Mineralium Deposita (2003) 38: 727-738
DOI 10.1007/s00126-003-0364-1

ARTICLE

Karin Requia - Holly Stein - Lluis Fontboté
Massimo Chiaradia

Re-0s and Pb-Pb geochronology of the Archean Salobo iron oxide
copper-gold deposit, Carajas mineral province, northern Brazil

Received: 25 April 2002/ Accepted: 18 April 2003 / Published online: 3 June 2003

© Springer-Verlag 2003

Abstract Rhenium—osmium ages were determined for
two molybdenite samples and a Pb—Pb age was derived
from bornite—chalcopyrite-magnetite at the Salobo iron
oxide copper—gold deposit to determine the timing of
mineralization and its relation to the nearby Old Salobo
Granite. Rhenium—osmium dating of molybdenite spa-
tially associated with copper sulfide minerals yields ages
with weighted means of 2576+8 and 2562+8 Ma.
Removing the error multiplier introduced by the decay
constant uncertainty, appropriate for comparing ages
from the same isotopic system, these data convincingly
argue for two temporally separated pulses of molybde-
nite deposition at 2576.1+14 Ma (n=2) and
2561.7+3.1 Ma (n=3). The 2576+ 8 Ma age coincides
with a previously published U-Pb age of 2573+2 Ma
for the Old Salobo Granite, suggesting that main stage
ore formation may have been contemporaneous with
granite magmatism. The slightly younger 2562 Ma age
most likely represents new molybdenite precipitation
associated with the development or reactivation of local
shear zones. Lead-lead stepwise leaching of copper
sulfide minerals yields a less precise isochron age of
2579+ 71 Ma, and supports an Archean age for the
Salobo ores. This is the first documentation of an Ar-
chean iron oxide copper—gold deposit, and the Re-Os
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and Pb-Pb geochronology herein support 2580—
2550 Ma estimates for basement reactivation and
regional granite magmatism associated with the devel-
opment of brittle-ductile shear zones.
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Introduction

The Salobo deposit is located in the Carajas mineral
province, northern Brazil, which is among the world’s
most endowed mineralized districts (Fig. 1). Salobo was
recently classified as an iron oxide copper—gold deposit
(Requia and Fontboté 1999, 2000a, 2000b). This deposit
occurs in Archean rocks, with reserves estimated at
789 Mt @ 0.96% Cu and 0.52 g/t Au (Souza and Vieira
2000). Previously, the iron oxide copper—gold deposit
class was only recognized in Early Proterozoic to Plio-
cene rocks (Hitzman 2000). Among the genetic models
proposed for the Salobo deposit are those suggesting a
sedimentary—exhalative origin (Docegeo 1988; Linden-
mayer 1990) and those consistent with a syngenetic
volcanogenic model (Villas and Santos 2001). Other
works suggest an origin related to the 1.8 Ga Young
Salobo Granite for the deposit (Lindenmayer et al. 1995)
or that the copper—gold mineralization is related to a
porphyry copper system (Lindenmayer 1998). Huhn and
Nascimento (1997), in their review of the Carajas copper
deposits, note that certain deposits, such as Salobo and
Igarapé Bahia, have similarities with iron oxide copper—
gold deposits.

To test genetic models and date the mineralization,
we present a Re—Os and Pb—Pb isotopic study. Our re-
sults demonstrate that the Salobo mineralization is Ar-
chean and was probably contemporaneous with granite
emplacement. This first recognition of an Archean iron
oxide copper—gold deposit opens Archean terranes to
exploration for this deposit type.
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Fig. 1 Simplified geologic map of the Carajas region, including the
location of principal mineral deposits (after Docegeo 1988). The
Itacaitinas Supergroup, which hosts significant ore deposits,
comprises the Salobo, Pojuca, Grdo-Para, and Igarapé Bahia
Groups

Regional geologic context

The Carajas mineral province lies in the southern part of
the Amazonian craton, within the E-W trending Ita-
caitnas shear belt (Pinheiro and Holdsworth 1997).
Within this shear belt, there are two major fault systems,
the Cinzento and the Carajas strike-slip systems. Both
were formed during regional phases of ductile-brittle
to brittle deformation and post-date the original devel-
opment of the Itacaiinas shear zone. The Cinzento
strike-slip system was dated at 2.5 Ga (Pinheiro and
Holdsworth 1997; Table 1), and the younger Carajas
fault zone (< 1.8 Ga; Cordani 1981) is the most promi-
nent structure in the region (Fig. 1). In addition, the
Transamazonian orogeny affected the lithologies of the
Carajas mineral province at about 2.2-1.8 Ga (Almeida
et al. 1981).

