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Abstract

:

The coexistence of numerous Mississippi Valley-type (MVT) Pb–Zn deposits and oil/gas reservoirs in the world suggests a close genetic relationship between mineralization and hydrocarbon accumulation. The Wusihe MVT Pb–Zn deposits are located along the southwestern margin of the Sichuan Basin. Based on the spatiotemporal relation between Pb–Zn deposits and paleo-oil/gas reservoirs, ore material sources, and processes of mineralization and hydrocarbon accumulation, a new genetic relationship between mineralization and hydrocarbon accumulation is suggested for these deposits. The Wusihe Pb–Zn deposits are hosted in the Ediacaran Dengying Formation dolostone, accompanied by a large amount of thermally cracked bitumen in the ore bodies. The Pb–Zn deposits and paleo-oil/gas reservoirs are distributed along the paleokarst interface; they overlap spatially, and the ore body occupies the upper part of the paleo-oil/gas reservoirs. Both the Pb–Zn ore and sphalerite are rich in thermally cracked bitumen, in which µm sized galena and sphalerite may be observed, and the contents of lead and zinc in the bitumen are higher than those required for Pb–Zn mineralization. The paleo-oil/gas reservoirs experienced paleo-oil reservoir formation, paleo-gas reservoir generation, and paleo-gas reservoir destruction. The generation time of the paleo-gas reservoirs is similar to the metallogenic time. The source rocks from the Cambrian Qiongzhusi Formation not only provided oil sources for paleo-oil reservoirs but also provided ore-forming metal elements for mineralization. Liquid oil with abundant ore-forming metals accumulated to form paleo-oil reservoirs with mature organic matter in source rocks. As paleo-oil reservoirs were buried, the oil underwent in situ thermal cracking to form overpressure paleo-gas reservoirs and a large amount of bitumen. Along with the thermal cracking of the oil, the metal elements decoupled from organic matter and H2S formed by thermochemical sulfate reduction (TSR) and minor decomposition of the organic matter dissolved in oilfield brine to form the ore fluid. The large-scale Pb–Zn mineralization is mainly related to the destruction of the overpressured paleo-gas reservoir; the sudden pressure relief caused the ore fluid around the gas–water interface to migrate upward into the paleo-gas reservoirs and induced extensive metal sulfide precipitation in the ore fluid, resulting in special spatiotemporal associated or paragenetic relations of galena, sphalerite, and bitumen.
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1. Introduction


Mississippi Valley-type (MVT) zinc–lead (Zn–Pb) deposits are carbonate-hosted epigenetic stratabound deposits and are believed to form from basinal brines [1]. Numerous MVT Pb–Zn deposits show special spatiotemporal associated or paragenetic relationships and genetic links with paleo-oil reservoirs [1,2,3,4,5,6,7,8]. Bitumen, as a common byproduct of hydrocarbon formation, is direct evidence of the existence of oil/gas reservoirs in these deposits. Abundant bitumen has been found in many MVT Pb–Zn deposits, such as the famous Mississippi Valley [9], Nova Scotia [1], Nanisivik [10], Canada Pine Point ore field [11], Canada Nunavut Polaris [12], Ireland and Scotland [13], China Jinding [14]. The close relationship between Pb–Zn deposits and crude oil, natural gas, and other hydrocarbons are considered to be enigmatic [3].



Many studies have suggested that the ore fluids of Pb–Zn deposits and the hydrocarbon fluids in paleo-oil reservoirs formed via different sources. Among them, the ore fluid is from oilfield brine [15], in which the metal exists in the form of a chloride complex [16]. Hydrogen sulfide required for mineralization is mainly supplied through bacterial sulfate reduction (BSR) or thermochemical sulfate reduction (TSR) [1,3,5,6,8,14,16,17]. When the ore fluids are transported into the oil reservoirs, metals in the ore fluid incorporate with H2S in the oil reservoirs to form Pb–Zn deposits and result in the coexistence of MVT Pb–Zn deposits and bitumen [1,5,9,17,18,19]. Many MVT Pb–Zn deposits are explained by this genetic model.



In fact, some low-temperature hydrothermal metal deposits coexist with paleo-oil reservoirs in many sedimentary basins, especially in basins with Au, As, Hg, Sb, and Tl deposits [20,21]. The ore fluids of hydrothermal metal deposits and the hydrocarbon fluids in paleo-oil reservoirs originated from the same sources, and both originated from the source rocks forming the oil reservoirs [1,20,21]. The organic liquids may be relatively rich in metals and may act as transporting agents for ore components [22]. The ore fluid and oil share the same sources, as well as similar co-transportation and co-accumulation processes [20,21,23,24]. The analysis of Pb and Zn contents in crude oil and oilfield brine shows that oil can serve as transporting agents of lead and zinc or forms part of ore fluid [9,22,25,26,27,28]. Therefore, the oil and metal–organic complexes in oil are transported and accumulate together, and the destruction of oil reservoirs or gas reservoirs results in mineralization. Mineralization in certain MVT Pb–Zn deposits have been attributed to this genetic model [7,8,27,28].



Abundant bitumen has been found in the Wusihe MVT Pb–Zn deposit located in the southwestern margin of the Sichuan Basin, an ideal place to study the genetic relationship between mineralization and hydrocarbon accumulation. These Pb–Zn deposits mainly occur in dolomites of the Ediacaran Dengying Formation. Up to now, the relationship among mineralization, paleo-oil reservoir formation, and paleo-gas reservoir formation for the Wusihe Pb-Zn deposits is still not completely clear. Studies on ore fluids [29,30], metallogenic periods [31], ore material sources [32,33,34,35], and metallogenic mechanisms [29,33] have been performed ever since they were discovered. The ore fluids and hydrocarbon fluids originated from different sources; the metal-rich ore fluids migrated into the oil reservoir, where they combined with hydrogen sulfide formed by the processes of TSR and BSR, resulting in Pb–Zn mineralization; this traditional metallogenic model was suggested for the Wusihe MVT Pb–Zn deposits [29,32,33]. However, our research on these deposits found that the ore fluids and the hydrocarbon fluids in paleo-oil reservoirs were from the same source rocks and that Pb–Zn mineralization was closely related to the destruction of the paleo-gas reservoirs. Therefore, in this paper, based on the spatiotemporal relation of Pb–Zn deposits and paleo-oil reservoirs/paleo-gas reservoirs, ore material sources, and processes of mineralization and hydrocarbon accumulation or destruction, a new genetic relationship between mineralization and hydrocarbon accumulation is suggested for the MVT Pb–Zn deposits.




2. Geological Setting


The Wusihe area is located in the southwestern margin of the Sichuan Basin, which is in the northern margin of the Sichuan–Yunnan–Guizhou (SYG) metallogenic province; the north side is connected to the Dabashan orogenic belt and the southwest side is adjacent to the Longmenshan orogenic belt (Figure 1a). The Sichuan–Yunnan–Guizhou (SYG) metallogenic province is an important component of the giant South China low-temperature metallogenic domain [36]. More than 400 carbonate-hosted Pb–Zn deposits, such as the Wusihe, Chipu, Maozu, Daliangzi, Xichang, Jinshacheng, Lehong, Maliping, and Huize Pb–Zn deposits (the location in Figure 1a), occur in the SYG, yielding total Pb–Zn ores of more than 200 million tons at mean grades of 10 wt.% Zn and 5 wt.% Pb [30]. The study area is mainly composed of basement and Ediacaran to Paleozoic cover sequences. The basement rocks are characterized by a double-layer structure [32,33,36]. The Paleoarchean–Paleoproterozoic metamorphic complex constitutes the crystalline basement [36], and the Mesoproterozoic–Neoproterozoic metamorphic fine clastic rocks and carbonate rocks interbedded with metamorphic volcanic sediments constitute the folded basement [37]. The Ediacaran to Paleozoic cover sequences are composed of the early Ediacaran Suxiong Formation, late Ediacaran Guanyinya Formation and Dengying Formation, and the Cambrian–Permian marine sedimentary sequences. The Suxiong Formation is mainly a set of volcanic–sedimentary rocks. The Guanyinya Formation and Dengying Formation are a set of marine sandstone, siliceous and evaporitic carbonate [31,33], respectively. The Cambrian–middle Permian and lower Permian strata mainly consist of carbonate–clastic rock deposits and continental basalt, respectively [31,32,33]. The Ediacaran Dengying Formation is not only the main host of MVT Pb–Zn deposits [7,8,30,36,38,39,40] but also an important commercially productive source of natural gas in the Sichuan Basin [41,42,43,44]. Many MVT Pb–Zn deposits have been found in the relict paleo-oil/gas reservoirs in the Dengying Formation located in the periphery of the Sichuan Basin [7,8,45]; the Wusihe Pb–Zn deposits located in the southwestern margin of the Sichuan Basin is one representative example of these deposits. The gas reservoirs in the Dengying Formation, such as the Gaoshiti and Moxi gas reservoirs, are mainly distributed in the deeply buried traps located in the central Sichuan Basin [41,42,43,44], and sporadic sphalerite and galena can be observed in these commercially productive natural gas reservoirs.




