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ABSTRACT 16 

Northeastern China is an important Mo resource region in China, with more than 80 17 

Mo deposits and occurrences. The Huojihe deposit located in the Lesser Xing’an Range 18 

represents one of the many Mesozoic porphyry Mo deposits in NE China, and has been 19 

selected for further investigation attempting to clarify the possible mechanisms 20 

controlling Mo mineralization. In this study, accessory minerals including zircon and 21 

apatite from the causative intrusions (biotite monzogranite and granodiorite) have been 22 

analyzed to reveal their chemical and isotopic compositions, which provide insights into 23 

the nature of the source magmas and a better understanding of the factors affecting their 24 

mineralization potential. 25 

Zircon U-Pb dating shows that the biotite monzogranite from the Huojihe deposit 26 

formed at 181.6 ± 0.6 Ma, which is identical to the previously reported molybdenite 27 

Re-Os age (~181 Ma), indicating that the intrusion is probably genetically related to the 28 

Mo mineralization. The intrusion samples share homogeneous geochemical and Sr-Nd 29 

isotopic compositions, with initial 87Sr/86Sr ratios of 0.7072–0.7075 and slightly negative 30 

εNd(t) values from -2.3 to -1.4, reflecting a uniform magma source. The least-altered 31 

apatites show similar (or slightly enriched) initial 87Sr/86Sr ratios (0.7080–0.7108) and 32 

εNd(t) values (-4.0 to -1.8), whereas the hydrothermally altered apatites are characterized 33 

by significantly higher initial 87Sr/86Sr ratios (0.7091–0.7119) and more negative εNd(t) 34 

values (-4.9 to -4.4), probably due to the interaction between the hydrothermal fluids and 35 

wall rocks. The zircon εHf(t) values vary from -0.9 to 1.7, corresponding to a restricted 36 

range of TDM2 ages from 1279 to 1120 Ma. The Sr-Nd-Hf isotope results suggest that the 37 

primary magmas associated with the Mo mineralization could be generated from a 38 
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dominantly Mesoproterozoic lower crust source, with rare contribution from the depleted 39 

mantle. The low Ga and Ce and high Eu contents in the magmatic apatite demonstrate 40 

that the original magmas have a relatively high oxygen fugacity, which is also supported 41 

by the high zircon CeN/CeN* (22–568) and EuN/EuN* (0.38–0.71) values. 42 

Estimates of absolute sulfur concentrations in the mineralization-related melt using 43 

available partitioning models for apatite return relatively low magmatic sulfur 44 

concentrations in Huojihe (20–100 ppm), indistinguishable from those of larger or 45 

smaller deposits or even barren magmatic bodies. Using the sulfur concentration data, a 46 

minimum volume of 10–50 km3 magma has been suggested to be necessary to produce 47 

the Huojihe Mo deposit based on mass balance modelling. Besides, the Mo concentration 48 

in the original magma have also been roughly estimated based on the magma size (10–50 49 

km3) and the contained Mo in Huojihe (0.275 Mt). The magmatic Mo concentrations 50 

(2–10 ppm) are similar to many other porphyry Mo systems (e.g., the Climax-type 51 

porphyry Mo deposits), and are also comparable to subeconomic to barren magma 52 

systems. This study suggests that pre-degassing enrichments of Mo and S in the original 53 

magma is not necessarily important in the formation of the Huojihe Mo deposit; rather, 54 

factors other than melt composition may be more critical in forming a porphyry Mo 55 

deposit. This understanding might also apply to other porphyry Mo mineralized systems 56 

worldwide. 57 

Keywords: Apatite and zircon geochemistry, magmatic S and Mo contents, 58 

mineralization mechanism, Huojihe porphyry Mo deposit, NE China 59 

60 
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INTRODUCTION 61 

In the past decade, more than 80 porphyry Mo deposits have been discovered in NE 62 

China, resulting in a total Mo metal resource of >11.4 Mt (Shu et al. 2016; Chen et al. 63 

2017). These deposits are generally characterized by high abundances of Mo with little or 64 

no Cu. Many of them have Jurassic to Early Cretaceous ages and have been suggested to 65 

be related to magmatic events during the subduction or subsequent slab rollback of the 66 

Paleo-Pacific oceanic plate (Wu et al. 2011; Ouyang et al. 2013; Shu et al. 2016; Zhai et 67 

al. 2018). However, to date it is still unclear what factors have controlled the large-scale 68 

Mesozoic porphyry Mo mineralization in this region. Whether there is any inherent Mo 69 

enrichment of the source region and/or any pre-degassing magma processes leading to 70 

high-Mo melts remains enigmatic. In recent years, melt inclusion compositional studies 71 

of the Climax-type porphyry Mo deposits from North America have demonstrated that 72 

the Mo-related magmas do not contain more Mo than any other magmas in subeconomic 73 

or barren systems, and therefore a Mo-rich magma is not necessarily required to form an 74 

economic Mo deposit (e.g., Audétat 2010, 2015; Lerchbaumer and Audétat 2013; Mercer 75 

et al. 2015; Audétat and Li 2017; Zhang and Audétat 2017a, b). However, no melt 76 

inclusion has been recognized in the porphyry Mo deposits in NE China, which hampers 77 

the understanding of the Mo concentrations of the causative melts. 78 

Zircon and apatite are common magmatic accessory minerals resistant to weathering 79 

and weak hydrothermal alteration (Belousova et al. 2002a, b; Cook et al. 2016); therefore 80 

magmatic zircon and apatite can preserve considerable physicochemical information of 81 

their equilibrium magmas (e.g., Watson 1980; Ballard et al. 2002; Piccoli and Candela 82 

2002; Mathez and Webster 2005; Dilles et al. 2015; Pan et al. 2016; Azadbakht et al. 83 
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2018). For example, zircon Hf and apatite Sr-Nd isotopic compositions have been widely 84 

used to trace magma source (e.g., Zhao et al. 2015; Zeng et al. 2016), Ce and Eu 85 

anomalies of zircon and apatite have been used to quantify magma oxidation state (e.g., 86 

Ballard et al. 2002; Cao et al. 2012; Chelle-Michou et al. 2014; Dilles et al. 2015; Lu et al. 87 

2016; Pan et al. 2016; Shu et al. 2019), while halogens and sulfur contents of magmatic 88 

apatite are important indicators for evaluating magma fertility (e.g., Pan and Fleet 2002; 89 

Coulson et al. 2001; Chelle-Michou et al. 2017; Richards et al. 2017; Zhu et al. 2018). 90 

The Huojihe Mo deposit is a typical porphyry deposit in the Lesser Xing’an Range, 91 

NE China, with 0.275 Mt Mo at an average grade of 0.07% (Tan et al. 2013). In this 92 

paper, systematic element and isotopic compositions have been analyzed in apatite and 93 

zircon from the granitic intrusions related to the Mo mineralization in Huojihe. Zircon Hf 94 

and apatite (and also whole rock) Sr-Nd isotopes were used to reveal the magma source 95 

regions, while the elemental compositions of both minerals have provided insights into 96 

the nature of the ore-forming magmas. The results from this study are helpful in 97 

understanding the possible factors controlling the Mo mineralization in Huojihe, and 98 

probably in other porphyry Mo deposits in NE China and worldwide. 99 

 100 

GEOLOGICAL BACKGROUND 101 

Northeastern China is located within the east portion of the Central Asian Orogen 102 

Belt, which lies between the Siberian and North China cratons (Sengör and Natal’in 1996; 103 

Wu et al. 2011). Northeastern China has undergone two major stages of evolution under 104 

different tectonic regimes. During the Paleozoic, amalgamation of several 105 

micro-continent blocks, including Erguna, Xing’an, Songliao, and Liaoyuan terranes 106 
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from north to south, occurred as a consequence of the subduction and closure of the 107 

Paleo-Asian ocean. Later in the Mesozoic, this region was dominated by the 108 

Paleo-Pacific subduction in the east, resulting in intense magmatism and metal 109 

mineralization (Fig. 1a; Wu et al. 2011; Ouyang et al. 2013; Shu et al. 2016; Chen et al. 110 

2017; Deng et al. 2017). 111 

The Lesser Xing’an Range lies in the north part of the Songliao terrane in NE China 112 

