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Abstract

:

Carbonate-hosted Pb–Zn deposits are of major economic importance. The Sichuan–Yunnan–Guizhou metallogenetic belt (SYGMB), located on the western margin of the Yangtze Block, comprises over 400 carbonated-hosted Pb–Zn deposits. However, ore-forming fluids recorded in these deposits have led to controversy regarding ore genesis. We investigated a fluid system for the Maoping deposit in the SYGMB, based on fluid inclusions, and H–O–He–Ar isotopic studies. The results showed that ore-forming fluids in the Maoping deposit are characterized by mixing of high-temperature and low-salinity metamorphic fluids and low-temperature and high-salinity basinal brines. The Precambrian basement is considered to produce metamorphic fluids, while the basinal brines are said to originate from the Youjiang Basin. The mineralization at the depositional site appears to reflect the coincidence of the metamorphic fluids, basinal brines, Carboniferous coal seams, and structural-stratigraphic traps. Regional-scale data show large-scale heterogeneity in fluid properties, including basinal brines, metamorphic fluids, and organic fluids. Furthermore, the data suggest a precipitation model for some high-grade Pb–Zn deposits in the SYGMB. These findings will contribute to an understanding of deposit types in the SYGMB.
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1. Introduction


Most ore deposits form from aqueous fluids that are the main agent for the movement of mass in the crust [1]. These ore-forming fluids are commonly divided into meteoric water, sea water, basinal brines, metamorphic fluids, and magmatic fluids based on mainly their compositional variations related to different geological environments [2,3,4].



Carbonate-hosted Pb–Zn deposits play an important role in the supply of base metals to the world [5]. They occur in limestones or dolostones, with clearly epigenetic characteristics, and are generally not associated with or genetically related to igneous rocks [6,7,8,9,10]. This type of Pb–Zn deposit is best known for Mississippi-Valley-type (MVT) deposits [6,11,12,13]. In terms of fluid properties, the fluids associated with MVT deposits are distinct. It is widely accepted that MVT deposits precipitated from basinal brines, characterized by low temperatures (50° to 200 °C) and high salinities (10 to 30 wt.% NaCl eqv.) [13,14].



The Sichuan–Yunnan–Guizhou metallogenetic belt (SYGMB) in Southwest China comprises over 400 variably sized Pb–Zn deposits that are hosted in the late Ediacaran to early Permian carbonate sequences [15]. These Pb–Zn deposits contain total sulfur ore reserves of >200 Mt, with average grades of 10 wt.%–35 wt.% Pb + Zn [15,16,17,18,19,20,21]. Such extensive mineralization means the operation of a huge fluid system, with economic significance and academic value to attract the attention of many scholars. However, there are some debates on fluid properties and related deposit types in the SYGMB. Given that these deposits are similar to typical MVT deposits, they have been generally classified as MVT deposits [22,23,24,25]. However, some of their geological characteristics (e.g., high grades, ore-controlled compressive structure, high temperatures, low salinities) differ from the typical MVT deposits, suggesting Huize-style [26,27,28,29] or SYG-type deposits [18,30]. In addition, deposits in the SYGMB have a close spatial relationship with Permian Emeishan flood basalts (EFBs), which leads to a consideration of magmatic fluids being associated with the Emeishan mantle plume for ore genesis [31].



The Maoping Pb–Zn carbonate-hosted deposit in the SYGMB has ~14 Mt of sulfide ores at mean grades of 6.1 wt.% Pb and 20.2 wt.% Zn [25,29]. We provide a detailed description of the geology in this deposit based on field investigations and petrographic observations. Fluid inclusions, traditional stable isotopes (H–O), and noble gas isotopes (He–Ar) are used to constrain the properties and sources of Maoping ore formation. The contribution of these data to the development of a genetic model for the Maoping deposit is emphasized. Previous data in the SYGMB are also presented to impact our understanding of carbonate-hosted Pb–Zn deposits in the SYGMB.




2. Regional Geology


The Sichuan–Yunnan–Guizhou metallogenetic belt (SYGMB), located in the southwestern part of the Yangtze Block (Figure 1A), is limited by a triangular area bounded by the N-trending Anninghe–Lvzhijiang, SE-trending Mile–Shizong, and SW-trending Ziyun–Yadu faults (Figure 1B). The strata of the SYGMB are composed of basement metamorphic rocks, cover sedimentary rocks, and the Emeishan large igneous province (basalts); see Figure 1B. The basement comprises Archean (e.g., the Kangding group of ~3.3–2.9 Ga [32,33]), Mesoproterozoic (e.g., the Dongchuan group of ~1.7–1.5 Ga [34]), and Neoproterozoic (e.g., the Kunyang/Huili group of ~1.1–0.9 Ga [35,36]) metamorphic rocks. The cover overlies the basement by an angular unconformity. It consists of Ediacaran-to-Triassic sedimentary series, which are mainly marine carbonate rocks. The Late Permian Emeishan basalts (259 ± 3 Ma [37]) occupy a large part of the SYGMB (Figure 1B).



The SYGMB comprises over 400 carbonate-hosted Pb–Zn deposits [15,40,48], which occur in limestone or dolostone of Late Ediacaran to Middle Permian. There are nine known deposits of Pb + Zn metal > 0.5 Mt in the SYGMB, including Huize, Maoping, Lehong, Fule, Maliping, Maozu, Daliangzi, Tianbaoshan, and Chipu (Figure 1B,C).




