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Abstract: In order to study the petrogenesis and tectonic setting of Permian A-type granites and 

their relationships with hydrothermal mineralization along the Hegenshan-Heihe suture zone 

(HHSZ) in northeastern China, we select the newly discovered Hongyan Cu-polymetallic deposit 

in the northeastern part of the HHSZ that develops three stages of mineralization associated with 

the Shanshenfu alkali-feldspar granite (SAFG). The zircon U-Pb dating and whole rock 

geochemistry suggest that the SAFG is a typical A-type granite formed in the Early Permian. The 

zircon Hf isotopes and trace elements suggest that the SAFG has high Ti-in-zircon temperature 

(721–990℃), high magmatic oxygen fugacity and largely positive εHf(t) (+6.0 to +9.9). Therefore, we 

propose that the SAFG was derived from the crustal assimilation and fractional crystallization of 

the charnockitized juvenile crust. The high oxygen fugacity favors the chalcophile elements (e.g., 

Cu, Au, Ag) of the source region enriched in the fluid phases after magmatic fractional 

crystallization, consequently facilitating subsequent hydrothermal mineralization, which is also 

consistent with the characteristics of ore-forming fluids that changed from the initial high 

temperature, high salinity, high fO2 and CO2-rich magmatic-hydrothermal fluids of stage I to 

CO2-poor, dilute, and cooling meteoric fluids of stage III. Combined with regional geological 

background, the Permian A2-type granites along the HHSZ can be formed in post-collisional slab 

break-off process. In subsequent exploration for hydrothermal deposits along the HHSZ, the 

Permian A-type granites with arc-related juvenile crustal source and high fO2 have great potential 

and need more attention. 

Keywords: Hegenshan-Heihe suture zone; Permian A-type granite; granite petrogenesis; Hongyan 

Cu-polymetallic deposit; ore-forming fluids; post-collisional slab break-off 

 

1. Introduction 

Since the introduction of A-type granites by Loiselle and Wones [1], they have been studied 

extensively by domestic and foreign scholars due to their important geodynamic significance, 

complicated petrogenesis and economic potential [2–6]. In northeastern China (NE China), 

numerous Permian A-type granites (260 ~ 300 Ma) have been identified along the Hegenshan-Heihe 

suture zone (HHSZ) in the past two decades (Figure 1a, b) [3,4,7–10], which belongs to the eastern 

part of the very large A-type granite belt that extends from northern Xinjiang, via Mongolia to NE 

China (Figure 1a) and is produced along the Central Asian Orogenic Belt (CAOB). The previous 
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studies have provided mineralogical and geochemical constraints on the types (A2 type), sources 

(crust-mantle mixing or crustal sources) and tectonic settings (post-orogenic extension or 

post-collisional extension) of the Permian A-type granites along the HHSZ [3,4,7–10]. In addition, 

more and more newly discovered hydrothermal deposits are associated with these Permian A-type 

granites, including Aoyoute Cu-polymetallic deposit (287Ma), Bayandulan Cu-polymetallic deposit 

(284Ma) and Ataiwula Cu-polymetallic deposit (276Ma) [10]. Thus, the petrogenesis and tectonic 

setting of these A-type granites and their relationships with hydrothermal mineralization become 

the urgent questions that need to be answered, due to their important geological significance, not 

only for the regional tectonic evolution, but also for exploring more related hydrothermal deposits in 

the region. However, few studies have been carried out on the relationship between the petrogenesis 

and tectonic setting of these Permian A-type granites and hydrothermal mineralization. 

The newly discovered Hongyan Cu-polymetallic deposit is located in the northeastern part of 

the HHSZ (Figure 1c), and develops Cu-polymetallic mineralization associated with Permian A-type 

granite. Thus, the deposit provides a good opportunity to study the petrogenesis and tectonic setting 

of A-type granite and its relationships with the ore-forming fluids. In recent years, the studies on the 

origin and oxidation state of ore-related granites and their relationships with metallogenic process 

have become mainstream [11–16]. The zircon geochemistry has been widely applied to analyze the 

temperature and oxygen fugacity (fO2) of magma sources [17–20], the composition of parental melts 

[21–22], source-rock type and crystallization environment [23–25], because of zircon’s refractory 

nature and low elemental diffusivities [26], which can provide powerful evidences for 

demonstrating the petrogenesis of A-type granites and their influence (e.g., magma sources and fO2) 

on the geochemical behavior of certain metal elements (e.g., Cu and Au) in melt [27–30]. Moreover, 

Fluid inclusions during mineralization processes also provides critical information on the 

physico-chemical nature of ore-forming fluids and their relationships with ore-related granites in 

hydrothermal deposits [31–33]. In this paper, we present zircon U-Pb ages, trace elements and Hf 

isotope data, whole-rock major and trace element data of the Permian A-type granite in the Hongyan 

Cu-polymetallic deposit, to discuss its oxidation state and petrogenesis, and then coupled with 

analyzing fluid inclusion for each minerlization stage, to determine the relationships between 

ore-forming fluids and A-type granite, and their tectonic setting. We believe that the results would 

be significant, not only for providing new insights into the relationships between A-type granites 

and related hydrothermal mineralization, but also for exploring more hydrothermal deposits 

associated with Permian A-type granites in the region.  
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Figure 1. (a) Geotectonic division of China (after Mao et al. [34]); (b) Tectonic subdivisions of the 

northeast China (after Wu et al. [35]); (c) Regional geological map of the northern Xing'an Block (after 

Gao et al. [36]). 

2. Regional Geology 

The Xing-Meng Orogen Belt is located in the eastern part of the CAOB, and was formed in the 

Permian through the collision between the Siberia block and North China block (Figure 1a) 

[35,37,38], which is further subdivided by several NE-striking faults into different microcontinental 

massifs or terranes, including the Ergun massif, the Xing’an terrane, the Songliao terrane, the 

Jiamusi terrane and the Liaoyuan terrane (Figure 1b). These terranes have undergone the 

superposition of EW-trending tectonic evolution of the Paleo-Asian Ocean during the Paleozoic and 

NNE-trending tectonic evolution of the western Pacific Ocean during the Mesozoic and Cenozoic.  

The HHSZ represents a suture zone resulting from the collision of the Xing’an and Songliao 

terranes (Figure 1b). The outcropping strata in the Xing'an terrane and its adjacent area can be 
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approximately divided into four units (Figure 1c) [39,40]: (1) Sporadic distribution of Precambrian 

crystalline basement rocks composed of granulites, gneisses and schists; (2) Extensive exposure of 

Early Paleozoic metamorphosed volcanic and sedimentary rocks consisting of schist, sandy slate, 

marble, and andesite, which are formed in continental margin and arc accretion settings; (3) The Late 

Paleozoic units are similar to the Early Paleozoic units but with lower metamorphic grades; and (4) 

Mesozoic continental intermediate-felsic volcanic and sedimentary rocks, and Cenozoic sedimentary 

basin strata. NNE-trending Paleozoic batholith-shaped granitoid rocks have a discontinuous zonal 

distribution on the north side of the HHSZ (Figure 1c), which is the evidence for the strong 

transformation of Mesozoic tectonic-magmatic activity [4,41].  

Intense hydrothermal activity was associated with these periods of magmatism, and resulted in 

various types of hydrothermal deposits, primarily including skarn Cu-polymetallic deposits (e.g., 

Sankuanggou and Xiaoduobaoshan), porphyry Cu-(Mo-Au) deposits (e.g., Duobaoshan and 

Tongshan), and epithermal Au deposits (e.g., Shangmachang, Beidagou, Sandaowanzi, 

Tianwangtaishan and Zhenguang) (Figure 1c) [36,42,43], which constitute the northeastern segment 

of the Xing’an Cu-Mo-Fe-Pb-Zn-Au belt, and is considered to be one of the most important areas in 

the Great Xing’an Range metallogenic province [39, 44]. These deposits are located in a nearly 

NE-trending band along the HHSZ and its secondary NE- and NW-trending faults that are the main 

ore-controlling structures in this region (Figure 1c). 

