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Abstract The Saxi tungsten deposit, located in the Lao-
junshan ore district of southeastern Yunnan Province, is a
significant W-polymetallic deposit. The origins of tungsten-
bearing pegmatite dikes and quartz vein mineralization
in the Saxi deposit remain poorly understood. This study
employs in situ U-Pb dating of apatite from the altered
granite, along with trace element and S—Pb isotopic anal-
ysis of arsenopyrite, to investigate the timing, source of
ore-forming fluids and the mechanisms of tungsten enrich-
ment. The apatite in the altered granite yields a U-Pb age
of 147.0+4.0 Ma, indicating magmatic activity during the
Early Cretaceous. Three generations of arsenopyrite (Apy)
are identified: Apy-1 in the altered granite, Apy-2 in the peg-
matite dikes and Apy-3 in the quartz veins. The S/Fe ratios
for Apy-1, Apy-2 and Apy-3 range from 0.98 to 1.09, 0.89 to
0.92 and 0.86 to 1.02, respectively (average 0.97), suggest-
ing a magmatic-hydrothermal origin. Sulfur isotope values
(63*S =4.29%0—8.11%o0) indicate that it was likely sourced
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from deep magmatic-hydrothermal fluids. Lead isotopic
compositions of arsenopyrite suggest that the granitic paren-
tal magma is derived from the upper crust. These findings
point to a magmatic-hydrothermal origin for the vein-type
tungsten mineralization, linked to a concealed magmatic-
hydrothermal system in the Early Cretaceous.

Keywords Three arsenopyrite generations - Deuteric
origin - Tungsten enrichment in-situ arsenopyrite trace
elements and S—Pb isotopes - Saxi deposit

1 Introduction

Tungsten is a critical and strategic metal, having the highest
melting point of all non-alloyed metals, with widespread
applications in the aerospace, automotive, electronic and
defense industries (Wu et al. 2023). To our knowledge,
tungsten mineralization is typically associated with gra-
nitic magmatic-hydrothermal and metamorphic processers
(e.g., Poulin et al. 2016; Chai et al. 2023; Li et al. 2023).
Global tungsten deposits are mainly concentrated in the
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Alps-Himalayas and the Pacific Rim tectonic domains. Most
of these tungsten deposits are closely related to granitic mag-
matic-hydrothermal processes, but some tungsten deposits
are related to metamorphic process such as the Mactung
deposit in Canada (Elongo et al. 2020) and the Watershed
deposit in Australia (Poblete et al. 2021). Notably, both mag-
matic and metamorphic tungsten deposits consist of vein-
type orebodies. Effectively identifying the genesis of the
vein-type tungsten mineralization has significant implica-
tions for mineral exploration.

Numerous tungsten deposits have been identified in the
Laojunshan area of southeastern Yunnan Province, estab-
lishing it as a significant tungsten production base (Shi et al.
2015). The Saxi deposit, situated at the eastern margin of
the Laojunshan pluton, represents a typical W-Be occur-
rence with many vein-type orebodies. This deposit has
been influenced by a regional metamorphic event followed
by magmatic-hydrothermal overprint (Zhang et al. 2012;
Que et al. 2014), resulting in uncertainties concerning the
genesis of the vein-type tungsten orebodies. Previous stud-
ies have primarily focused on the beryllium mineralization
mechanism in this deposit (e.g., Xue et al. 2010; Zheng et al.
2019; Long et al. 2021), while investigations specifically
addressing W mineralization remain limited. Most estab-
lished work on scheelite has concentrated on metallogenic
geochronology and the compositions of ore-forming fluids.
Liu et al. (2011) and Que (2016) reported a “°Ar-*’Ar age
of 121 +4 Ma and 112.44 +0.77 Ma, respectively, for bio-
tite in stratiform granulite from the Saxi deposit, suggesting
an association with the late Yanshanian magmatic event.
Zhang et al. (2016) examined fluid inclusions in both vein-
type and stratiform orebodies, finding similar fluid proper-
ties in the two types, potentially indicating a shared source.
Sheng (2016) and Sheng et al. (2023) analyzed H-O iso-
topes in quartz from the Saxi deposit, concluding that the
ore-forming fluid was primarily magmatic in origin, with
contributions from meteoric or formation water. In addi-
tion, Sheng (2016) analyzed sulfur isotopes of pyrite from
quartz vein tungsten samples, which indicated a magmatic
sulfur source, suggesting that the ore-forming fluids likely
originated from magmatic-hydrothermal fluids. Although
there is a general consensus linking the Saxi deposit to late
Yanshanian magmatic-hydrothermal processes, the specific
magmatic event remains unclear. Furthermore, due to the
low closure temperature of the biotite Ar—Ar system, these
ages may not accurately represent the tungsten metallogenic
age. Thus, the genesis of the vein-type tungsten orebodies at
the Saxi deposit remains controversial.

