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In view of the importance of the magmatic oxidation state and volatile
composition (H2O-S-Cl) in porphyry Cu mineralization, identification of
magmatic information has become the basis for the evaluation of the Cu-
mineralization potential of porphyries. Apatite, as a common accessory mineral
in porphyry, is recognized as an effective petrogenetic andmetallogenic indicator.
In this study, we analyze the in situ major and trace elements and Nd isotope
content of apatite from four granitic plutons in the Yidun Terrane, SW China, in
order to provide new insights into the identification of the magmatic features of
Cu-mineralized plutons. The plutons investigated in this study are a Cu-
mineralized pluton (Hongshan) and three non-mineralized plutons (Cilincuo,
Rongyicuo, and Hagela). Chemical composition and textural analysis indicate
that the apatites are all of magmatic origin and have not been altered. Our
results show that apatite δCe values rather than δEu and Ga values are more
valid indicators of the magma oxidation state of the four plutons. Based on apatite
δCe values and zircon compositions, the parental magma of the Hongshan pluton
is identified as having been more oxidized than those of the other three plutons.
Moreover, the higher Cl content (0.06–0.23 wt%) in the Hongshan apatite
compared to that in apatite from the other three plutons (0.01–0.09 wt%),
indicates that the parental magma of the former pluton was more enriched in
Cl. Apatite from the Hongshan pluton contains more SO3 (average 0.05 wt%) than
that from the other three plutons (SO3 content mostly lower than the detection
limit of electron probe micro-analysis), which may be related to higher magmatic
oxygen fugacity of the Hongshan pluton. In addition, the Nd isotopic composition
of apatite [εNd(t): −13.6−5.9] demonstrates that the Cu-mineralized and non-
mineralized plutons were derived from the melting of ancient lower crust.
Furthermore, based on the geochemical signature of adakite revealed by
apatite Sr/Y and δEu values, the Hongshan pluton can be considered to have
been produced as the result of partial melting of the thickened lower crust. Finally,
an index system consisting of apatite δCe, Sr/Y, and F/Cl values is established to
distinguish between the Cu-mineralized and non-mineralized plutons.
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1 Introduction

Porphyry Cu deposit is the most important reservoir of Cu globally
(Sillitoe, 2010). Numerous studies have shown that oxidized and water-
rich and sulfur-chlorine rich granitoid magmas are favorable for
porphyry Cu mineralization for several reasons (Mungall, 2002;
Richards, 2003; Sillitoe, 2010; Wang P et al., 2018; Wang et al.,
2020). Firstly, magmas rich in water can exsolve sufficient
hydrothermal fluids (Richards, 2003; Wang et al., 2014b; Cooke,
2014; Hou et al., 2015; Lu et al., 2015). Secondly, high oxygen
fugacity avoids the loss of S in the melt caused by sulfide
crystallization and ensures that most S can dissolve in melts in the
form of S6+ (Steck and Dilles, 1998; Jugo et al., 2001; Richard, 2015).
Additionally, Cl and S can participate in themigration and precipitation
of Cu during magma related and hydrothermal processes (Webster,
2004). Therefore, identifying magmatic characteristics of a porphyry is
the key to the evaluation of its Cu mineralization potential. However,
due to weathering and hydrothermal alteration, whole-rock
geochemistry may not be an effective tool for investigating the
original physical and chemical natures of magmas. By contrast,
accessory minerals, such as apatite and zircon have gradually
become recognized as more useful petrogenetic and metallogenic
indicators because of their abundant trace elements and resistance to
post-magmatic reformation (Pan et al., 2016; Chelle-Michou and
Chiaradia, 2017; Laurent et al., 2017; Richards et al., 2017; Konecke
et al., 2019; Sun et al., 2019; Nathwani et al., 2020; Tang et al., 2020;Wen
et al., 2020; Xing et al., 2020; Wang et al., 2021; Xing et al., 2021; Zhou
et al., 2022a; Zhou et al., 2022b).

Apatite [Ca5(PO4)3F] as an important accessory mineral, is
widespread in granitic porphyry. Apatite is relatively stable and rich
in trace elements and volatile components, which makes it capable of
recording a large array of magmatic information during apatite
crystallization (Zhao, 2010; Miles et al., 2014; Bruand et al., 2016).
Previous studies have confirmed that variations in the chemical
composition of apatite are closely related to magmatic physical and
chemical natures. Specifically, apatite δEu,Mn, Fe, U, SO3, and V values
can vary with the change of magmatic oxygen fugacity (Candela, 1986;
Martin and John, 1998; Chappell, 1999; Jeffrey and Scott, 1999; Piccoli
and Candela, 2002). Apatite Cl, F, and S content are indicative of
magmatic volatile composition (Martin and John, 1998; Piccoli and
Candela, 2002) and the variation of apatite Sr, Y, and REE can reflect
magmatic evolution (Pan et al., 2016). Additionally, apatite Sr and Nd
isotopes can be used to trace magma sources (Creaser and Gray, 1992;
Tsuboi and Suzuki, 2003; Tsuboi, 2005; Zhang et al., 2011).

