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Abstract: The Nayongzhi Zn-Pb deposit, located in the southeastern margin of the
Sichuan-Yunnan-Guizhou (S-Y-G) Zn-Pb metallogenic province, China, has been recently discovered
in this region and has an estimated resource of 1.52 Mt of metal at average grades of 4.82 wt % Zn and
0.57 wt % Pb. The ore bodies are hosted in the Lower Cambrian Qingxudong Formation dolostone
and occur as stratiform, stratoid and steeply dipping veins. The predominant minerals are sphalerite,
galena, dolomite, calcite with minor pyrite, and barite. In this paper, the inductively coupled plasma
mass spectrometry (ICP-MS) technique has been used to investigate the concentrations of Fe, Cd,
Ge, Ga, Cu, Pb, Ag, In, Sn, Sb, Co and Mn in bulk grain sphalerite from the Nayongzhi deposit,
in an effort to provide significant insights into the element substitution mechanisms, ore-forming
temperature and genesis of the deposit. This study shows that those trace elements (i.e., Cd, In,
Sn, Sb, Fe, Mn, Cu, Ga, Ge, Ag, and Co) are present in the form of isomorphism in sphalerite,
and strong binary correlation among some elements suggests direct substitution as Zn?*<+Fe?* and
coupled substitutions as Zn?"<+Ga3" + (Cu, Ag)" and Zn?*++In3" + Sn3* + O (vacancy), despite
there being no clear evidence for the presence of Sn**. Sphalerite from the Nayongzhi deposit
is enriched in Cd, Ge and Ga and depleted in Fe, Mn, In and Co, which is similar to that of the
Mississippi Valley-type (MVT) deposit and significantly different from that of the Volcanogenic
Massive Sulfide (VMS) deposit, Sedimentary-exhalative (Sedex) deposit, skarn, and epithermal
hydrothermal deposit. Moreover, the ore-forming temperature is relatively low, ranging from 100.5
to 164.4 °C, as calculated by the GGIMFis geothermometer. Geological characteristics, mineralogy
and trace element contents of sphalerite suggest that the Nayongzhi deposit is a MVT deposit.
In addition, according to the geological characteristics, Ag content in sphalerite, and Pb isotope
evidence, the Nayongzhi deposit is distinct from the deposits associated with the Indosinian Orogeny
in S-Y-G Zn-Pb metallogenic province (e.g., Huize, Daliangzi, Tianbaoshan and Tiangiao deposits),
thus, suggesting that multi-stage Zn-Pb mineralization may have occurred in this region.

Keywords: Nayongzhi Zn-Pb deposit; trace elements; ore-forming temperature; Mississippi
Valley-type (MVT) deposit; Sichuan-Yunnan-Guizhou (S-Y-G) Zn-Pb metallogenic province

1. Introduction

Sphalerite (ZnS), one of the most common sulfide minerals, is the major ore of zinc,
and approximately 95% of all primary zinc worldwide is extracted from sphalerite ores. Previous
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studies have shown that the crystal structure of sphalerite could incorporate a broad variety of
elements, with the most significant being Fe, Cd, Ga, Ge and In [1-8], along with the presence of
some other elements (e.g., Hg, Ag and Cu) [4-7,9-11]. Several studies have noted that substitution
of Zn?* by bivalent similar-sized cations (e.g., Pb?>*, Cd?>* and Co?*) or by coupled substitution
mechanisms, which can be extended to tri- and tetravalent elements (e.g., Sb3*, In?* and Ge**).
Moreover, the trace element contents of sphalerite were identified as being related to the temperature
of ore formation [7,12-14]. Moller [14] proposed that the Ga/Ge ratio in sphalerite could be used
as a geothermometer. However, his treatment assumed that the Ga/Ge ratio in sphalerite and the
coexisting hydrothermal fluid should be identical, which given a strong dependence of partition
coefficient on various physicochemical parameters, including temperature, seems impractical. Recently,
Frenzel et al. [7] offered a new sphalerite geothermometer (GGIMFis), which could be applied to
calculate the ore-forming temperature of various deposit types, based on the assumption that Fe, Mn,
Ga, Ge, and In are incorporated in the crystal lattice of sphalerite. This geothermometer firstly was
used to calculate the ore-forming temperature of the Cristal nonsulfide Zn prospect, Bongara district,
northern Peru by Mondillo et al. [8]. Furthermore, it has been recognized relatively recently that the
trace element endowment of sphalerite can, to a large extent, be correlated with genetic type [4-6,15,16].
Zhang [16] first attempt to use the trace element contents (e.g., In, Ga, Fe, Cd, Mn) of sphalerite to
discriminate the genetic type of Zn-Pb deposit. Subsequently, Cook et al. [4] and Ye et al. [5] confirm
that sphalerites from different ore genetic types have significant different trace element contents,
which can be used as discriminators among genetic types of ores. However, although a great number
of researchers have accessed the trace element contents in sphalerite to understand the ore-forming
process and genetic type of ore deposit, the existing form of some elements (e.g., In, Sn, Ga, Ag and
Cu) commonly found in sphalerite still remain less well constrained. It is not entirely clear whether
they enter the sphalerite structure at all or are almost present as an inclusion of independent mineral,
which restricts the application of the geothermometer and discrimination of genetic type.

The Nayongzhi deposit, located in the southeastern margin of the Sichuan-Yunnan-Guizhou
(5-Y-G) Zn-Pb metallogenic province, China (Figure 1a), is the largest Zn-Pb deposit in northwestern
Guizhou Province. This deposit, exploited by the most recent mining operation, has an estimated
resource of 1.52 Mt of metal at average grades of 4.82 wt % Zn and 0.57 wt % Pb [17,18].
The salient aspects of the geological characteristics of the deposit, including ore-controlling
factors, ore-forming material and fluid source, and mining projects of the Nayongzhi deposit,
have been discussed in a number of papers [17-25]. Some authors consider that the metals
were mainly derived from the basement rocks based on the Pb isotopic results of sulfides [17,18].
Meanwhile, the S isotopic compositions of sulfides reflect the enrichment of 3*S in hydrothermal fluid
(834Sguiq > +11.8%0), and such S isotopic signatures show that thermochemical sulfate reduction (TSR)
is the principal mechanism for the formation of S>~ [17,18]. However, the genesis of this deposit is
still debated. Several remarkable studies have proposed very different genetic models, including
Sedimentary-exhalative (Sedex) [23], sedimentation-hydrothermal reformation [24] and Mississippi
Valley-type (MVT) lead-zinc deposit models [25].

