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ARTICLE INFO ABSTRACT

Article history: Geological mapping, geochemical, and geochronological studies undertaken in the Archean granitoids of
Received 7 July 2011 ) the Canai area in the Carajas province, Amazonian craton, Brazil, led to the identification of new granitoid
Received in revised form 9 April 2012 units. Two compositional groups of granitoids were recognized: (1) minor tonalitic-trondhjemitic units
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Available online 23 April 2012 which are both geochemically different (Campina Verde and Pedra Branca) or similar to Archean TTGs

(Rio Verde) and (2) major granitic units encompassing calc-alkaline (Canad dos Carajas, Bom Jesus, and
Serra Dourada), transitional (Cruzadao) and alkaline (Planalto) granites. These granitoids form four age
groups from Mesoarchean to Neoarchean. (1) The protolith of the Pium complex, the Bacaba tonalite and
other coeval rocks, as indicated by the presence of inherited zircons, were formed at 3.05-3.0Ga; (2) at

Keywords:
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Nd isotopes

Geochemistry 2.96-2.93 Ga, the Canaa dos Carajas granite and the older rocks of the Rio Verde trondhjemite were crys-
Archean Granitoids tallized; (3) at 2.87-2.83 Ga, the Campina Verde tonalitic complex, the Rio Verde trondhjemite, and the
Crustal evolution Cruzaddo, Bom Jesus and Serra Dourada granites were formed; (4) in the Neoarchean, at 2.75-2.73 Ga, the
Carajas province Planalto and Pedra Branca suites and charnockite rocks were crystallized. The granitic units cover more

than 60% of the Canaa surface. The Canai area differs from the Rio Maria and other granite-greenstone
terranes by the scarcity of TTGs, dominance of granites, and absence of sanukitoids. The evolution of
the Canaad area started at least at 3.2 Ga and was different from that of the juvenile Rio Maria terrane
(2.98-2.86 Ga), because of indicating a contribution from pre-existing crust. The Mesoarchean Canad
crust was strongly reworked during the Neoarchean (2.75-2.70 Ga) and was probably the substratum
of the Neoarchean Carajas basin. The evolution of the Carajas province differs from those of Dharwar
and Karelian cratons. It approaches the evolution described in the Limpopo belt, in the sense that the
Neoarchean granitoid magmatism was generated in hot zones of the deep crust, possibly due to collisional
tectonic processes.

© 2012 Elsevier B.V. All rights reserved.
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The Carajas province, the largest and best preserved Archean 2010a; Almeida et al., 2010, 2011) than that of the Carajas domain,
segment of the Amazonian craton (Fig. 1a), northern Brazil, com- where two distinct sub-domains were distinguished: To the north,
prises the Rio Maria (RMD) and Carajas domains (Dall’Agnol et al., the Carajas basin formed essentially by Neoarchean supracrustal
2006; Vasquez et al., 2008). The granitoid magmatism and evolu- units (Gibbs et al., 1986; Machado et al., 1991; Teixeira and Eggler,
tion of the RMD have been more extensively studied (Macambira 1994; Nogueira et al., 1995; Dall’Agnol et al., 2006) and, to the
south, a terrane dominated by Archean granitoids with subordi-

nate granulitic and charnockitic rocks (Vasquez et al., 2008; Oliveira

- et al., 2010b). This southern terrane is informally known as the
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Fig. 1. Simplified geological map of the Carajas province (Leite et al., 2004; Vasquez et al., 2008; Almeida et al., 2011). The dashed line is the proposed boundary between
the Carajas domain and the Rio Maria domain; the continuous line divides the Carajas domain in Carajas basin and ‘Transition’ subdomain (Dall’Agnol et al., 2006).

Carajas basin (Dall’Agnol et al., 2006 and references therein;
Domingos, 2009).

The absence of systematic geochemical, geochronological and
isotope studies on the Archean granitoid magmatism of the Carajas
domain, reflected in the undefined ages and geochemical signature
of the major granitoid units exposed in that area, does not allow
to constrain models for the crustal evolution of the Carajas domain
and, consequently, of the Carajas province.

This paper reports the results of an integrated geochemical,
geochronological and Nd isotope study on granitoids of the Canaa
dos Carajas region, located in the border between the Carajas basin
and the ‘Transition’ sub-domain. The obtained data are employed
to clarify the crustal evolution of the Carajas domain and its

tectonic relationships with the Rio Maria domain. A preliminary
geochemical characterization of the different granitoids, in order
to distinguish their magmatic series and to establish a compari-
son between them, is also done. Additionally, this work contributes
to the knowledge of the Mesoarchean to Neoarchean transition in
Archean cratons.

2. Tectonic setting and regional geology of the Carajas
province

The Carajas province is located in the southeastern part of the
Amazonian craton (Fig. 1a, Machado et al., 1991; Santos et al., 2000;
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Tassinari and Macambira, 2004; Dall’Agnol et al., 2006) and their
two distinct domains are separated by approximately E-W shear
zones (Fig. 1b; Vasquez et al., 2008): To the south, it is exposed
the Mesoarchean Rio Maria domain (RMD; 3.0-2.86 Ga; Macambira
and Lafon, 1995; Althoff et al., 2000; Souza et al., 2001; Almeida
et al,, 2011) and, to the north, is the Carajas domain (3.0-2.55 Ga;
Gibbs et al., 1986; Machado et al., 1991; Dall’Agnol et al., 2006),
which corresponds approximately to the Itacaitinas shear belt
(Costaetal.,, 1995). The exact limit between the Rio Maria and Cara-
jas domains is still undefined, but it is located approximately to
the north of the Sapucaia belt, where there is geophysical evidence
suggesting a major tectonic discontinuity (Fig. 1b), separating the
more strongly deformed and EW elongated plutonic bodies of the
‘Transition’ sub-domain from those of the RMD.

The Mesoarchean Rio Maria domain was generated in a period
of ~120Ma and is composed of greenstone belts (3.0-2.90Ga;
Macambira and Lafon, 1995; Souza et al., 2001 and references
therein) and several granitoid series: (1) An older TTG series
(2.98-2.93 Ga; Macambira and Lancelot, 1996; Althoff et al., 2000;
Leite et al., 2004; Almeida et al.,, 2011); (2) the sanukitoid Rio
Maria suite (~2.87 Ga; Macambira and Lancelot, 1996; Oliveira
et al., 2009a, 2010a and references therein); (3) a younger TTG
series (~2.87-2.86 Ga; Leite et al., 2004; Almeida et al., 2011); (4) a
high Sr- and Ba-bearing leucogranodiorite-granite suite (~2.87 Ga;
Almeida et al., 2010); and (5) Potassic leucogranites of calc-alkaline
affinity (~2.87-2.86 Ga; Leite et al., 1999, 2004).

Compared to the RMD, the Carajas domain (Fig. 1b) presents
a more complex evolution. The so-called ‘Transition’ sub-domain
has been poorly studied so far and is formed by strongly deformed
Mesoarchean to Neoarchean granitoid and gneissic rocks grouped
in the Xingu Complex and the northern part of the domain
corresponds essentially to the Neoarchean Carajas basin.

The Neoarchean Carajas basin (Fig. 1b) is formed by banded iron
formations, accompanied by a bimodal volcanism metamorphosed
in greenschist conditions (Itacaiinas Supergroup; 2.76-2.74 Ga;
Machadoetal., 1991; Trendall et al., 1998; Tallarico et al., 2005), and
followed by the fluvial to marine siliciclastic deposits of the Aguas
Claras formation (Nogueira et al., 1995). Several Neoarchean subal-
kaline granite plutons occur in the basin or in adjacent areas (Fig. 1b,
2)and are intrusive into the Itacaitnas supergroup (~2.76-2.57 Ga;
Machado etal., 1991; Barros et al., 2009; Sardinha et al., 2004, 2006;
Feio et al., 2012). Near the borders of the Carajas basin (Fig. 1b, 2)
several Neoarchean mafic-ultramafic layered complexes (Vasquez
etal., 2008 and references therein) are also exposed. Sills and dykes
of Neoarchean hydrothermal-altered gabbros crosscut all these
rocks.

The few isotope data available on the Neoarchean subalkaline
granites of the Estrela Complex (Barros et al., 2009), mafic rocks of
the Carajas basin (Gibbs et al., 1986), and Paleoproterozoic A-type
granites (Serra dos Carajas suite, Dall’Agnol et al., 2005) indicate
that the Carajas basin was formed over a Mesoarchean crustal sub-
stratum (~3.0 Ga). It is clear that, differently from the RMD, a large
part of the evolution of the Carajas domain was concentrated during
the Neoarchean when the Carajas basin and subalkaline plutonic
magmatism and charnockitic rocks were formed. This implies that
the tectonic stabilization of the RMD preceded that of the Carajas
domain (Dall’Agnol et al., 2006).

In the Canad dos Carajas area (Fig. 2; Table 2), located in
the border between the Carajds basin and the ‘Transition’ sub-
domain, the oldest rocks exposed were, before the present work,
those of the granitic and gneissic Xingu complex (Fig. 1b), the
granulites of the Pium Complex (Pidgeon et al.,, 2000), poorly
exposed remnants of Mesoarchean(?) greenstone belts, the Bacaba
tonalite (Moreto et al., 2011), and the Canad dos Carajas potassic
leucogranite (Sardinha et al., 2004 ). The Neoarchean (cf. Fig. 2) was
marked by the intrusion of the Vermelho mafic-ultramafic layered

complex (Vasquez et al., 2008, and references therein), as well
as the trondhjemitic-tonalitic association (Gomes and Dall’Agnol,
2007) designated as Pedra Branca suite in the present work, the
Planalto suite granites (Huhn et al., 1999; Sardinha et al., 2004; Feio
et al., 2012), Neoarchean charnockitic rocks (Gabriel et al., 2010;
Feio et al,, 2012) and undifferentiated gabbros. To the northern,
northeastern and central parts of the mapped area, the Neoarchean
metavolcanic rocks and banded iron formations of the Itacaiunas
supergroup are exposed. They represent an extension to southeast
of the Carajas basin that was affected by the Serra dos Carajas
fault and is related to a structure of horsetail splays (Pinheiro
and Holdsworth, 1997; Domingos, 2009). Other units exposed in
the Canad area are small plutons of Paleoprotezoic anorogenic
granites (Rio Branco and similar granites) and lateritic covers
(Fig. 2). Therefore, the areas originally considered to be part of the
Xingu complex are in fact formed by different kind of granitoids,
and many of them are characterized for the first time in the present
work.

3. Geology and petrography
3.1. Mesoarchean Pium granulitic complex

The Pium complex forms a large EW elongated body, dis-
posed parallel to the regional foliation and partially exposed in the
southwestern part of the mapped area (Fig. 2). It was described
as a Mesoarchean granulitic complex (Pidgeon et al., 2000, and
references therein) composed of norite, gabbro, and subordinate
quartz-orthopyroxene-bearing rocks, all of them with massive or
foliated aspect, generally displaying igneous textures modified by
ductile deformation and recrystallization (Ricci and Carvalho, 2006;
Santos and Oliveira, 2010). The main geological and petrographic
features of the Pium complex and the other units described below
are summarized in Table 1.

An enderbite of the Pium complex was dated by SHRIMP U-Pb
on zircon and ages of 3002 + 14 Ma and 2859 4+ 9 Ma were obtained,
respectively, for the core and rim zones of zircon crystals (Pidgeon
et al., 2000). The older age was interpreted as the crystallization
age of the protolith of the enderbite and the younger one as the
granulite facies metamorphism.

The igneous or metamorphic origin of the Pium complex is now
controversial (Vasquez et al., 2008), among other things, because
Neoarchean orthopyroxene-bearing igneous rocks have been
recently identified associated with it (2754 &+ 1 Ma, Pb-evaporation
on zircon, Gabriel et al., 2010; 2735 4+ 5 Ma, LA-MC-ICPMS on zir-
con, Feio et al., 2012). This indicates the existence of a generation
of charnockitic rocks that is clearly younger than the rocks of the
Pium complex studied by Pidgeon et al. (2000) and points to the
need for additional studies of this complex.

3.2. Mesoarchean tonalites and trondhjemites

3.2.1. Bacaba tonalite

The Bacaba tonalite (Table 1) is the country rock of the iron
oxide-Cu-Au Bacaba deposit and it is intruded by small stocks of
gabbros (Moreto et al., 2011). The extension in the surface of this
unit is not clearly defined and we have assumed as a preliminary
interpretation that the tonalitic rocks exposed to the west of the
Bacaba deposit belong to it (Fig. 2). The hydrothermally altered
tonalite sampled in drill cores from the mineralized area gave ages
around 3.0 Ga (Moreto et al., 2011; cf. Table 2). That tonalite is a
foliated, phaneritic fine-grained rock with hornblende and biotite
as main mafic minerals.



