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Abstract

:

Lots of studies on gold precipitation mechanisms have focused on fluid inclusions within quartz. However, the trace elements in quartz reflect the properties of the ore fluid, and a comparison of the trace element content in different types of quartz can reveal the precipitation mechanism. The Jinqingding gold deposit is the largest gold deposit in the Muping–Rushan gold belt and contains the largest single sulfide–quartz vein type orebody in the gold belt. This study distinguished four types of quartz in this orebody through field work and investigations of the mineralogy and cathodoluminescence (CL) of the quartz and crosscutting relationships as seen under a microscope. In situ studies via electron probe micro-analyzer (EPMA) and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) were used to determine the trace element content of the different quartz types. Type Qa displayed a comb structure in the field and zoning under the microscope and in CL. Milky white and smoke grey Qb was the most common quartz type and hosted the most sulfide and gold. Qc was Qa and Qb quartz that recrystallized around pyrite or overgrew and appeared different from Qa and Qb in CL images. Qd occurred within fractures in pyrite. Qa formed prior to the mineralization of gold, and Qd formed post-mineralization. Qb and Qc provided information regarding the ore fluid during mineralization. Sericites occurred with pyrite in fractures in the quartz, and some, along with free gold, filled in fractures in pyrite. Free gold occurred within Qa, Qb, Qc, and in brittle fractures in pyrite. Qc had the lowest Al content of all of the quartz types. As Al content is related to the acidity of the ore fluid in previous study, this indicated an acidity decrease during mineralization, which could be attributed to the sericitization. Sericitization could indicate a potential gold occurrence. The Ti content decreased from Qb to Qc, indicating a decrease in temperature during quartz overgrowth formation. Change in acidity and cooling can therefore be identified as possible causes of gold precipitation in the sulfide–quartz vein type in the Jinqingding gold deposit.
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1. Introduction


The Jiaodong Peninsula is the largest gold province in China [1,2,3,4,5]. Its gold deposits can be divided into fractured–altered rock type [6], mainly in the western Jiaodong, and sulfide–quartz vein type, mainly in the eastern Jiaodong [7,8,9,10,11] (Figure 1a). Quartz and pyrite are the main gold-bearing minerals [7]. Previous studies on the gold precipitation mechanism have focused on fluid inclusions and consideration of gold precipitation mechanisms such as phase separation, unmixing, and water–rock reactions [12,13,14,15,16]. However, hydrothermal activity can be multi-pulse, and evidence from fluid inclusions only represents a certain phase of activity. Gold-bearing quartz has the potential to record a more comprehensive history of the hydrothermal activity, but when dividing the mineralization stage, each stage is usually regarded as a whole and the relative timing of quartz and sulfide crystallization is ignored within each stage.



Quartz is the predominant mineral in the gold deposit and occurs in every stage of the mineralization [7]. As well as the fluid inclusion assemblage in the quartz, the trace elements in each stage of quartz can reflect the growth environment in the mineralization system. Furthermore, geochemical study of the patterns in trace elements such as Li, Sn, Sb, and Rb can be used to establish genetic relationships within magmatic and hydrothermally derived quartz groups [17]. The trace elements such as Al and Ti in quartz that formed during different stages can reflect changes in the properties of the ore fluid, such as acidity and formation temperature of quartz [18]. Research into trace element variations of this kind has previously been carried out for porphyry and skarn deposits through the use of in situ studies with laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) and electron probe micro-analyzer (EPMA) on quartz [17,18].



The Muping–Rushan gold belt is one of the three largest gold belts in the Jiaodong Peninsula and lies in its eastern part. The ores are mainly sulfide–quartz vein type. Jinqingding is the largest gold deposit and has the largest single sulfide–quartz vein type orebody in the gold belt (No. II, >32 t). The quartz within it has the potential to preserve multi-pulse hydrothermal activity, which can be best studied in orebody No. II [19].



