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Abstract

Identifying magma fertility is an important task in ore genesis research. In this paper, we use
apatite chemistry and Sr-Nd isotopes for such a study. The apatite crystals are from four
Cretaceous coeval granodiorite intrusions with different styles of hydrothermal mineralization in
the Tongling ore district, South China. The selected intrusions are Hucun, Dongguashan and
Xinwuli, which host both porphyry and skarn Cu deposits, and the Chaoshan, which hosts a skarn
Au deposit. The abundances of apatite major and trace elements, such as Mn, V, Ce, S, F, Cl, and
Cu, together with the whole-rock compositions, are used to decipher the oxidation states, volatile
compositions, and Cu fertility of the parental magmas. The apatite Sr-Nd isotope compositions are
used as tracers for the magma sources. The results show that (1) the parental magma of the
Au-mineralized intrusion is less oxidized and has higher S-Cl contents than those of the
Cu-mineralized intrusions, and (2) the proportion of mantle-derived melt is much higher in the
former than in the latter. The results also reveal that the Cu-mineralized intrusions have highly
variable apatite Cu-CI-S compositions. Specifically, the Xinwuli intrusion has much higher Cu but
lower CI-S contents in apatite than other two intrusions, indicating that a Cu-rich magma is not
universally required for the formation of hydrothermal Cu deposits. This study demonstrates that
apatite is a robust petrogenetic and metallogenic indicator for porphyry and skarn -type Cu-Au ore

deposits.

Keywords: Apatite; Magma oxidation state; Sr-Nd isotopes; LA-ICP-MS; Cu and Au

mineralization
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Introduction

Porphyry and skarn-type Cu and Au deposits are important resources of these metals in the
world (Cooke et al.,, 2005; Meinert et al., 2005; Sillitoe, 2010). In light of their similar
geochemical characteristics as strongly chalcophile elements (Peach et al., 1990), Cu and Au
association is common in the porphyry and skarn-mineralized systems (Meinert et al., 2005;
Sillitoe, 2010). But Cu and Au could also be mineralized separately in porphyry and skarn
deposits, although the ore-related plutons could be closely related in time and space. For example,
the Cenozoic porphyries located in the Jinshajiang-Red River metallogenic belt, eastern Tibet can
host Cu deposits (i.e., Machangjing and Tongchang) and Au deposits (i.e., Yao’an and Beiya)
(Hou et al., 2006; Bi et al., 2009). As a result, there is debate about the fundamental controls on
the different styles of mineralization associated with granite plutons, such as hydrothermal Cu
versus Au mineralization. A popular view is that highly oxidized magma is required for the
formation of a porphyry and skarn Cu or Au ore deposit, because under relatively more oxidized
conditions, Cu and Au can be more easily transported by magma to upper crustal levels and
become highly concentrated in the ore-forming magmatic fluids (e.g., Ballard et al., 2002;
Richards, 2015; Richards and Sengér, 2017). However, a recent study found that the parental
magma of an ore-barren granitic pluton in the Ailaoshan region, SW China is as oxidized as those
of some porphyry Cu ore deposits in northern Chile (Xu et al., 2019). Moreover, although the
consensus is that high metal abundance in magma is favorable to Cu and Au mineralization (Sun
et al., 2015), some new data from melt inclusion studies do not show higher metal contents in the
parental magmas for the ore-bearing plutons than that for the ore-barren plutons (Lerchbaumer

and Audétat et al., 2013; Zhang and Audétat, 2017).

In the past, whole-rock geochemical data alone were used to determine the oxidation states
and metal fertility of granitic pluton but only yielded limited success, mainly due to the fact that
whole-rock compositions rarely preserve the original magma compositions, especially those that
have experienced pervasive hydrothermal alteration and weathering. Apatite (Cas(POs)3F) is a
common accessory phase and an important sink for halogens and some trace elements in granites.

Unlike some the rock-forming minerals in these rocks such as feldspars, biotite, and hornblende,

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7497. http://www.minsocam.org/

74  apatite is much less susceptible to hydrothermal alteration and weathering (Ekstrom, 1972; Ayers
75 and Watson, 1991; Creaser and Gray, 1992). In addition, the fundamental controls on apatite
76  crystallization and composition are well understood, owning to many excellent experimental
77 studies (e.g., Watson, 1979, 1980; Harrison and Watson, 1984; Jahnke, 1984; Pichavant et al.,
78 1992; Wolf and London, 1994, 1995; London et al., 1999). For example, we now know that apatite
79  can crystallize early in some intermediate-felsic magmas based on experimental results (e.g.,
80  Harrison and Watson, 1984) and the textural observations of natural samples such as the presence
81 of apatite inclusions enclosed in feldspar, biotite and hornblende in some granodiorites (e.g., Ding
82  etal, 2015; Qian et al., 2019 and this study). The temperature interval of apatite crystallization
83  from granitic magma is relatively short, mainly within 60-100°Cafter magma begins to saturate
84  with apatite (Piccoli and Candela, 1994; 2002). The concentrations of REE, Sr, Cl, F, S, Eu, and
85  Ce in apatite are a function of magma composition, temperature and redox condition (Sha and
86 Chappell, 1999; Tepper and Kuehner, 1999; Belousova et al., 2001, 2002; Piccoli and Candela,
87 2002; Cao et al., 2012; Miles et al., 2014). For the reasons mentioned above, plus the recent
88  advance in in-sifu analytical techniques for trace elements and isotopes, apatite is now widely used
89  to study ore genesis associated with magma evolution (e.g., Sha and Chappell, 1999; Imai, 2002,

90 2004; Tollari et al., 2008; Huang et al., 2018; Sun et al., 2019; Mercer et al., 2020).

91 In this study, we use the trace elements (measured using LA-ICP-MS) and Sr-Nd isotopes
92  (determined using LA-MC-ICP-MS) of apatite from four granodiorite intrusions in the Tongling
93  ore district, plus complimentary whole-rock data to evaluate the magmatic controls on the
94  different styles of hydrothermal mineralization, i.e., Cu versus Au mineralization in the region.
95  Our new data show significant compositional differences of apatite in the host rocks with the
96  different styles of mineralization. The results from this study confirm that apatite is a robust

97  petrogenetic and metallogenic indicator for porphyry and skarn -type ore systems.

98

99  Geological background

100 The Tongling region is an important ore district of the Middle-Lower Yangtze metallogenic

101 belt that is situated in the northeastern part of the Yangtze block (Fig. la). In this region,
4
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102 Paleozoic—Mesozoic sedimentary rocks overlie Precambrian metamorphic rocks (Deng et al., 2011;
103  Cao et al., 2017). Early-Middle Triassic carbonates are the country rocks of many younger

104  granodiorite plutons with Cu, Au, Fe, and Mo mineralization in the Tongling ore district.

