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Abstract

Porphyry copper deposits account for more than 80% of the world’s total Cu resources. However, the formation mecha-
nism and controlling factors of porphyry copper deposits remain obscure. Previous studies have revealed that porphyry cop-
per deposits are usually associated with oxidized, calc-alkalic, adakitic shallow intrusive rocks. Here we show that hematite–
magnetite intergrowths are commonly found in porphyry copper deposits, suggesting high and fluctuating oxygen fugacity
(fO2). Oxidation promotes the destruction of sulfides in the magma source, and thereby increases initial chalcophile element
concentrations. Sulfide remains undersaturated during the evolution of oxidized sulfur-enriched magmas where sulfate is the
dominant sulfur species, leading to high chalcophile element concentrations in evolved magmas. The final porphyry copper
mineralization is controlled by sulfate reduction, which starts with magnetite crystallization, accompanied by decreasing pH
and correspondingly increasing fO2. Hematite forms once sulfate reduction lowers the pH sufficiently and the fO2 reaches the
hematite–magnetite oxygen fugacity buffer, which in turn increases the pH for a given fO2. The oxidation of ferrous iron dur-
ing the crystallization of magnetite and hematite is the causal process of sulfate reduction and consequent mineralization.
Therefore, the initial pH and fO2 ranges of porphyries favorable for porphyry copper mineralization are defined by the hema-
tite–magnetite oxygen fugacity buffer and SO4

2�–HS�–S3
� reaction lines. Adakitic rocks have higher initial contents of cop-

per, sulfur and iron than normal arc rocks, and thus are the best candidates for porphyry copper deposits. These provide a
plausible explanation for the formation of copper porphyry deposits. The hematite–magnetite intergrowth marks the upper
limits of fO2 favorable for the mineralization, and thus may be a powerful tool for future prospecting of large porphyry cop-
per deposits.
� 2012 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Porphyry Cu–(Au)–(Mo) deposits are one of the most
important economic mineral associations (Sillitoe, 1997,
2010; Hedenquist et al., 1998; Heinrich et al., 2004; Cooke
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Fig. 1. The distribution of copper porphyry deposits worldwide. More than 90% of the world porphyry copper deposits are located along
convergent margins. Data sources: USGS open file (Cooke et al., 2005; Zhang et al., 2006a,b; Liang et al., 2006, 2009; Liu et al., 2010a; Pan
and Dong, 1999; USGS, 2011).
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Fig. 2. Stability domains of the trisulfur ion S3
�, sulfate, and

sulfide in an aqueous solution, as a function of oxygen fugacity
(log10 fO2, in bars) and acidity (pH = �log10 m H+, in moles per
kilogram) at 350 �C and 0.5 GPa illustrating sulfate reduction
(modified after (Pokrovski and Dubrovinsky, 2011)). Also shown
are the oxygen fugacity of the major mineral buffers (HM,
hematite–magnetite; NNO, nickel–nickel oxide; FMQ, fayalite–
magnetite–quartz, horizontal dashed lines) and the neutrality point
of pure water (the vertical dashed line). The orange field between
the hematite–magnetite buffer and SO4

2�–HS�–S3
� reaction lines

mark the optimal initial oxygen fugacity and acidity of magmas
favorable for porphyry copper mineralization. Lines E1, E2, E3,
E4, show trajectories for Eqs. 1–4, respectively.
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et al., 2005), hosting most of the world’s copper resources
(Ulrich et al., 1999; Halter et al., 2002). More than 90%
of the porphyry Cu deposits in the world are distributed
along convergent margins (Fig. 1). Porphyry Cu deposits
are usually closely associated with a specific type of conver-
gent-margin magma, namely adakite (Sajona and Maury,
1998; Oyarzun et al., 2001; Mungall, 2002), although the
association and genetic connections are contentious (Rich-
ards and Kerrich, 2007; Sun et al., 2011, 2012b; Richards,
2012). Porphyry Cu deposits are usually closely related to
magmas with high oxygen fugacity (fO2) (Ballard et al.,
2002; Sillitoe, 2010), more than two orders of magnitude
higher than the fayalite–magnetite–quartz oxygen buffer
(DFMQ +2) (Mungall, 2002). Nearly all the ore-forming
porphyries have abundant sulfate (Liang et al., 2009; Silli-
toe, 2010; Xiao et al., 2012). Given that Cu is a chalcophile
element, its final mineralization should, however, be mainly
controlled by the behavior of reduced sulfur, S2� (Sun
et al., 2004; Liang et al., 2009), which inevitably requires
the reduction of sulfate (S6+: HSO4

�/SO4
2�) in the oxidized

source magma to sulfides (S2�: H2S/HS–/S2�) or polysul-
fides (e.g., S2

2�, S3
�) during deposition. The final mineral-

ization of porphyry copper has been attributed to
magnetite crystallization (i.e. ferrous iron oxidation) induc-
ing sulfate reduction and corresponding oxygen fugacity
fluctuations (Sun et al., 2004; Liang et al., 2009). This is
supported by the common occurrence of magnetite in por-
phyry copper deposits (Vila and Sillitoe, 1991; Mao et al.,
2006; Imai et al., 2007b; Khashgerel et al., 2008; Liang
et al., 2009; Xu et al., 2009) (Eq. (1)).