Three distinct occurrences of scheelite have been identi-
fied in the Saxi deposit, present in altered granite, pegma-
tite dikes and hydrothermal quartz veins. Analytical data for
scheelite are currently under review by our team. Notably,
the symbiotic association of arsenopyrite with scheelite is

evident across the metallogenic process. The occurrence and
in situ chemical composition of arsenopyrite, along with
in situ S—Pb isotopic analyses provide critical insights into
the sources of tungsten and ore-forming fluids in hydrother-
mal W deposits (e.g., Zartman and Doe 1981; Fleet et al.
1989; Cook and Chryssoulis 1990; Deditius et al. 2008;
Large et al. 2009; Reich et al. 2013; Roman et al. 2019;
Wau et al. 2021). In this study, we integrated field and pet-
rographic observations with LA-ICP-MS data from multi-
stage arsenopyrite to investigate the evolution of the hydro-
thermal system. Additionally, in situ S—Pb isotopic analyses
of arsenopyrite, conducted using LA-MC-ICP-MS, were
employed to elucidate the sources of metals and ore-form-
ing fluids. U-Pb dating of apatite in altered granite would
further provide new insights into the genesis of the Saxi
tungsten deposit.

2 Geological setting
2.1 Regional geology

The Saxi deposit is situated at the southwestern margin of
the Yangtze Block (Fig. 1a) within the Laojunshan ore con-
centration area, a well-known tungsten polymetallic mining
district in southeastern Yunnan Province (Fig. 1b; Zhang
et al. 2016). This region lies at the intersection of the Indo-
China Block, Yangtze Block and Cathaysia Block, forming
part of the depression zone along the edge of the ancient Viet
Bei landmass (Fig. 1a; Long et al. 2021). The area features
a magmatic hot vault structure known as the Laojunshan-
Song Chay Metamorphic Core Complex (L-S MCC), the
most representative metamorphic-tectonic magmatic dome
in the region. The L-S MCC comprises Caledonian and
Yanshanian granites, Proterozoic Mengdong Group meta-
morphic rocks and Cambrian to Triassic sedimentary strata
(Guo et al. 2009; Long et al. 2021). The core of the dome
is primarily composed of Silurian gneissic granite and Late
Cretaceous granite. Additionally, Proterozoic strata within
the gneiss bedrock serve as the principal tungsten-bearing
formations in the area (Zhang et al. 2016).

The study area and its surrounding regions underwent
significant magmatic activity, which can be categorized
into several key phases: Proterozoic, Silurian and Creta-
ceous (Que 2016). Among these, the Silurian and Creta-
ceous periods are particularly notable. Zircon U-Pb dating
of exposed gneissic granite reveals magmatic crystallization
ages between 427 and 436 Ma, corresponding to the Silurian
magmatic event (Xu et al. 2016). The Laojunshan composite
granitic pluton, emplaced during the Cretaceous, represents
a multi-stage intrusive complex consisting predominantly of
porphyritic granite, as evidenced by a broad range of zircon
U-Pb ages from 117 to 83 Ma (Feng et al. 2010; Liu et al.
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Fig. 1 a Location of the study area and the principal tectonic setting of present-day Southeast Asia; b geological sketch of the study area, modi-
fied from Zhang et al. (2012), Long et al. (2021); L-S MCC. Laojunshan-Song Shay Metamorphic Core Complex

2014; Lan et al. 2016). This granitic complex is spindle-
shaped, approximately 17 km long and 10 km wide, with an
exposed area of 153 km?, exposed about 8 km northwest of
the Saxi deposit (Fig. 1b; Long et al. 2021).

Several economic deposits are spatially adjacent to Cre-
taceous granite intrusions, including the Dulong Sn—Zn
deposit (Wang et al. 2014) and Maka W—Pb—Zn deposit (Liu
et al. 2023). In contrast, the Xinzhai Sn deposit (Feng et al.
2011a), Nanyangtian W deposit (Zhao et al. 2024) and Saxi
W-Be deposit (Liu et al. 2011) are situated at a consider-
able distance from the Laojunshan granitic pluton (Fig. 1b).

2.2 Geology of the Saxi deposit

The primary exposed strata in the Saxi deposit consist of
the metamorphic Mengdong Group, which includes the Saxi
Formation and the Nanyangtian Formation. The Saxi Forma-
tion can be further subdivided into upper, middle and lower
numbers (Fig. 2a; Que 2016). The tungsten orebodies are
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dominantly hosted within the middle number of the Saxi
Formation (Fig. 2). Tungsten mineralization mainly occurs
in vein-type ore bodies, which are composed mainly of peg-
matite dikes and quartz veins that occur along or crosscut
the stratigraphic layers.

According to the Mineral Resource Summary Report of
Malipo Jinwei Mineral Co. Ltd., in June 2020, the Saxi Min-
ing Area contains a total metal content (WO;) of 59 352.06
tons. This includes industrial ore reserves of 9.5129 million
tons with a WO, metal content of 58 479.24 tons, averaging
a grade of 0.57%. The Saxi tungsten deposit has reached the
scale of a large-scale deposit overall, demonstrating signifi-
cant economic potential.

