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Minerals associated with ores (gangue minerals) record the physicochemical conditions of ore-forming
fluids. Whether and/or how they affect the solubility of ore minerals, however, is rarely evaluated.
Here, we present results of an experimental study of the solubility of scheelite (responsible for >70% of
the global supply of tungsten). They show that phosphate and fluoride sequester calcium from scheelite
to form apatite and/or fluorite. These gangue minerals, which are common in tungsten deposits, vary in
abundance depending on pH and the phosphorus/fluorine content of the fluid. Because of their precipi-
tation, scheelite dissolution releases hundreds of ppm of tungsten to the fluid, especially at near neutral
pH. This suggests that the presence of phosphorus/fluorine in a tungsten-bearing hydrothermal fluid may
prevent the deposition of scheelite due to the formation of apatite/fluorite, or lead to the dissolution of
scheelite and, in turn, enrich the fluid in tungsten. Models based on our data show that magmatic-
hydrothermal phosphorus- and fluorine-rich fluids are enriched in tungsten by a factor of up to 220 dur-
ing high-temperature alteration, and form high-grade deposits of ferberite on cooling, or of scheelite
because of their interaction with calcium-enriched rocks. Thus, the concentration of fluorine and phos-
phorus, as well as pH, are key factors affecting the transport and deposition of tungsten in calcium-
bearing hydrothermal systems that, if they act synergistically, can efficiently remobilize early low-
grade tungsten mineralization and enrich the ore-forming fluids in tungsten, leading to the formation
of giant deposits. Such competition between ore and gangue minerals for components of the mineralizing
fluid is also probably a feature of hydrothermal systems involving other metals and should be considered
in future studies of the genesis of the corresponding ores.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction other factors, including the concentration of the metal in the fluid,
Gangueminerals play an important role in studies of hydrother-
mal metallic mineral deposit genesis by providing essential infor-
mation on the physicochemical conditions of ore formation
(Hedenquist and Lowenstern, 1994; Audétat et al., 1998; Ulrich
et al., 1999; Seward et al., 2014). This information helps in predict-
ing the solubility of ore minerals and the aqueous speciation of the
corresponding metals, in turn, enabling the construction of robust
models of hydrothermal ore genesis (Heinrich, 1990; Williams-
Jones and Migdisov, 2014; Brugger et al., 2016). A fact that is
generally ignored, however, is that ore mineral solubility may be
controlled by the competition of the gangue minerals for some of
the cations and anions that compose the ore minerals. Thus, depo-
sition of gangue minerals can deplete the hydrothermal fluid in
ions that are required to form ores and consequently, even if all
are favorable, a deposit may not form. Deposition of gangue miner-
als also may lead to the dissolution of an ore mineral, if the gangue
minerals have ions in common with the ore mineral, leading to an
increase in the metal concentration of the fluid and deposition of
ore in larger amounts at some other location. Understanding the
role of gangue minerals in controlling the solubility of ore miner-
als, therefore, is an important step in developing predictive tools
for the exploration of metallic mineral deposits.

Tungsten is a critical metal used widely in aerospace and other
high-technology industries. Thismetal is suppliedmainly by depos-
its that are genetically associated with highly fractionated S-type
granites characterized by relatively high contents of P2O5 (0.11–
0.40 wt%) and F (0.19–0.99 wt%) (Polya, 1989; Lu et al., 2003; Wu
et al., 2017).Moreover, apatite andfluorite are very commongangue
minerals in these deposits (Polya, 1989; Soloviev and Kryazhev,
2017; Song et al., 2018a, 2018c; Xie et al., 2019; Roy-Garand et al.,
2022). This indicates that the ore-forming fluids are relatively
enriched in phosphorus and fluorine. Apatite and fluorite are also
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abundant in somealbitites,which are considered to record the path-
ways of the ore-forming fluids (Rasmussen et al., 2011; Song et al.,
2020). In addition, it is noteworthy that the remobilization of tung-
sten from scheelite- and/or wolframite-bearing rocks, including
endo-skarns, greisens, and albitites, and accompanying fluorite
and/or apatite deposition is a very common feature of many tung-
sten deposits (e.g., Tikus Sn-W, Schwartz and Surjono, 1990; Mount
Pleasant W-Mo-Sn, Samson, 1990; Shizhuyuan W-Sn-Mo-Bi,
Jingwen et al., 1996; Lu et al., 2003; Kyzyltau W, Graupner et al.,
1999; Carris W-Mo-Sn, Moura et al., 2014; Dahutang W, Huang
and Jiang, 2014; Song et al., 2018c; Huangshaping W, Ding et al.,
2018; Weodong W, Choi et al., 2020; Cuonadong Be-W-Sn, Xie
et al., 2020; Huangtian W, Han et al., 2020; Sandaozhuang W, Zhan
et al., 2021). Indeed, at Zhuxi (one of the largest tungsten deposits
in the World, with resource of 3.44 Mt WO3), the replacement of
early disseminated scheelite in the associated granitic intrusions,
albitites, and endo-skarns by fluorite and/or apatite is interpreted
to have supplied much of the tungsten for the main stage, vein-
controlled scheelite mineralization (Song et al., 2018a, 2018b,
2020). Thus, a question that is deserving of consideration iswhether
phosphorus and fluorine play a direct role in tungsten ore genesis or
are just bystanders to the process.

Numerous studies have proposed that tungsten ore minerals
(scheelite and wolframite) deposit in response to cooling, fluid-
mixing or fluid-rock interaction from low salinity, aqueous-
carbonic fluids at temperatures between 250 and 350 �C
(Campbell and Robinsoncook, 1987; Polya, 1989; Wood and
Samson, 2000; Bailly et al., 2002; Wei et al., 2012; Ni et al.,
2015; Lecumberri-Sanchez et al., 2017; Legros et al., 2019; Pan
et al., 2019; Yang et al., 2019; Ni et al., 2022), and a number of
studies have proposed that the tungsten in these fluids is trans-
ported primarily as the species, H2WO4, HWO4

�, and WO4
2�

(Wesolowski et al., 1984; Wood and Samson, 2000; Wang et al.,
2019; Wang et al., 2020; Carocci et al., 2022; Qiu et al., 2022), or
H3WO4F2�, if the fluids are fluorine-bearing (Wang et al., 2021). In
evaluating tungsten transport and deposition, however, few
researchers have given consideration to the role of apatite and flu-
orite in buffering calcium and fluorine ion activity, thereby control-
ling scheelite solubility, or the role of phosphate as a transport
ligand for tungsten that could also affect scheelite solubility; phos-
phate is a hard ligand that is likely to form strong complexes with
tungsten (Pearson, 1963; Williams-Jones and Migdisov, 2014).

In order to better understand the factors controlling the
hydrothermal transport and deposition of tungsten, we carried out
experiments designed to evaluate the solubility of scheelite at 250
and 350 �C in P- and/or F-bearing aqueous solutions with pH values
from 2 to 7, i.e., from acidic to slightly alkaline. The results clearly
show that the phosphate and fluoride ions combine with calcium
released from scheelite to form apatite and fluorite, thereby sharply
increasing the solubility of tungsten, especially in fluids with near
neutral to neutral pH. They also show that both fluoride and phos-
phate can act as transport ligands for tungsten. This research was
complemented by the modeling of tungsten transport and deposi-
tion, the results of which indicate that magmatic-hydrothermal
phosphorus- andfluorine-richfluids canbegreatly enriched in tung-
sten during the alteration of granites to endo-greisens and albitites,
leading to the formation of high-grade tungsten ores. The observa-
tions of the competition between ore and ganguemineralsmay also
apply to other types of hydrothermal ore deposits.

