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Abstract: The Xikuangshan antimony (Sb) deposit is the world’s largest known Sb deposit. Due to
the lack of suitable minerals for reliable high-precision radiometric dating, it remains difficult to
determine the exact age of Sb mineralization in this deposit. Here, we report the first LA-MC-ICP-MS
U-Pb ages of syn-stibnite calcite from this deposit. The dating results indicate the presence of at
least two stages of Sb mineralization in the Xikuangshan ore district. The calcite-stibnite veins in
the Daocaowan ore block probably formed during the Paleocene (58.1 &= 0.9 Ma), representing an
early stage of Sb mineralization, while the quartz-stibnite vein in the Feishuiyan ore block probably
formed during the Eocene (50.4 + 4.4 Ma, 50.4 & 5.0 Ma, and 51.9 £ 1.6 Ma), representing a late stage
of Sb mineralization. The new calcite U-Pb ages are significantly younger than the calcite Sm-Nd ages
(124.1 £ 3.7 Ma, 155.5 £ 1.1 Ma) reported by previous researchers. We suggest that Sb mineralization
of the South China antimony metallogenic belt may be related to tectono-thermal events during
Paleogene, possibly linked to high heat flow during the subduction (ca. 60—40 Ma) of the Pacific
Plate beneath the Eurasian Plate and/or the Indo—Asian Collision (began at ca. 61 Ma). The young in
situ U-Pb ages of calcite challenge the idea of late Mesozoic Sb mineralization in the South China
antimony metallogenic belt, suggesting the requirement for more high-precision dating studies.

Keywords: Xikuangshan antimony deposit; calcite; U-Pb geochronology; antimony mineralization;
south China

1. Introduction

Antimony (Sb) is an important mineral commodity widely used in industry and
military applications, and is listed as a critical metal by the United States, China, and
other countries [1-3]. Sb resources are unequally distributed around the world. China
has the bulk of the world’s identified Sb resources, which are concentrated in the South
China antimony metallogenic belt. The Xikuangshan Sb deposit is the largest Sb deposit
that has been discovered in this belt and also the largest currently known in the world.
The high-precision mineralization age of such a giant Sb deposit plays an important role
in understanding its genesis and helping to further regional prospecting, for example,
whether it is linked to the coeval granitic magmatism or tectonic events.
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Most researchers currently believe that Sb mineralization in the Xikuangshan ore
district occurred in the late Mesozoic, and two stages of Sb mineralization (124.1 & 3.7 Ma
and 155.5 & 1.1 Ma, respectively) were derived from the calcite Sm-Nd dating method
by Peng et al. [4,5]. However, recently, Tang et al. [6] applied a high-precision in situ
scheelite LA-ICP-MS U-Pb dating method at the Woxi Sb-Au-W deposit and obtained
new mineralization ages (ca. 142.7-144.3 Ma), which are significantly different from the
previously reported scheelite Sm-Nd age (402 &= 6 Ma [7]). Additionally, in situ U-Pb ages
of wolframite (145.6 £ 2.1 Ma) and apatite (144.8 £ 1.5 Ma) obtained by Li et al. [8] also
show much younger ages than the scheelite Sm-Nd age at the Woxi Sb-Au-W deposit.
This indicates that Sm-Nd dating results obtained by previous application of HF and
HCIOy dissolution of whole minerals (calcite or scheelite) appear to yield overly old ages
of mineralization. Another noteworthy disadvantage of the traditional calcite Sm-Nd
dating method [4,5] is that multiple generations of mineralization cannot be distinguished
in situ within an individual calcite crystal or vein. Additionally, Jin et al. [9] performed
electron spin resonance (ESR) age determination on syn-stibnite quartz samples from
quartz-stibnite veins and revealed that Sb mineralization ranged from 66.4 to 51.6 Ma.
Moreover, Luo et al. [10] proposed an LA-MC-ICP-MS calcite U-Pb age of 60.0 + 0.9 Ma in
the Weizhai Sb deposit, suggesting that a potential tectonothermal event occurred in the
South China antimony metallogenic belt during Paleogene. It is noteworthy that a small
amount of Sb mineralization was also found in the red sandstone of the upper Daijiaping
Formation of the Upper Cretaceous [9]. All these indicate that the age of Sb mineralization
may be later than the Yanshanian period (late Jurassic and early Cretaceous). In order
to better constrain the age of Sb mineralization in the Xikuangshan ore district, our team
decided to carry out high-precision dating and finally adopted the calcite LA-MC-ICP-MS
in situ U-Pb dating method for the following reasons: (1) The Xikuangshan Sb deposit
has a large amount of syn-stibnite calcite with developed crystals and low inclusions.
(2) In recent years, the calcite LA-MC-ICP-MS in situ U-Pb dating method has been greatly
developed to achieve low Pb detection limits (ca. 1 ppb Pb) and high spatial resolution
(ca. 100 pm) [11-17], and successfully applied to geochronological studies in an increasing
number of cases [10,18-20], showing great potential.

