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Abstract The Marcona—Mina Justa deposit cluster, hosted by
Lower Paleozoic metaclastic rocks and Middle Jurassic
shallow marine andesites, incorporates the most important
known magnetite mineralization in the Andes at Marcona
(1.9 Gt at 55.4% Fe and 0.12% Cu) and one of the few major
iron oxide—copper—gold (IOCG) deposits with economic Cu
grades (346.6 Mt at 0.71% Cu, 3.8 g/t Ag and 0.03 g/t Au) at
Mina Justa. The Middle Jurassic Marcona deposit is centred in
Ica Department, Perti, and the Lower Cretaceous Mina Justa
Cu (Ag, Au) prospect is located 3—4 km to the northeast. New
fluid inclusion studies, including laser ablation time-of-flight
inductively coupled plasma mass spectrometry (LA-TOF-
ICPMY) analysis, integrated with sulphur, oxygen, hydrogen
and carbon isotope analyses of minerals with well-defined
paragenetic relationships, clarify the nature and origin of the
hydrothermal fluid responsible for these contiguous but
genetically contrasted deposits. At Marcona, early,
sulphide-free stage M-III magnetite—biotite—calcic amphibole
assemblages are inferred to have crystallized from a 700—
800°C Fe oxide melt with a §6'%0 value from +5.2%o to
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+7.7%0. Stage M-IV magnetite—phlogopite—calcic amphi-
bole—sulphide assemblages were subsequently precipitated
from 430-600°C aqueous fluids with dominantly magmatic
isotopic compositions (5**S=+0.8%0 to +5.9%0; &'*0=
+9.6%0 to +12.2%0; dD=-73%0 to —43%o; and 513C=
—3.3%o). Stages M-III and M-IV account for over 95% of
the magnetite mineralization at Marcona. Subsequent non-
economic, lower temperature sulphide—calcite—amphibole
assemblages (stage M-V) were deposited from fluids with
similar 5**S (+1.8%o to +5.0%o), 6'%0 (+10.1%o0 to +12.5%0)
and 5'°C (—3.4%o), but higher 6D values (average —8%o).
Several groups of lower (<200°C, with a mode at 120°C)
and higher temperature (>200°C) fluids can be recognized in
the main polymetallic (Cu, Zn, Pb) sulphide stage M-V and
may record the involvement of modified seawater. At Mina
Justa, early magnetite—pyrite assemblages precipitated from a
magmatic fluid (5°*S=+0.8%o to +3.9%o; 5'%0=49.5%0 to
+11.5%0) at 540-600°C, whereas ensuing chalcopyrite—
bornite—digenite—chalcocite—hematite—calcite mineralization
was the product of non-magmatic, probably evaporite-
sourced, brines with §**S>+29%,, §'80=0.1%0 and 5'3C=
—8.3%o0. Two groups of fluids were involved in the Cu
mineralization stage: (1) Ca-rich, low-temperature (approx.
140°C) and high-salinity, plausibly a basinal brine and (2)
Na (—K)-dominant with a low-temperature (approx. 140°C)
and low-salinity probably meteoric water. LA-TOF-ICPMS
analyses show that fluids at the magnetite—pyrite stage were
Cu-barren, but that those associated with external fluids in
later stages were enriched in Cu and Zn, suggesting such
fluids could have been critical for the economic Cu
mineralization in Andean IOCG deposits.

Keywords Fluid sources and evolution - Fluid inclusions -
Stable isotopes - IOCG deposits - Central Andes - Peru
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Introduction

Iron oxide—copper—gold (IOCG) deposits have become a
major exploration and research target in the last 30 years,
prompting extensive discussion of their salient geological
features. The extraordinary range of IOCG deposits and
resulting controversy regarding the nature, sources and
interrelationships of the ore-forming fluids has impeded ore-
genetic modelling, although several classifications have been
proposed (Williams 2010; Groves et al. 2010). Characteriza-
tion of IOCG mineralizing fluids has included conventional
microthermometric analysis of fluid inclusions in several
major deposits, including Olympic Dam (Oreskes and
Einaudi 1992) and Ernest Henry (Mark et al. 2000) in
Australia and La Candelaria in Chile (Ullrich and Clark
1999), but more sophisticated analytical techniques have been
applied only to a few examples. Thus, proton-induced X-ray
emission analyses of individual fluid inclusions have been
documented for the Starra (Williams et al. 2001) and
magnetite-dominant Lightning Creek (Perring et al. 2000)
deposits in Australia and for the Wernecke Breccia in Canada
(Gillen et al. 2004), and laser Raman spectroscopic methods
have been applied at Starra (Williams et al. 2001) and
probably IOCG-like Pahtohavare, Sweden (Lindblom et al.
1996) and Bidjovagge, Norway (Ettner et al. 1994). On the
basis of this limited database, some researchers interpret
IOCG deposits as magmatic—hydrothermal systems involving
moderate-temperature (~300—450°C), high-salinity and CO,-
rich ore-forming fluids (e.g. Xu and Pollard 1999; Pollard
2000, 2001, 2006; Fu et al. 2003). Such fluids have been
identified at Eloise (Baker 1998), La Candelaria (Ullrich and
Clark 1999) and Ernest Henry (Mark et al. 2000), in all cases
directly associated with chalcopyrite—gold mineralization;
moderate-temperature fluid inclusions were also trapped in
the pre-mineralization “ironstone” stage at Starra (Williams et
al. 2001) and Lightning Creek (Perring et al. 2000).
Nevertheless, many IOCG deposits, particularly at their Cu—
Au mineralization stages, are characterized by medium to
lower temperature (<300°C), high-salinity, Ca-rich fluids with
variable CO, contents, ascribed to non-magmatic reservoirs,
as at Olympic Dam (Oreskes and Einaudi 1992), Pahtohavare
(Lindblom et al. 1996) and Wemecke (Gillen et al. 2004;
Hunt et al. 2005, 2007). Furthermore, multisource mixing
models, involving fluids with variable temperatures, salinities
and chemical compositions, have been proposed by Haynes
et al. (1995), Williams et al. (2001, 2005), Barton and
Johnson (2004) and Hunt et al. (2005, 2007) for the Cu—Au
stage of IOCG deposits.

Stable isotope geochemistry has been used to identify
the dominant fluid source in IOCG deposits, including
those of the Olympic Dam district (Oreskes and Einaudi
1992; Bastrakov et al. 2007), Raul-Condestable (Ripley and
Ohmoto 1977; de Haller et al. 2002, 2006), Bidjovagge
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(Ettner et al. 1994), Starra (Rotherham et al. 1998; Williams
et al. 2001), La Candelaria (Ullrich and Clark 1999; Ullrich
et al. 2001; Marschik and Fontboté 2001), Lightning
Creek (Perring et al. 2000), Ermnest Henry (Mark et al.
2000; Mark and Oliver 2006), Eloise (Baker et al. 2001)
and Mantoverde (Benavides et al. 2007). However, the
major sources of sulphur and/or associated metals remain
uncertain in many examples (Williams et al. 2005) and, as
with fluid inclusion studies, interpretations of the source of
the mineralizing fluids advocate two contrasting models: a
dominance of either magmatic—hydrothermal (Pollard 2000,
2001, 2006) or external, non-magmatic fluids (Barton and
Johnson 1996, 2000, 2004) as key contribution to miner-
alization. Thus, at Ernest Henry (Mark et al. 2000; Mark
and Oliver 2006) and Eloise (Baker et al. 2001), most
calculated 5**Sqyiq values are magmatic (~0%o), whereas at
La Candelaria (Ullrich and Clark 1999; Ullrich et al. 2001;
but cf. Marschik and Fontboté 2001), Raul-Condestable (de
Haller et al. 2006) and Mantoverde (Benavides et al. 2007),
the calculated 6**Sp,;q values for Cu—Au mineralization are
much higher, which predicate external fluid involvement. In
addition, ore-forming fluids through mid-crustal fluid
mixing or metamorphism have been documented at Ernest
Henry (Kendrick et al. 2007) and Osborne (Fisher and
Kendrick 2008).

The major controversy on the genesis of IOCG deposits
therefore focuses on the nature and source of fluids
responsible for Cu—Au mineralization and their relationship
to those at the precursor magnetite stage. The Marcona—
Mina Justa deposit cluster in south-central Peru, incorpo-
rating the largest concentration of magnetite and one of the
major IOCG-type Cu deposits in the Central Andes,
provides an excellent context for comparison of the ore-
forming fluids in the Andean IOCG systems with and
without economic Cu mineralization (Fig. 1). The Marcona
iron mine has present reserves of 1,551 Mt grading 55.4%
Fe and 0.12% Cu, and annual production in recent years
has averaged 4-5 Mt of magnetite concentrates (Shougang
Hierro Perti SA., Resource Estimate of the Marcona Iron
Mine, unpublished report, 2003, in Chinese). The Mina
Justa Cu (Ag—Au) deposit, under development by Chariot
Resources and with 346.6 Mt at an average grade of 0.71%
Cu, 3.83 g/t Ag and 0.03 g/t Au, at a cutoff grade of 0.2%
Cu (Mining Journal, Nov. 24, 2006, p. 8), is located 3—4 km
northeast of the Marcona mine. The detailed geology of the
Marcona-Mina Justa district and its deposits, including
paragenetic relationships, geochronology and geothermo-
metric constrains, has been documented in Chen et al.
(2010a, 2010b). Herein, we present microthermometric data
for fluid inclusions in hydrothermal calcite from Marcona
and in quartz and calcite from Mina Justa, as well as
compositions of quartz-hosted inclusions obtained by laser
ablation time-of-flight inductively coupled plasma mass
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Fig. 1 Geology of the area surrounding the Marcona and Mina Justa deposits (modified from Rio Tinto, Marcona JV exploration report, June
2003). Insert A shows the location of the study area and B the local major fault systems

spectrometry (LA-TOF-ICPMS) analysis. These data are
integrated with stable sulphur, oxygen, hydrogen and
carbon isotope analyses to define the relative contributions
of various fluid reservoirs to the magnetite- and sulphide-
dominant assemblages of the two deposits.

District and deposit geology

The Marcona—Mina Justa district is underlain by metamor-
phic rocks of the Proterozoic Arequipa Massif, covered by
Neoproterozoic and Paleozoic sedimentary strata and, more
extensively, by Mesozoic volcanic and sedimentary rocks
which accumulated in a succession of intra- and back-arc

rift basins (Fig. 1; Atherton and Webb 1989; Hawkes et al.
2002). Granitoid rocks of the Lower Palacozoic (425+
4 Ma: Mukasa and Henry 1990; Vidal et al. 1990) San
Nicolas Batholith intruded the Lower Palaecozoic metasedi-
mentary Marcona Formation that hosts much of the
Marcona magnetite mineralization and which comprises
thermally metamorphosed siltstone, sandstone, minor
quartz arenite and limestone. The overlying Mesozoic
volcano-sedimentary sequence was intruded by the Late
Aptian (112-120 Ma: de Haller et al. 2006) Coastal
Batholith. In contrast, all Cu (Ag—Au) mineralization at
Mina Justa is hosted by the Middle Jurassic Rio Grande
Formation (Figs. 1 and 2), which is dominated by
plagioclase-phyric andesite and andesitic volcaniclastic
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Fig. 2 Geological map

of the Mina Justa Cu
deposit, hosted by the
Middle Jurassic Upper Rio
Grande Formation (modified
from Rio Tinto 1: 10,000
mapping of Mina Justa
deposit, February 2003,
unpublished report).
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units with minor sandstone, siltstone and limestone lenses
(Caldas 1978; Hawkes et al. 2002; Baxter et al. 2005).

