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A B S T R A C T

The Cretaceous Mina Justa iron oxide copper-gold (IOCG) deposit in southern Perú is an important deposit in the
Central Andean IOCG mineralization belt. At Mina Justa, Stage I alteration is represented by albite-actinolite,
followed by Stage II K-feldspar-magnetite alteration. Stage III alteration is composed mainly of prismatic acti-
nolite, and Stage IV of specular hematite. In-situ SIMS sulfur isotope and LA-ICP-MS trace element analyses were
conducted on the major sulfide phases, i.e., pyrite from the magnetite-pyrite-K-feldspar alteration (Stage V) and
chalcopyrite from the Cu mineralization (Stage VI). Results show that the δ34S values of Stage V pyrite range
from −0.5 to +6.4‰, indicating that the sulfur is mainly magmatic and has possible late external fluid in-
cursion. Co/Ni (0.1 to 209) and Se/S (0.3 to 1.4×10−4) ratios show clear coupling with the δ34S values, which
is also indicative of external fluid incursion during Stage V pyrite formation. Two distinct fluid sources were
identified for Stage V: One shows magmatic affinity with low δ34S (<+2.5‰) and Co/Ni (< 1) but high Se/S
(1.2 to 1.4× 10−4), and the other shows non-magmatic fluid (e.g., basinal brine) affinity with high δ34S
(>+2.5‰, up to +6.4‰) and Co/Ni (> 10, up to 209) but low Se/S (as low as 0.3× 10−4). The Stage VI
chalcopyrite grains that did not replace Stage V pyrite have δ34S values clustering around +1.0‰, suggestive of
a magmatic-like origin. Given the low homogenization temperature of fluid inclusions (∼88 to 220 °C, mode
∼130 °C) and Ca-rich nature of the fluids in Stage VI, the ore-forming materials may have derived from the
andesitic host rocks, although derivation via mixing with magmatic fluids may have also been possible. For the
Stage VI chalcopyrite grains that replaced Stage V pyrite, both their δ34S values and trace element patterns show
inheritance of the replaced pyrite. In summary, Stage V ore-forming fluids was likely magmatic initially, with
external fluid incursion occurring later in this stage; whereas the fluids of Cu mineralization stage may have
come mainly from the external fluids that leached the andesitic wall rocks, during which the external fluids had
inherited certain sulfur isotope and trace element signatures of the pyrite they replaced.

1. Introduction

Sulfide minerals are present in many types of mineral deposits, and
their sulfur isotope compositions and trace element characteristics can
constrain the fluid and metal sources and ore-forming processes (Rye
and Ohmoto, 1974; Huston et al., 1995; Large et al., 2009; Scott et al.,
2009; Wagner et al., 2010; Ulrich et al., 2011; Zheng et al., 2013; Chen

et al., 2015). Compared to bulk-grain sulfide analysis, in-situ mi-
crobeam-based sulfide trace element and sulfur isotope analyses can
minimize inter/intra-grain contamination (especially where replace-
ment textures are common) and enable the determination of intra-grain
sulfur isotope and trace element variations (Ulrich et al., 2011; Chen
et al., 2015).

Originally defined as a deposit class following the discovery of the
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Fig. 1. Location of the Mina Justa IOCG deposit (modified after Chen et al., 2010).
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giant Olympic Dam deposit (Australia), iron oxide copper-gold (IOCG)
deposits have attracted much controversy regarding their ore genesis
and deposit modeling (Hitzman et al., 1992; Williams et al., 2005;
Groves et al., 2010; Sillitoe, 2003; Barton, 2013). Major arguments lie
in the nature and source of the ore fluids of the Cu-Au mineralization
stage, and their relationships with the (commonly earlier) Fe-oxide
hydrothermal mineralization stage (Baker et al., 2001; Marschik and
Fontbote, 2001; Sillitoe, 2003; Oliver et al., 2004; Pollard, 2006;
Benavides et al., 2007; Chen et al., 2011). Particularly, whether ex-
ternal fluid was involved in the hydrothermal system, and (if present)
contributed any Cu to the mineral system (Sillitoe, 2003; Benavides
et al., 2007; Chen, 2013; Li and Zhou, 2018).

Many important IOCG deposits worldwide are hosted in
Precambrian rocks (Williams et al., 2005), and their original hydro-
thermal characteristics are commonly variably masked by post-miner-
alization deformation and alteration. Therefore, young, undeformed
and unmetamorphosed IOCG systems represent good research targets to
resolve these metallogenic problems. Located in the South American
Coastal Cordillera, the Mesozoic Central Andean IOCG province
(Fig. 1a) is one of the world’s youngest and best developed continental
arc-related IOCG belts (Sillitoe, 2003). Different ore fluid origins have
been proposed for the Central Andean IOCG province, including mag-
matic-hydrothermal (Marschik and Fontbote, 2001; Sillitoe, 2003 and
references therein), non-magmatic (e.g., modified seawater) (Cande-
laria and Mantoverde, northern Chile; Ullrich et al., 2001; Benavides
et al., 2007), and metamorphic brine (southern Perú; Vidal et al., 1990).
Located in the Central Andes and hosted by the Jurassic upper Río
Grande Formation (Fig. 1b, c), the Cretaceous Mina Justa Cu (Ag-Au)
deposit has been assigned to the IOCG clan (Chen et al., 2010, 2011).
The deposit hosts economic Cu mineralization, has a high Fe-oxide
content, exhibits widespread sodic, calcic and potassic alterations, and
is interpreted to have formed in an extensional continental arc setting.
Seven stages of hydrothermal alteration and mineralization were re-
cognized at Mina Justa: Stage I albite-actinolite alteration is followed
by Stage II K-feldspar-magnetite alteration. Stage III alteration is com-
posed mainly of prismatic actinolite, and Stage IV of specular hematite.
No sulfide minerals are present in these early alteration stages. The
most abundant sulfides at Mina Justa are pyrite in the Stage V mag-
netite-pyrite-K-feldspar alteration assemblage, and chalcopyrite, bor-
nite and chalcocite in the Cu Stage VI mineralization assemblage. Stage
V pyrite was pervasively replaced by Stage VI chalcopyrite veins (Chen
et al., 2011), which raises the question of possible geochemical/isotopic
inheritance in the chalcopyrite (Chen et al., 2011), which affects the
determination of the sulfur source.

