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A B S T R A C T   

Apatites those shielded as inclusions in igneous minerals are avoided of diffusion effects associated with evolving 
melts and can record the original volatile and trace element evolutions of the magma. Volatile and trace element 
compositions of apatites enclosed in high-Al, medium-Al, low-Al amphibole, magmatic biotite, plagioclase, and 
groundmass from ores, quartz monzonite porphyry (QMP) and its mafic microgranular enclaves (MMEs), and 
pre-ore coarse-grained quartz diorite porphyry (CQD) were present to evaluate the magmatic processes in the 
formation of Pulang porphyry Cu-Au deposit. All apatite inclusions are magmatic fluorapatites and occur as 
early-crystallization phases (940–980 ◦C), followed by the crystallization sequence of high-Al amphibole, 
medium-Al amphibole, magmatic biotite, plagioclase, low-Al amphibole (altered medium-Al amphibole) with 
fluctuating ƒO2 conditions. Compared to the low SO3 (<0.27 wt%) concentrations of other apatites inclusions in 
fertile QMP, the biotite-hosted apatites retain an abnormal SO3 (0.15–1.01 wt%) and Cl (0.08–0.71 wt%) 
enrichment. Estimates of sulfur and chlorine concentrations using partitioning models for apatite in QMP return 
similar features, where the biotite-hosted apatites yield highly variable melt S (315–2025 ppm) and Cl (0.1–1.2 
wt%) contents. The presence of biotite-hosted S-Cl enriched apatites with overgrowth texture, together with the 
resorbed medium-Al amphiboles in QMP, both suggest that they have crystallized from an extra sulfur supple
ment process caused by the injection of a series of S-Cl enriched magma, and even subsequent remelting of the 
preexisting dioritic batholith and its interior apatites. Such magma processes further account for the fluid 
exsolution and alteration from medium-Al amphiboles to low-Al ones. Whereas, those from the barren CQD 
systematically returns normal SO3 (0.18–0.70 wt%) and Cl (0.03–0.51 wt%) concentrations with estimates of 
melt S (335–1321 ppm) and Cl (0.1–0.5 wt%) contents exhibiting features of typical arc basalts (300–1000 ppm; 
0.01–0.85 wt%, respectively). Although the acicular apatite of MMEs has normal SO3 contents (0.19–0.37 wt%), 
its abundance also confirm an extra sulfur supplement process. The altered apatites of both QMP and CQD 
showing pitted surface with visible voids and LREE-rich mineral inclusions return low SO3 (<0.06 wt%) and Cl 
(<0.22 wt%) concentrations, indicating that these elements were depleted during potassic and phyllic alteration. 

Given that Sr/Y ratios (2.21–3.62) of apatite at Pulang do not vary significantly with changing melt compo
sition (Mg = 119.1–528.8 ppm), the Sr/Y and Eu/Eu* ratios of apatite from QMP have confirmed a water-rich, 
oxidized magma origin, whereas the CQD are originated from a water-poor, reduced source. Besides, the hy
drothermal alteration possibly accounts for the abnormally increased Ce/Ce* ratios of altered apatites from CQD 
and decreased Sr/Y ratios of the low-Al amphibole-hosted apatite from QMP. Therefore, using trace elements as 
indicators for petrogenetic studies would be more robust for those apatites enclosed in igneous minerals. Our 
studies demonstrate that apatite inclusions can be linked to discrete periods in the crystallization history of its 
host phases, thus providing insight into the magma evolution process.   
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1. Introduction 

Open magmatic processes, such as magma mixing and degassing, are 
critical to the hypogene porphyry copper deposits, both in the enrich
ment of copper and its precipitation as sulfide (Hedenquist and Low
enstern, 1994; Sillitoe, 2010). The change from copper transport to 
copper precipitation is normally attributed to an abrupt change in those 
intensive parameters such as pH, oxygen fugacity, temperature, and 
pressure (Landtwing et al., 2005; Proffett, 2009; Sillitoe, 2010) or an 
external Sulphur source in the form of gases from volatile-rich mafic 
magmas (Blundy et al., 2015) or by the mafic magma itself (Hattori and 
Keith, 2001; Maughan et al., 2002; Caricchi et al., 2014) in deeper 
reservoirs. Therefore, evaluating the behavior of volatile and nonvola
tile elements, including trace elements, during the magmatic- 
hydrothermal processes is crucial to solving the question that whether 
a single magmatic fluid responding to changing physical conditions or a 
superimposed process involving multiple sulfur sources can attribute to 
the formation of giant porphyry deposits. The magmatic volatiles are 
usually investigated through melt inclusions, which are not always 
available and sometimes not large enough for in-situ analysis. Besides, 
the melt inclusions can be easily modified by the post-crystallization 
processes or volatiles diffusion during magma ascent (e.g., Qin et al., 
1992; Lloyd et al., 2013). 

Apatite [Ca10(PO4)6(F,Cl,OH)2], as an alternative indicator of melt 
volatile/trace element contents and inheritor of their variations with 
magma evolution, is a nearly ubiquitous accessory phase in terrestrial 
(Webster and Piccoli, 2015) and extraterrestrial (McCubbin and Jones, 
2015) geological systems and can structurally incorporate a broad range 
of elements, including volatile (e.g., S, Cl, OH, F) (Webster and Piccoli, 
2015; Riker et al., 2018) and redox-sensitive elements (e.g., Eu, Ce) 
(Hughes and Rakovan, 2002; Pan and Fleet, 2002; Prowatke and 
Klemme, 2006). Therefore, Apatite chemistry has been exploited to 
constrain volatile compositions of fluids/melts relevant to eruptive, 
pluton-building, and mineralizing processes in volcanic systems (e.g., 
Chelle-Michou and Chiaradia, 2017; Stock et al., 2018; Li et al., 2020b). 
In addition, trace elements in apatite also serve as a unique magmatic 
fingerprint providing important information on igneous provenance and 
volcanic tephrochronology as well as for the exploration for mineral 
deposits (e.g., Jennings et al., 2011; Mao et al., 2016; Bruand et al., 
2017; Nathwani et al., 2020; Gao et al., 2020). Particularly, experiments 
have shown that volatiles (S, Cl, F) are fast-diffusive elements (Li et al., 
2020a), and therefore indicate that if volatiles have not been signifi
cantly exchanged with a surrounding phase (fluid, melt, or volatile- 
bearing mineral) after the crystallization of apatite, any initial vola
tiles zoning acquired during crystal growth should fade away and ho
mogenize within weeks (Chelle-Michou and Chiaradia, 2017; Sato et al., 
2017; Li et al., 2020a). Such features would be utilized for the assess
ment of volatile mixing in case of the development of volatiles-zoning. 

The Pulang Cu-Au porphyry deposit, located in the East Tethys 
metallogenic belt, is a newly discovered giant porphyry Cu-Au deposit. 
Previous researches on apatite at Pulang have provided details on 
magmatic fertility, petrogenesis, and source evolution of its host por
phyries (e.g., Pan et al., 2016, 2020; Xing et al., 2018; Gao et al., 2020). 
However, the lack of temporal and spatial descriptions of the apatite and 
its host minerals does not adequately explain the melt volatiles and trace 
elements behaviors, especially during the late magmatic-hydrothermal 
translation stage. Here, we present halogens and trace elements con
centrations of apatite inclusions shielded in various amphiboles, 
magmatic biotite, plagioclase, and groundmass from the pre-ore coarse- 
grained quartz diorite porphyry (CQD), syn-ore quartz monzonite por
phyry (QMP), and enclosed mafic microgranular enclaves (MMEs) at 
Pulang. Petrographical and chemical analyses of apatite inclusions and 
their hosted minerals are used to elucidate volatile evolution and trace 
element behavior in open magmatic processes. 

2. Regional geology 

The NNW-trending Yidun Terrane is located between the western 
Songpan-Garze Fold Belt and the eastern Qiangtang Terrane, bounded 
by the eastern Garze-Litang Suture Zone and the western Jinshajiang 
Suture Zone, and the Yangtze Craton to the southeast (Fig. 1a, b). The N- 
S-trending Fault then cuts the Yidun Terrane into two areas, the western 
Zhongza Block and the eastern Yidun arc (Hou et al., 2003; Deng et al., 
2014a). The Zhongza Block is composed of deformed and meta
morphosed Paleozoic rocks (Reid et al., 2007). The Yidun arc mainly 
comprises Late Triassic arc-like magmatic rocks (238–210 Ma; Li et al., 
2011) and coeval volcaniclastic rocks, which intrude or conformably 
overlie Middle-Upper Triassic fine-grained clastic, bioclastic, and 
mudstone rocks (Reid et al., 2007). 

