
Introduction
Porphyry-style Cu ± Au and high-sulfidation Au deposits are 
major global sources of Cu and Au (Sillitoe, 2010). The Caja-
marca region in the northern Peruvian Cordillera (Fig. 1) 
hosts numerous Miocene porphyry-style Cu-Au and high-sul-
fidation epithermal Au deposits. These include deposits in 
the Yanacocha district, the world’s largest high-sulfidation Au 
cluster (Harvey et al., 1999; Longo et al., 2010), with >1,200 
metric tons (t) Au production. The Hualgayoc district is locat-
ed in the northern part of the Cajamarca region, 30 km north 
of Yanacocha (Fig. 1), and has been historically important 
for Ag production (Gustafson et al., 2004). The district hosts 
the Cerro Corona Au-Cu porphyry deposit, the Tantahuatay 
high-sulfidation Au deposit, the AntaKori Cu-Au-Ag skarn de-
posit, and several Au, Cu, Ag, and base metal prospects (ton-
nage and grades are listed in Table 1); the first two deposits 
are being mined as of 2021. The district also contains many 
apparently barren igneous rocks that are unaltered to mod-
erately altered, with the only sulfide being pyrite. Since these 
mineralized and barren rocks are broadly contemporaneous 
and similar in lithology and mineralogy, the district provides 
an opportunity to evaluate critical characteristics of magmas 
that are related to the formation of porphyry and high-sulfida-
tion ore deposits. 

The most recent examination of the geology and petrology 
of the Hualgayoc district was by Gustafson et al. (2004), aside 
from a publication by Viala and Hattori (2021) that evaluates 
Ce and Eu anomalies of zircon grains as possible fertility indi-
cators. This paper presents new U-Pb zircon ages of igneous 
rock units in the Hualgayoc district, integrates them with the 
mineralogy, mineral chemistry, and bulk-rock compositions of 
32 samples and historic data from the Cajamarca region, and 
discusses magma sources, the evolution of magmatism, and 
parameters related to mineralization. 

Geologic Setting

Tectonic and magmatic history of the Cajamarca region

The Hualgayoc district (Fig. 1) is located at an elevation of 
~4,000 m in the northern Peruvian Andes. Northern Peru 
hosts four principal trench-parallel (NW-SE) terranes: the 
Coastal belt, the Western Cordillera, the Marañon fold thrust 
belt, and the Eastern Cordillera. The Coastal belt consists 
of coastal batholiths of Upper Cretaceous to Paleocene ages 
(Mukasa and Tilton, 1984; Cobbing, 1999). The Western 
Cordillera is composed of Cretaceous to Tertiary dioritic to 
monzonitic batholiths that intruded Precambrian to Paleo-
zoic metasedimentary rocks and Ordovician to Upper Creta-
ceous siliciclastic and carbonate sedimentary rocks (Wilson, 
1984; Scherrenberg et al., 2012). The Eastern Cordillera is 
separated from the Western Cordillera by the Marañon fold 
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thrust belt and consists of Paleozoic metasedimentary rocks 
intruded by Ordovician to Triassic granitoids (Mišković et al., 
2009).

The Cajamarca region is located in the northern part of the 
Western Cordillera (Fig. 1). The crystalline basement of Pre-
cambrian age is overlain by a thick (> 2 km) Upper Jurassic to 
Lower Cretaceous sequence of siliciclastic sedimentary rocks 
at the base, and a ~1,500-m-thick package of Upper Creta-
ceous limestone and shales (Benavides-Cáceres, 1956; Wil-
son, 1984). These sedimentary rocks are overlain by Eocene to 
Miocene intermediate to felsic volcanic rocks and are intrud-
ed by numerous mafic to felsic bodies of similar ages (Gus-
tafson et al., 2004; Longo et al., 2010; and references therein). 
These young igneous rocks formed in response to the easterly 
subduction of the Farallon oceanic plate and later Nazca oce-
anic plate. The sedimentary rocks were deformed during two 
periods of Tertiary tectonism in the northern Peruvian Andes: 
the Inca orogeny during the Paleocene to Miocene, and the 
Quechua orogeny during the Miocene to Pliocene (Mégard, 
1984; Noble et al., 1990; Benavides-Cáceres, 1999). These 
previous workers recognized four pulses of crustal shorten-
ing and magmatic activity during the Inca orogeny, and three 
pulses during the Quechua orogeny: Inca I (59–55 Ma), Inca 
II (44–43 Ma), Inca III (26 Ma), and Inca IV (22 Ma), and 
Quechua I (17 Ma), Quechua II (8–7 Ma), and Quechua III 
(7-4 Ma). 

Two major magmatic episodes are recorded in the Cajamar-
ca region. The oldest occurred during the Paleogene (57–35 
Ma) and produced a thick sequence of basaltic to andesitic 
volcanic rocks (Noble et al., 1990), and apparently barren in-
termediate intrusions of Cocañes East (43.6 ± 3.7 Ma; Llo-
sa et al., 1996), the Picota Diorite (43.6 Ma; Laughlin et al., 
1968), Cerro Montana (47 ± 3 Ma), La Carpa (42.55 ± 0.12 
Ma), and Cerro Perol East (57 ± 3 Ma) (Davies, 2002). Mag-
matic activity decreased from 36 to 24 Ma, due to a decrease 
in the convergence rate of the Farallon plate (Pardo-Casas 
and Molnar, 1987). The second major magmatic activity in the 
Cajamarca region occurred during the Miocene, 23 to 7 Ma, 
shortly after the breakup of the Farallon plate to become the 
Nazca and Cocos plates at ~25 Ma (Barckhausen et al., 2008), 
followed by rapid subduction of the Nazca plate (Pardo-Casas 
and Molnar, 1987). 

Early- to middle-Miocene magmatic activity, from 23 to 15 
Ma, resulted in andesitic and dacitic volcanic eruption of the 
Calipuy Group rocks in the Yanacocha district between 19.5 
and 15.1 Ma (Longo et al., 2010, and references therein). Note 
that the Calipuy Group rocks are the oldest unit in the Yana-
cocha district and different from volcanic rocks of the Calipuy 
Formation in the Hualgayoc district. Several porphyry Cu 
± Au deposits formed in the southeastern part of the Caja-
marca region at this time, including the Minas Congas group 
(23.2 ± 2.1–14.2 ± 1.3 Ma; Llosa et al., 1999), with largest 
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Fig. 1.  Geologic map of the Cajamarca region, showing the locations of major porphyry Cu ± Au and high-sulfidation Au 
deposits. Inset (A) shows the region location (black square) in northern Peru. The Hualgayoc district (red square) is located 
30 km north of the Yanacocha district. CC = Cerro Corona, CH = Chamis, CO = Colpayoc, GA = El Galeno, KU = Kupfertal, 
LC = La Carpa, LZ = La Zanja, MQ = Michiquillay, PL = Perol, SP = Sipan, TA = Tantahuatay, YA = Yanacocha. Modified 
after Brewer and Davis (2004). UTM coordinates (m) are WGS84 Zone 17S.
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deposit at Michiquillay (20.02 ± 0.15–19.77 ± 0.04 Ma; Noble 
et al., 2004; Davies and Williams, 2005), El Galeno (17.5 ± 
0.3–16.53 ± 0.18 Ma; Davies and Williams, 2005), and Perol 
(15.96 ± 0.20; Gustafson et al., 2004). Several barren intru-
sions were emplaced during the same period, including those 
of Aurora Patricia (21.3 ± 0.8 Ma; Davies, 2002), Michiquil-
lay north (20.6 ± 0.4 Ma; Davies and Williams, 2005), and La 
Carpa (17.85 ± 0.06 Ma; Davies, 2002). 

Magmatic-hydrothermal activity in the Hualgayoc district 
started at ~15 Ma and lasted until ~11 Ma, with minor felsic 
domes extruded until ~9 to 8 Ma. Magmatic-hydrothermal 
activity in the Yanacocha district, located ~30 km south-south-
east of the Hualgayoc district, started at ~16 Ma and contin-
ued until ~11 Ma, with minor dome extrusion until ~8 Ma 
(Longo et al., 2010). The oldest high-sulfidation deposit of the 
Yanacocha district formed at 13.5 Ma, and the youngest and 
largest deposit, Cerro Yanacocha, formed between 9.3 to 8.2 
Ma (Longo et al., 2010). Cessation of major magmatic activity 
in the Cajamarca region occurred at ~8 Ma.

Geology of the Hualgayoc district

The Hualgayoc district is largely underlain by weakly fold-
ed Cretaceous limestone and minor sandstone, intruded by 
Miocene igneous rocks (Fig. 2). The stratigraphy of the dis-
trict was described in detail by Benavides-Cáceres (1956) and 
Wilson (1963). The rocks were under compression, resulting 
in the formation of several NW-SE- and NE-SW-trending 

thrust faults during the Inca orogeny (Benavides-Cáceres, 
1999). These faults were reactivated during the Quechua 
orogeny in the middle Miocene, again under regional com-
pression (Benavides-Cáceres, 1999). In the western part of 
the Hualgayoc district, the Cretaceous sedimentary rocks 
are intruded by porphyritic rocks and overlain by andesitic 
to rhyolitic flows, domes, and tuffs of the Calipuy Forma-
tion. The eastern and northwestern parts of the district are 
dominated by amphibole ± biotite ± quartz diorite porphyry, 
including the Cerro Corona intrusive complex, the Coymo-
lache sill, the Cerro Jesus, Cerro San Jose, Cerro Las Gordas, 
Cerro Caballerisa, Cerro Choro Blanco, San Nicolas, and the 
San Miguel intrusions, plus the Hualgayoc rhyodacite dome 
located north of Cerro Jesus (Fig. 2). These igneous units are 
listed in Table 2.

Mineralization and alteration in the Hualgayoc district

The Hualgayoc district hosts several styles of mineraliza-
tion, formed between 15 and 11 Ma (Macfarlane and Pe-
tersen, 1990; Macfarlane et al., 1994; Noble and McKee, 
1999). They include porphyry Au-Cu mineralization at Cer-
ro Corona, high-sulfidation epithermal Au mineralization at 
Tantahuatay, and skarn Cu-Au-Ag mineralization in the An-
taKori area. Minor occurrences of Pb-Zn-Cu-Ag veins and 
mantos were reported near the Hualgayoc village by Macfar-
lane (1989), and there are numerous Ag veins in the district  
(Fig. 2). 

