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Abstract

Mineralized occurrences in the Baiganhu district were discovered in 2002 after extensive exploration in the
eastern Kunlun domain in the Kunlun terrane. Tungsten-Sn deposits in the area contain total resources of 174,
913 metric tons (t) of WO3 and 79, 091 t of Sn, which makes the Baiganhu field a new large W-Sn metallogenic
province after the Nanling region of southern China. The W-Sn mineralization in the Baiganhu field is spatially
associated with monzogranite that yielded a 23U-206Pb zircon age of 430.5 + 1.2 Ma (n = 25). Cassiterite yielded
a 206Ph/207Ph-238U/207Ph isochron age of 427 = 13 Ma (n = 32), which confirms a close relationship of the early
Silurian intrusion and the W-Sn mineralization. The timing of the mineralization indicates another important
W-Sn metallogenic event in China in addition to the period of Late Jurassic (from 160-150 Ma) in the Nanling
region.

The mineralization is divided into three stages: (I) scheelite-bearing skarn stage, (II) wolframite- and schee-
lite-bearing greisenization stage, and (III) wolframite- and cassiterite-bearing quartz-veining stage. Quartz in
the wolframite- and cassiterite-bearing quartz veins shows two types of fluid inclusions: liquid-rich two-phase
aqueous inclusions and COs-rich and CHy-bearing three-phase inclusions. Inclusions have medium salin-
ity (10-14 wt % NaCl equiv), low density (0.60-1.06 g/cm?), and moderate homogenization temperatures
(240°-270°C). The COs phase in three-phase inclusions shows a large variation from 10 to 70 vol %, which is
attributed to immiscible separation of a COg-rich phase from saline aqueous fluids. The immiscible separation
likely contributed to the mineralization in quartz veins. The 6'5Om,0 values of the mineralizing fluids calculated
from quartz and 0D of inclusion fluids in quartz vary from +4.5 to +6.4 %o and -65 to -43%o, respectively, sup-
porting that the mineralizing fluids originated from the parental magmas.

Introduction The Keke-Kaerde deposit is the first economic W-Sn min-
Tungsten-tin mineralization is closely associated with gra- eralization found on the Tibetan plateau; thus, the documen-

nitic intrusions. China is the world’s leading producer of W tation of the deposit is important. Previous work related to
and Sn (Carlin, 2013; Shedd, 2013), and the metals are mostly the area host?ng the W—Sn mineralization includes a regional
mined in the Nanling region in southern China (Fig. 1) where metallggene’('lc study (Li et ‘cl.L, 2906; Song et al., 2010), the
the W-Sn deposits are associated with granitic rocks of 160 to geologlc setting of .th'e deposit (Ll.et al., 2006), and. the geo-
150 Ma (Mao et al., 2007; Feng et al., 2011). Therefore, the ghemlcgl characteristics al}d genetic model of the mineraliza-
major metallogenic epoch of W-Sn mineralization is consid- 10" (Liu et al., 2007). This paper documents the U-Pb ages
ered to be Jurassic in age. The Kunlun orogenic terrane on of zircon grains of monzogranite th.at is closely assqmatgd wth
the north margin of the Tibetan plateau contains abundant Ehej W-5n rr.unerahzz.ltlon, a U'Pb isochron age of cassiterite,
granitic intrusions of Paleozoic to Mesozoic age and some are uid 1n?1}1510n healltlng-(?o.ohng data, and. H and O isotope
accompanied by quartz veining and greisenization. The occur- ~ 0mpositions of mineralizing fluids and discusses the nature
rence of these granitic rocks prompted exploration for W and of the hydrothermal fluids. The information is useful in explo-
Sn deposits in the area beginning in 2000 and resulted in the =~ 20010 for W-Sn deposits in the region and elsewhere.

discovery of a W-Sn deposit in the Baiganhu area in 2002, a
deposit in the Jialesai area in 2006, and many potential areas ] ) ] )
in the eastern Kunlun domain of the belt. Resources at the The Kunlun orogenic terrane is a major tectono-magmatic
Keke-Kaerde deposit in the Baiganhu field are 140,437 metric ~ (¢7rane on the northern margin of the Tibetan plateau (Fig.
tons (t) of WOs and 77,651 t of Sn at cutoff grades of 0.15% 1), 'bounded by the Arkin orogenic belt and the Qaidam
WO; and 0.1% Sn, respectively. The total indicated resources basin to the north and the Bayankala fold belt to the south
in the area as of 2013 are 174.913 t of WO3 and 79.091 t of (Flg. lB?. The.terra.ne. has bee‘n subject to a complex tectonic
Sn, and these numbers are expected to increase with ongoing history involving rifting to form the Proto-Tethys Ocean

exploration. These figures have already made the Baiganhu in the Late Proterozoic, closure of the, ocean in the early
area a new W-Sn metallogenic province. Paleozoic (Li et al., 2008), and accretion during subduc-

