrusion of Sundaland with respect to Asia (e.g.
Leloup et al., 1995; Wang et al., 2027, 'n contrast, plate boundaries decorated by ophiolites
or ophiolitic mélanges are expose. . u:¢ Ailaoshan, Song Ma, and Song Chay areas in

Yunnan, NW Vietnam, and NE Vie.iam, respectively (Fig. 2).

Between the Ailaoska: a1iu Song Ma segments, the structural continuity of the
Indosinian orogen is pa.*ly 1udden beneath the post-collisional red continental deposits and
the N-S striking dextral Zien Bien Phu fault (Fig. 2). Several NW-SE striking Cenozoic
sinistral strike-slip faults divide the belt into narrow stripes. The Ailaoshan belt is classically
subdivided into four litho-tectonic zones, namely: Western Ailaoshan, Central Ailaoshan,
Eastern Ailaoshan, and Jinping zones (Fig. 1, for details, see Zhong, 1998; Lai et al., 2014a,
b; Faure et al., 2016).

2.1.1. The Western Ailaoshan zone: a magmatic arc

This zone is well exposed to the SW of Mojiang area (Fig. 2). From bottom to top, it is
characterized by: i) an alternation of mudstone-sandstone turbiditic with Silurian-Devonian

age, ii) a ca. 5 km-thick volcanic and volcanic-sedimentary series of Late Carboniferous-Late



Permian age (e.g. Fan et al., 2010; Lai et al., 2014a); Late Triassic red beds of conglomerate,
sandstone, and siltstone that unconformably overlie the previous two series. The volcanic,
greywacke and volcanic-clastic rocks are interpreted as formed in a volcanic arc setting since
the geochemical signatures of the andesitic, dacitic, and basaltic lavas (Fan et al., 2010). The
basalts and basaltic-andesites yield zircon SHRIMP ages at 287 £ 5 Ma, and 265 + 7 Ma,
respectively (Jian et al., 2009b; Fan et al., 2010). Dolerite and rhyolite yield zircon LA-ICP-
MS ages at 246 + 4 Ma, and 273 £ 5 Ma, 288 + 3 Ma (Lai et al., 2014a). Moreover, close to
the NW Vietnam belt, the granite to granodiorite plutons correspond to the root of the western
Ailaoshan magmatic arc with zircon U-Pb ages at 257-252 Ma (Fig. 2; Lai et al., 2014a; Liu
etal., 2015).

2.1.2. The Central Ailaoshan suture zone: an ophiolitic .nc!ange

To the NW of the Mojiang city, a ca. 5 km wide uu: 2ain with numerous m- to km-sized
blocks or lenticular of serpentinized Iherzolite and ha~bu.qite, gabbro, plagiogranite, basalt,
limestone, and Early Carboniferous radiolarite (' vi.n Albaillella paradoxa Deflandre,
Astorentactinia multispinisa Won) enclosez ‘m. 2 metamorphosed sandstone-mudstone
matrix crops out (Fig. 2; Zhong, 1998). Sa."stone-mudstone alternations with turbiditic
aspect can be frequently observed whe, the syn-metamorphic deformation is weak. This
lithological assemblage is interpreted 1s uteces of dismembered ophiolitic mélange (e.g.
Zhong, 1998; Yumul et al., 2008; Lai ¢t al., 2014b; Faure et al., 2016).

Zircon from plagiograrite ¢ the central Ailaoshan zone yields Late Devonian (365 £ 7
Ma, Lai et al., 2014b) an 1 Ea ly Carboniferous (328 + 16 Ma, Jian et al., 1998a) ages.
Diabase dykes are dated o* 351 + 11 Ma, and 334 + 6 in this area (Lai et al., 2014b). These
Devonian to Carboniferous magmatism was considered as coeval with the opening of the
Paleo-Tethys (Jian et al., 1998b; Wu et al., 2020). Moreover, a late Early Triassic to early
Middle Triassic felsic magmatism is documented in several places of the Central Ailaoshan
zone. The leucogranite is dated at 247 + 3 Ma (Liu et al., 2014), and the biotite granites yield
ca. 244 Ma zircons (Lai et al., 2014a). Near Liichun, the felsic magmatism is represented by
rhyolites, tuffs, and pyroclastites. The rhyolite is dated at 246 £ 6 Ma (Fig. 2; Lai et al.,
2014b). These 250-240 Ma magmatic rocks were interpreted as indicators of syn-collisional

crustal melting.



2.1.3. The Eastern Ailaoshan zone: the deformed SCB

East of the Central Ailaoshan ophiolitic mélange, orthogneiss, paragneiss, amphibolite,
and marble belong to a Neoproterozoic basement, corresponding to the SCB. Amphibolite
yield zircon LA-ICP-MS ages at 815-800 Ma (Cai et al., 2015), whereas gneiss is dated
around 770-750 Ma (Qi et al., 2012, 2014). Moreover, a younger age around 230 Ma is
obtained from porphyritic granites (Lin et al., 2012).

2.1.4. The Jinping zone: a piece of the ELIP

Close to the NW Vietnam Song Ma belt, the Jinping zone i5 'imited by Neogene strike-
slip faults (Fig. 2). This zone is formed by Ordovician-Siluria lin estone, and Silurian-
Devonian turbidite. However, the most representative lithc'ogi s of the Jinping zone consist
of Late Permian mafic rocks such as gabbro, basalt, ba<ai.~ breccia, pyroclastite and
greywacke (Chung and Jahn, 1995; Xiao et al., 2004; v''2:1g et al., 2007). The mafic magmatic
rocks present mainly an alkaline geochemical sir,ii- cure (Wang et al., 2007). This lithological
succession is similar to that recognized in the “ony Da zone of NW Vietnam (c.f. below), and

more widely to the Emeishan Large Igne ‘us ’rovince (Faure et al., 2016).

Involved in the Indosinian oroge=v, (e Jinping zone experienced the same deformation
event as the Eastern Ailaoshan zor~ a7 belongs to the lower plate of the collision zone,

despite that the lithology of the twu discussed areas differ with each other.

2.2. The Song Ma belt

The Song Ma belt co ild be subdivided into the Truong Son-Sam Nua zone, Song Ma
zone, Nam Co unit and fold and thrust zone tectonically (Fig. 2; Faure et al., 2014). Ophiolites
or ophiolitic mélanges are exposed in the Song Ma zone (Fig. 2; Hutchison, 1975; Findlay
and Trinh, 1997; Tran and Vu, 2011). The Song Ma belt was considered the “classical Suture
zone” between Indochina and South China block (e.g. Wang et al., 2021 and therein). From

the SW to the NE, several litho-tectonic zones are recognized.

2.2.1. Truong Son-Sam Nua zone: a magmatic arc

In the north of the Indochina Block, the wide occurrence of late Paleozoic to early

Mesozoic igneous belt has been reported along the boundary of Laos and Vietnam (Fig. 1;



Lepvrier et al., 2008; Liu et al., 2012; Kamvong et al., 2014; Qian et al., 2019; Hou et al.,
2019). At the north of Laos, the Sam Nua zone consists of Permian to Early Triassic volcanic
and volcanic-clastic sedimentary series. Several plutons form a NW-SE striking magmatic
belt that develops from east of the Dien Bien Fu fault, through the Sam Nua in Laos, up to the
margin of the South China sea (Fig. 4). Tectonically, this magmatic belt located in the SW
part of the Song Ma suture zone is interpreted as the magmatic arc formed during the
southward subduction of the Paleo-Tethys (Fig.1; Tran et al., 2008; Rossignol et al., 2018).
The geochronological data reveal that the felsic magmatism occurred from the Carboniferous
to the Triassic (ca. 310-240 Ma) with a magmatic gap at ca. 270-265 Ma. Before the
magmatic quiescent period, during the early magmatic stage (31. 270 Ma), most of granitoids
have low 8/Sr/%Sr(i) and 520 values, high-Mg”, I-type with { 9sit) ve eng (t) and &gt (t) values
(Qian et al., 2019). These geochemical features are put for varc to interpret the Truong Son
granitoids as derived from the malting of a crustal sourre .ith a significant mantle
contribution (Kamvong et al., 2014; Hoa et al., 2008). D..ing the late magmatic stage, at 265-
240 Ma, the magmatism consists of peraluminou’s » type and abundant S-type granitoids of
low-Mg” and enriched Hf isotopes (Fig. 4). Th's suygests that the source of the magma was
derived from the melting of an ancient cc atirental crust without obvious mantle contribution
(Liu etal., 2012; Qian et al., 2019).

2.2.2. The Song Ma suture zone: =n ~rhiolitic mélange

This zone is formed by u'tramafic, mafic, deep marine sedimentary rocks variously
metamorphosed (Lepvrier et o' 2004). The ophiolite mainly consists of peridotite, basalt and
gabbro, and experien~.~d ¢ rernschist- to lower amphibolite-facies metamorphism (Zhang et
al., 2014). The geochemic.ry of the mafic rocks (gabbro, plagiogranite, amphibolite) suggests
a MORB affinity that is interpreted as a fore arc ophiolites signature (Tran and Vu, 2011;
Trung et al., 2006). Late Carboniferous Sm-Nd whole rock ages comprised between 340 Ma
and 310 Ma are obtained from amphibolites and gabbros, whereas zircon and titanite in these
mafic rocks yield Late Permian to Late Triassic TIMS and LA-ICP-MS ages (between 270
Ma and 210 Ma) (Pham et al., 2008, Liu et al., 2012; Nguyen et al., 2013).

