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ABSTRACT

The Lancang metamorphic complex is
a key component of the Three River Tethys
Orogen in the SE Tibetan Plateau, with
typical rock assemblages and deforma-
tion fabrics recording the subduction of the
Paleo-Tethys Ocean and subsequent con-
tinental collision. In this study, we present
new petrographic and structural observa-
tions, together with zircon U-Pb and mica
YAr/PAr geochronologic data, to reveal the
deformation and kinematics of the Lancang
metamorphic complex, thus providing in-
sights into the Permian-Triassic evolution
of the eastern Paleo-Tethys domain. The
subduction of the Paleo-Tethys Ocean and
subsequent collision resulted in a range of
structural features, including penetrative
regional foliations, thrusts, asymmetric folds
at various scales, and ductile deformation
fabrics such as asymmetric boudins and por-
phyroclasts. Zircon U-Pb dating of foliated
gabbro and “Ar/*Ar dating of mica schist
and mylonite, which preserve shortening
fabrics, suggest that the Paleo-Tethys Ocean
was subducted during the Late Carbonifer-
ous to Permian—Early Triassic, and the colli-
sion of the Baoshan and Simao blocks mainly
occurred during ca. 237-230 Ma in the SE
Tibetan Plateau. Regional deformation likely
shifted from shortening to extension ca.
230 Ma, as reflected by post-collision high-K
calc-alkaline magmatism. Our results docu-
ment regional structural patterns and place
timing constraints on the evolution of the
Paleo-Tethys Ocean.
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1. INTRODUCTION

The Paleo-Tethys Ocean existed from the
Paleozoic to Late Triassic (e.g., Wang et al.,
2010, 2018b, 2019; Metcalfe, 1996, 2013,
2021; Deng et al., 2018; Hu et al., 2020, 2022),
and the geologic records for the Paleo-Tethys
tectonic belt extend from the European Alps,
through Southwest China, to Peninsular Malay-
sia in Southeast Asia. They document the open-
ing and demise of the ocean and the accretion
and aggregation of various blocks on the Asian
continent (e.g., Wang et al., 2010, 2018b; Deng
etal., 2018; Metcalfe, 2013, 2021; Morley, 2018;
Hu et al., 2020, 2022). The Three River orogenic
belt in the SE Tibetan Plateau is a critical compo-
nent of the eastern Paleo-Tethys domain, which
straddles the area from the Eastern Himalayan
Syntaxis to the Indochina Peninsula (Fig. 1A;
e.g., Helmcke, 1985; Zhong, 1998; Peng et al.,
2008, 2013; Jian et al., 2009a, 2009b; Hen-
nig et al., 2009; Wang et al., 2010; Fan et al.,
2015; Xu et al., 2015). Several major tectonic
belts—including the Ailaoshan-Songma, Lan-
cangjiang, and Nujiang belts—preserve the
geologic record of multiple island-ocean paleo-
geographic patterns and oceanic subduction and
collision (Fig. 1A; e.g., Heppe et al., 2007; Jian
et al., 2009b; Wang et al., 2019; Li et al., 2021).
Diverse rock assemblages outcrop along these
belts, including ophiolite suites, metamorphic
rocks of various grades, volcanics, and S-, I-, and
A-type pre-/syn-/post-collisional igneous rocks
(e.g., Zhao et al., 1994; Zhong, 1998; Jian et al.,
2009b; Wang et al., 2010; Fan et al., 2015; Deng
et al., 2018). These belts also consist of various
tectonites, such as schist, mylonite, and gneiss,
with abundant deformation fabrics that docu-
ment different evolutionary stages of the Paleo-
Tethys Ocean and its branch oceans (e.g., Zhao
etal., 1994; Zhong, 1998; Bi et al., 2018; Zhang
etal., 2017; Wang et al., 2017, 2020b, 2022).
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The Lancangjiang tectonic belt trends N-S
within the Indochina Peninsula, separating the
Baoshan-Sibumasu and Simao-Indochina blocks
(Fig. 1B; Zhong, 1998; Metcalfe, 2013; Peng
et al., 2008), and is the most intricate tectonic
complex of the Three River orogenic belt. The
main tectonic elements within the belt comprise
the Changning-Menglian suture zone, Lancang
metamorphic complex, Lincang igneous belt,
and Banpo-Jinghong back-arc system (Fig. 1B).
The Changning-Menglian suture zone extends
from SW Yunnan, China, across NW Laos, and
links to the Inthanon-Bentong-Raub suture zone
in NW Thailand (Fig. 1B; Wang et al., 2018b;
Metcalfe, 2013, 2021). Remnants of the Paleo-
Tethys Ocean along the suture zone include an
ophiolite mélange, a radiolarian siliceous-argil-
laceous sequence, deep-sea mudstones with
radiolarians, metamorphic rocks, and related
igneous rocks (e.g., Zhong, 1998; Zhang et al.,
2008; Metcalfe, 2013; Mo et al., 1998; Peng
et al., 2008, 2013; Hennig et al., 2009). These
rocks yield zircon U-Pb ages of 385-267 Ma,
which are thought to be related to the spread-
ing and subduction of the Paleo-Tethys Ocean
(e.g., Feng and Liu, 1993; Duan et al., 2006;
Jian et al., 2009a; Deng et al., 2018; Wang et al.,
2016b, 2018b).

The Lancang metamorphic complex is sand-
wiched between the Changning-Menglian
suture and Lincang igneous belt and exhibits
spatially diverse along-strike deformation and
metamorphism (Fig. 1B; Zhao et al., 1994;
Zhong, 1998; Fan et al., 2015; Zhai et al., 2019).
High-pressure/low-temperature metamorphic
rocks, including metasedimentary clastic rocks,
greenschists, blueschists, and high- to ultrahigh-
pressure metamorphic rocks, yield “°Ar/*Ar
ages of 246-227 Ma, which record the regional
metamorphism related to oceanic subduction
and continental collision (e.g., Fan et al., 2015;
Wang et al., 2014b, 2019, 2020a, 2021). The
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Lincang igneous belt is inferred to be connected
to the Sukhothai arc and the Triassic giant igne-
ous belt in East Malaysia and displays multiple
stages of emplacement in different tectonic set-
tings (Fig. 1C; e.g., Peng et al., 2008; Wang
et al., 2010, 2018b; Fan et al., 2015; Deng et al.,

2018; Cong et al., 2020). Existing geochrono-
logic and geochemistry data collected from the
Lincang granitoids reveal three main magmatic
episodes that are correlated with oceanic sub-
duction prior to ca. 252 Ma, followed by syn-
collisional magmatism from 250 Ma to 230 Ma,
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and a post-collisional phase from 230 Ma to
200 Ma (e.g., Peng et al., 2013; Fan et al., 2009;
Hennig et al., 2009; Jian et al., 2009a, 2009b;
Kong et al., 2012; Dong et al., 2013; Deng et al.,
2018). The Banpo-Jinghong mafic-ultramafic
complexes are situated on the western margin
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of the Simao block and have zircon U-Pb ages
of 313-281 Ma (e.g., Hennig et al., 2009; Jian
et al., 2009b; Li et al., 2012; Zhai et al., 2019),
which represent a back-arc basin related to the
main Paleo-Tethys Ocean (e.g., Li et al., 2012;
Wang et al., 2018b; Zhai et al., 2019).

