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ARTICLE INFO ABSTRACT

The Tengchong-Lianghe tin belt in western Yunnan Province, southwest China, is the most important tin mi-
neralization belt in the Sanjiang Tethyan Metallogenic Domain (STMD). There are two large tin deposits in this
belt: the Paleogene Lailishan and the Late Cretaceous Xiaolonghe deposits. The two deposits are spatially and
temporally associated with the Lailishan and Xiaolonghe granitic plutons, respectively. Recent studies suggest
that the Lailishan and Xiaolonghe granitic plutons exhibit most of the mineralogical and geochemical char-
acteristics of A-type granites. In this study, we discuss the He, Ar, and S isotopes of pyrite samples from the two
large tin deposits to trace ore-forming fluids and elements. We also review the relationship between A-type
granites and tin deposits from a new perspective. The §3*Scpr values of the Lailishan tin deposit range from
+4.9%o to +6.7%o, with an average value of +5.53%o. The 8%4Scpr values of the Xiaolonghe tin deposit range
from +5.0%o to +8.1%o, with an average value of +6.33%o. These values are slightly higher than those of the
granites (0%o to +5.7%o) in the Tengchong-Lianghe area, indicating mainly magmatic sources for the sulfur of
ore-forming fluids with a small amount of S from the wall rocks. The Lailishan tin deposit has *He/*He values of
1.57-3.46 Ra, with an average value of 2.078 Ra, and “OAr/36Ar values of 382.00-622.99, with an average value
of 459.67. The Xiaolonghe tin deposit has *He/*He values of 0.53-0.88 Ra, with an average value of 0.686 Ra,
and “°Ar/3°Ar values of 301.06-348.43, with an average value of 322.04. These values suggest that ore-forming
fluids of the Lailishan and Xiaolonghe tin deposits have mixed crustal, mantle, and a small volume of meteoric
water sources in different proportions. The mantle “He values and *He/*He values of the Lailihsan tin deposit
(26-44%, 1.57-3.46 Ra) are markedly higher than those of the Xiaolonghe tin deposit (8-15%, 0.53-0.88 Ra),
implying increased crust-mantle interaction in the Paleogene relative to the Late Cretaceous in western Yunnan.
This interaction may be attributed to the upwelling of the asthenosphere through the break-off of the Neo-
Tethyan slab during the main collisional period (6541 Ma) of India-Asia.
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1. Introduction

Janecka and Stemprok (1967) argued that 82% of the global tin
deposits are associated with granites. The spatial and temporal re-
lationship between tin mineralization and granitic rocks is well docu-
mented in many studies pertaining to mineral deposits that have been
conducted worldwide (Zaw, 1990; Taylor and Wall, 1992, 1993;
Schwartz et al., 1995; Mao et al., 2004; Peng et al., 2007). Tin (Sn)
mineralization is traditionally considered to be associated with S-type
granites because their magmatic differentiation can produce volumi-
nous Sn-enriched ore-forming fluids (Heinrich, 1990; Stemprok, 1990;
Taylor and Wall, 1993). Recently, a number of tin deposits were

considered to be genetically related to A-type granites in some regions
such as Nigeria, Brazil, America, and China (in Sinkiang together with
Nanling). This finding redirected the focus on tin deposits and tin mi-
neralization to more types of granites (Taylor, 1976; Bi et al., 1992;
Botelho and Moura, 1998; Payolla et al., 2002; Haapala and Lukkari,
2005; Jiang et al., 2006; Li et al., 2007; Moura et al., 2007; Bi et al.,
2008; Konopelko et al., 2009; Neto et al., 2009; Gonevchuk et al., 2010;
Yang et al., 2010; Lamarao et al., 2012; Zhao et al., 2013). However,
the relationship between tin mineralization and A-type granites is not
yet well understood, and only a few systematic studies have in-
vestigated this relationship.

The Sanjiang Tethyan Domain in southwestern China is tectonically
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Fig. 1. (A) Tectonic framework and distribution of magmatic rocks as well as tin deposits in the Sanjiang Tethyan Domain (modified by Hou et al. (2007), Chung et al. (2005), and Xu

et al. (2012)); (B) Schematic showing the distribution of magmatic rocks and tin depo
breviations: Q: Quaternary; N: Neogene; P: Permian; C: Carboniferous; D: Devonian.

a part of the southeast segment of the East Tethyan tectonic domain. It
is in the eastern part of the Tethyan-Himalayan tectonic belt within
southeast Asia (Fig. 1A) (Searle et al., 1987; Yin and Harrison, 2000;
Hou et al., 2007; Wu et al., 2008). The Tengchong-Lianghe tin belt, in
western Yunnan, southwest China, is the most important polymetallic
tin belt in the Sanjiang Tethyan Metallogenic Domain (STMD). In ad-
dition, this tin belt, which is adjacent to Burma, has been suggested to
be the northernmost continuation of the South-East Asian giant tin belt
(Taylor, 1979; Clarke and Beddoe-Stephens, 1987). There are two large
tin deposits (Lailishan and Xiaolonghe, with more than 50,000 tonnes
of Sn), five medium-sized tin deposits (with 30,000-50,000 tonnes of
Sn), and numerous mineralized localities in this tin belt. Tin miner-
alization is spatially associated with granitoids. Three N-S trending
granitic belts were recognized in the Tengchong-Lianghe region, with
emplacement ages of Early Cretaceous, Late Cretaceous, and Early
Cenozoic (Chen, 1987; Yang et al., 2009; Li et al., 2012; Xu et al., 2012;
Chen et al., 2015). The large Lailishan and Xiaolonghe tin deposits are
spatially associated with the Lailishan and Xiaolonghe granitic plutons,
respectively (Chen et al., 2014, 2015) (Fig. 1B). Recent systematic
studies of the Lailishan and Xiaolonghe granitic plutons have suggested
that the two granitic plutons have characteristics of A-type granites
(Jiang et al., 2012; Zhang et al., 2013; Chen et al., 2015; Lin et al.,
2015). In fact, tin-related A-type granites were also discovered in other
regions of the SE Asian giant tin belt such as Burma and Malaysia (Ng
et al., 2015; Jiang et al., 2016), as well as the eastern Lhasa terrane (Qu
et al., 2002, 2012; Lin et al., 2012). We have previously reported the
temporal link between tin mineralization and the emplacement of A-
type granites in the Tengchong-Lianghe tin belt (Chen et al., 2014,

sits in the Tengchong-Lianghe tin belt (modified after Chen (1987), Hou et al. (2007)). Ab-

2015). However, few reliable and systematic geochemical studies
characterizing the ore-forming fluids and material sources of the tin
deposits of this belt exist.

Helium and argon isotopes show a unique advantage in identifying
fluid sources owing to their steady behavior and distinct isotopic con-
centrations in various geochemical reservoirs (e.g., crust and mantle)
(Ozima and Podosek, 2001; Ballentine and Burnard, 2002). The
*He/*He values of mantle-derived fluids are 1000 times greater than
those of crust-derived fluids. The *He/*He ratios of crust-derived fluids
range from 0.01 Ra to 0.05 Ra (Stuart et al., 1995), whereas those of
mantle-derived fluids vary from 6 Ra to 7 Ra (Dunai and Baur, 1995).
This vast difference in He isotopic ratios makes it even easier to identify
minor mantle-derived He in fluids (Stuart et al., 1995; Hu et al., 1998,
2009, 2012; Sun et al., 2009). Thus, helium and argon isotopes can be
used to distinguish the sources of hydrothermal fluids in ore deposits
(Hu et al., 1999, 2004, 2009, 2012; Li et al., 2007; Sun et al., 2009; Wu
et al.,, 2011; Burnard, 2012; Zhu et al., 2013a; Xu et al., 2014; Zhai
et al., 2015). Furthermore, the research of helium and argon coupled
with sulfur isotopes is of great significance in tracing ore-forming fluids
and understanding the genesis of ore deposits.

