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Abstract: The type, association, variations, and valence states of several metal elements of scheelite
can trace the source and evolution of the ore-forming fluids. There are four types of scheelite from
the Xiaoyao deposit: (1) scheelite intergrown with garnet in the proximal zone (Schla) and with
pyroxene in the distal zone (Schlb), (2) scheelite replaced Schla (Sch2a) and crystallized as rims
around Sch1b (Sch2b), (3) quartz vein scheelite with oscillatory zoning (Sch3), and 4) scheelite (Sch4)
within micro-fractures of Sch3. Substitutions involving Mo and Cd are of particular relevance, and
both elements are redox-sensitive and oxidized Schla, Sch2b, Sch3 are Mo and Cd enriched, relatively
reduced Schlb, Sch2a, Sch4 are depleted Mo and Cd. Schla, Sch2a, Sch3, and Sch4 are characterized
by a typical right-inclined rare earth element (REE) pattern, inherited from ore-related granodiorite
and modified by the precipitation of skarn minerals. Sch1lb and Sch2b are characterized by low light
rare earth element/heavy rare earth element (LREE/HREE) ratios, influenced by a shift in fO, during
fluid-rock alteration. Sch1b, Sch2b and Sch3 have higher Sr contents than those of Schla and Sch2a,
reveal that host-rock alteration and fluid-rock interaction have elevated Sr contents. The Y/Ho ratios
of scheelite gradually increase from skarn to quartz vein stages, due to fluid fractionation caused by
fluid-rock interaction. Thus, the variation in REE and trace elements in scheelite in time and space
reflects a complex magmatic-hydrothermal process involving various fluid-rock interactions and
fluid mixing.

Keywords: skarn system; scheelite; texture; REE; redox state

1. Introduction

Scheelite (CaWQy) is one of the dominant tungsten-containing minerals in porphyry-skarn W
deposits, quartz vein W and Au-W deposits, and some metamorphic Au deposits [1,2]. Scheelite
incorporates relatively high amounts of REE and Sr in substitution for Ca [3,4], and has been used to
characterize the ore-forming fluids [5-8] and the genetic type of deposits [9-11]. The REE patterns
in scheelite are highly sensitive to the hydrothermal evolution, making scheelite act as a promising
tool to understand prevailing hydrothermal conditions [3,4]. Despite the extensive literature on trace
elements in scheelite, only a few studies focus on tungsten skarn deposits [12-15]. Most tungsten
skarn deposits are characterized by multiple scheelite generations which underwent dissolution and
re-precipitation processes [16-18]. The superimposition of multiple scheelite generations complicates
study on the ore-forming processes via the trace element chemistry of scheelite. Cathodoluminescence
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(CL) imaging has been proven to be an effective technique to reveal internal textures, zoning and trace
element distributions in scheelite [3]. However, previous studies did not evaluate dissolution and
re-precipitation processes in scheelite from tungsten skarn deposits due to the changing hydrothermal
fluids [13,14]. The detailed textural characterization and systematic investigations of scheelite from
each stage prior to in situ chemical analysis are critical to constraint the evolution of skarn systems and
W ore precipitation.

The Jiangnan tungsten belt in the southeastern margin of the Yangtze Craton is a new giant
tungsten province with WOj3 reserves over 5.0 million tons [19-23], including the Dahutang (reserves
of 1.10 Mt and grade of 0.18%) and the Zhuxi (reserves of 3.44 Mt and grade of 0.54%) deposits,
as well as other large-scale tungsten deposits, such as Yangchuling, Xiaoyao, Dongyuan, Zhuxiling
deposits [24-26]. The present study focuses on the Xiaoyao tungsten skarn deposit, characterized by
complex scheelite textural features. The Xiaoyao deposit has reserves of 75,000 tons of WO3 with an
average grade of 0.2% [27]. We present both textural and compositional features for scheelite from
the Xiaoyao deposit to evaluate the importance of dissolution and re-precipitation processes in the
formation of skarn-related scheelite.

2. Geologic Setting

The Xiaoyao tungsten deposit is located in the southeastern part of the Jiangnan tungsten belt
(JNB) (Figure 1). The rocks in the mine area are the early Neoproterozoic Xiuning Formation sandstone,
late Neoproterozoic Lantian Formation limestone and slate, Piyuancun Formation clastic siliceous
rocks, Cambrian Hetang Formation shale, and Yangliugang Formation shale (Figure 2). Most tungsten
orebodies are hosted in the Lantian and Hetang Formations.
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Figure 1. Distribution of the Middle-Lower Yangtze River Valley porphyry-skarn Cu-Au-Mo-Fe ore
belt at north and the Jiangnan porphyry-skarn tungsten belt at the south [21].
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The granitic intrusion in the Xiaoyao mine area comprises granodiorite, granite, and granite
porphyry (Figure 2). The granodiorite has a U-Pb zircon age of 149.4 + 1.1 Ma [28]. The granodiorite
consists mainly of plagioclase (50-55%), K-feldspar (10-15%), quartz (20-25%), biotite (15-20%), and
hornblende (3%-5%), with minor apatite, zircon, magnetite, and titanite. The granite porphyry with
the U-Pb zircon ages of 133.2 + 0.8 Ma are younger and crosscuts the granodiorite bodies. Phenocrysts
include K-feldspar (20-25%), plagioclase (10-15%), and quartz (5-10%). The granite porphyry matrix
is composed of microgranular quartz, plagioclase, and K-feldspar. The granite in the northern part
of the mining area was dated to 130-124 Ma by LA-ICP-MS zircon U-Pb methods [29]. This granite
contains K-feldspar (45-50%), quartz (30-35%), plagioclase (10-15%), and biotite (2-3%).

Tungsten orebodies mainly occur within skarns at contact zones between the Kaobeijian
granodiorite pluton and their wall rocks (Figure 2). The largest tungsten orebody (W1) developed
along the contact between granodiorite and the limestone of the Lantian Formation (Figure 3). It has a
length of 1300 m and a width of 5-35 m. It strikes in an NE direction and dips toward the north at an
angle of 80° (Figure 3).
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Figure 2. Geological map of the Xiaoyao tungsten deposit [27].

The Xiaoyao skarn is mainly composed of garnet and pyroxene, with retrograde alteration
minerals of epidote, tremolite, actinolite, chlorite, quartz, fluorite and calcite. The main ore minerals
are scheelite, molybdenite, chalcopyrite, and pyrrhotite. Four mineralization stages have been
identified based on crosscutting relationships and mineral assemblage: skarn, retrograde alteration,
quartz—scheelite-sulfide, and carbonate stages.
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Figure 3. Geological cross-section along exploration No. 47 (A-A’ in Figure 2) of the Xiaoyao tungsten
deposit [27].

The skarn stage is characterized by a large amount of garnet and pyroxene distributed in different
zones (Figure 4a,b). For example, in drill core ZK4704, the skarn has a pyroxene-dominated distal
zone and a garnet-dominated proximal zone from shallow to deep. The garnets in proximal zones
are always reddish to red and fine- to coarse-grained and euhedral to subhedral with oscillatory
zonation (Figure 4a, sample 15XY-31). They commonly intergrow with pyroxenes. The pyroxenes
are generally pale green in color. They occur as fine-grained (0.2-1.0 mm) subhedral to anhedral
minerals. The distal zones are dominated by dark green, coarse-grained pyroxene crystals without
garnet (Figure 4b, sample 15XY-14). The pyroxene grains are anhedral to subhedral, varying from
100 to 500 um in size. The retrograde alteration stage is characterized by the precipitation of hydrous
silicate minerals such as epidote, actinolite, and chlorite; and the associated mineralization is scheelite
replacing garnet and pyroxene (Figure 4c). The quartz—scheelite—sulfide stage is characterized by
a scheelite-molybdenite—pyrrhotite—chalcopyrite-quartz assemblage in scheelite- and sulfide-rich
veins cutting the early scheelite-bearing skarn ores (Figure 4d—f). The scheelite in this stage generally
occurs as large anhedral grains that intergrow with quartz. The carbonate stage is characterized by
a calcite-sphalerite-galena assemblage in sulfide-rich veins that cut through the tungsten ores and
wall rock.
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Figure 4. Photographs of tungsten ores. (a) Garnet skarn with disseminated scheelite; (b) Pyroxene
skarn with disseminated scheelites; (c) Retrograde alteration skarn; (d) Quartz—scheelite-sulfides vein
cutting the garnet skarn; (e) Quartz vein scheelite replaced pyroxene and garnet; (f) Quartz vein
scheelite with blue luminescence under ultraviolet light. Grt—garnet; Px—pyroxene; Chl—chlorite;
Sch—scheelite; Qz—quartz.