tion of the Paleo-Tethys oceanic lithosphere from the south.
Based on the tectonic history, the Kunlun orogenic terrane
! Corresponding author: e-mail, gaoyonghao2006@126.com is divided into three belts: northern Kunlun (Qimantage)
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F1G. 1. A. Location of the study area and mountain ranges (thick lines). B. A simplified regional tectonic map (modified
after Li et al., 2008). T = Tarim basin; IT = north Arkin-Dunhuang block; IIT = Arkin orogenic belt (dark gray): ITI-1 = Hong-
liugou-Lapeiquan ophiolitic mélange belt, ITI-2 = Mid-Arkin massif, ITI-3 = Apa-Mangya early Paleozoic ophiolitic mélange
belt; IV = east Kunlun domain (light gray): IV-1 = northern Kunlun (Qimantage) early Paleozoic arc, IV-2 = Mid-Kunlun
microcontinent, IV-3 = southern Kunlun accretionary complex; V = Bayankala fold belt; VI = Qaidam basin; VII = Qilian
orogenic belt. Thick lines are fault and deformation zones, and dashed lines are inferred structures; D = north Arkin defor-
mation zone, @ = south Arkin deformation zone, 3 = north Kunlun fault, @ = Heishan-Nalinggele fault, ®) = Baiganhu
deformation zone, ® = Mid-Kunlun fault, @ = south Kunlun deformation zone, ® = fault defining the northern boundary
of the Qaidam basin. Areas enclosed by dotted lines are Qimantage and Kumukuli basin. C. Geologic map showing three
W-Sn deposits of the Baiganhu district (modified after a map provided by the Institute of Geologic Survey of Jilin Province).
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F1G. 1. (Cont.) D. Detailed geologic map showing the Baiganhu Main W-Sn deposit (modified after a map provided by the
Institute of Geologic Survey of Jilin Province). E. Detailed geologic map showing the Bashi-Erxi W-Sn deposit (modified after
a map provided by the Institute of Geologic Survey of Jilin Province). Skarns are composed of tremolite, diopside, muscovite,
and quartz. Occurrences are defined by cutoff grades of 0.15 wt % WO3 and 0.1 wt % Sn. Sampling locations are shown with
stars and sample numbers are depicted next to the symbols. Samples collected in the Keke-Kaerde deposit, Baiganhu Main
deposit, and Bashi-Erxi deposit start with KK, BG, and BE, respectively.

belt, Mid-Kunlun microcontinent, and southern Kunlun
accretionary complex (Fig. 1B). The northern Kunlun belt
represents a continental arc complex of early Paleozoic age
formed during the north-dipping subduction of the Proto-
Tethys Ocean. It contains abundant calc-alkaline volcanic
rocks and intrusions (Mo et al., 2007). The northern Kunlun
belt is further divided into the east Kunlun and west Kunlun
domains by the Altyn Tagh fault (Yang et al., 1996; Fig. 1B)
and the study area is across the boundary between the east
and west Kunlun domains in the northern Kunlun belt (Fig.
1B). During subduction of the Proto-Tethys ocean, the Kun-
lun orogenic terrane was in a compressive regime, but the
cessation of the subduction in the Silurian resulted in local
extension allowing the deposition of molasse-type sediments
(the Qimulafu formation) and bimodal volcanism (the Mao-
niushan formation; Pan et al., 1994). This extension also led
to intrusion of voluminous anorogenic granites (Jiang et al.,
2008). It was followed by the development of mafic-ultra-
mafic plutons and the deposition of voluminous turbidites in
the Galesai-Yaziquan-Shizigou area, central northern Kun-
lun belt (Li et al., 2003).

Subduction of the Paleo-Tethys during the late Paleozoic to
the early Mesozoic produced granitic intrusions throughout
the Kunlun orogenic terrane and the southern Kunlun accre-
tionary complex. Eventual closure of the Paleo-Tethys formed
the Anyemagen ophiolite belt in the southern margin of the
accretional complex (Yang et al., 2009). Some of the epizonal

granitic intrusions are accompanied by porphyry-, skarn-, and
vein-type Cu, Au, Fe, Pb, Zn, and Mo mineralization (Gao et
al., 2010).

The Baiganhu district is situated west of the Baiganhu defor-
mation zone in the Qimantage area, in the northern Kunlun
(Qimantage) early Paleozoic arc of the east Kunlun domain
(Fig. 1B). The Qimantage area is bounded by the Qimantage
Mountains to the north and the Cenozoic Kumukuli basin to
the south (Mo et al., 2007; Li et al., 2008; Gao et al., 2010).
The Qimantage Mountains are composed mainly of interme-
diate to felsic intrusions.

The Qimantage area is characterized by a group of NE-
and NW-trending structures. Field investigations by Li et al.
(2008) recognized two NE-trending deformation zones (the
south Arkin deformation zone and the Baiganhu deformation
zone) and three NW-trending fault systems (the north Kunlun
fault, Heishan-Nalinggele fault, and Mid-Kunlun fault). The
NE-trending Baiganhu deformation zone is the main struc-
ture in the study area (Fig. 1C) ranging from 2.5 to 5 km wide,
with dips 70° to 80° to the SE, and a sinistral sense of move-
ment. Brittle fractures are also well developed in the study
area, and most of them are structures related to the Baiganhu
deformation zone, mostly SE dipping, parallel to or oblique
(intersection angle of 40°-50°) to the Baiganhu deformation
zone. The deformation zone is accompanied by folds, most of
which are tight folds with NE-trending axes. Late open folds
are characterized by broad, angled noses.
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Influenced by Cenozoic collision of Indian and Asian plates,
the northward fold-thrust belt occurred along the north Kun-
lun fault, and the south Arkin deformation zone was active as
a sinistral strike slip fault (Li et al., 2008).