3. Ore Deposit Geology


A more than 50-km-long metallogenic belt is hosted in the Dadu River valley (Figure 1b). Pb–Zn deposits occur within the late Ediacaran–early Cambrian carbonate sequences. Among these Pb–Zn deposits, the Wusihe deposit is the largest and includes the Xuequ, Heiqu, and Shandouya.



3.1. Ore-Bearing Strata


Most ore bodies of the Wusihe deposits are hosted by siliceous dolomite of the Dengying Formation, and a small number of ore bodies are hosted by carbonaceous shale of the lower Cambrian Qiongzusi Formation (Figure 2). The Dengying Formation is in conformable contact with the underlying sandstone of the Guanyinya Formation. According to the lithologic characteristics of the Dengying Formation, it can be divided into five lithologic members from top to bottom (Figure 2). Member I (Z2d1) mainly contains gray–dark gray dolomicrite and microcrystalline dolostone that are partially intercalated with clastic rock, and this member is 160.1 m thick. Member II (Z2d2) is mainly composed of gray–light gray microcrystalline–crystalline powder dolostone, algal mass dolostone, botryoidal dolostone, forming rhythmic interbedding, and occasional breccia dolostone, and this member is 406.7 m thick; the dolostone in this member is characterized by a botryoidal structure, dissolved pores, and karst caves. Member III (Z2d3) mainly contains light gray–dark gray laminated dolomicrite and microcrystalline dolostone, algal laminated dolostone interbedded with multilayer yellow–gray clayey dolostone–dolomitic mudstone. The thickness of this member is 81.0 m. Member IV (Z2d4) is mainly gray–white dolomicrite and microcrystalline dolostone, pinhole dolostone, and laminated dolostone, and it is 155.1 m thick. The Maidiping Member is mainly composed of dolomicrite and banded siliceous rocks, which are interbedded and have unequal thicknesses. Karst breccia approximately one meter thick can be observed at its top; this member is 176 m thick. Among them, Member I–Member IV are late Ediacaran in age, and the Maidiping Member is part of the early Cambrian strata. Two paleokarst interfaces have been identified between the Qiongzhusi Formation and the Maidiping Member, the Member III and the Member II, respectively. The MVT Pb–Zn deposits and paleo-oil/gas reservoirs are mainly distributed along the paleokarst interfaces, and sphalerite, galena, and bitumen mainly fill dissolved pores and cavities (Figure 2). The Pb–Zn deposits occurring at the paleokarst interface between the Member III and the Member II, the Qiongzhusi Formation and the Maidiping Member are represented by the Tuanbaoshan Pb–Zn deposit and Wusihe Pb–Zn deposit, respectively, in which the ore bodies are stratiform-like. The Qiongzhusi Formation is mainly composed of dark gray mud shale and siltstone, and a small number of veined and stratiform-like ore bodies may be observed in the Qiongzhusi Formation. Bitumen with different abundances can be identified in these ore bodies.




3.2. Spatial Relationship between Paleo-Oil/Gas Reservoirs and Pb–Zn Deposit


Field geological surveys and laboratory research showed that abundant massive, spherical, hemispherical, and irregular bitumen filled in dissolved pores, cavities, and fractures in the Dengying Formation and is distributed along the paleokarst interface. Bitumen is a common byproduct within matured or over-matured oil/gas reservoirs. The bitumen in the Dengying Formation is pyrobitumen [41,44,45,46,47], and it formed during in situ transformation from paleo-oil reservoirs to paleo-gas reservoirs; therefore, the location of the bitumen retained today is equivalent to the location of the paleo-oil/gas reservoirs. According to the abundance and distribution of bitumen in dissolved pores and karst cavities, two relict paleo-oil/gas reservoirs are preserved along the paleokarst interface (Figure 2). The shale of the Qiongzhusi Formation is the regional cap rock of paleo-oil/gas reservoirs in the Maidiping Member. The Wusihe Pb–Zn deposits mainly occur in paleo-oil/gas reservoirs in the Maidiping Member, and a small amount is present in the Qiongzhusi Formation. The roof of the ore bodies is the shale of the Qiongzhusi Formation, and the floor of the ore bodies is bituminous dolostone. The ore bodies mainly occupy the upper part of the paleo-oil/gas reservoirs, and a small number of them developed in the cap rocks close to the paleo-oil/gas reservoirs (Figure 2).




3.3. Ore Bodies


Geological investigations demonstrated that the Wusihe deposits are mainly exposed in the Xuequ-Shandouya syncline within an area about 3.7 km long and 2.5 km wide (Figure 1b). The syncline strike nearly towards the N-S direction, and its eastern limb dips 5–16° while the western limb dips 5–22°. They are hosted by the carbonaceous shale of the Lower Cambrian Qiongzusi Formation and the siliceous dolomite of the Maidiping Member (Figure 3). The ore bodies in the Maidiping Member predominantly exhibit stratabound and lenticular in shape and parallel to the bedding of the host rocks. The ore bodies in the Qiongzhusi Formation are mainly in the form of steeply dipping veins, and they are connected downward with the stratiform ore bodies in the Maidiping Member; sometimes, they extend laterally for several meters to tens of meters along the bedding on both sides of a vein before naturally pinching out (Figure 3a). Ore bodies have variable thicknesses ranging from 0.20–2.97 m, with a mean of 0.93 m [33]. Sphalerite and galena in the Maidiping Member are mainly filled in the dissolved pores and cavities in silicified dolostones and siliceous rocks. Sphalerite and galena in the Qiongzhusi Formation are filled in the fractures or stratiform pore spaces (Figure 3a).



The ores are dominantly sulfides with a relatively simple mineral association, in which sphalerite is the most abundant economic mineral (Figure 3b); in contrast, galena, pyrite, and chalcopyrite are minor. Sphalerite and galena can either coexist or occur independently. Gangue minerals are primarily bitumen, quartz, dolomite, calcite, and occasional barite. The bitumen (Figure 3c–g) is abundant in the ore. The ores often have massive (Figure 3b), banded and disseminated structures and occasional spherical structures. Bitumen, galena, and sphalerite mainly occupy different pores and cavities (Figure 3d) or the same pores and cavities distributed along the paleokarst interface (Figure 3e–g). Most sphalerites are yellow and yellow-brown spheroids with a concentric banded structure owing to the color and distribution of opaque mineral inclusions (Figure 3d,e,g). Raman spectral analysis of the opaque mineral inclusions in the bands shows that the opaque minerals are mainly bitumen inclusions (Figure 3g,h). Quartz and dolomite show an obvious two-generation relationship. Quartz and dolomite in the early stage are mostly distributed at the edges of the dissolved pores, while quartz (Q2) and dolomite (Dol2) in the late stage are often filled in the centers of the same dissolved pores with bitumen (Bit2) and sphalerite (Sp2), showing an obvious paragenetic relationship (Figure 3e–g).



Previous analyses show that the ore bodies and paleo-oil/gas reservoirs overlap spatially, and the ore bodies mainly occupy the upper part of the paleo-oil/gas reservoirs. Abundant bitumen is paragenetic with sphalerite and galena in the ores, and there are bitumen inclusions in the sphalerite, which show a close coexisting spatial relationship between the paleo-oil/gas reservoirs and the Pb–Zn deposits.




3.4. Stages of Mineralization


The above discussion shows that the bitumen is pyrobitumen, and most of the bitumen was formed during the transformation from the paleo-oil reservoir to the paleo-gas reservoir; therefore, pyrobitumen can be used as a time constraint, and other minerals can be placed on the same time axis to determine their relative temporal relationship.



According to petrographic observations, the bitumen in the study area can be divided into early and late stages. The bitumen in the early stage (Bit1) is mainly distributed at the edge of the pores and attached to the inner side of the hole in a ring shape (Figure 3f), while the bitumen in the late stage (Bit2) is distributed in the center of the pores and often coexists with euhedral conical quartz or euhedral–subhedral dolomite (Figure 3e–g). The early bitumen (Bit1) was mainly formed during the transformation from the paleo-oil reservoir to the paleo-gas reservoir, and the late bitumen (Bit2) was formed during the adjustment or destruction process of the paleo-gas reservoir; it was the reprecipitation product of the early bitumen (Bit1) in the water at the bottom of the oilfield. According to the relative temporal relationship between the minerals and bitumen filling different pores, mineralization can be divided into early and late stages, forming two different generations of minerals (Figure 4).



