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2001), a full understanding of the geodynamical setting,
fluid evolution, and genesis of the epithermal antimony
mineralization has been seriously hampered. Similar to
other epithermal deposits (including Au, Hg, As and Tl)
in southwestern China, the ore-forming ages of antimony
deposits are poorly constrained due to the absence of
minerals suitable for isotopic dating and the absence of
ore-related intrusions in or near these deposits.

According to mineral composition of ores and gen-
esis, antimony deposits are subdivided into epithermal
(e.g. ,  Xikuangshan and Qinglong, China; Ashat,
Roundnjany) and metamorphogene-hydrothermal (Woxi,
China; La Lucette, France; Gravelot, South Africa)
(Obolensky et al., 2007), and they are usually hosted
within black shales or limestones (Williams-Jones and
Norman, 1997; An and Zhu, 2010). The Sb-rich sedimen-
tary rocks and metasedimentary rocks from Precambrian
and palaeozoic constitute a possible source of Sb (Peng
et al., 2003a; Fan et al., 2004; Peng and Frei, 2004). The
speciation of antimony is known over a considerable range
in temperature and fluid composition. Mixed hydroxy–
chloride complexes (Sb(OH)2Cl0, Sb(OH)3Cl–) control
antimony transport in saline high-temperature ore fluids
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The Banian sediment-hosted antimony deposit is a medium-sized deposit located in the Dushan County, South Guizhou,
China. Calcite is the dominant gangue mineral and can be divided into two types: white and pink. Pink calcite is intimately
associated with mineralization. Sm–Nd dating of five white calcites yield an isochron age of 128.2 ± 3.2 Ma, with initial
εNd = –4.3 and MSWD = 0.54, while six pink calcites yield an identical age of 126.4 ± 2.7 Ma with initial εNd = –6.0 and
MSWD = 0.68. These new age constraints suggest that the Banian deposit formed during the late Yanshanian.

Negative initial εNd values, C (–0.5 to –1.8), O (12.5 to 14.6) isotopic characteristics of calcites, and field observations
of abundance of vuggy open spaces, all suggest significant interaction between fluid and wall rocks. Calcites are charac-
terized by strongly LREE-depleted and MREE- and HREE-enriched (LREE/HREE = 0.11–0.61). Stibnites are LREE-
enriched, and MREE- and HREE-depleted (LREE/HREE = 105–500). Wall rocks are characterized by moderate LREE-
enriched (LREE/HREE = 6.2–12). Pink calcites are more enriched in LREE (LREE/HREE = 0.11–0.61) than white cal-
cites (LREE/HREE = 0.11–0.23), while the concentration of HREE remains nearly constant in both. The high contents of
Fe and Mn in calcites and the negative correlation between Fe+Mn (ppm) and LREE/HREE ratios suggest that the Fe–Mn
impurities in calcites may dominate the enrichment of MREE and HREE in calcites from the Banian deposit.
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INTRODUCTION

Antimony is one of the dominant metals produced in
China, accounting for approximately 70% of the world
reserves (Peng and Hu, 2001). The antimony deposits are
part of a large-scale, low-temperature epithermal
metallogenic domain in SW China called the “South China
antimony ore belt” (Fig. 1A). The belt is nearly 1900 km
long, 200 km wide, and extends from Yunnan in the south-
west, to Anhui. The belt contains approximately 500 de-
posits and occurrences, accounting for about 83% of the
total antimony reserves of China (Xiao et al., 1992). The
Xikuangshan deposit, located in the center of the belt is
the largest antimony deposit in the world (Peng et al.,
2003a). The belt also contains major deposits or ore fields
at Muli, Qinglong, Dachang and Dushan.

Despite numerous geological studies (e.g., Xiao et al.,
1992; Cui et al., 1993; Cui and Jin, 1993; Peng and Hu,
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at acidic conditions (Pokrovski et al., 2006). However,
Antimony hydroxychloride complexes are minor in the
neutral low- to moderate-temperature solutions (≤250–
300°C) typical of Sb deposits formation; the antimony
speciation in these systems is dominated by Sb(OH)3 and
Sb–sulfide species (H2Sb2S4

0, HSb2S4
–, Sb2S4

2–) (Krupp,
1988; Pokrovski et al., 2006). Stibnite deposition is con-
trolled mainly by temperature decrease and reduction
except under alkaline conditions where acidification is
the principal cause of mineralization (Williams-Jones and
Norman, 1997).

Banian antimony deposit is a medium-sized deposit
that forms part of the Dushan antimony ore field in the
western part of the South China Antimony Ore Belt (Fig.
1B). It was formed from the fluids of meteoric origin, at
average homogenization temperatures of 145°C, salinities
ranging from 5.7 to 8.7 wt% equivalent NaCl, based on
the fluid inclusions and hydrogen and oxygen isotopes
studies (Cui et al., 1993; Wang and Jin, 2010). However,
only a few C, H, O, S data existed (Cui and Jin, 1993),
and its ore-forming age has not been reported until now.
Fluorite and quartz are the primary gangue minerals of
the nearby large-size Qinglong and Banpo antimony de-
posits, respectively. At the Banian deposit, calcite is the
predominant gangue mineral. Previous studies suggested

that stibnite and calcite were formed during the same
hydrothermal event (Cui et al., 1993).