(Fig. 1a). Strata outcropping in this region include Paleozoic volcanic and metamorphic 113 

rocks (Yang et al. 2012; Zhang et al. 2017), Mesozoic volcanic rocks, and Quaternary 114 

sediments. The regional structures are characterized by faults striking NNW and NE, with 115 

the NE-striking Yitong-Yilan Fault crosscutting the NNW-striking Mudanjiang Fault (Fig. 116 

1a, b). Phanerozoic granitic intrusions are widespread in the region (Fig. 1b). The 117 

Mesozoic granitoids cover most areas of the Lesser Xing’an Range, while Paleozoic 118 

intrusions are less abundant. Many porphyry, skarn, and epithermal deposits with 119 

Mesozoic ages in this area are genetically associated with these granitic intrusions (e.g., 120 

Hu et al. 2014, 2019; Deng and Wang 2016; Shu et al. 2016; Chen et al. 2017; Zhang et al. 121 

2017; Chen and Zhang 2018; Fei et al. 2018). 122 

   The Huojihe porphyry Mo deposit is located in the north segment of the Lesser 123 

Xing’an Range, which occupies an area of ~9 km2. The deposit is composed of two 124 

mineralization zones, including a dominant eastern section and a subordinate western 125 

section, which are separated by a NNW-trending fault (Fig. 2a). In the Huojihe mining 126 

area, in addition to the granitic intrusions, the intermediate-acidic volcanic rocks are the 127 

only exposed rocks belonging to the middle Permian Wudaoling Formation (Fig. 2a). The 128 

granitic intrusions are dominated by biotite monzogranite and granodiorite with minor 129 
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alkali-feldspar granite (Fig. 2a, b). The biotite monzogranite and granodiorite are the 130 

major host to the orebodies (Fig. 3). The biotite monzogranite is generally composed of 131 

quartz (~30%), plagioclase (~25%), K-feldspar (~30%), biotite (~13%), and accessory 132 

minerals including apatite, zircon, and titanite (~2%; Fig. 3b, c, d). The granodiorite is 133 

composed of quartz (~20%), plagioclase (~50%), K-feldspar (~15%), biotite (~10%), 134 

amphibole (~3%), and also minor accessory minerals (~2%, apatite, zircon, and titanite; 135 

Fig. 3a, e). 136 

Hydrothermal alteration types are widely developed in the Huojihe deposit and 137 

commonly overlap. Several major alteration styles can be identified in the granitic 138 

intrusions, including potassic, phyllic, propylitic, and to a lesser extent, argillic alteration. 139 

The potassic alteration is pervasive and closely related to the Mo mineralization. It is 140 

represented by quartz-molybdenite veins with K-feldspar halos (Fig. 3c, e). The potassic 141 

alteration is commonly overprinted by later phyllic alteration. A total of 37 economic 142 

orebodies have been discovered in Huojihe, and most of the ores occur as veins, breccias, 143 

or disseminated in the intrusions. Ore minerals are dominated by molybdenite with some 144 

chalcopyrite and pyrite (Fig. 3). 145 

 146 

SAMPLES AND METHODS 147 

Samples 148 

Samples of the granitic intrusions were collected from several typical drill cores of 149 

the prospecting line 7 (i.e., the A-A’ line in Fig. 2). Three biotite monzogranite samples 150 

and one granodiorite sample were selected for apatite geochemical and Sr-Nd isotopic 151 
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analyses, one biotite monzogranite sample was selected for zircon U-Pb dating, Hf 152 

isotope, and trace element analyses, and four samples (including two biotite 153 

monzogranite and two granodiorite samples) were collected for whole rock compositional 154 

and Sr-Nd isotopic analyses. 155 

Whole rock compositions and Sr-Nd isotopic analyses 156 

The granitic samples used for whole rock compositional and Sr-Nd isotopic analyses 157 

were first washed and trimmed to remove weathered surfaces; the fresh portions were 158 

crushed and pulverized to 200 mesh. Whole rock major and trace elements were 159 

measured at the Geochemistry Lab in China University of Geosciences, Beijing. Contents 160 

of major elemental oxides were analyzed using a Leeman Prodigy inductively coupled 161 

plasma-optical emission spectroscopy (ICP-OES) of a fused bead dissolved in nitric acid, 162 

and the analytical precisions for most major elements were better than 1% after repeated 163 

measurements of rock reference standards GSR-1, GSR-3 (National Geological Standard 164 

Reference Materials of China), and AGV-2 (US Geological Survey). Loss on ignition 165 

(LOI) was determined after heating the samples at 1000 °C for several hours before being 166 

cooled in a desiccator and reweighed. Trace elements were measured by an 167 

Agilent-7500a inductively coupled plasma-mass spectrometry (ICP-MS) of a fused bead 168 

digested in nitric acid, yielding an analytical uncertainty of <5% for most of the elements. 169 

The standards GSR-1and AGV-2 were also used to monitor the analytical accuracy. 170 

For whole rock Sr-Nd isotopes, 150–200 mg of the rock powders were dissolved in 171 

a mixture of HNO3 + HF under 80 °C for seven days. Rb, Sr, Sm, and Nd were separated 172 

and purified via a second cation-exchange column at the Key Laboratory of Orogenic 173 

Belts and Crustal Evolution, Peking University. Sr-Nd isotopic analyses were carried out 174 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/inductively-coupled-plasma-mass-spectrometry
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/inductively-coupled-plasma-mass-spectrometry
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using a Thermo-Finnigan TRITON thermal ionization mass spectrometer (TIMS) by the 175 

isotope dilution method at the Tianjin Institute of Geology and Mineral Resources, China 176 

Geological Survey, following the analytical procedures described by Liu et al. (2017). 177 

Standards NBS-987 and LRIG were used as the reference materials for Sr and Nd, 178 

respectively, whereas the reference material BCR-2 (Columbia River Basalt 2) was used 179 

to monitor the analytical accuracy. The mass fractionation was corrected by normalizing 180 

the measured 87Sr/86Sr and 143Nd/144Nd ratios against 86Sr/88Sr ratio of 0.1194 and 181 

146Nd/144Nd ratio of 0.7219, respectively. The analytical errors were <1% for Rb and Sr, 182 

and <0.5% for Sm and Nd. The decay constant of 87Rb used to calculated the initial Sr 183 

isotopic ratios is 1.42×10−11 year−1, and that of 147Sm used to calculated the model ages 184 

and εNd(t) is 6.54×10−12 year−1. All the data reduction was performed using the method 185 

described in Jahn et al. (1996), while the two-stage Nd model ages were calculated 186 

following the same assumption by Keto and Jacobsen (1987). 187 

Apatite and biotite geochemical analyses 188 

Optical microscopic cathodoluminescence (OP-CL) images of apatite were taken on 189 

polished thick sections using a Cambridge Image Technology cold CL unit model Mk5 190 

mounted on a petrographic microscope at the Faculty of Earth Resources, China 191 

University of Geosciences, Wuhan. Apatite and biotite major element compositions were 192 

determined by electron microprobe using a JXA-8230 superprobe equipped with 193 

wavelength-dispersive spectrometers at the Center of Material Research and Analysis, 194 

Wuhan University of Technology, China. The minerals were analyzed under an 195 

accelerating voltage of 15 kV and a probe current of 20 nA. The beam spot diameter was 196 

5 μm and the average detection limits for each element were 0.01%. The analyzed 197 
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elements include F, Na, Mg, Al, Si, P, S, Cl, Ca, Ti, Mn, and Fe. In order to minimize the  198 

effects of EPMA-operating conditions on the halogen intensities, the apatite grains 199 

oriented with the c-axis parallel to the incident electron beam were preferentially selected 200 

for analysis (e.g., Stormer et al.1993; Pyle et al. 2002; Goldoff et al. 2012; Stock et al. 201 

2015), and F, Cl and Ca were measured first with shorter counting times of 10 s for peak 202 

after 5 s for background, whereas the rest more stable elements were analyzed 203 

subsequently with longer counting times on a peak/background of 30/15 s. The standards 204 

include fluorite for F, albite for Na, chrome-diopside for Mg, garnet for Al, almandine for 205 

