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Abstract: The Lekai lead–zinc (Pb-Zn) deposit is located in the northwest of the Sichuan–Yunnan–
Guizhou (SYG) Pb-Zn metallogenic province, southwest China. Even now, the source of the metallo-
genic fluid of Pb-Zn deposits in the SYG Pb-Zn metallogenic province has not been recognized. Based
on traditional lithography, rare earth elements (REEs), and carbon–oxygen (C–O) isotopes, this work
uses the magnesium (Mg) isotopes of hydrothermal carbonate to discuss the fluid source of the Lekai
Pb-Zn deposit and discusses the fractionation mechaism of Mg isotopes during Pb-Zn mineralization.
The REE distribution patterns of hydrothermal calcite/dolomite are similar to that of Devonian
sedimentary carbonate rocks, which are all present steep right-dip type, indicating that sedimentary
carbonate rocks may be serve as the main source units of ore-forming fluids. The C–O isotopic
results of hydrothermal dolomite/calcite and the δ13CPDB–δ18 OSMOW diagram show that dolomite
formation is closely related to the dissolution of marine carbonate rocks, and calcite may be affected
to some extent by basement fluid. The Mg isotopic composition of dolomite/calcite ranges from
−3.853‰ to −1.358‰, which is obviously lighter than that of chondrites, mantle, or seawater and
close to that of sedimentary carbonate rock. It shows that the source of the Mg element in metallogenic
fluid of Lekai Pb-Zn deposit may be sedimentary carbonate rock rather than mantle, chondrites, or
seawater. In addition, the mineral phase controls the Mg isotope fractionation of dolomite/calcite in
the Lekai Pb-Zn deposit. Based on the geological, mineralogical, and hydrothermal calcite/dolomite
REE, C–O isotope, and Mg isotope values, this work holds that the mineralization of the Lekai Pb-Zn
deposit is mainly caused by basin fluids, influenced by the basement fluids; the participation of
basement fluids affects the scale and grade of the deposit.

Keywords: Sichuan–Yunnan–Guizhou Pb-Zn metallogenic province; Lekai Pb-Zn deposit; cal-
cite/dolomite REE; C–O–Mg isotope; metallogenic fluid source

1. Introduction

Located in the southwest margin of Yangtze Block, the Sichuan–Yunnan–Guizhou
(SYG) Pb-Zn metallogenic province is one of the main production bases of Pb-Zn–Ag–Ge
and other metal elements in China and also an important part of the giant south China
Mesozoic low-temperature metallogenic domain [1]. The Pb-Zn deposits in this region
are mainly hosted in Sinian to Permian carbonates, which are obviously controlled by the
fracture and generally present the characteristics of one orebody occurring in multiple strata.
The northeast Yunnan metallogenic belt in the metallogenic province is mainly controlled
by the northeast (NE)–trending tectonic belt, producing the super large Pb-Zn deposits
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(i.e., Huize and Lemachang) and large Pb-Zn deposits (i.e., Maozu and Maoping) [2,3].
Sinian, Cambrian, Devonian, and Carboniferous are the main ore host sequences for the
Pb-Zn orebodies in northeast Yunnan. The metallogenic belt in northwestern Guizhou
is mainly controlled by the northwest (NW)–trending tectonic belt, producing one super
large Pb-Zn deposit (i.e., Zhugongtang) and a large number of small to medium-sized
Pb-Zn deposits. Carboniferous and Permian are the main ore host sequences for the Pb-Zn
orebodies in northwestern Guizhou. Compared with the northeast Yunnan metallogenic
belt, the ore host sequences of the northwestern Guizhou metallogenic belt are relatively
newer, the deposit scale is smaller, the average grade is lower, and the types of Ag–Ge–
Cd–In–Ga and other metal elements are fewer. The Lekai Pb-Zn deposit is located in the
northwest Guizhou metallogenic belt, but it has a similar metallogenic geological setting to
the northeast Yunnan metallogenic belt (Figure 1). This study of the Lekai Pb-Zn deposit
is conducive to the comparative study of metallogenic materials and fluid sources of the
northwest Guizhou and northeast Yunnan metallogenic belts.

Recently, a variety of geochemical methods have been widely used to determine
the properties and sources of ore-forming fluid in the SYG Pb-Zn metallogenic province,
including the petrography of fluid inclusions in quartz, calcite, and sphalerite [2,4]; H–O–Sr
isotopic composition of calcite [5,6]; C–O isotope and rare earth element (REE) analysis
of calcite; and S–Pb isotope analysis of sulfides [1,7–10]. Concurrently, accompanied
by the development of high–precision testing instruments, such as NanoSIMS and laser
ablation inductively coupled plasma mass spectroscopy, the application of microscale in
situ testing technology tends to be mature, such as the measurement of sulfide in situ trace
elements and S–Pb isotopes, which greatly improves the testing accuracy [5,11,12]. At
present, the nontraditional stable isotope geochemistry of Fe, Cu, Zn, Cd, and Mg has made
great progress and shown great application potential in tracing the source of ore-forming
materials [13–19]. In particular, the Zn-Cd isotopes of sphalerite provide more direct
evidence for the source of metal elements in Pb-Zn deposits [16,20,21]. However, there
is no consensus on the contributions of sedimentary rocks, basement rocks, or magmatic
rocks to metallogenic materials.

