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ARTICLE INFO ABSTRACT

Keywords: The Qilinchang Pb-Zn deposit ¢ 5Mt of sulphide ore at mean grades of 2.3-9.2% Pb and 2.7-22.5% Zn) is hosted
Pyrite in Early Carboniferous carbonate rocks and mainly controlled by NE-, NS-, and NW- trending structural belts

Sphalerite between the Xiaojiang and Zhaotong-Qujing buried faults. Ore minerals are sphalerite, galena, pyrite, chalco-
Trace elements pyrite, and marmatite, whereas gangue minerals are dolomite, calcite, and quartz. Three generations of pyrite
LA-ICP-MS s . 3 . . . .

T . are recognized; these include fine-grained anhedral pyrite (Py-I), medium-grained anhedral to subhedral hy-
Mississippi Valley-Type (MVT) deposit . R R .
Qilinchang drothermal pyrite (Py-II), and coarse-grained subhedral to euhedral hydrothermal pyrite (Py-III), while the

sphalerite occurs in two forms as fine-grained intergrown with galena and associated with Py-I and Py-II

Laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analysis was performed to eval-
uate trace element compositions of pyrite and sphalerite from different generations of ores. Py-I has relatively
higher concentrations of Mg, Mn, Co, Ni, and Tl. Py-II in Cu, As, Se, Mo, and Sb relative to pyrite of other
generations. The contents of trace elements in Py-III are variable but significantly enriched in Ti, V, Bi, Ag, and
Pb compared to Py-I and Py-II. This variation indicates that these elements occur as micro mineral inclusions of
possible Ag-Pb-bearing phases. Sphalerite of stage I has higher concentrations of Mn, Fe, Co, Ni, Cu, Ga, Ge, As,
Ag, Cd, In, Sb, Hg, and Pb than stage II. These elements are homogeneously distributed in all samples analyzed.
The incorporation of these elements is primarily through simple substitution mechanisms (e.g., 2Zn>* <
Cu* + In**) as indicated from binary plots. Principal component analyses (PCA) applied to LA-ICP-MS dataset
for pyrite reveal two main clusters; Py-I enriched in Ni, Co and As, Py-II and Py-III high in with V, Mn, Cu, Zn, Se,
Mo, Ag, Sb, Au, and Bi. Likewise, the PCA also confirms two clusters of elements for sphalerite; Ge, Cu, As, Sb,
Ag, Fe, and Cd corresponding to Sph-I and In, Sn, and Ga corresponding to Sph-II.

Py-I has higher Co/Ni ratio ranging from 0.04 to 1.6 compared to Py-II and Py-III having Co/Ni ratios from 0
to 0.706 and 0 0.696, respectively. We report that the pyrites from the Qilinchang deposit have Co/Ni ratios
slightly lower than typical Mississippi Valley-Type (MVT) deposits (0.2-7.2) and different from iron oxide
copper-gold (IOCG) and porphyry Cu deposits. Considering these geochemical signatures, it can be suggested
that the Qilinchang deposit was not related to magmatic activities. We thus propose that the ore-forming fluids
responsible for the formation of the deposit were generated from a low-temperature environment, similar to
typical MVT deposits.

1. Introduction domain is westbound on the Yangtze Platform, southwestern part of

China. Previous researches on the Qilinchang Pb-Zn deposit (Han et al.,

The base metal deposits in the Sichuan-Yunnan-Guizhou (SYG)
metallogenic province contain over 400 known Pb-Zn deposits with
total Pb 4+ Zn metal reserves of approximately 26 million tons (Liu and
Lin, 1999; Huang et al., 2004; Han et al., 2007; Zaw et al., 2007; Zhou
et al., 2013; Zhang et al., 2015). Tectonically, this SYG metallogenic

2007) have categorized it to be large in scale, consistent, and highly
mineable ore quality enriched in Ge, Pb, and Zn. These studies were
mostly concerned with the deposit geology, isotope and element geo-
chemistry (Han et al., 2004, 2007, 2012; Huang et al., 2004; Li et al.,
2004, 2006; Zhang et al., 2006; Tang et al., 2019; Xu et al., 2019), the
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tectonic and geological setting of the ore fields (Han et al., 2001, 2006,
2014). In these studies, these deposits in the SYG province have some
common characteristics and are hosted in Sinian (Mesoproterozoic to
early Neoproterozoic) to Permian (upper Palaeozoic) siliceous dolos-
tones with orebodies controlled by thrust faults and fold structures. In
addition, these deposits have generally very high ore grades with
25-35% Pb and Zn (up to 60%). They are spatially and chronologically
related to the Emeishan basalts of the upper Permian (ca. ~260 Ma),
while Sm-Nd isotopic studies of calcite suggested isochron ages of
226 * 15 Ma and 225 * 38 Ma for the Qilinchang and Kuangshan-
chang deposits, respectively (Zhou et al., 2002, 2018; Hu and Zhou
2012; Zhang et al., 2015). Recent geochronological studies using the
Rb-Sr sphalerite dating technique (Tang et al., 2019), yielded an iso-
chron age of 206.2 + 4.9 Ma for the Yunleheba deposit, indicating that
these ages are exceedingly younger than the flood basalts. The ore-
forming fluids of these deposits are characteristic of low temperatures
of 150-280 °C and low to moderate salinity of 4-15 wt% NaCl (Zhang
et al., 2005; Han et al., 2007). Although studies of bulk and chemical
compositions of sulphides are available, the origin of the deposit re-
mains a subject of debate.

Mineral elemental analysis is an important tool in determining the
petrogenesis, especially for understanding processes of ore formation
(Cook et al., 2009, 2016; Large et al., 2009; Bonnet et al., 2016; Xiao
and Li, 2019) and nature of ancient hydrothermal systems. Combined
geology and trace elements data can aid such interpretation; for ex-
ample, Cu, Ga, Ge, Cd, and Fe of sulphides from Mississippi Valley-Type
(MVT) deposits (Cook et al., 2009; Pfaff et al., 2011; Ye et al., 2011;
Bonnet et al., 2016; Wei et al., 2018); volcanic-hosted massive sulphide
(VHMS) deposits (Genna and Gaboury 2015; Soltani Dehnavi et al.,
2015, 2018; Basori et al., 2018; Leng et al. 2019); and trace elements in
sphalerite from metamorphosed sulphide deposits (Lockington et al.,
2014; George et al., 2016). Previous researches showed that some base
metal sulphides could host a broad series of trace elements in mineral
phases with complex texture and maybe substitutional in solid solution
or occur as nano- to micro-scale inclusions. Trace/minor elements of
sulphides can be used to determine deposit types and ore-forming
temperatures (Frenzel et al., 2016).

Pyrite and sphalerite are both the common ore minerals and can
occur in different stages of ore formation of carbonate-hosted MVT
deposits, including the Qilinchang Pb-Zn deposit. Previous studies on
trace element distributions in pyrite by electron microprobe (Abraitis
et al., 2004; Reimold et al., 2004) and laser-ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS, Large et al., 2009, 2013,
2014; Koglin et al., 2010; Zhao et al., 2011; Cook et al., 2013; Gregory
et al., 2015; Keith et al., 2016; Leng et al. 2019; Meng et al., 2019) have
indicated that pyrite can contain minor elements such as Mn, Co, Ni,
Cu, Zn, As, Se, Mo, Ag, Cd, Sb, W, Au, Hg, Tl, Pb and Bi by simple or
coupled lattice substitution or as small sub-micron or nano-inclusions
(Large et al., 1999, 2009; Reich et al., 2005, 2006; Barker et al., 2009;
Cook et al., 2009, Deditius et al., 2009a, 2009b, 2011; Sung et al., 2009;
Koglin et al., 2010; Ulrich et al., 2011; Basori et al., 2018). However, a
number of reviews have also interpreted pyrite to contain minor ele-
ments up to the weight percentage level. On the other hand, sphalerite
as the chief ore of zinc is one of the most common sulphide minerals
found in the Qilinchang MVT deposits and has the potential to de-
termine the temperature of formation. Despite its simple chemical
formula (Zn, Fe)S, it preferentially incorporates several additional
minor and trace elements into its tetrahedrally cubic crystal structure. A
range of elements enter the sphalerite structure via simple cation ex-
change of bivalent equal-sized ions (e.g., Zn** < Fe®*, Cd**, Mn**,
Hg2", Co®™) or by coupled substitution mechanisms (e.g., Zn®>* < Cu*
+1In3"). Several factors are responsible for the fractionation of a given
element into sphalerite; amongst are; (a) crystallization temperature of
the ore deposit, (b) metal source and, (c) amount of sphalerite in the
ore. Grain-scale compositional zoning is identified in many sphalerites
which are characterized by variations in Fe content. The incorporation
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mechanisms of these elements in sulphides from the MVT deposits are
lacking, whether these elements are incorporated in the sulphides ei-
ther by simple/coupled lattice substitution including stoichiometric
substitution in the instance of Ni, Co, Te and Se (Large et al., 2007) and
non-stoichiometric substitution in the case of As, Au, Tl, and Mo; or as
micro to nano-inclusions of elements of Zn, Cu, Ba, Pb, Bi, Ag and Sb
(Deditius et al., 2011).

