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ARTICLE INFO ABSTRACT

Keywords: The Middle Jiangnan orogenic belt is a very important tungsten (W) polymetallic belt in China. There are many
Ore-forming fluid evolution types of W deposits in the belt, including veinlet-disseminated and stratabound deposits, which have different
Scheelite

origins. The veinlet-disseminated Dahutang W deposit has undergone extensive alteration, such as biotitization
(potassic alteration), and greisenization. Scheelite in veinlet-disseminated W mineralization displays a zoned
texture indicating at least two generations. The early generation (D1) from the Dahutang W deposit exhibits
magmatic hydrothermal characteristics with comparatively high Nb, Ta, and Mo concentrations, but a low Sr
concentration (44 to 95 ppm). In contrast, the scheelite samples from the Xi’an W deposit has relatively low Nb,
Ta, and Mo concentrations, but a high Sr concentration (582 to 861 ppm), mainly originating from a meta-
morphic fluid that mixed with meteoric water. The composition of the late generation of scheelite (D2) samples
from the Dahutang deposit are intermediate between the composition of scheelite (D1) and scheelite of the Xi’an
depsoit. The mineral chemistry of the scheelite samples indicate that the ore-forming fluids of the Dahutang
deposit were dominated by magmatic hydrothermal fluids during the early stage, and that meteoric water was
added during fluid evolution. The rare earth elements (REEs) in the scheelite samples, especially the variation of
the 8Eu (Eun/((Smy x Gdn)®®)) values, record the change in oxygen fugacity. The ore-forming fluids in the early
stage of the Dahutang deposit were reduced becoming oxidized during the precipitation of the D2 scheelite,
whereas the ore-forming fluids of the Xi’an deposit were oxidized. An increased oxygen fugacity of the ore-
forming fluids of the Dahutang deposit restricted the precipitation of wolframite and promoted the formation
of scheelite. Extensive alteration resulted in the decomposition of plagioclase, thus releasing Ca and Sr for the
crystallization of scheelite at the Dahutang tungsten deposit.

In-situ trace element analysis
Tungsten mineralization
Dahutang tungsten deposit
South China

1. Introduction to 40 cm), quartz veinlet belts (quartz veins width from 1.0 cm to 20.0

cm, usually 5.0 cm to 10 cm), and crypto-explosive breccias (Xiang et al.,

The Middle Jiangnan orogenic belt in south China hosts many
tungsten (W) deposits of different origins (Liu et al., 1982; Liu and Ma,
1987b). However, W deposits in the belt are thought to be formed by
different hydrothermal systems. The giant Dahutang W deposit has total
reserves of>1.31 Mt of WOs3 (Zhang et al., 2018b), which originates
from Yanshanian granites. The W orebodies are mostly distributed in the
contact zone between the Yanshanian porphyritic biotite granite and
Neoproterozoic biotite granodiorite. The main types of mineral deposits
are veinlet-disseminated (disseminated quartz veins width from 0.01 cm
to 1.0 cm), quartz veins (quartz veins width > 20 cm, usually from 20 cm

* Corresponding authors.

2013b). In contrast, the Woxi and Xi’an Au-W deposits in northwestern
Hunan are stratabound deposits, which are believed to have been
formed by metamorphic and recycled meteoric water (Wan, 1985; Ma
and Liu, 1992; Liu et al., 1993, 2000; Ten et al., 1999; Gu et al., 2005). It
is still not well understood why these different types of W deposits could
form within the same belt. Furthermore, the origin and evolution of ore-
forming fluids in these W mineralization systems have not been well
constrained.

Scheelite is a hydrothermal mineral that can precipitate in various
types of hydrothermal systems, including W-Au-Sb, Au-Sb, and W
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deposits. Scheelite can incorporate abundant trace elements, such as
rare earth elements (REEs), Sr, Y, Pb, Mn, and Mo, via substitution of
Ca%* or WO in the crystal lattice (Raimbault et al., 1993; Ghaderi et al.,
1999; Liu et al., 2007). These substitutions are controlled mainly by the
composition and physicochemical nature of the associated fluids (Syl-
vester and Ghaderi, 1997; Brugger et al., 2000b, 2008; Peng et al., 2010;
Zhang and Peng, 2012; Song et al., 2014; Li et al., 2018; Sciuba et al.,
2019). In addition, europium (Eu) has multiple valence states, whereby
Eu* has a partition coefficient much higher than Eu?* (Brugger et al.,
2000a, 2000b). Therefore, the Eu?*/Eu* ratio is particularly sensitive
to the pH of ore-forming fluids and can document changes in the
oxidation state of the fluids (Brugger et al., 2006, 2008). Scheelite is
luminescent under an electron beam, which allows the study of textural
zonation and changes in trace element composition (Sciuba et al., 2019).
Elements including REEs, Y, As, and Sr in scheelite have minor effects on
the cathodoluminescence (CL) response (Brugger et al., 2000a; MacRae
et al., 2009; Poulin, 2016; Poulin et al., 2016), whereas variations in Mo
are typically visible in cathodoluminescence (CL) images (Poulin, 2016;
Poulin et al., 2016). Therefore, the CL image and elemental composition
of scheelite can record changes in the compositions and physicochemical
conditions of ore-forming fluids during W mineralization.

The Dahutang W deposit is a typical granite-related deposit in the
Middle Jiangnan orogenic belt, whereas the Xi’an W deposit is a stra-
tabound deposit. Northwest Hunan is one of the important Au-Sb-W
regions in the Middle Jiangnan orogenic belt, South China. The gene-
sis of Xi’an W deposit has been well defined in previous studies (Ma and
Liu, 1991, 1992; Niu and Ma, 1992; Shi et al., 1993; Liu et al., 1993;
Peng et al., 2003; Zhang et al., 2018d).

The chemical and mineralogical character of the scheelite from the
Dahutang and Xi’an tungsten deposits may give a new perspective to
understand the relationship between the magmatic hydrothermal
(granite-related) W-Sn deposits and the metamorphic origin hydro-
thermal (stratabound) Au-W deposits, and provide new insights into the
ore-forming process of the Dahutang tungsten deposit. In this study, we
compare the scheelite from the Xi’an deposit sourced from metamorphic
fluids mixed with deep cyclic seawater to scheelite from the Dahutang
deposit. We compare the mineral texture and chemistry of the scheelite
samples from the two deposits to constrain the origin and evolution of W
mineralization in the Middle Jiangnan orogenic belt.

2. Regional geology

The Jiangnan orogenic belt is situated on the northeastern boundary
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between the Cathaysia and Yangtze blocks (Fig. 1) (Shu et al., 1995; Li
et al., 2009; Shu, 2012), and is one of the important polymetallic/met-
allogenic belts in China. The belt is divided into three sections: the
Eastern, Middle and Western Jiangnan orogenic belts (Shu et al., 1993;
Zhangetal., 2013; Han et al., 2016). There are several W ore fields in the
Middle Jiangnan orogenic belt, including the Jiuling W polymetallic
field and the Woxi-Xi’an Au-Sb-W ore field (Fig. 1).

The Jiuling W polymetallic ore field is composed of many large to
extremely large W polymetallic deposits, including the Xianglushan,
Dahutang, Huashandong, Penshang, Yangculing, Lianhuaxing, and
Cungian deposits (Zhang, 2018). The exposed granite in the Jiuling W
polymetallic ore field is comprised of Neoproterozoic granodiorite
(Zhong et al., 2005; Wang et al., 2008). The Yanshanian granite in the
ore field is composed of several phases, including I-type granite
(170-160 Ma) (Ding et al., 2005; Lou et al., 2005; Hu et al., 2015) and
highly differentiated S-type granite (150-130 Ma) (Liu et al., 2008a;
Huang and Jiang, 2014; Li et al., 2014; Zhang et al., 2016). The W
polymetallic mineralization is understood to be related to S-type granite
(Liu et al., 2008a; Huang and Jiang, 2014; Li et al., 2014; Zhang et al.,
2016).