3. Samples and Analytical Methods

3.1. Sample Descriptions

The samples for electron microprobe and in-situ LA-ICP-MS trace elements analysis were collected
from the drill cores taken from the largest W1 orebody (Figure 3). The mineralogical and petrographic
features and sampling depth of the samples are summarized in Table 1. Samples were evaluated
petrographically employing optical and CL microscopy to characterize the abundance and physical
properties of scheelite, including shape, size, color, and luminescence. Selected grains were analyzed
by electron probe microanalysis (EPMA) for major element geochemistry and in situ LA-ICP-MS for
trace element geochemistry.

Based on CL textures and mineral paragenesis, four types of scheelite have been recognized.
Scheelite 1 (Schl) occurs as disseminated crystal in the skarn (Figure 5a,e), which is further divided
based on different pyroxene, garnet and scheelite assemblages. Scheelite 1a (Schla) is intergrown
with garnet in the proximal zone (Figure 5a) and Scheelite 1b (Sch1b) is intergrown with pyroxene
in the distal zone (Figure 5e). Schla shows yellowish fluorescent in short-waved UV light. It is
mainly fine-grained, euhedral to subhedral, with diameters of 0.1 to 0.2 mm (Figure 5a). Schla shows
homogeneous textures with dark-CL (weak CL response, Figure 5b), reflecting that no dissolution took
place during any stage of growth. Schlb shows blue fluorescent in short-waved UV light and generally
occurs as anhedral coarse grains of 0.5-1.0 mm in size (Figure 5e). The homogeneous textures, as
shown by the strong and bright CL of Sch1b, may be precipitation features associated with precipitating
under stable conditions (Figure 5f). Scheelite 2a (Sch2a) selectively replaced parts of Schla that likely
represent relict fluid pathways during the alteration stage (Figure 5c,h). Sch2a occurs as irregular, with
a light-CL with a grain size of 0.2-0.5 mm (Figure 5¢,h). The Sch2a crystal shows a strong correlation
with molybdenite (Figure 5d) and is often associated with epidote, actinolite, chlorite, and quartz
(Figure 5g). Scheelite 2b (Sch2b) is crystallized as rims around the Sch1lb with dark-CL (Figure 5f).
Sch2b generally occurs as anhedral coarse grain of 1.0-1.5 mm in size (Figure 5e). CL images of Sch2a
and Sch2b from the mineralized skarn reveal later dissolution—reprecipitation reactions (Figure 5c,f,h).

Scheelite 3 (Sch3) forms abundant large scheelite clusters within scheelite + sulfide-rich quartz
veins that typically crosscut the early scheelite-bearing skarn ores (Figure 51). Sch3 generally occurs as
a subhedral-anhedral coarse grain of 0.2-1.5 mm in size (Figure 51). Sch3 exhibit obvious oscillatory
zoning textures, with a few examples showing the core-rim textures on CL images (Figure 5j k). The rim
is oscillatory growth zoning and the core is homogeneous, as shown on CL images (Figure 5j k).
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Scheelite 4 (Sch4) occurs as rims around Sch3 (Figure 5j) or as micro-fractures within Sch3 with
light-CL (Figure 5k). The occurrence of micro-fractures in Sch3, which are filled with Sch4, indicates
recrystallization during late hydrothermal processes. The formation of Sch4 is accompanied by the
precipitation of molybdenite and other sulfides (chalcopyrite, pyrrhotite; Figure 51).

Table 1. Details of scheelite samples from the Xiaoyao deposit.

Sample Scheelite Type Location Sample Description
15XY-31 Schla, 2a 353m, ZK4704 Proximal skarn tungsten ore
15XY-14 Schilb, 2b 208m, ZK4704 Distal skarn tungsten ore
15XY-28 Schla, 2a 313m, ZK4704 Retrograde skarn tungsten ore
15XY-25 Schla, 3,4 300m, ZK4704 Scheelite-rich quartz veins
15XY-29 Sch3, 4 320m, ZK4704 Scheelite-rich quartz veins
15XY-24 Sch3, 4 290m, ZK4704 Scheelite-rich quartz veins

25um 25um

25um

Figure 5. Light, Back scattered Electron (BSE) and Cathodoluminescence (CL) images of scheelites.
(a) Schla intergrowth with garnet with transmitted light; (b) CL image of Schla with homogeneous
texture; (c) CL images of Schla replaced/overgrowth by Sch2a; (d) BSE images of Sch2a intergrowth
with molybdenite; (e) Pyroxene replaced by scheelite with transmitted light; (f) CL images of Sch1b
replaced/overgrowth by Sch2b; (g) Retrograde alteration stage scheelite with transmitted light; (h) CL
images of Schla replaced/overgrowth by Sch2a; (i) Transmitted light image of Sch3-rich quartz vein;
(j) Core-rim texture revealed by CL image of Sch3 with Schl, and Sch4 filled within microfractures
of Sch3; (k) CL image of Sch4 filled within microfractures of Sch3 with oscillatory growth zoning;
(1) BSE image of Sch4 intergrowth with molybdenite. Sch—scheelite; Mo—molybdenite; Grt—garnet;
Px—pyroxene; Chl—chlorite; Qz—quartz; Zrn—zircon.
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3.2. Cathodoluminescence

Cathodoluminescence is an efficient technique for determining the zonation patterns and growth
history of scheelite which are otherwise not unobservable using light microscopy. CL imaging of
scheelite was obtained using a Gatan MonoCL 4 system attached to the FEI Nova NanoSEM 450
scanning electron microscope (FEI corporation, Hillsboro, OR, USA) at 10 kV, at the Institute of Geology,
Chinese Academy of Geological Sciences, Beijing.

3.3. Electron Microprobe Analysis

Chemical compositions of scheelite were determined by electron probe microanalyses using a
JEOL JXA-8230 Superprobe (JOEL Ltd., Akashima, Tokyo, Japan) at the Institute of Mineral Resources,
Chinese Academy of Geological Sciences, Beijing. The operating conditions were an accelerating
voltage of 15 kV, a beam current of 10 nA, and a count time per element of 10 s for major elements.
The quantitative analyses were performed with carbon-coated thin sections in an evacuated chamber
with less than 4.0 ppm mbar. The following natural minerals and synthetic oxides were used for
calibration: K-fedspar (K), jadeite (Na), apatite (P), wollastonite (Ca), hematite (Fe), MnO (Mn), scheelite
(W), Crp0O3 (Cr), wulfenite (Mo), and rutite (Ti).

3.4. In situ LA-ICP-MS Trace Element Analysis

Trace element concentrations were determined by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) using a New Wave UP 213 laser ablation system coupled to a Thermo
Element II single collector high-resolution magnetic sector (ICP-MS) at the National Research Center
for Geoanalysis, Beijing, China. Helium is advantageous as a carrier gas and was thus applied in this
study. Single-spot analyses were performed by laser-ablating spot diameters of 40 um with a repetition
rate of 10 Hz at an energy density of 23-25 J/cm?. Each LA-ICP-MS analysis incorporated a ~20 s
background acquisition (gas blank) followed by a 60 s data acquisition from the sample. After every
ten spots, analysis was followed by one NIST SRM 610 analysis to correct the time-dependent drift in
sensitivity and mass discrimination of the ICP-MS. Reference glasses (GSE, NIST612, NIST614) were
analyzed prior to and after the sample measurements. Calcium44 was used as an internal standard
and fixed at 19.55 wt. %, based on the average EMPA composition.

