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The Hongniu–Hongshan Cu skarn deposit is located in the central part of the Zhongdian porphyry and skarn Cu belt in southwestern China. Various elements, including Al, Ti, Li, K, Na, Ca, Fe, and Ge, have been completed by using scanning electron microscopy–cathodoluminescence (SEM-CL) and laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) on quartz phenocrysts from the Hongniu–Hongshan porphyry and skarn Cu deposit. Three quartz generations were identified in the porphyritic granite based on the CL textures and trace element signatures. Samples of the first-generation quartz (Qtz1) contain dark gray luminescent cores assaying 22–85 ppm Ti, 58–129 ppm Al, 4–18 ppm Li, and 0.43–40 ppm Fe. The Ti-in quartz geothermometer indicates crystallization temperatures of 593–664°C for Qtz1. Samples of the second-generation quartz (Qtz2) are characterized by clear bright gray oscillatory overgrowths with medium Ti concentrations of 51–70 ppm with elevated and variable amounts of Al, Li, and Fe, and low K. The Ti-in quartz geothermometer indicates crystallization temperatures of 672–706°C. Samples of the third-generation quartz (Qtz3) contain narrow light gray rims assaying 56–93 ppm Ti, 80–101 ppm Al, 11–19 ppm Li, 1.42–17 ppm K, and 2–25 ppm Fe. The Qtz3 crystallised crystallized at higher temperatures of 706–799°C. Our study indicates that the quartz phenocryst in the Hongniu–Hongshan porphyry may have undergone two mixing episodes involving a second hotter magma. Before the first resorption, average Ti concentration in the quartz phenocryst cores was 24 ppm, and Ti of the bright band halo at the edge of the crystal core is 56 ppm; the maximum temperature difference is 109°C higher than that of the pre-resorption. Furthermore, the Ti concentration is 75 ppm at the edge of the quartz phenocryst before resorption. After resorption, the average Ti increased to 81 ppm at maximum temperature difference of 54°C higher than that of pre-resorption. Moreover, on the basis of quartz composition collected from 14 different deposits and our new dataset, we propose that covariations of Ge/Al ratio can be used to effectively discriminate magmatic quartz and hydrothermal quartz. Magmatic quartz has a Ge/Al ratio of <0.013, and the hydrothermal quartz has a ratio of >0.013.
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1. INTRODUCTION
Quartz is not only one of the most abundant minerals in the crust but is also the most common gangue mineral in various hydrothermal deposits. Quartz commonly crystallizes at a wide range of temperature between 50° and 750°C from fluids with diverse origins and compositions (Rusk and Reed, 2002; Rusk et al., 2008; Thomas et al., 2010; Götte et al., 2011). Quartz is almost 100% SiO2 with amounts of mineral impurities assaying at the ppm levels.
Recent advances in the use of LA–ICP–MS have allowed for in situ analyses of numerous trace elements in quartz, such as Ti, Al, Li, Na, K, Fe, Ca, P, Mg, Mn, Cu, and Ge, at increasingly lower detection limits. The trace element concentrations in quartz is generally related to the abundance in melts or hydrothermal fluids, partitioning between the co-genetic minerals, pressure, temperature, and growth rate (Smith and Stenstrom, 1965; Andersson and Eklund, 1994; Gurbanov et al., 1999; Pagel and Orberger, 2000; Larsen et al., 2000; Götze et al., 2001; Takahashi et al., 2002; Larsen et al., 2004; Landtwing and Pettke, 2005; Wark and Watson, 2006; Jacamon and Larsen, 2009; Thomas et al., 2010; Rusk et al., 2011; Lehmann et al., 2011; Liang et al., 2014; Fu and Yan, 2020). Given that quartz is less prone to retrograde alteration and weathering than most hydrothermal minerals, its trace element composition can indicate its point of crystallization, which can be used to better understand the genesis of various types of deposits (Monecke et al., 2002; n; Wark and Watson, 2006; Rusk et al., 2008; Lehmann et al., 2009; Thomas et al., 2010; Agangi et al., 2011; Rusk, 2012; Wertich et al., 2018; Zhang et al., 2019; Fu and Yan, 2020). In addition, the trace element geochemistry of quartz and its cathodoluminescence (CL) reflectivity response have also been studied by various researchers (c.f. Marshall, 1988; Ramseyer and Müllis, 1990; Remond et al., 1992; Perny et al., 1992; Penniston-Dorland, 2001; Peppard et al., 2001; Götze et al., 2005; Rusk et al., 2006; Coulson et al., 2007; Rusk et al., 2008; Müller et al., 2010; Peng et al., 2010a; Peng et al., 2010b; Peng et al., 2010c; Götte et al., 2011; Rusk, 2012; Breiter et al., 2017a; Breiter et al., 2017b; Fu and Yan, 2020). These studies suggest that the trace element geochemistry of quartz is an indicator of its growth dynamics, physicochemical conditions during crystallization, and evolution (Monecke et al., 2002; Yang et al., 2008; Chen and Zhang, 2011; Götte et al., 2011). Furthermore, magmatic and hydrothermal quartz can be distinguished by their Ge/Al and Li/Al ratios (Müller et al., 2018).
