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Abstract

:

The Dahongshan large-scale iron (Fe)–copper (Cu) polymetallic deposit is in the Proterozoic metallogenic domain on the western margin of the Yangtze Block. It is a typical representative of Fe-Cu polymetallic composite mineralization in the Kangdian area. The deposit comprises a group of layered orebodies formed by volcanic exhalation sedimentation and metamorphism, and a group of vein-like orebodies formed by hydrothermal superposition. The large-scale mapping of altered lithofacies in the deposit has resolved issues of weak links and unclear mineralization and alteration zoning of hydrothermal superimposed deposits within the study area. The mineralization type, hydrothermal alteration type and intensity, mineral assemblage, and mineral structure of the vein-type Cu polymetallic deposits during the hydrothermal superposition period are meticulously analyzed and studied. Finally, the zoning relationships of vein orebodies (mineralization) are summarized. On the basis of the results of the study of the distribution pattern of this mineral body, a mineralization alteration zoning model of the hydrothermal superposition period is constructed. The results show that the alteration is primarily silicification, carbonation, and chloritization, and the mineralization is chalcopyrite, bornite, chalcocite, and pyrite. The Dibadu anticline and the cutting layer faults and fractures strictly control the hydrothermal alteration zoning. The mineralization alteration zoning from the core to the flank is divided into coarse vein zone (I) → stockwork zone (II) → veinlet zone (III). The corresponding mineral assemblages are quartz–calcite–chalcocite–bornite–(native copper) (I) → calcite–dolomite–quartz–bornite–chalcopyrite–chlorite (II) → dolomite–quartz–chalcopyrite–(pyrite) (III), where the stockwork zone has the most substantial mineralization. The mineral assemblages of each alteration zone, the characteristics of rare earth elements of typical samples, and the test results on the fluid inclusions confirm that pH and Eh primarily control the zoning mechanism. This study has significance for deepening the understanding of the composite metallogenic system, guiding deep and peripheral prospecting, and providing significant enlightenment for the study of this type of deposit.
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1. Introduction


The Kangdian area in the western margin of the Yangtze Block is a crucial Precambrian Fe-Cu polymetallic metallogenic belt in China. It has attracted much attention from scholars because of its large reserves and multistage composite mineralization.



The tectonic background, metallogenic age, metallogenic mechanism, and alteration characteristics of this area have always been fundamental scientific concerns for researchers [1,2,3,4]. The multistage mineralization of the deposit is significant, and it is rich in Fe, Cu, lead, zinc, nickel, lithium, and other metal elements [5,6]. Studies have revealed that the deposit exhibits submarine volcanic exhalation sedimentation, metamorphism, and hydrothermal superimposition. The primary layered orebodies and ore-bearing strata were formed during the early submarine volcanic exhalation–deposition of the deposit [7,8,9]. Subsequently, metamorphism enriched the early ore-bearing layers [10,11,12,13]. Finally, the hydrothermal superposition event was experienced, forming cross-layer vein orebodies [14,15,16,17,18].



Numerous studies have been conducted on the layered orebodies (mineralization) in the Dahongshan deposit, including potassium feldspathization, albitization, mica, and garnet petrochemical previous. The research has indicated that the ore-forming fluids exhibit medium–high temperature and high salinity characteristics [19,20,21,22,23]. However, limited attention has been paid to the characteristics of veined Cu orebodies (mineralization) during the hydrothermal superposition period, as well as the zoning of mineralization–alteration and its underlying mechanisms. Investigating the vein orebodies (mineralization) is of theoretical significance for comprehending the metallogenic regularity, genesis, and prospecting potential of the deposit. In addition, it offers valuable insights for exploration and similar research on this deposit type.



This study used large-scale altered lithofacies mapping, microscopic observation, and rock alteration characteristics to analyze the mineralization alteration types, distribution patterns, and mineral assemblage characteristics of veined orebodies (mineralization) during hydrothermal superposition. Subsequently, the mineralization–alteration zoning of this orebody type was further delineated. By incorporating the geochemical characteristics of rare earth elements within each alteration zone, the regularity of the mineralization–alteration zoning was summarized, and the formation mechanism of the alteration zoning was analyzed. Finally, a mineralization–alteration zoning model of the deposit is proposed.




2. Deposit Geology


2.1. Regional and Geological Characteristics


The southwestern margin of the Yangtze Block is one of China’s significant nonferrous metal, rare metal, and nonmetallic mineral-resource-producing areas. The strata exposed in this area primarily comprise Archean and Proterozoic metamorphic rocks, such as migmatite, biotite hornblende schist, gneiss, granulite, and marble [24], as well as Paleozoic to Cenozoic sedimentary rocks, such as conglomerate, mudstone, and shale [25,26]. The structure in the area is very developed, primarily NW, SN, and EW deep faults, such as Honghe, Luzhijiang, and Xiaojiang, and folds are widely developed in basement strata and caprocks, controlling the spatial distribution of the polymetallic deposits in the area, such as Lala [27], Dongchuan [28], Dahongshan [7], Yinachang [29], and some famous Fe-Cu deposits (Figure 1b).



