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The Dashuigou deposit, located in the transitional zone between the Yangtze craton to the east and the Songpan-
Ganze orogen to the west, is the world’s only known deposit where tellurium and bismuth are exploited as
primary products. The Te-Bi orebodies mainly occur as the dolomite-tetradymite and Te-bearing pyrrhotite veins
in Triassic low-grade metamorphic rocks. The ore minerals mainly consist of tetradymite, tsumoite, tellur-
obismuthite, pyrrhotite, and chalcopyrite. While mineralogy and geochemistry of the ores in the Dashuigou
deposit have been well documented in the past decades, the age of the Te-Bi mineralization in the Dashuigou
district is not well defined due to lack of both suitable dating mineral and chronometer, and thereby impedes
further understanding on its ore genesis.

Hydrothermal rutile coeval with tetradymite has been identified in this study from a high-grade dolomite-
tetradymite vein in the Dashuigou deposit. This rutile is closely associated with tetradymite, tsumoite, Te-bearing
pyrrhotite, and contains many tiny tetradymite inclusions. Here, we present the first in situ trace element
compositions and U-Pb age of these rutile crystals using laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS). The rutile is enriched in V, Nb, Ta, Sn, and Cr, but has low contents of As, Sb, and W,
indicating a magmatic origin. U-Pb dating on rutile demonstrates a well-constrained age of 32.4 + 3 Ma, which is
interpreted as the timing of Te-Bi mineralization for the Dashuigou deposit. This new age provides the first
evidence suggesting that the Dashuigou deposit is contemporary with regional Eocene-Oligocene alkaline
magmatism and related metallogenic event in Sanjiang region. Compared with the Beiya Te-Bi-bearing porphyry
Cu-Au and Yao’an Au deposits in the alkaline magmatic belt, we propose that the Dashuigou Te-Bi deposit was
likely product of a concealed alkaline magmatic-hydrothermal system. This study also demonstrates the rutile U-
Pb geochronology being a powerful tool for dating unusual ore systems.

1. Introduction

Tellurium (Te) and bismuth (Bi) are critical elements and are
essential for the manufacture of photovoltaic cells in the solar energy
industry (e.g., cadmium telluride [CdTe] thin-film solar cells) and
communication technology products (e.g., bismuth telluride thermo-
electric devices) (Andersson, 2000; Jowitt et al., 2018; McNulty and

* Corresponding authors.

Jowitt, 2022). Both elements are predominately recovered as by-
products during ore processing. Up to 90 % of the global production
of Te is recovered from copper anode slimes as a by-product of elec-
trolytic refining of copper (Nassar et al., 2015; McNulty and Jowitt,
2022). On the other hand, bismuth has been mined as a main product
from mines in Bolivia and China but it is predominately recovered as a
by-product during processing of lead and tungsten ores (McNulty and
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Jowitt, 2022).

Tellurium and bismuth have an average crustal abundance of 0.005
ppm (Wedepohl, 1995) and 0.1 to 0.2 ppm (Ojebuoboh, 1992),
respectively. The dispersive nature of Te and to a lesser extent Bi inhibit
the formation of ore-grade deposit, but they can exist as base and
precious metal-bearing telluride minerals (e.g., altaite [PbTe], calaver-
ite [AuTe;], petzite [AgsAuTe;], and hessite [AgTe,]) and sulfosalts (e.
g., tetradymite [BisTe,S]) in various gold-silver mineralization types,
including porphyry-epithermal (Cook et al., 2009; Liu et al., 2013;
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Chapman et al., 2018), skarn (Meinert, 2000; Cockerton and Tomkins,
2012), volcanogenic massive sulfide systems (Tormanen and Koski,
2005; Maslennikov et al., 2017), and some orogenic Au deposits (Cio-
banu et al., 2010; Voudouris et al., 2013).

The Dashuigou deposit, located in Shimian county in western
Sichuan Province, China, is by far the world’s only known deposit where
tellurium and bismuth are the primary economic elements (Cao et al.,
1995; Mao et al., 1995), and has proven reserves of 508 t Te and 768 t Bi,
with average Te and Bi grades of 1.17 wt% and 1.76 wt%, respectively
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Fig. 1. (A) Generalized tectonic map showing the location of the study area in southwestern China (modified from Chang and Audétat, 2022). (B) A geological map
showing distribution of Te-Bi, Te-Au, and orogenic Au deposits in the Dashuigou district (modified from Ying and Luo, 2007; Ruan et al., 2013). The ages of Te-Au

and the orogenic Au deposits are from Ying and Luo (2007).
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(Behre Dolbear Asia, Inc., 2009). The orebodies mainly occur as the
dolomite-tetradymite and Te-bearing pyrrhotite veins in Triassic low-
grade metamorphic rocks. The ore minerals mainly consist of tetrady-
mite (BisTesS; ~ 51.5 wt%), tsumoite (BiTe; ~ 11.5 wt%), and tellur-
obismuthite (BipTes; ~ 1.9 wt%) (Yin and Shi, 2020). Other iron sulfides
include pyrrhotite, chalcopyrite, and pyrite (Luo et al., 1994; Cao et al.,
1995; Mao et al., 1995; Wang et al., 1996; Zhang et al., 2000). Miner-
alogy and geochemistry of the ores in the Dashuigou deposit have been
well documented in the past decades (Luo et al., 1994; Cao et al., 1995;
Mao et al., 1995; Wang et al., 1996; Zhang et al., 2000; Yin and Shi,
2020). However, the timing of mineralization is not well-constrained.
Two isotope dating methods, including the K-Ar and *°Ar/3°Ar dating
of muscovite and biotite, have been applied for the Dashuigou deposit,
and they yield a wide range of ages from 178 Ma to 94 Ma (Yin et al.,
1995; Mao et al., 1997). Nevertheless, due to the ambiguous paragenetic
associations between the dated minerals (muscovite and biotite) and
tetradymite, as well as the inherent problems of dating minerals them-
selves, the timing of Te-Bi mineralization in the Dashuigou district re-
mains unclear. This prevents further understanding on its genesis and
tectonic background.

In situ laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) U-Pb dating of rutile has been recently established as a
powerful dating method that has been successfully applied to porphyry
Cu and Au deposits worldwide (e.g., Schirra and Laurent, 2021; Gao
et al.,, 2021; Liu et al., 2021; Chen et al., 2023). In this study, hydro-
thermal rutile coeval with tetradymite has been identified in a high-
grade dolomite-tetradymite vein from the Dashuigou deposit. Petro-
graphic observation demonstrates that the rutile is temporally closely
associated with tetradymite, tsumoite, and Te-bearing pyrrhotite, and
thus it is considered a reliable dating mineral for the Dashuigou deposit.
In this contribution, we carried out the first in situ LA-ICP-MS trace
element compositions and U-Pb dating of rutile, and obtained the
Oligocene age of the Dashuigou Te-Bi deposit. This new age is
contemporary with regional Eocene-Oligocene alkaline magmatism and
related metallogenic event in Sanjiang region.

