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Abstract

:

Molybdenite is a common sulfide hosting many trace elements. Trace elements in molybdenite from individual deposits have been widely used to constrain the source and conditions of ore-forming fluids. However, the relationship between the trace element composition of molybdenite and deposit types has not been well investigated from a large dataset. Here, simple statistics and partial least squares–discriminant analysis (PLS-DA) were used to determine whether different types of deposits can be distinguished by trace elements in molybdenite and what factors control the variations in trace element composition based on published laser ablation ICP–MS data. Molybdenite from porphyry deposits is separated from that from quartz veins, greisen Sn–W, granite vein Mo, and granodiorite Mo deposits. The former is characterized by relatively high Re, Cu, Ag, Se, Pb, Bi, and Te contents, whereas the latter has higher Ni, Co, Sn, Sb and W contents. Molybdenite from the quartz vein Au ± W deposits (Au-dominated), and porphyry Cu–Au–Mo (moderate Au) are separated from other deposits without gold due to positive correlations with Au, Sb, Te, Pb, and Bi for the former. Assemblages of Au–Sb–Te–Pb–Bi in molybdenite are thus useful to discriminate as to whether deposits contain gold and the degree of gold mineralization. Higher oxygen fugacity is responsible for the relative enrichment of W in molybdenite from greisen Sn–W deposits, whereas lower oxygen fugacity results in the relative enrichment of Re in molybdenite from porphyry Cu ± Mo ± Au and Mo ± Cu ± Au deposits. There are some limitations to using molybdenite as an indicator mineral because of the complex occurrences of elements in molybdenite, large compositional variations within a specific deposit type, and an imbalanced dataset. To develop molybdenite as an indicator mineral tool, further work should be carried out to overcome these limitations. This study provides an attempt to classify deposit types using molybdenite trace elements and has important implications for ore genesis research and mineral exploration.
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1. Introduction


Molybdenite is one of the main metal minerals in porphyry, quartz vein, and skarn deposits [1,2,3,4,5,6] and hosts important economic resources of Mo and Re [7,8,9]. The molybdenite Re–Os isotope system has been widely used to constrain the ore-forming age because of its high Re and absence of common Os [10,11,12,13,14]. Rhenium in molybdenite ranges from ppb to thousands of ppm in different geological environments [15,16,17,18,19]. In addition to Re, molybdenite also hosts other elements, such as Bi, W, Pb, Te, Ag, Cu, Au, Zn, and Sn [20,21,22,23,24]. There are two molybdenite polytypes, hexagonal (2H) and rhombohedral (3R). Some studies have shown that 3R molybdenite has higher contents of impurities such as Re, W, Sn, and Bi than 2H molybdenite [25,26,27]. Although trace elements of metal sulfides such as pyrite and sphalerite have been successfully applied to fingerprint mineralization [28,29,30], the application of trace elements in molybdenite as a geochemical tool is limited [20,31].



Identification of the origin of molybdenite is important in ore genesis research and mineral exploration. Previous studies have linked the trace element geochemistry of molybdenite with deposit types. Pašava et al. (2016) [21] investigated the trace element composition of molybdenite from greisen-, gold-, base metal-, and “barren granite”-related deposits and one porphyry Cu–Mo (Au) deposit. The variation in the trace element composition of molybdenite from a specific mineralization type is due to the presence of nano- to micron-scale mineral inclusions. Huang et al. (2014) [6] analyzed trace elements in molybdenite from 57 molybdenum deposits in China using ICP-MS and suggested that the various geochemical characteristics of molybdenite from different types of mineralization resulted from variations in physiochemical conditions and sources of ore-forming fluids. Some studies have linked the Re content in molybdenite with the source of ore-forming materials in the deposits [10,32,33,34,35], where a higher Re content (>100 ppm) indicates a mantle-dominated source and a lower Re content (<10 ppm) indicates a crust-dominated source [3,17,36,37]. These studies have demonstrated that trace elements in molybdenite have the ability to constrain the source and conditions of ore-forming fluids. Based on this, it is expected that trace elements in molybdenite can be used to distinguish different types of deposits. However, little work has been carried out to classify the deposit types based on molybdenite trace elements due to limited data.



