minerals

Article

Mineralization of MVT Pb-Zn Deposits in the Process of
Hydrocarbon Accumulation and Destruction in the Strong
Structural Deformation Area of Eastern Sichuan, South China

Zhiliang He 1-2-*, Jian Gao 3%*, Shuangjian Li >* and Sheng He °

check for
updates

Citation: He, Z.; Gao, J.; Li, S.; He, S.
Mineralization of MVT Pb-Zn
Deposits in the Process of
Hydrocarbon Accumulation and
Destruction in the Strong Structural
Deformation Area of Eastern Sichuan,
South China. Minerals 2022, 12, 1281.
https:/ /doi.org/10.3390/min12101281

Academic Editor: Thomas Gentzis

Received: 31 August 2022
Accepted: 8 October 2022
Published: 12 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

China Petroleum & Chemical Corporation, Beijing 100728, China

School of Earth and Space Sciences, Peking University, Beijing 100091, China

SINOPEC Petroleum Exploration and Production Research Institute, Beijing 102206, China
SINOPEC Key Laboratory of Geology and Resources in Deep Strata, Beijing 102206, China
Key Laboratory of Tectonics and Petroleum Resources of Ministry of Education,

China University of Geosciences, Wuhan 430074, China

*  Correspondence: hezhiliang@sinopec.com (Z.H.); gaojian2018.syky@sinopec.com (J.G.)

(S I N

Abstract: The Mississippi Valley-type (MVT) Pb-Zn deposits and hydrocarbon reservoirs coexist
around the margin of the eastern Sichuan basin. This study examined the fluid inclusions, Sr
isotope and systematic Rb-Sr, Sm-Nd geochronology for the distinct ore and gangue minerals of four
orebodies from two MVT Pb-Zn deposits in the margin of the eastern Sichuan basin, combined with
the existing research foundation of oil and gas accumulation and evolution, which was designed
to understand the internal relationship between oil and gas accumulation and the involvement of
organic matter in metal mineralization. High-density methane, moderate temperature, and salinity
inclusions were discovered in the studied MVT Pb-Zn deposits, combined with relatively higher
875r /86Sr ratios (0.71088~0.714749), indicating that the ore-forming fluids were derived largely from
the hydrocarbon associated basinal brines. Rb-Sr isochron of paragenetic sphalerites and pyrites and
Sm-Nd isochron of paragenetic fluorites and calcite from the studied MVT Pb-Zn deposits define
isochron ages of 144.5 Ma~138.5 Ma, and 147.6 Ma, respectively, indicating that the Late Jurassic
to Early Cretaceous Yanshanian orogeny was an important metallogenic event in the margin of the
eastern Sichuan basin. The close temporal and spatial relationship between the MVT mineralization
and hydrocarbon accumulation and destruction in the strong structural deformation area of the
margin of the eastern Sichuan basin allows us to propose a possible model in which the Yanshanian
compressional tectonics drove a large-scale flow of metal- and sulfate- bearing basinal fluids passed
under or through methane-bearing carbonate reservoirs, resulting in the MVT mineralization and
hydrocarbon accumulation and destruction.

Keywords: hydrocarbon accumulation and destruction; MVT Pb-Zn deposit; high-density methane
inclusions; Rb-Sr isochron dating; Sm-Nd isochron dating; coupling of mineralization and accumulation

1. Introduction

Fluid activities in sedimentary basins not only have an important impact on the metal
mineralization, but also plays an important role in the generation, migration and accumula-
tion of oil and gas in the reservoir. It is widely accepted that Mississippi Valley-type (MVT)
Pb-Zn deposits precipitate from basinal brines, and are often symbiotic or associated with
oil and gas reservoirs [1-4]. Hydrocarbons could have either directly assisted precipita-
tion of Pb-Zn sulphides by contributing organically bound sulphur and/or sulphur from
H,S-bearing natural gas, or they acted as a reducing agent in thermochemical sulphate
reduction (TSR) [1,5-10]. The internal relationship between oil and gas accumulation and
the involvement of organic matter in metal mineralization has always been a hot scientific
issue that has been paid attention to by geologists in recent years. Extensive research on
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the internal relationship has contributed greatly to our understanding of fluid flow, metal
transport and oil and gas accumulation in sedimentary basins [11-15].

The margin of the eastern Sichuan basin has favorable initial conditions for the forma-
tion of hydrocarbon reservoirs and experienced large-scale hydrocarbon accumulations
due to the deposition of Ediacaran-Middle Triassic marine sediments and Late Triassic-
Cenozoic continental sediments, and it is a key area for the hydrocarbon exploration of
marine carbonate rocks in southern China. At the same time, MVT Pb-Zn deposits are
broadly represented around the margin of the eastern Sichuan basin [16]. The district
contains total Pb and Zn metal reserves of more than 20 million tonnes (Mt) at average
grades of 5 wt.% Pb and 10 wt.% Zn, and is the major source of base metals in China [17,18].
Although organic matter is broadly distributed in these MVT deposits, the relationship be-
tween the hydrocarbon accumulation and destruction and the regional MVT mineralization
remains unresolved. Existing studies on MVT Pb-Zn deposits or hydrocarbon accumula-
tions in the middle and upper Yangtze region are mainly limited to studying MVT Pb-Zn
deposits from the perspective of ore deposit geology and hydrocarbon accumulations from
the perspective of oil and gas geology. The research on the genetic internal relationship
between oil and gas accumulation and MVT Pb-Zn mineralization is poorly constrained,
which greatly restricts a comprehensive understanding of the metallogenic process of the
MVT Pb-Zn deposits and the process of oil and gas enrichment and preservation in the
study area.

In this study, we examined the fluid inclusion, Sr isotope and systematic Rb-Sr, Sm-Nd
geochronology of the distinct ore and gangue minerals of four orebodies from two MVT
Pb-Zn deposits in the margin of the eastern Sichuan basin, combined with the existing
research foundation of oil and gas accumulation and evolution, which was designed to:
(1) determine the age of the metallogenic process of the MVT Pb-Zn deposits, and discuss
the temporal relationship with hydrocarbon accumulation and destruction; (2) understand
the sources of organic matter in ore-forming fluids; and (3) contribute to the understand-
ing of the internal relationship between hydrocarbon accumulation and destruction and
MVT mineralization.