Geology of Mineral Deposits

The Baiganhu district is at elevations ranging from 4,100 to
4,400 m above sea level, located ~90 km southwest of the town
of Huatugou (Fig. 1B). It may be accessed by gravel roads
from the town. The area is underlain by the Mesoproterozoic
Xiaomiao formation and the Silurian Baiganhu formation. The
Xiaomiao formation is mostly comprised of two-mica quartz
schist, amphibolite, biotitie-bearing plagiogneiss, and quartz-
ite. The protoliths may be siliclastic and carbonate sedimen-
tary rocks with minor volcanic rocks. The area has abundant
granitic intrusions of varying size, including monzogranite
and potassic granite, whic are accompanied by contact meta-
morphic aureoles in siliciclastic rocks and skarns in carbonate
rocks of the Xiaomiao formation. Contact relationships show
the intrusion of potassic granite into monzogranite (Fig. 1C).
The W-Sn deposits with economic grades are all associated
with the monzogranite (Fig. 1C).

Occurrence of deposits

As of 2013, a total of 76 discrete mineral occurrences
have been discovered in the Baiganhu W-Sn field and can
be grouped into three main clusters: Bashi-Erxi, Baiganhu
Main, and Keke-Kaerde (Fig. 1C). The W-Sn deposits formed
through three principal events:

The first event is early crystallization of tremolite, diop-
side, and scheelite in tremolite-diopside skarns during the
skarnization along the contacts between monzogranite intru-
sions and the Xiaomiao formation (Fig. 1D). The skarns con-
tain minor biotite, chlorite, and quartz. Diopside is an early
mineral formed at high temperatures and is mostly replaced
by tremolite. Biotite is partially altered to chlorite. The tremo-
lite-diopside skarn at the Baiganhu Main deposit is about 900
m long, 50 to 120 m wide (Fig. 1D), and about 50 m in verti-
cal thickness (Fig. 2). Carbonate rocks in the host Xiaomiao
formation close to skarns are extensively recrystallized to form
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marble. Siliclastic rocks of the Xiaomiao formation are altered
to form sericite-quartz schist.

The second event is the development of a greisen-type
deposit, where quartz, muscovite, tourmaline, fluorite, wol-
framite, and scheelite crystallized in the upper part and wall
rocks of monzogranite intrusions (Figs. 1D, 2, 3). In this grei-
senization event, plagioclase and K-feldspar are replaced by
muscovite and tourmaline. Fluorite is locally common, along
with muscovite, and it replaces plagioclase and K-feldspar.
The host rocks are silicified and chloritized.

The third event formed W- and Sn-bearing quartz-veins in
the Xiaomiao formation and muscovite-bearing zone of monzo-
granite (Figs. 1D, E, 3). Crosscutting relationships clearly indi-
cate that the veining took place after greisenization. The veins
are composed of quartz, wolframite, cassiterite, and minor chlo-
rite, and scheelite. The wall rocks of the veins are chloritized.

The Basi-Erxi deposit contains 45 economic occurrences of
W-Sn deposits defined by cutoff grades of 0.15 wt % WOs
and 0.1 wt % Sn. The entire occurrences are 200 to 720 m in
length and 1.15 to 22.5 m in width. The deposits form quartz
veins in monzogranites and occur in skarns and sericite-quartz
schist of the Xiaomiao formation. The Baiganhu Main deposit
contains the total six economic-grade skarn-type deposits
along the contacts between monzogranite intrusions and mar-
ble, and two greisen-type deposits in the muscovite-bearing
zone of monzogranite intrusions. The skarn-type deposits
are 180 to 800 m in length and 1.66 to 13.3 m in width. The
Keke-Kaerde deposit contains 23 occurrences of economic
deposits, which are closely associated with a concealed mon-
zogranite (Fig. 3). Six out of the 23 occurrences are entirely
concealed with no apparent surface expression and were iden-
tified by drilling. There are three styles of economic mineral
deposits: deposits hosted by quartz veins at shallow depths,
skarn-type deposits along the contacts of the intrusion and
marble, and greisen-type deposits in the uppermost part of
the monzogranite.

Granitic intrusions and alteration

The area contains abundant granitic intrusions with a total
exposed area of more than 30 km? (Fig. 1C). Similar granitic
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F1G. 2. Simplified cross section along B-B' of Figure 1D, showing the W-Sn mineralization in the Baiganhu Main deposit
(modified after a map provided by Institute of Geologic Survey of Jilin Province).
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F1c. 3. Simplified cross section along A-A” of Figure 1C, showing the W-Sn mineralization in the Keke-Kaerde deposit
(modified after a map provided by Institute of Geologic Survey of Jilin Province).

intrusions form a batholith to the north of the Keke-Kaerde
deposit and stocks in the Bashi-Erxi and Baiganhu Main
deposits (Fig. 1C). They are monzogranite and coarse-grained
potassic granite with the former closely related to the W-Sn
mineralization. Alteration includes greisenization and silicifi-
cation. Greisenization resulted in an increase in quartz and
muscovite and a decrease in feldspars.