In this paper, the published laser ablation–inductively coupled plasma–mass spectrometry (LA–ICP–MS) trace element data of molybdenite from different deposit types are summarized. These data are investigated by partial least squares–discriminant analysis (PLS-DA) to determine whether different types of deposits can be distinguished by trace elements in molybdenite and what factors control the variations in trace element composition. The limitations of molybdenite as an indicator mineral to classify deposit types are also illustrated.




2. Data and Analytical Methods


2.1. Data Preparation


We collected LA–ICP–MS trace element data for molybdenite from a total of 28 deposits worldwide (Figure 1). These deposits are distributed in China, the United States, Western Australia, the Czech Republic, Uzbekistan, Russia, and Iran. The LA–ICP–MS data included 542 analyses, initially divided into 17 deposit types, including granite vein Mo, granodiorite Mo, greisen Sn–W, pegmatite vein Mo, porphyry Cu, porphyry Cu–Au–Mo, porphyry Cu–Mo, porphyry Cu–Mo–Au, porphyry Mo, porphyry Mo-Cu–Au, quartz vein Au, quartz vein Au–W, quartz vein Mo–Au, quartz vein Sn–W, quartz vein Sn–W–Li, skarn Fe–Cu–As, and volcanogenic Zn–Cu–Ba–Pb. To better distinguish the deposit types and to examine the effect of the new classification scheme on the results of PLS-DA, some deposit types were further combined based on host rocks and metal types, resulting in 10 deposit types. Granite vein Mo and granodiorite Mo are combined as granite/granodiorite-related Mo. Copper-dominated porphyry deposits, including porphyry Cu, porphyry Cu–Au–Mo, porphyry Cu–Mo, and porphyry Cu–Mo–Au, are combined as porphyry Cu ± Mo ± Au deposits. Molybdenum-dominated deposits such as porphyry Mo and porphyry Mo–Cu–Au are combined as porphyry Mo ± Cu ± Au deposits. Quartz vein Au and quartz vein Au–W are combined as quartz vein Au ± W, whereas quartz vein Sn–W and quartz vein Sn–W–Li are combined as quartz vein Sn–W ± Li. Finally, these 10 deposit types include granite/granodiorite-related Mo, greisen Sn–W, pegmatite vein Mo, porphyry Cu ± Mo ± Au, porphyry Mo ± Cu ± Au, quartz vein Au ± W, quartz vein Mo–Au, quartz vein Sn–W ± Li, skarn Fe–Cu–As, and volcanogenic Zn–Cu–Ba–Pb. Detailed information on the collected deposits is shown in Supplementary Materials Table S1.




2.2. Statistical Methods


To better identify the geochemical features of molybdenite from a specific deposit type, the LA–ICP–MS data were investigated by the multivariate statistical method PLS-DA. The data preparation procedure is similar to that described in Huang et al. (2019a) [38]. The proportions of the censored LA–ICP–MS data are shown in Table S2. Elements with censored values ≤ 40% were used for the PLS-DA. Based on this rule, 13 elements, including Co, Ni, Cu, Zn, As, Se, Ag, Sn, Sb, Te, W, Re, Au, Pb, and Bi, can be used in the PLS-DA. The rob-composition package in R software was used to impute the data. The imputed data were transformed by the centered logarithm ratio method to eliminate false correlation of the concentration data.



Generally, PLS-DA results can be interpreted using four kinds of graphs [39]. They are loading and weight biplots (e.g., first and second components, qw*1–qw*2), score plots (t1–t2), score contribution plots, and variable importance on projection (VIP)- cumulative plots [40]. The loading biplots show the relationship between elements and between elements and defined deposit types, whereas the score plots show the distribution of all individual analyses or samples. Score contribution plots describe the compositional feature of a specific group compared to the mean composition of the studied dataset. The positive or negative score contribution of an element indicates relative content enrichment or depletion. The VIP cumulative plot shows the importance of each element in the classification. The VIP value of an element larger than 1 indicates that this element is the most important in the classification. A VIP value between 0.8 and 1 of an element means it is moderately important [41].





