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Abstract The Muli antimony deposit is located in the Au—
Sb polymetallic metallogenic belt in south-eastern Yunnan,
China. In this paper, we investigated the concentrations of
trace elements in gangue minerals, mainly calcite, quartz,
and pyrite, which were formed at different metallogenic
stages. Meanwhile, the host rocks, predominantly com-
posed of limestone, are also analysed for comparison. The
calcite from the Nadan ore section is enriched with med-
ium-heavy rare earth elements (M-HREEs), likely due to
the presence of a high concentration of Fe and Mn impu-
rities, which results in the preferential enrichment of
M-HREEs in the calcite. Alternatively, the calcite may be
precipitated from the M-HREE-rich granitic leaching fluid.
In the Muli ore section, both quartz and pyrite in the
metallogenic period show enrichment with light rare earth
elements (LREEs), and the wall rock is also enriched with
LREEs, which indicates that the wall rock material was
involved in the metallogenic process. The W-shaped tetrad
effect of quartz in the late metallogenic stage was inter-
preted to determine extensive fluid—rock interactions in
highly fractionated Si-rich systems. Fe and Mn impurities
cause M-HREE to be preferentially enriched with calcite to
some extent. Whether mineralization is related to granite
deserves further study. Eu and Ce anomalies of different
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types of gangue minerals indicate that the temperature and
the fO, were constantly changing during mineralization,
and the temperature of the main ore-stage was higher than
200 °C in an oxidized state. The various REE patterns,
LREE/HREE and (La/Yb)y values, reveal that there may
be multi-sources and multi-stage hydrothermal activities in
the Muli antimony deposit. The REE distribution patterns
of minerals are likely interfered with by many internal and
external factors. Studies on REE characteristics of calcite,
quartz, pyrite and limestone in the Muli antimony deposit
have greatly improved the understanding of ore-forming
fluids. When we traced the origin and evolution of ore-
forming fluids by means of mineral REE distribution pat-
terns, in addition to the determination of inclusions of ore
minerals related to mineralization and the in situ analysis
methods performed by LA-ICP-MS, we should also com-
bine the REE characteristics of various minerals or trace
the ore-forming fluids with multiple methods.

Keywords Muli antimony deposit - Ore-forming fluids -
REE - Calcite - Pyrite - Quartz

1 Introduction

Geochemistry of rare earth elements (REEs) in
hydrothermal minerals such as calcite (Yan et al. 2000;
Feng et al. 2011; Wang et al. 2012b; Bao et al. 2013;
Abedini et al. 2016), fluorite (Cao 1995; Cao et al. 2014,
Shen et al. 2015; Li et al. 2015), quartz (Jiang 1988; Fan
et al. 2000; Zhang et al. 2011; Wang et al. 2015) and pyrite
(Li et al. 2003; Chen et al. 2007; Zhang et al. 2012), plays a
crucial role in tracing the origin and evolution of ore-
forming fluids (Lottermoser 1992; Whitney and Olmsted
1998; Hecht et al. 1999; Ghaderi et al. 1999; Wang et al.



Acta Geochim (2019) 38(6):848-862

849

2003; Peng et al. 2006; Liang et al. 2007). REEs can be
enriched in these minerals by several processes, including
sorption, complexation, coprecipitation, and fluid inclusion
(Debruyne et al. 2016). Medium-heavy rare earth elements
(M-HREEj5) including can be enriched in calcium minerals
such as calcite (Wang et al. 2012b), fluorite (Chesley et al.
1991, 1994; Peng et al. 2003) and scheelite (Roberts et al.
2006; Leng et al. 2018), which can provide insights into
mineralization ages due to their high Sm and Nd contents
and high Sm/Nd ratios. YREE (REE + yttrium) patterns in
calcite can be used to assess stadial-interstadial changes
(Zhou et al. 2012). Fan et al. (2000) reported that the REE
pattern of quartz is similar to that of fluid inclusions,
suggesting that the REEs in quartz are concentrated in fluid
inclusions and represent the characteristics of quartz-
forming fluids. The study on the REE characteristics of
gangue calcites and host rocks published by Deng et al.
(2014) indicates that the ore-forming fluids are of the
crustal type. Hence, the chemical properties of REE and
combined yttrium (YREE), which act as geochemical
tracers, have been widely studied to better understand
metallogenic mechanisms.

Various types of hydrothermal deposits, such as Hg, Zn-
Pb, Sb and Au deposits, have been extensively developed
in the large-scale low-temperature epithermal metallogenic
domain in southwestern China (Fig. 1). The geochemical
characteristics of REE in calcite, fluorite, quartz and other
gangue minerals in various types of deposits in this met-
allogenic domain have been previously studied. The results
show that the REE patterns of metallogenic calcite or flu-
orite in mercury deposits (Wang et al. 2010; Han et al.
2017) and Pb-Zn deposits (Huang et al. 2001; Bao et al.
2013) are characterized by an enrichment with light rare
earth elements (LREE), such as the La’e Mercury deposit,
Huize deposit and the Maozu Pb—Zn deposit; the metallo-
genic calcites in antimony deposits are enriched with
M-HREEs, such as the Xikuangshan deposit (Peng et al.
2004), the Banpo deposit (Deng et al. 2014), and the
Qinglong deposit (Wang et al. 2003, 2011; Zhu et al.
2010); the metallogenic calcites of Carlin-type gold
deposits are mainly enriched with MREEs, such as the
Bojitian deposit (Zhang et al. 2010), the Taipingdong-
Zimudang deposits (Wang et al. 2012b), the Shuiyindong
deposit (Su et al. 2009) and the Getang deposit (Huang
et al. 2012). Additionally, the same minerals formed at
different metallogenic stages have different REE patterns,
and different minerals in the same deposit also present
different REE patterns (Hazarika et al. 2016; Peng et al.
2004; Wang et al. 2012b; Zhang et al. 2010).