Table 1

Summary of the field and petrography aspects of the granitoids of the Canaa area.

Units Age (Ga) Field and structural Petrography
aspects
QAP classification Texture aspects Main mafic Acessory minerals Secondary
minerals minerals
Pium complex 3.0 - protholith EW-Foliation from Quartz-gabbro, Fine grained or Pyroxene, Zircon, titanite, ChloriteP
cryst.2 ductile norite® fine- to medium hornblende® allanite®
2.86 - deformation® grained textureP
metamorphism?

Bacaba tonalite® 3.0 - crystallization Magmatic foliation Tonalite Foliated, Hornblende, biotite Zircon Chlorite, epidote,
fine-grained, gray, biotite, magnetite
and phaneritic.

Rio Verde 293 - EW to N banded Trondhjemite Fine to Biotite Zircon, allanite, Albite, chlorite,

trondhjemite crystallization TTG; Folds with medium-grained and ilmenite scapolite, biotite,

2.86 - vertical or E equigranular apatite, epidote,
crystallization dipping axes; texture; strong carbonate,
deformed rocks; magnetite, rutile
prophyroclasts of
FK surrounded by a
fine-grained
matrix; elongated
ribbons and
recrystallized
quartz.
Canaad dos Carajas 2.95-2.93 - EW-Deformed and Monzogranite Medium to fine Biotite Zircon, magnetite, Muscovite, chlorite
granite (gr.) crystallization mylonitized gr. grained seriated titan-

SE-dipping inverse texture; Quartz ite + apatite + allanite

fault occurs as elongated
polygonal
aggregates; FK
augen enveloped
by fine grained
recrystallized
aggregates;
Bulbous myrmekite
intergrowths.

Campina Verde 2.87-2.85 - Crosscut by the Two distinct Medium to coarse (1) Biotite; (2) Zircon, apatite, Scapolite, albite,

tonalite crystallization Serra Dourada associations: (1) grained granular or biotite, hornblende allanite, titanite, biotite, apatite,

granite Magmatic
EW-Foliation,
locally NS or
NE-SW

Biotite tonalite to
granodiorite with
subordinate diorite
and monzogranite;
(2)
biotite-hornblende
tonalite with
subordinate
granodiorite and
monzogranite

porphyritic texture

and magnetite

magnetite, actino-
lite + epidote +
sulfides +

chlorite 4 quartz

091
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Table 1 (Continued)

Units

Age (Ga)

Field and structural
aspects

Petrography

QAP classification

Texture aspects

Main mafic Acessory minerals

minerals

Secondary
minerals

Bom Jesus granite

Cruzadao granite

Serra Dourada
granite

2.86-2.85 -
crystallization

2.85-2.83 -
crystallization

(1) NE-SW to EW
banded and
foliation with
vertival SE- to
S-dips; (2) sinistral
EW to NE-SW
shear zones; (3)
isoclinals folds
with SE-dipping
axes.

Folded banded
gneiss

Monzogranite to
-syenogranite

Monzogranite to
-syenogranite

Monzogranite to
-syenogranite

(1) Fine- to
medium- or
medium- to
coarse-grained
seriated to
porphyroclastic
texture; (2)
recrystallized
lenticular
aggregates of
quartz; (3) augen
shaped
porphyroclasts of
FK and plagioclase;
(4) plagioclase
display deformed
curved twin
lamellae

(1) Coarse- to
medium- or
medium- to
fine-grained
seriated texture;
(2) core-mantle
microstructures;
(3) lagioclase show
deformed curved
twin; (3)
recrystallized
quartz; undulant
extinction and
elongated ribbons
quartz;

Medium- to
coarse-grained or
subordinate
fine-grained
texture; (2) little
deformed rocks;
(3) not pervasive
EW-striking
vertical foliation

Biotite Allanite, titanite,
zircon, mag-
netite + ilmenite & apatite

Biotite Zircon, allanite,
apatite, magnetite

Biotite Allanite, zir-
con + magnetite + ilmenite

Chlorite, rutile,
hematite, epidote,
carbonates,
scapolite,
muscovite

Chlorite, epidote,
mus-
covite + carbonates

Albite, muscovite,
biotite, chlorite,
epidote, opaque,
titanite, quartz,
scapolite, and
tourmaline

G81-2S1 (£10T) 22T Y21pasay UDLIqUIDIAL / |D 12 0124 “TY™D
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Table 1 (Continued)

Units Age (Ga) Field and structural Petrography
aspects
QAP classification Texture aspects Main mafic Acessory minerals Secondary
minerals minerals
Pedra Branca suite 2.75 - (1) Magmatic Tonalite and Medium- to Biotite and Titanite, zircon, Scapolite
crystallization banding with trondhjemite fine-grained and hornblende allanite, apatite,
subvertical granoblastic clinopyroxene
EW-foliation; (2) texture.
high-angle
strtching lineation
dipping to SE
Charnockite rocks 2.73 - Hypersthene Medium- to Pyroxene, Titanite, zircon Scapolite
crystallization quartz gabbro coarse-grained hornblende
granular
Planalto suite 2.73 - (1) Penetrative Monzogranite to (1) Coarse- or Hornblende and Zircon, apatite, Scapolite,
crystallization EW- to syenogranite medium-grained biotite allanite, ilmenite carbonate, mag-
NNW-subvertical equigranular to netite + titanite +
foliation; (2) high porphyritic; (2) fluorite + tourmaline

angle stretching
mineral lineation
and C-type shear
bands; (3)
mylonites; (4)
dextral EW to
NE-SW shear
zones.

core-and-mantle
microstructures;
(3) plagioclase
shows deformed
twinnig; (4) quartz
as ribbons; (5)
mylonites.

2 Pidgeon et al. (2000).
b Santos and Oliveira (2010).
¢ Moreto et al. (2011).
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Table 2
Representative chemical compositions of the granitoids of the Canaa dos Carajas area.

Sample AER-79A  AER-11A  AMR-213 AMR-102  ERF-123 AE-47 ARC-65A  ERF-7C ARC-100  ERF-102 AER-59 AER-27 ARC-109 AMR-187B AMR-121D AMR-191A

Petrology BTr BTr BGrd BLMzG BMzG BLSG BHTon BMzG BLSG BLSG BLMzG LMzG HBSG HSG CpxHTon Tr

Unidade Rio Verde Canaa dos Bom Jesus Campina Verde Cruzadao Serra Dourada Planalto suite? Pedra Branca
Trondhjemite Carajas granite gneiss granite tonalite granite granite suite

Geog. coordinates 9290747/ 9290489/ 9278407/ 9273289/ 9287124/ 9279910/ 9292330/ 9296314/ 9283661/ 9282649/ 9191062/ 9292497/ 9275089/ 9278743] 9279712] 9274706/

(LAT/LONG) 633472 626932 630800 628938 610557 610115 626105 629055 599242 623426 623281 614346 612681 635270 629261 636247
Si0, 72.10 73.87 70.56 72.44 71.83 74.43 63.14 69.03 70.90 74.10 72.35 74.61 71.66 72.91 64.03 77.26
TiO, 0.24 0.17 0.31 0.16 0.18 0.15 0.51 0.32 0.22 0.15 0.27 0.08 0.44 0.31 1.39 0.34
Al, 03 14.80 15.22 14.74 14.84 14.47 13.79 16.23 14.31 14.25 13.35 14.42 13.50 12.77 11.67 14.29 13.25
FeO, 1.52 0.75 3.03 1.55 1.39 1.03 4.00 3.34 2.55 1.13 1.93 1.17 3.79 4.32 5.33 0.25
Fe;03; 1.69 0.83 3.37 1.72 1.55 1.15 4.44 3.71 2.83 1.26 2.15 1.30 4.21 4.80 5.92 0.28
MnO 0.02 0.01 0.01 0.04 0.01 0.01 0.03 0.02 0.03 0.02 0.01 0.01 0.03 0.05 0.07 <0,01
MgO 0.69 0.19 0.77 0.37 0.41 0.23 2.71 1.44 0.48 0.29 0.39 0.25 0.36 0.10 1.58 0.01
Cao 271 0.51 1.50 2.02 1.59 1.56 5.11 1.15 0.76 1.03 1.94 0.26 1.71 1.67 6.22 239
Na0 5.21 8.13 4.29 4.54 3.83 3.53 4.92 3.99 3.62 3.54 3.95 3.64 3.25 2.99 4.92 5.19
K;0 1.19 0.27 3.17 3.02 4.51 4.56 1.29 4.00 5.60 4.83 3.32 4.80 4.49 4.44 0.53 0.57
P>0s5 0.07 0.01 0.08 0.05 0.07 0.06 0.21 0.11 0.12 0.05 0.12 0.04 0.09 0.04 0.40 <0.01
LOI 1.20 0.70 1.0 0.7 1.30 0.40 1.20 1.40 0.80 1.30 1.00 1.40 0.70 0.70 0.50 0.60
Total 98.6 99.1 98.5 99.0 98.3 99.4 98.1 97.7 98.5 98.5 98.7 98.4 98.6 98.5 98.8 99.3
Ba 407.2 95.0 961.0 684.0 1658.1 915.0 510.0 889.0 1531.0 519.5 610.1 911.2 1627.0 1459.0 193.0 102.0
Rb 57.5 8.4 108.7 77.6 140.1 135.2 48.1 121.7 2275 152.8 1723 149.4 117.3 102.3 6.2 10.8
Sr 763.6 109.9 202.3 2824 462.5 194.0 704.5 205.8 343.0 200.0 205.2 60.3 144.8 102.9 299.0 193.0
Zr 94.4 108.4 125.6 89.4 167.4 110.6 151.0 107.9 293.2 146.3 148.6 78.2 487.1 503.6 335.8 429.7
Nb 4.0 29 6.9 4.9 5.8 3.2 5.6 5.1 3.7 8.6 15.9 253 20.9 214 25.0 8.2
Y 25 3.1 14.8 6.5 29 25 9.9 6.1 6.4 16.9 111 14.2 479 66.4 34.6 111
Th 59 7.8 9.9 53 62.6 2.6 6.4 17.7 67.0 63.4 16.8 254 238 234 15.1 8.8
U 0.5 14 20 0.7 6.7 1.2 2.6 4.2 3.1 18.1 14.4 14.0 3.6 34 25 2.7
Ga 189 171 15.7 189 179 173 20.2 20.1 18.2 16.2 223 18.5 18.1 19.5 24.1 11.8
Cu 4.6 36.0 284 0.8 25 7.0 60.0 18.5 165.5 4.8 1353 66.5 194 9.6 1.9 5.1
Pb 29 1.1 35 2.8 11.0 29 5.9 8.8 18.7 141 134 33 5.7 6.6 2.7 3.0
La 19.30 44.30 32.0 153 51.30 23.10 43.20 27.40 125.90 81.70 30.20 24.30 64.40 130.00 9.60 7.90
Ce 37.40 44.00 58.8 29.0 87.80 36.90 78.00 52.20 238.90 172.50 62.10 46.70 130.40 249.70 24.50 16.80
Pr 3.54 5.92 6.55 3.23 7.51 3.71 8.92 4.63 26.23 18.35 6.63 4.85 16.31 26.51 3.61 245
Nd 11.50 17.50 237 11.8 20.90 12.00 31.60 16.90 81.00 59.80 24.20 17.80 62.50 99.60 17.30 10.10
Sm 1.60 1.55 3.69 1.97 2.00 1.35 4.63 2.60 10.85 9.30 4.10 3.30 10.62 15.73 4.14 1.69
Eu 0.53 0.70 0.91 0.40 0.62 0.69 1.21 0.69 1.40 0.71 0.52 0.75 1.84 2.67 1.21 0.98
Gd 0.75 1.10 293 1.45 0.92 0.85 3.14 1.29 5.26 5.38 2.81 2.59 8.93 12.67 4.72 1.53
Tb 0.08 0.12 0.43 0.21 0.10 0.10 0.40 0.16 0.62 0.74 0.39 0.42 1.48 2.08 0.65 0.27
Dy 0.47 0.52 235 1.15 0.46 0.41 1.88 1.15 235 4.02 2.01 2.02 8.36 11.31 4.26 1.59
Ho 0.08 0.09 0.46 0.20 0.07 0.08 0.32 0.19 0.29 0.59 0.32 0.45 1.64 2.24 0.92 0.33
Er 0.21 0.26 1.36 0.54 0.25 0.19 0.90 0.55 0.70 1.51 1.01 1.42 4.73 6.75 2.69 1.12
Tm 0.05 0.04 0.19 0.07 0.05 0.03 0.13 0.08 0.13 0.20 0.14 0.22 0.74 1.02 0.42 0.19
Yb 0.27 0.25 1.27 0.52 0.24 0.21 0.86 0.52 0.91 1.22 0.94 1.61 4.56 6.62 2.84 1.28
Lu 0.05 0.04 0.20 0.06 0.04 0.03 0.12 0.10 0.13 0.19 0.15 0.24 0.68 0.99 0.47 0.21
K;0/Na,0 0.23 0.03 0.74 0.67 1.18 1.29 0.26 1.00 1.55 1.36 0.84 1.32 1.38 1.48 0.11 0.11
Rb/Sr 0.08 0.08 0.54 0.27 0.30 0.70 0.07 0.59 0.66 0.76 0.84 2.48 0.81 0.99 0.02 0.06
SrfY 305.4 355 13.7 43.4 159.5 77.6 71.2 33.7 53.6 11.8 18.5 4.2 3.0 1.5 8.6 17.4
La/Yb 715 177.2 252 29.4 213.8 110.0 50.2 52.7 1384 67.0 32.1 15.1 14.1 19.6 34 6.2
Mg? 0.45 0.31 0.31 0.30 0.34 0.28 0.55 0.43 0.25 0.31 0.26 0.28 0.14 0.04 0.35 0.07
FeO/(FeO, + MgO) 0.69 0.80 0.80 0.81 0.77 0.82 0.60 0.70 0.84 0.80 0.83 0.82 0.91 0.98 0.77 0.96
(La/Yb)N 513 127.1 181 21.1 153.3 78.9 36.0 37.8 99.2 48.0 23.0 10.8 10.1 141 24 4.4
Eu/Eu* 1.30 1.56 0.82 0.69 1.22 1.84 0.92 1.02 0.50 0.28 0.44 0.76 0.56 0.56 0.83 1.83
A/CNK 1.00 1.04 1.12 1.03 1.03 1.02 0.86 1.10 1.06 1.03 1.06 1.16 0.96 0.91 0.72 0.98