In this study, we discuss noble gases (He and Ar) as well as sulfur
isotopic data for the Lailishan and Xiaolonghe tin deposits in the
Tengchong-Lianghe tin belt with the aim of deciphering the origin of
the hydrothermal fluids and their connection with deep sources, e.g.,
the mantle. These isotopic data may shed light on tin mineralization
and its relationship to A-type granites.
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2. Geological setting
2.1. Tectonic and geological background

The STMD is tectonically a part of the southeastern segment of the
Tibetan Plateau (Fig. 1A). The geological evolution of the Tibetan
Plateau involves plate convergence, collision, and accretion from the
Paleozoic to the Cenozoic period. It is related to the opening and closing
of successive Tethyan ocean basins as well as the subsequent ongoing
collision between the Indian and Asian continents (Sengor, 1984, 1987;
Metcalfe, 1996, 2013; Wang et al., 2013). The Tibetan Plateau com-
prises a number of diverse exotic blocks separated by different sutures
formed at different times (Fig. 1A). The Indian Plate and the Lhasa
block are separated by the Yarlung-Tsangpo suture zona, whereas the
Lhasa block is separated from the Qiangtang terrane by the Ban-
gong-Nujiang suture zone. During the Late Triassic-Late Jurassic
period, the northward shift of the Lhasa and west Burma blocks resulted
in the subduction of the Meso-Tethys as well as the formation of Neo-
Tethys (Metcalfe, 1996, 2002; Bortolotti and Principi, 2005). The clo-
sure of Meso-Tethys, which formed the Bangong-Nujiang suture, oc-
curred during the Late Jurassic and Early Cretaceous (Searle et al.,
1987; Yin and Harrison, 2000; Kapp et al., 2005). The closure of the
Neo-Tethys formed the Yarlung-Tsangpo suture and occurred after the
Late Cretaceous; then, the India—Eurasia collision created the Tibetan
Plateau. The age of the collision between India and Asia remains moot
and estimates range from the Late Cretaceous (> 65 Ma) to as recently
as the Oligocene (34 Ma) (Searle et al., 1997; Yin and Harrison, 2000;
Leech et al., 2005; Zhu et al., 2005; Najman, 2006; Aitchison et al.,
2007; Mo et al., 2007, 2008). The Tethyan ocean subduction and the
collision between the Indian and Asian continents induced widespread
magmatism and mineralization, thus creating the Tethyan metallogenic
belt, one of three giant metallogenic belts in the world (i.e., the
Tethyan, Palaeo-Asian, Circum-Pacific) (Hou et al., 2007).

The STMD is an important part of the Tethyan metallogenic belt as it
is characterized by its unique tectonic setting, variety of mineralization
styles and complex deposit types. Tin mineralization in the STMD
mainly occurred in western Yunnan, eastern Tibet, and western Sichuan
(Fig. 1A) (Shi et al., 1991; Hou et al., 2007; Chen et al., 2014). The
Tengchong-Lianghe tin belt is located in western Yunnan (Fig. 1A, B)
and is the most important polymetallic tin district in the STMD. The tin
belt, which is east of the China—Burma border (Fig. 1A), is also the
northernmost continuation of the SE Asian giant tin belt (Taylor, 1979;
Clarke and Beddoe-Stephens, 1987). Approximately 54% of the world’s
tin production is from the SE Asian tin belt, which is a N-S oriented,
2800-km-long and 400-km-wide tin belt. It extends from southwest
China, Burma (Myanmar), and Thailand to Peninsular Malaysia as well
as the Indonesian tin islands (Taylor, 1979; Schwartz et al., 1995). The
Tengchong-Lianghe tin belt is in the Tengchong-Baoshan block, which
is generally considered the northeast part of the Sibumasu block
(Sengor, 1979, 1984; Metcalfe, 1984, 1988; Cong et al., 1993; Metcalfe,
2000, 2002). The Sibumasu block is a contiguous continental block that
extends from the Tengchong-Baoshan block in western Yunnan and
eastern Burma through western Thailand, western Peninsular Malaysia,
and northeastern Sumatra (Ueno, 2003; Burchfiel and Chen, 2012;
Metcalfe, 2013). Jiang et al. (2017) recognized two Late Cretaceous
tin-tungsten-related A-type granites on the southern segment of the
Sibumasu block within Burma. Actually, A-type granites and associated
tin mineral systems were also recently recognized in the STMD, such as
the Tengchong-Lianghe tin belt (Jiang et al., 2012; Zhang et al., 2013;
Chen et al., 2015; Lin et al., 2015) and the eastern Lhasa terrane (Qu
et al., 2002, 2012; Lin et al., 2012). These provided new insights into
the types of granites and related tin mineralization in this region.

The Tengchong-Lianghe tin belt consists of two large tin deposits
(Lailishan and Xiaolonghe, with more than 50,000 tonnes of Sn), five
medium-sized tin deposits (30,000 tonnes to 50,000 tonnes of Sn), and
nearly one hundred mineralized localities. The tin deposits are all
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spatially associated with granites (Fig. 1B). At least three N-S-trending
granitoid belts have been recognized in this area (Fig. 1B): Paleogene
granitoids, Late Cretaceous granitoids, and Early Cretaceous granitoids
(Chen et al., 1987; Hou et al., 2007; Xu et al., 2012; Chen et al., 2015).
The Paleogene granitoids are the Xinqi, Lailishan, and Baihuanao, with
emplacement ages ranging from 51.1 Ma to 59.8 Ma based on U-Pb
data (Xu et al., 2012; Chen et al., 2015). The large Lailishan tin deposit
is spatially related to the Lailishan granite (Fig. 1B). The Late Cretac-
eous granitoids include two major granite plutons (Xiaolonghe and
Yunfengshan) with U-Pb ages between 68 Ma and 76 Ma (Xu et al.,
2012; Chen et al., 2015). The large Xiaolonghe tin deposit is associated
with the Xiaolonghe granite (Fig. 1B). The Early Cretaceous granitoids
are divided into three major plutons (Diantan, Mingguang, and Qi-
panshi), with emplacement ages between 100 Ma and 143 Ma based on
U-Pb data (Cong et al., 2010; Li et al., 2012; Xu et al., 2012). Our
previous studies have suggested that the Lailishan and Xiaolonghe tin
deposits formed during the Paleogene (48-53 Ma) and Late Cretaceous
(71-74 Ma), respectively (Chen et al., 2014). The ore-forming ages of
the two deposits are highly consistent with the zircon U-Pb ages of the
host Lailishan (ca. 53 Ma) and Xiaolonghe (ca. 73 Ma) granites (Chen
et al., 2015). The Paleogene granites in which the Lailishan tin deposit
occurs and the Late Cretaceous granites in which the Xiaolonghe tin
deposit occurs exhibit most of the mineralogical and geochemical
characteristics of A-type granites (Jiang et al., 2012; Zhang et al., 2013;
Chen et al., 2015; Lin et al., 2015).

