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Abstract

:

The Jiadi gold deposit, situated in the Southwestern region of Guizhou, is a large-scale, recently discovered, basalt-hosted, and fine-grained disseminated gold deposit. This study has unveiled that the tectonic deformation of the Jiadi gold deposit can be categorized into four stages: the Late Paleozoic crustal uplift and brittle deformation (D1-deformation) stage; the Early Yanshanian NW-trending compressive ductile deformation (D2-deformation) stage; the Late Yanshanian NS-trending strike-slip fault (D3-deformation) stage; and the Himalayan EW-trending nappe structure (D4-deformation) stage. The outcomes of the C-O isotope analysis revealed that the fluid responsible for ore formation exhibits the attributes of magmatic water blended with meteoric water, and the metallogenic constituents primarily originate from a deep source. The formation of the Jiadi gold deposit occurred during the D2-deformation stage and extended to the D3-deformation stage. The D2-deformation stage induced hydrothermal activity and rock devolatilization, leading to the generation of CO2-rich and low-salinity fluids. The D3-deformation stage, which is intimately associated with mineralization, can be classified into three stages: the pyrite stage; the smoky quartz stage; and the sulfide stage. The findings obtained from laser Raman spectroscopy indicate that the inclusions typically comprise CO2, CH4, N2, and SO2. These deep fluids ascended along the fault to the interlayer fracture zone during the D3-deformation stage. The alteration of the geochemical environment was accompanied by fluid immiscibility or boiling, resulting in the rapid precipitation of metallogenic materials.
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1. Introduction


The Southwestern region of Guizhou is a highly significant gold-producing area located in the “Golden Triangle” between the Yunnan, Guizhou, and Guangxi provinces. It can be divided into two facies geologically, the Youjiang continental platform and the fold belt basin [1]. The Youjiang platform is dominated by strata-bound orebodies, such as the Shuiyindong and Jiadi gold deposits [2,3,4], and the basin area is based on fault-controlled orebodies, such as the Lannigou and Yata gold deposits [5,6,7]. These two types of orebodies have been recognized in Nibao and Linwang gold deposits [8], and there are differences in the ore-controlling structures and ore-forming fluids [9]. Structure and fluid play a crucial role in the formation of gold deposits, as well as in the precipitation of metallic elements, which are the result of their coupling [10,11,12].



The Jiadi gold deposit is located in the Qinglong–Luoping metallogenic belt of Southwestern Guizhou; it is hosted by the Jiadi fold belt and thrust belt in the area of strong structures that are on the southeast flank of the Lianhuashan anticlinorium. It is the largest primary basalt-hosted gold deposit in Guizhou Province [4]. Previous studies have focused on the geological characteristics, mineral assemblage, and hydrothermal alteration of the deposit [13,14]; in addition, there have been certain studies conducted on the fluid geochemistry, mineralogy, chronology, gold occurrence regularity of gold, etc. [15,16,17,18]. Based on the distribution of ore-forming elements and hydrothermal veins, it is proposed that deep ore-forming fluids migrate and deposit sequentially along intrusive breccia bodies, interlayer fractures, and steep microfractures [19]. However, the source of metallogenic materials and the characteristics of ore-forming fluids remains under discussion. Furthermore, little is known about the structure that controls the formation of the ore deposit. Based on a detailed structural analysis, combined with research methods, such as fluid inclusions and stable isotopes, this paper studies the structural deformation characteristics of the deposit and properties of ore-forming fluids in order to explore the mechanism of ore-forming fluid migration and metallogenic materials precipitation. Moreover, such a study can provide information on mineral exploration and scientific research in this area [20,21].




2. Geological Setting


The Youjiang Basin is situated at the junction of the Simao Block, the Cathaysia Block, and the Yangtze Block. It is located at the conjugation of the eastern Tethys tectonic domain and the western edge of the Circum Pacific tectonic domain [22]. The basin is roughly surrounded by the NE-trending Shizong–Mile Tectonic belt, the EW-trending Gejiu–Binyang Tectonic belt, and the NW-trending Ziyang–Nandan Tectonic belt (Figure 1a). The basin has undergone the evolutionary stage where the rift basin experiences continental margins, back-arc basins, back-arc foreland basins, and intermountain basins. It has experienced the process of early extensional rifting, as well as sedimentary, late orogenesis, and extensional uplift, which correspond to the extension, subduction, closure, and orogeny of the Paleo-Tethys Ocean, respectively [23,24]. During the Caledonian orogeny, the Yangtze Block and Cathaysia Block collided, forming the South China fold system. Sedimentary rocks, volcanic rocks, marine carbonate rocks, and siliceous rocks began to form during the Hercynian movement. The convergent plate was accompanied by the magmatic intrusion, continental crust uplift, and tectonic activity in the Indochina–Yanshanian region, resulting in the formation of intermountain basins through compression and the reformation of deposits during the Himalayan period [25].



The Maokou Formation (P2m) consists of thick (bioclastic) limestone that is intercalated with chert clumps or bands, while the upper Permian Emeishan Basalt Formation (P3β) is tholeiite with pyroclastic rocks [26]. The Lianhuashan anticline is a NE-trending monoclinic structure with a general southeast dip, and it starts from Puan County and ends at Shiqiao Town. The upper Devonian and Carboniferous layers make up its core, and its two flanks mostly expose the Maokou Formation of the Middle Permian and the Emeishan Basalt structures (Figure 1c). It is approximately 40 km long and 9–20 km wide. The fault structures are relatively developed, mainly along the NE-trending and NNE-trending areas, with the NNE-trending and EW-trending regions showing less frequent occurrences. The general strike of the Zhudong fault is consistent with the anticline (Figure 1b), implying a close relationship as most of the faults develop near the axis of the anticline and are mainly high-angle normal (strike-slip) faults and reverse faults. These faults are characterized by multi-stage interformational slides and intricate hydrothermal alterations [13].




