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Abstract

Porphyry Cu deposits are formed by Cu- and volatile (e.g., Cl, S)-rich fluids exsolved from underlying magma
reservoirs. Intuitively, higher magmatic Cl and S contents likely correspond to higher magma fertility. However,
the Cl contents of syn-ore magmatic apatite, one of the major Cl-bearing mineral phases in magmas, are highly
variable among deposits (from <0.1 to >2 wt %). These variations may be controlled by different timing of apa-
tite crystallization relative to fluid saturation among deposits, but the causes of these different relative timings
remain obscure. Here we compile existing chemical data of magmatic apatite and amphibole phenocrysts from
25 porphyry Cu deposits worldwide and use these data to calculate magmatic physical-chemical conditions,
such as water contents and magma reservoir depths. We find that the porphyry Cu deposits associated with
deeper magma reservoirs are characterized by systematically higher magmatic H2O contents and apatite CI, but
lower apatite F contents and F/Cl ratios compared to shallower deposits. These correlations are best explained
by early fluid exsolution and Cl loss that predate apatite crystallization in shallower porphyry Cu systems, which
leads to elevated apatite F/Cl ratios. This is supported by the common occurrence of primary fluid inclusions in
apatite from shallower systems. Postsubduction porphyry Cu deposits are normally associated with lower apatite
Cl contents and shallower magma reservoirs, which is attributed to their formation under relatively extensional
tectonic regimes. Our results demonstrate that the magma reservoir depth exerts an important control on the
timing of fluid exsolution and accompanying Cl loss. In contrast, relatively high and constant apatite S content
among deposits is minimally affected by fluid exsolution, possibly due to buffering of early-saturated sulfate in
oxidized and S-rich magmas, and therefore might be used as a better potential fertility indicator than CL

Introduction

Magmatic volatiles (e.g., Cl, S) play a crucial role in the
formation of porphyry Cu-Mo-Au deposits that occur
in magmatic arcs above oceanic subduction zones (syn-
subduction setting; Cooke et al., 2005; Sillitoe, 2010; Richards,
2011) and in continent-collision or intracontinental settings
(postsubduction setting; Hou et al., 2004; Richards, 2009;
Holwell et al., 2019; Yang and Cooke, 2019). They act as key
ligands to form metal complexes, which significantly enhance
metal transfer from the magma to exsolving hydrothermal
fluids, as well as metal carriers during hydrothermal
evolution and sulfide precipitation (Shinohara, 1994; Zajacz
etal., 2011). In view of this, high Cl and S contents are widely
considered to be important in forming an economic porphyry
Cu system (e.g., Cline and Bodnar, 1991; Imai, 2002; Zhu et
al., 2018).

Magmatic volatile contents can be obtained through analysis
of quenched glasses, including melt inclusions (e.g., Borisova
etal., 2005; Zhang and Audétat, 2017; Stock et al., 2018), or be
estimated from compositions of volatile-bearing minerals (e.g.,
apatite, amphibole, and biotite) by using published mineral/
melt exchange or partition coefficients (e.g., Chelle-Michou
and Chiaradia, 2017; Stock et al., 2018; Zhu et al., 2018; Cao
et al., 2021; Li et al., 2021; Humphreys et al., 2021). Among
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the minerals of the latter method, apatite is most frequently
used due to its capacity for accommodating abundant volatiles
(e.g., S, Cl, F)inits crystal structure, as well as its resistance to
posterystallization physical and chemical weathering (Pan and
Fleet, 2002; Mao et al., 2016).

Although many studies have measured higher apatite CI
and S contents of porphyry Cu-related intrusions than those
of barren ones (Imai, 2002; Ishihara and Imai, 2014; Zhong
et al., 2018; Zhu et al., 2018; Cao et al., 2021), an outstanding
issue is that apatite Cl contents of synmineralization intrusions
among porphyry Cu systems vary dramatically from <0.1 wt %
(e.g., Yerington, Nevada; Streck and Dilles, 1998) to >2 wt %
(e.g., Santo Tomas II and Clifton, Philippines; Imai, 2002),
with low apatite Cl values mostly found in postsubduction
porphyry Cu deposits in the Tibetan Plateau (<0.5 wt %; e.g.,
Qulong and Yulong, Tibet, China; Qin et al., 2014; Huang
et al., 2019). The apatite F/Cl ratios among porphyry Cu
deposits vary more dramatically from <1 (e.g., Santo Tomas IT
and Clifton, Philippines; Imai, 2002; Red Chris, Canada; Zhu
etal., 2018) to >100 (e.g., Machangqing and Beiya, SW China;
Wang et al., 2013, 2017; Yulong, east Tibet, China; Huang et
al., 2019, 2022). Yet the reason for this remarkable variability
remains unknown.

One possible explanation for the variability in apatite CI
contents and F/Cl ratios may be the influence of magma
degassing and/or fluid exsolution processes (Cline and Bodnar,
1991; Stocketal., 2018), because Clis preferentially partitioned
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into the exsolving aqueous fluids, whereas F is preferentially
retained in the melt (Borodulin et al., 2009; Webster et al.,
2009). To better understand the interplay between apatite
volatile contents and these magmatic-hydrothermal processes,
we have compiled over 1,000 published compositions of
magmatic apatite as well as amphibole phenocrysts from 25
porphyry Cu deposits worldwide. The amphibole phenocryst
data are used to estimate the depths of the magma reservoirs
and the contents of HsO in the parental magmas. With
these data, we show that apatite Cl and F contents as well
as F/Cl ratios in synmineralization intrusions are strongly
controlled by the relative timing of fluid exsolution and apatite
crystallization, which is likely further controlled by underlying
magma reservoir depth. We also show that the apatite volatile
composition and magma reservoir depth exhibit significant
differences between synsubduction and postsubduction
porphyry Cu systems. These differences are interpreted
to reflect contrasting tectonic regimes during formation of
synsubduction and postsubduction porphyry Cu systems.

Syn- and Postsubduction Porphyry Cu Deposits
Porphyry Cu-Mo-Au deposits are mostly found in

continental and island arcs above oceanic subduction zones
(synsubduction), particularly in the Pacific Rim (Richards,
2003; Cooke et al., 2005). They are genetically associated
with relatively oxidized and hydrous calc-alkaline magmas
that originated from sub-arc asthenospheric mantle that was
metasomatized by fluids released by the subducting oceanic
slab (Richards, 2003, 2011). The orebodies are developed
around porphyritic intrusions (emplaced at ca. 2- to 5-km
depth) and can also be hosted in wall rocks where reactive
carbonate rocks are present (Sillitoe, 2010). The ore-forming
fluids are thought to be exsolved from intermediate to felsic

SCIENTIFIC COMMUNICATIONS

calc-alkaline magma reservoirs (ca. 5- to 15-km depth in
the upper crust) upon extensive hydraulic fracturing of the
magmatic carapace and surrounding country rocks due to
buildup of pressure caused by accumulation of magmatic
fluids in the cupola (Shinohara and Hedenquist, 1997; Cloos,
2001; Richards, 2003).

An increasing number of porphyry Cu-Mo-Au deposits
are discovered in postsubduction settings in the Tethyan
metallogenic domain (Hou et al., 2004, 2013, 2015; Richards,
2009; Shafiei et al., 2009; Xu et al., 2012, 2016; Yang et al.,
2015, 2016; Zhou et al., 2015; Yang and Cooke, 2019). They
are distinguished from their synsubduction counterparts by
the lack of contemporaneous oceanic subduction but are
consistent with collisional or intracontinental tectonic settings
after the oceanic subduction was ceased (postsubduction).
Mineralizing porphyry intrusions in postsubduction settings
appear to be more alkali-rich, with high-K calc-alkaline to
alkaline compositions (Richards, 2009; Chiaradia, 2020a), and
are thought to originate from partial melting of previously
subduction-modified arc lithosphere (Hou et al., 2004, 2013,
2015; Bi et al., 2005; Richards, 2009; Lu et al., 2013; Holwell
et al, 2019; Yang and Cooke, 2019). Despite the source
differences, they share broad similarities to subduction-
related porphyry Cu deposits in terms of upper crustal ore-
forming processes and geologic features, including being
formed by magmatic fluids exsolved from underlying magma
reservoirs (ca. 5-15 km depth) and characterized by zoned
hydrothermal alteration patterns (Yang and Cooke, 2019).