3. Deposit Geology 

The Hongyan Cu-polymetallic deposit (E125°01′28″ to 125°06′30″, N49°33′30″ to 49°42′30″; 

Figure 2) is located in the northeastern part of the HHSZ (Figure 1c). Paleozoic and Mesozoic 

volcanic rocks are widespread in the deposit (Figure 2). Paleozoic volcanic rocks mainly include the 

Upper Carboniferous–Lower Permian Baoligaomiao Formation (C2P1bl) that is a suite of continental 

volcanic rocks composed of rhyolitic tuff, andesitic tuff and basalt. Mesozoic volcanic rocks are 

subdivided into the Lower Jurassic Manitu Formation (J3mn), the Upper Cretaceous Baiyingaolao 

Formation (K1b) and Damoguaihe Formation (K1d). The Manitu Formation is mainly composed of 

dacitic ignimbrite and dacite. The Baiyingaolao Formation is mainly composed of rhyolite, rhyolitic 

volcanic breccias, and rhyolitic ignimbrite. The Damoguaihe Formation is mainly composed of 

conglomerate, fine sandstone, and tuff breccias. Structures are dominated by the NE-trending faults 

(e.g., F1 and F2), NW-trending faults (e.g., F3, F4, F5, F6, F7 and F9) and nearly EW-trending faults 

(e.g., F8). Magmatic rocks are dominated by the Shanshenfu alkali-feldspar granite (SAFG) with an 

area of ~75 km2, which intrudes into Paleozoic volcanic rocks with irregular contact relationship, and 

is covered by Mesozoic volcanic rocks and Quaternary (Figure 2). According to the grain size, the 

SAFG can be subdivided into two phases, the inner phase and outer phase, and their boundaries are 

gradational (Figure 2). The SAFG consists of subhedral alkali feldspar (50–55 vol%), anhedral quartz 

(30–35 vol%), plagioclase (5–10 vol%), sericite (1–5 vol%) (Figure 4a, b) and minor accessory minerals 

including magnetite (Figure 4d), zircon and titanite. 
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Figure 2. Geological sketch of the Hongyan Cu-polymetallic deposit. 

4. Mineralization and alteration 

The SAFG is pervasively altered by potassic and quartz-sericite alterations (Figure 4c), 

accompanied by some disseminated Cu mineralization (Figure 4d). Cu-polymetallic mineralization 

generally occurs as veins and veinlets in the Baoligaomiao Formation close to its southern contact 

zone with the SAFG, which is structurally controlled by NW-striking faults (Figure 2). Three 

mineralized bodies have been identified in the Hongyan deposit (Figure 2). The No. I ore body 

exhibits a length of 250 m, an average thickness of 3.1 m, and Cu grades of 0.5–1.5%. The length of 

No. II ore body is 220 m, with an average thickness of 2.3 m, and Cu, Au and Ag grades of 0.4–1.2%, 

0.34–2.21 g/t and 0.76–21.6 g/t, respectively. The No. III ore body has a length of 215 m, an average 

thickness of 1.8 m, and contains Cu, Au and Ag grades of 0.5–1.35%, 0.27–2.62 g/t and 0.64–16.2 g/t, 

respectively. 

Based on our geological field investigation and petrographic observation, metal minerals 

mainly consist of chalcopyrite and pyrite, with minor bornite, covellite, galena, sphalerite and 

magnetite. Gangue minerals are dominated by quartz, K-feldspar, sericite, muscovite, chlorite, 

epidote, calcite and fluorite. The silicification are well developed and closely related to sulfide 

mineralization. Based on mineral assemblages and associated hydrothermal alteration minerals, we 

can identify three stages of mineralization (Figure 5): quartz ± K-feldspar ± pyrite (stage I), quartz + 
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chalcopyrite ± pyrite ± bornite ± sphalerite ± galena (stage II) and quartz + carbonate ± fluorite (stage 

III). Stage I is defined by the occurrence of quartz and K-feldspar with minor pyrite and magnetite as 

veins (Figure 3e and 4e). Stage II is represented by the widespread occurrence of quartz, chalcopyrite 

and pyrite minerals as veins or veinlets with minor bornite, covellite, galena and sphalerite (Figure 

3d–g and 4f–h). Chalcopyrite replaces early bornite and commonly intergrown with pyrite and 

galena (Figure 4g and 4h). Chalcopyrite and pyrite are partly replaced by the covellite (Figure 4f). 

Gold mineralization is most commonly hosted within sulfide minerals in this stage, and visible gold 

can be found in the quartz veins (Figure 4i). Stage III is characterized by the appearance of calcite 

and quartz with minor fluorite as veins or veinlets (Figure 3h–i). Small amounts of pyrite occur in 

quartz-calcite veins, and gold mineralization is less in this stage.  

 

Figure 3. Hand specimen photos of the Shanshenfu alkali-feldspar granite and Stage I–III 

mineralization from the Hongyan Cu-polymetallic deposit. (a) Medium-grained alkali-feldspar 

granite (the inner phase); (b) Fine-grained alkali-feldspar granite (the outer phase); (c) Stage I 

K-feldspar–quartz–pyrite vein; (d) Stage II disseminated chalcopyrite–pyrite–quartz mineralization; 

(e) Stage II quartz–pyrite–chalcopyrite–bornite vein; (f) Stage II quartz–pyrite–bornite vein; (g) Stage 

II quartz–bornite– galena vein; (h) Stage III quartz–calcite vein; (i) Stage III quartz–calcite–fluorite 

vein. Qz=quartz, Kf=K-feldspar, Py=pyrite, Ccp=chalcopyrite, Bn=bornite, Gn=galena, Cc=calcite, 

Fl=fluorite. 
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Figure 4. Photomicrographs of the Shanshenfu alkali-feldspar granite, hydrothermal alteration 

features and metal mineral assemblages. (a) Medium-grained alkali-feldspar granite (the inner 

phase); (b) Fine-grained alkali-feldspar granite (the outer phase); (c) Widespread alteration of quartz, 

sericite and epidote in the granite; (d) Chalcopyrite and magnetite in fine-grained alkali-feldspar 

granite (the outer phase); (e) Pyrite and magnetite in Stage I K-feldspar–quartz–pyrite vein; (f) 

Chalcopyrite intergrown with pyrite replaced by the covellite in Stage II quartz vein; (g) 

Chalcopyrite replace bornite in Stage II quartz vein; (h) Chalcopyrite intergrown with galena in Stage 

II quartz vein; (i) Visible gold intergrown with galena in Stage II quartz vein. Py=pyrite, 

Ccp=chalcopyrite, Bn=bornite, Gn=galena, Mt=magnetite, Cv=covellite, Au=native gold, Qz=quartz, 

Kf=K-feldspar, Ser=sericite, Ep= epidote. 
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Figure 5. Paragenetic sequence for the Hongyan Cu-polymetallic deposit. 

5. Analytical methods 

5.1. Zircon U-Pb dating analysis 

The sample SF-1 from the inner phase and the sample SF-5 from the outer phase were collected 

for geochronology (Figure 2). Zircon grains were separated from two representative samples using 

conventional heavy liquid and magnetic techniques, and then handpicked under a binocular 

microscope. Handpicked zircon grains were mounted on adhesive tape, then enclosed in epoxy resin 

and polished to section the crystals in about half for analysis. Reflected and transmitted light 

microscopy and cathodoluminescence (CL) images were made at the State Key Laboratory of 

Geological Processes and Mineral Resources, China University of Geosciences, Wuhan, to study 

interior textures of zircons. Zircon U-Th-Pb measurements were done under 32 um diameter laser 

beam at the same laboratory using a Geo-Las 2005 System. An Agilent 7500a ICP-MS instrument was 

used to acquire ion-signal intensities with a 193 nm ArF-excimer laser and a homogenizing, imaging 

optical system (MicroLas, Göttingen, Germany). Detailed instrumentation and analytical accuracy 

description were given by Liu et al. [45,46]. Time-dependent drifts of U-Th-Pb isotopic ratios were 

corrected using a linear interpolation (with time) for every six analyses according to the variations of 

external standard zircon 91500 (2 zircon 91500 + 6 samples + 2 zircon 91500) [46]. The ages were 

calculated by inhouse software ICPMSDataCal (ver 6.9, China University of Geosciences) [45] and 

concordia diagrams were made by Isoplot/Ex ver3.0 [47]. Trace element compositions of zircon were 

calibrated against GSE-1G combined with internal standardization 29Si [46].  

Zircon Ce and Eu anomalies, Ti-in-zircon temperatures and magmatic oxygen fugacity (fO2) 

were calculated using the trace element compositions of zircons collected during the same analysis 

interval as U-Pb dating. The method for calculating these parameters has been described in Ferry 

and Watson [18], and Trail et al. [19,20]. CGDK software [48] was used for plotting data.  

