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Abstract: The Chuankou tungsten ore field is situated in the central area of the Xuefeng Uplift
Belt in South China. The deposit is characterized by two types of tungsten mineralization:
quartz-scheelite veins in both the Neoproterozoic Banxi Group and Devonian Yanglin’ao Formation
and quartz-wolframite (scheelite) veins in the Chuankou granite. The host rocks of the Chuankou
tungsten Deposit of South China are similar to the stratigraphic sequence of Au-Sb-W deposits in
the Xuefeng Uplift Belt. It is thus an appropriate location for the study of scheelite mineralization in
the belt, especially the relative contributions of surrounding rocks, magma and hydrothermal fluids.
Optical Microscope-Cathodoluminescene (OM-CL) and Laser Ablation Inductively Coupled Mass
Spectrometers (LA ICPMS) were used to examine scheelite textures and trace element concentrations
in the Chuankou deposits. Scheelite in quartz-scheelite veins was formed over three generations.
In situ LA-ICPMS trace elemental analyses of scheelite I show light rare earth element (LREE)-rich REE
patterns and negative Eu anomalies, suggesting a relatively close fluid system. Significantly positive
Eu anomalies of scheelite II and III indicate variable degrees of addition of meteoric water during
scheelite precipitation. Therefore, ore-forming fluids of the Chuankou deposit were dominantly
magma-derived, with different contributions of recycled meteoric water in the surrounding strata.

Keywords: scheelite; trace element chemistry; REE patterns; OM-CL; LA ICPMS

1. Introduction

Scheelite is one of the most common ore minerals in the tungsten deposit. Scheelite has a
molecular formula CaWOj. Scheelite crystals have tetrahedral symmetry (WO;)?~ and irregular
dodecahedra [CaOg]y4, in which Wé* and Ca?* are found in octagonal coordination. Due to its internal
crystal structure, scheelite contains many trace elements such as Sr, Ba, Nb, Ta, REE, Mo, Pb, Th and
U which replace Wo* and Ca?* by solid solution [1-6]. The substitution mechanisms in scheelite
have been widely studied [1,3-5,7-11]. The REE distribution patterns and total REE concentrations
in scheelite play an important role for investigating their precipitation processes and ore-forming
mechanisms. Europium anomalies were identified in many deposits and can be used to indicate
the temperature of scheelite crystallization, the substitution mechanism and the Na activity during
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scheelite crystallization [12]. Anomalies in Eu values (5Eu) can also reflect the degree of magma
differentiation, and are also closely related to pH value [2,4,11,13-15]. Cathodoluminescene (CL)
imaging has proved to be an effective technique for revealing internal texture, zoning and trace
element distribution in scheelite [1,2,14,16,17], since the crystal structure is the primary control of
CL intensity. The addition of trace elements changes the structure of scheelite, thus affecting the
intensity of luminescence. At present, CL imaging can be acquired by coupling an optical microscope
and a CL detector (OM-CL) as well as by coupling a scanning electron microprobe (SEM) with a CL
detector (SEM-CL) [1,2,8,14,16,17]. OM-CL is relatively inexpensive and in situ observation equipment
allows real time field investigation of precipitation history of scheelite by texture [18]. In contrast,
laser ablation inductively coupled mass spectrometers (LA-ICP-MS) have been widely used for in situ
analyses of trace element components and to investigate the elemental compositions and distribution
in various minerals, including scheelite [7,8,10,14,19,20].

Tungsten deposits in South China account for 80% of China’s tungsten resources [9,10,21-24].
Most of the tungsten deposit in the south east of South China have a special element association
of W-Sn and are closely associated with the intrusion. Meanwhile, tungsten mineralization of the
Xuefeng Uplift Belt in the northwest of South China has Au-Sb-W element associations and is hosted
in the Neoproterozoic Banxi Group. The Chuankou tungsten deposit is an important deposit in
South China. Two types of tungsten mineralization have developed in the deposit, quartz-scheelite
veins in sandstone and slate of the Neoproterozoic Banxi Group and the quartz-sandstone of the
Devonian Yanlin’ao Formation as well as quartz-wolframite (scheelite)-bearing veins in the Chuankou
granite [24]. The scheelite mineralization in the Chuankou deposit is found primarily in the slate
of the Neoproterozoic Banxi Group and the Devonian Yanlin’ao Formation, showing a stratigraphic
sequence similar to the Au-Sb-W deposits in the Xuefeng Uplift Belt, such as the Woxi Au-Sb-W Deposit
and the Zhazixi Sb-W Deposit [25], and also close to the Chuankou granite. Previous studies have
been conducted on the ore geology and petrogenesis of ore-related granite, but the evolution of the
ore-forming fluids and the ore-forming process has still not been addressed well.

