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Abstract: Quartz is the most common gangue mineral in hydrothermal veins. Coupled with 16 
capacities of hosting fluid inclusions and recording varieties of microtextures, its solubility 17 
behavior may provide unparalleled insights into hydrothermal processes. In this study, the 18 
Linglong goldfield is targeted to investigate gold-producing quartz veining process. Scanning 19 
electron microscope (SEM)-cathodoluminescence (CL) imaging uncovered three episodes of quartz 20 
deposition, intervened by an episode of quartz dissolution. Based on newly-developed quartz 21 
solubility diagrams and CL-aided fluid inclusion microthermometry, it is proposed that the earliest 22 
quartz (Qz1) was formed by a combined effect of CO2 increase and decompressional cooling, 23 
leading to the formation of the early thick gold-barren veins (V1); the second generation of quartz 24 
(Qz2a) was formed by the same fluids that may have been diluted and cooled by meteoric water, 25 
leading to much reduced quantity of quartz and deposition of pyrite and gold; and the third 26 
generation of quartz (Qz2b) was deposited along with polymetallic sulfides due to fluid cooling 27 
following a quartz dissolution event likely induced by cooling in retrograde solubility region 28 
and/or CO2 decrease. This research may help understand gold formation in orogenic intrusion 29 
related deposits, and points to imperative of CL-based in-situ analysis for future studies. 30 
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 32 

1. Introduction 33 

Quartz is the most important silica mineral and widely occurs in igneous, metamorphic, 34 
sedimentary and hydrothermal rocks of the Earth crust. Because of its abundance and properties, 35 
quartz and silica minerals find many applications in industry and scientific researches [1]. For 36 
instance, its luminescence and geochemical properties and host fluid/mineral inclusions have 37 
provided critical knowledge for reconstructing geological processes [2-5]. In hydrothermal ore 38 
deposits, quartz is the most common gangue mineral and may intergrow with metals (such as native 39 
gold) and sulfides containing metals such as copper, tin, and tungsten [6]. The veining processes of 40 
quartz and associated minerals in porphyry Cu deposits have been intensively studied and well 41 
understood with the analytical aid of cathodoluminescence (CL) petrography [7-9], solubility 42 
analysis [10,11], fluid inclusion [12,13], trace elements [14] and oxygen isotopic composition [15,16]. 43 
These pieces of information ultimately shed lights on where cupriferous fluids are sourced and how 44 
these fluids precipitate metal sulfides and quartz. By contrast, quartz solubility analysis have been 45 
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much less employed in the studies of orogenic intrusion-related gold deposits, leading to less 46 
knowledge of the veining processes that are responsible for gold deposition. Several previous 47 
studies were based on quartz solubility in pure water rather than H2O-NaCl-CO2 ternary system that 48 
is a better approximation of orogenic gold fluid [17]. Recently, Monecke et al. [18] constructed 49 
solubility diagrams in the H2O-NaCl-CO2 ternary system but data are only available for the 50 
single-phase region. This lack of data for two-phase field poses a challenge for thoroughly 51 
understanding vein formation processes in orogenic intrusion-related setting, since fluid 52 
immiscibility is quite common and is considered a critical factor for gold genesis [19]. 53 

The Linglong gold deposit of the Jiaodong gold province is targeted in this study to fill this void 54 
of knowledge. This deposit is selected because (1) it is a vein-type gold deposits, comprising large 55 
quartz veins that host gold mineralizations; and (2) its geology, geochemistry and isotopic 56 
characteristics have been well documented [20-27]. Based on a methodological combination of CL 57 
petrography, fluid inclusion and newly-developed quartz solubility diagrams that cover both 58 
single-phase and two-phase field, this study elucidates veining processes in this deposit, which have 59 
implications for understanding quartz deposition and dissolution processes in a wide range of 60 
settings. 61 

2. The Linglong gold deposit 62 

2.1. General geology 63 

The Jiaodong gold province (JGP) has been the subject of detailed studies for many decades 64 
[28-31], and its geological and metallogenic backgrounds have been synthesized and updated by 65 
many past and recent works [32-44]. Inasmuch, only a brief introduction closely relevant to this 66 
study is provided. The region of the JGP is a peninsula located in the northeastern China (Figure 1a 67 
inset). Tectonically, it straddles southeastern part of the Precambrian North China Craton (NCC) in 68 
the north and the Triassic Sulu ultra - high pressure orogenic belt (UHP) in the south; and to the west, 69 
it is bounded by the north-northeast trending Tan-Lu fault zone [45] (Figure 1a). This region is 70 
considered to have been involved in the Pacific tectonic regime since early Mesozoic [46,47]. Rocks 71 
exposed include basement rocks metamorphosed at high amphibolite to granulite facies in the early 72 
Proterozoic (1.80 – 1.95 Ga, [48]), Triassic UHP rocks [49] and voluminous Jurassic to Cretaceous 73 
volcanic-sedimentary rocks [50], granitoids [51] and mafic to intermediate dykes [52] (Figure 1a). 74 

Gold deposits in Jiaodong are structurally controlled within a set of NE- and NNE- trending 75 
fault systems [53], forming three clusters, from west to east, namely the Zhaoyuan - Laizhou, Penglai 76 
- Qixia and Muping - Rushan belts [54]. Over 95% of the gold resources are hosted in the Cretaceous 77 
granitoids [55], with only a few small-sized deposits being hosted in the metamorphic basement 78 
[56,57]. Gold mineralization occurs either as auriferous quartz veins (Linglong-type) or as 79 
disseminated/stockwork ores rocks (Jiaojia-type) [29] (Figure 1a). The difference in mineralization 80 
styles, for instance in the Linglong goldfield, may have been caused by difference in local stress field 81 
and the related physico-chemcial variations [26]. 82 

 83 
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Figure 1. Geological maps of the Jiaodong gold province and the Linglong goldfield. (a) Geology and 84 
spatial distribution of gold deposits in the Jiaodong gold province, which is located in eastern China 85 
as a peninsula (inset). Filled circles represent disseminated ore deposits; circles filled with a triangle 86 
represent vein-type deposits. Symbol sizes are proportional to gold reserves. (b) A geological map of 87 
the Linglong goldfield with locations of known ore deposits. 88 

The Linglong goldfield, the largest gold producing area in Jiaodong, is located at the northern 89 
tip of the Zhaoyuan - Pingdu sub-belt (ZPB), which commonly hosts disseminated gold ores (Figure 90 
1b). This goldfield is characterized by the presence of hundreds of gold-producing quartz veins, 91 
occurring in steeply dipping, NE - NNE trending extensional cracks in the hanging wall of ZPB. 92 
These veins are currently under exploration and production by several mines such as Dongshan, the 93 
Xishan, the Dakaitou, and the Jiuqu. In the eastern part, the ZPB is joint by the Potouqing fault, the 94 
conjunction of which hosts disseminated ores [26]. Most of the gold deposits are usually hosted in 95 
the Linglong biotite granite, with deep ores, for instance at Jiuqu, being hosted in both the Linglong 96 
biotite granite and Guojialing granodiorite [26]. The Linglong fault crosscut the ZPB and its 97 
subordinate faults controls the emplacement of intermediate to mafic dykes. 98 

