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The Daliangzi Pb-Zn deposit is one of the typical Ge-rich Pb-Zn deposits in the

Sichuan-Yunnan-Guizhou Pb-Zn polymetallic metallogenic triangle area

(SYGT), with its Pb, Zn, and Cd reserves reaching the scale of a large-sized

deposit and its Ge reserve reaching that of a medium-sized deposit. Based on

LA-ICP-MS in-situ analysis in combination with element mapping, this study

reveals the occurrence state of trace elements and ore-forming temperature of

sphalerite in ores. The study shows that the sphalerite in the deposit is

characterized by rich Cd, Ge, and Ga, relatively rich Fe, very variable Cu and

Pb contents, and poor Mn, In, and Sn. This data indicates that Cd, Mn, Fe, and Pb

occur in sphalerite in the form of isomorphism or locally in the form of

microinclusions in galena. Good correlation between Cu(Ag) and Ge and

that between (Cu+Ag) and (Ga+As+Sb) suggest that the substitution

relationship with Zn is nCu2++Ge2+↔(n+1)Zn2+ or n(Cu, Ag)2++Ge2+↔(n+1)

Zn2+ and (Cu+Ag)1++(Ga+As+Sb)3+↔2Zn2+, and chalcopyrite and Ge, Gu, and

Ga-richmicroinclusions exist locally; the contents of Ge, Cd, Cu, Pb, Fe, Mn, and

other elements in brown yellow sphalerite are higher than those in light yellow

sphalerite while Ga and In are relatively more enriched in the latter. The

estimation by GGIMFis geothermometer and the trace element signature of

the sphalerite indicates that the temperature of the deposit is low-moderate:

the formation temperature of the sphalerite in stage II is 86–213°C (134°C on

average) ~ 106–238°C (170°C on average) and that in stage III is 88–105°C (96°C

on average) ~ 134–147°C (140°C on average), demonstrating that the

precipitation mechanism of ore-forming elements is the drop in fluid

temperature. Based on this, an ore-forming model of the deposit has been

established, and it is believed that the ore district has potential for deep

prospecting of Cu, Pb, Zn, and other metal resources.
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Introduction

As the major ore mineral of Pb-Zn deposit, sphalerite

contains many trace elements such as Fe, Cd, Ga, Ge, In, and

Se (Liu et al., 1984; Tu et al., 2003; Ishihara et al., 2006; Wang

et al., 2010; Belissont et al., 2014), the composition of which can

reflect the composition and physical and chemical conditions of

ore-forming fluid, thus providing a theoretical basis for

discussing ore-forming process (Zhang, 1987; Tu et al., 2003;

Li et al., 2016; Wu et al., 2019; Hu et al., 2019). The former

research studies have indicated that Zn2+ in sphalerite can be

replaced by other positive ions with similar electrovalence and

radius (e.g., Pb2+, Cd2+, Co2+, and Ge2+) (Cook et al., 2009) or by

coupling (e.g., 2Zn2+↔Ge4++2 (Cu+, Ag+), 2Zn2+↔Cu++In3+)

(Wu et al., 2019). In addition, as the content of trace elements

in sphalerite is related to ore-forming temperature, former

researchers have used Ga/Ge ratio instead of a

geothermometer to represent ore-forming temperature (Möller

et al., 1987); when studying sea bottom spout depositional type

(VHMS) Pb-Zn deposit, Keith et al. (2014) thought that

fractionation effect existed in sphalerite under the influence of

fs2 and fo2 of ore-forming fluid and used the Fe/Zn ratio of

sphalerite instead of geothermometer to represent ore-forming

temperature; Frenzel et al. (2016), according to the contents of Fe,

Mn, Ga, Ge, and In in sphalerite, established sphalerite

geothermometer (GGIMFis) by principal component analysis;

Mondillo et al. (2018) and (Wei et al., 2018a) used sphalerite

geothermometer (GGIMFis) to estimate the ore-forming

temperature of deposit. The former researchers have mostly

used electron microprobe analysis (EMPA) or inductively

coupled plasma mass spectrometry (ICP-MS) to measure trace

elements of sphalerite, but the study on temperature tracing of

trace elements has been constrained to some extent by detection

limit and test accuracy. In recent years, however, the

development of in-situ micro-area trace element testing

technique, laser ablation inductively coupled plasma mass

spectrometry (LA-ICP-MS), has made it possible to reveal the

trace element signature of sphalerite in different types of Pb-Zn

deposits, effectively explain the occurrence characteristics of

trace elements in sphalerite (Cook et al., 2009; Ye et al.,

2011), and represent in details the physical and chemical

conditions for the formation of deposit and identify the

genesis of mineral deposit.

Located within the southwest margin of the Yangtze block

(Figure 1), Sichuan-Yunnan-Guizhou Pb-Zn polymetallic

metallogenic domain is an important part of the large-area

low-temperature metallogenic domain in southwest China. At

present, over 500 Pb-Zn deposits (ore spots) with carbonate as

host rock have been found in this area (Liu et al., 1999; Cui et al.,

2018), including more than 10 large and super-large Pb-Zn

deposits (Huize, Chipu, Maozu, Maoping, Lehong, Maliping,

Fule, Nayongzhi, Zhugongtang, Daliangzi, Tianbaoshan, etc.)

(Ye et al., 2011; Wang et al., 2013; Han et al., 2014; Hu et al.,

2017a; Cui et al., 2018). The Pb-Zn deposits in this area have

typical characteristics of the epigenetic deposits, with the

lithology of ore-host strata, mineral assemblage, and wall

rock alteration basically the same as those of typical MVT

Pb-Zn deposit (Han et al., 2006; Han et al., 2007b; Jin, 2008;

Wu, 2013; Zhang et al., 2015), but the geological setting of ore-

forming processes, characteristics of the ore-forming fluid,

mode of action of ore-forming, and rules of occurrence of

ore body different from those of typical MVT Pb-Zn deposit

(Huang et al., 2004; Han et al., 2007b; Han et al., 2020). In

addition, this area is one of the world’s major areas with ultra-

normal enrichment of rare and dispersed elements and an

important production base of critical metals of China, with

21 and 8% global Ga and Ge reserves respectively (Wen et al.,

2019). The Daliangzi Pb-Zn deposit is one of the typical large

deposits in this metallogenic domain and a typical carbonate-

hosted epigenetic hydrothermal deposit. The Zn+Pb, Ge, and

Cd reserves of the deposit exceed 900 thousand, 100, and

4,000 tons respectively. The former researchers believe that

under obvious tectonic control, the deposit is closely related to

the “black/fracture zone” (Wang et al., 2018; Han et al., 2020;

Han et al., 2021; Kong et al., 2021). However, there is still great

argument about the genesis of the deposit, and the major types

of deposits are believed to include 1) lixiviation reworked

deposit (Zeng et al., 1982), 2) paleokarst deposit (Wang

et al., 1985), 3) hydrothermal lixiviation type deposit (Wang

et al., 1991), 4) epigenetic low-intermediate temperature

hydrothermal deposit (Lin, 1994), sedimentary-reworked

strata-bound deposit (Zhu et al., 1994), 5) MVT Pb-Zn

deposit (Li, 2003; Zhang et al., 2008; Zhou et al., 2008; Wu,

2013; Yuan et al., 2014; Zhang, 2015; Leach et al., 2019), and 6)

HZT Pb-Zn deposit (Han et al., 2020). The former researchers

who have studied in-situ trace elements of sulfide in partial

deposits of Sichuan-Yunnan-Guizhou Pb-Zn polymetallic

metallogenic domain (Ye et al., 2011; Ye et al., 2016; We

et al., 2018, 2021) believe that rare and dispersed elements

such as Ge, Ga, and Cd mainly exist in sphalerite while As and

Sb mainly exist in galena (Ye et al., 2016), but there is still

argument about the occurrence state of Ge, Ga, and other rare

and dispersed elements in sphalerite, similarities and

differences exist in composition of trace elements in

sphalerite of different ore-concentrated areas in the

metallogenic domain, and the research on how to control

the enrichment of trace elements in the sphalerite during

mineralization and its significance for mineral prospecting is

relatively weak.

