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Abstract The Carajas mineral province is located in the
south-eastern part of the Amazon craton and is divided
into the southern and northern tectonic blocks, which
are referred to as the Rio Maria granitoid—greenstone
terrane and the Itacaitinas shear belt, respectively. The
geological evolution of this province occurred almost
entirely in the Archean, with no tectonism from ~2.4 to
1.9 Ga and then an episode of very extensive intraplate
granitic magmatism. Distinct types of gold deposits,
most associated with Archean metavolcano-sedimentary
sequences, including greenstone belts as old as 2.9 Ga,
comprise (1) Fe-oxide-poor Cu—Au, (2) Fe-oxide-Cu-—
Au-U-REE, (3) shear-zone related lode-gold, and (4)
sedimentary rock-hosted Au-PGE. The shear-zone re-
lated deposits are more typical of the Rio Maria grani-
toid—greenstone terrane, whereas the other types are
more abundant in the Itacaiunas shear belt. The first
type, represented by the Serra Verde deposit, shows
most characteristics of volcanogenic massive sulfide
(VMYS) deposits, except for the dominance of chalcopy-
rite over pyrite and/or pyrrhotite. Some deposits of the
second type (Igarapé Salobo and Igarapé Bahia) are also
syngenetic, but their ore mineralogy and paucity of py-
rite and/or pyrrhotite are inconsistent with, or at least
unusual for, classic VMS deposits. Other Fe-oxide—Cu—
Au-U-REE deposits, such as the Cristalino and Sosse-
g0, occur as epigenetic stockwork mineralization related
to Archean granitoid stocks. Most shear-zone related
lode-gold deposits are classified as orogenic gold de-
posits (e.g. Sapucaia, Babagcu and Tucumad) that cut
greenstone belt rocks. The Cumaru deposit is also
hosted by a shear zone, but may have a genetic associ-
ation with a granitoid intrusion. The Aguas Claras de-
posit, although also hosted in a shear zone and perhaps
intrusion-related, differs from the orogenic gold deposits
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by its extensional tectonic setting, lack of CO, in the ore
fluids, and voluminous chalcopyrite. The sedimentary
rock-hosted Serra Pelada Au-PGE deposit is structur-
ally controlled and occurs in an Archean clastic-chemi-
cal sedimentary rock sequence.

Introduction

The Carajas gold province is part of the larger Carajas
mineral province (CMP; Santos 1981), where significant
reserves of iron, copper, gold, manganese and bauxite
have been discovered. Practically unknown until the
discovery of the iron ores in 1967, most of the knowl-
edge of its geology has been collected during the last two
decades. Docegeo, a subsidiary of the formerly govern-
ment-owned Vale do Rio Doce Mining Company
(CVRD), has undertaken much of the exploration in the
region and its great mineral potential.

Gold has driven the majority of the exploration ac-
tivity in the area, particularly after the boom of the Serra
Pelada garimpo, attracting 40,000 gold-diggers in the
early 1980s in the most spectacular gold rush ever seen in
the Amazon jungle. A large number of different gold
deposits have since been discovered, but only a few have
been studied in detail. Moreover, important data have
yet to be published, and are currently only available in
theses and extended abstracts from local symposium
volumes. This paper is an effort to synthesize these data
from CMP. Its aim is to describe the main characteristics
of the gold-bearing deposits in order to propose not only
a preliminary classification, but also genetic models that
can be useful for establishing exploration guidelines.

Tectonic setting

The CMP occurs in the Archean nucleus of the southern portion of
the Amazon craton, known as the Central Brazil shield (Figs. 1 and
2). To the east, the province is cut by the N-S-trending, Neopro-
terozoic Araguaia fold belt (Moura and Gaudette 1993) whereas, to
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the west, it is overlain by the Palaeoproterozoic volcano plutonic
and sedimentary rocks of the Uatumia Supergroup (Cunha et al.
1981; Costi et al. 2000). The northern boundary is marked by the
Transamazonic Province (or the Maroni-Itacaiunas mobile belt of
Cordani et al. 1979) and in the south, limits are not well defined,
although Inaja Ridge may be considered as the southern boundary.

Two early hypotheses differ about the Proterozoic tectonic
evolution of the Amazon craton. One defines the craton as solely a
large Archean platform, slightly reworked and reactivated during
Proterozoic times (Amaral 1974, 1984; Almeida 1978; Schobben-
haus and Campos 1984; Hasui and Almeida 1985), and with the
Carajas region being a subprovince of the Central Brazil shield.
The other hypothesis holds that the post-Archean evolution of the
Amazon craton was the result of successive Proterozoic terrane
accretion episodes (Cordani et al. 1979, 1984; Cordani and Brito
Neves 1982; Teixeira et al. 1989; Sato and Tassinari 1997; Tassinari
and Macambira 1999). Despite these differences in interpretation,
there is general agreement that the CMP is an Archean nucleus to
the Amazon craton, which is represented by granitoid—greenstone
terranes and high-grade metamorphic complexes, which were only
slightly affected by Proterozoic tectonic events.

A third model for the Archean and Proterozoic evolution of the
Amazon craton has combined robust radiometric ages with gravi-
metric and magnetometric data (Hasui et al. 1993). Such an ap-
proach led to the definition of a series of large crustal blocks
bounded by major sutures. The nuclei of these blocks are typically
represented by granitoid—greenstone terranes. This model implies a
complex collisional history of northern Brazil prior to 1.8 Ga.

Transamazonic »| Tapajds - Parima

- A Ceniral Amazon
{2.25 - 2.0 Ga) vy vy (2.00- 1,87 Ga) [SSS5] (1.88 - 1,70 Ga)
Ronddnia - Juruena K Mudku _ Sunsas
+ {1.75-1.52 Ga) {ca 1,20 Ga) {1.25 - 0,99 Ga)
m Araguaia Fold Andes Orogenic I:l Phancrozoic,
Belt Belt indiseriminated

According to this model, the CMP lies in the so-called Araguacema
block.

More recently, Santos et al. (2001), based on U-Pb and Sm—Nd
isotopic data, define the Carajas—Imataca province as the only
Archean province of the Amazon craton. The neighbouring Pal-
aeoproterozoic Central Amazon province (Fig. 1) truncates the
Carajas tectonic trends and was generated by partial melting of
Archean continental crust.

Regional geology

Lithostratigraphy

The boundary between the northern and southern crustal segments
into which the CMP has been divided (Fig. 2) appears to be tran-
sitional. The southern segment is known as the Rio Maria grani-
toid—greenstone terrane (RMGGT; Huhn et al. 1988), and is older
than the northern segment, referred to as the Itacaiunas shear belt
(ISB; Araujo et al. 1988).

The oldest units that have been mapped in the RMGGT
(Table 1) are the Late Archean Xingu Complex and the Andori-
nhas Supergroup (Docegeo 1988; Araujo et al. 1988; Faraco et al.
1996). The Xingu Complex (Silva et al. 1974) has long been con-
sidered to represent the basement rocks of the province, and it is
made up of high-grade gneisses and migmatites, varying in com-
position from granodiorite to tonalite. Recently, the Arco Verde
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Fig. 2 Geological map of the Carajas Mineral Province (adapted
from Schobbenhaus et al. 1981, Docegeo 1988 and Faraco et al.
1996). Age sources in Table 2, except for the Araguaia Fold Belt (/)
and the Uatuma Supergroup (2)

tonalite was separated from the Xingu Complex as a distinct unit
owing to its geological similarities with the Rio Maria granitoid—
greenstone terrane and its TTG affiliation (Althoff et al. 1995).
The Andorinhas Supergroup is a greenstone sequence composed
of ultramafic and mafic metavolcanic rocks, intercalated with iron

formations at the base (Babagu Group) and chemical and clastic
metasedimentary rocks at the top (Lagoa Seca Group). Similar
greenstone sequences, known as the Tucuma, Gradaus, and Sapucaia
Groups, occur elsewhere. The Serra do Inaja Supergroup is a similar
sequence defined for the Inaja greenstone belt (Docegeo 1988) in the
southernmost portion of the CMP. Large Archean batholiths, re-
ferred to as the Rio Maria granodiorite, the Mogno trondhjemite and
the Parazonia tonalite, cut the greenstone rocks. Deformed Archean
calc-alkaline plutons, such as Mata Surrdo, Cumaru and Xinguara,
are clearly intrusive into the previous units. The Archean Serra Azul
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Table 1 Stratigraphic column of the Carajas Mineral Province (modified from Docegeo 1988)

Eras Ga  Rio Maria granitoid—greenstone terrane Itacaiunas shear belt
Complexes or Groups or Intrusive Complexes or  Groups or Intrusive rocks
supergroups formations rocks supergroups formations
Proterozoic 1.9 Anorogenic Anorogenic granites
granites (Musa, (Serra dos Carajas,
Jamon, Bannach, Cigano, Pojuca,
Gradaus, Antonio Vicente,
Seringa, etc.) etc.)
Santa Inés gabbro (?)
Archean 2.5 Old Salobo,
Itacaiunas and
Planalto granites
2.6 . Basic dikes and sills
Rio Fresco Aguas Claras Plaqué granitoid
Group Formation suite
2.8 Itacaiunas Buritirama, Borrachudo mafic
Supergroup Igarapé Bahia, intrusion(?)
Griéo Para,
Igarapé Pojuca,
Igarapé Salobo
Groups
Mata Surrdo and Rio Novo Luanga ultramafic
Xinguara granites, Group(?) intrusion, Estrela
Mogno trondhje granite
mite, Rio Maria
granodiorite,
Parazonia tonalite
Tucuma,
Sapucaia(?),
Gradaus(?)
Groups
2.9  Andorinhas Lagoa Seca/ Arco Verde
and Serra Babagu and tonalite and Serra
do Inaja Rio Preto/ Azul ultramafic
Supergroups Santa Lucia intrusion
Groups

3.1  Xingu Complex

Xingu and Pium
Complexes

mafic—ultramafic intrusion, which intrudes the Gradaus greenstone
sequence, is also exposed in the Rio Maria region.

In the northern segment of the CMP, where the ISB is developed,
the Late Archean basement is, in addition to the Xingu Complex, also
interpreted to be comprised of rocks of the Pium Complex (Table 1),
which corresponds to lower crustal granulitic rocks that have been
thrust up along shear zones. A series of metavolcano—sedimentary
sequences overlie the basement rocks. One of these, the Rio Novo
Group, is a greenstone belt that is slightly younger than those of the
RMGGT and contains significant Fe-Cu—Au mineralization. The
others, known as the Igarapé Salobo, Igarapé Pojuca, Igarapé Bahia,
Grao Para and Buritirama Groups, are greenstone-like sequences
collectively grouped in the Itacaiunas Supergroup. The first three
host additional Fe-Cu—Au deposits, whereas the latter two enclose
banded iron and manganese formations, respectively. Mafic mag-
matism is dominant, and all lithostratigraphic units appear coeval,
despite different metamorphic grades and deformation intensities.
Several elongated, E-W-trending Archean granitic bodies, known as
the Plaqué Suite, intrude rocks of the Xingu Complex. Likewise,
other Late Archean intrusions include the syntectonic, subalkaline
Estrela granite (Barros 1997) and the Old Salobo granite (Linden-
mayer 1990), which cut rocks of the Rio Novo and the Igarapé Sal-
obo Groups, respectively. Probably contemporaneous with
deposition of rocks of the Rio Novo Group was the emplacement of
the PGE- and chromite-bearing Luanga mafic—ultramafic intrusion
(Suita 1988; Diella et al. 1995).

An extensive Late Archean marine to fluvial, mostly clastic,
succession covers large areas of the CMP. It is weakly metamor-

phosed and has been named the Rio Fresco Group (Cunha
et al.1984) or Aguas Claras Formation (Araujo et al. 1988;
Nogueira et al. 1995), with the latter designation so far restricted to
exposures in the Carajas basin.

The emplacement of many anorogenic alkaline to subalkaline
granitic stocks and batholiths, some of which are mineralized with
tin or tungsten, occurred in Palacoproterozoic times. These intru-
sions show the chemical and tectonic characteristics of A-type
granites (Dall’Agnol et al. 1994). From south (RRGGT) to north
(ISB), important intrusions include the Gradaus, Redengdo,
Bannach, Musa, Jamon, Sdo Jodo, Seringa, Velho Guilherme,
Serra dos Carajas and Cigano bodies (Figs. 4 and ).