Although the REE chondrite-normalized patterns of
gangue minerals from hydrothermal ore deposit have been
widely studied to determine the origin of hydrothermal
fluids or as a sensitive indicator of hydrothermal systems,

some issues still need to be addressed. When multiple REE
patterns occur in different minerals or even in the same
minerals at different metallogenic stages, which mineral
can be used for direct tracing? Or under which conditions
can these hydrothermal minerals be used in tracing?

In the present study, REE patterns of calcite, quartz,
pyrite and wall rocks from the Muli antimony deposit were
studied. This study aims to discuss the feasibility of using
the REE patterns of gangue minerals to trace the ore-
forming fluids and illustrate the origin and evolution of ore-
forming fluids in the Muli antimony deposit.

2 Geological setting

The Muli antimony ore deposit belongs to the polymetallic
metallogenic belt of the south-eastern Yunnan province,
and it is tectonically located in the Qiubei-Guangnan fold
bundles of the south-eastern Yunnan fold belt in the South
China fold system (Wang and Man 1994). The deposit is
trapped in the complex fold belt between the Xiaopunong
thrust fault and the Nawai thrust fault (Fig. 2). The geo-
logical structure in the ore district is arc distributed with a
north-west direction, and it is dominated by fold structures.
There are a series of NE-trend faults in the west, first
turning to near EW-trend direction, and then following the
NW-trend direction. The main anticlines in this area are the
Muli-Nadan anticline, the Ankang anticline, the Dianzhan
anticline, the Nonglang anticline, and so on. The brittle
rocks such as silexite are broken during the fold formation,
which provides a good space for mineralization. In addi-
tion, a series of compression-torsional faults have been
developed, such as the Nawai fault and the Xiaopunong
fault (Fig. 3), which provide a suitable place for migration
and enrichment of ore-forming fluids. The stratigraphy of
the mining area is semi-deep to shallow water shelf facies
(Huang and Lei 1997). The strata cropping out in this area
range from Lower Devonian to Middle Triassic, but the
Lower Triassic is absent (Fig. 4). The Pojiao (D;p) forma-
tion acts as the main ore-hosting strata and is composed of
thick-bedded silexite, with thin-bedded planktonic and
benthic sedimentary biogenic limestone and local chert
nodules and limestone lens. The Bajiaoqing (D;b), Poz-
heluo (D,p), Donggangling (D,d), Wuzhishan and Liujiang
(D3l + w) formations are mainly composed of thin-bedded
silexite, shale and dolomitic limestone. The Baifeng (75.
b) formation consists of fine-sandstone and sandy shale,
and usually occurs as the hanging wall of the ore body (Li
1999; Yu 1990).

There are different ore types in the Nadan and Muli ore
sections. The Nadan ore section is mainly composed of
stibnite and calcite symbiotic association. Quartz and
pyrite are less developed, and calcite formation is closely

@ Springer



850 Acta Geochim (2019) 38(6):848-862
103°00’ 104°00’ 105°00" 106°00° 107°00' 108°00’
26°00 (P 7] Guizh j 26°00'

f uiz ou <
Zigm{ Q g,P}‘glan& "
/ X Q% / / v
S A | [
. (\\9 ~\ A
e W I /1
25° 2 "‘\ n -25°20'
= *:'5\ angtze cral’gnf | -
Ul
L
N 2N
[ N\ Pe
ey N o W ioiini
24°40 o N Al 24°40
N & 3
\ & N
NS 4 \l\ )
\
b .
| NGy,
an @ <8 ‘& Q 24°00
24° Guangnar s \ &5 \ =24°00'
Mull “’ * (I/ ]I\L ™ \|
. Laozhalwan\ s
// S o A\ A ? ! . \ ' S
(4 S, G nna hq&ang e
Soflining <)
) N Y _Guangxi
23°2 > % 223°20
ey &iaoxiban‘. /\ 1 / 1 )
103°00’ 104°00’ 105°00’ 106°00’ 107°00’ 108°00'
1 Tertiary-Quaternary - Proterozoic # Lamprophyre dike o | City
-Jurassic-(‘rctaccous - Diabase —~~ Fault ~—| River
Triassic Basalt ® Au ~~~= Provincial boundary
‘ Devonian-Permian | @ Granite ® Sb
; i : 0 60Km
Cambrian-Silurian ~ # | Quautz porphyry dike @ Sn _— =

Fig. 1 Geologic map of the large-scale low-temperature epithermal metallogenic domain in southwestern China, showing the locations of
Carlin-type gold, antimony and tin-polymetallic deposits in the Youjiang basin (modified after Su et al. 2018)

related to mineralization (Fig. 5a, b). The Muli ore section
is characterized by a mineral symbiotic association of
stibnite, pyrite and quartz (Fig. 5c—e). A green quartz vein
develops in late metallogenic structure, with minor pyriti-
zation (Fig. 5f). Calcite of late metallogenic stage occurs in
a metallogenic fault structure, and extensive Sb mineral-
ization is developed in the upper wall of fault; however,
calcite is formed later than the symbiotic association of
stibnite, quartz and pyrite (Fig. 5g). The post-metallogenic
calcite emerges in post-metallogenic fault structure, and
there is no mineralization near the fault after mineralization
(Fig. 5h).

