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Abstract

In the Raposos orogenic gold deposit, hosted by banded iron-formation (BIF) of the Archean Rio das Velhas greenstone belt,
the hanging wall rocks to BIF are hydrothermally-altered ultramafic schists, whereas metamafic rocks and their hydrothermal
schistose products represent the footwall. Planar and linear structures at the Raposos deposit define three ductile to brittle
deformational events (D1, D2 and D3). A fourth group of structures involve spaced cleavages that are considered to be a brittle
phase of D3. The orebodies constitute sulfide-bearing D1-related shear zones of BIF in association with quartz veins, and result
from the sulfidation of magnetite and/or siderite. Pyrrhotite is the main sulfide mineral, followed by lesser arsenopyrite and pyrite.
At level 28, the hydrothermal alteration of the mafic and ultramafic wall rocks enveloping BIF define a gross zonal pattern
surrounding the ore zones. Metabasalt comprises albite, epidote, actinolite and lesser Mg/Fe–chlorite, calcite and quartz. The
incipient stage includes the chlorite and chlorite-muscovite alteration zone. The least-altered ultramafic schist contains Cr-bearing
Mg-chlorite, actinolite and talc, with subordinate calcite. The incipient alteration stage is subdivided into the talc–chlorite and
chlorite–carbonate zone. For both mafic and ultramafic wall rocks, the carbonate–albite and carbonate–muscovite zones represent
the advanced alteration stage.

Rare earth and trace element analyses of metabasalt and its alteration products suggest a tholeiitic protolith for this wall rock. In
the case of the ultramafic schists, the precursor may have been peridotitic komatiite. The Eu anomaly of the Raposos BIF suggests
that it was formed proximal to an exhalative hydrothermal source on the ocean floor. The ore fluid composition is inferred by
hydrothermal alteration reactions, indicating it to having been H2O-rich containing CO2+Na

+ and S. Since the distal alteration
halos are dominated by hydrated silicate phases (mainly chlorite), with minor carbonates, fixation of H2O is indicated. The CO2 is
consumed to form carbonates in the intermediate alteration stage, in halos around the chlorite-dominated zones. These charac-
teristics suggest variations in the H2O to CO2-ratio of the sulfur-bearing, aqueous-carbonic ore fluid, which interacted at varying
fluid to rock ratios with progression of the hydrothermal alteration.
© 2007 Published by Elsevier B.V.
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1. Introduction

The Quadrilátero Ferrífero (QF), Minas Gerais State,
Brazil, was the most important gold-producing region in
Brazil from the early 18th Century until the late 1970s,
and represents a world-class gold province. The most
important lode-gold deposits (orogenic deposits as
defined by Groves et al., 1998) are hosted by rocks of
the Archean Rio das Velhas greenstone belt, and are
located in the northern portion of this region. These
Fig. 1. Simplified geological map of the Quadrilátero Ferrífero region, show
only operating mines at present are Cuiabá and São Bento.
include Morro Velho, Cuiabá, São Bento, Raposos,
Faria, Bicalho, and Bela Fama (Fig. 1). Papers dealing
with Morro Velho, Cuiabá and São Bento can be found
elsewhere in the present volume (Vial et al., 200X;
Ribeiro-Rodrigues et al., 200X; Martins Pereira et al.,
200X, respectively).

The Raposos gold deposit, mined underground by
Mineração Morro Velho Ltd., is situated in the
northwestern portion of the QF, about 35 km SE of
Belo Horizonte (Fig. 1). It was acquired in 1899 by the
ing the most important gold deposits (compiled from Dorr, 1969). The



Fig. 2. Simplified geological map of the Raposos deposit, level 28 (modified from Junqueira, 1997).
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British St. John Del Rey Mining Co., and sold in 1975 to
Mineração Morro Velho S.A. The Raposos gold mine
operated between 1920 and 1998, and when it was shut
down over 10 Mt of gold ore had been extracted; in situ
grades varied between 6.5 and 9.0 g/t Au.

Gold mineralization is associated with sheared,
hydrothermally altered oxide–(±carbonate) facies BIF
and is limited by envelopes of white mica-bearing
schists in the foot- and hanging wall, respectively de-
veloped after ultramafic and mafic precursor schists
(Vieira and Oliveira, 1988), and which represent
proximal muscovite alteration zones (Fig. 2).
Fig. 3. Photographs of structural features of BIF. (A) Bedding (S0) of BIF and
(the darkest portion), corresponding to the ore zone. Foliation S2 is a spaced c
zone is the darkest portion, where the bedding is completely destroyed (EW
(Espírito Santo orebody, level 24). (E) D3 S-C foliations in a diabase dike in
The deposit consists of 19 individual sulfide orebo-
dies, with mineable areas from 100 to 1300 m2, totaling
4000 m2 that are distributed along the 1.6 km extent of
banded iron-formation (BIF). Raposos was a deep
(1423 m), mechanized mine, and exploitation took
place by the cut-and-fill method with hydraulic fill.
When it closed in May 1998, ore extraction was being
carried out at levels 30 and 32 (1063 m depth), and mine
development at levels 34 and 36 (1183 m depth). In
2002, the ore resource at Raposos stood at 3.39 Mt at an
average grade of 6.97 g/t Au (Frederico W.R. Vieira,
pers. comm., 2002).
S1 schistosity parallel to S0 (EWorebody, level 15). (B) D1 shear band
leavage in BIF (EWorebody, level 15). (C) D1 intrafolial folds. The ore
orebody, level 15). (D) Detailed view of a sheared/sulfidized zone

dicating a clockwise movement (level 28).



Fig. 4. Geological map of the Espírito West (EW) orebody, level 30 of the Raposos Mine (modified from Vieira and Simões, 1992).
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Fig. 5. Detail of hand sample of carbonaceous metapelite showing D2

micro folds and S1 foliation parallel to S0. The foliation S2 has a
transposition character (level 28).

Fig. 6. Sketch geological map of the Raposos deposit, level 24, show
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Vieira (1987a,b) gave pioneering detail about mineral
assemblages related to the gold-associated hydrothermal
alteration affecting rocks of the greenstone belt suc-
cession. Other notable contributions are those by Vieira
(1988, 1991a) and Vieira and Simões (1992). Textural,
mineralogical and chemical relationships have also been
addressed by Ladeira (1980, 1985), Godoy (1994),
Martins-Pereira (1995), Pereira (1996), Junqueira
(1997) and Ribeiro-Rodrigues (1998), among others.
The alteration and mineralization styles of selected gold
deposits in the QF have been described and compiled by
Lobato et al. (1998, 2001a).

This paper presents a description of the BIF-hosted,
orogenic Raposos gold deposit and a model for struc-
tural control of ore emplacement. The main focus of
the paper is the mineralogical and geochemical aspects
ing some of the main orebodies (modified from Vieira, 2000).



