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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-Cl-S compositions. Specifically, the Xinwuli 
intrusion has much higher Cu but lower Cl-S contents in apatite than the other two intrusions, indicat-
ing 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 mineraliza-
tion; High-Grade Metamorphism, Crustal Melting and Granite Magmas 

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 a debate about the 
fundamental controls on the different styles of mineralization 
associated with granite plutons, such as hydrothermal Cu vs. 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; Rich-
ards and Şengör 2017). However, a recent study found that the 
parental magma of an ore-barren granitic pluton in the Ailaoshan 
region, southwest 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 magmas 
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 ore-bearing plutons than that 
for ore-barren plutons (Lerchbaumer and Audėtat 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 [Ca5(PO4)3F] is 
a common accessory phase and an important sink for halogens 
and some trace elements in granites. Unlike some rock-forming 
minerals in these rocks, such as feldspars, biotite, and horn-
blende, apatite is much less susceptible to hydrothermal altera-
tion and weathering (Ekstrom 1972; Ayers and Watson 1991; 
Creaser and Gray 1992). In addition, the fundamental controls 
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on apatite crystallization and composition are well understood, 
owning to many excellent experimental studies (e.g., Watson 
1979, 1980; Harrison and Watson 1984; Jahnke 1984; Pichavant 
et al. 1992; Wolf and London 1994, 1995; London et al. 1999). 
For example, we now know that apatite can crystallize early in 
some intermediate-felsic magmas based on experimental results 
(e.g., Harrison and Watson 1984) and the textural observations 
of natural samples such as the presence of apatite inclusions 
enclosed in feldspar, biotite, and hornblende in some grano-
diorites (e.g., Ding et al. 2015; Qian et al. 2019 and this study). 
The temperature interval of apatite crystallization from granitic 
magma is relatively small, mainly within 60–100 °C after magma 
begins to saturate with apatite (Piccoli and Candela 1994, 2002). 
The concentrations of REE, Sr, Cl, F, S, Eu, and Ce in apatite 
are a function of magma composition, temperature, and redox 
condition (Sha and Chappell 1999; Tepper and Kuehner 1999; 
Belousova et al. 2001, 2002; Piccoli and Candela 2002; Cao 
et al. 2012; Miles et al. 2014). For the reasons mentioned above, 
plus the recent advances in in situ analytical techniques for trace 
elements and isotopes, apatite is now widely used to study ore 
genesis associated with magma evolution (e.g., Sha and Chappell 
1999; Imai 2002, 2004; Tollari et al. 2008; Huang et al. 2019; 
Sun et al. 2019; Mercer et al. 2020).

In this study, we use the trace elements (measured using 
LA-ICP-MS) and Sr-Nd isotopes (determined using LA-MC-
ICP-MS) of apatite from four granodiorite intrusions in the 
Tongling ore district, plus complementary whole-rock data, 
to evaluate the magmatic controls on the different styles of 
hydrothermal mineralization, i.e., Cu vs. Au mineralization in 
the region. Our new data show significant compositional dif-
ferences of apatite in the host rocks with the different styles of 
mineralization. The results from this study confirm that apatite 
is a robust petrogenetic and metallogenic indicator for porphyry 
and skarn-type ore systems.

Geological background
The Tongling region is an important ore district of the 

Middle-Lower Yangtze metallogenic belt that is situated in the 
northeastern part of the Yangtze block (Fig. 1a). In this region, 
Paleozoic-Mesozoic sedimentary rocks overlie Precambrian 
metamorphic rocks (Deng et al. 2011; Cao et al. 2017). Early-
Middle Triassic carbonates are the country rocks of many young-
er granodiorite plutons with Cu, Au, Fe, and Mo mineralization 
in the Tongling ore district.

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

porphyry- and skarn-type Cu ore deposits, and the Chaoshan 
intrusion that hosts only a skarn-type Au ore deposit (Lu et al. 
2007; Yang et al. 2008; Cao et al. 2017; Wang et al. 2018; Liu 
et al. 2019).

The Au-mineralized intrusion
The Chaoshan intrusion is located ~7  km southeast of 

Tongling city. It intrudes Early-Middle Triassic limestones 
and shales. The exposure of this intrusion measures ~0.3 km2 
(Fig. 2a). It is mainly composed of pyroxene diorite that con-
tains ~70% plagioclase, ~10% pyroxene, ~15% hornblende, 
and ~5% biotite. The accessory minerals include apatite and 
zircon. Apatite occurs mainly as euhedral crystals surrounded by 
biotites (Figs. 3a–3c). Skarns are common at the contacts with 
limestones. Some of the skarns contain Au mineralization, with 
an average Au grade of 18.4 g/t (Wang et al. 2008b). Gold mainly 
occurs as native Au inclusions enclosed in pyrrhotite, pyrite, and 
arsenopyrite crystals. Pyrrhotite separates from the Au-bearing 
samples yield a Re-Os isochron age of 141.7 ± 9.9 Ma (Wang 
et al. 2008a); indistinguishable with the SHRIMP zircon U-Pb 
age of the associated pyroxene diorite (142.9 ± 1.1 Ma) (Wang 
et al. 2004). The H-O isotope compositions of fluid inclusions 
are within the range of magmatic fluids (Yang et al. 2008). The 
isotope compositions of S, C, and O in the Au-bearing sulfides 
and gangue minerals such as calcite indicate that these elements 
are mainly derived from the parental magma of the pyroxene 
diorite (Wang et al. 2008b).

Figure 1. Regional geological map of the research area (modified 
from Liu et al. 2019).
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The Cu-mineralized intrusions
The Hucun intrusion was emplaced into the Carboniferous-

Triassic sedimentary strata. It covers an area of 0.35 km2 (Fig. 2a). 
This intrusion is dominated by medium- to coarse-grained grano-
diorite that is composed of ~40% plagioclase, ~25% quartz, ~15% 
K-feldspar, ~15% hornblende, and ~5% biotite. The accessory 
minerals are apatite, zircon, and titanite. Apatite mainly occurs 
as euhedral crystals surrounded by plagioclase and hornblende 
(Figs. 3d–3f). Skarns are present at the contacts with limestones 
in places. Some exoskarn zones contain Cu mineralization with 
grades from 0.4–0.8 wt% Cu (Cao et al. 2017). Porphyry-type Cu 
mineralization occurs at ~1000 m below the present surface within 
the intrusion. The ore minerals include chalcopyrite, pyrrhotite, 
pyrite, and minor molybdenite. SHRIMP zircon U-Pb age of the 
intrusion is 140.0 ± 2.6 Ma (Xu et al. 2008a). The fluid composi-
tions and C-H-O isotopes indicate that the ore-forming fluids were 
mainly derived from the parental magma of the intrusion (Lu et 
al. 2007; Cao et al. 2017).

