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The coexistence of numerous Mississippi Valley-type (MVT) Pb-Zn deposits and oil/
gas reservoirs in the world demonstrates that a close genetic link between them. The
northern Yunnan—Guizhou depression (NYGD) is a tectonic unit containing Pb—Zn
deposits, paleo-oil reservoirs and shale gas. However, previous studies on the
relationship between hydrocarbon accumulation and Pb—Zn mineralization have
been ignored. The Maoping Pb—Zn deposit is a large-sized MVT deposit in the NYGD
where a large amount of solid bitumen (i.e., a paleo-oil reservoir) occurs, and it is an
ideal area to study the relationship between hydrocarbon accumulation and
lead-zinc mineralization. In this paper, the bitumen and pyrite associated with
bitumen from the Xujiazhai (discovered in this study) and Xiaocaoba paleo-oil
reservoirs and the Maoping Pb-Zn deposit are researched. Geological
observation has revealed that bitumen occurs in dissolution pores, fractures and
intercrystalline pores in dolomite of the Upper Devonian and Carboniferous. The
bitumen from Xujiazhai, Maoping and Xiaocaoba with high and similar Raman
equivalent reflectance (rmcR0%) indicates they are in over-mature level and may
be derived from the cracking of early-accumulated crude oils. The bitumen in the
Xujiazhai paleo-oil reservoir and Maoping deposit has an abundant Pb and Zn
content, indicating petroleum liquids may act as the transporting agents of
metallogenic metal elements, carrying them to sites where mineralization may
take place. The source rocks may have provided not only the oil for paleo-oil/gas
reservoirs, but also a portion of ore metals for the Pb-Zn mineralization. The bacterial
sulfate reduction (BSR) and thermochemical sulfate reduction (TSR) processes were
recorded by the pyrite in the paleo-oil reservoir, which was consistent with the
mechanism of reduced sulfur formation in the Maoping deposit. In addition, the large
negative (—27.7%. to —5.7%.) and positive (9%, to 19.2%.) §**S values of the pyrite
associated with the bitumen in the paleo-oil reservoir were similar to those of the
sulfide in the Maoping deposit. We believe that the formation and evolution of the
paleo-oil reservoirs are closely related to the metallogenic process of the Maoping
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Pb—Zn deposit, and the sulfides in them have the same sulfur source and formation
mechanism as reduced sulfur. BSR phenomena could occur in prior to migration of the
hydrocarbons into the reservoir or low mature oil stage in paleo-oil reservoir; a small
amount of H,Sgsgr Wwas combined with metal ions in ancient oil reservoirs and deposits
to form early subhedral, xenomorphic granular, fine-grained strawberry aggregate
pyrite and/or gelatinous sphalerite. The paleo-gas reservoir formed by the evolution of
the paleo-oil reservoir in the main metallogenic period potentially participated in the
mineralization; that is, organic gas acted as a reducing agent and transformed SO42” in
the upper Devonian Zaige Formation gypsum strata on the periphery of the Maoping
lead—zinc mining area into H,Stsg through TSR, providing reduced sulfur and creating
the environmental conditions for mineralization. During or after the transformation of
the paleo-oil reservoir to a paleo-gas reservoir, the decoupling of metals and organic
complexes may have provided the ore metals for mineralization. Massive sulfide
precipitation may have occurred during or after the paleo-oil reservoir cracked into

the paleo-gas reservoir.

KEYWORDS

paleo-oil reservoir, bitumen trace element, in-situ sulfur isotope, Maoping deposit, northern
Yunnan-Guizhou depression

1 Introduction

In many cases, hydrocarbons migrate separately from or together
with the mineralizing fluids within sedimentary basins and are
deposited in the form of petroleum or solid bitumen in the vicinity
of sulfides (Piittmann et al., 1988; Manning and Gize, 1993; Kozlowski
et al,, 1995; Spangenberg and Herlec, 2006; Rieger et al., 2008; Williford
et al, 2011; Lan et al, 2021). Therefore, at present, a common
phenomenon is that many lead-zinc deposits in the world are
closely paragenetic or spatially associated with oil and gas reservoirs
(Kesler et al., 1994; Lin, 1995; Sicree and Barnes, 1996; Chen et al., 2008;
Wu et al,, 2013a; Fang et al., 2016; Huang et al., 2019; Huang et al., 2021;
Lan et al, 2021; Wang et al, 2022). The closely spatial connection
between Pb-Zn deposits and paleo-oil reservoirs and the development
of high precision testing technology has added to the deeply research on
the relationship between organic matter (crude oil, solid bitumen,
methane and/or ethane, etc.) and mineralization, creating a hot spot
in the study of mineral deposits (Li et al., 2021). Oil and gas can actively
participate in the mineralization of metal deposits and play an
important role in the formation of ore deposits, which primarily as
follows: 1) the preenrichment of metals (Chen et al., 2002); 2) activation,
migration and enrichment of metallogenetic elements (Girodano, 1985;
Liu et al., 2000; Li et al., 2002; Saintilan et al., 2019; Sanz-Robinson and
Williams-Jones, 2019); 3) provides a large amount of reduced sulfur
(H,S/HS") for mineralization (Gu et al., 2012; Cheng et al., 2021; Huang
etal, 2021; Wang et al., 2022); 4) organic acids are produced to dissolve
carbonate rocks to provide ore storage space, and organic carbon is
provided to participate in the precipitation of hydrothermal carbonate
(Liu and Zheng, 2000; Liu et al., 2016); 5) to create the physical and
chemical conditions necessary for mineralization (Liu et al., 2000).

The northern Yunnan-Guizhou depression (NYGD) is a tectonic
unit that incorporates Pb-Zn deposits, paleo-oil reservoirs and shale
gas (Figure 1); it is located South of the Sichuan Basin and coincides
with the eastern part of the famous Sichuan-Yunnan-Guizhou
lead-zinc ore concentration area, including the Huize, Maoping,
Lehong, Zhugongtang, Jinshachang super-large lead-zinc deposits
and many medium-small lead-zinc deposits (Figure 1). Bitumen
can be observed in most of these deposits. In recent years, the
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Yankong (Yang et al., 2012; Bao et al., 2016), Xiaocaoba (Bao et al.,
20165 Zhang et al.,, 2017) and Xujiazhai (a new discovery in this study)
paleo-oil reservoirs were successively discovered in the area. However,
the genetic relationship between them and the lead-zinc deposits in
the area has not been studied. The Maoping deposit is not only one of
the richest MVT lead-zinc deposits in the area and in the world, but
also existence of abundant solid bitumen compared with other
deposits in NYGD. Solid bitumen is spatially closely related to the
ore. Meanwhile, liquid phase C,Hs organic matter and CH,, C,Hg,
C¢Hg organic gas were found in a fluid inclusion study (Han et al.,
2019), showing the formation and evolution of oil may be close genetic
link to lead-zinc mineralization. Hence, it is an ideal area to study the
relationship between organic matter and lead-zinc mineralization.
Although our predecessors made efforts to identify some possible roles
that organic matter may play in the genesis of the Maoping deposit
(Han etal., 2007; Wei, 2011; Ren, 2018; Yang et al., 2019), the source of
the organic matter (bitumen, CH,, C,Hg, etc.) is not well been
constrained, along with whether it is genetically related to
mineralization and how it participated in the mineralization. The
lack of such information has severely limited our ability to understand
the role of organic matter in the formation of Maoping deposit.
Previous works on this MVT Pb-Zn mineralization were focused
mainly on the ore fluids and ore-material source (Zou et al., 2004; Han
et al, 2007; Tan et al,, 2019). Han et al. (2007) proposed that the ore-
forming fluid was the compositing results of the magma water,
metamorphic and hosted water, and mainly derived from
magmatic hot fluid and hosted formation water. Tan et al. (2019)
considers that the Maoping large-scale Pb-Zn deposit is the product of
fluid mixing. Other studies explored on the possible sulfur source from
seawater sulfates (Tan et al, 2019; Yang et al.,, 2019), which have
shown reduced sulfur was mainly supplied by the thermochemical
sulfate reduction (TSR) and bacterial sulfate reduction (BSR), and the
lead source from ore-bearing sedimentary rocks and underlying
basement rocks (Tan et al, 2019; He et al, 2020). Many studies
have shown that petroleum is rich in ore-forming metals, and it could
potentially be a carrier of both ore-forming metals and ore-forming
fluids (Peabody and Einaudi, 1992; Manning and Gize, 1993; Zhuang
and Lu, 1996). For the bitumen-rich Maoping deposit, it is unclear
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FIGURE 1
Distribution map of Pb—Zn deposits, shale gas and paleo-oil reservoirs in the northern Yunnan-Guizhou depression.