3. Geological Characteristics of Deposit


In the Jiadi gold deposit, the gray–black–light gray dolomitic limestone of P2m is exposed. The gray–black massive microcrystalline basalt of P3β3 consists of gray–green basalt, basaltic volcanic breccia, as well as the tuff of P3β2 and P3β1. The deep-gray tuff, silty claystone, and siltstone of P3l, P2q, P2l, and C2mp occur locally in the northwest section of Jiadi Village, and the Q4 is widely distributed (Figure 2). The fault structures in the mining area are mainly NEE-trending and NNE-trending, with a few NS-trending and EW-trending. The NE-trending faults are represented by F101, F103, and F104 faults, with a strike extension of 600~4100 m. The fault zone is dominated by a poorly cemented fault breccia with complex composition, common striation, step-on fault planes, and various degrees of silicification, which are then followed by carbonation and pyritization; furthermore, fluoridation and clayization are also seen locally. The NNE-trending fold is characterized by the F401 and F403 faults, with a length of >3 km, a width of 5~20 m, and a fault displacement of 50~100 m. Additionally, the inner breccia is angular. The F201 fault is an NS-trending fold, and it mainly has a normal fault. There are relatively few EW-trending faults, such as F301 in the north of Jiadi Village and F302 in the south (Figure 2).



The Jiadi deposit can be separated between upper and lower orebodies based on its spatial, structural, and stratigraphic properties (Figure 3). The lower layer is the No. 1 orebody at the unconformity interface between the limestone (P2m) and Emeishan basalt (P3β1), which roughly coincides with the spatial distribution of structural alteration rock [28] and is dominated by tectonites, such as limestone, tuff, and basalt (Figure 3). Furthermore, the orebody is 150~300 m long and 110~260 m wide [13]. The upper layer is a No. 2 orebody in the second member of the Emeishan Basalt Formation (P3β2) basaltic breccia, which is the main ore-bearing horizon in the mining region and is 410 m long and 40~260 m wide. The orebody in the fold variation area is relatively thick, and the vertical distance between the two gold orebodies is 14~98 m [2,27].



The Jiadi gold deposit mainly includes structurally altered breccia-type ores (Figure 4b) and basaltic volcanic breccia-type ores (Figure 4a,c–f). The second member basalt group (P3β2) is a major rich orebody, and the rock of this layer is brittle and has a lesser hardness than the upper and lower massive basalt; it also demonstrates the different varieties of interlayer slip that occur during tectonic activity. The two most common metallic minerals are pyrite and arsenopyrite, followed by hematite, limonite, realgar, chalcopyrite, cinnabar, and stibnite. The non-metallic minerals are mainly quartz and carbonate minerals, followed by fluorite and clay minerals. Pyrite, arsenopyrite, and quartz, among others, have evident genetic links with gold mineralization [27].



Based on the field observation and laboratory identification, with mineral assemblage and structural characteristics being accounted for, hydrothermal mineralization can be categorized into three stages: 1. The pyrite stage—framboidal pyrite is formed in the SBT, tuff, and basalt in the two orebodies, and a small amount of veined pyrite is accompanied by a small amount of arsenopyrite (Figure 4a) (which shows no obvious silicification and mineralization); 2. The smoky quartz stage—the main ore-forming stage characterized by smoky quartz veins is widely developed in two orebodies. Pyrite and other sulfides are found in the veins and often cut through the early pyrite veins (Figure 4h,i); 3. The sulfide stage—the sulfide is mainly developed in the upper orebody, and it reticulates the euhedral–semihedral pyrite (Figure 4j), realgar, and antimonite. It can also be seen in the quartz and carbonate veins, which also cut through the first two phases of pyrite veins [20].




4. Characteristics of Ore-Controlling Structure


In order to study the relationship between gold mineralization and tectonic activity, a field tectonic geological survey was carried out in the Jiadi gold deposit. The spatial distribution characteristics of the folds, faults, joints, and striations were observed and measured. The plotting of structural elements was performed with Stereonet (Allmendinger 10.0), and the fault slip stress inversion was performed with Faultkin (Allmendinger 8.1). The structural events or elements described in this paper are represented by letters plus numbers to indicate the relative timing of the local deformation [30,31]. For example, D stands for deformation events; F for folds; S for faults, joints, and striations; and V for veins. As an example, V2 and S2 represent the veins and faults formed during the D2-deformation event.



4.1. Characteristics of Structural Deformation


The orebodies of the Jiadi deposit undulate and are distributed in the fold detachment space (Figure 3), and they are also close to the steep dipping fault structure. The lower orebody (No. 1) occurs in the interlayer fracture zone (SBT) between the limestone of the Permian Maokou Formation (P2m) and the first member of Emeishan basalt (P3β1), which is similar to the Carlin-type gold deposit of the “Dachang Strata” (which is widely distributed in the Youjiang Basin [32]). The upper orebody is distributed in the basaltic volcanic breccia of the second member of the Emeishan basalt (P3β2). The basaltic primary ore is a special and primary ore-hosting type (such as the Damaidi gold deposit) of the Lianhuashan anticline [33].



The Jiadi gold deposit is located in the southeast flank of the Lianhuashan anticline in the area of strong structural deformations, and it has widely developed fold and fault structures. Its structural features are mainly NE-trending to NNE-trending, and it has an overall structure of “diamond lattice” composite structure characteristics. Two stages of fold structure were identified in the field investigation and observation: the first folding is NE-trending, and the second group is EW-trending. The characteristics of the fold indicate the existence of multi-stage tectonic activities.



	(1)

	
Fold structure







Previous studies have suggested that the NE-trending Xinmachang anticline and Lianhuashan anticline were formed by NW-SE compression in the early Yanshanian [20,34]. The Xinmachang anticline is a regional structure with ambiguous features of hydrothermal activity. The rock strata on its northwest flank are relatively intact, and the folds and faults are mainly located in the southeast flank (Figure 1). The Lianhuashan anticline is the main ore-controlling structure of the Jiadi and Damaidi deposits. It is a secondary fold formed by the southeast flank of the Xinmachang anticline under late traction; it extends in a NE-SW-trending fashion and has a length of about 45 km and a width of 10~20 km [33].