12Fe2þ þ SO2�
4 þ 12H2O ¼ 4Fe3O4 þHS� þ 23Hþ ð1Þ

According to Eq. (1), the sulfate reduction and ferrous
iron oxidation lead to a decrease of pH in ore-forming flu-
ids within the porphyry system. Consequently, the fO2 in-
creases because it is controlled by the sulfide–sulfate
reaction (Fig. 2) (Pokrovski and Dubrovinsky, 2011). To
form a porphyry copper deposit with 0.5 wt% of copper
in the form of chalcopyrite, the reduction of sulfate and oxi-
dation of ferrous iron results in about 0.36 wt% of H+ in
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the magmas (Eq. 1), which is roughly equivalent to concen-
trated HCl, assuming 3% of water in the porphyry and
assuming there are no pH buffers in the system. Note, fer-
rous iron is more stable in hydrous solution at lower pH
values, such that low pH resulting from sulfate reduction
(Eq. 1) hinders the formation of magnetite and HS�, which
is therefore unfavorable for copper porphyry mineraliza-
tion. In fact, the pH value is usually close to or even higher
than neutral values during potassic alteration at the main
stage of porphyry copper mineralization. Therefore, the
pH value must have been buffered during the mineraliza-
tion, and thus simple magnetite crystallization alone cannot
plausibly drive the formation of porphyry copper deposits.

Here we report magnetite–hematite intergrowths from
several large porphyry copper deposits. Although hematite
has been reported by many previous authors, little attention
has been focused on the intergrowths of hematite and mag-
netite and their geological significance. This contribution
focuses on the chemical reactions that control the mineral-
ization process, and aims to decipher the factors controlling
the formation of porphyry copper deposits.

2. BASIC INFORMATION OF STUDIED PORPHYRY

DEPOSITS

2.1. Yulong porphyry deposit belt

The Yulong Cu–Mo porphyry deposit belt is located
along the eastern margin of the Tibetan Plateau (Yin and
Harrison, 2000; Hou et al., 2003; Liang et al., 2007), cover-
ing a region about 300 km long and 15–30 km wide. Tec-
tonically, this belt is bounded by a series of strike-slip
faults, including the Tuobao-Mankang fault to the west
and the Ziga fault and the Gonjo Tertiary basin to the east
(Yin and Harrison, 2000; Liang et al., 2007). These deposits
are closely associated with Cenozoic high potassium intru-
sive rocks (Wang et al., 2001; Liang et al., 2007). The por-
phyries occur as small stocks with surface areas ranging
from 0.1 to 0.7 km2, which intrude Triassic sandstone and
limestone, and are characterized by epigenetic features such
as explosive breccia (Liang et al., 2006). Five major porphy-
ries, which contain most of the Cu resource in the belt, are
located in a narrow, elongated domain approximately
50 km long and 10 km wide that trends in a northwest-
southeast direction (Liang et al., 2006). The ore-bearing
porphyries typically comprise complex multiphase intru-
sions, dominated by two major stages. The Yulong por-
phyry comprises early stage quartz monzonite porphyry
and late stage syenogranite porphyry. The Zhanaga por-
phyry is made up of early stage monzogranite porphyry
and late stage syenogranite porphyry. The Mangzong and
Duoxiasongduo porphyries, comprise early stage monzog-
ranite porphyry and late stage alkali-feldspar granite por-
phyry. The Malasongduo porphyry comprises two stages
of alkali-feldspar granite porphyry.

The Yulong porphyry is the largest in the copper deposit
belt, with >6.5 million tons of copper at an average grade of
0.52% Cu and 0.15 million tons of molybdenum at an aver-
age grade of 0.028% Mo. The Zhanaga porphyry hosts
more than 0.39 million tons of Cu with a copper content
varying between 0.2% and 0.4%. The Mangzong deposit
contains more than 0.3 million tons of Cu at an average
grade of 0.3%. The Duoxiasongduo porphyry hosts some
0.45 million tons of copper at an average grade of 0.36%.
The Malasongduo porphyry hosts about 1 million tons of
Cu with an average grade of 0.35% (Liang et al., 2006,
2009; Hou et al., 2007). The formation ages of the Yulong
ore belt ranges from 41.2 to 36.9 Ma, as dated with zircon
U–Pb geochronology (Liang et al., 2006).