In this paper, we defined the different types of quartz present based on fieldwork, and petrographic and CL observations, and conducted in situ measurements to determine the trace element content. We then used the trace element contents of Al and Ti in different generations of quartz to infer the acidity changes in ore fluid and formation temperature of quartz, and talked about the possible gold precipitation mechanisms in the Jinqingding gold deposit. The results of this study have wider implications for gold exploration.




2. Regional Geological Setting


The Jiaodong Peninsula is located on the southeast margin of the North China Craton; the Wulian–Qingdao–Yantai fault divides the peninsula into the Jiaobei and Sulu Terranes [22] (Figure 1a). Jiaodong has experienced both continental collision and subduction of oceanic lithosphere, with the Yangtze Craton subducting below the North China Craton during the Triassic and the Pacific plate subducting beneath the North China Craton in the Jurassic [21,23,24,25]. More than 150 gold deposits have been found, with more than 4000 tons of proven reserves [7,15]. Most of the gold deposits are located in the Mesozoic granites, and a minority are in Archaen metamorphic rocks [7,14]. Most of the gold deposits formed from 120 Ma onwards and are controlled by NNE-trending faults and secondary faults; a smaller number of gold deposits are controlled by the detachment fault in the Jiaolai Basin [7,14].



The regional basement is tonalite–trondhjemite–granodiorite (TTG) gneisses (2.9–2.5 Ga) [26]. The Neoarchean Jiaodong Group and Proterozoic Fenzishan, Jingshan and Penglai Groups overlie the basement. The Jiaodong Group is made up of metasedimentary and meta-igneous rocks [27,28], the Fenzishan and Jingshan Groups are composed of schist, calc-silicates, marble, and amphibolite [29,30,31], and the Neoproterozoic Penglai Group comprises marble, slate and quartzite [32]. Rocks of the Jiaodong, Fenzishan, Jingshan, and Penglai Groups occur as xenoliths in the wallrock of most of the gold deposits in Muping–Rushan gold belt.



Tectonic and magmatic events were frequent in the Mesozoic. The magmatic activity can be divided into four periods, namely late Triassic, Late Jurassic (165–150 Ma), Early Cretaceous (110–120 Ma), and Late Early Cretaceous [7]. In the Late Triassic event, mantle-derived syenite–granitic–miscellaneous rock intruded into Shidao after the North China Craton–Yangtze Craton collision [23].



In the Middle to Late Jurassic (165–150 Ma), biotite monzogranite, monzogranodiorite, quartz diorite and granodiorite intrusions derived from partially melted Neoarchaen lower crust intruded to form the Linglong, Kunyushan and Queshan granitoids [33,34]. The late Jurassic Kunyushan granite is the main wallrock in the gold belt (Figure 1b). This can be sub-divided into the Duogushan granite, Washan granite, and Wuzhuashan granite, which have sensitive high resolution ion microprobe (SHRIMP) zircon ages of 161 ± 1 Ma, 138–146 Ma and 160 ± 3 Ma [35] and 40Ar/39Ar biotite cooling ages of 135–147 Ma, 126–131 Ma and 120–123 Ma, respectively [36].



In the Early Cretaceous, granite–granodiorite–alkaline granite derived from partially melted lower crust, and Precambrian metamorphic basement intruded into Sanshandao, Shangzhuang, Sanfoshan and Guojialing and have been dated via SHRIMP U–Pb to 132–123 Ma [37,38]. Several gold deposits within the Muping–Rushan gold belt, such as the Shicheng and Tongling deposits, are hosted within the Sanfoshan monzogranite.



In the late Early Cretaceous, monzogranite intrusions with mixed crust–mantle and partly depleted mantle sources intruded Aishan [35] (Figure 1b).



Most of the gold mineralization is controlled by NE–NNE trending faults [7,39]. There are four main ore-controlling faults in the Muping–Rushan gold belt, namely the Qinghushan–Tangjiagou fault, Jinniushan fault, Jiangjunshi–Quhezhuang fault and Hezi–Gekou fault (Figure 1b). More than 20 gold deposits are located in the Muping–Rushan gold belt. The ores are dominantly of sulfide–quartz vein type.