The goal of this research was to apply a high-precision dating method to solve the
challenging problem of Sb mineralization age in the Xikuangshan Sb deposit, as well as
to investigate Sb mineralization generations and genesis of the South China antimony
metallogenic belt.

2. Geological Background
2.1. Regional Geology

The Xikuangshan Sb deposit is located in central Hunan province, South China.
Tectonically, it is situated in the South China Block, which comprises the Cathaysia Block
to the southeast and the Yangtze Block to the northwest, and was amalgamated together
along the Jiangshao suture zone at ~880 Ma (Figure 1a; [21]).
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Figure 1. (a) Tectonic map showing the location of the Xiangzhong metallogenic province in southern
China (modified after [21,22]). Symbols: NCC = North China Craton, QDOB = Qinling—Dabie Orogen
Belt, LMS = Longmenshan Fault, JOB = Jiangnan Orogen Belt, YB = Yangtze Block, JSS = JiangShao
Suture, CB = Cathaysia Block, SMS = Song-MA Suture, IB = Indochina Block, PO = Pacific Ocean. The
thick black lines represent the main boundary faults. The serrated shape represents the suture zone.
The thin black lines represent the coastline. (b) Regional geologic map of the Xikuangshan Sb deposit,
showing the distribution of important Sb deposits in Xiangzhong metallogenic province (modified
after [21,22]).

The Xiangzhong metallogenic province mainly includes the Xikuangshan Sb deposit,
Zhazixi Sb-W deposit, Woxi Sb-Au-W deposit, and Banxi Sb deposit, which is the northwest
section of the South China antimony metallogenic belt [10,23]. To present, abundant Sb-(Au-
W) deposits have been discovered in this region, with more than 170 Sb-(Au-W) ore deposits
and prospects [21,22]. The Xiangzhong metallogenic province is mainly comprised of the
Xuefengshan Range and the Xiangzhong Basin, and is located southwest of the Jiangnan
Orogen Belt (Figure 1b). The basement of this region is mainly composed of Neoproterozoic
(slate, conglomerate, siltstone, pelite, chert, and shale) and Paleozoic (shale, sandstone,
chert, carbonate rocks, and dolomite) low-grade metasedimentary rocks, whereas the
overlying sedimentary rocks mainly consist of Mesozoic-to-Cenozoic clastic and carbon-
ate rocks (Figure 1b). Igneous rocks in this region are dominated by Triassic granitoids
(ca. 250-200 Ma) and Devonian granitoids (ca. 420-360 Ma), which are mostly observed
in outcrop at the margins of the Xiangzhong basin and Shaoyang basin (Figure 1b) [21].
There is a lack of igneous rocks within the Sb ore districts, with only a small proportion
of lamprophyre and felsic porphyries dikes in some Sb deposits. There is no evidence
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for an apparent genetic connection between magmatic rocks and regional Sb mineraliza-
tion [4,24,25]. The fault structures are mainly NE- and NW-trending. The Xikuangshan Sb
deposit is situated at the intersection of the NE-trending Taojiang—Chengbu regional fault
and the NW-trending Xikuangshan-Lianyuan concealed fault (Figure 1b) [26].

2.2. Ore Deposit Geology

The sedimentary strata of the Xikuangshan ore district consists mainly of the Upper
Devonian and Lower Carboniferous (Figure 2a).
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Figure 2. (a) Simplified geologic map of the Xikuangshan Sb deposit (modified after [27]). There are
five ore blocks in the Xikuangshan Sb deposit: Daocaowan, Laokuangshan, Tongjiayuan, Wuhua,
and Feishuiyan. (b) A representative section of the Xikuangshan Sb deposit showing the geological
and geometric characteristics of Sb orebodies (modified after [27,28]).
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The Upper Devonian includes the Shetiangiao (D3s) and Xikuangshan (D3x) For-
mation. The Shetiangiao Formation, conformably underlying the Xikuangshan Forma-
tion, comprises predominately of limestone, locally accompanied by shale. The Xikuang-
shan Formation is composed of interbedded shale and carbonate with a hematite layer
(Figure 2b). The younger strata in the Xikuangshan ore district include the Lower Car-
boniferous Menggongao (Clyz), Yanguan (C1y3), and Datang (C;d) Formation, which were
locally interbedded with limestone and sandstone (Figure 2a).

There are almost no igneous rocks in the Xikuangshan ore district. Only one NNE-
trending lamprophyre dike was observed in the eastern part of the district (Figure 2a) [5].
This lamprophyre dike has a biotite K-Ar age of 128 Ma [29]. Researchers generally accept
that there is no genetic relationship between magmatism and Sb mineralization in the
Xikuangshan Sb deposit [21,26,30].