The information contained in hydrothermal carbonate rocks can well reflect the source
and physicochemical characteristics of metallogenic fluids, and this information has been
widely used in research on ore deposits. Mg is the core element of hydrothermal carbonate
rocks, and isotopic testing technology (multicollector-inductively coupled plasma mass
spectroscopy [MC–ICP–MS]) has led to the establishment of the isotope geochemical
system [22–26], which has gradually become a new means to study carbonate rocks. Mg
isotope has unique advantages in revealing the process of epigenetic geological processes,
dolomite genesis, crust–mantle material circulation, and the exploration of fluid properties
and sources of low-temperature deposits [27–29].
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Figure 1. (A) Regional geological framework of south China [7]; (B) Regional geological map of Lekai
Pb-Zn deposit in SYG Pb-Zn metallogenic province [30].

The Mg isotopic composition of main reservoirs and the mechanism of Mg isotopic
behavior in geological processes provide a theoretical basis for the tracing of metallogenic
fluids. At present, there has been a certain degree of data accumulation in the study of Mg
isotopes [13–15,23,25,29,31–39]. These data have revealed that the Earth’s materials, mantle
peridotites, and basalts were relatively heavy Mg isotopic compositions (peridotites had
δ26Mg values ranging from −0.48‰ to 0.06‰, average: −0.23 ± 0.19‰; basalts had δ26Mg
values ranging from −0.09‰ to 0.46‰, average: −0.24 ± 0.12‰), which are relatively
homogeneous and similar to those of chondrites (δ26Mg values ranging from −0.35‰ to
−0.20‰, average: −0.28 ± 0.06‰) [23,34]. Compared with mantle rocks, the Mg isotopic
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composition of seawater is relatively light but also relatively homogeneous (δ26Mg values
range from −0.87‰ to −0.75‰, average: −0.83 ± 0.07‰) [23,33,34]. The Mg isotopic com-
position of carbonate rocks is the lightest, and its variation is the largest (δ26Mg = −4.84‰
to −1.00‰, average: −3.09 ± 2.66‰) [14,23,36–38]. The δ26Mg values of dolomite and
limestone range from −2.29‰ to −1.09‰ and −4.47‰ to −2.43‰, respectively [29,31–39].
The δ26Mg values of sedimentary rocks (excluding carbonate rocks) mainly range from
−0.94‰ to 0.92‰, with an average of −0.06 ± 0.60‰ [25]. Therefore, there are significant
differences in the Mg isotopic composition and distribution range among each of Earth’s
reservoirs. In particular, the greatest differences in Mg isotopic composition are between
mantle and sedimentary rocks. This is the important basis of Mg isotopes in tracing the
source of metallogenic materials and restricting mineralization.

This study selects the hydrothermal carbonate minerals (i.e., dolomite and calcite) of
the Lekai Pb-Zn deposit as the main objects, which are based on systematic petrography and
geology. Detailed REE and C–O isotopic compositions of dolomite and calcite were studied.
The Mg isotopic data of hydrothermal carbonate rocks are experimentally measured, and
the REE, C, O, and Mg isotopic compositions of hydrothermal carbonate rocks in the
deposit are comprehensively analyzed using these data. The REE and C, O, and Mg
isotopic compositions of the hydrothermal carbonate rocks in the Lekai Pb-Zn deposit are
analyzed. The sources of metallogenic material and fractionation factors of Mg isotopes in
the mineralization process of the Lekai Pb-Zn deposit are identified.

2. Geological Background and Deposit Geology

The Yangtze Block is mainly composed of basement metamorphic rocks, marine/continental
sedimentary rocks, and igneous rocks. The basement metamorphic rocks are a set of
dioritic, granitic mixed gneiss, migmatitic, and other deep metamorphic rocks of the Pale-
oproterozoic Kangding group and a set of shallow to medium metamorphic rocks of the
Mesoproterozoic Kunyang/Huili Formation. The caprock sequence is mainly composed of
Sinian to Permian marine facies and Mesozoic to Cenozoic continental sedimentary rocks.
The igneous rocks are mainly dominated by the Emeishan basalt and homologous diabase
in the Late Permian [12,40]. The tectonic deformation of the Yangtze Block is dominated
by deep faults and folds. It has experienced the Hercynian, Indosinian, and Yanshanian
geological evolution stages and was affected by the Himalayan orogeny events. These
tectonic events mainly controlled the sedimentation, magmatism, and mineralization in
this region [9,38,41]. The Lekai Pb-Zn deposit is mainly controlled by a series of faults and
folds formed by the late Indosinian tectonic event.

