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ABSTRACT

Porphyry systems are considered as low-grade, but high-tonnage, sources of scarce criti-
cal metals such as Cu and Mo, but they also host economic by-products of precious metals
such as Au and Ag as well as rare trace critical metals such as Se, In, Te, and Re. The latter
are of increasing importance as they represent essential components in the manufacture of
green energy devices such as solar panels and modern high-tech gadgets. Until recently,
the majority of critical trace metals remained in the metallurgical waste streams in most of
the large porphyry mines, but several operators in Brazil, China and Japan have already be-
gun to recover them from their mine tailings at an industrial scale. There are two sub-types
of porphyry-type deposits: (1) porphyry Cu±Au, and (2) porphyry Mo±Re systems, the for-
mer associated with calc-alkaline or alkaline intrusions in continental- or island-arc settings,
whereas the latter are normally hosted by more evolved high-K calc-alkaline intrusions de-
rived in post-collisional arc settings. Both sub-types form large S and Fe, rather than Cu and
Mo, anomalies in the Earth’s upper crust and are defined by high total sulfide contents with
pyrite representing the largest sulfide proportion when compared to the much less abun-
dant directly economic chalcopyrite, bornite, and molybdenite phases. Importantly, pyrite
hosts the majority of critical trace metals (Se, In, Te) in porphyry systems and therefore
represents a vast untapped resource of these rare critical metals. Understanding the com-
plex deportment of these rare critical elements can facilitate their extraction from pyrite
concentrates in the metallurgical processing plants of current and future porphyry mining
operations. This can boost their supply at a time when exploration discovery and mining of
new porphyry systems have slowed due to a range of geological, governmental, environ-
mental, and social issues and is unlikely to meet demand in the short term.
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Research Highlights

• Porphyry systems represent a vast untapped resource of rare critical metals.

• They host essential components in the manufacture of green energy devices.

• Understanding complex deportment of rare critical elements is important to facilitate their extraction.

1. Introduction

The worldwide demand for critical metals is rising sig-
nificantly mainly driven by population growth, new tech-
nological developments, and the proposed green energy
transition [1–4]. Critical metallic mineral resources are de-
fined by their natural scarcity, the potential disruption of
their supply chains, and the ability to economically ex-
ploit them in an environmentally responsible manner [1].
As they are non-renewable resources in Nature, there are
only two sources for the global supply of critical metals:
(1) primary mining of mineral deposits, and (2) recycling
of metals manufactured from those that were mined from
mineral deposits.

At present, most critical metals cannot be recovered
economically by recycling at industrial scale which leaves
mineral exploration and mining as their main source, at
least in the short term [3]. The manufacture of wind tur-
bines, solar panels, and electric vehicles for the green en-
ergy transition requires increasingly large quantities of crit-
ical, including rare trace, metals [3, 5]. Rare critical trace
metals such as Se, In, Te, and Re represent essential com-
modities in the electronics industry as well as for the man-
ufacture of green energy devices. More specifically, Se
is a key commodity for the production of Li–Se batteries,
whereas Se, In, and Te are essential components in the
manufacture of solar cells [6–9]. Rhenium is a critical trace
element that is used in petroleum refining and electronics
industries. It is also an important commodity for the manu-
facture of high-temperature resistant alloys [10].

However, these critical trace metals are very rare com-
ponents of the Earth’s crust and generally do not form eco-
nomically mineable deposits on their own. Instead, they
only occur as rare by-products of large base-metal de-
posits such as porphyry-, SEDEX- and MVT-type mineral
systems [11]. Importantly, global geopolitical tensions as
well as the critical metals natural scarcity, heterogeneous
geographical distribution, and a variety of social issues
pose significant challenges for the future maintenance of
stable industrial supply chains.

Hence, it is of increasing importance to better under-
stand the geochemical trace element composition, deport-
ment of these trace elements, and economic potential of
these critical metal systems to enable the efficient metal-
lurgical extraction of trace critical metals in the future.

Porphyry systems are large-tonnage, but low- to
medium-grade, deposits that have significant economic
importance, having supplied not only approximately three-
quarters of global Cu, half of Mo, and one-fifth of Au,
but also substantial quantities of other critical metal by-
products such as Ag, Sn and W over the past century [12–
15]. Due to their high pyrite contents, porphyry systems
are often regarded as giant S and Fe, rather than Cu and
Mo, anomalies in the Earth’s upper crust [16–18].

Two sub-types of porphyry systems may be distin-
guished: (1) porphyry Cu±Au [19]; and (2) porphyry Mo
deposits [20]. The former is commonly hosted by oxidized
intrusions with intermediate compositions, while the latter
are associated with highly evolved and commonly high-K
intrusions [13, 19, 20].