Previous studies have advanced our under-
standing of magmatism and metamorphism
along the Lancangjiang tectonic belt, but inter-
pretations regarding the evolution of the Paleo-
Tethys remain controversial. Little is known
about the kinematics, deformation patterns,
and associated age constraints. In this study, we
target the Lancang metamorphic complex with
field-based structural and kinematic analysis.
Our geological observations, together with new
and published geochronologic results, constrain
the timing of metamorphism and deformation
in the Mesozoic and provide new insights into
the evolutionary history and geodynamics of the
eastern Paleo-Tethys domain.

2. GEOLOGICAL SETTING

The Lancangjiang tectonic belt, located in
the central part of the Indochina Peninsula,
extends southward from the Eastern Himalayan
Syntaxis to northern Thailand. There appear to
be significant differences in the structural style
and timing, from N to S, along the belt (Fig. 1A;
e.g., BGMRYP, 1990; Mo et al., 1998; Zhong,
1998; Lietal., 2012; Peng et al., 2013; Fan et al.,
2015). Three tectonic units are identified from
west to east: the Baoshan-Sibumasu block, the
Lancangjiang tectonic belt, and the Simao-Indo-
china block (e.g., Fang et al., 1994; Peng et al.,
2008, 2013; Fan et al., 2015; Zhai et al., 2019;
Wang et al., 2020b). However, deformation dur-
ing the Indosinian Orogeny and the Cenozoic
juxtaposed units from these different tectonic
provinces. Due to the lithological similarities
and a sparsity of fossils in some units at the tec-
tonic boundary, it can be difficult to attribute to
which provinces a particular sedimentary unit
may belong.

The Baoshan block is bordered by the Changn-
ing-Menglian suture zone to the east and by the
Gaoligong shear zone to the west (Fig. 1B; Met-
calfe, 2013). It is considered to be the northern
part of the Sibumasu continental fragment and
has stratigraphic and paleontological affinities to
Gondwana (e.g., Fang et al., 1994; Feng, 2002;
Metcalfe, 2013, 2021; Zhong, 1998). The old-
est exposed strata in the Baoshan block belong
to the Cambrian Gongyanghe Group, which
comprises shallow metamorphic sandstone and
quartz sandstone that correspond to the Neopro-
terozoic to Cambrian Chaung Magyi Group in
Myanmar (e.g., Zhu et al., 2011; Morley, 2018).
The Ordovician—-Middle Triassic rock strata are

mainly composed of sedimentary neritic clastic
rocks interbedded with mudstone and limestone
shale. Due to the Indosinian Orogeny, there is
barely a record of sediments from the Late Trias-
sic to the Early Jurassic (e.g., BGMRYP, 1990;
Zhong, 1998). In the Middle Jurassic, continen-
tal molasse formations began to be deposited,
which were mainly composed of purple-red
coarse terrigenous clastic rocks interbedded with
basic volcanic rocks. Multi-phase continental
volcanics were formed in the Early Permian and
Middle Jurassic (e.g., BGMRYP, 1990; Zhong,
1998; Liao et al., 2013).

The Lancangjiang tectonic belt consists of the
Changning-Menglian suture, Lancang metamor-
phic belt, Lincang igneous belt, and Banpo-Jing-
hong back-arc system. The Changning-Menglian
suture zone is considered to be the remnant
of the main Paleo-Tethys oceanic crust in SW
China and is possibly connected to the Long-
muco-Shuanghu suture zone in central Tibet,
the Chiang Mai suture zone in Thailand, and
the Bentong-Raub suture zone in Malaysia far-
ther to the south (e.g., Peng et al., 2008, 2013;
Wang et al., 2016b, 2018b; Zhai et al., 2019; Li
et al., 2021; Fu et al., 2021; Wei et al., 2022).
The suture zone consists of a complex assem-
blage of ophiolitic mélanges, rock units repre-
senting residual oceanic islands and seamounts,
as well as Triassic high-pressure metamorphic
rocks (blueschist and eclogite), which experi-
enced diverse deformation and metamorphism
(e.g., Zhao et al., 1994; Zhong, 1998; Jian et al.,
2009a, 2009b; Nie et al., 2015; Sun et al., 2017,
2020; Lietal.,2017; Wang et al., 2019; Fu et al.,
2021; Zhai et al., 2019). The Nantinghe-Manxin
area ophiolitics have given U-Pb ages of 470—
439 Ma, which are related to the Proto-Tethyan
Ocean (e.g., Yan et al., 2022; Wang et al., 2013,
2014a, 2016a, 2018a; Sun et al., 2017). Rem-
nants of oceanic-island basalt volcanic edifices
and fossiliferous seamount carbonates within the
suture zone have an overall age range of Late
Devonian to Late Permian (e.g., Metcalfe, 2013,
2021; Ito et al., 2020). The Niujingshan ophiol-
ite was dated at 386 Ma (late Middle Devonian)
and likely represents the initial spreading of the
east Paleo-Tethys Ocean (e.g., Fang et al., 1994;
Wang et al., 2018b). Supra-subduction zone
ophiolites and normal mid-oceanic-ridge basalt
(N-MORB) gabbros were dated at 272-264 Ma,
which reflects the main subduction of the Paleo-
Tethys Ocean in the Permian (e.g., Jian et al.,
2009b; Wang et al., 2018b, 2019; Fu et al., 2021;
Zhai et al., 2019).

The N-S-striking Lancang metamorphic
complex extends discontinuously for more than
200 km along the Lancang River (e.g., Zhao
et al.,, 1994; Zhong, 1998; Fan et al., 2015;
Wang et al., 2017, 2020b; Bi et al., 2018). The
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complex mainly includes the Xiaoheijiang
greenschist-facies and Lancang metamorphic
mélange rocks, which have undergone intense
shortening deformation and ductile shearing and
are overlain by an unconformity by the Upper
Triassic—-Lower Jurassic molasse deposits (e.g.,
Zhao et al., 1994; Zhong, 1998; Fan et al., 2015).
The Xiaoheijiang rock units consist mainly of
Carboniferous—Lower Triassic greenschist-
facies quartz sandstone, quartz greywacke, and
pelitic rocks, which contain minor volcaniclas-
tic rocks (e.g., Zhao et al., 1994; Zhong, 1998;
Fan et al., 2015; Bi et al., 2018). The Lancang
metamorphic mélange rocks are dominated by
mica schist, greenschist, and blueschist, with
minor metamorphic volcanics and marble (e.g.,
Zhong, 1998; Fan et al., 2015). High-pressure
metamorphic rocks yield Rb-Sr isochron ages
of polysilicic muscovite of 260-240 Ma, and the
blueschists give °Ar/*Ar ages of 248-242 Ma
(e.g., Zhao et al., 1994; Fan et al., 2015; Wang
et al., 2018b). In addition, the deformation fab-
rics are well preserved in the Lancang metamor-
phic complex, and the “°Ar/*Ar plateau age of
the mica schist is 248 Ma (Wang et al., 2022),
which may approximate the timing of crustal
shortening related to the subduction-collision
stage of the Paleo-Tethys Ocean.