The Lekai Pb-Zn deposit is the southern extension of the Huize–Yiniang–Niujie oblique
strike-slip fault–fold belt in the northeast Yunnan metallogenic belt and controlled by the
NE-trending Luozehe fault–fold belt (Figure 1). The folds mainly developed in the NE-
trending Shimen anticline and a series of secondary folds. The broken parts of the secondary
folds on the SE wing of Shimen anticline are favorable for mineralization. The faults are
mainly presented in the NE– and NW –trending, with “ξ–type” (xi-type) and “λ–type”
(lambda–type) structural styles. The NE–trending faults are closely related to mineralization
and control the distribution of orebodies. The NW– trending faults are smaller in scale and
are post–mineralization faults (Figure 2). The Pb-Zn orebodies present layered, stratoid,
and lenticular shapes and occur in the folds and faults intersections within the coarse-
grained and altered dolomite in the Devonian Wangchengpo formation (D3w). There are
four Pb-Zn orebodies (mineralized bodies) have been identified, which all show the obvious
characteristics of slow widening, fast narrowing, expansion, and contraction in plane and
section views (Figures 3 and 4A). The Lekai deposit mainly experienced the following
two metallogenic formation periods: a hydrothermal metallogenic period and a supergene
oxidation period. Ore minerals (i.e., sphalerite, galena, and pyrite and gangue minerals
(i.e., dolomite and calcite) are mainly developed in the hydrothermal mineralization period.
Ore structures consist of brecciated (Figure 4B), veined (Figure 4C,D), and disseminated
(Figure 4D–F) types, and textures consist of hypidiomorphic–idiomorphic grain (Figure 5A),
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metasomatic (Figure 5B,C), codissolved (Figure 5E), interstitial (Figure 5D,F), and crushed
(Figure 5F) morphologies. The hydrothermal mineralization period can be divided into the
following three stages: (i) pyrite + dolomite + sphalerite; (ii) galena + pyrite + sphalerite +
calcite; (iii) galena + pyrite. Cerusite, smithsonite, and limonite are the main minerals in
the supergene oxidation period (Figure 6).
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Figure 4. The Pb-Zn orebody and ore structure of Lekai Pb-Zn deposit. (A) Stratoid Pb-Zn orebodies
occur within interlayer fracture zone; (B) Brecciated Pb-Zn ore, Galena occurs in brecciated dolomite
as an agglomerate; (C) Disseminated Pb-Zn ore, Veined dolomite and pyrite occur in altered dolomite;
(D) Cloddy Pb-Zn ore, Agglomerate and veined galena occur in dolomite; (E) Disseminated Pb-Zn
ore, Agglomerate sphalerite and calcite occur in dolomite; (F) Cloddy Pb-Zn ore, Sphalerite, galena,
and calcite are filled within the dolomite pores. Sp = sphalerite; Py = pyrite; Gn = galena; Cal = calcite;
Dol = dolomite.
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Figure 5. Mineral assemblages and sequence of Lekai Pb-Zn deposit. (A) Sphalerite, galena, and
pyrite are hypidiomorphic-idiomorphic grain; Pyrite is surrounded by calcite, sphalerite, and galena
form codissolved texture; (B) Veined galena metasomatized dolomite; (C) Sphalerite, galena, and
pyrite are granularly cemented by calcite; (D) The later granular pyrite developed in veined calcite and
metasomatized earlier formed sphalerite; (E) Pyrite, sphalerite, and galena show a codissolved texture;
(F) A small amount of sphalerite is filled within the fracture zones of crushed pyrite. Sp = sphalerite;
Py = pyrite; Gn = galena; Cal = calcite; Dol = dolomite.
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3. Sampling and Methods

The samples were mainly collected from adit LD11 of the Lekai Pb-Zn deposit. We
take the method of continuous block in adit for sampling. The top and bottom segment of
the Pb-Zn orebody is in contact with the altered dolomite, which is mainly disseminated
ore, and the center of the orebody is brecciated and cloddy ore. The representative and fresh
hydrothermal carbonate samples were collected based on the field’s detailed geological
cataloging and observations. Firstly, the samples were crushed to 40–60 mesh. Hydrother-
mal calcite and dolomite with purities greater than 99% were selected under the binocular
microscope, after which the samples were ultrasonically cleaned and repeatedly purified.
The pure single-grain samples were pounded to 200 mesh with an agate mortar for REE, C,
O, and Mg isotope analyses. REE and C–O isotope analyses were performed at the State
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Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy
Sciences, and Mg isotope analyses were undertaken at Aoshi analytical testingCo., Ltd,
Guangzhou, China.

The REE contents of the calcite/dolomite samples were measured via inductively
coupled plasma mass spectroscopy (ICP-MS; ELAN DRC-e four-stage bar inductively
coupled plasma mass spectrometer; PerkinElmer, Woodbridge, ON, Canada); the anal-
ysis uncertainty was less than 5%. Bulk C–O isotope analyses were conducted using a
Finnigan MAT-253 mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
Calcite/dolomite samples were reacted with 100% H3PO4 to produce CO2. The analytical
precision rates calculated from replicate analyses of unknown samples were better than
0.2‰ (2σ) and 1‰ (2σ) for δ13C and δ18O, respectively. The δ13C and δ18O values were
reported relative to the Vienna Pee Dee Belemnite (V-PDB) standard and Standard Mean
Ocean Water (SMOW), respectively.

Hydrothermal calcite/dolomite samples were prepared via alkali fusion and digestion
using acids, followed by separation of Mg via ion exchange AG 50W-8X (Bio-Rad, Hercules,
CA, USA) and measurement via MC-ICP-MS (NEPTUNE PLUS) (Thermo Fisher Scientific,
Shanghai, China) for Mg isotopes (ratio). Si was added to all analytical solutions (purified
Mg fractions, standards, and blanks) as a spike internal standard to correct mass bias and
ensure the best precision of Mg isotope values. Delta values for Mg were calculated against
IRMM-3704 CRM.