The widely developed fold structure in the Jiadi deposit has a close spatial relationship with the distribution of the orebody. It is a monocline structure with a general dip of SE-trending regions and an undulating rock stratum with a dip angle of 0~25°. Field observation shows that the NE-trending fold is an anticlinorium that is relatively continuous and reworked by the later EW-trending fold (Figure 5b). The NEE-trending fold is consistent with the Lianhuashan anticline and is formed by NW compression at the same time (Figure 6b). Meanwhile, the basaltic breccia of the second member of the Emeishan Basalt and interlayer fracture zone (SBT) was formed. The EW-trending folds mainly crop out in the southwest of the Jiadi deposit, and the changes are not obvious, showing that they are reworked NE-trending folds (Figure 5a) (indicating that their formation time is later than the NE-trending main structure’s).



	(2)

	
Fault structure







Based on previous data, field investigation, and laboratory analysis, the faults can be divided into NS-trending normal faults, EW-trending normal faults, NE-trending reverse faults, and NNE strike-slip faults according to faults’ strikes and properties.



The NS-trending F201 fault is distributed in the west of the mining area, which is a regional deep large fault. It is a high-angle normal fault with a dip angle of more than 70°, a width of 50~300 m, a length of more than 3.5 km, and a fault displacement of more than 200 m. It is regarded as the preexisting fault structure in the area, and it was formed before the Permian [14]. Conjugate joints can be seen in tuff near the fault (Figure 5l), and the direction of the maximum primary stress is NE-trending (Figure 6k).



The EW-trending F301 and F302 faults are often obliquely cut by NE-trending and NNE-trending faults on the surface, which is a large-scale normal fault with a large-scale and long extension. It is the major structure that serves as a passageway for ore-forming in the area. The two stages of striations can be recognized as cutting through each other in a part of the fault plane (Figure 5d,h,k). Early striations on the fault plane indicate that the maximum principal stress direction is NE-trending (Figure 6e). Combined with the previous data and the characteristics of the tectonic stress field, it is considered that the formation age of the fault is similar to that of the NS-trending fault.



The NE-trending F101 and F102 faults mainly manifest as strike-slip reverse faults, which are cut by NNE-trending faults and are also cut through by the NS-trending and EW-trending faults. The maximum principal stress indicated by striation is NW-trending (Figure 5g and Figure 6h). Both the NE-trending and stress field distributions indicate that they were formed in the same period as the main structure of the Lianhuashan anticline (Figure 5e and Figure 6b). It has the multi-stage activity characteristics of first-compression and subsequent extension entireties, which provides channels for ore-forming fluid flow.



The NNE-trending F103, F401, F402, and F403 faults are the representative faults (Figure 5c,j). The direction of maximum compressive stress is nearly NS-trending, and the fault that cuts through the EW-trending and NE-trending faults early is widely developed in the region. This fault destroys the integrity of the fold belt for the Jiadi deposit, and it is a representative fault activity in the mineralization period [35].




4.2. Regional Tectonic Evolution


The aforementioned structural characteristics can be separated into four tectonic events, which are denoted as the D1 through D4 deformation periods, respectively, and are based on superposition and a tangential relationship. The stress field characteristics of tectonic events and their relationship are described below, including the relationship between tectonic-superimposed deformations, tectonic activations, and gold mineralization.



The D1-deformation event was the earliest deformation period observed in the field, and it is a tectonic event characterized by fault (S1) (Figure 5f and Figure 6g). The faults are NS-trending and EW-trending, and most of the faults are steep (68~88°). They were formed earlier than the formation age of the Lianhuashan anticlinorium, and the maximum principal stress direction is NE-trending (Figure 6g). Previous studies believed that the Shizong–Mile fault started to be active since the Devonian and that the NS-trending and EW-trending fault structures in the study were derived structures. The Indosinian area was slowly uplifted to form a sedimentary discontinuity at the top of the Maokou Formation, which was then overlain by the Emeishan basalt. The fault distribution is mainly controlled by boundary faults.



The D2-deformation event included NE-trending folds (F2) and NE-trending faults (S2) that constitute the basic structural framework of the Lianhuashan anticline. The F2 fold hinge in Jiadi is NE-trending, which is consistent with the strike of the Lianhuashan anticline and is the main tectonic age of the regional interformational sliding (Figure 5a). According to the fold (Figure 6b) and fault (Figure 6e,f,h,i) inversion tectonic stress field, the Lianhuashan area is mainly characterized by the reverse movement of the Shizong–Mile fault, which formed the NE-trending Lianhuashan anticline (F2) and the NE-trending fault structure (S2), thus corresponding to the regional compression stress of NW-SE in the early Yanshanian [14].



The D3-deformation event was manifested as EW-trending folds (F3) and NNE-trending faults (S3) (Figure 5a), and it was based on the crosscutting relationship and property difference between S2 and S3 (this period is regarded as the smoky quartz stage of the regional stress transformation). Fold structures are sporadically exposed at the southwest of the Jiadi (Figure 2), the hinge is dominated by the EW-trending faults, and the maximum displacement direction is approximately NS-trending (Figure 6a,d). The S3 fault is mainly characterized by a strike-slip-normal fault, which is consistent with the extensive NE-trending structural belts (such as the Huijiabao and Getang anticlines) and was developed in the southwestern Guizhou region in the late Yanshanian period. Meanwhile, the axial variation of the Lianhuashan anticline formed a reversed “S” NNE-trending fault structure (S3), which is bounded by the NE-trending Xinmachang anticline. The northwest flank has relatively complete rock formations, and the southeast flank has relatively developed faults, folds, and interlayer-fractured alteration zones. This period was the main period of tectonic transformation and gold mineralization [35].