Table 1
Estimated percentage of sulfide content in selected thin sections of
BIF, Espírito Santo orebody at levels 28 and 30 of the Raposos Mine

Thin section Gq1-
S18

3000-
2

3000-
3

Gq3-
S18

Gq13-
S11

Gq2-
S18

3000-
4

Pyrrhotite 3 1 14 _ 5 5 7
Arsenopyrite _ 1 10 b1 1 4 2
Pyrite _ b1 b1 2 2 1 1
Chalcopyrite b1 _ 1 b1 tr b1 1
Au (ppm) 0.41 _ 1.4 1.68 4.82 4.50 4.32

The amount of sulfides increases from left to right.
Note: in the thin section Gq13-S11, gold grains are included in pyr-
rhotite, carbonate and pyrite, whereas in Gq2-S18 finer gold grains are
included in arsenopyrite.

Table 2
Electron microprobe analyses of chlorites from the Raposos metabasalts
(Junqueira, 1997)

Sample
number

GP-R901 GP-R901 ES1-S10 ES1-S10

Pre-alteration zone Chlorite-muscovite zone

Chlorite Ripidolite Picnochlorite Ripidolite Ripidolite

SiO2 26.64 26.69 27.41 25.88
TiO2 n.d. 0.01 0.05 0.02
Al2O3 19.84 20.05 20.85 20.92
FeO 20.67 20.44 18.23 18.55
MnO 0.31 0.25 0.03 0.12
MgO 18.31 17.99 19.88 19.75
CaO 0.09 0.06 0.12 0.03
Na2O 0.03 0.02 0.02 0.04
K2O 0.06 0.03 n.d. 0.01
Cr2O3 0.10 0.15 0.23 0.23
Total 85.45 85.08 86.31 85.01

Cations on the basis of 36 bO,OHN
Si 5.59 5.61 5.60 5.40
Al 4.91 4.96 5.02 5.14
Ti n.d. – 0.01 –
Fe 3.63 3.59 3.11 3.24
Mn 0.06 0.05 0.01 0.02
Mg 5.72 5.63 6.05 6.14
Ca 0.02 0.01 0.03 0.01
Na 0.01 0.01 0.01 0.02
K 0.02 0.01 n.d. –
Cr 0.02 0.02 0.04 0.04
Total 19.97 19.89 19.86 20.00
Fe / (Fe+Mg) 0.39 0.39 0.34 0.35

Note: The average estimated H2O content is 11 to 12%. n.d. not
detected.
Classification after Hey (1954). The degree of hydrothermal alteration
increases from left to right.
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of the mafic and ultramafic wall schists, with special
emphasis on the alteration zoning, based mainly on
the work by Junqueira (1997). In light of this in-
tegrated information a genetic model for the deposit is
proposed.

2. Geological setting of the Raposos gold deposit

The Raposos gold deposit is associated with BIF of
the Nova Lima Group, the basal section of the Rio das
Velhas Supergroup (Vieira, 1987a), which hosts all the
most important lode-gold deposits in the QF. The group
comprises a classic greenstone succession, with ultra-
mafic through mafic to intermediate volcanic rocks, and
subordinate felsic volcanic rocks. Although there is no
widely accepted stratigraphy for the Nova Lima Group
as a whole (Dorr, 1969; Ladeira, 1980; Oliveira et al.,
1983; Vieira and Oliveira, 1988; Ladeira, 1991; Baltazar
and Pedreira, 1996), a review of earlier and newer data
on the Rio das Velhas greenstone belt has been provided
by Lobato et al. (2001b). Baltazar and Pedreira (1996)
proposed a subdivision of the Nova Lima rocks based on
lithofacies associations. The sequence displays mineral
associations typical of the greenschist metamorphic
facies. A new stratigraphic sequence of the Nova Lima
Group is presented by Baltazar and Zucchetti (200X,
this volume). The base of the Nova Lima Group encom-
passes mafic–ultramafic rocks, with massive, amygda-
loidal, variolitic and locally pillowed metabasalts,
intercalated with oxide facies banded iron formation,
metachert, and carbonaceous schist; spinifex-textured
peridotitic komatiites and cumulate sills can also display
minor banded iron formation. Volcanoclastic rocks are
represented by pyroclastic dacitic tuffs and agglomeratic
horizons with minor lava flows. Volcanogenic and meta-
sedimentary rocks show intercalations of felsic pyro-
clastic and epiclastic horizons (graywackes) with minor
carbonaceous schist and carbonate schists. Metasedi-
mentary rocks of mixed sources include quartz–mica–
feldspar–chlorite, and carbonaceous schists (metape-
lites, metagraywackes and metapsammites).

Recent reviews of the geochronology of the Quad-
rilátero Ferrífero are presented by Noce (2001) and
Lobato et al. (2001a,b). With regards to the Nova Lima
Group and its gold deposits, these authors conclude
that:

1. The evolution of the Rio das Velhas greenstone belt
was associated with a major tectono-metamorphic
and magmatic period at 2780–2700 Ma (Machado
and Carneiro, 1992; Carneiro et al., 1998).

2. Mineralization must be older than the maximum age
for the onset of Minas Supergroup sedimentation
(2606±47 Ma; Machado et al., 1996), and was prob-
ably contemporaneous with or is older than minimum
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Pb–Pb model ages from the São Bento and Cuiabá
deposits (2650 and 2670 Ma; DeWitt et al., 1994;
Noce et al., 200X, this volume, respectively).

The numerous geochronological data available for
the QF region, Noce (2001) and Noce et al. (200X, this
volume, and references therein) also indicate that: (i) the
granite–gneissic complexes derive from igneous proto-
liths older than 2900 Ma; (ii) three granitic magmatic
episodes affected the region during the NeoArchean (at
ca. 2780–2760 Ma, 2720–2700 Ma, and 2600 Ma); two
felsic magmatic events associated with the greenstone
belt sequence are separated in time (ca. 3030 Ma and
2772 Ma), the youngest constraining a major magmatic
and tectonic event; (iii) although the main mineraliza-
tion event for the gold deposits has not been dated
unequivocally, the results known to date point to an age
of 2700 Ma; (iv) Proterozoic Lake–Superior-type
banded iron formations were deposited at ca. 2500–
2400 Ma; (v) the eastern part of the QF was also affected
by the Brasiliano Orogeny (600 to 560 Ma).

