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Abstract

The southern Myanmar tin ore district is an important part of the well-known Southeast Asia
tin belt (SATB), and hosts numerous economically important primary tin-tungsten ore deposits.
However, the timing of formation of these deposits is unclear due to the scarcity of robust age
data. The tectonic setting of tin mineralization in this area also needs to be further constrained.
Most of the primary tin-tungsten ore deposits in southern Myanmar are typical hydrothermal
quartz vein-type, with cassiterite and wolframite as the main ore minerals. Here, we present in
situ U-Pb ages of cassiterite and wolframite from nine granite-related hydrothermal Sn-W
deposits in southern Myanmar. Cassiterite samples from the Hermyingyi, Thitkhatoe, Thaling
Taung, Kalonta, Taungphila, Pagaye, Bawapin, Kanbauk, and Letha Taung deposits yield
common lead-corrected weighted mean 206Pb/238U ages of 61.6 + 0.8 Ma, 61.9 £ 0.6 Ma,

60.4 +£ 0.9 Ma, 63.0 + 0.6 Ma, 62.9 + 0.6 Ma, 69.5 + 0.5 Ma, 63.6 + 0.6 Ma, 61.3 + 0.6 Ma,



and 84.9 £ 0.5 Ma, respectively. Wolframite samples collected from these deposits also yield
consistent ages with the cassiterite samples. These ages, combined with available tin
mineralization ages from other deposits in the western part of the SATB, define three epochs
of Sn metallogeny related to three contrasting geodynamic settings: (1) Early Cretaceous (~
125-110 Ma) mineralization is related to post-collision slab break-off after collision between
the West Burma terrane and the Sibumasu-Tengchong terrane; (2) Late Cretaceous to
Paleocene (~ 90-60 Ma) mineralization developed in an Andean-type accretionary setting
during subduction of the Neo-Tethys oceanic lithosphere; (3) Early Eocene (~ 50-40 Ma)

mineralization may have formed in a post-collision setting after the India-Asia collision.
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Introduction

The global distribution of tin ore deposits is well characterized (Lehmann 1990), with most tin
ore deposits distributed in four belts (or provinces) within larger granite belts: the Southeast
Asia tin belt, the South China tin province, the Bolivian tin belt, and the Erzgebirge-lberia-
Cornwall tin belt. These four regions account for about 85% of the cumulative historic tin mine
output and two-thirds of current global tin reserves. In addition, more than 99% of the global
tin production is from ore deposits directly (primary deposits) or indirectly (placers) related to
granitic rocks, i.e., granites and their volcanic and subvolcanic equivalents (Lehmann 2020).
Primary tin ore deposits are spatially associated with differentiated granites and are interpreted
to be of magmatic-hydrothermal origin (Heinrich 1990; Lehmann 2020). However, the tectonic

controls on the formation of these tin belts or provinces are less well constrained (Mithchell



and Garson 1981; Mlynarczyk and Williams-Jones 2005; Romer and Kroner 2016; Mao et al.
2019).

The Southeast Asian tin belt (SATB) is the largest tin province in the world, containing
over half of the world’s tin reserves and historically accounting for 40-45% share of the
world’s total tin production (Schwartz et al. 1995; Lehmann 2020). The belt extends from
Yunnan in China through Myanmar and Thailand, via Malaysia, to Indonesia, over a distance
of 2800 km and a width of 400 km (Beckinsale 1979; Schwartz et al. 1995) (Fig. 1a). Primary
tin deposits in the SATB occur mainly along the eastern Tethyan tectonic domain (Mitchell
1979; Zaw et al. 2014). Myanmar is located at the southern edge of the Himalayan Syntaxis
and represents a southward extension of the Tibetan-Himalayan orogeny (Fig. 1a), and was a
major tin and tungsten producer pre-World War Il. It experienced considerable depression
during the past 60 years (Schwartz et al. 1995), but in recent years, Myanmar tin production
has greatly increased owing to the newly discovered tin mining district at Man Makhsan in the
Wa State. This made Myanmar the world’s third-largest producer of tin after China and
Indonesia in 2014 (Gardiner et al. 2015b; Htun et al. 2017). The southern Myanmar tin ore
district lies in the western range of the SATB, and hosts numerous primary large- and medium-
size tin-tungsten deposits (Htun et al. 2017) (Fig. 1b); some of which have been mined for over
100 years. Studies of the tin mineralization in this region have focused mainly on the granites,
with fewer studies of the ore genesis within the deposits (Zaw 1984; Lehmann et al. 1994; Li
et al. 2018a, 2018b, 2019b, 2020a; Myint et al. 2017, 2018; Paik 2017; Jiang et al. 2019; Mao
et al. 2020). Nevertheless, better understanding the timing and genesis of tin mineralization in
southern Myanmar is critical for understanding metallogenesis in the SATB and the Tethyan
metallogenic province as a whole (Hou and Zhang 2015).

Previous studies have shown that Sn—W deposits and occurrences in this area are

spatially and genetically associated with Cretaceous-Eocene granite intrusions (Hutchison and



Taylor 1978; Zaw 1990), which intruded metasedimentary rocks of the Slate Belt. However,
the timing and tectonic setting of tin mineralization in southern Myanmar are debated due to
the lack of reliable mineralization ages. The association between the local Tethyan tectonic
evolution and formation of the tin deposits urgently needs to be constrained by robust age data
for tin mineralization. Cassiterite (SnOz) has a tetragonal lattice structure with Sn cations in
sixfold coordination with oxygen. It often contains > 10 ppm U, with relatively low common
Pb, and has the ability to retain U and radiogenic Pb (Gulson and Jones 1992; Yuan et al. 2008),
making it a robust U-Pb geochronometer for direct dating of tin mineralization (Yuan et al.
2011; Li et al. 2016; Zhang et al. 2017b; Neymark et al. 2018). Wolframite [(Fe,Mn)WOQ4] is
an isomorphous solid-solution series of two end members: ferberite (FeWO4) and hubnerite
(MnWO,). It may also contain relatively high U contents and variable contents of common Pb
(Luo et al. 2019; Yang et al. 2020). Recently, great progress has been made on in situ cassiterite
and wolframite U-Pb dating, and accurate mineralization ages have been obtained in many
typical Sn—W deposits (Zhang et al. 2017b; Deng et al. 2019; Moscati and Neymark 2020;
Yang et al 2020).

Here, we present U—-Pb dating results on cassiterite and wolframite collected from nine
representative primary tin ore deposits in southern Myanmar. These data allow us to constrain
the timing of these tin deposits, and provide important information regarding the genetic link

between Tethyan tectonic evolution and tin mineralization.

Geological background

The Mesozoic-Cenozoic geology of Southeast Asia is dominated by the subduction and
accretion of a series of fragments of oceanic crust and island arc terranes that rifted away from
the northwestern Gondwana supercontinent margin at different periods in the Phanerozoic, and

eventually sutured onto the South China Block (Hutchison 1993; Hall 2012; Metcalfe 2013).



This history of rifting and suturing records the staged closing of the Tethys Ocean, rendering
much of Southeast Asia a collage of continental terranes separated by suture zones (Fig. 1).