The unaltered monzogranites in the Baiganhu Main deposit
are gray to light-red in color (Fig. 4A), with a subhedral gran-
ular texture. The main minerals are K-feldspar (>10 mm,
35-40 vol %), plagioclase (25-30%), quartz (25-30 vol %),
and biotite (<10 vol %; Fig. 4B). Plagioclase forms euhe-
dral platy crystals with minor kaolinization and sericitization.
K-feldspar occurs as irregular xenomorphic granular shapes
and is composed mainly of microcline with minor perthite.
Accessory minerals include zircon, apatite, and titanite.

The muscovite-bearing zone has been formed by parially
greisenization of monzogranites (Figs. 1D, 2, 3). In the Keke-
Kaerde deposit, the rocks in the muscovite-bearing zone are
grayin color on unweathered surfaces (Fig. 4C), subhedral fine
grained, and consist mainly of granular quartz (0.5-1.2 mm,
40-45 vol %), plagioclase (up to 35 vol %), muscovite (0.2-0.4
X 0.4-0.8 mm, 15-~18 vol %), and K-feldspar (0.3 mm, up to
3 vol %; Fig. 4D). The plagioclase has subhedral or granular-
shapes (0.2 X 0.3-0.4 X 0.8 mm).

Types of deposits

There are three types of economic W-Sn mineralization in
the area: skarn, greisens, and quartz veins. Skarn-type mineral-
ization shows granular blastic texture and occurs in tremolite-
diopside skarns of the Xiaomiao formation and endoskarn in
monzogranite (Fig. 4C). The main economic mineral is schee-
lite, which is accompanied by tremolite, diopside, muscovite,
and quartz. Cassiterite is not observed in this type of deposits.
The second type is greisen-type mineralization, which forms
veins (0.5-1.1 m in width), and lenses occurring in the upper
parts of a monzogranite intrusion (Fig. 3) and in the country
rock (Fig. 4E). The mineralzation is medium to coarse grained
and shows euhedral to subhedral granular texture. Economic
minerals are mainly wolframite and scheelite that are accom-
panied by quartz, muscovite, fluorite, and tourmaline. The
third type is quartz vein occurrences in the Xiaomiao forma-
tion and a muscovite-bearing zone of monzogranite (Figs. 2,
3). The width of the veins with economic metal grades ranges
from 0.5 to 2.0 m. Tungsten- and tin-bearing quartz veins cut
earlier formed W-bearing greisen veins (Fig. 4E). There are
two stages of quartz veinning: E-W-trending, wolframite- and
cassiterite-bearing quartz veins (0.5-1.0 m in width) and late
chalcopyrite-bearing NE-SW-trending quartz veins (0.1-0.2
m in width; Fig. 4F). Tungsten- and tin-bearing quartz veins
contain wolframite, cassiterite (Fig. 4G), and minor scheelite
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FIG. 4. A. Photograph showing the surface exposure of unaltered monzogranite in Baiganhu Main deposit at N37°58'38.6"
and E88°55'38.9". B. Photomicrograph of unaltered monzogranite consisting of K-feldspar (Kfs), plagioclase (P1), and quartz
(Qtz). Plagioclase shows albite twins and is partially sericitized. C. Surface exposure of rocks in the muscovite-bearing zone of
monzogranite and skarn-type mineralization along the contact between monzogranite and marble in the Xiaomiao formation
in the Keke-Kaerde deposit at N37°57'33.6", E88°56'20.6". Scheelite occurs both in the tremolite-diopside skarn and greisen.
D. Photomicrograph of rocks in the muscovite-bearing zone of monzogranite mainly consisting of quartz (Qtz), plagioclase
(PI), muscovite (Mu), and K-feldspar (Kfs). E. Photograph showing scheelite-bearing greisen vein was cut by a cassiterite- and
wolframite-bearing quartz vein in the open pit of the Keke-Kaerde deposit at N37°57'34.7" and E88°56'22.8". Hammer =
scale in the footwall of the greisen vein. F. Photograph showing that the wolframite- and cassiterite-bearing E-W-trending
quartz vein was cut by late chalcopyrite-bearing NE-SW-trending quartz vein in the Keke-Kaerde deposit at N37°57'36.4";
E88°56'27.8". G. Photograph of a representative quartz vein-type mineralization where coarse crystalline cassiterite (Cas) and
wolframite (Wf) occur in quartz from the Keke-Kaerde deposit. H. Photograph of coarse crystalline scheelite (Sh) in quartz
vein-type deposit, and iron oxides from the Baiganhu Main deposit.
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(Fig. 4H) and are hosted by monzogranite, skarns, and seric-
ite-quartz schist of the Xiaomiao formation.