The sphalerite that formed in the early stage of mineralization is characterized by fine grains, dentate and comb shapes, and limited inclusions. In some cavities, fine-grained sphalerite aggregates (Sp11), dentate sphalerite (Sp12), and comb-shaped sphalerite (Sp13) are filled in turn from the edge to the center of the cavities (Figure 5a). The sphalerite (Sp2) formed in the late stage is mostly spherical, with particles ranging from 3 mm–2 cm, most of them having a concentric banded structure (Figure 3e,g and Figure 5f), and some bitumen and few host rocks are encapsulated in the sphalerite (Sp2). Early-formed minerals, such as fine-grained sphalerite (Sp11) (Figure 5b) and galena (Ga1) (Figure 5e), and host rocks, such as bituminous dolomite (Figure 5c), pore fillings with bitumen (Bit1, Bit2) (Figure 5d) and siltstone (Figure 5c), were encapsulated in late sphalerite (Sp2), indicating that the late sphalerite (Sp2) was formed in different periods after the thermally cracked bitumen. Two distinct generations of galena can be identified: early galena is encapsulated in sphalerite (Sp2) (Figure 5e), and late galena is paragenetic with late sphalerite (Sp2) (Figure 5f). Sometimes, thermally cracked bitumen inclusions (Bit1) can be observed in the late galena (Ga2), indicating that they formed later than thermally cracked bitumen. Two stages of gangue minerals, such as dolomite, calcite, and quartz, can be identified. The early dolomites (Dol1) are distributed in granular form at the edges of the pores, and the bitumen is attached to the early dolomite, forming a ring shape (Figure 5g). The late dolomites (Dol2) are mostly euhedral–subhedral and closely paragenetic with the late bitumen (Bit2), sphalerite (Sp2), and quartz (Q2) (Figure 3e and Figure 5g). The early quartz (Q1) is distributed in the edges of pores in fine grain, and the relict pore spaces are filled with bitumen (Figure 3d,f and Figure 5h). The late quartz (Q2) is mostly euhedral and conical, and it is paragenetic with late bitumen (Bit2), sphalerite (Sp2), and dolomites (Dol2) (Figure 3f and Figure 5g,h). They are characterized by enrichment in single-phase hydrocarbon inclusions [29] and bitumen inclusions (Figure 5h,i). The abundant bitumen inclusions in the late quartz (Q2) indicate that they formed after the thermally cracked bitumen (Bit1).





4. Samples and Analytical Method


Twelve representative source rock samples in the Qiongzhusi Formation and five bituminous dolomite samples in the Maidiping Member were collected for organic geochemistry analysis. The source rock samples were from the core of the Gaoshi 17 well (GS17-2, GS17-8, GS17-12) and the Moxi 9 well (MX9-1, MX9-2, MX9-3) in the central Sichuan Basin. Bituminous dolomite samples (XQ18-2, XQ18-5, XQ18-8, XQ18-26, and XQ18-33) were from an adit in Xuequ. Organic geochemical analysis of source rocks and bituminous dolomites was performed at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. Detailed analytical methods are given in Wu et al. (2008) [48]. The three bitumen samples (XQ18-6, XQ18-10, and XQ18-12) used for scanning electron microscopy (SEM) analysis were mainly from dolostone at the tops and bottoms of the ore bodies in Xuequ. Bitumen (Bit1) with slightly larger particles was selected and prepared into thin slices, and the interiors of the bitumen particles were observed by SEM. The source rock samples (ZK601-17, Zk601-18, and Zk601-21) used for SEM analysis were mainly from the core in the Qiongzhusi Formation at Xuequ and prepared into thin slices. SEM analysis was performed at the State Key Laboratory of Oil and Gas Reservoir Geology and Development Engineering, Chengdu University of Technology, Chengdu, China. The selected bitumen samples were analyzed and tested by SEM (model: Nova Nano SEM450) and X-ray energy dispersive spectrometry (EDAX) (model: EDAX AXF-650 Apollo X) under the conditions of 20 kV, 21 °C and 35% relative humidity (RH), based on SY/T5162-1997. The sphalerite (Sp2) and quartz (Q2) samples used for Raman spectroscopy analysis were mainly from Pb–Zn ores in Xuequ and Shandouya. The ores were made into thin slices, from which late sphalerite (Sp2) with a banded structure and late conical quartz (Q2) with a banded structure were selected for analysis and testing. The Raman spectra of the samples were analyzed by a LabRAM HR Evolution laser confocal microscopy Raman spectrometer produced by HORIBA JOBIN YVON, France, in the Raman Laboratory of the Chengdu University of Technology, with a spectral resolution of 0.65 cm−1. The spectrometer had a focal length of 800 mm, laser wavelength of 532 nm, 50× Leica objective lens, and scanning range of 200–1000 cm−1.



Sixteen representative samples of sulfide ore with different structures, such as massive, laminated, banded, veined, and disseminated, were collected from an adit in Shandouya and Xuequ. The samples were broken into 0.25 to 0.5 mm fragments, handpicked to >95% purity under a binocular microscope, and cleaned ultrasonically. Twenty-seven single sulfides formed in the late stage were selected for bulk sulfur isotope analysis, including sixteen sphalerite and eleven galena samples. Sulfur isotope analyses of sulfide minerals were carried out at the Analysis and Testing Research Center, Beijing Institute of Geology, Nuclear Industry. The samples were crushed to <200 mesh and heated under a vacuum with Cu2O. The δ34S values of the resulting SO2 gas were measured on a Delta V plus gas isotope mass spectrometer. The results are reported with an analytical uncertainty of 0.2‰ (2σ). Sulfur isotope compositions are reported relative to Vienna Canyon Diablo Troilite (V-CDT).




5. Results


5.1. Characteristics of Biomarkers in Source Rock and Reservoir Bitumen


The biomarkers originate from parental sources of organisms and are preserved in rocks and sediments; there is little or no difference between parental materials and biomarkers in the texture of organic molecules due to their relative stability during diagenesis and secondary alteration [49]. As characteristic organic compounds, biomarkers could provide information about the organic composition of parental materials. The chromatographic parameters of the saturated hydrocarbons in the source rocks from the Qiongzhusi Formation and reservoir bitumen from the Maidiping Member are listed in Table 1. The nC21−/nC22+, Pr/Ph, Pr/nC17, Ph/nC18, and odd-even predominance (OEP) values of the source rocks are intermediate from 0.63–1.26, 0.47–0.85, 0.49–0.94, 0.53–1.16 and 0.93–1.02, respectively. The nC21−/nC22+, Pr/Ph, Pr/nC17, Ph/nC18, and OEP values of the reservoir bitumen are intermediate from 0.14–0.58, 0.23–0.95, 0.33–0.50, 0.31–0.43 and 1–1.36, respectively.



The distribution of terpenoid compounds in saturated hydrocarbons from the reservoir bitumen is shown in Figure 6. The C19–C28 series of tricyclic diterpenes and C27–C35 series of pentacyclic triterpanes are dominant. Compared to tricyclic diterpenes, pentacyclic triterpanes are more abundant. They are characterized by C23TT > C21TT > C20TT in tricyclic diterpenes and high gammacerane/αβ-hopane ratios (0.15–0.21) (Table 2). The molecular parameters of terpenes reflecting maturity, such as Ts/(Ts + Tm), C31(22S)/(22S + 22R), and C32(22S)/(22S + 22R), are 0.41–0.51 (average: 0.46), 0.54–0.55 (average: 0.54) and 0.57–0.59 (average: 0.58), respectively (Table 2).



The sterane composition of the reservoir bitumen is demonstrated in Figure 7. The sterane is mainly composed of regular sterane, which is characterized by a higher abundance of pregnane and homopregnane and a lower abundance of rearranged sterane. The C29 sterane (0.35–0.38) of the reservoir bitumen is similar to the C27 sterane (0.32–0.36), while the C28 sterane contents are 0.27–0.34 (Table 2). The molecular parameters of sterane reflecting maturity, such as C29ββ/(αα + ββ) and C29αα20S/(20S + 20R), are 0.36–0.43 (average: 0.39) and 0.38–0.45 (average: 0.42), respectively (Table 2).




5.2. Metal Minerals in Source Rocks


Based on the analysis of the ore-forming element contents in the source rocks from the Qiongzhusi Formation, representative samples with relatively high lead and zinc contents were selected for SEM analysis. Microsized galena, sphalerite, siderite, barite, and pyrite were found in the source rocks from the Qiongzhusi Formation at Xuequ (Figure 8). The galena is irregularly rectangular in shape; they are 1.1 µm × 1.4 µm–10.6 µm × 16.9 µm in size. The sphalerite is rhombus in shape or occurs as inclusion encased in cubic pyrite; rhombus sphalerite is 30.9 µm × 32.3 µm in size. There are two forms of pyrite: cubic crystals (4.5 µm × 7.5 µm–34.3 µm × 41.1 µm) and mildew spheres (6 µm–9 µm). The barite is round in shape and 2.2 µm × 3.6 µm in size.




5.3. Metal Sulfide Minerals in Bitumen


Through SEM and energy spectrum analysis of the interiors of bitumen from Pb–Zn ores, abundant microsized galena, sphalerite, and pyrite can be identified in the inner bitumen. Among them, the galena is a rectangle (7.0 µm × 12.7 µm) and irregular granular (0.8 µm × 1.7 µm–1.7 µm × 2.3 µm) in shape (Figure 9a–c), while sphalerite is cubic (10.0 µm × 10.0 µm–55.0 µm × 60.0 µm) (Figure 9d,e); pyrite is mostly irregular granular (2.8 µm × 3.3 µm) or nearly cubic (1.6 µm × 1.6 µm) (Figure 9f), they occur in pores or as inclusions in the interiors of the bitumen.