3. Results


3.1. Chemical Composition of Molybdenite


In general, the content variation of elements in molybdenite from different deposit types is wide. The Co, As, Ag, W, and Sn contents range from 10−2 to 104 ppm, the Cu, Zn, Se, and Te contents range from 10−1 to 104 ppm, the Ni content ranges from 10−2 to 103 ppm, the Sb and Au contents range from 10−3 to 103 ppm, the Re and Bi contents range from 10−3 to 104 ppm, and the Pb content ranges from 10−2 to 105 ppm (Figure 2).



As shown in the box and whisker plot (Figure 2), molybdenite from the quartz vein Mo–Au and skarn Fe–Cu–As deposits has a relatively high median Ag content, whereas that from the pegmatite vein Mo deposits has a relatively low median Ag content (Figure 2a). Molybdenites from the porphyry Mo deposits have the lowest median Ni contents, whereas those from the other deposits contain similar median Ni contents (Figure 2b). Molybdenite from porphyry Cu shows high median Cu and Zn contents (Figure 2c,d). The median content of Se in molybdenite from the porphyry Mo and quartz vein Au–W deposits is relatively low (Figure 2e). Tellurium is relatively enriched in molybdenite from porphyry Cu–Au–Mo, porphyry Mo–Cu–Au, quartz vein Au, and quartz vein Mo–Au deposits and is depleted in molybdenite from greisen Sn–W deposits (Figure 2f). The quartz vein Au–W has a relatively low median W content (Figure 2g). The median Au content is relatively high in molybdenite from the porphyry Cu–Au–Mo and quartz vein Au deposits (Figure 2h). The median content of Re is the highest in molybdenite from the porphyry Cu deposits (Figure 2i), whereas the median content of Pb is the highest in molybdenite from the skarn Fe–Cu–As deposits (Figure 2j). Molybdenite from the porphyry Cu–Au–Mo and quartz vein Au shows relatively high median Bi contents (Figure 2k). Molybdenite from the quartz vein Au–W deposits has relatively low median Re, Pb, and Bi contents. The differences in the median Co, As, and Sn contents of molybdenite from the studied deposit types are not obvious (Figure 2l–n). The median content of Sb in molybdenite from granodiorite Mo and quartz vein Au deposits is relatively high (Figure 2o).




3.2. PLS-DA Results of Molybdenite from Different Deposit Types


Figure 3 and Figure 4 show the PLS-DA results, which indicated the relationship between elements in molybdenite and 17 deposit types, as well as the score contribution and the cumulative VIP results. In the t1–t2 plot, two groups can be defined (Figure 3a,b). Molybdenite from porphyry deposits is roughly separated from that from quartz veins, greisen Sn–W, granite vein Mo, and granodiorite Mo deposits. The former is positively correlated with Re, Cu, Ag, Se, Pb, Bi, and Te, and the latter is positively correlated with Ni, Co, Sn, Sb, and W. Molybdenite from pegmatite vein Mo, skarn Fe–Cu–As, and volcanogenic Zn–Cu–Ba–Pb deposits cannot be discriminated in the t1–t2 plot. Molybdenite from quartz vein Au deposits is separated from other types of quartz vein deposits because of its positive correlation with Sb, Te, Au, and Bi (Figure 3a,b and Figure 4a). Despite overlapping, molybdenite from the porphyry Cu–Mo deposits plots on the negative side of t3 due to correlations with Cu, Se, W, and Re (Figure 3c,d and Figure 4b). In the plot of t1–t4, molybdenite from the porphyry Cu–Au–Mo deposits is separated due to its positive correlation with Te, Re, Au, Pb, and Bi (Figure 3e,f and Figure 4c). It is worth noting that molybdenite from the porphyry Cu–Au–Mo deposits (moderate Au) is separated from the porphyry Mo–Cu–Au (minor Au) and the porphyry Cu–Mo–Au (minor Au) deposits due to a positive correlation with Au for the former (Figure 3e,f and Figure 4d,e). The VIP-cumulative plot indicates that Zn, Se, Ag, Re, and Au are the most important discriminant elements and Cu, As, Sb, Te, W, and Bi are moderately important (Figure 4f).



