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Much of the world’s economic copper resources are hosted in porphyry copper deposits (PCDs), shallow 
level magmatic intrusions associated mostly with thick (> 45 km) magmatic arcs, such as mature island 
arcs and continental arcs. However, a well-known, but unresolved paradox, is that arc magmas traversing 
thick crust, particularly in continental arcs, are generally depleted in Cu whereas in island arcs, where 
PCDs are less common, magmas become enriched in Cu. Here, we show that the formation of PCDs 
requires a complex sequence of intra-crustal magmatic processes, from the lower crust to the upper crust. 
PCDs form when the crust becomes thick (> 45 km) enough to crystallize garnet. Garnet fractionation 
depletes Fe from the magma, which drives sulfide segregation and removal of most of the magma’s Cu 
into the lower crust, leaving only small amounts of Cu in the residual magma to make PCDs. However, 
because garnet is depleted in ferric iron, the remaining Fe in the magma becomes progressively oxidized, 
which eventually oxidizes sulfide to sulfate, thereby releasing sulfide bound Cu from the magma into 
solution. This auto-oxidation of the magma, made possible by deep-seated garnet fractionation, increases 
the ability of endogenic magmatic fluids to self-scavenge Cu from large volumes of otherwise Cu-poor 
magmas and then transport and concentrate Cu to the tops of magmatic bodies. Examination of the 
occurrence of PCDs in the central Andes shows that ore formation occurs when continental arcs reach 
their maximum thickness (> 60 km), just before the termination of magmatism.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Copper (Cu) is one of many “mineral” resources needed to sup-
port the world’s increasing needs for energy production, storage 
and transport. Because background concentrations of Cu at the 
Earth’s surface are typically less than 30 ppm (Rudnick and Gao, 
2003), economically viable extraction can only come from ore de-
posits, highly localized regions of the Earth, where a sequence of 
mysterious geologic processes conspire to enrich rocks in metals 
by orders of magnitude (Hedenquist and Lowenstern, 1994). Most 
economic Cu deposits are found in porphyry magmatic systems, 
km-scale magmatic bodies characterized by silicic compositions 
and a distinctive porphyritic texture in which large (cm-scale) eu-
hedral feldspar phenocrysts sit within a fine-grained groundmass 
(Sillitoe, 2010). The Cu ore itself is confined to localized cupolas 
or wallrock near the tops of these porphyritic bodies. Cu concen-
trations in these cupolas can reach up to 1–3 wt.%, equivalent to 
an enrichment of 10,000 times that of background concentrations 
(Sillitoe, 2010).

Like most ore deposits, porphyry copper deposits (PCDs) are 
rare, but they exhibit spatiotemporal patterns of distribution and 
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geochemical signatures that may hint at their origins. They rep-
resent shallow level intrusives (2–5 km) (Sillitoe, 2010), not too 
shallow that they erupt and not too deep that they do not de-
gas (Fig. 1). On a global scale, they are almost exclusively found 
in magmatic arcs associated with subduction zones, not in ex-
tensional or intraplate settings. But even within arcs, they tend 
to be associated with continental arcs, where oceanic lithosphere 
subducts beneath continental lithosphere and where the magmatic 
arc crust is thick (35–80 km) (Kesler, 1997; Sillitoe, 1972; Sinclair, 
2007) (Fig. 2). Where arc crust is thin (< 25 km), as in most island 
arcs, they are less common. Magmas hosting PCDs have also been 
shown to be strongly associated with high Sr/Y ratios (Chiaradia 
et al., 2012; Kay and Mpodozis, 2001; Loucks, 2014), which is 
most likely controlled by the involvement of garnet or amphibole 
in the generation of these magmas, but whether high Sr/Y ratios 
are imparted by the subducting slab or by intracrustal differenti-
ation is debated (Lee et al., 2006, 2007; Macpherson et al., 2006;
Moyen, 2009; Sun et al., 2011).