Table 1.  Tonnage and Grade Data of Deposits from the Cajamarca Region, and Ages of Mineralization

Deposit name1 Deposit type Host rock
Age of mineral-

ization (Ma) Tonnage (Mt)
Grade

CommentCu (wt%) Au (g/t)
Hualgayoc district
Cerro Corona Porphyry Au-Cu Dioritic 

intrusions
~14.5 Ma [14] 110 [1] 0.5 [1] 0.9 [1] 54.4 t Au, 0.37 Mt Cu pro-

duced, 2009-2019 [4]
Tantahuatay High-sulfidation 

Au-Ag
Andesitic to rhy-

olitic volcanic 
and pyroclastic 
rocks; shallow 
porphyritic 
intrusions

13.3-11.01 Ma 
[9]

225 [1] – 0.33 [1] 23.8 t Au produced, 2014-2018 
[6]

AntaKori Skarn Cu-Au-Ag Limestone > 12.4 Ma [5] 517 [5] – – Indicated and inferred 
resources consist of 2.3 Mt 
Cu and 140 t Au (2019) [5]

Cajamarca region
Minas Conga Porphyry Au-Cu Dioritic intru-

sions [8]
16.06–15.58 [13] 641 [1] 0.28 [1] 0.75 [1]

El Galeno Porphyry Cu-Au Dioritic intru-
sions [8]

17.5–16.5 [8] 486 [8] 0.57 [8] 0.14 [8] 115 ppm Mo [8]

Michiquillay Porphyry Cu Dioritic intru-
sions [8]

19.77±0.05 [8] 631 [8] 0.69[8] 0.15 [8] 100-200 ppm Mo [8]

Sipan High-sulfidation 
Au-Ag

Andesitic volca-
nic rocks [10]

13.3 [11] 16 [1] – 2 [1] ~30 t Au in oxide zone mined 
before 2001 [1]

La Zanja High-sulfidation 
Au-Ag

– 15.61±0.12 [12] 33 [1] – 0.69 [1] 19.4 t Au produced, 2014-2018 
[6]

Yanacocha 
district 

High-sulfidation 
Au-Ag

Dacite to andes-
itic igneous 
rocks [2]

13.5–8.2 [2] – 0.63 [1] 0.98 [1] 1225 t Au produced, 1993–2010 
[2]; 81.2 t 2015-2018; proven 
and probable reserves in 
2019: 216 t Au (oxide and sul-
fide), 0.66 Mt Cu (sulfide) [7]

References: [1] Miguel Cardozo (pers. commun., 2020); [2] Longo et al. (2010); [3] Candiotti and Guerrero (1997); [4] https://www.goldfields.com; [5] 
https://regulusresources.com/projects/resource/; [6] www.buenaventura.com; [7] www.miningdataonline.com; [8] Davies and Williams (2005); [9] Prihar 
(1998), Table A2-8 in the App. 2; [10] Candiotti and Guerrero (1997); [11] Noble and McKee (1997); [12] Noble et al. (2004); [13] Gustafson et al., 2004; 
[14] this study

1Locations are shown in Figure 1
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The Cerro Corona deposit is located 2 km west of the Hual-
gayoc village in the central part of the district (CC, Fig. 2). 
The deposit is hosted by multiple quartz-diorite intrusions 
emplaced in Cretaceous limestone, forming a roughly circular 
intrusive complex 1 km in diameter (Fig. 3). At least six sep-
arate intrusive phases, with intrusive contacts against earlier 
units, have been mapped by mine geologists (Uzategui-Oban-
do, 2016; Fig. 3). All intrusive phases have similar mineralogy 
and mineral abundances, containing plagioclase, amphibole, 
biotite, and quartz phenocrysts, with microphenocrysts of ap-
atite, zircon, magnetite, and ilmenite. Disseminated hydro-
thermal biotite forms small light brown flakes in the ground-
mass or replacing dark brown primary biotite and amphibole 
phenocrysts, with magnetite cubes after biotite and amphi-
bole phenocrysts; pink K-feldspar is present as an alteration 
halo to quartz veins. This potassic alteration is overprinted by 
chlorite + white mica + pyrite alteration at shallower depths 
in the deposit. The latest alteration of illite ± smectite ± ka-

olinite overprints earlier alteration styles in the upper part of 
the deposit. Mineralization associated with potassic alteration 
consists of chalcopyrite and bornite related to the stockwork 
veins of quartz + calcite ± magnetite ± hematite ± pyrite. The 
geology of the deposit and the distribution of different alter-
ation types are described in detail by Longridge (2016). Po-
tassic alteration and chalcopyrite veinlets are present locally 
in the nearby San Jose intrusion (SJ, Fig. 2). 

The Tantahuatay Volcanic Complex is located 5 km west of 
the Cerro Corona deposit (Fig. 2), with poor outcrop expo-
sure due to the cover of young volcanic rocks of the Calipuy 
Formation (Fig. 4). The Tantahuatay Complex is composed 
of numerous andesitic to rhyolitic flows and domes, plus por-
phyry plugs and dikes. The complex hosts the Tantahuatay 
high-sulfidation Au deposit, with Au mineralization in two ma-
jor zones: the Tantahuatay-2 zone and the Cienaga zone (TA 
and CNG, respectively; Fig. 2). Nearly all igneous rocks in the 
Tantahuatay area have pervasive quartz ± alunite ± pyrophyl-

Table 2.  Lithology, Mineralogy, Alteration, Age, and Location of Samples in the Hualgayoc District Table 2.  (Cont.)

Sample no. Igneous unit
Abbreviations  

in the map
Sample location1

Lithology Sample no. Primary minerals Intensity of alteration and alteration minerals Zircon 206Pb/238U  age (Ma)2Easting (m) Northing (m)
CC1 Cerro Corona Phase 1 CC 762,812 9,252,019 Qz-diorite porphyry CC1 Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Weak – Bt, Kfs, Mag, Chl 14.57 ± 0.16
CC4 Cerro Corona Phase 4 763,296 9,251,870 Qz-diorite porphyry CC4 Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl 14.40 ± 0.28
CC4b 763,281 9,251,816 Qz-diorite porphyry CC4b Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl 14.51 ± 0.21
CC5 Cerro Corona Phase 5 762,934 9,251,586 Qz-diorite porphyry CC5 Bt, Hbl, Pl, Qz, Ap, Mag, Ilm Zrn Moderate – Bt, Kfs, Mag, Chl 14.42 ± 0.20
CC5n 762,951 9,251,723 Qz-diorite porphyry CC5n Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl 14.40 ± 0.12
CC6 Cerro Corona Phase 6 763,085 9,251,843 Qz-diorite porphyry CC6 Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl 14.59 ± 0.13
SJD-05 San Jose SJ 764,830 9,251,099 Qz-diorite porphyry SJD-05 Bt, Hbl, Pl, Qz Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl –
SJD-02 765,137 9,251,308 Qz-diorite porphyry SJD-02 Bt, Hbl, Pl, Qz, Zrn Intense – WM, clay minerals 14.73 ± 0.133

25-4 765,119 9,251,258 Altered porphyry 25-4 Qz (residual), Zrn Intense – WM, Clay minerals
Tanta-352 Tantahuatay-2 intrusion A TA 757,458 9,255,461 Altered porphyry Tanta-352 Qz (residual), Zrn High to intense – Qz±Aln±Prl 13.09 ± 0.27
Tanta-355 Tantahuatay-2 intrusion B 758,118 9,255,898 Altered porphyry Tanta-355 Qz (residual), Zrn High to intense – Qz±Aln±Prl 12.91 ± 0.56
Tanta-356 Tantahuatay-2 intrusion C 758,015 9,255,942 Altered porphyry Tanta-356 Qz (residual), Zrn High to intense – Qz±Aln±Prl 12.64 ± 0.56
Tanta-357 Tantahuatay-2 intrusion D 758,008 9,255,855 Altered porphyry Tanta-357 Qz (residual), Zrn High to intense – Qz±Aln±Prl 12.46 ± 0.49
Tanta-358 Tantahuatay-Cienaga intrusion A CNG 754,547 9,254,613 Altered porphyry Tanta-358 Pl, Qz, Zrn High – WM 14.06 ± 0.49
CNG-1 Tantahuatay-Cienaga intrusion B 754,389 9,253,072 Altered Pl porphyry CNG-1 Zrn Intense – Qz±Aln 14.52 ± 0.49
Anta-PK# PK porphyry dike AK 758,093 9,256,788 Altered Pl-Qz-Bt porphyry Anta-PK# Pl, Qz, Bt, Zrn High – WM 14.44 ± 0.25
Anta-PF * Calipuy subvolcanic intrusion 1 758,116 9,256,564 Altered Qz-Pl porphyry Anta-PF * Pl, Qz, Bt, Ttn, Zrn High – WM 12.01 ± 0.26
Anta-6 757,858 9,256,301 Altered Qz-Pl porphyry Anta-6 Pl, Qz, Hbl, Zrn Intense – Prl, Kal, Dsp 13.18 ± 0.37
Anta-8 Calipuy rhyolite dome§ 758,236 9,256,684 Rhyolite Anta-8 Pl, Qz, Kfs, Hbl, Zrn Moderate – WM 11.51 ± 0.37
CJ Cerro Jesus JE 764,114 9,252,182 Qz-diorite porphyry CJ Pl, Hbl, Qz, Zrn High – WM –
25-7 763,832 9,252,892 Qz-diorite porphyry 25-7 Pl, Hbl, Qz, Zrn High – WM 14.83 ± 0.36
18-2 765,179 9,252,480 Qz-diorite porphyry 18-2 Pl, Hbl, Qz, Zrn Weak – Chl, Ep –
CB Cerro Choro Blanco CB 760,586 9,251,265 Diorite porphyry CB Pl, Hbl, Qz, Zrn None 14.22 ± 0.25
CAB Cerro Caballerisa CAB 760,244 9,251,364 Diorite porphyry CAB Pl, Hbl, Qz, Zrn None 14.11 ± 0.18
LG Las Gordas LG 760,081 9,252,023 Silicified intrusive rock LG Zrn Intense – Qz, WM 14.35 ± 0.28
CD Coymolache CO 761,877 9,249,776 Qz-diorite porphyry CD Pl, Hbl, Bt, Qz, Kfs, Mag, Zrn Weak – Chl –
25-5 763,733 9,249,006 Qz-diorite porphyry 25-5 Pl, Hbl, Bt, Qz, Kfs, Mag, Zrn Weak – Chl 14.32 ± 0.28
SCO-1 San Miguel SM 759,532 9,256,283 Qz-diorite porphyry SCO-1 Pl, Hbl, Bt, Qz, Kfs, Mag, Ilm, Zrn Weak to moderate – Chl, Ep 14.52 ± 0.143

SCO-2 759,214 9,256,907 Qz-diorite porphyry SCO-2 Pl, Hbl, Bt, Qz, Kfs, Mag, Ilm, Zrn Weak to moderate – Chl, Ep
SCO-3 758,993 9,257,411 Qz-diorite porphyry SCO-3 Pl, Hbl, Bt, Qz, Kfs, Mag, Ilm, Zrn Weak to moderate – Chl, Ep
SN San Nicolas SN 760,473 9,253,673 Qz-diorite porphyry SN Pl, Hbl, Bt, Mag, Zrn Weak – Chl, Ep 13.67 ± 0.28
25-6 Hualgayoc HG 764,213 9,253,208 Rhyodacite 25-6 Bt, Pl, Kfs, Qz, Zrn None 9.74 ± 0.31

Abbreviations: Aln = alunite, Anh = anhydrite, Bt = biotite, Ccp = chalcopyrite, Chl = chlorite, Dsp = diaspore, Ep = epidote, Hbl = hornblende, Ilm = 
ilmenite, Kal = kaolinite, Kfs = potassic feldspar, Mag = magnetite, Pl = plagioclase, Prl = pyrophyllite, Py = pyrite, Qz = quartz, Ttn = titanite, WM = 
white mica, Zrn = zircon