In this study, we use an optical microscope, OM-CL and in situ LA-ICP-MS analyses to investigate
trace element compositions and distribution in scheelite from the Chuankou tungsten deposit.
We compare the trace element compositions of scheelite of Chuankou with those of other types
of tungsten deposits in China (including pegmatite-type Xuebaoding deposit in Sichuan Province,
quartz-vein type Xingluokeng deposit in Fujian Province and skarn-type Shizhuyuan W-5Sn-Bi-Wo
deposit in Hunan Province) to further understand the process and conditions of the ore-forming
system at Chuankou. This study set out to (1) determine the origin of the ore-forming elements such as
Ca®*, (2) compare the nature and evolution of ore-forming fluids between the Chuankou deposit and
Au-Sb-W deposits in the Xuefeng Uplift Belt and other deposits in South China and (3) summarize the
regional tungsten mineralization types.

2. Geologic Settings

2.1. Regional Geology

The South China Block (SCB) is separated from the North China Block by the Qinling Belt. It is
subdivided into two parts [9,21]: The Cathaysia Block to the southeast and the Yangtze Craton to the
northwest [21,24,26,27], which is separated by the Jiangnan Orogenic Belt consisting of the Xuefeng
Uplift Belt (XUB) and the Middle to Lower Yangtze River Belt (MLYRB). The major stratigraphic
sequences in XUB are the Neoproterozoic Lengjiaxi and Banxi groups, which are composed of
metasedimentary rocks, a turbiditic sequence of greywacke, siltstone and slate. Numerous Au-Sb-W
deposits were identified in XUB, such as the Woxi Au-Sb-W deposit, Zhazixi Sb-W deposit and
Cangziping Au-W deposit in Hunan Province [21,24,26,28-32]. Unique element associations of Au,
Sb and W suggested that these deposits are formed from a low-temperature hydrothermal system.
In contrast, most tungsten deposits in the Cathaysia Block [27,33], e.g., the Zhuxi skarn-type scheelite
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deposit in Jiangxi Province, the Yaoling tungsten deposit in Guangdong Province, the Yaoganxian
tungsten deposit and the giant Shizhuyuan W-Sn-Mo-Bi deposit in southern Hunan Province, and the
Xingluokeng tungsten deposit in Fujian Province, are intimately associated with intrusions (Figure 1),
suggesting the formation of a medium to high-temperature hydrothermal system. The Xuebaoding
W-5n-Be deposit is a pegmatite-type deposit in the Songpan-Garze poly-metallic belt in Sichuan
Province [34-36].
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Figure 1. Sketch geological map of the Chuankou tungsten deposit (modified after [27]) showing the
location of the Chuankou tungsten deposit and some important intrusion-related tungsten deposits in
South China, such as the Limu tungsten deposit in Guangxi Province; Guagouchong, Da’ao, Xianghuapu,
Xianghualing, Furong, Xintiangling, Shizhuyuan, Hehuaping W deposit in Hunan Province; Dajishan
W deposit in Guangdong Province; and the Xihuashan, Muziyuan, Piaotang W deposits in Jianxi
Province. Note, most deposits are associated with granite intrusions.

2.2. Ore Deposit Geology

The Chuankou tungsten deposit is an important fraction of tungsten resources in South China
with resources of 11.1 Mt with an average grade of 0.5% WO; [37]. It consists of the Yanglin'ao,
Yaomuling, Chishui and Sanjiaotang ore segments, with present mining focused on the Yanglin’ao ore
segment (Figure 2A-C). The scheelite mineralization is hosted in slate, sandstone and siltstones of the
Neoproterozoic Banxi Group and Devonian Yanglin‘ao Formation at the Yanglin’ao ore segment.

There are more than 30 intrusions in the Chuankou region [37], all of which have the same origin
but were intruded in different stages. Three types of intrusive rock were identified based on mineral
components: muscovite granite, two mica granite and biotite granite. The three granites extend in
concentric ring form around the centers of the intrusions, with the muscovite granite farthest from
intrusions and the biotite granite adjacent to intrusions and each other in gradual transition.