The Hongniu–Hongshan skarn Cu deposit is located in the Zhongdian area of the Shangri-La County, Yunnan Province, China (Figure 1). The deposit includes two ore blocks known as the Hongshan and Hongniu blocks. The Hongshan block is relatively located to the northeast and has been mined since 1971, and the recently discovered Hongniu block is located to the southwest. In the past decade, the deposit has been regarded as skarn deposits (Hou et al., 2004; Song et al., 2006; Wang et al., 2011; Meng et al., 2013; Peng et al., 2014; Wang et al., 2016), and has been studied in detail, including isotopic ratio, fluid inclusion studies (Peng et al., 2016; Wang et al., 2016), mineralogy (Song et al., 2006; Wang et al., 2008; Peng et al., 2021; Tian et al., 2019), and geochronology (Wang et al., 2011; Huang et al., 2012; Meng et al., 2013; Peng et al., 2014).
[image: Figure 1]FIGURE 1 | Geological maps showing (A) the tectonic setting of the Yidun Arc and Hongniu–Hongshan copper deposit (Xiong et al., 2014), (B) the Hongniu–Hongshan Cu deposit (Peng et al., 2021), and (C) simplified cross sections through the Hongniu–Hongshan Cu deposit, showing the spatial relationship between the different rock types and ore bodies. The locations of the cross sections are shown in panel B. The samples analyzed in this study were all collected from cross sections A–B. LH = Lhasa Block; QT = Qiangtang Block; BH = Bayan Har terrane; QA = Qaidam Basin; S = Suture; F = Fault.
A porphyritic granite has recently been identified in diamind-drillhole core from the northeastern part of the deposit (Figures 1A,B). The intrusion hosts quartz–pyrite–chalcopyrite–molybdenite veins, and sub-economic porphyry-type Cu–Mo mineralization at the Hongniu–Hongshan deposit. In this contribution, we present the petrographic description and trace element geochemistry of quartz aiming to understand the genesis of their trace element tenures, quartz crystallization, and resorption of quartz phenocrysts. We discuss whether the igneous host rock at the deposit underwent magmatic mixing or recharge. Additionally, quartz trace element data from 14 deposits were compiled to study the difference between magmatic and hydrothermal quartz.
2. GEOLOGICAL SETTING
2.1 Regional Geology
The Hongniu–Hongshan Cu deposit is located in the Zhongdian area in the southern part of the Yidun Arc. The area is in the eastern part of the Paleo-Tethyan Orogen in South Asia (Figure 1A; Sengor and Natal, 1996; Hou et al., 2007; Qu et al., 2010; Xu et al., 2012; Xu et al., 2018). The Yidun Arc is bounded by the Jinshajiang Suture to the west and the Garze–Litang Suture to the east. It is connected to the western margin of the Yangtze Block and extends for over 500 km from Gaogong in Sichuan Province in the north to Zhongdian in Yunnan Province in the south (Figures 1A,B). The Zhongdian polymetallic belt is situated in the southern segment of the Yidun Arc and is considered one of the most important non-ferrous metallic belts in China. It is characterized by Late Triassic porphyry skarn Cu(-Mo) deposits, such as Xuejiping and Pulang (Leng et al., 2008; Wang et al., 2008; Hou et al., 2010; Li et al., 2011; Mao et al., 2014; Ting et al., 2018). Recent geochronological studies indicate that some intrusions and associated porphyry-skarn deposits in the belt formed in the Late Cretaceous, such as the Hongniu–Hongshan Cu and Tongchanggou Mo deposits (Li et al., 2012; Li et al., 2013; Meng et al., 2013; Peng et al., 2014).