To better constrain the sulfide origin and genesis, to elucidate the
ore fluid evolution in the different paragenetic stages, and to identify
any possible sulfur and/or metal contribution from external fluids, we
present new in-situ SIMS (secondary ion mass spectrometry) sulfur
isotope and LA-ICP-MS (laser ablation inductively coupled plasma mass
spectrometry) trace element data on the major sulfide minerals from
Mina Justa.

2. Regional and deposit geology

The IOCG belt in southern Perú is underlain by the Paleoproterozoic
to Mesoproterozoic Arequipa Massif Formation high-grade meta-
morphic rocks, including migmatite, gneiss, schist and meta-granite
(Wasteneys et al., 1995; Loewy et al., 2004). Overlying this formation
are the Neoproterozoic (San Juan Formation) and Paleozoic (Marcona
Formation) sedimentary cover sequences (Caldas Vidal, 1978; Hawkes
et al., 2002) (Fig. 2). The Marcona Formation (1500m thick) hosts most
of the magnetite orebodies at the Marcona Fe deposit (Fig. 2) and is
overlain by thick Mesozoic meta-sedimentary/volcanic sequences,
comprising (from bottom to top) the Río Grande, Jahuay, Yauca and
Copara formations (Caldas Vidal, 1978). The Mina Justa Fe oxide Cu
(Ag-Au) (abbrev. IOCG) deposit is hosted by the upper part of the Río

Grande Formation (Fig. 2), which consists mainly of porphyritic ande-
site and andesitic volcaniclastic rocks with minor sandstone, con-
glomerate and mudstone (Caldas Vidal, 1978; Hawkes et al., 2002).

During the late Early to Late Cretaceous, the Peruvian coastal
margin had likely undergone fast and oblique subduction, which led to
widespread arc plutonism and the formation of five volcanosedimen-
tary basins in the Western Peruvian Trough (WPT) (Polliand et al.,
2005). The major two volcanosedimentary basins in the western WPT
are named Huarmey (400 km long, 80 km wide) and Cañete (300 km
long, 100 km wide), which appear separated but are in fact inter-
connected (Cobbing, 1978). The Mina Justa deposit lies on the margin
of the Cañete Basin (Fig. 1b). Deposition of the Cañete Basin likely
commenced in the Tithonian (152–145Ma) and ceased in the Albian
(113–100.5Ma), representing a total lifespan of> 32 My (up to 51.5
My) (Cobbing, 1978). The Mina Justa deposit (Stage V: 104–101Ma;
Stage VI: 99–95Ma; Chen et al., 2010) was formed during the late stage
of the Cañete Basin development. The stratigraphic sequences of the
Cañete Basin, from bottom to top, comprise shale (∼1500m thick),
limestone (∼1000m thick) and marine volcaniclastic andesite
(∼4000m thick) (Cobbing, 1978).

The widespread hydrothermal alteration in the Mina Justa area has
masked much of the primary geochemical signatures of the Río Grande
Formation andesitic wall rocks (Hawkes et al., 2002), but the same
andesite unit (unaltered) located 40 km from Mina Justa is rich in Cu
(average 400 ppm; Aguirre, 1988). NW-trending post-mineralization
andesitic dikes are widespread and comprise about 35% of the total
rock volume at Mina Justa (Fig. 3a; Chen et al., 2010). These plagio-
clase-phyric andesitic dikes have similar mineral contents to the Río
Grande volcanic flows, but K-feldspar and sericite alterations are much
weaker (Chen et al., 2010).

The Mina Justa deposit comprises the Main and Upper orebodies
(Fig. 3b). These two lensoidal orebodies contain a magnetite-sulfide
core surrounded by hydrothermal breccias that contain large
(5–50mm) angular host-rock clasts and magnetite-sulfide cement. The
hydrothermal breccias are surrounded by extensive Cu-bearing stock-
work ore. The orebodies are controlled by the NE-trending Mina Justa
fault system (Chen et al., 2010), and displaced by the NW-trending
Huaca faults and andesitic dikes. The main outcropping mineralized
body contains supergene Cu oxides and albite-K-feldspar-actinolite al-
teration. Ore mineral zoning passes progressively downward from
bornite-chalcocite-magnetite, through bornite-chalcopyrite-magnetite
to chalcopyrite-pyrite-magnetite, whilst alteration zoning around the
magnetite-sulfide orebody passes progressively outward from potassic,
through calcic to sodic. Other supergene minerals identified at Mina
Justa include chrysocolla, atacamite and hematite (Chen et al., 2010).