Large porphyry Cu and Mo systems may contain mil-
lions of tons of Cu and/or Mo in small rock volumes on
the order of a cubic kilometre, enriched in concentration
by two to three orders of magnitude compared to their av-
erage wall rocks [21]. However, porphyry Cu–Au and Mo
systems also host rare critical trace metals such as Se,
In, Cd, Te and Re that are in high demand for the green
energy transition as well as for the manufacture of mod-
ern high-tech gadgets [22–29]. Significant concentrations
of critical trace metals such as Se, In, Te and Re may re-
main in the waste streams of large porphyry mines, and,
until recently, have often not been recovered alongside the
primary metals [28, 30]. However, due to the increasing
demand for these critical trace metals, several operators
in Brazil, China and Japan have begun to recover critical
metals from metallurgical waste and mine tailings using
advanced hydrometallurgical techniques [31–34].

This study reviews the important role of porphyry sys-
tems as a global source for critical metals such as Cu, Mo,
Pd, Ag, Sn, W, and Au [13, 14] as well as rare trace metals
such as Se, In, Te, and Re [22–29, 35, 36].

2. Porphyry Cu±Au Systems

Porphyry-related mineral systems are documented
worldwide at subduction-related convergent margin set-
tings that include volcanic and island arcs (Figure 1: [37–
39]), particularly where there is an extended and/or com-
plex subduction history [13, 21, 40, 41]. Porphyry Cu±Au
and associated high-sulfidation epithermal precious-metal
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and skarn deposits are the most prominent mineral sys-
tems formed during the evolution of convergent margins
[42]. Individual clusters of porphyry Cu±Au systems are
normally sited along extensive curvilinear segments of vol-
canic arcs such as the Andes (Figure 2: [14, 43]) at spac-
ings of about 10s to 100s of km [44], especially where they
are intersected by deep-seated lineaments [41, 45, 46]
such as in the giant Chuquicamata-Radomiro Tomic-El
Abra [47, 48] and Escondida porphyry clusters in northern
Chile [49, 50].

Other significant porphyry Cu–Au districts are docu-
mented in island arc-settings such as the southwest Pa-
cific (Figure 1) that comprises over 160 early- to middle-
Miocene and Pliocene-Pleistocene Au-rich porphyry sys-
tems [39]. Importantly, the majority of Au-rich porphyry
systems such as Grasberg, Indonesia [51], Northparkes
and Cadia, both New South Wales, Australia [52], Oyu Tol-
goi, Mongolia [53], and Pebble, Alaska [54] are recorded
from island arc or post-collisional arc-settings. Other por-

phyry Cu±Au systems related to continent-continent col-
lision are documented in the post-collisional Tethyan belt
(Figure 3) ranging from Iran to Tibet [55–57]. Although
porphyry Cu–Au deposits are significant global sources of
copper and gold, they also contain minor metallic elements
as trace by-products as discussed further below.

Porphyry Au±Cu systems are normally hosted by
high-K calc-alkaline to alkaline (e.g., shoshonitic) intru-
sions [52, 58, 59]. They typically occur in zones of complex
subduction geometry due to multiple events involving po-
larity reversals, arc-arc and island arc-continent collisions,
rifting, and transcurrent faulting [39, 52]. As in the Andes,
porphyry Cu–Au clusters such as Oyu Tolgoi, Mongolia,
are related to bends and tears in down-going subduction
slabs, especially near high-angle arc-transverse faults in-
tersecting the arcs [41, 45, 53, 60]. Porphyry systems in
island arc-settings are commonly hosted by less evolved
and distinctly potassic, or even alkaline, monzodioritic or
monzonitic intrusions [52, 58, 59].

Figure 1. Distribution of porphyry systems in volcanic and island arcs across the Pacific Ocean: adapted from [37, 38]
with data from the SW Pacific derived from [39]. Square symbols are important deposits not related to tectonics directly
related to Pacific and Paleo-Pacific Ocean Plates.
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Figure 2. Distribution of porphyry systems across the South American Andes. Porphyry Cu–Au deposits are shown in
purple, porphyry Cu deposits in red, and porphyry Cu–Mo deposits in orange. Adapted from [37, 43] with original data
largely from [14, 46].
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Figure 3. Schematic map of the eastern Tethyan domain, showing Tethyan sutures and post-collisional porphyry Cu±Au
or Mo belts with the largest giant deposit (>2 Mt Cu) named. Simplified from [61] who provide sources for their figure.
Dark brown = highest mountain belts that include the Himalaya. Pale brown = mountain belts; Green = lowlands and
high plains.

3. Porphyry Mo Systems

Continental collision and/or post-collisional settings
often generate large to giant, but low-Re, porphyry Mo sys-
tems, such as in the Altaid/Transbaikal-Mongolian collage
and the North China Craton [62]. Figure 3 represents a
schematic map of the eastern Tethyan domain with the
main Tethyan sutures and post-collisional porphyry Cu±Au
or Mo belts with the largest giant deposit (>2 Mt Cu within
each belt) named [61]. They commonly contain distinct
unidirectional solidification (UST) textures [63] and are re-
lated to magmas derived from partial melting of old conti-
nental crust. By contrast, intracontinental or back-arc rifts,
which are associated with extensional regimes, may pro-
duce high-F and high-grade Mo deposits, for example, Cli-
max and Henderson in Colorado, USA (Figure 1), consid-
ered as type examples of porphyry Mo systems [64].