This study proposes to carry out systematic research on the
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composition of trace elements of sphalerite at different stages in the

Daliangzi Pb-Zn deposit to find out their distribution

characteristics and reveal their occurrence state, use GGMIF is

a geothermometer to estimate the ore-forming temperature of the

deposit at different stages of mineralization, further discuss the

ore-forming process, and establish the ore-forming model, thus

providing a theoretical basis for mineral prospecting.

Geology of the deposit

The Daliangzi Pb-Zn deposit is situated on the west side of

the Ganluo-Xiaojiang fault on the southwest margin of the

Yangtze block (Figure 1A). The stratum in the area is

composed of fold basement and sedimentary cover, the

former mainly consisting of Archean-Paleoproterozoic

mesometamorphic complexes, Mesoproterozoic metamorphic

fine clastic rocks intercalated with metamorphic volcanic

sedimentary rocks, and Neoproterozoic epimetamorphic fine

clastic rocks and carbonate rocks, and the latter mainly

consisting of Upper Sinian, Cambrian, Ordovician, and Lower

Permian marine carbonate rocks and fine clastic rocks, Upper

Permian Emeishan basalts, and Mesozoic continental red beds.

Fault structures are extremely well-developed in this area,

mostly in the S-N direction, forming a left-column “xi-type

structure”. The main structures include the Anninghe fault,

Ganluo-Xiaojiang fault, Zhaotong-Qujing buried fault, and N-E

direction bundle of folds (Liu et al., 1999; Han et al., 2006; Zhang

et al., 2006). These deep-seated faults to the depth of the basement

with multi-stage tectonic activities have not only controlled the

distribution of lithofacies in the region but created favorable

conditions for the migration of regional ore-forming fluid and

the formation of Pb-Zn deposits (Han et al., 2006).

The main exposed strata in the area (Figure 1B) are Upper

Sinian Dengying Formation (Zbd), Lower Cambrian Qiongzhusi

Formation (∈1q), Canglangpu Formation (∈1c), and

Longwangmiao Formation (∈1l), and Quaternary residual

slope sediments (Q). Upper Sinian Dengying Formation (Zbd)

is the major ore-bearing stratum mainly composed of dolomite.

The ore area is in the east wind of the Daqiao multiple syncline

FIGURE 1
The map showing framework of the lead-zinc deposit in the Sichuan Yunnan and Gui zhou mineralization district, Geologic sketch map of the
Daliangzi Germanium-rich Pb-Zn deposit(Modified after Wu et al., 2020). Notes: (A): ①-Yongtze Block; ②-Garzé Orogenic Belt; ③-Yidun Arc
Collision-orogenic; ④-Lanping Block; ⑤-Sanjiang Collision-orogenic; ⑥-Indian Block; (B): 1- Lower Cambrian Longwangmiao formation,
Dolomitic limestone; 2-Lower Cambrian Canglangpu formation, Argillaceous limestone; 3-Lower Cambrian Canglangpu formation, Quartz
Sandstone; 4-Lower Cambrian Qiongzhusizu formation, Shale; 6-Lower Cambrian Qiongzhusizu formation, Quartz Sandstone; 7-Upper Sinian
Dengying Formation, Section 8, Chert banded dolomite; 8-Upper Sinian Dengying Formation, Section 71st, Phosphorous dolomite; 9-Upper Sinian
Dengying Formation, Section 62nd, Siliceous dolomite; 10-Upper Sinian Dengying Formation, Section 61st, Banded dolomite; 11-Upper Sinian
Dengying Formation, Section 5, Siliceous dolomite; 12-Upper Sinian Dengying Formation, Section 44th, Chert nodule bearing siliceous dolomite; 13-
Upper Sinian Dengying Formation, Section 43rd, Argillaceous dolomite; 14-Upper Sinian Dengying Formation, Section 42nd, Sandy dolomite; 15-
Upper Sinian Dengying Formation, Section 41st, Chert; 16-Upper Sinian Dengying Formation, Section 3, Argillaceous dolomite; 17-Upper Sinian
Dengying Formation, Section 2, Dolomite; 18-Ore body and Nomber; 19-“Black/fracture zone”; 20-Breccia; 21-Fault and movement direction in
metallogenic period; 22-Fault and movement direction in the later stage of mineralization.

Frontiers in Earth Science frontiersin.org03

Li et al. 10.3389/feart.2022.928738

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.928738


structure which moves towards nearly S-N direction; subsidiary

anticline towards NE-NNE direction also develops in the area.

Fault structures developing in the area can be divided into four

grades (Wu et al., 2021): the first-grade structures are F1, F2, F13,

F15, and F64 in NWW- nearly E-W direction, which controls the

distribution of deposits; the second-grade structures are the series

of N-W direction faults (F3, F8, F6, F100, and F5) derived from

the first-grade structures; the third-grade structures are

secondary and interlayer fault zones, which control individual

ore bodies (blocks); and the fourth-grade structures are sub-

secondary faults and joint fissures, which control the shape and

the occurrence of the ore-bearing vein.

FIGURE 2
Microphotographs of ores of different stages in the Daliangzi Pb-Zn deposit. (A) Dolomite breccia cemented by sphalerite and galena, Sph 2 is
filled along Sph 1 particle edge and between cracks; (B) Sph 2:Sph2: mesh-vein and star point Brown - yellowish brown sphalerite; (C)Gn 1 replaced
or enclose Py 1 and Ccp 1, Py 1 replaced or enclose Ccp 1; (D) Sph 2: banded sphalerite; (E) Sph 2: sphalerite present a solid solution decomposition
structure; (F) Sph 3 vein replaces early Dol and then crosscuts the Sp2; (G) Sph2 is filled along sph1 particles, Sph3 is filled along sph2 particles;
(H)sphalerite replaced or enclose calcite. Sph-sphalerite; Gn-Galena; Ccp-Chalcopyrite; Py-Pyrite; Dg-Digenite; And-Anglesite; Dol-Dolomite.
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Ore bodies are controlled by both structure (fault and “black/

fracture zone”) and lithology. “Black/fracture zone” is themajor ore-

bearing structure, and is controlled by NW and NWW-direction

faults together with ore bodies. Ore bodies move towards the NW

direction overall and tend to NE or locally SW by 56°–88°

(Figure 1B), with a length of approximately 630 m and an

average thickness of 52.67 m. Ore bodies are chimney-like,

lenticular, and sack-like, and their mineralization weakens from

center to edge. Ore minerals mainly include sphalerite, galena,

pyrite, and chalcopyrite while gangue minerals mainly include

dolomite, calcite, quartz, and chalcedony. Ores are mainly of

panidiomorphic-hypidiomorphic, granular, metasomatic relict

texture (Figure 2A) or solid solution decomposition texture

(Figure 2A), and mainly of massive, brecciated, mesh-vein

structure (Figures 2B) or vein structure. Wall-rock alteration in

the area is relatively weak, mainly including carbonatation,

silicification, pyritization, and carbonization.