2. Geological Background and MVT Deposits
2.1. Geological Background

The margin of the eastern Sichuan basin is located within western Hunan and Hubei
and western Hubei—eastern Chongqing (Figure 1la—c). The NE- and NEE-trending tec-
tonic systems in the margin of the eastern Sichuan basin were formed by the basement
detachment of the Jiangnan uplift and the SE-NW-trending thrust napping [19]. Tec-
tonic deformations progressively decrease from the western Hunan and Hubei to western
Hubei—eastern Chongqing and then to eastern Sichuan [20]. The study area is composed
of the tectonic belts including the Sangzhi-Shimen synclinorium, the Yidu-Hefeng anticli-
norium, the Huaguoping synclinorium, the Enshi anticlinorium, the Lichuan synclinorium,
the Qiyueshan anticlinorium, the Shizhu synclinorium, the Fangdoushan anticlinorium, the
Wanxian synclinorium, and the Kaijiang fold belt from southeast to northwest (Figure 1c).

Since the development of the basement (Yangtze craton), this study area has been af-
fected by the Paleozoic Caledonian-Hercynian (541-251 Ma), Triassic Indosinian (251-201 Ma),
Jurassic—Cretaceous Yanshanian (201-65 Ma), and Cenozoic Himalayan (65 Ma—present)
tectonic orogenies, which have controlled the tectonic evolution of the eastern Sichuan
basin [21]. The Caledonian, Hercynian, Yanshanian, and Himalayan tectonic movements
caused uplift and erosion, leading to the relatively complex geological evolution. The Yan-
shanian orogeny was an important orogenic event occurring within the Yangtze block dur-
ing Late Jurassic to Cretaceous, with progressive deformation from the Jiangnan-Xuefeng
mountains in the southeast to the Sichuan basin in the northwest [22,23]. The stratigraphy
of the eastern Sichuan basin consists of a pre-Ediacaran basement, Ediacaran to Middle
Triassic submarine sedimentary sequences, and Late Triassic to Cenozoic terrigenous sedi-
ments (Figure 2; [24]). Affected by the Yanshanian and Himalayan movement, most of the
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Jurassic-Quaternary sediments were eroded with only a thin set of Jurassic strata remaining
in some areas [21].
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Figure 1. (a) Location of the Sichuan Basin in China; (b,c) simplified geological map of the margin of
the eastern Sichuan, south China; (d) geologic map of the Laochangping Pb-Zn deposit; (e) geologic
map of the Luota Pb-Zn deposit.



Minerals 2022, 12, 1281

4 0f22

Stratum System Age Lithology Thickness|Tectonic
Erathem| System Series | (Ma) (m) Evolution
163.5
===
Middle 19002108 Silty mudstone
= ~r
= Tuff sandstone
Jurassic 5
= =TT
7 =
= ==
Lower 500-872 - Argillaceous siltstone
e
[
o
S 201 Siltstone
g Upper 150-350 )
S =
= Middle 200-1198 Sandstone
Triassic | : — E Mudstone
[N o T o
1T <
= E —
cor 92— =
Lower = — 7922152 Shale
I‘ T
E— —— - Dolomite
Permian = %
Lower 332-759 = S '
2 Dolomitic anhydrite
Carboniferous 20-80
Middle 300-850 [T=T]
=1
Coquina
o || B urEn 295 1832
- o
N :
o [.imestone
—% Ordovician| [ ower 187634
& o
=N Upper 230-452 2 s %
3 Argillaceous limestone
Middle 6501437 C o —ro
@] [To 1
Te1]
Canbia Oolitic limestone
T I ! T
Lower 386-1918 -
Calcilutite
541
o2 [ ]
g Upper 130-1336 Coal seam
E Sinian = —
s Lower 1501680 =
e 850 Ice stains rock

Figure 2. Schematic stratigraphic units of the margin of the eastern Sichuan basin.

2.2.

Ore Geology

The Pb-Zn deposits within the eastern Sichuan basin are mainly hosted by carbonate
rocks ranged in age from Ediacaran to Permian, and are usually located near deep-seated
regional faults and spatially associated with thrust—fold systems (Figure 1c; [3,9]). The
carbonate hosted Pb-Zn deposits in the eastern Sichuan basin usually formed from low-
to moderate-temperature and moderate-salinity hydrothermal fluids, which have been
classified as mineralization of the Mississippi Valley type [3,9,25].
The samples in this study were collected from underground exposures of the Laoxi
orebody and Wujiahe orebody of the Luota Pb-Zn deposit, and the Liuhuangdong orebody
and Wanbao orebody of the Laochangping Pb-Zn deposit (Figure 1d,e, Table 1). Ore
textures of the two Pb-Zn deposits have been described in detail by [18,26], and only brief
descriptions are provided in this paper.



Minerals 2022, 12, 1281

50f22

Table 1. Details of samples selected from the Laochangping and Luota Pb-Zn deposits.

. Pb-Zn Mine Pb-Zn Orebody Latitude Longitude . Host . .
Location Name Name ©N) CE) Sample Stratigraphy Lithology Dominant Mineralogy
Sphalerite containing
SH1 Lower pyrite, galena
Liuhuangdong 29°48'52.52” 108°15'7.80” Cambrian and calcite
Shizhu . Qingxudong Dolomitic Sphalerite containing
synclinorium Laochangping SH2 Formation limestone pyrite and calcite
SH3 Sphalgrite containing
pyrite and calcite
Sphalerite containing
WB1 Middle pyrite, galena
Wanbao 29°54'1591”  108°14'46.35” Cambrian and calcite
Gaotai Pyrite containing
WB2 Formation sphalerite
WB3 Pyrite containing
sphalerite
Laoxi 29°2'3.05”  109°43'38.50” X2 Ordovician Dioclastic Sphalerite containing
jinguan imestone alena and calcite
Yidu-Hefen Formation & . -
1cu-tieteng Luota 1X3 Sphalerite containing
anticlinorium calcite
LX4 Sphalerite containing
calcite
Wujiahe 29°35/48.71” 110°4/29.05” Ordovician Silicified Fluorite containing
SZ2 Dawan limestone sphalerite
Formation P L.
Fluorite containing
SZ3 -
sphalerite and galena
SZ4 Fluorite containing

sphalerite and calcite

The Laochangping Pb-Zn deposit (Figure 1d), hosted by dolomitic limestone of the
Lower Cambrian Qingxudong Formation and the Middle Cambrian Gaotai Formation
(Figure 2), is located in the paraxial section of the northwest flank of the Laochangping
anticline in the Shizhu synclinorium. More than 80 orebodies (mineralized spots) have
been discovered in this deposit, which are lenticular or layered in the interlayer fault
fracture zone between NE-trending faults. The Pb-Zn orebody of this deposit is mainly
produced in lenticular or layered shape, and its dip angle is between 45° and 80°, which is
basically consistent with the occurrence of the strata, and the extension length along the
strike is generally 50-400 m. The primary sulfide ores are mostly dense block, breccia and
disseminated, and some of the ores are banded. The mineral composition is simple, the ore
minerals are mainly sphalerite, galena and pyrite (Figure 3a—c), and the gangue minerals
mainly include dolomite, calcite, fluorite and barite, and occasionally quartz. Sphalerite is
the principal ore mineral in this deposit, mainly in light brown in color, and distributed in
the ore in the form of histological clusters and dissemination.