Over two hundred veins are exposed to the surface in the Dongshan and Xishan mines, among 99 
which roughly 30 veins have economic values, such as the veins #108, #55, #53, #52, #51, #48, #47, #10, 100 
#9 (Figure 1b). In general, the veins mostly strike NE between 35° to 70° and dipping NW, whereas 101 
may change to SE-dipping at shallows and NW-dipping at depth near the Potouqing Fault. These 102 
veins often reach thousands of meters in length and have variable widths of one to tens of meters. 103 
Ore grades vary from a few grams to tens of grams per ton up to hundreds of grams per ton, where 104 
visible from naked eyes. 105 

2.2. Alterations, veins and mineralization 106 

Hydrothermal alteration, veins and mineralization characteristics of disseminated ore bodies 107 
have been detailed by [26] and [27], this section primarily focuses on vein-type mineralizations and 108 
the associated alterations. 109 

Hydrothermal alterations observed at Linglong include potassic (mainly K-feldsparization and 110 
biotitization), sericitic, silicic, pyritic alterations and carbonatization. The potassic alteration 111 
generally developed as the outer part of the alteration zones in the Linglong granite, and often 112 
overprinted by sericitic and silicic alterations (Figure 2a). Potassic alteration is characterized by 113 
conversion of magmatic plagioclase and biotite into secondary K-feldspar and biotite (Figure 2b). 114 
This alteration resulted in dramatic increases in K-feldspar and biotite in the host Linglong granite. 115 
Sericitic alteration commonly shows light green color, which converts feldspar into fine-grained 116 
sericite. Sericitic alteration is marked by its green to white colors and overprints the potassic 117 
alterations (Figure 2c). Silicification can occur along with other alterations, but also individually. 118 
They were characterized by replacement of previous minerals by quartz (Figure 2d). Its intensity 119 
increases towards the thick quartz veins. These alterations commonly juxtapose to form symmetrical 120 
zones according to the central thick quartz veins (Figure 2a), which, towards fresh granite, comprise 121 
pyrite - sericite - quartz, sericite - quartz, and K-feldspar - quartz. This alteration types and spatial 122 
distribution are comparable to that of disseminated gold deposits such as the Sanshandao [58] and 123 
Dongfeng deposits [26], but differ with much small thickness.  124 
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Figure 2. A sketch of alteration zoning (a) and underground-tunnel images of the alterations at the 126 
Linglong goldfiled (b-d). (b) Pink to flesh pink potassic alterations developed in the biotite granite 127 
and were overprinted by the silicic alterations. (c) Sericitization overprinted on the K-feldspar 128 
alterations. (d) The silicification as the quartz replaced the potassic and sericite alterations with local 129 
pyritic alterations. 130 

Based on field (underground tunnels and outcrops) and hand specimen observations and 131 
crosscutting relations, four generations of vein have been identified, from early to late, including 132 
quartz ± pyrite (V1), gold + quartz + pyrite (V2), gold + quartz + base mental sulfides (V3) and quartz 133 
+ calcite ± pyrite (V4) at the Linglong goldfield (Figure 3a). V1 veins often cracked and developed 134 
with potassic halos (Figure 3b); V2 veins usually thin with several centimeters and take on liner 135 
distributions, pyrite ± quartz ± sericite alterations were seen appeared around V2 (Figure 3c); The 136 
cutting relationship showed that V1 were cut by V2 (Figure 3d). 137 

 138 

Figure 3. A sketch of vein types and their crosscutting relation (a) and underground-tunnel images of 139 
the vein generations of the Linglong goldfield. (b) Cracked V1 developed with K-feldspar alterations. 140 
(c) V2 overprinted by the pyrite + sericite + Silica alterations. (d) V1 crosscut by V2. 141 

In V1, quartz accounts > 95 vol.% of vein minerals, with minor amounts of coarse-grained 142 
anhedral or subhedral pyrite. Little gold was precipitated with this vein type. The quartz grains are 143 
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subhedral to euhedral in morphology and display milky to white color (Figure 4a). Pyrite grains are 144 

commonly fractured. V2 veins consist of about 20 - 30 vol.% quartz, 70 vol.% pyrite. Gold mainly 145 

occurs as native gold in pyrite fractures. Quartz in this vein type show white-gray color and poor 146 
transparency. Pyrite grains show euhedral cubes and semi-euhedral aggregates and often cement or 147 
crosscut the V1 (Figure 4b). V3 veins are characterized by the appearance of base-metal sulfides 148 
(pyrite, chalcopyrite, galena, sphalerite, minor pyrrhotite and tetrahedrite). Metal sulfides occurs 149 
with gold and few quartz (about 5 vol.%) (Figure 4c). Quartz gains of this vein type usually dark to 150 
gray in color and their relative volume is significantly decreased. Pyrite and other metal sulfides are 151 
fine-grained semi-euhedral and anhedral aggregates. V2 and V3 veins are the major sources of gold. 152 
V4 veins could observed in the mafic dykes which consist of carbonatizations (Figure 4d). Pyrite and 153 
gold are sporadically seen. 154 

 155 

Figure 4. The ores and the veins in different stages of mineralization at the Linglong goldfield. (a) A 156 
hand specimen of V1with milky white quartz; (b) A hand specimen of V2 with quartz in white-gray 157 
color and poor transparency; (c) A hand specimen of V3 appearance of base-metal sulfides with 158 
golden color. d) A tunnel picture ofV4 in dykes and overprinted by potassic and silicic alterations. 159 
Qz: quartz, Py: pyrite , Ct: calcite, Gn: galena. 160 

3. Materials and Methods 161 

3.1. Samples and analytical protocols 162 

Twenty-nine vein and rock samples were selected from underground tunnels of the Xishan (14), 163 
Jiuqu (15) mines in Linglong goldfield. Thin and thick sections were made for petrographic 164 
observations by using microscope, among of which eleven sections were carefully studied by 165 
scanning electron microscope (SEM) equipped with a cathodoluminescence (CL) detector. Eight 166 
quartz samples were determined by using cooling/heating stages and laser Raman spectrometer for 167 
fluid pressure, temperature and composition. A compilation of petrography of these samples are 168 
given in the Table 1. 169 

Table 1. Samples and their vein generation and mineral assemblage of this study. 170 

Sample No. Vein generations Mineral assemblage 

10LL23 V1 pyrite 

17LL15 V1 pyrite 

17LL21 V1 pyrite 

17LL05-01 V1 + V2 pyrite 

17LL05-02 V1 + V2 pyrite 
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17LL01 V2 pyrite 

10LL04 V2 pyrite 

17LL07 V2 pyrite 

17LL09 V2 pyrite 

17LL10-01 V2 + V3 pyrite, siderite 

17LL10-02 V2 + V3 pyrite 

17LL10-03 V2 + V3 pyrite 

17LL10-04 V2 + V3 pyrite, chalcopyrite, galena 

17LL13-01 V3 pyrite, siderite, sphalerite, chalcopyrite, galena, pyrrhotite, Argentum 

17LL13-02 V3 
pyrite, siderite, sphalerite, galena, chalcopyrite, tetrahedrite, pyrrhotite, 