2. Geological setting and deposit geology

The Dashuigou Te-Bi deposit is located in the middle part of the
Luding-Mianning regional ductile shear zone in the Sanjiang region
(Fig. 1A), which is separated from the Tibetan Plateau by the Songpan-
Ganze terrane to the west and by the Yangtze craton to the east.

The Sanjiang region (Fig. 1A) formed by pre-Triassic amalgamation
of several micro-continental blocks and arc terranes due to the pro-
gressive closures of the Paleo-and Neo-Tethyan Oceans (Deng et al.,
2020) and its current shape was obtained through the India-Asia con-
tinental collision from the Paleocene to present (Lee and Lawver, 1995).
In the Late Eocene to early Oligocene, the Sanjiang region experienced
widespread potassic magmatism (Chang and Audétat, 2022), forming a
~ 2000-km-long potassic magmatic belt of Eocene-Oligocene (40 — 30
Ma) intrusive and associated volcanic rocks, which led to the formation
of many porphyry (-skarn) Cu (Au, Mo) and vein-type Au deposits
(Fig. 1A). Some of deposits contain abundant telluride (e.g., tetradymite
and tsumoite) and Bi-sulfosalt minerals (e.g., bismuthinite [Bi4S¢]) such
as the Beiya giant porphyry-skarn Cu-Au and Yao’an Au deposits (Zhou
et al., 2016, 2018). In the Late Oligocene, the western part of the San-
jiang region was displaced by ~ 600 km to the southeast due to large-
scale sinistral shearing (Chung et al., 1997), which led to the forma-
tion of many orogenic Au deposits along the Ailaoshan-Red River shear
zone (Wang et al., 2019).

The strata exposed in the Dashuigou district consist of the Precam-
brian basement of the Yangtze craton and the cover of Devonian to
Triassic metamorphic rocks, which are bound by the thrust faults
(Fig. 1B). The basement rocks include the Proterozoic Kangding com-
plex, Neoproterozoic granite, Sinian metavolcanic rocks and marble
interbedded with slate. Devonian rock consists of marble and slate,
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which hosts small orogenic Au deposits and occurrences along the strike-
slip faults in the district (Fig. 1B). Permian and Triassic rocks include
marble, metabasalt, slate, and amphibole schist. Small Jurassic-
Cretaceous monzonitic granites are exposed in the northwestern and
southern parts of the district.

Te-Bi mineralization in the Dashuigou district is restricted to the
Dashuigou dome, which is bound by ductile shear faults F; to the west
and Fs to the east (Fig. 1B). The core of the dome consists of Triassic
massive marble and amphibole schist, which are overlain by the Triassic
marble with schist bands and slate (Fig. 2B). The marble consists of
mostly coarse-grained calcite. The schist includes almandine-bearing
actinolite, amphibole, and/or muscovite schists (Yu, 2000), which is
interpreted to have been metamorphosed from basic volcanic rocks by
the Late Triassic to Middle Jurassic magmas (Ruan et al., 2013). The
slate occurs in the western part of the dome and is composed of low-
grade (chlorite-sericite) metamorphosed sandstone (Fig. 2A and B).
The Dashuigou deposit lies on the northern margin of the dome (Fig. 1B
and 2A). Small deposits and occurrences also occur around the dome
(Fig. 1B). All of them are hosted by the Triassic amphibole schist
(Fig. 1B).

The Te-Bi orebodies in the Dashuigou district invariably occur as
decimeter to meter scale massive veins infilling fractures mostly striking
NE (Fig. 2C). Most veins are roughly parallel to each other and dip at 35°
to 80° to the west. Based on mineral assemblage and their relative
proportions, three types of ore veins are recognized (Fig. 2C and D),
namely quartz-tetradymite (Qz-Ttd) vein, Te-bearing pyrrhotite (Te-Po)
vein, and dolomite-tetradymite (Dol-Ttd) vein. The Qz-Ttd veins are
very rare and economically less important than the other two types.
They mainly consist of quartz and tetradymite, with these minerals
infilling fractures within the Triassic schist and marble (Fig. 2C and D).
The Te-Po veins and the Dol-Ttd veins are essentially similar because
they share the same mineralogy, vein textures and commonly occupy the
same fracture, forming composite veins (Fig. 2D). However, these two
types are subdivided owing to their striking difference in relative pro-
portion of minerals. The Te-Po veins (Fig. 3A) are mainly composed of
massive pyrrhotite, with only minor amounts of chalcopyrite, pyrite, Te-
Bi minerals and native gold grains (Luo et al., 1994; Mao et al., 1995).
Locally, the Te-Po veins contain variable amount of hydrothermal
dolomite clasts. In our sample, tetradymite veinlets are observed in the
fractures within the massive pyrrhotite (Fig. 4A).

The Dol-Ttd vein is the main industrial ore for Te and Bi production
in the Dashuigou deposit (Fig. 3B and C). Despite that pyrrhotite,
chalcopyrite, and pyrite also occur in variable amount, these veins are
differentiated from the Te-Po veins because they contain dolomite and
tetradymite as the main gangue and ore minerals (Fig. 3D-E and Fig. 4),
respectively. Dolomite in the Dol-Ttd veins occurs mostly as clasts
cemented by tetradymite and other sulfides (Fig. 3B-E). Where brecci-
ation is week, dolomite vein and its falling clasts can be observed
(Fig. 3C), indicating superimposition of early dolomite vein by late Te-Bi
minerals and iron sulfides. According to the abundance of tetradymite,
two types of ores are recognized from the Dol-Ttd veins, i.e. massive ore
and disseminated ore. Massive ore consists almost entirely of tetrady-
mite aggregates with minor dolomite clasts and forms the richest ore in
the deposit (Fig. 3D). Disseminated ore is composed of larger dolomite
clasts cemented by pyrrhotite with interstitial disseminated tetradymite
and other Te-Bi minerals (Fig. 3E). Tellurium and bismuth minerals
identified are mainly composed of tetradymite (~51.5 wt%), tsumoite
(~11.5 wt%), and tellurobismuthite (~1.9 wt%) (Yin and Shi, 2020),
with minor Joseite-B (BisTesS), calaverite, hessite, and native tellurium
and bismuth (Luo et al., 1994). Electron microprobe analysis (EPMA)
results show that the chemical composition of tetradymite is 59.71 wt%
to 60.93 wt% of Bi, 33.94 wt% to 34.38 wt% Te, and 4.37 wt% to 4.51
wt% S (Table 1). Tsumoite only occurs in the contacts between tetra-
dymite and pyrrhotite or chalcopyrite. It contains 61.97 wt% to 63.29 wt
% Bi, and 35.67 wt% to 36.61 wt% Te (Table 1). Graphic texture
(Fig. 4D-F), consisting of worm-like pyrrhotite and chalcopyrite within
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Fig. 2. (A) Geological map and (B) measured cross-section in (A) of the Dashu
(modified from Cao et al., 1995) showing the horizontal projection of major
indicated in (C) (modified from Panxi Geological Team, 1993). Abbreviations:

tsumoite, is frequently observed near the contact between tetradymite
and pyrrhotite or chalcopyrite. This texture is likely a result of tetra-
dymite replacing pyrrhotite and chalcopyrite. Our EPMA results
(Table 1) show that the worm-like pyrrhotite contains 0.08 wt% to 4.85
wt% Te and 1.01 wt% to 6.06 wt% Bi, whereas the worm-like chalco-
pyrite has contents of 0.10 wt% to 5.66 wt% Te and 1.13 wt% to 6.38 wt
% Bi.

Except for dolomite, Te-Po veins and Dol-Ttd veins also contain
gangue minerals of calcite, with minor rutile, albite, apatite, muscovite
and quartz. Wall-rock alteration around both the Te-Po veins and the
Dol-Ttd veins is remarkable (Mao et al., 1995). Intense muscovite and
sericite alteration on the amphibole schist is evident in both sides of the
Dol-Ttd veins (Fig. 3B). Based on our field observation and previous
studies (Luo et al., 1994; Mao et al., 1995), the mineral paragenesis can
be roughly divided into three mineralization stages according to the
crosscutting relationships and mineral assemblages, including the pre-
ore stage dolomite - pyrrhotite - pyrite; the main-ore stage dolomite
(+quartz) - tetradymite - tsumoite - pyrrhotite - chalcopyrite, and the
late-ore stage quartz - pyrite - chalcopyrite - native gold.

3. Sampling and analytical techniques

The samples analyzed in this study were collected from a high-grade
dolomite-tetradymite vein in the Dashuigou deposit (Fig. 2C and 3C),
which mainly consists of massive and disseminated tetradymite, pyr-
rhotite with dolomite clasts (Fig. 3D and E). Samples were first prepared
as polished petrographic thin sections for microscopic observation to

igou dome (modified from Yu, 2000). (C) Geological map of the Dashuigou deposit
orebodies and sampling location. (D) Cross-section map of the main mining area
Ald = almandine zone; Bit = biotite zone; Chl = chlorite zone.

recognize the morphology, textures, and paragenesis of ore-related
minerals (Fig. 4). Rutile grains were identified and located through
the optical microscope, scanning electron microscope equipped with an
energy dispersive spectrometer (SEM-EDS), and laser micro-Raman
spectroscopy using a LabRAM HR Evolution equipped with a 532-nm
Ar" laser (100mW incident power) and a full-area charge-coupled de-
vice (CCD) detector. The chemical composition of rutile was determined
by electron microprobe analysis (EMPA) using JXA-8230. All above
experiments were carried out at the Institute of Geochemistry, Chinese
Academy of Sciences.

Major and trace element analyses for rutile were conducted by LA-
ICP-MS at State Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences, Wuhan. Experiments were
performed on an Agilent 7900 ICP-MS instrument (Agilent Technology,
Tokyo, Japan) and 193 nm excimer laser ablation system (Geolas HD,
MicroLas Gottingen, Germany). A signal-smoothing and mercury-
removing device was used in this laser ablation system, by which
smooth signals are produced even at very low laser repetition rates down
to 1 Hz (Hu et al., 2015). All analyses were performed with a laser spot
size of 44 pm, a repetition rate of 8 Hz and a fluency of 7 J/cm? in this
study. Helium was used as the carrier gas in the ablation cell and merged
with argon behind the ablation cell (Luo et al. 2018). Each measurement
consisted of 20 s acquisition of the background signal followed by 50 s
ablation of samples. Element contents were calibrated against NIS 610
glass. Off-line data calibration was performed by software ICPMSData-
Cal (Liu et al. 2008).

In situ U-Pb dating of hydrothermal rutile was performed at Guizhou
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Dol-Ttd vein

Early Dol vein

Schist

Fig. 3. Photographs showing occurrences of typical ore veins from the Dashuigou deposit. (A) Te-Po vein composed of massive sulfide hosted by schist. (B) Dol-Ttd
veins with muscovite =+ calcite alteration halos at both vein walls. The dolomite in vein occurs as clasts cemented by tetradymite and pyrrhotite. (C) Dol-Ttd vein
showing typical superimposition of tetradymite and pyrrhotite on preexisting coarsely crystalline hydrothermal dolomite vein to the left vein wall. Note that a few
fragments of dolomite vein are enclosed in the sulfide matrix. (D) Massive tretradymite ore with dolomite clasts. (E) Disseminated ore showing larger dolomite clasts
cemented by pyrrhotite with interstitial disseminated tetradymite. Abbreviations: Te = tellurium; Dol = dolomite; Po = pyrrhotite; Ttd = tetradymite; Ms

= muscovite.

Tongwei Analytical Technology Co. Ltd., using a Thermo Fisher iCAP RQ
ICP-MS equipped with a Resonetics RESOlution S-155 laser ablation
system. Previously obtained photomicrographs and electron microprobe
backscattered electron (BSE) images were used to select suitable loca-
tions within rutile grains for microanalysis to avoid interference caused
by inclusions and microfractures. Before analysis, the system was opti-
mized using NIST SRM612 ablated with 20 pm spot size and 3 pm/s scan
speed to ensure maximum signal intensity and low oxidation ratio.
Helium gas carrying the ablated sample aerosol was mixed with argon
(carrier gas) and nitrogen (additional di-atomic gas) to enhance sensi-
tivity, and finally flowed into ICP-MS instrument. Rutile grains were
analyzed using a spot size of 20 pm, a laser energy density of 3.0 J/cm?,
and a laser pulse rate of 7.33 Hz. Every six sample spots were inserted by
one NIST SRM612 and one RMJG analyses. Each spot was analyzed for
15 s of background acquisition and 20 s of sample data acquisition. The
U and Pb contents of rutile were calibrated against NIST SRM 612, and
RMJG (1750 + 8.4 Ma; Zhang et al., 2020) was used for age monitoring.
The uncertainties of isotopic ratio and age error are 26. Raw data
reduction was performed off-line using Iolite 3.0 software (Paton et al.,

2011). Tera-Wasserburg U-Pb plots were processed using Isoplot 3.0
(Ludwig, 2003).