According to the paragenetic assemblage, texture and

structure, and crosscutting relation of minerals, ore forming of

The Daliangzi Pb-Zn deposit can be divided into two processes,

i.e., 1) hydrothermal mineralization (Figure 3), which can be

divided into three stages: in stage I, sphalerite is dark brown or

brownish black xenomorphic-hypidiomorphic granular

aggregate in a symbiosis with xenomorphic granular galena

(Figure 2E), and it can be seen locally that chalcopyrite,

pyrite, and galena present an edge-sharing structure (Figure

FIGURE 3
Metallogenic period, metallogenic stage, and mineral forming sequence of Daliangzi lead-zinc deposit.
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2F); in stage II, sphalerite is dark brown or pale brown, has a

coarsely granular structure, and presents a block, vein or star

point shape (Figures 2C,D), often filling in sphalerite particles

and fissures of stage I (Figure 2E), and banded sphalerite can be

seen locally (Figure 2H) and developed chalcopyrite and

sphalerite present a solid solution decomposition structure

(Figure 2B); in stage III, sphalerite occurs as extra-thin veins,

replacing dolomite veins of earlier stage and cutting through

sphalerite of Stage II (Figure 2G, and 2) hypergenesis, where

bonamite, vanadinite, digenite, malachite, etc. take shape.

Sampling and analytical test method

Ore samples from the Daliangzi Zn-Pb deposit were collected

from orebodie Ⅴ (Figure 4). Trace element analysis of minerals was

conducted by LA-ICP-MS at theWuhan SampleSolution Analytical

Technology Co., Ltd., Wuhan, China. Detailed operating conditions

for the laser ablation system and the ICP-MS instrument and data

reduction are the same as the description made by Zong et al.

(2017). Laser sampling was performed using a GeolasPro laser

ablation system that consists of a COMPexPro 102 ArF excimer

laser (wavelength of 193 nm andmaximum energy of 200 mJ) and a

MicroLas optical system. An Agilent 7700e ICP-MS instrument was

used to acquire ion-signal intensities. Helium was applied as a

carrier gas. Argon was used as the make-up gas and mixed with the

carrier gas via a T-connector before entering the ICP. A “wire”

signal smoothing device is included in this laser ablation system (Hu

et al., 2015). The spot size and frequency of the laser were set to

32 µm and 50Hz, respectively, in this study. Trace element

compositions of minerals were calibrated against various

reference materials (BHVO-2G, BCR-2G, and BIR-1G) without

using an internal standard (Liu et al., 2008). Each analysis

incorporated a background acquisition of approximately 20–30 s

followed by 50 s of data acquisition from the sample. An Excel-

based software ICPMSDataCal was used to perform off-line

selection and integration of background and analyzed signals,

time-drift correction, and quantitative calibration for trace

element analysis (Liu et al., 2008).

Stage II is the main metallogenic stage, So we selected the

banded sphalerite in the Ⅱ stage of hydrothermal mineralization.

Trace elements of sphalerite were determined using an NWR

193 nm ArF Excimer laser-ablation system coupled to an iCAP

RQ (ICPMS) at the Guangzhou Tuoyan Analytical Technology

Co., Ltd., Guangzhou, China. The ICP-MS was tuned using NIST

610 standard glass to yield low oxide production rates. 0.7 L/min

He carrier gas was fed into the cup, and the aerosol was

subsequently mixed with 0.89 L/min Ar make-up gas. The

laser fluence was 5 J/cm2, with a repetition rate of 20 Hz and

a 5 or 10 μm spot size. The laser scan speed was 20 um/s. The raw

isotope data were reduced using the “TRACE ELEMENTS” data

reduction scheme (DRS). The DRS runs within the freeware

FIGURE 4
The sampling location map and the LA-ICP-MS analysis points of the Daliangzi Lead-Zinc deposit 1-Stratum number; 2-Fault and number; 3-
Ore body and Number; 4-Exploration line and number; 5-Sampling point location and number.
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IOLITE package of Paton et al. (2011). In IOLITE, user-defined

time intervals are established for the baseline correction

procedure to calculate session-wide baseline-corrected values

for each isotope.

Test results

The sphalerite of this deposit is mostly dark brown or

brownish-black sphalerite of stage II with 0.4–6.1% Fe. From

stage II to stage III, the contents of all trace elements but Ga the of

the sphalerite decrease gradually (Figure 5). The characteristics of

the sphalerite are as follows:

1) The Fe content is high while the Mn content is low. From

stage II to stage III of mineralization, both Fe and Mn

contents decrease gradually (Figure 5), presenting a

positive correlation (correlation coefficient R=0.766)

(Figure 6). The Fe content in stage II and that in stage III

is 3,489.08 × 10–6~79,574.78 × 10–6 (30,494.46 × 10–6 on

average) and 4,688.77 × 10–6~19,355.93×10–6 (11,178.39 ×

10–6 on average), respectively; the Mn content in stage II and

that in stage III are 0.06 × 10–6~22.59 × 10–6 (7.95 × 10–6 on

average) and 1.82 × 10–6~5.45 × 10–6 (3.60 × 10–6 on

average), respectively.

2) Among rare and dispersed elements, Cd, Ge, and Ga are the

most enriched while the contents of Se, In, Tl, and Te are

relatively low. From stage II to stage III, the contents of Cd

and Ge decrease gradually while that of Ga increases gradually

(Figure 5). The content of Cd in stage II and that in stage III

are 967.87 × 10–6~16,548.51 × 10–6 (6,426.31 × 10–6 on

average) and 1,801.72 × 10–6~3,523.68 × 10–6 (2,511.80 ×

10–6 on average), respectively (Figure 5), and the content of

Cd and that of Mn present a positive correlation (correlation

coefficient R = 0.710) (Figure 6); The content of Ge in stage II

and that in stage III are 0.38 × 10–6~331.20 × 10–6 (61.79 ×

10–6 on average) and 24.15 × 10–6~64.26 × 10–6 (44.26 ×

10–6 on average), respectively (Figure 5), and the content of

FIGURE 5
Histogram of trace elements for sphalerite of the Daliangzi ore deposit.
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Ge and those of Cu and Cu+Ag present a positive correlation

(correlation coefficients R = 0.772 and 0.767, respectively)

(Figure 6); the content of Ga at stage II and that at stage III are

0.03 × 10–6~124.11 × 10–6 (11.49 × 10–6 on average) and

30.79 × 10–6~93.81×10–6 (56.70 × 10–6 on average),

respectively (Figure 5); the contents of such rare and

dispersed elements as Se, In, Tl, and Te are relatively low,

with values obtained from some of the measurement points

lower than the detection limit.

3) Cu, Pb, Ag, and Co are enriched, but their contents change

within a wide range. From stage II to stage III, Cu, Pb, Ag, and

Co contents all decrease gradually. The content of Cu in stage

II and that in stage III are 3.51 × 10–6~3,448.3 × 10–6

(563.63 × 10–6 on average) and 132.47 × 10–6~258.68 ×

10–6 (192.10 × 10–6 on average), respectively (Figure 5), of

which most values are lower than 1,000 × 10–6 except for

individual exceptional high value caused by microinclusion of

chalcopyrite (or copper-bearing sulfide) contained in the

sphalerite (Figure 2E); the content of Pb in stage II and

that in stage III are 0.27 × 10–6~596.18 × 10–6 (145.94 ×

10–6 on average) and 4.61 × 10–6~12.87 × 10–6 (9.19 ×

10–6 on average), respectively (Figure 5), of which most

values are lower than 400 × 10–6 except for individual

exceptional high value caused by microinclusion of galena

contained therein (Figures 7, 8); the content of Ag in stage II

and that in stage III are 0.74 × 10–6~237.12 × 10–6 (48.20 ×

10–6 on average) and 13.20 × 10–6~22.41 × 10–6 (17.36 ×

10–6 on average), with a strong positive correlation between

Cu+Ag and Ga+As+Sb (correlation coefficient R = 0.712); the

content of Co in stage II and that in stage III are 0.7 ×

10–6~28.6 × 10–6 (5.45 × 10–6 on average) and 0.48 ×

10–6~2.89 × 10–6 (1.46 × 10–6 on average), respectively

(Figure 5).