The province was also affected by a number of more local mafic
magmatic events represented by (1) sills and dikes that cut rocks of
the Aguas Claras Formation, and possibly also the Igarapé Pojuca
and Igarapé Bahia Groups; (2) the Fe- Ti- and P-rich Borrachudo
gabbroic body; (3) the Santa Inés gabbro; and (4) the Lago Grande
Complex gabbroic rocks. The former are Late Archean, and the
latter three have not been dated.

Structural evolution

The RMGGT and the ISB can be differentiated in terms of both
their geological setting and associated mineral deposits. According
to Costa et al. (1995), the main structures of the Rio Maria
granitoid—greenstone terrain are E-W, NW, and NE-trending shear
zones. They represent dextral strike-slip faults that have affected
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chiefly the supracrustal rocks. Synformal structures along the shear
directions, previously interpreted as synclinoria (Silva et al. 1974),
are considered to be transpressive duplexes (Araujo et al. 1988).
The larger duplexes are related to E-W shear zones (Andorinhas
and Gradaus), whose cores consist of sedimentary rocks of the Rio
Fresco Group and whose borders are defined by thrust faults.

The Carajas Ridge (Fig. 2), in the ISB, was initially assumed to
be a large synclinorium (Knup 1971; Beisiegel et al. 1973; Silva et al.
1974) and, later, a positive flower structure (Araujo et al. 1988). This
flower structure is interpreted to have been developed in two stages:
(1) an earlier dextral transtension event that accounted for pull-apart
basins controlled by E-W trending strike-slip faults and (2) a sub-
sequent sinistral transpression event that inverted the basins, giving
rise to push-up structures such as transpressive duplexes.

A more recent interpretation (Pinheiro 1997; Pinheiro and
Holdsworth 1997) maintains that the inversion caused only com-
plex folding and sinistral strike-slip faulting. Based on the geo-
chemical signature of the basaltic rocks and the primary structural
features preserved in the sedimentary units, these authors also ar-
gued that the deposition of the volcano-sedimentary sequences of
the Itacaiunas Supergroup was in large intracratonic, rather than in
pull-apart basins, as had been earlier suggested (Gibbs et al. 1986;
Wirth et al. 1986; Nogueira 1995; Nogueira et al. 1995). This new
hypothesis envisages the tectonic evolution of the ISB in five stages:
(1) sinistral transpression (2.9-2.85 Ga) with high-temperature
ductile deformation affecting the basement rocks and those of the
Igarapé Salobo Group; (2) sinistral transpression (2.8-2.7 Ga) with
low-temperature ductile-brittle deformation affecting rocks of the
Igarapé Pojuca Group; (3) formation of intracratonic basins
(<2.76 Ga) leading to deposition of the Grao Para Group and the
Aguas Claras Formation; (4) dextral transtension (2.7-2.6 Ga)
with the development of the Carajas and Cinzento strike-slip fault
systems in which the rock units are down-faulted inside major di-
lational jogs and cut by mafic sills and dikes; and (5) sinistral
transpression (<2.6 Ga) with very low-temperature brittle to
ductile deformation of the rocks immediately adjacent to the
Carajas and Cinzento fault systems, together with weak tectonic
inversion by fault reactivation.

At about 1.9-1.8 Ga, the whole CMP was affected by a regional
extension event. This tectonism facilitated the intrusion of A-type
granitic plutons and dike swarms.

Metamorphism

High-grade metamorphic rocks have only been mapped in the
basement units. Most supracrustal rocks of both the Andorinhas
and Itacaiunas Supergroups have been subjected to greenschist- to
amphibolite-facies conditions, with regional metamorphic temper-
atures seldom exceeding 700°C (Lindenmayer 1990). Earlier wide-
spread hydrothermal submarine metamorphism affected the
Itacaiunas volcano-sedimentary sequences prior to the regional
metamorphic events, as can be deduced from the abundance of
water-saturated minerals and relict textures in the mafic metavol-
canic rocks. In fact, undeformed rocks, composed of variable
amounts of decalcified plagioclase, epidote, chlorite, tremolite—
actinolite, white mica, quartz and carbonates, are dominant in
many units, particularly in rocks of the Grdo Para and Igarapé
Bahia Groups.

Thermal aureoles associated with some granitic intrusions are
commonly superimposed on the submarine and regional meta-
morphic assemblages. In a few cases, anthophyllite—cordierite rocks
occur, as in the mafic metavolcanic rocks of the Igarapé Pojuca
Group (Medeiros Neto and Villas 1985; Winter 1995). In others, as
for example surrounding the Estrela granitic complex, pyroxene
hornfels and albite-hornblende hornfels facies record temperatures
in the 600-650 °C range near the intrusion contacts (Barros 1997).

Geochronology of the Carajas mineral province

A great deal of radiometric data are available for the rocks in the
CMP (Table 2). Many are robust ages based on the U-Pb zircon

method, including a few obtained by the SHRIMP technique.
Many others are Pb—Pb ages on whole-rock or zircon, which pro-
vide values in very good agreement with the U-Pb dating. Some
Rb-Sr results have been published but, as expected, the ages are
systematically younger when compared with more robust methods.

Except for the Palacoproterozoic granitoid magmatism and
minor mafic to intermediate igneous events of unknown age, the
rocks of the CMP are mainly Late Archean in age. Available
geochronological data indicate most rocks formed from ~3.0 to
2.4 Ga. There was a ~500-million-year-long hiatus in the forma-
tion of new crust, with then the onset of the widespread Palaeo-
proterozoic tectonism and magmatism at ~1.9-1.8 Ga (Fig. 3).

Excluding the metamorphism of the basement rocks at ~2.9—
3.0 Ga, no age older than 2.76 Ga has been measured in the ISB
supracrustal rocks and granitoids. The tectonically distinct
RMGGT, appears to have been mainly formed ~100 million years
earlier than most of the ISB.

Nature of gold deposits
Types of gold deposits

In the CMP, primary gold mineralization occurs in four
major types of deposits, which are defined by their min-
eral content, host rocks and controlling structures. Type
I comprises Fe-oxide-poor Cu £+ Au deposits hosted by
Archean metavolcano-sedimentary rocks. Type II in-
cludes Fe-oxide-Cu—Au-U-REE deposits hosted by
either Archean metavolcano-sedimentary rocks or
granitoids. Despite the same metal suite, these do not
appear to be Olympic Dam type deposits. Type III cor-
responds to shear-zone-related lode-gold deposits and
type IV refers to sedimentary-rock hosted Au-PGE
deposits, with the former being divided into the orogenic
gold and copper—gold + tungsten subtypes. Table 3
summarizes the most important features of the different
Carajas gold deposits in terms of host rocks, metamor-
phism, tectonic setting, structural controls, ore and
gangue mineralogy, wallrock alteration, associated met-
als and fluid composition. All deposit types are restricted
to the ISB, except for type III orogenic gold deposits,
which are concentrated in the Rio Maria region.

Type I (Fe-oxide-poor Cu £+ Au deposits)

The Serra Verde deposit, near the city of Parauapebas
(Fig. 4), is the only type I deposit so far identified in the
CMP. Itis a small deposit that has undergone only small-
scale mining. Restricted to the gold-enriched supergene
zone and a few resistant quartz veinlets, workings occur
on two, 20- to 30-m-long, copper- and iron-rich massive
sulfide lenses with gold contents of 0.5-1 g/t.

Rocks of the Rio Novo Group (Hirata et al. 1982;
Araujo et al. 1988) host the auriferous iron- and copper-
bearing sulfide mineralization (Fig. 5). Amphibolites,
schists, metagreywackes and iron formations are the
main lithological types; ultramafic rocks are less
common. In the Serra Verde deposit itself, clastic me-
tasedimentary rocks are more abundant and are fre-
quently intercalated with tholeiitic metavolcanic rocks.
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whole rock
Geological units Ages Methods Sources®
(Ma)
Proterozoic granites Jamon granite 1,601 £42 Rb-Sr (WR) 20
Seringa granite 1,730 + 58 Rb-Sr (WR) 19
Velho Guilherme granite 1,653 +14/1,873+13 Rb-Sr (WR)/Pb—Pb (WR) 14/3
Pojuca granite 1,874+ /-2 U-Pb (ZR) 1
Musa granite 1,6924+22/1,883+5/-2 Rb-Sr (WR)/U-Pb (ZR) 13/1
Serra dos Carajas granite 1,820 +49/1,880+2 U-Pb (ZR) 8/1
Cigano granite 1,731+28/1,883 +2 Rb-Sr (WR)/U-Pb (ZR) 17/1
Archean granites Xinguara granite 2,528 £21/~2,880 Rb-Sr (WR)/U-Pb (ZR) 23/6
Mata Surrdo granite 2,541 +£74/2,872+10 Rb-Sr (WR)/Pb—Pb (WR) 7/3
Itacaiunas deformed 2,560+ 37 Pb-Pb (ZR) 11
granite
Old Salobo granite 2,573+2 U-Pb (ZR) 1
Plaqué Suite 2,736 £24 Pb—Pb (ZR) 2
Cristalino diorites 2,738+£6 Pb-Pb (ZR) 18
Planalto granite 2,747+2 Pb-Pb (ZR) 18
Estrela granite 2,527+34/2,763+7 Rb-Sr (WR) / Pb-Pb (ZR) 12/24
Itacaiunas Supergroup Aguas Claras gabbroic sill 2,645+ 12 Pb-Pb (ZR) 10
Igarapé Pojuca Group 2,732+3 U-Pb (ZR) 1
Igarapé Bahia Group 2,577+£72/2,747+2 Rb-Sr (WR)/Pb-Pb (ZR) 9/25
Grao Para Group 2,758 £39/2,759 £2/ U-Pb (ZR)/U-Pb (ZR)/ 8/1/16
2,760 £ 11 U-Pb SHRIMP
Igarapé Salobo Group 2,761 +£3/2,776 + 240 U-Pb (ZR)/Pb-Pb (MAG) 121
Ultramafic Complex Luanga Complex 2,763+ 7 U-Pb (ZR) 1
Serra Azul ultramafic 2,970 £7 U-Pb (ZR) 5
intrusion
Archean TTG Cumaru granodiorite 2,817+4 Pb-Pb (ZR) 22
Parazonia tonalite 2,858 Pb-Pb (TIT) 5
Mogno trondhjemite 2,871 Pb-Pb (TIT) 5
Rio Maria granodiorite 2,739 +£23/2,852+ 16/ Rb-Sr (WR)/Pb-Pb (ZR)/ 14/2/3/4/5
2,872+10/2,874+9/-10/ Pb-Pb (WR)/U-Pb (ZR)/
2,872+5 U-Pb (ZR)
Andorinhas Supergroup Tucuma Group 2,868 £8 Pb-Pb (ZR) 2
Lagoa Seca Group 2,904 +29/-22[2,979 £ 5 U-Pb (ZR) 4/5
Basement rocks Arco Verde tonalite 2,957+ 25/-21 U-Pb (ZR) 4
Xingu Complex 2,859+2/2,974+£ 15/ U-Pb (ZR)/Pb-Pb (ZR)/ 1/2/4/5
2,971+ 30/-28/2,798 U-Pb (ZR)/Pb-Pb (TIT)
Pium Complex 3,050+57/3,002+ 14 Pb-Pb (WR)/U-Pb SHRIMP 3/15

4] Machado et al. (1991); 2 Avelar et al. (1999); 3 Rodrigues et al.
(1992); 4 Macambira and Lancelot (1996); 5 Pimentel and Mach-
ado (1994); 6 Macambira (1992); 7 Duarte et al. (1991); 8§ Wirth
et al. (1986); 9 Ferreira Filho (1985); 10 Dias et al. (1996); /1 Souza
et al. (1996); 12 Barros et al. (1992); 13 Gastal et al. (1987); 14
Lafon et al. (1991); 15 Pidgeon and Macambira (1998); 76 Trendall

The sulfide lenses are concordant to subconcordant
with the foliation (both Sy and S;) of the host rocks
(Fig. 5). One is enclosed by quartz- and chlorite-rich
metabasalts with no major differences in the alteration
assemblages of the hanging wall and footwall, except for
the occurrence of quartz pods with sulfide minerals
+ apatite + ilmenite along the latter. The other lens is
hosted by biotite—-muscovite—quartz—chlorite schists. It
shows much higher contents of gangue minerals whose
erratic distribution in the sulfide matrix lends a brecci-
ated aspect to the rock. Tourmaline is, in general, asso-
ciated with the quartz- and chlorite-bearing rocks,
occurring as either disseminations in the metabasalts or
tourmalinites represented by continuous, thin layers (a
few millimetres to 1 cm thick) parallel to the bedding
planes in the metasedimentary rocks. Its composition is

et al. (1998); 17 Gongalez et al. (1988); /8 Huhn et al. (1999a); 19
Lafon et al. (1988); 20 Dall’Agnol et al. (1984); 21 Mellito and
Tassinari (1998); 22 Lafon and Scheller (1994); 23 Macambira et al.
(1991); 24 Carlos Eduardo Barros (personal communication); 25
Moacir B. Macambira (personal communciation)

dravitic with Mg/(Mg + Fe) ratios that vary from 0.6 to
0.8, the higher values being more characteristic of the
metasedimentary rocks (Reis 2000). The margins of the
lenses are sharply defined. Mineralogically, the massive
lenses are composed of more than 70% sulfide minerals,
with variable proportions of silicate, oxide and phos-
phate minerals. The sulfide minerals include chalcopyrite
(85%), pyrrhotite (5%), pyrite (3%), cubanite (3%),
molybdenite (2%) and sphalerite (1%). Quartz, magne-
sium—hornblende or actinolite, ilmenite and fluorapatite,
in decreasing order of abundance, are the major gangue
minerals, with lesser biotite and magnetite. Mackinawite,
stannite and stilpnomelane are minor constituents. Gold
occurs as microscopic free particles in chalcopyrite (Reis
and Villas 1999; Reis 2000). Disseminated mineralization
is present in the host rocks, but the sulfide minerals
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represent less than 5% of the altered rock volume.
Massive sulfide samples average 10 ppm Ag, 391 ppm
Co, 1,479 ppm Ni and 545 ppm Zn. Total REE contents
range from 2 to 65 ppm and uranium concentrations are
below the detection limit (10 ppm) for the technique used
(XRF on pressed powder samples).