In the Thanh Hoa area, (Fig. 3), the Nui Nua Massif (also named Nui Nua Complex) is a
ca. 15 km massif of serpentinized harzburgite, dunite, gabbro, diabase, that represents the
southeasternmost ophiolitic element of the Song Ma suture. Serpentinized harzburgite and

dunite bodies occurring as lenticular blocks surrounded by deformed and weakly or non-



metamorphosed sedimentary rocks. In the outcrop, the serpentinite breccia, light colored
sandstone and siltstone with volcanic elements, such as basalts and volcano-clastic formations
surround the mafic-ultramafic rocks are interpreted as an ophiolitic mélange (Thanh et al.,
2016; Fig. 5). In the Nui Nua serpentinized peridotite and its country rocks, the NW-SE
striking foliation exhibits a vertical or steeply dipping angles ranging from 60° to 85° either to
the north or south. Undeformed and unmetamorphosed late Triassic continental coarse-
grained feldspar-quartz sandstone overlain the ophiolitic mélange. However, the

unconformity is not directly observed.

South of the Song Ma fault, among the Song Chu (i.e. Chu river), reddish sandstone and
greywacke, sometimes with an oblique stratification, are ascriseu to the Ordovician-Silurian
Song Ca formation in the 1/200 000 scale geological map. i4u ever, our new detrital zircon
analyses (samples TH 13, 14) reveal the presence of ca 270 via and/or 245 Ma (Permian,
Triassic) ages that argue for a younger age (see detai' beiyw). Because these sedimentary
rocks are intruded by the Truong Son granitoids, the), are vonsidered as deposited in the active

continental margin of the Northern part of IB.

2.2.3. The Nam Co zone: the highl/ r..farmed SCB

Northeast of the Song Ma suwe zone, the Nam Co zone forms the tectonic substratum
of the ophiolitic mélange. It co.<ists of Neoproterozoic and Paleozoic sandstone, siltstone,
and limestone that experiznc~a a MP/MT barrowian metamorphism. East of Dien Bien Fu,
HP/LT mafic eclogites y*eiu zircon U-Pb LA-ICMS, and monazite U-Th-Pb chemical ages at
230.5 £ 8 Ma, and 243 = 4 Ma, respectively (Nakano et al., 2008, 2010; Zhang et al., 2013).
The Nam Co zone corresponds to the highly deformed and metamorphosed passive margin of
the SCB that overthrust the fold and thrust zone of the NW Vietnam orogen.

2.2.4. The fold and thrust zone: the weakly deformed SCB

This domain that develops from the Nam Co zone to the RRF is the widest one of the
NW Vietnam belts. It consists of deformed and weakly metamorphosed Paleozoic
sedimentary rocks. Fold vergences and kinematic indicators show a top-to-the NE movement.
A bimodal magmatic association with alkaline basalts, rhyolites, and volcanic-clastic rocks is

ascribed to the Late Permian Song Da-Tu L& rift. It is worth to note that, alike for the Jinping



zone in the Ailaoshan belt, these rocks are not ophiolites but belong to the Emeishan
intraplate magmatic province offset in the Cenozoic by the Red River fault (Tran et al., 2008;
Tran and Vu, 2011).

3. Analytical procedures
3.1 U-Pb isotope measurements

Typical outcrop photos and microphotographs of analyzec samples are shown in Figs. 5
and 6. Zircons from the samples were separated by conventior.a: "eavy liquid and magnetic
techniques, and then picked by hand under a binocular mic v ~upe. About 250 zircon grains
were randomly selected from over 500 grains (total zirchn grwns less than 200 were all
selected), and mounted in epoxy resin, and polished to ex,ose the inner part of the zircon
grains. Transmitted and reflected light were used to zvoiu cracks and inclusions, and
cathodoluminescence (CL) images, obtained by o C/MECA electron microscope, were used

to identify the morphology and internal te'.tu ‘e 0. the zircon grains.

Zircon U-Pb age analyses were cuducted by using an Agilent 7500a ICP-MS housed at
the Institute of Geology and Geophysi.s Chinese Academy of Sciences in Beijing
(IGGCAS). Laser ablation was c*era.cd at a constant energy 80 mJ and at 10 Hz, with a spot
diameter of 44 pm. Gas flow raw of highly purified He as the carrier gas was 0.7 L/mn;
auxiliary gas Ar was 1.13 L,,»n Total acquisition time of one spot was 45 s. The details of
analytical procedures ‘ve.= th2 same as those described by Xie et al. (2008). The standard
zircons (91500 and GJ-1) w~ere used to determine the U-Th-Pb ratios and absolute abundances
of the analyzed zircon. Data were processed with the GLITTER program (van Achterbergh et
al., 2001). The *®Pb/?*®U ages are used for zircons with concordant ages less than 1000 Ma,
and 2°’Pb/*®®Pb ages are used for zircons when ®°Pb/?*®U ages are older than 1000 Ma. Data
plot was conducted by using the Density Plotter program (Vermeesch, 2012). In this study,

ages with more than + 10% discordance were excluded.



3.2 Zircon Lu-Hf Isotopes

In situ Hf isotopic analysis was carried out on a Neptune multi-collector ICP-MS
equipped with a Geolas-193 laser ablation system at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS). The analyzed spots of Lu-Hf isotopic analysis
were performed on the same places on previously analyzed zircon grains for U-Pb isotopes,
and detailed analytical procedures were described by Wu et al. (2006). Measuring settings
mainly include beam diameter of 44 um, repetition rate of 6 Hz, and laser beam energy
density of 100 mJ/cm? and ablation time of 30s. The Lu-Hf model age is calculated assuming
a two-stage evolution since extraction of the crustal protolith frora depleted mantle, the model
age allows us to compare the sedimentary sequence and poter.a Yedrock sources (Andersen
etal., 2016). The calculation formulas of the enf(t) and Hf 'nu'er ages are provided in the

supporting information S2.

4. Sample analytical and results
4.1 Sampling and petrography

11 samples (Fig. 2 and 3, Table 1) vvere collected from both Ailaoshan belt and Song Ma
belt in southwest China and nort:> Viewnam, respectively. In each sampling site, 1 blocks of
sample has been taken when the ,~ck is with coarse grain, while 2 or 3 blocks, which are not
far from each other when the o2k is with fine grain. In the latter situation, all the blocks were
crushed, mixed and e:.ic, »d zircon grains together in order to acquire enough zircon grains.
Our samples were mainlv from the ophiolitic mélange unit (matrix of a serpentinite block)
and the corresponding sedimentary cover of Indochina block (Table 1). Except for THO3,
which is the pelite and siltstone and represent the matrix of a serpentinite block (Table 1), the
samples come from sandstone, or from the sandy interlayers in the shales in the sedimentary
cover of 1B, and muddy matrix of mélange. Three samples were collected in the Ailaoshan
belt, two of them (AS103, AS147) are from the already recognized ophiolitic mélange unit,
and the last one (AS79) is from the Silurian sedimentary rock which represents the cover of
IB.

AS103 is a sericite schist (meta-sandstone) as the matrix of a serpentinite block in the

Ailaoshan ophiolitic mélange zone. In the outcrop, a well-developed foliation can be



observed, suggesting an intense shearing (Fig. 5B). In the thin section, the foliation is defined
by oriented muscovite and elongated quartz (Fig. 6B). The major components are muscovite
(~ 5%) and quartz (~ 50%). The grain size of this sample is around 0.05-0.50 mm with a
concentration about 0.1-0.3 mm. AS147 is a schistose sandstone in the Ailaoshan ophiolitic
mélange zone and represents the matrix of the serpentinite block. In the outcrop, the
sandstone interbedded with pelite (Fig. 5C). Its grain size ranges from 0.05-0.40 mm, and
mostly in 0.2-0.3 mm. In thin section, the foliation is defined by oriented quartz (Fig. 6C).
The major components are quartz (~ 70%) and lithic fragments (~ 20%), with a minor
muscovite (< 3%). Considering that, the two samples were from the ophiolitic mélange unit,
therefore they were the non-Smith strata. The depositional envir.ment of these samples is
hard to determine. In the outcrop, which is less deformed, the Bor na sequences could be
observed indicating continental slop in a semi deep sea ant' dee p sea environment (Hao et al.,
1999).

AS79 is a medium-fine grained sandstone from (he Silurian turbidite in Ailaoshan area
(Fig. 5A), which represents the sedimentary ccve: of the Indochina block. This sandstone is
poorly sorted, and angular. The grain size s ¢ rou«d 0.05-0.30 mm with a concentration about
0.1-0.2 mm (Fig. 6A). The major detrital coi."nonents are quartz, sedimentary rock fragments,
and muscovite. In the section, the anrtlai 1uartz represents about 70% of the detrital
component, and lithic fragments ard r.1'scovite together < 20% (Fig. 6A). The sequence of
this sample was considered to kz2luq to hemipelagic (YNBGMR-Mojiang, 1976; Hao et al.,
1999).

Eight samples w._ve cnll :cted from Song Ma belt. Except for THO1, which is a Late
Triassic coarse-grained s~.1dstone and represents the post-orogenic continental deposits, four
of them (THO03, THO05, TH11, TH12) are from the ophiolitic mélange unit, and considered as
the matrix of mélange. The rest three samples (TH09, TH13, TH14) are the coarse-grained
sandstone from the Silurian and Middle Triassic turbidites, which are interpreted as the

sedimentary cover in the north margin of IB.

THOL1 is a Late Triassic grey-dark coarse-grained feldspar-quartz sandstone (Fig. 5D) in
Thanh Hoa area. Because of the absence of ductile deformation and metamorphism, those
Late Triassic coarse sandstone was interpreted as the continental deposits (Tri and Vu, 2011).
The grain size is around 0.10-1.00 mm and commonly 0.40-0.70 mm. In thin section, the

coarse quartz grains represent 75%-80% of the detrital component. Plagioclase and mica are



rarely observed (Fig. 6D). The sequence of this sample was considered to belong to littoral

facies or lacustrine facies (Tran and Vu, 2011).

