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Introduction

Despite having been described as an independent style of
mineralization sharing common geological and geochemical
features (Hitzman et al. 1992; Williams et al. 2005), the
nature and origin of iron oxide—copper—gold (IOCG)
mineralization is a matter of debate. While some authors
postulate a link with basinal brines (Barton and Johnson
1996), others associate IOCG mineralization with magmatic—
hydrothermal activity (e.g., Badham 1978; Pollard 2000;
Marschik and Fontboté 2001; Sillitoe 2003; Mark et al.
2004).
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The Coastal Cordillera of northern Chile and Peru hosts
several IOCG deposits of Late Jurassic—Early Cretaceous
age aligned in a 1,000-km-long belt parallel to the Pacific
coast. They are usually hosted by sub-aerial andesites or
broadly contemporaneous gabbro to granodiorite intrusions
formed during the early stages of the Andean magmatic arc
(Sillitoe 2003).

The predominant style of IOCG mineralization consists
of hematite-rich veins, mantos, and breccia bodies with
lesser amounts of chalcopyrite, pyrite, and bornite; miner-
alization is related to a hydrothermal assemblage with
variable proportions of K-feldspar, chlorite, sericite,
epidote, carbonates, quartz, actinolite, and scapolite. The
largest deposits of this hematite-rich type in Chile are
Mantoverde (140 Mt @ 0.63% Cu; Benavides et al. 2007)
and Mina Carmen de Cobre (71 Mt @ 0.65% Cu; Herrera
et al. 2008). The magnetite-rich variant occurs as veins and
replacements with minor chalcopyrite and is characterized
by an alteration assemblage of actinolite, biotite, K-
feldspar, and quartz. The most significant deposit of this
type is Candelaria (470 Mt @ 0.95% Cu; Marschik and
Sollner 2006). The IOCG mineralization in the Coastal
Cordillera of Chile coexists with large magnetite—apatite
ore bodies (>100 Mt) of broadly equivalent age, such as El
Romeral or Algarrobo (Fig. 1).

Recent models propose that the IOCG deposit types
represent a vertical continuum ranging from deep, magnetite-
dominated Cu—Au mineralization to hematite-bearing Cu ore
at shallow levels, all associated with geochemically primitive
diorite intrusions (Sillitoe 2003). However, so far there has
been no detailed description of this proposed genetic
connection with igneous rocks. Presumed relationships are
based on the broad coincidence in ages, crosscutting
relationships and the fact that structures hosting the IOCG
mineralization also include intrusive rocks (Sillitoe 2003).
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Fig. 1 a Geologic map of central and northern Chile showing the
location of the late Jurassic—early Cretaceous magmatic arc and related
ore deposits. For comparison, other magmatic and ore deposit belts of
the Andes are shown. Compiled from Dallmeyer et al. (1996),
Lehmann et al. (2000), Marschik and Fontbote (2001), Grocott and

Here we describe an intrusion-related Cu—(Mo—Au)-rich
IOCG deposit located at the core of a hydrothermal system
that includes both magnetite- and hematite-rich mineraliza-
tion. We provide evidence that at least some IOCG systems
are magmatic in origin and formed by broadly similar
processes than porphyry copper systems.

Geological background

The study area is dominated by the Early Cretaceous Cerro
del Pingo Plutonic Complex (Fig. 1). This is a large calc-
alkaline intrusive complex that includes a wide range of
medium- to coarse-grained plutonic rocks ranging in
composition between gabbro and granite (Ulriksen 1979;
Boric et al. 1990). Biotite (and locally hornblende)-bearing
monzogranite and granodiorite are by far the most abundant
rock types. In general, early diorite (ca. 130 Ma) is crosscut
by granodiorite and tonalite intrusions (129.2+1.5 to 107.4+
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Taylor (2002), and Sillitoe (2003). b Geology of the study area with
the location of the more significant ore prospects, most of IOCG type.
The Mantoverde-like prospects include veins and replacements with
hematite, K-feldspar, sericite, chlorite, and calcite. Based on Ulriksen
(1979) and Naranjo and Puig (1984). UTM Grid

0.5 Ma; Berg et al. 1983; Dallmeyer et al. 1996; Gelcich et
al. 2005). Geochemical studies indicate that these magmatic
rocks have a geochemical signature compatible with a
mantle derivation with negligible crustal contamination
(Berg et al. 1983; Marschik et al. 2003).