Faults are well developed in the mining area, mainly consisting of two groups, North North West
(NNW) and North East (NE) trending. Scheelite mineralization is closely related to NNW trending
faults. Granite is exposed in the east part of the mining area and it extends to about a 400 m depth with
an angle of 60-70 degrees in the NNW direction, and then extends to the deep part of the mining area
at an angle of about 25 degrees (Figure 2B). The Chuankou tungsten deposit lies in a limb of a NW-SE
trending anticline which has many well-developed NW-SE trending faults. The F;4 Fault, in the contact
between the Neoproterozoic Banxi Group slate and the Chuankou granite is a compressional shear
fault formed before mineralization, and acts as a normal fault during tungsten mineralization. To the
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west of the Fyy Fault, scheelite is the dominant ore, while to the east of the fault the ore mineral is
predominately wolframite in granite (Figure 2C).
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Figure 2. (A) Location of Chuankou tungsten deposit; and (B) sketch geological map, and (C) cross
section of the Yanglin’ao ore segment. (modified after the Hengyang Yuanjing tungsten Mining CO.,
LTD, unpublished geological report, 2012).
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The tungsten orebody in the Yanglin’ao ore segment is mainly hosted in the sandstone of Devonian
Yanglin’ao Formation and the slate of Neoproterozoic Banxi Group. It occurs as disseminated and
quartz-scheelite veins (Figure 3A-D). The scheelite orebody is strictly controlled by a NNW trending
fault. The mineralization intensity increases toward the granite. The scheelite orebody plunges SE
to depth. More than 55 veins are distributed in an area ranging 1300 m in length and 500 m in
width. The major ore minerals are scheelite with minor pyrite, chalcopyrite, molybdenite, arsenopyrite,
magnetite, hematite, cassiterite and wolframite. The gangue minerals are quartz, muscovite, sericite
and minor feldspar, calcite, chlorite, apatite, tourmaline and zircon.

[ Slatc R

Scheelite

P
_.,_‘i_ Quartz

B

Figure 3. Outcrop photo of quartz-scheelite veins and disseminated scheelite in the tunnel at the
Chuankou tungsten deposit; (A,B) show the occurrence of quartz-scheelite veins; (C,D) scheelite under
a hand pick UV light, showing occurrence of scheelite in the same veins as (A,B).

3. Materials and Methods

A large number of field geological surveys in the Chuankou tungsten deposit, yielded more
than 50 representative scheelite samples from mining tunnels at different elevations. Fifteen samples
from the quartz-scheelite veins in the Yanglin’ao ore segment were selected for in situ LA-ICP-MS
analysis. Two samples from the Xingluokeng tungsten deposit, one sample from the Xuebaoding
W-5n-Be deposit, five samples from the Shizhuyuan W-5Sn-Bi-Mo deposit and two samples from the
Woxi Au-Sb-W deposit were also included for comparison. The twenty-five scheelite samples were
sliced to make double polished thick sections (120 um), then detailed observations and analyses were
conducted on these samples as follows.

3.1. Optical Microscopy and OM-CL

A hand pick UV light was used to quickly and easily identify the position and distribution of
scheelite in the double polished thick sections and they were marked. Then, a Zeiss A1 microscope
was employed to determine the texture of scheelite in thin sections and thick sections (120 pm) and
these images were combined with the CL textures (Figures 4 and 5). Finally, they were examined using
a Zeiss Al microscope coupled with a CFL-II Cathodoluminescene detector at the Key Laboratory
of Metallogenic Prediction of Nonferrous Metals and Geological Environment Monitor, Ministry of
Education, at the Central South University, Changsha, Hunan Province. The typical voltage ranges
were from 6 to 15 KV, and the current ranged from 220 to 380 pA.
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Figure 4. Typical ore texture under microscopy showing scheelite from the Chuankou tungsten deposit.
(A). Wolframite partly replaced by scheelite; (B). Coarse grain Euhedra scheelite grain; (C). Wolframite
replaced by scheelite along the edge of wolframite; (D) Disseminated scheelite distributed in the quartz
matrix. Abbreviation: Sch-scheelite; Qz-quartz.