5.2. Zircon Lu-Hf isotopes analysis 
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In-situ zircon Hf isotopic analyses were conducted using a Neptune Plus MC-ICP-MS equipped 

with a Geolas 2005 excimer ArF laser ablation system at the state Key Laboratory of Geological 

Processes and Mineral Resources, China University of Geosciences, Wuhan. All data were acquired 

on zircon in single spot ablation mode at a spot size of 44 μm in this study. Each measurement 

consisted of 20 s of acquisition of the background signal followed by 50 s of ablation signal 

acquisition. Detailed operating conditions for the laser ablation system and the analytical method 

are the same as description by Hu et al. [49]. The 176Hf/177Hf ratios of the standard zircon (GJ1) were 

0.282013 ± 0.000022 (2σ, n=276), in agreement with recommended values within 2σ error [50,51]. 

Offline selection and integration of analyte signals, and mass bias calibrations were performed using 

ICPMSDataCal [46].  

5.3. Whole-rock major and trace element analyses 

Three fresh samples from the inner phase (SF-1 to SF-3) and three samples from the outer phase 

(SF-4 to SF-6) were collected for major and trace element determinations. Geochemical analyses were 

carried out at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (GIG-CAS). 

Major element oxides were analyzed using a Rigaku RIX 2000 X-ray fluorescence spectrometer 

(XRF), and analytical uncertainties are mostly between 1 and 5% [52]. Trace elements were obtained 

by inductively coupled plasma-mass spectrometry (ICP-MS) after acid digestion of samples in 

high-pressure Teflon vessels, and detailed procedures are described by Li et al. [52]. The USGS and 

Chinese National standards AGV-2, GSR-1, GSR-2, MRG-1, BCR-1, W-2 and G-2 were chosen for 

calibrating element concentrations of the analyzed samples. Analytical precision of REE and other 

incompatible element analyses is typically 1-5%.  

5.4. Fluid inclusion analysis 

The fluid inclusion samples were collected from three mineralization stages, and then doubly 

polished into thin sections (<0.30mm thick) for petrographic study. The fluid inclusions were 

observed in the quartz (Figure 2), and we selected representative fluid inclusions to perform 

microthermometry and Raman microspectroscopy analysis at the state Key Laboratory of Geological 

Processes and Mineral Resources, China University of Geosciences, Wuhan. Microthermometric 

measurements were performed using a LINKAM THSMG600 heating and freezing stage with an 

operating range from −196 °C to +600 °C, equipped with an OLYMPUS 80 × ULWD objective. The 

heating and cooling rates were limited to less than 20 °C/min and reduced to 0.1–1 °C/min close to 

the phase change points. Melting temperatures of solid CO2 (Tm, CO2), clathrate melting temperatures 

(Tm, cla), partial homogenization temperatures of CO2 (Th, CO2), ice melting temperatures (Tm, ice), halite 

dissolution temperatures (Tm, halite) and total homogenization temperatures (Th) were measured. The 

salinities of inclusions were calculated using the final melting temperatures of CO2 clathrates [53] 

and ice melting temperatures [54], respectively. Raman analysis was performed with a Renishaw 

MK1-1000 Raman microspectrometer by using a He-Ne laser with 514.5 nm excitation line and 2 to 4 

mW at the sample. Integration time was 30 s, with five accumulations for each spectral line. The 

spectral resolution is ± 0.5 cm−1 with a beam size of 2 μm. The whole process was completed at room 

temperature (23 °C) and normal pressure.  

6. Results 
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6.1. Zircon U-Pb ages 

The zircon U-Pb ages for 23 zircons are shown in Table 1. Most of the zircon grains from two 

samples (SF-1 and SF-5) are euhedral and prismatic, and are relatively transparent and colorless. 

They have a length between 61 μm and 179 μm, with length to width ratios between approximately 

1:1–3:1 (Figure 6a, b). CL images show that most zircons have magmatic oscillatory overgrowth 

rims, although a few zircons with high uranium contents are dark brown and turbid (Figure 6a, b). 

Most zircons have high Th/U ratios >0.5, which are typical of an igneous origin. Twelve spot 

analyses of zircons from sample SF-1 yield 206Pb/238U ages of 297 Ma to 300 Ma (Figure 6c) with a 

weighted mean of 299 ± 1 Ma (MSWD = 1.04), and eleven spot analyses of zircons from sample SF-5 

yield 206Pb/238U ages of 297 Ma to 300Ma (Figure 6d) with a weighted mean of 298 ± 1 Ma (MSWD = 

1.3), which is interpreted as the magma crystallization age. The age of outer phase is coeval with the 

inner phase, indicating that the SAFG was formed in the Early Permian.
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Table 1. Zircon LA-ICP-MS U–Pb data of the Shanshenfu alkali-feldspar granite. 

Spot 

Trace Elements 

(ppm)    Isotopic ratio        Apparent age (Ma)  

  U Th Th/U  
207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ  

206Pb/238U 1σ 207Pb/235U 1σ 207Pb/206Pb 1σ 

Sample     SF-1                 

SF1-1 635 337 0.53  0.3362 0.0039 0.0472 0.0002 0.0517 0.0006  297 1.7  294 4.0  272 21.3  

SF1-2 591 349 0.59  0.3425 0.0046 0.0475 0.0002 0.0523 0.0007  299 1.9  299 4.6  298 -2.8  

SF1-3 817 683 0.84  0.3341 0.0035 0.0473 0.0002 0.0512 0.0005  298 1.8  293 3.8  250 24.1  

SF1-4 656 345 0.53  0.3413 0.0046 0.0475 0.0001 0.0521 0.0007  299 1.6  298 4.6  300 31.5  

SF1-5 1413 809 0.57  0.3434 0.0024 0.0473 0.0001 0.0526 0.0004  298 1.6  300 3.0  322 14.8  

SF1-6 495 262 0.53  0.3403 0.0052 0.0475 0.0002 0.0519 0.0008  299 1.8  297 5.1  283 30.6  

SF1-7 1130 738 0.65  0.3468 0.0029 0.0476 0.0002 0.0528 0.0004  300 2.0  302 3.4  320 16.7  

SF1-8 988 482 0.49  0.3463 0.0031 0.0476 0.0002 0.0528 0.0005  300 1.8  302 3.5  320 20.4  

SF1-9 822 430 0.52  0.3465 0.0033 0.0476 0.0002 0.0528 0.0005  300 1.9  302 3.7  320 20.4  

SF1-10 1202 673 0.56  0.3418 0.0024 0.0475 0.0002 0.0522 0.0004  299 2.0  299 3.0  295 14.8  

SF1-11 191 144 0.76  0.3417 0.0124 0.0473 0.0002 0.0523 0.0019  298 2.0  298 11.1  298 79.6  

SF1-12 719 283 0.39  0.3428 0.0046 0.0475 0.0002 0.0523 0.0007  299 1.8  299 4.6  298 -2.8  

Sample     SF-5                  

SF5-1 613 326 0.53  0.3459 0.0037 0.0476 0.0002 0.0527 0.0005  300 1.9  302 3.9  317 22.2  

SF5-2 215 148 0.69  0.3457 0.0103 0.0475 0.0002 0.0527 0.0015  299 1.8  302 9.2  317 69.4  

SF5-3 698 481 0.69  0.3456 0.0044 0.0475 0.0002 0.0528 0.0006  299 2.0  301 4.4  320 25.9  

SF5-4 680 214 0.31  0.3413 0.004 0.0473 0.0001 0.0524 0.0006  298 1.6  298 4.1  302 25.9  

SF5-5 1062 490 0.46  0.3397 0.0027 0.0475 0.0002 0.0519 0.0004  299 1.7  297 3.2  280 18.5  

SF5-6 239 144 0.6  0.3451 0.0087 0.0475 0.0002 0.0526 0.0013  299 1.8  301 7.9  309 55.6  

SF5-7 1077 67 0.06  0.3433 0.0025 0.0472 0.0001 0.0527 0.0004  298 1.6  300 3.1  317 23.1  

SF5-8 201 95 0.47  0.3472 0.0142 0.0476 0.0001 0.0531 0.0022  300 1.7  303 12.5  332 92.6  

SF5-9 1407 651 0.46  0.3501 0.0024 0.0472 0.0001 0.0538 0.0003  297 1.6  305 3.1  365 13.0  

SF5-10 583 243 0.42  0.3407 0.0058 0.0472 0.0001 0.0523 0.0009  297 1.7  298 5.5  298 41.7  

SF5-11 1213 646 0.53  0.3422 0.0027 0.0473 0.0001 0.0525 0.0004  298 1.6  299 3.2  306 12.0  
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Figure 6. Zircon CL images and zircon U-Pb concordant curves for the inner phase (a, c) and 

outer phase (b, d) of the Shanshenfu alkali-feldspar granite. 