The D4-deformation event saw faults that were rarely developed in the later mineralization period in the mining area; they are mainly micro-structures that were formed by the intraplate activities in the Himalayan period. Furthermore, basin-controlling faults were also formed, which manifested as the activation and derivation of early structures. In addition, the fault activities caused damage and dislocation to the orebodies and early structural features.





5. Fluid Inclusion


5.1. Sample Collection


The chemical composition and physicochemical properties of ore-forming fluids can be obtained by microthermometry and a laser Raman spectroscopy (LSR) analysis of the fluid inclusions of quartz and calcite [35,36,37,38,39], thereby indicating the composition, property, source, and evolution of ore-forming fluids [40]. In this paper, 25 samples from the No. 9 borehole of Exploration Line 31 were collected, mainly from the volcanic breccia ore of the Emeishan Basalt Formation (P3β2), and this was followed by the structural alteration body (SBT) of the lower orebody and carbonaceous tuffite of the third member of the Emeishan Basalt Formation (P3β3).




5.2. Fluid Inclusion Petrography


Based on the vein-cutting relationship observed at room temperature (Figure 7), the fluid inclusion assemblage and the phase state were conducted at the fluid inclusion at room temperature (20 °C), and the test results of the fluid inclusion LSR were combined. The fluid inclusions of the gold deposits are divided into NaCl-H2O (A) and CO2-NaCl-H2O (B). The primary and pseudosecondary inclusions dominate (Figure 4b,d), with sporadic secondary inclusions (Figure 7c).



	(1)

	
NaCl-H2O type inclusions (A)







Such inclusions are composed of NaCl and H2O, which can be divided into single-phase NaCl-H2O (A1) and two-phase NaCl-H2O (A2), according to the phase state at ambient temperature (the latter of which is relatively common). Inclusions were found in the crystals of the quartz and calcite minerals, whereby most of them were elliptic and linear, as well as in small groups. Occasionally, the “neck-down” phenomenon (Figure 7g) was observed, and these minerals were 3~12 μm in size (some more than 12 μm) with a gas–volume ratio of 2%~9%.



	(2)

	
CO2-NaCl-H2O type inclusions (B)







These inclusions are characterized by CO2 enrichment and can be divided into two-phase CO2-NaCl-H2O (B1) and three-phase CO2-NaCl-H2O (B2) (Figure 7i) (the former of which is relatively common). They mainly occur in quartz and are mostly scattered, clumpy, and irregular-banded (Figure 7d). Only a small amount is found in calcite. They are often accompanied by the NaCl-H2O type with 4~14 μm, some of which can reach more than 20 μm, with a gas–volume ratio of 4%~13%.




5.3. Microthermometry of the Fluid Inclusions


The fluid inclusions in the samples were determined by homogenization and freezing. When the homogenization temperature (Th) was measured, the early heating rate was 15.0 °C/min. When it approached the phase transition, the heating rate decreased to 1.0 °C/min and 0.5 °C/min. In the freezing point measurement, it rapidly decreased at a rate of 10 °C/min and then gradually increased after it reached −60 °C. The heating rate decreased from 10 °C/min at the beginning to 2 °C/min. It then decreased to 0.2 °C/min near the phase transition. These phase transitions of the inclusion were observed and recorded (Table 1 and Table 2). For detailed instrument parameters and experimental procedures, please refer to the references [1,38].



The results of microthermometry show that A-type inclusions are developed in quartz and calcite, and they are formed at different stages of hydrothermal mineralization. The eutectic temperature of the inclusions was between −26.6 °C and ~−20.3 °C; the freezing point temperature was between −4.8 °C and ~−0.5 °C, and the homogenization temperature (Th) was between 162 °C and ~231 °C (Figure 8a). The salinity Wt (NaCleq) ranged from 0.9% to ~7.6% (Figure 8b). The homogenization temperature (Th) of the pyrite stage was from 211 °C to 231 °C, the homogenization temperature (Th) from 182 °C to 218 °C, and the homogenization temperature (Th) of the sulfide stage was generally lower than 183 °C. The fluid salinity can be calculated by the salinity-freezing point formula of the NaCl-H2O system (where Wt (NaCleq) (%) is salinity and Tm (°C) is freezing point temperature): Wt (NaCleq) = 0.00 + 1.78Tm − 0.0442Tm2 + 0.000557Tm3 (only applicable to the two-phase NaCl-H2O inclusions with a salinity between 0%~23.3%). The density was estimated by using the homogenization temperature (Th) and salinity value in the pressure–temperature–concentration–density relationship of the NaCl-H2O system [41].



The B-type inclusions in the Jiadi gold deposit were mainly distributed in the pyrite stage and the smoky quartz stage. The results of the temperature measurement showed that the eutectic melting temperature was between −59.0 °C and ~−56.0 °C; the melting temperature of clathrate was between 4.0 °C and ~9.8 °C; the homogenization temperature was between 179.0 °C and ~229.0 °C, and the salinity Wt (NaCleq) was between 1.2% and ~7.2%. The fluid salinity can be obtained by the formula Wt (NaCleq) = 15.52022 − 1.02342Tam − 0.05286Tam2 (Roedder, 1984). The saltwater density can be obtained from the above values of homogenization temperature and the salinity in the parameter table of the CO2-NaCl-H2O system [42].




5.4. Laser Raman Spectroscopy (LSR) Analysis


LSR was conducted at the Beijing Research Institute of Uranium Geology, CNNC. For specific instrument parameters and analytical methods, please refer to the literature [43]. Through using the LSR method for the fluid inclusions formed at different stages, the results show that the A-type inclusions were more dominant generally, followed by the B-type—in which there existed an especially small amount of reducing gas components.



The composition of the inclusions in the pyrite stage was relatively simple: mainly composed of H2O and NaCl, followed by CO2. The composition of the inclusion in the smoky quartz stage was relatively complex, and it contains gas phase components such as CO2, CH4, SO2, H2S, and N2 (Figure 7d and Figure 9c). In the sulfide phase, the fluid inclusions were small and numerous, and the Raman spectra showed that the gas-phase component was mainly composed of H2O. By comparing the results of laser Raman analysis with the petrographic characteristics of the fluid inclusions and microthermometry, it was found that the fluid in the pyrite stage is more CO2 rich, while the fluid in the smoky quartz stage had more types of reducing gases (and the CO2 decreased along with the fluid evolution) [44].





