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Abstract

The Kuntabin Sn-W deposit, located in southern Myanmar, is characterized by abundant greisen-type and
quartz vein-type cassiterite and wolframite mineralization. We have conducted multiple geochronological
methods and isotope and trace element analyses to reveal the age and evolution of the Kuntabin magmatic-
hydrothermal system.

Zircon U-Pb dating of the two-mica granite yielded a weighted mean 206Pb/238U age of 90.1 + 0.7 Ma. Cas-
siterite U-Pb dating provided a lower intercept age of 88.1 = 1.9 Ma in the Tera-Wasserburg U-Pb concordia
diagram. Molybdenite Re-Os dating returned a weighted mean model age of 87.7 + 0.5 Ma and an isochron age
of 88.7 + 2.7 Ma. These ages indicate a genetic relationship between granite and Sn-W mineralization in the
Kuntabin deposit and record the earliest magmatism and Sn-W mineralization in the Sibumasu and Tengchong
terranes related to subduction of the Neo-Tethys oceanic slab. Three generations of cassiterite have been iden-
tified with distinctive cathodoluminescence textures and trace element patterns, indicating the episodic input
of ore-forming fluids and distinctive changes in the physical-chemical conditions of the Kuntabin magmatic-
hydrothermal system. Sudden changes of fluid pressure, temperature, pH, etc., may have facilitated the deposi-
tion of Sn and W. Rhenium contents of molybdenite from the Kuntabin deposit and many other Sn-W deposits
in Myanmar are characteristically low compared to porphyry Cu-Mo-(Au) deposits worldwide. In combination
with zircon Hf isotope signatures, we infer that granites associated with Sn-W deposits in Myanmar were pre-
dominantly derived by melting of ancient continental crust and contain minimal mantle contribution.

Subduction of the Neo-Tethys oceanic slab from west of the West Burma terrane reached beneath the Sibu-
masu terrane and led to magmatism and Sn-W mineralization at ~90 Ma when the Kuntabin deposit was formed.
The Paleoproterozoic Sibumasu crust was activated during the subduction-related magmatism to form predomi-
nantly crust derived melts. After a high degree of fractional crystallization and fluid exsolution, physical-chemical
changes of the hydrothermal fluid resulted in Sn and W precipitation to form the Kuntabin Sn-W deposit.

Introduction al., 2014, 2015). Most of the exported tin concentrates were
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2017). The mechanism controlling the content of Re in mo-
lybdenite is still ambiguous (Stein et al., 2001; Berzina et al.,
2005; Voudouris et al., 2009). The recently developed in situ
cassiterite U-Pb dating leads directly to mineralization age of
the predominant ore mineral cassiterite in Sn deposits (Gul-
son and Jones, 1992; Yuan et al., 2008, 2011; Li, C.Y., et al,,
2016; Zhang et al., 2017a, b; Cheng et al., 2019). Cassiterite
(SnO3) is a member of the rutile group metal oxides with a te-
tragonal lattice structure (Farmer et al., 1991). The refractory
nature of cassiterite makes it resistant to post-ore hydrother-
mal overprint and weathering. The ionic radius of Pb?* is too
large to substitute the octahedrally coordinated tin, but the
smaller U#+ is preferred by the quadrivalent-loving cassiterite
(Gulson and Jones, 1992; Yuan et al., 2008; Li, C.Y., et al,
2016; Cheng et al., 2019); therefore, cassiterite may contain
substantial amounts of U but trivial amounts of Pb and may
remain closed for the U-Pb system. Moreover, a group of trace
elements, including Al, Ti, Fe, Zr, Nb, In, Ta, W, Mn, and Sc,
can be included into the cassiterite crystal lattice and may po-
tentially be used to decipher the physical-chemical evolution
of the ore-forming system (Moller et al., 1988; Farmer et al.,
1991; Plimer et al., 1991; Murciego et al., 1997; Jiang et al.,
2004; Parafiniuk et al., 2007; Neiva, 2008; Pavlova et al., 2015;
Zhang et al., 2017b; Cheng et al., 2019).

The Kuntabin Sn-W deposit is an important tin and tung-
sten producer in southern Myanmar. This study aims at dat-
ing the formation ages and deciphering the evolution of the
granite-related Kuntabin Sn-W deposit by the combined
methods of zircon and cassiterite cathodoluminescence (CL),
laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) U-Pb dating, isotopic and trace element analy-
ses, and molybdenite Re-Os dating. Our study is a major con-
tribution to understanding the genetic relationship between
the two-mica granites and cassiterite mineralization and the
physical-chemical evolution of the hydrothermal system.

Geologic Setting

Regional geologic setting

Southeast Asia is composed of a complex collage of continen-
tal blocks that were successively derived from the margin of
eastern Gondwana and then assembled by closure of succes-
sive Tethyan oceans and back-arc basins (Fig. 1A; Hutchison,
1975, 1977, 1983, 1994; Mitchell, 1977, 1981, 1986, 2018;
Hutchison and Taylor, 1978; Beckinsale, 1979; Metcalfe,
1984, 1996, 2009, 2011, 2013; Cobbing et al., 1986; Searle et
al., 2012; Zaw et al., 2014, 2017; Hou and Zhang, 2015; Liu
et al., 2016a; Lin et al., 2019; Zhang et al., 2019). The Sibu-
masu block, together with the Tengchong, Baoshan, Qiang-
tang, and Lhasa blocks, was separated from Gondwana as the
eastern part of the Cimmerian continental strip in the early
Permian (Sengor, 1979, 1984, 1987; Searle et al., 2007). The
term Sibumasu (Si = Sino and Siam, bu = Burma, ma = Ma-
laya, su = Sumatra) refers to the elongate Gondwana-derived
block characterized by late Paleozoic Gondwana biotas and
late Carboniferous-early Permian glacial-marine diamictites
(MetCalfe, 1984). The Baoshan terrane distributed in west
Yunnan and the Sibumasu terrane either are the same ter-
rane or were assembled together during or before the Triassic
(MetCalfe, 1996, 2013; Gardiner et al., 2018), so Sibumasu
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used here and after includes its north extension in Yunnan.
The Tengchong terrane, hosted in north Myanmar and west
Yunnan, is bounded to the west of the Sibumasu terrane by
the Gaoligong shear zone (Fig. 1; Wopfner, 1996; Wang et al.,
2014; Li, D.P, et al., 2016).

Based on the distinct mineralogical, geochemical, and geo-
chronological affinities, the extensive distribution of gran-
ites in the Southeast Asian tin belt has been classified into
three granite provinces since the 1970s (Fig. 1B; Hutchison,
1977, 1983; Mitchell, 1977, 1979, 1986, 1993; Hutchison and
Taylor, 1978; Beckinsale, 1979; Cobbing et al., 1986, 1992;
Leh-mann and Mahawat, 1989; Zaw, 1990; Charusiri et al.,
1993; Schwartz et al., 1995; Searle et al., 2012). The East-
ern granite province consists predominantly of I-type gran-
ites mainly distributed in eastern Malaysia, central-eastern
Thailand, and northern Laos. This zone consists of the Lin-
cang-Sukhothai-Chansaburi arc terrane and is bounded by
the Jinghong-Nan-Uttaradit suture zone and a cryptic suture
in the offshore of East Malay Peninsula to the east, and by
the Changning-Menglian, Inthanon, and Bentong-Raub su-
ture zones to the west (Charusiri et al., 1993; MetCalfe, 1996,
2011, 2013; Sone and Metcalfe, 2008; Wang et al., 2016). The
Eastern province formed during the eastward subduction of
the Paleo-Tethys from the Permian to Late Triassic (Charusiri
et al., 1993; Cumming et al., 2008; Metcalfe, 2011; Searle et
al., 2012; Salam et al., 2014; Fanka et al., 2018). Closure and
suturing of the Paleo-Tethys Ocean occurred similarly from
north Thailand and Myanmar to Peninsular Malaysia along
the Changning-Menglian-Inthanon-Bentong-Raub  suture
zone at ~230 Ma (Ng et al., 2015a, b). Tin mineralization in
the Eastern province is mainly hosted in east Malaysia and
the Indonesian tin islands, while granites in other areas of the
Eastern province either are barren (Lehmann and Mahawat,
1989; Schwartz et al., 1995) or host only minor mineralized
occurences (Wang et al., 2014).

The Main Range (Central) granite province consists pre-
dominantly of S-type granites that mainly crop out in west-
ern Malaysia, western Thailand, eastern Myanmar, and west-
ern Yunnan. This zone mainly lies in the eastern part of the
Sibumasu terrane and is bounded by the Mae Yuam fault and
the Khlong Marui fault in the west (Fig. 1B; Mitchell, 1977,
1986; Cobbing et al., 1986; Charusiri et al., 1993; Schwartz
et al., 1995). The Main Range granites formed in a limited
time span of 227 to 201 Ma in a postcollisional crustal thick-
ening setting within the Sibumasu block after the closure of
the Paleo-Tethys Ocean (Beckinsale, 1979; Manning, 1986;
Lehmann and Mahawat, 1989; Searle et al., 2007; Ng et al.,
2015a, b; Wang et al., 2016). Medium-sized Sn-W deposits
have been reported in the Changing-Menglian Sn belt in west
Yunnan and in north Thailand (Khositanont, 1990; Wang et
al., 2014). In contrast, west Peninsular Malaysia is one of the
worlds richest Sn provinces, hosting significant Sn-producing
regions like Kinta Valley and Klang Valley (Yeap, 1993).