The Xingi Complex (>2.85 Ga; zircon U-Pb;
Machado et al. 1991) and the Pium Complex (> 3.0 Ga;
whole-rock Pb—Pb; Rodrigues et al. 1992) represent the
continental basement of the Carajas mineral province,
on which the supracrustal sequences of the Archean It-
acaiunas Supergroup were deposited (Fig. 1; Table 1).
The Itacaitinas Supergroup comprises the Salobo, Poj-
uca, Grao-Para, and Igarapé Bahia Groups. It is over-
lain by a clastic sedimentary rock unit, the Aguas Claras
Formation (Aratjo and Maia 1991) or Rio Fresco
Group (Docegeo 1988) dated at 2681 +5 Ma (zircon
U-Pb; Trendall et al. 1998), which is cut by 2645+ 12 Ma
(zircon Pb—Pb; Dias et al. 1996) sills and dikes of gabbro
and diabase. The tectonic environment during deposi-
tion of the Itacaiinas Supergroup was probably an
extensional continental rift (Hutchinson 1979; Wirth
1986; Docegeo 1988; Lindenmayer 1990). Rocks of the

resulting Carajas basin were intruded by Archean
granites and diorites of the Plaqué Suite (2747 +2, zir-
con Pb—Pb, Huhn et al. 1999; 2736 + 24 Ma, zircon Pb—
Pb, Avelar et al. 1999), Estrela Complex (2763 +7 Ma,
zircon Pb—Pb, Barros and Barbey 2000), and Old Salobo
Granite (2573+2 Ma, zircon U-Pb, Machado et al.
1991). Anorogenic granites of Proterozoic age (1.8—
1.9 Ga, Machado et al. 1991; Cordani 1981), such as the
Carajas, Cigano, Pojuca, Musa, and Young Salobo
granites, also occur in the Carajas mineral province.

Deposit geology

The Salobo deposit is hosted by rocks of the Archean
Salobo Group, which consist of a sequence of amphib-
olite, banded iron formation, metagraywacke, and
quartzite (Fig. 2). This sequence ranges in thickness
from at least 300 to 600 m, striking approximately
N70°W, with subvertical dip. Two intrusions, the Old
Salobo and Young Salobo granites, intrude rocks of the
Salobo Group. The Old Salobo Granite (2573 +2 Ma;
zircon U-Pb; Machado et al. 1991) is an alkaline,
metaluminous, within-plate granite whereas the Young
Salobo Granite (1880+80 Ma; whole-rock Rb-Sr;
Cordani 1981) is an alkaline, metaluminous, anorogenic
syenite sill (Lindenmayer 1990).

The Salobo deposit is situated within the Cinzento
strike-slip system, which post-dates the formation of the
Itacaitinas shear zone, and was developed under ductile—
brittle to brittle conditions (Holdsworth and Pinheiro
2000; Table 1). The tectonic evolution of the Salobo
area includes sinistral transpressive ductile deformation
developed under upper amphibolite facies conditions,
followed by sinistral transtensive ductile—brittle to brittle
shear deformation (Siqueira 1996; Souza and Vieira
2000). The ductile deformation along the Itacaiunas
shear zone, which affected basement rocks and rocks of
the Salobo Group, probably occurred between about
2850 and 2760 Ma (zircon U-Pb, Machado et al. 1991;
Holdsworth and Pinheiro 2000; Table 1). It produced
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Fig. 2 a Simplified geologic map of the Salobo iron oxide copper—
gold deposit (after Souza and Vieira 2000). The deposit is hosted by
supracrustal rocks of the Archean Salobo Group, which strike
approximately N70°W, with subvertical dip. b Deposit geology at
level 250 (Docegeo 1988). At the studied area, the Salobo Group
consists of a sequence of amphibolite, banded iron formation,
metagraywacke, and quartzite

a widespread, subvertical, NW-SE foliation, which
affects all lithologies at the deposit except the Young
Salobo Granite and the diabase dikes. The transtensive
deformation along the Cinzento strike-slip fault system
reactivated old structures. This formed a subparallel
ductile-brittle shear zone in the northern part of the
deposit at about 2550 Ma (zircon/titanite U-Pb,
Machado et al. 1991; Table 1), and a brittle shear zone in
the south (2497 +5 Ma; titanite U-Pb, Machado et al.
1991).

Alteration and mineralization

Alkali-metasomatism is recognized in the amphibolite
host rocks of the Salobo deposit (Requia and Font-
boté 1999, 2000b). It is expressed by weak sodium
alteration with intense superimposed potassium
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Fig. 3 Schematic distribution of hydrothermal alteration assem-
blages in the Salobo deposit (level 250). Dominant potassium-
alteration (< 4.6 wt% of K,0) is accompanied by an increase in the
FeO content (< 35 wt%) in the amphibolite and metagraywacke
host rocks. The richest ore zone, located in the central part of the
deposit, corresponds to the most altered area

alteration (<4.6 wt% of K,0O). Potassium-feldspar,
biotite, and oligoclase are the main alteration miner-
als. A significant increase in the FeO content
(£ 35 wt%) accompanied the potassium alteration in
amphibolites and was marked by the replacement of
calcic-amphibole (mostly magnesium-hornblende and
hastingsite) by iron—-magnesium amphibole (cumming-
tonite), and by biotite and magnetite formation. The
chemistry of the metagraywackes at the deposit reveals
that they also underwent significant iron and potas-
sium alteration (Requia 2002). Alteration assemblages
are characterized by almandine garnet, biotite, and
grunerite, subordinate tourmaline, and minor magne-
tite. The spatial distribution of hydrothermal alter-
ation in the Salobo deposit shows that areas affected
by intense iron and potassium-metasomatism host
most of the iron oxide copper—gold ore (Fig. 3). The
richest ore zone, located in the central part of the
deposit, corresponds to the most altered area. Lin-
denmayer (1990) obtained a temperature of 550 °C
from hydrothermal garnet rims and biotite from an
ore sample in this central zone, which we interpret as
representative of the thermal conditions during the
iron and potassium alteration event.