3. Ore Deposit Geology


The Jinqingding gold deposit (37°06′40″–37°07′30″N, 121°38′06″–121°38′52″E) is the largest gold deposit in the Muping–Rushan gold belt (Figure 1b and Figure 2a) with a proven reserve of >32 t and an average grade of 6.44 g/t [19,20]. It is located 25 km to the NE of Rushan city and was discovered by the Jinzhou Mining Company in the 1970s. 40Ar/39Ar dating of sericite in the quartz–sulfide veins has yielded an age of 107.7 ± 0.5–109.3 ± 0.3 Ma [21].



Sixteen orebodies have been discovered in the Jinqingding deposit; orebody No. II is the largest and contains 96% of the proven reserve [19,20]. Recent engineering activity has revealed that orebody No. II occurs at depths between +120 m and −1220 m, strikes NE, is 120–600 m long along strike, averaging 300 m, and is 100–610 m long along dip (Figure 2b). Auriferous quartz pyrite veins occur within secondary fractures (Figure 2b). The orebodies are located in fault bends where the dip angle changes from moderate to steep. The thickness of orebody No. II is 0.2–6.73 m, averaging 1.65 m, the grade is usually 1.50–30 g/t, averaging 10.40 g/t [19].



The ore-controlling fault (F3) is part of the Jiangjunshi–Quhezhuang fault. Its general trend is 20° and it dips to the SE (Figure 2a,b). Based on the field work, F3 is a dextral normal fault with horizontal movement, the orebodies occur in extensional zones, while the other zones are dominated by transpression. F1 is the post-ore fault and no gold mineralization is found in it. Kunyushan monzogranite is the main wallrock (Figure 2a,b and Figure 3a), dikes are mainly lamprophyre, and Paleo–Proterozoic Jingshan Group amphibolite occurs as xenoliths in the deposit (Figure 2a,b). Sulfide–quartz veins have filled fractures in the monzogranites. There is usually a clear boundary between the vein and the wallrock (Figure 3a). Alteration can be seen in the wallrocks of the orebody, and the degree and scale of the alteration are controlled by the fault. The alteration types include K-feldspar alteration (Figure 3b), sericitization (Figure 3c), and silicification. There are gradual boundaries between the different types of alteration. Potassic alteration is the most common type; it can range in width up to 3–4 m and is most intense near the orebody. Pyrite–sericitization forms a narrow belt and usually coexists with a belt of sericitization; these occur in the deeper level of the gold deposit. Only a small amount of silicification is seen near quartz–sulfide veins in the field. The orebody contains some potassic altered wallrock breccias.



The structure of the ore rock varies between massive (Figure 3d), disseminated (Figure 3d), veinlet (Figure 3e), and brecciated, and it features textures such as fissure-intersertal texture and replacement texture. Pyrite and quartz are the main gold-bearing minerals. Gold mainly occurs in fractures in the pyrite and quartz and more rarely as inclusions within those minerals. Smaller amounts of galena, sphalerite, chalcopyrite, and pyrrhotite are also present. Sericites are common in the wallrock and ore. The early milky quartz has a comb structure (Figure 3f).



Pyrite is the most important metal mineral, and both massive pyrite and vein-type pyrite are seen in the field and in hand sample (Figure 3e,f). Pyrite occurrence can be found from the orebody to the wallrock, with massive and disseminated pyrites occurring in the middle part of quartz veins and pyrite veins occurring near the wallrock.