2.2. Xiongcun porphyry Cu–Au deposit

The Xiongcun (also named as Xietongmen) porphyry
Cu–Au deposit is located in the southern rim of the Gang-
dese orogenic belt in southern Tibet (Tafti et al., 2009; Xu
et al., 2009). The Cu–Au mineralization is associated with
quartz diorite porphyry, which intrudes the Early Jurassic
volcanic sequence (Tafti et al., 2009). It contains more than
130 t of gold with an average grade of 0.61 g/t and more
than 1 million tons of Cu metal with an average grade of
0.43%. Main ore minerals include pyrite, chalcopyrite,
sphalerite, pyrrhotite, minor galena and molybdenite. Gan-
gue minerals comprise quartz, K-feldspar, andalusite, cor-
dierite, muscovite, biotite, sericite, chlorite, epidote.
Veinlet and disseminated mineralization occurs in the
quartz diorite porphyry and its adjacent volcanic sequence.
Zircon U–Pb ages of the Xiongcun porphyry range from
171.3 ± 1.0 to 173.5 ± 1.0 (2r) Ma, consistent within error
with the molybdenite Re–Os age of 174.2 ± 0.2 Ma (Tafti
et al., 2009).

2.3. Duobuza porphyry Cu–Au deposit

The Duobuza porphyry Cu–Au deposit is located at the
Bangonhu-Nujinag suture zone situated in the southern
margin of the Qiangtang-Sanjiang terrain (Li et al., 2007,
2012). The Duobuza porphyry occurs as small stocks with
surface exposures of less than 0.3 km2 and intrudes the
Middle Jurassic siltstone interlayer with andesite, dacite,
basalt and chert and Early Cretaceous Meirigie Group vol-
canic rocks. It contains about 4 million tons of Cu with an
average grade of 0.75% and the associated gold content
ranges from 0.1 to 1.3 g/t (Li et al., 2008b). Ore minerals
comprise chalcopyrite, pyrite, magnetite, bornite, and
molybdenite, whereas gangue minerals include K-feldspar,
albite, quartz, biotite, sericite, chlorite, calcite and minor
anhydrite. Cu–Au mineralization occurs mainly in the
potassic alteration zone overprinted by the phyllic or argil-
lization alteration zone (Li et al., 2008b). A SHRIMP U–Pb
zircon age of the porphyry (120.9 ± 2.4 Ma) and molybde-
nite Re–Os isochron age (118.0 ± 1.5 Ma) (Li et al., 2008b)
are consistent with each other within uncertainty. It is pro-
posed that the Duobuza porphyry Cu–Au deposit resulted
from melt trigged by the northward subduction of Paleo-
Tethys oceanic crust (Li et al., 2008b).

2.4. Zijinshan epithermal–porphyry deposit

Zijinshan is the largest Au–polymetallic deposit in
southeastern China, with total reserves of Au 320 t, Cu
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3 Mt, Mo 0.065 Mt, and Ag 1500 t. It is a complicated epi-
thermal–porphyry mineralization system, consisting of a
high-sulfur epithermal Au–Cu deposit, a low-sulfur Ag–
polymetallic deposit, and a porphyry Cu–Mo–(Au) deposit.
Epithermal deposits are mostly hosted in breccia. The por-
phyry Cu–Mo–(Au) deposit is hosted in amphibole–biotite-
and biotite–granodiorite porphyries with abundant anhy-
drite indicating oxidizing conditions. Magnetite is abun-
dant in the hornblende biotite granodiorite, which is
located under the porphyry Cu–Mo–(Au) deposit.

3. METHODS

Fresh drillhole samples from Yulong, Xiongcun, Duo-
buza, and Zijinshan porphyry Cu deposits have been stud-
ied for this contribution. Special care was taken to avoid
secondary hematite formed during sample preparation
from magnetite oxidation. Thin sections were first observed
using an optical microscope under reflected light immedi-
ately after polishing, and then studied with laser Raman
spectrometry after repolishing. Raman spectra were re-
corded with a Renishaw 2000 micro-Raman spectrometer
in the backscattering geometry. An argon ion laser emitting
at 514.5 nm was used as the excitation source. A thermo-
electrically cooled CCD detector was equipped to collect
the scattered light dispersed by an 1800 lines/mm grating.
All measurements were carried out at room temperature.
Raman data were obtained with collection times of about
60 seconds at a power level of 20 mW (Xiao et al.,
2007a,b; Tan et al., 2009). The pH-Eh diagram showing
the stability domains of the trisulfur ion S3

�, sulfate, and
sulfide in an aqueous solution at 350 �C and 0.5 GPa (Pok-
rovski and Dubrovinsky, 2011) was used to illustrate the
controlling factors during the final mineralization of por-
phyry Cu deposits.

4. HEMATITE–MAGNETITE AND fO2

Hematite–magnetite intergrowths were found in/near
potassic alteration zones from all the porphyry copper
deposits studied here, i.e., Yulong porphyry copper–molyb-
denum–gold deposit belt (Fig. 3) along the eastern margin
of the Tibetan plateau, Xiongcun porphyry Cu–Au deposit
and Duoboza porphyry Cu–Au deposit on the Tibetan pla-
teau, and Zijinshan Au–Cu–Mo porphyry deposit in Fujian
Province (Fig. 4).