whether petroleum was a carrier of ore metals as the ore-forming fluid
or was unrelated to the Pb-Zn mineralization. Besides, for the MVT
deposit with abundant bitumen, previous studies explained only the
source and formation mechanism of reduced sulfur according to the
sulfur isotopes of sulfide in the deposit. Sulfide is also commonly found
in paleo-oil reservoir. The comparison of sulfur isotope of sulfide in
paleo-reservoir and ore deposit may provide certain information for
the formation of ore deposit. In fact, the comparative studies of sulfur
isotopes between sulfide in the deposit and the sulfur isotopes of
sulfide in the paleo-oil reservoir are rarely conducted. This may be
attributed to the fact that sulfides in paleo-oil reservoirs are usually
small, led to traditional S isotope test methods are limited. Therefore,
in this paper, in-situ sulfur isotopes of the pyrite associated with
bitumen in the Xujiazhai and Xiaocaoba paleo-oil reservoirs were
studied, and the material source of the Maoping deposit were
discussed through bituminous trace elements, aimed to revealing
the relationship between the paleo-oil reservoir and lead-zinc
mineralization in the Maoping deposit.

2 Regional geologic setting of the
northern Yunnan—Guizhou depression

The NYGD, comprising about 39,800 km?* (Figure 1), is located on
the margin of Sichuan, Yunnan, and Guizhou provinces and is
bounded by the Zunyi fault. It lies adjacent to the Wuling
depression in the East, with the Xiaojiang fault as a dividing line in
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the West, and is adjacent to the Kangdian uplift. It borders on Sichuan
Basin in the North and is connected with the central Guizhou-eastern
Yunnan uplift in the South.

The northern Yunnan-Guizhou area experienced the tectonic and
sedimentary evolution history of the late Proterozoic to early Paleozoic,
the late Paleozoic to middle Triassic and the Mesozoic, and developed
the marine Sinian-middle Triassic and continental upper Triassic to
lower Cretaceous sedimentary assemblages with complete stratigraphy,
great thickness and wide distribution. At present, the sedimentary caps
in northern Yunnan-Guizhou are characterized by a strong
compressive structure, which is a typical trough-like folded
deformation belt with a gentle broad anticline and steep narrow
syncline. The tectonic deformation intensity lies between the trough-
like fold deformation in the southern margin of Sichuan Basin and
the thrust fold deformation in southeastern Guizhou. The tectonic
strikes are mainly NS-, NEE- and NE-trending, and the anticlinal
belt and synclinal belt show a northwest convex arc in the eastern
Weining-Bijie. From the central Guizhou-eastern Yunnan uplift to
the northern Yunnan-Guizhou depression to the Sichuan Basin, the
tectonic deformation moves from strong to weak, indicating that the
study area has been affected by the continuous intracontinental
orogeny of Jiangnan and Xuefeng since the Yanshanian and by the
northward thrust and extrusion of the Indian plate during the
Himalayan period.

There are three sets of source and reservoir assemblages in the
NYGD: 1) black mudstones of the lower Cambrian Qiongzhusi
Formation and dolomite of the lower Cambrian Longwangmiao
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FIGURE 2

Geological map of the Maoping district showing the stratigraphy, structure and distribution of Pb—Zn deposits (modified after Liu and Lin, 1999).

Formation; 2) black mudstones of the Ordovician Wufeng Formation
and Silurian Longmaxi Formation and carbonate rocks of the Upper
Devonian and Carboniferous; 3) black mudstones of the Carboniferous
Wanshoushan Formation and Carboniferous carbonate rocks. High-
quality source rocks of the Wufeng Formation and Longmaxi
Formation in northern Yunnan-Guizhou have a TOC (total organic
carbon) content of 1.5%-3.5%, thickness of 50-350 m, and distribution
area of 11,100 km® The thickness of high-quality Cambrian source
rocks is 120-500 m, and the distribution area is 31,600 km?, indicating
strong oil generation potential (Liang et al., 2011). Three sets of source
rocks in the areas are also shale gas occurrence beds, and the current
exploration and development beds are the Wufeng Formation and
Longmaxi Formation. According to incomplete statistics, since 2009, 2D
and 3D seismic exploration engineering has covered 2,661 km and
121 km?, respectively, and 106 wells have been drilled (China National
Petroleum Corporation internal information). At present, the proved
reserves are more than 1,000 x 10° m?, and the shale gas production
capacity of 18 x 10® m*/a has been achieved (including the Zijinba gas
field in Yunnan province, the Huangjinba and Taiyang gas field in
Sichuan province, Figure 1; Liang et al.,, 2020; Du et al., 2021).

3 Geology of the Maoping Pb—Zn
deposit

Within the mining district, Silurian, Devonian, Carboniferous,
and Permian are mainly exposed, and their contact relationship
between the strata is disconformable (Figure 2). The Silurian strata
consist of shale, sandstone, and argillaceous sandstone. The lower
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Devonian strata comprise sandstone, mudstone, and dolostone and
overlie the Devonian Zaige Formation bituminous dolostone. The
strata of the lower Carboniferous Datang and Baizuo Formations are
composed of limestone with a thin layer of shale and a dolostone
interlayer with ~3m thick clay shale, respectively. The middle
Carboniferous Weining Formation conformity overlies the lower
Carboniferous Baizuo Formation and mainly consists of limestone
and dolostone. The lower Permian Liangshan Formation comprises
shale and sandstone and overlies the lower Permian Qixia and
Maokou Formations limestone. Additionally, the Emeishan flood
basalts are widespread outside of the mining area.

The structures in the Maoping mining area are mainly NE- and
NW-trending. The NE-trending structures are arranged successively
from NW to SE, including the Fangmaba compressional fault,
Maoping compressional fault, Luozehe compressional fault, and
Maomaoshan inverted anticline. Specifically, the Maoping fault has
a strike of NE10°-80° and a dip of SE65°-85" and is 30 km long. The
Luozehe fault strikes NE30°-40° and dips steeply at SE65°-70° with a
length of >40 km. The Fangmaba fault strikes NE25° and dips
SE67°-85" with a length of >20km. The fold axis of the
Maomaoshan inverted anticline has a variable strike: NW350" in its
western limb and NE20°-45° in its northern wing. Its western wing is
overturned with a dip of 65°-86°, while the eastern wing has a relatively
gentle dip (17°-35°). The Maomaoshan inverted anticline and
Maoping compresso-shear fault are mainly ore-control structures
(Figures 2, 3A).