Based on mineral paragenesis, we present a mineral
paragenetic sequence of the Muli antimony deposit in
Fig. 6. Hydrothermal alteration is typically composed of
calcification, silicification and weak bituminization. Calcite
and quartz are the predominant gangue minerals.

@ Springer

3 Sampling and analytical methods

Calcite, quartz, pyrite and limestone from the Nadan and
Muli ore sections of the Muli antimony deposit were
sampled with detailed information of sample locations and
characteristics shown in Table 1. Field characteristics and
microscopic features of hand specimens are shown in
Fig. 5.

Different minerals were handpicked under a binocular
microscope, and impurities were removed. The purity of
the collected samples was over 99%. The REE concen-
trations of the studied samples were carried out at the
National Research Centre for Geoanalysis. For calcite and
pyrite, the specific operating procedures are as follows:
25 mg pulverized samples of calcites and pyrites (200
mesh) were placed in 10 mL Teflon hexagonal bottles and
digested with 0.5 mL of 10 mol/L HCl and 1.5 mL of
15 mol/L HNO; overnight, and then the samples were
heated at 130 °C for 16 h. After sample solutions were
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Fig. 3 Geological section map (I-I') of the Muli antimony ore deposit in Yunnan

evaporated to near dryness at 150 °C on a hot plate, the
dissolved solutions were transferred to colorimetric tubes
and diluted to 25 mL using ultrapure water. For 50 mg
quartz and limestone samples, 1 mL HF and 0.5 mL HNO;
was added into the Teflon bomb and heated at 190 °C for
24 h. After the sample solution was evaporated to dryness
at 200 °C on a hot plate, 0.5 mL of HNO; was added. After

adding 2.5 mL of HNOs;, the Teflon bomb was sealed and
heated at 130 °C for 5 h. After cooling, the solutions were
transferred to a plastic bottle and diluted with ultrapure
water to 50 mL. The sample solutions were determined by
an inductively-coupled plasma mass spectrometer (ICP-
MS, NexION 350, PerkinElmer, USA). Analytical accu-
racy for trace elements is higher than five relative percent.
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Fig. 4 The stratigraphic column of the Muli antimony deposit in
Yunnan

4 Analytical results

A total of 15 calcite samples, 2 pyrite samples, 5 quartz
samples and 2 limestone samples from the Muli antimony
deposit were measured. The contents and characteristic
parameters of rare earth elements in each sample are shown
in Table 2.

The REE patterns of quartzes formed during the met-
allogenic period and late metallogenic stage from the Muli
ore section are shown in Figs. 7 and 8. The metallogenic
stage quartzes are characterized by enrichment in LREE.
The total REE (excluding Y, as below) contents range from
0.19 to 1.24 ng/g, the ratio of LREE/HREE is in the range
of 11.70-76.69, and there are weak positive Eu and nega-
tive Ce anomalies (6Ce = 0.76-0.83). The late metallo-
genic stage quartzes are enriched in MREE with

@ Springer

> "REE = 0.24-3.16 pg/g, LREE/HREE = 0.71-1.84, and
both with negative Eu and Ce anomalies (6Eu = 0.62-0.86,
dCe = 0.28-0.71). The REE pattern of calcite (ML-21)
precipitated in the late metallogenic stage is characterized
by M-HREE enrichment with ) REE = 3.82 pg/g and
negative Eu and Ce anomalies (Fig. 8).

Calcites formed at the post-metallogenic period in the
Muli ore section have the characteristics of the right-in-
clined type with LREE enrichment (Fig. 9). The total REE
concentrations of ML-16 and ML-19 are slightly low,
while ML-15 has higher REE concentrations. ML-16
exhibits a weak negative Eu anomaly, while ML-19 dis-
plays an extremely positive Eu anomaly.

The REE patterns of pyrite are very similar to those of
limestone in the Muli ore section (Figs. 10, 11) and exhibit
LREE enrichment. The fractionation of LREE and HREE
in pyrite is apparent, with > REE = 3.50-8.46 pg/g,
LREE/HREE = 5.57-11.88; however, the Eu and Ce
anomalies are not evident. The fractions of LREE and
HREE in limestones are also distinct with > REE =

13.15-72.19 ng/g, and LREE/HREE = 3.24-9.14. The
samples also show a negative Eu anomaly but a minor Ce
anomaly.