Sch lla

Sch lIb Sch il

Sch llb

Figure 5. Microphotos under optical-microscopy and coupled cathodoluminescene. (A) Anhedral
fine grain scheelite replacing wolframite in the tunsten mineralization veins; (B) Sub-euhedral coarse
grain scheelite from the quartz-scheelite veins in the slate; (C) Sub-euhedral coarse grain scheelite and
fractured scheelite from the quartz-scheelite vien in the slate, typical hydrothermal fluids altered the
scheelite along the edge of scheelite; (D) Anhedral coarse grain scheelite from the quartz-sheelite veins
in the sandstones. Abbreviation: Sch-scheelite.
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3.2. LA-ICP-MS Analyses

In situ trace element compositions of individual scheelite grains were measured using a Teledyne
Photon Machines Analyte He Excimer 193 nm laser ablation system, coupled to an Analytik Jena
Plasma Quant MS Ellite ICPMS at the Key Laboratory of Metallogenic Prediction of Nonferrous Metals
and Geological Environment Monitor of Ministry of Education, Central South University, Changsha,
Hunan Province. The selected thin/thick sections were cleaned and placed into the HelEx II chamfer
cell of the laser. The samples were placed in a sealed ablation cell that was constantly flushed with a
mixture of high purity Ar (13.5 L/min) and He gases (1.1 L/min). Spot sizes were 35~50 um. The laser
repetition rate was typically 5 Hz and laser beam energy at the sample was maintained around 2.0 J/cm?.
The analyze time for each spot was 70 s, comprising a 20 s measurement of background (laser off)
and a 30 s analyzes signal and 20 s washout time. The measured elements include >*Na, 2>°Mg, 2Si,
830, 4550 49Ti 5Mn, 5 Fe, 5Cu, 6Zn, 75 As, 85Rb, 88Sr, 89Y, 9171 93Nb, %Mo, 1185n, 137Ba, 1391, 140Ce,
U1py 143Nd, 147Sm, 15%Eu, 157Gd, 159Tb, 163Dy, 165Ho, 1¢7Er, 16°Tm, 171Yb, 178Hf, 181Ta, 182}y, 208pp,
2098 232Th and 238U,

The geochemical reference material NIST SRM 610 and USGS GSE-1G were used as external
standards for scheelite analyses, and Ca was the internal standard. In addition, NIST SRM 610 was
used as the system monitoring sample. USGS geochemical reference materials BCR-2G, BHVO-2G and
BIR-2G were used for quality control. Data reductions relied on GLITTER 4.4.4 developed by GEMOC
and were performed according to standard methods [38]. All results for all measured trace elements
were in good agreement with published standard materials. When calculating the (Eu)n*, we use
(Eu)n* = square (Sm + Nd) N.

4. Results

Detailed scheelite texture both under microscopy and OM-CL are shown in Figure 4A-D and
Figure 5A-D, respectively. A total of 274 scheelite spots on 25 samples were analyzed, and trace
element concentrations were obtained by LA-ICPMS and are described in Supplementary Table S1.
REE patterns of samples are present in Figures 7 and 8.

4.1. Optical Microscopy and OM-CL

CL imaging indicated that individual scheelite crystals are not zoned with respect to trace element
distribution (Figure 5). Therefore, small laser spot analyses could be used to characterize entire
scheelite grains. Based on the elevation, CL textures and characteristics observed under the microscope,
three generations of scheelite (I, II, III) in the Chuankou tungsten deposit were identified. Scheelite I
was generally collected from quartz-scheelite veins close to the granite, which locally coexists with
wolframite. Scheelite from this location maintained the shape of wolframite (Figure 4A), which is
acicular with a length of 300~500 um. The CL imaging shows fine grain scheelite aggregate in the
veins with a dark-blue CL response in the most of the scheelite individual grains, but a bright-blue CL
response along the edge of each scheelite grain (Figure 5A).

Scheelite II samples were collected from the quartz-scheelite veins located in slate close to the
granite. Scheelite II was subdivided into two sub types: Scheelite Ila and IIb according to occurrence
and geological characteristics. Scheelite Ila is coarse grained (more than 0.5 mm) and is euhedral
(Figure 4B). This type of scheelite has a bright to dark-green CL response and does not have any
oscillatory zone within the scheelite grains (Figure 5B). Scheelite IIb crystals are irregular, silky and
found distributed along the edges of quartz and garnet (Figure 4C). Scheelite IIb has green to dark blue
CL response (Figure 5C), and it appears that hydrothermal fluids altered the scheelite along crystal
edges. Scheelite IIb is found in the slate and sandstone of the Banxi Group proximal to intrusions.