1 UTM coordinates are WGS84 Zone 17M
2 Ages are weighted means of the 206Pb/238U zircon ages; uncertainties are 2 sigma values
3 Age of the San Jose intrusion obtained from zircon grains in samples of SJD-02 and 24-4, that for the San Miguel intrusion from samples of SCO-1, SCO-2, 

and SCO-3
*PF refers to quartz-feldspar porphyry, corresponding to multiple bodies of Calipuy subvolcanic intrusion 1 in Figure 4; note that the Calipuy Formation 

rocks in the Hualgayoc district are different from older Calipuy Group rocks in the Yanacocha district 
# PK is an older porphyry containing phenocrysts of feldspar, quartz, and biotite, corresponding to small dikes associated with Early Breccia unit in Figure 4
§ Anta-8: this corresponds to felsic dome in Figure 4
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lite alteration (Fig. 5C, D) and local residual quartz. “Gusano” 
(wormy) texture of nodular patches of alunite ± pyrophyllite ± 
diaspore that replaced the quartz matrix is common. Drilling 
intersected brecciated porphyritic rocks with fragments con-
taining secondary K-feldspar and biotite (Jose Trujillo, pers. 
commun., 2017; Stewart Redwood, pers. commun., 2017), in-
dicating the presence of high-temperature potassic alteration 
beneath the Tantahuatay deposit. Gold is mostly associated 
with enargite ± digenite ± covellite in quartz veins, dissem-
inations or breccia fill, as well as in local supergene oxidized 
zones over the sulfide mineralization (Gustafson et al., 2004). 
The gold-bearing supergene oxide zones at Tantahuatay are 
not as well developed as in the Yanacocha deposits, possibly 
due to a greater degree of erosion in the Hualgayoc district. 

The AntaKori deposit (AK; Fig. 2) is located ~500 m north 
of the Tantahuatay-2 zone. The geology consists of several 
porphyritic subvolcanic intrusions, including the PK porphyry 
dike and volcanic rocks of the Calipuy Formation (Fig. 4B). 
The deposit consists of Cu-Au-Ag mineralization of garnet 
skarns in Cretaceous limestone, and Cu-Au-Ag ± Mo por-
phyry mineralization (Redwood et al., 2017; Eggleston et al., 
2019). These two styles of mineralization were overprinted by 
high-sulfidation Au mineralization and alteration, apparently 
extending from the Tantahuatay area.

The Coymolache sill, the Cerro Jesus, Cerro Las Gordas, 
Cerro Caballerisa, Cerro Choro Blanco, San Nicolas, and San 
Miguel intrusions plus the Hualgayoc rhyodacite dome are not 
known to be associated with mineralization and are therefore 

considered barren. Weak to moderate alteration of ferromag-
nesian igneous minerals to chlorite ± epidote occurs in the 
Coymolache sill, and the Cerro Caballerisa, Cerro Choro Blan-
co, Cerro Jesus, San Nicolas, and San Miguel intrusions. Per-
vasive white-mica alteration is present in the San Jose intrusion 
and locally in the Cerro Jesus intrusion. Residual quartz and 
quartz-stockwork veinlets are present in the Las Gordas intru-
sion. The Cerro Hualgayoc rhyodacite is not altered.

Samples
We conducted fieldwork in 2016 and 2017 in the Hualgayoc 
district and collected 15 igneous rock units from their out-
crops, six rock samples from two operating mines, and 11 drill 
core samples. In total, 32 rock samples from 22 different ig-
neous units were examined for this study, encompassing most 
known rock units in this district. Samples from the Cerro Co-
rona open pit include phase 1 (CC1), two samples of phase 4 
(CC4 and CC4b), two samples of phase 5 (CC5 and CC5n), 
and one sample from phase 6 (CC6; Fig. 3). Two drill core 
samples from the San Jose intrusion, SJD-02 and SJD-05, 
were provided by Gold Fields La Cima S.A. Five drill core 
samples, Tanta-352, -355, -356, -357, and -358, were collected 
from the Tantahuatay mine, and one outcrop sample, CNG-1, 
with access provided by Compañía de Minas Buenaventura 
S.A.A. (Fig. 4). Drill core samples from the AntaKori area, 
Anta-PK, Anta-PF, Anta-6, and Anta-8, were collected at the 
Cajamarca drill core storage of Regulus Resources Inc. A 
total of 15 intrusion samples were collected from outcrops, 

Table 2.  Lithology, Mineralogy, Alteration, Age, and Location of Samples in the Hualgayoc District Table 2.  (Cont.)

Sample no. Igneous unit
Abbreviations  

in the map
Sample location1

Lithology Sample no. Primary minerals Intensity of alteration and alteration minerals Zircon 206Pb/238U  age (Ma)2Easting (m) Northing (m)
CC1 Cerro Corona Phase 1 CC 762,812 9,252,019 Qz-diorite porphyry CC1 Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Weak – Bt, Kfs, Mag, Chl 14.57 ± 0.16
CC4 Cerro Corona Phase 4 763,296 9,251,870 Qz-diorite porphyry CC4 Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl 14.40 ± 0.28
CC4b 763,281 9,251,816 Qz-diorite porphyry CC4b Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl 14.51 ± 0.21
CC5 Cerro Corona Phase 5 762,934 9,251,586 Qz-diorite porphyry CC5 Bt, Hbl, Pl, Qz, Ap, Mag, Ilm Zrn Moderate – Bt, Kfs, Mag, Chl 14.42 ± 0.20
CC5n 762,951 9,251,723 Qz-diorite porphyry CC5n Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl 14.40 ± 0.12
CC6 Cerro Corona Phase 6 763,085 9,251,843 Qz-diorite porphyry CC6 Bt, Hbl, Pl, Qz, Ap, Mag, Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl 14.59 ± 0.13
SJD-05 San Jose SJ 764,830 9,251,099 Qz-diorite porphyry SJD-05 Bt, Hbl, Pl, Qz Ilm, Zrn Moderate – Bt, Kfs, Mag, Chl –
SJD-02 765,137 9,251,308 Qz-diorite porphyry SJD-02 Bt, Hbl, Pl, Qz, Zrn Intense – WM, clay minerals 14.73 ± 0.133

25-4 765,119 9,251,258 Altered porphyry 25-4 Qz (residual), Zrn Intense – WM, Clay minerals
Tanta-352 Tantahuatay-2 intrusion A TA 757,458 9,255,461 Altered porphyry Tanta-352 Qz (residual), Zrn High to intense – Qz±Aln±Prl 13.09 ± 0.27
Tanta-355 Tantahuatay-2 intrusion B 758,118 9,255,898 Altered porphyry Tanta-355 Qz (residual), Zrn High to intense – Qz±Aln±Prl 12.91 ± 0.56
Tanta-356 Tantahuatay-2 intrusion C 758,015 9,255,942 Altered porphyry Tanta-356 Qz (residual), Zrn High to intense – Qz±Aln±Prl 12.64 ± 0.56
Tanta-357 Tantahuatay-2 intrusion D 758,008 9,255,855 Altered porphyry Tanta-357 Qz (residual), Zrn High to intense – Qz±Aln±Prl 12.46 ± 0.49
Tanta-358 Tantahuatay-Cienaga intrusion A CNG 754,547 9,254,613 Altered porphyry Tanta-358 Pl, Qz, Zrn High – WM 14.06 ± 0.49
CNG-1 Tantahuatay-Cienaga intrusion B 754,389 9,253,072 Altered Pl porphyry CNG-1 Zrn Intense – Qz±Aln 14.52 ± 0.49
Anta-PK# PK porphyry dike AK 758,093 9,256,788 Altered Pl-Qz-Bt porphyry Anta-PK# Pl, Qz, Bt, Zrn High – WM 14.44 ± 0.25
Anta-PF * Calipuy subvolcanic intrusion 1 758,116 9,256,564 Altered Qz-Pl porphyry Anta-PF * Pl, Qz, Bt, Ttn, Zrn High – WM 12.01 ± 0.26
Anta-6 757,858 9,256,301 Altered Qz-Pl porphyry Anta-6 Pl, Qz, Hbl, Zrn Intense – Prl, Kal, Dsp 13.18 ± 0.37
Anta-8 Calipuy rhyolite dome§ 758,236 9,256,684 Rhyolite Anta-8 Pl, Qz, Kfs, Hbl, Zrn Moderate – WM 11.51 ± 0.37
CJ Cerro Jesus JE 764,114 9,252,182 Qz-diorite porphyry CJ Pl, Hbl, Qz, Zrn High – WM –
25-7 763,832 9,252,892 Qz-diorite porphyry 25-7 Pl, Hbl, Qz, Zrn High – WM 14.83 ± 0.36
18-2 765,179 9,252,480 Qz-diorite porphyry 18-2 Pl, Hbl, Qz, Zrn Weak – Chl, Ep –
CB Cerro Choro Blanco CB 760,586 9,251,265 Diorite porphyry CB Pl, Hbl, Qz, Zrn None 14.22 ± 0.25
CAB Cerro Caballerisa CAB 760,244 9,251,364 Diorite porphyry CAB Pl, Hbl, Qz, Zrn None 14.11 ± 0.18
LG Las Gordas LG 760,081 9,252,023 Silicified intrusive rock LG Zrn Intense – Qz, WM 14.35 ± 0.28
CD Coymolache CO 761,877 9,249,776 Qz-diorite porphyry CD Pl, Hbl, Bt, Qz, Kfs, Mag, Zrn Weak – Chl –
25-5 763,733 9,249,006 Qz-diorite porphyry 25-5 Pl, Hbl, Bt, Qz, Kfs, Mag, Zrn Weak – Chl 14.32 ± 0.28
SCO-1 San Miguel SM 759,532 9,256,283 Qz-diorite porphyry SCO-1 Pl, Hbl, Bt, Qz, Kfs, Mag, Ilm, Zrn Weak to moderate – Chl, Ep 14.52 ± 0.143

SCO-2 759,214 9,256,907 Qz-diorite porphyry SCO-2 Pl, Hbl, Bt, Qz, Kfs, Mag, Ilm, Zrn Weak to moderate – Chl, Ep
SCO-3 758,993 9,257,411 Qz-diorite porphyry SCO-3 Pl, Hbl, Bt, Qz, Kfs, Mag, Ilm, Zrn Weak to moderate – Chl, Ep
SN San Nicolas SN 760,473 9,253,673 Qz-diorite porphyry SN Pl, Hbl, Bt, Mag, Zrn Weak – Chl, Ep 13.67 ± 0.28
25-6 Hualgayoc HG 764,213 9,253,208 Rhyodacite 25-6 Bt, Pl, Kfs, Qz, Zrn None 9.74 ± 0.31

Abbreviations: Aln = alunite, Anh = anhydrite, Bt = biotite, Ccp = chalcopyrite, Chl = chlorite, Dsp = diaspore, Ep = epidote, Hbl = hornblende, Ilm = 
ilmenite, Kal = kaolinite, Kfs = potassic feldspar, Mag = magnetite, Pl = plagioclase, Prl = pyrophyllite, Py = pyrite, Qz = quartz, Ttn = titanite, WM = 
white mica, Zrn = zircon

1 UTM coordinates are WGS84 Zone 17M
2 Ages are weighted means of the 206Pb/238U zircon ages; uncertainties are 2 sigma values
3 Age of the San Jose intrusion obtained from zircon grains in samples of SJD-02 and 24-4, that for the San Miguel intrusion from samples of SCO-1, SCO-2, 

and SCO-3
*PF refers to quartz-feldspar porphyry, corresponding to multiple bodies of Calipuy subvolcanic intrusion 1 in Figure 4; note that the Calipuy Formation 

rocks in the Hualgayoc district are different from older Calipuy Group rocks in the Yanacocha district 
# PK is an older porphyry containing phenocrysts of feldspar, quartz, and biotite, corresponding to small dikes associated with Early Breccia unit in Figure 4
§ Anta-8: this corresponds to felsic dome in Figure 4
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including the Cerro Jesus, Cerro San Jose, San Miguel, Cer-
ro Las Gordas, Cerro Choro Blanco, and Cerro Caballerisa 
intrusions, the Coymolache sill and the Hualgayoc rhyodacite. 
The coordinates of sampling locations are listed in Table 2 and 
are marked with solid black dots in Figures 2, 3, and 4. These 
samples are described in Viala and Hattori (2021), with their 
petrographic features and mineralogy summarized in Table 2. 

