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Abstract



In comparison with ophiolite, the ophiolitic mélange, especially its matrix,
contains more information about the evolution of the relevant ocean. The evolution of
the eastern Palaeo-Tethys recorded a whole Wilson cycle of numerous continental
blocks such as the South China Block and Indochina Block, including rifting away
from the Gondwana continent, subsequent northward migration and final collage with
the Laurasia continent. Based on structural geology, detrital zircon, and related
geochemical analyses, the Ailaoshan—Song Ma ophiolitic me.\nge can be divided into
M1, M2, and M3 units with distinct detrital zirccn <9ov spectra and ep(t) values
suggesting for different provenances. These u..its are in faults-contact along the
orogenic belt, indicating a strike—parallel hctero jeneity of the ophiolitic mélange. To
further understand the heterogeneity of *aese ophiolitic mélanges, five samples from
the matrix of the Ailaoshan ophioli.~ mélange were collected to be conducted detrital
zircon U-Pb dating and Lu—"1 ‘sutope analyses. All samples share the same zircon
age spectrum, with two o.2vivus age peaks at 430 and 960 Ma, which is comparable
with the M1 unit. “"hes: results imply that the northwestern Ailaoshan ophiolitic
mélange segment cw.i be subdivided into M1 in the interior and M2 in the exterior
rather than the previous division, indicating a strike-perpendicular heterogeneity.
Based on their geometries (NE-dipping) and depositional ages (M1, 310-270 Ma; M2,
260-240 Ma), the elder M1 unit was thrusted upon the younger M2 unit, indicating a
tectonic inversion. This inversion, which is associated with the whole geometry of the
Ailaoshan belt, is ascribed to the transpressive deformation of the Cenozoic Red River

Fault. These spatial heterogeneities well match the different evolutionary stages of the



eastern Palaeo-Tethys.

Keywords: Ailaoshan—-Song Ma orogenic belt, Matrix of the ophiolitic mélange,
Detrital zircon, In-situ Hf isotopic content, Spatial heterogeneity, Eastern

Palaeo-Tethys

1 Introduction

The ophiolitic mélanges represent rem. ar.s of a vanished oceanic lithosphere.
They are often regarded as the sutu: ™ ~ones between two continental blocks (Hess,
1955; Coleman, 1977; Dewey, 1€77, 2005; Smith and Colchen, 1988; Sengor, 1992).
They may also receive mat-rials derived from obducted and subducted blocks and
oceanic plate strata. Thereicve, ophiolitic mélanges are critical for understanding the
evolution of the r.:~ap ez red ocean (Harris et al., 1998; Festa et al., 2010, 2012; Dilek
and Furnes, 2011; Li et al., 2021; Wang et al., 2021). Generally, the ophiolitic
mélanges are composed of exotic blocks (ultramafic rocks, mafic rocks, cherts and
volcanic rocks) and matrix (turbidites and pebbly mudstone), showing a
“block-in-matrix” structure (Festa et al., 2010, 2012). Although these blocks have
been widely applied to determine the formation age of ophiolites (Mukasa and

Ludden, 1987), the ages obtained have been limited and they cannot be used to



rebuild the long-lasting evolutionary history of the ocean (Lin et al., 2022). However,
the matrices of the ophiolitic mélanges can record the long-term evolutionary history
of the ocean owing to their sensitive responses to tectonic events, and variable
components and provenances (Harris et al., 1998; Li et al., 2021; Wang et al., 2021;
Lin et al., 2022). In this respect, detrital zircons are useful in the provenance analysis
owing to their physicochemical resistance and high concentrations of certain key trace

elements (Fedo, 2003; Cawood et al., 2012; Lin et al., 207 3; Chu et al., 2021).

The Ailaoshan-Song Ma ophiolitic mélange > proposed as the suture zone
between the South China Block (SCB) and Indrchn.x Block (IB) (Fig. 1). However,
the evolution of the Ailaoshan—Song Ma Ocean, which is generally interpreted as a
branch of the eastern Palaeo-Tethys, has not yet been well documented, and
significant scientific issues reme n ui~puted (Lepvrier et al., 1997; Zhong, 1998; Chen
et al., 2014; Xia et al., 2015; 7 etcalfe, 2021). For example, the opening times of the
Palaeo-Tethys were estimated ranging from Early—Middle Devonian to Early
Carboniferous (zho.,q, 1998; Liu et al., 2011b). The Middle to Late Triassic, Early
Triassic, Late Permian or Early Palaeozoic has also been proposed as closing times of
the ocean (Sengdr and Hsu, 1984; Wang and Metcalfe, 2000; Hoa et al., 2008;
Nakano et al., 2008, 2010; Jian et al., 2009b; Liu et al., 2012; Zi et al., 2012a, 2012b;
Chen et al., 2014; Zhang et al., 2014; Huang and Opdyke, 2016). The question of
whether the Ailaoshan-Song Ma Ocean was broad or narrow still obstructed our

understanding of the eastern Palaeo-Tethys evolution (Metcalfe, 2002, 2011; Liu et al.,



2011b; Wang et al., 2014; Li et al., 2021; Wang et al., 2021).

Based on structural and provenance analyses of the Ailaoshan-Song Ma
ophiolitic mélange matrix, Li et al. (2021) subdivided it into three units: M1, M2, and
M3. These units are contacted with each other by faults. Although it is difficult to
distinguish them via field observation given that most of them have been deformed
and metamorphosed, the distinctive detrital zircons age sj ootra and eps(t) values of
these unit suggested that they are related to different pr2ve..zices (Li et al., 2021). As
a major part, M1 is located in the middle segment . Ailaoshan-Song Ma ophiolitic
mélange, with age peaks at 435 and 970 Ma (.1 el 2l., 2021). M2 is located in the
northwestern segment and has a single c1e peak at 260 Ma (Li et al., 2021). M3
distributes in the southeastern segment ¥ the Ailaoshan—Song Ma ophiolitic mélange,
and its main conspicuous age peak 1> 245 Ma (Li et al., 2021). The distribution model
of M1, M2, and M3 alorg e Ailaoshan-Song Ma ophiolitic mélange shows a
significantly heterogenectis pattern that reveals the variations of provenances among
different segments o the Ailaoshan—Song Ma Ocean (Li et al., 2021; Lin et al., 2022).
The different provenances of these three units also correspond to the different

evolutionary stages of the eastern Palaeo-Tethys (Li et al., 2021; Wang et al., 2021).

Our previous work confirmed that the Ailaoshan—-Song Ma ophiolitic mélange is
heterogeneous in its strike—parallel distribution, which helped to reveal the evolution
of the eastern Palaeo-Tethys. However, our understanding of the strike-perpendicular

distribution of the units is inadequate due to a lack of detailed and direct evidence,



which further restricts our comprehensive understanding of the evolution of the

eastern Palaeo-Tethys.