In this contribution, we describe the deposit geology and ore pet-
rography, trace element compositions of pyrite and sphalerite, and
present in-situ dataset from the Qilinchang Pb-Zn deposit, southwest
China. This new dataset is interpreted to understand the incorporation
mechanisms of these elements in sulphides and ore-forming processes
of the deposit. The main objectives of this study are to evaluate the
chemical variations of different generations of pyrite and sphalerite,
unravel possible factors responsible for such variations, and eventually
discuss the origin of the Qilinchang Pb-Zn deposit.

2. Geological setting
2.1. Regional geology

The SYG metallogenic province is located adjacent to the south-
western margin of the Yangtze Block (Fig. 1b; Zhou et al., 2018). The
Yangtze Block is bounded to the west by the Sanjiang Block (SB), to the
east by the Cathaysian Block (CB) and to the north by the Songpan-
Ganzi Block (SGB). The block (Fig. 1a) is made up of Archean to the
Proterozoic rocks and Palaeozoic to Mesozoic sedimentary strata (Zhou
et al., 2002; Yan et al., 2003). The folded basement rocks in this region
comprise of the Kangding, Dahongshan, and Kunyang Groups (Meso-
proterozoic-Early Neoproterozoic). Lithologically, it is composed of
tightly packed sandstones, slates, greywackes, shale, dolostone, and
carbonaceous to a siliceous sedimentary sequence that is closely folded
but weakly metamorphosed (Sun et al., 2009). The Mesoproterozoic to
the Early Neoproterozoic rocks of the Kunyang Group are believed to
have been formed in a foreland basinal setting. The overlying sedi-
mentary cover which lies unconformably above the Kunyang Group is
composed of Palaeozoic to Late Mesozoic strata of shallow marine
origin, and clastic sedimentary stratigraphic units in a rifted continental
slope and the late Triassic to Cenozoic strata of continental facies (Yan
et al., 2003). The Sinian Dengying Formation consists of siliceous do-
lostone, argillaceous shale interbedded with sandy mudstone, which is
conformably overlain by Early Cambrian Qiongzhushi Formation,
mainly consist of argillaceous shale and sandy mudstone. This is fol-
lowed by the deposition of sedimentary rocks of the Haikou and Zaige
formations, mostly made up of fine-grained dolostone and argillaceous
shale. Sedimentary rocks of Late Devonian are conformably lain atop by
limestone and shale of Early Carboniferous Datang, Baizuo, and
Weining formations, which are later conformably covered by Late
Carboniferous Maping Formation that composes of breccoid limestone
and shale. This is followed by the deposition of Early Permian Liang-
shan Formation containing fine-grained sandstone and argillite, which
later in turn conformably overlain by Middle Permian Qixia-Maoku
Formation, mainly composed of dolomitic limestone. This sequence is
disconformably capped by Late Permian Emeishan basalt characterized
by massive and localized amygdaloidal structures.

2.2. Deposit geology

The Qilinchang Pb-Zn deposit is situated above the Qilinchang fault,
and it is made up of the Qilinchang and Dashuijing mining sections. The
deposit is hosted mainly in dolostone of the lower part of the Early
Carboniferous Baizuo Formation. The massive dolostone was formed as
a result of extensive regional dolomitization, before the formation of
the Qilinchang deposit. Overlying Carboniferous rocks are carbonac-
eous shale intercalated with fine-grained sandstone of the Liangshan
Formation in the upper part and fine-grained sandstone interbedded
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Fig. 1. (a) Simplified geological map of the Sichuan-Yunnan-Guizhou MVT triangle (after Zhang et al., 2015; Zhu et al., 2016). (b) Simplified tectonic map of South
China (after Zhu et al., 2016).

with argillite in the lower section. Fold and fault structures in the localization of Pb-Zn deposits in the area. At the horizontal plane, ore
Qilinchang Pb-Zn deposit are well developed, overarching the NE- bodies mostly occur as sheets, stratoids, veins, sacs, flat columns, or
trending Qilinchang and the Dongtou fault (Fig. 2). The Qilinchang- stockwork, whereas at the vertical plane, ore bodies are mainly present
Dongtou thrust fault (F;) trends N20°-30°E and steeply dipping as lenticels, with thin and pinched branches at the top and tail end. Ore
S50°-76°E. This regional structure controls the formation and bodies in the Qilinchang deposit are predominantly composed of
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Fig. 2. Simplified geological map of the Huize deposit (Modified after Han et al., 2007).

massive, disseminated, banded, veined and brecciated ores. There are
four ore bodies in the Qilinchang deposit, namely, No. 3, No. 6, No. 8,
and No. 10 (Fig. 3), of which No. 8 is the largest. These ore bodies
contain over 1.9 million tons Pb-Zn ores at grades of 2.3-9.2% Pb and
2.7-22.5% Zn, with high Zn/Pb ratios on the order of 5-14. There is
also the minor occurrence of trace elements such as Ga, Ge, Cd, and Ag
(Zhou et al., 2001; Han et al., 2007; Li et al., 2007; Yin et al., 2009).
Mineralogically, sulphide ores are relatively simple and comprise mi-
neral assemblages of sphalerite, galena, and pyrite with minor arseno-
pyrite, chalcopyrite, bornite, marcasite, and native antimony. Gangue
minerals are mainly dolomite, calcite, and quartz.

2.3. Paragenetic sequence

Based on mineral assemblages and textures, the ores are present as
disseminated, massive overgrowth, brecciated, fragmented, and re-
placement relics. The mineral paragenesis of the Qilinchang deposit can
be divided into two periods: hydrothermal metallogenesis and super-
gene oxidation. The hydrothermal period is further divided into three
metallogenic phases; pyrite-sphalerite stage, sphalerite-galena-pyrite
stage, and pyrite-chalcopyrite stage (Fig. 4).

2.4. Mineral assemblage

The observed main textural characteristics of pyrite in the studied
samples can be classified as; fine-grained pyrite (Py-I) corresponding to
the pyrite-early sphalerite stage, medium-grained hydrothermal pyrite
(Py-II) matching to the sphalerite-galena-pyrite stage, and coarse-

grained hydrothermal pyrite (Py-III) corresponding to the pyrite-chal-
copyrite stage (Fig. 4). Py-I exists as irregular aggregates (5-50 pm),
anhedral, cubic, disseminated pyrite crystals. Py-II is present as hy-
drothermal pyrite with anhedral-subhedral habits, and they are dis-
seminated throughout the massive sulphide ores. Py-III also occurs as
coarse-grained, pentagonal dodecahedron crystal hydrothermal pyrite
(50-1500 pum), and subhedral-euhedral crystals. Pyrites are present as
an anhedral to subhedral medium-grained crystals that exist in solid
solution (Fig. 5a, ¢, d, f, g, i and 64, c, f, g, h, i). In contrast, massive
crystals of pyrite are fractured, display cataclastic texture and stress
deformation (Fig. 5a-c, e). At places, calcite also shows centimeter-
scale vein intruding into massive, less fractured crystals of Py-II and
Sph-I (Figs. 5¢, 6b). Calcite also exhibits replacement texture with Py-I
and Py-II (Fig. 5e). Galena is subhedral to anhedral, fine-grained forms
replacement minerals (Figs. 5b, f, g, h and 6c, d, e), also shows milli-
meter-scale fragments of a crystal (Fig. 6b) associated with veins of
calcite. Sphalerite is present as euhedral-subhedral fine-grained crystals
coexisting with galena (Fig. 6b). However, marcasite occurs as a bladed
structure confined within a groundmass of Sph-II associated with
coarse-grained galena (Fig. 6d). In addition, pyritohedral-shaped and
fractured relics of Py-III display oscillatory zoning and associated with
galena and dolomite (Fig. 6f, g, h, i).