Scheelite III samples are from the quartz-scheelite veins in slate of the Banxi Group distal to the
intrusions. Scheelite III crystals are anhedral to sub-euhedral and occur as disseminated individual
grains in quartz veins (Figure 4D). It has a typical dark blue CL response (Figure 5D).
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4.2. Trace Element Compositon of Scheelite

4.2.1. Trace Element Characteristics of Scheelite

The most abundant elements in scheelite from the Chuankou W deposit are Mn, Sr, Zr, Nb, Mo,
Sn, REEs, Ta, Pb, Bi, Th and U (Table S1). The trace elements exhibit wide variation between different
generations with certain elements ranging over several orders of magnitude, but they are relatively
homogenous within one category (Figure 6).
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Figure 6. Box plot for trace element (A) Mo; (B) Sr; (C) Y; (D) Th; (E) U; (F) Lan/Yby; (G) LREE;
(H) HREE; (I) LREE/HREE; (J) 6Eu; (K) 5Ce in Scheelite from the Chuankou deposit and other
related deposits.

In order to better identify the major controls on the origin of the scheelite and its ore-forming
mechanisms, we choose some representative scheelite deposits in South China, such as the Xingluokeng
quartz-vein type tungsten deposit, Xuebaoding pegmatite W-Sn-Be deposit, Shizhuyuan skarn
W-5n-Bi-Mo deposit and Woxi quartz-scheelite vein Au-Sb-W deposit, for comparison in this study.
As shown in Figures 7 and 8, there are significant differences between different types of deposits
and different generations of scheelite in the Chuankou tungsten deposit. The detailed summary is
as follows:
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Figure 7. Chondrite-normalized REE patters of different types of scheelites from the Chuankou tungsten
deposit. (A) scheelite from the top of the Chuankou intrusion; (B) scheelite from sandstone; (C) scheelite
from the boundary between sandstone and slate; (D) scheelite from slate. Chondrite values are from
Sun and McDonough [39].
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Figure 8. Chondrite-normalized REE patters of scheelites from (A) the Shizhuyuan W-5n-Bi-Mo
deposit, (B) the Xuebaoding W-5n-Be deposit, (C) the Xingluokeng tungsten deposit and (D) the Woxi
Au-Sb-tungsten deposit. Chondrite values are from Sun and McDonough [39].

All kinds of scheelite have different trace element concentrations in this study. As shown in
Figure 6 and Table S1, the variation of Mo ranges from 0.29 to 12,850 ppm with an average 652 ppm.
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Mo is rich in the scheelite from the Shizhuyuan W-5n-Bi-Mo deposit (more than several thousand
ppm), then next to Xingluokeng quartz-scheelite deposit (e.g., Figure 6A). Molybdenum are relatively
lower in the scheelite from the Chuankou tungsten deposit. Particularly, Mo in Scheelite I is below a
detectable limit, which is similar with the Woxi Au-Sb-W deposit.

Both Sr and Y have a wide range of 32.9~1450, 8.10~2148 ppm, respectively, in all the samples
(e.g., Figure 6B,C). Strontium is highest in the scheelite from the Xuebaoding W-Sn-Be deposit
(316~975 ppm, average.665 ppm), and Y is highest in the scheelite from the Xingluokeng deposit
(989~2148 ppm, average 1486 ppm). Thorium and U are below 10ppm in most of the samples
(e.g., Figure 6D,E). The (La/Yb)y ratio is around 1 except for the scheelite from the Woxi Au-Sb-W
deposit (below 0.1) (Figure 6G,H). Heavy rare earth element (HREE) and LREE have large variation
of 3.49~1850 ppm with an average 239 ppm, 0.32~2262 ppm with an average 526 ppm, respectively.
LREE/HREE is below 1 in the scheelite from Scheelite III in Chuankou, Woxi and Xingluokeng
(e.g., Figure 6I). 5Eu values in the scheelite from the Chuankou deposit have a wider range than other
tungsten deposit in this study. 5Ce values in the scheelite III from the Chuankou deposit have a large
variation and are lower than those in other deposit (around 1) (Figure 6] K).