105 Spatially, the Middle-Lower Yangtze metallogenic belt is close to the continental collision
106  zone between the North China block and the Yangtze block (Fig. 1a). The collision took place in
107  the Middle Triassic, producing series of NE-trending folds and major faults (Xie et al., 2012).
108  From Late Jurassic to Early Cretaceous, the region underwent post-collisional extension, resulting
109 in lithospheric delamination and associated voluminous magmatism (Xu et al., 2002; Wang et al.,
110  2006). Meanwhile, Paleo-Pacific plate was subducting beneath eastern China (Zhou et al., 2006;
111 Li and Li, 2007; Sun et al., 2007). Some granodiorite intrusions emplaced between 150 and
112 134 Ma in the Tongling region host hydrothermal Cu and Au ore deposits (Fig. 1b, Deng et al.,
113 2011). Four of them are selected for this study. They are the Hucun, Dongguashan and Xinwuli
114 intrusions that host both porphyry- and skarn-type Cu ore deposits, and the Chaoshan intrusion
115  that hosts only skarn-type Au ore deposit (Lu et al., 2007; Yang et al., 2008; Cao et al., 2017,

116 Wang et al., 2018; Liu et al., 2019).
117 The Au-mineralized intrusion

118 The Chaoshan intrusion is located ~7 km southeast of the Tongling city. It intrudes
119  Early-Middle Triassic limestones and shales. The exposure of this intrusion measures
120 approximately 0.3 km? (Fig. 2a). It is mainly composed of pyroxene diorite that contains ~70%
121  plagioclase, ~10% pyroxene, ~15% hornblende and ~5% biotite. The accessory minerals include
122 apatite and zircon. Apatite occurs mainly as euhedral crystals surrounded by biotites (Fig. 3a—c).
123 Skarns are common in the contacts with limestones. Some of the skarns contain Au mineralization,
124 with an average Au grade of 18.4 g/t (Wang et al., 2008b). Gold mainly occurs as native Au
125  inclusions enclosed in pyrrhotite, pyrite, and arsenopyrite crystals. Pyrrhotite separates from the
126 Au-bearing samples yield a Re-Os isochron age of 141.7 £ 9.9 Ma (Wang et al., 2008a),
127  indistinguishable with the SHRIMP zircon U-Pb age of the associated pyroxene diorite (142.9 +
128 1.1 Ma) (Wang et al., 2004). The H-O isotope compositions of fluid inclusions are within the

129  range of magmatic fluids (Yang et al., 2008). The isotope compositions of S, C and O in the
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130  Au-bearing sulfides and gangue minerals such as calcite indicate that these elements are mainly

131 derived from the parental magma of the pyroxene diorite (Wang et al., 2008b).
132 The Cu-mineralized intrusions

133 The Hucun intrusion was emplaced into the Carboniferous-Triassic sedimentary strata. It
134 covers an area of 0.35 km? (Fig. 2a). This intrusion is dominated by medium- to coarse-grained
135  granodiorite that is composed of ~40% plagioclase, ~25% quartz, ~15% K-feldspar, ~15%
136  hornblende, and ~5% biotite. The accessory minerals are apatite, zircon, and titanite. Apatite
137  mainly occurs as euhedral crystals surrounded by plagioclase and hornblende (Fig. 3d—f). Skarns
138  are present in the contacts with limestones in places. Some exoskarn zones contain Cu
139  mineralization with grades from 0.4-0.8 wt.% Cu (Cao et al., 2017). Porphyry-type Cu
140  mineralization occurs at ~1000 m below the present surface within the intrusion. The ore minerals
141 include chalcopyrite, pyrrhotite, pyrite, and minor molybdenite. SHRIMP zircon U-Pb age of the
142 intrusion is 140.0 + 2.6 Ma (Xu et al., 2008). The fluid compositions and C-H-O isotopes indicate
143 that the ore-forming fluids were mainly derived from the parental magma of the intrusion (Lu et

144 al., 2007; Cao et al., 2017).

145 The Dongguashan intrusion is surrounded by the Upper Devonian to Lower Triassic
146  sedimentary country rocks (Fig. 2a). This intrusion is composed of medium- to coarse-grained
147  quartz diorite that is composed of ~60% plagioclase, ~15% quartz, ~15% hornblende, ~5% biotite
148  and ~5% K-feldspar. The accessory minerals include apatite, titanite, and zircon. Apatite mainly
149  occurs as euhedral crystals surrounded by plagioclase (Fig. 3g—i). The zircon U-Pb age of this
150  intrusion is 140.3 + 2.0 Ma (Wang et al., 2015). Both porphyry- and skarn-type Cu mineralizations,
151  which together contain 0.94 Mt Cu at 1 wt% Cu, occur within the intrusion and in the contacts
152 with limestone in places (Wang et al., 2015). Stratiform orebodies are present in the sedimentary
153  sequence up to 1000m away from the contacts. Fluid inclusion data and H-O-S-Pb isotopes
154  indicate that the ore-forming fluids were primarily derived from the parental magma of the

155 intrusion (Xu et al., 2007; Liu et al., 2019).

156 The Xinwuli intrusion is situated farther away from the Tongling City than the other selected

157  intrusions described above (Fig. 1b). This intrusion covers an area of nearly 10 km*. The country
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158  rocks are Triassic limestone and dolomitic limestone. The Xinwuli intrusion consists of quartz
159  diorite in the margin and granodiorite in the center (Fig. 2b). This may be a result of multiple
160  pulses from the same magma chamber at depth (Shao et al., 2007). Quartz diorite is medium- to
161 fine-grained. It is composed of ~60% plagioclase, ~15% hornblende, ~10% quartz, ~10% biotite
162  and ~5% K-feldspar. Granodiorite is also medium- to fine-grained. It is composed of ~45%
163 plagioclase, ~25% quartz, ~15% K-feldspar, ~10% hornblende and ~5% biotite. The accessory
164  minerals include apatite, titanite, and zircon. Apatite in this granodiorite intrusion occurs as
165  euhedral crystals surrounded by plagioclase (Fig. 3j-1). Both porphyry- and skarn-type Cu
166  mineralizations are associated with this intrusion in several places. At Fenghuangshan, the
167  skarn-type Cu mineralization is predominant, containing a total 0.40 Mt of Cu with an average ore
168  grade of 1.24 wt.% Cu (Pan and Dong, 1999). The molybdenite Re-Os age is 141.7 = 0.82 Ma and
169  the zircon U-Pb age of the associated granodiorite is 143.1 + 1.6 Ma (Li et al., 2014). The C-O-S
170  isotopes of hydrothermal calcite and sulfides from the Fenghuangshan Cu deposit support the
171 interpretation that the ore-forming fluids were mainly derived from the parental magma of the

172 granodiorite intrusion (Wang et al., 2018).

173

174 Analytical Methods

175 Whole-rock compositions

176 The whole-rock samples used in this study are relatively fresh and do not show significant
177  Cu-Au mineralization. The concentrations of major elements in the selected rocks were
178  determined with fused lithium tetraborate glass pellets using an Axios PW4400 X-ray
179 fluorescence spectrometer at the State Key Laboratory of Ore Deposit Geochemistry, Institute of
180  Geochemistry, Chinese Academy of Sciences in Guiyang (SKLODG). The analytical uncertainty
181 is estimated to be <<5%. The concentrations of trace elements in the whole rocks were analyzed
182  using a PE DRC-e ICP-MS at the SKLODG. Powdered samples (50 mg) were dissolved using
183  mixtures of HF and HNOs3 in high-pressure polytetrafluoroethylene vessels for 2 d at ~190 °C. Rh
184  was used to monitor signal drift during the analysis. The detailed analytical procedures are

185  described in Qi et al. (2000). The analytical uncertainty is estimated to be within 10%.
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186  Apatite major elements compositions

