
Introduction
Porphyry Cu-Au deposits form at convergent margins, either 
coeval with subduction (Andean-type, synsubduction depos-
its) or in postsubduction (postcollisional to extensional) set-
tings (Fig. 1; Richards, 2009; Sillitoe, 2010). In these deposits, 
metals are precipitated from hydrothermal solutions at tem-
peratures ranging from >500° to <300°C (as reviewed by 
Sillitoe, 2010, and references therein). There are four basic 
ingredients that are necessary to form porphyry Cu-Au depos-
its: metals (essentially Cu, Au, Mo), the aqueous hydrother-
mal fluid, metal ligands (mostly Cl and S), and S as the ionic 
and/or covalent bonding to form solid sulfide and sulfosalt 
minerals (e.g., Burnham, 1979). 

A large amount of research based on geologic observations, 
geochemical, and isotopic data as well as geochronology indi-
cates that hydrothermal solutions, and all the ingredients they 
carry that are essential to form porphyry deposits (i.e., met-
als, ligands, and S), have a dominant magmatic origin (e.g., 
Gustafson and Hunt, 1975; Burnham, 1979; Hedenquist and 
Lowenstern, 1994).

Therefore, studying the petrogenesis and evolution of mag-
matic rocks associated with porphyry deposits is an essential 
step to understand how and why these deposits form. From 
this perspective, research has focused on two main magmatic 
processes that determine the ability of magmas to form por-
phyry deposits (e.g., Richards, 2013; Wilkinson, 2013): source 
processes, which could enrich primary basaltic melts in the 
above ingredients, and intracrustal evolutionary processes, 

which could modify the contents of those ingredients during 
the evolution of the primary basaltic melts to more evolved 
intermediate-felsic magmas that are those ultimately associ-
ated with porphyry deposits. 

Although postmagmatic processes are very important in 
upgrading metal concentrations and changing ore mineral-
ogy, with substantial consequences on deposit exploration and 
exploitation, this review focuses only on the above-mentioned 
magmatic processes and discusses parameters that could deter-
mine the magmatic fertility for porphyry deposits. Fertility is 
intended as the combination of magmatic parameters (e.g., 
metal and volatile contents, magma and fluid volumes) that, 
being consistent with petrogenetic processes of arc magma-
tism, might result in higher amounts of metals exsolvable from 
the magma. Large databases are used (Chiaradia, 2014, 2015) 
on the geochemistry of convergent margin magmas of recent 
age (Miocene to Quaternary) and petrologic modeling (Chiara-
dia and Caricchi, 2017; Chiaradia, 2020a, b) to understand how 
source and intracrustal magmatic processes can determine the 
fertility of magmas. This approach eliminates problems related 
to hydrothermal alteration that almost invariably overprints 
porphyry-related magmatic systems. Whenever possible, how 
the geochemical compositions of intrusive rocks of porphy-
ry-related magmatic systems fit in the large dataset of recent 
arc magmas and their petrologic modeling is shown.

The Mantle Source Role in Generating  
Porphyry-Fertile Magmas

Porphyry Cu-Au deposits form at convergent plate margins, 
either coeval with subduction or postsubduction (Richards, 
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2009). In both cases the source of the primary basaltic melts, 
from which, subsequently, derivative intermediate to felsic 
magmas directly associated with porphyry deposits evolve, is a 
mantle wedge metasomatized by slab-derived fluids. Although 
the processes of magma generation in the above two settings 
might differ (Richards, 2009), we can consider primitive arc 
basalts as the typical example of parents of porphyry-related 
magmatic systems, because it is agreed that they form from a 
slab-metasomatized mantle (e.g., Tatsumi, 1989).

Many studies have highlighted the peculiar geochemical 
characteristics of arc basalts, especially concerning the main 
ingredients necessary to form porphyry Cu-Au deposits (i.e., 
metals, H2O, S, Cl contents). These characteristics are briefly 
summarized, highlighting differences or similarities between 
arc basalts and MORB (mid-ocean ridge basalts), as a refer-
ence rock that is not associated with porphyry deposits.

Source differences in metal contents

The bulk budget of chalcophile metals (i.e., Cu, Au) in man-
tle peridotite resides in sulfides, which, depending on pres-
sure and temperature (P-T) conditions, can be either in the 
solid or liquid form (Audétat and Simon, 2012). Therefore, 
the contents of these metals in primary basaltic melts issued 
from partial melting of peridotite is controlled to the largest 
extent by sulfide solubility into the basaltic melt. It is known 
that sulfide solubility in silicate melts is strongly dependent, in 
addition to temperature, pressure, and FeO contents (O’Neill 
and Mavrogenes, 2002), on fO2 conditions, with higher fO2 con-
ditions favoring higher sulfur solubility and therefore higher 
metal contents, at equal partial melt fractions (Jugo, 2009).

Remarkably, primitive arc basalts (irrespective of whether 
they are island or continental arc) have broadly similar average 
Cu contents (80–100 ppm; Chiaradia, 2014). Even more nota-
ble, arc basalts have the same Cu contents as midocean ridge 
basalts (MORBs; Lee et al., 2012). This has been taken as evi-
dence for similar fO2 conditions in the sub-arc and sub-ridge 

mantle (Lee et al., 2012), despite widespread belief that arc 
magmas should be more oxidized than MORBs (e.g., Kelley 
and Cottrell, 2009). Without entering this ongoing debate, the 
very similar Cu contents of all arc basalts and MORBs suggest 
that Cu content of primitive arc basalts is not a main factor in 
determining the fertility of arc magmas. Thus, other factors 
associated with arc magmas must play a more prominent role 
than Cu contents.

Because of analytical challenges, much less information is 
available for gold contents in primitive arc magmas. Moss et 
al. (2001) and Jenner et al. (2010) have measured gold con-
tents in melt inclusions of back-arc magmatic rocks (Lau and 
Manus Basin) and found that they are somewhat higher (4.2–
6.2 ppb) than Au contents in MORBs (<1 ppb).

Source differences in H2O, S, and Cl contents

H2O contents of primitive arc basalts are quite homogeneous 
irrespective of the intra-oceanic or continental nature of the 
arc, and range between 2 and 6 wt % with an average of 3.9 ± 
0.4 (1σ) wt % (Plank et al., 2013). There is debate on the actual 
meaning of such a homogeneous H2O content. This may be 
real, indicating a process that systematically leads to primary 
arc basalts with a restricted range of H2O contents (Plank et 
al., 2013). On the other hand, it could be the result of shallow 
pressure reequilibration of primary arc basalts (Turner and 
Langmuir, 2015), although this seems to be at odds with geo-
chemical and thermobarometric indications that arc magmas 
evolve at variably deep levels (Annen et al., 2006; Plank et al., 
2013, and references therein).