2. Hypotheses for the formation of porphyry copper deposits

Making a PCD clearly involves a sequence of events wherein 
Cu is first mobilized, then scavenged from the source rock and 
finally immobilized to concentrate the metals into an enriched
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Fig. 1. Schematic of an ocean-continent subduction zone (“continental arc”) denoting areas in which ore-forming elements are mobilized, transported and enriched. Here, the 
arc crust is thick (> 45 km). Porphyry copper deposits (PCDs) represent shallow level intrusions (2–5 km) in the crust. Mineralization of Cu ores tend to occur at the tops 
of porphyry systems in cupolas. Possible regimes where Cu may be mobilized include hydrothermal circulation at mid-ocean ridge centers, dehydration or melting of the 
subducting slab, and late stage scavenging by magmatic fluids (green arrows). Formation of deep crustal cumulates, if sulfide-saturated, has the potential of removing and 
sequestering chalcophile elements like Cu deep in the crust. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Fig. 2. Occurrence of porphyry copper deposits (PCDs) through time. All were formed in the magmatic arcs associated with subduction zones, but there is a preference for 
regions of thick arc crust (> 35 km), such as continental arcs and mature island arcs. The majority are Mesozoic and Cenozoic in age due to preservation bias from the 
cumulative effects of erosion. Data from Sinclair (2007).
reservoir (Wilkinson, 2013). Key to understanding Cu’s behavior 
is understanding the behavior of S. Cu, a chalcophile element, 
strongly partitions into sulfide minerals, where S is in the −2
(FeS) or −1 state (FeS2) (Kiseeva and Wood, 2013; Li et al., 1996;
Ripley et al., 2002). Cu is incompatible in most of the common sil-
icate phases (Le Roux et al., 2015; Lee et al., 2012; Liu et al., 2014;
Reekie et al., 2019). Under highly oxidizing conditions, wherein 
the dominant speciation of S is sulfate (S6+), sulfide is desta-
bilized and Cu is efficiently transported into the melt or fluid 
phase (Jugo et al., 2005; Lee et al., 2012) (Fig. 3). Under con-
ditions reducing enough to stabilize sulfide species, Cu will be 
retained in sulfide minerals if the system is sulfide saturated 
(Fig. 3b). Removing Cu from a sulfide-bearing source requires melt-
ing degrees high enough to exhaust sulfide or conditions oxi-
dizing enough to destabilize sulfide (Ding and Dasgupta, 2017;
Lee et al., 2012). Similarly, when a magma reaches sulfide satu-
ration, Cu is efficiently removed from the melt, resulting in Cu-
rich cumulates (Fig. 3c). Of course, these are generalized behaviors 
as there are a number of complicating factors. For example, high 
degree melting (> 20%) will exhaust sulfide and make Cu incom-
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Fig. 3. Generalized behavior of S and chalcophile elements during melting and crystallization. A) Sulfur speciation in basaltic melt as a function of oxygen fugacity in log10
units relative the fayalite–magnetite–quartz (FMQ) buffer (Jugo et al., 2010). B) Concentration of a chalcophile element in a primary mantle melt (equilibrium batch melt) 
as a function of degree of melting (F) of a peridotite with 200 ppm S and a chalcophile element partition coefficient between melt and sulfide of ∼ 1000. The chalcophile 
element is depleted in the melt before sulfide exhaustion, but after sulfide exhaustion, the chalcophile element behaves perfectly incompatibly. Point of sulfide exhaustion 
depends on solubility of S in the melt, which is enhanced at high fO2 or high FeO content of melt. C) Behavior of a chalcophile element during crystallization of a magma 
(F represents residual melt fraction). Top panel shows the evolution of the melt and the bottom panel represents evolution of the complementary crystal cumulates. Before 
sulfide saturation, the chalcophile element concentration in melt increases like an incompatible element. Once sulfide saturates, chalcophile elements are rapidly depleted 
from the melt. Corresponding cumulates are sulfide-free before sulfide saturation, but when sulfide saturates, cumulates experience an abrupt increase in chalcophile element 
concentration. Increasing fO2 or FeO* of the melt delays sulfide saturation. Decreasing fO2 or FeO* by any number of mechanisms (Jenner et al., 2010) will thus promote 
sulfide saturation. Cx = cumulate composition, Cm = melt composition, and Co = bulk composition of system. Calculations are meant to be schematic given uncertainties in 
sulfide solubility and S speciation as well as uncertainties in T and P of melting or crystallization. The above figures should be used only as a general guide to the behavior 
of S and chalcophile elements (Lee et al., 2012) as many additional factors make it challenging to develop unique models (melting degree, source composition, and effects of 
pressure, temperature, water and melt composition on S solubility and speciation).
patible, regardless of oxygen fugacity. Source composition may also 
play a role. Finally, pressure, temperature, water content and melt 
composition can control solubility and speciation in ways that are 
not yet fully resolved.