Our previous work had identified seven alteration/mineralization
stages at Mina Justa (Fig. 4; Chen et al., 2010 and this study):

Stage I (sodic metasomatism) led to widespread albite replacement
of plagioclase in the andesitic lavas and volcaniclastic host rocks. Stage
II (K-Fe metasomatism) is mainly represented by K-feldspar and mag-
netite but without sulfide. Stage III (Ca metasomatism) lead to forma-
tion of massive aggregates of diopside, actinolite and minor magnetite.
Stage IV minerals are dominated by specular hematite and calcite, with
the former being almost entirely replaced by Stage V magnetite
(Fig. 5a). Stage V (magnetite-pyrite) and Stage VI Cu sulfide miner-
alization contribute to the massive, lensoid and brecciated orebodies of
the Mina Justa deposit.

Stage V magnetite occurs as granular (Fig. 5b–d) or tabular (Fig. 5c)
aggregates, or as veins in some places (Fig. 5b). Stage V pyrite mainly
occurs as aggregates (Fig. 5d) or veins (Fig. 5b), and in rare occasions
some pyrite occurs in a frame of “mushketovite” (Fig. 5c). Magnetite
and pyrite grains are subhedral to euhedral and 0.5 to 10mm in dia-
meter, with pyrite grains> 1 cm locally. Pyrite was always formed in
the presence of magnetite, and the straight boundary between them
indicates that the two minerals were formed together (Fig. 5b–d).

Major Stage VI metallic minerals include Cu sulfides (e.g.,
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chalcopyrite, bornite and chalcocite) (Fig. 5e, f), sphalerite and galena.
Copper-bearing sulfides zone down-depth from chalcocite, through
bornite to chalcopyrite (Fig. 3b). These sulfides usually form veins
crosscutting earlier hydrothermal assemblages. In most cases, chalco-
pyrite occurs either as veins cutting Stage V pyrite or partially replaced
it (Fig. 5c, f). Coexistence of chalcopyrite and bornite was locally ob-
served, with local replacement of chalcopyrite by bornite (Fig. 5e).
Chalcocite and bornite typically form patches with complex vermicular
intergrowths (Fig. 14O in Chen et al., 2010).

Stage VII hematite locally developed in the upper parts of the or-
ebodies. Specular hematite veins cut Stage III actinolite and Stage V
magnetite, and Stage VII hematite replacing Stage V magnetite and
Stage VI Cu mineralization is also present.

3. Sampling and analytical techniques

Samples were collected mainly from the chalcopyrite+ pyrite
(+magnetite) and bornite+ chalcopyrite (+magnetite) mineralization
zones (Appendix).

3.1. In-situ SIMS sulfur isotope analysis

The SIMS analysis was conducted at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIGCAS) using a Cameca
IMS1280-HR. A total of 231 spots on 15 sulfide samples (13 with both
Stage V pyrite and Stage VI chalcopyrite, one with only pyrite, and one
with only chalcopyrite) were analyzed. Analytical parameters are as
follows:

Selected sulfide samples were mounted onto 25mm diameter epoxy
discs and polished. A primary 133Cs+ ion beam (∼2.0 nA current and
20 keV total impact energy) was focused at the sample surface with a
spot diameter of 15 μm. A pre-sputtering period of 20 s was applied to
remove the Au coating, and a normal-incidence electron gun was used
for charge compensation. The mass resolving power was set at ∼5000
to avoid isobaric interferences. An NMR field sensor was applied to
stabilize the magnetic field. The isotopes of 32S, 33S and 34S were
measured simultaneously by the multi-collection system and the total
analysis time for one spot was about 4min. The primary standards used
are PPP-1 (Gilbert et al., 2014) for pyrite and CPY-1 (in-house standard)
for chalcopyrite (Molnár et al., 2016). The in-house standards Py-1
(Maier et al., 2016; Molnár et al., 2016) and CPY-2 were used as the
secondary pyrite and chalcopyrite standards, respectively. The average
δ34S value we obtained on the standard Py-1 (−0.5 ± 0.3‰ (2σ);
n= 21) is consistent with the recommended value (−0.6 ± 0.6‰
(2σ); Maier et al., 2016; Molnár et al., 2016). The secondary chalco-
pyrite standard CPY-2 was analyzed by two labs using a gas mass
spectrometer, and our δ34S result (average: −1.1 ± 1.2‰ (2σ);
n= 18) is also consistent with the recommended value (−0.7 ± 1.0‰
(2σ).

Measured ratios of 34S/32S were normalized to the Vienna Canyon
Diablo Troilite (V-CDT) value (34S/32S= 1/22.6436, Ding et al. 2001),
according to the following equations and taken as “raw” δ-value
(δ34Sraw).

= − ×δ S [( S/ S)/( S/ S) 1] 100034
raw

34 32 34 32
V-CDT

The Instrumental mass fractionation (IMF) is calculated from the
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known and the measured “raw” δ-value of standard samples:

= −IMF δ S δ S34
standard-known

34
standard-raw

And the corrected δ34S values of unknown samples is calculated as
follows:

= +δ S δ S IMF34
unknown-true

34
unknown-raw

Fig. 3. (a) Geologic map of the Mina Justa IOCG deposit; (b) Cross section of B-B’ in Fig. 3a.
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The precision of the S-isotope analyses in this study, reported at the
level of two standard errors (2σ), is better than 0.3‰.