THO3 is a pelite and siltstone collected from surrounding rocks of a serpentinite block in
Thanh Hoa area (Fig. 5E). In thin section, this sample is composed by extra-fine-grained
minerals (mostly <0.05 mm), the round quartz grains constitute about 50% of the detrital
component (Fig. 6E). THO5 is a schistosed medium to fine grained sandstone corresponding
to the matrix of the ophiolitic mélange (Fig. 5F). This poorly sorted sandstone has grain-size
around 0.02-0.30 mm with a concentration of 0.10-0.20 mm (Fig. 6F). The major components
are angular or sub-angular quartz, plagioclase, and lithic fragmcis. In thin section, the
coarse-grained quartz represents nearly 60% of the componen.. L:*hic fragments are ~ 30%,
and plagioclase and muscovite are <5% (Fig. 6F). TH11 is an ‘ntensively sheared tuff with
very thin interbedded pelite in the ophiolitic mélange (F::x. 5G). In thin section, the well-
developed foliation is defined by elongated quartz, m=:ca a1d chlorite. The grain size ranges
from 0.1 mm to 0.8 mm, with a concentration arorinc. 0.3-0.5 mm (Fig. 6H). The major
components are quartz (~ 60%), muscovite (~ 207 and chlorite (<5%). TH12 is a coarse-
medium grained schistosed sandstone fror.1 tt 2 matrix of the ophiolitic mélange (Fig. 51).
These three samples were considered from u = mélange unit, and belong to the non-Smith

strata. The depositional environment ~na facies of these samples are unclear.

THO9 is a medium to fine g Aineu sandstone from the Middle Triassic turbidite in Than
Hoa area (Fig. 5H). In the out~ro, these rocks are intensively weathered. This sample is
composed of poorly sorted a1.7 ~ngular quartz with grain size around 0.05-0.15 mm (Fig. 6G).
TH13 and TH14 is a .*'ri.'isk red, coarse-grained sandstone from the “Silurian” Song Ca
Formation in Thanh Hoa .rea (Fig. 3). The cross beddings observed in the outcrop suggest a
normal sequence of this formation (Fig. 5J). Abundant muscovite and volcanic debris can be
observed in the outcrop. TH09, TH13 and TH14 were considered from the forearc basin, the

cross bedding and the well sorted grains suggest shallow-marine facies (Tran and VVu, 2011).
4.2 Zircon U-Pb results

Representative CL images of the analyzed zircons are shown in Fig. 7. Most of the
zircon grains exhibit a sub-rounded to rounded shape indicating a relatively long
transportation, and only a small part of grains are prismatic crystals. Most of the grains show

a zonal structure, and some of the grains possess an inner core surrounded by recrystallization



rims. All the LA-ICP-MS U-Pb results of the eleven samples are provided in Tables S1 in the

supporting information.

AST79: the detrital zircon grains mostly have a round shape with a length from 80 to 150
um (Fig. 7A). A total of 74 analyses were undertaken in the 74 grains, and 63 results were
concordant. The analyzed zircon grains also show oscillatory zoning in the CL image (Fig.
7A), indicating a magmatic origin. The concordant ages range from 425 to 3549 Ma, with two
major peaks at 440 Ma and 970 Ma (Fig. 8A).

AS103: the detrital zircon grains are mostly round-shaped transparent and colorless,
with the length of 30 to 150 pm, most of which show oscillator: 7. ing in the CL image (Fig.
7B). Among the 90 analyses conducted on 90 zircon grains in i< sample, 71 dated zircons
have concordant ages. The concordant ages range from 271 *» 3089 Ma with two major peaks
at 430 Ma and 975 Ma and two subordinate peaks at ”.us ha and 2480 Ma (Fig. 8B).

AS147: the detrital zircon grains of sample ~.>147 are round or prismatic shape, ranging
from 50 to 200 um (Fig. 7C). In this sample, & *ota1 of 91 spots on 91 grains were analyzed,
and 79 concordant ages were obtained. T »/U ratios of these zircons range from 0.02 to 2.26,
in which the majority have Th/U ratic: higher than 0.1 (Table S1). Combined with the
oscillatory zoning shown in the CL i.n:.;es (Fig. 7C), the Th/U ratios indicate a magmatic
origin for them. These zircons yi€ia :he concordant ages ranging from 374 to 3231 Ma, which
have peaks at 425 Ma, 965 Ma, 173u Ma and 2520 Ma (Fig. 8C).

THO1: the analyzed gi.'ns range from 120 to 200 pm in length, with round or prismatic
shape, and have lengih-. 1w ratios of 1:1 to 3:1 (Fig. 7D). In this sample, a total of 100 spots
from 97 grains was analyzed, and 95 analyzed results were concordant. These zircons have
Th/U ratios ranging from 0.01 to 2.12 (Table S1). Apart from three grains, Th/U ratios of
most grains are higher than 0.1, indicating a magmatic origin for the dated zircons. These
zircons yield the concordant ages ranging from 217 to 2363 Ma. The concordant ages mainly
cluster at 200 to 500 Ma with two significant peaks at 240 Ma and 440 Ma and show two
subordinate peaks at 920 Ma and 2360 Ma (Fig. 8D).

THO3: a total of 163 spots on 163 grains were analyzed, and 53 analyses were
concordant. Apart from one spot, other zircon have Th/U ratios higher than 0.1, ranging from
0.13 to 2.65. The measured concordant ages range from 223 to 2486 Ma (Table S1). One



major age group occurs at 220-400 Ma, showing two peaks at 240 Ma and 370 Ma (Fig. 8E).
Two subordinate groups are also present at 700-1000 Ma with a peak at 780 Ma, and 1600-
1800 Ma with a peak at 1750 Ma (Fig. 8E).

THOS5: the detrital zircon grains are 50 to 200 pm in length with round or prismatic shape
and have length-width ratios of 1:1 to 3:1 (Fig. 7F). 101 analytical spots were carried out on
101 zircon gains and yield 88 concordant ages ranging from 263 to 3426 Ma. All of these
zircons have Th/U ratios higher than 0.1 with the range of 0.11 to 4.79 (Table S1). Two major
age groups occur at 415-500 Ma and 800-1000 Ma with peaks at 440 Ma and 950 Ma (Fig.
8F). Two subordinate age peaks of 1865 Ma and 2425 Ma are &'<2 shown in the sample TH05
(Fig. 8F).

THO9: in this sample, detrital zircons are mostly rot nu, transparent and colorless,
ranging from 80 to 200 um in length, with a length-w au. raiio of 1:1 to 2:1 (Fig. 7G). A total
of 100 grains were analyzed, and 75 out of 100 spots hav ~ the concordant ages. Except one
spot with Th/U ratio lower than 0.1, others have h’gt 2r Th/U ratios with a range of 0.14 to
2.14 (Table S1). Combined with the oscill~:2ry zaning revealed in the CL images, the Th/U
ratios higher than 0.1 are indicative of a n.>~matic origin. The concordant ages range from
232 to 2721 Ma with two dominate pea."s at 260 Ma and 450 Ma and one subordinate peak
around 890 Ma (Fig. 8G).

TH11: the detrital zircon g -ains in this sample are 30 to 120 pm in length with round or
prismatic shape and have lenath-width ratios of 1:1 to 2:1 (Fig. 7H). We analyzed 100 spots
on 100 grains in this sam nle, and all of the results are concordant. Combined with the CL
images, the Th/U ratios o. dated zircons with a range of 0.07 to 1.59, mostly higher than 0.1,
indicate a magmatic origin for these zircons (Fig. 7H and Table S1). Except the youngest age
(TH11#60, 117 Ma), the concordant ages mainly cluster between 204 and 283 Ma with a
significant peak at 247 Ma (Fig. 8H).

TH12: the detrital zircon grains of this sample are mostly round-shaped, transparent and
colorless, which are 60 to 150 um in length with length-width ratios of 1:1 to 2.5:1 and show
oscillatory zoning in the CL image (Fig. 71). 81 analyses were carried out on 78 zircon grains
and 75 spots give concordant ages (Table S1). Apart from one spot with Th/U ratio of 0.07,
others have Th/U ratios higher than 0.1, indicating a predominantly magmatic origin for these

zircons. The concordant ages range from 224 to 1078 Ma, mostly clustering between 220 and



270 Ma. Hence, sample TH12 show a significant peak at 246 Ma and a subordinate peak at
740 Ma (Fig. 8l).

TH13: the detrital zircon grains are mostly round-shaped, transparent and colorless, with
the length of 100 to 180 pm, most of which show oscillatory zoning in the CL image (Fig.
7J). In this sample, a total of 100 spots on 100 grains were analyzed, and 98 concordant ages
were obtained. All of these zircons show Th/U ratios higher than 0.1 and range from 0.14 to
1.75 (Table S1). These Th/U ratios and morphometric features revealed by CL image are
indicative of a magmatic origin for these zircons (Fig. 7J). The concordant ages range from
225 to 2517 Ma. The analyzed results fall into the range of 220 230 Ma and 350-450 Ma with
a significant peak around 270 Ma and a subordinate peak at 4/v i."a (Fig. 8J). A low
background of dispersed ages from Early Paleozoic to Necarcean is also demonstrated (Fig.
8J).

TH14: the detrital zircon grains selected from th’s scmple for dating are mostly round or
prismatic-shaped, transparent and colorless. The v ur¢ about 30 to 80 um in length with length-
width ratios of 1:1 to 1.5:1 and show oscil'z:ry 7oning in the CL image (Fig. 7K). A total
100 analyses were carried out in 100 gran.. and 73 results are concordant, ranging from 223
to 1879 Ma (Table S1). Th/U ratios of v ase zircons range from 0.01 to 1.56, in which more
than 90% ones are higher than 0.1(T afle s51). Two dominant age groups are documented at
250-280 Ma with a peak at 245 I.'a and at 320-480 Ma with a peak at 385 Ma (Fig. 8K). One
subordinate peak of 935 Ma i~ si,»wn in the sample TH14 (Fig. 8K).