3. Mine-scale structures

Planar and linear structures at the Raposos deposit
define three ductile to brittle deformational events namely
D1, D2 and D3. A fourth group of structures involve
spaced cleavages that are considered to be a brittle phase
of D3 (Ladeira et al., 1991; Junqueira, 1997).
Table 3
Electron microprobe analyses of carbonates from the Raposos metabasalts (

Sample
number

GP-R901 GP-R901 2,3-10A 2,3-10A ES

Pre-alteration zone Chlorite–
muscovite zone

Ch
m

Carbonate Calcite Calcite Ankerite Ankerite Ca

Fe(CO3) 0.78 0.62 17.97 19.45 1
Mn(CO3) 0.96 0.79 1.05 1.12 0
Mg(CO3) 0.47 0.38 26.94 25.58 1
Ca(CO3) 97.80⁎ 98.22⁎ 52.38 51.99 96
Total 100 100 98.34 98.14 99

Cations on the basis of 6 bON
Mg 0.01 0.01 0.63 0.61 0
Fe 0.01 0.01 0.31 0.34 0
Mn 0.01 0.01 0.02 0.02 0
Ca 1.97⁎ 1.96 1.04 1.04 1
Total 2.00 1.99 2.00 2.00 2

Classification of carbonate after Deer et al. (1966). The degree of hydrother
Note: ⁎ values recalculated to 100% – or to the total of the cations – since
Structures assigned to D1 include large-scale, duc-
tile to ductile–brittle shear zones (SZ1), mylonitic fo-
liation, a stretching lineation and intrafolial folds and
dislocated grains (Fig. 3A–C), typical mainly in the
BIF. SZ1 are bounded by hydrothermally altered,
blastomylonitic schists, which are 200 m thick and
more than 3 km wide. These are the most important
structures of the deposit, since they are interpreted to
relate to both the hydrothermal alteration and the gold
mineralization. The F1 folds are tight, with E–W hinge
lines parallel to the stretching lineation (L1), which
plunges from 30 to 12° (at 1400 m depth) towards east.
The folds form type-3 interference patterns of Ramsay
(1967). At level 30, the geological map of the Espírito
West orebody displays a relict F1 fold in the western
extremity (Fig. 4). The axial-planar foliation, S1, is
parallel to the bedding (S0) of both BIF and meta-
pelites, and dips from 035 to 120 at between 25 and 40°
(Fig. 5). The foliation S1 develops a mylonitic or
transposition character in highly deformed zones.
Shear zones SZ1 are roughly parallel to S1 and destroy
the BIF S0, which is preserved only in elongated relics
within shear zones (Fig. 3A).

D2 is defined by inclined similar folds verging
towards north, which collectively form a major inclined
and overturned fold that defines the shape of the deposit
(Figs. 4 and 6). The axial-planar, NE-striking S2
foliation dips towards 120 to 150° at between 45° at
surface, and 12° at level 44 (1430 m depth); it is a
Junqueira, 1997)

1-S10 GP17-S1 GP17-S1 GP17-S1 GP4-S18

lorite–
uscovite zone

Carbonate-albite
zone

Carbonate-
albite zone

lcite Ankerite ferroan Ankerite
ferroan

Siderite
magnesian

Ankerite

.18 21.46 24.56 66.98 19.88

.76 0.73 0.71 1.27 1.03

.19 24.9 22.86 30.13 24.92

.86 52.19 50.75 0.49 52.36

.98 99.29 98.88 98.87 98.19

.03 0.58 0.54 0.75 0.59

.02 0.37 0.42 1.21 0.34

.01 0.01 0.01 0.02 0.02

.93 1.03 1.01 0.01 1.04

.00 1.99 1.99 1.99 2.00

mal alteration increases from left to right.
some results of this element were overestimated during the analyses.



Table 4
Electron microprobe analyses of chlorites from the Raposos ultramafic schists (Junqueira, 1997)

Sample
number

2,3-11 GP14-S11 GP14-S11 GP14-S11 GP14-S11 2,3-6 2,3-6 2,3-6 2,3-6 2,3-6 2,3-4B GP5-S18 GP5-S18

Pre-
alteration
zone

Talc–
chlorite zone

Talc–chlorite
zone

Carbonate–
albite zone

Carbonate–muscovite
zone

Chlorite Ripidolite Picnochlorite Picnochlorite Picnochlorite Picnochlorite Picnochlorite Picnochlorite Picnochlorite Picnochlorite Ripidolite Ripidolite Ripidolite Ripidolite

SiO2 26.71 28.06 28.76 27.92 28.67 28.18 27.73 27.65 28.60 27.70 26.09 23.76 24.42
TiO2 n.d. 0.02 0.03 0.03 0.03 0.05 0.04 0.01 0.03 0.04 0.03 0.09 0.06
Al2O3 18.58 19.43 18.66 19.00 18.43 18.40 18.35 19.10 17.22 20.26 18.53 20.07 19.88
FeO 14.32 13.63 13.85 13.41 13.34 15.16 15.07 14.73 14.82 14.10 16.63 28.84 27.74
MnO 0.12 0.02 0.05 0.02 0.05 0.08 0.06 0.06 0.06 0.10 0.09 0.06 0.06
MgO 22.91 23.69 24.14 24.45 24.48 23.10 23.01 22.57 23.15 22.78 20.94 12.38 12.56
CaO 0.01 0.05 0.01 0.01 0.03 0.04 0.08 0.01 0.08 0.08 0.01 0.02 0.07
Na2O 0.02 0.02 0.01 0.02 0.03 0.02 n.d. n.d. 0.03 0.01 0.01 0.02 0.03
K2O 0.02 0.02 0.06 0.02 0.03 0.03 n.d. 0.01 0.02 0.04 0.01 n.d. 0.01
Cr2O3 0.85 0.96 0.83 0.90 0.77 0.93 1.31 1.18 1.87 1.08 1.63 0.02 0.83
NiO 0.15 0.06 0.10 0.05 0.07 0.11 0.06 0.10 0.04 0.11 0.13 0.07 0.07
Total 83.70 85.94 86.50 85.83 85.93 86.09 85.70 85.42 85.92 86.29 84.10 85.32 85.73

Cations on the basis of 36 bO,OHN
Si 5.595 5.674 5.782 5.653 5.788 5.743 5.684 5.667 5.845 5.597 5.525 5.285 5.376
Al 4.59 4.63 4.42 4.53 4.39 4.42 4.43 4.62 4.15 4.82 4.62 5.26 5.16
Ti n.d. n.d. 0.01 n.d. n.d. 0.01 0.01 n.d. 0.01 0.01 0.01 0.02 0.01
Fe 2.51 2.31 2.33 2.27 2.25 2.58 2.58 2.53 2.53 2.38 2.95 5.36 5.11
Mn 0.02 n.d. 0.01 n.d. 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01
Mg 7.15 7.14 7.23 7.38 7.37 7.02 7.03 6.90 7.05 6.86 6.61 4.11 4.12
Ca n.d. 0.01 n.d. n.d. 0.01 0.01 0.02 n.d. 0.02 0.02 n.d. 0.01 0.02
Na 0.01 0.01 0.01 0.01 0.01 0.01 n.d. n.d. 0.01 n.d. n.d. 0.01 0.01
K 0.01 0.01 0.02 0.01 0.01 0.01 n.d. n.d. n.d. 0.01 n.d. n.d. n.d.
Cr 0.14 0.15 0.13 0.14 0.12 0.15 0.21 0.19 0.30 0.17 0.27 n.d. 0.14
Ni 0.03 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.01 0.01
Total 20.05 19.94 19.95 20.01 19.97 19.97 19.99 19.93 19.94 19.91 20.02 20.07 19.97
Fe / (Fe+Mg) 0.26 0.24 0.24 0.24 0.23 0.27 0.27 0.27 0.26 0.26 0.26 0.24 0.24

