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ARTICLE INFO ABSTRACT

The rapid increase in the economic importance of germanium (Ge) is driving further study of its geological cycle
and the factors controlling its concentration in minerals. The emerging LA-ICP-MS analytic technique is playing a
significant insight into the geochemical characteristics of sphalerite. In this study, LA-ICP-MS and SEM analyses
were carried out, aiming to constrain the substitution mechanisms of Ge and related trace elements and to trace
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Sii;l?lzzu;?llnan Guizhou (S-Y-G) metallogenic the evolution of hydrothermal fluids.
province & LA-ICP-MS element mapping and SEM study showed that no Ge-bearing micro-minerals are observed in the

Lehong deposit. All spot analysis data indicate notable binary correlations between Cu and Ge and between Ag
and Sb, which suggests that the coupled substitutions are 3Zn*>* <= 2Cu™ + Ge** and 2Zn®* < Ag* + Sb**.
Additionally, the monovalent elements, i.e., Cu and Ag, approximately equal to the sum of all trivalent and
tetravalent elements; thus, we consider that the monovalent cations may provide the charge-balance in all of the
coupled substitutions responsible for incorporating a wide range of trivalent and tetravalent cations, especially
In, Sn, Sb, and Ge, in sphalerite at Lehong.

The trace elements in sphalerite from two hydrothermal stages in the Lehong deposit differ significantly.
Early red-brown sphalerite is more enriched in Fe, Ge, Cu, Sb and Ag than late yellow-brown sphalerite, sug-
gesting that trace elements in sphalerite may have the potential to record the evolution of hydrothermal fluids.
Early sphalerite is rich in Fe and Ge simultaneously, which points toward coupled behavior of Fe and Ge. In situ
LA-ICP-MS data from sphalerite at Lehong show that the Cu contents in all samples are nearly double those of Ge.
Copper enriched in early sphalerite is an essential factor to promote the substitution of Ge, which results in the
coupling of Fe and Ge in sphalerite during the evolution of hydrothermal fluids. In addition, sphalerite at depth
is more enriched in Mn, Ge, Cu and Cd than shallow sphalerite. There is a clear upward trend among Mn, Ge, Cu
and Cd in sphalerite with increasing depth at Lehong. This relationship may be applied for exploration targeting.

1. Introduction Si** (Bernstein, 1985). Conversely, Ge exhibits siderophile, chalcophile

and organophile behaviors; as a result, the enrichment of Ge mainly

The economic importance of germanium (Ge) is rapidly increasing
due to its major applications in modern high-tech industries, e.g.,
electronics, infrared and fiber optics (Thomas et al., 2000; Holl et al.,
2007, Cugerone et al., 2018). Thus, it is necessary to understand its
geological cycle and the factors that control its concentrations in host
minerals. Ge is one of the most dispersed elements in the Earth’s crust,
averaging approximately 1.3 ppm Ge (Hu and Gao, 2008), and most Ge
is largely incorporated with low concentrations in silicate minerals
because of the isovalent substitution by Ge* ™ of the chemically similar
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occurs in iron-nickel meteorites, Zn-rich and/or Cu-rich sulfide ore
deposits, coal and lignitized wood (Bernstein, 1985; Pokrovski and
Schott, 1998). Currently, Ge is commercially extracted from some Ge-
rich lignite and coal and from zinc concentrate from some Zn-Pb de-
posits, in particular low-temperature hydrothermal systems (e.g., Mis-
sissippi Valley-type (MVT) deposits and vein-type Ag-Pb-Zn deposits),
in which Ge is mainly hosted within sphalerite (ZnS) (Bernstein, 1985;
Holl et al., 2007). For instance, Ge is concentrated in sphalerite from a
vein-type Zn-Ge-Ag-(Pb-Cd) deposit in southeastern France in amounts
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up to 2600 ppm (Halfon and Rosique, 1973).

Ge occurrence in sphalerite has long been the subject of debate.
Johan et al. (1983) and Johan and Oudin (1986) consider that Ge-
bearing minerals occur as microscopic inclusions (e.g., argutite, bru-
nogeierite and briartite) in sphalerite from the French Pyrenees. In
contrast, some authors favor the incorporation of Ge*>* or Ge** into the
sphalerite structure (Cook et al., 2009, 2015; Ye et al., 2011; Belissont
et al., 2014; Bonnet et al., 2017). For example, Cook et al. (2015)
confirmed the presence of Ge** and proposed the 2Zn* <> Ge** + O
(vacancy) substitution for the incorporation of Ge (up to 1000 ppm) in
Fe-rich Cu (up to 8.72wt%) sphalerite from Tres Marias carbonate-
hosted Zn-Pb-(Ge) deposit in Mexico due to lack of correlation between
Ge and monovalent ions, i.e., Ag and Cu, for charge compensation.
Nevertheless, Bonnet et al. (2017) inferred that the intake of Ge2* in
sphalerite occurs in the tetrahedral divalent metal site surrounded by
sulfide atoms, suggesting that Ge might be directly substituted as Ge**
for Zn?* (Ge** <> Zn?") in Ge-rich sphalerite from the MVT deposit in
the Central and Eastern Tennessee mining district, United States.

Since the geochemical characteristics of sphalerite were first re-
ported by Oftedahl (1940), several remarkable studies have been pub-
lished. Notably, a wide range of minor/trace elements (e.g., Ga, In, and
Cd) can substitute for Zn>* within the sphalerite structure, offering by-
products in sphalerite processing (Holl et al., 2007). The close re-
lationship between minor/trace elements (e.g., Mn, Fe, In, Ge and Ga)
in sphalerite and its formation temperature has been used to restrict the
ore-forming temperature (e.g., Warren et al., 1945; Moller, 1987;
Moller and Dulski, 1996, Frenzel et al., 2016 and references therein).
Trace elements in sphalerite from different genesis of Zn-Pb deposits
have obvious differences, which can to a large extent be used to dis-
criminate the genetic type (e.g., Zhang, 1987; Cook et al., 2009; Ye
et al., 2011, 2016; Belissont et al., 2014; Wei et al., 2018a,b). To date,
however, information about whether trace elements in sphalerite can
be used to trace the evolution process of hydrothermal fluids is still
scarce.

To understand the distribution and occurrence of Ge and related
trace elements in sphalerite, the Lehong carbonate-hosted Zn-Pb de-
posit, in the Sichuan-Yunan-Guizhou (S-Y-G) Zn-Pb metallogenic pro-
vince, Southwest China (Fig. 1), is taken as an example. We present an
integrated geological, mineralogical and geochemical study on spha-
lerite. Ge and related trace elements, including Sb, Ag and Cu, are re-
latively enriched in sphalerite from the Lehong deposit. Trace element
concentrations in sphalerite were measured using LA-ICP-MS spot
analysis. SEM and LA-ICP-MS mapping were further used to obtain the
occurrence of trace elements in sphalerite.