In the southern Yidun arc (namely the Zhongdian arc; Fig. 1c), the 
exposed Upper Triassic strata of the Qugasi and Tumugou formations 
comprise clastic and volcanic rocks with carbonate, sandstone, and slate 
interlayers (Hou et al., 2007). Late Triassic porphyry intrusions mainly 
comprise quartz dioritic, monzonitic and granodioritic porphyry (ca. 
228–206 Ma; Leng et al., 2014; Cao et al., 2016) and intrude the Upper 
Triassic strata. These porphyries have similar initial 87Sr/86Sr ratios 
(0.7058–0.7077) and εNd values (− 1.88 to − 1.93), and highly frac
tionated REE patterns with high Sr/Y ratios, resembling adakitic sig
natures (Wang et al., 2011). These porphyries are supposed to be derived 
from partial melting of the metasomatized asthenospheric mantle wedge 
(Hou et al., 1993; Wang et al., 2011; Deng et al., 2014a; Yang et al., 
2017; Leng et al., 2018). However, recent works also propose the pos
sibility of reactivating the Neoproterozoic arc root (Wang et al., 2021). 
Although characterized by minor exposed area, these porphyries host 
several porphyry deposits, including the Pulang (4.18 Mt Cu with 
average grades of 0.50–0.53%), Xuejiping (0.28 Mt with 0.53%), Lan
nitang (0.18 Mt with 0.50%), Disuga, Chundu and other deposits 
(Fig. 1c). These deposits have identically exposed strata and porphyry 
intrusions (Li et al., 2019b; Yang and Cooke, 2019) but different hy
drothermal alteration zonations, especially those in the Pulang and 
Xuejiping deposit (Leng et al., 2012; Cao et al., 2019). 

A series of NW-SE-oriented sinistral strike-slip faults develop across 
the Yidun arc (Fig. 1b, c; Hou et al., 2003; Deng et al., 2014b). Mesozoic 
intrusions are elongated NW-SE, parallel to the adjacent fault systems, 
and commonly show ductile to brittle deformation along their margins, 
but relatively undeformed at their centers, of which the magmatic lin
eations and flow structures are generally subparallel to each other (Yang 
et al., 2016). 

3. Deposit geology and characteristics of apatite inclusions 

3.1. Ore geology 

The Pulang deposit is located at 28◦02′19′′N–99◦59′23′′E, at an 
altitude of over 3300 m (Fig. 2), and is the largest and best-documented 
deposit in the Zhongdian Cu belt (Li et al., 2011; Fan and Li, 2006). It is 
inferred to contain 804 Mt at 0.52% Cu and 0.18 g/t Au (Li et al., 2011). 
Pulang now has three mineralized centers, namely South, East, and 
North Pulang (Fig. 2). Particularly, South Pulang is the most important 
of these, containing 98% of the total Cu-Au reserves in the deposit. East 
and North Pulang contain sparse Cu-Au-bearing veins (Fig. 2; Cao et al., 
2019; Yang and Cooke, 2019). 

Two main geological units are present in the ore district, including 
the Early-Triassic sedimentary rocks and Late-Triassic porphyry in
trusions (Fig. 2). The former accounts for 70% of the surface outcrop 
across the whole ore district, and the latter comprises three major por
phyry intrusions with an outcrop area of ~8.9 km2. Early Triassic 
sedimentary rocks at Pulang include the Tumugou Formation, which 
comprises two members, T3t1 and T3t2. T3t1 comprises black carbona
ceous slate, andesite, and metasandstone, with a total thickness of 
>2700 m, and is mainly distributed in the east (Fig. 2). T3t2 comprises 
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black carbonaceous slate with euhedral pyrite, carbonaceous phyllite, 
metasandstone, and bedded limestone, with a total thickness of >680 m, 
and mainly distributed in the west of the Pulang deposit (Fig. 2). There 
are four porphyry stocks in the ore district, including pre-ore fine- 
grained quartz diorite porphyry (FQD, ca. 218.7 ± 6.3 Ma) and coarse- 
grained quartz diorite porphyry (CQD, 211–224 Ma), syn-ore quartz 
monzonite porphyry (QMP, 211–218 Ma), and post-ore granite por
phyry (GP, ca. 208 Ma) intrusions (see detailed reviews in Cao et al., 
2019). The greenish-gray FQD crops out ~0.7 km2 at North Pulang and 
occasionally at some drill holes at South and East Pulang (Cao et al., 
2019). Its phenocryst mainly includes plagioclase and groundmass 
consist of plagioclase, amphibole, and little quartz, with minor miner
alization and alteration (Cao et al., 2019). The CQD is the most volu
minous intrusion in the deposit and crops out over ~9.0 km2 (Fig. 2). 
Phenocrysts include plagioclase (~5 vol%), biotite (~5 vol%), amphi
bole (~3 vol%), and minor K-feldspar (<2 vol%), which account for 
~15 vol% of the rock volume (Fig. 3a). Its groundmass consists of more 
mafic minerals (mostly magmatic biotite) than the FQD and shows 
grayish color (Fig. 3a). The QMP intrudes the center of the CQD and 
outcrops over an area of ~0.5 km2 at South Pulang (Fig. 2). Compared to 
the CQD, the QMP is dominated by quartz (~15 vol%), K-feldspar (~10 
vol%), biotite (~8 vol%), plagioclase (~5 vol%), and minor amphibole 
(~2 vol%), which account for 30 vol% of the rock volume (Fig. 3b). Its 
groundmass comprises much more silicate and less mafic minerals than 
the CQD and exhibits lighter color (Fig. 3b). A series of mafic micro
granular enclaves (MMEs) occur in the QMP (Fig. 3c) and have been 
reported in the CQD (Liu et al., 2015; Cao et al., 2018). These enclaves 
are 5–15 cm in size and exhibit elliptic and irregular occurrence, with 
occasionally plastic deformation (Fig. 3c). Phenocrysts in the MMEs 
exhibit smaller grains with quenched edges and much more magmatic 
biotite than those of the CQD and QMP. It represents biotite (~15 vol%), 

amphibole (~5 vol%), quartz (~5 vol%), K-feldspar (~3 vol%), 
plagioclase (~2 vol%), and accounts for 30 vol% of the rock (Fig. 3c). Its 
groundmass also consists of plenty of mafic minerals and shows dark- 
green color (Fig. 3c). Phenocrysts of the GP include k-feldspar and 
quartz and the groundmass consists of plagioclase, k-feldspar, quartz, 
and biotite, with minor pyrite (Wang et al., 2018). Additionally, a suit of 
simultaneous diorite porphyries (DP; ca. 216 Ma) has also been reported 
as dikes at the northeast part of the deposit (Cao et al., 2018). Pheno
crysts within the DP are primarily plagioclase, amphibole, and biotite, 
and the groundmass comprises feldspar and quartz, with minor 
amphibole and biotite. Accessory minerals within the FQD, CQD, QMP, 
and MMEs, DP are dominantly apatite, titanite, zircon, and magnetite 
(Fig. 2; Cao et al., 2018, 2019; Li et al., 2019b). As the CQD and QMP in 
the South Pulang make up the vast majority of the Pulang intrusive 
complex, the paper herein mainly focuses on the CQD, QMP, and MMEs. 

Hydrothermal alteration in Pulang has been characterized by 
concentric zones varying from an inner potassic zone outward through a 
sericitic zone to an outer propylitic zone (Fan and Li, 2006; Li et al., 
2011). However, recent investigations argue that the zoned alteration is 
not clear as previously thought, since propylitic/sericitic alteration 
extensively invades the core potassic zone (Cao et al., 2019). Potassic 
alteration, which generally occurs in or near the centers of porphyry 
systems (Sillitoe, 2010), is mostly developed in the QMP, and partly 
overprinted by later propylitic alteration (Fig. 4a). Propylitic alteration, 
characterized by chlorite, epidote, and locally chalcopyrite, pyrite, 
calcite, strongly overprinted early potassic alteration at South Pulang 
(Fig. 4a). Besides, silica alteration occurs centrally within the potassic 
alteration of the causative QMP, implying a possible hydrothermal- 
mineralization center (Fig. 4b). Phyllic alteration typically occurs as 
selectively pervasive replacement of feldspars and mafic minerals by 
fine-grained sericite (illite) or as vein halos (Fig. 4c). Phyllic alteration is 

Fig. 1. (a) Tectonic outline of the India and Eurasia collision zone and (b) the Yidun arc (simplified from Yang et al., 2018); (c) Simplified geological map of the 
southern portion of the Yidun arc (modified after Li et al., 2017). 
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structurally controlled and occurs pervasively within the fracture zones 
of the QMP (Fig. 4c). The veins associated with potassic alteration 
consist mainly of the early-stage k-feldspar + quartz alteration and late- 
stage biotite + quartz ± chalcopyrite ± pyrite veins (Fig. 4b). Veins 
associated with propylitic alteration include quartz + chlorite + epidote 
+ chalcopyrite ± pyrite ± calcite (Fig. 4d). Veinlet, stockwork, and 
disseminated Cu-Au ores are primarily hosted within the QMP and are 
featured by an assemblage of chalcopyrite + pyrite ± bornite ±
molybdenite (Fig. 4d). Chalcopyrite is disseminated or fills fractures and 
mainly occurs in veins associated with chlorite + epidote, which has 
been invaded by late-stage quartz + minor pyrite ± chalcopyrite veins 
and cuts through the early-stage biotite-quartz veins (Fig. 4d). 

