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Abstract

The Rio Blanco deposit, which is one of the largest porphyry Cu–Mo deposits in northern Peru, formed coevally with the subduction of
the Inca Oceanic Plateau at 12–10 Ma. However, the genetic relationship between the subduction of oceanic plateaus and the porphyry
deposit formation remains unclear. Igneous rocks emplaced at 23–12 Ma in northern Peru, including the Portachuela batholith (which
hosts the Rio Blanco porphyry complex), are normal calc-alkaline to weakly adakitic. In comparison, the 12–8 Ma igneous rocks,
including the ore-related Rio Blanco porphyry complex, have typical adakitic signatures, such as high Sr/Y ratios (up to 180) and
LaN/YbN ratios (up to 32). The Rio Blanco igneous rocks (Portachuela batholith and Rio Blanco porphyry complex) have uniform zircon
εHf(t) values (+0.3 ± 1.2) and δ18O values (6.5 ± 0.14�). These geochemical characteristics indicate that the Rio Blanco igneous rocks
evolved from mantle-derived parental melts in a long-lived, stable, homogeneous isotopic reservoir at the crust–mantle boundary.
However, whereas both the Portachuela batholith and the Rio Blanco porphyry complex formed from hydrous parental magmas (>5 wt
%; based on plagioclase hygrometry), the ones of the Rio Blanco porphyry complex seem to be more oxidized, hydrous, and sulfur-rich
compared with the older batholitic rocks. Reverse zoning in plagioclase phenocrysts, with a systematic core–mantle–rim variation
in An (anorthite) and Fe (total iron) contents, are common in the intermineralization rocks. The An content of the mantles of the
plagioclase phenocrysts correlates positively with the Fe content, but in the rims, the An contents significantly decrease while Fe
remains constant. The apatite inclusions in the mantles are richer in S (0.24 ± 0.06 wt %) and Cl (1.42 ± 0.32 wt %) than those in
the phenocryst cores (S: 0.09 ± 0.07 wt %; Cl: 1.03 ± 0.56 wt %) and rims (S: 0.14 ± 0.09 wt %; Cl: 0.83 ± 0. 35 wt %). These systemic
geochemical variations in the plagioclase phenocrysts suggest recharge by S- and Cl-rich melts followed by fluid exsolution. This
magma recharge and subsequent fluid exsolution may have triggered porphyry Cu mineralization at Rio Blanco. The coincidence of
timing between the geochemical transition and collision (initial subduction) of the Inca Oceanic Plateau with the South American plate
may indicate a change in the tectonic regime to a compressional state of stress and a thickening of the crust during the collision. The
tectonic transition would have facilitated the fractionation of mantle-derived magma in a deep crustal hot zone, resulting in oxidized,
volatile-rich residual melts. Replenishment of the upper-crustal magma chamber by such volatile-rich magmas and the subsequent
discharge of fluids are interpreted to be fundamental for porphyry Cu mineralization at Rio Blanco and plausibly for the formation of
Late Miocene porphyry ore deposits in northern Peru in general.
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INTRODUCTION
Porphyry Cu systems are presently the main sources of
Cu and Mo around the world (Sillitoe, 2010). The asso-
ciated calc-alkaline to mildly alkalic magmas are rela-
tively oxidized and volatile-rich, and many of them have
adakitic geochemical characteristics (Rohrlach & Loucks,
2005; Richards, 2011a; Richards et al., 2012; Loucks, 2014,
2021; Chiaradia, 2015). These geochemical features may
result from a series of processes operating in subduc-
tion zones at convergent continental margins, including
(1) slab-derived fluids metasomatizing mantle wedges,

decreasing their solidus temperature, and triggering par-
tial melting; (2) underplating of mantle-derived basaltic
melts at the base of the crust (experienced processes
of melting, assimilation, storage, and homogenization),
thus forming andesitic melts; and (3) subsequent frac-
tional crystallization and crustal contamination during
magma ascent to mid- to upper-crustal reservoirs (Hil-
dreth & Moorbath, 1988; Defant & Drummond, 1990;
Bourdon et al., 2002; Zhang et al., 2006; Chiaradia et al.,
2009a; Munoz et al., 2012; Mao et al., 2014; Cashman et al.,
2017; Cheng et al., 2018).
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Extensive convergent margin magmatism has been
ongoing since the Late Oligocene in the north Central
Andes (Coira et al., 1982; Pilger, 1984; Jaillard et al., 2000).
The time and space restriction of giant porphyry Cu
deposits suggests that these deposits formed under
atypical tectonomagmatic conditions in a restricted arc
segment since the Late Oligocene (Tosdal & Richards,
2001; Richards, 2003, 2013; Cooke et al., 2005; Rosenbaum
et al., 2005; Sillitoe & Perelló, 2005; Wilkinson, 2013).
Many studies suggest that the porphyry Cu deposits in
the South American Andes are commonly associated
with topographic anomalies on subducted oceanic crust,
such as oceanic plateaus, oceanic ridges, and island
chains (Cooke et al., 2005; Rosenbaum et al., 2005; Sun
et al., 2010). The subduction of a topographic anomaly
increases coupling between two plates, resulting in
enhanced crustal stress and crustal thickness (Kay &
Mpodozis, 2001; Rosenbaum et al., 2005; Chiaradia et
al., 2009a ; Loucks, 2021), which may reduce magmatic
ascent or supply rates (Skewes & Stern, 1994; Stern &
Skewes, 2005; Chiaradia et al., 2009a). Arc compression
contributes to prolonged magmatic evolution (Farner
& Lee, 2017) and maturation at variable crustal levels
and promotes fertility (high fO2 and volatile content)
of the magmas for porphyry mineralization (Chiaradia
et al., 2009a; Loucks, 2021). Meanwhile, recent studies
propose that formation of the porphyry Cu deposits in
the Andes are associated with elevated magma fluxes
(Caricchi et al., 2014; Schöpa et al., 2017; Cox et al., 2020).
Although several petrogenetic studies have attempted to
address the genetic relationship between the subduction
of topographic anomalies and the formation of porphyry
deposits (e.g. Reich et al., 2003; Hollings et al., 2005;
Chiaradia et al., 2009a; Carrasquero et al., 2018), the
optimal geochemical conditions associated with such
subduction for the formation of porphyry ore systems
remain unclear.

The Rio Blanco porphyry deposit formed at ca. 11.2 Ma
(Chen et al., 2022), coeval with the initial subduction of
the Inca Oceanic Plateau (12–10 Ma; Fig. 1; Gutscher et
al., 1999). Therefore, it is an ideal location for investi-
gating the genetic relationship between the subduction
of topographic anomalies and the formation of porphyry
deposits. Note that subduction of topographic anomaly is
a period including (1) the initial subduction (we define as
‘collision’ here) of a topographic anomaly at subduction
trench and (2) the subsequent flat-slab subduction into
the trench.

Here we present a geochemical and mineralogical
study of the Portachuela batholith and Rio Blanco
porphyry complex, located 40 km northeast of the
Huancabamba Province, Piura region, northern Peru
(Fig. 1c). We also compare our results in a regional
context to previously published elemental and isotopic
data for Miocene igneous rocks in northern Peru. This
study aims to (1) determine the source and evolution
processes of magmatism in the Rio Blanco district and
(2) investigate the possible genetic relationship between

the subduction of the Inca Oceanic Plateau and the
formation of the Rio Blanco porphyry Cu–Mo deposit.

GEOLOGICAL SETTING
Geology and magmatism in northern Peru
Rio Blanco is located in northernmost Peru (Fig. 1a and b),
where the Huancabamba deflection marks the change
in orientation of the Andean chain from a NW trend in
the south to a NE trend in the north (Fig. 1a; Mourier
et al., 1988; Jaillard et al., 2000; Pilatasig et al., 2005).
Three major fault systems are located from west to
east in this region (Fig. 1c), including (1) the Olmos
fault, separating the Lancones basin and the Olmos-
Loja domain; (2) the Huancabamba fault in the central
sector; and (3) the Marañón thrust and fold belt (MTFB),
bounding the Eastern Cordillera (Mégard et al., 1984).
The oblique subduction during the Oligocene and Early
Miocene resulted in dextral shearing (Kennan & Pindell,
2009).

The basement of northern Peru is composed mainly
of the Marañón Complex and Olmos Complex (Fig. 1c).
The Marañón Complex is cropped out mainly to the
east of the MTFB and consists of Precambrian–Paleozoic
gneisses and schists (Cardona et al., 2006, 2009; Chew
et al., 2007, 2016; Ramos, 2010). The Paleozoic quartzites
and phyllites of the Olmos Complex, which are exposed
in the Olmos-Loja domain, are the dominant basement
rocks at Rio Blanco (Feininger, 1982; Luis & Julio, 1987;
Litherland et al., 1994; Chew et al., 2007; Luis & Julio,
2017). These basement rocks are unconformably overlain
by Jurassic–Cretaceous platform sequences and volcanic
deposits (James, 1995; Longridge, 2016). Cenozoic fluvial
and volcanic deposits overlie Mesozoic sequences along
an angular unconformity (Beas, 2015; Longridge, 2016).

Miocene magmatism in northern Peru commenced
with the Quechua I orogeny (ca. 23 Ma; Noble et al., 1990;
Longo et al., 2005), simultaneous with the breakup of the
Farallon plate into the Nazca and Cocos plates (Lonsdale,
2005). The convergence rate abruptly increased from 5–
8 cm/yr to ca. 15 cm/yr, and the NE–SW convergence
rotated toward the E–W direction (Somoza, 1998; Somoza
& Ghidella, 2012). This orogenic event caused structural
deformation and magmatism during the Early Miocene
in northern Peru (McKee & Noble, 1982; Mégard, 1984;
Noble et al., 1990; Longo, 2005). The emplacement of the
Portachuela batholith began at ca. 24 Ma (Litherland et al.,
1994), whereas volcanic activity in the Cajamarca district
initiated at ca. 23 Ma (Fig. 1c; Longo, 2005; Chiaradia et
al., 2009a). Late Miocene–Pliocene magmatism followed
the Quechua II orogeny (12–11 Ma) during the subduc-
tion of the Inca Oceanic Plateau (Gutscher et al., 1999;
Longo, 2005). The Quechua II orogeny was marked by
the peak of crustal thickening and uplift in northern
Peru (Noble et al., 1990; Sandeman et al., 1995; Chiaradia
et al., 2009a; Michalak et al., 2016). It produced the Rio
Blanco porphyry complex, Cordillera Blanca batholith,
and an extensive volcanic flare-up in the Cajamarca
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Fig. 1. (a) Topographic anomalies of the Nazca Plate and present-day position of the Inca Oceanic Plateau. (b) Position of the Inca Oceanic Plateau at
12–10 Ma, when the giant Rio Blanco and Yanacocha deposits formed (modified from Gutscher et al., 1999; Chiaradia et al., 2009a). (c) Simplified
geological map of northern Peru (modified from Coba et al., 2018). Abbreviations: HD = Huancabamba deflection.

district (Petford & Atherton, 1996; Davies, 2002; Longo,
2005; Giovanni, 2007; Margirier et al., 2015). During this
period, the convergence rate was reduced to ca. 11 cm/yr
(Somoza, 1998; Somoza & Ghidella, 2012). The upper-
crustal arc magmatism ceased during the flat-slab sub-
duction of the Inca Oceanic Plateau (Gutscher et al.,
1999; Longo, 2005). Meanwhile, the magmatism slightly
migrated eastward within the Cajamarca district (Longo,

2005; Longo et al., 2010) and shifted southward until the
youngest Cordillera Blanca batholith was emplaced at ca.
3 Ma (Fig. 1c; Petford & Atherton, 1996).