5.4. Bitumen Inclusions in Sulfide Minerals


As mentioned above, most of the sphalerites that formed in the late stage of mineralization have a concentric banded structure due to differences in color and abundance of opaque inclusions. Raman spectroscopy analysis for opaque inclusions in different bands presents characteristic Raman spectral peaks of bitumen with peaks of 1319 cm−1 and 1606 cm−1 (Figure 3e,g,h). In addition, some bituminous dolostone and bitumen are encapsulated in late sphalerite (Sp2) (Figure 5c,d). Bitumen inclusions are also found in some galena. Sphalerite and galena are rich in bitumen inclusions and host rocks with bitumen, suggesting that sphalerite and galena were formed after the thermally cracked bitumen.




5.5. Bitumen Inclusions in Quartz


Euhedral conical quartz (Q2) with a banded structure that is paragenetic with galena (Ga2) and sphalerite (Sp2) is selected for inclusion in petrographic observations and Raman spectroscopy analysis. Single-phase hydrocarbon inclusions and gas–liquid two-phase aqueous inclusions are common in this kind of quartz. The bands are mainly composed of layers rich in opaque mineral inclusions and layers without inclusions distributed alternatively. Raman spectroscopy analysis of dark opaque mineral inclusions in the band shows typical Raman spectral peaks of 1328 cm−1 and 1602 cm−1 that are characteristic of bitumen, indicating that these opaque minerals are mainly bitumen inclusions (Figure 5h,i). The presence of hydrocarbon and bitumen inclusions in quartz suggests that quartz crystallized after the thermally cracked bitumen.




5.6. Sulfur Isotopic Characteristics


Single mineral grains of late galena (Ga2) and sphalerite (Sp2) were selected for bulk sulfur isotope analysis, and the analytical results are listed in Table 3. The δ34S values of galena are 5.2‰–15.1‰, with an average of 9.9‰. The δ34S values of sphalerite are between 9‰ and 18.3‰, with an average of 12.0‰. The δ34S values of sphalerite are higher than those of galena.





6. Discussion


6.1. Oil Source of Paleo-Oil and Paleo-Gas Reservoirs


Studies show that the oil sources of the paleo-oil/gas reservoirs in the Dengying Formation in the Sichuan Basin are mainly from the early Cambrian Qiongzhusi Formation shale [41,42,43,44]. The sedimentary environment, parent material source, and maturity of the bitumen from Pb–Zn ore bodies at Wusihe and the potential source rocks from the Qiongzhusi Formation in the central Sichuan Basin were chosen to compare and determine the oil source in the Wusihe paleo-oil/gas reservoirs.
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Pr/Ph < 1 is usually considered to be a reducing environment and is mostly related to anoxic and hypersaline environments [49,50,51]. The Pr/Ph ratios of the Qiongzhusi Formation source rocks and bitumen were 0.54–0.85 and 0.23–0.89, respectively, and they show similarly reduced and supersaline environments.



The tricyclic diterpenes of the Qiongzhusi Formation source rocks were characterized by a C23TT > C21TT > C20TT ascending configuration, indicating that the parent material of organic matter in the Qiongzhusi Formation source rocks was mainly from seawater with high salinity [52]. The tricyclic diterpenes of the bitumen exhibited ascending configuration characteristics of C23TT > C21TT > C20TT that were similar to those of the source rocks (Figure 6).



Abundant gammacerane and a high gammacerane/αβ-hopane ratio implied strong reduction conditions and a hypersaline environment of organic matter deposition [49,53]. The higher gammacerane and higher gammacerane/αβ-hopane ratios (0.15–0.20) of the bitumen from the ore body suggested a hypersaline organic matter deposition, which was further confirmed by the abundant pregnane and homopregnane [54] (Figure 7).








	(2)

	
Parent source of organic matter









Pr/nC17 > 1 is considered algal input, but it is also related to maturity and hydrocarbon expulsion [50,51]. The Pr/nC17 values in both source rocks from the Qiongzhusi Formation and reservoir bitumen in the study area were lower than 1 (Table 1), which may be related to high maturation.



The organic matter type of the source rocks is sapropelic (type I) [52]. The preponderance of C27 steranes and C28 steranes indicated that the parent source of the organic matter was lower plankton and bacteria [49,53]. Abundant steranes were detected in the source rock extract, the contents of C27, C28, and C29 regular steranes were higher, and the preponderance of C27 steranes was obvious [52].



The C27, C28, and C29 sterane contents in the reservoir bitumen in the study area were generally high (Figure 5); the C29 sterane contents (0.35–0.38) were similar to those of C27 sterane (0.32–0.36), while the contents of C28 sterane were 0.27–0.34 (Table 2), which suggests a certain amount of low aquatic organisms and algae input. The 4-methyl sterane likely originated from 4-methyl alcohol in Dinophyceae organisms [55]. Abundant 4-methyl sterane was detected in all bitumen samples, which further confirms the source of the algal parent material.








	(3)

	
Maturity of organic matter









The source rocks reached the over-mature evolution stage, as indicated by the Ro value from 2.0% to 4.0% and Tmax greater than 400 °C, and can mainly generate gaseous hydrocarbons [52]. The Ro value of the reservoir bitumen in Dengying Formation is 2.62%–4.05% (average 3.47%) [52], which belongs to over-mature pyrobitumen [43,46,47].



Carbon preference index (CPI) and OEP in the biomarker spectrum are important parameters of the maturity of organic matter [53]. The CPI and OEP values of the source rocks were 1.0–1.58 (average: 1.3) and 0.95–1.2 (average: 1.02), respectively [52]. The CPI values of the reservoir bitumen ranged from 0.99 to 1.25, with an average of 1.16, and the OEP values of the reservoir bitumen ranged from 1 to 1.36, with an average of 1.15 (Table 1). The CPI and OEP values of both source rocks and reservoir bitumen were similar, indicating that they had the same maturity.



Ts/(Ts + Tm), C31 terpane 22S/(22S + 22R), and C32 terpane 22S/(22S + 22R) in the biomarker spectrum are commonly used to determine the degree of the thermal evolution of organic matter. With the increasing maturity of organic matter, the ratio of 22S/(22S + 22R) increased from 0 to approximately 0.6 (the equiponderant state varies from 0.57 to 0.6) [53]. The Ts/(Ts + Tm), C31 22S/(22S + 22R), and C32 22S/(22S + 22R) of the source rocks from the Qiongzhusi Formation were 0.35–0.56 (average: 0.46), 0.51–0.56 (average: 0.54) and 0.54–0.58 (average: 0.56), respectively [52]. The Ts/(Ts + Tm), C31 22S/(22S + 22R), and C32 22S/(22S + 22R) of the reservoir bitumen were 0.45–0.51 (average: 0.46), 0.54–0.55 (average: 0.54) and 0.57–0.59 (average: 0.58), respectively (Table 2). The maturity parameters from the terpane of both source rocks and reservoir bitumen were similar, indicating that they had a similar thermal evolutionary history.



The molecular parameters C29ββ/(αα + ββ) and C29αα20S/(20S + 20R) of steranes are commonly used maturity parameters [53]. The C29ββ/(αα + ββ) and C29αα20s/(20S + 20R) values of the source rocks from the Qiongzhusi Formation were 0.36–0.49 and 0.8–0.47, with average values of 0.43 and 0.42, respectively [52]. The C29ββ/(αα + ββ) and C29αα20S/(20S + 20R) values of the reservoir bitumen were 0.36–0.43 and 0.38–0.45, with average values of 0.39 and 0.42 (Table 2), respectively. Both source rocks and reservoir bitumen had similar C29ββ/(αα + ββ) and C29αα20S/(20S + 20R) values, indicating that they had similar maturities.



From the above analysis, the formation environment, parent material source, and maturity of the organic matter from the source rocks in the Qiongzhusi Formation and reservoir bitumen in the Maidiping Member are readily compared, indicating that the oil source of bitumen is mainly from the source rocks of the Qiongzhusi Formation.