Aurum, Argentum 

12LL10-01 V4 pyrite, sphalerite, galena 

12LL10-02 V4 pyrite, sphalerite 

12LL11-01 V4 pyrite 

12LL11-02 V4 pyrite 

Microthermometric measurements and Raman spectroscopy analyses on the fluid inclusions 171 
were carried out using a Linkam THMSG 600 heating-freezing stage combined with a Zeiss 172 
microscope and the HORIBA LabRam HR800 Raman microspectrometer, respectively at the 173 
Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). The cooling/heating 174 
stage was calibrated against the triple-point of pure CO2 (-56.6 °C), the freezing point of water (0 °C) 175 
and the critical point of water (374.1 °C) using fluid inclusions synthesized by the FLUID Inc. 176 
Cooling/heating rates of 1 to 2 °C/min were adopted until phase transition when the rates were 177 

reduced to 0.1 - 0.2 °C/min. Carbonic phase melting (Tm, CO2) and clathrate melting (Tm, clath) 178 

were determined by temperature cycling [59]. The precision of measurements was ± 0.2°C at 179 
temperatures below 30 °C and ± 2 °C at temperature of the final homogenization. Fluid salinity and 180 
density were calculated based on Tm-ice and Tm-clath by using the Flincor program [60]. For the 181 
Raman analysis, an argon laser with a wavelength of 514.5 nm at power of 1000 mW were used. The 182 
spectral range of the composition analysis of fluid inclusions falls between 100 and 4000 cm-1. 183 

SEM-CL observations were undertaken at the Institute of Geochemistry, Chinese Academy of 184 
Sciences (IGCAS). The SEM was a JSM-7800F scanning electron microscope equipped with a Gatan 185 
Mono CL4 spectrometer and EDAX TEAM Apollo XL energy spectroscope. The carbo-coated and 186 
polished samples were analyzed at 10kV with beam current at 10nA, and the detection range of 187 
wavelength is from 300 to 700nm. 188 

3.2. Quartz solubility diagrams 189 

Diagrams of quartz solubility in this study are constructed for the H2O-NaCl-CO2 ternary 190 
systems. The temperature, pressure, composition (T-P-xi) ranges of 100 to 600 °C, 1 to 4000 bar, 191 

salinity of 5 wt % NaCl, and 10 - 15 mol % CO2 are selected based on previous [61,26,27] and the 192 

present fluid inclusion studies on the Linglong goldfield. 193 
The phase boundaries between single phase liquid and coexistence of liquid and vapor in the 194 

H2O-NaCl-CO2 system were derived from equations of Mao et al. [62], which was based on the 195 
gas-liquid phase equilibrium of CO2 in aqueous NaCl solutions. As the Linglong gold deposit has a 196 
relatively low salinity of an average value of 5 wt % NaCl, in the selected P-T range no NaCl 197 
saturation would occur. 198 

Quartz solubility was calculated by using the density model of Akinfiev and Diamond [63] 199 
(AK model), which expressed as Eq. 1. Selection of this model was based on its simplicity, high 200 
accuracy and predictability. Despite several recent density models have been proposed [64,65], 201 
there are some inherent difficulties for application in salt- and gas- bearing solutions. The AK 202 
model has been successfully applied in several studies [11,18] for establishing quartz solubility and 203 
deposition framework for porphyry Cu deposits. In AK model, the temperature (T) and the molar 204 
volume of the mixed H2O-NaCl-CO2 hydrothermal fluid (Vmix) are the only two parameters for 205 
quartz solubility computing. The parameter Vmix of this study was acquired by using the equation of 206 

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E6%89%AB%E6%8F%8F%E7%94%B5%E9%95%9C
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E6%89%AB%E6%8F%8F%E7%94%B5%E9%95%9C
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E6%89%AB%E6%8F%8F%E7%94%B5%E9%95%9C
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state of Mao et al. [66,67]. Vmix can be parameterized with temperatures (T), pressures (P), fluid 207 
compositions (xi), which means that the parameters of AK model are only T, P and xi. Quartz 208 
solubilities are represented as isopleths in the corresponding diagrams, which were obtained by the 209 
following two steps: first, transform the AK model with the implicit function of T, P, xi and quartz 210 
solubility (mSiO2); second, solve each specific quartz solubility with T-P relationships at the fixed 211 
fluid compositions with Newton Iteration. 212 

2 2log ( ) ( ) log(18.0152 ) 2logSiO mix H Om A T B T V x     (1) 

4. Results 213 

4.1. CL textures and quartz sequences 214 

Vein quartz in the four types of veins are examined by SEM-CL imaging, and the 215 
microtextures are used as petrographic guidance for constructing mineral paragenesis and quartz 216 
sequence, and for conducting fluid inclusion microthermometry. These textures are presented in 217 
Figure 5 and are summarized in the Table 2. 218 

Based on CL luminosity in seventy nine areas in twenty vein samples, two primary and three 219 
secondary textures in quartz have been identified. The first primary texture (PT1) is subhedral to 220 
euhedral concentric zonation of bright and dark bands, and quartz with this feature is categorized 221 
as Qz1 (Figure 5a, k); the second primary texture (PT2) is subhedral, dark CL, and quartz with this 222 
feature is designated as Qz2. The primary texture in Qz1 can be strongly obliterated where it is 223 
intensively fractured and dissolved by Qz2 (Figure 5a). Two subtypes for Qz2 can be distinguished 224 
according to occurrence and sulfide association. The Qz2a is represented by the quartz grains filled 225 
in relatively wider fractures (ST2), and in places caused brecciation of Qz1 (Figure 5c). They 226 
commonly intergrow with pyrite, gold and minor amounts of other sulfides (Figure 5b). Qz2b are 227 
those quartz gains fill in the voids networks in Qz1 (ST1) (Figure 5a, c), which are quite similar to 228 
the so-called “splatters” and “cobwebs” in early quartz grains in porphyry Cu deposits [8]. Another 229 
form of Qz2b is the pseudomorphic replacement of Qz1 (ST2, Figure 5e, g). These Qz2b quartz 230 
might have formed slight later than the “splatters and cobweb”-filling Qz2b, but no crosscutting 231 
relation are observed. But a difference is that the replacement Qz2b commonly show close spatial 232 
association with polymetallic sulfides (pyrite, sphalerite, galena, chalcopyrite, native gold and 233 
electrum), whereas the same association is absent for “splatters and cobweb”-filling Qz2b (Figure 234 
5h, g). 235 

In space, Qz1 primarily occurs in V1 quartz and V2 quartz-pyrite veins, but also occurs in low 236 
abundance in V3 quartz - polymetallic sulfide veins. Qz2a grains occur in variable amounts in all 237 
vein types, and are strongly associated with Qz1. Qz2a grains occur also in V1 and V2, but rarely in 238 
V3; In contrast, Qz2b grains occur primarily in V3 but rarely in V1 and V2. 239 
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Figure 5. Microscopic and SEM-CL images of the quartz samples of the Linglong goldfield. (a) 241 
CL-bright Qz1 crosscut by later CL-gray to dark Qz2a in V1 vein. (b) secondary electron image of (a); 242 
(c) Pyrite grain intergrown with Qz2a in a V2 vein; (d) Euhedral quartz under transmitted light in a 243 
V2 vein; (e) Qz1 recrystallized by Qz2b with the same view as (d); (f) Euhedral quartz under 244 
transmitted light in V3 vein; (g) Qz1recrystallized by Qz2b with the same view as image (f); (h) 245 
Backscattered electron (BSE) image with energy dispersive spectrometry (EDS) analyses of the area 246 
enlarged from (f); (i) Qz2b intergrown with sulfides in a V3 vein, with abundant relict Qz1; (j) EDS 247 
analysis of the same area of (i); (k) Qz1 in aV4 vein; (l) EDS analysis of minerals in a V4 vein. Quartz 248 
generations are detailed in the text. Py: pyrite, Sd: siderite, Cpy: chalcopyrite, Gn: galena, Sl: 249 
sphalerite, Td: tetrahedrite, Ag: Argentum, Au: Aurum, Ct: calcite; Ank: ankerite. 250 