4.3 Zircon Lu-Hf isotoy ic a)alysis

Lu-Hf isotopic anaiysis were carried out on dated zircon grains, with analytical spots
adjacent to those for U-Pb dating. The results of the U-Pb ages, eps (t) values and Tom? ages
are plotted in Figs. 8, S1, 9 and 10. All the Lu-Hf results of eleven samples are provided in

Table S2 in the supporting information.

AS79: in this sample, twenty-three grains from the dated zircons were chosen for in situ
Hf isotope analyses. The ages of these detrital zircons are between 406 and 2042 Ma with
(*"®Hf/*"Hf); ratios varying from 0.281516 to 0.282789 (Table S2). Accordingly, these zircon
grains have gye(t) values of -21.1 to +10.1 with peaks at -9.70 and 7.75 (Fig. S2A). The



calculated Tpm” ages of these zircons range from 764 to 3012 Ma, peaking at 870 Ma, 1970
Ma, 2530, and 2940 Ma (Fig. 9A).

AS103: in this sample, twenty-nine dated zircons were chosen for in situ Hf isotope
analyses and yield (*"°Hf/*""Hf); ratios ranging from 0.281498 to 0.282706 (Table S2).
Combined with their concordant ages of 421 to 2514 Ma, these zircons yield ey (t) values
ranging from -23.3 to +24.2 with one major peak at -3.55 and two subordinate peaks at -21.2
and 5.55 (Fig. S2B). The Tpw” ages vary from 931 to 3268 Ma with clusters around 1470 Ma,
2030 Ma, 2350 Ma and 3020 Ma (Fig. 9B).

AS147: in this sample, thirty-six dated zircons were chose~ to. in situ Hf isotope
analyses, which have the concordant ages of 413 to 2533 M= <y show the (*"®Hf/*""Hf);
ratios varying from 0.281171 to 0.282448 (Table S2). Al' t..» ~nalyses have ey (t) values of -
21.5 to +2.92 with peaks at -3.55, -10.2 and -20.6 (Fir,. 22C). The zircon Tpm? ages have the
range of 1541 to 3025 Ma, clustering around 1620 M2, 780 Ma, 2610 Ma and 2950 Ma (Fig.
9C).

THO1: in this sample, twenty dated .-irc,ns were chosen for in situ Hf isotope analyses,
yielding the ("°Hf/*""Hf); ratios varyi. a1 from 0.281784 to 0.282650 (Table S2). Considering
that the concordant ages of these zir-.or.. range between 239 and 976 Ma, we calculated gHf{(t)
values to be -14.1 to +3.95 with cne major peak at -8.31 (Fig. S2D). The zircon Tpm? ages
range of 1209 to 2682 Ma witt 2 significant peak at 1950 Ma (Fig. 9D).

THO3: in this sampl~, . enty dated zircons with concordant ages of 237-2692 Ma were
chosen for in situ Hf 1su:pe analyses. They yield *®Hf/ ""Hf ratios varying from 0.281063 to
0.282719 (Table S2). Accordingly, the ey (t) values range from -26.2 to +7.5 with three peaks
at-25.7,-10.9, and 1.35 (Fig. S2E). The zircon Tpm? ages vary from 925 to 3143 Ma,
clustering at 1100 Ma, 1580 Ma, 2090 Ma, 2360 Ma, and 2940 Ma (Fig. 9E).

THOS5: in this sample, twenty dated zircons were chosen for in situ Hf isotope analyses
with the U-Pb ages of 431 to 2525 Ma. Their (*"®Hf/*""Hf); ratios vary from 0.280783 to
0.282792, and ey (t) values range from -15.7 to +10.3 with peaks at -9.35 and -3.05 (Table S2
and Fig. S2F). Accordingly, the zircon Tpm” ages were calculated to be 754 to 3915 Ma with
one major peak around 1980 Ma and several subordinate peaks at 750 Ma, 1510 Ma, 2480
Ma, 3310 Ma and 3920 Ma (Fig. 9F).



THO9: in this sample, thirty-one dated zircons were chosen for in situ Hf isotope
analyses, yielding the (*"°Hf/*""Hf); ratios with the range of 0.281535 to 0.282553 (Table S2).
These zircons have concordant ages between 239 and 1760 Ma, mostly clustering between
240 and 500 Ma. Accordingly, their gy (t) values range from -30.3 to +29.1 with one major
peak at -9.80 (Fig. S2G). The calculated Tpw” ages of these zircons range from 552 to 3283
Ma with one major peak at 2000 Ma and four subordinate peaks at 550 Ma, 1645 Ma, 2510
Ma, and 3270 Ma (Fig. 9G).

TH11: in this sample, ten dated zircons that have concordant ages around 247 Ma were
chosen for in situ Hf isotope analyses. The (*"°Hf/*""Hf); ratios .2nge from 0.282342 to
0.282773 (Table S2). All the analyses reveal the ey (t) values rai.ring from -10.3 to +5.15
with two dominant peaks at -8.45 and 3.15 (Fig. S2H). The ca'ulated Tpm® ages of these
zircons range from 925 to 1898 Ma, showing two peaks 't 1uz0 Ma and 1800 Ma (Fig. 9H).

TH12: in this sample, in situ Hf isotope analyses ca.*ied out on twenty-two dated zircons
show (*"®Hf/*""Hf); ratios ranging from 0.28177: t, (.282791 (Table S2). Combined their
concordant ages of 234 to 1078 Ma, these ~. 0. < yield eyt (t) values ranging from -11.7 to
+5.95 with one major peak at -7.65 and 3.7 (Fig. S21). The Tpw? ages vary from 879 to 2630
Ma with clusters around 1050 Ma, 151¢ Ma, 1770 Ma and 2640 Ma (Fig. 91).

THZ13: in this sample, in situ f. isotope analyses are carried on twenty zircons that have
the concordant ages clustering .t 250-450 Ma and three zircons with Proterozoic ages,
yielding the (*"°Hf/*"HF); retios L£0.281591 to 0.282596 (Table S2). The et (t) values vary
from -27.5 to +14.2 with one significant peak at -2.15 (Fig. S2J). These zircons have Tpm?
ages ranging from 1310 w. 2996 Ma that have a major peak at 1430 Ma (Fig. 9J).

TH14: in this sample, due to the small size of these zircons, only thirteen results of situ
Hf isotope analyses have been acquired. The (*"*Hf/*""Hf); ratios range from 0.281603 to
0.282616 (Table S2). Combined with their concordant ages of 242 to 1620 Ma, ¢ (t) values
were calculated to be -23.6 to 3.12 with peaks at -11.4 and -6.12 (Fig. S2K). The calculated
Towm” ages range from 1178 to 2921 Ma, clustering around 1170 Ma, 1740 Ma, 2110 Ma, and
2800 Ma (Fig. 9K).



5. Discussion

5.1 Classification of the Ailaoshan-Song Ma mélange from the view of the detrital zircon

Based on our own data and previous detrital zircon works in the Ailaoshan-Song Ma
ophiolitic mélange zone (Xia et al., 2016, 2020; Xu et al., 2019), we reinterpreted these
results according to our understanding of the Indosinian orogeny. Three groups of samples
reveal three mélange related units, M1, M2, and M3, respectively (Table 3). Namely, M1 unit:
AS103, AS147, THO5, YN41, YN54 (the specimens in bold are ».~long to this study, the rest
refer to Xia et al., 2016, 2020; and Xu et al., 2019) are charac.=riz::d by two major age groups
with peaks at around 435 Ma and 970 Ma (Fig. 11); M2 ur it: #E02, AWO06, AWOQ7, AWOS,
AW10, is characterized by a major late Permian (260 Ma, ~ge group with several unobvious
Neoproterozoic-Paleozoic and Paleoproterozoic cluste,” {~ig. 11); and M3 unit: AW17,
AW1720, 13YZ06, THO03, TH11, and TH12, is ¢ aracterized by only one conspicuous
Mesozoic age peak located at 250 Ma (Fig. 11,

The M1 unit mainly crops out in the mi'dle segment of the Ailaoshan ophiolitic mélange
(Fig. 2). In the 1:200,000 scale geolozica, map, this unit was identified as Silurian
sedimentary rocks (Fig. 2; YNBGMR V,ojiang, 1976). Our analytical results exhibit age
peaks ranging from Neoarchear to ~arly Paleozoic at 2510 Ma, 1860 Ma, 1690 Ma, 1085 Ma,
970 Ma, 810 Ma and 435 Ma (‘0. 11). Among them 970 Ma and 435 Ma are the two most
significant peaks. A yourgect ciuster around 370 Ma (Famennian) indicates that the
previously proposed sti.*igiaphy deserves re-evaluation (Table 2; Fig. 11). The existence of
the Late Paleozoic cluster suggests that the deposition of these rocks was younger than the
previous stratigraphic attribution indicated in the geological map (YNBGMR-Mojiang, 1976).
It is worth to mention, that the Tpy? of these analytical zircons indicates several peaks of
Archean to Proterozoic with 1.55, 2.05, 2.35 and 2.95 Ga and the Phanerozoic zircon show
the enr range from -15 ~ +10 (Figs. 12 and 13).