The orebodies are structurally controlled by the Jiaozis-
han syncline, with a synclinal axis oriented between 120°
and 290° (Sheng et al. 2023). The core of the syncline con-
sists of the upper member of the Saxi Formation, while the
two flanks are represented by the middle and lower mem-
bers (Sheng 2016). Underlying the Saxi Formation is the
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Fig. 2 a Geological sketch of the Saxi tungsten deposit; b geological profile of the No. 8 exploration line (modified from Wenshan Malipo Zijin
Tungsten Industry Group Co. Ltd., Geological Exploration Department, 2009)

Nanyangtian Formation, composed of mica schist and meta-
greywacke. Stratiform ductile shear zones have developed
within the Saxi Formation, exhibiting significant myloni-
tization and slicing. These shear zones host intense late-
stage hydrothermal metasomatic mineralization, serving as
ore-bearing structures that produce high-quality tungsten in
the mining area (Long et al. 2021). Tungsten mineraliza-
tion at Saxi primarily occurs within the middle number of
the Proterozoic Saxi Formation and can be categorized into
two types: stratiform and vein. Stratiform mineralization is
predominantly hosted within the granulite, which is charac-
terized by alternating dark and light bands, with scheelite
distributed linearly along foliation planes and showing stable
extensions, while vein mineralization is primarily associated
with pegmatite dikes and quartz veins, which often crosscut
or develop along the stratigraphy.

3 Occurrence of the arsenopyrite

Tungsten orebodies in the Saxi deposit occur in stratiform
and vein forms. This research focuses on the vein-type
orebodies. Through detailed investigations of ore textures,
cross-cutting relationships and mineral assemblages, three
generations of arsenopyrite hosted in vein-type minerali-
zations have been distinguished: (1) arsenopyrite within
the altered granite, (2) arsenopyrite within the pegmatite
dikes, and (3) arsenopyrite within the quartz veins (Fig. 3).
Arsenopyrite within the altered granite (Apy-1) is euhedral
and medium-grained and is associated with K-feldspar, pla-
gioclase, quartz, tourmaline, biotite, apatite and scheelite
(Fig. 3a—c). Arsenopyrite within the pegmatite dikes (Apy-2)

’Qtz-Sch vein

Quartz vein

Fig. 3 Arsenoyrite from the Saxi deposit in rock samples and opti-
cal micrograph. Apy. arsenopyrite; Sch. scheelite; Qtz. quratz; Tur.
tourmaline; Kfs. K-feldspar. a Photograph of the sample from altered
granite. b Photograph of the Apy-1 and quartz symbiosis. ¢ Photo-
graph of the Apy-1, quartz and tourmaline. d Photograph of the sam-
ple from pegmatite dike tungsten. e Photograph of the scheelite and
Apy-2 symbiosis. f Photograph of Apy-2 sample from pegmatitic
vein-type tungsten orebody. g Photograph of the field fluorescence
from sample from quartz vein-type tungsten orebody. h Photograph
of the Apy-3 and quartz symbiosis. i Photograph of Apy-3 sample
from quartz vein-type tungsten orebody

is euhedral-subhedral and medium-grained and is associ-
ated with feldspar, quartz and scheelite (Fig. 3d—f). Arse-
nopyrite within the quartz veins (Apy-3) is anhedral and
coarse-grained and is closely associated with quartz and
scheelite (Fig. 3g—i). Three distinct paragenetic stages have
been recorded in the study area and can be distinguished
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using ore textures, cross-cutting relationships and mineral
assemblages, which record the change of the magmatic stage
(stage I), transition stage of magmatic hydrothermal (stage
II) and hydrothermal stage (stage III) (Fig. 4). This paper
also summarizes the characteristics of different depths of
rock types (Fig. 5). According to the occurrence and sam-
pling location of arsenopyrite, we believe that the three
generations of arsenopyrite are the products of evolution of
tungsten-bearing granitic magmatic hydrothermal in differ-
ent parts of the crust.

4 Sampling and analytical methods

The samples were taken from the middle number of Saxi
Formation, including tungsten-altered granite, pegmatite
dike and quartz vein ores, according to their occurrences.
We chose apatite with relatively good preservation in the
altered granite for U-Pb dating. We also selected arsenopy-
rites, which are closely related to scheelite in each stage for
trace element and in situ S—Pb isotope analysis.

4.1 In situ apatite U-Pb dating

Apatite samples were collected from the drill core of altered
granite at the Saxi deposit. Apatite U-Pb isotopic dating
was conducted using LA-ICP-MS at the Guangzhou Tuoyan
Analytical Technology Co. Ltd. (GTAT). The analysis

Stages

Stage | Stage I Stage Il

Minerals

Quartz

Plagioclase

Tourmaline

Biotite

Beryl

Scheelite

Arsenopyrite

Pyrite

Pyrrhotine

Chalcopyrite

Sphalerite

Fig. 4 Paragenetic sequence of minerals in the Saxi deposit. The
thickness of line indicates the mineral amounts in the paragenetic
sequence
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employed a New Wave Research 193-nm ArF excimer
laser ablation system in conjunction with a Thermo Sci-
entific iCap-RQ quadrupole inductively coupled plasma
mass spectrometer (ICP-MS). Specifications for the laser
beam included a 50 um spot diameter, 6 Hz frequency and
4.0 J/cm? energy density. The silicate glass reference mate-
rials NIST 610, BCR-2G (Jochum et al. 2011) and MAD
(473.5+0.7 Ma; Chew et al. 2014) were utilized as exter-
nal standards to correct for instrument mass discrimination.
Each time-resolved analysis comprised approximately 45 s
of blank signal followed by 40 s of sample signal. Two sets
of standard sample tests were interspersed between every
six unknown samples. Raw test data were processed offline
using IOLITE software (Paton et al. 2011). Age calculations
and concordant mapping were performed using Isoplot R
(Vermeesch 2018).