In recent years, hydrothermal minerals such as fluorite,
scheelite, tourmaline and calcite have been successfully
used to determine Sm–Nd ages for gold (Bell et al., 1989;
Anglin et al., 1996; Turner et al., 2003; Roberts et al.,
2006; Su et al., 2009), tungsten (Darbyshire et al., 1996;
Eichhorn et al., 1997), antimony (Peng et al., 2003a,
2003b), other hydrothermal deposits (Halliday et al.,
1990; Chesley et al., 1991, 1994; Jiang et al., 2000) and
fluid-flow event (Uysal et al., 2007). These minerals are
ideal for Sm–Nd dating because they usually contain high
amounts of Sm and Nd, and display enrichment of MREE
and HREE, corresponding to a large variation in Sm/Nd
ratios. As a result, the mechanism of LREE/HREE
fractionation of hydrothermal Ca-bearing minerals be-
comes a considerable scientific interest, and remains con-
troversial (Möller et al., 1976; Morgan and Wandless,
1980; Chesley et al., 1991; Bau and Möller, 1992; Peng
et al., 2004; Schönenberger et al., 2008). Generally, car-
bonate shows LREE-enriched, low Sm/Nd ratio and in
narrow range (0.1–0.3) (Graf, 1984). Nevertheless, a few
calcites show MREE- and HREE-enriched, higher Sm/
Nd ratio and wider range (0.1–9) (Peng et al., 2003a;
Uysal et al., 2007; Su et al., 2009).

Fig. 1.  A) Location map showing the South China antimony ore belt and other epithermal ore deposits in SW China. B) Location
of the Banian deposit in the Dushan antimony ore field (after Hu et al., 2002 and Jin and Dai, 2007).
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This paper presents the results of a study on rare earth
element (REE), Fe, Mn and Mg abundances, stable car-
bon and oxygen isotope compositions, and Sm–Nd
geochronology of several stages of calcites and REE char-
acteristics of stibnite from the Banian antimony deposit.
Mg, Fe and Mn abundances of LREE-enriched calcites
from the Wanshan and Lae mercury deposits are reported
for purpose of comparison. The goal of this study is to
constrain the timing of ore formation, the origin and evo-
lution of hydrothermal fluids involved in the formation
of epithermal antimony mineralization and to illuminate
the key factors controlling the enrichment of MREE and
HREE in calcites.

GEOLOGICAL SETTING

The Banian antimony deposit is located in the south-
eastern area of Dushan County, Guizhou province, China,
and is one of the important deposits of the Dushan anti-
mony ore field. Structurally, it is situated in the south-
west margin of the South China Fold Belt, and near the
southern axial portion of the Dushan box-shaped anticline.
The Dushan ore field is mainly controlled by fault frac-
tures, and folds are less developed. The faults can be di-
vided into four major trends oriented NNE, WNW, NNW
and EN, respectively. The basal tectonic frame in the re-
gion was formed in the Yanshanian orogeny (190–65 Ma)
(Cui and Jin, 1993), an important tectonic event in China
(Hu et al., 2002, 2007a; Peng et al., 2003a; Su et al.,
2009), with widespread tectonism and magmatism that
led to large-scale metal mineralization including W, Sn,
Pb, Zn, Nb and Ta in SE China and Au, Sb, As, Tl and Hg
in SW China (Chen, 1992; Hu et al., 2007a). The exposed
country rocks mainly consist of Ordovician, Silurian,
Devonian, Carboniferous and Permian strata. No igne-
ous rocks crop out in the region. The Banian deposit is
mainly controlled by the Banba fault and the secondary
Dayuhe fault, and is hosted in the Dushan Formation of
Middle Devonian age (Fig. 1B).

The Dushan Formation predominantly consists of shal-
low marine carbonate and clastic rocks. Based upon vari-
ations in lithology, it can be roughly divided into Jipao,
Songjiaqiao and Jiwozhai members from the bottom up.
All of which are enriched in fossils of coral and
brachiopoda. The Songjiaqiao member, based on the dif-
ferent lithological assemblages, can be subdivided into
two sub-members: the lower sub-member is characterized
by moderate to thick layer of medium-grained quartz sand-
stone, interlayered with thin beds of argillaceous lime-
stone or limestone; the upper sub-member is character-
ized by carbonates interbeded with clastic rocks and is
the major ore-bearing formation of the Banian deposit
(Cui and Jin, 1993).

The orebodies in the Banian deposit usually occur as

stratabound or lenticular bodies at the contact between
carbonate rocks and clastic rocks, or in interformational
sliding and structural breccias. They are parallel to bed-
ding or transgress layering at a slight angle (Fig. 2).

Hydrothermal alteration typically consists of calcifi-
cation, silicification and sulfidation. The ores are very
simple in composition; calcite is the predominant gangue
mineral with minor amounts of quartz, pyrite and dolo-
mite. Based on the field and microscopic observations,
the calcites can be classified into two types; pink and
white. The paragenetic order of these major minerals is
white calcite followed by pink calcite and then stibnite.
The white calcite is larger in crystal size (5 to 50 mm),
and has no direct relationship with mineralization (Fig.
3A). Pink calcite usually occurs in veinlets, veins and as
matrix in mineralized breccias ranges in size from 2 to
10 mm and is intimately related to mineralization.
Stibnites are 2 to 40 mm in size and generally occur as
tabular, prismatical, acicular or radial crystals in pink
calcite (Figs. 3A and B) and in surrounding limestone (Fig.
3C). Stibnites has been observed occupying cracks and
cleavages of pink calcites, crosscutting calcites, and trun-
cating cleavages in calcites (Fig. 3D). Additionally, near-
ore wall rocks are characterized by containing a large
quantity of vuggy open space of variable size (<60 mm)
(Fig. 3C).