6.2. Formation and Evolution Process of the Paleo-Oil and Paleo-Gas Reservoirs


Studies show that the oil/gas reservoirs of the Dengying Formation in the Sichuan Basin have similar hydrocarbon accumulation processes; there are two peaks of oil accumulation and one peak of thermal cracking gas generation [41,43,56]. With the increase in the burial depth, the lower Cambrian Qiongzhusi Formation reached the thermal peak for oil generation, and oil accumulated to form early paleo-oil reservoirs at 458.09 ± 5.59 Ma in the northern margin of the basin [56,57], 486 ± 15 Ma in the northwestern margin of the basin [56,57] and 414 ± 15 Ma in the depocenter areas of the central basin [43] (Figure 10). Then, as the source rock of the Qiongzhusi Formation was buried deeply again during the Late Triassic, the source rocks reached the thermal peak for oil generation to form late oil/gas reservoirs in the northern margin and central areas of the Sichuan Basin. In the central Sichuan Basin, source rocks in the more shallowly buried parts passed through the peak thermal window for oil formation, which migrated together with the oil generated at 414 ± 15 Ma into the reservoirs to form late paleo-oil reservoirs; meanwhile, source rocks in the basin depocenter generated gas due to their high maturity (Figure 10) [43,58], suggesting that the late paleo-oil reservoirs in the central Sichuan Basin were formed at 220–205 Ma. After the formation of the late paleo-reservoirs, as the paleo-oil reservoirs were deeply buried, the paleo-oil reservoirs reached the threshold for the thermal cracking of oil and underwent in situ thermal cracking to form overpressure paleo-gas reservoirs [59] and thermally cracked bitumen (pyrobitumen) [41,47,59]; however, there was some dispute about the time of transformation from the paleo-oil reservoirs to paleo-gas reservoirs in the Sichuan Basin. On the northern margin of the basin, the Re–Os isotopic dating of pyrobitumen gives ages of paleo-gas reservoirs generation of approximately 205 ± 32 Ma, 184 ± 23 Ma, and 173 ± 12 Ma [56,57]; among them, 184 ± 23 Ma was suggested as the most likely age of paleo-gas reservoirs generation [56]. In the central Sichuan Basin, the Re–Os isotopic dating of pyrobitumen suggested ages of 78 ± 37 Ma [43] and 154 ± 21 Ma [58], which are much later than those in the northern margin. Because the transformation from paleo-oil reservoirs to paleo-gas reservoirs is continuous, according to the generation time of paleo-oil reservoirs of approximately 220–205 Ma, which was suggested by Su et al. (2022) [58], 205 Ma is the most likely age of paleo-gas reservoirs generation in the central Sichuan Basin, and this age is also consistent with the generation time of paleo-gas reservoirs in the northern margin of the basin. The ages of 78 ± 37 Ma and 154 ± 21 Ma may be the times of paleo-gas reservoirs adjustment. During the late Indosinian–Himalayan period, the paleo-gas reservoirs began to adjust from overpressure gas reservoirs to the present normal-pressure gas reservoirs [59]. These gas reservoirs were preserved only in the central Sichuan Basin and destroyed around the Sichuan Basin periphery areas, where Pb–Zn deposits have been found.




6.3. Times of Mineralization and Hydrocarbon Accumulation


Based on Rb–Sr isotope dating of six sphalerite samples from the Heiqu, Xuequ, and Shandouya, Xiong et al. (2018) [31] obtained a metallogenic age of 411 ± 10 Ma, which was similar to the early paleo-oil reservoir generation age of 414 Ma in the central Sichuan Basin [43] but far from the generation time of the paleo-gas reservoirs in the northern margin and central part of the basin.



Studies show that the metallogenic ages of MVT Pb–Zn deposits in the western margin of the Yangtze Block are relatively concentrated, and most of the deposits formed at approximately 200 Ma. For example, in Sichuan Province, the Mayuan Pb–Zn deposit and the Paomashan Pb–Zn deposit formed at 206.0 ± 6.5 Ma [7] and 200.1 ± 4 Ma [61], respectively. In Yunnan Province, the Huize Pb–Zn deposit, Lehong Pb–Zn deposit, Qiaojia Pb–Zn deposit, and Jinshachang Pb–Zn deposit formed at 222 ± 14 Ma [62], 200.9 ± 8.3 Ma [63], 196 ± 13 Ma [64] and 200.1 ± 1.6 Ma [6], respectively. The Tianqiao Pb–Zn deposit in Guizhou Province formed at 191.9 ± 6.9 Ma [65]. Recently, we selected the late sphalerite (Sp2) of the Pb–Zn ore body in the Wusihe area for Rb–Sr isotope dating and obtained a mineralization age of 202.2 ± 4.8 Ma (discussed in a future paper). These metallogenic ages are consistent with the formation time of 205 ± 32 Ma for the paleo-gas reservoirs in the northern margin of the basin and 205 Ma for the paleo-gas reservoir in the central Sichuan Basin.



The petrographic observations of the Wusihe Pb–Zn deposits showed the coexistence of galena (Ga2), sphalerite (Sp2), quartz (Q2), and bitumen (Bit2). The quartz (Q2) that is paragenetic with galena and sphalerite is rich in hydrocarbons, bitumen (pyrobitumen), and gas–liquid brine inclusions, while gas–liquid brine inclusions occur in sphalerite. The homogenization temperatures of fluid inclusions in quartz (Q2) and sphalerite (Sp2) are mainly concentrated in the range of 140–280 °C [29]. The homogenization temperatures of quartz (Q2) and sphalerite (Sp2) are within the thermal cracking temperature of oil, indicating that the bitumen coexisted with sphalerite and quartz and that the bitumen inclusions in sphalerite should be thermally cracked bitumen (i.e., pyrobitumen). All these facts indicate that large-scale mineralization in the study area occurred during the transformation from paleo-oil reservoirs to paleo-gas reservoirs or during the process of the adjustment-destruction of paleo-gas reservoirs. The facts such as consistency between the metallogenic age (202.2 ± 4.8 Ma) and the generation age of paleo-gas reservoirs (205 Ma) and pyrobitumen inclusions in sphalerite suggest a close genetic relationship between mineralization and accumulation or destruction of the paleo-gas reservoirs. Therefore, the mineralization of the Wusihe Pb–Zn deposits may have occurred during the transformation process from the paleo-oil reservoirs to the paleo-gas reservoirs in the Indosinian period or during the adjustment and accumulation or destruction process of the paleo-gas reservoirs.




6.4. Sources of Ore-Forming Metal Elements


It is a disputable issue for the sources of the ore-forming metal elements in the Wusihe Pb–Zn deposits. The basement, host rock, and seawater [30,31,32,33] or the Qiongzhusi Formation source rock [35] have the potential to contribute to the metals available for mineralization. Previous oil source analysis of reservoir bitumen in the Pb–Zn deposits shows that the oil source of paleo-oil/gas reservoirs was mainly from the Cambrian Qiongzhusi Formation. Pb and Zn contents in some source rocks of the Qiongzhusi Formation in the northern, southwestern, and central parts of the Sichuan Basin are within 19.8–132 ppm and 81–662 ppm, respectively; and are abnormally higher than the Clark value of the crust (Pb: 15 ppm, Zn: 76 ppm) [35]. At the same time, micron-sized galena, sphalerite, pyrite, and barite are present in the source rocks, indicating that the source rocks have the capacity to provide metal elements for mineralization, while basement rocks may be the important contributors of metal elements in Qiongzhusi Formation [35]. The SEM and energy spectrum analysis of the source rocks at Xuequ show that there are micron-sized galena, sphalerite, pyrite, and barite in the source rocks (Figure 8). The high contents of Pb and Zn [35] and the presence of micron-sized sulfide minerals in some source rocks at Xuequ indicate that the source rocks of the Qiongzhusi Formation have the potential to supply metal elements for mineralization.



Studies have shown that ore-forming metal elements are not only enriched in crude oil or oilfield brine but enriched in solid organic matter (bitumen) through the migration of metal–organic complexes [22]. The average contents of Pb and Zn in world crude oil are 0.2–0.5 ppm and 0.5–6 ppm, respectively [27]. In oilfield brines from the Pleasant Bayou, Texas, and the Rayleigh Field, Central Mississippi, USA, concentrations of Pb are 0.4–1.1 ppm and 17–111 ppm, respectively, and concentrations of Zn are 1.5–1.6 ppm and 33–367 ppm, respectively [25]. The Pb and Zn contents in the bitumen of the Magmont Pb–Zn deposit in Missouri are 150 ± 25 ppm and 1000 ± 250 ppm, respectively [9]. The analysis of Pb and Zn contents in the bitumen of the Xuequ Pb–Zn mine shows that the Pb and Zn contents of 12 bitumen samples are within 20–287 ppm (average: 95.8 ppm) and 15–5370 ppm (average: 543.4 ppm) (Table 4); the average contents of lead and zinc are 6.4 and 7.2 times the crustal Clark value, respectively. The SEM and energy spectrum analysis for the bitumen show that micron-sized galena, sphalerite, and pyrite are present in the interior of the bitumen (Figure 9). The abnormally high contents of Pb and Zn and the occurrence of micron-sized sulfide mineral crystals in the bitumen indicate that the metal elements required for mineralization are abnormally enriched in crude oil.



Studies have shown that in the process of MVT Pb–Zn mineralization, when the Pb content reaches 2.0 × 10−6 and the Zn content reaches 1.3 × 10−6 in the ore fluid, mineralization can occur [27]. The Pb and Zn contents in bitumen (Table 4) are much higher than those required for mineralization, indicating that oil may be an initial ore fluid. The abnormally high contents of Pb and Zn in the source rocks and the existence of micron-sized galena and sphalerite indicate that the ore-forming metal elements may have been pre-enriched in the source rocks under the action of organic matter. In the process of the deep burial of the source rocks, the ore-forming metal elements are separated from the source rocks. As the ore-transporting agents of metallogenic metal elements, oil carrying abundant ore-forming metal elements migrated from the source rocks to the trap and accumulated to form paleo-oil reservoirs, so the oils have the potential to contribute to the metals available for mineralization.