2. Geologic setting

The Yangtze Block is a significant part of the South China Craton
and is bounded by the Qinling-Dabie Orogenic Belt to the north, the
Songpan-Ganzé Orogenic Belt to the northwest, the North Vietnam
tectonic belt to the southwest and the Cathaysia Block to the southeast
(Fig. 1A). The exposed strata in the Yangtze Block are dominated by the
Mesoproterozoic to early Neoproterozoic basement, the middle Neo-
proterozoic weakly metamorphosed strata, the late Neoproterozoic
unmetamorphosed Ediacaran rocks, and Phanerozoic cover (Yan et al.,
2003).

The S-Y-G triangle district is located on the southwestern margin of
the Yangtze Block. The basement comprises mainly the
Mesoproterozoic to Neoproterozoic Kunyang Group, which consists
dominantly of sandstone, siltstone, slate, shale and dolostone with
minor volcanic rocks (Li et al., 1984) and has experienced greenschist
facies metamorphism. Some authors consider that the Kunyang Group
was deposited in a foreland basin setting (e.g., Sun et al., 2009; Li et al.,
2013). The overlying cover strata are made up of Neoproterozoic
Ediacaran to Middle Triassic shallow submarine carbonate and clastic
sedimentary sequences in a passive continental margin. Following the
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Middle Triassic strata are Late Triassic to Cenozoic continental sedi-
mentary rocks (e.g., Liu and Lin 1999; Yan et al. 2003). One of the
significant characteristics of the western Yangtze Block is that a mantle
plume erupted and formed the remarkable Emeishan Large Igneous
Province (~260 Ma), covering an area of more than 250,000 km? (e.g.,
Zhou et al., 2002; He et al., 2007). The igneous province is dominantly
composed of massive flood basalts and numerous contemporaneous
mafic and felsic intrusions with a total thickness ranging from several
hundred meters to 5km (He et al., 2007). During the Late Triassic, the
collision of the Yangtze Block and the adjacent blocks, i.e., Yidun Arc,
leading to the closure of the Paleo-Tethys Ocean (e.g., Reid et al., 2007;
Zhang et al., 2015).

The faults within the S-Y-G triangle district are well developed and
have been activated and reactivated by a number of tectonic events,
including the Hercynian, Indosinian, and Yanshanian orogenic events.
The three most important regional fault belts (Fig. 1B), namely, the
NW-trending Weining—Shuicheng, the N-trending Anninghe, and the
NE-trending Mile-Shizong fault belts, extend into basement rocks and
control the magmatism and base metal sulfide mineralization (Liu and
Lin, 1999). Numerous NE- and NW-trending thrust-fold belts and sev-
eral subsidiary faults are widespread in this district (e.g., Wang et al.,
1992; Huang et al., 2004).

Carbonate-hosted Zn-Pb deposits are widely distributed in the S-Y-G
triangular district (Fig. 1B) and have a proven reserves > 200 Mt ores at
ore grades of 10-15wt% Zn + Pb (Zhang et al., 2015). These deposits
are epigenetic and hosted in the Ediacaran to Early Permian carbonate
strata, particularly the Late Ediacaran Dengying and Early Carboni-
ferous formations (Liu and Lin 1999; Huang et al., 2004; Jin et al.,
2008). The major features of these deposits are as follows: (1) most Pb-
Zn orebodies are lentiform to vein shaped and controlled by faults; (2)
Pb + Zn ore grades are high (10-30 wt%), and ore grades of a few
deposits, e.g., Huize and Fule, exceed 50 wt% and are accompanied by
Ag, Ge, Cd, Ga, and In (Huang et al., 2004; Han et al., 2007); (3) ore-
forming temperatures were typically 150 °C to 270 °C; and (4) ore fluids
were basinal brines with 6.0 to 20 wt% NaCl equiv. In addition, recent
Rb-Sr dating of sphalerite and Sm-Nd dating of hydrothermal fluorite/
calcite indicate that these carbonate-hosted Zn-Pb deposits mainly
formed between 226 Ma and 201 Ma (e.g., Li et al., 2007; Lin et al.,
2010; Wu, 2013; Zhang et al., 2015; Hu et al., 2017); thus, some re-
searchers suppose that the Indosinian Orogeny triggered regional mi-
gration of the basinal brines that leached ore-forming elements from
basement rocks to form the world class S-Y-G Zn-Pb metallogenic pro-
vince (e.g., Zhang et al., 2015; Hu et al., 2017).

3. Geology of the Lehong deposit

The Lehong deposit (27°10N, 103°13 E) is located in the northeast
part of the S-Y-G region, 26 km northwest of Ludian city, Yunnan
Province. It has been mined since the end of the Ming Dynasty and has a
proven reserves of 2.4 Mt metal at ore grades of 0.8-30.80 wt% Zn,
0.6-15.57 wt% Pb, and 7.22-148.0 g/t Ag (Zhou, 2003). Over the past
two decades, several geological and geochemical studies have been
carried out on the Lehong Zn-Pb deposit, most of which were published
in Chinese. The genetic model of the Lehong deposit has been ex-
tensively reviewed by Zhou (2003), and additional stable isotope stu-
dies, geochronology and fluid inclusion studies were carried out by
Zhang et al. (2014) and Zhao et al. (2018). Zhang et al. (2014) con-
sidered that sulfur was derived from seawater sulfate and that ther-
mochemical sulfate reduction (TSR) was the dominant mechanism for
the incorporation of $>~ from SO based on the sulfur isotope signatures,
and the Rb-Sr dating of sphalerite showed that the Lehong deposit
formed at 200.9 + 8.3Ma, as a product of the Indosinian orogeny
(Zhang et al., 2014). In addition, Zhao et al. (2018) demonstrated that
the early stage hydrothermal fluid was characterized by moderate-
salinity H,0-CO,-NaCl fluid (7.02-17.61wt% NaCl equiv.) at
217.8-292.2°C, and the late stage hydrothermal fluid was
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Fig. 1. A. The simplified geological map of the South China Craton and adjacent regions showing the framework and the distribution of Mississippi Valley-type (MVT)
Zn-Pb deposits in the Yangtze Block (Modified after Ye et al., 2011; Hu et al., 2017). B. The geological map of the Sichuan-Yunnan-Guizhou (S-Y-G) Zn-Pb me-
tallogenic province showing the locations of zinc-lead deposits (Modified after Liu and Lin, 1999).

characterized by low- to moderate-salinity H,0-CO»-NaCl fluid
(0.35-19.21 wt% NaCl equiv.) at low temperatures (140.4-227.4 °C).

The exposed strata in the Lehong mining area include
Neoproterozoic Ediacaran rocks and early Paleozoic Cambrian and
Ordovician rocks (Fig. 2). The late Ediacaran Dengying Formation is
composed of light gray thick-bedded coarse-grained dolostone and si-
liceous dolostone, which is overlain by Cambrian strata that are com-
posed dominantly of dolostone intercalated with siltstone and mud-
stone. Overlying the Cambrian strata are the Ordovician layers, which
consist mainly of mudstone, sandstone and dolostone.