The Salobo ore is characterized by large quantities of
iron oxides with disseminations of chalcopyrite, bornite,
and chalcocite. Magnetite is the predominant iron oxide
species at Salobo. It generally forms irregular, lens-
shaped, massive replacement bodies, oriented N70°W,
with subvertical dip. Most of the orebodies in the de-
posit area are parallel to ductile-brittle shear zones,
which trend NW-SE with subvertical dip, suggesting a
structural control of the mineralized bodies. Two types



Fig. 4 Photomicrographs of
ore paragenesis at the Salobo
deposit (reflected light, plane
polarized): a idiomorphic to
subidiomorphic magnetite
infilled by bornite and
chalcopyrite, all interstitial to
silicates in ore type I (KR-3); b
chalcopyrite interstitial to
magnetite and grunerite in ore
type I (KRI-155); ¢ chalcopyrite
along cleavage planes and
fractures in molybdenite in ore
type I (KRI-155); d
molybdenite vein, with
subordinate bornite and
magnetite, within a magnetite-
rich ore type I (KRI-21-A)

early stage sulfide stage

ore minerals
magnetite
hematite
chalcopyrite
bornite
chalcocite
molybdenite
cobaltite —
safflorite —_
native gold —
ilmenite —_
uraninite -
graphite —
covellite —
gangue
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quartz veins
tourmaline
fluorite

apatite

allanite
Fe-chlorite

time

—

 pseudomorphically altered to magnetite and grunerite
b mostly replaced by grunerite or cummingtonite and magnetite

Fig. 5 Paragenetic sequence in the Salobo deposit

of replacement orebodies have been distinguished: ore
type I (magnetite >50%, Cu>1.5%) and ore type II
(10-50% of magnetite, 0.5-1.5% Cu). The Salobo cop-
per—gold ore contains high Ag, As, F, Mo, U, Co, and
LREE contents and low Zn, Pb, V, and Ba concentra-
tions (Requia and Fontboté 1999, 2000b). Gold content
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is slightly higher in ore type I, with values up to 2 g/t
relatively common.

Principal ore assemblages consist of magnetite—chal-
copyrite-bornite and magnetite-bornite—chalcocite, with
magnetite dominant and variable amounts of copper
sulfide minerals. Accessory molybdenite is closely asso-
ciated with these assemblages. In addition, quartz,
fluorite, calcite, molybdenite (—bornite-magnetite), and
iron-chlorite veins and veinlets occur within the iron-
rich rocks. The ore minerals, in particular magnetite,
replace or are interstitial to silicate assemblages. Mag-
netite occurs mainly as idiomorphic to subidiomorphic
grains, interstitial to silicate minerals or in fractures
(Fig. 4a), or forms bands interlayered with quartz—
chlorite or biotite bands in mylonitic rocks. Chalcopy-
rite, bornite, and chalcocite occur interstitially to silicate
minerals, magnetite, and hematite. These sulfide miner-
als are commonly found filling cleavage planes of biotite
and grunerite (Fig. 4a, b). Molybdenite occurs intersti-
tial to magnetite, in veins with subordinate bornite and
magnetite, and shows cleavages planes filled with chal-
copyrite and bornite (Fig. 4c, d). In mylonitic samples,
molybdenite forms kinked stringers with marked vari-
able extinction, the result of within-lath recrystallization.
Hematite is rare, but in places comprises as much as 4%
by volume. It exhibits tabular texture (specularite), with
infilling bornite, and partial replacement by magnetite.
Native gold grains are observed locally, as inclusions in
cobaltite and safflorite or interstitial to bornite. In
addition, ilmenite, uraninite, allanite, fluorite, and apa-
tite occur as accessory minerals. The above textural
relationships indicate that mineralization was firstly
marked by an oxide stage, with a subsequent sulfide
stage (Fig. 5). The oxide stage was characterized by
abundant magnetite and very minor hematite. The main
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sulfide stage is marked by chalcocite, bornite, and
chalcopyrite formation. Petrographic evidence indicates
that molybdenite formed early in the sulfide stage. Na-
tive gold precipitation appears to have occurred late in
the sulfide stage, in association with cobaltite and saffl-
orite.

Almandine garnet, grunerite, and tourmaline are the
main gangue minerals reflecting the intense iron-meta-
somatism that affected the Salobo area. Minor amounts
(<10 vol%) of fayalite and hastingsite are pseudomor-
phically replaced by grunerite and magnetite. Textural
features, such as almandine oriented parallel to the
mylonitic foliation or rotated with small inclusions of
grunerite and biotite, indicate that this mineral is asso-
ciated with the deformation. Grunerite is generally
subidiomorphic to idiomorphic and preferentially ori-
ented parallel to the mylonitic foliation. Bornite and
chalcocite commonly fill cleavage planes in this mineral.
Tourmaline, with a dominant schorlitic composition
(Requia 1995), occurs as idiomorphic crystals preferen-
tially oriented parallel to the mylonitic foliation, in
association with biotite, grunerite, and garnet. Biotite
is associated with potassium-alteration and spatially
related to the copper—gold ore. It occurs as subidio-
morphic crystals, commonly kinked, and defines the
mylonitic foliation. Cleavage planes and fractures are
commonly filled by bornite and chalcocite. In addition,
uraninite and zircon inclusions may be locally abundant
in biotite. Quartz shows undulose extinction, and is
associated with biotite in ore samples or constitutes
concordant veins within the ore and host rocks.