3.2. In-situ LA-ICP-MS trace element analysis and WDS mapping

A total of 53 spots of five Stage V pyrite and Stage VI chalcopyrite
samples (2 with both Stage V pyrite and Stage VI chalcopyrite, 2 with
only pyrite, and 1 with only chalcopyrite) were analyzed by LA-ICP-MS.
Before the LA-ICP-MS analysis, detailed petrographic and electron
probe micro-analysis (EPMA) were undertaken to reveal any morpho-
logical and/or isotopic heterogeneity within individual sulfide grains.
Element-distribution maps were acquired using a JEOL JXA-8230
EPMA instrument at the Key Laboratory of Mineralogy and
Metallogeny, GIGCAS. The operating conditions include an accelerating
voltage of 20 kV, probe current of 50nA and beam size of 4 μm.
Elements and X-ray lines used for the analyses are Fe (Kα), As (Lα), Ni
(Kα) and Co (Kα). The step size was 4 μm and the dwell time was set to
be 100ms for each point. The LA-ICP-MS analysis was conducted at
CODES (ARC Centre of Excellence in Ore Deposits, University of
Tasmania, Australia) using a New Wave 213-nm solid-state laser mi-
croprobe coupled with an Agilent 7500 Quadrupole ICP-MS. Detailed
analysis parameters were as described by Large et al. (2007, 2009) and
are summarized as follows. Target areas were ablated with a 47 μm
diameter spot size. The laser repetition rate was 5 Hz, and the beam
energy was maintained at about 7.2 J/cm2. Data were collected in the
time-resolved mode. The total analysis time for one spot was 90 s,
which comprises 30 s measurement of background with laser off and
60 s analysis of sample with laser on. A total of 37 elements were
analyzed.

All analyses were quantified against the STDGL2b2 standard
(Danyushevsky et al., 2011), following the procedure of Longerich et al.
(1996), and Fe was used as the internal standard. The STDGL2b2
standard was analyzed with a 100 μm beam at 10 Hz twice every 1.5 h
to monitor the instrument drift. All results were linear drift-corrected.
Mass-spectrometer drift was < 5 percent between each standard

measurement.

4. Results

4.1. In-situ SIMS sulfur isotopes

The δ34S values of Stage V pyrite ranges from −1.0 to +7‰ and
show a possibly bimodal distribution (Fig. 6a). Many pyrite samples
have homogeneous sulfur isotope compositions, but a few samples show
clear microscale variations, e.g., the δ34S values of sample DMA89-
359.3 change sharply from +0.8‰ to +4.9‰ in a< 2mm distance,
showing distinct isotopic zoning (Fig. 7a), whilst those of sample
DMA14-394.7 increase gradually from the core (+3.9‰) to rim
(+6.0‰) (Fig. 7b).

The δ34S distribution patterns of Stage VI chalcopyrite mimic those
of Stage V pyrite, but with a narrower range (−0.6‰ to +4.6‰;
Fig. 6b). Similar with their pyrite counterparts, the δ34S values of Stage
VI chalcopyrite are possibly slightly bimodal, mainly clustering be-
tween 0 and +4.0‰.

The Stage VI chalcopyrite with no apparent replacement relation-
ship with Stage V pyrite (Fig. 7c) (and generally coexisting with bor-
nite) shows no obvious δ34S variation pattern (+0.9‰ to +1.2‰)
(Fig. 7c). δ34S values of the Stage VI chalcopyrite that replaced high-
δ34S Stage V pyrite (pyrite remnants: +3.3 to +4.4‰) are also high
(+2.5 to +2.6‰; Fig. 7d), and the opposite is also true for the chal-
copyrite (+0.6 to +0.9‰) that replaced low-δ34S pyrite (pyrite rem-
nants: +1.2 to +1.5‰; Fig. 7e).

4.2. LA-ICP-MS sulfide geochemistry

The most abundant trace elements in Stage V pyrite are Co (574 to
14823 ppm, average 5241 ppm), Ni (50 to 3327 ppm, average
1172 ppm), As (90 to 1189 ppm, average 255 ppm) and Se (14 to
94 ppm, average 44 ppm; Table 1). For the isotopically heterogeneous
pyrite, the degree of δ34S variation is accompanied by similar degree of

Fig. 4. Alteration and mineralization paragenesis at the Mina Justa IOCG deposit (modified after Chen et al., 2010).
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trace element (e.g., Co, Ni, As and Se) concentration variation (Figs. 7a,
b and 8a, b). Moreover, high-δ34S pyrite tends to be Co-As richer and
Ni-Se poorer (leading to higher Co/Ni ratios) relative to low-δ34S pyrite
(Figs. 8–10). The Se/S ratios of pyrite (0.3× 10−4 to 1.4×10−4) tend
to decrease with increasing δ34S values: δ34S values increase to ca.
+1.5‰ when the Se/S ratios decrease from 1×10−4 to 0.4× 10−4

(Fig. 10a).
Intra-grain trace element (Co, Ni, Zn, As, Ag, Sn, Te, Pb and Bi)

distributions in chalcopyrite are relatively heterogeneous except for Se
(Table 2). Cobalt concentrations range from 0.3 to 1899 ppm, with the
highest concentration (sample DMA89-322.1) being associated with Co-
Ni-As-bearing inclusions (Fig. 11). Concentrations of Zn, Se, Ag, Sn, Pb
and Bi range 1 to 235 ppm, 4 to 84 ppm, 1 to 68 ppm, 0 to 41 ppm, 0.1
to 47 ppm and 0 to 10 ppm, respectively (Table 2).

4.3. Sulfide WDS mapping

Wavelength dispersive spectrometry (WDS) analysis shows certain
pyrite core-rim trace element zonation pattern: For instance, the core of

pyrite DMA89-359.3 is Co-poor and Ni-rich, whereas the rim is Co-rich
and Ni-poor (Fig. 12). Pyrite along the pyrite–chalcopyrite contact
tends to be extremely Co- and As-rich (Fig. 12). In the samples DMA89-
359.3 and DMA27-526.9, high δ34S pyrite tends to be Co-rich and Ni-
poor, consistent with the LA-ICP-MS results (Fig. 13).