2.2. Deposit geology

The Lailishan tin deposit has Sn reserves of approximately 58,000
tonnes, with an average Sn grade of 0.66% (Liu et al., 2005). The major
sedimentary strata exposed in the Lailishan tin ore district are carbo-
naceous metasedimentary rocks. The most prominent structures are NE-
and NS-trending faults. These structures control the distribution of
granitic intrusions as well as the associated tin mineralization. Ore
bodies mainly occur in the outer contact zones of the Lailishan granite
or the fractured zones surrounding the granitic intrusion (Fig. 2A). In
this deposit, the ore bodies strike 40°-80° along the NE-trending
structures. The main ore bodies belong to the V-57, V-36, and V-10
groups; however, only the latter is presently being exploited. The main
ore bodies of the V-10 group are 130-440 m long and 100-250 m deep.
Two types of mineralization are identified in the Lailishan tin ore dis-
trict: the upper oxidized ore zone and the lower primary mineralization
zone. The upper oxidized ore zone, part of which composed of the V-36
and V-57 groups, has been mainly strip-mined (Fig. 3A). The ore types
of the upper oxidized ore belt are mainly skarn and quartz—sulfide as-
sociated with the massive mineralization at the outer contact zone
between the granites and surrounding rocks. The lower primary mi-
neralization zone, part of which is composed of the V-36 and V-10
groups, forms the majority of the ore bodies in the Lailishan tin ore
district. Tin mineralization mainly occurs in the inner or outer contact
zones between the granites and surrounding rocks or the fracture zone
in the wall rocks (Fig. 3B). We identified three ore types in the lower
primary mineralization zone based on mineral association and occur-
rence: greisen, quartz—-sulfide, and skarn. The greisen-type ores mainly
comprise cassiterite, quartz, topaz, muscovite, and fluorite (Fig. 3al,
a2). It is the richest reserve with a grade of approximately 60 wt%, and
it accounts for 30%-50% of the total tin reserves. Cassiterite and
muscovite in the ore have a radial shape (Fig. 3a2). The quartz-sulfide
ore comprises cassiterite, quartz, pyrite, and minor sericite (Fig. 3b1,
b2). Cassiterite is coarse-grained with grains up to hundreds of micro-
meters in length; some cassiterite grains typically have a short prismatic
and bipyramidal shape (Fig. 3b2). The skarn ore mainly consists of
garnet, pyrite, and cassiterite; however, it is rare compared to the other
two ores. Garnet grains grow up to a few centimeters in length and
pyrite grains have a colloidal structure (Fig. 3c1, c2). Cassiterite in all
ore types is light to dark brown, mostly euhedral to subhedral, and tens
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Fig. 2. Simplified geological map of the (A) Lailishan and (B) Xiaolonghe tin deposits. The main ore bodies of the Lailishan tin deposit belong to the V-57, V-36, and V-10 groups. The
Xiaolonghe tin deposit comprises four ore clusters: Xiaolonghe, Wandanshan, Dasongpo, and Huangjiashan.

to hundreds of micrometers in length (Fig. 3). CL images clearly show
oscillatory zoning, whereas BSE images show that cassiterite has a
higher luminance compared to that of the other minerals (Fig. 4al, a2).
The hydrothermal alteration of the Lailishan tin deposit includes, but is
not limited, to greisenization, pyritization, skarnitization, silicification,
chloritization, and carbonatization. Tin mineralization is mainly asso-
ciated with greisen, pyritic, and skarn alteration.

The Xiaolonghe tin deposit is the largest in the Tengchong-Lianghe
tin belt with Sn reserves of more than 65,600 tonnes (Liu et al., 2005).
Many granitoids are present in the Xiaolonghe tin ore district, with
minor carbonaceous metasedimentary rocks at the top of some
(Fig. 2B). The most prominent structures in the Xiaolonghe tin ore
district are the N-S- and NW-W-trending faults. Ore bodies mainly occur
at the top and sides of the granite or the contact zones between the
Xiaolonghe granite unit and the surrounding rocks (Fig. 5A). In this
deposit, the ore bodies trend nearly N-S, controlled by the N-S-trending
structures (Fig. 5B). The ore bodies significantly vary in size, ranging in
length from 30 m to 300 m and in thickness from 1 m to 20 m. There are
four ore clusters (Xiaolonghe, Wandanshan, Dasongpo, and Huangjia-
shan; Fig. 2B) in the Xiaolonghe tin ore district. Each ore cluster has
typical ore types based on mineral association and occurrence. The ore
bodies of the Xiaolonghe ore cluster are mainly in the interior of the
Xiaolonghe granitic pluton (Fig. 5al). Tin mineralization is dominated
by greisen vein-type ores, with coexisting quartz, muscovite, and cas-
siterite (Fig. 5al, a2). CL images show that the cassiterite grains have
clearly visible oscillatory zoning, and the BSE images show that cassi-
terite has a brighter luminance compared to other minerals (Fig. 4b1,
b2). The quartz—sulfide-type ores mainly occur in the outer contact
zones between the granite and surrounding rocks in the Wandanshan
ore cluster, which mainly comprises cassiterite, quartz, and pyrite
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(Fig. 5bl1, b2). Cassiterite grains are dark brown with clearly visible
oscillatory zoning (Fig. 5b2). The ore bodies in the Dasongpo ore cluster
are mainly in the inner contact zone between the granite and sur-
rounding rocks. The main tin mineralization is dominated by greisen-
type ores of cassiterite, muscovite, quartz, and pyrite (Fig. 5c1, c2). The
ore bodies of the Huangjiashan ore cluster are in the interior or edges of
the granitic pluton (Fig. 5d1). The main tin mineralization is dominated
by greisen vein-type ores, with quartz, muscovite, and cassiterite in
veins within the granitoids (Fig. 5d1, d2). As noted for the Lailishan
deposit, the hydrothermal alteration of the Xiaolonghe tin deposit
comprises processes that include but are not limited to greisenization,
pyritization, and carbonatization. Tin mineralization is mainly asso-
ciated with greisen, pyritic alteration, and silicification.

3. Analytical methods
3.1. Sample collection and preparation

A total of forty-two pyrite samples were collected for sulfur isotopic
analysis from the two tin deposits. Ten of these samples were collected
from the V-10, V-36, and V-57 ore groups of the Lailishan tin deposit.
Of the ten samples, six were prepared for He and Ar isotopic analysis.
The remaining thirty-two samples were collected from the four ore
clusters of the Xiaolonghe tin deposit with the following specifics: 1)
ten samples from the Xiaolonghe ore cluster, three of which were pre-
pared for He and Ar isotopic analysis; 2) six samples from the
Wandanshan ore cluster, two of which were prepared for He and Ar
isotopic analysis; 3) nine samples from the Dasongpo ore cluster, three
of which were prepared for He and Ar isotopic analysis; and 4) seven
samples from the Huangjiashan ore cluster, two of which were prepared
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Fig. 3. Images of the ore bodies and mineral assemblages in the Lailishan tin deposit. (A) Field photo of the strip mining of the upper oxidized ore belt; (B) Images of the primary sulfide
ore body in the lower mineralization belt; (a; and ay) greisen-type ore with cassiterite and muscovite in radial shape; (b; and b,) quartz—sulfide-type ore with prismatic and bipyramidal
cassiterite crystals; (c; and c) skarn-type ore with garnet grains of several centimeters. Abbreviations: Cst: cassiterite; Py: pyrite; Mca: muscovite; Qz: quartz; Grt: garnet.
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Fig. 4. Cathodoluminescence (CL) and backscattered electron (BSE) images of cassiterite grains (LLS-1 from the Lailishan tin deposit; XLH from the Xiaolonghe tin deposit).