Therefore, to better understand the spatial heterogeneity of the ophiolitic
mélange and its role in the evolution of the eastern Palaeo-Tethys, this study focuses
on the areas from the middle to the northwestern segment of the Ailaoshan ophiolitic
mélange, which were intensely reworked by the Cenozoic +:~formation (Fig. 1; Wang
et al., 2022), and for which there is a lack of detailed i~ . ation. Five samples from
the matrix of the Ailaoshan ophiolitic mélange were cllected for zircon U-Pb dating
and Lu-Hf isotope analyses. Using provenan.e a~d structural analyses, we can
reclassify and reconstruct the geometry o7 the Ailaoshan ophiolitic mélange, and then
discuss the ocean opening and subu.ction times as well as Cenozoic tectonic
superimposition to further enhaic: >ur understanding of the evolution of the eastern

Palaeo-Tethys.

2 Geological setting

The NW-SE trending Ailaoshan belt extends more than 500 km within
southeastern Yunnan Province in southwest China (Fig. 1). Topographically, the belt
widens from northwest to southeast owing to tectonic extrusion caused by the
collision of the Indian and Eurasian continents during the Cenozoic (Tapponnier et al.,

1990) and the Cenozoic strike-slip faults also transformed the tectonic framework.



The Ailaoshan belt can be divided into four tectonic zones based on lithological and
structural characteristics: the Western Ailaoshan, Central Ailaoshan, Eastern
Ailaoshan and Jinping zones, each of which is described in the following sub-sections

(Fig. 1B, Fig. 2; Faure et al., 2016a, 2016b; Li et al., 2021; Wang et al., 2022).

2.1 The Western Ailaoshan zone: a magmatic arc

The Western Ailaoshan zone comprises a sequence of undeformed,
unmetamorphosed locally cleavaged Jurassic—Cre.ceous sandstone and mudstone
which unconformity overlain above Perraiai, Zarly Triassic volcanic-volcanoclastic
rocks, including basalt—andesite, tuffs, ~nd graywackes. Zircon U-Pb dating of Wusu
intermediate and Yaxuangiao mar.~ volcanic rocks of this volcanic sequence vyield
287-247 Ma (Fig. 2; Fan et a. 2009, 2010; Jian et al., 2009a, 2009b; Liu et al., 2011a;
Lai et al., 2014b). This *+olcanic sequence is conformably underlain by Carboniferous
sandstone and niuJstuse (Fan et al., 2010). Simultaneously, the geochemical data
show evidence of both MORB (Mid-Ocean Range Basalt) and arc affinities (Fan et al.,
2010; Lai et al., 2014b), and the Western Ailaoshan zone is therefore recognized as a
magmatic arc related to the subduction of the Ailaoshan Ocean (Jian et al., 20093,

2009b; Fan et al., 2010; Lai et al., 2014b; Faure et al., 2016Db).



2.2 The Central Ailaoshan zone: an ophiolitic mélange

The Central Ailaoshan zone comprises abundant ultramafic, mafic, granitic,
silicious rocks and limestone blocks which are enclosed into the sandy and muddy
matrix. Metamorphism of the rocks in this zone was generally low greenschist to low
amphibolite facies (Zhong, 1998). Zircons yield U-Pb ages of 383 + 4, 376 + 4 and
365 + 7 Ma for the gabbro, plagiogranite and dolerite, respe . tively (Jian et al., 2009b;
Lai et al., 2014b). The geochemical characteristics ~f (=¢ mafic rocks show an
N-MORB-like and suggest that they were formed cither in an oceanic or back-arc
setting (Xu and Castillo, 2004). Chert with Le’e L2vonian to Early Carboniferous
radiolarian indicates a deep-water deposit:nai environment (Mo et al., 1998; Shen et

al., 2001).

Based on a thorough exe:.xin.ton of the lithological, chronological, geochemical,
and palaeontological evidences, the Central Ailaoshan zone is regarded as a
dismembered ophiol tic nélange known as the Ailaoshan ophiolitic mélange which
could be correlated .vith the Jinshajiang and Song Ma ophiolitic mélanges to the
northwest and southeast, respectively (e.g., Zhong, 1998; Jian et al., 1998, 2009a,
2009b; Yumul et al., 2008; Fan et al., 2010; Faure et al., 2014, 2016a, 2016b; Lai et al.,
2014a, 2014b; Li et al., 2021; Wang, 2022; Wang et al., 2022). Radiometric ages and
fossils support the opening time of the eastern Palaeo-Tethys during the Late

Devonian to Early Carboniferous (Zhong, 1998; Jian et al., 2009a, 2009Db).



Moreover, along this zone, the felsic magmatism which is characterized by
leucogranite, biotite granite, rhyolite, tuffs, and pyroclastic rocks with 250-240 Ma
U—Pb ages is interpreted as the products of crustal melting during syn-collision or

post-collision settings (Lai et al., 2014b).

2.3 The Eastern Ailaoshan zone: a Cenozoic tectonite of SCB

The Eastern Ailaoshan zone, namely the Ailansi.on Complex comprises
orthogneiss (partly with an augen structure), mign atite, paragneiss, amphibolite,
metasandstone, quartzite and marble (Zhong, 19%8; L'u et al., 2011b). Metamorphism
of the rocks in this zone was generally gr:e”.schist to amphibolite facies and even
high amphibolite to granulite facies (2).ony, 1998). Zircons from amphibolite and
gneiss yield U-Pb ages of 800-85> Ma (Cai et al., 2015) and 750-770 Ma (Qi et al.,
2012, 2014), respectively, i diczdng that the Neoproterozoic magmatic rocks
underwent late-stage metai.arphism and deformation events (Liu et al., 2011b).
Moreover, 230-250 via ~>nd 20-30 Ma ages are also obtained from plutons or gneiss
in this zone (Scharer :t al., 1990, 1994; Zhang and Schérer, 1999; Gilley et al., 2003;
Sassier et al., 2009; Qi et al., 2010), indicating that this zone was reworked in the

Triassic and Cenozoic.

2.4 The Jinping zone: a piece of the ELIP

The Jinping zone comprises an Early Palaeozoic series with Ordovician

limestone and mudstone, as well as Silurian—Devonian turbiditic rocks (YNBGMR,



2000). The most significant rock type in the Jinping zone is a km-thick series of Late
Permian mafic—ultramafic intrusions and volcanic rocks, including gabbro, basalt,
basaltic breccia, pyroclastic rocks, and greywacke (Wang et al., 2007). The
metamorphism and deformation of this unit are relatively weak. An Early Triassic
carbonate series covers the Palaeozoic rocks. The Jinping zone is considered a
component of the Emeishan Large Igneous Province because of its high-Ti and low-Ti
alkaline basalts (Xiao et al., 2004; Wang et al., 2007). In adu:tion, based on the Early
Permian andesite—basalt—picrite series to Late Pe-n.'an -Early Triassic komatiite—
basalt and trachybasalt-trachyandesite-trachyu. cite series, the Jinping zone is
interpreted as a Permian—Late Triassic riit ¢t extends to the Song Da zone in
Vietnam (Liu et al., 2011b). Furthemc.e, detrital zircons from Silurian sandstone
revealed an SCB affinity (Xia et al., ?7016) and this zone is also considered to be a part

of the Palaeozoic cover of the 5Tk (Xia et al., 2016).