Two types of sphalerite were outlined based on the paragenetic
sequence and colour as follows: (a) early dark-brown sphalerite (Sph-I)
formed during the Stage I and associated with galena, minor pyrite, and
ferrodolomite (Figs. 5d, f, 6a, b, ¢, d). These sphalerites are present as
euhedral to subhedral fine-grained crystals and commonly indicate in-
tergrowth with early-stage pyrite (Py-I) and galena (Gn-I), forming
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Fig. 3. The vertical projection of the Qilinchang Pb-Zn-(Ag-Ge) deposit in the Huize district.

embayment texture. (b) late light-yellow sphalerite (Sph-II) developed
stage II, widely distributed throughout the massive ores and breccia-
type ores (Figs. 5f, g, h, 6¢, d). These crystals appear as euhedral to
subhedral fine-grained crystals coexisting with Py-II and Dol-II. They
exhibit compositional zoning, which displays the alternation of spha-
lerite layers.

3. Analytical methods
3.1. Sampling
Representative ore samples were collected systematically at stope

8# of tunnel 1237 m. These samples provided the subsurface geological
information explained in this research. Sampling was conducted along a
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Fig. 4. Mineral paragenesis in the Qilinchang Pb-Zn deposit (Modified after Han et al., 2007).

broad range of geological cross-sections to obtain suitable rock samples
for petrological and geochemical analyses. Subsurface and deposit scale
geological maps and sections were provided for this study by the site
geologists and technicians of the Qilinchang Pb-Zn mine.

3.2. LA-ICP-MS analyses

LA-ICP-MS analyses were carried out using the 193 nm Microlas Pro
ArF Excimer coupled to an Agilent 7500c quadrupole mass spectro-
meter at the State Key Laboratory of Ore Deposit Geochemistry, Chinese
Academy of Sciences. Spots of interest within each sample were pre-
selected under the Scanning Electron Microscope (SEM) to detect micro
inclusions or inhomogeneity in sample composition that could affect
the quality of the data. Ablation was performed using a uniform spot
diameter of 24 um, a 5 Hz laser pulse rate, and 80-85% power level.
The analytical procedures for the laser ablation and calibration are
described in Lach et al. (2013), and Belissont et al. (2014). The fol-
lowing isotopes were measured 2°Mg, 2’Al, 2°Si, 34s, %°K, *3Ca, **Sc,
497, 51y 53¢y, S5Mn, 57Fe, 5°Co, ®Ni, 5Cu, %6Zn, 'Ga, 7*Ge, 75As, 7’Se,
85Rb, 8551, %Mo, 177Ag, 111Cd, 1'5In, 118sn, 1215h, 184w, 196pg, 1974y,
202yg 205T], 298ph and 2°°Bi. The total 90 s analysis time included a
25 s background measurement before ablation. Instrument calibration
was done using the QC-MASS-1 trace element standard. The data re-
duction was employed with the use of Glitter software. The Fe and Zn
concentrations values determined by Electron Probe Microanalysis

(EPMA) were used as an internal standard for the pyrite and sphalerite
analysis, respectively. Multiple standard analysis (FeSb, GSD-1G, GSE-
1G, and Py) were run at the beginning and end of each sequence of 10
unknown samples to correct instrument drift.

3.3. Image analysis

Element maps were produced by ablating sets of equally parallel
lines across the pyrite and sphalerite grains using a consistent 15 pm
beam size, line spacing of 15 um, and 25 um/s scan speed at a laser
frequency of 10 Hz and 0.003 s dwell time for all elements. Identical
rasters were performed on the MASS-1 reference material at the be-
ginning and end of a mapping run to correct instrumental drift. Element
maps were compiled and processed using the program Iolite
(Woodhead et al., 2007), and Igor developed by WaveMetrics. The
average background intensity of every element was deducted from its
corresponding raster, the resultant time-resolved intensities compiled
into a 2D image displaying both background/drift corrected intensity
for each element combined using a logarithmic colour scale (Cook et al.,
2013).

3.4. Principal component analysis of in-situ datasets

Principal component analysis (PCA) is a multivariate technique used
to emphasize variation and bring out strong patterns in a dataset. PCA
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Fig. 5. The textural and structural characteristics of sulphides and associated gangue minerals in the Qilinchang deposit viewed under the microscope; (a) pyrite (Py-
IIT) occurs as euhedral to subhedral coarse-grained crystals and coexist with galena (Gn-II) and dolomite (Dol-II); (b) subhedral, fine-grained galena (Gn-I) replaced
by spongy pyrite (Py-II); (c) anhedral, fine-grained disseminated Py-II cross-cutted by calcite (Cal-I), Cal-I forms a veinlet along fractures within the pyrite crystal; (d)
pyrite (Py-I) occurs as disseminated and isolated fine-grained aggregates of anhedral crystals within a groundmass of sphalerite (Sp-I), observed galena of stage-I is
replaced by pyrite; (e) Cal-I been replaced by composite aggregate of isolated and spongy pyrite of Py-I and Py-II respectively, the massive crystal of Py-II is highly
fractured; (f) Py-II occurs as euhedral to anhedral, coarse-grained crystals replacing Gn-II and coexist with sphalerite (Sp-II) in solid-solution; (g) euhedral, coarse-
grained elongated Py-II associated with Sp-II and irregular shape Gn-II; (h) fine-grained, euhedral-subhedral galena crystals enclosing relicts of Py-II, all of which are

enclosed by Sp-II; (i) medium-grained, euhedral Py-III crystals enclosed by Dol-II.

can also be used for the identification of a smaller number of un-
correlated variables from a larger set of data. It is a simple non-para-
metric statistical technique for extracting information from complex
datasets, is focused on the maximum variance amount with the fewest
number of principal components (PCs). It is closely related to canonical
correlation analysis but uses the orthogonal transformation to convert
the set of observations containing correlated variables into a set of
values known as principal components. PCs are determined by max-
imizing the variance and later ranking them in terms of magnitude with
a negative correlation. The main advantage of PCA is that the data sets
can be compressed (i.e., by reducing the number of dimensions),
without much loss of information (Frenzel et al., 2016). PCAs are ex-
pressed as eigenvectors and corresponding eigenvalues of the covar-
iance matrix of the data points, and the eigenvectors are sorted ac-
cording to their eigenvalues in decreasing order. The highest variance
relating to the most significant correlation between the variables can be
obtained and presented in the form of numbers and histograms. The
most important application of PCA is that it can be widely applied in the
domain of geochemical exploration on large-scale data sets (Samama
et al., 1989), which may provide information on the underlying ore
mineralization and its organization. Also, PCA has been used in sul-
phide geochemistry (Winderbaum et al., 2012) and isotope geochem-
istry (Iwamori et al., 2010; Belissont et al., 2014).

In this study, in situ minor/trace elements data were log-

transformed and processed by the PCA program included in the
OriginPro software. Finally, we generate principal components, whose
eigenvectors and eigenvalues provide the enrichment attributes of the
in-situ LA-ICP-MS datasets in our study.

4. Results
4.1. LA-ICP-MS results

The trace element concentrations of pyrite and sphalerite were de-
termined by LA-ICP-MS. A total of 175 LA-ICP-MS spot analyses ablated
for this study is representative of the three mineralizing stages deli-
neated from the Qilinchang deposit. The summaries of the results of the
pyrite analyses, which include forty-nine ablations for Py-I, fifty-four
for Py-II, and seventy-two for Py-III are listed in Table 1, while the
representative time-resolved depth profiles and complete data are
presented as Supplementary data S1 and S2 respectively.

Py-l is enriched in Mg, Mn, Co, Ni, and Tl compared to other pyrite
stages (Table 1). The concentrations of Au (average 0.11 ppm) and Bi
(average 0.21 ppm) are relatively low in Py-I. A distribution pattern of
elements from ablated spots of Py-I is shown in Fig. 7a. The trend of
these elements such as As, Zn, Ge, Cd, Ni, Tl, Mn, Cu, Se, Sb, and Pb,
indicate that these trace elements are present within the lattice struc-
ture of Py-I or as evenly distributed micro- to nano-inclusions.
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o pyl y:

Fig. 6. SEM-BSE images of polished sections illustrating the texture and structure of hydrothermal minerals in the Qilinchang deposit; (a) sphalerite (Sp-I) occur as
subhedral fine-grained crystals enclosed within the early stage pyrite (Py-I), coexisting with galena (Gn-I), all of which form embayment texture with dolomite (Dol),
Gn-I are enclosed by Dol and forms fine veinlets and fill fractures in the pyrite (Py-II); (b) Sp-I present as euhedral-subhedral fine-grained crystals coexisting with Gn-
I, both of which are intruded or filled a fracture in Sp-I with calcite (Cal) forming solid-solution; (c) Py-II occurs as coarse-grained crystal coexist with fine-grained
sphalerite (Sp-1I) and coarse-grained galena (Gn-II); (d) bladed marcasite (Mar) enclosed within a groundmass of Sp-II associated with coarse-grained Gn-II; (e) Gn-II
coexists with Cal and Dol; (f) pyrite (Py-III) present as euhedral medium-grained crystals coexist with Gn-I at the edges of the rims of pyrite, all enclosed by Dol and
Cal solid-solution; (g) euhedral, medium-grained Py-III, enclosed within a groundmass of dolomite; (h) cubic Py-III display oscillatory pattern and associated with Gn-
II and Dol; (i) Gn-II occur as subhedral fine-grained crystal displaced by Py-III, both of which are surrounded by Dol in solid-solution.