The magmatic activity in the studied region is frequent and exhibits multistage characteristics, which can be roughly divided into four stages: (1) from the late Precambrian to the early Paleozoic, the primary rocks are tuff, metamorphic gabbro, and diabase, followed by metamorphic basic rocks and granite [30,31,32,33]; (2) from the late Early Paleozoic to the Middle Paleozoic, the predominant rocks are gabbro, diabase, peridotite, and serpentinite [17]; (3) from the Middle Paleozoic to the Late Paleozoic, prevalent rocks include plagioclase amphibolite, peridotite, and orthoclase amphibolite; (4) from the late Paleozoic to the Neogene, the region is characterized by granite and ultrabasic rocks [31,32,33]. The later regional and hydrothermal metamorphism modified the rocks.
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Figure 1. (a) Simplified tectonic map showing the study area in the Yangtze Block; (b) geological map of Precambrian strata and Neoproterozoic intrusions in the Kangdian region, SW China, showing the distribution of Proterozoic Fe–Cu deposits (modified from Wu et al., 1990 [34]; Zhao and Zhou [7]; Su [17]). 
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2.2. Geology of the Dahongshan Mining Area


The mining area is in Gasa Town, Central Yunnan. It is in the southwestern margin of the Yangtze Block and the clamping part of the Honghe and the Luzhijiang faults. It is the largest Fe-Cu polymetallic deposit in Central Yunnan. The deposit is composed of layered orebodies formed by volcanic exhalation sedimentation metamorphism and veined orebodies formed by hydrothermal superposition. The exposed strata of the deposit, from old to new, are the Archean Dibadu Formation (Ard) (strong metamorphic migmatite and schist), which is typically angular unconformity or pseudo-conformity connecting with the overlying strata. The Early Proterozoic Dahongshan Group, from old to new, includes the Laochanghe (Pt1dl), Manganghe (Pt1dm), Hongshan (Pt1dh), Feiweihe (Pt1df), and Potou (Pt1dp) formations. The Manganghe Formation is dominated by abyssal submarine volcanic eruption sedimentary formation [10], divided into four lithologic sections from the bottom to the top, which are primarily hornblende sodium-feldspar schist (Pt1dm1), garnet hornblende sodium-feldspar schist (Pt1dm2), garnet hornblende/biotite schist intercalated with sodium tuff (Pt1dm3), and pillared dolomite marble (Pt1dm4). Pt1dm3 is the primary occurrence horizon of layered Cu deposits [35]. The sandstones of the Upper Triassic Ganhaizi (T3g) and Shezi (T3s) formations are in the Dahongshan Group and exhibit angular unconformity contact with the underlying strata (Figure 2) [17,18]. The quaternary residual slope layer (Q) is distributed in the valley and valley slope area within the mining area.



The Dahongshan mining area exhibits a highly intricate geological structure, predominantly characterized by folds and faults. The strikes are EW, SN, NE and NW, among which the NW and NE strikes are the most developed, and the multistage activity characteristics are clear. The folds are mostly Dibadu anticline. The NW faults F3, F31, and F5 and Dibadu anticline jointly control the Fe and Cu orebody distribution in the area (Figure 2a).



The magmatic rocks are well developed in the mining area, and the metamorphic tuff is the ore-forming parent rock. Furthermore, the area contains a small amount of sedimentary metamorphic schist (garnet mica schist). Intrusive rocks mainly include quartz albite porphyry, gabbro diabase, quartz albite dolomite, and diabase after mineralization [35,36,37,38,39].



The deposit primarily develops I, II, III, and VI orebodies; the I orebody is the largest. The deposit contains 458 Mt, 41% Fe, and a large amount of Au (16 t), Ag (141 t), Co (1156 t), and Pd + Pt (2.1 t) (more details can be found in Zhao et al., 2017 [8]). The I3 orebody was selected for study, and it has an average Cu content of 0.76%. The average thickness of the orebody is 9.43 m. The orebody is hosted in metamorphic tuff. Bounded by the B128 line, the orebody in the west is NNW-trending and in the east NWW-trending, with an overall tendency of S.





3. Sample Collection and Test Methods


Lithofacies of different middle roadways in the Dahongshan mining area were recorded, and large-scale altered lithofacies mapping was conducted. The specific method is shown in Han (2005) [40], with a total length of more than 2 km. The deposit was analyzed according to the characteristics of the mineral paragenetic assemblage, alteration type, and microscopic observation.



Quartz samples from different stages of the hydrothermal superposition period of the Dahongshan deposit were collected to study the geological fluid. The samples were evaluated in the Fluid Inclusion Laboratory of Kunming University of Science and Technology using the British Linkam THMSG-600 (Linkam Scientific Instruments, Redhill, UK). The theoretical operating temperature range of the instrument is −196 °C~600 °C. When the experimental temperature is −196~31 °C, the error is ±0.2 °C. When the experimental temperature is >100 °C, the error is ±2 °C. The salinity of the NaCl–H2O phase inclusions was calculated using the Bodnar (1993) [41] equation.



