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Introduction
IN ONE of the earliest detailed studies conducted on porphyry
Cu deposits, Lindgren (1905) concluded that the metals pre-
cipitated from fluids that were derived from the small, char-
acteristically porphyritic intrusions that are temporally and
spatially associated with this type of ore deposit. Later re-
search revealed that these porphyry stocks are connected to
large, equigranular intrusions at greater depth, and it is these
latter intrusions rather than the porphyry stocks themselves
that provided the mineralizing fluids (Emmons, 1927; Sillitoe,
1973). This model was challenged in the 1970s and 1980s
when the hydrogen and oxygen isotope signature of some al-
teration minerals was found to be dominated by meteoric
water (Taylor, 1974). It was thus suggested that the magmas
may have acted only as a heat source, driving the circulation
of meteoric fluids that leached metals and sulfur from the
country rocks (Norton, 1982). However, subsequent work
 involving sulfur, lead, and osmium isotopes, numerical simu-
lations, and fluid inclusions, as well as hydrogen and oxygen
isotope compositions of early-formed alteration minerals,

 revealed that this model was incomplete, and that the
water, sulfur, and metals indeed were derived from magmatic
sources, as originally suggested long before (Hedenquist and
Richards, 1998).

Comprehensive reviews on the role and origin of magmas in
the formation of porphyry Cu deposits can be found in, e.g.,
Burnham (1997), Burnham and Ohmoto (1980), Cline and
Bodnar (1991), Hedenquist and Lowenstern (1994), Richards
(2003, 2011), Candela and Piccoli (2005), Seedorff et al.
(2005), Sillitoe (2010), and Simon and Ripley (2011). Here we
use the term “porphyry Cu” for any porphyry-type deposit re-
lated to one or more shallow intrusions that produce Cu as the
principal commodity, i.e., including Mo- and/or Au-rich por-
phyry systems (Seedorff et al., 2005). Any genetic model of
porphyry Cu formation should be able to explain the follow-
ing empirical observations and general trends that have been
noted during the past ~100 years of research, as summarized
most recently by Seedorff et al. (2005) and Sillitoe (2010).

Most porphyry Cu deposits are located within volcano-
 plutonic magma systems in arc settings. Many of the largest
deposits formed during compressional regimes characterized
by substantial crustal thickening and rapid uplift; the miner-
alization is spatially related to multiple porphyry intrusions of
 intermediate to silicic composition that were emplaced before,
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This paper deals with the earliest stages of formation of porphyry Cu deposits, starting with the production

of partial melts in the mantle and ending where upper crustal magmas reach their solidus and potentially have
exsolved a metal-bearing hydrothermal fluid. During all these stages magmatic sulfides exert a major control
on the budget of ore-forming metals in the magma. High metal concentrations in mafic arc magmas are favored
by low degrees of partial melting in the mantle source region, and by limited removal (or effective redissolu-
tion) of magmatic sulfides in the lower crust. Ascending magmas accumulate in large, compositionally strati-
fied magma chambers in the upper crust (5- to 15-km depth), which represent the exsolution source of the min-
eralizing fluids for the shallower porphyry Cu deposits. Interaction between mafic and felsic magmas in these
magma chambers leads to partial mingling/mixing, volatile release, and the formation of magmatic sulfides that
incorporate large amounts of Cu and Au, but only little Mo. For porphyry Cu mineralization, it is essential that
these magmatic sulfides are subsequently destroyed and thereby release their contained metals to the miner-
alizing fluids. Evidence from experimental phase equilibria studies and melt inclusions hosted in phenocrysts
from plutonic and volcanic rocks in arc environments, combined with fluid inclusion evidence from porphyry
Cu deposits, suggest that silicate melts that ultimately give rise to porphyry Cu deposits are likely saturated first
with a CO2-rich fluid and later give way to single-phase, low-salinity (typically 5−10 wt % NaCl equiv) aqueous
fluids. At the typical fO2 conditions of porphyry Cu-forming magmas (ΔFMQ + 1 to ΔFMQ + 3), sulfur occurs
mostly as SO2 in the fluid. Efficient Cu removal from the magma into the overlying porphyry environment is
favored by the exsolution of an S-bearing volatile phase that has a low HCl/alkali chloride ratio. The ability of
the ore fluid to scavenge and transport Cu increases with increasing fO2 and the concentration of K in the aque-
ous fluid, and may be maximized at high ratios of SO2/H2S of the fluid. Once formed, efficient focusing of the
ore fluid into the upper portions of the magma chamber may be favored by the development of permeable melt
channels that act as conduits for the ascent of ore fluid in a pressure gradient through the crystallizing magma.
These conduits likely facilitate the contribution of S, Cu, and other metals from mafic silicate melt that ponds
at deeper levels of the magma system.
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during, and after mineralization. The shallow porphyry stocks
are connected to large magma chambers situated at 5- to
15-km depth, which have batholithic dimensions, are multi-
phase, and of dioritic to granitic in composition. Many of
these magma chambers were active over millions of years,
which led in some cases to the formation of andesitic strato-
volcanoes or other volcanic edifices. Mineralized porphyry
intrusions typically are emplaced late in the lifetime of the
magmatic systems, after much of the volcanic activity had
ceased. Most magmas are of calc-alkaline affinity, but some
are also alkaline. Both kinds of magmas are more hydrous,
oxidized, and sulfur-rich compared to mid-ocean ridge
basalts (MORB). Molybdenum-bearing porphyries are typi-
cally related to more felsic intrusions, whereas Au-rich de-
posits are typically associated with more mafic and/or more
alkaline intrusions.

In this paper we summarize some views and concepts con-
cerning the early stages of porphyry Cu genesis, starting from
magma production in the asthenospheric or lithospheric man-
tle, and ending at the stage where upper crustal magmas
reach their solidus and aqueous fluids expelled from them
enter fully solidified rock volumes (Fig. 1). We note that these
stages do not follow a strict time sequence but may occur si-
multaneously at different levels in the Earth. Throughout this
evolution we pay particular attention to the role and evolution
of magmatic sulfides, which strongly sequester certain ore
metals and thus dominate their mass budget in the magma.
Much of what we know about the early stages in the evolution
of porphyry Cu deposits has been gained through the study of
active, sulfur-rich arc volcanoes such as Mount Pinatubo
(Philippines), El Chichón (Mexico) and Lascar Volcano

(Chile), which share many similarities to embryonic porphyry
Cu systems.

Origin of Arc Magmas
Since porphyry Cu deposits are ultimately a product of arc

magmatism it is necessary to discuss the various ways in which
arc magmas can be generated. By far the most abundant
magma type in arc environments is andesite (comprising
~80% of the erupted magma), followed by basaltic andesite,
basalt, and potassium-rich magmas (e.g., Ownby et al., 2008;
Rowe et al., 2009). All of these magma types can also be
found in spatial and temporal association with porphyry Cu
deposits (Seedorff et al., 2005; Sillitoe, 2010), but their ori-
gins are diverse (Fig. 1).

Origin of andesites

The origin of andesites is still a matter of debate. Numerous
studies have shown that andesitic magmas can be produced by
physical mixing or mingling of felsic and mafic components
(melts, phenocrysts, xenocrysts, antecrysts) in upper crustal
magma chambers, and the omnipresence of disequilibrium
mineral assemblages suggests that this is a common mode of
andesite formation (e.g., Reubi and Blundy, 2009; Kent et al.,
2010). However, andesitic magmas are produced also at
greater depth. In a review on deep origins of andesitic mag-
mas, Annen et al. (2006) concluded that they most likely form
through a combination of fractional crystallization of mantle-
derived basalts ponding at the mantle-crust boundary, partial
melting of lower crustal rocks, and extensive mixing between
these magmas. This model is similar to the mixing-assimila-
tion-storage-homogenization (MASH) model of Hildreth and
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FIG. 1.  Reconstructed cross section through the subduction zone in northeastern Japan (left, modified after Kimura et
al., 2009), and approximate location of magma processes relevant for porphyry Cu formation (right). (1) Partial melting in
the asthenospheric mantle; (1') partial melting in lithospheric mantle; (2) accumulation and subsequent partial melting of
primitive mantle melts stalling at the crust-mantle boundary; (3) formation of large, compositionally zoned magma chamber
in the upper crust, which are repeatedly replenished by ascending mafic magmas. MOHO = Mohorovičić discontinuity. Hy-
drous mineral stabilities in the subducting oceanic plate: Am = amphibole, Lw = lawsonite, Zo = zoisite. Small black arrows
indicate direction of mantle flow; white arrows indicate slab dehydration; yellow to red shades in the mantle wedge repre-
sent areas of reduced S-wave velocities, which are interpreted to reflect partial melting. The blue-green area above the
oceanic crust indicates metasomatized peridotite.
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Moorbath (1988) and is in accord with the presence of mafic
and ultramafic cumulates at the crust-mantle boundary (e.g.,
Greene et al., 2006; Jagoutz et al., 2006). Both the shallow-
mixing model and the deep-origin model imply that andesites
are not primary mantle melts and thus say little about the be-
havior of sulfur and metals during mantle melting.

Origin of arc basalts

Integration and interpretation of geochemical, petrologic,
and seismic data suggest that basaltic arc magmas are the re-
sult of partial melting in the asthenospheric mantle, triggered
by fluids ascending from the subducting oceanic plate (e.g.,
Iwamori, 1998; Kimura et al., 2009). However, virtually all arc
basalts found at the Earth’s surface experienced significant
fractionation, assimilation, and hybridization during their as-
cent, and thus are far from pristine. Experimental work, nu-
merical modeling, and studies of melt inclusions in rare,
forsteritic olivines have shown that primary mantle melts in
arc settings contain 12 to 14 wt % MgO, ~1.5 to 5.0 wt %
H2O, and are generated by ~5 to 25% partial melting at con-
ditions ranging from 1,100° to 1,200°C at 1 GPa to 1,300° to
1,400°C at 2.5 GPa (Sobolev and Chaussidon, 1996; Ulmer,
2001; Pichavant et al., 2002; Wallace, 2005; Johnson et al.,
2009; Kimura et al., 2009).

There is no consensus with regard to the oxidation state of
the mantle in arc settings relative to other tectonic settings.
However, it has been demonstrated that the oxidation state of
primitive, basaltic melt inclusions increases toward subduc-
tion zones and correlates with increased concentrations of
volatiles (H2O, S, Cl) and fluid-mobile elements such as Rb,
K, Cs, Ba, Sr, Li, B, Pb, As, and Sb. This suggests that sub-
duction-related fluids (aqueous and/or silicate melts) oxidize
the overlying mantle wedge (Johnson et al., 2009; Kelley and
Cottrell, 2009). This interpretation is supported by studies
that demonstrate that the oxidation state of mantle xenoliths
increases with increasing degree of hydrous metasomatism
(Ballhaus et al., 1990). The oxygen fugacity of most arc basalts
lies 1 to 3 log units above the fayalite-magnetite-quartz fO2
buffer (ΔFMQ + 1 to ΔFMQ + 3; e.g., Jugo et al., 2010, and
references therein).

Origin of primitive potassic magmas

There is broad consensus that primitive potassic magmas
such as absarokites, shoshonites, and lamprophyres (i.e., mag-
mas that contain more K2O than Na2O by wt and plot within
or above the fields of basanite/tephrite, trachybasalt, and
basaltic trachyandesite in the total alkalis vs. silica (TAS) dia-
gram) originate by low-degree partial melting of phlogopite-
bearing, metasomatized mantle that became enriched in in-
compatible elements during episodes of plate subduction
(e.g., Foley, 1992; Carmichael et al., 1996; Luhr, 1997; Farmer,
2003). However, in contrast to andesitic and basaltic magma-
tism, primitive potassic magmatism commonly postdates ac-
tive subduction and correlates with the onset of extensional
tectonics, which allowed partial melts to ascend directly to
the surface without extensive crystallization and/or hybridiza-
tion in the lower crust. Primitive potassic magmas are very
 oxidized (up to ΔFMQ + 5) and extremely rich in water (up
to 7 wt % H2O) and incompatible elements, for which reason
they have been said to represent the “essence” of subduction

zone magmatism (Luhr, 1997). Current discussions revolve
around the question as to whether these magmas were
 produced in the asthenospheric or lithospheric mantle, and
what process caused the partial melting. A lithospheric source
was suggested by, for example, Carmichael et al. (1996), Feld-
stein and Lange (1999), and Ownby et al. (2008), based on (1)
experimental studies showing that K-rich, hydrous phases
such as phlogopite and K richterite are unstable at the pres-
sure-temperature (P-T) conditions prevailing in the asthenos-
phere (e.g., Farmer, 2003), (2) significant time gaps between
subduction-related metasomatism and partial melting (e.g.,
Feldstein and Lange, 1999), and (3) because their composi-
tion is in agreement with the results of partial melting exper-
iments of veined xenoliths derived from the lithospheric man-
tle (e.g., Foley, 1992). Other workers (e.g., Maria and Luhr,
2008; Vigouroux et al., 2008) inferred an origin in the as-
thenospheric mantle because of their common enrichment in
light rare earth elements (LREEs) relative to heavy REEs
(HREEs), which was interpreted to be indicative of residual
garnet in the source. Although garnet can be stable in the
lithospheric mantle beneath areas of thick continental crust
such as the Colorado Plateau (Liu et al., 2011a), it is unlikely
to be stable in areas of thin lithosphere such as the Trans-
Mexican Volcanic Belt (Ferrari et al., 2012). On the other
hand, it has been demonstrated that high LREE/HREE ra-
tios can be obtained also by other processes such as HREE
depletion during partial melting followed by metasomatic
LREE enrichment (Williams et al., 2004), or by partial melt-
ing in the presence of apatite (Wass and Rogers, 1980), im-
plying that LREE-enriched potassic magmas may be pro-
duced also in shallow lithospheric mantle. Reconstructed P-T
conditions of partial melting are 1.0 to 3.0 GPa and 1,050° to
1,200°C, i.e., slightly cooler than the estimated formation
temperatures of arc basalts at the same pressure (Feldstein
and Lange, 1999; Conceição and Green, 2004; Harder and
Russell, 2006; Vigouroux et al., 2008; Liu et al., 2011b).