Two primary subduction and collisional events dominate the Mesozoic-Cenozoic
geological history of Myanmar. (1) The earlier Late Triassic closure of Paleo-Tethys involved
the collision of the Sibumasu terrane with the Indochina terrane, and resulted in the Indosinian
orogeny (Metcalfe 2011; Sone and Metcalfe 2008; Gardiner et al. 2016b). (2) The Cretaceous-
Eocene eastward subduction of the Neo-Tethys oceanic plate resulted in the formation of the
Wuntho-Popa magmatic Arc (Popa-Loimye Arc) in the West Burma terrane. The final closure
of the Neo-Tethys Ocean was sutured in the Late Eocene (Mitchell et al. 2012; Acharyya 2015),
forming the Indo-Burma ranges between the India plate and the West Burma terrane. In
addition, the oblique convergence and collision between the Indian and Eurasian plates led to
strike-slip faults, such as the dextral Sagaing Fault System (Fig. 1a). These faults extensively
disrupted the original orogenic architecture of Myanmar, producing secondary orogenic
collages or terranes, such as the Mogok Metamorphic Belt (Mitchell et al. 2012).

Multiple tectono-magmatic-hydrothermal events occurred throughout this time and led
to the formation of the Southeast Asian granite belt that can be divided into three provinces
based on their ages, mineralogical, geochemical affinities, and tectonic setting (Fig. 1a)
(Mitchell 1977; Hutchison and Taylor 1978; Cobbing et al. 1986; Searle et al. 2012). The
Western Granite Province (WGP) extends from west Yunnan in China through central
Myanmar to peninsular Thailand, containing a mixture of I- and S-type granites with mainly
Cretaceous to Cenozoic ages (Cobbing et al. 1986; Zaw 1990; Barley et al. 2003). The Main
Granite Province (MGP) runs through western Yunnan, eastern Myanmar, western Thailand,
and western Peninsular Malaysia, and consists predominantly of S-type granites with mainly
Triassic ages (Charusiri et al. 1993; Ng et al. 2015a, 2015b). The Eastern Granite Province

(EGP) outcrops in northern Laos, central-eastern Thailand, and eastern Malaysia and is



dominantly composed of I-type granites with Permo-Triassic ages (Ng et al. 2015a, b). Tin
mineralization occurred in all three granite provinces, but the major tin deposits are focused in
and around the S-type granites of the WGP and MGP. Sn-bearing granites in the WGP intruded
Carboniferous to Early Permian metasedimentary and sedimentary sequences of the Slate Belt
that comprises the sediments and low-grade metasediments of the Lebyin, Mawchi, and Mergui

groups in Myanmar and the Kaeng Krachan group in Thailand.

Deposit geology and samples

The southern Myanmar tin ore district is principally focused in a north—south trending belt that
extends from east of Yangon southwards along the Myeik Archipelago (Fig. 1b). Primary tin
mineralization occurs mainly as cassiterite quartz veins within the country rock and the cupolas
of the granite intrusions. The principal tin-producing areas are located around Dawei and
Myeik towns, with much of the historical production from placers (Htun et al. 2017). This tin
metallogenic district is also rich in tungsten that is commonly found spatially associated with

tin as wolframite and rare scheelite (Htun et al. 2019).

Hermyingyi Sn—W deposit

The Hermyingyi deposit (14° 15’ N, 98° 21’ E) is situated about 40 km northeast of Dawei
Town, Tennasserim Division. It is a typical quartz vein—type Sn—W deposit and has been mined
for over 100 years. The deposit contains about 700,000 tons of ore reserve at a grade of 0.38%
(Htun et al. 2017). The mine area is underlain by the Upper Carboniferous to Lower Permian
metasedimentary rocks of the Mergui group that is intruded by the Hermyingyi biotite granite
(Fig. 2) (Jiang et al. 2017, 2019). More than 60 quartz-wolframite-cassiterite main and branch
veins have been explored and mined. These veins strike N-S with steep easterly dips of 80°—

85°. The veins vary from several cm to 2 m in thickness and crosscut the granite and country



rocks (Fig. 3a-b). Hydrothermal alteration is well-developed near the veins, including several
cm thick envelopes of greisenization and silicification. The ore minerals in the veins mainly
include wolframite and cassiterite, with associated sulphides (pyrite, sphalerite, galena, and
molybdenite). In general, sulfide minerals were precipitated after cassiterite and wolframite.
Both the cassiterite sample HMG-10 and wolframite sample HMG-4 were collected from
quartz veins within the granite. HMG-10 comprises large, dark brown cassiterite crystals
intergrown with wolframite and quartz (Fig. 4a). Cassiterite is transparent to translucent and
most show oscillatory zoning (Fig. 4b). HMG-4 consists of massive black wolframite crystals

and minor quartz (Fig. 5a-b).

Thitkhatoe Sn—W deposit

The Thitkhatoe Sn—W deposit (14° 15’ N, 98° 20’ E) lies ~ 2 km to the northwest of the
Hermyingyi deposit, and is underlain by the same Mergui group metasedimentary rocks found
at Hermyingyi. Sn—W quartz veins strike approximately N-S and penetrate the country rock.
The vein mineralogy and orientation are also similar with those in the Hermyingyi Sn-W
deposit. Cassiterite sample TKT-2 and wolframite sample TKT-3 were chosen from two quartz
veins. TKT-2 is composed of brown cassiterite grains, massive quartz, and later sulfide
minerals (Fig. 4c). Cassiterite occurs as euhedral to subhedral grains (0.5-4 mm) (Fig. 4d).

Wolframite crystals in sample TKT-3 are intergrown with quartz (Fig. 5¢c-d).

Thaling Taung Sn—W deposit

Samples TLT-6 and TLT-8 were collected from the Thaling Taung deposit (14° 16’ N, 98° 20’
E), located ~ 48 km northeast of Dawei Town. The deposit exploits quartz-cassiterite-
wolframite veins which cut the biotite granite and Mergui group (Fig. 3c). Hydrothermal Sn—

W quartz veins are roughly N-S-trending and range from several cm to 1 m in width.



Cassiterite, wolframite and minor pyrite and molybdenite are present within these quartz veins.
The cassiterite in sample TLT-6 is from the quartz vein and is dark brown in color (Fig. 4e).
The cassiterite is euhedral to subhedral (0.5-3 mm), while quartz occurs as anhedral grains
(Fig. 4f). Wolframite crystals in the sample TLT-8 are typically black, euhedral to subhedral

with lengths up to 4 mm (Fig. 5e-f).

Kalonta Sn—-W deposit

The Kalonta deposit (14° 17’ N, 98° 16’ E) is situated ~ 60 km to the NE of Dawei Town. Both
primary ores and thick placer deposits are present in the mine. The cassiterite and wolframite
were derived from numerous Sn—W quartz veins which cut the underlying sedimentary rocks
of the Mergui Group. Sample KLT-3 is dominated by cassiterite crystals surrounded by
abundant quartz (Fig. 4g-h). Sample TLT-7 contains large black wolframite grains intergrown

with cassiterite and quartz (Fig. 5g-h).

Taungphila Sn—W deposit

The Sn—-W mineralization in the Taungphila deposit (14° 13’ N, 98° 21' E) is spatially
associated with a granite pluton. The pluton is a medium- to fine-grained monzogranite
composed of K-feldspar, plagioclase, quartz, biotite, muscovite and accessory minerals (Jiang
et al. 2017). The area is also underlain by the sedimentary rocks of Mergui group. Abundant
quartz veins from several mm to over 30 cm wide are hosted in the monzogranite. Cassiterite
and wolframite mineralization mainly developed in the quartz veins, with minor disseminated
mineralization in the greisenized granite. Sample TPL-5 was collected from the contact zone
between the quartz vein and greisen (Fig. 4i). The cassiterite grains are dark brown, have a
euhedral texture, and are surrounded by muscovite (Fig. 4j). In sample TPL-6, black, lath-

shaped, wolframite with brown cassiterite coexists with quartz (Fig. 5i-j).