3 Analytical procedure.

Zircons were searated using conventional heavy liquid and magnetic methods
before being picked under a binocular microscope. From >500 zircon grains, ~300
was randomly selected and mounted in epoxy resin before being polished to reveal the
inner part of the zircon grains. The internal structure of the zircon grains was
determined using transmitted and reflected light images as well as
cathodoluminescence (CL) images, and these images were captured using a JSM6510

scanning electron microscope equipped with a cathode fluorescence probe device



system.

The zircon U-Pb dating and in situ Lu—Hf isotope analyses were performed at
the Laboratory of Isotope Geochemistry, Wuhan Centre of China Geological Survey.
Zircon U-Pb dating was conducted on a laser ablation inductively coupled plasma
mass spectrometry (LA-ICP—MS) equipped with a RESOlution LR/S155 193 nm
ARF excimer laser ablation system and an iCAP-Q ICP-:4S. The diameter of the
laser beam spot was 29 um and the laser ablation tim2 1.24uency, and laser energy
density were 45 s, 3 Hz, and 4 J/cm?, respectivelv e international zircon standard
91500 was used as the external standard to calib ate ‘e U-Th—Pb ratios and absolute
U abundances. The reference zircon PI{~ovice was analyzed as an “unknown” to
monitor the reproducibility and instru, ~ent stability. NIST SRM610 and 2°Si were
used as the external and interral s:~ndards, respectively, to determine the element

content. The confidence 'in.* in a single data point was lo. More details on
operational parameters «.d 7 nalytical methods were reported by Qiu et al. (2021). The
original U-Pb isotu, ic compositions of zircons were obtained using ICPMSDataCal

software (version 10.9) (Liu et al., 2008). The zircon age was calculated using the

isoplot software (Ludwig, 2003).

The zircon Lu-Hf isotopes were analyzed using a Neptune Plus multi-collector
ICP-MS equipped with a RESOlution laser ablation system (LA-MC-ICP-MS).
Zircon Lu—Hf isotope analyses points were determined near the LA-ICP—MS age test

points. The laser beam diameter, ablation time, frequency, and energy density were 43



um, 60 s, 6 Hz, and 3 Jicm?, respectively. Reference zircons Penglai and Plésovice
were used as the unknowns to check the reliability of the analytical method. The
interference of 1®Lu to "°Hf was corrected by *°Lu/*"Lu = 0.02656 (Blichert-Toft et
al., 1997), and the fractionations of Lu and Hf were assumed to be similar. The
interference of 1®Yb to "°Hf was corrected by the measured interference-free 1*Yb,
and the Y®Yb/*"®Yb ratio was set to 0.78696 (Thirlwall and Anczkiewicz, 2004) for
calculation. Integration of the analyzed signals and 'nas. bias calibrations was
performed using ICPMSDataCal software (version 0.¢) (Liu et al., 2008). The
operational parameters and analytical methods w.ve ¢ 2scribed in greater detail by Qiu
et al. (2021). The calculation formulas for ihr. € (t) and Hf model ages are provided

in Supporting Information S2.

4 Results of sample anal:/se2

4.1 Sampling ar.a peu sgraphy

Five samples were collected from the matrix of the middle and northwestern
segments of the Ailaoshan ophiolitic mélange, from Longjie to Mojiang (Fig. 2, Table
1). The matrix comprises siltstone and sandstone that are intensely deformed (AS391,
AS397, AS405, AS420), or intensely cleavaged (AS423), and these are described as

follows:



AS391 refers to siltstone as the country rock of the ultramafic rocks. This rock
experienced an intense deformation exhibited by schistosity and shear bands (Fig. 4A).
In the thin section, the foliation is defined by orientated muscovite and elongated
quartz. However, some large quartz grains were fractured along the foliation and
recrystallized. The main detrital components are quartz (~50%), muscovite (~45%),
and a few feldspars that were mainly altered into kaolinite or sericite. The detrital
grain size varies from 0.01 to 0.09 mm with a concentra’ion »f ~0.03-0.05 mm (Fig.

5A).

AS397 was sampled in a medium—fine-grair.ed sandstone interbedded with pelite
(Fig. 4B). The main detrital componen:: are quartz (~70%) and lithic fragments
(~20%), with minor muscovite, serici.. and chlorite. The sample grain sizes range
from 0.03 to 0.42 mm with a nra~ of 0.2-0.3 mm. The sample matrix comprises
fine-grained sedimentary jai:icles sandwiched between angular and sub-angular
quartz grains. Schistosiv,” nresented in this sample is featured by orientated quartz and

muscovite under mi."oscope, with a quartz length/width ratio of 3:1 (Fig. 5B).

Similar to AS391, the AS405 sample is also siltstone taken from the host rocks of
ultramafic rocks. These rocks recorded intense shearing to form schistosity and quartz
boudin. In the thin sections, the schistosity is defined by orientated muscovite and
elongated quartz (Fig. 4C). The detrital components consist mainly of quartz (~ 65%)

and muscovite (~ 30%) with grain sizes <0.02mm (Fig. 5C).



AS420 is a sheared medium—fine-grained sandstone with a cleavage structure
enclosing a lentoid serpentinite block (Fig. 4D). The detrital particles are primarily
quartz (~70%) and lithic fragments (~20%), with sizes varying from 0.03 to 0.70 mm
and a mean of 0.1-0.3 mm (Figs. 5D and 5E). Muscovite and altered chlorites are

distributed in the gaps between quartz grains and parallel to the schistosity.

AS423 is a poorly sorted sandstone with a cleavage structure (Fig. 4E). The
detrital components consist of quartz (~65%), lithic frac™e. %, muscovite, and sericite,
with grain sizes varying from 0.05 to 0.25 mm and acble peaks at 0.05-0.1 and 0.2—

0.25 mm (Figs. 5E and 5F).

4.2 Zircon U-Pb dating results

AS391: Most of the zi.,~on grains in this sample are sub-angular to sub-rounded,
colorless and transpa:ei.: while few are prismatic. Their lengths range from 42 to 122
um with length/width ratios of 1.0-2.4 (Fig. 6, Table S1). A total of 100 zircon grains
were selected for dating and rare earth element analyses and 96 concordant ages were
obtained. Most zircons have well-defined zonal structures, indicating a magmatic
origin. The trace element Th/U ratios of only three grains are <0.1, while those of
others range from 0.23 to 1.89, also indicating a magmatic origin. Except for the
youngest age of 251 Ma (Table 3), other concordant ages range from 412 to 2772 Ma,

with two significant peaks at 435 and 970 Ma and several sub-peaks at 730, 1180,



1360, 1780, and 2400 Ma (Fig. 7A).

AS397: The zircon grains in this sample are colorless and transparent.
Morphologically, the grains are sub-angular, rounded to sub-rounded, with lengths of
64-145 um and length/width ratio of 2.5:1-1:1 (Fig. 6, Table S1). The CL images of
most zircons show zonal structures typically of magmatic origin. In addition, 99 of the
100 U-Pb analyzed zircon grains yield concordant ages. ““he Th/U ratios of most
grains are >0.1, suggesting a magmatic origin. The con~~rulric ages range from 355 to
2712 Ma, with two significant peaks at 430 and 960 *4a as well as several sub-peaks

at 780, 1145, 1590, 1810, 1970, and 2560 Ma (Fiy4. 1.°).