Analytical Methods
We selected 31 samples for bulk-rock analysis. The abundance 
of major and minor elements was measured using a Riga-
ku Supermini 200 wavelength dispersive X-ray fluorescence 
spectrometer (XRF) on fused glass of pulverized samples af-
ter mixing with lithium metaborate and lithium tetraborate at 
the University of Ottawa. The abundances of trace elements, 
including REE, were determined by Actlabs (analytical code 
4LITHOS) in Ancaster, Ontario, Canada. Fused samples with 
sodium peroxide were dissolved in nitric and hydrochloric ac-
ids. The resulting solutions were diluted and analyzed using 
an Agilent 7900 inductively coupled plasma-mass spectrom-
eter (ICP-MS) and a Varian 735ES inductively coupled plas-
ma-optical emission spectrometer (ICP-OES).

Zircon grains were separated from most samples with the 
conventional method of magnetic and density separation us-
ing di-iodomethane (3.3 g/cm3). Over 100 zircon grains were 
collected from individual rock units, with clear grains hand-
picked under a binocular microscope and then mounted in 

epoxy resin. Most grains are euhedral prismatic crystals with 
length/width ratios ranging from 1.5 to 3. Grains were exam-
ined under a transmitted-light microscope and with a JEOL 
6610LV scanning electron microscope (SEM) at the Universi-
ty of Ottawa. Analyzed grains are clear, free of fractures, and 
low in mineral inclusions. Most grains show fine, well-devel-
oped oscillatory growth zoning under cathodoluminescence 
(CL) on SEM (Fig. 6A-C). Inherited cores are rare, but easily 
identified in CL-SEM images due to corroded outline of the 
cores. Occurrence, textures, and physical and optical proper-
ties of zircon grains used in this study are essentially identical 
to those reported in Viala and Hattori (2021). 

Trace element contents in zircon were obtained from 473 
zircon grains from all 22 igneous units and Eu and Ce anoma-
lies are reported by Viala and Hattori (2021). The U-Pb dates 
were determined from 10 to 26 zircon grains for each igneous 
unit. Trace element abundances and isotope compositions of 
Pb and U were determined at the University of Ottawa, using 
an Agilent 7700x ICP-MS coupled with a Photon Machines 
Analyte Excite 193 nm excimer laser. For each grain, we chose 
an analysis area as close as possible to the rim of grains in or-
der to avoid the mineral inclusion-rich center of the grains. 
The presence of minute mineral inclusions was monitored us-
ing 42Ca, 54Fe, 31P, 88Sr, 139La, and 140Ce during the analysis. 
U-Pb ages were determined on the same instrument, except 
for samples CC1, CC4, CC4b, CC5, CC5n, and CC6. Ages 
of zircon from samples CC1, CC4, CC4b, CC5, CC5n, and 
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CC6 were determined with the SHRIMPII at the Geochro-
nological Laboratory of the Geological Survey of Canada. The 
analytical methods are essentially similar to those described in 
Kobylinski et al. (2020), with details described in Appendix 1. 
Individual zircon ages were calculated from 206Pb/238U ratios 
using the IsoplotR software (Vermeesch, 2018), a modified 
program of the original Isoplot program by Ludwig (2003). 
Uncertainty is expressed as 2σ values. 

Amphibole grains from sample SN of the San Nicolas in-
trusion and sample 25-5 of the Coymolache sill were exam-
ined by SEM to select three grains from the former and four 
from the latter, with compositions of four areas of each grain 
quantitatively determined with a JEOL 8230 electron probe 
microanalyzer at the University of Ottawa. Analytical condi-
tions included accelerating voltage of 15 kV, beam current of 
20 nA, and a focused beam size of 5 μm. Detailed descriptions 
of analytical methods are included in Appendix 1.

Results

Bulk-rock composition 

Bulk-rock compositional data are listed in Table A2-2, Appen-
dix 2. Most samples have SiO2 contents that range from 59 to 
61 wt %, with some samples from Cerro Corona, Cerro Jesus, 
and Cerro San Jose up to 67 wt % SiO2 due to alteration. Sam-
ple SG from the Las Gordas intrusion, which consists mostly 
of residual quartz with minor clay minerals, shows the highest 

SiO2 (75 wt %) among samples. Samples from the unmineral-
ized and weakly to moderately altered San Miguel, San Nico-
las, Choro Blanco, and Caballerisa intrusions and the Coymo-
lache sill have similar K2O contents, ranging from 1.4 to 2.5 wt 
%. Samples from the Cerro Corona, Cerro Jesus, and Cerro 
San Jose intrusions contain variable K2O contents, up to 6.9 
wt %, consistent with the presence of K-rich alteration miner-
als such as K-feldspar, biotite, and white mica. Most samples 
have low Th contents, <7 ppm, except samples Tanta-355 and 
Tanta-356 from the Tantahuatay area, with 11 and 10 ppm 
Th, respectively. All samples have bulk-rock Th/U ratios <5, 
except for sample CC5-s from Cerro Corona and sample Tan-
ta-355, and all samples have low Nb contents, <8 ppm. 

All bulk-rock samples contain moderate REE concentra-
tions, with total REE (∑REE) ranging from 36 to 110 ppm, ex-
cept for a low value (17 ppm) of the intensely altered sample 
25-4 from the San Jose intrusion. All samples except for SG, 
CNG-1, Tanta-352, Tanta-355, Tanta-357, and Anta-6 have a 
moderately concave-upward chondrite-normalized REE pat-
tern, with a negative slope from La to Yb ranging from 9 to 
18 for Lacn/Ybcn (cn denotes the chondrite-normalized values) 
and nearly flat slope from Dy to Yb (1.1–1.4 Dycn/Ybcn) (Fig. 
7A). Younger rocks, such as the Hualgayoc rhyodacite and 
Tantahuatay igneous units, have lower ∑REE (83–54 ppm) than 
older intrusions (120–66 ppm). Samples SG, CNG-1, Tan-
ta-352, Tanta-355, Tanta-357, and Anta-6 are intensely altered 
to residual quartz ± alunite ± pyrophyllite and have a pro-
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nounced concave-upward REE pattern with lower contents 
of heavy REE (HREE), middle REE (MREE), and Y (1.3–
0.5 ppm Dy, 0.5–0.3 ppm Yb, 5–2 ppm Y; Fig. 7B) than the 
least altered samples (Fig. 7A). The pronounced concave-up-
ward REE pattern likely reflects the removal of HREE- and 
MREE-bearing minerals such as amphibole and probably il-
menite and apatite by acidic hydrothermal fluids, which can 
dissolve REE and Y (Fulignati et al., 1999; Van Dongen et al., 
2010). Retention of minor light REE (LREE) in these rocks 
is explained by their incorporation into alteration minerals, 
such as alunite (Terakado and Fujitani, 1998). Sample 25-4 
from the San Jose intrusion shows low LREE values, likely 
due to the lack of alunite to host LREE after dissolution by 
acidic fluids. 

All bulk-rock samples (except those intensely altered) have 
negligible to weak positive and negative Eu anomalies (Eu/
Eu* = [Eucn]/[(Smcn*Gdcn)0.5]), ranging from 0.7 to 1.1. Pla-
gioclase preferentially incorporates Eu2+ and its crystallization 
is the most common cause for Eu anomalies in igneous rocks. 
Samples from the Coymolache sill show weakly positive and 
weakly negative Eu anomalies, which likely reflect a minor 
difference in the abundance of plagioclase in samples. 

5.2 U-Pb zircon ages 

U-Pb zircon ages were calculated from 206Pb/238U ratios (Table 
2, Fig. 8), with most zircon grains producing concordant ages. 
A few outliers are due to inherent large analytical uncertain-
ties of 207Pb/235U ratios because of a small fraction of 235U and 
a short decay time to produce 207Pb (Fig. A2-4, App. 2). Since 
the ages are for zircon rims, they represent the solidification 
of host igneous rocks. Inherited cores were only observed in 
the Cerro Corona Intrusive Complex, the Hualgayoc rhyodac-
ite, and the PK porphyry dike (Fig. 6C). Two inherited cores 
of zircon dated from Cerro Corona yielded Cretaceous ages, 
indicating the incorporation of zircon grains from underlying 
Cretaceous sedimentary rocks (Fig. 1). 

Our dating results indicate nearly continuous magmatism 
in the Hualgayoc district from 14.8 to 9.7 Ma (Fig. 8). U-Pb 
dates of zircon from intrusive phases 1, 4, 5, and 6 of the Cer-
ro Corona Intrusive Complex (sample CC1; CC4 and CC4b; 
CC5 and CC5n; and CC6, respectively) yielded similar ages, 
from 14.59 ± 0.13 to 14.40 ± 0.12 Ma, with overlapping 2σ 
uncertainties (Table 2). Other magmatic activity contempo-
raneous with the Cerro Corona Intrusive Complex includes 
the San Jose, Cerro Jesus, Cerro Choro Blanco, Cerro Ca-
ballerisa, Cerro Las Gordas, San Miguel, and Cerro Cienaga 
intrusions, the PK porphyry dike, and the Coymolache sill. 
These intrusions all solidified between 14.83 ± 0.36 and 14.06 
± 0.49 Ma, with overlapping 2σ uncertainties, termed Group 
A (green symbols, Fig. 8). The San Nicolas intrusion was em-
placed slightly later at 13.67 ± 0.28 Ma (sample SN). Igneous 
rocks hosting high-sulfidation Au mineralization at the Tanta-
huatay-2 zone of the Tantahuatay deposit (samples Tanta-352, 
355, 356, and 357) were emplaced from 13.09 ± 0.27 to 12.46 
± 0.49 Ma. Subvolcanic intrusions and rhyolite dome of the 

Calipuy Formation in the Tantahuatay area yielded the ages 
of 13.18 ± 0.37 Ma (sample Anta-6), 12.01 ± 0.26 (sample 
Anta-PF), and 11.51 ± 0.37 Ma (sample Anta-8). These ig-
neous rocks are Group B (red symbols, Fig. 8), including the 
San Nicolas intrusion. Finally, the Cerro Hualgayoc rhyodac-
ite dome, north of the Cerro Corona deposit (Fig. 2), is the 
youngest igneous rock unit dated in the district, at 9.74 ± 0.31 
Ma (Group C, blue symbol, Fig. 8).