The mining area is characterized by a set of N- to E-W-trending
faults, subsidiary faults of the N-trending faults, and minor secondary
NE-trending faults (Fig. 2A). The Fq, F, and Fs faults are the most im-
portant faults in the mine area. The F; thrust fault strikes 300-340° with
a length of 2000 m and is cut by the Fs fault in the southern part of the
mining area (Fig. 2A). The late Ediacaran Dengying Formation is ex-
posed on both sides of the F; fault. The F, fault, located in the west part
of the orefield, is a thrust fault and strikes 310-340° with a length of
2500 m. Cambrian and Ordovician strata are mainly exposed in the
southwest part of the F; fault. The northeast part of the F; fault exposes
the late Ediacaran Dengying Formation. The Fs fault, a normal fault,
strikes approximately 90° with a length of 1000 m, cuts across the Fy4

and F, faults and finally merges with the F3 fault.

Three orebodies have been explored in the Lehong mining area,
most of which are hosted within the NW-trending F;, F, and F; faults
(Fig. 2B). They have been divided into orebody I, orebody II and ore-
body III. Orebody I is the second largest orebody in the Lehong deposit
and hosted within the F; fault (Fig. 2B). Its orebodies occur as lentiform
shapes or as veins within the fault fracture zone and are 840m in
length, 1.00-4.28 m in width and 125 m in thickness. The Zn + Pb re-
sources of this orebody exceed 0.4 Mt with ore grades of 2.11-18.26 wt
% Zn, 0.18-1.85 wt% Pb, and 7.22-62.24 g/t Ag. Orebody II, the largest
orebody in the Lehong deposit, is hosted within the F, fault and occurs
as stratiform to lentiform shapes or as veins paralleling the fault plane
(Fig. 2B). This orebody is 2060 m in length, 1.84-29.08 m in width and
282 m in thickness, and its Zn + Pb resources exceed 2.0 Mt with ore
grades of 0.8-30.80 wt% Zn, 0.04-15.57 wt% Pb, and 2.40-187.5 g/t
Ag. Orebody III is small in scale and occurs as veins hosted within the
fault fracture zone (Fig. 2B). It is 100-150 m in length and 1.89-4.88 m
in thickness with average ore grades of 4.4 wt% Zn, 0.49 wt% Pb, and
35.69 g/t Ag (Zhou, 2003).

The ore in the Lehong deposit is composed of sulfide ore and a small
quantity of oxidized ore. Primary minerals are dominated by sphalerite,
galena and pyrite, and hydrothermal dolomite, calcite and minor quartz
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Fig. 2. A. Geological sketch map of the Lehong district (modified from Zhou, 2003) showing the distribution of strata and faults. B. Geologic cross-section 1-1”
through the Lehong deposit, revealing the distribution of orebodies, faults and strata (modified from Zhou, 2003).

occur as gangue minerals (Figs. 3 and 4). Moreover, there are a small
number of sulfides, i.e., freibergite, chalcopyrite and tennantite, which
have been identified by Zhou (2003), but none of these sulfides are
observed in this study. The supergene ore is composed of smithsonite,
goethite, hemimorphite, hydrozincite and cerussite (Huang, 2003).
The main sulfides in this deposit occur in massive ores (Fig. 3A),
breccias (Fig. 3B), disseminated ores (Fig. 3C) and veins. Massive ores
are the most common ore texture (Fig. 3A, D, G-H). Sulfide veins are
observed from millimeter scale to centimeter scale (Fig. 3B, F). In the
disseminated ore, sulfide minerals occur as speckles or single crystals

irregularly distributed in the host rocks or in calcite/hydrothermal
dolomite (Fig. 3C, I).

The principal ore textures are euhedral-subhedral granular, veinlet-
vein filling, cataclastic texture and metasomatic relicts. Sphalerite is the
predominant mineral of this deposit, which is characteristically fine-
grained and euhedral-subhedral granular (0.02-10 mm). Sphalerite is
replaced by galena (Fig. 4D, F, I) or fills in the edges of pyrite
(Fig. 4G-H). It also occurs as cataclastic texture (Fig. 4B, D, H). Pyrite
usually occurs as euhedral to anhedral fine- to medium-grained mi-
nerals (Fig. 4A-B, F-H) and is replaced by sphalerite (Fig. 4A, C). Pyrite
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Fig. 3. Photographs showing occurrences and texture of the ore at the Lehong deposit. A. A clear contact boundary between lentiform ore and host rock. B. Vein-like
sphalerite, galena and hydrothermal dolomite fill the fractures of host rock. C. Disseminated sphalerite irregularly distributed in the host rocks or in hydrothermal
dolomite. D. Massive pyrite enclosed by late sphalerite and galena. E. Sphalerite and galena distributed at the edge of massive pyrite and late hydrothermal dolomite
in sphalerite fractures. F. Sphalerite crosscutting the early pyrite, and hydrothermal dolomite filling the vugs of sulfides. G. Sphalerite replaced by galena, and late
pyrite surrounding the margin of sphalerite. H. Late sphalerite crosscutting the early sphalerite and hydrothermal dolomite fill in the remaining sulfide vugs. I. Early
pyrite enclosed by red-brown sphalerite and yellow-brown sphalerite distributed in the hydrothermal dolomite. Mineral abbreviations: Q = quartz,
HD = hydrothermal dolomite, Py = pyrite, Sp = sphalerite, Gn = galena. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

veins filling the fractures of sphalerite are also observed (Fig. 4B).
Galena is subhedral-anhedral granular and forms veins, which fill the
fractures of euhedral pyrite (Fig. 4A) or replace early sphalerite
(Fig. 4D, F, I). In addition, calcite and hydrothermal dolomite are
mainly veins or veinlet filling in the fractures/vugs of sulfide, i.e., pyrite
(Fig. 4G), sphalerite (Fig. 4B, I) and galena (Fig. 4C, E, I).

4. Samples and methodology
4.1. Sphalerite sample from the Lehong deposit

Ore samples were collected from orebody I (1550 m mining tunnel)
and orebody II (1690 m, 1640 m and 1580 m mining tunnels) in the
Lehong Zn-Pb deposit. The specimens selected for LA-ICP-MS analysis
were biased toward coarse-grained sphalerite generally free of visible
inclusions; one-inch polished mounts were prepared from each sample.
Scanning electron microscopy (SEM) in backscattered electron mode
was used to image the specimens, playing particular attention to mi-
neral inclusions, zoning, compositional inhomogeneities or other tex-
tural aspects, all of which may affect trace element distribution.