The Western granite province, usually assigned as a mixture
of I- and S-type granites of mainly Cretaceous to Cenozoic
ages, runs through peninsular Thailand and Myanmar, extend-
ing to west Yunnan, China. This zone is mainly distributed in
western part of the Sibumasu terrane and is bounded by the
Sagaing fault and the Myitkyina suture zone in the west (Fig.
1B; Mitchell, 1977, 1979, 1986, 1993; Hutchison and Taylor,
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1978; Beckinsale, 1979; Cobbing et al., 1986, 1992; Lehmann
and Mahawat, 1989; Zaw, 1990; Mitchell et al., 2012; Searle
et al., 2012; Ng et al., 2015a, b). The Western province expe-
rienced a more complicated tectonic evolution that generated
episodic magmatic activities during the successive subduction
of Tethys oceans and accretion of the Tengchong, West Burma,
and Indo-Burma terranes since the Jurassic (Mitchell, 1977,
1979, 1981, 2018; Bender, 1983; Zaw, 1984; Barley et al., 2003;
Searle et al., 2007; Gardiner et al., 2015a, b, 2016a, b, 2018;
Li, ].X., et al., 2018; Lin et al., 2019). Significant Sn-W miner-
alization occurred in the Western province and formed man
world-class deposits (Clegg, 1944a, b; Mitchell, 1977, 1981,
1986; Gardiner et al., 2015a, b, 2016a, b; Htun et al., 2017).

The Popa-Loimye magmatic arc (Wuntho-Popa arc), hosted
in the West Burma terrane, is bounded by the Sagaing fault in
the east and the Kalaymyo (Kalemyo) suture in the west (Figs.
1, 2; Bender, 1983; Gardiner et al., 2014, 2016a, b; Mitchell
etal, 2015; Li, ].X, et al., 2018; Lin et al., 2019). Exposure of
intrusive and volcanic rocks in this region is discontinuous ow-
ing to the wide occurrences of sedimentary cover (Myanmar
Geosciences Society, 2014). Granite in this arc is dominantly
I type, related to the subduction of the Neo-Tethys Ocean
(Gardiner et al., 2014, 2016a, b; Li, ].X, et al., 2018; Lin et
al., 2019). In contrast to the significant Sn-W mineralization
in the above granite provinces, the Popa-Loimye magmatic
arc hosts some porphyry Cu-Au and epithermal Au deposits,
including the Shangalon porphyry Cu-Au deposit (Gardiner
et al., 2016a, b, 2018; Zaw, 2017) and the Monywa high-sul-
fidation Cu deposit (Mitchell et al., 2011).

The Western tin belt

The Western tin belt refers to Sn-W deposits and related gran-
ites distributed in the slate belt and the Shan scarps of Myan-
mar and southwest Thailand and extending north into west
Yunnan in China (Fig. 1; Mitchell, 1977, 2018; Schwartz et
al., 1995; Gardiner et al., 2016a, b). Explorations of the Sn-W
mineralization in Myanmar and adjacent regions have been
conducted from over a century ago (Campbell, 1920; Pen-
zer, 1922; Brown and Heron, 1923; Chhibber, 1934; Clegg,
1944a, b). Scientific studies of Sn-W deposits in the Western
tin belt considering the geologic settings, magma origin, ages
of mineralization, and ore-forming mechanisms have been
conducted by many researchers (Chhibber, 1934; Mitchell,
1977, 1981, 1986; Beckinsale, 1979; Bender, 1983; Shawe,
1984; Lehmann and Mahawat, 1989; Charusiri et al., 1993;
Myint, 1994; Pollard et al., 1995; Schwartz et al., 1995; Win
and Myint, 1998; Xu et al., 2012; Chen et al., 2014; Gardiner
et al., 2014a, b, 2015a, b, 2016a, b; Wang et al., 2014; Zaw,
2017; Li, J.X,, et al., 2018). Most of the tin-related granites in
the Western tin belt are peraluminous biotite, biotite-musco-
vite, or less commonly muscovite-tourmaline granites (Cha-
rusiri et al., 1993; Gardiner et al., 2016a, b; Htun et al., 2017;
Mitchell, 2018). Approximately 80% of Sn production in Thai-
land and nearly all the Sn production from Myanmar were
from the Western tin belt (Schwartz et al., 1995). Magmatism
in the Western tin belt can be classified into three episodes
(Gardiner et al., 2014a, b, 2015a, b, 2016a, b; Wang et al.,
2014; Li, ].X., et al., 2018). The Early to Mid-Jurassic granites
are limitedly distributed in the northern part of the Sibumasu
terrane and are generally barren. The Early Cretaceous gra-
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nitic magmatism is mainly hosted in the Tengchong terrane
and northern part of the Sibumasu terrane, and related Sn-W
mineralization includes the Tieyaoshan and Jiaojiguan Sn de-
posits in Yunnan and the Dapingba Mo-W deposit in northern
Myanmar (Chen et al., 2014; Li, ].X,, et al., 2018). The Late
Cretaceous to Eocene granitic magmatism is distributed all
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over the Western tin belt, with abundant important Sn-W de-
posits, including the Xiaolonghe and Lailishan Sn-W deposits
in west Yunnan, the Mawchi deposit in the Kayah district and
the Hermyingyi deposit in the Dawei district of Myanmar, the
Pilok deposit in west Thailand, and many deposits from the
Phuket district in southwest Thailand (Fig. 2). Oligocene and
Miocene granites occur in the Shan scarps and the Mogok
metamorphic belt in Myanmar; however, none of them are
related to Sn-W mineralization (Barley et al., 2003; Searle et
al., 2007; Mitchell et al., 2012; Gardiner et al., 2016a, b; Crow
and Zaw, 2017).

Ore deposit geology

The Mergui (Myeik) district in southern Myanmar is char-
acterized by numerous small mines producing tin and only
minor tungsten (Fig. 2; Penzer, 1922; Clegg, 1944a, b; Mitch-
ell, 1977, 1981, 1986, 2018; Gardiner et al., 2015a, b, 2016a,
b; Htun et al., 2017). In 1939, the Mergui district produced
around 1,027 tons (t) of cassiterite and only 343 t of wolfram-
ite concentrates (Clegg, 1944a, b). The high ratio of tin to
tungsten in the Mergui district, in comparison to other re-
gions in Myanmar, was partly attributed to the abundance of
alluvial deposits and few lode deposits (Mitchell, 2018). Clegg
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(1944a) listed 275 mines in the Mergui district, and 197 of
them were still in production in 1939, including 161 mines
producing only cassiterite, 32 mines producing cassiterite and
wolframite, and four mines producing only wolframite.

The Tagu area, located ~45 km to the southeast of the Myeik
city and ~15 km to the north-northwest of Tanintharyi town,
hosts several important Sn-W deposits (Fig. 3; Clegg, 1944a,
b; Mitchell, 2018). Abundant Mesozoic-Cenozoic granites
crop out in the Tanintharyi division. Sedimentary rocks of the
Tanintharyi region include the Quaternary alluvium; the late
Miocene to Pliocene Irrawaddy Group of fluviatile, uncon-
solidated, poorly to thinly bedded sandstones; the Jurassic red
beds equivalent to the Loi-an Group and Namyau Group; and
the upper Paleozoic Mergui group of mudstones or argillites
(Mitchell, 1992; Myanmar Geoscience Society, 2014). The
Mergui Group was named after the Mergui series described
by Oldham (1856) in the Tanintharyi region. The sedimentary
rocks in the Mergui Group were locally metamorphosed to
mica schists and interbedded thinner sandstones or quartz-
ites, with minor conglomerates and rare limestones. The most
distinctive lithology of the Mergui Group is pebbly mudstone
and pebbly wacke or diamictite (Mitchell, 2018).

Three Sn-W deposits, including the Tagu No. 1, Tagu No. 2,
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Fig. 3. Geologic map of the Myeik district, Tanintharyi division.
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and the Kuntabin Sn-W deposits, lie on the flanks of the Le-
tha Taung (Letha Mountain) in the Tagu area (Clegg, 1944a).
Tin and tungsten ores in these deposits occur as lodes in the
uphills, eluvium in the slopes, and alluvium in the valley bot-
toms. Around 25 t of cassiterite and 98 t of wolframite concen-
trates have been produced since 1939 in the Tagu area. In the
Tagu No. 1 deposit, southeast of the Letha Taung, at least 150
quartz veins are hosted mainly in schist and minimally in gran-
ite below. Vein width ranges from millimeters to ~80 cm, dip-
ping steeply southeast. Ore grade generally decreases in veins
from the schist down into the granite. Thickness ranges from
~2.5 to ~10 m for the eluvial mines on the hills and is around
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7.5 m for the alluvial mines in the valleys (Clegg, 1944a).