Py-II is enriched in Cu, Zn, Ga, Ge, As, Se, Mo, Ag, Cd, In, Sn, Hg,
and Sb compared to other pyrite types (Table 1). The concentrations of
V (average 16.34 ppm) and Cr (average 29.21 ppm), are most likely
present in small rutile or other Fe-Ti oxide inclusions within the pyrites.
The mean values of Cu (average 11,426 ppm), As (average 3717 ppm),
Ag (average 1016 ppm and Bi (average 14.59 ppm) are significantly
higher in Py-II relative to Py-I (Table 1). The distribution profile for Py-
II (Fig. 7b) and elements of As, Zn, Ge, Cd, Ni, Tl, Mn, Cu, Se, Sb, and Pb
indicate that they are mostly contained within the crystal lattices of the
Py-II structure.

The concentrations of trace elements in Py-III are variable, but more
enriched in elements of Ti, V, Cr, Pb, and Bi compared to Py-I (Table 1).
The box and whisker plot show (Fig. 7c) variable distribution of Cu, As,
Ni, Ag, and Pb compared to Py-I and Py-II. This indicates that the ele-
ments, especially Ag and Pb, occur as micro mineral inclusions of ga-
lena as observed from the generated LA-ICP-MS time-resolved depth
profile.

A total number of 119 LA-ICP-MS spot analyses were ablated for this
study, and these are representative of the two types of sphalerite pre-
sent in the Qilinchang deposit. The summaries of the results are

presented in Table 2, with seventy-nine spots accounted for Sph-I, and
forty spots assigned to Sph-II. Sph-I is more enriched in Mn, Fe, Co, Ni,
Cu, Ga, Ge, As, Ag, Cd, In, Sb, Hg, and Pb relative to stage-II sphalerite.
Sph-I displays significantly elevated concentrations of Fe and Cd
(average 170,055 ppm and 1065 ppm), respectively. These are enriched
in the dark-banded growth zones. On the other hand, Cu, As, and Hg
exhibit a wide range of concentrations (5.42-6783 ppm, limit of de-
tection to 7280 ppm and 77-5600 ppm), respectively. Besides, Ge, Sn,
and Tl show a similar range of concentrations in the two sphalerite
types. In the same way, both Sb and Ag reveal similar distributions
(0.05-538 ppm and 1.57-525 ppm), respectively, but have lower values
in Sph-II with average concentrations of 7.14 and 9.12 ppm, respec-
tively. Sph-II have lower concentrations in almost all elements com-
pared to Sph-I (Table 2). The contents of Sb and As also show indicate
distribution (0.02-118 ppm and 0.09-112 ppm), respectively. Almost
all elements analyzed in exception of those whose concentrations are
below the limit of detection, such as elements of Cd, Ge, Hg, Mn, and Zn
detected in the samples are homogeneously distributed, while Fe, Cu,
Ag, Ga, In, Pb, and Sb are zoned.
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Table 1
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Summary of trace/minor element concentrations (ppm) of different generations of pyrite from the Qilinchang Pb-Zn deposit, Southwest China.

Element Py-I (n = 49) Py-Il (n = 54) Py-III (n = 72)

Min Max Mean 1o SD Min Max Mean 1o SD Min Max Mean 1o SD
Ti 28.69 1505 97 230 6.96 3237 292 619 < LOD 55,316 882 6517
A 0.07 6.79 0.6 1.50 < LOD 650.4 16.34 89 < LOD 3350 48 394
Cr 0.4 60.24 3.24 9.34 < LOD 535.0 29.21 92.02 < LOD 1283 42 157
Mn 0.23 126,900 2700 18,120 < LOD 45,506 2313 6570 < LOD 3660 317 616
Co 0.02 31.81 5.21 8.14 < LOD 22.9 2.17 4.34 < LOD 19.89 1.25 3.61
Ni 0.1 487 47 92 < LOD 194.1 11.98 29.38 < LOD 64.02 5.30 11.35
Cu 0.28 4935 164 739 0.47 181,722 11,426 36,362 0.06 108,327 3795 17,092
As 27.32 21,796 2200 4741 < LOD 40,153 3717 7128 < LOD 13,855 958 1934
Se 1.29 207 10 29.82 < LOD 1756.3 101 321 < LOD 381 13.40 46.83
Mo 0.02 6.83 0.46 1.33 < LOD 21.1 2.01 4.59 < LOD 13.84 0.92 2.25
Ag 0.03 39.85 3.08 6.83 0.15 18,865 1016 2749 < LOD 19,596 568 2370
Sb 0.03 540 39 96 0.58 23,596 1522 4804 0.15 17,700 439 2100
Au 0.02 3.51 0.11 0.50 < LOD 6.7 0.46 1.10 < LOD 1.72 0.17 0.34
Tl 0.02 17.09 1.01 3.40 < LOD 0.8 0.05 0.15 < LOD 1.84 0.11 0.32
Pb 0.03 8122 710 1670 < LOD 897,183 17,809 122,049 < LOD 3,920,720 133,770 620,566
Bi 0.01 2.39 0.21 0.49 < LOD 472 14.59 64.49 < LOD 1054 76.15 182

1o SD: standard deviation.
LOD: limit of detection.

4.2. Image analysis

In addition to the spot analyses, LA-ICP-MS element maps were
generated for trace elements present in the pyrite-sphalerite assem-
blage. This provided insights into the element partitioning ability
among the sulphides. The first set of images of Py-I (Fig. 8) associated
with gangue mineral displays an elongate and anhedral to subhedral
pyrite structure. In this sample As, Fe, and Ge are preferentially en-
riched in the core of pyrite while Ag, Co, Cr, Cu, Mg, Mn, Ni, Pb, S, Sb,
Sn, and V are depleted in the core relative to the rim.

The second set of images of Py-III (Fig. 9) associated with the do-
lomite exhibit clearly outlined core and rim compared to Py-I. The
cubic-shaped pyrite crystal displays sector zoning and is enriched in Cu,
Pb, and Sb, while As, Co, and Ni exhibit a combination of oscillatory
and sector zoning at the core. The distribution of other trace elements
mapped is predominantly variable. Py-III contain Ag, and Pb as micro
mineral inclusions.

The LA-ICP-MS element maps for sphalerite show compositional
zoning between the dark-brown and light-yellow sphalerite bands
(Fig. 10). Sph-I, which corresponds to the early formed stage, is en-
riched in Fe, Cu, Ag, Mn, Pb, and Sn, whereas there are variable con-
centrations of Cd, Ga, Ge, and Hg. This image highlights the distribu-
tion of trace elements incorporated between the lattice.

4.3. Principal component analysis of minor and trace elements

The PCA results applied to the LA-ICP-MS dataset for pyrite and
sphalerite are presented in Figs. 14 and 15, respectively. Elements and
spots analyses of pyrite representing the three mineralizing stages are
projected on the PC1 vs. PC2 plane, which accounts for 63.4% of ele-
ment content variability (Fig. 14a). Element distributions denote two
main groups or element correlation clusters. PC1 accounts for 49.16%
of element content variability including V, Mn, Cu, Zn, Se, Mo, Ag, Sb,
Au, and Bi (loading PC1; Fig. 14b), whereas PC2 accounts for 14.24% of
element content variability (Fig. 14a) is composed of As, Ni, and Co
(loading PC2; Fig. 14b). Representative spots in the PC1 vs. PC2 plane
(Fig. 14c) highlights the element enrichment characteristics in the mi-
neralizing stages of pyrite (Fig. 14d). PC1 (loaded by V, Mn, Cu, Zn, Se,
Mo, Ag, Sb, Au, and Bi) is correlated with the spots in Py-II and partly
overlap with Py-III, whereas PC2 (loaded by As, Ni, and Co) is corre-
lated with Py-I.