4.2 In situ trace element analysis of arsenopyrite

The trace elements in arsenopyrite were analyzed using a
New Wave Research (NWR) 193-nm ArF Excimer laser-
ablation system coupled with an iCAP RQ ICP-MS at the
GTAT. The ICP-MS was calibrated with NIST SRM 610
to minimize oxide production. The laser fluence was set
to 3.5 J/cm?, with a repetition rate of 6 Hz, a spot size of
30 pm and an analysis duration of 45 s, followed by a 40-s
background measurement. The trace element concentra-
tions in arsenopyrite were calibrated against several refer-
ence materials, including NIST SRM 610 and MASS-1 (Liu
et al. 2008; Jochum et al. 2011). The sulfide pellet stand-
ards SRM 612 and GE8 were used as monitor samples to
ensure data accuracy (Wilson et al. 2002; Danyushevsky
et al. 2011). The analytical accuracy is > 20% for most ele-
ments. Offline processing of the analytical data was carried
out using the 3D Trace Elements DRS mode of the IOLITE
software (Paton et al. 2011).

4.3 In situ S isotopic analysis of arsenopyrite

A total of 22 arsenopyrite grains from the Saxi deposit
were analyzed for S isotopes using a Thermo Scientific
Neptune Plus Multi-Collector Inductively Coupled Plasma
Mass Spectrometer (MC-ICP-MS), coupling with a New
Wave Research 193-nm ArF laser ablation system. Faraday
cups L3, C and H3 were assigned to detect **S, **S and
328, respectively. The laser energy density (fluence) was
set to 3.5 J/em?, with a frequency of 3 Hz and spot size
of 30 pm. Data acquisition was performed in TRA mode,
with a 15-s background acquisition, a 40-s sample inte-
gration time and a 70-s purge time (Chen et al. 2017; Bao
et al. 2017; Yuan et al. 2018). A matrix-matching standard
WS1 (6*Sy.cpr=1.1, 2SE=0.2) was used as the internal
standard to evaluate the reliability of the unknown sample
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data. The §°*S value for the monitoring sample, Balmat
(6*Sy.cpr=16.3, 2SE=0.3), obtained during this analysis
aligns with the recommended value within the error range;
the analysis accuracy is better than+0.2%.

4.4 In situ Pb isotopic analysis of arsenopyrite

A total of 23 arsenopyrite grains from the Saxi deposit were
analyzed for Pb isotopes using the LA-MC-ICP-MS at the
GTAT. The LA employed a 193-nm excimer laser ablation
system (RESOlution M-50, ASI), consisting of a 193-nm
ArF excimer laser, a dual-chamber sample chamber and a
computer-controlled high-precision X-Y sample position-
ing system. This dual-chamber design effectively prevents

Annotation: * (Sampling location)

| Biotite-granulite

+Quartz veins:
scheelite, quartz,
tourmaline,
arsenopyrite, pyrite

Pegmatite dikes:
Quartz, tourmaline,
feldspar, arsenopyrite,
scheelite

Altered granite :
Plagioclase, quartz,
biotite, arsenopyrite,
sphalerite, a small
amount of scheelite

cross-contamination between samples, reduces sample purg-
ing time and enhances loading capacity, thereby minimiz-
ing the influence of human factors during frequent sample
changes. The laser energy density was set to 6 J/cm?, with
a frequency of 5 Hz. The laser spot size ranged from 9 to
120 pm, depending on Pb content, and high-purity helium
was used as the carrier gas at a flow rate of 280 ml/min. Pb
isotopes were measured using the Nu Plasma II MC-ICP-
MS, the latest generation dual-focus multi-collector plasma
mass spectrometer from Nu Instruments (Bao et al. 2017,
Yuan et al. 2018). Faraday cups H2, H1, Ax, L2 and L4
were designated to collect 208Pb, 207Pb, 206Pb, 204Pb+Hg
and *Hg, respectively. Pb isotope mass fractionation was
calibrated using the “standard-sample-standard-sample”
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cross-rule SSB. Simultaneously, 202Hg and the ratio
202Hg/29*Hg=0.229883 were measured to eliminate the
interference of 2**Hg on 2°*Pb, ensuring accurate signal
values for 2%Pb. During analysis, the internal standard
galena GnO1 and pyrite powder tablet PSPT-2 were used as
monitoring samples, with an international standard sample
inserted after every three unknown samples. Data acquisi-
tion was conducted in TRA mode, with a background acqui-
sition time of 30 s, a sample integration time of 50 s and a
purging time of 40 s.

S Results

5.1 Apatite U-Pb age

Apatite U-Pb age data are presented in Table S1 and illus-
trated in Fig. 6. Fifteen LA-ICP-MS spot analyses conducted
on sample SX22-39-1 yielded an age of 147.0+4.0 Ma
(MSWD =1.3) (Fig. 6).

