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Abstract Porphyry copper±molybdenum±gold deposits (PCDs) are the most representative magmatic-hydrothermal me-
tallogenic system above subduction zones with important economic value. Previous studies revealed that large PCDs are
generally formed from initial arc magmas (from subduction-induced partial melting of the mantle wedge), which eventually
ascend to the shallow crust (3–5 km) for mineralization after a series of complex evolution processes. These processes include
(1) the dehydration or partial melting of subducting slab, which induces partial melting of the metasomatized mantle wedge; (2)
the ascent of mantle-derived magma to the bottom of the lower crust, which subsequently undergoes crustal processes such as
assimilation plus fractional crystallization (AFC) or melting, assimilation, storage and homogenization (MASH); (3) the magma
chamber formation at the bottom of the lower, middle and upper crust; (4) the final emplacement and volatilization of porphyry
stocks; and (5) the accumulation of ore-forming fluids and metal precipitation. Despite the many decades of research, many
issues involving the PCD metallogenic mechanism still remain to resolve, such as (1) the tectonic control on the geochemical
characteristics of ore-forming magma; (2) the reason for the different lifespans of the long-term magmatic arc evolution and
geologically “instantaneous” mineralization processes; (3) the source of ore-forming materials; (4) the relative contributions of
metal pre-enrichment to mineralization by the magma source and by magmatic evolution; and (5) the decoupling behaviors of Cu
and Au during the pre-enrichment. These issues point out the direction for future PCD metallogenic research, and the resolution
to them will deepen our understanding of the metallogenesis at convergent plate boundaries.
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1. Introduction

Porphyry copper±molybdenum±gold deposits (PCDs) have
critical economic value: For nearly a century, they have
supplied nearly 3/4 of the world’s copper, 1/2 of the mo-
lybdenum and 1/5 of the gold, as well as large amounts of
silver, zinc, tin and tungsten (Sillitoe, 2010; Sun et al., 2015).
The PCDs consists of porphyry copper-molybdenum and
copper-gold deposits (Sillitoe, 1997; Hou et al., 2004; Hou

and Yang, 2009; Sillitoe, 2010). PCDs are mostly spatially
and genetically associated with shallow, intermediate to acid,
porphyritic intrusions (Zhai et al., 2011). PCDs usually have
large reserves, shallow burial depths and are easily mined,
which make them the key deposit type in the industry. As
many world-class copper deposits are PCD-type, the physi-
cochemical mechanism and geodynamic background of PCD
formation have long been a hotspot of ore deposit research.
At present, the PCD metallogenic mechanism covers the

following key aspects: (1) The ore-forming magmas were
sourced from the mantle wedge above the subducting ocea-
nic crust, and then ascent to the bottom of the lower crust; (2)
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magma evolution from the bottom of lower crust to the
magma chamber(s) in the middle and upper crust; (3) mag-
matic-hydrothermal processes of fluid phase differentiation
caused by the intrusion emplacement in the upper crust; and
(4) formation, migration and ore precipitation of the ore-
forming fluids (Mungall, 2002; Richards, 2003; Candela and
Piccoli, 2005; Sillitoe, 2010; Wilkinson, 2013; Blundy et al.,
2015; Sun et al., 2015; Zhang and Audétat, 2017). Based on
previous studies, we systematically summarized the PCD
metallogenic mechanism from the deep magma sources to
the shallow hydrothermal processes, clarified certain key
unsolved issues and future research directions of the PCD
formation, so as to further refine the PCD metallogenic
model at convergent plate boundaries.

2. Overview of PCD ore formation above plate
subduction zones

2.1 From subducting slab to partial melting of mantle
wedge

Large PCDs worldwide are mainly distributed in subduction
boundaries (e.g., island/continental arcs), and the ore-form-
ing parental magmas are closely subduction-related, espe-
cially those formed by partial melting of subducting slab or
mantle wedge triggered by slab dehydration (Mungall, 2002;
Richards, 2003; Cooke et al., 2005; Sillitoe, 2010; Sun et al.,
2011; Sillitoe, 2018; Figure 1). According to some conven-
tional models of arc magma formation, subducting slabs
dehydrate at around 100 km depth in subduction zones (i.e.,
blueschist- and eclogite-facies transition zone), during which
the water-soluble large ion lithophile elements (LILE: e.g.,
Rb, K, Cs and Ba) are added to the asthenospheric mantle
wedge, while the high field strength elements (HFSE, e.g.,
Nb, Ta and Ti) remain in the rutile phase of the subducting
slab (Tatsumi et al., 1986; Davidson, 1996). In addition,
many studies have found that arc magmas (especially PCD-
related ones) may have also sourced from direct melting of
the subducting slabs (including overlying sediments). This
often occurs in hot and young (<25 Ma) slabs with high
buoyancy, and are typically characterized by the formation of
adakites, most of which have negative HFSE anomalies and
high Sr/Y ratios (Defant and Drummond, 1990). It is note-
worthy that the partial melting of young oceanic crust is not
the only mechanism for the formation of adakites rocks, and
numerous studies have shown that the PCD mineralization in
the Central Andes were resulted from partial melting of the
thickened lower crust (Kay and Mpodozis, 2001; Bissig et
al., 2003; Kay et al., 2005; Sillitoe and Perelló, 2005). The
dehydration/melting mechanism of the subducting slab could
reflect the changing behavior of oceanic crust with depth. At
shallow depth, dehydration of the subducting oceanic crust
and sediments play a dominant role. As the depth increases,

the oceanic crust undergoes eclogite-facies metamorphism
and starts to melt (Wilkinson, 2013). The slab-derived fluids
in the shallow part (<90 km) of the subduction system
mainly enter the leading edge of the island arc. Only when
the oceanic crust is dehydrated and melted at great depth in
the subduction zone, can it contribute to the magmatic ac-
tivity in the island arc (Marschall and Schumacher, 2012;
Zheng et al., 2016). Dehydration and melting are not two
completely separated mechanisms. It is found that a super-
critical fluid transition state (>180 km) exists between the
silicate melt (formed by slab melting) and the fluid (formed
by slab dehydration), and bear the features of both end-
members. This explains the coexisting silicate and gas in-
clusions in diamond and mantle xenoliths (Schiano and
Clocchiatti, 1994; Kessel et al., 2005), as well as significant
Nb/Ta fluctuations in some island arc basalts (Chen et al.,
2018). The supercritical fluid may have extracted Cu and Au
from the mantle wedge into the PCD-forming island arc
magma (Mungall, 2002).
Dehydration of oceanic crust in the subduction zone is

more common than slab melting (Pearce et al., 2005). The
fluids derived from subducting slab (serpentine and brucite)
dehydration entered the overlying asthenospheric mantle
wedge (Grove et al., 2002; Hattori and Guillot, 2003), and
the metasomatized mantle peridotite formed new hydrous
minerals (e.g., amphibole and mica) that lowered the mantle
solidus temperature and caused partial melting (Tatsumi et
al., 1986). During the partial melting of the asthenospheric
mantle rocks, if rutile is present in the melt residuals, “wet”,
HFSE-depleted and LILE-enriched high-Al basaltic melt
(Al2O3>16 wt.%) would be generated. These geochemical
features are likely inherited from the asthenosphere meta-
somatized by subducting fluids (Richards, 2003; Candela
and Piccoli, 2005). In the subduction system, compositions
of the slab-derived fluids vary with depths: It is considered
that at several kilometer depths, elements such as Cl, S, and
B in the seawater are temporarily incorporated into the ser-
pentinite by intense metasomatism (Kerrick and Connolly,
2001; Pagé et al., 2018), and formed the fluid-rich oceanic
crust dehydration reaction (Kent et al., 2002). However, as
the depth increases, the salinity of the dehydrated fluid
gradually decreases after reaching the peak. For example, the
melt inclusion Cl/H2O ratios of olivine from the Central
American volcanic arc rise to a maximum and then decreases
gradually from the volcanic front to the back-arc basin
(Walker et al., 2003; Candela and Piccoli, 2005). Similar
studies also found that the ratios of B/La, As/Ce, Pb/Ce and
Sb/Ce decrease sharply from the volcanic front to the back-
arc basin, suggesting that the lithophile elements (e.g., Pb,
As, Sb and B) migrate by anionic complexes (HS− and Cl−) in
the fluids. The key controlling factor for such spatial dis-
tribution of fluid-mobile elements is the progressive meta-
morphism in the subduction zone, which leads to the gradual
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release of elements from the subducting slab (Leeman,
2001). Although simulation studies suggested that the addi-
tion of slab-derived fluids into the mantle is accompanied by
sharp pH fluctuations, which increase the metal solubility
and promote metal transport (Galvez et al., 2016), certain
metal contents (e.g., Cu and Zn) and ratios (W/Th, Sn/Sm
and Mo/Ce) of the volcanic arc show no systematic changes,
indicating that these elements are not transported by the early
slab-derived fluids (Noll et al., 1996). Both fluid- and melt-
induced metasomatism can form hydrous minerals (e.g.,
phlogopite, amphibole) and other minerals (e.g., clinopyr-
oxene and apatite) in the mantle wedge, yet the fluid-induced
metasomatism introduces soluble LILEs (Wilkinson, 2013),
while the melt-induced metasomatism introduces HFSEs
(Bodinier et al., 2004). It is considered that the melt gener-
ated by slab partial melting removes Be and Th from the
mantle, but introduces substantial Fe3+ and light rare earth
elements (LREEs) into it (Kessel et al., 2005).
There are two views on the slab influence on oxygen fu-