Three distinct hydrothermal events have been iden-
tified at the Serra Verde deposit: (1) deposition of a
volcano-sedimentary pile and associated circulation of
heated seawater; (2) fluid flow during intrusion of the
Estrela granitoid at 2,763 +7 Ma (Table 2); and (3) fluid
circulation along fault planes during shearing (Reis
2000). Our observations favour deposition of ore min-
erals during the older sub-seafloor event.

Evidence for submarine hydrothermal activity comes
chiefly from the widespread propylitization of the bas-
alts of the Rio Novo Group, although they still partly
preserve their original igneous textures. The quartz- and
chlorite-altered rocks are most likely products of sea-
water—basalt interaction, consistent with well-docu-
mented observations on contemporaneous seafloor
samples (Humphris and Thompson 1978) and experi-
mental work (Mottl 1983). Similarly, dravitic tourmaline
and its concentration in true tourmalinites are common
features of seafloor exhalative activity (e.g. Slack 1996).

During the intrusion of the Estrela granitoid, primary
mineral assemblages of the volcano-sedimentary pile
were converted to hornblende-hornfels facies associa-
tions at 550-650 °C and within a ~2-km-wide aureole
(Barros 1997). In the sulfide lenses, granoblastic tex-
tures, polygonal grain contacts and porphyroblasts of
the major gangue minerals, as well as pyrrhotite blasts
and pyrite relicts, indicative of growth of pyrrhotite at
the expense of pre-existing iron-rich sulfides, provide
good evidence of this metamorphic overprinting. Several
of these features are considered to be the result of re-

Granitoid plutonism
. Greestone-belt sequences

crystallization attaining an equilibrium fabric (Cook
et al. 1993), whereas the transformation of pyrite to
pyrrhotite certainly required temperatures well above
300°C (Craig and Vokes 1993).

These contact metamorphic features were overprinted
by later hydrothermal alteration related to a sinistral
NNE-trending brittle-ductile shearing event (Reis 2000).
In addition to the formation of a 5-m-thick, sub-con-
cordant barren quartz vein, rocks adjacent to the
shear were altered to an assemblage of quartz, chlorite,
actinolite, epidote, leucoxene and carbonates minerals.
Although it is seldom easy to distinguish this assemblage
from the older seafloor propylitic event, it can be defined
as (1) the occurrence of vermicular chlorite replacing
earlier secondary minerals, (2) the much higher degree of
anhedralism of the quartz grains and (3) actinolite
megacrystals ( < 50 cm long), particularly developed in
the quartz vein. In the sulfide lenses, microstructures
such as kink bands, cubanite exsolution lamellac and
ladder fractures in chalcopyrite, and duplexes filled with
mackinawite and gold, are features that are interpreted
to have been produced during the shearing event.
Monoclinic pyrrhotite in some of these microstructures
was also produced, implying temperatures in the range
200-270°C. Locally quartz veinlets with high gold
grades occur, but it is uncertain whether they are related
to the shearing.

Type 11 (Fe-oxide—Cu—Au—-U—-REE deposits)

Three deposits in the Carajas region may be included in
the Fe-oxide-Cu—Au—U-REE type: Cristalino, Igarapé
Salobo and Igarapé Bahia (Fig. 4). The former was re-
cently discovered, so that much of the geological infor-
mation is still preliminary (Huhn et al. 1999b, 2000). In
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Fig. 4 Gold deposits of the
Itacaiunas shear belt (adapted
from Schobbenhaus et al. 1981,
Docegeo 1988 and Faraco et al.
1996)
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contrast, there is a large data base on the other two
deposits, yet the data are ambiguous. The Sossego de-
posit (Fig. 4) can also be placed into this deposit type,
but available data are only from the supergene envi-
ronment from which the primary mineralization is in-
ferred to consist of chalcopyrite, magnetite, subordinate
pyrite and REE-bearing minerals (Huhn and Nasci-
mento 1997). The Igarapé Salobo, Igarapé Bahia, Cri-
stalino and Sossego deposits are hosted by metavolcano-
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sedimentary sequences, but the associated intrusive
rocks are only mineralized in the latter two (Huhn et al.
2000; Lancaster Oliveira et al. 2000).

Cristalino deposit

Located in the Rabo ridge area (Fig. 4), the Cristalino
deposit is hosted by a low- to medium-grade
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Fig. 5 a Geological map of the Curiondpolis area and b schematic
N-S cross section of the Serra Verde ore deposit (modified from
Reis 2000)

metamorphic volcano-sedimentary sequence (Grao Para
Group?) in which intermediate to felsic volcanic rocks
are intercalated with iron formations (Huhn et al
1999b). Diorite and quartz diorite bodies (not shown in
Fig. 4) have intruded this sequence, and are spatially
and possibly genetically related to the mineralization. In
addition to being strongly brecciated, the host rocks are
hydrothermally altered to assemblages consisting of
biotite, microcline, albite, scapolite, chlorite, carbonate
minerals and quartz. They also show enrichment of
phosphorus and iron metasomatism. White mica, zeo-
lites and tourmaline are minor constituents, although
locally they may be common. Allanite is believed to be
the main REE source, but has been recorded only as an
accessory phase in the host rocks.

The mineralization occurs in breccias and as stock-
works, disseminations, and fracture fillings, in both the
intrusive and metamorphic host rocks (Huhn et al.
1999b). Chalcopyrite, pyrite, magnetite, bravoite, co-

baltite, millerite, vaesite and gold are the main ore
minerals. One drill core revealed a 40-m-thick mineral-
ized zone averaging 1.6% Cu and 0.25 g/t Au. The re-
source is estimated at greater than 500 Mt with grades of
1.0% Cu and 0.3 g/t Au (Huhn et al. 2000).

Igarapé Salobo deposit

The Igarapé Salobo deposit comprises four orebodies,
termed A, B, C and D (Fig. 6). It is hosted by rocks of
the 300- to 600-m-thick Igarapé Salobo Group, which is
made up of metagreywackes intercalated with iron for-
mations and minor amphibolites and arkosic quartzites.
The amphibolites occur in the lower part of the se-
quence, near the contact with the basement rocks,
whereas the iron formations are mostly in the lower part
of the upper half, decreasing in abundance towards the
top of the sequence. These iron formations occur as
continuous to discontinuous, massive to foliated bands
or lenses with thicknesses that vary on a centimetre to
metre scale. They show gradational contacts with the
enclosing metagreywackes (Lindenmayer and Teixeira
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Fig. 6 a Geological map and
b cross section of the Igarapé \
Salobo deposit at 250 m level
(adapted from Vieira et al. 1988
and Lindenmayer 1990)
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1999), and are concordant to subconcordant with the
general trend of the Igarapé Salobo Group rocks. The
term iron formation is used here in Trendall’s sense
(1983), referring to chemical sedimentary rocks with
anomalously high iron contents. Two types of iron for-
mation have been identified in the Salobo deposit (Lin-
denmayer and Teixeira 1999): (1) a silicate-type
composed of magnetite, fayalite, grunerite, and minor
hastingsite, Fe-biotite and Mn-almandine; and (2) an
aluminous-type consisting of almandine, Fe-biotite,
grunerite, magnetite and minor quartz.

The Igarapé Salobo rocks have been subjected to
both an amphibolite facies metamorphic event and a
shearing event dated, respectively, at 2,761 =3 and 2,555
+4/-3 Ma (Machado et al. 1991). Shear zones trend-
ing N70-80°NW produced mylonitic-textured rocks
with a schistosity that dips steeply to the south-west.
Unexposed intrusive rocks are represented by the

2,573+2 Ma Old Salobo granite (Table 2) and by a
porphyritic quartz syenite (the so-called Young Salobo
granite) with an Rb-Sr age of 1,880+ 80 (Cordani 1981,
in Lindenmayer and Teixeira 1999). At depth, the Old
Salobo granite lies about 500 m south of the main
mineralized zone, which is, in turn, clearly truncated by
the Young Salobo granite.

Rocks of the Igarapé Salobo Group were locally
metamorphosed to the pyroxene-hornfels facies (2—
3 kbar; 750°C) and later hydrothermally altered to
mineral associations compatible with the amphibolite
(2.5 kbar; 650-550°C) and greenschist (<370°C) facies
(Lindenmayer 1990; Lindemayer and Teixeira 1999).
The higher-temperature association involved a system
dominated by magmatic fluids with fo, equivalent to the
QMF buffer and probably related to intrusion of the Old
Salobo granite (Réquia et al. 1995). Potassic alteration
of the high P-T facies was characterized by the assem-



blage chalcocite + Fe-biotite + fayalite £ chalcopyrite
+ hastingsite with tourmaline, allanite and zircon as
accessory phases. During this hydrothermal activity, the
contact metamorphosed rocks were enriched in Fe, K,
Th, U and REE and depleted in Ca and Sr. Total REE
contents are as great as 154 ppm in amphibolites and as
much as 2,000 ppm in the iron formations. The lower-
temperature associations probably resulted from the
emplacement of the Young Salobo granite and consist of
chlorite + epidote + albite + calcite + sericite +
quartz (propylitic alteration), with greenalite + fluorite
+ uraninite.

Hypogene mineralization, which consists of dissemi-
nated to massive sulfides, occurs mainly in the silicate-
type iron formations, with the higher copper and gold
contents correlating with the increased magnetite
abundances. Metagreywackes are essentially barren.
Bornite, chalcocite and chalcopyrite, in order of abun-
dance, are the chief sulfide minerals and are associated
with minor amounts of ilmenite, molybdenite, covellite,
graphite, uraninite, safflorite and cobaltite. Pentlandite,
pyrrhotite and pyrite are rare. Chalcopyrite is more
abundant in the fayalite-rich iron formations and is the
main copper sulfide in late mineralized veins (Linden-
mayer and Teixeira 1999). Bornite and chalcocite are
preferentially concentrated in iron formations with
magnetite >50% (Amaral et al. 1988). In addition,
bornite and chalcocite contents are higher in grunerite-
rich and quartz—chlorite-rich iron formations, respec-
tively (Réquia et al. 1995) . According to these authors,
magnetite grains present two major modes of occur-
rence: (1) idioblastic to subidioblastic crystals that show
polygonal contacts with sulfides, but reactive borders
with silicates, and formed via metamorphic recrystalli-
zation; minute grains of ilmenite, molybdenite, fluorite,
apatite and uraninite are occluded in these crystals; and
(2) lamellar grains produced by the breakdown of
fayalite during subsequent hydrothermal events. No
significant chemical differences exist between these two
kinds of magnetite. Bornite and chalcocite occur as xe-
noblastic to subidioblastic grains or as myrmekitic in-
tergrowths, the latter attributed to exsolution at low
temperatures. Chalcopyrite is present in the intergran-
ular spaces of fayalite, grunerite and magnetite, or as
exsolution lamellae in bornite. According to Grguric
and Putnis (1998), these lamellae are exsolved when
bornite is subjected to high temperature. Evidence of
metamorphism and deformation of sulfide grains is
provided by microtextures related to mechanical flow
and recrystallization (Siqueira and Costa 1991; Réquia
et al. 1995).