BTr, biotite trondhjemite; BHTon, biotite-hornblende tonalite; CpxHTon, clinopyroxene-hornblende tonalite; Tr, trondhjemite; BLMzG, biotite leucomonzogranite; BLSG, biotite leucosyenogranite; BMzG, biotite monzogranite;
LMzG, leucomonzogranite; HBSG, hornblende-biotite syenogranite; HSG, hornblende syenogranite.
2 Feio et al. (2012).
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Fig. 2. Geological map of the Canaa area of the Carajas province. Dated samples are indicated by small black circles. The location of this figure is shown in Fig. 1.

3.2.2. Rio Verde trondhjemite

The main exposures of the Rio Verde trondhjemite (Table 1) are
located near the Planalto village and extend to the west of the Ver-
melho intrusion in the center of the Canad area and to the northeast
near the type area of the Planalto granite (Fig. 2). It is in contact
with the Bom Jesus granite, Campina Verde tonalitic complex and
the Serra Dourada and Planalto granites. The latter gave compara-
tively younger ages compared to the Rio Verde trondhjemite (see
geochronology section). Along the contact with the Serra Dourada
granite, the Rio Verde trondhjemite was affected by metasoma-
tism probably related to the intense sodic and subordinate potassic
alteration registered in the northern part of the Canad area (Moreto
et al., 2011, and references therein). The dominant trondhjemite
varies from texturally homogeneous (Fig. 3b) to banded rocks in
which trondhjemitic layers alternate with biotite tonalite.

3.3. Mesoarchean monzogranites and syenogranites

3.3.1. Canad dos Carajds granite

The Canai dos Carajas granite occurs in the southeastern part
of the study area in the proximities of the Canad dos Carajas town
(Fig. 2; Table 1).It consists of strongly deformed, folded and myloni-
tized rocks showing penetrative E-W foliation with vertical dip and
crosscut by dextral EW or, locally, NE-SW shear zones (Fig. 3a).
A SE-dipping inverse fault cut the foliation. Field relationships

between the Canai dos Carajas granite and other units were not
observed, but the inferred western and northern contacts are lim-
ited by large shear zones (Fig. 2). Locally, the granite includes metric
enclaves of amphibolite.

3.3.2. Campina Verde Tonalitic complex

This complex is exposed near Vila Planalto as an elongated
EW-strip in the northern part of the study area (Fig. 2; Table 1).
It is in contact to the north with the Itacaiinas supergroup and
to the south with the Rio Verde trondhjemite, Bom Jesus, Serra
Dourada and Cruzaddo granites. Two distinct associations were
distinguished: (1) biotite tonalite to granodiorite (Fig. 3d) with sub-
ordinate diorite and monzogranite that dominate in the northern
domain of the unit, and (2) biotite-hornblende tonalite with subor-
dinate granodiorite and monzogranite, exposed in the quarry near
Vila Planalto (Fig. 3e) and extending to the west in the southern
domain of the unit close to the contact with the Serra Dourada gran-
ite. The main mineralogical contrast between these associations is
related to the modal content of amphibole. Leucogranite veins cut
all these rocks.

In addition, hornblende tonalites, similar in mineralogy to
those of the southern domain, occur in close association with the
Cruzadao granite (Fig. 3f) in the central-western part of the area,
near the Rio Branco granite (Fig. 2). The different rock varieties of
the tonalitic complex are characterized by a remarkable magmatic
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Fig. 3. Field aspects of the granitoids of the Canaa area. (a) Foliated Canad dos Carajas granite crosscut by dextral shear zones; (b) Regular banding in the Rio Verde trondhjemite; (c) intercalated bands of Bom Jesus granite and
trondhjemite correlated with the Rio Verde trondhjemite; (d) detail of the biotite granodiorite facies of the Campina Verde tonalitic complex; (e) the Serra Dourada granite cutting the biotite-hornblende tonalite facies of the
Campina Verde tonalitic complex in a quarry near the Planalto village; (f) intercalated bands of Cruzaddo granite and Campina Verde tonalite; (g) Isotropic aspect of the Serra Dourada granite; (h) subvertical mineral lineation in
a trondhjemite of the Pedra Branca suite; and (i) oval-shaped, deformed K-feldspar megacrysts in the Planalto granite.
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~EW-foliation marked by the alignment of crystals of plagioclase
and mafic minerals. Locally, the foliation is oriented along NS or
NE-SW directions.

3.3.3. Bom Jesus granite

The Bom Jesus granite (Table 1) is exposed in the central-eastern
part of the mapped area. It consists essentially of banded and foli-
ated granite oriented along NE-SW to EW with vertical or steep
dips to SE and S. Sinistral mylonitic EW to NE-SW shear zones
crosscut the granite and apparently control the strike of their major
structures. Locally, isoclinals folds with SE-dipping axes were reg-
istered. Late coarse or fine-grained granitic veins are associated
with the granites. Field aspects suggest that this granite had a com-
plex evolution and this is reinforced by geochronological data (see
below).

The Bom Jesus granite and the Rio Verde trondhjemite are
disposed in semi parallel NE-oriented strips (Fig. 2) and they
show strong interaction along the contacts. In the field, the rocks
of both units occur associated and intercalated bands of granite
and trondhjemite composition are commonly observed (Fig. 3c).
This suggests that both units were submitted to the same event
of intense ductile deformation. The Bom Jesus granite contains
enclaves of amphibolites and is cut by epidote and quartz-feldspar
veins. Except for the contact with the Rio Verde trondhjemite, the
relationships between the Bom Jesus granite and the other units
were not observed in the field.

3.3.4. Cruzaddo granite

The Cruzadido granite (Table 1) shows dominant NW-SE- to
EW-striking foliation and was locally affected by NW-SE- to EW
shear zones. Two distinct areas of its occurrence were identified.
The first one is located in the central-western part of the mapped
area, where the granite is in contact to the north with the Camp-
ina Verde tonalite and Itacaitinas supergroup, to the south with the
Pium complex and to the east with the Bom Jesus granite (Fig. 2).
In this sector, the Cruzaddo granite is exposed in small hills and is
intruded by the Paleoproterozoic Rio Branco granite. It is also locally
associated with hornblende tonalites which are tentatively corre-
lated with the Campina Verde tonalite. Both rocks define strongly
banded structures with intercalated bands of granitic and tonalitic
composition (Fig. 3f) which were folded, suggesting that these rocks
had a coeval emplacement and were submitted to similar ductile
deformational processes.

The second large occurrence of the Cruzaddo granite defines a
NE-SW-oriented strip located in the central-southern part of the
area (Fig. 2). To the east, this intrusion has a tectonic contact with
the Canaa dos Carajas granite and the Itacaitinas supergroup, and
to the north with the Bom Jesus granite. It is intruded by the Ver-
melho mafic body, a pluton of the Planalto suite and a small stock
of the Pedra Branca suite. The field relationships between different
units were not observed in the field and the local stratigraphy was
defined on the basis of geochronological data.

3.3.5. Serra Dourada granite

The Serra Dourada granite is a sub-circular stock, located near
the Serra Dourada village in the northern part of the Canaa area
(Fig. 2; Table 1). Remnants of greenstone belts are involved by the
granite. It is intrusive into the Campina Verde tonalitic complex
as observed in the northwestern contact between both granitoids
and in a quarry immediately to the west of Vila Planalto (Fig. 3e).
Conclusive field relationships between it and the Rio Verde trond-
hjemite and the Bom Jesus granite were not observed. This granite
show also a spatial association with abundant small bodies of mafic
rocks that apparently cut the granite but their contact relationships
are not exposed.

The Serra Dourada granite is composed mainly of medium- to
coarse-grained pink-colored rocks (Fig. 3g) which are crosscut by
pegmatite and aplitic veins. The major part of the stock is formed
by little deformed rocks. A non-pervasive EW-striking vertical foli-
ation is observed locally and mylonitized rocks are found along
shear zones.

3.4. Neoarchean tonalites and trondhjemites (Pedra Branca suite)

The Pedra Branca suite is composed of sodic granitoids exposed
in the southern part of the study area. It occurs as small stocks
spatially associated with the Planalto Suite (Fig. 2) but the contact
relationships between this unit and the Planalto suite and also with
other Archean units are not clearly exposed in the field.

The rocks of the Pedra Branca suite are strongly deformed
and commonly show a magmatic banding, with alternation of
decimeter- to meter-thick tonalitic and trondhjemitic bands and
subvertical EW foliation related to a ductile deformation. A high
angle SSE-dipping thrust fault was identified in the stock located in
the southeastern part of the mapped area (Fig. 2). It intercepts the
primary foliation and is apparently related to the action of a late
NS-compressive strain (Gomes and Dall’Agnol, 2007). High-angle
stretching lineation dipping to the SE is locally present (Fig. 2, 3 h).

3.5. Neoarchean granites and charnockites

3.5.1. Planalto suite

The Planalto suite was described in great detail by Feio et al.
(2012) and just a synthesis of its main aspects will be given here. It
consists of several lenticular granite stocks with less than 10 km in
the largest dimension, located in the areas of stronger deformation
and oriented concordantly to the dominant EW-trending regional
structures or, eventually to NE-SW or NS (Fig. 2). The Neoarchean
Planalto suite is intrusive into the Mesoarchean granitoid units,
into the mafic Pium complex, and into the Neoarchean supracrustal
Itacaitinas supergroup (Fig. 2). In general, this suite is associated
spatially with the Pium complex and the Pedra Branca suite.

The Planalto granite (Table 1) shows penetrative EW- to NNW-
subvertical foliation locally accompanied by a high angle stretching
mineral lineation and C-type shear bands. Mylonites are found
along sinistral or subordinate dextral EW to NE-SW shear zones.

3.5.2. Charnockite rocks

Neoarchean charnockites occur in close association with the
Pium complex and cannot be individualized in the scale adopted
for the geological mapping. However, outside the study area, rel-
atively large bodies of such rocks were recognized (Gabriel et al.,
2010) and there is increasing evidence that they can have an impor-
tant role in the evolution of the ‘Transition’ sub-domain. In that
sub-domain, these orthopyroxene-bearing rocks have quartz norite
to leucoenderbite composition and occur associated with the Pium
complex and Planalto suite (Feio et al., 2012). The field relationships
between the charnockites and the Planalto granite are complex but
apparently some interaction between both magmas has happened
suggesting that they coexisted in the partially molten state.