The Kuntabin Sn-W deposit (12.24° N, 98.99° E) lies on
the northeast flanks of the Letha Taung. The ore-forming
granite in the Kuntabin Sn-W deposit is medium- to coarse-
grained two-mica granite (Fig. 4A). It consists of ~30%
quartz, ~50% feldspar, ~10% biotite, and ~10% muscovite,
with rutile, apatite, and zircon occurring as accessory min-
erals. Biotite is partly altered to chlorite, and K-feldspar
is partly altered to clay minerals (Fig. 4G, H). Intensive
greisenization occurred where hydrothermal fluid flowed
through the fractures in granite to form wide quartz veins
and greisen-type mineralization. The two-mica granite on

Fig. 4. Rocks and quartz-bearing veins from the Kuntabin Sn-W deposit. (A) Least altered two-mica granite. (B) Greisen and
quartz-bearing vein. (C) The Megui Group schists. (D-F) Quartz-cassiterite-sulfide vein hosted in the Mergui Group. (G, H)
Plane-polarized and cross-polarized images of the two-mica granite. (I) Reflected-light image of a quartz-bearing vein. (J-L)
Reflected-light images of sulfides. Abbreviations: Bt = biotite, Cp = chalcopyrite, Cst = cassiterite, Kf = K-feldspar, Mb =
molybdenite, Ms = muscovite, Py = pyrite, Qz = quartz, Sp = sphalerite.

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/115/3/603/5015584/4713_mao_et_al.pdf
bv Institute of Geochemistrv Chinese Academv Liser



KUNTABIN Sn-W DEPOSIT, MYANMAR

both sides of the quartz veins is altered to muscovite and
quartz during greisenization (Fig. 4B). Magnetite, molyb-
denite, and chalcopyrite are observed where hydrothermal
alteration occurred. Abundant quartz veins having widths
ranging from several millimeters to over 40 cm and dipping
steeply southwest are hosted in the Kuntabin deposit. The
majority of the Sn and W ores are hosted in schist of the
Mergui Group as quartz-vein type mineralization. A small
proportion of the Sn and W ore is hosted in the altered gran-
ite as greisen-type mineralization. Ore minerals are predom-
inantly cassiterite and wolframite, but minor molybdenite,
chalcopyrite, pyrite, arsenopyrite, and bismuthinite can be
identified (Fig. 4I-L). Sulfide minerals are more abundant
in quartz veins hosted in the schist than in the granite. Cas-
siterite and wolframite typically show euhedral to subhedral
texture with sizes of up to 3 mm (Fig. 4I). Colors of cassiter-
ite range from light brown to black, and colors of wolframite
are black to brown. Sulfides generally postdate cassiterite
and wolframite precipitation. Molybdenite is the earliest
precipitated sulfide and is followed by the precipitation of
pyrite and then chalcopyrite and sphalerite (Fig. 4]-L). The
lode mines were worked during the dry seasons in adits and
open cuts, and the eluvial and alluvial mines were worked by
hand sluicing during the rainy seasons.

Analytical Methods

Zircons were separated from over 2 kg of the least altered
two-mica granite from the Kuntabin Sn-W deposit by con-
ventional methods, including crushing, concentration by hand
washing, and magnetic and heavy liquid separation. The se-
lected zircon grains were then purified after handpicking un-
der a binocular microscope. A quartz-cassiterite-sulfide vein
rich in cassiterite was crushed, hand washed, and purified un-
der a binocular microscope to separate the cassiterite. Both
zircon and cassiterite grains were mounted in epoxy blocks
and polished for further analysis. Transmitted-light images,
reflected-light images, and CL images of zircon and cassiterite
were used to avoid the ablation of fluid and mineral inclusions
during the LA-ICP-MS work. Molybdenite was separated
from quartz-cassiterite-molybdenite veins and molybdenite-
bearing greisen samples and crushed to 200 mesh.

Zircon and cassiterite CL

Scanning electron microscopy (SEM)-CL images of zircon
and cassiterite were obtained at the Beijing Geoanalysis Co.,
Ltd. with a JEOL JSM6510 scanning electron microscope
equipped with a Gatan CL detector. An acceleration voltage
of 15 kV, a probe current of ~6 nA, and a magnification of
~250x were used for zircon. An acceleration voltage of 15 kV,
a probe current of ~6 nA, and a magnification of ~100 to 200x
were used for cassiterite.

Zircon and cassiterite LA-ICP-MS U-Pb dating and trace
element analyses

Zircon and cassiterite LA-ICP-MS U-Pb dating and trace ele-
ment analysis were conducted at the State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences (SKLODG, IGCAS). The analytical sys-
tem is composed of a GeoLas Pro 193-nm ArF excimer laser
ablation system and an Agilent 7500 ICP-MS instrument. He-
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lium was used as carrier gas and was mixed with argon via a
T-connector before entering the ICP-MS. Zircon U-Pb analysis
was carried out with a laser energy density of 5 J/em?, a rep-
etition of 5 Hz, and a spot size of 32 um. The zircon standard
91500 was used as external standard for zircon U-Pb dating and
returned the weighted mean 206Pb/238U age of 1062.5 + 7.1 Ma,
which is identical to the recommended isotope dilution-thermal
ionization mass spectrometry (ID-TIMS) age of 1062.4 + 0.8
Ma (Wiedenbeck et al., 1995). The zircon standard PleSovice
was analyzed as the unknown and returned the weighted mean
206Ph/238U age of 337.2 + 2.3 Ma, which is identical to the rec-
ommended ID-TIMS age of 337.13 + 0.37 Ma (Sldma et al.,
2008). Cassiterite U-Pb and trace element analyses were con-
ducted separately with a laser energy density of 8 J/cm?, a repe-
tition of 7 Hz, and a spot size of 60 pm. The cassiterite standard
AY-4 was used as external standard for cassiterite U-Pb dating
and returned the weighted mean 206Pb/238U age of 158.1 + 1.6
Ma, which is identical to the recommended ID-TIMS age of
158.2 + 0.4 Ma (Yuan et al., 2008). Standard reference mate-
rial (NIST 612) was used for cassiterite trace element calcula-
tion using Sn as internal standard. Data reduction was carried
out by the ICPMSDataCal program (Liu et al., 2008, 2010).
Concordia diagrams and weighted mean age calculations were
made using the Isoplot program (Ludwig, 2003).

Cassiterite electron microprobe analysis (EMPA) spot analy-
sis and mapping

Spot analysis and X-ray mapping of cassiterite were carried
out with a JXA8230 electron microprobe at the SKLODG, 1G-
CAS. Elements including Sn, Al, Fe, In, Mn, Nb, Ta, Ti, U,
and W were analyzed during spot analysis at the settings of
25-kV accelerating voltage, 10-nA beam current, and 10-um
beam size. Mapping was conducted at the settings of 25-kV ac-
celerating voltage, 20-nA beam current, and 1-pm beam size.
Zircon Hf isotope analysis

In situ zircon Hf isotope analyses were conducted at the
SKLODG, IGCAS. The analytical system is composed of a
RESOlution S-155 193-nm excimer laser ablation and a Nu
Plasma IIT multicollector (MC)-ICP-MS. A laser energy den-
sity of 6 J/cm2, a repetition of 6 Hz, and a spot size of 60 pm
were used for zircon Hf isotope analysis. Laser ablation spots
for Hf isotopes were on the same zircon grains that were
previously analyzed for U-Pb isotopes. Detailed analytical
procedures can be found in Wu et al. (2006). The ent) val-
ues were calculated relative to the chondritic reservoir, with
the decay constant of 1.867 + 0.00810-'! yr-! (Scherer et al.,
2001). The two-stage Hf model ages (Tpme) were calculated
assuming a mean "6Luw/7"Hf value of 0.015 for the average
continental crust (Griffin et al., 2002). Correction for isobaric
interference of '"Lu and !"Yb on !"Hf was conducted us-
ing 176Yb/173Yb = 0.7962 and "6Lu/'"Lu = 0.02655 with an
exponential-law mass bias correction assuming a 3Yb/!"1Yb
ratio of 1.129197 (Vervoort et al., 2004). Zircon Penglai was
used as the reference material, which has the weighted aver-
age 176Yb/1""H{ ratio of 0.016272 + 0.000027, comparable to
zircon from the Kuntabin two-mica granite. Zircon Penglai
returned the weighted mean '"H{/'7"Hf results of 0.282907 +
0.000013, identical to the recommended value of 0.282906 =+
0.000010 (Li, X.H., et al., 2010).
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Molybdenite Re-Os dating

Molybdenite Re-Os dating was conducted at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences. Samples,
to which the '%Re spike and Os standard were added, were
loaded in Carius tubes and digested with aqua regia at 200°C
for over 24 h. After cooling of the solution, Os was separated
from Re by CCly extraction and purified by microdistillation.
Rhenium was separated from the major matrix elements (e.g.,
Mo, W, and Fe) by solvent extraction with N-benzoyl-N-
phenylhydroxylamine (BPHA) in chloroform solution (Du et
al., 2004; Shinotsuka and Suzuki, 2007; Li, |., et al., 2010; Qi
et al., 2010). The purified Re and Os were then analyzed by
ICP-MS (Perkin-Elmer Elan 6000) equipped with a concen-
tric glass nebulizer (Glass Expansion, Australia). Molybdenite
reference material (GBW04436: JDC), with certified age of
139.6 = 3.8 Ma (Du et al., 2004), was analyzed and yielded
identical model ages of 140.5 + 1.1 and 139.7 + 1.0 Ma.