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

(Xu et al. 2008b; Liu et al. 2019).
The Xinwuli intrusion is situated farther away from the 

Tongling City than the other selected intrusions described above 
(Fig. 1b). This intrusion covers an area of nearly 10 km2. The 
country rocks are Triassic limestone and dolomitic limestone. 
The Xinwuli intrusion consists of quartz diorite in the margin 
and granodiorite in the center (Fig. 2b). This may be a result 
of multiple pulses from the same magma chamber at depth 
(Shao et al. 2007). Quartz diorite is medium- to fine-grained. 
It is composed of ~60% plagioclase, ~15% hornblende, ~10% 
quartz, ~10% biotite, and ~5% K-feldspar. Granodiorite is also 
medium- to fine-grained. It is composed of ~45% plagioclase, 
~25% quartz, ~15% K-feldspar, ~10% hornblende, and ~5% 
biotite. The accessory minerals include apatite, titanite, and 
zircon. Apatite in this granodiorite intrusion occurs as euhedral 
crystals surrounded by plagioclase (Figs. 3j–3l). Both porphyry- 
and skarn-type Cu mineralizations are associated with this 
intrusion in several places. At Fenghuangshan, the skarn-type 
Cu mineralization is predominant, containing a total 0.40 Mt of 
Cu with an average ore grade of 1.24 wt% Cu (Pan and Dong 
1999). The molybdenite Re-Os age is 141.7 ± 0.82 Ma and the 
zircon U-Pb age of the associated granodiorite is 143.1 ± 1.6 
Ma (Li et al. 2014). The C-O-S isotopes of hydrothermal calcite 
and sulfides from the Fenghuangshan Cu deposit support the 
interpretation that the ore-forming fluids were mainly derived 
from the parental magma of the granodiorite intrusion (Wang 
et al. 2018).

Analytical methods
Whole-rock compositions

The whole-rock samples used in this study are relatively fresh and do not 
show significant Cu-Au mineralization. The concentrations of major elements in 
the selected rocks were determined with fused lithium tetraborate glass pellets 
using an Axios PW4400 X‑ray fluorescence spectrometer at the State Key Labora-

Figure 2. Simplified geological maps for the Chaoshan, Dongguashan, and Hucun intrusions (a) and the Xinwuli intrusion (b).
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tory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy 
of Sciences in Guiyang (SKLODG). The analytical uncertainty is estimated to 
be <5%. The concentrations of trace elements in the whole rocks were analyzed 
using a PE DRC-e ICP-MS at the SKLODG. Powdered samples (50 mg) were 
dissolved using mixtures of HF and HNO3 in high-pressure polytetrafluoroeth-
ylene vessels for 2 days at ~190 °C. Rh was used to monitor signal drift during 
the analysis. The detailed analytical procedures are described in Qi et al. (2000). 
The analytical uncertainty is estimated to be within 10%.

Apatite major elements compositions
Apatite crystals were separated from the samples using standard heavy-liquid 

and magnetic methods and then mounted and polished in epoxy. Targets suitable 
for the in situ analysis were chosen using CL and BSE images. The contents of 
major and minor elements in apatite (n = 123) were determined using a EPMA-1600 

electron microprobe at the SKLODG. The analytical conditions were: 25 kV ac-
celerating voltage, 10 nA beam current, and 10 μm beam diameter. The electron 
beam was oriented perpendicular to the apatite c-axis to minimize the error for F 
analysis (Stormer et al. 1993; Goldoff et al. 2012). The following natural miner-
als were used for calibration: kaersutite (Ca, Mn, Na, Al, Si, Fe), tugtupite (Cl), 
and apatite (P, S, F).

Apatite and zircon trace elements compositions
The concentrations of trace elements in apatite (n = 123) and zircon (n = 73) 

were measured by in situ LA-ICP-MS at the SKLODG. The LA-ICP-MS system 
was an Agilent 7500a ICP-MS equipped with a Resonetics RESOLution M-50 
ArF-Excimer laser gun (λ = 193 nm, 80 mJ, 10 Hz). The laser ablation spot was 
44 μm in diameter. The ablated aerosol was fed to the ICP instrument using He 
gas. The NIST610 and NIST612 standards were used for calibration. For apatite 

Figure 3. The modes of occurrence of apatite in the rock samples from the selected intrusions. Ap = apatite; Bt = biotite; Hbl = hornblende; 
Pl = plagioclase; Hbl = hornblende; Pl = plagioclase; Qtz = quartz; Ttn = titanite.
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analysis, the content of Ca was measured using 43Ca and normalized using the 
concentration determined by electron probe analysis. Off-line data reduction was 
performed using ICPMSDataCal software from Liu et al. (2008). The detection 
limits of apatite by LA-ICP-MS are estimated to be <0.3 ppm for Sm and Gd, 
and <0.1 ppm for U, Th, Sr, Zr, Ga, Cu, and other REE. The detection limits of 
zircon by LA-ICP-MS are estimated to be <0.3 ppm for Sm and Gd, and <0.1 ppm 
for U, Th, Sr, Zr, Ga, and other REE.

Apatite Sr-Nd isotopes
In situ apatite Sr isotope measurements were conducted using a Nu Plasma 

III MC-ICP-MS (Nu Instruments) instrument equipped with a RESOlution-155 
ArF193-nm laser ablation sampling system (Australian Scientific Instruments) 
at the SKLODG. Apatite was ablated in a mixture of helium (350 mL/min) and 
nitrogen (2 mL/min) atmosphere using the following parameters: 30 s baseline 
time, 40 s ablation time, 60–104 μm spot size, 6 Hz repetition rate, and 6 J/cm2 
energy density. The analytical procedure and interference correction are the same 
as those described in Ramos et al. (2004) and Gao and Zhou (2013). One in-house 
standard of a modern-day coral was measured after every five samples, and two 
apatite standards (AP1 and MAD) were analyzed after every thirty samples. The 
results were used for quality control. The measured 87Sr/86Sr ratio for the apatite 
standard AP1 was 0.71133 ± 0.00004 (n = 12), which was identical to the recom-
mended value (AP1: 0.71136 ± 0.00008; Yang et al. 2014).