A total of 89 fresh samples were collected from the structural fracture zone of each geological point in the Dahongshan mining area, including 83 samples at level 140, 3 samples at level 280, 2 samples at level 260, and 1 sample at level 360. Each sample weighed 1~2 kg, and all were ground to a 200 mesh size. The samples were evaluated using inductively coupled plasma-mass spectrometry (instrument: 7700X, Agilent Technologies, Santa Clara, CA, USA) in the Northwest Mineral Geological Testing Center of Nonferrous Metals, and the analysis accuracy was ≥10%. The experimental process and analysis procedure are described by Qi et al. (2000) [42] and Gong et al. (2020) [43].




4. Mineralization and Alteration


According to pyrite Re-Os (1026 ± 22 Ma) in quartz veins (Zhao et al. [8]), pyrite Re-Os (1026 ± 15 Ma) in quartz–calcite sulfide veins (Su [17]), and chalcopyrite Re-Os (1115 ± 28 Ma) in sulfide quartz veins cutting through layered orebodies (Jin et al. [15]), the research shows that the Dahongshan vein orebodies were formed during the Xiaoheqing–Manyingou stage (Glenville Orogeny, Rodinia supercontinent cycle). Disseminated–massive-vein chalcopyrite (Cp), bornite (Bn), chalcocite (Cc), native copper (Ccp), and pyrite (Py) developed [8,13,15,17,35]. Mineralization is related to fault and hydrothermal activities. The Dibadu anticline and fault structure strictly controlled the mineralization, and it was produced in different lithologies, partially enriched or cut through the early layered orebodies, and the mineralization types were diverse (Figure 3). The alteration was primarily disseminated-plaque-vein silicification, dolomite (Dol), calcite (Cal), and chlorite (Chl).



4.1. Mineralized Types


On the basis of the results of the detailed study of Cu orebodies and their main ore-bearing rocks in multiple planar tunnels in the Dahongshan mining area, magnetite (M) is the primary mineral that formed in the first two stages. According to its form of occurrence and microscopic characteristics, it can be divided into three categories: e(M1) is a product of the volcanic exhalation sedimentary period, and (M2) and (M3) are products of the metamorphic hydrothermal period.



M1: The dolomite-bearing metasodium tuff and garnet-bearing biotite schist exhibit a fine-grained, laminated–banded structure along the bedding plane. Under the microscope, the surface of these rocks appeared rough (Figure 3a).



M2: The gray–white dolomite-bearing metasodium tuff typically contains granular magnetite with a particle size of 0.3–0.7 cm. During metamorphism, the magnetite displays a directional distribution, and some of it is observed to flow around the garnet (Figure 3d).



M3: This type of magnetite is primarily found at the contact edge between quartz and the surrounding rock in the tensile tectonic belt, or within carbonate clusters. The magnetite has a needle-like morphology and is coproduced with the breccia of the surrounding rock. Under the microscope, it exhibits a semiautomorphic to automorphic granular structure (Figure 3g).



Hematite frequently metasomatizes M1 and M2 and is directional(Figure 3c,d(2)); however, M3 has not been metasomatized.



The chalcopyrite and bornite in the first and second periods are lamellar-disseminated, with a rough surface structure observed using a microscope (Figure 3b,e,f). They are found in the metamorphic sodic tuff and biotite schist of the Manganghe and Hongshan formations, forming a layered orebody with a rough surface structure. This study primarily involves the third period (i.e., hydrothermal superimposition), which can be divided into the first (I) to third (III) stages (Figure 4).



Without special instructions, the minerals in the following paragraphs refer to the first to third stages (hydrothermal superimposition). Chalcopyrite and bornite are spotted and veined in the shear tensile (torsional) fault zone, associated with quartz (Qt)–dolomite–calcite, and dominated by filling and metasomatism, and the two mineralizations are frequently produced together (Figure 3k). The chalcocite is disseminated–veined in the bedding plane and fault zone of metasodium tuff, and it often coexists with calcite–quartz veins. It is irregularly granular under the microscope, and joints can be observed (Figure 3j). Native copper is only observed in the veinlet-star-like clip and chalcocite at the southwest end of the B128 line. Pyrite (Py) is closely associated with vein chalcopyrite, and they frequently coexist. Under the microscope, pyrite exhibits a semiautomorphic to automorphic granular structure (Figure 3l).




4.2. Alteration Types


In the hydrothermal superposition period of the mining area, silicification, carbonation, chloritization, and other alterations can be observed to be distributed in the ore-bearing structural belt as disseminated, agglomerated, and veined (Figure 5).



4.2.1. Silicification


Silicification is one of the most developed alteration types in the mining area, closely related to Cu mineralization in the hydrothermal superposition period, with vein mass, and primarily filled in the cutting layer and interlayer fracture. The quartz in the core of the Dibadu anticline is the largest, is frequently symbiotic with chalcocite and bornite, and is granular under the microscope (Figure 5).


H4SiO4 <==> SiO2 + 2H2O



(1)







(1) The formation of quartz [44].