China also hosts porphyry Mo deposits that are ex-
ternal to the North China Craton in the eastern Qinling
porphyry Mo cluster and in the Xing’an range [63, 65, 66].
The mineralization consists of molybdenite that occurs
disseminated or within quartz stockwork veins and related
hydrothermal breccias [67] hosted by strongly evolved,
F-rich, high-K calc-alkaline intrusions [62, 66, 68, 69].
Their parental granodiorite or monzogranite stocks are
locally accompanied by contemporaneous mafic, and
commonly high-K, trachybasaltic to trachyandesitic dikes
[20]. Parental intrusions typically measure several hun-
dred meters in diameter and have cylindrical sub-vertical
shapes. Their root zones typically extend into deep un-
derlying, parental batholiths [20]. Many porphyry Mo de-
posits are spatially associated with related skarn systems
[66, 69, 70].

4. Genesis of Porphyry Systems

Porphyry Cu systems can be hosted by calc-alkaline
[19] or high-K calc-alkaline to alkaline intrusions [59]. The

empirically more common calc-alkaline porphyry systems
have no specific igneous rock association, with fertile intru-
sions ranging from diorites to granodiorites [19]. By con-
trast, Au-rich porphyry Cu systems are normally hosted
by high-K or alkaline intrusions that can range in compo-
sition from monzodiorites through monzonites to quartz-
monzonites [58, 59]. Porphyry Mo systems are normally
hosted by strongly fractionated high-K calc-alkaline intru-
sions that can range from granodiorites to monzogranites.

In both sub-types, porphyry-style mineralization and
its parental intrusions form by low-degree partial melting of
metasomatized, LILE-, volatile-, and H2O-enriched, mantle
lithosphere in arc settings [71–74]. The higher gold con-
tents of high-K or shoshonitic porphyry systems [58, 59] as
well as zircon mineral compositions from fertile porphyry
systems support this model [75]. Adiabatic decompres-
sion melting of these enriched mantle lithosphere domains
(Figure 4; [76, 77]) can produce ascending basic H2O-rich
magmas with high oxidation states [15, 20, 78]. These as-
cending melts can subsequently form magma chambers
in the shallow crust where ongoing crystal fractionation
and the continued replenishment by additional injections
of more basic mantle melt leads to the release of evolved
magmatic pulses from the top part of the chamber [79, 80].
Pulses of fertile magma released from the top of this frac-
tionating magma chamber are capable of forming eco-
nomic porphyry systems at shallow depths of 3–5 km be-
neath the paleo-surface [21, 81]. The porphyry-type miner-
alization forms in response to focused expulsion of metal-
bearing, saline fluids from the cooling magma chamber
[82]. A restricted zone of ore-mineral precipitation within a
more extensive plume of fluid up-flow is thought to be the
key to economic metal accumulation [21, 82]. The ore bod-
ies typically have bell-like or cylindrical shapes (Figure 5),
centered on stocks or plugs of porphyritic intrusions em-
placed above cupolas in the roof of magma chambers [82].
This commonly results in a cluster of porphyry intrusions,
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including both mineralizing and barren porphyry stocks,
that cut their underlying host batholith, and are emplaced
into the overlying volcano-sedimentary units [21]. The top

of the ore shell is commonly abrupt and coincides with the
top of a dense vein network, indicating that fluid pressures
were sufficient to induce hydraulic fracturing [82].

Figure 4. Geological sketch model of a subduction zone (mature continental arc) illustrating the genesis of porphyry
systems (PCDs). Dehydration of the subducted oceanic slab is shown in light blue and zones of partial melting and the
emplacement of intrusions in the crust are shown in red. Note that porphyry systems occur in clusters above fractionat-
ing magma chambers in the upper crust, but the majority of them are uneconomic or barren. After [76, 77].