For sphalerite, the elements and spot analyses representing the two
mineralizing stages are projected on the PC1 vs. PC2 plane, which

accounts for 60.57% (Fig. 15) of element content variability. Element
distributions show two main groups. PC1 accounts for 40.87% of ele-
ment content variability (Fig. 15a) including two subgroups (Fe, Cd)
and (chalcophile elements of Ge, Cu, As, Sb and Ag) (loading PC1;
Fig. 15b), while PC2 accounts for 19.70% of element concentration
variability (Fig. 15a) is composed of In, Sn, and Ga (loading PC2;
Fig. 15b). Spot presentation in the PC1 vs. PC2 plane (Fig. 15¢) in-
dicates element enrichment features in the mineralizing stages of
sphalerite (Fig. 15d). PC1 (loaded by chalcophile and siderophile ele-
ments of Ge, Cu, As, Sb, Ag, Cd, and Fe) is correlated with the spots in
Sph-I and partly overlap with Sph-II, while PC2 (loaded by In, Sn, and
Ga) is primarily correlated with Sph-II.

5. Discussion
5.1. Pyrite textures and geological significance

Three main types of pyrite textures were identified from the
Qilinchang Pb-Zn deposit. Py-I displays sector zoning, Py-II exhibits
massive overgrowth texture, while Py-III shows replacement relics and
a combination of oscillatory and sector zoning. These primary textures
are interpreted as products of mixing of hydrothermal fluids of varying
compositions or likely dissolution and recrystallization under a certain
range of redox conditions (Deditius et al., 2011). The zoning char-
acteristics of pyrite show an inclusion-rich core and depleted-rim. The
sector zones are enriched in Ni, Cu, Pb, and Sb (Figs. 8 and 9). Massive,
subhedral pyrite is probably formed as a result of the relative rapid
nucleation process (Scott et al., 2009). Relics of pyrite formed in the
late stage of the ore-forming process are also formed due to the re-
placement by dolomite or calcite. The compositional variation of trace
elements in pyrite can be attributed to variable physicochemical con-
ditions of ore-forming fluids during the crystallization of pyrite (Reich
et al., 2005).

5.2. Incorporation and distribution of trace elements in pyrite and sphalerite

The common ore mineral present in the different stages of ore for-
mation of the Qilinchang Pb-Zn deposit is pyrite, followed by sphalerite
and galena. Major elemental variations of pyrite and sphalerite in the
Qilinchang Pb-Zn deposit are primarily caused by mineral inclusions,
co-precipitation of minerals, variation in the fluid composition, and
physicochemical conditions of ore-forming fluids (Reich et al., 2005,
2013). Trace and minor elements can be incorporated into sulphides by
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Fig. 7. Box and whisker plots are showing the ranges and averages of trace
element compositions in (a) Py-I, (b) Py-II, and (c) Py-III, respectively from the
Qilinchang deposit. Trace elements are presented in order of atomic number.
The coloured boxes for each element represent the 25% to 75% data ranges.
The horizontal lines in each box represent the minimum and maximum values
for each element (ppm), the square symbol indicates the mean, while star
symbol represents the 1% and 99% percentile for each element.

any of these three modes: (a) those that occur in mineral deposit as
mineral phases, forming intergrowth textures and components of mi-
nerals in solid solution (Zhang et al., 2013), (b) those absorbed as im-
purities on surfaces of other minerals as micro- to nanoparticles of
sulphides (Ciobanu et al., 2012) and (c) those absorbed as impurities on
surfaces of other minerals as micro- to nanosized inclusions of silicate
or oxide minerals (Thomas et al., 2011). Based on the distribution
pattern and scatter graphs (Figs. 7 and 12), pyrite and sphalerite pre-
sent in the paragenetic stages exhibit similarities and variations in
element concentrations, as discussed below.
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5.2.1. Controls on trace element concentrations of pyrite

As discussed earlier, pyrite occurs in the mineralization stage as
fine-grained irregular aggregates of cubic, disseminated pyrite crystal;
medium-grained hydrothermal massive, spongy, anhedral-subhedral
crystal; and as medium-grained late hydrothermal, subhedral-euhedral
crystal. These varied morphologies exhibit discernable trace elements
concentrations, which are evidently related to hydrothermal fluid re-
sponsible for the mineralization (a function of temperature, pH, and/or
f02).

Py-I occurs as fine-grained, micro-sized, cubic, disseminated pyrite,
formed in the early stage of the paragenetic sequence, which is con-
sidered to have been developed from rapid mixing of ore-forming fluids
of different concentrations or likely dissolution-reprecipitation under
certain range of redox conditions (Deditius et al., 2011; Keith et al.,
2016). The enrichment of Mg, Mn, Co, Ni, and Tl (Fig. 7a), indicate that
these elements are incorporated within the lattice structure or as evenly
distributed micro- to nano-inclusions. These findings are similar to
those presented by Deditius et al. (2011), who analyzed nano-scale
“liquid” inclusions of As-Fe-S in arsenian pyrite from low-temperature
ore deposits, which is attributed to clustering of metals from hydro-
thermal fluids during precipitation. The concentration of metals pre-
cipitated together with the formation of colloform pyrite probably de-
picts such a trace element enrichment law. However, the enrichment of
Mn in the pyrite indicates a relatively oxygenated sub-alkaline seawater
environment as a result of lower temperatures (Deditius et al., 2011).
Consequently, the presence of Tl in pyrite has been documented in some
polymetallic deposits (Fan et al., 2014), suggests that Tl may iso-
morphically replace Fe in the pyrite structure where the content of TI is
relatively low (< 2000 ppm; Fan et al., 2014). At elevated concentra-
tions, the variation in ionic radius between T1" and Fe?* constrain the
formation of Tl-bearing minerals (e.g. Lorandite: TIAsS,, Fangite:
Tl3AsS,, Thalcusite: Tl,CusFeS,, and Crookesite: Cu,(Tl, Ag) Se,).

Py-II occurs as massive, disseminated, and banded aggregates,
evenly distributed mainly within the host rock adjacent to the or-
ebodies. They typically display primary colloform and overgrowth
textures that are dissonant to the main tectonic fabric. The concentra-
tions of Cu, As, Se, Mo, Ag, and Sb are higher compared to Py-I and Py-
III (Table 1). As shown in Fig. 7b, only a few elements such as As, Sb,
Cu, Se, Mo, and Ag indicate identified inclusions and seems to increase
compared to Py-I and Py-III. All these concentrations features show that
Py-II exists as a phase between Py-I and Py-III and that the composition
of the ore-forming fluid increased in a gradual pattern compared to low
and variable concentrations in Py-I and Py-III respectively.

Py-III occurs as medium-grained, euhedral-subhedral hydrothermal
pyrite, exhibiting sector and oscillatory zoning of cores and rims mostly
present within dolomite in the hanging wall or fault zones near the
orebodies. They are dominated by crystal sizes with pyritohedral-do-
decahedra shape. The relatively elevated contents of Ti, V, Cr, Zn, Pb,
Bi, and Ag in Py-III (Fig. 7c¢) shows micromineral inclusions of elements
of Ag and Pb possibly constrain the formation of Ag-Pb and Ag-Bi
bearing phases (e.g., matildite and/or galena). This group of trace
elements was considered to be precipitated in the low-temperature re-
gime (Han et al., 2007). Lead is least likely to be incorporated into the
pyrite lattice due to its ionic sizes, but it has a faster rate of precipita-
tion from basinal fluids as metal sulphide compared to Fe (Koglin et al.,
2010). Also, Pb always forms PbS prior to pyrite precipitation, and
galena inclusions in pyrite are common, as observed in this study
(Table 1). Ag-Bi-Pb usually enters the pyrite lattice as inclusions of Ag-
bearing minerals because Bi and Ag readily substitute into the structure
of galena and may be present for element balancing. A number of few
spots analyzed display the distribution of Cu in pyrite as chalcopyrite
inclusions, as shown in Fig. 7c.

5.2.2. Mode of distribution of Au in pyrite and its possible genesis
The mode of distribution of trace elements, most importantly Au in
the pyrite remains inconclusive, mainly due to the low spatial
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Table 2
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Summary of trace/minor element concentrations (ppm) of different generations of sphalerite from the Qilinchang Pb-Zn deposit, Southwest China.