Table 2. Characteristics of vein types of the Linglong gold deposit. 251 

Vein 

Type 

Quartz microscopic 

features 

Quartz CL 

features 

Associated 

sulfides 

Associated 

alterations 

V1 
Euhedral-subhedral coarse grained; 

milky white and purify; fragmented 

Bright (Qz1); 

Dark (Qz2a) 

Dark (Qz2b) 

Pyrite Potassic 

V2 
euhedral or subhedral grains; stress; 

white gray and poor transparency 

Bright (Qz1); 

Dark (Qz2a) 
Pyrite 

Potassic ± 

sericitic ± pyritic 

± silicic 

V3 
Subhedral grains; 

dark gray and content reduced 

Bright (Qz1); 

Dark (Qz2a) 

Dark (Qz2b) 

Pyrite ± chalcopyrite ± 

galena ± sphalerite ± 

magnetite ± hematite ± 

pyrrhotite 

Potassic ± 

sericitic ± pyritic 

± silicic 

V4 White quartz Bright, zoning Pyrite (rare) Carbonate 

4.2. Fluid inclusion petrography and microthermometry 252 

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E7%A0%B4%E7%A2%8E%E7%9A%84
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According to optical properties (phase species and ratios at room conditions), four types of 253 
fluid inclusions have been distinguished in the Linglong goldfield, i.e. pure CO2 (A type), 254 
H2O-NaCl-CO2 liquid-vapor (B type), H2O-NaCl liquid- vapor (C type), and daughter 255 
mineral-bearing liquid-vapor (D type) inclusions (Figure 6), which is consistent with previous 256 
studies [26,27]. The A type inclusions consist of monophase CO2 (vapor or liquid) (Figure 6a), and 257 
two-phase CO2 (LCO2+GCO2) (Figure 6b). This kind of inclusions are typically scattered in V3 and V4 258 

with sizes of 5 - 10 μm. B type inclusions commonly consist of a carbonic phase and aqueous phase. 259 

According to the species of carbonic phase, B type inclusions are divided into B1 (LCO2+GCO2+LH2O) 260 
(Figure 6c) and B2 (GCO2+LH2O) inclusions. B1 inclusions normally have volumetric ratio of carbonic 261 

phase 30 - 40% (Figure 6c, Figure 7a) whereas the ratios for B2 inclusions vary between 15 - 70% 262 

(Figure 6d, Figure 7a). B type of inclusions widely distributed in the whole vein generations and are 263 

relatively have a big size ranging from 10 - 20 μm. The presence of CO2 phases is confirmed by 264 

Raman spectra (Figure 8a), and no other gas species are detected, which is consistent with 265 
microthermometric measurements. C type inclusions are normally consisted of a vapor phase along 266 
with a liquid phase, with variable V: L ratios and are developed from V2 to V4 with a middle size 267 

varied from 4 - 16μm (Figure 6e). They can be subdivided into C1 (V: L > 50%) and C2 (V: L < 50% 268 

and variable) (Figure 7a). No CO2 components have been detected for these inclusions by Raman 269 
spectrometry. In D type inclusions only appeared in V1 and V3 generations, besides a vapor and 270 
liquid phase (V: L ratios of 30 %), there exist a solid phase, which is commonly calcite as verified by 271 
laser Raman spectra (Figure 8b). The spatial distribution of fluid inclusions in quartz is revealed by 272 
CL imaging. In Qz1, B1 type inclusions occur along growth zones and are interpreted as primary in 273 
origin, and A and C types inclusions are also observed on or near healed cracks (Figure 7a), which 274 
are interpreted as secondary. Due to a scarce of inclusion in the studied Qz2a, no fluid inclusions 275 
can be distinguished as primary. In this case fluid inclusions observed in the V2 veins are taken for 276 
microthermometry, but cautions were taken when interpreting these data. In Qz2b, typical boiling 277 
assemblages were observed, with end-members of A type and C1 type and mixture of B2 type 278 
inclusions (Figure 7). Abundant C2 types are also present but maybe represent later fluids as 279 
supported by their low homogenization temperatures (Figure 7b). 280 

During cooling and heating runs, A type inclusions showed carbonic phase melting at around 281 
-56.6 °C, indicating almost pure CO2; clathrates were seldomly observed, indicating low 282 

concentrations of water; and the inclusion were finally homogenized between 27 - 30.9 °C; B1 type 283 

inclusions showed carbonic phase melting at -56.6 - -58.3 °C; clathrate melting occurred at 2.7 - 284 

8.9 °C, corresponding to 2.8 - 12.3 wt % NaCl and final homogenization temperatures occurred at 285 

260 - 330 °C; B2 type inclusions showed carbonic phase melting at -56.6 - -58.7 °C; clathrate melting 286 

at 2.8 - 10.0 °C, corresponding to 0 - 12.2 wt % NaCl and final homogenization occurred at 202 - 287 

340 °C; C1 type inclusions showed ice melting at -5.6 - -4.6 °C, corresponding to 7.3 - 8.7 wt%NaCl, 288 

and final homogenization occurred at around 270 °C; C2 type inclusions showed ice melting at -4.8 289 

- 0 °C, corresponding to 0.2 - 11.7 wt%NaCl, and final homogenization occurred at 120 - 280 °C; D 290 

type inclusions showed clathrate melting occurred at 2.7 - 7.0 °C, corresponding to 2.8 - 12.3 wt % 291 

NaCl, corresponding to 3.0 wt % NaCl, and finally homogenized at 210 - 315 °C. The 292 

microthermometric results of all fluid inclusions are listed the Table 3, but only those with CL 293 
image are plotted in the Figure 7b. 294 
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 295 

Figure 6. Microphotographs of different types of fluid inclusion at the Linglong gold deposit. A- 296 
type fluid inclusions with monophase CO2 (GCO2) (a) and two phases (LCO2+GCO2) (b); (c) B- type fluid 297 
inclusions with three phases (B1-type) (c) and two phases (B2-type) (d); (e) C1 (the upper) and C2 298 
(the lower) fluid inclusions; (f) D type fluid inclusions. Cc: calcite. 299 

 300 

Figure 7. SEM-CL imaging of quartz with distributions of fluid inclusions (a) and a plot of 301 
homogenization temperatures and the salinity of different types of inclusions revealed by CL image 302 
in (a). Due to a lack of Qz2a in (a), fluid inclusion data are from Qz2a bearing V2 veins. 303 

 304 



  

Table 3. Microthermometric results of fluid inclusions at Linglong gold deposit. 305 

Sample 

No. 
Vein FI type 

Inclusion 

number 

Tm-CO2 

(°C) 

Tm-ice 

(°C) 

Tm-clath 

(°C) 

Th-CO2 

(°C) 

Th-tot 

(°C) 

Salinity 

(wt %) 

