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Abstract

:

Porphyry Mo deposits are the most important type of Mo resource. They result from a high oxygen fugacity of the parent magma, which acts as an effective indicator for evaluating the mineralization. In the ore-forming system of porphyry Mo deposits, sulfur exists mainly as sulfate in highly oxidized magma but as sulfide in ores. What triggers the reduction in the mineralization system that leads to sulfide precipitation has not yet been determined. Most of the previous studies have focused on the origin and evolution of the ore-forming parent magma, and the effects of reductive surrounding rocks on porphyry mineralization have been ignored. In this study, a comprehensive geological–geochemical investigation and review have been performed on the typical porphyry Mo deposits, the Nannihu-Sandaozhuang, Yuchiling, and Shapingou deposits in China, and the Mt. Emmons deposits in America. Black carbonaceous sedimentary layers commonly surround porphyry Mo ores, which are widely altered and discolored during mineralization. CH4 is commonly present in fluid inclusions in the main mineralization stage, and the δ13CV-PDB values of calcite and fluid inclusions from the altered surrounding rocks and ore minerals are generally low and significantly different from those of marine sedimentary carbonate rocks, indicating that the involvement of reductive components from carbonaceous surrounding rocks might be key to the redox state transformation leading to mineral precipitation. On the other hand, the CH4 produced by the thermal decomposition of organic matter or carbonaceous reaction with H2O can diffuse into the ore-forming system along the structural fractures and reduce the SO42− in the ore-forming hydrothermal fluids to form sulfide precipitation without direct contact between the intrusion and the carbonaceous surrounding rocks. Moreover, the CH4 content controls the location of the orebody formation with the high content producing orebodies mainly in the porphyry intrusion, while the low CH4 content results in the orebodies mainly occurring at the contact zone between the porphyry and carbonaceous surrounding rocks. Compared to the magmatic stage of mineralization, the involvement of reductive components in the carbonaceous surrounding rocks during the hydrothermal stage is more favorable for forming giant/large Mo deposits. The highly oxidized porphyry with reductive carbonaceous surrounding rocks or Fe-rich volcanic rocks offers a new indicator for efficiently evaluating porphyry Mo mineralization.
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1. Introduction


Porphyry Mo deposits are an important source of Mo resources. The distribution of Mo resources is uneven globally, with approximately 90% of molybdenum distributed in China, America, Peru, Chile, and Canada [1]. The formation of porphyry molybdenum deposits is closely related to the subduction of the oceanic crust [2]. They have been classified as Climax-type (rift-related, represented by the deposits in the Climax-Henderson Mo belt in America) [3,4,5], Endako-type (arc-related, represented by the Endako and MAX deposits in Canada; Quartz Hill, Thompson Creek, and Buckingham deposits in America; Tamboras deposit in Peru; and deposits in the Gangdese metallogenic belt and the Central Asian orogenic belt in China) [6,7,8,9,10,11,12,13,14,15,16,17,18], and Dabie-type (collision-related, typified by deposits in the Qingling-Dabie Mo belt in China) deposits [19,20,21,22,23].



The parent magma of porphyry Mo deposits often contains primitive gypsum, magnetite/hematite, and other highly oxidized minerals, implying a very high oxygen fugacity of the primitive magma [3,4,24,25,26,27,28,29,30,31]. The high oxygen fugacity of the initial magma is favorable for chalcophile ore metal elements such as Cu and Mo to enter the magma as incompatible components during partial melting, forming sulfur-rich and Mo-rich ore-forming magma. Furthermore, the high oxygen fugacity makes the sulfur present mainly as sulfate anions, which prevents ore-forming metal elements from precipitating as sulfide in the magma during the migration and evolution of magma [32,33,34]. Therefore, a high oxygen fugacity has become a widely accepted criterion for distinguishing mineralized and nonmineralized porphyries [34,35,36,37,38,39,40,41,42,43,44]. A high fractionation and oxygen fugacity of the parent magma and enrichment of Mo, S, and H2O are favorable conditions for porphyry Mo ore production [45]. However, in some deposits, melts and fluids in mineralization systems have lower Mo contents (2–25 ppm) [30,46,47,48], indicating conditions for the accumulation and efficient unloading of ore-forming materials, which may be more important than the initial Mo concentration of magma [49].