Gold is principally present as submicroscopic
(<0.1 um) to microscopic (5-12 pum) particles in mag-
netite, chalcopyrite, cobaltite and safflorite grains, but it
also occurs in the intergranular spaces between magne-
tite and chalcopyrite (Silva 1996b). Sporadically, it
appears in undeformed quartz—calcite and copper—sul-
fides—chlorite—stilpnomelane veinlets that cut the iron
formations. Microprobe analyses of free gold indicate
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concentrations of 6.98 to 10.82 wt% Cu, and subordi-
nate amounts of Ag, Fe and As, implying precipitation
at temperatures below 400°C (Chang et al. 1977; Réquia
et al. 1995).

The average gold tenor of orebody C is 0.57 g/t, al-
though higher values (0.8 to 4.5 g/t) occur locally in the
iron formations, particularly those richer in magnetite
(50-90%). Most gold is in magnetite grains, but mi-
croprobe bulk analyses on these grains failed to provide
consistent concentrations for this precious metal (Silva
1996b). The more important orebodies B and C have a
calculated reserve of 157 Mt at 0.57 g/t Au, with an
additional 485 Mt at 0.19 g/t Au in the other two bodies
(Vieira et al. 1988).

Fluid inclusion data from hydrothermal quartz and
almandine crystals in the orebodies reveal carbonic
(CO, > > CHy) and variably-saline aqueous fluids (1.7 to
>23.3 wt% equiv. NaCl), which have been suggested
as metamorphic and magmatic in origin, respectively
(Réquia et al. 1995).

Weathering processes have developed a =+ 50-m-thick
supergene mantle, which includes a zone of secondary
copper—gold mineralization, especially above the more
sulfide-rich iron formations. Gold concentrations are
erratic in the supergene zone, with contents in the range
of 0.4-11.4 ppm (Silva 1996b).

Igarapé Bahia deposit

The Igarapé Bahia deposit, with extensive debate about
its genesis, is the only large gold deposit presently being
mined in the Carajas region. To date, all ore that feeds
the Igarapé Bahia mill comes from the enriched super-
gene zone.

Geology of the deposit

In the deposit area, hydrothermally-altered metavol-
cano-sedimentary rocks of the Igarapé Bahia Group
occur as a small erosional window within the overlying
Aguas Claras Formation (Fig. 4). The lower part of the
group consists dominantly of mafic metavolcanic rocks
intercalated with banded iron formations, whereas the
upper part is made up of metasedimentary clastic rocks
(metarhythmites, metasiltstones, metagreywackes) int-
erbedded with intermediate to felsic metapyroclastic
rocks, as well as with cherts and banded iron formations.
Intercalations of metabasalts are subordinate in the
upper part.

Separating these two parts of the Igarapé Bahia
Group is an approximately 100-m-thick layer of hy-
drothermally-altered breccias, which in places show
gradational contacts with the country rocks. Lithoclasts
of mafic metavolcanic rocks, chert and banded iron-
formation are dominant. These clasts, especially those of
metavolcanic rocks, tend to be oriented parallel to the
breccia contacts. Major constituents of the matrix are
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chlorite, magnetite, carbonate minerals (siderite > an-
kerite) and chalcopyrite in different proportions, as well
as minor amounts of quartz, tourmaline, biotite,
grunerite-cummingtonite (more common in the Alemao
orebody) and apatite. The clast/matrix ratio is highly
variable, with clast-supported to matrix-supported
breccias being present. These breccias may be products
of phreatic hydrothermal activity (Almada 1998) in an
environment where the influx of terrigenous sediments
was common. Accordingly, they were formed prior to the
tectonic movements that rotated the sequence subver-
tically (Fig. 7). The strongest evidence for a syn-sedi-
mentary origin of the breccias is their almost invariable
occurrence along the contact between the lower and
upper parts of the Igarapé Bahia Group.

Rocks of the Aguas Claras Formation lie uncon-
formably over those of the Igarapé Bahia Group. They
represent a thick sequence of slightly metamorphosed
siliciclastic rocks in which the dominant metasandstones
are interlayered with conglomerates and, less commonly,
pelitic beds.

Later fracturing and faulting affected rocks of both
the Igarapé Bahia Group and the Aguas Claras For-
mation. This deformation was coeval with the intrusion
of abundant gabbroic and dioritic dikes (Fig. 7). Calcite-
rich veinlets also formed in the brittle episode.

Mineralization

The Igarapé Bahia deposit comprises four orebodies:
Acampamento Norte, Acampamento Sul, Furo Trinta
and Alemao (Fig. 7). The Alemao body, the most recent
discovery (Barreira et al. 1999), is the only one that does
not outcrop, being drill-intersected at a depth of about
250 m under the Aguas Claras metasandstones (Soares
et al. 1999). This orebody contains massive sulfide ore
that is rare in the other three bodies. Ore reserves have
not been published, except for the Alemao body, where
170 Mt have been measured with average grades of
1.5% Cu and 0.8 g/t Au (Barreira et al. 1999). Most of
the mineralization occurs as disseminations in the hy-
drothermally altered breccias. In the Alemao orebody,
massive sulfide lenses as thick as 40 m are noteworthy
(Barreira et al. 1999). Sulfide disseminations also occur
in the mafic metavolcanic rocks, whereas fine stratiform
lenticules or nodules of sulfide minerals are more com-
mon in the pelitic rocks, particularly in the metarhyth-
mites (Ferreira Filho 1985; Althoff et al. 1994;
Lindenmayer and Bocalon 1997; Almada 1998). An-
other mineralization style includes veins and veinlets
composed of quartz, chlorite, chalcopyrite, calcite and
pyrite, with minor amounts of epidote, hematite, white
mica, magnetite or titanite (Althoff et al. 1994).
Chalcopyrite is the most abundant sulfide mineral, no
matter how rich the breccias are in magnetite or chlorite.
Bornite is minor, although there are high contents in the
Alemao orebody (Soares et al. 1999). A strong iron en-
richment accompanied sulfide mineral deposition and

accounted for the abundance of magnetite and/or iron-
rich chlorite within altered breccia. Locally, concentra-
tions of massive magnetite appear to have replaced the
breccia. Massive fine- to medium-grained aggregates of
siderite also replaced original minerals in the breccia.
Among other sulfide minerals, pyrite and molybdenite
are most common, but covellite and chalcocite are also
present. Fluorite, REE-bearing carbonates, monazite,
ferberite, hessite, uraninite, stilpnomelane, native gold
and native silver occur as trace minerals (Sutec/CVRD
1996; Soares et al. 1999). Textural relations show that
many minerals precipitated simultaneously, although a
few were restricted to an early or late stage.

Chloritization, magnetitization, sulfidation and car-
bonatization were the main processes responsible for the
hydrothermal alteration of the breccias, although minor
silicification and tourmalinization also played a role.
Biotitization is not common, but is developed locally in
the Alemao orebody, whereas sericitization and albiti-
zation are rare throughout the whole deposit (Almada
and Villas 1999; Soares et al. 1999).

Fluid inclusion studies of quartz from mineralized
breccia (Almada 1998) reveal both aqueous and carbonic
solutions. Two aqueous NaCl-CaCl,—(FeCl,)-bearing
fluids have been identified. Fluids with lower salinities
(5-23 wt% NaCl equiv.) and homogenization tempera-
tures (110-140°C) are interpreted as modified seawater,
whereas those that are more saline (28-36 wt% NaCl
equiv.) and hotter (150-225°C) are considered to be de-
rived from a magmatic source. The higher temperature
field overlaps temperatures of 200-270°C obtained by
chlorite geothermometry from both altered rocks and
ores (Zang and Fyfe 1995). Raman spectroscopy data
indicate that the carbonic fluids are pure CO, with traces
of N,. These fluids probably accounted for the abundant
siderite and other carbonate minerals in the breccias. As
chalcopyrite and magnetite, at least in part, precede
siderite in the paragenetic sequence (Almada and Villas
1999), the earlier aqueous fluids are believed to have
transported the copper and gold, although it is difficult
to assess the role played by seawater versus magmatic
water. Measured 6'°Cppp values between —9.3 and
—-5.8%, (Oliveira et al. 1998) are suggestive of a mantle
source for the latter carbonic fluid.

Metal contents and ore reserves

Gold is intimately associated with the sulfide minerals,
mostly as submicroscopic to microscopic free particles in
chalcopyrite and to a lesser extent in pyrite (Linden-
mayer and Bocalon 1997). It is also associated with
monazite in the breccia matrix (Sutec/CVRD 1996). In
the primary ore, gold contents as high as 1 g/t are
common. Total REE concentrations are generally
<0.7% (Tallarico et al. 1998). The carbonate-rich brec-
cias show XREE varying from 46.3-376.8 ppm with
ZLREE/ZHREE ratios in the range of 8.5 to 17 (Lin-
denmayer and Bocalon 1997). Uranium contents vary



Fig. 7 a Geological map and
b cross section of the Igarapé
Bahia ore deposit (modified
from Soares et al. 1999)
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from 97-110 ppm in altered mafic volcanic rocks and
from 14 to 160 ppm in magnetite-rich and siderite-rich
breccias.

Type 11 (shear-zone-related lode-gold deposits)

Two subtypes of gold deposits have been identified
within the shear zones in the CMP: orogenic gold and
copper—gold £ tungsten deposits. Ubiquitous in Pre-

cambrian cratons, orogenic gold deposits, as defined by
Roberts (1987), Groves and Foster (1991), Groves
(1993), and Groves et al. (1998), are common in rocks
of the RMGGT (Fig. 8). Examples include the Babagu,
Lagoa Seca, Cumaru, Sapucaia, Tucuma and Inaja
deposits. These base metal-poor gold deposits generally
occur in structurally-controlled quartz veins, with a few
forming 200- to 500-m-long linear orebodies within the
greenstone belt. The Lagoa Seca deposit is associated
with neither quartz veins nor mafic metavolcanic rocks,
and are hosted by magnetite-rich metagreywackes of
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Fig. 8 Gold deposits of the Rio
Maria Granitoid—Greenstone
Terrane (adapted from Schob-
benhaus et al. 1981; Docegeo
1988; Faraco et al. 1996)
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the Lagoa Seca Group (Souza 1999). Cumaru is a
somewhat distinct deposit because it also exhibits a
strong influence of a granodiorite intrusion. The cop-
per-gold =+ tungsten subtype is represented by the
Aguas Claras deposit (Fig. 4), which, contrary to the
orogenic gold deposits, has been formed in an exten-
sional tectonic environment.
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Sapucaia deposit

The Sapucaia greenstone belt (Fig. 9) forms a WNW-
trending ridge underlain by supercrustal rocks and
controlled by a major dextral shear zone (Oliveira and
Leonardos 1990). According to these authors, the
Sapucaia shear zone is made up of a complex array of
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Fig. 9 The Sapucaia deposit. a Geological outline of the central
part of the Sapucaia greenstone belt. b Geological map of the Main
zone and West zone orebodies (adapted from Oliveira et al. 1995)

conjugate shears that cut both the greenstone sequence
and the surrounding granitic terranes, and where intense
brittle—ductile shearing has taken place. The shear zone
has an anastomosing pattern, both on regional and
smaller scales, and regionally is characterized by low-
strain pods within a broader area of intensely deformed
rocks. In addition to the mylonitic to ultramylonic fo-
liation, S—C surfaces are marked by a succession of
cataclastic and mylonitic bands.

The main orebodies are quartz veins, which are as
wide as a few metres and as long as 400 m. These veins
are parallel to the trace of the shear zone and are con-
trolled by D-Riedel faults. Extension (gash) veins also
occur, but are barren or only weakly mineralized. The
characteristic early alteration assemblage consists of
clinochlore, carbonate minerals, albite and muscovite.
Subsequent alteration included additional carbonatiza-
tion, partial disappearance of clinochlore and epidote,
formation of albite—carbonate and chamosite—sericite
assemblages in the mafic and intermediate volcanic
rocks, and growth of tourmaline in the felsic and inter-
mediate rocks. Late-stage alteration is marked by a
quartz—pyrite assemblage in the mafic and intermediate
rocks and by muscovite—carbonate and quartz—tourma-
line assemblages in the felsic rocks. Gold is very fine-
grained and occurs as free particles, occluded within
euhedral pyrite grains or as coatings on the surface of

— Fault

—— [oliation — Stretch Lineation

—= Shear Zone

Alluvium

I - Brecciated veins with quartz, tourmaline

and minor carbonate

- 2- Lenticular ore bodies made up of quartz, muscovite,

carbonate, chlorite, albite, and pyrite (hydrothermal
advanced stage in mafic-intermediate metavolcanic rocks)

tourmaline crystals (Oliveira and Leonardos 1990).
Magnetite and ilmenite are more abundant than sulfide
minerals which are mainly pyrite with minor chalcopy-
rite, pyrrhotite, mackinawite and millerite. There are no
data on gold resources.