The NW-trending Heishuitang fault is the major structures in the 
deposit (Fig. 2). This fault dips 42◦ to 65◦ northeast and extends for at 
least 10 km across the central part of the district. The above CQD and 
QMP both are emplaced into the core of the Pulang anticline, generally 
along the Heishuitang fault. The GP is inferred to be emplaced along the 
blind ENE-trending fault, which only crops out locally but is obvious in 
satellite images (Fan and Li, 2006). 

3.2. Features of apatite and host minerals 

Apatite of the CQD, QMP, and MMEs can be roughly divided into six 
types based on various host minerals: (1) apatite in high-Al amphibole; 
(2) apatite in medium-Al amphibole; (3) apatite in low-Al amphibole; 
(4) apatite in magmatic biotite; (5) apatite in plagioclase; (6) apatite in 
groundmass (Figs. 5–7). 

Three types of amphibole phenocrysts containing apatite inclusions 
are documented in the CQD, high-Al, medium-Al, and low-Al amphi
boles (Fig. 5a, b, c). High-Al amphiboles (Al2O3 = 8.56–12.02 wt%; 
Supplementary Table S1) are brown, subhedral to euhedral, and range in 
size from 50 to 300 μm (Fig. 5a). Apatite in high-Al amphibole occurs as 
homogeneous grains 30–200 μm in diameter, with both equant and 
elongated habits. Those equant apatite inclusions coeval with k-feldspar 
have a remarkable low S and Cl contents, whereas the isolated and 
slightly elongated apatite inclusions are marked with higher S contents 
(1.01 wt%; Fig. 5a). Most medium-Al amphiboles (Al2O3 = 5.83–7.85 wt 
%) of CQD have euhedral and larger phenocrysts, and occasionally in
clusions of pyrite (Fig. 5b). Apatite in medium-Al amphibole is euhedral, 
inclusion-free and transparent. Additionally, BSE images reveal that the 
medium-Al amphibole encompasses the high-Al amphiboles, or is 
enclosed by the high-Al ones (Fig. 5d, e). The low-Al amphiboles (Al2O3 
= 2.08–3.03 wt%) of CQD are tabular and green in color, and occa
sionally coexist with epidote or chlorite, showing hydrothermal features 
in origin. Besides, the enclosed apatite is anhedral and contains sub
stantial fluid inclusions (Fig. 5c). Magmatic biotite phenocrysts of CQD 
are fresh, dark-brown, euhedral, and ranges in size from 0.2 to 0.7 mm 
(Fig. 5f). They are almost free of alteration and microscale deformation 
in the core, but some of which are altered to chlorite on their edges 
(Fig. 5f). Much more apatite inclusions are present in biotites than in 
amphiboles and are characterized by inhomogeneous patches and 
visible voids due to hydrothermal alteration, where the altered zone has 
lower S contents and the primary core has higher S contents (Fig. 5g). 
The plagioclase of CQD is mostly subhedral to euhedral, 0.5–2 mm in 

Fig. 2. Simplified geological map of the Pulang Cu-Au deposit, showing major lithology units and sample locations (modified from Cao et al., 2019).  
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size, and has weak zonation, with polysynthetic twinning developed 
(Fig. 5h). Illite or sericite aggregates have been developed on the surface 
of plagioclases and the enclosed apatite inclusions are mostly elongated 
and contain obvious fluid inclusions (Fig. 5h). Apatite inclusions in the 
groundmass of CQD usually display pitted surface and irregular edges, 
with assemblages of chlorite and pyrite (Fig. 5i). 

None high-Al amphiboles have been observed in QMP, especially 
those which have apatite inclusions enclosed. The medium-Al amphi
boles (Al2O3 = 6.11–7.09 wt%) of QMP are euhedral and large, with 
occasionally resorbed textures developed (Fig. 6a). Magmatic biotite, 

plagioclase, titanite, and pyrite also occur as fillers in the resorbed caves 
(Fig. 6a). Additionally, some medium-Al amphiboles have been altered 
to low-Al amphiboles along its edge due to the hydrothermal influence 
(Fig. 6b, c). Under BSE images, the low-Al amphiboles act as irregular 
plaques in the medium-Al amphiboles, indicating that these low-Al 
amphiboles are hydrothermal instead of magmatic origin (Fig. 6b). 
Similarly, low-Al amphibole-hosted apatite inclusions have been 
affected by hydrothermal fluid, leaving the dark and jagged edges 
behind (Fig. 6d). More magmatic biotites containing apatites exist in 
QMP and these biotites are relatively fresh, euhedral, light- to dark- 

Fig. 3. Scanned sections and hand specimen of research samples. (a) coarse-grained quartz diorite porphyry (pl16-6), and its groundmass consists of more mafic 
minerals; (b) quartz monzonite porphyry (pl-cc-11–2) and (c) mafic microgranular enclaves (pl-cc-12–1), with smaller grains and quenched edges. Amp-amphibole, 
Bt-biotite, Pl-plagioclase, Kfs-k-feldspar, Chl-chlorite, Qtz-quartz, Py-pyrite. 

Fig. 4. Photographs of hydrothermal alteration and 
vein types in Pulang. (a) propylitic alteration over
print potassic alteration; (b) Biotite vein and chalco
pyrite + pyrite + quartz vein intrude the k-feldspar 
alteration and silica alteration core; (c) well devel
oped phyllic alteration in fracture zone; (d) chlorite +
epidote ± chalcopyrite ± pyrite ± calcite vein cut 
through early biotite vein and cut by later quartz +
chalcopyrite + pyrite ± calcite vein. Ccp-chalcopyrite, 
Ep-epidote, Cal-calcite.   
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brown, with little hydrothermal alteration (Fig. 6e). These biotites may 
occur as inclusions in low-Al amphibole (Fig. 6c). The enclosed apatite 
inclusions are elongated or stubby, and generally inclusion-free as 
resolved by BSE imaging, and range from 10 to 130 μm (Fig. 6f). 
However, some of these apatites have also been affected by hydrother
mal fluids as inhomogeneous patches partly replace the irregular crystal 
(Fig. 6g). The host feldspars of QMP are 0.5 to 2 mm in size, tabular, and 
subhedral to euhedral, similar to those of CQD (Fig. 6h). The hosted 
apatite inclusions are transparent, elongated to stubby, with sizes 
ranging from 20 to 150 μm. Compared to those in CQP, fewer fluid in
clusions have been observed on their surfaces (Fig. 6h). Similarly, the 
apatite inclusions in the groundmass of CQD show partly altered fea
tures and obvious core-rim textures, where the altered rim shows visible 
voids and darker color and the original zone show lighter color (Fig. 6i). 

Elongated medium- (Al2O3 = 6.51–6.89 wt%) and low-Al amphi
boles (Al2O3 = 3.46–3.84 wt%) occur as aggregations in the MMEs, 
where only the low-Al ones have visible apatite inclusions (Fig. 7a). 
Additionally, selective replacement of low-Al amphibole by chlorite 
aggregates in MMEs are present as a result of propylitic alteration 
(Fig. 7b). The apatite inclusions in low-Al amphibole of MMEs 
commonly have irregular crystal shapes and inhomogeneous patches, 
coexisting with pyrite (Fig. 7c). Two types of magmatic biotites have 
been observed in MMEs: (1) the biotites enclosing apatites have nor
mally worn and uneven edges and (2) the elongated and euhedral bi
otites have no apatites (Fig. 7d). These morphological features indicate 
that the irregular biotites are likely captured from the host QMP or CQD, 
whereas the elongated ones are formed due to undercooling. The apatite 
inclusions in biotites commonly have irregular crystal shapes and 
inhomogeneous patches, leaving the unaltered magmatic cores (Fig. 7e). 