Pagaye Sn—W deposit

The Pagaye deposit (14° 05’ N, 98° 19’ E) is a Sn—W lode mine located ~ 19 km east of Dawei
Town. This deposit contains about 6000 tons of Sn + W metal reserve. The Mergui group is
intruded by biotite granite, pegmatites, and cut by quartz veins, with the latter striking N35° W
and S35° E and dipping 80° NNE. The vein zone is 18 m wide in the north, 24 m in the southern
end, and 36 m in the middle. All the veins are bordered by mica selvages. Pegmatitic
stockworks are also present. Cassiterite and wolframite are the main ore minerals, with pyrite,
chalcopyrite, sphalerite, galena, small quantities of scheelite, and fluorite also present. Samples
for cassiterite and wolframite U-Pb dating were collected from a quartz vein within the granite.
The PGY-2 sample consists of prominent brown cassiterite with muscovite and massive quartz
(Fig. 4k). Most of the cassiterite occurs as zoned, euhedral crystals (Fig. 51). Wolframite

crystals from sample TLT-8 are enclosed by abundant quartz (Fig. 5k-1).

Bawapin Sn—-W deposit

The Bawapin deposit (14° 09’ N, 98° 23’ E) is also a typical Sn—W lode mine and lies ~ 70 km
northeast of Dawei Town. The quartz veins contain cassiterite and wolframite with accessory
pyrite, chalcopyrite, sphalerite, galena, and molybdenite. Cassiterite sample BWP-9 and
wolframite sample BWP-10 were collected for U-Pb dating from quartz veins. BWP-9 is
dominated by brown cassiterite, wolframite, muscovite, and quartz crystals (Fig. 4m-n). BWP-

10 is composed of large black wolframite embedded within massive quartz (Fig. 5m-n).

Kanbauk Sn—-W deposit
The Kanbauk deposit (14° 34’ N, 98° 01’ E) is located ~ 90 km north of Dawei Town in a
narrow valley surrounded by granite hills on the southern flank of the Heinz Basin. The mine

area is ~ 500 m long by ~ 250 m wide and hosts at least 20 ore veins (Bender 1983). This



deposit contains about 1300 tons of Sn metal reserve. Both quartz vein—type and skarn-type
ores occur at the contact zone of the granite and the Mergui group sedimentary rocks. The
quartz veins vary from several cm to 0.5 m thick with an E-W strike and a steep dip to the
south. The ore minerals consist of cassiterite, wolframite, and scheelite, with associated pyrite,
chalcopyrite, galena, sphalerite, and bismuth. Samples KBK-7 and KBK-8 were chosen from
the same quartz vein. Cassiterite sample KBK-7 comprises abundant brown cassiterite grains
intergrown with quartz (Fig. 40). Twining is a common feature of most cassiterite grains (Fig.

4p). The wolframite crystals in KBK-8 are massive, with a black color (Fig. 50-p).

Letha Taung Sn—-W deposit

The Letha Taung deposit (12° 14’ N, 98° 59’ E) is a typical Sn—W vein-type deposit in the
Myeik district and is situated ~ 50 km northeast of Myeik Town. A biotite granite intruded the
phyllites, slates, and quartzites of the Mergui group. Numerous quartz veins and stringers
penetrated both the granite and sedimentary rocks (Fig. 3d), with the veins in the granite
showing greisenized borders. Wolframite, cassiterite and minor pyrite, chalcopyrite, and
bismuth developed in these veins. The cassiterite crystals in sample LTT-1 are up to 1.5 cm in
length and are typically dark brown, euhedral, intergrown with quartz (Fig. 4g-r). In sample

LTT-5, abundant euhedral to subhedral wolframite crystals are surrounded by quartz (Fig. 59-

r.

Analytical methods

LA-ICP-MS cassiterite U-Pb dating

Cassiterite-bearing samples were crushed to 500 um and the cassiterite grains were hand-
picked under a binocular microscope. The grains were then mounted in epoxy resin and

polished to expose their interior. The mounts were examined under reflected light microscopy,



backscattered electron (BSE), and cathodoluminescence (CL) imaging to avoid inclusions and
cracks during laser ablation.

Cassiterite U-Pb dating was performed at the State Key Laboratory of Geological
Processes and Mineral Resources (GPMR), China University of Geosciences, using a Thermo
ICAP Qc ICP-MS equipped with a RESOlution S-155 193 nm ArF excimer laser ablation
system. Helium gas carrying the ablated sample aerosol was mixed with argon gas and a little
nitrogen gas, and flowed into the ICP-MS. Prior to analysis, the LA-ICP-MS system was
optimized using NIST SRM 612 ablated with a 50 um spot size and 5 um/s scan speed to ensure
maximum signal intensity and low oxide formation. A cassiterite standard AY-4 was used as
an external isotopic calibration standard. The U-Pb age of AY-4 was established by ID-TIMS
as 158.2 + 0.4 Ma (Yuan et al. 2011). Each set of eight analyses was followed by three
measurements of AY-4 and one measurement of NIST SRM 612. Cassiterite grains were
analyzed using a laser energy density of 3.5 J/cm?, a spot size of 50 um, and a laser pulse rate
of 8 Hz. Each spot analysis consisted of 30 s background acquisition and 40 s data acquisition,
and 60 s for cleaning the sample cell and plumbing lines. The isotopes were measured in time-
resolved mode. For U-Pb dating, dwell times for each mass scan are 20 ms for 23U, 22Th,
208pp, 208pp, 204pp and 40 ms for 2°7Ph. Offline raw data reduction was performed using lolite
software for semi-quantitative calculation of trace element contents (Paton et al. 2011) and
ICPMSDataCal software for U-Pb age calculation (Liu et al. 2010). Owing to the high content
of common Pb in cassiterite, the ages are reported as lower intercept ages in the Tera—
Wasserburg diagram (Tera and Wasserburg 1972). In order to compare with the lower intercept
ages, the 29Pb-corrected 2°°Ph/?*8U ages were also calculated using the common Pb
composition corresponding to the two-stage model of Stacey and Kramers (1975). Concordia
diagrams and weighted average ages with outlier rejection were calculated using Isoplot 4.0

software package (Ludwig 2012). Data uncertainties for isotopic ages are presented as 1c.