In the sulfide–quartz veins, quartz appears milky and smoke grey (Figure 3d–f) and is medium- to coarse-grained (5 mm–1 cm). It can be divided into four main types, namely Qa, Qb, Qc and Qd (Figure 4). In the field and in hand sample, Qa is milky white (Figure 3f). It characteristically has a comb structure (Figure 3f and Figure 4a,b), is euhedral, and has a grain size of several millimeters to several centimeters. No sulfide is found in Qa. Qb is very common and contains gold, many types of pyrites, and base metals (Figure 3d,e and Figure 4c–e). In hand sample, Qb looks milky white when there is no pyrite and smoke grey when pyrites are present (Figure 3d,e). Its grain size may vary under different conditions. Some recrystallized quartz and quartz overgrowths occur around the sulfide (Qc). Some quartz also occurs in fractures in the pyrites (Qd). These last two types are best identified under a microscope. Similar quartz types have been found in other gold deposits of Muping–Rushan gold belt.




4. Sampling and Analytical Techniques


Representative quartz–sulfide vein samples were collected from depths of −825 m and −865 m within orebody No. II (Figure 2b). Samples JQD15D4B3, JQD15D6B3 and JQD15D25B1 were chosen for further detailed research (Figure 2b). Quartz of each generation was selected with the understanding that multiple hydrothermal activities may be preserved within any one grain. In addition to observations on hand samples and under the microscope, several methods were applied to differentiate the quartz types present and detect their trace element content. Spot locations (red circle) are shown in Figure 4. Samples of each type of quartz and overgrowth quartz were selected for analysis.



Cathodoluminescence (CL) is an effective way to study growth zonation and interior structure in quartz [40], as the color and intensity are affected by structurally bound trace elements [40]. Quartz formation conditions and generations can be reflected in variations in CL [40,41,42,43,44]. Different types of quartz from the different samples were studied with CL and then subjected to further study. CL imaging was carried out with a HC5-LM hot-cathode CL microscope at the Colorado School of Mines, Golden, Colorado, USA. Its operating conditions were a voltage of 14 keV and a current density of approximately 10 µA/mm2. A modified Olympus BXFM-S optical microscope was used to locate the quartz. To capture short-lived and long-lived CL signals, a high sensitivity, double-stage Peltier cooled Kappa DX40C CCD camera was used to capture images every seven seconds automatically following initial exposure. The CL images usually show colors changing from dark blue to light red during exposure.



The composition of the selected samples was analyzed by automated scanning electron microscopy (QEMSCAN) at the Colorado School of Mines, Golden, CO, USA. The samples were first loaded into the QEMSCAN instrument, and the analysis was initiated using the control program (iDiscover, FEI). Under the working conditions of a beam step interval of 5 μm or 10 μm, accelerating voltage of 25 keV and beam current of 5 nA, spectra were acquired from each particle by four energy dispersive X-ray (EDX) spectrometers. Monte Carlo simulation was used to model the interactions between the beam and the sample. The EDX spectra at each acquisition point were compared with spectra held in a look-up table based on an assignment that had been made as to composition. The QEMSCAN software calculates the area percentage of each composition in the look-up table and outputs the results as a spreadsheet.



Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) carried out at the United States Geological Survey (USGS), Denver, CO, USA was used to determine the trace element concentrations in the quartz. The LA-ICP-MS system is composed of a Horiba Xplora Raman Spectrometer (532 nm) and a Photon Machines Analyte G2 LA system (193 nm, 4 ns excimer). He gas (0.85 L/min) carries the ablated material to a modified glass mixing bulb, and the sample is mixed coaxially with Ar (0.6 L/min) at the ICP torch [45]. The thin section should be prepared carefully as the quartz from gold deposits is usually fragile and brittle and may break without the assistance of the glass. It is also likely to contain small fluid inclusions, which may cause it to explode when heated by the laser. The spots were chosen on the basis of the CL results and microscopic observation. Only two selected quartz grains (JQD15D25B1) were studied (Table S2). The detection limit for Ti and Al is 1 ppm and 2 ppm, respectively.