The Woxi-Xi’an Au-Sb-W district consists of the Woxi W-Au-Sb,
Xi’an W, Zhazixi W-Sb, and Xichong W-Sb deposits. The host rock of
these deposits is metamorphosed Neoproterozoic rocks. The Woxi
W-Au-Sb deposit is an extremely large deposit with huge reserves of
0.25 Mt WO3, 42 t Au, and 1.67 Mt Sb (Ten et al., 1999; Liu et al., 2000),
and with>100 years of mining history (Kuang et al., 2004). The deposit
is hosted in the Neoproterozoic Madiyi Formation of the Banxi Group.
Mineralization mainly occurs as banded and network quartz veins with a
small amount of altered breccias (Ten et al., 1999; Kuang et al., 2004).
Previous studies revealed two stages of mineralization at Woxi with
Caledonian (402 Ma + 6 Ma) and Yanshanian ages (144.8 Ma + 11.7
Ma) (Shi et al., 1993; Peng et al., 2003).

3. Deposit geology
3.1. Dahutang W deposit

The host rock of the Dahutang W deposit is mainly Neoproterozoic
biotite granodiorite of the Jiuling batholith (820 Ma) (Li et al., 2003;
Zhong et al., 2005; Zhang, 2013; Yang et al., 2014). There are three main
stages of Yanshanian granites in the Dahutang W deposit (Fig. 2). The
early stage is porphyritic biotite granite with an age of 147 to 150 Ma
(Mao et al., 2015). The second stage is medium- to fine-grained granite
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Fig. 1. Geological map of the Middle Jiangnan orogenic belt (after Ma et al. (2002) and Zhang (2018)).
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Fig. 3. Mineralogical characteristics of scheelite from the Dahutang and Xi’an tungsten deposits. (a) quartz veins and veinlet-disseminated type from the greise-
nization of porphyritic biotite granite; (b) stockworks from biotite alteration and greisenization of Neoproterozoic biotite granodiorite; (c) quartz veins (Xi’an de-
posit); (d) scheelite paragenetic with wolframite (Dahutang deposit); (e) scheelite core and border (Dahutang deposit); (f) oscillatory zoning of scheelite secondary
electrons map (SEM) (Dahutang deposit); (g) oscillatory zoning of scheelite cathodoluminescence (CL) image (Dahutang deposit); (h) SEM of scheelite shows a two-
stage mineralization (Dahutang deposit); (j) CL image of scheelite showing two-stage mineralization (Dahutang deposit); (k) SEM of scheelite showing two-stage
mineralization (Xi’an deposit); (1) CL image of scheelite showing two-stage mineralization (Xi’an deposit). Q: quartz; Wol: wolframite; Schl: scheelite stage 1;
Sch2: scheelite stage 2; Mus: muscovite; Ap: apatite.
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with an age of 144 to 146 Ma (Mao et al., 2015). The last stage is mainly
granite porphyry and porphyry veins with zircon U-Pb ages of 140 to
130 Ma (Jiang et al., 2015).

Four alteration types have been recognized in the Neoproterozoic
biotite granodiorite at Dahutang (Zhang et al., 2018b). I: Biotite alter-
ation (biotitization), which is characterized by two types of biotite (re-
equilibrated and hydrothermal biotite) accompanied by mineralization
(mostly an assemblage of biotite + wolframite + apatite). II: Phyllic
(fine-grained aggregate of muscovite (Li-phengite) + quartz) alteration
with hydrothermal alteration immediately after biotitization, with some
sulfides deposited. III: Greisenization comprised of muscovite (zinn-
waldite + Li-phengite) + quartz + wolframite + scheelite + sulfide. IV:
Silicification (hydrothermal quartz and quartz veins) that overprinted
the previous stages. Alkaline alteration (sodic, potassic, and greiseni-
zation) is locally overprinted by acidic alteration (silicification) in the
porphyritic biotite granite (the inner contact zone), which plays an
important role in the enrichment of W (Zhang et al., 2018b).

Tungsten mineralization is mainly distributed in the inner and outer
zones of the contact between the Yanshanian porphyritic granite and
Neoproterozoic biotite granodiorite (Fig. 3a and b). The reserves in the
outer zone are larger than those in the inner zone (Xiang et al., 2013b;
Zhang et al., 2017). The Neoproterozoic biotite granodiorite in the
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contact zone has been through extensive biotitization (potassic alter-
ation). Tungsten mineralization is mostly concentrated in the biotite
alteration zone (Zhang et al., 2018b, 2018c).

The Dahutang W deposit is composed of four segments: Shimensi,
Dawutang, Shiweidong, and Kunshan (from the north to the south;
Fig. 2a and 2b) (Zhang et al., 2018b). The Shimensi segment is the
largest, with reserves of > 0.74 Mt WO3 at grades of 0.195% (Xiang
et al., 2013b). The Dawutang segment is located in the south of the
Shimensi segment, with WOj3 reserves of > 0.25 Mt, the W orebodies of
these two segments are mainly hosted in the Neoproterozoic biotite
granodiorite (Zhang et al., 2017). The Shiweidong segment has WO3
reserves of > 0.3 Mt (Feng et al., 2012). The Shiweidong W minerali-
zation mainly occurs in the outer contact zone between the Yanshanian
porphyritic biotite granite, Neoproterozoic biotite granodiorite and low-
grade metamorphosed sedimentary strata (Feng et al., 2012). The
Kunshan segment is a large Mo-Cu-W polymetallic deposit. The W
mineralization mainly occurs in the outer contact zone between the
Yanshanian porphyry biotite granite and the Shuanggiaoshan Group
(Zhang et al., 2016). The W mineralization of the Dahutang deposit
occurs as veinlet-disseminated, quartz vein type, and hydrothermal
crypto-explosive breccia types (Xiang et al., 2013a, 2013b; Zhang et al.,
2017).
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3.2. Xi’an Au-W deposit

The Xi’an W deposit is located in the southern limb of the paleo
Foshan overturned anticline, which is a secondary structure of the
Xuefengshan Uplift belt in the Middle Jiangnan orogenic belt (Wan,
1986). The host rocks are the Neoproterozoic Banxi and Lengjiaxi groups
(Fig. 4a and b). The Xi’an W deposit is mainly composed of purplish-red,
grayish-green slate, and sandy siltstone. Several carbonate layers and
limestone lenses between the lower part of the Banxi Group and the
upper part of the Lengjiaxi Group host the orebodies of the Xi’an W
deposit. Faults are well developed in this area, with an east-west
trending fault being the main fault that runs through the entire Wox-
i-Xi’an Au-W-Sb ore field and controls the distribution of the deposits
(Fig. 4a). The northeast, north-northeast, and north-south trending
faults control the distribution of mineralization in the Xi’an W deposit.
The intersection of the carbonate layer by fractures and a fracture zone is
the most favorable location for ore precipitation. No igneous rock is
exposed within 20-40 km of the deposit, and no evidence of concealed
intrusions has been identified (Wan, 1986).