SAMPLING AND ANALYTICAL METHODS

The two types of calcites occurring with stibnites were
hand picked and crushed to 40–60 mesh, separately. Min-
eral splits were then washed in ultrapure water several
times, dried at low-temperature (<60°C), and then clean
calcite and stibnite separates were handpicked to a purity
of more than 99% under a binocular microscope, and
ground to 200 mesh in an agate mortar.

Sm–Nd isotopic analytical procedure
Sm and Nd isotope measurements were carried out at

Fig. 2.  The sketch map of geological section of the Banian
antimony deposit (modified from Cui et al., 1993).
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the Tianjin Institute of Geology and Mineral Resources,
CAGS, and analyzed on a mass spectrometer TRITON.
The analytical procedure followed, is as described in Peng
et al. (2003a) and Su et al. (2009). Samples were dis-
solved in Teflon vessels with a mixture of HF and HClO4,
at 150°C, for at least 12 hour. Two sample aliquots, each
weighting 150 mg were dissolved, one for Sm and Nd
concentration measurement and the other for 143Nd/144Nd
analysis. To separate Sm and Nd, a reverse-phase extrac-
tion technique was done with di (2-ethylhexyl) phosphoric
acid (HDEHP) coated Teflon powder. Sm and Nd con-
centrations were determined by isotope dilution using
149Sm–146Nd spike solution. The concentrations of Na-
tional Primary Standard (GBS04419) and international
standard (BCR-1) determined in this study were: Sm =
3.02 ppm, Nd = 10.07 ppm, with 143Nd/144Nd = 0.512739
± 5 (2σ), and Sm = 6.57 ppm, Nd = 28.75 ppm, with 143Nd/
144Nd = 0.512644 ± 5 (2σ), respectively. Nd ratios were
normalized to 146Nd/144Nd ratio of 0.7219. The reproduc-
ibility of the isotopic ratios is better than 0.005% (2σ);

the precision for Sm and Nd concentrations is less than
0.5% of the quoted values (2σ). Total procedure blanks
for Sm and Nd were 30 pg and 54 pg, respectively. The
replicate analyses of JMC Nd standard (the Johnson and
Mattey® Nd standard) gave an average 143Nd/144Nd value
of 0.511132 ± 5 (2σ). The decay constant used in the age
calculation is λ147Sm = 6.54 × 10–12/yr. The Sm–Nd
isochron ages were calculated with the ISOPLOT 3.23
computer program (Ludwig, 2005).

C and O isotopic analytical procedure
Carbon (δ13C) and oxygen (δ18O) isotopic composi-

tions (δ18O is referred to SMOW) were analyzed in eight
calcite samples (4 white and 4 pink) and one slightly al-
tered limestone sample, following the method of McCrea
(1950). In brief, samples were reacted with 100% H3PO4
at 25°C for 24 hour. The liberated CO2 was analyzed us-
ing Finnigan MAT 252 mass spectrometer, at the Insti-
tute of Geochemistry, Chinese Academy of Sciences,
Guiyang. C and O isotopic compositions are reported rela-

Fig. 3.  A) Photograph of stibnites, white and pink calcites, showing the close relationship between pink calcites and stibnites; B)
Photograph shows stibnites occur as tabular and prismatical in pink calcites; C) Photograph of slightly altered limestone wall
rocks with stibnites and a lot of holes; D) Microphotograph (transmitted light) shows stibnites crosscut the cleavages of pink
calcites or grow along its cracks and cleavages. Stb = stibnite; W Cal = white calcite; P Cal = pink calcite; Cal = calcite; Qz =
quartz; VOS = vuggy open space.
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tive to PDB and SMOW, respectively. The analytical un-
certainty is ±0.2‰.

REE, Fe, Mn and Mg analytical procedure
In order to illustrate the cause of fractionation between

LREE and HREE, the Fe, Mn and Mg abundances of
LREE-enriched calcites from the Wanshan and Lae mer-
cury deposits in the region were analyzed contemporane-
ously.

The rare earth elements (REE), Fe, Mn and Mg com-
position of calcites, stibnites and limestones were all
analyzed separately by ALS Minerals—ALS Chemex
(Guangzhou) Co., Ltd. For REE analysis, samples were
mixed with a flux of lithium borate (LiBO2) and melted
in the furnace at 1000°C. When the melt was cooled down,
a constant volume of nitric acid was added, and the solu-
tion was analyzed with a PerkinElmer ELAN 6000 In-
ductively Coupled Plasma Quadrupole Mass Spectrometer
(ICP-MS). The analytical error is smaller than 10%. The
analyses of Fe, Mn and Mg compositions were carried
out by digesting 0.4 g of calcite sample with a mixture of
nitric acid, perchloric acid, hydrofluoric acid and hydro-
chloric acid (HNO3–HClO4–HF–HCl), and then reduced
over heat to near-dryness. After adding a constant vol-
ume of hydrochloric acid, the sample solution was
analyzed with a Varian ICP735-ES Inductively Coupled
Plasma Emission Spectroscopy (ICP-AES). The results,
corrected for spectrum interferences, are presented in ta-
ble 3 and 4. The analytical error is smaller than 10%.