187 Apatite crystals were separated from the samples using standard heavy-liquid and magnetic
188  methods and then mounted and polished in epoxy. Targets suitable for the in situ analysis were
189  chosen using CL and BSE images. The contents of major and minor elements in apatite (n = 123)
190  were determined using a JEOL-1600 electron microprobe at the SKLODG. The analytical
191 conditions were: 25 kV accelerating voltage, 10 nA beam current, and 10 pm beam diameter. The
192  electron beam was oriented perpendicular to the apatite c-axis to minimize the error for F analysis
193 (Stormer et al., 1993; Goldoff et al., 2012). The following natural minerals were used for

194  calibration: kaersutite (Ca, Mn, Na, Al, Si, Fe), tugtupite (Cl), and apatite (P, S, F).
195  Apatite and zircon trace elements compositions

196 The concentrations of trace elements in apatite (n = 123) and zircon (n = 73) were measured
197 by in situ LA-ICP-MS at the SKLODG. The LA-ICP-MS system was an Agilent 7500a ICP-MS
198  equipped with a Resonetics RESOLution M-50 ArF-Excimer laser gun (A = 193 nm, 80 mJ, 10
199  Hz). The laser ablation spot was 44 pum in diameter. The ablated aerosol was fed to the ICP
200  instrument using He gas. The NIST610 and NIST612 standards were used for calibration. For
201 apatite analysis, the content of Ca was measured using “Ca and normalized using the
202  concentration determined by electron probe analysis. Off-line data reduction was performed using
203  ICPMSDataCal software from Liu et al. (2008). The detection limits of apatite by LA-ICP-MS are
204  estimated to be < 0.3 ppm for Sm and Gd, and < 0.1 ppm for U, Th, Sr, Zr, Ga, Cu and other REE.
205  The detection limits of zircon by LA-ICP-MS are estimated to be < 0.3 ppm for Sm and Gd, and <

206 0.1 ppm for U, Th, Sr, Zr, Ga, and other REE.

207  Apatite Sr-Nd isotopes

208 In-situ apatite Sr isotope measurements were conducted using a Nu Plasma III MC-ICP-MS
209  (Nu Instruments) instrument equipped with a RESOlution-155 ArF193-nm laser ablation sampling
210  system (Australian Scientific Instruments) at the SKLODG. Apatite was ablated in a mixture of
211 helium (350 ml/min) and nitrogen (2 ml/min) atmosphere using the following parameters: 30 s
212 baseline time, 40 s ablation time, 60—104 pum spot size, 6 Hz repetition rate, and 6 J/cm? energy
213 density. The analytical procedure and interference correction are the same as those described in

8
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214 Ramos et al. (2004) and Gao and Zhou (2013). One in-house standard of a modern-day coral was
215  measured after every five samples, and two apatite standards (AP1 and MAD) were analyzed after
216  every thirty samples. The results were used for quality control. The measured ¥’Sr/*®Sr ratio for
217  the apatite standard AP1 was 0.71133 £0.00004 (n = 12), which was identical to the recommended
218  value (AP1: 0.71136+0.00008, Yang et al., 2014).

219 In-situ apatite Nd isotope measurements were conducted in the same manner as the Sr isotope
220  analysis. The interference of '**Sm on '*Nd was derived from the '*’Sm intensity with a natural
221 'Sm/"Sm ratio of 0.205484 (Isnard et al., 2005). The mass bias factor of Sm was calculated
222 from the measured isotopic ratio of '*’Sm/'"*Sm and its actual value 1.08680 (Isnard et al., 2005).
223 The mass bias of *Nd/'"**Nd was normalized to Nd/'**Nd=0.7129 with an exponential law.
224 One apatite standard (Durango) was analyzed after every five samples and the other two apatite
225 standards (AP1 and MAD) were analyzed after every thirty samples. The results were used for
226  quality control. The measured '*Nd/'"*Nd ratio for the apatite standard AP1 was
227  0.512342+0.000014 (n=12), which was identical to the recommended value (API:
228  0.512352+0.000024) (Yang et al., 2014).

229

230  Results
231 Whole-rock compositions

232 Whole rock compositions are provided as Supplementary Materials 1. These data indicate
233 that the Hucun, Dongguashan, and Xinwuli intrusions have metaluminous and calc-alkaline
234 compositions (Figs. 4a; b), with a Rittmann index (o= (Na,O + K>0)*(SiO -43), units in wt.%
235 Rittmann, 1957; 1962) of 2.37-2.88 and an aluminum saturation index (ASI = molar ratio
236  ALOs3/(CaO+Na,0O+K,0) Zen, 1986; Acosta-Vigil et al., 2003) of 0.74—0.90. The Chaoshan
237  intrusion has a metaluminous and alkaline composition (Figs. 4a; b), with a Rittmann index of
238  4.54-4.82 and an aluminum saturation index of 0.66-0.68. The intrusive rocks are all
239  characterized by moderate to severe K-Nb,-P-Ti depletions (Fig. 4c) and significant light REE
240  enrichments (Fig. 4d). The Dongguashan, Xinwuli and Hucun intrusions show typical adakite

241 trace element compositions, such as Sr > 400 ppm, Y < 20 ppm, Yb < 2 ppm, (La/Yb)x >

9
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242 15, and 6Eu > 0.80 (Defiant and Drummond 1990). In contrast, the Chaoshan intrusion does not

243 show such adakite characteristics.
244 Apatite major and trace elements

245 The ideal formula of apatite is simplified as As(XO4)3Z. The A-site usually accommodates
246  Ca®" and other minor or trace cations such as Sr**, Mn?", Fe?", REE*"*", Y**, Ga*', and Na*. The
247 X site is mainly occupied by P> but can be substituted by other highly charged cations such as
248 V3, 8% and C*'. The Z site is occupied by F, Cl", and OH . Based on the F~, Cl", and OH~
249  compositions, apatite can be subdivided into fluorapatite, chloraptite, and hydroxylapatite. The

250  contents of the major and trace elements in apatite are given as Supplementary Materials 2.
251 Major elements (Ca-Mn-Na) in the apatite structure

252 The apatite crystals from the four selected intrusions have similar average CaO contents
253 (54-55 wt.%). The apatite average MnO contents are higher in the Hucun and Chaoshan intrusions
254  (~0.10 wt.%) and are lower in the Xinwuli (0.08 wt.%) and Dongguashan intrusions (0.04 wt.%).
255  The negative correlation between apatite CaO and MnO indicates the equivalent substitution of
256  Ca* by Mn*" (Fig. 5a) (Pan and Fleet, 2002). The apatite average Na,O content is the lowest in
257  the Xinwuli intrusion (mostly below the detection limit of EPMA), the highest in the Chaoshan
258  intrusion (0.14 wt.%), and intermediate in the Dongguashan (0.09 wt.%) and Hucun (0.07 wt.%)
259  intrusions. The negative correlation of apatite Na,O and CaO (Fig. 5b) is related to the following
260  reactions: Na"+ S®" = Ca®" + P> (1), 2Na" = Ca*' (2), and REE*" + Na* = 2Ca*" (3) (Rensbo,
261 1989; Sha and Chappell, 1999). The positive correlation of apatite Na,O and SO; in the Chaoshan
262  intrusions (Fig. 5c) implies that reaction (1) could be dominant for these apatite crystals. However,
263  the low apatite SO3 content and the negative correlation of apatite REE and CaO (Fig. 5d) suggest

264  that reactions (3) are more prevalent in the Hucun, Dongguashan, and Xinwuli intrusions.
265 Major elements (P-S-F-Cl) in the apatite structure

266 The apatite crystals from the selected four intrusions have similar average P>Os contents
267 (4041 wt%). The apatite average SOs contents are the highest in the Chaoshan intrusion (0.28