The Salobo deposit was probably formed by high
temperature, highly saline, oxidized, sulfur-poor, near-
neutral pH fluids (Requia and Fontboté 2001). Total
homogenization temperatures of highly saline fluid
inclusions in quartz range from 173485 °C (Requia and
Xavier 1995) and geothermometry from post-ore stage
chlorite yields a temperature of 350 °C (Requia et al.
1995).

Previous geochronology

Uranium—lead isotopic determinations in zircon, tita-
nite, and monazite in rocks from the Salobo area were
carried out by Machado et al. (1991). The earliest
regional metamorphic event detected in the basement
gneisses was dated at 2851+4 Ma (zircon). At
2761 +3 Ma (zircon), the rocks of the Salobo Group
underwent upper amphibolite facies metamorphism.
Renewed basement metamorphism was observed at
2742-2732 Ma (zircon), but its significance is uncertain.
According to Machado et al. (1991), a regional base-
ment reactivation occurred in the Salobo area between
about 2580 and 2550 Ma. This activity started by
injection of granitic veins into the gneisses at
2581+ 5 Ma (titanite), followed by the intrusion of the
Old Salobo Granite at 2573+2 Ma (zircon), and a
southward thrusting of the Salobo rocks between 2573

and 2551 Ma. Zircon in mylonitized amphibolite from
the Salobo deposit yielded an age of 2552+4 Ma,
whereas a silicified and sheared iron-rich rock from the
Pojuca deposit was dated at 2551 +2 Ma (monazite),
both indicating a period of shear zone reactivation at
about 2550 Ma. A later event in the deposit area was
marked by the reactivation of brittle shear zones in the
south, with titanite formation in sheared amphibolite at
2497+ 5 Ma. Clearly, the history of deformation and
development, plus reactivation, of shear zones is highly
complex.

Mellito and Tassinari (1998) dated chalcocite and
magnetite samples from Salobo using the Pb—Pb method.
Magnetite dating yielded an age of 27764240 Ma,
whereas chalcocite was dated at 2762+ 180 Ma. These
authors interpret the magnetite as part of the banded
iron formations and the copper ore as “syngenetic”. In
addition, Tassinari and Mellito (2001) performed Pb—Pb
stepwise leaching on chalcopyrite, magnetite, and ore-
associated tourmaline, obtaining ages of 2427 +130,
2112+12, and 25874150 Ma, respectively. They
correlate these results to regional deformation at
2.6-2.5 Ga (for chalcopyrite and tourmaline) and to the
2.2-1.8 Ga Transamazonian orogeny (for magnetite).
The intrusion of the Young Salobo Granite at
1880+ 80 Ma, and diabase dikes at 561 & 16 Ma (whole-
rock Rb—Sr, Cordani 1981) were the last igneous events
in Salobo area.

Present geochronology study
Re-Os dating of molybdenite

The Re—Os chronometer is based on the beta decay of
'87Re (about 62% of total rhenium) to '*’Os. The sid-
erophile—chalcophile nature of rhenium and osmium
permit these elements to be taken directly into the sulfide
mineral structure, providing a chronometer to directly
date ore minerals. Molybdenite presents a unique situ-
ation for Re-Os in that it is a sink for rhenium
(replacing molybdenum) and commonly has rhenium
concentrations in the parts per million range. Also,
molybdenite essentially excludes osmium from its
structure upon formation so that common osmium
concentrations are insignificant relative to time-depen-
dent accumulation of radiogenic '¥’Os. Because Re/Os
ratios for molybdenite are extremely large, measurable
radiogenic '®’Os accumulates after a short time and a
model age can be determined from a single molybdenite
sample. Geologically consistent and analytically repro-
ducible ages for molybdenite illustrate the robustness of
the chronometer (e.g., Stein et al. 1998a, 1998b; Wa-
tanabe and Stein 2000; Selby and Creaser 2001; Stein et
al. 2001), even through granulite facies metamorphism
(Raith and Stein 2000; Bingen and Stein 2003). This
study further demonstrates that the Re-Os system in
molybdenite is not disturbed by post-ore, magmatic—
hydrothermal overprints.



Two molybdenite samples were selected for this
study. Both samples are from a portion of a 1- to-3-cm-
thick vein of molybdenite, with subordinate bornite and
magnetite (Fig. 4d), taken from the exploration gallery
G2 within ore type I. This vein belongs to the main
orebody occurring in the central part of the deposit
(Fig. 2b). In both samples, molybdenite occurs as elon-
gate kinked laths with undulose extinction. No varia-
tions in the amounts of bornite and magnetite between
the two studied samples were noted.