4.2.2. Carbonatation


The carbonation is generally developed in this deposit, which is primarily beige or grayish white calcite and dolomite. It is typically distributed in patchy, reticular, veined, and lenticular forms in the shear layer, bedding tensile (torsional) fault zone, and the intersection of faults. Those that are frequently produced with quartz veins are filled in the fault zones and joint veins in a stockwork vein–vein shape (Figure 5a–c). Disseminated, spotted-vein chalcocite, bornite, and chalcopyrite are frequently developed in the veins or in contact with the surrounding rocks (Figure 5d,e,h), and a small amount of pyrite can be seen (Figure 5f).




4.2.3. Chloritization


Chlorite typically occurs in vein-like or irregular forms, distributed on the surfaces of milky-white quartz and yellowish-brown calcite-quartz veins or in contact with the surrounding rocks (Figure 5g,h). The chlorite is closely related to Cu mineralization and frequently coexists with chalcopyrite and bornite. Under the microscope, the chlorite appears reticular (Figure 5i,l).






5. Results and Analysis


The Cu content in the tectonites of 140 horizontal faults was calculated (Table 1). The Cu content in the core of the Dibadu anticline (B128 line) and the nearby tectonites was 11.63~51,900.00 × 10−6 (avg. 2582.95 × 10−6). The Cu content of the tectonic rock in the flank of the Dibadu anticline was 26.67~4000 × 10−6 (avg. 510.05 × 10−6).



5.1. Alteration Zone Division


The altered lithofacies formed in the process of hydrothermal mineralization can reflect different physical and chemical conditions, and different mineral assemblages reflect different physical and chemical conditions. The mineral assemblages and characteristics in the different alteration zones indicate the occurrence of orebodies, and the relationship between mineralization and alteration is intuitively reflected by establishing the mineralization and alteration variations [45,46,47,48,49,50].



The northwest side of the Dibadu anticline to the southwest side is chalcocite + bornite + (native copper) → bornite + chalcopyrite → chalcopyrite + pyrite. The vein mineral zoning that formed during the hydrothermal superposition period of Dahongshan is highly similar to the metal zoning of porphyry Cu minerals; however, Dahongshan does not belong to porphyry Cu deposits. All these zoning rules may be widespread in the formation of sulfide Cu deposits.



5.1.1. Coarse Vein Zone (I)


The Dibadu anticline and faults control the coarse vein zone. This belt is primarily exposed near the turning end of the Dibadu anticline (B128 line). The mineralization assemblage comprises bornite, chalcocite, and (native copper), and the surrounding rock is metasodium tuff and marble. The cut layer is fractured, and the bandwidth is >20 cm. A large amount of quartz and a small amount of calcite are filled in the zone. Disseminated–veined bornite and chalcocite are occasionally found in the contact area between the vein and the surrounding rock. The alteration in the zone is primarily vein silicification and a small amount of carbonation. The silicification is the strongest, but the carbonation is weak, and the mineralization is weaker than the stockwork zone (Figure 6e,i,j).




5.1.2. Stockwork Zone (II)


This zone is distributed adjacent to the coarse vein zone. The mineralization assemblage is bornite + chalcopyrite, and the surrounding rock is metasodium tuff. Bedding and cutting calcite + dolomite + quartz veins are typically developed, with a width of 1~20 cm and a density of ~4/m. Carbonation in this zone is stronger than in the coarse vein zone, silicification is weaker than in the coarse vein zone, and chloritization is common. Simultaneously, dense disseminated–massive-vein bornite and chalcopyrite developed in the intersecting part of the vein body and the connecting part between the vein body and the surrounding rock, and the mineralization is the strongest (Figure 6c,d,f–h).




5.1.3. Veinlet Zone (III)


The amount of mineralization in this zone is significantly reduced, and it is developed in the flank of the Dibadu anticline, with weak brass mineralization (pyritization). The surrounding rock is grayish white sodium tuff and marble. Dolomite-bearing quartz veins are common, with a pulse width of <1 cm and a density of ~6/m. It is dominated by micro-veinlet dolomite-quartz veins, with weak alteration, occasional star-veinlet chalcopyrite (pyritization), alteration carbonate (dolomite), vein silicification (Figure 6a), and the weakest mineralization intensity (Table 2).



According to the different alteration types and symbiotic combination characteristics in each tunnel, the mineralization–alteration zone of the hydrothermal vein-type mineral body, from the center to the surrounding rock, consists of the stockwork zone (II) → coarse vein zone (I) → veinlet zone (III) (Figure 7). The coarse vein zone minerals are quartz, calcite, chalcocite, bornite, and (native copper); the stockwork zone contains calcite, dolomite, quartz, bornite, chalcopyrite, and chlorite; and the veinlet zone comprises dolomite, quartz, chalcopyrite, and pyrite. When the surrounding rock is close to the center of vein mineralization, the density of the vein increases and the vein width widens, indicating that combining the structure and hydrothermal solution is most favorable for mineralization formation. In the mining area, the vein mineral body is the change of NE → SW → SE from the top to the bottom, providing the basis for deep prospecting.