4.2. SEM analysis

Textural and energy dispersive spectroscopy (EDS) analysis of the
samples was performed using a field emission scanning electron mi-
croscope (JSM-6460 lv, JEOL, Japan) in combination with EDS (TEAM
Apex XL, EDAX, America) at the State Key Laboratory of Ore Deposit
Geochemistry (SKLOD), Institute of Geochemistry, Chinese Academy of
Science (IGCAS). The beam current was 10nA with an accelerating
voltage of 25 kV. Back-scattered electron (BSE) images of ore minerals
were obtained in this research. The procedures applied to sphalerite
have been detailed in Hu et al. (2018).

4.3. LA-ICP-MS spot analysis

LA-ICP-MS analyses of sphalerite were carried out on an Agilent HP-
7700 quadrupole ICP-MS instrument at CODES (ARC Centre of
Excellence in Ore Deposits, Tasmania, Australia). The instrument was
equipped with a high-performance New Wave UP-213 nm solid-state Q-
switched laser ablation system. Detailed analytical parameters were
described in Cook et al. (2009) and are summarized below.

Spot analyses of sphalerite were performed by laser ablating spots
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Fig. 4. Photomicrographs of sphalerite and representative ore mineral assemblages from the Lehong deposit. A. Galena veinlets filling the fragment of early pyrite. B.
Late pyrite fill in the fractures of early sphalerite. C. Early pyrite and galena replaced by sphalerite. D. Early sphalerite replaced by galena. E. Late galena wrapped
around early sphalerite and pyrite. F. Late pyrite replacing early sphalerite and galena. G. Early sphalerite wrapped by late pyrite and further replaced or enclosed by
late sphalerite. H. Late sphalerite fill at the edge of euhedral pyrite. I. Sphalerite replaced by galena and hydrothermal dolomite fill in the vugs of sulfide. All
microphotographs were taken under reflected plane-polarized light. Mineral abbreviations: Cal = calcite, Py = pyrite, Sp = sphalerite, Gn = galena, Cal = calcite,

HD = hydrothermal dolomite, Q = quartz.

30 um in diameter. The repetition rate was 10 Hz, and the laser beam
energy was maintained between 5 and 6 J-cm ~ 2. The following isotopes
were monitored: %S, °®Mn, >"Fe, ®>Cu, ®°Zn, 7*Ge, '*’Ag, '''Cd, '*°In,
1186 and '2!Sb. The analysis time for each sample was 90 s, consisting
of a 30-second background with the laser off and a 60-second analysis
with the laser on. The primary calibration standard (STDGL2b2) con-
sists of powdered sulfides doped with certified element solutions and is
fused to a lithium borate glass disk developed in-house (Danyushevsky
et al., 2011). This standard was analyzed twice every 1.5h with a 100-
um beam size at 10 Hz to correct for instrument drift.

4.4. LA-ICP-MS element distribution mapping

LA-ICP-MS mapping of approximately 0.4 mm? areas of sphalerite
was conducted using a RESOlution 193 nm excimer laser system cou-
pled to an Agilent HP-7700 Quadrupole ICP-MS at CODES (ARC Centre
of Excellence in Ore Deposits, Tasmania, Australia). Mapping was car-
ried out by ablating sets of parallel line rasters in a grid across the
sample. This method ensured the desired sensitivity of elements of in-
terest as well as adequate spatial resolution depending on the size of the
mapped area. The spacing between the lines was adjusted to match the
laser spot size. In this analysis, the laser spot size was 25 um, and the

scan speed was maintained at a constant 10 um/s. A laser repetition of
10 Hz was selected at a constant energy output of 100 mJ. Eight ele-
ments were analyzed with the dwell time set to 0.002 s for all elements
Thirty seconds of background was acquired by the ICP-MS before each
raster was ablated, followed by a delay of 20s for cell washout, gas
stabilization, and computer processing time. Identical rasters were
performed on the standard STDGL2b2 sulfide reference material
(Danyushevsky et al., 2011). Element maps were compiled and pro-
cessed using the program Iolite (e.g., Paton et al., 2011) following the
method described in Cook et al. (2013) and George et al. (2015).

5. Results
5.1. Mineral paragenesis

A paragenetic sequence for the Lehong deposit (Fig. 5) was devel-
oped from the orefield, hand specimens and thin section samples
(Figs. 3 and 4). The hydrothermal mineralization process of the Lehong
deposit can be subdivided into three different stages, corresponding
well to the mineral assemblages, crosscutting relationships, and pre-
viously defined in the literature (Zhao et al., 2018). The main sulfide
precipitation occurred in ore stages 1 and 2.
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Fig. 5. Simplified paragenetic sequence of sulfides, hydrothermal dolomite, and calcite from the Lehong deposit.

Mineralization stage 1: Fe-Zn-Pb-sulfide-quartz

Pyrite 1 and coeval quartz are the earliest hydrothermal minerals in
the entire hydrothermal mineralization process. The distribution of this
assemblage may have been more extensive in stage 1. Pyrite 1 is
medium- to coarse-grained and mainly forms subhedral to anhedral
grains (Fig. 4A, C). Quartz accompanies pyrite 1 as fine-grained clear
masses (Fig. 3F, 4A). In some samples, pyrite 1 is commonly enclosed
by sphalerite 1 (Fig. 3D) and galena 1 (Fig. 4E). Pyrite 1 is commonly
replaced by galena 1 (Fig. 3F) or red-brown sphalerite (Fig. 3E).
Sphalerite 1 replaces pyrite 1, resulting in irregularly shaped, corroded
grain boundaries (Fig. 4A). Fine-grained dispersed pyrite occurs within
the sphalerite 1 matrix (Fig. 4C, G). In some cases, sphalerite 1 is en-
closed by pyrite 2 as a thin rim among the grain margins (Fig. 4G).
Sphalerite 1 crosscutting pyrite 1 is also observed (Fig. 3F). Anhedral
galena encloses the sulfide minerals, i.e., pyrite and sphalerite (Fig. 4E).
Galena replaces pyrite 1 (Fig. 4A) or sphalerite 1 (Fig. 4D-F, I). Minor
hydrothermal dolomite 1 (HD1) is observed in some hand specimens,
which fills the vugs of sulfides such as pyrite 1 (Fig. 3F), sphalerite 1
(Fig. 3E) and galena 1 (Fig. 3G).

Mineralization stage 2: Zn-Pb-Fe-sulfide = hydrothermal dolomite

Pyrite 2 is the earliest mineral of this stage and occurs as euhedral to
subhedral grains that extensively replace minerals of the stage 1 as-
semblage, especially sphalerite 1 (Figs. 3G, 4F-G). In some samples,
pyrite 2 fills the cracks of sphalerite 1 (Fig. 4B). Late yellow-brown
sphalerite is the most abundant sulfide and occurs as subhedral masses.
There is a clear crosscutting relationship between sphalerite 1 and
sphalerite 2 (Fig. 3H). In addition, sphalerite 2 replaces or encloses
pyrite 2 (Fig. 4G) and forms a clear boundary between pyrite 2 and
sphalerite 2 (Fig. 4H). Furthermore, galena 2 commonly occurs anhe-
dral grains and replaces primary sphalerite 2 (Fig. 41).

