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The Xiaoqinling gold province, located in the southern margin of the North China Craton (NCC), is the second largest gold-enriched region in China. In this region, the Mesozoic Huashan (HS) and Wenyu (WY) plutons are the major magmatic intrusions coeval with gold mineralization, although they show contrasting characteristics in the distribution of gold. In this study, we use geochemical features of titanite determined by LA-ICP-MS and EPMA analyses and elemental mapping to decipher the mechanisms that led to the difference in gold enrichment related to the two plutons. Titanite from the Wenyu granitic pluton exhibits significantly higher (La/Sm)N, (La/Yb)N, ΣLREE/ΣHREE ratios, and ΣREE concentration and slightly higher (Gd/Yb)N values than those of the Huashan Pluton, suggesting that the Wenyu pluton might have experienced more complex magmatic evolution, widespread hydrothermal alteration, and higher silica activity in the melt than the Huashan pluton. The titanite grains from the Huashan pluton show higher (Nb/Ta)N and (Lu/Hf)N values and significantly lower Zr concentration than those of the Wenyu pluton. The titanite grains from the Wenyu pluton show higher vanadium and gallium concentrations and Fe/Al ratio than those of the Huashan pluton, indicating comparatively higher [image: image]. Furthermore, the titanite grains from Wenyu pluton indicate higher water content in the magma. In addition, magma mingling and magmatic hydrothermal fluids derived from the crust/mantle are critical sources for ore-forming materials. These results suggest that the Wenyu pluton is more conducive to gold migration and enrichment than the Huashan pluton.
Keywords: titanite, LA-ICP-MS, Huashan and Wenyu granitic plutons, gold fertility, Xiaoqinling gold province
1 INTRODUCTION
Titanite (CaTiSiO5) is a common and widespread accessory mineral in igneous and metamorphic rocks (Gribble and Hall, 1993; Klein and Dutrow, 2007; Perkins, 2013), and it is an important host for rare-earth elements (REEs), high-field-strength elements (HFSEs), etc., with its slow diffusion and high closure temperature making it an important mineral to trace magma history (Buick et al., 2007; Cherniak, 2006; Chiaradia et al., 2013; Frost et al., 2001; Hayden et al., 2008; Holder et al., 2019; Ismail et al., 2014; Kohn, 2017; Lucassen et al., 2011; McLeod, 2009; McLeod et al., 2010; Piccoli et al., 2000; Prowatke and Klemme, 2005; Smith et al., 2009; Tiepolo et al., 2002; Xu et al., 2015). Several previous studies reported that titanite geochemistry could indicate the physicochemical conditions of evolving magmatic systems (Frost et al., 2001; McLeod et al., 2010; Piccoli et al., 2000; Gromet and Silver, 1983; King et al., 2013; Kowallis et al., 1997; Nakada, 1991; Wones, 1989; Kowallis et al., 2018), and the mineral has been considered an indicator for some of the important mineral deposits such as W(Cu) skarn, Cu–U–Au–Ag, Mo, and Cu–Mo–Au deposits (Xu et al., 2015; Aleksandrov and Troneva, 2007; Che et al., 2013; Kontonikas-Charos et al., 2019; Pan et al., 2018; Song et al., 2019; Wang et al., 2011; Wang et al., 2013; Xie et al., 2009; Xie et al., 2010). Magma fertility implies that magmas with certain chemical signatures may be predisposed to form Au mineralization. Magma fertility, especially metal magma fertility, has been widely used to evaluate the metallogenic potential of Au, Cu, other essential minerals, and related magmatism in recent years (Chen et al., 2019; Grondahl and Zajacz, 2022; Nathwani et al., 2022; Redin et al., 2022; Shu et al., 2019).
