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Abstract: The Mayuan Zn-Pb deposit on the northern margin of the Sichuan Basin is rich in Zn-Pb
deposit resources. Additionally, a large amount of bitumen is observed in outcrops, and these deposits
represent a key template for exploring the migration of hydrocarbon fluids and metal elements within
an ancient oil reservoir. In this study, a chemical experimental method was used to extract the
adsorbed hydrocarbon from the chosen five groups of samples, and mathematical statistical methods
were also used. The varied metal concentrations before and after the extraction experiments have
been noticed, due to the direct carrying action of the adsorbed hydrocarbon. In addition, a strong
correlation was observed between the Mayuan Zn-Pb deposit and their source rocks, as well as the
same distribution trend from the rare earth element distribution curve. A moderate correlation was
observed between the two groups of black shales and Mayuan Zn-Pb ores, and the rare earth partition
curve showed consistent trends. The results show that organic matter exists in two forms, among
which hydrocarbon organic matter is extracted due to the carrying effect of extraction experiment,
and the remaining non-hydrocarbon organic matter is combined with metal elements to form a metal
complex. Hydrocarbons are involved in mineralization, asphaltenes are derived from bitumen, and
one of the potential sources of Pb/Zn in the Mississippi Valley type (MVT) Zn-Pb deposit is black
shale rich in organic matter.

Keywords: Mayuan zinc-lead deposit; adsorbed hydrocarbon; chemical experiment; rare earth
distribution; black shales

1. Introduction

Various types of Zn-Pb deposits are observed worldwide, including the two major
types, Mississippi Valley-type (MVT) deposits and Sedimentary-Exhalative (SedEx) de-
posits. The MVT Zn-Pb deposit is the second largest Pb-Zn deposit type in the world, and
its reserves and total amount account for 24% and 23% of all types of Zn-Pb deposits world-
wide [1], respectively. A large number of studies have shown that MVT Pb-Zn deposits
are closely related not only to oil and gas fields in terms of spatial distribution but also to
hydrocarbon fluids in terms of their genesis. Many MVT Zn-Pb deposits exist in the world,
such as the MVT Zn-Pb deposit [2], Nanisivik Zn-Pb ore deposit [3], Irish and Scottish Pb
and Zn mines [4], and Nunavut Polaris Zn-Pb mine in Canada [5]. The symbiosis of Zn-Pb
ore deposits and bitumen in space implies the close genetic relationship between Zn-Pb ore
deposits and oil and gas. Reports have indicated that mining operations have used oil and
gas deposits to find metal deposits. For example, bitumen was used as a prospecting guide
to identify a MVT Zn-Pb deposit in western Canada [6]. The abnormal concentration of
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natural gas in Irish Zn-Pb deposits also provided an important clue in the search for new
Zn-Pb deposits [7].

Studies have also found that the formation of Zn-Pb deposits is closely related to
hydrocarbon fluids. For example, Gu et al. (2010) showed that crude oil and its derivatives
directly provide reducing sulfur or act as reducing agents in sulfate reduction reactions for
MVT Zn-Pb mineralization [8]. Gao et al. (2016) suggested that an organic reducing fluid
rich in CHy and H,S was the key factor for the mineralization of the Mayuan large Zn-Pb
deposit in the northern margin of Sichuan Basin, China. They further indicated that the
ancient oil and gas reservoirs under high temperature thermochemistry were transformed
into high-sulfur gas reservoirs; this provided a reducing organic fluid that was mixed with
basin brine rich in Zn-Pb ions and then reacted to achieve mineralization [9].

Numerous studies have found that most of the world’s large MVT Zn-Pb deposits and
oil and gas fields coexist in foreland basin uplift or dome roof zones, which is consistent
with the trend of oil and gas accumulation. Moreover, Zn-Pb deposits occur in a carbonate
breccia-shaped (mainly dolomite) layer [10], where dissolution and pore development
take place because of the high porosity and permeability, and such layers represent good
reservoir space and traps, thus resulting in ideal hydrocarbon accumulation conditions [10].
Ore-forming fluid is characterized by high-salinity brine and enrichment in H,S, HS™,
and S?>~ [10,11]. Additionally, the metallogenic temperature is nearly consistent with the
oil and gas formation temperature (60-250 °C) [12]. Moreover, hydrocarbon fluids, solid
asphalt, and oil or gas inclusions are observed in these layers, and the ore-forming fluids are
characterized by abnormally high pressure. Zn-Pb ore deposit mineralization and oil and
gas accumulation are related to regional convergent tectonic events, which are consistent
with the time of formation of foreland structures [13-15].

The close relationship between MVT Zn-Pb deposits and hydrocarbon fluids has been
widely recognized. Based on the direct or indirect involvement of hydrocarbon fluids in
mineralization, multiple metallogenic models of MVT Zn-Pb deposits have been established,
such as the following three models established by Sverjensky et al. (1986) [10]: (1) excess
sulfur mineralization model, in which Pb and Zn migrate with oil field brine, which
undergoes precipitate mineralization after encountering and mixing with sulfate-rich fluid;
(2) sulfate reduction model, in which Pb and Zn migrate in sulfate-containing fluid or oil
field brine, sulfate reduces to sulfide after encountering reductants, such as oil, gas, organic
matter, or methane, and then precipitate mineralization occurs; and (3) reduced sulfur
model, in which Pb, Zn, and reduced sulfur migrate in the same fluid and precipitate for
mineralization due to changes in pH and temperature. In 2015, Anderson et al. (2015) [16]
indicated that hydrocarbon fluids in oil and gas fields play three different roles in Pb and
Zn mineralization: activator, carrier, and reducing agent. In addition, Saintilan et al. (2019)
suggested that Pb, Zn, and other metal elements in the MVT Zn-Pb ore deposit migrate in
two forms: organic (organometallic complex) and inorganic (compound), among which the
organo-Pb/Zn complex is the most important migration form and accounts for 40-60% of
the MVT Zn-Pb ore deposit [17].