268  wt.%), medium in the Hucun and Dongguashan intrusions (0.17 wt.% and 0.20 wt.%,
10
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269  respectively), and the lowest in the Xinwuli intrusion (<<0.16 wt.%). S enters apatite by complex
270  substitutions of S® + Si*" = 2P>* (4) and reaction (1) (Sha and Chappell, 1999). The positive
271 correlation of apatite CaO and P>Os (Fig. 5e) responds well to reaction (1), while reaction (4)
272 could be negligible because of no Si that was detected by EPMA in apatite. The observed negative
273 correlation of apatite F and CI (Fig. 5f) supports the reciprocal substitution of these two elements
274  (Pan and Fleet, 2002). Our data show that the Chaoshan intrusion has a relatively high apatite Cl
275  content (average of 0.45 wt.%) and a relatively low apatite F content (average of 2.44 wt.%) and
276  F/CI ratio (average of 6.2). The apatite crystals from the Xinwuli, Hucun, and Dongguashan
277 intrusions have relatively low Cl contents (averages of 0.11 wt.%, 0.32 wt.%, and 0.33 wt.%,
278  respectively) and relatively high F contents (averages of 2.89 wt.%, 2.76 wt.%, and 2.52 wt.%,

279  correspondingly) and F/Cl ratios (averages of 29.5, 10.6, and 8.2, respectively).
280 Minor elements (REE-Y) in the apatite structure

281 Among the four selected rocks, the apatite total REE content is the highest in the Chaoshan
282  intrusion (average of 7035 ppm), intermediate in the Xinwuli intrusion (average of 6410 ppm) and
283  the Dongguashan intrusion (average of 5469 ppm), and the lowest in the Hucun intrusion (average
284  of 4771 ppm). The magnitude of the REE content in apatite is consistent with that in whole-rock
285  samples. The negative correlation of apatite CaO and REE (Fig. 5d) has implication for the
286 substitution of Ca by REE through reactions that include 2REE*" + [ ] = 3Ca®" (5) and reaction (3)
287  (Pan and Fleet, 2002; Ronsbo, 1989; Sha and Chappell, 1999). Reaction (3) could be important in
288  the Hucun and Chaoshan intrusions because of the positive correlation of REE and NaO (Fig. 5g).
289  The chondrite- normalized REE patterns of apatite from the four selected intrusions (Fig. 6) show
290  light REE enrichments relative to heavy REE and a significantly negative Eu anomaly (0.3-0.6).
291 Apatite crystals from the Chaoshan and Xinwuli intrusions have higher Y contents (averages of
292 482 and 413 ppm, respectively) than those from the Hucun and Dongguashan intrusions (averages
293  of 236 and 268 ppm, respectively). The observed positive correlation of apatite Y and REE (Fig.

294 5h) hints the similar partitioning behavior of these two elements as the substitute of Ca in apatite.
295 Trace elements (Sr-Th-U) in the apatite structure

296 Apatite is a relatively Sr-, Th-, and U-rich mineral (Belousova, et al., 2002; Chu et al., 2009).
11
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297  The apatite average Sr contents are identical in the Chaoshan, Hucun, and Xinwuli intrusions
298  (averages of 720, 751, and 714 ppm respectively), but are much lower in the Dongguashan
299  intrusion (343 ppm). The apatite from the Xinwuli intrusion has higher Th and U contents
300  (averages of 116 and 34 ppm, respectively). Lower contents of Th (averages of 30, 22, and 20
301 ppm) and U (averages of 8.9, 7.0, and 5.9 ppm) are observed in apatite from the Chaoshan,

302  Dongguashan, and Hucun intrusions, respectively.
303 Trace elements (Ga-V-Cu-Cr) in the apatite structure

304 These four elements in apatite are considered to be potential monitors of magma composition
305 and oxidation state (Sha and Chappell, 1999; Mao et al., 2016; Sun et al., 2019). Thus, we
306  determined the concentration variations of these elements in our apatite samples. The data show
307  that apatite from the Chaoshan intrusion contains more Ga (average of 20 ppm) than that from the
308  other three intrusions (14—17 ppm). The apatite average V content is higher in the Chaoshan and
309  Xinwuli intrusions (~17 ppm) than that in the Hucun (8.7 ppm) and Dongguashan (11 ppm)
310  intrusions. The apatite Cu content is an order of magnitude lower in the Hucun, Dongguashan, and
311 Chaoshan intrusions (<<0.5 ppm) than that in the Xinwuli intrusion (average of 4.2 ppm). The
312 apatite crystals from these four intrusions have similar average Cr content, ranging from 1.5 ppm

313 to 1.6 ppm.
314
315  Apatite Sr-Nd isotopes

316 The in-situ Sr-Nd isotopic data of apatite are provided as Supplementary Materials 3. Apatite
317  from the Chaoshan intrusion has ®’Sr/%¢Sr ratios from 0.70638 to 0.70683 and eNd(0) values from
318  —11.6 to —8.3. Overall, apatite from the Hucun intrusion has slightly higher (}’Sr/*®Sr); ratios
319  (0.70718 to 0.70812) and lower eNd(0) values (—15.1 to —8.6). Apatite from the Xinwuli and
320  Dongguashan intrusions has the highest (}’Sr/*®Sr) ratios (0.70820 to 0.70895 and 0.70802 to
321 0.71091, respectively) and the lowest eNd(0) values (-16.3 to —10.8 and —16.6 to —12.1,
322 respectively) among the four studied intrusions. The current and initial ®’Sr/*Sr ratios of apatite

323 are likely very similar because Rb content in the apatite structure is negligible (Sun et al., 2019).
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324  The calculated initial eNd(t) values of apatite based on the previously reported ages for the
325 intrusions are as follow: from —9.9 to —6.6 for Chaoshan, from —13.1 to —6.6 for Hucun, from

326  —14.3 to —8.9 for Xinwuli, and from —14.8 to —10.0 for Dongguashan.
327
328 Trace elements of zircon

329 The average contents of some trace elements in zircon are given as Supplementary Materials
330 4. High Th/U ratios (>0.1) confirm that the zircon crystals used in this study are all magmatic. The
331 zircon average Ce contents are 76, 20, 31, and 30 ppm in the Chaoshan, Xinwuli, Dongguashan,
332 and Hucun intrusions, respectively. The zircon average Ti contents are 20, 6.3, 5.9 and 3.6 ppm in
333 the Chaoshan, Xinwuli, Dongguashan, and Hucun intrusions, respectively. We calculated the
334  zircon Ce*'/Ce®" ratio using the method proposed by Ballard et al. (2002). The calculated
335  Ce*"/Ce**ratios of zircon are included in the Supplementary Materials 4, which show that zircon
336  from the Chaoshan intrusion has a lower zircon Ce*"/Ce®" ratio (average of 31) than that from the
337  Dongguashan, Xinwuli, and Hucun intrusions (average ratios 135, 155, and 274, respectively). We
338  estimated the temperature of early magmas using Ti-in-zircon thermometry proposed by Ferry and
339  Watson (2007). The calculated temperatures of magmas are 957 °C, 815°C, 757°C and 807°C in

340  the Chaoshan, Xinwuli, Hucun and Dongguashan intrusions, respectively (Table. 1).