The REE patterns of metallogenic calcite of the Nadan
ore section are shown in Fig. 12. The REE contents of ND-
13 and ND-22, 11.07 pg/g and 14.80 pg/g, respectively,
are slightly higher than other sample values. Y REE values
of other calcite samples range from 2.05 to 5.29 pg/g. The
calcites display M-HREE enrichment with LREE/
HREE = 0.38-1.01 and weak negative Eu and Ce anoma-
lies (8Eu = 0.72-0.89, 6Ce = 0.45-0.91).

5 Discussion

5.1 Enrichment mechanism of REE in quartz,
pyrite and calcite

The radius of Si** (0.41 1&) is much smaller than those of
REE3+, which means that REEs cannot enter the quartz
lattice in the form of isomorphic substitution but only as
fluid inclusions in quartz (Norman and Landis 1983; Fan
et al. 2000). Therefore, quartz should directly record the
REE geochemical characteristics of ore-forming fluids at
the time of crystallization. Fe and REE have completely
different geochemical affinities. In addition, the radii of
Fe?* (0.76 A) and REE** (0.98-1.16 A) are quite different
from each other, so it is impossible for REEs to get into
pyrite as a homologue. It is believed that REEs occur in the
form of inclusions in pyrite or in its lattice defects (Bi et al.
2004; Chen et al. 2007). Therefore, the geochemical sig-
natures of REEs in pyrite during the hydrothermal metal-
logenic period can be an indicator to be used to track fluid
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Fig. 5 a, b. A symbiotic
association of stibnite and
calcite in the metallogenic
stage; ¢, d. a symbiotic
association of stibnite and
quartz in the metallogenic stage;
e. pyrite in the metallogenic
stage; f. green quartz in the late
metallogenic stage; g. calceite
in the late metallogenic stage; h.
Calcite in the post-metallogenic
stage. a, b are from the Nadan
ore section; ¢~h are from the
Muli ore section

conditions at the time of crystallization. Mao et al. (2006)
proposed that the silicate phase in pyrite can influence the
contents and features of REE in pyrite, suggesting that
eliminating the influence of the silicate phase in pyrite is an
essential precondition for tracing. In the present experi-
ment, aqua regia was used to dissolve pyrite, silicate phase
in the pyrite was not digested, and therefore, features in

pyrite should not be disturbed by the REE characteristics of
the silicate phase.

Quartz formed at the late metallogenic stage displays the
tetrad effects of a W-shaped chondrite-normalized pattern.
This type of REE pattern typically occurs in highly evolved
silicate magma (i.e., granites) (Schonenberger et al. 2008;
Takahashi et al. 2002). Veksler et al. (2005) proposed that
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Fig. 6 The mineral paragenetic
sequence of major minerals ineralization| Sedimentary- Hydrothermal Post-metallogenic
from the Muli antimony deposit stage diagenesis metallogenic stage
in Yunnan Mi l stage stage
mera
Quartz R —— _—
Calcite —_— - —
Pyrite < <
Stibnite [ ——
Organic and
carbonaceous — ——
matters
Tab.le 1 Sample info.rmat.ion of Mineral/rock Sample no. Occurrence Colour Metallogenic stage
calcites from the Muli antimony
deposit in Yunnan Calcite ND-1 Vein, massive White, pink Metallogenic
ND-3 White, pink, buff
ND-4
ND-5
ND-8 Vein White
ND-11 Pink
ND-13 Vein, massive White, pink, buff
ND-16 White, milky, pink
ND-19¢ White, milky
ND-22 White, milky, pink
ND-23 White, milky
Quartz ML-11 Vein Green Late metallogenic
ML-12
ML,-2 Vein White Metallogenic
ML,-7b
ZK201-14
Pyrite ML-8 Massive - Metallogenic
ML-66 Massive -
Calcite ML-15 Vein White, milky Post-metallogenic
ML-16
ML-19
ML-21 Vein, massive White, isabelline Late metallogenic
Limestone ML-7 - Grey black -
ML-17 - -

silicate melts produce M-shaped tetrad effects. However,
when combined with fluoride-bearing fluids, silicate melts
should have a W-shape. Zhao et al. (1992, 2002) found that
the dominant minerals and REE-bearing accessory miner-
als in the granite-related rare metal deposits in South China
have M-shaped tetrad effects.

@ Springer

The genesis of the REE fractionation in calcite is
complex. REEs mainly enter calcite (CaCOj3), fluorite
(CaF,), scheelite (CaWQy,), apatite (Cas[PO4]3) and other
calcium-bearing minerals by replacing Ca®" in the lattice.
It is easier for LREEs such as La**" (ionic radius of 6-fold

coordination is 1.03 A) to replace Ca®" with an ionic
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Table 2 REE contents (ppm) and statistical parameters of calcites, quartzes, pyrites and limestones from the Muli antimony deposit in Yunnan