gacity (fO2) of the mantle wedge: The first viewpoint suggests
the slab-derived fluid or melt adds CO2, H2O, Fe

3+ and other
oxidized components to the mantle, thereby increasing the
fO2 of the metasomatized mantle (Mungall, 2002; Kelley and
Cottrell, 2009). The partial melting products of the mantle

wedge with high fO2 are represented by “wet” high-Al ba-
salts, whose sulfur exists mainly as sulfates. This enables the
chalcophile elements (such as Cu and Au) to accumulate in
the melt phase during the magma evolution (Richards, 2003).
It takes 25% partial melting of the mantle to extract all the
sulfide phases. However, if the mantle is hydrated and oxi-
dized by slab-derived volatiles, all sulfides can be extracted
by merely 6% of partial melting (Jugo, 2009). Moreover, the
Fe3+ solubility in the melt is 400 times higher than that of the
fluid, and therefore the melt can significantly increase the fO2

(and thus sulfide solubility) of the mantle, which is con-
ducive to PCD formation (Mungall, 2002). The second view
proposes that the subduction does not make the sub-arc
mantle more oxidized (Dauphas et al., 2009; Jenner et al.,
2010). These studies found that Cu, a redox-sensitive ele-
ment, has similar contents in the primary arc magma (50–90
parts per million, ppm) and mid-ocean ridge basalt
(60–70 ppm), suggesting that their respective mantle source
have similar fO2 (ΔFMQ=0‒1; Lee et al., 2012). High fO2 of
the arc magma may be achieved by magmatic evolution in
the crust (e.g., MASH process; Lee et al., 2012).
The above processes can be summarized as follows (Zheng

et al., 2015): (1) subduction: Oceanic crust and overlying
sediments subduct into the asthenospheric mantle. (2) De-
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Figure 1 PCD metallogenic model above the subduction zone. Modified from Wilkinson (2013).
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hydration/melting: During the eclogite-phase metasomatism,
the oceanic crust is heated by the overlying mantle wedge,
which causes significant metamorphic dehydration or partial
melting. The dehydration produces fluids that are rich in
LILEs, LREEs and Pb, but poor in HFSEs and HREEs. If the
subducted slab is partially melted at depth, the decomposi-
tion of rutile phase and the remaining of garnet phase would
produce felsic melts enriched in LILEs and LREEs, un-
depleted (or even partially enriched) in HFSEs, but depleted
in HREEs and Pb. (3) Reaction: In the oceanic subduction
tunnel, the fluid or melt reacts with the overlying mantle
peridotite and locally forms an enriched mantle source. (4)
Storage: Partial melting may not occur just after the forma-
tion of metasomatized mantle, but probably after a period of
several years to billions of years. (5) Heating: The mantle
wedge is heated by mantle convection, which causes partial
melting of the metasomatized mantle, and the melt further
ascends and evolves to alkaline to calc-alkaline basaltic
melts.

2.2 Mixing of mantle and crustal magma in the lower
crust

The primary basaltic arc magmas generated by partial
melting of the mantle ascend to the surface mainly in the
form of tholeiitic volcanism in some immature and thin is-
land arc environments. Otherwise, the magmas rise and un-
derplate the bottom of the thickened lower crust, and drive a
series of complex crust-mantle interactions (DePaolo, 1981;
Hildreth and Moorbath, 1988), including partial melting,

assimilation, storage, and homogenization (Figure 2). Partial
melting of the lower crust is induced by the emplacement and
crystallization of the mantle-derived magma in the hot zone.
The mantle-derived magma likely assimilates the crustal
melt and experiences storage and homogenization to form
the low-density andesitic-dacitic, neutral/acidic melt (De-
Paolo, 1981; Hildreth and Moorbath, 1988; Schilling and
Partzsch, 2001), whose composition would continue to
evolve via crustal assimilation and fractional crystallization
(AFC) when the melt further ascends (Hildreth and Moor-
bath, 1988). However, this does not change the major geo-
chemical characteristics formed in the MASH zone, e.g.,
high Sr content, LREE/HREE ratio, HFSEs and enriched Sr-
Nd isotopes (Hildreth and Moorbath, 1988).
The MASH zone in the lower crust is commonly featured

by periodic injection of “wet” mantle-derived basalts during
its evolution, so as to accumulate abundant volatiles and
metals for the PCD formation (Wilkinson, 2013). The H2O
range of the primary arc magma (high-Al basalt) is 1.2‒2.5
wt.% (Sobolev and Chaussidon, 1996), while in the amphi-
bolite-stability field intermediate magmas are of high-water
content and low temperature (Müntener et al., 2001). Ob-
viously, the water content of the primary arc magma cannot
stabilize the amphibolite phase and falls in the plagioclase-
stability field (Figure 3), thereby forming the normal island
arc magmas that have no adakitic features. However, when
the water content in the arc magma reaches >10 wt.%, it
shifts from the plagioclase-stability field to the amphibole-
stability field, which inhibits plagioclase crystallization but
promotes amphibole crystallization (Figure 3). Since the
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partitioning coefficient of La between amphibole and melt is
lower than that of Yb, and that of Sr between plagioclase and
melt is higher than that of Yb, adakitic or adakite-like
magmas commonly have high Sr/Y, La/Yb, Sr (≥400 ppm),
low Y (≤18 ppm) and Yb (≤1.9 ppm) contents (Kay, 1978;
Defant and Drummond, 1990; Castillo et al., 1999).
The high water content of the melts in the MASH zone

would also promote the crystallization of mafic minerals,
such as olivine, pyroxene and spinel, and forms ultramafic
cumulates at the bottom of the lower crust. This chemical
discontinuity may form the Moho with discontinuous seis-

mic velocity (Hildreth, 1981; Richards, 2003; Ducea et al.,
2015). It is estimated that the middle and lower crust (with 50
wt.% amphibolite-facies rocks) act as a “sponge” that stores
20 wt.% H2O in the arc magmas (Davidson et al., 2007).
Studies show the occurrence of Fe-Ni-bearing sulfide melt or
crystalline phase in the cumulates (Jagoutz et al., 2007; Hou
et al., 2017). These sulfide droplets are captured due to their
high density, and they usually have high Au, Cu and Au/Cu
ratio, and are thus considered as the precursor of Au-rich
PCDs in the mature arcs (Davidson et al., 2007), as well as
PCDs related to post-subduction alkaline magmatism (Ri-
chards, 2009; Hou et al., 2017).

