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Abstract

The granitoids of Marajoara in the Rio Maria terrain (Carajás Mineral Province, Brazil) consist of: (i) a broad unit
of 2.96 Ga syntectonic tonalites (Arco Verde Tonalites) displaying a trondhjemitic differentiation trend; (ii) 2.93 Ga
syntectonic monzogranites (Guarantã); and (iii) 2.87 Ga post-tectonic monzogranites (Mata Surrão) and granodiorites
(Rio Maria), displaying a calc-alkaline differentiation trend. Deformation of the Arco Verde tonalites is heterogeneous
with low strain domains (well preserved magmatic banding and textures) and orthogneissic domains displaying an E–W
trending mainly subvertical foliation, associated with horizontal lineations, upright folds and subvertical shear zones.
Microstructures and phase assemblages suggest that deformation occurred within a large temperature range (i.e. during
magma emplacement and cooling), from high-T conditions (synmagmatic shear zones and subsolidus ductile
deformation with intense quartz and feldspar recrystallization; Pl+Qtz+Hbl+Bt assemblages) to medium- and low-T
conditions (ductile to brittle deformation with weakly recrystallized quartz and undulose extinction in feldspars;
Qtz+Pl+Bt+Mu or Chl+Ep+Ab+Qtz assemblages). These data, finite strain analysis and structures reported
from the surrounding greenstone belts suggest that deformation did not result from a post-emplacement prograde
tectono-metamorphic event as considered previously, but that the Marajoara granitoids are synkinernatic intrusions
which were deformed together with the supracrustal rocks during a regional NS horizontal shortening. Although the Rio
Maria terrain presents similarities with Archaean domains controlled by diapiric processes (lithologies dominated by
thick greenstone sequences and TTG plutons, and forming a dome-and-keel structure), its structural evolution is
controlled dominantly by a transpressional event which shaped the granite–greenstone terrains. The Rio Maria area,
probably as many Archaean ‘grey gneisses’ domains, represents an intermediate case between terrains controlled by
Raleigh–Taylor instabilities in a thermally softened crust with insignificant external forces related to plate convergence
(e.g. east Pilbara craton) and those controlled by thrust tectonics related to convergence of rigid plates (e.g. Superior
Province). The closest analog to the Rio Maria terrain seems to be the Chilimanzi area in the Zimbabwe craton. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Tonalites, trondhjemites and granodiorites
(TTG) are major components of the Archaean
continental crust. Their generation conditions are
now fairly well-known from geochemical data (e.g.
Barker, 1979; Martin, 1987; Drummond and De-
fant, 1990; Martin, 1993, 1994) and experimental
works (e.g. Johnston and Wyllie, 1988; Rapp, 1991;
Rapp and Watson, 1995; see also Johannes and
Holtz, 1996, for a review). However, even though
some TTG rocks have been clearly characterized as
plutons (e.g. Kisters and Anhaeusser, 1995; Collins
et al., 1998; Nutman et al., 1999), most are reported
as broad orthogneissic domains (‘grey gneisses’)
forming with greenstone sequences a broad dome-
and-basin pattern (e.g. Bouhallier et al., 1993; Mar-
tin, 1994; Moser, 1994; Choukroune et al., 1997).

In the southeastern part of the Amazonian cra-
ton (Marajoara area, Carajás Mineral Province),
broad areas of tonalitic and trondhjemitic gneisses
have been reported (Docegeo, 1988). In fact, these
rocks correspond to plutons emplaced during a
deformation event as suggested by Althoff et al.
(1993, 1994). They represent, therefore, a good
opportunity to study the conditions of emplace-
ment of TTG rocks and their place in the evolution
of the Archaean crust. After a summary of our
present knowledge of the Archaean evolution of the
Carajás Mineral Province, we shall (i) describe the
mineralogy, chemistry and structure of the Mara-
joara granitoids with a special focus on the
tonalites, (ii) characterize the strain regime prevail-
ing during their emplacement and consolidation,
and compare it with the structural features of the
adjacent greenstone belts, and finally (iii) discuss
the Archaean structural evolution of the southeast-
ern part of the Amazonian craton in the light of
large scale crustal processes invoked for the evolu-
tion of the Archaean continental crust (e.g.
Choukroune et al., 1995, 1997; Treloar and
Blenkinsop, 1995; Collins et al., 1998).

2. Geological setting

The Amazonian craton is exposed in the Guyana
and Guaporé shields, situated to the north and the

south of the Amazon river, respectively (Fig. 1). It
corresponds to a nucleus which remained stable
throughout the Neoproterozoic Brasiliano Cycle
(Almeida et al., 1981). The Guyana shield consists
of minor Archaean high-grade rocks, Palaeo-
proterozoic greenstone belts (Vanderhaeghe et al.,
1998) and medium- to high-grade gneisses and
granulites, Mesoproterozoic continental detrital
sediments and anorogenic granites (Gibbs and Bar-
ron, 1983).