5. Discussion

5.1. Ore-forming fluid source

Modeling is used here to constrain the source of sulfur and fluids for
Stage V (Fig. 6c, d). The temperatures for modeling, obtained from
oxygen isotope geothermometry of two mineral pairs (magnetite-quartz
and magnetite-apatite), were set at 570 °C (540 °C to 600 °C, Chen et al.,
2011). The fractionation between SO4

2− and H2S and pyrite-H2S pairs
are taken from Eldridge et al. (2016) and Ohmoto and Goldhaber
(1997) respectively. Most of the δ34S values of Stage V pyrite cluster
between 0.5‰ and +2‰, corresponding to the fluid H2S δ34S values of
−0.1‰ to +1.4‰ (the area between two solid black lines in Fig. 6c).

Fig. 5. Photographs and microphotographs of the Mina Justa IOCG ores: (a) Specular hematite replaced by Stage V magnetite (DMA35-507.9). (b) Stage V magnetite
and pyrite vein crosscutting altered host rocks (DMA27-366.9). (c) Stage V tabular magnetite and associated pyrite. Pyrite partly replaced by Stage VI chalcopyrite
(DMA35-507.9). (d) Stage V magnetite and pyrite (DMA45-272.6). (e) Stage VI chalcopyrite-bornite-calcite assemblage. (f) Stage V pyrite replaced by Stage VI
magnetite (DMA89-322.1). Abbreviations: Mt: magnetite. Py: pyrite. Cpy: chalcopyrite. Cal: calcite. Act: actinolite. Kfs: K-feldspar. Cv: covellite. Bn: bornite.
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Given the presence of pyrite-magnetite assemblage, the fO2 should be
moderately reduced, meaning relatively low [SO4

2−/H2S] ratios
(Bastrakov et al., 2007; Schlegel et al., 2017). Therefore, these pyrite
δ34S values are consistent with Σδ34Sfluid of around +3‰ (Fig. 6c).
However, the Stage V pyrite δ34S values vary widely from −0.4‰ to
+6.4‰, corresponding to the fluid H2S δ34S values of −1.0‰ to
+5.8‰ (the area between two dashed black lines in Fig. 6d). We
consider this wide δ34S range (especially for the heavy end) of the fluid
H2S cannot be produced by a single magmatic fluid. At the pyrite-
magnetite buffer, the fluids responsible for the heavy H2S δ34S values

(+5.8‰) should have had δ34S value of around +8‰ (Fig. 6d), which
is clearly out of the magmatic range (Seal, 2006). Therefore, we suggest
that the sulfur may have been mainly magmatic or from leaching of
igneous rocks, and the sulfides with δ34S values above +2.5‰ may
have had contribution of sulfur from heavier sulfur isotope reservoirs
(Ohmoto, 1972; Rye and Ohmoto, 1974; Seal, 2006). Here we set
+2.5‰ as a boundary for the sake of discussion, mainly because our
data are possibly slightly bimodal and +2.5‰ lies between these two
groups (Fig. 6). Combined with the sharp drop of Se/S ratios and Co/Ni
ratios higher than 1 at about +2.5‰ (Figs. 9 and 10), we believe these
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two groups probably have different sulfur sources and/or involve dif-
ferent processes.

Since seawater (or basinal water) and magmatic fluids have stable
but distinct Se/S ratios, they can provide information about the sulfur
and selenium source (Huston et al., 1995; Rowins et al., 1997). Previous
studies (Huston et al., 1995 and references therein; Seal, 2006) sug-
gested that seawater (or basinal water) has average δ34S value of
around +21‰ and mass ∑Se/∑S ratio of around 5− 25×10−8,
whereas magmatic fluids have δ34S value of around 0 ± 5‰ and mass
∑Se/∑S ratio of around 1.2− 5×10−4. Our Mina Justa pyrite data
show that the Se/S ratios also change with the δ34S values (Fig. 8a), in
which the low-δ34S (∼0‰) pyrite has high Se/S ratios (within the
magmatic range), whereas the high-δ34S (>+2.5‰) pyrite has low
Se/S ratios (in the basinal-/seawater-derived water range; Fig. 8a). The
sharp but continuous decrease of Se/S ratio at δ34S=+1.5‰
(Fig. 10a) is consistent with the presence of two fluids, either mixing or
sequentially involved within the IOCG ore-forming system.

As for the observed Se/S and sulfur isotope pattern (Figs. 7a, b and
10), possible explanations include the assimilation of sedimentary wall
rocks into the magma and/or through Rayleigh fractionation. However,
we consider neither process was likely, because (a) the deep-seated syn-
mineralization dioritic stocks at Mina Justa (Chen et al., 2010) are not
in direct contact with the sedimentary rocks in the area (Chen et al.,

2010), (b) only minor sedimentary units occur with the submarine
andesitic rocks, and (c) sedimentary wall rock assimilation would have
been most extensive in early Stage V (due to its high temperature) and
changed the sulfur isotope and trace element compositions of the early-
formed pyrite, which is not observed in our study. All the lines above
suggest that sedimentary wall rock assimilation was unlikely. Even
though Rayleigh fractionation can partially account for the observed
strongly-skewed distribution pattern, it is inconsistent with (assuming a
closed system): (1) the δ34S increase from the core to rim is coupled
with a Co increase and Ni decrease (Figs. 8 and 12), yet Co and Ni (both
compatible elements in pyrite; Loftus-Hills and Solomon, 1967; Price,
1972) contents in the fluids should be both decreasing gradually with
decreasing temperature; (2) at> 350 °C, sulfur would partition pre-
ferentially into pyrite (relative to Se), leading to a ΣSe/ΣS increase in
the fluids and thus a Se/S increase in the subsequent pyrite generation
(Fitzpatrick, 2008). Similarly, 34S is preferentially partitioned into
pyrite (relative to the fluids), leading to a δ34S decrease in the sub-
sequent pyrite generation that is not observed either in our samples
(Figs. 10 and 12). Therefore, we consider that the weak bimodal δ34S
distribution, the Co and Ni concentration variation and the Se/S pattern
are more likely led by external fluid incursion. The Mina Jusa deposit
was formed on the margin of the Cañete Basin, and the well-developed
regional fault system that cut the Río Grande Formation could have