The grain size difference between the micron-sized galena and sphalerite crystals in the bitumen and the millimeter- to centimeter-sized galena and sphalerite crystals in the present ore bodies implies that mineralization did not take place during the development of the paleo-oil reservoir, but instead, large-scale mineralization occurred during the transformation process from the paleo-oil reservoir to the paleo-gas reservoir or the adjustment–destruction process of the paleo-gas reservoir. This process can also be supported by the thermally cracked bitumen in the galena and sphalerite and the fluid inclusion homogenization temperature of sphalerite.




6.5. Sources of Ore-Forming Sulfur


There are mainly three sources of sulfur in hydrothermal mineralization [66,67,68]: (a) mantle source with values of δ34S ≈ 0, but mostly 0‰ ± 3‰; (b) seawater sulfur source [69], for which the specific sulfur isotope value depends on the δ34S values of marine evaporite in the strata [69]; and (c) biological sources of sulfur, which usually have negative δ34S values.



The δ34S values of sulfide minerals in the study area range from 5.2‰ to 18.3‰, with an average of 11.1‰. The δ34S values of sphalerite (average 12.0‰) are higher than those of galena (average 9.9‰). In the condition of sulfur isotopic equilibrium, δ34SZnS = δ34SH2S + (0~+1‰), δ34SPbS = δ34SH2S + (0~−5‰), so the sulfide will show the characteristics of δ34SZnS > δ34SPbS [66], the δ34S difference between the sphalerite and galena should be ascribed to the kinetic isotopic effects. The δ34S values of most samples are concentrated between 10.2‰ and 13‰ (Table 3), and the low value is close to that of mantle-derived sulfur. However, the study area lacked regional magmatic activity during the metallogenic period, so the source of mantle-derived sulfur can be excluded. The Pb–Zn ore bodies in the study area mainly occur in the Cambrian Maidiping Member. The δ34S values of the early Cambrian seawater are within 25‰–33‰ [70]. The high value and average δ34S value of galena and sphalerite are lower than the δ34S value of early Cambrian seawater, indicating that the sulfur required for mineralization cannot be directly derived from seawater.



There are three ways to achieve the transition from SO42− to S2− in hydrothermal metallogenic systems: thermochemical sulfate reduction (TSR), bacterial sulfate reduction (BSR), and thermal decomposition of organic compounds (DOC) [71,72,73,74].



BSR reactions generally occur at low temperatures of 30–40 °C [75]. The homogenization temperatures of fluid inclusions of quartz, calcite, and dolomite that are paragenetic with galena and sphalerite are mainly concentrated within 140–280 °C [29], which is much higher than the temperature required for the BSR reaction. Therefore, the sulfur required for mineralization is unlikely to be generated through the BSR reaction.



Since mineralization in the study area mainly occurs at higher temperatures, the thermal decomposition of organic compounds at this temperature is mainly characterized by the thermal cracking of petroleum. The δ34S values of sulfur from oil or other organic matter are usually within 4‰–8.9‰ [76]. However, the hydrogen sulfide content formed by the thermal decomposition of organic compounds is very limited, usually less than 3% [77]. Therefore, the thermal decomposition of petroleum can provide a certain amount of sulfur for mineralization, but the amount that is provided is very limited.



TSR usually occurs at temperatures higher than 125 °C [78]. The homogenization temperatures of fluid inclusions in both sphalerite and paragenetic quartz in the study area are higher than 125 °C [29], and gypsum exists in the ore-bearing strata in the adjacent area. The ore-forming area is also located in paleo-oil/gas reservoirs. All the conditions required for the TSR reaction are available. Assuming that sulfur is mainly derived from early Cambrian evaporites with δ34S values between 25‰ and 33‰ [70], the TSR reaction at 200–100 °C can produce 10‰ to 20‰ isotopic fractionation between sulfates and sulfides [75,79,80]. The theoretically predicted δ34S values (from 5‰ to +23‰) are in good agreement with the observed δ34S values (from 5.2‰ to 18.3‰) of sulfide minerals. Therefore, we believe that the sulfur source required for mineralization is mainly provided by TSR. Previous studies have also confirmed the existence of TSR in the process of mineralization [29,33,34].



In conclusion, although some hydrogen sulfide can be formed by the thermal cracking of petroleum, the amount of hydrogen sulfide is very limited, and the sulfur source for mineralization mainly comes from the hydrogen sulfide provided by the TSR reaction.




6.6. Relationship between Mineralization and Accumulation


The analysis of results obtained in this study shows that thermally cracked bitumen is present in the Wusihe MVT Pb–Zn deposit, and the ore bodies mainly occupy the upper part of the paleo-gas reservoir. The galena and sphalerite coexisted with the thermally cracked bitumen and were superimposed spatially. The Cambrian Qiongzhusi Formation is not only the source rocks of the paleo-oil/gas reservoirs but also the source bed of the MVT Pb–Zn deposit.



Organic compounds generally contain a considerable number of hydrophilic functional groups, which can chelate with a variety of metal ions to form soluble complexes for migration [81]. The porphyrins are extractable, organic chelating species, within which a central metal ion is coordinated with four nitrogen atoms, which form part of a porphin ring structure as part of a tetrapyrrole complex; it is assumed that the behavior of the porphyrins with respect to metal complexation is representative of metal complexation by analogous tetrapyrrole complexes within nonporphyrin species [27]. The organic coordination groups and Pb and Zn may form a stable soluble metal–organic complex with good thermal stability in aqueous solution [82,83]. Therefore, with the maturation of organic matter and the formation of oil, metal ions, such as Pb and Zn, in source rocks chelate with organic compounds to form soluble metal–organic complexes [27,28]. The discovery of ore-forming metal elements, sulfide minerals in bitumen, and sulfide minerals in source rocks, as well as the content of ore-forming elements in some bitumen, is much higher than the contents of Pb and Zn required for mineralization, indicating that oil is not only the ore-transporting agent of metallogenic metal elements but also provides the metals available for mineralization.



Metal elements are usually incorporated with porphyrins or other organic species in oil to form metal–organic complexes [27]. They migrated with oil into traps to form paleo-oil reservoirs, where metal elements existed as organic complexes in paleo-oil reservoirs. Because the sulfide minerals in the bitumen in the study area are mostly micron-sized, they are very different from the millimeter- to centimeter-sized sulfide minerals in the present ores. At the same time, the homogenization temperatures of fluid inclusions in sphalerite and gangue minerals (140–280 °C) [29], as well as the presence of a large number of thermally cracked bitumen inclusions in sphalerite, together indicate that large-scale Pb–Zn mineralization occurred after the paleo-oil reservoirs were formed. With the deep burial of the paleo-oil reservoirs with abundant Pb–Zn metal elements, the bond between the metal and organic ligands in the paleo-oil reservoir was broken during the in situ transformation of paleo-oil reservoirs to form the paleo-gas reservoirs, resulting in the decoupling of metal elements and organic matter. The decoupled metal elements were carried in the oilfield brine underlying the paleo-gas reservoirs. At the same time, a large amount of H2S was formed by TSR, and minor H2S was generated by the thermal cracking of petroleum or decomposition of the organic matter; they were dissolved into oilfield brine around the gas–water interface under an overpressured environment [84] to form ore-forming fluid rich in metal elements of Pb and Zn and H2S.



Studies based on the hydrocarbon accumulation process of the present gas reservoirs in the Dengying Formation in the central Sichuan Basin concluded that they underwent decompression adjustment and accumulation from overpressure to normal pressure [41,59,84]. During this process, as the pressure decreased, the paleo-gas–water interface migrated upward, and the bottom water of the oilfield underlying the paleo-gas reservoirs entered into the pores and caves evacuated by the natural gas to precipitate, resulting in the development of quartz, calcite, dolomite, bitumen (Bit2) and minor sphalerite. Among the aforementioned minerals, calcite, quartz, and sphalerite were characterized by abundant bitumen and methane inclusions [59,84]. A comparative study revealed that the study area had an accumulation process similar to that of the central Sichuan area before they were destroyed. The process of mineralization and hydrocarbon accumulation in the study areas can be summarized as shown in Figure 11.