The Lincang igneous belt is mainly com-
posed of Triassic granites and associated volca-
nic sequences and is one of the most remarkable
geological features in SW Yunnan (Fig. 1B;e.g.,
Liu et al., 1989; Peng et al., 2008; Wang et al.,
2012; Fan et al., 2015; Zhao et al., 2018; Zhai
et al., 2019). It extends southward over 370 km
and links to the Baimaxueshan granitoid batho-
liths in the north and the Sukhothai and East
Malaysia granitoid batholiths in Southeast Asia
(Fig. 1B; e.g., Jian et al., 2003, 2009a, 2009b;
Fan et al., 2009, 2010; Dong et al., 2013; Wang
et al., 2019). The Lincang-Sukhothai arc is
bounded by the Changning-Menglian (Lan-
cang metamorphic belt), Inthanon, and Ben-
tong-Raub suture zones to the west, and by the
Banpo-Jinghong-Nan-Uttaradit suture zone to
the east (e.g., Ueno, 1999; Ueno and Hisada,
1999, 2001; Sone et al., 2012; Metcalfe, 2013,
2021; Morley, 2018). The arc is dominated by
the thick volcanic sequences and A-, I-, or S-type
batholiths (e.g., Wang et al., 2010, 2018b; Peng
et al., 2013; Fan et al., 2015; Deng et al., 2014,
2018). It formed on the western margin of the
Simao-Indochina block due to the eastward sub-
duction of the Paleo-Tethys Ocean (e.g., Wang
et al., 2018b; Zhai et al., 2019; Metcalfe, 2013,
2021) and was separated by back-arc spread-
ing in the Late Carboniferous—Middle Permian
and then accreted back onto the Simao-Indo-
china block by back-arc closure in the Trias-
sic. These granitoids in the Lincang-Sukhothai



arc comprise a composite batholith, which is
mainly composed of monzonitic biotite granite,
K-feldspar granite, and granodiorite, and have
yielded crystallization ages of 261-200 Ma
(predominant ages cluster at 230-220 Ma) with
a multi-stage emplacement history (e.g., Wang
etal., 2010, 2018b; Peng et al., 2013; Fan et al.,
2015; Deng et al., 2014, 2018). Previous stud-
ies show that the Late Permian—earliest Trias-
sic granitoids within the Lincang-Sukhothai arc
igneous belt are mainly high-K calc-alkaline
series and I-type granites that have arc-island
features (e.g., Chappell et al., 2012; Dong et al.,
2013; Fan et al., 2015; Deng et al., 2018; Cong
et al., 2020). The Early-Middle Triassic granit-
oid magmatism ranges from 250 Ma to 237 Ma
and shows S- and I-type characteristics with
various deformation or metamorphism, which
indicates a syn-collisional setting (e.g., Zhu
et al., 2011; Bi, 2014; Fan et al., 2015). In con-
trast, the Late Triassic granitoids from 235 Ma
to 200 Ma exhibit high-K calc-alkaline and
A-/S-type signatures that mainly reflect a post-
collisional setting (e.g., Wang et al., 2010; Deng
et al., 2018). Therefore, the Lincang-Sukhothai
batholith mainly records three magmatic events
related to the subduction, collision, and post-
collision of the Paleo-Tethys Ocean (e.g., Wang
etal., 2010, 2014a,2018b; Deng et al., 2018; Hu
et al., 2022). In addition, the volcanic sequence
comprises the Mannghuai, Xiaodingxi, and
Manghuihe formations with zircon U-Pb ages
of 241-210 Ma, which form an angular uncon-
formity with the overlying Late Triassic to Early
Jurassic red foreland molasse of the Yiwanshui
formation. These formations have been inter-
preted as a post-collision product (e.g., BGM-
RYP, 1990; Zhong, 1998; Feng, 2002; Peng
et al., 2013; Wei et al., 2016).

The Banpo-Jinghong belt is represented by
three mafic-ultramafic complexes in the Banpo,
Yakou, and Jinghong areas; it extends south-
ward and likely links to the Nan—Sa Kaeo back
arc in Southeast Asia (e.g., Wang et al., 2018b;
Metcalfe, 2013). The rock assemblage includes
pyroxenite, gabbro, diorite, and basaltic andes-
ite (e.g., Jian et al., 2009a; Li et al., 2012; Zhai
et al., 2019), which exhibit zircon U-Pb ages
of 313-281 Ma (e.g., Hennig et al., 2009; Jian
et al., 2009b; Li et al., 2012; Zhai et al., 2019).
The geochemical characteristics of the gabbros
and basalts are similar to those of MORB, with
the following isotopic geochemistry: 87Sr/30Sr(t)
ratio (0.7045-0.7064), exy(t) (+3.4 to +6.7), zir-
con gy(t) (+12.4 to +14.3), and 6'30 (~5.5%o),
which indicate that the Banpo-Jinghong basic
rock belt may represent a back-arc basin related
to the eastward subduction of the Paleo-Tethys
Ocean (Li et al., 2012; Wang et al., 2018b; Zhai
et al., 2019).
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The Simao-Indochina block is bounded by
the Lancangjiang tectonic belt to the west and
the Ailaoshan—Red River shear zone to the east
(Fig. 1B; Fan et al., 2010; Liu et al., 1989; Met-
calfe, 1996, 2013; Zhong, 1998; Wang et al.,
2020b, 2022). The Paleozoic metasedimentary
rocks show similar lithologies to those of the
Yangtze block to the east, with typical Cathay-
sia flora and fauna; the main metamorphic
basement is represented by the Damenlong
and Chongshan complexes, which are mainly
composed of metavolcanics, siliciclastics, and
marbles (e.g., Zhong, 1998; Akciz et al., 2008;
Wang et al., 2010; Fan et al., 2010). The lower
Paleozoic metasedimentary rocks are uncon-
formably overlain by Middle Devonian—Perm-
ian conglomerates and siliciclastic rocks (e.g.,
BGMRYP, 1990; Zhong, 1998; Fan et al., 2010;
Wang et al., 2010, 2019). Carboniferous—Perm-
ian strata are mainly composed of basic volcanic
rock, shallow marine carbonate rock, and sandy
argillaceous rocks (e.g., Feng, 2002; Metcalfe,
2013; Zhao et al., 2018). Records of Early Tri-
assic sediments are hardly present in the Simao-
Indochina block. Middle Triassic volcanic for-
mations developed on both sides of the block
(Lincang-Sukohthai granite on the western side,
and Jinshajiang-Ailaoshan-Songma Middle Tri-
assic volcanic rocks on the eastern side). The
Middle and Upper Triassic rocks are mainly
formed of stable platform sandy argillaceous
carbonates. In the Late Triassic, the Indosinian
Orogeny may have caused most of the area to
be uplifted into a landmass, and only carbonates
of offshore continental basin facies were depos-
ited locally (e.g., BGMRYP, 1990; Zhong, 1998;
Ueno and Hisada, 2001). After the Jurassic, a set
of striking red continental deposits developed
(e.g., BGMRYP, 1990; Zhong, 1998; Ueno and
Hisada, 2001; Metcalfe, 2013).

3. STRATIGRAPHY AND
DEFORMATION

The major stratigraphic units exposed along
the Lancang metamorphic complex include the
Proterozoic (Pt), Paleozoic (Pz, include Ordovi-
cian, Devonian, Carboniferous, and Permian),
and Mesozoic (Mz, Triassic) strata, which expe-
rienced variable deformation and metamorphism
(Figs. 2 and 3; BGMRYP, 1990).