Si, fluorapatite for P and Ca, barite for S, tugtupite for Cl, rutile for Ti, rhodonite for Mn 206 

and hematite for Fe. The chemical formula for apatite was calculated following the 207 

method proposed by Ketcham (2015). 208 

Trace elements in apatite were measured by laser ablation-inductively coupled 209 

plasma-mass spectrometry (LA-ICP-MS) on polished sections at the Ore Deposit and 210 

Exploration Centre, Hefei University of Technology. The analyses were carried out on an 211 

Agilent 7900 ICP-MS instrument, which was coupled to a Cetac Analyte HE 212 

laser-ablation system. Each analysis was performed by a uniform spot size diameter of 30 213 

μm at 7 Hz with an energy of ~4 J/cm2 for ~40 s after measuring the gas blank for ~20 s. 214 

Argon was used as the make-up gas and mixed with the carrier gas He via a T-connector 215 

before entering the ICP (Wang et al. 2017). Ca was used as the internal standard, whereas 216 

external standard materials include NIST 610, NIST 612, and BCR 2G, which were run 217 

after each 10 unknowns. The detection limits were calculated for each element in each 218 

spot analysis. The off-line data processing was performed using the program 219 

ICPMSDataCal (Liu et al. 2008). The analytical uncertainties were generally lower than 220 
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10% for most of the trace elements. 221 

Apatite Sr-Nd isotope analyses 222 

In situ Sr and Nd isotopic analyses of apatite were carried out using 223 

multiple-collector-inductively coupled plasma-mass spectrometry (MC-ICP-MS; Neptune 224 

Plus) connected with a Newwave 213-nm laser ablation system. Helium was used as the 225 

carrier gas to transport the ablated materials, which was then mixed with purified argon 226 

and nitrogen before entering the ICP torch. Data acquisition was composed of ~20 s 227 

ablation for Sr and ~30 s for Nd, both after ~10 s background measurement, using spot 228 

sizes of 80 μm at a repetition pulse rate of 10 Hz and energy density of 15 J/cm2. All the 229 

Sr and Nd isotopic compositions were calibrated against the reference material Durango 230 

(Foster and Vance 2006). The analytical uncertainties were <0.015% for 87Sr/86Sr and 231 

<0.005% for 143Nd/144Nd. Apatite Sr-Nd isotopic data reduction was performed using the 232 

same methods for the whole rock samples mentioned above. 233 

Zircon U-Pb dating, trace element, and Hf isotope analyses 234 

Single zircon grains analyzed in this study were separated from rock samples using 235 

heavy liquid and magnetic methods, followed by handpicking under a binocular 236 

microscope. Zircon grains were mounted in an epoxy block, polished, and examined 237 

using cathodoluminescence (CL) images to choose suitable targets for in situ elemental 238 

and isotopic analyses. 239 

Zircon U-Pb dating and trace element analyses were conducted synchronously using 240 

LA-ICP-MS in the Institute of Geology, Chinese Academy of Geological Sciences, 241 

Beijing. An Agilent 7900 ICP-MS coupled with an NWR 193UC laser ablation system was 242 
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used, and the analyses were performed using 30 μm diameter spot at 5 Hz repetition rate 243 

and 2.3 J/cm2 laser fluence. The zircon 91500 and NIST610 standards were used as the 244 

primary reference materials, while the GJ-1 and Plešovice were used for data quality 245 

assessment. The data reduction was conducted using the Iolite software package (Paton et 246 

al. 2010) and the weighted mean 206Pb/238U age was calculated using the Isoplot 3.0 247 

program (Ludwig 2003). 248 

In situ zircon Hf isotopic analysis was subsequently determined using a 249 

MC-ICP-MS (Thermo Fisher Neptune Plus) equipped with a femtosecond ASI J200 laser 250 

ablation system at the National Research Center of Geoanalysis in Beijing. The laser 251 

fluence on the sample surface was ~7 J/cm2, the repetition rate was 10 Hz, and the 252 

resulting craters were approximately 40 × 20 μm. The Plešovice zircon standard was used 253 

for data calibration with recommended 176Hf/177Hf ratios of 0.282482. The isobaric 254 

interference of 176Yb and 176Lu on 176Hf was corrected following Fisher et al. (2014). The 255 

decay constant for 176Lu (1.865×10−11 year−1) proposed by Scherer et al. (2001) and the 256 

present-day chondritic ratios (176Hf/177Hf = 0.282772 and 176Lu/177Hf = 0.0332) from 257 

Blichert-Toft and Albarède (1997) were adopted to calculate the εHf(t) values. The 258 

single-stage model ages (TDM1) were calculated relative to the depleted mantle with a 259 

present day 176Hf/177Hf ratio of 0.28325 and 176Lu/177Hf of 0.0384 (Vervoort and 260 

Blichert-Toft 1999), while the two-stage Hf model ages (TDM2) were calculated on the 261 

assumption that the parent magma was produced from average continental crust with 262 

176Lu/177Hf = 0.015 (Griffin et al. 2000). 263 

 264 

RESULTS 265 
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Whole rock Analysis 266 

Whole rock geochemistry. Whole rock geochemical compositions for the granitic 267 

samples from the Huojihe deposit are listed in Appendix 1. These intrusions have 268 

relatively homogeneous major element compositions, including SiO2 (66.86 to 68.61 269 

wt %; n = 4), P2O5 (0.09 to 0.13 wt %), Al2O3 (15.14 to 15.42 wt %), and Na2O + K2O 270 

(7.07 to 7.75 wt %). All the samples show typical enrichment of light rare earth elements 271 

(LREEs) and depletion of heavy rare earth elements (HREEs) (Appendix 2). They are 272 

moderately fractionated, yielding LREE/HREE ratios of 10.97–14.02 and (La/Yb)N ratios 273 

of 12.32–18.78 (Appendix 1). 274 

Whole rock Sr-Nd isotopes. Whole rock Sr-Nd isotopic compositions of the intrusive 275 

rocks are presented in Appendix 3 and plotted in Fig. 4. The initial Sr isotopic ratios 276 

(87Sr/86Sr)i and εNd(t) values have been calculated on the basis of the obtained zircon 277 

U-Pb ages (181.6 Ma; details shown below) of the biotite monzogranite from this study. 278 

The uniform initial Sr isotope ratios range from 0.7072 to 0.7075 and the εNd(t) values 279 

range from -2.3 to -1.4, corresponding to two-stage Nd model ages of 1151–1081 Ma. 280 

Apatite 281 

Apatite petrography. Previous studies have documented that magmatic apatites can be 282 

partially or completely altered by hydrothermal fluids, which is a common process during 283 

the porphyry-type mineralization (e.g., Harlov and Förster 2003; Harlov 2015; Bouzari et 284 

al. 2016). In this study, careful petrographic observation has revealed two types of apatite 285 

in the Huojihe deposit: unaltered magmatic apatite (Apm) and hydrothermally altered 286 

apatite (Aph). 287 
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Apm is common in the Huojihe granitic samples as an accessory mineral, which 288 

often occurs as inclusions in biotite and to a lesser extent, in plagioclase (Fig. 5a-e), or 289 

else, as microphenocrysts in the groundmass. It is euhedral to subhedral, inclusion-free 290 

and transparent, with sizes ranging mainly from 50 to 350 μm. It is bright and 291 

homogeneous under back-scattered electron (BSE) imaging and often shows obvious 292 

oscillatory and/or core-rim textures (Fig. 5g, h). In OP-CL images, it often displays a 293 

homogeneous yellow-green luminescence (Fig. 5e, f). 294 

Aph often partly or even completely replaces the magmatic apatite (Fig. 5b-e, h, i). 295 

The Aph grains commonly have irregular crystal shapes and inhomogeneous patches (Fig. 296 

5b, c). Under BSE imaging, they exhibit apparently darker color than the unaltered 297 

magmatic cores (Fig. 5h), and pitted surfaces with visible voids and mineral inclusions, 298 

including monazite (Fig. 5i). In addition, they often show a typical unbalanced bright 299 

yellow-white luminescence (Fig. 5e). 300 

Apatite major and trace element compositions. The compositions of the analyzed 301 

apatite, including both magmatic and altered grains, are listed in Appendix 4. Generally, 302 

the Apm grains have 41.22–43.35 wt % P2O5, 53.96–56.28 wt % CaO, 0–0.05 wt % MgO 303 

and 0–0.39 wt % FeO. The Na2O, Al2O3, and TiO2 contents are mostly close to or below 304 

the detection limits, and when detected are 0–0.34 wt %, 0–0.03 wt %, and 0–0.18 wt %, 305 

respectively. The Aph has lower MnO concentrations (average 0.15 wt % MnO or 0.020 306 

apfu Mn, where apfu refers to atoms per formula unit) than Apm (0.28 wt % MnO or 307 