In this study, we investigate the major and trace elemental
concentrations and Nd isopote composition of apatite from four
late Cretaceous granitic plutons located on the Yidun Terrane,
southwestern China, i.e.,: the Cu-mineralized Hongshan pluton,
and the non Cu-mineralized Cilincuo, Rongyicuo and Hagela
plutons. Our results, based on differences in apatite chemical
composition between the four plutons, indicate that the Cu-
mineralized magma (Hongshan) is more oxidized and contains
more Cl than the non-mineralized magmas (Rongyicuo, Hagela,
and Cilincuo). Apatite Nd isotope, Sr/Y and δEu values suggest that
the Hongshan pluton was mainly derived from partial melting of the
thickened lower ancient crust. Moreover, we establish an index
system consisting of apatite δCe, Sr/Y, and F/Cl values to distinguish
Cu-mineralized and non-mineralized granite plutons. Overall, our

study provides a new method for the identification of physical and
chemical natures of magmas associated with porphyry Cu
mineralization using the chemical composition of apatite.

2 Geological background and samples

The Yidun Terrane, as an integral component of the Sanjiang
Tethys tectonic belt and is situated between the Jinsha River suture
zone and the Ganzi-Litang suture zone (Wang et al., 2014a; Chen
et al., 2017; Wang R et al., 2018) (Figure 1). The Yidun Terrane was
formed by the massive westward subduction of the Ganzi-Litang
ocean beneath the Zhongza-Zhongdain massif during the late
Triassic. The ocean slab subduction and continental collision
generated a sequence of late Triassic porphyry Cu deposits in the
Southern Yidun Terrane, including the Pulang, Xuejiping,
Lannitang and Chundu deposits (Li et al., 2011; Deng et al.,
2014; Deng et al., 2016; Deng et al., 2017). After the collision of
the Zhongza-Zhongdian massif and Songpan-Ganzi block, the
regional tectonic regime began to transition from squeeze to
extension. In the late Cretaceous, the strike-slip extension
induced by the collision of the Lhasa and the Qiangtang block
triggered the intracontinental magmatism in the Yidun Terrane
(Hou et al., 2007; Li, 2010; Mao et al., 2012; Qing et al., 2014; Deng
et al., 2016). The granitic plutons formed by the late Cretaceous
magmatism produced several porphyry-skarn Cu ± Mo deposits in
the southern Yidun Terrane including the Hongshan,
Tongchanggou and Relin deposits, while the coeval plutons in
northern Yidun Terrane are generally Cu-infertile.

The Hongshan pluton, which is located in the southern Yidun
Terrane, consists of early Permian and late Cretaceous granitic
plutons and hosts a typical porphyry-skarn Cu deposit (Figure 2A).
The consistency between zircon U-Pb ages (81.1 ± 0.5Ma) and
molybdenite Re-Os ages (81.2 ± 2.6Ma) imply that the late
Cretaceous pluton has potential genesis relationship with porphyry-
skarn Cu mineralization (Wang et al., 2011). The late Cretaceous
granitic plutons are mainly composed of quartz monzonite porphyry.
In this study, four quartz monzonite porphyry samples from the
Hongshan plutons were collected. The quartz monzonite porphyry is
grey and coarse grained. Themain rock-formingminerals are K-feldspar,
plagioclase, quartz, biotite, and amphibole. Accessoryminerals are apatite,
zircon, and titanite. Previous studies on the fluid inclusions, H-O isotope
and S-Pb-Re isotope of sulphide have shown that the ore-forming fluid of
the Hongshan deposit is mainly magmatic fluid and the ore-forming
elements aremainly derived frommagma (Wang et al., 2014a). The above
chemical evidence confirms the genetic relationship between the
porphyry-skarn Cu deposit and the quartz monzonite porphyry.

The Cilincuo, Rongyicuo, and Hagela plutons are located in the
northern Yidun Terrane and do not produce any important porphyry
Cu mineralization. The Cilincuo pluton is composed of biotite granite
and a small volume of fine-grained monzogranite (Figure 2B). The
zircon U-Pb age of the Cilincuo pluton is 86.1 ± 0.5 Ma (Pan et al.,
2021). In this study, two biotite granite samples from the Cilincuo
plutons were collected. The biotite granite is grayish-white and coarse-
medium grained. Major rock-forming minerals are K-feldspar,
plagioclase, quartz, biotite, and amphibole. The accessory minerals
are zircon, titanite, and apatite. The Rongyicuo pluton is dominated
by monzogranite (Figure 2B) with a zircon U-Pb age of 98.0 ± 0.5 Ma

Frontiers in Earth Science frontiersin.org02

Liu et al. 10.3389/feart.2023.1185964

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1185964


(Pan et al., 2021). Four monzogranite samples from the Rongyicuo
plutons were selected for study. The rock samples contain quartz,
plagioclase, K-feldspar, and biotite as major phases, and apatite, allanite,
and zircon as accessory phases. The main lithofacies of the Hagela
pluton is monzogranite (Figure 2C) with a zirconU-Pb age of 97.1 ± 0.8
(Pan et al., 2021). Three monzogranite samples from the Hagela pluton
were selected for study. Similar to the Rongyicuo monzogranite, the
Hagela monzogranite mainly consists of quartz, plagioclase, K-feldspar,
and biotite. Accessory phases include apatite and zircon.