Miocene porphyry systems and igneous
geochemistry in northern Peru
The Miocene metallogenic belt of northern Peru consists
of many porphyry Cu systems formed at 25–8 Ma (Fig. 1c),
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including porphyry Cu–Au–Mo deposits, such as the
Minas Conga (23.2–15.6 Ma), Michiquillay (20.2–19.8 Ma),
El Galeno (ca. 17.5 Ma), and the Yanacocha high-
sulfidation epithermal Au deposit (12.3–8.4 Ma) in the
Cajamarca district (Davies & Williams, 2005; Chiaradia
et al., 2009a); the Cerro Corona porphyry Cu–Au deposit
(ca. 13.4 Ma) and Tantahuatay epithermal Au deposit
(ca. 12.4 Ma) in the Hualgayoc district (Macfarlane, 1999;
Rosenbaum et al., 2005); the Lagunas Norte epithermal
Au deposit (ca. 17 Ma) and La Arena porphyry Cu–
Au deposit (ca. 25 Ma) in the Alto Chicama district
(Montgomery, 2012); and the isolated La Granja porphyry
Cu–Mo deposit (13.8–12 Ma) and Rio Blanco Cu–Mo
deposit (ca. 11.2 Ma; Díaz et al., 1997; Chen et al., 2022).

Compared with Early–Middle Miocene porphyry Cu
systems (25–16 Ma), those that formed during the
Late Miocene (13–8 Ma) are coeval with the sub-
duction of the Inca Oceanic Plateau and associated
with adakitic magmatism (Davies, 2002; Chiaradia
et al., 2009a). These adakitic magmas (cf. Richards &
Kerrich, 2007) exhibit higher Sr/Y ratios (50–180), lower Y
contents (4–13 ppm), and steeper fractionated rare earth
element (REE) patterns at higher LaN/YbN ratios (14–26;
Montgomery, 2012). Late Miocene igneous rocks related
to mineralization display similar initial 87Sr/86Sr ratios
(0.7043–0.7056) and initial 143Nd/144Nd ratios (0.51250–
0.51276) to those associated with Neogene porphyry Cu
deposits in central Chile (Reich et al., 2003; Stern et al.,
2011; Loucks, 2021). Previous studies suggest that this
relatively depleted isotopic characteristic is attributed to
minor crustal contamination (Petford & Atherton, 1996;
Davies, 2002).

Geology of Rio Blanco district
The exposed basement rocks in the Rio Blanco district
are of the Paleozoic Salas Group and the Rio Seco Forma-
tion. Phyllites and metavolcanics of the Salas Group are
conformably overlain by the metamorphosed quartzite
of the Rio Seco Formation (Luis & Julio, 1987; Luis & Julio,
2017). These metamorphic basement rocks have not been
intersected by drill holes.

The geology and geochronology of Rio Blanco are
summarized as follows (Chen et al., 2022). The Miocene
Portachuela batholith is the main host to the Rio Blanco
porphyry complex (Figs 2 and 3) and was emplaced
prior to the collision of the Inca Oceanic Plateau with
the South American plate (12–10 Ma; Gutscher et al.,
1999). The batholith is composed of tonalitic, dioritic,
and granodioritic rocks. An igneous amphibole mineral
separate from the batholithic sample was dated using
the K–Ar radiometric method at 24 ± 5 Ma (Litherland
et al., 1994), whereas igneous rock samples from the
Rio Blanco district were dated at 14.48 ± 0.13 Ma
(2σ ) for tonalite and 12.43 ± 0.13 Ma (2σ ) for quartz
diorite (Table 2; Fig. 4; Chen et al., 2022). In comparison,
the Rio Blanco porphyry complex consists mainly of
granodioritic rocks (Figs 2 and 3). The porphyry complex
consists of two intermineralization phases, namely

lower porphyry (11.45 ± 0.17 to 10.92 ± 0.14 Ma, 2σ ) and
upper porphyry (11.50 ± 0.17 Ma, 2σ ), and four late-
mineralization phases, namely one quartz–plagioclase
porphyry (10.02 ± 0.12 to 9.91 ± 0.12 Ma, 2σ ), two stages
of porphyritic dacite dikes (10.62 ± 0.16 to 9.57 ± 0.13 Ma,
2σ ; Table 2) in the orebody (Figs 2 and 3), and one
quartz porphyry (9.06 ± 0.09 Ma, 2σ ) located ca. 2.5 km
to the northwest of the orebody (Chen et al., 2022).
These previously published geochronological results
suggest that the emplacement of the Rio Blanco porphyry
complex postdates its hosted batholith (24–12 Ma) and is
coeval with the subduction of the Inca Oceanic Plateau.

According to recent estimates, the Rio Blanco contains
1257 million metric tons of ore averaging 0.57 wt
% Cu and 0.023 wt % Mo, with a cutoff grade of
0.4 wt % Cu (Monterrico Metals Ltd., internal report,
2006). Three magmatic–hydrothermal cycles have been
identified at Rio Blanco (Fig. 4). The first (main) cycle
was associated with intermineralization lower and
upper porphyries and responsible for most of the ca.
99% hypogene Cu resources. This cycle progressively
developed potassic (biotite ± K–feldspar), propylitic
(chlorite–epidote), sericite–chlorite, and quartz–sericite
alterations (Fig. 2). Relics of potassic alteration (mainly
biotite) can be observed in the western, eastern, and
southern parts of the orebody. The central part of the
orebody is dominated by sericite–chlorite and quartz–
sericite alterations, which were cut by quartz–sericite-
cemented breccia. Most of the first-cycle mineralization
occurred as dissemination and D-type veins in the
sericite–chlorite and quartz–sericite alteration zones,
and as cement filling in the breccia. The propylitic
alteration that developed in the periphery of the orebody
generally has no economic or subeconomic Cu–Mo grade.
A molybdenite sample from a D-type vein yielded a Re–
Os model age of 11.43 ± 0.16 Ma (Chen et al., 2022). Two
molybdenite separate samples from the quartz–sericite-
cemented breccia have model ages of 11.28 ± 0.24 and
11.11 ± 0.18 Ma (2σ ; Chen et al., 2022). Additionally, a
sample of hydrothermal sericite separate from the first-
cycle alteration zone yielded a K–Ar age of 11.2 ± 0.5 Ma
(Bristow & Pratt, 2005). These ages also indicate that the
main mineralization (first cycle) was related to the lower
and upper porphyries.

The second magmatic–hydrothermal cycle was asso-
ciated with late-mineralization porphyritic dacite 1
(Fig. 4), which caused biotite alteration in the eastern
part of the orebody and biotite–anhydrite-cemented
breccia in tonalite (Fig. 2). Mineralization in this cycle
consisted mainly of disseminated chalcopyrite in the
biotite alteration zone and formed cement in the breccia.
The second cycle was responsible for the remaining 1%
of the economic hypogene Cu resource. A hydrothermal
biotite separate sample that crystallized during this cycle
yielded a K–Ar age of 10.4 ± 0.4 Ma (Bristow & Pratt, 2005).

The third magmatic–hydrothermal cycle was asso-
ciated with late-mineralization quartz–plagioclase por-
phyry, porphyritic dacite 2, and quartz porphyry (Fig. 4),
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leading to the development of propylitic, sericite–
chlorite, and sericite alteration assemblages in discrete
intrusions that are not of economic interest. Most of the
sulfide mineralization consists of disseminations hosted
in the altered rocks.

ANALYTICAL METHODS
Sample preparation and selection
The least-altered samples from the Portachuela batholith
and Rio Blanco porphyry complex were collected from
drill cores for whole-rock major-element, trace-element,
and Sr–Nd isotope analyses. Fresh amphibole, biotite,
plagioclase, and apatite minerals were selected for
electron probe microanalysis (EPMA). Zircon grains
were separated and mounted in epoxy resin for Hf–O
isotope and trace-element analyses. The whole-rock

major and trace elements, whole-rock Sr–Nd isotopic
values, and zircon Hf–O isotopic values were employed
to investigate the origin and evolution of the magmas.
Mineral compositions were used to constrain the mag-
matic crystallization conditions and volatile composition
(temperature, pressure, oxygen fugacity, H2O content,
and S content). Sample descriptions and locations are
provided in Table 1.

Most of the amphibole grains (Fig. 5a and b) in the
batholith samples are subhedral and have two sets of
cleavage planes with grain sizes of 0.1–2.0 mm. With
regard to the porphyry complex, although there are some
mafic minerals with the crystal habit of amphibole, most
samples are altered, so they could not be analyzed. No
amphibole is observed in the least-altered samples of
lower porphyry (RB15101) and porphyritic dacite 1 dike
(RB15701; Table 1).
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The subhedral igneous biotite grains in the batholith
samples, with sizes of 0.1–5.0 mm, are generally inter-
grown with amphibole. The lower porphyry (RB15101)
and porphyritic dacite 1 (RB15701) have igneous biotite
phenocrysts that are subhedral to euhedral and have
grain sizes of 0.1–6.0 mm (Fig. 5).

The plagioclase grains in the batholith samples,
with sizes of 0.1–10.0 mm, are fresh and anhedral to
subhedral. The plagioclase phenocrysts in the lower por-
phyry (RB15101) and porphyritic dacite 1 (RB15701) are
generally fresh and euhedral, with grain sizes of 1–5 mm.

In particular, the phenocrysts in the lower porphyry
(RB15101) exhibit compositional zoning (Fig. 6), which is
locally observed in porphyritic dacite 1 (RB15701). Apatite
crystals are commonly observed within the plagioclase
grains in the batholith and porphyry samples (Fig. 6a–c),
whereas zircon crystals are rarely observed (only eight
grains were found) to occur in the rims of the plagioclase
grains (seven of the eight grains; Fig. 6f and g).