6.2. Zircon trace element and Ti-in-zircon temperature 

Trace element compositions of zircons are listed in Table 2, and the corresponding 

chondrite-normalized REE patterns are plotted in Figure 7. The zircons of sample SF-1 and 

SF-5 have ΣREE contents ranging from 3815 to 10727 ppm and 1411 to 8447 ppm, respectively, 

Ce anomalies ranging from 1.2 to 276 (average of 86) and 1.7 to 215 (average of 44), 

respectively, and Ti contents ranging from 8.6 to 58.3 ppm and 4.8 to 173 ppm, respectively. 

Most zircons have normal Ti values (≤75 ppm; [21]). Nonetheless, one grain of these analyzed 

zircons has yielded exceedingly high Ti value (SF5-9 = 173 ppm). Such surplus measured value 

cannot represent primary igneous zircon and may reflect inclusions (e.g. ilmenite) in zircon, 

and should be excluded from the following discussion. The temperature of the melt during 

zircon crystallization was calculated by the Ti-in-zircon thermometer [18] as shown in the 

following equations: 

                4800 / (5.711 lg( ) lg( ) = − −℃zircon zircon a aT ( ) Ti Si +lg(Ti ))-273                 (1) 

As quartz is one of the major mineral phases in the SAFG, the activity of silica (Sia) is set to 

1. Due to the absence of rutile in the SAFG, the activity of titanium (Tia) is conservatively 

estimated to be 0.6 [17,55]. The calculated Ti-in-zircon temperatures for the inner phase 

(sample SF-1) and the outer phase (sample SF-5) are in the range of 773 to 990 ℃ (average of 

854 ℃) and 721 to 919 ℃ (average of 841 ℃) (Table 2), respectively.
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Table 2. Zircon trace element abundance, Ce and Eu anomalies, Ti-in-zircon temperatures (T) and magmatic oxygen fugacity (fO2) of the Shanshenfu alkali-feldspar granite. 

spot La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE Ti δCe δEu TTi lg(fO2) FMQ buffer △FMQ 

  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm    ℃     

Sample SF-1  

SF1-1 1.57 268 1.39 21.3 53.9 0.6 333 119 1451 510 2244 417 3937 663 10019  16.3 39.2  0.01 837  -10.1  -13.7 3.6  

SF1-2 2.23 103 1.63 18.4 39.1 0.32 224 82.2 1050 395 1808 346 3297 566 7931  33.2 11.7  0.01 917  -11.5  -12.2 0.7  

SF1-3 0.88 44.6 1.23 15.5 27.3 1.78 135 43.3 506 182 829 159 1586 284 3815  58.3 9.3  0.09 990  -9.9  -11.1 1.2  

SF1-4 6.60 92.0 2.77 15.9 15.0 0.47 95.2 33.9 450 176 854 172 1798 321 4026  22.6 4.7  0.04 872  -16.7  -13.1 -3.6  

SF1-5 0.11 161 0.74 19.8 58.6 0.26 348 126 1590 570 2490 457 4227 679 10727  19.1 120.8  0.01 854  -5.2  -13.4 8.2  

SF1-6 210 750 84.6 433 154 2.44 280 67.4 674 217 934 179 1774 312 5861  24.6 1.2  0.04 882  -21.3  -12.9 -8.4  

SF1-7 0.24 116 0.5 9.2 44.4 1.84 251 86.8 1097 385 1700 316 2933 475 7416  19.2 73.2  0.05 855  -7.0  -13.4 6.4  

SF1-8 0.04 137 0.75 7.9 27.8 0.59 186 70.9 947 350 1602 306 2990 504 7130  8.6 174.8  0.03 773  -7.4  -15.1 7.7  

SF1-9 0.49 152 1.45 14.3 27.2 0.61 163 59.1 757 281 1317 261 2633 443 6110  9.3 39.0  0.03 781  -12.6  -14.9 2.3  

SF1-10 0.07 191 0.34 7.6 21.2 0.33 162 67.4 904 338 1576 297 2838 452 6855  13.9 270.5  0.02 820  -3.6  -14.1 10.5  

SF1-11  5.14 147 2.31 18.6 33.7 0.28 208 81.2 1073 406 1859 362 3546 585 8322  16.7 9.2  0.01 840  -15.4  -13.7 -1.7  

SF1-12 0.02 72.7 0.17 4.3 17.9 0.53 110 43.5 589 229 1105 224 2242 367 5005  14.2 276.0  0.04 823  -3.4  -14.0 10.6  

Sample SF-5  

SF5-1 3.49 99.6 2.87 32.7 42.1 1.53 198 60.2 707 237 1038 204 1995 334 4952  33.6 6.8  0.05 919  -13.5  -12.2 -1.3  

SF5-2 0.50 184 0.49 9.6 30.9 0.11 180 69.9 936 358 1607 321 3265 500 7462  32.5 80.7  0.00 915  -4.3  -12.3 8.0  

SF5-3 12.2 212 6.04 35.3 36.1 0.24 199 75.3 987 369 1676 336 3362 528 7822  12.1 5.3  0.01 807  -18.9  -14.4 -4.5  

SF5-4 5.38 183 2.59 22.3 36.9 0.49 232 92.7 1142 382 1685 338 3349 488 7954  9.2 10.6  0.02 780  -17.6  -14.9 -2.7  

SF5-5 0.16 135 0.11 6.7 20.7 0.51 168 63.6 876 320 1488 290 2977 431 6777  20.4 215.0  0.03 861  -2.7  -13.3 10.6  

SF5-6 0.31 161 1.34 17.9 38.1 0.27 216 76.6 962 347 1561 320 3247 502 7450  18.9 53.8  0.01 853  -8.3  -13.4 5.1  

SF5-7 57.0 260 19.2 84.4 38.8 1.45 171 57.9 748 271 1258 255 2667 409 6241  9.8 1.7  0.05 786  -24.2  -14.8 -9.4  

SF5-8 1.14 156 0.83 13.9 30.1 0.69 188 74.1 970 357 1595 324 3276 473 7459  18.4 34.8  0.03 850  -10.0  -13.5 3.5  

SF5-9 0.36 87.4 0.42 6.8 15.1 0.27 82.6 27.8 370 134 627 135 1424 225 3135  173 48.3  0.02 1158  -  - - 

SF5-10 0.20 20.0 0.35 3.4 6.19 1.98 42.1 13.2 160 60.9 285 59.2 651 107 1410  33.5 16.4  0.38 918  -10.2  -12.2 2.0  

SF5-11 4.03 109 1.65 14.6 30.1 0.78 204 78.5 1068 403 1890 376 3683 585 8444  4.8 9.2  0.03 721  -21.0  -16.3 -4.7  

Note: TTi (°C) is the Ti temperature of zircon, δCe=CeN/(LaN×PrN)0.5, δEu=EuN/(SmN×GdN)0.5; FMQ buffer is the buffer of the fayalite-magnetite-quartz, which is calculated using the formula FMQ buffer 

=−24441.9/(T+273)+8.290 (±0.167) [56]; △FMQ=lgfO2-FMQ buffer.
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Figure 7. Chondrite-normalized REE patterns for the zircons from the Shanshenfu alkali-feldspar 

granite. (a) The inner phase; (b) The outer phase. Normalization values for chondrite are from 

McDonough and Sun [57]. 

6.3. Zircon Lu–Hf isotopes 

The analytical results on Hf isotopes for zircons are listed in Table 3. The εHf(t) values are 

calculated using their U-Pb ages. Seven spots from the inner phase show a range of initial 176Hf/177Hf 

ratios from 0.282955 to 0.283052 and εHf(t) values from +6.5 to +9.9, with the two-stage Hf model 

ages (TDM2) from 394 to 587 Ma. Nine spots from the outer phase show a range of initial 176Hf/177Hf 

ratios from 0.282941 to 0.283029 and εHf(t) values from +6.0 to +9.1, with TDM2 from 441 to 614 Ma. 
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Table 3. LA-MC-ICP-MS zircon Lu-Hf isotope data for the Shanshenfu alkali-feldspar granite. 