Element Sph-I (n = 79) Sph-1I (n = 40)

Min Max Mean 10 SD Min Max Mean 1o SD
Mn 4.59 233 43.11 47.11 6.00 27.85 10.48 3.48
Fe 856 944,943 170,055 234,080 144 16,352 8292 4516
Co < LOD 6.21 0.21 0.80 0.02 0.05 0.02 0.007
Ni < LOD 94.15 2.87 10.97 0.1 0.27 0.13 0.03
Cu 5.42 6783 378 890 1.48 685 61.36 117
Ga < LOD 321 11.83 44.48 0.01 89.63 7.88 15.94
Ge 0.13 325 35.17 58.63 0.08 205 18.53 36.24
As < LOD 7280 281 1210 0.09 112 4.45 18.79
Ag 1.57 525 48.60 88.52 0.56 49.25 9.12 10.64
Ccd 695 1774 1065 263.32 630 1608 830 174
In < LOD 38.11 2.88 7.51 < LOD 9.43 0.75 2.06
Sn < LOD 16.95 1.59 3.20 0.06 17.36 1.67 3.64
Sb 0.05 538 33.32 79.19 0.02 118 7.14 20.74
Hg 77 5600 476 1030 12.76 744 176 275
Tl < LOD 0.55 0.03 0.07 0.01 0.05 0.02 0.01
Pb < LOD 485 27.31 81 0.01 52.06 5.40 10.08
Bi < LOD 0.09 0.02 0.02 0.01 0.01 0.01 0.001

1o SD: standard deviation.
LOD: limit of detection.

resolution and low detection limits of analytical instrumentation (Reich
et al., 2005; Deditius et al., 2014). Many authors have postulated that
Fe in Au-bearing pyrite is mainly derived from siliceous carbonate wall-
rocks either by sulfidization or decarbonization processes during fluid/
rock interaction, while S in pyrite and other associated trace metals
(such as Au, As, Cu) are mainly derived from the hydrothermal fluids
(Kesler et al., 2003; Deditius et al., 2014).

In this study, Au is detectable in the three mineralizing stages of
pyrite with average concentrations of (0.11 ppm, 0.46 ppm, and
0.17 ppm) for Py-I, Py-II, and Py-III, respectively. The distribution of
pyrite in the Qilinchang deposit displays a positive relationship be-
tween Au and As (Fig. 11a) in both Py-I and Py-II and a significant
negative correlation between Au and As is observed in Py-III. This ob-
servation is similar to published data for Au-bearing pyrite in the vol-
canic-hosted massive sulphide deposit from Bukit Botol, Peninsular
Malaysia (Basori et al., 2018). However, the As contents of all pyrite
generations (0.096-0.372 wt%) are comparable to As contents of ar-
senian pyrite (0.23 ppm up to 3.31 wt%) from massive sulphide de-
posits of the Bathurst Mining Camp, Canada (Soltani Dehnavi et al.,
2018). The negative relationship between Au and As in the late-stage
pyrite shows that Au is mainly present as inclusions of native gold.
However, most of these inclusions may have been formed during the
conversion of Au-bearing arsenian pyrite to Au-depleted arsenian pyrite
and native gold during diagenesis (Cook et al., 2009). Binary plots
between Au and other elements display similar and overlapping trends
for Py-II and Py-III. Positive correlations exist between Au versus Ag,
Cu, and Sb for Py-II and Py-III relative to Py-I (Fig. 11b, ¢, d). Mean-
while, in Py-III, there also exists a positive dip correlation of Au versus
Bi and Au versus Co (Fig. 11e, f), which may indicate that there are Au-
Bi and Au-Co inclusions present in Py-III, in contrast to these elements
being within the pyrite structure for Py-I and Py-II.

5.2.3. Controls on trace element concentrations of sphalerite

The sphalerite samples display compositional zoning, which occurs
in distinct crystallographic planes. The two types of sphalerite based on
the paragenetic sequence are classified as early dark-brown (Sph-I) and
the late light-yellow sphalerite (Sph-II). These minerals are widely
distributed throughout the massive ores and breccia-type ores. Data
obtained by LA-ICP-MS summarized in Table 2, highlights the varia-
tions in composition and distributions of trace elements in the two
generations of sphalerite. In particular, an enrichment of Fe + Cd and
other elements are observed in the stage-I sphalerite. The
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physicochemical state at the time of primary precipitation, source of
ore-forming fluids, and element partitioning between co-existing sul-
phides and sphalerite are related to the trace element chemistry and its
responsible for the incorporation of these elements into the sphalerite
structure which explains the substitution mechanisms to be discussed
later. The LA-ICP-MS time-resolved depth profiles for these two spha-
lerite types are relatively flat, but it shows more enrichment of Mn, Fe,
Co, Ni, Cu, Ga, Ge, As, Cd, In, Sb, Hg, and Pb in Sph-I comparative to
Sph-II. These elements are homogeneously distributed throughout the
samples analyzed. The incorporation of these elements into the spha-
lerite structure occurs via the simple substitution equation as stipulated
by Johan (1988), who proposed a general equation to interpret sub-
stitution mechanisms for monovalent, bivalent, trivalent, and tetra-
valent elements in sphalerite:**

2MT + M** + M* < 470t
(x + 29 M* + yM>* + XM yM*t < (2x + 4y) Zn®"

where M* = Ag*, Cu*

M2* = Cu2*, Fe?*, Cd?*, Mn2", Hg2+
M3+ = In®*, Ga®™*, Fe®, TI3*
M** = Ge*t. sn?t. Mo**t. W4

(x and y are atomic proportions of M®* and M**, substituting for Zn>*
respectively).

5.2.4. Substitution mechanisms of Zn by other trace elements

The incorporation of trace elements into the sphalerite structure, as
explained above by the simple substitution equation of Johan (1988).
Previous studies have utilized the LA-ICP-MS data to propose different
substitution equations for trace elements in sphalerite (Cook et al.,
2009, 2011, 2012; Belissont et al., 2014; Bonnet et al., 2017; Leng et al.,
2019). The data generated from our study supported the coupled sub-
stitution for 2Zn®* < Cu* + In®>* because Cu and In do not often
occur in a divalent state in sulphides and sulphosalts (Fig. 12a). This
same principle applies to the coupled substitution of Ag and Sn repla-
cing Zn as expressed by this equation; 2Zn** < Ag* + Sn®* for Sn
substitution in the sphalerite lattice (Fig. 12b). Also, Ag has been found
to exist as microscopic Ag-bearing mineral inclusions in sphalerite
(Cook et al., 2009; Ciobanu et al., 2011), this exhibit direct substitution
in the sphalerite lattice. A positive correlation exists between Ag and Sb
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Fig. 8. LA-ICP-MS element maps (As, Ag, Fe, Co, Cr, Cu, Ge, Mg, Mn, Ni, Pb, S, Sb, Sn, V) of Py-I.

(Fig. 12c), as expressed by this substitution equation 2Zn?* <>
Ag™ + Sb3*. Cook et al. (2009) described similar coupled substitution
in sphalerite for the case of this deposit and maybe rightly expressed as
27Zn** < Ga®* + (Ag, Cu)™ (Fig. 12d). However, Ye et al. (2011) also
described similar substitution equations with 3Zn®>* <> 2Cu* + Sn**
(Fig. 12e). Fig. 12f indicates that there is a positively expressed non-
correlation between (Cu + Ag) and (In + Sn), of which the valences is
expected to produce correlations with monovalent cations for charge
balancing (Murakami and Ishihara, 2013), expressed as follows:
3Zn%" < In®* + Sn®* + (Cu, Ag)" or 4Zn®" < In®** + Sn** + (Cu,
Ag)™ + [ (where [] denote a vacancy). This involvement of the
monovalent cations makes it difficult to distinguish due to the higher
concentrations of Cu and Ag compared to In and Sn in most of the spots
analyzed.

Accordingly, the positive correlation between In and Sn (Fig. 12g)
suggests a potentially coupled substitution  3Zn**
In®* + sn®* + [, which is comparable to previous findings (Belissont
et al.,, 2014). The variable oxidation state of Sn poses a problem, its

<«
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main oxidation states are Sn®>* and Sn**, but Sn®" constitutes the
ample solution to combine with In®* in most samples at a ratio of 1:1
correlation (Epple et al., 2000). However, in Fig. 12h, there exists a
steep positive correlation between Cu and Ga + Ge for the two spha-
lerite types. Dual substitution equations can be inferred from this ex-
pression as follows: 2Cu™ + Ge** < 3Zn?* and Cu* + Ga°®* <
27Zn*. These two equations are in tandem with data reported in pre-
vious studies (Cook et al., 2009; Ye et al., 2011; Belissont et al., 2014).
These expressions suggest that the two reactions may occur together in
both sphalerite types. However, this substitution mechanism of Zn>* by
Ge®* could be suggestive of a reducing condition in the ore-forming
fluids.