AS405: Most of the dated zircor. gr uins in this sample are colorless, transparent,
sub-rounded to sub-angular, with =ngths of 94-165 um and length/width ratios of
2.4:1-1:1 (Fig. 6, Table S1). .*I o7 the analyzed zircons have concordant ages. The
internal characteristics of the zircons exhibit zonal structures with Th/U ratios >0.1,
indicating a magmat'c 0. 'gin. Similar to AS397, the concordant ages range from 358
to 2808 Ma, with tvo prominent peaks at 435 and 960 Ma as well as several

sub-peaks at 805, 1110, 1380, 1580, 1790, and 2450 Ma (Fig. 7C).

AS420: The zircons in this sample are colorless, transparent, sub-rounded,
sub-angular to rounded, with lengths of 69—-166 um and length/width ratios of 2.7:1—
1:1 (Fig. 6, Table S1). Most of the zircons have sharp zonal structures that indicate a

magmatic origin. All of the analyzed grains yield concordant ages ranging from 395



to 3100 Ma. The age histogram indicates a multimodal distribution with two
significant peaks at 435 and 965 Ma and several sub-peaks at 1150, 1450, 1830, and

2480 Ma (Fig. 7D).

AS423: The dated zircon grains are colorless, transparent, sub-angular and
sub-rounded to rounded in shape with lengths of 51-125 pum and length/width ratios
of 2.7:1-1:1 (Fig. 6, Table S1). A total of 100 grains were analyzed, with 94 grains
having concordant ages. Except for four grains, the au.2. Th/U ratios are >0.1,
indicating a magmatic origin. The concordant ages r."ge from 414 to 2635 Ma, with
one Archean age of 3516 Ma, two significant p:aks at 425 and 925 Ma and several

sub-peaks at 780, 1120, 1635, 1930, and 2 '20 wia (Fig. 7E).

All the LA-ICP-MS U-Pb 1c=ults of the samples are provided in Supporting

Information S1.

4.3 Zircon Lu—Hf isc (opic analyses

First, the zircon grains in each sample were grouped based on their age spectrum.
Subsequently, 57 representative dated grains in each group around the age peak were
selected for Lu—Hf isotope analyses. In addition, all the grains with concordant ages

in the AS397 sample were analyzed to constrain the statistical significance.

AS391: In this sample, 34 dated grains with ages of 433-2532 Ma were analyzed.



The ep(t) values for these zircons range from —23.55 to 7.05 (Fig. 8), with a peak at
—0.60. The calculated Tpm? ages vary from 1.11 to 3.27 Ga, with peaks at 1.98, 2.26,

1.58, and 3.18 Ga (Fig. 9A).

AS397: In this sample, 99 zircon grains with ages of 355-2712 Ma were
analyzed, with 95 providing valid results. The enf(t) values range from —25.38 to
11.99 (Fig. 8) with four peaks at —1.80, —9.10, —5.10, and - 1.25. The Towm’ ages vary

from 1.0 to 3.96 Ga with peaks at 2.30, 2.01, and 2.83 =~ (,iy. 9B).

AS405: In this sample, 35 dated grains we e ai alyzed, with ages of 409-2547
Ma. The ey¢(t) values range from —10.50 to 9 L€ (Fig. 8), with a peak at —2.65 and a
sub-peak at —8.95. The Tpm” ages vary from .35 to 3.16 Ga, with peaks at 1.98, 2.30,

2.75, 1.38, and 3.15 Ga (Fig. 9C).

AS420: In this sample, ?3 aated grains were analyzed, with ages of 434-3100
Ma, with 32 providing -alia cesults. The ens(t) values range from —23.87 to 6.03 (Fig.
8), with a peak ut 0.25 and a sub-peak at —7.50. The Tpw? ages vary from 1.20 to

3.95 Ga, with peaks at 2.02, 2.84, 1.38, and 3.42 Ga (Fig. 9D).

AS423: In this sample, 35 dated grains were analyzed, with ages of 425—3516
Ma, with 34 providing valid results. The gnf(t) values range from —17.86 to 6.59 (Fig.
8), with two peaks at —4.25 and —8.65 and a sub-peak at —15.25. The Tpw? ages vary

from 1.26 to 3.73 Ga with peaks at 2.06, 2.85, 2.45, 3.21, and 3.69 Ga (Fig. 9E).



All the Lu—Hf results of the samples are provided in Supporting Information S2.

5 Discussion

5.1 Sample classification and units’ reconstruction

As mentioned above, we confirmed that the Ailaosha” np.>iolitic mélange can be
divided into several individual areas based on the (iffe 'ent depositional ages and
provenances. The strike-parallel heterogeneity ic. sungly reflected by the M1, M2,

and M3 units (Li et al., 2021 and references *iic 'ein).

The M1 unit is mainly exposed > i middle segment of the Ailaoshan ophiolitic
mélange and also in the Song M~ ~oi.iolitic mélange in NE Vietnam (Li et al., 2021).
The detrital zircon age spect-im f this unit is characterized by two significant peaks
at 435 and 970 Ma (Table ™), with several sub-peaks at 810, 1085, 1690, 1860, and
2510 Ma (Fig. 77 "1he sye(t) values range from —23.30 to 10.32, with an average of
—4.76, with 77% of the values being negative (Table 2). In addition, the Tpw? ages of
zircons show several peaks at Mesoproterozoic to Archean (peaks: 1.55, 2.05, 2.35,

and 2.95 Ga; Fig. 9F).

The M2 unit is found cropping out in the northwestern segment of the Ailaoshan
ophiolitic mélange (see Fig.2 in Li et al., 2021). The detrital zircon ages are primarily

concentrated at 250-280 Ma, with a major age peak at 260 Ma and several sub-peaks



at 410, 770, 950, 1840, and 2480 Ma. The Tpwm® ages of the 240-280 Ma zircons show
a significant Neoproterozoic peak at 0.85 Ga. Meanwhile, the gn¢(t) values of the 240—

260 Ma zircons range from —1 to 7, indicating a noteworthy mantle contribution.

The M3 unit is mainly located in the southeastern segment of the Ailaoshan and
Song Ma ophiolitic mélange (Li et al., 2021). The detrital zircon age spectrum shows
a very significant age peak at 245 Ma, with three minor ¢ 2 peaks at 360, 770 and
1045 Ma, respectively. The en(t) values of most det-*t4, Zircons are negative and
concentrated between —17 and -5, and the Tpum?> anes show two age peaks at 1.3 and

1.8 Ga.

Provenance analysis showed th~.¢ bth «he upper and lower plates are potential
provenances for the ophiolitic me'ange between the SCB and IB (Li et al., 2021;
Wang et al., 2021; Lin et al., 20.Z). Along the suture zone, the components of the
mélange present a significai.* heterogeneity. As previously mentioned, many studies
have focused on the souchern part of the Ailaoshan ophiolitic mélange and the Thanh
Hoa area in the south.rn part of the Song Ma belt (Xia et al., 2020), while few studies

have focused on the northwestern segment.