At the NW segment of the Ailaoshan ophiolitic mélange zone, the rocks ascribed here to
the M2 unit are reclassified as parts of the mélange unit instead of the Permian strata in the
1:200,000 scale geological map (Fig. 2; YNBGMR-Mojiang, 1976; Jian et al., 1998a; Faure et
al., 2014, 2016; Liu et al., 2015; Xia et al., 2016, 2020). Detrital zircons from this unit exhibit



a major age group at 250-280 Ma with peak at 260 Ma, and serval age minor groups with
peaks at around 410 Ma, 770 Ma, 950 Ma, 1840 Ma, 2480 Ma (Xia et al., 2020). The two-
stage model Hf age of these 280-240 Ma zircons indicate a significant peak of Neoproterozoic
(0.85 Ga; Fig. 11). At the same time, the gy Of the zircon with the ages between 260-240 Ma
show ranges from -1 ~ +7 and indicates the parts of the material have mantle contribution
(Figs. 12 and 13).

At the SE segment of the Ailaoshan and the Song Ma ophiolitic mélange zone, the M3
located at the NE of Song Ma fault. Our analytical results exhibit age ranging from
Neoarchean to early Mesozoic with clusters around 1045 Ma, 779 Ma, 360 Ma, and 250 Ma
(Fig. 11). Among them 250 Ma represents a conspicuous peak. A voungest cluster around 240
Ma (Ladinian, Table 2; Fig. 11) is also detected. This mear.s v at the deposition age of M3 is
younger than Ladinian. The en(t) of the zircon with age: comprised between 250-235 Ma
show ranges from -17 ~ -5 with the two-stage model :ges mainly concentrated at 1.3 Ga to
1.8 Ga (Fig. 12), and indicates the material derived f.om ancient continental crust without
significant mantle contribution (Fig. 13). Thes~ ¢! aricters make the M3 different from the
M1 and M2.

5.2 Source of Detrital Zircons of the Caver of North Indochina Block

In our samples, the AS79, T'4uL 1H13, and TH14 represent the Paleozoic sedimentary
cover in the north Indochina bi< <k (i=igs. 2, 3). These rocks are supposed to locate at the retro-
belt (Doglioni et al., 2007; Dogl uni and Panza, 2015). However, in the field, this tectonic

event could not be fixed »eca Ise of the intensive Cenozoic sinister strike-slip deformation.

The AS79 is a Miduie Silurian sandstone from the West Ailaoshan belt, representing the
sedimentary cover of the IB (YNBGMR-Mojiang, 1976). According to the result of detrital
zircon U-Pb ages, the deposition age of sample AS79 was not older than 440 Ma (Table 2)
and correspond well to the Middle Silurian strata age. The age spectrum of AS79 shows two
major age groups of 400-500 Ma and 900-1000 Ma, which is almost the same with the results
of the Silurian sedimentary rocks in Truong Son belt (Wang et al., 2016a). According to
Wang et al. (2016a), the 400-500 Ma detrital zircons with age peak around 440 Ma originated
from the magmatic rocks in Kontum massif. The 900-1000 Ma detrital zircons, showing
subrounded to rounded shaped, were considered to derive from the magmatic rocks in the



Rayner-Eastern Ghats belt in India and Antarctic (Usuki et al., 2013; Wang et al., 2016a; Xia
etal., 2016).

THO9 is a Middle Triassic medium to fine grained sandstone , the maximum deposition
age of this sample is about 257 Ma, which is constrained by the youngest graphical age peak,
youngest 1o grain cluster, and youngest 26 grain cluster (Table 2). Two major age groups of
230-290 Ma and 420-470 Ma were revealed in the age spectrum (Fig. 8G). The 230-290 Ma
age group with peak at around 260 Ma detrital zircons yield negative ey value (Fig. 10),
which corresponds to the magmatic rocks in the Truong Son belt (Figs. 4 and 16). Therefore,
we consider that the 230-290 Ma detrital zircons recorded the ¢ *rital materials from the
magmatic arc. The 420-470 Ma age group with peak at arounr, 457 Ma may come from the
magmatic rocks in Kontum massif or recycled from the Pa’cu.91c sedimentary rocks in the
north Indochina. Considering the euhedral zircons of thic age group, we prefer to consider the

magmatic rocks in Kontum massif as the main sourcc

(12

TH13 is a coarse grain sandstone marked a' “si‘urian” in the local geological map (Fig.
3). However, according to the result of det*:::l .*rcon, the youngest graphical age peak,
youngest 1o grain cluster, and youngest 2¢ +rain cluster are much younger, around 270 Ma
(Table 2). This result suggests that TH..2 deposited later than 270 Ma, and a Late Permian age
is assumed for this sample. The age specuum exhibits a dominated cluster at around 270 Ma
and a minor group around 440 V.. toyether with the euhedral morphology of the zircons,
suggests a nearby provenance m ‘hese zircons. Like THQ9, the 270 Ma group is considered to
derived from the magmatir rc ks of the Truong Son belt, and the 440 Ma age group could

come from the magm_tic -ac’ss in the Kontum massif.

TH14 is a “Silurian” coarse sandstone close to TH13. The age spectrum shows two main
age peaks and a minor one at around 245 Ma and 385 Ma, and 935 Ma, respectively. The
deposition age of this sample is younger than 242 Ma (Anisian), which suggests a late Middle
Triassic age of this sample. The 200-300 Ma age group detrital zircons probably come from
the magmatic rocks of the Truong Son belt. As for the 350-450 Ma detrital zircons with age
peaks at ~ 385 Ma, although there is no contemporaneous magmatic record in Indochina, the
Ailaoshan ocean opened in this period (Zhong, 1998; Jian et al., 2009a), and the missing rift

related magmatism can be the potential provenance of the age group detrital zircons.

5.3 Sources of detrital zircons of the Ailaoshan-Song Ma Suture Zone



5.3.1 Provenance of detrital zircons in M1 unit

The age pattern of the detrital zircon in M1 is characterized by two dominant age groups
at 400-450 Ma and 930-1000 Ma, with age peaks at around 435 Ma and 970 Ma respectively
(Figs. 11 and 14). This age distribution is highly consistent with the results of detrital zircon
ages yielded from the Silurian sedimentary rocks, which were considered as the cover of IB
(Zhong, 1998; Tri and Vu, 2011; Xia et al., 2016), in Eastern Simao or Truong Son belt (IB,
Figs. 1 and15). Furthermore, similar detrital zircon age patterns are also reported in the Late
Paleozoic sedimentary rocks in both in IB and Cathaysia Block (Wang et al., 2014; Xia et al.,
2016; Wang et al., 2016a; Fig. 15). These Paleozoic sedimentai ‘ rocks are potential sources
for the M1 unit. The eng(t) values of the 400-450 Ma age grous 1, M1 range from -19.6 to
+10.3, yet most (84.2%) of data are negative, and the correspunaing model ages range from
0.75 Ga to 2.61Ga (Fig. 10). The distributions of enf(t) v lues and model age are in agreement
with the results from the Silurian sedimentary rocks i Ea tern Simao (Fig. 1; Xia et al.,
2016), therefore we tend to regard the Silurian sedimentary rocks in Eastern Simao as the
main source of the M1 unit. Even so, we cannct ¢ c'ade the 400-450 Ma magmatic rocks in
northern Kontum massif as the potential sour :es uf this group of detrital zircons (Wang et al.,
2021 and references therein). As for the you. qest cluster zircons around 370 Ma in the M1
unit (Table 2), contemporary gabbro. ~layagranite and diabase, considered to relate with the
opening of Paleo-Tethys, had beer wile.y reported in the Ailaoshan-Song Ma ophiolitic
mélange zone (Jian et al., 2009¢,; v"1ong et al., 2013; Lai et al., 2014a; Zhang et al., 2014).
Based on this hypothesis, there *vould be contemporary acid magmatism although it has not
been reported before, the’eiore these Late Devonian acid magmatic rocks can be also a
potential provenance o1 *he youngest Late Paleozoic cluster zircons. It is worth to note that all

the M1+M2+M3 mélanyes contain these Late Devonian zircons.

5.3.2 Provenance of detrital zircon in M2 unit

The age pattern of the detrital zircon in M2 unit is relatively simple and dominated by a
240-270 Ma age group. In addition, five minor age groups with peaks at around 410 Ma, 770
Ma, 950 Ma, 1840 Ma, and 2480 Ma have been recognized in the M2 (Fig. 11; Xia et al.,
2020). It is worth to note that the minor age spectrum in the M2 was consistent with the age

pattern of M1 (Fig. 11). Therefore, we interpret the component with these minor age groups in



M2 as mainly recycled from the sedimentary rocks in I1B. This hypothesis is supported by the
high similarity of the detrital zircon age distributions between the M2 and the Late Permian
Longtan Formation in Eastern Simao, 1B (Fig. 15; Xia et al., 2020).

As for the dominant 240-270 Ma age group in M2, the corresponding en¢(t) values and
model ages of detrital zircon range from -28.9 to +8.1 and 2.53 Ga to 0.67 Ga respectively.
According to Xia et al. (2020), the dominant 240-270 Ma age group represents the detrital
material from the magmatic arc. However, there is another possibility that this group of
detrital zircons originated from the Emeishan Large Igneous Province (ELIP, characterized by
basaltic magmatism with subordinate rhyolites, granites and sy.ites, Xu et al., 2008), which
was as a major magmatic event that occurred mainly between 25C-2/0 Ma in the western
margin of the SCB (Xu et al., 2008). Considering the Cenccu: ~ 1arge scale strike slip of the
Ailaoshan shear zone (Tapponnier, et al., 1990; Leloup ¢* al., 1995), it is reasonable to
consider that the ELIP supplied the detrital material t the M2. This hypothesis could be
identified by: 1) the highly similarity of ex(t) valiies and 110del ages from the 240-270 Ma
detrital zircons in M2 and the zircons in ELIP “F. < 12 and13); 2) the gn¢(t) values and model
ages of the 240-270 Ma detrital zircons frum :he _ate Permian Longtan Formation, which was
considered to record the detrital material din.~tly from the magmatic arc (Xia et al., 2020), are
highly similar with those from ELIP (Fig. 16); 3) most importantly, the ey¢(t) values and
model ages of the magmatic zircors fi~ra Western Ailaoshan-Truong Son belt are
significantly different with the rieu ‘tal zircons from both M2 unit and Late Permian Longtan
Formation (Fig. 17). These linc~ oy hints suggest that the 240-270 Ma detrital zircons, at least
half of them (positive ens{y) ‘aiues, 52%), may come from the ELIP, rather than the magmatic

arc as previously sugge.*eu (Xia et al., 2020).