RESULT

Sm–Nd isochron age
All the Sm and Nd contents and isotopic values are

listed in Table 1, and shown in Fig. 4. Though the con-
tents of Sm (0.1496–0.5916 ppm) and Nd (0.1453–0.9797
ppm) are relatively low in all of the calcite samples, the
147Sm/144Nd ratios are highly variable and will result in a

Sample No. Sample characteristic Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd (2σ)

BN-6-1 White - transparent 0.5528 0.4220 0.7919 0.512912 ± 5
BN-11 White 0.4281 0.4938 0.5242 0.51269 ± 6
BN-14 Transparent 0.3045 0.2021 0.9109 0.513011 ± 12
BN-21 White 0.4492 0.7057 0.3849 0.512565 ± 12
BN-26-1 White - transparent 0.5916 0.5668 0.6309 0.512778 ± 10

BN-9-2 Light pink 0.4740 0.9797 0.2925 0.512411 ± 15
BN-17 Light pink 0.4303 0.5513 0.4718 0.512558 ± 8
BN-22 Light pink 0.5323 0.4595 0.7003 0.512738 ± 10
BN-23 Pink 0.5787 0.3375 1.0366 0.513026 ± 8
BN-26-2 Light pink 0.1496 0.1453 0.6222 0.512681 ± 13
BN-27 Light pink 0.5722 0.5419 0.6383 0.512694 ± 5

Table. 1.  Sm and Nd isotopic compositions of calcites from the Banian deposit

Fig. 4.  Sm–Nd isochrons for the (A) white calcites and (B)
pink calcites from the Banian antimony deposit.
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good isochron. The range of 147Sm/144Nd values of both
white calcites (0.3849–0.9109) and pink calcites (0.2925–
1.0366) is significantly greater, compared to those of
Uysal et al. (2007) and Su et al. (2009). Therefore, such
remarkable range in 147Sm/144Nd ratios, allows placing
an important constraints on the timing of mineralization
(Chesley et al., 1991, 1994; Peng et al., 2003a).

Sm–Nd data for five white calcite samples were plot-
ted on an isochron, giving an age of 128.2 ± 3.2 Ma, with
initial εNd = –4.3 and MSWD = 0.54 (Fig. 4A); six pink
calcite samples yield an isochron age of 126.4 ± 2.7 Ma,
with initial εNd = –6.0 and MSWD = 0.68 (Fig. 4B). Be-
cause a simple linear relationship of 1/Nd–143Nd/144Nd
does not exist for the two separate groups of calcites, both
isochron ages are considered to have geological
significances (Tuner et al., 2003). However, these two
ages are in good agreement within analytical errors, sug-
gesting that they formed during the same hydrothermal
event.

C and O isotopes
The carbon and oxygen isotopic composition of all

Banian samples and four calcites quoted from Cui and
Jin (1993) are listed in Table 2, and shown in Fig. 5. In
general, white calcite is lower in δ13C (–1.8‰ to –0.9‰)
in comparison to the pink calcite (–0.6‰ to –0.5‰), while
the δ18O occurs in the reverse trend, the white calcite
(12.5‰ to 14.6‰) is slightly higher than the pink calcite
(12.9‰ to 14.0‰). The slightly altered limestone differs
from calcites by significantly increased δ18O (17.5‰) and
δ13C (1.5‰). A negative correlation array is defined by
the δ13C and δ18O values of calcites.

REE, Fe, Mn and Mg data of calcites and stibnites
The concentrations of REE for calcites, stibnites and

wall rocks are presented in Table 3, and displayed in Fig.
6, which were normalized using the chondritic composi-

Sample No. Sample type δ13CPDB (‰) δ18OSMOW (‰) Data source

BN-6-1 White - transparent calcite –1.8 14.6 This text
BN-11 White calcite –1.8 14.3 ″
BN-21 White calcite –1.7 13.5 ″
BN-26-1 White - transparent calcite –0.9 12.5 ″
BN-6-2 Light pink calcite –0.5 13.7 ″
BN-9-2 Light pink calcite –0.5 12.9 ″
BN-17 Light pink calcite –0.5 13.5 ″
BN-26-2 Light pink calcite –0.6 14.0 ″
BN-30 Slightly altered limestone 1.5 17.5 ″

Inc-2 Calcite –0.3 13.6 Cui and Jin, 1993
CW-12-8 Calcite –0.1 12.3 ″
bn-2 Calcite 0.1 12.1 ″
bn-8 Calcite –1.2 13.7 ″

Fig. 5.  The δ13C versus δ18O diagram for calcites and lime-
stone from the Banian antimony deposit. For reference, the fields
for typical marine carbonates (MC) and igneous carbonate
rocks (CMX = carbonatite and mantle xenoliths) are outlined.
The black solid line arrows represent typical isotopic trends
resulting from carbonate dissolution = Dis carb, decarbonation
= Dec. The dash line arrow shows a negative relationship be-
tween δ13C and δ18O. See text for further description.

Table. 2.  Stable carbon and oxygen isotope compositions of calcites and limestones
from Banian deposit

Note: δ18OSMOW = 1.03086·δ18OPDB – 30.86.
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Fig. 6.  A) REE patterns of white and pink calcites from the
Banian deposit, arrow represents the increasing tendency of
LREE from white calcite to pink calcite; B) REE patterns of
stibnites; C) REE patterns of near-ore and distal wall rocks
(Taylor and McLennan, 1985).
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tion of Taylor and McLennan (1985).
The REE characteristics of calcites, stibnites and wall

rocks are significantly different. Both types of calcites
contain relatively high total REE abundances (∑REE =
3.7–14 ppm), and show significant REE fractionation with
strong MREE- and HREE-enrichments and LREE-
depletions. La is below detection limits (Fig. 6A). In de-
tail, except for one sample (BN-26-2) with rather low total
REE abundance (3.7 ppm), the pink calcites have higher
REE abundances (8.0–14 ppm) than white calcites (6.5–
11 ppm). In particular the LREE abundances of pink cal-
cites (1.4–3.1 ppm) are higher than the white calcites
(0.63–1.4 ppm), and the LREE/HREE ratios of pink cal-
cites (0.13–0.61) are also clearly higher than white cal-
cites (0.11–0.23). The REE abundances described above
show the tendency of an increase in the LREE concentra-
tion while the concentration of HREE remains nearly
constant. All of the calcite samples contain high Y con-
tent (6.7–25 ppm), with identical Y/Ho ratios (30–34).