Coexisting oxygen isotope pairs for quartz
(6" 0smow = 10.3-11.5%,) and calcite (8"*Ogpow =8.3—
10.19,) allow calculated temperatures ranging from 350
to 170°C for the hydrothermal fluid (Oliveira et al. 1995).
Because ore fluids are assumed to be at least partly of
metamorphic origin, and a metamorphic temperature of
470-480°C was obtained from a quartz—magnetite pair
from banded-iron formation, it is likely that the ore
formation may have occurred at temperatures higher
than 170-350°C range and this range might only reflect
isotopic re-equilibration. The source of the ore fluids has
been constrained by stable isotope compositions of car-
bon, oxygen and hydrogen in hydrothermal minerals.
Based on the mean isotopic composition of hydrogen in
chlorite (6Dsmow =-58%,) and of carbon (6" Cppp =
—-3%.) and oxygen in the late stage calcite (6'®
Osmow = +9%,), as well as on the initial strontium ratio
(®’Sr/¥Sr=0.7155) of this carbonate, the ore fluids sug-
gested to be metamorphic or magmatic fluids or even a
mixture of these fluids (Oliveira et al. 1995).

Cumaru deposit

The Cumaru gold deposit is hosted by a I-type, calc-al-
kaline 2.8 Ga granodiorite stock of volcanic arc affiliation
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(Santos et al. 1998). This igneous body is a late tectonic
pluton intruded into horse-tail dilation sites of the Serra
Ruim shear zone, which transects the volcano-sedimen-
tary rocks of the Archean Gradals greenstone belt
(Fig. 10). These rocks include flows, tuffs, and ignimbrites
of felsic, intermediate and mafic composition, as well as
banded iron-formations, clastic-chemical sedimentary
units and minor ultramafic rocks, regionally metamor-
phosed mainly under greenschist facies conditions.

The Cumaru deposit is an auriferous quartz-vein
swarm, chiefly within the north-western margin of the
Cumaru stock, but also hosted by the felsic to inter-
mediate volcanic rocks. The main lodes are 10-cm- to
I-m-wide quartz veins enclosed in extensional fractures
and faults related to the Serra Ruim shear zone.
Although the high-grade ore shoots (~10 g/t Au) are
normally restricted to the thicker veins, stockwork
arrays of veinlets also envelope the veins within a

Fig. 10 Geological map of the
southern flank of the Gradaus
greenstone belt, showing the
Cumaru gold deposit in detail
(according to Santos 1995)
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pervasively altered, brecciated quartz—sericite-rich rock
with minor chlorite, epidote, pyrite, albite and calcite.
Gold accompanies a sulfide assemblage, which is
dominated by early pyrite, with minor chalcopyrite,
bismuthinite and rare molybdenite. Within veins
and altered wallrock, an interstitial oxidized assem-
blage (magnetite + hematite + later pyrite) fills the
voids between early larger pyrite clasts (Santos, 1995;
Santos et al. 1998). The Cumaru resource is about
17 t Au, with a mean grade of 10 g/t (Faraco et al.
1996).

Three kinds of fluids are identified in the Cumaru
quartz veins (Santos and Leonardos 1995). An aqueous-
carbonic fluid, which unmixed at the time of ore for-
mation, is interpreted by these workers to be of meta-
morphic derivation and related to the development of
the shear zone. Homogenization temperatures for these
inclusions fall in the 210-280°C range, but some fluid
inclusions decrepitated between 250 and 300°C before
total homogenization was completed. Measurements of
clathrate melting temperatures provide estimates of sa-
linities of 19-20.5 wt% equiv. NaCl for the unmixed
aqueous inclusions. Gold likely precipitated from this
early aqueous-carbonic fluid, as evidenced by the very
common occurrence of tiny gold-related sulfide minerals
in the fluid inclusions. The second type of fluid com-
prises NaCl-K Cl-CaCl, brines, which are considered to
have evolved via magmatic exsolution. Dissolution
temperatures of daughter minerals vary from 230 to
270°C, corresponding to salinities of between 34 and
36 wt% equiv. NaCl. The youngest fluids are low-sa-
linity aqueous solutions (Tm;,.=0 to —6°C) that are
probably meteoric water. The T—P conditions of the gold
deposition, constrained by chlorite geothermometry and
isochoric calculations from fluid inclusion microther-
mometric data range from 300-350°C and 1.3-3.8 kbar
(Santos et al. 1998). Fluid immiscibility and wallrock
sulfidation may both have been important for ore
deposition.

Stable isotope data are interpreted by Santos et al.
(1988) to suggest that the aqueous-carbonic fluid mixed
with an evolving magmatic brine during gold deposition.
Santos et al. (1988) note that the features of the Cumaru
gold deposit are similar to both Archean greenstone-
hosted shear zone-related lode-gold deposits and to
porphyry-style mineralization typical of Phanerozoic
magmatic arcs. Such characteristics led them to suggest
a hybrid genetic model in which both fluid flow along
the shear zone and from the granodiorite intrusion were
involved in the genesis of the Cumaru gold deposit,
which was then termed a ‘lode-porphyry’ gold deposit.
However, the lack of a porphyritic igneous phase sug-
gests this not to be the best possible terminology.

Aguas Claras deposit

The Aguas Claras deposit differs from the above oro-
genic gold deposits hosted in shear zones by (1) its for-
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mation in an extensional tectonic setting, (2) the
abundance of chalcopyrite in the ore zones and (3) the
apparent absence of carbonic fluids in the ore-forming
hydrothermal system.

The Aguas Claras copper—gold + tungsten deposit is
located approximately 5 km west of the 1.88-Ga Serra
dos Carajas granite (Fig. 4). A steeply-dipping, NE-
trending, brittle to brittle—ductile, dextral shear zone is
the main structural feature in the deposit area. This zone
can be traced for 3—4 km and is terminated to the north
by the regional Carajas fault (Fig. 4). It cuts both rocks
of the Aguas Claras Formation and 2,645+12 Ma
gabbroic sills and dikes (Table 2), with offsets of more
than 100 m in ore zones (Fig. 11).

The gold-bearing vein network, which lies within the
shear zone, is about 20-m-wide at surface but narrows to
6 m at a depth of 250-300 m. Its minimum lateral extent
is estimated at 400 m and individual veins have straight
to irregular borders and are tens of millimetres to a few
centimetres wide. Chloritization and sericitization are
the most characteristic alteration types adjacent to the
veins, with less pervasive tourmalinization, silicification,
carbonatization and kaolinization (Silva and Villas
1998). Epidote and albite are also present, but are
probably pre-ore secondary phases related to the gabb-
roic intrusions (Barros et al. 1994a).

The veins show a variety of geometries and filling
textures (Silva and Villas 1998). They are mainly com-
posed of quartz, but chlorite, tourmaline, white mica,
kaolinite, carbonate and sulfide minerals, fluorite, epi-
dote and albite may be present in various combinations,
the last two, however, being confined to the veins/vein-
lets that cut the mafic rocks. Monomineralic veinlets of
siderite cut older structures and probably represent the
final stage of the Aguas Claras hydrothermal system.
The sulfide minerals, which tend to occupy the central
parts of the veins, generally amount to 5-10% of the
vein material, but locally may reach 80%. Chalcopyrite,
pyrite, sphalerite and arsenopyrite, in order of abun-
dance, are the main sulfide minerals. Galena, pyrrhotite,
cobaltite, bismuthinite, stannite and tennantite are pre-
sent as subordinate phases (Soares et al. 1994). Magne-
tite and hematite occur in similar amounts (6-7%),
whereas ferberite is a minor constituent (<2%). A
general paragenetic sequence for the ore deposition is
pyrite + arsenopyrite + cobaltite + magnetite +
hematite — chalcopyrite — ferberite. Pyrite—ferberite-
bearing veinlets, however, cut chalcopyrite grains re-
flecting subsequent fracturing of pre-existing ore.

Gold is fine grained and is electrum (75% Au and
25% Ag). It occurs as (1) inclusions in arsenopyrite
grains, (2) at pyrite—chalcopyrite contacts and (3) as
isolated particles in chalcopyrite aggregates (Soares et al.
1994). Ore resources are estimated at approximately
9,550,000 t with an average gold content of 2.43 g/t
(C.A. Medeiros Filho, personal communication 1996).
Higher gold values occur in the lateritic or gossan cover.

Fluid inclusion studies (Silva 1996a) reveal that the
fluids associated with the Aguas Claras hydrothermal
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Fig. 11 a Geological map of
the Aguas Claras deposit and b
cross section of one mineralized
quartz lode (source: Docegeo,
internal report)
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system were aqueous solutions containing NaCl, CaCl,
and MgCl, as major solutes. Homogenization tempera-
ture ranges of 160-360 and 100-360°C have been ob-
tained, respectively, for highly saline (3045 wt% NaCl
equiv.) and dilute to moderately saline fluids (0.5—
23.5 wt% NaCl equiv.).

Type IV (sedimentary rock-hosted gold—PGE deposits)
Serra Pelada deposit

The Serra Pelada or Serra Leste deposit (Fig. 4) is the
only gold mineralization spatially associated with car-
bonate rocks in the CMP. It possesses some intrinsic
characteristics that render it unique in the ISB (Meireles
et al. 1982; Meireles and Silva 1988; Tallarico et al.
2000a). First, whereas the other deposits are Cu—Au-

HORO0O0O0OE

Hydrothermalized sandstones

rich, the Serra Pelada deposit is apparently poor in ore-
stage sulfide minerals. Second, folds are the most im-
portant structural controls of the mineralization, which
is mainly concentrated in the hinge of an asymmetrical
plunging syncline. Third, gold is palladium-rich (1-10%,
locally as much as 50% Pd) and occurs as fine particles
disseminated in pelitic rocks at sites of strong manganese
metasomatism.

The Serra Pelada garimpo became famous worldwide
because of the legion of approximately 40,000 gold
diggers that moved into the area in the early 1980s, a
migration that typifies the search for minerals in the
Amazon region. From 1980 to 1984, 32.6 t of gold, in-
cluding gold nuggets as large as 62 kg, were produced
from alluvial deposits and from the supergene enriched
mantle (Meireles and Silva 1988). Despite penetrating to
depths of 300-350 m, exploration drill holes barely
reached the base of the weathering profile, thus re-



stricting most geological investigation to the oxidized
zone. A low-grade metamorphic, folded clastic-chemical
sequence hosts the gold mineralization. It overlies rocks
of the Rio Novo Group and is correlated with the Rio
Fresco Group (Table 1). These two lithostratigraphic
units have not been dated yet, but most geological evi-
dence points to their formation in the Archean. The
former is intruded by the 2,763 +7 Ma Estrela granitoid
and the latter is interpreted to be correlated with the
Aguas Claras Formation, which is cut by 2,645+ 12 Ma
gabbroic sills and dikes (Table 2).

The folded sequence includes conglomeratic to
psammitic rocks at the bottom, and carbonate and
pelitic rocks towards the top. Some metasandstones
are manganese-rich, but occur only locally. Grey to
black metasiltstone layers, of variable thickness, are
intercalated with metasandstones and red metasilt-
stones. These darker pelitic units owe their colour to
amorphous carbon (Tallarico et al. 2000a) and they
become progressively scarcer towards the top of the
sequence where the red metasiltstones are dominant.
Sericite is the only significant metamorphic mineral in
these clastic rocks. The underlying carbonate rocks are
represented by dolomitic marbles, which, according to
those authors, are composed of quartz grains (1-
30 wt%) and rare clasts of iron formation and
quartzite in a granoblastic matrix made up, in a
general decreasing order of abundance, of dolomite,
actinolite, chlorite, biotite, calcite, talc and rare diop-
side. The dolomitic marble is intruded by dioritic
rocks at depths of 300-350 m in the south-western
corner of the deposit area. Details of these intrusions
remain unknown (Tallarico et al. 2000a).