Sulfide orebodies at Maoping occur as steeply plunging and pipe-
shaped and are mainly hosted within the overturned NW limb of the
Maomaoshan anticline. Post-ore NW-trending faults suggest that the
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FIGURE 3

(A) Geological map of the Maoping deposit. (B) Cross-section through the Maoping Pb—Zn deposit (modified after Liu and Lin, 1999).

sulfide orebodies are weak deformations rather than metamorphisms.
Individual pipes have been grouped into three larger orebodies,
including Orebody I, Orebody II, and Orebody III (Figure 3B).
Orebody I is the largest, hosted within the Devonian Zaige
Formation, which has a length of 280-320 m, width of 5-34m,
and 800 m in thickness with average ore grades of 13.0 wt.% Zn,
7.5 wt.% Pb, and 135 g/t Ag. Orebody II is hosted within the lower
Carboniferous Baizuo Formation, and is 20-182 m long, 22 m wide,
and 540 m thick with average ore grades of 16.0 wt.% Zn and 6.0 wt.%
Pb (Wei et al, 202la). Orebody II is hosted within the
interformational faulted zone of the lower Carboniferous Weining
Formation. The orebody is 43-202 m in length, 5 m in width, and
170 m in thickness with average ore grades of 7.6 wt.% Zn and
9.0 wt.% Pb.

The ore mineral assemblage of the Maoping deposit is simple. The
ore minerals are mainly sphalerite, galena and pyrite, with a small
amount of marcasite, arsenopyrite, chalcopyrite, and siderite. The
gangue minerals are mainly dolomite, calcite, bitumen, and a small
amount of quartz. Wall rock alterations in Maoping are principally
dolomitization and calcitization, which are closely associated with
Pb-Zn mineralization.

Tunnel survey discovered that the Maoping paleo-oil reservoir
almost overlaps with the largest orebody (No. I-6) (Figure 4). Bitumen
is extensively distributed in both Hexi and Hedong ore blocks in the
Maoping deposit. Bitumen is commonly associated with metal
sulfides, dolomite, calcite and quartz (Figures 5A-F). Bitumen
cutting through the wall rocks means that the bitumen is not the
product of the sedimentary rock formation period (Figure 5G). Some
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are distributed in the edges of metal minerals, and others are encased
by metal minerals (Figures 5H-K), indicating that the bitumen is
formed before or almost at the same time as mineralization. Some
bitumens also tightly filled between dolomite crystals in wall rocks
(Figure 5L). Based on the previous research work (Wei, 2011) and this
study, a paragenetic sequence for the Maoping deposit was developed
(Figure 6).

4 Paleo-oil reservoir characteristics

The Xujiazhai paleo-oil reservoir is located 5km East of the
Maoping lead-zinc deposit (Figures 1, 2), 12.5 km long from East
to West and more than 3 m thick. The lithology of the reservoir is
mainly medium-fine crystal dolomite. Bitumen occurs in dissolution
pores and fractures of dolomites of the Upper Devonian and
Carboniferous and dolomite intercrystalline pores (Figures
7A,A"B-D). Most of the dolomite intercrystalline pores are filled
with bitumen, most fully filled and some half-filled (Figure 7E).
Bitumen is black, granular, or disseminated, hard in texture, does
not stain hands and has no fluorescence, exhibiting the characteristics
of pyrobitumen. It is black under transmitted light, indicating a high
degree of evolution. Pyrite is abundant in this paleo-oil reservoir,
mostly with irregular or subhedral-xenomorphic (Figures 7F, G).

The Xiaocaoba paleo-oil reservoir is located about 40 km northeast of
the Maoping lead-zinc deposit (Figure 1). Bioclasts have developed in the
reservoir, mainly including sponges, coral, and archaeocyatha clasts. The

lithology of the reservoir is primarily fine crystal dolomite and secondary
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medium crystal dolomite, and a small part is coarse-crystal dolomite. The
matrix pores of the reservoir are mainly intergranular pores and
intergranular dissolved pores. The porosity of the matrix is small, but
dissolved pores and caves are very developed. Most of them were formed
by the dissolution of biological coelomy; their size is generally 3-5 cm, and
some exceed 10 cm. Moreover, cracks and dissolution widening cracks are
also more common. The pores and dissolution fractures are filled with
bitumen and calcite. Most of the dolomite intercrystalline pores are fully
filled with bitumen, some are half-filled, and they are disseminated or
attached to the edge of dolomite crystal. Bitumen is concentrated in the
upper Devonian, and the thickness of the reservoir is about 10 m at the
minimum and close to 40 m at the maximum (Zhang et al., 2017).
According to the distribution area, reservoir thickness, reservoir porosity,
and bitumen degree of filling, the original reserves of the Xiaocaoba
Devonian paleo-reservoir are estimated to be about 6,000 x 10* t (Zhang
et al,, 2017). Pyrite exists in this paleo-oil reservoir, and most of it is
distributed in bitumen with subhedral (Figure 7H), irregular (Figure 71),
and fine-grained aggregate strawberry (Figure 77), with sizes ranging from
1 to 100 pm. The strawberry pyrite partially oxidized to grayish goethite.

5 Samples and analytical methods
5.1 Samples

Bitumen samples were mainly collected from the Xujiazhai and
Xiaocaoba paleo-oil reservoirs and Maoping lead-zinc mining area.

The pyrite closely associated with the bitumen of the Xujiazhai and
Xiaocaoba paleo-oil reservoirs was selected for in-situ sulfur isotope
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analysis. Five bitumen samples were used for the analysis of trace
elements in bitumen, of which three bitumen samples were collected
from the Xujiazhai paleo-oil reservoir and two bitumen samples from the
Maoping deposit. To ensure the freshness of the analytical samples and
minimize the contamination, the samples were treated as follows: the
sample was cleaned and its edge was removed before crushing, and crushed
samples for bulk bitumen analyses were separated and handpicked under a
binocular microscope to ensure a purity of >99%. Then the samples
selected under the binocular microscope were crushed to about 200 mesh
with an agate mortar, and about 1-2 g sample powder was weighed for
testing.

5.2 Analytical methods

5.2.1 Laser Raman

The laser Raman spectrum analysis of bitumen was completed in
the Laboratory of the Faculty of Land and Resources Engineering,
Kunming University of Science and Technology. The RENISHAW
inVia Raman microscope micro laser Raman spectrometer was used
for the analysis, and the light source was a Spectra-Physics argon ion
laser with a 514 nm laser wavelength and a 40 mW laser power. The
laboratory temperature was 23°C and the humidity 35%.

5.2.2 Trace elements

The analyses of trace elements were carried out at the Institute of
Geochemistry, Chinese Academy of Sciences (Guangzhou). Trace
elements were determined by a Jena Plasma Quant inductively
coupled plasma mass spectrometry (ICP-MS) analyzer. About .0500 g
of powdered sample was placed in a PTFE vessel, and .6 mL of HF and
3 mL of HNO; were added. The sealed vessels were then placed in an
electric oven and heated to 185°C for about 36 h. After cooling, the vessels
were heated on a hot plate to evaporate to dryness. A total of 200 ng of Rh
was added as an internal standard, and then 2 mL of HNOj; and 4 mL of
water were added. The vessel was again sealed and placed in an electric
oven at 135°C for about 5 h to dissolve the residue. After cooling, the final
dilute factor was about 3,000 for ICP-MS measurement.

Analytical results and the uncertainties of reference materials,
AMH-1 (andesite) and OU-6 (slate) agreed well with the reference
values (Thompson et al., 2000; Potts and Kane, 2005). The accuracies
of the ICP-MS analyses were estimated to be better than +10%
(relative) for most elements.