2.2 Hongniu–Hongshan Deposit
The Hongniu–Hongshan deposit is located in the Shangri-La County (Zhongdian) of Yunnan Province. It covers an area of ∼24 km2 at an elevation of 4,060–4,460 m above sea level (Figures 1B,C). The country rocks include gray slate, quartzite, and limestone of the Late Triassic Qugasi Formation. The formation metamorphosed to biotite hornfels, calc–silicate hornfels, and marble near the porphyritic granite (Figure 1B). The country rocks are cut by NW- and NE-trending faults, with the NW-trending faults hosting the mineralization at the Hongniu–Hongshan deposit subparallel to the strike of the Qugasi Formation, and the NE-trending faults dipping SE (Figure 1B).
The Hongniu–Hongshan granite is subdivided into a ca. 199 Ma porphyritic diorite located in the northeastern part of the Hongshan ore block (Peng et al., 2014), ca. 78 Ma porphyritic quartz monzonite and ca. 76 Ma porphyritic granite (Huang et al., 2012). The younger igneous phases are thought to be genetically associated with the skarn and mineralization (Peng et al., 2016).
The porphyritic quartz monzonite is located in the central part of the deposit and is often in direct contact with marble (Figure 1B). It is light grayish to white with phenocrysts of plagioclase (25–35%), K-feldspar (5–10%), biotite (5–10%), and quartz (3–5%). The quartz monzonite hosts endoskarn and exoskarn zones. The endoskarn consists of reddish grossular garnet, diopside, vesuvianite, and epidote (Peng et al., 2016).
The porphyritic granite is present below a depth of ∼600 m at the deposit (Figure 1C), where it comprises 20- to 100-mm-long phenocrysts of pinkish K-feldspar and zoned gray plagioclase in a coarse- to fine-grained groundmass of the quartz, plagioclase, K-feldspar, biotite, and hornblende (Figures 2A–F), with accessory chalcopyrite, pyrite, sphene, and apatite. The porphyritic granite has an early K-alteration characterized by secondary biotite- and quartz- K-feldspar veins. This is overprinted by argillic and sericitic alteration in the upper part of the granite. Both alterations are overprinted by weak propylitic alteration characterized by chlorite and epidote, replacing biotite in the upper part of the deposit.
[image: Figure 2]FIGURE 2 | Photomicrographs of representative mineral assemblages from the Hongniu–Hongshan Cu deposit. The quartz forms phenocryst and is in the matrix in the porphyritic granite at the Hongniu–Hongshan deposit Panels (2A–F). Quartz coexists with K-feldspar, plagioclase, amphibole, and biotite. Quartz phenocryst is subhedral–euhedral and 4–6 mm in diameter, and some of them show rounded or embay surfaces (Panels 2G–L). The quartz matrix is allotriomorphic and 0.5–1 mm in size. Amp = amphibole; Bt = biotite; Kfs = K-feldspar; Pl = plagioclase; Qtz = quartz (after Kretz, 1983).
The prograde metamorphism at the Hongniu–Hongshan deposit includes garnet, pyroxene, and wollastonite. This assemblage is overprinted by an intense retrograde metamorphism characterized by epidote, tremolite, magnetite, and chlorite (Peng et al., 2021). The bulk of the mineralization is hosted by skarn and calc–silicate hornfels.
3. SAMPLES AND ANALYTICAL METHODS
Twenty-one samples of drill cores were analysed from the porphyritic granite. Polished thin sections were used to petrologically study all of the samples, with emphasis on the occurrence, morphology, and texture of quartz. Seven samples were collected for scanning electron microscopy cathodoluminescence (SEM-CL) imaging and LA-ICP-MS analysis.
3.1 SEM-CL
SEM-CL images were obtained using a Tescan MIRA3 LM instrument set at an acceleration voltage of 15 kV and current of 15–20 nA/mm at Nanjing Hongchuang Geological Exploration Technology Service Co., Ltd., Nanjing, China. The bialkali tube had a CL response ranging from 300 nm (violet) to 650 nm (red), and it peaked in the violet spectrum at ∼400 nm. The CL images were collected from one scan with a 60-s photo speed and a processing resolution of 1,024 × 768 pixels. The brightness and contrast of the collected CL images were improved using Adobe Photoshop software.