2.3 Magma migration in the crust, and the formation
and evolution of magma chamber in the upper crust

Parental magma for PCDs formed in the MASH zone would
ascend to the magma chamber at the bottom of the upper
crust and then further evolves (Petford et al., 2000; Richards,
2003; Seedorff et al., 2005). It is generally considered that
magmas rise slowly via diapir or magmatic erosion in the
middle and lower crust. After crossing the brittle-ductile
transition in the middle crust, the magmas may have intruded
as dikes along preexisting faults and channels in the brittle
wallrocks (Petford et al., 1993; Weinberg and Podladchikov,
1994; Petford et al., 2000; Richards, 2003; Seedorff et al.,
2005). Some studies suggested that large faults (which ex-
tend to the lower crust) are important channels for the
magma ascend (Glazner, 1991), which is conducive to the
dike emplacement. Geophysical surveys revealed magma
channel stockwork in the Andean continental arc, suggesting
that the “wet”, low-viscosity andesitic-dacitic magma gen-
erated in the MASH zone tends to emplace as dikes along the
vertical normal faults formed by subduction and strike-slip
shearing (Glazner, 1991; Schilling and Partzsch, 2001).
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Generally, the compressive tectonic background would lead
to crustal thickening, which is conducive to the MASH
process in the lower crust, but this excessively compressive
stress would shut down the channel and stop magma ascent
in the middle and upper crust (Richards, 2003). Meanwhile,
the extensional tectonics (e.g., normal faulting) would fa-
cilitate the mafic magma to erupt directly onto the ground
surface, which is unfavorable to mineralization (Luhr, 1997).
Therefore, abrupt stress relaxation above subduction zones
after long compression, or compression to extension transi-
tion, may be most favorable to generate the PCD-forming
magmas (Richards, 2003).
The parental intermediate-felsic magma does not rise di-

rectly to the surface, but reaches the neutral buoyancy in the
upper crust and experiences fractional crystallization, mag-
ma replenishment, and fluid exsolution in the magma
chamber(s), whose volume would determine the tonnage of
PCDs (Richards, 2003; Candela and Piccoli, 2005; Sillitoe,
2010), e.g., geophysical surveys revealed a magma chamber
of nearly 2000 km3 at 5–15 km deep below the Bingham
deposit (Steinberger et al., 2013). The magma chamber in the
upper crust is likely an open system (Figure 4): Magma can
be supplied from the bottom and intruded as apophysis, stock
and dike, or erupted as volcanic rocks (Candela and Piccoli,
2005). Intrusive magmatic activity depends on the physical
properties of the magma chamber(s), such as the replenish-
ment rate, the upper crustal strain rate, and the magma
density and viscosity (Petford et al., 2000). At present, it is
generally believed that when the new magma pulses intrude
into the magma chamber from the bottom, the decompres-
sion and the consequent fluid exsolution leads to the for-
mation of melt with abundant bubbles, which then rises to the
magma chamber roof due to its lower density. On the roof,
the volatilized bubbles are released from the melt due to the
pressure drop, and the denser melt is subsequently pushed
aside and then downward by the rising magma below, and
eventually consolidate to form the batholith (Shinohara et al.,
1995; Lowenstern, 2001; Candela and Piccoli, 2005).
Such convection in the magma chamber continuously

carries ore-forming materials to the magma chamber roof,
and the extensive volatilization is critical for the enrichment
of ore-forming materials in the magma (Shinohara et al.,
1995; Candela and Piccoli, 2005). Such extensive degassing
commonly occurs when magma is injected into the magma
chamber from the bottom, where the volatiles comprise in-
itially CO2 and SO2 but becomes gradually H2O-dominated
during their ascent (Lowenstern, 2001). Therefore, the Au,
Cu and other ore-forming elements in the melt tend to
combine with S to form and migrate as complexes (Pok-
rovski et al., 2008). When these volatiles are introduced into
the shallow level by faults in the magma chamber roof, the
ore-forming elements may be pre-enriched in the wallrocks
before the PCD formation, and may form mesothermal or

epithermal Au deposits (Chiaradia et al., 2012). The volatiles
may also mix with the groundwater to form acidic alteration
closely spatially-related to porphyry and epithermal miner-
alization (Wilkinson, 2013). Besides, sulfide saturation in the
magma chamber has also important effects on PCD miner-
alization: Saturation of magmatic sulfide under low tem-
perature would generate sulfide crystals, but would form
immiscible sulfide melt phase under high temperatures
(Wilkinson, 2013), both of which would concentrate more Fe
and Au than Cu, Pb, Zn and Ag (Peach et al., 1990).
The mechanism of sulfide saturation remains unclear, in-

cluding the questions on the magnetite crystallization and the
assimilation of reduced crustal materials, which may lower
the magma fO2 and cause sulfide precipitation (Ishihara and
Matsuhisa, 1999; Jenner et al., 2010; Smith et al., 2012; Sun
et al., 2015), as well as the influence of magma mixing
(Keith et al., 1997; Halter et al., 2005; Wilkinson, 2013;
Large et al., 2018). The lifespan of a magma chamber varies
from 100000 years to 5 million years (Petford et al., 2000;
Schoene et al., 2012), during which batch injections of mafic
magma may occur (Glazner et al., 2004). Such episodic
magma injections may not only induce porphyry emplace-
ment and/or volcanic eruptions (Sparks and Marshall, 1986),
but also lead to sulfur oversaturation in the andesitic magma
produced by mixing of basaltic and dacitic magmas in the
chamber (O’Neill and Mavrogenes, 2002; Halter et al.,
2005), thus forming independent sulfide phases. It is note-
worthy that in addition to direct mixing, mafic magma may
also add volatiles into the magma chamber(s) to transform
the textures of early-formed minerals in the chamber (Figure
5; Blundy et al., 2015). The Alumbrera Au-rich PCD (Ar-
gentina), for example, contains zircons with dark bands (CL
image), which indicates disequilibrium crystallization trig-
gered by volatile release from the replenished mafic magma
(Buret et al., 2016). Volatiles from mafic magmas are char-
acterized by having high temperature, high CO2 and low H2O
contents, which may corrode the quartz crystallized from the
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lower-temperature felsic magmas (Wark et al., 2007).

2.4 Emplacement of ore-forming porphyries and vola-
tile exsolution

Magma originated from the chamber at the bottom of the
upper crust is emplaced in the upper crust as stock or apo-
physis, forming various mineralized porphyries. During the
rapid ascend of mineralized intrusion from the magma
chamber roof (ca. 5‒15 km deep) to its final emplacement
depth (ca. 3‒5 km), the rapid decompression may have
formed the cryptocrystalline groundmass, which (with the
phenocrysts crystallized at depth) form the typical por-
phyritic texture (Candela and Piccoli, 2005; Sillitoe, 2010). It
is noteworthy that the scale of the PCD mineralization is not
necessarily related to the size of the ore-forming porphyry or
the duration of magmatism (Sillitoe, 2010). When the pres-
sure in the stock or underlying magma chamber is greater
than the total lithostatic pressure, volatile exsolution (also
known as “first boiling”) occurs (Robb, 2009). The causes of
unbalance between internal and external pressure may lead to
the collapse of the upper volcanic edifice (Sillitoe, 1994),
large earthquakes (Davis et al., 2007), rapid uplift and
wallrock erosion (Sillitoe, 1994), brittle-ductile transition
(Fournier, 1999; Ingebritsen, 2012; Weis et al., 2012) and
mafic magma recharge (Caricchi et al., 2014). The rapid
pressure release in the early-stage porphyry emplacement
can also form breccia pipes, which can be mineralized,
especially when the metals are not dispersed by eruption. For
example, El Teniente (the world’s largest PCD) is miner-
alized in magmatic-hydrothermal breccias, which contain
biotite, anhydrite and tourmaline (Candela and Piccoli,
2005).
“First boiling” is vital for hydrothermal mineralization.