4. Geochemistry
4.1. Introduction

In this section, the geochemical characteristics of the Archean
granitoid in the Canad area are presented, (Table 3) in order
to distinguish their magmatic series and to make comparisons
between them. Representative chemical analyses of the studied
granitoid units are shown in Table 1 and the analytical meth-
ods are presented in Appendix A. For the discussion of the
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Table 3
Synthesis of geochemical data of the granitoids of the Canaa area.
Units SiO, Al,03 ACNK FeO¢/(FeO; + Mg0) K,0/Na,0 Sr/Y (La/Yb)n Eu/Eu* Magmatic
series
Rio Verde trondhjemite 69.7-76.2 13.5-15.8 1.0-1.1 0.63-0.89 0.17-0.61 25-305 34-127 0.6-2.0 Low- to
medium-K;0
calc-alkaline
Campina Verde tonalite 62.9-69.0 13.5-16.4 0.75-1.11 0.5-0.76 0.26-1.20 11-80 9-60 0.7-1.3 Calc-alkaline
to granodiorite
Pedra Branca suite 55.7-79.5 12.9-15.1 0.62-1.08 0.71-0.97 0.09-0.19 4-182 1-12 0.4-3.9 Tholeiitic to
calc-alkaline
Canaad dos Carajas 70.6-72.9 14.3-14.8 1.0-1.1 0.8 0.67-1.05 13-43 7-21 0.7-1.1 Calc-alkaline
granite
Bom Jesus granite 71.8-74.4 13.2-14.8 1.02-1.08 0.77-0.84 0.98-1.60 61-376 86-329 0.5-1.2 Calc-alkaline
Cruzaddo granite 70.3-74.3 13.3-144 0.98-1.09 0.77-0.85 1.25-1.97 2-53 19-120 0.3-0.5 Calc-alkaline to
alkaline
Serra Dourada granite 72.3-75.4 13.5-14.4 1.08-1.16 0.82-0.90 0.89-1.94 4-18 23-63 0.4-0.8 Calc-alkaline
Planalto suite 70.4-75.5 11.4-131 0.91-1.09 0.88-0.99 1.24-2.00 1-4 5-17 0.3-0.7 Alkaline

geochemical data, these granitoids will be assembled in two dif-
ferent groups according to the dominant rocks and independent
of their ages: (1) tonalite-trondhjemite and subordinate associ-
ated rocks; (2) granitic rocks. The first group encompasses two
Mesoarchean units, the Rio Verde trondhjemite and the Camp-
ina Verde tonalitic complex, and the Neoarchean Pedra Branca
suite. Five granite units have been distinguished in the second
group. Four of them are of Mesoarchean age (the Canaa dos Cara-
jas, Bom Jesus, Cruzaddo, and Serra Dourada granites) and one
was formed during the Neoarchean (Planalto suite). The geo-
chemistry and origin of the Neoarchean Planalto suite and of
the Mesoarchean granites were discussed in more detail by Feio
et al. (2012) and Feio and Dall’Agnol (submitted for publication),
respectively.

4.2. Geochemical classification

In the normative An-Ab-Or plot (Fig. 4a), rocks of the tonalitic-
trodhjemitic units plot mostly in the tonalite and trondhjemite
fields but they occupy distinct areas of the diagram, whereas those
of the five granite units plot in the granite field and are partially
superposed. The rocks of the first group plot dominantly in the
tonalite (trondhjemite) field with the varieties of the Campina
Verde tonalite complex showing more variable composition and
the granitic rocks plot in the monzogranite and syenogranite fields
with subordinate granodiorite (Fig. 4b, PQ diagram). In the K-Na-Ca
plot (Fig. 4c), the Rio Verde trondhjemite and the Pedra Branca suite
samples are concentrated in the field of Archean TTGs but the lat-
ter show lower K contents. The Campina Verde tonalitic complex
samples are dispersed on the diagram with a clear distinct distribu-
tion of the hornblende- or biotite-dominated varieties. All granite
units are disposed along the calc-alkaline trend (Fig. 4c), but they
can be distinguished by their variable K-contents. The rocks of the
Pedra Branca suite are metaluminous and show a large chemical
variation, whereas those of the Campina Verde tonalitic complex
can be either metaluminous (amphibole-bearing varieties) or per-
aluminous (biotite-dominated facies) and those of the Rio Verde
trondhjemite are essentially peraluminous rocks. The Mesoarchean
granite units are peraluminous, whereas the Neoarchean Planalto
suite granites that are dominantly metaluminous (Fig. 4d, AB dia-
gram). In the SiO, vs. FeO./(FeO; + MgO) diagram (Fig. 4e), the Rio
Verde trondhjemite and the Campina Verde tonalitic complex show
the lowest FeO¢/(FeO¢+MgO) and are magnesian granitoids. The
Pedra Branca suite has a relatively high FeO/(FeO + MgO) com-
pared to the other units of the first group and can be classified
as a ferroan series (Frost et al., 2001). The Mesoarchean granite
units plot in the border between the magnesian and ferroan
fields (Fig. 4e) and represent more probably, strongly fractionated

magnesian granites. The Planalto suite granites show the
highest values of FeO./(FeOt+MgO) and are typical ferroan
granites (Frost et al., 2001). In the 100 *(MgO +FeO +TiO,)/SiO,
vs. (Al;03 +Ca0)/(FeO+K;0+Nay0) diagram, the Mesoarchean
granites are all strongly fractionated and vary from calc-alkaline to
transitional between calc-alkaline and alkaline (Cruzaddo granite).
In turn, the Planalto suite granites show a clear alkaline character.

The three tonalitic-trondhjemitic units are clearly distinguished
in the TiO, vs. SiO, diagram (Fig. 5a). The Pedra Branca suite shows
characteristics between tholeiitic and calc-alkaline, whereas the
Rio Verde trondhjemite and Campina Verde tonalite define calc-
alkaline trends (AFM-diagram in Fig. 5b). The Pedra Branca suite is
depleted in K5O, the Rio Verde trondhjemite has low- to medium-
K50 contents and the Campina Verde tonalite complex rocks show
a strong variation of K, O (Fig. 5¢).

4.3. Trace elements

4.3.1. Tonalitic-trondhjemitic units

The Pedra Branca suite differs from the other units by its higher
Zr and lower Rb contents (Fig. 6a, Rb vs. Zr diagram; cf. also Gomes
and Dall’Agnol, 2007). The Rb contents of the Campina Verde com-
plex tend to be higher compared to the Rio Verde trondhjemite.
The La/Yb vs. Sr/Y ratios tend to increase from the Pedra Branca
suite to the Campina Verde complex and attain the highest values
in the Rio Verde trondhjemite (Fig. 6b). The REE patterns (Fig. 6¢)
of the three units are also clearly distinct due to the contrast in
the degree of fractionation of heavy REE (HREE). Eu anomalies are
absent or discrete (positive or negative) in all three units.

The dominantly tonalitic-trondhjemitic units show clear geo-
chemical contrasts that point for their independent origin. The
Pedra Branca suite, despite its dominant lithologies, is enriched
in TiO,, Zr, and Y, has no geochemical affinities with the Archean
TTG series and must have been originated by different processes or
derived from distinct sources than the TTGs (Gomes and Dall’Agnol,
2007). The Campina Verde tonalitic complex also differs from the
classical Archean TTG series because it defines an expanded mag-
matic series that has affinity with calc-alkaline series (Fig. 5b).
Besides, its amphibole- and biotite-dominated varieties tend to fol-
low two distinct near vertical trends in the K-Na-Ca plot (Fig. 4c)
and are not concentrated exclusively in the field of classical Archean
TTGs (Martin, 1994). Only the Rio Verde trondhjemite has geo-
chemical affinities with TTGs, including those of the Rio Maria
domain (Fig. 5b).

4.3.2. Granitic units
In the Zr vs. Rb/Sr plot (Fig. 7a), the Zr-enriched character
of the Planalto suite is remarkable, whereas the Mesoarchean
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Fig. 4. Geochemical diagrams showing the distribution of the granitoids of the Canaa area. (a) Normative feldspar triangle (O’Connor, 1965) with fields from Barker (1979);
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granite units are distinguished for their variable Rb/Sr ratios or,
in the case, of the Bom Jesus and Canai dos Carajas granites, also
for their contrast in Zr contents. The Planalto and Bom Jesus gran-
ites are also distinguished, respectively, by their lowest and highest
La/Yb and Sr/Y ratios compared to the other units (Fig. 7b). These
show similar Sr/Y but distinct La/Yb which increases from the Canad
dos Carajas to the Serra Dourada and attains maximum values in
the Cruzaddo granite. In the La/Yb vs. Eu/Eu* diagram (Fig. 7c¢), it
can be seen that the Canaa dos Carajas and Bom Jesus granites have
relatively higher Eu/Eu* values when compared to the other gran-
ite units. This reflects the discrete or absent Eu anomalies observed
in the former granites and the moderate to accentuated negative
Eu anomalies shown by the Planalto, Serra Dourada and Cruzadao
granites (Fig. 7d). Besides the contrast in the Eu anomalies, the stud-
ied granites differ also by their distinct (La/Yb)y ratios and total REE
contents (Fig. 7b-d; Table 2).

5. Pb-evaporation and U-Pb LA-MC-ICPMS on zircon
geochronology

5.1. Introduction

The available geochronological data on the Archean granitoids
of the Carajas domain, including the ‘Transition’ sub-domain and
the Canad dos Carajas area, as well as the new ages obtained in this
work are in Table 4. We have studied representative samples of the
Rio Verde trondhjemite (AER-11A and GRD-79C), Campina Verde
tonalitic complex (ARC-65A, ERF-07C, and ARC-95A), Pedra Branca
suite (AMR-191A), and Canad dos Carajas (AMR-102), Bom Jesus
(GRD-47), Cruzaddo granite (ARC-100 and GRD-58), Serra Dourada
granite (GRD-59), and Planalto suite (ARC-109 and AMR-187B)
granites. The geochronological/isotopic methods (U-Pb LA-MC-
ICPMS, zircon evaporation dating and Sm-Nd isotope systematic)
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(Nakamura, 1974).

are described in Appendix B and the isotope data are presented in
supplementary Tables A-C.

5.2. Rio Verde trondhjemite

Two samples of biotite trondhjemite (AER-11) and biotite gra-
nodiorite (GRD-79C) were both dated by the Pb-evaporation on
zircon and U-Pb LA-MC-ICPMS methods.

Twelve zircon grains of AER-11 were analyzed by Pb-
evaporation and three grains (Fig. 8a; Table A) yielded an age of
2929 4+ 3 Ma (MSWD =3.0). Forty-two analyses on twenty-six zir-
cons were performed by the U-Pb LA-MC-ICPMS method. Most
analyses were strongly discordant and were discarded. Reducing
the degree of discordance to a maximum of 3%, seven spots in dif-
ferent zircon grains (Fig. 9a; Table B) defined a concordia age of
2923 4+ 15 (MSWD =6.8). This age is similar to that obtained by the
Pb-evaporation method.

Eleven zircon grains of GRD-79C were analyzed by Pb-
evaporation and four grains (Fig. 8b) gave an age of 2868 +4 Ma
(MSWD =1.13). Forty spot analyses on twenty-five zircon grains
were performed by the U-Pb LA-MC-ICPMS method. Almost all
analyses are strongly discordant and do not define a clear age.

One concordant analyzed zircon yielded an age of 2841 +9Ma
(MSWD =2.4) and the spot analyses aligned with that grain (Fig. 9b)
gave an upper intercept age of 2820+22Ma (MSWD =4.8). The
age obtained by the Pb-evaporation method is slightly older than
that indicated by the concordant zircon grain (U-Pb LA-MC-ICPMS
method).

5.3. Campina Verde tonalitic complex

Two samples of the Campina Verde tonalitic complex represen-
tative of the biotite tonalite to granodiorite and biotite-hornblende
tonalite varieties were selected for dating, a biotite granodior-
ite (ERF-7C) collected along the road between Vila Planalto and
Parauapebas (Fig. 2) and a biotite-hornblende tonalite (ARC-65A)
from a quarry located at ca. 1 km to the west of Vila Planalto. A third
sample of the biotite-hornblende tonalite (ARC-95) associated with
the Cruzaddo granite, located to the west of the Rio Branco granite
(Fig. 2), was also dated.

The biotite granodiorite (ERF-7C) was dated only by the Pb-
evaporation method. Twelve zircon crystals were analyzed and
five of them (Fig. 8c; Table A) defined a mean age of 2868 +2 Ma
(MSWD=1.3).
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selected samples of the different granite units.