4. Results
4.1. REE Contents

Hydrothermal calcite/dolomite is characterized by an increase in total REE (excluding
Y, ΣREE) concentrations from 2.45 to 29.11 ppm, with an average of 6.05 ppm (n = 13)
(Table 1, Figure 7A,B). The concentrations of light (LREEs) and heavy REEs (HREEs)
range from 2.02 to 25.02 ppm (average: 5.18 ppm, n = 13) and 0.31 to 4.09 ppm (average:
0.87 ppm, n = 13), respectively. The LREE/HREE ratios of calcite/dolomite samples were
between 4.33 and 8.06 (average: 5.93, n = 13); the (La/Yb)N values range from 6.17 to
13.32 and showed LREE enrichment patterns. The differences between LREE and HREE
concentrations were obvious, and the chondrite-normalized REE patterns were consistently
steep right-sloping types (Figure 7A). The Eu and Ce show moderate negative anomalies,
with δEu and δCe values ranging from 0.56 to 0.69 and 0.63 to 0.87, respectively.
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Table 1. Analysis results of REE contents of hydrothermal calcite/dolomite samples from the Lekai
Pb-Zn deposit.

Sample LK635 LK600 LD01R24 LD01R3 LD01R2 LD01R1 Average LK122–3 LK122 LD03R8 LD03R6 LD01R3 LD01R2 LD01R1 Average
Minerals Calcite (ppm) Dolomite (ppm)

La 0.72 5.89 0.93 0.64 0.67 2.04 1.82 1.51 1.54 0.89 0.69 0.86 0.93 1.47 1.13
Ce 1.09 10.10 1.17 0.95 1.03 2.85 2.87 2.24 1.73 0.98 0.71 0.97 1.01 2.01 1.38
Pr 0.13 1.49 0.15 0.12 0.13 0.29 0.39 0.29 0.22 0.11 0.10 0.14 0.14 0.28 0.18
Nd 0.56 6.00 0.62 0.52 0.58 1.11 1.57 1.20 0.86 0.42 0.42 0.56 0.55 1.11 0.73
Sm 0.12 1.26 0.13 0.14 0.15 0.28 0.35 0.21 0.16 0.07 0.09 0.12 0.11 0.21 0.14
Eu 0.03 0.28 0.03 0.04 0.03 0.07 0.08 0.04 0.03 0.02 0.02 0.03 0.02 0.05 0.03
Gd 0.13 1.30 0.15 0.18 0.18 0.33 0.38 0.21 0.17 0.09 0.11 0.14 0.13 0.23 0.15
Tb 0.02 0.19 0.02 0.03 0.03 0.05 0.06 0.03 0.03 0.01 0.02 0.02 0.02 0.04 0.02
Dy 0.12 1.16 0.14 0.16 0.17 0.34 0.35 0.18 0.17 0.08 0.11 0.14 0.14 0.23 0.15
Ho 0.03 0.24 0.03 0.03 0.04 0.07 0.07 0.04 0.04 0.02 0.03 0.03 0.03 0.05 0.03
Er 0.07 0.62 0.08 0.08 0.09 0.17 0.19 0.11 0.11 0.05 0.08 0.09 0.09 0.15 0.1
Tm 0.01 0.08 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01
Yb 0.05 0.44 0.06 0.05 0.07 0.14 0.14 0.09 0.09 0.05 0.07 0.08 0.07 0.13 0.08
Lu 0.01 0.06 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Y 1.51 9.31 2.02 1.90 1.95 3.36 3.34 2.41 2.25 1.26 1.96 2.01 1.97 2.66 2.07

ΣREE 3.08 29.11 3.52 2.95 3.19 7.78 8.27 6.19 5.16 2.79 2.45 3.18 3.26 5.99 4.15
LREE 2.65 25.02 3.02 2.41 2.59 6.64 7.06 5.50 4.53 2.48 2.02 2.66 2.75 5.12 3.58
HREE 0.43 4.09 0.50 0.55 0.60 1.14 1.22 0.69 0.63 0.31 0.44 0.52 0.51 0.87 0.57

LREE/HREE 6.15 6.12 6.05 4.40 4.33 5.80 5.48 7.93 7.22 8.06 4.64 5.12 5.40 5.87 6.32
LaN/YbN 9.49 9.07 10.92 8.12 6.17 9.71 8.91 11.34 11.31 13.32 6.73 7.55 8.56 7.64 9.49

δEu 0.69 0.66 0.60 0.67 0.63 0.69 0.66 0.62 0.62 0.62 0.56 0.61 0.62 0.67 0.62
δCe 0.82 0.80 0.74 0.80 0.82 0.87 0.81 0.79 0.70 0.74 0.63 0.67 0.67 0.74 0.71

Y/Ho 60.4 38.63 66.30 57.58 54.17 49.41 54.42 58.78 59.21 63.00 66.5 64.84 61.56 50.19 60.58
La/Ho 28.64 24.44 30.52 19.30 18.50 30.00 25.23 36.83 40.53 44.35 23.40 27.74 28.91 27.74 32.78
Tb/La 0.03 0.03 0.02 0.04 0.04 0.03 0.03 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02

Sm/Nd 0.20 0.21 0.20 0.28 0.26 0.25 0.23 0.18 0.18 0.17 0.20 0.21 0.19 0.19 0.19

4.2. C and O Isotopes

The C and O isotopic compositions of calcite/dolomite samples separated from the
sulfide ore are listed in Table 2. The δ13CPDB and δ18OSMOW values of calcite ranging from
−6.02‰ to 2.40‰ (average: −3.26‰, n = 6) and 14.72‰ to 20.14‰ (average: 16.19‰,
n = 6), respectively. The δ13CPDB and δ18OSMOW values of dolomite ranging from −0.33‰ to
2.29‰ (average: 0.93‰, n = 7) and 19.06‰ to 26.16‰ (average: 22.27‰, n = 7), respectively.