CO2 density 

(g/cm3) 

Bulk density 

(g/cm3) 

17LL21 V1 

A, 

B1, 

B2, 

D 

1 

4 

10 

1 

-57.0 

-57.2~ -57.0 

-58.7~ -57.4 

/ 

/ 

/ 

/ 

/ 

/ 

2.7 ~ 8.6 

4.5 ~ 9.0 

2.7 

/ 

29.7 ~ 30.9 (L) 

28.2 ~ 30.9 (L) 

/ 

27.5 (G) 

299.6 (av.) (L or G) 

317 (av.) (L) 

208.2 (L) 

/ 

2.76 ~ 12.28 

2.0 ~ 9.74 

12.28 

0.28 

0.53 ~ 0.60 

0.53 ~ 0.65 

0.53  

/ 

0.72 ~ 1.00 

0.81 ~ 0.98 

0.92 

10LL04 V2 
B2, 

C2 

1 

2 

-57.0 

/ 

/ 

-1.5, -1.0 

5.6 

/ 

/ 

/ 

269.5 (L) 

282.9 (av.) (L) 

9.14 

1.65, 2.47 

/ 

/ 

/ 

0.75, 0.76 

17LL01 V2 

B1, 

B2, 

C2 

6 

12 

6 

-57.4 ~ -57.1 

-57.5 ~ -57.0 

/ 

/ 

/ 

-2.2 ~ 0.1 

4.2 ~ 8.5 

3.6 ~ 8.1 

4.2 ~ 8.5 

26.95 ~ 30. 9 (G)  

27 (L) 

/ 

329.5 (av.) (L or G) 

331.5 (av.) (L or G) 

263.4 (av.) (L) 

2.92 ~ 5.60 

2.96 ~ 10.19 

0.17 ~ 3.60 

0.35 ~ 0.71 

0.25 ~ 0.68 

/ 

0.79 ~ 0.90 

0.79 ~ 0.86 

0.69 ~ 0.95 

17LL05 V2 

B1, 

B2, 

C2, 

D 

3 

4 

2 

1 

-56.5 ~ -56.4 

-57.1 ~ -56.3 

/ 

/ 

/ 

/ 

-4.0, -2.2 

/ 

6.0 ~ 6.9 

4.5 ~ 9.5 

/ 

7.0 

26.3 ~ 30.8 (G) 

30.8 (G) 

/ 

/ 

320.6 (av.) (L) 

341.5 (av.) (L) 

222.6, 235.9 (L) 

315.0 (L) 

6.02 ~ 7.54 

5.50 ~ 7.91 

3.60 ~ 6.37 

5.68 

/ 

0.27 ~ 0.39 

/ 

/ 

0.73 ~ 0.94 

0.74 ~ 0.82 

0.85 ~ 0.96 

/ 

17LL09 V2 B2, 4 -57.8 ~ -57.6 / 4.0 ~ 8.3 25.3 ~ 29.0 (L) 321.7 (av.) (L) 3.33 ~ 10.48 0.63 ~ 0.71 0.92 ~ 0.96 

17LL13 V3 

A, 

B1, 

B2, 

C1 

C2, 

D 

3 

8 

81 

2 

18 

1 

-56. 8 ~ -56.7 

-58. 3 ~ -56.7 

-57.7 ~ -56.7 

/ 

/ 

/ 

/ 

/ 

/ 

-5.6 ~ -4.6 

-8.0 ~ -0.5 

/ 

4.7 ~ 7.0 

2.8 ~ 8.9 

2.8 ~ 10.0 

/ 

/ 

/ 

/ 

24.9 ~ 30.9 (G) 

/ 

/ 

/ 

/ 

27.0 ~ 30.5 (G) 

263.1(av.) (L or G) 

287.1 (av.) (L or G) 

270 (av.) (L) 

255.3 (av.) (L) 

220.0 (L) 

/ 

3.89 ~ 8.35 

0.02 ~ 12.15 

7.25 ~ 8.65 

0.83 ~ 11.70 

/ 

0.27 ~ 0.37 

0.53 ~ 0.76 

0.53 ~ 0.64 

/ 

/ 

/ 

/ 

0.74 ~ 0.94 

0.87 ~ 0.95 

0.97 ~ 0.98 

0.60 ~ 1.0 

/ 

17LL15 V4 

A, 

B2, 

C2 

2 

14 

2 

-56.7 ~ -56.6 

-56.7~ -56.6 

/ 

/ 

/ 

-8.0~ -7.1 

/ 

6.7 ~ 8.1 

/ 

/ 

29.7 ~ 30.8 (G) 

/ 

29.9, 30.9 (L) 

201.7(av.) (L) 

115.6, 143.1 (L) 

/ 

3.7 ~ 6.2 

10.6 ~ 11.7 

0.60, 0.59 

0.33 ~ 0.40 

/ 

/ 

0.65 ~ 0.81 

1.0 ~ 1.03 

12LL11 V4 C2 7 / -7.8 ~ -2.3  / / 144.0 (av.) 3.76 ~ 11.46 / 0.89 ~ 1.04 

Note “/” denotes no data available. 306 



Minerals 2020, 10, x FOR PEER REVIEW 12 of 23 

 307 

Figure 8. Raman spectra of B1 type fluid inclusion (a), and D type fluid inclusion fluid inclusions at 308 
the Linglong gold deposit (b). 309 

4.3. Quartz solubility diagrams 310 

Two types of solubility diagrams are constructed to study the effect of different parameters. 311 
P-T diagrams are constructed at constant fluid compositions (salinity: 5 wt % NaCl; XCO2: 0.1 and 312 
0.15) to investigate effects of pressure and temperature (Figure 9). The second type is solubility 313 
versus temperature diagrams (Figure 10) at constant pressure to visualize effects of salinity and 314 
carbon dioxide contents. 315 

In the P-T diagram (Figure 9), it is evident that solubility isopleths can be divided into three 316 
fields, i.e. T-sensitive yet P-inert field where isopleths are nearly vertical (TsPi); P-sensitive yet 317 
T-inert field where isopleths are nearly horizontal (PsTi); and retrograde solubility field where 318 
isopleths concave down towards (ReSo). The TsPi field occupies the high pressure region, and its 319 
boundary with the other two field shows linearly increase between P and T. The PsTi field occupies 320 
intermediate pressure and temperature region, while the ReSo field occupies low pressure region. It 321 
is noteworthy that the solubility isopleths show no discontinuity across the phase boundaries. In 322 
the TsPi field, the spacing between isopleths gradually increase with decreasing temperature. By 323 
contrast, spacing between the isopleths in PsTi field decreases with decreasing pressure, but at 324 
lower magnitudes than those for TsPi. It is noted that, in the studied temperature range, quartz 325 
solubilities are much lower at low pressures than those at high pressures. An increase of CO2 molar 326 
content from 10% to 15% does not change the general topology, but shifts the temperature and 327 
pressure covers of the regions of TsPi, PsTi, and ReSo. 328 