4. Analytical Results

4.1. Major Element Geochemistry

Microprobe analyses of scheelite from the Xiaoyao tungsten deposit are shown in Table 2.
The scheelite at Xiaoyao has a wide range of WOj3 (66.67-80.45%), MoO3 (0.19-10.30%) contents, and
CaO concentrations of 18.70-20.97% (Table 2 and Figure 6a). Schla in the proximal zone has low WO3
(68.95-73.87%) and CaO (18.75-20.97%) and high MoOj (5.77-10.30%) contents, while Sch1b in the distal
zone has high WO; (79.78-79.88%) and CaO (19.51-19.59%) and low MoOj3 (0.38-0.42%) contents. In the
retrograde alteration stage, Sch2a has relatively high WO; (76.59-78.13%) and CaO (18.70%-19.70%),
and relatively low MoOj3 (1.71-3.51%) contents, while Sch2b has low WOj3 (70.03%-70.71 %) and CaO
(19.25-20.93%), and high MoOj3 (8.06-10.17%) contents. In the quartz—scheelite—sulfide stage, Sch3 has
relatively low WO3 (66.67-74.55%) and CaO (19.00-20.83 %), and relatively high MoOj3 (4.09-9.78%)
contents. Sch4 has relatively high WO3 (79.13-80.48%) and CaO (18.73-19.70%), and relatively low
MoO3 (0.19-0.76%) contents (Table 2 and Figure 6a).
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Table 2. Major elements of four types of scheelites from the Xiaoyao deposit (%).

No. Type WO3 P,05 CaO FeO MnO V,03 TiO, MoO3 Total
15XY-31-1-1 Schla 7241 0.03 20.85 0.02 0 0 0.02 5.77 99.11
15XY-31-1-2 Schla 71.06 0.05 20.97 0.07 0.02 0.02 0.01 7.26 99.49
15XY-31-1-3 Schla 68.95 0 19.99 0 0 0.02 0.02 10.3 99.32
15XY-31-1-4 Schla 69.38 0.1 20.26 0.04 0 0 0.01 10.23 100.06
15XY-31-1-5 Schla 72.03 0.04 20.86 0 0 0.01 0 7.05 100.05
15XY-31-1-6 Sch2a 77.76 0.02 19.7 0.17 0.03 0.09 0.03 1.71 99.53
15XY-28-2-5 Sch2a 76.59 0.06 18.89 0 0 0 0.02 3.51 99.1
15XY-28-2-6 Schla 71.23 0.02 19.04 0.02 0 0.04 0.02 8.7 99.12
15XY-28-2-7 Schla 73.87 0.03 18.75 0.01 0 0 0 8.03 100.76
15XY-28-2-8 Sch2a 78.13 0.08 18.7 0 0.01 0.01 0 2.14 99.12
15XY14-3-1 Sch1b 79.79 0 19.59 0 0 0 0 0.42 99.84
15XY14-3-2 Sch2b 70.71 0.04 19.25 0 0 0 0 10.17 100.22
15XY14-3-3 Sch2b 70.03 0.05 20.93 0.03 0 0.04 0.02 8.07 99.2
15XY14-3-4 Sch1b 79.88 0.01 19.51 0 0 0 0 0.38 99.86
15XY-25-2-1 Schla 69.79 0.11 20.06 0 0 0.08 0.01 9.34 99.46
15XY-25-2-2 Schla 73.79 0 18.95 0 0.01 0 0 7.61 100.39
15XY-25-2-3 Sch3 69.28 0.05 20.09 0 0.02 0 0 9.78 99.23
15XY-25-2-4 Sch3 66.67 0.05 20.36 0.1 0.04 0 0 8.98 96.19
15XY-25-2-5 Sch4 79.8 0.06 19.44 0.02 0.03 0 0.01 0.33 99.7
15XY-25-2-6 Schla 71.29 0.07 20.25 0.07 0 0.04 0 8.13 99.87
15XY-25-2-7 Sch3 71.44 0.09 20.52 0 0.04 0.03 0.02 6.88 99.01
15XY29-3-1 Sch3 72.53 0.04 20.83 0 0 0 0.01 6.61 100.06
15XY29-3-2 Sch3 7443 0.02 19.09 0 0.07 0.03 0.03 5.63 99.32
15XY29-3-3 Sch3 74.55 0.09 20.24 0 0 0.03 0.01 4.09 99.01
15XY29-3-4 Sch4 79.13 0.08 19.7 0.22 0.05 0 0 0.76 99.95
15XY-24-2-1 Sch3 72.15 0.02 19 0.04 0 0 0 8.05 99.29
15XY-24-2-2 Sch3 72.6 0 19.07 0.01 0 0 0 8.17 99.95
15XY-24-2-3 Sch3 71.81 0.06 19.39 0.1 0.08 0 0 9.37 100.83
15XY-24-2-4 Sch3 71.83 0 19 0 0.03 0 0.01 9.49 100.46
15XY-24-2-5 Sch3 71.58 0.08 19.07 0.03 0 0 0 9.35 100.15
15XY-24-2-6 Sch3 72.66 0.01 19.02 0.07 0.02 0 0 9.06 100.88
15XY-24-2-7 Sch4 80.48 0.02 18.73 0 0 0 0 0.19 99.44
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Figure 6. Plots of WO3 vs. MoOs of Xiaoyao scheelites (a) and scheelites from other porphyry-skarn

tungsten deposits are shown for comparison (b), including the Dahutang tungsten deposit [30],

the Jitoushan and Baizhangya tungsten deposits [9], the King-Island-oxidized skarn deposit [17],

the Kara-oxidized skarn deposit [31], and the Los-Santos-reduced skarn deposit [32].

4.2. Trace Element Geochemistry.

The representative trace element analyses from LA-ICP-MS on garnet, pyroxene and scheelite are
listed in Table 3; and the chondrite-normalized REE patterns are shown in Figure 7.
Garnet is characterized by a slight LREE enrichment relative to HREE with low LREE/HREE ratios
of 1.4-3.0 (Figure 7a,b), and the total REE contents are 85.9-91.0 ppm, accompanied by Eu/Eu* values
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of 0.57-0.62. In addition, garnet has W contents of 219-384 ppm, Mo contents of 4.2-7.4 ppm, and
Y contents of 15.7-33.2 ppm. Pyroxene is characterized by HREE enrichment relative to LREE, with
low LREE/HREE ratios of 0.5 (Figure 7c,d), and the total REE contents are 8.1-8.2 ppm, accompanied
by varying Eu/Eu* values of 0.56-2.41. In addition, pyroxene has Sr contents of 7.4-11.7 ppm and Y
contents of 4.9-5.0 ppm.

Schla is characterized by a typical right-inclined REE pattern with high LREE/HREE ratios of
16.9-41.0 (Figure 7a,b), and the total REE contents are 93.8-280.2 ppm, accompanied by the lowest
Eu/Eu* values of 0.22-0.33. In addition, Schla has Sr contents of 67.0-87.1 ppm, Y contents of
2.0-3.5 ppm. As contents of 3.3-11.0 ppm, and high Ta contents of 779.4-863.9 ppm. Schlb is
characterized by an HREE-enrichment pattern with low LREE/HREE ratios of 0.3-0.7 (Figure 7c,d),
and the total REE contents are 237.3-454.4 ppm, accompanied by Eu/Eu* values of 0.34-0.57. The Sr
contents of 76.7-110.2 ppm, Y contents of 143.3-496.8 ppm. As contents of 4.3-12.9 ppm, Ta contents of
1397.2-1568.9 ppm in the Sch1b are generally higher than those of Schla.