2. Methods

2.1. Solubility experiments

The experimental equipment and methods adopted in this
study are the same as those used in previous studies at McGill
2

University (Migdisov and Williams-Jones, 2007; Wang et al.,
2021). The fluorine-free experiments were carried out in batch-
type titanium grade 2 autoclaves (Fig. S1a), and the fluorine-
bearing experiments in Teflon test tubes contained in stainless
steel autoclaves (Fig. S1b). In both sets of experiments, the auto-
claves were heated in an oven. Scheelite solubility (CaWO4) was
investigated in 0.5 m NaCl aqueous solutions of variable fluorine
and phosphorus concentration and pH at temperatures of 250
and 350 �C, and vapor-saturated water pressure. The fluorine-
bearing solutions were prepared by adding NaF solid to
nano-pure water in amounts that yielded fluoride concentrations
ranging from 0.005 mol/kg to 0.25 mol/kg; the pH of the solutions
was controlled by adding HCl, and varied from 2 to 7 at the tem-
perature of the experiments. The phosphorus-bearing solutions
were prepared by adding NaH2PO4 and Na2HPO4 solid to nano-
pure water in amounts that yielded phosphorus concentrations
ranging from 0.005 mol/kg to 0.02 mol/kg; the pH of the solutions
was controlled by adding HCl and varied from 3 to 7 at the temper-
ature of the experiments. Finally, the fluorine- and phosphorus-
bearing solutions were prepared by adding NaF and NaH2PO4 solid
to nano-pure water in amounts that yielded fluorine concentra-
tions varying from 0.005 mol/kg to 0.05 mol/kg and phosphorus
concentrations ranging from 0.005 mol/kg to 0.02 mol/kg. The pH
of the solutions was controlled by adding HCl and varied from 3
to 7 at the experimental temperature; the amount of HCl that
needed to be added to the solutions was calculated using HCh soft-
ware (Shvarov, 2008).

The solid reactant, scheelite (CaWO4), used in the experiments
was extracted from a rock collected from the Yaogangxian deposit,
China. The scheelite crystals were crushed and the grains (20–60
mesh) were hand-picked under a binocular microscope equipped
with ultraviolet light. The purity of the grains is >99%; the <1%
impurity is due to microscopic inclusions of ankerite (Ca0.5(Fe,
Mg)0.5CO3) and fluorite. Representative scheelite grains were ana-
lyzed by EPMA, results of which are listed in Table S1. After sepa-
ration, the scheelite grains were cleaned in an ultrasonic bath,
dried and introduced into a small Teflon holder and titanium
holder (�3 cm long) for fluorine-bearing and -free experiments,
respectively. The holders were then capped by Teflon wool and
titanium fragments, respectively, to prevent mechanical transfer
of the solid to the solution. At the beginning of each experiment,
16 ml of experimental solution was added to the Teflon reactor
(fluorine-bearing) or titanium autoclave (fluorine-free).

The experiments were conducted for durations of 12–19 days,
which greatly exceeded the time taken in previous experimental
studies of tungsten trioxide solubility in fluorine-bearing and -
free experiments for tungsten to reach a steady state concentration
at temperatures of 100 and 250 �C (6–7 days) (Wang et al., 2019;
Wang et al., 2021). This ensured that tungsten reached a steady
state concentration in the experiments described here. At the end
of each set of experiments, the autoclaves were removed from
the oven and quenched in water to ambient temperature in
<20 min. A 4 ml aliquot of solution was taken from each tube for
pH determination and analysis of the fluoride concentration. Four
ml of 0.65 m NaF solution and four ml of 1 m NaOH solution was
then added to each tube in the fluorine-bearing and fluorine-free
experiments, respectively, to dissolve any tungsten that had pre-
cipitated on the walls of the reactor during quenching. After
30 min, the mixed solution was removed for analysis of its tung-
sten content. The pH and fluoride concentration were measured
using an InLabTM Hydrofluoric Electrode and Thermo ScientificTM

OrionTM Fluoride Electrode purchased from Fisher Scientific. Solu-
tions containing >0.1 mol/kg Na+ and 0.01 mol/kg HF were diluted
with distilled water prior to measuring their pH. Tungsten concen-
trations were analyzed using Inductively Coupled Plasma Mass
Spectrometry after 2,000–250,000 times dilution of the experi-
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mental solution using a 0.005 wt% NaF solution. The analyses were
conducted at the State Key Laboratory of Ore Deposit Geochem-
istry, Institute of Geochemistry, Chinese Academy of Sciences.
The compositions of the initial and quenched experimental solu-
tions are listed in Table 1.

2.2. SEM and EPMA analyses of reaction products

After each experiment, the reaction products were washed in
nano-pure water and dried at 60 �C for two days and then removed
for scanning electron microscope (SEM) analyses. Backscattered
electron images of the solid reaction products were created using
a JSM-7800F scanning electron microscope. The solid reaction
products were then mounted in epoxy resin and polished for
EPMA. Contents of the major and minor elements in apatite were
determined using a JOEL-1600 electron microprobe with a 25 kV
accelerating voltage, a 10 nA beam current, and a 3–10 lm beam
diameter. The following minerals were used for apatite composi-
tion calibration: pyrope garnet (Al, Mg, Fe, Mn), albite (Na), apatite
(Ca, P, F, Sr), and tugtupite (Cl). Detection limits were 0.07 wt% for
F, 0.03 wt% for Na, 0.04 wt% for Sr, 0.02 wt% for Al, Mg, and P,
0.01 wt% for Ca, Cl, Fe, and Mn. The SEM and EPMA analyses were
all carried out at the State Key Laboratory of Ore Deposit Geochem-
istry, Institute of Geochemistry, Chinese Academy of Sciences.
Results of the electron probe microanalyses of representative apa-
tite and scheelite crystals from the experiments are reported in
Table S2. The formulae for end-member F-, Cl- and OH-Apatite
were calculated as follows (Piccoli and Candela, 2002): Fap, the
mole fraction of fluorapatite in apatite, was determined using the

relationship XAp
FAp ¼ CAp

F =3:767, where CAp
F is the concentration of F

in apatite in wt.%; CAp is the mole fraction of chlorapatite
(XAp

ClAp ¼ CAp
Cl =6:809) and HAp is the mole fraction of hydroxylapatite

(XAp
HAp ¼ 1� XAp

FAp � XAp
ClAp).

2.3. Scheelite solubility calculation

The solubility of scheelite in the fluorine-bearing solutions was
calculated using the HCh software package (Shvarov, 2008), assum-
ing that tungstendissolved as the speciesH2WO4

0,HWO4
�,WO4

2�, and
H3WO4F2�. In addition to these tungsten species, the following aque-
ous species, O2, H2, H+, OH–, Na+, Cl�, F�, NaOH0, NaCl0, NaF0, HCl0,
HF0, Ca2+, CaCl+, CaCl20, Ca(OH)+, CaF+, and the solid phases, scheelite
andfluoritewere considered in the calculations. The sources of these
data and the data for the other aqueous species and minerals
(Kiseleva et al., 1980; Williams-Jones and Seward, 1989; Robie and
Hemingway, 1995; Shock et al., 1997; Sverjensky et al., 1997;
Tagirov et al., 1997; Wood and Samson, 2000; Pokrovski et al.,
2002; Holland and Powell, 2011; Zimmer et al., 2016; Wang et al.,
2019;Wanget al., 2021) are listed inTableS3. Theactivity coefficient
of each ionic species at the different experimental conditions was
calculated using the extended Debye-Hückel equation (Helgeson
et al., 1981; Oelkers and Helgeson, 1990, 1991):

log cn ¼ � A � zn½ �2 �
ffiffi
I

p

1þ B � a� � ffiffi
I

p þ bc � I þ C ð1Þ

in which A and B are constants representing Debye-Hückel limiting
law parameters, bc is the extended parameter for NaCl from
Helgeson and Kirkham (1974), å is the distance of closest approach,
which is specific to the ion of interest, z is the charge of the ion, C is
a molarity to molality conversion factor, and I is the ionic strength
calculated using Eq. (2):

I ¼ 1
2

Xn

i¼1

ciz2i ð2Þ
3

where ci is the molar concentration of ion i (mol/kg) and zi is the
charge of that ion. Parameter I represents the true ionic strength
as all the dissolved components that were considered. The activity
coefficients of the neutral species were assumed to be unity. The
Haar-Gallagher-Kell and Marshall and Franck models were used to
determine the thermodynamic properties and disassociation con-
stant of H2O, respectively, for our experimental conditions
(Marshall and Franck, 1981; Kestin et al., 1984).