Trace element composition of zircon

Trace element compositions of all zircon grains (Table A2-
3, App. 2) have similar chondrite-normalized REE patterns, 
with pronounced positive Ce anomalies and weak to moder-
ate negative Eu anomalies (Eu/Eu*), ranging from 0.3 to 0.8 
(Viala and Hattori, 2021). Zircon compositions in the district 
form two groups: older Group A intrusions (14.8–14 Ma) and 
younger Group B igneous rocks (13.7–11.5 Ma; Fig. 8). Group 
A includes zircon from the Cerro Corona, San Jose, Cerro 
Caballerisa, Cerro Choro Blanco, Anta-PF, San Miguel, and 
Cerro Las Gordas intrusions, and the Cerro Cienaga center 
of the Tantahuatay deposit. Zircons in Group A are character-
ized by a large range in the values of ∑REE, from 170 to 1,000 
ppm, and low Th/U, mostly between 0.5 and 0.1 (Fig. 9A). 
Zircon grains in Group A have a wide range of ∑REE content 
(180–1,100 ppm) and low Th/U ratios (mostly <0.5). Group 
B zircons from the Tantahuatay-2 center of the Tantahuatay 
deposit, the San Nicolas intrusion, and volcanic rocks of the 
Calipuy Formation are characterized by lower ∑REE contents, 
<550 ppm (Fig. 7C), and a wide range in Th/U ratios, be-
tween 1 and 0.2 (Fig. 9A).

Zircon crystallization temperatures

Zircon crystallization temperatures were calculated using Ti-
in-zircon geothermometry of Ferry and Watson (2007), as-
suming activities of SiO2 (aSiO2

) and TiO2 (aTiO2
) are 1 and 0.7, 

respectively. The value of 1 for aSiO2
 is justified because of the 

presence of quartz phenocrysts. Activity of TiO2 should be <1 
since rutile was not observed to be an igneous mineral in our 
samples. Ilmenite microphenocrysts occur in several samples 
from the Cerro Corona, San Jose, and San Miguel intrusions, 
indicating that aTiO2

 for these magmas was above 0.6 (Watson 
et al., 2006; Fu et al., 2008). We chose 0.7 for the aTiO2

, which 
has been used for granitic to dioritic melt of similar bulk com-
positions and mineralogy (Chelle-Michou et al., 2014; Buret 
et al., 2016). Changing the values of aTiO2

 by ±0.1 results in a 
minor difference in zircon crystallization temperature, ±15°C. 
The majority of Group A zircon grains yield crystallization 
temperatures of 710° to 640°C, with only minor decrease with 
increasing Hf content (Fig. 9D). Zircons from Group B show 
a wider range of crystallization temperatures, decreasing from 
800° to 600°C with increasing Hf content (Fig. 9D).

Amphibole composition

Most amphibole grains in igneous rocks in the study area 
show evidence of hydrothermal alteration. Four amphibole 

Fig. 4.  Simplified (A) geologic map covering the AntaKori deposit and the Tantahuatay-2 zone of the Tantahuatay deposits, 
provided by Regulus Resources Inc. (2021). Dashed red line shows the approximate areal extent of currently known high-sul-
fidation and skarn-style mineralization, projected to the surface. (B). Southwest-northeast cross section (section line in map). 
The PK porphyry dike is not represented in this figure and is associated with the Early Breccia.
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phenocrysts from sample 25-5 of the Coymolache sill are 
euhedral to subeuhedral, moderately to strongly fractured, 
and contain inclusions of magnetite. Backscattered electron 
images show weak to moderate patchy alteration close to the 
rim and along fractures (Fig. A2-1, App. 2). The three am-
phibole phenocrysts from sample SN of the San Nicolas in-
trusion are subhedral to anhedral, moderately fractured, and 
have irregular alteration of chlorite (Fig. A2-2, App. 2). The 
compositions of unaltered areas of grains and different grains 
in individual samples from the Coymolache sill and San Nico-
las intrusion have nearly identical composition (Table A2-7, 
App. 2), confirming that these grains retained primary igne-
ous compositions. These amphibole compositions are magne-
sio-hornblende of the calcic amphibole group, following the 
nomenclature of Hawthorne et al. (2012). Amphibole from 

the Coymolache sill has an Mg# (=100*([Mg]/[Mg + Fet]) of 
65–60, and Al2O3 content of 9.27 to 8.05 wt %. Amphibole 
from the San Nicolas intrusion has slightly higher Mg#, 75 to 
76, and lower Al2O3 content, from 5.73 to 5.34 wt %.

These igneous amphibole grains are used to estimate the 
conditions of parental magmas during their crystallization. 
Empirical geothermobarometry, based on data of amphibole 
proposed by Ridolfi et al. (2010), yields temperatures from 
862° to 830°C (±22°C σest) and a pressure from 191 to 139 
Mpa (with ±20 Mpa maximum uncertainty) for the Coymo-
lache sill, which corresponds to ~7- to 5-km depth, assuming 
a crustal density of 2.7 g/cm3. Amphiboles from the San Nico-
las intrusion crystallized at slightly lower temperature, 810° to 
795°C (±22°C σest), and at lower pressures, of 77 to 70 Mpa 
(with ±8 MPa maximum uncertainty), which corresponds to 
~3- to 2.5-km depth. Amphibole from the Coymolache sill re-
cords a parental magma oxygen fugacity of FMQ +1.5 to +2.0 
(1.5–2 logarithmic units above the fayalite-magnetite-quartz 
redox buffer). Amphibole from the younger San Nicolas in-
trusion yields higher oxidation conditions, with values of 
about FMQ +3.0 (Fig. 10B), suggesting a slight increase in 
magmatic oxidation over time. Amphibole from the Coymo-
lache sill yields a melt water content from 5.1 to 5.5 wt % H2O 
(±0.4 wt % σest), whereas amphibole from the San Nicolas in-
trusion records a water-in-melt content of ~2.8 to 2.9 wt % 
H2O (±0.4 wt % σest). Amphiboles from the San Nicolas intru-
sion plot slightly outside the stability limit of amphibole (Fig. 
10C); however, considering analytical uncertainty, they likely 
crystallized close to their thermal stability limit. On the other 
hand, amphibole from the Coymolache sill plot well inside 
the stability field, consistent with the well-developed euhedral 
crystal habit of amphibole grains in the samples (Fig. A2-1, 
App. 2). Amphibole grains from the San Nicolas intrusion ap-
pear to have crystallized relatively late, based on the relatively 
low-temperature estimate (~800°C) and shallow crustal depth 
(~3 km; Fig. 10A).

Discussion

Temporal evolution of magmatic-hydrothermal activity in the 
Hualgayoc district

Macfarlane et al. (1994) suggested that magmatic activity in 
the Hualgayoc district began at 45 ± 3.4 Ma, in the Eocene, 
based on an Rb-Sr isochron age obtained from bulk-rock 
powder and mineral separates of a biotite-hornblende-quartz 
diorite collected at Cerro Coymolache. Since Rb and Sr are 
soluble in water, their abundances, especially for plagioclase 
and bulk-rock powder, are easily modified during subsolidus 
alteration. Recalculating the Rb-Sr isochron ages using the 
data presented by Mcfarlane et al. (1994) yielded varying iso-
chron ages; 49 Ma from the biotite-bulk-rock pair and 27 Ma 
from plagioclase-hornblende pair. Therefore, we consider the 
true solidification age for the Coymolache sill is represented 
by our U-Pb zircon date of 14.52 ± 0.14 Ma (Table 2). The 
oldest unit we sampled in the study area is the Cerro Jesus 
intrusion, which has a U-Pb zircon age of 14.83 ± 0.36 Ma. 
Based on our data, magmatic activity in the district began in 
the middle Miocene. 

Magmatic activity was widespread in the Hualgayoc district 
during the period of 14.8 and 14.0 Ma, with abundant intru-
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sive activity (Group A, Fig. 8). Similar zircon ages of phases 
1, 4, 5, and 6 of the Cerro Corona intrusive complex indicate 
successive intrusion over a short period at ~14.5 Ma. Macfar-
lane et al. (1994) reported a K-Ar age of 13.35 ± 0.27 Ma for 
hydrothermal biotite from an altered porphyry sample of Cer-
ro Corona, which is about 1 m.y. younger than the U-Pb zir-
con ages of the intrusions obtained in this study. Considering 
the high temperature of potassic alteration, biotite formation 
is likely during the intrusive activity. Therefore, we consider 
that this young K-Ar age may be due to Ar loss from biotite as 
a result of heating by nearby intrusions.

The intense potassic and white-mica alteration of the San 
Jose, Cerro Jesus, and Cerro Corona intrusions (SJ, CJ and 
CC; Fig. 2) indicates that their parental magmas produced 
magmatic-hydrothermal activity. In contrast, the contempo-
raneous intrusions of San Miguel, Choro Blanco, and Cabal-
lerisa plus the Coymolache sill are only affected by weak to 
moderate chlorite + epidote alteration, indicating that little 
magmatic-hydrothermal activity was associated with these 
intrusions. The Cienaga intrusion and PK porphyry dike are 
proximal to the Tantahuatay Volcanic Complex and were af-
fected by intense acidic hydrothermal alteration associated 
with the mineralization style of Tantahuatay. 

Magmatic activity between 13.67 and 11.51 Ma (Group 
B) was focused in the western part of the district (red intru-
sions, inset map, Fig. 8). Intense magmatism occurred in the 
AntaKori area and the Tantahuatay-2 zone of the Tantahua-
tay deposit between ~13 and ~12 Ma, with eruption of the 
Calipuy Formation and emplacement of several subvolcanic 
intrusions (samples Anta-6, Anta-PF, Tanta-352, -355, -356 
and -357; Fig. 8; Table 2). Magmatism was contemporaneous 
with the high-sulfidation epithermal Au mineralization at Tan-
tahuatay, based on the similarity of our U-Pb zircon ages and 
40Ar/39Ar ages of alunite at 12.4 ± 0.4 Ma (Noble and McK-
ee, 1999), and 13.3 ± 0.06 to 11.01 ± 0.08 Ma for hypogene 
alunite and sericite (Prihar, 1998; Table A2.8, App. 2). The 
similarity of zircon and alteration mineral ages indicates that 
the dated igneous rocks are related to the causative intrusions 
responsible for forming the magmatic-hydrothermal systems 
that generated the mineral deposits. 

The U-Pb zircon ages of rocks from the Cienaga zone of 
the Tantahuatay deposit (samples CNG-1 and Tanta-358) in-
dicate magma solidification at 14.52 ± 0.49 and 14.06 ± 0.49 
Ma, respectively, which are ~1 to 1.5 m.y prior to the ages of 
hypogene alunite, 13.3 to 11.01 Ma, reported by Prihar (1998) 
from the Tantahuatay deposit (Table A2.8, App. 2). The young 
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40Ar/39Ar ages of alunite together with the U-Pb zircon age of 
rhyolite dome of the Calipuy Formation (sample Anta-8), at 
11.51 ± 0.37 Ma, suggest that the hydrothermal activity likely 
persisted until 11.01 ± 0.08 Ma (alunite 40Ar/39Ar age; Prihar, 
1998). 