Sulfur exists mainly as sulfate anions in the highly oxidized magma but also as sulfide in ores, indicating significant changes in redox conditions during mineralization. This variation is an essential scientific issue related to the genesis and efficient evaluation of porphyry Mo deposits. However, there is no specific interpretation yet. Li and his coauthors proposed that highly oxidized porphyry with reductive carbonaceous surrounding rocks or Fe-rich volcanic rocks was a new indicator for efficiently evaluating porphyry mineralization [42]. There are two primary reductive surrounding rocks related to porphyry mineralization: carbonaceous surrounding rocks and Fe-rich volcanic rocks [42]. Carbonaceous surrounding rocks are more developed in porphyry Mo deposits in China [22,50,51,52,53,54,55], and Fe-rich volcanic rocks are prevalent in porphyry Mo deposits in South America [56,57,58,59]. In this study, the Nannihu-Sandaozhuang-Shangfanggou, Shapingou, and Yuchiling giant or large porphyry Mo deposits in the eastern Qinling-Dabie Mo mineralization belt in central China and the Mt. Emmons Mo deposits in the Mo mineralization belt in Colorado in America were selected as examples; the involvement of carbonaceous surrounding rocks in the mineralization process was discussed, and a new indicator for evaluating the mineralization of porphyry Mo deposits was proposed.




2. Geological Characteristics of Porphyry Mo Deposits and Their Relationship with Carbonaceous Surrounding Rocks


Numerous studies have demonstrated that dark-black reductive carbonaceous sedimentary layers are widely developed in the roof and surrounding rocks of giant or large porphyry Mo deposits, such as the Shuidigou Formation of the Proterozoic Taihua Supergroup and the Xianrenchong Formation of the Proterozoic Luzhenguan Group, which contains graphitic schist and graphite gneiss; the Baishugou, Sanchuan, Nannihu and Meiyaogou Formations of the Neoproterozoic Luanchuan Group, which contains carbonaceous slate and shale developed in the East Qinglin-Dabie Mo mineralization belt (Figure 1) [22,50,51,52,53,54,55,60,61]; and the Cretaceous Mancos Formation and Mesaverde Group, which contains coal and carbonaceous shale and siltstone that are widely distributed in the Climax-Henderson Mo mineralization belt in North America [25,62,63,64,65,66,67]. Carbonaceous sedimentary layers provide reductive agents for the porphyry mineralization system and serve as an ideal natural water-resisting layer, critical factors, and conditions for forming high-grade porphyry Mo ores. The CH4, produced by organic matter pyrolysis or carbonaceous interaction with hydrothermal fluids, triggers a sulfate reduction in highly oxidizing mineralization solutions and subsequent efficient ore precipitation. To further understand the role of carbonaceous surrounding rocks in porphyry mineralization, we chose several typical Mo deposits in East Qinling-Dabie and Climax-Henderson, which are the world’s two most extensive Mo mineralization belts, as shown below in Figure 1.



2.1. Nannihu-Sandaozhuang-Shangfanggou Mo-(W) Porphyry-Skarn Deposits


The Luanchuan ore field, which is situated in the western part of the East Qinling-Dabie Mo mineralization belt, includes the Nannihu Mo-(W) porphyry deposit, the Sandaozhuang Mo-(W) skarn deposit, and the Shangfanggou Mo-Fe porphyry deposit (Figure 2 and Figure 3) [50,68]. The total measured Mo reserves are more than 200 × 104 t, with a large W reserve of more than 70 × 104 t [51]. The outcropping strata consist of the Mesoproterozoic Guandaokou Group and the Neoproterozoic Luanchuan Group, comprising the Baishugou, Sanchuan, Nannihu, and Meiyaogou Formations, listed in ascending order. The Yanshanian metallogenic granite porphyry intrudes into the Nannihu Formation and the ore body occurs in the granite porphyry and altered biotite-feldspar hornfels in the Nannihu Mo-(W) porphyry deposit. Similarly, the thick-layered ore body is mainly hosted in the calc-silicate hornfels and the skarns in the upper Sanchuan Formation in the Sandaozhuang Mo-(W) skarn deposit (Figure 4). In the Shangfanggou Mo-Fe deposit, the Mo orebodies occur in the porphyritic biotite granite and its contact zones with the Meiyaogou Formation, including stone coal seams with thicknesses greater than 154 m, as well as in the altered gabbro. The layered Fe ores occur in the contact zone between the granite porphyry and the marble (Figure 5).



The mineralization process can be divided Into four stages: (1) stage I, characterized by silicification, potassium and skarn alteration, with small amounts of magnetite and molybdenite; (2) stage II, the main Mo mineralization stage, characterized by intense silicification and sericitization, containing numerous quartz–K-feldspar–molybdenite veins, quartz–molybdenite veins and quartz–sulfide veins; (3) stage III, characterized by polymetallic sulfide mineralization, dominated by pyrite veins and quartz-sulfide-carbonate veins; and (4) stage IV, characterized by carbonate veins, quartz–carbonate veins and carbonate–fluorite veins, with almost no sulfides. Mineralization assemblages indicate a gradual decrease followed by an increase in the ore-forming system’s oxygen fugacity from the early to late stage.