6. Stable Isotope Geochemistry


6.1. Sample Collection and Analysis Method


Based on the division of the metallogenic stages, this paper selects high-purity quartz and pyrite in different metallogenic stages, exploits an isotope mass spectrometer (MAT 253) to carry out analysis, discusses the source of metallogenic materials and the regularity of fluid evolution, as well as reduces the metallogenic process of the Jiadi gold deposit. Stable isotope analysis was completed at the Beijing Research Institute of Uranium Geology, CNNC. Please refer to the literature for specific analysis techniques and instrument specifications [45].




6.2. Carbon and Sulfur (C-S) Isotope Geochemistry


The amount of CO2 in the ore-forming fluid was significantly higher than that of other gases in every evolution stage. CO2 is the primary carrier of carbon compositions in a fluid system, and the influence of other carbon-containing gases on the analysis results can be disregarded. Therefore, by measuring the δ13C value in the CO2 of quartz fluid inclusions, we can approximately represent the carbon isotopic composition of the entire fluid system. The values of the carbon isotopes of the six quartz fluid inclusions in the hydrothermal metallogenic period of the Jiadi gold deposit ranged from −5.5‰ to ~−7.2‰ (Figure 10b), with an average of −6.35‰. These values demonstrated relatively consistent and concentrated distribution characteristics, indicating that the carbon isotopes in each metallogenic stage have relatively consistent sources. Through comparing the carbon isotopic composition of the Jiadi gold deposit with the carbon reservoir, when combined with the prediction of regional concealed granite, it was considered that the source of the carbon was mainly from a deep source, and it is most likely the product of crustal magmatic differentiation.



The sulfur isotope analysis object of the Jiadi gold deposit was the single pyrite mineral. The results show that the δ34S values of the three adjacent rocks (P3β) have values of −30.7‰, −12.8‰, and −9‰ and that the isotopic composition is extremely dispersed. The δ34S values of the 10 pyrites associated with mineralization ranged from 0.5 to ~4.5‰, with an average of 2.5‰ (Figure 10a). The mineralized samples have a relatively evident indicative effect, suggesting that the sulfur in the ore-forming fluid of the Jiadi gold deposit should be mainly from a deep source. The sulfur isotopic composition of the pyrite selected from the surrounding rock strata is characterized by a large negative value range, which is clearly different from the sulfur isotopic composition in the concentrated ore-forming fluid. The data distribution of this pyrite is relatively similar to that of the reduced sulfur in the sedimentary strata [46].




6.3. Hydrogen and Oxygen (H-O) Isotopes Geochemistry


H-O isotope testing was carried out on six quartz samples from the Jiadi deposits, and the results showed that the δDv-smow/‰ data varied from −90‰ to −72.8‰, with an average of −81.4‰. Furthermore, the δ18Ov-smow/‰ data ranged from 19.3‰ to 21.9‰, with an average of 20.6‰. According to the oxygen isotope equilibrium fractionation equation between quartz and water 10001nαQuartz-water = 3.38 × 106/T2 − 3.40 [47], the obtained δ18OH2O data varied from 0.8 to ~3.2‰, with an average of 2.0‰. According to the assumption regarding the inclusion of quartz minerals, this value represents the isotopic composition of the ore-forming fluid [6,48]. The data points show that the variation range of the isotopic composition is concentrated, and the data points are located in the left region of magmatic fluid, indicating that the ore-forming fluid has the characteristics of metamorphism/magmatic fluid and local meteoric water.



Under different temperature conditions, water/rock ratios (W/R), and initial fluids (assuming that the ore-forming fluid metasomatizes the limestone), we depicted the evolution curve of the hydrogen and oxygen isotopic composition of the fluid in a water–rock exchange reaction [49]. According to the microthermometry results of the fluid inclusions, the homogenization temperatures of the pyrite stage, smoky quartz stage, and sulfide stage of the ore formation were 220 °C, 200 °C, and 180 °C, respectively (these also correspond to the gray, red, and blue lines, respectively, in Figure 11). The results show that the data points are located in the area of low W/R ratios of meteoric water. This indicates that magma may provide a source of heat in the pyrite stage of mineralization and that a small amount of deep circulating atmospheric water rises into ore-forming fluid after deep high-temperature heating.





7. Discussion


7.1. Ore-Forming Fluid and Gold Mineralization


The results show that the fluid inclusions in the Jiadi gold deposit can be divided into A-type and B-type and that they contain a small amount of gas-phase compositions, such as CH4, CO, H2S, and N2. The homogenization temperature (Th) of the fluid inclusions was between 162 and ~235 °C, and the salinity Wt (NaCleq) was between 0.9% and ~7.6%. The eutectic melting temperature of the A-type inclusions was slightly lower than −20.8 °C, indicating that, in addition to NaCI, the A-type inclusions also contained a low content of components with a low-eutectic temperature with H2O [42]. The eutectic melting temperature of the CO2-containing fluid inclusion was lower than the triple-point temperature of pure CO2 (−56.6 °C), indicating the presence of a minor amount of CH4 or N2 (which is consistent with the laser Raman spectral data). In the pyrite stage of mineralization, fluid inclusions have the characteristics of high temperature and high salinity and have more reducing gases, which have the characteristics of a deep source. The fluid temperature and salinity continue to decrease with the evolution of ore-forming fluid, and the CO2 and other gases boil and escape during fluid mixing and decompression [41].