The major geologic structure in the area is the Atacama
Fault System, a NS-trending, steeply dipping trans-crustal
structure active since early Mesozoic times (Cembrano et
al. 2005). Most magnetite—apatite and IOCG deposits of
northern Chile occur in its vicinity usually related to second
order faults (Sillitoe 2003; Cembrano et al. 2005).

Deposit geology

The Tropezén Cu—Mo—(Au) deposit is currently mined by
Minera Cenizas Ltda. Total resources are estimated at about
1 Mt of hypogene ore and 0.5 Mt of supergene ore (http://
www.cenizas.cl). Grades of the hypogene ore are ~1% Cu
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in the upper zone and ~0.13% Mo in the lower parts of the
deposit. Molybdenum in the upper zone is below 0.04%
and Cu in the lower zone is below 0.05%. The minerali-
zation is located in the central part of the Cerro del Pingo
Plutonic Complex and is hosted by a small intrusion
(Tropezon Stock; about 2 km?) of medium-grained
clinoamphibole- or pyroxene-bearing quartz diorite to
tonalite. Laser ablation multicollector ICP-MS U-Pb zircon
dating of this unit has yielded a weighted average °°Pb/***U
age of 110.0£2.1 Ma (n=33; MSWD=1.17) (Fig. 2),
indicating that it was intruded during the waning stages of
the Early Cretaceous magmatic event. This intrusion cross-
cuts the dominant granodiorite and monzogranite of the
Cerro del Pingo Plutonic Complex (Fig. 1).

The Cerro del Pingo Plutonic Complex and the andesitic
host rocks show a widespread and irregular propylitic
(chlorite—sericite—epidote—calcite) alteration. This alter-
ation zone, of unknown extent, is mainly controlled by
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Fig. 2 a 2°Pb/***U vs. 2°’Pb/**>U concordia plot for the Tropezén
stock. b Plot of 2°°Pb/>**U crystallization ages for the Tropezon stock.
Zircons were separated from the rock sample, mounted in epoxy and
later analyzed using LA-multicollector—ICP-MS according to the
procedure described in Gehrels et al. (2008)

NE-SW and ENE-WSW to ESE-WNW-trending faults
(Fig. 1). The Tropezén Stock shows a more pervasive and
zoned potassic—(calcic) alteration, which comprises an
external biotite zone that grades inward to K-feldspar—
biotite+tourmaline and K-feldspar—actinolite=tourmaline
zones. The hydrothermally altered rocks contain between
1 and 3 vol.% magnetite. The plutonic host rocks adjacent
to the Tropezon Stock show only sparse potassic—(calcic)
alteration.

The most conspicuous feature of the Tropezon deposit is
the presence of two sub-vertical pipe-like tourmaline breccia
bodies, each 30-60 m in diameter, in which coarse-grained
euhedral tourmaline with accessory quartz, magnetite, K-
feldspar, molybdenite, pyrite, chalcopyrite, and traces of
albite and anhydrite support and replace 2-50 cm-sized
angular to sub-rounded fragments of the Tropezén Stock
with potassic—(calcic) alteration (Fig. 3). Similar tourmaline
breccia bodies are found elsewhere in the Andes related to
porphyry copper (e.g., Skewes et al. 2003) and tin deposits
(Lehmann et al. 2000). Downwards, at about 100 m below
the surface, the breccia ends into a large dome-shaped zone
of Ca—Fe—K alteration. Here, the quartz diorite is replaced by
a pervasive alteration assemblage that includes early massive
actinolite (Fe/Fe + Mg =0.23; AI'' = 0.1 — 0.3) with
fine-grained magnetite and younger K-feldspar, epidote
(ps30-33), quartz, magnetite, pyrite, and tourmaline, over-
printed by late chlorite, calcite, quartz, epidote, and pyrite
(Fig. 3). Locally, this late assemblage includes significant
amounts of hematite. In other deposits of the Coastal
Cordillera of Chile, such as Candelaria and Carola, the early
iron oxide phase is hematite (e.g., Marschik and Fontbote
2001), usually replaced by magnetite (mushketovite). In
Tropezon, the amount of mushketovite is accessory and most
of the magnetite occurs in anhedral to subhedral grains.
Hematite occurs in late veins or replacing earlier magnetite.