The calcite in the Nannihu-Sandaozhuang-Shangfanggou Mo (W) porphyry-skarn deposits exhibits extremely low δ13CV-PDB values (−9.1‰ to −1.6‰, mean of −5.9‰), which are significantly different from those of the sedimentary marine carbonates in the Sanchuan Formation. This indicates that some carbon-enriched 12C originates from the carbonaceous rocks surrounding the deposits [53,55,69]. During ore formation, the δ13CV-PDB values of calcite gradually increase, but its δ18OV-SMOW values gradually decrease [69]. This suggests a decrease in the addition of CH4 from the carbonaceous surrounding rocks and an increase in the amount of atmospheric precipitation from the early to late stages, which is consistent with the redox state transformation revealed by mineral assemblages. During the mineralization process, carbonaceous surrounding rocks undergo thermal decomposition or react with hydrothermal fluids to produce CH4 and CO2, resulting in an increased CO2 concentration and a decreased oxygen fugacity in the ore-forming solutions. Sulfate is reduced to sulfide and combines with Mo2+ and other metallic elements to form much sulfide precipitation.




2.2. Shapinggou Porphyry Mo Deposit


The Shapinggou porphyry Mo deposit is in the eastern Dabie orogenic belt, with a total proven reserve of 1.6 Mt Mo metal, averaging a grade of 0.125% Mo. The main sedimentary layers exposed in this area are metavolcanic and metasedimentary rocks of the Neoproterozoic Luzhenguan Group, which is composed of biotite plagioclase gneiss, monzonite gneiss, plagioclase amphibolite gneiss, variolite, marble, muscovite schists, and graphite schists. Due to intense Yanshanian magmatic activity, the Luzhenguan Group is preserved as residual and captured bodies in the western and northern areas of this region (Figure 6) [70,71,72]. Graphite-mica-quartz schist and graphite-andalusite phyllite in the Xianrenchong Formation of the Luzhenguan Group are enriched to form graphite deposits in Jinzhai-Tiechongxiang-Zaohe (Figure 1A,B). Faults control the cylindric orebodies, which are mainly hosted in the contact zone between the porphyry granite and the surrounding diorite, with scattered orebodies distributed around the area. Lead-zinc and fluorite ores are abundant and encircle the Shapinggou deposit. The deposit shows well-defined alteration zoning of K (Na)-feldspar-quartz, pyrite-sericite-quartz, and chlorite-carbonate from the center granite porphyry outward. The mineralization process can be divided into four stages: (I) K (Na)-feldspar-quartz-magnetite/hematite stage; (II) quartz-K-feldspar-molybdenite stage, which is the main mineralization stage of molybdenite, dominated by quartz-(pyrite)-molybdenite veins in the contact zone between porphyry and surrounding rocks; (III) pyrite-sericite stage, characterized by abundant pyrite, sericitization, and silicification, with weak Mo mineralization; and (IV) quartz-fluorite-gypsum stage, characterized by abundant quartz-fluorite and gypsum veins (Figure 7). The above mineral assemblages indicate that the oxidation state of the mineralizing system gradually decreases from the early stage to the main ore-forming stage, and then increases in the late stage.



Due to the regional crustal uplift and erosion, the argillization, propylitic alteration zone, and vein-type Pb–Zn orebodies above the granite porphyry have been completely eroded, whereas the alteration zones and orebodies on both sides of the granite porphyry are preserved. The granite porphyry is now preserved approximately 400 m underground, with its top surface formed at a depth of approximately 2.2 km, and the erosion zone is estimated to be 1.8 km, making the main orebodies approach the surface. Most carbonaceous layers in the Luzhenguan Group in the Shapingou Mo deposit may have been eroded and distributed sporadically as remnants inside and outside the field.