3. Results

3.1. Fluorine- and phosphorous-free solutions

In order to determine the solubility of scheelite in fluorine- and
phosphorus-free aqueous solutions, experiments were carried out
at 250 �C in aqueous solutions containing 0.5 m NaCl (�2.5 wt%)
with pHT values in the range 3.5–6.5. The pHT represents the calcu-
lated pH of the starting experimental solutions at the temperature
of interest. At these conditions, the concentration of tungsten was
low, in the range 1.01–9.82 ppm (Table 1). Experiments were also
carried out at 350 �C using the same solution for a pHT of 6. For
these conditions, the concentration of dissolved tungsten was
11.9 ppm. Finally, a set of experiments was conducted at 250 �C
for a pHT of 6, in which the NaCl concentration was varied from
0.5 m to 1.5 m NaCl. The tungsten concentration increased with
increasing NaCl concentration from 7.31 to 11.5 ppm. Examination
of the scheelite with a SEM after the experiments showed that it
was unchanged from the unreacted scheelite. The very limited dis-
solution of scheelite was mainly via Reactions (3)–(5):

CaWO4;ðsÞ + 2Hþ + Cl� = CaClþ + H2WO4
0 ð3Þ

H2WO4
0 = Hþ + HWO4

� ð4Þ

HWO4
� = Hþ + WO4

2� ð5Þ
3.2. Fluorine-bearing solutions

Experiments investigating the solubility of scheelite in fluorine-
bearing solutions were carried out at 250 �C and comprised three
series. In the first series, the fluorine concentration was held con-
stant at a high value (0.15 m NaF) and in the second series it was
held constant at a low value (0.01 m NaF). The pHT in both series
was varied between 2 and 6.75. The third series was conducted
at a constant pHT of 6 in solutions with NaF concentrations varying
between 0 and 0.25 m NaF.

In the experiments with solutions containing a constant NaF
molality of 0.15, the concentration of dissolved tungsten increased
from 10.1 ppm to 3,433 ppm as pHT increased from 2 to 6.75
(Fig. 1a). By contrast, in solutions containing 0.01 m NaF
(190 ppm

P
F), the concentration of dissolved tungsten increased

from 15.4 to 54.9 ppm as the pHT increased from 3.5 to 6.5
(Fig. 1b). The relative importance of hydrogen ion activity and flu-
orine concentration on the solubility of scheelite was evaluated
with the third series of experiments (at a pHT of 6 and mNaF
between 0 and 0.25 m). The concentration of dissolved tungsten
increased from 4 ppm in the fluorine-free fluid to 313 ppm in a
fluid containing 0.03 m NaF (515 ppm F) and 3140 ppm in the fluid
containing 0.25 m NaF (Fig. 1c).

Back scattered scanning electron microscope (BSE) images of
the solid reaction products from the first series of experiments,
show that at pH values <5, the scheelite reacted with fluoride to
produce fluorite and WO3 crystals. However, they also show that
the mass of WO3 decreased with increasing pH and the shape of
the WO3 crystals changed from plate-like (Fig. 2a) to needle-like



Table 1
Compositions of the experimental solutions. The content of NaF, NaCl, HCl, NaOH, NaH2PO4 and Na2HPO4 represent the starting composition. The pHT value was calculated from
the starting compositions at the experimental temperature. The contents of tungsten (mW), fluorine (mF), and the pH were measured in the quenched experimental solutions at
25 �C; the concentration of W is in ppm.

Run No. pHT mNaF mNaCl mHCl mNaOH mNaH2PO4 mNa2HPO4 pH quench mF quench mW (ppm)

250 �C
12–3 3.5 0 0.5 0.000839 0 0 0 4.062 0.001 4.11
12–4 4 0 0.5 0.000265 0 0 0 3.38 0.0073 9.82
12–5 4.5 0 0.5 0.0000833 0 0 0 3.661 0.0035 5.93
12–6 5 0 0.5 0.0000249 0 0 0 4.233 0.0008 5.56
12–7 5.5 0 0.5 0 0 0 0 4.7 0.0003 5.01
12–8 6 0 0.5 0 0.000014 0 0 4.447 0.0006 7.31
12–9 6.5 0 0.5 0 0.000052 0 0 4.895 0.0006 1.01
12–21 5.6 0 0.5 0 0 0 0 3.988 0.0013 3.88
8–2 5.6 0 1 0 0 0 0 4.488 0.0007 6.19
12–22 5.6 0 1 0 0 0 0 4.720 0.0007 8.93
8–3 5.6 0 1.5 0 0 0 0 4.764* 0.0006 9.51
12–23 5.6 0 1.5 0 0 0 0 3.429 0.006 11.5
5–1 2 0.15 0.5 0.179 0 0 0 2.788* 0.051 10.1
5–2 2.2 0.15 0.5 0.168 0 0 0 2.770* 0.066 18.9
5–3 2.4 0.15 0.5 0.161 0 0 0 2.814* 0.048 27.5
5–4 2.8 0.15 0.5 0.154 0 0 0 2.834* 0.057 37.9
5–5 3 0.15 0.5 0.151 0 0 0 2.868* 0.054 39.3
5–6 3.2 0.15 0.5 0.150 0 0 0 2.910* 0.057 50.0
5–7 3.4 0.15 0.5 0.148 0 0 0 2.860* 0.067 100
5–8 3.6 0.15 0.5 0.145 0 0 0 2.868* 0.069 112
5–9 3.8 0.15 0.5 0.142 0 0 0 2.866* 0.079 160
5–10 4 0.15 0.5 0.137 0 0 0 2.902* 0.080 257
5–11 4.5 0.15 0.5 0.114 0 0 0 3.056* 0.085 566
5–12 4.75 0.15 0.5 0.0965 0 0 0 3.200* 0.096 905
5–13 5 0.15 0.5 0.0754 0 0 0 3.421* 0.106 1296
5–14 5.25 0.15 0.5 0.0544 0 0 0 3.743* 0.110 1465
5–15 5.5 0.15 0.5 0.0363 0 0 0 4.343* 0.109 1753
5.16 5.75 0.15 0.5 0.0228 0 0 0 6.212* 0.110 2961
5–17 6 0.15 0.5 0.0138 0 0 0 6.153* 0.110 2579
5–18 6.25 0.15 0.5 0.00802 0 0 0 6.442* 0.108 2831
5–19 6.5 0.15 0.5 0.00459 0 0 0 6.539* 0.112 3353
5–20 6.75 0.15 0.5 0.00255 0 0 0 6.533* 0.111 3433
12–12 3.5 0.01 0.5 0.0106 0 0 0 3.28 0.0096 15.4
12–14 4.5 0.01 0.5 0.00782 0 0 0 3.442 0.0091 27.3
10–13 5 0.01 0.5 0.00522 0 0 0 3.719 0.010 26.5
12–15 5 0.01 0.5 0.00522 0 0 0 3.809 0.0087 32.2
12–16 5.5 0.01 0.5 0.00255 0 0 0 4.067 0.0091 40.4
12–17 6 0.01 0.5 0.000962 0 0 0 4.913 0.0089 54.9
12–18 6.5 0.01 0.5 0.000279 0 0 0 4.46 0.0104 52.5
7–1 6 0 0.5 0.0000138 0 0 0 3.928 0.0002 4.15
7–5 6 0.005 0.5 0.000474 0 0 0 4.694 0.0046 19.1
7–7 6 0.01 0.5 0.000962 0 0 0 4.139 0.0106 68.9
10–14 6 0.01 0.5 0.000962 0 0 0 4.250 0.010 37.9
12–39 6 0.01 0.5 0.000962 0 0 0 4.481 0.0104 38.7
7–8 6 0.02 0.5 0.00193 0 0 0 4.735 0.0186 188
12–40 6 0.02 0.5 0.00193 0 0 0 5.053 0.0188 179
7–9 6 0.03 0.5 0.00290 0 0 0 5.160 0.0271 305
7–10 6 0.04 0.5 0.00385 0 0 0 5.414 0.0349 457
12–42 6 0.04 0.5 0.00385 0 0 0 5.317 0.0368 579
7–11 6 0.05 0.5 0.00481 0 0 0 6.182 0.0408 657
12–43 6 0.05 0.5 0.00481 0 0 0 6.074 0.0388 672
7–12 6 0.06 0.5 0.00575 0 0 0 5.613 0.0497 710
7–13 6 0.08 0.5 0.00763 0 0 0 5.849 0.0614 1028
7–14 6 0.1 0.5 0.00950 0 0 0 5.440* 0.0657 1099
7–15 6 0.125 0.5 0.0118 0 0 0 5.756* 0.0766 1429
7–16 6 0.15 0.5 0.0141 0 0 0 6.271* 0.1070 2370
7–17 6 0.175 0.5 0.0164 0 0 0 5.605* 0.100 2168
7–18 6 0.2 0.5 0.0186 0 0 0 5.313* 0.090 1852
7–19 6 0.225 0.5 0.0208 0 0 0 5.426* 0.122 2525
7–20 6 0.25 0.5 0.0230 0 0 0 5.581* 0.144 3140
13–3 3.5 0 0.5 0.00518 0 0.01 0 3.632 0 16.4
13–4 3.8 0 0.5 0.00519 0 0.008 0.002 3.804 0 28.3
13–5 4 0 0.5 0.00521 0 0.007 0.003 4.023 0 30.1
13–6 4.5 0 0.5 0.00522 0 0.00556 0.00444 4.667 0 30.0
13–7 5 0 0.5 0.00522 0 0.005 0.005 5.133 0 45.0
13–8 5.5 0 0.5 0.00520 0 0.00474 0.00526 5.186 0 48.8
13–9 6 0 0.5 0.00408 0 0.0055 0.0045 5.636 0 92.9
13–10 6.5 0 0.5 0.00322 0 0.0055 0.0045 5.964 0 121
13–11 6 0 0.5 0.00229 0 0.0025 0.0025 5.395 0 39.6
13–12 6 0 0.5 0.00688 0 0.0075 0.0075 5.655 0 107
13–13 6 0 0.5 0.00917 0 0.01 0.01 5.662 0 138
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Table 1 (continued)