3. Ore Deposit Geology


3.1. Stratigraphy and Lithology


The strata exposed in the Maoping mining district includes the Upper Devonian Zaige Formation, the Lower Carboniferous Datang and Baizuo Formation, the Upper Carboniferous Weining Formation, the Lower Permian Liangshan Formation, the Middle Permian Maokou Formation, and the Upper Permian Eeimeishan Formation (Figure 2a). The Zaige Formation, generally comprising dolostones, is the main ore-bearing strata of the Maoping deposit (Figure 2b). The Datang Formation is subdivided into two members: dark shales interlayered with sandstones and coal seams in the lower member and limestones in the upper member (Figure 2b). The Baizuo Formation is medium-bedded dolostones (Figure 2b). The Weining Formation, generally comprising limestones interbedded with dolostones, is the secondary ore-bearing strata of the Maoping deposit (Figure 2b). The Liangshan and Maokou Formations are shales and limestones, respectively (Figure 2b). The Emeishan Formation is composed of flood basalts (Figure 2b).




3.2. Structure


Structurally, the Maoping fault and Maomaoshan anticline are the main structures of the Maoping mining district (Figure 2a). The Maoping fault, a reverse fault, is approximately 30 km in length and 10–40 m in width, strikes NE trending at 10°–80°, and dips to the SE at an angle of 70°–85° [49]. This fault, which considered the migration pathway of ore-forming fluids [50,51], restricts the location of a series of Pb–Zn deposits with a certain range [47]. The Maomaoshan anticline is a locally overturned anticline, striking NE at a bearing of 20°–45°, and whose NW limb is partially overturned with a dipping angle of 65°–86° and SE limb gently dips an angle of 17°–35° [52]. The known ore bodies of the Maoping deposit occur in the NW wing and plunging end of this anticline.




3.3. Ore Body Characteristics


The Maoping deposit is composed of numerous ore bodies, and almost all ore bodies are concealed. These ore bodies are divided into three main groups (Groups I, II, and III; Figure 3). Group I is hosted in the dolostone of the Late Devonian Zaige Formation, while Groups II and III are hosted within the limestone and dolostone of the Early Carboniferous Weining Formation (Figure 3). They are structurally controlled by bedding fractures [46,50,51] and occur as irregular-thickness veins roughly parallel to stratigraphic bedding (Figure 3). The No. I-6 ore body (Figure 3) is the largest-known ore body, with more than 0.5 Mt of Pb + Zn metal reserves. This ore body’s dimensions are 370 m length, 280 m width, and 36.98 m average thickness, containing an average of 7.02 wt.% Pb and 16.93 wt.% Zn [51].




3.4. Mineralogy


The ores are composed of sphalerite, galena, and pyrite as ore minerals, with calcite, dolomite, quartz, and bitumen as gangue minerals (Figure 4 and Figure 5). Massive ores made up of sulfide (sphalerite, galena, and/or pyrite; Figure 4a,b) are predominant, followed by brecciated ores (Figure 4c,d), which consist of sulfide breccias cemented by calcite. Minerals in the ores have replacement (Figure 5a–c), veinlet–vein filling (Figure 5d,e,g), fragmented (Figure 5e), co-dissolved (Figure 5f), euhedral-subhedral granular (Figure 5g), enclosed (Figure 5h), and emulsion (Figure 5i) textures.




3.5. Mineral Paragenesis


Based on the mineral assemblages and crosscutting relationships, the hydrothermal period of the Maoping deposit can be subdivided into three stages of mineralization: (I) early ore stage, (II) main ore stage, and (III) late ore stage (Figure 6).



Stage I (pyrite + quartz stage): Abundant pyrites (Py-1) occur in this stage (Figure 4e,g,h). They are characterized by coarse grains (Figure 5a,e). In addition, minor quartz (Qtz-1) can be observed in dense, massive Py-1 (Figure 4e), and sphalerite, galena, and dolomite can be seen occasionally. Stage II (sphalerite + galena stage): Major sphalerite and galena (Sp-2 and Gn-2) with minor calcite (Cal-2; Figure 4a) and euhedral-subhedral fine-grained pyrite (Py-2; Figure 5g) are precipitated in this stage, which formed the massive ores (Figure 4f). There are significant crosscutting relationships of mineral assemblages between this stage and Stage I, such as Py-1 invaded by Sp-2 + Gn-2 + Py-2 veins at the macroscopic scale (Figure 4g) and Gn-2 veinlets crosscutting Py-1 at the microscale (Figure 5e). Additionally, quartz and dolomite are rarely seen. Stage III (calcite stage): This stage is characterized by the appearance of abundant calcite (Cal-3). It cuts through the mineral assemblages of Stages I and II (Figure 4h and Figure 5g). Notably, early sulfide breccias are frequently cemented by Cal-3, forming brecciated ores (Figure 4i). In this stage, sphalerite, galena, dolomite, and bitumen can be occasionally observed.