Magmatism with high potential for metal fertility in large-scale metallogenesis is usually associated with specific tectonic environments (Li et al., 2022; Li et al., 2016; Li et al., 2015; Li and Santosh, 2014; Li and Santosh, 2017; Santosh and Groves, 2022), substantial metallogenic components, sustained energy systems, and adequate channels for transportation and favorable sites for accumulation (Mao et al., 1999). The Xiaoqinling metallogenic region is the second largest gold-producing area in China (second only to Jiaodong), and it is considered a typical representative of gold deposits formed through decratonization (Zhu et al., 2015; Zhu et al., 2012). As the main type of gold deposit in this area, the quartz vein-type gold deposits formed in the extensional tectonic setting and the associated large-scale magmatism are dated as ca. 130 Ma (Li and Santosh, 2014; Li and Santosh, 2017; Zhu et al., 2015; Li et al., 2014; Li et al., 2013). In the Xiaoqinling area, the Wenyu (WY) and Huashan (HS) intrusions are two major Mesozoic plutons with similar ages and mostly coeval with gold mineralization. By comparing the Mesozoic plutons with typical gold metallogenic quartz vein features of fluid inclusion microthermometry and H, O, C, S, and Pb isotopes of the gold deposits, previous researchers suggested that these Au deposits are temporally and spatially associated with the Mesozoic granites in this area (Chen, 2006; Fan et al., 2000; Feng et al., 2009; Jian, 2010; Wang et al., 2022; Wang et al., 1994; Wu, 2016; Xie et al., 1998; Zhao et al., 2018; Zhou et al., 2011). Xu et al. (1997) reported that the Wenyu pluton is favorable to the formation, cycle, and deposition of ore-bearing fluids. Xie et al. (1998) reported that the gold metallogenic quartz vein fluid inclusion feature is similar to that of the Wenyu pluton, while it is quite different from that of the Huashan pluton. The Wenyu pluton has a genetic correlation with Xiaoqinling area gold mineralization (Wang et al., 1994; Xie et al., 1998; Liu et al., 2022; Qi, 2010; Wen et al., 2020; Zhi et al., 2019). Centering on the Wenyu pluton, the gold metallogenic quartz vein fluid inclusion homogenization temperature shows a decreasing trend. The Wenyu pluton plays an important role in controlling the spatial distribution of gold deposits and the metallogenic temperature, and it provides thermodynamic conditions (Qi, 2010; Li et al., 1996). Ore metals might be sourced from the Taihua group, and gold mineralization is closely related to Wenyu pluton in the Xiaoqinling area (Liu et al., 2022; Qi, 2010; Wen et al., 2020; Zhi et al., 2019; Li et al., 1996; Li et al., 2012a; Wu, 2019; Zhao et al., 2011; Zhou et al., 2015; Zhou et al., 2014). Yang and Santosh (2020) reported the critical contribution of Mesozoic magmatism producing Au deposits in the convergent margins of NCC. The Huashan and Wenyu plutons were formed by multistage magmatism between 141.0 ± 1.6 and 127.7 ± 0.6 Ma (Guo et al., 2009; Li et al., 2012b; Mao et al., 2010; Zhao et al., 2012), overlapping the ages of major gold deposits. This temporal consistency indicates a possible correlation between gold mineralization and granitoid magmatism in the area (Li et al., 2012b). With the similar geotectonic background and mineralization age, there are significantly more gold deposits around the Wenyu pluton than Huashan pluton (Figure 1), which might indicate the varying fertility of magmas of the both plutons in terms of Au.
[image: Figure 1]FIGURE 1 | Geological map of the Xiaoqinling area. (A) The box indicated by the arrow denotes the location of research area. (B) Geological map mainly showing the distribution of basement rocks, main structures, and the spatial difference of gold deposits around the Huashan and Wenyu plutons in the Xiaoqinling area NCC. Modified from Li et al. (1996).
This study presents the detailed chemical composition of titanite from the Huashan and Wenyu plutons, including the concentration of REEs, gallium, and vanadium, as well as the Fe/Al ratios to characterize the physicochemical conditions, including magma composition, [image: image], and water contents in both granitic plutons. Based on the results, we evaluate the granite fertility and discuss the role of magmatism during gold mineralization; we also discuss the mechanisms responsible for the difference in the spatial distribution of the gold deposits around the Huashan and Wenyu plutons. Our study has important implications for characterizing more fertile magmas using titanite mineral and setting guidelines for prospecting and exploration of gold deposits related to granitic magmatism globally.
2 GEOLOGICAL SETTING AND GOLD DEPOSIT CHARACTERISTICS
2.1 Geological setting
The Xiaoqinling gold metallogenic area is located on the southern margin of the NCC and the northern boundary of the Qinling Orogenic Belt (Figure 1A). The collision between the southern part of the NCC and the Yangtze Block forming the Qinling–Dabie orogenic belt triggered the Triassic deformation that affected the southern domain of the NCC (Dong and Santosh, 2016; Dong et al., 2021; Dong et al., 2011; Wu et al., 2006; Zhang et al., 2001). The westward subduction of the Paleo-Pacific Plate caused extensive tectonic activity in the eastern NCC in the early Cretaceous (Zhu et al., 2015; Zhu et al., 2012). In the study area (Figure 1B), the tectonic framework is dominated by the two reginal faults, i.e., the Xiaohe and the Taiyao faults in the north and south, respectively, with two local faults, the Huanchiyu and Guanyintang faults (Zhao et al., 2012; Deng et al., 2016). From the north to the south, several major fold structures such as the Wulicun anticline, Qishuping syncline, and Laoyacha anticline occur in the region, which mainly trend in the east–west direction (Luan et al., 1985). The basement rocks belong to the Neoarchean Taihua group and are mainly composed of amphibolites and gneisses, together with basalt and andesites of the Middle Paleozoic Xiong’er group, and the clastic rocks and carbonate rocks of the Neoproterozoic Luanchuan group. Multiple magmatic intrusions are recognized in this area. Proterozoic magmatism mainly includes Xiaohe biotite granite, Guijiayu biotite–hornblende granite, and widely distributed pegmatites. The Yanshanian period biotite monzonitic granites mainly include Laoniushan, Huashan, and Wenyu plutons, covering areas of 440 km2, 130 km2, and 71 km2, respectively (Wen et al., 2020; Wang et al., 2012). The Wenyu pluton shows more clear characteristics of the involvement of mantle-derived material in the magma source (Wen et al., 2020; Zhi et al., 2019).