In this paper, an integrated geological and geochemical study was carried out on the Nayongzhi
deposit. Electron microprobe analysis (EMPA) and inductively coupled plasma mass spectrometry
(ICP-MS) were used to obtain the contents of main and trace elements in sphalerite from the Nayongzhi
deposit. We aim to constrain the trace elements (e.g., Fe, Ga, In, Sn, Ag and Cu) substitution
mechanisms, and attempt to calculate the ore-forming temperature of the Nayongzhi deposit using the
GGIMFis geothermometer. Finally, by combining with the trace element characteristics of sphalerite,
mineralogy and the geological features of the deposit, we can discriminate the ore genetic type,
giving new insights into the Zn-Pb mineralization in the S-Y-G Zn-Pb metallogenic province.
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Figure 1. (a) Simplified geological map of the South China Craton and adjacent regions showing
the framework and the distribution of MVT Zn-Pb deposits in the Yangtze Block (Ye et al. [5] and
Hu et al,; (b) The geological map of the Wuzhishan anticline showing the location of zinc-lead deposits;
(c) Geologic cross section 0-0' showing the Wuzhishan anticline.

2. Regional Geology

The South China Craton is composed of the Yangtze Block in the northwest and the Cathaysia
Block in the southeast. To the north, the early Mesozoic Qinling-Dabie Orogenic Belts lie between
the Yangtze Block and the North China Craton. To the west, the Yangtze Block is bounded by the
Tibetan tectonic domain (Figure 1a). The Yangtze Block is dominated by a Mesoproterozoic to early
Neoproterozoic basement overlain by the middle Neoproterozoic weakly metamorphosed strata,
the late Neoproterozoic unmetamorphosed Sinian, and Phanerozoic cover [18,26].

The S-Y-G Zn-Pb metallogenic province, located in the southwestern margin of the Yangtze Block,
covers over 170,000 km? and consists of NE Yunnan, SW Sichuan, and NW Guizhou [27,28]. This area
is confined by the NW-SE trending Weining-Shuicheng, the N-S trending Anninghe and the NW-SE
trending Mile-Shizong, and the three regional fault belts extend deep into basement rocks. In addition,
there are also numerous secondary NE-SW and NW-SE trending faults and thrust-fold belts [18].
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In the S-Y-G region, the basement is composed of Mesoproterozoic to the Neoproterozoic
Kunyang Group and their equivalents [29,30], which mainly consist of sandstone, siltstone, slate, shale,
dolostone, and minor tuffaceous volcanic rocks with a total thickness of about 20 km, and experienced
greenschist facies meta-morphism. During the Sinian to Late Permian, the western Yangtze Block
was a passive continental margin, leading to the deposition of thick shallow marine sedimentary
sequences [31], the unconformity of which covers the basement and are dominated by carbonates and
clastic sediments [32]. They are overlain by the Permian Emeishan flood basalt, a product of mantle
plume, which formed at ca. 260 Ma [33] and covered more than 250,000 km? [34,35]. During the
late Triassic to Cenozoic, the western Yangtze Block was affected by the Indosinian Orogeny and the
India-Asia collision, resulting in the deposition of continental facies, including terrigenous sandstones,
conglomerates, and freshwater marls [36].

More than 400 Zn-Pb deposits are distributed in the S-Y-G Zn-Pb metallogenic province which
are hosted in Sinain to Lower Permian carbonate or, rarely in siliceous carbonate rocks that spatially
coexist with the Late Permian Emeishan flood basalts. These deposits are characterized by irregular ore
bodies with simple mineral assemblages, weak wall rock alteration, controlled by thrust-fold tectonic
fractures [37,38] and a high Pb + Zn ore grade [27,39] usually associated with Ag, Ge, Cd, Ga and
In [15,28].

3. Geology of the Nayongzhi Deposit

The Nayongzhi deposit (26°25’ N, 105°38’ E) is located in the southeast margin of S-Y-G region,
40 km north-northwest of Puding city. The ore deposit is situated on the NE-trending asymmetric
Wuzhishan overturned anticline (Figure 1b) that trends 315° with an axial plane dipping to the SE
(Figure 1c); this anticline is 16 km in length and 4 km in width, where are distributed several lead-zinc
deposits (e.g., Dujiaqiao, Nayongzhi, Xinmai, Xiabuchong, Yujiaba and Narun ore deposits; Figure 1b).

3.1. Strata and Structures

The dip angle of the SE wing ranges from 15° to 23°. Major faults in the area include the regional
NE-trending Jichangpo fault, a subsidiary fault of the NW-trending fault, and a minor secondary
NE-trending fault. The Jichangpo fault, which is characterized by a high dip angle (40°-65°) and
normal fault character, is over 6 km length and 1-5 m in width [23,25].

The exposed strata in the Nayongzhi mining district range from Sinian to Carboniferous
(Figure 2). The Upper Sinian Dengying Formation is a light gray thick-bedded coarse-grain dolostone
overlain by Lower Cambrian, which was divided into four parts from bottom to top: (1) the Lower
Cambrian Niutitang Formation, predominantly composed of black charcoal shale, grayish green silty
claystone and black coarse-grain charcoal limestone, 30-50 m in thickness; (2) the Lower Cambrian
Mingxinsi Formation, composed of yellow silty claystone, quartz sandstone and gray medium-bedded
oolitic limestone, 150-170 m in thickness; (3) the Lower Cambrian Jinding Formation, consisting
of argillaceous siltstone, quartz sandstone and limestone, over 150 m in thickness; (4) the Lower
Cambrian Qingxudong Formation, which is the principal ore hosting sequence at the Nayongzhi
deposit (Figure 3), and is predominantly composed of grayish white fine-grain dolostone, over 373.9 m
in thickness. Notable unconformity is present between the Lower Cambrian Qingxudong Formation
and Lower Carboniferous Xiangbai Formation. The Lower Carboniferous Xiangbai Formation is
composed of gray mudstone, and argillaceous siltstone, and quartz sandstone, 1-10 m in thickness;
the Lower Carboniferous Dapu Formation, overlain on the Lower Carboniferous Xiangbai Formation,
is composed of light gray-gray white middle-thick coarse-grain dolostone interlayer dolomitic
limestone, yellow shale and argillaceous siltstone, 30-100 m in thickness.
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Figure 2. Geological sketch map of the Nayongzhi district (modified from Jin et al. [17]), showing the
distribution of ore blocks, strata, faults.
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Figure 3. Geologic cross section 0-0' through the Nayongzhi deposit, revealing the distribution of ore
bodies, faults and strata (modified from Jin et al. [17]).
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3.2. Ore Bodies, Ore Types and Mineralogy