Mineralization stage 3: hydrothermal dolomite- calcite

Most hydrothermal dolomite 2 fills the vugs or fractures of the
previously described minerals, i.e., pyrite (Figs. 3F, 4G), sphalerite
(Figs. 3G, H-1, 4G, I) and galena (Fig. 4E, I). Calcite is the latest mineral,
which commonly fills the vugs and/or fractures of sulfides (Fig. 4B) or
accompanies hydrothermal dolomite 2.

5.2. Trace elements in sphalerite

5.2.1. Sphalerite from different hydrothermal stages

The trace elements in sphalerite analyzed by LA-ICP-MS are sum-
marized in Table 1 for the two identified mineralization stages. The
dataset comprises 31 spot analyses in sphalerite 1 and 16 spot analyses
in sphalerite 2. The variations in representative elements are illustrated
in Fig. 6. In general, the concentrations of most trace elements, in-
cluding Fe, Cd, Mn, Ge, Cu, Sb, Ag, In and Sn, in the sphalerite of the
two hydrothermal stages vary considerably (Table 1).

Sphalerite displays significant Fe concentration in all spot analyses
(Table 1). The Fe contents in sphalerite 1 and sphalerite 2 range from
1179 to 36,299 ppm and from 725 to 2529 ppm, respectively, and the
Fe content is largely concentrated in sphalerite 1, averaging 8367 ppm.

Sphalerite 1, the early sphalerite, contains higher concentrations of
Ge, Cu, Sb and Ag than sphalerite 2. The concentrations of Ge, Cu, Sb
and Ag in sphalerite 1 range from 22.9 to 536.0 ppm, 39.4 to
1174.2 ppm, 0.34 to 954.8 ppm, and 8.40 to 297.3 ppm, respectively.

Cd is more concentrated in sphalerite 2 than in sphalerite 1 and
ranges from 1571 to 6387 ppm with a mean of 3133 ppm. Interestingly,
the concentrations of Mn, In and Sn show no clear difference between
sphalerite 1 and sphalerite 2. In all spot analyses, In and Sn con-
centrations are extremely low, displaying narrow ranges, from 0.01 to
1.15ppm and 0.04 to 37.24 ppm, respectively. In addition, Mn con-
centration ranges from 1.18 to 138.4 ppm.

5.2.2. Sphalerite from different mining levels

The trace elements in sphalerite analyzed by LA-ICP-MS are sum-
marized in Table 2 for four different mining levels. The dataset com-
prises 16 spot analyses in sphalerite from 1690 m, 7 spot analyses in
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Table 1

Ore Geology Reviews 115 (2019) 103175

LA-ICP-MS results for the sphalerite samples from different hydrothermal stages. Averages are presented as the mean values of all sample geometric means. Minimum
(min) and maximum (max) concentrations are extreme values of single sample means.

Mn Fe Cu Ge Ag Cd In Sn Sb
Count 31 31 31 31 31 31 16 25 31
Sphalerire 1 Red brown sphalerite (n = 31 in 6 samples) Mean 27.0 8367 453.9 193.0 50.6 2820 0.10 2.47 149.8
S.D. 27.5 8821 325.4 142.9 56.2 1178 0.28 7.48 201.8
Max 138.4 36,299 1174.2 536.0 297.3 6686 1.15 37.24 954.8
Min 2.8 1179 39.4 22.9 8.40 574 0.01 0.04 0.34
Count 16 16 16 14 10 16 10 10 16
Sphalerire 2 Yellow brown sphalerite (n = 16 in 4 samples) Mean 21.7 1397 51.2 21.8 9.2 3133 0.07 3.58 11.9
S.D. 21.9 481 48.7 18.6 10.7 1316 0.09 7.68 15.7
Max 83.1 2529 117.9 46.4 43.6 6387 0.26 25.06 44.9
Min 1.18 725 1.23 0.42 1.54 1571 0.01 0.04 0.04

sphalerite from 1640 m, 8 spot analyses in sphalerite from 1580 m, and
16 spot analyses in sphalerite from 1550 m. The variations in re-
presentative elements are illustrated in Fig. 7. Samples of orebody I are
mined from 1550 m; thus, there is no way to analyze the correlation
between its concentrations and depth.

The plots of Mn, Ge, Cu and Cd display clear vertical distributions in
orebody II (Fig. 7). The highest concentrations of Mn, Ge, Cu and Cd in
sphalerite are found in the deeper samples, whereas the upmost sample
contains less of these elements. The concentrations of Mn, Ge, Cu and
Cd of sphalerite from 1690 m range from 18.5 to 83.1 ppm, 0.42 to
536 ppm, 1.23 to 1174 ppm, and 2399 to 6386 ppm, respectively.

Aside from Mn, Ge, Cu and Cd, the other elements (e.g., Fe, Sb, Ag,
In, and Sn) are relatively homogeneous. None of these elements shows
significant correspondence with depth.

5.2.3. Element distribution

LA-ICP-MS element mappings of Zn, Pb, Cu, Ge, Ag, Fe, Cd and Sb in
sulfide from the Lehong deposit are shown in Fig. 8. All maps show
striking compositional heterogeneity, highlighting the differences be-
tween sphalerite and galena. Cu, Ge, Fe and Cd are markedly enriched
in sphalerite. Conversely, Sb and Ag are relatively enriched in galena. In
sphalerite, Ge enrichment closely follows Cu. The LA-ICP-MS mapping
also reveals that the presence of Sb is strongly associated with that of
Ag, showing that Sb-rich areas are also rich in Ag. In addition, Cd and
Zn are relatively uniform in sphalerite and do not display oscillatory
zonation; Pb in galena is similar.

6. Discussion
6.1. Trace element occurrence in sphalerite

Previous studies have demonstrated that bivalent cations, such as
Mn, Cd, Co, Cd, and Fe, directly substitute for Zn in the sphalerite
lattice (e.g., Cook et al., 2009; Ye et al., 2011). Cook et al. (2012) and
Belissont et al. (2014) fully support the incorporation of trivalent and
tetravalent cations, such as Ga®>*, In®>* and probably Sn®* or Sn**, via
coupled substitutions, i.e., with Cu and Ag. However, the substitution
mechanisms of Ge and Sb in sphalerite are more debatable.