After a ~1.5-m.y. hiatus in magmatic activity in the district, 
the barren Cerro Hualgayoc rhyodacite dome intruded north 
of the Cerro Corona deposit at 9.74 ± 0.31 Ma (sample 25-
6, blue, Fig. 8). This magmatism was followed by eruption 
of rhyodacite tuff and emplacement of rhyodacite domes and 
dacite dikes in the Tantahuatay area at 9.59 ± 0.06 to 8.31 ± 
0.03 Ma, based on 40Ar/39Ar ages of magmatic biotite and sani-
dine (Macfarlane et al., 1994; Prihar, 1998; Noble and Mckee, 
1999; Table A2.8, App. 2). These dates record the latest mag-
matism and magmatic-hydrothermal activity in the Hualgayoc 
district.

Magma source and evolution in the Hualgayoc district

Bulk-rock compositions of igneous rocks in the Hualgayoc 
district show low concentrations of MREE and HREE and 
a moderate concave-upward chrondrite-normalized REE 
pattern (Fig. 7A). Overall low concentrations of MREE and 
HREE suggest effects of amphibole and garnet on the melt 
composition. Among the two minerals, amphibole likely played 
the major role in controlling the abundances of REE due to 
low concentrations of MREE relative to HREE. Amphibole 
preferentially incorporates MREE over HREE (Sisson, 1994; 
Tiepolo et al., 2007). Partition coefficients (D) between am-
phibole and melt for La, Dy, and Yb in andesitic melt are ~0.5, 
4.4, and 2.7 respectively (Sisson, 1994). We suggest that am-
phibole plus minor garnet as residues in the magma sources 
produced low MREE in the parental magmas in the Hual-
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gayoc district. Subsequent fractional crystallization of amphi-
bole resulted in further lowering of MREE relative to HREE.

Igneous rocks with ages of 14.8 to 14.0 Ma (green, Fig. 8) are 
dioritic in composition, with similar mineralogy. By contrast, 
younger rocks, formed between 13.7 and 9.7 Ma, such as the 
rhyolite dome of the Calipuy Formation and the Hualgayoc 
rhyodacite dome, are more felsic. Not only major element 
abundances, but also minor and trace element concentrations 
show temporal changes. Relatively unaltered igneous rocks in 
the district show a steady decrease in the concentrations of V 
and ∑REE, and a slight increase in Lacn/Ybcn ratios, from 9 to 
17, with decreasing ages from 14.8 to 9.7 Ma. The temporal 
change in bulk-rock composition may be explained by (1) in-
creasing fractional crystallization of amphibole in the melt (2), 
increasing abundance of residual garnet at the source, (3) pro-
gressive assimilation of crustal rocks, or (4) smaller degrees of 
partial melting at the source of younger rocks.  

Possibilities (1) and (2) are likely. Possibility (1) is consistent 
with abundant occurrences of amphibole phenocryst in most 
rocks. Fractional crystallization of amphibole also explains 
lower Mg contents in younger rocks. Possibility (2) likely had 
a very minor role. Garnet has larger D values for HREE than 
MREE and a partial melt formed from the sources with gar-
net residue would have Dycn/Ybcn >> 1. Relatively unaltered 
igneous rocks in the Hualgayoc district show a small change 
in Dycn/Ybcn: <1.5 for older rocks and <1.3 for younger rocks. 
Therefore, we suggest that fractional crystallization of amphi-
bole was the major control on the change in the magma com-
position over time in the Hualgayoc district. 

Possibility (3) assimilation of crustal material appears mini-
mal, based on low Th contents in bulk-rock compositions and 
bulk-rock Sr isotope data (Macfarlane, 1989; Macfarlane et 
al., 1994). This is further supported by rare inherited zircon 
observed during this study. Possibility (4) decreasing degree 
of partial melting at the source would produce melt with in-
creasing incompatible elements. A decrease in ∑REE in young-

er rocks is not consistent with the decreasing degrees of par-
tial melting. 

Evolution of magma recorded by zircon composition	

The composition of zircon reflects that of the melt at the time 
of its crystallization. Zircon composition shows a distinct dif-
ference among three age groups (Group A, 14.8–14.0 Ma; 
Group B, 13.7–11.5 Ma; Group C, 9.8 Ma; Fig. 9). Bulk-rock 
compositions record gradual changes, but they do not show 
a sharp change among these rock groups (Fig. 7). Therefore, 
the difference in zircon composition is attributed to cocrystal-
lizing phases. 

Minerals cocrystallizing with zircon in our samples are eval-
uated based on their D values of REE. When a mineral with 
high D values of elements crystallizes, the melt will have low-
er concentrations of these elements. Titanite crystallization 
lowers MREE in a melt due to high D values compared to 
those for LREE and HREE; the values for La, Dy, and Yb are 
113, 935, and 393, respectively (Bachmann et al., 2005). Ti-
tanite crystallization causes an increase in Eu/Eu* in the melt 
because of its slightly greater affinity for Sm and Gd over Eu3+ 
(Bachmann et al., 2005; Loader et al., 2017). Amphibole crys-
tallization has a similar effect as titanite but to a lesser degree, 
due to moderate D values for REE (<10 for all REE; Sisson, 
1994) compared to those for titanite. Plagioclase crystalliza-
tion causes a decrease in Eu/Eu* in the melt due to high D for 
Eu2+ (Dunn and Sen, 1994). Apatite crystallization lowers the 
concentrations of LREE and MREE in a melt due to high D 
values (~10; Prowatke and Klemme, 2006). 

The Ybcn/Dycn ratios of zircon in Groups B and C increase 
with decreasing Dycn and increasing Hf (red and blue sym-
bols, Fig. 9B, D). The increase in Ybcn/Dycn is also accom-
panied by a slight increase in Eu/Eu* in zircon, from ~0.4 to 
~0.8. Moreover, zircon grains of Groups B and C show a sig-
nificant increase in Yb/U ratios with decreasing Gd/Yb ratios, 
and those in Group B have low ∑REE content (<550 ppm, red 
symbols, Fig. 9C). This is consistent with cocrystallization of 
minor amount of titanite with zircon in magmas in Groups B 
and C. This is supported by the occurrence of titanite pseu-
domorphs replaced by aggregates of rutile in sample Anta-PF 
from the Calipuy subvolcanic intrusion 1. In contrast, zircon 
grains from Group A have higher contents of ∑REE and Dy 
than Group B zircon grains, and do not show a clear rela-
tionship between Dycn and Ybcn/Dycn ratios (green symbols, 
Fig. 9B). In addition, Ybcn/Dycn appears to decrease slightly 
with increasing Hf (Fig 9D). These observations indicate that 
titanite did not crystallize before and during zircon crystal-
lization in magmas of Group A. Group A zircon grains are 
characterized by relatively cool crystallization temperatures, 
between 720° and 640°C for most grains (green symbols, 
Fig. 9F), independent of Hf concentrations. The data suggest 
that the parental magmas solidified at relatively constant 
temperature, and distinctly cooler than those for most Group 
B zircon grains. By contrast, Group B zircon grains record a 
larger decrease in crystallization temperatures, from ~800° to 
~620°C with increasing Hf content (red symbols, Fig. 9F), 
indicating that the magmas were saturated with zircon at high 
temperatures and zircon growth continued during the solidi-
fication of the magmas. Zircon crystallization temperatures of 
Group A are lower than zircon saturation temperatures rang-
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ing between 775° and 700°C (Fig. 12) obtained using bulk-
rock compositions (Watson and Harrison, 1983). 

Due to the intense alteration of most samples of Group 
B zircon, the zircon saturation temperature from bulk-rock 
composition was not calculated, except for the unaltered sam-
ple SN from the San Nicolas intrusion, which yields a zircon 
saturation temperature of 720°C, similar to most samples 
of Group A zircon (Fig. 12). Zircon grains from the sample 
show a wide range of zircon crystallization temperatures, from 
~810° to ~670°C, with three quarters of grains showing high-
er crystallization temperature than the zircon saturation tem-
perature of 720°C. The discrepancy of these values may be 
attributed to underestimation of aTiO2

, which is assumed to be 
0.7 for the calculation of zircon crystallization temperatures. 
However, an increase in aTiO2

 from 0.7 to 1 only decreases 
the calculated temperature by about 35°C, insufficient to ex-
plain the high crystallization temperatures of half of the zircon 
grains from the sample. Hydrothermal alteration is unlikely to 
have been the cause of the discrepancy observed in sample 
SN, as it is affected by very weak chloritization. We suggest 
that several zircon grains may have crystallized in a hot melt, 
different from the parental magma of the host rock, and were 
later incorporated into the cooler parental magma. Since zir-
con would not dissolve in a cooler magma, these zircon grains 
retained their original composition and high Ti. The inter-
pretation is consistent with the morphology of zircon grains 
from sample SN, most being subhedral in shape, and just a 
few euhedral grains with sharp crystal faces (Sample SN, App. 
2, Fig. A2-3).

Characteristics of Hualgayoc magmas based on amphibole 
composition

Crystallization of amphibole in intermediate composition 
magma requires relatively high H2O contents (≥3–4 wt %; 
Naney, 1983; Ridolfi et al., 2010). This is consistent with the 
estimated melt water contents of ~3 wt % for the barren San 
Nicolas intrusion and >5 wt % for the barren Coymolache sill 
(Fig. 10C), based on the empirical relationship between am-
phibole composition and melt water content (Ridolfi et al., 
2010). These high-water contents suggest that the parental 
magmas of the two barren intrusions were close to or satu-
rated with water during the crystallization of amphibole phe-
nocrysts at a depth of ~7 km for the Coymolache sill and ~3 
km for the San Nicolas intrusion. Longridge (2016) obtained 
melt water contents from 3 to 6 wt % for the Cerro Corona In-
trusive Complex based on amphibole composition, using the 
geothermobarometer of Ridolfi et al. (2010). 

Our data compilation (Fig. 10C) shows that melt water con-
tents decreased at lower temperatures and lower pressures, 
suggesting that magmas released aqueous fluids during cool-
ing and ascent, and these fluids likely contributed to the mag-
matic-hydrothermal activity responsible for mineralization in 
the district. The compositions of amphibole phenocrysts from 
postmineralization dikes in the Cerro Corona Intrusive Com-
plex also yield a high-water content in the melt (4.5–7 wt %) 
and high crystallization temperature (775°–975°C), indicating 
that postmineralization dikes also formed from hot, hydrous 
magma. These results suggest that all magmas in the Hual-
gayoc district were water rich, at or close to water saturation 
during hornblende crystallization, regardless of whether or 

not they were associated with porphyry- or epithermal-style 
mineralization.