Sch2a displays the same pattern, with high LREE/HREE ratios of 16.0-47.8, lower total REE contents
of 21.2-186.5 ppm, and higher Eu/Eu* values of 0.50-1.09, compared with Schla (Figure 7a,b). The Y
contents of 0.4-1.9 ppm and Y/Ho values of 13.78-20.43 in Sch2a are lower than those of Schla. However,
Sch2a has higher Sr contents of 73.2-89.7 ppm and Ta contents of 860.2-928.0 ppm. Sch2b is characterized
by an LREE-enrichment pattern with low LREE/HREE ratios of 0.7-2.1 (Figure 7c,d) and the total REE
contents are 256.7-600.8 ppm, accompanied by Eu/Eu* values of 0.50-0.77. In addition, Sch2b has
higher Sr contents of 117.7-159.6 pm and as contents of 6.2-18.5 ppm; however, compared with Schlb,
Sch2b is relatively depleted in Y contents 0f105.5-195.5 ppm and Ta contents of 1124.9-1359.4 ppm.
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Table 3. Rare earth element and trace element concentrations determined by LA-ICP-MS in four types of scheelite and garnet and pyroxene from the Xiaoyao

deposit (ppm).
Sample SchType La Ce Pr Nd Sm Eu Gd Tb Dy Ho E Tm Yb Lu ZXREE ZXLREE XHREE LREEHREE Eu/Eu* (La/Sm)y (Gd/Luy
15XY-31-1  Schla  67.15 9530 899 2666 244 019 166 018 063 010 020 001 003 004 20358 20074 489 41.02 027 17.30 6.05
15XY-31-3  Schla 3209 4205 364 1169 150 015 121 012 070 013 025 002 018 007 9380 9113 5.39 16.92 0.33 13.44 2.33
15XY-31-6  Schla 10086 13239 1089 2848 301 020 230 024 114 020 034 003 014 004 28023 27582  7.90 3491 0.22 21.09 7.21
15XY-31-2  Sch2a 374 1148 117 367 047 006 028 004 018 003 006 000 002 005 2124 2059 1.10 18.68 0.50 497 0.75
15XY-31-44  Sch2a 667 1341 160 568 044 016 069 007 022 004 009 000 001 004 2910  27.95 175 16.01 0.88 9.62 248
15XY-31-5  Sch2a 6751 8928 742 1838 146 043 084 009 040 009 017 004 027 007 18646 18448  3.86 47.83 1.09 29.15 1.49
15XY-14-1  Schlb 1880 47.68 1041 8240 2755 560 4825 668 4176 1002 2500 238 1110 145 339.07 19244 39251 0.49 047 043 427
15XY-142  Schlb 1046 4304 1158 10064 3665 598 7458 1122 7854 1872 4284 385 1501 130 45441 20836  742.83 0.28 0.34 0.18 7.38
15XY-14-3  Schlb 2251 47.86 9.02 6583 1921 492 3492 455 2667 634 1742 141 560 073 26699 16934 25257 0.67 0.57 0.74 614
15XY-14-8  Schlb 2217 5006 911 5793 1915 374 3107 417 2467 607 1441 149 616 086 25106 16216 23221 0.70 047 0.73 462
15XY-14-11  Sch1b 2008 4294 795 5498 1677 265 3210 387 2573 563 1438 149 793 085 23734 14537  237.37 0.61 0.34 0.75 485
15XY-14-6  Sch2b 2474 5276 913 6083 1606 369 3055 450 2567 600 1414 141 655 067 25672 16722 23435 0.71 0.50 097 5.87
15XY-14-7  Sch2b 4006 10291 1754 9614 2094 469 2211 268 1536 306 900 086 587 056 34178 28229  164.99 171 0.66 1.20 5.04
15XY-14-9  Sch2b 6773 15226 2347 13449 2630 604 3148 474 2744 608 1542 197 1210 142 51094 41028  296.12 1.39 0.64 1.62 2.85
15XY-14-10  Sch2b 6951 15171 2351 11775 2009 560 2478 309 1586 392 1033 112 683 085 45497 38817 18541 2.09 0.7 218 372
15XY-14-12  Sch2b 8742 19919 3075 14676 2805 691 3070 428 2668 596 1653 211 1395 153 60082 49906  295.67 1.69 0.72 1.96 257
15XY-29-2-1  Sch3  139.81 17197 1256 30.53 244 105 148 015 075 011 027 002 021 007 36143 35837 641 55.87 1.56 35.98 271
15XY-29-2-2  Sch3 24002 31424 2289 5409 566 383 482 056 266 047 070 008 032 004 65038 64073  21.28 30.11 219 26.67 1412
15XY-29-2-3  Sch3 30346 43453 2656 6270 540 555 377 037 191 026 030 007 010 005 84503 83819 1562 53.66 3.58 3538 9.84
15XY-29-2-4  Sch3 29857 43424 2349 4960 317 392 144 017 091 018 030 001 011 004 81614 81298 845 96.24 489 59.24 429
15XY-29-2-5  Sch3 24833 29072 1692 3388 289 127 179 016 088 013 037 004 025 006 597.68 59400  9.30 63.90 1.59 5413 4.08
15XY-29-2-6  Sch3 20814 22283 1658 4295 465 116 323 037 233 045 109 012 033 008 50432 49631  22.86 2171 0.87 28.18 529
15XY-29-2-7  Sch3 11648 17867 2128 9576 1806 357 2030 241 1377 252 540 048 145 014 48028 43382 12094 3.59 0.57 406 18.20
15XY-29-2-8  Sch3 26481 37344 3597 12347 2139 475 2386 341 1929 442 1028 102 365 035 89013 82384  208.97 3.94 0.64 7.79 8.87
15XY-29-29  Sch4 6712 11026 1248 4143 523 069 512 062 320 062 158 012 058 010 24914 23720 2828 8.39 0.40 8.07 6.71
15XY-29-210 Sch4 4674 8489 1006 3466 408 093 357 033 214 036 067 003 011 006 18864 181.37 1520 11.93 0.73 7.20 7.07
15XY-29-1-1  Sch3 9101 14356 1400 5063 656 142 593 070 388 072 140 014 030 007 32032 30718 3220 9.54 0.68 8.72 11.59
15XY-29-1-2  Sch3 5670 11107 1419 67.33 1304 274 1383 169 911 169 326 029 076 009 29577 26506  77.80 341 0.62 2.73 19.45
15XY-29-1-3  Sch3 5473 107.86 1522 83.18 1632 304 2002 242 1267 253 483 037 146 010 32474 28035  112.81 2.49 0.51 211 25.06
15XY-29-1-4  Sch3 8178 12944 1431 5954 1114 233 1385 169 888 140 342 021 045 008 32854 29855 7299 4.09 0.57 462 2325
15XY-29-1-5  Sch3 11135 17118 1803 7392 1318 253 1490 190 955 205 424 043 129 010 42466 39020 9128 427 0.55 531 19.66
15XY-29-1-6  Sch3 11231 17405 1820 7114 1546 298 1685 207 1166 246 516 045 166 016 43459 39413  109.08 3.61 0.56 457 1372
15XY-29-17 Sch3  89.02 13717 1428 6628 1242 287 1586 176 981 191 464 036 113 015 357.66 32203 9446 341 0.63 451 13.63
15XY-29-1-8  Sch3 14815 20034 1691 5349 752 145 607 081 396 082 176 015 041 009 44193 427.86 3898 1097 0.64 12.39 8.77
15XY-29-1-9  Sch3  130.06 18017 1394 3461 382 155 202 029 134 024 056 001 027 006 36894 36416 1281 28.42 154 2139 453
15XY-29-1-10 Sch3 10053 139.62 11.24 2720 196 080 169 012 061 010 026 003 002 007 28425 28135 593 47.44 1.32 3225 2.96
15XY-29-1-11 Sch3 9533 13430 1026 2299 244 081 185 026 095 019 031 001 018 006 26994 26614 1017 26.18 112 2457 414
15XY-317  Garnet 1488 3528 430 1730 355 069 306 040 298 050 167 020 090 018 8589 7600 2563 2.97 0.57 567 0.74
15XY-31-8  Garnet 1411 3575 424 1464 270 061 411 068 503 115 340 050 352 061 91.04 7205 5215 1.38 0.62 2.64 2.14
15XY-14-4 Pyroxene 074 182 030 116 033 015 000 012 083 012 028 008 174 059 824 449 8.66 0.52 0.56 3.29 0.87
15XY-14-5 Pyroxene 028 135 022 167 045 017 014 009 063 014 043 018 187 053 815 415 8.95 0.46 241 140 0.00
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Table 3. Cont.