341

342 Discussion

343 Apatite origin

344 The apatite crystals from all of the four intrusions are interpreted to be of magmatic origin,
345  not hydrothermal or metamorphic origin. The reasons are as follow. Firstly, the chemical
346  compositions, such as the ranges of Mn, Ca, Na, F, Cl, and H>O contents in the analyzed apatite
347  are generally consistent with those of magmatic origin that occur elsewhere in the world (Piccoli
348  and Candela, 2002) (see Fig. 7). Secondly, hydrothermal apatite commonly has very high Cl
349  exceeding 3.0 wt.% coupled by low F content (Palma et al., 2019), which is likely due to much
350  higher abundance of Cl than F in the parental hydrothermal fluids (Candela, 1986; Warner et al.,
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351 1998). The high-T hydrothermal alteration (e.g., K silicate alteration) may alter apatite
352  composition (Bouzari et al., 2016), resulting in Cl enrichment in the apatite (Palma et al., 2019).
353  However, the apatite crystals from the selected intrusions all have low CI contents (<0.75 wt.%).
354  Thirdly, the apatite crystals used in this study all have higher Th (>10 ppm) and La (>1000 ppm)
355  contents than typical metamorphic apatite (Th<<10 ppm and La<<1000 ppm, Henrichs et al.,
356  2018). Finally, the interpretation of a magmatic origin for the apatite crystals used in this study is
357  supported by the textural relationships, such as their occurrence as inclusions of euhedral grains
358  enclosed in plagioclase, biotite, and hornblende (Fig. 3), indicating that the apatite crystals could
359  crystallize before the crystallization of the host silicate minerals. Using the method of Harrison
360  and Watson (1984) and whole rock compositions, the calculated apatite saturation temperatures in
361 the studied intrusive rock are>890 °C (Supplementary Materials 1), further supporting a

362  magmatic origin for the apatite crystals in these rocks.

363

364  Magmatic oxidation state

365 The traditional method that uses the whole-rock Fe*'/Fe’" ratio to determine a magmatic
366  oxidation state may be inaccurate owing to the effect of alteration and weathering on the ratio. The
367  compositions of alteration-resistant minerals such as apatite may be more accurate magmatic
368  redox proxies. Many researchers have demonstrated that the variations of Eu, Ce, Mn, V, and Ga
369  in apatite are related to the changes of magmatic oxidation states (e.g., Drake, 1975; Sha and
370 Chappell, 1999; Streck and Dilles, 1998; Imai, 2002, 2004; Boechat et al., 2003; Cao et al., 2012;
371 Sunetal, 2019). Eu*", Ce*", Mn**, V**, and Ga?" are favored by apatite because Eu**, Ce*", Mn?*,
372 and Ga®' can occupy the heptahedral Ca site while V>* can occupy the tetrahedral P site (Piccoli
373 and Candela, 2002). A higher oxygen fugacity increases Eu**, Ce*", Ga*", Mn**, and V°* at the
374  expense of Eu*", Ce**, Ga**, Mn?', and V*" in magma, which facilitates the incorporation of Eu
375  and V, rather than Ce, Mn, and Ga into apatite. As a result, the apatite crystallizing from more
376  oxidized magma will contain more Eu and V but less Ga, Mn, and Ce than that crystallizing from
377  less oxidized magma if the concentrations of these elements is constant in the various magmas.

378  However, the use of these proxies to trace magmatic oxidation states requires careful
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379  consideration of elemental partitioning behaviors in different mineral phases coexisting with
380  apatite. For example, feldspar crystallization can remove large amounts of Eu and Sr from the
381 coexisting melt (Ballard et al., 2002; Bi et al., 2002; Buick et al., 2007). The positive correlation
382  of apatite SEu and Sr (Fig. 8a) means that apatite dEu value and Sr content are profoundly affected
383 by feldspar crystallization in the selected intrusions. Similarly, Ga is compatible in feldspar
384  because it can substitute Al (Bedard 2006). The simultaneous decrease of Ga and Sr contents in
385  apatite from the Hucun and Dongguashan intrusions (Fig.8b) indicates that the low Ga content in
386 the apatite crystals may have resulted from feldspar crystallization. Based on this finding, the dEu
387  and Ga content in apatite is not a suitable index to delineate the magmatic oxidation state in the

388  intrusions from this study.

389 Despite the limitations, some apatite proxies are still useful, including V concentration. Our
390  data reveal that the Chaoshan intrusion has much higher whole-rock V content (=200 ppm) than
391 the Xinwuli intrusion (<100 ppm), but apatite from the former intrusion does not have higher V
392  content. Early crystallization of clinopyroxene from the parental magma for the Chaoshan
393  intrusion may explain lower V content than expected in the apatite crystals from this intrusion. Cr
394 is highly compatible in the clinopyroxene structure (e.g., Johnston and Schwab 2004). Thus, this
395  element may be used to track the effect of clinopyroxene crystallization on the compositions of
396 magma and the apatite crystallizing from the fractionated magma. If a decrease of V content in
397  apatite is due to early clinopyroxene crystallization, a decrease of Cr content in apatite should also
398 occur. Nevertheless, no simultancous reduction of these elemental contents is observed in the
399  apatite crystals from the Chaoshan intrusion (Fig. 8c). Experimental result showed that V, unlike
400  Cr, may behave as an incompatible element in the clinopyroxene structure when the oxidation
401 state of the magmatic system is above the FMQ buffer (Mallmann and O'Neill 2009). This
402  scenario is likely to prevail in the Chaoshan magmatic system, where the estimated magmatic
403  oxygen fugacity is close to FMQ+0.1 (see below). Magnetite is rare in the Chaoshan intrusion. A
404  previous study has shown that the onset of magnetite saturation usually occurs in magma where
405 SiO, content reaches 60 wt.% (Jenner et al., 2010). However, the whole-rock SiO, content of the
406  Chaoshan intrusion is less than 55 wt.%. This implies that the magnetite in this intrusion can only

407  crystallize in the late stage of magma evolution and thus the chemical composition of apatite that
15
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408  is an early mineral phase may not be affected by magnetite crystallization. Finally, the low V
409  content in hornblende (253-348 ppm) and clinopyroxene (151-237 ppm) from the Chaoshan
410  intrusion (Tu 2014) suggests that the amount of V removed from the melt via the crystallization of
411 these minerals is limited. In view of the above findings, we infer that the crystallization of other
412  minerals may fail to trigger a significantly downward V content in apatite from the Chaoshan
413  intrusion. The lower V content than expected in apatite from the Chaoshan intrusion is mainly due
414  to the relatively low magmatic oxygen fugacity, which suppresses the incorporation of V into

415  apatite.