In contrast to calcites which have strongly LREE-
depleted patterns, all stibnite samples show strongly
LREE-enriched patterns (Fig. 6B) with high LREE/HREE
ratios (105–500). Except for high La content (15–30 ppm),
abundances of other REE fall off steeply as atomic number
increases (and ionic radius decreases) and, as a result,
individual values of MREE and HREE for most samples
are near the detection limits. Almost all of the stibnites
contain Y (�0.5 ppm) below the detection limit, which is
also in contrast to the calcites.

The total REE abundances of wall rocks (∑REE = 34–
89 ppm), regardless of proximity to ore, are higher in

comparison to calcites or stibnites. They show moderately
LREE-enriched (LREE/HREE = 6.2–12), Wright-wing-
type patterns, with moderate Eu anomalies (δEu = 0.51–
0.62) (Fig. 6C). The ∑HREE of wall rocks (2.6–11 ppm)
are similar to calcites (3.3–13 ppm), however, with lower
Y/Ho ratios (18–22) in wall rocks.

Mg, Fe and Mn contents of calcites from the Banian
antimony deposit and the Wanshan and Lae mercury de-
posits are presented in Table 4. The calcites in the Banian
deposit show a negative correlation between Fe+Mn
(ppm) and LREE/HREE ratios (Fig. 7). They are nearly
twenty times higher in Fe content than those of the
Wanshan and Lae mercury deposits and ten times higher
in Mn content than Wanshan, however, are consistent with
Lae mercury deposits in Mn content. Otherwise, the Mg
contents of calcites in mercury deposits are two times
higher than Banian antimony deposit. Based on our
present TEM (Transmission electron microscope) analy-
ses on many individual calcite samples from Banian de-
posit, Fe and Mn are present as nanoparticles (<10 nm,
an unknown Fe–Mn–Si–Cl–S–O? phase) in calcite crys-
tals (Figs. 8A and B).

DISCUSSION

Sm–Nd isochron age
Numerous studies have been attempted to obtain ore-

forming ages of epithermal deposits in SW China using a
variety of isotopic methods (Zhang and Yang, 1992; Feng
et al., 1993; Jia et al., 1993; Wei, 1993; Hu et al., 1996;
Luo, 1997; Su et al., 1998; Zhu et al., 1998; Peng et al.,
2003a, b; Hu et al., 2007a; Su et al., 2009). The acquired
ages range from 80 to 160 Ma (Table 5), corresponding
to the Yanshanian Orogeny. However, the large range of
age determinations obtained by previous studies and the
questionable reliability of the analytical methods remains
serious impediments to constructing a clear history of

Sample No. Mg (%) Fe (%) Mn (ppm)

BN-6-1 0.11 0.28 511
BN-11 0.14 0.31 464
BN-26-1 0.10 0.27 609
BN-21 0.10 0.21 633
BN-14 0.10 0.32 874
BN-6-2 0.08 0.42 722
BN-9-2 0.06 0.25 727
BN-17 0.07 0.32 867
BN-22 0.08 0.33 806
BN-26-2 0.08 0.47 988
WSH-06-01 0.12 0.01 71
WSH-06-2 0.12 0.01 73
WSH-06-3 0.14 0.01 76
WSH-06-4 0.12 0.02 77
LE-11-3 0.20 <0.01 917
LE-11-8 0.22 0.01 1980
LE--11-12 0.21 0.01 274

Table. 4.  Fe, Mn and Mg abundances of
calcites from Banian antimony deposit,
Wanshan and Lae mercury deposits

Abbreviations: BN = Banian, WSH = Wanshan, LE = Lae.

Fig. 7.  The LREE/HREE versus Fe+Mn diagram for calcites
from the Banian antimony deposit.
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epithermal ore formation during the Yanshannian tectonic
event. Consequently, the exact ore-forming age of most
epithermal deposits in SW China remain unknown. Re-
cently, Peng et al. (2003a) and Su et al. (2009) have suc-
cessively obtained precise age constraints for the
Xikuangshan antimony deposit (155.5 ± 1.1 Ma, 124.1 ±
3.7 Ma) and Shuiyindong Carlin-type gold deposit (134
± 3 Ma to 136 ± 3 Ma) situated in the region, utilizing
calcite Sm–Nd chronology. These studies illustrate great
potential of the method to constrain the geochronology
of other epithermal deposits in SW China.

On a regional geological basis, the ore-forming ages
of Banian antimony deposit presented in this paper (128.2
Ma, 126.4 Ma) are in good agreement with the age of
late-stage mineralization (124.1 Ma) at the Xikuangshan
deposit (Peng et al., 2003a), and the ore-forming ages of
the Shuiyindong gold deposit (135 Ma) (Su et al., 2009).
However, they are differentiated from the early-stage
mineralization (155.5 Ma, 156.3 ± 12.0 Ma) at the
Xikuangshan deposit (Peng et al., 2003a; Hu et al., 1996),
and the imprecise Sm–Nd isochron ages of fluorites (148
± 9 Ma to 142 ± 16 Ma) from the Qinglong antimony

Fig. 8.  A) TEM image of Fe–Mn–Si–Cl–S–(O) nanoparticle in calcites; B) EDS of nanoparticle.