Figure 5. Geological sketch model of a porphyry Cu–Au system highlighting the occurrence of critical metals. Porphyry-
style mineralization is shown in red and related high-sulfidation style mineralization is shown in blue. Note that most
porphyry systems are formed from numerous syn-mineral intrusive phases as indicated in the Figure. Multiple syn-
mineral intrusions can add to the vein densities and thus improve the grades. After [13].
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Importantly, the intrusive stocks or cupolas associ-
ated with porphyry Cu–Au systems are generally oxidised
[77, 83, 84]. Porphyry Cu–Au deposits have systemati-
cally higher oxygen fugacities and FeO contents compared
to porphyry Mo deposits [14]. At constant temperatures,
as the oxidation state increases, the concentration of dis-
solved sulfide (S2−) in the melt decreases, whereas the
dissolved sulfate (SO4

2−) increases as sulfur is oxidized
[85, 86]. Thus, the potential for early precious metal seg-
regation into magmatic sulfide phases is reduced [85]. If
the sulfide concentration in the melt is reduced, Au and
Cu can be concentrated in the volatile-enriched top part
of the magma chamber [85]. Once volatile saturation oc-
curs during secondary boiling, the magma chamber re-
leases pulses of metal- and volatile-enriched melts that
can form porphyry Cu–Au mineralization in the upper crust
[87]. High oxidation states of a melt are generally corre-
lated with high magmatic H2O contents [88]. In arc sys-
tems, mantle oxidation by subducted H2O and Fe3+ can
lead to complete consumption of sulfide, so that partial
melting may take up all available Cu and Au [21].

Geochemically, porphyry systems represent natural
vertical pumps of hot hydrothermal fluids within the upper
crust [21] that are defined by both lateral and vertical alter-
ation mineral and geochemical zonation [89] ranging from

central Cu–Au cores toward peripheral Ag–Zn–Pb assem-
blages, as well documented from porphyry Cu–Au sys-
tems (Figure 5). As illustrated in Figures 5 and 6 [90], all
porphyry systems are spatially associated with zoned hy-
drothermal alteration assemblages including sodic-calcic
alteration of their root zones grading into central potassic
alteration zones that are surrounded by peripheral propy-
litic alteration assemblages [21]. Sericitic and argillic al-
teration zones commonly lie above the potassic alteration
core, with all overlain by a lithocap comprising an ad-
vanced argillic altered andesitic or dacitic carapace [91]. In
places, structurally controlled sericite alteration can over-
print the earlier potassic alteration assemblage.

This hydrothermal alteration zonation reflects the
cooling of magmatic-hydrothermal fluids from <700 ◦C
to <250 ◦C [92] with the evolution of high-temperature
two-phase and highly saline fluids [21]. The complex for-
mational and emplacement history of porphyry systems
means that both mantle and crustal elements can be en-
riched in the hydrothermal metal-bearing fluids. Critical
metals are precipitated as sulfide phases such as mi-
nor bornite and chalcopyrite, and abundant pyrite occur-
ring both as disseminations within the parental intrusion
and their wall rocks and/or in cross-cutting stockwork-type
quartz vein networks [21, 92, 93].

Figure 6. Geological sketch model of a porphyry Mo±Re system highlighting the occurrence of critical metals. Porphyry-
style mineralization is shown in red and related high-sulfidation style mineralization is shown in blue. Note that most por-
phyry systems are formed from numerous syn-mineral intrusive phases as indicated in the Figure. Multiple syn-mineral
intrusions can add to the vein densities and thus improve the grades. In some porphyry systems, the underlying magma
chamber keeps fractionating after the release of the syn-mineral intrusions as documented by the emplacement of
evolved and barren post-mineral intrusions which can stope out the porphyry mineralization (shown in green). After [90].
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Porphyry systems form at shallow depths in the up-
per crust during compressive stress regimes [21, 94]. Ex-
humation and secondary oxidation and enrichment by cir-
culating groundwaters finally determine the economics of
a deposit, hence both representing critical factors in the
formation of economic porphyry systems [21]. More specif-
ically, calculations for different major porphyry Cu–Au sys-
tems using thermochronology by McInnes et al reveal uplift
rates of about 0.26 to 0.72 km per million years [95]. This
might explain why preserved porphyry systems only rarely
extend back beyond the Miocene with most of the older,
Mesozoic, examples recorded from post-collisional arcs
such as Pebble, Alaska [54]. However, more rarely, there
are also sub-economic examples recorded from Archean
greenstones belts in the Pilbara [96] and Yilgarn Cratons
in Western Australia [97].

5. Critical Metal Contents of Porphyry Systems

The proclaimed green energy transition has also led
to a rapidly increasing demand for scarce critical metals
such as Cu and Mo, the major economic critical metals in
porphyry systems, which are essential commodities in the
electronic, steel, and construction industries [98, 99]. Rare
trace critical metals such as Se, Cd and Te are essential
commodities for the manufacture of green energy devices
such as solar panels and Li–Se batteries [100–102] as well
as for the production of semiconductors [103]. However,
the low average crustal abundance of Se, Cd, Te and Re
of <0.05 ppm [104, 105] and the fact that those trace crit-
ical metals do not form their own minerals, but are only
present in trace amounts in sulfide minerals such as pyrite
and chalcopyrite that are exploited in major base-metal
deposits such as porphyry systems, poses a dilemma for
global supply chains [11].

Importantly, the rapidly increasing industrial demand
for trace critical metals that had traditionally been lost in
the metallurgical tailings of large base-metal mining oper-
ations [30, 36] has put them into the focus of attention.
Hence, several operators in Brazil, China and Japan have
begun to recover trace metals such as REEs, Ga and Ge
from metallurgical waste and mine tailings [31–34].