Results

Zircon U-Pb age and Hf isotopes

Zircons from the Kuntabin Sn-W deposit generally show euhe-
dral crystal shape, with lengths ranging from ~100 to over 200
pm. Fluid and mineral inclusions were identified in many zir-
cons and carefully avoided during laser ablation. Most of the
zircons have clear oscillatory zonation CL textures, indicating
that they are magmatic zircons (Fig. 5). The LA-ICP-MS re-
sults of zircon analysis are presented in Table 1. The error in
individual analysis is at the 1o level, and the weighted mean
206Ph/238U age is at the 95% confidence level.

Thorium contents vary from 258 to 1,628 ppm, with an aver-
age of ~630 ppm. Uranium contents range from 496 to 5,790
ppm, with an average of ~2,125 ppm. The Th/U ratios lie be-
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tween 0.07 and 1.43, with an average of ~0.45. All the analyti-
cal results cluster tightly on the concordia curve with an age of
90.0 + 0.8 Ma (20; mean square of weighted deviates [MSWD]
= 0.33) (Fig. 5). The analytical results yield a weighted mean
206Ph/238U age of 90.1 £ 0.7 Ma (20; MSWD = 0.34). This age
represents the crystallization age of the two-mica granite.

The analytical results of zircon Hf isotopes and related pa-
rameters are listed in Table 2. '"6H{/1"THf values of 14 zircon
grains range from 0.282266 to 0.282466, corresponding to
ene(t) values of —16.0 to —8.9, with an average of ~—12.6. The
two-stage Hf model ages (Tpmz) vary from 2161 to 1712 Ma,
with an average of ~1950 Ma.

Cassiterite CL textures

Cassiterite from the Kuntabin Sn-W deposit typically shows
euhedral crystal shapes with size up to 3 mm in hand samples.
After being crushed and separated, the cassiterite grains are
usually broken into smaller pieces but may still preserve sharp
grain boundaries (Fig. 6). At least three generations of cassit-
erite can be identified based on their distinctive intensity and
textures in CL images.

Cassiterite-1 (Cst-1): CL intensity of this generation of cas-
siterite is very low, so that Cst-I is generally homogeneous
and black in CL images. However, oscillatory zones formed
by alternating thin bands (<15 pm) with slightly different CL
intensities can be identified (Fig. 6B, D). Most of the Cst-I
grains are eroded to form a rounded core (Fig. 6A, E), brecci-
ated and cemented by later-stage cassiterite (Fig. 6A), or frac-
tured and overprinted by later-stage cassiterite mineralization
(Fig, 6B).

Cassiterite-I1 (Cst-1I): CL intensity of this generation of
cassiterite is much higher compared to Cst-I, so Cst-II is typi-
cally bright in CL images with very clear and thin oscillatory
zones parallel to the growth zones but may be locally black

90.3.+ 1.4Ma
0.022 | Eo
89.7+1.4 Ma
0.018 |
2
5
QO oo14f >
94
0.010 f Mean =
90.1+0.7 Ma 90
MSWD =0.34
n=14 86
0.006 . . .
0.05 0.07 0.09 0.11 0.13 0.15
207Pb/235U

Fig. 5. Zircon CL images, U-Pb concordia, and weight mean age diagrams for the two-mica granite from the Kuntabin Sn-W
deposit. Red circles are the laser ablation spots with the size of 32 um in diameter. MSWD = mean square of weighted deviates.
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Fig. 6. Cassiterite CL images and trace element contents (in ppm). Red circles are the laser ablation spots for trace elements

with the size of 60 um in diameter.

in some crystal faces (Fig. 6C). Cst-1I forms either individ-
ual crystals (Fig. 6C) or overgrowth on the preexisting Cst-I
grains (Fig. 6A, E, F). Many of the Cst-II grains are fractured
and refilled with later-stage cassiterite (Fig. 6C, F).
Cassiterite-I11 (Cst-I111): CL intensity of this generation of
cassiterite is higher than previous cassiterite. Cst-III grains
are commonly white and homogeneous in CL images (Fig.
6B, F) but may display some growth zones locally. Cst-III con-
sistently fills fractures in the preexisting cassiterite grains (Fig.

6B-D, F). Width of the Cst-III is commonly smaller than 30
pm, therefore cannot be used for LA-ICP-MS U-Pb and trace
element analysis in this study.

Cassiterite trace element geochemistry

Thirteen elements including U and Pb were analyzed for trace
element concentrations by LA-ICP-MS. However, the concen-
trations of Li, Sc, Cr, and Sb are generally below or around
the detection limits. Table 3 presents only the analytical results

Table 3. LA-ICP-MS Trace Element Concentrations (ppm) of Cassiterites from the Kuntabin Sn-W Deposit

Spot Al Ti Fe Zr Nb Ta w U Comment
KTB-cst-1 12.6 5,608 1,127 297 4,296 321 384 8.6 Cst-1
KTB-cst-2 8.8 4,733 899 303 3,071 1,587 144 5.6 Cst-1
KTB-cst-3 13.8 4,362 1,153 294 4,123 963 233 7.6 Cst-1
KTB-cst-4 79 3,511 962 185 3,398 1,070 245 5.6 Cst-1
KTB-cst-5 13.0 4,563 1,145 288 3,865 1,06 344 8.2 Cst-1
KTB-cst-6 8.6 5,053 880 329 3,424 329 366 8.0 Cst-1
KTB-cst-7 8.8 4,458 496 259 1,772 152 689 11.4 Cst-1
KTB-cst-8 18.0 3,845 253 143 107 64 7 0.7 Cst-11
KTB-cst-9 25.5 4,650 416 260 200 78 15 1.6 Cst-11
KTB-cst-10 26.7 4,880 408 239 254 159 15 2.0 Cst-11
KTB-cst-11 34.5 6,170 515 277 231 27 20 2.1 Cst-11
KTB-cst-12 3.0 1,132 145 44 196 524 2 0.1 Cst-11
KTB-cst-13 43.3 7,250 714 368 681 332 30 3.0 Cst-11
KTB-cst-14 36.7 7,389 814 338 757 462 28 3.0 Cst-11
KTB-cst-15 26.2 4,374 364 240 222 134 12 1.3 Cst-11
KTB-cst-16 6.2 2,407 154 129 118 273 4 0.5 Cst-11
KTB-cst-17 22.8 4,907 411 254 247 73 12 1.4 Cst-11
KTB-cst-18 11.6 3,754 589 182 1,037 1,129 28 1.1 Cst-11
KTB-cst-19 18.3 5,036 371 151 199 327 9 0.8 Cst-11
KTB-cst-20 25.8 5,405 456 257 328 119 13 1.6 Cst-11
KTB-cst-21 19.9 4,600 377 241 170 107 12 1.4 Cst-11
KTB-cst-22 18.4 3,676 355 215 318 265 14 14 Cst-11
KTB-cst-23 27.7 4,381 441 212 174 34 17 1.4 Cst-11
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Fig. 7. (A-H) Trace element contents of cassiterite from the Kuntabin Sn-W deposit.
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above the detection limits for Cst-I and Cst-II. These two gen-
erations of cassiterite show quite distinctive trace element pat-
terns (Fig. 7). Trace element concentrations in Cst-I typically
cluster in a small range, and a positive correlation is only ob-
served between U and W (Fig. 7G). In contrast, in Cst-II the
concentrations of Al, Ti, Fe, Zr, Nb, and W all display positive
correlations with U. General positive correlations can be ob-
served in element pairs of Fe-Nb and U-W for the whole data
range from both Cst-I and Cst-II. Element groups of Nb + Ta
and Al + Fe show only weak positive correlation.

The U concentrations of Cst-I range from 5.60 to 11.42
ppm, with an average of ~7.86 ppm. In contrast, U contents
in Cst-II range from 0.14 to 3.05 ppm, with a much lower
average of ~1.48 ppm. Cst-I consistently hosts more Fe (avg
~952 ppm), Nb (avg ~3,421 ppm), and W (avg ~344 ppm),
compared to the same elements in Cst-1I (avg ~424 ppm for
Fe, ~327 ppm for Nb, and ~15 ppm for W). Variations of Al,
Ti, and Zr in Cst-I are much smaller than in Cst-II (Fig. 7).