Table. 5.  Compilation of isotopic ages of Yanshannian mineralization from SW China

Ore types Ore deposits Ore-hosted strata Test objects and methods Age (Ma) Referrences

Antimony ore Xikuangshan Devonian Calcite, Sm−Nd isochron 155.5 ± 1.1

124.1 ± 3.7

Peng et al., 2003a

Xikuangshan Devonian Calcite and stibnite, Sm−Nd isochron 156.3 ± 12.0 Hu et al., 1996

Muli Devonian Quartz, Ar−Ar plateau age 165 Hu et al., 2007a

Maxiong Cambrian−Devonian K−Ar

Rb−Sr

141
156

Wei, 1993

Qinglong Permian Fluorite, ESR
Quartz, ESR

104.0
125.2

Zhu et al., 1998

Qinglong Permian Fluorite, Sm−Nd isochron 148 ± 8

142 ± 16

Peng et al., 2003b

Dushan Devonian Fluid inclusion, K−Ar isochron 145 Feng et al., 1993

Carlin-type Gold ore Shuiyindong Permian−Triassic Calcite, Sm−Nd isochron 134 ± 3

136 ± 3

Su et al., 2009

Baidi Triassic Quartz, Fission track 90.8 ± 6.4

84.5 ± 6.8

Zhang and Yang, 1992

Lannigou Triassic Quartz, Fission track 82.3 ± 7.5

83.4 ± 8.3

Lannigou Triassic Quartz, Fluid inclusion Rb−Sr isochron 105.6 Su et al., 1998

Yata Triassic Quartz, Fission track 100 Luo, 1997
Danzhai Cambrian−Lower Ordovician Ore, Rb−Sr isochron 114 ± 6 Jia et al., 1993
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deposit (Peng et al., 2003b). Therefore, two stages of
antimony mineralization can be identified in the South
China antimony ore belt; an early stage occurred from
155 Ma to 145 Ma, which is in the range of high-
temperature W–Sn–Bi–Mo mineralization period (180–
135 Ma) in Southeastern China, corresponding to the
widespread magmatism caused by low-angel subduction
of the Paleopacific plate (Mao et al., 2011). The later stage
antimony mineralization occurred during the period of
130 Ma to 120 Ma, together with epithermal Au–As–Hg–
U (135–80 Ma) mineralization in Southwestern China can
be ascribed to regional large-scale lithospheric extension
(Hu et al., 2007b; Mao et al., 2011).

In Fig. 4 of Banian calcite Sm–Nd dating, the initial
εNd values for the two regression lines are –4.3 and –6.0,
respectively. The negative εNd values indicate derivation
of the rare earth elements in the fluid (and possibly the
fluid itself) from crust material (Anglin et al., 1996). The
difference existed between separate stages of calcite,
probably it may resulted from progressive evolution of
ore-forming fluid, the intensification of fluid/rock inter-
action, and the variable local sources of wall rocks (Peng
et al., 2003b). The initial εNd values are clearly more ra-
diogenic compared with those of other gangue calcites
from Xikuangshan antimony deposits (–15) in South
China (Peng et al., 2003a; Hu et al., 1996). This indi-
cates that the source rocks of REE and ore materials are
different between Xikuangshan and Banian. In
Xikuangshan, the ore materials probably originated from
the Proterozoic basement (Peng et al., 2003a), where in
Banian, they were probably originated from the Devonian
limestone wall rocks, which is also supported by trace
elements and isotopes studies (Cui and Jin, 1993).

C and O isotopes
In general, the calcite precipitation and C, O isotopic

fractionation is mainly controlled by three mechanisms:
CO2 degassing; fluid mixing and fluid/rock interaction,
respectively (Zheng, 1990; Zheng and Hoefs, 1993). The
calcites from Banian are relatively homogeneous in C and
O isotopic compositions, thus the fluid mixing mecha-
nism should not be the dominant factor (Peng and Hu,
2001), which is also supported by the homogeneous Y/
Ho ratios and salinities mentioned above. In addition, a
clear evidence of degassing CO2 has not been found
through fluid inclusion studies (Wang and Jin, 2010),
despite the absence of evidence of hydrothermal boiling
which does not exclude a slow loss of CO2 (Zheng, 1990).
On the other hand, in the δ18O versus δ13C diagram (Hu
et al., 2002); all samples fall in the field from dissolution
of carbonate rocks, suggesting that the formation of cal-
cites was resulted from fluid/rock interaction between
meteoric water and limestone wall rocks. This conclu-
sion is also supported by the field observation, which

found that there are many vuggy open space developed
in the near-ore wall rocks (Fig. 3C), suggesting a strong
fluid/rock interaction may have happen in the minerali-
zation process. Although the ranges in the C and O iso-
topic compositions of calcites are relatively small, a sig-
nificant evolution toward a lighter O and heavier C iso-
topic composition with advancing crystallization is ob-
served from early white calcites to late pink calcites,
indicating the fluid changing slightly but consistently
during ore formation (Fontboté and Gorzawski, 1990).
And such negative correlation array between δ13C and
δ18O values of the calcites can be best explained by the
precipitation of calcite from a HCO3

– dominant fluid in a
relatively high-pH condition (Zheng, 1990), which is con-
firmed by the pH calculation (pH = 8.25) based on the
composition of fluid inclusion (Wang and Jin, 2010).