The Nayongzhi orefield mainly includes four ore blocks, respectively, for Shaya, Jinpo, Lumaolin,
and Yuhe ore blocks (Figure 2). The Shaya ore block is situated in the southwest part of the mining
area, where the ore bodies are typically 40-980 m in length and 0.75-13.5 m in thickness; the Pb + Zn
resources of these bodies exceed 0.53 Mt, with the average grade of Zn 5.62 wt % and Pb 0.99 wt %.
The Jinpo ore block is in the central part of the mining area, where the ore bodies are 50-1266 m
in length and 1.0-21.3 m in thickness; the Pb + Zn resources of these bodies exceed 0.44 Mt with
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the average grade of Zn 5.60 wt % and Pb 0.64 wt %. The Lumaolin ore block is in the northeast
part of the mining area, where the ore bodies are 50-1034 m in length and 0.35-11.5 m in thickness;
the Pb + Zn resources of these bodies exceed 0.38 Mt, with the average grade of Zn 4.0 wt % and Pb
0.6 wt %. The ore bodies occur as lenticular, stratiform and parallel to the surrounding strata in Shayan,
Jinpo and Lumaolin ore block. (Figure 3). In addition, the farthest northeast of the mining area is the
Yuhe ore block, where the ore bodies are hosted within the fault fracture zone and extensive deepening
long than 200 m. The Pb + Zn resources of this ore block are approximately 0.17 Mt, with the average
grade of Zn 13.8 wt % and Pb 3.1 wt %.

Mineralization occurs in massive ores (Figure 4a,g), breccias (Figure 4b—e), disseminated ores
(Figure 4f) and veins (Figure 4h,i) in this deposit. Both sulfide and supergene ore are developed in the
Nayongzhi deposit. Primary sulfide minerals are sphalerite, and galena and with minor pyrite in the
Nayongzhi deposit (Figure 4a—i). Supergene ore is composed of smithsonite, goethite and cerussite [17].
The common gangue minerals are dolomite, calcite, with minor barite.

Figure 4. Mineral assemblages and textures of the samples from the Nayongzhi deposit. (a) Massive
sphalerite and galena assemblage. (b) Vein-like Sphalerite and hydrothermal dolomite cemented the
fragments of dolostone. (c) Fine-grain sphalerite and galena fill the vugs of dolostone. (d) Sphalerite
and hydrothermal dolomite fill the fractures of the dolostone. (e) Stockwork of sphalerite distributed
in the fragments of host rock. (f) Disseminated sphalerite hosted in the dolostone. (g) Massive
sulfides including sphalerite and galena. (h) Vein sphalerite filling the dolostone. (i) Sphalerite-galena
assemblage. Abbreviations: Sp Sphalerite; Gn galena; Dol dolostone; HD hydrothermal dolomite;
Cal calcite.

The principal ore textures are euhedral-subhedral granular, subhedral-anhedral granular,
fragmented texture, and replacement texture. Granular texture is the most common. Sphalerite
is characteristically fine-grained, euhedral-subhedral-anhedral granular, which is wrapped by calcite
(Figure 5a), hydrothermal dolomite (Figure 5b,g) and pyrite (Figure 5f), or encloses pyrite (Figure 5e).
Most sphalerite are light yellow in color, but brownish and brownish red colors are occasionally
observed (Figure 5a,b). Galena is euhedral-subhedral granular and veinlets; the individual grain
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is 0.1-10 mm diameter and has cubic cleavage (Figure 5c,d,h,i), which is enclosed by hydrothermal
dolomite (Figure 5c,d), pyrite (Figure 5d,h) or sphalerite (Figure 5i). Pyrite is fine-grained (0.1-1 mm),
and commonly occurs as dissemination or bands in the wall rock adjacent to ores (Figure 5d),
or encloses galena (Figure 5d,h); diagenetic pyrite is fine-grained and occurs as dissemination in
the wall rock (Figure 5c). Fragmented sphalerite is enclosed by pyrite or hydrothermal dolomite
(Figure 5e). Replacement texture is identified, in which sphalerite is replaced by pyrite (Figure 5f) or
replaces galena (Figure 5i).

Figure 5. Microphotographs of representative samples from the Nayongzhi deposit. (a) Sphalerite
and calcite intergrowth with hydrothermal dolomite. (b) Euhedral sphalerite and hydrothermal
dolomite fill the fractures of dolostone. (c) Galena and pyrite fill the fractures of dolostone. (d) Galena
wrapped by pyrite and hydrothermal dolomite. (e) Sphalerite intergrowth with pyrite. (f) Pyrite fill
the edge of euhedral sphalerite granule (g) Euhedral sphalerite is around by hydrothermal dolomite.
(h) Galena intergrowth with pyrite. (i) Galena replaced by sphalerite. Photomicrographs (a,b) were
taken under transmitted plane-polarized light, and (c-i) were taken under reflected plane-polarized
light. Abbreviations: Sp sphalerite; Gn galena; Py pyrite; Dol dolostone; HD hydrothermal dolomite;
Cal calcite.

3.3. Mineral Paragenesis

Based on the field and microscopic observations of crosscutting relationships of veins
and paragenetic relationships of various hydrothermal minerals, the mineralization process has
been classified into three stages (Figure 6), generally beginning from sedimentary diagenesis
through hydrothermal mineralization followed by supergene oxidization, wherein the hydrothermal
process can be divided into early-stage and late-stage according to distinct mineral assemblages.
The early-stage mineralization is mainly massive ores and brecciated ores (Figure 4a,b,d,g,i),
which consist of euhedral to subhedral coarse-grained sulfide minerals aggregates (sphalerite,
galena and pyrite; Figure 5a,b,e-g,i), and veins or disseminated ores (Figure 4c,e,f,h) that is composed
of subhedral to anhedral fine-grained aggregates (dominated by galena; Figure 5c). In the late-stage
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mineralization, gangue mineral hydrothermal dolomite and calcite occur as fragment or fine-veined
aggregate cement that fill the fractures and voids of sulfide aggregation or wall rocks (Figure 4a—e,g).

Sedimentary Hydrothermal Stage Supergene
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Figure 6. Mineral paragenesis in the Nayongzhi deposit.
4. Sampling and Analytical Methods

The ore-bearing samples were collected from the mining adit at 1390 m and 1270 m and at the ore
pile. Thirteen sphalerite samples were crushed to a size of 40-80 mesh, and were handpicked under a
binocular microscope with a purity better than 99% for trace element analysis.

4.1. Electron Microprobe Analysis (EMPA)

Preliminary analyses were carried out using an electron microprobe analysis (EPMA) at the State
Key Laboratory of Ore Deposit Geochemistry, Chinese Academy of Science (SKLODG), using a 1600
EMPA from the Shimadzu Corporation, Japan. All of the EPMA undertaken during this study was
carried out on clear surface areas of representative ore mineral grains. This analysis was performed at
an accelerating voltage of 15 kV, with a beam current of 20 nA and a 5 um diameter electron beam.
The limit of detection (LOD) was better than 0.05%.