Cassiterite EMPA spot analysis and mapping

Spot analyses reveal that Sn is the only major element in cassiter-
ite with average SnOs above 99.7 wt % (Table 4). The contents of
MnO, Al,Os, WOs3, TazOs, InaOs, and UO; are generally below
the detection limits. The order of magnitude contents of FeO,
Nb2Os, and TiO; are the same as those revealed by the LA-ICP-
MS analysis. Cst-I contains the highest FeO, with an average of
~0.17 wt %. NboOs and TiOs contents in Cst-I are on average
~0.53 and ~0.26 wt %, respectively. FeO, NbyOs, and TiOs con-
tents in Cst-II are around the detection limits. The valid data
(above the detection limit) are on average ~0.08 wt % for FeO,
~0.21 wt % for NboOs, and ~0.23 wt % for TiOz. All the analyzed
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trace elements are below the detection limits for Cst-IIL. Figure
8 clearly shows that the earlier generations of cassiterite consis-
tently contain higher Fe, Nb, and Ti compared to later-stage cas-
siterites, while Al, Ta, U, and W are too low to be detected.

Cassiterite U-Pb age

Table 5 presents the analytical results of U and Pb isotopes
and related parameters. Owing to the high content of com-
mon Pb in cassiterite, the Tera-Wasserburg U-Pb concordia
diagram is used, and the age is obtained from the lower in-
tercept in this plot. Spots from both Cst-I and Cst-II show
very good linear correlations. Cst-I returned a lower intercept
value of 87.9 + 2.4 (20; MSWD = 0.20), and Cst-II returned
a lower intercept value of 88.2 + 4.0 (20; MSWD = 0.12).
Therefore, ages of these two texturally distinct generations of
cassiterite are indistinguishable with the current resolution of
the analytical method. In combination, they yielded a lower
intercept value of 88.1 = 1.9 Ma (20; MSWD = 0.15; Fig. 9).

Molybdenite Re-Os age

Analytical results of Re-Os isotopes of molybdenite are listed
in Table 6. Rhenium content is on average ~2.16 ppm and Os
content is on average ~1.98 ppb in molybdenite. The molyb-
denite Re-Os model age is calculated as follows:

1 1 1870
t271n<—1:7Re S> (1)

The decay constant (4) of 157 Re is 1.666 x 10-1! a-! (Smoliar
et al., 1996).

Five molybdenite samples from the Kuntabin deposit yield-
ed consistent model ages, with a weighted mean age of 87.7 +

Table 4. EMPA Analysis of Cassiterite from the Kuntabin Sn-W Deposit (wt %)

Sample FeO Nb:Os TiOs SnO; Total Comment
KTB-16-1 0.10 0.27 0.19 99.00 99.56 Cst-1
KTB-16-2 0.07 0.22 0.08 99.60 99.97 Cst-1
KTB-16-7 0.28 0.86 0.51 97.59 99.24 Cst-1
KTB-16-8 0.31 0.81 0.55 97.75 99.41 Cst-1
KTB-16-14 0.13 0.45 0.10 99.15 99.83 Cst-1
KTB-16-15 0.13 0.50 0.11 99.02 99.75 Cst-1
KTB-16-19 0.17 0.68 0.30 98.79 99.95 Cst-1
KTB-16-20 0.16 0.47 0.27 99.34 100.24 Cst-1
KTB-16-5 - - 0.26 99.59 99.85 Cst-11
KTB-16-6 - - 0.24 99.72 99.96 Cst-11
KTB-16-9 - - - 100.11 100.11 Cst-11
KTB-16-10 - - - 100.74 100.74 Cst-11
KTB-16-16 0.07 0.26 - 100.41 100.73 Cst-11
KTB-16-17 0.06 0.16 0.08 99.69 99.99 Cst-11
KTB-16-18 0.09 - 0.12 99.98 100.19 Cst-11
KTB-16-21 0.08 - 0.43 100.08 100.59 Cst-11
KTB-16-22 0.07 - 0.26 99.85 100.18 Cst-11
KTB-16-23 - - - 100.32 99.34 Cst-11
KTB-16-24 - - - 100.16 99.59 Cst-11
KTB-16-3 - - - 99.98 99.98 Cst-111
KTB-16-4 - - - 99.91 99.91 Cst-111
KTB-16-11 - - - 99.98 99.98 Cst-111
KTB-16-12 - - - 99.85 99.85 Cst-111
KTB-16-13 - - - 99.93 99.93 Cst-111
KTB-16-25 - - - 100.93 100.93 Cst-111
KTB-16-26 - - - 99.70 99.70 Cst-111
KTB-16-27 - - - 100.07 100.07 Cst-111
KTB-16-28 - - - 101.08 101.08 Cst-111

Note: Dashes indicate that analyzed elements are below detection limit
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Fig. 8. (A, B) EMPA mapping of cassiterite. Brightness of figures for Al, Nb, and Ta have been slightly increased for better

demonstration of microtextures.

0.5 Ma (20; MSWD = 1.5) and an isochron age of 88.7 + 2.7
Ma (20; MSWD = 1.8; Fig. 10).

Discussion

Formation age of the Kuntabin Sn-W deposit

The lower intercept of the cassiterite U-Pb data in the Tera-
Wasserburg concordia indicates that Sn and W mineralization

in the Kuntabin deposit occurred around 88.1 + 1.9 Ma. Pe-
trography of quartz-bearing veins from the Kuntabin deposit
shows that molybdenite and cassiterite are closely related
(Fig. 4) and crystallized from the hydrothermal fluid that
formed the Kuntabin deposit. The identical Re-Os weighted
mean model age (87.7 £ 0.5 Ma) and isochron age (88.7 =
2.7 Ma) of the cogenetic molybdenite confirms the cassiter-
ite mineralization age. These mineralization ages overlap with
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Table 5. U-Pb Isotope Ratios of Cassiterites from the Kuntabin Sn-W Deposit

207Ph/206Py 207ph,/235U 206Phy/2381J

Spot Th (ppm) U (ppm) Th/U Ratio lo Ratio lo Ratio lo Comment
KTB-16-1 0.00 3.19 0.00 0.1490 0.0283 0.2727 0.0483 0.0162 0.0008 Cst-1
KTB-16-4 0.02 6.45 0.00 0.1741 0.0252 0.3690 0.0476 0.0166 0.0008 Cst-1
KTB-16-6 0.00 14.38 0.00 0.1418 0.0089 0.2995 0.0185 0.0157 0.0003 Cst-1
KTB-16-7 0.00 12.09 0.00 0.1200 0.0118 0.2538 0.0233 0.0156 0.0004 Cst-1
KTB-16-8 0.01 5.46 0.00 0.4047 0.0225 1.6476 0.0908 0.0301 0.0008 Cst-1
KTB-16-12 0.10 4.43 0.02 0.4323 0.0343 1.9274 0.1266 0.0336 0.0011 Cst-1
KTB-16-13 0.01 6.08 0.00 0.3076 0.0236 0.9721 0.0735 0.0236 0.0008 Cst-1
KTB-16-23 0.00 12.75 0.00 0.0682 0.0103 0.1372 0.0202 0.0144 0.0005 Cst-1
KTB-16-24 0.00 10.63 0.00 0.0493 0.0078 0.0896 0.0138 0.0137 0.0005 Cst-1
KTB-16-28 0.00 15.83 0.00 0.0840 0.0119 0.1821 0.0262 0.0149 0.0004 Cst-1
KTB-16-29 0.00 12.61 0.00 0.1893 0.0131 0.4780 0.0340 0.0178 0.0004 Cst-1
KTB-16-30 0.00 17.36 0.00 0.0455 0.0067 0.0904 0.0153 0.0137 0.0005 Cst-1
KTB-16-32 0.00 6.96 0.00 0.1725 0.0136 0.3780 0.0274 0.0168 0.0005 Cst-1
KTB-16-2 0.02 1.26 0.01 0.6512 0.0668 3.3605 0.2592 0.0492 0.0026 Cst-11
KTB-16-3 0.02 2.95 0.01 0.4403 0.0288 1.7111 0.0995 0.0306 0.0014 Cst-11
KTB-16-9 0.02 0.27 0.06 1.7162 0.6953 8.0423 1.1950 0.0948 0.0131 Cst-11
KTB-16-11 0.15 3.47 0.04 0.5485 0.0367 4.9228 0.3309 0.0651 0.0022 Cst-11
KTB-16-14 0.08 0.67 0.11 0.6920 0.0841 3.9027 0.3516 0.0549 0.0032 Cst-11
KTB-16-15 0.04 0.35 0.12 0.4833 0.1614 1.2688 0.2382 0.0265 0.0029 Cst-11
KTB-16-16 0.06 2.36 0.02 0.4092 0.0460 1.8639 0.2096 0.0322 0.0015 Cst-11
KTB-16-17 0.01 4.48 0.00 0.0540 0.0142 0.0989 0.0276 0.0143 0.0010 Cst-11
KTB-16-18 0.01 1.46 0.01 0.4139 0.1746 0.6242 0.1132 0.0190 0.0019 Cst-11
KTB-16-19 0.01 11.29 0.00 0.0446 0.0074 0.0898 0.0143 0.0138 0.0005 Cst-11
KTB-16-20 0.02 9.59 0.00 0.1340 0.0184 0.3066 0.0411 0.0162 0.0007 Cst-11
KTB-16-21 0.00 2.01 0.00 0.3500 0.0485 0.9785 0.1181 0.0232 0.0013 Cst-11
KTB-16-22 0.00 1.88 0.00 0.2340 0.0464 0.6765 0.0852 0.0194 0.0011 Cst-11
KTB-16-25 0.03 2.61 0.01 0.1773 0.0238 0.3758 0.0448 0.0169 0.0007 Cst-11
KTB-16-26 0.01 2.30 0.01 0.1489 0.0484 0.2361 0.0575 0.0147 0.0012 Cst-1I1
KTB-16-27 0.01 1.71 0.01 0.1871 0.0295 0.4287 0.0767 0.0170 0.0016 Cst-11

the formation age of the two-mica granite (weighted mean
206Ph/238U age of 90.1 + 0.7 Ma) and therefore indicate that
the Sn-W mineralization is genetically related to the granite.