The initial fluid is single-phase, low-salinity (H2O-rich),
which fractionates into a major low-density gas phase and a
minor brine phase during ascending (Rusk et al., 2004; Sil-
litoe, 2010). The early single-phase volatiles are supercritical
(Candela and Piccoli, 2005) and rich in ore-forming ele-
ments. Subsequently, the brine phase (salinity up to 35–70
wt.%) formed by phase separation of supercritical fluid (or
direct exsolution from the magma) tends to be rich in Fe, Zn,
Pb, Mn, and Mo, while the low-density gas-phase tends to be
rich in Cu, Au, Ag and S (Heinrich et al., 1999; Pokrovski et
al., 2008). Some authors argued that metals such as Cu may
diffuse into the vapor-rich inclusion along the c-axis of
quartz crystals, resulting in high vapor phase content (Li et
al., 2009; Zajacz et al., 2009; Seo and Heinrich, 2013).
Meanwhile, experimental studies of synthetic inclusions
show that the Cu-Au contents are higher in the brine inclu-
sions than vapor ones (Simon et al., 2005; Lerchbaumer and
Audétat, 2012). Although the ore-forming element contents
in the brine phase are high, the overall mass of the liquid

phase is lower than that of the gas phase, hence the relative
mass of the ore-forming substances in the two phases is
difficult to be determined. It is generally believed that Mo is
mainly transported in the brine phase, whilst Au (and half of
the Cu) is mainly transported in the gas phase (Zajacz et al.,
2017). This indicates that Au tends to form epithermal mi-
neralization with gas-phase migration (Heinrich et al., 2004).
Studies on the elemental migration behavior in hydro-

thermal fluids found that Cu and Au are usually transported
in chlorite complexes (Holland, 1972; Candela and Holland,
1986), while Mo is usually transported in H2MoO4 (under
low salinity) or MoO2Cl

+ (under high salinity) complexes
(Yokoi et al., 1993; Ulrich and Mavrogenes, 2008). Other
studies revealed that Cu and Au may also be transported as
bisulfide complexes (Nagaseki and Hayashi, 2008; Pok-
rovski et al., 2008). Further simulations show that Cu tends
to migrate in Cl− complexes under low temperatures, but in
HS− complexes under high temperature (>300°C), which is
resulted from the gradual sulfur content rise via the dis-
solution of pyrite and pyrrhotite (Zhong et al., 2015). In
addition to temperature, salinity (Cl/H2O) may be another
influence factor on the metal migration behaviors: Under
high Cl/H2O, Dfluid/melt

Au is positively correlated with Cl/H2O
value, indicating that Au forms complexes with Cl−. Under
low Cl/H2O, Dfluid/melt

Au is stable (close to 40), suggesting that
Au may migrate in OH− complexes (Frank et al., 2002; Si-
mon et al., 2005).

2.5 Hydrothermal alteration and mineralizing pro-
cesses

Although porphyry bodies are generally small, PCDs usually
develop hydrothermal alteration zones that extend for several
kilometers around the mineralization center (Figure 6a).
Therefore, accurate delineation of alteration zones can
greatly improve PCD exploration (Sillitoe, 1997, 2010).
Lowell and Guilbert (1970) first proposed a bell-shaped al-
teration zone from the mineralization center: Potassic zone in
the core, phyllic zone in the middle, propylitic zone in the
periphery and argillic zone on the top. As the main miner-
alization zone, the potassic zone is one of the earliest in PCD
formation and generally occurs at the top of the intrusion.
The potassic zone comprises the mineral assemblage of K-
feldspar, quartz, biotite, and magnetite. Propylitic alteration
coeval with potassic alteration can extend for several kilo-
meters away from the mineralization center, with mineral
assemblage of chlorite, epidote, calcite, sodic feldspar, ac-
tinolite and pyrite, and consists of the actinolite-, epidote-
and chlorite-bearing subzones (Cooke et al., 2014). Sericite
alteration has the mineral assemblage of sericite, quartz,
chlorite, and pyrite. It is important to note that, unlike the
early alteration zoning model (which has phyllic alteration
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distributed as annulus separating the potassic and propylitic
zones; Lowell and Guilbert, 1970), phyllic alteration is
commonly structurally-controlled and overprint the early
potassic and propylitic zones (Sillitoe, 2010). The argillic
zone, generally distributed above the other alteration zones,
has the mineral assemblage of quartz, kaolinite, illite, pyr-
ophyllite and alunite. Argillic alteration often superimposes
on the early alteration zones, and gradate from a shallow
quartz-pyrophyllite subzone to a deep sericite zone (Sillitoe,
2010).
Physicochemical characteristics of the hydrothermal fluids

in the different alteration zones also vary: The potassic al-
teration fluids are initially of high-temperature and single-
phase, and segregates into the high-density brine phase and
low-density gas phase during ascending (Rusk et al., 2004).
Volatiles for the phyllic stage are low-temperature liquid
phase directly differentiated from the magmas (Sillitoe,
2010). The propylitic alteration fluid is formed by mixing the
magmatic-sourced brine with the circulating groundwater
heated by the intrusions (Cooke et al., 2014). It is noteworthy
that there are two argillic alteration stages: The early stage
coincides with the potassic stage, and is produced by the low-
density vapor phase that rises and injects into the top of the
alteration zone; The late-stage originates from the low-
temperature fluid of the phyllic alteration (Sillitoe, 2010). In
summary, the potassic and the coincident argillic alteration
are produced by magmatic-hydrothermal fluids, and the
propylitic alteration is derived from mixing different pro-
portions of the magmatic and meteoric fluids. Therefore,
although coincident with the potassic alteration, the propy-
litic alteration may still overprint the latter when the hy-
drothermal system gradually waned and invaded by the
meteoric water (Sheppard, 1977; Richards, 2018). The
phyllic and the corresponding argillic alteration are still
dominated by the low-temperature hydrothermal fluids
(Hedenquist et al., 1998), with more meteoric addition to-
ward the peripheral zone (Fekete et al., 2016). However,
some studies argued that meteoric water is not a prerequisite
for the phyllic alteration (Harris and Golding, 2002).
Hydrothermal veins, which have consistent symbiosis and

crosscutting relations in different PCDs, are good record of
PCD-type hydrothermal activities (Figure 6b; Gustafson and
Hunt, 1975; Sillitoe, 2010; Richards, 2018). The earliest
veins include EDM veins, with the mineral assemblage of
quartz+sericite+K-feldspar+biotite+chalcopyrite±bornite
with clear alteration halo. Sinuous A veins have the mineral
assemblage of quartz+K-feldspar+anhydrite+sulfide with no
alteration halo, while the actinolite-, magnetite- (M veins),
biotite- (EB veins) or K-feldspar-dominated veins all lack
quartz or sulfides. These early veins are formed by the high-
temperature potassic alteration fluids, and are usually weakly
mineralized. The EDM veins may represent the earliest
single-phase volatiles, while the A veins represent the vapor

and liquid phases of volatiles (Rusk et al., 2008). The straight
B veins (which cut the early veins) have the mineral as-
semblage of quartz+anhydrate+chalcopyrite+molybdenite
with narrow or fuzzy alteration halo, and are formed by the
relatively low temperature (450–350°C) vapor and liquid
phases in the potassic alteration (Roedder, 1984). These
veins contain disseminated sulfides that contribute to the
main ore resource in most deposits (Sillitoe, 2010). Late D
veins (which cut A and B veins) comprise mainly pyrite and
chalcopyrite and minor quartz and anhydrite, and develop
sericite halos via the alteration of feldspar (Pollard and
Taylor, 2002). The D veins are formed in the phyllic al-
teration under low temperature (350–250°C), and can alter
Cu sulfides and molybdenite precipitated in the potassic
stage (Landtwing et al., 2005; Sillitoe, 2010; Richards,
2018).
Ore mineral precipitation can be triggered by many me-

chanisms, including temperature and/or pressure drop, and
fluid-wallrock reactions, and other processes that can reduce
the metal solubility (Ulrich and Heinrich, 2002; Landtwing
et al., 2005; Williams-Jones and Heinrich, 2005; Rusk et al.,
2008; Sillitoe, 2010). Although the solubility of ore-forming
elements generally drops with decreasing temperature (e.g.,
chalcopyrite solubility drops sharply at 400–250°C; Crerar
and Barnes, 1976), temperature drop alone is unlikely suf-
ficient to generate a large PCD, given that the lifespan of
upper crustal magma chambers in the upper crust can last for
100000 years, the mineralization is completed in a very short
time period (high-flux sulfur in volcanic eruptions is enough
to supply the huge amount of sulfur needed for PCDs in
several decades). This suggests that efficient metal and sulfur
precipitation cannot be satisfied only by the spontaneous
cooling of a single magmatic fluid (Fournier, 1999). There-
fore, the mixing of high-temperature magmatic-derived brine
with circulating meteoric water (Henley and McNabb, 1978;
Dilles, 1987) or magmatic volatiles has been proposed as an
ore precipitation mechanism (Blundy et al., 2015). The
mixing can reduce both temperature and salinity, thus de-
creasing the solubility of ore-forming materials (Henley and
McNabb, 1978; Hedenquist and Lowenstern, 1994; Fekete et
al., 2016). According to the mixing model with magmatic
volatiles, the migration and precipitation of the ore-forming
materials are not resulted from the continuous evolution of a
single magma system. Instead, the S-poor and Cl-rich brine
exsolved from intermediate-felsic magmas may have trans-
ported the ore-forming elements, and the sulfide precipita-
tion is triggered by the interactions between the metal-
bearing fluids and the H2S-rich volatiles from the mafic
magma injecting into the chamber(s) (Blundy et al., 2015).
Sulfides accumulate huge amounts of metals (Fe, Cu, Mo,