The biotite-hornblende tonalite (ARC-65A) was dated by the Pb-
evaporation method. Fourteen crystals were analyzed and five were
used to calculate a mean age of 2872 + 1 Ma (MSWD =1.2; Fig. 8d;
Table A). The same sample was also analyzed by the U-Pb LA-MC-
ICPMS method. Eliminating all spots analyses with discordance
greater than 3% of discordance, the remaining nine spot analy-
ses yielded a concordant age of 2850+ 7 Ma (MSWD =2.7; Fig. 9c;
Table B). That age is younger than the Pb-evaporation age. Three
analyzed spots in the outer zone of zircon grains yielded an age of
2724 4+15Ma (MSWD = 3.0), probably due to Pb-loss related to the
opening of the U-Pb system during an event of Neoarchean age.
One analyzed zircon grain, interpreted as inherited, provided the
age of 3002 + 23 Ma (MSWD =1.6).

Sample ARC-95 was also dated by the Pb-evaporation and U-Pb
LA-MC-ICPMS methods on zircon. Fifteen zircon crystals were ana-
lyzed by Pb-evaporation and six of them defined a mean age of
2853 +2Ma (MSWD=3.1; Fig. 8e; Table A). One analyzed zircon
provided an age of 2966+5Ma and most likely represents an
inherited grain. Twenty-three zircon grains were analyzed by the
U-Pb LA-MC-ICPMS method. Reducing the degree of discordance

to a maximum of ~10%, the twelve remaining spots defined an
upper intercept age of 2851 4+ 18 Ma (MSWD=2.9) and eight con-
cordant analyses (Fig. 9d) gave a concordia age of 2849 + 18 Ma
(MSWD =0.13). An isolated zircon grain yielded a concordia age of
2647 +23 Ma (MSWD = 0.047)

The ages obtained in this work for the different dated sam-
ples of the Campina Verde tonalitic complex comprised between
2.87 Ga and 2.85Ga and this interval is assumed as the crystal-
lization age for that granitoid. The sample ARC-95 is associated
with the Cruzaddo granite which, in the later stages of its
evolution, was apparently deformed simultaneously with that
tonalite.

5.4. Canad dos Carajds granite

A biotite leucomonzogranite (sample AMR-102) of the Canaa
dos Carajas granite was dated by the Pb-evaporation method (ca.
2.93 Ga; Sardinha et al., 2004). Additional LA-MC-ICPMS dating was
performed in the same sample. Twenty-one zircon grains were ana-
lyzed and, when possible, analyses of core and border zones were
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performed in the same grain. The obtained results are shown in
Table B and Fig. 9e. Most analyses show high discordance or large
errors, and were therefore not used in the age calculation. Seven
analyses obtained in five grains resulted in an upper intercept age
of 2952 + 24 Ma (MSWD =2.3). Using only analytical results with
discordance smaller than 3%, the remaining five analyses in four
distinct zircon grains plot on the concordia curve and yielded an
age of 2959+ 6Ma (MSWD =1.5). This age is slightly older than

the Pb-evaporation age and is interpreted as the crystallization
age of the Canad dos Carajas granite. A zircon core gave a con-
cordia age of 3030+ 15Ma (MSWD=1.3) and was interpreted as
an inherited grain. Another concordant zircon yielded a concordia
age of 2864 +12 Ma (MSWD =1.2), probably due to an opening of
the U-Pb system. The presence of an older inherited zircon in the
dated rock indicates a probable crustal source for the magma of this
granite. The younger age of ca. 2.86 could be related to reworking
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of the granite during the important magmatic and tectonic events
identified in the Canaad area at that time (cf. Table 4).

5.5. Bom Jesus granite

A biotite leucosyenogranite (GRD-47) of the Bom Jesus granite
was dated by the U-Pb LA-MC-ICPMS method and the obtained
results (Table B) show that most analyzed spots are strongly
discordant. Discarding grains with more than 5% of discordance
the remaining grains are still extremely dispersed in the age
diagram and did not define a unique age for this granite. Sev-
eral analyzed spots are disposed near the concordia curve but
they are dispersed and isolated grains define extremely variable
ages: 3005+15Ma (MSWD=0.15), 2963 +13Ma (MSWD=1.8),
2914+ 14 Ma (MSWD =1.5), 2847 £ 13 Ma (MSWD=1.6),
2699 +£11Ma (MSWD=0.71), 2588 +£ 15 Ma (MSWD =1.3).

Owing to the complexity of the results obtained by the U-Pb LA-
MC-ICPMS method, it was decided to date this sample also by the
U-Pb SHRIMP technique. Ten analyzed zircon grains (Table C) pro-
vided an upper intercept age of 2833 + 6 Ma (MSWD =1.8; 1) with
two grains yielding ages of 3017 4+ 5 Ma and 3074 4+ 6 Ma (Fig. 10a).
The lower intercept defined an age of 525 444 Ma possibly related
to uplift of the Canaa area or to the formation of the Araguaia belt,
during the Brasiliano cycle (Fig. 1).

5.6. Cruzaddo granite

Two samples of the Cruzaddo granite were selected for dat-
ing by the U-Pb LA-MC-ICPMS method. Sample ARC-100 (biotite
leucosyenogranite) is located in the western and GRD-58 (biotite
syenogranite) in the central-southern exposed area of that granitic
unit.

The 21 analyzed zircon grains of ARC-100 show with a few
exceptions a high degree of discordance. Using only analyses that
are less than 50% discordant, the thirteen remaining zircon grains
(Fig. 9f) define an upper intercept age of 2879 4+ 37 Ma (MSWD =5.8)
and one isolated grain yielded a 2875 + 12 Ma (MSWD=1.16) con-
cordia age. Three grains gave an older concordia age of 3056 &9 Ma
(MSWD=1.6). In the sample GRD-58, twenty-five zircon grains
were analyzed. Eliminating the most discordant grains, 16 remain-
ing spot analyses (Fig. 9g) did not define an upper intercept age.
However, the six zircon analyses with less than 5% discordance
gave a concordia age of 28574+ 8Ma (MSWD=13). These same
six grains yielded a mean weighted average 207Pb/2%Pb age of
28454+ 15Ma (MSWD =2.1). Other three zircon grains with low-
discordance yielded a concordia age 0of 2785 + 16 Ma (MSWD =4.1).

5.7. Serra Dourada granite

A biotite leucomonzogranite (GRD-59) of the central area of the
Serra Dourada pluton (Fig. 2) was sampled for dating.

Fifty-five U-Pb LA-MC-ICPMS analyses performed on thirty-
one zircon grains yielded in general strongly discordant analytical
points (Table B). Eight zircon grains (Fig. 9e) provided a concordia
age of 2831 £ 6 Ma (MSWD=1.3).

This age is slightly younger than the upper intercept age of
2860+22Ma (MSWD=11.5) obtained for the same granite unit
(Moreto et al., 2011), but both ages are almost superposed within
errors. The fact that the age presented in this work is a concordia
age with a relatively low MSWD makes it more reliable and it is
interpreted as the crystallization age of the Serra Dourada granite.

5.8. Pedra Branca suite

Sample AMR-191 (trondhjemite) of this suite was selected for
LA-MC-ICPMS study.
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Twenty-nine zircon grains were analyzed by LA-MC-ICPMS and,
when possible, analyses of core and rims were performed in the
same grain. The obtained results are shown in Table B and Fig. 9i.
The zircon analyses show a complex distribution in the concordia
diagram and a significant number of analyzed spots is discordant
(Fig.9i).In a preliminary approach, the analyses with more than 10%
of discordance were discarded and the remaining data yielded an
upper intercept age of 2762 + 13 Ma (MSWD = 1.0; Fig. 9i). Reducing
the discordance to a maximum of 2.5%, 6 zircon analyses, per-
formed in core and border zones and in bright and darker zones
of the crystals, gave a concordia age of 275045 Ma (MSWD =3.9;
Fig. 9i). Three zircon grains similar to those of the dominant popula-
tion yielded an upper intercept age of 2954 + 52 Ma (MSWD=0.11)
and where interpreted as inherited zircons. There are several anal-
yses that suggest younger ages but they do not define a precise
age.

5.9. Planalto suite

The available geochronological data and new dating on this unit
(Table 4) were reported by Feio et al. (2012).

Additional U-Pb SHRIMP on zircon ages on two samples
(AMR-187B and ARC-109) previously dated by Feio et al. (2012)
were obtained in the present work. The analytical procedures
are described in Appendix B and isotope data are presented in
Supplementary Table C. Sample AMR-187B came from a stock to
the east of Canad dos Carajas town and ARC-109 from another
stock in the southwestern part of the study area (Fig. 2). Eight ana-
lyzed zircon grains of the sample AMR-187B (Fig. 10b) yielded an
upper intercept age of 2738 +£ 3 Ma (MSWD = 2.5; 20). Sixteen anal-
yses were done on zircon grains of sample ARC-109. Discarding
the seven most discordant data (Fig. 10c), it resulted in an upper
intercept age of 2730+ 5 Ma (MSWD=1.6; 10).

6. Sm-Nd isotopic data

The Nd isotope data and the ages assumed for the different units
are presented in Table 5. The Sm and Nd contents are quite vari-
able in the different granitoid units. They are relatively low in the
analyzed samples(1.2-4.9 ppmof Smand 10-31 ppm of Nd), except
for the Planalto and Cruzaddo granites, in the orthopyroxene quartz
gabbro and in sample ARC-142 of the Pedra Branca suite, where the
Sm and Nd contents are higher (6-17 ppm of Sm and 42-124 ppm
of Nd). The 47Sm/144Nd ratios show strong variations with some
granitoids with ratios varying between 0.09 and 0.12 (Canad dos
Carajas, Serra Dourada, Planalto granites, Campina Verde tonalitic
complex, orthopyroxene quartz gabbro and the samples GRD-58
of the Cruzadao granite and AMR-191 of the Pedra Branca suite;
Table 5) and others with comparatively lower ratios of 0.050-0.075
(Rio Verde trondhjemite, Bom Jesus granite and the samples ARC-
113 of the Cruzadao granite and ARC-142 of the Pedra Branca
suite).

Among the Mesoarchean units, the Canad dos Carajas gran-
ite and Campina Verde tonalitic complex show a broadly similar
behavior of the Sm-Nd isotopic system. The Nd model ages vary
from 3162 Ma to 3050 Ma and their éNd(t) values (Table 5) are
slightly negative from —0.04 to —4.09, except for an isolated sample
(ERF-07C with Tpy; 0f 2944 Ma and ¢Nd of +0.94). On the other hand,
the eNd(t) values for the Bom Jesus, Cruzaddo and Serra Dourada
granites are positive (+2.31 and +0.12) with Tpy depleted-mantle
model ages varying from 2999 Ma to 2932 Ma. The Neoarchean
granitoids (Planalto and Pedra Branca suites and Charnockitic rock)
show Tpy varying from 3136 Ma to 2952 Ma and ¢Nd is always neg-
ative (—0.85 to —2.25; Table 5), except for the sample AMR-152 of
the Planalto suite (Tpy; of 2813 Ma and ¢Nd of +1.38).

7. Discussion
7.1. Ages of the Archean granitoids of the Canad area

The new ages obtained for the Archean granitoids of the Canad
area, integrated with those available in the literature, allow us to
constrain the timing of the major magmatic events that had taken
place in that area (Table 4, Fig. 11). Four major events of rock for-
mation are distinguished: at 3.05-3.0, 2.96-2.93, 2.87-2.83, and
2.75-2.73 Ga (Fig. 12). The 3.05-3.0 Ga event was marked by the
formation of the Pium complex and Bacaba tonalite, and by several
inherited zircon ages shown by different granitoids (Table 4). Dur-
ing the second event, the crystallization of the Canad dos Carajas
granite and the formation of the older rocks of the Rio Verde trond-
hjemite took place. During the third stage, the dominant rocks of the
Campina Verde tonalitic complex and Rio Verde trondhjemite, as
well as Serra Dourada granite were crystallized. The Cruzadio and
Bom Jesus granites include zircons with ages varying from 3.05 Ga
to 2.83 Ga and had probably a complex evolution. 2.85-2.83 Ga is
interpreted as a minimum age for those granites. Finally, the fourth
event occurred during the Neoarchean when the Planalto and Pedra
Branca suites and the charnockites associated with the Pium com-
plex were crystallized.

Three major events of rock formation occurred, therefore, during
the Mesoarchean and are not very distinct in age of those reg-
istered so far in the Carajas province as a whole. On the other
hand, the fourth Neoarchean magmatic event identified in Canaa
is also present in the Carajas basin but absent in the Rio Maria
domain.