Mineral/rock  Ore stage Sample no. La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
Calcite Metallogenic ND-1 0.07 0.17 004 036 023 0.08 044 0.07 057 0.13 037 0.05 0.26
ND-3 0.13 035 009 067 033 011 055 009 066 0.15 043 0.05 029
ND-4 0.10 028 007 046 021 008 032 005 034 008 020 0.03 0.13
ND-5 006 0.14 004 031 020 0.07 040 007 054 0.12 036 0.04 0.23
ND-8 0.12 027 006 044 037 0.18 1.01 0.18 1.20 0.26 0.68 0.09 0.53
ND-11 007 020 005 043 026 009 050 008 061 0.14 040 0.05 0.28
ND-13 051 132 028 172 090 034 1.63 027 179 037 1.04 0.14 0.84
ND-16 0.07 0.17 004 035 025 0.10 047 008 053 0.12 033 0.04 0.26
ND-19¢ 0.12  0.16 0.04 031 023 0.10 048 0.09 063 0.14 041 0.06 0.34
ND-22 0.57 156 034 212 1.14 043 223 037 252 052 149 020 1.29
ND-23 0.07 015 003 021 0.14 0.06 033 0.06 046 0.10 030 0.04 0.24
Late-metallogenic ML-21 020 029 006 038 023 010 056 0.11 0.76 0.17 047 0.03 0.22
Post-metallogenic ML-15 341 621 073 265 053 020 071 0.10 056 0.10 0.28 0.01 0.09
ML-16 056 1.03 014 059 0.16 005 025 0.03 022 0.04 0.11 0.01 0.04
ML-19 094 180 024 098 0.18 065 022 003 0.14 0.02 0.06 0.06 0.37
Quartz Metallogenic ML,-7b 0.05 0.07 0.01 0.04 0.01 - - - - - - - 0.01
ZK201-14 040 053 003 014 0.12 - 0.01 - 001 - - 0.03 020
Late-metallogenic  ML-11 004 005 001 003 002 001 003 - 003 - 0.01 - 0.01
ML-12 064 028 005 041 027 009 044 0.07 039 0.07 0.18 - -
ML,-2 001 002 001 004 002 001 006 001 0.04 0.01 0.02 - -
Pyrite Metallogenic ML-8 198 362 041 144 028 0.07 022 0.03 0.15 0.03 0.10 0.01 0.10
ML-66 065 124 015 066 020 0.07 019 0.03 0.15 0.03 0.06 0.01 0.06
Limestone ML-7 14.83 2931 343 1357 322 075 3.13 035 172 029 0.83 0.10 0.62
ML-17 241 426 052 219 058 0.13 0.89 0.14 085 0.17 050 0.07 044
Mineral/rock Ore stage Sample no. Lu Y ~REE LREE HREE LREE/HREE Lan/Yby
Calcite Metallogenic ND-1 0.03 7.82 2.88 0.96 1.93 0.50 0.18
ND-3 0.04 8.19 3.96 1.68 2.28 0.74 0.30
ND-4 0.02 4.06 2.38 1.21 1.17 1.03 0.54
ND-5 0.03 7.74 2.62 0.82 1.80 0.45 0.17
ND-8 0.08 14.73 5.48 1.45 4.03 0.36 0.15
ND-11 0.04 8.28 321 1.11 2.09 0.53 0.18
ND-13 0.12 18.44 11.25 5.06 6.20 0.82 0.41
ND-16 0.04 6.10 2.85 0.98 1.87 0.52 0.17
ND-19¢ 0.05 6.72 3.15 0.95 2.19 0.44 0.24
ND-22 0.19 24.18 14.99 6.18 8.81 0.70 0.30
ND-23 0.03 5.38 2.23 0.67 1.57 0.43 0.20
Late-Metallogenic ML-21 0.05 7.87 3.82 1.28 2.54 0.50 0.37
Post-Metallogenic ML-15 0.03 4.44 15.77 13.72 2.04 6.72 10.27
ML-16 0.01 1.99 3.29 2.52 0.77 3.26 4.27
ML-19 - 1.10 5.32 4.79 0.53 9.01 14.27
Quartz Metallogenic ML,-7b - 0.03 0.19 0.17 0.01 11.70 13.72
ZK201-14 - 0.09 1.24 1.23 0.02 76.69 85.58
Late-Metallogenic ML-11 - 0.11 0.24 0.15 0.08 1.84 2.96
ML-12 0.04 1.87 3.16 1.75 1.41 1.24 2.11
ML,-2 - 0.28 0.24 0.10 0.14 0.71 1.00
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Table 2 continued