5.2 Trace element compositions of arsenopyrite

A total of 32 LA-ICP-MS spot analyses were performed,

consisting of 10 spots each on Apy-1 and Apy-2 and 12
spots on Apy-3. Each analysis consists of 3 major elements

and 62 trace elements, with 12 exhibiting significant vari-
ations, including S, Fe, Co, Ni, As, Se, Ag, Sb, Te, W, Pb
and Bi. The LA-ICP-MS element compositions of arse-
nopyrites are given in Table S2 and plotted in Figs. 7, 8
and 9.

Time-resolved measurements for each laser spot analy-
sis were used to ascertain whether a specific trace element
occurred within the arsenopyrite lattice as a substitution
for major elements or as a nano-or micro-sized inclusion
(Maslennikov et al. 2009a, b; Nie et al. 2021). In this study,
most trace elements in arsenopyrite, such as V, Cr, Mn, Ga,
Ge, Rb, Sr, Nb, Mo, Cd, Sn, Au, Hg, Os and Th, were below
the detection limit. Time-resolved depth profiles for three
types of arsenopyrite show that Fe, Co, Ni, Sb and As are
also relatively smooth and consistent in their concentrations
regarding Se and Te, indicating that these elements were
rather homogeneous and were exchanged via substitution in
arsenopyrite (Fig. 7a—c). However, there are notable compo-
sitional differences in their trace element content. Apy-2 is
more enriched in Co, Ni, Se, Ag, Sb, Te, W, Pb and Bi than
Apy-1 and Apy-3, with concentration differences spanning
several orders of magnitude. The distribution map of trace
elements indicates that the levels of Bi, Sb, Se, Te and W are
lower in Apy-1 and Apy-3 than in Apy-2 (Fig. 8). Overall,
the content of these trace elements increases from Apy-1 to
Apy-2 before decreasing in Apy-3.

Fig. 6 LA-ICP-MS U-Pb 5000
Tera-Wasserburg concordia © |
diagram of apatites and the BSE ©
image of apatites in the altered
granite from Saxi tungsten
deposit
© |
e lower intercept = 147.0 + 4.0 Ma (n=15)
MSWD =1.3
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o
]
s < | 40006
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~ 30000
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Fig. 7 LA-ICP-MS time-reso-
lution depth profile of arsenopy-
rite data, showing distribution
of elements in arsenopyrite
from Saxi deposit. a Apy-1; b
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The LA-ICP-MS data reveal a general negative correla-
tion between As and S concentrations in Apy-1, Apy-2 and
Apy-3, with the As/S ratio highest in Apy-3 and lowest in
Apy-2 (Fig. 9a). This inverse relationship between As and
S in arsenopyrites suggests a coupled substitution process
during formation (Lee et al. 2019). Conversely, the S/Fe
ratio demonstrates a generally positive relationship across
the three arsenopyrite types (Fig. 9b).

5.3 S-Pb isotopic compositions of arsenopyrite
A total of 22 sulfur isotopic analyses were conducted on

samples Apy-1 to Apy-3, with results presented in Table S3
and plotted in Fig. 10. The 6**S values range from 4.29%o

to 8.11%o. Specifically, five analyses were performed on
arsenopyrite from both Apy-1 and Apy-2, while six analy-
ses were conducted on arsenopyrite from Apy-3. The three
generations of arsenopyrite exhibit broadly similar sul-
fur isotope values, with 6°*S ranges as follows: 4.31%o to
6.66%0 for Apy-1, 4.76%o to 8.11%¢ for Apy-2 and 4.29%o to
4.96%o for Apy-3, yielding mean values of 5.26%o, 6.07 %o
and 4.74%o, respectively. These sulfur isotopic data indicate
that 5°*S values within individual arsenopyrite grains are
relatively consistent (Table S3).

In-situ Pb isotope results for arsenopyrite from ten tung-
sten ore samples are presented in Table S4 and plotted in
Fig. 11. For Apy-1, the Pb isotope ratios are as follows:
206pp/2%4Ph ranges from 18.292 to 20.632, 2°’Pb/***Pb ranges

a B Apy-1
@ Apy-2
B Apy-3

) Granite

[ ] Nanyangtian

AsbA A Apy-3

@ Apy-2

m Apy-1

\ 4

3 6 7
634S\/-(:DT (%0)

8

10 3 4 5 6 7 8 9

634S\/-(:DT (%0)

Fig. 10 a In situ sulfur isotope composition histogram of arsenopyrite of different mineralization stages. b Comparison of isotopic values of
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from 15.605 to 15.801 and 2°*Pb/***Pb ranges from 38.491
to 39.224. In Apy2, the values are 19.610 to 19.876 for
206pp/2%4pp, 15.782 to 15.985 for 2O’Pb/***Pb and 39.428 to
39.929 for 2%8Pb/***Pb. For Apy3, the Pb isotope ratios range
from 19.093 to 19.875 for 2°°Pb/>**Pb, 15.729 to 15.885 for
207pp2%Ph and 39.211 to 39.552 for 2%Pb/2%4Pb.