However, controversy remains, and further discussion is required on the migration
mode of Pb and Zn elements in the form of either compounds or organic Zn-Pb metal com-
plexes in hydrocarbon fluid and the phase within which the minerals are being transported
(liquid hydrocarbon or adsorbed hydrocarbon). If hydrocarbon fluids stably migrate with
Pb and Zn, then the adsorbed hydrocarbons in ores and bitumen should contain high
amounts of Pb/Zn. Therefore, this study investigated whether Pb and Zn migrated along
with adsorbed hydrocarbons based on experimental analyses of the Pb and Zn contents in
bitumen and ore from the large Mayuan MVT Zn-Pb mine in the Dabashan foreland basin.

2. Geological Setting

The study area is located in the Daba Mountain foreland Basin, the northern margin
of the Yangtze block in the Sichuan Basin, and the southern side of the Hannan ancient
continent in the south Qinling orogenic belt, namely the DFB area marked in the figure
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(Figure 1). The core of the Biba core complex dome structure is composed of metamorphic
rocks of the Huodiya Group of the Middle and Late Proterozoic and the intrusive complex
of the Jining-Chengjiang period, while the outward sedimentary cover from the core
of the dome is distributed in ring form from the Sinian Dengying Formation (Z,dn) to
the Early Middle Triassic (T1.7) (Figure 1). A parallel unconformity contact relationship
(€1/Z3dn) is observed between the carbonaceous shale of the Dengying Formation and the
Guojiaba Formation of the Lower Cambrian (equivalent to the Niuditang Formation in the
Yangtze Region), and sedimentary discontinuities are observed between the Cambrian and
Ordovician and the Silurian and Permian, which indicates that frequent tectonic activity
occurred in this area during the sedimentary period [18].
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Figure 1. Geotectonic location map of the study area.

The Mayuan Zn-Pb deposit occurs in the breccia dolomite of the Dengying Formation
(Zpdn), which is divided into upper and lower members according to lithology. The
lower member of the Dengying Formation (Zydn;) consists of a set of clastic rock series
composed of conglomerate and quartz sandstone with a complex composition, and it is
directly unintegrated onto the basement complex at a high angle. The upper member of
the Dengying Formation (Z,dn;) consists of a set of carbonate rocks that can be divided
into four lithologic layers from bottom to top. The first lithologic section (Z,dn,!) consists
of stratified gray-white fine crystal dolomite; the second section (Z,dn,?) consists of a
siliceous band of dolomite; the third section (Z,dn,%) consists of brecciated dolomite, which
is an important natural gas layer on the Yangtze platform that frequently hosts MVT
Zn-Pb deposits [11-14]; and the fourth member (Zdns*) consists of laminated dolomite
containing a diazote layer overlain by carbonaceous shale of the Lower Cambrian Guojiaba
Formation [19] (Figure 2).

Zn-Pb mineralization mainly occurs in breccia dolomite, which is produced in bedding
under the control of the interlayer fracture zone. Sphalerite is the main ore mineral, followed
by galena. Gangue minerals mainly include dolomite and calcite. Previous studies have
shown that the ore-forming temperature is primarily between 150 and 250 °C, and the
salinity of the ore-forming fluid is mainly 8-25% NaCl, which is typical of a MVT Zn-Pb
deposit [20-22]. Zn/Pb and other metals are derived from the black shale of the Guojiaba
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Formation of the Lower Cambrian and the black shale of the Longmaxi Formation of
the Lower Silurian, which consist of subbasement crystallized rocks. A large number of
CH4 and H,;S rich fluid inclusions have been found in sphalerite, dolomite, and other
minerals, and their composition and isotope contents are consistent with the characteristics
of natural gas in the Puguang gas field [23,24]. A large amount of solid bitumen and ore
minerals co-exist in brecciated dolomite pores. Comparative analyses of the biomarkers
show that the source rocks of bitumen and natural gas inclusions are consistent with those
of the Puguang gas field, namely, the black shale of the Guojiaba Formation of the Lower
Cambrian and the black shale of the Longmaxi Formation of the Lower Silurian.
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Figure 2. Simple geology map of the Beiba Dome on the northern margin of Sichuan basin, as well as
sampling locations in Mayuan.

3. Materials and Methods

Samples of asphaltene sphalerite, solid bitumen, and asphaltene dolomite in the Mayuan
Zn-Pb deposit were selected for the experiment, and the potential source beds of the Mayuan
Zn-Pb deposit, namely the black shale samples of the Lower Cambrian Guojiaba Formation
and the Lower Silurian Longmaxi Formation, were collected at the same time (Table 1). The
sample grinding size was 200 mesh, and a certain amount of samples were sent to the Key
Laboratory of Western Mineral Resources and Geological Engineering of Ministry of Education,
Chang’an University for trace element analysis and testing by inductively coupled plasma
analysis (ICP). After that, 10 g of each sample was selected, and the extraction experiment
was carried out with chloroform (CHCl3, 1.492 g/mL) using a Soxhlet extraction instrument,
which could show the excellent extraction effect of organic matter.

The experimental process was to wrap 10 g of the weighed sample with degreased
filter paper, put it into a 250 mL suction tube, add 200 mL CHCl3 solution to the reaction
flask, and extract the sample several times at 70 °C (Figure 3). After 72 h, the sample was
recovered and analyzed by ICP-MS.
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Table 1. Sample number table in the study area.