5.2.3 In-situ sulfur isotope

In-situ sulfur isotope analyses of pyrite were performed on a
Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Bremen,
Germany) equipped with a Geolas HD excimer ArF laser ablation
system (Coherent, G6ttingen, Germany) at the Wuhan Sample Solution
Analytical Technology Co., Ltd., Hubei, China. In the laser ablation
system, helium was used as the carrier gas for the ablation cell and was
mixed with argon (makeup gas) after the ablation cell. The single spot
ablation mode was used. Then the large spot size (44 um) and slow pulse
frequency (2 Hz) were used to avoid the down hole fractionation effect
that was reported by Fu et al. (2016). One hundred laser pulses were
completed in one analysis. A new signal-smoothing device was used
downstream from the sample cell to efficiently eliminate the short-term
variation of the signal, especially for the slow pulse frequency condition
(Hu et al.
Neptune Plus was equipped with nine Faraday cups fitted with 1,011 Q

, 2015). The laser fluence was kept constant at ~5 J/cm*. The
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FIGURE 5

250 pm

500 pm 500 pm

Photos of bitumen and ore in the Maoping deposit. (A,B) Bitumen in Devonian dolomite closely associated with sphalerite, a small amount of galena and coarse-
grained calcite (Near orebody I-6, level 683 m, Hedong ore block, Maoping deposit); (C) Bitumen in the form of clumps or binder closely associated with dolomite (level
846 m, Hedong ore block, Maoping deposit); (D) Bitumen in Carboniferous dolomite; sphalerite, calcite and bitumen intermingling and filling in along the fissure (level
818 m, Hexi ore block, Maoping deposit); (E) Ore hand specimen, spherical bitumen coexists with sphalerite (Near orebody 1-6, level 683 m, Hedong ore block,
Maoping deposit); (F) Spherical bitumen filled between quartz crystals (level 670 m, Hedong ore block, Maoping deposit); (G) Bitumen in dolomite vein (level 670 m,
Hedong ore block, Maoping deposit); (H) Yellowish-brown bitumen under the light reflected by the polarizing microscope, some of it coated by sphalerite, and some
are distributed in the edges of sphalerite; (I) Yellowish-brown bitumen at the edge of sphalerite under the light reflected by the polarizing microscope; (J) Galena +
sphalerite + pyrite + dolomite + bitumen symbiotic association; (K) Galena + sphalerite + dolomite + bitumen symbiotic association; (L) Yellowish-brown bitumen
tightly filled between dolomite crystals. Cal, calcite; Dol, dolomite; Q, quartz; Sp, sphalerite; Gn, galena; Py, pyrite; Bit, bitumen.

resistors. Isotopes S, S, and **S were collected in Faraday cups using the
static mode. The newly designed X skimmer cone and Jet sample cone in
Neptune Plus were used to improve the signal intensity. Nitrogen (4 mL/
min) was added to the central gas flow to reduce the polyatomic
interferences. All measurements were performed using the medium
resolution with a revolving power (as defined by a peak edge width of
5%-95% of the full peak height) that was always greater than 5,000.

Frontiers in Earth Science

A standard-sample bracketing method (SSB) was employed to
correct for instrumental mass fractionation. To avoid the matrix effect,
a pyrite standard PPP-1, a chalcopyrite standard GBW07268 (a
pressed pellet), and a synthetic Ag,S standard TAEA-S-1 (a pressed
pellet) were chosen as reference materials for correcting the natural
pyrite, pyrrhotite and pentlandite samples, the natural chalcopyrite
samples, and the natural Ag,S samples, respectively. The reference
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FIGURE 6

The mineralization stages and the mineral arisen sequence in Maoping Pb-Zn deposit.

values of 8*S,_cpr in these standards were reported by Fu et al. (2016).
In addition, the in-house references of a pyrrhotite SP-Po-01
(8*Sy.cpr = 1.4 * 4), a chalcopyrite SP-CP-01 (8**S,.cpr = 5.45 +
.3), and two synthetic Ag,S standard IAEA-S-2 (8**S,.cpr = 22.58 +
39) and IAEA-S-3 (8*S,.cpr = -32.18 + .45) were analyzing
repeatedly as unknown samples to verify the accuracy of the
calibration method.

In-situ sulfur isotope analyses of sphalerite were performed on a
Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Bremen, Germany)
equipped with a RESOlution S155 193 nm laser ablation system at the
Guangzhou Tuoyan Testing Technology Co. LTD. The single spot
ablation mode was used. Then the large spot size (24 um) and slow
pulse frequency (6 Hz) were used to avoid the down hole fractionation
effect. The laser fluence was kept constant at 4 J/cm? In order to reduce
the influence of matrix effect on the test results, sulfide similar to the
sample matrix were used as standard samples in the analysis process, and
the standard - sample - standard crossing method was used for quality
discrimination correction. All data reduction of S isotope ratios was
conducted using “Iso-Compass” software (Zhang et al., 2020). All data
reduction for the MC-ICP-MS analysis of S isotope ratios was conducted
using “Iso-Compass” software (Zhang et al., 2020).

6 Result

6.1 Laser Raman spectral characteristics of
bitumen

Bitumen samples from Xujiazhai, Xiaocaoba and Maoping
were analyzed by laser Raman, and their maturity parameters are
indicated in Table 1. The multiple spot analyses of different areas
the

@ »

in the bitumen samples provided similar spectra (“n” means
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numbers of spectra) (Figure 8). The quantitative Raman
measurement showed that the Raman spectral characteristics
of bitumen in the three places were similar. The specific
characteristics indicated that the energy intensity values of
Defect-Activated peaks (D peak) were lower, with Raman
shifts of the bitumen in Xujiazhai, Xiaocaoba and Maoping
measuring 1,341 to 1,357 cm™', 1,335 to 1,347 cm™' and
1,341 to 1,346 cm™', respectively, and the full width at half
maxima of the D peak (FWHM-D) from 229 to 264cm™’,
191 to 256 cm™' and 223 to 245 cm™’, respectively. The energy
intensity of the G peak was relatively high, with Raman shifts
from 1,580 to 1,596cm™, 1,589 to 1,599 cm™ and 1,591 to
1,594 cm™', respectively, and the full width at half maxima of
the G peak (FWHM-G) from 74 to 89 cm™, 58 to 78 cm™" and
60 to 68 cm™', respectively. The Raman spectral characteristics of
our bitumen samples were consistent with the pyrobitumen
characteristics described by Liu et al. (2013).

Many studies have confirmed that there is a great linear
relationship between the characteristic parameter R; of the laser
Raman spectrum of organic matter and its recorded maximum
temperature (T/°C) (Beyssac et al, 2002; Rahl et al., 2005).
the
containing organic

Therefore, Raman spectral characteristics of carbon-
matter can be used as a geological
thermometer. Based on equation of Rahl et al. (2005), we
calculated the maximum temperature recorded by bitumen, see,

Eq. | below:

T(°C) = 737.3 + 320.9 x R, — 1067 x R; — 80.638 x R> (1)

where T = estimated temperature; R; = Dh/Gh (Dh refers to the
peak height D and Gh refers to the peak height G); R; = AD/(AD +
AG) (AD refers to area of the D peak, AG refers to area of the G
peak).
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FIGURE 7
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100 pm

(A) The outcrop of the Xujiazhai paleo-oil reservoir. Bitumen in the Devonian; (A’) Bitumen produced in the Carboniferous, found at 30 m northeast of
point “A." Bitumen is distributed in the calcite veins or incorporated in the calcite grains in the form of fine granular or water droplets; (B) The bitumen of a
water droplet in the upper Devonian intergrown with calcite (Xujiazhai); (C) Xinchang profile outcrop of the Xiaocaoba paleo-oil reservoir; (D) Bitumen
distributed in dissolution voids of upper Devonian dolomite and intergrown with recrystallized calcite (Xiaocaoba); (E) The intercrystalline pores of
dolomite mostly filled with bitumen (Xujiazhai); (F,G) The irregular pyrite associated with bitumen in the Xujiazhai paleo-oil reservoir; (H-J) The semi-hedral
pyrite associated with bitumen in the Xiaocaoba paleo-oil reservoir (H), irregular () and fine-grained aggregate strawberry (J). The strawberry pyrite partially

oxidized to grayish goethite. Py, pyrite; Cal, calcite; Bit, bitumen.