The hydrothermal assemblages are highly depen-
dent on the nature of the host rock (Tallarico et al.
2000a). The quartz + chlorite £ calcite + tourmaline
+ pyrite £ chalcopyrite association occurs both in
veins that transect the foliation of metasiltstones and
as a matrix of breccias. Euhedral spessartite poikilo-
blasts disrupt foliation planes indicating post-tectonic
growth related to a thermal event. In the dolomitic
marble, widespread chlorite has replaced actinolite,
talc and biotite. Pyrrhotite, pyrite and chalcopyrite
coexist with chlorite. Magnetite and muscovite are
present in amounts that vary greatly, but do not ex-
ceed 20-25 wt%. Tourmaline, titanite, allanite, epi-
dote, monazite, apatite, molybdenite, galena and
thorite occur as accessory phases. The dioritic rocks
are altered to albite, sericite, quartz, chlorite, rutile
and carbonate minerals, as well as cut by veins con-
sisting of quartz, epidote, chlorite, sericite and sulfide
minerals.

The Serra Pelada orebodies lie in the hinge of a re-
cumbent syncline, appearing as an inverted saddle-reef,
at the contact between the dolomitic marble and the
carbonaceous metasiltstones and enclosed by a 5- to
50-m-thick jasperoid layer (Fig. 12). These carbona-
ceous metasiltstones are the main host rocks to the gold—
(palladium—platinum) mineralization. Mineralogical
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studies of these rocks (Tallarico et al. 2000a) show that
they consist of amorphous carbon (1-10 wt%), quartz
(10-60 wt%,), sericite (1-30 wt%), kaolinite (1-20 wt%),
hematite (1-40 wt%), goethite (1-15wt%) and Mn-ox-
ides (1-15 wt%), with traces of sulfide minerals (pyrite,
chalcopyrite, arsenopyrite, covellite, bornite, galena,
millerite, pentlandite, carrollite and siegenite), tourma-
line, carbonate minerals, chlorite and magnetite. Ac-
cording to Tallarico et al (2000a), the present-day trace
amounts of sulfide minerals may be the result of intense
supergene oxidation. However, were these minerals
more abundant, evidence of a gossan cover, until now
unreported, would be expected at the surface. Palladium
occurs both as natural alloys (average 94 wt% Au,
3wt% Ag, 3 wt% Pd) and as atheneite and potarite.
Isoferroplatinum is the only platinum mineral so far
identified. Gold occurs either as alloys or as free parti-
cles with diameters in the range of 4-60 mm (Tallarico
et al. 2000a).

The metasedimentary sequence has been disturbed by
folding and faulting that generated channelways for
mineralizing fluids. Highly permeable zones related to
fold hinges, tectonic breccias and fault planes were im-
portant structural traps for gold deposition. Gold has
been upgraded by supergene processes that were also
responsible for the decalcification of the dolomitic
marble and the consequent formation of collapse brec-
cias (Tallarico et al. 2000a). Recent reserve calculations
for primary ore yield a little more than 30 t of Au
(Viveiros 1999). No data are available for the PGE re-
sources.

Summary

The overprint of several geological events on most
deposits and the scarcity of isotopic, geochemical and
fluid data for most of the Carajas gold deposits make
the classification presented here a preliminary and
tentative one. However, despite these drawbacks, this
taxonomic scheme is an attempt to systematize the
gold deposits of the region in terms that will be of
assistance to future exploration programmes. The
Archean metavolcano-sedimentary rocks and the
overlying sedimentary sequences are important targets,
particularly where folded, cut by shear zones, and/or
intruded by Archean granitoids. It is important to
note that the Fe-oxide-poor Cu + Au and Fe-oxide—
Cu-Au-U-REE deposits have been formed within
metavolcano-sedimentary sequences, regardless of the
presence of the Palacoproterozoic granitoids. At places
where these granitoids occur, but intrude units other
than metavolcano-sedimentary sequences, those types
of deposits have not yet been identified in Carajas.
This makes it unlikely that these granitoids were the
source for copper and perhaps gold, although they
certainly caused some redistribution of pre-existing
ores. The orogenic gold deposits are characteristic of
the RMGGT and have been not recognized to date in
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the ISB. They are related to shear zones that cut and
alter Archean greenstone belts, granitoids and me-
tasedimentary rocks. The Cu-Au = W vein deposits
are also related to shear zones, but have formed in a
tectonically distinct setting that is more typical of the
Carajas basin evolution. A sedimentary rock-hosted
gold- and PGE-rich deposit has been recognized only
in the ISB. Its identification in rocks of the extensive
Rio Fresco Group makes this unit an important tar-
get, especially where carbon-bearing pelitic and car-
bonate rocks have been folded and sheared.
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Constraints on ages of gold deposits
Indirect constraints

The host rocks for all Carajas hypogene gold deposits
are Archean in age (Table 2). As discussed above, the
Palaeoproterozoic granitoids are unlikely sources for
copper and gold mineralization in the CMP. In the
RMGGT, undeformed dikes that intrude both the
mineralized rocks and the Rio Maria granodiorite are
thought to have resulted from the same thermo-tectonic
event responsible for the regional anorogenic magma-
tism. One of these dikes, of diabase composition, yields a
K-Ar age of 1,802+22 Ma, which is interpreted to be
close to its true crystallization age (Silva et al. 1996).



Consequently, the mineralizing events can be broadly
bracketed within the interval from 2.9-1.9 Ga. A more
precise age estimate for the orogenic gold deposits is
available from the Cumaru deposit. Rubidium-Sr dates
on hydrothermal white mica yield ages ranging from
2,551 to 2,450 Ma (Pereira 1992), which can be taken as
the minimum age of both the shearing and associated
gold mineralization, with an upper age limit being the
2.82 Ga Cumaru granodiorite host rocks.

In the ISB, the relationships between the main
structures, granitic magmatism, and gold deposits still
need to be better defined. For example, if the shear zones
are secondary features of the regional WNW-trending
Carajas fault, which is cut by the Serra dos Carajas
granite, then the Aguas Claras Cu—Au mineralization
must be older than 1.88 Ga. On the other hand, if they
are a product of the extensional tectonic event that
triggered anorogenic magmatism, this mineralization
could be contemporaneous with, or slightly younger,
than it. Another possibility is the occurrence of a
shearing event anytime between 2.8 and 1.9 Ga. In this
regard, the 2,581-2,479 Ma interval has been interpreted
as the latest reactivation of a WNW-trending dextral
shear system, which might have given rise to the Carajas
transtensional basin (Machado et al. 1991). In the ISB,
this interval could be even greater, as indicated by a
recent U-Pb date of 2,362+19 Ma on apatite por-
phyroblasts from the Serra Verde deposit (Table 4),
which has been interpreted to be the age of the associ-
ated shearing event (Felipe Reis, personal communica-
tion 2000).

The spatially-related dioritic rocks are inferred to
have a genetic link with the Cristalino copper—gold
mineralization (Huhn et al. 1999b). Thus, the Pb—Pb
crystallization age of 2,738+ 6 Ma (Table 1) may ap-
proximate this mineralization. Available geological data
from the Serra Pelada deposit indicate that the gold
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mineralization post-dates 2,645 Ma, the minimum age
of the Aguas Claras Formation /Rio Fresco Group
(Table 1).

Direct constraints

Attempts to date the Carajas deposits are relatively
recent (Pereira 1992; Mougeot et al. 1996; Mellito and
Tassinari 1998) with U-Pb, Pb—Pb and Rb-Sr ana-
lyses being undertaken on samples from the Igarape
Bahia, Igarapé Pojuca, Aguas Claras, Formiga (near
Serra Pelada), Serra Verde, Igarapé¢ Salobo and
Cumaru deposits. The resulting data are shown in
Table 4.

Based on U-Pb and Pb-Pb isotope studies, Mougeot
et al. (1996) determined an age of 2,850+ 65 Ma for the
Igarapé Bahia deposit using the Stacey—Kramers model
in a uranium-enriched domain. They also proposed a
stage of lead evolution between 3,700 and 2,800 Ma by
analysing sulfide minerals from both the Aguas Claras
Formation and gabbroic sills and dikes. They recorded
evidence of lead remobilization at 2,060 and 1,880 Ma in
many gold occurrences in the ISB. The 1,880 Ma value
was considered to be related to the anorogenic granite
magmatism.

At the Igarapé Bahia deposit, isotopic data for
chalcopyrite from the breccias (Pb—Pb isochron) and for
zircons from pyroclastic rocks (Pb—Pb evaporation
technique) show comparable ages (Table 4) within the
range of analytical error. As the metapyroclastic rocks
overlie the mineralized breccias, the age difference could
be, in part, explained in terms of their stratigraphic
position. The 2,768 +£29 Ma value (chalcopyrite) is also
equivalent to the ages of other metavolcano-sedimentary
sequences of the ISB, namely the Igarapé Salobo
(2,761 +3 Ma) and Grido Para (2,759=+2 Ma) groups

Table 4 Available ages for some Carajas gold deposits and their corresponding host rocks. ZR Zircon

Deposit Host rocks Mineralization
Rock type Age Method Source® Mineral Age Method Source?®
(Ma) (Ma)
Aguas Intrusive gabbroic 2,645+12 Pb-Pb (ZR) 1 Chalcopyrite 1,880 U-Pb 2
Claras sills
2,358 +42 Pb-Pb 3
Cumaru Granodiorite 2.817+4 Pb-Pb (ZR) 4 White mica 2,551-2,450 Rb-Sr 5
Serra Mafic metavolcanics 2,747+ 120 Pb-Pb 6 Apatite 2,362+ 19 U-Pb 6
Verde Chalcopyrite/ 2,760 + 77 Pb-Pb 6
molybdenite
Igarapé Amphibolite 2,761 +3 U-Pb (ZR) 7 Sulfides/magnetite  2,200-2,000 Pb—Pb 8
Salobo 2,850-2,750 Pb-Pb 8
Igarapé Metapyroclastic 2,747+2 Pb-Pb (ZR) 9 Chalcopyrite 1,880 U-Pb 2
Bahia rocks? 2,768 +£29 Pb-Pb 9
2,850+ 65 U-Pb 2

4] Dias et al. (1996); 2 Mougeot et al. (1996); 3 Cintia G. da Silva (personal communication 2000); 4 Lafon and Scheller (1994); 5 Pereira
(1992); 6 Felipe N. Reis (personal communication 2000); 7 Machado et al. (1991); 8§ Mellito and Tassinari (1998); 9 Moacir B. Macambira

(personal communication 2000)
®Overlying the mineralized breccias
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with which the Igarapé Bahia Group has been corre-
lated. The available data suggest that both host rocks
and mineralization at the Igarapé Bahia deposit are
coeval. In this context, the age of 2,850+65 Ma ob-
tained by Mougeot et al. (1996) for the primary sulfide
mineralization is quite discrepant to warrant any geo-
logical significance.

Lead isotope studies on chalcopyrite from the main
ore zone of the Aguas Claras deposit yielded an age of
2,358 £42 Ma (Table 4), which can be interpreted in
three different ways. It could represent the true age of
the copper—gold mineralization. Alternatively, because
of the proximity of the 1.88-Ga Serra dos Carajas
granite, it could represent Archean ore sulfide that was
isotopically reset, in agreement with the age of 1,880 Ma
obtained by Mougeot et al. (1996). The third possibility
implies mixing of lead inherited from the host rocks.
However, inclusions of uraninite in sulfide minerals and
the high values of radiogenic lead in the sulfides favour
this lead to be a product of the uranium decay, rather
than inheritance.

The Pb—Pb analyses for sulfide minerals and mag-
netite (Mellito and Tassinari 1998) from the Igarapé
Salobo deposit distinguish two mineralization periods:
(1) 2.85-2.75 Ga for the main copper—gold mineral-
ization; and (2) 2.2-2.1 Ga for gold remobilization by
fluids related to Proterozoic metamorphism and/or
magmatism. The lower limit of the first period is
consistent with the age of the host rocks (Igarapé
Salobo Group) and strongly suggests contemporaneity
between sedimentation and ore formation. The
younger ages (2.2-2.1 Ga) may be related to isotopic
re-equilibration caused by intrusions of the Young
Salobo granite.