2.3. Yuchiling Porphyry Mo Deposit


The Yuchiling deposit is a giant porphyry Mo deposit located west of the East Qinling–Dabie Mo mineralization belt in Henan Province, China. The main lithostratigraphic units are the Taihua Supergroup (basement) and the Xiong’er Group (cover) (Figure 8) [73]. The Taihua Supergroup, composed of a suite of amphibolite- to granulite-facies metamorphic rocks containing graphite-rich schist, is widely distributed in the Qinling-Dabie metallogenic belt. The carbonaceous sedimentary layers in the Taihua Supergroup, such as the Shuidigou Formation, containing carbonaceous mudstone and limestone, and the Huanchiyu Formation, composed of clastic, argillaceous, carbonaceous dolomitic limestone, and ferrimafic volcanic rocks, have formed graphite deposits in Lushan and Lingbao, respectively [60,61]. The Jidanping Formation and Majiahe Formation of the Xiong’er Group, which are predominantly composed of basaltic andesite, andesite, and dacite, are widely distributed north of the Machaoying Fault.



The Heyu batholith is a concentrically zoned suite consisting of four nested, texturally distinguishable phases. There are breccia pipes genetically associated with Mo mineralization in the granite intrusion, which contain predominant granulite of the Taihua Supergroup and andesite of the Xiong’er Group. The orebody is mainly hosted in the top and bottom of the breccia and in the surrounding granite and fault zones in the central part of the Heyu batholith and occurs as a thick tabular shape with an average thickness of 178.11 m, showing decreasing grades upward [29,74,75]. The ore-forming processes can generally be divided into three stages: (I) molybdenite-K-feldspar stage, with pervasive potassic alteration and weak Mo mineralization. Fluid inclusions in this stage contain gypsum, hematite, and other highly oxidized minerals, indicating a high oxygen fugacity of fluids rich in SO42−. (II) The quartz-pyrite-molybdenite stage is characterized by veinlets, net veins, and disseminated molybdenite and pyrite (the main mineralization stage). Fluid inclusions contain less SO42− but show the presence of CH4, indicating a lower oxygen fugacity than the previous stage; (III) The quartz–fluorite-calcite stage is characterized by pyritic sericitization with weak mineralization. Fluid inclusions contain CH4 and C2H6, indicating a further decrease in oxygen fugacity during this stage [28,29].



The Yuchiling deposit contains a shallowly buried orebody spanning from 730 to 190 m in elevation. The deposit displays an outcrop of the orebody and the mineralized porphyry, suggesting that it has undergone extensive tectonic uplift and erosion since its formation. The widespread graphite-bearing phyllite of the Taihua Supergroup and volcanic rocks of the Xionger Group, which existed during the formation of the deposit, have been significantly eroded and now exist only in the breccia pipes situated in the southwestern and northeastern parts of the mining area. It is possible that the graphite-bearing phyllite of the Taihua Supergroup may have played a role in the formation of the deposit by providing CH4 as a reductive agent, thereby reducing the oxidized porphyry and efficiently facilitating sulfide precipitation.




2.4. Mt. Emmons Porphyry Mo Deposit


Mt. Emmons lies in the west-central portion of the Colorado (Climax-Henderson) Mo mineralization belt on the eastern coast of the Pacific Ocean. Giant or large Mo deposits, such as the Urad-Henderson, Climax, Mt. Emmons, and Silver Creek deposits, are developed in this belt (Figure 9A). The Mt. Emmons ore field contains two deposits below the Redwell Basin and a third deposit under the Red Lady Basin (Figure 9B). The surrounding sedimentary rocks of the Mancos and Mesaverde Formations consist of dark carbonaceous shale and sandstone beds, which are capped by conglomeratic sandstone beds of the Tertiary Ohio Creek and Wasatch Formations [76]. The granite porphyry stocks intrude the carbonaceous surrounding rocks, forming an altered hornfel contact zone bearing pyrite-pyrrhotite. The black carbonaceous surrounding rocks are altered and discolored, and an innermost 300 m-thick facies of brown hornfels surrounding the stocks grade outward to a 150 m-thick facies of black hornfels [25,77].