The most important massive magnetite orebodies at
Marcona are lensoid to tabular, generally strike northeast-
erly and dip to the northwest. They are segmented by faults
(Fig. 1). Most orebodies exhibit higher Cu grades as well as
elevated total sulphide contents at shallow levels. The
megascopic forms of the major magnetite and associated
dacite bodies are interpreted as formed from comingling
intrusive oxide and silicate melts rather than through
hydrothermal replacement (Chen et al. 2010b).

Two principal arrays of Cu orebodies have been
delimited at Mina Justa, namely the main and upper arrays,
both of which are spatially associated with subparallel,
northeast-trending and shallowly southeast-dipping faults
(Fig. 2). These are 100-200 m apart and 10-200 m in
vertical extent (Baxter et al. 2005). The Mina Justa
orebodies have massive magnetite—pyrite cores surrounded
by hydrothermal breccias, comprising strongly K-feldspar/
actinolite/magnetite-altered host rock clasts in a magnetite—
sulphide matrix, and in turn surrounded by extensive
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magnetite—sulphide veining. Hypogene sulphides in indi-
vidual orebodies are zoned upwards, and locally laterally,
from pyrite—chalcopyrite to bornite—chalcocite + digenite,
with a concomitant increase in Cu grade (Chen et al.
2010a). Late-stage 20- to 50-m-wide andesitic dykes,
assigned to the Late Aptian Tunga Andesite Suite (Figs. 1
and 2), cut the orebodies at Mina Justa (Chen et al. 2010a).

Four principal fault systems are identified in the
Marcona—Mina Justa area. The oldest, Pista, normal faults
strike 295° and dip 60° northeast. The coeval or younger
Repeticion fault system, which is spatially associated with
the Marcona magnetite orebodies, comprises a series of
reverse-slip faults which strike 45° and dip 30-60°
northwesterly (Fig. 1; Chen et al. 2010a). The main
orebodies at Mina Justa are controlled by the Mina Justa
faults, with strike directions similar to those of the
Repeticion Fault system, but with shallow southeast dips
and normal displacements. The youngest (Huaca system)
normal faults strike 335° and dip 60° to the east and are
commonly intruded by the Tunga andesite dykes (Chen et
al. 2010a).
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Alteration and mineralization
Marcona magnetite deposit

Seven stages of alteration and mineralization are identified at
Marcona (Fig. 3a) and summarized herein based on the
detailed petrologic and geochronologic studies (Chen et al.
2010a, 2010b). The earliest hydrothermal alteration (stage
M-I) generated aggregates of fine-grained, 175-177-Ma-old
cummingtonite and coarse-grained, 171 Ma phlogopite
(-magnetite) in the upper section of the Marcona
Formation, immediately beneath the shallow ocean floor
during the initial eruption of the Rio Grande andesitic arc.
Stage M-Il Na metasomatism subsequently affected much of
the mine area and is represented by albite and minor Na-rich
scapolite. Stage M-III magnetite and stage M-IV magnetite—
sulphide mineralization, which together form the massive iron
orebodies, comprise a variety of opaque and gangue minerals
including magnetite, calcic amphiboles, biotite, phlogopite,
K-feldspar, calcite, apatite, diopside and sulphides. Major
mineral assemblages assigned herein to stage M-III are
magnetite—actinolite (or tremolite + phlogopite + apatite) and
magnetite—biotite (+actinolite). The main magnetite orebodies
have >10-m-wide biotite and K-feldspar alteration selvages in
metasedimentary rocks and dacites. Sulphide deposition was
initiated at stage M-IV in association with magnetite—
actinolite (or tremolite + calcite) and magnetite—phlogo-
pite (+actinolite or temolite + calcite) assemblages. The
major sulphides are pyrrhotite, pyrite and minor chalco-
pyrite, occurring commonly as subhedral to anhedral
crystals intergrown with magnetite, silicates and calcite
(Chen et al. 2010a).

In stage M-V, sulphide veins, commonly with calcic
amphibole, formed in the upper levels of the orebodies and
cut massive stage M-Il magnetite—calcic—amphibole assemb-
lages. More commonly, stage M-V sulphides and coexisting
minerals occur as aggregates in cavities in stage M-III and
stage M-IV magnetite—amphibole assemblages. Common
stage M-V assemblages include chalcopyrite—pyrite + pyrrho-
tite—amphibole and chalcopyrite—pyrite—calcite. Late-stage,
M-VII, veins developed in multiple episodes with ambiguous
age relationships and include tourmaline—quartz—sulphide,
magnetite and sulphide, quartz (+calcite), calcite and hematite
(Fig. 3a). Both stages M-V and M-VII represent post-
magnetite mineralization hydrothermal activity and contain
only minor Cu mineralization.

Mina Justa Cu deposit

Seven stages of hydrothermal alteration and mineralization are
also recognized at Mina Justa (Fig. 3b) and summarized
herein from the detailed petrological and geochronological
studies of Chen et al. (2010a). Stage J-I alteration is

represented by commonly light pink albite and green, fine-
grained actinolite replacing plagioclase phenocrysts in
andesites. Rocks affected by stage J-II K-feldspar—magnetite
alteration are megascopically massive, the K-feldspar com-
monly occurring as extremely fine-grained crystals replacing
plagioclase and the magnetite as fine- to medium-grained
aggregates interstitial to K-feldspar. Green to dark green
actinolite, assigned to a later stage J-III, generally forms
coarse, prismatic crystals which commonly occur as veins
cutting stage J-II K-feldspar—magnetite alteration zones or,
locally, as the matrix of breccias with clasts of K-feldspar/
magnetite-altered host rocks (Chen et al. 2010a). The
subsequent deposition of stage J-IV specular hematite is
revealed entirely by pseudomorphs of stage J-V magnetite,
ie. “mushketovite”, a major component of stage J-V
magnetite—pyrite alteration which generated the massive,
lensoid, magnetite bodies which localized the subsequent Cu
mineralization and are haloed by magnetite—pyrite veins and
hydrothermal breccias. Quartz occurs interstitially to magne-
tite and pyrite grains in the main magnetite bodies. Other
constituents include K-feldspar, chlorite, titanite and
fluorine-rich apatite. Stage J-VI Cu sulphide-bearing veins
locally cut altered host rocks and stage J-V magnetite—
pyrite—quartz assemblages, but, more commonly, Cu sul-
phides and associated assemblages occur in magnetite—pyrite
bodies with microscopic textures indicating the replacement
of pyrite and magnetite. The main hypogene Cu sulphides, in
order of decreasing abundance, are chalcopyrite, bornite,
chalcocite and digenite. Calcite and hematite, locally
intergrown with epidote and albite, are directly associated
with Cu mineralization (Fig. 3b).

Sampling and analytical techniques

Samples for fluid inclusion microthermometry (Tables 1
and 2) and chemical analysis (Table 3) were chosen based
on paragenetic relationships such as those illustrated in
Fig. 3 and by Chen et al. (2010a). At Marcona, emphasis
was placed on the hydrothermal system from stages M-IV
through M-VII, which followed the inferred melt-dominated
phases (M-III). Although several minerals were examined,
only calcite from stage M-IV, stage M-V and stage M-VII, and
quartz from stage M-VII were found to host fluid inclusions
amenable to analysis (Table 1 and Fig. 4a—c). At Mina Justa,
data were obtained from quartz of stage J-V and calcite of the
Cu mineralization stage (J-VI; Table 1 and Fig. 4d, e).
Microthermometry was conducted using a Linkam THMS-
G-600 heating—freezing stage (—180-600°C), calibrated
using Synflinc synthetic fluid inclusion standards (Syn Flint
Inc. 1985). The errors associated with temperature measure-
ment below 30°C and above 100°C were +0.2°C and +£2°C,
respectively.
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Fig. 3 Alteration and mineral paragenesis of the Marcona (a) and Mina Justa (b) deposits. Supergene minerals omitted

LA-TOF-ICP-MS was chosen for inclusion chemical
analysis because it has the ability to quickly analyse
numerous elements that results from the opening of a
single fluid inclusion by laser ablation. Data were collected
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using a Renaissance axial geometry LA-TOF-ICP-MS
(LECO Corporation) with 266-nm (UV) laser system under
standard operating conditions (0.9- to 1.8-mJ pulse energy,
20-Hz repetition rate, 10- to 150-um spot size). NIST 612
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Table 1 Locations and types of fluid inclusions, Marcona and Mina Justa (paragenetic stages shown in Fig. 3)

Sample no.  Location Paragenetic stage  Fluid inclusion hosted minerals  Inclusion types
MA7-23 Marcona, Mina 7 open pit; SW corner; 680 m  Stage M-IV Calcite U.O. and S; type A
(90%)+B (10%)+C
DDM4-7-4  Marcona, drill core DDM4-7; 300 m Stage M-IV Calcite U.O. and S; type A
MA2-12 Marcona, Mina 2 open pit; South side; 650 m  Stage M-V Calcite U.0.; type A+D
MA2-14 Marcona; Mina 2 open pit; South side; 650 m  Stage M-VII Calcite U.0; type A
MA3-35 Marcona; Mina 3 open pit; South side; 580 m  Stage M-VII Quartz U.O.; type A
MA45-3 Mina Justa; drill core MA45; 267.5 m Stage J-V Quartz U.O.; type A
MAS89-1 Mina Justa; drill core MA89; 322.1 m Stage J-V Quartz U.0.; type A (90%)+
B (10%)+C
MAZg9-5 Mina Justa; drill core MA89; 366.5 m Stage J-VI Calcite U.0.; type A (95%)+
B-2 (5%)
MA27-5 Mina Justa; drill core MA27; 521.8 m Stage J-VI Calcite U.O.; type A
MA17-2 Mina Justa; drill core MA17; 329.1 m Stage J-VI Calcite U.0.; type A (95%)+
B-2 (5%)

U.O. uncertain origin, S secondary

SRM glass (Hinton 1999) was used as an external standard,
and concentrations were calculated from the element ratios
via an internal standard element, Na, the concentration of
which was estimated prior to ablation by microthermomet-
ric measurement. The detection limit and error associated
with this technique are on the order of 100 ppb and <30%,
respectively (Mahoney et al. 1996; Leach and Hieftje 2001;
Balcerzak 2003). The high error is generated by calculation
of Na concentration from the measured ice melting temper-
atures. A spatial resolution of up to 10 um is attained using
the laser beam (Olivo et al. 2006). Samples were selected
for analysis based on the size of their fluid inclusions and
the potential to isolate each inclusion type. At Mina Justa,
stage J-V magnetite—pyrite—quartz veins contain the most
suitable fluid inclusions for LA-TOF-ICP-MS analysis
because of their large size, typically 8-25 pum. In contrast
to fluid inclusions in quartz, those in calcite could not be
analysed because of the contamination from host ions such
as Ca and Mg during the opening of the inclusions and the
tendency of calcite to cleave during analysis.

The selection of samples for stable isotope analysis
(Tables 4 and 5) was similarly based on detailed petro-
graphic relationships. Pyrite, chalcopyrite, pyrrhotite and
molybdenite were chosen for sulphur isotope analysis from
the Marcona magnetite—sulphide stage (stage M-IV), the
main polymetallic sulphide stage (stage M-V) and the late
vein stage (stage M-VII). In addition, sulphide and gypsum
(replacing anhydrite) samples were analysed from the Cu/
Zn-rich Mina 11, which differs paragenetically from the
other orebodies. At Mina Justa, pyrite from the magnetite—
pyrite stage (J-V), and bornite and chalcopyrite from the Cu
mineralization stage (J-VI) were selected.

Magnetite, amphibole, biotite, apatite and phlogopite from
the Marcona magnetite-rich stages (M-Il and M-IV) were
selected for oxygen isotope analysis, as well as amphiboles
from the major sulphide stage (M-V). Magnetite and amphi-
bole from Mina 11 were also selected for comparison. At Mina
Justa, magnetite, quartz and apatite from the magnetite—pyrite
stage (J-V) were selected for oxygen isotope analysis.