5.3.3 Provenance of detrital zircons in M3 unit

Similar with M2 unit, the age spectrum of the detrital zircon in M3 unit shows a
dominant age group and two minor age groups. However, the dominant age group with an age
peak around 245 Ma in M3 is slightly younger than that in M2 unit (Table 2), besides, the two
minor age groups yield age peaks at around 370 Ma, and 780 Ma. The dominant 230-260 Ma
age group Yields eyf(t) values and two-stage model Hf age between -21.9 to 10.1 and 0.55 Ga
to 2.62 Ga respectively (Figs. 12 and 13). In this cluster, most of 84.8% of the gn(t) values



are negative, which is significantly different from that in M2 (Fig. 13). On the contrary, the
ent(t) values and model ages in M3 unit are highly consistent with those yielded by the 230-
260 Ma magmatic arc in western Ailaoshan-Truong Son belt (Fig. 16). Therefore, this
dominant cluster in M3 unit recorded the detrital material directly supplied by the western
Ailaoshan-Truong Son magmatic arc. This hypothesis is also supported by the widespread
magmatism during 245-255 Ma in the western Ailaoshan-Truong Son magmatic arc belt (Fig.
16).

As discussed above, the cluster with age peak around 370 Ma may record the detrital
material from the magmatic rocks coeval with the opening of Pol20-Tethys, similar with the
case in M3 unit. However, the age group with peak at ~ 780 Mia v 'as documented from the
Paleozoic sedimentary rock in both the IB (including SimaJ) «na southwest margin of SCB
(Xiaetal., 2016; Wang et al., 2016a; Zhou et al., 2018). 3esiues, the contemporary igneous
rocks are widely reported in the southwest margin of *he £ CB (Li et al., 2002; Li, 2003a,
2003b; Huang et al., 2008; Wang et al., 2011; Cai et al., zJ15; Chen et al., 2017; Li et al.,
2018) Nevertheless, we tend to consider that this teft.ital zircon age group originated from the
southwest margin of the SCB, rather than (B, for .he following reasons: 1) the 780 Ma cluster
appears as a major age group of the Paleozo.~ sedimentary rocks in southwest margin of the
SCB, and just a minor one in IB; 2) th= ¢i.~racteristic age peaks at around 440 Ma and 960 Ma
of the IB are missing in the M3 upit v *hich suggests that the Paleozoic sequences in IB may
not supply the material of the N"3 unit; 3) the rounded to subrounded shapes of this age group
zircons (Fig. 7) indicate a long *ransportation or a polycyclic history of the grains, this means
that the 780 Ma age grous :*cuns probably not directly originated from the igneous rocks in
the southwest margir 0. SLg. Moreover, the M3 unit deposited in the Middle Triassic when
the Paleo-Tethys ocean vvas almost closed, thus it is quite possible that the detrital material of

the SCB deposited in the subduction zone.

5.4 Source of Detrital Zircons of the Late Triassic continental deposits

In our samples, the THOL is the Late Triassic coarse sandstone, unconformably resting
upon the Nui Nua Complex, Thanh Hoa ophiolitic mélange, was interpreted as the post-
collisional continental deposits (Tran and Vu, 2011). The age pattern shows two main age
groups of 220-270 Ma and 410-470 Ma (Fig. 8D). A minor age groups with age peaks around
920 Ma is also detected (Fig. 8D). This age pattern is similar to the results from the Late

Triassic sedimentary in Sam Nua basin (Rossignol et al., 2018), therefore a similar



provenance for the THO1 can be inferred. According to Rossignol et al. (2018), the
provenance of the 200-300 Ma detrital zircons was attributed to the post-collisional magmatic
rocks in Truong Son belt and the 400-500 Ma detrital zircons derived from the magmatic

rocks in Kontum massif or recycled from the Paleozoic sedimentary rocks.

5.5 Comparison of the Ailaoshan-Song Ma and Song Chay ophiolitic mélange

The Song Chay ophiolitic mélange is a discontinuous zone, exposed as discrete patches
along the Song Chay fault, NE of the Day Nui Con Voi. This m¢iange zone was recognized
and proposed as a suture zone from long-time (Sengor et al. 188, Lepvrier et al., 2011).
Wang et al. (2021) have analyzed the detrital zircons from the ) natrix of Song Chay ophiolitic
mélange. This study revealed that the detrital zircon yielas <everal age peaks from
Paleoproterozoic to Late Paleozoic, at 2440 Ma, 1775 1=, 1560 Ma, 970Ma, 770 Ma, 730 Ma,
620 Ma, 460 Ma, and 310 Ma (Fig. 14). The wiczi- represented Indosinian (240-260 Ma)
detrital zircons in the M2 and M3 units are mi: siny in the Song Chay mélange, and on the
contrary, the dominant 700-800 Ma clust ' ir. the Song Chay meélange is very limited in the
three units of the Ailaoshan-Song Ma ~ohioliuc mélange (Figs. 8, 11, and 13). This
significant difference between the A’ta_~hban-Song Ma and Song Chay ophiolitic mélange
suggests different provenances fo. u.~se two ophiolitic mélanges (Fig. 14). The provenance of
the detrital zircon in the Song Chay inélange was interpreted as mainly from the SCB, with
only a very limited amount ~f L«e Paleozoic zircons that might come from the 1B (Wang et
al.,2021). Therefore, we 3pec Ilate that the differences in the age patterns of detrital zircon in
the Song Chay and Ailao:an-Song Ma ophiolitic mélanges reflect the variety of the sources
that supplied the material deposited in the subduction mélange all along the segments of the
Ailaoshan-Song Ma-Song Chay suture. This interpretation agrees with what is also identified
in the Ailaoshan-Song Ma ophiolitic mélange zone by the different M1, M2, and M3 units
(Fig. 14).

5.6 Tectonic implications

It is well known that at least from Middle Devonian, several blocks were separated from

the Northern Gondwana, drifted to the north, and accreted onto the Laurasia, along with the



opening and closure of the Paleo-Tethys (Figs. 17A and 18A). Combined our detrital zircon
work and previous geochronological, geochemical and structural geology works in this region,
during the Late Carboniferous to Early Permian (310-270 Ma), the Paleo-Tethys begin to
close. This process was accommodated by a south-directed subduction and made a NW-SE
striking Western Ailaoshan-Truong Son magmatic arc belt along the north margin of IB (e.g.
Hoa et al., 2008; Liu et al., 2012; Shi et al., 2015; Wang et al. 2018). The geochemical
features (low 'Sr/*°Sr) and 8'°0 values, high-Mg”, I-type with positive eng (t) and eps (t))
indicated the early stage of the magmatism and were often interpreted as typical for the
subduction process (the Al in Fig. 16; Hoa et al., 2008; Fan et al., 2010; Li, 2012; Kamvong
etal., 2014; Lai et al., 20144, 2014b; Hieu et al., 2016; Wang et «.! . 2016b, 2018; Hou et al.,
2019; Qian et al., 2019; Jiang et al., 2020). During this time, ¢ 'on¢ the Song Chay segment,
the magmatic arc was less developed, and the SCB (as the nass ve margin) acted as the main
provenance of sediments in the mélange (Figs. 14, 17R- v.'ang et al., 2021). On the contrary,
in the western part of Western Ailaoshan-Truong Son .»2ymatic arc belt (IB), the Upper
Permian (Longtan formation), as the sediments ¢ 2tro-arc basin, contain significant signal of
these period (yellow cross in Fig. 16). For the “utuie zone of Ailaoshan-Song Ma belt, it
seems that the magmatic arc did not pro\ -de ‘naterial as the source of the ophiolitic mélange
(Fig. 11). As mentioned above (5.3.1), we argue that the sedimentary cover of the Eastern
Simao as the main source of the M1 ur.* (vig. 17B”). During the 270-265 Ma interval,
Western Ailaoshan-Truong Son riaymatic arc belt experienced a magmatically quiet period
(Fig. 4). Generally, this quiescct period was interpreted as the tectonic transition from
subduction to initial collisicn, w .ich reasonably accounts for the change in the petrogenetic
types and magma source : of .he associated igneous rocks (Qian et al., 2016, 2019; Hou et al.,
2019). After the magmati. gap, the magmatic arc began to develop again in Western
Ailaoshan-Truong Son belt, which could supply numerous zircons to the mélange. However,
the ELIP also developed during this time and the acid magmatism could also provide a large
number of zircons and act as the source of the mélange. Even we cannot exclude the
provenance of M2 unit from the Longtan formation of Eastern Simao (Xia et al., 2020), the
highly similarity of ey¢(t) values and model ages from the 240-270 Ma detrital zircons in M2
and the zircons in ELIP make us to conclude that the provenance of M2 may come from the
ELIP of the SCB (A2 in Fig. 16; Fig. 17C). On the period of the 260-240 Ma, from the view
of the epf(t) values and model ages in M3, the provenance of the component of the mélange
was supplied from the magmatic arc in western Ailaoshan-Truong Son magmatic arc belt

(Fig. 16). As discussed in the section 5.3.3, a part of the component in M3 came from the



passive margin of the SCB, and this support the provenance of M3 from the both sides of the

suture zone (Fig. 17D).