and Au) and sulfur, e.g., El Teniente contains up to 1 Gt S,
200 Mt Cu, 2.5 Mt Mo and 2600 t Au (Wilkinson, 2013;
Blundy et al., 2015; Zhang and Audétat, 2017). When the
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ore-forming elements migrate in the form of Cl− complexes,
large amounts of reductant are needed to precipitate the

sulfides, via reduction of homologous oxidized S (SO2 or
SO4

2 ) or addition of external reduced S (Zhong et al., 2015).
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Possible reduction mechanisms include magnetite crystal-
lization and/or reaction with reductants in the wallrocks. The
former is supported by the extensive magnetite occurrence in
PCDs (Sun et al., 2015), while the latter is interpreted to
account for the formation of large porphyry Cu-Au deposits
such as Bingham and Grasberg (Wilkinson, 2013). When the
metals migrate as HS-complexes in the fluids, the metal and
S may have adequately supplied in the same magmatic-hy-
drothermal system (i.e., no extra S source needed), and the
metal precipitation can be achieved through decomposition
of HS-complexes triggered by H2S degassing and/or reaction
with the wallrocks (Qian et al., 2010; Zhong et al., 2015).

2.6 Comparison of tectono-magmatic and mineraliza-
tion processes of PCDs in island and continental arcs

There are two major tectonic settings for PCD formation, i.e.,
island arc and continental arc (Sillitoe, 2018). PCDs formed
in island arc setting, e.g., those in the Southwest Pacific
(Uyeda and Kanamori, 1979; Harrison et al., 2018; Maryono
et al., 2018), include the Far South East and Atlas (Phi-
lippines), the Batu Hijau and Tumpanpitu (Indonesia), and
the Lihir porphyry and epithermal Au deposits (Papua New
Guinea). PCDs formed in continental arc setting are best
represented by those in the Central Andes, notably the Bajo
de la Alumbera (Argentina) and El Teniente (Chile) (Uyeda
and Kanamori, 1979).
Oceanic subduction tends to produce extensional arcs due

to its commonly steep subduction angle, and is accompanied
by the extensive development of back-arc basins. Many is-
land arcs have thick accumulations of basaltic volcanic rocks
on an oceanic crustal basement. Continental arcs are char-
acterized by coastal mountain ranges and andesite layers, as
well as accretionary wedges in their forearc (Uyeda and
Kanamori, 1979). In general, the oceanic and continental

lithosphere is 80‒120 km and >100 km thick, respectively,
thus the downgoing oceanic slab would encounter the asth-
enospheric mantle at >100 km deep beneath the arc (Zheng
et al., 2016). The fluid or melt produced by the subducting
plate ascends through the asthenospheric and lithospheric
mantle, and finally enters the crust of the overlying oceanic
island arc or continental arc. The mineralized porphyries in
oceanic island arcs are mainly calc-alkaline dioritic, whereas
those in the continental arcs are mainly high-K calc-alkaline
(or shoshonitic) granitic, which reflects higher degree of
fractionation when the magmas pass through the thicker
continental crust in the latter (Hou, 2004).
Formed in a typical island arc setting, the Baguio porphyry

Cu-Au district (Luzon, Philippines) is a key Cu-Au province
in the world, the young (ca. 3.5 Ma) mafic and felsic mag-
matism is closely mineralization-related (Hollings et al.,
2011). The felsic magmatism is low- to medium-K, adakitic
and contaminated by young arc crustal materials, and un-
derwent further fractionation in the shallow crustal magma
chamber(s). Geochemical and isotopic characteristics of the
mafic dikes are similar to those of the primary mantle-gen-
erated magmas, indicating that the mafic magmas experi-
enced little crustal contamination through the crust of the arc
(Figure 7). Formation of these mafic dikes was coeval with
the subduction flattening, caused by the subduction of the
Scarborough ridge. Moreover, considering that the Scarbor-
ough ridge is younger than the subducting slab, and therefore
easier to melt, the melt generated by the former may have
formed adakitic rocks in the Baguio area, and induced the
mantle wedge to melt to form the primary mafic magma.
Further petrological studies revealed the extensive magma
mixing between the original mafic melt and felsic melt in the
crust of the overlying island arc (Cao et al., 2018b): The
original mafic magma contains high Cu contents
(~600 ppm), and felsic magma (~300 ppm Cu), and provides
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Figure 7 Tectonic-magmatic model of PCD formation in the Baguio area, Luzon (Philippines). Modified from Hollings et al. (2011) and Cao et al. (2018a).
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abundant metallogenic materials for the PCD formation (Cao
et al., 2018a; Figure 7).
A series of world-class PCDs are developed in the Central

Andes bordering Chile and Argentina, e.g., Los Pelambres,
Rio Blanco-Los Bronces and El Teniente (Cooke et al.,
2005). During the early Oligocene to early Miocene, the
Abanico basin was developed between the Coastal Range
and Cordillera block, during which extensive volcanic rocks
were deposited. In the middle-late Miocene, due to the
subduction of Juan Fernandez ridge and/or the arc litho-
spheric migration to the accretionary wedge, flat-slab sub-
duction occurred and the continental arc underwent intense
compression, which halted the volcanism and closed the
Abanico arc basin. During this period, minor magmatism
was formed by partial melting of the lower crust. In the late
Miocene to Pliocene, the continuous and extensive com-

pression gradually thickened the arc crust, and the mantle
magma rose into the MASH zone of the lower crust to form
the ore-forming magma, and the final mineralization may
have occurred along the thrust faults in the Abanico basin
(Mpodozis and Cornejo, 2012; Figure 8).
Porphyry-type mineralization in this region is closely re-

lated to multistage amphibole-bearing intermediate intru-
sions from long-living magmatic system (>10 Ma; Perelló et
al., 2012). The hydrous, oxidized and adakitic magma in this
region was formed via (1) the fractional crystallization of
amphibole in the MASH zone when the magma evolved to
high water content (Davidson et al., 2007); (2) the lower
crust is thickened to the critical value (45 km) and eclogite-
phase metamorphism occurred under high pressure, i.e., the
unstable hornblende phase is transformed into garnet, re-
leasing water and other volatiles (Kay and Mpodozis, 2001).
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It is noteworthy that the flat-slab subduction also leads to
intensive forearc erosion, which may also introduce water
into the magmas (Stern et al., 2010). These mechanisms
enrich the magmas with water, which is conducive to mi-
neralization.
Comparing the PCD genetic models in typical island arc

and continental arc settings, earlier studies considered that
the adakites in the two settings have different magma sources
(Zhang et al., 2001; Liu et al., 2004): Adakitic rocks in island
arcs are originated from partial melting of the young and hot
subducting slab. The partial melting is triggered by the
asthenospheric upwelling induced by the break-off of sub-
ducting ridge, different from the adakites formed by partial
melting of the thickened lower crust in continental arcs. In
the Sr/Y vs. (La/Yb)N diagram, the adakites from the Pacific
Rim mainly fall in the oceanic crust melting field, which is
markedly different from the adakites of the thickened lower
crust melting origin (Ling et al., 2011). This suggests joint
contributions of the subducting oceanic crust (especially
oceanic ridge) to the adakite formation in both island arc and
continental arc settings. Although the island arc crust is
generally thinner than the continental arc crust, mature island
arcs still undergo evolution in the MASH zones, similar to
continental arcs. For example, some studies suggested that
forearc adakites in the Philippines may have originated from
the MASH process at the bottom of the oceanic island arc
crust (ca. 30 km deep; Ribeiro et al., 2016).