5.2. Mechanism of Mineralization–Alteration


5.2.1. Fluid Inclusion Results


The fluid inclusions of 10 samples were completed in the experiment, with 133 data points. The inclusions in quartz from the Dahongshan Fe–Cu deposit during hydrothermal superimposition can be divided into liquid (type I), gas–liquid (type II), and daughter mineral-bearing (type III) inclusions. The inclusions are typically less than 9 μm in size, most of which are between 3 μm and 6 μm. Their shapes are primarily circular or long strips, and the gas–liquid ratio is generally less than 10% (Figure 8a,b).



The quartz veins stage (I) of the hydrothermal superposition period: the range of the temperature distribution was 149.2~275.1 °C, the average temperature was 185.0 °C, the range of the salinity distribution was 2.2~23.1 wt% NaCleqv, and the average salinity was 10.8 wt% NaCeqv. The metal sulfides stage (II): the range of the temperature distribution was 101.6~216.1 °C, the average temperature was 159.9 °C, the range of the salinity distribution was 0.2~21.2 wt% NaCleqv, and the average salinity was 12.2 wt% NaCleqv. Carbonate vein stage (III): the range of the temperature distribution was 92.3~164.2 °C, the average temperature was 132.9 °C, the range of the salinity distribution was 0.4~15.47 wt% NaCleqv, and the average salinity was 8.7 wt% NaCleqv. The temperature and salinity decreased from stage I to stage III (Figure 8c,d). The homogenization temperature of the fluid inclusions (Table 3) in the layered ore studied by predecessors (see References) is significantly higher than that of the vein ore that formed during the hydrothermal superposition period. In the hydrothermal superposition period, the fluid was medium–low temperature and medium salinity, but no significant changes occurred in the temperature and salinity in the different alteration zones (Figure 8e,f). Temperature and salinity may not be the primary controlling factors for mineral zoning.




5.2.2. Rare Earth Elements Results


The rare earth element contents in the vein-type ore-bearing whole rock of the Dahongshan Fe–Cu deposit during the hydrothermal superposition period are low (Figure 9 and Table 4). The total rare earth element content is 3.58 × 10−6~174.21 × 10−6 (avg. 96.14 × 10−6), which is right-leaning (LREE/HREE = 1~5.48), with light rare earth enrichment [11,51,52,53]. Because Eu and Ce anomalies are primarily related to the oxidation–reduction of water–rock reactions, their anomalies can indicate environmental changes [54]. The Ce anomaly in the ore-bearing veins of the Dahongshan hydrothermal superposition period did not change significantly, showing weak negative anomalies, whereas the Eu value showed an evolution from clear negative anomalies, weak anomalies, or no anomalies to positive anomalies, indicating changes in the ore-forming redox environment [53]. Dahongshan shows light rare earth enrichment with a negative Eu anomaly, relatively flat type, and light rare earth enrichment with a positive Eu anomaly (δEu = 0.70~3.49). In general, the Ce anomaly is weak (δCe = 0.70~0.91). The coarse vein zone in the mineral body of the Dahongshan hydrothermal superposition period has an obvious δEu negative anomaly (δEu = 0.70~0.81) and δCe negative anomaly (δCe = 0.70~0.84), indicating that it is a reducing environment. No apparent δEu and weak δCe negative anomalies (δCe = 0.90~0.91) occur in the vein belt. The veinlet zone has a positive anomaly δEu (δEu = 1.27~3.49) and a negative δCe anomaly (δCe = 0.82~0.87). However, the veinlet zone is relatively weak under reduction conditions, and the reaction from the coarse vein to the veinlet zones changes from reduction to weak reduction.






6. Discussion


At present, two characteristics of hydrothermal iron-oxide–copper–gold (IOCG) deposits are recognized: variable valence elements and mineralization combinations occur in the redox site [55]. Magnetite, hematite, Cu minerals, and gold formed during the metamorphic period in the Dahongshan deposit are also hosted in the redox sites. Among them, magnetite is frequently replaced by hematite, but both minerals are enveloped by albite. Native gold is found enclosed within chalcopyrite [56].



Wang et al. (2020) [57] and Yang et al. (2020) [35] conducted detailed studies of magnetite using EPMA. Specifically, in the V + Ti vs. Ca + Al + Mn discriminate diagram used by Chen et al. (2015) (Figure 10) [58] model reference [59,60], the Dahongshan and IOCG deposits exhibit significant similarities [61,62,63,64,65]. For example, the Dahongshan deposit contains many Fe oxides [66], experiences extensive hydrothermal alteration, and has an unclear relationship between mineralization and intrusive rocks [67]. It exhibits numerous breccias and hydrothermal veins, with widespread Na, K, Ca, and other alterations in the surrounding rock [68,69,70]. Cobalt and nickel are relatively enriched metals in the deposit [71]. However, its associated gold grade is lower than in typical IOCG deposits [72]. Special layered and vertically dispersed vein orebodies, which are rare in other IOCG deposits, are common in the region [73].