The Luota Pb-Zn deposit is located on the southeast flank of the Yidu-Hefeng anticlino-
rium and the northwest flank of the Sangzhi-Shimen synclinorium on the southeastern edge
of the Yangtze Platform (Figure 1le). Distribution of Pb-Zn deposit (mineralized spot) in the
Luota Pb-Zn deposit is controlled by faults and fold structures, and is distributed in the
core of the three anticlines. The orebodies are mainly hosted in the bioclastic limestone and
silicified limestone of the Lower Ordovician Nanjinguan or Dawan Formation (Figure 2),
which are mainly layered shape and veins. The layered orebodies are mostly NE-trending,
with the dip southeast or northwest, dip angle ranging from 15° to 75°, extend along the
strike length ranging from 50 to 3500 m, and having an average thickness of 1.33 m to 5.80 m.
The ore minerals are mainly sphalerite, followed by galena and pyrite, and non-metallic
minerals are mainly quartz, calcite and dolomite (Figure 3d-i).
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Figure 3. Photos of the samples showing occurrence and mineral phase characteristics of ores.
(a) massive ore containing dark brown medium-fine grained sphalerite, medium-fine grained galena,
and pyrite from the Laochangping Pb-Zn deposit; (b,c) sphalerite containing fine grained pyrite and
galena under the reflected light microscope from the Laochangping Pb-Zn deposit; (d) underground
exposure at the Laoxi orebody of the Luota Pb-Zn deposit, illustrating banded sphalerite (up) in
contact with the calcite veins (down) hosted in the limestone; (e,f) light brown fine grained sphalerite
coexist with calcite under the transmission light microscope from the Laoxi orebody; (g) purple
fluorite coexisting with sphalerite from the Wujiahe orebody of the Luota Pb-Zn deposit; (h,i) light
brown fine grained sphalerite coexisting with fine grained galena and fluorite under the microscope
from the Wujiahe orebody of the Luota Pb-Zn deposit. Mineral abbreviations: Sp—sphalerite;
Gn—galena; Py—pyrite; Fl—fluorite; Cal—calcite.

3. Methods

Hydrothermal mineral assemblage (sphalerite and pyrite) within the Liuvhuangdong
orebody and Wanbao orebody of Laochangping Pb-Zn deposit, and sphalerite samples
within the Laoxi orebody of the Luota Pb-Zn deposit were systematically collected for Rb-Sr
isochron dating and fluid inclusion analysis. Hydrothermal mineral assemblage (fluorites
and calcite) within the Wujiahe orebody of the Luota Pb-Zn deposit were systematically
collected for Sm-Nd isochron dating and fluid inclusion analysis (Table 1).

Sphalerite, fluorite and associated calcite samples were prepared as thin sections of
approximately 30 um in thickness for petrographic analysis and thick doubly polished
sections of approximately 100 pm in thickness for fluid inclusion petrographic analysis, mi-
crothermometric and Raman spectral measurements. Fluid inclusion petrography and fluid
inclusion assemblages were first examined using a NIKON-LV100 microscope equipped
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with both transmitted white and incident ultraviolet light (UV) sources. Microthermometry
of fluid inclusions was carried out using a calibrated Linkam TH-600 stage. Homogeniza-
tion temperatures (Th) were obtained by thermal cycling [27]. Homogenization temperature
measurements were determined by using a heating rate of 5 °C/min (41 °F/min). The
measured temperature precisions for the homogenization temperatures is +-0.1 °C. In this
paper, we determine the paleo-fluid pressure of the metallogenic process by calculating
the trapping pressures of methane inclusions. Trapping pressure was calculated following
the procedures described by [28-30] according to Raman spectroscopic analyses of CHy
within methane inclusions [31,32]. Raman analyses were conducted by using a JY/Horiba
LabRAM HR800 Raman system with a frequency doubled Nd:YAG laser (532.06 nm).
Raman spectra was collected with a laser beam being pointed at the methane inclusion
to determine the CHy Raman symmetric stretching (v1) peak position. This peak position
can be applied to accurately calculate the density of individual methane inclusion [32].
Trapping pressures of each methane inclusion was calculated on the basis of the density,
homogenization temperature of coexisting aqueous inclusions, and equations of state for
supercritical methane. Microthermometric measurements and Raman microprobe analy-
ses have been made in the Key Laboratory of Tectonics and Petroleum Resources, China
University of Geosciences in Wuhan.

Mineral separates for radiogenic isotope dating analysis were rinsed several times in
distilled water, then dried and crushed to 40-60 meshes in size. The individual minerals of
sphalerite, pyrite, fluorite, and calcite were handpicked under a binocular microscope, with
purity levels of >99% being used for analysis. Mineral grains were washed in an ultrasonic
bath and dried, then crushed to <200 meshes using an agate ball mill. Sr and Nd were
separated by ion-exchange techniques, as described by [33].

Rb-Sr isotope analyses for sulfide samples were performed on a VG 354 mass spectrom-
eter with five collectors at the Center of Modern Analysis, Nanjing University. Details of
the chemical separation and mass spectrometric procedures are described by [33]. 8”Sr /8¢Sy
is normalized to 80Sr/8Sr = 0.1194, to correct for instrumental fractionation. During the
period of this study, measurements for the American Standard Reference Material NBS
987 Sr standard gave 8 Sr/80Sr = 0.710236 + 0.000007 (20).

Sm-Nd and 8Sr/86Sr isotopic compositions of the fluorites and calcite analyzed dur-
ing this study were also determined at the Modern Analysis Center of Nanjing University,
Nanjing, China, using the procedures detailed by [33]. Analyses of the La Jolla and Standard
Reference Material NBS 987 standard samples during this study yielded 143N d /144Nd and
87Gr /86Sr values of 0.511864 + 3 (20) and 0.710236 =+ 7 (20), respectively. All 143Nd/*Nd
and 8Sr /8Sr ratios determined for the samples analyzed during this study were normal-
ized to Nd/*Nd = 0.7219 and 8Sr/88Sr = 0.1194, respectively. Regression and age
calculations of isochrons were performed using Isoplot/Ex Version 3.00 software, and the
decay constant used in the Rb-Sr and Sm-Nd age calculation is A%Rb = 1.42 x 10~!! year~!
and A\'%Sm = 6.54 x 107!2 year~!, respectively.