Due to a lack of detailed work, the M2 unit was determined from the samples of
Xia et al. (2020). According to the GPS coordinates, the samples were obtained at a
slight distance from the ophiolitic mafic and ultramafic rocks of the ophiolites (Fig. 2).

Five samples were collected and analyzed to determine the detailed geometry of the



northwestern segment of the Ailaoshan ophiolitic mélange. AS391, AS397 and AS405
samples were collected from the prolongated part of the M1 unit (Li et al., 2021),
while the AS420 and AS423 samples were collected from the interior part of the

previously determined M2 unit (Li et al., 2021).

As mentioned in Section 4.2, our five samples share consistent age spectra and
similar en(t) values and Tpm® ages (Figs.7, 8, and 9). As 1 ferred from our previous
study and field observations, the five samples are high!' c.c:viparable with the content
of the M1 unit (Fig. 7F). Lithologically, all of them cre siltstone and sandstone with
cleavage, schistosity, or foliation, indicating surerin.nosed deformation (Figs. 4 and
5). The epf(t) values ranged from —25.38 ¢~ 11.99, with an average of —4.06, and 70%
are negative in these five samples (Fig. 2). The Tom? ages varied from 1.0 to 3.96 Ga,
clustering at 2.0, 2.30, 2.82 anc 1.-'® Ga (Figs. 9 and 10). The Phanerozoic zircons

showed &¢(t) values rangin j 1. om —25.38 to 6.08 (Fig. 8).

Therefore, it is almuost certain that the five samples belong to the M1 unit, even
though it was pre'isusly believed that the NW segment of the Ailaoshan belt
belonged to the M2 unit (Li et al., 2021). Our data, therefore, suggest that the M1 unit
extends to the northwest in this region and that both the M1 and M2 units are
distributed in the northwestern segment of the Ailaoshan ophiolitic mélange (Fig. 2).
The results of this study, therefore, broaden our understanding of the distribution of
the M1 unit and update current knowledge about the former spatial distribution of the

units (Fig. 2; Table 2).



5.2 Provenance of the detrital zircons in the M1 unit

With the previous five samples from the M1 unit, there would be a total of ten
samples (AS103, AS147, THO5, YN41, YN54, AS391, AS397, AS405, AS420 and
AS423) of detrital zircon work on the M1 unit. Furthermore, we redefined the
composition of the M1 unit. The following informatio” .'as determined: (1) The
detrital age spectrum showed two obvious age pecks it 430 and 960 Ma with
secondary peaks at 785, 1160, 1790, 2390, and 250.) Ma. The youngest age cluster
was at 355-375 Ma (Fig.7F; Table 3). (2) e eus(t) values ranged from —25.38 to
11.99 (Table 2), with 72% of the vr.ue: being negative. (3) The Tpm’ ages ranged

from 0.75 to 3.96 Ga, with severai p2aks at 2.00, 2.30, 2.83, and 1.40 Ga (Fig. 9F).

Because 400-500 Ma .. con grains are the main age groups, they can help us
trace the provenance of the 1 unit (Table 2, Fig. 7F). Because most zircons are of
magmatic origin, e Jctrital grains could be supplied directly from the magmatic
rocks or indirectly from the recirculation of sediments. The Early Palaeozoic
magmatic events (400-500 Ma) are widespread in the Cathaysia Block (CB) and IB.
Hence, we will discuss below whether the 400-500 Ma detrital zircons were supplied
directly from the magmatic rocks in the CB/IB or indirectly from the recirculation of

the sediments. The Early Palaeozoic magmatic events in the CB were mainly

concentrated at 400-500 Ma (Guo et al., 2021), with an obvious age peak at 435 Ma



(Huang and Wang, 2019 and references therein). The age spectrum of the M1 unit is
therefore consistent with magmatic events in the CB (Figs. 11A and 11D). The
statistical results of the 400-500 Ma magmatic zircons in the CB show ep¢(t) values
ranging from —19.39 to 2.38, with an average value of —6.11, and a peak at —5.10,
with 95% of the values are negative (Chu et al., 2012; Cui et al., 2013; Li et al., 2015;
Wang et al., 2011). The ep¢(t) values of the 400-500 Ma detrital zircons from the M1
unit range from —-19.63 to 10.28, with an average of —4.0/- an.' two peaks at —0.70 and
—7.25, and 75% of the values are negative. Therefors, ‘he cy¢(t) values of the M1 unit
(Fig. 11B) differ from those associated with mama.ism in the CB (Fig. 11E). The
Tom® ages of magmatic zircons in the CB |'ave two peaks at 1.34 and 1.75 Ga (Fig.
111), and those from the M1 unit k1ve (wo peaks at 1.45 and 1.88 Ga (Fig. 11C),
which also show differences from he magmatism in the CB (Fig. 11F). Therefore,
although they have similar ace .pectra (peak at 430435 Ma, Figs. 11A and 11D), the

enr(t) values and Tpm? age: are significantly different.

The Early Falacnzoic magmatism in the IB is mainly distributed in the northern
part of the Kontum Massif (the Dai Loc granitic complex) which was geographically
located in the southern part of the Truong Son Belt (Jiang et al., 2020; Shang and
Chen, 2022). Similar to the CB, the Early Palaeozoic magmatism in the IB was also
concentrated at 400-500 Ma, with a significant peak at 420-440 Ma and a sub-peak at
470-485 Ma (Fig. 11G, J). So, it is difficult to distinguish them from the M1 unit

based on detrital age spectra. The corresponding eys(t) value spectrum of the



magmatic zircons from the Truong Son Belt shows two peaks at —1.11 and 2.34 (Fig.
11H): the value of —1.1 is close to the peak of —0.7 in the M1 unit, but the 2.34 was
not significant in the M1 unit (Fig. 11H, B). The Tom® ages show the same
characteristics: one of the peaks of 1.49 Ga from the Truong Son Belt is close to the
peak of 1.45 Ga in the M1 unit, but the other peak of 1.27 Ga differs obviously from
that of the M1 unit (Fig. 111, C). The corresponding ep<(t) value spectrum in the
Kontum Massif shows a single peak at —8.33 which is clo e v the peak of —7.25 in the
M1 unit (Fig. 11K, B). The Tpm” ages show the same comrarison characteristics (Figs.
11L and 11C): the single peak of 1.95 Ga in the <o nti.m Massif is close to the peak of
1.88 Ga in the M1 unit. Therefore, the 40(-50) Ma detrital zircons in the M1 unit
could have been supplied from the rixi'ig of the magmatic rocks in the Truong Son

Belt and Kontum Massif.