Sulfur Content of Primitive Arc Magmas
The solubility of sulfur in silicate melts depends strongly on

fO2, melt composition (e.g., FeO, CaO content), temperature,
and pressure (e.g., Baker and Moretti, 2011). The effect of
oxygen fugacity on sulfur speciation and solubility in mafic sil-
icate melts is illustrated in Figure 2. At fO2 conditions below
~FMQ + 1.0, the dominant oxidation state of sulfur is S2− and
the saturating phase is an Fe-Ni (-Cu) sulfide by contrast, the
saturating phase is anhydrite (or, more rarely, barite) at fO2
conditions above ~FMQ + 1.0 because the dominant sulfur
oxidation state is S6+ (Fig. 2A). However, depending on the
relative activities of CaO, FeO, NiO, and CuO in the silicate
melt, Fe-Ni-Cu sulfides can also exist at fO2 greater than
~FMQ + 1.0, or anhydrite at lower fO2. Because S2− is much
less soluble than S6+, the sulfur saturation limit in mafic sili-
cate melt sharply increases in the range of FMQ to FMQ +
1.5 (Fig. 2B).

Primitive, olivine-hosted melt inclusions from arc settings
typically contain between 0.1 and 0.3 wt % S, but potassium-
rich magmas, which typically are associated with Au-rich por-
phyry copper deposits (e.g., Müller and Groves, 2000), contain
up to 0.9 wt % S (Wallace and Edmonds, 2011). This trend is in
agreement with the more oxidized nature of potassic magmas
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(Fig. 2). In a detailed melt inclusion study on the Cascades,
Rowe et al. (2006) reported that primitive potassic melts, low
K melts, and “enriched intraplate melts” record a conspicu-
ous across-arc variation in terms of fO2 and fluid-mobile ele-
ments such as Cl, Na, K, Rb, Ba, Pb, and U, whereas calc-al-
kaline melts do not display such a trend. In the former melts,
fO2 (as reconstructed from S6+/S2− ratios) increases continu-
ously with increasing sulfur concentration (Fig. 3), with some
values reaching the sulfur saturation curve (shown in Fig.
2B).

A similar increase in dissolved S concentrations with in-
creasing S6+/S2− ratios was observed by Métrich and Clocchi-
atti (1996) in primitive, potassic melt inclusions analyzed
from two Italian volcanoes. The results of these two studies

suggest that the sulfur content of the partial melts was
buffered—otherwise the sulfur concentrations would not
continuously increase with increasing oxidation state. Since
reports of sulfates are rare in mantle rocks, the buffering
likely was related to sulfides. This interpretation contrasts
with views that the oxidized nature and correspondingly high
sulfur solubility in primitive potassic melts should have led to
complete exhaustion of sulfides in the mantle source region
(e.g., Mungall, 2002; Jugo, 2009). Apparently, the combina-
tion of low-degree partial melting and sulfur enrichment dur-
ing hydrous mantle metasomatism (e.g., McInnes et al., 2001)
does not necessarily result in sulfide exhaustion.

There is a vast amount of literature dealing with the com-
position and distribution of sulfides in mantle rocks. Two
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types of sulfides are commonly observed: Os, Ir-enriched sul-
fides that are fully enclosed in silicate minerals, and compar-
atively Os, Ir-poor, but Cu-, Ni-, Pd-, and Pt-rich sulfides that
occur interstitially and are thought to have been introduced
during metasomatic events (Alard et al., 2000; Bockrath et al.,
2004). Based on the PGE systematics of primitive arc basalts
it has been argued that their source region remained sulfide
saturated at the time of partial melting during basalt genera-
tion (Woodland et al., 2002). Others proposed that sulfides
were likely exhausted due to the low sulfur content of average
mantle (200−250 ppm S) and the comparatively high degrees
of partial melting. In either case, it seems unlikely that arc
basalts could preserve absolute and relative metal abun-
dances attained in the mantle source region because they al-
most invariably were affected by subsequent stages of sulfide
fractionation and/or partial melting during their ascent
through the crust (Woodland et al., 2002).

Metal Content of Primitive Arc Magmas
The metal content of primitive arc magmas depends on

many factors including: (1) the amount of sulfide present in
the source, (2) the type(s) of sulfide(s) present, (3) the degree
of partial melting, (4) sulfide-silicate melt partition coeffi-
cients, and (5) the amount of sulfides physically entrained in
the magma. According to the evidence presented above, sul-
fides should have been present at least at the beginning of
partial melting, but they may have been consumed at higher
degrees of partial melting. These sulfides were either molten,
solid, or consisted of both sulfide liquid and crystalline sul-
fide, depending on their bulk composition and the prevailing
P-T-fO2 conditions. Combined evidence from experimental
phase relationships, estimated P-T-fO2 conditions of partial
melting (as discussed above), and published mantle sulfide
compositions (e.g., Alard et al., 2000) suggest that both sul-
fide melts and crystalline sulfides (mostly monosulfide solid
solution, abbreviated “Mss”) may have been present in the
source region of primitive arc magmas (Figs. 4, 5).

A coherent set of experimental sulfide mineral-sulfide
melt-basanitic silicate melt partition coefficients for 15 ore
metals at upper mantle conditions has recently been obtained
by Li and Audétat (2012; Fig. 6). The data suggest that, at
oxygen fugacities relevant for arc magmas, Ni, Cu, Ag, and Au
strongly partition into both Mss and sulfide liquid relative to
silicate melt, whereas Zn, As, Mo, Sn, Sb, and W partition
into the silicate melt; Pb and Bi partition into sulfide liquid
but are less compatible in Mss. 

The value of the sulfide/silicate melt partition coefficient
combined with the sulfur solubility in the melt determines
how the metal content of the silicate melt and that of a resid-
ual sulfide (independent of whether it is a solid or a liquid)
evolve during partial melting. At a sulfur solubility of 0.2 wt
% in the silicate melt, metals with sulfide/silicate melt parti-
tion coefficients >500 get enriched in both the silicate melt
and the residual sulfide with increasing degree of partial
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melting, whereas metals with sulfide/silicate melt partition
coefficients <500 become increasingly depleted in both
phases (assuming that the sulfide is the only source of metals).
At a sulfur solubility of 0.1 wt % in the silicate melt the
threshold partition coefficient lies at 1,000, whereas at a sul-
fur solubility of 0.4 wt % it lies at 250 (i.e., it is always the in-
verse of the sulfur solubility expressed as wt fraction). These
relationships do not depend on whether partial melting is
modeled as equilibrium melting or fractional melting—the
only difference is that in the latter case the degree of enrich-
ment or depletion is higher.

Sulfide-saturated arc basalts typically contain between 0.2
and 0.4 wt % S; hence, for the following we assume that the
threshold coefficient was between 500 and 250 (gray bar, Fig.
6). In this case, partial melting of a mantle source that contains
Mss as the sole sulfide phase causes the concentrations of all
15 metals shown in Figure 6 to decrease in both silicate melt
and sulfide with increasing degree of partial melting, except
potentially Ni and Cu. If the only sulfide phase present dur-
ing partial melting is sulfide melt, then Ni, Cu, Ag, and Au be-
come increasingly enriched in both silicate melt and sulfide.
Gold is most strongly enriched because it has the highest
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sulfide melt/silicate melt partition coefficient. Based on this
effect, it has been proposed that dissolution of residual sul-
fides left after previous stages of melt extraction would gen-
erate magmas with particularly high Au/Cu ratios (Richards,
2009; see below). Similarly, Mungall (2002) argued that sul-
fides must be completely consumed in the mantle source re-
gion in order to produce Cu- and Au-rich magmas. We note,
however, that these models are valid only if sulfide liquid is
the dominant sulfide phase in the source region, whereas the
relationships shown in Figure 4 suggest that in the asthenos-
pheric mantle both Mss and sulfide liquid are present, and in
the lithospheric mantle Mss dominates.

Another issue is whether partial melts can physically en-
train sulfide phases, and thus transport more sulfur than can
actually be dissolved in the melt. Based on PGE patterns in
natural magmas and textural relationships in experimental
run products, Bockrath et al. (2004) proposed that sulfide liq-
uid may indeed get entrained in segregating silicate melts,
whereas Mss tends to remain in the source. On the other
hand, primitive arc magmas are typically devoid of sulfides
when they arrive in the upper crust (e.g., Keith et al., 1997;
Halter et al., 2005; Audétat and Pettke, 2006), an observation
that is inconsistent with a major role for mechanical transport
of metal sulfides in arc settings. The common absence of sul-
fides in primitive arc magmas is consistent with the negative
pressure effect of sulfide solubility in fluid-undersaturated
mafic melts (Baker and Moretti, 2011), causing originally sul-
fide-saturated magmas to become slightly undersaturated
during ascent (e.g., Tomkins and Mavrogenes, 2003).

Magma Ascent and Formation of 
Upper Crustal Magma Chambers

Due to the density contrast between mantle and crust
(which is reflected in the seismic Mohorovičić-MOHO-dis-
continuity), primitive mantle melts tend to stall at the crust-
mantle boundary rather than ascend directly to shallower
 levels. Repeated emplacement of mafic magma into the low-
ermost crust causes partial melting of the surrounding crustal
material and the development of crystal-rich mush zones that
act as a barrier for subsequent batches of rising basaltic mag-
mas (Hildreth and Moorbath, 1988; Annen et al., 2006; Bach-
mann et al., 2007). Intermediate to silicic magmas generated
in these regions by partial remelting of previous magma
batches ascend to higher levels in the crust and leave mafic
cumulates behind, as evidenced by the presence of kilometer-
thick zones of mafic and ultramafic cumulates in exposed lower
crustal terranes (Greene et al., 2006; Jagoutz et al., 2006).
Some of these cumulates are denser than the underlying
mantle rocks and thus are delaminated and recycled back into
the mantle, a process that is suggested to be responsible ulti-
mately for the generation of continental crust (Annen et al.,
2006). Magmatic sulfides seem to be rather common in lower
crustal cumulates (Richards, 2011), and thus are likely to in-
fluence the behavior of metals at this stage of magma evolu-
tion. This could happen in two ways: (1) by sulfide precipita-
tion in response to magma cooling and magma mixing, and (2)
by redissolution of already precipitated sulfides during subse-
quent stages of partial melting. Process (1) is basically the op-
posite of the partial melting scenario discussed above; i.e.,
metals with a sulfide/silicate melt partition coefficient that is

greater than 250 to 500 become depleted in both silicate melt
and magmatic sulfides during progressive sulfide precipita-
tion, whereas metals with partition coefficients smaller than
250 to 500 become enriched. If significant amounts of metals
are incorporated in other precipitating minerals (e.g., amphi-
bole), then the threshold sulfide/silicate melt partition coeffi-
cient is shifted toward a higher value. The type of precipitating
sulfide (liquid vs. solid) again depends on the P-T conditions
and the abundances of Ni and Cu in the melt. However, with
decreasing temperature, the stability field of Ni-bearing Mss
greatly expands; hence, sulfide liquid can precipitate only
from silicate melts that are rich in Cu and comparatively poor
in Ni. In this case, sulfide liquids that precipitate early will
have a relatively high Au content.

The common association of Au-rich porphyries with alka-
line magmas emplaced after the main period of plate subduc-
tion has been explained in an elegant model by Richards
(2009). In this model, continental collision or changes in the
subduction angle leads to lithospheric thickening, lithosphere
delamination, or lithosphere extension, which in turn results
in partial (re-)melting of lithospheric mantle and mafic cu-
mulates in the lower crust. Both regions may contain small
amounts of Au-rich sulfides. In the lithospheric mantle this
will be the case if previous stages of melt extraction left small
amounts of sulfide liquid behind; by contrast, it will be the
case in the lower crust if the mafic cumulates are rich in early-
formed sulfide liquids. Dissolution of such sulfide liquids dur-
ing partial (re-)melting generates magmas with high Au/Cu
ratios.

The fate of magmas ascending from lower crustal levels de-
pends partly on the nature of the magmas themselves (e.g.,
magma composition, crystal content, and temperature, which
together determine their viscosity) and partly on external fac-
tors such as regional tectonic regime, magma influx rate, and
the resulting thermal state and rheology of the surrounding
crust (Bachmann et al., 2007). In the absence of external fac-
tors, hot, dry magmas tend to erupt, whereas cool, hydrous
magmas reach their solidus earlier and therefore tend to crys-
tallize at depth. The magma influx rate should be sufficiently
high to prevent previous magma batches from complete so-
lidification before the next batch arrives, but it should not be
so high that the majority of magma erupts. Once a magma
body stalls in the cold upper crust, it can act as a trap for sub-
sequent batches of ascending magmas as long as it remains
partially molten. Each arrival of hot, mafic magma thus reju-
venates the system and gradually leads to the formation of
large, long-lived magma chambers in the upper crust (Bach-
mann and Bergantz, 2008). Such magma chambers have been
identified beneath almost every well-studied arc volcano
(Rutherford, 2008) and appear to be an essential step in the
formation of porphyry Cu deposits.