In the Lancangjiang tectonic belt, the Protero-
zoic strata (Pt; including the Manlai and Hui-
min formations in the upper part of the Lancang
Group; BGMRYP, 1990; Zhong, 1998) are well
exposed and form a long and narrow green-
schist-amphibole-facies metamorphic belt with
intense deformation. This belt is mainly com-
posed of quartz schist, mica schist, and granulite.
At Location 1 (Fig. 2B), thin-to-thick mica schist
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and slate are alternately exposed with penetrative
foliations and cleavages (Fig. 4A). Several thrust
faults and abundant asymmetric folds developed
at this outcrop (Figs. 4A—4C). Most of the fault
planes dip westward (243°-268°), with a dip
angle of 31°-62° (Fig. 4A). They generally slide
along the weak slate and form fault zones with
various widths. Fault gouges are 10-15 cm thick
with penetrative cleavages (Fig. 4A). The folia-
tions and cleavages show characteristics of S-C
fabrics (Fig. 4C). Quartz veins were deformed
into asymmetric boudins due to ductile shear-
ing. At various scales in the region, east-verging
asymmetric folds indicate top-to-the-east thrust-
ing (Fig. 4). At Location 2 (Fig. 2B), mica schists
of the Proterozoic strata exhibit penetrative folia-
tions and west-plunging lineations (Figs. 4D and
4F). The quartz veins were deformed into asym-
metric porphyroclasts and boudins (Fig. 4E),
indicating similar kinematics.

Paleozoic strata (Pz), as defined by the
BGMRYP (1990), contain greenschist- to low-
amphibolite—facies metamorphic rocks such
as mica-quartz schist, mylonite, and gneiss. At
Location 3 (Fig. 2A), mylonites of the Paleo-
zoic strata exhibit penetrative foliations that dip
steeply toward the west and form asymmetric
folds (Fig. 5A). Kinematic indicators such as
asymmetric calcite, quartz porphyroclasts, and
asymmetric folds indicate top-to-the-east thrust-
ing (Figs. 5A and 5F).

Ordovician strata mainly outcrop in the north-
ern segment of the Lancang metamorphic com-
plex (Fig. 2A). The Ordovician is dominated by
metamorphosed sandstone, quartz schist, and
mica schist, which preserve foliations, linea-
tions, and ductile deformation fabrics that are
indicative of crustal shortening. For example,
at Location 4 (Fig. 2A), mica schists with per-
vasive foliations were well exposed and dip
toward the NE to E (63°-87°) with dip angles
of 45°-65° (Fig. 6A). The lineations observed
on the foliations mostly plunge ENE (Fig. 6C).
Asymmetric porphyroclasts, boudins, and S-C
fabrics are well developed at the outcrop scale,
which indicates top-to-the-west thrust shearing
(Figs. 6B and 6D).

Devonian strata are mainly composed of car-
bonatite and argillaceous carbonatite rocks that
are distributed in a N-S direction. The deforma-
tion is extensive and exposes regional penetrative
foliations (Fig. 2B). A typical ramp-shaped flat
structure is present at Location 5 along the Xiao-
heijiang River (Figs. 2B, 3, and 7A), which is the
typical deformation style of the Devonian strata.
The dip angle of the thrust-fault plane is 56° at
the lower part and gradually becomes gentler
upward. Sub-horizontal or gently dipping slate
is exposed in the footwall and plunges ~5°~15°
toward the W-NW (260°-287°; Fig. 7A). The
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Figure 2. Geological map of the northern and central parts of the Lancang metamorphic complex and adjacent regions (BGMRYP, 1990).

hanging wall is composed of mica schist and
mudstone, which appear flat and less deformed
away from the fault zone but become steeper and
intensely deformed approaching the fault zone
(Fig. 7A). This section indicates an east-west
shortening direction and is characteristic of the
tectonic deformation of the region.
Carboniferous and Permian strata are mainly
composed of quartz sandstone, mica schist, and
slate (Fig. 2). They show many lithological and
structural similarities. Penetrative foliations are
observed in schist and slate at Locations 6 and
7 (Figs. 2B, 7F, and 7G). Deformation fabrics
such as asymmetric porphyroclasts and boudin
generally indicate top-to-the-east thrusting. In
addition, in the Permian strata near Xiaoheiji-
ang (Fig. 3, at Location 7), we observed basic
to metabasic rocks where the internal part of
the rock mass is weakly deformed. In contrast,
the outer edge and small dikes are strongly
deformed, showing penetrative foliation with

asymmetric porphyroclasts, similar to the adja-
cent deformed Permian strata.

The Early Triassic strata are generally absent.
The Middle Triassic strata are dominated by
neritic carbonatite deposits, with exposed dolo-
mitic, limestone, and mudstone in unconform-
able contact with the underlying Permian strata.
In contrast, the Late Triassic strata are dominated
by intermediate-acidic volcanic formations and
are in unconformable contact with the underly-
ing strata, which is mainly magmatic and charac-
terized by relatively weak deformation.

4. GEOCHRONOLOGY
4.1. Analytical Methods

The zircon grains analyzed were separated
using standard density and magnetic separa-

tion techniques. Internal textures of these grains
were examined by cathodoluminescence imag-
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ing using a scanning electron microprobe at Sun
Yat-sen University (SYSU, Zhuhai, China). In
situ zircon U-Tu-Pb determination was carried
out using an iCAP-RQ inductively coupled
plasma—mass spectrometer (ICP-MS) coupled
with an ArF-193 nm GeolasHD laser ablation
(LA) system at the SYSU. A spot size of 32 um
with a laser repetition rate of 5 Hz was used to
ablate the zircons. Off-line raw data were pro-
cessed using the GLITTER program (Van
Achterbergh et al., 1999; Griffine et al., 2008),
and isotopic apparent and weighted mean ages
were calculated using the Isoplot program (Lud-
wig, 2003). Zircon ages with a calculated dis-
cordance of <10% are considered to be valid,
and 27Pb/2%Pb and 2°°Pb/?38U apparent ages of
the older (>1 Ga) and younger (<1 Ga) zircon
grains are presented, respectively.

The mica sample used for “°Ar/*Ar analyses
was individually wrapped in Al-foil packets,
encapsulated in sealed Gd foil, and irradiated in
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Figure 3. Detailed field mapping and geological cross sections of the Xiaoheijiang region (BGMRYP, 1990). C—Carboniferous; D—Devo-
nian; J—Jurassic; Loc.—Location; P—Permian; Pt—Proterozoic; T—Triassic.

the central thimble position of the nuclear reac-
tor (1000 kW) for 2627 min with an instanta-
neous neutron flux of 6.63 x 10'2n/(cm~2 s~ 1)
at the Chinese Academy of Atomic Energy Sci-
ence. After irradiation, the sample was degassed
and purified in steps. The “°Ar/3*Ar measure-
ment was carried out on a GV Instruments 5400
MS at the Guangzhou Institute of Geochemis-
try, Chinese Academy of Sciences. The detailed
analytical techniques for these MS analyses
are described by Qiu and Wijbrans (2008). The
40Ar/3Ar dating results were calculated and plot-
ted using the Ar-ArCALC software (Koppers,
2002). Plateau ages were determined from three
or more contiguous steps, comprising >50% of
the 3°Ar released and revealed concordant ages at
the 95% confidence level (McDougall and Har-
rison, 1999).