Hematite has been reported previously as an accessory
mineral in a variety of porphyry copper deposits all over
the world, e.g., South America (Vila and Sillitoe, 1991; Pat-
ricio and Gonzalo, 2001; Ballard et al., 2002), Southwest
Pacific islands (Hedenquist et al., 1998; Imai et al.,
2007a), and Mongolia (Khashgerel et al., 2008). Neverthe-
less, hematite was either ignored or considered a secondary
phase, e.g., formed by exsolution (Ballard et al., 2002), or
through post mineralization oxidation (Patricio and Gonz-
alo, 2001). Most of the previously reported hematite in por-
phyry deposits, however, also appears to be primary and
formed before/during the main ore genesis stage. Post-
mineralization oxidation cannot explain the coexistence of
magnetite–hematite intergrowths and chalcopyrite, e.g.,
Tongshankou porphyry skarn deposit, central eastern Chi-
na (Li et al., 2008a). Although the oxygen fugacity of fluid
inclusions may increase because of diffusional loss of H2

(Mavrogenes and Bodnar, 1994), likely produced through
the breakdown of water (2H2O = 2H2 + O2), hematite
flakes in high-temperature fluid inclusions, e.g., from the
Waisoi porphyry deposit, Fiji (Imai et al., 2007a), are also
clearly primary.

Primary hematite in close association with magnetite
strongly suggests very high oxygen fugacity during por-
phyry copper mineralization, i.e. fO2 up to about four or-
ders of magnitude higher than the fayalite–magnetite–
quartz oxygen buffer (DFMQ +4), and about two orders
of magnitude higher than the previously recognized lower
limit of copper porphyries (Mungall, 2002) (Fig. 2). This
then marks the upper fO2 limit for the mineralization. Fer-
rous iron oxidation is the key link between reduced por-
phyry copper deposits and oxidized magmas. We argue
that the hematite–magnetite buffer is of critical importance
to the reduction of sulfate to sulfide and thus porphyry Cu
mineralization.

Sulfur is one of the most important elements that can
form geosolvents that control the behavior of copper and
other chalcophile elements. Therefore it is essential in
understanding the mineralization processes of copper and
a variety of other metal resources. Recent high-pressure
experimental studies show that the trisulfur S3

� radical
ion is an important sulfur species at high-pressure and
high-temperature conditions (Fig. 2) (Pokrovski and
Dubrovinsky, 2011), which are common for porphyry sys-
tems (Hedenquist and Lowenstern, 1994; Seo et al., 2009;
Sillitoe, 2010). This requires reevaluation of related geolog-
ical processes where sulfur is involved, and in particular,
porphyry copper mineralization (Pokrovski and Dubrovin-
sky, 2011).

In contrast to oxygen fugacity buffers, such as HM,
FMQ, etc., the oxygen fugacity required for the reduction
of sulfate depends strongly on pH. As shown in Fig. 2, in
an aqueous solution at 350 �C and 0.5 GPa, as an example,
magnetite forms during the reduction of sulfate to HS� at
high pH values and low oxygen fugacity above the FMQ
+2 (Eq. 1), whereas either magnetite or hematite forms dur-
ing the reduction of SO4

2� to S3
�, depending on the pH val-

ues (Eqs. 2 and 3). Nevertheless, magnetite crystallization
lowers the pH and increases oxygen fugacity required for
sulfate reduction (Fig. 2, Eqs. 1 and 2)

6SO2�
4 þ 52H2Oþ 57Fe2þ ¼ 2S�3 þ 19Fe3O4 þ 104Hþ ð2Þ

The oxidation potential of the SO4
2�–S3

� reaction rises
with decreasing pH and may reach the hematite–magnetite
buffer (Fig. 2), depending on the availability of SO4

2�. For
large porphyry deposits, magnetite is further oxidized to
hematite by SO4

2�, releasing OH� (Eq. 3), and in turn in-
creases the pH values. Consequently, the oxygen fugacity
of the SO4

2�–S3
� reaction decreases due to hematite crys-

tallization, which then promotes magnetite formation
(Fig. 2). Therefore, magnetite and hematite may grow alter-
nately, which buffers the oxygen fugacity (near the hema-
tite–magnetite buffer) and pH values near neutral (�6–8
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Fig. 3. Reflected light microphotographs and Raman spectra of hematite and magnetite intergrowths from potassic alteration zones of the
Yulong porphyry copper belt, along the eastern margin of the Tibetan plateau. Both hematite and magnetite are primary phases. Hematite is
usually anhedral, irregularly enclosed in, or intergrown with magnetite, suggesting oscillation in iron oxidation during crystallization.
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depending on sulfur concentrations as well as pressure and
temperature) during the reduction of SO4

2� to S3
�.