Processes Operating in Upper Crustal Magma Chambers

Compositional layering and magma mixing

The evolution of upper crustal magma chambers depends
strongly on magma input rate. High magma input may result
in intensive magma mixing and volcanic activity, whereas low
magma input rates cause the magma chambers to stagnate,
cool to crystal-rich mushes, and become compositionally
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stratified. If mafic magmas intrude into the base of such stag-
nated magma chambers, the crystal-rich mushes are partially
remelted, stirred, and may potentially erupt, but depending
on the density contrast between the two magmas and their
crystallinities, the degree of mixing may be quite low (Bach-
mann and Bergantz, 2008). Detailed insights into these
processes have been provided by recent eruptions, including
those of Mount Pinatubo, Lascar, Popacatapetl, and El
Chichón. However, we stress that active volcanoes can be
only representative of embryonic porphyry Cu systems and
that volcanic activity—in particular the occurrence of large,
caldera-forming eruptions—generally has a negative influ-
ence on the mineralization potential (e.g., Sillitoe, 1980; Pas-
teris, 1996).

Transport of volatiles and metals from mafic to felsic magmas

An excellent review on volatile fluxing in upper crustal
magma chambers was prepared by Wallace and Edmonds
(2011). They summarized evidence demonstrating that non -
erupted mafic magmas supply sulfur and other volatiles to
long-lived intermediate to silicic magma reservoirs, and that
the transfer of heat and volatiles commonly triggers the erup-
tion of andesitic and dacitic magmas. In many cases it appears
that the mafic magma arrived in multiple, small pulses and

mingled only partially with the resident magma, resulting in a
transfer of volatiles with minimal change in the bulk compo-
sition of the resident magma. Accumulation of sulfur-rich flu-
ids in the upper parts of the magma chambers and their pref-
erential release during eruptions is considered as the most
likely explanation for the “excess sulfur problem”; i.e., the
eruption of more sulfur than could have been stored in the
erupted magma volume. At Mount Pinatubo, Lascar, and El
Chichón, the transfer of sulfur-rich fluids from underplated
mafic magmas apparently led to the formation of anhydrite in
the overlying intermediate to felsic magmas (Hattori, 1993;
Matthews et al., 1999; Parat et al., 2011). Petrographically
similar, anhydrite-bearing magmas have been identified also
in the porphyry Cu mineralized systems at Santa Rita, New
Mexico (Audétat and Pettke, 2006), El Teniente, Chile (Stern
et al., 2007), and Yanacocha, Peru (Chambefort et al., 2008).
It has been proposed that these sulfur-rich fluids also trans-
ported significant amounts of metals from the mafic to the
more felsic magmas (e.g., Hattori, 1993; Keith et al., 1997;
Hattori and Keith, 2001). This model (Fig. 7) is supported by
high metal concentrations measured in volcanic gases
(Williams-Jones and Heinrich, 2005; Nadeau et al., 2010), ev-
idence for Cu enrichment in the stored magma at Mount
Etna by a percolating vapor phase (Collins et al., 2009), and
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the presence of Cu-, Zn-, Se-, Cd-, Ag-, and As-rich sulfides
in the dacitic to rhyodacitic magmas of Mount Pinatubo (Hat-
tori, 1993). The latter elements are known to behave in a par-
ticularly volatile manner in magmatic environments (e.g.,
Symonds et al., 1987; Taran et al., 2001). Simultaneous for-
mation of anhydrite and Cu-rich sulfides in the felsic upper
parts of compositionally zone magma chambers may be ex-
plained by the following reaction:

8SO2 (vap) + CuCl2 (vap) + H2O(vap) + 6CaO(melt) + FeO(melt) = 
6CaSO4 + CuFeS2 + 2HCl(vap). (1) 

The role of magmatic sulfides

The role of magmatic sulfides in the upper crustal magma
chambers beneath porphyry Cu deposits remains controver-
sial. Some people (e.g., Müller et al., 2001) view sulfides as a
hindrance to mineralization because they sequester ore metals
that are then not available for the subsequently exsolved ore-
forming fluids. Other people (e.g., Keith et al., 1997) have pro-
posed that sulfides only act as temporary storage media and
therefore neither reduce nor increase the mineralization po-
tential. It even could be imagined that magmatic sulfides pro-
mote the mineralization potential because the accumulation
and temporary storage of ore metals in sulfides—for which
mechanisms exist to break down—prevents these metals from
being permanently sequestered by other nonsulfide minerals.

Studies of porphyry Cu systems with preserved mafic mag-
mas showed that these magmas typically were sulfide under-
saturated, whereas intermediate magmas commonly con-
tained abundant sulfides and display strong evidence for
magma mixing (e.g., Keith et al., 1997; Halter et al., 2005; Au-
détat and Pettke, 2006). These and similar studies performed
on active sulfur-rich volcanoes (e.g., Hattori, 1997) have
shown that magmatic sulfides that are not fully enclosed
within other phenocryst phases decompose during magma
crystallization and degassing, and become replaced by fine-
grained iron oxides (Fig. 8).

In the magma system associated with the porphyry Cu (Mo,
Au) deposit at Santa Rita, New Mexico, mixing between a
basaltic andesite magma and a rhyodacite magma caused
abundant sulfide precipitation and a corresponding decrease
in the Cu content of the residual silicate melt, as recorded by
melt inclusions analyzed from rocks that range from basaltic
andesite to rhyodacite in composition (Fig. 9; Audétat and
Pettke, 2006). In contrast, Mo concentrations in the same
melt inclusions do not seem to be affected by sulfide precip-
itation but rather increase with increasing degree of magma
fractionation (Fig. 9). It has to be noted that silicate melt in-
clusions—if well preserved—are better suited to reconstruct
volatile and metal abundances in magmas than whole-rock
samples, since the former trap melt at various stages and are
preserved in phenocrysts, whereas the latter typically were
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depleted in these components during crystallization and de-
gassing. The contrasting behavior of Cu and Mo in the silicate
melts from Santa Rita can be explained by their vastly differ-
ent sulfide/silicate melt partition coefficients (Fig. 6), which
caused Cu to behave compatibly and Mo to behave incom-
patibly. This observation is consistent with the proposition of
Candela and Holland (1986). A quantitative investigation of
magma crystallization at Santa Rita revealed that ~45 times
more Cu was incorporated into magmatic sulfides than into
other minerals (Audétat and Pettke, 2006), which argues
against the above-mentioned idea of a promotion of the min-
eral potential by magmatic sulfides.

In several cases it has been observed that metal ratios in
magmatic sulfides match those of the associated porphyry
Cu mineralization. The first case was described for Bajo de
la Alumbrera, Argentina, where the average Au/Cu ratio of
sulfide inclusions in andesitic rocks was found to be similar
to the average Au/Cu ratio in high-temperature brine inclu-
sions and the Au/Cu ratio of the bulk ore (~0.00014; Halter
et al., 2005). This Au/Cu ratio is 30 to 40 times higher than
that of average upper crust and that of primitive mantle,
suggesting that the metals likely originated from this spe-
cific andesitic magma or its parent, and that the magmatic
sulfides only acted as temporary storage media. A similar
case has been described by Stavast et al. (2006) for Bingham
Canyon, Utah. They studied a genetically related latite sill
that intruded at 4-km distance from the open pit into the
base of the overlying stratovolcano and was quenched to
glass at its rims. Magmatic sulfides are present in the glassy
rims but were destroyed and replaced by spongy iron oxides
in the crystallized, degassed dike interior. Whole-rock analy-
ses demonstrate that major amounts of sulfur and metals in
the magma were lost during degassing of the crystallized
dike interior, and that the relative masses of elements lost
are similar to the relative abundances of these elements in
the bulk ore (Fig. 10). In this case, however, the metal ratios
are similar to both the average upper continental crust and
the most primitive, apparently mantle-derived melanepheli-
nite magma identified at Bingham (Maughan et al., 2002),
for which reason no firm conclusions regarding the origin of

the metals can be drawn. Absolute concentrations of Cu in
the melanephelinite are about five times higher than in the
upper continental crust.

Evidence in support of transient storage of metals in mag-
matic sulfides has recently been reported also from the active
Merapi volcano, Indonesia (Nadeau et al., 2010). These work-
ers analyzed sulfide inclusions in phenocrysts hosted by mag-
mas erupted in 2006 and compared the metal contents of the
sulfide inclusions with the metal concentrations measured in
gas samples taken from fumaroles at the top of the volcano at
various stages before and after eruption. They reported that
the absolute metal abundances were much higher in the vol-
canic gases sampled after the eruption and that the Fe-Ni-
Cu-Co ratios in the sampled gases match the metal ratios de-
termined for the magmatic sulfides.

The exact cause of sulfide destabilization may be difficult to
determine, but in most cases it seems to be ultimately related
to degassing. There are several stages in the evolution of vol-
cano-plutonic systems where magmatic sulfides can be con-
sumed or destroyed in this way: (1) during the intrusion of
mafic magmas and their mixing with more felsic magmas, (2)
during fluid-saturated magma crystallization, (3) during pres-
sure drops associated with volcanic eruptions, and (4) during
late-magmatic to subsolidus cooling.

Insights into the first process come from the work of Di
Muro et al. (2008), who studied mafic enclaves of various
sizes entrained in andesite at Mount Pinatubo. They found
that large enclaves retained much more sulfur and chal-
cophile elements than small enclaves and concluded that
 efficient release of these elements to magmatic fluids re-
quires effective mingling/mixing of the magmas. Removal of
sulfur-rich aqueous fluid(s) during fluid-saturated magma
crystallization may be a common way to consume magmatic
sulfides in evolving magma chambers (e.g., Candela and
 Holland, 1986; Candela, 1989). Volcanic eruptions cause
rapid pressure drops and degassing not only in the extruded
magma but also in part of the underlying magma chamber.
This process was invoked by Halter et al. (2005) to explain
the absence of magmatic sulfides in extrusive magmas, but
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their presence in intrusive magmas at Bajo de la Alumbrera.
Sulfides destabilized by rapid degassing are replaced by
spongy Fe oxides, which can be associated with Cu-rich
phases and/or Sr-Ba sulfates (Larocque et al., 2000; Di
Muro et al., 2008). Similarly, loss of sulfur-bearing fluids
may be responsible for the widespread oxidation of mafic
minerals in intrusive rocks. Bell and Simon (2011) reported
experimental data that indicate that degassing of mafic sili-
cate melt results in an increase in the activity ratio of ferric
to ferrous iron (increasing Fe3+/Fe2+) in the silicate melt,
which results in an increase in the Mg/Fe ratio of crystalline
phases that contain ferrous iron (e.g., olivine, amphibole,
pyroxene). This process most likely leads to the destruction
of any remaining, unshielded sulfides as S partitions from
the melt into the volatile phase to satisfy the heterogeneous
equilibria among all phases. However, the efficiency of sul-
fide destruction may be also a function of the depth of
magma crystallization, with deep magma chambers favoring
sulfide preservation and the formation of orthomagmatic
sulfide deposits.

In summary, the evidence presented above suggests that
magmatic sulfides play an important role in the upper crustal
magma chambers that lie beneath porphyry Cu deposits.
However, in contrast to earlier, deeper stages, it appears that
in shallow magma chambers the ore metals are only tem-
porarily sequestered by the magmatic sulfides and later are
released to magmatic-hydrothermal fluids. In this sense, the
influence of magmatic sulfides on the mineralization poten-
tial may be neither negative nor positive; however, they pro-
vide excellent insights into the abundance of chalcophile ele-
ments in a given magma. In the absence of volcanic activity,
magmatic sulfides appear to get destabilized only at relatively
shallow depths and/or during magma mixing/mingling; hence,
these two aspects are positive factors affecting the efficiency
of porphyry Cu formation.

At a larger scale we have seen that magmatic sulfides likely
influence (dominate?) the metal budget of porphyry Cu-
forming magmas at all stages, ranging from the production of
magmas in the Earth’s mantle to their final solidification at
shallow depth. Each stage causes the metal content of the
magma to be modified; hence, the more stages that are in-
volved, the less likely are original mantle signatures preserved.
Nevertheless, it appears feasible that the common association
of Au-rich porphyries with potassium-rich magmas (Müller
and Groves, 2000) is inherited from processes in the mantle
source region (although there may be other, subsolidus rea-
sons—see Kouzmanov and Pokrovski, 2012), whereas metal
ratios in the more normal, calc-alkaline magmas are likely to
reflect later stages of magma evolution.

Fluid saturation and fluid-melt partitioning

Volatile phase exsolution and the mass transfer of Cu and
other metals from silicate melt to the volatile phase(s) are
generally accepted as among the most important processes in
the development of a porphyry Cu deposit (Hedenquist and
Lowenstern, 1994; Burnham, 1997; Candela and Piccoli,
2005; Williams-Jones and Heinrich, 2005). In addition to the
fluid(s) serving as the agent of mass and heat transfer, expan-
sion of the fluid can induce porosity and permeability that en-
hance the physical pathways for chemical mass transfer. The

effect of degassing on sulfide phase stability was discussed
above. Here we focus on the fundamental causes of fluid
 exsolution and the partitioning of metals between melt and
fluid. The latter is strongly controlled by melt composition,
pressure, temperature, and oxidation state.