Abbreviations: Cst: cassiterite; Mca: muscovite; Qz: quartz.

for He and Ar isotopic analysis. All the samples were first crushed, and
then the pyrite grains were handpicked under a binocular microscope.
The pyrite grains for the He and Ar isotopic analyzes (1-2 g for each
sample) were coarse-grained with no fractures, and had nearly perfect
crystal habit. The pyrite grains used in the sulfur isotopic analysis were
further crushed into powder and passed through a 200-mesh sieve after
cleaning the powder ultrasonically and drying.

3.2. Sulfur isotopic analysis

For the sulfur isotopic analysis, we used a continuous flow isotope-
ratio mass spectrometer (CF-IRMS) (EA-IsoPrime; EA: Euro 3000; IRMS:
GVinstruments) at the State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences.
Standards (Ag,S) GBW 04415 (8%*S = 22.15%0) and GBW 04414
(83*S = —0.07%o0) were used for analytical quality control. The in-run
precision was + 0.2%o (n = 5). Internal d**Scpr (CDT: Canyon Diablo
Troilite) standard samples were regularly analyzed.

3.3. He and Ar isotopic analysis

He and Ar isotopic compositions from sixteen pyrite samples were
measured with an all-metal extraction line and mass spectrometer (GV
5400) at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences. Instrument
sensitivity for He and Ar was 3.9725 x 10~ *A/Torr and
1.1018 x 10~ 3 A/Torr, respectively. The resolution of the high-mass
Faraday and electron multiplier was 228.1 and 628.3, respectively. *He
and “He were collected at the electron multiplier and Faraday cup,
respectively. Approximately 500-1000mg of coarse-grained pyrite

grains was loaded in vacuum crusher buckets after ultrasonic cleaning
in acetone and dried. The samples were baked at 120-150 °C in the
crusher buckets for ca. 24 h to remove adhered atmospheric gases, and
then the crusher buckets were introduced into the high-vacuum system.
Gases from the fluid inclusions were released by sequentially crushing
the pyrite grains under high-vacuum conditions (108 Torr) and then
loading them into the gas purification system to purify the released
gases. Helium was separated from Ar using an activated charcoal cold
finger at liquid N, temperatures (—196 °C) for 40-60 min to trap Ar.
The isotope ratios and abundances of He and Ar were measured using
the GV 5400 with an analytical error of < 10%. He and Ar abundances
and isotopic ratios were calibrated against pipettes of 0.1 cm® STP air
(*He: 5.2 x 1077 cm® STP; “°Ar: 9.3 x 10~ *cm® STP). Procedural
blanks were < 2 x 10~ 1% cm® STP for “He and (2-4) x 10~ '° ¢cm® STP
for *°Ar and constituted < 1% of the analysis. This did not affect the
calibration of the measurements. The analytical procedures were si-
milar to those described by Li et al. (2011) and Hu et al. (2012).

4. Results
4.1. Sulfur isotopes

The sulfur isotopic compositions of pyrite grains from the Lailishan
and Xiaolonghe tin deposits are listed in Table 1. The §3S values of
pyrite grains from the Lailishan tin deposit range from +4.9%o to
+6.7%o, with an average value of +5.53%o. The §3*S values of pyrite
grains from the Xiaolonghe tin deposit vary from +5.0%o to + 8.1%o,
with an average value of +6.33%o. The 8>S values of the four tin ore
clusters (Xiaolonghe, Wandanshan, Dasongpo, and Huangjiashan) of
the Xiaolonghe tin deposit were from +5.0%o to +6.8%o, +5.1%o0 to
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Greisenization lode

Fig. 5. Images of the ore bodies and mineral assemblages in the Xiaolonghe tin deposit. (A) The Xiaolonghe ore cluster is in the inner contact zone between the Xiaolonghe granite unit
and surrounding rocks; (B) nearly N-S-trending ore body of the Dasongpo ore cluster; (a; and a,) greisen vein-type ore in the interior of the Xiaolonghe granite from the Xiaolonghe ore
cluster; (b; and b,) quartz-sulfide-type ore from the Wandanshan ore cluster; (c; and c,) greisen-type ore from the Dasongpo ore cluster and (d; and d,) greisen vein-type ore from the
Huangjiashan ore cluster. Abbreviations: Cst: cassiterite; Py: pyrite; Mca: muscovite; Qz: quartz.

+7.4%0, +5.4%0 to +7.0%o, and +6.5%o to +8.1%o, respectively.

4.2. He and Ar isotopes

The measured He and Ar isotopic compositions of fluid inclusions in
the pyrite grains from the Lailishan and Xiaolonghe tin deposits are
listed in Table 2. The concentrations of “He and *°Ar in the Lailishan tin
deposit ranged from 6.56 to 27.06 x 1077 cm®STPg~! and
3.77-17.17 x 1077 cm®STP g !, respectively. The >He/*He values
varied from 1.57 Ra to 3.46 Ra, with an average of 2.078 Ra, and the
4OAr/3%Ar values ranged from 382.00 to 622.99 Ra, with an average
value of 459.67 Ra.

The concentrations of “He and *°Ar of the four tin ore clusters from
the Xiaolonghe tin deposit were 1.86-48.18 x 10”7 cm>®STP g~ ! and
7.74-24.86 x 10”7 cm® STP g~ !, respectively. The °He/*He values
varied from 0.53 Ra to 0.88 Ra, with an average value of 0.686 Ra, and
the “°Ar/3Ar values ranged from 301.06 to 348.43 Ra, with an average
value of 322.04 Ra. In general, the *He/*He and *°Ar/3®Ar values of the
Lailishan tin deposit were higher than those of the Xiaolonghe tin de-
posit.
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5. Discussion

5.1. Sulfur isotopes of the Lailishan and Xiaolonghe tin deposits and
implications

Sulfur is an important mineralizing agent in ore-forming hydro-
thermal systems. The sulfur sources of ore-forming fluids are inferred
by the total sulfur values (§**Sys) (Ohmoto, 1972; Ohmoto and Rye,
1979). The sulfur isotopic composition could be affected by a change in
oxygen fugacity and pH. Thus, in the absence of sulfate minerals, the
pyrite 84S values are approximately equal to the total sulfur values
(8%S55) of ore-forming fluids (Ohmoto, 1972). Pyrite is the most
common sulfide mineral in the Lailishan and Xiaolonghe tin deposits.
The pyrite grains collected from these two tin deposits coexist with the
cassiterite of the main metallogenic stage. Furthermore, the pyrite
grains from the Lailishan and Xiaolonghe tin deposits have high Sn
content, i.e., up to 1000 ppm and have the same trace elements as the
cassiterite grains of the two tin deposits (Tang, 1992), suggesting a
close relationship between pyrite and tin mineralization. Therefore,
total sulfur values (83*Sys) of the ore-forming fluids of the Lailishan and
Xiaolonghe tin deposits are represented by the §%*S values of pyrite.
From Table 1 and Fig. 6, one can see the narrow ranges of the §3'S
values of the pyrite grains from the Lailishan and Xiaolonghe tin de-
posits. This suggests that each of the two deposits originated from a
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Table 1