 329 

Figure 9. P-T diagram showing the single phase (liquid) and two-phase (vapor + liquid) field of 330 
H2O-NaCl-CO2 ternary system containing 10 mol % CO2 (a) and 15 mol % CO2 (b), contoured with 331 
quartz solubility isopleths. Three regions exhibiting different dependence on P and T are estimated 332 
(TsPi: temperature sensitive pressure inert; PsTi, and ReSo). For a fixed composition, if (T0, P0) is any 333 
point on the curve of equation (1), the boundary between TsPi and PsTi (the blue curve) is the locus 334 
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of points of isopleths that have  
0P P

m T


   =  
0T T

m P


  ; the boundary between PsTi and 335 

ReSo (the red curve) is the locus of points of isopleths that have a slope of zero. 336 

To investigate influence of XCO2 and salinity, solubility versus temperature diagrams with three 337 
constant pressures (500 bar, 1000 bar, and 2000 bar), representing interception with different fields 338 
defined in the Figure 10, were constructed. CO2 has negative effect on quartz solubility regardless 339 
of pressure and temperature (Figure 10a-c), due to its non-electrolyte nature that reduces silica 340 
hydration degree [63]. In addition, magnitude of solubility decrease among different XCO2 341 
dramatically reduces with decreasing temperatures, but increases with decreasing pressures. For 342 
instance, an increase of XCO2 % from 5 % to 10% at 500 °C and 1000 bar can reduce quartz solubility 343 
by 10 mmol/kg (from 35 mmol/kg to 25 mmol/kg); whereas the magnitude in quartz solubility 344 
change drops to around 2.5 mmol/kg at 300 °C and 11 mmol/kg at 2000 bar. At 500 bars (Figure 10a), 345 
solutions with different XCO2 % (between 0% mol and 15%mol) exhibit retrograde solubility between 346 
600 °C and 350 °C. The magnitude of retrogression decreases with increasing XCO2. The peak point 347 
of quartz solubility shifts consistently to lower temperature with increasing XCO2. At 1000 bars and 348 
2000 bars, no retrograde solubility is present, and instead solubility decreases monotonically 349 
(Figure 10b, c). It should be noted that the observed retrograde solubility patterns are a common 350 
feature for low pressures, not limited to 500 bars. 351 

As to the effect of the electrolyte of NaCl, it demonstrates complex effect on quartz solubility 352 
by affecting the solution volume and changes hydration. At low pressure (500 bar) and the 353 
temperature approach the critical point of water, the quartz solubility demonstrates “salting-in” 354 
(quartz solubility enhanced when XNaCl is increasing) effect and some extent of retrograde 355 
phenomenon (Fig 10d). At higher pressures, the “salting-in” effect of quartz solubility diminished 356 
progressively and the retrograde phenomenon is invisible (Fig 10e, f). As density models depict 357 
[63-65], at higher pressure conditions (> 2000 bars) the “salting-in” effect of quartz solubility will all 358 
changed into the “salting-out” (quartz solubility reduced when XNaCl is increasing) effect because of 359 
the expanding of fluid molar volumes. Similar to CO2 effect, magnitude of solubility decrease 360 
among different XNaCl dramatically reduces with decreasing temperatures, but increases with 361 
decreasing pressures. However, the magnitude of solubility change is significantly lower than that 362 
of CO2 effect (Figure 10d-f). Similarly, at low pressures (e.g. 500 bar), solution with 10%mol CO2 363 

and variable salinity displays retrograde solubility in the temperature range of 350 °C - 550 °C, and 364 

the peak point of solubility shifts to lower temperatures with decreasing salinity (Figure 10d). At 365 
higher pressures (e.g. 1000 bar and 2000 bar, Figure 10e, f), quartz solubility decreases 366 
monotonically. 367 
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 368 

Figure 10. Predictions of quartz solubility in H2O-CO2-NaCl hydrothermal solutions. (a-c) are the 369 

fluids containing of 5 wt %NaCl and 0 - 15 mol % CO2 compositions at 500, 1000, and 2000 bars 370 

conditions respectively; (d-f) are the fluids containing of 10 mol % CO2 and 0 - 6 wt % NaCl 371 

compositions at 500, 1000, and 2000 bars conditions respectively; Notes: The computing results were 372 
obtained from AD model (2009). Black lines represent quartz solubility in liquid phase of 373 
hydrothermal fluids, and the red lines are quartz solubility in vapor + liquid phase of hydrothermal 374 
fluids. Quartz solubility in millimole SiO2 per kilogram water. 375 

5. Discussion 376 

5.1. Fluid temperature and pressure estimated from fluid inclusions 377 

Fluid inclusions have been used as a common means of estimating fluid pressure and 378 
temperatures. Normally, with phase-transition temperatures (e.g. Th, Tm,ice) and appropriate PVTX 379 
diagrams or equations of state, minimum trapping temperature and pressure can be obtained. To 380 
know the exact trapping conditions, either independent P, T estimates such as those from mineral 381 
thermobarometers or estimates of rock load should be applied [68]. In the case of immiscible fluid 382 
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inclusion assemblage (coexistence of two fluids with contrasting density and composition), actual 383 
trapping conditions can be determined by intercept of isochores from the two types of inclusions. 384 

In Qz1 of the Linglong goldfield, primary fluid inclusions are characterized by B-type 385 
liquid-vapor H2O-NaCl-CO2 inclusions (Figure 7a) that were trapped in single-phase field of a P-T 386 
diagram. Trapping conditions of this type of inclusion is estimated with complementary pressure 387 
information for the Jiaodong region. Liu et al. [45] studied the exhumation history of the 388 
Sanshandao gold deposit of the Jiaodong gold province since 110 Ma by an integrated methods of 389 
structural analysis and (U-Th)/He thermochronology, and concluded that the deposit was eroded at 390 

least 5 km. A consistent result has been obtained by Li et al. [69], which suggested that the 391 

Daliuhang gold deposit may have exhumed 5 km since its formation by employing 392 
Al-in-hornblende barometer and geochronology. Using the intercepts between inclusion isochores 393 

of B1 inclusions in Qz1 and pressure (2.0 – 2.6 kbar) of Li et al. [69], the trapping temperatures are 394 

estimated to be 293 – 536 °C (the grey field in Figure 11a). This large temperature range might be 395 
attributed to uncertainty concerning if B1- or B2- type represents primary inclusions in Qz1. 396 
However, it is more likely that B1-type inclusions represent primary inclusions since B2-inclusions 397 
are commonly presented in Qz2b. Taking isochores of B1-type inclusions, the temperatures are 398 
narrowed to 388 – 502 °C (the dark field in Figure 11a). 399 

In Qz2b, immiscible assemblage of fluid inclusions are present (coexistence of A and C1 400 
inclusions), providing an opportunity to constrain the trapping conditions. Isochores of A and C1 401 
inclusions are constructed, and their intercepts are taken as the estimates of trapping temperatures 402 
(292 – 331 °C) and pressures (273 – 431 bar) (Figure 11b). For Qz2a, due to a lack of CL-aided 403 
inclusion data, we tentatively infer that they were formed at similar temperatures but higher 404 

pressures (300 - 350 °C and 0.5 - 1.0 kbar). 405 

 406 

Figure 11. Estimated trapping pressures and temperatures by fluid inclusion isochores. 407 