3.2 LA-ICP-MS
Trace element concentrations of quartz was analyzed using an Agilent 7900 ICP-MS equipped with a GeoLasPro 193 nm ArFexcimer laser at the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China. The laser repetition was set at 10 Hz with an energy density of 12 J/cm2 and a spot size of 44 μm. The NIST SRM610 and GSD-1G standards were analyzed as external standards. The standards were run before and after each set of 10–15 spots on the analyzed samples. The analysis time for each spot was set at 90 s, comprising a 30-s background measurement time with the laser off, followed by 60 s with the laser on. An internal standard-independent calibration strategy, based on the normalization of the sum of all metal oxides to 100 wt%, was applied to the calibrations (Liu et al., 2008). The NIST SRM612 and GSD-1G standards were analyzed to monitor the accuracy of the results, which showed that the uncertainties of most elements (Li, Na, Mg, Al, K, Ca, Sc, Ti, Sb, Ge, Rb, and Sr) were <6%, with detection limits ranging from ppb to a few ppm. More details on the analytical procedures can be found in Lan et al. (2017).
4. RESULTS
4.1 Quartz Petrography and Micro-Textures
The phenocrysts of porphyritic granite samples are composed of plagioclase (5-10 vol%), K-feldspar (∼5 vol%), quartz (<5 vol%), and amphibole (<5 vol%). Its matrix is mainly composed of feldspar, quartz, amphibole, and biotite. The quartz phenocrysts are subhedral to euhedral, 4–6 mm in diameter, and some are rounded or embayed (Figures 2G-L). The quartz in the matrix is allotriomorphic and 0.5–1 mm across. The euhedral quartz phenocrysts were selected for the CL structural analysis. Three generations of quartz phenocrysts (Qtz1–3) were identified (Figure 3).
[image: Figure 3]FIGURE 3 | SEM-CL image of quartz from the Hongniu-Hongshan deposit. The quartz from the first generation of quartz (Qtz1) contains a strong dark grey luminescent core (in SEM-CL) with an average diameter of 0.4-0.6 mm (Figures 3A-C).The second generation of quartz (Qtz2) has a clear bright grey oscillatory overgrowth zonation with layers averaging 0.2 mm thick (Figures 3D-F). The third generation of quartz (Qtz3) typically has a narrow light grey rim on the SEM-CL images, with have an average thickness of 0.04 mm (Figures 3G-I). The black arrow show the resorption surfaces.
The first generation of quartz (Qtz1) is the most voluminous (Müller et al., 2010), and contains dark gray luminescent and rounded cores with an average diameter of 0.4–0.6 mm (Figures 3A,B). Some include slight oscillatory zones (Figure 3C). The second generation of quartz (Qtz2) has clear bright grey oscillatory zonation (Figures 3D–F). The average width of the growth is 0.2 mm. The zonation is commonly bright on the CL images and has been nucleated on weakly luminescent homogenous cores (dark in CL) (Figures 3, 4A-D). The third-generation quartz (Qtz3) crystals are represented by narrow light-gray rims, with an average width of 0.04 mm (Figures 3D–I). The crystal surfaces were wavy and probably developed shortly before crystallization (Figures 3A,D,E). The average crystal size of the matrix quartz is 0.02–0.04 mm, with weak contrasting growth zones (gray in CL).
[image: Figure 4]FIGURE 4 | SEM-CL image of quartz from the Hongniu–Hongshan deposit (for explanations of symbols, see Figure 3).
4.2 Trace Element Compositions of Quartz Phenocryst
The samples were analyzed for Al, Ti, K, Fe, Ca, Na, Li, and P using LA-ICP-MS along transecting different quartz generations (Figure 5). The concentrations of these elements vary considerably between different quartz generations (Supplementary Table S1). The Al and Ti assays are relatively high in the three quartz generations of quartz, whereas Sb, Li, Ba, Sr, Ge, and As are common elements at lower concentrations (Figure 5). The concentrations of Zr, Nb, Gd, Hf, Ta, and U are below the detection limit in some analyzed spots.