The Climax and Urad-Henderson superlarge Mo deposits have geological characteristics and mineralization ages similar to those of the Mt. Emmons deposit. Orebodies occur in the Mesoproterozoic silver plume granite pluton [3,4,78,79]. Previous studies have demonstrated the prevalence of carbonaceous shale, sandstone, mudstone, oil shale, and coal within the Wasatch Formation and the Mesaverde Group in Wyoming and Utah in Colorado [25,62,63,64,65,66,67]. Technically, the mean recoverable gas resources have been estimated at 7 × 1012 m3 with primary sources being coal, carbonaceous shale and siltstone in the Mesaverde Group [80]. In this region, dark carbonaceous shale and mudstone serve as the dominant hydrocarbon sources, providing reductive agents and effective water-resisting layers for mineralization. The absence of carbonaceous sedimentary layers from the Wasatch Formation and Mesaverde Group in the Climax and Urad-Henderson Mo deposits may be attributed to regional crustal uplift and erosion.
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Figure 9. (A) Map of Colorado showing the locations of the Urad–Henderson, Mt. Emmons and Silver Creek porphyry Mo deposits and the outlines of the Colorado Mineral Belt; (B) Schematic cross-section through the porphyry Mo deposits in the Redwell Basin and Mt. Emmons, Colorado, in America (modified from [40,46,77]). Black carbonaceous sedimentary layers are widespread in porphyry Mo deposits. Due to tectonic uplift and erosion in some areas, the reductive carbonaceous rocks that once covered the Mo deposits have been completely eroded, such as at the Climax and Urad-Henderson porphyry Mo deposits in America [79]. Carbonaceous rocks may remain only at the periphery of the mining area, such as at the Yuchiling porphyry Mo deposit [73], or appear sporadically in the form of remnants inside and outside the mining area, such as at the Shapinggou porphyry Mo deposit [71]. Notably, the development of reductive components such as graphite ores/coal, dark carbonaceous mudstone/limestone, and natural gas nearby indicates that pre-existing carbonaceous surrounding rocks involved in porphyry Mo mineralization may have been eroded in these deposits. Carbonaceous surrounding rocks provide reductive agents for oxidizing ore-forming fluids and promote sulfate reduction to form Mo and other mineral ores, which is an essential factor for forming large high-grade porphyry Mo deposits. 
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3. Discussion


3.1. Redox State Transformation


High oxygen fugacity magma is a necessary factor for forming porphyry Mo deposits. However, not all oxidized magma can be further metallogenic, as the formation of these deposits not only requires migration of soluble ore-forming materials such as Mo, Cu, and S, but also enrichment of Mo, Cu, and S in the form of sulfide precipitation in the trap location [81]. Sulfur exists mainly as sulfate anions in highly oxidized magma and sulfides in porphyry Mo ores, indicating that the oxidized state of sulfur has undergone significant changes in the mineralization process, which a series of geological phenomena have proven. For example, in Shapinggou porphyry Mo deposits, the Eu/Eu* and Ce4+/Ce3+ ratios of zircons in ore-related porphyry are generally high, indicating that the porphyry is highly oxidized [82]. At high temperatures in the early potassium-silicate stage, the Mo mineralization is weak, and the mineral assemblage is characterized by highly oxidized minerals such as magnetite, hematite, and anhydrite, indicating a high oxygen fugacity. This is also proven by magnetite that is rich in fresh mineralized porphyries and hematite daughter minerals in early fluid inclusions. Subsequently, at moderate temperature during the main potassium-quartz-molybdenum-pyrite-sericite stage, highly oxidized minerals such as magnetite and anhydrite are absent, indicating a decrease in oxygen fugacity. In the late stage, chlorite-quartz-fluorite-gypsum-carbonate mineral assemblages appear, indicating an increase in oxygen fugacity [71,72]. In the Nannihu-Sandaozhuang Mo-W deposits, the mineral assemblages are characterized by magnetite and hematite in the early stage, indicating primitive magma with high oxygen fugacity; in the middle stage, fluid inclusions contain reductive components such as CH4, H2S, and CO with precipitation of sulfides, indicating a decrease in oxygen fugacity; in the late stage, there is little reduced gas and weak sulfide mineralization, indicating an increase in oxygen fugacity [22,83]. In the Shangfanggou and Yuchiling Mo deposit, contents vary from magnetite/haematite to reductive gases such as CO, CH4, H2S, and C2H6 in the fluid inclusions, showing that oxygen fugacity decreased from the early to the late stage [27,28].



There are three different viewpoints on the causes of the reduction of the highly oxidized ore-forming fluids in porphyry magmatic-hydrothermal systems: (1) magnetite crystallization. Magnetite crystallization may decrease the oxygen fugacity of highly oxidized magma [35,81,84]. Nevertheless, magnetite crystallization cannot reduce magma oxygen fugacity but instead increases residual magma oxygen fugacity in relatively oxidized porphyry magmas [85]. (2) The second cause is SO2 degassing. SO2 degassing is considered one of the causes of the redox state transformation in magmatic-hydrothermal systems [86], whereas SO2 degassing causes fO2 values of melt to increase rather than decrease in typically sulfur-rich, moderately oxidized arc magmas [85]. Moreover, sulfur mainly exists in the form of SO42− in highly oxidized magmas, and SO2 is a volatile gas that constantly reacts with other components until it reaches a stable state. Therefore, SO2 may be an intermediate product of SO42− reduction or S2− oxidation [42]. (3) The third cause is the reaction of SO2 disproportionation. The traditional view is that evolved hydrothermal fluids have high-oxidation levels similar to those of primitive magma. When they are cooled to 450 °C, as both an oxidizer and a reducing agent, the SO2 in the hydrothermal fluids is disproportionated to form H2S and H2SO4 (Formula (1)), which then combine with metals such as Fe, Mo, and Ca to form sulfides and anhydrate precipitation, respectively [85,87,88,89]. However, suppose that the disproportionation of SO2 is the primary mechanism for providing reduced sulfur to the metallogenic system. In that case, much more anhydrite will be formed than sulfides, which is inconsistent with field observations.