4. Materials and Methods


4.1. Sampling and Sample Preparation


The sample suite was collected from the underground galleries and drill cores of three main ore body groups (Figure 3). Double-polished thin sections (~200 µm) for fluid-inclusion studies were prepared from the sample suite. Pyrite, calcite, and sphalerite grains (40–80 meshes) were screened from the sample suite for more than 99% purity under a stereomicroscope. Quartz-1, sphalerite-2, calcite-2, and calcite-3 were chosen for fluid-inclusion petrography and microthermometry. One pyrite-2 sample and seven sphalerite-2 samples were selected for cationic compositions of fluid-inclusion extracts. In addition, 10 calcite-2 samples and 17 calcite-3 samples were chosen for H–O isotopic analyses. Five pyrite-1 samples were selected for He–Ar isotopic analyses.




4.2. Analytical Methods


Fluid-inclusion petrography was performed according to Roedder [53] and Lu et al. [54]. Fluid inclusions were classified as primary, pseudosecondary, secondary, or isolated inclusions, with no clear spatial relation to growth zones or fractures (cf. [55]). A Linkam TMS94/1500 heating-freezing system coupled to a Leitz1350 was used for microthermometric measurements at the Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China. Calibration of the heating and freezing stages was performed by analyzing fluid-inclusion standards before and after each measurement campaign. The range of temperature for the microthermometric measurements was −195 to +600 °C. The estimated accuracy of the freezing and heating measurements was ±0.1 °C for temperatures lower than 25 °C, ±1 °C for temperatures ranging from 25 °C to 300 °C, and ±2 °C for temperatures higher than 300 °C. Salinities were calculated using the final melting temperatures of ice [56].



The extraction of the liquid phase from fluid inclusions was conducted using the thermal explosion method. The explosive conditions of fluid inclusions in pyrite and sphalerite were 700 °C for 10 min and 500 °C for 10 min, respectively. K+, Na+, Ca2+, and Mg2+ in the liquid phase were measured using an ion chromatograph (ICS-600) at the Beijing Research Institute of Uranium Geology, Beijing, China (BRIUG). The minimum detection limit was 0.01 mg/L.



Hydrogen and oxygen isotopic analyses were caried out at BRIUG using a MAT-253 mass spectrometer. Fluid inclusions hosted in calcite were thermally decrepitated in vacuum at 550 °C to produce H2O, which was subsequently reduced to H2 with a zinc reagent for H isotope study. Oxygen isotopic compositions were analyzed from calcite using the BrF5 technique. Outcome data were presented as δD and δ18O values in relation to Vienna Standard Mean Ocean Water (V-SMOW). The analytical precisions were better than ±0.1‰ and ±0.2‰ for δD and δ18O, respectively.



Helium and argon isotopic analyses were performed using a Helix-SFT noble gas isotope mass spectrometer at BRIUG. Noble gases were extracted from pyrite using a one-step or a multi-step crushing process in a vacuum crusher at 20,000 psi pressure. He and Ar trapped in the cold finger were introduced separately into the mass spectrometer and analyzed in static mode. Line blanks were run before each measurement, producing negligible He blanks (3He < 3 × 1017 ccSTP) and low Ar blanks (40Ar < 4 × 10−11 ccSTP), about 0.1% of the signals from samples. Outcome data were calibrated using Helium HESJ standards [57]. Detailed measurement procedures are described by He et al. [58].





5. Results


5.1. Fluid-Inclusion Petrography


Isolated fluid inclusions, with no clear spatial relation to growth zones or fractures, were the empirical criteria for discerning primary fluid inclusions [53,59]. Consequently, isolated inclusions in quartz-1, sphalerite-2, calcite-2, and calcite-3 were interpreted as primary fluid inclusions. In addition, these minerals were also found to contain primary fluid-inclusion assemblages (FIAs) along growth zones, although they also contained secondary fluid inclusions along healed fractures. Three major types of primary fluid inclusions were observed in these minerals based on the phase present at room temperature: (1) liquid-rich fluid inclusions (LV type) with 5 to 40 vol.% vapor in all minerals (Figure 7), (2) liquid fluid inclusions (L type) in quartz-1 (Figure 7a), and (3) daughter mineral-bearing fluid inclusions (SLV type) in quartz-1 (Figure 7a) and calcite-3 (Figure 7g). Only the LV-type fluid inclusions were analyzed microthermometrically in this study.




5.2. Microthermometry


Microthermometric data collected from the different stages are summarized in Table 1. The complete dataset is included in Supplementary Table S1. The fluid inclusions in quartz-1 showed homogenization temperatures (Th) ranging from 290 to 390 °C, with the majority falling between 300 and 340 °C (Figure 8a), and had salinities varying between 0.2 and 7.6 wt.% NaCl eqv., with the majority falling between 2 and 6 wt.% NaCl eqv. (Figure 8b). The fluid inclusions in sphalerite-2 had a Th of 217 to 314 °C, with a peak range of 240 to 300 °C (Figure 8a), and salinities of 3.9 to 14.1 wt.% NaCl eqv., with a peak range of 6 to 10 wt.% NaCl eqv. (Figure 8b). The fluid inclusions in calcite-2 had a Th of 217 to 278 °C, with a peak range of 220 to 260 °C (Figure 8a), and salinities of 5.3 to 13.4 wt.% NaCl eqv., with a peak range of 6 to 10 wt.% NaCl eqv. (Figure 8b). The Th and salinities of the fluid inclusions in calcite-3 ranged from 135 to 214 °C (160 to 200 °C peak value; Figure 8a) and 8.9 to 21.3 wt.% NaCl eqv. (12 to 16 wt.% NaCl eqv. peak value; Figure 8b), respectively.