The Sb mineralization in the Xikuangshan district is mainly constrained by five en
échelon second-order anticlines of the Xikuangshan complex anticline, including five ore
blocks of Daocaowan, Laokuangshan, Tongjiayuan, Wuhua, and Feishuiyan. The northwest
limb of the Xikuangshan complex anticline is cut by the NE-trending fault Fys5, which is
a part of the Taojiang—Chengbu regional deep fault. Almost all the Sb orebodies occur
in the footwall of fault F75, which is assumed to be the main channel for migration of Sb
mineralizing fluids (Figure 2) [31].

The Xikuangshan Sb deposit is dominated by five ore blocks, i.e., Daocaowan, Laokuang-
shan, Tongjiayuan, Wuhua, and Feishuiyan (Figure 2a) [5]. The Sb mineralization in the
Daocaowan ore block is an important discovery in recent years [32]. Most Sb orebodies
occur typically in stratiform under the organic-rich shale in the lowermost part of the
Xikuangshan Formation and are mainly in the silicified fossil-rich limestone of the Shetian-
giao Formation, all above the minimum altitude of silicification (Figure 2b). Notably, all
Sb mineralization strictly within the silicified zone of limestone. In addition, all silicifi-
cation occur along the footwall of the fault Fy5 (or secondary faults parallel to Fys), and
the intensity of silicification increases significantly toward the fault [28]. The shape of
individual stibnite veins is usually network-like, irregular, or veinlet-like, and rarely shows
concordance with the host Upper Devonian strata (Figure 3a,b).

x R
1 1 i
Calcite-stibnite vein |

Figure 3. Representative photographs of orebodies and Sb ores in the Xikuangshan Sb deposit.

The host rock of both quartz-stibnite vein and calcite-stibnite is silicified limestone. (a,c,e) Calcite-
stibnite vein and hand specimens. (b,d,f) Quartz-stibnite vein and hand specimens. Abbreviations:
Qz = quartz, Cal = calcite, Stb = stibnite.
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The irregular orebodies are mainly distributed at the depth of the Shetiangiao For-
mation (Figure 2b). The Sb orebodies extend 30-600 m along strike and dip downward
1300-1800 m, with a thickness of 1-5 m, locally up to 20 m thick. Ore grades for Sb generally
range from 3.5 to 5.7 wt% Sb, averaging 4.0 wt% [28,33].

Sb ores in the Xikuangshan ore district are massive, network-like, brecciated, and
disseminated [28]. The mineralogy of the ores is simple: stibnite is the only ore mineral,
and quartz and calcite are the main gangue minerals (Figures 3 and 4), in addition to minor
amounts of fluorite, barite, and talc [28].

Figure 4. Representative thin section images of Sb ores. (a) Photomicrograph of calcite-stibnite
vein under reflected light. (b) Photomicrograph of quartz-stibnite vein under plane-polarized light.
Abbreviations as in Figure 3.

Previous studies suggest that the ore types in the Xikuangshan Sb deposit can be
divided into early-stage and late-stage Sb mineralization [24,34,35]. The early-stage Sb
mineralization formed quartz-stibnite veins, fluorite-quartz-stibnite veins, and barite-
quartz-stibnite veins, and the late-stage Sb mineralization formed calcite-stibnite veins [28].
The quartz-stibnite veins of early-stage Sb mineralization are the most important ore type,
accounting for more than 80% of Sb ore reserves throughout the Xikuangshan ore district.
The Sm-Nd isotopic ages of syn-stibnite calcite are 155.5 &= 1.1 Ma and 124.1 + 3.7 Ma, rep-
resenting early-stage and late-stage Sb mineralization ages, respectively [4,5]. Additionally,
two (U-Th)/He age populations, 156-117 and 97-86 Ma, were obtained from detrital zircons
from the altered host rocks (silicified limestone) of quartz-stibnite veins in the Xikuangshan
Sb deposit [22]. Fu et al. (2020) argued that the older age population (156-117 Ma) probably
represents the timing of main-stage Sb mineralization, while the younger ages (97-86 Ma)
may result from partial loss of He in zircon caused by the distal effect of deep-seated
intrusions beneath the deposit. In order to better constrain the age of Sb mineralization
in the Xikuangshan Sb deposit, we collected samples from the quartz-stibnite veins and
calcite-stibnite veins (Figure 3), representing two stages Sb mineralization. The mineral
assemblage of the calcite-stibnite veins is predominantly calcite and stibnite, but with a
few fine-grained quartz crystals on the edges of the euhedral-subhedral stibnite crystals
(Figures 4a and 5a).