In situ apatite Nd isotope measurements were conducted in the same manner 
as the Sr isotope analysis. The interference of 144Sm on 144Nd was derived from the 
147Sm intensity with a natural 144Sm/147Sm ratio of 0.205484 (Isnard et al. 2005). 
The mass bias factor of Sm was calculated from the measured isotopic ratio of 
147Sm/149Sm and its actual value 1.08680 (Isnard et al. 2005). The mass bias of 
143Nd/144Nd was normalized to 146Nd/144Nd = 0.7129 with an exponential law. One 
apatite standard (Durango) was analyzed after every five samples, and the other 
two apatite standards (AP1 and MAD) were analyzed after every 30 samples. The 
results were used for quality control. The measured 143Nd/144Nd ratio for the apatite 
standard AP1 was 0.512342 ± 0.000014 (n = 12), which was identical to the recom-
mended value (AP1: 0.512352 ± 0.000024) (Yang et al. 2014).

Results
Whole-rock compositions

Whole-rock compositions are provided as Online Materials1 
OM1. These data indicate that the Hucun, Dongguashan, and 
Xinwuli intrusions have metaluminous and calc-alkaline com-
positions (Figs. 4a and 4b), with a Rittmann index [σ = (Na2O 
+ K2O)2/(SiO2 – 43), units in wt% (Rittmann 1957, 1962)] of 
2.37–2.88 and an aluminum saturation index [ASI = molar ratio 
Al2O3/(CaO+Na2O+K2O) (Zen 1986; Acosta-Vigil et al. 2003)] 
of 0.74–0.90. The Chaoshan intrusion has a metaluminous and 
alkaline composition (Figs. 4a and 4b), with a Rittmann index of 
4.54–4.82 and an aluminum saturation index of 0.66–0.68. The 
intrusive rocks are all characterized by moderate to severe K-Nb,-
P-Ti depletions (Fig. 4c) and significant light REE enrichments 
(Fig. 4d). The Dongguashan, Xinwuli, and Hucun intrusions 
show typical adakite trace element compositions, such as Sr > 
400 ppm, Y < 20 ppm, Yb < 2 ppm, (La/Yb)N > 15, and δEu > 
0.80 (Defant and Drummond 1990). In contrast, the Chaoshan 
intrusion does not show such adakite characteristics.

Apatite major and trace elements
The ideal formula of apatite is simplified as A5(XO4)3Z. The 

A-site usually accommodates Ca2+ and other minor or trace 
cations such as Sr2+, Mn2+, Fe2+, REE3+,2+, Y3+, Ga2+, and Na+. 
The X site is mainly occupied by P5+ but can be substituted by 
other highly charged cations such as V5+, S6+, and C4+. The Z 
site is occupied by F−, Cl−, and OH−. Based on the F−, Cl−, and 

Figure 4. (Na2O+K2O) vs. SiO2 diagram (Irvine and Baragar 1971) (a); A/NK vs. A/CNK diagram (Maniar and Piccoli 1989) for the Chaoshan, 
Hucun, Dongguashan, and Xinwuli intrusions (b); chondrite-normalized trace-element diagrams (c); and REE diagrams (d) for the selected intrusions. 
Data are listed in Online Materials1 OM1. The chondrite values are from Sun and McDonough (1989).
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OH− compositions, apatite can be subdivided into fluorapatite, 
chloraptite, and hydroxylapatite. The contents of the major and 
trace elements in apatite are given as Online Materials1 OM2.

Major elements (Ca-Mn-Na) in the apatite structure. The 
apatite crystals from the four selected intrusions have similar 
average CaO contents (54–55 wt%). The apatite average MnO 
contents are higher in the Hucun and Chaoshan intrusions 
(~0.10 wt%) and are lower in the Xinwuli (0.08 wt%) and Dong-
guashan intrusions (0.04 wt%). The negative correlation between 
apatite CaO and MnO indicates the equivalent substitution of 
Ca2+ by Mn2+ (Fig. 5a) (Pan and Fleet 2002). The apatite aver-
age Na2O content is the lowest in the Xinwuli intrusion (mostly 
below the detection limit of EPMA), the highest in the Chaoshan 
intrusion (0.14  wt%), and intermediate in the Dongguashan 
(0.09  wt%) and Hucun (0.07  wt%) intrusions. The negative 
correlation of apatite Na2O and CaO (Fig. 5b) is related to the 
following reactions (Rønsbo 1989; Sha and Chappell 1999): 

Na+ + S6+ = Ca2+ + P5+	 (1)
2Na+ = Ca2+	 (2)
REE3+ + Na+ = 2Ca2+.	 (3)

The positive correlation of apatite Na2O and SO3 in the Cha-
oshan intrusions (Fig. 5c) implies that reaction 1 could be dominant 
for these apatite crystals. However, the low-apatite SO3 content and 
the negative correlation of apatite REE and CaO (Fig. 5d) suggest 
that reaction 3 is more prevalent in the Hucun, Dongguashan, and 
Xinwuli intrusions.

Major elements (P-S-F-Cl) in the apatite structure. The 
apatite crystals from the selected four intrusions have similar 
average P2O5 contents (40–41 wt%). The apatite average SO3 
contents are the highest in the Chaoshan intrusion (0.28 wt%), 
medium in the Hucun and Dongguashan intrusions (0.17 and 
0.20 wt%, respectively), and the lowest in the Xinwuli intru-
sion (<0.16 wt%). S enters apatite by complex substitutions of:

S6+ + Si4+ = 2P5+	 (4) 

and reaction 1 (Sha and Chappell 1999). The positive correlation 
of apatite CaO and P2O5 (Fig. 5e) responds well to reaction 1, 
while reaction 4 could be negligible because no Si was detected 
by EPMA in apatite. The observed negative correlation of apatite 
F and Cl (Fig. 5f) supports the reciprocal substitution of these 
two elements (Pan and Fleet 2002). Our data show that the 
Chaoshan intrusion has a relatively high-apatite Cl content (aver-
age of 0.45 wt%) and a relatively low-apatite F content (average 
of 2.44 wt%) and F/Cl ratio (average of 6.2). The apatite crystals 
from the Xinwuli, Hucun, and Dongguashan intrusions have 
relatively low-Cl contents (averages of 0.11, 0.32, and 0.33 wt%, 
respectively) and relatively high-F contents (averages of 2.89, 
2.76, and 2.52 wt%, correspondingly) and F/Cl ratios (averages 
of 29.5, 10.6, and 8.2, respectively).