Hydrogen isotope analyses were conducted on stage
M-III biotite, amphibole and phlogopite; stage M-IV phlogo-
pite and amphibole; stage M-V amphibole; and stage M-11-1
amphibole from Mina 11. Fluids trapped in inclusions in three
quartz samples and released by thermal decrepitation were
analysed for their hydrogen isotopic compositions. Calcite
from the Marcona magnetite—sulphide and major sulphide
stages and the Mina Justa Cu mineralization stage IV were
analysed for carbon and oxygen isotopes.

Stable isotope analyses were performed at the Queen’s
Facility for Isotope Research (QFIR). Minerals were
extracted from a crushed and washed fraction of the sample
or by drilling. Quartz and calcite were selected by
handpicking and tested by acid for purity. Magnetite was
usually hand picked and concentrated using a magnet. The
purity of handpicked silicates was checked by X-ray
powder diffraction methods. Both handpicking and drilling
were applied on sulphide extraction, but the purity of early-
stage pyrite cannot be guaranteed due to the complicated
paragenesis at both Marcona and Mina Justa. Sulphur was
extracted online with continuous-flow technology, wherein
0.2-0.3 mg of sulphide samples was converted to SO, in a
Carlo Erba Element Analyzer NCS 2500, with CuO as an
oxidant. 5**S values are reported relative to Canyon Diablo
Troilite standard. Oxygen isotope analysis of silicates and
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Fig. 4 Mineralogical and textural relationships of fluid inclusion-
hosting assemblages from the Marcona and Mina Justa deposits.
Marcona: a Characteristically fine-grained amphibole (actinolite +
tremolite), sulphide and calcite occur interstitially with magnetite in
stage M-IV mineralization (#DDM4-7-4, drill core DDM4-7 at
415.1 m, Mina 4 orebody). b Stage M-V pyrite, chalcopyrite and
calcite occur as aggregates superimposed on stage M-III magnetite
(#MAS-3, Mina 5 open pit, 670 m, orebody). ¢ Late quartz vein, with
erratic calcite and Mn oxides, cuts massive magnetite—amphibole—
sulphide assemblages, and is in turn cut by a hematite vein (#MA3-35,

iron oxides employed the BrFs method of Clayton and
Mayeda (1963). Hydrogen isotope compositions of quartz-
hosted fluid inclusions and silicates were determined using
the methods of Kyser and O’Neil (1984). 5'%0 and 6D
values are reported relative to Vienna Standard Mean
Ocean Water (V-SMOW).

Mina 3 open pit, 580 m, south wall). Mina Justa: d Stage J-V
Magnetite—pyrite (partly replaced by chalcopyrite)—quartz veins cut
actinolite-altered andesite at Mina Justa. Actinolite is chloritized
(#MAA45-3, drill core MA45, 267.5 m). e Stage J-VI chalcopyrite—
calcite veins cut actinolite (—K-feldspar—magnetite)-altered andesite.
Microcline occurs as haloes around calcite veins and locally cuts
calcite (#MA45-6, drill core MA45, 404.2 m). Amph amphibole, Act
actinolite, Cal calcite, Cp chalcopyrite, Hm hematite, Kf K-feldspar,
Mt magnetite, Py pyrite, Qtz quartz

5'®0 and '°C values for carbonate were measured on
CO, released from 5-10 mg powdered carbonate samples
reacted with 100% phosphoric acid using the acid fraction-
ation factor of Sharma and Clayton (1965). The 5'3C values
are reported relative to the V-PDB standard and §'%0 values
to V-SMOW. All isotopes were measured using the QFIR
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Table 4 Stable isotopic compositions of minerals from Marcona

Sample Stage T (°C) 5%s 5'%0 5D 513C
MAS-9 M-IA 8.7 (cum) —62 (cum)

MAS-9 M-IB 9.4 (phl) =59 (phl)

DDM 3-3-1 M-I 800 4.4 (mt); 8.6 (amph) —67 (amph)

DDM 3-3-1 M-III 8.9 (amph) —63 (amph)

MA3-7 M-III 770 4.2 (m1); 8.0 (phi) —67 (phl)

MA3-22 M-III 700-760 3.7 (mt); 7.2 (apt); 8.9 (amph) —60 (amph)

DDM4-7-1 M-III 3.9 (mt)

DDM5-4-7 M-III 4.6 (mt)

MAS5-9 M-III 800 5.2 (mt); 8.7 (bo) =71 (bt)

MA10-4 M-III 8.3 (amph) —64 (amph)

MA3-19 M-IV 600 2.9 (mt); 9.3 (phl) =62 (phl)

DDM 3-3-1 M-IV 3.8 (py)

DDM 3-3-1 M-IV 3.7 (py)

MA3-8 M-IV 5.9 (py)

MA3-18 M-IV 3.9 (py)

DDM 4-6-5 M-IV 430 2.4 (po); 2.1 (¢p)

DDM 4-7-4 M-IV 570 1.8 (py) 13.2 (cal); 4.8 (mi) —6.0 (cal)
DDM 4-7-10 M-IV 5.7 (mt)

DDM 4-7-11 M-IV 2.4 (po)

DDM 5-4-3 M-IV 1.2 (py)

DDM 5-4-4 M-IV 3.5 (mt)

DDM 5-4-5 M-IV 2.6 (py)

DDM 5-4-9 M-IV 2.7 (py)

MAS-2 M-IV 2.3 (cp) 4.8 (mt)

MAS-9 M-IV 14.5 (cal) —7.2 (cal)
MAS-10 M-IV 1.9 (py) 12.9 (cal) —8.2 (cal)
MAI1-9 M-IV 590 4.0 (py); 3.4 (cp)

MA7-13 M-IV 9.0 (amph) —64 (amph)

MA7-23 M-IV 2.8 (py) 11.9 (cal) —5.9 (cal)
DDM 3-3-1 M-V 10.5 (amph) —60 (amph)

DDM 3-3-2 M-V 4.8 (cp)

DDM 3-3-5 M-V 9.0 (amph) —74 (amph)

DDM 3-3-7 M-V 3.6 (py) 9.6 (amph) —63 (amph)

DDM 3-3-8 M-V 0.8 (py) 9.5 (amph) —52 (amph)

MA3-8 M-V 5.0 (py) 14.2 (cal) —6.0 (cal)
MA3-35 M-V 4.6 (py) 13.7 (cal) —=5.0 (cal)
MA2-7 M-V 13.8 (cal) —=5.0 (cal)
MA2-12 M-V 360 4.7 (py); 3.6 (cp) 16.5 (cal) —5.9 (cal)
DDM 4-6-3 M-V 4.6 (py)

DDM 4-7-1 M-V 4.0 (py)

DDM 4-7-9 M-V 160 3.5 (py); 2.7 (cp)

DDM 5-4-1 M-V 8.7 (amph) —62 (amph)

DDM 5-4-2 M-V 2.1 (py) 8.9 (amph) —65 (amph)

DDM 5-4-7 M-V 9.0 (amph) —60 (amph)

DDM 5-4-8 M-V 3.0 (po)

MAS-3 M-V 4.0 (py) 18.7 (cal) —6.8 (cal)
MAS-7-2 M-V 1.8 (py)

MA7-15 M-V 4.9 (py)

DDM 3-3-3 M-VII 8.6 (mt); 14.5 (cal)® —=5.7 (cal)
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Table 4 (continued)

Sample Stage T (°C) 5*s 5'%0 3D d1C
MA3-25 M-VII 7.4 (py % cp)

MA3-35 M-VII 14.9 (qtz) —42 (qtz)°

MA2-14 M-VII 12.3 (cal) =5.1 (cal)
DDM 4-7-8 M-VII 13.1 (cal) ~7.7 (cal)
MA7-2 M-VII 13.7 (cal) —6.8 (cal)
MA91-3 M11-1 9.4 (amph) —61 (amph)

MA91-4 M11-1I 430 2.5 (py); 1.6 (cp) 4.7 (mt)

MA91-3 Early M11-V 2.4 (py)

MA91-5 Early M11-V 2.6 (mo)

MA91-6 Early M11-V 3.9 (py)

MA91-3 Late M11-V 15.8 (gy)

MA91-5 Late M11-V 14.5 (gy)

Entries in italics are mineral pairs for geothermometer

ab albite, amph amphibole, apt apatite, bn bornite, bt biotite, cal calcite, cc chalcocite, ¢p chalcopyrite, cum cummintonite, gy gypsum, moly
molybdenite, m¢ magnetite, ph/ phlogopite, po pyrrhotite, py pyrite, gtz quartz

*Magnetite and calcite in different veins

® From fluids hosted in fluid inclusions

Finnigan MAT 252 isotope ratio mass spectrometer and are
reported in units of per mil (%o). 5**S, 5'%0, 5'°C and 5D
analyses are reproducible to £0.3%o, £0.2%0, £0.1%0 and
+3%o, respectively.

The isotope fractionation factors used in this study for
the calculation of temperatures and fluid compositions are
as follows: for sulphur: pyrite—chalcopyrite (Kajiwra and
Krouse 1971), pyrrhotite—chalcopyrite (Kajiwra and Krouse
1971); for oxygen: magnetite—quartz (Clayton and Keiffer
1991), magnetite—apatite (Valley 2003), magnetite—H,O
(Bottinga and Javoy 1973), quartz—H,O (Clayton et al.
1972), calcite—H,O (O’Neil et al. 1969), amphibole-H,O
(Zheng 1993), biotite—-H,O (Bottinga and Javoy 1973),
phlogopite—-H,O (Zheng 1993); for hydrogen: amphibole—
H,O (Suzuoki and Epstein 1976), phlogopite—H,O
(Suzuoki and Epstein 1976), biotite—H,O (Suzuoki and
Epstein 1976); and for carbon: calcite—CO, (Ohmoto and
Rye 1979).

Results
Fluid inclusions

There is no clear evidence of inclusions being trapped
along growth zones in either quartz or calcite crystals from
Marcona or Mina Justa, and therefore primary fluid
inclusions cannot be identified using the criteria of Roedder
(1984) and Goldstein (2003). Many fluid inclusions are
distributed in three dimensions in host crystals without

clear crosscutting relationships (Fig. 5a) and fluid inclusion
assemblages (Goldstein and Reynolds 1994; Goldstein
2003) cannot be used to distinguish groups of inclusions
trapped coevally. These fluid inclusions are uncertain in
origin. However, similarly randomly distributed inclusions
are inferred to be primary by other authors (e.g. Hedenquist
et al. 1998; Wanhainen et al. 2003; Seedorff and Einaudi
2004; Bouzari and Clark 2006), even though their true
origin is ambiguous (Bodnar 2003; Goldstein 2003).
Locally, unambiguously secondary fluid inclusions are
trapped along microfractures cutting crystals (Fig. 5b).
Five fluid inclusion types have been defined on the basis
of phases observable at room temperature (Fig. 5c—e):
Liquid—vapour two-phase inclusions (type A), which
account for over 80% of the observed inclusions, contain
an aqueous liquid with a vapour bubble. The volumetric
liquid/vapour ratio is greater than unity in most inclusions
of this type (Fig. 5c). Type A inclusions are predominantly
spherical or irregularly shaped and <10 pum in size. All such
inclusions homogenize into the liquid phase. Liquid—
vapour—halite three-phase inclusions (type B-1) contain
liquid, a vapour bubble and a halite crystal identified on the
basis of its cubic shape, isotropism and refractive index
(Fig. 5d). Such inclusions commonly have irregular shapes
and are typically <15 pm in diameter. They generally
homogenize into the liquid. Type B-2 three-phase inclu-
sions host a daughter mineral other than halite. Some solid
phases have medium to high relief and high birefringence
and may be an iron chloride or carbonate (Fig. Se; Smith
and Henderson 2000; Bouzari and Clark 2006). Other type
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Table 5 Stable isotopic compositions of minerals from Mina Justa

Sample Stage T (°C) 5%s 5'%0 5D 513C
MA17-5 J-V 2.6 (py £ ¢cp)

MA17-6 J-V 3.4 (mt)

MA35-1 AAY 2.7 (py * cp)

MA27-2 v 2.0 (py £ cp)

MA27-5 -V 3.0 (mt)

MA27-6 -V 1.1 (py)

MAS89-1 J-V 2.7 (mt)*; 13.5 (qtz)

MARg9-2 J-vV 580 1.1 (py % cp) 2.9 (mt); 8.0 (ap?)