The study of the H-O isotopes of the ore-forming fluid of Carlin-type gold deposits in Southwest Guizhou shows that the variation range of the H-O isotopes of ore-forming fluid is concentrated, which is located between magmatic water and meteoric water. The H-O isotope exchange curve shows that the ore-forming fluid is dominated by magmatic water in the pyrite stage and superimposed with deep circulating atmospheric water in the sulfide stage, which occurs under the condition of low W/R ratios. Furthermore, the influence of temperature on the variation of H-O isotope composition was limited, indicating that the time for gold mineralization was relatively concentrated. Meanwhile, the carbon isotope of the quartz and sulfur isotopes of pyrite showed that the metallogenic materials have the characteristics of a deep source, which is consistent with the evolution of fluid inclusions [53,54,55,56].




7.2. Tectonic Activity and Gold Mineralization


The crust is characterized by a gentle uplift during the Indosinian stage rather than overt fold deformation. The rapid and large-scale uplift of the crust and the domal uplift before the eruption of the Emeishan basalt were the principal tectonic background, forming regional NS-trending and EW-trending structures. The Emeishan mantle plume provides a certain heat source and fluid source for regional mineralization. The principal fault of the deep basement is the fluid channel of the deep hydrothermal and meteoric water, and the widely developed interlayer slip surface in the region is the lateral migration channel of metallogenic fluid [57,58].



The early Yanshanian was dominated by NW compression, forming NE-trending folds and fault (D2) in the Lianhuashan anticline, resulting in early tectonic activation and interlayer detachment; this provided the basic tectonic framework of this region’s tectonic areas. It was the strongest tectonic movement in Southwest Guizhou since the Paleozoic. In addition, the Yanshanian magmatic rock intrusion was also formed in this region [14]. In the late Yanshanian period, with the acceleration of the northward movement of the Indian plate, a regional tectonic stress field compressed from SSW to NNE and was formed in China [36]. Large-angle obliques span the structural superposition that occurred in Central Guizhou and its surrounding regions. The nearly NE-trending fold in the late Yanshanian period underwent a leftward shear to a form reversed “S”-shaped superimposed fold (D3), while the early NE-trending fault activity was characterized by a leftward shear again, and the nearly NS-trending fault was characterized by a tensional normal fault. Under the background of regional extensional structures and magmatic upwellings, the fluid migrated upward along the faults of the basement fault and migrated laterally on the interlayer sliding surface to precipitate mineralization [35].




7.3. Structure–Fluid Coupling Mineralization


Before the eruption of the Emeishan basalt in the Indosinian period, the crust was uplifted and domed, forming regional EW-trending tensional deep fault structures. The strong NW compression in the early Yanshanian essentially established the NE-trending regional tectonic pattern, and the interlayer detachment layer was formed at the interface with different energy and dryness [59,60]. Under the background of regional tectonic transformation in the late Yanshanian, the ore-forming fluid related to the deep magmatic evolution upflowed along the EW-trending faults. The ore-bearing overpressure fluid was rich in CH4, N2, CO2, and H2O, and it also had a high W/R ratio exchange reaction in the fault zone and interlayer fracture zone. Furthermore, CO2 escaped when mixed with atmospheric water, which is precipitated and mineralized in the tectonic detachment surface between the Maokou Formation (P2m) and Emeishan basalt, as well as in the basaltic breccia of the second member of the Emeishan basalt (P3β2). The tuff of the Emeishan Formation and clay rock of the Longtan Formation showed a stable distribution at the anticline flank, which makes the ore-forming fluid migrate laterally along the low-pressure region of horizontal breccia. Furthermore, the water–rock metasomatism occurred simultaneously, resulting in the precipitation of gold with pyrite and arsenopyrite [61,62].





8. Conclusions


(1) The Jiadi gold deposit is situated in the strong deformation area of the southeast flank of the Lianhuashan anticline. The four stages of structural deformation closely related to mineralization were identified by structural analysis. The NE-trending Lianhuashan anticline was formed by NW compression in the early Yanshanian period, and the early structure was activated in the late Yanshanian period. It is believed that the structural alteration caused by the D3-deformation event served as the primary backdrop for gold mineralization;



(2) The fluid inclusions were divided into A-types and B-types, with the pyrite stage of mineralization being dominated by CO2-rich inclusions and the smoky quartz stage having a significant amount of gas-phase compositions, such as CO2, CH4, and N2. The fluid components in the sulfide stage of mineralization were relatively simple, and the temperature and salinity gradually decreased in the process of fluid evolution. The H-O isotope showed that the initial ore-forming fluid was primarily magmatic water, which is mixed with meteoric water in the sulfide stage; furthermore, the C-S isotope showed that the metallogenic materials originate primarily from deep sources;