Minor elements (REE-Y) in the apatite structure. Among 
the four selected rocks, the apatite total REE content is the highest 
in the Chaoshan intrusion (average of 7035 ppm), intermedi-
ate in the Xinwuli intrusion (average of 6410  ppm), and the 
Dongguashan intrusion (average of 5469 ppm), and the lowest 
in the Hucun intrusion (average of 4771 ppm). The magnitude 

of the REE content in apatite is consistent with that in whole-
rock samples. The negative correlation of apatite CaO and REE 
(Fig. 5d) has implications for the substitution of Ca by REE 
through reactions that include:

2REE3+ +  = 3Ca2+	 (5)

and reaction 3 (Pan and Fleet 2002; Rønsbo 1989; Sha and 
Chappell 1999). Reaction 3 could be important in the Hucun and 
Chaoshan intrusions because of the positive correlation of REE 
and Na2O (Fig. 5g). The chondrite- normalized REE patterns of 
apatite from the four selected intrusions (Fig. 6) show light REE 
enrichments relative to heavy REE and a significantly negative 
Eu anomaly (0.3–0.6). Apatite crystals from the Chaoshan and 
Xinwuli intrusions have higher Y contents (averages of 482 and 
413 ppm, respectively) than those from the Hucun and Dong-
guashan intrusions (averages of 236 and 268 ppm, respectively). 
The observed positive correlation of apatite Y and REE (Fig. 5h) 
hints at the similar partitioning behavior of these two elements 
as the substitute of Ca in apatite.

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

Trace elements (Ga-V-Cu-Cr) in the apatite structure. 
These four elements in apatite are considered to be potential 
monitors of magma composition and oxidation state (Sha and 
Chappell 1999; Mao et al. 2016; Sun et al. 2019). Thus, we de-
termined the concentration variations of these elements in our 
apatite samples. The data show that apatite from the Chaoshan in-
trusion contains more Ga (average of 20 ppm) than that from the 
other three intrusions (14–17 ppm). The apatite average V content 
is higher in the Chaoshan and Xinwuli intrusions (~17 ppm) than 
that in the Hucun (8.7 ppm) and Dongguashan (11 ppm) intru-
sions. The apatite Cu content is an order of magnitude lower in 
the Hucun, Dongguashan, and Chaoshan intrusions (<0.5 ppm) 
than that in the Xinwuli intrusion (average of 4.2 ppm). The 
apatite crystals from these four intrusions have similar average 
Cr content, ranging from 1.5 to 1.6 ppm.

Apatite Sr-Nd isotopes
The in situ Sr-Nd isotopic data of apatite are provided as 

Online Materials1 OM3. Apatite from the Chaoshan intrusion 
has 87Sr/86Sr ratios from 0.70638 to 0.70683 and εNd(0) values 
from −11.6 to −8.3. Overall, apatite from the Hucun intrusion 
has slightly higher (87Sr/86Sr)i ratios (0.70718 to 0.70812) and 
lower εNd(0) values (−15.1 to −8.6). Apatite from the Xinwuli 
and Dongguashan intrusions has the highest (87Sr/86Sr) ratios 
(0.70820 to 0.70895 and 0.70802 to 0.71091, respectively) and 
the lowest εNd(0) values (−16.3 to −10.8 and −16.6 to −12.1, 
respectively) among the four studied intrusions. The current and 
initial 87Sr/86Sr ratios of apatite are likely very similar because 
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Figure 5. Plots of CaO vs. MnO (a); CaO vs. Na2O (b); Na2O vs. SO3 (c); CaO vs. REE (d); CaO vs. P2O5 (e); F vs.Cl (f); Na2O vs. REE (g); 
and Y vs. REE (h) in apatite from the selected intrusions.
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Rb content in the apatite structure is negligible (Sun et al. 2019). 
The calculated initial εNd(t) values of apatite based on the previ-
ously reported ages for the intrusions are as follows: from −9.9 
to −6.6 for Chaoshan, from −13.1 to −6.6 for Hucun, from −14.3 
to −8.9 for Xinwuli, and from −14.8 to −10.0 for Dongguashan.

Trace elements in zircon
The average contents of some trace elements in zircon are 

given as Online Materials1 OM4. High-Th/U ratios (>0.1) con-
firm that the zircon crystals used in this study are all magmatic. 
The zircon average Ce contents are 76, 20, 31, and 30 ppm in 
the Chaoshan, Xinwuli, Dongguashan, and Hucun intrusions, 
respectively. The zircon average Ti contents are 20, 6.3, 5.9, and 
3.6 ppm in the Chaoshan, Xinwuli, Dongguashan, and Hucun in-
trusions, respectively. We calculated the zircon Ce4+/Ce3+ ratio us-
ing the method proposed by Ballard et al. (2002). The calculated 

Ce4+/Ce3+ ratios of zircon are included in the Online Materials1 
OM4, which show that zircon from the Chaoshan intrusion has 
a lower zircon Ce4+/Ce3+ ratio (average of 31) than that from the 
Dongguashan, Xinwuli, and Hucun intrusions (average ratios 
135, 155, and 274, respectively). We estimated the temperature 
of early magmas using Ti-in-zircon thermo-metry proposed by 
Ferry and Watson (2007). The calculated temperatures of mag-
mas are 957, 815, 757, and 807 °C in the Chaoshan, Xinwuli, 
Hucun, and Dongguashan intrusions, respectively (Table 1).

Discussion
Apatite origin

The apatite crystals from all four intrusions are interpreted 
to be of magmatic origin, not hydrothermal or metamorphic 
origin. The reasons are as follows. First, the chemical composi-
tions, such as the ranges of Mn, Ca, Na, F, Cl, and H2O contents 

Figure 6. Chondrite-normalized REE patterns for apatite from the selected intrusions. Data are listed in Online Materials1 OM2. The chondrite 
values are from Sun and McDonough (1989).