Classification of chlorite based on Hey (1954). The degree of hydrothermal alteration increases from left to right.
Note: The average estimated H2O content is 11 to 12%. %. n.d. not detected.
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transposition foliation in schists (Fig. 5), and a spaced
cleavage in BIF (Fig. 3B). The hinge lines, b2 and b1, are
grossly coaxial and parallel to mineral and stretching
lineations. F2 folds are generated by shearing as defined
by drag folds at the extremities of the Espírito West and
Espírito Santo orebodies (Fig. 2). These shear zones are
ductile (in schists) or ductile to ductile–brittle (in BIF)
and are roughly parallel to S2. The trend of diabase dikes
that crosscut the orebodies is also parallel to S2. The
dikes display S2 schistosity along their borders,
suggesting that their emplacement occurred during the
late stages of D2.

The D3 event occurred in the brittle–ductile regime
and generated shear zones (SZ3), spaced and crenulation
cleavages (S3), and lineations (L3). The SZ3 shear zones
trend N–S/15° E (C foliation) and are common in both
schists and diabase dikes (Fig. 3E). A decrease in S2 and
L2 dip values down plunge with depth suggests a thrust
ramp. The S-C foliations indicate tectonic transport
from east to west. The S3 foliation has an N–S trend and
dips between 70° and 90° to WSW. Gravity step faults
that are parallel to S3 are common and displace the
orebodies, with small net slips. The crenulation of S2
and the intersection lineations between S3 and S2 or S1
generate L3. North–S and E–W subvertical, spaced
cleavages and joints overprint D3 structures and are
considered to represent a late structural phase.

4. Gold mineralization in the Raposos deposit

Several publications address the geology and miner-
alization at the Raposos gold deposit, e.g., Tolbert
(1964), Vial (1980), Ladeira (1980), Vieira (1987a,b,
1988, 1991a,b,c), Ladeira et al. (1991), Vieira and
Simões (1992), Godoy (1994), Junqueira (1997) and
Lobato et al. (1998).

Gold mineralization is associated with sulfidized
BIF, which is limited by envelopes of white micaceous
schists in the foot- and hanging wall, respectively
developed after ultramafic and mafic precursor schists
(Vieira and Oliveira, 1988). The non-deformed and
unaltered Raposos BIF studied at level 28 displays
alternate layers of fine-grained granoblastic siderite,
ankerite and rarely, magnetite and quartz. Where sulfide
minerals are present, pyrrhotite is the dominant phase.
Non-mineralized BIF, with segments in which S0 is
preserved, has an average gold grade of 2.5 g/t.

All orebodies constitute sulfide-bearing SZ1 shear
zones of BIF (Fig. 3B, D), except the Ouro Preto
orebody which is associated with quartz boudins hosted
by talc schist. Orebodies hosted in BIF result from the
replacement of magnetite and/or siderite. Gold-bearing
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zones of varying sulfide composition are laterally
continuous, having a pseudo-stratiform appearance,
many being parallel or slightly oblique to shear quartz
veins (Fig. 3D). Gold grades are positively correlated
with the amounts of sulfide in the rock. Pyrrhotite is the
main sulfide mineral, followed by lesser amounts of
arsenopyrite and pyrite (Table 1). Gold occurs as
anhedral grains or films along fractures in sulfides.
When associated with pyrrhotite, gold is relatively
coarse (in the 50 to 120 μm range), and occurs mainly
along grain boundaries. When occurring as inclusions in
pyrite, gold grains vary from 10 to 50 μm in size; where
included in arsenopyrite or associated with gangue
minerals, gold is generally finer (b10 μm). An
abundance of finer-grained pyrrhotite correlates with
higher gold grades of up to 60 to 80 g/t Au; Au:Ag ratios
range from 8:1 to 5:1.

The largest orebodies in the area and the highest
gold grades are on the north limb of the major D2 fold.
These are the Espírito West (900 m2 with 7.56 g/t);
Espírito Santo (1500 m2, 7.30 g/t); N°10 (450 m2,
5.5 g/t Au) and N°11 orebodies. The Mina Grande
Fig. 7. Schematic diagram showing the rock types derived from A) metaba
hydrothermal alteration to the Raposos deposit (after Junqueira, 1997). Ab
chlorite; Cr ms — (Cr)-muscovite; ep — epidote; ms — muscovite; qtz —
orebody occupies a hinge zone, and has the highest
grade (286 m2, 12.8 g/t Au); it was the only orebody
where the non-altered oxide-facies BIF could be seen
during the present underground study. The southern
limb has lower grade, smaller orebodies, such as
Apolinário, Água Limpa, Três Vinténs and Bom
Caminho (Fig. 6).

The down-plunge extensions of the orebodies are
characterized by decreasing gold grades. This is the case
for orebody N°11 at level 24 (823 m depth), Mina
Grande at level 26 (883m) and N°10 at level 30. The EW
and Espírito Santo orebodies have a significant drop in
gold grade between levels 30 and 32 (from 7.5 g/t to
5.5 g/t Au) and levels 32 and 34 (1123 m), respectively.
In all of these cases, SZ1 shear zones are either absent or
rare.

The wall rocks of the BIF are ultramafic schist in the
north, and mafic and carbonaceous schists in the south.
The hanging wall ultramafic schist is derived from
peridotitic komatiites, whereas the footwall metamafic
rock from tholeiitic basalt. The least hydrothermally
altered ultramafic and mafic rocks are represented by
salt, and B) ultramafic schist in the incipient and advanced stages of
breviations: act — actinolite; ab — albite; cbt — carbonate; chl —
quartz; tlc — talc.



640 P.A. Junqueira et al. / Ore Geology Reviews 32 (2007) 629–650
chlorite–actinolite–talc–calcite and epidote–albite–ac-
tinolite–chlorite (± calcite) schists, respectively.
Quartz–carbonate–muscovite schist with carbonaceous
matter is interpreted to be a metapelite. Diabase dikes
crosscut all these rocks (Fig. 2).