Sample Number Sampling Point Horizon Sample Name

A Fucheng township Dengying Formation ore-bearing bed Bitumen

B Fucheng township Dengying Formation ore-bearing bed Asphaltene dolomite
C Mayuan Zn-Pb mining area ~ Dengying Formation ore-bearing bed Asphaltene sphalerite
D Fucheng township Guojiaba Formation Black shale

E Fucheng township Longmaxi Formation Black shale
Aq Fucheng township Dengying Formation ore-bearing bed Bitumen @

By Fucheng township Dengying Formation ore-bearing bed Asphaltene dolomite ?
Cq Mayuan Zn-Pb mining area Dengying Formation ore-bearing bed Asphaltene sphalerite 2
Dy Fucheng township Guojiaba Formation Black shale @

E; Fucheng township Longmaxi Formation Black shale ?

“a” is the solid recovery product after the extraction experiment.

13— the water cut

the water in

the experimental sample

Figure 3. Chemical diagram of the extraction experiment.

4. Results

Table 2 shows that the contents of trace elements in five samples analyzed by ICP
differed before and after the extraction experiment. The following parameters were reported
for the extraction experiment and test: (1) Changes of certain trace elements and extraction
rates of the five groups of samples after extraction; (2) Pearson correlation coefficients and
distribution patterns of rare earth elements in bitumen, dolomite, and sphalerite of the
Mayuan Zn-Pb deposit; and (3) Pearson correlation coefficients and distribution patterns
of rare earth elements in the two groups of black shale and the Mayuan Zn-Pb deposit
(asphalt, dolomite, and sphalerite). A multivariate statistical analysis method based on
cluster analysis was performed in this study to assess the changes in trace elements and
extraction rates after continued extraction. IBS SPSS Statistics 22 software was used for the
analyses. Pearson correlation coefficients and a rare earth partition model were used in the
correlation analyses between the Mayuan Zn-Pb ore deposit and black shale.
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Table 2. The content of trace elements in the Mayuan Zn-Pb deposit (ppm).
Elements A A1 B B] C C1 D Dl E E1
Li 0.90 0.82 0.70 0.65 1.42 1.36 16.10 1591 25.87 25.55
Be 0.03 0.03 0.03 0.03 0.05 0.05 1.69 1.67 2.24 2.20
Sc 0.84 1.36 1.24 1.58 1.64 1.94 14.32 14.01 10.14 9.97
\% 10.2 8.46 7.80 10.23 12.08 12.77 328.4 326.8 238.9 229.8
Cr 8.26 7.90 3.53 4.68 3.83 4.19 86.21 86.12 53.14 52.28
Co 1.30 1.31 1.92 1.89 2.15 2.22 4.95 5.01 13.04 12.89
Ni 8.73 8.44 11.19 10.56 10.26 10.41 70.81 71.60 92.28 90.86
Cu 2.19 2.25 113.8 110.9 178.0 183.7 12.73 12.58 56.33 55.63
Zn 951.9 882.5 36,727 32,665 61,201 53,940 1771 145.2 519.6 426.1
Ga 0.17 0.15 3.53 3.47 5.14 5.29 17.62 17.83 14.25 13.96
Rb 0.58 0.65 0.45 0.48 1.98 2.03 80.86 72.06 103.54 102.95
Sr 28.01 27.86 40.62 39.89 55.05 55.67 75.59 73.39 70.53 70.52
Y 0.43 0.44 0.89 0.81 1.06 1.05 28.66 28.58 22.48 23.15
Zr 0.52 0.36 0.32 0.33 1.58 1.59 295.4 279.7 141.8 141.2
Nb 0.07 0.08 0.05 0.05 0.16 0.17 12.41 12.67 16.92 16.91
Mo 0.48 0.48 1.39 1.81 1.97 1.90 16.97 17.25 19.43 19.70
Cd 3.36 3.45 505.9 500.9 781.2 771.8 1.58 1.49 4.70 4.16
In 0.00 0.00 0.12 0.11 0.22 0.22 0.04 0.04 0.06 0.07
Cs 0.03 0.02 0.07 0.06 0.25 0.24 3.78 3.88 6.30 6.22
Ba 21.14 20.32 15.72 14.09 36.26 36.32 926.2 923.1 900.5 894.5
La 0.33 0.28 0.45 0.39 0.69 0.75 32.48 32.37 33.71 33.38
Ce 0.62 0.57 1.04 0.93 1.53 1.66 64.92 63.94 63.11 62.83
Pr 0.09 0.08 0.17 0.15 0.22 0.23 7.81 7.80 7.62 7.54
Nd 0.37 0.33 0.76 0.67 0.88 1.02 29.42 29.60 28.38 28.28
Sm 0.07 0.07 0.16 0.16 0.21 0.21 5.49 5.48 5.60 5.47
Eu 0.03 0.03 0.05 0.05 0.06 0.06 1.34 1.35 1.23 1.28
Gd 0.10 0.09 0.16 0.18 0.23 0.21 5.60 5.76 5.72 5.60
Tb 0.01 0.01 0.02 0.02 0.03 0.03 0.84 0.83 0.77 0.77
Dy 0.07 0.04 0.15 0.12 0.17 0.16 4.97 4.96 4.02 415
Ho 0.01 0.01 0.03 0.02 0.04 0.03 1.05 1.05 0.80 0.82
Er 0.03 0.03 0.07 0.06 0.10 0.10 3.28 3.26 2.42 2.40
Tm 0.00 0.00 0.01 0.01 0.01 0.01 0.47 0.48 0.33 0.33
Yb 0.03 0.02 0.04 0.04 0.09 0.06 3.15 3.16 2.24 2.19
Lu 0.00 0.00 0.01 0.01 0.01 0.01 0.48 0.50 0.33 0.34
Hf 0.01 0.01 0.01 0.01 0.04 0.05 8.20 8.69 3.98 3.96
Ta 0.02 0.01 0.03 0.02 0.03 0.02 0.97 0.98 1.20 1.18
Pb 7.56 7.31 1213 1161 1215 1150 17.99 15.81 28.21 26.15
Bi 0.01 0.00 0.01 0.02 0.05 0.04 0.26 0.28 0.45 0.45
Th 0.05 0.04 0.06 0.04 0.18 0.17 12.23 13.36 11.16 11.30
8) 0.56 0.56 0.74 0.75 0.60 0.61 21.79 22.33 12.44 12.63
Li 0.90 0.82 0.70 0.65 1.42 1.36 16.10 1591 25.87 25.55