Sample Sch Type Na Mo As Sr Y Zr Nb Hf Ta cd Pb Zx/Hf Nb/Ta Y/Ho
15XY-31-1 Sch la 26.75  45593.04 6.17 67.04 2.05 9.58 15.00 1.38 850.67 5.98 1.89 6.92 0.02 20.51
15XY-31-3 Sch la 1240  20,578.05 332 82.70 2.72 9.60 4.55 1.60 863.90 2.52 0.65 6.01 0.01 20.58
15XY-31-6 Sch la 42.02 6056035 11.00 87.15 3.49 8.87 8.96 1.61 779.38 8.30 3.05 5.52 0.01 17.86
15XY-31-2 Sch 2a 2.67 10,628.82  0.00 89.71 0.45 9.62 1.33 1.54 928.03 1.11 0.38 6.23 0.00 13.78
15XY-31-4 Sch 2a 0.00 8390.98 1.43 87.84 0.60 10.24 3.34 1.63 907.67 1.02 0.67 6.29 0.00 15.74
15XY-31-5 Sch 2a 0.00 13,343.18  7.89 73.23 1.88 33.36 32.09 3.09 860.23 1.51 212 10.78 0.04 20.43
15XY-14-1 Sch 1b 23391  1083.30 12.94 102.80  245.88 11.20 10.86 1.75 1469.78 0.34 2.90 6.41 0.01 24.55
15XY-14-2 Sch 1b 0.00 58.80 4.29 76.72 496.78 10.98 22.19 2.19 1568.93 0.00 1.67 5.00 0.01 26.54
15XY-14-3 Sch 1b 0.00 1386.64 12.15 110.21 154.92 13.88 10.54 2.08 1538.07 0.00 2.60 6.68 0.01 24.42
15XY-14-8 Sch 1b 0.00 2205.34 10.28 110.18 143.31 10.41 10.02 1.68 1397.17 0.40 3.05 6.21 0.01 23.62
15XY-14-11 Sch 1b 0.00 622.94 8.58 108.78 145.40 10.03 10.18 2.17 1399.36 0.00 218 4.63 0.01 25.83
15XY-14-6 Sch 2b 0.00 5814.94 6.17 117.73 144.85 10.86 12.09 1.73 1359.43 0.00 2.87 6.26 0.01 24.14
15XY-14-7 Sch 2b 256.49  86,771.32  10.90 159.58 105.49 35.85 12.88 1.72 1124.92 742 3.76 20.83 0.01 34.50
15XY-14-9 Sch 2b 0.00 47,06848 11.83 144.46 195.47 36.36 46.83 2.84 1181.12 1.98 4.34 12.80 0.04 32.14
15XY-14-10 Sch 2b 28.53  56,974.31 1848 154.41 118.61 13.98 26.22 1.81 1218.51 456 5.07 7.72 0.02 30.28
15XY-14-12 Sch 2b 0.00 53,754.93  13.20 141.41 193.92 44.58 53.07 3.05 1125.68 4.04 411 14.63 0.05 32.52

15XY-29-2-1 Sch 3 179.15  44,234.77  14.68 104.95 3.35 12.42 16.21 1.56 1088.53 5.39 27.70 7.96 0.01 31.80
15XY-29-2-2 Sch 3 7846  52,207.24 231 113.54 11.64 11.88 6.58 1.65 1065.89 3.46 2.70 7.18 0.01 24.77
15XY-29-2-3 Sch 3 111.19  56,637.38  5.12 110.60 8.79 10.62 13.94 1.62 106839 5276 15.05 6.56 0.01 33.58
15XY-29-2-4 Sch 3 65.81  61,604.73  9.68 103.10 5.29 10.51 8.02 1.53 1063.14 6.19 226 6.85 0.01 30.03
15XY-29-2-5 Sch 3 68.74  72,813.94 449 93.14 5.62 9.74 5.24 1.25 1048.24 6.56 2.09 7.78 0.00 43.82
15XY-29-2-6 Sch 3 200.18  89824.21  5.79 106.47 14.85 10.63 4.27 1.35 990.88 6.87 1.76 7.86 0.00 33.23
15XY-29-2-7 Sch 3 0.00 11,675.75  1.32 109.74 74.48 10.41 25.06 1.63 1170.84 0.55 1.13 6.39 0.02 29.59
15XY-29-2-8 Sch 3 147.39 7561231 822 114.14 142.69 11.99 11.76 1.32 1048.01 4.92 1.90 9.09 0.01 3227
15XY-29-2-9 Sch 4 4497 3289458  2.07 89.23 16.35 9.18 26.99 1.50 1179.63 6.15 1.99 6.11 0.02 26.46
15XY-29-2-10 Sch 4 0.00 17636.97 175 87.58 7.93 10.86 21.35 157 1186.75 1.09 5.71 6.93 0.02 22.32
15XY-29-1-1 Sch 3 0.00 86685.10  18.00 119.72 19.05 10.18 7.23 1.32 1055.65 1.81 291 7.70 0.01 26.51
15XY-29-1-2 Sch 3 0.00 24606.24  5.14 102.35 47.09 9.67 23.11 1.74 1268.90 1.16 1.79 5.56 0.02 27.92
15XY-29-1-3 Sch 3 7571  18,81340 273 101.12 68.41 10.52 29.70 1.54 1295.13 4.77 1.59 6.84 0.02 27.07
15XY-29-1-4 Sch 3 1659 1792021 470 92.02 42.99 9.85 23.06 1.30 1238.47 8.31 3.08 7.59 0.02 30.67
15XY-29-1-5 Sch 3 59.33  69,605.23  4.98 101.20 56.82 13.04 11.56 1.26 1078.53 1.32 7.00 10.33 0.01 27.76
15XY-29-1-6 Sch 3 82.39  79,410.89 931 104.63 68.61 12.12 9.30 1.42 1090.63 10.03 8.46 8.53 0.01 27.87
15XY-29-1-7 Sch 3 0.00 16,264.14 537 102.81 58.83 10.10 24.79 1.88 1242.52 2.90 1.76 5.37 0.02 30.79
15XY-29-1-8 Sch 3 0.00 89,459.70  4.95 106.96 24.91 11.35 3.96 1.44 963.19 4.50 225 7.87 0.00 30.27
15XY-29-1-9 Sch 3 63.93  59,743.58 10.98 106.49 8.03 11.28 9.49 1.89 1102.08 6.28 2.58 5.96 0.01 33.40
15XY-29-1-10 Sch 3 0.00 51,315.64 14.24 120.36 3.03 10.39 8.60 1.73 112443 1.52 1.80 5.99 0.01 29.80
15XY-29-1-11 Sch 3 7021  91,62628  9.87 112.34 6.36 10.81 6.68 1.53 984.72 2.59 2.05 7.08 0.01 34.15

Sample Sch Type Na Mo As Sr Y Zr Nb Hf Ta Au Pb Zr/Hf Nb/Ta Y/Ho
15XY-31-7 Garnet 384.43 7.38 1.14 0.24 15.74 7.04 1.68 0.17 0.55 0.01 0.47 41.89 3.07 31.31
15XY-31-8 Garnet 219.27 4.22 2.68 0.49 33.16 37.89 5.51 1.61 0.64 0.00 0.26 23.60 8.60 28.95
15XY-14-4 Pyroxene 0.06 0.00 1.81 11.67 491 6.41 0.06 0.00 0.01 0.00 0.24 0.00 10.87 39.66
15XY-14-5 Pyroxene 0.18 0.23 0.00 7.41 4.95 6.03 0.00 0.50 0.00 0.02 27.47 12.03 0.00 36.03

11 0f 22
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Sch3 has different REE patterns in a single grain and varying total REE contents of 162.9-890.1 ppm
(Figure 7e-h). The change from core to rim in a single Sch3 grain shows a systematic change from
negative to positive Eu-anomaly (Eu/Eu* = 0.51-4.89) and progressive increase in the LREE/HREE
ratios of 2.5-96.2 (Figure 7e—f). Compared with Sch2a, Sch3 have higher Sr contents of 92.0-185.8 ppm
and Y contents of 3.0-142.6 ppm.

Sch4 displays the same REE patterns as the core of Sch3 with low LREE/HREE ratios of 8.4-11.9,
lower total REE contents of 188.6-249.1 ppm and Eu/Eu* ratios of 0.40-0.73, compared with those of
Sch3 (Figure 7g,h). Sch4 has lower Sr contents, 87.6-89.2 ppm, and Y contents, 7.9-16.4 ppm, than
those of Sch3.