MAS§9-3 J-v 1.7 (py + cp)

MAS89-3 J-V 3.9 (py £ ¢cp)

MA36-1 J-V 1.6 (py =+ cp)

MAA45-2 J-V 540 1.7 (py =+ cp) 3.3 (mt); 9.0 (ap?)

MAA45-3 J-V 600 1.3 (py £ cp) 4.7 (mt); 12.6 (qtz)

MA45-4 J-V 1.6 (py) 4.4 (mt)

MAT75-2 J-V 0.8 (py £ ¢cp)

MAG64-4 J-V1 2.2 (bn + cc) 12.3 (cal) —4.4 (cal)
MAG64-5 J-VI 3.2 (bn)

MA17-1 J-VI 1.6 (bn)

MA75-1 J-VI 2.0 (bn)

MA17-2 J-VI 13.7 (cal) —6.0 (cal)
MA17-4 J-VI1 2.6 (cp)

MA17-8 J-VI 3.7 (cp £ py)

MA17-9 J-VI 3.3 (cp) 12.2 (cal) —=7.0 (cal)
MA35-1 J-VI 14.7 (cal) —6.9 (cal)
MA27-3 J-VI 2.5 (cp £ py) 14.3 (cal) —6.3 (cal)
MA27-5 J-VI 2.7 (cp £ py) 14.6 (cal) —7.2 (cal)
MAS89-1 J-VI 1.5 (cp) =40 (gt2)°

MAS89-5 J-VI 2.1 (cp) 13.3 (cal); 12.6 (ab)" —=7.5 (cal)
MAS4-2 J-VI 3.7 (cp)

MA36-1 J-VI 1.3 (cp = py)

MAA45-3 J-VI 1.7 (cp = py) —33 (qtz)°

MA45-6 J-V1 1.7 (cp) 13.1 (cal); 13.2 (ab)® —6.8 (cal)

Entries in italics are mineral pairs for geothermometer
Abbreviations of minerals as in Table 4

# Minor hematization in magnetite

® Albite is relatively late (see Fig. 3) and not in equilibrium with calcite

€ From fluids hosted in fluid inclusions

B-2 inclusions have irregular solid phases and variable
solid/fluid ratios, and probably record accidental trapping
(Goldstein 2003). Rare multiple-phase (n>3) inclusions
(type C) consist of liquid, a vapour bubble and more than
one daughter or accidental mineral, including halite, other
salts and solids. Some contain three or four solid phases
(Fig. 5f). Dark or transparent single-phase inclusions (type
D) have rounded and elliptical shapes (Fig. 5g) and show
no response to heating or freezing. They are thought to be
vapour-dominant (dark) or liquid-dominant (transparent).

@ Springer

These, especially the vapour-rich examples, are generally
larger than other types. There is no evidence for liquid CO,
or clathrates in any inclusions. Inclusion suites showing
evidence of boiling were not identified.

Marcona stage M-IV fine-grained calcite interstitial to
magnetite and sulphides (Fig. 4a) hosts many distinctly
secondary inclusions, although others are randomly distrib-
uted and have an uncertain paragenesis. The secondary
fluid inclusions are dominantly type A, but the randomly
distributed inclusions are mainly type A and type B (B-1-
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Fig. 5 Fluid inclusion types

in the Marcona and Mina Justa
deposits. a Fluid inclusions of
uncertain origin are randomly
distributed in three dimensions
(quartz from #MAR89-1, drill core
MAS9, 322.1 m, Mina Justa). b
Secondary fluid inclusions occur
along fractures, some crossing
crystal boundaries (calcite from
MA7-23, Mina 7 open pit,
southwest corner, 680 m,
Marcona). ¢ Type A: Liquid—
vapour two-phase inclusion
(quartz from #MAR89-1, drill core
MAS9, 322.1 m, Mina Justa). d
Type B-1: Liquid—vapour—halite
three-phase inclusions (quartz
from #MA89-1, drill core MAS9,
322.1 m, Mina Justa). e Type
B-2: Liquid—vapour—non-halite
solid three-phase inclusions. The
rounded-rhombic solid with high
relief and birefringence may be
either accidental or a Fe chloride
or carbonate daughter mineral
(quartz from #MAR89-1, drill core
MAR9, 322.1 m, Mina Justa). f
Type C: Multiple-phase (n>3)
inclusions. At least four solids
occur in this inclusion. The cubic,
low-relief and low-birefringence
daughter mineral is halite. The
rhombic, high-relief and high-
birefringence daughter may be a
Fe chloride or carbonate. Halite
melted at 375°C, but the other
solids had not homogenized at
the 600°C thermal limit of the
heating stage (quartz from
#MA89-1, drill core MAR9,
322.1 m, Mina Justa). g Type D:
vapour (dark) fluid inclusion
(calcite from MA2-12, Mina 2
open pit, south side, 650 m,
Marcona)

dominant), with a few type C and type D examples
(Table 1). Stage M-V coarse-grained calcite (Fig. 4b),
however, has no extensive fractures and hosts fluid
inclusions which are mainly type A and randomly distrib-
uted in three dimensions. Stage M-VII quartz and calcite
crystals have no extensive fractures, and the type A fluid
inclusions are commonly randomly distributed or isolated,
with an uncertain paragenesis.

At Mina Justa, stage J-V quartz crystals, which are
pervasively fractured and occur interstitially to magnetite
and pyrite, host mainly type A inclusions, with some type B
and a few type C. Fluid inclusions in calcite—sulphide veins
from the J-VI Cu mineralization (Fig. 4¢) are randomly

distributed in three dimensions. Most of these fluid
inclusions are type A, whilst the remainder are type B-2
(Table 1).

Microthermometric data representative of host minerals
from most alteration—mineralization stages at Marcona and
Mina Justa are summarized in Table 2. At Marcona, the
majority of type A fluid inclusions in stage M-IV calcite
exhibit homogenization temperatures (7},) of between 73°C
and 193°C (Table 2), most falling between 100°C and 140°C
(Fig. 6). Secondary type A fluid inclusions from stage M-IV
have a similar 7}, range and distribution, as do inclusions in
calcite from stage M-V and in quartz and calcite from stage
M-VII veins (Fig. 6). The similarity in the 73, of inclusions

@ Springer



690

Miner Deposita (2011) 46:677-706

Marcona
5 0 10
Marcona Stage M-IV s Marcona Stage M-IV Marcona Stage M-IV
Type A, uncertain origin 16 Tvpe A, uncertfain origin 5 Type A, uncertain origin
4 20
2
L] 15
B
1
L]
4
2
® 30 50 100 120 140 160 180 200 220 240 250 280 300 520 34D 360 350 400 05 -5 -0 65 60 55 -50 ~45 40 -5 -30 25 20 <15 10 o
45 20 30 -
0 Marcona Stage M-IV 18 Marcona Stage M-IV Marcona Stage M-IV
5 Type A, secondary 16 Tyoe A, secondary i Type A, secondary
a0 14 0
-3 12
20 10 15
B
15 10
1 4 5
5 2 % -
¢ 60 B0 100 120 140 160 180 200 220 240 260 280 300 320 M40 360 380 400 ! 80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 ~15 -0 ’ 50 45 40 35 30 25 0 15 10 5 o
15 0 a0
40 Marcona Stage M-V 15 | Marcona Stage M-V Marcona Sicge_M-V _
35 Type A, uncertain origin 16 | Type A, uncertain origin 1 Type A, uncertain origin
w0 Lo 20
12
25
10 15
0
8
15 1 1o
" N 2
. 2
N ' & B0 100 120 140 160 180 200 220 240 260 230 300 320 340 360 380 400 . 80 75 -T0 65 -60 8% -%0 45 40 -3§ a0 -25 20 1] 10 » -50 -45 -40 -35 -30 et 11 -20 -15 -0 -5 o
45 20 r 30
40 Marcona Stage M-Vl 1} Marcona Stage M-Vl Y Marcona Stage M-VIl
5 Type A, uncertain origin 16 ' Type A, uncerfain origin i Type A, uncertain origin
» M} 20
5 e | s
0 10

w5 &
e . om

P L
60 B0 100 120 140 160 1E0 200 220 240 260 280 300 320 340 360 380 400 80 -75 -7 -65 -60 -55 -50 45 -40 -35 <30 25 20 ~I15 ~10

Mina Justa

Mina Justa Stage J-v 30

Mina Justa Stage J-V

lo L
0 " i |
50 45 40 35 30 25 20 15 =10 5 L]

Tvpe A, uncertain origin Type A, uncertain origir

18} Mina Justa Stage J-V
16 | Tvpe A, uncertain origin
11
12
1
B
L]
4
2 —‘
o
20 15 10 5 o

L 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 350 380 400 i 50 15 40 35 0 25 80 -75 -70 -6 -60 -55 -50 -45 -40 =35 -30 -25 -20 -I5 lOI
| 2 Mina Justa Stage J-V .
na Justa Stage J-I
| Mina Justa Stage J-VI 10 s A o rgfn i 18 Mina Justa Stage J-VI
Type A, uncertain origin 2 2 ¥ Type A, uncertain origin
5 1
wl
20 12
304 1
15 8
21 10 B
1
10
i | | 2
L) 0 o
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 -50 -46 =40 -3§ -30 -28 -20 -1 -10 -8B [ -80 -78 -70 65 -80 -B5 <50 45 -40 -35 -30 -8 -20 -15 -10
L=} a o
T("C) ) Trice) (°C)

Fig. 6 Histograms of homogenization temperatures (7,), eutectic temperatures (7,) and ice melting temperatures (Tpmice)) for fluid inclusions in

minerals from various paragenetic stages from Marcona and Mina Justa

hosted by mineral assemblages of different mineralization
stages implies that all or most of the type A fluid inclusions
of uncertain paragenesis in stage M-IV calcite represent
fluids trapped at later stages. Trapping of late fluids may also
be recorded by inclusions in stage M-V minerals, although
no unambiguously secondary inclusions were identified in
calcite from this stage. However, the rare higher temperature
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(T,=220-320°C) type A inclusions occur only in stage M-V
calcite (Fig. 6).

Type A fluid inclusions of uncertain paragenesis in stage M-
IV samples have eutectic temperatures (7;) between —77.3°C
and —28.6°C (Table 2), with modes at —65°C, —50°C and
—30°C (Fig. 6). Their ice melting (Tince)) temperatures range
from —52.2°C to —3.1°C, with at least three modes, i.e.
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—10°C, —25°C and —40°C (Fig. 6). Secondary type A in-
clusions in stage M-IV have similar 7, and T,ce) (Fig. 6),
further supporting the secondary paragenesis of the other
inclusions. The major 7; and 7Tiyc) modes of inclusions in
stage M-V all appear in stage M-IV inclusions (Fig. 6), but
extremely low T; (=65°C) and TiyGicey (—40°C) values occur
only in stage M-IV hosts. Type A (paragenesis uncertain) fluid
inclusions in the late veins of stage M-VII have eutectic and
ice melting temperatures between —57.5°C and —8.6°C and
—32.9°C and —3.9°C, respectively (Table 2). Both T, and T;,
(ce) are bimodal and differ from those for stage M-V fluid
inclusions which show a T;, peak of —35°C and a Tyce) peak
at —20°C (Fig. 6). However, the possibility that stage M-V
calcite trapped low-temperature fluids from stage M-VII
cannot be excluded.