Spot 176Hf/177Hfa    1σ     176Lu/177Hfa   1σ      176Yb/177Hfa    1σ Age (Ma) εHf (t)b 1σ TDM1 (Ma)c TDM2 (Ma)d  fLu/Hf 

Sample SF-1            

SF1-1 0.282995 0.000015 0.002996 0.000008 0.086319 0.000235 297 7.9 0.74 384 507 -0.91 

SF1-4 0.282982 0.000014 0.002209 0.000051 0.061855 0.001585 299 7.4 0.70 395 533 -0.93 

SF1-7 0.283024 0.000015 0.004243 0.000064 0.115732 0.00164 300 8.9 0.75 353 450 -0.87 

SF1-8 0.283052 0.000016 0.003983 0.000026 0.117902 0.00081 300 9.9 0.76 307 394 -0.88 

SF1-9 0.283011 0.000014 0.003086 0.000051 0.089502 0.001556 300 8.4 0.72 362 476 -0.91 

SF1-11 0.282955 0.000013 0.00128 0.000005 0.032593 0.000132 298 6.5 0.70 424 587 -0.96 

SF1-12 0.282967 0.000014 0.002444 0.000009 0.068065 0.000324 299 6.9 0.73 420 563 -0.93 

Sample SF-5            

SF5-1 0.283011 0.000017 0.004065 0.000056 0.11864 0.001618 300 8.4 0.79 372 476 -0.88 

SF5-2 0.283020 0.000014 0.002091 0.000018 0.055445 0.0004 299 8.8 0.72 338 458 -0.94 

SF5-5 0.283029 0.000017 0.003066 0.000016 0.090641 0.000562 299 9.1 0.79 335 441 -0.91 

SF5-6 0.282941 0.000014 0.000794 0.000014 0.020234 0.000404 299 6.0 0.70 438 614 -0.98 

SF5-7 0.283002 0.000014 0.003232 0.000016 0.093923 0.000628 298 8.1 0.72 377 494 -0.90 

SF5-8 0.282948 0.000015 0.001153 0.000078 0.029802 0.002258 300 6.2 0.73 433 602 -0.97 

SF5-9 0.283015 0.000014 0.003446 0.00001 0.099972 0.000247 297 8.6 0.72 359 468 -0.90 

SF5-10 0.283025 0.000014 0.002295 0.000037 0.066671 0.001076 297 8.9 0.72 333 448 -0.93 

SF5-11 0.283028 0.000015 0.003929 0.00002 0.113707 0.000769 298 9.0 0.75 344 443 -0.88 

a The measured values.                       
 

  b Initial 176Hf/177Hf ratios were calculated using the measured 176Lu/177Hf ratios and the 176Lu decay constant of 1.867×10−11 yr−1 [58], and εHf values were calculated using the chondritic ratios 

of 176Hf/177Hf (=0.282772) and 176Lu/177Hf (=0.0332) [59]. 

  c The single-stage model age (TDM1) was calculated using the present-day ratios 176Hf/177Hf=0.28325 and 176Lu/177Hf=0.0384 [60]. 

  d Two-stage model age (TDM2) was calculated by projecting the initial 176Hf/177Hf ratios of the zircon back to the depleted mantle model growth curve, assuming a 176Lu/177Hf value of 0.015 

for the average continent crust [61].   
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6.4. Whole-rock major and trace element analyses 

The major- and trace-element compositions of the SAFG are shown in Table 4 as weight percent 

(wt.%) for major oxides and as parts per million (ppm) for all trace elements. All samples are 

characterized by high SiO2 (74.89–76.83 wt.%), Al2O3 (12.34–12.85 wt.%), and alkali (Na2O+K2O = 

8.17–8.81 wt.%) and low MgO (0.09–0.16 wt.%) and CaO (0.08–0.24 wt.%). They exhibit a high-K 

calc-alkaline, peraluminous and high-differentiation, with A/CNK (molar Al2O3/CaO+Na2O+K2O) 

ranging from 1.04 to 1.12 and A/NK (molar Al2O3/ Na2O+ K2O) from 1.06 to 1.14 (Figure 8a and b). 

Samples exhibit enriched REEs (except Eu) with total REE ranging from 147 to 357 ppm. They are 

characterized by slightly enriched light REE (LREE) ((La/Yb)N = 2.02–6.57) and flat heavy REE 

(HREE) ((Gd/Yb)N = 0.6–1.27) with strong negative Eu anomalies (δEu = 0.05–0.12）(Figure 8d). All 

samples are enriched in large-ion lithophile elements (LILEs) (e.g. Rb, Th, U and K), 

high-field-strength elements (HFSEs) (e.g. Nb, Ta, Zr and Hf), and exhibit strong depletion of Ba, Sr, 

P and Ti (Figure 8c).

Table 4. Major oxides and trace elements of the Shanshenfu alkali-feldspar granite. 

Sample 
The inner phase  The outer phase 

SF-1 SF-2 SF-3  SF-4 SF-5 SF-6 

SiO2 76.83 75.23 76.02  76.22 74.89 75.36 

Al2O3 12.34 12.56 12.78  12.67 12.85 12.54 

Fe2O3 1.51 1.48 1.37  1.64 2.13 1.95 

CaO 0.08 0.11 0.09  0.19 0.21 0.24 

MgO 0.14 0.12 0.11  0.16 0.09 0.12 

Na2O 3.71 4.08 3.87  3.67 4.23 4.13 

K2O 4.46 4.31 4.42  4.87 4.53 4.68 

TiO2 0.15 0.27 0.19  0.17 0.25 0.31 

MnO 0.06 0.08 0.04  0.11 0.05 0.06 

P2O5 0.03 0.08 0.04  0.06 0.11 0.08 

LOI 0.45 0.67 0.54  0.24 0.48 0.37 

Total 99.98 99.56 99.71  100.32 99.67 99.48 

La 52.3 22.6 45.5  58.8 27.2 40.1 

Ce 161 54.2 101.3  174.5 72.3 89.6 

Pr 14.75 6.58 13.2  15.1 7.22 12.6 

Nd 53.6 20.8 44.2  51.3 29.1 45.5 

Sm 12.8 5.13 9.35  11.26 7.32 9.81 

Eu 0.34 0.15 0.13  0.42 0.17 0.21 

Gd 10.72 5.82 7.62  10.11 9.61 6.97 

Tb 1.91 1.28 1.18  1.83 2.36 1.11 

Dy 12.3 10.44 7.61  12.28 13.12 6.5 

Ho 2.54 2.35 1.51  2.57 2.68 1.27 

Er 8.57 7.42 4.83  7.93 6.68 5.24 

Tm 1.25 1.11 0.68  1.17 0.97 0.72 

Yb 8.65 8.03 4.97  8.21 7.32 5.16 

Lu 1.4 1.28 0.83  1.32 1.15 0.88 

Ga 21.2 19.7 22.6  24.3 21.8 18.9 
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Rb 177 153.5 172  181.5 167 148 

Ba 60.2 107 171  58.6 123 86 

Th 16.3 17.51 14.2  17.1 18.2 13.6 

U 3.79 3.65 3.48  2.87 3.67 3.13 

Ta 2.23 2.65 2.31  2.95 2.46 2.33 

Nb 43.7 49.1 44.3  48.2 46.2 44.7 

Sr 8.3 14.8 22.4  24.1 15.3 18.7 

Zr 358 435 647  248 487 276 

Hf 11.9 13.1 18.4  10.8 13.9 11.2 

Y 70.4 75.1 81.8  54.2 78.3 63.1 

ΣREE 342 147 243  357 187 226 

δEu 0.09 0.08 0.05  0.12 0.06 0.08 

 

Figure 8. (a) SiO2 vs. K2O diagram of the Shanshenfu alkali-feldspar granite. (after Peccerillo and 

Taylor, 1976); (b) A/NK vs. A/CNK diagram, where A/NK = Al2O3/(Na2O+K2O) and A/CNK = 

Al2O3/(CaO+Na2O+K2O) (all oxides on molar basis); (c) Primitive mantle-normalized trace element 

diagram; (d) Chondrite-normalized REE pattern. Normalization values are from Sun and 

McDonough [62].  

6.5. Fluid inclusion 

6.5.1. Fluid inclusion petrography 

Only primary fluid inclusions (FIs) occur as random groups or isolated individuals were 

analyzed in the quartz crystals of each mineralization stage in the Hongyan Cu-polymetallic deposit. 