416 The above inferred oxidation states can be further evaluated using the Ce/La ratios of apatite.
417  Ce and La share chemical similarities and are difficult to fractionate during magma evolution,
418  unless some minerals that have greatly discrepant partition coefficients of La and Ce, such as
419  zircon are also crystallizing. Numerous experiments revealed that Ce is much more compatible
420 than La in the zircon structure (Nardi et al., 2013; Rubatto and Hermann 2007). As a result, zircon
421 crystallization may lead to a decrease of Ce/La ratio in the apatite crystallizing from the
422  fractionated magma. Similarly, zircon crystallization may increase the Nd/Yb ratio in the apatite,
423 because Yb is more compatible than Nd in zircon structure (Nardi et al., 2013). However, there is
424  no negative correlation between Ce/La and Nd/Yb in the apatite crystals from the selected four
425  intrusions (Fig. 8d). Since the Ce and La contents of zircon are nearly two orders of magnitude
426  lower than that of coexisting apatite in the samples, it seems that zircon crystallization does not
427  influence the Ce/La ratio of coexisting apatite. The whole-rock Ce/La ratio is uniform in the
428  selected four intrusions (1.88-2.00), but the apatite from the Chaoshan intrusion has a higher
429  Ce/Laratio (average of 1.89) than that from the other three intrusions (average of 1.52- 1.76). This
430  is probably due to the lower oxygen fugacity of the parental magma for the Chaoshan intrusion
431 compared to that of other three intrusions. It follows that the relatively reduced conditions cause
432 the increase of Ce** at the expense of Ce*" in the melt and facilitate the incorporation of more Ce
433 into apatite in the form of Ce*' to substitute Ca. However, the content of La in apatite is
434  independent of magmatic oxidation state because La** is the only major ionic form of this element.
435  As a result, the change of oxygen fugacity can not change the efficiency of La replacing Ca in

436  apatite. In view of the above understanding, the higher Ce/La ratio in apatite from the Chaoshan
16
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437  intrusion may indicate a more reduced magma system in this intrusion relative to the other three

438 intrusions.

439 Moreover, a previous study testified that the Mn content in magmatic apatite can be used to
440  estimate the oxygen fugacity of a magmatic system (Miles et al., 2014). The calculated results
441 (Table.1) based on an equation proposed by Miles et al. (2014) manifest that the Chaoshan
442  intrusion formed from a relatively reduced magmatic system (AFMQ +0.1), while the Hucun,
443  Dongguashan and Xinwuli intrusions formed from relatively more oxidized magmatic systems (>

444 AFMQ +3).

445 To independently verify this aforementioned findings from apatite redox proxies, we have
446  estimated the magmatic oxygen fugacity using zircon Ce data. The data show that the calculated
447  zircon Ce*'/Ce®" ratios for the Chaoshan intrusion are lower than that for the Dongguashan,
448 Xinwuli, and Hucun intrusions. The zircon data also indicate less oxidized condition for the
449  Chaoshan magmatic system than the other three magmatic systems, consistent with the results

450  from apatite (Fig. 8e).

451 The results from this study indicate that the magma leading to Au mineralization is less
452  oxidized than the magma associated with Cu mineralization. One of the underlying reasons is that
453 the solubility of Au in magma is related to the amount of reduced S (S*) in the magma, which in
454  turn is related to the oxygen fugacity of the magma (Zajacz et al., 2012). Au can be easily
455  dissolved as a bisulfide complex (such as Au-S-O, AuHS, Au,S;, AuFeS;, or AuS(K/Na)) in
456  relatively reduced magma, but it is more difficult to be dissolved in the relatively more oxidized
457  magma (=>ANNO+1) because under such more oxidized conditions it tends to occur as less
458  soluble species such as metallic Au or AuO; (Botcharnikov et al., 2011; Jégo and Pichavant, 2012;
459  Zajacz et al., 2012). Several experiments have also demonstrated that the solubility of Au in
460  magma rapidly decreases when oxygen fugacity exceeds AFMQ +1, whereas the solubility of Cu
461 continues to increase (Bell et al., 2011; Botcharnikov et al., 2011; Jégo and Pichavant, 2012;
462  Zajacz et al., 2012; Li and Audétat, 2013). Among the four selected intrusions, Au could be more
463  abundant in the parental magma for the Chaoshan intrusion because the magma was less oxidized

464  (AFMQ+0.1) and could dissolve more Au for the later hydrothermal mineralization, whereas Au
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465  could be barren in the parental magmas for the other three intrusions (Dongguashan, Hucun and
466  Xinwuli) because their parental magmas were highly oxidized (>AFMQ+3). This may explain

467  the different metallogenic affinities for the different intrusions from this study.
468  Magma compositions

469 Volatile components

470 During magma solidification, volatile components such as F, Cl, HO and S would be
471 gradually exhausted in the melt owing to fluid exsolution or degassing. Hence, the whole-rock
472  composition cannot representatively record the initial volatile contents in magma. Fluid saturation
473  and exsolution may occur at the early stages of magma differentiation in the magma with high
474  initial water content such as ore-forming magma (usually >4%) (Zhu et al., 2018). This prevents
475  the metal loss caused by crystallization of minerals and facilitates metal partitioning into the
476  hydrothermal fluid (Cline and Bodnar, 1991). The parental magma for porphyry Cu deposit could
477  attain massive fluid exsolution during hornblende crystallization (Li et al., 2018). Therefore,
478  hornblende and biotite may not track the initial halogen compositions of magma if they crystallize
479  after massive fluid exsolution. In some dioritic magmatic systems, such as those from this study,
480  apatite can crystallize earlier than hornblende and biotite, as evidenced by the textures (Fig. 3). In
481 these cases, apatite can be used to evaluate the initial halogen and sulfur compositions of the

482  magma (e.g., Boyce et al., 2010; Elkins-Tanton and Grove, 2011).

483 Our data show that apatite in the Chaoshan intrusion has higher Cl and SOs contents but
484  lower F/CI ratio than apatite in the Hucun, Dongguashan, and Xinwuli intrusions (Fig. 9). The S
485  contents of the parental magmas for these intrusions were estimated using the apatite/melt
486  partition coefficients of Peng et al. (1997) and Parat et al. (2011) and the Cl and F abundances in
487  the magmas were calculated using the apatite/melt partition coefficients of Parat et al. (2011). The
488  results (Table 1) indicate that the Au-mineralized magma contains more Cl and SO3 and less F
489  than the Cu-mineralized magmas. The solubility of Cu is influenced only slightly by the presence
490  of S and CI because the dominant Cu species in the melt is CuOq s (Zajacz et al., 2012). In contrast,
491  the solubility of Au increases significantly with increasing S and Cl contents in the melt

492  (Botcharnikov et al., 2011; Zajacz et al., 2012). Considering this different effect of S and CI on the
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493  solubility of Cu and Au in the melt, the enrichment of magmatic S and Cl plays a more important
494  role in the accumulation of sufficient Au in evolving melt for hydrothermal mineralization. The
495  higher F contents of apatite in these three Cu-mineralized intrusions relative to the Au-mineralized
496  intrusion might be attributed to the input of more crustal components into the parental magmas of
497  the Cu-mineralized intrusions. This is supported by the apatite Sr-Nd isotope (discussed later).
498  Also, the parental magma of the Xinwuli intrusion shows lower Cl and SOs contents than that of

499  the Hucun and Dongguashan intrusions.