Apatite is widespread in the above four plutons. The apatites from
the Cu-mineralized Hongshan pluton are mainly transparent short
columnar-fine hexagonal grains with 120–150 µm in length and
50–60 in width. The apatites, as euhedral grains, are usually
wrapped by plagioclase, quartz and biotite. The apatites from the
non-mineralized Cilincuo, Rongyicuo and Hagela plutons are mainly
transparent short columnar euhedral-subhedral grains with 80–120 µm
in length and 50–70 in width. The apatites are mainly wrapped by
K-feldspar, plagioclase, amphibole quartz, and biotite.

3 Analysis methods

3.1 Whole-rock compositions

The whole rock samples used in this study were relatively fresh
and did not show obvious Cu mineralization. An Axios

PW4400 X-ray fluorescence spectrometer was used to determine
the concentrations of the major elements in the selected rocks using
fused tetraborate glass pellets in the State Key Laboratory of Deposit
Geochemistry (SKLODG), Institute of Geochemistry, Guiyang
Chinese Academy of Sciences. Analysis uncertainty was estimated
to be less than ±5%.

Concentrations of trace elements in the whole rock were
analyzed using PE DRC-e ICP-MS in SKLODG. A powder
sample (50 mg) was dissolved in a high pressure PTFE vessel at
190°C for 2 days using a mixture of HF and HNO3. During the
analysis, Rh was used to monitor signal drift. Qi et al. (2000) give full
details of the analysis methods. The analysis uncertainty was
estimated to be within ±10%.

3.2 Apatite main and trace element
compositions

Apatite crystals were separated from rock samples using
standard heavy liquid and magnetic methods and then mounted
and polished in epoxy. Targets suitable for in situ analysis were
chosen to produce cathodoluminescence (CL) images. The CL
images showed that the surfaces of the apatite grains were clean
and without cracks, which suggests that the apatite had not been
altered and the apatite could be used to validly record the original
magma information.

FIGURE 1
(A) Tectonic framework of the Yidun arc (modified after Hou et al., 2007; Wang et al., 2014a; Yang et al., 2014).(B) Regional location map showing
terranes accreted in the Late Palaeozoic, in part based on previous studies (Schwartz et al., 1995; Metcalfe, 2011; Zhu et al., 2011; Morley, 2012; Zhang
et al., 2012).
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The contents of major and minor elements in the apatite were
determined using a JXA8530F-plus electron microprobe at SKLODG.
The analysis conditions were: 25 KV accelerating voltage, 10 na beam
current and 10 μm beam diameter. The direction of the electron beam
was perpendicular to the apatite caxis to minimize the error of the F
analysis (Stormer et al., 1993; Goldoff et al., 2012). The following natural
minerals were used for calibration: Apatite (P, S, and F), kaersutite (Ca,
Mn, Na, Al, Si, and Fe), and tugtupite (Cl). The concentrations of trace
elements in the apatite was measured by field LA-ICP-MS in the
SKLODG. The LA-ICP-MS system was an Agilent 7500a ICP-MS,
equipped with M-50 resolution ArF excimer laser gun (λ = 193 nm,
80 mJ, and 10 Hz). The laser ablation spot diameter was 44 μm. Aerosol
after ablation was sent into an ICP instrument with helium.
NIST610 and NIST612 standards were used for calibration. The
content of Ca was measured using 43Ca and normalized using the
concentration determined by electron probe analysis. Off-line data
reduction was then performed using the ICPMSDataCal software
from Liu et al. (2008).

3.3 Apatite Nd isotopes

The in situ apatite Nd isotope measurements were
conducted on an Nu Plasma III MC-ICP-MS (Nu
Instruments) equipped with a RESOlution-155 ArF193-nm
laser ablation system (Australian Scientific Instruments) at
SKLODG. The interference of 144Sm on 144Nd originates from
147Sm intensity, and the natural ratio of 144Sm/147Sm is
0.205484 (Isnard et al., 2005). The mass deviation
coefficient of Sm was calculated according to the measured
147Sm/149Sm isotope ratio and its actual value of 1.08680
(Isnard et al., 2005). The mass deviation of 143Nd/144Nd was
normalized to 146Nd/144Nd = 0.7129. One apatite standard
(Durango) was analyzed for every five samples, and the
other two apatite standards (AP1 and MAD) were analyzed
for every thirty samples. The results were used for quality
control. The 143Nd/144Nd ratio of apatite standard AP1 was
0.512493 ± 0.000040 (n = 9), which was the same as the

FIGURE 2
Simplified geological maps of (A) the Hongshan, (B) Cinlincuo, and (C) Rongyicuo, and Hagela plutons (modifified after Wang et al., 2014a; Peng,
2014).
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recommended value (AP1: 0.512352 ± 0.000024) (Yang et al.,
2014).