4.2. U-Pb Geochronology

Sample 21YN-6, collected from a metagab-
bro (at Location 7; Figs. 3 and 7B; 23°22.834'N,

99°39.568’E), exhibits foliations and ductile
shearing fabrics that are consistent with the
surrounding Permian mica schist. The main
minerals observed are pyroxene (35%—-40%),
amphibole (25%-30%), feldspar (15%-20%),
mica, and minor quartz. Preferred biotite ori-
entation and asymmetric porphyroclasts are
observed at the microscopic scale (Figs. 7C
and 7D). Most zircon grains separated from
this sample have lengths of 100-200 pm with
length/width ratios of ~1-1.5 (Fig. 7H). Com-
puted laminographic (CL) images show two
groups: the magmatic zircons are colorless
and transparent and show apparent oscilla-
tory zoning, and the metamorphic zircons are
gray-black with poor zonation (Fig. 7H; Hoskin
and Schaltegger, 2003). Twenty-four analyses
were conducted in this sample, and four grain
data points with a disagreement of >20% were
excluded from the mean calculation (Table 1).
Eleven spot analyses lie on or below the Con-
cordia line, with 20Pb/?38U ages ranging from
1846 Ma to 411 Ma, which correspond to
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those of the inherited zircons. The remaining
eight concordant data yield a weighted mean
206pp/238Y age of 230 + 3.1 Ma with a mean
square of weighted deviates (MSWD) of 0.17
(Fig. 7TH), which is interpreted to represent the
deformation and metamorphic timing of the
metagabbro.

4.3. “Ar/¥Ar Dating

To constrain the timing of metamorphism and
deformation identified along the Lancang meta-
morphic complex, three samples collected from
mica schists and mylonites with E-W—directed
shortening deformation fabrics were analyzed
for “°Ar/*Ar geochronology.

Sample 09YN-43 is a Proterozoic mica
schist, which exhibits pervasive foliations that
dip toward the west (at Location 2; Fig. 4;
23°14.410'N, E99°41.595'E). The quartz grains
were sheared asymmetrically (Fig. 4E). Some
feldspars have undergone intense ductile shear-
ing that formed asymmetric porphyroclasts
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(Fig. 4G). The quartz grains are marked by
sweeping undulose extinction and have irregular
grain shapes and grain sizes, which are indicative
of grain boundary migration (GBM) recrystalli-
zation (Figs. 4H and 4I). The release spectrum
for muscovite grains from sample 09YN-43
yields a flat plateau age of 251.16 £ 2.33 Ma
that accounts for 95% of the released °Ar (steps
5-13; Fig. 4]).

Figure 4. (A) Field photographs
of typical crustal shortening
fabrics in the Proterozoic strata
along the Lancang metamor-
phic complex. (B, C) Asymmet-
ric folds, penetrative foliation,
and S-C fabrics in Proterozoic
strata. (D, F) Penetrative folia-
tions and lineations at sites of
sample 09YN-43. (E) Typical
asymmetric quartz porphyro-
clasts associated with crustal
shortening. (G) Microstruc-
tures of sample 09YN-43 show
intense ductile shearing of the
feldspars (Kfs) and formation
of asymmetric porphyroclasts.
(H, I) The quartz (Qz) grains
show sweeping undulose ex-
tinction and strongly elongated
bands that are indicative of
grain boundary migration re-
crystallization. (J) Age spec-
tra for muscovite from sample
09YN-43; plateau age is re-
ported within 26 error.

09YN-43

251.1612.33Ma

Cumulative *°*Ar Released (%)

0 10 20 30 40 50 60 70 80 90

Sample 09YN-13 was collected from the
Paleozoic mylonite located to the southwest
of Yunxian County (at Location 3; Fig. 2A;
24°22.752'N, 100°03.427’E). It exhibits a
quartz-biotite-feldspar assemblage and pre-
serves asymmetric porphyroclasts (Fig. 5B).
Quartz grains vary from 10 pm to 500 pm in
size and show apparent undulatory extinc-
tion and elongation (Figs. 5B and 5C). Finer
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grains were formed from the host grain by
bulging recrystallization along the grain
boundaries (Fig. 5C). The feldspars in the
mylonite exhibit brittle fractures that dis-
play domino-type fragmented porphyroclasts
(Fig. SE). Sericite grains from this sample
yield a plateau age of 234.31 4+ 2.97 Ma,
which amounts to ~85% of the *Ar released
(steps 7-21; Fig. 5D).



Sample 09YN-20 was taken from an Ordo-
vician sericite schist that exhibits pervasive
foliations dipping toward the northeast (Loca-
tion 4; Fig. 2A; 24°38.532'N, 99°46.745'E).
The quartz and feldspar veins have undergone
intense ductile shearing, forming asymmetric
boudins and S-C fabrics. The mineral assem-
blage of samples analyzed includes quartz,
feldspar, sericite, biotite, and minor musco-
vite. Quartz grains show undulatory extinction
(Fig. 6F and 6G). Some large quartz grains are
observed to be surrounded by fine subgrains
or newly recrystallized fine grains that form
a core-mantle structure (Figs. 6F and 6G).
The release spectrum for sericite grains from
sample 09YN-20 exhibits an approximately
flat portion (steps 5—11, including ~60% of the
% Ar released) with a corresponding plateau age
of 234.92 4+ 4.10 Ma (excluding the first four
low-temperature steps; Fig. 6E).

Ya Cui et al.

Figure 5. (A) Photograph
showing Paleozoic mylonites
with  penetrative foliations
and asymmetric folds. (B, C,

234.3112.97Ma

E) Microstructures in quartz
(Qtz) from sample 09YN-13,
showing asymmetric porphy-
roclasts, undulate extinction,
bulging, and feldspars (Kfs)
that are brittle and fractured
with domino-type fragments.

(D) “Ar/*Ar plateau age of
sample 09YN-13. (F) Asym-

metric quartz porphyroclasts

in the mylonite.

T L Rl

5. DISCUSSION

5.1. Timing Constraints on Deformation
and Metamorphism of the Lancang
Metamorphic Complex

The Lancang metamorphic complex was
likely located in the fore-arc region during the
subduction of the Paleo-Tethys Ocean, since the
Lincang granite belt to the east is generally inter-
preted as the island arc of the subduction system
(e.g., Wangetal., 2010, 2018b; Peng et al., 2013;
Deng et al., 2018; Zhai et al., 2019). In addi-
tion, the metabasites in the Damangguangfang
and Xiaoheijiang counties along the Lancang
metamorphic complex yield zircon U-Pb ages
of 270-264 Ma and display both MORB- and
arc-like signatures that are suggestive of a Perm-
ian fore-arc setting related to subduction of the
Paleo-Tethys Ocean (e.g., Jian et al., 2009a,
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2009b; Wang et al., 2018b). Our new structural
observations reveal that the intense crustal short-
ening and greenschist- to amphibolite-facies
metamorphism may have occurred along the
Lancang metamorphic complex, which formed
regional foliations and shortening structures such
as folds and thrusts at various scales. In addition,
40Ar/*°Ar and zircon U-Pb data obtained in this
study put timing constraints on the deformation
episodes related to the subduction and subse-
quent collision of the Paleo-Tethys Ocean.
Sample 21YN-6 is a highly deformed
metagabbro, and its penetrative foliations, linea-
tions, and asymmetric porphyroclasts all point
to a nearly E-W—directed compression (Figs. 7B
and 7E). The inheritance zircons yield an age of
1846411 Ma. However, the gray-black meta-
morphic zircons with poor zonation yield a
weighted mean 20°Pb/238U age of 230 4 3.1 Ma
(MSWD = 0.17; Fig. 7H). By combining field-
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and microscopic-scale observations, the age of
this sample is interpreted to represent the timing
of E-W-directed shortening during the subduc-
tion-collision stage of the Paleo-Tethys Ocean.
Sample 09YN-43, which was collected from
the Proterozoic mica schist, yields a “°Ar/*°Ar
plateau age of 251.16 £ 2.33 Ma (Fig. 4J). Pen-
etrative foliations, asymmetric folds, boudins,
and porphyroclasts all indicate an E-W—directed
crustal shortening (Figs. 4D and 4E). At the
microscopic scale, quartz crystals exhibit wave
extinction and polycrystalline quartz grains
with irregular grain boundaries that developed
in response to GBM recrystallization (Figs. 4H
and 41), and the feldspars underwent ductile
shearing to form porphyroclasts (Fig. 4G). These
microfabrics are likely indicative of a deforma-
tion temperature of 400-500 °C (Stipp et al.,
2002), which is higher than the closure tempera-
ture of sericite in the “°Ar/°Ar system (~350
°C; Harrison et al., 1985). Therefore, the plateau
age of 251.16 £ 2.33 Ma could be interpreted