Table 1. Estimation of magmatic oxygen fugacity and the contents of S, Cl, and F using apatite compositions
Intrusion	 Average	 Average	 Average	 Average	 Average	 Average	 Average	 Average	 Zircon Ti	 ΔFMQe

	 apatite	 apatite	 apatite	 apatite	 magmatic SO3
	 magmatic SO3

	 magmatic F	 magmatic Cl	 temperature
	 Mn (ppm)	 SO3 (ppm)	 F (wt%)	 Cl (wt%)	 content (ppm)a	 content (ppm)b	 content (ppm)c	 content (ppm)c	 (°C)d		

Chaoshan	 797	 2834	 2.44	 0.45	 116	 1067	 814	 5568	 957	 +0.1
Xinwuli	 279	 560	 2.89	 0.11	 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): lnKD (SO3)apatite/(SO3)melt = 21130/T – 16.2.
b Calculated equation of magmatic SO3 content is from Parat et al. (2011): SO3 apatite (wt%) = 0.157 × ln SO3 glass (melt, wt%) + 0.9834.
c Partition coefficients of F and Cl are from Parat et al. (2011). Dcl apatite/melt = 0.8; DF apatite/melt = 30.
d Ti-in-zircon thermo-metry is from Ferry and Watson (2007): log (Ti in zircon ppm) = 5.711 ± 0.072–(4800 ± 86)/T(K) – log aSiO2 + log aTiO2. aSiO2 is equal to1.0 and 
aTiO2 is equal to 0.5. Apatite saturation temperature cannot 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 Fayalite-magnetite-quartz (FMQ) oxygen fugacity buffer is from Myers and Eugster (1983). The calculated equation of oxygen fugacity using apatite Mn is from 
Miles et al. (2014): log (fO2) = –0.0022 (±0.0003) Mn(ppm) – 9.75(±0.46). 
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in the analyzed apatites, are generally consistent with those of 
magmatic origin that occur elsewhere in the world (Piccoli and 
Candela 2002) (see Fig. 7). Second, hydrothermal apatite com-
monly has very high Cl, exceeding 3.0 wt%, coupled by low-F 
content (Palma et al. 2019), which is likely due to a much higher 
abundance of Cl than F in the parental hydrothermal fluids 
(Candela 1986; Warner et al. 1998). The high-T hydrothermal 
alteration (e.g., K silicate alteration) may alter apatite compo-
sition (Bouzari et al. 2016), resulting in Cl enrichment in the 
apatite (Palma et al. 2019). However, the apatite crystals from 
the selected intrusions all have low-Cl contents (<0.75 wt%). 
Third, the apatite crystals used in this study all have higher Th 
(>10 ppm) and La (>1000 ppm) contents than typical metamor-
phic apatite (Th < 10 ppm and La < 1000 ppm; Henrichs et al. 
2018). Finally, the interpretation of a magmatic origin for the 
apatite crystals used in this study is supported by the textural 
relationships, such as their occurrence as inclusions of euhedral 
grains enclosed in plagioclase, biotite, and hornblende (Fig. 3), 
indicating that the apatite crystals could crystallize before the 
crystallization of the host silicate minerals. Using the method of 
Harrison and Watson (1984) and whole-rock compositions, the 
calculated apatite saturation temperatures in the studied intrusive 
rock are >890 °C (Online Materials1 OM1), further supporting a 
magmatic origin for the apatite crystals in these rocks.

Magmatic oxidation state
The traditional method that uses the whole-rock Fe3+/Fe2+ 

ratio to determine a magmatic oxidation state may be inaccurate 
owing to the effect of alteration and weathering on the ratio. The 
compositions of alteration-resistant minerals such as apatite may 
be more accurate magmatic redox proxies. Many researchers 
have demonstrated that the variations of Eu, Ce, Mn, V, and Ga 
in apatite are related to the changes of magmatic oxidation states 
(e.g., Drake 1975; Sha and Chappell 1999; Streck and Dilles 
1998; Imai 2002, 2004; Boechat et al. 2003; Cao et al. 2012; Sun 

et al. 2019). Eu3+, Ce3+, Mn2+, V5+, and Ga2+ are favored by apatite 
because Eu3+, Ce3+, Mn2+, and Ga2+ can occupy the heptahedral 
Ca site while V5+ can occupy the tetrahedral P site (Piccoli and 
Candela 2002). A higher oxygen fugacity increases Eu3+, Ce4+, 
Ga3+, Mn3+, and V5+ at the expense of Eu2+, Ce3+, Ga2+, Mn2+, and 
V4+ in magma, which facilitates the incorporation of Eu and V, 
rather than Ce, Mn, and Ga into apatite. As a result, the apatite 
crystallizing from more oxidized magma will contain more Eu 
and V but less Ga, Mn, and Ce than that crystallizing from less 
oxidized magma if the concentrations of these elements are con-
stant in the various magmas. However, the use of these proxies 
to trace magmatic oxidation states requires careful consideration 
of elemental partitioning behaviors in different mineral phases 
coexisting with apatite. For example, feldspar crystallization 
can remove large amounts of Eu and Sr from the coexisting 
melt (Ballard et al. 2002; Bi et al. 2002; Buick et al. 2007). 
The positive correlation of apatite δEu and Sr (Fig. 8a) means 
that apatite δEu value and Sr content are profoundly affected 
by feldspar crystallization in the selected intrusions. Similarly, 
Ga is compatible with feldspar because it can substitute for Al 
(Bedard 2006). The simultaneous decrease of Ga and Sr contents 
in apatite from the Hucun and Dongguashan intrusions (Fig. 8b) 
indicates that the low-Ga content in the apatite crystals may have 
resulted from feldspar crystallization. Based on this finding, the 
δEu and Ga content in apatite is not a suitable index to delineate 
the magmatic oxidation state in the intrusions from this study.