4. Results
4.1. Fluid Inclusions
4.1.1. Fluid Inclusion Petrography

Fluid inclusions in the Laochangping Pb-Zn deposit have been conducted in spha-
lerites and associated calcites of the Liuhuangdong orebody. At room temperatures (25 °C),
the observed primary fluid inclusion assemblages (FIAs) is mainly composed of two-phase
liquid-rich inclusions (Figure 4a—c). The two-phase aqueous inclusions are ellipsoidal and
amygdaloidal in shape. They contain 4 to 12 vol.% vapor and range from <5 pm to 15 pym
in size (Figure 4). Most of the fluid inclusion assemblages in the host minerals (sphalerites
and calcites) that occur as being isolated or randomly distributed within the center of the
euhedral cements, and are thus considered primary fluid inclusions, possibly having been
trapped during crystal growth. Secondary inclusions, present locally as trails penetrating
crystal boundaries, were not used for microthermometric measurement.
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Fluid inclusion analyses in the Laoxi orebody and Wujiahe orebody were carried out
on sphalerites and associated calcites and fluorites. We distinguished two types of primary
fluid inclusion assemblages in the main stage of mineralization at room temperature. These
include two-phase aqueous inclusions and single-phase fluid inclusions. Most inclusions
(up to 90%) are two-phase aqueous inclusions, and single-phase fluid inclusions are present
but relatively rare. Two-phase aqueous inclusions were observed in all samples that we
analysed, whereas most of the single-phase fluid inclusions were consistently observed
alongside two-phase aqueous inclusions. After Raman microprobe analyses of individual
fluid inclusions, part of the single-phase fluid inclusions hosted within fluorites from the
Wujiahe orebody and calcites from the Laoxi orebody were found to be pure methane
inclusions (Figure 4f,i). Both two-phase aqueous and single-phase fluid inclusions have
irregular or rounded shape. The two-phase liquid-rich inclusions contain 5 to 10 vol.%
vapor and range from <4 um to 20 pm in size, and the single-phase fluid inclusions are
<8 pum to 25 pm in size (Figure 4).
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Figure 4. Photomicrographs under transmitted light of representative fluid inclusion types in spha-
lerites and associated calcites and fluorites from Liuhuangdong orebody, Laoxi orebody, and Wujiahe
orebody. (a,b) representative two-phase vapour-liquid aqueous inclusions in sphalerites from Li-
uhuangdong orebody; (c) representative two-phase vapour-liquid aqueous inclusions in calcite
from Liuhuangdong orebody; (d) representative two-phase vapour-liquid aqueous inclusions in
sphalerite from Laoxi orebody; (e,f) representative two-phase vapour-liquid aqueous inclusions and
single-phase inclusions in calcites from Laoxi orebody; (g) representative two-phase vapour-liquid
aqueous inclusions in sphalerite from Wujiahe orebody; (h,i) representative two-phase vapour-liquid
aqueous inclusions and single-phase inclusions in calcites from the Wujiahe orebody:.



Minerals 2022, 12, 1281

9 of 22

4.1.2. Raman Spectral Analytical Results of Fluid Inclusions

Raman spectroscopy is becoming a powerful tool for quantitative analysis of fluid
inclusions in geochemical environments with various temperature, pressure, and salin-
ity [34]. After accurate calibration of Raman spectroscopic system, the Raman shift of
C-H symmetric stretching (v1) band of methane can be applied to accurately calculate the
density in individual fluid inclusions [29,30,32]. In this study, the 300 groove/mm grating
and a spectral window of 04000 cm~! by Raman spectroscopy were adopted to check the
component of the single-phase fluid inclusions. The results indicate that some analyzed
single-phase fluid inclusions contain CHj as the only detectable phase during Raman analy-
sis. Examination of the spectral regions where the most intense peaks for N, CO, and H,S
occur failed to detect any activity (Figure 5). Those single-phase fluid inclusions are pure
methane inclusions. The pure methane inclusions were studied with an 1800 groove/mm
grating and a spectral window of 2750-3080 cm ! to measure the C-H symmetric stretching
(v1) peak position of methane, calibrated with the neon lamp at room temperature (25 °C).
Figure 5 gives four examples of Raman spectra of CHy in pure methane inclusions A, B, C,
and D. Methane inclusions A and B were trapped in fluorites from the Wujiahe orebody
and the other two methane inclusions C and D were trapped in calcites from the Laoxi
orebody. The measured CH,; symmetric stretching (v1) peak positions for pure methane
inclusions A, B, C, and D correspond to a peak position of 2912.17 cm !, 2912.618 cm ™!,
2912.04 cm !, and 2912.22 cm !, respectively. The Raman CH4 symmetric stretching (v1)
band shifts are used to calculate the density of methane inclusions according to the unified
equation between v; band shifts and the methane density [29,30,32], and the corresponding
density for methane inclusions A, B, C, and D are 0.212 g/ cm?, 0.192 g/ cm?, 0.218 g/ cm?,
and 0.210 g/cm3, respectively. The density of methane inclusions in fluorites from the
Wujiahe orebody and calcites from the Laoxi orebody is approximate, mainly ranging from
0.192 g/cm?® t0 0.212 g/cm?, 0.210 g/cm? to 0.218 g/cm? (Table 2), respectively. The density
of methane inclusions in the studied MVT Pb-Zn deposits exceeds the critical density of
methane by 0.162, and is characterized by high density.

4.1.3. Fluid Inclusion Microthermometry and Trapping Pressure of Methane Inclusions

Microthermometric analyses were performed on fluid inclusions in sphalerites and
associated calcites and fluorites. Most of the fluid inclusions in the sphalerites are extremely
small, due to the mostly fine grained of the sphalerites. In addition, more problematic is the
fact that most of the inclusions in the sphalerites appear totally dark when using normal
incident light because of the strong internal reflections in the inclusion. These make it hard
to study the fluid inclusions in our sphalerite samples. Even so, some microthermometric
data were also measured in some relatively transparent sphalerites, which can provide
the mineralization temperature of ore formation. The associated calcites and fluorites
show good transparency. Measured homogenization temperatures (Th), final ice-melting
temperatures (Tm), and salinity data range are shown in Table 2 and Figure 6.
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Figure 5. (a,c,e,g) Laser Raman spectra collected from pure methane inclusions A, B, C, and D with
300 groove/mm grating; (b,d,f,h) laser Raman spectra of CH, in pure methane inclusions A, B, C,
and D with 1800 groove/mm grating. Ne; and Ne; are two bands corresponding to the Ne lamp
scattering bands of 2836.99 cm ! and 3008.13 cm ™!, respectively. Methane inclusions A and B were
trapped in fluorites from the Wujiahe orebody, and the other two methane inclusions C and D were
trapped in calcites from the Laoxi orebody.
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Figure 6. Measured homogenization temperature values of aqueous fluid inclusions of Liuhuangdong
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Table 2. Measured homogenization temperatures (Th), final ice-melting temperatures (Tm) and calculated salinity data of the aqueous fluid inclusions in the

Liuhuangdong orebody, Laoxi orebody, and Wujiahe orebody.