Type B fluid inclusions occur only in stage M-IV
samples. Of these, type B-1 inclusions have homogeniza-
tion temperatures between 117°C and 220°C (Table 2), with
apparent peaks at 120°C and 200°C. In contrast, type B-2
fluid inclusions, as with both uncertain origin and clearly
secondary type A inclusions in stage M-IV (Table 2), have
a single peak at 120°C. Consequently, type B-2 and low-
temperature type B-1 inclusions are interpreted as second-
ary, but they are not identified in the subsequent stages
M-V and M-VII. The high-temperature (200°C) peak in type
B-1 populations may be evidence for another distinct fluid,
either a primary stage M-IV fluid or a high-temperature fluid
trapped during stage M-V (Fig. 6). First ice melting in type
B-1 fluid inclusions occurred at —43.1°C to —65.3°C
(Table 2), indicating the presence of Ca or Mg + Fe.

On the basis of geological relationships described by
Hawkes et al. (2002), a lithostatic pressure of 1.5-2 kbar,
estimated from the overlying 4- to 5-km-thick Rio Grande
Formation and part of the underlying Marcona Formation
(0—1 km), can be inferred for the Marcona magnetite-rich
stages (M-III and M-IV). Such pressures entail a correction
of approximately 100°C in the estimation of entrapment
temperature for the fluid inclusions (Bodnar 2003). There-
fore, at Marcona stage M-IV, a highest entrapment
temperature of ~300°C is estimated from the plausibly
primary fluid inclusions (type B-1, 7,<220°C) hosted by
calcite. Although with considerable uncertainty, such
temperatures are much lower than those of 430-600°C
indicated by sulphur and oxygen isotope geothermometers
for this stage (Chen et al. 2010b), which suggests that type
B-1 may not represent the stage M-IV primary fluid.
However, the temperatures indicated by sulphur isotope
geothermometry for stage M-V range from 160°C to 360°C
(Chen et al. 2010b), broadly in agreement with the
homogenization temperatures of fluid inclusions, which
cluster at 120°C with a maximum of 320°C (Table 2 and
Fig. 6), indicating a pressure correction for entrapment
temperature of <50°C for this stage.

Ty, T, and Tpnicey data for stage M-V hosted inclusions
(all type A with uncertain origin) are plotted in Fig. 7.
About 90% of the inclusions have low homogenization
temperatures (<200°C) but a wide 7. range, suggesting
complex fluid compositions (Goldstein and Reynolds 1994;
Fig. 7). On the basis of known stable and metastable
eutectic temperatures and observed 7, ranges for various
aqueous brine systems (Davis et al. 1990; Goldstein and
Reynolds 1994; Baldassaro and Bodnar 2000), the low-
temperature fluids may be assigned to Na-rich, Mg/Fe-rich
and Ca-rich populations, with Mg/Fe-rich compositions
predominating (Fig. 7). The major cations identified from
the 7, data are in permissive agreement with the main stage
M-V mineral assemblage, i.e. Ca/Mg-rich amphibole +
calcite + Fe—Cu sulphides (Fig. 3a). This complex fluid
system also exhibits a wide Tpncey Tange (Fig. 7), which
plausibly indicates a mixture of fluids with varied salinities.
Na-dominant fluids, poor in Mg, Fe and Ca, have generally
low salinities, whereas the Ca-rich fluids are commonly
highly saline and Mg/Fe-rich fluids exhibit both low- and
high-salinity populations (Fig. 7). Fluids with moderate
salinities are inferred to be products of the mixing of such
end-member fluids. Consequently, at least four groups of
low-temperature fluids can be recognized in stage M-V,
viz., Na-dominant with low salinity, Mg/Fe-rich with low
salinity, Mg/Fe-rich with high salinity and Ca-rich with
high salinity. Fluids with relatively high homogenization
temperatures, i.e. >200°C, observed only in stage M-V
calcite, also exhibit wide ranges of composition and salinity
(Fig. 7). The limited data, however, preclude the identifi-
cation of distinct fluid populations.

Type A fluid inclusions of uncertain paragenesis in
quartz from the magnetite—pyrite stage (J-V) at Mina Justa
have homogenization temperatures ranging widely from
57°C to 374°C (Table 2), with a mode at 140°C (Fig. 6).
Fluid inclusions in calcite of the subsequent stage J-VI have
T, values between 87°C and 198°C (Table 2), but again
with a 140°C mode (Fig. 6). Eutectic and final ice melting
temperatures for both stages J-V and J-VI are characterized
by a comparably wide range (Fig. 6). These similarities, as
well as the extensively developed fractures in stage J-V
quartz, strongly suggest that most type A fluid inclusions in
stage J-V quartz are secondary, trapped during the
subsequent Cu mineralization. Consequently, the low-
temperature inclusions hosted by both stage J-V quartz
and stage J-VI calcite may represent the fluids responsible
for J-VI Cu mineralization. In contrast, the sparse type A
inclusions in stage J-V quartz with high 73, (200-380°C;
Fig. 6) are unlikely to represent stage J-VI fluids and may
have been trapped at the stage J-V magnetite—pyrite
alteration stage. Type B-1 and type C fluid inclusions,
which occur only in stage J-V quartz, have homogenization
temperatures of between 123°C and 400°C (Table 2), the

@ Springer



692 Miner Deposita (2011) 46:677-706
Marcona Stage M-V Mina Justa Stage J-VI .
3 . o_
4 LowT,| High T, Te['C) LowT, [HighT,
=i0 ! Kel | 0 . i ket « Wy
. 1 .
20 + 3 L. . 20 + | NaC Il Ed
P = voulls 2 P o 58 8
—_ =30 [N - 2 Mac an = 30 : nagk Mg j
- L o * Farl NaCi + MgCl; gy
N e e aw T TR T e el
e [+ - - y A0 — +
o o T PR : o by -
= 50 + : - cocl| Cgl 0 = 50 * ? I % Codl, 50
o3 o i Eagt s (LA | ey cog | -
&0 2 = NaCl+ MgCl, +Cacl, ] -60 $ e ¥ .‘ NOCI+MgCl,+ Codl, 0
Metastable l‘. . P I Observed 1, range 5 | metasiabie hhad I Observed 1, range -
-70| (Ca,Mg-rih) o ’ <101 camg-ncn)y * 0‘ i
4 /EnA Vet MAINTGEE Taniga * I Observed metasiable ange 18
0y 50 100 150 200 250 300 350 400 80,y 50 100 150 200 250 300 350 100
Th (°C) Th (°C)
Low Salinity | Medium Salinity]  High Salinity Te(°C) ;O:T i Medium High Salinity Te (C)
-10 10 f Salinity | Salinity K™
- + 15
20+ % & 25 20 ¢ Na [
T - Na| = ¢ . an
—_— =30 = wry = ) £y = M e
8] 3 - Y . a8 @ . v . | a8
5 an ot * |o% 31 B et o ‘; -40 . + Feum .
- 45 1 45
& -50 - » .t "0 " .’ c s T -8 " “3 ? t 0‘. *
- . - + 55
i Matastab! * * * :: -60 * F B i
otastable .
-80 ol ‘ ‘ : 5
-5 -10 -15 -20 -25 -30 -35 -10 80y 10 20 a0 40 50 60
L7
Tmiice) (*C) Tmiice) (°C)
. : 5 =
“ Low Salinity Low T,[High T, Low Salinity ” Low T, HighT,
& 6 YT AR ; . ool
idkead . i et 4
— "I edium ,.,' et T Medium R -
O 5 salinity ol o Salinity oFe
= - "&.0 . . = 4 '.
T -20 f . . § -25
] High Salinity _ &, ~ . . ¥ g High Salinity * "} e s
-25 . ? .
£ . E s i
-30 'S A
45 N
-35 | .
40 ) . . . . - . . ! -55 - - -
0 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 100
Th (°C) Th (°C)

Fig. 7 Relationships among T, TpnGice) and 7y, for fluid inclusions of
the Marcona main sulphide stage (M-V) and Mina Justa Cu
mineralization stage (J-VI). The eutectic temperatures of systems with
different components are indicated. The observed T, ranges of the
systems NaCl-CaCl,—H,0 and NaCl-MgCl,—H,0, and the observed
metastable 7, ranges of the systems NaCl-H,O and NaCl-MgCl,—
H,0 are shown in 7;, vs. T, space. Lower and higher temperature

majority exceeding 200°C, indicating that most of the type
B-1 (and C) inclusions could be related to the high-T;, type
A population, representing primary fluids trapped during
stage J-V. Type B-2 inclusions, occurring in both stage J-V
quartz and stage J-VI calcite, have low T; values with a
mode at 140°C, similar to those for type A inclusions.
The entrapment pressure for the ore-forming fluids at
Mina Justa is uncertain because no boiling fluid inclusions
are identified and the stratigraphic load is uncertain.
However, on the basis of the pervasive hydrothermal
brecciation in the orebodies, the coarse-grained quartz and
calcite crystals and the large fluid inclusions (up to 30 um),
a near-surface and hence low-pressure environment is
probable and the pressure correction for 7j, is probably
minor. The maximum 7} determined for the magnetite—
pyrite stage (stage J-V) is ~400°C, evidence for an
entrapment temperature of at least that value. The temper-
atures inferred from oxygen isotope geothermometry for
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populations are divided at 200°C on the basis of homogenization
temperatures. Low-, medium- and high-salinity inclusions are
differentiated on the basis of final ice melting temperatures
(Tmgicey) (0°C to —10°C, —10°C to —20°C and less than —20°C,
respectively). The histograms of the 7, populations, with inferred
dominant cations (see text), are shown on the right

this stage range from 540°C to 600°C (see Table 5),
requiring a pressure correction equivalent to <1 kbar
(Bodnar 2003), consistent with the inferred shallow ore-
forming environment. The maximum 7} for the later Cu
mineralization stage (stage J-VI) is <200°C and most 7}
measurements cluster around 140°C, accepted herein as
approximating the entrapment temperature.

The Cu mineralization stage (J-VI)-hosted fluid inclu-
sions (mostly type A with a few type B-2) also exhibit
eutectic and ice melting temperatures clustering around
—45°C to —50°C and —20°C to —25°C, respectively (Fig. 6),
which is evidence for a significant Ca content and a high
salinity. “Browning” or “orange peel” development (see
Goldstein and Reynolds 1994) were commonly observed at
the eutectic temperature. Such features were identified in
the Olympic Dam deposit by Oreskes and Einaudi (1992)
and at Eloise by Baker (1998), where they were also
accepted as evidence for Ca-rich ore-forming fluids.
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However, the extremely low T, values (less than —50°C)
recorded herein for many fluid inclusions may represent
metastable phenomena, which are prevalent in the system
H,0-NaCl-CaCl, (Davis et al. 1990). Ca-rich fluids thus
apparently dominated the Cu mineralization stage at Mina
Justa (Fig. 7). At least two groups of stage J-VI fluids can
be identified, viz., Ca-rich with a low temperature and high
salinity (stage J-VI-1 in Table 3) and Na (—K)-dominant
with a low temperature and low salinity (stage J-VI-2 in
Table 3). Other inclusions may record the mixing of these
two groups (Fig. 7).