3.4 Zircon trace elements compositions

Trace elements in zircon from the Hongshan pluton were
determined by LA-ICP-MS at the above-mentioned laboratory. Zircon
was sampled using a GeoLasPro laser-ablation system. Ion-signal
intensities were acquired using an Agilent 7500a ICP-MS instrument
with helium (He) as the carrier gas. The ablation protocol employed a
spot diameter of 44 mm at a 4 Hz repetition rate. The NIST610 and
NIST612 standards were used for calibration. Off-line data reduction was
then performed using the ICPMSDataCal software from Liu et al. (2008).

4 Results

4.1 Whole-rock compositions

The whole-rock major and trace elemental contents of the four
plutons are presented in the Supplementary Appendix Table SA1.
The results show that the SiO2 content is 67.06–68.69 wt% in the
Honshan pluton, 68.19–68.52 wt% in the Cilincuo pluton,
74.87–76.26 wt% in the Rongyicuo pluton and 71.85–74.36 wt%
in the Hagela pluton. The K2O content is 4.11–4.43 wt% in the
Honshan pluton, 4.69 wt% in the Cilincuo pluton, 4.83–5.04 wt% in
the Rongyicuo pluton and 4.23–5.04 wt% in the Hagela pluton.
Compared with the Rongyicuo pluton (3.14–3.22 wt%) and Hagela
pluton (2.98–3.06 wt%), the Hongshan (3.85–3.99 wt%) and

FIGURE 3
(A) A/NK vs. A/CNK diagram (Piccoli, 1989). (B) Total alkali vs. SiO2 diagram (Middlemost, 1994). (C) K2O+ Na2O)/CaO vs. Zr+Nb+Ce+Y diagram
(Whalen et al., 1987). (D) Sr/Y versus Y classification diagram for identifying adakitic rocks (Defant and Drummond, 1990). (E) The Rb-(Y+Nb) diagram for
discriminating the tectonic setting of granites (from Pearce et al., 1996). Date are listed in Supplementary Appendix Table SA1. HS, Hongshan; CLC,
Cilincuo; RYC, Rongyicuo; HGL, Hagela.
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Cilincuo (3.66–3.78 wt%) plutons have higher Na2O content. The
content of Fe2O3 in the Hongshan pluton (2.95–3.66 wt%) and
Cilincuo pluton (3.25–3.48 wt%) is slightly higher than that in
the Rongyicuo pluton (1.33–1.76 wt%) and the Hagela pluton
(2.18–3.15 wt%).

The Rittmann index (1.93–3.16) and the aluminum saturation
index (0.94–1.05) indicate that the four plutons are classified as calc-
alkaline and metaluminous–weakly peraluminous granite (Figures
3A, B). Due to the high content of high field-strength elements, the
four plutons belong to A-type granite (Figure 3C). The Hongshan
pluton exhibits geochemical characteristics similar to adakite (high
Sr/Y:41.9–45.7, (La/Yb)N: 42.3–45.7, and δEu: 0.78–0.85), while the
other three plutons do not (Figure 3D). In the discriminant diagram
of the granite-related tectonic background (Pearce 1996), all of the
rock samples fall within the field of within-plate granite (Figure 3E).
Combined with regional tectonic evolution history between 98 Ma
to 85 Ma (Wang et al., 2014a; Li et al., 2021), we can conclude that
the four plutons were formed in an intra-continental extensional
setting without ocean slab subduction.

In the chondrite-normalized REE diagram (Figure 4A), all the
samples display fractionated REE patterns. The (La/Yb)N value is
highest in the Hongshan pluton (42.3–45.7), medium in the Cilincuo
pluton (15.8–19.32) and the Hagela pluton (7.19–12.16), and lowest
in the Rongyicuo pluton (3.22–4.23). The δEu value is highest in the
Hongshan pluton (0.78–0.85), medium in the Cilincuo pluton

(0.48–0.54) and the Hagela pluton (0.31–0.37), and lowest in the
Rongyicuo pluton (0.09–0.28). In primitive mantle-normalized trace
elements spider diagrams (Figure 4B), all rock samples show Ba, Sr,
P, and Ti depletion.