There are 11 quartz—calcite veins with W mineralization at the Xi’an
W deposit (Wan, 1986), which are controlled by structure and lith-
ofacies. Tungsten mineralization is mainly of the vein-network type,
followed by the quartz vein type. The main minerals are scheelite,
quartz, and calcite (Fig. 3e and f) as well as a small amount of chalco-
pyrite, pyrite, and native gold. Scheelite mainly occurs in the quartz and
calcite veins. Some occurs as hydrothermal veins or breccia cement in
fracture zones in carbonate areas, and also as a scheelite + quartz +
calcite association in altered carbonates.

4. Analytical methods and results
4.1. Sampling and analytical methods

Scheelite samples from veinlet-disseminated and quartz vein types of
mineralization in the altered Neoproterozoic granodiorite and Yan-
shanian porphyry biotite granite within the four segments of the
Dahutang deposit were used in this study (Fig. 2b and Table 1). Scheelite
samples from a quartz vein in the altered Neoproterozoic Banxi Group
from the Xi’an W deposit were also analyzed (Fig. 3c and Table 1).

Quantitative chemical analyses of the scheelite samples were per-
formed on polished thin sections using a JEOL JXA-8230 EMPA at the

Table 1
The scheelite sampling location and description from Dahutang and Xi’an
Wdeposit.

Sample Location Description
1 14dwtk36  From Dawutang segment Quartz vein side
quartz vein No. 53, Adit 81, Greisenization altered
Elevation = 1340 m Yanshanian porphyry biotite
granite, disseminated ore
sample. The quartz vein width
55 cm, dip angle 71°.
2 15dwtz21 From Dawutang segment the Greisenization altered
drill ZK11-4, E: Neoproterozoic biotite
114°57'21.804", N: granodiorite, disseminated
28°56/22.484", sample ore.
elevation = 1601 m
3 15SWD48 From Shiweidong segment, the Quartz vein side
Adit 3, quartz vein No. 15-7, Greisenization altered
Elevation = 1170 m Neoproterozoic biotite
granodiorite, disseminated
ore sample. Quartz vein width
3 cm, dip angle 30°.
4 14XAW02 From Xi’an W deposit, adit 3-3, Quartz vein orebody, coarse-

quartz vein 5-1,

grained scheelite fossil quartz
vein, scheelite 0.1-20 mm,
quartz vein width 50 cm, tilt
north-northwest, dip angle
65°.
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State Key Laboratory of Nuclear Resources and Environment, East China
University of Technology, China. The operating conditions were set at a
probe current of 20nA, an acceleration voltage of 15 kV for all elements,
and a beam diameter of 1.0 pm for scheelite. Cathodoluminescence
imaging was performed at 15 kV and 20nA using a CAMECA cath-
odoluminoscope. The CL was recorded as gray-scale images to document
textures and zonation in scheelite.

The LA-ICP-MS analysis was performed by FocuMS Technology Co.
Ltd., Nanjing, China. Laser sampling was performed using a Cetac
Photon Machine with a 193 nm ArF excimer laser ablation system,
coupled to an Agilent 7700x ICP-MS. A 40-um spot was used with an
energy density of 5.6 J/cm? and a repetition rate of 5 Hz. The instrument
settings were optimized by ablating the NIST SRM 610 standard to
obtain high signal intensities but a low oxide content (ThO/Th < 0.3%)
and doubly charged ion (Ba®"/Ba™ < 0.4%) production. Each LA-ICP-
MS analysis incorporated a ~15 s background acquisition (gas blank)
and a 40 s data acquisition from each sample. Every nine-spot analyses
were followed by a NIST SRM 610 analysis to correct the time-
dependent drift of sensitivity and mass discrimination of the ICP-MS.
Reference glasses (NIST612 and NIST610) were analyzed prior to and
after the sample measurements. The NIST SRM 610 was used as the
external standard and data reduction was performed using the ICPMS-
DataCal software (Liu et al., 2008b). Raw data reduction was performed
off-line with the ICPMSDataCal 10.1 software using the 100%-normal-
ization strategy without applying an internal standard (Liu et al.,
2008b). The standard deviation of the trace elements was better than +
10%.

4.2. Results

4.2.1. Cathodoluminescence and mineralogy

The mineralogy of the scheelite samples from the Dahutang W de-
posit (Fig. 3) indicate at least two generations of scheelite in the veinlet-
disseminated W mineralization. During the early stage, wolframite was
surrounded by scheelite (D1), with a later generation of scheelite (D2)
formed around the early scheelite stage (D1) (see Fig. 3c and d). Under
the orthogonal polarizing microscope, D1 was observed to be dark
purple, while D2 was dark blue. The two generations of scheelite from
the Dahutang W deposit exhibit different CL characteristics; D1 had a
dark blue CL (Fig. 3g, j), granular form and altered wolframite at the
core of the scheelite grain (Fig. 3d, e). In contrast, D2 had a bright blue
CL and encloses the D1 (Fig. 3e, g).

The scheelite from the Xi’an W deposit was observed to be gray-
white under a microscope. The texture and mineral association sug-
gest that scheelite in the Xi’an deposit includes at least two generations
but with limited differences. The early generation (X1) had a bright blue
CL and granular core (Fig. 3k, 31), whereas the later generation (X2) had
a dark blue CL and enclosed the early scheelite (Fig. 3e, 3g).

4.2.2. Trace element and REE composition

(1) Scheelite from the Dahutang W deposit

The Mo concentration of the early scheelite (D1) and late scheelite
(D2) ranged from 27 ppm to 175 ppm and 36 ppm to 176 ppm,
respectively (Table 2). Fig. 5a shows that the Nb + Ta concentration and
total rare earth elements (XREE) contents of the D1 scheelite samples
were relatively high compared to the Xi’an W deposit (Table 2). The Nb
+ Ta concentration of the D1 samples (28-133 ppm, mean of 74 ppm)
from the Dahutang deposit is generally higher than that of the D2
samples (5.7-145 ppm, mean of 57 ppm), both of which are higher than
the scheelite samples from the Xi’an tungsten deposit (1.0-1.3 ppm,
mean of 1.2 ppm) (Fig. 5a). The plot of U + Th versus the ZREE contents
of the scheelite samples shows that the U + Th concentration of the D1
samples is lower than the Xi’an W deposit (Fig. 5b and Table 2). The U +
Th concentration of the D1 samples (0.06-88 ppm, mean of 8.9 ppm) is
lower than that of the D2 samples (0.3-44 ppm, mean of 11.9 ppm), and
both are lower than the scheelite from the Xi’an W deposit (0.54-54
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Table 2
EMPA and LA-ICP-MS analyses of major and trace elements in scheelite at the Dahutang and Xi’an tungsten deposit.