2.2 Gold deposit characteristics
In the Xiaoqinling area, the known gold deposits are mostly distributed around Mesozoic granitoids and emplaced within the Proterozoic metamorphic basement rocks. These gold deposits primarily occur within quartz veins, showing limited occurrence in altered rocks (Zhu et al., 2015). Compared with the Huashan pluton, the Wenyu pluton is surrounded by more gold deposits (Figure 1B). The Wenyu pluton is surrounded by some large gold deposits such as Dongtongyu, Wenyu, Dongchuang, Qiangma, Yangzhaiyu, and Dahu and numerous smaller gold deposits. However, there are few gold deposits around the Huashan Pluton, such as the Tongguan deposit.
The gold in these deposits is predominantly native gold and electrum, which is extracted as inclusions or veinlets in pyrite and some in quartz, coexisting with galena and chalcopyrite (Zhou et al., 2014). The main mineralized alterations in these deposits include silicification, sericitization, pyritization, and K-feldspathization, and the mineralization process is generally divided into four stages: initial quartz–pyrite stage, second quartz–pyrite stage, quartz–base metal sulfide stage, and final carbonate-dominantstage (Mao et al., 2002).
3 PETROGRAPHY AND SAMPLES
The locations of fresh biotite monzogranite sample are shown in Figure 1B. Titanite grains were separated from the samples using standard heavy-liquid and magnetic methods, followed by handpicking under a microscope. The titanite grains were mounted in epoxy, polished to expose the surface, and examined using BSE images to select suitable targets for in situ analysis. The selected domains are mostly the center of the grains to minimize the effect of the subsolidus exchange reaction between titanite and the surrounding minerals.
The Wenyu pluton is roughly elliptical with an exposed area of approximately 71 km2 and can be divided into the marginal, transitional, and upper facies. The marginal facies consist primarily of fine- to medium-grained biotite monzogranite. The transitional facies are predominantly constituted by grayish–white medium-grained biotite monzogranite, which is the largest outcrop facies of the Wenyu pluton. The lithology of the upper facies is gray–white fine-grained biotite monzonitic granite (Wang et al., 2010; Yu et al., 2013). The Wenyu samples were medium-grained biotite monzogranite and collected from transitional facies.
The Huashan pluton shows east–west extension, with an exposed length of approximately 21 km and width of 6.6 km, covering an area of 130 km2. Based on lithology, the Huashan pluton can be divided into three facies from the west to the east. The middle part is mainly constituted by fine- to medium-grained amphibole monzogranite, and the flanks consist predominantly of medium-grained biotite monzogranite (Zhang et al., 2015). The Huashan samples were medium-grained biotite monzogranite and collected from the western flank.
The Wenyu and Huashan plutons are biotite monzogranites with a similar mineral assemblage. Mineralogically, the samples were composed mainly of plagioclase (30%–35%), K-feldspar (30%–35%), quartz (20%–25%), and biotite (2%–5%). The accessory minerals mainly include zircon, apatite, magnetite, and titanite (Figure 2). Titanite grains, under cross-polarized light, are mainly yellow/brown in color and appear homogeneous (Figures 2C, D). Titanite grains vary in size between 100 and 350 μm and occur mostly as euhedral to subhedral wedge-shaped grains and partially as crystallographic twins (Figure 2D), which are adjacent to, or included in, biotite, magnetite, K-feldspar, plagioclase, and quartz (Figures 2C–H). Zircon and magnetite were also observed in the interior of titanite grains (Figures 2E, H).
[image: Figure 2]FIGURE 2 | Typical biotite monzogranite hand specimen photo from the Wenyu (A) and Huashan plutons (B). Typical photomicrographs (under the cross-polarized light condition) of the Wenyu (C) and Huashan plutons (D). Typical BSE images from the Wenyu (E, G) and Huashan plutons (F, H). Mineral assemblages include plagioclase (Pl), K-feldspar (Kfs), quartz (Qtz), biotite (Bt), magnetite (Mag), apatite (Ap), and titanite (Ttn).