The apatite inclusions in fresh plagioclase (Fig. 6a–c),
amphibole, and biotite are generally euhedral and are
5–100 and 1–20 μm in length and width, respectively
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Fig. 4. Summary of radiometric ages of the Portachuela batholith and Rio Blanco porphyry complex. Sources: 1Chen et al. (2022); 2Litherland et al.
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UP, upper porphyry.

(Fig. 6). Apatite grains that are in groundmass, close to
microfractures, or intergrown with hydrothermal sericite
and sulfide, had probably been altered (Cao et al., 2021;
Fig. 6d and e). Thus, we instead analyzed the apatite
inclusions in the fresh plagioclase grains to constrain
the original composition.

Whole-rock analyses
Major- and trace-element analyses were conducted at
Wuhan Sample Solution Analytical Technology Co., Ltd.,
Hubei, China. The rocks were crushed and powdered
to less than 200 mesh. The powdered samples (100 g
for each) were placed in an oven at 105◦C for drying
for 12 h. The detailed procedure of sample digestion
for the major-element analyses was described by Wang
et al. (2020). The major elements were analyzed via X-
ray fluorescence (Primus II, Rigaku, Japan) using a Rh-
anode X-ray tube with a voltage of 50 kV and current
of 60 mA. The calibration curves used for quantifica-
tion were produced through bivariate regression of data
from about 43 reference materials encompassing a wide
range of silicate compositions. The analytical precision
for major oxides, based on certified standards (GSR–1 and
GSR–3) and duplicate analyses, were generally less than
5%. Ferrous iron measurements were performed via wet
chemical analyses (titration). Whole-rock trace-element
analyses were conducted using an Agilent 7700e induc-

tively coupled plasma mass spectrometer (ICP–MS). The
analytical precision of the trace-element contents was
better than 5%.

Whole-rock Sr–Nd isotopic analyses were performed
on a Neptune Plus multicollector ICP–MS at Wuhan
Sample Solution Analytical Technology Co., Ltd. The
Sr and Nd mass fractionations were corrected by
88Sr/86Sr = 8.375209 and 146Nd/144Nd = 0.7219, respec-
tively (Lin et al., 2016). NIST SRM 987 analyses and
the Alfa Sr standard solution yielded 87Sr/86Sr ratios of
0.710241 ± 0.000004 (2SD, n = 6) and 0.708708 ± 0.000004
(2SD, n = 6), respectively. These values were identical
within uncertainty to the standard values (0.710241
± 0.000012) of the reference material NIST SRM 987
reported in Thirlwall (1991) and to long-term Alfa Sr
values of 0.708717 ± 0.000012. Analyses of the GSB and
Alfa Nd reference materials yielded 143Nd/144Nd ratios
of 0.512442 ± 0.00006 (2SD, n = 9) and 0.512444 ± 0.00006
(2SD, n = 9), respectively. The results were in agreement
within uncertainty to the recommended value for GSB
(0.512439 ± 0.00001; Li et al., 2017) and long-term in-
house Alfa Sr data of 0.512446 ± 0.000007. In addition,
BCR-2 and AGV-2 monitor materials yielded results of
0.705008 ± 0.000008 (2SD, n = 1) and 0.703975 ± 0.000007
(2SD, n = 1) for 87Sr/86Sr and 0.512636 ± 0.000004 (2SD,
n = 1) and 0.512789 ± 0.000004 (2SD, n = 1) for 143Nd/144Nd,
respectively. These were within the errors of their
recommended values (Zhang & Hu, 2020).
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Table 2: Summary of radiometric ages of Portachuela batholith and Rio Blanco porphyry complex

Intrusive unit lithology Sample Age (Ma)

CCR87/27C (Hb)1 20 ± 1
CCR87/27C (Bt)1 17 ± 1
CCR87/27F (Hb)1 24 ± 5

Hornblende-biotite granodiorites and diorites CCR87/27F (Bt)1 19 ± 1
Portachuela batholith CCR87/27G (Bt)1 18 ± 1

GA-019 (Hb)2 18 ± 0.5

Tonalite WM-02-01 (Zrn)3 14.48 ± 0.13
Quartz diorite RB-126-05 (Zrn)3 12.43 ± 0.13

Biotitic felsic porphyry CCR87/27A (Bt)1 12 ± 1
RB-137-02 (Zrn)3 11.45 ± 0.17

Intermineralization lower porphyry RB-096-07 (Zrn)3 11.33 ± 0.14
RB-124-03 (Zrn)3 10.92 ± 0.14

Porphyry complex Intermineralization upper porphyry RB-112-09 (Zrn)3 11.50 ± 0.17

Late-mineralization porphyritic dacite 1 RB-157-01 (Zrn)3 10.62 ± 0.16
Late-mineralization quartz–plagioclase
porphyry

RB-113-02 (Zrn)3 10.02 ± 0.12
RB-128-02 (Zrn)3 9.91 ± 0.12

Late-mineralization porphyritic dacite 2 RB-069-02 (Zrn)3 9.57 ± 0.13
Late-mineralization quartz porphyry SH-002-02 (Zrn)3 9.06 ± 0.09

Analytical method: (Bt)1 = biotite K–Ar; (Hb)1 = hornblende K–Ar; (Hb)2 = hornblende Ar–Ar; (Zrn)3 = zircon U–Pb. 1Litherland et al. (1994). 2Urlich (2005).. 3Chen
et al. (2022). 1 and 2 from approximately 20 km to the north of Rio Blanco, in Ecuador side.

Zircon Hf–O isotopes
Zircon Lu–Hf isotopes were measured at the Institute
of Mineral Resources, Chinese Academy of Geological
Sciences (CAGS), Beijing, China, using a NewWave UP213
laser ablation system coupled with a Neptune multi-
collector ICP–MS. Laser ablation was carried out with a
repetition rate of 6 Hz, a fluence of 10 J/cm2, and a beam
diameter of 55 μm. Helium gas was used as a carrier gas
in combination with Ar to transport the ablated aerosol
from the laser ablation cell to the ICP–MS torch via a
mixing chamber. 176Lu/175Lu and 176Yb/173Yb ratios were
determined (0.02658 and 0.796218, respectively; Chu
et al., 2002) to correct the isobaric interferences of
176Lu and 176Yb on 176Hf. For instrumental mass bias
correction, Yb isotope ratios were normalized to a
172Yb/173Yb ratio of 1.35274, and Hf isotope ratios to a
179Hf/177Hf ratio of 0.7325, using exponential correction.
The mass bias behavior of Lu was assumed to follow that
of Yb; the mass bias correction protocol was described
by Wu et al. (2006) and Hou (2007). Zircon GJ-1 was
used as the reference standard during our routine
analyses, which yielded a weighted mean 176Hf/177Hf
ratio of 0.281990 ± 0.000010 (2σ , n = 18). The value is
indistinguishable from the weighted mean 176Hf/177Hf
ratio of 0.282000 ± 0.000005 (2σ ), which was obtained
by Morel et al. (2008) using solution analysis. The initial
176Lu/177Hf ratios were calculated using a decay constant
of 1.867 × 10−11 yr−1 for 176Lu (Söderlund et al., 2004). The
chondritic 176Lu/177Hf ratio of 0.0332 and the 176Hf/177Hf
ratio of 0.282772 (Blichert-Toft & Albarède, 1997) were
adopted to calculate εHf(t) values.

Zircon oxygen isotopes were measured using a Cameca
IMS 1280-HR ion microprobe at the Beijing Research
Institute of Uranium Geology, Beijing, China. The detailed
analytical procedures and instrumental parameters
were described by Li et al. (2010a). A 133Cs+ primary
beam was focused on a 20-μm-diameter spot for the
zircon analyses. The measured oxygen isotopic data were
first normalized relative to the Vienna Standard Mean
Ocean Water (VSMOW), with (18O/16O)VSMOW = 0.0020052
(Baertschi, 1976). The instrumental mass fractionation
factor was corrected using a Penglai primary reference
material with a δ18OVSMOW value of 5.31 ± 0.10� (Li et al.,
2010b). The δ18O value of the monitor Qinghu was
5.54 ± 0.06� (2σ , n = 21), consistent with the recom-
mended value of 5.4 ± 0.2� (Li et al., 2013).

Electron probe microanalysis
Compositional analyses of hornblende, plagioclase,
biotite, and apatite in polished thin sections were
conducted using an electron microprobe (JEOL JXA-8230
Superprobe) at the Wuhan Sample Solution Analytical
Technology Co., Ltd. The operating conditions were as
follows: an accelerating voltage of 15 kV, a beam current
of 20 nA, and a beam diameter of 3 μm (hornblende,
plagioclase, and biotite). ZAF correction was used for data
reduction. For microcrystalline apatite of <3 μm width,
we used a small beam size of 1 μm. We analyzed F and Cl
using a short analysis time (10 s) to minimize potential
decomposition by beam damage. The analyzed elements,
analyzing crystals, times of peaks and backgrounds,
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porphyry, and (d) porphyritic dacite 1. Abbreviations: Amp, amphibole; Bt, biotite; Pl, plagioclase; Qtz, quartz.

standards, and detection limits are provided in Electronic
Appendix Table A1.

To test the reliability of the electron probe analyses of
apatite S, Cl, and F concentrations using small beam sizes
(1 and 3 μm), we performed apatite analyses using beam
sizes of 5, 3, and 1 μm in adjacent areas of a standard
Durango apatite and in apatite grains from tonalite and
porphyritic dacite 2 of the Rio Blanco intrusion (Elec-
tronic Appendix B). Considering apatite decomposition
can be minimized using a 5-μm beam size (Xu et al., 2021;
Meng et al., 2021a), we compared the results obtained
using the 5-μm beam with those obtained using the 3-
and 1-μm beams. We assumed that the relative differ-
ence was mainly caused by apatite decomposition vs
intra-grain heterogeneity because each series of analyti-
cal spots (for the three beam sizes) were adjacent and in
the same apatite chemical zoning (Electronic Appendix
B). The results suggested that most of the relative differ-
ences in apatite S content (5 vs 3 μm, and 5 vs 1 μm)
were <15% (Fig. A2), whereas those in apatite Cl content
were <10% (Fig. A3). The standard Durango apatite had
large relative differences in S and Cl contents of <23%
and <27%, respectively (Figs A2 and A3). The relative
differences in apatite F content were high, up to 77%,
suggesting a strong effect of apatite decomposition on F
analyses. Hence, we excluded the F concentration results
from the interpretation and discussion.