4. Results
4.1. Rutile mineralogy and trace elemental compositions

Rutile is a titanium dioxide (TiO2) and has two mineral polymorphs
of brookite and anatase. They can be effectively distinguished by laser
micro-Raman spectroscopy (Meinhold, 2010). A compilation of Raman
bands for the three structural TiO3 polymorphs is shown in Fig. 5. Rutile
can be identified by bands at wavenumbers 143, 247, and 612 cm
(Porto et al., 1967; Tompsett et al., 1995; Liu et al., 2021), which is
obviously different from the bands of anatase at wavenumbers 144, 197,
400, 516, and 640 em™! (Ohsaka et al., 1978) and strong bands of
brookite at wavenumbers 153, 247, 322, and 636 cm ™ (Tompsett et al.,
1995). The Raman spectrum of the TiO, mineral from the sampled
dolomite-tetradymite vein at the Dashuigou is identical to that of rutile
(Fig. 5).
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Fig. 4. Photomicrographs of polished thin sections (A-B) showing the locations of rutile (insert boxes) in a high-grade dolomite-tetradymite vein from the Dashuigou
deposit, plane-polarized reflected light. (C-H) Photomicrographs of selected areas in (A) and (B) showing rutile (Type I) occurrences in pyrrhotite-rich (C-F) and
pyrrhotite-poor (G-H) cements supporting dolomite clasts. Type I rutile in veins is typically intergrown with tetradymite, tsumoite, pyrrhotite, pyrite and muscovite
and it contains many tiny inclusions of tetradymite and pyrrhotite. (I) Reflected light photomicrographs showing rutile (Type II) produced by partial replacement of
ilmenite in the host rock. Note that the rutile also contains many tiny inclusions of tetradymite and chalcopyrite. The graphic texture shown in (D), (E) and (F) is
composed of worm-like pyrrhotite and chalcopyrite within tsumoite matrix. Abbreviations: Po = pyrrhotite; Py = pyrite; Ccp = chalcopyrite; Ttd = tetradymite; Tsm
= tsumoite; Sy-Po = symplectite (worm-like) pyrrhotite; Rt = rutile; Ilm = ilmenite; Ms = muscovite.
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Table 1
The EPMA results of tellurides and sulfides from the Dashuigou deposit (wt.%).
Mineral Fe Cu S Bi Te Co Ni Total
~0.02* ~0.03* ~0.01* ~0.61* ~0.02* ~0.02* ~0.02*
Tetradymite b.d. b.d. 4.46 59.71 34.14 b.d. b.d. 98.31
b.d. b.d. 4.50 60.93 33.94 b.d. b.d. 99.37
b.d. b.d. 4.43 59.97 34.17 b.d. b.d. 98.57
b.d. b.d. 4.37 60.29 34.13 b.d. b.d. 98.79
b.d. b.d. 4.44 59.72 34.38 b.d. b.d. 98.54
b.d. b.d. 4.51 60.47 34.28 b.d. b.d. 99.26
b.d. b.d. 4.40 59.72 34.18 b.d. b.d. 98.30
b.d. b.d. 4.38 59.99 34.35 b.d. b.d. 98.72
Tsumoite b.d. b.d. b.d. 62.39 35.67 b.d. b.d. 98.06
0.16 b.d. b.d. 61.97 36.56 b.d. b.d. 98.69
0.06 b.d. b.d. 62.47 36.44 b.d. b.d. 98.97
b.d. b.d. b.d. 63.13 36.35 b.d. b.d. 99.48
b.d. b.d. b.d. 62.84 35.78 b.d. b.d. 98.62
0.22 b.d. b.d. 62.85 35.74 b.d. b.d. 98.81
0.10 0.16 b.d. 62.69 36.61 b.d. b.d. 99.56
b.d. 0.23 b.d. 63.29 36.44 b.d. b.d. 99.96
Worm-like 56.88 b.d. 38.40 2.78 1.97 0.09 b.d. 100.12
pyrrhotite 58.89 b.d. 39.12 1.27 0.08 0.08 b.d. 99.44
59.11 b.d. 39.25 1.99 0.14 0.07 b.d. 100.56
58.97 b.d. 39.35 1.01 0.13 0.08 b.d. 99.54
58.72 b.d. 39.29 1.65 0.13 0.07 b.d. 99.86
57.38 b.d. 38.72 2.67 0.62 0.08 b.d. 99.47
58.81 b.d. 39.17 1.41 0.09 0.09 b.d. 99.57
52.90 b.d. 35.32 6.06 4.85 0.09 b.d. 99.22
57.74 b.d. 38.72 2.29 0.63 0.08 b.d. 99.46
Worm-like 29.40 33.23 35.37 1.56 0.12 b.d. b.d. 99.68
chalcopyrite 29.47 33.32 35.56 1.94 0.10 b.d. b.d. 100.39
29.54 33.02 35.19 1.85 0.18 b.d. b.d. 99.78
28.59 32.57 34.56 2.61 1.01 b.d. b.d. 99.34
29.51 33.28 35.53 1.32 0.10 b.d. b.d. 99.74
27.82 31.73 34.37 3.98 2.12 b.d. b.d. 100.02
28.97 33.10 35.50 1.39 0.16 b.d. b.d. 99.12
26.20 29.49 32.29 6.38 5.66 b.d. b.d. 100.02
29.56 33.23 35.18 1.13 0.14 b.d. b.d. 99.24

*Value listed below the element is the detection limit in this study (in wt.%).
Abbreviation: b.d. = below detection limit.

The rutile crystals are typically yellow brown under transmitted light
and have euhedral to anhedral shapes of variable size (2 — 400 pm), with
relatively homogeneous color (Fig. 4C-H). Based on the rutile
morphology, texture, and its location, two types of rutile are recognized.
Type I rutile is characterized by coarse grain (20 — 400 pm) and
invariably occurs within the dolomite-tetradymite vein (Fig. 4A-H). It is
commonly intergrown with tetradymite, tsumoite, pyrrhotite, and
muscovite and contains many inclusions of tetradymite and/or pyrrho-
tite (Fig. 4C-H). Type II rutile is differentiated from Type I rutile as it is
only found in the contact between the host amphibole schist and the
dolomite-tetradymite vein (Fig. 4I). Type II rutile is petrographically
characterized by showing metasomatic relict texture on acicular
ilmenite crystals in the host schist. This rutile is also porous and contains
small inclusions of tetradymite, pyrrhotite, and chalcopyrite (Fig. 4I).
These textural features suggest that both Type I and Type II rutile are
intimately associated with Te-Bi mineralization. The skeletal texture
observed in a few of the elongated Type I rutile crystals in veins (e.g.,
Fig. 4F) may indicate complete replacement of ilmenite or biotite, and
implies that the two rutile types are genetically similar.