Fig. 7. Photomicrographs of the Mina Justa ore minerals (reflected light), showing the locations (black dots) and results (numbers next to black dots) of the in-situ
sulfur isotope analysis. (a): Sample DMA89-359.3. Note the abrupt δ34S increase from +0.8 to +4.9‰ in pyrite, and the gradual increase of chalcopyrite δ34S values
in the direction of the white arrows. (b): Sample DMA14-394.7. Note the increase of δ34S values from core to rim in pyrite. (c): Sample DMA17-336.7. (d): Sample
DMA27-509.5. (e): Sample DMA89-322.1. Py: pyrite, Cpy: chalcopyrite, Mt: magnetite, Bn: bornite, Cv: covellite.
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served as pathways for the external fluid incursion.
Sedimentary pyrite commonly contains low Co and Ni (both <

100 ppm) with Co/Ni < 1 (Loftus-Hills and Solomon, 1967; Price,
1972; Large et al., 2014), and the opposite is true for magmatic pyrite
(Co and Ni both ∼1000 s ppm with Co/Ni < 1) (Loftus-Hills and
Solomon, 1967; Price, 1972; Bralia et al., 1979; Campbell and Ethier
1984). As for typical hydrothermal pyrite, the Co and Ni concentrations
and Co/Ni ratios are highly varied, although the Co/Ni ratios are

typically> 1 (up to 830) (Cook, 1996, Zhao and Zhou, 2011; Large
et al., 2014; Li et al., 2014). At Mina Justa, the Co and Ni contents of the
Stage V pyrite are commonly>500 ppm, precluding a sedimentary
origin. The wide pyrite Co/Ni range (0.2–202) (Fig. 9) that extends
across those of the various reservoirs suggest the presence of diverse
pyrite-forming fluid sources. Stage V pyrite with δ34S values below
+2.5‰ tends to have Co/Ni ratios below 1 (Fig. 9), which indicates a
possible magmatic source. In contrast, the pyrite with higher δ34S va-
lues (>+2.5‰) tends to have Co/Ni ratios above 3 (up to 113) (Fig. 9)
and may indicate an external fluid contribution. The positive Co/Ni vs.
δ34S correlation indicates the incursion of a fluid with high Co/Ni and
δ34S values into the pyrite-forming fluid system (Fig. 9). The outlier of
this trend (i.e., sample DMA27-526.9) contains low δ34S values, high
Co/Ni (Fig. 9) and varying Se/S ratios (Fig. 10a). The varying Se/S
ratios (0.4× 10−4 to 1.4×10−4) suggest external fluid incursion,
during which the Co-rich and Ni-Se-poor hydrothermal fluids may have
substantially modified the trace element composition (e.g., Co, Ni and
Se), resulting in the high Co/Ni and variable Se/S ratios obtained.

Laser ablation time-of-flight ICP-MS analyses of single fluid inclu-
sions by Chen et al. (2011) shows that: the Stage VI fluid inclusions
from calcite have lower Na (7.8 wt%), but higher Ca (2.5 wt%) and Fe
(0.6 wt%) concentrations than those of Stage V. Stage VI fluid inclu-
sions have eutectic and ice melting temperatures clustering around
−45 °C to −50 °C and −20 °C to −25 °C, respectively (Chen et al.,
2011). Therefore, Stage VI fluids are characterized by low-temperature,
high-salinity and high-Ca content, which indicate basinal brine incur-
sion during the Cu mineralization. Additionally, the oxygen and carbon
isotopes of Stage VI fluid (δ18O, average +0.1‰; δ13C, average
−8.3‰, calculated from the oxygen and carbon isotope compositions
of Stage VI calcite; Chen et al., 2011) also shows basinal brine affinity
(Longstaffe, 1987), further supporting our conclusion. Therefore, we
propose that the Stage V pyrite core (δ34S=∼0‰) was likely formed
from a magmatic-derived source (Fig. 7a), whereas the rims of Stage V
pyrite rim with higher δ34S values (Fig. 7a, b) may have formed from
external fluid (e.g., basinal brine) incursion (Chen et al., 2011).

Similar modeling was applied to constrain the source of Stage VI
ore-forming fluids. The fractionation between SO4

2− and H2S and
chalcopyrite-H2S pairs are taken from Eldridge et al. (2016) and Li and
Liu (2006) respectively. Previous fluid inclusion study (Chen et al.,
2011) showed that most homogeneous temperature data cluster around
110 °C to 170 °C, and thus we used the median value (140 °C) for the
modeling. The δ34S values of Stage VI chalcopyrite with apparent re-
placement texture mimic those of the Stage V pyrite remnants, implying
certain extent of isotopic inheritance. Consequently, δ34S values of the
Stage VI ore-forming fluids are best represented by those of the chal-
copyrite without apparent replacement texture (i.e., +0.5‰ to
+2.5‰, corresponding to the area between the two black solid lines in
Fig. 6e). Although no magnetite was observed in Stage VI, the local
coexistence of chalcopyrite-chalcocite-bornite leads us to speculate a
moderately reducing condition for the Stage VI fluid system, with si-
milar or lower [SO4

2−/H2S] ratios than that of Stage V. Under this
condition, the total δ34S value of the Stage VI ore fluids was constrained
at about +8‰ (Fig. 6e), consistent with that (+8‰) of the high-δ34S
Stage V pyrite. This indicates that the ore-forming fluids in Stage VI and
in late Stage V are basically the same, suggesting a continuous fluid
evolution history from late Stage V to Stage VI at Mina Justa.