Table 2. C-O isotopic composition of hydrothermal calcite/dolomite in Lekai Pb-Zn deposit.

Sample
Number Mineral δ13C

(‰VPDB) Std.ev δ18O
(‰VPDB) Std.ev δ18O

(‰SMOW)

LD01R1 Calcite −3.57 0.02 −14.99 0.02 15.41
LD01R2 Calcite −3.78 0.05 −15.32 0.10 15.07
LD01R3 Calcite −3.59 0.04 −15.66 0.03 14.72
LD01R24 Calcite −5.00 0.05 −13.92 0.09 16.51

LK600 Calcite 2.40 0.07 −10.40 0.10 20.14
LK635 Calcite −6.02 0.08 −15.11 0.08 15.28

Average −3.26 0.05 −14.23 0.07 16.19
LD01R1 Dolomite 0.53 0.05 −9.86 0.06 20.70
LD01R2 Dolomite 1.52 0.02 −6.78 0.03 23.87
LD01R3 Dolomite 1.61 0.03 −8.57 0.03 22.03
LD03R6 Dolomite 1.01 0.05 −8.77 0.07 21.82
LD03R8 Dolomite −0.33 0.05 −11.45 0.08 19.06
LK122 Dolomite 2.29 0.04 −4.56 0.03 26.16

LK122-3 Dolomite −0.11 0.02 −8.34 0.03 22.26
Average 0.93 0.04 −8.33 0.05 22.27

4.3. Mg Isotopes

The Mg isotopic compositions of calcite and dolomite samples are given in Table 3.
The δ26Mg values of seven hydrothermal carbonates (calcite and dolomite) range from
−3.853‰ to −1.358‰, with an average of −2.433‰. Three calcite and four dolomite
samples had δ26Mg values ranging from −3.853‰ to −3.483‰ (average: −3.613‰) and
−1.751‰ to −1.358‰ (average: −1.548‰), respectively.
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Table 3. Mg isotopic composition of hydrothermal calcite/dolomite in Lekai Pb-Zn deposit.

Sample Number Sample Name δ25Mg Std.ev δ26Mg Std.ev

LD01R2 Calcite −1.736 0.059 −3.503 0.085
LD01R24 Calcite −1.905 0.061 −3.853 0.078

LK600 Calcite −1.746 0.071 −3.483 0.093
Average Calcite −1.796 0.064 −3.613 0.085
LD01R1 Dolomite −0.701 0.041 −1.429 0.069
LD01R2 Dolomite −0.801 0.047 −1.655 0.074
LD03R8 Dolomite −0.659 0.051 −1.358 0.062
LK122 Dolomite −0.859 0.040 −1.751 0.060

Average Dolomite −0.755 0.045 −1.548 0.066

5. Discussion
5.1. Genetic Relationship of Hydrothermal Carbonate Rocks and the Nature of Fluids

REE geochemistry is a useful tool in investigating hydrothermal mineralization and
understanding the genesis of carbonate rocks in different geological environments [42].
Calcite and dolomite are the main carbonate minerals, which were closely associated
with galena, pyrite, and sphalerite in the Lekai Pb-Zn deposit. They have similar REE
distribution patterns and show consistent ΣREE, Eu, and Ce anomalies, etc.; in addition,
they show constant Y/Ho values and are roughly horizontally distributed on the Y/Ho–
La/Ho diagram (Figure 8A), indicating that dolomite and calcite may have crystallized at
approximately the same period and originated from the same fluid system.
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In fact, there are slight differences in LREE/HREE fractionation between dolomite
and calcite, although they both show LREE-enriched patterns with constant LREE/HREE
ratios. The average LREE/HREE of dolomite (6.32, n = 6) is slightly higher than that of
calcite (5.48, n = 7). Morgan et al. (1980) believed that the REE pattern in hydrothermal
minerals is mainly controlled by the ionic radius of cations and that the LREEs are easier
to incorporate into carbonate rock crystal lattices than the HREEs because the differences
in ionic radii between LREE3+ and Ca2+ are smaller than these between HREE3+ and
Ca2+. Therefore, carbonate rocks should have LREE-enriched patterns as found in this
study. LREE/HREE differentiation of hydrothermal carbonates is mainly controlled by
physicochemical conditions, which control REE leaching and fluid migration in source
rocks [46]. Bau and Möller (1992) [47] suggested that the leaching and fluid migration of
REEs may take place in two different states—adsorption and complexation. Specifically,
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with the increase of pH value and the decrease of temperature, complexation is more
common than adsorption, and a partition mode rich in LREEs is generated in adsorption
conditions (such as low pH and high temperature), or ligand-rich fluids can form LREE-
poor partition patterns through the complexation process [48–50] because HREEs can form
more stable complexes with ligands (CO3

2− and OH−). Therefore, the fluids in the early
stage tend to be rich in LREEs, while HREEs tend to precipitate preferentially in the late
stage. We think that dolomite with higher LREE contents may crystallize earlier than calcite.
In the process of fluid evolution and carbonate precipitation, not only is there LREE/HREE
differentiation, but the Tb/La and Sm/Nd ratios also have differences. Constantopoulos
(1988) [50] and Chesley et al. (1991) [51] proposed that the ratios of Tb/La and Sm/Nd
of early carbonate rocks are lower than those of late carbonate rocks. The Tb/La ratio of
dolomite in the Lekai deposit ranges from 0.01 to 0.02, with an average of 0.02 (n = 7),
which is slightly lower than that of calcite (0.02–0.04, average: 0.03, n = 6); the Sm/Nd ratio
of dolomite is between 0.17 and 0.20 (average: 0.19, n = 7), which is slightly lower than the
Sm/Nd ratio of calcite (0.20–0.28, average: 0.24, n = 6). This also supports the view that
calcite crystallization may be slightly later than dolomite crystallization.