Primary or primitive arc magmas, and by inference also 
postsubduction basalts that derive from a slab-metasomatized 
mantle, are nonetheless much richer in H2O than MORBs 
(avg ~0.25 wt %; Wallace, 2005), and this might be one of the 
main reasons why porphyry-type mineralization is exclusively 
associated with subduction-related processes (Chiaradia, 
2020a; Rezeau and Jagoutz, 2020).
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Fig. 1.  Worldwide distribution of major porphyry Cu-Au deposits with respect to their metal commodities and endowments 
(modified after Sillitoe, 2010). Abbreviations: Ca = Cadia, CC = Cerro Colorado, Ch = Chuquicamata, Cn = Cananea, ET = 
El Teniente, Es = Escondida, FSE = Far South East-Lepanto, Gr = Grasberg, Kg = Kisladag, Kj = Kadjaran, Kk = Kalmakyr, 
LP = Los Pelambres, OT = Oyu Tolgoi, Pe = Pebble, Png = Panguna, RB = Rio Blanco RD = Reko Diq. 
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The same holds true for S and Cl. These elements, which 
are essential for complexing of chalcophile metals in hydro-
thermal solution and to fix them in sulfide minerals, are sig-
nificantly more enriched in primary arc basalts (S 900–>3,000 
ppm; Cl 500–6,000 ppm; Hattori and Keith, 2001; Wallace, 
2005; Aiuppa et al., 2009) than in MORBs (S ~1,100 ppm; Cl 
<400 ppm; e.g., Wallace, 2005; Aiuppa et al., 2009).

In summary, source processes leading to the formation of 
primitive arc basalts, the ultimate parents of more evolved 
intermediate to felsic magmas associated with porphyry 
deposits, appear to play a more important role in the enrich-
ment of such melts in H2O, S, and Cl rather than in metals, 
particularly Cu. Appropriately high contents of volatile spe-
cies in the primary basalts that are associated with the gener-
ation of porphyry deposits seem to be a critical source control 
on primary magma fertility (e.g., Chiaradia, 2020a; Rezeau 
and Jagoutz, 2020). This does not discount the potential 
importance of metal enrichment in magmas (e.g., Keith et al., 
1997; Core et al., 2006; Cox et al., 2020) but suggests that the 
latter is probably not the main variable in determining the 
formation of most economic porphyry deposits. Nonetheless, 
it is shown below that magmatic Au enrichment in variably 
alkaline magmas could be responsible for the formation of the 
porphyry Cu-Au deposits with large Au endowments.

Interarc differences?

It is known that most major porphyry Cu deposits are found 
in arcs associated with thick crust (e.g., Sillitoe, 1972; Kesler, 
1997). It is therefore important to understand whether such 
a preferential association derives from source differences in 
the primary basaltic melts or is due to different intracrustal 
processes associated with arcs of different thicknesses. As dis-
cussed above, there are no evident differences in metal and 
volatile contents between arcs developed on thick continen-
tal crust and those developed on thin oceanic crust, despite 
the fact that these two types of arcs are often characterized by 
broadly different slab dips, slab temperatures and ages, and 
slab descent rates (e.g., Syracuse et al., 2010). This seems to 
suggest that, whereas the essential ingredients to form por-
phyry Cu-Au deposits are equally available in thin and thick 
arcs, the preferential association of porphyry Cu deposits with 
thick arcs derives from intracrustal processes (see discussion 
below). Whether and how these are controlled by geodynamic 
parameters of the subduction zones (slab dips, slab tempera-
tures and ages, and slab descent rates) needs to be investigated. 
It should be noted, however, that giant porphyry Cu-Au depos-
its are also found in relatively thin arc settings, like those in the 
southwest-Pacific Ocean (e.g., Grasberg, Batu Hijau, Ok Tedi, 
Onto). The occurrence of porphyry Cu-Au deposits in thinner 
arcs and their relationships with porphyry Cu-Au deposits of 
thick arcs will be discussed more in detail in a later section.

Intracrustal Magma Evolution Processes in  
Generating Porphyry-Fertile Magmas

Porphyry deposits are genetically and temporally associated 
with intermediate to felsic magmas (Sillitoe, 2010, and ref-
erences therein). Therefore, the evolution of arc basalts to 
such intermediate-felsic compositions represents an import-
ant step in determining the fertility of a magma toward the 
formation of porphyry deposits.

Large-scale geochemical datasets of recent arc magmatic 
rocks can be used to evaluate the first-order processes that 
control magma evolution and geochemical compositions in 
arcs, and how these processes could influence magma fertil-
ity. In order to do this, the evolution in arc magmas of some 
key major elements (MgO, SiO2, Fe2O3(total)), Cu, and trace 
element ratios (Sr/Y) that are used to indicate magma fertility 
for the formation of Cu-Au porphyry deposits (e.g., Loucks, 
2014) are investigated.

Geochemical features of recent magmatic arcs

Arc magmas are characterized by two main sub-alkaline evo-
lutionary trends: tholeiitic and calc-alkaline. The tholeiitic 
and calc-alkaline trends differ for the extent of Fe2O3(total) 
enrichment during magmatic evolution (e.g., with decreasing 
MgO). Tholeiitic series magmas are characterized by a strong  
Fe2O3(total) enrichment at intermediate compositions (MgO 
values of 4–6 wt %) before subsequent depletion (Miyashiro, 
1974). By contrast, calc-alkaline series magmas are charac-
terized by a continuous Fe2O3(total) depletion throughout the 
magmatic arc differentiation process.

Discussion is ongoing around the causes of these two dis-
tinct trends. It is agreed that the early fractionation of Fe-rich 
minerals (e.g., magnetite ± garnet ± amphibole) is responsible 
for the Fe2O3(total) depletion that is typical of the calc-alkaline 
trend (e.g., Sisson and Grove, 1993; Tang et al., 2018). How-
ever, why this occurs more in some arcs than in others is a 
matter of debate. Chiaradia (2014) showed that the degree 
of calc-alkalinity is linearly correlated with the thickness of 
the crust of the overriding plate, and that there is a continu-
ous transition between tholeiitic and calc-alkaline series (Fig. 
2a). This was interpreted as the result of early stabilization of 
magnetite at high pressure due to higher H2O contents asso-
ciated with high-pressure fractionation (Sisson and Grove, 
1993). Tang et al. (2018) and Lee and Tang (2020) attributed 
the Fe depletion in thicker arcs to early garnet fractionation, 
with garnet being the most Fe-rich mineral fractionating 
at high pressure. On the other hand, Turner and Langmuir 
(2015) attributed the relationship between calc-alkalinity and 
crustal thickness to different degrees of partial melting of the 
mantle wedge. The latter would correlate with the thickness 
of the crust of the overriding plate, because a thicker crust 
results in a deeper location of melting of the mantle wedge 
(see also Perrin et al., 2018). Therefore, a lower degree of par-
tial melting would occur beneath arcs built on thicker crust. 
Since H2O is an incompatible species in magmatic processes, 
and assuming similar mantle-wedge H2O contents, this would 
result in primary basaltic melts being more enriched in H2O 
(and other incompatible elements) beneath thick arcs than 
under thin arcs. Therefore, if this idea is correct, ultimately 
the occurrence of distinct calc-alkaline and tholeiitic series 
would be a source process rather than being due to crustal 
evolution (e.g., Chin et al., 2018).