4 ANALYTICAL METHODS
Trace element analysis of titanite was conducted by LA-ICP-MS at the Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. Detailed operating conditions for the laser ablation system and the ICP-MS instrument and data reduction are the same as described by Zong et al. (2017). Laser sampling was performed using a GeoLasPro laser ablation system equipped with a COMPexPro 102 ArF excimer laser (wavelength of 193 nm and maximum energy of 200 mJ) and a MicroLas optical system. An Agilent 7700e ICP-MS instrument was used to acquire ion-signal intensities. Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP. A “wire” signal smoothing device was included in this laser ablation system (Hu et al., 2015). The spot size, frequency, and energy of the laser were set to 44 μm, 5 Hz, and 80 mJ, respectively. Trace element compositions of minerals were calibrated against various reference materials (NIST610, BHVO-2G, BCR-2G, and BIR-2G) without using an internal standard (Liu et al., 2008). Each analysis incorporated a background acquisition of approximately 20–30 s followed by 50 s of data acquisition from the sample. An Excel-based software ICPMSDataCal was used to perform off-line selection and integration of background and analyzed signals, time-drift correction, and quantitative calibration for trace element analyses (Liu et al., 2008).
A JEOL JXA-8230 Electron Probe Micro Analyzer (EPMA) housed at the MLR Key Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral Resources, Chinese Academy of Geological Sciences, was used for elemental analysis and mapping of titanite. The analytical conditions are 15 kV accelerating voltage, 20 nA beam current, and 5 µm beam diameter. The calibrations and detection limits are shown in Supplementary Table 1. Element mapping conditions are 15 kV accelerating voltage, 30 nA beam current, dwell time of 100 millisecond, and spot model.
5 RESULTS
5.1 EPMA data with compositional mapping
The backscattered electron (BSE) images of the representative titanite grains from the two plutons are presented in Figure 3. The major elemental compositions of titanite from the Huashan (319 data points) and Wenyu (329 data points) plutons are given in Supplementary Tables 2, 3, respectively. The structural formulae of titanite were calculated (based on Si=1) according to the procedure described by Oberti et al. (1991), assuming full occupancy of the Ca, Si, and Ti sites and calculating all Fe as Fe3+ values. The OH− and O2- are also calculated based on the same procedure. The analytical elements of the a.p.f.u. variation range and mean value are shown in Supplementary Table 4.
[image: Figure 3]FIGURE 3 | Typical titanite grain BSE images from the Huashan and Wenyu plutons. (A) Wenyu pluton titanite grain showing oscillatory zones. (B) Huashan pluton titanite grain.
The EPMA elemental maps (Figure 4) of the typical titanite grain from the Wenyu pluton (Figure 3A) display the distribution of the major element Ca and trace elements Al and Y in the elemental maps. The relatively brighter zone in the BSE image (Figure 3A) corresponds to the lower-Ca, lower-Al, and higher-Y regions in the EPMA elemental maps. There is no obvious relationship between BSE image zones and the distribution of Ti, Si, V, Cl, Dy, Sn, F, Fe, Mn, and uranium content in the EPMA elemental maps, although relatively higher Nb and Ta is observed as the higher-Nb area displays a beaded-like appearance. All the mapped elements of the titanite grain from the Wenyu pluton display a sharp boundary, except for U.
[image: Figure 4]FIGURE 4 | EPMA element map of a typical titanite grain from the Wenyu pluton in the Figure 3A mapping area.
The EPMA elemental maps (Figure 5) of the typical titanite grain from the Huashan pluton (Figure 3B) show that there is a lack of a distinct distribution relationship among the major elements Si and Ca and the trace elements V, Y, Sn, Ta, and Cl with the zones (bright zones) on the BSE image of the titanite grain, but there are relatively low-Ti and high-Ti zones. The distribution of some trace elements varies between the two zones. The high-Ti zone corresponds to the relatively higher Nb, U, Mn, Al, and Fe and slightly lower Dy and F. In addition, there is relatively higher Nb and U distribution in the brighter region of the BSE image (Figure 3B). All the mapped elements of the titanite grain from the Huashan pluton display a sharp boundary.
[image: Figure 5]FIGURE 5 | EPMA elements map of a typical titanite grain from the Huashan pluton in the Figure 3B mapping area.