Four major types of FIs are identified based on their nature of phase relationships at room (21 °C) 

temperatures, phase transformation during cooling and heating processes, and laser Raman 

spectroscopy analysis (Figure 9): daughter mineral-bearing CO2 inclusions (SC-type), CO2-H2O 
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inclusions (C-type), daughter mineral-bearing aqueous inclusions (SW-type) and two-phase 

aqueous inclusions (W-type). SC-type FIs occur in four phases (SHalite+VCO2+LCO2+LH2O) 

CO2-H2O-NaCl systems at room temperature (Figure 9a). They only occur as isolated individuals in 

the stage I K-feldspar–quartz–pyrite vein. They are negative-crystal or irregular in shape with sizes 

of 8–16um. The CO2 phase accounts for 20–35% of the total volume. C-type FIs occur in three phases 

(VCO2+LCO2+LH2O) CO2−H2O−NaCl system at room temperature (Figure 9b−e). They generally occur as 

random groups or isolated individuals in stage I and II quartz veins. They are negative-crystal, 

elliptical or irregular in shape with sizes of 8–15um. The CO2 phase accounts for 25–40% of the total 

volume. SW-type FIs occur in three phases (SHalite + VH2O + LH2O) CO2−H2O−NaCl systems at room 

temperature (Figure 9f, g). They generally occur as isolated individuals in stage I and II quartz veins. 

They are irregular or elliptical in shape with sizes of 6–20um. The vapor phase accounts for 10–40% 

of the total volume. W-type FIs occur in two phases (VH2O + LH2O) or a single aqueous phase at room 

temperature (Figure 9), and are widely developed in each mineralization stage. They are 

negative-crystal, elliptical or irregular in shape with sizes of 4–22um. The vapor phase accounts for 

10–85% of the total volume.  

The relative abundances of FIs were investigated for quartz in each mineralization stage. The 

stage I quartz veins contained large amounts of C- and W-types, followed by S-type and a few 

SC-type FIs. The stage II quartz veins contained abundant C- and W-types FIs and a few S-type FIs 

without SC-type FIs. The stage III quartz veins only contained W-type FIs. The above results indicate 

that the CO2 content of fluids decreased from the early stage to late stage. 

 

Figure 9. Photomicrographs of fluid inclusions in the Hongyan Cu-polymetallic deposit: (a) the 

SC-type and W-type inclusions in the stage I; (b-c) the C-type and W-type inclusions in the stage I; (d) 

the C-type and W-type inclusions in the stage II; (e) the coexisting C-type and SW-type inclusions in 

the stage II; (f) the S-type and W-type inclusions in the stage I; (g) the S-type and W-type inclusions in 
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the stage II; (h-i) the W-type inclusions in the stage III. Abbreviation: L-liquid; V-vapor; VCO2-CO2 

vapor; LCO2-CO2 liquid; H-halite. 

6.5.2. Raman analysis 

Phases in representative fluid inclusions were measured using Laser Raman microspectroscopy 

to constrain their compositions. The vapor bubbles of the SC-type FIs in quartz of stage I are 

dominated by CO2 (1277 cm-1, 1379 cm-1) and SO2 (1150 cm-1) (Figure 10a). The vapor bubbles of the 

C-type FIs in quartz of stage II are dominated by CO2 (1276 cm-1, 1379 cm-1) and H2O (Figure 10b).  

 

Figure 10. Laser-Raman spectrum of fluid inclusions in the Hongyan Cu-polymetallic deposit: (a) 

Spectrum for vapor bubbles of the SC-type inclusion in the stage I; (b) Spectrum for vapor bubbles of 

the C-type inclusion in the stage II. 

6.5.3. Microthermometry 

Microthermometric results of the studied fluid inclusions from three mineralization stages are 

summarized in Table 5 and graphically illustrated in Figure 11.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 November 2018                   doi:10.20944/preprints201811.0192.v1

http://dx.doi.org/10.20944/preprints201811.0192.v1


Minerals 2018, 8, x FOR PEER REVIEW                                                                                                                                          20 of 34 

 

Table 5. Microthermometric data of fluid inclusions of the Hongyan Cu-polymetallic deposit. 

Stage Host mineral Type N Size (um) Tm, CO2 (℃) Tm, ice (℃) Tm, cla (℃) Th, CO2 (℃) Tm, halite (℃) Th (℃) Salinity(wt.% NaCl) 

I Quartz C 15 10 ~ 15 -57.6 ~ -56.4 
 

1.8 ~ 8.3 24.3 ~ 29.8 
 

321 ~ 413 3.3 ~13.5 

  
SC 6 8 ~ 16 -61.2 ~ -56.4  

 
3.5 ~ 7.8 26.2 ~ 31.1 

 
353 ~ 402 4.3 ~ 11.2 

  
SW 11 8 ~ 20 

    
302 ~ 456 302 ~ 456 38.3 ~ 54.0 

  
W 25 5 ~ 16 

 
-15.1 ~ -2.5 

   
287 ~ 492 4.2 ~ 18.7 

II Quartz C 10 8 ~ 15 -57.8 ~ -56.6 
 

3.7 ~ 8.9 23.9 ~ 29.3 
 

254 ~ 375 2.2 ~ 10.9 

  
SW 8 6 ~ 14 

    
175 ~ 287 258 ~ 356 30.7 ~ 43.9 

  
W 24 6 ~ 22 

 
-10.4 ~ -1.5 

   
241 ~ 385 2.6 ~ 14.4 

III Quartz W 28 4 ~ 13 
 

-6.1 ~ -0.7 
   

165 ~ 294 1.2 ~ 9.3 
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Figure 11. Histograms of homogenization temperatures and salinities of fluid inclusions of the 

Hongyan Cu-polymetallic deposit. 

In stage I quartz veins, the C-type FIs have CO2 phases of 25–80% in volume (Figure 9b, c), and 

yield melting temperature of solid CO2 (Tm, CO2) of −57.6 to −56.4 °C, suggesting the purity of the CO2 

phase. The clathrate melting temperatures (Tm, cla) occur in the interval of 1.8–8.3°C, corresponding to 

salinities of 3.3–13.5 wt% NaCl eqv. They mostly homogenize to liquid at temperatures of 321–413 

°C, with CO2 phases partially homogenizing to liquid or vapor at temperatures of 24.3–29.8 °C. The 

SC-type FIs contain halite daughter minerals (Figure 9a) that do not melt in the heating processes. 

They have vapor CO2 phases of 20–40% in volume, and their Tm, CO2 range from −61.2 to −56.4 °C, 

suggesting the presence of a small amount of other gases in the CO2 phase [63]. Their Tm, cla occur in 

the interval of 3.5–7.8°C, corresponding to salinities of 4.3–11.2 wt% NaCl eqv. They mostly 

homogenize to liquid at temperatures of 353–402 °C, with CO2 phases partially homogenizing to 

liquid or vapor, or by critical behavior at temperatures of 26.2–31.1 °C. The SW-type FIs have vapor 

bubbles of 15–60% in volume (Figure 9f), and mostly homogenize to liquid at temperatures of 

302–456 °C. The halite dissolution temperatures (Tm, halite) vary from 302 to 456 °C, corresponding to 
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salinities of 38.3–54.0 wt% NaCl eqv. The W-type FIs have vapor bubbles of 10–75% in volume, and 

homogenize to liquid or vapor at temperatures between 287 and 492 °C with yielding ice melting 

temperatures (Tm, ice) from −15.1 to −2.5 °C, corresponding to salinities of 4.2–18.7 wt% NaCl eqv.  

In stage II quartz veins, the C-type FIs have CO2 phases of 35–85% in volume (Figure 9d, e), and 

yield Tm, CO2 of −57.8 to −56.6 °C, suggesting the purity of the CO2 phase. Their Tm, cla occur in the 

interval of 3.7–8.9 °C, corresponding to salinities of 2.2–10.9 wt% NaCl eqv. They homogenize to 

liquid or vapor at temperatures between 254 and 375 °C. Their CO2 phases partially homogenize to 

liquid or vapor at temperatures (Th, CO2) between 23.9 and 29.3 °C. The SW-type FIs have vapor 

bubbles of 25–75% in volume (Figure 9e, g), and homogenize to liquid or vapor at temperatures of 

258–356 °C. Their Tm, halite vary from 175 to 287 °C, corresponding to salinities of 30.7–43.9 wt% NaCl 

eqv. The W-type FIs have vapor bubbles of 10–90% in volume (Figure 9d, e, g), and homogenize to 

liquid or vapor at temperatures between 241 and 385 °C with yielding Tm, ice from −10.4 to −1.5 °C, 

corresponding to salinities of 2.6–14.4 wt% NaCl eqv.  

In stage III quartz veins, the W-type FIs have vapor bubbles of 15–85% in volume (Figure 9h, i), 

and homogenize to liquid or vapor at temperatures between 165 and 294 °C with yielding Tm, ice from 

−6.1 to −0.7 °C, corresponding to salinities of 1.2–9.3 wt% NaCl eqv. 