4.2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The analysis of trace elements in sphalerite were carried out with an ICP-MS (Finnigan MAT,
Bremen, Germany) at the National Geological Analytical and Testing Center, Chinese Academy of
Geological Sciences, Beijing, using the method of Qi et al. [40]. For sample preparation about 50 mg of
powdered sample was dissolved by 1 mL of HF and 1 mL of HNOj3 in a PTFE bomb; then the sealed
bombs were heated to 190 °C for about 36 h in an electric oven. After cooling, the bombs were placed
on a hot plate to evaporate to dryness. A quantity of 2 mL of HNOj3 and 4 mL of ultrapure water were
added, and then 500 ng of Rh was added as an internal standard. The bomb was again sealed and
heated to 140 °C for about 5 h in an electric oven to dissolve the residue. After cooling, the final dilute
factor was about 3000 for ICP-MS measurements. GSR-5 (Shale, Qi et al. [40]) was used as the external
standard, with an analytic precision of greater than 5%. Minimum LOD was usually 100 ppm for Zn
and Fe, 1 ppm for the trace elements Cd, Cu, Pb, Mn and Sn, and 0.1 ppm for the trace elements Ga,
Ge, Co and Ag. In addition, LOD of In was better than 0.01 ppm analyzed by ICP-MS.
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4.3. Principal Components Analysis of Trace Element Datasets

Principal component analysis (PCA), one of most useful multivariate statistical analyses, uses an
orthogonal transformation to convert a set of observations of possibly correlated variables into a set of
values of linearly uncorrelated variables. It is a powerful variable-reduction technique designed to
project data in two-dimensions with minimal data loss. PCA is directly calculated as the eigenvectors
of the correlation matrix and are ordered by decreasing eigenvalues. Notably, PCA is the simplest of
the true eigenvector-based multivariate analyses. Its operation often can be recognized as revealing
the internal structure of the data in a way that best explains the variance in the data. More detailed
descriptions of the PCA method can be found in multivariate statistics textbooks [41,42].

PCA is widely used in the field of geochemical exploration on large-scale datasets [43], which helps
to better understand the underlying ore mineralization and its organization. Consequently, PCA has
also found application in isotope geochemistry [44,45] and sulfide geochemistry [46]. Therefore,
we emphasize the use of multivariate statistics to better interpret the trace element data in mineral
geochemistry and understand their relationship. Consequently, PCA will be applied to the trace
element datasets in our study. All computations were performed using Statistical Product and Service
Solutions (SPSS) 21.0 software.

5. Results

5.1. Trace Element Contents

Electron microprobe analysis for some trace elements are listed in Table 1 and Appendix A.
The results of EMPA show that the Nayongzhi sphalerite are composed of 64.59 & 1.01 wt % Zn,
which is similar to the content (65.37 £ 0.41 wt %) measured by ICP-MS, and 32.90 £ 0.84 wt % S.
Fe were consistently detected with mean concentrations of 1.30 &+ 0.98 wt %. Moreover, Cd was
detected in 17 spots with contents up to 0.36 wt %; Ge was detected in only 2 spots, with concentration
of 500 and 700 ppm.

Table 1. Electron microprobe analysis (EMPA) main results of sphalerite of the Nayongzhi deposit.
Minimum, maximum, mean and the corresponding standard deviation (S.D).

In (wWt%) Swt%) Fewt%) Cdwt%) Ge(ppm)

n 32 32 32 17 2
max 65.63 33.66 2.28 0.36 700
min 63.61 31.98 0.33 0.11 500

mean 64.59 32.9 1.29 0.2
SD 2.02 1.67 1.95 0.25

n: number of measurements with higher contents than the limit of detection.

The trace elements in sphalerite that were determined with ICP-MS are summarized in Table 2,
and histograms of the element contents are shown in Figure 7.

Sphalerite displays significant Fe and Cd contents (n x 1073-n x 10~2), which show a weak
anti-correlation (R? = 0.45). Fe displays concentrations of 1.42-1.77 wt %, with a mean of 1.57 wt %,
and Cd displays concentrations from 774-1140 ppm, with a mean of 939 ppm. On other hand,
Pb contents vary widely, from 576 to 7360 ppm, with an average of 1413 ppm, and most of the sample
is lower than 1670 ppm, except for one sphalerite sample (SY-35) that is higher than 7360 ppm,
which means that it is likely to contain micro-inclusion (e.g., galena) that resulted in the high
lead concentration.
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Table 2. Elemental composition of bulk grain sphalerite determined with ICP-MS and the ore-forming
temperature of the Nayongzhi deposit calculated by the GGIMFis geothermometer [7].

Sample Zn Fe Cd Cu Pb Ga Ge Mn Sb Co Ag In Sn PC1* Tpjn (°C)  Tmax (°C)
LML-11 6551 147 856 125 805 40.1 73.4 30 18.4 1.1 1.0 0.15 5 1.14 127.7 164.4
SY-22 6538 1.57 981 144 1140 56.0 1080 20 10.4 1.0 1.2 0.20 5 1.33 116.4 155.8
SY-23 65.17 170 998 155 1060 577 2000 20 9.9 1.1 0.9 0.18 5 1.45 108.8 150.0
LML-8 6533 1.58 856 98 600 404 3360 30 166 1.0 1.0 0.27 4 1.39 112.6 152.9
LML-2 65.13 177 774 116 636 347 189.0 20 16.0 0.9 11 0.15 4 1.33 116.1 155.5
LML-1 6531 1.64 868 91 1090 339 1105 20 104 1.0 0.9 0.10 3 1.28 119.2 157.9
SY-24 6554 142 1140 159 792 759 2590 20 221 1.0 1.1 0.28 7 1.59 100.5 143.6
SY-25 65.31 1.63 1010 162 1670 60.5 1835 20 11.7 1.1 1.0 0.23 6 1.43 110.0 150.9
SY-26 65.54 146 1040 153 1080 66.4 1570 30 13.2 1.0 1.2 0.14 5 1.43 110.0 150.9
LML-9 6542 151 910 122 637 549 1155 30 245 1.0 11 0.44 7 1.18 125.2 162.5
SY-35 6551 145 976 186 7360 61.7 2100 30 7.3 0.9 11 0.24 6 142 110.5 151.3
LML-7 6541 159 905 140 920 50.3 1135 30 23.2 1.0 0.9 0.34 7 117 126.1 163.1
LML-3 6531 1.61 886 120 576 49.5 1865 20 21.5 0.9 1.0 0.38 6 1.34 115.6 155.2
Min 65.13 142 774 91 576 339 734 20 245 0.9 0.9 0.10 3 145 126.1 164.4
Max 6554 177 1140 186 7360 759 3360 30 7.3 1.1 12 0.44 7 1.14 100.5 143.6
Mean 6537 157 939 136 1413 525 1725 25 157 1.0 1.0 0.20 5 1.35 115.3 154.9
S.D 0.41 035 366 95 6784 42.0 262.6 10 17.2 0.2 0.3 0.34 4 0.31 25.6 20.8

Notes: Zn and Fe in wt % and other elements in ppm in the data table.