S isotopic compositions of the pyrite samples from the Lailishan and Xiaolonghe tin deposits.
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Deposit Sampling location Sample no. Mineral 8%*SV_cpr%o Deposit Sampling location Sample no. Mineral §%*SV.cpr%0
Lailishan V-10 groups V0.2 Pyrite 5.5 Xiaolonghe Dasongpo ore cluster DSP-1 Pyrite 5.6
V103 Pyrite 6.7 DSP-2 Pyrite 6.3
V0.4 Pyrite 6.0 DSP-3 Pyrite 5.4
vio7 Pyrite 5.4 DSP-4 Pyrite 5.6
vio.g Pyrite 5.4 DSP-5 Pyrite 6.6
V910 Pyrite 4.9 DSP-6 Pyrite 6.9
vi%12 Pyrite 5.1 DSP-7 Pyrite 7.0
V-36 groups V3e-1 Pyrite 5.2 DSP-8 Pyrite 7.0
V-57 groups Vs7-2 Pyrite 5.1 DSP-9 Pyrite 6.9
Vs,-7 Pyrite 6.0
Huangjiashan ore cluster HJS-1 Pyrite 7.0
Xiaolonghe Xiaolonghe ore cluster XLH-1 Pyrite 5.6 HJS-2 Pyrite 6.9
XLH-2 Pyrite 5.0 HJS-3 Pyrite 7.2
XLH-3 Pyrite 5.7 HJS-4 Pyrite 7.1
XLH-4 Pyrite 5.3 HJS-5 Pyrite 6.6
XLH-5 Pyrite 6.3 HJS-6 Pyrite 6.5
XLH-6 Pyrite 6.3 HJS-7 Pyrite 8.1
XLH-7 Pyrite 5.9
XLH-8 Pyrite 5.8
XLH-9 Pyrite 6.2
XLH-10 Pyrite 6.8
Wandanshan ore cluster WDS-1 Pyrite 7.4
WDS-2 Pyrite 5.1
WDS-3 Pyrite 6.4
WDS-4 Pyrite 5.4
WDS-5 Pyrite 6.3
WDS-6 Pyrite 6.5

highly homogeneous sulfur source, with weak sulfur isotopic fractio-
nation. The 84S values of the pyrite grains from the Lailishan tin de-
posit range from +4.9%o to +6.7%o, with an average value of
+5.53%o0. The §3*S values of the pyrite grains from the Xiaolonghe tin
deposit varied from +5.0%0 to +8.1%o, with an average value of
+6.33%o0. The 8*S values of the two tin deposits are slightly higher
than those of the granites (0.0%o to +5.7%o) in the Tengchong-Lianghe
area (Chen et al., 1988; Shi et al., 1989), indicating mainly magmatic
sources with a small amount of S from the strata involved. In addition,
the Co/Ni values in the pyrite from the Lailishan tin deposit are up to
4.23 (Xu et al., 2010), which suggests a magmatic origin. Moreover, the
hydrogen and oxygen isotopic data for the two tin deposits and asso-
ciated granites reported in the past (Chen et al., 1988; Luo et al., 1994;
Cao et al., 2016; Zhang et al., 2017) suggest that the ore-forming fluids

Table 2

and granite magma had clearly distinct evolutions (Fig. 7). The 8D
values of the Lailishan and Xiaolonghe granites gradually decreased
from early to late stage, with fairly constant §'%0 values (Fig. 7). The
8'80 values of the Lailishan and Xiaolonghe tin deposits deviated with
decreasing 8D values (Fig. 7), suggesting a variable meteoric water
contribution. Therefore, we conclude that the ore-forming fluids of the
Lailishan and Xiaolonghe tin deposits originated from mixed sources of
magmatic water with incremental input of meteoric water. The granitic
magma provided a large proportion of the ore-forming fluids and sulfur
for the Lailishan and Xiaolonghe tin deposits.

He and Ar isotopic compositions (x 10~ % cm® STP) and isotopic ratios of inclusion-trapped fluids in pyrites from the Lailishan and Xiaolonghe tin deposits.

Deposit Sample no. Weight (g) “He OAr 36Ar 4O0Ar" OAr/3Ar 4OAr" /*He 3He/*He (Ra) F*He "Hemmle (wt.%)
Lailishan tin deposit V102 0.19 12.31 7.07 0.0185 1.60 382.00 0.1300 3.46 3852.01 57.66
V1.3 0.21 27.54 11.00 0.0225 4.36 489.19 0.1582 1.61 7089.79 26.66
V0.4 0.22 46.40 11.49 0.0184 6.04 622.99 0.1302 1.66 14,565.71 27.51
V1.7 0.15 13.20 4.82 0.0113 1.48 426.14 0.1120 1.57 6756.02 26.00
vio.g 0.23 63.38 40.20 0.1006 10.47 399.49 0.1651 2.19 3646.84 36.34
v*.10 0.39 36.96 27.13 0.0619 8.83 438.19 0.2390 1.99 3456.55 33.02
Xiaolonghe tin deposit (comprises four ore clusters)
Xiaolonghe ore cluster XLH-1 0.31 5.76 17.79 0.0581 0.63 306.28 0.1086 0.88 574.57 14.44
XLH-4 0.26 8.34 19.35 0.0643 0.36 301.06 0.0429 0.73 750.93 11.94
XLH-5 0.31 11.17 21.25 0.0690 0.87 308.15 0.0781 0.87 937.88 14.41
Wandanshan ore cluster WDS-2 0.22 4.07 16.97 0.0556 0.55 305.44 0.1356 0.65 424.37 10.70
WDS-5 0.29 41.01 28.68 0.0877 2.77 327.09 0.0675 0.63 2708.04 10.33
Dasongpo ore cluster DSP-2 0.32 44.30 21.63 0.0621 3.29 348.43 0.0742 0.63 4131.66 10.38
DSP-3 0.33 10.28 26.31 0.0861 0.87 305.63 0.0849 0.58 691.14 9.55
DSP-6 0.14 66.79 34.47 0.1004 4.81 343.46 0.0721 0.66 3853.86 10.88
Huangjiashan ore cluster HJS-2 0.20 51.71 30.04 0.0871 4.29 344.77 0.0830 0.70 3436.64 11.54
HJS-6 0.20 40.65 25.81 0.0782 2.70 330.07 0.0665 0.53 3009.93 8.60

Note: “°Ar” is radiogenic *°Ar, given all of the Ar come from the fluid inclusions, which can be expressed as “°Ar” = *°

Algample — 295.5 X 36Arsample; F*He values demonstrate enrichment

of “He in the fluid relative to air, which can be illustrated as F*He = (*He/*°Ar)sampie/(*He/*°Ar),ir, Where (*He/?°Ar),;; = 0.1727 (Stuart et al., 1995); *“Hemanue values represent weight
percent of mantle helium compared with crustal helium, which could be calculated as 4He,m.mue(wt.%) = 100[(3H«3/"He)5(.,rm,le - (BHe/"He)c,us‘]/ [(3He/"He)mamle — (3He/4He)cm5t],

assuming a mantle R/Ra = 6.00 and crustal R/Ra = 0.01 (Anderson, 2000).
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Fig. 6. §°S histogram from pyrite samples from the Lailishan and Xiaolonghe tin de-
posits.