4.1. Comparison Results of Samples before and after the Extraction Experiment

The changes before and after the extraction experiment were compared and discussed
by combining the ICP data of the samples with the element clustering pedigree map.
Samples A, B, C, A, By, and C; had excessive Zn contents. High proportions among all
trace elements were determined via the element content data, which are shown in Table 2.
For the samples from the ore-bearing bed, the Zn content of three kinds of rock elements
was too high and showed values two orders of magnitude higher than that of the other
elements. This was because of the inability of the singular element content to cluster with
other trace elements that presented differences in content, which affected the clustering of
other metal elements found at low levels. Therefore, the Zn element was removed from the
clustering pedigree diagram of six samples of ore-bearing strata in the Dengying Formation
after extraction, and only the clustering pedigree diagram of the remaining 39 elements
was displayed.
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Figure 4a shows the element clustering pedigree diagram of sample A, where 39 trace
elements are clustered. As shown in the figure, the element clustering of the bitumen
samples containing mineral layers from the Dengying Formation are divided into three
categories, with Sr and Ba grouped into one category; Cr, Ni, Pb, and V grouped into
another category; and the remaining 33 elements (including Mo) grouped into the final
category. First, 33 elements, including Cr, Ni, Pb, V, and Mo, were clustered, and then Sr
and Ba were clustered. Figure 4 shows the element clustering pedigree diagram of sample
A1, namely sample A, after conducting the siphon experiment.

a sl b

Figure 4. Pedigree diagram of element clustering in samples A (a) and A; (b).

Table 3 shows that the content of Zn in sample A; was the highest at 882.5 ppm, while
the contents of Sr and Ba reached 27.86 and 20.32 ppm, respectively, and Cr, Pb, Ni, and V
reached 7.90, 7.31, 8.44, and 8.46 ppm, respectively. When the elemental content of Sr and
Ba was three or four times that of Cr, Pb, Ni, and V, as shown in Table 4, we can deduce
that Sr and Ba belonged to the same category while Cr, Pb, Ni, and V belonged to the same
category. By comparing the element clustering spectrum of the bitumen of the Dengying
Formation before the extraction experiment with sample A (Figure 4a), we found that the
classification was consistent.

Table 3. Comparison the element content changes in samples A and A; (ppm).

Elements n Pb Cd
B 36,727 1213 505.9
By 32,666 1161 500.9
AB? 11.1% 4.3% 1.0%

AB? = (B — By)/B x 100%.
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Table 4. Comparison element content changes in samples B and By (ppm).

Elements

Zn

Sr Ba Cr Pb Ni A%

A
Aq
AV

951.9
882.5
7.49%

28.01 21.14 8.26 7.56 8.73 10.2
27.86 20.32 7.90 7.31 8.44 8.46
0.53% 3.87% 4.36% 3.31% 3.32% 1.75%

AA? = (A — Ap)/A x 100%.

Figure 5a shows the element clustering pedigree diagram of the class B sample. The
clustering results of the 39 elements in this sample could be divided into three categories:
Pb and Cd were grouped into their own category, and the remaining 37 elements, including
Ba, were classified into another category. First, 37 elements, including Ba and Cd, were
clustered with Pb. As shown in Figure 5b, sample B reflects the element clustering pedigree
of sample B after the siphon experiment, and it was divided into three categories: Cd was
grouped into one category, Pb was grouped into another category, and the other 37 elements
were grouped into the final category. As shown in Table 4, the content of Zn in sample B;
reached 32,666 ppm. The content of Zn was the highest among all trace elements, which was
similar to sample B, followed by Cd and Pb at 500.9 and 1161 ppm, respectively. In Figure 5b,
Zn is not shown due to its high content. Among the 39 trace elements, Cd was clustered
with the other 37 elements first and then with Pb. A comparison of the cluster pedigree
map with the dolomite in the Dengying Formation before the extraction experiment shows
that the classification was consistent before and after extraction. The extraction rates of Zn
and Pb before and after the experiment were 11.1% and 4.3%, respectively.

1 TEL‘

Se 11 —
Cu 7

cd 16 —

Pb 26

Figure 5. Pedigree diagram of element clustering in samples B (a) and By (b).

Figure 6a shows the element clustering pedigree diagram of sample C. The clustering
results of 39 elements in this sample are shown in the figure, which can be divided into
two categories: Cd and Pb were grouped into one category, and 37 elements, including Ni,
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were grouped into another category. These two groups were clustered together into a final
category. As shown in Figure 6b, the element clustering pedigree diagram of sample C;
(sample C after the extraction experiment) was divided into two categories: Cd and Pb were
clustered into one category, and the other 37 elements were grouped into another category.
As shown in Table 5, the content of Zn in sample C; reached 53,940.12 ppm, which was
consistent with that in sample C, and the content of Zn was the highest among all trace
elements, followed by Cd and Pb at 771.85 and 1150 ppm, respectively. In Figure 6b, Zn
was not shown in the figure due to its high content. The clustering of the other 39 trace
elements showed that Cd and Pb clustered together first, followed by the other 37 elements.
A comparison with the clustering pedigree diagram of sample C in Figure 6a did not reveal
significant differences in classification. The differences in the main trace elements between
the two samples after the extraction are shown in Table 5. The contents of Zn, Pb, and Cd
were 11.9%, 5.33%, and 1.27%, respectively.