Mineral/rock Ore stage Sample no. Lu Y ~REE LREE HREE LREE/HREE Lan/Yby
Pyrite Metallogenic ML-8 0.01 091 8.46 7.81 0.66 11.88 13.87
ML-66 0.01 0.70 3.50 2.97 0.53 5.57 7.01
Limestone ML-7 0.09 7.56 72.24 65.11 7.13 9.14 16.21
ML-17 0.06 6.39 13.20 10.09 3.11 3.24 3.74
Mineral/rock Ore stage Sample no. SEu 6Ce La/Ho Y/Ho (Yb/La)y (Yb/Ca)y (1078)
Calcite Metallogenic ND-1 0.80 0.71 0.33 65.00 522 15.03
ND-3 0.82 0.70 0.71 58.36 2.33 16.76
ND-4 0.92 0.73 1.14 57.71 1.31 7.51
ND-5 0.78 0.66 0.27 70.18 6.16 13.29
ND-8 0.86 0.76 0.36 58.84 4.73 30.63
ND-11 0.75 0.73 0.31 63.54 5.62 16.18
ND-13 0.84 0.81 1.30 49.78 1.41 48.55
ND-16 0.83 0.73 0.36 55.18 5.22 15.03
ND-19¢ 0.87 0.54 0.69 51.54 3.04 19.65
ND-22 0.82 0.80 1.06 47.37 1.92 74.57
ND-23 0.88 0.80 0.44 59.56 4.82 13.87
Late-Metallogenic ML-21 0.83 0.62 1.12 46.24 1.56 21.39
Post-Metallogenic ML-15 1.01 0.89 33.90 44.30 0.05 12.72
ML-16 0.73 0.86 13.75 49.50 0.13 5.20
ML-19 9.91 0.88 46.50 54.50 0.03 2.31
Quartz Metallogenic ML,-7b 1.55 0.76
ZK201-14 0.51 0.83
Late-Metallogenic ML-11 0.86 0.71
ML-12 0.79 0.28
ML,-2 0.62 0.67
Pyrite Metallogenic ML-8 0.84 0.90
ML-66 1.06 091
Limestone ML-7 0.72 0.94
ML-17 0.56 0.86
Note: “~” means below the limit of detection

radius of 1.12 A than it is for HREEs such as Lu** (ionic
radius of 6-fold coordination is 0.86 A). Therefore, theo-
retically, the partition coefficient KR¥*"“* of REE in cal-
cium-bearing mineral-fluid system decreases with the
increase of the atomic number of REE (Rimstidt et al.
1998). Johannesson et al. (1996) proposed that solid—liquid
exchange reactions or dissolution of surface Fe—-Mn coat-
ings, suspended particulates, and/or secondary phases as
well as sulphate complexation, are more likely to control
the development of MREE enrichment in natural acidic
terrestrial waters. Leybourne et al. (2000) concluded that
REEs are removed from solution by absorption to Fe- and
Mn-oxyhydroxides in the order MREE > LREE > HREE.

@ Springer

Peng et al. (2004) proposed that the optimum ion radius of
a substitutional site for the REEs in hydrothermal calcites
is approximately 0.091 £ 0.001 nm, which is close to the
ionic radius of MREE and HREE but smaller than the
theoretical value of the ideal Ca*" ion. Wang et al. (2012b)
explained that M-HREEs are preferentially incorporated
into early precipitated calcite, resulting in their depletion of
the hydrothermal fluids during later precipitation of calcite.
Wang et al. (2018) showed that the contents of Fe and Mn
in calcite of different stages are completely inconsistent,
and that the Fe and Mn impurities in calcite may be the
dominant mechanism that controls the distribution of
M-HREEs in calcite. Mucci (1988) and Pingitore et al.
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Fig. 7 Chondrite-normalized REE distribution patterns of quartzes in
the metallogenic stage from the Muli ore section
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Fig. 8 Chondrite-normalized REE distribution patterns of quartzes
and calcites in the late metallogenic stage from the Muli ore section
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Fig. 9 Chondrite-normalized REE distribution patterns of calcites in
the post-metallogenic stage from the Muli ore section
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Fig. 10 Chondrite-normalized REE distribution patterns of pyrites in
the metallogenic stage from the Muli ore section
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Fig. 11 Chondrite-normalized REE distribution patterns of lime-
stones from the Muli ore section
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in the metallogenic stage from the Nadan ore section

@ Springer



858

Acta Geochim (2019) 38(6):848-862

(1988) have proved that the partition coefficients of Mn**
under 25 °C decrease with the increase of calcite precipi-
tation rate. Dromgoole and Walter (1990) hold that the
interpretation of diagenesis can be effectively guided only
if all the factors that control Mn®" and Fe*" incorporation
are adequately constrained. Previous studies have also
shown that Fe-Mn substances in calcite may play an
important role in the enrichment of M-HREEs in calcites
(Johannesson et al. 1996; Leybourne et al. 2000; Wang
et al. 2012b).

5.2 Yb/Ca versus Yb/La and Y/Ho versus La/Ho

Since Yb/Ca and Yb/La ratios can be used to trace the
formation environment and fractionation degree of calcite
(Moller and Morteani 1983; Subias and Fernandez-Nieto
1995), such ratios have been widely used in different types
of ore deposits to investigate the ore genesis of these
deposits. In this study, the values of these ratios have been
plotted in Fig. 13. The results show that all calcite samples
fall into the hydrothermal field, indicating that calcites
have a hydrothermal origin. Bau and Dulski (1995) pro-
posed that the homologous gangue minerals are distributed
horizontally in the Y/Ho-La/Ho diagram. The Y/Ho and
La/Ho ratios of calcites from the Muli antimony deposit
also show similar features (Fig. 14), but the metallogenic
calcites are separated from calcites in the post-metallogenic
stage. Y/Ho versus La/Ho ratios imply that the metallo-
genic calcites from the Nadan ore section are homologous
with those from the Muli ore section. Nevertheless, the
varying La/Ho ratios of calcites in metallogenic and post-
metallogenic stages indicate that the Muli ore section
involves multi-stage hydrothermal activity.
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Fig. 13 Logarithmic plots of Yb/Ca versus Yb/La in calcites from
the Muli antimony deposit
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5.3 Eu and Ce anomalies