3. Major scientific issues and future research
directions for PCD metallogenesis

Integrating the above analysis on the metallogenic regula-
rities of major PCDs worldwide, existing PCD metallogenic
questions can be summarized as the following three aspects:
(1) Tectono-dynamic background and evolution of PCDs; (2)
ore-forming material (e.g., Cu, Au, Mo) source; (3) efficient
pre-enrichment mechanism of ore-forming materials in the
crustal magma source.

3.1 Mineralization implications from tectono-mag-
matic background

Statistics show that a large number of ore-forming porphy-
ries have adakitic characteristics (Oyarzun et al., 2001; Reich
et al., 2003; Richards, 2003; Cooke et al., 2005; Chiaradia et
al., 2012; Sun et al., 2015). The origin of adakites by partial
melting of oceanic crust challenges the traditional under-
standing that the magma produced by partial melting of
subduction plates cannot directly reach the surface due to the
barrier of mantle wedge and crust, but suggests the existence
of deep faults as the channels linking the lithosphere and the
asthenosphere (Defant and Drummond, 1990; Reich et al.,

2003). However, some studies put forward that geological
processes such as partial melting of the lower crust (Wang et
al., 2004) and the juvenile lithosphere (Hou et al., 2009; Sun
et al., 2018), or fractionation of the normal arc magma
(Castillo, 2006) may form the adakite-like geochemical
characteristics. Experimental petrological studies also re-
vealed that the partial melting of eclogite-facies metamor-
phosed subducting slab (with garnet residual) (Defant and
Drummond, 1990) is not the only way to produce adakite-
like geochemical features. The “wet” magma in the lower
crustal MASH zone can directly enter the amphibole-stabi-
lity field and plagioclase-decomposition zone to produce
adakites (Richards et al., 2012). Previous studies have
compared the adakites in the Middle and Lower Yangtze
River Belt (MLYRB) and in the Dabie Orogen, which were
formed by partial melting of oceanic crust in eastern China
and the continental lower crust, respectively (Liu et al., 2010;
Ling et al., 2011). These studies found that the MLYRB
adakites have lower La/Yb (14–49 vs. 21–402), Th/U (0.3–8
vs. 2.3–51) and Nb/Ta ratios (7.5–23 vs. 5–65) than those in
the Dabie Orogen.
The diversification of geological origin of adakite in-

evitably complicates the understanding of the tectono-me-
tallogenic background. The PCDs are not only distributed in
the island arcs, such as the Atlas, Grasberg and Batu Hijau
Cu-Au deposits in the western Pacific (Cooke et al., 2005),
but also in the continental marginal arcs, such as the El Te-
niente Cu-Mo and Alumbrera Cu-Au deposits in the Andes
(Cannell et al., 2005), and collisional orogenic belts, such as
the Qulong Cu-Mo deposit in Tibet (Hou and Yang, 2009).
With the adakitic source shifting from the oceanic crust to the
lower crust or Subcontinental Lithospheric Mantle (SCLM)
(Richards et al., 2012; Griffin et al., 2013), the water-rich
nature of the magma source in the lower crustal MASH zone
would play a more prominent role in controlling PCD mi-
neralization. The MASHmodel was first proposed to explain
the formation of normal arc magma (Hildreth and Moorbath,
1988), and magmas in the MASH zone evolve gradually to
become more water-rich, which is difficult to explain the
sporadic and scarce PCD distributions in the arc magma, or
the coexistence of ore-forming and ore-barren porphyries in
the same tectonic setting. In addition, the MASH process is
based on studies on the Andean arc with significant crustal
thickening. It is worth considering that (1) whether there is
any difference in the MASH process between the thicker
continental arc crust and the thinner oceanic island arc crust;
(2) would subduction directly supply magmas that are rich in
ore-forming materials, or are the magma fertilized by mag-
matic evolution in the crust; (3) whether there are any geo-
chemical indices that can determine the MASH processes,
including the initiation of the island arc crustal thickening,
progressive metal concentration and eventual mineralization.
The long-term evolution of the magmatic arc and in-
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stantaneous mineralization are other key issues in the study
of PCD tectono-dynamic setting. Arc magmatism has com-
monly a long lifespan. For example, the coastal batholiths in
NWAmerica were formed over a period of 160 Myr (from
210 to 50 Ma; Ducea et al., 2015). It may take tens of
thousands of years to establish an effective magma pumping
system that connects the lower and upper arc crust (Whattam
and Stern, 2016), and it may take 10000 years to 1 Myr to
form a batholith-scale magma chamber in the middle and
upper crust (Ardill et al., 2018). High-precision geochrono-
logical studies revealed that the Haquira East PCD (Peru)
was formed within 35000 years (Cernuschi et al., 2018),
indicating that the mineralization lifespan was mostly shorter
than 100 kyr. In terms of the lifespan of a single hydro-
thermal alteration stage, the phyllic alteration veins of the
Butte PCD (United States) were formed within 100 years,
whilst the potassic alteration occurred within 900 years
(Geiger et al., 2002). Simulation reveals that the alteration
halo of potassic veins in the Alumbrera PCD (Argentina)
were formed in 20 years (Cathles and Shannon, 2007), which
suggests that a single alteration stage can occur within
hundreds of years.
Compared to the formation of magma chambers and island

arcs that lasted for over millions of years, both the century-
scale single-stage veining and the thousand-year-scale hy-
drothermal mineralization event are geologically in-
stantaneous. Therefore, mineralization is unlikely to be
continuous with slow exsolution of magmatic volatiles in a
passive state, because such slow degassing of hydrothermal
volatiles accompanied by the gradual cooling and magma
crystallization is a continuous, million-year-scale process in
the magma chambers (Sparks and Cashman, 2017). More-
over, this passive degassing of magmatic-hydrothermal fluid
may be accompanied by cooling via mixing with ground-
water, which forms weak propylitic alteration with rare mi-
neralization (Richards, 2018). Meanwhile, massive volcanic
eruptions in the magmatic arcs may have triggered the for-
mation of large PCDs. For example, the metal contents in the
volcanic gas from the Merapi volcano (Indonesia) during
eruptions are several orders of magnitude above those in the
intermittent volcanic gas (Nadeau et al., 2010). The metal
ratio of the volcanic gas is close to that in the sulfide of the
erupted lavas, suggesting that the volcanic eruption pro-
moted sulfide decomposition by volcanic gas and the ex-
traction of ore-forming materials, which is conducive to
rapid PCD formation. Some studies suggested that earth-
quakes over magnitude 9 and the possible subsequent vol-
canic edifice collapse may trigger such “instantaneous”
porphyry mineralization (Nadeau et al., 2010; Richards,
2018). If accidental events are prerequisite to mineralization,
it would undoubtedly greatly change our understanding of
magmatic-hydrothermal process of PCD formation. How-
ever, the high metal contents in the Merapi volcanic gas only

occurred in the eruption year (Nadeau et al., 2010), and the
duration was far shorter than the centennial lifespan of a
single alteration stage, let alone the entire magmatic-hydro-
thermal event. Therefore, whether the transient volcanic
eruption or even a great earthquake can exert a significant
impact on the relative long-term porphyry mineralization
remains to be further explored.