Laser ablation time-of-flight ICPMS results

LA-TOF-ICPMS data were obtained for 31 fluid inclusions
hosted by Mina Justa stage J-V quartz. Some major and
trace element concentrations have been shown in Table 3.
Four type B-1 fluid inclusions with relatively high

Fig. 8 a LA-TOF-ICP-MS data 1000000 -
for average cation concentra- a
tions in fluid inclusions of the
Mina Justa Cu ore-forming fluid
(stage J-VI-1: low-temperature,
high-salinity and Ca-rich) and
the stage J-V primary fluid. R
value indicates stage J-V/stage
J-VI-1 ratio. b Comparison of
elemental concentrations in the
Mina Justa Cu ore-forming fluid
(stage J-VI-1) and in inferred
meteoric water (stage J-VI-2:
low-temperature, low-salinity
and Na-rich). R value indicates
stage J-VI-2/stage J-VI-1 ratio

Stage J-V (magnetite stage) fluid (ppm)

homogenization temperatures (313—400°C), such as those
which occur only in stage J-V quartz crystals, may
represent the primary fluids of the Mina Justa magnetite
stage, have high average concentrations of 11.3 wt.% for
Na, 1.2 wt.% for Ca and 0.4 wt.% for Fe, in addition to
significant B (0.1 wt.%), Ni (169 ppm), Zn (126 ppm) and
Ba (107 ppm). In contrast, the ore metals, Cu and Pb, are
not detected and are 39 ppm, respectively (Table 3). In
comparison, stage J-VI fluid inclusions, interpreted as
representing the low-temperature, high-salinity and Ca-
rich fluids associated with Cu mineralization (stage J-VI-1
in Table 3 and Fig. 8a), have lower Na (7.8 wt.%) and
higher Ca (2.5 wt.%) and Fe (0.6 wt.%) concentrations.
They also contain measurable Cu (average of 100 ppm), Zn
(483 ppm), Pb (105 ppm) and Mo (129 ppm; Table 3 and
Fig. 8a). One low-temperature, low-salinity, and Na/K-
dominant fluid inclusion from stage J-VI (Table 3 and
Fig. 8b) has much lower contents of Cu and Fe. These data
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strongly suggest that whereas the stage J-V fluids and the
probably meteoric fluid involved in stage J-VI were Cu-
barren, Cu, Zn, Pb and Mo are markedly concentrated in
the stage J-VI low-temperature, high-salinity and Ca-rich
fluid.

The LA-TOF-ICP-MS data (Table 3) suggest that
although the Na/Ca ratios in stage J-VI Cu mineralization
fluid inclusions vary markedly from 1.2 to 24.1 (n=26), the
majority are below 5.0. In contrast, the Na/Ca ratios
estimated from the melting temperature of hydrohalite
(Tyn, Table 2) and the ice melting temperature in the system
H,0-NaCl-CaCl, (Oakes et al. 1990) are less than unity,
with most below 0.5. Such low estimates may result from
the imprecision of 7};, measurement, but other cations (e.g.
Fe, Zn, Mn, etc.) in the fluids may invalidate the estimation
of Na/Ca ratios based on the system H,O-NaCl-CaCl,.

Figure 9 illustrates the correlations of Na, Ca and Cu
with other cations revealed by the TOF data for the Cu
mineralization stage J-VI inclusions. Na has a negative or
no correlation with most other cations (Fig. 9a, b). Ca is
negatively correlated with Na (Fig. 9a), but has a positive
correlation with Cu and Zn (Fig. 9c, d). Cu also has a
positive correlation with Zn and Co (Fig. 9e, f), in
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agreement with the occurrence of sphalerite and carrollite
in the Cu-rich assemblages. However, the concentration of
each element in contiguous stage J-VI fluid inclusions is
variable.

Stable isotope geochemistry

Sulphur, oxygen, hydrogen and carbon isotopic composi-
tions are shown in Tables 4 and 5, incorporating temper-
atures estimated from S and O isotope geothermometry.

Sulphur isotopic compositions of minerals
and hydrothermal fluids

The &°*S values of Marcona stage M-IV sulphides,
intergrown with magnetite, amphibole and trioctahedral
micas, range from +0.8%o to +5.9%o (Table 6), with a mode
at approx. +2%o (Fig. 10a). The 5**S values of Marcona
stage M-V sulphides, commonly coarse-grained and asso-
ciated with calcite and amphibole, are more restricted,
varying from +1.8%o to +5.0%0 and clustering near +5%o
(Table 6 and Fig. 10a). One late vein stage (M-VII) pyrite
has a 5°*S value of +7.4%o (Table 6 and Fig. 10a). 5**S
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Fig. 9 Inter-element correlations based on all TOF data from Mina Justa stage J-VI. Na versus cations (a and b), Ca versus cations (¢ and d), Cu

versus cations (e and f). » represents correlation coefficient
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Table 6 Summary of sulphur isotopic composition of minerals and ore-forming fluids

Marcona®

Magnetite—sulphide stage (M-1V)

+0.8%o0 to +5.9%o (n=16)

430-600°C

py-cp and po-cp 634chui1; mt-cal 61800(1”11

34
8 Ssulﬁdes

Estimated temperature

fo, indicator

34 34
A=8""Sp25~8""Stia
34
8" Siuia

Mina Justa

Pyrrhotite
0%o
+0.8%o to +5.9%o

Magnetite—pyrite stage (J-V)
+0.8%o0 to +3.9%0 (n=13)

540-600°C
mt-qtz and mt-ap 5180cquil

34
8 Ssulﬁdes

Estimated temperature

Polymetallic sulphide stage (M-V)
+1.8%0 to +5.0%0 (n=17)
160-360°C

py-cp and po-cp 8**Scqui

Late vein stage (M-VII)
+7.4%0 (n=1)
70-170°C

Fluid inclusions
Pyrrhotite

0%o

+1.8 to +5.0%0

Hematite or hematite/magnetite
Greater than or less than —30%o
>37.4%0

Cu mineralization stage (J-VI)
+1.3%o0 to +3.7%o0 (n=16)
88-220°C

Fluid inclusions

fo, indicator Magnetite—pyrite Hematite

A=5>*Sis— 8> *Squid 0%o Greater than or less than 28%o
5**Suia +0.8%o to +3.9%o >29.3%0

25 S values of Mina 11 sulphides and sulphates not included (see text). Abbreviations as in Table 4

values of sulphides from Mina 11 fall into the ranges shown
by the other Marcona orebodies (Table 4). Two gypsum
samples recording supergene alteration of the Mina 11
anhydrite—sulphide stage (M11-V) have &**S values of
+14.5%0 and +15.8%e.

At Mina Justa, pyrite from the magnetite stage (J-V) has
5**S values ranging from +0.8%o to +3.9%o (Table 6). The
5**S values of chalcopyrite and bornite from the ensuing
Cu mineralization stage (J-VI) range from +1.3%o to
+3.7%0. Both stage J-V and stage J-VI sulphides have
'S values with modes at approx. +2.0%o (Fig. 10b).

Given the fO, and temperature during mineral precipi-
tation, total 5**S values of hydrothermal fluids can be
estimated from the 5**S values of sulphides and sulphates
(Ohmoto and Rye 1979; Ohmoto and Goldhaber 1997). At
Marcona, the temperatures determined from sulphur and
oxygen isotope geothermometers range from 430°C to
600°C for stage M-IV and from 160°C to 360°C for stage
M-V (Table 4). Pyrrhotite occurs in both stages (Fig. 3),
evidence for a low fO, (pyrite—pyrrhotite buffer in Ohmoto
and Rye 1979), and the difference between the 5°*S values
of sulphide and fluids (A=5*Sj12s—5>*Suia) Would there-
fore be negligible (Ohmoto and Rye 1979).

The local occurrence of hematite in late veins unaffected
by supergene alteration is interpreted as evidence that high
SO, (log fO,>-34 at 250°C and 40 bar; Barton Jr and
Skinner 1979) prevailed during stage M-VII. If stage M-VII
pyrite was deposited under such conditions, the 5**S values
of the fluids could have been as high as +37%., but were
probably lower (Table 6). The 5°*S values of the gypsum
from Mina 11 (+14.5%0 and +15.8%0) may represent the
5**S values of fluids precipitating anhydrite in this oxidized

environment. However, sulphides from the Cu-rich Mina 11
mineralization stage (5**S values of +1.6%o to +3.9%o)
were probably deposited from fluids having 5**S values
similar to those in the other Marcona orebodies, on the
basis of the temperature of 430°C determined from sulphur
isotope geothermometry (Table 4) and the coexistence of
magnetite and pyrite, indicating a negligible difference
between the 5°*S values of sulphide and fluids (Ohmoto
and Rye 1979).

At Mina Justa, the difference in the 5°*S values of
sulphides and fluids for the magnetite—pyrite stage (J-V)
would be negligible at 540-600°C (Table 5) and the
moderate fO, environment defined by coexisting magnetite
and pyrite (Table 6; Ohmoto and Rye 1979). However, fine-
grained hypogene hematite is abundant in the Cu mineral-
ization stage (J-VI), indicating a high oxygen fugacity
(hematite/magnetite buffer), and the &**S conversion
factor for fluids at the low inferred temperatures of 88—
220°C is at least —28%o (Table 6; Ohmoto and Goldhaber
1997), generating 5**Squia values of >29.3%o (Table 6 and
Fig. 10b).

Oxygen isotopic compositions of minerals,
melt and hydrothermal fluids

Stage M-III amphibole, biotite and phlogopite have §'%0
values ranging narrowly between +8.0%0 and +8.9%o,
whereas those for stage M-III magnetite vary between
+3.7%0 and +5.2%o (Table 4). Because the main M-III
magnetite orebodies are interpreted as having crystallized
from a high-7 (>800°C, Table 4), iron oxide-dominant
hydrous melt which formed through immiscibility from a
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Fig. 10 &S values of sulphides and calculated ore-forming fluids from Marcona (a) and Mina Justa (b) mineralization and alteration stages

parental andesitic magma (Chen et al. 2010b), isotope
exchange factors between minerals and melt, rather than
between minerals and water, are probably applicable.
Experiments show that '®0 preferentially partitions into
Si-rich relative to Si-poor minerals with less polymerized
structures (Taylor and Epstein 1962). Kyser et al. (1998)
demonstrated that a similar fractionation also occurs
between Si-rich and Fe-rich immiscible melts. Thus, in
the system Fe,Si04—KAISi,04—SiO, at 1 bar and 1,180°C,
the 5'®0 value of a melt with 66.7% SiO, and 21.3% FeO
was shown experimentally to be 0.6%o higher than that of a
coexisting immiscible Fe-rich melt with 50.1% SiO, and
43.5% FeO. The Marcona stage M-III iron oxide-dominant
melt would have had an extremely Fe-rich, SiO,-poor
composition (Si0,~25%, FeO=70%) from the estimated
percentages of minerals and would therefore be predicted to
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be strongly '®*O-depleted relative to a Si-rich melt (i.e.
618Osi—rich melt_élSOFe»rich me1t>>0~6%°)~ Given the 5]80
values of the Neogene volcanic rocks of the Central Andes,
e.g. 6.8-7.4%o for andesite (Harmon et al. 1984), the 5'%0
value of a potential Marcona oxide melt is inferred to have
had a maximum range of 6.2—6.8%o. Furthermore, given the
extreme FeO content (~70%) of the Marcona melt, the
oxygen fractionation factor between magnetite and inferred
melt would have been very small. At 700-800°C (Table 4),
a maximum fractionation of 2.5%o is inferred (Zhao and
Zheng 2003) so that on the basis of the §'*0 values of stage
Il magnetite, the 5'°0 values of Marcona oxide melt
would have had a range of 5.2-7.7%o, in permissive
agreement with the estimate based on the data for the
Neogene volcanic rocks. Nevertheless, the 5'*0 values of a
possible hydrothermal fluid are calculated to be between
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8.8%0 and 11.5%o, considering the possibility of magmatic-
hydrothermal origin for stage M-III cannot be entirely
excluded.