The mineralization–alteration zoning model of the vein orebody in the hydrothermal superposition period of the Dahongshan deposit was constructed based on the geological characteristics of the deposit, the occurrence, and zoning characteristics of the hydrothermal vein ore. The structure strictly controls the orebodies in the hydrothermal superposition period, and the alteration around them has clear zoning characteristics. From the core of the Dibadu anticline to the flank, as follows, it is the coarse vein zone: Cc + Bn + (native copper) + Qt + Cal; the bornite (chalcocite) copper deposit is vein–massive in the fault zone or joint vein; the network vein zone: Bn + Cp + Cal + Dol +Qt + Chl, and Cu ores are often surrounded by chlorite carbonate quartz veins and produced in the fault zone or joint; and the veinlet zone: Cp + (Py) + Dol, small amounts of star-fine vein chalcopyrite and pyrite are observed (Figure 11).



As examined by previous researchers, the homogenization temperature of fluid inclusions in layered orebodies (mineralization) is evidently higher than that observed in the vein orebodies (mineralization) formed during the hydrothermal superposition period. The fluid inclusions are characterized by high temperature and salinity [11,51], which is true for this type of deposit worldwide and for the study of this particular deposit [74,75,76]. In this study, vein ore in the hydrothermal superposition period was studied, and the fluid showed medium–low temperature and medium salinity characteristics.



Regarding rare earth elements, as early as the last century, some scholars have studied apatite and other minerals in this type of deposit [77,78,79], but detailed research has been conducted in the past 15 years, particularly regarding early potassic, sodium, and calcification [80,81,82,83,84]. The early layered ore is rich in light rare earth elements, and the slope is very high [85,86,87,88,89], which differs from the slight light rare earth enrichment mode of the hydrothermal stacking device investigated in this study. The δEu anomalies in the different alteration zones during the hydrothermal superposition period could reflect different redox conditions.



Zhang et al. (2013) [90] studied the mineral Cu2S → Cu5FeS4 → CuFeS2→ FeS2 and found that it changed from an alkaline environment to an acidic environment. The mineral assemblage zoning from the core to the flank of the Dibadu anticline in the Dahongshan hydrothermal superposition period is chalcocite + bornite + (native copper) → bornite + chalcopyrite → chalcopyrite + pyrite, indicating that the mineral formation environment changed from strong reduction to weak oxidation. Quartz represents an acidic environment, whereas calcite dolomite represents an alkaline environment, and Cu sulfides are formed in this transitional range, indicating an acidic to alkaline environment from the core to the flank of the Dibadu anticline.



The quartz coarse veins at levels 140 and 60 in the anticline core extend deeper. On the basis of the actual catalog data, the zoning pattern we identified also extends to the deeper sections, strongly supporting the validity of this zoning pattern and serving as a guide for identifying the orientation of deep alteration zones.




7. Conclusions


	(1)

	
The hydrothermal superimposition period primarily formed sulfide-type Cu and Fe metal minerals; vein-type bornite, chalcopyrite, chalcocite, pyrite, and native copper, and the mineralization-related alterations were carbonation, silicification, and chloritization. The formation of the core of the Dibadu anticline to the flank of the surrounding rock metal mineral zoning was as follows: Cc + Bn + (Ccp)→ Bn + Cp→ Cp + Py. The mineral zoning was under the dual control of pH and Eh.




	(2)

	
The Dahongshan hydrothermal superimposed alteration zoning can be divided into three zones. The coarse vein zone (I) was mineralized into chalcocite, bornite, and a small amount of native copper, and the alteration was primarily vein silicification and a small amount of calcite. The stockwork zone (II) was mineralized as bornite and chalcopyrite, and the alteration comprised calcite-dolomite-quartz veins and chlorite. The veinlet zone (III) was mineralized into chalcopyrite and pyrite and altered into carbonation (dolomite) and silicification. The alteration combination of Qt + Cal (Dol) + Chl during the hydrothermal superposition period is favorable for mineralization.




	(3)