[image: Figure 5]FIGURE 5 | Concentrations of trace elements in single quartz phenocrysts from their core to rim determined using LA-ICP-MS.
The dark luminescent crystal cores in the Qtz1 phenocrysts have the lowest concentrations of Ti (22–47 ppm) among the three generations. The Qtz2 quartz with oscillatory zonation has medium Ti concentrations (51–70 ppm). The bright gray luminescent rim in the Qtz3 quartz is enriched in titanium, assaying 70–151 ppm Ti. The CL reflectivity always correlated positively with the Ti concentration in all the three generations of the quartz (Figure 6A).
[image: Figure 6]FIGURE 6 | Content of Al and Ti contents in the three quartz generations from the Hongniu–Hongshan deposit.
Aluminum is the most common and abundant trace element in all of the three generations of the quartz, with a wide range in concentration. The Qtz1 quartz assays 58–129 ppm Al, Qtz2 assays 82–188 ppm Al, and Qtz3 assays 80–101 ppm (Figure 6B).
All of the quartz grains have relatively low Li assaying 4–18 ppm Li for Qtz1, 8–23 ppm Li for Qtz2, and 11–19 ppm Li for Qtz3. (Figure 5). The Qtz1 quartz assays 0.43–40 ppm FeT, Qtz2 assays 0.24–88 ppm, and Qtz3 assays 0.11–56 ppm FeT (Figure 5C). The Qtz1 and Qtz2 quartz samples have consistently low concentrations of K averaging 15 ppm K, but the Qtz3 quartz samples have a higher average value of 32 ppm K (Figure 5A). Phosphorus ranges from 13 to 47 ppm in all the three quartz generations, and in one crystal, P is evenly spread and does not correlate with any other element. Calcium is irregularly distributed among the three generations of quartz, with assays varying between 9 and 62 ppm. The Ca content of the Qtz3 samples, however, decreases significantly (Figures 5A,D). The Na content is variable among the three generations of quartz, ranging between 0.57 and 61 ppm. The Ge concentrations varied from 0.39 to 0.92 ppm in the three quartz generations, which corresponds to the range described from other magmatic systems (e.g., Jacamon and Larsen, 2009; Müller, 2018).
5. DISCUSSION
5.1 Occurrence of Trace Elements in Quartz
The chemical structure of quartz consists of Si–O bonds with limited spaces, making it difficult for other elements to be incorporated in its structure (Jourdan et al., 2009). Previous geochemical studies of quartz have revealed significant occurrence of trace elements, such as Al, B, Ca, Cr, Cu, Fe, Ge, K, Li, Mg, Mn, Na, P, Rb, Pb, Ti, and U (Flem et al., 2002; Müller et al., 2003; Landtwing and Pettke, 2005; Müller and Koch-Müller, 2009). The LA-ICP-MS assays of Al, Na, K, Mg, Li, Mn, Fe, Ge, and Ti for most of the studied quartz phenocrysts were flat and stable (Figures 7A,B). This indicates that they are homogeneously distributed in the quartz crystal lattice, or are present as nanoparticles in the quartz (Genna and Gaboury, 2015; Dehnavi et al., 2018). However, significant differences between individual spots and irregular depth profiles for Ca, Sc, Ba, and As imply that these elements may be present in both the solid solution and as micro-inclusions in the quartz (Ciobanu et al., 2013; Figures 7C,D).
[image: Figure 7]FIGURE 7 | Time-resolved analysis (TRA) of elements across quartz grains.