The quartz-stibnite veins comprise mainly of quartz and stibnite (Figure 4b), with
calcite locally present (Figure 6a,b,e).
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Figure 5. (a) Photomicrograph showing the calcite coexisting with stibnite (sample DCW-2, under
plane-polarized light) in calcite-stibnite vein, and the areas of LA-MC-ICP-MS calcite U-Pb isotope
analyses (yellow area). (b,c) Cathodoluminescence (CL) images of syn-stibnite calcite crystals from
the Xikuangshan Sb deposit. (d) Tera-Wasserburg concordia diagram of LA-MC-ICP-MS U-Pb data
of syn-stibnite calcite crystals in calcite-stibnite vein. Error ellipses are at 20. MSWD = mean standard
weighted deviation. Abbreviations as in Figure 3.
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Figure 6. (a) Photomicrograph showing the occurrence of stibnite, calcite, and quartz in quartz-
stibnite vein (sample 27-41, under plane-polarized light) from the Xikuangshan Sb deposit, and the
areas of LA-MC-ICP-MS calcite U-Pb isotope analyses (yellow area). (b) Representative laser ablation
craters. (c,d) Tera-Wasserburg concordia diagrams of syn-stibnite calcite crystals in the laser ablation
areas 1 and 2, respectively. (e) The mineral assemblage in quartz-stibnite vein (sample 3727, under
plane-polarized lights), and the areas analyzed for U-Pb dating (yellow area). (f) Tera—Wasserburg
concordia diagram of syn-stibnite calcite crystals in the laser ablation areas 3 and 4. Error ellipses are
at 20. Py = pyrite, other abbreviations as in Figure 3.
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3. Sample Preparation and Calcite Occurrence
3.1. Samples

All samples were collected from underground exposures in this study. Fresh stibnite-
bearing samples have been collected for calcite U-Pb dating from the Daocaowan and
Feishuiyan ore blocks, representing the north and south ore blocks of the Xikuangshan Sb
deposit, respectively. One sample was collected in calcite-stibnite vein from the Daocaowan
ore block, numbered DCW-2. Two samples were collected in quartz-stibnite vein from the
Feishuiyan ore block, numbered 2741 and 37-27, respectively. The samples collected in
this study represented two types of Sb ores: calcite-stibnite veins and quartz-stibnite veins.
Field photographs of samples are shown in Figure 3a,b.

3.2. Calcite Occurrence

In the calcite-stibnite veins, calcite occurs as massive, breccia, and vein with coarse-
grained euhedral stibnite crystals (Figure 3a,c,e). Calcite in the calcite-stibnite veins is
commonly penetrated by euhedral stibnite crystals. which suggests cogenetic precipitation
of calcite and stibnite (Figure 4a). In the quartz-stibnite veins, calcite crystals account for
significantly less volume fraction than in the calcite-stibnite veins (Figure 3b,d,f) and is
present as gangue mineral in Sb mineralization. In the quartz-stibnite veins, calcite is
intergrown with fine-grained stibnite and fine-grained quartz (Figure 6a). Locally, calcite is
penetrated by euhedral stibnite crystal, encasing silicified limestone breccia (Figure 6a,b),
containing inclusions of stibnite (Figure 6e), all of which show characteristics of syn-
stibnite calcite.

Using cathodoluminescence (CL) imaging, calcite in the calcite-stibnite veins is rela-
tively homogeneous, with high CL intensity, and displays a bright orange luminescence
(Figure 5b,c). Calcite in the quartz-stibnite veins is relatively inhomogeneous, with low CL
intensity, and displays a mottled orange luminescence (Figure 7).

Silicified Silicified
limestone limestone

500 pm

Figure 7. CL images of syn-stibnite calcite crystals in quartz-stibnite vein from the Xikuangshan Sb
deposit (sample 37-27). (a) CL image of part of laser ablation area 4. (b) CL image of part of laser
ablation area 3. The location is shown in Figure 6e. Abbreviations as in Figure 3.

It is remarkable that both types of calcites show higher CL intensity at the joints and
crystal boundaries.
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4. Analytical Methods
4.1. Cathodoluminescence (CL) Imaging

Prior to the analyses, the investigation of calcite internal textures by CL imaging was
performed at the Key Laboratory of Metallogenic Prediction of Nonferrous Metals and
Geological Environment Monitoring (Ministry of Education), Central South University,
Changsha, China. It was performed under a Zeiss Al microscope coupled with CFL-2
Cathode luminescence. The high voltage ranges used in this experiment ranged from 6 kV
to 15 kV, and the current ranges were from 220 pA to 380 pA.

4.2. LA-MC-ICP-MS Calcite U-Pb Isotope Analyses

In situ U-Pb isotopic analysis was conducted at Micro-Origin and Spectrum Laboratory
(Sichuan Chuanyuan Weipu Analytical Technology Co. Ltd., Chengdu, China) using a
Thermo Scientific quadrupole iCap TQ inductively coupled plasma mass spectrometer
(Q-ICP-MS) coupled with an ASI Resolution LR 193 nm ArF excimer laser ablation (LA)
system. The unknowns were calculated by interpolating the measurement/acceptance
ratios of NIST-614 glass, as well as the instrumental drift and partial bias in the 23817 /206pp
ratio (Figure Sla) [36]. Glass NIST 614 was used as a primary reference material, which
bracketed carbonate reference materials and the unknowns at every five intervals to correct
for the 207Pb /205Pb ratios of the reference. The 233U /2%Pb ratios of calcite samples were
then further calibrated with an in-house standard (AHX-1d, 238.2 & 0.9 Ma; Figures S2 and
55). In addition, to ensure age reliability and accuracy, cross-checks were performed with an
ID-MS calibrated calcite standard PTKD-2 (153.7 £ 1.7 Ma; Figures S3 and S6) [20] and an
in-house intensive LA calibrated standard (LD-5, 72.5 & 1.0 Ma; in press; Figures 54 and S7).
In this experiment, the PTKD-2 and LD-5 calcite standards anchored using a 2%’Pb/2%Pb
value of value of 0.85 [20]. A spot ablation mode with an ablation speed of 3.0 J/cm?, a
frequency of 15 Hz, and a spot size of 120 um were applied in this study (Figure S1b,c).
The laser timing was set with 2 s surface cleaning, 7 s washout, 15 s background, 20 s of
ablation, and 6 s washout. The experimental setup and methods are described elsewhere in
detail [10,14,16].