The trace element concentrations of two types of rutile were
measured by LA-ICP-MS and are listed in Table 2, and displayed in
Fig. 6. Two types of rutile contain high concentrations of V (331 ppm to
3409 ppm), Nb (61 ppm to 616 ppm), Ta (9.73 ppm to 35.27 ppm), Cr
(8.12 ppm to 91.84 ppm), Cu (0.97 ppm to 58.40 ppm), U (0.61 ppm to
48.36 ppm), Th (0.14 ppm to 23.41 ppm), Pb (0.71 ppm to 21.49 ppm),
but low contents of Sb (0.86 ppm to 6.15 ppm) and As (1.14 ppm to 4.23
ppm) (Table 2). The concentrations of Zr and Sn in the two types of rutile
are distinct (Table 2). Type I rutile has higher average contents of Sn
(125 ppm) and lowest of Zr (2.9 ppm), compared to Type II rutile, which
contains lower Sn (av. 39.3 ppm) and highest of Zr (av. 379 ppm). In all

rutile, Nb and Ta have positive correlations with an average Nb/Ta ratio
of 12 (Fig. 6A). In the binary diagrams of selected elements or element
ratio (Fig. 6B-D), all rutile data are plotted in the fields of magmatic and
magmatic-hydrothermal origin compiled by Sciuba and Beaudoin
(2021), and Schirra and Laurent (2021).

4.2. Rutile U-Pb dating

In situ U-Pb isotope analyses of hydrothermal rutile were measured
by LA-ICP-MS and the results are listed in Appendix and presented on
the Tera-Wasserburg diagrams (Fig. 7).

A total of 213 spot data were obtained from hydrothermal rutile
(TypeI) in the dolomite-tetradymite vein of the Dashuigou deposit. Type
I rutile cannot be obtained due to small size in grain diameter that is not
suitable for LA-ICP-MS U-Pb dating. The dated rutile generally contains
variable contents of U, ranging from 1 ppm to 227 ppm. On the Tera-
Wasserburg plots (Fig. 7A and B), they define a regression line that
yielded lower intercept age of 32.4 + 3 Ma (n = 213, MSWD = 1.5).

5. Discussion
5.1. Origin of rutile

As a common accessory mineral, rutile occurs in a wide range of rock
types including igneous, sedimentary, and metamorphic rocks (Mein-
hold, 2010), as well as in various magmatic and hydrothermal ore de-
posits, such as magmatic Ni-Cu-platinum group element (Clark and
Williams-Jones, 2004), porphyry Cu-Au-Mo (Clark and Williams-
Jones, 2004; Scott. 2005; Kelley et al., 2010; Schirra and Laurent,
2021; Xiao et al., 2021), granite-related W-Sn (Carocci et al., 2019), and
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Fig. 5. Raman spectra of the TiO, polymorphs rutile, anatase, brookite, and the
sample (DSG-814) from a high-grade dolomite-tetradymite vein in the
Dashuigou deposit (modified after Meinhold, 2010).

orogenic gold deposits (Scott and Radford, 2007; Pochon et al., 2017;
Liu et al., 2020; Sciuba and Beaudoin, 2021).

Rutile has a tetragonal lattice structure, with Ti cations in sixfold
coordination with oxygen (Baur, 2007). It can accommodate a wide
range of minor and trace elements, including Al, Cr, Mn, Zn, Fe, Mo, W,
Sn, Sb, Th, U, Zr, Hf, Nb, and Ta, which substitute for Ti cations (Graham
and Morris, 1973; Green and Pearson, 1987; Haggerty, 1991; Vlasso-
poulos et al., 1993; Smith and Perseil, 1997; Rice et al., 1998; Zack et al.,
2002, 2004; Bromiley and Hilairet, 2005; Scott, 2005; Carruzzo et al.,
2006; Scott and Radford, 2007; Tomkins et al., 2007; Triebold et al.,
2007; Meinhold, 2010). Recent studies indicated that some trace ele-
ments or ratio of rutile are effective indicators for its precipitation
mechanism and mineralization types. The trace element pairs of V-Sb,
Nb/V-W, and As-Sb (Fig. 6B-D) for rutile enable distinction of rutile in
magmatic and magmatic-hydrothermal deposits (e.g., porphyry Cu de-
posit) from rutile in metamorphic and other non-magmatic hydrother-
mal deposits such as orogenic gold deposit (Sciuba and Beaudoin, 2021;
Schirra and Laurent, 2021).

As mentioned above, rutile in the Dashuigou deposit has a close
relationship to Te-Bi mineralization. In the dolomite-tetradymite veins
(Fig. 4A and B), rutile in vein and vein walls are both intergrown with
tetradymite, tsumoite, and pyrrhotite and contain inclusions of these
minerals, providing evidence for growth of rutile during Te-Bi miner-
alization. The skeletal and pseudomorphic replacement textures of both
rutile types also suggest their formation via hydrothermal alteration of
preexisting minerals. In the binary V vs. Sb, Nb/V vs. W, and As vs. Sb
diagrams (Fig. 6B-D), all rutile shows a clear magmatic-related
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signature, thereby suggesting a magmatic-hydrothermal origin. In
addition, sulfur isotope compositions of tetradymite (8%'s =-0.2 to +
2.1 %o; Yin and Shi, 2020) from the Dashuigou deposit has a magmatic
source of reduced sulfur. Therefore, we consider the dated rutile in this
study to be of magmatic-hydrothermal origin and to have crystallized
directly from the magmatic-hydrothermal system during Te-Bi miner-
alization. In this case, the rutile age is interpreted as the best reflection of
the timing of Te-Bi mineralization at Dashuigou.

5.2. Timing of Te-Bi mineralization at Dashuigou and comparison with
other deposits in the district

Previously, two isotopic ages have been reported for the Dashuigou
deposit by employing the K-Ar and *Ar/*°Ar dating of muscovite and
biotite. Yin et al. (1995) used conventional K-Ar method on altered
biotite and muscovite from the host rocks and yielded two ages of 177.7
+ 1.6 Ma ~ 165.1 + 1.5 Ma for biotite and 80.19 + 0.74 Ma ~ 91.71 +
0.83 Ma for muscovite. Mao et al. (1997) used the 40Ar/39Ar dating
method on coarse muscovite in the host rock close to a dolomite-
tetradymite vein and obtained the *°Ar/*°Ar age of 94.1 + 1.0 Ma,
which was interpreted as the age of Te-Bi mineralization for the
Dashuigou deposit. However, the reported “°Ar/3°Ar age is not
adequately reliable because it has irregular age spectrum (Mao et al.,
1997), which may reflect incompletely reset biotite and muscovite in the
host rocks. The geological significance of the broad range of the reported
ages (more than 80 m.y.) remains uncertain owing to the ambiguous
paragenetic relationships between tetradymite and dating minerals
(muscovite and biotite), and inherent problems of dating minerals
themselves.