Despite the limitations, some apatite proxies are still useful, 
including V concentration. Our data reveal that the Chaoshan 
intrusion has much higher whole-rock V content (>200 ppm) than 
the Xinwuli intrusion (<100 ppm), but apatite from the former 
intrusion does not have higher V contents. Early crystallization 
of clinopyroxene from the parental magma for the Chaoshan 
intrusion may explain lower V content than expected in the 
apatite crystals from this intrusion. Cr is highly compatible in the 
clinopyroxene structure (e.g., Johnston and Schwab 2004). Thus, 
this element may be used to track the effect of clinopyroxene 
crystallization on the compositions of magma and the apatite 
crystallizing from the fractionated magma. If a decrease of V 
content in apatite is due to early clinopyroxene crystallization, 
a decrease of Cr content in apatite should also occur. Neverthe-
less, no simultaneous reduction of these elemental contents is 
observed in the apatite crystals from the Chaoshan intrusion 
(Fig. 8c). Experimental results showed that V, unlike Cr, may 
behave as an incompatible element in the clinopyroxene struc-
ture when the oxidation state of the magmatic system is above 
the FMQ buffer (Mallmann and O’Neill 2009). This scenario is 
likely to prevail in the Chaoshan magmatic system, where the 
estimated magmatic oxygen fugacity is close to FMQ+0.1 (see 
below). Magnetite is rare in the Chaoshan intrusion. A previous 
study has shown that the onset of magnetite saturation usually 
occurs in magma where SiO2 content reaches 60 wt% (Jenner 
et al. 2010). However, the whole-rock SiO2 content of the 
Chaoshan intrusion is <55 wt%. This implies that the magnetite 
in this intrusion can only crystallize in the late stage of magma 
evolution, and thus the chemical composition of apatite that is 
an early mineral phase may not be affected by magnetite crystal-
lization. Finally, the low-V content in hornblende (253–348 ppm) 
and clinopyroxene (151–237 ppm) from the Chaoshan intrusion 

Figure 7. The molar ratio of Ca/100-Mn-Fe, Ca/100-Mn-Na, and 
fluorapatite (FAP)-chlorapatite (CAP)-hydroxylapatite (HAP) in apatite 
from the selected intrusions. The base map is from Piccoli and Candela 
(2002). The calculated method on the mole fraction of FAP, CAP, and 
HAP is from Piccoli and Candela (2002).
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(Tu 2014) suggests that the amount of V removed from the melt 
via the crystallization of these minerals is limited. In view of the 
above findings, we infer that the crystallization of other miner-
als may fail to trigger a significantly downward V content in 
apatite from the Chaoshan intrusion. The lower V content than 
expected in apatite from the Chaoshan intrusion is mainly due to 
the relatively low-magmatic oxygen fugacity, which suppresses 
the incorporation of V into apatite.

The above inferred oxidation states can be further evaluated 
using the Ce/La ratios of apatite. Ce and La share chemical 
similarities and are difficult to fractionate during magma evolu-
tion unless some minerals that have greatly discrepant partition 
coefficients of La and Ce, such as zircon, are also crystallizing. 
Numerous experiments revealed that Ce is much more compat-
ible than La in the zircon structure (Nardi et al. 2013; Rubatto 
and Hermann 2007). As a result, zircon crystallization may lead 

Figure 8. Plots of Sr vs. δEu (a); Ga vs. Sr (b); V vs. Cr (c); and Ce/La vs. Nd/Yb (d) in apatite from the selected intrusions and the estimated 
magma oxygen fugacity from Table 1 (c).
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to a decrease of Ce/La ratio in the apatite crystallizing from 
the fractionated magma. Similarly, zircon crystallization may 
increase the Nd/Yb ratio in the apatite because Yb is more com-
patible than Nd in zircon structure (Nardi et al. 2013). However, 
there is no negative correlation between Ce/La and Nd/Yb in 
the apatite crystals from the selected four intrusions (Fig. 8d). 
Since the Ce and La contents of zircon are nearly two orders of 
magnitude lower than that of coexisting apatite in the samples, 
it seems that zircon crystallization does not influence the Ce/La 
ratio of coexisting apatite. The whole-rock Ce/La ratio is uni-
form in the selected four intrusions (1.88–2.00), but the apatite 
from the Chaoshan intrusion has a higher Ce/La ratio (average 
of 1.89) than that from the other three intrusions (average of 
1.52–1.76). This is probably due to the lower oxygen fugacity of 
the parental magma for the Chaoshan intrusion compared to that 
of other three intrusions. It follows that the relatively reduced 
conditions cause the increase of Ce3+ at the expense of Ce4+ in 
the melt and facilitate the incorporation of more Ce into apatite 
in the form of Ce3+ to substitute Ca. However, the content of La 
in apatite is independent of magmatic oxidation state because 
La3+ is the only major ionic form of this element. As a result, the 
change of oxygen fugacity cannot change the efficiency of La 
replacing Ca in apatite. In view of the above understanding, the 
higher Ce/La ratio in apatite from the Chaoshan intrusion may 
indicate a more reduced magma system in this intrusion relative 
to the other three intrusions.

Moreover, a previous study found that the Mn content in 
magmatic apatite can be used to estimate the oxygen fugacity 
of a magmatic system (Miles et al. 2014). The calculated results 
(Table 1) are based on an equation proposed by Miles et al. (2014) 
that the Chaoshan intrusion formed from a relatively reduced 
magmatic system (ΔFMQ+0.1), while the Hucun, Dongguashan, 
and Xinwuli intrusions formed from relatively more oxidized 
magmatic systems (>ΔFMQ+3).

To independently verify these aforementioned findings from 
apatite redox proxies, we have estimated the magmatic oxygen 
fugacity using zircon Ce data. The data show that the calculated 
zircon Ce4+/Ce3+ ratios for the Chaoshan intrusion are lower 
than that for the Dongguashan, Xinwuli, and Hucun intrusions. 
The zircon data also indicate less oxidized condition for the 
Chaoshan magmatic system than the other three magmatic sys-
tems, consistent with the results from apatite (Fig. 8e).