5.3. H–O Isotopic Compositions


Hydrogen and oxygen isotopic compositions obtained from calcite of Stages II and III are presented in Table 2. The δDV-SMOW and δ18OH2O values of calcite from Stage II ranged from −71.4 to −50.0‰ (mean −65.1‰) and +11.4 to +13.7‰ (mean + 12.2‰), respectively, while those of calcite from Stage III varied from −78.7 to −50.3‰ (mean −66.4‰) and +7.4 to +9.9‰ (mean + 8.5‰), respectively.




5.4. He–Ar Isotopic Compositions


The analytical results of He and Ar isotopic compositions of fluid inclusions hosted in pyrite from the Maoping deposit are exhibited in Table 3. The 4He concentrations ranged from 1.33×10−7 to 10.4×10−7 ccSTP/g, and the 3He/4He ratios were between 0.05 and 0.08 Ra, where Ra is the 3He/4He ratio of air, with a value of 1.40 ×10−6 [61]. The 40Ar concentrations ranged from 4.12×10−7 to 26.8 ×10−7 ccSTP/g, with 40Ar/36Ar ratios of 309.7 to 746.9. The 40Ar* was radiogenic 40Ar, and the 40Ar*/4He ratios were between 0.53 and 0.96, using the formula 40Ar*/4He = (40Ar − 295.5 × 36Ar)/4He [62]. Pyrite samples in this study were collected underground, so cosmogenic He was not considered a source of 3He [63,64,65]. The F4He values, defined as the 4He/36Ar ratios of samples compared to those of the atmosphere (0.1655; [66]), ranged from 181 to 4797, indicating that the volatiles released from the pyrite samples contain negligible atmospheric He (cf. [66]). Consequently, the He and Ar isotopic compositions of fluid inclusions in these samples can represent those of ore-forming fluid.





6. Discussion


6.1. Reliability of Fluid-Inclusion Data


There is an assumption in fluid-inclusion studies that the integrity of fluid inclusions since their time of formation has been preserved [53]. Fluid-inclusion re-equilibration toward greater volumes (lower densities) caused by plastic deformations or the partial leakage of fluid inclusions caused by overheating can result in anomalously high Th values and an overestimate of ore-forming temperatures [67]. The fluid-inclusion microthermometry of some deposits (e.g., Huize) in the SYGMB exhibit widely variable and abnormally high Th (data concentrated 150 to 221 °C and 320 to 364 °C [68,69]) for an MVT deposit, which has been questioned by some authors. Here, it is necessary to estimate the reliability of fluid-inclusion data for the Maoping deposit, although no post-mineralization plastic deformations have been observed in this deposit.



The potential for fluid inclusions’ re-equilibration during overheating largely depends on the fluid inclusions’ size and host mineral strength [70,71]. Consequently, the plot of fluid-inclusion size (maximum dimension) against Th has been used to evaluate whether fluid inclusions were re-equilibrated [67,72]. A positive correlation should be displayed in this plot if re-equilibration has occurred, and this effect would be significant for softer minerals (e.g., calcite) [67]. For all datasets, there was no positive correlation in any host minerals (Figure 9). In addition, quartz had the highest Th values, followed by sphalerite and then calcite, which is opposite to the higher Th of softer minerals after re-equilibration. The last evidence for preservation of fluid-inclusion integrity is that fluid inclusion in the same minerals typically showed a relatively narrow range of Th values that was much less than that between different minerals (Figure 9). Certainly, this would also be interpreted as different precipitation temperatures of these minerals.




6.2. Definition for Two Types of Fluids


Fluid inclusions in minerals from the Maoping deposit showed a large variation in temperatures (135 to 390 °C; Figure 8a) and salinities (0.2 to 21.3 wt.% NaCl eqv.; Figure 8b). This variation can be commonly explained by the mixing of multiple fluids during ore deposition [67,73]. In addition, there are three groups of fluid inclusions with distinct Th and salinities in the Maoping deposit (Figure 10a). The Stage I group has the characteristics of metamorphic fluids in temperature and salinity. Most of the Stage III group falls into the basinal brine field. The Stage II group is between Stage I and Stage III, which seems to indicate the mixing of metamorphic fluids and basinal brines.



The fluid δD (obtained by direct measurement of fluid inclusions) and fluid δ18O values (based on mineral compositions and mineral–water fractionation factors) from hydrothermal period samples were widely used to trace the fluid sources [59,75,76,77,78,79]. The δ18OH2O values of fluids for Stage II (+11.4 to +13.7‰; Table 3) were significantly higher than those of magmatic fluids (+7 to +9%; [74]) and were similar to those of metamorphic fluids (+5 to +25%; [74]). The δ18OH2O values of fluids for Stage III ranged from + 7.4 to + 9.9‰ (Table 2), which overlap those of magmatic fluids. Nevertheless, Stage III fluids with low temperature and high salinity are more likely to be basinal brines (Figure 10a). In the δD versus δ18OH2O plot (Figure 10b), moreover, the H–O isotopic data of fluids for Stages III can all fall into the basinal brine field identified by Kesler [1], while those of fluids for Stages II fall between the metamorphic fluid field and the basinal brine field (Figure 10b), which can be explained by a mixing of these two fluids.