Regardless of the causes of the association of the calc- 
alkaline series with thicker arcs and of the tholeiitic series 
with thinner arcs, it is significant that the average Cu contents 
in arc magmas follow distinct evolutionary trends that depend 
on the crustal thickness (Fig. 2b). In particular, in thinner 
crust, average Cu contents increase from 80 to 100 ppm in 
basaltic magmas up to ~200 ppm in magmas of intermediate 
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compositions (MgO 4–6 wt %) before declining with further 
evolution (Chiaradia, 2014). Instead, in thick arcs, average Cu 
values decrease continuously throughout magmatic differen-
tiation (Chiaradia, 2014). As such, Cu displays an identical 
behavior to Fe2O3(total) during evolutionary processes of arc 
magmas, which results in a correlation between these two ele-
ments at the global scale (Fig. 2c). The correlation between 
Cu and Fe2O3(total) evolutionary trends in arc magmas has been 
taken as evidence for sulfide saturation induced by magnetite 
crystallization (Jenner et al., 2010; Chiaradia, 2014). Because, 
as discussed above, magnetite is an early fractionating phase 

in hydrous arc magmas of thicker crust, Cu would be more 
depleted in this environment than in arc magmas of thinner 
crust, where magnetite crystallization occurs only below MgO 
values of ~4 wt % (Chiaradia, 2014). An alternative possibil-
ity is that sulfide saturation is promoted by magma evolution 
at deep crustal levels (Matjuschkin et al., 2016), which can 
only occur in thicker arcs, or by the fractionation of Fe-rich 
garnet (rather than or in addition to magnetite), which causes 
Fe depletion (Tang et al., 2018) that would strongly decrease 
sulfide solubility (e.g., O’Neill and Mavrogenes, 2002). In the 
latter case, magmatic garnet fractionation occurs in hydrous 
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Fig. 2.  Systematics of worldwide recent arc magmatic rocks (from data in Chiaradia, 2014, 2015). Each point in panels (a)-(d) 
and (f) represents individual arc averages of the median Cu, Fe2O3total, and Sr/Y values comprised between 4 and 6 wt % MgO 
with associated 1σ uncertainties and average crustal thickness values with associated 1σ uncertainties. Points in panel (e) are 
peak Sr/Y values from the best-fit exponential functions fitted through the median values in the Sr/Y-MgO space and there-
fore have no standard deviation values associated. Color and size codes refer to arc thicknesses as indicated in the legend.
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magmas at high pressure (>0.8–1.2  GPa: Müntener et al., 
2001; Alonso-Perez et al., 2009) and, therefore, again only in 
a thick crust.

Another geochemical parameter of arc magmas that is 
worth investigating is the Sr/Y ratio, which may provide 
insights on the fertility of magmas associated with porphyry 
Cu-Au deposits (Richards and Kerrich, 2007; Richards, 2011; 
Loucks, 2014). Loucks (2014) compiled Sr/Y values of mag-
matic rocks associated with porphyry Cu-Au deposits, demon-
strating that Cu-rich porphyry Cu-Au deposits are associated 
with intrusions that have an average Sr/Y of 100 ± 50 (1σ), 
whereas Au-rich porphyry Cu-Au deposits are associated with 
magmatic rocks that have a lower average Sr/Y value of 50 ± 
25 (data elaborated in Chiaradia, 2020b). Here and through-
out the terms Cu- and Au-rich porphyry Cu-Au deposits are 
used for deposits with Au/Cu of ~4 × 10–6 and 80 × 10–6, 
respectively (see Chiaradia, 2020b, and below).

There has been much debate on the association of porphyry 
Cu-Au deposits with high Sr/Y intrusions, and its meaning, 
mostly because of the controversial interpretation of such 
high Sr/Y values in arc magmas (Richards and Kerrich, 2007 
and references therein). High Sr/Y values in magmatic rocks 
may derive from retention of Y in a refractory source, or in 
fractionating minerals like garnet and amphibole, and concen-
tration of Sr in partial or residual melts, due to the instability 
of plagioclase (the main host of Sr in magmatic rocks), again 
either in the source or as a fractionating mineral. Therefore, 
high Sr/Y arc magmas are considered to originate through 
two main distinct processes: (1) a source process where the 
subducted oceanic slab melts within the garnet stability field 
and eventually the high Sr/Y melt interacts with the overly-
ing mantle wedge during ascent (Defant and Drummond, 
1990); or (2) intracrustal magmatic fractionation of amphi-
bole, garnet ± titanite at high pressure and high PH2O, eventu-
ally accompanied by partial melting and assimilation of lower 
crustal rocks (MacPherson et al., 2006; Richards and Kerrich, 
2007; Chiaradia et al., 2009; Loucks, 2014).

The source process that generates high Sr/Y slab melts 
might have a metallogenetic potential, in that slab melts are 
more oxidized than slab fluids, because the melts may be 
Fe3+ dominant, whereas aqueous fluids are Fe2+ dominant 
(Mungall, 2002). The higher oxidation potential of slab melts 
would promote a more efficient extraction of chalcophile met-
als from the mantle source, producing higher Cu and Au in 
primary melts (Mungall, 2002). In reality, it has been shown 
that the major oxidation agent in subduction zones is sulfate, 
which is not necessarily more soluble in slab-derived melts 
than in aqueous fluids (e.g., Bénard et al., 2018). Another 
metallogenetic factor associated with slab melting would be 
the direct transfer of high metal contents of the oceanic crust 
to the subduction-related magmas (Sun et al., 2011), although 
arc-magma systematics do not show the occurrence, on aver-
age, of primary arc basalts with anomalously high Cu contents 
(Lee et al., 2012; Chiaradia, 2014).

The metallogenetic potential of the intracrustal process that 
generates high Sr/Y magmas instead has been attributed to the 
higher H2O contents that are typically associated with deriv-
ative magmas having such a signature (Richards, 2011); their 
prolonged evolution in the lower to mid-crust would allow the 
build-up in the magma of the ingredients necessary to form a 

porphyry deposit (Rohrlach and Loucks, 2005; Chiaradia and 
Caricchi, 2017; Du and Audétat, 2020).

Chiaradia (2015) has addressed the problem of the meaning 
of Sr/Y systematics in arc magmas using a large database of 
recent arc magmatic rocks. In addition to Cu and Fe2O3(total) 
(Fig. 2a-c), also Sr/Y values (at MgO 4–6 wt %) vary contin-
uously with the thickness of the overriding plate upon which 
the arc is constructed (Fig. 2d). At the two end members, 
arc magmas associated with thin crust display a continuous 
decrease of Sr/Y values with magmatic differentiation (e.g., 
decreasing MgO), whereas thick arcs display an increase of 
Sr/Y values up to MgO values of 2 to 6 wt %, below which Sr/Y 
values start to decline. The MgO values at which Sr/Y peak 
values occur change systematically with crustal thickness, 
trending to lower MgO values as crustal thickness increases 
(Fig. 2e). All of these correlations provide strong evidence 
that the Sr/Y arc systematics are controlled by intracrustal 
magmatic evolution at the global scale. Thicker arcs result in 
average deeper magmatic evolution, leading to preferential 
fractionation of Y-bearing minerals (garnet and amphibole) 
and suppression of Sr-bearing plagioclase. This results in a 
continuous increase of Sr/Y values from basaltic to interme-
diate (MgO 2–6 wt %) magmas. In addition, the Sr/Y peak 
value is systematically shifted to lower MgO values as the 
crustal thickness increases (Fig. 2e), supporting the argument 
that, on average, the differentiation of arc magmas occurs at 
increasingly deeper levels with increasing crustal thickness 
(see also Farner and Lee, 2017).