5. Hydrothermal alteration

Junqueira (1997) investigated the hydrothermal
alteration of the metamorphosed mafic and ultramafic
wallrocks enveloping BIF at level 28 (Fig. 2). Despite a
complex distribution of alteration zones, geological
mapping, combined with petrography and whole-rock
Fig. 8. Mineralogical changes involved in the hydrothermal alteration of A)
Junqueira, 1997). Abbreviations: ank— ankerite; cal — calcite; Cr-cham —
(Fe)-ankerite; Fe-dol — (Fe)-dolomite; Mg-sd — (Mg)-siderite; rip — ripid
geochemistry indicate that most rock units contain
metamorphic minerals that have been replaced by
hydrothermal assemblages that define a gross zonal
pattern surrounding the ore zones. Tables 2–5 report
electron microprobe analyses of chlorites and carbo-
nates of both mafic and ultramafic rocks. Analytical data
were obtained on a CAMECA Camebax SX-50 electron
microprobe at the Instituto de Geociências da Uni-
versidade de Brasília-UnB, using a 15 kV voltage and a
25 nA current.

The boundaries between alteration zones may be
knife sharp, or gradational over the cm- to m-scale.
Sharp boundaries are common in proximal alteration
metabasalt and B) ultramafic schist at the Raposos deposit (data from
(Cr)-chamosite; Cr-trg — (Cr)-thuringite; dol — dolomite; Fe-ank —
olite; trg — thuringite.
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zones, whereas diffuse boundaries predominate in distal
alteration zones, which grade into the least-altered
regional metamorphic assemblages.

Incipient (buffered) and advanced (unbuffered) al-
teration stages are distinguished by Junqueira (1997),
and represent the distal and proximal alteration halos.
Each stage encompasses two alteration zones, adding
more detail to the scheme previously suggested by
Vieira (1988). The mineralogical characteristics of
the incipient stage are specific to each lithological
type. Both carbonate–albite and carbonate–muscovite
alteration zones are characteristic and attributed to
the advanced stage of hydrothermal alteration (Figs. 7
and 8).

5.1. Metabasalts

The pre-hydrothermal alteration D1-related metamor-
phic assemblage in metabasalt comprises albite, epidote,
actinolite and lesser Mg/Fe-chlorite, calcite and quartz;
Table 6
Chemical reactions suggested to represent the main changes involved
in the hydrothermal alteration of metabasalts and ultramafic schists, for
each alteration zone of the Raposos deposit (adapted following the
scheme by Colvine et al., 1988)

A) Metabasalt
Incipient alteration stage

Chlorite zone
(I) 2 epidote+3 actinolite + 10 CO2+6 H2O→3 chlorite+

10 calcite+21 quartz+13 O2

Chlorite–muscovite zone
(II) albite+chlorite+5 calcite+5 CO2+K

+→muscovite+
5 ankerite+3 quartz+3 H2O+Na+

Advanced alteration stage
Carbonate–albite zone
(III) chlorite+5 calcite+3 quartz+5 CO2+2 Na+→5 ferroan

ankerite+2 albite+3 H2O+2 H+

Carbonate–muscovite zone
(IV) 3 chlorite+15 calcite+24 CO2+2 K+→2 muscovite+15

magnesian siderite+3 quartz+9 H2CO3+2 H+

B) Ultramafic schists
Incipient alteration stage

Talc–chlorite zone
(V) 2 serpentine+actinolite+anorthite+6 CO2→Fe–talc+

Mg (Fe)–chlorite+3 Fe–dolomite+7 quartz
Chlorite–carbonate zone
(VI) Fe–talc+3 calcite+3 CO2→3 ankerite+4 quartz+H2O
(VII) titanite+CO2→ rutile+calcite+quartz

Advanced alteration stage
Carbonate–albite zone
(VIII) Mg (Fe)–chlorite+5 calcite+3 quartz+5 CO2+2 Na+→

5 ankerite+2 albite+3 H2O+2 H+

Carbonate–muscovite zone
(IX) Mg (Fe)–chlorite+albite+5 calcite+5 CO2+K

+→Cr–
muscovite+5 ferroan ankerite+3 quartz+3 H2O+Na+
pyrite and chalcopyrite are accessory minerals. Fine-
grained albite (ca. 30 to 40%) occurs in the matrix and is
interpreted to have been generated by spilitization, as
originally described by Ladeira (1980) for the Nova
Lima Group.

The incipient alteration stage is subdivided into the
chlorite and chlorite–muscovite zones, which are
marked by the disappearance of both epidote and ac-
tinolite. These reactions (Table 6, reaction I) involve
the development of chlorite and calcite from epi-
dote +actinolite (Fig. 9A, B), giving way to a chlorite–
albite–carbonate (calcite and ankerite)–quartz schist.
The chlorite–muscovite zone is marked by the replace-
ment of the albite+chlorite+calcite assemblage to form
a muscovite–chlorite–carbonate (ankerite)–quartz schist,
by way of interaction with CO2+K

+. This CO2+K
+-

rich fluid stage probably evolved into a H2O+Na+fluid
(Table 6, reaction II).

The carbonate–albite and carbonate–muscovite
zones represent the advanced alteration stage. The for-
mer characterizes carbonate–albite–muscovite–quartz
schist formed by the nucleation of hydrothermal albite
associated with Fe-ankerite/Mg-siderite at the expense
of chlorite+calcite+quartz, reflecting reaction with
CO2+Na

+ (Table 6, reaction III). In the carbonate–
muscovite zone, chlorite+ calcite can also be replaced
by an Mg-siderite +muscovite +quartz assemblage,
probably attained through interaction with CO2+K

+,
with H+ release (Table 6, reaction IV). There is pro-
nounced Fe enrichment in carbonates, ranging from
calcite in metabasalt to Fe-ankerite and Mg-siderite
with increasing degrees of alteration. The Fe:Mg
ratio of chlorites also increases, ranging from 0.61 to
0.66.

5.2. Ultramafic schists

In the mine area, these rocks rarely preserve the
metamorphic mineralogy, with the least-altered exam-
ples containing Cr-bearing Mg-chlorite, actinolite and
talc, with subordinate calcite (Fig. 9). In other parts of
the Nova Lima Group, rocks with serpentine, clino- and
orthopyroxenes and pseudomorphs after olivine have
been described by Vieira (1991a).