5.2. He and Ar isotopes of the Lailishan and Xiaolonghe tin deposits and
implications

The ore deposits have been overprinted and re-worked by later
geological processes since their formation. He and Ar isotopic compo-
sitions of the fluid inclusions might be affected by late diffusion-in-
duced loss, exogenous superposition, and isotopic fractionation (Hu
et al., 2012). Nevertheless, noble gases are typically not affected by
diffusion loss if they are trapped in fluid inclusions within sulfate or
sulfide minerals, particularly pyrite. Pyrite is considered the best mi-
neral for He and Ar preservation because of its extremely low He dif-
fusivity (Stuart et al., 1994; Hu et al., 1998, 2004; Burnard et al., 1999;
Sun et al., 2009; Wu et al., 2011); even the most readily diffused He
compositions of inclusion-trapped fluids in pyrites are unlikely to ex-
tensively diffuse within 100 Ma (Burnard et al., 1999). Furthermore,
even if the trapped He and Ar are partially lost, the values of *He/*He
and “°Ar/3°Ar can remain unchanged (Baptiste and Fouquet, 1996; Hu
et al., 1998, 1999, 2004; Ballentine and Burnard, 2002). Given that the
Lailishan and Xiaolonghe tin deposits have mineralization ages of ca.
52Ma and ca. 72 Ma, respectively, the diffusion loss of He and Ar is
relatively limited and does not notably affect the measured He and Ar
isotopic compositions. The nuclear decay of radioactive Li, U, Th, and K
from host minerals or fluid inclusions can produce “He and *°Ar (Stuart
et al., 1995). The measured He and Ar isotopic compositions should not
be affected by the nuclear decay of Li because pyrite is not an Li-bearing
mineral (Ballentine and Burnard, 2002). Actually, the hydrothermal
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fluids usually contain very low concentrations of U and Th (Norman
and Musgrave, 1994) and do not contain Th (Hu et al., 1999). The in-
situ-produced “He from the nuclear decay of U and Th in the lattice of
host pyrites cannot diffuse into the fluid inclusions after the trapping of
fluid inclusions (Simmons et al., 1987; Stuart and Turner, 1992; Stuart
et al., 1995). Although fluids are released from fluid inclusions by
crushing of the host minerals, the “He from the nuclear decay of U and
Th in the lattice of the host minerals cannot be released (Stuart and
Turner, 1992). Moreover, the in-situ-produced “°Ar from the mineral
lattice or fluid inclusions are likely negligible because of the low Ar
diffusivity and the extremely low K concentration in pyrite (York et al.,
1982; Smith et al., 2001). Therefore, “He and “°Ar produced in situ by
the nuclear decay of radioactive elements in the host minerals or fluid
inclusions does not affect the initial He and Ar isotopic compositions of
fluid inclusions in pyrite. Noble gases from secondary fluid inclusions
may be easily mistaken as noble gases from primary fluid inclusions. To
avoid this, all the pyrite grains in this study have perfect crystal mor-
phology and are coarse-grained, with no cracks. In addition, the pyrite
samples were all collected from underground mines, which minimizes
the effect of cosmogenic SHe (Simmons et al., 1987; Stuart et al., 1995).
Therefore, the measured He and Ar isotopic compositions could re-
present the ore-forming fluids of the Lailishan and Xiaolonghe tin de-
posits.

Noble gases in crustal fluids have three potential sources with ex-
tremely variable isotopic signatures that include the following: air-sa-
turated rainwater, mantle-derived fluids, and crust-derived fluids
(Turner et al., 1993a,b; Stuart et al., 1995; Burnard et al.,1999). Air-
saturated water (meteoric water or seawater) has He and Ar isotopic
compositions of >He/*He=1 Ra (1Ra=1.39x10% and
“OAr/%6Ar = 295.5 Ra (Turner et al., 1993a,b; Stuart et al., 1995;
Burnard et al., 1999). Atmospherically derived He is unlikely to affect
He abundance and the isotopic compositions of most crustal fluids
owing to the insolubility of He in water and the low He concentration in
the atmosphere (Stuart et al., 1994; Ozima and Podosek, 2001).
Therefore, the mantle and the crust sources of He probably contributed
to the He isotopic compositions in the ore-forming fluids. The He iso-
topic compositions in the mantle have He/*He values of 6-7 Ra,
whereas the corresponding Ar isotopic compositions are mainly radio-
genic Ar with large variations in the *°Ar/*Ar values (> 40,000). The
isotopic compositions of He and Ar in the crust-derived fluids are
mostly radiogenic He and Ar with He/*He = 0.01-0.05 Ra and
4OAr/36Ar > 45,000 Ra (Turner et al., 1993a,b; Dunai and Baur, 1995;
Stuart et al., 1995; Burnard et al., 1999). This large difference in iso-
topic ratios makes the crust and the mantle contributions to ore for-
mation traceable by He and Ar isotopes from fluid inclusions in pyrite.

The He/*He values of the Lailishan (1.57-3.46 Ra) and Xiaolonghe
tin deposits (0.53-0.88 Ra) are obviously higher than those of the He
produced in the continental crust but lower than those of the mantle,
demonstrating that both mantle- and crustal-derived He is present at
different proportions in the ore-forming fluids of the two tin deposits
(Table 2). In the ®He/3®Ar vs *°Ar/*Ar (Fig. 8a) and “°Ar/*°Ar vs
*He/*He (Fig. 8b) plots, the pyrite samples from the Lailishan and
Xiaolonghe tin deposits plot in the area between the mantle and crustal
end members. Moreover, in the He vs “He (Fig. 8c) and 3He/*He vs
“OArs/*He (Fig. 8d) plots, the noble gas isotopic data show clear mixing
between crustal- and mantle-derived components, which confirms the
variable contributions of mantle He to the Lailishan and Xiaolonghe tin
deposits hydrothermal system. Given the simple, separate binary
mixing of the crustal and mantle components, the proportions of mantle
“He could be  calculated  according  to *Hemante
(%) =100 x [(*He/*He)sample — (CHe/"He)erusil/

[CHe/*He)mante — CHe/*He)ust], assuming a mantle R/Ra of 6.00
and a crustal R/Ra of 0.01 (Anderson, 2000). The mantle “He values of
the Lailihsan tin deposit range from 26% to 44%, whereas these values
of the Xiaolonghe tin deposit range from 8% to 15% (Table 2). As
previously mentioned, the ore-forming fluids of the Lailishan and
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Fig. 7. Hydrogen versus oxygen isotope compositions in the Lailishan and Xiaolonghe tin deposits (modified from Taylor (1974)). The hydrogen and oxygen isotopic compositions of the
Lailishan and Xiaolonghe granites are from Chen et al. (1988) and Luo et al. (1994); the data for the Lailishan tin deposit are from Zhang et al. (2017), and the data for the Xiaolonghe tin

deposit are from Cao et al. (2016).