In summary, Fe2O3(total), Cu, and Sr/Y display systematic 
and continuous changes with thickness of the overriding plate 
(Fig. 2). Fe2O3(total) systematics suggests that there is a con-
tinuum between the tholeiitic and calc-alkaline series and 
that the transition from one to the other is controlled by crust 
thickness (whatever the ultimate reason, whether intracrustal 
evolution or indirect control of crustal thickness on degree of 
partial melting of the mantle wedge, as discussed above). Cop-
per systematics is strongly controlled by Fe2O3(total) behavior, 
with continuous Cu depletion during calc- alkaline magma dif-
ferentiation and Cu enrichment during tholeiitic magma dif-
ferentiation (down to 2–6 wt % MgO). Values of Sr/Y are also 
controlled by crustal thickness, with a thicker crust, on aver-
age, leading to higher Sr/Y values. It follows that increasing 
Sr/Y values coincide with an increasing calc-alkaline character 
of the arc magma series and also with decreasing average Cu 
contents in intermediate arc magmas (Fig. 2f). Since porphyry 
Cu deposits are typically associated with intermediate calc- 
alkaline and high Sr/Y magmas from thick arc settings (see 
above), this again suggests that the Cu content of interme-
diate-composition magmas associated with porphyry depos-
its is not the main control on their fertility. Other parameters 
that are associated with the magma evolution within the 
calc- alkaline series, and result in high Sr/Y values, are more 
important than Cu contents.

Why Do Porphyry Deposits Have  
Different Cu Endowments?

A fundamental question to be addressed when develop-
ing genetic models of porphyry Cu deposits is not only why, 
when, and where they can form, but also why they have large 
differences in their metal endowments. Indeed, economic 
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porphyry Cu deposits range in size from a few million metric 
tonnes (Mt) Cu to >100 Mt and from a few tons (t) to >2,500 
t of Au (USGS database: https://mrdata.usgs.gov/porcu/). In 
the previous sections it has been inferred that intracrustal 
processes must play an essential role in determining the fer-
tility of arc magmas responsible for the formation of porphyry 
Cu deposits.

In order to evaluate the effects of magma evolution within 
crusts of variable thickness on the fertility of arc magmas, 
petrologic modeling has been used, the details of which are 
reported in Chiaradia and Caricchi (2017) and Chiaradia 
(2020b). Such modeling is based on mass balance calculations 
implemented into the petrogenetic model of hot zone crustal 
melt generation and evolution, as elaborated by Annen et al. 
(2006). The rationale of the model is schematically shown in 
Figure 3. The starting point of the model is the metal endow-
ment (Cu Mt or Au t) of a porphyry deposit. We know that 
such metal endowment is precipitated from hydrothermal flu-
ids exsolved from a magma (e.g., Gustafson and Hunt, 1975, 
and subsequent studies). Therefore, the metal endowment is 
directly tied to the amount of hydrothermal fluid through the 
metal concentration in it and the precipitation efficiency of 
the metal from such a fluid. 

The metal (Cu, Au) concentration in the fluid is linked 
to the metal content in the magma, from which such a fluid 
has exsolved, through the fluid-melt partition coefficient of 
the specific metal. Such partition coefficient can be vari-
able depending on several parameters (e.g., depth of fluid 
exsolution, melt composition, fluid composition). All these 
parameters are difficult to constrain; therefore, a stochastic 
approach has been chosen in which partition coefficients vary 
within a range that encompasses the most common geologic 
situations of porphyry-related fluids (i.e., DC

fl
u
uid–melt = 2–100 

and DA
fl

u
uid–melt = 10–100; see Chiaradia and Caricchi, 2017 and 

Chiaradia, 2020b, and references therein). The dependence 
of the metal concentration in the fluid from the metal concen-
tration in the melt can be tackled by considering again a range 
of metal contents typical of magmas associated with porphyry 

deposits (Chiaradia, 2014). For such a purpose the Cu con-
tents of intermediate magmas from thick arcs have been used. 
Therefore, the model presented here is based on a conserva-
tive low Cu content of intermediate magmas from thick arcs 
(~20–40 ppm). Whereas anomalously high Cu enrichment in 
magmas may occur (see above) and may further contribute 
to an increased fertility of the magma, the good agreement 
between model results and real porphyry Cu data (see below) 
suggests that such Cu magmatic enrichment is not necessary 
and probably, looking statistically at recent arc magma data, 
not widespread.

The amount of hydrothermal fluid that can be exsolved 
from a magma is more complex to determine. For the sake 
of simplicity, I have considered that the exsolved fluid is pure 
H2O, which is by far the largest constituent of a magmatic 
arc fluid (e.g., Wallace, 2005). The maximum H2O content (or 
solubility) of a magma is a function of two main parameters: 
pressure and melt composition. H2O solubility increases with 
pressure and with increasing SiO2 content in the melt (e.g., 
Newman and Lowenstern, 2002; i.e., a rhyolite magma may 
contain more H2O in solution than a basalt magma at equal 
depth). However, to determine the absolute amount of H2O 
necessary to precipitate the observed mass of metal in por-
phyry deposits, we need to also know the amount of magma 
that contains a specific concentration of H2O. In order to 
determine the amount of magma from which the necessary 
amount of fluid and Cu can be exsolved to precipitate the 
observed metal content (assuming precipitation efficiencies 
between 100 and 50%: Figs. 4–7), the magma generation and 
evolution model of the hot crustal zones of Annen et al. (2006) 
has been used.

The model (Chiaradia and Caricchi, 2017; Chiaradia, 2020b) 
starts with basaltic melts generated in the mantle wedge, fol-
lowed by injection into the crust at a long-term rate typical 
of average arc magma fluxes (e.g., ~0.001 km3/yr). Injection 
occurs as sills at variable crustal depths (between 0.15 and 
0.9  GPa, corresponding to ~5- and ~30-km depth: Fig. 4). 
After injection, the basaltic melt, initially at 1,280°C, starts 

Cu

Au

Measured
Cu/Au tonnages

Fluid volume
Cu and Au concentrations,

precipitation
efficiency

KD Cu, Au 
(fluid-melt)

Magma volume,
Cu and Au concentrations

Petrological constraints
(P, T, composition)

2 timescales:
magmatic injection duration

magmatic-hydrothermal activity

Fig. 3.  Conceptual model of the petrologic model used in this study. For explanation see text.
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to cool and crystallize. At the same time, it liberates latent 
heat of crystallization to the surrounding rocks. Due to con-
tinuous injection, the temperature of the host rock increases 
until a differentiated liquid of the parental basaltic melt will 
no longer completely crystallize. This will happen when the 
temperature of the host rocks becomes higher than that of the 
solidus of the most evolved (felsic) residual melt derived from 
fractionation of the injected basaltic melt. If the process con-
tinues, more magma will accumulate and will progressively 
shift to less evolved compositions due to the injection of basal-
tic melt from the mantle. Eventually, host rocks may also start 
to melt and mix with the residual melt from fractionation of 

the mantle-derived basalt, producing a hybrid (residual plus 
crustal) melt.

The hybrid melt grows in volume through time because of the 
temperature increase of the host crustal rocks induced by the 
injection of hot basaltic melt. Such growth is larger and faster 
at deeper crustal levels of injection because of the hotter ambi-
ent condition (due to the geothermal gradient), thus requir-
ing less energy for partial melting of the host rocks. In other 
words, larger amounts of hybrid magma can be produced at 
deeper crustal levels and after longer injection times, and thus 
generate the most fertile magmatic systems. This is summa-
rized in Figure 4, where the amounts of Cu and H2O that can 
be exsolved, as well as magma volumes, are shown in a depth-
of-magma accumulation (pressure) versus duration of magma 
injection (time) plot. Modeling results show an increasing fer-
tility (i.e., higher amounts of exsolvable Cu) with increasing 
depth of magma injection and increasing duration of magma 
injection. Magmatic systems that accumulate at shallow depth 
(<0.4 GPa, ~13 km), even if for a long time, have lower fertility 
(<10 Mt exsolvable Cu), since they are always H2O saturated 
(Fig. 5) and, therefore, continuously exsolve fluids. The rate of 
Cu exsolution with such fluids, although capable of generating 
porphyry Cu deposits with endowments of a few Mt Cu, is too 
low (even at 100% efficiency) to explain the largest porphyry 
deposits (>10 Mt Cu; Fig. 6a).