1.0

Cassiterite mineralization in the Kuntabin Sn-W deposit

Microtextures and trace elements of cassiterite: CL is a power-
ful tool in revealing the complicated microtextures of min-
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Fig. 9. Tera-Wasserburg U-Pb concordia diagram for cassiterite from the Kuntabin Sn-W deposit. Data points are in 20 error.
Inset is the CL image of a cassiterite crystal. MSWD = mean square of weighted deviates.
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Table 6. Re-Os Isotopes of Molybdenite from the Kuntabin Sn-W Deposit
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Re (pg/g) 187Re (pg/g) 1870s (ng/g) Model age (Ma)
Sample Weight (g) Measured 20 Measured 20 Measured 20 Measured 20
JDC 0.0275 23.3127 0.0876 14,653 55.1 34.33 0.25 140.5 1.2
JbC 0.0265 23.9997 0.0944 15,085 59.3 35.14 0.23 139.7 1.1
KTB-mb-1 0.1569 2.2789 0.0063 1,432 4.0 2.12 0.03 88.6 1.2
KTB-mb-2 0.0094 2.9420 0.0086 1,842 5.4 2.69 0.02 87.7 1.8
KTB-mb-3 0.1452 1.9355 0.0091 1,217 5.7 1.77 0.02 87.3 1.2
KTB-mb-4 0.0476 2.0883 0.0116 1,313 7.3 1.89 0.04 86.2 1.7
KTB-mb-5 0.0887 2.3570 0.0102 1,482 6.4 2.17 0.01 87.7 0.6

erals that are otherwise not obvious (Smith and Stenstrom,
1965; Sippel, 1968; Rusk and Reed, 2002; Mao et al., 2017,
2018; Cheng et al., 2019). The Kuntabin Sn-W deposit has
experienced at least three stages of cassiterite mineraliza-
tion. Each stage displays distinctive CL textures and trace el-
ement patterns. Cst-I and Cst-II both formed large euhedral
crystals with thin oscillatory zones. CL intensity of Cst-II is
much higher than Cst-I, but in contrast, Cst-I contains more
Fe, Nb, and Ti (Fig. 7). Figure 8 shows that Cst-II contains
more Fe, Nb, and Ti compared to Cst-III. As revealed by
previous studies, Al, Ti, and W are the luminescence acti-
vators, but Fe quenches the luminescence of cassiterite
(Remond, 1973; Farmer et al., 1991). Average contents of
Al (~10.5 ppm) and Ti (~4,613 ppm) in Cst-I are slightly
lower than or comparable to those in Cst-II (~22.8 ppm Al;
~4,616 ppm Ti). Average content of W (~344 ppm) in Cst-I
is over 20 times that in Cst-II (~15 ppm). These activator
elements should be able to generate more intense lumines-
cence in Cst-I, which, in contrast, shows black CL inten-
sity. Therefore, although the Fe contents in Cst-II are only
double those in Cst-I, the quenching effect of Fe (and Nb)
overwhelms the activating effect of Al, Ti, and W, leading to
the very low CL intensity. Iron content in Cst-III could not
be analyzed by LA-ICP-MS owing to small size and irregular
shape of Cst-III, but the EMPA spot analysis and mapping

A
90 Age=87.7+0.5Ma 4|—

MSWD=1.5
n=5

89

88

87

Model age (Ma)

86

85

84

clearly demonstrate that Cst-III contains less Fe (below de-
tection limit of EMPA), consistent with its extremely high
CL intensity under the same analytical conditions.

Based on the ionic radius, charge balance, and coordination
of ions with respect to Sn**, trace elements incorporated in
cassiterite are inferred to be in the following valence states:
A3+, Fed+, Sc3+, Cr3+, Sb3+, Ti4+, Zr4+, W4+, U4+ Nb5+, and Ta5+
(Moller et al., 1988; Plimer et al., 1991; Murciego et al., 1997;
Tindle and Breaks, 1998; Cheng et al., 2019). Quadrivalent el-
ements can directly substitute Sn*+, without the requirement
of charge balance. In contrast, compensation of other ele-
ments is necessary for the incorporation of the trivalent and
pentavalent elements, e.g., Fe3* + Ta%* = Sn*+ and Al’+ + H+
= Sn**. However, the sum of the analyzed trivalent elements
is notably less than the sum of the analyzed pentavalent ele-
ments (Fig. TH). The analyzed Li, Sc, Cr, and Sb contents are
generally below the detection limits and, therefore, cannot be
the compensation elements. We speculate that H+, which is
not capable of being analyzed by LA-ICP-MS or EMPA, may
be a significant charge balance element, as previously pro-
posed (Moller et al., 1988; Plimer et al., 1991; Murciego et al.,
1997; Tindle and Breaks, 1998; Cheng et al., 2019).

Oscillatory zoning of cassiterite: Compositional zoning of
cassiterite may be generated by (1) progressive changes of
bulk fluid composition during magmatic-hydrothermal evo-
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Fig. 10. Weighted mean model age (A) and isochron age (B) of molybdenite from the Kuntabin Sn-W deposit. MSWD =

mean square of weighted deviates.
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lution, (2) local fluctuations of hydrothermal fluid composi-
tion near the growing crystal surface, and (3) variations of
available lattice sites on different crystal faces during crystal
growth in hydrothermal fluid (Farmer et al., 1991). Cst-I is
relatively homogeneous in both CL textures and trace ele-
ment concentrations, indicating that Cst-I crystallized under
relatively stable physical-chemical conditions. In contrast, os-
cillatory zones of Cst-II are clearer compared to Cst-I and
Cst-III. Compositional variations in Cst-II are very signifi-
cant and may approach two orders of magnitude. The bulk
composition of the ore-forming fluid is not likely to change so
dramatically in a single stage of fluid evolution. Positive cor-
relations among nearly all the analyzed elements clearly indi-
cate that these elements were incorporated kinetically under
high crystallization rate rather than by equilibrium incorpora-
tion during cassiterite growth (Rusk, 2012; Mao et al., 2017).
Therefore, the fine oscillatory zones in Cst-II are the product
of local compositional fluctuation of the hydrothermal fluid
during rapid cassiterite crystallization. Crystal-scale variations
of CL intensity have also been recorded in Cst-II (Figs. 5C,
8). FeO content is relatively homogeneous, but the content of
Nb shows negative correlation with CL intensity, indicating
that the Nb in cassiterite may also serve as a CL block like Fe
and that trace elements are preferentially incorporated into
different crystal faces.

Evolution of the magmatic-hydrothermal system: The dis-
tinctive CL textures and composition patterns of three stages
of cassiterite clearly indicate that they were formed under
different physical-chemical conditions. Breccia-related Sn-W
deposits are scarcely reported in the Southeast Asian tin
belt (e.g., Clegg, 1944a; Yeap, 1978; Leong, 1985; Wang et
al., 2014) and only account for ~1% of the of all the primary
Sn-W deposits in Southeast Asia, largely due to the relatively
deep emplacement of the ore-forming granites (Schwartz et
al., 1995). Although no breccia was observed in the Kuntabin
deposit during our field work, grain-scale brecciation is well
documented in cassiterite grains. Based on the brecciation
of Cst-I and the fracture of Cst-I and Cst-1I, we infer that
frequent seismic events occurred to generate channels and
spaces for the input of ore-forming fluid. Breccia and frac-
ture of the sealed hydrothermal veins not only lead to sudden
pressure release but also will cause significant temperature
drop through adiabatic cooling (Fournier, 1999; Heinrich et
al., 2005; Henley et al., 2015; Mercer et al., 2015; Mao et al.,
2017), which may have facilitated the precipitation of Sn and
W. The erosion of Cst-I into rounded cores indicates the input
of more acidic hydrothermal fluid that can dissolve and repre-
cipitate cassiterite and other minerals (Rusk, 2012). More Al
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will be dissolved into the hydrothermal fluid by the interac-
tion between more acidic fluid and the hosting granite. We
infer that the doubled average Al content in Cst-II compared
to that of Cst-I is partly related to the higher concentration
of Al available in the hydrothermal fluid. Nearly all the other
analyzed elements are higher in Cst-I than Cst-II, except for
Al and Ti (Fig. 7). The substitution of Fe in cassiterite is di-
rectly related to Fe concentration in the bulk fluid (Farmer
et al., 1991); therefore, the distinctive contents of Fe (as well
as Zr, Nb, Ta, W, and Pb) in different stages of cassiterite, in
combination with the characteristic CL textures, clearly dem-
onstrate the episodic input of compositionally different ore-
forming fluids during the magmatic-hydrothermal evolution
of the Kuntabin Sn-W deposit. The Ti/Zr ratios of cassiterite
from the Gejiu tin district in China vary over an order of mag-
nitude, reflecting the progressive depletion of Ti relative to
Zr in the hydrothermal fluid as it migrated and evolved away
from the intrusion (Cheng et al., 2019). In contrast, the two
distinctive generations of cassiterite in the Kuntabin deposit
exhibit relatively stable Ti/Zr ratios, ranging between 15 to 19
for Cst-I and 17 to 33 for Cst-II. Rutile needles are observed
in quartz-bearing veins formed during the cassiterite miner-
alization, but hydrothermal zircon is not present. Therefore,
these elements entered cassiterite in a Ti-saturated but Zr-un-
saturated system. The slight difference of Ti/Zr ratios in Cst-I
and Cst-II may be easily achieved by local fluctuations during
cassiterite crystallization, although compositional variation in
hydrothermal fluid cannot be excluded.