Precipitation of calcite in an open (Eq. (1)) or closed
(Eq. (2)) systems follows the reactions (Bau and Möller,
1992).

Ca2+ + CO2 + H2O ⇔ CaCO3 + 2H+ (1)

Ca2+ + HCO3
– ⇔ CaCO3 + H+. (2)

In both reactions the solution becomes more acidic in
the course of calcite precipitation, while stibnite deposi-
tion is mainly controlled by decreasing temperature and,
is favored by decreasing pH (Williams-Jones and Nor-
man, 1997). Therefore, this mechanism can also explain
the phenomenon that the stibnite was the latest crystal-
line phase in the Banian antimony deposit.

REE and Fe, Mn
It is interesting that the calcite Sm–Nd chronology is

popular and available to constrain the ore-forming ages
of epithermal deposits (e.g., Peng et al., 2003a, b; Su et
al., 2009). This is because the calcites in these deposits
are unique for that they contain abundance of REE and
show enrichment of MREE and HREE relative to LREE.
But what determines the enrichment of MREE and HREE
to calcite? It is important that the origins are identified.

On the whole, the LREE/HREE fractionation of hy-
drothermal carbonates is mainly controlled by the com-
position of the primary fluid, mineralogy, crystal struc-
ture, complexation, coprecipitation of an LREE (MREE
or HREE)-enriched phase, and the process of sorption and
desorption (Morgan and Wandless, 1980; Bau, 1991;
Chesley et al., 1991; Bau and Möller, 1992; Subías and
Fernández-Nieto, 1995; Peng et al., 2004; Schönenberger
et al., 2008). In the following sections, we will briefly
examine the possible processes responsible for the MREE-
and HREE-enriched patterns in calcites.

In Banian, both MREE- and HREE-rich phase and
LREE-rich phase has been found in the hydrothermal
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minerals. Hydrothermal fluids originated from meteoric
water usually have low REE concentrations (ranging from
1 to nearly 10–6 times chondrite) and show LREE-enriched
pattern (Wood and Shannon, 2003). Carbonate wall rocks,
the most possible providers of REE for the ore-fluids, no
matter the near-ore or distal show a consistent REE pat-
tern with moderate enrichment in LREE. Therefore, the
primary hydrothermal fluid unlikely has such MREE- and
HREE-enriched pattern like calcite, and the primary fluid
should not be the major factor dominanting the REE pat-
tern of calcite. As mentioned above, the white calcite,
pink calcite and stibnite were formed one by one. The
white calcite shows most enrichment of MREE and HREE
and depletion of LREE, implying that the calcites should
strongly prefer to incorporate MREE and HREE. With
the continuous evolution of ore-fluid and precipitation of
white calcite, the concentrations of MREE and HREE
decreased, but the LREE relatively increased. Conse-
quently, the late pink calcite naturally has higher LREE,
compared to the early white calcite. As the fluid progres-
sively evolved to the latest stage, the remnant fluid was
extremely depleted in MREE and HREE, but relatively
enriched in LREE, therefore, leading to the LREE en-
richment in latest precipitated stibnite. Especially the La
element, which was the last option for the calcite, was
relatively enriched in the residual fluids, thus was most
enriched in the latest stage mineral of stibnite. There is
no crystal lattice site which could easily accommodate
REE in stibnite, REE mineral inclusions in stibnite have
not been found by optical and electron microscopy. How-
ever, stibnite minerals usually contain a large quantity of
fluid inclusions (e.g., Luders, 1996). Therefore, we sug-
gest that the possible occurrence of REEs in stibnite is as
fluid inclusions and in lattice defects. The REE distribu-
tion in stibnite may reflect the REE patterns of the min-
eralizing fluids.

Morgan and Wandless (1980) suggested that the rela-
tive REE pattern in a simple hydrothermal mineral is gov-
erned by the ionic radius (mineralogical control) of the
major cation. Due to the smaller differences in ionic radii
between Ca2+ and the LREE3+ than these between Ca2+

and the HREE3+, the LREE are incorporated into the cal-
cite crystal lattice more easily than the HREE. Therefore,
calcite should have LREE-enriched pattern as usual, evi-
dently this is not so. In addition, through construct rela-
tional graph for crustal-normalized REE patterns VS the
REE ionic radius, VS the relative ionic radius and VS the
relative ionic volume for the hydrothermal calcites from
the Xikuangshan deposit. Peng et al. (2004) indicated that
the optimum ion radius of substitutional site for the REE
in the hydrothermal calcites from Xikuangshan is about
0.091 ± 0.001 nm, which is obviously smaller than the
theoretical value (1.000 nm, CN = 6, Shannon, 1976) of
the ideal Ca2+ ion. They contemporaneously indicated that

the optimum site in the hydrothermal calcites is deter-
mined by the crystal structure of calcite rather than by
the Ca2+ ion in calcites. However, they didn’t show the
differences of crystal structure between MREE- and
HREE-enriched calcites and those LREE-enriched cal-
cites. Alternatively, the LREE-depleted pattern should be
controlled by complexation processes, due to the ligand-
enriched fluid (Bau, 1991; Bau and Möller, 1992; Subías
and Fernández-Nieto, 1995).  In case the above
complexation mechanism is taken to be responsible for
such fractionation in Banian, owing to REE complexation
with ligands like CO3

2– and OH– which form more stable
complexes with the HREE. Therefore, LREE preferen-
tially precipitate in the early stage, and the late stage fluid
should be HREE-enriched (Möller et al., 1976). However,
it is conflicting to the characteristics in Banian, where
the latest stage of stibnite is enriched in LREE, especially
in La element. Chesley et al., (1991) suggested that the
most likely mechanism for producing LREE-depleted
pattern of fluorites from SW England is the coeval pre-
cipitation of an unidentified LREE-enriched phase. In
Banian, we have found that stibnite mineral is the LREE-
enriched phase, but it crystallized later than calcite. More-
over, it is well known that the REE can hardly incorpo-
rate into the crystal lattice of stibnite minerals, thus this
hypothesis is also precluded.