LA-SF-ICP-MS wolframite U-Pb dating

Measurements of U, Th, and Pb isotopes in wolframite were conducted using a ThermoFisher
Element XR SF-ICP-MS, coupled to a Geolas HD 193 nm ArF excimer laser ablation system
at the Institute of Geology and Geophysics, Chinese Academy of Science, Beijing, following
the procedures described by Yang et al. (2020). Helium and a little nitrogen were used as the
carrier gas through the ablation cell and mixed with argon prior to introduction into the SF-
ICP-MS. Prior to analysis, the LA-SF-ICP-MS system was optimized using NIST SRM 612
for maximum Pb, Th, and U sensitivity while satisfying low oxide production rates (ThO*/Th*
< 0.5%) and double-charged ions (Ca?*/Ca* < 1.0%). The U+/Th+ ratio was in the range of
0.95-1.05. The isotopes 2%?Hg, 2%4Pb, 2%Pp, 207Ph, 298pp, 2%2Th, 2®U, and 238U were analyzed
by cycling of the electrostatic analyzer in the eScan mode, at a static magnetic mass. YGX-
2113 wolframite was used as a primary U—Pb isotopic calibration standard which yielded an
ID-TIMS concordia age of 160.9 £ 0.2 Ma (Yang et al. 2020). SHM huebnerite from the Sweet
Home Mine, USA, was used as a secondary reference material for monitoring data
reproducibility. In order to eliminate common Pb contamination, the sample surface was
cleaned directly before each analysis by ablating a 90 um spot for two pre-ablation pulses.
Wolframite grains were analyzed using a laser energy density of 2.0 J/cm?, a spot size of 50
um, and a laser pulse rate of 8 Hz. Each spot analysis consisted of a 15 s background and 45 s
sample data acquisition. For U-Pb isotope analyses, dwell times for each mass scan are 15 ms
for 2°°Ph and 2%U, 2 ms for 2°2Hg and 2%*Pb, 10 ms for 2°®Pb and 2%2Th, and 30 ms for 2°7Pb.
Raw data were reduced off-line using the lolite program for semi-quantitative calculation of
Pb, Th, and U contents (Paton et al. 2011) and Glitter software for U-Pb age calculation
(Griffin et al. 2008). The lower intercept ages in the Tera-Wasserburg (TW) diagram were used

for dating the wolframite samples (Tera and Wasserburg 1972). Weighted 2°°Pb/?3®U mean



ages for each spot were also calculated using the 2°/Pb correction of common Pb. The common
Pb composition of Stacey and Kramers’ (1975) two-stage crustal Pb model was used for this
correction. The data were plotted using Isoplot 4.0 software (Ludwig 2012). The secondary
standard wolframite SHM vyielded a TW lower intercept age of 26.0 + 0.3 Ma (1o, n = 52,
MSWD = 0.5) in this study, in agreement with an ID-TIMS age of 25.7 £ 0.3 Ma (Romer and

Luders 2006).

Results

Cassiterite U-Pb dating

Most of the cassiterite grains studied here are zoned and show obvious oscillatory zonation
under CL (Fig. 6). U-Th—Pb concentration data and isotopic results of cassiterite from each
deposit are given in the Electronic Supplementary Material (ESM Table S1) and the TW plots
shown in Fig. 7. The sample names, locations, and isotopic ages for the 9 cassiterite samples
are also summarized in Table 1. Cassiterite samples from the Hermyingyi, Thitkhatoe, Thaling
Taung, Kalonta, Taungphila, Pagaye, Bawapin, Kanbauk, and Letha Taung deposits yield
common lead-corrected weighted mean 2°°Pb/?3U ages of 61.6 + 0.8 Ma, 61.9 + 0.6 Ma, 60.4
+0.9 Ma, 63.0 £ 0.6 Ma, 62.9 £ 0.6 Ma, 69.5 + 0.5 Ma, 63.6 £ 0.6 Ma, 61.3 + 0.6 Ma, and 84.9
+ 0.5 Ma, respectively. It should be noted that in all cases, the TW lower intercept ages are
within errors of the 2°’Pb-corrected 2°Pb/?%U ages.

The U and Th concentrations range from 1.7 to 261 ppm and 0.01 to 0.14 ppm,
respectively. Total Pb concentrations range from 0.03 to 52 ppm. Sample PGY-2 from the
Pagaye deposit has the highest U concentrations with a median U value of 81 ppm. Cassiterite
samples TKT-2, BWP-9, KBK-7, and LTT-1 also have relatively high U concentrations with
median U values of 36.8, 54.0, 43.3, and 55.7 ppm, respectively. Sample HMG-10 from the

Hermyingyi deposit has the lowest median U value of 9.6 ppm.



Wolframite U-Pb dating
U-Th-Pb concentration data and isotopic ages of wolframite samples from nine Sn—W deposits
are presented in ESM Table S2. U-Pb isotope data are illustrated on TW plots (Fig. 8). The
TW lower intercept ages and the 2°/Pb-corrected 2°°Pb/?*8U ages for the wolframite samples
are listed in Table 1. Wolframites from the Hermyingyi, Thitkhatoe, Thaling Taung, Kalonta,
Taungphila, Pagaye, Bawapin, Kanbauk, and Letha Taung deposits yield 2°’Pb-corrected
weighted mean 2°°Pb/?8U ages of 60.9 + 1.3 Ma, 64.3 + 2.9 Ma, 62.4 + 0.8 Ma, 64.2.0 + 2.2
Ma, 645 = 1.1 Ma, 68.4 + 2.7 Ma, 63.4 + 0.8 Ma, 62.4 £ 2.4 Ma, and 85.2 =+ 2.2 Ma,
respectively. These ages are consistent with the cassiterite ages from the same deposits.
Contents of U and Th in the wolframite samples range between 0.1 and 210 ppm, and
0.01 and 22.6 ppm, respectively. Total Pb concentrations range from 0.02 to 15.5 ppm except
for sample TKT-3. TKT-3 from the Thitkhatoe deposit has unusually high Pb concentrations
(from 1.0 to 4240 ppm). Sample TKT-3, TLT-8, and TPL-6 have relatively high U
concentrations with median U values of 64.9, 41.8, and 67.4 ppm, respectively. Sample KBK-

8 from the Kanbauk deposit has the lowest median U value of 0.4 ppm.

Discussion

Interpretation and evaluation of cassiterite and wolframite ages

Precise and accurate mineralization age data from an ore deposit are a prime prerequisite for
understanding ore genesis and geotectonic settings. Because Sn—W deposits are commonly
associated with granitic rocks, zircon in granite and co-existing minerals (e.g., mica, xenotime)
or the associated molybdenite are often used to determine the timing of Sn—W mineralization.
Interpretation of these data as mineralization ages, however, assumes that these minerals
precipitated at the same time as the Sn—-W ore, and that the original geochronological

information contained within them has not been altered by subsequent thermal events. In



contrast, in situ U-Pb isotopic dating of cassiterite and wolframite can provide direct
constraints on Sn—W mineralization ages.

In the Hermyingyi deposit, cassiterite and wolframite U-Pb isotope data yield 207Pb-
corrected weighted average 2%Pb/?®U ages of 61.6 + 0.8 and 60.9 + 1.3 Ma (Table 1),
respectively. The Hermyingyi granite has a SHRIMP zircon U-Pb age of 61.7 + 1.3 Ma
(Mitchell et al. 2012). Jiang et al. (2017) reported a LA-ICPMS zircon U-Pb age of 70.0 + 0.4
Ma for the Hermyingyi granite. However, Li et al. (2018a) presented a LA-ICP-MS zircon U—
Pb age of 61.6 £ 0.5 Ma for the granite. Jiang et al. (2019) also recorded a Re—Os isochron age
of 68.4 + 2.5 Ma for the molybdenite, which was interpreted as the mineralization age. The
cassiterite and wolframite U-Pb ages obtained by us are younger than the LA-ICP-MS zircon
U—Pb age of 70.0 £ 0.4 and the molybdenite Re—Os isochron age of 68.4 + 2.5 Ma (Jiang et al.
2017, 2019) (Fig. 9). In this deposit, most of the ore veins crosscut the granite (Fig. 3a-b),
indicating that the mineralization should be later than the emplacement of the granite. The
cassiterite age and the wolframite age came from different laboratories by different methods.
Therefore, we conclude that the weighted average age of ~ 61 Ma is most likely to represent
the Sn—W mineralization age of the Hermyingyi deposit.