3.2 Sources of ore-forming materials of PCDs

The ultimate source of metallogenic materials in PCDs (i.e.,
metals such as Cu, Mo and Au, and volatiles such as S, Cl
and water) include three major geological end-members: The
subducting oceanic crust, the upper mantle and the middle-
upper crust. It is long regarded that Cu, Au and platinum
group elements (PGEs) were likely originated from the
mantle, Mo and Pb from the subducting slab or the crust, and
S from the subducting slab (Seedorff et al., 2005). However,
considering that the average Cu content in the oceanic crust
(74 ppm for MORB) is higher than the primitive mantle
(30 ppm) and the continental crust (27 ppm), partial melting
simulation under different fO2 suggests that the Cu content in
the oceanic crust-derived melt under high fO2 (FMQ+1.5)
can be as high as 400 ppm, which is higher than those de-
rived from the mantle peridotite and the lower crust. This
implies that partial melting of the oceanic crust is more fa-
vorable for the PCD formation (Sun et al., 2015; Zhang et al.,
2017; Figure 9). However, Os and O isotopic studies on the
veined peridotite xenolith above the subduction zone re-
vealed that the subducting slab contributed less than 10% of
the Os to the mantle wedge, indicating that the Cu and Au
may have originated mainly from the mantle. In other words,
subduction may have only provided the fluids that extract
metals from the mantle, rather than being a major ore-
forming metal source (McInnes et al., 1999). The simulation
also shows that the Cu content in the melt derived from low-
degree (<20%) partial melting of the mantle under high fO2

has exceeded the lower limit of that required for miner-
alization, e.g., 3% partial melting of the mantle can generate
a melt with up to 300 ppm Cu, which is close to the max-
imum Cu content (400 ppm) in the adakitic rocks produced
by partial melting of the oceanic crust. This indicates a
possible genetic link between K-rich magmas (produced by
low-degree partial melting of the mantle) and porphyry Cu
mineralization.
Cenozoic large porphyry Cu-Mo deposits are mainly dis-

tributed in the eastern Pacific margin, but virtually absent in
the western Pacific margin. Such pattern has been explained
by the “oceanic hypoxia event” hypothesis and different
subduction systems on the eastern and western Pacific
margin (Sun et al., 2016). The high oxidation anomalies
before the “oceanic anoxic event” may have resulted in high
Mo concentrations in the seawater and marine (organic) se-
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diments, and the Mo was brought into the mantle wedge
through the subducting slabs. In contrast, the limited dis-
tribution of large ocean basins in the western Pacific island
arc environment restricts the input of terrestrial materials,
resulting in lower Mo content in the sediments. In addition,
the mineralization event is younger than the latest “oceanic
hypoxia event”, thus large porphyry Cu-Mo deposits are
rarely formed in the western Pacific. However, given that the
recent “oceanic anoxic event” occurred at 56 Ma, it is dif-
ficult to explain the formation of Neogene (mainly <35 Ma)
porphyry Cu-Mo deposits in South America by the accu-
mulation of Mo-rich organic sediments via surficial chemical
weathering, which means that the continental arc lithosphere
has a special mechanism to store and release Mo for mi-
neralization.
The origin of S is an important and long-lasting problem

for the PCD metallogenic studies. Mafic melt inclusion
analysis in the Galunggung high-Mg basalt (Java, Indonesia)
shows that S is significantly more enriched in the island arc
mantle (cf. the depleted mantle), suggesting that the S may
have entered the mantle wedge during slab dehydration (de
Hoog et al., 2001; Li and Audétat, 2012). However, some
authors have questioned that local composition of melt in-
clusions cannot fully reflect the overall S content of the
mantle wedge. It is believed by many that the original island
arc magma (high-Al basalt) and MORB have similar oxygen
fugacity, i.e., they are not particularly S-rich (Lee et al.,
2012). Meanwhile, the S enrichment mechanism via crustal
magmatic evolution is still controversial: Some authors
consider that the large S-flux necessary for PCD formation is
derived from S-rich magma directly mixed with the ore-
forming magma, or the injection of volatiles into the upper
crustal magma chamber (Blundy et al., 2015). Melt inclusion
analysis on the Bingham PCD indicates that the addition of
S-rich magma provides the huge amount of S required for the

mineralization (Zhang and Audétat, 2017). Meanwhile,
many other authors consider that the magma may have be-
come gradually S-rich with magmatic evolution in the crust,
as supported by the large amount of magmatic anhydrite
commonly found in the ore-forming rocks (Loucks, 2014;
Hutchinson and Dilles, 2019). Therefore, the question re-
mains unresolved.

3.3 Relative contributions of metal pre-enrichment in
the magmatic sources and the evolutionary processes to
mineralization

According to the geochemical transfer and tectonomagmatic
processes at convergent plate boundaries (Zheng, 2019;
Zheng et al., 2020), Zheng et al. (2019b) have proposed three
stages of enrichment in ore-forming materials for the PCD
formation. These include: (1) The initial enrichment of in-
compatible ore-forming elements in the subduction-zone
fluids due to metamorphic dehydration and/or partial melting
of the subducting oceanic crust; (2) further concentration of
the ore-forming elements in the mafic melt formed by partial
melting of the mantle wedge (metasomatized by subduction-
zone fluids); (3) the final enrichment in ore-forming mate-
rials through fractional crystallization of the primary arc
magmas, or partial melting of their crystallized product
during magmatic evolution in the crust. In this regard, it is
critical to evaluate the extent of metal enrichment in each
stage. Hydrous amphibole cumulates in the lower crust are
suggested as a favorable source for ore-forming magma, but
the SCLM is also a candidate (Core et al., 2006; Richards,
2009; Griffin et al., 2013; Holwell et al., 2019).
Ordinary SCLM is often depleted in Au and Cu due to the

high degree of partial melting of the upper mantle or strong
liberation of metamorphic fluid in the deep crust (Hou et al.,
2017). However, the fluid or melt derived from the sub-
ducting slab may enrich the mantle wedge or SCLM with
ore-forming elements, and can activate the pre-enriched
SCLM through low degree of partial melting, thus forming
alkalic PCDs (Griffin et al., 2013). For example, the spatial
distribution of the giant Au-rich PCDs and intrusion-related
orogenic Au deposits in the western United States coincides
with the enriched SCLM defined by low seismic velocity
(Schmandt and Humphreys, 2010). Isotopic studies of these
PCDs show Archean Pb isotope features in the ore fluids,
suggesting that the second-stage enrichment may have oc-
curred long after the first stage (Griffin et al., 2013). The
reactivation does not necessarily require large-scale mag-
matism, but can also be achieved by local post-orogenic
magmatism (Griffin et al., 2013; Zheng et al., 2019b). The
Grasberg and Ok Tedi Au-rich PCDs, for example, were only
connected to the Australian SCLM through crustal-scale
faults, with no coeval large-scale magmatism (Hill et al.,
2002).
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Figure 9 Cu content in the melt derived from the oceanic crust, mantle
peridotite and lower crust versus the degree of partial melting under dif-
ferent fO2 conditions. After Zhang et al. (2017).
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Recent studies proposed that ore-forming, normal arc-type
magmas may not require the first- and second-stage pre-en-
richment (Richards, 2003; Audétat, 2015; Hou et al., 2015;
Zhang and Audétat, 2017; Zheng et al., 2019a), but went
through the third stage, i.e., transient but decisive crustal pro-
cesses (Wilkinson, 2013). The key to resolve this dispute is to
obtain samples that represent the original compositions of the
crustal source region, such as ore-related xenoliths from the
lower crustal cumulates, or the melt inclusions that represent
the original composition before sulfide saturation in the upper
crustal magma chamber. Recent studies on xenoliths and melt
inclusions of PCDs, e.g., those on the Beiya PCD, show that
the local Au and Cu concentrations in the lower crustal cu-
mulates are higher than those of the normal arc magma. This
suggests that the enriched lower crustal cumulates may have
released the ore-forming materials into the parental magma in
the later re-activation process. However, the analysis of am-
phibolite xenoliths from the middle and lower crustal source
area of the Mujicun PCD (northern China) shows that the Cu
content in the source area is similar to the average Cu content
of the normal arc magmas, which means that there was no Cu
enrichment in the magma source. Meanwhile, the sulfide dis-
solution features observed in the upper crustal gabbronorite of
the PCD suggests that the magma may have begun con-
centrating the ore-forming materials in the upper crustal
magma chamber(s) (Hou et al., 2015).
In the model of lower crust cumulates, local sulfide sa-

turation occurs during the crystallization of water-rich
magma, and the precipitated sulfide is captured between
amphibole and other crystallized mineral phases, so as to
extract some ore-forming materials for storage and retention
in the lower crust. In the subsequent evolution, the rising
geothermal gradient of magmatic arc (Davidson et al., 2007)
and the recharge of mantle-derived magmas (Hou et al.,
2017) may have heated and decomposed the amphibolite
there, and produced abundant volatiles and ore-forming
materials. Statistical studies on published arc magmatic
rocks around the world found that the Cu content of arc
magmas is inversely proportional to the crustal thickness
(Chiaradia, 2014), i.e., lower in the thicker crust (>30 km)
and higher in the thinner crust (<20 km). Considering the
synchronous changes in Fe and Cu contents, we propose that
magnetite crystallization may have caused sulfide pre-
cipitation, thus stripping Cu from the magma and accumulate
sulfides at the bottom of the lower crust. However, it should
be noted that the above study ignores the temporal evolution
of island arcs and continental margin arcs, and fails to extract
the age of the statistical geochemical data. The study may
have mixed the magmatic data before/after the island arc
thickening, and cannot reveal accurately the influence of
crustal thickening on the geochemical compositions of ore-
forming magma. Meanwhile, the magmas may have under-
gone shallow degassing or ore-material extraction, and