Data Compilation and Filtering

We have compiled electron microprobe analyses of apatite
and amphibole phenocrysts from 25 porphyry Cu deposits
worldwide (Fig. 1), based on the following criteria:
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Fig. 1. Locations of porphyry Cu deposits compiled in this study. These deposits are grouped according to their tectonic
settings (i.e., syn- and postsubduction settings) and numbered with decreasing apatite Cl contents (the numbers following

deposit names are listed in Table 1).
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1. The apatite should be of magmatic origin. Apatite crys-
tals enclosed in fresh or least-altered magmatic minerals
(e.g., amphibole, biotite, and zircon) are preferred because
they are sheltered from hydrothermal alteration (Kendall-
Langley et al., 2021). Most of our compiled apatites are of
this type. Apatite data of a few deposits (i.e., Xiongcun in
southern Tibet; Beiya, Machangqing, and Yaoan in west-
ern Yunnan) were obtained on grains with unclear petro-
graphic context (Wang et al., 2013) or on grains separated
from fresh igneous samples (Xie et al., 2018). Nonetheless,
the analyzed apatite grains are shown to have euhedral
shapes and oscillatory zonings in cathodoluminescence or
backscattered electron images and are interpreted to be of
magmatic origin (Wang et al., 2013; Xie et al., 2018).

2. The amphibole and apatite are from synmineralization
intrusions, and those with inclusion relationships are pre-
ferred (e.g., apatite enclosed in amphibole phenocrysts;
Coroccohuayco, Peru, Chelle-Michou et al., 2015; Chelle-
Michou and Chiaradia, 2017; Qulong and Yulong, Tibet,
China, Qin et al., 2014; Huang et al., 2022; Black Moun-
tain, Philippines, Cao et al., 2018) because they have crys-
tallized in equilibrium with each other. This is because
when the amphibole phenocryst began to crystallize from
the melt (700°-900°C according to the amphibole geo-
thermometer of Ridolfi et al., 2010; App. Table Al), the
enclosed apatite grains were likely in equilibrium with the
same melt due to the high diffusivities of volatile species in
apatite at those temperatures (Li et al., 2020).

3. Amphibole should occur as phenocrysts, which could pre-
serve pristine information of the magma reservoir; data
from xenomorphic (e.g., late-stage amphiboles crystal-
lized from the groundmass) or xenocrystic amphiboles are
excluded.

4. Apatites with F contents exceeding 3.76 wt % (maximum
concentration in end-member fluorapatite) are excluded.

The compiled deposits are as follows: Santo Tomas II,
Philippines; Clifton, Philippines; Bumolo, Philippines; Red
Chris, Canada; Duolong, central Tibet; Santa Rita, New
Mexico; Black Mountain, Philippines; Xiongcun, south
Tibet; Chuquicamata, Chile; El Salvador, Chile; Rio Blanco,
Chile; Coroccohuayco, Peru; Baogutu, northwest China;
Yerington, Nevada; Niutoushan, east China; Fuzishan, east
China; Ouyangshan, east China; Qulong, south Tibet; Pulang,
southwest China; Jiama, south Tibet; Yao'an, southwest
China; Yulong, east Tibet; Machangqing, southwest China;
Tongchang, southwest China; Beiya, southwest China. Apatite
compositions of the Jiama deposit are from this study. The
analytical procedures are given in the Appendix. All the data
and calculated magmatic physical-chemical conditions, such
as HoO contents and magma reservoir depths, are provided in
Appendix Tables Al and A2 and summarized in Table 1. These
deposits are grouped according to their tectonic settings (i.e.,
synsubduction and postsubduction settings) and numbered
according to decreasing apatite Cl contents (Fig. 1; Table 1).

Magmatic Water Contents and Magma
Reservoir Depths

We have used amphibole composition to estimate magmatic
water contents and magma reservoir depth. The compiled
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amphiboles are all classified as calcic amphiboles with
B(Ca+2XM2+)/ZB values = 0.75 and BCa = BXM?2+ (Hawthorne
et al., 2012; App. Table Al). In addition, the parental ore-
forming magmas of these amphiboles are hydrous and calc-
alkaline to high-K calc-alkaline in composition (App. Table
A3; e.g., Chuquicamata and El Salvador in subduction
setting: Baldwin and Pearce, 1982; Zentilli et al., 2018;
Qulong and Yulong in postsubduction setting: Yang and
Cooke, 2019). These features meet the criteria for using
amphibole-based empirical calibrations (e.g., Schmidt,
1992; Anderson and Smith, 1995; Ridolfi et al., 2010; Ridolfi
and Renzulli, 2012; Putirka, 2016; Mutch et al., 2016)
to estimate magmatic physical-chemical conditions. In
this study, magmatic water contents and temperatures are
estimated using the methods of Ridolfi et al. (2010), which
have been shown to yield reasonable results in porphyry
systems (e.g., Red Chris, Zhu et al., 2018; Black Mountain,
Cao et al, 2018; Pulang, Li et al., 2019). However, the
geobarometer of Ridolfi et al. (2010) has been criticized
because it likely reflects variations in magma composition
and temperature (Erdmann et al., 2014; Putirka, 2016).
Therefore, we utilize other amphibole geobarometers to
estimate amphibole crystallization pressures (Hammarstrom
and Zen, 1986; Hollister et al., 1987; Johnson and Rutherford,
1989; Thomas and Emnst, 1990; Schmidt, 1992; Mutch et
al., 2016); results are presented in Figure 2 and Appendix
Table Al. The different geobarometers yield positively
correlated results, but many of them return impossible
negative pressures for low-Al amphiboles (Fig. 2A-B; App.
Table Al). The only exception is the geobarometer of Mutch
et al. (2016), which requires that amphibole is in equilibrium
with a mineral assemblage including quartz, plagioclase, and
K-feldspar, consistent with the mineral assemblage of the
calc-alkaline to high-K calc-alkaline ore-forming porphyries.
Therefore, among all geobarometers tested, we retained
the pressures provided by the geobarometer of Mutch et
al. (2016). Magma reservoir depths were calculated from
amphibole crystallization pressures, assuming conditions
of lithostatic pressure (perust= 2.7 x 10° kg/m3). Estimated
pressure (depth) and H2O content returned by individual
amphibole analysis are presented in Appendix Table Al, and
the populations of several analyses from each deposit were
averaged and tabulated in Table 1.