The results from this study indicate that the magma leading 
to Au mineralization is less oxidized than the magma associated 
with Cu mineralization. One of the underlying reasons is that the 
solubility of Au in magma is related to the amount of reduced S 
(S2−) in the magma, which in turn is related to the oxygen fugacity 
of the magma (Zajacz et al. 2012). Au can be easily dissolved 
as a bisulfide complex [such as Au-S-O, AuHS, Au2S3, AuFeS2, 
or AuS(K/Na)] in relatively reduced magma, but it is more dif-
ficult to be dissolved in the relatively more oxidized magma 
(>ΔNNO+1) because under such more oxidized conditions it 
tends to occur as less soluble species such as metallic Au or 
AuO2 (Botcharnikov et al. 2011; Jégo and Pichavant 2012; Zajacz 
et al. 2012). Several experiments have also demonstrated that 
the solubility of Au in magma rapidly decreases when oxygen 
fugacity exceeds ΔFMQ+1, whereas the solubility of Cu contin-
ues to increase (Bell et al. 2011; Botcharnikov et al. 2011; Jégo 

and Pichavant 2012; Zajacz et al. 2012; Li and Audétat 2013). 
Among the four selected intrusions, Au could be more abundant 
in the parental magma for the Chaoshan intrusion because the 
magma was less oxidized (ΔFMQ+0.1) and could dissolve more 
Au for the later hydrothermal mineralization, whereas Au could 
be barren in the parental magmas for the other three intrusions 
(Dongguashan, Hucun, and Xinwuli) because their parental 
magmas were highly oxidized (>ΔFMQ+3). This may explain 
the different metallogenic affinities for the different intrusions 
from this study.

Magma compositions
Volatile components. During magma solidification, volatile 

components such as F, Cl, H2O, and S would change in the melt 
due to crystallization and fluid exsolution or degassing. Hence, 
the whole-rock composition cannot representatively record the 
initial volatile contents in magma. Fluid saturation and exsolu-
tion may occur at the early stages of magma differentiation in 
the magma with a high initial water content such as ore-forming 
magma (usually >4%) (Zhu et al. 2018). This prevents the metal 
loss caused by crystallization of minerals and facilitates metal 
partitioning into the hydrothermal fluid (Cline and Bodnar 1991). 
The parental magma for a porphyry Cu deposit could attain 
massive fluid exsolution during hornblende crystallization (Li 
et al. 2018). Therefore, hornblende and biotite may not track the 
initial halogen compositions of magma if they crystallize after 
massive fluid exsolution. In some dioritic magmatic systems, 
such as those from this study, apatite can crystallize earlier than 
hornblende and biotite, as evidenced by the textures (Fig. 3). In 
these cases, apatite can be used to evaluate the initial halogen 
and sulfur compositions of the magma (e.g., Boyce et al. 2010; 
Elkins-Tanton and Grove 2011).

Our data show that apatite in the Chaoshan intrusion has 
higher Cl and SO3 contents but lower F/Cl ratio than apatite in 
the Hucun, Dongguashan, and Xinwuli intrusions (Fig. 9). The 
S contents of the parental magmas for these intrusions were 
estimated using the apatite/melt partition coefficients of Peng et 
al. (1997) and Parat et al. (2011), and the Cl and F abundances 
in the magmas were calculated using the apatite/melt partition 
coefficients of Parat et al. (2011). The results (Table 1) indicate 
that the Au-mineralized magma contains more Cl and S and 
less F than the Cu-mineralized magmas. The solubility of Cu is 
influenced only slightly by the presence of S and Cl because the 
dominant Cu species in the melt is CuO0.5 (Zajacz et al. 2012). 
In contrast, the solubility of Au increases significantly with 
increasing S and Cl contents in the melt (Botcharnikov et al. 
2011; Zajacz et al. 2012). Considering this different effect of S 
and Cl on the solubility of Cu and Au in the melt, the enrichment 
of magmatic S and Cl plays a more important role in the accu-
mulation of sufficient Au in an evolving melt for hydrothermal 
mineralization. The higher F contents of apatite in these three 
Cu-mineralized intrusions relative to the Au-mineralized intru-
sion might be attributed to the input of more crustal components 
into the parental magmas of the Cu-mineralized intrusions. This 
is supported by the apatite Sr-Nd isotope (discussed below). Also, 
the parental magma of the Xinwuli intrusion shows lower Cl and 
S contents than that of the Hucun and Dongguashan intrusions.

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

Metal fertility. Whole-rock samples from the host intrusions 
of porphyry and skarn-type Cu deposits commonly contain minor 
amounts of disseminated hydrothermal chalcopyrite and bornite. 
As a result, the Cu contents in whole rocks tend to be higher than 
those in the parental magmas. Thus, the metal contents in some 
mineral structures are a better proxy to track the parental magma 
composition. Apatite may contain Cu through the substitution 
of Ca2+ by Cu2+ (Wang et al. 2016). Although the Cu partition 
coefficient between apatite and melt remains uncertain, the dif-

ferent ionic radius between Cu2+ and Ca2+ and the low content 
of Cu in natural apatite indicates that Cu is likely incompatible 
in the apatite structure. This incompatibility of Cu signifies that 
apatite crystallizing at any stage of magma evolution is unable 
to scavenge a significant fraction of Cu from the melt. However, 
the contents of Cu in some natural apatite crystals are still high 
enough to be measured by LA-ICP-MS, providing a useful 
indicator for Cu fertility in the parental magma.

It is widely accepted that the crystallization of major rock-
forming minerals such as hornblende, pyroxene, feldspar, and 
biotite do not remove Cu from the parental magma because Cu 
is highly incompatible in the mineral structures (Bedard 2006; 
Le Roux et al. 2015; Hsu et al. 2017; Liu et al. 2015). However, 
the Cu content in melt and apatite could be strongly controlled 
by the crystallization of Cu-bearing sulfides or the exsolution 
of Cu-bearing fluids during apatite crystallization. Crystalliza-
tion of magmatic sulfides directly from magma will result in a 
significant decrease of Cu and S in the residual magma because 
Cu can be sequestered by many sulfide phases (Jugo et al. 1999). 
The exsolution of Cl-rich fluids from magma will reduce the 
amount of Cu in the magma because Cu can strongly partition 
into the fluids as Cl-complexes (Candela and Holland 1984; Wil-
liams et al. 1995; Webster 2004). It is currently accepted though 
that direct saturation of sulfide from magma is not favorable for 
Cu and Au mineralization (Richards 2015; Sun et al. 2015). In 
fact, sulfide saturation may occur in relatively reduced magmas 
but not in highly oxidized magmas (Jugo et al. 2005). For this 