The trace elements Ga and Ge are relatively enriched, having a range of concentrations from
33.9 to 75.9 ppm with an average of 52.5 ppm, and from 73.4 to 336.0 ppm with an average of 172.5 ppm,
respectively. Cu and Sn concentrations range from 91 to 186 ppm, with an average of 95 ppm, and from
3 to 7 ppm, with an average of 5 ppm, respectively. In addition, In, Sb and Mn contents are relatively
lower, displaying narrow ranges, from 0.10 to 0.44 ppm (average of 0.20 ppm), 7.3-24.5 ppm (average
of 15.8 ppm), and 20-30 ppm (average of 25 ppm), respectively. Interestingly, both Ag and Co display
approximately the same range of concentrations, which are uniformly distributed from 0.9 to 1.2 ppm,
and from 0.9 to 1.1 ppm, respectively.
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Figure 7. Histogram of trace elements in sphalerite of the Nayongzhi deposit.
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5.2. Principal Components Analysis of Trace Elements

The results of the principle components analysis of the ICP-MS dataset are shown in Figure 8,
where the element distributions highlight two principal components. Principal Component 1 (PC1)
accounts for 52.5% of element content variability (Figure 8a), including Fe, Cu, Ga and Ag (loading PC1;
Figure 8b), whereas Principal Component 2 (PC2) accounts for 22.5% of element content variability
(Figure 8a), is composed of In and Sn (loading PC2; Figure 8b). Interestingly, PC1 is divided into
two sub-groups: (Fe) and (Cu, Ga, and Ag). The element distributions are projected on the PC1 vs.
PC2 plane, together accounting for 75.0% of element content variability (Figure 8c).

d)  Explained variability (%) &
20 40 60
: : 59 1.0 In
PC1 : | \52:,5/o =h
$ PC2 222.5%5
=] PC3 12.:5%
o o 0.5
qC_) PC477.4@ .
% NS
i_%’ pc5J4.1/ f ?Q Cu
0.9% N
Pee N 0.0 1
PC7(0.1% N
& Fe Ag
b) PC1  PC2 -0.5
log(Fe) -0.702 -0.242
23 log(Cu) 0.814 0.183
£ log(Ga) 0.855 0.354  -1.07
o log(Ag) 0.721 -0.202
-
log(In) -0.043 0.939 , - ,
-1.0 -0.5 0.0 0.5 1.0

log(Sn) 0.447 0.866 PC1 (52.5%)
Figure 8. Principal components analysis of the trace element contents (log-transformed) in sphalerite
from the Nayongzhi deposit. On the left-hand side edge: eigenvalues (a) (i.e., explained variability) and
loadings (b) (i.e., eigenvector coefficients) of the principal components. Right frame (c) elements (i.e.,
variables) plotted on the PC1 vs. PC2. plane (explaining 75% of the total variability), cluster of elements
showing similar behavior are marked as Fe, (In, Sn) and (Ga, Cu, Ag). The angle between two arrows
in (c) is related to the covariance between the concentrations of the corresponding elements: if the
angle is close to 0°, then the elements are positively correlated, if the angle is close to 90°, then they are
not correlated, and if it is close to 180°, then they are negatively correlated.

6. Discussion

6.1. Trace Element Substitution Mechanism

The appearance of multi-element correlation groups using PCA (Figure 8b) (i.e., Fe, Cu, Ga and
Ag in loading PC1, and In and Sn in loading PC2) may be reasonably associated with trace element
incorporation in sphalerite. The small angle among Ga, Cu, and Ag in the PCA confirms the
approximate positive correlation, which is consistent with the correlation plot of Ga vs. (Cu + Ag)
(Figure 9a). The strong correlation (R? = 0.88) between Ga and (Ag + Cu) in sphalerite implies that
these three elements are involved in a coupled substitution. In sphalerite, both Cu and Ag likely exist
in the +1 state, and Ga likely exists in the +3 state, which have been interpreted [4,10,47,48] as residing
in solid solution in sphalerite. The coupled substitution in sphalerite for the case of this deposit may
thus be accurately expressed as 27n** +Ga3t + (Ag, Cu)*, in agreement with Cook et al. [4].
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Figure 9. Correlation plots of (a) (Cu + Ag) vs. Ga, (b) Fe vs. Zn, (c¢) In vs. Sn, (d) (In + Sn) vs. (Ag + Cu)
in sphalerite from the Nayongzhi deposit. Lines of best fit and R? values are given. See the text for
further explanation.

Meanwhile, the small angle between In and Sn in the PCA (Figure 8c) is supported by the strong
positive correlation that is observed between In and Sn (R? = 0.78; Figure 9¢). This indicates that
sphalerite samples that are rich in Sn are also rich in In. In®* is generally assumed to be present
in most minerals [4-6,49]; nevertheless, the main oxidation states of Sn%*, Sn®*, and Sn** will be
somewhat present. Figure 9d shows that there is an unambiguously expressed non-correlation between
(In + Sn) and (Cu + Ag), and the involvement of monovalent cations is difficult to verify because
Cu and Ag are more concentrated than In and Sn in all samples, which could impossibly involve
the following mechanisms: 3Zn?*<+In®" + Sn?* + (Cu, Ag)* or 4Zn**++In3* + Sn** + (Cu, Ag)* + O
(where [J denotes a vacancy). Consequently, the correlation between In and Sn suggests a potential
coupled substitution 3Zn%* <In3* + Sn3* + [, which is consistent with previous study results [13].
The oxidation state of Sn is problematic and requires further work using X-ray absorption near edge
structure (XANES)/X-ray photoelectron spectroscopy (XPS) as in Goh et al. [50], Cook et al. [10] and
more recently in Belissont et al. [11].

The strong anti-correlation between Zn and Fe (R?* = —0.96; Figure 9b) in our data support
specific studies on trace element incorporation in sphalerite [6,8,51,52], which is suggestive of a direct
substitution of divalent cations as Zn?*<++Fe?* (Figure 8c). Moreover, Figure 10 shows that the strong
negative correlation is observed among (Cd + In + Sn + Sb + Fe + Mn + Cu + Ga + Ge + Ag + Co)
and Zn (R? = —0.94), which suggests that those trace elements (Cd, In, Sn, Sb, Fe, Mn, Cu, Ga, Ge,
Ag and Co) mainly exist in the form of isomorphism in sphalerite that is thought to be involved in the
mechanism of their enrichment in sphalerite [4,5,53,54]. In addition, these elements of sphalerite that
generally occur in obscure valences, such as Sb, Mn, and TI, will need to have their oxidation states
accurately determined by appropriate methods (e.g., X-ray absorption spectrum) in the future.
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Figure 10. Correlation plots of Zn vs. (Cd + In + Sn + Sb + Fe + Mn + Cu + Ga + Ge + Ag + Co)
in sphalerite from the Nayongzhi deposit. Lines of best fit and R? values are given. See the text for
further explanation.