Figure 5 and Figure 6 are the PLS-DA results grouped by 10 deposit types. In the t1–t2 plot, two groups can be defined (Figure 5a,b). Molybdenite from porphyry deposits is separated from that from quartz veins, granite/granodiorite Mo, and greisen Sn–W deposits. The former is positively correlated with Re, Cu, Se, Ag, Au, Pb, Bi, and Te, and the latter is positively correlated with Ni, Co, Sn, Sb, and W (Figure 5a,b). Similar to the results in Figure 3a,b, molybdenite from pegmatite vein Mo, skarn Fe–Cu–As, and volcanogenic Zn–Cu–Ba–Pb deposits cannot be separated from other deposits in the t1–t2 plot. Molybdenite from porphyry Cu ± Mo ± Au deposits can be separated from other types of deposits with slight overlap due to the positive contributions of Cu, Se, and Re (Figure 5a,b and Figure 6a). Molybdenite from porphyry Cu ± Mo ± Au (Cu-dominated) and porphyry Mo ± Cu ± Au (Mo-dominated) deposits cannot be discriminated in the t1–t2 plot because both are positively correlated with Re (Figure 5a,b and Figure 6a,b). However, in terms of mean composition, molybdenite from the Cu-dominated porphyry deposits has higher Cu and Se contents (Figure 6a), whereas molybdenite from the Mo-dominated porphyry deposits shows relative enrichment of Sb, Te, Pb, and Bi (Figure 6b). In the t1–t3 space, molybdenite from the quartz vein Au ± W deposits can be discriminated from the quartz vein Mo–Au deposits (Figure 5c,d) due to the positive contributions of Se, Sb, Te, Au, and Bi for the former (Figure 6c) and positive contributions of Cu, Ag, and Pb for the latter (Figure 6d). Molybdenite from the greisen Sn–W deposits plots in the negative t1 and t4 regions because of the covariation of Ni, As, Se, and W (Figure 5e,f and Figure 6e). The VIP-cumulative plot indicates that Ag, W, and Re are the most important and Ni, Cu, Se, Sb, and Pb are moderately important discriminant elements in the classification (Figure 6f).





4. Discussion


4.1. Discrimination between Different Types of Deposits


The PLS-DA results based on seventeen deposit types and ten deposit types identify the geochemical features of molybdenite from different types of deposits. In general, porphyry deposits can be separated from quartz vein and granite/granodiorite-related Mo deposits based on the chemistry of molybdenite (Figure 3a,b and Figure 5a,b). However, pegmatite vein Mo, skarn Fe–Cu–As, and volcanogenic Zn–Cu–Ba–Pb deposits cannot be separated from other types of deposits (Figure 3 and Figure 5). Molybdenite from porphyry Mo ± Cu ± Au deposits cannot be distinguished from that from porphyry Cu ± Mo ± Au deposits (Figure 5), indicating that a similar ore-forming environment is responsible for Mo-dominated and Cu-dominated porphyry deposits.



Molybdenite from the porphyry Cu–Au–Mo deposits (moderate Au) is separated from the porphyry Mo–Cu–Au (minor Au) and porphyry Cu–Mo–Au (minor Au) deposits because there is higher Au in molybdenite from the porphyry deposits with moderate Au (Figure 3e,f and Figure 4d,e). Similarly, higher Au separates molybdenite of the quartz vein Au ± W (Au-dominated) deposits from molybdenite of the quartz vein Mo–Au (minor Au) deposits (Figure 5c,d). These results suggest that differences in the composition of ore-forming fluids such as gold content can be reflected by molybdenite chemistry. Therefore, molybdenite is useful to discriminate whether deposits contain gold and the degree of gold mineralization.



The common characteristics of molybdenite from the quartz vein Au, porphyry Cu-Au–Mo and quartz vein Au ± W deposits are positive in correlation with Te, Au, and Bi (Figure 4a,c and Figure 5c) and relative enrichment of these elements compared to other deposits without gold (Figure 2f,h,k). Conversely, molybdenite from the porphyry Cu–Mo and greisen Sn–W deposits is characterized by negative contributions of Sb, Te, Au, Pb, and Bi (Figure 4b and Figure 5e). This indicates that molybdenite from Au-bearing deposits not only has higher Au but also elements with similar geochemical behavior, such as Sb, Te, Pb, and Bi. This is consistent with the fact that Au, Ag, Bi, Pb, and other elements in telluride minerals exist as trace minerals associated with gold [42]. Due to the close genetic relationship between Te and Bi minerals and natural gold, Te and Bi minerals play important roles in gold transportation and precipitation [28,43,44,45,46,47]. Enrichment of Au by Te, Ag, Se, and Bi in hydrothermal fluids is considered to be responsible for the formation of gold deposits and quartz–cassiterite vein deposits [45,48,49,50,51,52,53]. Therefore, the element assemblage of Bi–Te–Au–Ag–Cu–Pb in molybdenite is an important index for identifying deposits containing gold.