Eu anomalies in calcite can be achieved by the replacement
of Ca®* in calcite, fluorite and other calcium minerals. In
the relatively oxidative environment, Eu replaces the Ca®"
in the form of Eu®" and leads to a positive Eu anomaly;
under the condition of a reducing environment, a portion of
Eu’" is reduced to Eu>" and separated from other REEs,
which leads to a negative anomaly of Eu. Therefore, the Eu
anomaly can be used as an indicator of a redox condition
(Bau and Moller 1992). A Ce anomaly is generally affected
by environmental pH and fo, and is more sensitive to pH
(Elderfield and Sholkovitz 1987). The Ce in an oxidative
environment mainly exists in the form of Ce**, and due to
its low solubility, it is easily adsorbed and separated by
hydroxides to produce negative anomalies.

In the Muli ore section, quartz in metallogenic stage
shows positive Eu and negative Ce anomalies, indicating
an oxidizing environment at this time. The pronounced
negative Ce anomaly and the larger absolute value of the
Eu anomaly in quartz from the late metallogenic stage
indicate that the ore-forming fluids have a low temperature
and a low fo, in the Muli ore section at the late metallo-
genic stage.

All metallogenic calcites from both the Muli and the
Nadan ore sections display negative Eu and Ce anomalies,
implying a constantly changing temperature and/or pH, and
Eh of the ore-forming fluids (Feng et al. 2014; Qi et al.
2008). Because of the thermochemical reduction of Eu** to
Eu®" at elevated temperatures, the hydrothermal calcite
will show a positive Eu anomaly if the crystallization
temperature is below 200 °C. Above that temperature,
minerals will display a negative Eu anomaly because the
size of the Eu”" ion prevents its incorporation into the
calcite lattice during precipitation (Schwinn and Markl
2005). Therefore, the negative Eu anomaly of metallogenic
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calcite in the Muli antimony deposit might indicate that the
temperature of fluid systems is probably above 200 °C in
the main metallogenic stage, which is consistent with our
fluid inclusion study of calcites (unpublished).

5.4 Feasibilities of using the chondrite-normalized
REE pattern to trace ore-forming fluids

The variability in REE composition observed within dif-
ferent gangue minerals indicates that significantly different
conclusions can be drawn on tracing ore-forming fluids. In
previous studies, the M-HREE can be enriched in the Fe—
Mn bearing phase by sorption (Bau et al. 1996; Brugger
and Meisser 2006). Wang et al. (2012b) reported that
Fe + Mn (ppm) is negatively interrelated with the LREE/
HREE ratios of calcites in the Banian deposit. Moreover,
Wang et al. (2018) indicated that the Fe and Mn contents of
ore-forming stage calcites are apparently higher than those
of the calcites unrelated to mineralization in the Banqi
Carlin-type gold deposit, and they are negatively correlated
with the LREE/HREE ratio, which illustrates that the
HREE concentrations of calcites are controlled by the
incorporation of Fe and Mn. Based on the research above,
we propose that the calcite with Fe-Mn impurities may not
be suitable for tracing because of its preferential selectiv-
ity. Mao et al. (2006) suggested that the REE composition
of pyrite mineral can be considered to be the reflection of
the composition of pyrite fluid-inclusions and can be used
to trace the sources and characteristics of the ore-forming
fluids if the REE of the silicate phase in pyrite are not
involved in REE analysis. Therefore, if pyrite is to be used
to trace the ore-forming fluids, we should make sure that
pyrite is not completely dissolved during sample pre-
treatment. In addition, if single minerals with low trace
element contents are to be used as a tracer, the purity of the
sample should be ensured during pre-treatment. Wang et al.
(2015) and Zheng et al. (2010, 2011) have reported the
REE characteristics of arsenopyrite in the Bake gold
deposit. The REE contents (excluding Y) of arsenopyrites
determined by Wang et al. (2015) are 2.7-9.0 pg/g and
those of wall rock are 401-490 pg/g, while those of
arsenopyrites determined by Zheng et al. (2010, 2011) are
10.2-86.8 pg/g. The REE contents of arsenopyrites anal-
ysed by different researchers differ by an order of magni-
tude, which suggests that the higher values are likely
caused by mixed contamination from wall rocks.
Although Gagnon et al. (2003) pointed out that signifi-
cant, small-scale variation occurs in REE patterns on a fine
scale; meanwhile, they suggested that LA-ICP-MS analysis
can guarantee the high quality and precision of data.
Considering that trace elements are very low in our sam-
ples, with some below the detection limit of LA-ICP-MS

analysis, the digestion method was used in the present
study.

In summary, there are many factors that restrict the
distribution of REE in minerals and the chondrite-nor-
malized REE pattern obtained by experiments. We should
not only combine various minerals for a comprehensive
study but also analyse the formation mechanisms of REE
characteristics of various minerals when single minerals
are used in tracing.