Anhydrite, bassanite, and scapolite occur as irregularly
distributed patches. The innermost alteration zone comprises
massive quartz replacing the Ca—Fe—K hydrothermal assem-
blage. Crosscutting relationships show that the tourmaline
breccia postdated the potassic—(calcic) alteration zone, but
predated the more localized Ca—Fe-K and quartz alteration
zones.

The bulk of the Cu—Mo—(Au) mineralization at Tropezon is
related to the Ca—Fe—K alteration zone and includes chalcopy-
rite, molybdenite, bornite, and gold (Aug;Agy). Most of the
mineralization is intergrown or in small veinlets within the
actinolite or the K-feldspar—epidote—quartz rocks. The down-
ward extent and shape of the orebody is unknown; however, it
shows a clear zonation with an upper Cu—Au-rich shell about
50 m thick and a lower part that hosts the Mo mineralization;
the contact between both zones is sub-horizontal and sharp
(Fig. 4). The deposit shows major supergene alteration that
can reach 100 m deep along minor faults.
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Fig. 3 Photographs of selected
outcrops, rocks, and hydrothermal
mineral assemblages. a
Sub-horizontal contact between
the regional granodiorite—tonalite
of the Cerro del Pingo Plutonic
Complex and the intruding quartz
diorite. The landmark in the
middle of the photo is 80 cm
high. b Hand sample of the
Tropezon ore showing the
superposition of hydrothermal
assemblages. / Breccia with
fragments of quartz diorite with
pervasive alteration to K-feldspar
+(actinolite+magnetite) sup-
ported by tourmaline with quartz,
magnetite, and molybdenite. 2
Massive actinolite intergrown
with magnetite. 3 Ore-bearing
assemblage including epidote,
quartz, K-feldspar, magnetite,
pyrite, and chalcopyrite. 4 Late
assemblage of pyrite, calcite,
chlorite, and quartz. Unit in the
scale bar is 1 cm. ¢ Tourmalinite
from the breccia pipe replaced by
actinolite with fine-grained
magnetite, hosting some remnants
of tourmaline. d Actinolite-rich
alteration with abundant
molybdenite from the lower part
of the ore body. e Tourmaline
(tour) and magnetite (m?) replaced
and cemented by younger pyrite
(py) and chalcopyrite (cp). The
magnetite is partially replaced by
younger hematite. f Zone of
K-feldspar (4f), epidote (e), and
quartz (Q) alteration with
abundant sulfides (pyrite and
chalcopyrite) replacing earlier
actinolite (acf) and magnetite (mf).
g Late hematite, further replaced
by magnetite (mf) postdating
pyrite in the K-feldspar+epidote+
quartz alteration. h Late veins of
hematite (m), pyrite, chlorite
(chl), and calcite (cc) crosscutting
earlier K-feldspar—epidote—quartz
(kf* ep+ Q) alteration

tourmalinite

Near Tropezon, there are abundant prospects with iron
oxide—Cu mineralization. Most of the mineralization near the
breccia pipes is hosted by veins showing a mineralogical
zonation with proximal quartz, actinolite, K-feldspar,
magnetite and scapolite, and distal quartz-tourmaline. These
veins propagate from the breccia pipes, such as in the Silvita
prospect (Fig. 1). Magnetite is dominant close to the breccias