Repeat analyses involving different mineral separates
were made on two molybdenite samples, KRI-21-A and
KRI-21-B (Table 2), at the AIRIE molybdenite labora-
tory at Colorado State University (CSU) according to
procedures outlined in Stein et al. (2001). Sample sizes
for drilled molybdenite powders ranged from 10-25 mg.
For this study, a Carius-tube digestion was used,
whereby molybdenite is dissolved and equilibrated with
'85Re and '*’Os spikes in HNO5—HCI (inverse aqua re-
gia) by sealing in a thick-walled glass ampoule (Carius
tube) and heating for 12 h at 230 °C. The osmium is
recovered by distilling directly from the Carius tube in a
manner similar to that described by Brauns (2001), ex-
cept that the osmium is trapped in 5 ml of chilled HBr.
The osmium is subsequently purified by micro-distilla-
tion (Birck et al. 1997). The rhenium is recovered by
anion exchange (Morgan et al. 1991; Markey et al.
1998). The rhenium and osmium are loaded onto plati-
num filaments and isotopic compositions are determined
using NTIMS on NBS 12-inch radius, 68° and 90° sector
mass spectrometers at CSU. Two in-house molybdenite
standards, calibrated at AIRIE, are run routinely as an
internal check (Markey et al. 1998). The age is calculated
by applying the equation '¥’0Os="¥"Re (e*'-1), where .
is the decay constant for '®’Re and t is the age. The
%7Re decay constant used is 1.666x107"" year™', with an
uncertainty of 0.31% (Smoliar et al. 1996). Uncertainties
in age calculations include error associated with (1)
18Re and '°0s spike calibrations, 0.05 and 0.15%,
respectively, (2) weighing the spikes, (3) magnification

Table 2 Re-Os data for molybdenites from the Salobo iron oxide
copper—gold deposit, northern Brazil. Molybdenite dissolution and
spike equilibration by Carius tube. Absolute errors for concentra-
tion data in parentheses at 2. Ages reported at 2¢ (includes all
analytical and '"’Re decay constant uncertainties). Note that
uncertainties on the weighted means are less than the '®’Re decay
constant uncertainty of 0.31%

Sample AIRIE  Total 8705 Age (Ma)

No. Run Re (ppm)  (ppb)

KR-21-A  CT-415 199.3 (1) 5493 (2) 2576+8

KR-21-A  CT-423 198.4 (1) 5468 (5) 2576+8
Weighted

mean=2576+6

KR-21-B  CT-424 83.17 (6) 2278 (2)  2561+8

KR-21-B CT-438 81.92 (6) 2245 (1)  2562+8

KR-21-B  CT-439 80.31 (4) 2202 (1) 2563+8
Weighted

mean=2562+5
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with spiking, (4) mass spectrometric measurement of
isotopic ratios, and (5) the '®’Re decay constant
(0.31%). Molybdenites rarely require a blank correction,
as is the case for Salobo. In the AIRIE molybdenite
laboratory during this study, blanks were Re= <10 pg,
¥70s= < 1.5 pg.

Pb-Pb dating of sulfides and oxides

An acid stepwise-leaching procedure, whereby lead iso-
topic ratios are measured in successive leach fractions of
the same mineral (Frei and Kamber 1995; Frei et al.
1997), has been successfully applied to mineral dating.
This procedure is independent of element fractionation
during chemical procedures applied in the laboratory, as
it utilizes a single element, lead, whose relevant isotopes
are decay products of the U-Pb system, and it enables
Pb-Pb dating of many single minerals (e.g., Kamber et
al. 1995; Frei and Pettke 1996; Kreissig et al. 2001).

In this study, we obtained lead isotope analyses on
one pure bornite sample, two bornite—chalcopyrite
mixtures, and three magnetite samples from both ore
type I and II. In the analyzed samples, magnetite is often
subidiomorphic, showing straight boundaries with
copper sulfide minerals (Fig. 4a). Bornite occurs inter-
stitial to magnetite grains (Fig. 4a), or fills cleavage
planes of biotite and grunerite. This mineral commonly
displays intergrowths with chalcopyrite or chalcocite,
rendering it difficult to obtain concentrates of pure
bornite.

The bornite—chalcopyrite mixed sulfide minerals for
sample KRI-110 and the magnetite from sample KRI-48
were subjected to a stepwise-leaching procedure (Ta-
ble 3) in order to recover variably radiogenic lead. Bulk
fractions of bornite and bornite—chalcopyrite for sam-
ples KRI-27 and KRI-3, as well as of magnetite from
samples KRI-152 and KRI-110, were also analyzed
(Table 3). Stepwise leaching was carried out on 300-
500 mg of powdered ore mineral (sulfide or magnetite)
with 4 M HBr for different time periods (see Table 3). In
total, five analyses were performed on both sulfide
mineral and magnetite fractions that provided lead in
sufficient amount to be measured. Because relatively
large amounts of minerals were leached, common lead in
these fractions was in the order of tens of nanograms.
Because procedural blank lead was <120 pg, no blank
corrections of the data were necessary. Lead was purified
through chromatography in hydrobromic medium using
AG1-X8 and AG-MP1 resins. Lead fractions were loa-
ded onto zone-refined single rhenium-filaments and
isotope ratios were measured on a MAT Finningan 262
mass spectrometer. Lead isotope ratios were corrected
for fractionation by an +0.08% atomic mass unit cor-
rection factor based on more than 100 analyses of the
NBS 981 international standard. The analytical uncer-
tainties are 0.05% for 2°°Pb/?*Pb, 0.08% for
207pb2%Pb, and 0.10% for 2°*Pb/***Pb. The **"Pb/**°Pb
age was calculated using ISOPLOT software (Ludwig
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1.0000
0.9998
0.9999
0.9567
0.9878
0.9834
0.9748
0.9972
0.9990
0.9980