Zircon trace-element analyses
Trace elements in zircon were measured at the Insti-
tute of Mineral Resources, CAGS. Laser sampling was
performed using a UP213 laser ablation system, and a
Thermo Finnigan Neptune ICP–MS was used to measure
the trace-element abundances. Cathodoluminescence,
transmission, and reflection images were used to select
clear (inclusion-free) zircon crystals with oscillatory/
sector zoning. The laser parameters were as follows:
repetition rate of 5 Hz, fluence of 6 J/cm2, and spot
diameter of 38 μm. NIST SRM 610 and 91 500 were used as
primary and secondary reference materials, respectively,
with Si as an internal standard. The results for the
secondary reference materials agreed within uncertainty
(± 10%) with previously published values.

RESULTS
Whole-rock geochemistry
The major- and trace-element abundances for eight
samples of intrusive rocks are shown in Table 3 and
Figs 7 and 8. All of the analyzed rock samples fall within
the dioritic–granodioritic fields defined by Le Bas et al.
(1986). The batholith and porphyry complex rock samples
are calc-alkaline except one late-mineralization sample
of high-K calc-alkaline quartz–plagioclase porphyry,
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Fig. 6. (a–c) Igneous apatite crystals in the unaltered plagioclase phenocrysts of the intermineralization lower porphyry. (d) Apatite grains in
plagioclase, close to a microfracture in quartz diorite. (e) Apatite in groundmass, close to hydrothermal sulfide minerals (pyrite and chalcopyrite). (f)
Backscattered electron (BSE) image showing a zircon trapped in the rim of a plagioclase grain of the tonalite sample. (g) BSE image showing a zircon
trapped in the rim of a plagioclase grain of the lower porphyry sample.

which may have been altered, considering the high
loss on ignition (LOI) value of 4.32 wt % (Table 1;
Fig. 7b). All samples are slightly peraluminous, with ASI
(molar Al2O3/(CaO + Na2O + K2O) ratio) values of 1.0–
1.2 (Table 3). These samples show strong enrichment
in large-ion lithophile elements (LILEs; e.g. Rb, Ba, Th,
and K), depletion of high-field-strength elements (HFSEs;
e.g. Nb and Ta), and a negative Ti anomaly (Fig. 8a). No
significant Eu anomalies (EuN/(0.5 × (SmN + GdN)) = 0.9–
1.2; average at 1.02) are detected. All of the igneous
rocks exhibit adakitic geochemical signatures (Fig. 9a;
e.g. SiO2 ≥ 56 wt %, Al2O3 ≥ 15 wt %, Sr/Y ≥ 20; cf. Richards
& Kerrich, 2007). However, compared with the rocks of the
Portachuela batholith, those of the porphyry complex
have steeper REE patterns (Fig. 8b) and higher Sr/Y ratios
(45.9–55.4 vs 85.3–174.9), LaN/YbN ratios (8.5–9.6 vs 14.7–
26.2), and Dy/Yb ratios (1.95–2.04 vs 1.88–2.26). These
differences have been observed in other Miocene igneous

rocks in northern Peru dated between 23–12 and 12–8 Ma
(Figs 8 and 9).

Zircon Hf–O and whole-rock Sr–Nd isotopic
compositions
The ranges in zircon Hf–O isotopic composition are
remarkably uniform between various intrusive units, and
the isotopic values show no correlation with the U–Pb
age and whole-rock SiO2 content (Fig. 10). These samples
have comparable zircon εHf(t) values of −2.1 to +3.2
(0.3 ± 1.2 on average, SD, n = 86) and indistinguishable
narrow ranges of zircon δ18O values of 6.23�–6.85�
(6.5 ± 0.14� on average, SD, n = 86).

Intrusive rocks in Rio Blanco also have uniform Sr–Nd
isotope values, with initial 87Sr/86Sr values ranging from
0.70468 to 0.70483 and initial 143Nd/144Nd values ranging
from 0.51260 to 0.51261 (εNd = −0.5 to −0.3). These results
are similar to those of the Miocene igneous rocks in
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Table 3: Whole-rock element and isotopic compositions of Rio Blanco intrusions

Unit Batholith Intermineralization Late mineralization

Lithology Tonalite Lower porphyry PD1 QPP PD2

Sample WM0201 RB13202 RB9607 RB15101 RB15701 RB11302 RB6902 RB11306

SiO2 (wt %) 61.31 61.24 66.70 65.76 65.44 66.65 67.74 68.07
TiO2 0.70 0.72 0.51 0.55 0.50 0.33 0.37 0.36
Al2O3 17.90 17.59 16.83 17.27 16.97 15.81 16.40 16.60
Fe2O3(total) 5.30 5.94 3.38 3.70 3.25 2.05 2.72 2.02
FeO 2.88 3.10 2.20 1.84 2.32 1.08 1.70 1.22
MnO 0.08 0.08 0.04 0.06 0.04 0.07 0.13 0.04
MgO 2.66 2.72 1.53 1.36 1.59 1.05 1.04 1.08
CaO 5.19 5.47 3.30 3.78 3.65 3.29 2.59 3.45
Na2O 3.99 3.68 4.25 4.45 4.76 2.61 4.30 4.47
K2O 1.71 1.42 1.14 1.73 1.34 3.15 2.17 2.08
P2O5 0.16 0.17 0.16 0.15 0.16 0.12 0.13 0.13
LOI 0.55 0.96 1.54 1.13 0.99 4.32 1.27 1.57
Total 99.54 99.99 99.38 99.95 98.68 99.45 98.86 99.86
Cs (ppm) 4.51 2.28 1.75 8.41 3.37 6.85 2.47 2.31
Rb 69.11 58.64 36.74 49.23 85.56 138.77 66.14 80.79
Ba 478.82 481.49 483.75 573.75 361.95 803.98 883.12 702.67
Th 5.88 5.06 2.95 4.53 2.93 4.03 3.70 3.18
U 1.51 1.57 0.83 1.19 1.87 2.45 1.55 1.23
Nb 5.19 4.74 4.58 4.04 3.05 3.40 3.40 3.15
Ta 0.45 0.39 0.37 0.39 0.23 0.31 0.28 0.23
La 12.82 14.89 15.70 10.61 13.70 11.86 13.95 13.77
Ce 25.37 29.90 30.65 20.57 27.30 22.58 27.21 27.61
Pb 6.23 6.77 8.60 7.59 9.03 9.82 17.80 14.48
Pr 3.27 4.03 3.93 2.64 3.54 3.00 3.49 3.16
Sr 557.56 559.72 695.77 648.16 842.98 478.35 751.68 745.96
Nd 13.69 16.39 15.04 10.39 14.60 11.51 13.53 12.16
Sm 2.66 3.24 2.76 1.96 2.64 2.02 2.50 2.00
Zr 76.64 92.94 78.18 78.32 93.18 76.08 79.00 81.46
Hf 2.44 2.59 2.45 2.42 2.69 2.33 2.37 2.32
Eu 0.88 0.92 0.77 0.74 0.71 0.60 0.72 0.61
Gd 2.22 2.87 2.04 1.56 1.97 1.42 1.75 1.27
Tb 0.36 0.44 0.28 0.21 0.23 0.19 0.23 0.15
Dy 1.85 2.31 1.47 1.01 1.06 1.00 1.09 0.80
Ho 0.33 0.42 0.25 0.18 0.18 0.19 0.19 0.14
Y 10.07 12.20 7.65 5.09 5.50 5.61 5.85 4.27
Er 0.96 1.20 0.76 0.52 0.52 0.57 0.54 0.37
Tm 0.14 0.17 0.11 0.07 0.08 0.08 0.07 0.05
Yb 0.90 1.18 0.68 0.49 0.47 0.53 0.51 0.35
Lu 0.14 0.18 0.11 0.07 0.08 0.08 0.07 0.05
ASI 1.00 1.00 1.18 1.07 1.06 1.15 1.16 1.04
Sr/Y 55.36 45.88 90.90 127.25 153.17 85.32 128.45 174.87
La/Yb 14.18 12.57 23.10 21.74 29.29 22.18 27.26 38.82
Dy/Yb 2.04 1.95 2.16 2.08 2.26 1.88 2.12 2.26
LaN/YbN 9.56 8.48 15.57 14.66 19.74 14.96 18.38 26.17
Initial 87Sr/86Sr 0.70483 0.70480 0.70477 0.70468 0.70479
Initial 143Nd/144Nd 0.51260 0.51261 0.51258 0.51260 0.51254
AST (◦C) 865 870 855 876 868

Initial 87Sr/86Sr and 143Nd/144Nd values are corrected to 11 Ma. Abbreviations: PD1, porphyritic dacite 1; PD2, porphyritic dacite 2; QPP, quartz–plagioclase
porphyry.

northern Peru (Fig. 11). Samples RB9607 and RB6902 are
outliers that may be due to the alteration (Table 1).

Mineral compositions and crystallization
conditions
Amphibole

All of the analyzed amphibole grains from the batholith
samples have low Al2O3 contents (2.4 wt %–7.8 wt %;

Electronic Appendix Table A4). These amphibole grains
are rich in magnesium, with Mg# (molar Mg/(Mg + Fetotal))
varying from 0.62 to 0.79 and Al# (AlVI/AlT) ranging from
0.01 to 0.20. The thermodynamic formulas of Ridolfi
(2021) were employed as the amphibole thermometer,
hygrometer, and oxybarometer. Based on the reliabil-
ity criteria for amphibole composition (Ridolfi, 2021), 20
of the 42 amphibole analysis results for tonalite, and
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all of the amphibole analyses for quartz diorite, were
excluded from further estimation (Electronic Appendix
Table A4). The thermometer of Putirka (2016) was used
for comparison. Because the amphibole hygrometer was
derived from Ridolfi & Renzulli (2012), which was deemed
untenable by Erdmann et al. (2014), we also compared
the results with those calculated from the plagioclase
composition (see the plagioclase part of this section). The
rock samples from the Portachuela batholith (Table 1)
have mineral assemblages (amphibole + plagioclase +
biotite + quartz + K–feldspar ± ilmenite–titanite + mag-
netite + apatite) similar to those of the experimental

tonalitic and granodioritic rocks. We therefore used the
amphibole thermobarometer developed by Mutch et al.
(2016) to estimate the emplacement pressure at the time
of amphibole crystallization.

The results indicate that the amphibole grains
crystallized under average pressures of 169 ± 29 MPa (SD,
n = 41) for tonalite and under 105 ± 23 MPa (SD, n = 28)
for quartz diorite (corresponding to average paleodepths
of 6 ± 1 and 4 ± 1 km, respectively). According to the
thermodynamic formula of Ridolfi (2021), the amphi-
boles in tonalite crystallized at average temperatures
of 765 ± 14◦C (SD, n = 22), consistent with the average
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crystallization temperature of 743 ± 19◦C (SD, n = 41),
which was obtained using the method of Putirka
(2016). The crystallization temperatures of quartz diorite
amphibole were 712 ± 20◦C on average (SD, n = 28), as
determined using the method of Putirka (2016; Electronic
Appendix Table A4). The magmatic fO2 content (oxygen
fugacity) and H2O content of tonalite calculated from
the amphibole oxybarometer and hygrometer have
average �FMQ(amphibole) values of +1.4 ± 0.2 (SD, n = 22)
and H2O(amphibole) contents of 5.4 ± 0.2 wt % (SD, n = 22;
Fig. 12).