Amphibole from synmineralization intrusions of the Cer-
ro Corona Intrusive Complex record an increase in oxidation 
state during cooling, from FMQ +1 at 950°C to slightly above 
FMQ +3 at about 700°C. This change is parallel to the SO2-
H2S gas buffer curve (red field, Fig. 10B), similar to the S 
gas buffer reflection of (influence on) magma oxidation condi-
tions noted by Einaudi et al. (2003) for intrusive rocks of oth-
er regions. Amphiboles from postmineralization dikes of the 
Cerro Corona Intrusive Complex (blue field, Fig. 10B) record 
a similar oxidation state as that of synmineralization intrusions 
at high temperature, although oxidation conditions approxi-
mated the rock buffer curve (Einaudi et al., 2003) at ~FMQ 
+1 during cooling. This means that the crystallized post-min-
eralization intrusions had a lower oxidation state compared 
to syn-mineralization crystallized intrusion at Cerro Corona 
(Fig. 10B). Amphibole compositions from the Coymolache 
sill and San Nicolas intrusion, both apparently barren, indi-
cate a high oxidation state, about FMQ +2 and FQM +3, re-
spectively (Fig. 10B), similar to and higher than the oxidation 
state of synmineralization intrusions of the Cerro Corona in-
trusive complex.

Magma oxidation conditions indicated by zircon

We determined the oxidation condition of magmas using zir-
con oxibarometery. A variety of zircon oxibarometers have 
been proposed (e.g., Trail et al., 2012). We chose to use re-
cently proposed oxibarometers of Smythe and Brenan (2016) 
and Loucks et al. (2020), since both are empirically proposed, 
based on many igneous rock samples. The zircon oxibarome-
ter of Smythe and Brenan (2016) requires the parental melt 
composition and water content at the time of zircon crystal-
lization. We used bulk-rock compositions as proxies for melt 
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compositions and the values of LOI as proxies for melt water 
content, as our samples contain no carbonate and little sul-
fides. The ƒO2

 was calculated on a hydrous basis, similar to the 
method employed by Kobylinski et al. (2020) for host igneous 
rocks of the Gibraltar porphyry Cu-Mo deposit. Values of ƒO2

 
calculated on an anhydrous basis, as recommended by Smythe 
and Brenan (2016), yielded unrealistically low ƒO2

 values, far 
below FMQ, for all samples. The ƒO2

 values calculated from 
zircon using this modified method of Smythe and Brenan 
(2016) returned a wide range, from ~FMQ –1 up to FMQ +3, 
although most zircon yielded values from FMQ –1 to FMQ 
+1 (Fig. 11; star symbols). Since the zircon oxibarometer of 
Smythe and Brenan (2016) is sensitive to water content in the 
melt, weakly altered samples with LOI from 1.51 to 6.28 wt %  
were used for the calculations. The samples still yielded a 
wide range in ƒO2

 values. 
The zircon oxibarometer of Loucks et al. (2020), also 

based on empirical observations, only uses the trace element 
abundances of zircon. Most zircon grains yield slightly high-
er, less dispersed ƒO2

 values than those obtained using the 
method of Smythe and Brenan (2016), with most values in 
the range of FMQ and FMQ +1.5 (Fig. 11; circle symbols); 
there is no apparent variation with decreasing crystallization 
temperatures. 

Both zircon oxibarometers yield significantly lower ƒO2
 val-

ues than the values commonly considered for magmas asso-
ciated with porphyry systems, >FMQ +1.5. Nearly all of our 
ƒO2 values based on zircon composition plot below the SO2-
H2S gas buffer curve, whereases values based on amphibole 
composition from the mineralized Cerro Corona and barren 
San Nicolas intrusion and Coymolache sill broadly follow the 
buffer curve (Fig. 10B).

Most rocks contain quartz, magnetite, and magnesian am-
phibole (Mg# >65) in the Hualgayoc district. In addition, 
titanite was likely present in several samples based on the 
presence of pseudomorphs and it is consistent with the com-
positional variation for Group B zircon grains (Fig. 9E). The 
assemblage of quartz + titanite + magnetite + magnesian am-
phibole (Mg # >65) suggest that the magmas had high ƒO2

, 
above FMQ +2 (Wones, 1989; Kohn, 2017). The ƒO2

 values 
are comparable to the estimates based on amphibole com-
positions. Our study suggests that zircon oxibarometry yields 
unrealistically low ƒO2

 values. 

Comparison of the Hualgayoc district with igneous rocks in 
the Cajamarca region

Pre-Miocene igneous rocks in the Cajamarca region are bar-
ren and primarily composed of plagioclase, amphibole, and 
pyroxene without biotite. The bulk-rock compositions are 
characterized by higher concentrations of compatible el-
ements compared to Miocene rocks (Davies, 2002). The 
change from pre-Miocene to Miocene magmatism is reflected 
by lower concentrations of Yb and higher ratios of La/Yb (Fig. 
13A) in Miocene rocks. 

Miocene igneous rocks in the Cajamarca region formed 
in response to the subduction of the Nazca plate below the 
South American plate. They include early Miocene intrusions 
(23–16 Ma) associated with the Michiquillay, El Galeno, and 
Perol porphyry Cu-Au deposits and contemporaneous bar-
ren intrusions, and late Miocene (14.5–8.4 Ma; Longo et al., 

2010) igneous rocks from the high-sulfidation Au deposits in 
the Yanacocha district (Fig. 1). Miocene intrusions are di-
oritic to granodoritic and contain amphibole ± biotite phe-
nocrysts, whereas volcanic rocks are andesite to rhyolite with 
phenocrysts of amphibole ± biotite ± clinopyroxene ± K-feld-
spar (Chiaradia et al., 2009; Longo et al., 2010). All Miocene 
igneous rocks in the Cajamarca region are similar in lithol-
ogy, mineralogy, and bulk-rock composition to those in the 
Hualgayoc district, suggesting a similar origin of the parental 
magmas. The abundant amphibole in most rocks in the region 
confirms the hydrous nature of the magmas.

All Miocene igneous rocks in the Cajamarca region contain 
between 58 and 70 wt % SiO2, low MgO (<4 wt %), low TiO2 
(<0.7 wt %), and low compatible elements, such as Ni and Cr, 
compared to pre-Miocene rocks (Davies 2002; Chiaradia et 
al., 2009). Mineralized early Miocene intrusions in the Caja-
marca region have slightly higher SiO2, >63 wt %, than most 
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barren intrusions of similar age from the Hualgayoc district. 
All have low HREE, with Yb <1.6 ppm and high La/Yb, rang-
ing from 13 to 37 (Fig. 13A). 

Early Miocene intrusions in the region have a nearly 
straight, negatively sloped normalized pattern of REE, with 
minimal MREE depletion relative to HREE (Dycn/Ybcn rang-
ing from 1.6–2.2). In contrast, igneous rocks in the Yanaco-
cha and Hualgayoc districts show a concave-upward chon-
drite-normalized REE pattern with Dycn/Ybcn ranging from 1 
to 1.5, except for one sample from the Yanacocha district with 
a value of 2 (Fig. 13B). The data suggest greater degrees of 
amphibole crystallization in middle to late Miocene magmas 
of the Hualgayoc and Yanacocha districts compared to early 
Miocene magmas. There is an overall increase in La/Yb ratios 
with decreasing Yb over time in all rocks in the Cajamarca re-
gion (Fig. 13A), reflecting depletion of HREE in magma with 
time. Older igneous rocks (14.8–13.7 Ma) in the Hualgayoc 
district have La/Yb ratio similar to early Miocene intrusions, 
<35, with most plotting in the normal arc rock field (Fig. 
13B), whereas younger igneous rocks in the Hualgayoc dis-
trict (13.7–9.7 Ma) have higher La/Yb ratio, above 20, plotting 
within the adakite-like compositional field (Richards and Ker-
rich, 2007), similar to those of igneous rocks from the Yana-
cocha district (Fig. 13B). This change in REE abundances 
suggests that garnet may have started to appear in the source 
at the time of younger magmatic activity in the Hualgayoc 
district. The increasing crust thickness during the Quechua 
orogeny, starting at 17 Ma, may have promoted crystallization 
of garnet at depth in the area (Chiaradia et al., 2009; Longo 
et al., 2010). 

Characteristics of mineralized and barren igneous rocks 

Magmas associated with large porphyry-style mineralization 
are oxidized and water rich (Ishihara, 1977; Richards, 2014), 
~FMQ +2 (Wang et al., 2014; Hattori, 2018). Data from the 
Hualgayoc district indicate that all magmas were oxidized 
(>FMQ, up to FMQ +3) and water rich (≥3 wt % H2O), re-
gardless of the association of mineralization with the intru-
sions. Therefore, these potentially fertile magmas must have 
had additional factors to favor mineralization. 

The depth of emplacement is an important factor in the 
generation of magmatic fluids, since the solubility of water in 
a magma decreases sharply at depths <5 km (Moore et al., 
1995). Ascent to this depth commonly results in saturation 
and exsolution of magmatic aqueous fluids. High-sulfidation 
epithermal deposits, such as at Tantahuatay, form at <500 to 
1,000 m below the surface (Sillitoe and Hedenquist, 2003), 
as the shallow part of a mineralized porphyry system (Arri-
bas et al., 1995; Hedenquist et al., 1998; Sillitoe, 2010). In 
the Hualgayoc district there are several Miocene faults (Be-
navides-Cáceres, 1999) trending northwest-southeast and 
northeast-southwest (Fig. 2), which separate rocks of the 
Tantahuatay Volcanic Complex from other intrusions located 
to the east. Considering the Tantahuatay Volcanic Complex 
formed at shallow depths, the eastern and southern parts of 
the study area likely now expose deeper levels of the upper 
crust. It is possible that the 14.5 Ma Cerro Corona porphyry 
deposit may have been accompanied by high-sulfidation min-
eralization at a shallower level, but it has since been eroded 
away. Equally, porphyry-style mineralization may be present 

at depth below the Tantahuatay deposit, as supported by brec-
cia fragments of porphyry rocks with potassic alteration. 

The shape and mode of occurrence of the intrusion are two 
additional, morphological features that are considered to in-
fluence the formation of a porphyry deposit (Sillitoe, 2010). 
Narrow, cylindrical phases of the Cerro Corona Intrusive 
Complex allowed magmatic-hydrothermal activity to be fo-
cused in a localized area, leading to the precipitation of metals 
at a high concentration to generate economic mineralization. 
In contrast, sills such the Coymolache sill, and relatively small 
single-phase intrusions such as Choro Blanco and Caballerisa, 
appear not to have been associated with appreciable magmat-
ic hydrothermal activity, as evidenced by the lack of significant 
hydrothermal alteration of these intrusions. This also applies 
to the San Miguel diorite, which covers a large surface area in 
the district (Figs. 2, 4), but the unit appears to be a thin sheet, 
based on recent drilling results (Kevin Heather, pers. com-
mun., 2021). Similar to the Hualgayoc district, the porphy-
ry-type deposits in the Cajamarca regions are older, formed at 
22 to 14 Ma, and more deeply eroded to be exposed, whereas 
the Yanacocha high-sulfidation deposits are younger, 13 to 8 
Ma. The exception is the porphyry Cu-Au mineralization at 
Kupfertal and contemporaneous high sulfidation Au deposit 
at San Jose Sur, both of which formed at 10.78 Ma (Longo 
et al., 2010). High-sulfidation Au deposits in the proximal 
area including San Jose, Corimayo, and Punta Negra deposits 
formed slightly after the Kupfertal mineralization (Longo et 
al., 2010).