Most hypotheses for the origin of PCDs can be broadly catego-
rized as source or differentiation driven (Fig. 1). In source driven 
scenarios, parental magmas from the deep crust, lithospheric man-
tle, mantle wedge or subducting slab are thought to be enriched 
in Cu from the outset. Proposed mechanisms of generating Cu-
rich magmas include partial melting of subducted oceanic crust 
(Sun et al., 2010, 2011), metasomatized continental lithospheric 
mantle (Richards, 2009; Rielli et al., 2018), arc lower crust or fluid-
modified mantle wedge (Hattori and Keith, 2001; Lee et al., 2012;
Richards, 2009). In these hypotheses, the effects of magmatic dif-
ferentiation and shallow level processes are of secondary impor-
tance. In contrast, in differentiation driven scenarios, parental mag-
mas need not be enriched in Cu, but widespread scavenging of 
mid-crustal to shallow level plutons followed by efficient trapping 
and concentration of the mobilized Cu into a localized reservoir 
(ore) is required (Henley et al., 2015; Kay and Mpodozis, 2001;
Sillitoe, 2010; Wilkinson, 2013). For all of these hypotheses, ox-
idizing conditions are thought to be important in mobilizing Cu, 
but the origin of such oxidation is still unclear. Few of these hy-
potheses, in their current form, can explain why PCDs occur mostly 
in continental arcs.
3. The paradoxes of copper

Cu displays intriguing behavior in arcs. First, the Cu contents of 
primitive arc magmas (MgO > 6 wt.%) in both continental and is-
land arcs are not only similar to each other but also to ocean floor 
basalts (e.g., Mid-ocean Ridge Basalts) (Lee et al., 2012), suggesting 
minimal contribution of Cu from subducting slabs (Fig. 4). These 
similarities also suggest that the redox conditions in subarc man-
tle cannot be significantly different from that beneath mid-ocean 
ridge spreading centers. If subarc mantle were more oxidizing, sul-
fide would be more efficiently consumed during melting, result-
ing in much higher Cu contents in the magmas. These similarities 
in redox conditions are perplexing because nearly all erupted arc 
lavas (Carmichael, 1991; Cottrell and Kelley, 2011) and PCDs them-
selves (Ballard et al., 2002) are more oxidized than typical seafloor 
basalts. Are the parental magmas of PCDs oxidized from the outset 
or do they undergo oxidation during differentiation?

Another intriguing observation pertains to the compositions 
of arc magmas as they differentiate and evolve (Chiaradia, 2014;
Lee et al., 2012) (Figs. 4 and 5). Continental arc magmas become 
Cu-depleted while most island arcs become Cu-enriched. PCDs are 
thus associated with magmas depleted in Cu (i.e., barren in Cu), 
but island arc magmas with relatively higher Cu content gener-
ally do not have PCDs. This divergence in the behavior of Cu 
during differentiation is undoubtedly attributed to differences in 
the behavior of sulfur: sulfide saturation in the case of Cu de-
pletion and suppression of sulfide saturation in the case of Cu 
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Fig. 4. Copper concentrations as a function of MgO in modern arcs built on thin (< 30 km, A), normal (30–50 km, B) and thick (> 50 km, C) crust. Island arcs are thin and 
continental arcs are generally thick. The arc samples examined here are volcanic rocks of Pleistocene to Holocene ages. Shown in D are MgO-binned (bin size = 0.5 wt.%) 
average Cu concentrations in mid ocean ridge settings (MOR) and arcs of thin, normal and thick crust. Arc data are from Farner and Lee (2017) and MOR data are from 
(Jenner et al., 2010).
enrichment (Ding and Dasgupta, 2017). What controls the timing 
of sulfide saturation are pressure, temperature, oxygen fugacity, 
and magma water and iron content. While there may be varia-
tions in initial oxygen fugacity, the variations are too small to play 
a dominant role (Kelley and Cottrell, 2009; Lee et al., 2005). En-
hanced stability of sulfide at high pressure may also play a role 
(Cox et al., 2019; Matjuschkin et al., 2016). However, the most 
important factor might be how Fe evolves because sulfide solu-
bility strongly correlates with magma FeO (Li and Ripley, 2005;
O’neill and Mavrogenes, 2002). Why the behavior of Fe might be 
controlled by crustal thickness is unclear.