4.2 Apatite major and trace elements
compositions

Analysis results of the apatite major and trace elements are
presented in Supplementary Appendix Table SA2. The results show
a limited variation of CaO, P2O5, and FeO contents in the apatites
from the four selected plutons (CaO: 53wt% to 56wt%, P2O5,: 39 wt
% to 42 wt%, and FeO: <0.12 wt%). The apatites from the Hongshan
pluton contain more SO3 (0.02 wt% to 0.10 wt% average 0.05 wt%),
F (2.99wt% to 3.53 wt% average 3.41 wt%) and Cl (0.06 wt% to
0.21 wt% average 0.16 wt%) than those from the Cilincuo (SO3:
Most are below the detection limit, F: 2.61 wt% to 3.08 wt% average
2.84 wt%, Cl: 0.04 wt% to 0.09 wt% average 0.07 wt%), Rongyicuo
(SO3: Most are below the detection limit, F: 2.70 wt% to 3.14 wt%
average 2.93 wt%, Cl: 0.01 wt% to 0.02 wt% average 0.01 wt%) and
Hagela (SO3: Most are below the detection limit, F: 2.96 wt% to
3.40 wt% average 3.13 wt%, Cl:<0.03 wt% average 0.02 wt%)
plutons.

The variation range of the total REE content of the apatite is
2087–16,229 ppm. The high LREE/HREE values (1.80–31.65)
demonstrate the enrichment of LREE relative to HREE in all of
the apatites. The apatites from the Hongshan pluton show more Eu
negative anomalies than those from the Rongyicuo, Hagela and
Cilincuo plutons, which is consistent with the feature of an Eu
negative anomaly in host rocks. Apatite δCe value is highest in the
Hagela pluton (1.12–1.19, average 1.16), medium in the Rongyicuo
(1.12–1.14, average 1.13) and Cilincuo plutons (1.09–1.14, average
1.11), and lowest in the Hongshan pluton (1.06–1.15, average 1.09).
The Cilincuo apatites have highest Ga content (14.18–43.70 ppm,
average 20.95 ppm), the Hagela (13.63–28.50 ppm, average
16.39 ppm) and Hongshan apatites have medium Ga content
(5.31–19.51 ppm, average 16.06 ppm) and the Rongyicuo apatites
have lowest Ga content (9.30–13.33 ppm, average 11.76 ppm). The
Hongshan apatites have the highest Sr content (335–764 ppm,
average 550 ppm), the Cilincuo (141.54–366.46 ppm, average
188.77 ppm) and Rongyicuo (123.99–196.36 ppm, average
157.15 ppm) apatites have medium Sr content, and the Hagela
apatites have lowest Sr content (103.99–178.67 ppm, average
122.08 ppm) (Figure 3).

4.3 Apatite Nd isotopes

The in situ Nd apatite isotope data are presented in
Supplementary Appendix Table SA3. Based on the available
zircon U-Pb ages (Wang R et al., 2014; Pan et al., 2021), we
calculated the initial εNd (t) values of apatite from the four
plutons. The results show that the εNd (t) values
are −17.6 to −7.8 (average −13.6) in the Hongshan
pluton, −18.3 to −6.7 (average −9.9) in the Cilincuo
pluton, −19.2 to −3.7 (average −9.7) in the Rongyicuo pluton
and −6.6 to −1.9 (average −4.9) in the Hagela pluton (Figure 5).

FIGURE 4
(A) Chondrite-normalized REE diagrams and (B) trace-element
diagrams for the Hongshan, Cilincuo, Rongyicuo, and Hagela plutons.
Date are listed in Supplementary Appendix Table SA1. The chondrite
values are from Sun andMcDonough (1989). HS:Hongshan, CLC,
Cilincuo; RYC, Rongyicuo; HGL, Hagela.
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4.4 Zircon trace element compositions

The zircon trace-element contents of the Hongshan pluton are
listed in Supplementary Appendix Table SA4. The average Ti, Ce,
Th, and U contents of zircon are 4.85 ppm, 39.2 ppm, 622 ppm, and
1,158 ppm. Because of high Th/U ratios, the analyzed zircons are
considered to be of magmatic origin (>0.1) (Moeller et al., 2003). We
calculated magmatic oxygen fugacity of the Hongshan pluton using
zircon chemical composition based on the method proposed by
Louck et al. (2020). The result shows that magmatic oxygen fugacity
value is ΔQFM =1.30 during zircon crystallization.

5 Discussion

5.1 Apatite origin

According to microscopic textural observation, apatites from the
four plutons show euhedral morphology and are usually surrounded
by biotite, quartz, and feldspar (Figure 6). This observation implies
that apatite grains from the four plutons are of magma origin.
However, because apatite analyzed in this study is separated from
rocks, other evidence is needed to verify its genesis. Previous
research (Piccoli and Candela, 2002) has shown that apatite
crystallizing from hydrothermal fluids or subjected to
hydrothermal alteration can have high Cl content (usually
exceeding 3.0 wt%) because of the abundant Cl in the
hydrothermal fluid. However, the apatite crystals chosen from

the four plutons have relatively low Cl content (0.75 wt%).
Moreover, the chemical compositions of the apatite analyzed,
including Mn, Ca, Na, F, Cl, and H2O (Figures 7A–C), are
consistent with those in typical magmatic-origin apatite (Piccoli
and Candela, 2002). In addition, the CL images of the apatite do not
show obvious dissolution-reprecipitation textures (Figure 7D).
Based on this evidence, it is concluded that the apatites in the
four plutons are all of magmatic origin and did not undergo severe
hydrothermal alteration. We calculated apatite saturation
temperature using the equation proposed by Harrison and
Watson (1984). The resulting high apatite saturation
temperatures (993°C, 962°C, 872°C, and 943°C in the Hongshan
Cilincuo, Rongyicuo, and Hagela plutons, respectively) indicate that
the apatite from the four plutons may have crystallized early from
magma.