We suggest the sulfur of Stage VI (and late Stage V) were derived
from more than one reservoir, and a binary mixing model involving
leached-igneous and basinal-derived water is used to determine their
respective sulfur contribution. According to the above discussion, we
set the leached-igneous sulfur at +4‰ and basinal water at +21‰,
yielding the contribution of leached-igneous and basinal water derived
sulfur at about 76% and 24%, respectively. The Se/S ratio of leached-
igneous derived fluids was set to be 1.4*10−4 (the highest value for
Stage V pyrite), and basinal derived fluids was set to 15*10−8 (median
value reported in Huston et al., 1995). Using the relative contribution of

Table 1
Trace element concentrations (ppm) of Stage V pyrite at Mina Justa.

δ34S Sample Co Ni As Se

−0.4 DMA27-526-Py1 7700 78 290 93
−0.4 DMA27-526-Py 2 7723 340 567 94
−0.3 DMA27-526-Py 3 8219 58 284 81
0.0 DMA27-526-Py 4 7427 50 281 91
1.5 DMA27-526-Py 5 13513 89 455 43
1.6 DMA27-526-Py 6 14648 72 397 36
1.6 DMA27-526-Py 7 12175 89 424 24
1.6 DMA27-526-Py 8 14823 71 353 36
1.7 DMA27-526-Py 9 13461 81 461 50
1.7 DMA27-526-Py 10 10434 155 457 48

1.1 DMA35-507-Py1 849 2797 453 52
1.2 DMA35-507-Py2 803 1431 531 37
1.3 DMA35-507-Py3 1202 2198 167 23
3.0 DMA35-507-Py4 5417 535 518 18
2.3 DMA35-507-Py5 2408 889 118 27
2.0 DMA35-507-Py6 262 3996 77 50
2.5 DMA35-507-Py7 7788 582 1189 28
2.8 DMA35-507-Py8 2807 1165 162 21

4.4 DMA89-359-Py1 11801 104 352 32
4.9 DMA89-359-Py2 12181 138 254 26
1.4 DMA89-359-Py3 2421 964 90 51
0.8 DMA89-359-Py4 897 2775 118 70
0.8 DMA89-359-Py5 494 2600 131 74
0.8 DMA89-359-Py6 691 3142 124 76
0.8 DMA89-359-Py7 739 3327 128 78
0.8 DMA89-359-Py8 587 3009 123 73
0.8 DMA89-359-Py9 589 2824 121 72
0.8 DMA89-359-Py10 574 2521 114 72

6.1 DMA14-394-Py1 5440 528 109 15
5.1 DMA14-394-Py2 4699 656 125 22
5.4 DMA14-394-Py3 4085 768 121 22
4.9 DMA14-394-Py4 3069 788 103 22
3.9 DMA14-394-Py5 3225 906 107 28
4.5 DMA14-394-Py6 3348 1001 102 27
5.0 DMA14-394-Py7 2827 1010 92 22
6.0 DMA14-394-Py8 3111 985 68 17
6.1 DMA14-394-Py9 3188 861 59 14
6.0 DMA14-394-Py10 3516 964 72 17
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leached-igneous and basinal derived fluids discussed above (76% and
24% for leached-igneous and basinal derived fluids, respectively), and
assuming the two reservoirs was well mixed, the chalcopyrite probably
had Se/S ratios of around 1.06*10−4 (dashed orange line in Fig. 10b),
well consistent with the average value (1.04*10−4) obtained here
(Fig. 10b). Consequently, we consider that the Stage VI ore fluids were
derived from basinal brines leaching igneous rocks, which is very likely
at isotopic and geochemical equilibrium after long reaction between the
andesitic wall rocks and external fluids under low water/rock ratio.

5.2. Sources of metals

Given that the basinal-derived fluids commonly do not contain

much Cu (< 1 ppb; Bruland, 1980), the possible Cu sources include
leaching of andesite and/or directly from magmatic fluids. According to
our model, we suggest that the basinal-derived fluids has likely attained
equilibrium both isotopically (e.g., for sulfur) and geochemically (e.g.,
for Se). Thus, we speculate that Cu can also be leached from the an-
desite host rocks. Although magmatic fluids may represent a promising
candidate for Cu source, and the absence of Cu-bearing mineral in Stage
V was probably due to high temperature which inhibits Cu sulfide
precipitation (Hezarkhani et al., 1999), the extra-long time gap be-
tween Stage V and Stage VI (about 5 My, Chen et al., 2010) indicates
that continuous Cu sulfide precipitation with temperature decreasing
was highly unlikely. Besides, fluid inclusions from Stage VI quartz were
found to contain on average ∼100 ppm Cu, but Cu was not detected in
the inclusions from Stage V quartz (Chen et al., 2011). This indicates
that, similar to sulfur, the copper of Stage VI mineralization may have
derived from the leaching of Cu-rich andesitic wall rocks (average
400 ppm; Aguirre, 1988).