4) The As and Sb contents are high. The content of As in stage II

and that in stage III are 0.32 × 10–6~229.77×10–6 (57.87 ×

10–6 on average) and 0.00 × 10–6~39.57 × 10–6 (19.67 ×

10–6 on average), respectively (Figure 5); the content of Sb in

stage II and that in stage III are 0.19 × 10–6~708.36 × 10–6

(109.56 × 10–6) and 33.94 × 10–6~76.27 × 10–6 (57.03 ×

10–6 on average) (Figure 5); Ni and Sn contents are relatively

low, both n × 10–6, with values obtained from some of the

measurement points lower than the detection limit.

Discussion

Occurrence state of trace elements in
sphalerite

Compared with conventional analysis methods such as

electronic probes, LA-ICP-MS has higher accuracy, and in

combination with the time resolution curve and mapping

analysis feature, the occurrence state of trace elements can be

better identified (Cook et al., 2009; Ye et al., 2011; George et al.,

2015, 2016; Ye et al., 2016; Wu et al., 2019).

As far as the trace elements in the sphalerite of the deposit are

concerned, Fe and Mn contents change within a wide range and

present a positive correlation (correlation coefficient R = 0.766); in

addition, in the LA-ICP-MS time cross-section (Figure 8, 210-1-1#

and 210-2-13# samples), their change trend, presented as a smooth

FIGURE 6
Binary plots of the trace elements in sphalerite from the Daliangzi lead-zinc deposits.
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curve, is consistent with that of Zn and S contents; in mapping

diagram (Figure 7), Fe and Mn contents of pale brown part of

banded sphalerite are obviously higher than those in pale yellow

sphalerite, and the exceptional local enrichment of Fe and Mn is

probably caused by the microinclusions in pyrite. It shows that the

majority of these two elements exist in sphalerite mainly in the

form of isomorphism (Fe2+↔Zn2+ or Mn2+↔Zn2+) and the

minority of them exist in the formof independentmicroinclusions.

Cd is one of the elements of which the content is high in the

Daliangzi Pb-Zn deposit, and its content changes within a wide

range and does not present a normal distribution in the trace

element diagram (Figure 5); in all LA-ICP-MS time cross-sections

(Figure 8), its change trend, presented as a smooth curve, is

consistent with that of Zn and S contents; in mapping diagram

(Figure 7), Cd content of pale brown part of banded sphalerite is

obviously higher than that in pale yellow sphalerite, and no

exceptional enrichment can be seen. It shows that Cd exists in

sphalerite in the form of isomorphism (Cd2+↔Zn2+).

Co content is relatively high and presents a normal distribution

in the trace element diagram (Figure 5); in representative time-

FIGURE 7
Mapping images of sphalerite of the Daliangzi ore deposit. Scales in counts-per-second.
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resolved LA-ICP-MS depth profiles (Figure 8, 201-1# sample), its

change trend, presented as a smooth curve, is consistent with that of

Zn and S contents; in mapping diagram (Figure 7), Co content of

pale brown annulus in banded sphalerite is obviously higher than

that in pale yellow sphalerite, and no exceptional enrichment can be

seen. It shows that Co exists in sphalerite in the form of

isomorphism (Co2+↔Zn2+).

Sphalerite is rich in and the main carrier of Ge, and the

occurrence mechanism of Ge in sphalerite has been a hot spot.

Some scholars believe that Ge2+ enters sphalerite in place of Zn2+

(Ge2+↔Zn2+) (Cook et al., 2009). Belissont et al. (2016) proposed

the substitution mechanism of Ge4++2 (Cu, Ag) ↔3Zn2+

according to the correlation of Ge with such monogeny as Cu

(Ag); for sphalerite rich in Ge (Ge/Cu>0.5) or with no correlation
between Ge and Gu, the probable substitution mechanism is

Ge4++ □ (crystal vacancy) ↔2Zn2+ (Cook et al., 2015; Bonnet

et al., 2016). According to the fact that Zn2+, Cu2+, and Ge2+ have

a similar covalent radius of the tetrahedron and in combination

with the characteristics of the LA-ICP-MS laser ablation curve,

Ye (2016) proposes the substitutionmechanism of nCu2++Ge2+↔
(n+1) Zn2+. Through analysis of microbeam X-ray absorption

near edge structure, Bonnet (2016) proposed that Ge and Cu

occur in sphalerite in their oxidation state, i.e., Ge4+ and Cu+.

Most of the LA-ICP-MS measured sphalerite is rich in Ge

(Figure 5), and Ge has a positive correlation with Cu and

Cu+Ag (Cu/Ge>1, (Cu+Ag)/Ge>1); in representative time-

resolved LA-ICP-MS depth profiles (Figure 8, 210-2-18# and

540-1-7# point), its change trend, presented as a smooth curve, is

consistent with that of Zn and S contents, with abnormal peak

values of Cu, Ge, and Ga contents occurring at individual

denudation points; the changing trend of Zn and S contents

presented as a smooth curve indicates the possible existence of

mineral containing Cu, Ge, and Ga, but no previous research

report has ever mentioned any mineral containing Cu, Ge, and

Ga simultaneously (Ye et al., 2019), so further study is needed; in

mapping diagram (Figure 7), relative enrichment of Ge, Gu, and

Ag and local anomalous enrichment of Ge and Cu can be seen in

the pale brown part of banded sphalerite, indicating the existence

of microinclusions containing Cu and Ge. Therefore, the possible

substitution mode Ge is nCu2++Ge2+↔ (n+1) Zn2+ or n (Cu,

Ag)2++Ge2+↔ (n+1) Zn2+.

Pb content changes within a wide range, and in most LA-

ICP-MS time cross-sections (Figure 8, 210-1-1# and 210-2-18#

points), the changing trend is presented as a smooth curve and

consistent with that of Zn and S contents, with exceptional values

of Pb content at individual points (Figure 8, 210-2-13# sample);

in mapping diagram (Figure 7), Pb content in the pale brown part

of banded sphalerite is obviously higher than that in the pale

FIGURE 8
Representative time-resolved LA-ICP-MS depth profiles for sphalerite.
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yellow part, exceptional enrichment of Pb exists at some

positions. It shows that Pb exists mainly in sphalerite in the

form of isomorphism (Pb2+↔Zn2+) and locally in

microinclusions of galena.

Based on the strong correlation between Cu+Ag and

Ga+As+Sb (correlation coefficient R = 0.712) and in

combination with the main valence state of these elements in

sulfide and the physical and chemical conditions for ore-forming

of the Daliangzi Pb-Zn deposit, we can infer that a possible

enrichment mechanism of Ga, As, Ag, Sb, and Cu in sphalerite

are (Cu+Ag)1+ + (Ga+As+Sb)3+↔2Zn2+.