Importantly, recent studies reveal that porphyry sys-
tems are important sources of trace critical metals such as
Se, Te and Re (Figures 5 and 6), even though the factors
controlling their enrichment still remain poorly understood
[22, 23, 29, 102, 106, 107]. However, Jin et al document
that the elevated oxidation states and high H2O contents
of arc magmas may lead to a higher Se and Te fertility [29].

5.1. Critical Metal Content of Porphyry Cu–Au Systems

Porphyry Cu±Au systems are the global main sources
of Cu and also produce over 20 vol% of Au [13]. In por-
phyry systems, Cu and Au are hosted by sulfide phases
such as bornite and chalcopyrite. More rarely, Au can also
be sited in pyrite or secondary magnetite phases.

However, porphyry Cu–Au systems may also contain
significant by-products of precious metals such as Ag, Pd,
and Pt [14, 15, 108], especially in alkaline systems, as well
as trace critical metals such as Se, In, Te, and Bi (Fig-
ure 5) that are mostly lattice-bound or more rarely hosted
as micro-inclusions within sulfide phases such as pyrite,
chalcopyrite, bornite and galena within several different
parts of the zoned porphyry system [22, 24, 28, 29, 107].

The metallurgical processing of copper ore can pro-
duce significant by-products of Te [26]. Bornite, one of the
most important Cu-bearing phases in porphyry systems,
represents a major host for Se, Ag, Te, and Bi, whereas
chalcopyrite can locally host significant Se contents of up
to 310 ppm [109, 110]. However, until recently, copper con-
centrates commonly incurred monetary penalties from the
smelter if they contained in excess of 500 ppm Se [110].
Chalcopyrite phases from the giant Chuquicamata por-
phyry Cu–Mo deposit, Chile, host high concentrations of
trace metals of up to 22,000 ppm Se, 68 ppm Sn, 45 ppm
Ag, and 22.8 ppm In [24]. Importantly, the highest concen-
trations are recorded from chalcopyrite phases collected
within the potassic altered core of the porphyry system
[24]. More specifically, high concentrations of Se and In
within chalcopyrite phases are related to the high temper-
ature background potassic alteration, with lower concen-
trations of these two elements associated with the lower
temperature quartz-sericite and chlorite alteration zones
[24]. Recent mineralogical studies at the Rio Blanco por-
phyry Cu–Au deposit in northern Chile reveal Te enrich-
ments of the Cu ore to levels of up to 300 times average
crustal abundance [28].

Highly evolved and granite-hosted porphyry Cu sys-
tems may also contain significant by-products of rare criti-
cal metals such as Sn and W [12, 111], that are also known
as trans-porphyry type deposits documented within conti-
nental plates and resulting from large-scale shearing be-
tween cratons [112]. In those deposits, Sn occurs in cassi-
terite and W in wolframite phases.

In porphyry Cu–Au systems of the Metaliferi Moun-
tains, Romania, galena forms micro-inclusions within
pyrite, chalcopyrite and bornite phases locally containing
significant trace element concentrations of up to 17,380
ppm Se, 3750 ppm Ag, 1570 ppm Ge and 780 ppm Te
[22], although concentrations will be orders of magnitude
lower in the copper ores.

5.2. Critical Metal Contents of Porphyry Mo Systems

Although Mo is also derived as a by-product from
large porphyry Cu±Mo deposits such as Bingham, USA
[113], or Chuquicamata, Chile [47], the most significant re-
sources are hosted by porphyry Mo systems (Figure 6)
that also represent the world’s largest source of Re [24,
35, 62, 114]. Major trace metals and elements associ-
ated with porphyry Mo deposits include Ag, Sn, W, Re,
Au, and Bi, commonly appearing in trace quantities within

371



Müller et al. Earth Systems, Resources, and Sustainability, 2026, 1(4), 364–380

molybdenite or as discrete associated minerals [65]. Gold
and Ag may also be concentrated in high sulfidation ep-
ithermal vein systems above the Mo ore bodies (Figure 6).
These deposits, which account for over 95% of the global
molybdenum supply, are commonly hosted in felsic, highly
evolved, fluorine-rich granites (e.g., Climax-type) granites
[20, 62].