Recent studies have proposed that melt HoO contents
can also be estimated from apatite compositions or bulk
rock compositions. The apatite hygrometer proposed by
Li and Costa (2020; with a relative uncertainty of 30-40%;
https://apthermo.wovodat.org) requires knowledge of apatite
chemistry (at least CaO, P20s, Cl, and F) and melt Cl and F
contents. We have used the method of Li and Hermann (2017)
to calculate melt Cl and F contents (App. Table A2) because
this method is recognized to be built on experimental data
obtained under conditions similar to ore-forming magmas
(i.e., 0.2 GPa, ~900°C). Application of the hygrometer of Li
and Costa (2020) to eligible deposits (i.e., the deposits where
apatite CaO, PsOs, F, and Cl contents are all reported and
are thus applicable to the apatite hygrometer) gives results for
four deposits, two of which are equivalent to those estimated
from the amphibole hygrometer (App. Fig. Al; App. Table
A4). Nonetheless, apatite CaO and P2Os contents are missing
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Table 1. A Summary of Locations and Estimated Physical-Chemical Conditions of Synmineralization Intrusions
from Porphyry Cu Deposits Compiled in this Study

Apatite Cl

Deposit contents R.Error
Deposit number! Deposit type Location Age (Ma) (wt %) 1S.D. (%)
Synsubduction setting
Santo Tomas 11 1 Porphyry Cu-Au Baguio district of Northern Luzon, Philippines 1.5 3.39 0.82 5
Clifton 2 Porphyry Cu-Au Baguio district of Northern Luzon, Philippines 1.7 3.20 0.93 -
Bumolo 3 Porphyry Cu-Au Baguio district of Northern Luzon, Philippines 1.8 2.54 0.86 -
Red Chris 4 Porphyry Cu-Au Stikinia island-arc terrane, northwest British 206.1 1.39 0.33 1
Columbia
Duolong 5 Porphyry-epithermal Cu-Au  Duolong district, central Tibet ~118 1.36 0.51 2
Santa Rita 6 Porphyry Cu-Mo Southwestern New Mexico, USA 52-72 1.31 0.08 3
Black Mountain 7 Porphyry Cu-Au Baguio district of Northern Luzon, Philippines 2.83-2.98 1.29 0.08 4
Xiongcun 8  Porphyry Cu-Au Jurassic Gangdese porphyry Cu belt, South Tibet ~ 161.5-172.6 ~ 1.21 0.28 3
Chuquicamata 9 Porphyry Cu-Mo Chuquicamata-E] Abra porphyry copper belt, 33.4 0.91 0.27 -
northern Chile
El Salvador 10 Porphyry Cu-Mo Indio Muerto district, northern Chile ~42 0.44 0.04 -
Rio Blanco 11 Porphyry Cu-Mo Late Tertiary magmatic belt, Central Chile 5.4-6.3 0.43 0.13 -
Coroccohuayco 12 Porphyry-skarn Fe-Cu-Au Southern tip of the Andahuaylas-Yauri batholith, 35.6 0.37 0.16 1
southern Peru
Baogutu 13 Porphryy Cu Western Junggar of the central Asian orogenic belt ~310 0.35 0.12 -
Yerington 14 Porphyry Cu-Au Yerington batholith, western Nevada, USA 168.7-170.0 0.06 0.03 6
Postsubduction setting
Niutoushan 1 Porphyry-skarn Cu Middle-lower Yangtze River belt, east China 137.8 0.47 0.08 3
Fuzishan 2 Porphyry-skarn Cu-Au Middle-lower Yangtze River belt, east China 138.6 0.33 0.05 2
Pulang 3 Porphyry Cu-Au Zhongdian belt, SW China ~216.5 0.29 0.19 1
Ouyangshan 4 Porphyry-skarn Cu Middle-lower Yangtze River belt, east China 138.4 0.27 0.04 3
Jiama 5 Porphyry-skarn Cu-Au Miocene Gangdese porphyry Cu belt, South Tibet ~154 0.27 0.02 4
Qulong 6 Porphyry Cu-Mo Miocene Gangdese porphyry Cu belt, South Tibet ~16.1 0.26 0.07 3
Yaoan 7 Porphyry Au Ailaoshan-Red River belt, SW China ~31.7 0.12 0.04 3
Yulong 8 Porphyry Cu-Mo Yulong porphyry Cu belt, east Tibet, China ~42.28 0.08 0.02 2
Tongchang 9 Porphyry Cu-Mo Ailaoshan-Red River belt, SW China 34.0 0.07 0.03 4
Machangqing 10 Porphyry Cu-Mo Ailaoshan-Red River belt, SW China ~35.8 0.02 0.01 6
Beiya 11 Porphyry-skarn Au -Cu Ailaoshan-Red River belt, SW China 36.8 0.01 0.00 5
Apatite F Apatite S
Deposit  contents R.Error contents R.Error  Apatite R.Error R.Error
Deposit number!  (wt %) 1S.D. (%) (wt %) 1S.D. (%) F/Clratios 1S.D (%) Xr 1S.D (%)
Synsubduction setting
Santo Tomas 11 1 1.35 0.36 7 0.11 0.01 5 0.4 0.2 0.36 0.10
Clifton 2 1.26 0.30 - 0.12 0.06 0.4 - 0.33 - -
Bumolo 3 1.77 0.44 - 0.08 0.06 - 0.7 - 0.47 - -
Red Chris 4 2.32 0.24 1 0.12 0.07 1 1.8 0.8 1 0.62 0.06 1
Duolong 5 1.92 0.44 2 0.15 0.11 2 2.3 3.2 4 0.51 0.12 2
Santa Rita 6 2.22 0.17 3 0.09 0.04 3 1.7 0.2 4 0.59 0.05 3
Black Mountain 7 1.09 0.08 4 0.12 0.07 4 0.8 0.1 5 0.29 0.02 4
Xiongcun 8 2.41 0.29 3 0.02 0.01 3 2.1 0.7 4 0.64 0.08 3
Chuquicamata 9 2.72 0.31 - 0.08 - - 3.0 - 0.72 - -
El Salvador 10 2.91 0.24 - 0.07 - - 6.6 - 0.77 - -
Rio Blanco 11 3.14 0.40 - 0.02 - - 7.3 - 0.83 - -
Coroccohuayco 12 2.90 0.31 1 0.10 0.05 1 10 5.5 2 0.77 0.08 1
Baogutu 13 3.06 0.29 - 0.06 0.04 - 8.7 - - 0.81 - -
Yerington 14 3.59 0.10 6 - - - 73 41 9 0.95 0.03 6
Postsubduction setting
Niutoushan 1 2.20 0.26 3 0.10 0.03 3 4.9 15 4 0.59 0.07 3
Fuzishan 2 2.48 0.38 2 0.12 0.08 3 77 2.0 3 0.66 0.10 2
Pulang 3 2.84 0.28 1 0.09 0.05 1 19 21 2 0.75 0.07 1
Ouyangshan 4 2.27 0.29 3 0.17 0.05 3 8.7 2.0 4 0.60 0.08 3
Jiama 5 3.09 0.17 4 0.15 0.11 4 12 1.2 5 0.82 0.04 4
Qulong 6 3.30 0.16 3 0.08 0.04 3 15 79 4 0.88 0.04 3
Yaoan 7 3.05 0.20 3 0.07 0.04 4 28 9 5 0.81 0.05 3
Yulong 8 2.45 0.14 2 0.14 0.09 2 33 13 3 0.65 0.04 2
Tongchang 9 3.21 0.17 4 0.05 0.03 4 50 17 4 0.85 0.04 4
Machangqing 10 3.60 0.03 6 0.02 0.01 6 160 35 6 0.95 0.01 6
Beiya 11 291 0.68 5 0.29 0.10 5 388 144 5 0.77 0.18 5
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Ampbhibole Magmatic
crystallizing H2O
Deposit R.Error R.Error temperature R.Error  contents R.Error
Deposit number! Xal 1S.D. (%) Xon 1S.D. (%) (°C) 1S.D. (%) (wt %) 1S.D. (%)
Synsubduction setting
Santo Tomas 11 1 0.50 0.12 5 0.14 0.03 22 833 - - 6.3 - -
Clifton 2 0.47 - - 0.20 - - 892 - - 7.0 - -
Bumolo 3 0.37 - - 0.16 - - 841 - - 5.7 - -
Red Chris 4 0.20 0.05 1 0.18 0.05 3 900 30 0 5.1 0.4 2
Duolong 5 0.20 0.08 2 0.29 0.08 3 839 38 0 5.4 0.6 1
Santa Rita 6 0.19 0.01 3 0.22 0.04 8 800 5 2 4.6 0.2 6
Black Mountain 7 0.19 0.01 4 0.52 0.03 2 856 5 1 6.2 0.0 3
Xiongcun 8 0.18 0.04 3 0.18 0.07 10 773 43 1 4.6 1.0 3
Chuquicamata 9 0.13 - - 0.14 - - 735 - - 3.8 - -
El Salvador 10 0.06 - - 0.16 - - 732 - - 3.1 - -
Rio Blanco 11 0.06 - - 0.10 - - 730 - 3.8 - -
Coroccohuayco 12 0.05 0.02 1 0.18 0.06 5 781 31 0 4.2 0.4 1
Baogutu 13 0.05 - - 0.14 - - 800 15 0 4.3 0.4 2
Yerington 14 0.01 0.00 6 0.04 0.03 141 754 39 2 4.1 0.3 7
Postsubduction setting
Niutoushan 1 0.07 0.01 3 0.35 0.07 4 782 27 1 4.3 0.2 2
Fuzishan 2 0.05 0.01 2 0.29 0.10 5 753 30 1 4.4 0.2 2
Pulang 3 0.04 0.03 1 0.20 0.06 4 789 6 1 4.3 0.7 4
Ollyangshan 4 0.04 0.01 3 0.36 0.08 4 792 13 1 4.1 0.2 2
Jiama 5 0.04 0.00 4 0.14 0.05 22 778 11 1 4.1 0.2 2
Qulong 6 0.04 0.01 3 0.09 0.04 27 773 11 1 3.7 0.5 2
Yaoan 7 0.02 0.01 3 0.17 0.05 15 845 12 1 3.1 0.1 6
Yulong 8 0.01 0.00 2 0.34 0.04 3 807 20 1 4.2 0.3 2
Tongchang 9 0.01 0.00 4 0.14 0.04 23 825 22 1 4.1 0.1 2
Machangqing 10 0.00 0.00 6 0.04 0.01 132 747 37 1 3.5 0.4 2
Beiya 11 0.00 0.00 5 0.23 0.18 17 709 31 1 3.3 0.5 4
Amphibole Magma
Deposit  crystallizing R.Error reservoir R.Error
Deposit number! pressure (kbar) 1S.D. (%) depth (km) 1S.D. (%)  Reference
Synsubduction setting
Santo Tomas II 1 3.1 - - 12.0 - - Imai (2001, 2002)
Clifton 2 4.4 - - 16.7 - - Imai (2001, 2002)
Bumolo 3 3.1 - - 11.8 - - Imai (2001, 2002)
Red Chris 4 4.7 0.8 2 17.7 3.2 2 Zhu et al. (2018)
Duolong 5 3.3 0.8 2 12.4 3.0 2 Li et al. (2018, 2020)
Santa Rita 6 2.3 0.1 11 8.7 0.4 11 Audétat et al. (2004)
Black Mountain 7 3.6 0.1 8 13.8 0.3 §  Hollings et al. (2013); Cao et al. (2018)
Xiongcun 8 1.9 0.9 6 7.3 3.4 6 Xie et al. (2018, 2020)
Chuquicamata 9 1.2 - - 4.7 - - Ballard et al. (2001); Ishihara and Imai (2014)
El Salvador 10 1.1 - - 4.4 - - Ishihara and Imai (2014); Lee et al. (2017)
Rio Blanco 11 1.2 - - 4.6 - - Deckart et al. (2005); Ishihara and Imai (2014)
Coroccohuayco 12 2.0 0.6 1 7.8 2.1 1 Cyril-Chelle-Michou et al. (2015); Cyril-Chelle-Michou
and Chiaradia (2017)