Cassiterite and wolframite samples in the Taungphila Sn—W deposit yield consistent
207pp-corrected weighted average 2°°Pb/?38U age of 62.9 + 0.6 and 62.5 + 1.1 Ma (Table 1),
respectively, but they are also younger than the zircon U-Pb age of 68.9 + 1.8 Ma of the granite
(Jiang et al. 2017) (Fig. 9). In the Kalonta Sn—W deposit, the 2°’Pb-corrected weighted average
206pp/238Y ages of 63.0 + 0.6 and 64.2 + 2.2 Ma (Table 1) for the cassiterite and wolframite
samples overlap within error and are in good agreement with the cassiterite U-Pb age of 64.6
+ 3.9 Ma reported by Li et al. (2018b). The U-Pb ages of 63.6 + 0.6 and 63.4 £ 0.8 Ma (Table
1) for the cassiterite and wolframite samples from the Bawapin Sn—\W deposit are slightly older

than the cassiterite U-Pb ages of the 60.7 + 2.5 Ma (Li et al. 2018b). Overall, the pairs of



associated cassiterite and wolframite samples from the other five Sn—W deposits in southern
Myanmar yield consistent 2°’Pb-corrected weighted average 2°°Pb/?%U ages that overlap within

error (Table 1).

Timing of Sn—W mineralization in the western SATB

The tin ore deposits in the western SATB are hosted in the Tengchong and west Sibumasu
terranes and form an elongated north—south trending tin mineralization belt (Fig. 10). Details
of the major Sn—W deposits in this tin belt are summarized in Table 2. The Tengchong- Lianghe
tin belt in the Tengchong terrane contains two large tin deposits (Xiaolonghe and Lailishan),
five medium-sized tin deposits, and nearly a hundred reported mineralized occurrences (Hou
et al. 2007). Three periods of tin metallogenesis associated with felsic magmatism events have
been identified in this area: (1) Early Cretaceous (~ 120 Ma) skarn-type tin bearing polymetallic
mineralization (Chen et al. 2014; Cao et al. 2017a); (2) Late Cretaceous (~ 70 Ma) vein/
greisen-type Sn—W mineralization (Ma et al. 2013; Chen et al. 2014, 2015; Cao et al. 2016;
Zhou et al. 2017; Wu et al. 2019); and (3) Eocene (~ 50 Ma) vein/ greisen-type Sn-W
mineralization (Chen et al. 2014, 2015, 2018; Wu et al. 2019). In the west Sibumasu terrane,
primary Sn—-W deposits and occurrences are spatially and genetically associated with the
Cretaceous to Eocene granite, granitic pegmatites, and aplite dykes of the WGP (Mitchell 1977;
Beckinsale 1979; Cobbing et al. 1986; Zaw 1990; Schwartz et al. 1995; Gardiner et al. 20153,
2016a, 2018; Crow and Zaw 2017; Mitchell 2018). Based on the published LA-ICP-MS zircon
U-Pb data, the earliest tin mineralization event (120-107 Ma) is recorded by the Sn-W
mineralization in the Mawpalaw Taung area, ~ 80 km south of Mawlamyine (Paik 2017).
Whereas, the granitic magmatic events related to the Kuntabin, Hermyingyi, Taungphila,
Wagone, and Yadanabon Sn mineralization have been dated at 90.1 Ma, 61.4-70.5 Ma, 68.8

Ma, 61.4 Ma, and 50.3 Ma respectively (Pickard et al. 1996; Mitchell et al. 2012; Gardiner et



al. 2016a; Jiang et al. 2017; Li et al. 2018a; Mao et al. 2020). In the Mawchi deposit, previously
reported LA-ICP-MS zircon U-Pb and biotite Ar—Ar dates, integrated with molybdenite Re—
Os model ages, suggest that the granite and corresponding tin mineralization occurred at ~ 42
Ma (Myint et al. 2017, 2018).

The cassiterite LA-ICP-MS U-Pb and wolframite LA-SF-ICP-MS U-Pb dates (Table
1) of nine Sn—W deposits presented here suggest that tin mineralization in Dawei and Myeik
mainly formed between 85 and 60 Ma (Fig. 9). Together with other published tin mineralization
ages (Table 2), we argue that there were at least three distinct Sn metallogenic events in the
western SATB (Fig. 11): (1) the Early Cretaceous (~ 125-110 Ma) Sn metallogenic event
generated the Jiaojiguan and Tieyaoshan deposit in the Tengchong terrane and the Mawpalaw
Taung deposit in the west Sibumasu terrane, respectively; (2) the Late Cretaceous—Early
Paleocene (~ 90-60 Ma) Sn metallogenic event developed the Xiaolonghe-Dasongpo and
Xingi deposit in the Tengchong terrane and numerous tin deposits (e.g., Kuntabin, Hermyingyi)
in the west Sibumasu terrane; (3) the Early Eocene (~ 50-40 Ma) Sn metallogenic event is
represented by the large Lailishan deposit in the Tengchong terrane and the Mawchi deposit in
the west Sibumasu terrane. Moreover, these three periods of events are almost entirely
coincident with zircon U-Pb ages of granite intrusions in the WGP (Fig. 11a-b), indicating a
close genetic relationship between tin mineralization and the felsic magmatism in the western

SATB.

Tectonic setting for tin mineralization in the western SATB

The modern Eastern Tethyan margin comprises several continental terranes that amalgamated
to the southern margin of Eurasia during the closure of the various Tethys oceans after rifting
and separation from northern Gondwana (Metcalfe 2011; Barber et al. 2011). The tectonic

processes and magmatic histories of the Mesozoic to Cenozoic Eastern Tethyan margin within



Southeast Asia are complex, and a variety of tectonic models for the margin have been
proposed (Mitchell 1979, 1986; Zaw 1990; Cobbing et al. 1992; Barber et al. 2017; Mitchell
2018; Gardiner et al. 2018; Lin et al. 2019). For example, some studies suggest that the
Sibumasu terrane and the West Burma terrane are effectively a single crustal terrane termed
the “Greater Sibumasu” which is bounded on the west by the Kalaymyo ophiolite belt (Morley
and Searle 2017; Gardiner et al. 2018). However, others argued that the West Burma terrane is
not a part of the Sibumasu terrane, but aggregated during the Tethys ocean basin closure
(Metcalfe 2013; Ridd 2016, 2017; Mitchell 2018; Lin et al. 2019). The most critical debate
among these models is whether there was subduction and closure of the Meso-Tethys Ocean
in Southeast Asia, i.e., whether the Meso-Tethys suture zone extends southeastward into
western Yunnan, China, and Myanmar. The Meso-Tethys suture is best exposed along the
Bangong-Nujiang suture in central Tibet (Wang et al. 2016), but its occurrence in Southeast
Asia, including western Yunnan, remains cryptic.