The different ages obtained for the Rio Verde trondhjemite
(Table 4, Fig. 11) are difficult to interpret. The ~2.93Ga age
yielded by the AER-11A sample may suggest the existence of older
trondhjemitic rocks associated with the dominant trondhjemites
probably aged of 2.87-2.85 Ga. An alternative interpretation would
be to admit that the dated zircons of AER-11A were inherited but
this hypothesis is not favored because a significant number of spot
analyses were employed to define the concordia age (Fig. 9b). It is
concluded that the Rio Verde trondhjemite was possibly formed in
different periods in between 2.93 and 2.85 Ga.

The evolution of the Bom Jesus and Cruzaddo granites was com-
plex as indicated by the ages varying between 3.05 and 2.83 Ga
given by zircons of two different populations and evidence of zir-
con overgrowths (Table 4, Fig. 11). A sedimentary source for these
granites would be able to explain the diversity of zircon shape and
ages but the geochemical characteristics of these rocks are not con-
sistent with such origin (cf. geochemistry section). At the present
moment, the 2833 &6 Ma age can be seen as a minimum crystal-
lization age for the Bom Jesus and Cruzadio granites, which could
have a polycyclic evolution. The field relationships between the
Bom Jesus granite and the Rio Verde trondhjemite suggest that both
units were deformed simultaneously in the later stages of their evo-
lution. A similar relationship is shown by the Cruzaddo granite and
the Campina Verde tonalite.

The Pedra Branca suite also had a complex geologic evolution
(Table 4, Fig. 11). This is indicated by the presence of inherited
and rejuvenated zircon grains and abundant fractures in the zircon
crystals. The ages of the inherited zircons are coincident within
errors with important events of the Canad area crustal evolution
(2.96-2.93 Ga). The concordia age of 2750 + 5 Ma obtained in the
dominant zircon population is interpreted as the crystallization age
of the Pedra Branca granitoids.

Three samples of the Planalto granite yielded extremely simi-
lar Pb-evaporation on zircon ages (ca. 2730 Ma, Table 4, Fig. 11).
These ages are a little younger that those of the Planalto suite of its
type area (2747 +2 Ma, Huhn et al., 1999) and of two stocks located
in the ‘Transition’ sub-domain (275442 Ma, Silva et al., 2010;



Table 4

Summary of the available geochronological data of the ‘Transitional’ subdomain and new data obtained in this work.

Campina Verde tonalitic
Complex

Bacaba tonalite

Bt-Hb tonalite/ARC-65A

Bt-Hb tonalite/ARC-95A

Bt granodiorite/ERF-07C

Tonalite
Tonalite

Pb-evaporation
U-Pb LA-MC-ICPMS
U-Pb LA-MC-ICPMS
U-Pb LA-MC-ICPMS
Pb-evaporation
Pb-evaporation
U-Pb LA-MC-ICPMS
Pb-evaporation

U-Pb LA-MC-ICPMS
U-Pb LA-MC-ICPMS

28721
2850+7
3002 +23P
2724 +15¢
2854+2
2966 + 5P
2849+18
2868 +2

2997 +5
2993+7

fractures. Second population (<125 wm): rounded and brownish (shrimp age).

Colorless to pale brown subeuhedral short prismatic with
rounded edges and few inclusions and fractures.
Well-developed oscillatory-zone.

Units Rock type Method Zircon age (Ma) Ref. Characteristics of analyzed zircon crystals
Cristalino Diorite Pb-evaporation 2738+6 1
Planalto suite Granite Pb-evaporation 274712 1 Translucent to transparent, prismatic slightly rounded and
Hb-Bt monzogranite Pb-evaporation 273442 2 fractured; pale brown; irregular dark gray cores; rims with
Bt-Hb sienogranite Pb-evaporation 275442 2 oscillatory zoning and locally dark.
Bt-Hb syenogranite/AMR-187B Pb-evaporation 273342 3
U-Pb LA-MC-ICPMS 2729+17 3
U-Pb SHRIMP 273843 9
Hb-Bt syenogranite/ARC-109 Pb-evaporation 2731+1 3
U-Pb LA-MC-ICPMS 271010 3
U-Pb SHRIMP 2730+5 9
Bt syenogranite/GRD-77 Pb-evaporation 2736+4 3
U-Pb LA-MC-ICPMS 2706+5 3
Charnockite association Opx-trondhjemite Pb-evaporation 2754 +1 2
Qtz-gabbro U-Pb LA-MC-ICPMS 273545 3
Estrela Complex Granite Pb-evaporation 276347 4
Serra do Rabo Hb syenogranite U-Pb TIMS 274342 4
Igarapé Gelado Granite Pb-evaporation 2731+26 4
Pedra Branca suite Trondhjemite Pb-evaporation 2749+ 62 5 Dominant elongated, prismatic (rectangular in section),
Trondhjemite U-Pb TIMS 2765+39 5 euhedral or slightly rounded; subordinate short prismatic or
Trondhjemite/AMR-191A U-Pb LA-MC-ICPMS 275045 9 rounded. Both light brown, translucent to transparent,
U-Pb LA-MC-ICPMS 2954 +52P 9 intensely fractured and with metamictic cores; overgrowths
U-Pb LA-MC-ICPMS 2701 +6¢ 9 (?) around corroded cores.
Serra Dourada granite Granite U-Pb LA-MC-ICPMS 2860+22 7 Subhedral, pinkish, elongated, prismatic, slightly rounded,
Leucomonzogranite/ GRD-59 U-Pb LA-MC-ICPMS 2831+6 9 and fractured; oscillatory-zoning.
Cruzaddo granite Bt syenogranite/GRD-58A U-Pb LA-MC-ICPMS 2845+15 9 Prismatic, light pinkish, and zoned. overgrowths (?) dark;
U-Pb LA-MC-ICPMS 2857+8 9 some are rounded; other grains are uniform and darker;
U-Pb LA-MC-ICPMS 2785+ 16°¢ 9 partial metacmitization and fractures.
U-Pb LA-MC-ICPMS 2675 +26° 9
Bt leucosyenogranite/ARC-100 U-Pb LA-MC-ICPMS 2875+12 9
U-Pb LA-MC-ICPMS 3053+8 9
Bom Jesus gneissic granite Bt leucosyenogranite/GRD-47 U-Pb SHRIMP 2833+6 9 First population (125-180 wm): Prismatic, light brownish, zoned; overgrowths (?) dark;
U-Pb SHRIMP 3017+5and 3074+ 6 Ma® 9 some are rounded; other grains are uniform and darker; partial metamictization and
9
9
9
9
9
9
9
9
9
7
7
7

Tonalite

U-Pb LA-MC-ICPMS

3005+8

9L1
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Table 4 (Continued)

Units Rock type Method Zircon age (Ma) Ref. Characteristics of analyzed zircon crystals
Rio Verde trondhjemite Bt granodiorite/ GRD-79C U-Pb LA-MC-ICPMS 2820+22 9 Pinkish elongated prismatic; euhedral to subhedral shape or
U-Pb LA-MC-ICPMS 2709 +30°¢ 9 locally rounded. Oscillatory zoning and low luminescence;
Pb-evaporation 2869+4 9 bright zones in some metamict grain cores.
Bt trondhjemite/AER-11A Pb-evaporation 2929+3 9
Bt trondhjemite/AER-11A U-Pb LA-MC-ICPMS 2923+15 9
U-Pb LA-MC-ICPMS 2868 £ 6¢ 9
Canad dos Carajas granite Bt leucomonzogranite/AMR-102 Pb-evaporation 2928 +1 5 Fractured, translucent to transparent prismatic; slightly
Bt U-Pb LA-MC-ICPMS 2959+6 9 rounded edges and brown color. Subordinate short prismatic
leucomonzogranite/AMR-102 U-Pb LA-MC-ICPMS 3030+ 15P 9 or rounded. Evidence of inherited cores
U-Pb LA-MC-ICPMS 2864 +12¢ 9
Xingu complex Granodiorite Pb-evaporation 2852+16 8
Granitic leucossoma U-Pb TIMS 2859+2 8
Bt trondhjemite Pb-evaporation 287242 6
Gneiss granodiorite Pb-evaporation 2974+15 8
Pium complex Protolith of the enderbite U-Pb SHRIMP 3002+ 14 10
Enderbite U-Pb SHRIMP 2859 +9¢ 10

Bt, biotite; Hb, hornblende; opx, orthpyroxene; qtz, quartz. Data source: (1) Huhn et al. (1999); (2) Oliveira et al. (2010b), (3) Feio et al. (2012); (4) Barros et al. (2009); (5) Sardinha et al. (2004); (6) Machado et al. (1991); (7)
Moreto et al. (2011); (8) Avelar et al. (1999); (9) this work; (10) Pidgeon et al. (2000).

2 Recalculed age for 2 sigma.

b Inherited zircon.

¢ Openning of the isotopic system or metamorphism.
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Table 5
Sm-Nd isotopic data for the granitoids of the Canaa dos Carajas area.
Sample Sm (ppm) Nd (ppm) 1475m/144Nd 143Nd/144Nd (+20) f(Sm/Nd) eNd(0) eNd(t) Tom (Ma)
2.95 Ga Canaa dos Carajas granite
AMR-102 1.94 11.14 0.1050 0.51082 (6) —0.4661 —35.46 —0.66 3162
AMR-213 3.84 23.49 0.0988 0.510691 (5) —0.4977 —37.98 -0.51 3162
2.93 Ga Rio Verde Trondhjemite
AER-11 1.78 18.70 0.0572 0.509949 (22) —0.7092 -52.5 0.19 3042
AER-77B 2.55 21.17 0.0741 0.510399 (17) —1.0000 —43.7 2.61 2913
2.86 Ga Rio Verde trondhjemite
GRD-79C 1.21 10.08 0.0723 0.510421 (12) —-0.4977 —43.2 2.75 2850
2.85 Ga Campina Verde tonalitic complex
AER-29A 3.21 17.47 0.1111 0.511008 (8) —0.4352 —-31.80 —-0.38 3064
ARC-65A 4.98 31.65 0.0951 0.510651 (9) -0.5165 —38.76 -1.48 3113
ARC-95A 444 23.74 0.1131 0.511033 (13) —0.4250 -31.31 -0.63 3088
ERF-113 3.75 19.03 0.1192 0.511178 (14) —0.3940 —28.48 —0.04 3050
ERF-07C 248 16.47 0.0910 0.510697 (22) —-0.5374 —37.86 0.94 2944
ERF-134 4.90 29.04 0.1021 0.51065 (26) —0.4809 —38.78 —4.09 3321
2.85 Ga Cruzaddo granite
ARC-113 7.68 70.78 0.0655 0.510217 (14) —-0.6670 —47.2 231 2932
GRD-58A 13.33 82.55 0.0976 0.510793 (1) -0.5038 -36.0 0.38 2987
2.85 Ga Bom Jesus gneiss granite
AE-47 1.45 12.04 0.0729 0.510337 (19) —0.6294 —44.9 0.55 2957
ARC-116 2.6 31.0 0.0508 0.509899 (17) -0.7417 -534 0.12 2967
2.83 Ga Serra Dourada granite
AER-27 3.02 16.85 0.1084 0.510996 (16) —0.4489 —32.03 0.15 2999
AER-59 347 22.22 0.1025 0.510925 (11) -0.4789 —33.42 0.92 2935
2.75 Pedra Branca suite
AMR-191A 1.72 8.94 0.1164 0.51107 (6) —0.4085 —30.59 -2.16 3136
ARC-142 12.84 124.27 0.0625 0.510141 (7) —-0.6823 —48.71 -1.21 2952
2.73 Ga Orthopyroxene-quartz gabbro
GRD-052 11.78 64.64 0.1102 0.51099 (7) —0.4398 -31.97 -1.59 3049
2.73 Ga Planalto suite
ARC-108? 6.02 42.00 0.0867 0.510573 (9) —-0.5592 —40.28 -1.64 2996
ARC-109? 11.35 63.00 0.1089 0.511013 (7) —0.4464 -31.70 -0.85 2988
AMR-1522 13.82 77.83 0.1073 0.511098 (12) —0.4545 —-30.04 1.38 2813
AMR-187B2 17.09 100.52 0.1027 0.510901 (17) -0.4779 -33.88 -0.86 2975
GRD-772 13.40 77.29 0.1048 0.510868 (23) —0.4672 —34.53 -2.25 3084

o

Feio et al. (2012).