@ Springer

while hematite is distal; pyrite and chalcopyrite are abundant
in all the veins. However, mineralization within the Atacama
Fault System and other areas such as at Filomena Mine
(Fig. 1) occurs as small veins, breccias, and replacement
bodies, always included in a halo of propylitic alteration. The
ore bodies are rich in K-feldspar, sericite, chlorite, and
calcite, locally with bladed texture. The metallic assemblage
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Fig. 4 Schematic cross section
of the Tropezon deposit, NE
partially based on the
interpretation of Minera
Cenizas. The distribution of the
different hydrothermal zones is 1250
mostly inferred from the
underground works and limited
drillhole information
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E Quartz diorite (Tropezén Stock)
- Potassic-(calcic) alteration zone
D Ca-Fe-K alteration zone
|:| Quartz alteration zone
m Tourmaline breccia

includes hematite with chalcopyrite and minor bornite. The
mineralogy and the style of mineralization are similar to
those of the hypogene ore of the Mantoverde, Carmen de
Cobre, and other IOCG deposits of northern Chile (Sillitoe
2003; Benavides et al. 2007; Herrera et al. 2008). The size
of the hematite-rich deposits near Tropezon is small, less
than 1 Mt with hypogene Cu grades between 1% and 3%.
At the Tropezén deposit, these veins cut the Ca—Fe-K
alteration and related mineralization. They are in part
responsible for the late chlorite—calcite—quartz alteration,
precipitation of hematite and replacement of early magnetite
by hematite.

Fluid inclusions

Fluid inclusions interpreted as primary are abundant in
quartz and tourmaline. Most of them include a large (ca.
10 vol.%) halite daughter crystal and a smaller rounded
isotropic crystal, probably sylvite. Other phases present
include tourmaline, anhydrite, iron chlorides, hematite, and
possibly chalcopyrite. Some inclusions decrepitate before
homogenization, but in most cases neither the vapor bubble
nor the halite crystal dissolved in the liquid phase at 500°C.
A few melting temperatures of sylvite (119-280°C) and
halite (294-470°C), before total homogenization by
bubble disappearance at 328-490°C, indicate salinities of
about 21-25 wt% KCI and 2547 wt% NaCl. Some fluid
inclusions that did not homogenize at 500°C suggest
salinities higher than 70 wt% NaCl eq. Preliminary LA
ICP-MS analysis shows that the fluids belong to the Na—
K—Ca-Fe—Cl system. Tourmaline crystals hosted in the
fluid inclusions did not change in shape and size during
heating, suggesting that they are trapped phases. In the
tourmaline breccia, these high-salinity fluid inclusions
coexist with dominant vapor-rich inclusions having only a

small rim of liquid (1/14+10.2) but no daughter or
included minerals. Phase changes could not be accurately
determined in these inclusions, but most did not homog-
enize at 500°C. Vapor-rich inclusions dominate in the
tourmaline breccias, but they have not been found in the
Ca—Fe—K alteration zone.

Fractures host secondary aqueous halite-saturated inclu-
sions enriched in Fe-Mg—K—Cl that homogenize near 160—
250°C; equivalent inclusions are primary in the hematite-rich
veins.

Tropezon: the transition of a porphyry copper to IOCG
system?

Tropezén: a magmatic—hydrothermal ore deposit?

The geology and geochemistry of the Tropezdn deposit
indicate that it formed during the exsolution of hydrothermal
fluids from a crystallizing pluton. This model is supported by
the observed relationship with a discrete intrusion, the
presence of tourmaline breccia pipes, a zoned hydrothermal
alteration in an intrusive unit, and relationship with the
circulation of polysaline aqueous brines. Similar features are
found in many magmatic-hydrothermal systems and more
specifically in several porphyry copper deposits of the Andes
(Sillitoe and Perell6 2005). Tropezén has also features akin
to the IOCG clan, including the hydrothermal assemblage,
dominated by calc-silicates, K-feldspar and magnetite (a
characteristic typical of the IOCG style, Williams et al.
2005), the abundance of magnetite, the relationship with
intrusive rocks of intermediate-basic composition, and the
existence of a late or distal event with hematite—chalcopyrite
mineralization (Fig. 5). The hydrothermal zoning in the
Tropezon deposit is different to that commonly observed in
porphyry copper systems (Lowell and Guilbert 1970).
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Fig. 5 Metallogenetic cartoon
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Hidden felsic intrusion?

Sericitic and argillic alteration zones are not present at
Tropezon; instead, a dominant and more alkaline Ca—Fe-K
alteration is observed.