Magma sources of the ore-related granites

Zircon en(t) values of the Kuntabin Sn-W deposit range
from —16.0 to -8.9, with an average of ~—12.6 (Table 7). Zir-
con eri(t) values of the Hermyingyi Sn-W deposit vary from
-14.5 to —10.7, with an average of ~—12.8 (Table 7; Jiang et
al., 2017; W. Mao et al., unpub. data, 2019). The Dapingba
Mo-W deposit in northern Myanmar has much higher zircon
enf(t) values from -9.3 to 2.4, with an average of ~—1.8 (Li,
J.X., et al., 2018). The Shangalon porphyry Cu-Au deposit in
the West Burma terrane has the highest zircon eut) from
0.0 to 2.9, with an average of ~1.5 (Gardiner et al., 2018; Li,
J.X., et al., 2018). The calculated two-stage model ages are
on average 1950 Ma for the Kuntabin Sn-W deposit and
1940 Ma for the Hermyingyi Sn-W deposit. In contrast, the
Dapingba Mo-W deposit and Shangalon Cu-Au deposit have
much younger Tpwmz on average, around 1285 and 1018 Ma,
respectively (Gardiner et al., 2018; Li, ].X., et al., 2018). The
ore-forming diorite porphyry in the Shangalon Cu-Au deposit
has mantle-like zircon oxygen isotope values (0150 = 5.5 =

Table 7. Compiled Re Contents in Molybdenites and eur(t) Values of Zircons from Deposits in Myanmar

Re (ppm) eni(t) Tome (Ma)
Deposit Minimum Maximum Average Minimum Maximum Average Minimum Maximum Average References
Shangalon 70.37 70.37 70.37 0.0 2.9 15 930 1110 1018 J.X. Lietal. (2018),
Gardiner et al. (2018)
Dapingba 2.45 19.25 7.39 -9.3 2.4 -18 1015 1760 1285 J.X. Lietal. (2018)
Kuntabin 1.94 2.94 2.32 -16.0 -8.9 -12.6 1712 2161 1950 This study
Mawchi 1.36 1.36 1.36 Myint et al. (2018)
Hermyingyi 0.002 0.027 0.014 -14.5 -10.7 -12.8 1806 2042 1940 W. Mao et al. (unpub. data, 2019)
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0.4%o) and was inferred to originate from partial melting of
metasomatized mantle (Gardiner et al., 2016a, b, 2018; Li,
J.X., etal,, 2018). Ore-forming granite in the Dapingba Mo-W
deposit has intermediate zircon eu(t) values and was derived
from partial melting of ancient continental crust with minor
addition of mantle material (Li, ].X., et al., 2018). In contrast,
the Sn-W-related granites are the products of partial melting
of the Paleoproterozoic continental crust and contain minimal
mantle contribution.

Rhenium contents in molybdenites from the Kuntabin de-
posit lie in a narrow range from 1.94 to 2.36 ppm, with an
average of ~2.16 ppm (Fig. 11; Table 7). Molybdenites from
the Hermyingyi Sn-W deposit have much lower Re contents,
ranging from 8.9 to 27 ppb. The only molybdenite sample an-
alyzed from the Mawchi deposit, the largest Sn-W deposit in
Myanmar, contains 1.36 ppm Re (Myint et al., 2018). Molyb-
denites from the Dapingba Mo-W deposit contain on average
~7.39 ppm Re, with the highest content of 19.25 ppm (Li,
J.X., et al., 2018). In contrast, molybdenite from the Shang-
alon Cu-Au deposit contains 70.37 ppm Re (Fig. 1; Li, [.X,,
et al., 2018), which is much higher than Sn-W deposits in the
Sibumasu and Tengchong terranes. Re contents in molyb-
denites generally show a positive correlation with the zircon
ene(t) values of the ore-forming granites (Fig. 11B).

The amount of Re in molybdenite has long been related
to various types of deposits (Zhirov and Ivanoca, 1959). Giles

140
| A Shangalon (Au-Cu) A
| v Dapingba (Mo-W)
120 | B Kuntabin (Sn-W) \Yavavid v
100 4 O Hermyingyi (Sn-W)
m <& Mawchi (Sn-W)
= |
~ 804
()
> |
< 604 @® o
40 <& A
20 | T T T T |£
i I
01
£ 0]
w
-10 4
-154 I
-20 T T T T T
1 10 100 1000 10000 100000
Re (ppb)

Fig. 11. (A) Re contents versus ages of molybdenite from deposits in Myan-
mar. (B) Re content in molybdenite versus enf(t) of zircon from deposits in
Myanmar.
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and Schilling (1972) showed that molybdenite from porphyry
Cu deposits contains higher Re (mean = 660 ppm) than that
from porphyry Mo and quartz-vein deposits (mean = 47 ppm).
Recent studies and compilations of data all confirmed that
molybdenites from porphyry Cu (Mo) deposits contain the
highest Re, mainly distributed in the range of >100 to over
10,000 ppm, Re of molybdenites from porphyry Mo (Cu) de-
posits mainly lies between 10 and 100 ppm, and molybdenites
from greisen Sn-W deposits typically have <10 ppm down to
subparts-per-million levels of Re content (Mao et al., 1999;
Berzina et al., 2005; Sinclair et al., 2009; Pagava et al., 2016).
Rhenium is moderately incompatible during mantle melting
(Shirey and Walker, 1998). Metal source of the deposit and
degree of magma fractionation have been inferred to be the
key factors that control the Re contents of molybdenites in
granite-related deposits, and the contents generally decrease
with decreasing mantle contribution (Mao et al., 1999; Stein
et al., 2001; Blevin, 2009; Sinclair et al., 2009). Our results for
Re contents in molybdenites from Myanmar generally agree
with those of previous studies. The broadly positive correla-
tion with zircon en(t) values in the ore-forming granites sug-
gests that the Re contents of molybdenites are predominantly
controlled by the degree of mantle contribution in the inves-
tigated samples. Conversely, the coupled zircon en(t) values
and Re concentrations in molybdenites can be used as an in-
dicator of mantle contribution and a potential discriminator
of ore deposit types. The Hermyingyi deposit hosts similar
zircon Hf isotope signatures but much lower Re contents in
molybdenites compared to the Kuntabin deposit (Fig. 11).
Such variation indicates that other factors like temperature
and oxygen fugacity may have influenced the incorporation of
Re in molybdenite during the hydrothermal processes (Stein
et al., 2001; Berzina et al., 2005; Voudouris et al., 2009).

Magmatism and Sn-W mineralization in the Western tin belt

Magmatic activities related to the Paleo-Tethys subduction
(Eastern province) are very rarely reported in Myanmar and
only distributed in the easternmost part of Myanmar, close to
the border with Laos (Mitchell, 1981, 1986, 2018; Mitchell
and Garson, 1981; Zaw, 1990; Mitchell et al., 2012; Gardin-
er et al., 2014, 2016a, b, 2018; Myanmar Geosciences Soci-
ety, 2014). The Main Range S-type granites in Myanmar are
limitedly distributed in the eastern part of the Shan Plateau
and extend to west Yunnan in the north and west Thailand in
the south (Fig. 1B; Wang et al., 2014, 2016; Gardiner et al.,
2016a, b, 2018; Fanka et al., 2018; Mitchell, 2018). The West-
ern province is widely distributed in Myanmar, west Yunnan,
and west Thailand, which is equivalent to the western part
of the Sibumasu terrane (Fig. 1; Mitchell, 1981, 1986, 2018;
Mitchell et al., 2012; Wang et al., 2014; Gardiner et al., 2016a,
b, 2018; Li, J.X., et al., 2018). Episodic magmatic activities
occurred in the western Sibumasu terrane since the Jurassic
owing to the successive accretion of the Gondwana-derived
continental blocks (Barley et al., 2003; Searle et al., 2007,
Mitchell et al., 2012; Gardiner et al., 2015, 2016a, b, 2018; Li,
J.X., etal., 2018).