Baogutu 13 2.2 0.3 3 8.3 1.0 3 Shen and Pan (2013); Cao et al. (2015)
Yerington 14 14 0.2 11 5.4 0.9 11 Dilles (1987); Banik et al. (2017)
Postsubduction setting
Niutoushan 1 1.9 0.4 4 72 1.5 4 Duan (2019)
Fuzishan 2 1.7 0.4 4 6.3 1.5 4 Duan (2019)
Pulang 3 2.1 0.2 7 79 0.9 7 Panetal (2016); Leng et al. (2018)
Ouyangshan 4 1.9 0.2 4 74 0.7 4 Duan (2019)
Jiama 5 1.9 0.1 4 74 0.6 4 Wang et al. (2014); this study
Qulong 6 1.7 0.2 3 6.6 0.6 3 Wangetal. (2014); Qin et al. (2014)
Yaoan 7 3.0 0.1 8 11.5 0.6 8  Bietal (2009); Wang et al. (2013)
Yulong 8 2.5 0.4 3 9.5 1.4 3 Huang et al. (2019a, 2019b, 2022)
Tongchang 9 3.1 0.5 4 11.9 1.8 4 Wangetal. (2013); Xu et al. (2012); Xu et al. (2023)
Machangqing 10 1.5 0.4 3 5.6 1.6 3 Wangetal. (2013); Xu et al. (2012); Shen et al. (2018)
Beiya 11 1.2 0.3 6 45 1.3 6 Wang et al. (2013); Wang et al.(2017)

Notes: S.D. = standard deviation; R.Error (relative errors in %) for apatite compositions and Xci, Xr, and Xon values are propagated from the uncertainties of analytical
results; R.Error (relative errors in %) for physical-chemical conditions of the magma are propagated from the uncertainties of amphibole calculation results in Appendix

Table Al

IThe deposits are grouped according to their tectonic settings (i.e., synsubduction and postsubduction settings), and numbered with decreasing apatite Cl contents
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Synsubduction:

1-Santo Tomas Il, 2-Clifton, 3-Bumolo, 4-Red Chris, 5-Duolong, 6-Santa Rita, 7-Black Mountain, 8-Xiongcun, 9-Chuquicamata,
10-El Salvador, 11-Rio Blanco, 12-Coroccohuayco, 13-Baogutu, 14-Yerington

1-Niutoushan, 2-Fuzishan, 3-Pulang, 4-Ouyangshan, 5-Jiama, 6-Qulong, 7-Yaoan, 8-Yulong, 9-Tongchang, 10-Machanggqing, 11-Beiya

Fig. 2. Estimated crystallizing pressures of the amphibole phenocrysts using the barometers of (A) Schmidt (1992) and
Hammarstrom and Zen (1986), and (B) Mutch et al. (2016) and Johnson and Rutherford (1989). C) Magmatic H2O contents
vs. amphibole crystallizing pressures. D) Amphibole crystallizing temperatures vs. pressures. Magmatic H>O contents and
amphibole crystallizing temperatures in C and D are calculated using the method of Ridolfi et al. (2010), whereas the amphi-
bole crystallizing pressures are estimated using the method of Mutch et al. (2016). Black and green points with error bars (2
S.D.) represent the average values of the corresponding deposits, which are numbered in Table 1. The gray dots represent
individual physical-chemical values of compiled amphibole data (App. Table Al). H&Z (1986) = Hammarstrom and Zen

(1986); J&R (1989) = Johnson and Rutherford (1989).

for many compiled deposits (i.e., Santo Tomas II, Clifton,
Bumolo, Chuquicamata, El Salvador, Rio Blanco, Yerington;
Dilles, 1987; Imai, 2002; Ishihara and Imai, 2014). This
prevents us from using the apatite hygrometer. Estimating
water content using bulk rock composition is commonly
applied to eruptive magmas or melt inclusions (Ghiorso and
Gualda, 2015). However, the HoO content estimated from
porphyritic intrusions does not necessarily reflect the HoO
content of the underlying magma reservoir, which is the
main source of outgassed fluids in porphyry Cu systems. In

addition, the porphyritic intrusions are inevitably affected by
hydrothermal alteration, as indicated by high loss-on-ignition
values in some deposits (e.g., Yaoan, 0.5-6.25 wt %; Red
Chris, 2.33-8.22 wt %; App. Table A3). Given these issues, the
bulk rock method is also considered inappropriate to estimate
magmatic water content. Thus, we have used the amphibole
hygrometer to estimate HoO contents in the magmatic systems
associated with porphyry Cu deposits.