The calculated result indicated that bitumen samples from
Xujiazhai, Maoping and Xiaocaoba were 176°C-236°C,
173°C-226°C, and 149°C-160°C, respectively. The calculated the
maximum temperatures recorded for bitumen were consistent

Frontiers in Earth Science

with the temperature of ore-forming fluid (102°C-247°C, Han
et al., 2007; Wang, 2018), indicated that solid bitumen may be
formed by cracking of paleo-oil reservoir under thermal action of
ore-forming fluid.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1109112

Xu et al.

10.3389/feart.2022.1109112

TABLE 1 Relevant parameters of the Raman spectra of bitumen for estimated temperatures and estimated organic maturity.

FWHM-D FWHM-G Dh
XJZ01 1,351 1,587 235 229 89.3 5,420 6,615 .82 17,56,880 8,84,240 .67 3.71 236
XJZ02 1,348 1,583 236 251 83.5 7,530 9,106 .83 26,53,200 11,41,950 7 3.72 202
XJZ03 1,350 1,584 234 262 84.3 4,832 5,489 .88 17,64,930 6,94,711 72 3.79 192
XJZ04 1,346 1,580 234 258 84.6 4,744 5,401 .88 17,13,060 6,86,321 71 3.78 195
XJZ05 1,341 1,586 245 263 77.1 6,971 8,849 79 25,53,550 10,28,590 71 3.68 179
XJZ06 1,346 1,585 239 263 80.8 8,564 10,683 0.8 31,45,780 12,97,970 71 3.69 187
XJZ07 1,341 1,585 244 252 74 9,286 11,344 82 32,76,100 12,66,750 72 3.71 176
XJZ08 1,344 1,588 244 263 76 4,841 6,248 77 17,75,380 7,16,329 71 3.66 177
XJZ09 1,347 1,585 239 264 81 6,206 7,341 85 22,81,890 8,94,083 72 3.74 184
XJZ10 1,357 1,596 239 245 83 7,618 9,804 .78 26,26,550 12,22,070 .68 3.66 210
MPHD-1 1,339 1,595 256 229 62.3 10,323 15,817 .65 33,51,210 14,96,160 .69 3.52 175
MPHD-2 1,339 1,594 254 233 64.8 9,740 14,826 .66 32,08,790 14,56,920 .69 3.52 179
MPHD-3 1,347 1,589 241 256 78.3 5,258 6,615 79 18,80,930 7,79.913 71 3.69 187
MPHD-4 1,340 1,599 259 219 57.9 15,050 24,787 .61 46,84,890 21,85,720 .68 3.47 175
MPHD-5 1,335 1,596 262 220 58.6 6,721 10,993 .61 21,03,000 9,80,743 .68 3.47 176
MPHD-6 1,342 1,592 250 238 69.1 6,649 9,168 73 22,31,920 9,58,408 0.7 3.6 181
MPHD-7 1,343 1,594 251 227 68.4 6,496 9,835 .66 20,94,470 10,17,370 .67 3.53 196
MPHD-8 1,342 1,595 253 228 65 6,048 9,317 .65 19,53,030 9,18,299 .68 3.52 186
MPHD-9 1,341 1,592 251 191 63 6,061 10,149 0.6 16,67,240 9,71,256 .63 3.46 226
MPHD-10 1,337 1,593 256 235 64 6,778 10,136 .67 22,53,040 9,84,455 0.7 3.54 173
XC-1 1,345 1,591 246 242 65.9 7,890 11,670 .68 30,02,480 12,08,920 71 3.55 157
XC-2 1,343 1,594 251 236 59.7 12,686 20,912 .61 47,02,760 19,59,790 71 3.47 149
XC-3 1,342 1,593 250 231 62.2 7,115 10,683 .67 25,83,040 10,44,560 71 3.54 155
XC-4 1,343 1,593 249 236 62.7 9,228 14,197 .65 34,21,940 13,98,210 71 3.52 154
XC-5 1,346 1,591 245 245 68 8,235 11,701 0.7 31,64,860 12,49,070 72 3.58 158
XC-6 1,343 1,592 249 232 64.8 7,202 10,305 0.7 26,24,930 10,48,800 71 3.57 160
XC-7 1,343 1,593 250 235 61.6 7,241 11,089 .65 26,77,400 10,73,590 71 3.52 151
XC-8 1,343 1,593 251 236 61.4 7,172 11,097 .65 26,55,820 10,69,900 71 3.51 150
XC-9 1,341 1,593 252 223 61.1 6,935 10,274 .68 24,25,910 9,85,250 71 3.55 158
XC-10 1,344 1,593 249 241 62.8 10,411 16,129 .65 39,41,230 15,90,180 71 3.51 151

Note: D, D peak; G, G peak; FWHM-D, full width at half-maximum of D peak; FWHM-G, full width at half-maximum of G peak; Dh, peak height of D; Gh, peak height of G; AD, area of the D peak;

AG, area of the G peak; R; = Dh/Gh; R; = AD/(AD + AG); Ro% refers to rmcR0%.

6.2 Trace elements contents of bitumen

The metal element contents of bitumen in Xujiazhai and
Maoping are shown in Table 2. The bitumen samples ranged
widely, from 134 to 2,94,000 ppm Zn, 15.3 to 11,700 ppm Pb. The
Pb and Zn contents in the bitumen samples were .77-477 times
and 1.89-4,141 times, respectively, the Clarke values of the crust
(Figure 9). In addition, recyclable metal elements such as Ag, Cd,
and Sb were also relatively enriched in bitumen, while Ge and Bi
were relatively depleted (Figure 9).
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6.3 In-situ sulfur isotope of sulfide associated
with bitumen

In-situ sulfur isotope analysis results are shown in Table 3. The
results indicated that the 8°'S value of the pyrite associated with
bitumen in the paleo-oil reservoir varied widely (—27.7 to 19.2%o) and
could be divided into two groups: —27.7 to —5.7%o and 0.9 to 19.2%o
(Figures 10A,B). The &S values of pyrite and sphalerite associated
with bitumen in the Maoping deposit ranged from 3.8%o to 13.9%o and
11.6%o to 12.4%o, respectively (Table 3).
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FIGURE 8

Raman microscopy measurement of bitumen with Raman spectra

of D and G peaks, and optical photomicrographs under cross-polarized
light. Scale: 10 pm.

7 Discussion

7.1 Maturity of bitumen based on Raman
spectrum

The maturity of reservoir bitumen is a key parameter for the
inversion of crude oil cracking process. However, the study of bitumen
maturity using reflectance is affected by the sample preparation,
particle size, and the strong optical anisotropy, which lead to the
problem of strong data dispersion and multiple solutions in the test
results (Si et al., 2022). Raman spectrum is a scattering that is basically
unaffected by the above factors. Studies on different types of vitrinite
coal, rock, kerogen bitumen, and other samples have shown that the
Raman spectrum of solid organic matter is correlated with the degree
of thermal evolution (Xiao et al, 2020; Tian et al, 2021). Many
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scholars have calculated the maturity of bitumen by Raman spectra
characteristics and obtained good results (Duan et al., 2002; Liu et al.,
2013; Zhang et al,, 2013; Wang et al., 2015). Using diagram of bitumen
maturity (Zhang et al., 2013; Figure 11), all bitumen samples fell in the
over mature area, indicating that these bitumens were over mature.

The reflectance of bitumen was determined by laser Raman
characteristic peaks (peak height) using equation of Liu et al
(2013), which is equivalent to vitrinite reflectance that can reflect
different maturation grades and the surface optical properties of
samples; see, Eq. 2 below:

ancRO (%) = 1.1659 x R, +2.7588 )

where g,Ro% refers to the Raman reflectance using Raman
parameters; R;, see Eq. 1. This equation is mainly applicable to
over mature solid organic matter (Liu et al, 2013), which
corresponded to our samples.