Figure 6. Pedigree diagram of element clustering in samples C (a) and C; (b).

Table 5. Comparison element content changes in samples C and C; (ppm).

Elements Zn Pb Cd
C 61,201 1215 781.2
Cy 53,940 1150 771.8
AC? 11.9% 5.33% 1.27%

AC?=(C — C;)/C x 100%.

Figure 7a shows the element clustering pedigree diagram of sample D. The results of
the 40 elements clustering in the sample are shown in the figure, and they can be divided
into three categories: 36 elements (including U) were grouped into one category; V, Zr, and
Zn were grouped into another category and Ba was grouped by itself into a final category.
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During the grouping, 36 elements (including U, V, Zr, and Zn) were clustered first and then
grouped with Ba. As shown in Figure 7b, sample I included the element clustering pedigree
of sample D after the siphon experiment. In the figure, 40 elements were divided into
three categories: V and Zr were classified into one category, Ba was classified into another
category, and the other 37 elements were classified into a final category. In Table 6, changes
are observed in the main elements in the black shale before and after the experiment. As
shown in Table 6, before and after the extraction experiment, the content of Zn changed
the most, reaching 18%, while the content of V, Zr, and Ba changed 0.47%, 5.32%, and
0.33%, which was far less than that of Zn. Table 7 shows that the contents of V, Zr, and
Ba in sample I were 326.8, 279.7, and 923.1 ppm, respectively. Additionally, as shown in
Figure 7a, elements V and Zr were grouped together, and 37 trace elements (excluding V,
Zr, and Ba) were clustered and finally grouped with Ba. A comparison with the clustering
pedigree diagram of sample D in Figure 7 shows that the elements in the black shale of
the Guojiaba Formation are roughly consistent before and after the extraction experiment.
For example, the Ba elements are grouped separately, while the V and Zr elements are
clustered together. However, the major difference between the groups was the clustering of
Zn. Before the extraction experiments, Zn, V, and Zr were classified as a class, whereas after
the experiment, Zn did not cluster with the other two elements. In addition to V, Zr, and
Ba, 36 kinds of trace elements were included in the rest of the cluster, which corresponded
to the Guojiaba.

)
T
(=2

Nd 24—

Ry 1]

v 4

zr 1

Figure 7. Pedigree diagram of element clustering in samples D (a) and D; (b).

Table 6. Comparison element content changes in samples D and D; (ppm).

Elements Zn Vv Zr Ba
D 177.1 328.4 295.4 926.2
D, 145.2 326.8 279.7 923.1
AD 18.0% 0.47% 5.32% 0.33%

AD=(D - D;)/D x 100%.
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Table 7. Comparison table of content changes in samples E and E; (ppm).
Element Type Zn \' Zr Ba
E 519.6 238.9 141.8 900.5
Eq 426.1 229.8 141.2 894.5
AE 18.0% 3.80% 0.45% 0.67%

AE=(E — E1)/E x 100%.

Figure 8a shows the element clustering pedigree diagram of sample E. The results of the
clustering of 40 elements are shown in the figure, and they can be divided into three categories:
36 elements (including Nd) were grouped into one category; V and Zr were grouped into
another category; and Ba and Zn were grouped into a final category. First, 36 elements
(including Nd) were clustered with V and Zr and then with Ba and Zn. As shown in Figure 8b,
the element clustering pedigree diagram of sample E; (sample E after the siphon experiment)
shows that 40 trace elements can be divided into three categories: V and Zr clustered into
one category, Zn and Ba elements clustered into another category, and the remaining 36 trace
elements clustered into a final category. Table 7 shows that the contents of V, Zr, Zn, and Ba
in sample E; were 229.8, 141.2, 426.1, and 894.50 ppm, respectively. Additionally, Figure 8b
shows that V and Zr first clustered into a group together, then with the remaining 36 trace
elements, then with Zn, and finally with Ba. Changes in the element content of the black shale
of the Longmaxi Formation before and after the extraction experiment are shown in Table 7.
Zn was the most well-transported trace element, reaching 18.0% of the initial content. The
main elements in samples E and E1 were V, Zr, and Ba, and they were transported in amounts
of 3.80, 0.45, and 0.67%, respectively.

I e i [ — I E— L

Ga 10

Figure 8. Pedigree diagram of element clustering in samples E (a) and E; (b).

4.2. Pearson Correlation Coefficient and Rare Earth Partition Model of the Mayuan Zn-Pb Deposit

The focal research elements of the Mayuan Zn-Pb deposit in samples A, B, and C are
bitumen, dolomite, and sphalerite from the Dengying Formation, respectively. The Pearson
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correlation coefficients of the three groups of samples were calculated and discussed using
40 trace elements as indicators, and then the rare earth elements of the three groups of
samples were standardized based on comparisons with spheroidal meteorites.

As shown in Table 8, the Pearson correlation coefficients were used to explore the
correlations among the three ores in the same Mayuan area. The correlation coefficients
between samples A and B and between A and C were 0.999, while that between sample B
and C was 1.000. The significance among the three comparisons was 0.00.

Table 8. Correlation test table of Mayuan Zn-Pb deposit (pearson correlation significance).