5.2. Quartz deposition and dissolution events at Linglong 408 

Quartz deposition events at Linglong have been intensively studied and reported in previous 409 
studies [26,70], and a consistent conclusion has been reached. Three major quartz deposition events 410 
have been proposed based on macroscopic and microscopic observations of three generations of 411 
quartz-bearing veins, i.e. early barren quartz vein (V1 defined in this study), followed by pyrite 412 
quartz (V2) and polymetallic sulfide quartz (V3) veins. The same classification scheme has also been 413 
put forward for most gold deposits in the Jiaodong gold province [71]. A potential pitfall of using 414 
vein sequences to represent quartz sequence is that quartz of different generations might be not 415 
discernible by conventional observations [8]. With the aid of CL imaging, three generations of 416 
quartz are recognized for the Linglong deposit, which is consistent with the vein chronology. 417 
Detailed microtextural features are uncovered for each quartz deposition. The early quartz (Qz1) 418 
deposited during V1 quartz vein formation is characterized by relatively euhedral morphology 419 
(Figure 3a), bright CL and weak concentric zonings (Figure 12), likely suggesting deposition at 420 
relatively stable physico-chemical conditions (such as high temperature and slightly fluctuated 421 
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pressure, [72-74]). CL-aided fluid inclusion studies suggest that these quartz deposited from a 422 

single-phase carbonic aqueous solution at temperatures of 388 - 502 °C and pressures of 2.0 - 2.6 423 

kbar. These quartz grains are commonly highly fractured and even brecciated, likely indicating that 424 
the early-formed V1 veins might have been reopened and served as conduits and depositional sites 425 
for later fluid events. During the course of Qz1 deposition, little metal sulfide and gold was 426 
precipitated. 427 

 428 

Figure 12. A sketch map of three different types of quartz in vein generations of Linglong goldfield. 429 

The following quartz deposition evens are represented by the formation of Qz2a and Qz2b. A 430 
significant difference revealed by CL study is that the amounts of these quartz are much more 431 
limited than that observed with conventional methods. More importantly, intimate and reliable 432 
spatial relations between these two quartz generations with metal sulfides and gold are identified. 433 
The dark CL of these quartz might indicate formation under conditions completely different from 434 
those of Qz1 (Figure 12), probably lower temperatures although evidence of trace elements are 435 
needed to make a quantitative conclusion [72-74]. Qz2a and Qz2b have no distinctive CL features 436 
except for the style of depositional site (Qz2a fills in brittle fractures, whereas Qz2b 437 
pseudomorphically replaces Qz1) and metal sulfide associations (Qz2a mainly intergrow with 438 
pyrite and possibly invisible gold, whereas Qz2b mainly coexist with polymetallic sulfides and 439 
visible gold). This might be an indication of slight yet significant changes in fluid properties and 440 
physico-chemical conditions. CL-aided fluid inclusion studies revealed that Qz2b was precipitated 441 
from immiscible fluids characterized by CO2-rich vapor, H2O-rich liquid and mixtures of the two at 442 

temperatures of 292 - 331 °C and pressures of 273 - 431 bar. 443 

Besides quartz deposition events, a period of quartz dissolution is recognized through CL 444 
studies, which is the secondary CL textures of “splatters” and “cobweb” and pseudomorphic 445 
replacement in Qz1 (Figure 5a, c, e, g). The former texture in early quartz of porphyry Cu systems 446 
have been interpreted as a result of dissolution [8], while the latter might a result of combination of 447 
dissolution and reprecipitation. The dissolution event was immediately followed by deposition of 448 
Qz2b, which probably means that the dissolution process had created spaces for precipitation of 449 
quartz, sulfide, gold and other minerals. 450 

5.3. Mechanism of early quartz deposition 451 

CL-aided fluid inclusion petrography and microthermometry suggests that the early quartz 452 

(Qz1) was deposited at temperatures of 388 - 502 °C and pressures of 2.0 - 2.6 kbar with minor 453 

amounts of pyrite but little gold. The pressure temperature range indicates precipitation in the TsPi 454 
field of the Figure 9. In this field, pressure is a quite inefficient factor for changing quartz solubility. 455 
Salinity is also not efficient for controlling quartz solubility, especially at high pressures as 456 
demonstrated in Section 4.3 (Figure 10f). Therefore, among the parameters that may affect quartz 457 
solubility, temperature and CO2 content may be decisive. Assuming the an original transporting 458 
fluid (10 mol % CO2, 5 wt % NaCl) that carries SiO2 at the solubility of 90 - 130 mmol/kg, at 550 - 459 

600 °C and 3 - 3.5 kbar, decompressional cooling to the depositional conditions of Qz1 can 460 
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precipitate 70% to 80% silica, and this massive quartz precipitation can be further enhanced to over 461 
90 wt % if CO2 content is increased by 5 mol % (Figure 9, 13). 462 

However, before attributing Qz1 quartz deposition to temperature, it is imperative to justify 463 
how cooling occurred and to what extent. Numerical considerations for ore formation have been 464 
undertaken by Toulmin and Mark [75] and Rose [76], whose conclusions may be used to interpret 465 
the case of Linglong. Rose [76] developed a model to investigate the effects of cooling 2.5 × 109 466 
metric tons of solutions in a 0.5 km× 1 km × 1 km rock volume at different fluid flow velocities from 467 
700 to 400 °C for the formation of porphyry - style ore body. The conclusion reached was that 468 
simple cooling by conduction to wallrocks seemed not tenable. Instead, adiabatic cooling (the 469 
so-called throttling) and/or mixing with cool groundwater should be necessitated. This model 470 
works perfectly for the case of Linglong where the mass of solution involved (2.25 × 1010 metric 471 
tons, unpublished data), dimension of rock volume (0.01 km× 1 km × 5 km) and temperature profile 472 
for an averaged quartz vein are comparable to those modeled parameters. Considering this, it is 473 
reckoned that cooling by conduction was not effective for Linglong, either. Moreover, adiabatic 474 
cooling is also considered impossible for Linglong since no evidence of dramatic pressure drop 475 
such as breccia has been observed. Similarly, mixing with cool groundwater is also considered 476 
unsuitable, because existing H-O isotopic studies consistently revealed dominance of magmatic 477 
components without meteoric involvement [26,27]. In addition, solubility models for pyrite and 478 
gold in H2O- 10 wt % NaCl solution suggests that temperature has a strong negative effect on metal 479 
sulfides and gold (Figure 14a of Kouzmanov and Pokrovski, [77]), and thus cooling will inevitably 480 
lead to precipitation of sulfides and gold, which is contrary to the observations at Linglong. 481 
Therefore, the above discussions on thermal aspect and solubility behaviors of sulfides and gold 482 
may serve as arguments against the major role of cooling for the early veining at Linglong. 483 

 484 

Figure 13. Formation of different veins in Linglong gold deposit. Notes: The black solid curves and 485 
dash curves represent quartz solubility isopleths in liquid and vapor + liquid hydrothermal fluids 486 
containing 10 mol % CO2 and 5 wt % NaCl and 15 mol % CO2 and 5 wt % NaCl solute, respectively. 487 
The green solid curves and dash curves, the blue solid curves and dash curves, and the red solid 488 
curves and dash curves are the boundaries of liquid phase and the vapor + liquid phase, of the TsPi 489 
and the PsTi, and of the PsTi and ReSo in different hydrothermal fluids containing 10 mol % CO2 490 
and 5 wt % NaCl and 15 mol % CO2 and 5 wt % NaCl, respectively. Solid squares show the 491 
calculated conditions of Qz1 and Qz2b, while dashed squares show assumed conditions of original 492 
fluids, Qz1 and Qz2a. 493 