6.1.1. The incorporation of Ge and Cu into sphalerite from Lehong
Belissont et al. (2014) proposed coupled substitution mechanisms
for Ge and Ag in sphalerite (3Zn®* <> 2Ag™ + Ge*") based on the
strong correlation between Ge and Ag in sphalerite samples from the
Saint-Salvy Zn-Ge deposit, France, leading us to anticipate that analyses
with elevated Ge concentration would also clearly feature enrichment
in Ag ions. Indeed, the Lehong deposit subset shows no enrichment in
Ag ions, and Ge is commonly present at an average concentration three
times higher than Ag in all spot analyses (Table 1). Our data reveal an
unambiguously expressed non-correlation between mol% Ge and mol%
Ag (R? =0.021) (Fig. 9A), which could not possibly support the

substitution (3Zn®* <> 2Ag* + Ge**) proposed by Belissont et al.
(2014). In contrast, there is a strong positive correlation between Ge
and Cu in our data (R? = 0.8125). This result indicates that sphalerite
samples rich in Cu are also rich in Ge (Fig. 8), suggesting that these
elements are intimately linked in precipitating sphalerite from natural
hydrothermal fluids. The mol% Cu is generally present in amounts
double those of the mol% Ge, with a trend sub-parallel to (Cu/
Ge)mor = 2 (Fig. 9B). Such a positive correlation between Ge and Cu
may suggest the presence of copper thiogermanates (e.g., briartite, re-
nierite, and/or germanite; Morales-Ruano et al., 1996; Holl et al.,
2007); nevertheless, the signals of Ge and Cu are smooth in the time-
resolved LA-ICP-MS depth profile of sphalerite, and Ge-bearing micro-
and sub-microphases, such as briartite, renierite and germanite, are not
observed in the Ge-bearing sphalerite (Ge > 500 ppm) from the Le-
hong deposit in the high-resolution BSE image (Fig. 10C-F). In addition,
none of the Ge-dependent minerals have been observed in the S-Y-G Zn-
Pb metallogenic province to date. Thus, we consider that Ge and Cu are
incorporated into the sphalerite lattice in the Lehong deposit.

Furthermore, spot concentrations for Ge and Cu show a strong po-
sitive correlation in sphalerite from the Lehong deposit. However, many
factors, particularly the metal charge in sphalerite and the ionic radius,
still have profound influences on the incorporation of trace elements in
sphalerite.

First, the metal charge is considered. Ge, like Sn and Pb, has the
outer electron configuration [Ar] 3d'°4s24p? and generally occurs in
the stable form of Ge** and natural compounds such as sulfide minerals
(e.g., argyrodite, canfieldite and germanite), oxides (e.g., argutite) and
hydroxides (e.g., stottite; Holl et al., 2007), whereas Ge?™" exists only in
synthetic compounds that are usually unstable under atmospheric
conditions (Bernstein, 1985; Rosenberg, 2009). Moreover, Ge and Cu K-
edge X-ray absorption near edge spectra (XANES) have confirmed the
presence of Ge** and Cu*, respectively, in the tetravalent site of Ge-
rich sphalerite from Tres Marias (Cook et al., 2015). Similar oxidation
states of Ge and Cu have been proposed for sphalerite from the Saint-
Salvy deposit, France, as well as that of the Kipushi deposit, Congo, by
Belissont et al. (2016). Currently, we find no literature verifying the
presence of Cu®*, which are incorporated into the sphalerite lattice.
Therefore, we infer that the oxidation states of Ge and Cu in sphalerite
from the Lehong deposit are likely +4 and + 1, respectively.

Another key factor controlling the incorporation of trace elements
in sphalerite is the ionic radius. The ionic radii of Ge** and Cu* are
0.39A and 0.60A in the tetrahedral configuration (Shannon, 1976),
respectively, and close to the Zn?>* ionic radius (0.60 A), suggesting
that Ge** and Cu* are easily incorporated into sphalerite by replacing
Zn?*,

Considering the correlation between Ge and Cu, metal oxidation,
and ionic radius, our results strongly support a coupled substitution
such as 3Zn** < 2Cu* + Ge*".



C. Wei, et al.

] LH-27 LH-36
[]LH-42 B LH-07
Bl LH-66 [] LH-01
] 25%to75%
T 1% to 99%
-+ MeanLine

100000
Al
% Sphalerite 1

10000

Fe(ppm)
HD

T'.E

Sphalerite 2

10004

100
1000 g

100+

!

Ge(ppm)

0.1

10000 E

1000+

1004
10

i ?

0.1+

Sb(ppm)

0.01

Ore Geology Reviews 115 (2019) 103175

10000

B

10000+

Sphalerite 2

i@T

.

Cd(ppm)

I@

Sphalerite 1

1000+

1004

Cu(ppm)

104

0.1 ‘
1000 L]

100 5

104

Ag(ppm)

0.1

Fig. 6. Box-and-whisker plots of the trace element results of sphalerite from the Lehong deposit, grouped into the two stages sphalerite (Sphalerite 1 and Sphalerite

2).

6.1.2. The incorporation of Sb and Ag into sphalerite from Lehong

It is well recognized that Sb and Ag are incorporated into galena via
the coupled substitution 2Ag* + Sb3*< 2Pb%* (Wernick 1960;
Amcoff 1976; Sharp and Buseck 1993; Costagliola et al. 2003; Chutas
et al. 2008; Renock and Becker 2011; George et al., 2015); however, Sb
and Ag occurrence in sphalerite are still inconclusive. Cook et al. (2009)
considered that Sb in sphalerite is mostly interpreted in terms of micro-
scale inclusions of galena or Ag-Sb-bearing minerals and that Ag occurs
as micro-scale inclusions or as solid solution. If the hypothesis is cor-
rect, micro-scale inclusions of galena or Ag-Sb-bearing minerals should
be observed in the sphalerite from Lehong. In contrast, in Lehong
sphalerite, the signals of Sb, Ag and Pb are smooth and show no

abnormal peaks of Sb and Ag in the time-resolved LA-ICP-MS depth
profile (Fig. 10B), and microphase inclusions of galena or Ag-Sb-
bearing minerals are not observed in the high-resolution BSE images
(Fig. 10C-F). Furthermore, coordinate variations in Sb and Ag are
displayed in LA-ICP-MS element distribution mapping, and the Sb en-
richment area is also enriched in Ag (Fig. 8). Thus, all evidence suggests
that Sb and Ag are incorporated into the sphalerite lattice at the Lehong
deposit.