Sample Number A B C
1 0.999 0.999
Sample A 0.000 0.000

40 40 40
0.999 1 1.000
Sample B 0.000 0.000

40 40 40

0.999 1.000 1

Sample C 0.000 0.000
40 40 40

Table 9 shows the contents of the 14 rare earth elements in the three ores and the
corresponding values in spheroidal meteorites. The total amounts of rare earth elements
(3REE) in the three ores were 1.76, 3.14, and 4.61 ppm, among which the total amount
of light rare earth () LREE) ranged from 1.51 to 3.93 ppm and the total amount of heavy
rare earth (). HREE) ranged from 0.25 to 1.18 ppm. The rare earth partition curves after
standardization are shown in Figure 9.

Table 9. Analysis results of rare earth elements in the Mayuan Zn-Pb deposit (ppm).

Sample Number A B C Chondrite Values

La 0.33 0.45 0.75 0.31
Ce 0.62 1.04 1.66 0.81
Pr 0.09 0.17 0.23 0.12
Nd 0.37 0.76 1.02 0.6
Sm 0.07 0.16 0.21 0.2
Eu 0.03 0.05 0.06 0.07
Gd 0.1 0.18 0.23 0.26
Tb 0.01 0.02 0.03 0.05
Dy 0.07 0.15 0.17 0.32
Ho 0.01 0.03 0.04 0.07
Er 0.03 0.07 0.10 0.21
Tm 0 0.01 0.01 0.03
Yb 0.03 0.04 0.09 0.21
Lu 0 0.01 0.01 0.03

Y LREE 1.51 2.63 3.93 2.11
Y HREE 0.25 0.51 0.68 1.18
Y REE 1.76 3.14 4.61 3.29

Note: Chondrite data are quoted from W.V.Boynton [25], } LREE = La + Ce + Pr + Nd + Sm + Eu, } HREE = Gd +
Tb + Dy + Ho + Er + Tm + Yb + Lu.
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Figure 9. REE distribution patterns normalized to spheroid meteorites from the Mayuan Zn-Pb ore

and black shale.

4.3. Correlation Analysis between Black Shale and Mayuan Zn-Pb Deposits

The focal research elements of black shale are included in samples D and E, which are
sourced from the black shale of the Guojiaba Formation and the black shale of the Longmaxi
Formation, respectively. The focal research elements of the Mayuan Zn-Pb deposit are shown
in samples A and C, which include the bitumen and sphalerite of the Dengying Formation.
Four samples were selected as the observation objects. The correlations between samples A
and C of the Mayuan Zn-Pb deposit and samples D and E of two groups of black shale were
assessed based on Pearson correlation coefficients, and the rare earth elements of the four
groups of samples were standardized based on comparisons with spheroidal meteorites.
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As shown in Table 10, Pearson correlation coefficients were used to explore the corre-
lations between bitumen in sample A and sphalerite in sample C from the Mayuan Zn-Pb
deposit area, black shale in sample D from the Guojiaba Formation, and black shale in
sample E from the Longmaxi Formation. The correlation coefficients between samples A
and D, A and E, and C and D were 0.142, 0.474, and 0.119, respectively. The correlation
coefficient between samples C and E was 0.453, while that between the black shale samples
D and E was 0.924. The contents of 14 rare earth elements and the corresponding spheroid
meteorite values of the black shales of the Guojiaba Formation and the Longmaxi Formation
are displayed in Table 11. The }_REE of the two black shale samples were 161.69 and 156.37;
the Y LREE values were 141.65 and 139.7; and the Y HREE values were 0.25 and 1.18. The
distribution patterns of normalized REE elements in spheroid meteorites from the Mayuan
Zn-Pb deposit and black shale samples are shown in Figure 9.

Table 10. Correlation test of the Mayuan Zn-Pb deposit (Pearson correlation significance).

Sample Number A C D E

1 0.999 0.142 0.474

Sample A 0.000 0.381 0.002
40 40 40 40

0.999 1 0.119 0.453

Sample C 0.000 0.464 0.003
40 40 40 40

0.142 0.119 1 0.924

Sample D 0.381 0.464 0.000
40 40 40 40
0.474 0.453 0.924 1

Sample E 0.002 0.003 0.000

40 40 40 40

Table 11. Analysis results of rare earth elements in black shale (ppm).

Sample Number D E Chondrite Values
La 32.48 33.71 0.31
Ce 64.92 63.11 0.81
Pr 7.81 7.62 0.12
Nd 29.60 28.38 0.6
Sm 5.49 5.60 0.2
Eu 1.35 1.28 0.07
Gd 5.76 5.60 0.26
Tb 0.84 0.77 0.05
Dy 497 415 0.32
Ho 1.05 0.82 0.07
Er 3.28 242 0.21
Tm 0.48 0.33 0.03
Yb 3.16 2.24 0.21
Lu 0.50 0.34 0.03

Y LREE 141.7 139.7 211
Y HREE 20.04 16.67 1.18
Y REE 161.7 156.4 3.29

Note: Chondrite data are quoted from W.V.Boynton, } LREE = La + Ce + Pr + Nd + Sm + Eu, ) HREE = Gd + Tb +
Dy +Ho + Er + Tm + Yb + Lu.

5. Discussion

The analysis and discussion are mainly divided into the following three parts:
(1) exploring the carrying capacity of hydrocarbon fluid for metal elements based on
a comparison of the trace element content data after extraction; (2) performing a correlation
analysis of the asphalt, dolomite, and sphalerite based on Pearson correlation coefficients
and rare earth partition model diagrams; and (3) performing a correlation analysis between
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the black shale and Mayuan Zn-Pb deposit (asphalt, dolomite, and sphalerite) based on
Pearson correlation coefficients and rare earth partition model diagrams.