Xiaolonghe tin deposits were dominantly derived from granitic
magmas. Thus, we infer that the mixture of mantle and crustal He are
magmatic contributions. Deep mantle-derived He should be involved in
the ore-forming fluids through granitic magmatism. Both the “°Ar/*°Ar
values and the positive correlation of *He/>°Ar and *°Ar/3°Ar (Fig. 8a)
of the two deposits reflect the dilution of magmatic fluids by meteoric
fluids in the hydrothermal system. The intercept of the best-fit line in
Fig. 8a identifies a *“°Ar/®°Ar value of 355 Ra for the crustal fluid
component, which is higher than that of atmospheric Ar
(*°Ar/®°Ar = 295.5 Ra), and represents the meteoric fluid component
within a small volume of crustal radiogenic “°Ar. This might have been
caused by crustal radiogenic *°Ar mixed in the meteoric fluids when
meteoric water participated in the underground cycle.

5.3. The relationship between A-type granites and tin deposits

Tin mineralization is traditionally considered to be associated with
granites that are enriched in Sn, F, B, Li, and Cs. In general, these are
highly fractionated S-type or ilmenite-series granites (Heinrich, 1990;
Stemprok, 1990; Taylor and Wall, 1993). Magmatic differentiation can
produce voluminous Sn-enriched ore-forming fluids during their evo-
lution (Taylor and Wall, 1993). Recently, an increasing number of
studies (Bettencourt et al., 2005; Haapala and Lukkari, 2005; Li et al.,
2006; Jiang et al., 2006, 2008; Bi et al., 2008; Chen et al., 2015; Jiang
et al., 2017) have emphasized the relationship between A-type granites
and tin mineralization, which offers new perspectives on Sn metallo-
genesis. A-type granites were first described as anhydrous granitic rocks
with high alkaline content in anorogenic settings (Loiselle and Wones,
1979). The classification of I-, S-, and A-type granites is sometimes
difficult, particularly for highly fractionated rocks (Chappell and White,
1992; King et al., 2001; Bonin, 2007; Wu et al., 2007). Although there is
still much debate on the origin of A-type granites, their unique mi-
neralogical and geochemical characteristics are widely recognized. A-

type granites have high SiO,, K;O, Fe/Mg, and incompatible elements,
such as REE (except Eu), Zr, and Hf, but are low in Al,03, CaO, Ba, Sr,
and Eu contents (Collins et al., 1982). They are enriched in high field-
strength element contents (Zr + Nb + Ce + Y > 350 ppm) and high
Ga/Al (10,000 x Ga/Al > 2.6) (Whalen et al., 1987). S-type granites
commonly belong to the calc-alkaline series with ASI > 1.1 and contain
Al-rich silicate minerals such as muscovite, garnet, and cordierite
(Clemens, 2003; Ishihara, 2007; Chappell and Wyborn, 2012). In con-
trast, A-type granitic rocks belong to the alkaline and peralkaline series
and contain Fe-Mg silicate minerals such as Fe-rich biotite and am-
phibole (Bonin, 2007). A-type granites are commonly richer in alkaline
and HFSE elements (Zr, Nb, Y, REE, and Ga) compared to I-type gran-
ites. In addition, it is commonly considered that A-type granites are
formed by anhydrous and high-temperature felsic rocks (Clemens et al.,
1986; Patino Douce, 1997). The Lailishan and Xiaolonghe granitoids
are dominantly biotite-bearing granites. They are weakly peraluminous
to metaluminous with A/CNK values <1.1 and are silica
(Si0, = 73.3-76.2 wt%) and alkali rich (K;O + Na,O = 8.32-9.17 wt
%). They have high zircon saturation temperatures (774-833 °C), high
Zr + Nb + Ce + Y contents (272-416 ppm), and high 10,000 x Ga/Al
(2.02-3.52). Furthermore, these granites have high total REE contents
(174-404 ppm) and significant negative Eu anomalies. These miner-
alogical and geochemical signatures are clearly characteristic of A-type
granites. The details of the Lailishan and Xiaolonghe granitoids were
discussed in a previous study (Chen et al., 2015).

We have successively argued that mineralization in the Lailishan
and Xiaolonghe tin deposits is contemporaneous with the emplacement
of the A-type granites (Chen et al., 2014; Chen et al., 2015), which
strongly supports an intrusion-related origin for the two deposits. As
previously demonstrated, the hydrogen, oxygen, and sulfur isotopic
compositions of the Lailishan and Xiaolonghe tin deposits in the
Tengchong-Lianghe tin belt suggest that the ore-forming fluids and
sulfur were principally derived from the granitic magma, which
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deposits.

confirms the close relationship between the granites and tin deposits.
The He and Ar isotope compositions further prove that the ore-forming
fluids of the two deposits are mainly magmatic with different amounts
of meteoric water. Actually, granites not only provided the ore-forming
fluids for the Lailishan and Xiaolonghe tin deposits but also sig-
nificantly contributed to the Sn enrichment. The Lailishan and Xiao-
longhe granites have relatively high Sn contents with an average value
of 15.2ppm (Chen et al., 2015), which is clearly higher than the
average crustal values (2-3 ppm). The high Sn contents of the granites
apparently originate from source rocks with abundant Sn. In a previous
study (Chen et al., 2015) of the Lailishan and Xiaolonghe granites, we
argued that these granites were derived from high-temperature melting
of Paleo- to Neo-Proterozoic mafic and metasedimentary basement with
high Sn contents (average value of 10 ppm) (Mao et al., 1987). There-
fore, granitic magmas with high Sn content are crucial for the tin mi-
neralization of the Lailishan and Xiaolonghe tin deposits in the Teng-
chong-Lianghe tin belt. These tin deposits should be certainly classified
as magmatic hydrothermal deposits. In addition, the ore-hosting strata
in the Tengchong-Lianghe area are also Sn-enriched (32-48 ppm)
(Zhang, 1986). Thus, we propose that deep-seated granitic magmas
with mantle He ascended and intruded into the stress-relaxed region. Sn
is an incompatible element, which tends to enter the melt phase during
magmatic differentiation. Ore-forming fluids with high Sn contents and
mantle He and S were produced by magmatic differentiation during the
A-type granitic magmatism. When the ore-forming fluids invaded the
country rocks, Sn, S, and meteoric Ar from the surrounding strata mixed
with the fluids. Ore-forming Sn was released from the magma and the
surrounding strata owing to hydrothermal alteration and was then de-
posited in favorable places such as the fracture zones between the
granitic plutons and the wall rocks (the ore bodies of the Lailishan tin
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deposit mostly occur in the contact zone between the Lailishan granitic
pluton and the surrounding rocks) or the interior of the granite (the ore
bodies of the Xiaolonghe tin deposit mostly occurred at the top or edge
of the Xiaolonghe granite).