Sample 15swd48- 15swd48- 15swd48- 15swd48- 15swd48- 14dwtk36- 14dwtk36- 14dwtk36- 14dwtk36- 15dwtz21-  15dwtz21-  15dwtz21-
02 03 05 06 13 01 02 04 05 1-03 1-04 1-05

Segment/ Shiweidong Shiweidong Shiweidong Shiweidong Shiweidong Dawutang Dawutang Dawutang Dawutang Dawutang Dawutang  Dawutang

deposit

Generation D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 D1

EMPA (wt%)

WO3 78.39 79.69 78.80 78.49 78.54 79.87 78.75 79.33 80.97 80.14 80.55 80.25

Si02 0.22 0.22 0.27 0.23 - - 0.25 - - - 0.21 -

CaO 19.40 19.70 19.46 19.30 19.28 19.45 19.62 19.50 19.51 19.51 19.58 19.55

Na,O - - - 0.02 0.02 0.05 0.04 0.06 0.02 - - 0.01

MoO3 0.07 0.04 - 0.10 0.05 - 0.01 0.03 - - 0.13 -

F 0.01 - - 0.02 - - 0.01 - 0.04 0.02 0.01 0.05

SrO - - - - - - - - - - - -

FeO - 0.02 0.03 0.09 0.04 - 0.09 0.01 0.01 0.03 0.06 0.05

MnO 0.03 0.02 - 0.03 - 0.01 - - - - - 0.02

P,0s 0.08 0.07 0.07 0.05 0.09 0.07 0.10 0.07 0.04 0.06 0.03 0.07

Total 98.20 99.76 98.63. 98.32 98.01 99.46 98.87 99.00 100.58 99.76 100.57 99.99

LA-ICP-MS (ppm)

Cr 0.38 29 1.2 1.2 3.4 2895 29.9 87 11.8 14.2 3.4 13.5

Ni 0.19 0.21 0.14 0.02 0.09 1.39 0.01 0.03 0.05 0.03 - 0.22

Cu 0.11 0.19 - 0.02 0.04 3.64 3.32 0.03 - 0.44 0.11 0.17

Zn 0.24 0.57 3.28 1.64 - 1.72 0.65 3.56 - 0.49 0.37 1

Mo 155 132 157 154 175 48 50 34 37 39 38 27.2

Sn 3.4 3.3 6.5 2.78 2.65 0.78 0.93 0.67 0.64 2.89 3 3.4

Rb 0.04 0.91 0.14 0.69 0.15 1.1 5.4 0.05 0.03 0.1 0.03 0.17

Sr 44 63 77 68 65 54 51 55 55 78 78 95

Zr 0.02 0.02 0.06 0.01 0.01 0.1 0.04 0.05 0.04 0.03 0.01 0.03

Hf 0.01 0.04 0.03 - - 0.02 0.02 0.02 0.02 0.01 - 0.01

Nb 115 95 27.3 113 27.0 78 53 60 45 67 56 129

Ta 4.8 4.0 1.06 3.9 0.9 1.3 1.17 1.01 0.94 1.36 0.88 3.4

Ba 0.07 0.21 0.7 0.04 0.1 0.51 2.95 0.27 0.12 0.13 0.09 0.41

Th 0.28 0.41 86 9.9 1.41 0.03 0.08 0.02 0.02 0.9 0.18 0.39

18) 0.19 0.15 1.43 1.31 0.44 2.11 0.21 0.08 0.04 0.27 0.11 0.29

Pb 29.5 38 29.2 34 26.0 24.8 17.0 18.4 20.3 15.6 14.8 15.2

Y 789 1140 1002 355 611 503 596 496 564 454 374 449

Au 0.53 0.84 0.68 0.69 0.69 0.63 0.67 0.74 0.75 0.72 0.76 0.69

Sb - 0.07 - 0.09 - 1 0.1 0.03 0.04 - - 0.07

Nb + Ta 120 99 28 117 28 80 54 61 46 69 57 133

U+Th 0.47 0.56 87.69 11.21 1.85 2.14 0.29 0.1 0.06 1.17 0.29 0.68

Sample 15SWD48-04 15SWD48-07 15SWD48-08 15SWD48-11 15SWD48-12 15dwtz21-1-01 15dwtz21-1-02 15dwtz21-2-03 15dwtz21-2-04

Segment/deposit  Shiweidong Shiweidong Shiweidong Shiweidong Shiweidong Dawutang Dawutang Dawutang Dawutang

Generation D2 D2 D2 D2 D2 D2 D2 D2 D2

EMPA (wt%)

WO3 79.06 79.32 79.07 79.01 78.36 79.21 79.08 80.02 81.10

Si02 - - - 0.11 - 0.22 - 0.25 0.21

CaO 19.36 19.43 19.51 19.58 19.68 19.57 19.59 19.54 19.78

NayO - 0.01 - - - 0.01 0.02 - -

MoO3 0.14 - 0.10 0.03 0.02 0.14 0.12 0.10 -

F 0.01 - 0.03 - - 0.07 0.01 - -

SrO - - - - - - - - -

FeO - 0.05 - 0.41 0.03 0.07 0.05 0.02 -

MnO 0.04 0.01 - - 0.01 - 0.11 0.01 0.02

P50s - 0.04 0.03 0.06 0.07 0.09 0.02 - -

Total 98.60 98.87 98.72 99.19 98.18 99.35 98.99 99.94 101.12

LA-ICP-MS (ppm)

Cr 0.61 1 - 1.14 1.69 0.94 0.89 19.4 4.1

Ni 0.08 0.17 0.1 - 0.05 0.05 0.05 0.11 0.23

Cu - - 0.22 0.23 0.03 - - 0.05 -

Zn 0.39 0.59 0.45 0.57 - 0.12 - 0.95 -

Mo 121 155 157 176 140 167 148 43 36

Sn 2.9 3.2 3.1 2.2 2.3 2.7 3.6 2.1 2.8

Rb 0.21 0.09 0.02 0.05 0.06 0.05 0.06 0.1 0.01

Sr 59 69 79 170 96 62 73 920 95

Zr 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.03 -

Hf 0.02 - 0.01 - - 0.01 - 0.01 -

Nb 139 12.6 26.0 5.5 83 9.8 130 46 44

Ta 5.4 0.39 1 0.18 3.7 0.24 3.7 1.05 111

Ba - 0.02 0.05 0.16 0.06 - 0.09 0.09 -

Th 0.2 5.9 229 35.2 0.51 7.42 13.4 0.36 0.16

U 0.1 1.75 4.82 9.13 0.18 2.00 1.69 0.2 0.13

Pb 26.2 29.9 31.0 29.5 22.1 28.3 39 16.3 17.0

Y 980 578 376 271 678 369 181 315 249

Au 0.66 0.65 0.91 0.72 0.89 0.74 0.7 0.74 0.74

Sb 0.04 - 0.1 - - 0.06 0.17 - 0.14

Nb-+Ta 145 13.0 27.0 5.7 87 10.1 134 47 45

U+Th 0.3 7.7 27.7 44.3 0.69 9.4 15.1 0.56 0.29



Y. Zhang et al.

Ore Geology Reviews 127 (2020) 103806

Sample 14xaw-1-01 14xaw-1-02 14xaw-2-03 14xaw-2-01 14xaw-1-03 14xaw-2-04 14xaw-2-02 14xaw-2-05
Deposit Xi’an Xi’an Xi’an Xi’an Xi’an Xi’an Xi’an Xi’an
Generation X1 X1 X1 X2 X2 X2 X2 X2
EMPA (wt%)

WO3 79.82 80.96 81.46 80.26 78.87 81.65 80.05 79.61
Sio2 - 0.20 0.21 - 0.21 - 0.20 -
CaO 20.05 20.37 19.82 20.01 20.28 18.06 20.25 20.12
NaoO 0.01 0.03 0.01 - - - 0.01 -
MoO3 - 0.20 0.01 - - 0.06 0.03 -

F _ _ _ _ _ _ _ _

SrO - - - - - - - -
FeO 0.02 - 0.03 - - 0.08 0.02 0.07
MnO - - 0.01 - 0.01 0.04 - -
P,0s5 - 0.04 0.04 0.01 0.05 0.04 0.05 0.01
Total 99.90 101.79 101.60 100.29 99.42 99.93 100.61 99.81
LA-ICP-MS (ppm)