Figure 6. (A) Photograph of
Ordovician strata with pen-
etrative foliations. (B, C, D)
Asymmetric boudins and linea-

tions indicating E-W-directed
thrusting. (E) “Ar/*°Ar plateau
age of mica in 09YN-20. (F, G)
Microstructure in the sample
analyzed displaying undulate
extinction, bulging, and core-

234.93+4.10Ma

Cumulative *°Ar Released (%)

mantle structures of quartz
(Qz) grains.

as a cooling age that approximates or is slightly
younger than the timing of the crustal shortening
stage, which likely occurred during subduction
or collision.

Sample 09YN-13 was taken from a Paleo-
zoic mylonite and yields a “°Ar/*°Ar plateau
age of 234.3 £ 3.0 Ma. Sample 09YN-20, col-
lected from an Ordovician mica schist, exhibits
a “0Ar/*Ar plateau age of 234.9 + 4.1 Ma. At
the outcrop scale, folded gneissic and mica schist
foliations are observed near the sample sites.
Together with asymmetric boudins and S-C
fabrics, these observations also indicate E-W—
directed shortening. Asymmetric quartz and feld-
spar porphyroclasts and mica fish exhibit consis-
tent kinematics (Figs. 5B and 5F). In addition,
quartz grains in the sample analyzed show strong
shape-preferred orientation, undulatory extinc-
tion, and bulging and core-and-mantle structures
(Figs. 5C, 6F, and 6G). Feldspars exhibit brittle
fractures and display domino-type fragmented
porphyroclasts (Fig. 5E). These microfabrics
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from the two samples indicate a deformation
temperature of 300-400 °C (Stipp et al., 2002).
The biotite “°Ar/*Ar system would likely have
been fully reset during this phase of deforma-
tion (McDougall and Harrison, 1999). Thus, the
plateau ages of 09YN-13 and 09YN-20 likely
represent the timing of crustal shortening.

5.2. Evolution of the Paleo-Tethys Ocean in
the SE Tibetan Plateau

Our new data from petrology, structural analy-
sis, and geochronology, combined with data from
previous studies, enable us to retrace the defor-
mation history of the Lancang metamorphic
complex as well as the evolution of the Paleo-
Tethys Ocean. Existing chronologic data sug-
gest that the opening of the Paleo-Tethys Ocean
may have begun during the Middle Devonian, as
recorded by the earliest pelagic sediments and
ophiolite complex (e.g., Feng and Liu, 1993;
Duan et al., 2006; Metcalfe, 2013). Continued
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Figure 7. (A) Dashed white lines indicate the flat-ramp structure that developed in the Devonian strata. (B, F) Field deformation fabrics with
penetrative foliation in the Permian strata. (C, D) Microstructure of sample 21YN-6 showing intense mineral stretching and asymmetric
feldspar porphyroclasts. (E) Geological cross section of the sample site. (G) Photograph of penetrative foliation, cleavages, and asymmetric
boudin in the Carboniferous strata. (H) Zircon U-Pb age of sample 21YN-6 and zircon cathodoluminescence photos. Amp—amphibolite;
Px—pyroxene; Qz—quartz; Kfs—K-feldspar; MSWD—mean square of weighted deviates.

subduction of the Paleo-Tethys Ocean likely
altered the overlying mantle wedge, resulting
in melting and the formation of a magma arc
in the western margin of the Simao block and
the opening of an oceanic back-arc basin (e.g.,
Peng et al., 2008; Hennig et al., 2009; Deng
etal., 2014, 2018; Wang et al., 2019). However,
the timing of the onset of the subduction still
remains controversial. Metcalfe (2006, 2011,
2013) and Sone et al. (2012) proposed that the
initial subduction beneath the Indochina block
likely started during the latest Carboniferous—
Early Permian and continued until the Middle
Triassic. On the other hand, Deng et al. (2018)
proposed that the subduction initiated during

the Late Carboniferous and continued until the
Permian—Early Triassic.

In western Yunnan, the evidence for subduc-
tion includes the following. (1) Pelagic radio-
larian cherts within the Changning-Menglian
suture zone (representing the main Paleo-Tethys
Ocean basin) that range in age from late Mid-
dle Devonian to Middle Triassic (Fig. 8A; e.g.,
Metcalfe, 2013, 2021; Wang et al., 2018b). (2)
The magmatic arc rock units in the Jinghong
and Yunxian regions are enriched in large ion
lithophile elements and light rare earth elements
and depleted in high field strength elements,
similar to the typical subduction-related arc vol-
canic rocks, which were dated at 284-249 Ma
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by zircon LA-ICP-MS analyses (e.g., Mo et al.,
1998; Peng et al., 2008; Hennig et al., 2009).
(3) The Nanlinshan volcano-plutonic rocks dis-
play MORB-like geochemical affinity and yield
a U-Pb zircon age of 298-290 Ma (e.g., Hennig
et al., 2009; Li et al., 2012; Keller et al., 2015;
Wang et al., 2015), and meanwhile, the associ-
ated granodiorites at adjacent sites are dated
at 284-282 Ma (Hennig et al., 2009). (4) The
Banpo-Yakou-Jinghong mafic-ultramafic com-
plexes (south of the Lincang granite belt), which
were interpreted to form in a back-arc setting,
yield zircon U-Pb ages of 315-264 Ma (e.g.,
Wang et al., 2015; Jian et al., 2009a, 2009b; Li
et al., 2012; Zhai et al., 2019). (5) The metaba-
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TABLE 1. LASER ABLATION-INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRIC ZIRCON U-PB DATA
FROM THE XIAOHEIJIANG METAGABBROS IN THE LANCANG METAMORPHIC COMPLEX

Th/U analysis Isotopic ratios Apparent age Concordance
spot (Ma)