The Re contents in molybdenites from porphyry Mo
deposits in the North China Craton are mostly higher
than 100 ppm [62] thus indicating a crust-dominant source
[115]. The Re contents in molybdenites from porphyry Mo
systems in NE China are highest in the older systems
with molybdenites from the Early Paleozoic Duobaoshan-
Tongshan district containing maximum Re contents of up
to 1000 ppm [62]. Berzina et al also document significant
Re concentrations in molybdenite concentrates from the
Aksug (460 ppm) and Erdenetuin-Obo (199 ppm) porphyry
Mo–Cu deposits in Siberia [35]. Molybdenites from some
Greek porphyry Mo–Cu deposits have exceptionally high
Re contents ranging from 7260 to 42,100 ppm [114, 116].
Due to the large size of porphyry-type deposits, their total
Re contents can be economically significant and the giant
Pebble deposit, Alaska, contains as much as 4000 t Re
[114]. Molybdenite commonly hosts trace elements includ-
ing Re, Cu, Se, Te, W, Pb, and Bi, in addition to Re, in
its lattice or as nano-inclusions. The strong geochemical
correlation between Mo and Re in deep drill core samples
suggests the substitution of Mo by Re within molybdenite
[102] predominantly through lattice substitution [117]. Re-
cent studies on the Jinduicheng porphyry Mo deposit in
the Dabie Mo belt, Qinling Province, China, suggest that
Re preferentially partitions relative to Mo into the vapor
phase and precipitates later during cooling, resulting in
late-stage, Re-rich molybdenite [117].

Tungsten and Bi are commonly present, particularly
in W-Mo porphyry and related skarn systems, where they
may be recovered as a by-product [65, 70, 118]. Elevated
concentrations of Nb, Ta, and REE are documented from
alkali-feldspar monzogranite-hosted porphyry Mo deposits
[119, 120].

Although Se has been mainly documented from chal-
copyrite phases in porphyry Cu–Au systems [110], it is
also reported from chalcopyrite-free porphyry Mo deposits
where it is hosted by pyrite [121]. Mineralogical studies
on pyrites from the Lakang’e porphyry Mo deposit in Ti-
bet document up to 147 ppm Se in pyrite [121].

6. Deportment of Critical Trace Elements in Sulfide
Components of Porphyry Systems

Porphyry systems are widely regarded as giant S and
Fe, rather than Cu and Mo, anomalies in the Earth’s up-

per crust due to their high pyrite contents [16–18]. The
pyrite contents of porphyry systems normally increase
from a pyrite-poor, but chalcopyrite- and/or molybdenite-
rich potassic core (Py:Cpy < 1) through a phyllic zone
(Py:Cpy ratios ∼1) into the surrounding ‘pyrite shell’ where
the pyrite contents can be locally up to 5 vol%, the lat-
ter representing important IP anomalies for exploration
[122]. More specifically, the pyrite content at the Santa
Rita porphyry Cu deposit, New Mexico, increases from <1
wt% pyrite in the central part of the ore body, through a
surrounding zone with 1–4 wt% pyrite to an outer zone
with >4 wt% [122, 123]. By contrast, the greatest chal-
copyrite content, >0.4 wt% chalcopyrite, is recorded in
the zone with intermediate amounts of pyrite. Inward from
this higher chalcopyrite zone, the chalcopyrite decreases
to about <0.1 wt%, whereas outward from the higher-
grade zone it ranges between 0.1 and 0.4 wt% [122, 123].
Similar observations on the relative proportions of sul-
fide phases are recorded from the El Salvador porphyry
Cu deposit, Chile [124]. At the Bingham porphyry Cu–Au
deposit, Utah, there are five overlapping, but concentric,
zones from the center outward: (1) a low-grade sulfide core
with <0.5 wt% of pyrite, chalcopyrite, bornite, and molyb-
denite, (2) a molybdenite, bornite + chalcopyrite zone, (3)
a chalcopyrite + pyrite zone, (4) a pyrite-dominated zone,
and (5) a galena + sphalerite zone [122, 125]. As at Santa
Rita, at Bingham the inner zone contains rare pyrite, the
Cu ore body contains 1–2 wt% pyrite, and the surrounding
pyrite shell can exceed 4 wt% [122, 125]. In summary, the
pyrite/chalcopyrite ratio is lowest in the potassic alteration
zone and highest in the phyllic alteration assemblage of
porphyry systems. Hence, understanding the sulfide min-
eralogy is vital in the efficient metallurgical treatment of the
ore.

The main economic metals Cu, Au, and Mo are almost
exclusively present as discrete grains or grain intergrowths
of Cu sulfides, native Au/electrum, Au–Ag tellurides, and
molybdenite, respectively [25, 26, 122]. Precious metals
such as Au and Ag may also be concentrated as inclusions
or along fracture surfaces in pyrite from porphyry Cu–Au
systems [25]. In porphyry Cu–Au systems, the deportment
of trace critical metals such as Se and Te is preferentially
within the crystal lattice of bornite, chalcopyrite or zoned
pyrite phases as recently documented [25, 26, 126, 127].
Their complex deportment within individual pyrite grains
can take various geometric forms as demonstrated in Fig-
ures 7–9. However, in places, Te may also occur in rare
telluride phases that can form micro-inclusions within sul-
fide phases or more rarely discrete telluride minerals inter-
grown with them (Figure 10: [27]).
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Figure 7. LA-ICP-MS scans of trace element concentrations in late-stage pyrite phases from the Afton porphyry Cu–Au
deposit, British Columbia, Canada. Selenium and Pd are concentrated in primary growth zones in the pyrite. Abundant
fractures are infilled by chalcopyrite and coincide with enrichments in Cu, Bi, and Ag. However, Cu is mainly hosted by
bornite and chalcopyrite phases. From [127].