Cr 18.0 14 0.27 0.97 32 0.29 1.79 4.4
Ni 0.09 0.16 0.11 - 0.17 0.06 0.1 -

Cu 0.02 0.06 - 0.01 0.12 - 0.13 0.18
Zn 1.46 0.13 0.21 0.18 0.08 - 0.12 0.09
Mo 1.48 1.49 3.42 3.84 1.77 1.58 2.03 3.21
Sn 0.31 - - 0.49 - 0.87 0.01 0.84
Rb 0.35 0.38 0.03 - 0.04 0.09 0.02 -

Sr 861 715 640 718 873 582 614 707
Zr 0.07 0.02 0.04 0.06 0.08 0.03 0.01 0.1
Hf 0.03 0.07 0.01 - - 0.01 - -

Nb 1.29 1.19 1.00 1.24 1.15 1.20 1.09 1.11
Ta 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.04
Ba 0.03 0.19 0.05 0.09 0.83 0.18 0.07 0.17
Th 0.04 0.05 0.13 0.1 0.06 0.16 0.23 0.11
U 3.8 0.49 11.7 36 21.8 0.17 9.5 54
Pb 86 28 42 61 71 20.3 36 53

Y 975 1007 275 10.7 501 567 174 22.7
Au 0.61 0.66 0.71 0.73 0.65 0.74 0.66 0.65
Sb 0.09 0.47 0.28 1.64 5.24 2.26 8.22 1.77
Nb+Ta 1.31 1.21 1.01 1.25 1.17 1.21 1.10 1.15
U+Th 3.82 0.54 11.85 36 21.8 0.33 9.75 54

“-” means under the detection limit.

ppm, mean of 17.3 ppm) (Fig. 5a).

The D1 scheelite samples have a relatively high abundance of ZREE
(779-2561 ppm), a light REE/heavy REE (LREE/HREE) ratio of
4.33-10.7, and a Lay,Yby ratio of 41.5-196 (Table 3 and Fig. 6b). The
8Eu values of the D1 samples ranged from 0.17 to 0.85 with negative
anomalies (Table 3 and Fig. 6b). The D2 samples exhibited lower REE
contents (147-1068 ppm), a LREE/HREE ratio of 3.55-8.63, and a
Lay,Yby ratio of 80-195. The 8Eu values of the D2 samples ranged from
1.16 to 9.51, with positive anomalies (Table 3 and Fig. 6¢).

The REE characteristics for the two stages of scheelite are quite
different (Fig. 6b). During the early scheelite stage, the scheelite (core)
exhibits negative Eu anomalies, and the LREEs and HREEs were not
differentiated. The REE distribution curve of the D2 scheelite samples
exhibited positive Eu anomalies (Fig. 6¢).

(2) Scheelite from the Xi’an W deposit

The scheelite samples from the Xi’an tungsten deposit have relatively
low Mo concentrations (1.48-3.84 ppm) (Table 2), lower than that of the
D1 and D2 samples. The scheelite from Xi’an W contains ZREE contents
of 11.8-983 ppm, lower than the scheelite samples from the Dahutang W
deposit. The LREE/HREE ratio varies from 0.08 to 3.24, and the Lay,Yby
ratio from 0.23 to 91. The scheelite samples from the Xi’an W deposit
have 8Eu values of 0.76-1.14 (Table 3). The REE contents decreased
from the core of the scheelite (X1) towards the rim (X2) (Fig. 6a).

The REE characteristics of the X1 samples is similar to that of the
samples from the Woxi Au-Sb-W deposit, with no obvious Eu anomalies
or relative loss of LREEs and HREESs, but an enrichment of medium REEs
(MREEs). However, the X2 samples were characterized by lower MREE
contents but enriched LREEs and HREEs.

5. Discussion

The four alteration types of the Dahutang W deposit have recorded

physicochemical information regarding the transformation of ore-
forming fluids into hydrothermal minerals (e.g., hydrothermal biotite,
muscovite, scheelite, and quartz). A high oxygen fugacity (fO2) of the
hydrothermal fluid would inhibited the formation of wolframite or the
decomposition of early wolframite, but would be beneficial to the for-
mation of scheelite (Liu and Ma, 1987a). The chemical composition of
hydrothermal alteration and biotite suggest that a high oxygen fugacity
during biotitization (Log(fO2) = -13.6 to —14.1) was unfavorable for
wolframite deposition (Zhang et al., 2018b). As the oxygen fugacity
decreased during the early greisenization (Log(fO3) = -17.6 to —17.8)
process, wolframite could precipitate from the hydrothermal fluids
(Zhang et al., 2018b). The formation of abundant scheelite requires a
high f(O3) and a sufficient Ca concentration in the hydrothermal fluid
(Liu and Ma, 1987a). Hence, the f(O2) and composition of the ore-
forming fluids that formed the later greisenization (mostly scheelite,
Li-phengite and some quartz) must change. The Eu anomalies of
scheelite record the physicochemical characteristics of the fluid, espe-
cially the f(O2) (Brugger et al., 2008).

The Woxi-Xi’an Au-Sb-W ore field is an important stratabound
Au-Sb-W metallogenic belt. The Woxi Au-Sb-W and Xi’an Au-W de-
posit are mainly hosted by Neoproterozoic strata, and formed during the
Caledonian and Yanshanian. The ore-forming materials of the Xi’an
Au-W and Woxi Au-Sb-W deposits were mainly formed by the leaching
the Neoproterozoic wall rock, primarily with an ore-forming fluid of a
metamorphic-origin (Wan, 1985; Ten et al., 1999; Liu et al., 2000).
Previous work has confirmed that the ore-forming fluid of the Woxi
Au-Sb-W and Xi’an Au-W deposit originated from metamorphic fluids
mixed with deep cycling seawater (Wan, 1985, 1986; Zhang, 1985; Ma
and Liu, 1992; Gu et al., 2005; Peng et al., 2006). Hence, W, Au, and Sb
were leached from the Neoproterozoic strata by the infiltration of
meteoric fluids at depth, which mixed with the metamorphic fluid,
leading to the formation of a regional geochemical negative gold
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Fig. 5. Trace element characteristics of scheelite from the Dahutang and Xi’an tungsten deposits (the scheelite data for Huangshaping are from Ding et al. (2018)).

anomaly zone (Ma and Liu, 1991, 1992; Niu and Ma, 1992; Liu et al.,
1993). The fluid further evolved into an ore-forming fluid before
migrating to the favorable ore-forming structure, and then precipitated
to form the deposit (Ma and Liu, 1991, 1992; Niu and Ma, 1992; Liu
et al., 1993; Zhang et al., 2018d). Geochronology shows that the age of
the Woxi-Xi’an Au-Sb-W ore field is Caledonian (402 + 6 Ma) and
Yanshanian (144.8 + 11.7 Ma) (Shi et al., 1993; Peng et al., 2003). The
two mineralization ages correspond to the Devonian and Cretaceous
magmatism respectively in the Middle Jiangnan orogenic belt (Zhang,
2018).