5.4. Differences in the He and Ar isotopic compositions between the
Lailishan and Xiaolonghe tin deposits and implications for the tectonic
environment

High SHe/*He values (6-7 Ra) are characteristics of mantle-derived
fluids (Turner et al., 1993a,b; Stuart et al., 1995), which makes the
mantle the only plausible source of the end-member with high *He/*He.
The ®He/*He values (0.53-3.46 Ra) of the ore-forming fluids of the
Lailishan and Xiaolonghe tin deposits are obviously higher than those of
the crust ®He/*He = 0.01-0.05 Ra), suggesting different proportions of
mantle-derived fluids in the ore-forming fluids of the two deposits. As
previously mentioned, the mantle “He values of the Lailihsan deposit
range from 26% to 44%, whereas values of the Xiaolonghe deposit
range from 8% to 15% (Table 2). The *He/*He values of the Lailishan
deposit (1.57-3.46 Ra) are obviously higher than those of the Xiao-
longhe deposit (0.53-0.88 Ra) (Table 2). In addition, in the He—Ar-re-
lated plots (Fig. 8), the pyrite samples from the Lailishan tin deposits
plot closer to the mantle endmembers. These data suggest that there are
more contributions of mantle-derived fluids to the ore-forming fluids of
the Lailishan tin deposit relative to the Xiaolonghe tin deposit. The
magmatic volatiles could mix with the hydrothermal system because
the transport of fluids from the magma into the hydrothermal system
cannot significantly induce fractionation of He and Ar (Graham, 2002;
Hu et al., 2004). The aforementioned results suggest that deep mantle-
derived He should have been involved in the ore-forming fluids of the
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Lailishan and Xiaolonghe tin deposits. The magmatism in the Teng-
chong-Lianghe area is characterized by S-, I-, and A-type granitoids
with emplacement ages ranging from the Early Cretaceous to Late
Cretaceous and Early Cenozoic (Chen et al., 1987; Hou et al., 2007;
Jiang et al., 2012; Xu et al., 2012; Chen et al., 2015). Their emplace-
ment ages decrease obliquely to the regional geological strike from NE
to SW. The Hf and O isotopic compositions of these granitic plutons also
delineate an E-W variation, with eHf(,, values increasing progressively
and 880 values gradually decreasing from east to west (Xu et al., 2012;
Chen et al., 2015), indicating more mantle contribution to the mag-
matism during the young stages. The spatial variation in the magma-
tism of the Tengchong-Lianghe area is comparable to that in Tibet, in
which a number of granitoids are present and range in age from Jur-
assic to Paleogene (Hou et al., 2006; Ji et al., 2009a,b; Wen et al.,
2008). In the Tibetan Plateau, the most characteristic granites are ex-
posed along the southern margin of the Lhasa terrane and extend from
the Kohistan-Ladakh batholith in the west through the Gangdese
batholith in the central area to the Chayu-western Yunnan-Burma
batholith in the east (Ji et al., 2009a). Thus, the Tengchong-Lianghe
granite belt has been considered as the eastern segment of the Gangdese
magmatic arc (Hou et al., 2007; Ji et al., 2009b). The magmatism in the
Gangdese magmatic arc is characterized by I-type granitoids in the
south (Chu et al.,, 2006; Wen et al., 2008; Ji et al., 2009b), S-type
granitoids in the north (Harris et al., 1990; Chung et al., 2005; Kapp
et al., 2005), and some A-type granitoids in the east (Qu et al., 2002,
2012; Lin et al., 2012). Overall, the emplacement ages and Hf isotopic
compositions of these granites show a N-S variation, with decreasing
emplacement ages and increasing eHf, values (Wen et al., 2008; Ji
et al., 2009a). The spatial variations in the emplacement ages and
isotopic compositions of granitoids in the Tengchong-Lianghe area and
Tibet also suggest that the mantle source was significantly intensive
during the younger stages. The magmatism in Tibet is presumably re-
lated to the Tethyan subduction during the tectonic evolution of the
Lhasa terrane (Allegre et al., 1984; Chung et al., 2005). The different
proportions of mantle-derived fluids in the ore-forming fluids of the
Lailishan and Xiaolonghe tin deposits may be due to the different stages
of Neo-Tethyan subduction.

Mantle-derived 3He in crustal fluids is generally released during
intrusion of subsurface mantle-derived melts in crustal extensional
settings (Oxburgh et al., 1986; Ballentine and Burnard, 2002; Hu et al.,
2004). A-type granites in orogenic zones around the world were largely
emplaced during lithospheric extension after continent-continent col-
lision (Wu et al., 2002; Bonin, 2007; Zhao et al., 2008; Goodenough
et al., 2010; Qu et al., 2012; Zhao et al., 2013). Recent studies have
argued that the subduction of the Neo-Tethyan plate started during the
Early Cretaceous and lasted until the Paleogene; the collision between
the Tengchong and Baoshan blocks started after the closure of the
Bangong-Nujiang Tethyan Ocean during the Late Jurassic and Early
Cretaceous and the collision lasted until the Late Cretaceous (Zhu et al.,
2011; Zhu et al., 2013b). The Late Cretaceous Xiaolonghe granitoids
were probably associated with the subduction of the Neo-Tethyan plate
under the post-collisional extension of the Tengchong and Baoshan
microplates during the Jurassic-Cretaceous, while the Paleogene Lai-
lishan granitoids might be a syncollisional product of the stretching
relaxation during the middle- and late-main collisional period
(55-41 Ma) between India and Asia (Chen et al., 2015). During the
main collisional period (65-41 Ma) of India-Asia, the slab rollback of a
flat subducted Neo-Tethyan ocean (Chung et al., 2005) was substituted
by the deep subduction of the Indian continental lithosphere and the
break-off of the Neo-Tethyan slab at depth (Hou et al., 2006; Mo et al.,
2007). Shoshonitic dikes were discovered in the Linzhou Basin of Tibet
with emplacement ages of ca. 52.9 Ma, suggesting that the magmas
originated from a metasomatically enriched mantle source with some
involvement of asthenospheric mantle (Yue and Ding, 2009). This
suggests that asthenosphere upwelled through the “break-off window”
of the Neo-Tethyan slab and triggered partial melting of the
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lithospheric mantle. This may explain the increased crust-mantle in-
teraction during the Paleogene (the period wherein the Lailishan tin
deposit formed) relative to the Late Cretaceous when the Xiaolonghe tin
deposit formed). In addition, basic rocks and granitoids containing
mafic microgranular xenoliths, emplaced from 40 to 54 Ma, are widely
exposed in the Tengchong-Lianghe-Yingjiang district (Yang et al.,
2009; Xu et al., 2012), which further proves the increased crust-mantle
interaction during the Paleogene in western Yunnan.

6. Conclusions

The 83%S values (+5.0%0 to +8.1%o0) of the Lailishan and
Xiaolonghe tin deposits in the Tengchong-Lianghe tin belt are slightly
higher than those of the granites (0.0% to +5.7%o0) in the
Tengchong-Lianghe area, indicating mainly magmatic sources for the
sulfur of the ore-forming fluids mixed with a small amount of S from the
surrounding strata.

The He and Ar isotopic compositions of the ore-forming fluids of the
Lailishan and Xiaolonghe tin deposits suggest derivation from mixed
crustal and mantle sources and a small volume of meteoric sources in
different proportions.

The mantle “He values and *He/*He values of the Lailihsan tin de-
posit (26-44%; 1.57-3.46 Ra) are markedly higher than those of the
Xiaolonghe tin deposit (8-15%; 0.53-0.88 Ra), suggesting an increased
crust-mantle interaction during the Paleogene relative to the Late
Cretaceous in western Yunnan.
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