6.2. Ore-Forming Temperature

Some of the early researchers [12,13] suggested that the trace elements in sphalerite have a close
relationship with the ore-forming temperature. They ascribed an association of high Ga and Ge,
and low Fe, In and Mn concentrations to “low temperature” deposits, and an association of low Ga
and Ge, and high Fe, In and Mn concentrations to “high temperature” deposits. This suggestion was
based on the geological criteria and never substantiated by relevant thermometric data or appropriate
statistical analyses, whereas Frenzel et al. [7] indicated that the concentrations of Ga, Ge, Fe, Mn and
In of sphalerite chemistry are strongly controlled by fluid temperature; the results of the principal
components analysis demonstrate that the first principal component of the dataset (PC1) is strongly
correlated with the homogenization temperature of the fluid inclusion(R? = 0.82, P < 2 x 10716).
It may be expressed as follows: PC 1* = In m> with Ga, Ge, In and Mn concentrations in
ppm, and Fe concentration in wt %. The relationship is sufficiently strong that it could be used as
a geothermometer (GGIMFis). The empirical relationship between PC1* and temperature (T) is as
follows: T(°C) = —(54.4 + 7.3) x PC 1* + (208 + 10).

As mentioned above, the trace element contents in sphalerite from the Nayongzhi deposit,
characterized by rich Cd (774-1140 ppm), Ge (73.4-336.0 ppm), Ga (33.9-75.9 ppm), and low In
(0.10-0.44 ppm), Co (0.9-1.1 ppm), Mn (20-30 ppm), and especially Fe (in the range between 14,200
and 17,700 ppm, which is much lower than the high temperature origin of marmatite (Fe concentration
exceeds 10 wt % )), is similar to the MVT deposit (e.g., the Niujiaotang deposit in east Guizhou
with an ore-forming temperature lower than 150 °C; Ye et al. [55]). Furthermore, the ore-forming
temperature of the Nayongzhi deposit is shown in Table 2 and Figure 11; it ranges from 100.5 to 164.4 °C
calculated by the trace element geothermometer (GGIMFis) [7], which is close to the homogenization
temperature of fluid inclusions in sphalerite from this deposit (102.1-155.2 °C, Wei. [56]). In summary,
the Nayongzhi deposit should be considered a low temperature deposit, with ore-forming temperatures
between 100.5 and 164.4 °C, in accordance with the metallogenic temperature of a typical MVT deposit
(90-150 °C) [57].
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Figure 11. The homogenization temperature of the Nayongzhi deposit showing the GGIMFis
geothermometer (modified after Frenzel et al. [7]). Note: the prediction intervals of linear fit are
shown as the red lines. 95% confidence intervals are shown as the black dotted lines, while the line of
best fit is shown as the black line.

6.3. Genetic Type of Deposit

In discrimination of genetic type of ore deposit, the trace elements in sphalerite show good
application prospects [4-6,15,16]. Cook et al. [4] noted that trace element contents in sphalerite from
different genetic types of deposit have obvious differences. Subsequently, Ye et al. [5] demonstrated
that sphalerite from each genetic type of deposit shows a distinct chemical signature, e.g., the skarn
deposits feature is high Co and Mn; their distal character is reflected by low In. The syngenetic massive
sulfides deposit is characterized by elevated In, Sn and Ga, whereas the MVT deposits are typically
enriched in Ge, Cd, Tl, and As. Consequently, trace elements in sphalerite show promise as a tracer for
genetic type of mineral deposits.

Sphalerite from the Nayongzhi deposit is characterized by low In, Co and Mn, which is distinct
from the syngenetic massive sulfides and magmatic hydrothermal deposits (In > 50 ppm and
Mn > 1000 ppm; Frenzel et al. [7] and Ye et al. [15]), and differs from the distal skarn deposits
(Co > 200 ppm and Mn > 1000 ppm; Ye et al. [15]); this sphalerite is the relatively rich Cd, Ge, and Ga
that show strong similarities with MVT deposits (Ge > 45 ppm and Cd > 2700 ppm; Frenzel et al. [7]
and Ye et al. [15]). The samples from the Nayongzhi deposit, similar to the Niujiaotang Zn-Cd deposit,
the notable MVT deposit in China, are located in an MVT deposit area (e.g., Mengxing, Huize and
Tianbaoshan deposit, China; Ye et al. [5,15]) in the trace discrimination diagram of Ag-Mn, In/Cd-Mn,
In/Ge-Mn, and In + Sn-Mn (Figure 12), and they are distinct from the Volcanogenic Massive Sulfide
(VMS) deposits (e.g., Vorta. S. Romaina; Eskay Creek,BC; Sauda, Western Norway; Bergslagen district;
Laochang deposit, China; Cook et al. [4] and Ye et al. [5]) and Sedex deposits (e.g., Dabaoshan deposit,
China; Ye et al. [5]); in addition, they are even more clearly different from the epithermal deposits (e.g.,
Neogene epithermal mineralization, East Carpathians; Toyoha Cu-Zn-In deposit, Japan; Cook et al. [4])
and skarn/distal skarn deposits (e.g., Majdanpek, Serbia; Ocna de Fier and Baita Bihor, Romaina;
Kamioka, Japan; Konnerudkollen, Norway; Lefevre, Canada; Bainiuchang and Luziyuan deposit,
China; Cook et al. [4] and Ye et al. [5]).



Minerals 2018, 8, 490 15 of 23

§ xwi%g xxl I{III' T IIIH& T IIIIII| A | Ilg
i l‘??& 35’ *x - | (@ 3 3
e i 5 -
£ & = E
: %% ; -
= |[E{EL = 1 7 .
E E 3 £ 3
a - % x% 7 o ]
2 2F x s - (= %
= ||| E 3 % E
S T - 5
of .
:IIIIII 11 IIIIII| {8 § IIIIII| 11 III|II| 11 III: IIIIlII IR L1 1 IIIIIIII 1 IIIIIII| 1 IIIIIlII 1 IIIIIII| 1 IIIII;
0 1 2 3 4 -6 -5 -4 -3 -2 -1 0 1
LG[Ag(ppm)] LG[In/Cd]
%IIIIII T IIIIIII| TTTT T IIIIIII| T IIIIIII| T TTTIT E
56 ,glx (c F
4f ! T
= oF =3f
O 2k E
O E o E
: 1f By Sol
i E = E
O 1 % =it
| E [0)
2F + @ J1F
g x E
3 g_ il
-4
ELL 11 IIIIII| 11 IIIIII| I IIIII 1 IIIIIIII 1 IIIIIII| | IIIIIII| 1 IIlIIIIl 1 IIIIIIII 1 IIIIIIII I RN
0 1 2 3 4 5 -2 -1 0 1 2 3 4
LG[Mn(ppm)] LG[In+Sn(ppm)]
< Sedex Pb-Zn deposit % Epitermal deposit A Skarn Pb-Zn deposit @ Nayongzhi Zn-Pb deposit
O MVT Pb-Zn deposit & VMS deposit + Distal skarn Pb-Zn deposit ¢ Niujiaotang Zn-Cd deposit

Figure 12. Binary plots of Ag vs. Mn (a), In/Cd vs. Mn (b), In/Ge vs. Mn (c), and In + Sn vs. Mn (d)
in sphalerite from the Nayongzhi deposit and other Zn-Pb deposits in China, NE Europe, and Japan.
Note: plots are based on data from Cook et al. [4] and Ye et al. [5,15].