Causes of volatile exsolution of silicate melt: Volatile satu-
ration of a silicate melt involves the solubilities of, and het-
erogeneous equilibria among, H, O, C, S, and Cl in the melt.
A silicate melt saturates with a volatile phase when the sum
of the partial pressure of all volatile components exceeds the
confining pressure. Volatile phase saturation can result from
decompression of the silicate melt and also isobaric crystal-
lization of dominantly anhydrous phases (Candela, 1997). It
is important to note that the partial pressure of a volatile
species increases progressively with crystallization of anhy-
drous and hydrous crystalline phases, evinced by the ubiqui-
tous presence of amphibole and biotite in the causative
volatile-saturated silicate melts. Decompression- and crystal-
lization-driven degassing are both important in porphyry
Cu systems, both during the protracted assembly of the
causative magma chamber and concomitantly with brittle-
ductile throttling associated with expulsion of the ore fluid
from the magma chamber. The composition of the exsolved
fluid phase is dictated primarily by the abundances of H2O,
CO2, S, and Cl in the melt (e.g., Carroll and Holloway, 1994).
Considering that most porphyry Cu deposits are associated
with subduction- related magmas of calc-alkaline affinity (Sil-
litoe, 2010), this discussion will focus on volatile solubility for
these melt compositions.

Early saturation in CO2-rich fluids: Global data sets sug-
gest that silicate melts produced by partial melting of the
mantle wedge in subduction zone environments commonly
contain ≤3,000 ppm CO2, ≤6 wt % H2O, ≤4,000 ppm S, and
≤3,000 ppm Cl (Johnson et al., 2010). The melt inclusion
data from subduction-related volcanic and plutonic rocks in-
dicate conclusively that many arc magmas become saturated
in a CO2-rich (H2O-poor) fluid very early in their evolution
(Hedenquist and Lowenstern, 1994; Métrich and Wallace,
2008; Johnson et al., 2010). The H2O and CO2 contents of
melt inclusions in forsterite-rich olivines in arc basalts com-
monly display trends of open- or closed-system degassing
during ascent (i.e., polybaric, starting from up to 400 MPa),
and/or trends of CO2 fluxing in upper crustal magma cham-
bers (i.e., ~isobaric; typically at 100−200 MPa). Melt inclu-
sion data indicate that although silicate melts in arcs saturate
early in a CO2-rich fluid, the total quantity of fluid exsolved is
small. Since the quantity of fluid that can exsolve is propor-
tional to its solubility in the melt, the volume of CO2-rich flu-
ids generated at these early stages of magma evolution is
small and may be undetectable. It is not until the composition
of the exsolved fluid becomes dominated by H2O that the vol-
ume of exsolved fluid becomes significant.

In the context of magmatic-hydrothermal ore deposits the
term fluid saturation therefore commonly refers to the stage at
which a magma body becomes saturated in a H2O-dominated
aqueous fluid. For example, consider a basaltic melt that ini-
tially contains 3,000 ppm CO2 and 3.5 wt % H2O at 500 MPa
(Fig. 11). If the melt decompresses from 400 MPa, ~12.5 km,
to 200 MPa, ~6 km, the melt exsolves a fluid that is domi-
nantly CO2 (i.e., low H2O/CO2 ratio) and volumetrically
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minor during both open- and closed-system degassing. If de-
gassing proceeds isobarically at 200 MPa because of
 crystallization, the H2O/CO2 ratio of the exsolved fluid will
 increase and the melt composition will shift along the 200
MPa isopleth to progressively higher H2O/CO2 ratios. The
H2O content of the fluid and the total quantity of fluid being
exsolved per volume of crystallizing melt thus rapidly increase
with decreasing temperature. Similar results are obtained for
felsic melts. For example, a rhyolite melt at 1,000°C that con-
tains 1,000 ppm CO2 and 6 wt % H2O will saturate with CO2-
rich fluid at 400 MPa and a CO2/H2O ratio = 8 for the fluid
(Newman and Lowenstern, 2002). Decompression of the rhy-
olite melt to ~200 MPa will yield an aqueous fluid that is
dominantly H2O, and the proportion of H2O will increase
continually with decompression (Newman and Lowenstern,
2002; Moretti et al., 2003). The examples of basalt and rhyo-
lite are presented as limiting cases.

The solubility of volatiles (e.g., CO2, H2O, S) in silicate melt
varies as a function of the bulk chemistry of the silicate melt,
pressure, and temperature, and, in the case of sulfur, the oxi-
dation state of the system. Recent experiments conducted to
constrain the mutual solubilities of CO2, H2O, and S in a hap-
logranitic melt yielded data indicating that the presence of S
in the melt, as reduced S2−, decreases the solubility of CO2 in
silicate melt that coexists with a fluid phase (Webster et al.,
2011). The oxidation state of ascending S-bearing magma can
increase or decrease by more than one log unit during ascent,
depending on the initial oxygen fugacity of the magma reser-
voir (Burgisser and Scaillet, 2007) Thus, the lowered solubil-
ity of CO2 in a melt that contains reduced sulfur will affect the
relative timing of degassing. Therefore, this factor has the po-
tential to influence the ability of a given melt to exsolve an
aqueous fluid under the ideal set of conditions required to
form an ore deposit.

Origin, oxidation state, and sulfur speciation of magmatic
ore fluid(s): Petrographic and geochemical data from causative
magmas indicate that porphyry systems are relatively oxidized

at the time of volatile saturation. For example, at the time of
volatile saturation, Santa Rita was anhydrite and sulfide satu-
rated with an fO2 of ~FMQ + 2.0 (Audétat and Pettke, 2006),
Yanacocha (Peru) was anhydrite saturated (Chambefort et al.,
2008), Yerington (Nevada) is inferred to have been anhydrite
saturated at an fO2 of ~FMQ + 2.2 (Dilles, 1987; Streck and
Dilles, 1998), El Teniente was anhydrite saturated (Stern et
al., 2011), and Bingham Canyon had an fO2 of ~FMQ + 2.7
(Larocque et al., 2000). These constraints on the predegassed
oxidation state of causative magmas indicate that the melt is
commonly saturated with both sulfide and sulfate over a nar-
row range of fO2 where the speciation of sulfur in the silicate
melt is dominantly S6+ (Jugo, 2009). The sulfur speciation in
the exsolved volatile phase will also be SO2 rich at magmatic
conditions. For example, model results indicate an SO2/H2S
mass ratio ≥10 for aqueous fluid exsolved from basalt at
1,000°C, fO2 = FMQ + 1.7, and at a fugacity of H2O (fH2O) of
200 MPa (Zajacz et al., 2011).

The oxidized nature of fertile, H2O- and S-rich causative
magmas in porphyry environments is likely a primary feature
of these subduction-produced magmas that involves the oxi-
dation of the sub-arc mantle magma via the transfer of H2O
and other components from the slab. Water itself is overall an
inefficient oxidizing agent with respect to the buffering ca-
pacity of the mantle wedge (Frost and Ballhaus, 1998; Kelley
and Cottrell, 2009), whereas the transfer of Fe3+ and S6+ may
be more effective agents to oxidize the mantle wedge. For ex-
ample, one mole of S6+ may oxidize eight moles of Fe2+. Wal-
lace (2005) suggested that the fluid transfer of Fe3+ may not
be necessary if sufficient sulfur as sulfate is transported by
slab-evolved fluid. This seems even more likely given the ex-
perimental data demonstrating that Fe3+ is insoluble in high-
temperature aqueous fluid (Bell and Simon, 2011). Evans and
Tomkins (2011) modeled the fluid-induced oxidation of the
mantle wedge by evaluating the transfer of Fe3+ and S6+ from
the slab to the mantle via slab-evolved aqueous and silica-rich
fluids during subduction. Their model results indicate that
the mantle wedge in porphyry environments can be one to
three orders of magnitude more oxidized than MORB. Such
oxidized conditions increase fO2 above the sulfide-sulfate
buffer (~FMQ + 1) and may lead to complete resorption of
mantle sulfides during partial melting, although evidence
presented above indicates that this is not always the case. This
process produces H2O-rich oxidized basaltic magmas that
contain sulfur dominantly as dissolved sulfate at three times
the total sulfur content of MORB (e.g., Jugo, 2009) and re-
leases large amounts of Cu to the oxidized magmas. During
ascent, the magma should retain its primary oxidation state
and maintain high Cu concentrations in the melt; entrained
sulfides should dissolve during decompression (Tomkins and
Mavrogenes, 2003).

Constraints on the composition of magmatic ore fluids: In
magmatic-hydrothermal systems, the composition of the
volatile phase in equilibrium with silicate melt is dominated
by H2O and dissolved alkali-chloride salts. The fact that Cu is
mined as Cu sulfides indicates that the ore fluid transports suf-
ficient S to precipitate Cu sulfides, but at the magmatic stage
the activity of S in the ore fluid is less than that of Cl. The
physical state of the exsolved ore fluid is dictated by the ratio
of Cl to H2O in the melt and the pressure and temperature
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conditions that exist at the time of volatile saturation (Shino-
hara, 1994; Candela and Piccoli, 1995; Piccoli et al., 1999).
Silicate melt may exsolve a low Cl vapor, a magmatic hydros-
aline liquid, a Cl-bearing supercritical fluid, or coexisting low
Cl vapor and hydrosaline liquid (Shinohara, 1994; Webster,
2004). A silicate melt that contains a low Cl/H2O ratio will sat-
urate with a Cl-bearing supercritical fluid or low-salinity
vapor, whereas a silicate melt that contains a high Cl/H2O
ratio will saturate with a hydrosaline chloride liquid. Experi-
mental data indicate that the solubility of these volatiles in
melt varies significantly as a function of pressure and melt
composition, suggesting that melt composition is one of the
master variables in determining the type of volatile phase ex-
solved in porphyry Cu systems. For example, granite, phono-
lite, andesite, and basalt silicate melts exsolve, at equilibrium,
a hydrosaline chloride liquid if the melt possesses a Cl/H2O
mass ratio ≥0.05, ≥0.15, ≥0.35, and ≥0.55, respectively
(Webster, 2004). Silicate melts of the above-mentioned com-
positions that contain less than the reported Cl/H2O mass ra-
tios exsolve a Cl-bearing supercritical fluid or a low-salinity
vapor. It is important to note that the Cl/H2O mass ratio in the
melt phase may be higher than in the fluid phase; for exam-
ple, the Cl/H2O of the fluid phase is ~0.067 in equilibrium
with an andesite melt that has a Cl/H2O mass ratio of 0.35
(Webster, 2004).

The compositions of melt inclusions from subduction zone
magmas are typically H2O rich and, thus, have low Cl/H2O
mass ratios. The Cl and H2O concentrations for a range of
subduction zone magmas are presented in Figure 12. The
majority of melt inclusions yield Cl/H2O mass ratios that plot
on the aqueous fluid side of the solubility curves. These data
indicate that silicate melts in subduction zone magmatic sys-
tems commonly saturate with Cl-bearing aqueous fluid and
not hydrosaline liquid, as supported by critical fluid composi-
tions, experimental and modeling studies, and direct observa-
tions of magmatic discharges (Williams-Jones and Heinrich,
2005; Webster and Mandeville, 2007). The phase boundaries

in Figure 12 are specifically for a H2O-Cl assemblage. The
addition of S to silicate melt reduces by almost one-third the
solubility of Cl in the melt relative to an S-free melt (Webster
and Botcharnikov, 2011; Webster et al., 2011). This effectively
shifts the phase boundaries in Cl-H2O space (Fig. 12) and has
been interpreted by Webster et al. (2011) to indicate that Cl-
and S-bearing hydrosaline liquid may be more common than
presently recognized.

The observation that subduction zone magmas are com-
monly saturated in single-phase aqueous fluids that vary
from CO2- to H2O-rich composition is consistent with data
from primitive melt inclusions in arc volcanic rocks and fluid
inclusion assemblages sampled from the deepest parts of
porphyry Cu systems, where one-phase aqueous fluids have
salinities ranging from 4 to 18 wt % NaCl equiv (Table 1).
Some of these deepest sampled fluids also contain signifi-
cant amounts of CO2, and all fluids must contain S; however,
S abundances are not known quantitatively. Fluid inclusion
assemblages genetically associated with the mineralization
stage of porphyry Cu deposits typically contain both low-
salinity aqueous vapor and magmatic hydrosaline chloride
liquid. However, it is essential to remember that such fluids
were trapped at subsolidus conditions in fractured rocks at
hydrostatic pressures and, thus, do not represent the mag-
matic ore fluid that was in equilibrium with the causative sil-
icate magma. The nature and evolution of these subsolidus
fluids are discussed by Kouzmanov and Pokrovski (2012).

The root zones of porphyry Cu deposits are commonly at
depths ≥4 km, corresponding to ≥ ~100 MPa (Seedorff et
al., 2008). Sillitoe (2010) concluded that porphyry Cu de-
posits were produced from ore fluid(s) that evolved directly
from magmas emplaced at depths of approximately 5 to 15
km, which corresponds to 130 to 420 MPa at an average
crustal density of 2.72 g/cm3. The physicochemical properties
of aqueous fluids over this pressure range at magmatic tem-
peratures have been well constrained by numerous experi-
mental studies (reviewed by Williams-Jones and Heinrich,
2005; Webster and Mandeville, 2007). The phase relations in
the model H2O-NaCl system, a proxy for the more complex
magmatic aqueous fluid, are commonly used to discuss the
evolution of ore fluid from causative magmas in porphyry Cu
environments. Figure 13 shows the limiting case for the two-
phase field of H2O-NaCl fluids relative to the experimentally
determined granite solidus as a function of pressure and tem-
perature. The data plotted in Figure 13 indicate that at 700°
to 800°C, H2O-NaCl fluids will exist as a single-phase fluid at
pressures >130 to 150 MPa. If the bulk salinity of the fluid is
5.0 wt % NaCl, then it will be a single phase at >110 to 130

MAGMATIC CONTROLS ON PORPHYRY Cu GENESIS 565

0361-0128/98/000/000-00 $6.00 565

3000

2500

2000

1500

1000

500
0 1 2 3 4 5 6 7

H2O (wt%)

C
l (

p
p

m
)

200 MPa

Taupo

Pinatubo
St. Helens

Santa Maria

Mazama

Ruiz
Katmai

aq
ueous fluid

hydrosaline liquid

aq
ueous fluid

hydrosaline liquid
50Mpa

Augustine

FIG. 12.  The concentrations of Cl and H2O in melt inclusions sampled
from magmas from a range of subduction zone environments (modified from
Wallace et al., 2005). Solubility curves for chlorine-bearing fluids in haplo-
granitic melts at 50 MPa, 830° to 860°C, and 200 MPa, 800° to 1,075°C, are
from Webster (1997). 