Considering the recirc ila.*on of the sedimentary rocks, related detrital zircon age
patterns have also been .~ocrted in the Palaeozoic sedimentary rocks in the IB (Wang
et al., 2014; Xia et !, 2016; Wang et al., 2016; Fig. 12), in addition to the Yangtze
Block and CB. There is an obvious age group at 700-900 Ma with a significant peak
at 810-830 Ma in the western and southwestern Yangtze Block, and these are absent
in the M1 unit (Fig. 12). A comparison between the M1 unit and the Palaeozoic strata
in South Cathaysia shows that although they both share similar age peaks at 430 Ma
(450 Ma in South Cathaysia) and 960 Ma, the age peak at 430 Ma is more obvious

than the peak at 960 Ma in the M1 unit, while the South Cathaysia shows an opposite



trend (Fig. 12). These suggest that the Palaeozoic sedimentary rocks in the Yangtze
Block and South Cathaysia are not the provenances of the M1 unit. The similarity of
detrital zircon age patterns in the M1 unit and IB show that the Palaeozoic
sedimentary rocks in the IB are the potential sources of the M1 unit (Fig. 12). They
share the same age spectrum of zircons with ages between 400 and 500 Ma (Figs. 11A
and 11M). The ene(t) values of zircons (ages at 400-500 Ma) from the Silurian and
Devonian sedimentary rocks in the IB range from —15.6" to 13.63, with most (76%)
values are negative, and the corresponding Tpm® a3e> r=nge from 0.58 to 2.41 Ga
(Figs. 11N and 110). Therefore, the distributions ~f ¢ atrital zircon ages, eu#(t) values,
and Tpw? ages in the M1 unit are in agreer .t with those of Silurian and Devonian
sedimentary rocks in the IB (Fig. 1M 7.nd 11A, 11N and B, 110 and C; Xia et al.,

2016).

Synthetic comparisons (r.2. 11J and 11M, 11K and 11N, 11L and 110) show that
the ep(t) values and Tpp, a'jes from the magmatic zircons of the Kontum Massif and
detrital zircons fron. the Silurian—Devonian strata in the IB are almost coincident with
each other. This suggests that the Kontum Massif offered abundant Early Palaeozic
zircons to the Silurian—Devonian strata in the IB. Therefore, there could be another
speculation that the 400-500 Ma detrital zircons in the M1 unit could have been
supplied from the mixing of detrital zircons from the Silurian—Devonian strata in the
IB and magmatic rocks from the Truong Son Belt. Given that most zircons aged 400—

500 Ma are broken and sub-rounded suggesting long-time or long-distance



recirculation, we believe this hypothesis is more plausible (Fig. 6 and Table S1).

Therefore, we supposed that the detrital zircons of the M1 unit are primarily
supplied from the Silurian—Devonian strata of the IB with the addition of a certain
number of magmatic zircons from the Truong Son Belt. A large number of gabbro,
diabase, and anorthosite with ages of ~370 Ma have been reported in the Ailaoshan—
Song Ma ophiolitic mélange, which was considered to be re’ >ted to the initial opening
of the Palaeo-Tethys Ocean (Jian et al., 2009a; Vuong <t .., 2013; Lai et al., 20144;
Zhang et al., 2014, 2020). Based on this assin.ntion, we can speculate that
contemporaneous acidic magmatism occurrec and that these contemporaneous
magmatic rocks are likely the source of t.» youngest age cluster (355-375 Ma) in the

M1 unit.

5.3 The geometry c* tr¢ Ailaoshan belt with the understanding of the

modification of .o Ccii0zoic tectonics

The southwestern boundary between the Central and Western Ailaoshan zones is
NE-dipping in the field, which suggests that the Ailaoshan ophiolitic mélange is
located upon the schistose Permian or Triassic sedimentary rocks (the sedimentary
cover of the IB) (Fig. 2). Similarly, the southwestern boundary between the Eastern
and Central Ailaoshan zones is also NE-dipping, which indicates that the Ailaoshan

complex is located upon the Ailaoshan ophiolitic mélange (Fig. 2). As the



metamorphism grade increases from the Western to the Eastern Ailaoshan zone, we
infer that the Eastern Ailaoshan zone was thrusted upon the Central Ailaoshan zone
and that the Central Ailaoshan zone was thrusted upon the Western Ailaoshan zone
(Fig. 3). These inverted geometries and SW-ward kinematics are also supported by the
other structures, such as the highly sheared quartz schist, SW-ward isoclinal folds and

recumbent folds (Wang, 2022; Wang et al., 2022).

Based on the observation of the NE-dipping clea:~q.2 in the Late Triassic and
Jurassic strata, we interpret the SW-ward deformatio. as a Cenozoic structure. Since
the deformation of the Red River Fault played a ©.omi.ant role in the Ailaoshan belt in
the Cenozoic, we relate the inverted grometry and SW-ward kinematics in the
Ailaoshan belt with the activation of the Red River Fault (Fig. 3). In the Cenozoic, the
Red River Fault intensely rev/o.n~d the Ailaoshan Belt, especially the Eastern
Ailaoshan zone (Ailaoshen Tomplex). High-temperature metamorphism (Zhong,
1998), pervasively strin~—siip deformation (Zhang and Scharer, 1999; Liu et al.,
2011b), and abunda: .+ SW-ward isoclinal folds (Fig. 3; Leloup et al., 1995; Wang et al.,
2022) there indicate a transpressive deformation of the Red River Fault like a
positive-flower structure: the crust-scale strike—slip deformation accompanied with

SW-ward thrust on the shallow depth (Fig. 13E).

As mentioned in Section 5.1, the M1 and M2 units coexist in the northwestern
segment of the Ailaoshan ophiolitic melange. Both the M1 and M2 units are

NE-dipping, and the M2 unit is located to the southwest of the M1 unit, therefore, the



M2 unit is located under the M1 unit (Fig. 3). In agreement with our previous work,
the depositional ages of the M1 and M2 units are considered to be 310-270 and
270-260 Ma, respectively (Li et al., 2021). The present geometry of the M1 and M2
units suggests that the M1 unit was thrusted southwestward upon the M2 unit,
indicating a tectonic inversion geometry (Fig. 3). This inverted geometry and
SW-ward kinematics are in line with the whole Ailaoshan belt discussed above.
Therefore, the transpressive deformation of the Red R'ver Fault gives rise to the
inverted geometry and SW-ward kinematics in the whc'e Ziilaoshan belt including the

NW segment (Figs. 3 and 13E).

Our previous work showed that the components and provenances of the
Ailaoshan-Song Ma ophiolitic mélange are different, indicating a strike-parallel
heterogeneity. In this work, the .une:mosition of the M1 and M2 units revealed by the
Cenozoic deformation sucge.*s that the Ailaoshan ophiolitic mélange also has a

strike—perpendicular hew voczneity.

5.4 Tectonic evolution of the eastern Palaeo-Tethys

It is well acknowledged that since the Middle to Late Devonian, several
continental blocks, such as the SCB, IB, Sibumasu, North Qiangtang and South
Qiangtang, were separated from Gondwana, drifted to the north and then collided or

accreted onto the Laurasia, along with the opening and closing of the Palaeo-Tethys.



In the research area, the Ailaoshan—Song Ma Ocean opened between the SCB and 1B
as the middle branch of the eastern Palaeo-Tethys. Therefore, in AS397 and AS405
samples, zircons with the youngest age cluster of between 355 and 375 Ma in the M1
unit may have been sourced from the magmatism during this period (Table 3; Fig.

13A).