Figure 9. Plots of Cl vs. SO3, F vs. SO3, and Cl vs. F/Cl in apatite from the selected intrusions.
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reason, magmatic sulfides (e.g., pyrite and chalcopyrite) are 
mainly found in the host rocks of some reduced-type porphyry 
Cu deposits such as the San Anto (Mexico), Mamut (Malaysia), 
and San Jorge (Argentina) deposits (fO2 < FMQ; Rowins 2000). 
The four intrusions we have studied clearly formed from more 
oxidized magma (fO2 > FMQ). The concentrations of S in the 
parental magmas for these four intrusions, estimated based on 
apatite S contents (Table 1), are all lower than the value required 
for pyrite saturation (~1500 ppm) (Moune et al. 2009) and the S 
solubility in andesitic and rhyolitic melt (~1000 ppm) (Clemente 
et al. 2004). Sulfide melt inclusions are absent in these intru-
sions, which may be partly attributed to high-magmatic oxygen 
fugacity. Experimental results have shown that S almost exists 
in the form of S6+ in the oxidized magma (fO2 > FMQ+2.0) (Jugo 
et al. 2005). Based on these conditions, we do not expect that 
there was major magmatic sulfide saturation in the magma types 
investigated in this study. If a large amount of Cu was extracted 
by a Cl-bearing fluid during apatite crystallization from the 
parental magmas for these intrusions, a reduced Cu content and 
similarly decreased Cl content in apatite would be expected. But 
such correlation is not found (Fig. 11a), implying that the poten-

tial large-scale hydrothermal fluid exsolution mainly occurred 
after apatite crystallization, and thus the studied apatite can be 
used to track the initial Cu contents in the parental magmas.

The contents of Cu in apatite from the Cu-mineralized intru-
sions are dramatically different (Figs. 11a and 11b). Apatite from 
the Xinwuli intrusion has a Cu content ten times higher than 
apatite from the other two intrusions (Hucun and Dongguashan). 
The contents of Cu in apatite from the Hucun and Dongguashan 
intrusions are as low as that from the Chaoshan intrusion, which 
is not related to any Cu mineralization. The reason for the con-
trasting Cu contents in apatite from the three Cu-mineralized 
intrusion is elusive, but one possibility is a different magma 
source for the different intrusions, each source with different Cu 
abundances. Cu-rich magma is considered to be a prerequisite 
for the formation of porphyry- and skarn-type Cu deposits by 
some researchers (e.g., Halter et al. 2005; Core et al. 2006; Stern 
et al. 2007; Richards 2009). The results from this study, as well 
as those from the study of the Bingham deposits (Zhang and 
Audétat 2017), indicate that such requirement is not universal. 
We believe that fluid compositions can play a prominent part in 
Cu mineralization. The fluids derived from the relatively Cl-rich 

Figure 10. Plots of F/Cl vs. Sr (a) and mole fraction of chloraptite vs. hydroxylapatite (b) in apatite from the selected intrusions

Figure 11. Plots of Cl vs. Cu and SO3 vs. Cu in apatite from the selected intrusions.
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magmas of the Hucun and Dongguashan intrusions are likely to 
contain more high-salinity fluids and thus can transport more 
Cu as Cl-complexes. This is conducive to the extraction of Cu 
into the hydrothermal fluid and can lead to Cu mineralization 
even if the parental magma is not particularly enriched in Cu.

Mantle and crustal components in the parental magmas
As mentioned above, apatite major and trace elements reveal 

significant differences in the redox conditions and chemical 
compositions between Au-mineralized and Cu-mineralized 
magmatic systems. These differences may be partly related to 
the mixing of magmas with different proportions of the crust-
derived and mantle-derived components. Previous studies have 
shown that F is high in the crust (Aoki et al. 1981; Gundmundur 
et al. 1986). Thus, we envisage that higher F content in apatite 
from the intrusions related to Cu mineralization relative to 
that in apatite associated with Au mineralization might result 
from the higher contribution of the crust-derived components 
to the parental magmas of these intrusions. The whole-rock 
Sr-Nd isotope data for the igneous rocks in the Tongling region 
show that pyroxene diorite such as that of the Chaoshan intru-
sion generally have lower (87Sr/86Sr)i ratios and higher εNd(t) 
values than granodiorite and quartz diorite such as those in 
the Hucun, Dongguashan, and Xinwuli intrusions (Xie 2008). 
However, owing to the possible effect from weathering and 
alteration on whole-rock Sr-Nd isotope data, more evidence is 
needed to reach this conclusion. Recently, the values of in situ 
apatite 87Sr/86Sr and 143Nd/144Nd have been accurately detected 
by LA-MC-ICP-MS (Yang et al. 2014). The advantage of Sr-
Nd isotope in apatite as an effective reflection of that in the 
parental magma is that the early crystallization of apatite could 
largely avoid the possible isotope fractionation caused by the 
late crystallization of other minerals. Our apatite results show 
higher εNd(t) values and lower initial (87Sr/86Sr)i ratios for the 
Chaoshan intrusion than the other three intrusions (Fig. 12). The 
Sr-Nd isotope data are consistent with the interpretation that 
the parental magma of the Au-mineralized Chaoshan intrusion 
contains higher amount of mantle-derived materials than those 
of the other three Cu-mineralized intrusions.

The finding that magma with a larger mantle component 
is favorable for Au mineralization might be ascribed to Au 
fertilization in the metasomatized enriched lithospheric mantle. 
Previous studies have shown that the metasomatized enriched 
lithospheric mantle, such as that in North China and Papua New 
Guinea, could be enriched in Au (Griffin et al. 2013; Saunders 
et al. 2018; McInnes et al. 1999). The Au content in the mantle 
xenoliths collected nearly 300 km away from the Tongling ore 
district can exceed 6.0 ppb (He et al. 2004), which is higher than 
the average Au abundance in the continental crust (1.5–3.0 ppb, 
Taylor and McLennan 1995; Rudnick and Gao 2003). Alterna-
tively, a relatively Si-poor magma (SiO2 < 60 wt%) due to the 
mixing with abundant mantle materials will effectively suppress 
the early crystallization of magnetite and sulfide (Jenner et al. 
2010). This is more critical for the mineralization of Au than 
that of Cu by avoiding the early loss of ore-forming metal from 
the magma, owing to the higher solid/melt partition coefficient 
for Au than Cu (Peach et al. 1990; Li and Audétat 2012; Patten 
et al. 2013; Mungall and Brenan 2014). Nevertheless, there is 

no evidence for the early saturation of sulfide and magnetite in 
causative magmas of the Cu-mineralized intrusions investigated. 
Therefore, we favor the addition of different amounts of mantle-
derived materials as the reason for the different metallogeny.

Implications
The results of this study demonstrate that apatite is a good 

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