	
On the basis of the observed extension of quartz veins within the core of the anticline and the prominent characteristics exhibited by the mineralized alteration zone across various planes, it can be inferred that the deep mineralized alteration zone extends in a southeast direction.
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Figure 2. (a) Geological map of the Dahongshan deposit (modified from Jin et al. [16]); (b) stratum histogram (modified from Qian and Shen [10]). 
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Figure 3. Typical minerals and microphotographs of Dahongshan: (a) M1 and its microscopic characteristics; (b) altered granular pyrite and metamorphic hydrothermal chalcopyrite; (c) M1 was replaced by hematite; (d) orientated magnetite in the metamorphic hydrothermal period; (e) altered granular Py2 metasomatized by Cp2; (f) Cp2, Bn2, and Mo in metamorphic period; (g) acicular M3 in the metamorphic hydrothermal period, which is semiautomorphic–automorphic under the microscope; (h) early garnet was replaced by green mud; (i) early formed albite, potassium feldspar, and biotite; (j) granular chalcocite formed during hydrothermal superimposition; (k) vein chalcopyrite and bornite formed by the hydrothermal stack; (l) semiautomorphic–automorphic pyrite and allotriomorphic chalcopyrite. (Mag = magnetite; Hem = hematite; Cp = chalcopyrite; Py = pyrite; Bn = bornite; Cc = chalcocite; Mo = molybdenite; Grt = garnet; Bt = biotite; Ab = albite; Kf = K-feldspar; Qt = quartz; Cal = calcite; Chl = chlorite). 
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Figure 4. A simplified paragenetic sequence of mineralization and alteration in the Dahongshan Formation. 
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Figure 5. Mineralization–alteration characteristics and alteration microphotographs of Dahongshan: (a) DG-32 cut quartz coarse vein; (b) DM-122 network vein silicification and carbonation; (c) vein carbonate and silicification in marble; (d) vein chalcocite and bornite mineralization in the coarse vein zone; (e) bulky-vein bornite and chalcopyrite mineralization in quartz veins containing calcite and in contact with the surrounding rocks in the fault zone; (f) spotted chalcopyrite and bornite in vein carbonation and silicification; (g) vein chlorite veinlet chalcopyrite mineralization in and around the quartz vein; (h) a specimen of porphyritic-veined chalcopyrite, bornite and veined chlorite. (i) Vein chlorite and granular calcite, silicification. (j) Microscopic granular quartz and irregular granular calcite and diamond dolomite. (k) Chalcopyrite encloses granular bornite. (l) Network vein chlorite and bornite mineralization on quartz. (Cc = chalcocite; Py = pyrite; Cp = chalcopyrite; Bn = bornite; Qt = quartz; Cal = calcite; Dol = dolomite; Chl = chlorite). 
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Figure 6. The 140-level tunnel catalog section (part). (a) Cp in the veinlet Qt + Dol in the veinlet zone; (b) Faint Cp; (c) Vein Cp in stockwork zone; (d) Vein Cp and Bn in stockwork zone; (e) Qt + Cal package block Bn + Cc + Cp; (f) Vein Qt + Chl in stockwork zone; (g) Vein Qt + Chl and block Bn + Cp in stockwork zone; (h) Bn + Cp in Qt + Cal in stockwork zone; (i,j) Coarse vein Qt in the fault zone. (Cp = chalcopyrite; Bn = bornite; Py = pyrite; Cc = chalcocite; Qt = quartz; Cal = calcite; Dol = dolomite; Chl = chlorite). 
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Figure 7. I. The 140-level Cu anomaly and hydrothermal superposition alteration plane zoning map. II. Macroscopic and microscopic photographs of each alteration zone: (a) coarse vein zone 280-B126 massive chalcocite; (b) coarse vein zone 280-B126 vein chalcocite, bornite, and quartz; (c) coarse vein zone 280-B126 granular chalcocite and bornite; (d) stockwork zone DM-206 vein chalcopyrite, bornite and network vein carbonate, and quartz vein; (e) carbonation and massive-vein bornite-chalcopyrite in the stockwork zone DQ-8; (f) DG-156 carbonate-quartz veins, bornite, and chalcopyrite in the stockwork zone; (g) veinlet zone DM-4 star-shaped chalcopyrite-pyrite; (h) veinlet zone DM-4 quartz-vein chalcopyrite and pyrite; (i) veinlet zone DM-225 allotriomorphic granular pyrite and granular chalcopyrite. (Cp = chalcopyrite; Bn = bornite; Py = pyrite; Cc = chalcocite; Qt = quartz; Cal = calcite; Dol = dolomite). 
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Figure 8. Microphotographs and homogenization temperature–salinity histograms of fluid inclusions in the Dahongshan vein-like orebodies: (a,b) fluid inclusion types; (c,d) homogenization temperature and salinity histograms at different stages; (e,f) homogenization temperature and salinity histograms of different alteration zones in the Cu sulfide stage (II). 
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[image: Minerals 14 00096 g008]







[image: Minerals 14 00096 g009] 





Figure 9. The distribution pattern of rare earth elements in the whole rock of the Dahongshan hydrothermal superposition period. 
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Figure 10. (a) Plots of the Ca + Al + Mn vs. Ti  + V of magnetite from the Dahongshan, Lala, and Yinachang deposits (from Chen et al. (2015) [58]). 
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Figure 11. Dahongshan mining area hydrothermal superimposed period alteration zoning profile. (a) chalcopyrite and bornite; (b) chalcopyrite and pyrite; (c) native copper; (d) bornite and chalcocite. (Cp = chalcopyrite; Bn = bornite; Py = pyrite; Cc = chalcocite; Ccp= native copper; Qt = quartz). 
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Table 1. Copper content in different parts of the fault tectonite in the 140-level Dibadu anticline.
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	Fault Position
	Number of

Samples/Pieces
	Copper/10−6
	Mean/10−6





	B136–B120
	64
	11.63~51,900
	2582.95



	>B136/<B120
	19
	26.67~4000
	510.05



	Total
	83
	11.63~51,900
	2108.43










 





Table 2. Mineralization–alteration types and alteration intensity of each alteration zone.
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	Mineralized Alteration Zoning
	Coarse Vein Zone I
	Stockwork Zone II
	Veinlet Zone III





	Mineral type
	Pyroxenite, Bornite, (Native copper), Quartz, Calcite
	Bornite, Chalcopyrite, Quartz, Calcite, Dolomite, Chlorite
	Chalcopyrite, (Pyrite) Quartz, Dolomite