1000UEB] Scheelite la Scheelite 2a

1000,

100

/Chondrite

10

Sample

0.1

0.01
10000

La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu

1000g

N‘u]wu]ﬂ.f.

1h Scheelite 2b
-l e 15XY-14-6
-2 e I5XY-14-7
-3 e I3XY-149
8 —a—15XY-14-10

B
15
15
15
15X Y-14-] —e— | 5XY-14-12
Granodiorite  —a— Pyroxene

LaCePr Nd SmEu GdTb Dy Ho Er TmYb Lu
Scheelite 3 —a—15XY-20-1_7
—e—15

——15XY 201 5—8—15XY 20 1 19
——15XY-29-1_6 Granodiorite

La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu
h Scheelite 3

——15XY-29-2 1——15XY-29-2 7
=e—15XY-29-2 2—6—15XY-29-2_8
—&—15XY-29-2_3Scheelite 4
—8—15XY-29-2_4 —=—15XY-29-2_9
—a—I5XY 29 2 5—8—15XY-29-2_1
—a—|5XY-29-2_6 Granodiorite

La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu

Figure 7. Chondrite-normalized REE patterns of scheelites from Xiaoyao deposit. (a) and (b) are
Schla and Sch2a in the garnet skarn, sample 15XY-31; (c) and (d) are Sch1b and Sch2b in the pyroxene
skarn, sample 15XY-14; (e-h) are Sch3 and Sch4 hosted in scheelite-rich quartz veins, sample 15XY-29.
The chondrite values are from [33]. The granodiorite data are from [28].
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5. Discussion

5.1. Oxidation State of Ore-Forming Fluids

Molybdenum cation Mo®* enters scheelite by substituting Wo* under high fO, conditions; under
low fO, and high fS, conditions, Mo®* is reduced to Mo** and precipitates as molybdenite. Thus,
the molybdenum contents within scheelite crystals can be used to indicate the oxidation conditions of
ore-forming fluids [34-36]. In the proximal zone, the MoOj3 contents of Schla are high with 5.77-10.30%,
indicating oxidized conditions (Figure 8A). The redox state of early ore-forming fluids could be inherited
from magmas, and Xiaoyao granodiorite is oxidized. The existence of accessory magnetite in the
Xiaoyao granodiorite indicates that the magmas had a high oxygen fugacity. Schlb in the distal
zone has lower MoOj; contents of 0.38-0.42% (Table 2 and Figure 8B). The carbonaceous wall rocks
may lessen the effects of such a relatively oxidized magma [17,18]. However, the lack of association
between molybdenite and Schlb under reduced conditions suggests that the ore solution may be
already depleted in molybdenum and/or under low fS, conditions [34]. The activity of molybdenum
decreases from the proximal zone to the distal zone [16]. In addition, Sch2b and Sch3 have higher
MoOj3 contents (8.07-10.17% and 4.09-9.78%, respectively), compared with Sch1b and Sch2a (Table 2
and Figure 8E-G). The late oxidized Mo-rich granodiorite dike overprints the sample location of Sch2b
(Figure 3), and Sch2b and Sch3 have the same REE patterns with ore-related granodiorite (Figure 7d,f).
The elevated Mo content may be provided by the high oxidation state, as well as an overprinting or
remobilization of the oxidized Mo-rich magmatic-hydrothermal system [17]. However, Sch2a and Sch4
have low MoOj contents (1.71-3.51% and 0.19-0.76%, respectively), accompanied by MoS, precipitation
(Figure 8C,H). These variations may be related to low fO, and high S, caused by fluid-rock interaction.
Furthermore, the precipitation of Mo-rich scheelite likely resulted in a Mo-depletion in residual fluids.
The varying redox state of ore-forming fluids is influenced by the replenishment of oxidized Mo-rich
magmatic-hydrothermal fluids and various interactions with carbonaceous wall rocks.

High Mo and O, in the proximal zone Low Mo and fO,in the proximal zone

(A)
DRP [JO.decreasing
(B)

\
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© g

JO,increpsing
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la,2a
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- High Mo scheelite
E Low Mo scheclite
Molybdenite
E Sulfide minerals

JO,decrdq
DRP

(H)

Figure 8. Sketches illustrating multiple re-equilibration processes in scheelite from the Xiaoyao
tungsten skarn deposit. The high-Mo scheelite in the proximal zone has undergone the dissolution and
re-precipitation, forming some molybdenite grains (A,B,C). The low-Mo scheelite grains in the distal
zone (D) have extensively re-equilibrated by DRP (E). Scheelite grains from the quartz-scheelite-sulfide
stage comprise the homogeneous core and growth-zoning rim (F,G). Both high-Mo and low-Mo
scheelites may have been subjected to recrystallization (F,G) and then locally modified by DRP
(H). For more details, see the text. Abbreviations: DRP = dissolution and re-precipitation,
RC = re-crystallization. The numbers 1 to 4 refer to the types of scheelite.
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The presented results indicate a positive correlation between Mo and Cd in the scheelite (Figure 9a);
therefore, the Cd content in scheelite increases under oxidized conditions. In contrast, under reduced
conditions, the Cd content of scheelite decreases. This is corroborated by the changing valence state of
Cd in an evolving ore forming fluid. Cd has two valence states, i.e. +1 and +2. Cd migrates as Cd'*
and its ionic radius is 1.14 A; Cd migrates as Cd?* and its ionic radius is 0.97 A [37]. Cd?* has the
same valence states as Ca®* and its ionic radius is close to 0.99 A of Ca®* and preferentially enters
scheelite by substituting Ca®" in fluids under oxidized conditions. The Cd average content of scheelite
in the proximal skarn is 5.60 ppm, while, in the distal skarn, it is 0.15 ppm (Table 3), indicating lower
oxidized conditions in the distal zone. These results are consistent with the lower Mo contents of the
distal zone. This suggests that, in addition to the Mo content, the Cd content of scheelite can also be
used to estimate the redox conditions of ore-forming fluids.
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Figure 9. (a) Plot of Mo vs. Cd. (b) Plot of LREE/HREE vs. Sr. (c,d) Plot of Mo vs. (La/Lu)y. the scheelite
data from the oxidized tungsten skarn deposits, including the Jitoushan and Baizhangya [9], Xitian [38];
the reduced tungsten skarn deposits, including the Zhuxi [15], Xianglushan [14], Kyanigan [39].

5.2. Disequilibrium Processes in Scheelite.

5.2.1. Dissolution and Re-Precipitation

The majority of the analyzed skarn-related scheelite has been extensively modified by dissolution
and re-precipitation (DRP) processes. The high-Mo primary Schla is replaced to various extents by a
secondary variety along fractures and/or grain boundaries (Figure 8A,B). This high-Mo Schla may have
originally formed at high temperatures and under relatively oxidizing conditions. Furthermore, it was
subsequently modified through the decrease in MoO3 contents and molybdenite precipitation, caused
by a partial reduction of Mo®" to Mo** in response to decreasing fO,. Secondary Sch2a is generally in
sharp contact with the primary Schla and intergrown with molybdenite (Figure 8C). Low-Mo Schlb
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has been modified by DRP processes (Figure 8D,E) through increases om MoOj contents, caused by
the substitution of W and Mo®* in response to increasing fO,. The replacement of garnet released
large amounts of calcium ion into the ore-forming fluid and thus raised the activity of calcium ion
in solution. Consequently, this led to a disequilibrium between precipitated scheelite and evolving
fluids [16,17]. In addition, the W contents of garnet from the Xiaoyao deposit are 219-384 ppm (Table 3);
therefore, garnet breakdown can lead to disequilibrium. Fluid-rock interaction led to the dissolution
of the primary scheelite and the formation of secondary varieties [35]. These have been identified
as important components in the formation of Xiaoyao tungsten skarn and similar deposits in the
same district. Carbonate rocks contributed to an increase in the Ca contents of ore-forming fluids,
enhanced WO,2~ solubility, and consequently led to disequilibrium. In addition, the re-equilibration
of scheelite must have resulted in an increase in the extent of grain boundaries. This is favorable for
fluid infiltration and further promotes the dissolution and re-precipitation of scheelite.