The Early to Mid-Jurassic magmatic activities (~185—
165 Ma) are mainly distributed in the north part of the west-
ern Sibumasu terrane and have been attributed to the east-
ward (current direction, here and after) subduction of the
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Fig. 12. (A) Summary of igneous rock zircon U-Pb ages from the Western
tin belt (Sibumasu, Tengchong) and West Burma terrane and their northern
latitude distribution. (B) Igneous rock zircon U-Pb ages from the Sibumasu
and Tengchong terranes. (C) Sn-W mineralization ages of hydrothermal mus-
covite, molybdenite, and cassiterite from the Western tin belt. (D) Igneous
rock zircon U-Pb ages from the West Burma terrane. Data from Barley et al.
(2003), Searle et al. (2007), Mitchell et al. (2012), Dong et al. (2013), Yu et al.
(2014), Gardiner et al. (2014, 2015a, 20164, b, 2017, 2018), Xie et al. (2016),
Cao et al. (2017), Crow and Zaw (2017), Jiang et al. (2017), H. Li et al. (2018),
Dew et al. (2018), J.X. Li (2018), Lin et al. (2019), and references therein.
The gray boxes are age data acquired from the Kuntabin deposit.

oceanic slab between the Tengchong and Sibumasu terranes
(Figs. 12A-C, 13; Gardiner et al., 2018). The Early Cretaceous
magmatic activities (~130-105 Ma) and related Sn-W miner-
alization are mainly reported in the Tengchong terrane and
north part of the western Sibumasu terrane and are inferred
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to form in a continental arc setting by the eastward subduction
of the Meso-Tethys Ocean (e.g., Tieyaoshan Sn deposit: 119.3
+ 1.7 Ma, Chen et al., 2014; Dapingba Mo-W deposit: 113.7 +
0.7 Ma, Li, ] X,, et al., 2018; Figs. 1, 13). Magmatic cessation
from ~105 to 90 Ma has been identified in the Tengchong and
Sibumasu terranes, likely related to the collision between the
West Burma terrane and the Tengchong-Sibumasu terranes
along the Myitkyina suture zone, which represents the closure
of the Meso-Tethys Ocean (Figs. 1, 12, 13; Barley et al., 2003;
Searle et al., 2007; Mitchell et al., 2012; Metcalfe, 2013; Gar-
diner et al., 2015, 2016a, b, 2018; Liu et al., 2016a, b; Zhou
et al., 2017; Li, ].X, et al., 2018; Mitchell, 2018; Lin et al.,
2019). In contrast, the West Burma terrane developed abun-
dant igneous rocks from ~115 to 90 Ma during the eastward
subduction of the Neo-Tethys Ocean (Figs. 12, 13; Mitchell,
1993; Mitchell et al., 2012; Wang et al., 2014; Gardiner et al.,
2016a, b; Li, ].X., et al., 2018; Lin et al., 2019).

Significant granite-related Sn-W mineralization occurred
in Myanmar since the Late Cretaceous after the continuous
subduction of the Neo-Tethys oceanic slab reached beneath
the Tengchong-Sibumasu terranes (Mitchell, 1992, 2018;
Charusiri et al., 1993; Mitchell et al., 2012; Sanematsu et
al., 2014; Gardiner et al., 2016a, b, 2018; Jiang et al., 2017;
Thein, 2017; Li, H., et al., 2018; Li, ].X., et al., 2018). The an-
cient lower crust was underplated by metasomatized mantle
wedge-derived basaltic melts to form felsic magma required
for successive Sn-W mineralization after melting, assimila-
tion, storage, and homogenization (MASH) processes (Cha-
rusiri et al., 1993; Gardiner et al., 2016a, b, 2018; Li, ].X., et
al., 2018). The granitic magma experienced high degrees of
fractional crystallization and fluid exsolution to form a se-
ries of Sn-W deposits in the Western tin belt (Lehmann and
Mahawat, 1989; Heinrich, 1990; Lehmann, 1990; Charusiri
et al., 1993; Linnen and Williams-Jones, 1995; Schwartz et
al., 1995; Li, ].X., et al., 2018). Compilation of previous ra-
diogenic ages of hydrothermal muscovite, molybdenite, and
cassiterite in the Tengchong and Sibumasu terranes shows
that the Late Cretaceous Sn-W mineralization did not start
until ~72 Ma (Fig. 12; Chhibber, 1934; Mitchell, 1986; Cha-
rusiri et al., 1993; Chen et al., 2014, 2015; Li, ].X., et al.,
2018). Therefore, the cassiterite U-Pb age (~88.1 Ma) and
molybdenite Re-Os isochron age (~88.7 Ma) for the Kunt-
abin deposit record the earliest Sn-W mineralization in the
Tengchong-Sibumasu terranes that is related to the subduc-
tion of the Neo-Tethys Ocean.

The earliest Late Cretaceous magmatic activity in the West-
ern tin belt reported so far is a diorite dike from the Mok-
palin, which is ~110 km northeast of Yangon, with a zircon
U-Pb age of 90.8 Ma (Fig. 12; Mitchell et al., 2012). The low
Is: signature for the Mokpalin diorite dike implies a juvenile
mantle origin (Mitchell et al., 2012). The compiled data show
that the number of zircon U-Pb ages from the igneous rocks
in the Tengchong-Sibumasu terranes increases gradually after
90 Ma (Fig. 12). Whole-rock and mineral Rb-Sr isochron dat-
ing of tin-related granites revealed ages of 84 and 92.9 + 26.7
Ma in west Yunnan (Chen, 1987; Zhou et al., 2017), 94 + 14
Ma in Parker Throtter of Myanmar (Cobbing et al., 1992), 93
+ 4 Ma in Khao Daen of mid Thailand, and 82 + 4, 83 + 7,
94 + 12, and 98 + 7 Ma in southwest Thailand (Putthapiban
and Gray, 1983; Pollard et al., 1995). However, the Rb-Sr sys-
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Fig. 13. Schematic tectonic model for the Southeast Asian granite provinces at ~90 Ma. Not to scale. Modified after Hutchi-
son (1975), Mitchell (1977, 1986), Sengor (1979, 1984, 1987), MetCalfe (1984, 1988, 1998, 2011, 2013), Schwartz (1995),
Searle et al. (2012), Gardiner et al. (2015a, 2016a, b, 2018), Mitchell et al. (2015), Ng et al. (2015a, b), J.X. Li et al. (2018),
Wang et al. (2018), and references therein. Complicated structures in suture zones and within each terrane are simplified for

better presentation of the general geologic setting. Color spheres refer to projections of granites on surface.

tem has a relatively low closure temperature and may easily
be overprinted and reset by later geologic activities (Romer
et al., 2007). We retain doubts about the accuracy of these
Rb-Sr ages, especially those with very large errors. Never-
theless, we infer that, in combination with the zircon U-Pb
ages in Kuntabin and Mokpalin, these ages indicate that, after
the magmatic cessation related to the closure of the Meso-
Tethys Ocean, magmatism and Sn-W mineralization initiated
at ~90 Ma when the subducted slab of the Neo-Tethys Ocean
reached beneath the Tengchong-Sibumasu terranes (Fig. 13).
We infer that the lack of mineralization ages between ~89 and
72 Ma is due to the shortage of geochronological studies, and
more deposits could be potentially explored in these areas.
The West Burma terrane is currently not adjacent to west of
southern Myanmar, because the opening of the Andaman Sea
separated it from the West Sumatra block in the Miocene, and
because right-lateral strike slip on the Sagaing fault moved it
to the north (Mitchell, 1977, 1979, 1981, 1992; Mitchell and
Garson, 1981; MetCalfe, 1996, 2011, 2013; Barber and Crow,
2009; Mitchell et al., 2012; Thein, 2017).

Conclusions

1. Combined zircon and cassiterite LA-ICP-MS U-Pb dating
and molybdenite Re-Os dating reveal that Sn-W mineral-
ization in the Kuntabin deposit occurred at ~88.1+ 1.9 Ma,
which is genetically related to the coeval two-mica gran-
ite with an intrusion age of ~90.1 + 0.7 Ma. These ages
record the earliest magmatism and Sn-W mineralization
related to the eastward (current direction) subduction of

the Neo-Tethys oceanic slab beneath the Tengchong-Sibu-
masu terranes.

2. Three generations of cassiterite with distinctive CL textures
and trace element patterns have been identified, but at
least the first two generations are indistinguishable in ages
with the resolution of the current analytical method. The
distinctions in microtextures and trace element contents in
cassiterite indicate the episodic input of ore-forming fluids
and distinctive changes in the physical-chemical nature of
the ore-forming system. Sudden changes of fluid pressure,
temperature, and pH may have facilitated the deposition
of Sn and W.

3. The quenching effects of Fe and Nb overwhelm the activat-
ing effects of Al, Ti, and W and dominate the CL textures
in cassiterite.

4. The low concentrations of Re in molybdenite and negative
zircon en(t) values from the greisen-type Sn-W deposits in
Myanmar indicate that the ore-forming granites for these
deposits were predominantly derived from melting of the
Paleoproterozoic continental crust and contain minimal
mantle contribution.
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