Figure 8. LA-ICPMS trace element scans of pyrite from the Kasier-Boda porphyry Cu–Au deposit, New South Wales,
Australia. The pyrite grain has been fractured, and these fractures contain chalcopyrite and Au–Ag tellurides. After [25]
with Copyright from Elsevier.
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Figure 9. LA-ICPMS trace element image of pyrite from the Theia porphyry Cu–Au–Mo prospect, New South Wales,
Australia. Pyrite in this sample contains abundant inclusions of both sulfide and non-sulfide minerals such as silicates
and carbonates. Fractures overprint the grain. After [25] with Copyright from Elsevier.

Figure 10. (A) intergrowths of hessite, telluro-bismuthite Bi2Te3 (Te–Bi), and galena in altaite within quartz; (B) inter-
growths of galena, stuttzite, hessite, petzite, and altaite in pyrite phases; (C) intergrowths of altaite, tetrahedrite, spha-
lerite, petzite, and stützite in pyrite phases from the Birgilda porphyry Cu deposit in southern Urals, Russia. From [27]
with Copyright from Pleiades Publishing Ltd.

Importantly, pyrite represents the largest percentage
(40–80 vol%) of the sulfide phases in porphyry Cu–Au de-
posits, whereas chalcopyrite only represents 0.4–3.0 vol%
[122, 123, 125], with bornite normally not exceeding 2.0
vol% even in alkaline porphyry Au systems [58], which
means that the majority of critical trace metals for solar
panels, wind turbines and electric vehicles such as Se, In,
and Te can be dominantly hosted in pyrite, at least in por-
phyry systems.

Mineralogical studies on pyrite from the Elatsite por-
phyry Cu–Au deposit, Bulgaria, reveal high, but variable
Se contents ranging from 34.4 to 393.3 ppm, while Te
ranges from 1.1 to 16.8 ppm [126]. Mineralogical stud-
ies on the trace metal content of sulfide phases from
the giant Bingham porphyry Cu–Au deposit, Utah, USA
[26] reveal that Se and In may be hosted along struc-
tural cracks in chalcopyrite, whereas bornite and digenite
host Se, In, and Te in their lattice structure. At Bingham,
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pyrite contains the highest Se concentrations (>700 ppm)
of the sulfide phases [26]. Even more recent studies on
pyrite phases from the New Afton porphyry Cu–Au de-
posit in British Columbia, Canada [127] reveal significant
Pt contents of up to 24 ppm in pyrite crystal cores (Fig-
ure 7) that are Co-rich (>1.0 wt%), but Se-poor. The in-
corporation of Se into pyrite is documented to be strongly
temperature dependent [127, 128]. Selenium also shows
the largest oscillations in concentration (up to 5 orders of
magnitude) in pyrite phases (Figures 8 and 9) due to a
wide variety of thermochemical parameters [25], particu-
larly in high-temperature magmatic-hydrothermal mineral-
ization types such as porphyry Cu–Au systems [127, 129].
In Cu-dominated hydrothermal mineral systems, Se is
preferentially hosted in bornite and chalcopyrite phases as
recorded from porphyry Cu–Au as well as VMS-type poly-
metallic systems [6, 26, 130, 131], whereas in Cu-poor,
but Au-dominated, hydrothermal systems, Se commonly
occurs within the lattice of auriferous zoned pyrite phases
[132] where it is typically associated with Cu.

By contrast, Te has a spatial affinity for pyrite phases
which Chouinard et al. attribute to its preferential incorpo-
ration into cubic crystal systems (Figure 9) [133]. However,
Te can also occur in rare telluride phases such as altaite
that may form micro-inclusions within pyrite phases (Fig-
ure 10) such as documented from the Birgilda porphyry
Cu deposit in southern Urals, Russia [27].

7. Exploration of Porphyry Systems

Due to the lack of recycling of critical metals at indus-
trial scale [134], mining of known mineral deposits and po-
tential new discoveries through global mineral exploration
represent their almost universal source, at least in 2026.
As discussed above, there are increasingly severe restric-
tions on mineral exploration and the time from discovery to
mining is normally of the order of about 20 years [135]. De-
spite this, it is appropriate to concisely discuss exploration
for porphyry systems to round out this paper.