6 Discussion
6.1 Origin of arsenopyrite

The origin of sulfides exhibits considerable diversity,
encompassing primarily sedimentary and magmatic-hydro-
thermal sources (Bralia et al. 1979; Cook et al. 2009; Chen
et al. 2020; Li et al. 2020). In this study, we attribute a mag-
matic-hydrothermal origin to the arsenopyrite, supported by
several lines of evidence.

The occurrence of these three arsenopyrite types reveals
distinct characteristics. Apy-1, found within altered granite,
is closely associated with feldspar and quartz (Fig. 3a—c),
aligning more closely with a magmatic-hydrothermal ori-
gin. Apy-2 and Apy-3 occur within pegmatitic dike and
quartz vein orebodies, respectively, and are associated with
scheelite (Fig. 3d—i), which also supports a magmatic-hydro-
thermal origin.

The age data provide additional insights into the origin
of arsenopyrite (Fig. 5). The apatite, associated with Apy-1,
in W-bearing altered granite appears homogeneous under
the backscattered electron (BSE) images (Fig. 5b), indicat-
ing it has not been altered by hydrothermal metasomatism,
thus allowing its age to represent the magmatic event of

this period. The U-Pb age of the apatite is determined to
be 147.0+4.0 Ma (Fig. 5a), which does not correspond to
any known magmatic events in the studying area. Notably,
scheelite in the quartz vein from the Nanyangtian W deposit
shows similar ages (146141 Ma, Zhao et al. 2024) and is
proposed to originate from concealed granite. Given the
proximity of Nanyangtian to the Saxi deposit, it is plausible
that vein-type tungsten in the Saxi deposit also originated
from a concealed granitic intrusion around 147 Ma. In addi-
tion, the U-Pb age of vein scheelite obtained by the our team
is 150.6+4.0 Ma , which further indicates that vein-type
scheelite mineralization is related to Early Cretaceous mag-
matic hydrothermal system.

The S/Fe ratios in these three arsenopyrite types suggest
that the fluids may have originated from a magmatic-hydro-
thermal source (Fig. 9b). Generally, hydrothermal arseno-
pyrite is sulfur-deficient, whereas sedimentary arsenopyrite
is either enriched in sulfur or close to the ideal arsenopyrite
composition (S/Fe=1) (Brill 1989; Li et al. 2020). In the
Saxi deposit, the S/Fe ratios for Apy-1, Apy-2 and Apy-3
range from 0.98 to 1.09, 0.89 to 0.92 and 0.86 to 1.02,
respectively (average 0.97 < 1, Table S2). Consequently, the
primary source of sulfide sulfur in the Saxi deposit is likely
deep-seated or magmatic.

The sulfur isotope compositions provide additional evi-
dence for the origin of arsenopyrite (Fig. 10). Sulfur iso-
topic ratios serve as a well-established tracer, particularly
useful for identifying ore deposit genesis (Ohmoto 1972).
Previous studies have identified four primary sources of
sulfur in ore deposits: deep sulfur or magmatic sulfur
(5°*S ~ 0), crustal sulfur, seawater sulfur and mixed sulfur
sources. The §**S values for the three arsenopyrite types
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in the Saxi tungsten deposit range from 4.29%o to 8.11%o
(Table S3), suggesting a deep magmatic sulfur source,
consistent with ore-forming fluids of magmatic-hydro-
thermal origin. Although the specific sulfur source for the
Saxi tungsten deposit cannot be conclusively identified
based solely on the §**S compositions of arsenopyrite, the
534S values of pyrites from the nearby Nanyangtian W
deposit display similar characteristics (4.2%o to 8.1%o, and
7.46%0 to 9.55%0; Feng et al. 2011b; Zhang et al. 2021).
This similarity provides a reference for understanding
the sulfur source in the Saxi deposit, as these 534S values
align with those of granitic sulfur, suggesting a common
sulfur reservoir. Together, these values support a deep or
magmatic sulfur source, reinforcing the interpretation of a
magmatic-hydrothermal origin for these deposits. In addi-
tion, the 6>*S value of pyrites in the Zhuxi skarn W-Cu
deposit is 2.4%o to 4.0%0 (Pan et al. 2020), and the vein-
hosted sulfides have §°*S values of 3.8%0—6.3%o in the
Shizhuyuan W deposit (Wu et al. 2018), which further
indicates that ore-forming fluid of the Saxi deposit is simi-
lar to these tungsten deposits in South China, and they are
related to granitic magmatic hydrothermal.