As shown in Figures 2C and 3A-F, magmatic systems
associated with subduction-related porphyry Cu deposits have
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Syn-subduction:
1-Santo Tomas I, 2-Clifton, 3-Bumolo, 4-Red Chris, 5-Duolong, 6-Santa Rita, 7-Black Mountain, 8-Xiongcun, 9-Chuquicamata,
10-El Salvador, 11-Rio Blanco, 12-Coroccohuayco, 13-Baogutu, 14-Yerington

1-Niutoushan, 2-Fuzishan, 3-Pulang, 4-Ouyangshan, 5-Jiama, 6-Qulong, 7-Yaoan, 8-Yulong, 9-Tongchang, 10-Machangqing, 11-Beiya

Fig. 3. A-F) Correlations between apatite F and Cl contents and F/CI ratios, magmatic HoO contents, and magma reservoir
depth. Individual points with error bars (2 S.D.) represent the average values of the corresponding deposits (Fig. 1; Table 1).
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water contents ranging from 3.1 wt % (EI Salvador, calculated
from average amphibole compositions of 24 analyses; Ishihara
and Imai, 2014) to 7.0 wt % (Clifton, calculated from average
amphibole compositions of four analyses; Imai, 2001), and
magma reservoir depths ranging from 4.4 km (EI Salvador,
calculated from average amphibole compositions of 24
analyses; Ishihara and Imai, 2014) to 18 + 3 km (n = 51; Red
Chris; Zhu et al., 2018). These values are broadly consistent
with the magma reservoir depth for porphyry Cu deposits (5—
15 km; Cloos, 2001; Sillitoe, 2010; Richards, 2011).

Magmatic water contents and magma reservoir depth of
postsubduction porphyry Cu deposits show less variation,
ranging from 3.1 + 0.1 wt % (n = 4; Yao’an; Bi et al., 2009)
to4.5 + 0.2 wt % (n = 15; Fuzishan; Duan, 2019), and from
4.5 + 1.3 km (n = 9; Beiya; Bao et al., 2017) to 12 + 2 km
(n = 21; Tongchang; Xu et al., 2023), respectively (Figs. 2C,
3A-F).

Analytical uncertainties associated with electron micro-
probe analyses of amphibole are rarely reported for the
compiled deposits. Ridolfi et al. (2010) showed that the
expected analytical and methodological relative uncertainty
for HoO content estimation is <15%, whereas the expected
uncertainty for temperature is 22°C. The relative uncertainty
of the amphibole geobarometer is <16% (Mutch et al., 2016).
Propagation of these uncertainties translates into relative
errors of 1 to 7% for the calculated average H>O contents, 0
to 2% for temperature estimates, 1 to 11% for pressure, and 1
to 11% for magma reservoir depth (Table 1).

Apatite Compositions and Calculated Mole
Fractions of Cl, F, and OH Apatite

Two methods (Piccoli and Candela, 2002; Ketcham, 2015) are
currently available to calculate mole fractions of chlorapatite,
fluorapatite, and hydroxyapatite (Xc1, Xr, and Xom, respectively)
in apatite, which are based on 130 and approximately 260,
respectively. The method of Ketcham (2015) presumes that
all stoichiometrically significant components (including at
least PoOs and CaO) are measured. However, apatite analyses
from several deposits (i.e., Santo Tomas II, Clifton, Bumolo,
Chuquicamata, El Salvador, Rio Blanco, Yerington; Dilles,
1987; Imai, 2002; Ishihara and Imai, 2014) only report F and
Cl contents and thus cannot be used for the mole fraction
calculations using the method of Ketcham (2015). Therefore,
we utilize the method of Piccoli and Candela (2002) to calculate
apatite Xci, Xr, and Xon values (App. Table A2). To test the
consistency between these two methods, a subset of apatites
with measured components similar to those required b
Ketcham (2015) (Coroccohuayco and Pulang; Chelle-Michou
and Chiaradia, 2017; Cao et al., 2021), or with abnormally
high Xomu values (Black Mountain; Cao et al., 2018), were used
to calculate Xci, Xr, and Xon values with both methods (App.
Table A2). As shown in Figure 4A-C, the two methods return
equivalent Xci, Xr, and Xon values, although the method of
Piccoli and Candela (2002) returns slightly higher Xci values
when the Xci values are high (>0.1). For lower X1 values, the
results are very similar. Average apatite F, Cl, and S contents,
as well as calculated X, Xc1, and Xon values of each deposit,
are reported in Table 1.

Apatites from subduction-related porphyry Cu deposits
have highly variable F and Cl contents. The F contents range

SCIENTIFIC COMMUNICATIONS

from 1.09 + 0.08 wt % (n = 8; Black Mountain; Cao et al., 2018)
to 3.59 + 0.10 wt % (multiple analyses from three samples;
Yerington; Dilles, 1987), whereas the Cl contents range from
0.06 + 0.03 wt % (multiple analyses from three samples;
Yerington; Dilles, 1987) to 3.39 + 0.82 wt % (250 analyses
from four samples; Santo Tomas II; Imai, 2002; Fig. 3A-D).
The F/Cl ratios range more dramatically from 0.4 (41 analyses
from one sample; Clifton; Imai, 2002) to 73 + 41 (multiple
analyses from three samples; Yerington; Dilles, 1987; Fig.
3E-F). Calculated Xc1, Xr, and Xon values range from 0.01
+ 0.00 (multiple analyses from three samples; Yerington;
Dilles, 1987) to 0.50 + 0.121 (250 analyses from four samples;
Santo Tomas II; Imai, 2002), from 0.29 + 0.02 (n = 8; Black
Mountain; Cao et al., 2018) to 0.95 + 0.03 (multiple analyses
from three samples; Yerington; Dilles, 1987), and from 0.04 +
0.03 (multiple analyses from three samples; Yerington; Dilles,
1987) to 0.52 + 0.03 wt % (n = 8; Black Mountain; Cao et al.,
2018), respectively (App. Table A2; Fig. 4D).

In contrast, F and Cl contents of apatites from
postsubduction porphyry Cu deposits are much less variable,
ranging from 2.20 + 0.27 wt % (n = 15; Niutoushan; Duan,
2019) to 3.60 + 0.03 wt % (n = 3; Machangqing; Wang et al.,
2013) and from 0.01 = 0.00 wt % (n = 4; Beiya; Wang et al.,
2017) to 0.47 + 0.08 wt % (n = 15; Niutoushan; Duan, 2019),
respectively (Fig. 3A-D). The F/Cl ratios range from 4.9 + 1.5
(n = 15; Niutoushan; Duan, 2019) to 419 = 142 (n = 4; Beiya;
Wang et al., 2017; Fig. 3E-F). Calculated Xci, Xr, and Xon
values range from 0.001 = 0.000 (n = 4; Beiya; Wang et al.,
2017) to 0.07 + 0.01 (n = 15; Niutoushan; Duan, 2019; Fig.
3A-D), from 0.59 + 0.07 (n = 15; Niutoushan; Duan, 2019) to
0.96 + 0.01 (n = 3; Machangging; Wang et al., 2013), and from
0.04 + 0.01 (n = 3; Machangging; Wang et al., 2013) to 0.36
+ 0.08 wt % (n = 15; Ouyangshan; Duan, 2019), respectively
(App. Table A2; Fig. 4D).

The apatite S contents, in contrast to F and CI contents,
are broadly similar between synsubduction (0.03 + 0.02 wt
% of Xiongcun to 0.24 + 0.19 wt % of Duolong; Xie et al.,
2018; Li et al., 2021) and postsubduction (0.04 = 0.02 wt % of
Machanggqing to 0.48 = 0.17 wt % of Beiya; Wang et al., 2017)
porphyry Cu deposits (Fig. 5).

Electron microprobe analyses of apatite generally have
relative errors of <10% for CL, F, and S contents (e.g., Chelle-
Michou and Chiaradia, 2017; Cao et al., 2021). Propagation
of these analytical uncertainties translates into small relative
errors for calculated average Cl, F, and S contents (1-7%), as
well as for Xg and X values (1-6%) and F/CI ratios (2-9%;
Table 1). Relative errors of the calculated Xou are within the
range of 2 to 27%, with the exceptions of the Yerington and
Machangging deposits, which have large relative errors of 140
and 132%, respectively. For the Machangging deposit, the
large error is likely due to limited apatite analyses (n = 3).
For the Yerington deposit, although multiple analyses were
conducted from three samples, only average values of each
sample were reported (Dilles, 1987). Propagation of analytical
uncertainties from these three averaged values likely led to
the large relative error.