4. Thick (continental) versus thin (island) arcs

4.1. The iron divergence

Arc magmas built on medium to thick crust undergo early Fe 
depletion, whereas arc magmas built on the thin crust (typically 
island arc) and or on the ocean floor first enrich in Fe before 
undergoing Fe depletion (Miyashiro, 1974; Zimmer et al., 2010). 
The early Fe-depleting series is commonly referred to as the calc-
alkaline differentiation series and the early Fe-enriching trend as 
the tholeiitic series (Zimmer et al., 2010). What causes this di-
vergence in Fe content between the two arc environments is de-
bated, but pressure of differentiation and crustal thickness appear 
to play a role. Fe-depletion is clearly more pronounced in the thick 
crust (> 50 km) characteristic of mature island arcs and continen-
tal arcs; Fe-enrichment is almost never seen in continental arcs 
(Farner and Lee, 2017). Consistent with a pressure and crustal 
thickness effect is that Fe content in cumulates increases with
crustal thickness, complementary to the decreasing magmatic Fe 
content with crustal thickness (Chin et al., 2018). This divergence 
in the behavior of Fe is important to understanding Cu’s behav-
ior. Sulfide solubility increases with FeO content, thus Fe-depleting 
magmatic series should deplete in Cu, consistent with the low Cu 
contents of continental arc magmas (Lee et al., 2012). In contrast, 
sulfide saturation may be delayed in Fe-enriching magmatic se-
ries, allowing Cu to increase as seen in island arc magmatic suites. 
Again, consistent with this line of logic is the fact that deep crustal 
cumulates from continental arcs contain sulfide and have the high 
concentrations of Cu needed to complement the Cu-depleted na-
ture of continental arc magmas (Jenner, 2017; Lee et al., 2012)
(Fig. 6). The cause of Fe depletion has been widely thought to 
be driven by magnetite (Fe3O4) fractionation (Berndt et al., 2004;
Zimmer et al., 2010). However, magnetite has a 2:1 ratio of ferric 
to ferrous Fe, which should drive reduction of the magma (Jenner 
et al., 2010), inconsistent with the fact that arc lavas, particu-
larly in thick or continental arcs, are oxidized by the time they 
rise to the surface. The solution to this dilemma is to invoke a 
fractionating phase that simultaneously depletes the magma of Fe 
and oxidizes what remains of the Fe in the residual magma. This 
phase must also be favored at high pressures in order to explain 
the systematic variations of the degree of Fe depletion with crustal 
thickness.

4.2. Thick crust, garnet and auto-oxidation

Garnet has recently been suggested as the key fractionating 
phase in driving early Fe-depletion in arc magmas traversing thick



C.-T.A. Lee, M. Tang / Earth and Planetary Science Letters 529 (2020) 115868 5
Fig. 5. Copper concentrations in modern arc magmas with 4 ± 1 wt.% MgO as functions of crustal thickness (A) and natural logarithm of La/Yb, the latter normalized to 
chondrite (McDonough and Sun, 1995). (C) and (D) same as (A) and (B) respectively, but represent averages (1 standard error) of for a given crustal thickness interval. Crustal 
thickness is calculated from elevation assuming Airy isostasy following the methods in Lee et al. (2015) and Farner and Lee (2017). Data represent spatial averages over 
1 km2 area to prevent sampling bias. Data are from compilation of Farner and Lee (2017) and available in Supplementary Table 1.
crust (Tang et al., 2018, 2019a). Magmatic garnet is enriched in 
Fe but poor in ferric iron component (Tang et al., 2019b), so 
garnet fractionation can do what magnetite cannot: oxidize and 
deplete in total Fe (Fig. 7). Both high pressures and hydrous con-
ditions stabilize garnet, hence garnet fractionation is favored in 
subduction zones where the arc crust is thick (> 45 km). Mag-
netite is still responsible for driving late Fe depletion in the tholei-
itic series, but magnetite stability decreases substantially above 
∼ 1 GPa, giving forth to rutile as the Ti-bearing phase and gar-
net as the dominant Fe bearing phase (Matjuschkin et al., 2016;
Tang et al., 2019a). Garnet driven oxidation provides a simple ex-
planation for why Fe depletion (and Cu depletion) and oxidation 
typify continental arc magmas, but rarely island arcs and never 
mid-ocean ridge settings. Indeed, only deep crustal cumulates from 
continental arc settings have the necessary high Fe contents to 
drive Fe depletion (Chin et al., 2018; Lee et al., 2006, 2007). Con-
tinental arc cumulates are represented by garnet pyroxenites (ar-
clogites), many with high (> 50%) garnet mode and high Fe (Fig. 6). 
Arclogites indeed have the high Cu contents (hosted in magmatic 
sulfide) needed to balance the Cu-depleted nature of continental 
arc magmas as evidenced by arc cumulates from Arizona and Cal-
ifornia, USA (Lee et al., 2012) (Fig. 6). Recently, it has also been 
shown that arclogites have the high Nb/Ta ratios needed to balance 
the low Nb/Ta signatures of continental arc magmas and continen-
tal crust in general (Tang et al., 2019a). These high Nb/Ta ratios 
in the arclogites are controlled by magmatic rutile, which is also 
favored at high pressures like garnet (Tang et al., 2019a). In sum-
mary, all the geochemical observations indicate that a critical step 
in generating continental arc magmas is the formation of thick arc 
crust. The importance of thick arc crust has been suggested be-
fore, but in such studies, crustal thickening was invoked to drive 
metamorphic dehydration of amphiboles, resulting in the release 
of metal mobilizing fluids (Kay and Mpodozis, 2001). Here, we 
suggest that thick crust is critical because it forces deep-seated 
crystallization of garnet-bearing cumulates, which in turn drives 
oxidation, eventually making Cu available.