In this study, petrographic textures demonstrate a close relationship
between hydrothermal rutile and Te-Bi mineralization in dolomite-
tetradymite veins in the Dashuigou deposit. The obtained 32.4 + 3 Ma
age is apparently younger than the host rocks (220 Ma, zircon U-Pb,
Ruan et al., 2013) and the previously reported ages of muscovite (80 Ma
~ 94 Ma, Yin et al. 1995; Mao et al., 1997). This age agrees well with
previously published “°Ar/3°Ar well plateau ages of 32.24 + 0.45 Ma to
33.76 + 0.45 Ma for hydrothermal muscovite associated with Te-Au
mineralization from the Jintaizi Te-Au vein deposit (Ying and Luo,
2007), ~ 15 km away from the Dashuigou deposit (Fig. 1B). This deposit
is hosted in the metamorphosed Proterozoic quartz diorite and contains
pyrite, native gold, calaverite, and minor chalcopyrite, with abundant
tetradymite and tellurobismuthite (Ge and Chen, 1996). However, our
new age is older than the *°Ar/3°Ar plateau ages of 19.96 + 0.51 Ma to
27.90 + 0.43 Ma for hydrothermal muscovite from the orogenic Au
deposits such as Wasigou, Jindongzi, Huangshuigou, and Dayanfang
deposits (Fig. 1B), which are hosted in Sinian to Devonian marble along
the strike-slip faults and contain gold-bearing pyrite and tetrahedrite,
galena, minor chalcopyrite, arsenopyrite, and native gold, but in
absence of telluride minerals in the ores (Ying and Luo, 2007), con-
trasting to the Dashuigou and Jintaizi deposits. In addition, sulfur iso-
topes of sulfides from the orogenic Au deposits can distinguish from
those of the telluride-bearing deposits. The orogenic Au deposits have a
broad range of 5>*S values (+2.44 %o to + 21.98 %o, with an average of
+ 11.49 %o) for gold-bearing pyrite and tetrahedrite, indicative of a
sedimentary sulfur source (Wang, 1999), whereas the telluride-bearing
deposits have narrow ranges of 5>*S value of tetradymite (-0.2 %o to
+ 2.1 %o), pyrrhotite (-0.1 %o to + 2.1 %o), and pyrite (+1.6 %o to + 2.0
%o) in the Dashuigou deposit (Yin and Shi, 2020), and ore pyrite (-1.5 %o
to + 4.1 %o) in the Jintaizi deposit (Ge and Chen, 1996), indicating a
magmatic sulfur source. Despite of difference in term of ore minerals,
the Dashuigou and Jintaizi deposits have consistent age within error
range and both contain telluride minerals (e.g. tetradymite), suggesting
that the telluride-bearing deposits in the Dashuigou district may be
formed by the same tectonic-magmatic event.
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Table 2
LA-ICP-MS trace element compositions of rutile from the Dashuigou deposit.

Analysis Type \4 Cr Cu As Zr Nb Sn Sb Ta w Pb Th U

no. (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
~3.38*  ~0.004* ~0.32* ~1.14* ~0.03* ~0.015* ~0.785* ~0.197* ~0.002* ~0.005 ~0.082  ~0.001*  ~0.001*

DSG- Typel 2220 32.30 8.64 3.15 5.9 616 14629  6.15 31.16 17.54 21.49 22.95 48.36
814-5-

1

DSG- 688 28.83 0.97 1.33 2.1 350 156.25 1.82 29.38 1.47 1.13 1.26 30.23
814-5-

2

DSG- 3409 19.56 1.78 b.d. 1.3 168 61.84  0.86 12.01 1.30 1.12 4.00 18.52
814-5-

3

DSG- 897 36.89 2.04 b.d. 2.8 388 108.62 1.58 30.69 2.01 1.60 1.48 20.91
814-5-

4

DSG- 800 34.92 1.75 b.d. 2.8 356 144.52 1.29 33.73 0.90 1.29 1.51 24.79
814-5-

5

DSG- 810 38.03 1.14 b.d. 2.4 360 131.46 1.59 35.27 1.51 0.71 4.47 31.14
814-5-

6

Average 1471 31.75 2.72 2.24 2.9 373 124.83 2.22 28.71 412 4.56 5.95 28.99
DSG- Typell 628 10.33 2.18 1.51 16.8 207 13.22 0.87 20.52 1.47 1.39 1.61 2.58
814-1-