Indication of trace elements in sphalerite
to ore-forming temperature

The composition of trace elements in sphalerite is controlled

by temperature and can effectively indicate the ore-forming

temperature. Previous studies have shown that Fe, Mn, In, Se,

and Te are enriched in sphalerite under high-temperature

conditions (e.g., Yunnan Lancang Laochang Pb-Zn deposit)

while Ge, Ga, and Cd are relatively enriched in sphalerite

under mid-low temperature conditions (e.g., Tianbaoshan Pb-

Zn deposit, Niujiaotang Pb-Zn deposit) (Liu et al., 1984; Han

TABLE 1 Trace element in sphalerite form the Daliangzi Pb-Zn deposits (× 10−6).

Mn Fe Co Ni Cu Ga As Ag Cd In Sn Sb Tl Pb Ge Color PC1 Tmin(°C) Tmax(°C)

210-1-1 9.47 40,350.15 6.64 0.00 1,218.54 3.65 136.83 168.48 12,009.83 0.0362 0.81 355.37 1.61 336.09 64.30 Pale brown 1.06 132 168

210-1-2 10.04 49,487.45 28.61 32.21 1720.00 10.93 86.67 39.32 2,873.17 0.0621 0.59 61.03 0.38 55.33 83.31 Pale brown 1.28 119 158

210-1-3 8.15 33,094.88 6.15 2.48 268.12 5.80 26.26 27.84 7,945.80 0.2448 0.72 55.01 0.21 59.89 34.78 Pale brown 0.86 145 178

210-1-4 0.87 6,490.95 3.83 0.00 90.71 72.84 1.13 12.60 1,578.41 0.1160 0.57 3.09 0.01 5.82 14.52 Pale yellow 1.81 86 133

210-1-5 1.34 5,371.42 2.79 0.00 23.27 7.18 2.65 11.98 1811.01 0.0120 0.64 5.37 0.01 16.21 4.59 Pale yellow 1.22 123 161

210-1-6 0.06 4,311.11 2.36 0.88 49.06 14.51 2.75 10.43 1773.82 0.0062 0.50 8.20 0.00 2.52 18.29 Pale yellow 2.37 51 106

210-2-1 12.38 57,466.98 3.62 2.72 1793.21 2.92 134.19 44.39 6,685.87 0.1167 0.47 78.09 3.39 354.86 62.26 Brown black 0.81 148 180

210-2-10 22.42 61,972.06 4.12 3.03 3,448.33 21.90 175.19 97.03 7,647.31 0.7358 3.74 222.63 0.56 231.34 331.20 Brown black 1.30 118 157

210-2-11 22.59 38,626.88 5.88 1.84 668.49 1.46 214.93 98.39 9,270.01 - 0.56 206.65 5.18 656.27 19.47 Pale brown △ △ △

210-2-12 11.22 27,774.02 8.59 7.06 343.96 2.60 110.46 81.38 10,922.28 0.1778 0.56 131.07 2.21 854.06 15.34 Pale brown 0.48 168 195

210-2-13 15.95 36,851.91 5.45 3.76 841.64 0.40 130.50 63.85 10,845.65 0.0981 0.64 75.93 4.00 346.91 18.53 Pale brown 0.10 192 213

210-2-14 15.41 37,451.74 6.44 0.96 485.67 1.20 70.68 32.90 10,019.70 0.0195 0.29 55.88 1.93 221.54 26.00 Pale brown 0.59 161 190

210-2-15 13.97 29,553.64 6.70 2.77 209.87 0.03 37.57 28.65 14,427.69 0.0100 0.51 70.96 0.44 156.47 11.82 Pale brown −0.32 213 238

210-2-17 8.81 48,436.47 6.86 0.00 1,028.03 0.26 123.03 79.73 5,525.19 0.0132 0.70 128.31 0.86 184.39 130.19 Pale brown 0.76 151 182

210-2-16 8.05 34,028.85 2.06 0.92 255.96 4.09 12.56 11.96 2,352.95 0.0207 0.75 41.64 0.04 3.97 116.59 Pale brown 1.32 116 156

210-2-2 12.58 34,785.49 5.68 0.56 311.02 0.52 67.29 98.94 13,129.15 0.0135 0.72 182.35 0.73 226.33 17.57 Pale brown 0.41 173 199

210-2-18 12.42 29,490.50 5.92 2.14 180.46 0.54 43.94 44.91 13,924.69 0.0104 0.58 108.86 0.66 158.95 14.44 Pale brown 0.41 173 199

210-2-3 11.64 46,542.04 4.29 7.05 926.63 13.55 179.88 71.44 9,921.35 0.3022 1.30 101.90 2.41 264.37 105.94 Brown black 1.18 125 162

210-2-4 14.07 37,459.58 7.08 2.47 523.81 3.23 61.79 80.95 12,742.32 0.0120 0.77 144.29 0.84 202.72 51.29 Brown black 1.03 134 169

210-2-5 10.91 33,358.35 6.27 1.52 353.06 0.56 77.03 103.16 13,723.95 0.0012 0.57 207.10 0.69 234.61 24.93 Pale brown 0.79 149 181

210-2-6 9.14 23,105.05 5.51 0.06 124.62 0.77 36.88 45.76 16,548.51 0.0065 0.56 86.97 0.51 220.46 9.27 Pale brown 0.51 166 194

210-2-7 12.87 56,756.34 5.98 5.21 2,388.89 18.36 91.10 58.25 8,559.63 0.1925 2.28 117.99 0.99 109.37 180.50 Brown black 1.39 112 153

210-2-8 18.31 79,574.78 6.19 0.08 1,567.02 3.96 97.26 76.28 6,149.86 0.0077 0.69 172.14 1.78 223.99 115.27 Brown black 1.22 122 160

210-2-9 10.08 29,807.89 6.60 0.40 874.42 1.60 229.77 237.12 13,464.89 0.0050 0.65 708.36 1.68 596.18 30.04 Pale brown 0.93 141 174

539-1-1 1.36 4,570.08 4.35 2.15 3.51 0.70 0.32 0.81 1709.18 0.0357 0.85 0.58 0.01 1.07 0.38 Pale yellow 0.04 195 216

539-1-2 1.22 4,833.50 4.73 0.48 3.84 1.56 0.44 0.74 1917.78 0.0513 0.61 0.19 0.03 0.27 - Pale yellow △ △ △

539-1-3 0.84 4,140.11 3.71 0.00 14.13 8.56 0.98 1.29 1,321.22 0.3421 1.76 0.23 0.01 0.59 2.00 Pale yellow 0.81 148 180

539-1-4 1.08 4,292.11 4.64 0.00 43.42 13.34 0.76 0.83 1,307.34 1.9937 1.28 0.23 0.00 0.87 14.70 Pale yellow 1.10 130 166

539-1-5 2.23 30,573.28 0.70 0.00 666.01 124.11 6.61 44.69 967.87 5.2021 1.42 223.65 1.08 94.65 152.68 Pale brown 1.78 88 134

540-1-1 5.15 39,249.82 5.53 0.00 617.52 2.58 73.83 87.26 4,462.03 0.0177 0.56 288.28 0.04 58.16 155.07 Pale brown 1.38 113 153

540-1-2 5.98 43,118.06 5.31 0.30 547.26 1.37 60.81 72.21 4,565.55 0.0115 0.66 214.32 0.12 61.51 168.29 Pale brown 1.28 119 158

540-1-3 6.55 47,240.22 5.37 0.20 131.15 0.57 10.01 16.50 5,118.48 0.0083 0.50 33.65 0.03 14.80 55.04 Pale brown 0.85 146 178

540-1-4 5.99 42,463.97 6.72 0.05 198.02 0.05 8.93 11.59 4,155.97 - 0.44 35.94 0.02 13.52 90.89 Pale brown △ △ △