Biotite

An Al-in-biotite thermobarometer for granitic rocks was
employed to calculate the crystallization pressures of the
biotite (Uchida et al., 2007). The emplacement pressures
at the time of biotite crystallization are 129 ± 15 MPa (SD,
n = 9) for tonalite and 118 ± 21 MPa (SD, n = 8) for quartz

diorite; these are comparable with the pressures from
the amphibole barometer. The crystallization pressures
of biotite for the lower porphyry and porphyritic dacite 1
are 122 ± 21 MPa (SD, n = 9) and 229 ± 11 MPa (SD, n = 8),
respectively.

Zircon

Data on the zircon trace-element abundances that may
have been contaminated by mineral/melt inclusions
were excluded using the following geochemical criteria:
La >1 ppm and Ti >50 ppm (Lu et al., 2016; Meng
et al., 2021b). The zircon crystallization temperatures
for the samples were estimated using the Ti-in-zircon
geothermometer developed by Loucks et al. (2020). An
αSiO2 value of 1 was used because of the presence
of igneous quartz in all of the studied samples. We
adopted αTiO2 = 0.6 because of the presence of Fe–Ti
oxides in porphyry samples (Ferry & Watson, 2007;
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Munoz et al., 2012; Cao et al., 2018b; Meng et al., 2021b).
The pressures were estimated using the amphibole
(biotite) thermobarometer for the batholith (porphyry)
samples. The results indicate that the average zircon
crystallization temperatures decrease from 846 ± 39◦C
(SD, n = 16) in tonalite to 766 ± 43◦C (SD, n = 19) in
porphyritic dacite 1 (Fig. 12a).

Because of the difficulty of accurately measuring zir-
con La and Pr concentrations, we used the empirical
method of Loucks et al. (2020) to calculate the magmatic
fO2. The initial U contents in zircon were calculated
based on the zircon U contents and U–Pb ages reported
by Chen et al. (2022). The results show that the Rio Blanco
magmas yield increasing fO2 values with time. The mag-
matic fO2 values increase from �FMQ +0.57 ± 0.36 (SD,
n = 16) for tonalite to �FMQ +1.38 ± 0.63 (SD, n = 16) for
the younger quartz–plagioclase porphyry (Fig. 12b). This
tendency of rising magmatic fO2 with time also occurs
in Miocene igneous rocks from the Yanacocha district,
as revealed by the results calculated from the composi-
tion of amphibole and magnetite–ilmenite pairs (Fig. 12b;
Chambefort et al., 2013). In addition, our results indicate
that the magmatic fO2 calculated from the amphibole
composition is higher than that from the zircon compo-
sition by 1–2 log units, consistent with previously pub-
lished results (Wang et al., 2014; Meng et al., 2021b).

Plagioclase

The plagioclase–melt partition coefficient of Fe2O3 is
about 9.5 times higher than that of FeO at XAn (mole
fraction of anorthite [An]) ≈ 45 mol. % (Lundgaard &
Tegner, 2004). Thus, the vast majority of iron is in
the form of Fe3+ in plagioclase from the Rio Blanco
intrusion. We report here the total Fe for simplification.
The An and Fe contents of the plagioclase grains from
tonalite and quartz diorite display relatively uniform
profiles across the grains (Fig. 13a–c). The XAn values
and Fe contents of the plagioclase in tonalite averaged
44 ± 3 mol. % (SD, n = 20) and 0.15 ± 0.02 wt % (SD, n = 20),
respectively (Fig. 14a). The average plagioclase XAn values
and Fe contents for quartz diorite are 40 ± 4 mol. %
(SD, n = 24) and 0.15 ± 0.04 wt % (SD, n = 24), respectively
(Fig. 14a).

A plagioclase hygrometer can be used to estimate
the H2O content of magmas (Lange et al., 2009; Waters
& Lange, 2015; Cheng et al., 2020). However, the An in
plagioclase is sensitive to magmatic water content and
temperature but less sensitive to pressure. The pressures
were estimated using the amphibole thermobarometer
for the batholith samples and a biotite thermobarometer
for porphyry samples, whereas the apatite saturation
temperature (AST) and Ti-in-zircon temperature were
used to constrain the temperature range at the time
of plagioclase crystallization based on observation as
follows. First, the presence of microcrystalline apatite in
the cores of the plagioclase phenocrysts indicates that
the apatite had become saturated when the plagioclase
began to crystallize. Second, very few microcrystalline
zircon grains are observed in the rims of the plagioclase
phenocrysts, indicating that zircon crystallized at a late
stage of plagioclase crystallization (Fig. 6f and g). Third,
zircon grains separated from the batholith and porphyry
samples contain abundant apatite inclusions, but the
apatite grains do not contain zircon and other mineral
inclusions (Electronic Appendix C). Therefore, the apatite
and zircon grains crystallized mainly at an early stage
and a late stage, respectively, with regard to plagioclase
crystallization. Thus, the AST (Harrison & Watson, 1984)
and Ti-in-zircon temperature (Tzrn; Loucks et al., 2020;
see results above) can constrain the maximum and min-
imum temperatures, respectively, at the time of plagio-
clase crystallization.

Experiments show that melts with ASI <1.1 have a
similar apatite solubility to that of metaluminous melts
(Piccoli & Candela, 2002). Assuming that the whole-rock
SiO2 and P2O5 concentrations represent the melt con-
centrations, we used samples with ASI <1.1 to estimate
the AST (Harrison & Watson, 1984). Then, using the
method of Bea et al. (1992), the ASTs are calculated to
be 855◦C–876◦C (Table 3). The average magmatic H2O(AST)

contents are 6.2 ± 0.04 wt % (SD, n = 20) for tonalite and
6.1 ± 0.06 wt % (SD, n = 24) for quartz diorite (Fig. 15a). The
average magmatic H2O(Tzrn) contents are 6.6 ± 0.04 wt %
(SD, n = 20) for tonalite and 6.5 ± 0.06 wt % (SD, n = 24) for
quartz diorite (Fig. 15a).
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Reverse zoning is common in the plagioclase phe-
nocrysts in the intermineralization lower porphyry
(Fig. 13d–i). The compositional profiles of the plagioclase
phenocrysts suggest that the plagioclase cores have
uniform XAn values (37 ± 4 mol. % on average, SD, n = 90)
and Fe contents (0.13 ± 0.02 wt % on average, SD, n = 90;
Figs 13d–i, 14a and b). The mantles of the plagioclase
phenocrysts show the highest XAn values (mostly 52–

66 mol. %) and Fe contents (0.13–0.20 wt %), with average
values of 56 ± 6 mol. % (SD, n = 37) and 0.15 ± 0.02 wt %
(SD, n = 37), respectively (Figs 13d–i, 14a and b). As shown
in the representative plagioclase elemental profiles
(Fig. 13f), the XAn and Fe contents abruptly increase from
the core (35 mol. % and 0.12 wt %, respectively) to the
mantle (up to 59 mol. % and 0.20 wt %, respectively). At
the rims of the plagioclase phenocrysts, XAn significantly
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Fig. 13. Photomicrographs (cross-polarized transmitted light), BSE images, and electron microprobe analysis profiles of XAn and Fe contents for
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decreases to an average value of 26 ± 7 mol. % (SD, n = 29),
but the Fe content remains nearly constant, with an
average value of 0.13 ± 0.02 wt % (SD, n = 29), which
is comparable with that in the cores of plagioclase
phenocrysts (Figs 13d–i, 14a and b). The average mag-
matic H2O(AST) content for lower porphyry is 6.3 ± 0.17 wt
% (SD, n = 156; Fig. 15a). The average magmatic H2O(Tzrn)

content calculated from the Ti-in-zircon temperature is
7.6 ± 0.17 wt % (SD, n = 156; Fig. 15a).

The plagioclase phenocrysts in porphyritic dacite 1
of the late-mineralization intrusion have an average
XAn value of 35 ± 4 mol. % (SD, n = 29) and Fe content
of 0.12 ± 0.02 wt % (SD, n = 29), respectively (Fig. 14a).
Only weak reverse zoning locally occurs in plagioclase
phenocrysts with XAn values up to ca. 45 mol. %
(Fig. 13j–l). The calculated magmatic H2O(AST) content
is 5.7 ± 0.07 wt % (SD, n = 29), whereas the H2O(Tzrn)

content is 8.5 ± 0.07 wt % on average (SD, n = 29; Fig. 15a).
The plagioclase phenocrysts from porphyritic dacite 2

have the lowest XAn values (average of 30 ± 3 mol. %,
SD, n = 5) and Fe contents (average of 0.13 ± 0.01 wt
%, SD, n = 5; Fig. 14a). They also do not show reverse
zoning. The calculated average magmatic H2O(AST) and
H2O(Tzrn) contents of porphyritic dacite 2 are 5.3 ± 0.05 wt
% (SD, n = 5) and 7.9 ± 0.05 wt % (SD, n = 5; Fig. 15a),
respectively.

Apatite

The S and Cl contents of the igneous apatite grains are
illustrated in Fig. 14c and d. We calculated the S content
of magmas related to various intrusive phases. The S
partition coefficient between apatite and melt is mainly
controlled by magmatic fO2 and temperature (Peng et al.,
1997; Streck & Dilles, 1998; Parat et al., 2011; Hutchinson,
2019), so we used the method of Meng et al. (2021a) to
compute the S partition coefficient (DS

apatite/melt) as a
function of magmatic fO2 (Konecke et al., 2017, 2019)
and temperature (Parat & Holtz, 2004). The calculated
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DS
apatite/melt was used to estimate the melt S contents of

the samples.
The tonalite apatite grains have an average S content

of 0.06 ± 0.02 wt % (SD, n = 9) and average Cl content of
0.76 ± 0.11 wt % (SD, n = 9; Fig. 14c). The calculated melt
S content is 0.06 ± 0.02 wt % on average (SD, n = 9; Fig. 15).