Lead-Zinc Mine Lead-Zinc Orebod . Th (Range and Measured Number of o Salinity/(wt.% NaCl
Name Name Y Sample Host Mineral FIA Mean)%(oc) Aqueous Inclusion Tm/(C) Ectﬁ;ivalent)
FIA-1 141.2-158.8 150.1 4
Sphalerite FIA-2 142.3-1515 1459 4 —11.8~—-9.8 13.72-15.76
FIA-3 151.2-155.8 1535 3 ~13.4~-10.1 14.04-17.26
FlA-4 164.7-179.6 172.0 3
SH1 FIA-1 169.4-177.4 173.4 2
Laochangping Livhuangdong FIA-2 179.2-192.8 1859 4 —6.6~—6.1 9.34-9.98
Calcite FIA-3 181.2-199.5 191.1 5
FlA-4 182.2-200.6 193.4 4 ~10.4~-7.6 11.22-14.36
FIA-5 193.7-203.6 1985 3
FIA-1 137.4-156.7 148.8 6 —96~-79 11.58-13.51
. FIA-2 130.6-148.6 136.6 4
SH2 Calcite FIA-3 140.0-152.9 145.9 4 —12.4~-89 12.73-16.34
FIA-4 166.5-176.2 1714 2
FIA-1 97.7-126.3 107.7 4 124 16.34
FIA-2 100.2-124.3 1145 3
FIA-3 112.6-123.9 117.0 4 —17.0~—14.9 18.55-20.22
Sphalerite FIA-4 114.0-129.8 120.6 3
Laoxi LX2 FIA-5 131.1-133.3 1325 3 —164 19.76
FIA-6 142.5-155.5 149.0 2
FIA-7 168.8-177.8 1733 2 ~16.9~-9.6 13.51-20.15
, FIA-1 128.3-135.9 1315 4 —17.8~—14.1 17.87-20.82
Calcite FIA-2 140.6-155.9 147.4 4
FIA-1 108.2 108.2 1
_ FIA-2 137.5-143.2 139.8 3 “121~-113 15.27-16.05
Luota 522 Fluorite FIA-3 158.5-173.9 163.5 5
FIA-4 181.7-192.4 187.1 2 —7.6~—46 7.31-11.22
FIA-1 101.2-117.3 109.3 2
) Sphalerite FIA-2 121.4-134.6 127.9 4 ~186 214
Wujiahe FIA-3 127.6-134.8 130.7 3
FIA-4 144.2-161.6 151.3 3 ~16.4~-215 19.76-23.37
573 FIA-1 93.2-106.5 98.8 3
FIA-2 127.6-136.5 1315 5 —12.1~—10.9 14.87-16.05
Fluorite FIA-3 144.6-153.4 1483 4
FlA-4 153.2-158.4 156.8 4 —12.4~-113 15.27-16.34
FIA-5 162.3 162.3 1 125 16.43
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Table 2. Cont.
Lead-Zinc Mine Lead-Zinc Orebody . Th (Range and Measured Number of o Salinity/(wt.% NaCl
Name Name Sample Host Mineral FIA Mean)/(°C) Aqueous Inclusion Tm/(°C) Equivalent)
Sphalerite FIA-1 93.2-118.6 105.9 2
P FIA-2 121.7-133.8 127.6 3 —17.6 20.67
FIA-1 93.7-106.8 101.7 3 —-13.5~-8.9 12.73-17.34
SZ4 FIA-2 96.2~109.6 104.4 4 —-7.7 11.34
Fluori FIA-3 114.3-118.6 116.45 2 —-15.2 18.8
uorite FIA-4 130.8-164.4 146.1 5 —6.1 9.34
FIA-5 162.3-167.1 164.7 6 —12.1~-89 12.73-16.05
FIA-6 174.8-188.4 181.6 2
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Microthermometric data of the Liuhuangdong orebody show that fluid inclusions
in sphalerites have average Th values of 145.9-172.0 °C and Tm values of -13.4-—9.8 °C,
corresponding to salinities of 13.72-17.26 wt.% NaCl equivalent. The average Th values
of fluid inclusions in calcites ranges from 136.6 °C to 198.5 °C, and Tm values range from
-12.4 °C to 6.1 °C, corresponding to salinities of 9.34-16.34 wt.% NaCl equivalent (salinity
calculation based on [35]).

Microthermometric data of the Laoxi orebody show that the average Th values of
aqueous inclusion assemblages in sphalerites varies from 107.7 °C to 173.3 °C, and Tm
values vary from —17.0 °C to 9.6 °C, corresponding to salinities of 13.51-20.22 wt.% NaCl
equivalent. The average Th values of fluid inclusions in calcites ranges from 131.5 °C to
147.4 °C, and Tm values range from —17.8 °C to -14.1 °C, corresponding to salinities of
17.87 to 20.82 wt.% NaCl equivalent. Fluid pressures at inclusion trapping conditions were
calculated based on the density of methane inclusions, homogenization temperature of
coexisting aqueous inclusions, and the equation of state (EOS) for supercritical methane
by [36]. The calculated trapping pressures of methane inclusions in calcites within the
Laoxi orebody mainly range from 53.5 MPa to 60.8 MPa.

Microthermometric data of the Wujiahe orebody show that fluid inclusions in spha-
lerites have average Th values of 105.9-151.3 °C and Tm values of —21.5-—16.4 °C, corre-
sponding to salinities of 19.76-23.37 wt.% NaCl equivalent. The average Th values of fluid
inclusions in fluorites ranges from 98.8 °C to 187.1 °C, and Tm values range from -15.2 °C
to —4.6 °C, corresponding to salinities of 7.31 to 18.8 wt.% NaCl equivalent. The calculated
trapping pressures of methane inclusions in fluorites within the Wujiahe orebody mainly
range from 46.9 to 66.8 MPa.