Overall, the compiled data show that the apatite Cl contents
exhibit positive correlations, whereas the F contents and F/
Cl ratios exhibit negative correlations, with both magmatic
water contents and magma reservoir depth (Fig. 3A-F). These
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Synsubduction:

1-Santo Tomas I, 2-Clifton, 3-Bumolo, 4-Red Chris, 5-Duolong, 6-Santa Rita, 7-Black Mountain, 8-Xiongcun, 9-Chuquicamata,
10-El Salvador, 11-Rio Blanco, 12-Coroccohuayco, 13-Baogutu, 14-Yerington

1-Niutoushan, 2-Fuzishan, 3-Pulang, 4-Ouyangshan, 5-Jiama, 6-Qulong, 7-Yaoan, 8-Yulong, 9-Tongchang, 10-Machangqing, 11-Beiya

Fig. 4. Estimated Xr (A), Xc1 (B), and Xon (C) values of a subset of apatites (from the Coroccohuayco, Pulang, and Black
Mountain deposits) using the methods of Piccoli and Candela (2002) and Ketcham (2015). D) Correlation between apatite Xr
and X¢j values of the compiled deposits. Black and green points with error bars (2 S.D.) in (D) represent the average values of
the corresponding deposits (Table 1), whereas the gray dots represent individual physical-chemical values of compiled apatite
data (App. Table A2). P&C (2002) = Piccoli and Candela (2002).

trends also hold true when plotting all three volatile members
(i.e., X1, Xr, and Xon) on a ternary diagram, which shows
decreasing Xc and Xon but increasing Xr, with decreasing
water contents and pressure (Fig. 6A-B).

Discussion

Evaluation of potential effects of primary magmatic
F-Cl contents, temperature, and postcrystallization
diffusion and alteration on apatite F-Cl contents

Apatite F and Cl contents are potentially controlled by four
key factors: (1) the primary magmatic F and Cl contents

(Zhu et al., 2018); (2) the temperature-dependent exchange
coefficients (Kp) of volatile pairs (i.e., OH-F, CI-F, and OH-
Cl) between apatite and silicate melt (Li and Herman, 2017;
Li and Costa, 2020); (3) the postcrystallization diffusive
reequilibration and/or hydrothermal alteration (Bouzari et al.,
2016; Lietal.,2020); and (4) the relative timing between apatite
crystallization and magma degassing or fluid exsolution (Stock
etal., 2018). During degassing, Cl is preferentially partitioned
into the exsolving aqueous fluids, whereas F is preferentially
retained in the melt, leading to increasing Xw/Xc (and F/
Cl) but decreasing Xc/Xon ratios in the apatite crystallized
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Fig. 5. Apatite Cl contents vs. S contents. Black and green points with error
bars (2 S.D.) represent the average values of the corresponding deposits
(Table 1), whereas the gray dots represent individual physical-chemical val-
ues of compiled apatite data (App. Table A2). The numbers and names of the
deposits are listed in Table 1.

afterwards (e.g., Dcfftidmelt = 16-115 in felsic systems at
200 MPa and 900°—924°C, Webster et al., 2009; Dyfuid/melt
= 0.13-0.37 in felsic systems at 200 MPa and 775°-994°C,
Borodulin et al., 2009).

Low primary magmatic Cl contents are considered unlikely
to be the real cause of low-Cl apatite in porphyry Cu systems,
particularly those from postsubduction settings (e.g., Yulong,
and Qulong; Fig. 3A-B), as suggested by the following lines
of evidence. First, Cl is of critical importance for metal
extraction and transportation in an aqueous fluid. For example,
Tattitch et al. (2021) demonstrated that increasing melt
Cl concentration at fluid saturation from 500 to 3,000 ppm
leads to almost eightfold increase in Cu extraction efficiency.
Thereby, the giant sizes of some porphyry Cu deposits, which
have low-Cl apatites (<0.3 wt % CI; e.g., 11 Mt Cu at Qulong,
6.2 Mt Cu at Yulong; Yang and Cooke, 2019), logically require
sufficiently high magmatic Cl contents to extract and transport
the metals into the exsolved aqueous fluid. Second, apatites
from premineralization intrusions have systematically higher
Cl contents than low-Cl apatites of the synmineralization
intrusions (e.g., Yerington, Yulong, and Coroccohuayco;
Dilles, 1987; Chelle-Michou and Chiaradia, 2017; Huang et
al., 2019). This indicates that primary magmatic Cl contents
of these systems, although likely to be variable (Webster et al.,
2018), are probably higher than those recorded by apatites in
the synmineralization intrusions.

Temperature differences among deposits, as inferred by
the geothermometry of hosting amphibole (Fig. 2D), could
affect the exchange coefficient of volatile pairs between
apatite and melt and lead to variable apatite volatile contents
(Li and Herman, 2017; Li and Costa, 2020). Nonetheless, Li
and Costa (2020) also showed that the exchange coefficient
(particularly for the CI-F pair) shows a greater dependence
on apatite composition than on temperature. McCubbin et al.
(2015) further demonstrated that the apatite-melt exchange
coefficient would remain constant for apatite with Xr > 0.18.

SCIENTIFIC COMMUNICATIONS

Given the high Xr values of the apatites of our database (all
>0.25; Fig. 4D), we expect that temperature differences
have minimal effects on exchange coefficient and thereby on
apatite volatile variabilities among deposits.

Postcrystallization  diffusive homogenization and/or re-
equilibration are also unlikely to be responsible for the
highly variable apatite volatile contents among deposits, as
argued below. Before being enclosed in silicate phenocrysts,
the apatite volatile record is likely in equilibrium with the
melt, because diffusive equilibration is reached rapidly,
within 3.7 to 140 days for apatite crystals 90 pm in diameter,
under magmatic temperatures (700°-900°C; Humphreys
et al., 2021). After being enclosed in silicate phenocrysts,
the apatite volatile record should be sheltered from
reequilibration with hydrothermal fluids. Indeed, multiple
analyses on single apatite grains enclosed by silicate minerals
from many of our compiled deposits show homogeneous F
and Cl contents (e.g., Yerington, Yulong, Red Chris, Pulang;
Streck and Dilles, 1998; Zhu et al., 2018; Cao et al., 2021;
Huang et al., 2022), which could indicate negligible F-Cl
diffusion in apatite and therefore preservation of magmatic
volatile contents. Alternatively, the homogeneous volatile
contents in these apatites could be the result of a complete
subsolidus reequilibration. To evaluate which one of these
two scenarios is the most likely, we calculated the timescales
required for complete Cl, F, and OH diffusion equilibration
for a spherical particle of radius r. To calculate the time
scales, we have used the equation r = sqrt(4Dt), where D is
the diffusion coefficient and t is the time taken for 95% of net
chemical exchange toward complete equilibration (Crank,
1975). Assuming diffusion parallel to the c-axis (diffusion
coefficient D calculated from Li et al., 2020) at a temperature
of 550°C (typical of high-temperature hydrothermal
alteration; Audétat, 2019) and apatite length of 100 pm (i.e.,
r = 50 pm), the time scales for complete diffusion of Cl, F,
and OH are 1.3, 1.4, and >100 Ma, respectively. Given that
Cl and OH diffusion parallel to a-axis is one to two orders of
magnitude slower than that parallel to the c-axis (Li et al.,
2020), the above results are likely minimum values. Since the
lifespans of hydrothermal events (normally tens of k.y.; e.g.,
Li et al., 2017; Large et al., 2021) are significantly shorter
than the above diffusion timescales, we consider that the
apatite should preserve the melt volatile information when
shielded in silicate phenocrysts.