For the intermineralization lower porphyry, the S and
Cl contents of the apatite exhibit a large core–mantle–
rim variability (Fig. 14c and d). In each plagioclase
phenocryst, the apatite S content of the mantle is

consistently higher than those in the cores (Fig. 13f and i;
see Data Electronic Appendix D for details). In the cores of
the plagioclase phenocrysts, the average S content of the
apatite inclusions is 0.09 ± 0.07 wt % (SD, n = 56), whereas
the average Cl content is 1.03 ± 0.56 wt% (SD, n = 56;
Fig. 14c and d). The highest apatite S and Cl contents
were obtained from the mantles of the plagioclase
phenocrysts; their averages are 0.24 ± 0.06 wt % (SD,
n = 26) and 1.42 ± 0.32 wt % (SD, n = 26), respectively
(Fig. 14c and d). In the rims of the plagioclase phe-
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nocrysts, the apatite S content averages 0.14 ± 0.09 wt
% (SD, n = 30) and the Cl content averages 0.83 ± 0.35 wt
% (SD, n = 30; Fig. 14c and d). The melt S content of
the lower porphyry is 0.12 ± 0.08 wt % on average (SD,
n = 112), which is significantly higher than the melt S
content of tonalite (Fig. 15b).

The apatite grains in the late-mineralization por-
phyritic dacite 1 and 2 have low average S contents of
0.16 ± 0.09 wt % (SD, n = 14) and 0.11 ± 0.09 wt % (SD,
n = 3) and low average Cl contents of 0.46 ± 0.14 wt % (SD,
n = 14) and 0.48 ± 0.26 wt % (SD, n = 3; Fig. 14c). The melt
S contents of porphyritic dacite 1 and 2 are 0.12 ± 0.07 wt
% (SD, n = 14) and 0.08 ± 0.06 wt % (SD, n = 3) on average,
respectively (Fig. 15).

DISCUSSION
Petrogenesis
The igneous rocks at Rio Blanco exhibit a strong enrich-
ment in LILEs (e.g. Rb, Ba, Th, and K), depletion of HFSEs
(e.g. Nb and Ta), and a negative Ti anomaly (Fig. 8a). These
geochemical features are typical of subduction zone
magmas. The Portachuela batholith has a relatively low
Sr/Y ratio (46–55; Fig. 9a), no negative Eu anomaly, and
flat REE patterns. These characterize Cenozoic magmas
generated under moderate crustal thickness (amphibole
± plagioclase-stable field) and normal subduction in the
Andes (Davies, 2002; Haschke et al., 2002; Hollings et al.,
2005). In comparison, the Rio Blanco porphyry complex
has a higher Sr/Y ratio of 85–175 (Fig. 9a) and steeper REE
patterns (Fig. 8b). The compiled dataset suggests that
this feature is common among igneous rocks emplaced
between ca. 23 and 8 Ma in northern Peru (Fig. 9). The
Sr/Y, LaN/YbN, and Dy/Yb ratios abruptly increased from
ca. 41 to ca. 97, ca. 11 to ca. 19, and ca. 1.8 to ca. 2.2,
respectively, at ca. 12 Ma. Previous studies propose
the following genetic models elucidating the origin of
adakitic magma: (1) partial slab melting and subsequent
interactions with the mantle wedge (Bourdon et al., 2002,
2003; Samaniego et al., 2005, 2010; Hidalgo et al., 2007);
(2) crustal melting and/or assimilation of lower crustal
rocks (Atherton & Petford, 1993; Garrison & Davidson,
2003); and/or (3) high-pressure fractionation of garnet
and/or amphibole in the lower crust (Bryant et al., 2006;
Macpherson et al., 2006; Chiaradia, 2009, 2015; Chiaradia
et al., 2009b; Richards, 2011a; Richards et al., 2012).

The partial melting of young oceanic slab (≤5 Ma)
is a general model for adakite genesis (Peacock et al.,
1994; Richards, 2011b). However, the Nazca slab is too
old (>30 Ma) to have been implicated in such melt-
ing during normal-angle subduction (Atherton & Petford,
1993; Gutscher et al., 1999), as a subducted slab is not
heated to melting prior to dehydration (Peacock, 1996;
Arcay et al., 2007; Richards, 2011b). In another possible
mechanism, the subduction of an oceanic plateau
increases the amount of oceanic sediment and sub-
duction erosion into the mantle wedge, which further

promotes the formation of porphyry-type deposits
(Hollings et al., 2005). However, if this process were
indeed responsible for the lithogeochemical differences
between the batholith and porphyry complex rocks
at Rio Blanco, even in northern Peru (23–12 and 12–
8 Ma), it would have resulted in distinct isotopic signa-
tures, which is not supported by our indistinguishable,
homogeneous zircon Hf–O isotopic data (Fig. 10). The
comparable whole-rock Sr–Nd isotopes between the
Portachuela batholith and the Rio Blanco porphyry
complex also discount this mechanism (Fig. 11). Thus,
the Rio Blanco porphyry complex and Late Miocene
igneous rocks in northern Peru are more closely aligned
with a ‘continental adakite’ rather than one produced
from slab melting (Zhang et al., 2004; Moyen, 2009;
Montgomery, 2012).

The coherent trace and REE patterns and homo-
geneous isotopic values indicate that the Rio Blanco
magmas evolved from a stable isotopic reservoir (Figs 8
and 10). These characteristics are also observed in
igneous rocks from El Teniente (6.3–4.3 Ma), which
formed during the subduction of the Juan Fernández
Ridge in northern Chile (Maksaev et al., 2004; Munoz et
al., 2012), and Yanacocha (12.3–8.4 Ma), which formed
during the subduction of the Inca Oceanic Plateau
in northern Peru (Chiaradia et al., 2009a; Chambefort
et al., 2013). Petford et al. (1996) proposed that the
Cordillera Blanca batholith evolved from an enriched
subcontinental lithospheric mantle (SCLM) source (EM1
type; Fig. 11). Recent studies suggest that EM1-type
mantle sources are also present in the Andean Southern
Volcanic Zone (33◦S–46◦S; Turner et al., 2017; Wieser
et al., 2019). Such mantle sources may arise from the
recycling of metasomatized SCLM (M-SCLM), which
causes heterogeneity in mantle wedges (Turner et al.,
2017). The mantle wedge heterogeneity in northern Peru
may be reflected by the Sr–Nd isotopic variations in
basaltic rocks (Cordillera Blanca basaltic andesite dike
and Cajamarca gabbroic dike; Fig. 11). These igneous rock
samples exhibit signs of mixing with basement rocks,
suggesting that crustal contamination also contributed
to the isotopic variations in northern Peru (Cajamarca
mining district and Cordillera Blanca batholith; Fig. 11;
Petford et al., 1996; Davies, 2002; Chiaradia et al., 2009a).
Igneous rocks in Rio Blanco show narrow εHf(t) and
δ18O ranges of +0.3 ± 1.2 (SD, n = 86) and 6.5 ± 0.14�
(SD, n = 86; Fig. 10), respectively, suggesting a limited
variation in the influence of crustal assimilation during
magma ascent. The assimilation of mid- or upper-crustal
rocks, which typically have elevated δ18O values (e.g. up
to 16� in the Eastern Cordillera basement; Hidalgo et
al., 2012), significantly increases δ18O values and results
in heterogeneous zircon Hf and O isotopic compositions
between various intrusive units. This is also supported by
the homogeneous whole-rock Sr–Nd isotopes in the least-
altered rocks, indicating a 10%–12% crustal assimilation
(Fig. 11). This observation is consistent with the different
crustal thickening mechanisms occurring along the
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South American continental margin. The northernmost
part of Peru (ca. 5◦S; at the latitude of the Rio Blanco dis-
trict) exhibits minimal tectonic shortening, and the cor-
responding thickening is generally interpreted as a result
of the underplating of mantle-derived basalt (Petford
et al., 1996). The tectonic shortening progressively
increases southward until it reaches ca. 20◦S (Kley &
Monaldi, 1998; Haschke & Gunther, 2003).

The Sr/Y, LaN/YbN, and Dy/Yb ratios of the igneous
rocks in northern Peru remained constant at 23–
12 Ma, but an abrupt increase occurred during the
collision of the Inca Oceanic Plateau with the South
American plate at ca. 12 Ma (Fig. 9). Amphibole and
garnet have different partition coefficients for Dy and
Yb, and fractionation of these two minerals leads to
distinct Dy/Yb trends along magma differentiation. The
Dy/Yb ratio decreases with amphibole fractionation
but increases during garnet fractionation (Davidson
et al., 2007). The fact that the whole-rock Dy/Yb ratios
remained stable at 23–12 Ma but increased during
the collision suggests that there has been a larger
proportion of garnet cumulates in the source reser-
voir since ca. 12 Ma (Fig. 9d). Thus, the change in
geochemical composition from normal calc-alkaline
(to weakly adakitic) to significantly adakitic rocks
is consistent with the transition from amphibole-
stable to garnet-stable and plagioclase-poor cumulates
mineral assemblage during fractionation in the source
reservoir.

This transition coincided with the initial crustal
thickening and decreasing subduction rate during the
Quechua II orogeny in northern Peru (Noble et al., 1990;
Sandeman et al., 1995; Chiaradia et al., 2009a; Michalak et
al., 2016). The crustal thickening led to higher pressure,
which may have promoted the garnet fractionation of
mantle-derived magma in the hot zone at the crust–
mantle boundary (Annen et al., 2006; Chiaradia, 2015;
Farner & Lee, 2017). Chiaradia et al. (2009a) investigated
the Yanacocha deposit in the Cajamarca district and
stated that an increase in crustal compression caused
magmas to stall in lower- to mid-crustal magma
reservoirs, where amphibole and/or garnet is stable
(Davidson et al., 2007). This may play a second-order role
in increasing Sr/Y and LaN/YbN ratios. This is indicated
by the low Dy/Yb ratios in some of the 12–8 Ma igneous
rocks in northern Peru (Fig. 9d).

We conclude that mantle-derived magmas mixed at
the crust–mantle boundary (e.g. hot zone) to form a
homogeneous isotopic reservoir. During the collision of
the Inca Oceanic Plateau with the South American plate,
the source magmas underwent high-pressure, garnet-
stable fractionation. The increased arc compression
caused magmas to stall in the lower- to mid-crustal
magma chambers, promoted amphibole, and suppressed
plagioclase fractionation. This scenario may explain the
different geochemical characteristics between 23–12 and
12–8 Ma igneous rocks in northern Peru.

Recharge of volatile-rich melts and the porphyry
mineralization
The amphibole and biotite compositions show that the
Rio Blanco magmas crystallized mainly at relatively shal-
low depths (4–6 km), which is typical of ore-related intru-
sions in porphyry Cu systems (Sillitoe, 2010). The H2O(AST)

values are slightly higher than the H2O(Tzrn) values esti-
mated with the same plagioclase hygrometer (Fig. 15a;
Waters & Lange, 2015). Apatite generally crystallizes ear-
lier than zircon in granitic melts (Anderson et al., 2008),
as supported in our study by the abundance of apatite
inclusions in zircon grains and absence of zircon inclu-
sion within the apatite grains (Electronic Appendix C).
These observations are consistent with the higher AST
values than the Ti-in-zircon crystallization temperatures
for all of the samples. Magmatic H2O content calculated
from a plagioclase hygrometer is negatively correlated
with the crystallization temperature. Hence, the com-
mon occurrence of apatite in the cores of plagioclase
phenocrysts and the near-restriction of zircon grains in
the rims of the plagioclase grains indicate that the H2O
values estimated using the AST and Ti-in-zircon temper-
ature provide the minimum and maximum constraints,
respectively, of the magmatic H2O contents at the time
of plagioclase crystallization. Our results suggest that
the magma in the intermineralization lower porphyry is
slightly more hydrous than that in the pre-mineralization
tonalite and quartz diorite (Fig. 15a).