5. Results

In situ U-Pb dating for syn-stibnite calcite in the calcite-stibnite vein from the Dao-
caowan ore block (sample DCW-2) obtained datable U/Pb ratios (0.04-63) with 31-390 ppb
U (mean 216 ppb) and 3-930 ppb Pb (mean 78 ppb; Table S1; Figure 8).

As shown in Figure 5d, calcite in the calcite-stibnite vein has 118 spots with U-Pb data
falling on well-defined lines in the Tera—Wasserburg concordia diagram (data-point error
ellipses are 20) and yields an age of 58.1 £ 0.9 Ma (MSWD = 2.6).

Syn-stibnite calcite in the quartz-stibnite vein from the Feishuiyan ore block (samples
27-41 and 37-27) have datable U/Pb ratios (0.10-66.9) with 11-733 ppb U (mean 236 ppb)
and 3-2095 ppb Pb (mean 152 ppb; Table S1). The U/Pb ratios of calcite from the two
different veins vary in a similar range, but the U content of calcite in quartz-stibnite veins
is relatively more variable (Figure 8). Syn-stibnite calcite in laser ablation area 1 of sample
27-41 has an isochron defined by 50 U-Pb data points, with a highly radiogenic lower
intercept age of 50.4 &= 4.4 Ma (MSWD = 1.9; Figure 6a,c). An isochron defined by 40 U-Pb
data points is found in laser ablation area 2 of sample 27—41, with a lower intercept age of
50.4 £ 5.0 Ma (MSWD = 2.4; Figure 6a,d). Syn-stibnite calcite in laser ablation areas 3 and 4
of sample 37-27 has an isochron defined by 72 U-Pb data points, with a lower intercept age
of 51.9 £+ 1.6 Ma (MSWD = 3.8; Figure 6e,f).
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Figure 8. Plots of U content versus U/Pb ratios for two stages of calcite from the Xikuangshan
Sb deposit.

6. Discussion
6.1. Reliability of Calcite U-Pb Age

As mentioned above, the U and Pb contents of calcite from the Xikuangshan Sb deposit
are less than 1 ppm, which makes it difficult to measure the age reliably using traditional
Q-ICP-MS or MC-ICP-MS [37]. During the experiment, we employed an electron multiplier
discrete dynode multiplier dedicated to static measurement of low signal 238U at the highest
mass end of the collector array of the Nu Plasma II MC-ICP-MS. This discrete dynode
multiplier has a higher sensitivity (100 pm, 3 J/ cm?, 10 Hz; 238U > 500,000 cps/ppm, 207pp,
blank = 10-100 cps), which is about 3-10 times higher than that of Q-ICP-MS [10,38-40].

Our employment of LA-MC-ICP-MS obtained good signal intensities for the low-U
and -Pb calcite samples and achieved acceptable internal errors for U and Pb isotopic com-
positions in this study. As shown in the Tera-Wasserburg concordia diagrams (>*3U /2% Pb-
207pp, /206 Py, Figures 5d and 6¢,d,f), the scatters (MSWD =2.6, 1.9, 2.4, and 3.8) of U and Pb
isotopic compositions are over-dispersed and yield MSWD >1 following uncertainty propa-
gation. Possible explanations for this include: (1) mobilization of U and/or Pb within or
among calcite crystals after crystallization (e.g., Pb- or U-loss); (2) partial resetting of the U-
Pb systematics through recrystallization and/or diffusion of U and/or Pb in calcite crystals;
(3) fluid inclusions and /or impurities were mixed and sampled during ablation; (4) mixed
sampling of calcite crystals of different generations during ablation; and (5) very low U and
Pb content of calcite with relatively large uncertainties on individual measurements (low
U and Pb signals). The first to third scenarios cannot be entirely ruled out. However, few
analyses in the samples very clearly deviate from the near-colinear arrays, yielding slightly
younger or older age components (Figures 5d and 6¢,d,f). The fourth scenario can be ruled
out, since the ablated calcite crystals are homogeneous in both photomicrographs and CL
images (Figures 4-7). The most likely explanation is the fifth scenario, since the MSWD
values of the secondary standards in the different calcite U-Pb dating experiments [18] are
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beyond the range suggested for the U-rich accessory minerals such as zircon and monazite,
and do not correlate with the number of analyses (1) for each sample. Therefore, the slightly
higher MSWD values (1.5-3.8) for the calcite U-Pb dating results of the Xikuangshan Sb de-
posit are likely due to the very low U and Pb content (<10 ppb) in calcite. Besides, through
cross-calibration by AHX-1d (Figures S2 and S5; Table 52), the matrix-matched carbonate
reference materials PTKD-2 (153.7 4+ 1.7 Ma) [20] and LD-5 (72.5 + 1.0 Ma) attained the
expected ages within uncertainty (PTKD-2: 152.1 + 2.1 Ma, MSWD = 3.0, 152.7 £ 3.5 Ma,
MSWD =2.7; LD-5: 72.8 & 0.5 Ma, MSWD = 1.5, 72.5 £ 0.8 Ma, MSWD = 1.5; the data are
shown in Figures S2-S7 and Table S2), confirming that the derived ages are reliable. Hence,
the in situ calcite U-Pb ages obtained in the Xikuangshan Sb deposit are available.