Isotopic studies on the Serra Verde rocks and ores
(Felipe Reis, personal communication 2000) allow a
preliminary assessment of the temporal evolution of the
deposit. As the 2,763 +7 Ma Estrela granite (Table 2) is
intrusive into the rocks of the Rio Novo Group and the
sulfide lenses are thermally metamorphosed, the copper—
gold mineralization must be older than the magmatism.
In addition, the ages of the host volcanic rocks and
sulfide minerals (2,747+120 and 2,760+77 Ma, re-
spectively, Table 4) are, despite the large analytical er-
ror, fairly coincident, indicating contemporaneity
between the host rock formation and mineralizing
events. In fact, the deposition of the host rocks, the
precipitation of the sulfide minerals and gold, and the
granitic intrusion appear to have occurred in the same
short period of time. Unfortunately, the precision of
some of the isotopic methods used is still inadequate to
place better age constraints on these different events. In
fact, these isotope studies also indicate an age of
2,509+85 Ma defined on a *“Pb/***Pb versus
206pp204pp plot, by the alignment of points derived
from analyses of molybdenite and chalcopyrite. A
2,362+ 19 Ma U-Pb age on apatite porphyroblasts
(Table 4) is interpreted to reflect isotopic resetting dur-
ing a late shearing event.

Genetic models
Fe-oxide-poor Cu = Au deposits

Several lines of evidence support formation of the Serra
Verde deposit prior to the emplacement of the syntec-
tonic Estrela granitoid. Diagnostic metamorphic tex-
tures have overprinted the ores, which are also cut by
1- to 2-cm-thick veins composed of hexagonal pyrrhotite
that resulted from thermal overprinting of pre-existing
iron-rich sulfide minerals. Magnesium—hornblende por-
phyroblasts in the chalcopyritic matrix are composi-
tionally different from amphibole in the Estrela
granitoid (Barros 1997) and they may represent ther-
mally transformed seafloor hydrothermal mafic miner-
als. Tourmaline in the metasedimentary host rocks and
granitoid are also chemically distinct, the latter being
much richer in iron. The Estrela body is relatively un-
mineralized and unaltered, showing only some local
chalcopyrite disseminations and erratically distributed
epidote-rich assemblages. All these observations tend to
rule out the Estrela granite as a potential metal source
for the Serra Verde mineralization.

Unfortunately, the available geochronological data
show large errors and the temporal relationships be-
tween the host rocks and mineralization are still poorly
constrained. Accepting, however, that the sulfide and
gold mineralization is syngenetic, the following argu-
ments favour a volcanogenic origin: (1) the volcano-
sedimentary nature of the host sequence, consisting of
clastic (arkoses and greywackes) and chemical (cherts
and iron-formations) units intercalated with basaltic
rocks; (2) the general mode of occurrence of the sulfide
minerals as massive lenses conformable to the stratifi-
cation of the host rocks; and (3) the presence of quartz-
and chlorite-rich rocks and dravitic tourmalinites
associated with the sulfide lenses.

Accordingly, the Serra Verde deposit could fit the
volcanogenic massive sulfide (VMS) category, although
the paucity of iron-sulfide minerals is unusual. It is
possible to envisage a system extremely rich in copper,
such that chalcopyrite predominates, if a magmatic fluid
source at depth was exceptionally copper-rich (Fig. 13).
It is possible that both phosphorus and titanium were
similarly derived and led to precipitation of apatite and
ilmenite, respectively, on the seafloor. Links to specific
magmatic bodies remain to be demonstrated, although
subvolcanic intrusions similar to the sulfide-, apatite-
and titanite-bearing Borrachudo body in the vicinity of
the Cristalino deposit (Farias and Villas 1996) could be
present.

Fe-Oxide-Cu—-Au-U-REE deposits
This type of deposit is still poorly understood in the

Carajas region. At the Cristalino deposit, geological
data are limited and at the Igarapé Salobo and Igarapé
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I1. Filling of the basin with sedimentary and volcanic
materials

II1. Infiltration and mixing of seawater with hydrotherma.l fluids emanating from deep-seated
magmatic intrusions and deposition of sulfides + Au and associated metals.

Seawater

Cu-Au-U-REE - bearing
oxidizing fluids

Bahia deposits, interpretations of data are contradicto-
ry. Different views argue either for an epigenetic Fe-
oxide-Cu—Au-U-REE Olympic Dam-type model or a
volcanogenic model, the latter accepting that a later
magmatic hydrothermal event may have accounted for
the anomalous concentrations of uranium, REE, and
even some of the gold. Critical data, such as stable iso-
topic compositions, are still lacking and mineralization
ages are insufficient to put firm constraints on either
genetic model.

Similarities of the Igarapé Salobo and Igarapé Bahia
deposits with the Australian Olympic Dam deposit in-
clude, in addition to the metal suite, the alteration styles,
fluid compositions and tectonic environment (Huhn and
Nascimento 1997; Oliveira et al. 1998; Tallarico et al.
1998; Lindenmayer and Teixeira 1999; Soares et al.
1999; Tazava 1999; Tallarico et al. 2000b).

Those who favour a volcanogenic-exhalative origin
(Ferreira Filho 1985; Althoff et al. 1994; Almada 1998;
Almada and Villas 1999) note that the magmatic sys-
tems associated with the Igarapé Bahia and Igarapé
Salobo deposits are dominated by volcanic, rather than
plutonic, rocks. They also argue that the orebodies are
generally conformable with host rocks and that all
copper—gold mineralization in Carajas is confined to
the supracrustal metavolcano-sedimentary sequences of
the ISB. The Archean mafic volcanic rocks of the
Igarapé Salobo and Igarapé Bahia groups are basaltic
in composition and were formed during rifting in the
Carajas basement. Globally, such an environment was
very propitious for the accumulation of banded iron
formations as well as auriferous exhalative massive
sulfide deposits (Poulsen et al. 1992; Herzig et al. 1993;

+ Magmatic source T

Seawater

Cu - Au - bearing
reducing fluids

+ Magmatic source +

Kerswill 1993; Hannington et al. 1999; Roth et al.
1999).

A third group of workers defend a multi-stage evo-
lution for both deposits in which a magnetite-rich syn-
genetic copper deposit was overprinted by an
assemblage rich in gold, uranium, molybdenum, fluorine
and REE during a later epigenetic magmatic hydro-
thermal event (Lindenmayer and Fyfe 1994; Réquia et al.
1995; Tallarico et al. 2000b).

Some diagnostic features of the Proterozoic iron ox-
ide (Cu—Au-U-REE) deposit types (Hitzman et al.
1992; Oreskes and Hitzman 1993) have not yet been
described for the Archean Igarapé Salobo and Igarapé
Bahia deposits. These include (1) the common presence
of felsic to intermediate volcanic to plutonic host rocks,
although the mineralization itself may be related to
deep-seated magmatism; (2) the mineral zoning defined,
from deeper to shallower levels, by magnetite — hema-
tite and pyrite — chalcopyrite — bornite; (3) distinct
sodic and potassic alteration zones; (4) the general
dominance of pyrite over other sulfide minerals in
magnetite-rich deposits; and (5) the common parage-
netic sequence from an earlier magnetite + pyrite
assemblage to a later hematite or hematite + Cu—Fe—
sulfide assemblage. Notwithstanding, at the Igarapé
Salobo deposit, features such as the high REE concen-
trations in the mineralized iron-formations, the lack of
sedimentary banding, and the gradational contacts be-
tween the aluminium-rich metasedimentary rocks and
the iron formations have been considered as indicative
of metasomatic replacement of the host rocks (Linden-
mayer and Teixeira 1999). On the other hand, some of
these iron formations could have been true banded iron
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formations, with the silica-rich bands having been de-
stroyed and mostly consumed in the formation of
fayalite, grunerite and almandine during metamorphism.

Other features that favour a volcanogenic-exhalative
origin are recognized mainly in the Igarapé Bahia de-
posit and include (1) widespread chloritization, (2) thin
stratiform massive sulfide beds interlayered with me-
tasedimentary units and (3) thick massive Cu—Fe—sul-
fide lenses in the breccias (Alemdo orebody).
Furthermore, the stratigraphic position of the miner-
alized breccias, as a persistent contact marker between
the mafic metavolcanic rocks and the metasedimenta-
ry—metapyroclastic rocks, constitutes strong evidence
that these breccias are part of, rather than intrusive
bodies into, the Igarapé Bahia Group. Also, the ab-
sence of unambiguous lithoclasts derived from the
overlying rock pile and the presence of massive sulfide
clasts in a conglomerate in the overlying metasedi-
mentary rocks are suggestive of an earlier formation of
both the phreatic breccias and sulfide mineral masses.
Also the mineralization in the overlying Archean Aguas
Claras Formation, in addition to being weak and local,
is characterized by magnetite-free and sulfide-rich

veinlets and, therefore, is mineralogically distinct from
that of the underlying breccias.

Table 5 compares some characteristics of the Igarapé
Salobo and Igarapé Bahia deposits with the epigenetic
Olympic Dam and Starra deposits of South Australia. It
is obvious that, despite the many similarities, they differ
in several important aspects, especially the age and mode
of occurrence of the mineralization and zoning.

Considering that (1) mineralization occurs at a given
stratigraphic position or within a restricted range, (2) ore
units are both stratiform and stratabound, (3) ore units
are laterally generally uniform in thickness and grade,
(4) the boundaries of high grade ore against barren rock
are commonly sharp, (5) there is no upward or down-
ward extension of the orebodies; (6) the mineralization
in tectonic, post-depositional structures is different,
particularly in terms of contrasting very low magnetite
contents and (7) the sulfide mineral ages are more con-
sistent with those of the host rocks than of any other
rock occurring in the Carajas basin, a syngenetic mode
of deposition is favoured in this paper for both the
Igarapé Salobo and Igarapé Bahia deposits. Local per-
turbations in the lead isotopic system may account for

Table 5 Comparison of the Igarapé Salobo and Igarapé Bahia deposits with two Australian Cu—Au deposits. Act Actinolite; A/l allanite;
Anh anhydrite; Calc calcite; Ep epidote; Hast hastingsite; Moly molybdenite; Safl saflorite; Uran uraninite. For other mineral abbrevi-

ations, see legend for Table 2

Igarapé Salobo deposit®

Igarapé Bahia deposit®

Olympic Dam deposit® Starra deposit¢

Rift or island arcs
Iron-formations/Old
Salobo granite
(2,573 Ma); Young
Salobo granite (1,880 Ma)
2,761 Ma/shear zones

Tectonic setting
Host rocks/associated
igneous rocks

Age/structures

Discontinuous massive
to foliated, concordant
to subconcordant lenses

Bn, Cc, Cpy, Py, Au/
Ag, Mo, U, REE

Mode of occurrence
of ore

Ore mineralogy/
associated metals

Rift-like extensional basin Extensional grabens

Breccias of the

Igarapé Bahia
Gr/post-mineralization
dioritic dikes

> 2,747 Ma/fractures

Disseminated to
massive; veinlets

Cpy, Py, £ Bn, Au,
Uran, REE-minerals/
Co, Mo, P, Ba

Intracratonic rift
Ironstones; breccias/Gin
Creek granite
(1,740 Ma)

Heterolithic breccias/
granitic and felsic
volcanic rocks
1.85-1.60 Ga/stockworks 1,790-1,670 Ma /shear
zone, Isoclinal folds
Interstitial grains in Disseminations in
breccia matrix; discontinuous, mostly
microveinlets; replacement discordant bodies
Bn, Cc, Cpy, Py, Au, Au, Py, Cpy, £Bn, £Cc
U- and REE-minerals/
Ag, Co, Ni, Te, As

Alteration types K-metasomatism,
silicification,
propylitization

Parageneses (Mag—Fa—Alm—Hast—Cpy)
— (Bt—-Qz-Ab—Mag—
Bn-Tour—Grun)—(Chl
—Ep—All-Cc-Fl-Uran—Calc
—Moly-Au-Cpy-Safl)
>2.75 Ga

Not observed

Age of mineralization

Zoning

Hydrothermal fluids  Saline aqueous and
carbonic

Resources 1,100 Mt @ 0.86% Cu

Chloritization,
carbonatization, +

biotitization, silicification,

tourmalinization
(Chl-Qz—Mag—Py—Cpy—
Au) — (Sid-Tour—Bn) —
Cpy—Cv

2,768 £29 Ma
Not observed

Saline aqueous
and carbonic

Alemao body: 170 Mt
@ 1.5% Cu, 0.8 g/t Au

Sericitization,
haematitization,
silicification

(Mag-Py-Sid—Chl) —
(Hem—-Ser—Qz—Uran—
FI-REE-minerals—
Cu-minerals)

<1.4 Ga
Py - Cpy — Bn

Saline aqueous and
carbon ic
2,000 Mt @ 0.6 g/t Au,
1.6% Cu®,
av. XREE=5,000 ppm

Na—-Ca-metasomatism,
K-Fe-(low S)-metaso
matism, sulfidation,
carbonatization

(Ab—-Scap—Act) —

(Bt-Mag—Qz) — (Hem—
Au-Anh—Calc—Py-
Cpy—Chl-Ser)

<1,584 Ma

Albite alteration
over-printed by biotite

Aqueous

74 Mt @ 3.8 g/t
Au, 1.88% Cu

#Lindenmayer and Teixeira (1999)
®Almada and Villas (1999)
“Hitzman et al. (1992)
9Rotherham (1997)

°Oreskes and Einaudi (1990)



some Palaeoproterozoic ages obtained from these de-
posits (Mougeot et al. 1996; Mellito and Tassinari 1998).