541-1-1 7.24 47,020.86 4.98 0.18 123.12 1.58 6.25 15.71 8,584.32 - 0.60 41.11 0.01 23.88 9.27 Pale brown △ △ △

541-1-2 5.23 41,255.09 4.52 0.36 647.07 19.23 81.42 104.58 6,655.28 0.0099 0.61 298.68 0.04 62.24 109.08 Pale brown 1.81 87 133

541-1-3 1.83 3,667.04 2.83 0.00 80.87 18.90 1.46 9.63 1,470.49 1.0427 10.52 5.57 0.00 7.33 24.55 Pale brown 1.26 120 159

541-1-4 0.28 3,846.94 3.12 0.00 85.22 25.58 3.45 7.44 1,410.96 2.6854 16.96 9.07 0.01 1.39 17.84 Pale yellow 1.53 104 146

541-1-5 1.05 3,489.08 1.26 0.00 29.39 7.04 1.69 9.81 1,664.16 0.1330 4.65 3.17 0.01 13.74 4.05 Pale yellow 0.99 137 171

541-1-6 0.96 3,588.26 2.39 1.19 29.26 11.14 1.20 6.78 1,465.37 0.4707 6.46 1.00 0.01 5.95 3.02 Pale yellow 0.90 142 176

540-1-5 2.34 7,216.56 0.48 0.97 226.95 53.94 24.59 16.49 1932.76 0.3145 27.07 76.27 0.01 4.61 42.65 Pale brown 1.67 95 139

540-1-6 1.82 4,688.77 2.89 6.95 132.47 30.79 39.53 13.20 1801.72 0.0961 7.48 49.79 0.04 6.07 24.15 Pale yellow 1.62 98 142

540-1-7 5.45 19,355.93 1.60 0.33 150.30 48.26 0.00 17.34 3,523.68 0.1997 0.67 33.94 0.02 13.20 45.97 Pale brown 1.51 105 147

540-1-8 4.80 13,452.30 0.87 0.90 258.68 93.81 14.56 22.41 2,789.04 0.1718 0.97 68.11 0.06 12.87 64.26 Pale brown 1.78 88 134

Note; -Below the detection limit; △PC1 and homogenization temperature range cannot be calculated because some elements are lower than the detection limit.
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et al., 1994; Ye et al., 2011; Ye et al., 2012). The sphalerite of the

Daliangzi Pb-Zn deposit is rich in Ge, Ga, and Cd and poor in In

and Mn, indicating mid-low temperature ore-forming. The Ga/

In the ratio of sphalerite can indicate its formation temperature

(Han et al., 1994): in general, Ga/In ratios of 0.001~0.05, 0.01~5,

and 1~100 indicate sphalerite under high-, mid-, and low-

temperature conditions, respectively. The Ga/In the ratio of

the deposit falls within 2.55~1936.29 (253.32 on average),

indicating that the sphalerite therein forms under mid-low

temperature conditions. Through statistical analysis of trace

elements of sphalerite in different types of Pb-Zn deposits

(Frenzel, 2016), believed that the activities of Fe, Ga, Ge, In,

and Mn are controlled by ore-forming temperature, and the

results the of principal component analysis show a significant

correlation between the first principal component (PC1*) and the

ore-forming fluid inclusion (R2=0.82, p<2×10−16), which can be

expressed by:

PCIp � In( C0.22
Ga · C0.22

Ge

C0.37
Fe · C0.20

Mn C
0.11
In

),
where Ga, Ge, In, andMn contents are in ppmwhile Fe content is

in wt%. Based on the correlation, a novel (statistical) sphalerite

geothermometer (GGIMFis) is proposed. The relationship

between the first principal component (PC1*) and the

homogenization temperature of fluid inclusion (T) is T(°C)

=-(54.4 ± 7.3). PC1*+(208 ± 10).

The formation temperature of the sphalerite of the deposit

estimated by the GGIMFis geothermometer, as shown in

Table 1 and Figure 9, is 86–213°C (138°C on average) ~

133–238°C (173°C on average) (anomaly points deducted),

consistent with the temperature measurements in stages II

and III of fluid inclusions of the sphalerite of the deposit

(118~228°C) (Wang et al., 2018). At one anomaly point

probably attributed to low Mn content, the temperature

range estimated by GGIMFis is 51~106°C, consistent with

the measurement at the point of Mn element anomaly in the

mapping diagram (Figure 8). With this anomaly point

deducted, the formation temperature of sphalerite in stage II

and that in stage III are 86–213°C (138°C on average) ~

133–238°C (173°C on average) and 88–105°C (96°C on

average) ~ 134–147°C (140°C on average), respectively,

basically consistent with the temperature measurements of

sphalerite and gangue mineral inclusions in stages II and III

(Table 3) (Wang et al., 2018), while the formation temperature

of sphalerite in stage I is 225.1–320.3°C (264.3°C on average)

(Wang et al., 2018), indicating that ore-forming temperature

decreases from stage I to stage III of the mineralization period.

FIGURE 9
The homogenization temperature of the Nayongzhi deposit
showing the GGIMFis geothermometer (modified after Frenzel
et al., 2016). Note: the prediction intervals of linear fifit are shown
as the red lines. 95% confidence intervals are shown as the
black dotted lines, while the line of best fifit is shown as the black
line.

TABLE 2 Contents of trace elements in rocks of different strata in the Sichuan - Yunnan - Guizhou metallogenic domain.

Lithology Element content(ppm)

Pb Zn Cu Co Cd Ge Ag

Emeishan basalt 130.49 414.46 267.14 4.05 0.77 0.63 0.388

Limestone of Qixia- Maokou formation 49.11 108.49 22.44 1.94 2.97 0.23 0.306

Limestone of Weining formation 26.86 80.49 8.08 1.98 0.69 0.64 0.545

Dolostone of Baizuo formation 47.43 120.75 20.69 1.34 2.43 1.13 1.083

Limestone of Datang formation 57.43 135.87 132.93 3.13 2.08 0.74 0.963

Dolostone of Zaige formation 46.23 121.46 7.38 1.91 1.26 0.76 0.488

Dolostone of Dengying formation 64.76 205.48 18.11 2.04 0.299 0.13 0.14

Carbonate in the crust 9 20 4 0.1 0.035 0.2 0.0n

Note: The data on trace element content of carbonate rocks in the crust are quoted from turekian and wedepohl, 1961; Other data are quoted from Han et al., 2006.
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TABLE 3 Geological characteristics of the carbonate-hosted non—magmatic epigenetic hydrothermal type lead—zinc deposits in
Sichuan—Yunnan—Guizhou metallogenic domain.