6.2. Timing of Sb Mineralization in the Xikuangshan Sb Deposit

Calcite samples in both calcite-stibnite veins and quartz-stibnite veins from the
Xikuangshan Sb deposit show characteristics of syn-stibnite calcite: penetrated by eu-
hedral stibnite crystals, intergrown with stibnite, quartz, and silicified limestone, and
locally containing silicified limestone breccia and stibnite. Additionally, Luo et al. [10]
performed detailed LA-MC-ICP-MS calcite U-Pb dating for the Weizhai Sb deposit (located
in the southwestern part of the South China antimony metallogenic belt) and argued that
the U-Pb ages of syn-stibnite calcite can represent the timing of Sb mineralization, and
suggested that this dating method is important for future use in age determination of hy-
drothermal ore deposits with extremely low U and Pb contents (<1 ppm) and a wide range
of U/Pb ratio variations. Therefore, we suggest that the in situ U-Pb ages of syn-stibnite
calcite from the Xikuangshan ore district may reveal the timing of Sb mineralization.

The calcite in situ LA-MC-ICP-MS U-Pb dating results indicate the presence of at least
two stages of Sb mineralization in the Xikuangshan ore district. The calcite-stibnite veins in
the Daocaowan ore block probably formed during the Paleocene (58.1 & 0.9 Ma; Figure 5d),
representing an early stage of Sb mineralization, while the quartz-stibnite veins in the
Feishuiyan ore block probably formed during the Eocene (50.4 4= 4.4 Ma, 50.4 £ 5.0 Ma,
51.9 £ 1.6 Ma; Figure 6¢,d,f), representing a late stage of Sb mineralization. The new U-Pb
ages are significantly younger than the calcite Sm-Nd ages (124.1 + 3.7 Ma, 155.5 &= 1.1 Ma)
measured by Peng et al. [4,5] and zircon (U-Th)/He ages (97-86 Ma, 156-117 Ma) reported
by Fu et al. [22] (Figure 9).
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Figure 9. Age compilation of the South China antimony metallogenic belt (See Table 1 for details of
data sources).
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Table 1. Summary of Sb mineralization age of important Sb(-Au-W) deposits in the South China
antimony metallogenic belt.

Ore Deposit ~ Host Strata Host Rock Ore-Type  Dating Method R(el\s/Il;l)ts References
. . Carbonates, Calcite in situ .
Xikuangshan Devonian clastic rocks Sb U-Pb 504 + 44 This study
504 + 5.0
519+ 1.6
58.1 +0.9
Quartz ESR 66.4 [9]
58.1
51.6
Zircon
(U-Th)/He 86-97 [22]
117-156
Calcite Sm-Nd 1241 + 3.7 [5]
1555+ 1.1
156.3 + 12 [41]
. . Marine
Qinglong Permian volcanic rocks Sb-Au Quartz Fls Rb-Sr  101.0 £ 2.9 [42]
Fluorite ESR 104 [43]
Quartz ESR 125.2
Fluorite Sm-Nd 141 £ 20 [44]
142 + 16 [5]
148 + 8
Fluorite Sm-Nd 1423 +79 [45]
Calcite Sm-Nd 148 +£ 13
. . Devonian- Limestone, Calcite in situ
Weizhai Silurian siltstone Sb U-Pb 1153+ 1.5 [10]
Neoproterozoic Low-grade Zircon
Banxi Banxi Group meti;ré?(rsphlc Sb (U-Th)/He 123.8 £ 3.8 [46]
121 + 12 [47]
125 + 10
129 +3
Stibnite Rb-Sr 1294+ 2.4 [48]
Stibnite Sm-Nd 1304+ 1.9
Banpo Devonian Sandstones Sb Calcite Sm-Nd 1264 £ 2.7 [45]
1282 + 3.2
130.5 + 3.0 [42]
Quartz Fls K-Ar 145 [49]
Maxiong ~ Gambrian, Dolostones, Sb Quartz Fls Ar-Ar 141 [50]
. Low-grade G
. Neoproterozoic ! Scheelite in situ
Woxi Banxi Group metamorphic Sb-Au-W U-Pb 1321+ 43 [6]
rocks
142.7 + 2.4
144.3 £ 2.2
Apatite in situ
U-Pb 1448 + 1.5 [8]
Wolframite in
situ U-Pb 145.6 + 2.1
Quartz Fls Rb-Sr 141.8 £ 5.3 [51]
1448 £ 11.7
Scheelite Sm-Nd 402 + 6 [7]
Quartz Fls Ar-Ar 4162 £ 0.8
4232 +1.2
Muli Devonian Carbonates Sb Quartz Fls Ar-Ar 165 [52]
. Neoproterozoic Low-grade : . E
Zhazixi Banxi Group  metamorphic rocks Sb-W Scheelite Sm-Nd =~ 227.3 +6.2 [53]
Xujiashan ~ p SPPST Carbonates, Sb Calcite Sm-Nd 402 [54]
Pingcha E(:]fig‘é\;erz n Sg;gg?ngé Sb Quartz Fls Rb-Sr 435+9 [55]
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This would make the new ages reported in this study highly controversial, but it
is necessary to point out that the previously measured ages of Sb mineralization in the
Xikuangshan Sb deposit may be deficient as follows.