The incipient alteration stage is subdivided into the
talc-chlorite and chlorite–carbonate zones, which are
characterized by the formation of chlorite–carbonate–
quartz schists with or without varying amounts of talc.
Chlorite contains a small amount of Cr (0.15 to 0.3
atoms per formula unit) and talc contains an average of
0.6 a.p.f.u. Fe. Proposed mineral reactions involve the
substitution of serpentine+actinolite+anorthite by Fe–
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talc+Mg (Fe)–chlorite+Fe–dolomite+quartz (Fig. 9C,
D), via interaction with CO2 in the talc–chlorite zone
(Table 6, reaction V). Further carbonate (ankerite)+
quartz develops at the expense of talc+calcite, in the
chlorite–carbonate zone (Table 6, reaction VI). The
development of rutile+calcite+quartz from titanite is
also diagnostic of this zone (Table 6, reaction VII).
Fig. 9. Photomicrographs. (A) Least-altered metamafic rock, typical of the in
actinolite (act) and epidote (ep). (B) as (A), also with the development of calc
developed after actinolite (act), and typical of the talc–chlorite zone. (D) as (C
pyrrhotite (po) replacing magnetite (mag) that maintains its original habit. (F
after calcite; black lines mark the presence of apy growing at the expense o
The advanced alteration stage produced a carbonate-
rich schist, with or without varying amounts of albite,
chlorite and green mica, generically named fuchsite.
The presence of fuchsite in Raposos (Cr-muscovite,
with 0.7 to 1.3% Cr2O3) was originally described by
Tolbert (1964), and its chemistry is detailed by Ladeira
(1980). The formation of ankerite–albite±chlorite±
cipient alteration stage, showing the development of chlorite (chl) after
ite (cal). (C) Least-altered ultramafic schist, with talc (tlc) and chlorite
), with actinolite lath partially replaced by talc. (E) Sulfidized BIF, with
) as (E), with intergrown pyrite (py) and arsenopyrite (apy) developed
f py.



Fig. 10. Mineralogical composition of least-altered BIF, and its zones of progressive, hydrothermal-sulfide enrichment and shearing, Raposos gold
deposit. Percentage of sulfide increases from (1) to (3). Gold grade increases from left to right (after Lobato et al., 1998). Abbreviations: ank —
ankerite; cal — calcite; Fe-ank — (Fe)-ankerite; ms — muscovite; sd — siderite; ser — sericite.
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Cr–muscovite–quartz schist in the carbonate–albite
zone can be envisaged through the replacement of
chlorite+ calcite+quartz by ankerite+ albite, where
chlorite was partially to totally consumed to form car-
bonate and albite; the reaction involved CO2+Na

+ con-
sumption, with H+ release (Table 6, reaction VIII).
Finally, the carbonate–Cr muscovite schist represents the
replacement of chlorite+albite+calcite to form ferroan
ankerite+Cr–muscovite+quartz in the carbonate–mus-
covite zone; the reaction must have involved CO2+K

+

consumption, with H2O+Na+ release (Table 6, reaction
IX).

The main difference between the advanced alteration
stages of the metabasalt and ultramafic schists is that the
‘fuchsitic’ green mica is characteristic of the latter, and
chlorite may also be present.

Lobato and Vieira (1998) undertook an investigation
of the mineralogical changes experienced by BIF during
shearing and associated hydrothermal alteration and/or
gold mineralization (Fig. 10). Non-deformed and un-
altered BIF displays alternate layers of fine-grained
granoblastic siderite, ankerite and/or magnetite, and
quartz, with rare pyrrhotite. Layering is interpreted to
represent sedimentary bedding (S0) (Ladeira, 1980;
Vieira, 1987a; Junqueira, 1997). However, due to strong
modification of the original features by shearing, the
present mineralogical banding of the BIF is considered
to be metamorphic in origin by Lobato et al. (2001a).
With the onset of shear-related hydrothermal alteration,
there is general replacement of metamorphic minerals
and vein filling, with increase in grain size. A decrease
in the abundance of magnetite is accompanied by devel-
opment of ankerite. Deformed, xenoblastic, fine-to
medium-sized pyrrhotite crystals grew at the expense
of carbonate and magnetite (Fig. 9E). Textural relation-
ships indicate that poikiloblastic pyrrhotite has replaced
both original siderite and hydrothermal ankeritic car-
bonate. Although less abundant, euhedral to anhedral
arsenopyrite and pyrite (±chalcopyrite) have developed
at the expense of carbonate and pyrrhotite; pyrite is also
partly replaced by arsenopyrite (Fig. 9F). Narrow bands
of muscovite, euhedral albite crystals and rarer chlorite
flakes are associated with pyrrhotite-rich gold ore. Sub-
hedral pyrite and arsenopyrite constitute trails within
BIF layers.

5.3. Geochemistry of selected wall rocks and their
alteration products

Whole rock geochemical analyses were performed at
the GEOLAB/GEOSOL laboratories in Belo Horizonte,
Brazil. The oxides SiO2, Al2O3, Fe2O3, CaO, MgO,
TiO2, P2O5, Na2O, K2O, MnO, Cr2O3, NiO and trace
elements Sc, V, Cr, Co, Ni, Ba, Sr, Y, Zr, S, Cl were
determined by X-ray fluorescence (Phillips, model
PW1480) using glass beads and press pellets, respec-
tively. Rare earth elements (REE) were obtained by
inductively coupled plasma atomic emission spectrom-
etry (ICP-AES). Different methods were applied when
using an atomic absorption to analyze Cu, Pb, Zn, Ag,
Mo, Au and As.

Average geochemical data and some selected element
ratios of metabasalts and ultramafic schists samples from
each of the alteration zones are presented in Tables 7
and 8, respectively. The REE patterns of metabasalt and
its alteration products (Fig. 11A) suggest a tholeiitic
protolith. There is an overall depletion of REE with
progressive alteration, and development of a discrete to



Table 7
Compositions of metabasalts of the Raposos deposit (Junqueira, 1997) compared to TH2 Archean tholeiites (after Condie, 1976c, in Condie, 1981)