Although fluids for Stage I are characterized by metamorphic fluids (Figure 10a), their high temperatures can also be suspected to be due to mantle fluids (or magmatic fluids), especially in the case of the presence of EFBs in SYGMB (Figure 1B). The EFBs (c. 260 Ma [37]) are spatially associated with Pb–Zn deposits in the SYGMB but are much older than these deposits (194–230 Ma; see [21] and references therein). However, stable isotope studies suggest that magmatic fluids originating from EFBs should be partly responsible for these deposits ([18] and references therein).



Isotopic compositions of noble gases in paleofluids are being intensively used to track the sources of volatiles and heat in ore-forming fluids [61,80,81,82,83]. Pyrite is a suitable noble gas carrier due to the negligible He and Ar diffusion coefficients of its fluid inclusions [62]. Here, pyrite from Stage I was used to analyze the He–Ar isotopic compositions to reflect the origin of high-temperature fluids for Stage I. In the 4He versus 3He plot (Figure 11a), the 3He/4He ratios (0.05–0.08 Ra) were slightly higher compared to crust lines (0.01–0.05 Ra) and notably lower compared to the mantle line (6–9 Ra), indicating that the high-temperature fluids are dominated by crust fluids. The Hemantle (%) values (proportion of mantle-derived He) varied between 0.67% and 1.17%, as calculated by the formula [66] Hemantle(%) = [(3He/4He)sample − (3He/4He)crust]/[(3He/4He)mantle − (3He/4He)crust], where (3He/4He)mantle = 0.01 Ra, (3He/4He)crust = 6.00 Ra, and (3He/4He)sample = 0.05 − 0.08 Ra. These values indicate a negligible proportion of mantle-derived He in the high-temperature fluids. In the plot of 40Ar/36Ar versus 3He/4He (Figure 11b), similarly, the data points suggest a negligible mantle source component.




6.3. A Genetic Model for the Maoping Deposit


The continental basin and its distal parts are a common tectonic setting for carbonate-hosted Pb–Zn deposits [11,13,25,67]. The Youjiang foreland basin, located along the SE border of the SYGMB (Figure 1A), was uplifted into a fold belt during the Late Triassic to Early Jurassic [39,85,86]. The Pb–Zn mineralization ages for the SYGMB (such as c. 203 Ma yielded by Maoping sphalerite Rb–Sr isotope geochronology [48]) coincide with the well-constrained episode of the evolution of the Youjiang foreland basin, suggesting basinal brines originating from the basin are related to the mineralization [24,48,87].



High maturation values are observed in the Youjiang Basin, where the vitrinite reflectance values (Rm > 3%–4% [88,89]) and conodont alteration indices (CAI > 3–5 [90]) imply paleogeotemperatures of 200–350 °C during the Late Permian to Middle Triassic. Given the thermal anomaly, medium- to high-temperature basinal brines are considered to contribute to Pb–Zn mineralization in the SYGMB [48,86]. The contradiction between moderate- to high-temperature basinal brines identified by paleogeotemperatures and low-temperature basinal brines identified by fluid-inclusion data is problematic. The basinal brines with long-distance migration (>400 km from the thermal center of the Youjiang Basin to the Maoping deposit) will result in the temperature falling significantly due to the water–rock reaction. Furthermore, the paleogeothermal value does not seem to reflect the true temperature of fluids, especially in the Irish Midlands basin, where the Rm and CAI values indicate abnormal temperatures (300 to 550 °C) that are difficult to compare with fluid-inclusion data (100 to 250 °C) [67,91,92]. Lastly, the Rm and CAI values recorded in the Upper Permian and Middle Triassic series of the Youjiang Basin are also likely due to magmatic hydrothermal overprinting during the Early Cretaceous, with extensive magmatic activity [39,93]. Consequently, low-temperature basinal brines originating from the Youjiang Basin are more likely to contribute to the Maoping deposit, considering the aforementioned points. However, the basement containing a series of low- to high-grade metamorphic rocks [33,34] is a potential source of high-temperature metamorphic fluids, which is supported by isotopic evidence. The tracing of Pb–Zn–Cd–Sr isotopes indicates that the basement is an important source of ore-forming materials in the Maoping deposit [46,48,94].