38Fe3O4 þ 6SO4
2� þ 5H2O ¼ 57Fe2O3 þ 2S3

� þ 10OH�

ð3Þ
Experimental work shows that the hematite–magnetite

redox buffer is the most optimal condition for S3
� (S3

� ac-
counts for >50% to 95% of the dissolved sulfur) (Pokrovski
and Dubrovinsky, 2011). Compared to reduced sulfur spe-
cies, SO4

2� has much less influence on the behavior of chal-
cophile elements (Sun et al., 2004), whereas S3

� is similar to
polysulfide ions like S3

2� and S2
2� that form strong com-

plexes with Au (Berndt et al., 1994) and presumably also
Cu in aqueous solution (Pokrovski and Dubrovinsky,
2011). The formation of S3

� enhances sulfur mobility in
the fluid phase by reducing the amount of sulfur retained
in sulfur-bearing minerals (Pokrovski and Dubrovinsky,
2011). Therefore, sulfate reduction (Eqs. 2 and 3) to S3

�

is very important for scavenging copper, gold and other
chalcophile elements out of the magma into ore-forming
fluids that are of critical importance for the mineralization.
For large porphyry deposits, this reduction usually results
in the oxidation of magnetite to hematite once the pH value
falls (Fig. 2). Therefore, the hematite–magnetite inter-
growths may be taken as an indicator assemblage in pros-
pecting future large porphyry copper deposits.



Hematite

Magnetite

A

Magnetite

Hematite

B

Hematite

Magneti te
C

Fig. 4. Examples of reflected light microphotographs of hematite
and magnetite intergrowths from potassic alteration zones of the
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5. DISCUSSION

5.1. Sulfur reduction and mineralization

Sulfate is the dominant sulfur species in porphyries asso-
ciated with large copper deposits (Imai, 2000; Khashgerel
et al., 2008; Valencia et al., 2008; Liang et al., 2009; Xiao
et al., 2012). Its presence has been cited as the cause of
the extraction of additional chalcophile elements from the
source region due to the oxidation of sulfide to sulfate dur-
ing partial melting and the higher solubility of sulfate in sil-
icate liquid (Sun et al., 2004, 2011; Mungall et al., 2006). In
contrast, metals of porphyry Cu deposits are hosted in sul-
fides, which require low oxygen fugacity for stabilization.
Elements that can exist in variable oxidation states and that
are present in sufficient abundances to affect the redox state
of the silicate Earth and silicate magmas include C, H, S,
and Fe (Mungall, 2002). In oxidized porphyry magmas,
oxidized states, i.e., sulfate, CO2 and H2O, are the domi-
nant species, leaving ferrous iron the only reducing agent.
Therefore, ferrous iron oxidation during magnetite and
hematite crystallization are of critical importance for sul-
fate reduction and copper mineralization. The optimal ini-
tial oxygen fugacity for porphyry copper deposits should be
lower than the magnetite–hematite buffer, otherwise there is
no ferrous iron in the system. The field between the hema-
tite–magnetite buffer and SO4

2�–HS�–S3
� reaction lines

(Fig. 2) marks the optimal ranges of pH and oxygen fugac-
ity conditions.

Copper porphyry deposits are also usually associated
with calc-alkalic shallow intrusive rocks (Mungall, 2002;
Cooke et al., 2005; Sillitoe, 2010). This can be plausibly re-
lated to the high pH value of calc-alkalic magmas, which
corresponds to a lower oxygen fugacity for the sulfide-sul-
fate transition line as shown in the pH versus logfO2 dia-
gram (Fig. 2). Low oxygen fugacity is a favorable
condition for copper porphyry mineralization.

The high percentage of S3
� (>50% to 95% of the dis-

solved sulfur) and high solubility (up to 1%) of sulfur near
the hematite–magnetite redox buffer, coupled with its lower
concentration and percentage at oxygen fugacity between
nickel–nickel oxide and FMQ buffers with near-neutral
pH (Pokrovski and Dubrovinsky, 2011), provide a chemical
gradient between the reaction front with high oxygen fugac-
ity close to the hematite–magnetite redox buffer and alter-
ation zones with lower oxygen fugacities farther away.
This chemical gradient, in turn, drives S3

� to the potassic
alteration zone, where it further reduces to HS� and pro-
motes the final mineralization.

In most cases, magnetite crystallizes earlier than hema-
tite, which releases H+ and consequently increases the oxy-
gen fugacity of sulfate reduction in the system (Fig. 2, Eq.
2), resulting in hematite crystallization and higher pH. H+

may mobilize potassium from silicate minerals, and trigger
potassium alteration. Therefore, the pH value during potas-
sic alteration should be buffered by this reaction to near
neutral, near the intersection of the sulfate reduction line
and hematite–magnetite buffer (Fig. 2). The potassic alter-
ation zones may be taken as “relay stations” in the building
blocks of porphyry copper deposits. This explains the gen-
eral coincidence of potassic alteration with the ore body.