During electron probe micro-analyzer (EPMA) work on the quartz, mineral inclusions in the quartz were excluded so that the Al content would reflect the concentration of structurally bound Al (Table S1). The trace element contents of the quartz were studied quantitatively with a JEOL JXA 8800 electron microprobe analyzer at the USGS, Denver, CO, USA. The operating conditions were 20 kV, 100 nA, and a focused beam 2 μm in diameter. The detection limit of Al is 0.001 wt %, and the standard sample used was USGS-Menlo #5-168.




5. Mineralogy and Paragenesis


Previous studies have divided the mineralization process in the Jiaodong peninsula into four main stages, namely the gold–pyrite–quartz stage (I), gold–quartz–pyrite stage (II), gold–pyrite–base sulfide–quartz stage (III), and quartz–pyrite–calcite stage (IV). The second and third stages are regarded as the main stages of mineralization [6,12,15]. There has been little study of the sequence of mineral formation within each stage; the mineral assemblages are generally discussed as one. This paper presents a new paragenesis based on field work and the petrographic investigation.



The field, hand sample, and microscopic observations and short-lived CL results from this study indicated that there were differences between quartz grains including their crosscutting relationships, CL features, timing relative to pyrite, relationships with mineralization, and fluid inclusions. The detailed features of each type of quartz were therefore studied in more detail (Figure 4).



Under the microscope, Qa cores were turbid, and the grains had clear zoning. The zoned part was crosscut by pyrite; cross-cutting relationships indicated that Qa formed prior to all of the sulfides and mineralization (Figure 4a,b). CL revealed zonation in Qa grains and that the Au occurred in fractures perpendicular to the zoning (Figure 4b).



Au occurred in fractures in Qb (Figure 4c). Pyrites were present in broken quartz grains or at contacts between coarse and fine quartz. On some occasions, euhedral or subhedral quartz occurred inside or partly included in the sulfide (Figure 4d,e). Quartz outside and inside the pyrite goes extinct at the same angle (Figure 4d), which means that the quartz grains were structurally the same and crystallized simultaneously. Similar CL features were seen even where extinction did not occur at the same angle, indicating that the quartz was of the same origin (Figure 4e). Quartz overgrowths may have occurred during the period of Qb and Qc formation.



Qc forms by recrystallization and overgrowth of Qb. Recrystallized quartz occurred beside massive pyrite and pyrite veins; this quartz may have resulted from hydrothermal activities of sulphide formation (Figure 3e,f and Figure 4f,g) [20]. Recrystallization of quartz may have resulted from many causes, such as fault movement and hydrothermal activity. Qc was different from the recrystallization derived from fault movement. Qc was best distinguished under a microscope and via CL. Au was found in Qc, which made Qc mineralization-relevant gold-bearing quartz (Figure 4f). The CL color of Qc was darker than that of Qa and Qb (Figure 4f). Some quartz around pyrite veins was recrystallized (Figure 4g). Qb and Qc had the potential to preserve information regarding the ore fluid during mineralization. Overgrowths were rare in the sample, but two grains were selected for LA-ICP-MS study.



Qd occurred in fractures in the sulfide (Figure 4h) and obviously formed after gold mineralization. The grain size depended on the sizes of the pyrite fractures. No gold was found in Qd. It showed different CL features from the other types of quartz.



Sericitization is a common alteration type in the gold deposit, and sericite has several types of occurrence. Field and microscopic observations indicated that sericite may have derived from feldspar alteration (Figure 3c and Figure 5a), which means the sericitization may have occurred during mineralization. According to mineral mapping by QEMSCAN, sericite and gold filled in fractures in pyrite (Figure 5b), indicating that the gold precipitation may be related to sericite formation. A high proportion of sericite was also seen in a pyrite vein filling in the fractures of quartz (Figure 5c), indicating that sericite was a major syn-mineralization mineral.



Visible gold occured in brittle fractures in the quartz and pyrite (Figure 4b,c,f and Figure 5b), meaning that this gold formed after or at the same time as these quartz and pyrite grains. Other sulfides such as galena and chalcopyrite sometimes filled in these fractures or were located around pyrites, indicating that they may have formed at the same time or after the pyrite. A new paragenesis has been concluded on the combined basis of all of the mineralogical investigations (Figure 6).