The different components and provenances of the Song Chay ophiolitic mélange, Song
Ma ophiolitic mélange and Ailaoshan ophiolitic melange suggest a lateral heterogeneity of the
Ailaoshan-Song Ma-Song Chay suture. The SCB acted as the main provenance for the Song
Chay ophiolitic mélange, which indicates that the Paleo-Tethys ocean in the Song Chay
segment was a narrow ocean (Wang et al., 2021). However, the sedimentary cover in IB and
the magmatic arc was the main source of the Ailaoshan and Song Ma ophiolitic mélanges,
except the M2 unit, limited detrital zircons were considered to . '<iive from SCB, this may
suggest a relatively wide ocean basin separating the SCB and . Therefore, we consider that

this branch of the Paleo-Tethys ocean was narrowing eastv. ai.!

Based on this hypothesis, a paleogeographic reccnsc-uctions of the postulated positions
of Asian continental blocks from Early Carboniferous to Middle Triassic is proposed in Fig.
18. The opening of the Ailaoshan-Song Ma-Son 1 Zh1y ocean was considered to take place in
the Middle Devonian (Zhong, 1998; Jian e* 2!, 2009a), and the Indochina block began to
travel northward due to the opening of anu:*.er southern branch of the Paleo-Tethys (Figs.
17A and 18A). During the ocean spreau:ng period (380-310 Ma), the Ailaoshan-Song Ma-
Song Chay ocean became a wedge-sa e ocean narrowing eastward (Fig. 18A). The
Ailaoshan-Song Ma-Song Chay : <ear began to subduct southward during Late Carboniferous
and lead to the 310-270 Ma mrag, ~atic arc documented in the Western Ailaoshan-Truong Son
belt (Figs. 4, 16, 17B and 1&°) During this time, the Paleo-Tethys ocean in the Song Chay
area was a narrow oc-."n, ‘he detrital material from the SCB was supplied in the Song Chay
ophiolitic mélange (Figs. .7B and 18B). However, in the Ailaoshan-Song Ma area, the
detrital material from the SCB was not transported to the trench possibly because of the
wideness of the ocean basin (Figs. 17B’ and 18B). The 270-260 Ma magmatic quiescence in
the Western Ailaoshan-Truong Son magmatic arc belt was interpreted as due to the initial
collision between the SCB and IB (Qian et al., 2016, 2019; Hou et al., 2019). The eruption of
the ELIP in this period provided abundant zircons, which supplied the clastic material in the
M2 unit of the Ailaoshan-Song Ma ophiolitic mélange zone (Figs. 17C and 18C). During the
Upper Permian to Lower Triassic (260-240 Ma), the SCB continued to subduct (Fig. 17D),
and the second stage magmatic rocks began to develop (Figs. 4, 16 and 17D). At this time, the
SCB and IB were amalgamated together (Figs. 17D and 18D). The Late Triassic magmatic



rocks in Western Ailaoshan-Truong Son magmatic arc belt (Figs. 4 and 16) were interpreted

as the post-collisional magmatism (Liu et al., 2012; Lai et al., 2014b; Hieu et al., 2016).

6. Conclusion

Detrital zircon U-Pb dating results from eleven samples in the Ailaoshan-Song Ma suture
zone demonstrate major age peaks at 245 Ma, 440 Ma, and 970 Ma that correspond to the
tectonic events recognized in SCB and IB. In-situ Hf isotopic results indicate that these
Neoproterozoic and Early Paleozoic events represent significant centinental growth episodes
with mantle addition. Along the suture zone, the ophiolitic me:anr,e zone have been
subdivided into M1, M2, and M3 units based on the differe ce:, in zircon age and Hf isotopic
signature. M1 is characterized by two major age grour.. *ui peaks at around 435 Ma and 970
Ma, the source of M1 is likely the Paleozoic sedimentai - cover (especially Silurian
sedimentary rocks) in IB mainly, with a very smral’ amount from magmatic rocks in the
ophiolitic mélange. M2 is characterized by ~ acminant late Permian (260 Ma) age group with
the epr(t) values ranging from -1 ~ +7 anu = significant peak at ~ 0.85 Ga of model ages, the
source of M2 is considered dominantly from the ELIP and related rocks in SCB with a very
small number of detrital zircons derisra i.om recycled sedimentary rocks in IB. M3 is
characterized by only one conspi-uou: Mesozoic age peak located at 250 Ma with the gy¢(t)
values ranging from -17 ~ -5 and the two-stage model ages mainly concentrated at 1.3 Ga to
1.8 Ga, the M3 material was Yoriinantly supplied from the magmatic arc in IB (Western
Ailaoshan-Truong So~ bo't) vvith a very small amount from southwest margin of the SCB.
The distinction of these th ‘ee units shown above indicates a significant lateral heterogeneity
along the suture zone. Our data shed new light on the understanding the paleogeographic
reconstructions of the postulated positions of Asian continental blocks from the Early

Carboniferous to the Middle Triassic.
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Table 1 facies and interpretation of the analyzed samples from the Ailaoshan-Song Ma

mélange and its adjacent active margin in IB

Sam - epg
ple locatio Lithofa Descriptio  Depositional Tectonic  Geochronological
num N cies n environment setting constraints
ber
Dark grey
to grey
grain
supported Song Ma
sandstone formation, Inouya
Schisto with sp.?
sed medium Non 3mih Indicated as
19.790 mediu grain size, strata ‘ Song Ma  Cambrian strata.
THO 65°N, mto the - ’f ophiolitic  Being the matrix
5 10551 fine  framewor "?::rjl)(t.o 'ta mélange  of a serpentinite
487° E grained k detritus > 'blvchm € unit block, a late
sandsto is angul.r Carboniferous to
ne shapea, middle Triassic
and . low age was
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sch.s’ocity
Sell
ucveloped
“longated
Juartz and
S ricii 3 newly Ailaosha
23.446 . “  formed n
. 2chist - Wall rock of a N
AS1 9°N, muscovite . Ophioliti
M1 [ eta- serpentinite No report
03 101.87 formed C
o sandsto block ,
03°E ne) the mélange
foliation unit
of the
schist
Schisto Dark
sed yellow to
fine grey fine Ailaosha
23.655 grained  grained Non-Smith n
AS1 0°N, sandsto sandstone strata, matrix of Ophioliti No report
47 101.63 ne interbedde  a serpentinite c
37°E  from d with block mélange
interbe pelite unit

dding layer, the
series  sandstone




of fine is grain
grained supported,
sandsto the
neand framewor
pelite Kk detritus
IS
subangula
randin
low
sphericity,
the layer
of the
sandstone
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cmin
thickness
while the
layer of
pelite is
50-100
cmin
thickness.
highly
sheared
Song Ma
formation, Inouya
sp.?
19.609 Pelite  Ye.dow 0 Non-Smith Song Ma Indlc_ated as
A A YA . > ... Cambrian strata.
THO 14° N, and  gre, oelite strata, matrix of  ophiolitic Being the matrix
3 105.71 siltston and a serpentinite  mélange ](camg .
722° E e siltstone block unit 0 b"’} serpentinite
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Carboniferous to
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sed tuff  strata of
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Table 2 Summary of the four measures ¢. vr.ungest age of detrital zircon grains in our

analyzed samples

sample YSG YPP YClo (2+)° YC26 (3+)°
THO5 435.6£3.7
263.3 5.7 439 370.4+2.6 (2)
(17)
AS103 435.5+4.6
R71.4+£3.9 432 435.5+4.6 (12)
(12)
AS147 428.6x£4.5
M1 373.7£3.8 425 436.41+4.6 (6)
(8)
YN-54 449.2+6.6
427.216.7 440 441.5+6.0 (9)
(11)
YN-41 435.1£5.5
399.745.1 440 401.3+4.7 (2)
(15)
M2 AEQ2 229+4.6 250 259.8+3.2 (3) 254.612.8



()

AWO06 450.1%5.5
261.5£2.47 460 444.3%5.9 (2)
3
AWO7 257.3+2.8
23942.2 260  258.3+2.9 (18)
(19)
AWO08 259.5+2.7
242+2.8 260  260.0+2.7 (39)
(41)
AW10 258.3+2.5
232.4+2.4 260 258.3+2.. (7)
(7
AW17 244.2425
237+3 245  2:3.3:2.5 (47)
(49)
AW?20 244.9+2.4
2363 IR 244.942.4 (29)
(29)
13YZ06 246.9+2.4
2362 245  246.9+2.4 (31)
(31)
M3 N\
THO3 242.646.2
22320110 240  242.6+6.2 (20)
(20)
TH11 249.346.7
11704213 247 249.3%6.7 (99)
(99)
TH12 244.7+4.8
2244+48 245  244.7+4.8 (69)
(69)
AST79 441.1+4.6
4255+4.4 440  441.1%4.6 (13)
(13)
IBNorth THO9 2320469 260  257.0+6.0(14) 257.0+6.0



margin (14)

TH13 270.6+3.4
225.6x2.1 269 270.6 3.4 (76)
(76)
223.8+3.1 246.3+£3.8
TH14 245 242.6%2.6 (22)
(25)
THO1 248.1+45
217.316.2 240 247.0t4.4 (31)
(34)

Notes to Table: YSG: youngest single grain age; YPP: younges'. g;)hical age peak; YClo (2+):
youngest 10 grain cluster; YC20 (3+): youngest 20 grain cluz=1. >Numbers of grain ages in
clusters in parentheses.