Run No. pHT mNaF mNaCl mHCl mNaOH mNaH2PO4 mNa2HPO4 pH quench mF quench mW (ppm)

8–21 3.5 0.01 0.5 0.0149 0 0.01 0 3.217 0.0108 91.5
12–28 3.5 0.01 0.5 0.0149 0 0.01 0 3.016 0.0163 75.1
13–22 3.5 0.01 0.5 0.0149 0 0.01 0 3.234 0.0129 40.9
8–22 4 0.01 0.5 0.0114 0 0.01 0 3.363 0.0118 99.5
13–23 4 0.01 0.5 0.0114 0 0.01 0 3.378 0.0142 58.0
13–24 4.5 0.01 0.5 0.00850 0 0.01 0 3.516 0.0124 95.6
8–24 5 0.01 0.5 0.00539 0 0.01 0 3.709 0.0112 105
8–25 5.5 0.01 0.5 0.00247 0 0.01 0 4.047 0.0096 133
8–26 6 0.01 0.5 0.000550 0 0.01 0 4.766 0.0109 184
8–27 6.5 0.01 0.5 0 0.000960 0.01 0 5.782 0.0099 227
8–28 6 0.01 0.5 0.000758 0 0.005 0 4.511 0.0103 125
8–29 6 0.01 0.5 0.000550 0 0.01 0 4.658 0.011 196
8–30 6 0.01 0.5 0.000340 0 0.015 0 4.878 0.0112 228
8–31 6 0.01 0.5 0.000126 0 0.02 0 5.022 0.0098 247
12–37 6 0.01 0.5 0.000126 0 0.020 0 4.913 0.0108 248
8–39 6 0.03 0.5 0.00268 0 0.005 0 4.699 0.0252 292
10–16 6 0.03 0.5 0.00246 0 0.01 0 4.881 0.0361 355
8–41 6 0.03 0.5 0.00224 0 0.015 0 4.721 0.0265 374
8–42 6 0.03 0.5 0.00202 0 0.02 0 4.784 0.0273 430
8–33 6 0.005 0.5 0.0000690 0 0.01 0 4.888 0.0048 111
8–34 6 0.01 0.5 0.000550 0 0.01 0 4.778 0.0111 217
8–35 6 0.02 0.5 0.00151 0 0.01 0 4.451 0.0198 223
10–15 6 0.02 0.5 0.00151 0 0.01 0 4.256 0.0219 169
12–44 6 0.02 0.5 0.00151 0 0.01 0 4.547 0.0213 193
12–45 6 0.03 0.5 0.00246 0 0.01 0 5.067 0.0277 351
12–20 6 0.04 0.5 0.00341 0 0.01 0 6.093 0.0333 604
12–46 6 0.04 0.5 0.00341 0 0.01 0 6.000 0.0347 456
8–38 6 0.05 0.5 0.00436 0 0.01 0 5.961 0.0405 676
12–48 6 0.05 0.5 0.00436 0 0.01 0 6.336 0.0416 711

350 �C
9–13 3.33 0 0.5 0.0173 0 0.01 0 3.059 0 41.6
9–14 4 0 0.5 0.0151 0 0.005 0.005 3.448 0 32.9
11–4 4.00 0.5 0.0151 0 0.005 0.005 3.404 0 48.5
9–15 4.5 0 0.5 0.0118 0 0.005 0.005 3.398 0 28.3
11–5 4.50 0 0.5 0.0118 0 0.005 0.005 3.547 0 52.6
9–16 5.09 0 0.5 0.00519 0 0.008 0.002 3.743 0 47.4
9–17 5.30 0 0.5 0.00521 0 0.007 0.003 3.979 0 89.1
9–20 6.64 0 0.5 0.00520 0 0.00474 0.00526 5.33 0 138
11–1 6 0 0.5 0.0000111 0 0 0 4.644 0.0005 15.1
11–2 6 0 0.5 0.0000111 0 0 0 5.581 0.0002 8.70
9–21 6 0 0.5 0.00275 0 0.0025 0.0025 5.386 0 81.0
9–22 6 0 0.5 0.00548 0 0.005 0.005 5.123 0 124
9–23 6 0 0.5 0.00821 0 0.0075 0.0075 5.334 0 225
9–24 6 0 0.5 0.0109 0 0.01 0.01 5.377 0 268

Note: *These pH (quench) values represent the pH value of the quenched solutions after 20 times dilution. The other pH (quench) values listed in the table represent the pH
value of the quenched solutions after 10 times dilution.

Fig. 1. Results of scheelite solubility experiments in fluorine-bearing aqueous solutions at 250 �C. They show the concentration of dissolved tungsten (log mRW) (a) as a
function of pHT in solutions containing 0.15 m NaF and 0.5 m NaCl, (b) as a function of pHT in solutions containing 0.01 m NaF and 0.5 m NaCl, and (c) as a function of the
molality of fluorine in a 0.5 m NaCl solution at a pHT of 6. The filled blue circles illustrate the results of the experiments. The filled blue circles represent the concentrations of
tungsten determined experimentally; the filled white triangles represent tungsten concentrations calculated from thermodynamic data for the tungstate species, H2WO4

0,
HWO4

�, and WO4
2�, and the filled yellow triangles for these species plus those for H3WO4F2�. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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(Fig. 2b; Fig. S2). The WO3 solid ceased to precipitate at a pHT of 5
(Fig. 2c). In reactions involving solutions (0.15 m NaF) having a pHT

of 5–6.75, only fluorite formed (Fig. 2c–e). Furthermore, the nature
of the fluorite changed from large amorphous masses that replaced
scheelite (the source of the calcium) to small octahedra that crys-
tallised on the surface of the scheelite and in cavities on this sur-
face (Fig. 2d and e). This indicates that replacement of scheelite
by fluorite gave way to saturation of the fluid with fluorite and that
the rate of growth of fluorite gradually exceeded its rate of nucle-
ation with increasing pHT.

In order to better understand the dissolution process, we calcu-
lated the solubility of scheelite in the solutions and used these data
to fit the experimental data. Two sets of calculations were per-
formed. The first set employed thermodynamic data for H2WO4,
HWO4

�, WO4
2� and H3WO4F2� (Shock et al., 1997; Wang et al.,

2019; Wang et al., 2021), and the second did not consider H3WO4-
F2�. The results of the calculations are illustrated in Fig. 1a for the
high mNaF (0.15 m) series and show that up to a pH of 5, the best
fit to the experimental data (a nearly perfect fit) is obtained using
the first set of calculated solubility data. At higher pH, the two sets
of solubility data are almost indistinguishable and essentially the
same as the experimentally determined solubility data (Fig. 1a).
This indicates that at a pH < 5, the solubility of scheelite is
increased considerably by the formation of H3WO4F2� but that at
higher pH it is satisfactorily accommodated by fluorine-free tung-
state species.