Based on these findings, a possible genetic model for Maoping was proposed in Figure 12. During the Late Triassic to Early Jurassic, a large number of thrust fold belts, including the Youjiang fold belt and the Maoping thrust fold belt (Maomaoshan anticline and Maoping fault; Figure 2a), occurred in the southwestern part of the Yangtze Block due to intense tectonic compression (Indosinian Orogeny) [21,95,96,97]. Because the Youjiang foreland basin was uplifted over the Youjiang fold belt, basinal brines originating from the Youjiang Basin migrated to the northwest (Sichuan–Yunnan–Guizhou region) as a result of gravity and/or tectonic dynamics [24,48]. During the basinal brines’ migration, Pb and Zn were extracted from cover sedimentary rocks and    S O   4   2 −    was obtained from the sulfate evaporate (gypsum) layers distributed not far from the Maoping mining district [98]. Afterward, coalbed methane (CH4) in the Carboniferous coal seam (Figure 2b) of the Maoping mining district acted as a reducing agent and transformed the    S O   4   2 −    in the basinal brine into H2S through thermochemical sulfate reduction (TSR). However, the metamorphic fluids extracting Pb and Zn from basement metamorphic rocks migrated upward along the Maoping fault, which was a response to tectonic compression. These rising fluids were more buoyant due to their higher temperatures and lower salinities and were consequently able to punch through cover sedimentary rocks to reach the mineralization site. Finally, the low-temperature and medium-high salinity basinal brines and high-temperature and low-salinity metamorphic fluids were mixed in the bedding fractures of the sedimentary rock cover and mineralization occurred. In the early ore stage (Stage I), metamorphic fluids were predominant in the mixed fluids, showing high temperature and low salinity. With the evolution of mixed fluids, the proportion of basinal brines was higher in the late ore stage (Stage III), and the mixed fluids had the characteristics of low temperature and high salinity.




6.4. Implications for Carbonate-Hosted Deposits in the SYGMB


In terms of Th–salinity properties (Figure 13A), the fluids associated with MVT deposits (temperatures of 50 to 200 °C and salinities of 10 to 30 wt.% NaCl eqv. [13]) do not clearly fit the reginal pattern in the SYGMB (temperatures of 100 to 400 °C and salinities of 0 to 20 wt.% NaCl eqv.; Figure 13A). In the δD–δ18OH2O diagram (Figure 13B), furthermore, the SYGMB Pb–Zn metallogenic hydrothermal system shares much of the complexity. Although the H–O isotopes of fluids in the most deposits are either in the field of the Youjiang Basin brines or in the field of metamorphic fluids, those in the Jinshachang and Chipu deposits fall more into the field of organic water. It is noteworthy that plotting the principal modal Th and salinity data from the SYGMB (Figure 13A) shows that the high-grade Pb–Zn deposits (e.g., Huize, Maoping, and Lehong with an average grade of Pb + Zn ≥ 20 wt.%; Figure 1C) are characterized by a wide range of Th and salinities.



Such high-grade deposits require the fluids to carry abundant metals for ore deposition. There are three commonly proposed depositional processes in carbonate-hosted Pb–Zn deposits: (1) The reduced sulfur model is identified as reduced sulfur and metals to be transported together to the mineralization site [110,111], (2) the local sulfate reduction model calls upon migrating sulfate and metals to the mineralization site, where CH4 or other organic matter reduces sulfate and precipitates Pb–Zn sulfide [112,113], and (3) the mixing model is described as the mixing of metal-rich fluids with H2S-rich fluids at the depositional site [114,115].



The effect of the activity of reduced sulfur is considered the most important factor that controls the solubility of Pb and Zn in the fluids [116]. The occurrence of reduced sulfur in the fluids limits the base metal concentrations in the fluids to only a few ppm [73]. Thus, the reduced sulfur model is not suitable for high-grade deposits. It is proposed that the combination of models 1 and 2 is a possible mechanism of ore deposition for some high-grade deposits in the SYGMB. We can describe it as the mixing of metal-rich but reduced sulfur-poor metamorphic fluids with basinal brines rich in metals and sulfate at the depositional site, where organic matter (e.g., CH4) reduces sulfate and precipitates sulfide. This model requires that the basinal brines carry a large amount of sulfate to provide enough reduced sulfur to precipitate to abundant Pb–Zn sulfide. The SYGMB high-grade deposits where organic matter appears can be explained by this model.





7. Conclusions


Three mineralization stages are recognized in the Maoping deposit based on the mineral assemblages and crosscutting vein relationships, i.e., (I) the pyrite + quartz stage, (II) the sphalerite + galena stage, and (III) the calcite stage. Stage I forms in high-temperature (300 to 340 °C) and low-salinity (2 to 6 wt.% NaCl eqv.) fluids. Moderate-temperature (220 to 260 °C) and moderate-salinity (6 to 10 wt.% NaCl eqv.) fluids are observed in Stage II. Fluids in Stage III are characterized by low temperature (160 to 200 °C) and high salinity (12 to 16 wt.% NaCl eqv.).



Metamorphic fluids and basinal brines are identified by fluid-inclusion measurements, together with hydrogen and oxygen isotope data. Helium and argon isotope data show a negligible mantle source component, suggesting magmatic fluids derived from Permian Emeishan basalts have no contribution to ore-forming fluids. The high-temperature and low-salinity metamorphic fluids originating from the Precambrian basement mixed with the low-temperature and high-salinity basinal brines in the Maoping district, and Pb–Zn mineralization occurred.