Sequence of hydrothermal activity

At least four stages of hydrothermal activity are recognized
based on crosscutting relationships. Stage I formed scheelite-
bearing skarns hosted near the contact between monzogran-
ite and marble of the Xiaomiao formation; stage II produced
greisen, scheelite, and wolframite; stage III is represented
by wolframite- and cassiterite-bearing E-W-trending quartz
veins; and stage IV is the formation of late chalcopyrite-bear-
ing NE-SW-trending quartz veins along the Baiganhu defor-
mation zone, which cut across the W-Sn-bearing quartz veins.

Sample Description and Analytical Methods

Sample description

One unaltered monzogranite sample, BG-5, was selected
for U-Pb dating of zircon grains. The sample was collected
at 37°58'38.6" N and 88°55'38.9" E (Fig. 1D). The cassiterite
grains were separated for U-Pb dating from sample KK-21
in a wolframite- and cassiterite-bearing E-W—trending quartz
vein in sericite-quartz schist of the Xiaomiao formation in the
Keke-Kaerde deposit (Fig. 1C). Samples used for fluid inclu-
sion and H-O isotope analysis were collected from wolfram-
ite- and cassiterite-bearing E-W-trending quartz veins in the
Keke-Kaerde deposit (samples KK-9-KK-14; Fig. 1C) and in
the Bashi-Erxi deposit (samples BE-15-BE-19; Fig. 1E).

Analytical methods

Zircon grains were separated using an isodynamic magnetic
separator and a heavy liquid. Zircons were handpicked uti-
lizing a binocular microscope, mounted in Epoxy resin, and
polished to have the centers of grains on the polished sur-
face. Cathodoluminescence (CL) imaging of zircon was car-
ried out in the State Key Laboratory of Continental Dynamics
at the Northwest University in China, and U-Th-Pb analyses
were carried out using a Thermo Fisher Neptune multicol-
lector ICP-MS attached to an Excimer laser (LA-MC-ICP-
MS) at the Institute of Mineral Resources, Chinese Academy
of Geological Sciences, Beijing. U-Th-Pb isotope ratios were
determined relative to the PleSovice zircon and GJ-1 zircon,
and their concentrations were calibrated relative to the M127
reference zircon provided by Slama et al. (2008). The instru-
mental techniques are similar to those described by Hou et
al. (2009). In all analyzed zircon grains, common Pb correc-
tion was not necessary due to very low counts of 204Pb and
high 206Pb/204Ph (>5,000). The analytical uncertainties are
presented as 20. Uncertainties in mean ages are quoted at the
95% confidence level. Off-line raw data selection, integration
of background and analyte signals, time-drift correction, and
quantitative calibration for U-Pb dating were performed by
computer program ICPMSDataCal, described by Liu et al.
(2010). Concordia diagrams and weighted mean calculations
were made, using Isoplot/Ex_ver3 by Ludwig (2003).

In-situ U-Pb dating of cassiterite was performed using a
Thermo-Fisher Scientific Neptune MC-ICP-MS coupled
with a UP193FX Excimer laser (ESI) at the Tianjing Institute
of Geology and Mineral Resources, following the procedures
given by Yuan et al. (2011). The 204Pb signal was not precisely
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measured due to the very low ion signal and interference from
small amounts of 204Hg in the Ar gas. 206Pb/207Ph-235U/207Ph
isochron was drawn using the Isoplot program of Ludwig
(2003). The accuracy and precision of the in-situ LA-MC-
ICP-MS U-Pb dating of cassiterite are similar to the results
of conventional U-Pb dating on cassiterite by ID-TIMS as
reported by Yuan et al. (2011).

Eleven doubly polished sections of 0.3- to 0.5-mm thick-
ness were prepared for fluid inclusion petrography and micro-
thermometry; microthermometric analysis utilizing a Linkam
TMS 94 freezing-heating stage at the Xi’an Institute of Geol-
ogy and Mineral Resources. The stage is monitored with a
chromel-alumel thermocouple. Final ice-melting and CO:
homogenization temperatures were recorded with an accu-
racy of £0.2°C, clathrate-melting temperatures with uncer-
tainty of £0.5°C, and the homogenization temperatures with
+2°C. The components of fluid inclusions were analyzed
under ambient conditions (23°C and 65% humidity) using
inVia laser Raman microprobe at the Xi'an Institute of Geol-
ogy and Mineral Resources. Analytical conditions are as fol-
lows: 514.5 nm Ar+ laser, 30 mW laser power, a slit width of
20 pm, and exposure time 10 s.

Eleven quartz samples were selected for hydrogen and
oxygen isotope measurements. Oxygen was liberated after
reacting with BrFs. For hydrogen isotope analysis of fluid
inclusions, quartz samples were heated in vacuum at 600°C
to decrepitate inclusions. The water was reacted with Zn at
400°C to convert to Hs gas (Coleman et al., 1982), which was
collected with activated charcoal at liquid N2 temperatures
and its isotope composition was determined with a Thermo-
Finnigan MAT 253 mass spectrometer at the Beijing Research
Institute of Uranium Geology, China. Analytical reproducibil-
ity in this study is +0.2%o both O and H isotopes.