There are four belts which may represent the Meso-Tethys or Neo-Tethys suture zone
in Myanmar and western Yunnan: (1) the western ophiolite Belt roughly follows the trend of
the eastern Indo-Burma Range and crops out best in the Chin Hills and Naga Hills; (2) the
Tagaung-Myitkyina Belt, adjacent to the border between Myanmar and China, comprises
several ophiolite complexes; (3) the Lushui-Luxi-Ruili Fault, located in western Yunnan, is the
boundary between Tengchong and Baoshan terranes; (4) the Paunglaung-Mawchi Zone,
located in Shan Scarps region of Myanmar, contains folded Upper Jurassic to Aptian marine
sedimentary rocks (Mitchell et al. 2012). Among them, the West ophiolite Belt has been widely
accepted as a southward extension of the Neo-Tethys Yarlung-Tsangpo suture (Liu et al. 2016;
Searle et al. 2017), but which of the four belts represents the final closure of the Meso-Tethys
ocean basin has been debated. In the Lushui-Luxi-Ruili Fault, the exposed ultramafic massifs

were traditionally regarded as an important component of the Meso-Tethys Ocean, thus this



fault has been considered to represent a continuation of the Bangong-Nujiang Ocean (Xu et al.
2012; Zhu et al. 2017). According to Chu et al. (2009), however, these ultramafic peridotites
are not fragments of the oceanic lithosphere, but rather are components of the ancient sub-
continent lithospheric mantle; which would imply that the Lushui-Luxi-Ruili Fault does not
represent a suture zone. Mitchell et al. (2012) and Ridd (2016) suggested that the Paunglaung-
Mawchi Zone is the possible suture that can be traced westwards into the Bangong suture in
Tibet. However, no ophiolitic rocks and radiolarian cherts have been identified in this zone and
this proposal has not been universally supported (Barber et al. 2017). In contrast, typical
Tethyan ophiolitic rocks crop out in the Tagaung-Myitkyina Belt and have yielded zircon U-
Pb ages of 171-173 Ma from gabbro and diorite in the ophiolite (Liu et al. 2016). This age is
consistent with the presence of ocean floor sediments (radiolarian cherts and Albian-
Cenomanian limestones) with Late Jurassic age in the adjacent area (Mitchell et al. 2012).
Importantly, the geochronology, petrology, and geochemistry of these ophiolites are essentially
identical to those included in the Bangong-Nujiang suture zone within Tibet (Liu et al. 2016;
Wang et al. 2016 and references therein), indicating a similar Tethys ocean basin in the
Tagaung-Myitkyina Belt and the Bangong-Nujiang Ocean in Tibet. Consequently, the Meso-
Tethys ocean (Bangong-Nujiang ocean) most likely extended southward into the Tagaung-
Myitkyina area between the West Burma and Sibumasu terranes (Liu et al. 2016).

Based on the presence of correlated Late Carboniferous- Early Permian glacial-marine
diamictites and faunas, the Tengchong terrane has been considered to be a component of the
Sibumasu Terrane (Wopfner 1996; Metcalfe 2011, 2013). Alternatively, however, it has been
suggested that the Tengchong terrane may be related to the Lhasa Terrane to the west (Xie et
al. 2016). Nevertheless, the closely coincident dates obtained for the magmatic and tin

metallogenic events in the Sibumasu and Tengchong terranes (Fig. 11) are consistent with a



close correlation between the two. Therefore, we suggest that the tin ore deposits hosted both
in the Tengchong and Sibumasu terranes likely reflect the same overall tectonic history.

The timing of the Lhasa-Qiangtang collision in central Tibet remains contentious (Chen
et al. 2020), but evidence from the eastern part of the Banggong-Nujiang suture zone suggests
that the Meso-Tethys ocean may have closed during the Late Jurassic to Early Cretaceous (Zhu
et al. 2016). In particular, Early Cretaceous magmatic rocks are widely distributed along the
Bangong-Nujiang suture zone (Zhu et al. 2016; Hu et al. 2019). These rocks are interpreted to
have formed in a post-collisional setting following slab break-off during the latter stages of the
Lhasa-Qiangtang collision (Hu et al. 2019). Similarly, massive Early Cretaceous granitoids
lying within the eastern part of the Tengchong terrane are also interpreted to have resulted from
a postcollisional extensional regime following the closure of the Meso-Tethys ocean (Zhang et
al. 2018). We suggest, therefore, that the Early Cretaceous (~ 125-110 Ma) Sn—W metallogenic
event in the western SATB most likely formed within a post-collisional environment (Fig. 12a).
As a consequence of slab break-off, upwelling of asthenosphere mantle through the slab
window heated the overlying lithospheric mantle that had previously been fluxed by crustal
components during previous subduction events and triggered partial melting of the enriched
mantle wedge (Von Blanckenburg and Davies 1995). The mafic magmas produced by this
partial melting rose into the overlying crust and induced crustal melting (Atherton and Ghani
2002; Ersoy and Palmer 2013), resulting in granitic magmatism and related Sn—W deposits
(e.g., Jiaojiguan, Mawpalwa Taung; Cao et al. 2017a; Paik 2017).

By the Late Cretaceous to Paleocene (~ 90-60 Ma), the West Burma terrane had
accreted to the Sibumasu-Tengchong terrane, and a new phase of Neo-Tethyan oceanic slab
subduction led to the formation of the Andean-type Wuntho-Popa Arc in the West Burma
terrane (Fig. 12b). Thus, the Wuntho-Popa Arc represents the southward continuation of the

Gangdese Arc (Zhang et al. 2017a; Gardiner et al. 2018; Lin et al. 2019). On the basis of



integrated seismic, geochemical, and geochronology studies, Zhang et al. (2017a) suggested
that the Wuntho-Popa Arc shows three discrete stages of arc magmatism during the mid-
Cretaceous (110-90 Ma), latest Cretaceous—Early Paleocene (69-64.5 Ma), and Eocene (53—
38 Ma) (Fig. 11c). Detrital zircon ages from the Cretaceous-Miocene successions in the
Chindwin Basin (thought to represent the forearc of the Wuntho-Popa Arc) also suggest a main
magmatic stage for the arc between 110 and 80 Ma, and a lesser subordinate stage between 70
and 40 Ma (Wang et al. 2014). During the long-lived magmatism (~ 110-30 Ma) in the
Wuntho-Popa Arc, a magmatic lull of ~ 110-90 Ma is apparent in the WGP (Fig. 11a), and
which may be related to the collision between the West Burma terrane and the Sibumasu-
Tengchong terrane during the Early Cretaceous (Li et al. 2018b). Thus, we suggest that this
magmatic lull was most likely caused by the fact that the subducted Neo-Tethys oceanic slab
did not reach beneath the Sibumasu-Tengchong terranes until the Middle Cretaceous (Fig.
12b). After that time, widespread felsic magmatism and abundant granite-related Sn-W
mineralization occurred in the western SATB since the Late Cretaceous (Fig. 11a-b).