Mono-, tri-, tetra-, and even pentavalent cations can be incorporated into the interstitial or tetrahedral sites of quartz to form crystal point defects (Götte and Ramseyer, 2012). Ge4+ and Ti4+ are similar in size to Si4+ and can substitute for it in the quartz crystal lattice (Chen et al., 2011; Rusk, 2012). Furthermore, pentavalent P5+ and trivalent Al3+ can combine to substitute for 2Si4+ (e.g., Chen et al., 2011). Trivalent Al3+ and Fe3+ can also enter quartz substituting for Si4+, which requires monovalent alkali metals (Li+, Na+, K+, and Rb+) or trivalent (Ca2+ and Sr2+) cations as charge compensators (Müller et al., 2003; Rusk et al., 2008; Götte and Ramseyer, 2012; Rusk, 2012). The quartz phenocrysts of the Hongniu–Hongshan deposit are significantly negatively correlated with Si and Ti (Figure 8B), which indicates that Ti4+ could enter quartz to substitute for Si4+ (Figure 9). In addition, Al negatively correlates with Si and positively correlates with alkali metals (Figures 8D–F). These elemental substitutions can be summarized by the equation Al3+ + Li+ (Na+, K+, and/or H+) → Si4+. Furthermore, a lack of clear positive correlation between Si and Ge and positive correlation between Al and Ge shown in Figures 8A,H indicates that Ge4+ has been substituted for Si4+ and Ge2+ acted as a charge compensator for the substitution of Si4+ by Al3+ (Götte and Ramseyer, 2012) (Figure 9).
[image: Figure 8]FIGURE 8 | Plots of minor and trace elements in quartz from the Hongniu-Hongshan deposit.
[image: Figure 9]FIGURE 9 | The substitution of trace elements in quartz from the Hongniu-Hongshan deposit (after Larsen et al., 2004).
5.2 Metallogenic Implications of the Hongniu–Hongshan Deposit
5.2.1 The Condition of the Quartz Phenocryst Crystallization
A significant correlation exists between Ti concentration and quartz precipitation temperature, especially at temperatures over 600°C (Wark and Watson, 2006; Wark et al., 2007; Götze, 2009; Thomas et al., 2010). The Ti concentration of the hydrothermal quartz formed at <350°C is < 10 ppm, and that formed at temperatures over 400°C is > 10 ppm (Rusk et al., 2008; Rusk, 2012). The Ti in the quartz samples from the study area assays 21–158 ppm indicative of relatively high crystallization over 400°C (Wark and Watson, 2006).
The crystallization temperature of the quartz is also affected by the pressure and Ti activity (αTiO2) of the melt or fluid (Wark and Watson, 2006; Huang and Audétat, 2012). The TitaniQ thermobarometer of Thomas (2015) is defined by the equation logTi = −0.27943 × 104/T−(−660.53 × P0.35/T) + 5.6459, which helps in determining the quartz crystallization temperature using pressure. Peng et al. (2016) used fluid inclusion micro-thermobarometry to determine the formation temperatures of quartz phenocrysts in the Hongniu–Hongshan porphyritic granite, which ranged from ∼410° to 720°C at pressures of 680–940 bar. Owing to the relatively wide range of pressure, the crystallization temperature of quartz was calculated using the TitaniQ thermobarometer of Wark and Watson (2006) defined by the equation T(°C) = (−3,765/(log(Xqtz Ti/αTiO2)−5.69)−273. The TiO2 activity is difficult to determine; however, rutile is common in the samples of the porphyritic granite, which indicates that TiO2 is saturated (i.e.,αTiO2 = 1) (Hayden and Mathewes, 2005; Wark et al., 2007). From the TitaniQ thermobarometer, the crystallization temperature of Qtz1 was 593–664°C, and the gray oscillating rim of Qtz2 crystallized at 672–706°C. These temperatures are consistent with the temperatures measured by micro-thermometry of fluid inclusions. However, the Qtz3 crystallized at a temperature of 706–800°C, which is higher than the micro-thermometry temperatures. This is probably due to the small size of Qtz3, which resulted in a lack of melt/fluid inclusions.
The factors influencing Al concentrations in quartz are still under debate (Rusk, 2012)The high Al content in quartz indicate that it precipitated from a pH-dependent magma-derived hydrothermal fluid (Rusk et al., 2008; Müller et al., 2010; Götte, 2016). Breiter and Müller (2009) documented that there is no correlation between the Al content of igneous quartz and the Al content and peraluminosity of the parental melt. The relatively low average Al and K in Qtz1 presumably indicates that Al and K complexes in the magma preferentially precipitated as K-feldspar in the wall rock, incorporating Al and K that might have otherwise entered the quartz lattice. The higher average and variable Al content in Qtz2 of 71–187 ppm may reflect a relatively late-magmatic origin (Müller et al., 2000). The high Al content in Qtz3 of 79.5–227 ppm probably indicates that it precipitated from a magma-derived hydrothermal fluid. Acidic pH is commonly observed at this evolutionary stage of porphyry systems (Heinrich et al., 2005), providing the H+ necessary for the ionization of Al; however, Qtz3 shows the highest crystallization temperature among the three quartz generations pointing to a different origin.