Results

U-Pb dating of zircon

Zircon grains are mostly euhedral to subhedral, and cath-
odoluminescence (CL) images in SEM show no evidence
of inherited zircon. It is concluded that zircon grains likely
formed from the monzogranite melt. The large light rose to
transparent grains (>60 ym) showing long prismatic shapes
were selected for U-Pb dating. They show oscillatory zoning
with Th/U ratios of 0.35 to 0.69 (Fig. 5), which confirm their
magmatic origin. Measurements of 27 spots for 25 grains have
238J-206Ph ages ranging from 429.3 + 3.4 to 430.9 + 3.4 Ma
with the weighted mean value of 430.5 + 1.2 Ma (MSWD =
0.0111; Table 1, Fig. 6). The data all plot on the Concordia
curve or very close to the curve, suggesting no loss or addition
of Pb. The age is considered to represent the solidification age
of monzogranite in the Baiganhu W-Sn district.

Geochronology of cassiterite

Cassiterite grains used for the analysis are dark brown to
translucent in thin sections and have rounded subhedral
shapes. A large range in 206Pb/207Pb ratios from 32 cassiterite
grains provides a reliable 206Pb/207Pb-235U/207Ph isochron age
of 427 + 13 Ma (95% confidence level, MSWD = 5.3, Fig.
7; Table 2). The age is identical to that of the monzogranite
within uncertainty.
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FIG. 5. Representative CL images of zircon from monzogranites (sample BG-5) from the Baiganhu Main deposit. The
sample location is shown in Figure 1D. Circles are areas analyzed for U-Pb dating. The numbers in circles represent the

analysis numbers in Table 1.

Fluid inclusions

Type L, liquid-rich two-phase inclusions, vary in size (5-15um)
and shape (irregular or negative crystals; Fig. 8A). The volume
of vapor is generally low, 5 to 15%. Laser-Raman analysis indi-
cates that the liquid is mainly H»O, whereas the vapor phase
contains minor CO2 and CH4. Homogenization temperatures
to liquid range from 129° to 343°C (n = 51) with an average of
235°C and a median of 240°C (Fig. 9A); their ice-melting points
and salinities are in the range of -0.5° to -17.8°C, which cor-
responds to 0.88 to ~20.8 wt % NaCl equiv (Fig. 9B), and their
total densities range from 0.72 to 1.06 g/cm?.

Type II inclusions have three phases consisting of vapor
COq (Vcoz), liquid COq (Lcoz), and liquid H>O (ano) at room
temperatures. They have various shapes (such as oval and
quadrilateral) with the size of 5 to 25 ym. They commonly
coexist with type I inclusions. The volume of CO: phase
(¢co,) varies from 10 to 70% of inclusions and these type II
inclusions with varying ¢co, spatially coexist (Fig. 8A). Raman
spectra for the vapor phase indicate mainly COy and CHi,
subordinate amounts of HsS and N> and minor Hs, and those
for the liquid phase are mainly HoO, with minor amounts of
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COz and trace CH,4 and HsS. The invariant point for type 11
three-phase inclusions ranges from -56.8° to -58.6°C (n =
19). The value is lower than that for pure COz (-56.6°C),
suggesting the presence of CHy, which is consistent with the
Raman spectra. In type II fluid inclusions, CO; gas is homog-
enized to liquid CO2 (Th,co2) at —-17.1° to ~27.3°C (n =19).
When COs clathlate is formed, it melts at temperatures rang-
ing from +0.3° to +6.5°C (n =19). The data suggest that these
COg-rich and CHy-rich type II inclusions contain relatively
low salinities, 6.6 to 15.2 wt % NaCl equiv (Fig.9B). During
the heating of these fluid inclusions, they commonly decrepi-
tated. Nondecrepitated inclusions yielded a total homogeniza-
tion temperature range from 201° to 429°C with the median
value of 270°C (mean value of 311°C). The density of type
IT inclusions is calculated to range from 0.60 to 0.91 g/cm?,
similar to that of type I inclusions.

One single-phase inclusion was observed in quartz. Raman
analysis shows that it is pure CH,4 (Fig. 8B).

Hydrogen and oxygen isotope compositions

The values of 0'50syow for quartz from the wolframite- and
cassiterite-bearing quartz veins range from +12.3 to +14.2%o

436

N
<
~

~
@
&)

~
S
o

Age of *Pb/ **U (Ma)
~
W
S

~
)
=N

Mean=430.5+1.2Ma
MSWD =0.0111, probability = 1.000

424

FI1G. 6. LA-ICP-MS U-Pb concordia diagrams and histograms of weighted average ages for the analyzed zircon grains in

monzogranite sample BG-5 from the Baiganhu Main deposit.
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FI1G. 7. 235U/207Pb-206Pb/207Ph isochron diagram for cassiterite from the
Baiganhu district. Each point represents one grain.

(Table 3). The 6'%0mu,0 values of fluids are calculated using
the quartz-water fractionation equation, 1,000 Inctg-ny0 = 3.38
X (106/T?) - 3.40, of Clayton et al. (1972) and the average
homogenization temperature (549.75 K) of fluid inclusions in
quartz in the same stage as the sample. The calculated val-
ues range from +4.5 to +6.4%o. The measured 0D of fluids in
inclusions varied from —65 to —43%o.