5.2 Titanite trace elements
The titanite LA-ICP-MS trace element data are given in Supplementary Table 5. The ΣREE concentration in titanite from the Wenyu pluton is much higher than those of the Huashan pluton. In the Huashan pluton, the ΣREE content in titanite ranges from 2,016.87 ppm to 10,769.98 ppm (average 4,758.30 ppm), while the ΣLREE/ΣHREE ratio ranges from 0.61 to 8.24 (average 2.49). The titanite grains from the Huashan pluton show depleted LREE, flat HREE patterns, and wider range of HREE content than those of the Wenyu pluton. In addition, the titanite samples from the Huashan pluton display a wide range of Eu anomalies (as their δEu values range from 0.22 to 1.42, average being 0.80, but record one abnormal value of 3.73, which was excluded for the calculation of the mean value). The δCe values vary from 0.45 to 0.70, with a mean of 0.60. On chondrite-normalized REE diagrams, the titanite grains from the Huashan pluton have (La/Sm)N ratios from 0.05 to 0.58 (average 0.26), (La/Yb)N ratios from 0.06 to 3.95 (average 0.90), and (Gd/Yb)N ratios from 0.63 to 5.34 (average 2.15). The ratios of (Nb/Ta)N range from 0.45 to 4.72, with an average of 1.22. The concentrations of Hf and Lu are 1.26–47.53 (average 18.99) and 3.442–128.69 (average 29.50) ppm, respectively, with (Lu/Hf)N ratios ranging from 1.20 to 68.81 (average 12.27). The concentrations of Zr range from 33.27 ppm to 702.60 ppm, with a mean of 173.51 ppm.
In the Wenyu pluton, the ΣREE in titanite is in between 3,586.88 ppm and 15,653.24 ppm, with an average of 7,761.60 ppm. The ΣLREE/ΣHREE ratios are from 1.50 to 7.96 (average 4.44). The titanite grains from the Wenyu pluton show depleted HREE and enriched LREE. On chondrite-normalized REE diagrams, Wenyu titanite grains display negative Eu anomalies (δEu values range from 0.36 to 0.89, average 0.57). The δCe values are from 0.61 to 0.74 (average 0.67). The (La/Sm)N, (La/Yb)N, and (Gd/Yb)N ratios range from 0.26 to 1.19, 0.23 to 6.99, and 0.69 to 5.39, with the averages of 0.57, 2.25, and 2.27, respectively. The ratios of (Nb/Ta)N range from 0.43 to 1.53 (average 0.91). The concentrations of Hf and Lu are 19.70–370.92 and 13.86–90.05, with the mean of 49.24 and 28.77 ppm, respectively, with (Lu/Hf)N ratios of 0.87–8.72 (average 4.26). The concentrations of Zr range from 141.22 to 1,623.13 (average 437.92) ppm.
6 DISCUSSION
6.1 Magmatic evolution and titanite genesis
Kowallis et al. (1997), Kowallis et al. (2018) reported that the atomic ratio of Fe/Al in titanite from both volcanic and plutonic rocks is typically close to 1:1 and almost always >1:2. The Fe/Al data range from 0.5 to 1 for the plutonic titanite, which falls roughly in the green area in Figure 6. The possibility of volcanic origin can be ruled out based on the lithological properties of our sample. However, Kowallis (2018) also reported that titanite from metamorphic, hydrothermal, and pegmatitic environments scatter widely in Fe/Al. As shown in Figure 6, the Fe/Al ratio of Wenyu titanite is more concentrated in the plutonic region than that of Huashan. In detail, the Fe/Al data for titanite from the Wenyu pluton, which is in the range of 0.5–1, contributes 86.6% of the total data, while this is only 35.7% for the Huashan pluton. In the Huashan pluton, Fe (average a.p.f.u 0.053) in titanite is slightly lower than Fe (average a.p.f.u 0.054) in titanite from the Wenyu pluton; however, in the Huashan pluton, the Al (average a.p.f.u 0.141) in titanite is much higher than that in titanite from the Wenyu pluton (Al average a.p.f.u 0.141). Based on the whole-rock major elements, Qing and Han (2001) found that the Wenyu pluton shows a relatively lower A/CNK ratio than the Huashan pluton. We suspect that the relatively aluminum-poor titanite in the Wenyu pluton compared to that in the Huashan pluton may reflect a difference in the magmatic composition.
[image: Figure 6]FIGURE 6 | The Fe–Al (a.p.f.u.) graph of titanite grains. The “plutonic” region is modified from Kowallis et al. (2018).