The final mineralization requires further reduction of
S3
� to S2

2�, HS�, etc, which also needs the oxidation of fer-
rous iron to magnetite, further lowering pH values (e.g.,
Eq. 4). This is probably responsible for triggering sericite
alteration at lower pH values.
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2S3
� þ 20H2Oþ 15Fe2þ ¼ 6HS� þ 5Fe3O4 þ 34Hþ ð4Þ

Magnetite formed during this process usually coexists
with sulfide. No hematite crystallization is expected. This
is supported by the common coexistence of magnetite and
sulfide in the sericite alteration zone.
5.2. Adakite and porphyry copper deposits

Adakite was initially proposed to result from partial
melting of subducted young oceanic crust (Kay, 1978; De-
fant and Drummond, 1990). It became a hot topic because
of similarities to the Archaean tonalite–trodhjemite–granite
(TTG) series (Drummond et al., 1996; Martin, 1999), the
importance of such melts to the formation of the continen-
tal crust (McDonough, 1991; Rapp et al., 2003; Xiao et al.,
2006; Ding et al., 2009; Xiong et al., 2009, 2011), and their
close association with large porphyry Cu deposits (Thieble-
mont et al., 1997; Sajona and Maury, 1998; Oyarzun et al.,
2001; Zhang et al., 2004; Sun et al., 2010, 2012a).

Adakite is generally defined on the basis of geochemical
compositions (e.g., SiO2 P 56 wt%, Al2O3 P 15 wt%,
Y 6 18 ppm, Yb 6 1.9 ppm and Sr P 400 ppm) (Defant
and Drummond, 1990) without detailed petrologic con-
straints. Therefore, both intrusive and eruptive rocks can
be classified as adakites. In addition to the slab melting
model (Defant and Drummond, 1990; Yogodzinski and
Kelemen, 1998; Martin, 1999; Martin et al., 2005; Moyen,
2009; Liu et al., 2010b), several other mechanisms are pro-
posed for the formation of adakite or adakitic rocks,
including (1) partial melting of the lower continental crust
(Chung et al., 2003; Gao et al., 2004; Wang et al., 2005),
(2) partial meltings of underplated new crust (Petford and
Atherton, 1996), and (3) fractional crystallization of normal
arc magmas (Castillo, 2006; Macpherson et al., 2006; Rich-
ards and Kerrich, 2007).

Most adakites cannot be readily explained by fraction-
ation of normal arc magmas (Sun et al., 2012a). Crystalliza-
tion of garnet results in higher La/Yb, Sr/Y (Macpherson
et al., 2006; Rodriguez et al., 2007) similar to adakites,
but this process should also lead to higher and varied
Gd/Yb, which is not seen in adakites of a single magma ser-
ies (Richards and Kerrich, 2007). For this reason, Richards
and Kerrich (2007) attributed the adakitic signature to
amphibole fractional crystallization. However, this can
only increase the Sr/Y in dacite and rhyolite, because Y is
highly compatible in felsic magmas, but is incompatible in
basaltic andesite and only slightly compatible in andesite
(e.g.Bachmann et al., 2005; Xiong, 2006; GERM, 2011).
Most adakites are andesitic, and amphibole crystallization
cannot increase the Sr/Y ratio quickly enough. More
importantly, there is no evidence for pure amphibole crys-
tallization during adakite magma evolution. Plagioclase is
a common mineral in arc magmas (e.g., Bachmann et al.,
2005; Macpherson et al., 2006), the crystallization of which
should considerably decrease Sr concentrations in magmas
and erase the adakitic signatures (Sun et al., 2012a).

Some adakitic rocks occur in locations far away from
subduction zones or where subduction and collision finished
long before magmatism (Zhang et al., 2001; Chung et al.,
2003; Wang et al., 2005, 2007a,b; Huang et al., 2008); these
have been attributed to partial melting of either thickened
(Wang et al., 2007a) or foundered lower continental crust
(Gao et al., 2004), or newly underplated mafic crust (Petford
and Atherton, 1996; Wen et al., 2008). This kind of “adakite”

which can be distinguished from slab melts using isotopic
and chemical compositions (Liu et al., 2010b; Ling et al.,
2011; Sun et al., 2012a), usually is not associated with Cu
porphyry deposits (Sun et al., 2012a).

An increasing number of studies show that most por-
phyry Cu deposits are closely associated with “true” adak-
ites (Sajona and Maury, 1998; Oyarzun et al., 2001;
Gonzalez-Partida et al., 2003; Morozumi, 2003; Reich
et al., 2003; Rae et al., 2004; Zhang et al., 2004; Qu et al.,
2004b; Borisova et al., 2006; Jiang et al., 2006; Hou et al.,
2009; Ling et al., 2009; Sun et al., 2011; Xiao et al.,
2012). However, we note that Richards and Kerrich
(2007) claimed that adakite-like intrusive rocks are rarely
associated with porphyry Cu deposits. This distinction is
based on a much more restrictive criteria for adakite that
Richards and Kerrich (2007) proposed themselves. For
example, Defant and Drummond’s (1990) original crite-
rion: “MgO is usually <3% (rarely above 6%)” was changed
in Richards and Kerrich (2007) to “MgO <3%, Mg