The most fertile magmatic systems are formed at least at 
depths >~13 km (>0.4 GPa) and preferentially at even greater 
depths (>20 km, P >0.6 GPa) and during magma injection 
times >2.5 to 3.0 m.y. (Fig. 4). The reasons for this fertility are 
associated with the build-up of large crustal magma accumula-
tions that contain high amounts of dissolved H2O (6–12 wt % 
H2O; Fig. 5b). These H2O concentrations are consistent with 
water estimates of magmatic systems associated with porphyry 
Cu deposits (10–12 wt %) using phase equilibria and zircon 
saturation thermometry (Lu et al., 2015). In other words, 
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these magmatic systems are large and H2O-rich because they 
accumulate at deep crustal levels, which favors both the for-
mation of large magma accumulations (because of favorable 
thermal conditions) and increased H2O solubility (because of 
high pressure). The large magma and fluid volumes compen-
sate for the low Cu contents of intermediate arc magmas in 
thick crusts (~20–40 ppm) and are capable of exsolving (at 
100% efficiency) up to 240 Mt Cu (Fig. 4). The magma vol-
umes of these systems are >1,000 km3, which allow them to 
contain >260 Gt of dissolved H2O (Fig. 4). The Sr/Y values 
obtained from the intracrustal petrologic modeling above 
(Chiaradia and Caricchi, 2017) range from 50 to 150 for the 
most fertile magmatic systems (Figs. 4, 5), which is the same 
range observed for known Cu-rich porphyry Cu-Au deposits 
(Loucks, 2014). Therefore, according to the model presented 
here, the association of Cu-rich porphyry Cu-Au deposits with 
intrusions that have Sr/Y values of 50 to 150 (so-called ada-
kite-like values; Richards and Kerrich, 2007) is the result of 
such magmatic systems being formed at depths (>~20 km) 
and during periods of injection (>2.5–3.0 m.y.), which are the 
most favorable to accumulate the largest amounts of magma, 
H2O, and Cu. The multimillion year premineralization mag-
matic history, with a steady increase of Sr/Y values through 
time for several porphyry-type deposits (e.g., Los Pelambres, 
Reich et al., 2003; Yanacocha, Chiaradia et al., 2009; El Teni-
ente, Stern et al., 2010; El Abra, Rabbia et al., 2017), is con-
sistent with this model.

Large accumulations of magma at deep (>~20 km) crustal 
levels, as required by the model for fertile magmas, are favored 
by thick crust and a compressional regime in the overriding 
plate. Such combination slows the ascent of magma and favors 
its accumulation at deep levels (e.g., Takada, 1994; Tosdal and 
Richards, 2001; Cembrano and Lara, 2009) to develop large 
and H2O-rich magmatic systems (Fig. 5) at pressures sufficient 
to prevent H2O saturation, with a typically high Sr/Y signature 

(Figs. 4, 5). This agrees with the observation that porphyry Cu 
formation is preceded by long periods of compression in the 
geologic record (Sillitoe, 2010, and references therein).

Petrologic simulations indicate that fertile magmatic sys-
tems accumulated at P >0.4 and up to 0.9 GPa, despite being 
H2O-rich (6–12 wt % H2O), are H2O undersaturated (Fig. 
5). In this way they can accumulate large amounts of H2O 
and Cu within a magma reservoir that grows larger with time 
without exsolving fluid and metals. In order to exsolve fluids 
and form porphyry deposits, the fractionated magmas need to 
rise to shallower crustal levels. Simulations indicate that such 
fertile magmas, assuming no crystallization during ascent, will 
become H2O saturated at pressures of 0.25 to 0.55 GPa (~8- 
to 18-km depth; Chiaradia and Caricchi, 2017). Such depths 
are consistent with geophysical, petrologic, and mineral baro-
metric data for the parental magma reservoirs that feed the 
porphyry apophyses associated directly with the ore shells at 
~1- to 5-km depth (e.g., Sillitoe, 2010, and references therein; 
Murakami et al., 2010).

The ascent of magmas from the deep accumulation zone to 
the shallower crustal levels of emplacement of the parental 
magma reservoir is likely promoted by a change in the tec-
tonic regime of the overriding plate, from compression to a 
regime more favorable to shallow intrusion (e.g., Tosdal and 
Richards, 2001). This is consistent with the observation that 
porphyry Cu deposits are formed at the transition between a 
variably long period of compression and a near-neutral stress 
regime (Tosdal and Richards, 2001; Bertrand et al., 2014). 
Topographic anomalies on the subducting plate (e.g., aseis-
mic ridges and plateaus) or major plate reorganization (e.g., 
changes in plate direction, subduction speed, slab dip) could 
ultimately be responsible for the changes in the tectonic 
regime of the overriding plate with consequences for mag-
matism and mineralization (e.g., Cooke et al., 2005; Rosen-
baum et al., 2005; Chiaradia et al., 2009). During this period 
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of tectonic relaxation, the large accumulations of magma may 
ascend from the deep crustal reservoir and incrementally 
build-up the parental magma chamber that feeds even shal-
lower porphyry apophyses directly associated with the ore. 
The timescales of the transfer of the magma accumulations 
from the deep crustal zone influences the overall duration of 
the magmatic-hydrothermal mineralizing events. The average 
rate of Cu precipitation predicted by the petrologic simula-
tions (Fig. 6b) is consistent with that observed in natural por-
phyry systems (for precipitation efficiencies ≥50 and <100%), 
if sufficient magma, H2O, and Cu have been previously accu-
mulated in the deep crustal zone (which depends on the dura-
tion of the injection interval; Fig. 6b).

Available geochronological data coupled with Cu endow-
ments of porphyry deposits suggest that there is a relation-
ship between the overall duration of the mineralizing process 
and Cu tonnage (Fig. 6b). This is consistent with the episodic 
and pulsed transfer of magma plus its fluid and Cu content 
from the deep crustal reservoir to shallower depths, where 
porphyry mineralization ultimately occurs. Such episodic and 
incremental injection of porphyry intrusions and associated 
hydrothermal activity is indicated by crosscutting field rela-
tionships (e.g., Sillitoe, 2010) and their geochronologic dating 
(e.g., von Quadt et al., 2011; Li et al., 2017). The model dis-
cussed here suggests that the greater the number of episodic 
magma intrusions into the shallow parental magma chamber 
(~8- to 18-km depth), the larger the overall size of the depos-
its, resulting from the incremental build-up of short-lived 
magmatic-hydrothermal pulses of porphyry mineralization 
injected from the parental magma chamber (cf. Mercer et 
al., 2015). Factors that control the number and overall dura-
tion of magmatic pulses from the deep reservoir (where the 
magmas attain their Cu endowment) are the availability of 
magma in the deep reservoir and the tectonic regime. The 
former limits the amount of magma that can be transferred 
to shallower levels (Chiaradia and Caricchi, 2017). The latter 
may shut off the magma transfer if there is a transition from 
a transfer-favorable near-neutral stress regime to a compres-
sional regime that is unfavorable for magma transfer or to an 
excessively extensional regime that favors eruption (e.g., Tos-
dal and Richards, 2001).