4SO2 (aq) + 4H2O = H2S (aq) + 3H2SO4 (aq)



(1)







Therefore, the three mechanisms mentioned above may contribute to the redox state transformation of the ore-forming system. Nevertheless, they may not be the primary process for large-scale, high-grade porphyry Mo deposit formation.




3.2. Involvement of Carbonaceous Surrounding Rocks


Carbonaceous surrounding rocks have played a significant role in mineralizing porphyry Mo deposits, although their contribution has been neglected in previous research. Specific surrounding rocks obviously control the distribution and grade of ores in many porphyry Mo (Cu) deposits globally, of which ores occur directly in the surrounding rocks or contact zones between porphyry and surrounding rocks, such as the Mt. Emmons Mo deposit in America [25], El Teniente Cu-Mo deposit in Chile [57,58], Oyu Tolgoi Cu-Au-Mo deposit in Mongolia [90] and Nannihu-Sandaozhuang-Shangfanggou porphyry-skarn Mo-W deposits in China [51]. Reductive components are variable in the surrounding rocks and can be divided mainly into reductive Fe-rich volcanic rocks and carbonaceous surrounding rocks.



(1) For Reductive Fe-rich volcanic rocks, SO42− from highly oxidized mineralized magma-hydrothermal fluids is reduced to S2− by Fe2+ from surrounding Fe-rich volcanic rocks, while Fe2+ is oxidized to form magnetite/hematite, and S2− combines with residual Fe2+ and Mo4+ to form pyrite and Mo ores (Formula (2)) [91,92,93,94]. Reductive Fe-rich volcanic rocks are widely distributed in many porphyry Cu-Mo deposits across the world, such as ferrimafic andesite in porphyry Cu-Mo deposits in South America [57,58], the gabbro-diabase-andesite complex in the El Teniente porphyry Cu-Mo deposits in Chile [56,59], and a series of tholeiitic basalts in the Oyu Tolgoi porphyry Cu-Mo deposit in Mongolia [90]. The porphyry Mo deposits in the Qinling-Dabie Mo belt in China are also hosted in the andesite-basaltic surrounding rocks, such as the Jinduicheng and the Donggou Mo deposits, wherein ores are situated in the contact zones between the mineralized granodiorite porphyries and the andesite-basalts of the Xionger Group [68,95]. These Fe-rich volcanic rocks provide a large amount of Fe2+ as a reductive agent for the oxidized porphyry metallogenic system, promoting the rapid reduction of SO42− and efficient enrichment and precipitation of Fe, Mo, Cu and other metal elements, forming high-grade Mo ores in the contact zone between the metallogenic porphyry and the Fe-rich surrounding rocks, with excess SO42− forming gypsum and other sulfates.


49Fe2+ + 4SO42− + 48H2O + Mo6+ = 16Fe3O4 + MoS2 + FeS2 + 96H+



(2)







(2) Reductive carbonaceous surrounding rocks. Reductive carbonaceous surrounding rocks represent another essential reductive component in mineralizing porphyry deposits. It is widely accepted that most porphyry Cu deposits form from highly oxidized ore fluids. However, several otherwise typical porphyry Cu deposits exhibit clear evidence of formation from relatively reduced ore fluids. These “reduced” porphyry Cu deposits lack primary hematite, magnetite, and sulfate minerals (i.e., anhydrite) but contain abundant magmatic pyrrhotite and commonly have carbonic-rich ore fluids with substantial CH4 [96]. It has been proposed that, similar to oxidized porphyry copper deposits, the original parent magma of these “reduced” porphyry Cu deposits was oxidized but reduced after assimilation with graphitic layers during magmatic stage [81,96,97]. Recent studies have also indicated that some porphyry Mo deposits are reduced, and these deposits are called “reduced” porphyry Mo deposits, such as the Suyunhe, Hongyuan, and Baishan Mo deposits in Xinjiang Province, China [98]. In fact, the influence of carbonaceous surrounding rocks on porphyry mineralization is not limited to the magmatic stage. Carbonaceous sedimentary layers are widely distributed in porphyry Mo deposits, and the involvement of reduced components occurs more commonly during the hydrothermal stage, which will be discussed in Section 3.4.