(3) The early Yanshanian compressional deformation of the Jiadi gold deposit resulted in magmatic upwelling and formation dehydration, which produced a significant amount of CO2-rich and low-salinity fluids. In the late Yanshanian period, the deep fluid migrated up the fault to the interlayer fracture zone. Moreover, there was also the addition and mixing of meteoric water with the magmatic–hydrothermal solution, which led to a change in the geochemical environment, thus resulting in the quick precipitation of metallogenic materials.
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Figure 1. Schematic diagram of the geological structure of the Lianhuashan anticline and study area location map (modified from [13]) (a); the polar projection of the occurrence of the Zhudong fault (b); and the Lianhuashan anticlinal flanking strata (c). 1. First member of Yongningzhen Formation; 2. Second Member of Feixianguan Formation; 3. First member of Feixianguan Formation; 4. Dalong Formation; 5. Changxing Formation; 6. Longtan Formation; 7. Emeishan Basalt Formation; 8. Maokou Formation; 9. Qixia Formation; 10. Liangshan Formation; 11. Maping Formation; 12. Huanglong Formation; 13. Baozuo Formation; 14. Datang Formation; 15. Yanguan Formation; 16. Daihua Formation; 17. Structural alteration rock; 18. Synclinal axis; 19. Anticlinal axis; 20. Reverse faults; 21. Normal faults; 22. Uncertain fault; 23. Inferred faults; 24. Gold deposits (occurrence). 
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Figure 2. Geological map of the Jiadi gold deposit (modified from [27]). 
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Figure 3. No. 7 exploratory profile of the Jiadi gold deposit (the positions of A and A′ are shown in Figure 2) (modified from [29]). 
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Figure 4. Identification of the metallogenic stages of the Jiadi gold deposit. (a) Altered volcanic breccia in the second member of the Emeishan basalt (P3β2); (b) drilling samples of the lower orebody; (c) quartz + pyrite veins of the smoky quartz stage; (d) pyrite + quartz veins of the smoky quartz stage are cut by the quartz veins of the sulfide stage; (e) the pyrite of the pyrite stage is metasomatized by the smoky quartz stage; (f) smoky quartz veins; (g) the framboidal pyrite formed in the pyrite stage; (h) the Au-bearing pyrite of the smoky quartz stage; (i) the pyrite veins of the smoky quartz stage; and (j) the euhedral–granular pyrite of the sulfide stage ((g–j) was taken under reflected light). 
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Figure 5. Structural distribution characteristics of the Jiadi gold deposit. (a) The wide and gentle folds of the Jiadi anticline; (b) the NE-trending anticlinorium that was reworked by the EW-trending fold; (c) the NNE-trending faults; (d) the two stages of striations can be recognized on the fault plane; (e) the NE-trending faults; (f) the D1-deformation fault and fold are NS-trending; (g) the striations of the NE-trending fault surface; (h) the EW-trending faults; (i) the conjugated joint of D2-deformation; (j) the EW-trending faults; (k) the striations of the EW-trending faults; and (l) the conjugate joints of D1-deformation. 
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Figure 6. Recovery diagram of the tectonic deformation stress field. (a) The fold of D3-deformation; (b) the faults of D2-deformation; (c) the fault planes and striations of D3-deformation; (d) the faults of D3-deformation; (e) the inversion results of striations; (f) the normal fault of D2-deformation; (g) the fold of D1-deformation; (h) the high-angle fault of D2-deformation; (i) the fault and striation of D2-deformation; (j) the faults of D2-deformation; and (k) the conjugated joint of D1-deformation. 
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Figure 7. The petrographic characteristics of the fluid inclusions in the Jiadi gold deposit. (a) The smoky quartz veins were cut by sulfide veins; (b) the zonal structure of quartz; (c) the secondary inclusions in quartz; (d) the fluid inclusion assemblage; (e) the A1-type inclusion; (f) the A2-type inclusion; (g) the “neck-down” inclusion; (h) the B1-type inclusion; and (i) the B2-type inclusion. 
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Figure 8. The homogenization temperature/salinity and frequency histogram of the fluid inclusions. (a) The homogenization temperature frequency histogram of the fluid inclusions; (b) the salinity frequency histogram of the fluid inclusions. 
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Figure 9. The LSR characteristics of the fluid inclusions in the Jiadi gold deposit. (a) The A-type gas–liquid two-phase inclusions in the pyrite stage; (b) the A-type gas–liquid two-phase inclusions containing a small amount of gas-phase compositions in the smoky quartz stage; (c) the three-phase inclusions containing a small amount of CO2 in the smoky quartz stage; and (d) the two-phase inclusions containing CO2, CH4, and N2 in the sulfide stage. 
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Figure 10. The δ34S and δ13CPDB diagram isotope composition of the Jiadi golden deposit [1]. (a) The sulfur isotope composition of the deposit; (b) the carbon isotope composition of the deposit. 
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Figure 11. The δD vs. δ18OH2O diagram of the hydrothermal quartz in the Jiadi deposit [50,51,52]. 
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Table 1. The Parameters of two-phase NaCl-H2O fluid inclusions.






Table 1. The Parameters of two-phase NaCl-H2O fluid inclusions.





	
Number

	
Strata and

Host Minerals

	
Type

	
Number of Test

	
Eutectic Melting/°C

	
Homogenization/°C

	
Freezing/°C

	
Salinity/wt% (NaCl eq)

	
Density/(g/cm3)

	
Stage of

Mineralization




	
Range

	
Average

	
Range

	
Average

	
Range

	
Average

	
Range

	
Average

	
Range

	
Average






	
ZK3109-1

	
SBT (Cal)

	
A2

	
10

	
−23.8~−20.3

	
−22.05

	
231~206

	
215

	
−2.3~−4.8

	
−3.8

	
7.6~3.9

	
6.1

	
0.883~0.903

	
0.893

	
Pyrite




	
ZK3109-2

	
P3β2 (Cal)

	
A2

	
7

	
−24~−21.1

	
−22.55

	
218~199

	
208.3

	
−1.2~−4.7

	
−3.1

	
7.4~2.1

	
5.0

	
0.878~0.909

	
0.894

	
Pyrite




	
ZK3109-4

	
P3β2 (Q)

	
A2

	
7

	
−21.6~−20.4

	
−21

	
225~199

	
209.7

	
−1.7~−4.5

	
−3.3

	
7.2~2.9

	
5.4

	
0.877~0.915

	
0.896

	
Pyrite




	
ZK3109-5

	
P3β2 (Q)

	
A2

	
7

	
−24.6~−21.4

	
−23

	
235~198

	
213.1

	
−1.5~−4.0

	
−2.9

	
6.4~2.6

	
4.8

	
0.867~0.907

	
0.887

	
Pyrite




	
ZK3109-7

	
P3β2 (Q)

	
A2

	
7

	
−22.8~−21.1

	
−21.95

	
225~198

	
209.1

	
−1.9~−4.2

	
−2.9

	
6.7~3.2

	
4.8

	
0.868~0.907

	
0.888

	
Pyrite




	
ZK3109-8

	
P3β2 (Q)

	
A2

	
9

	
−23.2~−20.7

	
−21.95

	
223~195

	
212.4

	
−1.8~−4.3

	
−3.0

	
6.9~3.1

	
5.0

	
0.871~0.908

	
0.890

	
Pyrite




	
8

	
−21.8~−20.5

	
−21.15

	
196~177

	
187.0

	
−0.8~−3.0

	
−1.9

	
5.0~1.4

	
3.2

	
0.882~0.926

	
0.904

	
Smoky quartz




	
ZK3109-10

	
P3β2 (Q)