We thus propose that garnet-driven oxidation, favored at deep 
crustal levels (> 45 km), is a necessary first step in priming the 
conditions to make PCDs. By the time magmas have become felsic 
and risen higher in the crust, they are oxidized enough to convert 
sulfide to more oxidized forms of sulfur, such as sulfate (SO4.

2−) or 
SO2. When magmas stall at shallow depths and cool, saturation in 
a free fluid phase composed of water or CO2, combined with oxi-
dizing conditions, mobilizes Cu from the entire pluton. We propose 
that these fluids are transported to the top of the pluton, where 
the contact with the colder country rocks serves as an efficient 
fluid trap (e.g., cupola), leading to the immobilization and concen-
tration of Cu into an ore deposit (Fig. 8). Reaction of fluids with 
Ca-rich minerals (plagioclase or carbonates in country rock) could 
cause disproportionation of SO2 to sulfate and sulfide, the former 
precipitating as anhydrite and the latter as chalcopyrite (Henley 
et al., 2015).
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Fig. 6. FeO* (as total Fe) and Cu in Cretaceous–Paleogene arclogite xenoliths sampled from beneath the Sierra Nevada batholith (Lee et al., 2006, 2012) and in western Arizona 
(Chin et al., 2018; Erdman et al., 2016) compared to Cretaceous continental arc plutonic rock compositions (as represented by the Peninsular Ranges batholith in southern 
California Lee et al., 2007). Note that FeO- and Cu-depleted nature of evolved plutonic rocks can be explained by eventual fractionation of FeO- and Cu-rich arclogites. Arrows 
represent differentiation trends (black= magma; red = arclogite cumulates).

Fig. 7. Effect of garnet fractionation on the residual magma’s iron content (as total FeO*) and the proportion of iron in the system that is ferric (molar Fe3+/�Fe). F represents 
residual melt fraction. Because arclogite garnets are enriched in FeO but low in ferric iron proportion (Fe3+/�Fe < 0.1), fractionation of garnet results in depletion in total 
iron (FeO*) but increasing oxidation of residual iron (Tang et al., 2018; Tang et al., 2019b). Calculations were done for garnet-clinopyroxene assemblages, assuming 0–0.3 
garnet modes and 0–50% total Fe depletion through garnet fractionation after 60% crystal fractionation. Non-garnet phases have a bulk D (Fe2+) and D (Fe3+) of 1 and 0.8, 
respectively. The Fe-rich arclogites in Fig. 6 typically have greater than 50% garnet.
5. Porphyry copper deposits in the framework of the evolution of 
an arc

Our proposed mechanism for PCD generation is consistent with 
their intimate association with thick arcs. Our hypothesis allows 
us to predict when ores are most likely to form during the evo-
lution of an arc: the greatest oxidizing power and propensity for 
scavenging Cu occurs when garnet begins to crystallize. To test 
this prediction, we looked to the central Andes, an active continen-
tal arc, to compare geochemical/geochronological data of magmas 
to the frequency of PCDs (Sinclair, 2007) (Fig. 9). Over the last 
80 My, there were two segments of magmatism in the central An-
des (17–27 ◦S): between 30–80 Mya (million years ago) and from 
20 Mya to the present (Haschke et al., 2006; Kay et al., 2014;
Mpodozis and Cornejo, 2012). Each magmatic segment was char-
acterized by tectonic shortening and magmatic inflation during 
which a well-defined arc magmatic front gradually migrated away 
from the trench (Fig. 10a). Rearward migration of the arc from the 
trench eventually culminated in cessation in magmatism, followed 
by a ∼ 10 My amagmatic gap between the two magmatic seg-
ments.