TABLE 1.  The Bulk Fluid Salinity (wt % NaCl equiv) of Single-Phase 
Proto-Ore Fluid Sampled from Several Porphyry Cu Deposits

Deposit Bulk salinity Reference

Bingham (USA) 7 Landtwing et al. (2010)
Butte (USA) 4 Rusk et al. (2008)
El Teniente (Chile) 12 Klemm et al. (2007)
Alumbrera (Argentina) 5–10 Heinrich et al. (2011)
Famantina (Argentina) 6–18 Pudack et al. (2009)
Mineral Park (USA) 2–13 Wilkinson et al. (1982)
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MPa. Proto porphyry Cu ore fluids evolve from the parent
magma at pressures >100 MPa (Seedorff et al., 2008; Sillitoe,
2010), which leads to the prediction, based on phase relations
(Fig. 13) that the primitive ore fluid in porphyry Cu systems
should be a single-phase fluid. This is consistent with obser-
vations of fluid inclusion assemblages, discussed above and
summarized in Table 1.

The transfer of Cu from melt to magmatic-hydrothermal ore
fluid: The efficiency of Cu transfer from silicate melt to the
ore fluid is primarily controlled by the composition of the ore
fluid. Experimental studies have demonstrated that the mass
transfer of Cu from silicate melt to aqueous fluid correlates
with the concentration of Cl in the ore fluid, represented by

CuO0.5
si–melt + NaClaqfl = CuClaqfl + NaO0.5

si–melt, (2)

where si-melt and aqfl refer to a silicate melt and aqueous
fluid, respectively. Candela and Holland (1984) reported that

DCu
aqfl / si–melt = 9.1(±2.5)mCl

aqfl

at fO2 = FMQ + 1 up to 4.5 m Cl (15.9 wt % Cl). Williams et
al. (1995) and Simon et al. (2006) confirmed experimentally
that the concentration of Cu in magmatic aqueous fluid in-
creases with increasing Cl in the fluid. Experimental data that
constrain the partitioning of Cu between silicate melt and S-
bearing fluid are summarized by Simon and Ripley (2011);
the published data indicate that Cu concentrations in ore flu-
ids do not always correlate positively with the total Cl content
of the fluid (Zajacz et al., 2008; Zajacz and Halter, 2009).

In aqueous fluid at 1,000°C and 150 MPa over an fO2 range
from FMQ + 0.6 to FMQ + 2.8, where the speciation of S

changes from dominantly S2− to dominantly S6+, Cu is trans-
ported predominantly as NaCuCl2 and KCuCl2, even in the
presence of dissolved H2S (Zajacz et al., 2011). The solubility
of Cu increases insignificantly when H2S is added to H2O-
NaCl fluid. The solubility of Cu in S-rich aqueous fluid is
highest at a low HCl/alkali chloride ratio, and increasing K
concentrations in the fluid are positively correlated with Cu.
The solubility of Cu in ore fluid increases with increasing fO2
in H2O-NaCl and H2O-S-NaCl fluids. At fO2 = FMQ + 2.5,
where SO2 dominates the sulfur budget of the fluid, one ex-
periment reported by Zajacz et al. (2011) yielded a Cu con-
centration in the fluid that is consistent with the reaction:

Cu(m) + SO2
aqfl + 2NaClaqfl + H2Oaqfl = 
NaCuCl2aqfl + NaHSO3

aqfl + 0.5H2
aqfl. (3)

This suggests a potential role for oxidized sulfur to promote
indirectly the transport of Cu in ore fluids. This may have im-
plications for the transport of Cu in oxidized porphyry sys-
tems that were anhydrite saturated at the time of volatile sat-
uration (Chambefort et al., 2008).

Zajacz et al. (2011) combined their experimental data with
published Cu solubility data for basaltic melts (Ripley et al.,
2002) and calculated a model aqueous fluid/silicate melt par-
tition coefficient for Cu, DCu

aqfl / si–melt, in the range of 2 to 6.
Published experimental data suggest that aqueous fluids can
more efficiently scavenge Cu from felsic melts. Simon et al.
(2006) reported DCu

aqfl / si–melt values of 63 and 316 for S-free and
pyrrhotite-saturated aqueous fluids, respectively, with a nearly
identical salinity of ~10 wt % NaCl equiv at 800°C, 140 MPa,
and fO2 = FMQ + 0.7. It is unknown whether the higher DCu

aqfl

/ si–melt values in the felsic assemblage, relative to the mafic as-
semblage of Zajacz et al. (2011), reflects changes in melt com-
position and structure, changes in the physical properties of the
fluid, or both. Clearly, more experimental data are required in
order to constrain the transport of Cu in magmatic ore fluids.

We used the available DCu
aqfl / si–melt data to evaluate quantita-

tively the efficiency with which a magmatic volatile phase may
scavenge and transport Cu from a sulfide-saturated silicate
melt. We used the analytical model of Candela (1986) that as-
sesses the importance of the initial H2O content of the silicate
melt (Cl,0

H2O), the H2O content of the silicate melt at the time
of H2O saturation (Cl,s

H2O), the bulk distribution coefficient for
Cu among all magmatic crystalline phases, and the partition
coefficient for Cu between aqueous fluid and silicate melt. In
addition to varying DCu

aqfl / si–melt, we varied DCu
po / si–melt because

this function increases with increasing fS2 Jugo et al., 1999;
Simon et al., 2006; Simon and Ripley, 2011). 

The model calculations indicate that in both mafic and fel-
sic assemblages, the Cu-scavenging potential of aqueous fluid
is strongly controlled by the relative amounts of sulfide in the
fractionating assemblage and the initial Cl,0

H2O /Cl,s
H2O ratio of the

melt. The scavenging potential increases from ~50 to 98% if
the silicate melt is sulfide undersaturated. The model results
indicate that degassing-induced sulfide destabilization (e.g.,
Candela and Holland, 1986; Halter et al., 2005; Nadeau et al.,
2010) such as

3FeSpo + 4H2O → Fe3O4
mt + 3H2S + H2 (4)

can significantly increase the total quantity of Cu partitioned
from the magma to the magmatic ore fluid by making all
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 sulfide-sequestered Cu available to the ore fluid. The impor-
tance of the Cl,0

H2O /Cl,s
H2O ratio of the melt was modeled by

Cline and Bodnar (1991), who concluded that a silicate melt
with Cl,0

H2O of 2.5 wt % and Cl,0
H2O /Cl,s

H2O of 0.03 has the poten-
tial to form a porphyry Cu deposit such as the Ann Mason de-
posit (810.4 Mt grading 0.4% Cu) at Yerington, Nevada, from
a total melt volume ≤50 km3. Their model result assumes
that Cu is transported strictly as a Cl-complexed metal and, in
light of the recent data that demonstrate the enhanced ca-
pacity of a S-bearing aqueous fluid to scavenge and transport
Cu (Zajacz et al., 2011), may overestimate by a factor of two
the total melt volume required to supply Cu to an ore fluid
that could produce an economic deposit. Cline and Bodnar
(1991) also stressed that the total mass of exsolved water is
important as this ultimately plays a role in the pressure x vol-
ume (PΔV) required to fracture the confining rocks and allow
the Cu-charged ore fluid to escape from the magma chamber. 

Fluid pathways in causative magma chambers

The efficient transport of a Cu-bearing fluid from the par-
ent magma to the porphyry environment may occur (1) by the
ascent of a bubble-melt plume for a magma that is saturated
with a volatile phase at a high melt fraction (Candela, 1991),
(2) by porous-media flow through the crystal mush (Candela,
1991), and/or (3) along localized, high permeability melt chan-
nels that develop because of contraction during melt crystal-
lization (Fig. 14; Hersum et al., 2005). Considering that the
total sulfur content of huge porphyry deposits (e.g., ~1 × 109

t S at Bingham Canyon; Hattori and Keith, 2001; Core et al.,
2006) exceeds that which can be explained by the sulfur solu-
bility in silicate melts of the host intermediate (quartz mon-
zonite) to felsic magmas, melt-volatile channels are likely the
most efficient way to transfer the S as well as metals. Such
channels may allow sustained mass transfer of S and Cu to the
apical region of the causative magma due to the lithostatic
pressure gradient and deviatoric stresses that drive strong ver-
tical flow of the ore fluid parallel to the pressure gradient
(Candela, 1991). Sustained magma recharge into a parent
magma that is already saturated with an H-O-C-S-Cl volatile
phase(s) (Lowenstern, 2001; Webster and Botcharnikov, 2011)
can provide semicontinuous and focused fluid recharge of the
upper portions of the parent magma chamber (Sillitoe, 2010).

Hattori and Keith (2001) discussed the titration of S, as well
as Cl and ore metals, into the host intermediate and felsic
magmas from mafic melt located at deeper levels of an evolv-
ing porphyry Cu system. This process may be the most geo-
logically plausible mechanism, based on melt volume con-
straints, to account for the total metal and S content of
porphyry Cu deposits. For example, the 960 Mt of S in the
Bingham porphyry deposit requires a source felsic melt of
4,800 km3 compared with 152 km3 of mafic melt, and the 30.1
Mt of Cu in Bingham Canyon requires a source of 300 versus
86 km3 of felsic and mafic melt, respectively (Hattori and
Keith, 2001). Notwithstanding the ambiguity of the terms fel-
sic and mafic, in light of the importance of melt composition
on the solubility of S (and H2O and Cl) in the melt, the pres-
ence of channelized permeability within the magma plumb-
ing system provides a geologically plausible mechanism to
 facilitate the ascent of metals and S into the porphyry deposi-
tional environment.

Coalescence and ponding of ore fluid can occur in a narrow
self-sealed lens that coincides with the brittle-ductile bound-
ary at the top of a magma chamber (Fournier, 1999). Subse-
quent fracture failure and episodic mechanical PΔV transfer
of the ore fluid across the brittle-ductile rheological boundary
(Burnham and Ohmoto, 1980; Burnham, 1985) may be caused
by magma recharge into the base of the causative magma
chamber (Fournier, 1999). This results in an instantaneous in-
crease in the local strain rate such that the ductile upper por-
tion of the magma chamber, where the ore fluid has ponded,
experiences shear failure (Fournier, 1999). Instantaneous de-
compression increases the volume, hence PΔV and explosiv-
ity (Burnham, 1985), of the ore fluid, which promotes frac-
turing of overlying rock. For perspective, the energy transfer
associated with a single fracturing event may be two to three
times larger than the total energy released during the 1980
eruption of Mount St. Helens (Eichelberger and Hayes,
1982), consistent with the ability of a vapor-charged apical
portion of a magma chamber to transfer a significant volume
of magma during subsurface magmatic brecciation events.

Hydraulic fracturing should occur repeatedly provided that
sufficient volatiles are supplied to the apical portions of the
parent magma. This is consistent with the well-documented
presence of magmatic-hydrothermal breccias and the textures
of dikes and stockwork vein sets in porphyry deposits (e.g.,
Fournier, 1999). Notably, after fracture failure of the magma
carapace, the ore fluid regime changes from lithostatic to hy-
drostatic pressure, a process that has been hypothesized to
have a major influence on mineralization. For example, the
erupted Cu ore fluid at Butte experienced a pressure drop
from ~200 to ~50 MPa bars which may have contributed, in
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FIG. 14.  Illustration of the formation of permeable melt channels in crys-
tallizing silicate melt via porous melt flow, as predicted from the Lattice-
Boltzmann model. The model starts with 100% basalt liquid and iteratively
simulates the evolving structure of the basal magma during crystallization of
plagioclase and clinopyroxene. Left panel schematically shows dimensionless
melt velocity magnitude for a simulated microstructure of 70% silicate liquid
and 30% crystals. Lighter blue colors are areas of greatest porosity/perme-
ability and darkest blue colors are areas of least porosity/permeability, which
correlate with increased crystal fraction. Right panel illustrates a microstruc-
ture simulation where the crystals (blue = plagioclase; reds to yellows =
clinopyroxene and/or olivine) and the white spheres schematically represent
aqueous fluid that ascends preferentially via the channels of high
porosity/permeability established during crystallization. The width of each
panel is on the order of several centimeters. Modified from Hersum (2005),
Hersum et al. (2005), and Hersum and Marsh (2006).
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addition to cooling and water-rock reactions, to the formation
of the porphyry deposit (Rusk et al., 2004). Landtwing et al.
(2005, 2010) argued that cooling of the ore fluid was the prin-
cipal cause of metal deposition in the Bingham Canyon por-
phyry Cu-Mo deposit. The variation in the solubility of Cu
and other ore metals in ore fluid with changes in pressure and
temperature after fracture failure, i.e., at subsolidus condi-
tions, is discussed by Kouzmanov and Pokrovski (2012).

Conclusions
The magmatic stage is arguably the most important stage in

the evolution of porphyry Cu systems. This is not only because
metal abundances and metal ratios are controlled by magmatic
processes but also because many postmagmatic processes de-
pend indirectly on magma properties. For example, the bulk
salinity of mineralizing fluids depends ultimately on the Cl/
H2O ratio of the melt and the depth of magma crystallization,
with the latter itself being a function of magma temperature,
volatile content, and tectonic regime. Similarly, the efficiency
of magmatic sulfide destabilization and the corresponding re-
lease of ore metals to magmatic-hydrothermal fluids is likely
influenced by the pressure, i.e., magma chamber depth, at
which volatile exsolution occurs. On the other hand, magmatic
processes such as degassing-induced sulfide destabilization
that occur early, at deeper, uneroded (i.e., inaccessible) levels

of a porphyry system make it difficult to reconstruct the in-
fluence of such a process on mineralization potential. Never-
theless, there are numerous ways in which the study of mag-
matic rocks and processes can help us to improve the genetic
models of porphyry Cu formation, as outlined below.