Previous studies indicated that the alteration of pyrite can release
certain relatively mobile trace elements (e.g., Mo, Sb, Te, Au, Tl, Pb and
Bi) from the mineral into the later-formed minerals (Large et al., 2007,
2009). Even though the less-mobile elements (e.g., Co, Ni and As, which
form limited solid-solution series) tend to be retained in the altered
pyrite (Large et al., 2009), they would also be released into the late-
stage ore-forming fluids if the pyrite is (almost) totally replaced by
chalcopyrite (Fig. 7e). We consider that the Co, Ni and As of the ore-
forming fluids were mainly derived from Stage V pyrite, because: 1)
Stage V pyrite are rich in Co, Ni and As (Table 1); 2) Co-Ni-As-rich
mineral inclusions were only found in the chalcopyrite that (almost)
totally replaced Stage V pyrite (Figs. 7e and 11); 3) Co-Ni-As-rich mi-
neral inclusions are absent in the chalcopyrite that partially replaced
Stage V pyrite (Fig. 7a). It is noteworthy that in samples DMA35-507.9
and DMA89-359.3, Zn concentration in the chalcopyrite (average:
∼100 ppm) is much higher than that in pyrite (mostly < 10 ppm), and
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(for sample DMA89-359.3) higher Ag and Pb concentrations are also
found in the chalcopyrite (Tables 1 and 2). This suggests that the en-
richments in Zn (and/or Ag and Pb) in the Stage VI chalcopyrite were
derived from the ore-forming fluids rather than from Stage V pyrite
(Table 2). Pyrite along the contacts with chalcopyrite tends to be ex-
tremely Co-As rich but Fe poor (Fig. 12), and this only occurs where
chalcopyrite is present. This suggests that many trace elements (e.g.,
Co, As and/or Ni) in pyrite that were previously considered to be im-
mobile (Large et al., 2009) may actually be mobilized by low tem-
perature (∼130 °C) hydrothermal alteration (Chen et al., 2011).

5.3. Evolution of the ore-forming fluids

The Pacific Plate subduction beneath the western margin of the
South American Plate has likely led to arc crustal attenuation and the
subsequent ascent of deep-sourced andesitic magmas (Sillitoe, 2003).
Local extension of the converging plates resulted in many mid-Cretac-
eous volcano-sedimentary basins (Polliand et al., 2005), and the con-
tinued convergence eventually led to uplift, basin inversion, and for-
mation of the ore-controlling fault system (Fig. 1c). During early Stage
V, the pyrite-forming fluid system may have been of high temperature
and predominantly magmatic, which formed the low-δ34S pyrite with
low Co/Ni and high Se/S ratios (Figs. 6, 9 and 10). During late Stage V,
the well-developed fault system may have facilitated minor external
fluid (possibly basinal brine) incursion into the pyrite-forming fluid
system and resulted in the high-δ34S pyrite with varying Co/Ni and Se/
S ratios (Figs. 6, 7a, 9 and 10). With increasing external fluid input, δ34S
values of the Stage V pyrite gradually increased from +3.9‰ to
+6.0‰ (Fig. 7b), and trace element concentrations also changed gra-
dually (Co and As increased, and Ni and Se decreased; Fig. 8b).

At Mina Justa, the Cu mineralization temperature was relatively low
(90 °C to 220 °C, mode of ∼130 °C; Chen et al., 2011), and we propose
that the heat may have come primarily from the residual heat of past
magmatism or deep-seated plutons (Chen et al., 2010). The Cu ore-
forming fluids may have derived from basinal brine (Chen et al., 2011),
which may have resided and reacted with the andesitic wall rocks for
about 2–5 My (Chen et al., 2010; 2011), and reached isotopic equili-
brium with the andesite. During the reaction, the ore-forming fluids
may have leached metals and sulfur from the Cu-rich (average
400 ppm; Aguirre, 1988) andesitic wall rocks (Figs. 6 and 7c). At about
99 to 95Ma (Chen et al., 2010), Stage VI chalcopyrite may have re-
placed Stage V pyrite, thus inheriting part of the sulfur isotopic and
trace element signatures (Figs. 6 and 7a, d, e; Tables 1 and 2).

6. Conclusion
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Fig. 11. LA-ICP-MS signal of DMA89-322.1 chalcopyrite.
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(magnetite-pyrite) suggest external fluid incursion into the dominantly
magmatic fluid system at Mina Justa. External fluids were likely re-
sponsible for the Stage VI Cu mineralization. Sulfur was likely sourced
from the leaching of the Mesozoic andesitic wall rocks. The fluids had
likely altered and assimilated Stage V pyrite, from which Stage VI
chalcopyrite may have inherited the geochemical and sulfur isotope

characteristics, although influence of magmatic fluid mixing cannot be
excluded. Some trace elements (e.g., Zn, Ag and Pb) in the chalcopyrite
may have come mainly from the Stage VI Cu ore-forming fluids, and
other elements (e.g., Co, Ni, As, Se, Mo, Sb, Te, Au, Tl and Bi) may have
come from the pyrite they replaced. Additionally, some trace elements
(notably Co, As and/or Ni) that were previously considered to be

Fig. 12. WDS mapping of As, Co, Ni and Fe (DMA89-359.3).

Fig. 13. WDS mapping of Co, Ni and As (DMA27-526.9).
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immobile in pyrite may actually be mobilized by low temperature hy-
drothermal alteration. This study leads us to reconsider the effect of
non-magmatic fluid incursion during Cu mineralization in IOCG de-
posits, and suggests that some (precious) metals may be mobilized and
enriched via the replacement of earlier sulfides by later ones.
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