(1) The validity of Sm-Nd dating requires a fluid with homogeneous initial *Nd /1#4Nd
and minerals that have maintained closed systems with respect to Sm and Nd since crystal-
lization [56]. Nevertheless, a study of the Yangjiashan vein-type W deposit by Li et al. [57]
revealed that scheelite crystals have heterogeneous 143N d /1#4Nd and ¥7Sm /1*4Nd com-
position (eNd values: —24.9 to —7.7). This is related to contamination of wall rocks with
heterogeneous Nd isotope composition, challenges the significance of the absolute Sm-Nd
ages, and requires micrometer- to nano-scale isotope analysis to obtain highly precise
dating data [8,57]. Thus, this indicates that Sm-Nd isotope ages obtained by previous
application of HF and HCIO, dissolution of whole minerals (13 syn-stibnite calcites) [4,5]
appear to yield insufficiently precise ages of Sb mineralization. (2) Two (U-Th)/He age
populations of detrital zircon grains in the intensely silicified limestone from the Xikuang-
shan ore district were obtained by thermochronology [22]. Although the older zircon
(U-Th)/He age population (156-117 Ma) are considered to possibly represent the timing of
main-stage Sb mineralization in the Xikuangshan Sb deposit [22], it remains controversial
whether the detrital zircon grains selected from the altered host rocks reflect the exact time
of Sb mineralization [21]. Additionally, the geological significance of the younger zircon
(U-Th)/He age population (97-86 Ma) remains unclear [22].

The LA-MC-ICP-MS calcite U-Pb ages obtained in this study from the Daocaowan
ore block and the Feishuiyan ore block (ca. 58.1 Ma, 51.9-50.4 Ma, respectively) are very
close to the quartz ESR ages measured by Jin et al. [9] at the Zuowan Sb deposit and the
Laokuangshan ore block (58.1 Ma, 51.6 Ma, respectively). Among them, the Zuowan Sb
deposit is a small deposit located at about 50 km to the southeast of the Xikuangshan Sb
deposit; the Laokuangshan ore block is situated to the southwest of the Daocaowan ore
block in the Xikuangshan Sb deposit and has been closed (Figure 2a). Due to the lack of
suitable minerals for reliable high-precision radiometric dating, it is difficult to determine
the exact age of Sb mineralization in the Xikuangshan Sb deposit based on the present
chronological data, but the possibility of Cenozoic Sb mineralization cannot be ruled out.

6.3. Implications for Sb Mineralization of the South China Antimony Metallogenic Belt

A potential connection between Sb mineralization and magmatism has been noted in
many Sb deposits around the world [58-61]. Fu et al. [62] carried out experiments on Sb
partition coefficients between magmatic fluids and silicate melts, and the results showed
that Sb will only weakly partition into aqueous chloride-bearing fluid phase (Déémd/ melt,
0.48-0.85). It is probable that the Sb budget of large hydrothermal Sb deposits is not
directly derived from magmatic fluids [62]. Additionally, stibnite samples from pure Sb
and Sb-polymetallic deposits (the Banpo Sb deposit and Woxi Sb-Au-W deposit) have
similar Hg isotopic compositions, suggesting a similar metal source [63]. Currently, most
researchers accept a model for the genesis of Sb deposits that invokes remobilization of Sb
from deep-seated Precambrian basement rocks by descending meteoric water, followed by
fluid circulation and cooling into the overlying strata to form Sb orebodies [25,46,48,63-66].
Overall, for the origin of Sb(-Au-W) deposits in the South China antimony metallogenic
belt, the main point of debate is whether the thermal events (heat flow) that triggered fluid
migration and Sb ore deposition were caused by magmatism or tectonic movements.