Expressed as mol% on a binary plot, the correlation between Sb and
Ag has a trend subparallel to the molar ratio (Sb/Ag)mer = 1 (Fig. 9C).
Moreover, the Sb contents in spot analysis data of sphalerite from the
Lehong deposit are nearly equal to those of Ag and much smaller than
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Table 2
LA-ICP-MS results for the sphalerite samples from different mining levels. Averages are presented as the mean values of all sample geometric means. Minimum (min)
and maximum (max) concentrations are extreme values of single sample means.
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Orebody Level(m) Mn Fe Cu Ge Ag Cd In Sn Sb
Count 16 16 16 14 16 16 9 9 16
II 1690 Mean 42.6 1742 480.2 247.2 25.7 3557 0.04 0.85 16.9
(2 samples) S.D. 19.0 753 462.8 202.7 28.1 1102 0.06 1.60 21.4
Max 83.1 3151 1174.2 536.0 85.5 6387 0.17 4.57 60.6
Min 18.5 725 1.23 0.42 1.54 2399 0.00 0.04 0.04
Count 7 7 7 7 7 7 4 6 7
il 1640 Mean 11.6 7303 286.0 81.8 55.9 3559 0.04 1.92 272.9
(1 samples) S.D. 6.22 2085 157.3 45.1 50.4 1917 0.05 2.54 349.5
Max 21.3 9309 581.5 151.0 155.8 6686 0.11 6.96 954.8
Min 3.53 3253 89.2 22.9 17.3 1269 0.01 0.09 56.0
Count 8 8 8 8 8 8 4 6 8
I 1580 Mean 4.55 2687 118.8 59.0 17.9 2200 0.08 5.45 29.6
(1 samples) S.D. 3.30 1456 115.9 72.8 16.3 586 0.12 9.96 43.7
Max 9.76 5139 360.5 221.6 43.6 2995 0.26 25.06 127.0
Min 1.18 794 14.1 0.55 2.87 1235 0.01 0.09 2.02
Count 16 16 16 16 16 16 9 14 16
I 1550 Mean 24.0 11,328 266.1 111.4 48.1 2383 0.15 3.26 151.1
(2 samples) S.D. 31.5 11,422 213.0 66.4 71.4 726 0.38 9.80 134.7
Max 138.4 36,299 898.3 253.4 297.3 3539 1.15 37.24 398.7
Min 5.27 1179 19.7 9.22 3.82 574 0.00 0.04 4.67
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Fig. 7. Box-and-whisker plots of the trace elements (Mn, Ge, Cd and Cu) in sphalerite from different levels and orebodies of the Lehong deposit.
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Fig. 8. Elemental maps generated with LA-ICP-MS show the distribution of selected trace elements in sphalerite from sample LH-01, Lehong deposit. A. Reflected
light photomicrograph of mapped sphalerite crystals that enclose several galena grains. B-I. Different elements (Zn, Pb, Cu, Ge, Ag, Fe, Cd, and Sb, respectively) of

LA-ICP-MS maps. Mineral abbreviations: Sp = sphalerite, Gn = galena,

those of Cu. Interestingly, in some high-Cu sphalerite samples, Sb
contents are considerably higher than Ag contents. Assuming that such
a coupled substitution mechanism can account for the total Ag in-
corporation into sphalerite, Sb has likely been involved in other sub-
stitution mechanisms to reach these concentrations, particularly for Cu,
In and Sn (Fig. 9D). A similar well-defined Sb-Ag correlation has been
reported for different genetic Zn-Pb deposits in southern China by Ye
et al. (2011).

Olsen et al. (2016) showed that Sb®* is the dominant valence state
in hydrothermal solutions and that Sb-bearing species are dependent on
the pH and sulfide concentration of the solution. Han et al. (2017) show
that Sb®* commonly occurs in iron sulfide. In addition, Sb®* is gen-
erally present in most Sb minerals, i.e., stibnite, chalcostibite and tet-
rahedrite. Thus, the oxidation state of Sb in sphalerite is likely the +3
state. Ag likely exists in the + 1 state, which has been interpreted (Cook
et al., 2009; Ye et al., 2011; George et al., 2016) as solid solution in
sphalerite.

Concerning the ionic radius, the ionic radii of Sb®* and Ag* are
0.76 A and 1.00A, respectively, in the tetrahedral configuration
(Shannon, 1976) and close to the Zn®™ ionic radius (0.60 A), indicating
that Sb®* and Ag™ are apt to be incorporated into sphalerite by re-
placing Zn?™.
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As mentioned above, the coupled substitution may thus be more
accurately expressed as 2Zn** <> Ag* + Sb3*.

6.1.3. The coupled substitution between trivalent and tetravalent cations
and monovalent cations in sphalerite from Lehong

Johan (1988) proposed that a coupled substitution mechanism
would result in trivalent and tetravalent element (including Sb>*, In®*,
Sn**, and Ge**) enrichments with respective monovalent cations (i.e.,
Cu and Ag) in sphalerite. A strong correlation between
Sb + Ge + In + Sn (trivalent and tetravalent cations) and Cu + Ag
(monovalent cations) along the 1/1 M ratio (Fig. 11) highlights a gen-
eral coupled substitution for trace elements incorporated into spha-
lerite. Interestingly, in all spot analyses, the monovalent cation con-
centrations (Cu and Ag) approach the sum of all trivalent and
tetravalent cations. It is suggested that the monovalent cations provide
charge balance in all coupled substitutions and could take the respon-
sibility for a large number of trivalent and tetravalent cations, espe-
cially In, Sn, Sb, and Ge, incorporated into sphalerite. In addition, the
scattered data are slightly below the 1/1 M ratio line (Fig. 11) because
there is no analyses of Ga concentration.
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Fig. 9. Binary correlation plots, trend lines, and suggested coupled substitution mechanisms. A. The correlation between Ag and Ge. B. The correlation between Cu
and Ge, with a trend sub-parallel to (Cu/Ge)ye = 2. C. Ag correlated with Sb with a trend sub-parallel to the (Ag/Sb)yme = 1 line. D. The correlation between
Cu + In + Sn and Sb, with a trend sub-parallel to the Sb/(Cu + In + Sn)y,e = 1 line.

6.2. Significance of trace element trends in evolution of hydrothermal fluids

Fe and other trace elements, such as Ge, Cu, Sb, Ag, Cd, In, Sn and
Mn, can partition from hydrothermal fluids and be incorporated into
the sphalerite lattice by substituting for Zn?* during crystal growth or
recrystallization (Cook et al., 2009, 2012; Ye et al., 2011,2016;
Murakami and Ishihara, 2013; Belissont et al., 2014; Wei et al., 2018a
and this study). The incorporation and distribution of trace elements in
sphalerite is controlled by the geochemical properties of elements,
crystal-fluid partition coefficients and bulk concentrations in hydro-
thermal fluid (e.g., Belissont et al., 2016; Bauer et al., 2019). Thus, the
sphalerite that formed in different stages in the Lehong deposit, com-
bined with previously published fluid inclusion data, can be studied to
provide useful information on the physical chemistry and evolution
process of hydrothermal fluids.

In the Lehong deposit, both types of sphalerite contain variable
concentrations of siderophile and chalcophile elements (e.g., Ge, Cu,
Sb, Ag, Cd, and Fe), suggesting that hydrothermal fluids were hetero-
geneous in composition. The early red-brown sphalerite intergrowths
with pyrite and quartz are relatively enriched in Fe, Ge, Cu, Sb and Ag
(Fig. 6). The reported temperatures of mineralization at the Lehong
deposit suggest that the early sphalerite formed between 217.8 and
292.2°C (Zhao et al., 2018). The fluid inclusions dataset and newly
obtained trace element concentrations in early sphalerite indicate that
the early intermediate- to low-temperature hydrothermal fluid tended
to precipitate Lehong sphalerite enriched in Fe, Ge, Cu, Sb and Ag. Late
sphalerite is characterized by slightly elevated Cd and distinctly
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decreased Fe, Ge, Cu, Sb and Ag (Fig. 6) and coexists with galena and
hydrothermal dolomite. Microthermometry of fluid inclusions indicates
that the formation temperature of late sphalerite at the Lehong deposit
ranges from 140.4°C to 227.4°C (Zhao et al., 2018). This evidence
suggests that sphalerite enriched in Cd was produced in relatively low-
temperature hydrothermal systems.