The amount of available magma in the deep reservoir 
should be proportional to the premineralization timescales 
of magma accumulation (Fig. 6b). Such timescales can be 
inferred from the geochronology of premineralization mag-
matic events in the porphyry district. There are insufficient 
geochronologic data on such timescales, but those available 
indicate that similarly long (several m.y.) precursor magmatic 
activity occurs for porphyry deposits with large differences in 
Cu endowments (El Teniente 130 Mt Cu, Stern et al., 2010; 
Los Pelambres 46 Mt Cu, Reich et al., 2003; El Abra 8.8 Mt 
Cu, Rabbia et al., 2017). This may suggest that magma avail-
ability, although essential for a high fertility of the magmatic 
system (Fig. 6b), is not always the only necessary factor deter-
mining the size of a Cu deposit. Changes in tectonic regime 
could have an important influence on the Cu endowment of 
porphyry deposits (Tosdal and Richards, 2001; Bertrand et al., 
2014; Richards, 2018) by interrupting the transfer of magma 
from a large and potentially fertile deep reservoir to the shal-
lower level where mineralization occurs.

Model validation tests

The model presented above can be tested for the parameters 
for which data are available, such as Cu endowments, Sr/Y 
values of magmatic rocks, and overall duration of the mineral-
izing process. Limited data are available for La/Yb and dura-
tion of precursor magmatic activity, so these parameters have 
a limited use in a validation test.

Figure 7 shows the distribution of porphyry deposits with 
the model simulations in Cu tonnage versus Sr/Y of magmatic 
rocks (Fig. 7a-b), and overall duration of mineralizing event 
versus Cu tonnage (Fig. 7c). In both cases there is a good 
agreement between model simulations and actual porphyry 
data. Nearly all porphyry Cu deposits fall in the 50 to 150 
range of Sr/Y values of their associated magmatic rocks (Fig. 
7a). Modeling also indicates a similar distribution, suggest-
ing that the modeled magmatic systems associated with the 
largest porphyry Cu deposits have Sr/Y values of 50 to 150, 
and that modeled deposit size decreases both for lower and 
higher Sr/Y values of the associated magmatic systems. This 
translates into similar frequency distribution plots of actual 
porphyry Cu deposits and simulations that indicate a low 
probability to form porphyry deposits with >20 Mt Cu where 
Sr/Y values are <50 and >150 (Fig. 7b).

In the Sr/Y range 50 to 150, where most porphyry systems 
plot, the sizes of the deposits vary widely. The smaller deposits 
are those with the higher probabilities to form both in the real 
world and in the simulations (Fig. 7b). The main control on 
this variation (Fig. 7c) is likely the overall duration of the min-
eralizing process, as discussed previously. A higher number of 
short-lived individual magmatic-hydrothermal pulses, spaced 
in time, should result in a longer timescale of the entire miner-
alizing process and, therefore, should also result in an overall 
larger Cu endowment, assuming that every pulse contributes 
to an incremental addition of Cu metal. There is a good agree-
ment between predicted and modeled Cu endowments (Fig. 
7c; see the match of colors corresponding to Cu endowments 
between porphyry deposits and Monte Carlo simulations). 
Exceptions are Grasberg, Bingham, and Reko Diq, which fall 
in a field of lower modeled Cu endowments with respect to 
the real endowments of these deposits (Fig. 7c). This might 
suggest that additional controls on the endowments of these 
deposits are at play, such as higher magmatic Cu contents in 
alkaline magmas (Grasberg and Bingham?, see also Keith et 
al., 1997; Core et al., 2006) or a higher precipitation efficiency 
(Reko Diq?). Clearly more work is needed to understand the 
systematics controlling metal endowments in porphyry Cu-Au 
deposits.

What role for H2O-rich primary basalts in  
porphyry Cu deposit endowments?

As discussed above, H2O is of critical importance in determin-
ing the fertility of magmas to form porphyry Cu deposits (see 
also Chiaradia, 2020a; Rezeau and Jagoutz, 2020). The differ-
ence in H2O content between primary arc basalts and MORBs 
has been highlighted above as a first-order control in the fer-
tility of arc magmas. On the other hand, primary arc magmas 
may have somewhat variable H2O contents (2–6 wt %; Plank 
et al., 2013) and it has been suggested that anomalously H2O-
rich primary basalts, resulting from dehydration of large-scale 

Downloaded from http://pubs.geoscienceworld.org/books/segweb/books/book/2375/chapter-pdf/5710980/edocsp24v1ch01.pdf
by guest
on 25 April 2024



10 MASSIMO CHIARADIA

fracture zones of the subducting oceanic slab, could be more 
fertile and associated with larger porphyry deposits (e.g., 
Rosenbaum et al., 2005; Richards and Holm, 2013). These 
fracture zones are more intensely serpentinized than normal 
oceanic crust and could liberate more H2O during the sub-
duction process.

However, petrologic modeling shows that the maximum 
fertility of derivative intermediate-felsic magmas is for paren-
tal basalts with H2O contents between 2 and 6 wt % (Chiara-
dia, 2020a); for lower and higher H2O contents in the parental 
basalt, fertility decreases. Whereas the decrease in fertility for 
low H2O contents in primary basalts is understandable (see 
also Chiaradia, 2020a; Rezeau and Jagoutz, 2020) and, at its 
extreme, is the reason why MORBs (having H2O contents of 
~0.25 wt %; Wallace, 2005) cannot form economic porphyry 
deposits, the decrease of fertility with increasing H2O con-
tents is counterintuitive. The reason is that excessively H2O-
rich primary basalts become H2O-saturated at deep crustal 
levels, thus losing a significant amount of H2O and especially 
Cu at those depths (Chiaradia, 2020a). When they rise to shal-
lower crustal levels, where they can form porphyry deposits, 
such magmatic systems are significantly more depleted in H2O 
and especially Cu than magmatic systems associated with the 
evolution of parental basalts having 2- to 6-wt % H2O (Chiara-
dia, 2020a). Additionally, H2O-rich magmas, exsolving H2O at 
deep crustal levels, are more likely to crystallize and freeze 
there. This prevents them from ascending to shallow crustal 
levels from where only they could form porphyry deposits.

The 2- to 6-wt % range of H2O content in the most fertile 
primary basalts, as indicated by petrologic modeling, coincides 
with the range (2–6 wt %) and average measured H2O content 
of basaltic arc melts (3.9 ± 0.4 wt %; Plank et al., 2013). This 
suggests that arc magmas with normal H2O contents, and also 
standard S, Cl, and Cu contents, are potentially all equally 
fertile (see also Cline and Bodnar, 1991; Chelle-Michou et 
al., 2017); thus, other processes control their fertility in the 
arc environment, the most important of which are volumes of 
magmas and of associated fluids.

Cu-Rich Versus Au-Rich Porphyry Cu-Au Deposits
The above model has been applied to Cu endowments of 
porphyry Cu-Au deposits. However, porphyry Cu-Au depos-
its can also contain significant amounts of gold (e.g., Sillitoe, 
2000). Indeed, porphyry Cu-Au deposits define distinct linear 
arrays in terms of Cu versus Au endowments, and also the 
overall duration of mineralization process versus Au endow-
ment (Fig. 8; Chiaradia, 2020b). This allows the definition 
of Cu-rich porphyry Cu-Au deposits (Au/Cu ~4 × 10–6) and 
Au-rich (Au/Cu ~80 × 10–6) porphyry Cu-Au deposits (see 
above and Fig. 8a). From available geochronologic data the 
maximum duration of Au-rich porphyry Cu-Au deposit for-
mation is shorter (<~0.5 m.y.) than that of Cu-rich porphyry 
Cu-Au deposits (<~2 m.y.), which results in average rates of 
gold deposition that are much higher in Au-rich porphyry 
Cu-Au deposits (~4,500 t Au/m.y.) than in Cu-rich porphyry 
Cu-Au deposits (~100 t Au/m.y.; Fig. 8b).