1 (3 samples) 2 3 (2 samples) 4 (3 samples) 5 (3 samples) TH2

Pre-alteration
zone

Chlorite
zone

Chlorite–muscovite
zone

Carbonate–albite
zone

Carbonate–muscovite
zone

Archean
tholeiites

SiO2 53.33 52.00 42.30 44.33 38.63 49.5
TiO2 0.58 0.56 0.59 0.54 0.46 1.49
Al2O3 13.13 12.10 13.90 12.47 11.10 15.2
Fe2O3 2.13 0.73 5.70 2.29 1.41 2.80
FeO 5.60 7.30 6.70 5.07 6.63 9.17
MgO 6.83 7.30 8.85 6.07 6.80 6.82
CaO 8.43 7.40 6.90 9.07 10.57 8.79
Na2O 3.03 2.20 0.16 2.30 0.55 2.70
K2O 0.06 0.04 1.57 1.90 2.87 0.69
P2O5 0.07 0.05 0.00 0.06 0.06 0.17
MnO 0.18 0.15 0.15 0.16 0.19 0.18
H2O 1.46 3.33 3.41 0.66 0.61 2.04
LOI 6.12 9.40 12.42 15.01 19.97 –
Total 99.58 99.31 99.33 99.32 99.30 97.33
CaO/Al2O3 0.64 0.61 0.50 0.73 0.95 0.58
FeO/Fe2O3 2.6 10 1.2 2.2 4.7 3.3
MgO/FeO 1.22 1 1.32 1.20 1.02 0.74
Cr 293 353 463 235 315 250
Ni 108 129 116 73 77 125
V 173 183 226 195 176 365
Co 56 53 66 44 47 55
Cu 67 64 144 67 45 100
Zn 84 123 148 67 96 120
Ag 2 2 2 2 2 –
As 52 35 223 362 416 –
Zr 80 78 65 71 56 135
Ba 28 40 420 303 401 90
Sr 195 124 86 139 132 190
La 9.8 8.5 4.4 6.7 4.9 13
Ce 22 18 11 17 11 30
Nd 11 8.3 4.8 8.8 6.2 17
Sm 2.2 1.9 1.1 1.7 1.3 4.0
Eu 0.6 0.37 0.25 0.46 0.37 1.3
Gd 2.1 1.6 0.96 1.6 1.3 3.8
Dy 2.3 1.9 1.3 1.6 1.6 4.2
Ho 0.45 0.37 0.27 0.32 0.33 –
Er 1.2 1.0 0.78 0.87 0.97 2.3
Yb 0.89 1.0 0.81 0.74 0.83 2.2
Lu 0.10 0.15 0.12 0.10 0.12 0.38
Y 11 7 8 10 6 30
Ni /Co 2 2.4 1.7 1.6 1.6 2.3
Zr /Y 7.3 11 8.1 7.1 9.3 4.5
(La /Sm)N 2.78 2.8 2.47 2.46 2.38 2.04
Eu /Eu⁎ 0.8 0.6 0.7 0.8 0.9 1.0
(Yb/Gd)N 0.51 0.8 1.04 0.56 0.79 0.71

N=chondrite-normalized ratio (values after Taylor and McLennan, 1985).
Oxides in wt.%, trace elements in ppm. The degree of hydrothermal alteration increases from left (1) to right (5).
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pronounced Eu anomaly (feldspar-poor rocks). The dis-
tribution of trace elements (Fig. 11B) shows similarity to
the TH2-type tholeiitic basalts presented by Condie
(1981), especially with respect to their Co, Cr, Ni and Sr
values.
The REE patterns of ultramafic schists displaying
varying intensities and stages of alteration (Fig. 12A)
suggesting that alteration has mobilized the light
REE (LREE). High Cr, Ni, Mg contents and Ni/Co
ratios, and low Zr, Y and Ti contents (Fig. 12B) are



Table 8
Compositions of ultramafic schists of the Raposos deposit (Junqueira, 1997) compared to Archean spinifex-textured peridotitic komatiite (STPK)
lavas and peridotite (Condie, 1981)

1 2 (4 samples) 3 4 (2 samples) 5 (2 samples) STPK Peridotite

Pre-alteration
zone

Talc–chlorite
zone

Chlorite–carbonate
zone

Carbonate–albite
zone

Carbonate–muscovite
zone

Abitibi belt,
Canada

Average garnet peridotite
nodule from kimberlite

SiO2 44.20 43.18 43.70 32.70 36.85 42.9 44.70
TiO2 0.22 0.26 0.21 0.20 0.21 0.36 0.20
Al2O3 8.40 7.93 7.50 8.00 7.75 7.46 3.23
Fe2O3 1.50 1.39 1.40 0.54 1.84 2.9 1.66
FeO 7.90 6.43 5.80 5.45 5.70 6.50 7.58
MgO 20.00 22.07 12.60 11.05 10.60 24.0 39.71
CaO 7.40 5.63 9.30 14.25 12.80 7.21 2.38
Na2O 0.08 0.17 0.09 3.15 0.63 0.13 0.27
K2O 0.07 0.05 0.47 0.13 1.59 0.06 0.07
P2O5 b0.05 b0.05 b0.05 b0.05 b0.05 0.02 0.03
MnO 0.14 0.12 0.21 0.34 0.24 0.22 0.13
H2O 4.45 2.52 2.76 1.55 1.40 6.0 0.10
LOI 8.58 11.83 17.83 23.11 21.08 – –
Total 98.95 99.46 99.34 99.21 99.54 97.76 100.06
CaO/

Al2O3

0.88 0.71 1.24 1.78 1.65 0.97 0.74

FeO/
Fe2O3

5.27 4.62 4.14 10.28 3.10 2.20 4.6

MgO/
FeO

2.53 3.43 2.17 2.03 1.86 3.7 5.2

Al2O3 /
TiO2

38.18 30.5 35.71 39.02 36.90 21 16

Cr 2846 2638 1410 1928 1582 2700 2500
Ni 888 534 464 792 256 1300 2500
V 162 150 156 132 120 170 50
Co 27 68 23 36 42 110 100
Cu 5 7 45 46 56 89 30
Zn 180 101 192 66 96 90 33
As 747 738 362 1333 825 – –
Sr 37 52 160 259 171 – –
Zr 24 35 33 35 38 35 40
Ba b10 21 124 148 296 – –
La 1.9 2.2 3.6 2.8 2.0 0.45 1.3
Ce 4.4 4.7 6.9 5.4 4.6 1.18 2.9
Nd 1.8 2.2 2.5 2.4 2.3 1.33 1.6
Sm 0.62 0.42 0.54 0.55 0.51 0.45 0.32
Eu 0.18 0.14 0.13 0.16 0.16 0.21 0.10
Gd 0.82 0.49 0.48 0.45 0.65 0.50 0.29
Dy 0.69 0.75 0.48 0.67 0.86 – –
Ho 0.14 0.16 0.11 0.15 0.18 – –
Er 0.39 0.51 0.33 0.44 0.52 0.41 0.11
Yb 0.37 0.52 0.32 0.46 0.44 0.88 0.07
Lu 0.052 0.068 0.035 0.062 0.066 0.08 0.01
Y 6 b1 6 6 3 10 1
Ni /Co 32.89 7.85 20.17 21.99 6.09 12 25
Ti /Zr 55.00 44.57 38.18 35.65 33.16 62 30
Zr /Y 4 35 5.5 6.27 12.67 3.5 40
Ti /V 8.15 10.40 8.08 9.35 10.5 13 24
(La /Sm)N 1.90 3.23 4.16 3.19 2.53 0.56 2.56
Eu /Eu⁎ 0.77 1.02 0.77 0.93 0.87 1.3 1.00
(Yb/Gd)N 0.55 1.29 0.81 1.28 0.83 2.17 0.30

N=chondrite-normalized ratio (values after Taylor and McLennan, 1985).
Oxides in wt.%, trace elements in ppm. The degree of hydrothermal alteration increases from left (1) to right (5).
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Fig. 11. A) Chondrite-normalized rare earth elements (REE) distribution of metabasalts, at varying alteration stages; the TH2 tholeiite (after Condie,
1981) is shown for comparison. Chondrite values after Sun and McDonough (1989, in Minpet, 1995). B) and C) TH2-normalized samples of the
least-altered metabasalts respectively for major and trace elements.
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similar to those of peridotitic komatiite (Arndt et al.,
1977).