2748 +2 Ma and 2749 4+ 3 Ma, Souza et al.,, 2010), all dated by the
Pb-evaporation method. The Estrela complex, the Igarapé Gelado
and the Serra do Rabo plutons of the Carajas domain, which are geo-
chemically similar to the Planalto suite, yielded, respectively, zircon
ages of 2763 +7Ma and 2731+26Ma (Pb-evaporation; Barros
et al., 2009) and of 2743 +2 Ma (U-Pb TIMS age; Sardinha et al.,
2006). Additional ages were obtained for three distinct plutons of
the Planalto suite by the U-Pb LA-MC-ICPMS method (Feio et al.,
2012). It resulted in concordia ages of 2729 + 17 Ma (AMR-187B),
2710+ 10Ma (ARC-109), and 2706 & 5 Ma (GRD-77).

The new ages obtained in the present work for sample AMR-
187B are almost coincident within error with those yielded by the
Pb-evaporation on zircon and U-Pb LA-MC-ICPMS methods (Feio
et al,, 2012). The same is true in the case of the Pb-evaporation
on zircon and U-Pb SHRIMP on zircon ages of the sample ARC-
109. However, the U-Pb LA-MC-ICPMS zircon age obtained for that
sample (Feio et al., 2012) is slightly younger. Comparing the differ-
ent results obtained, it is concluded that the crystallization of the
Planalto suite took place between 2740 and 2730 Ma.

7.2. Geochemical signature of the Archean granitoids of the
Canad area: geologic and tectonic implications

The granitoid magmatism identified in the Canaa area is diver-
sified in age and geochemical signature. Two groups of units were
recognized: the tonalitic-trondhjemitic units and the granitic ones.
The dominantly tonalitic-trondhjemitic units show clear geochem-
ical contrasts that point for their independent origin. The Campina
Verde tonalitic complex and the Pedra Branca suite do not have
geochemical affinity with TTG suites such as those of the Rio Maria
domain (Almeida et al., 2011) or other Archean cratons (Martin,

1994; Smithies, 2000; Condie, 2005; Moyen and Stevens, 2006;
Clemens et al., 2006). The Pedra Branca suite is enriched in TiO,, Zr
(Figs. 5a and 6a), and Y and the Campina Verde tonalitic complex
defines an expanded magmatic series that has affinity with calc-
alkaline series (Figs. 4c and 5b). Only the Rio Verde trondhjemite
shows similarities with the TTG suites (Fig. 4c) but its areal dis-
tribution is relatively limited in Canaa (Fig. 2), when compared to
the observed in the adjacent Rio Maria domain, where TTG units
cover large areas. Thus, it is concluded that the TTG magmatism is
far more limited in Canaad than in classical Archean terranes. Also
relevant is the absence in Canad of sanukitoid suites (Fig. 2). The
latter are common in the later stages of evolution of many Archean
cratons (Stern and Hanson, 1991; Smithies and Champion, 2000;
Halla, 2005; Lobach-Zhuchenko et al., 2005; Heilimo et al., 2011)
and are widespread in the Rio Maria domain (Althoff et al., 2000;
Oliveira et al., 2009a, 2010a).

On the other hand, the granitic units, which constitute the
second geochemical group, are diversified in age and geochem-
ical signature and occupy large areas in Canad (more than
60% of the surface covered by granitoids). All granite units
are formed essentially by monzogranites and syenogranites and
except for the Serra Dourada granite, the other granite units
are strongly deformed, showing penetrative foliation and some-
times lineation and folded structures. The Mesoarchean granite
units encompass the Canad dos Carajas, Serra Dourada, Bom Jesus
granites, which have affinity with evolved Archean calc-alkaline
granites, and the Cruzaddo granite that is transitional between
calc-alkaline and alkaline (Sylvester, 1994; cf. our Fig. 4f). The
Neoarchean granites are represented by several granitic stocks that
constitute the Planalto suite, which has a ferroan and accentu-
ated alkaline character and is thus distinct from the Mesoarchean
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Fig. 11. Summary of geochronological data of the ‘Transitional’ subdomain available in the literature (data source are given in Table 2), including the new data obtained in

this study.

granites found in the same area in age and geochemical sig-
nature (Figs. 4e, f and 5a, d; Feio et al, 2012). Neoarchean
granites similar to those of the Planalto suite are also com-
mon in the Carajas basin, being represented by the Estrela
complex and the Serra do Rabo and Igarapé Gelado plutons
(Sardinha et al., 2006; Barros et al., 2009), and in other areas
of the ‘Transition’ sub-domain to the south of the studied area
(Oliveira et al., 2010b).

The dominance of granites (stricto sensu), the absence of sanuk-
itoids and the scarcity of typical TTGs in Canad demonstrate that

the magmatic series present in that area are very distinct of those
of the Rio Maria domain and do not favor a common tectonic evolu-
tion for both terranes, even if their Mesoarchean rocks have similar
ages. Typical Archean terranes are dominated by TTG and green-
stone belts with subordinate volumes of sanukitoid and granite
rocks (Goodwin, 1991; Condie, 1993; Sylvester, 1994; Jayananda
et al., 2006). Granites s.s. are commonly formed in the later stages
of evolution of Archean terranes and are generally associated
with the stabilization of the oldest cratons (Nisbet, 1987; Kroner,
1991; Davis et al., 1994; Jayananda et al., 2006). Thus, the larger
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Fig. 12. Histograms of frequency showing (a) the crystallization ages and (b) the depleted mantle (Tpy) ages obtained for the Archean rocks of the Carajas and Rio Maria

domains, of the Carajas province.

abundance of granitic rocks in Canad suggests that the Archean
crust of that area and possibly also of the ‘Transition’ sub-domain
is not a dominant juvenile character (Fig. 12), and possibly derived
from older sialic crust that was tending to stabilization during the
Mesoarchean. This is reinforced by the Nd isotope data (see below).
The Planalto suite records a remarkable magmatic and deforma-
tional Neoarchean event that intensely affected the Mesoarchean
crust of the Carajas domain and was responsible for the genera-
tion of relatively large volumes of ferroan granites associated with
charnockite series. This magmatism is a peculiar feature of Canai
and of the entire Carajas domain, which has no equivalent in the
Rio Maria domain.

7.3. Crustal evolution of the Canad area: implications for the
Carajds province

The data presented here are not conclusive in relation to the
evolution of the ‘Transition’ sub-domain of the Carajas domain, but
they establish some constraints and allow some preliminary con-
clusions. Geochronological and Nd isotope data (Fig. 12a and b)
indicate that the crust of the Canad area existed at least since the
Mesoarchean (ca. 3.2-3.0 Ga) and was strongly reworked during the
Neoarchean (2.75-2.70 Ga). Differently from the Rio Maria domain
where rocks have crystallization ages between 2.98 and 2.86 Ga and
show similar Nd Tpy ages which is an evidence of their juvenile
character, the dated rocks of the Carajas domain show more vari-
able crystallization and also Tpy; ages. Moreover, the Tpy ages of
the Canaa granitoids are significantly older than those of Rio Maria,
extending to ca. 3.2 Ga (Fig. 12b) and eNd values are commonly
negative, although positive values have been obtained in the case
of some granite units, possibly derived from juvenile crustal sources
with short crustal residence times. Besides, the presence of many
granitic units in Canad formed during the Mesoarchean and with
ages varying between 2.96 and 2.83 Ga also suggests the existence
in Canaad of a continental crust older than that of Rio Maria.

It is probable that a terrane similar to that represented by the
Canad Mesoarchean crust or even an extension of it was the base-
ment of the Carajas basin that was formed during the Neoarchean.
The tectonic events responsible for the origin of the Carajas rift and
the subsequent formation of the Carajas basin and the compres-
sional stage that followed it, both occurring in a short period during
the Neoarchean, were also registered in the Canad area. The intense
magmatic activity responsible for the origin of the Pedra Branca and

Planalto suite and charnockite rocks and the main deformational
structures shown by these units are related to this major tectono-
magmatic event. These rocks show penetrative foliation and local
subvertical lineation and were affected by thrust faults. This indi-
cates that they were emplaced in a transpressional regime (Fossen
and Tikoff, 1998) related to the regional Neoarchean deformation
that affected the Carajas domain (Pinheiro and Holdsworth, 1997).
This Neoarchean event is not registered in the Rio Maria domain in
the southern part of the Carajas province (Fig. 12a).

The available data on the Carajas domain allow us to evaluate
the hypothesis of existence of a ‘Transition’ sub-domain in between
the Rio Maria domain and the Carajas basin (Dall’Agnol et al., 2006).
In others words, we should evaluate whether the Canaa crust might
correspond to an extension of the Rio Maria domain which has been
strongly reworked during the Neoarchean. Despite the reasonable
coincidence in ages between the Mesoarchean rocks of Canad and
Rio Maria, it is demonstrated that the Rio Maria evolution was con-
centrated in a shorter period of time (Fig. 12a). Additionally, the
contrast in dominant lithologies and Nd isotope behavior (Fig. 12b)
between these terranes is remarkable and point to distinct evolu-
tion for both. In the eNd(t) vs age diagram (Fig. 13), the contrasts
between the Archean rocks of Rio Maria and Canag, including the
subalkaline granites of the Carajas basin can be observed more
clearly. The evolution paths defined by the rocks of these two
domains partially overlap but they suggest the existence of a dis-
tinct and significantly older crust for the Canad domain compared
to that of Rio Maria. This conclusion should be verified by additional
geological and geochronological studies in other areas of the ‘Tran-
sition’ sub-domain. Nevertheless, it is likely that the Mesoarchean
crust of Canad had initiated its tectonic stabilization before that
of Rio Maria and it is demonstrated that the entire Carajas domain
was submitted to intense crustal reworking during the Neoarchean,
whereas the Rio Maria domain was stabilized at the end of the
Mesoarchean.

7.4. A brief comparison with other Archean cratons

Archean cratons are commonly composed of three
main lithologic units: (1) a gneissic basement of
tonalitic-trondhjemitic-granodioritic (TTG) composition; (2)

greenstone belts; (3) K-rich granites, generated generally late
in the geological evolution of the craton (Moyen et al., 2003).
This general picture is quite similar to that registered in the Rio
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Maria domain but it differs substantially from that observed in the
Canaad area of the Carajas province. In the following, a preliminary
comparison between the evolution of the Carajas province and
those of other Archean terranes is presented. We have selected
the Dharwar and Karelian cratons, as well as the Limpopo belt for
comparison.

The Dharwar craton (Jayananda et al., 2006; Jayananda and
Chardon, 2011) is divided into two large domains, the western and
eastern Dharwar craton, and has a longer evolution in time com-
pared to the Carajas province. In the western Dharwar craton, the
dominantrocks are TTG series (3.4-3.2 Ga, Peninsular gneisses) and
supracrustal greenstone sequences (the 3.6-3.2 Ga, Sargur Group,
and the 3.0-2.6 Ga, Dharwar Supergroup). Potassic plutons were
formed during the Mesoarchean (ca. 3.0Ga) and Neoarchean (ca.
2.6 Ga). In the eastern Dharwar craton, >3.0 Ga old basement relicts
of TTG and 2.7-2.55 Ga greenstone belts were identified but the
dominant rocks are the 2.56-2.51 Ga Neoarchean dominantly calc-
alkaline to potassic granitoids, which include the classical Closepet
granite (Moyen et al., 2003). The southern part of the craton was
affected by granulitic metamorphism at the end of the Neoarchean
(2.56-2.50 Ga). The evolution of the Dharwar craton extended over
alarge period of time (ca. 1.0 Ga) compared to the Carajas province
(Fig. 12a). It is concluded that the tectonic and magmatic evolution
of the Dharwar craton differs in its essence of that registered in the
Carajas province.

The evolution of the Karelian province in Finland (Kdpyaho et al.,
2006; Heilimo et al., 2011) was concentrated in the Mesoarchean
and Neoarchean (generally 2.95-2.50 Ga; Heilimo et al., 2011) and
involved the rock types generally found in classical Archean ter-
ranes. The kind of magmatic rocks and their succession in time is
quite similar to that described in the Rio Maria domain (Oliveira
et al., 20094, 2010a; Almeida et al., 2011); however the main geo-
logical units in Karelia were formed in between 2.83 and 2.68 Ga
(Kédpyaho et al., 2006), whereas the main period of new crust for-
mation is a little older in Rio Maria (2.98-2.86 Ga). The contrasts
between the Karelia province evolution and that of the Carajas
province are even stronger in the case of the Carajas domain,

including the Canad area. In this case, besides the difference in
ages between both terranes, the main rocks formed during the
Neoarchean are quite distinct in both provinces, suggesting con-
trasting tectonic evolution for them.