Concomitant with rearward migration of the arc front are in-
creases in Tb/Yb and Sr/Y ratios as well as in initial 87Sr/86Sr
(Fig. 10b–d) (Haschke and Gunther, 2003; Haschke et al., 2006). 
High Tb/Yb and Sr/Y ratios reflect garnet fractionation owing to 
the compatible behavior of Yb and Y in garnet while high initial 
Sr reflects increasing crustal contamination. An increase in Tb/Yb 
and Sr/Y suggests that the average pressures of magmatic differ-
entiation must be increasing, which has been shown to also indi-
cate increasing thickness of the arc crust (Chapman et al., 2015;
Chiaradia, 2015; Farner and Lee, 2017). Although rearward migra-
tion of the arc front is often attributed to a decrease in the angle 
of subduction (e.g., shallowing dip; Haschke et al., 2006), a sim-
pler explanation is that progressive thickening of the arc crust 
by magmatic inflation/underplating and tectonic shortening grad-
ually forces the hot part of the mantle wedge to migrate away 
from the trench (Dickinson, 1973; Karlstrom et al., 2014). This 
tectono-magmatic thickening of the arc crust is a distinct feature 
of continental arcs. By contrast, the upper plate in island arcs is 
in extension, preventing upper plate thickening and resulting in 
a stationary arc relative to the trench (Karlstrom et al., 2014). 
Crustal thickening in continental arcs also forces the hot mantle 
wedge to greater depths, eventually to depths too deep to gener-
ate melts, terminating magmatism. Xenolith studies of continen-
tal arc crust confirm that the arc crust can grow to thickness of 
60–90 km, resulting in direct impingement of the arc lithosphere 



C.-T.A. Lee, M. Tang / Earth and Planetary Science Letters 529 (2020) 115868 7
Fig. 8. Evolution of an arc as represented by schematic crustal columns and temperature–depth (z) profiles through the crust. A) Island arc stage when crust is thin (< 25 km). 
If the upper plate is in extension, a thin arc crust is developed. Average pressures of intracrustal differentiation are low and insufficient to stabilize garnet. Because the crust 
is in extension, heat flow is high and geotherms are advected upwards, resulting in a shallow brittle ductile transition (BDT). Combination of stress state and shallow BDT 
causes residence time of magmas in the crust to be low and allows magmas to readily breach the surface and erupt. B) Immature continental arc stage (25–35 km). Upper 
plate is under compression, which deepens early intracrustal differentiation as well as upper crustal magmatic differentiation. Thickening also causes geotherm depression, 
which deepens the BDT, further frustrating eruption and development of shallow level magma bodies. C) Mature continental arc stage (> 45 km). As arc crust becomes 
thicker, magmatic arc front migrates away from the trench and pressure of initial intracrustal differentiation becomes sufficient to stabilize garnet. Thermal incubation by 
the passage of magmas elevates geotherms, while erosion (enhanced by the high elevations), causes further shallowing of the BDT. Consequently, later stage magmas are 
allowed to emplace shallowly and generate porphyries. Garnet fractionation removes Fe from the residual magma, causing a decrease in S solubility, which in causes sulfide 
segregation and sequestration of Cu into lower crustal cumulates. Residual magmas become more oxidized, increasing Cu scavenging power of the magma. At shallow levels, 
degassing releases the oxidized magmatic fluids, which then migrate from the entire magma body and concentrate near the top, forming a Cu-enriched cupola. In thin arcs, 
residual magma does not oxidize. Cumulates are not Fe-enriched.
against the cold subducting slab and terminating magmatism (Chin 
et al., 2015). Re-initiation of magmatism requires that the thick arc 
crust be thinned, perhaps by foundering of dense arclogites back 
into the mantle.

In Fig. 10, we have superimposed the frequency of PCDs in 
the central Andes on the temporal trends in geochemistry and arc 
front position using data from Sinclair (2007) and Haschke et al.
(2006). PCDs appear to occur only during the very last stages of 
the 30–80 Mya magmatic segment, in particular, when the arc 
crust reaches its maximum thickness (as inferred by Tb/Yb ra-
tios) and just before magmatism terminates. We do not see many 
PCDs in the 20–0 Mya segment, but we attribute this to the fact 
that any recently formed PCDs have yet to be exhumed. Previous 
studies have suggested that PCDs are generated by subsequent re-
melting of the Cu-rich arc cumulates (arclogites) (Lee et al., 2012). 
However, the great thickness of arc crust needed to generate ar-
clogites leaves little room for a hot mantle wedge to provide the 
necessary heat to re-melt the lower crust (Karlstrom et al., 2014). 
Extension-driven decompression of the lower crust might be the 
only mechanism by which arclogites can be significantly re-melted 
(Richards, 2009), but when continental arcs approach their max-
imum thickness, they are generally being tectonically thickened 
rather than thinned (Haschke and Gunther, 2003; Jiang et al., 2015;
Kay and Mpodozis, 2001). Post-delamination asthenospheric up-
welling has been suggested as a means of re-melting the lower 
crust (Richards, 2009), but not if the Cu-rich arclogites are also de-
laminated (Haschke et al., 2010; Lee et al., 2012). In any case, ter-
mination of the magmatic gap and re-initiation of arc magmatism 
would likely represent the aftermath of delamination (DeCelles 
et al., 2009), hence the PCDs likely predate any hypothetical de-
lamination event.