The Ailaoshan-Song Ma Ocean began to close from .~e Late Carboniferous to
the Early Permian (310-270 Ma) (Li et al., 2021). This 2'as.ie was accommodated by
oceanic subduction under the IB, as shown hv *he NW-SE striking Western
Ailaoshan-Sam Nua-Truong Son magmatic ar. be.* developed along the northern
margin of the IB (Hoa et al., 2008; Lepvr:.>r et al., 2011; Liu et al., 2012; Faure et al.,
2014; Shi et al., 2015; Wang et al., 2u:%a, 2018b). The subducted angle of the slab
was gentle during this period, rnz e magmatic arc is located far from the trench.
Therefore, the magmatic ¢rc id not supply materials to the M1 unit (Fig. 13B).
However, the Upper F.rm'an sediments (Longtan Formation in Fig. 13B) in the
retro-arc basin are 1. ~ated near the magmatic arc, and they contain a significant zircon
grain population from this period (Xia et al., 2020; Wang et al., 2021). Therefore, we
argue that the Silurian—Devonian cover of the IB (Eastern Simao Block) was the main

source of the M1 unit (Fig. 13B).

After a short period (270-265 Ma) of magmatic quiescence (Qian et al., 2016,
2019; Hou et al., 2019), the eruption of ELIP in the southwestern SCB (as the passive

margin) provided abundant intermediate-acid zircons (Luo, 2007) for the M2 unit



supported by the ey¢(t) values (Fig. 13C; Li et al., 2021). It is worth noting that this
quiescent period was interpreted as the tectonic transition from subduction to the
initial collision, which reasonably accounts for the changes in the petrogenetic types
and magma sources of the associated igneous rocks (Qian et al., 2016, 2019; Hou et
al.,, 2019). Generally, the materials in the matrix were supplied by an active
continental margin, and a passive continental margin would only supply materials to
the mélange if the ocean was narrow (Barber, 2013; Tate et .'., 2015). Therefore, the
main provenance of the M2 unit was the ELIP on ~ .~ss.ve margin, and this shows
that the Ailaoshan—Song Ma Ocean was a narrow acean rather than a broad one (Li et

al., 2021; Lin et al., 2022).

During 260-240 Ma, the well-.-mown Indosinian Orogeny formed at the
collisional stage (Faure et al., 70°.-: Lepvrier et al., 2011; Wang et al., 2022). The
second magmatic stage sur.pn.d detrital zircons to the M3 unit, as indicated by the
enr(t) values and Tpw ~aes (Fig. 13Dy Li et al., 2021). Accommodated by this
south-directed sub.'ticuon, the M1, M2, and M3 units had been thrusting
northeastward over the SCB, corresponding to the top-to-the-NE shearing
deformation (Fig. 13D,; Wang et al., 2022). The general metamorphism indicates that

the presently exposed mélange developed at a depth of ~10-22 km.

In the Cenozoic, the eastward extrusion of IB caused by a continuous
compression produced by the Indian plate into the Eurasian continent was

accommodated by the sinistral Red River Fault and featured positive flower structures



(Fig. 13E). In the Ailaoshan ophiolitic mélange, the inverted relationships between the
M1 and M2 units are ascribed to the activity of the Red River Fault transpressive

deformation.

Conclusions

We conducted a multidisciplinary study including structural analysis, U-Pb
dating and Hf determination on matrix detrital zircons ir u.» N\W Ailaoshan belt. In
association with the results of our previous studies in the same region, the following

conclusions can be reached:

(1) The detrital age spectrum of the M1 crut is characterized by two obvious age
peaks at 430 and 960 Ma, with severa: sub-peaks at 785, 1160, 1790, 2390 and 2500
Ma. The provenance of the M1 u it \s considered to be mainly related to Silurian—
Devonian sedimentary cover »f tre IB, rather than the SCB or magmatism in South

Cathaysia.

(2) Our results iriply that the M1 unit extends to the interior of the northwestern
segment of the Ailaoshan ophiolitic mélange. From a geometrical perspective, the M1
unit was thrusted upon the M2 unit owing to the Cenozoic transpressive deformation

along the Red River Fault.

(3) The spatial relationship between the M1, M2 and M3 units of the ophiolitic

mélange indicates not only a strike-parallel but also a strike-perpendicular



heterogeneity of the Ailaoshan suture zone.
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Figure caption

Fig. 1. (A) Tectonic outline of east Asia (adapted from Lin et al., 2008). (B) Tectonic
map of Southwest China-North Vietnam region (adapted from Faure et al., 2014; Li et
al., 2021). ALMZ: Ailaoshan ophiolitic mélange zone; WALZ: western Ailaoshan
zone; SC: Song Chay massif; SCF: Song Chay Fault; JP: Jinping zone; RRF: Red
River Fault; DBF: Dien Bien Phu Fault; SCMZ: Song Che 7 ophiolitic mélange zone;
SMMZ: Song Ma ophiolitic mélange zone; SD: Song Da 'Ift.

Fig. 2. Geological map of the Ailaoshan Belt inu adjacent areas with the sample

locations (adapted from Li et al., 2021; Weny <t ., 2022).

Fig. 3. Cross sections of the Ail.:0sh-..1 Belt showing the tectonic succession, from the
SW to the NE (the location is siiown in Fig. 2). ALF: Ailaoshan Fault; RRF: Red

River Fault.

Fig. 4. Representative field photos of the outcrop of the sampling location. (A)
Intensely sheared siltstone (AS391) as the country rocks of ultramafic rocks. (B)
Intensely sheared sandstone in the country rocks of ultramafic rocks (AS397). (C)
Intensely sheared siltstone (AS405) with abundant lentoid quartz veins. (D) Intensely
cleaved sandstone (AS420) and enclosed lentoid serpentinite. (E) Sandstone with

pervasive cleavages (AS423).



Fig. 5. Microphotographs of the analyzed samples. (A) Intensely fractured and
recrystallized quartz, feldspar, and oriented mica in AS391 (cross-polarized light). (B)
Fractured and recrystallized quartz, feldspar, and oriented mica in AS397
(cross-polarized light). (C) Intensely sheared minerals and abundant sericite in AS405
(cross-polarized light). (D) Sheared and fractured quartz, feldspar in AS420
(cross-polarized light). (E) Sheared and fractured quartz, feldspar in AS420
(plane-polarized light). (F) Fractured quartz and feldspar in AS423 (cross-polarized
light).

Fig. 6. Representative cathodoluminescence (CL) i™ay~s of the analyzed zircons.

Fig. 7. (A-E) Kernel Density Estim7.e iagiams of the detrital zircon U-Pb ages in
this work. (F) Kernel Density Estimate uiagrams of the detrital zircon U-Pb ages in
this work and the previous M1 un.. ata in the previous M1 unit are from Li et al.,

2021 and Xia et al., 2016.

Fig. 8. (A) Tempora: ariations of eug(t) values for all detrital zircons in this work and
previous M1 unit. (B) Temporal variations of ey¢(t) values of detrital zircons with ages
<1200 Ma. Data in the previous M1 unit are from Li et al., 2021. DM: Depleted

Mantle, LC: Lower Crust.

Fig. 9. (A-E) Kernel Density Estimate diagrams of zircon Tpm? ages in this work. (F)
Kernel Density Estimate diagrams of zircon Toum?> ages in this work and previous M1

unit. Data in previous M1 unit are from Li et al., 2021.