The shale-normalized REE pattern for BIF (Fig. 13)
has a strong Eu positive anomaly and does not display
any significant variation in the LREE and HREE trends.
The Eu anomaly of the Raposos BIF, which is main-
tained throughout the alteration, suggests that it was
formed proximal to an exhalative hydrothermal source
on the ocean floor (Dymek and Klein, 1988). This
corroborates the findings of Ladeira et al. (1991).

Lithogeochemical studies are also used to addresses
the progression of the hydrothermal alteration through
the use of the CO2 / (CaO+FeO+MgO) ratio, which
varies from 0.24 to 0.82 in metabasalts and from 0.14 to
0.77 in the metamorphosed ultramafic schists (Fig. 7;
Junqueira, 1997). This ratio is similar for each one of the
four hydrothermal alteration zones of both protholiths
(Fig. 7).
The hydrothermal alteration of metabasalt involves
progressive loss of Na2O, Fe2O3 and ΣREE. There is
addition of K2O, and subordinate CO2. Whereas H2O
is mainly enriched in the incipient stage of alteration,
it is depleted in the advanced stage. The Fe2+:Fe3+

ratio increases, and there is a pronounced increase in
As and Ba. Leaching of Na2O in the chlorite–musco-
vite zone is related to albite consumption in favor of
muscovite formation. TiO2, V, Co and Zr have little or
no change as in other mesothermal gold deposits (e.g.,
Condie, 1981). SiO2 and Al2O3 also show a slight
variation.

The main chemical changes in komatiite are the
pronounced enrichments in Na2O and/or K2O, slight
enrichment in TiO2 in the talc–chlorite zone, and loss of
Fe2O3, FeO, CaO or MgO. There is an increase in Ba, Sr
and Zr and a slight decrease in S. Both Ni and Zn are
impoverished in the talc–chlorite and carbonate–albite
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zones. The REE display a behavior similar to that for the
metabasalt. SiO2, Al2O3 and Vare essentially immobile.

An earlier investigation by Vieira (1991c) shows that
development of sericite, carbonate and sulfide, and
tourmaline in metabasalt, coincides with gains in K, S,
CO2, Au, As, B and Ba. In komatiite, according to this
author, there is enrichment of Ca, Mn, Sr and Sc and loss
Fig. 12. A) Chondrite-normalized REE distribution of ultramafic
schists at varying alteration stages; data from the Archean spinifex-
textured peridotitic komatiite (STPK) lavas (Condie, 1981) is shown
for comparison. Abbreviations: act — actinolite; ab — albite; cbt —
carbonate; chl — chlorite; Cr ms — (Cr)-muscovite; tlc — talc. B)
Primitive-mantle- and C) STPK-normalized trace elements distribution
of the least-altered ultramafic schists.

Fig. 13. REE distribution of the Raposos BIF at varying alteration
stages, normalized to the North American shale composite (NASC).
of Mg, Cr, Ni and Co. Zirconium, Y, Ga, TiO2 and
Al2O3 show low mobility.

The alteration of BIF involved significant addition of
sulfur, with contents varying from 0.41 to 5.40 wt.%.
The REE values of BIF normalized to the North
American Shale Composite (NASC) show that the
regular, although depleted, pattern of sulfide-poor BIF is
maintained, even in sulfide rich gold ores; there is a
slight increase in total REE content (15.6 to 19.3 ppm).

6. Discussion and conclusions

Similar to many other gold deposits in the Nova Lima
Group rocks of the QF, the Raposos gold deposit
resembles Late Archean orogenic gold deposits in
greenstone belts elsewhere in the world, in terms of
ore characteristics (Groves et al., 1998). Wall rock
alteration and ore fluid composition (Lobato et al., 1998,
c) are typical of orogenic gold deposits hosted by mafic
volcanic rocks and by BIF (Phillips et al., 1984).

The following conclusions can be deduced from the
present contribution:

1. Mineralization at the Raposos orogenic gold deposit
is associated with structurally-controlled hydrother-
mal alteration of BIF and its wall rocks.

2. Orebodies at Raposos are clearly associated with D1-
related shear zones in BIF. Regional studies (Vieira,
1991b) suggest that these structures are associated
with EW-directed, transcurrent faults. Sulfidation of
BIF and the generation of mineable gold concentra-
tions are likely to relate to the same processes that
produced the alteration assemblages in the wall
rocks.

3. As suggested by the photomicrographs in Fig. 9,
hydrothermal alteration overprints the metamorphic
assemblages. Alteration is expressed by zones of
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chlorite, carbonate and muscovite/sulfide assem-
blages towards the ore.

4. Rare earth and trace element patterns of the
metabasalt and its alteration products suggest a
tholeiitic protolith. In the case of the ultramafic
schists, the precursors were possibly a peridotitic
komatiite. The Eu anomaly of the Raposos BIF
suggests that it was formed proximal to an exhalative
hydrothermal source on the ocean floor.

5. Evidence of a consistent composition for the ore fluid
is inferred by hydrothermal alteration reactions that
indicate a H2O-rich fluid containing CO2+Na

+ and
S. The distal alteration halos are dominated by
hydrated silicate phases (mainly chlorite), with minor
carbonates, indicating the fixation of mainly H2O.
The CO2 is consumed to form carbonates in the
intermediate alteration stage, in halos around the
chlorite-dominated zones. These characteristics sug-
gest variations in the H2O to CO2-ratio of the sulfur-
bearing, aqueous-carbonic ore fluid, which interacted
at varying fluid to rock ratios with progression of the
hydrothermal alteration (Lobato et al., 2001a,c).

6. Fluid composition can also be inferred based on the
existing, limited fluid inclusion data of Godoy
(1994). Three types of fluid inclusions have been
identified based on microthermometric and spectro-
scopic studies using Raman Spectroscopy. Type I
inclusions are abundant in the ore and composed of
H2O, CH4 and N2, and a smaller proportion of CO2.
Type II occurs in tension gashes and has H2O, CO2

and NaCl, with lesser CH4. Type III is an aqueous,
saline fluid. Type I is interpreted as the initial, more
reducing, mineralizing fluid. Type II is related to
carbonate alteration (probably evolved from I), and
type III to late, brittle deformation structures. The
pressure and temperature of gold mineralization of
3.5 kbar and 400 °C, respectively, take into
consideration type I inclusions and temperatures of
formation for arsenopyrite and chlorite (Godoy,
1994).
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