The most important evidence supporting Sb mineralization triggered by magma-
tism is that most of the dating results for Sb(-Au-W) deposits occur in the range of ca.
160-115 Ma (Figure 9).

This is the age of the formation of high-temperature magma-related W-5Sn deposits
in South China during the late Mesozoic [67-69]. Previous studies have proposed that
extensive intracontinental magmatism during the late Jurassic—early Cretaceous was due
to the mantle upwelling that heated and remelted the lower crust [70-72]. Although late
Jurassic—early Cretaceous magmatic rocks are rare in the South China antimony metallo-
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genic belt (e.g., the Xiangzhong metallogenic province, Figure 1b), concealed magmas can
release W-carrying fluids and contributed heat to drive the migration of deep fluids that
leached Sb (with an initial 523Sb ca. —0.45%o), Au, Hg (with negative A'®”Hg values), and
S (with the range of 534S 6.8%o to 10.2%o0) from the Precambrian basement rock [21,22,63,73].
Locally, the ore-forming fluid ascended along deep faults and formed the mesothermal Sb
mineralization at a shallow depth [28,74].

The new ages in Xikuangshan Sb deposit are temporally consistent with the younger
calcite U-Pb age (ca. 60 Ma) in the Weizhai Sb deposit [10] and the apatite fission track
age (ca. 61.5-27.9 Ma; apatite fission track dating was applied to the Xuefengshan Range
and Yuanma Basin to constrain the Cenozoic exhumation process) [75], both of which
are interpreted as uplift events in South China. The Paleogene tectonothermal event in
South China may be linked to changes in the direction and speed of the subduction (ca.
60-40 Ma) of the Pacific Plate beneath the Eurasian Plate [75-77]. It is noteworthy that
recent precise dating of the Indo—-Asian Collision in the Tibetan Himalayan region indicates
that the onset of intercontinental collision began by ca. 61 Ma [78]. At the same time, in
the North Himalayan Metallogenic Belt, the Zhaxikang giant Sb-polymetallic deposit was
formed (ca. 62 and 4743 Ma) [79]. The Zhaxikang deposit is one of the representatives of
regional orogenic Au-Sb deposits, and is associated with metamorphic fluid system during
the syn-collision period (ca. 60—42 Ma) [79,80], and has no significant spatial relationship
with pluton. Additionally, Sb mineralization of the Schlaining Sb deposit in the Eastern
Alps, associated with rapid uplift during a period of Miocene (ca. 22 to 17 Ma) [65], also
suggests that Sb mineralization may not be directly linked to magmatism.

In summary, we argue that the new ages (ca. 58.1, 51.9-50.4 Ma) in this study may
reflect tectonothermal events during Paleogene. Fluid migration and ore deposition might
be linked to high heat flow during the subduction (ca. 60-40 Ma) of the Pacific Plate beneath
the Eurasian Plate and/or the Indo-Asian Collision (begun at ca. 61 Ma).

7. Conclusions

(1) The syn-stibnite calcite U-Pb age of 58.1 £ 0.9 Ma represents the timing of Sb min-
eralization for the calcite-stibnite veins in the Paleocene; the other three syn-stibnite
calcite U-Pb ages (50.4 £ 4.4 Ma, 50.4 &+ 5.0 Ma, 51.9 & 1.6 Ma) represent the timing of
Sb mineralization for the quartz-stibnite veins in the Eocene.

(2) The young in situ U-Pb ages of calcite challenge the timing of Sb mineralization in the
giant Xikuangshan Sb deposit and the South China antimony metallogenic belt, which
indicates the requirement for more high-precision dating studies of Sb mineralization
and an emphasis on exploration of Cenozoic Sb deposits.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min12070899/s1, Figure S1. (a) Reference materials used in
the calcite in situ U-Pb dating the experiment. (b,c) Representative laser ablation craters in calcite
show ideal ablation effects (under reflected light). Related to Figure 6a; Figure S2. Tera-Wasserburg
concordia diagram of AHX-1d in the first U-Pb dating experiment. Related to Figures 5d and 6f;
Figure S3. Tera-Wasserburg concordia diagram of PTKD-2 in the first U-Pb dating experiment. Related
to Figures 5d and 6f; Figure S4. Tera-Wasserburg concordia diagram of LD-5 in the first U-Pb dating
experiment. Related to Figures 5d and 6f; Figure S5. Tera-Wasserburg concordia diagram of AHX-1d
in the second U-Pb dating experiment. Related to Figure 6¢,d.; Figure S6. Tera-Wasserburg concordia
diagram of PTKD-2 in the second U-Pb dating experiment. Related to Figure 6¢,d; Figure S7. Tera-
Wasserburg concordia diagram of LD-5 in the second U-Pb dating experiment. Related to Figure 6¢,d.
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