	Alteration type
	Silicification, Calcite
	Silicification, Carbonation, Chloritization
	Silicification, Dolomitization



	Ore texture
	Xenomorphic granular
	Histomorphic granular, semiself-shaped
	Xenomorphic granular



	Alteration strength
	Pulse width > 20 cm, 4/level
	Pulse width 1~20 cm, 4/m
	Pulse width < 1 cm, 6/m










 





Table 3. Microthermometry results for the H2O-NaCL fluid inclusions from Dahongshan.
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Sample

Number

	
Mineral

	
Orebody

Type

	
Total Number

	
Tm, Ice

(°C)

	
Th, Tot

(°C)

	
Salinity

(wt% NaCleqv)

	
Source






	
DM-139B

	
Quartz

	
Vein copper

stage (I)

	
19

	
−14.9~−1.3

	
157.5~275.1

	
2.2~18.6

	
This paper




	
DG-43B

	
7

	
−11.4~−1.3

	
160.5~210.2

	
2.2~15.4




	
DM-113-2B

	
4

	
−21.1~−4.0

	
157.9~170.8

	
6.5~23.1




	
DG-185-1B

	
Vein copper

Stage (II)

	
22

	
−16.3~−0.9

	
117.8~216.1

	
1.6~19.7




	
DM-10-2B

	
14

	
−17.0~−0.7

	
115.7~189.8

	
1.2~20.2




	
DM-10-1B

	
21

	
−16.5~−2.7

	
101.6~191.6

	
4.5~19.8




	
DM-3B

	
5

	
−17.5~−9.1

	
148.2~170.2

	
13.0~20.6




	
DM-100-2B

	
18

	
−18.3~−0.1

	
126.9~210.6

	
0.2~21.2




	
DM-115B

	
Vein copper

Stage (III)

	
10

	
−11.5~−0.2

	
92.3~185.2

	
0.4~15.5




	
DM-100-1B

	
13

	
−9.7~−1.5

	
111.6~164.2

	
2.8~13.6




	
HS-0614B

	
Quartz

	
stratiform copper

	
12

	
−16~−0.9

	
142~256

	
1.6~19.5

	
[11]




	
HS-0615

	
18

	
−17.5~−4.8

	
160~287

	
7.6~20.6




	
HS-0615B

	
9

	
−23.1~−7.5

	
132~180

	
11.1~21.0




	
HS-0621

	
9

	
−23

	
103~196

	
24.3




	
HS-0632B

	
30

	
−21.2~−3

	
125~365

	
0.9~1.1




	
HS-0638

	
52

	
−23.5~−9.1

	
115~368

	
0.9~1.1




	
DT-5-1

	
Calcite

	
10

	
−9.8~−11.5

	
220~250

	
13.8~15.5

	
[51]




	
DT-5-2

	
Quartz

	
8

	
−18~−18.5

	
170~195

	
19.0~20.0




	
DT-6

	
8

	
−18~−18.5

	
162~178

	
19.6~20.0




	
DT-16

	
10

	
−16.5~−18.5

	
160~182

	
18.4~20.0




	
DT-19

	
10

	
−16~−17

	
235~268

	
18.0~18.8




	
DT-20

	
8

	
−0.4~−0.6

	
280~305

	
0.7~0.8











 





Table 4. Trace elements (10−6) of typical vein orebodies during the Dahongshan hydrothermal superposition period.
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	Sample Number
	Description
	La
	Ce
	Pr
	Nd
	Sm
	Eu
	Gd
	Tb
	Dy
	Ho
	Er
	Tm
	Yb
	Lu





	DGc-31
	Ore-bearing quartz (Zone I)
	18.744
	30.27
	6.06
	28.90
	7.01
	1.29
	4.61
	0.66
	3.44
	0.73
	2.10
	0.58
	3.99
	0.76



	DGc-32
	Ore-bearing quartz (Zone I)
	0.66
	1.21
	0.19
	0.68
	0.11
	0.04
	0.16
	0.03
	0.17
	0.04
	0.08
	0.03
	0.16
	0.03



	DMc-90
	Ore-bearing calcite-quartz (Zone II)
	5.03
	11.31
	1.87
	10.27
	3.69
	1.49
	4.93
	1.00
	7.21
	1.32
	4.36
	0.68
	4.83
	0.64



	DMc-105
	Ore-bearing calcite-quartz (Zone II)
	30.07
	58.93
	8.37
	37.05
	8.78
	2.87
	8.31
	1.26
	7.17
	1.41
	4.11
	0.61
	4.66
	0.63



	DMc-28
	Ore-bearing dolomite-quartz (Zone III)
	12.97
	21.30
	3.15
	15.54
	4.68
	6.03
	5.95
	1.25
	8.62
	1.60
	5.20
	0.89
	6.39
	1.04



	DGc-160
	Ore-bearing dolomite-quartz (Zone III)
	24.39
	46.53
	7.06
	30.75
	7.46
	3.03
	7.12
	1.12
	6.67
	1.22
	3.68
	0.53
	3.34
	0.50
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