6. In Situ Study Results


The Al and Ti contents of the different types of quartz were analyzed by EPMA and LA-ICP-MS. The EPMA results are shown in Table 1 and Figure 7. The LA-ICP-MS results are shown in Table 2 and Figure 8.



The EPMA results have a higher detection limit, so only Al could be detected. The Al content varied in the different types of quartz. The Al content varied between the five spots within Qa, ranging from 0.008 wt % to 0.086 wt % and averaging 0.043 wt % (Figure 7; Table 1). The Al content in Qb ranged between 0.284 wt % and 0.004 wt % among 15 spots, with an average of 0.073 wt % (Figure 7; Table 1). Qc was studied at seven spots that yield Al contents from 0.001 wt % to 0.689 wt %, averaging 0.023 wt % (Figure 7; Table 1). The two spots in Qd had Al contents of 0.036 wt % and 0.167 wt %, giving a mean value of 0.101 wt % (Figure 7; Table 1).



LA-ICP-MS has a lower detection limit and so could also detect Ti. CL showed clear cores and rims in the quartz grains analyzed (Figure 8a). Qb and Qc were distinct within each quartz grain, with Qb forming the core and Qc the rim; cavities within grains were filled with calcite. The results for spots on the rims and cores are shown in Figure 8 and listed in Table 2. In grain A, Qb had both higher Al and Ti content than Qc, with the Al content ranging as high as 3310 ppm and the Ti content reaching 12.1 ppm (Figure 8b,c; Table 2). In grain B, the range in Al content in Qb overlapped the range in Qc (Figure 8b). The Ti content in Qb was slightly higher than that in Qc (Figure 8c).



Previous ore fluid studies have indicated that the fluid system was an H2O–CO2–NaCl system with a homogenization temperatures varying between 170 °C and 350 °C, a freezing temperature from −0.1 °C to −9.8 °C, a calculated salinity of from 0.2 wt % to 13.73 wt % NaCl eq., no salt daughter minerals, and a calculated hydrostatic pressure of 0.619 Kb to 1.532 Kb, averaging 1 Kb [46]. Combining the fully homogenization temperatures (268 °C), partly homogenization temperatures of CO2 fluid inclusions (23.6 °C), fluid inclusion explosion temperature (345 °C) and CO2-saturated vapor pressure (8.5 Kb), Li [46] calculated the lithostatic pressure as 7.77 Kb.



Ti content is controlled by temperature and pressure [47,48]. According to the equation (RT lnXTiO2quartz = −60,952 + 1.520T(K) − 1741P(kbar) + RT lnaTiO2) [47], if one is established, the other is directly proportional to the Ti content. When the system becomes saturated in Ti, the formation temperature of quartz can be estimated on the basis of the hydrostatic and lithostatic pressure [47,48]. Rutile was found in cavities within the pyrite and quartz, indicating Ti-saturation. Combining the hydrostatic pressure and lithostatic pressure, the formation temperature was calculated and is shown in Figure 8d and Table 2.




7. Discussion and Summary


Four main types of quartz are distinguished in the Jinqingding gold deposit. Quartz formation spans the pre-ore to post-ore periods. Qa has apparent zoning microscopically and in CL images, and formed prior to the mineralization. Qb is the most common quartz type and hosts the most sulfide and gold. Qc is recrystallized Qa and Qb around pyrites, which may form during mineralization. Qd occurs in fractures in pyrite and formed after the mineralization.



Two of the most efficient triggers of gold precipitation are acidity changes and cooling [49]. Alteration, which may result from water–rock reaction, is common in the gold deposit, and the acidity of ore fluid can change during alteration. Fluid inclusion studies, meanwhile, are not able to detect acidity changes whereas trace elements such as Al and Ti can. Additionally, changes in trace element content can reveal a decrease in the homogenization temperatures and can thus be used to infer the action of the cooling–related gold precipitation mechanism.