In addition, Bouzari et al. (2016) showed that apatite
chemical compositions, particularly Mn/Fe, Na, and
to a lesser extent, Mn contents, can be used to identify
hydrothermal alteration related to porphyry copper deposits.
Given that different apatite Mn contents among deposits may
simply reflect the differences in the melt compositions (Sha
and Chappell, 1999; Zirner et al., 2015; Bouzari et al., 2016;
Marks et al., 2016) rather than being caused by hydrothermal
alteration, we restrict our discussion to the more reliable Mn/
Fe ratios and Na contents where these data are available
(Bouzari et al., 2016). No correlation between apatite Cl
contents and Mn/Fe ratios or Na contents is observed (App.
Fig. A2), indicating minimal effects of hydrothermal alteration
on apatite Cl contents. Therefore, postentrapment diffusion
or hydrothermal alteration are unlikely to reset the volatile
record of apatite included in silicate minerals and cannot be
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Fig. 6. Ternary plots of the volatile contents in apatite (in molar proportions) compiled in this study contoured as a function of
(A) water contents estimated based on amphibole composition (Ridolfi et al., 2010) and (B) pressures of the magma reservoirs
estimated with the Al-in-amphibole barometer of Mutch et al. (2016). Note that there is a general trend of decreasing Xcj and
Xom, but increasing Xr, with decreasing water contents and pressure.

responsible for the highly variable apatite volatile contents
among the investigated deposits.

Apatite F-Cl contents of porphyry Cu deposits controlled
by depth-related fluid exsolution processes

We argue that the variability of apatite Cl and F contents
among deposits most likely reflects variable melt Cl and
F contents at the time of apatite crystallization, which is
controlled by the relative timing of fluid exsolution and
apatite saturation in originally Cl-rich magmas (> ~3,000 ppm
Cl; Webster et al., 2018; Tattitch et al., 2021). Ore-forming
fluids, together with their volatile and metal cargo, are
outgassed from underlying magma reservoirs upon hydraulic
fracturing of the magmatic carapace, which is caused by the
buildup of magmatic fluid pressure during magma fractional
crystallization (Burnham, 1979; Richards, 2011). Fluid
exsolution may lead to Cl depletion but F enrichment in the
residual melt due to contrasted fluid/melt partition behavior
of Cl and F. Although exsolution of F- and Cl-bearing fluids
may not happen if the melt F-ClI contents are too low, this does
not apply to intermediate-felsic arc-related magmas, which
are known to be rich in these and other volatiles. In addition,
it has been shown that parental magmas of postsubduction,
shallower porphyry Cu systems are as hydrous as those of the
synsubduction, deeper systems (Lu et al., 2015; Chiaradia,
2020b). Water solubility in silicate melts strongly increases
with increasing pressure (Newman and Lowenstern, 2002).
Therefore, deeper magma reservoirs require more extensive
crystallization to reach fluid exsolution and ultimately form a
porphyry Cu deposit (Cline and Bodnar, 1991). In addition,

the higher H2O contents of the deeper magma reservoirs
(Fig. 3A-F) may delay magma crystallization, thus these more
hydrous magmas would require greater degree of cooling to
crystallize and achieve fluid saturation (Caricchi and Blundy,
2015). In these deep reservoirs, apatite may crystallize prior
to extensive fluid exsolution and Cl loss, thus having relatively
high Cl contents and low F/Cl ratios. By contrast, fluid
exsolution may occur at relatively early stages of differentiation
in shallower reservoirs associated with porphyry Cu systems
due to the lower magmatic H2O solubility at lower pressure.
In these systems, apatite may crystallize after fluid exsolution
from a melt enriched in F but depleted in CI because of the
higher partitioning of Cl into the exsolved aqueous fluid. Due
to the competing behavior of F and Cl when partitioning into
apatite, the apatite crystallized after fluid exsolution would
have relatively high F but low Cl contents and therefore
high F/CI ratios. Although the crystallization-driven fluid
exsolution (second boiling) has been recently suggested to
result in an initial increase (and then drop) of the melt Cl
content (Tattitch et al., 2021), the melt F/Cl ratio would
keep increasing due to the contrasting fluid/melt partitioning
behavior of Cl and F. The elevated melt F/Cl ratio may also
result in lower Cl but higher F contents and thereby higher F/
Cl ratios of the apatite crystallized after fluid exsolution due
to the competing relationships of F and Cl when partitioning
into apatite.

The above interpretation is also supported by the common
occurrence of fluid inclusions in apatite from shallowly
emplaced postsubduction porphyry Cu systems in the Tibetan
Plateau (i.e., Yulong, Qulong, Jiama; Fig. 7A-F). These fluid
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Fig. 7. Representative apatite-hosted ID-type fluid inclusions (F1) in the Yulong deposit from the Yulong belt of eastern Tibet

SCIENTIFIC COMMUNICATIONS

(A-D), and the Qulong (E) and Jiama (F) porphyry Cu-Mo deposits from the Gangdese belt of southern Tibet. (A) is taken
from sample YL1652, which was collected from the Yulong mining pit. (B) and (C) are taken from the sample collected from
671 m depth of drill hole ZK1007. (D) is taken from the sample collected from 810 m depth of drill hole ZK1007. (E) is taken
from sample QL1521 that was collected from the Qulong mining pit. (F) is taken from sample 18JM-79 that was collected
from 474 m depth of drill hole ZK2015. Abbreviations: Amp = amphibole, Ap = apatite, Bi = biotite.

inclusions are contained in apatite that is enclosed in fresh
silicate phenocrysts (e.g., amphibole and biotite) and are
considered to have a primary origin based on petrographic
observations. They all consist of an aqueous liquid phase of
40 to 70 vol % and a vapor bubble of 30 to 60 vol %, similar
to initial single-phase intermediate-density (ID type) fluid
inclusions commonly observed in porphyry Cu systems
(e.g., Landtwing et al., 2010; Audétat, 2019). In contrast,
similar cases have not been reported in high-Cl apatite
from deep porphyry Cu systems (e.g., Red Chris and Santo
Tomas II; Imai, 2002; Zhu et al., 2018). This indicates that
fluid exsolution has likely occurred before or during apatite

crystallization in shallowly emplaced systems and is probably
responsible for the remarkable variability of apatite Cl and F
contents among porphyry Cu systems.

Possible causes of different magma reservoir depths
between syn- and postsubduction porphyry deposits and

implications for ore-forming processes

The data presented above show that synsubduction and
postsubduction porphyry Cu systems have distinct features in
terms of apatite Cl and F contents, which are interpreted to
result from different magma reservoir depths. A key question
is what controls the different magma reservoir depths of syn-

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/118/5/1201/5886371/5000_huang_et_al.pdf
bv Institute of Geochemistrv Chinese Academv Liser



SCIENTIFIC COMMUNICATIONS

and postsubduction porphyry Cu systems. We speculate that
these differences could result from distinct tectonic regimes in
syn- and postsubduction settings, as explained below. Already,
Chiaradia (2020a) has argued for different evolution depths
of magmatic systems associated with syn- and postsubduction
porphyry Cu-Au deposits based on distinct Sr/Y compositions
of the magmas.