TABLE 2. U-Pb Isotope Data for Cassiterite from the
Baiganhu Main Deposit (sample KK-21)

2351J/207Ph 20 206Ph/207Ply 20
1.29 0.05 1.26 0.01
1.46 0.06 1.27 0.01
3.15 0.18 1.50 0.02

18.3 0.14 2.40 0.01
8.26 0.47 1.81 0.05
1.59 0.02 1.29 0.01
1.69 0.05 1.27 0.01

21.8 0.41 2.61 0.03
1.35 0.01 1.27 0.01
5.31 0.24 1.64 0.02

30.3 1.25 3.49 0.10
3.66 0.06 1.43 0.01

11.0 0.58 2.23 0.07

41.6 1.82 4.09 0.13
0.40 0.01 1.20 0.01

32.5 0.18 3.35 0.01
0.54 0.04 1.25 0.01
2.74 0.03 1.36 0.01
7.93 0.07 1.71 0.01
0.87 0.02 1.23 0.01
2.31 0.02 1.33 0.01
0.14 0.01 1.19 0.01
0.77 0.02 1.22 0.01

34.5 13.43 4.36 0.26
2.95 0.08 1.39 0.01
3.52 0.03 1.42 0.01

34.0 1.61 3.44 0.12
6.85 0.20 1.66 0.02

211 16.8 15.8 0.66

32.3 0.72 3.42 0.06
0.98 0.02 1.25 0.01

39.0 1.49 4.16 0.13
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F1G. 8. Photomicrographs for the fluid inclusions in quartz from wol-
framite- and cassiterite-bearing E-W-trending quartz veins in the Baiganhu
district. A. CO2- and CHy-bearing three-phase inclusions and liquid-rich two-
phase aqueous inclusions in the Keke-Kaerde deposit. B. Inclusion contain-
ing almost pure CHy in the Bashi-Erxi deposit.

Discussion
Age constraints on ore formation

The U-Pb zircon age of 430.5 + 1.2 Ma for the monzogranite
is similar to the U-Pb zircon age of 432.3 + 0.8 Ma for potassic
granites (Shaanxi Geological Institute, unpub. data). The data
indicate that granitoid magmatism in the Baiganhu W-Sn dis-
trict occurred in the early Silurian period. This period corre-
sponds to the end of subduction of the Proto-Tethyan Oceanic
plate followed by local extension.

Cassiterite contains significant amounts of U and has an
exceptional ability to retain both U and Pb which allows U-Pb
dating (Yuan et al., 2011). This study yielded a U-Pb isochron
age of 427 + 13 Ma (Fig. 7). The age is essentially identical to
that of the monzogranite within analytical uncertainties. The
data confirms that the W-Sn mineralization was contempora-
neous with intrusion of monzogranitic rocks in the area.

The Nanling region in southern China is the major W-Sn
mining district in China. The mineralization took place in
the Late Jurassic (160-150 Ma; Mao et al., 2007; Feng et al.,
2011). The early Silurian W-Sn mineralization of the Baiganhu
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F1G. 9. Frequency histograms of homogenization temperatures (A, n = 70) and salinities (B, n = 70) for the fluid inclusions
in quartz from wolframite- and cassiterite-bearing E-W-trending quartz veins in the Baiganhu district.

ore field suggests that the early Paleozoic is another important
period for W-Sn mineralization in China. The mineralization
belonging to this epoch in other regions includes the W min-
eralization at Xiaoliugou and Taergou (462 + 13 Ma) and the
W-Mo mineralization in the Qilian orogenic belt in northern
China (Fig. 1A, Mao et al., 1999).
Nature of vein-forming fluids

There are two types of fluid inclusions in quartz of the wol-
framite- and cassiterite-bearing E-W-trending quartz veins.
Aqueous fluid inclusions have filling temperatures ranging
from 129° to 60°C, medium salinity (0.88-20.8 wt % NaCl
equiv), and low density (0.72-1.06g/cm?) with significant
contents of COs. The second type, COs- and CHy-bearing
fluid inclusions, has filling temperatures ranging from 201° to
280°C, medium salinity (6.6-15.2 wt % NaCl equiv), and low
density (0.60-0.91g/cm?). The composition of fluids belongs
to the NaC1-H20-COz system with minor CH,.

The aqueous two-phase inclusions coexist with COg-bearing
three-phase inclusions (varying ratios of COs to H2O) in single

TABLE 3. Oxygen Isotope Compositions for Quartz and
Hydrogen Isotope Compositions for Fluid Inclusions in Quartz of
Wolframite- and Cassiterite-Bearing E-W-Trending Quartz Veins

from the Baiganhu Tungsten-Tin District

Sample  Fluid inclusion Quartz Fluid?
Oreﬁeld 1’10.] 6D\L5M()\\'< %0) 6180\',51\1()w< %0) 6 18O HQ()( %D>
Keke-Kaerde KK-9 -62 13.6 5.8
KK-10 -44 13.6 5.8
KK-11 -43 13.9 6.1
KK-12 -49 14.0 6.2
KK-13 -47 12.6 4.8
KK-14 -53 12.3 45
Bashi-Erxi BE-15 -59 14.2 6.4
BE-16 -57 13.3 5.5
BE-17 -59 13.3 5.5
BE-18 -57 12.3 45
BE-19 -65 13.7 5.9