4.2.2. REE Patterns of Scheelite

There are many obvious differences between the patterns for scheelite within the Chuankou
tungsten deposit (Figure 7). Scheelite I shows LREE-rich patterns, except for element La with a
remarkable negative Eu anomaly (Figure 7A). Scheelite Ila shows “W” shape patterns, i.e., LREE-rich,
HREE-moderate and MREE-depletion with a positive Eu anomaly (Figure 7B). Scheelite IIb shows
both LREE- and MREE-rich but HREE-depletion with a positive Eu anomaly (Figure 7C). Scheelites III
shows LREE-depletion patterns with a positive Eu anomaly (Figure 7D). It is notable that the REE
concentrations in scheelite III are significantly lower than other scheelites at Chuankou.

Among the different W-bearing deposits, scheelite from both the Shizhuyuan skarn-type
W-5n-Bi-Mo deposit and the Xingluokeng quartz-vein type tungsten deposit have similarities in
REE patterns and REE contents, showing “M” shape patterns with remarkable negative Eu anomalies
(Figure 8A,C). Scheelites from the Xuebaoding pegmatite-type W-Sn-Be deposit show LREE-rich and
HREE-depletion patterns with a weak positive Eu anomaly (Figure 8B). HREEs in the Xuebaoding
scheelite are highly fractionated [34]. Scheelites from the Woxi Au-Sb-W deposit have very low REE
contents and are characterized by LREE-depletion and HREE-enrichment (Figure 8D).

5. Discussion

5.1. Substitution of Trace Elements into Scheelite

Different valence ions have variable characteristics and substitution mechanisms during the entry
into the scheelite lattice [3,6,15,40]. Divalent ions such as Sr2*, Fe?*, Mn?* and Mo?* have the same
valence stage and similar radius as Ca?* in scheelite and can be directly substitute for each other in
scheelite [2-6,11]. The 5-valent ions such as Ta®*, Nb°*, V>* and Mo®* ions can replace WO+ in scheelite,
and 6-valent ions can enter directly through isomorphism, and even form a relatively complete series
of solid solution minerals, until cooling is sufficient for the formation of the final W-Mo deposit.

The trivalent ions such as REE®* entering into scheelite lattice are most common, and REE>*
is generally substitute for Ca?* in the three forms as follows [1,3,6]: @ 2Ca?* = REE3* + Na*,
which requires Na* in a solution and the proper REE radius; @ Ca?* + WO = REE3* + Nb°*, which is
involved in the replacement of trivalent and pentavalent ions in the solution; @ 3Ca?* = 2REE®* +
0(Ca?* vacancy, which requires the same combined valence rather than the ion radius. Furthermore,
both Nb and Ta can be found in the samples. Nb>* is relatively abundant in all the samples, but Ta>* is
only found in part of the samples. As shown in Figure 9, a positive correlative occurs between the
XREE-Eu + Y and Nb + Ta in scheelite from most of the tungsten deposit of middle to high-temperature
system except for the scheelite from the Woxi Au-Sb-W deposit and part of scheelite III from the
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Chuankou tungsten deposit. This indicates that Equation (2) might be an important substitution
mechanism in tungsten deposits of a middle to high-temperature mineralization system.
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Figure 9. Bivariate diagrams of ZREE-Eu + Y Vs Nb + Ta of scheelite from the Chuankou tungsten
deposit and other deposits for comparison (e.g., Shizhuyuan; Xuebaoding; Xingluokeng; and Woxi).
Chondrite values are from Sun and McDonough [39].

REE patterns can also indicate the mechanism of substitution [6,12,41]. For example, LREE-rich
minerals suggest the main substitution in scheelite is Equation (3), which is not limited by the lattice
position and size. REEs®* have similar partition coefficients between scheelite and ore-forming fluids so
that and REE composition of scheelite can be used to investigate the REE concentrations in ore-forming
fluids. Such REE patterns appear in scheelite Ila and scheelite IIb in the Chuankou tungsten deposit
(Figure 7B,C) as well as in the Shizhuyuan W-5n-Bi-Mo deposit, the Xuebaoding W-Sn-Be deposit,
the first generation scheelite from the Dabaoshan poly-metallic deposit and the Zhuxi giant tungsten
deposit [11,15,31,42,43], showing that scheelite in these deposit have similar substitution mechanism.