The 5'®0 values of silicates and magnetite from stage
M-IV have ranges similar to those of stage M-III, but the
associated calcites have higher §'*0 values, from +11.9%o
to +14.5%0 (Table 4). At temperatures of 570—600°C, as
estimated from oxygen isotope geothermometry (Table 4),
the 5'0 values of stage M-IV fluids are inferred to have
ranged between +9.6%o and +12.2%o (Table 7). The §'%0
values of coarse-grained stage M-V amphiboles are +8.7%o
to +10.5%o, slightly higher than those of stages M-III and
M-IV (Table 4), with those for coexisting calcites varying
from +13.7%0 to +18.7%0. At 360°C (Table 4), the
calculated 5'®0 values of stage M-V fluids range from
+10.1%o to +12.5%0 (Table 7). Four stage M-VII (late vein)
calcites have 5'%0 values of +12.3%o to +14.5%o, and one
vein quartz has a value of +14.9%o (Table 4). At 120°C
(Fig. 6), the 5'0 values of fluids in equilibrium with the

veins would have ranged from —3.6%o to —1.4%o (Table 7).

At Mina Justa, 5'%0 values of stage J-V magnetite lie
between +2.7%o and +4.7%o, and two quartzes have values
of +12.6%o and +13.5%0 (Table 5). The calculated 5'%0
values of 540-600°C (Table 5) fluids in stage J-V range
between +9.5%o and +11.5%o (Table 7). These 5'0 values
are similar to those of the fluids of the Marcona magnetite—
sulphide stage (stage M-IV). Calcites from the Cu miner-
alization stage (J-VI) have 5'®0 values between +12.2%o
and +14.7%o. At 140°C (Fig. 6), an average 'O value of
0.1%o is calculated for the ore-forming fluids (Table 7).

Hydrogen isotopic compositions of silicates, melt and fluids

The 6D values of Marcona stage M-III amphiboles range
from —67%o to —62%o, whereas M-III phlogopite gives a 8D
value of —67%o0 and a biotite a value of —71%o (Table 4).
These data probably record the hydrogen isotope chemistry
of the inferred oxide melt. At 700-800°C, the calculated 6D
values of the melt vary between —73%o and —43%o (Table 7).
A phlogopite from later stage M-IV has 8D value of —62%o

Table 7 5'%0, 6D and 5'>C values of minerals and fluids from various stages at Marcona and Mina Justa

Stages Minerals 5'%0 oD 53¢ T (°C) élgoﬂuid SDfuiq 613Cﬂuid
Marcona
M-II1 amph 8.6 (1)* —67 (1) 800° 52-7.7" —54
bt 8.7 (1) -71 (1) 800° -50
phl 8.0 (1) —-67 (1) 770° -73
amph 8.9 (1) —-60 (1) 700° —43
mt 42 (5) 770¢
M-IV phl 9.3 (1) —-62 (1) —6.0 (1) 600° 11.7 -60 -3.3
cal 132 (1) 570° 12.2
mt 3.9 (2) 590° 9.6
M-V cal 16.5 (1) -5.9 (1) 360° 125 3.4
amph 9.3 (7) —60 (7) 360¢ 10.1 -8
M-VII qtz 149 (1) 120° -3.6 —42¢
cal 13.7 (4) —6.3 (4) 120° -14 -9.2
Mina Justa
AAY qtz 12.6 (1) 600° 11.5
mt 3.7 (3) 570¢ 9.5
J-VI cal 13.5 (8) —6.4 (8) 140° 0.1 -8.3
qtz =37 (2)¢

Abbreviations of minerals as in Table 4
#Value (number of analyses)
® Temperature estimated by isotope geothermometry from the sample

¢ Average temperature attained by geothermometry

d Temperature estimated by geothermometry from other samples assigned to this stage

¢ Temperature estimated by microthermometry
f518

€ From fluid inclusions hosted by quartz

O values are estimated for stage M-III oxide melt (see text for discussion)
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(Table 4), which at 600°C indicates that stage M-IV fluids
had a dD value of —60%o (Table 7). Stage M-V coarse-
grained amphibole samples give a range of 3D values
between —74%o0 and —52%o0 (Table 4), corresponding at
360°C to a 8Dy value of —8%o (Table 7). Fluid trapped
in fluid inclusions hosted by a late stage M-VII quartz
vein has a 8D value of —42%o (Table 7).

At Mina Justa, 6D values of —32% and —40%o
(average —37%o0) were determined for two samples of
fluid inclusions hosted by stage J-V quartz (Table 7).
However, paragenetic relationships and fluid inclusion
petrography imply that these values record the hydrogen
isotopic composition of the subsequent Cu mineralization
fluids (stage J-VI).

Carbon isotopic compositions of calcites and hydrothermal
fluids

The 6'°C values of stage M-IV calcites from Marcona
range between —8.2%o and —5.9%o and those of stage M-V
calcites from —6.8%o0 to —5.0%o (Table 4). The fraction-
ation factor for calcite—CO, determined by Ohmoto and
Rye (1979) indicates that at 570°C, the 5'°C value of
Marcona stage M-IV fluids was —3.3%o. A similar value
(—3.4%0) is estimated for stage M-V 360°C fluids
(Table 7). Calcite samples from late barren veins (stage
M-VII) have 5'*C between —7.7%o and —5.1%o, so that the
average 5'°C value of stage M-VII ~120°C fluids was
—9.2%o, generally lower than those of stage M-IV and M-V
fluids (Table 7).

At Mina Justa, the 5'°C values of eight calcites from the
Cu mineralization stage fall between —7.5%0 and —4.4%o,
similar to those of Marcona calcite (Table 5). However, at
140°C, the average 5'°C value of the ore-forming fluid
would have been —8.3%o, differing significantly from those

of Marcona stage M-IV and stage M-V fluids, but similar to
those of stage M-VII late vein fluids (Table 7).

Discussion
Fluid evolution in the Marcona deposit

Oxygen isotope geothermometers give temperatures of
700-800°C for the sulphide-barren magnetite stage III
which dominates the Marcona deposit. The 5'%0 and 6D
values estimated for the inferred stage M-III oxidic melt
plot within the magmatic water range, and close to those
characteristic of Central Andean Neogene andesite
(Fig. 11). A magmatic source for stage M-III is also
indicated by the relationships between 6'®0 and tempera-
ture (Fig. 12), which are distinct from those of other
documented, unambiguously hydrothermal IOCG deposits
(e.g. Olympic Dam, Ernest Henry and La Candelaria), but
similar to those of Central Andean Neogene dacitic and
andesitic magmas (Fig. 12). The 5'%0 values of stage M-III
magnetite (3.7-5.2%o, Table 4) are comparable to those of
magnetite from El Laco (3.6—4.6%0; Rhodes et al. 1999), an
iron oxide deposit inferred to be of melt origin by some
(Naslund et al. 2002), but hyrothermal by others (Rhodes et
al. 1999; Sillitoe and Burrows 2002).

The inferred primary fluid inclusions hosted by Marcona
stage M-IV calcite have moderate homogenization temper-
atures (up to 220°C) and are commonly highly saline, with
varied cationic compositions. Sulphur and oxygen isotope
geothermometers indicate a temperature range of 430-
600°C (Table 4). Stage M-IV fluids have §'®0 and 5D
values that plot close to the magmatic water field (Fig. 11).
Fluids at this stage also exhibit similarities in temperature
and oxygen isotopic composition to those identified at Ernest

Fig. 11 Calculated 6D and 30
5'%0 values of fluids at Mar-
cona and Mina Justa. Fields for 10
: —__Exchan :

magmatic waters are from Wi eonange Marcona polymetalic
Taylor (1997) and for Neogene =105 i comiviossT> sx:‘:fr-‘?fo"%m

(}jl X £ the C lAgd Marcona late veins M-V ]
andesites of the Central Andes (M-VII; 120°C)

- =30 -

from Harmon et al. (1984). The = @ ) - Mina Justa

5 : E o L .E maognefite-pyrite Stage
trajectories for seawater 5 -50 e /4 & (V: 540-600°C)
(SMOW) exchange with host (% ’.C@""‘om Mina Justa L]
rocks are from Ripley and = -70 e o Sige S Tiaoa
Ohmoto (1977). The deviation O o i ™ magrnetite-sulphide Stage
of the 8D and 8'%0 values ©w 90 Magnefite Stage (M-V; 570-600°C)
(dashed line) from the meteoric i (W)l 7 00 BO'C Magmatic Water
water line represents formation I Eariral Arides
water of the Kettleman North 80l Neogene andesite Marcona
Dome basin from California [ wincJusta
(Longstafte 1987) 150 . \ . ;

-10 5 5 10 15 20 25
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Henry (Mark et al. 2000) and for the early, Cu (Au)-barren
magnetite stages at Olympic Dam (Oreskes and Einaudi
1992), which are inferred to be of magmatic-hydrothermal
origin (Fig. 12). The 5**S values of stage M-IV fluids and
sulphides fall in a narrow range from +0.8%o0 to +5.9%o
(mode at ~2.5%o), indicating a magmatic source (Nielsen
1979). These data are comparable to those documented from
some major IOCG deposits, which have 63485ulphide values of
0+5%0 (Fig. 13; Williams et al. 2005). Furthermore, the
calculated 5'°C and §'®0 values of the fluids in stage M-IV
are similar to those of magmatic CO, (Fig. 14; Taylor 1986;
Javoy et al. 1988). The dacite magma around magnetite
bodies may have been the source of the magmatic—
hydrothermal fluids at this stage (Fig. 15).

The fluids responsible for stage M-V were apparently
diverse (Fig. 7). Higher temperature (7;,=200°C to >320°C),
Na-rich/low-salinity and Ca-rich/high-salinity groups were
probably magmatic in origin, although the reason for variable
composition is unclear, whereas the low-temperature (~120°C)
populations record mixing of meteoric water (low-salinity and
Na-rich) with modified seawater (Mg/Fe-rich or Ca-rich,
medium to high salinities), the latter being the product of
reactions between seawater and Ca-rich andesite and metasedi-
ments (Fig. 15¢). Incursion of external fluids during stage
M-V is also supported by oxygen and hydrogen isotopic
compositions, which are distinct from those of the magmatic
fluids of stage M-III and stage M-IV (Fig. 11), and apparently
record a shift away from magmatic compositions with
decreasing temperature (Fig. 12). Callovian—Oxfordian ande-

15

Marcona

Ernest Henry

sites of the Upper Rio Grande Formation erupted in a shallow
marine environment (Caldas 1978; Aguirre 1988). Metamor-
phic fluids, with temperatures of ~250°C, probably derived
from the reaction of seawater with hot andesite (Aguirre 1988)
or intense heat flow during the initial development of a basin
(i.e. diastathermal processes: Alt 1999), generated extensive
alteration. Modified seawater was also identified in the
mineralization stage at Ratil-Condestable, 300 km NNW of
Marcona (Fig. 11; Ripley and Ohmoto 1977) and may have
contributed to stage M-V sulphide precipitation. However, the
5*'S values of the fluid may have been modified through
water/rock reaction (Bowers 1989). Jurassic seawater, which
generally had 5°*S values of 16%o (Hoefs 1997), is inferred to
have interacted with andesite and basaltic andesite (5°*S
values ~0%o), generating a fluid with low 5**S values (1.8—
5.0%o, Table 6). Calculated 5'*C and §'®0 values of fluids for
Marcona stage M-V at 360°C fall in the magmatic range
(Fig. 14), but may record the involvement of seawater (5'*C=
0%o, 5'*0=0%o; Hoefs 1997), with high 5'0 and low 5'°C
values as the result of reaction with intermediate-to-mafic
volcanic rocks (average §'°C values —10%o to —5%o; 5'°0
values +8%o to +10%o: Hoefs 1997).