Table 3 Summary of the characteristic of M1, M2 anc Mc unit

. . Detrital Phanerozoic .
Mela_nge Samples Tectc_)nlc age Yoyn yest zircon eni()  Tont Speculative
unit locations 790 sources
spectrum value
1. Main
Paleozoic
sedimentary
Middle 435 |\'q, Peaks cover
(17, (especially
segment of {1744, at Silurian
Ailaoshan  27u Ma, 1.55 .
AS103, L sedimentary
ophiolitir 1085 Ga, .
AS147, mélanne Ma -19.6 ~ 5 05 rocks) in
M1 THO5, 0 ’ 263.3+2.2 +10.2 with ' IB;
and part o. 1690 Ga,
YN41, - peak at -8.0 2. Very
YN54 SF yquy Ma, 235 Sma”
Ma 1860 Ga, amount
op.iolitic Ma, 2.95 from
r.clange 2510 Ma Ga .
magmatic
rocks in the
ophiolitic
mélange.
Peaks 1. Dominant
at  fromELIP
260 Ma,
AWO02,  NW 410 Ma, 28~+g 080 andreated
AWO06, segmentof 770 Ma, with peaks 1 5é SCB:
M2 AWO07, Ailaoshan 950 Ma, 229+4.6 at-10.5, - éa 5 Vér
AWO08, ophiolitic 1840 25,404, o SO y
AW10 mélange Ma, +5.0 .
Ga, amount
2480 Ma
1.95 from

Ga recycled the




sedimentary

rocks in IB.
1. Dominant
from
SE Magmatic
segment of arcin IB
THO3, Ailaoshan Peaks (WALS-
TH11, ophiolitic 245 Ma, 26 ~ +12 at Truong Son
M3 TH12, mélange 360 Ma, 224.4+4.8  wit"i neaks 105 belt)
AW17, and Song 770 Ma, . at-6 22 Ga, 2.Very
AW?20, Ma 1045 Ma ¢ 1.45 small
13YZ06 L Ga amount
ophiolitic
mélange from
southwest
margin of
the SCB.

Notes to Table: the bold sample is from this stuc'y. (e rest from Xia et al. (2016, 2020) and
Xu et al. (2019). In the detrital age spectrum, t'ie 2~'d ages represent the major age peaks

Fig. 1 Tectonic map of Asia showing the 1."3i.1 microcontinents of SE Asia and Tibet with
emphasis on the Ailaoshan- Song Ma s.ture zone between South China and Indochina or
Sibumasu blocks respectively (Faure €c c1., 2016). RRF: Red River Fault, SCF: Song Chay Fault;
DBF: Dien Bien Phu Fault; WAI:W\'»stei n Ailaoshan zone; ALSZ: Ailaoshan suture zone; JP:
Jinping basalt; SC: Song Chay ma.-if; SCSZ: Song Chay suture zone; SMSZ: Song Ma suture

zone; SD: Song Da.

Fig. 2 Geological map ol Ailaoshan (adapted from 1:20000 geological map of Yunnan) with
the sample locations (blue marks are the samples of this study, black marks are from Xu et

al. (2019), Xia et al. (2020))

Fig. 3 Geological map of the Thanh Hoa area (adapted from the 1:20000 geological map of

Vietnam) with the locations of analyzed sample.



Fig. 4 Simplified granitoids distribution map of West Ailaoshan-Truong Son belt (adapted
from Hou et al., 2019) with the age distritution pattern inserted. RRF: Red River Fault, SCF:
Song Ca Fault; SMF: Song Ma fault; DBF: Dien Bien Phu fault.

Fig. 5 Representative outcrop photos of the analyzed samples. A. AS79, Silurian laminated
sandstone interbedded with mudstone layers. Sedimentary cover of the Indochina Block,
Ailaoshan area. B. AS103, sericite schist, matrix of a serpentinite block, Ailaoshan area. C.
AS147, Schistose sandstone-mudstone alternations, matrix of a serpentinite block, Ailaoshan
area. D. THO1, Late Triassic (T3) coarse grained sandstone, inte rpreted as molasse formation,
Thanh Hoa area. E. THO3, Pelite and siltstone, matrix of a serr.ei.*inite block, Thanh Hoa

area.

Fig. 5 Representative outcrop photos of the analyzed <samr ples. F. THO5, Schistosed medium
to fine grained sandstone, matrix of a serpentini*z biock, Thanh Hoa area. G. TH09, Middle
Triassic (T2 ) purplish red fine grained sandstnne, ...cerbedded with mudstone, sedimentary
rocks of the North margin of ICB, Thanh '10a area. H. TH11, Schistosed tuff with very thin
interbedded pelite, matrix of a serpe. tinite biock, Thanh Hoa area. I. TH12, schistosed

sandstone, matrix of a serpentinite »lr ' Thanh Hoa area. J. TH13, coarse sandstone with

cross bedding, sedimentary rock< ot the North margin of ICB, Thanh Hoa area.

Fig. 6 Microphotographs shc virg the textural features and mineral compositions of the
analyzed samples fro ~ A'ao.han-Song Ma ophiolitic mélange. A. gravel-size quartz and rock
fragments in the fine grai 1 matrix in AS79; B. oriented muscovite and elongated quartz
indicating a pervasive shearing in AS103; C. Moderate sorted, angular to sub-angular quartz
and lithic fragments in AS147; D. undeformed and poorly sorted quartz and lithic fragments
in THO1; E. extra-fine-grained quartz and muscovite in THO3; F. poorly sorted, angular quartz
in THO5; G. poorly sorted, angular to subangular quartz and lithic fragments in TH09.H.

elongated quartz and oriented muscovite that define the well-developed foliation in TH11;

Fig. 7 Representative cathodoluminescence (CL) images of selected detrital zircons from the

Ailaoshan-Song Ma ophiolitic mélange. The red and yellow circles represent U-Pb and Lu-Hf



isotopic analytical sites, respectively. The red and yellow numbers represent U-Pb age, ey (t)

values and TDM2 , respectively.

Fig. 8 Kernel Density Estimate diagrams of U/Pb ages of the detrital zircons from the
AilaoshanSong Ma ophiolitic mélange. See Figs. 2 and 3 for sample locations, and Table S1

for zircon ages

Fig. 9 Diagrams of Tom’ values from the same samples as those analyzed for detrital zircons

in the Ailaoshan-Song Ma ophiolitic mélange.

Fig. 10 A. Temporal variations of eHf(t) values at 0-3.0 Ga 71 ."is study. The crustal evolution
range comes from Linnemann et al. (2014). Dashed line: demonstrate evolution of zircons
with depleted mantle model ages between 1.0 Ga, 1.7 Gz and 2.5 Ga. Half of the analyzed
zircons plot in the crustal evolution zone betwee: 1.0 Ga and 1.9 Ga, but Archean data are
consistent with the range of the Archean crus.. b. Ziagram of the two-stage model Hf age
(Tom® ) versus age plots for detrital zirco’ s, ir.dicating the source of zircons. Zircon Hf model
ages are older than their crystallizatic ages, revealing a formation from re-melting of older

crustal rocks crystallized during the ir:.inus events.

Fig. 11 Synthetic and comparisc ~ of the cumulative probability plots of detrital zircon U-Pb
ages from the different units ‘M1, M2, and M3) Ailaoshan-Song Ma ophiolitic mélange (this
study, Xia et al., 201F, 2020: and Xu et al., 2019).

Fig. 12 Diagrams of Tom? values from the samples as those analyzed for detrital zircons in the
different units (M1, M2, and M3) of the Ailaoshan-Song Ma ophiolitic mélange (this study,
Xia et al., 2016, 2020; and Xu et al., 2019), and ELIP (Xu et al., 2008; Usuki et al., 2015)

Fig. 13 Temporal variations of €Hf (t) values at 0-3.0 Ga of all the measurement of the
Ailaoshan-Song Ma ophiolitic mélange with the separation of M1 (This study, Xia et al.,
2016), M2 (Xia et al., 2020), M3 (Xu et al., 2019) and ELIP (Xu et al., 2008; Usuki et al., 2015).



Fig. 14 Synthetic and comparison of the cumulative probability plots of detrital zircon U-Pb
ages from the Ailaoshan-Song Ma (This study, Xia et al., 2016, 2020; and Xu et al., 2019 ) and

Song Chay ophiolitic mélanges (Wang et al., under review).

Fig. 15 Synthesis and comparison of Kernel Density Estimate diagrams of detrital zircon U-Pb
ages. Cathaysia block including the region of Qin-Fang (Zhang et al., 2018), Shiwandashan
(Hu et al., 2014, 2015, 2017) and Youjiang basins (Yang et al., 2012; Duan et al., 2017; Qiu et
al., 2017); Western margin of SCB (Longmenshan) (Shao et al., 2015; Chen et al., 2016, 2018;
Zhong et al., 2017; Zhu et al., 2016); SW margin of the SCB (NE region of Ailaoshan belt) (Xia
et al., 2016, 2020; Xu et al., 2019); NW part of Indochina bloc'. \Z'mao area) (Xia et al., 2016,
2020; Xu et al., 2019); Central Indochina block (Truong Sor. a. 1 s>am Nua belt) (Wang et al.,
2016; Rossignol et al., 2018).

Fig. 16 Temporal variations of ey (t) and Tom’ val~s between 200-300 Ma of all the
measurement of the West Ailaoshan-Truong “on ...agmatic belt with the separation of Early
stage (A1), Late stage (A2), Emeishan lar ‘e ir,neous province (ELIP), and post orogenic

magmatism (PO).

Fig. 17 Schematic reconstruction of e Late Carboniferous-Middle Triassic geodynamic
evolution between the SCB anau 'B to illustrate the provenance of detrital zircon in different

units along the Ailaoshan-Su.~e 'vla suture zone.

Fig. 18 Palaeogeographic .econstructions for Eastern Paleo-Tethys of the Late
Carl@boniferous-Middle Triassic between the SCB and IB based on the provenance of the
detrital zircon from the Ailaoshan-Song Ma ophiolite (Adapted from Metcafe, 2013; Dong et
al, 2021). NCB: North China Block. SCB: South China Block; NQTB: North Qiangtang Block;
SQTB: South Qiangtang Block; IB: Indochina Block.
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