Deposit Position Hosting
strata

Sampling
position

Ore-
controlling
structure

Ore texture Ore-forming
fluids

Source
of Ore-
forming
fluids
and
materials

References(s)

Huize NY Zaige Fm,
Baizuo Fm,
Dengying Fm

Zaige Fm,
Baizuo Fm

The NE direction
thrust fold
controls the
deposit, and the
secondary
compressional
torsional fault or
interlayer fault
controls the ore
body

Massive Th:150~221°C,
320~364°C;
Salinity:
12.0~18.0%,
5.0~11.0%,
1.1~5.0%; logfo2:
51.5~-37.1

Fluids: basin
brine,
atmospheric
precipitation,
and deep fluid

Huang et al., 2004;
Han et al., 2012;
Zhang et al., 2016;
Cui et al.,2017;
Wang et al., 2018

Maoping NY Zaige Fm、

Baizuo Fm、

Weining Fm

Zaige Fm、

Baizuo Fm、

Weining Fm

NE direction
compressional
torsional fault
and
Maomaoshan
inverted anticline
control the
deposit and ore
body

Massive, disseminated Th:200~215°C,
260~300°C;
Salinity:
0.8~19.2%

Materials:
basement and
host rock;
Fluids: Basin
brine,
formation water

Qiu et al., 2013;
Chen, 2014; Han
et al., 2014; Tan
et al., 2019

Huodehong NY Qujing Fm Qujing Fm NNW direction
tensile fault and
the southeast
wing of Zhaolu
anticline

Massive, disseminated,
brecciated

Th:80.4~175.6°C Materials: host
rock,
underlying
strata, a small
amount of
magmatic
material

Jin et al., 2016a;
Wu et al., 2016; Li
et al., 2017; Chen
et al., 2017; Hu
et al., 2021

Lehong NY Dengying Fm Dengying Fm NW direction
tension torsion
-tension fracture

Massive, brecciated Th:Stage Ⅰ
217.8~310.1°C,
Stage Ⅱ
180.2~241.3°C,
Stage Ⅲ
140.4~227.4°C;
Salinity:Stage Ⅰ
8.81~16.71%,
Stage Ⅱ
7.73~18.47%,
Stage Ⅲ
0.35~19.21%

Materials:
basement and
sedimentary
cover

Zhang et al., 2014;
Cui et al., 2015;
Zhao et al., 2018

Niujiaotang NG Qingxudong
Fm

Qingxudong
Fm

NE direction fault
and secondary
fault

Brecciated, massive,vein Th:110~170°C;
PH: 6.40–7.30

Materials:
wuxun
formation;
Source of sulfur:
seawater sulfate
and oilfield
brine

Ye et al., 2000,
2005, 2011; Jin
et al., 2014

Nayongzhi NG Qingxudong
Fm

Qingxudong
Fm

NW direction
tensile fault, NE
direction
anticline, and
secondary fault

Banded, stockwork,
disseminated

Th:113~232;
Salinity:
0.8~15.17%

Materials:
basement and
host rock;
Source of sulfur:
Evaporating
gypsum

Zhu et al., 2016; Jin
et al., 2016b; Chen
et al., 2017; Wei
et al., 2018; Yang
et al., 2018b

Tianqiao NG Huanglong
Fm、Baizuo
Fm、Datang
Fm、

Rongxian Fm

Huanglong
Fm、Baizuo
Fm、

Datang Fm

NW direction
overpass
anticline,
controlled by
F37 fault

Massive,
disseminated,brecciated

Th:150~200°C Different age
strata

Zhou et al., 2015;
Li et al., 2008; Li,
2016

Tianbaoshan SS Dengying Fm Dengying Fm Brecciated, massive

(Continued on following page)
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As the color of sphalerite becomes lighter (brownish

dark—pale brown—pale yellow), Fe content decreases

gradually (Table 1). As mentioned above, Fe substitutes Zn in

sphalerite in the form of isomorphism (Fe2+↔Zn2+); that is to say,

Fe exists in sphalerite in the form of FeS. FeS content, however,

has a certain relation with the formation temperature of

sphalerite and can play the role of a geothermometer (Wang

et al., 1982). In general, the sphalerite of high-mid temperature

deposit contains 12.24~15.9% FeS, with a formation temperature

of 400~500°C, while that of the mesothermal deposit contains

4.63~7.74% FeS, with formation temperature of 100~200°C. The

formation temperature should have decreased gradually as the

color of sphalerite becomes lighter and Fe content decreases

gradually, but the formation temperature of sphalerite estimated

by GGIMFis geothermometer is just the other way round (e.g.,

539# sample)—higher Fe content corresponds to lower

formation temperature, which may be caused by nonuniform

distribution of trace elements (existence of extreme point) or

relatively narrow sphalerite band (denudation). Nevertheless,

both the formation temperature estimated by the GGIMFis

geothermometer and that by the FeS geothermometer fall

within the low-mid temperature range.

TABLE 3 (Continued) Geological characteristics of the carbonate-hosted non—magmatic epigenetic hydrothermal type lead—zinc deposits in
Sichuan—Yunnan—Guizhou metallogenic domain.

Deposit Position Hosting
strata

Sampling
position

Ore-
controlling
structure

Ore texture Ore-forming
fluids

Source
of Ore-
forming
fluids
and
materials

References(s)

EW direction
torsional tensile
fault controls ore
body

Th:Stage Ⅱ
101.8~267.0°C;
Stage Ⅲ
95.6~158.3°C;
Salinity: Stage Ⅱ
3.2~19.9%; Stage
Ⅲ 2.1~19.9%

Materials: host
rock and
basement;
Fluids: basin
brine,
atmospheric
precipitation,
metamorphic
water, and
organic matter;
Source of sulfur:
Dengying
Formation
sulfate and deep
source

Zhou et al., 2010;
Sun et al., 2016; Ye
et al., 2016; Zhang,
2017; Yang et al.,
2018a; Wang et al.,
2018

FIGURE 10
(A,B,C) Binary plots of Co vs. Cu (A), Co vs. Ag (C), and Cu vs. Ag (C) in sphalerite from the carbonate-hosted non—magmatic epigenetic
hydrothermal type lead—zinc deposits in Sichuan—Yunnan—Guizhoumetallogenic domain. Note: Plots are based on data from Ye et al., 2011, 2016;
Li et al.,2016; Wang, 2017; Zhang, 2017; Wei et al., 2018, 2019, 2021; Hu et al., 2021.
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To sum up, the Daliangzi Pb-Zn deposit should be magmatic

epigenetic hydrothermal Pb-Zn deposit hosted by carbonatite

forming under mid-low temperature conditions.

Implications of trace element signatures
of sphalerite for deep prospecting of
deposit

Through LA-ICP-MS measurement of trace elements of the

sphalerite of Daliangzi Ge-enriched Pb-Zn deposit and

comprehensive comparative study based on trace element

data of the sphalerite in 3 ore-concentrated areas,

i.e., northeast Yunnan, northwest Guizhou, and southwest

Sichuan, it is found that the sphalerite of Pb-Zn deposit in

the ore-concentrated area of southwest Sichuan is richer than

that in northeast Yunnan and northwest Guizhou in Co

(213.66 and 60.70 times, respectively), Cu (12.65 and

12.53 times, respectively), and Ag (6.11 and 17.76 times,

respectively), but poorer in Ge (0.38 and 0.44 times,

respectively) (Figure 11). The differences in trace elements of

sphalerite in different ore-concentrated areas may be related to

physical and chemical conditions for ore forming (e.g.,

temperature, fo2, and PH), material source, water-rock

FIGURE 11
Box-and-whisker plots of the trace element results of sphalerite from the carbonate—hosted non—magmatic epigenetic hydrothermal type
lead—zinc deposits in Sichuan—Yunnan—Guizhou metallogenic domain. Note: Plots are based on data from Ye et al., 2011, 2016; Li et al., 2016;
Wang, 2017; Zhang, 2017; Wei et al., 2018, 2019, 2021; Hu et al. , 2021.
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reaction, etc. (Bethke et al., 1971; Scott et al., 1971; Barton et al.,

1977; Cook et al., 2009).