Thus, both the Dahutang and Xi’an W deposits were mainly formed
by a tectonomagmatic event (magmatic-hydrothermal or magmatic-
heat) in the Middle Jiangnan orogenic belt. The scheelite of the Xi’an
W deposits mainly formed as the result of magmatic heat driving
metamorphic fluids that had mixed with deep cycling seawater. After
investigating the chemical composition of the scheelite samples from the
Dahutang and Xi’an W deposits, we propose that the f(O3) changed
during the evolution of the Dahutang W deposit. In addition, the trace
element characteristics of the scheelite from Dahutang and Xi’an W
deposits may provide a new perspective to understand the ore-forming



Table 3
LA-ICP-MS analysis of REE in scheelite from the Dahutang and Xi’an tungsten deposits (ppm).
Sample 15SWD48- 15SWD48- 15SWD48- 15SWD48- 15SWD48- 15dwtz21- 15dwtz21- 15dwtz21- 14dwtk36- 14dwtk36- 14dwtk36- 14dwtk36- 15SWD48- 15SWD48- 15SWD48-
02 03 05 06 13 1-03 1-04 1-05 01 02 04 05 04 07 08
Generation D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 D2 D2 D2
La 90 133 481 153 161 256 220 193 69 39 54 58 255 86 60
Ce 282 438 952 310 338 714 559 516 284 151 238 241 405 108 88
Pr 45 71 109 37 42 84 68 66 50 26 48 44 39 10 8.4
Nd 224 422 438 148 167 357 281 278 249 144 299 251 133 31 31
Sm 71 145 102 35 41 79 59 71 85 60 129 105 28 8.5 8.8
Eu 8.4 14.0 18.3 8.6 13.9 17.4 14.9 16.3 14.0 10.2 9.5 9.4 15.8 7.7 8.2
Gd 90 198 109 33 46 72 50 73 99 94 168 133 30.6 14.5 11.3
Tb 15.0 32 179 5.2 8.0 11.7 8.7 12.6 16.9 17.4 26.3 22.5 5.8 3.2 2.2
Dy 99 199 117 33 52 70 55 80 102 113 142 131 39 24.8 17.1
Ho 21.6 42 26.2 7.5 121 14.3 11.0 16.1 18.7 23.1 22.8 23.2 9.5 6.2 4.3
Er 58 106 77 22.5 39 43 35 46 47 57 49 54 32 21 14.1
Tm 8.2 12.9 11.8 3.9 6.5 7.8 6.4 7.8 6.0 6.6 5.1 6.2 6 3.4 2.6
Yb 53 75 89 34 53 59 47 52 32 34 26 31 59 30 24.3
Lu 6.3 9.2 13.4 5.6 8.0 7.7 5.9 6.6 4.0 4.0 2.7 3.7 10.2 5.1 4.1
XREE 1071 1897 2561 837 988 1793 1421 1435 1077 779 1218 1113 1068 360 284
LREE 641 1064 1980 648 708 1411 1128 1054 652 359 639 594 832 235 187
MREE 284 587 364 115 161 251 188 252 317 295 474 400 119 59 48
HREE 147 246 218 73 119 131 105 129 108 124 105 119 117 66 49
LREE/ 4.37 4.33 9.09 8.83 5.97 10.74 10.73 8.15 6.03 2.89 6.08 5.01 7.1 3.6 3.8
HREE
Lay,Yby 62 64 196 163 111 159 169 134 78 41 76 67 156 102 90
SEu 0.28 0.22 0.46 0.68 0.85 0.61 0.73 0.6 0.4 0.36 0.17 0.21 1.4 1.8 2.2
Sample 15SWD48- 15SWD48- 15dwtz21-1- 15dwtz21-1- 15dwtz21-2- 15dwtz21-2- 14xaw-1- 14xaw-1- 14xaw-2- 14xaw-2- 14xaw-1- 14xaw-2- 14xaw-2- 14xaw-2-
11 12 01 02 03 04 01 02 03 01 03 04 02 05
D2 D2 D2 D2 D2 D2 X1 X1 X1 X2 X2 X2 X2 X2
La 193 83 147 137 23 31 0.82 0.39 0.16 2.23 2.34 3.3 4.2 7.1
Ce 298 146 324 311 44 55 3.9 3.4 2.21 4.0 3.4 8.3 2.6 3.5
Pr 28 13.6 33 34 4.9 5.5 1.94 2.05 2.84 1.03 0.67 2.03 0.35 0.44
Nd 87 46 105 106 17 18 17.0 20.8 51 6.1 2.47 8 1.10 1.10
Sm 17.4 10.4 21 21.3 4.2 4.3 27.1 45 89 4.6 0.81 1.56 0.16 0.08
Eu 10.3 4.2 15.8 16.9 16.2 13.5 22.0 35 42 2.60 0.96 0.74 0.10 0.02
Gd 18.5 8.9 19 20.9 5 4.6 97 162 229 10.6 3.0 3 0.35 0.09
Tb 3.3 1.6 4.2 4.4 1.10 1.00 30 46 39 3.0 1.47 0.55 0.05 0.01
Dy 24.6 11.6 32.4 34.5 8.5 8.7 239 343 214 27.3 19.7 7 0.35 0.20
Ho 5.6 2.7 7.4 7.1 1.9 2 52 68 36 7.1 6.7 1.95 0.08 0.05
Er 19.6 9 26.6 24.6 6.8 7.1 137 161 71 25 32 9 0.28 0.30
Tm 3.8 1.8 5.5 5.1 1.3 1.6 17.0 17.6 6.5 4.2 7.5 2.18 0.10 0.20
Yb 36 17 48 43 10.6 12.5 76 73 24.8 27.5 61 18 1.67 3
Lu 6 2.9 6.5 5.9 1.6 1.8 7.5 6.5 2.19 3.4 8.3 2.8 0.42 0.83
XREE 750 358 796 772 146 166 728 983 809 128 151 68 11.8 17.3
LREE 605 288 609 588 89 109 23.7 26.7 56 13.3 8.8 21.3 8.3 12.1
MREE 74 37 92 98 35 32 415 631 613 48 25.9 12.0 1.01 0.39
HREE 71 33 94 86 22 25 290 325 140 67 116 35 3 5
LREE/ 8.5 8.6 6.5 6.8 4 4.4 0.08 0.08 0.4 0.2 0.08 0.62 3.2 2.53
HREE
LaN/YbN 195 176 110 115 80 91 0.39 0.19 0.23 2.94 1.39 6.55 91 75
SEu 1.5 1.2 2.1 2.1 9.5 8 1.14 1.09 0.79 0.99 1.64 0.99 1.11 0.76

w2

means under the detection limit.
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Fig. 6. Rare earth element (REE) distribution diagrams of (a) scheelite from the
Xi’an deposit (Woxi data from Peng et al. (2005)), (b) of early scheelite (core)
from the Dahutang deposit, and (c) scheelite (border) from the Dahutang de-
posit (the REE data of Neoproterozoic granodiorite and Mesozoic granite are
from Zhang et al. (2018¢)).

fluids of the Dahutang W deposit.

5.1. The source of ore-forming fluids of Dahutang W deposit

Ore-forming fluids in the Earth’s crust have three major sources
(Dolejs and Wagner, 2008): (1) meteoric fluid, groundwater/seawater,
and basinal fluids (Cathles, 1990; Gleeson and Yardley, 2003; Gleeson
et al., 2003) that are enriched with Na, K, Ca, Mg, Cl’, SO, and HCO3

10
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(Demicco et al., 2005). (2) Metamorphic fluids produced by meta-
morphic dehydration and decarbonation reactions (Connolly and
Thompson, 1989; Hanson, 1992; Kerrick and Connolly, 1998; Wing and
Ferry, 2002), which are characterized by low granitophile element
concentrations and high Sr and Ba concentrations (Van Daele et al.,
2018). (3) Magmatic hydrothermal fluids formed from volatiles released
from crystallizing magmas (Holland, 1972; Burnham, 1979; Carroll and
Webster, 1994). Magmatic-hydrothermal fluids associated with W-Sn
mineralization would be enriched in Na, Li, As, Nb, Mo, Sn, Sb, Ta, and
W (Eugster, 1985; Liu and Cao, 1987; Bottrell and Yardley, 1988; Dolejs
and Wagner, 2008).