! Sample locations are shown in Figure 1C and E

2The 0'50mn,0 was calculated using the fractionation equation 1,000 lnaq-
1,0 = 3.38 X (106/T2) - 3.40 (Clayton et al., 1972), where T is 549.75 K, the
average homogenization temperature of fluid inclusions

quartz grains (Fig. 8A), suggesting immiscible separation of
fluids during quartz crystallization. The presence of CHy in
fluids likely promote the immiscibility of COs-rich and saline
aqueous fluids at deeper levels (Naden and Shepherd, 1989).
Fluid immiscibility is commonly accompanied by a sharp
change in temperature and chemistry of fluids, which may
result in metal precipitation in a variety of deposits, includ-
ing W deposits (Higgins, 1985) and W-bearing polymetallic
deposits (Seal et al., 1987; Polya, 1989).

The calculated 0'8Oy,0 of fluids and 0D of inclusion fluids
vary from +4.5 to +6.4%o and - 65 to -43%o, respectively, which
plot in a confined area in the diagram of 6'%01,0-0D (Fig 10).
They are within the field of magmatic water with no evidence
of mixing with fluids from other sources, such as meteoric
waters (Fig. 10). The data suggest that the mineralizing flu-
ids were derived from monzogranite magmas. The results are
consistent with the spatial relationship of the mineralization
with monzogranites and similar ages between cassiterite and
monzogranites. The Early Silurian granitic magmatism was
essential for the formation of the Baiganhu W-Sn deposits.

T T T T T T T
| ~Samples of ’ _
0 OBaiganhu district .
etamorphic water
(300-600°C)
—~-50F .
[
©
~100L Basinal fluidsi
S50l ! ! ! ! ! ! ! !
-20 -10 0 10 20 30

61801120 (%")

F1G. 10. Hydrogen isotope compositions of fluids in inclusions of quartz
and oxygen isotope composition for fluids calculated from 6150 values of
quartz in wolframite- and cassiterite-bearing E-W-trending quartz veins
from the Baiganhu district. Fields for waters of different origins are from
Taylor (1997).
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Tungsten-tin mineralization in the Baiganhu district

Unaltered monzogranites in the Baiganhu area contain high
contents of W (avg 20.5 ppm, n = 30) and Sn (avg 9.4 ppm, n =
30; Li et al., 2006). The values may be compared to the crustal
averages of 1 ppm W and 2.5 ppm Sn (Taylor and McLen-
nan, 1985). The data suggest that the parental magmas for
the monzogranites likely contained high W and Sn. Magmatic
fluids separated from such granitic magmas are enriched in W
and Sn (Webster et al., 2004).

In summary, the most likely sequence of events is described
below. The cessation of subduction and local extension in
the area allowed a large scale of magmatic event in the early
Paleozoic. Magmatic fluids were separated from the paren-
tal magmas and reacted with the country rock limestone,
forming skarns and crystallizing scheelite. Shortly after skarn
formation, greisens developed in the upper parts of monzo-
granite intrusions and in the country rock, and scheelite and
wolframite crystallized in the greisens. This was followed by
the formation of wolframite- and cassiterite-bearing E-W-
trending quartz veins within the muscovite-bearing zone of
monzogranite and skarns. The fluids moving along fractures
were overpressured with significant CO2 and CH,4, produc-
ing breccias around and within veins. Decreasing pressures
and temperature likely caused fluid immiscibility into COg-
rich and saline aqueous fluids when the fluid ascents along the
fractures. This further prompted the crystallization of W and
Sn minerals and quartz. Later, chalcopyrite-bearing NE-SW-
trending quartz veins formed.

Conclusions

1. The W-Sn mineralization of the Baiganhu district is
divided into three stages: (I) scheelite-bearing skarn stage,
(IT) wolframite- and scheelite-bearing greisenization stage,
and (III) wolframite- and cassiterite-bearing E-W-trending
quartz vein stage.

2. The U-Pb ages of zircon suggest that monzogranite
intruded at 430.5 + 1.2 Ma. The 206Ph/207Ph-238U/207Pb iso-
chron age, 427 + 13 Ma, of cassiterite confirms that the miner-
alization was synchronous with the intrusion of monzogranite
in the Early Silurian period, shortly after cessation of the sub-
duction of the Proto-Tethean Ocean.

3. Quartz from wolframite- and cassiterite-bearing quartz
veins has 0180syow ranging from +12.3 to +14.2%o. The val-
ues of 01301, calculated for the mineralizing fluids vary from
+4.5 t0 +6.4%o0. The 0D values for inclusion fluids range from
-65 to —43%o. These data support a model whereby the min-
eralization took place from fluids from monzogranite magmas.

4. Fluid inclusions have moderate salinity (10-14 wt %
NaCl equiv), low density (0.60-1.06 g/cm?), and moderate
homogenization temperatures (240°-270°C). Aqueous inclu-
sions coexist with COz- and CHy-rich inclusions. The data
suggest immiscible separation of fluids likely led to W-Sn min-
eralization of the quartz vein-type deposits.
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