7. Discussion 

7.1. Magmatic oxygen fugacity, petrogenesis and implications for mineralization 

The SAFG has high SiO2 (74.89–76.83 wt.%), total alkalis (K2O + Na2O = 8.17–8.81 wt.%) and low 

P2O5 (0.03–0.11 wt.%) contents (Table 4). It also has enriched HFSE (e.g. Nb, Ta, Zr and Hf) and REEs 

(except Eu), and obviously depleted Si, Ba, P, Ti and Eu (Figure 8c and d). These features indicate 

that the SAFG is a typical A-type granite [4]. This is also supported by the evidence that all the 

samples fall into A-type field on the discrimination diagrams of Whalen et al. [64] (Figure 12a) and 

plot in the within-plate-granite field on the diagram Y vs. Nb of Pearce et al. [65] (Figure 12b). 

Chondrite normalized REE patterns of the studied zircons show that they are depleted in LREE and 

enriched in HREE, and exhibit strong positive Ce anomalies (δCe = 1.22–275.99) and deep negative 

Eu anomalies (δEu = 0.1–0.38) (Figure 7), which are typical of unaltered magmatic zircons [21]. 

Positive Ce anomalies may be related to a relatively oxidized melt with favorable incorporation of 

Ce4+ while negative Eu anomalies may be resulted from plagioclase fractionation in magma 

composition [19,20]. Due to the close relationship between the Ce anomaly in zircon and the 

oxidation state of the melt from which the zircon crystallizes [19,20], zircon becomes a powerful 

indicator for the fO2 of magmas. A new calibration has been presented by Trail et al. [19,20] to 

determine the oxygen fugacity of magmatic melt based on the incorporation of cerium into zircon 

and Ti-in-zircon temperature, which can be expressed by the following empirical equation: 

               ( ) ( )
*
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where fO2 represents oxygen fugacity, and T is absolute temperature calculated by revised 

Ti-in-zircon thermometry. The Ce anomaly can be estimated by the following equation: 
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where CeN, LaN, and PrN are chondrite-normalized values for Ce, La, and Pr in zircon, respectively. 
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The lgfO2 values for the zircons of the inner phase and the outer phase are in the range of −21.3 

to −3.4 (average of −10.3) and −24.2 to −2.7 (average of −13.1), respectively, with corresponding 

ΔFMQ values of −8.4 to +10.6 (average of +3.1) and −9.4 to +10.6 (average of +0.7), respectively (Table 

2). By plotting the Ti-in-zircon temperatures and their logarithmic oxygen fugacities on T vs lg(fO2) 

diagram (Figure 12c) that can be divided by the curves of some specific mineral oxidation buffers 

such as magnetite-hematite (MH), fayalite-magnetite-quartz (FMQ), and iron-wustite (IW) into 

several oxygen fugacity fields [19], the data points of most zircons mainly fall beyond FMQ buffer 

(Figure 12c). The difference in the oxygen fugacity of both magmatic phases can be well explained by 

Oppenheimer et al. [66] that it is more favorable for the closed-system magma to preserve the deep 

oxidized signatures, suggesting that the parental magma of the SAFG has higher oxygen fugacity 

than that of the inner phase.  

 

Figure 12. (a) K2O+Na2O vs. 10000 Ga/Al discrimination diagram of Whalen et al. [64], I, S and M=I-, 

S-and M-type granites; (b) Y vs. Nb tectonic discrimination diagram of Pearce et al. [65]. 

VAG=volcanic arc granites, WPG=within plate granites, COLG=collisional granites, ORG=oceanic 

ridge granites; (c) Magmatic oxygen fugacity (fO2) of the Shanshenfu alkali-feldspar granite. 

Numerous studies suggest that the high magmatic oxygen fugacity is closely related to the 

nature of magma source regions [14,29,67]. Several petrogenetic models have been proposed for the 

origin of A-type granites, including (1) extreme fractional crystallization of mantle-derived tholeiitic 

or alkaline basaltic magma progenitors [6,68]; (2) low-degree partial melting of lower-crustal 

granulites with depletion of incompatible elements [69]; (3) anatexis of underplated I-type tonalitic 

crustal source [11,70,71]; and (4) hybridization between anatectic crustal and mantle-derived 

magmas, such as crustal assimilation and fractional crystallization of mantle-derived magmas, or of 

mixing between mantle-derived and crustal magmas [11,71,72]. The zircons of the SAFG exhibit high 

εHf(t) values (+ 6.0 to + 9.9) and young TDM2 (394 to 614 Ma) (Table 3), which is consistent with 

juvenile crustal sources. Thus, we can rule out the possibility of partial melting of lower-crustal 

granulites. The Ti-in-zircon temperatures of the SAFG can reach 721–990 °C, which reveals that the 

anatexis of underplated I-type tonalitic crust is unlikely to be the source because it cannot provide 

such high melting temperature for the formation of A-type granites [6,73,74]. Thus, extreme 

fractional crystallization from mantle-derived basaltic magma or hybridization between anatectic 

crustal and mantle-derived magmas may be the possible source and requires further discussion. 

The SAFG not only has similar U-Pb age and εHf(t) values to Late Carboniferous arc intrusions 

from the northern Inner Mongolia (Figure 13a, b), but also has the high oxygen fugacity similar to 

those of arc magmas that can range from FMQ to FMQ+6 [67]. The reason for the high oxygen 

fugacity of arc magmas is that the melted upper oceanic slab can make sulfur mainly in the form of 

sulfate and SO2 dissolved in magma (approximately 1.5%, [75]) and then deliver these volatile 

substances to the mantle wedge through the dehydration of oceanic slab [46]. Two discrimination 
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diagrams based on U/Yb ratio vs. Y and Hf content were proposed by Grimes et al. [24] to 

distinguish between zircons from continental crust, ocean crust, and the mantle (kimberlite 

megacrysts). In Figure 13c and d, most of the studied zircons plot in the field of ocean crust zircon 

and intesection field between continental zircon and ocean crust zircon. The evidences above 

suggust that arc-related juvenile crust may be an effective source of the SAFG. Although this magma 

source of A-type granites has been proposed by many previous studies [76−78], the nature of the 

magma source is controversial. Due to the absence of spatial and coeval associated alkaline mafic 

magmatism in the study area, alkali basaltic juvenile crust is not a suitable source for the SAFG. By 

contrast, the coexist of the Early Permian A- and I-type granites commonly occurs along the HHSZ 

[77,78]. Zhang et al. [77] and Yuan et al. [79] proposed that the Early Permian I-type granites near the 

central HHSZ were generated by partial melting of mantle-derived basaltic juvenile crust, whereas 

the coeval A-type granites originated from remelting of charnockitized juvenile crust. This 

interpretation has also been recognized by previous studies [80,81]. Therefore, the SAFG may be 

derived from the crustal assimilation and fractional crystallization of the charnockitized juvenile 

crust. Based on related studies conducted on hydrothermal deposits, the arc-related juvenile crust 

source and high magmatic oxygen fugacity of the SAFG are the two key factors resulting in 

hydrothermal mineralization: On the one hand, the magma source of the SAFG can supply enough 

H2O, SO2, CO2, and metals into the magma systems [27,28]; On the other hand, high magmatic 

oxygen fugacity of SAFG favors transmission of the chalcophile elements (e.g., Cu, Au, Ag) of the 

source region into the melt together with oxidized sulfur, rather than into the sulfides (reduced 

sulfur) [14,29,39], then these metal elements will be enriched in the fluid phases after magmatic 

fractional crystallization, consequently facilitating subsequent hydrothermal mineralization. 
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Figure 13. (a, b) Compilation diagram of εHf (t) vs U-Pb age of the Shanshenfu alkali-feldspar granite. 

The Hf isotopic evolution line of the Archean average crust with 176Lu/177Hf = 0.015 is after Griffin et 

al. [60]. The fields for Carboniferous arc intrusions from northern Inner Mongolia, Early Permian 

A-type granites from central Inner Mongolia and Late Permian to Early Triassic post-orogenic melts 

from northern Liaoning are from Chen et al. [37], Zhang et al. [77] and Zhang et al. [82], respectively. 

(c, d) U/Yb ratio vs. Y and Hf content diagrams of Grimes et al. [24] to discriminate between 

continental and oceanic crust zircon. Heavy lines indicate the lower limit of zircons from continental 

crust. 