6. Evolution of magma emplacement depths with arc maturation

Although crustal thickening, garnet fractionation and subse-
quent auto-oxidation are necessary to form PCDs, large volumes of 
otherwise Cu-depleted plutonic material must be tapped to achieve 
the 1000-fold enrichment of Cu to form the cupola ore. Magmas 
must exsolve oxidized fluids, which are then mobilized from large 
volumes of the magma, followed by transport and focusing into a 
reservoir (cupola). How these processes occur is beyond our cur-
rent scope. Nonetheless, we touch on one relevant question: what 
are the conditions for exsolving the fluids, which can mobilize this 
available Cu?

Assuming that relevant magmas are all hydrous to begin with, 
the important factor may be where magmas stall and exsolve flu-
ids. Should magmas breach the Earth’s surface, there may be in-
sufficient time for any fluids to scavenge, and metals would be 
lost to eruption (Edmonds et al., 2018). Should magmas stall at 
depth (> 10 km), such as in the middle crust or deeper, fluid sat-
uration may not occur (volatile solubility increases with pressure). 
Crustal thickness and stress state likely play a role in controlling 
the depths at which magmas are emplaced. In extensional arcs or 
when the crust is thin, magmas may traverse the crust too quickly 
and erupt (Fig. 8). However, in compressional and thick arcs, mag-
mas initially stall at depths (as evidenced by high Tb/Yb and Sr/Y 
ratios) too deep to generate significant fluid exsolution, and yet 
PCDs are formed when arcs reach their maximum thickness. We 
are thus left with the question of what controls the emplacement 
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Fig. 9. PCDs in the central Andes color coded for age. Size of circles represents total tonnage (metric tons) of Cu ore. Data from Sinclair (2007) (see Supplemental Table 2).

Fig. 10. Physical and geochemical evolution of arc magmas in the central Andes between 17–27 ◦S. A) Relative distance of arc magmas from trench (km) as a function of 
time (Mya = million years ago) (left hand vertical axis). Two magmatic intervals were identified (denoted by red and black) separated by a ∼ 10 My amagmatic window 
(gray vertical bar). In each segment, distance is referenced to the location of the front at the beginning of each magmatic segment. Green curve represents frequency of 
porphyry copper deposits (right hand vertical axis). B) Tb/Yb of magmas versus age. High Tb/Yb reflects garnet fractionation. C) Sr/Y of magmas versus age. High Sr/Y reflects 
garnet fractionation. D) Initial 87Sr/86Sr of magmas versus age. High values indicate increased crustal assimilation. Data are from compilation by Haschke and Gunther (2003), 
Haschke et al. (2006) (see Supplemental Table 3).
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depths of the evolved, felsic magmas after they rise from the lower 
crust?

One potential factor may be the depth of the brittle–ductile 
transition (BDT). The BDT is sensitive to the thermal state of 
the crust so its depth should evolve as the arc matures (Fig. 8). 
For example, although thickening will drive deeper differentiation, 
the BDT would be expected to shallow with arc maturity due to 
the warming caused by accumulated magmatism. Magmatic and 
tectonic thickening should also lead to rapid erosion (Jiang and 
Lee, 2017), with erosion serving to advect heat upwards, further 
shallowing the BDT (Cao et al., 2019). Thus, with arc matura-
tion, shallow level emplacement of magmas may become more 
favorable even as the depth of initial differentiation deepens. We 
note that the high elevations associated with crustal thickening 
might also drive orographic precipitation, initiating meteoric hy-
drothermal systems, which would cool the crust (and pluton) and 
limit continued erosion-induced shallowing of the BDT. The BDT-
shallowing effects of erosion and magmatism combined with the 
BDT-deepening effects of hydrothermal circulation could result in 
a characteristic depth of late stage magmatic emplacement (Cao 
et al., 2019). More work is necessary to evaluate the effects of all 
these processes, but we speculate that the ideal conditions for PCD 
formation occur when the arc crust exceeds a critical thickness and 
is still magmatically and tectonically active.