5.5 Characteristics of ore-forming fluids

Different REE patterns appear in various minerals in the
Muli antimony deposit. No matter what the REE pattern is,
it can reflect the fluid properties when its genetic mecha-
nism is constrained. The fluid inclusions in quartz and
pyrite in the metallogenic stage from the Muli ore section
should record the information of ore-forming fluids directly
(Mao et al. 2006, 2010). Both quartz and pyrite in the
metallogenic period show the enrichment of LREE,
indicative of fluids rich in LREE in the metallogenic stage
of the Muli ore section. The REE pattern of the wall rock in
the Muli section is similar to that of quartz and pyrite in the
metallogenic period, which indicates that the wall rock
material is involved in the mineralization of the Muli ore
section. The tetrad effects of W-shaped quartz in the late
metallogenic stage of the Muli ore section imply that the
late stage hydrothermal fluids are derived from the highly
evolved silicate magmas (Schonenberger et al. 2008;
Takahashi et al. 2002).

Unique M-HREE-enriched calcite appears in antimony
and gold deposits in the large-scale low-temperature
epithermal metallogenic domain in southwestern China
(Peng et al. 2004; Su et al. 2009; Wang et al. 2012b, 2018),
but its genetic mechanism is still obscure. It has been
shown that the REE partition pattern of modern
hydrothermal fluids is an LREE-enriched type
(Klinkhammer et al. 1994). Therefore, the REE patterns of
ore-forming fluids of hydrothermal deposits occurring in
continental crust should be more similar to the LREE
enrichment type of crustal rocks (Peng et al. 2004). Thus, it
is unlikely that the initial fluid in the metallogenic stage of
the Nadan ore section was M-HREE rich. LREE-enriched
minerals (i.e., monazite) preferentially or simultaneously
precipitate with calcite, which preferentially traps LREEs
in the fluid, resulting in serious LREE depletion in calcite
(Chesley et al. 1991; Peng et al. 2004). However, no
monazites have been reported so far. Schwinn and Markl
(2005) reported that the REE patterns of granite leachates
show a “roof-shaped” curvature (i.e., M-HREE enrich-
ment), and the fractionation between LREE and HREE is
significantly larger. M-HREE enriched calcite in the Muli
antimony deposit may also indicate that fluids from granite
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are involved in mineralization. Nevertheless, there are no
magmatic rocks exposed in the Muli antimony deposit or
even in the antimony and gold deposits in the large-scale
low-temperature epithermal metallogenic domain in
southwestern China. It remains unclear whether or not the
M-HREE enriched pattern that implies antimony and gold
mineralization is related to the concealed granite body.
Alternatively, the authors suggested that Fe-Mn impurities
in calcite may play an important role in the enrichment of
M-HREEs at the metallogenic stage in the Nadan ore
section (Wang et al. 2012b, 2018). In our study, all calcites
that are precipitated at metallogenic stage have much
higher Fe and Mn contents than those precipitated at post-
metallogenic stage (unpublished). The preferential selec-
tivity of Fe and Mn impurities resulted in the concentrated
M-HREE of calcite in the metallogenic period of the Nadan
ore section, while the post-metallogenic calcites from the
Muli ore section are enriched in LREEs and their Fe and
Mn contents (unpublished) are apparently lower than those
of metallogenic calcites from the Nadan ore section. These
observations indicate that under this condition, Fe and Mn
impurities do not work and that the LREE/HREE frac-
tionation of calcite is controlled by crystal chemistry
(Rimstidt et al. 1998; Wood 1990; Wang et al.
2012b, 2018).

At present, the origin of the M-HREE enriched calcite is
not fully understood, and the REE characteristics of various
types of single minerals in Muli antimony deposit are
different, so the method of tracing ore-forming fluid by
REE distribution patterns of single minerals is invalid. The
REE characteristics of various minerals in the same deposit
should be considered. Moreover, we need to combine other
methods to provide strong constraints on the source and
evolution of the ore-forming fluids.

6 Conclusions

1. The M-HREE enriched calcite in the Muli antimony
deposit is either affected by the Fe and Mn impurities
or suggests that the mineralization is related to granite.
The REE distribution patterns of quartz and pyrite in
the metallogenic stage of Muli ore section are similar
to those of wall rocks, indicating that the wall rock
materials are involved in the mineralization. The
quartz with an W-shaped REE pattern in the Muli ore
section typically reflects a strong water—rock reaction
with highly evolved granitic rocks. However, the dif-
ferent LREE/HREE and (La/Yb)y values in different
minerals or in different stages of the same mineral, and
various REE distribution patterns reveal that the ore-
forming fluids have multiple stages and sources.
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2. The positive Eu and negative Ce anomalies of quartz in

the metallogenic stage of the Muli ore section indicate
that the ore-forming environment is oxidative. The
negative Ce and weaker Eu anomalies of quartz in the
late metallogenic stage of the Muli ore section indicate
that the temperature and fo, have decreased at this
stage. The negative Eu anomaly of all metallogenic
calcites in the Muli antimony deposit reveals that the
ore-forming temperature of the main metallogenic
stage is greater than 200 °C, and the fluid system is
oxidative.

3. The observed REE geochemical characteristics from

single minerals may not necessarily be indicative of
the ore-forming fluids. It is necessary to fully under-
stand the formation mechanism of the chondrite-
normalized REE pattern in single minerals to trace
ore-forming fluids, and various methods or the REE
distribution patterns of various minerals should be
combined.
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