The granitoids in the Wuntho-Popa Arc have associated copper—gold mineralization
and display an affinity to I-type granites, which dominantly derive from partial melting of the
mantle and/or juvenile crustal sources (Zaw 1990; Mitchell et al. 2012; Gardiner et al. 2015a,
2017; Zhang et al. 2017a). In contrast, the coeval Late Cretaceous—Paleocene S-type granites
in the Sibumasu terrane are associated with Sn—W mineralization, and are mainly derived from
an ancient crustal source (Jiang et al. 2017; Gardiner et al. 2018; Li et al. 2019b). The two
parallel magmatic belts with different magma sources and metal mineralization characteristics
in Myanmar exhibit strong similarities with the Central Andes metallogenic belt (Mlynarczyk
and Williams-Jones 2005). Therefore, we proposed an Andean-type accretionary setting on the
margins of the Neo-Tethys subduction in the western SATB from the Late Cretaceous to

Paleocene (~90-60 Ma). During this period, subduction of the Neo-Tethyan oceanic



lithosphere led to the generation of extensive S-type felsic magmatism in the Sibumasu terrane
(Fig. 12c). The felsic magmas derived from melting of the ancient Sibumasu-Tengchong crust
underwent high degrees of fractional crystallization and fluid exsolution to form the abundant
Sn-W deposits (e.g., Hermyingyi, Xiaolonghe; Cao et al. 2016, 2017b; Jiang et al. 2017).
India-Asia collision initially occurred at ~ 65-63 Ma within Tibet and then spread
westwards and eastwards, reaching Myanmar at ~ 50 Ma (Wu et al. 2014; Ding et al. 2017;
Westerweel et al. 2019). Continent—continent collision is invariably followed by oceanic slab
break-off, crustal thickening, and extensive magmatism (Davies and VVon Blanckenburg 1995;
Atherton and Ghani 2002; Ersoy and Palmer 2013). OIB-like mafic magmatism occurred at
~42-40 Ma in the Tengchong terrane and was likely caused by the slab break-off of the
subducted Neo-Tethyan oceanic slab (Xu et al. 2008). Therefore, slab break-off was likely
responsible for an Early Eocene (~50-40 Ma), magmatic flare-up that occurred in the West
Burma and Sibumasu-Tengchong terranes, and also led to the Sn—W mineralization event in
the western SATB (Fig. 12d). Overall, the evidence from the western SATB suggests that
extensive Sn mineralization is favored during both the oceanic plate subduction stage and the

post-collisional stage of continent—continent collision.

Conclusions

1. Direct dating of ore minerals from nine representative primary tin ore deposits in southern
Myanmar, in combination with previously published tin mineralization ages, reveals that three
significant Sn metallogenic events occurred in the western Southeast Asia tin belt, during
~125-110 Ma, ~90-60 Ma, and ~50-40 Ma.

2. The three metallogenic events reflect the evolution of the geodynamic settings during
continental collision. The Early Cretaceous (~125-110 Ma) Sn—W mineralization is related to

post-collisional slab break-off of the Sibumasu and Tengchong terranes. The Late Cretaceous



to Paleocene (~90-60 Ma) Sn—W mineralization developed in an Andean-type accretionary
setting during subduction of the Neo-Tethys oceanic lithosphere. The Early Eocene (~50-40
Ma) Sn—W mineralization may have formed in a post-collision setting after the India-Asia

collision.
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Figure Captions

Figure 1. a Regional geological map showing the principal continental terranes, sutures, and
granitoid provinces of Southeast Asia (modified after Searle et al. 2012; Gardiner et al. 2016a).
b A schematic map showing the tectonic framework, spatial-temporal distribution of magmatic
rocks and main tin deposits in Myanmar and its adjacent area (modified after Sone and Metcalfe
2008; Li et al. 2018a; Myint et al. 2018).

Figure 2. Simplified geological map of the Hermyingyi Sn—W deposit (modified after Jiang
et al. 2019).

Figure 3. Representative photographs of quartz veins from typical Sn—-W deposits. a-b
Wolframite-cassiterite-sulfide-quartz veins from the Hermyingyi deposit. C Wolframite-
cassiterite-quartz veins from the Thaling Taung deposit. D Wolframite-cassiterite-sulfide-
quartz veins from the Letha Taung deposit.

Figure 4. a—r Photographs and photomicrographs (cross-polarized light) of cassiterite ores
from nine Sn—-W deposits in southern Myanmar. Abbreviations: Cst = cassiterite, WIf =
wolframite, Qtz = quartz, Py = pyrite, Mus = muscovite.

Figure 5. a—r Photographs and photomicrographs (reflected light) of wolframite ores from nine
Sn-W deposits in southern Myanmar. Abbreviations are as defined in the Fig. 4 caption.
Figure 6. Representative scanning electron microscope (SEM) cathodoluminescence (CL)
images of cassiterite grains used for U-Pb dating. a—i cassiterite grains from the Hermyingyi,
Thitkhatoe, Thaling Taung, Kalonta, Taungphila, Pagaye, Bawapin, Kanbauk, and Letha
Taung deposits, respectively. The spot size of the laser beam is 50 pm (white circles).

Figure 7. Tera-Wasserburg (T-W) Concordia diagrams and 2°’Pb-corrected weighted mean
206pp/238Y ages of cassiterite samples from the nine Sn—W deposits in southern Myanmar.
Figure 8. Tera-Wasserburg (T-W) Concordia diagrams and 207Pb-corrected weighted mean

206pp/238Y ages of wolframite samples from the nine Sn—W deposits in southern Myanmar.



Figure 9. Compilation of geochronological data for the the nine Sn—W deposits in southern
Myanmar. The data sources are shown in Table 2.

Figure 10. Spatial-temporal distribution of Mesozoic-Cenozoic tin deposits in the western
SATB. Data of Sn deposits are from Lehmann et al. (1994), Ma et al. (2013), Chen et al. (2014),
Cao et al. (2016, 2017a), Gardiner et al. (2016a), Myint et al. 2017, 2018), Paik (2017), Zhou
etal. (2017), Li et al. (2018b, 2019b), Jiang et al. (2019), Wu et al., (2019), Mao et al. (2020)
and this study.

Figure 11. a Igneous rock ages (zircon U-Pb ages) from the WGP. B Sn—-W mineralization
ages (cassiterite U-Pb ages, zircon U-Pb ages, wolframite U-Pb ages, molybdenite Re-Os
ages, muscovite Ar-Ar ages, including data from this study) from the western SATB. ¢ Igneous
rock ages (Ar—Ar and K—Ar ages, zircon U-Pb ages) from the Wuntho-Popa Arc. Data of the
WGP are from Barley et al. (2003), Searle et al. (2007), Mitchell et al. (2012), Gardiner et al.
(20164, 2017, 2018), Xie et al. (2016), Crow and Zaw (2017), Jiang et al. (2017), Myint et al.
(2017), Paik (2017), Dew et al. (2018), Li et al. (2018b, 2019a), Lin et al. (2019), Mao et al.
(2020), and references therein. Data of the western SATB are from Lehmann et al. (1994), Ma
et al. (2013), Chen et al. (2014), Cao et al. (2016, 2017a), Gardiner et al. (2016a), Myint et al.,
2017, 2018), Paik (2017), Zhou et al. (2017), Li et al. (2018b, 2019b), Jiang et al. (2019), Wu
et al. (2019), Mao et al. (2020) and this study. Data of the Wuntho-Popa Arc are from Barley
et al. (2003), Gardiner et al. (2016a, 2017), Zhang et al. (2017a), Li et al. (2013), Mitchell et
al. (2012), Lin etal. (2019), Li et al. (2019a, 2020b), Belousov et al. (2018), Licht et al. (2020),
Arboit et al. (2021), UNDGSE. (1979), Yang (2008), Lee et al. (2016), Maury et al. (2004),
and Westerweel et al. (2019).

Figure 12. a—d Schematic models for Late Cretaceous—Eocene (125-40 Ma) granites and

associated Sn—W mineralization in the western Southeast Asia tin belt.
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Figure 9.
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Figure 10.
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Figure 11.
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Figure 12.
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Table 1. Information summary of cassiterite and wolframite samples, location and geochronology in this study.