0.08
0.19
0.06
0.07
0.11
0.19
0.61
0.03
0.02
0.03

82.9071
56.8437
38.2222
83.4066
149.6163
43.2138
39.9976
41.5848
81.3517
39.4361

0.08
0.20
0.06
0.09
0.13
0.20
0.72
0.03
0.02
0.04

62.9162
181.0933
16.6731
70.1648
88.3440
28.2116
17.9012
20.2053
32.3274
24.3075

0.08
0.20
0.06
0.06
0.12
0.18
0.63
0.03
0.02

206pp, 204ppy g 200pp 204p,  207p 204py, 95 207ppy 204pp,  208ppy 204pY, g 208ppy 204pY,
0.03

294.9657
956.5160
344.0979
447.0947
34.5695
50.1574
136.1023
76.8972

Fraction

10 min 4 M HBr 25.1557
10 min 4 M HBr 99.6150
40 min 4 M HBr

3h4 M HBr

Bulk

Bulk
Bulk

bn (77%), cp (23%) 6 h 4 M HBr
bn (77%), cp (23%) Residue

bn (67%), cp (33%) Bulk

bn (77%), cp (23%)

Mineral
mt
mt
mt
mt

bn

Ore type

Ore type 1
Ore type 1
Ore type |

F143/438.28 m Ore type II mt

F48/646.25 m  Ore type |
KRI-110 F143/703.25 m Ore type |

Location
F41/407.6 m
F128/83.3 m
KRI-110 F143/703.25 m Ore type |

Table 3 Lead-lead isotopic data for sulfides and magnetite from the Salobo iron oxide copper—gold deposit, northern Brazil. bn bornite, ¢p chalcopyrite, mt magnetite, ““r” error

correlation
KRI-48-3 F48/646.25 m  Ore type I

KRI-110 F143/703.25m Ore type I

KRI-110 F143/703.25 m Ore type I
KRI-48-1

KRI-48-2 F48/646.25 m

Sample
KRI-27
KRI-3
KRI-152

2000). Age errors are reported at the 95% confidence
level.

Analytical results
Re-Os analyses

Results of Re-Os analyses are shown in Table 2.
Molybdenite A (KR-21-A) has a weighted mean age of
2576 +£6 Ma (n=2,95% CL). Molybdenite B (KR-21-B)
has a weighted mean age of 2562+5 Ma (n=3, 95%
CL), and is distinctly younger than molybdenite A. These
samples were initially expected to give the same age re-
sult, leading to the construction of a molybdenite
187Re~"%70s isochron with a few replicate analyses (each
replicate is a unique mineral separate), providing that a
small variation in rhenium concentration was found
within samples (Stein et al. 1998b). An attempt to use the
isochron approach with all five samples yields a signifi-
cantly negative '8’Os intercept in '*"Re—~'*"Os space, the
required plotting space for molybdenites (Stein et al.
2000). This negative '®’Os intercept (=21.4+ 5.7 ppb) is
also a clear indication that these two samples should not
be grouped together for an isochron plot, and that they
represent two different populations of molybdenite
deposition. This is also strongly supported by the two
different and consistent rhenium concentrations associ-
ated with two molybdenite separates from sample A
(200 ppm) and three separates from B (80 ppm). In
addition, we checked all samples during mass spec-
trometry for common osmium by monitoring '*?Os and,
as is the usual case for molybdenite, there is no mea-
surable '°?Os in these two samples (Stein et al. 2001).
For any single analysis of sample A and sample B, the
Re—Os ages marginally overlap at 2¢ uncertainty with an
absolute error of +8 m.y., retaining the '’Re decay
constant uncertainty in the comparison. If the data are
first considered as a single data set of five, the resulting
MSWD of 71 associated with the calculation of a
weighted mean (Fig. 6) clearly indicates that the samples
are not related within the confines of the assigned ana-
lytical errors. Because replicate ages for both samples
are very tight and there is essentially no within-sample
variation in rhenium concentration, two molybdenite-
precipitating events is the simplest explanation. Isotopic
disturbance does not permit tight replicate analyses from
different mineral separates in a sample. Therefore, the
weighted mean approach should be reapplied, but with
separation of molybdenite sample A from B. The plot-
ting of data for molybdenite A and molybdenite B
(Fig. 6) indicates that there is a real temporal distinction
for the formation of these two molybdenite samples. As
an important technical point, comparison of Re-Os ages
for different samples should remove the 0.31% uncer-
tainty for the '®’Re decay constant from each analysis,
as this is a constant error magnifier for all samples.
Doing so, produces a weighted mean age of
2576.1+ 1.4 Ma for molybdenite A and 2561.7+3.1 Ma
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Fig. 6 Weighted means for molybdenite samples A (KRI-21-A)
and B (KRI-21-B) from the Salobo iron oxide copper—gold deposit,
northern Brazil. To provide the most conservative analysis of the
Re-Os data, the uncertainty in the '*’Re decay constant, a constant
error multiplier for all samples, has been removed from the five
data bars, and is not included in the two resulting weighted means
reported on the right side of the figure. A weighted average for all
five data points yields a high MSWD of 71, supporting two
populations of analytical results. When comparing Re—Os results
with ages from other isotopic methods, the error for the Re-Os
weighted mean ages should be reported as =8 Ma to include the
uncertainty in the decay constant. Analytical data are in Table 2.
Text offers additional explanation

for molybdenite B (Fig. 6). The uncertainty on both of
these ages is markedly reduced, because the data are in
remarkably good agreement for replicates of each sam-
ple. It is important that, for comparison with radio-
metric ages obtained by other isotopic methods, an
uncertainty of £8 Ma for the weighted mean age be
used, so that the errors on the weighted mean Re-Os
ages include the uncertainty in the "¥7Re decay constant
(Stein et al. 2001). Therefore, the Re—-Os ages that
should be quoted for Salobo molybdenites, and used
when comparing Re-Os ages with other ages by other
methods, are 2576+8 Ma for molybdenite A and
2562 4+ 8 Ma for molybdenite B. Unfortunately, errors in
published U-Pb ages almost always exclude the decay
constant uncertainty for parental isotopes of uranium.
Thus, reported errors for U-Pb ages are unrealistically
small when drawing comparisons with other isotopic
systems, such as Re—Os.