In summary, sphalerite enriched in Fe, Ge, Cu, Sb and Ag was prone
to form in the early hydrothermal fluid; sphalerite with elevated Cd was
preferentially produced in the late hydrothermal fluid as the hydro-
thermal fluid temperature decreased at Lehong.

6.3. Coupling of Fe and Ge in sphalerite during evolution of hydrothermal
fluids

There are few but sufficient study data on the behavior of Ge in
hydrothermal fluid systems. Ge is slightly enriched in silicate minerals
of late magmatic differentiates and late hydrothermal fluids on the basis
of previous studies (Bernstein, 1985; Holl et al., 2007). Sphalerite is one
of the main Ge carriers and provides a by-product in sphalerite pro-
cessing (HOll et al., 2007; Cook et al., 2009). Kelley et al. (2004) de-
monstrated that late-precipitating, Fe-poor sphalerite is relatively en-
riched in Ge. In the Lehong deposit, however, Fe and Ge are enriched in
the early red-brown sphalerite and depleted in the late yellow-brown
sphalerite. Although a profound understanding of the controls on Ge
enrichment in early sphalerite requires reliable experimental thermo-
dynamic study, in situ LA-ICP-MS data from sphalerite of the Lehong
deposit show that the Cu contents in all crystals of the analyzed sample
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Fig. 10. A. The laser hole of Ge-bearing sphalerite (LH-01Sp1) from Lehong. B. The time-resolved LA-ICP-MS depth profiles of LH-01Sp1. C-F. Different magnification
of backscattered electron (BSE) images around the laser hole (C. BSE image enlarged 1400 times. D. BSE image enlarged 2200 times. E BSE image enlarged 4000

times. F. BSE image enlarged 50,000 times).

are nearly double those of Ge. It is suggested that the increase in Cu
concentration would promote the incorporation of Ge during Lehong
sphalerite precipitation from hydrothermal fluids (Johan, 1988).
Moreover, in sphalerite from the Saint-Salvy deposit, a high Ge content
(~2600 pm, Belissont et al., 2014) related to the Cu concentration has
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been reported (Belissont et al., 2016). Thus, Cu enrichment in early
sphalerite may be a key controlling factor for increasing Ge con-
centration, further resulting in the coupling of Fe and Ge in sphalerite
during the evolution of hydrothermal fluids.
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Fig. 11. The strong correlation between Sb + Ge + In + Sn (trivalent and tet-
ravalent cations) and Cu + Ag (monovalent cations) along the 1/1 M ratio
highlights a general coupled substitution mechanism for trace elements in
sphalerite.

6.4. Vertical zoning of Mn, Ge, Cu and Cd in sphalerite — Implications for
mineral exploration

Our study has shown that shallow sphalerite is more depleted in Mn,
Ge, Cu and Cd more than sphalerite at depth. There is a clear upward
trend among Mn, Ge, Cu and Cd in sphalerite with increasing vertical
depth at Lehong (Fig. 7). This view has significant implications for Zn-
Pb mineral exploration in this orefield because trace elements, such as
Mn, Ge, Cu and Cd, in sphalerite have clear vertical zoning. Similar
sphalerite enriched in Ge, Cd and Cu in the deep part has been reported
from carbonate-hosted Zn-Pb deposits (Ye et al., 2016; Yuan et al.,
2018; Hu et al., 2019).

Although several aspects of the vertical zoning of Mn, Ge and Cd in
sphalerite remain unclear, the predictive model suggests that deep
sphalerite in the orebody is more enriched in Mn, Ge, Cd and Cu than
sphalerite at shallow levels and may be a potential exploration target.

In the Yangtze Block, carbonate-hosted Zn-Pb deposits are wide-
spread in the platform carbonate sequence, such as the S-Y-G Zn-Pb
metallogenic province (Hu et al., 2018), including more than 400 car-
bonate-hosted Zn-Pb deposits that formed during the Late Triassic
(~200 to 230 Ma) (Zhang et al., 2015; Hu et al., 2017). One significant
feature is that all deposits are epigenetic, and their orebodies are hosted
within the fault fracture zone (Huang et al., 2004; Han et al., 2007). As
mentioned above, the deep sphalerite is more enriched in Ge, Cu and Cd
than sphalerite in the shallow zone, as the orebody hosted within the
fault fracture zone. The Daliangzi deposit in southwestern Sichuan
Province may be such an example; trace elements, such as Ge, Cu and
Cd, in sphalerite generally elevate with increasing depth from shallow
to deep (Yuan et al., 2018). Moreover, the newly discovered Nayongzhi
and Niugongtang deposits in northwestern Guizhou Province indicate
that this district still presents wide prospects in search for Zn-Pb de-
posits. Thus, the vertical zoning of Mn, Ge and Cd in sphalerite may be a
potential tool for Zn-Pb mineral exploration.

7. Conclusions
The main findings of this study are as follows:

1. LA-ICP-MS element mapping and SEM study show that no Ge-
bearing micro-minerals are observed in the Lehong deposit. Strong
binary correlations between Cu and Ge and between Ag and Sb
suggest the coupled substitutions 3Zn?* <>2Cu™ + Ge** and
27Zn** <> Ag™ + Sb*. Additionally, in all spots, the monovalent
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elements, i.e., Cu and Ag, approach the sum of all trivalent and
tetravalent elements. It is suggested that the monovalent cations
may provide charge balance in all coupled substitutions responsible
for incorporating a wide range of trivalent and tetravalent cations,
especially In, Sn, Sb, and Ge, in sphalerite at Lehong.

2. Trace elements in sphalerite from the two mineralization stages are
significantly different. Sphalerite 1 is more enriched in Fe, Ge, Cu,
Sb and Ag than sphalerite 2. Fluid inclusion study and the newly
obtained trace elements of sphalerite from different hydrothermal
stages indicate that trace elements in sphalerite may have the po-
tential to record the evolution of hydrothermal fluids.

3. Fe and Ge are enriched in early sphalerite and depleted in late
sphalerite, which points toward decoupled behavior of Fe and Ge in
the Lehong deposit. We consider that increasing the Cu concentra-
tion would promote the incorporation of Ge in early sphalerite
during the evolution of hydrothermal fluids.

4. Mn, Ge, Cu and Cd display clear vertical distribution in orebody II at
Lehong, similar to those of carbonate-hosted Zn-Pb deposits (e.g.,
Daliangli and Fule deposits) in the S-Y-G metallogenic province,
which may provide a potential tool for Zn-Pb mineral exploration in
this district.
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