Fig. 10. Diagram of the Tpw? ages versus age plots for detrital zircons in this work
and previous M1 unit, respectively. Kernel Density Estimate diagrams of Tpu’ ages in

this work and previous M1 unit. Data in previous M1 unit are from Li et al., 2021.

Fig. 11. Age, €Hf(t), and Tpw’ ages spectrum of detrital zircons (400-500 Ma) in the
M1 unit (A, B, C), magmatic zircons in the Cathaysia Rloc! (D, E, F), magmatic
zircons in the Truong Son Belt (G, H, 1), magmatic zirz2r. in the Kontum Massif (J,
K, L) and Silurian-Devonian strata in the Indochina Block (M, N, O). Data in the M1
unit are from this work, Xia et al., 2016; Li et a: 2021. Data in the Cathaysia Block
are from Chu et al., 2012; Cui et al., 2013; V\cng et al., 2011; Li et al., 2015. Data in
the Truong Son Belt are from Shi et al., 2'015; Pham et al., 2016; Jiang et al., 2020;
Shang and Chen, 2022; Sinh et al., 202?. Data in the Kontum Massif are from Nagy et
al., 2001; Dinh 2017; Gardner et a. 2017; Jiang et al., 2020. Data in the Indochina
Block are from Xia et al., 2016: Yin;y et al., 2018; Li et al., 2021.

Fig. 12. Synthesi< a.d comparison of Kernel Density Estimate diagrams of detrital
zircon ages. Cathaysi'« Block including the region of Shiwandashan (Hu et al., 2014,
2015) and Qin-Fang area (Xu et al., 2017; Zhang et al., 2018); S. Songpan-Ganzi (W.
Yangtze Block) (Chen et al., 2016, 2018; Shao et al., 2016; Zhu, 2016; Zhong et al.,
2017); E. Ailaoshan belt (SW. Yangtze Block) (Xia et al., 2016, 2020; Xu et al., 2019);
Simao (N. Indochina Block) (Xia et al., 2016, 2020; Yang et al., 2018; Xu et al., 2019);
Truong Son belt (Indochina Block) (Wang et al., 2016; Rossignol et al., 2018).

Fig. 13. Schematic reconstruction of the geodynamic evolution between the SCB and

IB from Late Devonian to Cenozoic.
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Table 1 Summary of the petrography and tectonic locations of the analyzed samples

Samples GPS ] - ) Depositional
. Petrography Tectonic position Unit
number location age
101.360218°
E
AS391 Sheared siltstone
23.977939°
N
101.421897° .
Middle segment of the
E Medium-fine grained
AS397 Ailaoshan ophiolitic M1 310-270 Ma
23.952558° sandstone
mélange
N
101.569676°
E - -
AS405 Schistozed siltstone
23.734362°
N
100.854106° . ) )
£ Medium-fine grained
AS420 sandstone with
24.613683° .
N cleavages NW se gment uf the Revised from
£il-.osk an ophiolitic  original M2to  310-270 Ma
100.899897° .
£ mélange M1 unit
AS423 Sandstone
24.592241°

N




Table 2 Summary of the results of U-Pb and g (t) values of the analyzed samples in this work and

previous M1 unit.

Samples U-Pb ages ent (t) values
Two major age groups occur at 400-500, and 900-1100, with two | -23.55 to 7.05 with a peak at -0.60
AS391
significant peaks at 435 and 970 Ma (Figure 7A, Table S1) (Table S2)
Two major age groups occur at 350-500, and 8501050, with two | -25.38 to 11.99 with four peaks at -1.80,
AS397
significant peaks at 430 and 960 Ma (Figure 7B, Table S1) -9.10, -5.10, and -0.25 (Table S2)
Two major age groups occur at 350-500, and 850-1050, with two | -10.." to 9.56 with a peak at -2.65 and a
AS405
significant peaks at 435 and 960 Ma (Figure 7C, Table S1) | b eak at -8.95 (Table S2)
Two major age groups occur at 390-500, and 850-1050 Ma. wiu. , -23.87 to 6.03 with a peak at -0.80 and a
AS420
two significant peaks at 435 and 965 Ma (Figure 7D, Tar'» S1) sub-peak at -7.50 (Table S2)
Two major age groups occur at 410-460, 850—"""0 Ma, and a | -17.86 to 6.59 with two peaks at -4.25
AS423 minor age group at 750-800 Ma, with two si_ificai peaks at 425 | and -8.65, and a sub-peak at -15.25
and 925 Ma (Figure 7E, Table S1) (Table S2)
Two major age groups occur at «.7-500, 850-1050 Ma, and a
-25.38 to 11.99 with a peak at -0.95 and
This work minor age group at 750-850 Ma, vith two significant peaks at 430
a sub-peak at -8.80 (Table S2)
and 960 Ma (Figure 7F, Tabi. S1)
Two major age groups ~cur at 400-500, 850-1050 Ma, and a | -23.30 to 10.32 with a peak at -3.55 and
Previous M1
minor age gro p at / "0-850 Ma, with two significant peaks at 435 | three sub-peaks at -9.75, -6.9, and +0.20
unit
and 970 Ma (Fig ire 7F, Li et al., 2021 Table S1) (Li et al., 2021 Table S2)
This work ) )
Two major age groups occur at 400-500, 850-1050 Ma, and a | -25.38 to 11.99 with two peaks at -2.65
Previ minor age group at 750-850 Ma, with two significant peaks at 430 | and 0, and a sub-peak at -9.15 (Table S2,
+Previous
ML unit and 960 Ma (Figure 7F, Table S1, Li et al., 2021 Table S1) Li et al., 2021 Table S2)
uni

This work: AS391 + AS397 + AS405+ AS420+ AS423; Previous work: AS103 + AS147 + THO5 + YN41 + YN54 (Xia et al.,

2016; Li et al., 2021).



Table 3 Summary of the four measures of the youngest age of detrital zircon grains in the analyzed

samples.

Sample YSG YPP YCloc (2+)? YC20 (3+)?

AS391 251429 435 4141+33(2) 418.7+3.9(3)

AS397 355.0+3.9 430 357.7+3.7(4) 360.0+3.8(5)
M1 AS405 3583+5.1 435 423.2+49(6) 423.3+5.1(10)

AS420 394.7+43 435 4158+51(2) 423.6+4.8(8)

AS423  4144+38 425 4175+42(4) 4246+ 4.6 (13)

YSG: youngest single grain age; YPP: youngest graphical age pe k; Y . "lo (24): youngest 1o grain
cluster; YC20 (3+): youngest 2¢ grain cluster. a: Numbers o >rai. ages in clusters in parentheses.

Bolds are samples of this work. The calculation method car be ~een in Dickinson and Gehrels, 2009.



Highlights

Ailaoshan-Song Ma-Song Chay ophiolitic mélanges have strike-parallel heterogeneity.
NW segment of Ailaoshan ophiolitic mélange shows strike-perpendicular
heterogeneity.

Geometry of ophiolitic mélanges zone due to RRF sinistral strike-slip deformation.
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