5.2.2 Resorption of Quartz Phenocrysts
According to Müller et al. (2005, 2006, 2009), the processes that may form a resorption structure in quartz are 1) a semi-adiabatic magma ascent, 2) metasomatism by magma-derived hydrothermal fluids, and 3) magma mixing. The Ti-in quartz geothermometer provides the quartz crystallization temperature prior to and after a major phenocryst resorption episode. If resorption is caused by semi-adiabatic magma ascent, or the quartz grains were replaced by the magmatic fluid, the Ti-in quartz would not increase after resorption.
Supplementary Table S2 presents the changes in the minimum temperature after a major resorption episode. The resorbed cores and marginal resorption surfaces are overgrown by more luminescent quartz. Before resorption, the average concentration of Ti in the quartz phenocryst cores was 24 ppm at a crystallization temperature of ∼600°C. After resorption, the average concentration of Ti in the bright band halo at the edge of the crystal core was 56 ppm (Figure 10, white arrows). This was at a crystallization temperature of 683°C, being 83°C higher than that of pre-resorption, and a maximum temperature difference was 109°C. Furthermore, the Ti concentration was 75 ppm at the edge of the pre-resorption quartz phenocryst with a crystallization temperature of 714°C. During post-resorption, the average Ti increased to 81 ppm, with a crystallisation temperature of 72°C, and a maximum temperature difference of 54°C. Assuming that the concentration of trace elements in the solid phase is controlled by the concentration of the elements in the melt, the high Ti content in quartz indicates that the crystals became part of a more Ti-rich melt after resorption. This indicates that the quartz phenocrysts at the Hongniu–Hongshan have experienced two mixing episodes involving a high-temperature magma. However, the injection of hotter magma at the deeper levels of a magma reservoir may lead to higher gas pressures and trigger magma ascent (e.g., Blake and Pincus, 1996; Smith et al., 2004). This indicates that magma mixing and adiabatic magma ascent are normally simultaneous during magma evolution.
[image: Figure 10]FIGURE 10 | Structure sketch and the temperature changes before and after resorption of quartz phenocrysts from the Hongniu–Hongshan deposit.
5.3 Implications on Ore Deposit Type
The Al and Ti contents of epithermal, orogenic gold, and porphyry gold deposits differ from each other (Figures 11, 12, Supplementary Table S3). The Ti content of quartz from orogenic gold deposits is higher than that of typical epithermal deposits with values < 3 ppm and lower than that of quartz from typical porphyry deposits assaying 1–200 ppm at >400°C (Rusk et al., 2008; Rusk, 2012).
[image: Figure 11]FIGURE 11 | Diagram of Ti vs Al contents of quartz in the Hongniu-Hongshan deposit compared with data from Rusk (2012) including porphyry-type deposits, orogenic Au deposits, and epithermal deposits.
[image: Figure 12]FIGURE 12 | Box diagram of Al and Ti concentrations of quartz from 20 hydrothermal deposits (A = after Rusk et al., 2008; Mariane and Thoms 2005; Rusk et al., 2008; Jacamon and Larsen, 2009; Müller et al., 2010; Peng et al., 2010a; Müller et al., 2018; Zhang et al., 2019; Fu and Yan 2020).
The concentration of Al in quartz reflects its solubility in hydrothermal fluids, which is closely related to the fluid’s pH. Thus, the Al concentration in quartz reflects the flow at a certain pH, which may precipitate metal sulfides in hydrothermal deposits (Rusk et al., 2008). The Al content of quartz in porphyry deposits commonly ranges between 50 and 500 ppm, which is lower than that of orogenic gold deposits that assay 100–1,000 ppm Al. This may be due to the relatively Al-rich hydrothermal environment (Rusk, 2012). Hydrothermal quartz is mainly formed at high temperatures (500°–700°C) in porphyry deposits, and may be associated with K-alteration rather than Al-alteration (Rusk et al., 2008). Among the different types of deposits, the Al content of the low-temperature hydrothermal deposits is significantly variable. Some growth zones contain <50 ppm Al, while others contain >2000 ppm, with generally negligible amounts of Ti, Ge, and Mg (Francois and Larsen, 2009; Chen et al., 2011). Contrastingly, quartz always has a moderate concentration of Al in high-temperature hydrothermal deposits, which commonly assay several hundred ppm (Supplementary Table S3, Supplementary Table S4; Figure 12).