All Cu-rich porphyry Cu-Au deposits are associated exclu-
sively with typical calc-alkaline magmas in synsubduction, 
Andean-type porphyry settings (Fig. 8). In contrast, Au-rich 
porphyry Cu-Au deposits are associated not only with calc- 
alkaline synsubduction magmas but also with high-K calc- 
alkaline and alkaline magmas in postsubduction settings, 
including postcollisional to extensional tectonic regimes (Fig. 
8; Chiaradia, 2020b).

Chiaradia (2020b) attributed the existence of these two dis-
tinct trends to different precipitation efficiencies of gold at 
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the depths of formation of Cu- and Au-rich porphyry Cu-Au 
deposits (see also Fig. 8). Murakami et al. (2010) showed 
that Au/Cu ratios correlate systematically with the depth of 
porphyry formation, with shallower depth corresponding to 
higher Au/Cu values and vice versa. These authors attributed 
this major variation in the gold grade with depth to the trans-
port of Cu and Au in an S-rich fluid phase. At shallow depths 
(<~3 km), Au and Cu coprecipitate due to the rapid decrease 
in density of the fluid. In contrast, at greater depths, Cu pre-
cipitates due to rapid fluid cooling, whereas Au remains in 
solution in the ascending fluid.

With the currently available quantitative data on the depth 
of formation of porphyry deposits, the largest Au-rich por-
phyry Cu-Au deposits form at shallow depths (<~3 km; Fig. 
9), irrespective of their petrogenetic association with calc- 
alkaline or variably alkaline magmas. In contrast, the larg-
est Cu-rich porphyry Cu-Au deposits form at deeper levels 
(>~3 km). More quantitative data on depth of formation of 
porphyry Cu-Au deposits are needed to see whether the cor-
relation between depth and Au/Cu ratios still holds with a 
broader dataset, including also some of the largest Cu-rich 
porphyry Cu-Au deposits (e.g., El Teniente, Rio Blanco) that 
are currently missing (Fig. 8).

Notwithstanding these arguments, not all shallow-formed 
porphyry Cu-Au deposits are Au rich, nor are all deep depos-
its large Cu-rich deposits. One reason for this is that a critical 
factor that determines the size of the deposits is the overall 
timescale of the mineralizing process, not only for Cu, as dis-
cussed previously (Fig. 6b), but also for Au (Fig. 8b). 

An important consideration stemming from the petrologic 
simulations is that the largest Au endowments of the Au-rich 

porphyry Cu-Au deposits (>~1,300 t Au) can only be explained 
by a higher Au content in the associated magmas (Fig. 8a; 
Chiaradia, 2020b). Simulations carried out for calc-alkaline 
magmas with their average Au contents (Chiaradia, 2020b) 
are not able to reach the very high Au endowments of the 
alkaline-related Au-rich porphyry Cu-Au deposits (Fig. 8a). 
This is consistent with the association of the six largest Au-rich 
porphyry Cu deposits with variably alkaline magmas (Fig. 8a). 
Alkaline magmas are known to contain on average higher Au 
contents than calc-alkaline magmas (Rock and Groves, 1988; 
see also Fig. 8). In addition, gold is enriched in differentiated 
alkaline magmas because alkali metals increase sulfur solubil-
ity and decrease the partition coefficient of Au between sili-
cate melt and magmatic sulfides (Li et al., 2019).

Distinct Tectonic and Geodynamic Settings for  
Au- and Cu-Rich Porphyry Deposits?

A remarkable observation using available data is that the 
depth of formation of porphyry deposits correlates with the 
average Sr/Y composition of the associated magmatic rocks 
(Fig. 9), although, as discussed above for the correlations 
between depth of porphyry formation and Au/Cu ratios, this 
correlation also needs to be tested by the acquisition of data 
from more porphyry deposits. For the time being, such a cor-
relation is worth investigation because it concerns two param-
eters that are measured in completely independent ways. The 
Sr/Y values are known to be a proxy for the average depth of 
magma evolution, which broadly correlates with crustal thick-
ness (Chiaradia, 2015). Therefore, such a correlation indicates 
that when magmas evolve at average deeper levels (higher 
Sr/Y values), the associated porphyry deposits also form at 
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deeper levels. In contrast, where magmas evolve at average 
shallower levels, the associated porphyry deposits form at 
shallower levels. This suggests that there may be a tectonic 
and geodynamic control on the formation of Cu- and Au-rich 
porphyry deposits, as discussed below.

Cu-rich porphyry Cu-Au deposits form preferentially in 
synsubduction, Andean-type settings, in thick crust of the 
overriding plate (Fig. 10a). Such deposits require large magma 
volumes to form, which are accumulated in the lower crust 
during a long-lasting compressional period. The typical geo-
chemical signature of magmas associated with these deposits 
is a high Sr/Y composition (100 ± 50), which, together with 
other geochemical markers (high La/Yb, V/Sc; Loucks, 2014), 
is an indication of a deep crustal magmatic evolution that is 
only possible in a thick crust. Subsequent transfer of magma 
batches from the deep reservoir to a shallower one (Fig. 10b) 
is necessary to form porphyry Cu mineralization, as discussed 
above.

In contrast, Au-rich porphyry Cu-Au deposits form at over-
all shallower levels in association with calc-alkaline magmas, 
in both thin and thick arc settings, and also in association with 
variably alkaline magmas in postsubduction to extensional set-
tings (Fig. 10c-d). The lower Sr/Y values of Au-rich porphyry 
Cu-Au deposits (Fig. 9) suggest that, despite the variety of 
environments in which they form and the variety of magmatic 
compositions with which they are associated, the common 
point is an overall shallower level of magma evolution. This 
can be the result of formation of these deposits in a thinner 
crust (island arcs of the SW Pacific), and/or in extensional set-
tings whereby magmas can ascend from the mantle to shal-
lower crustal levels, even where the crust is variably thick 
(Fig. 10d-e).

Conclusions and Remaining Questions
Porphyry Cu-Au deposits are a major source of copper and 
a significant source of gold to our society. Understanding 
how these deposits form and why they have variable metal 

endowments is essential for their exploration. This overview 
has addressed some of the magmatic controls on the forma-
tion of these deposits. The association of porphyry Cu-Au 
deposits with syn- and postsubduction settings suggests that 
source processes, unique to the convergent margins, exert a 
primary control on the formation of these deposits. By com-
parison with MORBs, convergent-margin primary arc basalts 
are clearly enriched in H2O, Cl, and S, perhaps Au but not in 
Cu. H2O, Cl, and S are all essential ingredients to form por-
phyry deposits and this may explain why they are indirectly 
associated uniquely with primary basaltic melts derived from 
a slab-metasomatized mantle, either synchronously with por-
phyry formation (synsubduction porphyry deposits) or prior 
to porphyry formation (postsubduction porphyry deposits).