1

DSG- 650 14.71 1.52 b.d. 544.0 255 19.74 1.53 23.55 1.47 1.16 2.36 3.42
814-1-

2

DSG- 778 15.73 2.81 b.d. 102.7 128 21.73 1.32 14.49 0.22 1.46 2.17 2.12
814-1-

3

DSG- 715 16.89 1.68 b.d. 23.7 170 12.52 1.42 16.99 1.28 0.74 0.96 2.66
814-1-

4

DSG- 331 8.12 58.40 b.d. 3959 61 3.83 0.48 5.88 0.73 413 1.23 1.54
814-1-

5

DSG- 954 18.25 2.23 b.d. 259.9 177 26.73 0.97 13.82 4.48 1.37 0.98 1.41
814-1-

6

DSG- 1271 15.34 2.67 1.24 20.5 125 17.64  0.91 9.73 2.18 3.78 0.14 0.61
814-2-

1

DSG- 1323 16.22 19.25 b.d. 25.4 311 10.49 1.84 24.35 13.16 8.64 0.81 1.84
814-2-

2

DSG- 905 15.08 3.47 b.d. 113.1 133 860  0.95 11.36 2.48 3.48 1.20 2.58
814-2-

3

DSG- 1644 19.01 16.31 b.d. 22.9 204 6.24 1.41 17.35 2.78 3.83 1.14 3.75
814-2-

4

DSG- 711 32.05 9.51 1.25 2461.1 303 82.21 1.69 26.65 3.06 7.56 7.01 23.36
814-3-

1

DSG- 404 18.39 1.02 1.62 17.6 180 4240  0.88 17.02 1.47 3.29 4.94 8.73
814-3-

2

DSG- 481 29.26 2.66 2.96 496.9 344 45.19 1.84 26.70 2.59 8.38 19.69 28.00
814-3-

3

DSG- 1003 26.01 1.68 b.d. 22.7 205 70.76 1.32 17.83 0.71 4.52 3.45 14.99
814-3-

4

DSG- 1559 91.84 3.22 4.23 37.8 398 111.81 2.68 34.84 7.85 8.58 23.41 41.89
814-3-

5

DSG- 1526 50.51 2.38 b.d. 33.6 256 92.15 1.33 24.03 2.63 2.34 18.14 16.60
814-4-

1

DSG- 859 31.66 1.71 1.98 7.4 188 38.58 1.29 17.97 1.69 4.94 9.24 9.90
814-4-

2

(continued on next page)
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Analysis Type A Cr Cu As Zr Nb Sn Sb Ta w Pb Th 0)
no. (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
~3.38%  ~0.004* ~0.32* ~1.14* ~0.03* ~0.015%* ~0.785* ~0.197% ~0.002* ~0.005 ~0.082  ~0.001*  ~0.001*
DSG- 748 21.11 18.17 2.03 1553.8 238 50.21 2.95 16.40 2.18 10.34 14.19 19.32
814-4-
3
DSG- 910 23.86 1.67 2.46 481.6 314 73.75 1.77 19.51 2.49 8.40 12.82 11.45
814-4-
4
DSG- 1477 39.36 2.79 1.58 940.5 289 38.07 3.28 25.26 1.21 9.97 6.29 10.26
814-4-
5
Average 944 25.69 7.77 2.09 378.89 224 39.29 1.54 19.21 2.81 4.92 6.59 10.35
b.d. = below detection limit. *Value listed below the elements is the average detection limit (in ppm).
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Fig. 6. Trace element binary plots for rutile from the Dashuigou deposit. (A). Ta vs. Nb, (B). V vs. Sb, (C). Nb/V vs. W, (D). As vs. Sb. Constructed areas or dot line in
(B-D) are modified from Sciuba and Beaudoin (2021), and Schirra and Laurent (2021).

5.3. Te-Bi-Au mineralization related to the Eocene-Oligocene alkaline
magmatism in Sanjiang region

The presence of abundant telluride and bismuth-sulfosalt minerals in
a hydrothermal deposit is generally considered to be related to mag-
matism (Jensen and Barton, 2000), especially in the porphyry Cu-Au and
alkaline igneous rock-hosted epithermal Au-Ag-Te systems. Prominent
examples include the world-class Au-Te deposits of Cripple Creek (USA),
Porgera and Ladolam (Papua New Guinea), and Emperor (Fiji) (Richards
and Kerrich, 1993; Kelley et al., 1998; Pals and Spry, 2003). These de-
posits are typically associated with alkaline volcanic rocks and contain
abundant tellurides such as calaverite, petzite, and hessite (Pals and
Spry, 2003) and higher concentrations of tellurium in arsenic-rich pyrite

10

(Pals et al., 2003).

In the Dashuigou district, some Jurassic-Cretaceous monzonitic
granites occur (Fig. 1B), but no Eocene-Oligocene alkaline granite
intrusion has been found outcropped. Nevertheless, the ca. 32 Ma
Dashuigou Te-Bi deposit as well as the Jintaizi Te-Au deposit are
contemporary with a regional Eocene-Oligocene (40 — 30 Ma) alkaline
magmatic belt and related metallogenic event in the Sanjiang region
(Fig. 8). This potassic magmatic belt extends over 2000 km along the
Jinshajiang-Ailaoshan suture zone (Lu et al., 2013a, b; Zhou et al., 2016;
Xu et al., 2021) and is one of most important metallogenic province in
China (Hou et al., 2007; Deng et al., 2014a; Deng et al., 2014b). The
potassic igneous rocks in the belt are composed of small extrusive and
intrusive bodies, consisting of mafic to felsic lithologies (Zeng et al.,
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Fig. 7. Tera-Wasserburg U-Pb plots for rutile from the Dashuigou deposit.

2002; Guo et al., 2005; Zhou et al., 2019). The mafic rocks are domi-
nated by lamprophyre dikes with minor mafic volcanic rocks (Lu et al.,
2015). The felsic intrusions comprise syenite, quartz monzonite, granite,
and monzogranite porphyries (Zhou et al., 2019). All potassic igneous
rocks were emplaced between 41 Ma and 32 Ma (zircon U-Pb, Xu et al.,
2021) and host numerous porphyry Cu-Mo-Au deposits (40 — 32 Ma:
molybdenite Re-Os, Xu et al., 2021), including the Yulong giant por-
phyry Cu-Mo-Au (40.1 £+ 1.8 Ma), Xifanping porphyry Cu-Mo (32.1 £+
1.6 Ma), Beiya giant porphyry-skarn Cu-Au (36.8 + 0.5 Ma),
Machangqing porphyry Cu-Mo (32.1 + 1.6 Ma), Yao’an Au vein (31.7 +
0.7 Ma), Habo porphyry Cu-Mo-Au (35.5 £+ 0.2 Ma), and Tongchang
porphyry Cu-Mo-Au (34.4 + 0.5 Ma) deposits (Fig. 8). Among them, the
Beiya and Yao’an deposits contain abundant telluride and Bi-sulfosalt
minerals in the ores. In the Beiya deposit, abundant Bi-sulfosalts and
tellurides have been recognized from both porphyry- and skarn-ores
(Zhou et al., 2016), comprising of bismuthinite (BisSe), Bi-Cu sulfo-
salts (e.g., emplectite [CuBiS;], wittichenite [CugBiSs]), Bi-Pb sulfosalts
(e.g., galenobismutite [PbBisS4], cosalite [PbyBisSs]), Bi-Ag sulfosalt
(matildite [AgBiS2]), Bi-Cu-Ag and Bi-Pb-Ag sulfosalts, tetradymite, and
tsumoite. In the Yao’an deposit, abundant Bi-sulfosalts and tellurides
also have been identified (Zhou et al., 2018), such as bismuthinite,
krupkaite [CuPbBi3Se], aikinite [CusPbyBisSgl, emplectite, matildite,
tetradymite, tsumoite, melonite (NiTey), hessite, and calaverite.