Molybdenite from greisen Sn–W deposits is characterized by positive contributions of Ni, As, and W and negative contributions of Cu, Se, and Re, in contrast to that from porphyry Cu ± Mo ± Au and Mo ± Cu ± Au deposits (Figure 5e,f and Figure 6e). This is consistent with the fact that the Re concentration of molybdenite decreases from porphyry Cu–Mo and Mo deposits to porphyry Sn and W deposits [54]. The relative enrichment of W in molybdenite from greisen Sn–W deposits and the relative enrichment of Re in molybdenite from porphyry Cu ± Mo ± Au and Mo ± Cu ± Au deposits indicate that trace elements in molybdenite from porphyry deposits can reflect the features of ore-forming elements. Oxygen fugacity (ƒO2) is a key factor for the formation of porphyry deposits, and most subduction-related porphyry Cu deposits are considered to be related to relatively oxidized parental magmas [55,56,57,58]. Under more oxidizing conditions, insoluble Mo4+ and Re4+ are oxidized to more soluble and mobilized Mo6+ and Re6+ [15,18,59,60,61,62], resulting in the formation of Re-rich molybdenite in porphyry Cu deposits. Based on the ionic radius of Mo4+ being close to that of W4+, W could homogeneously be incorporated into the molybdenite lattice. However, a lack of W4+ in molybdenite formed under high oxidation conditions due to tungsten crystallization at relatively low oxygen fugacity [63,64,65,66]. Therefore, oxygen fugacity controls the differences in the chemical composition of molybdenite from Cu–Mo-dominated and Sn–W-dominated deposits.




4.2. Limitations of Using Molybdenite to Classify Deposit Types


As discussed above, only some deposit types can be distinguished by the chemistry of molybdenite. The PLS-DA results in Figure 3 and Figure 5 can only be used to identify the characteristic features of molybdenite from a specific type but cannot be used for direct discrimination of molybdenite with unknown origins. There are possible factors that affect the classification results: (1) the occurrence of elements in molybdenite, (2) large variations in the chemical composition of molybdenite within a specific deposit type, and (3) data imbalance.



Understanding the occurrence of elements in molybdenite is important to discuss trace element variations. The ionic radius of Mo4+ is 0.65 Å, close to 0.63 Å for Re4+ and 0.66 Å for W4+ [15]. Consequently, Re and W could be homogeneously incorporated into the molybdenite lattice [67]. However, higher W concentrations are also likely associated with various proportions of nano- to micron-scale inclusions of W-bearing minerals in the molybdenites [66]. Selenium and Te can be incorporated into the molybdenite lattice by substitution of S [20,68,69]. However, a high Se content can also be due to Se-rich mineral inclusions in molybdenite [21,23]. The anomalous concentration of Te (≥30 ppm) is nano- to micron inclusions, as confirmed by SEM–BSE microimaging [21]. Shafiei et al. (2021) [24] found that a high concentration of Te is associated with the highest concentrations of Pb and Bi, which was interpreted as nano- to micron inclusions of Te–Bi–Pb-bearing mineral phases in molybdenite. The other trace elements (Ag, Pb, Bi, Au, Cu, Zn, and Sn) most likely occur as subnano impurities identified by SEM and LA–ICP–MS time-resolved depth profiles [18,21,24]. Because the occurrence of an element will affect its geochemical composition in minerals [21,22], excluding the effect of mineral inclusion is necessary. Some mineral inclusions at the micron scale can be detected and identified by LA–ICP–MS or SEM. However, nanometer mineral inclusions in molybdenite are difficult to detect by these techniques. Therefore, more work should be completed to characterize the occurrence of trace elements in molybdenite by higher resolution techniques such as transmission electron microscopy.