As discussed above, the dissolution of scheelite in fluorine-
bearing solutions (0.15 m NaF) was accompanied by the formation
of abundant fluorite (Fig. 2), which, as illustrated by Reaction (6),
caused the release of a large amount of tungsten to the solution.
At low pH, however, this release of tungsten, mainly as H3WO4F2-
�, exceeded the amount of tungsten that could be dissolved and,
consequently, the solution saturated with WO3 solid (Fig. 2a and
b; Reaction (7)); initially, the solution was strongly oversaturated
with respect to the WO3 solid, but the degree of oversaturation
decreased with increasing pH and at a pH > 5, the solution was
Fig. 2. Backscattered electron (BSE) images of the solid run products of the scheelite dis
and 0.5 m NaCl, (a) at a pHT of 2; (b) at a pHT of 4.5 (an enlargement of this image is pro
scheelite after reaction with a solution containing 0.005 m NaF and 0.5 m NaCl at a pH

6

undersaturated with respect to this phase. At higher pH, the
greater stability of the dissolved tungsten species, dominantly
WO4

2�, prevented the precipitation of WO3 solid, and the low solu-
bility of fluorite and decreasing hydrogen ion activity ensured that
scheelite dissolution and the molality of dissolved tungsten contin-
ued to climb (Fig. 1; Reaction (8)); the increased dissociation of HF
with increasing pH contributed to the precipitation of fluorite (and
H3WO4F2� stability) by increasing the availability of F� ions.

CaWO4;ðsÞ + 4HF = CaF2;ðsÞ + H3WO4F2� + Hþ ð6Þ

H3WO4F2� + Hþ = WO3;ðsÞ + 2HF + H2O ð7Þ

CaWO4;ðsÞ + 2F� = CaF2;ðsÞ + WO4
2� ð8Þ

It may be recalled that for the experiments conducted at a low
concentration of NaF (0.005–0.06 m) and a pH > 5, the concentra-
tions of tungsten determined experimentally were significantly
higher than those calculated from the thermodynamic data for
the two sets of tungsten species referred to above (Fig. 1b and c).
This is due to the fact that in fitting the results, the calculated
amount of fluorite was zero or much less than detected in the
SEM analyses. For example, in the solution containing 0.005 m
NaF at a pHT of 6, a small proportion of fluorite was detected
(Fig. 2f), but no fluorite was calculated to form using the thermo-
dynamic data currently available for fluorite.

3.3. Phosphorous-bearing solutions

Experiments involving phosphorous were carried out at 250
and 350 �C in two series. In the first series, the phosphorous con-
centration was held constant at a low value (0.01 m, 310 ppmP

P) as the pHT was increased from 3 to 6.5 or 7. The second series
was conducted at a constant pH of 6 for solutions with phospho-
rous concentrations varying between 0.005 and 0.02 m.

In the first series of experiments conducted with solutions con-
taining a constant

P
P concentration of 0.01 m at 250 �C, the con-
solution experiments. These experiments involved solutions containing 0.15 m NaF
vided in Fig. S2); (c) at a pHT of 5; (d) and (e) at a pHT of 6.75. (f) A BSE image of the
T of 6.
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centration of tungsten increased from 16.4 to 121 ppm as pHT

increased from 3.5 to 6.5 (Fig. 1a), whereas in the second series
at the same temperature, a constant pHT of �6 and m

P
P varying

from 0.005 m to 0.2 m, the concentration of tungsten increased
from 39.6 ppm to 138 ppm (Fig. 3b). The experiments conducted
at 350 �C and variable pHT yielded results very similar to those
obtained for 250 �C, i.e., for solutions containing 0.01 m

P
P, the

concentration of dissolved tungsten increased from 32.9 to
138 ppm as the pHT increased from 3 to 7 (Fig. 3a). In contrast,
at a constant pHT of 6, the concentration of dissolved tungsten
increased from 8.7 ppm to 268 ppm in a fluid containing
0.02 m

P
P (Fig. 3b).

Back scattered electron images of the solids from the experi-
ments at 250 and 350 �C show that no apatite formed at a
pH < 4. In the experiments conducted with solutions having a
pHT of 4–6.5, only apatite formed (Fig. 4a–c; Fig. S3). The BSE
images show that apatite formed, even at a phosphorus concentra-
tion of 0.005 m (Fig. 4b). The amount, nature, and composition of
the apatite crystallizing in the phosphate-bearing solutions varied
with the pHT of the solution. At pHT values of 4–5.5, the apatite
abundance was relatively low, the crystals were equidimensional,
and the composition was that of hydroxyapatite with a relatively
high chloride concentration, whereas at pHT values of 5.5–6.5, apa-
tite was much more abundant, the crystals were prismatic and the
composition was that of hydroxyapatite with a low chlorine con-
tent (Fig. 4; Table S2). The chlorine content correlates negatively
with pHT (Fig. S4). The dissolution of scheelite in these experi-
ments can be described by Reaction (9).

5CaWO4;ðsÞ + 3H2PO4
� + (OH—, Cl�, F�)

= Ca5(PO4)3(OH, Cl, F);ðsÞ + 5WO4
2� + 6Hþ ð9Þ
3.4. Phosphorous-fluorine-bearing solutions

All the experiments involving solutions containing both fluorine
and phosphorus were conducted at 250 �C and comprised three
series. The first series was conducted at a constant phosphorous
and fluorine concentration (0.01 m

P
P and 0.01 m

P
F) with pHT

varying from 3.5 to 6.5. In the second series, the fluorine concen-
tration was low (0.01 m

P
F) and in the third series was slightly

higher (0.03 m NaF). The latter two series were conducted at a con-
stant pH of 6 and for phosphorous concentrations that varied
between 0 and 0.02 m.

From Fig. 3a, it is evident that, for solutions containing 0.01 mP
P and 0.01 m

P
F, the concentration of dissolved tungsten

increased from �69 to 227 ppm as the pHT increased from 3.5 to
6.5. In the experiments with solutions containing 0.01 m F at a con-
stant pHT of 6, the tungsten concentration increased from 125 ppm
to 284 ppm as the phosphorous concentration increased from
0.005 m to 0.02 m (Fig. 3b), and in experiments containing
Fig. 3. The solubility of scheelite in solutions with or without fluorine and/or phosph
phosphorous-bearing and fluorine-phosphorous-bearing at 250 �C and 350 �C (phospho
phosphorus; and (c) as a function of the molality of fluorine.
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0.03 m F for the same range of phosphorus concentration, the con-
centration of tungsten increased from 292 ppm to 430 ppm
(Fig. 3b).

Backscattered electron images of the solid products of these
experiments show that scheelite reacted with phosphate and fluo-
rine and generated fluorite and fluorapatite (Fig. 4e–i). The propor-
tions of fluorite and fluorapatite varied depending on the contents
of phosphate and fluorine. Fluorapatite dominated and was accom-
panied by minor fluorite in experiments for which the fluorine to
phosphate mole ratio in the solution was <2 (Fig. 4e–g; Fig. S5a
and S5b), whereas fluorapatite and fluorite were the major phases,
if this ratio was between 2 and 5 (Fig. 5h; Fig. S5c), and fluorite was
dominant if the ratio was >5 (Fig. 5i; Fig. S5d). Significantly, the
solubility of scheelite in the 0.01 m P solutions with F
concentrations < 0.02 (mF/mP < 2) was higher than in the
fluorine-bearing, phosphate-free solutions, whereas in the 0.01 m
P solutions with F concentrations > 0.02 (2 < mF/mP < 5), the sol-
ubility of scheelite was almost the same as in the phosphate-free
fluorine-bearing solutions (Fig. 3c). In addition, the fluorine con-
tent of the fluorapatite correlated positively with the fluorine con-
centration at constant phosphate concentration in the solutions
(Fig. S6). Reactions (8) and (10) reflect these dissolution processes.