There is general consensus that fertile magmas are oxidized,
rich in water and sulfur, and involve a major mafic arc magma
component. Remnants of mafic magmas that are demonstra-
bly related to known porphyry Cu deposits (e.g., mafic dikes,
or distal mafic volcanic rocks) can provide clues about the fer-
tility of genetically associated intermediate to felsic magmas.
Specific phenocryst assemblages and their major element
composition (such as olivine-clinopyroxene-spinel, amphibole,
biotite) can be used to reconstruct magmatic fO2, crystalliza-
tion pressure, and water fugacity. Silicate melt inclusions con-
strain the concentrations of metals and volatiles in the silicate
melt. Sulfide inclusions record the ratios of some (but not all)
metals. The presence of magmatic anhydrite and/or sulfur-
rich apatite indicates high fO2 and a high sulfur content of the
magma, which are considered essential for economic porphyry
mineralization. The study of intermediate rocks may provide
important information on the extent of interaction between
mafic and felsic magmas, and the fate of magmatic sulfides
during and after magma crystallization. Table 2 gives an
overview of the stages and factors that we regard as critical for
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TABLE 2.  Critical Stages or Factors in the Evolution of Potentially Porphyry Cu Ore-Forming Arc Magmas

Promotes Reduces 
Stage/factor1 Affects mineralization potential mineralization potential Reason(s)

Partial melting of Sulfur content; Low-degree partial melting of a High-degree partial The former produces magmas that are 
the upper mantle metal content; mantle source enriched in melting of a depleted more oxidized, more sulfur rich, more 

fO2; H2O content subduction-derived components mantle source metal rich, and more hydrous

Lower crust Sulfur content; Either little crystallization/ Extensive magma The latter causes ore metals to be per-
metal content interaction with the lower crust, crystallization without manently lost to precipitating sulfides

or partial remelting of already subsequent partial 
solidified previous magma batches remelting 

Magma ascent into Size + depth of the Intermediate magma influx rate Very high or very low Too high influx rate results in magma 
the upper crust magma chamber magma influx rate eruption; too low influx rate does not 

lead to the formation of large magma 
chambers

Depth of upper All subsequent Magma emplacement at Magma emplacement Shallow magma chambers tend to erupt 
crustal magma stages intermediate depth (5−5 km) at deeper or shallower catastrophically; deeper magma cham-
chamber level bers are unlikely to generate enough 

overpressure to produce pathways for 
focused fluid flow, and ore metals may 
be permanently lost to magmatic sulfides

Mafic-felsic Size + lifetime of Repeated intrusion of mafic Single-stage magma Repeated intrusion of mafic magma 
magma interaction magma chamber; magma; effective mingling/ chamber evolution; leads to large and long-lived magma 

availability of sulfur mixing between mafic and limited mingling/mixing chambers; mingling/mixing increases 
and metals; mode of felsic magmas between mafic and the efficiency of sulfur and metal 
magma crystallization felsic magmas extraction from mafic magmas

Saturation in Efficiency of metal Early formation of single-phase Late formation of fluid; The former allows the fluid to physically
aqueous fluid(s) extraction from aqueous fluid following metal- metal sulfide phase(s) and chemically interact with already 

melt and sulfide(s) sulfide formation; fluid is shielded from fluid; fluid formed metal-sulfides and to ascend via 
Fluid focusing S-bearing with low HCl/alkali has low SO2/H2S ratio, permeable channels that exist at high 

chloride ratio and high SO2/H2S fO2< FMQ+1.5 melt fractions; the latter disallows 
ratio; fO2 > FMQ+1.5 interaction between the aqueous fluid 

and metal-sulfides

Fluid focusing Ore grade Formation of dikes, apophyses, Flat-roofed magma The stress field above flat-roofed magma
and/or breccia pipes chambers chambers does not promote fracturing

1 These stages/factors do not represent a strict time sequence but may occur simultaneously at various depths
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the formation of porphyry Cu deposits, as well as the factors
that are likely to poison, or even kill a potentially ore-forming
magma. More tectonically oriented overviews of this kind can
be found in Richards (2003, 2005, 2011).

Our knowledge of the evolution of porphyry Cu systems at
the magmatic stage is continually expanding. At present,
some of the major research questions to be answered include
the following: How common were interactions between mafic
and felsic magmas in the magma chambers beneath porphyry
Cu deposits, and is a mafic input essential? How much metal
was derived from mafic magmas; how (and when) was metal
transferred to fluids, and what was the major element com-
position (CO2 content, sulfur content) of these fluids? How
much metal was stored in magmatic sulfides, what deter-
mines whether these metals were permanently lost or later
became available again, and what are indications of this
process? Is the efficiency of late-stage decomposition of mag-
matic sulfides related to magma chamber depth? These and
other questions are topics to be addressed by future research.

Acknowledgments
We thank Jeff Hedenquist, Jim Webster, and Phil Candela

for their thoughtful reviews, which greatly helped to improve
the manuscript. ACS acknowledges support via NSF EAR
0609550 and from the UNLV High Pressure Science and En-
gineering Center (HiPSEC) via the U.S. Department of En-
ergy Cooperative Agreement nos. DE-FC08- 01NV14049
and DE-FC8806NA27684.

REFERENCES
Alard, O., Griffin, W.L., Lorand, J.P., Jackson, S.E., and O’Reilly, S.Y., 2000,

Non-chondritic distribution of the highly siderophile elements in mantle
sulfides: Nature, v. 407, p. 891−894.

Annen, C., Blundy, J.D., and Sparks, R.S. J., 2006, The genesis of intermedi-
ate and silicic magmas in deep crustal hot zones: Journal of Petrology, v. 47,
p. 505−539.

Audétat, A., and Pettke, T., 2006, Evolution of a porphyry-Cu mineralized
magma system at Santa Rita, New Mexico (U.S.A.): Journal of Petrology, v.
47, p. 2021−2046.

Audétat, A., Pettke, T., and Dolejs, D., 2004, Magmatic anhydrite and calcite
in the ore-forming quartz-monzodiorite magmas at Santa Rita, New Mex-
ico (USA): Genetic constraints on porphyry-Cu mineralization: Lithos, v.
72, p. 147−161.

Bachmann, O., and Bregantz, G.W., 2008, Deciphering magma chamber dy-
namics from styles of compositional zoning in large silicic ash flow sheets:
Reviews in Mineralogy and Geochemistry, v. 69, p. 651−674.

Bachmann, O., Miller, C.F., and de Silva, S.L., 2007, The volcanic-plutonic
connection as a stage for understanding crustal magmatism: Journal of Vol-
canology and Geothermal Research, v. 167, p. 1−23.

Baker, D.R., and Moretti, R., 2011, Modeling the solubility of sulfur in mag-
mas: A 50-year old geochemical challenge: Reviews in Mineralogy and
Geochemistry, v. 73, p. 167−213.

Ballhaus, C., Berry, R.F., and Green, D.H., 1990, Oxygen fugacity controls in
the Earth’s upper mantle: Nature, v. 348, p. 437−440.

Bell, A., and Simon, A., 2011, Experimental evidence for the alteration of the
Fe3+/ΣFe of silicate melt caused by the degassing of chlorine-bearing aque-
ous volatiles: Geology, v. 39, p. 499−502.

Bockrath, C., Ballhaus, C., and Holzheid, A., 2004, Fractionation of the plat-
inum-group elements during mantle melting: Science, v. 305, p.
1951−1953.

Burgisser, A., and Scaillet, B., 2007, Redox evolution of a degassing magma
rising to the surface: Nature, v. 445, p. 194–197.

Burnham, C.W., 1985, Energy release in subvolcanic environments: Implica-
tions for breccia formation: Economic Geology, v. 80, p. 1515−1522.

——1997, Magmas and hydrothermal fluids, in Barnes, H.L., ed., Geo-
chemistry of hydrothermal ore deposits: New York, John Wiley and Sons,
p. 63−124.

Burnham, C.W., and Ohmoto, H., 1980, Late-stage processes of felsic mag-
matism: Mining Geology Special Issue, v. 8, p. 1−13.

Candela, P.A, 1986, Generalized mathematical models for the fractional evo-
lution of vapor from magmas in terrestrial planetary crusts, in Saxena, S.K.,
ed., Advances in physical geochemistry: New York, NY, Springer, v. 6, p.
362−396.

——1989, Felsic magmas, volatiles and metallogenesis: Reviews in Eco-
nomic Geology, v. 4, p. 223−233.

——1991, Physics of aqueous phase evolution in plutonic systems: American
Mineralogist, v. 76, p. 1081−1091.

Candela, P.A., 1997, A review of shallow, ore-related granites: textures,
volatiles, and ore metals: Journal of Petrology, v. 38, p. 1619–1633.

Candela, P.A., and Holland, H.D., 1984, The partitioning of Cu and molyb-
denum between melts and aqueous fluids: Geochimica et Cosmochimica
Acta, v. 48, p. 373−380.

——1986, A mass transfer model for copper and molybdenum in magmatic
hydrothermal systems: the origin of porphyry-type ore deposits: Economic
Geology, v. 81, p. 1−19.

Candela, P.A. and Piccoli, P.M., 1995, An experimental-theoretical model of
brine-vapor-silicate melt equilibria with applications to geothermal and
ore-forming systems: Mineralogical Association of Canada Short Course
Series, v. 23, p. 101−127.

——2005, Magmatic processes in the development of porphyry-type ore sys-
tems: Economic Geology, v. 100, p. 25−38. 

Carmichael, I.S.E., Lange, R.A., and Luhr, J.F., 1996, Quaternary minettes
and associated volcanic rocks of Mascota, western Mexico: A consequence
of plate extension above a subduction modified mantle wedge: Contribu-
tions to Mineralogy and Petrology, v. 124, p. 302−333.

Carroll, M.R., and Holloway, J.R., 1994, Volatiles in magmas: Reviews in
Mineralogy and Geochemistry, v. 73, 517 p.

Chambefort, I., Dilles, J.H., and Kent, A.J.R., 2008, Anhydrite-bearing an-
desite and dacite as a source for sulfur in magmatic-hydrothermal mineral
deposits: Geology, v. 36, p. 719−722.

Cline, J.S., and Bodnar, R.J., 1991, Can economic porphyry copper mineral-
ization be generated by a typical calc-alkaline melt?: Journal of Geophysi-
cal Research, v. 96, p. 8113−8126.

Collins, S.J., Pyle, D.M., and MacLennan, J., 2009, Melt inclusions track pre-
eruption storage and dehydration of magmas at Etna: Geology, v. 37, p.
571−574.

Conceição, R.V., and Green, D.H., 2004, Derivation of potassic (shoshonitic)
magmas by decompression melting of phlogopite + pargasite lherzolite:
Lithos, v. 72, p. 209−229.

Core, D.P., Kesler, S.E., and Essene, E.J., 2006, Unusually Cu-rich magmas
associated with giant porphyry copper deposits: Evidence from Bingham,
Utah: Geology, v. 34, p. 41−44.

Dilles, J.H., 1987, Petrology of the Yerington batholith, Nevada: Evidence
for evolution of porphyry copper ore fluids: Economic Geology, v. 82, p.
1750−1789.

Di Muro, A., Pallister, J.S., Villemant, B., Newhall, C.G., Semet, M., Mar-
tinez, M., and Mariet, C., 2008, Pre-1991 sulfur transfer between mafic in-
jections and dacite magma in the Mt. Pinatubo reservoir: Journal of Vol-
canology and Geothermal Research, v. 175, p. 517−540.

Ebel, D.S., and Naldrett, A.J., 1996, Fractional crystallization of sulfide ore
liquids at high temperature: Economic Geology, v. 91, p. 607−621.

Eichelberger, J.C., and Hayes, D.B., 1982, Magmatic model for the Mount
St. Helens blast of May 18, 1980: Journal of Geophysical Research, v. 87, p.
7727−7738.

Emmons, W.H., 1927, Relations of disseminated copper ores in porphyry to
igneous intrusions: American Institute of Mining and Metallurgical Engi-
neers Transactions, v. 75, p. 797–809.

Evans, K.A. and Tomkins, A.G., 2011, The relationship between subduction
zone redox budget and arc magma fertility: Earth and Planetary Science
Letters, v. 308, p. 401−438.

Farmer, G.L., 2003, Continental basaltic rocks: Treatise on Geochemistry, v.
3, p. 85−121.

Feldstein, S.N., and Lange, R.A., 1999, Pliocene potassic magmas from the
Kings River region, Sierra Nevada, California: Evidence for melting of a
subduction-modified mantle: Journal of Petrology, v. 40, p. 1301−1320.

Ferrari, L., Orozco-Esquivel, T., Manea, V., and Manea, M., 2012, The dy-
namic history of the Trans-Mexican volcanic belt and the Mexico subduc-
tion zone: Tectonophysics, v. 522−523, p. 122−149.

Foley, S., 1992, Vein-plus-wall-rock melting mechanism in the lithosphere
and the origin of potassic alkaline magmas: Lithos, v. 28, p. 435−453.