Much more acicular apatite inclusions in the groundmass of MMEs are 
present, compared with the stubby apatite inclusions of the biotites and 
amphiboles (Fig. 7f). Similarly, the acicular apatites are probably the 
results of fast growth due to undercooling. 

In summary, apatite-bearing high-Al amphiboles occur mainly in 
CQD, and the high-Al and medium-Al amphiboles enclose each other, 
suggesting that the high-Al and medium-Al amphiboles could co- 
crystallize in a magma mixing event. The main magmatic minerals in 
CQD, QMP, and MMEs exhibit similar crystallization sequences, which 
are, high-Al amphibole, medium-Al amphibole, magmatic biotite, 
plagioclase, low-Al amphibole (altered medium-Al amphibole), from 
early to late. 

4. Sampling, analytical, and calculation methods 

4.1. Sampling 

Five relatively fresh rock samples of QMP (pl-cc-11-2, pl-16-5, pl-cc- 
16, zk0403-20, zk2404-8), four of CQD (pl-16-6, pl-16-7, zk2813-10, 
zke401-14), and three of MMEs (pl-cc-12-1, 11-1, 11-2) were polished to 
several thin sections along different orientations. All these sections were 
then scanned to hunt for those under the minimum effect of hydro
thermal alteration. The selected sections were carefully analyzed by 
microscope before elemental analyses. Sample locations are marked in 
Fig. 2. 

4.2. Analytical methods 

94 apatite inclusions, 76 amphiboles, 21 biotites, and 6 plagioclases 

Fig. 5. Photomicrographs of apatite inclusions enclosed at igneous minerals in coarse-grained quartz diorite porphyry. White circles represent the analyzed spots and 
concentrations of SO3 and Cl in apatite crystals are shown in wt% (SO3/Cl). (a) apatite in high-Al amphibole and occasionally coexisting with k-feldspar; (b) apatite 
in medium-Al amphibole, with pyrite; (c) apatite in low-Al amphibole, surrounded with epidote; (d) high-Al amphibole encloses medium-Al amphibole; (e) medium- 
Al amphibole encloses high-Al amphibole; (f) apatite in magmatic biotite; (g) biotite-enclosed apatite have core-rim texture due to hydrothermal alteration; (h) 
apatite in plagioclase with polysynthetic twin; (i) irregular apatite in the groundmass, coexist with chlorite. Amp-amphibole, Kfs-k-feldspar, Bt-biotite, Pl-plagioclase, 
Qtz-quartz, Ep-epidote, Chl-chlorite, Ap-apatite, Py-pyrite, Ccp-chalcopyrite. 
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were analyzed using a JEOL JXA-8230 electron microprobe at the 
Shandong Analysis Center of China Metallurgical Geology Bureau 
(SDGB). The accelerating voltage was 15 kV for all the minerals, but the 
beam current was 10 nA for apatite and feldspar, 20 nA for amphibole 
and biotite. Apatite concentration profiles with 0.1-μm spacing were 
acquired using a focused beam. The on-peaking counting times of 

apatite were 60 s for F, Cl, and S, 30 s for Ce and Fe, 20 s for Na and Si, 
10 s for the rests, while amphibole, biotite, and feldspar were 10 s for all 
the elements. If possible, apatite inclusions were analyzed with their c- 
axes not parallel to the direction of the electron beam, such that there 
should be a minimal extent of F migration during analysis (Goldoff et al., 
2012). Relative errors are <1% for major elements in apatite (Ca and P), 

Fig. 6. Photomicrographs of apatite inclusions enclosed at igneous minerals in quartz monzonite porphyry. (a) resorbed medium-Al amphibole with magmatic 
biotite, apatite, plagioclase, titanite, and pyrite as fillers; (b) medium-Al amphibole altered to low-Al amphibole, with dark patches; (c) magmatic biotite and apatite 
enclosed in altered low-Al amphibole; (d) partly altered apatite inclusion in low-Al amphibole; (e) apatite in fresh magmatic biotite; (f) primary apatite in magmatic 
biotite; (g) partly altered apatite in biotite, showing zoned alteration; (h) apatite in plagioclase; (i) apatite in the groundmass, with clearly altered rim. 

Fig. 7. Photomicrographs of apatite inclusions enclosed at igneous minerals in mafic microgranular enclaves. (a) elongated medium-Al and low-Al amphibole; (b) 
selective replacement of low-Al amphibole by chlorite aggregates; (c) irregular apatite inclusion in low-Al amphibole, coexisting with pyrite; (d) apatite-enclosed 
magmatic biotite with worn and uneven edges, showing features of captured phenocrysts; (e) irregular apatite in magmatic biotite, coexisting with iron oxide; 
(f) abundant apatite in the groundmass. 
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< 2–3% for F and Cl, and <10% for minor elements (S, Si, Ce, Na, Mg). 
24 apatite inclusions trace element analyses were also conducted at 

the SDGB, using a Coherent GeoLasPro 193 nm ArF Excimer laser 
ablation system connected to a Thermo Fisher ICAP Q. Ablation repe
tition rate was 6 Hz with a 40 µm beam aperture and 10 J cm− 2 energy 
density. Trace element compositions were calibrated against various 
reference materials (NIST SRM 610, NIST SRM 612, BHVO-2G, BCR-2G, 
and BIR-1G), relative to an internal standard. Each analysis incorporated 
a background acquisition of approximately 25 s followed by 60 s of data 
acquisition from the sample. The Relative Standard Deviation of most 
elements (REE, U, Th, Pb) is <3%. 

4.3. Calculation methods 

4.3.1. Amphibole thermobarometer and oxygenbarometer 
Amphibole has been widely used for constraining the magmatic 

temperatures and pressures (600–1100 ◦C and 0.1–25 kbar) (Ridolfi 
et al., 2010). Here the Si*-sensitive thermometer and the ΔNNO-Mg* 
equations (ΔNNO is the deviation of logƒO2 from the NNO buffer) of 
(Ridolfi et al., 2010) and Al-in amphibole geobarometer (Schmidt, 1992) 
were used to estimate T, P, and ƒO2 of the magma from which amphibole 
crystallizes: 

T (◦C) = ( − 151.487 × Si*)+ 2041 (σest = ± 22 ◦C) (1)  

P(kbar)= − 3.01 + (4.76×Altotal(σest = ±0.6kabr) (2)  

ΔNNO = (1.644 ×Mg*) − 4.01(σest = ±0.22logunit) (3)  

where Si* = Si + (AlⅣ / 15) − (2 × TiⅣ) − (AlⅥ / 2) − (TiⅥ / 1.8) +
(Fe3+ / 9) + (Fe2+ / 3.3) + (Mg / 26) + (BCa / 5) + (BNa / 1.3) – (ANa / 
15) + ((1 − ANa − AK) / 2.3); Mg* = Mg + (Si / 47) − (AlⅣ / 9) − (1.3 ×
TiⅥ) + (Fe3+ / 3.7) + (Fe2+ / 5.2) − (BCa / 20) − (ANa / 2.8) + ((1 − ANa 
− AK) / 9.5). To eliminate errors arising from the use of different 
calculation methods, here we adopt the newly published Geo-fO2 soft
ware (Li et al., 2019a) to recalculate the experimental and collected 
amphibole data of the Pulang deposit. 

4.3.2. Biotite thermobarometer and oxygenbarometer 
The Ti-in-biotite geothermometer of (Henry et al., 2005) and TAl- 

geobarometer of (Uchida et al., 2007) are used to estimate T-P of the 
magma from which magmatic biotites crystallize: 

T (◦C) =

⎧
⎨

⎩

[
ln(Ti) + 2.3594 + 1.7283 ×

(
XMg

)
3
]

4.6482 × 10− 9

⎫
⎬

⎭
0.333 (4)  

P(kbar) = 3.03 × TAl − 6.53(σest = ±0.33kbar) (5) 

The Ti-in biotite empirical equation is strictly valid only for XMg =

0.275–1.000, Ti = 0.04–0.60 apfu and T = 480–800 ◦C. Estimations of 
the Ti-in-biotite geothermometer are ± 24 ◦C at temperatures of 
480–600 ◦C, ± 23 ◦C at 600–700 ◦C, and ± 12 ◦C at 700–800 ◦C (Henry 
et al., 2005). All biotites analyzed here satisfy the above conditions (see 
details in Table). 