7.1. Acidity Changes


Precipitation mechanisms have been proposed for each gold deposit within the Muping–Rushan gold belt, including water–rock reactions and fluid immiscibility [50,51,52], fluid boiling [51,53,54], mixing and immiscibility [55], unmixing [56], and changes in oxygen fugacity [57]. These mechanisms were inferred based on the fluid inclusion assemblage in quartz belonging to different mineralization stages. Thus fluid mixing, phase separation and other hydrothermal activities may indeed have occurred, and the quartz has preserved evidence of this activity. If gold did precipitate due to phase separation, no gold is found in the fluid inclusions.



Quartz and pyrite are the main gold-bearing minerals. According to the mineralogical analysis, gold occurs in fractures in pyrite and in several kinds of quartz. Sericitization is a common alteration type in the gold deposit (Figure 2b and Figure 3c), and the sericite coexists with pyrite and gold (Figure 5b,c). Some feldspar and albite will have been altered to sericite (Figure 5a), and sericite formation will have consumed H+, reducing acidity.



The Al concentration in hydrothermal quartz does not reflect its formation temperature, however, previous study indicates the aqueous Al concentration shows a negative correlation with pH [2]. Of the four main kinds of quartz in the Jinqingding gold deposit, Qb and Qc may form during mineralization, while the other types apparently formed prior to or after the mineralization. A comparison of the Al contents of the different types of quartz shows an anomalously low Al concentration in Qc (Figure 7), which indicates a decrease in acidity. In Figure 8b, Qc overgrowing Qb grains is shown to have a lower Al content than that of Qb in grain A and a narrower range in Al content than Qb in grain B. The total Al content in quartz is very limited, so the Al content of Qc decreases or narrows within a small range.



Free gold precipitation may occur due to several factors such as a change in acidity, cooling, unmixing, or other mechanisms [49]. A change in pH is reflected by variation in the Al content of the quartz and sericites in fractures. Changes in acidity do not affect the solubility of gold in the ore fluid [58] but instead lead to the precipitation of sulfide. The reducing sulfur in the ore fluid is consumed when the wallrock reacts with the ore fluid, and chalcopyrite and other sulfides may precipitate [12]. Gold hydrosulfide then becomes unstable, and gold precipitates.




7.2. Cooling


In grain A (Figure 8), under lithostatic pressure (7.77 Kb), the estimated formation temperature of Qb is about 294–310 °C and that of Qc is about 275–282 °C; under hydrostatic pressure (1 Kb), these ranges change to 204–217 °C and 188–194 °C, respectively (Figure 8d). In grain B, under lithostatic pressure (7.77 Kb), the estimated formation temperature of Qb is about 282–283 °C and that of Qc is about 273–279 °C; under hydrostatic pressure (1 Kb), the ranges become about 194–195 °C and 186–192 °C (Figure 8d). Under hydrostatic pressure and lithostatic pressure, the estimated formation temperatures correspond to homogenization temperatures (268 °C) and fluid inclusion explosion temperature (345 °C) [46].



The temperature gap between the Qb and Qc indicates cooling during quartz overgrowth. These two grains formed after Qa but during the Qb and Qc stages, and this cooling was likely an important means of gold precipitation. The addition of rainwater or extension of ore-controlling faults could lead to cooling. When the temperature decreases, the solubility of gold in the ore fluid reduces [49], so gold will precipitate.




7.3. Water–Rock Reaction in Sulfide–Quartz Vein Type Jinqingding Gold Deposit


Variations in the trace element contents in four main types of quartz indicate that gold precipitated due to changes in acidity and cooling of the ore fluid. An Al content decrease corresponds to sericitization in the wallrock and orebody, which is consistent with an acidity change. A difference in the Ti values of Qb and Qc shows a reduction in the formation temperature of the quartz.