Porphyry copper systems are characterized by the
superimposition of different magmatic units that produce a
complex arrangement of intrusions, hydrothermal alteration
zones and different types of ore-bearing and barren
hydrothermal veins (e.g., Beane and Titley 1981). The case
at Tropezon is different, with pervasive hydrothermal
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alteration and mineralization related to a single intrusion.
In porphyry systems, the ore is mostly breccia- or
stockwork-related, whereas at Tropezén most of the
hydrothermal assemblage is replacive, in a metasomatic
cap above a presumed fluid source. Except for the
tourmaline breccia pipes, there is no evidence of major
fluid overpressure and hydrothermal cracking. This strongly
suggests that the rock column was thick enough to prevent
widespread hydrothermal rock failure. In general, the early
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Cretaceous plutonism of the Coastal Cordillera intruded at
lithostatic pressures between 1.5 and 3 kbar (Dallmeyer et
al. 1996), in contrast with the maximum 0.5-1 kbar
determined for porphyry-type deposits. This deeper em-
placement is consistent with the paucity of porphyry
textures in IOCG systems (Marschik et al. 2003). These
arguments are consistent with fluid inclusion data, where
the presence of high-temperature immiscible fluids in the
tourmaline breccia suggests that it formed at fluid pressures
below ca. 2.1 kbar (Driesner and Heinrich 2007). Immis-
cibility in the tourmaline breccia, but not in the younger
replacive ore is interpreted as caused by localized fluid
overpressure, rock failure, and fluid immiscibility due to the
crossing of the two-phase surface. Hydrothermal replace-
ment and ore formation took place after brecciation in a
fluid regime approaching lithostatic pressures in the single
fluid phase field.

The presence of these breccias is perhaps the strongest
evidence of water saturation during late stages of magma
crystallization with secondary boiling. The morphology and
zonation of the orebody suggest that after phase separation
and upward migration of vapor due to contrasting densities
and wetting characteristics, the residual brine collected at the
bottom of the system and was responsible for the replacement
of the host quartz diorite near the base of the breccia pipe.
Immiscibility between high- and low-density fluids should
promote separation of Cu—Au and Mo. Fluid inclusion
analyses have shown that Cu and Au are mostly partitioned
into the low-density phase (Heinrich 2005), whereas Mo is
concentrated in the brine (Klemm et al. 2008). If that holds
true, the Mo and Cu—Au-rich zones could reflect separation
between brine and a low-density fluid.

Ore precipitation seems to be related to fluid—rock
interaction synchronous with cooling, with redox changes
and evolution from an early and barren reduced actinolite-
rich rock to a younger and more oxidized quartz—epidote—
magnetite rock. Fluid inclusion and mineralogical data
show that the system cooled from near magmatic temper-
atures to well below 350-300°C, the temperature at which
sericitic alteration typically develops in porphyry-like
systems. The absence of hydrothermal assemblages
indicative of acid low-temperature alteration, such as in
sericitic and argillic zones, strongly suggests that the
fluid composition was buffered by the host rock, i.e.,
fluid/rock ratios were rather low, in marked contrast with
those of porphyry-like hydrothermal systems. A relatively
greater depth of formation and/or a dry sub-aerial environ-
ment, as was predominant in the area since the late Triassic
(Clarke 20006), probably inhibited the influx of cool meteoric
fluids and the development of sericitic or argillic alteration.
Redox and pH conditions buffered by a biotite—K-feldspar—
magnetite assemblage favored the stability of a mineral
assemblage typical of neutral or alkaline environments.

The relatively low proportion of sulfides, the abundance
of magnetite, the presence of anhydrite in the hydrothermal
assemblage, and the fluid inclusion data suggest that the
fluids had a high SO, /H,S ratio, a feature likely inherited
from the melt. This seems to be a feature typical of many
porphyry copper systems, such as El Teniente, Chile
(Klemm et al. 2007). The dominance of oxidized sulfur
seems to be also a key characteristic of IOCG systems
(Chiaradia et al. 2006), probably inhibiting the precipitation
of sulfides and favoring that of magnetite, even at
intermediate temperatures.