Porphyry systems are considered as tier-1 mineral de-
posits and very attractive exploration targets. They typ-
ically occur in natural clusters [21, 41, 48], and, hence,
most mining companies prefer brownfield exploration pro-
grams targeting in the vicinity of their operating mines
rather than investing into higher risk greenfield exploration
projects even if the latter may be potentially more reward-
ing [11]. However, increasingly declining discovery rates in
mature and well-established porphyry districts such as the
central Andes and the Highlands of Papua New Guinea
[136] now demand a higher investment into greenfield
projects targeting new and less well-endowed exploration
frontiers.

Greenfield target generation teams typically focus on
continental-, post-collisional- and/or island arc settings
[40, 58, 137]. Metallogenically fertile arc segments are
selected based on the geochemical composition of their
magmatic host intrusions [71, 74, 138] with special em-
phasis on the structural intersections between major arc-
parallel structural corridors and deep-seated lineaments

[41, 45, 46, 48]. More specifically, within curvilinear fertile
arcs such as the Central Andes, individual clusters por-
phyry systems are commonly located near the intersec-
tions between arc-parallel crustal-scale faults and highly
oblique transform or accommodation faults [41, 48]. Other
world-class porphyry clusters are structurally controlled
by: (1) deep-seated lineaments such as Oyu Tolgoi, Mon-
golia [53], or (2) pull-apart basins such as Peschanka,
Siberia [139].

Typically, porphyry systems are defined by positive
‘bullseye’ magnetic signatures such as at Bajo de la Alum-
brera, Argentina [140] or by ‘doughnut’-shaped magnetic
anomalies such as at Peschanka, Russia [139], as well as
at Mt. Milligan, Canada [141].

Porphyry clusters typically include both economic por-
phyry Cu–Au deposits and weakly mineralized and un-
economic systems, all of which are genetically associated
with similar intrusions derived from the same fractionat-
ing magma chamber [50, 53]. Even the most advanced
geophysical methods are unable to distinguish between
barren and productive porphyry systems as both are de-
fined by very similar magnetic and IP (Induced Polariza-
tion) anomalies [122]. Hence, once a new porphyry cluster
has been discovered during greenfield exploration, each
system of this cluster must be evaluated individually by
systematic drilling [37].

The major mining companies exploring for hydrother-
mal mineral systems increasingly use AI-supported tools
for their target generation [142, 143]. The benefit of imple-
menting machine learning tools in mineral exploration is
to support geologists in the analysis and interpretation of
large geochemical and geophysical data sets commonly
referred to as ‘Big Data’ [142, 144]. For example, Diaz-
Rodriguez et al use a spatio-temporal machine learning
model to predict the emplacement of concealed porphyry
systems [40]. Mineral prospectivity modeling is also de-
veloping into an important means for spatially mapping
the potential distribution of minerals from the province- to
district- and deposit-scales [143, 145].

During exploration, companies should take into ac-
count the potential value of critical trace elements and un-
derstand their deportment so that future development of
porphyry-type mineral operations can optimise the metal-
lurgical plant design to enable the extraction of all valuable
trace elements such as Se, In, Te, and Re in addition to
the main metals such as Cu, Au, and Mo.

8. Summary and Conclusions

Porphyry-type mineral systems, of either Cu–Au
and Mo–Cu associations, comprise low-grade, but high-
tonnage, deposits that represent the main global endow-
ments of Cu and Mo. Porphyry Cu–Au systems are nor-
mally associated with calc-alkaline or alkaline intrusions
with intermediate compositions that formed in continental-
or island-arc settings such as in the South American An-
des or Indonesia. In contrast, porphyry Mo±Re–Cu sys-
tems are preferentially hosted by highly evolved high-K
calc-alkaline intrusive stocks derived in post-collisional-arc
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settings such as in the Altaid/Transbaikal-Mongolian col-
lage and North China Craton.

Porphyry systems are of economic interest not only
for their Cu and Mo but also because they host signifi-
cant contents of precious (Au, Ag) and trace critical metals
(Se, In, Te, Re) which are of increasing economic inter-
est due to their critical role in the green energy transition.
From a critical trace element perspective, porphyry sys-
tems can be considered as large S and Fe, rather than
Cu and Mo, anomalies in that pyrite typically represents
the largest percentage of all sulfide phases, whereas chal-
copyrite and bornite combined are only more abundant in
the centres of gold-rich alkaline systems. As pyrite is nor-
mally the dominant sulfide on a whole-deposit scale and
can have high critical trace element contents, it is gener-
ally the host to the greatest endowment of critical trace
metals and understanding the deportment of these metals
in pyrite is vital.

As the only source of these critical metals outside of
recycling is from new mines developed on the basis of min-
eral exploration, which is becoming increasingly more diffi-
cult, extraction of the critical trace metals is important. Un-
derstanding of the deportment of these metals in pyrite is
essential to the design of metallurgical processing plants
in current and future porphyry mining projects so that treat-
ment of large volumes of pyrite that hosts the majority of
critical trace metals (e.g., Se, In, Te) can assist in meeting
increasing demand if the green energy transition contin-
ues.
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