Fluid evolution in the Mina Justa deposit

The inferred primary fluid inclusions hosted by Mina Justa
stage J-V quartz have high homogenization temperatures
(T,,<400°C), high salinities and variable cationic composi-
tions. Oxygen isotope geothermometers indicate temper-

Marcona
magnelite-sulphide stage

Mantoverde
Custage

magnetite stage

= magnetite-Cu stage
stage (M-V; 360°C) I o ustad

[ OlympicDam // — lf srugeu\r 540-600°C)

(M-IV; 570-600°C)
Vi

1 magmatic waters
Mina Justa
magnetite-pyrite

S,

E 51— Marcona - Neogene Dacite and andesite,
- 1 / / main magnetite stage  ~_co a0 0.
o Mina Justa / / (M-1lI; 700-800°C)
.9. Cu mineralization - P
o stage (J-VI; 140°C) ;/
2 ~ ~
o) b UG
L]  — L - .
_‘a 0 Qlymplc Dam
hematite-quaortz stage
I L \Ccndeburln
) hematite-sulphide stage
e
5 Marcona
late vein stage
(M-vi;120°C)
-10
| | I | | | | | I
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Fig. 12 6180ﬂuiwmeh—temperature relationships for main mineraliza-
tion and alteration stages at Marcona and Mina Justa and other IOCG
deposits (data for Mantoverde from Benavides et al. 2007; other data

from Williams et al. 2005 and references therein). Magmatic water and
Neogene Andean dacite and andesite fields are from Taylor (1997)
and Harmon et al. (1984)
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Marcona polymetallic sulphide stage |
Marcona magnetite- sulphide stage |

Mina Justa Cu-mineralization stage |
Mina Justa magnetite-pyrite stoge =

Candelaria early Cu-Au cre-stage
Candelaria main Cu-Au ore-stage —

Caondelaria late Cu-Au ore-stage I |

Mantoverde magnetite stage =
Mantoverde Cu [-Au) ore-stage I

Raul-Condestable
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& *8 (per mil)

Fig. 13 &°*S values of ore fluids at Marcona and Mina Justa and
other major IOCG deposits (data from Ullrich and Clark 1999; de
Haller et al. 2002; Benavides et al. 2007; Williams et al. 2005 and
references therein)

atures of 540-600°C, similar to that of the Marcona
magnetite-sulphide stage (M-IV). The §'®0 and & D values
estimated for stage J-V plot close to the magmatic water
field (Fig. 11), again comparable to Marcona stage M-IV
fluids. A magmatic source for stage J-IV is also indicated
by the relationship between 5'®0 and temperature (Fig. 12),
wherein the stage J-IV values are similar to those of the
Marcona stage M-IV and other IOCG deposits inferred to
be of magmatic—hydrothermal origin. The 5**S values of
stage J-V sulphides and fluids fall in a narrow range
between +0.8%0 and +3.9%0 (Fig. 13), similar to those of
Marcona stage M-IV and evidence for a dominant magmatic
source (Nielsen 1979).

The “°Ar/*°Ar ages for stage J-V hydrothermal micro-
clines (101-104 Ma; Chen et al. 2010a) coincide with the
initial emplacement of the Coastal Batholith in the Acari
area to the east, i.e. <109+4 Ma (Vidal et al. 1990). Small
granodiorite—diorite stocks crop out ~3 km east of Mina
Justa (Fig. 16a), supporting a genetic relationship between
stage J-V magnetite—pyrite alteration and the Coastal
Batholith. Magmatic—hydrothermal fluids may have risen
along the ENE-striking Mina Justa normal faults which
controlled the emplacement of the Fe and Cu orebodies
(Fig. 16a).

Fluids documented for the Cu mineralization stage are
mainly low-temperature (~140°C), high-salinity and Ca-
rich, but with a minor low-temperature, low-salinity and
Na-dominant component. The former is inferred to be a Ca-
rich basinal brine and the latter is probably meteoric water.
LA-TOF-ICP-MS analyses indicate that Cu and other ore
metals are restricted to the Ca-rich fluids, i.e. the exotic
brines, both the high-temperature primary fluids at stage
J-V (magnetite stage) and the meteoric water being Cu-
barren. The mineralizing stage J-VI fluids differ also
markedly from those of magnetite stage in their lower
temperatures and &'*0 values (Fig. 12) and are unlikely to
have been of magmatic derivation. Such non-magmatic
fluids were also involved in the hematite-rich mineraliza-
tion stages at Olympic Dam district (Oreskes and Einaudi
1992; Haynes et al. 1995; Bastrakov et al. 2007), La
Candelaria (Ullrich et al. 2001) and Mantoverde (Benavides
et al. 2007). A non-magmatic model for Cu mineralization
is supported by the relationships between 5'°0 and & D

Fig. 14 Calculated 5"°C
and 8'%0 values of hydrother- 0 saawater [ Marcona
mal fluids, Marcona and Mina (Rothethamet al. 1998) —__ Exc hiii Mogmatic CO, po-’vr?siglliacb%glcp;ﬂide stage
Justa mineralization and -1 2 With e, - et ony '
alteration stages » i< ‘
e
g T
L) < e T
9 Basinal brines or formation waters Marcona
o -6 [Longstafte 1987, 2000) [r:‘ugrr.u;;ige:&;eglfe stage
5 :
=R
il
o
3 -84 [
iy
Mina Justa
= -9 == Cu mineralization stage)
o A [JV; 140°C)
-10
Marcona
114 late vein stage
(M-VII; 120°C)
12
-134
-14 i 1 1 i 1 1 1 1 1 1 1 1 1
-& 5 -4 3 2 1 0 1 2 3 4 5 & 7 8 Q 10 11 12 13 14
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values (Fig. 11), which show that the dominant fluids are 0%o, but the calculated 5>*Spuq values exceed +29%o
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et al. 2007). A non-magmatic source for the mineralizing
fluid is also supported by the §'°C values (Fig. 14), which
are similar to those of Marcona late veins (M-VII) and
show close analogies to deep formation waters or basinal
brines at low latitudes (Fig. 14).

During the Albian, faulting of the Mesozoic volcanic—
sedimentary strata along the southwest margin of the
Cafiete Basin could have provided pathways for fluid
circulation (Fig. 16b; Chen et al. 2010a). During tectonic
inversion of the basin, Ca-rich basinal brines, possibly
derived from connate water in equilibrium with the
permeable Copara Formation, would have been expelled
from the basin, flowing westward to the Mina Justa area,
probably driven by heat from the underlying Coastal
Batholith. During their rise to the surface, the basinal fluids
replaced early magnetite—pyrite bodies to generate the Cu
orebodies, with minor mixing with meteoric waters
(Fig. 16b).

Implications for Cu-mineralizing fluids in IOCG deposits

Both the Marcona and Mina Justa deposits share numerous
alteration and mineralization characteristics with other
major IOCG deposits. Table 8 compares the mineralizing
fluids recognized at Mina Justa, Marcona (the hydrothermal
polymetallic sulphide stage), major IOCG deposits else-
where, and several other deposit types which are either iron
oxide-rich or potentially affiliated, such as porphyry Cu—
Au, stratabound Cu—Ag (mantos) and sediment-hosted Cu
deposits.

Recent studies provide strong evidence that high-
temperature (>350°C) fluids of at least partial magmatic
derivation are responsible for Cu—Au mineralization in
some IOCG deposits (Pollard 2001), e.g. Emest Henry
(Mark et al. 2000; Kendrick et al. 2007) and La Candelaria
(early polymetallic ore stage and main ore stage: Ullrich
and Clark 1999). However, fluid inclusion data from Mina
Justa and Marcona indicate that the main sulphide
deposition occurred at either low temperatures (<200°C in
the case of the Mina Justa Cu mineralization) or over wide
temperature range (160-360°C for the Marcona polymetal-
lic sulphide stage), which may imply the involvement of
low-temperature external fluids. Similar conditions are
documented for the mineralizing stages at the Olympic
Dam deposit (~180°C: Oreskes and Einaudi 1992), Light-
ning Creek (late chalcopyrite veins, 120—-180°C: Perring et
al. 2000) and Eloise (100-500°C: Baker 1998) in Australia;
Mantoverde (150-360°C: Vila et al. 1996) in Chile;
Wernecke Breccias (70-350°C: Hunt et al. 2005, 2007) in
Canada; Aitik (130-240°C, bornite stage: Wanhainen et al.
2003) in Sweden; and Salobo (173— 485°C: Requia et al.
2003) in Brazil. In contrast, porphyry Cu—Au deposits,
which are generally magnetite-rich, commonly formed at

@ Springer

consistently high temperatures (300°C to >400°C) for Cu—Au
mineralization (Table 8), whereas low-temperature fluids
are commonly associated with stratabound Cu-Ag (El
Soldado: Boric et al. 2002) and sediment-hosted Cu
deposits (Nchanga: McGowan et al. 2006), which may
reflect conditions similar to those for IOCG Cu (—Au)
mineralization.

High-salinity fluids responsible for Cu—Au mineralization
have been documented in many major IOCG deposits
(Oreskes and Einaudi 1992; Ullrich and Clark 1999; Pollard
2001; Wanhainen et al. 2003). Whereas most porphyry Cu-
Au deposits are products of high-salinity fluids dominated by
Na and K, a high content of Ca had been commonly
identified in Cu mineralization stage fluids in IOCG deposits
(Table 8). These Ca-rich fluids also commonly occur in
stratabound Cu—-Ag and sediment-hosted Cu deposits in
which evaporatic fluids may have contributed to mineraliza-
tion (Boric et al. 2002; McGowan et al. 2006). Whereas CO,
has been inferred to play an important role in many IOCG
deposits through the unmixing of magmatic H,O—CO,—NaCl +
CaCl,—KCl fluids (Xu and Pollard 1999; Pollard 2001; Fu
et al. 2003), the relationship between this process and Cu
(Au—Ag—REE-U) mineralization is not clear. At Ernest
Henry, Bidjovagge and, probably, La Candelaria, the high-
temperature mineralizing fluids contain considerable CO,
(Table 8) and are inferred to be responsible for Cu—Au
mineralization (Ullrich and Clark 1999; Mark et al. 2000).
However, only minor or negligible CO, contributed to the
Cu mineralization stages at many IOCG deposits, such as
Mina Justa, Mantoverde and the Wernecke Breccias
(Table 8), which indicates that CO,-rich fluids are not a
prerequisite for Cu mineralization in IOCG deposits.

Conclusions

The contiguous Middle Jurassic Marcona Fe deposit (156—
162 Ma) and Early Cretaceous Mina Justa Cu deposit (95—
104 Ma) were generated by different magmatic—hydrother-
mal systems. At Marcona, the major magnetite orebodies
are interpreted as recording an evolution from high-
temperature (700-800°C) and hydrous Fe oxide-
dominated melts to rapidly cooling (430-600°C) endoge-
nous hydrothermal fluids with dominantly magmatic
isotopic compositions. The subsequent lower temperature
(160-360°C) polymetallic sulphide stage may record the
invasion of seawater modified through reaction with the
andesitic host rocks. However, the sulphide vein systems
contain only uneconomic Cu, probably recording the
restricted mineralization potential of the vesiculating oxide
melts (cf. Broman et al. 1999).

Whereas the early magnetite—pyrite assemblage at Mina
Justa was deposited from 540°C to 600°C, Na-rich
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hydrothermal fluids with a magmatic signature, the Cu
(—Ag) orebodies were entirely the product of low-
temperature (<200°C) Ca-rich brines with sulphur and
oxygen isotopic compositions predicating a dominant
evaporite-sourced basinal brine reservoir. Ore formation
is inferred to have taken place during inversion of the
contiguous Aptian—Albian Cafete back-arc basin, fluid
migration being focused by the intrusion of flanking
granitoid plutons of the Coastal Batholith.

For those magnetite-dominant, “Kiruna-type” Fe depos-
its, such as Kiruna, El Laco and the Cretaceous Chilean
iron deposits, a high-temperature, Fe-oxide dominant melt
was probably responsible for the massive magnetite
mineralization, whereas in probably the majority of Cu-
rich IOCG deposits, including Mina Justa, La Candelaria-
Punta del Cobre, Mantoverde and Raul-Condestable, non-
magmatic, “exotic” fluids were a prerequisite for economic
Cu (—Au, Ag) mineralization.
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