4.2. Rb-Sr and Sm-Nd Geochronology of the MV'T Pb-Zn Deposits
4.2.1. Rb-Sr Isochron Ages of the Laochangping Pb-Zn Deposits

Four sphalerite samples and two paragenetic pyrite samples, extracted from the Li-
uhuangdong orebody, were analyzed for Rb and Sr isotopes. Meanwhile, four pyrite
samples and one paragenetic sphalerite sample within the Wanbao orebody were extracted
for Rb and Sr isotopic analysis. The results of Rb and Sr concentrations and their isotopic
compositions of the samples are given in Table 3 and Figure 7. Isotope dilution measure-
ments on samples from the Liuhuangdong orebody show Rb and Sr concentrations of
0.19-0.94 ppm and 0.61-6.5 ppm, respectively. Samples from the Wanbao orebody contain
0.56-2.01 ppm Rb and 0.68-2.01 ppm Sr. Sr concentrations of pyrite samples from the
Liuhuangdong orebody are generally higher than those of the Wanbao orebody. The values
of 8Rb/8Sr in the Liuhuangdong orebody and Wanbao orebody range from 0.306 to 1.341
and 1.268 to 8.397, respectively. The values of 8Sr/8Sr in the Liuhuangdong orebody and
Wanbao orebody have a relatively wide range from 0.715237 to 0.717372 and 0.714311 to
0.728832, respectively. On the 3 Rb /80Sr-87Sr /86Sr diagrams, two groups of paragenetic
mineral assemblage display a good linear relationship, respectively (Figure 7a,b), which
represent an isochron or a mixed line with two end-members of different 87Rb /86Sr and
87Gr /86Gr ratios. Because no linear relationships exist on the 1/Sr-8Sr/86Sr diagrams for
the paragenetic mineral assemblage of the Liuhuangdong orebody or the Wanbao orebody
(Figure 8a,b), we can rule out the possibility of a mixed line. Analytical data of the Li-
uhuangdong orebody yield an isochron age of 144.5 + 3.9 Ma with an initial 8Sr/%Sr
ratio of 0.714638 = 0.000051 and the mean square of weighted deviates (MSWD) value
of 0.78 (Figure 7a). The analytical data of the Wanbao orebody yield an isochron age of
1429 £ 2.5 Ma with an initial ¥Sr/®Sr ratio of 0.71170 4 0.00021 and MSWD value of
0.31 (Figure 7b).
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Figure 7. Rb-Sr and Sm-Nd isochron diagrams of the Laochangping and Luota Pb-Zn deposits.
(a) Rb-Sr isochron of paragenetic sphalerites and pyrites from the Liuvhuangdong orebody in the
Laochangping Pb-Zn deposit; (b) Rb-Sr isochron of paragenetic sphalerite and pyrites from the
Wanbao orebody in the Laochangping Pb-Zn deposit; (c) Rb-Sr isochron of sphalerites from the Laoxi
orebody in the Luota Pb-Zn deposit; (d) Sm-Nd isochron of paragenetic fluorites and calcite from the

Wujiahe orebody in the Luota Pb-Zn deposit.
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Figure 8. 8Sr/80Sr vs. 1/Sr diagrams for (a) paragenetic sphalerites and pyrites from the Liuhuang-
dong orebody in the Laochangping Pb-Zn deposit, (b) paragenetic sphalerite and pyrites from the
Wanbao orebody in the Laochangping Pb-Zn deposit and (c) sphalerites from the Laoxi orebody
in the Luota Pb-Zn deposit. (d) *3Nd/*4Nd vs. 1/Nd diagrams for paragenetic fluorites and
calcite from the Wujiahe orebody in the Luota Pb-Zn deposit. Note that the plots show no linear
relationships, ruling out the possibility of two-component mixing and suggesting that the Rb-Sr and
Sm-Nd isochron ages in Figure 7 are geologically meaningful.
Table 3. Analytical data of Rb-Sr isotopic ratios and Rb-Sr concentrations s of the sulfide samples
from the Laochangping and Luota Pb-Zn deposits.
Pb-Zn Mine Pb-Zn Orebody Sample . 8711 /86 87c../86
Name Name Number Mineral Rb (ug/g) Sr (ug/g) Rb/*°Sr Sr/°°Sr (20)
SH1 Sphalerite 0.4897 2.078 0.6937 0.716091 + 9
SH1 Pyrite 0.5513 5314 0.3061 0.715237 &= 12
Liuhuanedon. SH2 Pyrite 0.9382 6.503 0.4259 0.715523 + 9
gdong SH2 Sphalerite 0.4451 0.9781 1.341 0.717372 £ 8
SH2 Sphalerite 0.4509 1.885 1.237 0.717184 = 11
Laochangping SH3 Sphalerite 0.1928 0.6127 0.9305 0.716557 + 9
WB1 Sphalerite 0.5632 1.314 1.268 0.714311 + 8
WB1 Pyrite 1.874 0.9725 5.679 0.723193 + 9
Wanbao WB2 Pyrite 1.931 0.6789 8.397 0.728832 + 9
WB2 Pyrite 1.639 0.6775 7.134 0.726145 + 9
WB3 Pyrite 2.015 2.013 2.945 0.717679 £ 9
LX1 Sphalerite 0.1579 0.5031 0.921 0.712701 + 8
LX2 Sphalerite 0.2381 0.4817 1.842 0.714528 + 6
Luota Laoxi LX2 Sphalerite 0.2537 0.2946 2.537 0.715890 &+ 10
LX3 Sphalerite 0.2986 0.1349 6.539 0.723791 + 8

LX4 Sphalerite 0.3249 0.2537 4.108 0.718894 + 8
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4.2.2. Rb-5r Isochron Age of the Liaoxi Orebody

The analyzed five sphalerite samples extracted from the Laoxi orebody yield Rb and Sr
concentrations of 0.158-0.325 and 0.135-0.503 ppm, respectively. The five sphalerites have
87Rb /8Sr ratios of 0.0914 to 6.539 and 8Sr/8¢Sr ratios of 0.710922 to 0.723791 (Table 3).
Analytical data of the Laoxi orebody yield an isochron age of 138.5 & 3.4 Ma with an initial
87Gr /86Gr ratio of 0.71088 & 0.00018 and MSWD value of 0.22 (Figure 7c). The 1/Sr values
of the sphalerite samples do not covary with 8Sr/86Sr values (Figure 8c), indicating that
the isochron age is meaningful and should represent the timing of ore formation.