7. Additional questions

One additional factor that may be important is the concentra-
tion and makeup of the volatile phase (H2O or CO2 dominated). As 
large amounts of fluids are needed to scavenge Cu from such large 
volumes of plutons, high volatile contents are needed, but how 
much and from where such volatiles derive is an open question. 
Are continental arc magmas more volatile-rich to begin with than 
island arc magmas, and if so, why? Alternatively, can processes like 
magmatic recharge, which are favored in the lower crust, further 
concentrate volatiles such that magmas traversing thick crust are 
more volatile-rich (Lee et al., 2014)? The release of large amounts 
of fluids may be key to developing porphyritic textures as flu-
ids enhance crystal growth rates (Nabelek et al., 2010). However, 
subsequent escape of these fluids to the surrounding country rock 
would increase the solidus of the magma, causing freezing, rapid 
nucleation and the formation of a fine-grained groundmass. De-
tailed studies on the kinetics of porphyritic textures may go far in 
elucidating the timing and rates of fluid release, shedding light on 
the final stages of Cu ore formation.

Timescales of fluid transport are also important. Presumably, 
fluid release and migration occur during the last stages of magma 
crystallization. To what extent does fluid scavenging and transport 
occur while the pluton is still above its solidus? How much sub-
solidus transport occurs? Are cupolas fed from one large magma 
body or are they formed incrementally over the lifespans of many 
small plutons (Schöpa et al., 2017)? It will also be important to 
better understand the nature of the fluid transport pathways. For 
example, are the transport pathways represented by a fracture net-
work, and if so, what is the density and geometry of the network? 
How and when is the fracture network generated within the plu-
ton? These questions are similar to those being asked of how large 
volumes of crystal-poor silicic magmas can be extracted from a 
crystal mush and erupt (Bachmann and Bergantz, 2004).

Finally, although our model can explain the correlation of 
PCDs in continental arcs with the development of thick arc crust, 
PCDs do exist in some island arcs, such as the Philippines, Papua 
New Guinea, Panama and accreted island arc terranes in British 
Columbia, central Asia and eastern Australia (Sinclair, 2007). Our 
model at face value may not be able to explain these occurrences, 
suggesting other “roads” to Cu mineralization in arc systems. How-
ever, we note that in nearly all of these island arc cases, the 
PCDs are associated with high Sr/Y magmas (so-called adakitic 
signature). If these island arcs were not thick enough to gener-
ate arclogite cumulates, the high Sr/Y may reflect partial melting 
of eclogitized slab. While geologically different from our model, 
slab melting would ultimately have the same petrogenetic effect 
as our model because garnet in the residue would drive oxidation. 
Whether these occurrences of PCDs in island arcs are due to slab 
melting will remain a fruitful area of research. We note that some 
studies have suggested that high Sr/Y in island arcs, while rare, 
may very well be explained by the formation of deep-seated cu-
mulates (Macpherson et al., 2006). Thus, even though island arcs 
are generally thin, it is possible that certain segments temporar-
ily evolve into crust thick enough to stabilize garnet, and it is then 
that PCDs in island arcs can form.

8. Conclusions

In summary, other than the presence of magmatic water, which 
necessitates PCDs to be associated with subduction zones, there is 
little unusual about the deep source regions or parental magmas 
from which PCDs derive. Instead, the formation of PCDs requires a 
unique set of intra-crustal processes, from the lower crust to the 
upper crust, to align during magmatic differentiation. Thick crust 
in arcs (common in continental arcs and rare in island arcs) pro-
motes garnet fractionation, which simultaneously drives depletion 
of the magma in total Fe and preferential enrichment in ferric 
Fe. Fe depletion facilitates sulfide segregation, which in turn se-
questers most of the magma’s Cu into the lower crust. Paradoxi-
cally, but now well understood, it is from these evolved Cu-poor 
magmas that Cu porphyries subsequently derive. Garnet fraction-
ation drives oxidation of the residual magma, releasing Cu from 
sulfides into solution and increasing the ability of endogenic mag-
matic fluids to self-scavenge and transport Cu from otherwise Cu-
poor plutons to the tops of the plutons. The lower crust of arcs, 
however, remains the largest repository of Cu, but such Cu never 
makes it to the surface and may even be permanently lost from 
the crust if lower crustal foundering into the mantle occurs.
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