In the samples, the equivalent reflectivity (r,cRo%) values of
bitumen from Xujiazhai, Maoping, and Xiaocaoba were 3.66%-
3.79% (n = 10, average 3.72%), 3.47%-3.58% (n
3.53%), and 3.46%-3.69% (n
These values were consistent with the measured results of the

10, average

= 10, average 3.53%), respectively.
reflectance of solid bitumen in the Xiaocaoba paleo-oil reservoir
(3.38%-3.47%, Zhang et al., 2017), proving that the calculation of
bitumen reflectance by Raman spectrum parameters is reliable.
Bitumen samples from the three places had similar and high
reflectance, indicating that the studied bitumen belonged to the
same paleo-oil reservoir cracking products and had the same
burial-thermal evolution history (Bao et al., 2016).

7.2 Source of ore-forming metals of the
Maoping Pb-Zn deposit

In generally, ore-hosting sedimentary rocks of Sinian to Middle
Permian, basements rocks (Proterozoic Kunyang and Huili Group) and
Late Permian Emeishan continental flood basalts are collectively regarded as
three potential metal source rocks for Pb-Zn deposits in the northeast
Yunnan region (Liu and Lin 1999; Huang et al,, 2004; Tan et al,, 2017; Tan
et al,, 2019; Zhou et al., 2018; He et al., 2020; Wu et al., 2021). Based on Pb
and Zn isotopes, the ore-forming metal elements of the Maoping Pb-Zn
deposit was mainly derived from crystalline basement and ore-hosting
carbonate rocks far from the mining area rather than Emeishan continental
flood (Tan et al, 2017; Tan et al., 2019; He et al,, 2020; Wu et al., 2021)
Beside, it has been widely accepted that 230-200 Ma is the main period of
lead-zinc deposit formation in this area (Tan et al,, 2017; Tan et al,, 2019; He
et al,, 2020), whereas the Emeishan basalts were formed at 260 Ma ago
(Zhou et al., 2002). Hence, Emeishan basalt has weak capacity to provide
metallic material. In addition, black mudstone also is considered to an
important metal source for Pb-Zn deposits in the area, such as Jinshachang
lead-zinc deposit (Zhou et al,, 2015). Recent studies show that for the MVT
lead-zinc deposits which have bitumen with abundant Pb and Zn elements,
the parent rocks of bitumen (source rocks) are also considered to be one of
the metallogenic metal sources, e.g, Nanmushu and Wusihe Pb-Zn
deposits in Sichuan Basin (Huang et al,, 2021; Wang et al., 2022).

Experiments have shown that petroleum can carry zinc and/or
lead (Girodano, 1985; Peabody and Einaudi, 1992; Sanz-Robinson and
Williams-Jones, 2019). Within a certain maturity range, crude oil can
be an important carrier of Pb-Zn and other metals and an important
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TABLE 2 Analysis results of trace elements in bitumen (ppm).

10.3389/feart.2022.1109112

Sample name Pb Zn Ag Ge (@] Bi Sb
MPHD-1 9,540 2,94,000 133 1.55 357 .08 11.2
MPHD-2 11,700 44,200 8.06 .55 64.9 19 439

XJZ-1 158 1,170 17 22 1.92 15 98
XJZ-2 24.5 249 12 .03 .79 .06 17
XJZ-3 15.3 134 .02 79 48 .05 1.82
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FIGURE 9

Enrichment diagram of major metals (Pb, Zn) and recoverable metal elements in bitumen.

component of the ore-forming fluid (Peabody and Einaudi, 1992;
Manning and Gize, 1993; Zhuang and Lu, 1996). The average Zn and
Pb contents worldwide in crude oil are .2-.5 ppm and .5-6 ppm,
respectively (Manning and Gize, 1993), while the maximum Pb and
Zn contents in Venezuela Boscan crude oil are 21 ppm and 160 ppm,
respectively (Yang, 1997). The Pb-Zn contents of crude oil are similar
to or higher than the Pb (2.0 ppm) and Zn (1.3 ppm) contents required
for the MVT Pb-Zn ore-forming fluids (Sverjensky, 1984). Thus,
crude oil can be a component of ore-forming fluid. The bitumen from
the Xujiazhai paleo-oil reservoir and Maoping deposit had a fertile
content of Pb (15.3-11,700 ppm) and Zn (134-2,94,000 ppm), which
were .77-477 times and 1.89-4,141 times the Clark values of the crust,
respectively (Table 2). This is common in MVT deposits worldwide.
For example, the content of solid bitumen Zn in MVT deposits in
North America and Spain is generally 10-1,000 ppm (Curiale, 1993).
The content of Zn in bitumen from the Huayuan lead-zinc mine in
Hunan province of China is 200-20,248 ppm (Liu et al., 1999). The
contents of Pb and Zn in bitumen in the Nanmushu lead-zinc deposit
in northwest Sichuan Basin are 15.6-2,600 ppm (average 461 ppm, n =
10, Huang et al,, 2021) and 129.9->10,000 ppm (average > 4,123 ppm,
n

10, Huang et al, 2021); in the Xuequ lead-zinc deposit in
southwestern ~ Sichuan Basin, they are 20-287ppm and
15-5,370 ppm (Tan et al, 2021); and they are 15.3-161.6 ppm and
129.9-1171.5 ppm in the Mayuan lead-zinc deposit in northern
Sichuan Basin (Tan et al, 2021). These values are much higher
than the Pb and Zn content in Pb and Zn ore-forming fluids
(2.0 and 1.3 ppm, respectively; Sverjensky, 1984), suggesting that
not only oil plays the role of metal element transport medium, but
also that the hydrocarbon fluid may be the ore-forming fluid, and the
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metal elements and oil have the same characteristics in source,
transport and aggregation (Tan et al, 2021). It is well known that
with the increase in the burial depth of source rock, organic matter in
source rock begins to mature and forms crude oil. If the metal
elements in the source rock migrate together with crude oil from
the source rock, this will enrich the ore-forming metal elements in oil
(Huang et al., 2021). Thus, whether the bitumen from the reservoir is
rich in metal elements becomes a direct way to test this possibility. The
high Zn concentrations is likely resulted by sphalerite inclusions in
bitumen based on extremely strong positive relationship between Zn
and Cd. However, no apparent sphalerite inclusions were observed in
bitumen based on optical microscope. Oil contains not only
metallic elements but also small amounts of sulfur (Girodano,
1985; Ohmoto and Goldhaber, 1997), a small amount of
sphalerite may be formed during the oil accumulation. This
indicates the sphalerite of micron-nanometer scale size may
exist in the oil reservoir, which is significantly different from
the millimeter-scale size metal sulfides the orebody,
suggesting that the metal sulfides in the ore body should have
formed at a different time than the micron-scale sulfides in the
bitumen (Huang et al., 2021), that is, the microdot sulfide should be
formed during the oil accumulation. In addition, the bitumen of
Xujiazhai far away from the mining area also contains rich Pb and

in

Zn content (Table 2). Hence, the enrichment of Pb and Zn elements
in bitumen and the laboratory experiment with crude oil dissolving
high concentrations of Pb and Zn (Sanz-Robinson and Williams-
Jones, 2019) indirectly suggest that source rocks (the parent rocks
of bitumen) colud be potential sources of metallogenetic elements
in lead-zinc deposits.
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TABLE 3 Sulfur isotope of sulfides associated with bitumen in paleo-oil reservoirs and the Maoping deposit.