5CaWO4;ðsÞ + 3H2PO4
� + F� = Ca5(PO4)3F;ðsÞ + 5WO4

2� + 6Hþ

ð10Þ
4. Discussion

4.1. The role of F and P in the hydrothermal transport of tungsten

The results of our experiments show that at low pH (<4.5) and
elevated fluoride concentration (mF > 0.05), the solubility of
scheelite increased as a result of the complexation tungsten as
the species H3WO4F2� (Wang et al., 2021). A similar conclusion
can be drawn for experiments conducted with a phosphate con-
centration of 0.01 at low pH (<4). However, it was not possible to
evaluate the nature of the phosphate-bearing tungsten complex.
At higher pH (>4.5) fluoride and phosphate ions sequester calcium
ions from scheelite to form fluorite and apatite, in the process,
greatly increasing the concentration of dissolved tungsten. There
are three reasons for this increased concentration. The first relates
to the precipitation of fluorite. For example, in a 0.5 m NaCl solu-
tion at a pH of 6 and a temperature of 250 �C, the addition of only
a small amount of NaF (0.005 m, 87 ppm) increased the concentra-
tion of tungsten by a factor of nearly-five from that in the fluorine-
free solution (4.15 versus 19.1 ppm). In a 0.03 m NaF solution, the
tungsten concentration increased to 313 ppm and in a 0.25 m NaF
solution, it increased to 3140 ppm. The second reason for the
increased concentration of tungsten relates to the precipitation of
apatite. Owing to the deposition of hydroxyapatite from 0.5 m NaCl
orous. The concentration of tungsten (ppm W) in fluorine-free, fluorine-bearing,
rous-bearing) is shown (a) as a function of pHT; (b) as a function of the molality of



Fig. 4. BSE images showing apatite with or without fluorite crystals on the surface of scheelite. The run products were imaged after solubility experiments at 350 �C (a–b) and
250 �C (c–i) involving a solution containing (a) 0.01 m P at a pHT of 5.3, (b) and (d) 0.005 m P at a pHT of 6, (c) 0.01 m P at a pHT of 4.5, (e) 0.01 m P and 0.01 m F at a pHT of 5, (f)
0.005 m P and 0.01 m F at a pHT of 6, (g) 0.02 m P and 0.01 m F at a pHT of 6, (h) 0.01 m P and 0.03 m F at a pHT of 6, and (i) 0.01 m P and 0.05 m F at a pHT of 6.

Fig. 5. Cartoons illustrating the geology and the processes of tungsten ore-formation modeled in this study. (a) Illustrates the geology of tungsten deposits. The black lines
and yellow colored lenses represent quartz-vein and skarn ores, respectively. The term UST refers to the unidirectional solidification texture of the quartz. (b) Illustrates the
stages in the formation of the tungsten deposit represented in the modeling. The numbers ①, ②, and ③ in (a) represent the processes illustrated in (b). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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solutions containing 0.005 to 0.02 m
P

P (155 to 620 ppm), at 250
and 350 �C, and a pH > 4.5, the solubility of scheelite increased the
dissolved tungsten concentration from 4.2 to 39.6 and from 15.1 to
268 ppm, respectively. Finally, the presence of fluorine promotes
the formation of fluorapatite (sequestering more calcium ions than
fluorite or hydroxyapatite alone at the same concentration of fluo-
rine or phosphorus), thereby releasing even greater amounts of
tungsten to the fluid. Thus, dissolution of scheelite at 250 �C and
a pH of 6, in a 0.5 m NaCl solution containing 0.01 m F released
�50 ppm tungsten by precipitating fluorite and in a 0.5 m NaCl
solution containing 0.01 m phosphorus released 92.9 ppm tung-
sten by precipitating hydroxyapatite. In comparison, at the same
temperature and pH, a 0.5 m NaCl solution containing 0.01 m
phosphorus and 0.01 m fluorine released �199 ppm tungsten by
precipitating fluorapatite. This clearly demonstrates that tungsten
concentration resulting from the dissolution of scheelite is maxi-
mized in solutions containing both fluorine and phosphorus owing
to the combined effects of the deposition of fluorite and fluorap-
atite. In short, our experimental results show that the presence
of fluorite and apatite as gangue minerals in tungsten deposits
reflects the important role that fluorine and phosphorus play as
ligands in the transport of tungsten and as mediators of the activity
of the dissolved calcium that is so essential to the deposition of
scheelite.

4.2. Modeling of tungsten hydrothermal transport and deposition

A feature of many large tungsten deposits is the presence of
early uneconomic disseminated wolframite in the associated gran-
ites (Wang et al., 2003; Breiter et al., 2007; Alekseev et al., 2011;
Huang and Jiang, 2014; Xie et al., 2016; Wu et al., 2017; Xie
et al., 2018; Monnier et al., 2019; Xiang et al., 2020; Xie et al.,
2020). Although early disseminated scheelite is much less common
(Noble et al., 1984; Wang et al., 2003), it has been reported for the
granites of the giant Zhuxi and Dahutang deposits, in China (Huang
and Jiang, 2014; Song et al., 2018a, 2018b, 2018c, 2020). As men-
tioned in the introduction, remobilization of tungsten from
scheelite- and/or wolframite-bearing rocks, including endo-
skarns, greisens, and albitites, and accompanying fluorite and/or
apatite deposition is a very common and important part of the
ore-forming process for many tungsten deposits. Moreover, in
the case of the Zhuxi deposit, this early scheelite was replaced by
fluorite and apatite and is interpreted to have contributed to the
main stage scheelite mineralization. In order to further understand
how fluorine- and phosphorus-bearing hydrothermal fluids affect
the transport and enrichment of tungsten in ore-forming systems,
we modeled the behavior of tungsten from the leaching of early
uneconomic tungsten mineralization in granites to the formation
of high-grade ores of granite-related tungsten deposits using the
HCh software package (Shvarov, 2008).

The tungsten deposits referred to in this paper are genetically
associated with multi-stage, highly fractionated S-type granitoids
and form from hydrothermal fluids released during the crystalliza-
tion of late-stage magmas (Audétat et al., 2000; Pirajno, 2009). Pre-
vious melt- and fluid-inclusion studies of the unidirectional
solidification textured (UST) quartz and pegmatites in sn-W-(Nb-
Ta-F) deposits have reported relatively high contents of iron
(2121–31646 ppm), calcium (0–7615 ppm), phosphorus (0–
1138 ppm), and tungsten (10–1415 ppm) (Webster et al., 1997;
Audétat et al., 2000; Zajacz et al., 2008). The fluorine content of
the fluids has been shown to be in the range �800 to
�6500 ppm (Vasyukova and Williams-Jones, 2018). These mag-
matic hydrothermal fluids are carbonic, supercritical (4.5–15 wt%
NaCl equivalent) and are commonly trapped at �450 �C and
�500 bar (Zajacz et al., 2008). The ores, however, have been inter-
preted to form at temperatures between 250 and 350 �C via fluid-
9

cooling, fluid-mixing, or fluid-rock interaction. They are commonly
associated with apatite and fluorite in exo-greisens, quartz veins,
skarns, and to a lesser extent in porphyries, and were preceded
by the formation of endo-greisens, endo-skarns and albitites
(Pirajno, 2009; Song et al., 2020). Their geological relationships
are illustrated in Fig. 5.

In our models, a magmatic-hydrothermal fluid (stable at 450 �C)
was reacted in 250 g aliquots with 1 Kg of tungsten-bearing granite
(0.001 m wolframite and 0.001 m scheelite; �368 ppm tungsten)
at 400 �C and 500 bar to recreate the endo-greisen and albitite
(Stage I) (Fig. 5). The same post-reaction fluid aliquots were then
used to simulate tungsten mineral deposition in three scenarios:
(1) cooling at 300 �C and 500 bar, (2) mixing of a 400 �C ore fluid
with a 200 �C meteoric water, and (3) interaction of the 300 �C
ore fluid with the host-rock (Stage II). In the cooling model, the
reacted fluid from Stage I (400 �C) was cooled to 300 �C and
500 bar. The fluid-mixing model involved mixing the ore fluid from
Stage I in a 1:1 ratio with the meteoric water (a 0.2 m NaCl solution
containing 0.0035 mol of CO2) that had equilibrated with lime-
stone, schist, granite, and skarn at 200 �C and 500 bar (four mod-
els). The fluid-rock interaction modeling involved reacting the
ore fluid from Stage I with these same rock types (limestone, schist,
granite, or skarn) at 300 �C and 500 bar. The following is the com-
position of the magmatic-hydrothermal fluid used in the modeling:
iron (5600 ppm), calcium (400 ppm), phosphorus (155 ppm), tung-
sten (80 ppm), and fluorine (3800 ppm). For the purpose of the
modeling, the oxygen fugacity of the fluid was assumed to corre-
spond to that of the quartz-fayalite-magnetite (QFM) buffer and
the XCO2 to be 0.001 (Wood and Samson, 2000). For comparison,
a fluorine- and phosphorus-free equivalent of the above fluid was
also allowed to undergo the above two stages modeling. The com-
positions of the magmatic hydrothermal fluid, host rocks for the
fluid-rock interaction (Polya, 1989; Lu et al., 2003; Guo et al.,
2012), and the meteoric fluid for fluid-mixing are provided in
Table 2. For simplicity, ferberite (FeWO4) was taken to represent
wolframite. The sources of the data for the minerals and aqueous
species are listed in Table S3.