Titanite characterized by enrichment in LREE is usually formed during the late magmatic stage (Xiao et al., 2021). Piccoli et al. (2000) reported that the complex zoning in the titanite from the granitic rocks is interpreted to have primarily developed as a result of magmatic processes, and it is strongly controlled by the LREE. In our research, compared with Huashan titanite (Figure 3B), Wenyu titanite (Figure 3A) shows obviously stronger zoning. In Figure 7, the Wenyu pluton shows enriched LREE and depleted HREE patterns. With the variation in the YbN content, light and heavy REE fractionation in the Wenyu pluton shows a more marked general evolutionary trend than in the Huashan pluton (Figure 8C). The LREE fractionation in the Wenyu pluton is more obvious than that of the Huashan pluton (Figure 8B). Furthermore, both plutons exhibit similar heavy REE fractionation (Figure 8A), although the Wenyu pluton is more enriched in YbN content. In the Huashan pluton, the fractionation of LREE/HREE is not obvious.
[image: Figure 7]FIGURE 7 | Chondrite-normalized fractionation patterns for REE in titanite from the Huashan and Wenyu plutons, normalizing values taken from Boynton (1984) (Zhang, 2015). Shaded areas represent the range from the maximum to minimum values.
[image: Figure 8]FIGURE 8 | Binary plots of the titanite grains from the Huashan and Wenyu plutons: (A) (Gd/Yb)N ratios vs. YbN; (B) (La/Sm)N ratios vs. SmN; (C) (La/Yb)N ratios vs. YbN; (D) ΣREE vs. CaO; (E) (Nb+Ta) vs. δCe; (F) δCe vs. δEu. Normalizing values taken from Boynton (1984) (Zhang, 2015).
Qi, (2010), Qing and Han (2001) compared the whole-rock trace elements of the Wenyu and Huashan plutons and found that the ΣREE and LREE/HREE fractionation is higher in the Wenyu pluton, which shows a similar REE pattern with our titanite result. This is because the Wenyu pluton has higher silica activity in the melt than the Huashan pluton during titanite formation as higher SiO2 activity facilitates the LREE3+ substitution into Ca-site (Kowallis et al., 1997; Qing and Han, 2001) and, during magmatic evolution, including multi-stage magma activities, titanite formed in late magmatic stage, which contributed to the obvious differentiation of LREE and HREE (Qing and Han, 2001; Xiao et al., 2021). In addition, the [image: image] of the Wenyu pluton is higher than that of the Huashan pluton (which will be discussed in Section 6.2 below.), and leaching of the post-magmatic hydrothermal fluids and remobilization of REE might have occurred (Pan et al., 1993). In addition, in previous studies, the zircon U–Pb ages (Huashan: 144 ± 0.6 Ma, Wenyu: 141.4 ± 0.6 Ma to 129.6 ± 0.5 Ma) (Wen et al., 2020) and the pyrite and quartz rhythmic zones (Li et al., 2022) also confirm multi-stage magmatism for the formation of titanite in the Wenyu pluton, which together caused higher fractionation of LREE/HREE in the Wenyu pluton than in the Huashan pluton. Therefore, we argue that titanite from the Wenyu pluton might have experienced a more complex magmatic evolution history, more widespread hydrothermal alteration, and was formed under higher silica activity than titanite from the Huashan pluton.
6.2 Oxygen fugacity
6.2.1 δCe, δEu, and ΣREE
Piccoli et al. (2000) reported that the depletion in REEs may be due to the lower activity of Fe3+, which is needed to compensate for the charge balance of REEs in the titanite structure, which means lowering of oxygen fugacity can diminish the activity of the (REE3+/Fe3+) ⇌ (Ca2+, Ti4+) exchange. In the Wenyu pluton, the ΣREE in titanite ranges from 3,586.88 ppm to 15,653.24 ppm (average 7,761.60 ppm). In the Huashan pluton, the ΣREE in titanite ranges from 2,016.87 ppm to 10,769.98 ppm (average 4,758.30 ppm). Qing and Han (2001) calculated the Fe2O3/FeO ratio and Fe2O3/(Fe2O3+FeO) ratio based on the whole-rock major elements of the Wenyu and Huashan plutons and found that the proportion of Fe3+ in the Wenyu pluton is significantly higher than that in the Huashan pluton. Combined with the above evidence, we assume that the titanite sample with higher ΣREE content might have formed in a higher oxidizing crystallization environment, which might imply the higher [image: image] of the Wenyu pluton than the Huashan pluton.
Unlike other REE3+, Eu and Ce are common elements, especially in zircon, which can be used to measure the [image: image] (Wen et al., 2020; Ballard et al., 2002; Trail et al., 2011; Trail et al., 2012) due to their variable valency (Ce: +3, +4; Eu: +2, +3). Previous studies reported that the ionic radii of VIICe3+ (1.07 Å) and VIICa2+ (1.06 Å) are similar (Shannon, 1976). For Ce3+, the Ca-site might be the most favorable substitution site in titanite based on the partitioning data (Tiepolo et al., 2002).