However, porphyry deposits are directly associated with 
intermediate to felsic magmas derived from these primary 
basalts and are not found in primitive arc magmas developed 
in thin oceanic crust (e.g., Mariana, Kermadec), despite the 
knowledge that primary basalts in these arcs contain compa-
rable contents of H2O, S, and Cl to those of thicker arcs where 
porphyry deposits form. This suggests that intracrustal mag-
matic evolutionary processes play a prominent role in deter-
mining the fertility of arc magmas.

In particular, mass balance calculations combined with 
petrologic modeling of intracrustal magmatic evolution indi-
cate that metal endowments of porphyry Cu-Au deposits 
depend on the volume of magma associated with the por-
phyry deposit, the depth at which such volume is accumu-
lated (which also controls the amount of dissolved H2O in 
the magma), and the duration of the magmatic-hydrothermal 
mineralization event. Magma volumes grow larger at greater 
depths in the crust, simply because of energetic constraints. 
The duration of the magmatic-hydrothermal mineralization 
depends on the transfer of magma from the deeper accu-
mulation zone to shallower crustal levels where fluid exso-
lution occurs. The average duration of such transfer seems 
to ultimately control the size of the deposits through an 
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episodic accumulation of metals associated with short-lived 
 magmatic-hydrothermal pulses. However, more detailed 
geochronologic dating of multiple magmatic-hydrothermal 
pulses (especially on young, i.e., <10 Ma, deposits for which 
geochronologic resolution is optimal; Chiaradia et al., 2013) 
should be conducted in order to determine how, during the 
overall duration of the mineralizing event, metal precipitation 

occurs (e.g., several events with similar magnitudes of metal 
precipitation, or an irregular distribution of the metal precip-
itation within the overall duration of the mineralizing event, 
or other configurations?). Such determinations will assist the 
understanding of how porphyry Cu-Au deposits form, and 
how they are associated with the processes of intracrustal 
magma evolution at greater depth.
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Fig. 10.  Sketches of the geodynamic environments of Cu-rich (a)-(b) and Au-rich porphyry Cu-Au deposits (c)-(e). Cu-rich 
porphyry Cu-Au deposits form in synsubduction thick continental arcs. They are preceded by a long-lived (several m.y.) mag-
matic accumulations at deep crustal levels, that are favored by overall long-lasting compression (a). Eventually, a change in 
the stress within the overriding plate leading to near-neutral horizontal stress or transtension allows magmas to rise from the 
deep accumulation zones to shallower levels where porphyry deposits form (b). Au-rich porphyry Cu-Au deposits may form 
in more varied and complex geodynamic settings: postsubduction extension in thin or thick arcs (e.g., Grasberg, Batu Hijau, 
Kisladag); (c). Synsubduction episodic extension in thick arcs (e.g., Maricunga belt); (d). Synsubduction extension in inter-
mediate thick arcs (e.g., Bingham, Kalmakyr?); (e). Au-rich porphyry Cu-Au deposits are commonly associated with variably 
alkaline magmas especially in settings (c) and (e).
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Porphyry Cu-Au deposits show a distinct metal endow-
ment distribution, forming either a Cu- or Au-rich trend. 
Such trends are associated with somewhat distinct geo-
chemical signatures of magmas, in particular a higher Sr/Y 
average composition of magmas associated with Cu-rich 
porphyry deposits (Sr/Y ~100 ± 50) than those associated 
with Au-rich porphyry Cu-Au deposits (Sr/Y ~50 ± 25). Such 
differences in the Cu versus Au endowments of porphyry 
deposits could ultimately be attributed to their formation in 
distinct tectonic and geodynamic settings. Copper-rich por-
phyry Cu-Au deposits form in magmatic arc systems devel-
oped within a thick overriding plate and are preceded by 
a long-lived magmatic accumulation at deep crustal levels 
under a broadly compressional regime. Such magmas are 
subsequently transferred to and intruded at shallower lev-
els, probably during a switch from compression to near-neu-
tral stress conditions. The continuous intrusion of magma 
batches from the deep accumulation zone to the shallow 
crust leads to episodic magmatic-hydrothermal events that 
might incrementally construct variably sized porphyry Cu 
deposits. Under these conditions the correlation between 
higher average Sr/Y values of magmas and greater depths 
of formation of Cu-rich porphyry Cu-Au deposits suggests 
that average magma evolution at deeper crustal levels is also 
accompanied by porphyry emplacement at deeper levels. 
The latter favors a decoupling between Cu and Au endow-
ments, perhaps due to Cu precipitating at deep levels due 
to rapid cooling of the exsolved fluid and Au remaining in 
solution and ascending to shallower levels.

Gold-rich porphyry Cu-Au deposits form in thin arcs (e.g., 
the island arcs of the SW Pacific) and/or in thick arcs during 
syn- to postsubduction extensional periods that allow an over-
all shallower evolution of magmas. Under these conditions, 
porphyry deposits seem also to be formed at shallower levels, 
where Cu and Au are coprecipitated. In other words, at these 
shallower levels the precipitation efficiency of gold compared 
to Cu is increased with respect to Cu-rich systems. The six 
largest Au-rich porphyry Cu-Au deposits are all associated 
with variably alkaline rocks, suggesting a petrogenetic con-
trol on their exceptionally Au-rich nature (see also Jensen and 
Barton, 2000; Sillitoe, 2000), which is supported by petrologic 
modeling (Chiaradia, 2020b). Such alkaline magmas are typi-
cally associated with postsubduction extensional geodynamic 
settings, in which a variety of Au-rich deposits (including epi-
thermal) form.

Because of the overall shallower evolution of the magmatic 
systems associated with Au-rich porphyry Cu-Au deposits, the 
latter cannot be associated with the very large magma accu-
mulations that are required to feed the largest Cu-rich por-
phyry deposits. This is again due to energetic constraints that 
make it difficult to build up large magma accumulations by 
melt injection at shallow crustal levels. This is also supported 
by the overall shorter durations of the mineralizing process in 
Au- rather than in Cu-rich porphyry Cu-Au deposits. None-
theless, such reasoning is based on the assumption that in 
the postsubduction, extensional setting of Au-rich porphyry 
Cu-Au deposits, average magma fluxes are similar to synsub-
duction setting. Investigations attempting to determine the 
magmatic fluxes in this setting would be necessary to better 
constrain such a model.

Because the shallower Au-rich systems are not associated 
with extremely large magma accumulations at depth, and 
form during shorter mineralization timescales, they cannot 
reach the Cu endowments of the largest Cu-rich deposits, 
although several of them contain quite high Cu endowments 
(e.g., Grasberg, Bingham). Also, in the case of Au-rich por-
phyry Cu-Au deposits, the endowments of both Au and Cu 
appear to be controlled by the overall duration of the miner-
alizing event. The difference is that in this environment, min-
eralization timescales are shorter than ~0.5 m.y., whereas Au 
precipitation rates are higher, ultimately resulting in the high 
Au/Cu trends typical of Au-rich porphyry Cu-Au deposits.

The positive correlation between average depth of magma 
evolution (Sr/Y ratios) and porphyry emplacement is some-
what puzzling. Whereas average magma evolution at shallow 
depths must necessarily result in porphyry emplacement at 
even shallower depths, it is not clear why magmatic evolution 
at greater depths should result in porphyry emplacement also 
at deeper levels (Fig. 9). Whether this is controlled by tecton-
ics or by self-constrained parameters of the magmatic system 
(e.g., rheology, composition, thermal maturation of the crust) 
needs to be investigated in more detail.
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