The results obtained from the amphibole and zircon
Ti–Ce–Ui oxybarometers are internally consistent and
suggest that the Rio Blanco magmas were moderately
oxidized (�FMQ +0.5; Fig. 12). Compared with the Por-
tachuela batholith, the younger porphyritic rocks have
higher magmatic fO2 values, which may be common
for magmas associated with the Late Miocene deposits
in northern Peru; this is supported by results from an
amphibole oxybarometer and magnetite–ilmenite pairs
among samples from the Yanacocha district (Fig. 12b;
Chambefort et al., 2013). The elevated magmatic fO2 and
H2O content of ore-related magma at Rio Blanco are
comparable with those of magmas associated with many
other porphyry Cu deposits (e.g. Richards, 2015). High
magmatic H2O content promotes the crystallization of
hydrous mafic minerals, mainly amphibole, and sup-
presses the crystallization of plagioclase (Naney, 1983;
Moore & Carmichael, 1998), thus resulting in a high
Sr content and low Y content of the evolved magma
(Rohrlach & Loucks, 2005; Richards, 2011a; Richards et
al., 2012). High magmatic fO2 can dissolve and transport
a large amount of oxidized S to upper-crustal magma
chambers (Jugo et al., 2005; Wang et al., 2014; Richards,
2015; Lee & Tang, 2020; Tang et al., 2020).

Plagioclase reverse zoning is not observed in tonalite
and quartz diorite but is generally seen in the intermin-
eralization lower porphyry (Fig. 13d–i). In the cores of
the plagioclase phenocrysts in the lower porphyry, the
apatite S and Cl contents are slightly higher than those
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of apatite grains in the tonalite samples (Fig. 14c). The S
and Cl contents of the apatite grains hosted in the man-
tles of plagioclase phenocrysts are significantly higher
than those of grains hosted in the cores (Fig. 14c and d).
This may be attributed to the recharge of volatile-rich
melts. The weak positive correlation between the XAn

values and Fe contents of the mantles of plagioclase
phenocrysts indicates that the replenishing melts could
be relatively mafic (Fig. 14b). These results indicate that
the recharge of volatile-rich melts was the main mech-
anism responsible for enhancing the magmatic S and Cl
contents at Rio Blanco, as also supported by the elevated
melt S content of the lower porphyry compared with that
of the batholitic tonalite (Fig. 15).

XAn significantly decreases while Fe remains constant
at the rims of plagioclase phenocrysts (Fig. 14b). The
apatite S and Cl contents at the rims are significantly
lower compared with those of the mantles of plagioclase
phenocrysts (Fig. 14c and d). Melt differentiation/compo-
sition, temperature, pressure, and H2O content influence
the An content of plagioclase (Hattori & Sato, 1996; Gini-
bre et al., 2002; Hammer & Rutherford, 2002; Ustunisik
et al., 2014). Melt differentiation decreases the An and
Fe contents of plagioclase (Ginibre et al., 2002), and this
mechanism can be offset by a drop in An with stable Fe
contents at the rims of plagioclase phenocrysts (Fig. 14b).
Pressure fluctuation has a limited effect on the An con-
tent of plagioclase (Ustunisik et al., 2014; Cao et al., 2019).
Thus, the sharp decrease in An content but nearly con-
stant Fe content at the rims of plagioclase phenocrysts
are plausibly explained by fluid exsolution during
the quasi-isothermal ascent of fluid-saturated magma
(Hattori & Sato, 1996; Zhang et al., 2008; Frey & Lange,
2011; Giacomoni et al., 2014). This is consistent with the
low apatite S and Cl contents at the rims of plagioclase
phenocrysts, as fluid exsolution significantly decreases
the S concentration (DS

fluid/melt > 30; Chelle-Michou et al.,
2017) and Cl concentration (DCl

fluid/melt > 1; Chelle-Mi-
chou et al., 2017; Tattitch et al., 2021) in melts. We
therefore argue that the recharge of volatile-rich melts
into the upper-crustal magma chamber was immediately
followed by fluid exsolution at the time of emplacement
of the intermineralization lower porphyry (Fig. 16).
These findings are consistent with previous studies that
suggest the importance of melt mixing in triggering fluid
exsolution and subsequent formation of porphyry Cu
deposits (Sparks & Marshall, 1986; Hattori & Sato, 1996;
Hattori & Keith, 2001; Nadeau et al., 2010; Wilkinson,
2013; Cao et al., 2014, 2018a, 2018b; Blundy et al., 2015; Zhu
et al., 2018). Volatile-rich melt recharge may also occur
throughout the magmatic system history from ca. 12 to
8 Ma at the Yanacocha magmatic center, and it supplied
abundant volatiles and metals to shallow magma cham-
bers, significantly impacting mineralization (Chambefort
et al., 2008, 2013; Chiaradia et al., 2009a).

Low apatite S and Cl contents indicate greater fluid
exsolution from the magma chamber at the time of
formation of late-mineralization intrusions than that

of the intermineralization lower porphyry (Fig. 14). The
limited fluctuations in the An content of plagioclase phe-
nocrysts in porphyritic dacite 1 likely indicate that the
oscillatory zoning was caused by internal crystal growth
mechanisms (e.g. crystal growth rate, elemental diffu-
sion, and elemental partitioning; cf. Cao et al., 2019) or
by insignificant variations in physiochemical conditions
(e.g. temperature, pressure, fO2, and melt composition;
Singer et al., 1995; Ginibre et al., 2007). Thus, the melt
recharge event ceased at the time of emplacement of
late-mineralization intrusions (porphyritic dacite 1 and
porphyritic dacite 2).

Genetic relationship between oceanic plateau
subduction and porphyry Cu deposit formation
A spatiotemporal relationship has been identified
between the subduction of topographic anomalies and
the formation of porphyry ore deposits (Reich et al., 2003;
Cooke et al., 2005; Rosenbaum et al., 2005). At Rio Blanco,
batholithic magmatism persisted from ca. 24 to 12.4 Ma
and was followed by the emplacement of the ore-related
porphyry complex from ca. 11.5 to 9 Ma (Fig. 4; Chen et
al., 2022). The isotopic results suggest that the Rio Blanco
magmas evolved from an isotopically homogeneous
magma reservoir (e.g. hot zone) at the crust–mantle
boundary (Annen et al., 2006). This reservoir may have
been existing for approximately 10 million years prior
to the collision of the Inca Oceanic Plateau at 12–10 Ma
(Gutscher et al., 1999).

The 24–12 Ma rocks from northern Peru (including
the Portachuela batholith) have low Sr/Y, LaN/YbN, and
Dy/Yb ratios (Fig. 9), whereas the 12–8 Ma igneous
rocks (including the Rio Blanco porphyry complex) that
formed during the subduction of the Inca Oceanic
Plateau have comparable zircon Hf–O and whole-rock
Sr–Nd isotopes but elevated Sr/Y, LaN/YbN, and Dy/Yb
ratios, greater magmatic fO2, and higher abundance of
volatile elements. This rapid transition of geochemical
characteristics of magmas since the collision of the Inca
Oceanic Plateau may reflect the compressional states of
stress and crustal thickening (Noble et al., 1990; Chiaradia
et al., 2009a; Michalak et al., 2016). Crustal thickening
led to higher pressure in the magma reservoir at the
crust–mantle boundary, promoting garnet fractionation
in mantle-derived magma (Annen et al., 2006; Chiaradia,
2015; Farner & Lee, 2017). Loucks (2021) stated that arc
compression acts as a tectonic trap and contributes to
the evolution of mantle-derived magmas at the crust–
mantle boundary. In the scenario depicted by Loucks
(2021), magmas generated under a normal subduction
regime corresponded to 24–12 Ma igneous rocks in
northern Peru (including the Portachuela batholith) that
yielded a low SiO2, a high Y, and low Sr/Y, LaN/YbN, and
Dy/Yb ratios (Fig. 17a).

During the collision of the Inca Oceanic Plateau with
the South American plate (Fig. 17b), the enhanced cou-
pling led to quasi-instantaneous arc compression, which
impeded magma ascent (Chiaradia, 2009; Chiaradia et al.,
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Fig. 17. Two-stage tectonic model of the magma evolution beneath Rio Blanco. (a) Magmas generated during normal subduction at 23–12 Ma.
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2009a, 2009b; Loucks, 2021) and enabled a long-term evo-
lution of magmas at the crust–mantle boundary. Signifi-
cant garnet and amphibole fractionation occurred during
magmatic differentiation, as indicated by the elevated
Sr/Y, LaN/YbN, and Dy/Yb ratios of 12–8 Ma igneous rocks
in northern Peru (including the Rio Blanco porphyry com-
plex; Fig. 9). Such fractionation of garnet and amphibole
that are depleted in ferric iron (Lee & Tang, 2020; Zhang
et al., 2022) may drive the relatively oxidized hydrous
parental magmas to a higher magmatic fO2 and sulfur
content, as suggested by our estimation of these param-
eters for porphyritic magmas compared with those for
the batholith.

Cooke et al. (2005) concluded that the subduction of
topographic anomalies acts as a tectonic perturbation
that triggers the formation of porphyry Cu deposits. Con-
sidering crustal compression typically impedes magma
ascent (Loucks, 2021), we suggest here that a tran-
sient change in regional stress (e.g. crustal relaxation)
during the collision of Inca Oceanic Plateau allowed
a high magma flux after a period of magma ascent
impediment. The high magma flux may have resulted
in the magma replenishment that is associated with
porphyry Cu deposits in the Andes (Caricchi et al., 2014;
Schöpa et al., 2017; Cox et al., 2020), which is supported
by plagioclase reverse zoning in the samples of the
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intermineralization lower porphyry from Rio Blanco
(Fig. 16) and Yanacocha (Chiaradia et al., 2009a; Cham-
befort et al., 2013). Replenishment of the volatile-
rich magma may destabilize the upper-crustal magma
chamber (Blundy et al., 2015; Richards, 2018) and trigger
fluid supersaturation and exsolution that will ultimately
lead to porphyry Cu mineralization (Audétat & Simon,
2012; Wilkinson, 2013; Blundy et al., 2015; Richards, 2018;
Korges et al., 2020).