0.039 apfu Mn; Fig. 6a, e). Compared with the Apm (0.01–0.12 wt % or 0.003–0.035 apfu 308 

Cl). Aph also contains lower Cl (0.01–0.06 wt % or 0.002–0.016 apfu Cl; Fig. 6b). The 309 

SO3 concentrations in Apm vary from 0.01 to 0.61 wt %, which vary from 0.04 to 0.50 310 
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wt % in Aph. The Aph has lower average concentrations of Y (344 ppm on average), Ce 311 

(1160 ppm), and Nd (371 ppm) than the Apm (552 ppm Y, 1385 ppm Ce, and 525 ppm Nd; 312 

Fig. 6c, d). The total REE concentrations (2734 ppm on average) of the Aph are also 313 

lower than that of the Apm (3413 ppm on average). The calculated Eu anomaly (δEu = 314 

EuN/sqrt(SmN × GdN), where “N” indicates chondrite-normalized values) and Ce anomaly 315 

(δCe = CeN/sqrt(LaN × PrN) of Apm range from 0.14 to 1.50 and 0.89 to 1.11, respectively. 316 

The XF/XOH and XF/XCl ratios (XF, XCl, and XOH are the mole fractions of F, Cl, and OH, 317 

respectively) of Apm are 3.44–94.78 and 48.62–587.0, respectively. 318 

Apatite Sr-Nd isotopes. The Sr and Nd isotopic compositions of apatite are listed in 319 

Appendix 4 and plotted in Fig. 4. The Apm (87Sr/86Sr)i values (calculated using the zircon 320 

U-Pb age 181.6 Ma) range from 0.7080 to 0.7108, whereas the Aph (87Sr/86Sr)i values are 321 

slightly higher, ranging from 0.7091 to 0.7119. The 147Sm/144Nd and 143Nd/144Nd ratios of 322 

Apm are 0.0846–0.1885 and 0.51235–0.51244, respectively, whereas for the Aph, the 323 

ratios are 0.0756–0.1571 and 0.51226–0.51234, respectively. Aph has slightly more 324 

negative εNd(t) values ranging from -4.9 to -4.4 than the Apm (-4.0 to -1.8); the latter has a 325 

two-stage Nd model age range between 1283 and 1110 Ma. 326 

Zircon 327 

Zircon U-Pb ages. Typical CL images of the zircon grains are shown in Fig. 7 and the 328 

U-Pb dating results are summarized in Appendix 5. Zircon crystals from the biotite 329 

monzogranite are euhedral and display typical magmatic oscillatory zoning under CL 330 

imaging (Fig. 7b), with U/Th ratios varying from 1.0 to 2.9 (Appendix 5). All these 331 

features suggest that these zircons have a magmatic origin and the U-Pb ages can 332 

therefore represent the timing of magma emplacement. The weighted mean 206Pb/238U 333 
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age is 181.6 ± 0.6 Ma (MSWD = 2.0, n = 31, Fig. 7a), which is interpreted to be the 334 

crystallization age of the biotite monzogranite. 335 

Zircon trace elements. Zircon trace element compositions are listed in Appendix 5. The 336 

Ce and Eu contents are 9.40–69.90 ppm and 0.28–30.13 ppm, respectively. The zircon Eu 337 

anomaly (EuN/EuN* = EuN/sqrt(SmN × GdN)) range from 0.38 to 0.71 (Fig. 8c). The 338 

zircon Ce anomaly (CeN/CeN*) is difficult to calculate reliably given the fact that the La 339 

and Pr contents in zircons from the Huojihe biotite monzogranite are extremely low and 340 

some are even below the detection limits (Appendix 5). We alternatively calculate the Ce 341 

anomaly following the proposed equation CeN* = NdN
2/SmN by Loader et al. (2017). 342 

Here the obtained zircon CeN/CeN* ratios range from 22 to 568. In addition, the zircon 343 

Mo concentrations have also been obtained during analysis, varying from 0.15 to 0.33 344 

ppm (Fig. 9). 345 

Zircon Hf isotopes. The zircon grains for U-Pb dating were subsequently used for Hf 346 

isotopic analyses. Zircon Hf isotope results are listed in Appendix 5 and illustrated in Fig. 347 

10. These zircons yield 176Hf/177Hf ratios from 0.282639 to 0.282708 and calculated εHf(t) 348 

values from -0.9 to 1.7 (Fig. 10), corresponding to TDM2 ages ranging between 1279 and 349 

1120 Ma, in good agreement with the above whole-rock and apatite two-stage Nd model 350 

ages. 351 

Biotite 352 

Igneous biotite phenocrysts, which host apatite inclusions, were analyzed in this 353 

study. The measured biotite compositions were used to estimate biotite crystallization 354 

temperatures following the method of Henry et al. (2005) and the results can be found in 355 

Appendix 6. The Mg mole fractions (XMg = molar Mg/(Mg + Fe)) of the biotite vary 356 
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between 0.61 and 0.77, while the numbers of atoms per formula unit of Ti calculated on 357 

the basis of 22 O atoms vary between 0.24 and 0.40 apfu (Appendix 6). 358 

 359 

DISCUSSION 360 

Hydrothermal alteration 361 

Apatite is relatively stable over a wide variety of geological processes including 362 

weathering, transport, and weak hydrothermal alteration (Cook et al. 2016). However, it 363 

has also been noted that acids can very likely alter the magmatic apatite and as a result, 364 

the compositions would be partly or completely changed. Such a process is especially 365 

common during the formation of intrusion-related hydrothermal deposits, including 366 

predominantly porphyry, skarn, and high-sulfidation epithermal deposits (e.g., Harlov and 367 

Förster 2003; Harlov 2015; Li and Zhou 2015; Bouzari et al. 2016). Therefore, only these 368 

magmatic apatites without hydrothermal alteration can preserve the original 369 

physiochemical information of the causative magma, whereas apatites, which have 370 

experienced significant hydrothermal alteration, might offer insight into the intensity of 371 

chemical exchanges during alteration (e.g., Bouzari et al. 2016). 372 

In this study, Aph shows obvious depletion in Mn, Cl, Y, Ce, Nd, and REEs contents 373 

(Fig. 6) compared with the Apm. The different geochemical compositions of the Apm and 374 

Aph grains confirm that the Huojihe intrusions have undergone extensive metasomatism, 375 

during which some of the magmatic apatites have been hydrothermally altered. The Aph 376 

crystals have preserved the primary shape and orientation (Fig. 5b, h) of the original Apm, 377 

but display sharp compositional boundaries with the Apm domains (Fig. 5b, d, e). They 378 
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also have pervasive micro-porosities and fluid inclusions (Fig. 5b, i). Such features are 379 

consistent with a fluid-aided, coupled dissolution-reprecipitation process (Harlov et al. 380 

2005; Li and Zhou 2015; Zeng et al. 2016). During dissolution-reprecipitation, elements 381 

can be transported from the dissolving reaction front (original phase) to the 382 

reprecipitating reaction front (new phase) via fluids, and a series of complex chemical 383 

exchanges between apatite and the reactive fluid (Putnis 2009). As a result, many of the 384 

trace elements, including Mn, Cl, Ce, Nd, Y, and REEs, have been leached out of the 385 

reacted apatite and show a pronounced depletion (Fig. 6). This is consistent with the 386 

experimental results and also similar to the element behavior observed in other minerals 387 

during hydrothermal alteration (e.g., Harlov and Förster 2003; Harlov et al. 2005). In 388 

addition, monazite inclusions can form in Aph (Fig. 5i) when the REEs are released 389 

during fluid-aided alteration immediately reprecipitating into the new phases. 390 

Timing and petrogenesis of the Huojihe intrusions 391 

Timing of magmatism. Zircon U-Pb dating of the biotite monzogranite in the Huojihe 392 

deposit indicates that it was emplaced at 181.6 ± 0.6 Ma. The U-Pb age is identical, 393 

within error, to the U-Pb age of the granodiorite in Huojihe (182.1 ± 2.2 Ma; Sun et al. 394 