Regional-scale data show large-scale heterogeneity in fluid properties, including basinal brines, metamorphic fluids, and organic fluids. A possible precipitation model for high-grade Pb–Zn deposits in the SYGMB is described as the mixing of metal-rich but reduced sulfur-poor metamorphic fluids with basinal brines rich in metals and sulfate at the depositional site, where organic matter reduces sulfate and precipitates sulfide.
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Figure 1. (A) Location of the SYGMB and Youjiang Basin in Southwest China (modified from Luo et al. [38] and Wang et al. [39]). (B) Simplified geological map of the SYGMB, showing Pb–Zn deposits mentioned in the text (modified from Liu and Lin [15] and Han et al. [21]). (C) Pb + Zn ore resources versus Pb + Zn metal resources, showing some deposits in Figure 2b. Data from Leach and Song [25], Han et al. [29], Luo et al. [38,40], Zhou et al. [41], Ren et al. [42], Li et al. [43], and Zhao et al. [44]. 
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Figure 2. (a) Geological map of the Maoping mining district (modified from Wei et al. [45]). A–B and C–D cross sections are presented in Figure 3. (b) Stratigraphic column of the Maoping mining district, showing lithologies and ore-bearing stratum (modified from Xiang et al. [46]). 
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Figure 3. (a) A–B and (b) C–D cross sections, showing the characteristics of ore bodies in the Maoping deposit (modified after Han et al. [47]). The cross-section locations are in Figure 2. 
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Figure 4. Photographs of field outcrops and hand specimens from the Maoping deposit. (a) Massive ore with an irregular Cal-2 block. (b) Massive ore made up of Sp-2 and Gn-2. (c,d) Brecciated ore made up of sulfide that is cemented by Cal-3. (e) Abundant Py-1 containing minor Qtz-1. (f) Coexisting Sp-2, Gn-2, and Py-2, with a clear boundary with host rock (dolostone). (g) Py-1 invaded by Sp-2+Gn-2+Py-2 veins. (h) Cal-3 vein crosscutting pre-existing Py-1 containing Qtz. (i) Sulfide breccias cemented by late Cal-3. Abbreviations: Py = pyrite; Sp = sphalerite; Gn = galena; Cal = calcite; Qtz = quartz; Bit = bitumen. 
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Figure 5. Microphotographs of ore textures observed at the Maoping deposit. (a) Coarse-grained Py-1 replaced by Sp-2. (b) Replacement of hexagonal prism Qtz by Sp-2. (c) Cal-2 replaced by Gn-2. (d) Cal-3 veinlets cutting through pre-existing Gn-2. (e) Late Gn-2 veinlets crosscutting fragmented Py-1. (f) Sp-2 coexisting with Gn-2. (g) Euhedral-subhedral fine-grained Py-2 distributed in Gn-2 and Cal-3 veinlets cutting through pre-existing Gn-2. (h) Sp-2 and Py-2 chips enclosed and cemented by late Cal-3. (i) Inclusions of Py-2 in Sp-2 and Sp-2 fractures filled with Dol. Abbreviations: Py = pyrite; Sp = sphalerite; Gn = galena; Cal = calcite; Qtz = quartz; Dol = dolomite. 
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Figure 6. Mineral paragenesis of the Maoping deposit. 
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Figure 7. Photomicrographs of primary fluid inclusions from the Maoping deposit samples. (a) SLV- and L-type fluid inclusions in Qtz-1. (b) LV-type fluid inclusions in Qtz-1. (c–e) LV-type fluid inclusions in Sp-2. (f) LV-type fluid inclusions in Cal-2. (g) SLV-type fluid inclusion in Cal-3. Abbreviations: L = liquid; V = vapor; S = solid; Qtz = quartz; Sp = sphalerite; Cal = calcite. 
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Figure 8. Stacked histograms of the homogenization temperatures (a) and salinities (b) of fluid inclusions in the Maoping deposit. Abbreviations: Qtz = quartz; Sp = sphalerite; Cal = calcite. 
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Figure 9. Plot of homogenization temperatures as a function of maximum inclusion dimensions for the Maoping deposit. Abbreviations: Qtz = quartz; Sp = sphalerite; Cal = calcite. 
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Figure 10. (a) Plot of homogenization temperatures and salinities of fluid inclusions in different ore stages of the Maoping deposit (base map from Kesler [1]). Abbreviations: Qtz = quartz; Sp = sphalerite; Cal = calcite. (b) Plot of δD versus δ18OH2O for calcite in the Maoping deposit (base map from Taylor [74]). The field of basinal brines is from Kesler [1]. 
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Figure 11. Plots of (a) 4He versus 3He and (b) 40Ar/36Ar versus 3He/4He for fluid inclusions in pyrite from the Maoping deposit (base map from Mamyin and Tolstikjin [84]). 
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Figure 12. Fluid-mixing model for the Maoping deposit. 
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Figure 13. (A) Modal homogenization temperature–salinity plot for carbonate-hosted Pb–Zn deposits in the SYGMB (base map from Kesler [1]). Data from Han et al. [20,68], Luo et al. [38], Wang et al. [69], Zhang et al. [99], Zhao et al. [100], Wang [101], Yang [102], Wang et al. [103], and Ding et al. [104]. See Supplementary Table S2 for details. (B) δD versus δ18OH2O plot for minerals from carbonate-hosted Pb–Zn deposits in the SYGMB (base map and field of Youjiang basinal brines from Taylor [74] and Wang et al. [105], respectively). Data from Zhou et al. [41], Zhao et al. [44], Liu et al. [97], Wang et al. [103], Ding et al. [104], Li et al. [106], Wu et al. [107], Yuan et al. [108], and Yang et al. [109]. See Supplementary Table S3 for details. 
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Table 1. Summary of microthermometric data on fluid inclusions from the Maoping deposit.
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Stage

	
Host

	
N

	
Tm (°C)

	
Th (°C)

	
Salinity (wt.% NaCl Eqv.)