5.2 Magmatic oxidation state

It has been generally accepted that the magma oxidation state
plays a crucial role in the formation of porphyry Cu deposits
(Richards, 2011; Wang et al., 2014b; Lu et al., 2016).
Traditionally, whole-rock Fe3+/Fe2+ ratio has been widely used to
evaluate magma oxidation state. Our data shows that the Hongshan
pluton has evidently higher whole-rock Fe3+/Fe2+ ratios (0.37–0.54)
than those of the Cilincuo, Rongyicuo and Hagela plutons
(0.03–0.21), which implies that the former pluton was formed by
a more oxidized magma system relative to other three plutons.

FIGURE 5
Probability density plot of apatite εNd(t) values in the Hongshan (A), Cilincuo (B), Rongyicuo (C) and Hagela (D)plutons. Date are listed in
Supplementary Appendix Table SA3.
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However, since weathering and alteration can change whole-rock
Fe3+/Fe2+ratio, the oxidation state of the magma should be further
evaluated using other indexes.

In recent years, many researchers have successfully used the
composition of apatite to explore the magma oxidation state. Based
on the sensitivity to magmatic oxygen fugacity change, apatite δEu,
δCe, and Ga contents are considered as potential indicators for the
magma oxidation state (Drake, 1975; Streck and Dilles, 1998; Sha
and Chappell, 1999; Imai, 2002; Cao et al., 2012; Sun et al., 2019).
Specifically, Ga3+, Eu3+, and Ce3+, rather than Ga2+, Eu2+, and Ce4+,
can preferentially replace Ca2+ in apatite because their ionic radii are
approximate to that of Ca2+ (Sha and Chappell, 1999). An increase in
magmatic oxygen fugacity can lead to an increase in the contents of
Ga3+, Eu3+, and Ce4+ in the melt by the conversion of Ga2+, Eu2+, and
Ce3+ into Ga3+, Eu3+, and Ce4+. Therefore, it is expected that apatite
crystallizing in oxidized magma may have higher δEu values and Ga
contents but lower δCe values than apatite crystallizing in less-
oxidized magma if other factors such as magma composition and
fractional crystallization have no significant influence on these
values.

In this study, the apatite from the Hongshan pluton has much
higher δEu values than those from the other three plutons, which
probably indicates higher magmatic oxygen fugacity of the
Hongshan pluton. However, it is observed that the whole-rock

δEu value of the Hongshan pluton is also higher than those of
the other three plutons. Thus, it is unclear whether the higher δEu
value in the Hongshan apatite is caused by higher magmatic oxygen
fugacity or inherits the characteristics of δEu from the magma. In
addition, the positive correlation between apatite δEu value and Sr
content (Figure 8A) implies that feldspar crystallization may have
had an important effect on apatite δEu value. Similarly, the Hagela
and Cilincuo plutons have higher whole-rock Ga content than the
Hongshan and Rongyicuo plutons. The apatite from the former two
plutons also contains more Ga than apatite from the latter two
plutons. The consistent variation of Ga content between the apatite
and its host rock suggests that the apatite Ga content may be largely
determined by the magmatic Ga abundance.

Therefore, apatite δEu values and Ga contents may not be
suitable indicators of the magma oxidation state for the four
plutons. By comparison, the apatite δCe values may better reflect
the difference in magma oxidation state of the four plutons because
our data show that the whole-rock δCe values of the four plutons are
approximate, but the apatite δCe value of the Hongshan is much
lower than those of other three plutons. The observed decoupling
between apatite δCe value and whole-rock δCe value implies that
apatite δCe value may not be determined by the magmatic δCe value
but more likely by the magma oxidation state. The lower apatite δCe
value in the Hongshan pluton than those in other three plutons

FIGURE 6
Modes of the occurrence of apatite in the rock samples from the selected plutons. Abbreviations Ap, apatite; Qtz, quartz; Pl, plagioclase; Bt, biotite,
Ksf, K-feldspar; HBl, hornblende.

Frontiers in Earth Science frontiersin.org08

Liu et al. 10.3389/feart.2023.1185964

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1185964


(Figure 8B) suggests that the parental magma of the Hongshan
pluton was relatively oxidized. In addition, the calculated magma
oxygen fugacity using zircon chemical composition based on the
method proposed by Loucks et al. (2020) suggests that the magmatic
oxygen fugacity of the Hongshan pluton is greater than ΔQFM+1
(Supplementary Appendix Table SA4). A previous study has
suggested that the magmatic oxygen fugacity of the Cilincuo,
Hagela, and Rongyicuo plutons is below ΔQFM (Pan et al.,
2021). This evidence, consistent with the apatite δCe value and
whole-rock Fe3+/Fe2+ value, reinforces the idea that the Cu-
mineralized magma (Hongshan) is more oxidized than the non-
mineralized magma (Rongyicuo, Cilincuo, and Hagela).