The Pb isotopic compositions of the three generations
of arsenopyrite in the Saxi deposit suggest that ore-form-
ing materials were sourced primarily from the upper crust
(Fig. 10). Lead isotopes exhibit minimal fractionation during
physical and chemical processes, except through radioactive
decay, which allows them to remain relatively stable dur-
ing the migration and precipitation of ore-forming materi-
als. Consequently, Pb isotopes and related parameters are
widely used to trace the sources of ore-forming materials
in metal deposits (Zartman and Doe 1981; Mirnejad et al.
2011). Table S4 presents the in situ Pb isotope composi-
tions of sulfides from the three ore types in Saxi, alongside
comparative Pb isotopic data from the Nanyangtian tungsten
deposit in the Laojunshan ore district (Feng et al. 2011). The
generally similar lead isotopic compositions among tung-
sten deposits in this region suggest common source charac-
teristics. In the Zartman’s lead tectonic evolution diagram,
Pb isotopic signatures from surrounding rock lead in the
Laojunshan ore concentration area are scattered and mostly
distinct from those of ore lead, indicating minimal influence
from surrounding rock on ore lead and suggesting these sur-
rounding rocks are not the primary source. Notably, some
samples project near the lower crust and orogenic zone,
reflecting inheritance from deeper early-stage lead sources.
In contrast, other samples from the Saxi deposit, along with
those from Nanyangtian, plot above or near the upper crus-
tal evolution line, indicating superposition from later-stage
metamorphic or granitic hydrothermal sources. Additionally,
most Pb isotopic compositions of the chalcopyrite, pyrite
and sphalerite of Zhuxi deposit in Jiangxi Province were
also plotted in the field between the upper crust and orogen
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(Pan et al. 2020), reflecting that their ore-forming material
sources are similar, originating from the upper crust.

6.2 Ore-forming fluid evolution and insight for W
mineralization

The content and ratios of trace elements in arsenopyrite
contain valuable genetic information, making it an effective
tool for determining the genetic type of ores, assessing the
source of ore-forming materials and tracing the evolution of
ore-forming fluids (Reich et al. 2005; Cook et al. 2013). The
migration mechanisms of trace elements among the three
types of arsenopyrite are complex, influenced by factors
such as temperature during the evolution of the ore-forming
fluids (Cook et al. 2013; Reich et al. 2013; Gregory et al.
2016). Therefore, microanalysis and elemental compositions
of arsenopyrite offer crucial insights into the chemical vari-
ations of hydrothermal fluids during the continuous growth
of sulfide minerals.

The As/S ratio reflects temperature variation during fluid
evolution (Fig. 9a). The As/S ratio is particularly sensitive
to temperature in sulfur-buffered assemblages, with higher
ratios observed at higher temperatures (Kretschmar and
Scott 1976; Koh et al. 1992; Lentz 2002). Apy-1 in altered
granite is characterized by higher As/S ratios than Apy-2
in pegmatite dike orebodies, indicating a decrease in tem-
perature from Apy-1 to Apy-2. In contrast, the As/S ratio
of Apy-3 in quartz vein orebodies is higher than that of
Apy-1 and Apy-2, likely because of the intensive interac-
tion between the hydrothermal fluid and the surrounding
rocks, which extracts As from the surrounding materials,
resulting in higher As content in Apy-3. This suggests that
these arsenopyrites may have formed at medium to high
temperatures, which is consistent with the homogenization
temperature of fluid inclusions in quartz vein-type orebodies
(165-340 °C, Zhang et al. 2016). Furthermore, variations in
534S value among the three arsenopyrite types provide infor-
mation on fluid evolution (Fig. 10). From Apy-1 to Apy-3,
the sulfur isotope values increase initially and then decrease,
which may reflect a stage during the magmatic-hydrothermal
transition when temperatures decrease, sulfur-bearing gases
volatilize and heavy sulfur minerals are left behind. During
the hydrothermal stage, fluid interaction with surrounding
rocks leads to the consumption of sulfur, consistent with
the observed As/S ratio trends in the three arsenopyrite
generations.

The trace element box pattern provides valuable insights
into W mineralization (Fig. 8). The W content initially
increases and then decreases from Apy-1 to Apy-3. We
propose that in the magmatic and magmatic-hydrothermal
transitional stages, W primarily existed as a solid solution
within the arsenopyrite lattice. As the temperature gradually
decreased, part of scheelite in the pegmatite dikes began
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to precipitate. During the hydrothermal stage, metasomatic
reactions between the fluid and surrounding rocks occurred,
where Ca from the surrounding rocks combined with W in
the fluid, leading to the precipitation of significant amounts
of scheelite in the quartz veins. This process resulted in a
decrease in W content in Apy-3.

In summary, these results suggest that the hydrothermal
fluids responsible for W mineralization enriched As while
depleting sulfur in the arsenopyrite grains found in quartz
veins. This also indicates that the vein-type tungsten miner-
alization in the Saxi deposit underwent a magmatic to hydro-
thermal evolution, with mineralization beginning during the
magmatic-hydrothermal transitional stage, followed by sig-
nificant mineralization during the hydrothermal stage. This
is consistent with the presence of both melt inclusions and
gas-liquid inclusions in the tungsten-bearing quartz veins
as well as with the H-O isotope data from quartz (Sheng
2016; Sheng et al. 2023), indicating that the primary fluid
source is magmatic water, with contributions from organic
or meteoric water.

6.3 A model for vein-type tungsten mineralization

Systematic investigations of the vein-type tungsten occur-
rences, apatite U-Pb age in W-bearing altered granite and
trace element and S—Pb isotopic compositions of arsenopy-
rite in the Saxi deposit have led to the proposal of a model
for vein-type tungsten mineralization (Fig. 12). The compre-
hensive studies of arsenopyrite suggest that the mineraliza-
tion process occurred in the three stages.