With the maturity of organic matter in source rocks, the ore-forming metal elements (in the form of metal–organic complexes) and hydrocarbons were expelled from the source rocks and accumulated in the Maidiping Member to form paleo-oil reservoirs (Figure 11a); during this process, the source rocks provided not only the oil source for the paleo-oil reservoirs but also the metal source for the mineralization, and the oil acted as an ore-transporting agent for the metals. After the paleo-oil reservoirs were formed, the paleo-oil reservoirs were buried and reached the threshold for the thermal cracking of oil. They underwent in situ thermal cracking to form overpressure paleo-gas reservoirs and a large amount of bitumen. The metal elements, such as Pb and Zn, and the organic matter were decoupled because the bond between the metals and organic ligands was broken and entered into the oilfield brine around the gas–water interface. At the same time, H2S was formed by the TSR, and the minor thermal cracking of oil occurred. They dissolved into brines around the gas–water interface and formed an ore-forming fluid layer rich in metal elements and H2S (Figure 11b). Subsequently, the paleo-gas reservoirs were destroyed, and the ore fluid around the gas–water interface and the oilfield brine far away from the gas–water interface successively migrated upward into the paleo-gas reservoirs and occupied the pore spaces and cavities left behind by natural gas escape (Figure 11c). The ore-forming fluids and oilfield brine precipitated to form lead–zinc ore bodies and other hydrothermal minerals as sudden pressure relief of the overpressure paleo-gas reservoirs occurred (Figure 11d), resulting in special spatiotemporal associated or paragenetic relations of galena, sphalerite, and bitumen.





7. Conclusions


	(1)

	
The MVT Pb–Zn deposit and paleo-oil/gas reservoirs in the dolomite of the Maidiping Member are distributed along the paleokarst interface between the Maidiping Member and the Qiongzhusi Formation; they overlap spatially, and the Pb–Zn ore bodies mainly occupy the upper part of the paleo-oil/gas reservoirs. Both the Pb–Zn ore and sphalerite are rich in thermally cracked bitumen with µm-sized crystals of galena and sphalerite, of which contents of lead and zinc are higher than those required for Pb–Zn mineralization.




	(2)

	
The oil source of the paleo-oil reservoirs from the Cambrian Qiongzhusi Formation not only provided oil sources for paleo-oil reservoirs but also provided ore-forming metal elements for Pb–Zn mineralization.




	(3)

	
The oil may act as an ore-transporting agent for metallogenic metal elements. Liquid oil with abundant ore-forming metals accumulated to form paleo-oil reservoirs with mature organic matter in source rocks. As paleo-oil reservoirs were buried, the oil underwent in situ thermal cracking to form overpressure paleo-gas reservoirs and a large amount of bitumen. The generation time of the paleo-gas reservoirs is similar to the metallogenic time.




	(4)

	
The metal elements that were decoupled from organic matter and H2S that formed by TSR and minor decomposition of the organic matter dissolved in oilfield brine around the gas–water interface to form the ore fluid during oil thermal cracking and paleo-gas reservoir development.




	(5)

	
The large-scale Pb–Zn mineralization is mainly related to the destruction of overpressured paleo-gas reservoirs; the sudden pressure relief caused the ore fluid around the gas–water interface to migrate upward into the paleo-gas reservoirs and induced extensive metal sulfide precipitation in the ore fluid, resulting in special spatiotemporal associated or paragenetic relations of the galena, sphalerite, and bitumen.
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Figure 1. (a) Sketch of the tectonic framework of South China (modified from Li and Zhang, 2012 [32]); (b) Regional geological map of the Wusihe district. 
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Figure 2. Lithological column and distribution of Zn–Pb deposits and oil/gas reservoirs. 
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Figure 3. Spatiotemporal relationship between sphalerite and bitumen in ores. (a) The sphalerite (Sp2) in the Qiongzhusi Formation is veined and stratiform; (b) Massive structure shown bitumen (Bit2) in sphalerite (Sp2), and the host stratum is the Maidiping Member; (c) Sphalerite (Sp2) shown in bituminous dolostone, and the host stratum is the Maidiping Member; (d) Quartz, bitumen and sphalerite fill in the pore space and fractures, and the host rocks are the silicified dolostone in the Maidiping Member; sphalerite and bitumen are filled in different pore space, showing the filling sequence: quartz (Q1) → bitumen (Bit1) → sphalerite (Sp2); (e) Sphalerite (Sp2), bitumen (Bit2) and dolomite (Dol2) are filled in the same pore space in dolostone in the Maidiping Member; (f) Sphalerite (Sp2), bitumen (Bit1, Bit2) and quartz (Q1, Q2) are filled in the same pore space in silicified dolostone, showing the filling sequence of quartz (Q1) → bitumen (Bit1) → sphalerite (Sp2) + quartz (Q2) + bitumen (Bit2); (g) Banded sphalerite (Sp2) is paragenetic with bitumen (Bit2), and the red box in the figure shows the Raman spectroscopic analysis of inclusions; (h) Raman analysis of inclusions in sphalerite (Sp2) shows that the inclusions are bitumen, as shown in the red box in (g). Sp sphalerite, Q quartz, Bit bitumen, Dol dolomite, Host rock. 
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Figure 4. Schematic summary of mineral paragenesis in the Wusihe deposit. 
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Figure 5. Photomicrographs and Raman spectroscopic analysis of mineral generation relationships. (a) The early spherical sphalerite precipitated in a cavities, and the filling order is fine granular sphalerite (Sp11) → dentate sphalerite (Sp12) → comb-shaped sphalerite (Sp13) from the edge to the center; (b) The early granular sphalerite (Sp11), early quartz (Q1) and calcite (Ca1) are encapsulated in late sphalerite (Sp2); (c) The host rocks, such as bituminous (Bit1) silicified dolostone and siliceous rock (Si), are encapsulated in late sphalerite (Sp2); (d) The host rocks, such as pore space fillings and siliceous rock (Si), are encapsulated in late sphalerite (Sp2); among them, two generations of bitumen (Bit1, Bit2) can be identified in the pore fillings, suggesting that this sphalerite (Sp2) was formed at the end of the late mineralization; (e) The host rocks, such as siltstone (Sil) and early galena (Ga1), are encapsulated in late sphalerite (Sp2); (f) Late banded sphalerite (Sp2) is paragenetic with granular galena (Ga2); (g) The generation relationship of gangue minerals is that the pore was filled with early dolomite (Dol1) → early bitumen (Bit1) → late bitumen (Bit2) + late quartz (Q2) + late dolomite (Dol2) from the edge to center of the pore; (h) The generational relationship of gangue minerals is that the pore was filled with early quartz (Q1) → late bitumen (Bit2) + late quartz (Q2) from the edge to center of the pore. The early quartz (Q1) is xenomorphic granular and has no inclusions. The late quartz is euhedral-subhedral and conical, with abundant banded bitumen inclusions; the red frame shows the position of Raman spectrum analysis of inclusions in late quartz; (i) Raman spectroscopic analysis of bitumen inclusions in late quartz (Q2). Quartz tested for analysis is marked with red boxes in (h). Sp sphalerite, Ga galena, Py pyrite, Q quartz, Bit bitumen, Ca calcite, Dol dolomite, Si siliceous, Sil silty mudstone, Host rock. 






Figure 5. Photomicrographs and Raman spectroscopic analysis of mineral generation relationships. (a) The early spherical sphalerite precipitated in a cavities, and the filling order is fine granular sphalerite (Sp11) → dentate sphalerite (Sp12) → comb-shaped sphalerite (Sp13) from the edge to the center; (b) The early granular sphalerite (Sp11), early quartz (Q1) and calcite (Ca1) are encapsulated in late sphalerite (Sp2); (c) The host rocks, such as bituminous (Bit1) silicified dolostone and siliceous rock (Si), are encapsulated in late sphalerite (Sp2); (d) The host rocks, such as pore space fillings and siliceous rock (Si), are encapsulated in late sphalerite (Sp2); among them, two generations of bitumen (Bit1, Bit2) can be identified in the pore fillings, suggesting that this sphalerite (Sp2) was formed at the end of the late mineralization; (e) The host rocks, such as siltstone (Sil) and early galena (Ga1), are encapsulated in late sphalerite (Sp2); (f) Late banded sphalerite (Sp2) is paragenetic with granular galena (Ga2); (g) The generation relationship of gangue minerals is that the pore was filled with early dolomite (Dol1) → early bitumen (Bit1) → late bitumen (Bit2) + late quartz (Q2) + late dolomite (Dol2) from the edge to center of the pore; (h) The generational relationship of gangue minerals is that the pore was filled with early quartz (Q1) → late bitumen (Bit2) + late quartz (Q2) from the edge to center of the pore. The early quartz (Q1) is xenomorphic granular and has no inclusions. The late quartz is euhedral-subhedral and conical, with abundant banded bitumen inclusions; the red frame shows the position of Raman spectrum analysis of inclusions in late quartz; (i) Raman spectroscopic analysis of bitumen inclusions in late quartz (Q2). Quartz tested for analysis is marked with red boxes in (h). Sp sphalerite, Ga galena, Py pyrite, Q quartz, Bit bitumen, Ca calcite, Dol dolomite, Si siliceous, Sil silty mudstone, Host rock.
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Figure 6. The distribution of terpenoid compound in saturated hydrocarbons of organic material from the representative reservoir bitumen in the Maidiping Member (sample number: XQ18-5) (m/z 191 chromatogram-mass spectrum). 
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Figure 7. The distribution of sterane compounds in saturated hydrocarbons of organic material from representative reservoir bitumen in the Maidiping Member (sample number: XQ18-5) (m/z 217 chromatogram-mass spectrum). 
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Figure 8. SEM observation results of source rocks at Xuequ (sample Nos.: ZK601-17, ZK601-18 and ZK601-21). (a) A galena in the source rocks; (b) Somegalenas and siderite in the source rocks; (c) Asphalerite in the source rocks; (d) A pyrite in the source rocks, sphalerite is encased in the interior of the pyrite; (e) Abarite in the source rocks; (f) Someeuhedral-subhedral granular pyrites and mildew spherical pyrites in the source rocks. Sp sphalerite, Ga galena, Py pyrite, Sd siderite, Brt barite. 
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Figure 9. SEM and energy spectrum analytical results of bitumen (Bit) in paleo-oil/gas reservoirs at Xuequ. (a–c) Somegalenas in the bitumen; (d,e) Some sphalerites in the bitumen; (f) Some pyrites in the bitumen. Sp sphalerite, Ga galena, Py pyrite, Bit bitumen. 
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Figure 10. The burial history of source rocks and hydrocarbon accumulation times. The ages of oil/gas generation in the northern and northwestern margins of the Sichuan Basin are from Shen et al. (2019) [56] and Ge et al. (2018) [57], and those in the central Sichuan Basin are from Shi et al. (2020) [43] and Su et al. (2020, 2022) [58,60]. 
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Figure 11. Schematic diagram of hydrocarbon accumulation and mineralization processes. (a) Petroleum is the initial ore-forming fluid, and hydrocarbons accumulated to form the paleo-oil reservoir; (b) In situ thermal cracking of the paleo-oil reservoir formed an overpressure paleo-gas reservoir, hydrogen sulfide was formed by TSR, and metal elements were decoupled from organic matter to form ore fluid around the gas–water interface; (c) The paleo-gas reservoir was destroyed, and the gas-water interface migrated upward. The ore fluid and oilfield brine migrated upward to the space after the escape of the paleo-gas reservoir; (d) The paleo-gas reservoir was completely destroyed, and the ore fluid mineralized to form ore minerals (galena and sphalerite) and gangue minerals (quartz, dolomite, bitumen, and calcite). Ga galena, Sp sphalerite, Bit bitumen, Q quartz, Dol dolomite, Cal calcite, M2+ metal ions. 
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Table 1. The chromatographic parameters of the saturated hydrocarbons in source rocks and reservoir bitumen.
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Sample Number