Magmatic biotite can be used to estimate ƒO2 through the following 
equilibrium reaction and Gibbs equilibrium constant (Wones and Eug
ster, 1965): 

KFe3AlSi3O10(OH)2 (Biotite) + 0.5O2 = KAlSi3O8 (K-feldspar) +
Fe3O4 (Magnetite) + H2O 

logfH2O =

(
7400
T

)

+ 4.25+ 0.5logfO2 + 3logx − logaKAlSi3O8 − logaFe3O4

(6)  

where x is the mole fraction of Fe2+ in the octahedral site of biotite, a 
represents activity, fH2O is calculated using the modified Redlich- 
Kwong equation (Holloway and Blank, 1994), aKAlSi3O8 is calculated 

from the ternary feldspar model of (Elkins and Grove, 1990), aFe3O4 =

(Xmag)2 × γmag, Xmag, and γmag, are estimated through (Carmichael, 
1966) and (Woodland and Wood, 1994), respectively. 

4.3.3. Using apatite to model melt Cl and S concentrations 
To calculate the melt Cl and S concentrations, we need to know the 

equilibration temperature of apatite and melt. The empirical equation 
for calculating the apatite saturation temperature (AST) can be 
expressed as (Harrison and Watson, 1984): 

lnDapatite/melt
P =

(
8400 + 26400 × (SiO2 − 0.5) × 26400

T

)

− [3.1 + (12.4

× (SiO2 − 0.5))]
(7)  

where Dapatite/melt
P is the ratio of P concentration in apatite and melt, P2O5; 

SiO2 is the weight fraction of the silica in the melt. T is the temperature 
in Kelvin. 

Since the simple Nernst apatite/melt partition coefficients for Cl 
cannot be used to estimate the melt Cl concentration (Boyce et al., 
2014), here we make use of the recently calibrated thermodynamic 
apatite/melt chlorine partitioning model of Li and Hermann (2017) 
using experiment data from Webster et al (2009) at 200 MPa and 900 ◦C. 
According to Li and Hermann (2017): 

Clmelt(wt%) =
XapCl
XapOH

1
Kdap− meltCl− OH

× 10.79 (8)  

where Xap
Cl and Xap

OH are the mole fractions of chlorapatite and hydrox
ylapatite, respectively, and 

Kdap− meltCl− OH = e(25.81+(XApCl − X
Ap
OH )×17.33)× 103

8.314×T (9) 

with the temperature (T) in Kelvin. 

Considering that DAp− melt
S (DAp− melt

S =
CAp

S
Cmelt

S
; where CAp

S and Cmelt
S 

represent the concentration of sulfur in apatite and the melt respec
tively) varies with apatite sulfur concentration, melt composition, and 
oxygen fugacity (Peng et al., 1997; Konecke et al., 2019), we calculate 
DAp− melt

S values using equations determined for trachyandesite (Peng 
et al., 1997): 

lnDAp− melt
S = 21130/T − 16.2 (10)  

where T is in Kelvin. 

5. Results 

5.1. Amphibole, biotite and feldspar major element 

All three types of amphibole from CQD, QMP, and MMEs are calcic 
amphiboles with (Ca + Na)B > 1.8, and CaB > 1.7 (B represents two M4 
sites per formula unit; Supplementary Table S1) according to the clas
sification of Leake et al. (1997). Subdivision of these calcic amphiboles 
according to this system indicates that high-Al amphibole (Al2O3 =

8.56–12.02 wt%) comprises a tschermakite or Mg-amphibole, whereas 
medium-Al amphiboles (Al2O3 = 5.83–7.85 wt%) are all classified as 
Mg-amphibole (Fig. 8a). Additionally, variations in Altot of all these 
amphiboles are mostly attributed to the edenite exchange reaction, 
while the Al-tschermak substitution plays only a minimal role in these 
variations (Fig. 8b). Low-Al amphiboles generally have Al2O3 contents 
<4.4 wt% and Si > 7.3, and they are mainly plotted in the fields of 
actinolite (Fig. 8a), which are considered not to be truly magmatic but 
crystallize under subsolidus conditions or just altered medium-Al am
phiboles in the presence of exsolved fluids (Chivas, 1982; Hendry et al., 
1985). Further, the existence of medium-Al amphiboles altered to low-Al 
ones (Fig. 6b) further confirms the hydrothermal origin of these low-Al 
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amphiboles. 
All the apatite-bearing biotites are magmatic Mg-biotites according 

to the classification of Foster (1960). The biotites in QMP and MMEs are 
almost located within the scope of previous studies, while those in CQD 
are slightly Ti-rich (Supplementary Table S2), indicating elevated 
crystallization temperatures (Fig. 8c). The calculated ƒO2 (ΔFMQ) 
values of apatite-bearing biotites from both rock units display similar 
ranges of +0.7 to +1.6, consistent with the published data (Fig. 5d). The 
biotite crystallization temperatures and pressures of the QMP are 
703–745 ◦C, 0.8–1.4 kbar, while those of the CQD and MMEs are 
722–776 ◦C, 0.8–1.1 kbar, and 675–740 ◦C, 0.7–1.1 kbar, respectively 
(Fig. 8d). 

The calculated temperatures, pressures, ƒO2 (ΔFMQ) of high-Al 
amphiboles in CQD are 831–944 ◦C, 4.2–6.8 kbar, + 0.9 to + 2.6, 
respectively (Fig. 8d; Supplementary Table S1). Though the high-Al and 
medium-Al amphiboles have enclosed each other, the medium-Al am
phiboles of CQD have lower calculated crystallization temperatures 
(764–818 ◦C) and pressures (1.8–3.4 kbar), but virtually identical ƒO2 
values (+1.6 to +2.0). Similarly, the calculated temperatures, pressures, 
and ƒO2 (ΔFMQ) of the medium-Al amphiboles in QMP are 763–794 ◦C, 
2.0–2.9 kbar, + 1.6 to + 2.0, respectively (Fig. 8d). Although the 
medium-Al amphiboles of MMEs are mostly elongated and show sig
natures of fast growth, they have almost identical crystallization tem
peratures (780–781 ◦C), pressures (2.3–2.7 kbar) and slightly higher ƒO2 

(ΔFMQ) values (+2.1 to +2.4; Fig. 8d). 
As a result of the hydrothermal influence, the low-Al amphiboles of 

CQD, QMP, and MMEs have remarkably low temperatures 
(650–726 ◦C), but high ƒO2 (ΔFMQ) values (+2.2 to +3.7; Fig. 8d). The 
calculated low pressures (which are mostly negative values) for these 
low-Al amphiboles also likely reflect the fact that they are hydrothermal- 
altered amphiboles from the medium- or high-Al amphiboles because 
the pressure limit for magmatic amphibole stability is 0.5 kbar as sug
gested by (Mutch et al., 2016). Therefore, the estimated P, T, and ƒO2 
values of these low-Al amphiboles have been discarded for discussion of 
magmatic evolution. 

Apatite-bearing plagioclase phenocrysts in CQD and QMP range in 
composition from oligoclase to andesine (An = 13–46; Supplementary 
Table S3), with well-developed polysynthetic twinning. 

5.2. Apatite major and halogen elements 

Compositional distributions of S, F, and Cl in the primary, partly 
altered and extensively altered apatite have been documented in Fig. 9. 
The primary apatite grain of QMP is essentially homogeneous in terms of 
F and Cl contents even for those showing zoned BSE images, whereas the 
S content exhibit a clear multi-phase distribution pattern (Fig. 9a). Be
sides, the partly altered apatite reveals heterogeneous variability of S 
distribution (Fig. 9b), totally different from the S pattern of primary 

Fig. 8. a Classification of three types of amphiboles according to nomenclatures of (Leake et al., 1997); b Al-tschermak exchange in amphibole composition (Chelle- 
Michou and Chiaradia, 2017); c discrimination diagram of primary, re-equilibrated and epigenetic biotite (Nachit et al., 1985); d ΔFMQ versus temperature (T) 
diagram of amphibole and biotite. All published data for amphibole and biotite of the Pulang deposit are also shown as smaller white cross and circle (Data reSource: 
Cao et al., 2018; Leng et al., 2018; Li et al., 2019b). 
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apatite, indicating a sufficient hydrothermal effect. Additionally, the F is 
homogeneously distributed and Cl exhibits features of slightly speckled 
distribution (Fig. 9b). Though the F content remains relatively steady, 
the S and Cl of the extensively altered apatite are mostly leached away, 
leaving only a few LREE-rich monazite spots (Fig. 9c). All the apatite 
grains are predominantly magmatic fluorapatite grains with variably Cl 
and SO3 concentrations (Fig. 10; Supplementary Table S4). Although no 
systematic differences in Cl concentrations between apatite inclusions 
hosted in amphibole, plagioclase, and groundmass have been observed, 
the biotite-hosted apatites of QMP have broader and higher Cl contents 
(0.08–0.71 wt%) than others (Fig. 11a). On the contrary, the low-Al 
amphibole-hosted apatites of QMP usually have lower Cl contents 
(0.01–0.09 wt%, with one exception of 0.41 wt%). High-Al amphibole- 
enclosed apatite inclusions of CQD have lower Cl (0.03–0.04 wt%) than 
those (0.03–0.51 wt%) enclosed in medium-Al amphiboles or 
(0.03–0.13 wt%) low-Al amphiboles (Fig. 11a). The biotite-hosted 
apatite inclusions of CQD generally have lower Cl contents 
(0.09–0.21 wt%) than those of QMP. Since the apatite inclusions hosted 
in minerals of MMEs are likely captured phenocrysts from the por
phyries, the F and Cl contents are similar to those of QMP. The acicular 

apatite inclusions in the groundmass of MMEs have normal Cl concen
trations of 0.21 to 0.28 wt% (Fig. 11a). 