5.3 Magmatic volatile components

During solidification of magma, volatiles including F, Cl, H2O,
and S are inevitably removed from the magma due to degassing. For

hydrous magma (H2O > 4 wt%), hydrothermal fluid saturation and
exsolution can occur in the early stage of magmatic evolution (Zhu
et al., 2018).

Since apatite is an early-crystallizing phase, which is revealed by
the high apatite saturation temperature, apatite is a more valid tracer
of volatile components of early-stage magma than hornblende and
biotite which usually crystallize later than apatite.

The Cl and F abundances in the magmas were calculated using
the apatite/melt partition coefficients of Parat et al. (2011). The
results (Supplementary Appendix Table SA5) suggest that the
parental magma of the Cu-mineralized Hongshan pluton
contained more Cl (2000 ppm) than that of the non-mineralized
Rongyicuo, Hagela and Cilincuo plutons (Cl: 200–800 ppm),
whereas the magmatic F abundance of the above four plutons are
consistent. In view of the important role of Cl in porphyry Cu
mineralization, the high magmatic Cl content in the Hongshan
pluton partly explains its elevated ore-forming ability relative to the
other three plutons. Previous studies have shown that Cl exhibits a

FIGURE 7
(A) Plots of F-Cl-OH variability in the halogen-site in apatite. The evolutionary line was cited from Palma et al., 2019. (B) Plots of apatite FeO versus
SiO2 from the four seleted plutons (Ketcham, 2015). (C) Plots of Mn-Fe-Ca variability from the apatite of four seleted plutons based on (Piccoli and
Candela, 2002). (D) CL images of the representative apatite crystals from the four plutons for in situ analysis. HS: Hongshan; CLC, Cilincuo; RYC,
Rongyicuo; HGL, Hagela (Date are listed in Supplementary Appendix Table SA2).
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strong preference for aqueous solutions relative to F (Candela, 1986;
Boudreau and Kruger, 1990). It follows that hydrothermal fluid
exsolution can lead to more loss of Cl rather than F in coexisting
melts. Hence the increase in the F/Cl ratio of apatite may indicate
continuous hydrothermal fluid exsolution during apatite
crystallization (Huang et al., 2019). Considering that apatite is an
early-crystallizing phase, the significantly changing F/Cl ratio of
apatite from the Hongshan pluton may indicate that hydrothermal
fluid exsolution can occur in the early stage of magmatic evolution.
In fact, early exsolution of hydrothermal fluid is conducive to
hydrothermal Cu mineralization because it can effectively avoid
the loss of Cu caused by fractional crystallization.

Moreover, our data show that the Cu-mineralized Hongshan
pluton has higher apatite SO3 content than other three plutons.
Previous studies have confirmed that the SO3 content of apatite is
largely affected by magma temperature and oxidation state (Peng
et al., 1997; Parat et al., 2011; Chelle-Michou and Chiaradia, 2017;
Richards et al., 2017; Huang et al., 2019). The consistent apatite
saturation temperature of the four plutons, however, rules out
temperature as being responsible for the difference in apatite SO3

content. Thus, magmatic oxygen fugacity may play an important
role in controlling the apatite SO3 content of the four plutons
investigated. As S6+ has an ionic radius simlar to that of P5+, the
elevated S6+ converted from S2− in the melt caused by the increased
magmatic oxygen fugacity can result in more S being incorporated
by apatite. Considering that the causative magma of the Hongshan
pluton was more oxidized than that of the Rongyicuo, Cilincuo, and
Hagela plutons, the Hongshan apatite could thus incorporate more
SO3 than that from the other three plutons. It is noteworthy that
comparing to apatites from other Cu-mineralized plutons with
magmatic oxygen fugacity (△FQM >1) similar to the Hongshan
pluton, such as the Qulong and Zhunuo plutons from the Tibetan
Plateau (apatite SO3 > 0.2 wt%) (Li et al., 2021), apatite from the
Hongshan pluton contains much less SO3 (<0.1 wt%). Therefore, the
relatively low apatite SO3 content of the Hongshan pluton may

result from the low enrichment of S in its parental magma. The
finding supports a popular view that the magma without extremely
rich S can also have potential to form porphyry-skarn Cu
mineralization (Xing et al., 2021).