4.2.3. Sm-Nd Isochron Age and Sr Isotopic Compositions of the Wujiahe Orebody

Five fluorites and one paragenetic calcite in the Wujiahe orebody were used for
both Sm-Nd dating and Sr isotopic analysis. Abundances of Sm and Nd and its Nd
and Sr isotopic compositions are listed in Table 4. The samples analyzed during this
study yield Sm and Nd concentrations of 0.189-0.733 and 0.215-3.526 ppm, respectively.
These samples have ¥Sm/!*4Nd ratios and *3Nd/!#*Nd ratios of 0.1159-0.6547 and
0.512183-0.512701, respectively. The paragenetic fluorites and calcite yield an isochron
slope corresponding to an age of 147.6 & 1.7 Ma and an intercept of 0.512066, with MSWD
value being 2 (Figure 7d). In addition, a lack of linear relationships between the 1/Nd and
143Nd /144Nd values of these samples excludes the possibility of the mixing of different
isochrons (Figure 8d), and suggests that the Sm-Nd age obtained during this study is
robust. Sr isotopic analyses were also performed on the same separates. The fluorites and
paragenetic calcite have homogeneous % Sr/8Sr compositions of between 0.713753 and
0.714749 (Table 4). Considering that fluorite and calcite are calcic minerals, who usually
have a very low Rb/Sr ratio, these Sr isotopic ratios allowed us to determine the source of
ore-forming fluids directly [37,38].

Table 4. Sm-Nd and Sr isotopic compositions of fluorites and paragenetic calcite from the Luota MVT
Pb-Zn deposit.

Pbﬁ;‘nlﬁme Pb'zﬁgnrfeb"dy ;z‘;‘l’)fr Mineral  Sm(ug/g) Nd (ugle) WSm/™Nd MNA/“Nd Qo) ¥St/%Sr 20)
571 Fluorite 0.3267 0.7521 0.2634 0512319 + 9 0.714058 + 9

572 Fluorite 0.4092 0.3782 0.6547 0512701 + 8 0.714152 + 8

Wuiah 573 Fluorite 03314 0.6421 0.3125 0.512366 + 10 0.714227 + 7

Luota Wiahe S73 Fluorite 0.2507 0.5326 0.2846 0.512337 £ 9 0.713753 £ 9
574 Fluorite 0.1886 0.2154 0.5304 0.512578 + 8 0.714749 + 11

574 Calcite 0.7325 3.526 0.1159 0.512183 + 10 0.713814 + 6

5. Discussion
5.1. Possible Sources of Ore-Forming Fluids

Generally, Sr isotopes do not undergo any significant mass fractionation during most
geological processes [39]. Hence, Sr isotopic signature of a fluid will reflect the Sr isotopic
values of the rocks with which that fluid has equilibrated. The initial 8 Sr/3Sr ratios
of the Liuhuangdong, Wanbao, and Laoxi orebodies are 0.714638, 0.714638, and 0.71088,
respectively. The 8Sr /8Sr ratios of fluorites and paragenetic calcite in the Wujiahe orebody
range from 0.713753 to 0.714749. In comparison to 8Sr/80Sr values of the Emeishan
basalts or other mantle-derived fluids (0.702-0.706, [40-42]) and Lower Paleozoic marine
carbonated sediments (0.7075-0.7111, [43]), the studied MVT Pb-Zn deposits have relatively
higher 87Sr/8Sr values, which essentially overlap with those of Lower Cambrian Niutitang
Formation shales in the study area [44-46]. Accordingly, we infer that such higher 8”Sr/8Sr
values seen in the studied MVT Pb-Zn deposits were derived largely from the Lower
Cambrian Niutitang Formation sources. In addition, the Lower Cambrian Niutitang
Formation shales are considered as the high-quality regional source rocks of oil and gas,
suggesting that the ore-precipitating fluids could have been derived from the hydrocarbon
associated brines rather than from the average basinal fluids.
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The study of fluid inclusion in hydrothermal ore deposits is a useful tool to give an
insight into the physico-chemical conditions during ore formation. For MVT deposits, fluid
inclusion studies have contributed greatly towards a better understanding of the conditions
and processes of their formation [8]. Microthermometric data show the Laochangping and
Luota Pb-Zn deposits resulted from precipitation at moderate temperature (105-200 °C),
from fluids with low to moderate salinity (9.3-20.8 wt.% NaCl equivalent). The temperature
and salinity of ore-forming fluids we have determined are similar to those of the basinal
brine. Although most models for MVT mineralization suggest sulphide precipitation
through sulphate reduction by methane or other organic matter [8], the reports of the
occurrence of significant amounts of methane in ore-precipitating fluids are rare. This study
shows that the presence of single-phase high density methane inclusions was intimately
associated with MVT mineralization. Single-phase methane inclusions alongside two-
phase inclusions were observed in the associated calcites and fluorites, indicating that
the ore-forming fluids were saturated with methane, and a methane phase existed as a
separate immiscible fluid phase at the time of ore formed. High-density methane is often
considered to be related to liquid hydrocarbon cracking gas in hydrocarbon reservoirs.
Our previous studies found that a large amount of gas generated from the conversion of
kerogen and liquid hydrocarbon can be the main contributor to the high-density methane
and abnormally high pressure in the hydrocarbon reservoir [29,30]. Thus, together with
geochemical data discussed here, it is plausible to argue that the ore-precipitating fluids
could have been derived from the hydrocarbon associated brines, resulting in the relatively
higher 8Sr /86Sr ratios, moderate temperatureand salinity, and the methane-saturated of
ore-forming fluids.

5.2. Timing of MV'T Pb-Zn Deposits Mineralization

The isotopic dating of ore minerals is the best method to determine the age of a MVT
Pb-Zn deposit. The Rb-Sr and Sm-Nd isotopic systems are generally considered to be a
closed system, and are capable of resisting isotopic resetting as a result of alteration and/or
weathering to some degree. Different mineral phases have different chemical potential,
which can cause the Rb-Sr and Sm-Nd with distinct chemical properties to be differentiated
with different Rb/Sr values and Sm/Nd values in the paragenetic minerals precipitated
from the same ore forming fluids. Therefore, it is advantageous to use hydrothermal mineral
assemblage to date the formation of hydrothermal deposits [47]. In the present study, Rb-Sr
isochron of paragenetic sphalerites and pyrites from the Laochangping Pb-Zn deposit,
Sm-Nd isochron of paragenetic fluorites and calcite from the Wujiahe orebody in the Luota
Pb-Zn deposit, and Rb-Sr isochron of sphalerites from the Laoxi orebody in the Luota
Pb-Zn deposit define isochron ages of 142.9-144.5 Ma, 147.6 Ma, and 138.5 Ma, respectively,
indicating that the Late Jurassic to Early Cretaceous was an important metallogenic event
in the margin of the eastern Sichuan basin. The Yanshanian orogeny was an important
orogenic event occurring within the Yangtze Block during the Late Jurassic to Cretaceous,
with progressive deformation from the Jiangnan-Xuefeng mountains in the southeast to the
Sichuan basin in the northwest [22,23]. The Rb-S5r and Sm-Nd isochron ages of the studied
MVT Pb-Zn deposits agree well in timing with the main episode of the Early Yanshanian
tectonic movement in the study area. Thus, we consider that metal mineralization of MVT
deposits in the margin of the eastern Sichuan basin involved the large-scale migration of
hydrocarbon associated basinal brines triggered by the Early Yanshanian orogenic events.