Variations of apatite volatiles can typically be translated to XF/XCl or 
XCl/XOH ratios (Fig. 11b, c; where XF, XCl, and XOH are the mole fractions 
of F, Cl, and OH, respectively). Unlike the published apatite grains of 
QMP, the biotite-hosted apatite inclusions have approximately constant 
XF/XCl ratios (7.1–85.6) but broader XCl/XOH ratios (0.11–1.41), espe
cially compared with the low-Al amphibole-hosted ones (XF/XCl =

12.3–964.3; XCl/XOH = 0.02–0.28, respectively). Most apatite inclusions 
of CQD have more restricted XF/XCl (8.0–266.1) and XF/XOH (1.8–13.6) 
ranges and fluctuating XCl/XOH ratios (0.05–0.55), though some high-F 
contents cause negative XOH values. Since the apatite inclusions of 
MMEs are mostly captured ones, their values are similar to those of 
QMP. 

The most significant differences between the CQD, QMP, and MMEs 
are the S-rich apatites that are only observed from the biotite of QMP. 
Apart from the high and varying SO3 concentrations (0.15–1.01 wt%) of 
biotite-hosted apatite inclusions of QMP, all the others hold low SO3 
values (<0.27 wt%) and fall in the range of published apatite grains 
values (Fig. 11d). Nonetheless, those apatite inclusions shielded in high- 

Fig. 9. Compositional distribution of S, Cl, and F in primary apatite (a) and partly altered apatite (b) from QMP and extensively altered apatite (c) from CQD, 
showing in X-ray maps from EPMA analyzes. 

Fig. 10. F-OH-Cl ternary diagrams for apatite inclusions from the QMP, MMEs, and CQD a. Panels b-d show inclusions at different textural positions in 
different symbols. 
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Al and Medium-Al amphiboles of CQD have elevated SO3 values 
(0.32–0.44; 0.30–0.70 wt%, respectively), compared with ones enclosed 
in low-Al amphibole and biotite (<0.40 wt%). Apatite inclusions of 
MMEs have normal SO3 values (0.14–0.37 wt%), resembling those 
hosted in QMP (Fig. 11d). 

All altered apatites from the CQD, QMP, and MMEs consistently have 
the lowest concentrations of Cl (0.01–0.22 wt%) and SO3 (0.01–0.06 wt 
%), in comparison with the above magmatic apatites (Fig. 11d), indi
cating that these elements are depleted during the hydrothermal alter
ation (Bouzari et al., 2016). Since the initial compositions of magmatic 
apatite would be easily modified by the exsolved fluid via hydrothermal 
alteration, only those fluid inclusion-free, magmatic apatites that are 
used to evaluate the volatiles and trace element concentrations during 
magma evolution. 

5.3. Apatite trace elements 

Typically, apatite trace elements (Figs. 12, 13) exhibit differences 
not only in different host minerals (intra-rock) but also among different 
rock units (inter-rock). The biotite-, plagioclase- and groundmass-hosted 
apatites of QMP have relatively high Sr (785–1106 ppm, avg = 947 ppm, 
n = 11), Sr/Y ratios (2.21–3.62) and Mg (119–529 ppm with one 
exception of 9028 ppm, avg = 282 ppm, n = 10), but consistent low Y 
contents (220–373 ppm, avg = 326 ppm, n = 11), while those from the 
CQD and have much lower Sr (394–549 ppm, avg = 488 ppm, n = 10), 
Sr/Y ratios (0.82–0.97) and Mg (11–43 ppm with one exception hosted 
in biotite of 492 ppm, avg = 23 ppm, n = 9), but higher Y contents 
(508–796 ppm, avg = 651 ppm, n = 10; Fig. 12a, b, c). On the contrary, 
the low-Al amphibole-hosted apatite of QMP exhibit similar Sr 

(280–345 ppm, avg = 312 ppm, n = 2), Y (427–461 ppm, avg = 444 
ppm, n = 2), Sr/Y ratios (0.61–0.81) and Mg (61–78 ppm, avg = 70 ppm, 
n = 2) values to the apatite from CQD (Fig. 12a, b, c). The apatites from 
QMP are characterized by higher Eu/Eu* values (0.55–0.73) than the 
ones from CQD (0.16–0.49), but all these apatites share similar Ce/Ce* 
values (Fig. 12d; 1.02–1.18). Although only one apatite inclusion from 
the MMEs has available trace element data, the value is similar to the 
apatite from CQD (Fig. 12). 

All the apatite inclusions analyzed here are all enriched in light rare 
earth elements (LREE) and depleted in heavy rare earth elements 
(HREE) with negative Eu anomalies, slightly higher than those pub
lished apatite values (Fig. 13). Apatite total REE from the CQD (

∑
REE 

= 2750–10151 ppm, avg = 7023 ppm) and the MMEs (
∑

REE = 5352 
ppm) exhibit higher values than those from the QMP (

∑
REE =

2561–6354 ppm, avg = 4646 ppm). 

6. Discussion 

6.1. Crystallization sequences and conditions of magmatic minerals and 
enclosed apatite inclusions 

In the porphyries, apatite occurs as inclusions in all mineral phases 
and the groundmass and displays euhedral to subhedral habitus (Figs. 5, 
6). This suggests that apatite crystallizes close to the liquidus in these 
porphyries. Assuming that the whole-rock chemistry approximates the 
compositions of the liquid at the time of apatite crystallization, the 
calculated AST is in the range of ~980 ◦C using the method of Harrison 
and Watson (1984). These temperatures are indeed close to the water- 
saturated liquidus of dacitic magmas in the upper crust (900–950 ◦C; 

Fig. 11. Compositional changes in apatite volatile elements show crystals at different textural positions (Data source of published apatite: Pan et al., 2016, 2020; 
Xing et al., 2018, Gao et al., 2020). 
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Costa et al., 2004). This is also similar to the highest crystallization 
temperature recorded by some apatite-enclosed high-Al amphiboles of 
CQD (~940 ◦C; Fig. 5a). Therefore, it is reasonable to conclude that the 
apatite inclusions in CQD and QMP could crystallize simultaneously and 
relatively early in the crystallization processes, with a possible tem
perature of 940–980 ◦C (Fig. 14). 

In both CQD and QMP, crosscutting relationships of rock-forming 

minerals display similar crystallization sequences and conditions, 
which are, high-Al amphibole, medium-Al amphibole, magmatic biotite, 
plagioclase, low-Al amphibole (altered medium-Al amphibole), from 
early to late (Figs. 5, 6, 14). Such mineral crystallization sequences are 
also proved by the mineral thermometer using the existing empirical 
equation (Fig. 8d), where the calculated temperatures of medium-Al 
amphibole (~794 ◦C) are among the high-Al amphibole (~893 ◦C) 

Fig. 12. Representative trace element compositions of apatite inclusions. Eu/Eu* is the europium anomaly, calculated as EuN/(SmN × GdN)0.5, using the chondrite 
normalization values of McDonough and Sun (1995). The chondrite values are also used in Ce/Ce* = CeN/(LaN × PrN)0.5 (Data source of published apatite: Pan et al., 
2016, 2020; Xing et al., 2018; Gao et al., 2020). 