number � 0.5 (or more correctly 50)”. This definition
excludes more than 90% of adakites, as defined using the
classic criteria such as high Sr and low Y (Sun et al.,
2012a). Experiments show that partial melting of MORB
with 6.6% MgO produces melts with Mg number lower
than 50 (Rapp et al., 1999), i.e., adakites can not be slab
melts according to the Richards and Kerrich (2007)
criteria. While it is true that slab melts absorb MgO
through interaction with mantle peridotite, it is extremely
difficult to apply both criteria “Mg number � 50 and
MgO contents <3%”, because most Cu porphyries have
Fe contents higher than 5% (Thompson et al., 1999), which
requires MgO contents >5% to fit the Mg number criterion.
Several other criteria also act in opposite directions, which
“artificially” makes adakites rare under this definition (Sun
et al., 2012a).

Richards and Kerrich (2007) also argued that “porphyry
Cu deposits are the evolved products of extensive crustal-le-
vel processing of calc-alkaline basalt–andesite–dacite–rhyo-
lite series magmas”. Porphyry Cu deposits, however, are
usually associated with intermediate rocks (Richards,
2011a), which are not highly evolved magmas. Copper is
moderately incompatible in most rock-forming minerals,
but is compatible in amphibole, such that hornblende crys-
tallization has detrimental effects on Cu mineralization
(Sun et al., 2012b). The distribution of copper porphyry
deposits along the Pacific subduction zones (Fig. 1) does
not support the model of fractional crystallization of hy-
drous magmas. The subduction of older and wetter oceanic
crust in the west Pacific presumably corresponds to magmas
more hydrous than those associated with younger and drier
oceanic crusts in the east. Nevertheless, there is essentially
no known porphyry copper deposit in Japan.

The near absence of porphyry Cu deposits in Archean
TTG has been used to argue against the genetic links be-
tween adakite and porphyry Cu deposits (Richards and
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Kerrich, 2007). However, most TTGs are not porphyritic,
probably because only the deeper levels of these granitic
plutons are exposed in Archean terranes. At the high pres-
sures at which most TTGs were emplaced, fluids remain dis-
solved in magmas. Modern porphyry Cu deposits are
hosted in shallow intrusive rocks. Lower pressures are
essential for fluids to exsolve from magmas during magma
evolution (Sun et al., 2007a). Neither hypogene plutons,
nor eruptive volcanic rocks, can form porphyry deposits.

The association of adakite with porphyry copper depos-
its (Thieblemont et al., 1997; Oyarzun et al., 2001; Zhang
et al., 2001, 2004; Qu et al., 2004a; Wang et al., 2006a,b,
2007b; Xie et al., 2009) has been attributed to high oxygen
fugacity that eliminates sulfides in the mantle source (Mun-
gall, 2002). Most convergent margin magmas, either adak-
ite or normal arc rocks, indicate high oxygen fugacity
(Fig. 5) (Ballhaus, 1993; Arculus, 1994; Brandon and Dra-
per, 1996; Parkinson and Arculus, 1999; Kelley and Cott-
rell, 2009), no matter whether the high oxygen fugacity
was primary, resulting from subduction released fluids
(Sun et al., 2007b) or secondary, due to higher degrees of
magma evolution (Lee et al., 2010). The fact is that por-
phyry copper deposits are selectively associated with adak-
itic rocks. Therefore, there must be additional factors that
control the association between adakites and porphyry cop-
per deposits.

High oxygen fugacity aside, slab melts have much higher
initial copper concentrations than normal arc rocks (Sun
et al., 2010, 2011, 2012b), because of the much higher Cu
abundances in MORB (Hofmann, 1988; Sun et al.,
2003a,b) than in the continental crust (Rudnick and Foun-
Fig. 5. Oxygen fugacities of major tectonic settings (Bryant et al.,
2007). Note that the range of oxygen fugacity for continental
peridotite is much smaller than that of (Bryant et al., 2007), after
removing peridotite samples from Japan and other arc settings. The
oxygen fugacities of convergent margin magmas are systematically
higher than those of intraplate settings. Intraplate settings without
influence from plate subduction are too reduced for Cu
mineralization.
tain, 1995; Rudnick and Gao, 2003) and the mantle
(McDonough and Sun, 1995). In addition, oceanic crust
has sulfur abundances over 1000 ppm (O’Neill and Mavr-
ogenes, 2002), which is about 4 times that of mantle perido-
tite values (McDonough and Sun, 1995) and more than 2
times the continental crust abundance (Rudnick and Gao,
2003). The solubility of sulfur increases dramatically with
increasing oxygen fugacity (Jugo, 2009; Jugo et al., 2010).
In case there is residual sulfide, the sulfide concentration
in melts is independent of oxygen fugacity, and usually
undersaturated during ascent (Mavrogenes and O’Neill,
1999). Additional sulfur is presented in the form of sulfate
at high oxygen fugacity. The higher sulfur concentration in
oceanic crust (source rocks), together with the high oxygen
fugacity of adakite at convergent margins, results in consid-
erably higher sulfate and total sulfur concentrations in slab
melts than normal arc rocks at the same oxygen fugacity.
This is consistent with the high sulfur contents of several
thousand ppm in ore forming porphyries (Xiao et al.,
2012). In addition, the iron content of MORB is higher
than mantle peridotite, such that slab melt tends to have
higher iron contents than mantle derived-magmas. All these
factors promote porphyry copper mineralization.