Location Sample name Sample description &34S (%o)
XC-1py-1 -255
XC-1py-2 -25.6
XC-1py-3 -255
Subhedral granular pyrite associated with bitumen in the paleo-oil reservoir
XC-1py-4 -25.0
XC-1py-5 ~252
XC-1py-6 -24.7
Xiaocaoba

XC-3py-1 —227

XC-3py-2 14.8

XC-3py-3 -8.1

Xenomorphic granular pyrite associated with bitumen in the paleo-oil reservoir

XC-3py-4 09

XC-3py-5 192

XC-3py-6 -57
XJZ-6py-1 -239
XJZ-6py-2 -27.7
XJZ-6py-3 -27.6

Xujiazhai Subhedral granular pyrite associated with bitumen in the paleo-oil reservoir

XJZ-6py-4 -262
XJZ-6py-5 -23.7
XJZ-6py-6 -229

MPHD-6py-1 139

MPHD-6py-2 137

MPHD-6py-3 10.8

Euhedral granular pyrite associated with bitumen in the Maoping deposit

MPHD-6py-4 8 pyr ping cep 38

MPHD-6py-5 9.7

Maoping MPHD-6py-6 115
MPHD-6sp-1 12.1

MPHD-6sp-2 11.6

MPHD-6sp-3 12.0

Xenomorphic sphalerite associated with bitumen in the Maoping deposit
MPHD-6sp-4 12.4
MPHD-6sp-5 12.0

The NYGD widely distributed source rocks (Wufeng-
Longmaxi Formation and Qiongzhusi Formation) which have
affluent Pb and Zn content [Zn 30-658 ppm, (Feng et al., 2021);
averages: Pb 214 ppm, Zn 256 ppm, (Xiong, 2010); Zn 264 ppm,
(Xia, 2016); Pb 493 ppm, Zn 1,656 ppm, (Cheng et al., 2019; Cheng
etal., 2020)]. The enrichment of Pb and Zn elements in kerogen can
reach 10 or even 100 times that of source rocks (Wang et al., 1996;
Wang et al., 1997; Yang et al., 2015), and the maximum of Pb and
Zn elements in kerogen is n x 107 (Liu and Jin, 1995), indicating
that crude oil can pre-enrich metal elements through the process
from original organisms to kerogen in source rocks (Cao et al.,
2012), thus enabling source rocks to become the initial ore source
beds. In this process, metal elements enrichment is actually related
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to surrounding rock geological environment, that is, the organism
formed element enrichment through the interaction with the
surrounding rock geological environment (Cao et al., 2012). We
also note that the regional source rocks are similar to the basement
rocks on the REE geochemical characteristics (Figures 12A-F). It
indicates the provenance of the source rocks may be from the
basement rocks. In fact, many studies likewise showed that the
source rocks of the Wufeng-Longmaxi Formation and the
Cambrian Qiongzhusi Formation originated from the Huili
Group and Kunyang Group of Kangdian uplift (He et al., 2021;
Liuetal., 2021). During the sedimentary period of the source rocks,
the basement rocks have been exposed to weathering and
denudation, providing Pb and Zn elements to source rocks
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(A) Comparison of S isotopic compositions between the Pb—Zn deposits hosted in different strata ages of the NYGD, the sulfide of the paleo-oil reservoir,
and the seawater and mantle-derived sulfur; (B) Histogram of the sulfur isotope frequency distribution of sulfide in the Maoping Pb—Zn deposit and paleo-oil
reservoir. Data sources: mantle-derived sulfur is from (Chaussidon and Lorand, 1990); seawater sulfur is from (Claypool et al., 1980); and ore deposit sulfur is
from (Han et al, 2007; Zhang et al., 2014; Zhou et al,, 2015; Ren et al,, 2018; Wang, 2018; Tan et al,, 2019; He et al., 2020; Xiang et al., 2020; Wei et al.,

2021a).

(Huang et al, 2021). In addition, if the hydrothermal fluids
extracted ore-forming materials from the basement rocks to
form metal-rich fluids and flowed into black mudstone along
the contemporaneous fault or flowed through the black
mudstone layer, the metal elements would be adsorbed due to
the strong adsorption capacity of organic matter (e.g., kerogen) to
metal ions, led to enrichment of lead and zinc content in source
rocks. Therefore, no matter which way the metal elements in the
source rocks are enriched, the Pb-Zn rich source rocks have the
potential to serve as the ore source bed. During the process of the
deep burial of the source rocks, the ore-forming metal elements are
separated from the source rocks. As the transporting agents of
metallogenic metal elements, petroleum carrying affluent ore-
forming metal elements migrated from the source rocks to the
trap and accumulated to form metal-rich paleo-oil reservoirs, so
the oils have the potential to contribute to the available metal
elements for mineralization (Wang et al., 2022). In summary, we
believe that these source rocks in the area may directly provide
some metal materials for the Maoping Pb-Zn deposit through the
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transport by oil, while the basement rocks are the original source of
metal materials.

7.3 Generation of the H,S and metallogenic
process in Maoping Pb-Zn deposit

The &S value of sulfide in the Pb-Zn deposits in the NYGD was
positive, which was related to thermochemical sulfate reduction (TSR)
(Ren et al,, 2018; Wang, 2018; Tan et al., 2019; Yang et al,, 2019; Wei et al,,
2021b). In addition to a large positive value, the sulfide in the Maoping
Pb-Zn deposit also had a large negative §™S value (~20.4%o to —8.7%o,
Tan et al,, 2019), interpreted as bacterial sulfate reduction (BSR). It is well
known that an open system and favorable temperature are necessary for
BSR (Furusaka, 1961; Orr, 1977; Machel, 2001; Wing and Halevy, 2014).
BSR typically occurs at temperatures lower than 100°C, although it occurs in
some cases up to 120°C (Jorgensen et al., 1992; Basuki et al, 2008). A
relatively broad range from 102°C to 247°C can represent the metallogenic
temperature of the Maoping Pb-Zn deposit (Han et al.,, 2007; Wang, 2018).
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Diagram of bitumen maturity (after Zhang et al., 2013).

These temperatures are not suitable for BSR. Tan et al. (2019) interpreted
this large negative §*'S value as the BSR process at low temperature before
mineralization, and the formation of H,S in the Maoping deposit was local
reduction. In fact, in this case, because much larger fractionation of up to
71%o of sulfur isotopes is possible with BSR (Goldhaber and Kaplan, 1975;
Canfield and Teske, 1996), H,S may be generated at a site different from

10.3389/feart.2022.1109112

that of mineralization, such as the Jinding Pb-Zn deposit in China, which
was interpreted as BSR phenomena occurring prior to or during migration
of the hydrocarbons into the reservoir to form the paleo-oil reservoir (Lan
et al,, 2021). Plentiful bitumen in the Maoping deposit provided a possible
explanation for this case. In addition, the temperatures suitable for BSR
(<100°C-120°C, Jorgensen et al,, 1992; Basuki et al., 2008) partly overlapped
with the temperature range of petroleum maturation/expulsion
(80°C-160°C). Therefore, the large negative §*S value of reduced sulfur
in the Maoping deposit can also be interpreted as: BSR phenomena could
occur in prior to migration of the hydrocarbons into the reservoir or low
mature oil stage in paleo-oil reservoir; slight H,Sgsr combined with metal
ions from the Maoping deposit to form early fine-grained strawberry
aggregate pyrite and/or gelatinous sphalerite.

In this study, the 8>S values of pyrite associated with bitumen in
the paleo-oil reservoir were similar to those of sulfide in the Maoping
deposit and had a broad range (-27.7%o0 to 19.2%o), which was
significantly different from mantle-derived magmatic sulfur (-3.0%o
to +3.0%0) (Figure 10A; Chaussidon and Lorand, 1990), although
slight values are close to that of mantle-derived sulfur. Beside,
because of the study area absence of regional magmatic activity
during the metallogenic period, the source of mantle-derived sulfur
can be excluded. Most likely, hence sulfate reduction is a major
source of sulfur.