The dolomite and calcite in the Lekai deposit show moderate negative Eu and Ce
anomalies, which indicate that low oxygen fugacity and low-temperature environments
occurred during their deposition [52,53]. Considering that there are only a few differences
between dolomite and calcite in REE compositions, Tb/La and Sm/Nd ratios, and δEu
and δCe values, we preliminarily suspect that they are products of different stages in the
evolution of homologous fluids. Dolomite formed earlier and was more influenced by the
surrounding rock of Devonian, while calcite formed later, showing more characteristics of
the ore-forming fluids.

5.2. Sources of Metallogenic Fluids
5.2.1. REE and C–O Isotopic Constraints

Y and Ho usually show similar geochemical behavior, so the Y/Ho ratio is an impor-
tant parameter to trace fluid processes [42]. The Y/Ho ratios of hydrothermal dolomite and
calcite range from 50.19 to 66.50 and 38.63 to 60.40, respectively, indicating the existence
of hydrothermal sources (for which the Y/Ho ratios are approximately 20–110 [44]). The
La/Ho ratio of the Devonian surrounding rock (average: 33.79, n = 2), dolomite (aver-
age: 32.78, n = 7), and calcite (average: 25.23, n = 6) in the study area gradually decrease,
indicating that dolomite and calcite may be hydrothermal carbonates formed by the recrys-
tallization of Devonian rocks in the host rock. Conversely, the REE patterns of dolomite and
calcite in the Lekai mining district are consistent with those of Devonian rocks (carbonate
and noncarbonate rocks); however, magmatic rocks (Emeishan basalt and diabase) show
completely different REE patterns, indicating that dolomite and calcite may have a genetic
relationship with the Devonian rocks rather than the Emeishan basalt and diabase. In
addition, the Tb/Ca–Tb/La diagram (Figure 8B) established by Möller et al. (1976) [45] can
distinguish the relationships among dolomite, calcite, and other calcium-bearing minerals
and sedimentary, hydrothermal, and magmatic rocks. In particular, the Tb/Ca ratio may be
a good indicator of the formation environment of carbonate rocks [54]. All dolomite and cal-
cite in the Lekai mining district fall into the hydrothermal area, and there are no data within
the magmatic area, suggesting their genesis may not be related to the magmatic fluid. The
ratios of La/Ho and Tb/La are the criteria for the degree of crystallization differentiation
of carbonate rocks [54]. The Y/Ho–La/Ho and Tb/Ca–Tb/La diagrams show the changing
trends of La/Ho and Tb/La ratios, which better indicate the crystallization differentiation
trends of dolomite and calcite. As expected, dolomite crystallizes earlier than calcite, which
may indicate the inheritance from sedimentary Devonian rocks to dolomite and calcite.

The δ13C values of dolomite and calcite from the Lekai hydrothermal solution range
from −0.33‰ to 2.29‰ (average: 0.93‰, n = 7) and −6.02‰ to 2.40‰ (average: −3.26‰,
n = 6), respectively, which are significantly higher than those of organic carbon in sedi-
ments (−30.0‰ < δ13CPDB < −10.0‰ [55]), slightly higher than those of mantle-derived
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magma (−8.0‰ < δ13CPDB < −4.0‰, [56,57]), and basically corresponding within the
range of marine carbonate (−4.0‰ < δ13CPDB < 4.0‰, [58]). It is suggested that the car-
bon of hydrothermal dolomite and calcite may be derived from marine carbonate rocks.
The δ18OSMOW values of hydrothermal dolomite range from 20.60‰ to 26.10‰ (average:
22.60‰, n = 7), which are significantly higher than that of the common mantle-derived
magma (6.0‰ < δ18OSMOW < 10.0‰, [56,57]), and are completely distributed within the
marine carbonate rocks (20.0‰ < δ18OSMOW < 30.0‰, [58]). The δ18OSMOW values of calcite
range from 14.30‰ to 20.30‰ (average: 16.10‰, n = 6) and are distributed between the
common mantle-source magma and marine carbonate rocks and obviously lower than
those of marine carbonate rock. Although the dissolution of carbonate rocks will lead to
almost constant δ13C values and reduced δ18O values [59], the δ18OSMOW value of dolomite
does not change significantly, which suggests that the oxygen isotopes of dolomite may
be inherited from marine carbonate rocks, whereas the oxygen isotopes of calcite may be
influenced by other fluids.