Fig. 13. Chondrite-normalized REE and trace element patterns of apatite inclusions from the QMP, MMEs, and CQD. Gray zones represent values of published apatite 
grains of the QMP and CQD at Pulang (Data source: Gao et al., 2020; Pan et al., 2020, 2016; Xing et al., 2018). The thick lines represent average values of the QMP 
and CQD (Data source: W.K. Li et al., 2019b). The C1 chondrite values are from McDonough and Sun (1995). 
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and magmatic biotite (~750 ◦C). Additionally, the presence of resorbed 
medium-Al amphibole and reversed compositional zones of high-Al and 
Medium-Al amphibole in CQD and QMP (Fig. 5d, 5e, 6a), both suggest 
that magma injection and mixing possibly occurred through multiple 
crystallization stages of medium-Al amphiboles at a depth of ~10 km 
(Fig. 14a, b). This is also consistent with the presence of elongated 
medium-Al amphibole and lack of high-Al amphibole in MMEs, which is 
the result of rapid cooling and magma mixing (Fig. 7a). Then magmatic 
biotite was crystallized at a paleodepth of ~4 km as the mixed magma 
further ascended and possibly intruded into the wall rocks (Tumugou 
Formation; Fig. 14a). Considering the rare presence of low-Al amphibole 
in barren CQD and abundance of such amphibole in fertile QMP, it is 
reasonable to conclude that only the fertile QMP has undergone exten
sive degassing and fluid exsolution processes, which have altered the 
medium-Al amphibole to low-Al amphibole and related mineralization 
(Fig. 14b). 

Besides, magma mixing may also contribute to the fluctuation of 

magma ƒO2 during upper crustal evolution. The initial magma of CQD 
and QMP displays very high ƒO2 (ΔFMQ > + 3.0) as documented by 
zircon oxybarometer (Li et al., 2019b), decreasing to moderate ƒO2 
(ΔFMQ = + 1.6 to + 2.0) values as indicated medium-Al amphibole of 
both CQD and QMP. Such a decrease probably resulted from mixing with 
reduced magma as displayed by the high-Al amphibole with a broad ƒO2 
values (ΔFMQ = + 0.9 to + 2.6). The decrease of ƒO2 values is also 
supported by the presence of primary sulfide inclusions in medium-Al 
amphibole (Fig. 5b). As the magma ascended and magmatic biotite 
crystallized, the ƒO2 (ΔFMQ) values of magma further decrease to +0.7 
~ + 1.6). Such a ƒO2 (ΔFMQ) decrease could be achieved by fractional 
crystallization, magma mixing, or contamination of wall rocks. 
Considering the shallow intrusion depth (~4 km) and late stage of 
magma evolution (~750 ◦C), the attenuated fractional crystallization 
process could not reduce the oxygen fugacity of CQD and therefore 
contamination of wall rocks could be highly possible. However, the QMP 
mostly intruded within CQD and had limited exposed area to wall rocks, 

Fig. 14. Sketch for crystallization sequence of igneous 
minerals and variations of apatite inclusion at Pulang 
during upper crustal magma evolution (Minerals with an 
asterisk are from Li et al., 2019b). (a) Magma mixing 
occurred due to the injection of the relatively reduced 
(ΔFMQ = +1.6 ~ +1.8, calculated by high-Al amphi
bole) and LREE-enriched dioritic magma (Cao et al., 
2009) from a deeper magma chamber (at ~20 km). This 
injection resulted in the reversed zonation of high-Al 
and medium-Al amphibole at ~10 km. Magmatic bio
tite crystallized as the mixed magma ascended and 
intruded the Tumugou formation (~4 km). The low Sr/Y 
and Eu/Eu* ratios of all enclosed apatites indicate a 
water-poor and reduced magma origin. (b) The pro
longed injection of S-Cl enriched mafic magma intro
duced extensive magma mixing and possibly remelted 
the preexisting dioritic batholith and its interior apa
tites, and finally resulted in the abnormal S-Cl concen
trations of biotite-hosted apatites with overgrowth 
texture, and triggered the magma degassing at the 
alteration of medium-Al amphiboles to low-Al amphi
boles in the fertile QMP.   
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and it is hard to merely attribute the low ƒO2 values of biotite in QMP to 
the contamination of wall rocks. Besides, we have noticed that the 
biotite-hosted apatite inclusions of QMP have distinctly different SO3 
patterns with overgrowth features (Fig. 9a) and show dramatically 
enriched SO3 contents compared to all the other apatite inclusions 
(Fig. 11d). Therefore, the magma injection that occurred at the crys
tallization of medium-Al amphibole in CQD and QMP may last for a 
period of time and further provide a complement of excess sulfur 
(Fig. 14). 

6.2. Sulfur and chlorine variations during magmatic-hydrothermal 
evolution 

Experiments have shown that Cl and F is a fast-diffusive element (8 
× 10-18 and 1 × 10-17 m2/s at 900 ◦C, respectively), and preliminary 
results on S diffusivity at 800–900 ◦C also show values faster than those 
of Cl (Li et al., 2020a). This suggests that if volatiles have not been 
significantly exchanged with a surrounding phase (fluid, melt, or 
volatile-bearing mineral) after apatite inclusions enclosed in magmatic 
minerals, any initial volatiles zoning acquired during crystal growth 
should fade away and homogenize within weeks (Chelle-Michou and 
Chiaradia, 2017; Sato et al., 2017; Li et al., 2020a). As magmatic min
erals (e.g., amphibole, biotite, plagioclase) start to crystallize, the 
apatite phenocrysts in equilibrium with the “present” melt are enclosed 
in these magmatic minerals and isolated from the evolving magma, thus 
the isolated apatite inclusions could preserve a record of melt compo
sitions at the crystallization of igneous minerals. 

The computed melt S concentrations of CQD are mainly between 
594–821 ppm for high-Al amphibole-enclosed apatites, 571–1321 ppm 
for medium-Al amphibole-enclosed apatites, 335–744 ppm for biotite- 
hosted apatites (Fig. 15a, b, c, d). Besides, few scattered points from 
medium-Al hosted apatite domains result in higher apparent S melt 
concentrations and are discussed below. Going from the CQD to QMP, 
our data yield highly variable melt S contents for the biotite-hosted 
apatites of QMP, which even fall outside the range of arc basalts 
(probably within 300–1000 ppm; Fig. 15c). Similar S-rich apatites (SO3 

> 0.5 wt%) have also been reported in several natural systems, and their 
common association with anhydrite-saturated magmas suggests that 
they might have crystallized from abnormally S-enriched melts (Parat 
et al., 2011) or sulfur-fluxing events caused by a degassing underplated 
body of basalt (Van Hoose et al., 2013). The increasing of apatite SO3 
contents may either reflect (1) mafic melt injection (Chambefort et al., 
2008; Van Hoose et al., 2013) or (2) increased melt S content with 
progressive fractional crystallization (Streck and Dilles, 1998) or (3) a 
temperature decreases during magma evolution (Peng et al., 1997; Scott 
et al., 2015) or (4) melting of preexisting lithologies and hosted apatite 
(Chelle-Michou and Chiaradia, 2017). Although the CQD and QMP have 
consistent mineral sequences and trace element patterns (Fig. 9), which 
are probably caused by similar fractional crystallization, the apatite in 
CQD systematically returns normal sulfur concentrations (Fig. 11d). 
Therefore, these distinctly different SO3 contents could not be merely 
ascribed to the progressive fractional crystallization of melt. Besides, 
compared with the high-Al, medium-Al amphibole, and biotite-enclosed 
apatite, there are no systematically increased SO3 contents of apatite. 
Thus, the decreased temperature could not be the reason for abnormal 
SO3 contents of biotite-hosted apatite in QMP. The presence of S-rich 
apatite enclosed in biotite, and the overgrowth texture of apatite of 
QMP, together with the skeleton texture of some medium-Al amphiboles 
in QMP and CQD, both suggest that a possible magma mixing event may 
have occurred among the crystallization of medium-Al amphibole and 
magmatic biotite in QMP. Considering the widely distributed MMEs in 
the QMP, it is reasonable that the injection of sulfur-rich dioritic magma 
causes increasing SO3 contents in biotite-hosted apatite of the ore- 
bearing QMP. Primary apatites in the MMEs are commonly acicular 
from fast growth due to undercooling, and they are not in equilibrium 
with their host melt, thus we could not obtain the related melt S contents 
(Fig. 7). Although the acicular apatite in the groundmass of MMEs has 
normal SO3 contents, its abundance also seems to confirm an extra sulfur 
supplement process (Fig. 7f). However, whether the magma mixing 
caused the melting of preexisting CQD and hosted apatite could not be 
distinguished and need more work. 