3.3. CH4 as an Important Reductive Component


Carbonaceous surrounding rocks provide a porphyry mineralization system with carbonaceous reductive agents and gas reductive agents such as CH4. CH4 is produced by the thermal decomposition of organic matter or carbonaceous reaction with hydrothermal fluids (Formula (3)) [99,100]. It is the main reductive gas component found in the fluid inclusions of porphyry Mo deposits. For example, reductive gases such as CH4, CO, H2S, and C2H6 can be observed in the fluid inclusions of the main mineralization stage in the Nannihu-Shangfanggou and Shapinggou porphyry Mo deposits (Figure 10) [27,83,101]. Much recoverable natural gas have been estimated in the Mesaverde Group and Wasatch Formation in the Climax, Mt. Emmons, and Urad-Henderson deposits, indicating the involvement of CH4 in the mineralization process.


2C + 2H2O = CH4 + CO2



(3)







As a highly reductive gas component, CH4 can rapidly migrate over long distances, permeating the ore-forming system along structural fractures without direct contact between the intrusion and carbonaceous surrounding rocks. During mineralization, reductive gases such as CH4 are produced through the thermal decomposition of organic matter or by carbonaceous reactions with hydrothermal fluids. By diffusion into the ore-forming porphyry, CH4 mixed with the oxidized fluids reduces SO42− to form S2−. The S2− then combines with Mo, Fe, and Cu to precipitate as Mo ores and other sulfides. Simultaneously, CH4 undergoes oxidation to produce substantial CO2 (Formula (4)), as evidenced by porphyritic alteration in the surrounding rocks in the field.


2CH4 + 2SO42− + Mo4+ = MoS2 + 2CO2 + 4H2O



(4)







The δ13CV-PDB values of calcite range from −9.1‰ to −1.6‰, with an average of −5.9‰ in the Nannihu-Sandaozhuang-Shangfanggou porphyry-skarn W-Mo deposits [53,55,69]. In the Shapinggou Mo deposit, the δ13CV-PDB values of calcite range from −2.5‰ to −1.9‰, with an average of −2.3‰, and the δ13CV-PDB values of fluid inclusions in quartz veins containing molybdenite are −4.9‰, similar to the δ13CV-PDB values of calcite in the Nannihu-Sandaohuang-Shangfanggou Mo deposits and significantly different from those in marine sedimentary carbonate rocks (δ13CV-PDB = 2.0‰–2.3‰) (Figure 11). The Yingshuisi Pb–Zn deposit hosted in the Xianrenchong Formation of the Luzhenguan Group and the Shapingou Mo–Pb–Zn deposit are part of the same mineralization system [102,103]. The δ13CV-PDB values of the quartz fluid inclusions in the Yingshuisi Pb–Zn deposit are low (−25.8‰ to −9.2‰, mean of −17.7‰) [104], and they are significantly different from the δ13CV-PDB values of the primitive magma and the marine sedimentary carbonates but similar to those of the organic matter, indicating that the Xianrenchong Formation of the Luzhenguan Group that was enriched in graphite provided reducing agents such as CH4 for the ore-forming system. These results provide reliable evidence for the involvement of the carbonaceous surrounding rocks in the porphyry mineralization.



In summary, carbonaceous surrounding rocks are important for porphyry mineralization, and CH4 and other reductive gas components are ideal reductive agents for oxidized porphyry mineralization systems.




3.4. Stage of Involvement of Carbonaceous Surrounding Rocks


The involvement of reductive components in the carbonaceous surrounding rocks mainly occurs in the hydrothermal stage rather than in the magmatic stage. There are two cases of involvement of the reductive components during the ore-forming magmatic emplacement process.



The highly oxidized ore-forming porphyry may have assimilated and mixed with the carbonaceous surrounding rocks in the magma chamber during the upwelling process, producing so-called reductive porphyry [96]. The involvement of the reductive components in the magmatic stage can reduce SO42− into metal sulfide precipitation and disperse ore-forming materials. This is unfavorable for the immigration of Mo, S, and other ore-forming materials in the melt, rarely forming giant/large porphyry Mo deposits [34].