cannot represent the original magma compositions. The
second model suggests that the mixing of mafic and felsic
magma may have resulted in local sulfide saturation in the
magma chamber and formed isolated sulfide phases (Halter
et al., 2005). However, this process does not necessarily
cause the dilution of ore-forming elements in the magmas
(Zhang and Audétat, 2017), because the later volatile phases
may have decomposed the metal-rich sulfide phase and
formed magmatic-hydrothermal mineralization. Previous
studies have concluded that it is difficult for arc magmas to
form magmatic Cu-Ni sulfide deposits. This is because arc
magmas are commonly richer in volatiles than intra-plate
magmas, which can decompose sulfide phase in mafic
magma and form ore-element-rich magmatic-hydrothermal
fluids, and facilitates the subsequent PCD mineralization
(Nadeau et al., 2010; Edmonds et al., 2018).
The above two ore-forming element pre-enrichment

models can explain the decoupling of Au and Cu and the
formation of Au-rich PCDs. Previous studies have pointed
out that the sulfide phase absorbs more Au than Cu from the
magmas (DAu>DCu), and then be re-mobilized by tectono-
magmatic events in the lower crust to form Au-rich miner-
alization (Richards, 2009; Griffin et al., 2013). Alternatively,
the sulfide phase can be completely decomposed by volatiles
in the upper crust magma chamber as aforementioned, thus
forming hydrothermal fluid with high Au/Cu ratio (Halter et
al., 2002; Halter et al., 2005). It is noteworthy that in the melt
inclusions from the Alumbrera PCD, the sulfide phase is
separated into Fe-rich and Cu-rich one (Halter et al., 2002),
and Au tends to enter the former. Although the sulfide phase
in the upper crustal magma chamber is considered to be
completely decomposed by volatiles (Halter et al., 2002;
Halter et al., 2005), the Au/Cu ratios in the fluid inclusions
(representing the volatiles) at the Bingham PCD are higher
than those in the sulfide melt inclusions (Zhang and Audétat,
2017). This indicates that Au and Cu have more complex
distribution behaviors between the volatile and sulfide melt
phases. Therefore, we believe that the composition of the
sulfide cumulates and their behaviors in the later hydro-
thermal process are the key controlling factors of Au and Cu
differentiation.
The sulfide pre-enrichment model challenges the im-

portance of a highly oxidized PCD ore-forming magma.
Traditional PCD metallogenic models propose that the
magma needs to maintain a high oxidation state to avoid the
early formation of sulfide phase that scavenges ore-forming
elements. However, isolated sulfide phase is common in the
xenoliths of lower crustal cumulates (Richards, 2009; Hou et
al., 2017). Sulfides droplets in the melt inclusions represent
the components of the upper crustal magma chamber (Na-
deau et al., 2010), suggesting that the sulfide saturation in the
magma may be a common phenomenon. Geological ob-
servations and simulations also show that the volatiles have
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become more oxidized due to adiabatic expansion during the
magma ascent (i.e., decoupled from fO2 of the melt; Oppen-
heimer et al., 2018), suggesting that the magma can produce a
volatile phase (with higher fO2 than the melt) that can de-
compose the early-formed sulfides. Instead of the lower or
upper crustal storage model, we propose a continuous pre-
enrichment model: The region extending from the bottom of
the MASH zone to the upper crust mimics the “crystal mush”
(Magee et al., 2018), where mineral crystallization and mag-
ma ponding and ascent occur continuously, and the magma
ponding may be accompanied by continuous pre-enrichment
of sulfides. This extreme pre-enrichment model may explain
the fact that large PCDs are often formed in the late evolution
stage of magmatic arcs, because the metal-rich cumulates
there have greater metallogenic potential. In summary, the
questions of whether the enrichment in the first and second
stages is the premise of the third stage, whether there is any
difference between common arc-type magma and ore-forming
magma, what is the impact of the third-stage pre-enrichment
on Au and Cu differentiation, how to identify and evaluate the
pre-enrichment process of ore-forming materials in the crust,
and what are the key issues (e.g., the activation mechanism
and detailed process of sulfide pre-enrichment) should be
further clarified in future research.

4. Concluding remarks

Based on the above PCD data compilation and analysis, we
suggest that:
The origin of magma of PCD can be traced back to the
dehydration or partial melting of subducted slab, which is
accompanied by fluid or melt transporting oceanic crust
material to the metasomatized mantle wedge. This results in
the partial melting of the mantle to form high-Al basaltic
magma, which represents the original island arc magma.
Meanwhile, the adakitic melt, which is formed by partial
melting of young hot oceanic crust or subducted oceanic
ridge, interacts with the mantle peridotite in the mantle
wedge and forms adakitic ore-forming magmas with mantle-
derived affinities.
In mature island arcs or continental arcs, the magma

formed by partial melting of the mantle intrudes into the hot
zone around the crust-mantle boundary, and experiences
complex crust-mantle interactions (MASH) to form the low-
density andesitic-dacitic melt. When the water in the arc
magma accumulates in the amphibole-stability field, ex-
tensive fractionation of amphibole and other mafic minerals
forms the cumulate layer at the bottom of the lower crust,
which captures the sulfide phase that may later participates in
the PCD formation. The adakitic characteristics would be
obtained by magma H2O content increase in the MASH
zone, resulted from the fractional crystallization of amphi-

bole, the eclogite-facies metamorphism of the lower crust,
and the subduction erosion of the magmatic arc front.
The compressive-extensional transition of the subduction

zone likely promotes the rise of the ore-forming parental
magma. The initial intermediate-felsic magmas generally
ascend to the neutral buoyancy interface of the upper crust,
accumulates to form magma chamber(s), and undergoes
fractionation, magma replenishment, and fluid exsolution.
Sulfide saturation may enrich the ore-forming elements more
efficiently. The mafic magma is directly mixed or indirectly
injected into the magma chamber by volatiles, supplying
more ore-forming elements, including Cu, Au, Mo, and S.
Magma may intrude into the upper crust as apophysis or

stock from the top of magma chamber at the bottom of the
upper crust, forming various mineralized porphyries. “First
boiling” is likely triggered by the collapse of the upper
volcanic edifice, large earthquakes, rapid uplift and erosion,
brittle-ductile regime fluctuations and mafic magma re-
plenishment. In the early mineralization stage(s), super-
critical fluids are likely rich in ore-forming elements,
followed by the brine phase and gas phase. It is generally
believed that Mo is mainly transported by the brine phase,
and Au and half of Cu by the gas phase. In addition, the
timing of saturation of single-phase volatiles or liquid brine
from the magma chamber, salinity (Cl/H2O), and oxygen
fugacity are the primary controls for the subsequent hydro-
thermal mineralization.
The potassic alteration stage of PCDs is initially formed

by the high-temperature single-phase fluid directly ex-
solved from the magma, and then rises and separates into
the high-density brine and low-density gas phases, with the
latter rising to form argillic alteration. Sericite alteration is
mainly formed by the low-temperature liquid phase directly
differentiated from the magmas. Meteoric water may be
added to phyllic alteration at the periphery of the alteration
system. Propylitic alteration is formed by mixing the
magma-derived brine with groundwater, and may locally
superimpose on the potassic zone in the late alteration
stage. If the metals are transported in chlorite complexes,
much homologous oxidized sulfur (SO2 or SO4

2 ) is needed
to be reduced, or addition of reduced S is needed to pre-
cipitate the ore sulfides; whereas if the metals are trans-
ported in bisulfide complexes, ore sulfide precipitation can
be achieved through decompression and degassing of H2S
or fluid-wallrock reactions.
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