500 It is generally accepted that CI shows a strong preference for aqueous solutions relative to F
501 (Candela, 1986; Boudreau and Kruger, 1990). Hydrothermal fluid exsolution can inevitably result
502  in the depletion of Cl relative to F in the coexisting melt. Therefore, an increase in the F/CI ratio
503  of apatite may be indicative of continuous exsolution of Cl-bearing fluid from magma during
504  apatite crystallization (e.g., Huang et al., 2019). Moreover, crystallization of feldspar will decrease
505 Sr in the residual melt (Bedard, 2006). During this process, apatite crystallizing late will have
506  lower Sr content than that crystallizing earlier. This decreased Sr content closely corresponds to
507  the elevated F/Cl ratios in some apatite crystals, which may be due to Cl-bearing fluid exsolution
508  during progressive crystallization of apatite and feldspar (Fig. 10a). But the degree of fluid
509  exsolution is likely limited as fluid inclusions in apatite are rare. Furthermore, if a large amount of
510  Cl-bearing fluids escaped from magma during apatite crystallization, the mole fractions of
511 hydroxylapatite and chlorapatite in apatite would decrease together, which is not indicated by the

512 data (Fig. 10b).
513 Metal fertility

514 Whole-rock samples from the host intrusions of porphyry and skarn-type Cu deposits
515  commonly contain minor amounts of disseminated hydrothermal chalcopyrite and bornite. As a
516  result, the Cu contents in whole rocks tend to be higher than those in the parental magmas. Thus,
517  the metal contents in some mineral structures is a better proxy to track the parental magma
518  composition. Apatite may contain Cu through substitution of Ca** by Cu*" (Wang et al., 2016).
519  Although the Cu partition coefficient between apatite and melt remains uncertain, the different

520  ionic radius between Cu®" and Ca®" and the low content of Cu in natural apatite indicates that Cu is
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521 likely incompatible in the apatite structure. This incompatibility of Cu signifies that apatite
522 crystallizing at any stage of magma evolution is unable to scavenge a significant fraction of Cu
523  from the melt. However, the contents of Cu in some natural apatite crystals are still high enough to

524  be measured by LA-ICP-MS, providing an useful indicator for Cu fertility in the parental magma.

525 It is widely accepted that the crystallization of major rock-forming minerals such as
526  hornblende, pyroxene, feldspar and biotite do not remove Cu from the parental magma because Cu
527 is highly incompatible in the mineral structures (Bedard, 2006; Le Roux et al., 2015; Hsu et al.,
528  2017; Liu et al., 2015). However, the Cu content in melt and apatite could be strongly controlled
529 by the crystallization of Cu-bearing sulfides or the exsolution of Cu-bearing fluids during apatite
530  crystallization. Crystallization of magmatic sulfides directly from magma will result in a
531 significant decrease of Cu and S in the residual magma, because Cu can be sequestered by many
532 sulfide phases (Jugo and Candela, 1999). The exsolution of Cl-rich fluids from magma will reduce
533 the amount of Cu in the magma because Cu can strongly partition into the fluids as CI- complexes
534  (Candela and Holland, 1984; Williams-Jones et al., 1995; Webster, 2004). It is currently accepted
535  though, that direct saturation of sulfide from magma is not favorable for Cu and Au mineralization
536 (Richards, 2015; Sun et al., 2015). In fact, sulfide saturation may occur in relatively reduced
537  magma but not in highly oxidized magma (Jugo et al., 2005). For this reason magmatic sulfides
538  (e.g. pyrrite and chalcopyrite) are mainly found in the host rocks of some reduced-type porphyry

539  Cudeposits such as the San Anto (Mexico), Mamut (Malaysia) and San Jorge (Argentina) deposits

540  (fO. <FMQ, Rowins 2000). The four intrusions we have studied clearly formed from more

541 oxidized magma (fO, > FMQ). The concentrations of S in the parental magmas for these four

542  intrusions, estimated based on apatite S contents (Table 1), are all lower than the value required
543  for pyrite saturation (~1500 ppm) (Moune et al., 2009) and the S solubility in andesitic and
544  rhyolitic melt (~1000 ppm) (Clemente et al., 2004). Sulfide melt inclusions are absent in these

545  intrusions, which may be partly attributed to high magmatic oxygen fugacity. Experimental result
546  has shown that S almost exists in the form of S in the oxidized magma (fO, > FMQ+2.0). (Jugo

547  etal., 2005). Based on these conditions, we do not expect that there was major magmatic sulfide

548  saturation in the magma types investigated in this study. If a large amount of Cu was extracted by
20
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549  Cl-bearing fluid during apatite crystallization from the parental magmas for these intrusions, a
550  reduced Cu content and similarly decreased CI content in apatite would be expected. But such
551 correlation is not found (Fig. 11a), implying that the potential large-scale hydrothermal fluid
552 exsolution mainly occurred after apatite crystallization and thus the studied apatite can be used to

553 track the initial Cu contents in the parental magmas.

554 The contents of Cu in apatite from the Cu-mineralized intrusions are dramatically different
555  between them (Fig. 11a; b). Apatite from the Xinwuli intrusion has Cu content ten times higher
556  than apatite from the other two intrusions (Hucun and Dongguashan). The contents of Cu in
557  apatite from the Hucun and Dongguashan intrusions are as low as that from the Chaoshan
558  intrusion which is not related to any Cu mineralization. The reason for the contrasting Cu contents
559  in apatite from the three Cu-mineralized intrusion is elusive, but one possibility is a magma source
560  with different Cu abundance for the different intrusions. Cu-rich magma is considered to be a
561 prerequisite for the formation of porphyry- and skarn-type Cu deposits by some researchers (e.g.,
562 Halter et al., 2005; Core et al., 2006; Stern et al., 2007; Richards, 2009). The results from this
563 study, as well as those from the study of the Bingham deposits (Zhang and Audétat, 2017),
564  indicate that such requirement is not universal. We believe that fluid compositions can play a
565  prominent part in Cu mineralization. The fluids derived from the relatively Cl-rich causative
566  magmas of the Hucun and Dongguashan intrusions are likely to contain more high salinity fluids
567  and thus can transport more Cu as Cl-complexes. This is conducive to the extraction of Cu into the
568  hydrothermal fluid and can lead to Cu mineralization even if the parental magma is not

569  particularly enriched in Cu.

570

571 Magma mixing

572 As mentioned above, the apatite major and trace elements reveal significant differences in the
573  redox conditions and chemical compositions between Au-mineralized and Cu-mineralized
574  magmatic systems. These differences may be partly related to mixing of magmas with different
575  proportions of the crust-derived and mantle-derived components. Previous studies have shown that

576  F is high in the crust (Aoki et al., 1981; Gundmundur et al., 1986). Thus, we envisage that higher
21
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577  F content in apatite from the intrusions related to Cu mineralization relative to that in apatite
578  associated with Au mineralization might result from the higher contribution of the crust-derived
579  components to the parental magmas of these intrusions. The whole-rock Sr-Nd isotope data for the
580  igneous rocks in the Tongling region show that pyroxene diorite such as that of the Chaoshan
581 intrusion generally have lower (*’St/*Sr); ratios and higher eNd(t) value than granodiorite and
582  quartz diorite such as those in the Hucun, Dongguashan, and Xinwuli intrusions (Xie, 2008).
583  However, owing to the possible effect from weathering and alteration on whole-rock Sr-Nd
584  isotope data, more evidence is needed to reach this conclusion. Recently, the values of in-situ
585  apatite ’Sr/%Sr and '**Nd/'**Nd have been accurately detected by LA-MC-ICP-MS (Yang et al.,
586  2014). The advantage of Sr-Nd isotope in apatite as an effective reflection of that in the parental
587 magma is that the early crystallization of apatite could largely avoid the possible isotope
588  fractionation caused by the late crystallization of other minerals. Our apatite results show higher
589  &Nd(t) values and lower initial (¥’Sr/*¢Sr); ratios for the Chaoshan intrusion than the other three
590  intrusions (Fig. 12). The Sr-Nd isotope data are consistent with the interpretation that the parental
591 magma of the Au-mineralized Chaoshan intrusion contains higher amount of mantle-derived

592 materials than those of the other three Cu-mineralized intrusions.