2012), and is also consistent with previously reported molybdenite Re-Os ages 181.2 ± 395 

1.8 Ma (Tan et al. 2013) and 180.7 ± 2.5 Ma (Zhang et al. 2014). Given that both the 396 

monzogranite and granodiorite are potassically altered, are the major host to the 397 

orebodies and that their emplacement is contemporaneous to the molybdenite 398 

precipitation, it can be reasonably proposed that both the monzogranite and granodiorite 399 

are the causative intrusions responsible for Mo mineralization. The early Jurassic age of 400 

the Huojihe porphyry Mo deposit is also consistent with the regional magmatism and 401 
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mineralization, which have been widely accepted as a consequence of the flat-slab 402 

subduction of the Paleo-Pacific plate (Wu et al. 2011; Shu et al. 2016). 403 

Petrogenesis of the causative intrusions. The biotite monzogranite and granodiorite 404 

share similar geochemical and isotopic compositions, suggesting that they are cogenetic. 405 

All samples have arc affinity with enrichment in large ion lithophile elements (LILEs), 406 

including Rb, Ba, Th, U, Pb, and Sr, and depletions in high field strength elements 407 

(HFSEs) including Nb, Ta, Zr, Ti, and P (Appendix 2). All the analyzed granitic samples 408 

are metaluminous, high-K calc-alkaline, with uniform A/CNK ratios (0.99–1.01), and can 409 

be classified as I-type (Appendix 7). 410 

The apatite grains from the Huojihe intrusions have slightly higher (87Sr/86Sr)i and 411 

more negative εNd(t) values than the whole rock samples (Fig. 4), and this is the 412 

particular case for the hydrothermally altered Aph. This indicates that the Sr-Nd isotopic 413 

compositions of the apatite (especially the Aph) could have been slightly or significantly 414 

changed by the interaction between the ore-forming fluids and wall rocks during 415 

hydrothermal alteration (Zeng et al. 2016). The Apm grains and the whole rock samples 416 

should have similar Sr-Nd isotopic compositions, but the results from this study indicate 417 

that they are slightly different. This could be explained by the fact that most of the 418 

magmatic apatite grains have unaltered cores (often smaller than the laser diameter 80 419 

μm) and altered rims (Fig. 5b, e, h), and the altered rims were probably partly ablated 420 

during the Sr-Nd isotopic analysis for the Apm domains, resulting in slightly higher 421 

(87Sr/86Sr)i ratios and more negative εNd(t) values for the Apm. The Sr-Nd isotopes in 422 

Huojihe are similar to many other late Triassic to early Jurassic magmatic-hydrothermal 423 
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mineralization systems in the Lesser Xing’an Range region (e.g., Luming, Xulaojiugou, 424 

and Cuihongshan; Fig. 4), together indicating a comparable magma source. 425 

The zircon εHf(t) values (-0.9 to 1.7) of the Huojihe biotite monzogranite almost all 426 

fall within the field between the chondrite uniform reservoir and depleted mantle, with a 427 

uniform TDM2 age range of 1279–1120 Ma (Fig. 10). The basement in the Lesser Xing’an 428 

Range is mainly composed of the Dongfengshan Group, which has detrital zircons of 429 

various ages from ~2500 to ~750 Ma, with several peaks at 2.5–2.4 Ga, 1.8 Ga, 1.6–1.3 430 

Ga, and ~820 Ma (e.g., Wu et al. 2000; Wang et al. 2014). The 1.6–1.3 Ga peak is 431 

consistent with the Nd and Hf model ages in this study, suggesting that the Huojihe 432 

granitoids were likely originated dominantly from the Mesoproterozoic lower crust, 433 

which could have mixed with minor depleted mantle materials. The zircon Hf isotopic 434 

compositions in Huojihe are also similar to several other granitic intrusions related to 435 

porphyry/skarn Mo deposits (Luming, Xulaojiugou, Cuihongshan, and Gaogangshan) in 436 

this region (Fig. 1b), all demonstrating a dominantly crustal source (Fig. 10). In contrast, 437 

the Au deposits including Tuanjiegou, Jinchang, and Dahuangling (all being early 438 

Cretaceous) in this region (Fig. 1b) have significantly higher zircon εHf(t) values for their 439 

syn-mineralization intrusions, indicative of more involvement of mantle materials (Fig. 440 

10). The above difference can be explained by regional tectonic evolution. In the early 441 

Cretaceous, the northeastern China continent transitioned to an extensional setting due to 442 

the rollback of the subducted Paleo-Pacific plate, in which case asthenosphere upwelling 443 

would result in greater contributions from the mantle materials to magma generation 444 

(Zhang et al. 2010; Wu et al. 2011; Shu et al. 2016). Previous studies have documented 445 

that porphyry and epithermal Au deposits are commonly related to arc magmas that are 446 
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predominantly formed by partial melting of the metasomatized wedge of asthenospheric 447 

mantle (e.g., Sillitoe and Hedenquist 2003; Richards 2009), whereas porphyry Mo 448 

deposits are associated with magmas melted from older crust materials (e.g., Farmer and 449 

DePaolo 1984; Klemm et al. 2008). This has also been confirmed in this study, with the 450 

Mo-related intrusions having more enriched Hf isotopic compositions than the 451 

Au-related intrusions (Fig. 10). 452 

The roles of the magma in the formation of the Huojihe porphyry Mo deposit 453 

Magmatic apatite can form at different stages of magma evolution and only those 454 

crystallizing from a volatile-undersaturated melt can document the initial chemical 455 

compositions of the melt responsible for the mineralization. This is because the contents 456 

of various elements (especially volatiles) in the silicate melt would dramatically change 457 

under volatile-saturated conditions as a function of the fluid/melt partition coefficient, 458 

crystallization pressure, and water solubility (e.g., Audétat 2019). Therefore, apatite 459 

crystals that equilibrate with a volatile-saturated melt would be likely depleted in many 460 

elements (e.g., S), which couldn’t record and preserve information of the parental 461 

magmas (e.g., Stock et al. 2018; Audétat 2019). 462 

Three magmatic apatite populations have been analyzed in the Huojihe deposit, 463 

including biotite-hosted inclusions, plagioclase-hosted inclusions, and microphenocrysts 464 

distributed in the groundmass. The F contents of most of these plagioclase-hosted apatite 465 

inclusions (3.91 wt % on average) and apatite microphenocrysts (4.11 wt % on average) 466 

are extremely high and exceed the maximum stoichiometric limit of 3.76 wt % (Pyle et al. 467 

2002). They probably reflect either analytical errors, which could be induced by the 468 

EPMA-operating conditions (e.g., Stormer et al. 1993; Goldoff et al. 2012), or residual F 469 
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enrichment, which are favored by melt during or after fluid exsolution under 470 

volatile-saturated conditions (e.g., Candela 1986). For the biotite-hosted apatite 471 

inclusions, they generally have higher Cl contents but lower F contents (Appendix 4). 472 

The host biotite near each of the apatite inclusions has been analyzed by electron 473 

microprobe to determine the compositions of different parts of the igneous biotite crystals 474 

(n = 8; Appendices 6 and 8). These would further be used to estimate the precipitation 475 

temperatures (approximately representing the crystallization temperatures of the 476 

neighboring apatite inclusions) following the empirical XMg-Ti-in-biotite geothermometry 477 

of Henry et al. (2005). The temperatures of one biotite crystal commonly decrease from 478 

core to rim, representing a gradually cooling process during its crystallization. 479 

Correspondingly, the inclusive apatite grains from the core to rim of most of the biotite 480 

crystals show typically decreasing trends for both the XF/XOH and XF/XCl ratios 481 

(Appendix 8), which is indicative of a crystallization process under 482 

volatile-undersaturated conditions, as has been revealed by thermodynamic modelling 483 

(Stock et al. 2018). Therefore, most of the biotite-hosted apatite grains have preserved a 484 

record of the physicochemical features of the initial mineralization-related magmas 485 

before fluid exsolution in Huojihe. In the following discussion, only these Apm grains 486 

crystallized under volatile-undersaturated conditions (i.e., hosted in biotite) have been 487 

used. 488 

Magma oxidation state. The abundances of Ce, Eu, and Ga in apatite can be used as 489 

proxies for the magmatic oxidation state (e.g., Streck and Dilles 1998; Sha and Chappell 490 