MAGMATIC CONTROLS ON PORPHYRY Cu GENESIS 569

0361-0128/98/000/000-00 $6.00 569

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/3813854/9781629490410_ch21.pdf
by guest
on 05 August 2020



Fournier, R.O., 1999, Hydrothermal processes related to movement of fluid
from plastic into brittle rock in the magmatic-epithermal environment:
Economic Geology, v. 94, 1193−1211.

Frost, B.R., and Ballhaus, C., 1998, Comment on “Constraints on the origin
of the oxidation state of mantle overlying subduction zones: an example
from Simcoe, Washington, USA”: Geochimica et Cosmochimica Acta, v. 62,
p. 329−331.

Greene, A.R., DeBari, S.M., Kelemen, P.B., Blusztajn, J., and Clift, P.D.,
2006, A detailed geochemical study of island arc crust: the Talkeetna arc
section, south-central Alaska: Journal of Petrology, v. 47, p. 1051−1093.

Halter, W.E., Heinrich, C.A., and Pettke, T., 2005, Magma evolution and the
formation of porphyry Cu-Au ore fluids: Evidence from silicate and sulfide
melt inclusions: Mineralium Deposita, v. 39, p. 845−863.

Harder, M., and Russell, J.K., 2006, Thermal state of the upper mantle be-
neath the Northern Cordilleran Volcanic Province (NCVP), British Co-
lumbia, Canada: Lithos, v. 87, p. 1−22.

Hattori, K., 1993, High-sulfur magma, a product of fluid discharge from un-
derlying mafic magma: Evidence from Mount Pinatubo, Philippines: Geol-
ogy, v. 21, p. 1083−1086.

——1997, Occurrence and origin of sulfide and sulfate in the 1991 Mount
Pinatubo eruption products, in Newhall, C.G., and Punongbayan, R.S.,
eds., Fire and mud: Eruptions and lahars of Mount Pinatubo, Philippines:
Seattle, University of Washington, p. 807−824.

Hattori, K.H., and Keith, J.D., 2001, Contribution of mafic melt to porphyry
copper mineralization: Evidence from Mount Pinatubo, Philippines, and
Bingham Canyon, Utah, USA: Mineralium Deposita, v. 36, p. 799−806.

Hedenquist, J.W., and Lowenstern, J.B., 1994, The role of magmas in the for-
mation of hydrothermal ore deposits: Nature, v. 370, p. 519−527.

Hedenquist, J.W., and Richards, J.P., 1998, The influence of geochemical
techniques on the development of genetic models for porphyry copper de-
posits: Reviews in Economic Geology, v. 10, p. 235−256.

Heinrich, C.A., Meier, D., Erni, M., von Quadt, A., and Márquez-Zavalía, F.,
2011, Life-times and scales of Cu-Au-mineralizing magmatic-hydrothermal
processes: Farallón Negro (Argentina) [ext. abs.], in Barra, F., Reich, M.
Campos, E., and Tornos, F., eds., Let’s talk ore deposits: Proceedings of the
Biennial SGA Meeting, 11th, Society for Geology Applied to Mineral De-
posits, Antafogasta, Chile, 26−29 September, 2011, p. 3–6.

Hildreth, W., and Moorbath, S., 1988, Crustal contributions to arc magma-
tism in the Andes of central Chile: Contributions to Mineralogy and Petrol-
ogy, v. 98, p. 455−489.

Hersum, T.G., 2005, Phase change and melt dynamics in partially molten
rock: Unpublished Ph.D. dissertation, Baltimore, Maryland, Johns Hopkins
University, 174 p.

Hersum, T.G., and Marsh, B.D., 2006, Igneous microstructures from kinetic
models of crystallization: Journal of Volcanology and Geothermal Re-
search, v. 154, p. 34−47.

Hersum, T.G., Hilpert, M., and Marsh, B.D., 2005, Permeability and melt
flow in simulated and natural partially molten basaltic magmas: Earth and
Planetary Science Letters, v. 237, p. 798−814.

Iwamori, H., 1998, Transportation of H2O and melting in subduction zones:
Earth and Planetary Science Letters, v. 160, p. 65−80.

Jagoutz, O., Müntener, O., Burg, J.-P., Ulmer, P., and Jagoutz, E., 2006,
Lower continental crust formation through focused flow in km-scale melt
conduits: the zoned ultramafic bodies of the Chilas Complex in the Kohis-
tan island arc (NW Pakistan): Earth and Planetary Science Letters, v. 242,
p. 320−342.

Johnson, E.R., Wallace, P.J., Delgado Granados, H., Manea, V.C., Kent,
A.J.R., Bindeman, I.N., and Donegan, C. S., 2009, Subduction-related
volatile recycling and magma generation beneath central Mexico: Insights
from melt inclusions, oxygen isotopes and geodynamic models: Journal of
Petrology, v. 50, p. 1729−1764.

Johnson, E.R., Wallace, P.J., Cashman, K.V., and Granados, H.D., 2010, De-
gassing of volatiles (H2O, CO2, S, Cl) during ascent, crystallization and
eruption at mafic monogenetic volcanoes in central Mexico: Journal of Vol-
canology and Geothermal Research, v. 197, p. 225−238.

Jugo, P.J., 2009, Sulfur content at sulfide saturation in oxidized magmas: Ge-
ology, v. 37, p. 415−418.

Jugo, P.J., Candela, P.A., and Piccoli, P.M., 1999, Magmatic sulfides and
Au:Cu ratios in porphyry deposits: An experimental study of copper and
gold partitioning at 850°C, 100 MPa in a haplogranitic melt-pyrrhotite-in-
termediate solid solution-gold metal assemblage, at gas saturation: Lithos,
v. 46, p. 573−589.

Jugo, P.J., Wilke, M., and Botcharnikov, R.E., 2010, Sulfur K-edge XANES
analysis of natural and synthetic basaltic glasses: Implications for S specia-
tion and S content as function of oxygen fugacity: Geochimica et Cos-
mochimica Acta, v. 74, p. 5926−5938.

Keith, J.D., Whitney, J.A., Hattori, K., Ballantyne, G.H., Christiansen, E.H.,
Barr, D.L., Cannan, T.M., and Hook, C.J., 1997, The role of magmatic sul-
fides and mafic alkaline magmas in the Bingham and Tintic mining dis-
tricts, Utah: Journal of Petrology, v. 38, p. 1679−1690.

Kelley, K.A., and Cottrell, E., 2009, Water and the oxidation state of subduc-
tion zone magmas: Science, v. 325, p. 605−607.

Kent, A.J.R., Darr, C., Koleszar, A.M., Salisbury, M.J., and Cooper, K.M.,
2010, Preferential eruption of andesitic magmas through recharge filtering:
Nature Geoscience, v. 3, p. 631−636.

Kimura, J.-I., Hacker, B.R., van Keken, P.E., Kawabata, H., Yoshida, T., and
Stern, R.J., 2009, Arc basalt simulator version 2, a simulation for slab de-
hydration and fluid-fluxed mantle melting for arc basalts: Modeling scheme
and application: Geochemistry Geophysics Geosystems, v. 10, p. doi:
10.1029/2008GC002217.

Klemm, L.M., Pettke, T., Heinrich, C.A., and Campos, E., 2007, Hydrother-
mal evolution of the El Teniente deposit, Chile: Porphyry Cu-Mo ore de-
position from low-salinity magmatic fluids: Economic Geology, v. 102, p.
1021−1045.

Kouzmanov, K., and Pokrovski, G.S., 2012, Hydrothermal controls on metal
distribution in porphyry Cu (-Mo-Au) systems: Society of Economic Geol-
ogists Special Publication 16, p. 573–618.

Kullerud, G., Yund, R.A., and Moh, G.H., 1969, Phase relations in the Cu-
Fe-S, Cu-Ni-S and Fe-Ni-S systems: Economic Geology Monograph 4, p.
323−343.

Landtwing, M.R., Pettke, T., Halter, W.E., Heinrich, C.A., Redmond, P.B.,
Einaudi, M.T., and Kunze, K., 2005, Copper deposition during quartz dis-
solution by cooling magmatic-hydrothermal fluids: The Bingham porphyry:
Earth and Planetary Science Letters, v. 235, p. 229−243.

Landtwing, M.R., Furrer, C., Redmond, P.B., Pettke, T., Guillong, M., and
Heinrich, C.A., 2010, The Bingham Canyon porphyry Cu-Mo-Au deposit.
III. Zoned copper-gold ore deposition by magmatic vapor expansion: Eco-
nomic Geology, v. 105, p. 91−118.

Larocque, A.C.L., Stimac, J.A., Keith, J.D., and Huminicki, M.A.E., 2000,
Evidence for open-system behavior in immiscible Fe-S-O liquids in silicate
magmas: Implications for contributions of metals and sulfur to ore-forming
fluids: Canadian Mineralogist, v. 38, p. 1233−1249.

Li, Y., and Audétat, A., 2012, Partitioning of V, Mn, Co, Ni, Cu, Zn, As, Mo,
Ag, Sn, Sb, W, Au, Pb, and Bi between sulfide phases and hydrous basan-
ite melt at upper mantle conditions: Earth and Planetary Science Letters,
v. 355–356, p. 327–340.

Lindgren, W., 1905, The copper deposits of the Clifton-Morenci district, Ari-
zona: U.S. Geological Survey Professional Paper 43, p. 375.

Liu, K., Levander, A., Niu, F., and Miller, M.S., 2011a, Imaging crustal and
upper mantle structure beneath the Colorado Plateau using finite fre-
quency Rayleigh wave tomography: Geochemistry Geophysics Geosystems,
v. 12, doi:10.1029/2011GC003611.

Liu, C.-Z., Wu, F.-Y., Chung, S.-L., and Zhao, Z.-D., 2011b, Fragments of hot
and metasomatized mantle lithosphere in the middle Miocene ultrapotas-
sic lavas, southern Tibet: Geology, v. 39, p. 923−926.

Lowenstern, J.B., 2001, Carbon dioxide in magmas and implications for
hydrothermal systems: Mineralium Deposita, v. 36, p. 490−502.

Luhr, J. F., 1997, Extensional tectonics and the diverse primitive volcanic
rocks in the western Mexican volcanic belt: Canadian Mineralogist, v. 35, p.
473–500.

Maria, A.H., and Luhr, J.F., 2008, Lamprophyres, basanites, and basalts of
the western Mexican Volcanic Belt: Volatile contents and a vein-wallrock
melting relationship: Journal of Petrology, v. 49, p. 2123−2156.

Matthews, S.J., Sparks, R.S.J., and Gardeweg, M.C., 1999, The Piedras
Grandes-Soncor eruptions, Lascar Volcano, Chile: Evolution of a zoned
magma chamber in the Central Andean upper crust: Journal of Petrology,
v. 40, p. 1891−1919.

Maughan, D.T., Keith, J.D., Christiansen, E.H., Pulsipher, T., Hattori, K.,
and Evans, N.J., 2002, Contributions from mafic alkaline magmas to the
Bingham porphyry Cu-Au-Mo deposit, Utah, USA: Mineralium Deposita,
v. 37, p. 14−37.

McInnes, B.I.A., Gregoire, M., Binns, R.A., Herzig, P.M., and Hannington,
M.D., 2001, Hydrous metasomatism of oceanic sub-arc mantle, Lihir, Papua
New Guinea: Petrology and geochemistry of fluid-metasomatized mantle
wedge xenoliths: Earth and Planetary Science Letters, v. 188, p. 169−183.

570 AUDÉTAT AND SIMON

0361-0128/98/000/000-00 $6.00 570

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/3813854/9781629490410_ch21.pdf
by guest
on 05 August 2020



Métrich, N., and Clocchiatti, R., 1996, Sulfur abundance and its speciation in
oxidized alkaline melts: Geochimica et Cosmochimica Acta, v. 60, p.
4145−4160.

Métrich, N., and Wallace, P.J., 2008, Volatile abundances in basaltic magmas
and their degassing paths tracked by melt inclusions: Reviews in Mineral-
ogy and Geochemistry, v. 69, p. 363−402.

Moretti, R., Papale, P., and Ottonello, G., 2003, A model for the saturation of
C-O-H-S fluids in silicate melts: Geological Society [London] Special Pub-
lication 213, p. 81−101.

Müller, D., and Groves, D.I., 2000, Potassic igneous rocks and associated
gold-copper mineralization: Berlin, Heidelberg, New York, Springer, 238 p.

Müller, D., Franz, L., Herzig, P.M., and Hunt, S., 2001, Potassic igneous
rocks from the vicinity of epithermal gold mineralization, Lihir Island,
Papua New Guinea: Lithos, v. 57, p. 163−186.

Mungall, J.E., 2002, Roasting the mantle: Slab melting and the genesis of
major Au and Au-rich Cu deposits: Geology, v. 30, p. 915−918.

Nadeau, O., Williams-Jones, A.E., and Stix, J., 2010, Sulphide magma as a
source of metals in arc-related magmatic hydrothermal ore fluids: Nature
Geoscience, v. 3, p. 501−505.

Newman, S., and Lowenstern, J.B., 2002, Volatile calc: a silicate melt-H2O-
CO2 solution model written in Visual Basic for Excel: Computers and Geo-
sciences, v. 28, p. 597−604.

Norton, D.L., 1982, Fluid and heat transport phenomena typical of copper-
bearing pluton environments, in Titley, S.R., ed., Advances in the geology
of porphyry copper deposits of southwestern North America: Tucson, Uni-
versity of Arizona Press, p. 59−72.

Ownby, S.E., Lange, R.A., and Hall, C.M., 2008, The eruptive history of the
Mascota volcanic field, western Mexico: Age and volume constraints on the
origin of andesite among a diverse suite of lamprophyric and calc-alkaline
lavas: Journal of Volcanology and Geothermal Research, v. 177, p.
1077−1091.