The Huashan and Wenyu plutons both display similar negative Ce and Eu anomalies, although in the Huashan pluton, the δCe is slightly lower, and δEu is slightly higher in the Huashan pluton than in the Wenyu pluton (Figure 9), which is contrary to the results of the previous studies (Liu et al., 2022; Wen et al., 2020; Zhi et al., 2019; Liu et al., 2019). Figure 8F also shows the lack of any obvious correlation between δCe and δEu. King et al. (2013) reported significant (Nb, Ta)4+ and/or V5+, the VICe3+/VICe4+ coupled substitutions in Ti-site under oxidizing conditions. Based on the above discussion, we argue that Ce usually substitutes in the Ca-site in the form of Ce3+ like other common REE3+; however, even if Ce3+ is oxidized to Ce4+, it can still enter into the titanite structure. The good correlation in Figures 8D, E shows substitution in titanite within these rocks. The lack of correlation, as shown in Figure 8F, and higher δCe of the Wenyu pluton compared to the Huashan pluton may also suggest that the δCe of titanite may not always indicate [image: image] of coexisting melts.
[image: Figure 9]FIGURE 9 | Statistical plot of δCe and δEu values of the titanite grains from the Huashan and Wenyu plutons. (A) Wenyu titanite δEu values histogram; (B) Huashan titanite δEu values histogram; (C) Wenyu titanite δCe values histogram; (D) Huashan titanite δCe values histogram.
The positive Eu anomalies (Figure 9B) might not be well-correlated with [image: image] accelerated by metasomatism (Lottermoser, 1992; Micko, 2010) or short-term elevated temperature (Mazdab et al., 2007). In addition, the titanite from the Huashan pluton shows highly variable δEu than that from Wenyu (Figures 9A, B). Eu is enriched in plagioclase, and minor plagioclase crystallization causes Eu-depletion in melts (Ismail et al., 2014; Ballard et al., 2002; Anand and Balakrishnan, 2011; Bi et al., 2002; Buick et al., 2010). Therefore, the lower δEu might have been largely caused by plagioclase crystallization.
6.2.2 Vanadium
Oxygen fugacity controls multivalent elements in planetary materials and their distribution between phases, which can be used as a proxy for [image: image] (Holycross and Cottrell, 2020). The abundance of V can be exploited as a proxy for [image: image] when its partitioning behavior is known (Holycross and Cottrell, 2020). Vanadium oxygen barometers have been experimentally calibrated for a wide variety of mineral-melt systems to investigate how V partitioning shifts as a function of [image: image] (Arató and Audétat, 2017; Canil, 1997; Canil, 2002; Canil and Fedortchouk, 2000; Canil and Fedortchouk, 2001; Laubier et al., 2014; Mallmann and O’Neill, 2009; Shishkina et al., 2018; Sossi et al., 2018; Toplis and Corgne, 2002; Wang et al., 2019). The whole-rock trace elements result shows that the vanadium concentration in the Wenyu pluton (27.30 ppm) is significantly higher than that in the Huashan pluton (15.40 ppm), and compared with the Huashan pluton, the Wenyu pluton was formed in a relatively high oxygen fugacity environment (Qing and Han, 2001). We found similar results from the titanite component in our research. There is a noticeable difference in the content of V in the titanite samples from the Huashan pluton (74.22–342.09 ppm, Avg. 237.66 ppm) and the Wenyu (51.65–724.85 ppm, Avg. 318.55 ppm) pluton. Figure 10A shows that the [image: image] of the Wenyu pluton is higher than that of the Huashan pluton, as measured by the vanadium content. Bernau and Franz (1987) reported that the possible valence states of vanadium are V3+, V4+, and V5+, but the major substitutions for vanadium occur by the following reaction:
[image: image]
[image: Figure 10]FIGURE 10 | Vanadium and gallium concentration and the Fe/Al ratio comparison diagram of the titanite grains from the Huashan and Wenyu pluton. (A) Titanite vanadium concentration comparison diagram; (B) Titanite gallium concentration comparison diagram; (C) Titanite Fe/Al ratio comparison diagram.
Vanadium is probably pentavalent in titanite because of the high oxidation state of the mineral. Micko (2010) proposed that under high [image: image] oxidizing conditions, V is more soluble and mobile. Therefore, we considered that titanite could be a sink for V5+ and the vanadium content in titanite might be a measurement of [image: image] the pluton.