Sample Mineral Location Latitude Longitude  TW lower Weighted average
intercept age  2°’Pb-corrected
(Ma) 206ph/238Y age (Ma)
HMG-10 Cassiterite Hermyingyi 14°15’ 98°21' 61.8+1.2 61.6 + 0.8
HMG-4 Wolframite 60914 60.9+1.3
TKT-2 Cassiterite  Thitkhatoe 14°15' 98°20’ 61.9+1.2 61.9+0.6
TKT-3 Wolframite 62.4+1.9 64.3+29
TLT-6 Cassiterite Thaling Taung 14°16’ 98°20’ 60.7+1.4 60.4 £ 0.9
TLT-8 Wolframite 62.4 0.7 62.4+0.8
KLT-3 Cassiterite  Kalonta 14°17' 98°16’ 63.1+1.1 63.0 £ 0.6
KLT-7 Wolframite 64.5%2.2 64.2+2.2
TPL-5 Cassiterite Taungphila 14°13’ 98°21' 63.0+£1.0 62.9 + 0.6
TPL-6 Wolframite 62.1+11 625+1.1
PGY-2 Cassiterite Pagaye 14°05’ 98°19' 69.5+0.8 69.5+0.5
PGY-6 Wolframite 68.3+ 2.5 68.4 £ 2.7
BWP-9 Cassiterite Bawapin 14°09’ 98°23' 63.6 £1.0 63.6 + 0.6
BWP-10 Wolframite 63.4+0.8 63.4+0.8
KBK-7 Cassiterite  Kanbauk 14°34' 98°01’ 61.4+09 61.3+£0.6
KBK-8 Wolframite 62.6+2.4 624 +24
LTT-1 Cassiterite Letha Taung 12°14' 98°59' 85.0+0.9 84.9+0.5
LTT-5 Wolframite 85.7+2.0 85.2+22



Table 2. Summary of geological characteristics, zircon U-Pb, and mineralization ages from typical tin deposits in Western SATB

Deposit Lat./Long Deposit
name type

Western Sibumasu terrane
Ma Makhsan 22°55’, 99°00’ Vein/alluvial

Type Sn
Mawpalaw  15°45’, 97°51' Vein-type
Taung Sn-W

Kuntabin 12°24',98°99' Vein-type
Sn-W

Letha Taung 12°14’, 98°59' Vein-type
Sn-W

Pilok 14°40', 98°25' Vein-type
Sn-W

Pagaye 14°05’, 98°19' Vein-type
Sn-W

Kalonta 14°17’, 98°16’ Vein/alluvial
type Sn—W

Thitkhatoe ~ 14°15’, 98°20’ Vein-type
Sn-W

Associated mag
-matic rocks

No data

Two—mica granite,
pegmatite

Two—mica
granite

Biotite granite

Biotite granite,
aplogranite
Biotite granite

Biotite granite

Biotite granite

Zircon U-Pb Mineralization Sn+W
age (Ma) age (Ma) reserve

(tonne)
No data No data No data
121.3-106.8 No data No data
90.1 88.1, Cassiterite No data

No data

No data 7

No data

No data

No data

U-Pb; 87.7,

Molybdenite

Re-Os

84.9, Cassiterite No data
U-Pb; 85.2,

Wolframite U-Pb

6.5, Muscovite 50,000
Ar-Ar

69.5, Cassiterite 6050
U-Pb; 68.4,

Wolframite U-Pb

64.6-63.0, Cassiterite No data
U-Pb; 64.2,

Wolframite U-Pb

61.9, Cassiterite No data
U-Pb, 64.3,

Wolframite U-Pb

Reference

Htun et al. (2017)

Paik (2017)

Mao et al. (2020)

This study

Lehmann et al.
(1994)
This study

Li et al. (2018b);
This study

This study



Table 2 (cont).

Taungphila
Bawapin
Thaling
Taung
Wagone

Kanbauk

Hermyingyi

Yadanabon

Mawchi

14°13', 98°21' Vein/greisen
type Sn—W

14°09', 98°23' Vein-type
Sn-W

14°16', 98°20' Vein-type
Sn-W

14°12', 98°19' Vein-type Sn-W
14°34', 98°01' Vein/skarn-type
Sn-W

14°15', 98°35' Vein-type Sn-W

12°17’,99°17’ Vein/alluvial
type Sn—W
18°45', 97°10' Vein-type Sn-W

Tengchong terrane

Jiaojiguan

25°51’, 98°33’ Skarn-type
Fe-Sn

Biotite granite

Biotite granite,
garnet-muscovite
Granite

Biotite granite

Biotite granite
Biotite granite

Biotite granite

Biotite granite
Biotite granite,

Tourmaline
Granite

Quartz porphyry,

Biotite monzonitic

68.8

No data

No data

61.4
No data

61.6-70.5

50.3

42.0-44.6

124.1

62.9, Cassiterite No data
U-Pb, 62.5,

Wolframite U-Pb

63.6-60.7, Cassiterite

U-Pb; 63.4, Wolframite

U-PDb

60.4, Cassiterite No data
U-Pb; 62.4,

Wolframite U-Pb

No data No data

61.3, Cassiterite 1323
U-Pb; 62.4,
Wolframite U-Pb
61.6, Cassiterite
U-Pb; 68.4,
Molybdenite Re-Os;
60.9, Wolframite
U-Pb

No data 43

>2636

42.4, Molybdenite
Re-Os; 40.8-40.1
40.8, Muscovite
Ar-Ar

102,022

123.8, Cassiterite No data
U-Ph; 122.0,

Molybdenite Re—Os

Jiang et al.
(2017);

This study

No data Li et al.
(2018b);

This study

This study

Li et al. (2018a)
This study

Mitchell et al.
(2012); Jiang et
al. (2017, 2019)
Li et al. (2018Db);
This study
Gardiner et al.
(2016a)

Myint et al. 2017,
2018)

Cao et al.
(2017a)



Table 2 (cont).

Tieyaoshan  25°19’, 98°27’ Skarn-type Sn

Dasongpo 25°83', 98°34' Greisen-type Sn

Xiaolonghe  25°50’, 98°43’ Vein/greisen
type Sn

Lailishan 24°83', 98°22' Vein/greisen
type Sn

Xingi 25°4',98°18' Vein/greisen

type Sn

Biotite granite

Biotite granite

Biotite granite

Biotite granite,
monzogranite

Biotite granite

126.0

75.3-70.3

76.2-71.4

53.0-50.0

No data

119.3, Cassiterite
U-Pb; 122.5,
Muscovite Ar-Ar
75.5-71.9,
Cassiterite U-Pb

71.9-72.6,
Cassiterite U-Pb;
71.9-70.7,
Muscovite Ar-Ar
52.0-47.4,
Cassiterite U-Pb;
48.4, Muscovite
Ar-Ar

69.4, Molybdenite
Re-Os

No data

> 1000

26,200

42,600

No data

Cao et al.
(2017a), Chen
etal. (2014)

Ma et al. (2013)
Chen et al.
(2014)

Chen et al.
(2014); Cao et al.
(2016); Wu et al.
(2019)

Chen et al.
(2014); Cao et al.
(2017b); Wu et
al. (2019)

Zhou et al.
(2017)
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