The Limpopo Belt is a polymetamorphic terrain situated
between the Zimbabwe and Kaapvaal craton on southern Africa
(Kroner et al., 1999). It was divided into three zones: a central
zone bordered by two marginal zones that resulted of the crustal
reworking of the adjacent Zimbabwe (to the North) and Kaapvaal
cratons (to the South). This belt was interpreted as the result of a
tectonic collision between the Kaapvaal and Zimbabwe cratons at
ca. 2.70-2.65 Ga (Barton and Van Reenen, 1992; Rollinson, 1993).
The two marginal zones should represent the equivalent lithologies
of the adjacent cratons submitted to higher deformation and meta-
morphic grade (Kreissig et al., 2000). A high-grade metamorphism
occurred at 2.7-2.5 Ga (Holzer et al., 1999) and its age is coincident
with a main event of granitoid magmatism across the Limpopo belt.
During this event pyroxene-bearing and pyroxene-free granitoids,
as exemplified by the Matok pluton (Rapopo, 2010), were gener-
ated. Despite the unequivocal contrasts, there are apparently some
relevant similarities between the Limpopo belt and Carajas domain
tectonic evolution. The most relevant aspect is that both provinces
were strongly reworked during the Neoarchean and produced at
that time an assemblage of pyroxene-bearing and pyroxene-free
granitoids that are related to the generation of magmas in hot zones
of the deep crust, possibly due to collisional tectonic processes. The
analogies in evolution of the study area with hot magmatic zones,
not only in the Archean but also during the Proterozoic (Smithies
et al,, 2011), should be deeply investigated in the future to clarify
the origin of the Neoarchean magmatism found in the Canaad area.

8. Conclusions

(1) Systematic geological mapping, petrographic, geochemical,
geochronological, and Nd isotope studies on Archean grani-
toids in the Canad dos Carajas area of the Carajas province led
to the discovery of new temporal and compositional groups of
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Mesoarchean to Neoarchean granitoids in the Canaa area of the
Carajas domain, adjacent to the Rio Maria domain.

(2) The granitoids form four age groups: (1) The protolith of
the mafic granulites and enderbites of the Pium complex,
the Bacaba tonalite and other coeval rocks, as indicated
by inherited zircons, were formed at 3.05-3.0Ga; (2) both
tonalitic-trondhjemitic and granitic suites were crystallized at
2.96-2.93 Ga (Rio Verde TTG and Canad dos Carajas granites);
(3) at 2.87-2.83 Ga were formed the Campina Verde tonalite,
the Rio Verde trondhjemite and the Serra Dourada granite.
The Bom Jesus and Cruzaddo granites had a complex evolu-
tion and their minimum crystallization age is 2.83 Ga; and, (4)
at 2.75-2.73 Ga, a tonalitic-trondhjemitic unit (Pedra Branca
suite) and granitic (Planalto suite), as well as charnockitic rocks
were formed.

(3) Two compositional groups of granitoids were distinguished: (1)
minor tonalitic-trondhjemitic units which are either geochem-
ically different (Campina Verde and Pedra Branca) or similar to
Archean TTGs (Rio Verde) and (2) major granitic units encom-
passing calc-alkaline (Canad dos Carajas, Bom Jesus, and Serra
Dourada), transitional (Cruzadao) and alkaline (Planalto) gran-
ites. The granitic units cover more than 60% of the Canad surface
and are formed essentially by monzogranites and syenogran-
ites.

(4) The Canaa area differs from the Rio Maria and other granite-
greenstone terranes by the scarcity of TTGs, dominance of
granites and absence of sanukitoids. The evolution of the Canaa
area started at 3.2 Ga and was different from that of the juvenile
Rio Maria domain. Nd results of the Canad granitoids indicate
a contribution from older crust. Also, there are no equiva-
lents for the Neoarchean magmatism in the Rio Maria domain.
The Mesoarchean Canad crust was strongly reworked during
Neoarchean (2.75-2.70 Ga) and was probably the substratum
of the Neoarchean Carajas basin.

(5) The evolution of the Carajas domain differs significantly from
that of the classical granite-greenstone terranes such as Dhar-
war and Karelian cratons. It approaches in some aspects the
evolution of the Limpopo belt, a polymetamorphic terrain sit-
uated between the Zimbabwe and Kaapvaal craton on South
Africa, because the Carajas domain and the Limpopo belt were
both strongly reworked during the Neoarchean. At that time,
possibly as a consequence of collisional tectonics, pyroxene-
bearing and pyroxene-free magmas were formed in hot zones
of the deep crust.
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Appendix A. Analytical procedures for whole-rock
chemical analyses

The chemical analyses were performed by ICP-OES for major
elements and ICP-MS for trace-elements, including the rare-earth
elements, at the Acme Analytical Laboratories Ltd. in Canada.

Appendix B. Analytical methods of Geochronology

Zircon concentrates were extracted from ca. 10 kg rock samples
using conventional gravimetric methods of heavy mineral sepa-
ration and magnetic (Frantz isodynamic separator) techniques at
the Geochronology Laboratory of the Federal University of Para
(Para-Iso/UFPA). Final purification was achieved by hand select-
ing through a binocular microscope and the zircon grains of each
sample were then photographed under reflected light. For U-Pb
LA-MC-ICPMS analyses, the zircon grains of each sample were
mounted in epoxy resin, polished, and. their internal structures
were examined by cathodoluminescence (CL) imaging technique in
a scanning electron microscope LEO 1430 at the Scanning Electron
Microscopy Laboratory of the Geosciences Institute of UFPA.

For the Pb-evaporation method (Kober, 1987), individual
selected zircon grains were encapsulated in the Re-filament used
for evaporation, which was placed directly in front of the ioniza-
tion filament. The Pb is extracted by heating in three evaporation
steps at temperatures of 1450°C, 1500°C, and 1550°C and loaded
on an ionization filament. The Pb intensities were measured by
each peak stepping through the 206-207-208-206-207-204 mass
sequence for five mass scans, defining one data block with eight
207ph206ph ratios. The weighted 207 Pb/2%6Pb mean for each block
is corrected for common Pb using appropriate age values derived
from the two-stage model of Stacey and Kramers (1975), and results
with 204Pb/206pb ratios higher than 0.0004 and those that scatter
more than two standard deviations from the average age value were
discarded. The calculated age for a single zircon grain and its error,
according to Gaudette et al. (1998), is the weighted mean and stan-
dard error of the accepted blocks of data. The ages are presented
with 20 error.

The U-Pb LA-MC-ICPMS analyses were carried out using a New
Wave UP213 Nd:YAG laser (A - 213nm), linked to a Thermo
Finnigan Neptune multi-collector ICPMS at the Geochronology Lab-
oratory of the University of Brasilia. The analytical procedures were
described by Buhn et al. (2009). The laser was run at a frequency of
10Hz and energy of 0.4 mJ/pulse, ablation time of 40s and a spot
size of 30 wm in diameter. Plotting of U-Pb data was performed by
ISOPLOT (Ludwig, 2001) and errors for isotopic ratios are presented
at the 1o level.

The analyses have been carried out using raster ablation method
(Buhn et al., 2009) to prevent laser induced mass bias fractiona-
tion. The U-Pb raw data are translated to an Excel spreadsheet for
data reduction and, when necessary, the laser induced mass bias
was corrected using the method of Kosler et al. (2002). Common
lead (204Pb) interference and background correction, when nec-
essary, were carried out by monitoring the 292Hg and 204 mass
(204Hg +204Pb) during the analytical sessions and using a model Pb
composition (Stacey and Kramers, 1975) when necessary. Reported
errors are propagated by quadratic addition [(2SD?+2SE2)!/2]
of external reproducibility and within-run precision. The exter-
nal reproducibility is represented by the standard deviation (SD)
obtained by repeated analyses (n=20, ~0.8% for 207Pb/206pPb and
~1% for 206pb/238)) of standard zircon GJ-1, performed during ana-
lytical session, and the within-run precision is represented by the
standard error (SE) that was calculated for each analysis.

For the exclusion of spot analyses on the calculation of U-Pb ages
we have employed the general criteria adopted in the literature:
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(1) the common lead content (the 2°6Pb/294Pb ratio should not
be lower than 1000); (2) the degree of discordance (not using
data where the discordance is higher than 10%); (3) the analytical
precision (not using the data where the isotopic ratios have error
greater than 3%). These general criteria were refined for each
specific sample.

In the case of the samples dated by SHRIMP, sample GRD-47
was crushed, milled and sieved at 60 mesh and the heavy minerals
were separated using heavy liquid (TBE tetra-bromo-ethane)
and magnetic separation techniques. For the preparation of the
samples ARC-109 and AMR-187B the techniques employed for
zircon concentration were identical to those for Pb-evaporation and
LA-MC-ICPMS methods. The final separation of the minerals was
by hand picking the grains. These were mounted on epoxy discs
(UWA 11-04 and UWA-06) with fragments of standards, ground
and polished until nearly one-third of each grain was removed,
and imaged (backscattered electrons) for their internal morphology
using a scanning electron microscope at the Centre for Microscopy
and Microanalysis at the University of Western Australia. The epoxy
mounts were then cleaned and gold-coated to have a uniform elec-
trical conductivity during the SHRIMP analyses.

The zircon standard used was BR266 zircon (559 Ma, 903 ppm
U). The isotopic composition of zircon was determined using
SHRIMP II (De Laeter and Kennedy, 1998), using methods based
on those of Compston et al. (1992). A primary ion beam of ~3 nA,
10kV022— with a diameter of ~25 pm was focused onto the min-
eral. Each zircon U-Pb analysis on SHRIMP (Sensitive High-mass
Resolution lon MicroProbe) used five scans collecting nine mea-
surements on each (196Zr20, 204Pb, background, 206Pb, 207Pb,
208Pb, 238U, 248ThO, and 254U0). Corrections for common Pb
were made using the measured 204Pb and the Pb isotopic compo-
sition of Broken Hill galena. For each spot analysis, initial 60-90 s
were used for pre-sputtering to remove the gold, avoiding the anal-
ysis of common Pb from the coatings. Zircons data are reduced using
SQUID (Ludwig, 2002) software. Data were plotted on concordia
diagrams using ISOPLOT/Ex software (Ludwig, 2001), in which error
ellipses on Concordia plots are shown at the 95% confidence level
(20). All ages given in text are weighted mean 207Pb/206Pb ages.
Details of U-Pb data are presented in Table C.

Appendix C. Sm-Nd isotopic analyses

The analyses were performed at the Geochronology Laboratory
of the University of Brasilia and at the Isotope Geology Laboratory
(Para-Iso), of the UFPA Brazil, either using a Finnigan MAT 262 mass
spectrometer.

Sm-Nd isotopic method of the Laboratory of the University of
Brasilia is described by Gioia and Pimentel (2000). Whole rock pow-
ders (ca. 50 mg) were mixed with 149Sm-150Nd spike solution and
dissolved in Savillex capsules. Sm and Nd extraction of whole rock
samples followed conventional cation exchange techniques, using
teflon columns containing LN-Spec resin (HDEHP-diethylhexyl
phosphoric acid supported on PTFE powder). Sm and Nd
samples were loaded on Re evaporation filaments of double fila-
ment assemblies and the isotopic measurements were carried out
on a multi-collector Finnigan MAT 262 mass spectrometer in static
mode. Uncertainties for Sm/Nd and 143Nd/!44Nd ratios are better
than +0.5% (20') and +0.005% (20), respectively, based on repeated
analyses of international rock standards BHVO-1 and BCR-1.

For the Sm-Nd analyses obtained in the Isotope Geology Labo-
ratory of the UFPA, was utilized the employed routine by Oliveira
et al. (2009b) that consists of add 150Nd-149Sm spike to the ca.
100 mg of rock and attack with HF+HNO3 in Teflon vials inside
PARR containers at 150°C for one week. After evaporation, new
additions of HF + HNO3 are made, the solutions are dried, followed
by dissolution with HCI (6N), drying, and finally dissolution

with HCI (2 N). After the last evaporation, the REE are separated
from other elements by cation exchange chromatography (Dowex
50WX-8 resin) using HCl (2 N) and HNOs3 (3 N). After that, Sm and
Nd were separated from the other REE by anion exchange chro-
matography (Dowex AG1-X4 resin) using a mixture of HNO3 (7 N)
and methanol. In both cases, the 143Nd/!44Nd ratios were normal-
ized to “6Nd/144Nd of 0.7219, and the decay constant used was
6.54 x 10712 to ~1. The Tpy values were calculated using the model
of De Paolo (1981).

Appendix D. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.precamres.2012.04.007.
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