	
Range

	
Mean

	
Range

	
Mean

	
Range

	
Mean






	
I

	
Quartz

	
34

	
−4.8 to −0.1

	
−2.3

	
290 to 390

	
329

	
0.2 to 7.6

	
3.8




	
II

	
Sphalerite

	
21

	
−10.2 to −2.3

	
−5.7

	
217 to 314

	
268

	
3.9 to 14.1

	
8.7




	
II

	
Calcite

	
19

	
−9.5 to −3.2

	
−6.4

	
217 to 278

	
241

	
5.3 to 13.4

	
9.6




	
III

	
Calcite

	
35

	
−18.4 to 5.8

	
−10.7

	
135 to 214

	
178

	
8.9 to 21.3

	
14.5








Note: Salinity = 0.00 + (1.78 × A) − (0.0442 × A2) + (0.000557 × A3), where A is the absolute value of the last ice-melting temperature (Tm) [56].
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Table 2. Compositions of hydrogen and oxygen isotopes in calcite from the Maoping deposit.
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Sample No.

	
Stage

	
Mineral

	
δDV-SMOW/‰

	
δ18OV-SMOW/‰

	
T/°C

	
δ18OH2O/‰






	
KGR02

	
II

	
Calcite

	
−50.0

	
21.3

	
241

	
13.7




	
KHr-13

	
Calcite

	
−58.9

	
19.0

	
241

	
11.4




	
KGr-11-1

	
Calcite

	
−66.4

	
19.4

	
241

	
11.8




	
KHr-21-1

	
Calcite

	
−70.8

	
21.0

	
241

	
13.4




	
KHr-21-3

	
Calcite

	
−67.9

	
19.2

	
241

	
11.6




	
KHr-21-4

	
Calcite

	
−71.9

	
19.7

	
241

	
12.1




	
KHr-23

	
Calcite

	
−59.6

	
19.5

	
241

	
11.9




	
KZr-11

	
Calcite

	
−63.9

	
19.3

	
241

	
11.7




	
KZr-13

	
Calcite

	
−74.1

	
20.1

	
241

	
12.5




	
KPr-11-2

	
Calcite

	
−67.0

	
19.6

	
241

	
12.0




	
KHr5-2

	
III

	
Calcite

	
−64.3

	
19.0

	
178

	
8.2




	
KHr5-3

	
Calcite

	
−72.6

	
19.0

	
178

	
8.2




	
KPr-2

	
Calcite

	
−69.3

	
19.2

	
178

	
8.4




	
KPr-504-3

	
Calcite

	
−78.7

	
19.1

	
178

	
8.3




	
KLR6-3

	
Calcite

	
−73.8

	
19.0

	
178

	
8.2




	
KLR-7

	
Calcite

	
−74.8

	
19.2

	
178

	
8.4




	
KHr-11

	
Calcite

	
−70.3

	
18.9

	
178

	
8.1




	
KHr-12

	
Calcite

	
−77.3

	
18.2

	
178

	
7.4




	
KZr-12

	
Calcite

	
−70.7

	
19.1

	
178

	
8.3




	
KZr-13-1

	
Calcite

	
−56.5

	
19.3

	
178

	
8.5




	
KGR-66-1

	
Calcite

	
−60.8

	
20.7

	
178

	
9.9




	
KGR-72-2

	
Calcite

	
−61.9

	
20.6

	
178

	
9.8




	
KG-303

	
Calcite

	
−61.3

	
18.4

	
178

	
7.6




	
KPr-601

	
Calcite

	
−68.4

	
19.4

	
178

	
8.6




	
KZ-HX-1r

	
Calcite

	
−52.1

	
18.2

	
178

	
7.4




	
KZ-HX-2r

	
Calcite

	
−65.8

	
19.9

	
178

	
9.1




	
HX-850

	
Calcite

	
−50.3

	
19.9

	
178

	
9.1








Note: 1000 lnα(calcite-H2O) = 2.78 × 106/(T + 273.15)2 − 2.89 [60]; temperature (T) is based on the mean value of homogenization temperatures yielded by fluid inclusions in calcite from the Maoping deposit (Table 1).
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Table 3. Helium and argon isotopic compositions of fluid inclusions in pyrite from the Maoping deposit.
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	Sample No.
	Host
	4He (10−7)
	3He/4He (Ra)
	40Ar (10−7)
	40Ar*/4He
	40Ar/36Ar
	F4He





	KHr5-6
	Pyrite-1
	7.23
	0.05
	11.4
	0.58
	467.6
	1790



	KHr6
	Pyrite-1
	10.4
	0.05
	9.80
	0.57
	746.9
	4797



	KHr8-1
	Pyrite-1
	7.50
	0.05
	10.1
	0.53
	486.8
	2189



	KHr8-2
	Pyrite-1
	2.59
	0.07
	26.8
	0.48
	309.7
	181



	KHr43-3
	Pyrite-1
	1.33
	0.08
	4.12
	0.96
	427.7
	837







Note: The unit for 4He and 40Ar is ccSTP/g; Ra is the 3He/4He ratio of air (1.4 × 10−6).
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