The proposed genetic model (Fig. 13) is similar to
that of the Serra Verde deposit. The major differences
are in the redox conditions of the ore fluids and the
nature of the magmatic sources. The nature of the hid-
den intrusions is highly speculative, although the
anomalous contents of REE, uranium, fluorine, phos-
phorous and barium suggest an alkaline or even car-
bonatitic affinity. Archean carbonatites are not
common, but they have been described in Canada,
Finland and Greenland (Bell 1989; Villeneuve and Relf
1998). Copper could have come, at least in part, from a
similar source. The negative 03Cppp values of the
breccia-hosted carbonates (Oliveira et al. 1998) support
a mantle-derived carbon source. Given that the miner-
alization ages of the Igarapé Salobo ores are older than
2.75 Ga, the proximal 2,573 £2-Ma OIld Salobo granite
is unlikely to be the mineralizing intrusion.

The extreme dominance of copper-sulfides over iron-
sulfides is a problem if the Igarapé Salobo and Igarapé
Bahia deposits are to be placed in the volcanogenic
category. It is conceivable to have a submarine envi-
ronment where a hydrothermal system, rich in copper
and iron, and with high Cu/Fe and fqo,/fs, ratios, fa-
voured the precipitation of copper sulfide minerals and
magnetite instead of pyrite. Oxidized and H,S-deficient
fluids are assumed to have accounted for the formation
of some volcanogenic copper-bearing oxide deposits
(Davidson 1992), although more recent studies reinter-
pret these same deposits as epigenetic (Rotherham 1997;
Adshead-Bell 1998). The high sulfidation assemblage of
the Igarapé Salobo deposit (chalcocite + bornite +
chalcopyrite) contrasts with the low sulfidation assem-
blage of the Igarapé Bahia deposit (chalcopyrite =+

Fig. 14 Model for formation of
gold deposits in the Rio Maria
granitoid—greenstone terrains,

I- Deposition of the greenstone belt sequence.

Metasedimentary rocks
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bornite). This difference could be explained by their
positions in the deposition basin, the Igarapé Salobo
deposit being more distal and formed at shallower
depths where magmatic intrusions would be emplaced
closer to the seafloor in a VMS environment (Han-
nington et al. 1999).

Shear zone-related lode-gold deposits

In the Carajas region, brittle to brittle-ductile shear
zones developed in metamorphic rocks and appear to
have been sufficiently permeable to focus fluids from
transpressive sites to transtensive sites. These fluids were
capable of leaching metals from the metavolcano-sedi-
mentary piles through which they passed. Carbon-
bearing units appear to be more common in the
greenstone belt sequences and may have been the main
source for the CO, and/or CH4 incorporated into gold-
depositing fluids there. In fact, low-salinity aqueous-
carbonic fluids were only identified in gold deposits in
the RMGGT. These fluids are considered to be derived
from the underlying crust, as postulated for the orogenic
gold deposit model (Groves 1993; Groves et al. 1998).
As the fluids moved upwards along the shear zones, they
experienced P-T changes, altered the host rocks, and
deposited their metals and gangue minerals preferen-
tially in dilation zones (Fig. 14). Despite the lack of fluid
inclusion data, the Sapucaia, Tucuma and Inaja deposits
(Fig. 8) are included in the orogenic gold deposit type,
because they display many features consistent with such.
The high salinities of the Cumaru ore fluids may reflect
an added contribution from a granodiorite magma.

An important issue concerning the Aguas Claras
deposit refers to the source of the mineralizing fluids that

II- Emplacement of granitoid plutons.

Felsic volcanic rocks
{ K Cumaru Granodiorite (2.82 Ga)
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were channelled along the shear zone hosting the sulfide-
and gold-bearing quartz vein. The short distance
(~5 km) to the granite, and the occurrence of W-, Sn-
and F-rich minerals in veins/veinlets, and the highly
saline aqueous fluids, strongly support the role of the
Serra dos Carajas granite in formation of the Aguas
Claras mineralization of the ISB. In addition, available
isotopic data from the sulfide ores (Table 4) indicate a
2,358 +£42 Ma age and a 1,880-Ma overprint, with the
later coincident with the age of the Serra dos Carajas
intrusion. A plausible explanation for the two ages could
be the migration of magmatic fluids through pre-existing
sulfide accumulations, such as those commonly associ-
ated with the Itacaiunas Supergroup units. The mag-
matic fluids dissolved sulfide minerals and gold and
re-precipitated these in favourable sites along the shear
zone. Geochemical studies, however, carried out on the
Serra dos Carajas granite point to its non-specialized
character, making it difficult to be the source for
anomalous tin or tungsten in the Aguas Claras ore
(Barros et al. 1994b; Rios et al. 1995).

Sediment-hosted Au—-PGE deposits

In the Serra Pelada deposit, contact relations show that
the carbonate and pelitic sequences are concordant, with
no stratigraphic disconformity separating them. Fur-
thermore, clasts of banded iron-formation and quartzite
in both sequences indicate that they belong to the same
sedimentary cycle.

The ilmenite-bearing diorite, which intruded the
carbonate sequence, produced a distinct contact aureole.
Skarn-like assemblages were formed at temperatures
above 550 °C, including diopside and widespread calcite
+ actinolite (Tallarico et al. 2000a). The thermal effects
were much less intense adjacent to intrusions in the pe-
litic rock sequence in which only white mica (muscovite)
is recognized as a characteristic metamorphic phase.

Temporal relationships between the diorite intrusions
and the Au—PGE mineralization are still obscure and
data are limited, but Tallarico et al. (2000a) suggest that
the ore deposition was associated with the hydrothermal
system developed surrounding the cooling intrusions.
Regardless of their origin, the ore fluids interacted with
both the dolomitic marble and intrusions resulting in the
precipitation of disseminated sulfide minerals (Tallarico
et al. 2000a). They also migrated into highly fractured
zones, altering the low-grade metamorphic host rocks
and depositing gold and PGE minerals in the carbon-
bearing metasiltstones. An important alteration product
is the jasperoid layer that marks the contact between the
marble and the metasiltstones. This fine-grained, silica-
rich rock, despite extending laterally for about 1,200 m,
is interpreted to have hydrothermally replaced the dolo-
mitic marble and contains trace amounts of sericite,
tourmaline, chlorite, chalcopyrite, hematite and carbon-
ate minerals (Tallarico et al. 2000a). A lithological asso-
ciation analogous with that of the Serra Pelada deposit

has been described in the Yankee basin Carlin-type gold
orebodies, Nevada, where the contact between the over-
lying shale and the underlying limestone is marked by a
stratiform jasperoid (Hulen and Collister 1999).

The mode of occurrence of the jasperoid layer in
Serra Pelada suggests that the ore fluids were impounded
at the base of the impermeable grey metasiltstones. As-
suming a sulfide-poor hydrothermal system for the Serra
Pelada deposit, chloride complexes could have been
major gold-transporting agents, but their effectiveness as
gold carriers would have required temperatures higher
than 450°C (Gammons and Williams-Jones 1997). These
temperatures are compatible with those of the initial
alteration stage (Tallarico et al. 2000a). Reactions with
the carbonate rocks led to fluids becoming progressively
alkaline, and favouring gold and PGE precipitation es-
pecially as fluids interacted with the carbonaceous units.
Estimated temperatures for the ores and associated
sulfide minerals are in the 360-230°C range (Tallarico
et al. 2000a). The most probable source for the precious
metals was the diorites. However, some gold and PGE
may have also been leached from the mafic and ultra-
mafic volcanic rocks of the underlying Archean meta-
volcano-sedimentary sequences. The relatively high
contents of cobalt, nickel and palladium in the ore and
dark metasiltstones (Meireles and Silva 1988; Tallarico
et al. 2000a) corroborate this assumption. Recent geo-
chemical studies indicate that, provided suitable sources
are available, both gold and PGE can be scavenged and
transported by very acidic oxidized solutions (Wood
et al. 1989; Gammons and Williams-Jones 1997).

Hydrothermal fluid circulation during the tectonic
event that deformed the metasedimentary rock sequence
accounts for the preferential concentration of ore min-
erals in several structural traps, particularly the fold
hinges. A possible evolution of the Serra Pelada deposit
is shown in Fig. 15. Later weathering processes caused
an exceptional gold enrichment in the supergene profile,
generating a residual deposit that is now practically
exhausted.

Summary and conclusions

The geological framework of the CMP, largely charac-
terized by Archean metavolcano-sedimentary belts
within granitoid—gneissic complexes, was highly favour-
able for both the introduction of significant amounts of
gold and other metals and their concentrations in min-
eral deposits, albeit not always of economic value.

An attempt is made to provide a provisional classi-
fication of the Carajas hypogene gold deposits. In spite
of the controversial points concerning their genesis and
preliminary nature of much geological data, it is possible
to recognize (1) Fe-oxide-poor Cu-Au, (2) Fe-oxide—
Cu-Au-U-REE, (3) shear-zone related lode-gold and
(4) sedimentary rock-hosted gold-PGE types. Deposits
of the first type and some of the second type (Igarapé
Salobo and Igarapé Bahia) are interpreted to be synge-
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Fig. 15 Genetic model for the Serra Pelada Au—PGE mineraliza-
tion

netic, of Archean age, and formed in a volcanogenic
environment with most metals supplied by magmatic
hydrothermal sources. In this sense, they can be broadly
envisaged as part of a volcano-plutono-sedimentary
system within which ascending magmatic aqueous so-
lutions mixed with seawater and precipitated ores at
essentially the same time as the host sequence accumu-
lated. Other deposits of type II (Cristalino and Sossego)
are epigenetic and show genetic similarities to those of
the Olympic Dam class.

Recycling of those old terrains and successive epi-
sodes of shearing, concomitant or not with granitic
plutonism, were critical to redistribution of and for the
addition of more gold into CMP, leading to metal
(re)concentration in a variety of deposits, particularly in
auriferous quartz veins along shear zones. Economical-
ly, however, it is the magnetite—Cu—Au deposits and Au—
PGE deposits in folds that appear most important. Re-
cent weathering processes also were a very effective
mechanism for concentrating gold in residual deposits,
some of exceptional economic significance.

It is symptomatic that, as recorded in the major
Archean cratons worldwide, the Carajas orogenic gold
deposits occur preferentially in the RMGGT, where re-
gional shear zones probably represent collisional sutures
of crustal blocks and affected the geometry of the green-
stone belts themselves. On the other hand, the Fe-oxide-
poor Cu—Au and the Fe-oxide-Cu—Au—-U-REE types are
restricted to the ISB, being related to ensialic extensional
basins. The copper—gold shear-zone hosted (Aguas
Claras) and the sediment-hosted Au—PGE (Serra Pelada)
deposits also occur in the ISB, but both were developed in

structures produced under an oblique tectonic regime.
Significantly, no Cu—Au deposit has yet been discovered
in the CMP that is associated with granitic intrusions, but
is not hosted by metavolcano-sedimentary sequences.
The Sossego deposit, not described in this paper, and the
Cristalino deposits are examples of Fe-oxide-Cu—-Au-U-
REE mineralization hosted in both granitoids and brec-
cias within the metavolcano-sedimentary sequences
(Huhn et al. 1999b; Lancaster Oliveira et al. 2000). The
Cumaru deposit could represent a typical orogenic gold
deposit, but alternatively it may be more like an intrusion-
related gold deposit.

The proposed classification is a first effort to work on
the systematics of the Carajas gold deposits and hope-
fully it can be used to develop exploration guidelines in
other propitious areas. Despite the gold potential of the
Carajas region, very few mines have been opened. At
present, only the Igarapé Bahia and Aguas Claras mines
are in operation, but gold is extracted exclusively from
secondary ore.
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