	
Samples Type

	
nC21−/nC22+

	
Pr/Ph

	
Pr/nC17

	
Ph/nC18

	
OEP






	
XQ18-2

	
Bitumen in Maidiping Member

	
0.40

	
0.65

	
0.48

	
0.32

	
1.00




	
XQ18-5

	
0.58

	
0.35

	
0.44

	
0.43

	
1.14




	
XQ18-18

	
0.18

	
0.34

	
0.33

	
0.37

	
1.18




	
XQ18-26

	
0.14

	
0.95

	
0.50

	
0.31

	
1.36




	
XQ18-33

	
0.21

	
0.23

	
0.38

	
0.35

	
1.16




	
MX9-1

	
Source rocks in Qiongzhusi Fm.

	
1.14

	
0.54

	
0.50

	
0.53

	
1.02




	
MX9-2

	
1.04

	
0.47

	
0.51

	
0.55

	
1.01




	
MX9-3

	
0.98

	
0.55

	
0.49

	
0.57

	
1.04




	
GS17-2

	
0.63

	
0.85

	
0.76

	
0.71

	
0.93




	
GS17-8

	
1.26

	
0.67

	
0.94

	
1.16

	
1.01




	
GS17-12

	
1.15

	
0.60

	
0.60

	
0.60

	
1.01
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Table 2. The biomarker parameters of the reservoir bitumen in the Maidiping Member.
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	Sample Number
	XQ18-2
	XQ18-5
	XQ18-18
	XQ18-26
	XQ18-33





	Ts/Tm
	0.84
	0.88
	0.81
	0.69
	0.86



	Gammacerane/C30H
	0.17
	0.19
	0.17
	0.16
	0.15



	Ts/(Ts + Tm)
	0.46
	0.47
	0.45
	0.41
	0.46



	C31-35 homohopane/C30 hopane
	0.83
	0.92
	0.85
	0.83
	0.79



	C29Ts/(C29Ts + C29H)
	0.24
	0.23
	0.24
	0.26
	0.25



	C31(22S)/(22S + 22R)
	0.54
	0.54
	0.54
	0.54
	0.55



	C32(22S)/(22S + 22R)
	0.59
	0.57
	0.57
	0.59
	0.59



	C27 regular sterane (%)
	0.36
	0.34
	0.34
	0.32
	0.34



	C28 regular sterane (%)
	0.34
	0.29
	0.29
	0.31
	0.31



	C29 regular sterane (%)
	0.31
	0.37
	0.37
	0.38
	0.35



	4-methyl sterane/C29 Sterane
	0.51
	0.49
	0.55
	0.46
	0.49



	C29ββ/(αα + ββ)
	0.42
	0.43
	0.37
	0.43
	0.38



	C29αα20S/(αα20S + αα20R)
	0.42
	0.43
	0.41
	0.4
	0.4
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Table 3. Sulfur isotope analytical results of metal sulfide minerals.
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	Sample Number
	Location
	Texture
	Structure (Stage)
	Mineral
	δ34S (‰)





	SDY-3-2-G
	Shandouya
	Coarse grain
	Laminated (II)
	Galena
	10.5



	SDY-3-3-G
	Shandouya
	Coarse grain
	Massive (II)
	Galena
	9.0



	SDY-3-7-G
	Shandouya
	Coarse grain
	Massive (II)
	Galena
	9.0



	SDY-3-8-G
	Shandouya
	Coarse grain
	Massive (II)
	Galena
	10.2



	SDY-3-12-G
	Shandouya
	Fine grain
	Disseminated (II)
	Galena
	8.7



	XQ-1-11-G
	Xuequ
	Coarse grain
	Massive (II)
	Galena
	7.9



	XQ-1-42-G
	Xuequ
	Fine grain
	Banded (II)
	Galena
	9.7



	XQ-1-45-G
	Xuequ
	Medium grain
	Disseminated (II)
	Galena
	5.4



	XQ-1-47-G
	Xuequ
	Fine grain
	Massive (II)
	Galena
	15.1



	XQ-1-8-G
	Xuequ
	Fine grain
	Banded (II)
	Galena
	5.2



	XQ-1-10-G
	Xuequ
	Fine grain
	Massive (II)
	Galena
	11.0



	SDY-3-2-S
	Shandouya
	Fine grain
	Laminated (II)
	Sphalerite
	16.8



	SDY-3-3-S
	Shandouya
	Coarse grain
	Massive (II)
	Sphalerite
	12.6



	SDY-3-4-S
	Shandouya
	Fine grain
	Veined (II)
	Sphalerite
	10.5



	SDY-3-7-S
	Shandouya
	Coarse grain
	Massive (II)
	Sphalerite
	12.5



	SDY-3-8-S
	Shandouya
	Coarse grain
	Massive (II)
	Sphalerite
	13.0



	SDY-3-10-S
	Shandouya
	Coarse grain
	Disseminated (II)
	Sphalerite
	11.9



	SDY-3-12-S
	Shandouya
	Fine grain
	Disseminated (II)
	Sphalerite
	12.9



	XQ-1-8-S
	Xuequ
	Fine grain
	Banded (II)
	Sphalerite
	11.3



	XQ-1-11-S
	Xuequ
	Medium grain
	Massive (II)
	Sphalerite
	10.7



	XQ-1-13-S
	Xuequ
	Fine grain
	Disseminated (II)
	Sphalerite
	12.3



	XQ-1-16-S
	Xuequ
	Coarse grain
	Banded (II)
	Sphalerite
	12.8



	XQ-1-42-S
	Xuequ
	Coarse grain
	Banded (II)
	Sphalerite
	10.5



	XQ-1-45-S
	Xuequ
	Coarse grain
	Disseminated (II)
	Sphalerite
	9.0



	XQ-1-33-S
	Xuequ
	Coarse grain
	Banded (II)
	Sphalerite
	9.2



	XQ-1-47-S
	Xuequ
	Coarse grain
	Massive (II)
	Sphalerite
	18.3



	XQ-1-20-S
	Xuequ
	Coarse grain
	Disseminated (II)
	Sphalerite
	12.8
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Table 4. Analytical results of ore-forming metal elements in bitumen from the Xuequ Pb–Zn mine (ppm) (according to Tan et al., 2021 [35]).
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	Sample Number
	Pb
	Zn





	XQ-18-2
	287
	15



	XQ-18-3
	52
	21



	XQ-18-6
	152
	36



	XQ-18-7
	85
	40



	XQ-18-9
	20
	67



	XQ-18-13
	31
	75



	XQ-18-21
	42
	76



	XQ-18-23
	143
	102



	XQ-18-27
	86
	231



	XQ-18-31
	58
	232



	XQ-18-36
	63
	256



	XQ-18-38
	131
	5370
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