1999; Prowatke and Klemme 2006; Cao et al. 2012; Chen and Zhang 2018). Eu, Ce, and 491 

Ga all have two ionic valences: Eu3+/Eu2+, Ce4+/Ce3+, and Ga3+/Ga2+, respectively. Eu3+, 492 
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Ce3+, and Ga2+ are favored by apatite because they have a more comparable ionic radius 493 

to Ca2+ and can therefore more preferentially substitute for Ca2+ in apatite (Sha and 494 

Chappell 1999; Belousova et al. 2002b). As a result, apatite crystallized from oxidized 495 

magmas will have higher Eu, but a lower amount of Ce and Ga (e.g., Cao et al. 2012; 496 

Chen and Zhang 2018). As shown in Fig. 8a, the δEu and δCe of the Apm from the 497 

Huojihe deposit are negatively correlated, confirming that they are likely controlled by 498 

the oxidation state of the magma. A comparison of the magmatic apatite δEu, δCe, and 499 

Ga contents from this study, with those reported from several other porphyry deposits and 500 

barren igneous rocks, reveals that the Apm from the Huojihe porphyry Mo deposit have 501 

relatively positive Eu and negative Ce anomalies. This suggests that the ore-related 502 

magma in Huojihe could be relatively oxidized (Fig. 8a; Appendix 9). The result is also 503 

supported by the Ga concentrations in the Apm, which are generally very low, i.e., lower 504 

than many other porphyry deposits or barren igneous rocks (Fig. 8b). 505 

Zircon Ce and Eu anomalies are also effective indicators of magmatic oxygen 506 

fugacity (Dilles et al. 2015; Shen et al. 2015; Lu et al. 2016; Shu et al. 2019). In this study, 507 

the calculated zircon CeN/CeN* and EuN/EuN* ratios vary from 22 to 568 and 0.38 to 0.71, 508 

respectively (Fig. 8c). They overlap with the compiled results from other porphyry Mo or 509 

Cu deposits, but are slightly higher than these from barren igneous rocks (Fig. 8c; 510 

Appendix 9). The Ce and Eu anomalies of zircon agree well with that of apatite, together 511 

demonstrating a relatively high magmatic oxygen fugacity in Huojihe, which has been 512 

widely accepted as a prerequisite for porphyry-style Cu-Mo mineralization (e.g., Ballard 513 

et al. 2002; Shen et al. 2015; Shu et al. 2019). 514 

Magma S content. It has been traditionally proposed that high S concentrations in 515 
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oxidized magmas are important for the formation of a porphyry Cu (-Mo) deposit (e.g., 516 

Burnham 1979; Richards et al. 2017). The S concentrations in magmas can either be 517 

directly measured from melt inclusions (e.g., Audétat 2015; Zhang and Audétat 2017a, b, 518 

2018) or indirectly estimated using the S concentration values of S-rich minerals (e.g., 519 

apatite) taking into account the partitioning coefficients between melts and the 520 

crystallized S-rich minerals (e.g., Chelle-Michou and Chiaradia 2017; Richards et al. 521 

2017; Zhu et al. 2018). In Huojihe, the absence of melt inclusions in the magmatic 522 

minerals precludes the possibility of directly obtaining the S contents of the original 523 

magmas. Alternatively, the magma S contents have been calculated from the SO3 524 

concentrations of the Apm (i.e., 0.01–0.61 wt %; Appendix 10) using the two 525 

recommended partition coefficient values for S between apatite and silicate melt from 526 

Peng et al. (1997) and Parat et al. (2011). Although it has been suggested that S oxidation 527 

states (S2- and S4+) other than S6+ may also substitute into the apatite structure, the high 528 

magmatic oxygen fugacity in Huojihe indicates that the apatite S is dominated by S6+ 529 

(Konecke et al. 2017). Using the equation of Parat et al. (2011), the magma S 530 

concentrations have been estimated to be between 8 and 39 ppm (except for five 531 

outliers >65 ppm; Appendix 10), with a median of 20 ppm. Using the method by Peng et 532 

al. (1997), the calculated magma S concentrations range from 37 to 290 ppm (except for 533 

two outliers, 6 ppm and 475 ppm; Appendix 10), with a median of 100 ppm. The above 534 

results using the two methods differ from each other significantly, as has also been noted 535 

by Chelle-Michou and Chiaradia (2017). Nevertheless, it can still be reasonably 536 

concluded that the pre-degassing S concentrations in the Huojihe magma are 20–100 ppm. 537 

The results are comparable with the estimated S concentrations using apatite SO3 538 
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concentrations from other magmatic-hydrothermal mineralization systems (e.g., 20–200 539 

ppm in the Coroccohuayco Fe-Cu-Au porphyry-skarn deposit, Peru; Chelle-Michou and 540 

Chiaradia 2017). 541 

Apatite composition data have been compiled from 14 porphyry (or skarn) Cu (or 542 

Mo) or Fe-oxide copper-gold (IOCG) deposits and 7 barren systems. The corresponding 543 

magma S concentrations have also been calculated based on the methods above (Fig. 11; 544 

Appendix 10). In addition, melt inclusion composition data from 5 porphyry Mo (or Cu) 545 

deposits and 4 barren igneous rocks have also been compiled in this study (Fig. 11; 546 

Appendix 10). The available data together suggest that most of the ore-related magmas 547 

contain similarly low magmatic S concentrations as the barren magmas. Moreover, 548 

several smaller-sized deposits (e.g., Ouyangshan in Fig. 11) show similar or even slightly 549 

higher magmatic S concentrations than some of the larger-sized deposits (e.g., Huojihe, 550 

Tongchanggou, Luming, and Climax; Fig. 11). All these features suggest that the S 551 

contents in the initial magmas associated with intrusion-related hydrothermal 552 

mineralization are not necessarily as high as previously expected, despite some giant 553 

deposits (e.g., the Bingham Canyon porphyry Cu deposit in Fig. 11) have been proved to 554 

be relatively S-rich in the causative magma (e.g., Zhang and Audétat 2017b). 555 

Magma chamber volume and Mo content. The S concentrations in the pre-degassing 556 

melt determined above can be used to quantify the volume of the magma required to 557 

release the S-bearing fluid accounting for the Huojihe Mo deposit (e.g., Chelle-Michou 558 

and Chiaradia 2017). In Huojihe, there is a total Mo endowment of ca. 0.275 Mt (Tan et 559 

al. 2013). Based on drill core logging and detailed observation, the molybdenite (MoS2), 560 

chalcopyrite (CuFeS2), and pyrite (FeS2) proportion can be estimated to be 2:1:2, 561 
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indicating a total of 0.275 Mt Mo, 0.138 Mt Cu, and 0.396 Mt Fe in the sulfides. There is 562 

no other sulfide mineral like sphalerite or galena recognized in the mining area. Therefore, 563 

a minimum of 0.635 Mt of reduced S (H2S) is required for the precipitation of sulfide 564 

minerals (i.e., 0.183 Mt S for molybdenite, 0.138 Mt S for chalcopyrite, and 0.314 Mt S 565 

for pyrite). The reduced S could be supplied by SO2 disproportionation and/or directly 566 

from the magmatic H2S after their degassing. In this study, the high oxidation state of the 567 

Huojihe magma implies that the contents of H2S from the magma could be far less than 568 

the SO2, and therefore all the reduced S required for sulfides could be reasonably 569 

assumed to be formed by the disproportionation of SO2 in the exsolved fluid from the 570 

oxidized magma via the reaction of 4SO2 + 4H2O = H2S + 3HSO4
– + 3H+ (e.g., 571 

Kouzmanov and Pokrovski 2012). Accordingly at least 2.54 Mt of S are required to be 572 

degassed from the magma. Given the S concentrations in the pre-degassing magma are 573 