	
A2

	
9

	
−24.3~−21.4

	
−22.85

	
223~198

	
211.9

	
−1.7~−4.7

	
−2.9

	
7.4~2.9

	
4.7

	
0.872~0.909

	
0.891

	
Pyrite




	
ZK2725-4

	
P3β2 (Q)

	
A2

	
9

	
−22.7~−20.4

	
−21.55

	
222~188

	
205.7

	
−1.5~−3.5

	
−2.5

	
5.7~2.6

	
4.2

	
0.860~0.919

	
0.890

	
Smoky quartz




	
ZK2725-5

	
P3β2 (Q)

	
A2

	
5

	
−21.9~−20.6

	
−21.25

	
218~195

	
207

	
−1.8~−3.6

	
−2.6

	
5.9~3.1

	
4.4

	
0.882~0.897

	
0.890

	
Pyrite




	
ZK2725-9

	
P3β2 (Q)

	
A2

	
7

	
−23.1~−21.6

	
−22.35

	
215~193

	
206.9

	
−1.9~−3.2

	
−2.7

	
5.3~3.2

	
4.4

	
0.875~0.912

	
0.894

	
Pyrite




	
ZK2725-12

	
P3β2 (Q)

	
A2

	
9

	
−23.7~−21.1

	
−22.4

	
217~185

	
20.1

	
−2.1~−3.6

	
−2.9

	
5.9~3.5

	
4.6

	
0.872~0.910

	
0.891

	
Smoky quartz




	
ZK2725-13

	
P3β2 (Q)

	
A2

	
7

	
−26.6~−21

	
−23.8

	
213~195

	
204.8

	
−2.2~−3.6

	
−2.8

	
5.9~3.7

	
4.6

	
0.884~0.970

	
0.896

	
Pyrite




	
ZK2725-15

	
P3β2 (Q)

	
A2

	
8

	
−24.2~−21.9

	
−23.05

	
215~196

	
205.5

	
−1.7~−3.7

	
−2.6

	
6.0~2.9

	
4.3

	
0.870~0.908

	
0.889

	
Pyrite




	
ZK3125-1

	
P3β2 (Q)

	
A2

	
9

	
−23.6~−21.7

	
−22.65

	
180~162

	
170.8

	
−0.5~−1.6

	
−1.0

	
2.7~0.9

	
1.8

	
0.905~0.930

	
0.918

	
Sulfide




	
ZK4204-1

	
P3β2 (Q)

	
A2

	
7

	
−24.4~−21.8

	
−23.1

	
213~176

	
197.3

	
−1.5−3.2

	
−2.3

	
5.3~2.6

	
3.8

	
0.871~0.931

	
0.901

	
Sulfide




	
ZK4204-2

	
P3β2 (Q)

	
A2

	
7

	
−25.1~−20.8

	
−22.95

	
223~198

	
208.1

	
−2.5~−4.7

	
−3.7

	
7.4~4.2

	
5.9

	
0.882~0.913

	
0.898

	
Pyrite
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Table 2. The Parameters of two-phase CO2-NaCl-H2O fluid inclusions.
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Number

	
Strata and Host

Minerals

	
Type

	
Number of Test

	
Eutectic Melting/°C

	
Clathrate Melting/°C

	
Homogenization/°C

	
Freezing/°C

	
Salinity/wt% (NaCl eq)

	
Density/(g/cm3)

	
Stage of

Mineralization




	
Range

	
Average

	
Range

	
Average

	
Range

	
Average

	
Range

	
Average

	
Range

	
Average

	
Range

	
Average






	
ZK3109-3

	
P3β2 (Q)

	
B1

	
7

	
−59~−56

	
57.5

	
4.0~9.8

	
6.9

	
229~197

	
209.8

	
−1.0~−4.7

	
−3.3

	
6.4~1.7

	
4.7

	
0.875~0.961

	
0.918

	
Pyrite




	
ZK3109-6

	
P3β2 (Q)

	
B1

	
7

	
−58.1~57

	
57.6

	
6.8~8.1

	
7.5

	
224~198

	
210.7

	
−1.7~−4.5

	
−3.2

	
7.2~2.9

	
5.2

	
0.845~0.958

	
0.902

	
Pyrite




	
ZK3109-9

	
P3β2 (Q)

	
B1

	
10

	
−58.3~−56.7

	
57.5

	
5.3~8.7

	
7.0

	
227~197

	
211.3

	
−1.5~−4.0

	
−3.0

	
6.4~2.6

	
4.9

	
0.852~0.928

	
0.890

	
Pyrite




	
P3β2 (Q)

	
B1

	
8

	
−57.2~−56.7

	
57.0

	
5.3~8.4

	
6.9

	
201~179

	
188.1

	
−0.7~−3.0

	
−1.7

	
5.0~1.2

	
2.9

	
0.831~0.930

	
0.881

	
Smoky quartz




	
ZK3109-12

	
P3β2 (Q)

	
B1

	
9

	
−58.6~−57.3

	
58.0

	
7.4~9.3

	
6.9

	
220~179

	
198.6

	
−1.8~−4.1

	
−2.9

	
6.6~3.1

	
4.8

	
0.862~0.918

	
0.890

	
Pyrite




	
ZK2725-14

	
P3β2 (Q)

	
B1

	
7

	
−58.8~−57.1

	
58.0

	
7.0~9.4

	
8.2

	
224~195

	
210.3

	
−2.1~−4.1

	
−3.2

	
6.6~3.5

	
5.2

	
0.875~0.960

	
0.918

	
Pyrite








Host minerals: Q—Quartz; Cal—Calcite. Sampling horizon: P3β2—The upper volcanic breccia ore body; SBT—the lower structural alteration ore body. The inclusion types: A2—the two-phase NaCl-H2O; B1—the two-phase CO2-NaCl-H2O.
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