Although the Al and Ti assays of different types of deposits vary, it is difficult to distinguish magmatic quartz from hydrothermal quartz due to their overlap on the Al vs. Ti diagram in (Figure 13A, Supplementary Table S5). Previous studies show that the Li:Al atomic ratio of both magmatic and hydrothermal quartz does not exceed 1 (Figure 13B; Breiter and Mü;ller, 2009; Jourdan et al., 2009; Breiter and Mü;ller, 2009; Beurlen et al., 2011; Garate-Olave et al., 2017; Mü;ller et al., 2018). This indicates that the Li uptake by quartz is limited by the amount of Al3+ substituting for Si4+.
[image: Figure 13]FIGURE 13 | Variability of trace element concentrations in magmatic and hydrothermal quartz from 14 deposits (data from Götze et al., 2004; Mariane and Thoms, 2005; Rusk et al., 2008; Jacamon and Larsen, 2009; Müller et al., 2008, 2010; Peng et al., 2010a; Breiter et al., 2012, 2017a; Wertich et al., 2018; Müller et al., 2018; Zhang et al., 2019; Fu and Yan, 2020). A.Al versus Ti plot. B. Al versus Li plot. C. Al/Ti versus Ge/Ti plot. D. Al versus Ge plot.
The positive correlation between Al and Ge in Figure 13C shows that progression between magmatic and hydrothermal quartz increases in the quartz’s Ge content and decreases in the Al content. Thus, the magmatic quartz can be distinguished from hydrothermal quartz by its increased Ge content. The Ge/Al ratio in the two types of quartz increased systematically from high to low temperatures of quartz crystallization. Similar observations were made by Müller et al. (2018)who proposes magmatic and hydrothermal quartz populations can be distinguished by their Ge/Al weight ratio based on the study of the Late Palaeozoic Zinnwald/Cínovec Sn-W-Li greisen-type deposit: magmatic quartz has a Ge/Al ratio of < 0.008 whereas hydrothermal quartz a ratio of >0.008. The Ge assay varies from 0.35 to 1.17 ppm in the Hongniu-Hongshan deposit (Supplementary Table S1) and the average Ge/Al ratio is 0.006, which corresponds to the range reported from other magma-related deposits. On the basis of quartz composition collected for this study from 14 different deposits and our new dataset, we propose that magmatic quartz has a Ge/Al ratio of <0.013, and the hydrothermal quartz has a ratio of >0.013 (Figure 13D). The decreasing average Ge content of the hydrothermal quartz is consistent with the finding of Pokrovskii and Schott (1998), who attributed it to the decreasing solubility of Ge in the hydrothermal fluid with decreasing temperature. In the other words, Ge is preferentially incorporated in quartz compared with Al under hydrothermal conditions.
6. CONCLUSION
The quartz phenocrysts in the Hongniu–Hongshan porphyritic granite have Ti4+–Al3+–Li+(–Na+–K+–H+) substituting for Si4+ in the quartz lattice, where Ge2+ acts as a charge compensator for the substitution of Si4+ by Al3+.
From the CL textures and trace element concentrations, three quartz generations and two mixing episodes involving a later hotter magma were identified in the porphyritic granite at the deposit. Before the first resorption, the average concentration of Ti in the quartz phenocryst core was 24 ppm, and that in the bright band halo at the rim of core was 56 ppm. This was at a temperature of 109°C higher than that at the pre-resorption stage. Furthermore, the Ti assay of the edge of the quartz phenocryst was 75 ppm before resorption. At the post-resorption stage, the average Ti content increased to 81 ppm at a temperature of 54°C higher than that at the pre-resorption stage.
Based on the quartz composition data collected from 14 different deposits, the magmatic quartz can be distinguished from the hydrothermal quartz using the Ge/Al ratio. The magmatic quartz has a Ge/Al ratio of <0.013, and the hydrothermal quartz has a Ge/Al ratio >0.013.
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