Compressional settings and tectonic regime changes play
an important role in the formation of subduction-related
porphyry Cu deposits (Sillitoe, 1998; Tosdal and Richards,
2001; Cooke et al., 2005; Richards et al., 2011; Loucks, 2014).
Sillitoe (1998) proposed that compression on the overriding
plate, which likely results from low-angle subduction (slab
flattening) of aseismic ridges, seamount chains, or oceanic
plateaus (Cooke et al., 2005), would slow down magma ascent
through the crust, aid the development of large lower- to
midcrustal magma reservoirs, and promote magma evolution
at deep to intermediate crustal levels (see also Chiaradia and
Caricchi, 2017). Magmatic systems so formed are vertically
extensive and are HoO-rich due to the variably high-pressure
fractionation of mantle-derived hydrous magmas (Cashman
et al., 2017; Melekhova et al., 2017; Journeau et al., 2022).
Despite high HoO contents (up to >10 wt %), however, most
of these evolved magmas are HyO-undersaturated at high
pressure (Chiaradia and Caricchi, 2017). Relaxation of crustal
stress associated with changes in the tectonic regime after
the long compression periods allows the ascent of magmas
to shallower levels where fluids can be exsolved and form
porphyry Cu deposits (Tosdal and Richards, 2001). In these
systems, it is possible that significant amounts of apatite
crystallize at depths before magma ascent to a shallower
level, where it may exsolve an aqueous fluid. Therefore, these
apatites will keep a higher-pressure predegassing record of
magmatic volatile contents. For some synsubduction deposits,
low-Cl apatites seem to indicate crystallization in a shallow
magma reservoir compared to most of the synsubduction
porphyry Cu deposits. This requires further investigation to
understand whether these deposits are characterized by more
complex transcrustal magmatic systems with the development
of shallower magma chambers than in most of the other
synsubduction porphyry Cu deposits.

In contrast, postsubduction porphyry Cu deposits have
been suggested to be formed in relatively extensional
settings (Hou et al., 2004; Richards, 2009; Zheng et al., 2019;
Chiaradia, 2020a). For instance, based on the close spatial-
temporal association among ore-forming intrusions, potassic-
ultrapotassic lavas, and regional north-south normal faults,
Hou et al. (2004) demonstrated that postsubduction porphyry
Cu deposits in the Gangdese belt of southern Tibet were
formed under extensional conditions. Similar conclusions
have been reached for the Yulong and Ailaoshan-Red River
belt, southwest China (Chung et al., 1997; Hou et al., 2003),
and for the Middle-Lower Yangtze River belt, east China
(Zhou et al., 2015). An extensional setting may allow rapid
ascent and emplacement of hydrous magmas in shallow
reservoirs, short-circuiting the vertical transcrustal magmatic
system typically associated with long periods of compression
in synsubduction settings. In the shallow reservoir, the
hydrous magma may exsolve fluids already at early stages of
differentiation, e.g., before apatite crystallization, because of
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the pressure dependency of H2O solubility in silicate melt.
Apatites crystallized from these magmas will mostly keep a
shallow postdegassing record of magmatic volatile contents.
The occurrence of primary fluid inclusions in phenocryst-
hosted apatites from shallow porphyry Cu systems (Fig.
TA-F) supports that initial fluid exsolution has occurred at
early stages of magma evolution. These apatite-hosted fluid
inclusions, which may represent discrete aliquots of fluid
released from different portions of the system (Tattitch et
al., 2021), could have preserved pristine physical-chemical
properties of initial ore-forming fluids, which are traditionally
obtained by fluid inclusions in quartz veins or unidirectional
solidification textures (USTs; e.g., Audétat, 2019). Future
systematic study of these apatite-hosted fluid inclusions may
shed new light on magmatic-hydrothermal transition and
hydrothermal evolution in porphyry Cu systems.

Implication for exploration

The global scale correlation between apatite F and Cl contents
and depths of magma reservoirs associated with porphyry Cu
deposits has important implications for the usage of apatite as
a potential fertility tracer. In fact, apatite Cl and F contents
do not necessarily reflect the primary chemical signature of
their parental magma. This conclusion also applies to some
fluid-mobile trace elements such as Sr, whose contents may
also be controlled by the relative timing of fluid saturation and
apatite crystallization. Therefore, they may be inappropriate
as a porphyry Cu fertility indicator, unless it is shown that the
studied apatites are early crystallizing phases (e.g., Nathwani
etal., 2020) that are not affected by fluid exsolution processes.
This implication isveryimportant because apatite compositions
(e.g., Cl contents and Sr/Y ratios) have been increasingly used
to discriminate porphyry Cu related intrusions from barren
intrusions, and from intrusions associated with W-Mo and/
or Pb-Zn deposits (e.g., Mao et al., 2016; Pan et al., 2016;
Zhong et al., 2018; Zafar et al., 2019; Xing et al., 2020; Cao
et al., 2021). While agreeing with previous studies that high
magmatic Cl contents favor porphyry Cu formation (e.g.,
Cline and Bodnar, 1991; Imai, 2002; Ishihara and Imai,
2014; Zhu et al., 2018; Tattitch et al., 2021), we argue that it
is the primary magmatic Cl contents of a magmatic system,
rather than those estimated from apatite Cl contents, that
may be used to evaluate its porphyry Cu fertility. Measured
Cl contents of apatite are not necessarily representative of
the original melt Cl contents. Low Cl contents measured in
apatite and estimated in melt may be simply diagnostic of
early fluid exsolution and do not necessarily indicate low Cu
potential.

On the other hand, apatite sulfur contents largely overlap
among syn- and postsubduction porphyry Cu deposits (Fig. 5)
and are mostly relatively high (>0.05 wt %) compared to more
reduced and infertile magmas (<0.05 wt %; e.g., Ishihara and
Imai, 2014; Richards et al., 2017; Zhu et al., 2022). In addition,
within individual porphyry Cu systems, the apatite S content
is much less variable than Cl and largely remains high during
magma evolution and fluid exsolution, as has been shown in
several porphyry Cu systems (e.g., Coroccohuayco, Chelle-
Michou and Chiaradia, 2017; Duolong, Li et al., 2021; Yulong,
Huang et al., 2022). This could be interpreted to be the result
of buffering of early-saturated sulfate in oxidized and sulfur-
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rich magmas (Hutchinson and Dilles, 2019), a possibility
supported by the common observation of anhydrite in many
of the compiled deposits (i.e., El Salvador and Yerington,
Hutchinson and Dilles, 2019; Duolong, Li et al., 2021;
Yulong, Chang et al., 2018; Qulong, Xiao et al., 2012). These
magmatic anhydrites may break down during fluid exsolution
and thus constitute an important sulfur source to mineralizing
fluids (Streck and Dilles, 1998; Grondahl and Zajacz, 2017,
Hutchinson and Dilles, 2019; Li et al., 2021). Therefore,
high apatite S content might be a robust proxy for relatively
oxidized nature of the parental magma, and therefore useful
to discriminate oxidized, S-rich magmas from the relatively
reduced, S-poor infertile magmas.

Conclusions

Apatite and amphibole compositions from 25 porphyry Cu
deposits worldwide have been compiled. The amphibole
compositions were used to calculate magmatic water contents
and crystallization pressure, a proxy of magma reservoir
depth. We find that the apatite CI contents show positive
correlations, whereas the F contents and F/CI ratios show
negative correlations, with both magmatic water contents and
magma reservoir depth. Postsubduction porphyry Cu deposits
are associated with overall shallower magma reservoirs
and lower apatite Cl contents than the great majority of
synsubduction porphyry Cu deposits. Combined with the
common occurrence of primary intermediate-density fluid
inclusions in apatite from shallower postsubduction porphyry
Cu systems, we interpret these correlations as reflecting early
fluid exsolution and associated magmatic Cl loss that predate
apatite crystallization in shallow porphyry Cu systems. In
contrast, in magmatic systems associated with synsubduction
porphyry Cu deposits, the Cl and F systematics suggest that
apatites have mostly crystallized prior to fluid exsolution. The
apatite S contents are broadly similar for all deposits, implying
that they are not affected by fluid exsolution. This is probably
due to the buffering effect of early-saturated sulfate in oxidized
and sulfur-rich magmas. Therefore, apatite sulfur contents
might be a better fertility indicator than apatite CI contents.
It is speculated that postsubduction porphyry Cu deposits are
associated with shallower magma reservoirs owing to their
formation in relatively extensional tectonic regimes. Our
results argue that fluid exsolution and associated magmatic CI
loss may occur early in shallow porphyry systems. Systematic
studies of apatite-hosted fluid inclusions may shed new light
on the magmatic-hydrothermal transition and hydrothermal
evolution in these shallow porphyry Cu systems.
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