5.1. Conjecture on the Type of Organic Matter during the Mineralization

According to ICP data in Table 2, it can be seen that among the five samples, asphalt,
asphaltene dolomite, and asphaltene sphalerite have the highest content of Zn. By observing
the changes of the three samples of Mayuan Zn-Pb deposit before and after the extraction
experiment, it can be found that Zn has a significant decrease trend before and after the
extraction experiment; for example, the change rate of Zn in bitumen reaches 7.49%, and
the mixed bitumen of Mayuan Zn-Pb deposit has Zn variation rates of asphaltic dolomite
and asphaltic sphalerite are 11.1% and 11.9%, respectively. The asphaltic dolomite and
asphaltic sphalerite formed by mixing bitumen with dolomite and sphalerite not only retain
the original characteristics of the two ores, but also highlight the high content of some
metal elements in bitumen, especially the content of Zn element. Therefore, the content
of Zn element in three kinds of Mayuan Zn-Pb deposit in the collected samples is very
high, far exceeding the 1.3 ppm required for MVT mineralization [26]. The comparison
before and after the extraction test showed that the Zn element of the three was carried
by chloroform effectively. The experimental data significantly indicated that hydrocarbon
fluids can effectively carry some metal elements. The Zn element in the three Mayuan Zn-Pb
deposits in this experiment is one of the metal elements with the best content in the source
rocks and the most obvious extraction effect before and after the extraction experiment.
ZnS is the main component of sphalerite. This also demonstrates that hydrocarbon fluids
can effectively carry the mixed basin brine when flowing through the source rocks with
sufficient Zn content and then react to mineralization.

By observing the cluster lineages of 39 trace elements of bitumen, dolomite, and
sphalerite before and after the extraction experiment in Figures 4-6, it is found that the
element cluster system before and after the extraction experiment has not changed sig-
nificantly, and the main metal elements maintain a stable cluster structure. This may be
because organic matter exists in the forms of hydrocarbon and non-hydrocarbon, in which
hydrocarbon organic matter is effectively extracted with the Zn element and the remaining
non-hydrocarbon organic matter is combined with the other metallic elements in the form
of a complex. The remaining non-hydrocarbon organic matter and metallic elements do
not have significant change characteristics and changes, so the cluster system remains
unchanged after extraction. The stable cluster system before and after the extraction experi-
ment also proved that the hydrocarbon fluid carried some metal elements, especially Zn
elements, while the non-hydrocarbon form of organic matter formed complexes with the
remaining metal elements and cooperated with various trace elements to construct a stable
cluster system consistent with the extraction advance.

5.2. The Correlation Analysis of Asphaltene Samples and Their Metal Carrying Capacity

Pearson correlation coefficients and rare earth element partition curves were used to
explore the correlation among the three kinds of Pb and Zn ores: bitumen, dolomite, and
sphalerite. Among them, the Pearson correlation coefficient was 0.999 between bitumen
and dolomite, 1.000 between dolomite and sphalerite, and 0.999 between bitumen and
sphalerite (p = 0.00). From the Pearson correlation coefficient data, the correlation of the
Mayuan Zn-Pb deposit is extremely strong.

During the extension of geological history, the elemental geochemical characteristics
of different types of rocks are affected to some extent. Therefore, the influence of late
geological processes should be excluded within a reasonable range when geochemical
analysis is carried out. Rare earth elements have high chemical stability and are relatively
difficult to change in sedimentary diagenesis [27]. Therefore, rare earth elements can be
used as a reliable index to compare the similarity of three samples. The REE distribution
curves of the three Mayuan Zn-Pb deposits are similar, showing the relative enrichment
of light REE elements and the relative depletion of heavy REE elements. The variation



Minerals 2023, 13,72

16 of 19

trends of }_REE, ) LREE, and } HREE of the three kinds of ores all show a right-leaning
trend. The three ore samples were taken from the vicinity of the Mayuan Zn-Pb mining
area, and the genesis and formation environments of bitumen, asphaltene dolomite, and
asphaltene sphalerite are similar. The three samples, asphalt, asphaltene dolomite, and
asphaltene sphalerite, all of which contain a certain amount of organic matter, show similar
geochemical behavior before and after the extraction experiment and do not change the
characteristics of the clustering system. Through the nearly perfect Pearson correlation
coefficient of the three samples, combined with the clustering system of the three samples,
it can be directly concluded that the three samples have similar elemental composition
structures. The late metallogenic genesis and forming environment are consistent. Asphalt
outcrops can be seen in the Mayuan Zn-Pb deposit in the field, and they are associated
with sphalerite and dolomite. The results show that organic matter is the effective carrier
of metal elements in the basin brine formed by hydrothermal reduction of Pb/Zn ores.
Asphaltene was formed under the action of geological outcrop during oil and gas cracking
and later stages. Therefore, combined with the strong correlation between the three samples,
it can be inferred that the organic matter in asphaltene dolomite and asphaltene sphalerite
is derived from asphalt, which is used to carry metal elements in the late mineralization
process and then reaction mineralization.