5.3. Source of ore metals

The origin of ore metals of Zn and Pb can be determined from the
source of pyrite with the assumption that the elements of Zn, Pb, and Fe
have a conventional source. The Co and Ni abundances in sedimentary
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Fig. 9. LA-ICP-MS element maps (As, Ag, Co, Cu, Cr, Fe, Ni, In, Mn, Pb, S, Sb, Sn, V, Zn) of Py-III surrounded by a groundmass of dolomite.

sulphides are controlled by many variables such as; %Co, 2Ni, XFe, pH,
Eh, and organic content. Usually, the Co/Ni ratios in sedimentary pyrite
are generally between 0.01 and 10 (Gregory et al., 2015) compared to
hydrothermal and massive sulphide deposits with Co/Ni ratios of 1.17
and 8.70, respectively. Cobalt and Ni, which often display similar
geochemistry and can be easily incorporated into the crystal lattice of
pyrite and is not readily discharged during recrystallization
(Tribovillard et al., 2006; Large et al., 2009; Koglin et al., 2010). The
Co/Ni ratio of pyrite is advantageous in discriminating pyrite with
different origins (Price, 1972; Bralia et al., 1979). Pyrite with high Co
and Ni concentrations may originate from the high-temperature, mag-
matic-hydrothermal regime and is related to mafic sources, particularly
where Co/Ni ratios are higher than zero in contrast to sedimentary
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environments where pyrite exhibits low Co/Ni ratios. Previous studies
have shown that high Co/Ni ratios occur in pyrite from volcanogenic
ores (~Co/Ni > 10), whereas lower temperature hydrothermal pyrite
generally has Co/Ni ratios between ~5 and 10 (Bralia et al., 1979). A
compilation of Co/Ni ratios by Bajwah et al. (1987) shows that pyrite
from magmatic-hydrothermal deposits has Co/Ni ratios between ~1
and 10, whereas pyrite from orthomagmatic segregation deposits dis-
plays high but variable Co and Ni contents (up to wt.% levels), and
generally Co/Ni ratios of < 1. The Co/Ni ratios of pyrite from the Qi-
linchang deposit are compared with those of pyrite from sedimentary
exhalative (SEDEX) and MVT deposits (Fig. 13a), volcanic-hosted
massive sulphide (VHMS) deposits (Fig. 13b), iron oxide copper-gold
(IOCG) deposits (Fig. 13c), porphyry Cu deposits (Fig. 13d),



A. Oyebamiji, et al. Journal of Asian Earth Sciences 192 (2020) 104292

|

| Ga (ppm) !

I:1

Zn (CPS)

Rl e b el il 10°
} 0,150 y o p 3
! y ; 107
' gy P K 10°
0.001 il ¢ e

Fig. 10. LA-ICP-MS element maps (Fe, Cd, Cu, Ag, Ga, Ge, Hg, In, Mn, Pb, Sb, Zn) in dark and light bands of sphalerite.

100000 > 10000 100000 = /
& ©) e w2 © /
10000 1000 L 'l A 10000
a i 7:y ,‘l.l L. N g/ N A&
A
A Agm A:.M s " A
1000 100 = 1000 2 "
Y £ A A . >
T v © / £
8100 10 s
c 2 S A ® 5
- ) A & Bocam 4 o
< 10 . <U)1 - gﬁ @—_- )
¥ ©Py-l 0. 28
1 e ” — APy 01 @ %é
o mPy-ii }Eﬁl
o1 . 2 . T oot . ‘ ‘ ,
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Au (ppm) Au (ppm) Au (ppm)
100000 10000 100
@ s ©® - () P
10000 1000 ‘ ot 99/ (=]
6 oo ® A
10 0 %% m -
yy" 4] %‘AA . /
—_ o 90 m A2 7
o A
g ] // 0@ a ’/
o
o A Bé-IA o A A
(§] ] .f. W
[+ g. °
0.1 o9 A
. 5T
o
e "
0.01 — ; ' 0.0001 ' : ; 0.01 -
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Au (ppm) Au (ppm) Au (ppm)

Fig. 11. Binary plots of selected trace elements versus Au in Py-I, Py-II and Py-III (a) As vs. Au, (b) Ag vs. Au, (c) Cuvs. Au, (d) Sb vs. Au, (e) Bi vs. Au, and (f) Co vs. Au
from the Qilinchang deposit.



A. Oyebamiji, et al. Journal of Asian Earth Sciences 192 (2020) 104292

100000 @ @ Dark brown sphalerite (Sph-I) 1000 ¢
i oLight yellow sphalerite (Sph-Il) @
I *
10000 » . 100 L
*
I 0 e
1000 | ;’.0' ° 10 ¢ P 3
_ 3 ce
g o B WWee 200 & °  oca, o
= A4 e % w0 o ) .* Q,
100 | 0%y o c 1t o eng .,
3 RO o * 7] 00 s teso 0: .
F 8 0. y3 F o pr. L XL/ oo PN
r 2 4 Oo o ¢ .&’ *
10 L ’0«9.0';:9 01 | * O o0 .
. ; Qo oo o089
F o °
1)
1 - i N 0.01 N . .
0.0001 0.01 1 100 0.1 1 10 100 1000
In (ppm) Ag (ppm)
1000 ¢ 1000 ¢
F * E
@ * ® :@ . ®
X g 'S I
100 E o ©e 100 E o
3 o® .’o LN 4 % : 6 s
I *
_10 | %?Q’o‘ . _10 L 0 8° ecee® oo
* F ® o *
Lot SES s
=] < ® = & *
a1t 9‘ w1t ©Op 0: OQo’ cqPe
@ o §%o O [ o *8oe?® @
* * * *
* °
01 & % o*° 01 % o9 .
Ooo - F o o .
Fo co *
° o %
0.01 : L 1 0.01
0.1 1 10 100 1000 1 10 100 1000 10000
Ag (ppm) Cu (ppm)
100 E@ 100 ¢
i . e, ° IS
[ Oe o ° r OQ *
10 E o Q ® 10 E @, <3 -
F o * * o F ‘Ob ° *® o 000
[ o & * E L 0'
F * * [ o ©
T o T o8B e g 2 . ’Q’i .
&1 E ’ O%’o”" < f ¢ %o 8’0.00
g . ocad b . ® » ¢
s ° 54 ® o + r * C A AERIIR B
2 * . 3 > °
w L ® 0& .‘ * $eo ° = L * ° P ‘Q *
RES ® L 800 %
01 E ) 01 E 9
Fo@Pam © F cdoo ©o
: . :
0.01 MR L PPN L n 0.01 . . .
1 10 100 1000 10000 1 10 100 1000 10000
Cu (ppm) Cu+Ag (ppm)
100 1000 ¢
© O , .-
* O S i ‘o
10 e o Ce 100 | $°
* B : % * e
o o OCe £ .eé.@'?' %
T L X o
51- R Png RG24 2 10t 0023
© &
= & ®o, O L o LIRS
2 $° @0 owds® e | % S R I
° e ®ee o % 3 ° ® L PN %0
01 o0 °* ¢ 1 3' * (3
8 © o o O
¢ :Og o ®
0.01 . . 01 LO9g0o. . . .
0.0001 0.01 1 100 1 10 100 1000 10000
In (ppm) Cu (ppm)

Fig. 12. Binary plots of (a) Cu vs. In, (b) Sn vs. Ag, (c) Sb vs. Ag, (d) Ga vs. Cu, (e) Snvs. Cu, (f) (In + Sn) vs. (Cu + Ag), (g) Snvs. In, and (h) (Ga + Ge) vs. Cu from the
Qilinchang deposit.

15



A. Oyebamiji, et al.

Journal of Asian Earth Sciences 192 (2020) 104292

100000 100000
10000 10000
1000 1000
—~100 —~100
£ £
Q. Qo
£ 10 £ 10
[«] (=]
o o
1 1
01 [8 0.1
v p / /
0.01 PRI R T AT B SRR T RS T BT R T R AT 0.01 T R SR T A T B R TTT AR T R AT T BRI
0.01 0.1 1 10 100 1000 10000 100000 0.01 041 1 10 100 1000 10000 100000
Ni m Ni m
100000 (ppm) 100000 (ppm)
10000 10000
1000 1000
—~100 ~100
£ £
o Qo
£ 10 £ 10
[« [}
o o
1 1
0.1 0.1
0.01 Ko wvvm s v i i i 0.01
0.01 0.1 1 10 100 1000 10000 100000 000
Ni (ppm)
100000 100000
10000 10000
1000 1000
~100 ~100
£ £
Q. Qo
£ 10 £ 10
[} [«]
o o
1 1
0.1 0.1
0.01 TR TP R T " 0.01 i T Lol i e 1l
0.01 0.1 1 10 100 1000 10000 100000 0.01 0.1 1 10 100 1000 10000 100000

Ni (ppm)

Ni (ppm)

Fig. 13. Binary plots of Co vs. Ni contents in pyrite from Qilinchang Pb-Zn deposit. Geochemical data for pyrite from other deposits are displayed as coloured fields,
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sedimentary pyrite (Fig. 13e), and submarine hydrothermal vents de-
posits (Fig. 13f). Py-I display higher contents of Co and Ni with Co/Ni
ratio ranging from 0.04 to 1.6. Py-II and Py-III have identical but varied
content of Co and Ni with Co/Ni ratios ranging from 0 to 0.706 and
0-0.696, respectively. Conclusively, the pyrite from the Qilinchang
deposit has Co/Ni ratios slightly lower but comparable to typical MVT
deposits (0.2-7.2) and completely different from IOCG deposits and
porphyry Cu deposits. The Co and Ni contents in the Qilinchang pyrite
are lower compared to those of IOCG and porphyry Cu deposits, sug-
gesting the lack of magmatic activities and absence of a genetic

relationship between the Pb-Zn mineralization and Permian Emeishan
basalts.