There are large variations in the chemical composition of molybdenite from the same type of deposit, such as porphyry Cu–Au–Mo, porphyry Mo–Cu–Au, and porphyry Cu–Mo–Au. In addition, the characteristics of trace elements in molybdenite are obviously different even in the same metal deposits, such as granite vein Mo, granodiorite Mo, pegmatite vein Mo, and porphyry Mo. These results indicate that the composition of the host rocks possibly affects the composition of ore-forming fluids. Therefore, more factors, such as the type of host rocks, should be considered to better classify molybdenite with different origins.



In addition to internal factors related to deposit genesis, data and statistical methods are also important external factors in the classification of deposit types. There is a small amount of trace element data in molybdenite from the pegmatite vein Mo, skarn Fe–Cu–As, and volcanogenic Zn, Cu–Ba–Pb deposits, which may result in indiscrimination of these deposits. However, internal factors, such as molybdenite occurring as a minor mineral in these deposit types, may also play a role. Because molybdenite in these deposit types is not as abundant as in Mo-dominated deposits, molybdenite may not well reflect the information of ore-forming fluids. Therefore, we need to add more trace element data for molybdenite from these deposit types in future work to better use molybdenite to classify the deposit types.





5. Conclusions


Molybdenite from porphyry deposits is separated from quartz vein, greisen Sn–W, granite vein Mo, and granodiorite Mo deposits, because of relatively high Re, Cu, Ag, Se, Pb, Bi, and Te contents for the former, and higher Ni, Co, Sn, Sb, and W contents for the latter. Molybdenite from gold-bearing deposits such as quartz vein Au ± W and porphyry Cu–Au–Mo is separated from other deposits without gold such as porphyry Cu–Mo and greisen Sn–W deposits because of higher Au, Sb, Te, Pb, and Bi contents for the former. Element groups of Au–Sb–Te–Pb–Bi are sensitive indices to distinguish deposits with or without gold and the degree of gold mineralization. Molybdenite from greisen Sn–W deposits with relative enrichment of W and porphyry Cu ± Mo ± Au and Mo ± Cu ± Au deposits with relative enrichment of Re can be discriminated due to the higher oxygen fugacity for the latter. Although some deposit types can be discriminated by molybdenite chemistry, limitations such as complex occurrences of elements, large chemical variations within a specific deposit type, and imbalanced datasets should be overcome to better use molybdenite as an indicator mineral.
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Figure 1. Distribution of the molybdenite samples from different deposits. The physical map of the world is from M. Colpron (Geological Survey of Canada, Ottawa, ON, Canada). 
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Figure 2. Multi-element box and whisker plots for LA–ICP–MS trace element data (ppm) of molybdenite from seventeen deposit types. See detailed explanation in text. 
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Figure 3. PLS-DA results of LA–ICP–MS data of molybdenite from seventeen deposit types. Plots of qw*1 vs. qw*2 ((a), first and second loadings), qw*1 vs. qw*3 ((c), first and third loadings), and qw*1 vs. qw*4 ((e), first and fourth loadings) showing correlations between elements and deposit types. Plots of t1 vs. t2 ((b), first and second scores), t1 vs. t3 ((d), first and third scores), and t1 vs. t4 ((f), first and fourth scores) showing the distribution of individual analyses of molybdenite in the latent variable space defined by qw*1–qw*2 in (a), qw*1–qw*3 in (c), and qw*1–qw*4 in (e), respectively. 
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Figure 4. Score contribution (a–e) and VIP-cumulative plot (f) corresponding to PLS-DA results in Figure 3. 
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Figure 5. PLS-DA results of LA–ICP–MS data of molybdenite from ten deposit types. Plots of qw*1 vs. qw*2 ((a), first and second loadings), qw*1 vs. qw*3 ((c), first and third loadings), and qw*1 vs. qw*4 ((e), first and fourth loadings) showing correlations between elements and deposit types. Plots of t1 vs. t2 ((b), first and second scores), t1 vs. t3 ((d), first and third scores), and t1 vs. t4 ((f), first and fourth scores) showing the distribution of individual analyses of molybdenite in the latent variable space defined by qw*1–qw*2 in (a), qw*1–qw*3 in (c), and qw*1–qw*4 in (e) respectively. 
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Figure 6. Score contribution (a–e) and VIP-cumulative plot (f) corresponding to PLS-DA results in Figure 5. 
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