Most of the deposits in southwest Sichuan, northeast

Yunnan, and northwest Guizhou ore-concentrated areas have

formed under the weak acid-weak base and weak reduction-weak

oxidation conditions, of which Huize Pb-Zn deposit in northeast

Yunnan ore-concentrated area has formed under acid conditions

in stage I (Zhang, 2016), but the trace elements of sphalerite

thereof are close to those of sphalerite of Maoping Pb-Zn deposit

in northeast Yunnan ore-concentrated area. Most scholars

believe that Ge enrichment is closely related to mid-low

temperature ore-forming fluid (Bellissont et al., 2014;

Cugerone et al., 2018); Huize Pb-Zn deposit in northeast

Yunnan ore-concentrated area is mostly mid and high-

temperature, but Ge content thereof (65.90 ppm on average) is

basically consistent with that of Maoping Pb-Zn deposit

(46.17 ppm on average), which is mostly low-temperature

(Ye et al., 2011; Wang et al., 2017; Wei et al., 2021), while

Huodehong Pb-Zn deposit (Ge content of 168.27 ppm on

average) and Lehong Pb-Zn deposit (Ge content of

133.82 ppm on average), for which the ore-forming

temperature is close to that of Maoping Pb-Zn deposit,

are obviously rich in Ge. It follows that the physical and

chemical conditions (temperature, fo2, PH, etc.) for ore-

forming in different ore-concentrated areas have limited

influence on the degree of enrichment of trace elements of

sphalerite.

During the research of the Maoping Pb-Zn deposit (Wei

et al., 2021), noticed that water-rock reaction has been

commonly developed and speculated that host rock has a

certain influence upon the trace element content of

sphalerite, but the contents of trace elements (e.g., Cu, Co,

Ag, and Ge) of sphalerite in Carboniferous-Devonian carbonate

formation of northeastern Yunnan and northwestern Guizhou

ore-concentrated areas are close; the trace elements of

sphalerite in southwestern Sichuan ore-concentrated area,

where ore bodies mainly occur in the Sinian Dengying

Formation, are obviously different from those of sphalerite

in northeastern Yunnan and northwestern Guizhou ore-

concentrated areas, but there is no significant difference

between the trace element contents in dolomite of Dengying

Formation and those in dolomite of Zaige Formation and

Baizuo Formation (Table 2). It follows that host rock also

has a limited influence upon trace element contents of

sphalerite. Considering that the ore-forming fluid in the ore-

forming area is characterized by sedimentary mineralization

after mixing of deep source fluid (migration of Pb and Zn in the

form of chloride complex) and basin fluid (Zhang, 2016)

(Table 3), it can be inferred that basement strata are likely

to play an important role in enrichment of trace elements of

sphalerite.

Co-bearing Cu deposits are commonly developed in

basement strata, such as the Yimen Shizishan Cu deposit (Ji,

2009) and Huidong Youfanggou Cu deposit (Jiang et al., 2015),

FIGURE 12
The trace element metallogenic model of the Daliangzi lead-zinc deposit(Modified after Han et al., 2020; Wu et al., 2020)1- Huili Group; 2-
Angular unconformity; 3-Inferred fault; 4-Fault; 5-Migration direction of deep fluid; 6-Migration direction of basin fluid; 7-Pn-Zn ore body; 8-
Inferred copper ore body in Sinian strata; 9-Copper ore body in inferred basement strata.
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and Cu has a high background value (Shen et al., 2006), providing

a good material base for enrichment of Cu, Co, and Ag (Du et al.,

2019); find during the study of the geochemical background of

the western margin of Yangtze plate that Ge is mainly enriched in

basement strata. Studies show that there is a good positive

correlation between Co and Cu/Ag and between Cu and Ag

(Figure 10), indicating that Pb-Zn formation may be related to

basement strata. Ore-forming fluid extracts such trace elements

as Cu, Co, Ge, and Ag of basement strata, migrates in the form of

chloride complex driven by tectonic dynamic, and mixes with

basin fluid in the stratum of carbonatite of Sinian Dengying

Formation, causing the precipitation of metallic minerals and

thus the formation of Pb-Zn ore body; if the fluid extracts

sufficient Cu, concealed Cu ore body may exist at depth of Pb-

Zn ore body (Sun et al., 2016). This may be the reason why the

sphalerite of Pb-Zn deposit in the southwest Sichuan ore-

concentrate area is richer in Co, Cu, and Ag (Figure 11) but

poorer in Ge (Figure 11) than that in northeast Yunnan and

northwest Guizhou ore-concentrated areas, indicating that

the enrichment of Co, Cu, and Ag probably restrains that of

Ge, which is consistent with the result discussed earlier that

Cu (Ag) and Ge substitute Zn by coupling in sphalerite. Ore-

forming fluid constantly migrates to the top and extracts trace

elements flowing through stratum and host rocks, and then

mixes with basin fluid in the stratum of carbonatite of Sinian

Dengying Formation, causing the precipitation of metallic

minerals and thus the formation of Pb-Zn ore body, but Cu,

Co, and Ag contents in ore-forming fluid decrease while Ge

content increases correspondingly, leading to relative

enrichment of Ge and loss of Cu, Co, and Ag (Figure 11)

in sphalerite of Pb-Zn deposit in northeast Yunnan and

northwest Guizhou ore-concentrated areas. Meanwhile, we

notice that no obvious difference in Cd content can be seen in

these three ore-concentrated areas, which may be related to

the enrichment of Cd in both basement and ore-host strata

(Du et al., 2019).

To sum up, the ore-forming model of the Daliangzi Ge-

rich Pb-Zn deposit (Figure 12) indicates that the favorable

position of structure in the Sinian Dengying Formation

outside of the ore-forming area is the key direction for

finding Pb-Zn ores and that of the deep Sinian carbonate

formation and structure inside Sichuan-Yunnan-Guizhou

ore-forming areas has the potential for finding Pb-Zn (or

Cu) ore bodies, and concealed Cu ore bodies may also exist at

depth.

Conclusion

1) Sphalerite is characterized by rich Cd, Ge, and Ga, relatively

rich Fe, very variable Cu and Pb contents, and poor Mn, In,

and Sn; the good correlation between Cu (Ag) and Ge and

that between (Cu+Ag) and (Ga+As+Sb) suggest that the

substitution relationship with Zn is nCu2++Ge2+↔(n+1)

Zn2+ or n(Cu, Ag)2++Ge2+↔(n+1)Zn2+ and

(Cu+Ag)1++(Ga+As+Sb)3+↔2Zn2+, respectively, and

chalcopyrite and Ge, Gu, and Ga-rich microinclusions exist

locally.

2) From stage II to stage III, Ge, Gd, Cu, Pb, Fe, and Mn contents

decrease gradually while Ga content increases gradually; Ge,

Gd, Cu, Pb, Fe, and Mn contents in the pale brown part are

higher than those in the pale-yellow part of banded sphalerite

while Ga and In are relatively enriched in pale yellow sphalerite.

3) The formation temperature of sphalerite at stage II and that at

stage III of hydrothermal mineralization are 51–213°C (136°C on

average)~106–238°C (171°C on average) and 88–105°C (96°C on

average)~134–147°C (140°C on average), respectively, indicating

that temperature drops during the formation of sphalerite in

combination with the temperature measurements of sphalerite

inclusions. The ore-forming temperature reflects the

characteristics of a mid-low deposit, indicating that the

deposit is a typical epigenetic Pb-Zn deposit hosted by

carbonatite forming under mid-low temperature conditions.

4) Based on the established ore-formingmodel of the Daliangzi Ge-

rich Pb-Zn deposit, it is speculated that concealed Cu ore bodies

may exist at the depth of the ore-forming area and the favorable

position of structure in the SinianDengying Formation outside is

the key direction for finding Pb-Zn deposits.
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