Palme, H., and O’Neill, H.C., 2003, Cosmochemical estimates of mantle
composition: Treatise on Geochemistry, v. 2, p. 1−38.

Parat, F., Holtz, F., and Streck, M.J., 2011, Sulfur-bearing magmatic acces-
sory minerals, in Behrens, H., and Webster, J. D., eds., Sulfur in magmas
and melts: its importance for natural and technical processes, Reviews in
Mineralogy and Geochemistry, v. 73, p. 285–314.

Pasteris, J.D., 1996, Mount Pinatubo volcano and “negative” porphyry cop-
per deposits: Geology, v. 24, p. 1075−1078.

Pichavant, M., Mysen, B.O., and MacDonald, R., 2002, Source and H2O con-
tent of high-MgO magmas in island arc settings: an experimental study of a
primitive calc-alkaline basalt from St. Vincent, Lesser Antilles arc:
Geochimica et Cosmochimica Acta, v. 66, p. 2193−2209.

Piccoli, P.M., Candela, P.A. and Williams, T.J., 1999, Constraints on estimat-
ing HCl and Cl in the magmatic volatile phase in granites and granite-re-
lated ore systems: A potential tool for the estimation of high- and low-Cl
systems: Lithos, v. 46, p. 573−589.

Pitzer, K.S., and Pabalan, R.T., 1986, Thermodynamics of NaCl in steam:
Geochimica et Cosmochimica Acta, v. 50, p. 1445−1454.

Pudack. C., Halter, W.E., Heinrich, C.A. and Pettke, T., 2009, Evolution of
magmatic vapor to gold-rich epithermal liquid: The porphyry to epithermal
transition at Nevados de Famatina, northwest Argentina: Economic Geol-
ogy, v. 104, p. 449−477.

Reubi, O., and Blundy, J., 2009, A dearth of intermediate melts at subduction
zone volcanoes and the petrogenesis of arc andesites: Nature, v. 461, p.
1269−1273.

Richards, J.P., 2003, Tectono-magmatic precursors for porphyry Cu-(Mo-Au)
deposit formation: Economic Geology, v. 98, p. 1515−1533.

—— 2005, Cumulative factors in the generation of giant calc-alkaline por-
phyry Cu deposits, in Porter, T.M., ed., Super porphyry copper & gold de-
posits: a global perspective. PGC publishing, Adelaide, v. 1, p. 7–25.

——2009, Postsubduction porphyry Cu-Au and epithermal Au deposits:
Products of remelting of subduction-modified lithosphere: Geology, v. 37,
p. 247−250.

——2011, Magmatic to hydrothermal metal fluxes in convergent and col-
lided margins: Ore Geology Reviews, v. 40, p. 1−26.

Ripley, E.M., Brophy, J., and Li, C., 2002, Copper solubility in basaltic melt
and sulfide liquid/silicate melt partition coefficients of Cu and Fe:
Geochimica et Cosmochimica Acta, v. 66, p. 2791−2800.

Rowe, M.C., Kent, A.J.R., and Nielsen, R.L., 2009, Subduction influence on
oxygen fugacity and trace and volatile elements in basalts across the Cas-
cade volcanic arc: Journal of Petrology, v. 50, p. 61−91.

Rudnick, R.L., and Gao, S., 2003, The composition of the continental crust,
in Holland, H.D. and Turekian, K.K., eds., The Crust: Treatise on Geo-
chemistry, Oxford, Elsevier-Pergamon, v. 3, p. 1−64.

Rusk, B.G., Reed, M.H., Dilles, J.H., Klemm, L.M., and Heinrich, C.A.,
2004, Compositions of magmatic hydrothermal fluids determined by LA-
ICP-MS of fluid inclusions from the porphyry copper-molybdenum deposit
at Butte, MT: Chemical Geology, v. 210, p. 173−199.

Rusk, B.G., Reed, M.H., and Dilles, J.H., 2008, Fluid inclusion evidence for
magmatic-hydrothermal fluid evolution in the porphyry copper-molybde-
num deposit at Butte, Montana: Economic Geology, v. 103, 307−334.

Rutherford, M.J., 2008, Magma ascent rates: Reviews in Mineralogy and
Geochemistry, v. 69, p. 241−271.

Salters, V.J.M., and Stracke, A., 2004, Composition of the depleted mantle:
Geochemistry Geophysics Geosystems, v. 5, doi:10.1029/2003GC000597.

Seedorff, E., Dilles, J.H., Proffett, J.M.J., Einaudi, M.T., Zurcher, L., Stavast,
W.J.A., Johnson, D.A., and Barton, M.C., 2005, Porphyry deposits: Charac-
teristics and origin of hypogene features: Economic Geology 100th An-
niversary Volume, p. 251−298.

Seedorff, E., Barton, M.D., Stavast, W.J.A., and Maher, D.J., 2008, Root
zones of porphyry systems: Extending the porphyry model to depth: Eco-
nomic Geology, v. 103, p. 939−956.

Shinohara, H., 1994, Exsolution of immiscible vapor and liquid phases from
a crystallizing silicate melt: Implications for chlorine and metal transport:
Geochimica et Cosmochimica Acta, v. 58, p. 5215−5221.

Sillitoe, R.H., 1973, The tops and bottoms of porphyry copper deposits: Eco-
nomic Geology, v. 68, p. 799−815.

—— 1980, Cauldron subsidence as a possible inhibitor of porphyry copper
formation: Mining Geology Special Issue, v. 8, p. 85–93.

——2010, Porphyry copper systems: Economic Geology, v. 105, p. 3−41.
Simon, A.C., and Ripley, E.M., 2011, The role of magmatic sulfur in the for-

mation of ore deposits: Reviews in Mineralogy and Geochemistry, v. 73, p.
513−578.

Simon, A.C., Pettke, T., Candela, P.A., Piccoli, P.M., and Heinrich, C.A.,
2006, Copper partitioning in a melt-vapor-brine-magnetite-pyrrhotite as-
semblage: Geochimica et Cosmochimica Acta, v. 70, p. 5583−5600.

Sobolev, A.V., and Chaussidon, M., 1996, H2O concentrations in primary
melts from supra-subduction zones and mid-ocean ridges: Implications for
H2O storage and recycling in the mantle: Earth and Planetary Science Let-
ters, v. 137, p. 45−55.

Spilliaert, N., Allard, P., Metrich, N., and Sobolev, A.V., 2006, Melt inclusion
record of the conditions of ascent, degassing, and extrusion of volatile-rich
alkali basalt during the powerful 2002 flank eruption of Mount Etna (Italy):
Journal of Geophysical Research, v. 111, B04203, doi:10.1029/2005
JB003934.

Stavast, W.J.A., Keith, J.D., Christiansen, E.H., Dorais, M.J., Tingey, D.,
Larocque, A., and Evans, N., 2006, The fate of magmatic sulfides during in-
trusion or eruption, Bingham and Tintic districts, Utah: Economic Geology,
v. 101, p. 329−345.

Stern, C.R., Funk, J.A., Skewes, M.A., and Arévalo, A., 2007, Magmatic an-
hydrite in plutonic rocks at the El Teniente Cu-Mo deposit, Chile, and the
role of sulfur- and copper-rich magmas in its formation: Economic Geology,
v. 102, p. 1335−1344.

Stern, C.R., Skewes, M.A., and Arévalo, A., 2011, Magmatic evolution of the
giant El Teniente Cu-Mo deposit, central Chile: Journal of Petrology, v. 52,
p. 1591–1617.

Streck, M.J., and Dilles, J.H., 1998, Sulfur evolution of oxidized arc magmas
as recorded in apatite from a porphyry copper batholiths: Geology, v. 26, p.
523−526.

Symonds, R.B., Rose, W.I., Reed, M.H., Lichte, F.E., and Finnegan, D.L.,
1987, Volatilization, transport and sublimation of metallic and non-metallic
elements in high temperature gases at Merapi volcano, Indonesia:
Geochimica et Cosmochimica Acta, v. 51, p. 2083−2101.

Taran, Y.A., Bernard, A., Gavilanes, J.C., Lunezheva, E., Cortés, A., and
Armienta, M.A., 2001, Chemistry and mineralogy of high-temperature gas
discharges from Colima volcano, Mexico. Implications for magmatic gas-at-
mosphere interaction: Journal of Volcanology and Geothermal Research, v.
108, p. 245−264.

Taylor, H.P. Jr., 1974, The application of oxygen and hydrogen isotope stud-
ies to problems of hydrothermal alteration and ore deposition: Economic
Geology, v. 69, p. 843−883.

Tomkins, A.G., and Mavrogenes, J.A., 2003, Generation of metal-rich felsic
magmas during crustal anatexis: Geology, v. 31, p. 765−768.

MAGMATIC CONTROLS ON PORPHYRY Cu GENESIS 571

0361-0128/98/000/000-00 $6.00 571

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/3813854/9781629490410_ch21.pdf
by guest
on 05 August 2020



Ulmer, P., 2001, Partial melting in the mantle wedge—the role of H2O in the
genesis of mantle-derived “arc-related” magmas: Physics of the Earth and
Planetary Interiors, v. 127, p. 215−232.

Vigouroux, N., Wallace, P.J., and Kent, A.J.R., 2008, Volatiles in high-K
 magmas from the Western Trans-Mexican volcanic belt: Evidence for fluid
fluxing and extreme enrichment of the mantle wedge by subduction
processes: Journal of Petrology, v. 489, p. 1589−1618.

Wallace, P.J., 2005, Volatiles in subduction zone magmas: Concentrations and
fluxes based on melt inclusion and volcanic gas data: Journal of Volcanology
and Geothermal Research, v. 140, p. 217−240.

Wallace, P.J., and Edmonds, M., 2011, The sulfur budget in magmas: Evi-
dence from melt inclusions, submarine glasses, and volcanic gas emissions:
Reviews in Mineralogy and Geochemistry, v. 73, p. 215−246.

Wass, S.Y., and Rogers, N.W., 1980, Mantle metasomatism—precursor to
continental alkaline volcanism: Geochimica et Cosmochimica Acta, v. 44, p.
1811−1823.

Webster, J.D., 1997, Exsolution of magmatic volatile phases from Cl-en-
riched mineralizing granitic magmas and implication for ore metal trans-
port: Geochimica et Cosmochimica Acta, v. 61, p. 1017−1029.

——2004, The exsolution of magmatic hydrosaline chloride liquids: Chemi-
cal Geology, v. 210, p. 33−48.

Webster, J.D., and Botcharnikov, R.E., 2011, Distribution of sulfur between
melt and fluid in S-O-H-C-Cl-bearing magmatic systems at shallow crustal
pressure-temperature conditions: Reviews in Mineralogy and Geochem-
istry, v. 74, p. 247−283.

Webster, J.D., and Mandeville, C.W., 2007, Fluid immiscibility in volcanic
systems: Reviews in Mineralogy and Geochemistry v. 65, p. 313−362.

Webster, J.D., Goldoff, B., and Shimizu, N., 2011, C-O-H-S fluids and
granitic magma: how S partitions and modifies CO2 concentrations of fluid-
saturated felsic melt at 200 MPa: Contributions to Mineralogy and Petrol-
ogy, v. 162, p. 849–865.

Wilkinson, W.H., Vega, L.A., and Titley, S.R., 1982, Geology and ore deposits
at Mineral Park, Mohave County, Arizona, in Titley, S.R., Advances in ge-
ology of the porphyry copper deposits, southwestern North America: Tuc-
son, University of Arizona Press, p. 523−541.

Williams, T.J., Candela, P.A., and Piccoli, P.M., 1995, The partitioning of cop-
per between silicate melts and 2-phase aqueous fluids—an experimental
investigation at 1 kbar, 800°C and 0.5 kbar, 850°C: Contributions to Min-
eralogy and Petrology, v. 128, p. 114−126.

Williams, H.M., Turner, S.P., Pearce, J.A., Kelley, S.P., and Harris, N.B.W.,
2004, Nature of the source regions for post-collisional, potassic magmatism
in southern and northern Tibet from geochemical variations and inverse
trace element modeling: Journal of Petrology, v. 45, p. 555−607.

Williams-Jones, A.E., and Heinrich, C.A., 2005, Vapor transport of metals
and the formation of magmatic-hydrothermal ore deposits: Economic Ge-
ology, v. 100, p. 1287−1312.

Woodland, S.J., Pearson, D.G., and Thirlwall, M.F., 2002, A platinum group
element and Re-Os isotope investigation of siderophile element recycling
in subduction zones: Comparison of Grenada, Lesser Antilles arc, and the
Izu-Bonin arc: Journal of Petrology, v. 43, p. 171−198.

Zajacz, Z., and Halter, W.E., 2009, Copper transport by high-temperature,
sulfur-rich magmatic vapor: Evidence from silicate melt inclusions in a
basaltic andesite from the Villarrica volcano (Chile): Earth and Planetary
Science Letters, v. 282, p. 115−121.

Zajacz, Z., Halter, W.E., Pettke, T., and Guillong, M., 2008, Determination of
fluid/melt partition coefficients by LA-ICPMS analysis of co-existing fluid
and silicate melt inclusions: Controls on element partitioning: Geochimica
et Cosmochimica Acta, v. 72, p. 2169−2197.

Zajacz, Z., Seo, J.H., Candela, P.A., Piccoli, P.M., and Tossell, J.A., 2011, The
solubility of copper in high temperature magmatic vapors: A quest for the
significance of various chloride and sulfide complexes: Geochimica et Cos-
mochimica Acta, v. 75, p. 2811−2827.

572 AUDÉTAT AND SIMON

0361-0128/98/000/000-00 $6.00 572

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/3813854/9781629490410_ch21.pdf
by guest
on 05 August 2020