5.2. Nature, and Evolution of Ore-Forming Fluids

The nature of ore-forming fluids plays an important role for the precipitation of tungsten minerals.
In relatively oxidized fluids, Mo would occur as Mo®", replacing W®* by isomorphism. On the contrary,
Mo** would favor to precipitate as MoS, under reducing conditions so that Mo contents in ore-forming
fluids would decrease during fluid evolution. Therefore, it can be inferred that Mo content in scheelite
would be high in the oxidizing environment and be low in a reducing environment [5,15]. As shown
in Figure 6A, there is an decreasing trend of Mo in scheelite at the Chuankou deposit from Scheelite
I to scheelite III, indicating that ore-forming fluids in early stages are likely to be reduced and Mo
has been removed from the fluids as molybdenite. Molybdenum in scheelite from the Shizhuyuan
skarn W-Sn-Bi-Mo deposit is higher than that of Xingluokeng quartz-wolframite-scheelite vein deposit
(Figure 9). Ore-forming fluids of the Shizhuyuan skarn is higher than the fluids of Xingluokeng with
the mineral association of wolframite and scheelite, confirming that Mo in scheelite is controlled by
oxygen fugacity’s of ore-forming fluids.

Eu anomalies can also be used to evaluate the redox state of ore-forming fluids [1,6-8,41,44].
Eu anomalies of scheelite decreasing from the Shizhuyuan to the Woxi and Type IIb and Type scheelite
III in Chuankou deposit vice the Xingluokeng deposit may indicate a decreasing trend of fractionation
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degree. Due to higher partition coefficient of Eu®*, positive Eu anomalies in scheelite indicated high
Eu®" content and high oxygen fugacity of the ore-forming fluids, while negative Eu anomalies generally
result from high Eu?* content with low oxygen fugacity. The relative Eu>*/Eu®" ratios of fluids can also
be determined according to the relationship between (Eu)y and (Eu)n* (Figures 9B and 10). If (Eu)y
and Eu* have the horizontal trend, the Eu anomalies show the behaviors of Eu 2, indicating the
oxygen fugacity of ore-forming fluids was low [6]. According to Figures 9B and 10, scheelite from
first stage fluids at the Chuankou deposit plots along the horizontal line, indicative of precipitation
from reduced fluids. Alternatively, the other two types of scheelite (scheelite Ila, IIb and scheelite III)
from the Chuankou deposit plot along the (Eu)n/(Eu)n* = 1 line, suggesting that they have crystallized
from relatively oxidized fluids with large variations in of Eu anomalies. The mineral association of
molybdenite with scheelite I and magnetite/hematite and scheelite II and III also support evolution
history from reduced to oxidized of ore-forming fluids. Therefore, the earlier fluids had negative Eu
anomalies and were LREE-rich, which may have been inherited from the magmatic-hydrothermal
fluids, whereas the latter fluids with positive Eu anomalies with variable REE components may have
involved a different degree of addition of oxidized fluids [34]. Scheelite III has REE patterns similar
to the Woxi Au-Sb-W deposit where the fluids may have been thought to be derived from meteoric
water [32]. The Xingluokeng scheelite shows a similar horizontal trend with scheelite I of Chuankou,
while scheelite of the Woxi and Xuebaoding deposits display the same trend as scheelite IT and III of
Chuankou, indicative of reduced nature of fluids in Xingluokeng and oxidized feature of the Woxi and
Xuebaoding deposits, which are consistent with the oxygen fugacity of ore-forming fluids revealed by
Mo contents in scheelite.
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Figure 10. Plot of chondrite-normalized concentrations (Eu)y versus calculated Eu value (Eu)n®,
for scheelites analyzed in this study. Chondrite values are from Sun and McDonough [39].