Pb-Pb analyses

The precision and accuracy that is offered by Re-Os
dating of molybdenites provides a fixed point to test the
accuracy of the Pb—Pb method applied to sulfide min-
erals and magnetite from the Salobo deposit. Lead—lead
ages of sulfide minerals are based on three stepwise-
leached fractions of a single sample (KRI-110) plus two
analyses on bulk bornite fractions (Table 3). A five-
point isochron yields an age of 2579 £71 Ma (model 1,
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Fig. 7 2°Pb/?**Pb vs. 2°°Pb/***Pb correlation diagram and age for
copper sulfide minerals from the Salobo deposit using the model 1
of Ludwig (2000). Data point symbols exceed dimensions of error
bars

Ludwig 2000; Fig. 7). Recalculation of the age based on
equal weights and zero error-correlations (model 2,
Ludwig 2000) provides an age of 2626 +£70 Ma.

The *°°Pb/?**Pb values obtained on stepwise-leached
magnetite fractions of sample KRI-48 and on bulk
magnetite (samples KRI-152 and KRI-110) are signifi-
cantly lower than those of the sulfide minerals, sug-
gesting lower p (*®U/°Pb) values in magnetite
compared to sulfides. An isochron based on the regres-
sion of five points (three stepwise-leached fractions and
two bulk fractions) yields ages of 2291+220 and
2297 £ 240 Ma, respectively, for models 1 and 2.

Discussion
Re—Os results

We suggest that ages for both molybdenite A and B
provide significant information that is integral to
understanding the larger geologic and ore-forming his-
tory at Salobo. The weighted mean age of 2576+ 6 Ma
for molybdenite A is in good agreement with the
2573+2 Ma U-Pb age for the Old Salobo Granite ob-
tained by Machado et al. (1991). Based on the geologic
and geochronologic data, we suggest that molybdenite A
is related to main stage ore deposition and that this
event is contemporaneous to intrusion of the Old Salobo
Granite.

Although some authors suggest that the Re-Os
chronometer could be isotopically disturbed (Suzuki et
al. 2000, 2001), the reproducible difference in the ages
for these two molybdenite samples does not support a
scenario of “isotopic disturbance” for molybdenite A or
B as an explanation for the different ages. We suggest
that this younger age is associated with the deposition of
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new molybdenite at ~2562 Ma, possibly in association
with the development (or reactivation) of shear zones at
Salobo. In a similar study involving Late Archean
granitoids and a porphyry Cu—Mo system at Malanjk-
hand, India, Re-Os ages in molybdenite also record
several overprinting episodes of Early Proterozoic
deformation in the ore system, reflecting development
of the Central Indian tectonic zone (Hannah et al.
2002).

An alternative explanation for Salobo molybdenite A
is that the 2576+ 6 Ma age may reflect molybdenite
deposition associated with the development of older
shear zones affecting the deposit, with main stage ore
deposition older than and unrelated to the Old Salobo
Granite. However, the full geologic and geochronologic
evidence best supports an initial period of granite-re-
lated mineralization, followed by deformation and
redistribution of some ore components.

Pb-Pb results

The 2579 £71 Ma Pb-Pb age of sulfide minerals, despite
a larger error, is the same as the Re—Os ages of molyb-
denites. The high MSWD for this isochron documents
scatter beyond the assigned analytical uncertainty for
the data points. This excess scatter is most likely geo-
logic, either from variation in the initial ratio for sam-
ples, or from small degrees of open system behavior. For
cases where it is evident that some other cause of scatter
is involved, recalculation of the age based on equal
weights and zero error-correlations may be used (model
2, Ludwig 2000). This calculation yields an age of
2626 +70 Ma, the same within error as that obtained
using model 1. Although the U-Pb system in the ana-
lyzed sulfide minerals was potentially disturbed by later
geologic processes, the less precise Pb—Pb ages are con-
sistent with the Re—Os molybdenite ages. Lead-lead
dating of magnetite (2291 £220 Ma) also shows a high
MSWD value (556) associated with this isochron, indi-
cating excess scatter and possibly open system behavior.
The magnetite age is the same, within error, as those
from the sulfide minerals, but open system behavior
seems to have more significantly affected the magnetite
fractions than the sulfides.

Also the imprecise and geologically variable Pb—Pb
ages obtained by Mellito and Tassinari (1998) and
Tassinari and Mellito (2001) on chalcocite, magnetite,
chalcopyrite, and ore-associated tourmaline from the
Salobo deposit (2776 +240, 2762+ 180, 2427 £ 130, and
25874150 Ma, respectively), confirm the difficulties in
the application of Pb—Pb dating to the Salobo minerals.
Nevertheless, despite the large uncertainties, these
determinations are compatible with an Archean age for
the mineralization.