5.4. Significance of trace element trends in pyrite and sphalerite

Principal component analysis is critical to the study of multivariate
data. It is one of the oldest statistical multivariate techniques, and more
recently, it has progressed to be the subject of various research, ranging
from new-model based methods to algorithmic illustrations from neural
networks. PCA as a machine learning tool is similar to clustering, and it
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Fig. 14. Principal component analysis of the LA-ICP-MS log-transformed dataset of trace element contents in pyrite from Qilinchang {175 spot analysis (individuals),
13 elements (variables)}. On the left-hand corner: eigenvalues (a) (i.e., explained variability) and loadings (b) (i.e., eigenvector coefficients) of the principal
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elements showing similar behaviour are marked as (As, Ni, Co) and (Ag, Bi, Cu, Sb, Se, Zn, Mn, Mo, Au, V).

integrates the complexity in the multi-dimensional dataset while re-
taining trends and patterns (Frenzel et al., 2016). Hence, PCA has been
applied in this study to provide information on the underlying ore
mineralization and the distribution trends of elements in the miner-
alizing stages. The elements and spot analyses of the minerals in each
sample from the different paragenetic stages discriminate the element
compositions of each ore stage using large datasets.

Meanwhile, the elements and spots analyses of pyrite occurrence in
the paragenetic sequence are projected on the PC1 vs. PC2 plane, which
accounts for 63.4% of element content variability (Fig. 14). Two
loading factors were used for this interpretation with factor one pri-
marily loaded by V, Mn, Cu, Zn, Se, Mo, Ag, Sb, Au, and Bi, while factor
two is mainly loaded by Co, Ni, and As. Describing the evolution and
variational trends of the ore-forming fluids in the Qilinchang deposit,
the fluid was enriched in Co, Ni, and As and partitioned into another
fluid subsequently enriched in V, Mn, Cu, Zn, Se, Mo, Ag, Sb, Au, and
Bi. The low Ni, Co, and In contents in the pyrite typically suggests that
the ore-forming fluids are not related to magmatic contributions. The
variation in temporal and broad evolution of pyrite gives assumptions
to trace element availability and changes in physical and chemical
conditions at the period of pyrite formation. Py-I is discerned from

other pyrite types due to its higher Mg, Mn, Co, Ni, and Tl contents.
This suggests that ore-forming fluids were initially rich in these metals
during the early Py-Sph stage. The contents of Co and Ni decreased
from Py-I to Py-III because of constant pyrite precipitation during fluid
evolution, and these elements are mainly partitioned or substituted into
the lattice of pyrite even though co-existing with sphalerite. Py-II is
differentiated from other pyrite types by elevated contents of Cu, As, Se,
Mo, and Sb. The higher concentrations of Cu and As in Py-II denote the
relative enrichment of these elements in the ore-forming fluids due to
evolving fluids and lack of chalcopyrite in the Sph-Gn-Py stage. Py-III
can also be discriminated from Py-I and Py-II due to higher contents of
Ag-Pb mineral phases. Owing to the presence of galena in this stage, Ag,
Pb, and Bi partition into the pyrite lattice as inclusions of Ag-bearing
minerals. Also, higher contents of Ti, V, and Cr in Py-III may imply
enhanced carbonate replacement in this stage since these elements are
mainly partitioned into carbonate inclusions in pyrite. This is observed
by extensive replacement relic textures of Py-III by carbonate minerals.

Similarly, the elements and spot analyses of sphalerite in the mi-
neralizing fluids presented as PC1 vs. PC2 (Fig. 15) accounted for
60.57% of element explained variability. Two loading factors were also
considered for the projection of the PCs, of which factor one mainly
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Fig. 15. Principal component analysis of the LA-ICP-MS log-transformed dataset of trace element contents in sphalerite from Qilinchang {119 spot analysis (in-
dividuals), 10 elements (variables)}. On the left-hand corner: eigenvalues (a) (i.e., explained variability) and loadings (b) (i.e., eigenvector coefficients) of the
principal components. Middle image: spot analyses (c) (i.e., individuals) plotted on the PC1 vs. PC2 plane (explaining 60.57% of element content variability). Right-
hand image: elements (d) (i.e., variables) plotted in the same plane. This PCA underlines two mains, opposed clusters of elements distributed among the sphalerite
types: a cluster of elements showing similar behaviour are marked as (In, Sn, Ga) and (Ge, Cu, As, Sb, Ag, Cd, Fe).
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loaded by Cu, Ge, As, Ag, Sb, Cd, and Fe, while factor two is loaded by
Ga, In, and Sn. The initial fluid enriched in elements loaded in factor
one evolved into another fluid with elevated concentrations of Ga, In,
and Sn. The enrichment of Ge, Ga, and As in partitioned fluids is an
indication of low-temperature deposit. The evolution trends of the hy-
drothermal fluids evidenced from S, C, O, and Pb isotopic studies earlier
carried out in the study area (Zhou et al., 2001; Han et al., 2007; Zhang
et al., 2009; Zhang et al., 2017; Xu et al., 2019) suggests a process of
fluid mixing, which is typically common in a low-temperature en-
vironment. The C and O isotopic characteristics suggest that the ore-
forming fluids were mainly derived from water-rock interaction be-
tween the mantle/metamorphic fluids and carbonates (Zhang et al.,
2009; Zhang et al. 2017). The 8343 of sulphides is related to the ther-
mochemical sulfate reduction (TSR) of Carboniferous seawater sulfate
and are mainly derived from evaporites in the host strata producing
H,S-rich fluid by TSR with restricted inducement from mantle-derived
sulphur (Meng et al., 2019). Also, the homogenous composition of Pb
isotopic data of galena (Bao et al., 2017) indicates that the metals were
predominantly originated from the clastic rocks of the Mesoproterozoic-
early Neoproterozoic rocks of the Kunyang Group and Cambrian to
Permian strata. It is assumed that the wide ranges of trace elements
were attributed to the ore-forming fluids migrating upward along the
deeply buried faults, mixing with evaporites present within the base-
ment and carbonate strata, extracting Pb, Zn, S, and other metallic
elements to form the economic deposit.

6. Conclusions

LA-ICP-MS analyses have been used to investigate the concentra-
tions, source, and elemental substitution mechanisms in different gen-
erations of pyrite and sphalerite in the Qilinchang Pb-Zn deposit. Our
main findings are summarized as follows:

(1) The observed variations in the pyrite reveal varied substitution
mechanisms responsible for the evolution of the pyrite. Py-I is en-
riched in Mg, Mn, Co, Ni, and T1 compared to Py-II and Py-III, while
Py-II is more concentrated in Cu, As, Se, Mo, Ag, and Sb. Py-III have
variable concentrations of trace elements and also have higher in-
clusions of Ag-Pb-mineral bearing phases.

(2) Sphalerite trace element compositions display higher values of Mn,

Fe, Co, Ni, Cu, Ga, Ge, As, Ag, Cd, Sb, Hg, and Pb in the early stage

type-I compared to the type-II. The physicochemical condition at

the time of initial precipitation, source of ore-forming fluids and
element partitioning between associated sulphides and sphalerite
are main factors responsible for the incorporation of these elements,

which is primarily through simple substitution mechanisms (e.g.,

2Zn%* < Cu™ + In®**) as indicated from binary plots and PCA.

Taking into account the low Co/Ni ratios of pyrite and evolution

trends of the ore-forming fluids, we suggest that the Qilinchang

deposit was not related to magmatic activities and hence, deposited
in a low-temperature environment which is analogous to typical

MVT deposits.
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