Strontium is compatible element in scheelite [8,12] so that the precipitation of scheelite will lead
to lower Sr content in evolved fluids. Strontium is low in scheelite I, possibly indicating that the early
fluids for scheelite I are derived from the highly-fractionated magma. However, Sr is relatively higher in
Scheelite Ila and scheelite III from the Chuankou deposit. The larger distance to the granite, the higher
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Sr contents in scheelite. Thus, an extra source of Sr is required to responsible for the formation of
Sr-rich scheelite in later generations. Strontium-rich scheelite is found in the Au-Sb-W deposit in XUB,
especially in the Woxi Au-Sb-W deposit, where high Sr contend fluids have been considered to be the
feed of hydrothermal dissolution of the Neoproterozoic stratigraphic sequence [8,15,30,32]. The strata
in the Chuankou tungsten deposit are Neoproterozoic Banxi group, similar to the country rocks at the
Woxi Au-Sb-W deposit [25,30,32]. Slate in the Banxi group can provide extra Sr in the fluids to formed
Sr-rich scheelite. Thus, from scheelite I to Scheelite III, the increasing Sr contents suggest different
degrees of the addition of Sr-rich recycled meteoric waters into magmatic fluids.

5.3. Implications for Tungsten Mineralization

Hydrothermal tungsten mineralization, as one of the most common and significant mechanisms
for the formation of tungsten minerals, is generally believed to be formed by felsic magma-derived
fluids or metamorphic hydrothermal fluids [3,15,21,26,45]. Ore-forming metals such as tungsten,
calcium, manganese and iron are transported and then precipitate at the proper site. Most of the
deposits involved in this study are quartz-vein type tungsten deposits, which are located in granite
(e.g., the Shizhuyuan W-5n-Bi-Mo deposit and the Xingluokeng tungsten deposit) or in sedimentary
rocks (e.g., the Xuebaoding W-5n-Be deposit and the Woxi Au-Sb-W deposit). Previous studies of
granitic rocks associated with tungsten mineralization in South China have documented that these
granitic rocks are rich in tungsten and the compositions and temperature of ore forming fluids could
remain similar during the transportation for hundreds of meters [2,4,6,21,26,31,43]. The Chuankou
tungsten deposit is hosted in both granite and sedimentary rocks. The magmatic hydrothermal fluids
are likely to be W-rich and thus can provide great amounts of tungsten. The hydrothermal fluids at the
Chuankou tungsten deposit traveled through slate for a long distance from proximal intrusion to distal.
During the long-distance transportation, hydrothermal fluids would interact with the surrounding
rocks, in particular the slate of the Neoproterozoic Banxi Group and leach Ca and Sr from such strata
for the formation of scheelite.

From the results and above discussion, each scheelite from different types show distinct REE
patterns and trace elements. Such as low REE and depletion of LREE, low Nb + Ta and Mo but
Sr-rich is the typical characteristics of the scheelite from low-temperature mineralization system
(e.g., Woxi deposit) (Figures 6-9). In contrast, the scheelite from the Xuebaoding W-Sn-Be deposit, the
Shizhuyuan W-Sn-Bi-Mo deposit and the Xingluokeng quartz-scheelite vein deposit have typical HREE
enrichment and high Nb + Ta, Mo, typical characteristics of middle to high-temperature mineralization
system. Scheelite from the Chuankou deposit have both features due to the addition of meteoric water
to change the temperature of ore-forming fluids from high-temperature to low-temperature.

MREE depletion and Eu anomaly changes are strong evidence of systematical fraction
crystallization in the closed system [7,46], such as the scheelite from the Shizhuyuan W-5Sn-Bi-Mo
deposit. Scheelite I and Ila have such features, indicating that the ore-forming fluids evolve in a close
system. Scheelite IIb and scheelite III display similar MREE-rich patterns and relatively low variations
of Eu anomalies, which in turn suggest the evolution of ore-forming fluids in an open system. With the
opening of fracture system, magma-derived ore-forming fluids mix with recycled meteoric water and
become relatively oxidized, precipitating scheelite IIb and scheelite III.

6. Conclusions

Based on discussion above, we draw conclusions as follows:

(1)  Three generations of scheelite were identified at the Chuankou tungsten deposit.

(2) Two major substitution mechanism occur in scheelite in the Chuankou deposit: 3Ca?* = 2REE®*
+ O(Ca?* vacancy) and Ca?" + Wo* = REE3* + Nb°*, suggesting a middle to high-temperature
mineralization system.
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(3) REE contents and patterns indicate that two types of fluids were involved in the ore-forming
system. The early fluids were derived from the reduced and highly evolved magma. The fluids
mixed with oxidizing meteoric water during the opening of fracture system to form later
scheelite generations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/11/1007/s1,
Table S1: LA ICPMS Trace element concentrations of scheelites from the Chuankou tungsten deposit and related
deposits in this study.
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