During Stage I, interaction of the fluorine-phosphorus-bearing
magmatic-hydrothermal fluid with tungsten-bearing granite led
to the progressive replacement of the major rock-forming miner-
als, microcline, and annite, by albite, then by quartz, fluorite, phl-
ogopite and fluorapatite with increasing fluid/rock ratio and,
eventually topaz, which replaced fluorite (Fig. 6a). This process
reflects the alteration of the granite to form albitite and endo-
greisen. The ferberite initially in the granite was replaced by
scheelite and then was gradually dissolved together with initial
scheelite, replaced by ferberite at a fluid/rock ratio between 1.5
and 3.5, and finally dissolved completely at a fluid/rock ratio of
55. The pH climbed sharply from an initial value of 4.2 to a value
of 5.5–6 (Fig. 6b). The concentration of W decreased sharply from
an initial value of 4.4 � 10�4 m to 2.0 � 10�6 m and then increased
to 0.001 m between a fluid/rock ratio of 0.25 and 1.25. The increase
in W concentration corresponded to a sharp drop in the concentra-
tion of Ca due to the crystallization of fluorite and to a lesser extent
fluorapatite, and the replacement of ferberite by scheelite. At
higher fluid/rock ratios, the concentration of W gradually
decreased to its initial value with complete leaching of the scheel-
ite from the granite.

Cooling of the post-reaction fluorine-phosphorus-bearing fluid
at 300 �C, and its mixing with meteoric water during Stage II pro-
duced very similar results (Fig. 6e and 6f; Fig. S7a–S7c). They show
that mixing of the magmatic-hydrothermal fluid (400 �C in a
magmatic-hydrothermal/meteoric fluid ratio of 1) with a meteoric
fluid (200 �C) that had equilibrated with its host rocks (e.g., lime-
stone, schist, granite, and skarn) has little effect on the composition
of the ore-forming fluid and the precipitation of tungsten minerals.



Table 2
The composition of the magmatic hydrothermal fluid, the meteoritic fluid, and the host rocks used in the models.

Magmatic hydrothermal fluid at 450 �C and 500 bara The meteoritic fluid after equilibration with the host rocks at
XCO2 = 0.001, 200 �C, and 500 barb

F-P-bearing fluid F- and P-free fluid Granite Schist Limestone Skarn

mol/kg ppm mol/kg ppm mol/kg mol/kg mol/kg mol/kg

NaCl 3 69,000 (RNa) 3 69,000 (RNa) NaCl 1.90E�01 1.92E�01 2.00E�01 1.97E�01
KCl 0.2 7800 (RK) 0.2 7800 (RK) KCl 7.24E�03 7.20E�03 0 0
MgCl2 0.02 480 (RMg) 0.02 480 (RMg) MgCl2 3.04E�06 2.46E�04 2.72E�04 7.09E�06
Al2O3 0.025 1350 (RAl) 0.0015 79 (RAl) Al(OH)3 3.20E�06 9.60E�07 0 3.00E�06
CaCl2 0.01 400 (RCa) 0.01 400 (RCa) CaCl2 1.79E�03 0 6.51E�04 1.92E�03
FeCl2 0.1 5600 (RFe) 0.1 5600 (RFe) FeCl2 2.17E�07 6.66E�06 0 2.31E�07
NaF 0.2 3800 (RF) 0 0 SiO2 2.65E�03 2.60E�03 0 2.63E�03
NaH2PO4 0.005 155 (RP) 0 0 NaHCO3 2.36E�04 3.25E�05 4.10E�04 2.34E�04
H2S 0.016 513 (RS) 0.016 513 (RS) NaOH 2.35E�05 0 2.71E�06 1.55E�06
As2O3 0.003 450 (RAs) 0.003 450 (RAs) pH 200 �C 6.13 5.32 6.42 6.08
Quartz 0.02 1200 (RSi) 0.017 1040 (RSi)
WO3 0.00044 80 (RW) 0.00044 80 (RW)
HCl 0.16 0.01188
pH 450 �C 5.04 5.046

Granitec Schistc Limestone Skarnc

Major elements (wt.%)

SiO2 74.79 SiO2 71.5 SiO2 41.9
Al2O3 13.43 Al2O3 15.0 Al2O3 7.35
Fe2O3

T 1.58 Fe2O3
T 6.16 FeOT 15.4

CaO 0.75 CaO 0.06 CaO 29.8
Na2O 3.58 Na2O 1.44 MgO 3.66
K2O 4.64 K2O 2.04
MgO 0.13 MgO 2.17
Total 99.08 Total 98.37 Total 98.11

Mineral composition (g)

Microcline 244 Daphnite 110 Calcite 900 Diopside 181
Albite 303 Albite 40 Dolomite 100 Hedenbergite 104
Anorthite 37 Paragonite 119 Almandine 36
Annite 45 Quartz 496 Pyrope 36
Quartz 367 Muscovite 173 Grossular 300
Phlogopite 4 Anorthite 3 Andradite 343

Clinochlore 59
Total 1000 Total 1000 Total 1000 Total 1000

Note:
a The composition of the magmatic hydrothermal fluid is based on the compositions of fluid inclusions associated with melt inclusions from UST quartz and pegmatite in a

sn-W-(Nb-Ta-F) deposit (Audétat et al., 2000; Zajacz et al., 2008). The fluorine content of the fluid was evaluated from the measurements of the concentration of fluorine in
fluid inclusions in a highly fractionated granite (Vasyukova and Williams-Jones, 2018).

b The composition of the meteoritic fluid is from a fluid containing 0.2 m NaCl and 0.0035 mol of CO2 (XCO2 = 0.001) that had equilibrated with limestone, schist, granite, or
skarn at 200 �C and 500 bar.

c The composition of the granite is that of garnet-bearing fine-grained porphyritic biotite granite from the Xihuashan deposit, China (Guo et al., 2012). The composition of
the schist is that of the Schist CG-U from the Panasqueira deposit, Portugal (Polya, 1989). The skarn consists of pyroxene (30 wt%, D14a) and garnet (70 wt%, S9326) and is
from Shizhuyuan deposit, China (Lu et al., 2003). The mineral compositions of the host rocks were calculated from the its major element composition using the
relationship X = B/A where X is a vector of the proportions of the different minerals, B is a matrix of mineral compositions and A is a vector corresponding to the bulk rock
chemical composition. The formulae and sources of thermodynamic data for the minerals are listed in Table S3.
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The Ca and Fe concentrations and the pH in both cases were mainly
inherited from the magmatic-hydrothermal fluid. In the fluid-
schist interaction model (Fig. 6g), the initially high Ca concentra-
tion in the fluid relative to that of Fe triggered the precipitation
of scheelite at a fluid/rock ratio between 0.25 and 0.5, whereas at
higher fluid/rock ratios the decrease in Ca concentration led to
the precipitation of ferberite in place of scheelite. As might be
expected, in the fluid-limestone interaction model, the Ca concen-
tration was consistently higher than that of Fe, and consequently
scheelite was the only tungsten mineral to precipitate between a
fluid/rock ratio of 0.25 and 60 (Fig. 6h). The pH of the fluid was also
much higher than in the fluid-schist interaction model, �6 versus
�4. At very high fluid/rock ratios (>60), leaching of calcite in the
limestone led to the precipitation of fluorite and apatite and a
sharp decrease in the Ca/Fe ratio, promoting the replacement of
scheelite by ferberite. The results of the fluid-granite and fluid-
skarn interaction models are very similar to those of the fluid-
10
schist and fluid-limestone interaction models, respectively
(Fig. S7d–S7e).