207Ph/206Ph 1o 207Pp/235 1o 206Ph/238 1o 207Ppf206Phy  {g  207Pb/2BY 1o 206Pp/R8U 1o
21YN-6 metagabbros, mean age = 230 + 3.1 Ma
21YN-6-01 0.53 0.10734 0.0028 3.96876  0.1084 0.26851  0.00428 1755 47 1628 22 1533 22 94%
21YN-6-02 2.85 0.06392 0.00219 1.05378 0.03679 0.11972  0.00202 739 71 731 18 729 12 100%
21YN-6-03 0.46 0.05606 0.00201 0.53755 0.0196 0.06965 0.00118 454 78 437 13 434 7 99%
21YN-6-04 0.38 0.05133 0.00194 0.25735 0.00987 0.03641 0.00062 256 85 233 8 231 4 99%
21YN-6-05 0.25 0.05166 0.00212  0.25797 0.01066  0.03627 0.00063 271 91 233 9 230 4 99%
21YN-6-06 2.36 0.10925 0.00338 3.75936 0.12042  0.24996  0.00423 1787 55 1584 26 1438 22 91%
21YN-6-07 0.25 0.0599 0.00222 0.54391 0.02051 0.06596 0.00114 600 78 441 13 412 7 93%
21YN-6-08 0.19 0.05118 0.00346 0.25804 0.01727  0.03662 0.00079 249 149 233 14 232 5 99%
21YN-6-09 0.97 0.05086 0.00221  0.25509  0.01115 0.03643  0.00065 235 97 231 9 231 4 100%
21YN-6-10 0.58 0.06351 0.00246  0.62333 0.02447 0.07129 0.00126 726 80 492 15 444 8 90%
21YN-6-11 0.66 0.05068 0.0081 0.25622  0.0401 0.03673 0.00145 226 333 232 32 233 9 100%
21YN-6-12 0.77 0.05408 0.00714 0.26231 0.03388 0.03524 0.00121 374 273 237 27 223 8 94%
21YN-6-13 0.62 0.05128 0.00206  0.25528  0.01041 0.03617  0.00064 253 90 231 8 229 4 99%
21YN-6-14 0.99 0.10738 0.00378 4.71697 0.17128 0.31917  0.00562 1755 63 1770 30 1786 27 101%
21YN-6-15 0.79 0.05655 0.0024 0.51239 0.02206 0.06584  0.00122 473 92 420 15 41 7 98%
21YN-6-16 0.61 0.11493 0.00417  5.11861 0.19151  0.32358 0.00575 1879 64 1839 32 1807 28 98%
21YN-6-17 0.56 0.10729 0.004 417472  0.16029 0.28271  0.0051 1754 67 1669 31 1605 26 96%
21YN-6-18 0.49 0.05148 0.00313 0.25623 0.01555 0.03616  0.00076 263 134 232 13 229 5 99%
21YN-6-19 0.22 0.13902 0.00525 6.34241 0.24661 0.33148 0.00603 2215 64 2024 34 1846 29 91%
21YN-6-20 0.81 0.05191 0.0042 0.26174  0.02093 0.03664  0.0009 281 175 236 17 232 6 98%

sic rocks in the Niujingshan ophiolite give zir-
con U-Pb ages of 272-264 Ma and have both
volcanic arc basalt and MORB geochemical
characteristics and were considered to be supra-
subduction zone-type ophiolite that corresponds
to the subduction of the oceanic crust (Jian et al.,
2009a). Similar evidence also exists in South-
east Asia. In Thailand, Laos, and Cambodia on
the Indochina Peninsula, the basaltic rocks and
ophiolites related to the back-arc basin give an
age of 320-260 Ma and could possibly be con-
nected to the Banpo-Jinghong areas (e.g., Hara
et al., 2020; Ueno and Hisada, 2001; Wang
et al., 2020b). Additionally, arc-related igneous
rocks yield U-Pb ages of 296238 Ma, and the
granitoids were dated at 289-244 Ma (e.g., Hara
et al., 2020; Metcalfe, 2013; Qian et al., 2016a,
2016b; Wang et al., 2020c). Based on the evi-
dence above, the subduction of the Paleo-Tethys
Ocean likely occurred in the Late Carbonifer-
ous—Early Triassic (Figs. 8A and 8B).

Since ca. 260 Ma, seamount-like mate-
rial may have been subducted to a depth of
30-35 km (at conditions of ~450 °C, ~0.9 GPa)
and experienced high-pressure, low-temperature
blueschist-facies metamorphism at ca. 248-
242 Ma (e.g., Fan et al., 2015; Wan et al., 2019;
Wang et al., 2019). Subsequently, this material
may have exhumed to the shallow crust due to
the juxtaposition of nappe structures during the
Middle Triassic (e.g., Fan et al., 2015; Wang
etal., 2018a). The rapid exhumation of the blue-
schists may represent the onset of collision (Fan
et al., 2015). The Jinghong-Manbing arc grano-
diorite and amphibolite in the southern segment
of the Lincang granite belt yield zircon U-Pb
ages of 259-242 Ma and show characteristics of
calc-alkaline I-type granitoids and typical island
arc magmatic rocks, which were interpreted
to have formed during the transition from slab

subduction to collision (e.g., Wang et al., 2015;
Sun et al., 2020). The Chiang Khong volcanic
rocks in northwestern Thailand, which are char-
acterized by arc volcanic rocks and interpreted
to be the product of the tectonic transition from
arc to collisional stages, yield U-Pb ages of
242-238 Ma (Qian et al., 2013). In addition, the
fore-arc region may have experienced crustal
compression and metamorphism, forming
penetrative regional foliations and shortening
structures during the transition stage. Our new
40Ar/*Ar data from the Proterozoic mica schist
yield a plateau age of 251.16 £ 2.33 Ma, which
likely represents the timing of E-W-directed
shortening. Wang et al. (2022) reported a defor-
mation age of 248 Ma at nearby sites that is con-
sistent with our data. Therefore, combined with
the age cluster of the metamorphic rocks in the
Lancang metamorphic complex (260-240 Ma;
e.g., Fanetal, 2015; Bietal., 2018; Wang et al.,
2020a, 2020b, 2021), we argue that the Paleo-
Tethys Ocean experienced a transition stage
from slab subduction to continental collision
from ca. 260 Ma to 242 Ma in the SE Tibetan
Plateau (Fig. 8B; e.g., Peng et al., 2013; Jian
et al., 2009a, 2009b; Wang et al., 2010; Deng
et al., 2018). Another key issue is whether the
Banpo-Jinghong back-arc basin closed during
this stage. The Banpo-Jinghong back-arc basin
includes deep-marine radiolarian cherts of Early
to Late Permian age (Fig. 8A; e.g., Feng and Liu,
1993; Liet al., 2012; Zhai et al., 2019), but there
are no records from the Triassic or later. There-
fore, we speculate that the back-arc basin may
have collapsed during this stage.