593 The finding that magma with a larger mantle component is favorable for Au mineralization
594  might be ascribed to Au fertilization in the metasomatized enriched lithospheric mantle. Previous
595 studies have showed that the metasomatized enriched lithospheric mantle such as that in North
596 China and Papua New Guinea could be enriched in Au (Grrifin et al., 2013; Saunders et al., 2018;
597  Mclnnes et al., 1999). The Au content in the mantle xenoliths collected nearly 300 km away from
598  the Tongling ore district can be more than 6.0 ppb (He et al., 2004), which is higher than the
599  average Au abundance in the continental crust (1.5-3.0 ppb, Taylor 1995; Rudnick and Gao, 2003).
600  Alternatively, the relatively Si-poor magma (SiO> < 60 wt.%) due to the mixing with abundant
601 mantle materials will effectively suppress the early crystallization of magnetite and sulfide (Jenner
602 et al., 2010). This is more critical for the mineralization of Au than that of Cu by avoiding the
603  early loss of ore-forming metal from the magma, owing to the higher solid/melt partition
604 coefficient for Au than Cu (Peach et al., 1990; Li et al., 2012; Patten et al., 2013; Mungall et al.,

605  2014). Nevertheless, there is no evidence for the early saturation of sulfide and magnetite in
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606  causative magmas of the Cu-mineralized intrusions investigated. Therefore, we favor the addition

607  of different amounts of mantle-derived materials as the reason for the different metallogeny.

608

609  Conclusions and implications

610 The results of this study demonstrate that apatite is a good petrogenetic and metallogenic
611 indicator. V-Mn concentrations and Ce/La ratio in apatite can be used to estimate the oxidation
612 states of the parental magma. The concentrations of F, Cl, S, and Cu in apatite can be used to track
613  the volatile compositions and metal fertility of the magma. The apatite Sr-Nd isotopes can be used
614  to evaluate the contributions of crustal and mantle components in the ore-forming magma. The
615  variations of the above proxies in apatite from the selected four intrusions indicate that the magma
616  related to Au mineralization is less oxidized and has higher S and Cl contents plus lower F content
617  than the magma associated with Cu mineralization. We attribute these differences to the possibility
618  that the magma of the Au mineralized system contains higher amounts of mantle-derived
619  components than magma of the Cu mineralized systems, as inferred from the apatite Sr-Nd
620  isotopes. We have also found that apatite from the Cu-mineralized intrusions can have high and
621 low Cu contents with a difference up to ten times, implying that Cu-rich magma is not the
622  prerequisite of porphyry Cu ore formation. Finally, the results from this study indicate that apatite
623 is better than whole rocks to track the compositions of halogen and some trace elements and

624  metals in the parental magma.
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1020  Figures

1021  Figure 1 Regional geological map of the research area (modified from Liu et al., 2019)

1022 Figure 2 Simplified geological maps for the Chaoshan, Dongguashan and Hucun intrusions (a),

1023  and the Xinwuli intrusion (b)

1024 Figure 3 The modes of occurrence of apatite in the rock samples from the selected intrusions. Ap =
1025  apatite; Bt =biotite; Hbl = hornblende; Pl=plagioclase; Hbl = hornblende; Pl = plagioclase; Qtz =

1026  quartz; Ttn = titanite.

1027  Figure 4 (Na,O+K>0) vs. SiO; diagram (Irvine and Baragar, 1971) (a); A/NK vs. A/CNK diagram
1028  (Maniar and Piccoli 1989) for the Chaoshan, Hucun, Dongguashan, and Xinwuli intrusions (b);
1029  Chondrite-normalized trace-element diagrams (c) and REE diagrams (d)for the selected intrusions.
1030  Data are listed in Supplementary Materials 1. The chondrite values are from Sun and McDonough

1031 (1989)

1032 Figure 5 Plots of CaO vs. MnO (a), CaO vs. NayO (b), NaxO vs. SO3(¢), CaO vs. REE (d), CaO vs.

1033 P05 (e), F vs.Cl (), Na;O vs. REE (g), and Y vs. REE (h) in apatite from the selected intrusions

1034  Figure 6 Chondrite-normalized REE patterns for apatite from the selected intrusions. Data are

1035  listed in Supplementary Materials 2. The chondrite values are from Sun and McDonough (1989)

1036  Figure 7 The molar ratio of Ca/100-Mn-Fe, Ca/100-Mn-Na and fluorapatite (FAP)- chlorapatite
1037  (CAP)-hydroxylapatite (HAP) in apatite from the selected intrusions. The base map is from
1038 Piccoli and Candela (2002). The calculated method on the mole fraction of FAP, CAP, and HAP is

1039  from Piccoli and Candela (2002).

1040  Figure 8 Plots of Sr vs. 8Eu (a), Ga vs. Sr (b), V vs. Cr (¢), Ce/La vs. Nd/Yb (d) in apatite from the

1041 selected intrusions and the estimated magma oxygen fugacity from Table 1 (c)

1042 Figure 9 Plots of Cl vs. SO3, F vs. SOz and Cl vs. F/Cl in apatite from the selected intrusions

1043 Figure 10 Plots of F/Cl vs. Sr (a), and mole fraction of chloraptite vs. hydroxylapatite (b) in apatite

1044 from the selected intrusions
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1045  Figure 11 Plots of Cl vs. Cu and SO; vs.Cu in apatite from the selected intrusions

1046  Figure 12 Plots of average (*’Sr/%¥Sr); vs. average eNd(t) in apatite from the selected intrusions
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Table 1. Estimation of magmatic oxygen fugacity and the contents of S, Cl and F using apatite compositions

a:Average b: Average c:Average c:Average

Average Average Average Average d: Zircon Ti
magmatic  magmatic magmatic magmatic
Intrusion apatite Mn  apatite SO3  apatite F apatite Cl temperature e:AFMQ
SO3 content SO3 content F content Cl content .
(ppm) (ppm) (Wt.%) (Wt.%) ("C)
(ppm) (ppm) (ppm) (ppm)
Chaoshan 797 2834 2.44 0.45 116 1067 814 5568 957 +0.1
Xinwuli 279 560 2.89 0.1 27 23 963 1415 815 +3.8
Hucun 813 1747 2.76 0.32 58 24 919 3994 757 +3.9
Dongguashan 646 1977 2.52 0.33 67 69 839 4130 807 +3.2

a: Calculated equation of magmatic SO3 content is from Peng et al. (1997): InKp (SO3)apatite/ (SO3)meit =21130/T — 16.2

b: Calculated equation of magmatic SO3 content is from Parat et al. (2011): SOs apatite (wt. %) = 0.157 x In SOs glass (melt, wt %) + 0.9834

c: Partition coefficients of F and ClI are from Parat et al.(2011).Da apatite/melt=0.8; Dr apatite/melt=30

d: Ti-in-zircon thermometry is from Ferry and Watson (2007): log (Ti in zircon ppm)=5.711+0.072-(4800+86)/T(K)-logasioo+logarioz. asio2 is equal t01.0 and ario2
is equal to 0.5. Apatite saturation temperature can not represent the temperature of massive crystallization of apatite in the intermediate magma (Piccoli and
Candela, 2002). Instead, Ti-in-zircon thermometry could better reveal the temperature of early magma because this calculation can avoid the error caused by

the use of whole-rock compositions as parameters to represent magmatic compositions

e: FMQ (fayalite-magnetite-quartz oxygen fugacity buffer) is from Myers and Eugster (1983); The calculated equation of oxygen fugacity using apatite Mn is
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from Miles et al. (2014): log (fO;) =-0.0022 (£0.0003) Mn(ppm)-9.75(+0.46)
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