5.2.2. Recrystallization

Sch3 displays a homogeneous core and growth zoning rim (Figure 8F,G). In this study, scheelite
grains with distinctive texture comprise a Mo-rich core, and alow-Mo rim (Figure 8EG). Both generations
have significantly different trace element compositions (Figure 7e-h). Both the oxidation state and the
types of REE complexing may also be important during the recrystallization of scheelite and may have
caused the observed LREE/HREE fractionation. Sch3 grains were modified by DRP processes and were
replaced to various extents by Sch4 along fractures together with MoS, and other sulfide precipitations
(e.g., chalcopyrite and pyrrhotite) (Figure 8H). Therefore, scheelite from the Xiaoyao tungsten skarn
deposit can be concluded to have undergone complex re-equilibration processes, where the precursor
scheelite was partially modified or locally completely destroyed. Identification of such multiple
re-equilibration processes reflects the dynamic changes in the fluid systems that are responsible for
tungsten skarn formation.

5.3. Control of Chemical Variation in Scheelite.

Scheelite contains multiple groups of trace elements, such as REEs, LILEs (Sr and Pb), Mo, As,
and HFSEs (Y, Nb, and Ta) (Table 3). Scheelite can incorporate significant amounts of REEs, Sr, Pb,
and Y because of substitution for CaZ*, while Mo, As, Nb and Ta enter scheelite via substitution for
WO+ [5]. Subtle variations in the trace element geochemistry of scheelite samples from this study were
found between sample locations and scheelite types; the most significant include variations in Mo, Sr,
Y, LREEs, and HREEs.

Different substitution mechanisms lead to different chondrite-normalized REE patterns of
scheelites [5]. Three main mechanisms have been identified as responsible for REE substitution [5]:
(1) 2Ca%* = REE3* + Na*; (2) Ca®* + W = REE3* + Nb°*; and (3) 3 Ca®* = 2 REE3* + Ca, where Ca is
a Ca-site vacancy. Regarding mechanism (1), MREEs preferentially substitute into a Ca site because of
their similar ionic radii if Na is available to provide the charge balance in scheelite. Mechanism (2)
requires that scheelites are Nb>*-enriched and have Nb contents close to the LREEs, with a positive
correlation of Nb>* and Nd3* [6]. As shown in Figure 7, none of the scheelites from Xiaoyao display
MREE-enriched REE patterns, and contain very low Nb contents of 1.33-38.45 ppm, which are much
lower than their REE contents of 21-1032 ppm (Table 3). This indicates that mechanism (3) is more
applicable than either (1) or (2). Because of the vacancy in mechanism (3), the restrictions of ionic radii
were slightly modified, and the scheelite may inherit its REE composition from ore-forming fluids [9].
Schla, Sch2a, Sch3, and Sch4 in the proximal zone display LREE-enriched and slightly HREE-depleted
patterns (Figure 7). These are similar to the pattern of ore-related granodiorite, indicating that the
scheelites inherited REE compositions from magmatic-hydrothermal fluids. However, they have
higher LREE/HREE ratios compared with the ore-related granodiorite which may be caused by the
precipitation of skarn minerals with low LREE/HREE ratios of 1.4-3.0 (Figure 7b). Many researchers
reported that the REE patterns of skarn-type scheelites are enriched in LREEs but depleted in HREEs,
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which is likely caused by the precipitation of HREE-rich skarn minerals [9]. Prominent examples
include the Zhuxi and Jitoushan tungsten skarn deposits in the JNB [9] and the Kyanigan tungsten
skarn deposit in the Mogok metamorphic belt, Myanmar [39]. However, the Sch1b and Sch2b of the
distal zone with low LREE/HREE ratios of 0.3-2.1 were identified by their distinctive REE fractionation
patterns (Figure 7d). Such low LREE/HREE ratios can be interpreted by several explanations. Firstly,
mineral/mineral REE partitioning may have occurred. However, because pyroxene intergrowth with
scheelite has much lower REE contents of 0.6-13.1 ppm (Table 3), this is insufficient to change the
LREE/HREE ratios, and thus REE partitioning cannot be explained via this process. Secondly, if the
HREE-enriched patterns were assumed to be inherited from the ore-forming fluids, the ore-forming
fluids should be HREE-enriched; in contrast to the LREE-enriched patterns of ore-related granodiorite,
the inherited process cannot be explained. Thirdly, a minor distortion in Ca?* will result in a shift
from LREE enrichment to HREE enrichment, depending on the reduction in the relative size of
the crystallographic site from light to heavy REE (i.e., from 1.12 A° to 1.00 A°) [40]. The extensive
replacement of Ca?* for Sr?* may be linked to site distortions because of differences in their ionic
radii (Ca%*, 1.12 A°; Sr¥*, 1.26 A°) [40]. Sch1b and Sch2b in the distal zone are characterized by low
LREE/HREE ratios and relatively low Sr contents of 76.7-159.6 ppm. Both display a positive correlation
between LREE/HREE ratios and Sr contents (Figure 8b), which may be slightly influenced by Ca**
site distortions.

Moreover, changes from LREE- to HREE-enrichment correlate with variation in MoOj3 contents
in the distal zone (Figure 9c¢). This is corroborated by high MoOj3 contents of 8.06-10.17% for Sch2b
and low MoOj3 contents of 0.38-0.42% for Sch1b in the distal zone (Table 2 and Figure 6a), suggesting
that scheelites evolved from LREE-enrichment to HREE-enrichment because of a shift in fO,. This is
consistent with the change from HREE-enrichment to LREE-enrichment because of a shift in fO, [41].
Figure 9a,b shows positive correlations between Mo and (La/Lu)y in scheelite from Xiaoyao and in
other tungsten skarn deposits. Furthermore, the positive correlations between Mo and LREEs (La, Ce,
and Nd) (Figure 10a—c) gradually change to negative corrections between Mo and HREEs (Gd, Dy, and
Ho) (Figure 10d—f). This indicates that the redox state may directly or indirectly influence the REE
patterns of Sch1b and Sch2b.
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Strontium concentrations of Schlb in the distal zone (76-110 ppm) exceed those of Schla in the
proximal zone (67-87 ppm; Figure 11e). Furthermore, the Sr contents of Sch2a, Sch2b, and Sch3 are
higher compared with those of Schla and Schlb (Figure 11e). This may be attributed to fluid—rock
interactions, which, in general, elevate Sr contents due to Ca-bearing minerals such as carbonates
(i.e., as a substitution for Ca?") during wall-rock alteration by the tungsten-bearing fluid [42,43].
Many studies of tungsten deposits reported fluid—rock interactions as important processes during
mineralization, especially in skarn deposits [44]. Studies of the Sr content and isotope on scheelite
from the Felbertal tungsten deposit, Austria [45], and the Dahutang tungsten deposit [33] indicated
that fluid-rock interaction and alterations in host rocks by granite-derived hydrothermal fluids can
cause the observed Sr enrichment. The lower Sr concentrations of Sch4 in the quartz vein (Figure 11e)
may be due to dilution via mixing of magmatic fluids with externally-derived (meteoric) fluids [40],
which is consistent with the lower REE contents. The large variation in Sr contents in scheelite reflect
the changing Sr composition of the mineralizing fluids, which is, in turn, influenced by fluid-rock
interaction and fluid mixing.