5.4 Magma sources

Previous studies, based on whole-rock Sr-Nd and zircon Hf
isotope data (Wang et al., 2014a; Pan et al., 2021), have concluded
that the four plutons are the products of partial melting of ancient
lower crust and mixed with a small amount of mantle-derived
components. The evidently nagative εNd(t) values of the apatite
(Supplementary Appendix Table SA3) also support an ancient lower
crustal origin of the causative magmas of the four plutons. It is
generally accepted that the collision-related porphyry Cu deposits
are usually associated with intermediate-acid magmas derived from
the partial melting of the juvenile lower crust characterized by
εNd(t) ≥0, such as those in the Gangdese metallogenic belt (Hou
et al., 2004; Guo et al., 2007; Hou et al., 2012). However, the genesis
of the Cu-mineralized Hongshan pluton demonstrates that magma
derived from the partial melting of the ancient lower crust may also
have had the potential to form porphyry-skarn Cu deposits,
especially when the magma had high oxygen fugacity and was
rich in Cl, as revealed by the apatite chemical compositions
presented in this study.

Based on the observed Sr/Y and δEu values of apatite (Figure 9),
the Hongshan pluton is identified as adakite, while the other three
plutons are not, which can be revealed by whole-rock chemical
features as well (Figure 3D), Generally, adatikic geochemical
features, such as high Sr/Y and δEu values, can be interpreted as
a reflection of rich water content in magma or a deep magma source,
perhaps from thickened lower crust (Defant and Drummond, 1990;
Hou et al., 2004). Considering that the Hongshan pluton does not
contain much more hydroxyapatite than other three plutons, and

FIGURE 8
(A) Plots of δEu versus Sr, (B) Apatite δCe versus Whole rock δCe, and HS, Hongshan; CLC, Cilincuo; RYC, Rongyicuo; HGL, Hagela (Date are listed in
Supplementary Appendix Tables SA1, 2).
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amphibolite, which is a sign of hydrous magma is widespread in
both the Hongshan and Cilincuo plutons, there may have been little
difference in the magmatic water content between the adakitic and
non-adakitic plutons. Thus, we prefer the second possibility.

The origin of the magma of the Hongshan pluton from
thickened lower crust was also suggested by the study of Wang
et al. (2014a). Previous studies have proposed that the fractional
crystallization of garnet at the depth of the thickened lower crust
(>40 km) can segregate an amount of Fe2+ from magma and
effectively elevate oxygen fugacity of residual magma (Tang et al.,
2020). This hypothesis, to some extent, explains our finding that the
parental magma of the Hongshan pluton, with a relatively deep
origin, was more oxidized than that of the Rongyicuo, Cilincuo, and
Hagela plutons with relatively shallow origins.

5.5 Apatite as exploration indicator

Porphyry Cu deposits, as mentioned above, are always associated
with oxidized and volatile-rich adakitic magma (Shinohara et al., 1995;
Candela and Piccoli, 2005). Therefore, a comprehensive index system
that is composed of multiple magmatic information can be used to
evaluate the porphyry Cu mineralization potential. Our study shows
that apatite δCe values can be indicative of magmatic oxygen fugacity,
apatite F/Cl values are a reflection of magmatic volatile components,
and apatite Sr/Y values can indicate whether the magma was adakitic.
Apatite grains from the Cu-mineralized and non-mineralized rocks we
have studied here are clearly different in an index system consisting of
apatite δCe, F/Cl and Sr/Y values (Figure 10). Although the applicability
of such an index system in evaluating porphyry Cu mineralization
potential remains to be studied, it is at least effective for the four plutons
investigated here, andmay be useful for the exploration of porphyry Cu
deposits in the Yidun Terrane in general.

6 Conclusion

(1) Based on apatite δCe values, the parental magma of the Cu-
mineralized pluton (Hongshan) was more oxidized than those
of the non-mineralized plutons (Cilincuo, Rongyicuo, and Hagela),
which is consistent with the calculated magmatic oxygen fugacity
using zircon chemical composition and whole-rock Fe3+/Fe2+ value.

(2) Based on apatite halogen compositions, the parental magma of
the Cu-mineralized pluton (Hongshan) contained more Cl than
those of the non-mineralized plutons (Cilincuo, Rongyicuo, and
Hagela). The parental magmas of the four plutons were all not
highly enriched with S.

(3) The evidently nagative εNd(t) values of apatite indicate that the
four plutons are the products of partial melting of ancient lower
crust mixed with a small amount of mantle-derived
components. Furthermore, the adakitic chemical signature of
the Cu-mineralzied Hongshan pluton, such as high apatite Sr/Y
and δEu values, may be a reflection of a deep magma source
(i.e., thickened lower ancient crust).

FIGURE 9
(A) Plots of (La/Yb)n versus δEu and (B) (La/Yb)n versus Sr/Y in the apatites from the selected four plutons. (based on Pan et al., 2016) (Date are listed in
Supplementary Appendix Table SA2).

FIGURE 10
Plots of Sr/Y, F/Cl and δCe in apatites from the selected four
plutons. (Date are listed in Supplementary Appendix Table SA2).
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(4) An index system consisting of apatite δCe, Sr/Y, and F/Cl values
can effectively distinguish between the Cu-mineralized and
non-mineralized plutons studied.
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