In the Jiaodong peninsula, water–rock reaction and phase separation are considered to be the main gold precipitation mechanism in the altered rock type and sulfide–quartz vein type gold deposit, respectively [13,16,59,60]. In the Jinqingding gold deposit, sericitization may have occurred during mineralization (Figure 3c and Figure 5a), sericites appear with pyrite in fractures in the quartz, and some, along with free gold, fill in fractures in pyrite (Figure 5b,c). The Al content decrease corresponds to sericitization in the wallrock and orebody, which is consistent with the acidity change. Acidity changes and cooling may be two results of water–rock reaction. This research provides evidence of water–rock reaction in the sulfide–quartz vein type Jinqingding gold deposit, combining the sericitization, acidity changes and cooling, water–rock reaction is likely an efficient means of gold precipitation. Sericitization could be used as indicator of gold occurrence or mineralization in the Jinqingding gold deposit.
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Figure 1. Regional geological map: (a) Geological map of the Eastern Jiaodong Peninsula; (b) geological map of the Muping–Rushan gold belt (modified from [15]; ages are from [20,21]). HQF—Haiyang–Qingdao fault; HSF—Haiyang–Shidao fault; MRF—Muping–Rushan fault; TCF—Taocun fault; WQYF—Wulian–Qingdao–Yantai fault; WHF—Weihai fault; RCF—Rongcheng fault. 
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Figure 2. Geological maps of the Jinqingding gold deposit: (a) plan view; (b) section (modified from [20]). 
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Figure 3. Alteration and mineralization types in the Jinqingding gold deposit: (a) A quartz–sulfide vein with unaltered wallrock; (b) K-feldspar alteration in the wallrock; (c) sericitization in the wallrock of a quartz–sulfide vein; (d) milky and smoke grey quartz (Qb + Qc + Qd) plus massive, disseminated pyrites in a hand sample of quartz–sulfide vein; (e) smoke grey quartz (Qb + Qc + Qd) in a hand sample of quartz–sulfide vein in which pyrites occur as veins (Py); (f) The earliest quartz (Qa) has a comb structure. Py—pyrite; Q—quartz. 
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Figure 4. Features of different types of quartz: (a) Qa is zoned and is crosscut by pyrite; (b) cathodoluminescence (CL) shows zoning in Qa and gold grains within it; (c) gold occurs in Qb; (d) quartz outside and inside the pyrite goes extinct at the same angle; (e) quartz inside and outside pyrite has similar CL features; (f) recrystallized (Qc) quartz contains free gold and has darker CL features than other quartz types; (g) recrystallized quartz around a crosscutting pyrite vein; (h) quartz (Qd) in fractures in pyrite shows different CL features from Qb. Py—Pyrite; Q—Quartz; Au—Gold; Gn—Galena. See Section 4 for description of red circles. 
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Figure 5. Sericite occurrence in the Jinqingding gold deposit: (a) Feldspar altered to sericite; (b) a QEMSCAN mineral map showing sericite coexisting with gold in pyrite fractures; (c) a QEMSCAN map showing the coexistence of sericite and pyrite in Qb. White color part is the glue on the thin section. 
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Figure 6. Paragenesis of quartz and other minerals. The thickness of the line indicates scale and intensity of mineral occurrence. 
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Figure 7. EPMA-derived Al content in different types of quartz. 
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Figure 8. Trace element content in quartz as obtained via LA-ICP-MS. (a) CL shows differences between quartz cores and rims; (b) Al content in the quartz; (c) Ti content in the quartz; (d) estimated formation temperature of quartz under lithostatic and hydrostatic pressure. 
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Table 1. Electron probe micro-analyzer (EPMA)-derived Al content in different types of quartz in the Jinqingding gold deposit.
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	Al (wt %)
	Qa (n = 5)
	Qb (n = 20)
	Qc (n = 7)
	Qd (n = 2)





	Max
	0.086
	0.284
	0.069
	0.167



	Average
	0.043
	0.079
	0.023
	0.101



	Min
	0.008
	0.004
	0.001
	0.036







The number in brackets is the number of spots on quartz.
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