In addition to the above mechanisms, it is suggested
that the REE fractionation processes are the results of two
basic steps of sorption of REE onto and desorption from
particle surfaces during migration of a REE-bearing fluid
and coprecipitation (Bau and Möller, 1992). Similarly,
Johannesson and Lyons (1995) reported that the dissolu-
tion of MREE-enriched suspended particles and/or coat-
ings on the sedimentary rocks within the Colour Lake
basin may be responsible for the MREE enrichments of

Fig. 9.  The LREE/HREE versus Fe+Mn diagram for calcites
from the Furong tin deposit (data from Shuang et al., 2010).
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Colour Lake water. In addition, the secondary minerals
associated with aquifer materials may also contribute to
the MREE enrichment of groundwaters and lake waters
(Johannesson et al., 1996).

The Fe and Mn contents of calcites from the Banian
antimony deposit are apparently higher than those of
LREE-enriched calcites from the Wanshan (Wang et al.,
2010) and Lae (unpublished data) mercury deposits, and
are also several magnitudes higher than REE content.
Furthermore, the negative relationship between Fe+Mn
(ppm) and LREE/HREE ratios of calcites in the Banian
deposit also clearly indicates that the higher Fe+Mn con-
centrations correspond to the lower LREE concentrations
and the higher HREE concentrations. Many previous stud-
ies have displayed that the Fe–Mn-bearing phase can be
enriched in the MREE and HREE by sorption, such as
hydrogenetic Fe–Mn crust (Bau et al., 1996), Fe-rich or-
ganic colloids, Fe–Mn surface coatings or suspended par-
ticles (Palmer, 1985; Palmer and Elderfield, 1986;
Johannesson et al., 1996), Mn crust (Alt, 1988), Fe–Mn
ores (Kato et al., 2005; Brugger and Meisser, 2006). Fur-
thermore, according to the foraminifera and seawater stud-
ies, it is suggested that the Fe–Mn-rich coating phase has
significantly higher REE concentrations than their lattice
phase (Palmer, 1985; Palmer and Elderfield, 1986; Ban-
ner et al., 1988).

The Fe and Mn are present as nanoparticles in the cal-
cite crystals in Banian deposit. Therefore, regardless of
the exact mechanism, it is reasonable that the Fe–Mn
nanoparticle impurities may play an important role on the
enrichment of MREE and HREE in calcites. This infer-
ence is also evidenced by Shuang et al. (2010), which
reported three types of calcites present in the Furong tin
deposit, and a negative relationship also occurs between
Fe+Mn (wt%) and LREE/HREE ratios (Fig. 9). However,
more work is required, to verify or refute these mecha-
nisms and to examine, in detail, the significance of Fe–
Mn impurities, in the development of MREE and HREE
in calcites.

Though HREE may prefer to incorporate into the Fe–
Mn nanoparticle impurities within calcite, they were pre-
cipitated with calcite crystals simultaneously, thus the
REE isotope information in the Fe–Mn impurities are
consistent with that in the crystal lattice of calcites.
Cherniak (1998) suggested that the REE diffusion in cal-
cite is very slow, even during diffusive alteration, REE
isotope and chemical information in calcite is quite pos-
sibly preserved. In addition, no tectonic event occurred
after the Yanshanian Sb mineralization in the region, the
influence of thermal disturbance on the calcites from the
Banian deposit is probably negligible. Thus, Sm–Nd iso-
topic systematics in the calcites from the Banian deposit
should have been closed and preserved initial informa-
tion of the mineralization; the isochron ages of the cal-

cites should represent the timing of the coeval antimony
mineralization (Peng et al., 2003a).

CONCLUSION

(1) There are two types of white and pink calcites in
the Banian antimony deposit, corresponding to two ages
of 128.2 ± 3.2 Ma and 126.4 ± 2.7 Ma, respectively. These
two ages are in good agreement within analytical uncer-
tainty. And they are the first reported ore-forming ages
for Banian deposit, corresponding to the late stage of an-
timony mineralization in South China and the late stage
of Yanshanian orogeny.

(2) The δ18O, δ13C, initial εNd values, together with
field evidence of abundance of vuggy open spaces, all
suggest that the ore-forming fluid originated from disso-
lution of carbonate wall rocks.

(3) Both white and pink calcites show strongly LREE-
depleted, MREE- and HREE-enriched REE pattern, and
the late-stage pink calcite is slightly richer in LREE than
the early white calcite. In contrast, the latest stibnite dis-
plays amazing enrichment of LREE, especially for La
element. Those REE patterns are believed to be resulted
from that calcites preferentially incorporate MREE and
HREE. Subsequently, the latest residual fluid is extremely
depleted in MREE and HREE but relatively enriched in
LREE, leading to the late stage of stibnite enriched in
LREE with no choice.

(4) The Fe–Mn impurities in calcite may play an im-
portant role on the enrichment of MREE and HREE in
calcites. However, Sm–Nd isotopic systematics in calcites
can still preserve initial information of the mineraliza-
tion.
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