Yttrium concentrations in scheelite also vary substantially (0.5-496.8 ppm; Figure 11a—d). Yttrium
is positively correlated with REEs, LREEs, and especially HREEs (Figure 11b—d), which is likely because
Y has a similar charge to REE** and a similar ionic radius in eightfold coordination (1.015 A), near
Ho (1.02 A) [5]. Similar to HREE, Y also displays negative correlations with Mo (Figure 11a) and
is related to the redox state. However, both Schla and Sch2a deviate from this correlation. Garnet
intergrowth with Schla and Sch2a has significant Y contents (i.e., a Y content of 24.45 ppm; Table 3),
suggesting that its precipitation may influence Y, which is depleted in Schla and Sch2a. Variations in
Y concentrations in the Xiaoyao scheelite most likely relate to the redox state or the precipitation of
Y-rich hydrothermal minerals.
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Because of their similar charge and ionic radii, Y-Ho, Zr—-Hf, and Nb-Ta pairs display coherent
behavior and hold their respective chondritic ratios in mafic to intermediate rocks [46]. In the present
study, Y and Ho are positively correlated with Y/Ho of 13.78-43.82, whereas Zr—Hf and Nb-Ta
relationships displayed widely scattered patterns with Zr/Hf of 4.63-20.83 and Nb/Ta < 0.05 (Table 3).
The positive correlation between Y and Ho suggests their similar chemical behavior in hydrothermal
systems [46]. However, an explanation for the deviation of these ratios from the chondritic values is still
under debate. These elements are mainly concentrated in minor/accessory minerals, the crystallization
of which can modify the ratio [47]. Trace element fractionation by scheelite in the hydrothermal
system leads to the variable non-chondritic Y/Ho and Zr/Hf ratios of scheelite [39]. The Y/Ho ratios of
scheelite from Xiaoyao gradually increase (17.86-26.54, 13.70-34.50, and 22.32-43.82) from the skarn
stage to the quartz vein stage. This may be due to fractionation caused by fluid-rock interaction
and metasomatism [48] or the breakdown of skarn minerals with high Y/Ho (28.94-39.65, Table 3).
The Zr/Hf ratios of scheelite increase (4.63-6.92 and 6.23-20.83) from the skarn stage to the retrograde
alteration stage, which may be due to fractionation or the breakdown of skarn minerals with high
Zr/Hf (average of 19.38, Table 3). The Zr/Hf ratios of scheelite decrease (5.37-10.33) in the quartz-vein
stage, which may be due to the precipitation of hydrothermal zircon. This suggestion is supported by
the mineral assemblage of hydrothermal zircon, which is intergrown with scheelite in the quartz-vein
stage (Figure 5h). Compared with most geological materials (e.g., Nb/Ta of chondrites ~17.5; average
continental crust ~11) [49], scheelites have a very low Nb/Ta ratio (<0.05), reflecting relatively high
abundances of Ta. Fluid fractionation leads to an enrichment of Ta relative to Nb [50]. The data in this
paper support this model and show that hydrothermal fluids efficiently fractionate the Nb/Ta ratio.

Based on the above textural and geochemical characteristics, the REE and trace element
characteristics of scheelites are influenced by substitution mechanisms, fluid-rock interaction, redox
state, fluid mixing, fluid fractionation, and mineral/mineral REE partitioning. The texture may reflect
multiple fluid pluses with fluctuating chemical properties and depositional conditions and may indicate
modification of the pre-existing scheelite by late-stage fluids in the ore-system.

5.4. Implication for Ore-Forming Processes

Granodiorite has a zircon U-Pb isotope age of 149.4 + 1.1 Ma, which is consistent with the
molybdenite Re-Os age (148.7 + 2.5 Ma) at the Xiaoyao deposit, suggesting that it is genetically related
to skarn formation and mineralization [28]. Paragenetic studies on textural and physicochemical data
show that the Xiaoyao skarn may be classified as an oxidized tungsten deposit that can form in an
evolving magmatic-hydrothermal system. Alterations and mineralizations at the Xiaoyao have been
associated with calc-alkaline magmatic activity.

The tungsten-rich magmatic fluids migrated and interacted with wall rock, thus forming garnet
skarns in the proximal zone and pyroxene skarns in the distal zone (Figure 3). Andradite is characterized
by low LREE/HREE ratios and a negative Eu anomaly. The tungsten was incorporated into garnet,
reaching high contents of 219-384 ppm (Table 3). The precipitation of garnet with low LREE/HREE
ratios likely resulted in an enrichment of LREE and a depletion of HREE in the residual fluids. Schla
in the proximal zone inherited magmatic-hydrothermal fluids with LREE enrichment, HREE depletion,
and negative Eu anomaly (Table 3 and Figure 7b). The tungsten-rich magmatic fluids interacted with
the carbonaceous wall rock, which may have led to lower fO, in the distal Sch1b. The low fO, can lead
to HREE and Y enrichment in scheelite and an alteration in carbonate wall rocks by granite-derived
hydrothermal fluids, which release high Sr contents. Sch1b in the distal zone is characterized by an
HREE-enriched pattern with lower MoOj contents, as well as higher Sr and Y contents (Table 3 and
Figure 7d).

Following intensive fluid—rock interaction, the ore-forming fluids showed lower fO,. Replacement
of garnet released large amounts of calcium ions into the ore-forming fluid, thus raising the activity of
calcium ion in solution, and leading to the dissolution and re-precipitation of Schla and Schlb, as well
as the formation of Sch2a and Sch2b [16,17]. The lower fO, resulted in a decrease in MoOj3 contents
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in Sch2a. The HREE-depleted patterns of Schla and Sch2a were influenced by the precipitation of
garnet with low LREE/HREE ratios (Figure 7b). The fluid—rock interaction and alteration in the host
rocks by granite-derived hydrothermal fluids can cause Sr enrichment in Sch2a and Sch2b. Sch2a
is characterized by HREE-depletion patterns with lower MoOj3, and higher Sr contents (Table 3 and
Figure 7b). As a result of the overlaying of the late oxidized granodiorite dike to the sample of Sch2b
(Figure 3), the ore-forming fluids became higher in fO,. Sch2b displayed a similar pattern, with
granodiorite with higher MoO3 and higher Sr contents (Table 3 and Figure 7d).

The subsequently appearing magmatic-hydrothermal fluids formed quartz-scheelite veins, which
typically crosscut early tungsten skarn ores (Figure 5a). The ore-forming fluids increased in fO,
and interacted with the wall rock, thus causing the hydrothermal growth of Sch3. Sch3 exhibits a
homogeneous core and growth zoning rim (Figure 5f—h). The homogeneous core of Sch3 displays a
similar pattern to that of ore-related granodiorite, which further demonstrates that scheelite is derived
from magmatic-hydrothermal fluids. The growth zoning rim displays a strong HREE-depletion pattern,
similar to Schla and Sch2a, which may be caused by the precipitation of HREE-rich hydrothermal
minerals. Continuing fluid-rock interaction can cause Sr enrichment. Sch3 is characterized by
LREE-enrichment patterns with higher MoOs contents, higher REE, Sr, and Y contents compared with
Sch2a (Table 3 and Figure 7f). Mixing with meteoric water resulted in the recrystallization of Sch3
and formation of Sch4. Meteoric waters normally show very low contents of REE and trace elements,
which could cause a decrease in REE and trace element contents of ore-forming fluid as a result of
dilution. Sch4 has a similar pattern to Sch3, but has lower REE, Mo, Sr, and Y contents (Table 3 and
Figure 7h). In addition, the hydrogen-oxygen isotope data from both the Jitoushan and Dongyuan
deposits (which are closely situated to the Xiaoyao deposit) further demonstrate that the ore-forming
fluids are mainly magmatic with the addition of meteoric water during the late stage [51,52].

In summary, textural and trace element signatures indicate a magmatic-hydrothermal formation
model and the mechanism of tungsten ore enrichment. Fluid-rock interaction and fluid mixing may be
important enrichment mechanisms that generated the Xiaoyao tungsten deposit.

6. Conclusions

(1)  Scheelite can record the following complex growth histories based on CL images: homogeneous
Schla and Schlb, dissolution and re-precipitation Sch2a and Sch2b, oscillatory zoning Sch3,
and Sch4 in micro-fractures. These four types of scheelite have different MoO3; and Cd contents,
indicating fluctuating changes in the oxygen fugacity from the skarn stage to the quartz vein stage;

(2) Variations in REE patterns in scheelite are influenced by the REE patterns of ore-related
granodiorite, the precipitation of hydrothermal minerals with low LREE/HREE ratios,
and changing oxygen fugacity during fluid-rock interaction;

(3) The increasing Sr contents and Y/Ho ratios of scheelite from the skarn stage to the quartz vein
stage indicate continuing fluid-rock interaction. This fluid—rock interaction may be an important
enrichment mechanism underlying the generation the Xiaoyao tungsten deposit.
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