It is worth noting that the porphyry associated with the Te-Bi-bearing
porphyry Cu-Mo-Au deposit contains abundant amphibolite xenoliths,
as exemplified by the Beiya giant porphyry-skarn Cu-Au deposit. In this
deposit, the porphyries contain abundant Neoproterozoic (ca. 814 —
773 Ma, zircon U-Pb) biotite, amphibolite, and garnet amphibolite xe-
noliths (Hou et al., 2017; Zhou et al., 2023). These xenoliths have close
geochemical affinities with the Neoproterozoic arc plutons and are
thought to represent cumulate or residual of Neoproterozoic arc magmas
ponding at the base of arc at the edge of the craton that subsequently
underwent high-pressure metamorphism at ca. 738 Ma (Hou et al.,
2017). The whole-rock geochemical and zircon Hf isotopic data suggest
that the Cenozoic melting of residual Neoproterozoic subduction-related
metasomatic lithospheric mantle led to partial melting of the thickened
lower crust, generating the regional alkaline intrusive rocks (Hou et al.,
2003, 2017; Lu et al., 2012, 2013a, b). In addition, petrographic ob-
servations revealed that the less altered xenoliths contain abundant
pyrrhotite (~0.8 vol%) with chalcopyrite rims (Hou et al., 2017; Zhou
et al., 2023). Recent LA-ICP-MS spot analysis results (Zhou et al., 2023)
indicate that pyrrhotite in the xenoliths contains higher concentrations
of Au (0.87 ppm to 5.13 ppm), Cu (556.5 ppm to 1100.23 ppm), Co
(7.51 ppm to 1103.39 ppm), Ni (160.74 ppm to 2044.4 ppm), and Te
(0.42 ppm to 62.82 ppm). The breakdown or remobilization of such
metal-rich sulfides (e.g. pyrrhotite) in the lower crustal cumulates by
Cenozoic magmatic-hydrothermal fluids is thought to be potential metal
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source for the Beiya porphyry Cu-Au deposit (Hou et al., 2017; Zhou
et al., 2023). This may account for the Te-Bi-rich signatures in the Beiya
and Yao’an deposits.

Although the Dashuigou deposit is dominated by tetradymite, tsu-
moite, and pyrrhotite, it also contains chalcopyrite, native gold and
bismuth, calaverite, and hessite (Luo et al., 1994). This assemblage is
comparable with the sub-sulfide stage (stage 4) divided by Zhou et al.
(2016) for the Beiya porphyry Cu-Au deposit, which consists of pyr-
rhotite, chalcopyrite, tetradymite, tsumoite, native gold and bismuth,
and hessite. Previous sulfur isotope studies (Mao et al., 2002; Yin and
Shi, 2020) indicated that the telluride and sulfides from the Dashuigou
deposit have near zero of 8°*S values, with average of + 0.35 %o for
tetradymite, +0.31 %o for pyrrhotite, +0.30 %o for chalcopyrite, and +
1.25 %o for pyrite, suggesting a magmatic source of sulfur. Fluid inclu-
sion measurement and oxygen and hydrogen isotope compositions of
quartz associated with Te-Bi mineralization from the Dashuigou deposit
have been reported by Chen et al. (1996) and Mao et al. (2002). The
quartz crystals contain two-phase, liquid-rich aqueous fluid inclusions,
with an average homogenization temperature of 300 °C and salinity of
10 wt% NaCl equiv. (Chen et al., 1996). They have a narrow range of
5180 values (+12.3 %o to + 13.8 %o; Mao et al., 2002). Using the frac-
tionation factors of Friedman and O’Neil (1977), we recalculate 6180H20
values for the ore fluids varying from + 4.9 %o to + 6.4 %o at 300 °C; the
measured 8Dyoo values of water extracted from fluid inclusions in
quartz range from —82 %o to —54 %o (Mao et al., 2002), which plot
within the magmatic-water box on the 5'%0mH20 - D20 diagram (Taylor,
1974), suggesting that the ore fluid of the Dashuigou deposit is of
magmatic source. These data suggest that the Dashuigou deposit may be
formed from a magmatic-hydrothermal system.

Despite no Eocene-Oligocene alkaline granite intrusions is yet
discovered in the Dashuigou district, a geophysical investigation has
revealed a concealed granite intrusion beneath the Dashuigou dome
(Fig. 2B; Panxi Geological Team, 1993). Our new age of Te-Bi miner-
alization in the Dashuigou district is contemporaneous with regional
Eocene-Oligocene alkaline magmatism and related metallogenic event
in the Sanjiang region. This consistency suggests that the Eocene-
Oligocene alkaline magmas may extend to the Dashuigou district,
possibly along the Xianshuihe-Jinpingshan fault (Fig. 8), which
controlled the Eocene-Oligocene alkaline feldspar granite (31 — 38 Ma,
zircon U-Pb; Lee et al., 2023) in the Gonggashan region and the Oligo-
cene alkaline mafic dikes (28 Ma, monazite U-Pb, Li et al., 2022), the
syenite-carbonatite complexes (22 — 27 Ma, zircon U-Pb; Liu et al.,
2015), and the Maoniuping giant and Lizhuang carbonatite-related rare
earth element deposits (26 — 31 Ma; bastnasite U-Pb; Yang et al., 2019;
Weng et al., 2022). Thus, we propose that the Dashuigou deposit may be
produced by a concealed alkaline magmatic-hydrothermal system.
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Fig. 8. Schematic map showing the distribution of regional Eocene-Oligocene alkaline magmatic belt and related porphyry Cu-Au-Mo and carbonatite-related rare
earth element deposits in Sanjiang region (modified from Xu et al., 2021). The age data of the Dashuigou and Jintaizi deposits are from this study and Ying and Luo
(2007), respectively. Other data are compiled by Xu et al. (2021), Lu et al. (2012), Zhou et al. (2017), Yang et al. (2019), Li et al. (2022), Weng et al. (2022), and Lee

et al. (2023).

6. Conclusions

This study presents the first in situ trace element compositions and
precise U-Pb age of hydrothermal rutile that has a clear paragenetic
association with tetradymite in a high-grade dolomite-tetradymite vein
from the Dashuigou Te-Bi deposit. The trace element signature of rutile
indicates that it was formed in a magmatic-hydrothermal system. U-Pb
dating on tetradymite-bearing rutile demonstrates a well-constrained
age of 32.4 + 3 Ma, which is interpreted as the timing of Te-Bi miner-
alization. This new age is contemporary with the regional Eocene-
Oligocene alkaline magmatism and related metallogenic event in San-
jiang region. Comparison with the mineral assemblage of the Beiya Te-
Bi-bearing porphyry Cu-Au deposit in the Eocene-Oligocene alkaline
magmatic belt, we proposed for the first time that the Dashuigou Te-Bi

12

deposit may be formed in a concealed alkaline magmatic-hydrothermal
system. This study also demonstrates that the application of rutile U-Pb
dating is a powerful tool for investigating the chronology of unusual ore
systems.
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