The δ13CPDB–δ18OSHOW diagram (Figure 9A) shows that the C–O isotopic composition
of dolomite and calcite have obvious differences. The C–O isotopic values decrease from
dolomite to calcite, suggesting that calcite may crystallize later than dolomite. Calcite
is obviously affected by other fluids and does not retain the characteristics of marine
carbonate rocks as dolomite does, which is consistent with the REE analyses. Studies have
found that the mineralization of Pb-Zn deposits in northwest Guizhou is a mixture of two
kinds of fluids, namely fluid rich in metal elements that originated from the basement and
fluid rich in sulfate that originated from the stratum [60]. Therefore, we primarily think the
basement fluid is the main factor affecting the O isotopic values of hydrothermal calcite.
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5.2.2. Mg Isotopic Constraints

The Mg isotopic measurements of the Lekai Pb-Zn deposit are all located on the mass
fractionation line with a slope of 0.50 (within experimental error), and the fitting degree
is very high (R2 = 0.9997), which indicates that the interference of homoectopic elements
in the mass spectrometry measurement process can be ignored. However, the δ26Mg–
δ25Mg diagrams of hydrothermal dolomite and calcite samples are distributed in different
intervals (Figure 9B), indicating that there is mass fractionation between hydrothermal
dolomite and calcite.

It is found that chondrites, mantle peridotites, and basalts have relatively homo-
geneous Mg isotopic compositions (Figure 10A) [61], suggesting that the mass balance
fractionation of Mg isotopes is very small in processes of high-temperature magmatism,
such as crystallization differentiation and partial melting [61,62]. In other words, the
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Mg isotopic composition of carbonatites, which are genetically related to mantle-derived
igneous rocks, should be similar to that of mantle-derived igneous rocks. For example,
the δ26Mg values of dolomite (igneous carbonatite dyke) in the Bayan Obo deposit range
from −0.94‰ to −0.10‰, with an average of −0.50‰ [63]; and the δ26Mg values of the
H8 dolomite range from −1.18‰ to 0.56‰ (average: −0.42‰) and are closely related to
those of mantle rocks [64] (Figure 10B). In addition, some studies show that Mg isotopic
compositions of different ages and types of sedimentary carbonate rocks have no obvious
correlations beyond similar distribution intervals [24,64]. For example, ancient (Paleopro-
terozoic to Triassic) and modern (Cenozoic) dolostones have similar δ26Mg compositions,
ranging from −3.25‰ to −0.45‰ and −3.46‰ to −0.38‰, respectively [26,39]. Therefore,
carbonatites can be well distinguished from sedimentary carbonate rocks. The Mg isotopic
compositions of hydrothermal carbonate rocks (dolomite and calcite) in the Lekai Pb-Zn
deposit range from −3.853‰ to −1.358‰, which are significantly lighter than those of
chondrites, mantle rock, and seawater (Figure 10B), and close to those of sedimentary
carbonate rocks. These data show that the source area of Mg in the metallogenic fluid of
the Lekai Pb-Zn deposit may be sedimentary carbonate rocks, and has little relationship
with mantle, sedimentary rock, or seawater.
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Figure 10. (A) Magnesium isotopic composition of different reservoirs of the Earth (Chondrite [13];
Mantle [34]; Crust [23,33]; (B) Magnesium isotopic composition of Lekai Pb-Zn deposit and Bayan
Obo deposit (Bayan Obo deposit [63]).

The Mg isotopic compositions of hydrothermal dolomite and calcite in the Lekai Pb-Zn
deposit are distributed in the sedimentary carbonate rocks interval. However, there is still
a certain fraction (Figure 9B) wherein the average δ26Mg value of hydrothermal dolomite is
−1.548‰, whereas that of calcite is −3.613‰. It is found that Mg isotope fractionation of
carbonate minerals is mainly affected by a combination of factors, including the following:
the growth rate of carbonate minerals [28,65]; temperature [66]; the existing form of Mg in
the aqueous solution [67]; biological processes [68,69]; and the type of carbonate minerals
(different minerals have different Mg–O bond lengths) [23,36]. The REE characteristics of
dolomite and calcite in the Lekai hydrothermal system show that they originated from the
same fluid system, but the dolomite crystallized earlier than calcite, which indicates that the
Mg isotopic fractionations of dolomite and calcite are not caused by the existence of Mg in
the hydrothermal fluid. In addition, the Mg isotopic compositions of hydrothermal dolomite
and calcite are relatively concentrated, suggesting that the influence of mineral growth
rate is not significant. The biological effects first need to meet the temperature conditions
for bacterial life and that of other organisms (<100–120 ◦C, [70]). The homogenization
temperature of hydrothermal mineral fluid inclusions of Pb-Zn deposits in northwest
Guizhou is between 160 ◦C and 260 ◦C [4]; therefore, the effect of biological action on Mg
isotope fractionation can be eliminated. Some experimental and field data have shown
that Mg isotopic fractionation during inorganic precipitation of carbonate minerals is
positively correlated with the temperature at medium and low temperatures [43,66], but
the influence of temperature on Mg isotopic fractionation is relatively weak, so it is not the
main controlling factor [14,35,71]. However, this is not consistent with the fact that dolomite
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with a little earlier crystallization should have a slightly heavier Mg isotopic composition
than calcite δ26Mg. Mg isotopic fractionation is obviously beyond the influence range
of temperature. Liu et al. (2010) [72] found that mineral phase is the main controlling
factor of Mg isotopic fractionation in carbonate minerals, that is, the bond length or bond
energy strength of the corresponding chemical bonds formed by Mg in different mineral
phases determines the degree of Mg isotope fractionation. Generally, the bond length is
determined by the coordination number of the cation (Mg), followed by the coordination
number of the anion (generally O). The lower the coordination number, the shorter the
bond length, and the stronger the bond energy, the more favorable it is for the enrichment of
heavy Mg isotopes [14,72]. It is found that Mg–Ca substitution leads to strong deformation
of the Mg ion lattice during dolomitization, resulting in the reduction of the coordination
number and formation of stronger Mg–O bond energy. The concentrations of Mg and Ca
in carbonate rocks also affect the Mg–O bond energy. The ratio of Mg to Ca in dolomite
is more conducive to the enrichment of 26Mg [73]. Therefore, dolomite has a heavier Mg
isotopic composition than calcite. In addition, the relevant experimental data also show
that carbonate minerals tend to be enriched in light Mg isotopes, and calcite has a greater
fractionation coefficient than dolomite [14,36,66,74,75]. This is consistent with the results of
this study. Therefore, we primarily think that the mineral phase controls the Mg isotope
fractionation of dolomite and calcite in the Lekai Pb-Zn deposit.