The next stage is the closure of the Paleo-
Tethys Ocean and subsequent continental col-
lision. However, the collision processes and
timing are controversial. Wang et al. (2018b)
proposed that the Baoshan-Sibumasu block

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36812.1/5933232/b36812.pdf
bv lniversitv of Toronto user

began to collide with the Simao-Indochina
block in the Middle Triassic period (ca. 237 Ma)
based on magmatic and metamorphic records in
western Yunnan and Southeast Asia and resulted
in the final closure of the Jinghong—Nan—Sa
Kaeo back-arc basins. The major collision phase
of the Paleo-Tethys Ocean occurred during the
Middle-Late Triassic period (ca. 237-230 Ma)
and resulted in the formation of a united proto—
Southeast Asia continent (Wang et al., 2018b).
Metcalfe (2013, 2021) synthesized the stratig-
raphy, paleontology, and structure of the Paleo-
Tethys domain, suggesting that the back-arc
basin began to collapse due to the subduction-
collision of the Paleo-Tethys Ocean in the Late
Permian to Middle Triassic (256-240 Ma). Col-
lision of the Sibumasu block, Sukhothai, and
Indochina may have occurred in the Middle
Triassic to Late Triassic, leading to the final clo-
sure of the Sukhothai back-arc basin in the Late
Triassic and the formation of widespread S-type
granites in Thailand on the Malay Peninsula.
However, deep-water sediments between Sibu-
masu and the Sukhothai block up to at least ca.
236 Ma were identified in Thailand, and Late
Triassic turbidite deposition was also observed
on the Sukhothai arc (Morley, 2018), which
suggests that the collision may have occurred
in the Late Triassic or after. In addition, there
is magmatism that is related to the Early-Mid-
dle Triassic collision in Thailand. Therefore,
Morley (2018) proposed that the early colli-
sion during the Early-Middle Triassic occurred
between the Sibumasu block and the Sukhothai
arc. In the latest Triassic or even Early Jurassic,
the back-arc basin closed, leading to the final
assemblage between the Sibumasu, Sukhothai
arc, and Simao-Indochina. We cannot determine
which model is most accurate, and these models
are not mutually exclusive. The eastern Paleo-
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argue that the collision stage in western Yunnan
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the following magmatic, structural, and chrono-
logic observations. First, the high-K calc-alka-
line S-type granites in the Lincang granite belt
with a main age peak of 237 Ma were generally
interpreted as syn-collisional products (e.g.,
Jian et al., 2003, 2009a; Wang et al., 2014b;
Fan et al., 2015; Qian et al., 2016b; Wang et al.,

Subduction (Late Carboniferous to Early Triassic)

Transition From Subduction to Collision (~260-242Ma)

the Paleo-Tethys Ocean: east-
ward subduction of the Paleo-

Tethys Ocean during Late
Carboniferous—Early Triassic;
the transition of Paleo-Tethys
from subduction to collision
during ca. 260-242 Ma; the
main continental collision of
the Baoshan and Simao blocks
at ca. 237-230 Ma; the stage
of post-collisional collapse in
response to the uprising of as-
thenospheric mantle related
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2016b, 2018b). In addition, Manghuai volca-
nic rocks (mainly composed of rhyolites) have
geochemical characteristics similar to those of
Lincang granites and yield a zircon U-Pb age of
241-231 Ma that was also likely generated from
the syn-collisional stage (e.g., Peng et al., 2008,
2013; Fan et al., 2009; Wang et al., 2012). Sec-
ond, the sedimentary rocks within the Lancang
metamorphic complex and adjacent regions
generally experienced variable deformation
and metamorphism during this period. The
metamorphic zircon from polysilicon musco-
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vite schist yields U-Pb ages of 238-231 Ma that
indicate the timing of the peak metamorphism
(e.g., Lietal., 2017; Wang et al., 2020a). Third,
our structural and geochronologic data reveal
intense crustal deformation along the Lancang
metamorphic complex that led to the formation
of regional foliations, thrusts, macroscale and
mesoscale folds of foliated rocks, and other
ductile-brittle fabrics. Metagabbro, schist, and
mylonite, which preserve deformation fabrics
indicating E-W-directed shortening, yield U-Pb
and “°Ar/*Ar ages of 234-230 Ma. However, it
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remains uncertain whether continental collision
or continent-arc collision occurred in the SE
Tibetan Plateau. Middle and Late Triassic deep-
sea sediments were not found along the Lan-
cangjiang belt and adjacent regions; the records
of the Banpo-Jinghong back-arc pelagic radio-
larian cherts only continued to the Late Permian
(Fig. 8A). Therefore, we speculate that the back
arc may have closed in the Early Triassic, and
the major stage of collision between Baoshan
and Simao most likely occurred around 237-
230 Ma (Fig. 8B).

Following the collision, the Paleo-Tethys
domain entered the post-collision extensional
phase in the Late Triassic (e.g., Morley, 2018;
Wang et al., 2018b). The crustal shortening may
have switched to regional extension, accom-
panied by upwelling of the asthenospheric
mantle, which resulted in the partial melting
of crustal material and formed the Lincang
granite belt to the east of the Lancang meta-
morphic complex. The Late Triassic granit-
oids range from 230 Ma to 203 Ma and have
geochemical characteristics that mainly plot
in the post-collisional fields and exhibit high-
K calc-alkaline and A-type granite signatures
(Deng et al., 2018). For example, the Mengsong
(228-222 Ma) and Bulangshan (218-216 Ma)
granites from the southern extension of the Lin-
cang Batholith were all interpreted to be gener-
ated in a post-collision extensional setting (e.g.,
Wang et al., 2015; Deng et al., 2018). Granites
in northwestern Laos that yield zircon ages of
231-220 Ma belong to the high-K calc-alkaline
A-type series and were derived from a mixed
source and formed in a post-collisional set-
ting (Qian et al., 2016a; Wang et al., 2018b).
Volcanic rocks of the Xiaodingxi formation
(220-214 Ma) and Manghuihe formation (216—
210 Ma) are mainly of the high-K calc-alkaline
basalt series, which is characteristic of post-
collision magmatic assemblages (e.g., Kong
etal., 2012; Nie et al., 2016; Dong et al., 2013;
Peng at al., 2013; Wang et al., 2014a; Fan et al.,
2009). In addition, the post-collision volcanic
rocks are also exposed in the Chiang Khong—
Lampang—De igneous rock belt in NW Thai-
land and yield zircon U-Pb ages of 229-220 Ma
(Qian et al., 2016b; Wang et al., 2018b). Meta-
morphic zircon U-Pb ages and polysilicon mus-
covite “YAr/*Ar data constrain the retrograde
age of widely exposed metasedimentary rocks
to 222-207 Ma (Wang et al., 2020a, 2021).
These high-pressure—ultrahigh-pressure rocks
may have experienced a rapid exhumation to
the shallow crust due to post-orogenic exten-
sion during this period. Therefore, all of the evi-
dence indicates that the Paleo-Tethys domain
may have entered the post-collision stage dur-
ing 230-200 Ma (Fig. 8B).

6. CONCLUSIONS

The Lancang metamorphic complex, together
with the Changning-Menglian suture, Lincang
igneous belt, and Banpo-Jinghong back-arc
system, constitutes the Lancangjiang tectonic
belt, which records the tectonic evolution of
the eastern Paleo-Tethys domain. Penetrative
regional foliations, thrusts, asymmetric folds
at various scales, and ductile shearing fabrics
are observed within the Lancang metamorphic
complex. Ar-Ar and U-Pb dating indicate that
the intense E-W-—directed contractional defor-
mation occurred between 251 Ma and 230 Ma
and probably encompasses subduction- and
collision-related deformation. A synthesis of
existing magmatic and metamorphic data and
our new structural geochronologic observations
point to four stages of evolution of the eastern
Paleo-Tethys domain in the SE Tibetan Plateau.
Subduction of the Paleo-Tethys Ocean may have
continued from the Late Carboniferous to Early
Triassic and formed the trench-arc basin system
in SE Tibetan Plateau. During 260-242 Ma,
the Paleo-Tethys entered the subduction-colli-
sion transitional stage, and the main collision
occurred at 237-230 Ma. Crustal shortening
may have switched to regional extension at
230-200 Ma, resulting in post-collision mag-
matic activity along the N-S—striking Lincang
granite belt.
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