20–100 ppm as estimated above, a total mass of at least 2.54×104 to 12.7×104 Mt magma 574 

would have been necessary to generate the S-bearing fluid. Assuming that the density of 575 

the granitic melt is 2.62 g/cm3, the magma chamber below the Huojihe deposit would 576 

have been about 10–50 km3. 577 

A rough estimation of the Mo concentrations in the ore-related magma can be made 578 

given the total Mo metal content (i.e., 0.275 Mt Mo) and the total mass of the magma 579 

chamber (i.e., 2.54×104 to 12.7×104 Mt). The estimated Mo concentrations are 2–10 ppm, 580 

which is similar to many other porphyry Mo mineralization systems (e.g., the Climax 581 

porphyry Mo deposits, where Mo is generally <10 ppm with a maximum of 24 ppm) (Fig. 582 

12a; Appendix 11). They are also comparable with many subeconomic Mo systems (3 to 583 

32 ppm Mo), porphyry Cu mineralization systems (2 to 4.5 ppm Mo), and barren 584 
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magmatic systems (1.5 to 4 ppm Mo) (for details see Appendix 11). This suggests that a 585 

high initial Mo content in the causative magma is not necessary for the generation of a 586 

porphyry Mo deposit. 587 

 588 

IMPLICATIONS FOR THE FORMATION OF THE HUOJIHE PORPHYRY MO 589 

DEPOSIT 590 

As has been previously proposed, porphyry deposits are genetically related to 591 

magmas with a high oxygen fugacity, high water content, high S concentration, and high 592 

metal contents (e.g., Burnham 1979; Lu et al. 2016; Richards et al. 2017). In this study, 593 

although our data also support a relatively high magma oxygen fugacity in Huojihe, the 594 

parental magma of the mineralized porphyry system is not unusually enriched in S (or 595 

Mo). Therefore oxidized magmas may not always result in high magmatic S and metal 596 

contents in porphyry systems. Nevertheless, the high oxygen fugacity might have played 597 

a role as it could prevent Mo from dispersion into Ti-bearing magmatic minerals (e.g., 598 

titanite, magnetite, amphibole, and biotite) and retain it in the residual melt until fluid 599 

exsolution, as Mo occurs mainly as Mo6+ in oxidized magmas rather than Mo4+, and Mo6+ 600 

is more incompatible with respect to Ti sites in magmatic minerals than Mo4+ (e.g., 601 

Candela and Bouton 1990; Černy et al. 2005; Shu et al. 2019). 602 

The estimated magmatic Mo concentrations (2–10 ppm) are consistent with the low 603 

Mo concentrations (0.15–0.33 ppm) in the magmatic zircons from the Huojihe biotite 604 

monzogranite (Fig. 9; Appendix 5). It has been proposed by Lu et al. (2016) that zircons 605 

from intrusions responsible for porphyry Mo mineralization commonly have higher Mo 606 

concentrations (>1 ppm) than those in porphyry Cu or barren systems (<1 ppm) (Fig. 9). 607 
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However, in this study, the measured Mo concentrations in the zircons from the Huojihe 608 

biotite monzogranite are relatively low (0.15–0.33 ppm), which is inconsistent with the 609 

conclusions of Lu et al. (2016). The evidence presented above suggests that the Mo (and 610 

also S) concentrations in magmas associated with economic porphyry Mo deposits are 611 

not fundamentally different from subeconomic or barren magmas, which indicates that 612 

the pre-degassing enrichment of Mo (and S) are not necessary for porphyry Mo 613 

mineralization (e.g., Audétat 2010, 2015; Lerchbaumer and Audétat 2013; Mercer et al. 614 

2015; Zhang and Audétat 2017a, b, 2018). This conclusion is also supported by the 615 

results in Figs. 11 and 12a, in which porphyry Mo deposits with varying sizes have 616 

similar S and Mo contents in their causative magmas. 617 

 A comparison between the calculated magma chamber volumes of several 618 

porphyry Mo deposits with different sizes worldwide is presented in Fig. 12b and 619 

summarized in Appendix 11. The data suggest that at least several tens to hundreds of 620 

km3 magma volumes are necessary to form a porphyry Mo deposit with a relatively large 621 

size (e.g., >0.1 Mt), and that the magma volume generally increases with the increasing 622 

metal tonnage of the generated porphyry Mo deposits (Fig. 12b). For two barren igneous 623 

rocks (Rito del Medio and the Cañada Pinabete), geologically constrained magma 624 

volumes (5 km3) are too small to produce economic Mo deposits (Appendix 11). 625 

Therefore, it is reasonable to come to the conclusion that magma chamber size could 626 

have played an important role in the formation of an economic porphyry Mo deposit, 627 

which is consistent with the results from Monte Carlo simulation of magma degassing by 628 

Chelle-Michou et al. (2017). 629 

However, there are also several other intrusions including the Drammen granite (60 630 
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km3), the Glitrevann granite (30 km3), and the Stronghold granite (80 km3), which should 631 

have been large enough to produce porphyry Mo deposits with >0.1 Mt Mo, but turn out 632 

to be subeconomic or barren (Lerchbaumer and Audétat 2013). This suggests that factors 633 

other than magma volume could also be of critical importance in the formation of Mo 634 

mineralization. Likely candidates include (but are not limited to) the preservation of the 635 

deposit, higher flux of magma, efficiency of Mo extraction from the magma, efficiency of 636 

Mo precipitation, viscosity of the melt, and depth of magma chamber (e.g., Lerchbaumer 637 

and Audétat 2013; Mercer et al. 2015; Yanites and Kesler 2015; Audétat and Li 2017; 638 

Chelle-Michou et al. 2017; Zhang and Audétat 2017a, b). 639 

To sum up, the current study demonstrates that magmatic accessory minerals 640 

including zircon and apatite are useful to constrain the age, origin, and composition of the 641 

magmas responsible for porphyry Mo mineralization. It is suggested that the 642 

pre-degassing enrichment of S and Mo were not critically important in the formation of 643 

the Huojihe Mo deposit, and that other factors, including (but not limited to) a large-sized 644 

magma chamber, could also have played some key roles. This understanding might also 645 

apply to other porphyry Mo deposits in NE China and worldwide. 646 
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Figure captions 966 

Fig. 1 (a) Tectonic framework of northeastern China, modified after Wu et al. (2011); (b) 967 

Simplified geological map of the Lesser Xing’an Range region, showing the distribution 968 

of major porphyry Mo, epithermal Au, and skarn deposits (modified after Ren et al. 969 

2017). 970 

Fig. 2 (a) Geological map of the Huojihe porphyry Mo deposit, modified after Yang et al. 971 

(2012). (b) Cross section of the prospecting line 7 of the Huojihe deposit showing the 972 

collected sample locations (modified after Hu et al. 2019). 973 

Fig. 3 Hand specimen photographs (a, b, c) and photomicrographs (d, e, f) of the 974 

intrusions and ores from the Huojihe deposit. (a) Granodiorite; (b) Quartz-molybdenite 975 

vein and disseminated chalcopyrite in the biotite monzogranite; (c) Quartz-molybdenite 976 

vein with K-feldspar halos in the biotite monzogranite; (d) Biotite monzogranite; (e) 977 

Quartz-molybdenite vein with K-feldspar halos in the granodiorite; (f) 978 

Quartz-molybdenite vein. Abbreviations: Bi = biotite; Cpy = chalcopyrite; Kfs = 979 

K-feldspar; Mol = molybdenite; Pl = plagioclase; Qtz = quartz. 980 

Fig. 4 Plot of (87Sr/86Sr)i vs. εNd(t) for whole rock and apatite samples from the Huojihe 981 

granitoids and several other porphyry/skarn Mo-bearing deposits in the Lesser Xing’an 982 

Range region. The complied whole rock Sr-Nd isotopic compositions of porphyry/skarn 983 

Mo-bearing deposits include Cuihongshan (Fei et al. 2018), Luming, and Xulaojiugou 984 

(Hu et al. 2014). The shaded area of the granitoids in northeastern China is from Wu et al. 985 

(2003), and the brown area of the depleted mantle is from Zindler et al. (1982). 986 

Fig. 5 Transmitted (a, b, c, d), optical microscopic cathodoluminescence (e, f) and back 987 
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scattered electron (g, h, i) images of representative apatites. (a) Transmitted microscopic 988 

photos of euhedral to subhedral apatite grains occurring as inclusions within biotite; (b, c, 989 

d) Transmitted, microscopic photos of Apm and Aph. Note that Apm is inclusion-free and 990 

transparent, whereas Aph often partly or completely replaces Apm with an irregular, 991 

altered crystal shape; (e, f) Optical microscopic cathodoluminescence images of Apm and 992 