Chlorine is strongly partitioned into exsolved fluids in vapor- 

Fig. 15. Sulfur and chlorine concentrations of the 
melts that equilibrated with apatite from the QMP and 
CQD. (a) (b) (c) (d) melts S in equilibrium with high- 
Al amphibole-, medium-Al amphibole-, magmatic 
biotite-hosted apatite inclusions, and collected apatite 
grains (Data source: Pan et al., 2016, 2020; Xing et al., 
2018; Gao et al., 2020); (e) (f) (g) melts Cl in equi
librium with high-Al amphibole-, magmatic biotite- 
hosted apatite inclusions, and collected apatite 
grains (Data source: Pan et al., 2016, 2020; Xing et al., 
2018; Gao et al., 2020).   
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saturated magma, causing increased XF/XCl and reduced XCl/XOH ratios 
in residual melts (Masotta et al., 2016; Webster et al., 2009; Zajacz et al., 
2012). However, the biotite-hosted apatite inclusions in QMP show 
relatively consistent XF/XCl but elevated XCl/XOH ratios, whereas the 
low-Al amphibole-hosted apatite exhibit high XF/XCl and reduced XCl/ 
XOH ratios (Fig. 11d). Such variations could be ascribed to changes of 
volatile saturation states in magma evolution, for fluid-melt partition 
coefficients of Cl are typically high. These variations, together with the 
altered features of low-Al amphibole, both suggest that the magma 
initially was fluid undersaturated and became water saturated at the 
time of low-Al amphibole crystallization. Therefore, only those apatites 
crystallize in vapor-unsaturated conditions are used to calculate the melt 
Cl concentrations, including high-Al and medium-Al amphibole-hosted 
and magmatic biotite-hosted ones in CQD and QMP. 

Estimates of melt chlorine concentration using apatite show a similar 
trend of melt sulfur concentration (Fig. 15e, f, g). It is worth noting that 
all calculated numbers are within the range of Cl melt concentrations of 
arc magmas (0.01–0.85 wt%; Aiuppa et al., 2009), even for those hosted 
in biotite of QMP (Fig. 15f). Overall, estimates based on biotite also 
record an increase in melt Cl concentrations. This increase confirms 
earlier thoughts that the injection of dioritic magma could account for 
the abnormal increase of sulfur and chlorine within biotite-enclosed 
apatite in QMP. 

6.3. Using apatite trace elements as indicators of magmatic fertility 

Apatite has recently been used as an indicator of magmatic fertility, 
especially in porphyry systems (Gao et al., 2020; Pan et al., 2020; Xing 
et al., 2020, 2021; Xu et al., 2021). Fractionation modeling of trace 
element conducted on apatite from the discrete stage of arc volcanic 
rocks have suggested that the notable trace element differences of 
apatite from different samples could be possibly explained by variable 
deep crustal fractionation, on the contrary, the differences of apatite that 
hosted in various minerals from the same sample are likely introduced 
by phenocrysts fractionation that co-crystallize with apatite in the 
shallow crust (Nathwani et al., 2020). As amphibole crystallizes first 
under a water-rich condition, whereas plagioclase crystallize crystallizes 
first under a water-poor condition (Loucks, 2014), Sr and Eu contents of 
apatite can be indicators of hydrous conditions of magma source. 
Additionally, apatite crystallizes from oxidized environments would 
have higher Eu but lower Ce than those from reduced environments, 
since increased Eu3+ and Ce3+ can substitute Ca2+ in apatite lattice (Sha 
and Chappell, 1999; Belousova et al., 2002). Therefore, a water-poor 
and reduced ƒO2 condition for the CQD magma source, whereas a 
water-rich and oxidized magma source for the causative QMP can ac
count for the differences of apatite trace elements from QMP and CQD 
(Fig. 12a, b). As the apatite inclusions of MMEs are mostly captured ones 
from its host porphyries, it is reasonable that it shows similar values to 
those in CQD (Fig. 12a, b). Experiments have shown that Mg in apatite is 
proportional to the Mg in the melt, suggesting that Mg in apatite can also 
be used as an indicator of magma differentiation (Prowatke and 
Klemme, 2006). Within our samples, the features that consistent Sr/Yap 
with decreasing Mg occurs in the apatite of QMP, except for those hosted 
in low-Al amphibole, indicate that the Sr/Y ratios of apatite do not vary 
significantly with changing melt composition (Fig. 12c). Whereas, no 
variations occur both in the Sr/Yap and Mg content of most altered 
apatite inclusions in the CQD, except for a single apatite hosted in biotite 
(which could have been contaminated by its surrounding Mg-biotite; 
Fig. 12c). Meanwhile, the low-Al amphibole-hosted apatite of QMP 
show sharply decreased Sr but solid Y contents and caused low Sr/Y 
ratios, similar to values of both altered and primary apatites in CQD 
(Fig. 12a, b). Considering the low-Al amphiboles are mostly altered 
medium-Al amphibole, it is reasonable to conclude that the hydrother
mal fluids can easily extract Sr, even for those apatites with little char
acteristics of hydrothermal influence. This result may also account for 
the diverse Sr/Y ratios of primary apatite in QMP from previous studies. 

Therefore, using apatite Sr/Y ratios to discriminate magma adakitic af
finities should be with cautions. 

As mentioned above, the magma source is reduced ƒO2 condition for 
CQD and oxidized ƒO2 condition for QMP. This is consistent with the 
primary apatite Eu/Eu* ratios of CQD and QMP. However, the altered 
apatites of CQD have increased Ce/Ce* ratios, even higher than those in 
QMP. Combined with the widely distributed LREE-rich points in highly- 
altered apatite of CQD, the hydrothermal fluids may lead to a sharp 
increase in LREE concentrations of altered apatites and could account 
for the abnormally high Ce/Ce* ratios of the barren CQD. Using apatite 
Ce/Ce* ratios to discriminate magma ƒO2 condition should be with 
cautions. 

Therefore, we suggest that apatite Sr and LREE can be easily modi
fied by hydrothermal fluids or evolving melts. Using apatite trace ele
ments as efficient indicators in helping to properly interpret 
petrogenetic studies would be more robust for those apatites enclosed in 
primary magmatic minerals and isolated from the evolving magma or 
fluids. 

6.4. Implications for the formation of porphyry deposits 

Porphyry Cu deposits are formed by fluids released from felsic 
magmatic intrusions of batholithic dimensions, which are inferred to 
have been incrementally built up by a series of sill injections (Korges 
et al., 2020). However, this model then extends the problem that a 
single, copper-rich magmatic fluid could trigger both copper enrichment 
and the subsequent precipitation of sulfide ore minerals within a zone of 
hydrothermally altered rock. Of course, some hypotheses, including (1) 
abrupt changes of intensive parameters such as temperature, pressure 
(Landtwing et al., 2005; Proffett, 2009; Sillitoe, 2010); (2) mafic S-rich 
magma injection (Hattori and Keith, 2001; Caricchi et al., 2014; He 
et al., 2016); (3) injection of S-rich gas from the underlying mafic 
magma (Blundy et al., 2015); (4) anhydrite dissolution in the late-stage 
exsolved fluid (Streck and Dilles, 1998; Li et al., 2020c) have been 
proposed to convert the already-stabilized magmatic-hydrothermal 
system and cause the deposition of Cu. Here, the variations of volatiles in 
biotite-hosted apatite inclusions with overgrowth texture, and the oc
casionally observed medium-Al amphibole with skeleton texture of the 
fertile QMP at Pulang indicate that a series of sill injections of S-rich 
dioritic magma likely contribute to the sulfur enrichment among the 
crystallization of medium-Al amphiboles and magmatic biotites, and the 
subsequent remelting the preexisting dioritic batholith and its interior 
apatites, and finally trigger the magma degassing at the alteration of 
medium-Al amphiboles to low-Al amphiboles in the fertile QMP. 

7. Conclusion 

The combination of igneous minerals and enclosed apatite inclusions 
geochemistry in this study provides insights into the volatile evolutions 
and trace element behaviors during magma mixing and degassing pro
cesses. Combined with evidence for reverse zonation in high-Al and 
medium-Al amphibole phenocrysts in the barren CQD, and resorbed 
medium-Al amphiboles in the fertile QMP, the abnormal S-Cl enrich
ment of biotite-hosted apatite inclusions with overgrowth texture in 
QMP are possibly the results of periodical injections of a series of S-Cl 
rich mafic magma among the crystallization of medium-Al amphibole 
and magmatic biotite. The periodical recharge processes could account 
for the enormous metal endowment of giant porphyry deposits and have 
triggered ore formation by causing voluminous exsolution of metallif
erous hydrothermal fluids. Additionally, for apatite, their Sr/Y ratios 
could be used to constrain magma H2O content and Eu/Eu* ratios could 
be used in evaluating magma oxidation state, however, cautions should 
be taken when using the Ce/Ce* ratios in quantifying magma redox state 
for the high mobility of hydrothermal alteration. 
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