In summary, Cu is a moderately incompatible element
with abundances of �30 ppm in the primitive mantle
(McDonough and Sun, 1995), �26 ppm in the continental
crust (Rudnick and Gao, 2003), and roughly the same value
for the asthenospheric mantle. Simple magmatic processes
cannot raise its concentration by more than 100 times to
form Cu porphyry deposits. Moreover, Cu is compatible
in amphibole, such that amphibole fractional crystallization
has a negative effect on Cu mineralization. Therefore, nei-
ther fractional crystallization nor partial melting of the con-
tinental crust can explain the close association between
adakite and Cu deposits. Slab melts have considerably
higher initial Cu, S contents and also high oxygen fugaci-
ties, a combination promoting Cu porphyry mineralization
(Sun et al., 2011, 2012a).

5.3. Ore-forming conditions and the stability of the trisulfur

S3
� ion

One may argue that most of the porphyries originated at
high temperature (i.e., >700 �C) and were then intruded to
shallow depths (at pressures lower than 0.5 GPa), condi-
tions which are different from the P–T conditions of
Fig. 2. Notwithstanding the lack of low pressure data for
the trisulfur S3

� ion, the P–T conditions chosen in this
study are reasonable.

Although ore-forming porphyry magmas formed at high
temperature, the final mineralization occurs during the
cooling of hydrous magma chambers from >700 �C down
to <250 �C (Sillitoe, 2010). The major mineralization likely
occurs at temperatures between 400 and 300 �C (Heden-
quist et al., 1998; Valencia et al., 2008; Sillitoe, 2010; Rich-
ards, 2011b).

The trisulfur S3
� ion has been demonstrated to be the

dominant sulfur species at temperatures between 250–
450 �C and 0.5–3.5 GPa, and is more stable at higher tem-
perature (Pokrovski and Dubrovinsky, 2011), i.e., it is



W. Sun et al. / Geochimica et Cosmochimica Acta 103 (2013) 263–275 271
stable at magmatic temperature (Winther et al., 1998).
Therefore, our model is also valid at high temperature.
Pressure has much less effect on the stability of trisulfur
S3
� ion as illustrated by the available data. It is suggested

that trisulfur S3
� ion is stable and plays a major role at

pressures between 0.05 and 0.5 GPa (Pokrovski and Dubro-
vinsky, 2011). Therefore, the P–T conditions of Fig. 2 are
appropriate for illustration.

Most of the porphyries, with the exception of several
giant deposits, are small with surface exposure of less than
1 km2, which is not big enough to supply all the metals lo-
cally. Therefore, ore-forming materials must come from
additional sources. Studies show that in addition to mag-
mas at shallow depths (at paleodepths < 5 km), porphyry
systems are usually related to underlying composite plutons
at paleodepths of 5–15 km (Sillitoe, 2010), which supply
magmas, fluids and other ore-forming materials for the
deposits (Seedorff et al., 2008). The bulk metal budget of
porphyry copper deposits is primarily controlled by the
composition of the incoming fluid from an underlying mag-
ma chamber (Ulrich et al., 1999), therefore, the oscillation
of hematite and magnetite crystallizations is probably also
common at depths, controlling the supply of metals, sulfur
and potassium. This is supported by hematite in drillhole
samples from diorite in depths in the Zijinshan porphyry
copper deposit.

6. CONCLUSIONS

(1) The final mineralization process of porphyry copper
deposits is controlled by the reduction of sulfate at
the expense of ferrous iron oxidation. Therefore,
the highest initial oxygen fugacity of the magmas
favorable for porphyry copper deposits should be
lower than the hematite–magnetite buffer, as this pro-
vides ferrous iron in the system.

(2) The hematite–magnetite oscillation implies intensive
sulfate reduction, which is favorable for giant por-
phyry copper deposits.

(3) Oxidation of calc-alkalic adakitic rocks with major
components from slab melting is one of the best can-
didates for formation of giant porphyry copper
deposits. High oxygen fugacity may eliminate sulfide
in the source region and keep the melt sulfide
undersaturated, thereby promoting porphyry copper
mineralization. Adakitic rocks have higher initial
contents of copper, sulfur and iron than normal
arc rocks, which are essential for porphyry Cu
mineralization.
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