Despite not being clearly outlined due to the pervasive
hydrothermal alteration and the current level of exposure, a
few pieces of evidence suggest that the core of the
hydrothermal system is located above a hidden intrusion
more acidic in composition than the host rock. Cathodolu-
minescence studies of the hydrothermal quartz from the
quartz zone revealed areas with mosaic textures that likely
correspond to inherited quartz phenocrysts. The high Mo
grades are also consistent with a derivation from more
evolved felsic melts. The presence of Mo in porphyry
systems is due to the contamination of melts by lower
crustal rocks in areas of thickened crust (Stein and Hannah
1985; Klemm et al. 2008). Strong enrichment of Mo is
typical of acid systems more evolved than copper porphyry
systems (White et al. 1981) and Mo-rich skarns are
associated with granitic rocks having on average 73% to
76% SiO, (Meinert 1983).

Relationships with other nearby IOCG deposits

The distal and/or late hematite-rich mineralization in the
Tropezon area is structurally and mineralogically similar to
that of the Mantoverde deposit. Fluid inclusion studies in
Mantoverde showed that the orebody was associated with
the circulation of boiling connate brines at temperatures of
ca. 218 to 250°C (Benavides et al. 2007). In fact, the late
Na-Fe-K—Cl aqueous fluids found in Tropezén could
represent the connate brines reported by Benavides et al.
(2007) or Chiaradia et al. (2006) that intruded the
magmatic—hydrothermal system during its waning stages,
in a scheme similar to that observed in porphyry copper
systems for meteoric waters. Furthermore, at Mantoverde
(Benavides et al. 2007), Carmen de Cobre (Herrera, pers.
comm., 2007) and several other hematite-rich deposits of
the Andes, the deep extensions of the orebody include a
magnetite-rich mineralization almost completely modified
to hematite by late hydrothermal circulation. Basinal fluids
derived from the contemporaneous Chafiarcillo Group or
equivalent sediments, deposited in a shallow marine back-
arc basin environment (Coira et al. 1982), were presumably
incorporated into hydrothermal cells controlled by the
Atacama Fault System.
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Conclusions

The Tropezon deposit is an IOCG deposit that shows a direct
genetic relationship with an intrusion of intermediate compo-
sition and shares features of both porphyry copper and IOCG
systems. The hosting quartz diorite with pervasive Cu—(Au)
and Mo mineralization is mineralogically similar to some
porphyry systems of the Andes. However, the evolution of the
magmatic-hydrothermal system looks significantly simpler
than that observed in porphyry copper deposits. At Tropezon,
the hydrothermal activity and mineralization are related to a
single stock emplaced at greater depth than porphyry
intrusions. The Tropezon Stock seems to represent the deep
magmatic-hydrothermal core zone of a much larger IOCG
system, probably similar to others found in northern Chile.

The mineralization formed as a consequence of magmatic
exsolution of a single pulse of alkaline Fe- and Ca-rich fluids.
Early exsolved fluids formed a large zone of K—(Ca) alteration
followed by the formation of a tourmaline breccia pipe,
interpreted as the product of instantaneous and explosive
release of magmatic fluids. The progressive reaction of these
fluids with the host rocks led to Ca—Fe-K alteration and
formation of a zoned orebody. This system was later
overprinted by the circulation of late low-temperature basinal
brines where hematite became stable.

The system is perhaps similar and broadly contempora-
neous to that described by Marschik and Fontbote (2001) at
Candelaria, some 220 km south, and dated at 114-117 Ma
(Mathur et al. 2002; Marschik and Sollner 2006). The
hydrothermal alteration is also similar, but at Candelaria
many of the early magmatic-hydrothermal features are
masked by the later complex hydrothermal evolution.
Candelaria lacks significant Mo grades and the tourmaline
breccia pipes, key features of the Tropezén deposit.

The model presented here also shares features with the
model proposed by Skirrow et al. (2007) for the Olympic Dam
district, with the presence of an early alteration event with K-
feldspar, magnetite and calc-silicates caused by the circulation
of hot (>450°C) hypersaline brines and a later influx of cooler
fluids (200-300°C) that produced the hematite-rich alteration.
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