The trace element composition of scheelite can be used to identify
the source and evolution of ore-forming fluids (Sun and Chen, 2017;
Zhang et al., 2018a; Zhao et al., 2018). The relatively high Na, Nb, Ta,
and Mo concentrations but low Sr concentrations of the D1 scheelite
(Fig. 7a, Table 2) suggest a magmatic hydrothermal fluid origin (Eug-
ster, 1985; Liu and Cao, 1987; Bottrell and Yardley, 1988; Dolejs and
Wagner, 2008). The stable isotope compositions of the ore-forming
fluids (5'®0fyia = 5.4%o to 8.8%0 and 8D = —102%o to —75%0) (Song
et al., 2018) suggest that the magma-derived fluids were exsolved from
the Late Jurassic granites at Dahutang. In contrast, the scheelite samples
from the Xi’an deposit are characterized by relatively low Na, Nb, Ta,
and Mo concentrations but high Sr, indicating a non-magmatic source.
Previous studies of the ore-forming fluids of the Woxi and Xi’an deposits
reported that they were mainly metamorphic fluids mixed with deep
cyclic seawater (Wan, 1985; Ma and Liu, 1992; Niu and Ma, 1992; Liu
et al., 1993; Peng et al., 2003, 2006). The variation in Eu concentration
versus Sr of scheelite can also be used to trace the source of ore-forming
fluids (Fig. 8a). The scheelite samples from the Xi’an deposit plot on a
mixing line of metamorphic fluids and meteoritic water, consistent with
the mixed source suggested in the previous studies.

Antimony is sensitive to the temperature of the ore-forming fluids,
the higher the temperature, the greater the solubility of Sb in the fluid
(Biver and Shotyk, 2013; Watson and Baxter, 2007). Therefore, the Sb
concentration of scheelite may reflect the composition or temperature of
the ore-forming fluid. The Sb concentration of the scheelite samples
from the Dahutang deposit is very low (<1 ppm, mostly < 0.1 ppm),
supporting a magmatic origin. In contrast, the scheelite samples, espe-
cially the X2 samples from the Xi’an deposit, have a relatively high Sb
concentration (Fig. 5h), which is consistent with its precipitation from
low-temperature fluids (c.f. Biver and Shotyk, 2013; Wilson et al.,
2007).

In summary, the scheelite (D1) chemical composition reveal that the
Dahutang deposit was formed by magmatic hydrothermal fluids,
whereas the Xi’an deposit was formed by a low-temperature mixed fluid
(metamorphic fluid with recycled meteoric water).

5.2. The evolution of ore-forming fluids of Dahutang and possible controls

Multi-generations of scheelite are ubiquitous in veinlet-disseminated
W deposits in the Jiangnan Orogenic Belt. For example, the Muguayuan
W deposit in the Middle Jiangnan orogenic belt, about 120 km away
from the Xi’an W deposit (Fig. 1), is characterized by veinlet-
disseminated W mineralization that developed in the Sanxianba
granitic porphyry stock. The Muguayuan W deposit is formed by two
stages (Li et al., 2018). From Stages I to II, scheelite Mo and Mn contents
show a nearly linear change, which might have been caused by the
successive precipitation of hydrothermal minerals (Li et al., 2018). The
precipitation of molybdenite would significantly decrease Mo concen-
tration in ore-forming fluids, leading to the precipitation of low-Mo
scheelite in the later stages of mineralization of Muguayuan deposit
(Li et al., 2018). Two generations of scheelite in the Dahutang W deposit
have similar Mo concentrations (27.6 to 176 ppm), which are lower than
the stage I scheelite (189 to 3420 ppm) of the Muguayuan W deposit, but
higher than that of the stage II scheelite (0 to 1.85 ppm) (Li et al., 2018).
Two generations of scheelite have similar Mo contents, indicating that
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no molybdenite precipitated during the formation of these two genera-
tions at the Dahutang W deposit. Low-Mo contents of scheelite result
from a low Mo concentration ore-forming fluid.

The early generation scheelite (D1) has higher Na, Nb, and Ta but
lower Sr than the late stage (D2) samples (Fig. 7). Thus, it is likely that
the fluids that formed the D1 scheelite were magmatic hydrothermal
fluids with high Na, Nb, and Ta concentrations but a low Sr concen-
tration, whereas the fluids that precipitated the D2 scheelite had rela-
tively low Na, Nb, Ta, and higher Sr concentrations. Molybdenum tends
to be enriched in magmatic hydrothermal fluids (Audétat and Pettke,
2003). In addition, Nb and Ta are often enriched in scheelite or Nb-Ta-
rich oxides (e.g., rutile). The lack of oxides in the scheelite-bearing veins
suggests that the decreased Nb + Ta concentration was not caused by the
fractionation of such oxides. The D1 scheelite samples had high Nb + Ta
concentration, hence, crystallization of such an Nb-Ta-rich scheelite
would result in a significant depletion of Nb and Ta in the evolved fluids.

The D2 scheelite samples of the Dahutang W deposit have higher Sr
contents than the D1 scheelite, suggesting that the later stage (D2) fluids
contained more Sr than the early stage (D1) fluids. The early stage (D1)
fluids of the Dahutang deposit are characterized by a high Nb, Rb/Sr
ratio but low Sr concentration (Table 2, Fig. 7), which is similar to the
fluid of the typically magmatic hydrothermal W-Sn mineralization
system (Eugster, 1985; Liu and Cao, 1987; Bottrell and Yardley, 1988;
Dolejs and Wagner, 2008). The early stage (D1) fluids of the Dahutang
deposit may have been derived from a highly fractionated granite
resulting in a low Sr concentration. The association between the D1
scheelite and apatite (Fig. 3) is consistent with the Sr-depleted nature of
the ore-forming fluids during the early stage. Strontium is compatible in
both apatite and scheelite; hence, the crystallization of apatite and
scheelite would lower the Sr concentration of the hydrothermal fluids
(Brugger et al., 2000b; Prowatke and Klemme, 2006).

The higher Sr concentration of the D2 scheelite samples from the
Dahutang deposit are similar to the scheelite samples from the Xi’an
tungsten deposit (Fig. 8a). The Sr concentration of the fresh (unaltered)
Neoproterozoic granodiorite varies from 72 to 200 ppm (mean = 110
ppm), whereas Sr concentration of the biotitization + greisenization
altered granodiorite ranges from 19 to 85 ppm (mean = 44 ppm) (Zhang
et al., 2018c). Consequently, the later stage (D2) fluids could not be
derived solely by the evolution of the ore-forming fluids. Therefore, a Sr-
rich source would have been required to form the high-Sr fluids during
D2, such as an oxidized fluid formed after the fluid-rock interaction with
a higher Sr wall rock such as the Neoproterozoic granodiorite.

The W mineralization of the Dahutang deposit is associated with
extensive alkaline alteration. The Yanshanian granites have a relatively
low Sr concentration; hence, the alteration of these granites would not
account for the contribution of Sr to the evolved fluids (Zhang et al.,
2018c). In contrast, the altered Jiuling granodiorites have lower Ca and
Sr concentrations than the fresh rock (Zhang et al., 2018c), likely due to
the decomposition of plagioclase. This suggests that Ca and Sr were
leached out during the alteration of Neoproterozoic granodiorite (Zhang
et al., 2018c).
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scheelite (core) from the Dahutang deposit
and the scheelite from the Xi’an deposit.