5.3. Correlation Analysis between the Mayuan Zn-Pb Deposit and Black Shale

The correlation between the Mayuan Zn-Pb deposit (bitumen, asphaltene sphalerite)
and black shale (black shale of the Guojiaba Formation and Longmaxi Formation) was
explored by Pearson correlation coefficients and rare earth element partition curves. The
correlations between the two groups of Mayuan Zn-Pb deposits and the two groups of black
shale show that the bitumen of sample A and the sphalerite of sample C were moderately
correlated with the black shale of sample E from the Longmaxi Formation and weakly
correlated with the black shale of sample D from the Guojiaba Formation. Although
the two groups of black shale are from different strata, their formation environment and
development processes were likely similar, and they may be the sources of metal elements
for the Mayuan Zn-Pb deposit. The Pearson correlation coefficient was 0.142 between
the bitumen and black shale of the Guojiaba Formation, 0.119 between the sphalerite and
black shale of the Guojiaba Formation, 0.474 between the bitumen and black shale of the
Longmaxi Formation, and 0.453 between the sphalerite and black shale of the Longmaxi
Formation. The two kinds of Mayuan Zn-Pb deposits showed strong correlations with the
black shale of the Longmaxi Formation and a weak correlation with the black shale of the
Guojiaba Formation. However, the Pearson correlation coefficient of the two groups of
black shale was 0.924, thus showing a strong correlation.

Rare earth elements are not susceptible to weathering, thermal alteration, or metamor-
phism and have high chemical stability. Thus, rare earth elements are effective geochemical
indicators for correlations among the provenance when excluding the influence of various
natural processes in later geological evolution and geological history [27]. The rare earth
distribution curves of four kinds of rocks were similar to those of samples A, C, D, and E,
and they were also similar to those of the samples of light rare earth element concentrations.
A relative deficit of relatively heavy rare earth elements was observed. Samples A and
C from the Mayuan Zn-Pb deposit include bitumen and sphalerite from the Dengying
Formation, and strong correlations were observed between these samples. Therefore, the
source of sphalerite in samples A and C must be the same, and the organic matter and
metal elements in both samples were likely contributed by the same lithology. On the rare
earth partition curve, the two groups of black shale showed the same trend and presented
right-leaning curves, and these shales showed strong correlations. Thus, the source and
formation process of the two groups of black shale were likely the same. A strong cor-
relation was not observed between samples A and C and the two groups of black shale
samples D and E, although both A and C showed high correlations with E, with A showing
a moderate correlation. The rare earth partition curve showed that the curve trends of the
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three samples are almost the same and show the same general trend. Therefore, the source
and subsequent formation of the black shale and two kinds of ores are consistent. Bitumi-
nous sphalerite and the two groups of black shale from the Mayuan Zn-Pb mining area,
especially the black shale from the Longmaxi Formation, are likely similar in terms of their
sources and development processes over geological history. Furthermore, the migration
of organic matter and metal elements during the mineralization processes of black shale
and bituminous sphalerite were closely related. For example, research by Saintilan on the
large MVT deposit in Lasvall, Sweden, showed that 40-60% of the Pb and Zn elements
were derived from black shale, and a study on mineralization also showed that the key
factor of activation and migration of Zn-Pb is the formation of hydrocarbon fluid by the
thermal evolution of black shale [28]. The low pH of the acidic fluid is due to the Pb and Zn
metal activation of a catalyst in black shale. Similarly, during the thermal evolution of the
black shale before the “oil window” temperature is reached, organic matter is sourced from
biological chemicals formed by the decomposition of organic acids (-COOH), and acidic
and hydrocarbon fluid will result in the formation of a Pb and Zn organic complex and the
accumulation of chloride from black shale in the basin structural trap [29,30]. Chloride then
merges with hydrogen sulfide (H,S) produced by the reaction between hydrocarbon fluids
and sulfates, and precipitation occurs [31-33]. Previous studies have proposed that the key
point of Zn-Pb mineralization is the migration of organic matter and metal elements. The
correlation between the Mayuan Zn-Pb deposit and black shale indicates that the organic
matter and metallogenic metal elements of the two ores were likely from the two groups
of black shale, which provides an explanation for the high coincidence among the trends.
Therefore, bitumen, asphaltic dolomite, and asphaltic sphalerite may have similar sources
and development processes to the two groups of black shale in geological history. The
Zn-Pb ores of Mayuan show a high content of metallic Zn elements, and are effectively
carried by hydrocarbon fluids in the extraction experiment. The effective carrying of metal
elements and hydrocarbon fluids sufficient to form MVT ore makes it reasonable for the
two black shales to provide metal elements and organic matter for the Zn-Pb deposit of
Mayuan. Therefore, in the actual ore-forming environment, the metal elements and some
organic matter required by the lead-zinc ore of the Mayuan Zn-Pb deposit come from the
two groups of black shale. After effectively carrying metal elements, it is then mixed with
brine in a trap space for mineralization.

6. Conclusions

(1) It is found from the ICP data that the bitumen contains sufficient Zn elements to
provide mineralization, and the data before and after the extraction experiment show that
the hydrocarbon fluid effectively carries the metal elements in the sample. The organic
matter in the Zn-Pb ore of Mayuan can be divided into two categories, among which the
hydrocarbon organic matter is extracted in the extraction experiment. The remainder is
combined with metallic elements in a non-hydrocarbon form to form metallic complexes.

(2) The results of the Pearson correlation coefficient show that the correlation between
the Mayuan Zn-Pb deposit is very good. The rare earth partition curves of bitumen,
asphaltic dolomite, and asphaltic sphalerite have the same trend and are very similar. It
can be concluded that the formation environment and composition structure of the three
ores are very similar, and it can be concluded that the asphaltic dolomite and asphaltic
sphalerite all come from asphalt.

(3) The analysis found that black shale was a potential source rock; the Pearson
correlation coefficient indicates that there is a strong correlation between the two black
shale deposits, and that there is a moderate correlation between the Mayuan Zn-Pb deposit
and the black shale. The rare earth fraction curves of the asphalt and the two black shales
show the same trend and similar structure, indicating that the asphalt may come from the
black shales of the Guojiaba Formation and the Longmaxi Formation. The two black shales
may provide metal elements for the mineralization of the Mayuan Zn-Pb deposit.
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