Pre-Miocene and Miocene intrusions in the Cajamarca re-
gion had a high oxidation state, above FMQ and were water 
rich, >4 wt % H2O (Fig. 10B, C). Despite the oxidized and hy-
drous nature of the pre-Miocene magmas, they are apparently 
not associated with mineralization, unlike Miocene-age intru-
sions. These observations support our conclusion that other 
factors are also required to form a mineral deposit. 

Conclusions
Detailed U-Pb dating of zircon from intrusions in the Hual-
gayoc district indicates that magmatism occurred continuous-
ly during the Miocene period, from 14.8 to 9.7 Ma. Rocks 
with the ages from 14.8 to 14.0 Ma are mostly in the eastern 
part of the Hualgayoc district and those from 13.7 to 11.5 Ma 
in the western part. The Cerro Corona porphyry Au-Cu de-
posit in the eastern part formed at ~14.5 Ma, contempora-
neous with barren intrusions and sills of similar mineralogy. 
Volcanic rocks of the Calipuy Formation and the Tantahua-
tay high-sulfidation epithermal Au deposit formed later in 
the western part of the district. The abundances of REE in 
igneous rocks indicate that parental magmas in the district 
originated from an amphibole-bearing juvenile lower crust or 
lithospheric mantle and evolved through amphibole fraction-
ation over time. A similar mineralogy and lithology of other 
Miocene igneous rocks in the Cajamarca region suggest that 
they likely originated from similar sources.

Earlier magmatism in the Hualgayoc district is dioritic, 
with intrusions characterized by crystallization of zircon at 
low temperatures. Younger magmas are andesitic to rhyolitic 
in composition and are characterized by the crystallization 
of titanite with zircon. Amphibole and mineral assemblag-
es indicate that all magmas in the district were water rich, 
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>3 wt %H2O, and oxidized, regardless of whether or not the 
intrusions are altered and mineralized. Our results for the 
Hualgayoc district are consistent with a high-water content 
and high oxidation state of the causative intrusions being as-
sociated with mineralized porphyry systems, but these factors 
alone are not sufficient to generate porphyry and high-sulfi-
dation ore deposits, with intrusion size and morphology, local 
structure and other physical factors also being critical. This 
likely applies to other igneous rocks in the Cajamarca region 
and elsewhere in the world.
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APPENDIX 1 

Analytical Methods

A1.1 Bulk-rock analyses

Loss on ignition (LOI) was measured at the University of Ot-
tawa, using 1 to 5 g of pulverized samples after heating sam-
ples at 1,050°C for 2 h. The abundance of major elements, Sr 
and Zr, were measured using a Rigaku Supermini 200 wave-
length dispersive X-ray fluorescence spectrometer (XRF) on 
fused glass of pulverized samples mixed with lithium metab-
orate and lithium tetraborate at the University of Ottawa. Ac-
curacy obtained from measured values of certified reference 
GSP-2 is better than 99% for major elements and 95% for 
minor elements. 

The abundances of trace elements, including REE, were 
determined by Actlabs (analytical code 4LITHOS) in Ancast-
er, Ontario, Canada. Fused samples with sodium peroxide 
were dissolved in nitric and hydrochloric acids. The resulting 
solutions were diluted and analyzed using an Agilent 7900 in-
ductively coupled plasma-mass spectrometer (ICP-MS) and 
a Varian 735ES inductively coupled plasma-optical emission 
spectrometer (ICP-OES). Precision of the analysis was deter-

mined by comparing duplicate samples. Accuracy was calcu-
lated by comparing measured values to certified values NIST 
696, NCS DC86303, NCS DC86314, OREAS 101a, OREAS 
13b, OREAS 131a, GXR-1, GBW 07239, MP-1b, and CCU-
1e. Most elements show an accuracy better than 90%. Bulk-
rock compositional data are listed in Appendix 2, Table A2-2.

A1.2 Zircon analyses for compositions and U-Pb ages

Samples were crushed and separated into several size frac-
tions using sieves of 500-, 210-, 125-, and 53-µm mesh size. 
Zircon grains were concentrated from the 210- to 125 and 
125- to 53-µm fractions, using conventional magnetic and 
density techniques. Clear pink grains were handpicked un-
der a binocular microscope and mounted into an epoxy resin. 
Grains were examined under transmitted light microscope to 
check the presence of fractures and minerals inclusions such 
as apatite and plagioclase, which are common in most of our 
grains. Inclusion-free grains were examined with a cathodolu-
minescence detector attached to a scanning electron micro-
scope (SEM-CL) at the University of Ottawa MicroAnalysis 
Laboratory. Transparent zircon grains without alteration, in-
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clusions, and fractures were selected for the analysis. Zircon 
grains showing sector zoning were not selected for trace ele-
ment analysis as they have highly heterogeneous compositions 
(Hoffman and Long, 1984). SEM-CL images of analyzed 
zircon grains are shown in Appendix 2, Figure A2-3. Optical 
properties and textures of analyzed zircon are described in 
Viala and Hattori (2021).

Trace element abundances were determined at the Univer-
sity of Ottawa, using an Agilent 7700x ICP-MS coupled with 
a Photon Machines Analyte Excite 193-nm excimer laser. For 
each grain, the analysis area was located as close as possible 
to the rim in order to avoid the inclusion-rich center of the 
grains as well as potential inherited cores. Inherited cores are 
rare but easily identified due to corroded outline of the cores. 
Reference materials NIST 612, BCR, GSEG1, BCR2G, and 
GSD1G (Jochum et al., 2011), and 91500 zircon (Wiedenbeck 
et al., 1995) were analyzed for every seven unknown zircon 
samples. Contamination by minute mineral inclusions was 
monitored using 42Ca, 54Fe, 31P, 88Sr, and 139La. Analyses with 
a sharp increase in Ca, Fe, P, Sr, and La were discarded. Raw 
data were reduced using the GLITTER software (Griffin, 
2008) with NIST612 reference material as the primary stan-
dard. Trace element concentrations were obtained based on 
the count ratios of the element to 29Si and the composition of 
NIST612 (72.1 wt % SiO2; Jochum et al., 2011) and the stoi-
chiometric zircon SiO2 content (31.57 wt %). Reference ma-
terials BCR-G and GSEG were used as secondary standards, 
and 91500 and Plešovice zircon were used to validate the ana-
lytical data. The instrument set-up and analytical method are 
essentially identical to those described in detail by Kobylinski 
et al. (2020). A summary of LA-ICP-MS trace elements in 
zircon is listed in Appendix 2, Table A2-3. Detailed metadata 
for LA-ICPMS trace element analysis sessions are described 
in Appendix 2, Table A2-4.

U-Pb ages of zircon from all samples except those from the 
Cerro Corona Intrusive Complex were obtained on separate 
runs using the same Agilent 7700x ICP-MS coupled with a 
Photon Machines Analyte Excite 193-nm excimer laser. For 
each grain, the analysis area was located as close as possible to 
the rim in order to avoid the inclusion-rich center of the grains 
as well as potential older inherited cores. Contamination by 
minute mineral inclusions was monitored using 140Ce. Analy-
ses with a sharp increase in the counts of Ce were discarded. 
Data reduction and correction for instrument drift were pro-
cessed using the GLITTER software, with 91500 zircon (1065 
± 0.3 Ma; Wiedenbeck et al., 1995) used as internal standard. 
Individual zircon ages were calculated from 206Pb/238U ratio 
using the IsoplotR software (Vermeesch, 2018), a modified 
program of the original Isoplot program by Ludwig (2003). 
Standard zircon 91500 and Plešovice zircon (337.13 ± 0.37 
Ma; Sláma et al., 2008) were used as external standards for 
validation of calculated ages. LA-ICP-MS zircon U/Pb data 
are listed in Appendix 2, Table A2-5. Detailed metadata for 
LA-ICP-MS U-Pb analysis sessions are described in Appendix 
2, Table A2-4.

U-Pb ages of zircon from intrusive phases 1, 4, 5, and 6 of 
the Cerro Corona Intrusive Complex were determined with 
the SHRIMPII at the Geochronological Laboratory of the 
Geological Survey of Canada. Selected zircons were mounted 
with standards FCT (Bachmann et al., 2007), Temora (Black 
et al., 2003), and GCS 6266 zircon (Whalen et al., 2017), with 
respective ages of 28.402 ± 0.023, 416.5 ± 0.22 and 559 Ma. 
Epoxy mount was polished and coated with gold. Individual 
zircon ages were calculated from 207Pb-corrected 206Pb/238U 
ratio using the IsoplotR software (Vermeesch, 2018). The in-
strumental and analytical methods are described in Bouton-
net et al. (2012) and Whalen et al. (2017). SHRIMP zircon U/
Pb data summary is given in Appendix 2, Table A2-6.

Ages of samples were calculated from the weighted mean of 
zircon 206Pb/238U ages, using the IsoplotR software. The software 
automatically removed outlier zircon during the calculation. 
The Concordia age of samples was also plotted to identify dis-
cordant spots. The weighted mean plots, Concordia plots, and 
number of spots used for the age calculation are shown in Ap-
pendix 2, Figure A2-4. Due to the very low abundance of 235U 
in our zircon, the analytical uncertainties of the 207Pb/235U ra-
tios are very large. Therefore, we did not use the Concordia 
ages in our study. Seven weighted mean ages (sample Tan-
ta-357, Tanta-358, CNG-1, CJ, LG, Anta-8, and 25-6) out of 
25 have high MSWD, between 2.65 to 17.7 (Fig. A2-4, App. 
2), due to the large spread of zircon 206Pb/238U ages around 
the mean for these samples. As we do not have any evidence 
that any of these analyses are of zircon ante- or xenocrysts, we 
did not manually cull data to achieve an acceptable MSWD 
for these seven samples, as recommended by Spencer et al. 
(2016).

A1.3 Amphibole composition 

Igneous amphibole grains from the San Nicolas intrusion and 
the Coymolache sill were examined, using backscatter SEM 
to select three grains from the former and four from the lat-
ter. For each grain we selected areas for analysis that have 
the same shade of gray in backscatter images that seemed 
representative of the igneous composition of the grains. We 
avoided areas that showed a sign of alteration and irregular 
to patchy zoning. The compositions of each grain were quan-
titatively determined with a JEOL 8230 electron probe mi-
croanalyzer at the University of Ottawa. Analytical conditions 
included accelerating voltage of 15 kV, beam current of 20 nA, 
and a focused beam size of 5 μm. Element abundances were 
acquired using analyzing crystals LIF for Fe kα, Mn kα, PETJ 
for K kα, Ca kα, PETL for Ti kα, Cr kα, Cl kα, and TAP for Si 
kα, Mg kα, Al kα, F kα, Na kα. The standards were albite for Na 
kα diopside #1 for Ca kα, Mg kα, sanidine for Al kα, Si kα, K kα, 
hematite for Fe kα, rutile for Ti kα, tephroite for Mn kα, fluo-
rite for F kα, tugtupite for Cl kα, and chromite for Cr kα. The 
analytical procedure is essentially identical to that described 
in detail by Kobylinski et al. (2020). Amphibole compositional 
data and detailed metadata for analyses are given in Appendix 
2, Table A2-7. 