The scheelite in the Dahutang deposit is characterized by an
increasing Sr concentration with increasing elevation (Fig. 2b and 8b).
The scheelite samples from the Shiweidong segment have higher Sr
concentrations (170 ppm) than that of the Dawutang and Shimensi
segments but close to the Xi’an W deposit (Fig. 2b and 8c). Tungsten
mineralization occurs in Neoproterozoic strata in the Shiweidong
segment, but these strata are lacking in the Dawutang and Shimensi
segments. Therefore, recycled meteoric water may made variable con-
tributions to the increased Sr concentration of ore-forming fluids.

Unlike the REEs in the D1 and D2 scheelite samples, the scheelite
samples from the Xi’an deposit exhibited a depletion of MREEs and
HREEs during the evolution of fluids (Fig. 6). The REE distribution
pattern of the X1 scheelite samples from the Xi’an W deposit are similar
to those from the Woxi W-Au-Sb deposit (Peng et al., 2005). The MREEs
have the highest partition coefficient in scheelite; therefore, the crys-
tallization of scheelite in a closed system would significantly deplete
MREEs in the evolved fluids, whereas there would only be a slight
variation in an open system (Li et al., 2018). The variation of the REE
pattern of the samples from the Xi’an deposit was similar to that of the
stage II scheelite samples from the Muguayuan W deposit, which sug-
gests the precipitation of scheelite at a low water/mineral ratio.

Therefore, the evolution of the Xi’an deposit can help provide insight
into the ore-forming fluids of the Dahutang deposit. The decomposition
of plagioclase plays an important role in the evolution of the fluids. In
different segments of the Dahutang deposit, recycled meteoric water
makes variable contributions but for the W mineralization, the crystal-
lization of hydrothermal minerals (particularly scheelite) controls the
change in the composition of ore-forming fluids.

5.3. Variation of oxygen fugacity of ore-forming fluids

In nature, Eu has two valences: + 3 and + 2 (Henderson, 1984).
There are three main factors that control the Eu anomalies in scheelite:
(1) the Eu**/Eu®" ratio in fluids, (2) the partition coefficient of Eu®* and
Eu®* between scheelite and fluids, and (3) the Eu concentration of fluids
(Shannon, 1976). The radius of the eightfold coordination of the Eu?*
ion is much larger than that of Ca*, which is not conducive to the
replacement of Ca2* in the scheelite crystal lattice by Eu?* (Shannon,
1976). The radius of the eightfold coordination of Eu®* is similar to the
radius of other REE3" ions, which is more compatible with Ca®*
replacement in the scheelite lattice. In addition, Eu®" has a partition
coefficient between scheelite and fluids that is similar to other REE>*,
but much higher than Eu?* (Brugger et al., 2000b). Therefore, on a plot
of chondrite-normalized Eu (Euy) versus Eu*y (Eu*y = (Smy + Gdy)/2),
the scheelite from Eu?*-dominant reduced fluids plot parallel to the x-
axis, whereas scheelite from Eu®*-dominant oxidized fluids plot along a
line with a slope of 1 (Ghaderi et al., 1999). The data for the D1 and D2
scheelite samples form a nearly horizontal line (Fig. 10), suggesting that
Eu?" is dominant in the ore-forming fluids of the Dahutang deposit. We
note that the D2 samples from the Shiweidong segment show a trend
with a slope near 1, suggesting that the f(O5) of the ore-forming fluids
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increased during fluid evolution up to the Shiweidong segment.

The oxygen fugacity of the tungsten ore-forming fluid strongly con-
trols the migration and precipitation of tungsten from the fluid. Previous
studies have shown a low f(O2) during early greisenization (Log(fO2) =
-17.6 to —17.8), which would allow wolframite and scheelite D1 to
precipitate from the hydrothermal fluids. Oxygen fugacity increases
during later greisenization with precipitation of scheelite D2, which
would be unfavorable for wolframite deposition. At the same time, the
crystallization of zinnwaldite (muscovite formed during greisenization)
would lower the Fe concentration of hydrothermal fluids, which would
further restrict the deposition of wolframite. Subsequently, the
increasing fO of the fluid inhibits the formation of wolframite or the
decomposition of early wolframite (Liu and Ma, 1987a), whereas a
higher f(O,) is beneficial to the formation of scheelite. A relatively high f
(0Oy) and sufficient Ca concentration would cause the ore-forming fluid
to begin scheelite precipitation. However, the ore-forming fluids would
still be reduced, given the dominance of Eu?" at the early greisenization
stage. The reductive evolution of fluid to a low f(O5) is conducive to the
formation of wolframite. With the addition of oxidized recycled mete-
oric water at the later greisenization and silicification stage, the fluids
become more oxidized with Eu>* dominant which would be conducive
to the formation of scheelite D2.

The REE contents of the Xi’an scheelite samples vary greatly from the
core to the rim, especially with respect to the fractionation of MREEs and
HREEs; however, there was no 8Eu anomaly (Fig. 6a). The REE distri-
bution curve of the X1 scheelite samples from the Xi’an W deposit is
similar to that of samples from the Woxi W-Au-Sb deposit (Peng et al.,
2005), which was formed by fluids with a high f(O3) (Gu et al., 2005;
Peng et al., 2005). Hence, the fluid that formed the scheelite (core) of the
Xi’an W deposit may be mainly Eu®", and the ore-forming fluids prob-
ably had a relatively high f(O2). The X2 scheelite samples also had no
5Eu anomaly, thus indicating that the fluids may be dominated by Eu>*
and have the same f(O3) (Fig. 9). On the plot of Eu*y versus Euy (Fig. 9),
the data of the X1 and X2 scheelite samples from the Xi’an deposit plot as
a line with a slope near 1, which indicated a Eu®" dominant oxidized
fluid; hence, the Xi’an W deposit was formed by oxidized fluids.

The chemical composition of veinlet-disseminated scheelite trace the
ore-forming fluids of the Dahutang deposit were initially reduced and
evolved to be oxidized. The ore-forming fluids of the Xi’an deposit were
oxidized based on the chemical composition of scheelite. The increase in
the oxygen fugacity of the ore-forming fluids of the Dahutang deposit led
to the termination of wolframite crystallization and was favorable for
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Fig. 9. Plot of chondrite-normalized Eu concentrations (Euy) vs. calculated
Eu*y values of scheelite from the Dahutang and Xi’an deposits, where Eu*y =
(Smy + Gdy)/2. The dashed line represents 1:1 correlation line assuming that
Euy is identical to Eu*y.
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the precipitation of scheelite D2 to form the veinlet-disseminated W
deposit.

6. Conclusions

(1) The mineralogy and in-situ trace element characteristics revealed
that the W mineralization of the Dahutang deposit was formed in
two stages. The early fluids were magma-derived with high Nb,
Ta, and Mo concentrations, whereas the later fluids had lower Nb,
Ta, and Mo concentrations. The early fluids contained low Eu and
Sr concentrations, whereas the later fluids contained higher Eu
and Sr concentrations. This implies that the decomposition of
plagioclase in granodiorite played an important role in the pre-
cipitation of scheelite.

The ore-forming fluids of the Xi’an W deposit were probably a
mixture of metamorphic and meteoric water, which was char-
acterized by the lowest Nb, Ta, and Mo concentrations but the
highest Sr concentration of all scheelite samples.

The ore-forming fluids at the early stage of the Dahutang deposit
were reduced and evolved to oxidized to form the D2 scheelite,
whereas the ore-forming fluids of the Xi’an deposit were
oxidized. The increase in the f(O3) of the ore-forming fluids of the
Dahutang deposit led to the termination of wolframite crystalli-
zation and was favorable for the precipitation of scheelite.

(2)
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