The first stage, indicated by the apatite U-Pb age of
147.0 £4.0 Ma, is consistent with the vein-type scheelite

U-Pb age 150.6 +4.0 Ma obtained by our team, suggest-
ing that during the Early Cretaceous, a granitic magmatic
episode occurred, potentially linked to the distant subduc-
tion of the Paleo-Pacific Plate (Fang et al. 2021; Sun et al.
2021; Zhao et al. 2024). Lithospheric extension caused
crustal thinning and upper crust remelting, forming a deep,
concealed granitic pluton. This process released W-rich
magmatic-hydrothermal fluids through crystallization dif-
ferentiation (Que et al. 2014; Cheng et al. 2016; Soloviev
et al. 2017). At the deuteric stage, W-rich fluids, generated
by the devolatilization within the W-bearing granitic magma
chamber, migrated upward and potentially reacted with the
granite at the chamber’s margins to form the W-bearing
altered granite (Peters 1987; Kajdas et al. 2017).

The second stage was primarily driven by the exsolu-
tion of ore-forming fluids, during which the numerous vola-
tile components significantly reduced the viscosity of the
residual melts, enhancing its fluidity, resulting in an increase
in the content of W in Apy-2. The decrease of As/S ratio
and increase of S isotope value in Apy-2 indicate that the
decrease of temperature and the volatilization of sulfur-con-
taining gas may be the mechanism of scheelite precipitation
in pegmatite dikes (Sirbescu et al. 2003; Duke et al. 1990,
1992).

The third stage was influenced by the SE-NW thrust
nappe structure, which created foliation and fissures within
the Saxi Formation (Que et al. 2014; Bi et al. 2015), pro-
viding pathways and storage space for fluid migration and
W mineralization. The increase in the As/S ratios and the
decrease in 6°*S values in Apy-3 indicate that wallrock-
derived fluids were introduced during this process, result-
ing in higher As content and lower S content in the formed

Fig. 12 Metallogenic models
of vein-type tungsten in Saxi
deposit

Pegmatite !
dike 3

Early Cretaceous granitic pluton
(143~151Ma)

Interlayer
fracture
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arsenopyrite formed. Water-rock reactions occurred between
the mixed fluids and the interlayer carbonates, leading to
the formation of quartz vein scheelite bodies, which were
superimposed on schistosity planes.

These findings further support the hypothesis that the
genesis of vein-type tungsten is closely associated with
magmatic activity during Early Cretaceous.

6.4 Implication for the Saxi vein-type W mineralization

A statistical analysis of the typical quartz vein-type tungsten
and skarn-type tungsten deposits in South China is shown
in Table S5.

The Saxi deposit is a quartz-vein-type W—Be deposit, and
no skarn is found in the ore area, which is different from
some tungsten deposits in South China, such as Nanyang-
tian, Yaogangxian and Shizhuyuan, where both large-scale
quartz-vein-type and skarn-type tungsten mineralization are
present (Cai et al. 2018; Zhao et al. 2024; Ni et al. 2023),
but according to the comparative analysis of their metal-
logenic models (Ni et al. 2023), their genesis is similar to
Saxi, which is closely related to granite intrusion. Therefore,
undiscovered granite and skarn-type tungsten mineralization
may be the focus of further prospecting work in this area.

In terms of metallogenic temperature and age, the Saxi
deposit is closely similar to other deposits in South China.
Their metallogenic temperature ranges from 150 to 372 °C
and indicates that the decrease of fluid temperature may
be the mechanism of scheelite precipitation in this area.
Notably, W-Sn mineralization in South China concentrated
within 170-140 Ma, belonging to Late Jurassic to Early Cre-
taceous, corresponding to significant distant subduction of
the paleo-Pacific plate (Fang et al. 2021; Sun et al. 2021).
If the geological event around 147 Ma is confirmed as the
principal period of the Saxi vein-type W mineralization, it
will have a profound impact on the exploration strategies in
the Laojunshan area. Consequently, targeting deep-buried
granitic rock from the Late Jurassic-Early Cretaceous may
represent a critical breakthrough in tungsten exploration
within this region.

7 Conclusions

The vein-type tungsten of the Saxi deposit in southeastern
Yunnan province is of deuteric origin interpreted based on
in situ U-Pb dating of the apatite in altered granite, trace ele-
ment analysis and S—Pb isotope studies of the three types of
arsenopyrite. The following three conclusions are obtained
below.

1. The apatite U-Pb age of 147.0+4.0 Ma provides evi-
dence that tungsten mineralization in the Saxi deposit
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is likely associated with an Early Cretaceous concealed
magmatic-hydrothermal system at depth.

2. Trace element analysis, along with sulfur and lead iso-
tope studies of arsenopyrite, suggests that tungsten min-
eralization in the Saxi deposit formed under medium to
high temperatures. The sulfur is inferred to have origi-
nated from a deep magmatic source, while the the gra-
nitic parental magma is derived from the upper crust.

3. A mineralization model for the vein-type tungsten in the
Saxi deposit is proposed, with the findings supporting
the conclusion that magmatic-hydrothermal processes
were the primary mechanism driving the formation of
vein-type tungsten in this region.
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