Hence, we suggest that arc compression associated
with the collision of the Inca Oceanic Plateau promotes
the magma fertility and a transient change of stress state
is a dominant tectonic trigger (Cooke et al., 2005; Loucks,
2021) of the formation of Rio Blanco. This scenario
may also explain the formation of other porphyry ore
systems associated with the subduction of topographic
anomalies.

CONCLUSIONS
This petrogenetic study assesses the genetic relationship
between the subduction of the Inca Oceanic Plateau
and the formation of the giant porphyry Cu deposit at
Rio Blanco. Our systematic geochemical analysis sug-
gests that the Rio Blanco magmas evolved from a long-
lived, isotopically stable, homogeneous reservoir at the
crust–mantle boundary. This magmatic reservoir might
have been existing for ca. 10 m.y. before the collision of
the Inca Oceanic Plateau. At the time of collision, the
mantle-derived magma became more evolved, relatively
oxidized, and volatile-rich, making it conductive to por-
phyry deposit formation. Our results also imply that the
Late Miocene igneous rocks in northern Peru, including
those of the Rio Blanco porphyry complex, were gener-
ated during this period of tectonic transition. The crustal
thickening and arc compression regime provided favor-
able conditions for mantle-derived magmas to evolve as
relatively oxidized, volatile-rich magmas that ultimately
emplaced at upper crustal level and formed porphyry ore
systems.

FUNDING
This research was supported by the National Natural
Science Foundation of China (no. 41820104010), U.S.
National Science Foundation EAR (no. 1924192), and
Institute Research Grant of Chinese Academy of Geo-
logical Sciences (no. JYYWF20180601).

SUPPLEMENTARY DATA
Supplementary data for this paper are available at Journal
of Petrology online.

ACKNOWLEDGEMENTS
We thank Guangyu Shi for EPM analysis at Wuhan Sam-
ple Solution Analytical Technology Co., Ltd., Qian Wang
for zircon LA–ICP–MS trace element analysis at CAGS,

and Sheng He for zircon SIMS oxygen isotope analyses
at the Beijing Research Institute of Uranium Geology.
We acknowledge Zhaochong Zhang, Richard J. Goldfarb,
and Ran Zhang for valuable comments on the initial
version. Finally, we appreciate Andreas Audétat, Hervé
Rezeau and two anonymous reviewers for their construc-
tive comments that greatly improved the manuscript.

References

Anderson, J. L., Barth, A. P., Wooden, J. L. & Mazdab, F. (2008). Ther-
mometers and thermobarometers in granitic systems. Reviews in
Mineralogy and Geochemistry 69, 121–142.

Annen, C., Blundy, J. D. & Sparks, R. S. J. (2006). The genesis of
intermediate and silicic magmas in deep crustal hot zones. Journal
of Petrology 47, 505–539.

Arcay, D., Tric, E. & Doin, M. P. (2007). Slab surface temperature in
subduction zones: influence of the interplate decoupling depth
and upper plate thinning processes. Earth and Planetary Science
Letters 255, 324–338.

Atherton, M. P. & Petford, N. (1993). Generation of sodium-rich mag-
mas from newly underplated basaltic crust. Nature 362, 144–146.

Audétat, A. & Simon, A. C. (2012) Magmatic controls on porphyry Cu
genesis. In: Hedenquist, J. W., Harris, M. & Camus, F. (eds)Geology
and Genesis of Major Copper Deposits and Districts of the World:
a Tribute to Richard Sillitoe. Society of Economic Geologists, Special
Publication, 16, 553–572.

Baertschi, P. (1976). Absolute 18O content of standard mean ocean
water. Earth and Planetary Science Letters 31, 341–344.

Bea, F., Fershtater, G. & Corretgé, L. (1992). The geochemistry of
phosphorus in granite rocks and the effect of aluminium. Lithos
29, 43–56.

Beas, B. (2015) Volcanic stratigraphy at La Zanja Mining District
in the northern Peruvian Andes, Cajamarca, Peru. M. Sc thesis,
University of Tasmania, Tasmania, Australia, p. 289..

Blichert-Toft, J. & Albarède, F. (1997). The Lu-Hf isotope geochemistry
of chondrites and the evolution of the mantle-crust system. Earth
and Planetary Science Letters 148, 243–258.

Blundy, J., Mavrogenes, J., Tattitch, B., Sparks, S. & Gilmer, A. (2015).
Generation of porphyry copper deposits by gas–brine reaction in
volcanic arcs. Nature Geoscience 8, 235–240.

Bourdon, E., Eissen, J. P., Monzier, M., Robin, C., Martin, H., Cotten,
J. & Hall, M. L. (2002). Adakite-like lavas from Antisana Volcano
(Ecuador): evidence for slab melt metasomatism beneath Andean
Northern Volcanic Zone. Journal of Petrology 43, 199–217.

Bourdon, E., Eissen, J. P., Gutscher, M. A., Monzier, M., Hall, M. L.
& Cotten, J. (2003). Magmatic response to early aseismic ridge
subduction: the Ecuadorian margin case (South America). Earth
and Planetary Science Letters 205, 123–138.

Bristow, A. & Pratt, W. T. (2005). El proyecto de Cu–Mo Rio Blanco
conferencias powerpoint. Congreso Internacional de Prospectores y
Exploradores 4, 59.

Bryant, J. A., Yogodzinski, G. M., Hall, M. L., Lewicki, J. L. & Bailey,
D. G. (2006). Geochemical constraints on the origin of volcanic
rocks from the Andean Northern Volcanic Zone, Ecuador. Journal
of Petrology 47, 1147–1175.

Cao, M. J., Qin, K. Z., Li, G. M., Yang, Y. H., Evans, N. J., Zhang, R.
& Jin, L. Y. (2014). Magmatic process recorded in plagioclase at
the Baogutu reduced porphyry Cu deposit, western Junggar, NW-
China. Journal of Asian Earth Sciences 82, 136–150.

Cao, M. J., Evans, N. J., Hollings, P., Cooke, D. R., McInnes, B. I. A., Qin,
K. & Li, G. M. (2018a). Phenocryst zonation in porphyry-related

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/63/6/egac045/6585282 by guest on 22 Septem

ber 2023

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac045#supplementary-data


24 | Journal of Petrology, 2022, Vol. 63, No. 6

rocks of the Baguio district, Philippines: evidence for magmatic
and metallogenic processes. Journal of Petrology 59, 825–848.

Cao, M. J., Hollings, P., Cooke, D. R., Evans, N. J., McInnes, B. I. A., Qin,
K. Z., Li, G. M., Sweet, G. & Baker, M. (2018b). Physicochemical
processes in the magma chamber under the Black Mountain
porphyry Cu-Au deposit, Philippines: insights from mineral
chemistry and implications for mineralization. Economic Geology
113, 63–82.

Cao, M. J., Evans, N. J., Reddy, S. M., Fougerouse, D., Hollings, P., Saxey,
D. W., McInnes, B. I. A., Cooke, D. R., McDonald, B. J. & Qin, K. Z.
(2019). Micro- and nano-scale textural and compositional zona-
tion in plagioclase at the Black Mountain porphyry Cu deposit:
implications for magmatic processes. American Mineralogist 104,
391–402.

Cao, M. J., Evans, N. J., Hollings, P., Cooke, D. R., McInnes, B. I. A. & Qin,
K. Z. (2021). Apatite texture, composition, and O-Sr-Nd isotope
signatures record magmatic and hydrothermal fluid characteris-
tics at the Black Mountain porphyry deposit, Philippines. Economic
Geology 116, 1189–1207.

Cardona, A., Cordani, U. G., Ruiz, J., Valencia, V., Nutman, A. &
Sanchez, A. (2006). U/Pb detrital zircon geochronology and Nd
isotopes from paleozoic metasedimentary rocks of the Marañón
complex: insights on the proto-Andean tectonic evolution of the
eastern Peruvian Andes. Journal of Geology 117, 285–305.

Cardona, A., Cordani, U. G., Ruiz, J., Valencia, V. A., Armstrong,
R., Chew, D., Nutman, A. & Sanchez, A. W. (2009). U-Pb zircon
geochronology and Nd isotopic signatures of the pre-Mesozoic
metamorphic basement of the eastern Peruvian Andes: growth
and provenance of a Late Neoproterozoic to carboniferous accre-
tionary orogen on the northwest margin of Gondwana. Journal of
Geology 117, 285–305.

Caricchi, L., Simpson, G. & Schaltegger, U. (2014). Zircons reveal
magma fluxes in the Earth’s crust. Nature 511, 457–461.

Carrasquero, S. I., Rubinstein, N. A., Gómez, A. L. R., Chiaradia, M.,
Fontignie, D. & Valencia, V. A. (2018). New insights into petroge-
nesis of Miocene magmatism associated with porphyry copper
deposits of the Andean Pampean flat slab, Argentina. Geoscience
Frontiers 9, 1565–1576.

Cashman, K. V., Sparks, R. S. J. & Blundy, J. D. (2017). Vertically
extensive and unstable magmatic systems: a unified view of
igneous processes. Science 355, 355.

Chambefort, I., Dilles, J. H. & Kent, A. J. R. (2008). Anhydrite-
bearing andesite and dacite as a source for sulfur in magmatic-
hydrothermal mineral deposits. Geology 36, 719–722.

Chambefort, I., Dilles, J. H. & Longo, A. A. (2013). Amphibole geo-
chemistry of the Yanacocha Volcanics, Peru: evidence for diverse
sources of magmatic volatiles related to gold ores. Journal of
Petrology 54, 1017–1046.

Chelle-Michou, C., Rottier, B., Caricchi, L. & Simpson, G. (2017). Tempo
of magma degassing and the genesis of porphyry copper deposits.
Scientific Reports 7, 40566.

Chen, N., Pratt, W., Mao, J. W., Xie, G. Q., Moisy, M., Santos, A., Guo, W.
M., Zheng, W. & Liu, J. N. (2022) Economic Geology. Northern Peru.

Cheng, Z. G., Zhang, Z. C., Chai, F. G., Hou, T., Santosh, M., Turesebekov,
A. & Nurtaev, B. S. (2018). Carboniferous porphyry Cu–Au
deposits in the Almalyk orefield, Uzbekistan: the Sarycheku
and Kalmakyr examples. International Geology Review 60,
1–20.

Cheng, Z. G., Zhang, Z. C., Wang, Z. C., Wang, F. Y., Mao, Q., Xu, L. J.,
Ke, S., Yu, H. M. & Santosh, M. (2020). Petrogenesis of transitional
large igneous province: insights from bimodal volcanic suite in
the Tarim large igneous province. Journal of Geophysical Research:
Solid Earth 125, e2019JB018382.
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