Aph. Note that Apm has a homogeneous yellow luminescence, whereas Aph displays an 993 

imbalanced light yellow-green luminescence; (g, h, i) Backscattered electron images of 994 

Apm and Aph. Note that Apm has oscillatory zoning and core-rim textures, and was 995 

hydrothermally altered into Aph at the rim. Aph has many voids and monazite mineral 996 

inclusions. Apm is bright and homogeneous, whereas Aph has darker color. Abbreviations: 997 

Bi = biotite; Ep = epidote; FI = fluid inclusion; Mnz = monazite; Pl = plagioclase; Qtz = 998 

quartz. 999 

Fig. 6 Plots of geochemical compositions of Apm and Aph from the Huojihe deposit. Plots 1000 

of (a) Ca (apfu) vs. Mn (apfu), (b) Ca (apfu) vs. Cl (apfu), (c) Nd (ppm) vs. Ce (ppm), (d) 1001 

Y (ppm) vs. Ce (ppm), (e) MnO (wt %) vs. total REE + Y, and (f) Chondrite-normalized 1002 

rare earth element distribution patterns of apatites. apfu = atoms per formula unit. 1003 

Fig. 7 (a) Zircon concordia plots of the biotite monzogranite from the Huojihe deposit. (b) 1004 

Cathodoluminescence images of representative zircon grains from the Huojihe biotite 1005 

monzogranite with 206Pb/238U ages and εHf(t) values for each analyzed spot. 1006 

Fig. 8 Plots of (a) apatite δEu vs. δCe, (b) apatite Ga (ppm) vs. δEu, and (c) zircon δEu vs. 1007 

δCe. For apatite, the complied porphyry Mo deposits include Tongchanggou, Xiuwacu, 1008 

Luming, and Luoboling. The compiled porphyry/skarn Cu-(Au-Pb-Zn) deposits include 1009 

Weibao, Pulang, Baoshan, and Tongshanling. The compiled barren igneous rocks include 1010 
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the barren Weibao diorite porphyry, the barren Triassic Xiuwacu pluton, and the barren 1011 

Zhongliao porphyritic granodiorite from Luoboling. For zircon, the complied porphyry 1012 

Mo-bearing deposits include Sungun, Sar Cheshmeh, Jiama, Qulong, Yuchiling, Nannihu, 1013 

and Dexing. The complied porphyry Cu-Au deposits include Tampakan and Batu Hijau. 1014 

The compiled barren igneous rocks include the Bandelier rhyolite, the Lucerne reduced 1015 

granite, the Yellowstone rhyolite, the Kadoona I-type dacite, the Hawkins S-type dacite, 1016 

and the Bishop Tuff rhyolite. Data details are listed in Appendix 9. 1017 

Fig. 9 Plot of EuN/EuN* vs. Mo (ppm) in zircons from Huojihe. Also shown for 1018 

comparison are compiled zircons from other porphyry deposits and barren igneous rocks. 1019 

The porphyry Mo-bearing deposits include Sungun, Sar Cheshmeh, Jiama, Qulong, 1020 

Yuchiling, Nannihu, and Dexing. The complied porphyry Cu-Au deposits include 1021 

Tampakan and Batu Hijau. The complied barren igneous rocks include the Bandelier 1022 

rhyolite, the Lucerne reduced granite, the Yellowstone rhyolite, the Kadoona I-type dacite, 1023 

the Hawkins S-type dacite, and the Bishop Tuff rhyolite. All these data are from Lu et al. 1024 

(2016) and can be found in Appendix 9. 1025 

Fig. 10 Plot of U-Pb ages vs. εHf(t) in zircons from Huojihe and several other porphyry/ 1026 

skarn Mo and Au deposits in the Lesser Xing’an Range region. Compiled details of the 1027 

zircon data are listed in Appendix 5. 1028 

Fig. 11 Plot of metal tonnage of several porphyry, skarn, and Fe-oxide Cu-Au deposits 1029 

and barren igneous rocks vs. magmatic S concentrations as determined by apatites or 1030 

directly measured from melt inclusions. In (a), the magmatic S concentrations were 1031 

estimated using the temperature-dependent apatite-melt partition coefficient formula of 1032 

Peng et al. (1997): lnKD = 21,130/T-16.2 (where T is in Kelvin, KD is the fluid/melt 1033 
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partition coefficient for S). In (b) the magmatic S concentrations were estimated using the 1034 

apatite-melt partition coefficient formula of Parat et al. (2011): SO3 apatite (wt %) = 1035 

0.157 × ln[SO3] (melt, wt %) + 0.9834. The squares represent the median magmatic S 1036 

concentrations for each deposit or barren igneous rock. The compiled data are listed in 1037 

Appendix 10. 1038 

Fig. 12 (a) Plot of metal tonnage vs. magmatic Mo concentrations of Huojihe and several 1039 

other porphyry Mo deposits. (b) Plot of metal tonnage vs. estimated magma volumes of 1040 

Huojihe and several other porphyry Mo deposits. The compiled data are listed in 1041 

Appendix 11.1042 
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Electronic supplementary material 1043 

Appendix 1 General description of the related granitic samples from the Huojihe deposit 1044 

used for analyses, and whole rock major (in wt %) and trace element (in ppm) 1045 

compositions of granitic samples from the Huojihe porphyry Mo deposit. 1046 

Appendix 2 Primitive mantle-normalized trace element patterns for the Huojihe granitic 1047 

samples. 1048 

Appendix 3 Sr-Nd isotopic compositions of granitic samples from the Huojihe deposit 1049 

and three other porphyry/skarn Mo-bearing deposits in the Lesser Xing’an region 1050 

(Luming, Cuihongshan and Xulaojiugou). 1051 

Appendix 4 Full dataset of apatite major (in wt %) and trace element (in ppm) 1052 

compositions and Sr-Nd isotopic compositions, and calculated apatite ΣREE, δEu, δCe, 1053 

XF/XOH, XF/XCl, XCl/XOH, and apfu values from the Huojihe deposit. 1054 

Appendix 5 Full dataset of zircon U-Pb ages and trace element abundances (in ppm) 1055 

from the biotite monzogranite in the Huojihe deposit. Also shown are the zircon Hf 1056 

isotopic compositions of the igneous rocks from Huojihe, four porphyry/skarn 1057 

Mo-bearing and three Au deposits in Lesser Xing’an region. 1058 

Appendix 6 Full dataset of biotite major element compositions (in wt %), and calculated 1059 

biotite apfu values, XMg values, and precipitation temperatures (℃) from the Huojihe 1060 

deposit. 1061 

Appendix 7 Plots of (a) SiO2 vs. (Na2O + K2O), (b) SiO2 vs. K2O, (c) A/CNK [molar 1062 

ratio Al2O3/(CaO + Na2O + K2O)] vs. A/NK [molar ratio Al2O3/(Na2O + K2O)], (d) 1063 
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10000Ga/Al vs. (Na2O + K2O), and (e) Zr + Nb + Ce + Y vs. (Na2O + K2O)/CaO 1064 

diagrams for Huojihe granitic samples. 1065 

Appendix 8 Plot of XF/XOH vs. XCl/XOH ratios of biotite-hosted apatite inclusion 1066 

compositions. 1067 

Appendix 9 A summary of the partial apatite and zircon trace element abundances (in 1068 

ppm) and calculated δEu, δCe values for Huojihe, compiled porphyry Mo-bearing and 1069 

Cu-(Au-Pb-Zn) deposits and barren igneous rocks. 1070 

Appendix 10 A summary of magmatic S concentrations determined by apatites SO3 1071 

(calculated using two methods) or directly measured by melt inclusions and metal 1072 

tonnage for Huojihe and the compiled 19 porphyry/skarn/Fe-oxide Cu-Au deposits and 1073 

11 barren igneous rocks. 1074 

Appendix 11 A summary of metal tonnage, magmatic Mo concentrations and estimated 1075 

magma volume for Huojihe and compiled porphyry Mo deposits, subeconomic Mo 1076 

mineralization, porphyry Cu (-Mo, Au) deposits, and barren igneous rocks. 1077 
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