Similarly, the possibility of CO2 effect should also be evaluated. At Linglong, formation of Qz1 494 
occurred along with alkaline metasomatism that significantly increased the amounts of secondary 495 
biotite. This formation of biotite may have preferentially consumed H2O but exclude CO2 and have 496 
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led to increased CO2/H2O ratios, which is essentially CO2 content in the fluid. As is shown in Figure 497 
13, increase in CO2 content will reduce quartz solubility, and therefore, it is likely that strong 498 
biotitization of wall rocks may have contributed to decrease of quartz solubility and thus quartz 499 
deposition. However, due to a lack of data on the scale of biotitization and thus it is impossible to 500 
quantitatively estimate CO2 content change. If the acidity of the fluid system is internally buffered 501 

by CO2 through the chemical reaction: 
 HHCOOHCO 322

 (2) as suggested by Phillips and 502 

Powell [78] and Phillips and Evans [79,80], biotitization will consume OH- and thus reduce fluid pH 503 
value. The change in fluid acidity may explain the reversal behavior between quartz and pyrite / 504 
gold. As is shown by the solubility models of Kouzmanov and Pokrovski [77] (their Figure 14c), an 505 
reduce in pH will increase the solubility of pyrite and, to some extent, gold. Therefore, the 506 
biotitization (pH increase) may have been responsible for the deposition of Qz1 without pyrite and 507 
gold in the early veining process. 508 

5.4. Mechanism of late quartz deposition 509 

CL petrography has revealed two prominent features for Qz2a, i.e. occurrence in fractures that, 510 
in places, brecciated Qz1a; and significantly reduced amount in comparison to Qz1. The first feature 511 
indicate that the fluids may have experienced overpressure before the deposition of Qz2a. Fluid 512 
inclusion data of this study, although not as reliable as those for Qz1 and Qz2b obtained with the 513 
aid of CL, indicate that Qz2a was likely deposited at lower temperatures in the two-phase field and 514 
thus lowered quartz solubility (Figure 7). If the source remains the one as to that of Qz1, 515 
decompression alone would have caused quartz deposition in a scale similar to the early veining. It 516 
is plausible that the second feature argues for an either significantly cooled source or mixing with a 517 
silica - undersaturated fluid. The latter hypothesis is supported by H-O isotopic data, which 518 
revealed the presence of meteoric water during the formation of pyrite quartz veins (V2 of this 519 
study) [27]. Ingression of the silica - undersaturated meteoric water may have diluted the ore fluids 520 
and limited the amounts of precipitated quartz. Meanwhile, enhanced cooling induced by the 521 
meteoric ingression may have been responsible for the deposition of large quantities of sulfides and 522 
gold (Figure 14a of Kouzmanov and Pokrovski, [77]). 523 

Because no distinctive difference in CL and chronological evidence are present for Qz2a and 524 
Qz2b, it is highly likely they represent a continuous fluid evolution. A marked feature of the Qz2b 525 
formation process is that it may have underwent quartz dissolution prior to reprecipitation as 526 
evidenced by the “splatter” and pseudomorphic replacement textures. According to the solubility 527 
behavior of quartz, dissolution would require: (1) heating in the TsPi region; (2) compression in the 528 
PsTi field; or (3) cooling through ReSo field. Fluid inclusion microthermometric data revealed that 529 
Qz2b might have been deposited at temperatures of 292 – 331 °C and pressures of 273 – 431 bar, 530 
corresponding to an overlapping region between PsTi and ReSo fields (Figure 13), ruling out the 531 
first hypothesis. However, no pressurization events have been been suggested for Linglong, and 532 
thus the second hypothesis is considered impossible. Therefore, it is reasonable to infer that the 533 
quartz dissolution prior to Qz2b is considered as a result of cooling in the ReSo field of quartz solubility. 534 
In addition, CO2 decrease may also be significant in increase quartz solubility. This process may 535 
have been due to vapor loss in the two-phase field (such as the model proposed by Hu et al. [71]) in 536 
the presence of fluid boiling in an open system, although the degree of this effect can not be 537 
evaluated due to a lack of relevant data. More importantly, the decrease in CO2 may have been 538 
caused by phyllic alterations with consume H+ and thus move the Eq. (2) to the right side as 539 
opposed to biotitization. Qz2b, along with polymetallic sulfides and gold, deposition may have 540 
been induced by further cooling. To this end, a conclusion can be drawn that fluid cooling in ReSo 541 
field of quartz solubility combined with CO2 loss might have been responsible for quartz 542 
dissolution, and continued cooling may have resulted in the late veining at Linglong. 543 

6. Conclusion and Implications 544 
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Key findings of this study bear important implications for understanding genetic processes of 545 
gold veins in the Jiaodong gold province and other orogenic terrains at large. In Jiaodong, gold 546 
mineralization in most deposits, regardless of ore styles, occurred after a preceding major episode 547 
of Au-barren quartz deposition as thick quartz veins or as thin quartz veinlets [81]. The mechanism 548 
of this massive quartz depositional event and its role in the following deposition of metal sulfides 549 
and gold remains largely unattended. Quartz solubility interpretations coupled with CL-aided fluid 550 
inclusion analyses revealed an insignificant role of decompression due to “near vertical” isopleths 551 
and a limited role of fluid cooling regarding the efficiency of heat loss in the formation of this early 552 
quartz veining event. The exclusion of pressure, especially huge pressure drop induced by 553 
earthquakes [17], as a major factor for quartz deposition is based on quartz solubility analysis in 554 
carbonic brine solutions, which deems to be more accurate than those based on pure water. In the 555 
meantime, an increase in the content of CO2 in fluid is highlighted due to its capacity of decreasing 556 
quartz solubility in the relevant physico-chemical conditions. This interpretation helps to establish a 557 
consequential link between quartz veining and the coeval biotitization that may have changed fluid 558 
pH, and provides a possible explanation for the Au-barren nature of this early veining event. 559 

Another discovery made by this study is that the quantities of quartz that are genetically 560 
related to sulfides and gold is much lower than expected by most stable isotopic and fluid inclusion 561 
studies that have been based on conventional petrographic methods other than CL. This discovery 562 
should bring attention for future studies of gold deposits in orogenic intrusion-related settings to 563 
employ in-situ analytical techniques for obtaining stable isotopic and fluid inclusion data and to 564 
interpret the data on a firm basis of CL petrography. Such practice will significantly improve the 565 
quality of data and interpretations on fluid source and evolution, which are currently problematic 566 
due to fluid overprints [39]. In addition, CL microtextures suggest that the early quartz veins are 567 
very important site for later deposition of sulfides and gold, as evidenced by the fracturing, 568 
brecciation and replacement textures. In this sense, the early veining process are also important part 569 
of the entire fluid process and has a role to play for the gold genesis. 570 

The roles of temperatures, pressures, phase separation, fluid-rock interaction and fluid mixing 571 
has been intensively discussed by previous studies of gold complexing, transport and deposition 572 
[19, 79,80]. This study offers a new perspective for addressing this issue with quartz solubility 573 
analysis. Detailed discussion on quartz dissolution and precipitation process for the main stages of 574 
gold formation indicates important roles of fluid mixing and fluid-rock interaction in the quartz 575 
veining process. These interpretations are aligned with previous studies aforementioned. 576 
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