In conclusion, Pb—Pb dating of sulfide minerals from
the Salobo iron oxide copper—gold deposit yields more
accurate and precise ages than magnetite dating. Our
bornite—chalcopyrite five-point isochron yielding an age

of 2579+71 Ma is consistent with the Re-Os age
determinations of 2576 +£8 and 2562 +8 Ma. However,
we note that, in the absence of Re-Os ages, the Pb—Pb
age, although geologically meaningful, would be of
limited value in resolving temporal differences in the
geologic and ore-forming history because of its high
MSWD and large 2¢ uncertainty.

Metallogenetic implications

The new age determinations in this study support
existing geometric relationships and geochemical data
(e.g., Requia and Fontboté 1999, 2000a, 2000b, 2001),
which suggest Salobo is an iron oxide copper—gold de-
posit of Archean age formed near the ductile-brittle
transition and of probable magmatic affiliation. The
geochronological data do not support a genetic rela-
tionship between the Salobo ore and the anorogenic
Young Salobo Granite (1880 +80 Ma; whole-rock Rb—
Sr, Cordani 1981), as proposed by Lindenmayer et al.
(1995). Also, the sedimentary—exhalative and other
syngenetic models, assumed by some authors (Docegeo
1988; Lindenmayer 1990; Villas and Santos 2001),
are not compatible with the age determinations in this
study.

Regional chronologic relationships are summarized
in Fig. 8. At least two temporally distinct molybdenite
events (Fig. 8) are strongly supported by the different
rhenium concentrations (Table 2). It is unlikely that a
single molybdenite-depositing, high temperature fluid
would produce contemporaneous molybdenites with
80 and 200 ppm Re in the same vein at the same
location. We suggest main stage copper—gold deposi-
tion occurred at 257648 Ma, contemporaneous with
nearby granite magmatism. Additional molybdenite

a [l Xingu Complex (metamorphism)
b Ductile deformation (1SZ)
¢ E Metamorphism peak (lower sequences)

h HH Serra Verde deposit (Re-Os in mo)
Salobo Mineralization
Re-Os in mo* HIHZH
Pb-Pb in bn-cp* —RJ——
Old Salobo granite[ﬂ d

Granitic veins (1 ELZ22F4
e f g
Ductile-brittle to brittle deformation (CSSS)

T T T T T T T T T T T T T

2800 2700 2600 2500
Age (Ma)

2900 2400

Fig. 8 Summary of regional chronologic relationships. Data after
Machado et al. (1991): a 2851+4 Ma; b 2851-2761 Ma; ¢
2761 £3 Ma; d 2573+2 Ma; e 2581+5Ma; f 2552+4 and
1551+2 Ma; g 249745 Ma; and Marschik et al (2001): #
2609 + 13 Ma. ISZ Itacaiunas Shear Zone, CSSS Cinzento strike-
slip system; bn bornite; ¢p chalcopyrite; mo molybdenite; * data
from this study. See further explanation in the text



precipitation occurred at 2562 =8 Ma and was probably
related to reactivation (or development) of local shear
zones. An alternative possibility is that 2576+ 8 Ma
molybdenite deposition corresponds to older shear zone
development in the Salobo area, and is unconnected to
magmatism of this age. However, geologic and geo-
chemical considerations do not favor this alternative
explanation (Requia and Fontboté 1999, 2000a, 2000b).

A distinctly older Re-Os age of 2609+ 13 Ma was
determined for molybdenite from the Serra Verde cop-
per—-molybdenum—gold deposit (Marschik et al. 2001;
Fig. 8), located near the Archean Estrela Granitic
Complex (2763 +7 Ma, zircon Pb—Pb, Barros and Bar-
bey 2000; Fig. 1). Disturbed *°Ar/*’Ar spectra of
amphibole spatially associated with the ore in the Sos-
sego iron oxide copper—gold deposit, located in the
southern part of the Carajas basin (Fig. 1), suggest a
minimum alteration age of 2.2-2.3 Ga (Marschik and
Leveille 2001).

Conclusions

Rhenium—osmium dating of two molybdenite samples
spatially associated with copper sulfide minerals yields
two ages with weighted means of 2576+8 Ma and
2562+ 8 Ma at the Salobo iron oxide copper—gold de-
Posit. Removing the error multiplier associated with the
87Re decay constant, appropriate for comparing ages
derived from the same isotopic system, provides two
significantly different times of molybdenite deposition,
at 2576.1+1.4 Ma (n=2) and 2561.7+3.1 Ma (n=23).
Lead-lead stepwise leaching of copper sulfide minerals
yields a less precise age of 2579+ 71 Ma, which is the
same, within error, as those obtained with the Re—Os
dating. The Re-Os age of 2576+8 Ma is in good
agreement with the 2573 +2 Ma U-Pb age for the Old
Salobo Granite, thus precluding an association between
mineralization and the Proterozoic Young Salobo
Granite. The younger 256248 Ma molybdenite age
probably reflects development and/or reactivation of
local shear zones affecting the Salobo deposit. We regard
the agreement in Re—Os and U-Pb ages for molybdenite
and zircon from the Old Salobo Granite, together with
existing field and geochemical data, as strong evidence
for a magmatic-related origin for the Salobo minerali-
zation. The Re-Os and U-Pb geochronology at Salobo
documents the first iron oxide copper—gold deposit of
Archean age.
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