6.2.3 Gallium
Ga3+, Fe3+, and Al3+ exhibit similar geochemical characteristics (Breiter et al., 2013; Luo et al., 2007; Macdonald et al., 2010; Tu et al., 2004). The radius of IVGa3+ is comparatively equal to that of IVTi4+ as compared to IVFe3+ and IVAl3+ (Shannon, 1976). Xu et al. (2015) reported that Ga3+ enters the Ti-site more readily than Al3+ and Fe3+, and magmatic [image: image] could be measured by the Ga content in titanite because of the positive correlation between [image: image] and Ga content. A higher Ga content indicates a higher oxidizing environment (Pan et al., 2018). The Ga content in titanite of the Wenyu pluton is distinctively higher (14.46–38.21 ppm, Avg. 21.94 ppm) than that of the Huashan pluton (9.89–22.64 ppm, Avg. 15.71 ppm), which indicates higher [image: image] for the Wenyu pluton (Figure 10B).
6.2.4 Fe/Al ratios
In titanite, the Ti-site is normally occupied by Ti4+, but the commonly substituting cations are Fe3+ and Al3+ (Deer et al., 2013). Kowallis et al. (1997) reported that high [image: image] will cause the oxidation of Fe2+ to Fe3+. Based on the whole-rock major elements, Qing and Han (2001) found that the Wenyu pluton shows relatively higher Fe3+ proportion and lower A/CNK ratio than the Huashan pluton. As discussed in Section 5.1, the titanite from the Wenyu pluton shows an Fe/Al ratio ranging from 0.5 to 1 than that of the Huashan pluton (Figure 10C). Therefore, we considered that the titanite Fe/Al ratio is also a key parameter for measuring [image: image] of plutons and that the [image: image] of the Wenyu pluton is higher than that of the Huashan pluton.
6.3 Comparison of the relative water content
The OH− concentration in each mineral species is variable; therefore, in some cases, it reflects the geological environment of mineral formation (Bell David and Rossman George, 1992). Titanite is an essential anhydrous mineral phase in igneous rocks, and the OH− concentration in titanite may reflect fluctuations in the composition of the magmatic system during the formation of titanite (Hammer et al., 1996). We calculated the value of OH− in our titanite samples from the EPMA data based on the work of Oberti et al. (1991). As a water constituent, the hydroxyl ion in titanite might reflect the water content in the pluton. Figure 11 clearly shows that the water content of titanite from the Wenyu pluton is higher than that of titanite from the Huashan pluton, which may reflect the fluid composition differences of the magmatic melt during the formation of titanite.
[image: Figure 11]FIGURE 11 | Histogram of the hydroxyl ion concentration in the titanite grains from the Huashan and Wenyu plutons.
6.4 Implications for the source of ore-forming materials
Previous studies show that the formation temperature of the Wenyu pluton is higher than that of the Huashan pluton, and both of these two plutons’ formation temperatures are over 873.15 K (Liu et al., 2022; Wen et al., 2020; Liu et al., 2019). Higher formation temperature might imply more heat input (Qi, 2010). According to Luan et al. (1985), in the Xiaoqinling gold metallogenic area, the Cl concentration is much higher than that of F, and Au was transported with some complex species in the ore-forming fluids. In the ore-forming magmatic hydrothermal fluids of high [image: image] and temperature over 623.15 K, gold is usually transported as AuCl2-, and high [image: image] and water contribution improved the solubility of AuCl2- and the amount of solute (Au) in the hydrothermal fluid (An and Zhu, 2011; Castaing et al., 1993; Gammons and Williams-Jones, 1995; Gammons et al., 1997; Gibert et al., 1998; Zhang, 2015; Zhu and An, 2010). Previous studies have shown that many large and medium-sized deposits formed near the Wenyu pluton in the Xiaoqinling area are closely related to fluid activities (Xu et al., 1997; Luan et al., 1985; Jiang, 2000; Wang et al., 2002; Xu et al., 1998; Yang et al., 2015; Yin et al., 2019). The relatively abundant magmatic hydrothermal fluids and higher [image: image] might have led to the Wenyu pluton being more conducive to gold migration, enrichment, and mineralization than the Huashan pluton. In addition, the Wenyu pluton might have experienced a more complex magmatic history than the Huashan pluton, involving more heat input.
7 CONCLUSION

(1) Titanite from the Wenyu pluton indicates a complex magmatic evolution history, more widespread hydrothermal alteration, and higher silica activity in the melt than in the Huashan pluton.
(2) The substitution mechanism of V and Ga as well as the Fe/Al ratio in titanite indicates that the magma of the Wenyu pluton had higher [image: image] than that of the Huashan pluton.
(3) The water content and [image: image] of the Wenyu plutonic magma were higher than those of the Huashan magma, which imply that the Wenyu plutonic magma was more conducive to gold migration, enrichment, and mineralization than the Huashan plutonic magma.
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