5.3. Implication for MVT Mineralization Model around the Margin of the Eastern Sichuan Basin

The MVT Pb-Zn deposits and hydrocarbon reservoirs coexist around the margin of
the eastern Sichuan basin. In addition, the ore-forming fluids, derived largely from the
hydrocarbon associated basinal brines, have been revealed in this study. It would be
interesting to determine whether the hydrocarbon accumulation and destruction and MVT
Pb-Zn mineralization had been broadly contemporaneous or not, and whether they were
controlled by the same geodynamic events.
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The vast majority of data on hydrocarbon accumulation times in the literature suggest
that Lower Cambrian Niutitang Formation shales or other marine source rocks had reached
the over mature stage during the Late Indosinian to Early Yanshanian (the end of the
Triassic to the Early Jurassic), and the liquid hydrocarbon and wet gas generated in the
low to high mature stage were thermally cracked into methane at the over mature stage.
From the late stage of Middle Jurassic to Early Cretaceous, the middle-upper Yangtze,
confined and controlled by the Qinling orogenic belt to the north and the Jiangnan fold-
uplift belt to the southeast, has suffered multi-directional plate convergence and multiphase
intense intracontinental orogeny [48]. As a result, the oil and gas in this region generally
experienced modification, adjustment, re-accumulation, and dislocation. Since the tectonic
deformations in different tectonic belts involved different strata and had different intensities
and styles, the oil and gas in different tectonic belts underwent different styles of migration,
accumulation, preservation, and destruction (Figure 9) [24,49]. The link in spatial and
temporal relationships of the MVT mineralization and hydrocarbon re-accumulation and
destruction in the margin of the eastern Sichuan basin, in combination with the ubiquitous
presence of high-density methane inclusions, is consistent with, though not necessarily
indicative of, the MVT mineralization and hydrocarbon re-accumulation and destruction
simultaneously triggered by the Late Jurassic to Early Cretaceous Yanshanian orogeny. We
thus propose a model for the local MVT mineralization on and near the sites of former
hydrocarbon reservoirs, especially dry gas reservoirs. The Yanshanian compressional
tectonics drove a large-scale flow of metal- and sulfate- bearing basinal fluids passed
under or through methane-bearing carbonate units. Methane immediately entered the
sulfate-bearing solution and began producing hydrogen sulfide by thermochemical sulfate
reduction, and then hydrogen sulfide reacted with metal ions to precipitate metal sulfides
and release H* ions. The CO, generated by H* ions dissolving the surrounding carbonate
rock mixed with the CO, generated by the oxidation of methane by thermochemical sulfate
reduction, resulting in the supersaturation of CO; in the system, and then combined with
the Ca®*, Mg?* ions to precipitate hydrothermal carbonates, while capturing methane
inclusions and CHy-saturated two-phase aqueous inclusions. The large-scale flow was
concentrated in the most permeable rocks, but along faults in some places. The identification
of high-density methane inclusions provides evidence for the role of CH, as a reducing
agent during MVT mineralization.

Hercynian
L

ndosinian— Yanshanian —Himalayan|

p T TR E'N

Orogeny Caledonian

Stratigraphicage| z ' € ' O

S D

Lower Cambrian Formation

Sketch burial in the eastern Sichuan basin

history and

hydrocarbon

evolution stage Stage of liquid Gas reservoir underwent
hydrocarbon adjustment,

. ) thermal cracking  re-accumulation.
Oil generation stage into gas and destruction

MVT Pb-Zn mineralization

in the destructive gas reservoir
Sketch process \ e

of MVT @ o
mineralization S

and Oil reservoir Gas 1esgrvoir, <
hydrocarbon A - ﬁg\ ;\edlclé;l\;il:ln::ed
accumulation Thermal cracking gasTeservoir in

gas reservoir different tectonic
_ styles

Figure 9. Sketch diagram of the ore-forming in the process of hydrocarbon accumulation and
destruction in the strong structural deformation area of the eastern Sichuan.
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6. Conclusions

Based on an integrated investigation of Rb-Sr and Sm-Nd geochronology, Sr isotope
geochemistry, and fluid inclusion analysis of MVT Pb-Zn deposits and results from oil and
gas accumulation and evolution analyses, the following conclusions can be drawn:

(1) On the basis of the petrography and Raman spectral analyses of fluid inclusions,
high-density methane, moderate temperature, and salinity inclusions were discovered in
the samples of paragenetic fluorites and calcites from the studied MVT Pb-Zn deposits in the
margin of the eastern Sichuan basin. The Raman scatter peak v of methane inclusions was
applied to calculate the density of methane inclusions. The density of methane inclusions
in fluorites from the Wujiahe orebody and calcites from the Laoxi orebody is approximate,
mainly ranging from 0.192 g/cm? to 0.212 g/cm?, 0.210 g/cm? to 0.218 g/cm?, respectively,
which signifies methane inclusions of high density.

(2) Rb-Sr isochron of paragenetic sphalerites and pyrites from the Laochangping Pb-Zn
deposit, Sm-Nd isochron of paragenetic fluorites and calcite from the Wujiahe orebody
in the Luota Pb-Zn deposit, and Rb-Sr isochron of sphalerites from the Laoxi orebody
in the Luota Pb-Zn deposit define isochron ages of 142.9~144.5 Ma, 147.6 Ma, and 138.5
Ma, respectively, indicating that the Late Jurassic to Early Cretaceous was an important
metallogenic event in the margin of the eastern Sichuan basin. The % Sr/80Sr values
(0.71088-0.714749) of the MVT Pb-Zn deposits are similar to those of Lower Cambrian
Niutitang Formation sources. This, combined with moderate temperature and salinity,
and the presence of single-phase high-density methane inclusions, implies that the ore-
precipitating fluids could have been derived from the hydrocarbon associated basinal
brines rather than from a marine involvement in the fluid source.

(3) The link in spatial and temporal relationships of the MVT mineralization and
hydrocarbon accumulation and destruction in the margin of the eastern Sichuan basin, in
combination with the ubiquitous presence of high-density methane inclusions, is consistent
with, though not necessarily indicative of, the MVT mineralization and hydrocarbon
accumulation and destruction simultaneously triggered by the Late Jurassic to the Early
Cretaceous Yanshanian orogeny. The identification of high-density methane inclusions
provides evidence for the role of CHy as a reducing agent during MVT mineralization.
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