In the fluorine-phosphorus-free system, actinolite, hedenber-
gite, and corundum formed in association with albitite and endo-
greisen alteration (Fig. 6c). The ferberite initially in the granite
was replaced by scheelite. The amount of scheelite increased from
0.002 m to 0.02 m as the fluid/rock ratio increased from 0.25 to 52,
and then decreased to 0.0062 m at a fluid/rock ratio of 100. As in
the fluorine-phosphorus-bearing system, the Fe concentration
was maintained at a high value and decreased from �0.3 m to
the initial value 0.1 m as the fluid/rock ratio increased from 0.25
to 100. The pH climbed from the initial value of 3.6 to a value of
5.5, then increased to 6.09 (Fig. 6d), and was accompanied by a
sharp decrease in the concentration of W from an initial value of
4.4 � 10�4 m to 1.8 � 10�6 m and then an increase to 4.5 � 10�6

m between a fluid/rock ratio of 0.25 and 8. At higher fluid/rock
ratios, the concentration of W increased steeply to 7.2 � 10�4 m,



Fig. 6. Diagrams showing the simulated changes in the mineralogy and fluid chemistry as a function of the fluid/rock ratio. The changes are after reaction of 250 g aliquots of
fluid with 1 kg of scheelite-bearing granite at 400 �C and 500 bar (a–d), followed by those occurring in response to cooling, fluid mixing and fluid-rock reaction during
interaction of 250 g aliquots of the fluid from Stage I with 1 Kg of rock at 300 �C and 500 bar (e–l). (a) the moles of minerals produced from a fluid initially containing 0.2 m

P
F

and 0.01 m
P

P, (b) the pH and molality of Ca, Fe and W in this fluid. (e–h) the moles of tungsten minerals produced from and the concentrations of Ca, Fe and W in the fluid
from Stage I (e) on cooling, (f) on mixing with a meteoric fluid that had equilibrated with its host rocks, (g) on interaction with schist, and (h) on interaction with limestone. (c
and d) and (i, j, k, and l) illustrate the results with a F- and P-free fluid corresponding to those of (a and b) and (e, f, g, and h). The results of these modeling are reported in the
file of Research Data enclosed as Supplementary Material.

X.-S. Wang, A.E. Williams-Jones, R.-Z. Hu et al. Geochimica et Cosmochimica Acta 346 (2023) 1–14
due to a corresponding decrease in pH from 6 to 3.6. The concen-
tration of tungsten in the reacted fluid at a pH > 4 and 400 �C is
8–220 times lower than with a fluorine-phosphorus-bearing fluid
at a fluid/rock ratio between 1 and 36. The results of the Stage II
models for fluid-cooling and -mixing are similar (Fig. 6i and 6j;
Fig. S7f–S7h). As in the fluorine-phosphorus-bearing system, the
Ca and Fe concentrations were mainly inherited from the initial
fluid, and the only tungsten mineral to precipitate was ferberite.
In contrast, in the fluid-rock interaction model, the Ca and Fe con-
centrations and pH of the fluid were largely a product of the nature
of the host rock. Scheelite precipitated as a result of reaction of the
fluid with limestone and skarn, whereas ferberite precipitated on
its interaction with granite and schist (Fig. 6k and 6l; Fig. S7i and
S7j). We also note that the amount of tungsten mineral that precip-
itated was the same in each of the four interaction models. This
indicates that fluid-cooling is probably the primary control on
tungsten mineral precipitation under the conditions of our model-
ing. Nevertheless, we do not rule out the possibility that fluid-
mixing and fluid-rock interaction can supply Ca and Fe and/or
neutralize the pH of the ore-forming fluids all of which are critical
for tungsten mineral precipitation. The most important finding of
the modeling of deposition, however, is that the amount of tung-
sten mineral precipitated in the fluorine-phosphorus-free fluid
was 10–125 times lower than in the corresponding models involv-
ing a fluorine-phosphorus-bearing fluid at a pH > 4.

4.3. Implications for ore genesis

Tungsten has a concentration of �1.9 ppm (Rudnick and Gao,
2003) in the upper crust and has to be enriched by a factor of
11
500–800 to reach a bulk mineable grade (0.12–0.20 wt% of WO3,
950–1,580 ppm of W), and by a factor of 2,000–20,000 times to
generate a vein-type deposit (0.5–5 wt% of WO3, 3,965–
39,650 ppm of W; Schmidt et al., 2012; Brown and Pitfield,
2014). Although the fractionation of residual F-, B-, and P-rich
melts can enrich the tungsten content by 20–100 times over its
upper crustal content, i.e., to a concentration of 40–200 ppm
(Audétat et al., 2000; Zajacz et al., 2008), a further 6–>20 times
enrichment is required to form an economic tungsten deposit. A
way to achieve this enrichment is through remobilization of pre-
existing early uneconomic low-grade tungsten mineralization.

The results of our experiment results show that a fluorine- and/
or phosphorus-bearing hydrothermal fluid (0.05–0.25 m

P
F and/or

0.01 m
P

P) can transport from 100 to 1000 times more tungsten in
a calcium-bearing fluid at a pH between 4 and 7 than a F- and
P-free fluid. In our models, a fluorine- and phosphorus-bearing
magmatic hydrothermal fluid (0.2 m

P
F and 0.005 m

P
P) leached

tungsten from tungsten-bearing granite during the formation of
albitite and endo-greisen, and on cooling deposited tungsten min-
erals. The solubility of tungsten in the reacted fluid at a pH > 4 and
400 �C and the mole of tungsten minerals precipitated at 300 �C
are, respectively, 8–220 times and 10–125 times higher than with
a fluorine-phosphorus-free fluid at a fluid/rock ratio between 1 to
�40. These results show that fluorine- and phosphorus-bearing
fluids have a great capacity to be enriched in tungsten during
high-temperature alteration at depth and form high-grade low-
temperature vein-type deposits at high crustal levels.

Apatite and fluorite are common minerals in large tungsten
deposits, particularly in the aplites and albitites, which precede
tungsten mineralization (Rasmussen et al., 2011; Song et al.,
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2020). This indicates that the late-stage magmas and associated
fluids are P- and F-rich. As precipitation of apatite and fluorite from
these fluids promotes the dissolution of scheelite, such high con-
centrations of P and F may be key to the remobilization of tungsten
in ore-forming concentrations. Thus, it is noteworthy that large
tungsten deposits are commonly associated with multiple stages
of intrusion and exsolution of magmatic-hydrothermal fluids
(Polya, 1989; Jingwen et al., 1996; Lu et al., 2003; Breiter et al.,
2017; Song et al., 2018a; 2018c; Monnier et al., 2020). Conse-
quently, there is an opportunity for repeated dissolution of early
tungsten minerals by fluorine- and phosphorus-rich fluids and
the progressive upgrading of the tungsten mineralization to levels
sufficient to form giant ore deposits. Indeed, the multiple stages of
scheelite associated with fluorite and/or apatite reported for
deposits such Zhuxi and Dahutang may record such tungsten
remobilization and enrichment (Huang and Jiang, 2014; Song
et al., 2018a, 2018b; 2018c, 2020). We, therefore, conclude that a
key to forming large, high-grade scheelite deposits is a long-term
synergy between the tungsten-enriching effects (scheelite dissolu-
tion) of apatite/fluorite deposition from an F- and/or P-rich fluid
and the subsequent interaction of this fluid with a calcium-rich
source.
5. Conclusions

This contribution successfully addresses the issue of why large
tungsten deposits are commonly associated with fluorine- and
phosphorus-enriched magmas and ore-forming fluids. Specifically,
it shows how the competition of gangue and ore minerals for com-
ponents dissolved in hydrothermal fluids can play a pivotal role in
determining whether an ore deposit will form, an aspect of ore-
genesis that is rarely considered. In the case of tungsten deposits,
the competition for calcium ions, by apatite and fluorite greatly
increases the solubility of scheelite. Thus, the fluorine and phos-
phorus concentrations as well as pH are key factors that affect
the transport and deposition of tungsten in hydrothermal systems
which, if they act synergistically, can highly enrich tungsten from
low-grade mineralization to the ore-forming fluids and lead to
the formation of high-grade deposits. The same observations may
also apply to other metals, for which there is potential for compe-
tition between ore and gangue minerals for components of the
mineralizing hydrothermal fluid, and thus future studies should
consider this possibility in refining or developing new models of
ore genesis for deposit types where this may be the case.
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