Second, the involvement of the reductive components in the carbonaceous surrounding rocks occurs in the hydrothermal stage. This can be further divided into two cases: (a) If the carbonaceous contents in the surrounding rocks are high, a large amount of CH4 with a high concentration can be produced, which diffuses rapidly to the ore-forming system along structural fractures, mixing with oxidized ore-forming fluids. This leads to the reduction of SO42− in the hydrothermal fluids, forming sulfide precipitation mainly in the porphyry intrusion, such as in the Shapinggou [71] andYuchiling [74,75] porphyry Mo deposits. (b) Suppose the carbonaceous contents in the surrounding rocks are low, and CH4 is insufficient to reduce the sulfate in the hydrothermal fluids, then, in that case, the remaining oxidized ore-forming hydrothermal fluids migrate to the surrounding rocks along the structural fractures and react with reductive agents such as C and CH4 in the carbonaceous surrounding rocks to form sulfide precipitates. The orebodies mainly occur in the contact zone between the porphyry and the carbonaceous surrounding rocks, such as in the Nannihu-Sandaozhuang-Shangfanggou porphyry Mo deposits [27,55]. Therefore, when CH4 is used as a reductive agent, orebodies may occur in the surrounding rock, the contact zone between the porphyry intrusion and the surrounding rock, and within the porphyry intrusion itself.





4. Conclusions


(1) Black carbonaceous sedimentary layers are widely developed in giant/large porphyry Mo deposits worldwide. These sedimentary layers have been eroded or partially removed within the deposits due to intrusive rocks or tectonic uplift but may still be preserved in the periphery of the deposits. The high oxygen fugacity of magma is necessary for the mineralization of porphyry Mo deposits. The involvement of the reductive components from the carbonaceous surrounding rocks is the key to triggering the transformation of the ore-forming system’s redox state and mineral precipitation.



(2) CH4 is an important reductive agent that carbonaceous surrounding rocks provide to the porphyry ore-forming system. The CH4 diffuses into the ore-forming system along the structural fractures and can reduce the ore-forming system without direct contact between the intrusion and the carbonaceous surrounding rocks.



(3) The high oxygen fugacities of the magma and the carbonaceous surrounding rocks/Fe-rich volcanic rocks are effective indicators for evaluating the potential mineralization of porphyry Mo deposits.
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Figure 1. Carbonaceous surrounding rocks are closely related to Mo mineralization in the East Qinling-Dabie Mo mineralization belt. (A) The surface exposure of the Sanhe graphite deposit occurred in the Xianrenchong Formation of the Luzhenguan Group in the periphery of the Shapinggou Mo deposit in Jinzhai. (B) Rock cores from the Sanhe graphite deposit in Xingfu village. (C) The thick-layered black carbonaceous slate of the Baishugou Formation within the boundary of the Nannihu-Sandaozhuang Mo deposits. (D) Black carbonaceous slate and shale of the Baishugou Formation within the boundary of the Nannihu-Sandaozhuang Mo deposits. 
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Figure 2. Simplified geology and distribution of Mo deposits in the East Qinling–Dabie Mo mineralization belt (after [68]). 
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Figure 3. Geological map of the Luanchuan Mo field (after [68]). 
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Figure 4. Geological section along the No. 9 exploration line in the Nannihu-Sandaozhuang W-Mo deposit (after [53]). 
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Figure 5. Geological map at the 1132 m level (A) and cross-section (B) of the Shangfanggou porphyry Mo deposit (after [27]). 
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Figure 6. Geological map of the Shapinggou Mo deposit (modified from [71]). 
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Figure 7. Photographs of geological features in the Shapinggou porphyry Mo deposit. (A) Primitive magnetite developed in fresh quartz syenite from deep deposits. (B) Potassium alteration, silicification, and fluoritization from the early to late stages. (C) Potassium alteration and vein of molybdenite mineralization. (D) Sawtooth-shaped molybdenite filled in the fissures. (E) Later disseminated pyrite replaced earlier molybdenite. (F) White gypsum veins filled in the fractures in the late stage. 
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Figure 8. Geological map of the Yuchiling Mo deposit (after [73]). 
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Figure 10. Laser Raman spectra of the fluid inclusions of the porphyry Mo deposits. (A,B). Reductive components such as CH4 and CO of fluid inclusions in quartz of the Shangfanggou deposit [27]. (C,D). Gas components such as CH4, H2S, and CO of C-type inclusions of the Nannihu-Sandaozhuang Mo deposits [83]. 
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Figure 11. Carbon and oxygen isotopic compositions of calcite from the Nannihu-Sandaozhuang-Shangfanggou porphyry W-Mo deposits, the Shapinggou Mo deposit, and surrounding marine carbonate (data are from [53,55,69] and this study and listed in Table S1). 
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