7.2. The origin and evolution of ore-forming fluids 

At the Hongyan Cu-polymetallic deposit, various types of FIs including SC-, SW-, C- and 

W-type FIs can be observed in hydrothermal quartz. The distribution, homogenization temperatures 

and salinities of these FIs in each mineralization stage provide invaluable information on the nature 

and evolution of the ore-forming fluids. All these types of FIs can be observed in the stage I quartz, 

which suggests that these fluids belong to an H2O–CO2–NaCl system. These FIs yield high 

homogenization temperatures of 287 to 492 ℃ and high salinities of 38.3 to 54.0 wt% NaCl eqv (Table 

5). The presence of SC- and C-type FIs reveals considerable amounts of CO2 in the stage I (Figure 

9a–c). The occurrence of magnetite in the quartz−K-feldspar veins (Figure 4e) suggest high fO2 in this 

stage [14,19], which is further evidenced by the presence of SO2 in the CO2 phase of the SC-type FIs 

(Figure 10a). In conclusion, the fluids of the stage I are characterized by high temperature, high 

salinity, CO2-rich and relatively oxidizing. The above features suggest that the fluids in the stage I 

exsolved from granitic magmatism [83]. Apparently, the SAFG transferred large amounts of SO2, 

CO2 and metals into the early hydrothermal systems (Stage I) by magmatic fractional crystallization 

[27,28,39]. The precipitation of minor magnetite in the stage I generally facilitates the subsequent 

precipitation of ore-forming fluids [29]: The decrease of Fe3+ content in the fluids caused the 

conversion of oxidized sulfur to reduced sulfur, which led to the initial precipitation of metal 

elements due to the decrease of fO2. However, most of the sulfur within the stage I was present as 

oxidized sulfur due to the high oxygen fugacity, which led to the occurrence of minimal 

mineralization in this stage. The homogenization temperatures (241–385 °C) and salinities (2.2–43.9 

wt% NaCl eqv) of FIs in the stage II are obviously lower than those of the stage I (Figure 11), which 

suggests that the hydrothermal system is cooled down due to mixtures of magmatic and meteoric 

fluids. Moreover, the coexistence of high salinity S-type FIs and low salinity C-type FIs can be 

observed in this stage (Figure 9e), and their homogenization temperatures are similar, which 

indicate intensive fluid immiscibility or boiling corresponding to the decrease of pressure and 

temperature. Fluid immiscibility results in a loss of volatile such as CO2 and SO2 [84,85], which is 

evidenced by the disappearance of SC-type FIs in the stage II quartz veins. Such degassing of 

oxidized gas increases the reducibility of the ore-forming fluids, which is considered as a key 

process responsible for sulfide precipitation [14]. The superposition of multiple factors including the 

hydrothermal fluid cooling, fluid immiscibility, CO2 escape and decrease of fO2 is the key cause of 

sulfide precipitation and intense Cu-Au mineralization in the stage II quartz–polymetallic sulfide 

veins. With the addition of large volumes of meteoric water, the CO2 content, temperature and 

salinity of hydrothermal fluids dramatically decreased, consequently the stage III quartz contains 

only low homogenization temperatures (164–294 °C) and salinities (1.2–9.3 wt% NaCl eqv) of 

W-type FIs (Table 5), and the effects of primary magmatic fluids can be ignored. The barren 

mineralization in this stage are resulted from consumption of most metal elements in the earlier 
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stage and the addition of large volumes of meteoric water. Accordingly, the petrological,  

microthermometric and laser Raman microspectroscopic results above indicate that the fluid system 

changed from the initial high temperature, high salinity, high fO2 and CO2-rich 

magmatic-hydrothermal fluids of stage I to CO2-poor, dilute, and cooling meteoric fluids of stage III.  

7.3. Geodynamic implication       

It has been recognized that A-type granites can be formed in a variety of extensional regimes, 

such as continental back-arc extension, post-collisional extension or within-plate settings [2,86]. Eby 

[2] divided the A-type granites into A1 and A2 groups. The A1 group is emplaced in anorogenic 

settings such as plumes, hotspots or continental rift zones. The A2 group is related to a cycle of 

subduction-zone or continent-continent collision magmatism in crust and emplaced in a variety of 

tectonic settings. In our study, all granite samples of the SAFG mainly fall in the A2 field on the 

Nb-Y-3Ga diagram of Eby [2] (Figure 14a), and plot in the post-orogenic extension setting on the R2 

versus R1 diagram of Batchelor and Bowden [87] (Figure 14b), which suggests that the SAFG seems 

to form in a similar post-orogenic extension setting to the coeval counterparts along the HHSZ 

during the Permian [4,77,88]. The latest research suggests that the emplacement of the Hegenshan 

ophiolite should have happened before the Early Permian, most likely between 300 Ma and 335 Ma 

[89,90]. Meanwhile, the Permian and Carboniferous submarine turbidite strata with predominant 

magmatic arc source exsists along the HHSZ [91]. This suggests that the ocean along the 

Hegenshan-Heihe was closed during the Late Carboniferous. However, the last Paleo-Asian ocean 

was not closed along the HHSZ during the Late Carboniferous but closed along the Solonker-Xra 

Moron-Changchun suture during the Late Permian–Early Triassic [92]. This is well evidenced by 

Late Permian to Early Triassic post-orogenic magmatic rocks form belts along the Solonker-Xra 

Moron-Changchun suture [11,72]. The SAFG together with the other Permian A2-type granites 

[3,4,7–10] are commonly coexistence with the Carboniferous calc-alkaline I-type magmatism along 

the HHSZ [37]. The increase in granitoid alkalinity with time indicates the tectonic transition from an 

earlier arc setting to a later extensional setting [93]. Taking into account the fact that the Permian 

A2-type granites (260–300 Ma) are strikingly sparse and small in volume, and show a NE-trending 

migration together with the widespread occurrence of Permian volcanic rocks of island arc affinity 

and Late Permian terrestrial sediments along the HHSZ [4], we propose the post-collisional slab 

break-off process along the HHSZ during the Permian [71,94] that not only terminates a prolonged 

northward subduction of the Paleo-Asian ocean, but also heralds the amalgamation between the 

Songliao terrane and the Liaoyuan terrane along the Ondor Temple-Xar Moron suture zone. 

Meanwhile, Such tectonic setting is also compatible with the high temperature, high salinity, 

CO2-rich, and relatively oxidizing magmatic fluids in the Hongyan Cu-polymetallic deposit [83,95]. 

The age of mineralized A-type granite in the Hongyan Cu-polymetallic deposit is consistent with the 

mineralized A-type granites in the southwestern part of the HHSZ [10], which suggests that these 

A-type granites associated with mineralization are formed in the same extension setting. During the 

Permian, the HHSZ was characterized by post-collisional extensional tectonism with the slab 

break-off, which not only causes upwelling of asthenospheric mantle and result in partial melting of 

the overlying lithospheric mantle and the juvenile arc crust [77], but also provides the thermal flux to 

form some narrow extensional magmatic passages, subsequently followed by A-type magmatism 

with mineralization potential along the HHSZ. Thus, the Permian A-type granites with arc-related 
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juvenile crustal source and high fO2 along the HHSZ have great potential for prospecting related 

hydrothermal deposits, and need more attention in future exploration. 

 

Figure 14. (a) Nb-Y-Ga ternary diagram of Eby [2]; (b) R2 (=6Ca+2Mg+Al) vs. R1 

(=4Si–11(Na+K)–2(Fe+Ti)) diagram of Batchelor and Bowden [87].  

8. Conclusions 

Based upon geochronological, geochemical and fluid inclusion studies in the Hongyan 

Cu-polymetallic deposit, the following conclusions can be drawn: 

(1) LA-ICP-MS U-Pb zircon dating shows that the inner phase and outer phase of the SAFG was 

formed at 299 ± 1 Ma and 298± 1 Ma, respectively, which indicates that the SAFG was formed in the 

Early Permian. 

(2) The SAFG is a typical A-type granite with high magmatic oxygen fugacity that may be 

derived from the crustal assimilation and fractional crystallization of the charnockitized juvenile 

crust. 

(3) The early ore-forming fluids (stage I) in the Hongyan Cu-polymetallic deposit are the initial 

high temperature, high salinity, high fO2 and CO2-rich magmatic-hydrothermal fluids derived from 

magmatic fractional crystallization of the SAFG, and then evolved into the later CO2-poor, dilute, 

and cooling meteoric fluids (stage III). 

(4) Combined with regional geological background, we propose that the SAFG was formed in 

post-collisional extensional tectonism with the slab break-off. In future exploration for prospecting 

hydrothermal deposits along the HHSZ, the Permian A-type granites with arc-related juvenile 

crustal source and high fO2 have great potential and need more attention. 
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