As noted above, the most important characteristics of the Nayongzhi deposit include:
(1) the steeply dipping veined Zn-Pb ore body cutting cross the carbonate rocks was developed,
which shows a epigenetic origin; (2) low ore grade and dominated by zinc, with minor Pb; (3) ore bodies
in conformity with the country rocks in attitude, occurring as bedded or bed-like formations; (4) simple
mineral assemblage, with dominant minerals of sphalerite, galena, dolomite, calcite, and rarely pyrite
and barite; (5) coarsely crystalline to fine-grained, massive, brecciated and disseminated sulfides;
and (6) alterations consisting mainly of dolomitization, host-rock dissolution and brecciation. Isotopic
data indicate the metal displays the upper crust source, most likely derived from the basement rocks,
and reduced sulfur in the ore-forming fluid was likely the product of marine sulfate in the ore hosting
Cambrian and Sinian strata by thermal-chemical reduction [17,18]. These features of the Nayongzhi
deposit are consistent with those of the typical MVT deposit [57-59]. Combined with the evidence of
geology, Pb, S isotopes and trace elements in sphalerite, the Nayongzhi deposit should be described as
a MVT lead-zinc deposit.

6.4. A New Discovery of a Zn-Pb Mineralization Event in the S-Y-G Metallogenic Province?

Several studies reveal that the collision of the Indochina Block with the South China Block
(Indosinian Orogeny) triggered regional migration of the basinal brines that leached ore-forming
elements from basement rock to form the S-Y-G Zn-Pb metallogenic province [60,61]. The major features
of those deposits (Table 3) are the following: (1) they occur in foreland thrust belts; (2) the majority of
the ore bodies are vein-type, controlled by faults cutting the Upper Sinian, Carboniferous and Permian
dolostone and limestone sequences; (3) high Pb + Zn ore grades (10-30 wt %), ore grades of a few
deposits (e.g., Huize; Han et al. [28]) exceeded 50 wt %; (4) temperatures of ore deposition are typically
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150 °C to 270 °C; and (5) ore-fluids were basinal brines with 6.0 to 20 wt % NaCl eqv. In contrast,
there are noticeable differences between the Nayongzhi deposit and other Zn-Pb deposits particularly
for the geological setting, morphology of ore bodies, the grade of ore, ore-forming temperature,
and ore-controlling structure along the S-Y-G Zn-Pb metallogenic province.

Moreover, the Ag contents of sphalerite from Nayongzhi deposit are very low, ranging from 0.9 to
1.2 ppm, whereas the other Zn-Pb deposits (e.g., Huize, Daliangzi, Tianbaoshan and Tiangiao deposit)
in S-Y-G district are relatively enriched in Ag, which is one or two order of magnitude higher than
that of the Nayongzhi deposit (Figure 13). Meanwhile, the Pb isotope ratio of sulfides (sphalerite,
pyrite and galena) in the Nayongzhi deposit are 17.828 to 17.924 for 2°°Pb /2%4Pb, 15.640 to 15.707 for
207pp /294Pb, and 37.922 to 38.176 for 2%’Pb/204Pb [17,18,24,62], which are significantly lower than that
(2%Pp /204Pp = 18.120-18.693, 2Pb/2%Pb = 15.560-15.882 and 2%7Pb/2%Pb = 38.207-39.586;
Bao et al. [26]; Liu and Lin [36]; Zheng et al. [39,63]; Wang. [64]; Zhang et al. [65]; Fu [66]; Wang et al. [67];
Zhou et al. [68,69]) of typical carbonate hosted Zn-Pb deposits (e.g., Huize, Daliangzi, Tianbaoshan and
Tiangiao deposit;) in S-Y-G Zn-Pb metallogenic province. In addition, In Pb-Pb diagrams (Figure 14a,b),
the Pb isotopic data of the Nayongzhi deposit samples distribute in a narrow range, which is distinctly
different from those Zn-Pb mineralization (e.g., Huize, Daliangzi, Tianbaoshan and Tianqgiao deposit)
associated with the Indosinian Orogeny in S-Y-G district. The Pb isotopic evidence indicates that it is
impossible that the ore-forming metal of Nayongzhi deposit and other deposits in S-Y-G district are
derived from an identical source.

Consequently, the geological features, Ag content of sphalerite and the Pb isotopic composition of
sulfides (pyrite, galena and sphalerite) indicate that the Nayongzhi deposit is unlikely a product of the
Indosinian Orogeny. Multistage Zn-Pb mineralization may occur in the S-Y-G district, which still need
a precise geochronology to verify in the future.

10*

10°

10?1

Ag(ppm)

10"