At present, it is generally believed that there are two main reduction
mechanisms for the conversion of sulfate to reduced sulfur in oil and gas
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Rare Earth element comparison between the Qiongzhusi Formation and Wufeng-Longmaxi Formation source rocks and the basement rocks of Kunyang
group and Huili group. (A) Chondrite-normalized REE patterns; (B) Y vs. Y REE; (C) La vs. Nd; (D) Sm/Nd vs. La/Sm; (E) Tb/La vs. Sm/Nd; (F) Y/Ho vs. La/Ho. Data
of source rocks are from Xia, 2016; Data of basement rocks are from Yin, 2015; Ji et al.,, 2016.
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Schematic metallogenic model for the Maoping Pb-Zn deposit, showing the genetic relationship between oil and gas accumulation and lead-zinc
mineralization. (A) Petroleum carries lead-zinc metals into the reservoir; (B) Paleo-oil reservoir cracking into paleo-gas reservoir and the organic complexes in
petroleum are decoupled from the metals. Hydrocarbon organic gas acted as a reducing agent and transformed SO4?" in the gypsum strata into H2STSR
through TSR. (C) A large amount of sulfide with heavy sulfur isotope value precipitates.

reservoirs, namely: BSR and TSR (Basuki et al., 2008; Luo et al., 2015;
Cheng et al.,, 2021). The depletion of the §**S values of the pyrite in the
paleo-oil reservoir (—27.7%o to —5.7%o) was similar to the sulfides with
large negative values in the Maoping deposit (-20.4%o to —8.7%o, Tan
etal, 2019). As mentioned above, these lower values reduced sulfur may
have been also provided by BSR during oil formation, migration and
accumulation. The aggregates of framboidal pyrite in the bitumen from
the paleo-oil reservoir (Figure 7]) are also good evidence that sulfate-
reducing microbes were present; pyrite framboids are thought to be a
consequence of sulfate-reducing microbial activity (Schoonen, 2004;
Picard et al., 2018).
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Generally during TSR, significant sulfur isotopic fractionation
between parent sulfate and produced sulfide
[A(8**Sgutfate—0*Ssuifide)] 1s about 20%o at a temperature of
100°C, about 15%0 at 150°C, and about 10%o at 200°C (Machel
et al., 1995). The 8°*S value of the Zaige Formation gypsum strata
in the periphery of the Maoping lead-zinc mining area ranged from
21.9%0 to 25.9%o, with an average of 23.6%o (Ren et al, 2018).
According to the maximum temperature of hydrocarbon fluid
calculated by the Raman spectral characteristics of bitumen
(149°C-236°C, Table 1) and the temperatures of ore-forming
fluids recorded in the fluid inclusions of the carbonate minerals
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Cisotope correlation between hydrothermal carbonate minerals and wall rocks in Maoping lead-zinc deposit (Data are from Han et al., 2007; Wei, 2011;

He et al., 2020).

from the deposit (102°C-247°C, Han et al., 2007; Wang, 2018), the
sulfur isotopic fractionation caused by TSR reaction was estimated to
be about 10%0-20%o and the sulfur isotopic value of the resulting
sulfide 1.9%0-15.9%o, which was fully consistent with the pyrite
(3.8%0-13.9%0) and sphalerite (11.6%0-12.4%o0) associated with
bitumen in the Maoping deposit and pyrite (.9%0-19.2%o) in the
paleo-oil reservoir (Table 3). Although experimental simulations
have proved that it is difficult for simple CaSO, system to initiate
TSR reaction at medium and low temperature, but when the
temperature is up to 550°C or Mg>" is added, the occurrence of
TSR will be easier (Hoffmann and Steinfatt, 1993; Yue et al., 2003;
Tang et al., 2005). Obviously, this temperature is higher than the
metallogenic temperature of Maoping Pb-Zn deposit. While Mg**
could be generated by the reaction of H" produced in the early sulfide
precipitation process with the wall rocks (dolomite) (as described
later). These results indicated that the reduced sulfur of the pyrite
(.9%0-19.2%o) with the heavy sulfur isotope in the paleo-oil reservoir
was mainly due to the TSR action of marine evaporates gypsum
strata in the reservoir.

As mentioned above, BSR and TSR processes were recorded by the
pyrite in the paleo-oil reservoir, which was consistent with the mechanism
of reduced sulfur formation in the Maoping deposit. In addition, sulfides in
the paleo-oil reservoir and Maoping deposit had similar sulfur isotope
distribution characteristics (Figures 10A,B). Therefore, we believe that the
formation and evolution of the paleo-oil reservoirs were closely related to
the metallogenic process of the Maoping lead-zinc deposit and that they
had the same source of sulfur. A large amount of bitumen with high
maturity and organic gases (e.g, CH; and C,Hy) exists in the fluid
inclusions of the Maoping deposit, indicating that the paleo-gas
reservoir formed by the evolution of the paleo-oil reservoir was involved
in mineralization. The specific metallogenic process may be as follows:

1) BSR phenomena can occurred during oil formation, migration
and accumulation; a small amount of H,Sggg combined with
metal ions in paleo-oil reservoir and deposit to form early
subhedral  granular, fine-grained
strawberry aggregate pyrite and/or gelatinous
(Figure 13A). At this stage, H" can be released in the process
of sulfide precipitation, then H* dissolved dolomite produces a
large amount of Mg** (Wu et al., 2013b).

xenomorphic granular,

sphalerite
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2) Due to the injection of ore-forming hydrothermal fluids which
could be carrying some metallic material, the oil occurs by thermal
cracking led to the oil reservoir began to convert to the gas reservoir
and generate pyrolysis bitumen. When the pyrolysis bitumen is
formed, these micron-sized sphalerite formed during oil

accumulation are wrapped in the pyrolysis bitumen. Afterwards,

hydrocarbon organic gas acted as a reducing agent and transformed

SO,*" in the Zaige Formation gypsum strata on the periphery of the

Maoping lead-zinc mining area into H,Srsg through TSR, providing

reduced sulfur and creating environmental conditions for

mineralization. During or after the transformation of the paleo-
oil reservoir into the paleo-gas reservoir, the decoupling of the
metals-organic complexes led to metals entering oilfield brine,
may have provided the portion of ore metals for mineralization
(Huang et al., 2021) (Figure 13B).

3) Large-scale sulfide precipitation may have occurred during or after the

~

paleo-oil reservoir cracked into the paleo-gas reservoir (Figure 13C). It is
possible that due to the addition of organic carbon, giving rise to the
carbon isotopes of hydrothermal carbonate minerals (calcite and
dolomite; 8”C = —5.3 to —.8%o; Han et al,, 2007; He et al,, 2020) in
Maoping deposit have a negative deviation of ~3%o to 5%o compared
with the wall rocks (8" C= —2.4 to .8%o; Wei, 2011) (Figure 14).

8 Conclusion

1) The bitumen in the Xujiazhai, Xiaocaoba paleo-oil reservoirs and
Maoping deposit has a high degree of evolution. They are formed
by cracking of petroleum.

2

~

The bitumen in the Xujiazhai paleo-oil reservoir and Maoping deposit
has an abundant Pb and Zn content, indicating petroleum liquids may
act as transporting agents for ore metals, carrying them to sites where
mineralization may take place. The source rocks in the northern
Yunnan-Guizhou depression may have provided not only the oil for
paleo-oil/gas reservoirs, but also a portion of ore metals for the Pb-Zn
mineralization.

3) The formation and evolution of paleo-oil reservoirs are closely

~

related to the metallogenic process of the Maoping lead-zinc
deposit, and their sulfides have the same sulfur source and

formation mechanism as reduced sulfur. Massive sulfide
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precipitation may have occurred during or after the paleo-oil
reservoir cracked into the paleo-gas reservoir.
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