5.3. Mineralization

Studies have confirmed that the mineralization of Pb-Zn deposits in the SYG Pb-Zn
metallogenic province is a mixture of two kinds of fluids, such as acidic fluid rich in metal
elements that originated from the basement is fed into the overlying sedimentary strata
by deep faults and mixed with alkaline fluid rich in sulfate in the strata. As a result,
thermochemical sulfate reduction (TSR) produces a large amount of S2−, which combines
with metal cations such as Pb2+, Zn2+, and Fe2+ in the metal fluid for mineralization [76]
(Figure 11). The participation of basement fluid directly affects the scale and grade of the
orebody. From west to east, the deep lithospheric Anninghe, Ganluo–Xiaojiang, and Yadu–
Mangdong Faults are distributed in the SYG Pb-Zn metallogenic province. Our results
show that the Pb-Zn deposits are distributed along these three faults in a lenticular linear
manner. The Ganluo–Xiaojiang Fault in the central part has the highest mineralization
intensity and the best continuity in the distribution of deposits, whereas the Anninghe and
Yadu–Mangdong Faults on the west and east sides, respectively, are relatively inferior in
mineralization intensity and scale.

The metallogenic belt of northeast Yunnan in the ore concentration area is mainly
controlled by the Ganluo–Xiaojiang Fault, and the basement metamorphic rocks have de-
veloped in this area. The ore host strata of the Pb-Zn deposits are mainly Sinian, Devonian,
and other older strata, which are greatly affected by the basement metallic fluid and form
large-scale and high-grade Pb-Zn orebodies easily, such as the Huize, Maoping, and other
super large Pb-Zn deposits and the Maozu, Fule, and other large Pb-Zn deposits. In partic-
ular, the amount of Pb + Zn in the Huize Pb-Zn deposit exceeds 5 million tons, and that in
the Maoping Pb-Zn deposit exceeds 3 million tons [2,3]. However, the Pb-Zn deposits in
the northwest Guizhou metallogenic belt are mainly controlled by the Yadu–Mangdong
Fault at the eastern boundary of the SYG Pb-Zn metallogenic province. The basement meta-
morphic rocks are not developed. The ore host strata are mainly Carboniferous, Permian,
and other strata, which are less affected by the metal-bearing fluids in the basement. It is
not easy to form large-scale and high-grade Pb-Zn orebodies in this area. There are few
metal elements, such as Ag, Ge, Cd, and Ga. The Lekai Pb-Zn deposit is located at the
intersection of the northern part of the Yadu–Mangdong Fault and the secondary Luozehe
Fault of the Xiaojiang Fault. The ore-bearing strata are Devonian carbonate rocks with good
structural and lithological conditions. However, the deposit is small in scale and low grade.
The main factor is that the basement fluid is not involved in the deposit, and the basement
fluid is the main source area of metal elements.
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6. Conclusions

Based on the in-depth analysis of the geological characteristics of the Lekai Pb-Zn
deposit in the SYG Pb-Zn metallogenic province, and the systematic study of REE and C–
O–Mg isotopic geochemistry of hydrothermal calcite/dolomite, the following four points
are obtained:

(I) The mineralization of the Lekai Pb-Zn deposit is mainly metasomatism and filling
and controlled by faults and lithology. The orebody is stratoid and lenticular and
develops veined, massive, brecciated, and disseminated structures, showing obvious
epigenetic metallogenic characteristics.

(II) The REE characteristics of hydrothermal calcite/dolomite in the Lekai Pb-Zn deposit
show that the metallogenic materials are provided by the carbonate rocks, and the
basin fluid is the main metallogenic fluid. The formation environment of the Pb-
Zn deposit has low oxygen fugacity and low temperature. The C and O isotopic
compositions of calcite/dolomite indicate that the metallogenic process is mainly
influenced by the basement fluid, followed by basin fluid.

(III) Mg isotopic analysis of hydrothermal calcite/dolomite in the Lekai Pb-Zn deposit
shows that the source of metallogenic fluid may be sedimentary carbonate rocks,
rather than the mantle, chondrites, or seawater. The Mg isotopic fractionation of
calcite/dolomite is controlled by the mineral phase.

(IV) The mineralization of Pb-Zn deposits in the SYG Pb-Zn metallogenic province may be
the result of two fluids mixing (basement fluid and basin fluid). The participation of
basement fluid directly affects the scale and grade of the orebody. The Lekai Pb-Zn
deposit is obviously less affected by the basement fluid and shown small in deposit
scale and grade.
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