10°- =

10.1 T T T T T
Tianbaoshan Tiangiao Daliangzi Huize Nayongzhi

Figure 13. Ag content of sphalerite from Tianbaoshan, Daliangzi, Huize, Tianqiao and Nayongzhi
deposit in S-Y-G Zn-Pb metallogenic province. Note: plots are based on data from Ye et al. [5,15],
Li et al. [70] and Yuan et al. [71]. Minimum, maximum, median, lower quartile and upper
quartile are indicated by the lowest point, the uppermost point, the line across the rectangular
box, the upper boundary of the rectangular box, the lower boundary of the rectangular box of each
column, respectively.
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Table 3. Geological feature, ore-forming fluids and age of the typical MVT deposits in S-Y-G metallogenic province.
. . Resources and Grade . Morphology of Ore-Controlling . Ore-Forming Timing of
Deposit Hosting Strata (Zn + Pb) Metal Association Ore Bodies Structure Ore Texture Mineral Assemblage Fluids Mineralization (Ma) Reference
Ore minerals: sphalerite, Th: 165-220 °C; 229: Zhou et al. [27];
. Carboniferous o . NE-trending Massive, galena and pyrite; gangue salinity: ’ Han et al. [28];
Huize dolostone 7 Mt >25 wt % Zn-Pb-Ag-Ge-Ga-Cd  veins and lenses thrust faults disseminated main minerals: dolomite, 6.0-12.0 wt % ;;g’ Lietal. [72];
calcite and minor quartz NaCl eqv. Yin et al. [73]
NW-trending Massive ?f:n‘;‘;r:;aIS:rftzbageiltﬁé Th: 170-225 °C; W [32];
Daliangzi Sinian dolostone 4.5Mt, 10-12 wt % Zn-Pb-Ag-Ge-Ga-Cd  Vertical pipe-like wedging di L & 16 pyrite; gang salinity: 18.0 wt % 204.4 Zheng et al. [39];
isseminated main minerals: .
thrust faults . . NaCl eqv. Zhang et al. [74]
dolomite, calcite
NNE-trending Massive, Ore rariu:gi:l;;lsp hriﬁerlte, Th: ljﬁ;&f 7 G Wang et al. [67];
Tianbaoshan Sinian dolostone 2.6 Mt, 10-15 wt % Zn-Pb-Ag-Ge-Ga-Cd  Vertical pipe-like wedging disseminated, gaen pymte, s ¥ o early than 165 Ma Zhang et al. [74];
. chalcopyrite; gangue main 12.4-20.0 wt % -
thrust faults brecciated . . . Wang et al. [75]
minerals: dolomite, calcite NaCl eqv.
Devonian and NW to Massive Ore minerals: sphalerite, Th: 150-270 °C;
Tiangiao ~ Carboniferous 04Mt, 15-18wt%  Zn-Pb-Ag-Ge-Cd-Ag Stratabound lenses ~ NNW-trending  disseminated, galenx’;ﬁ pyple; gangue 9 éfﬂ‘;‘ty; o 1919 Zhou et al. [68,69,76]
dolostone thrust-fold faults banded e . : oWt
dolomite, calcite NaCl eqv.
Ore minerals: sphalerite,
. NE-trending Disseminated,  galena and minor pyrite; Th: . )
Nayongzhi Lomczieorl(iatg:)enan 1.35 Mt, 4.6-7.5 wt % Zn-Pb-Ga-Ge-Cd Strat}j:gﬁci and anticline massive, gangue main minerals: 100.5-165.4 °C; No data Jin etttalli.s [sltifl.q and
1 and faults brecciated dolomite, calcite and salinity: no data y

minor barite
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Figure 14. Correlative diagrams of 206pp, /204pp VS, 207Ph /24P (a) and 2°6Pb /294PDb VS. 208Pp /204Pp
(b) for the Tianbaoshan, Daliangzi, Huize, Tiangiao and Nayongzhi deposit in S-Y-G Zn-Pb metallogenic
province. Note: plots are based on data from Jin et al. [17,24], Bao et al. [26], Liu and Lin [36],
Zheng et al. [39,63], Chen et al. [62], Wang. [64], Zhang et al. [65], Fu [66], Wang et al. [67] and
Zhou et al. [68,69].

7. Conclusions

To briefly summarize our main findings regarding the Nayongzhi deposit, we have shown

the following:

1.

Sphalerite from the Nayongzhi deposit is characterized by high contents of Cd, Ge and Ga,
and low contents of Fe, Mn, In and Co. Those trace elements are present in the form of
isomorphism in sphalerite; all datasets having been considered, notable coupled substitutions
have been suggested from binary scatter plots and PCA: Zn?*++Ga®* + (Cu, Ag)* and Zn?*«++In3*
+Sn3t + [, although the Sn oxidation state still needs verification, and Fe is involved in direct
Zn2* <sFe?* substitution.

The trace elements in sphalerite from this deposit are similar to those of the typical MVT
deposit, with an ore-forming temperature range from 100.5 to 164.4 °C, which belongs to
low-temperature mineralization.

Geological features, mineralogy and trace element contents in sphalerite indicate that the
Nayongzhi deposit should be considered a MVT deposit.

Compared with geological characteristics, Ag content in sphalerite, and Pb isotopes,
the Nayongzhi deposit is different from Zn-Pb deposits associated with the Indosinian Orogeny
in 5-Y-G district, suggesting multi-period Zn-Pb mineralization may have occurred in the region,
although this is not verified by precise geochronology.
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Appendix A
Table A1. EMPA results of Sphalerite from the Nayongzhi deposit.
Sample No. In (wt%) Swt%) Fewt%) Cd(wt%) Ge (ppm)
5Y-1290-9-1-1 65.32 32.85 0.33 0.20 700
5Y-1290-9-1-1 64.54 32.54 0.86 0.22 n.d
5Y-1290-9-1-2 64.21 329 1.27 0.18 n.d
5Y-1290-9-1-3 65.59 32.56 0.72 0.21 n.d
5Y-1290-9-2-2 64.23 33.79 0.55 0.23 n.d
SY-1290-9-2-3 64.50 33.21 0.44 0.2 n.d
SY-1290-9-2-4 64.53 32.68 0.76 0.18 n.d
SY-1290-9-2-5 64.93 32.59 0.83 0.25 n.d
5Y-1290-9-2-6 64.93 327 0.45 0.36 n.d
SY-1270-9-2-7 65.57 32.95 0.92 0.2 n.d
5Y-1270-9-2-8 65.35 33.14 0.6 0.24 n.d
5Y-1290-9-2-9 64.76 32.88 1.19 0.22 n.d
SY-1270-10-1-1 64.04 32.52 1.29 0.18 n.d
SY-1270-10-1-2 64.79 3245 0.94 0.19 n.d
SY-1270-10-1-3 65.63 31.98 2.28 n.d n.d
SY-1290-9-3-1 64.21 329 1.27 n.d n.d
5Y-1290-9-3-2 63.85 33.04 1.88 0.12 n.d
5Y-1290-9-3-3 64.63 32.98 2.28 n.d n.d
5Y-1290-9-3-4 63.85 33.04 1.88 n.d n.d
5Y-1290-9-3-5 64.97 32.61 1.08 n.d n.d
SY-1290-9-3-6 64.76 32.88 1.19 n.d n.d
SY-1290-9-3-7 63.85 33.04 1.88 n.d n.d
SY-1290-9-3-8 64.95 33.61 1.28 n.d n.d
LML-1270-10-1 63.85 33.04 1.88 n.d 500
LML-1270-10-2 64.76 32.88 1.19 n.d n.d
LML-1270-10-3 65.63 31.98 2.28 n.d n.d
LML-1270-10-4 64.04 33.52 1.29 n.d n.d
LML-1270-10-5 63.61 33.66 1.9 n.d n.d
LML-1270-10-6 64.90 32.98 2.07 0.11 n.d
LML-1270-10-7 64.04 33.52 1.29 n.d n.d
LML-1270-10-8 64.04 33.52 1.29 0.14 n.d
LML-1270-10-9 63.90 33.33 1.94 n.d n.d

Notes: n.d in the data table indicates that the content of the element is below the detection limit.
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