In the Guaporé shield, a wide Archaean domain
(3.2–2.5 Ga; review in Macambira and Lafon,
1995) occurs to the southeast in the Carajás Min-
eral Province. Proterozoic terrains (2.25–0.9 Ga)
produced during several episodes of crustal accre-
tion or reworking have also been reported (Teixeira
et al., 1989; Sato and Tassinari, 1997). Considered
initially as a single Archaean unit (Docegeo, 1988;
Araújo et al., 1988, 1994; Souza et al., 1990;
Machado et al., 1991; Costa et al., 1995), the
Carajás Mineral Province is now regarded as com-
posed of two domains with distinct stratigraphic,
tectonic and lithological features (Macambira and
Lafon, 1995; Souza et al., 1996b): the Carajás
terrain to the north, and the Rio Maria terrain to
the south (Fig. 1).

2.1. Carajás terrain

The Archean rocks comprise four main units
(Figs. 1 and 2a):
1. An older unit comprising mafic to felsic gran-

ulite-facies rocks (Pium Complex) dated at
30509114 Ma (whole-rock Pb–Pb data from
felsic granulites; Rodrigues et al., 1992), and
undifferentiated tonalitic to granodioritic
gneisses and migmatites (Xingu Complex;
Silva et al., 1974; Araújo and Maia, 1991),
with ages at 285992 and 285194 Ma (zircon
U–Pb data; Machado et al., 1991).

2. Metavolcanics and metasediments (Itacaiúnas
supergroup) subdivided into three groups:
Grão Pará, Salobo and Pojuca. The Grão
Pará Group is composed of bimodal volcanics
and iron formations overlain by basic
metavolcanics and metasediments containing
Mn (Azul deposit), Au–Cu (Bahia deposit)
and Au–Pt (Serra Pelada) deposits (Beisiegel
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et al., 1973; Gibbs et al., 1986; Docegeo, 1988).
Metarhyolites from the lower part of the Grão
Pará Group are dated at 275992 Ma (zircon
U–Pb data; Machado et al., 1991). The Salobo
and Pojuca Groups are composed of metabasalts,
iron formations and clastic sediments containing
Cu, Au, Ag, Mo mineralizations (Docegeo, 1988;
Lindenmayer et al., 1995). Intrusive alkaline gran-

ites (Plaquê Suite; Araújo et al., 1988) em-
placed in the undifferenciated Xingu Complex
at 274792 Ma (zircon Pb–Pb; Huhn et al.,
1999) and 2729929 Ma (zircon Pb–Pb; Ave-
lar, 1996).

3. The Aguas Claras Formation, overlaying the
Itacaiúnas supergroup, is composed of mud-
stones, siltstones and sandstones (Araújo et

Fig. 1. Geological sketch maps of the Carajás Mining province redrawn from Araújo et al. (1988), Docegeo (1988), Souza et al.
(1990). Carajás terrain: (1) Pium Complex, (2) Xingu Complex, (3) Itacaiúnas supergroup, (4) Plaquê Suite, (5) Aguas Claras
Formation, (6) Estrela Granite Complex; Rio Maria terrain: (g) Andorinhas supergroup (gS, Sapucaia; gI, Identidade; and gL,
Lagoa Seca and Babaçu greenstones), (A) Arco Verde Tonalites, (B) Guarantã monzogranite, (C) Rio Maria Granodiorites, (D)
Mogno Trondhjemites, (E) Mata Surrão Monzogranites, (F) Xinguara Granite, (G) Rio Fresco Group and (P) Palaeoproterozoic
Granites. aa%=cross-section of Fig. 2.
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Fig. 2. (a) Compared lithostratigraphic successions of the Carajás and Rio Maria terrains; and (b) interpretative cross-section of the
Marajoara area (location given in Fig. 1).

al., 1988). Detrital zircons from this formation
yielded ages ranging from 2.77 to 3.02 Ga
(zircon U–Pb data; Mougeot, 1996), whereas
zircons considered to be derived from synde-
positional volcanism are dated at 268195 Ma
(zircon U–Pb; Trendall et al., 1998). The
Aguas Claras formation is cut by sills and
dikes of gabbro and diabase, with zircon U–
Pb crystallization ages of 2708937 (Mougeot,
1996) and 2645912 Ma (Dias et al., 1996).

4. The Archaean evolution ended with the em-
placement, in the Itacaiúnas supergroup, of
monzogranites (Itacaiúnas granite, 2560937
Ma; zircon Pb–Pb data; Souza et al., 1996a)
and A-type granitoids as the Estrela granite
complex (2527968 Ma; whole-rock Rb-Sr
isochron; Barros et al., 1992, 1997) and the
Old Salobo granite (257392 Ma; zircon U–
Pb data; Machado et al., 1991).

2.2. Rio Maria terrain

It corresponds to a 2.87–3.2 Ga granite–green-
stone assemblage (Figs. 1 and 2a) locally overlain
by a �2 km-thick, clastic sedimentary cover (Rio
Fresco Group; Docegeo, 1988). Evidence of a
pre-3.0 Ga crust is attested in the Rio Maria area
by 3.15 and −3.2 Ga zircons found in the Rio
Fresco sediments and in the 1.8 Ga Musa granite
(Macambira and Lancelot, 1991; Machado et al.,
1991). The greenstone sequence (Andorinhas Su-
pergroup) is composed chiefly of komatiites and
tholeiitic basalts. Felsic metavolcanics occurring
in the upper stratigraphic unit (Lagoa Seca
Group; Cordeiro and Saueressig, 1980) have been
dated at 2904+29/−22 Ma (zircon U–Pb data;
Macambira and Lancelot, 1992, 1996) and at
297995 Ma (zircon U–Pb data; Pimentel and
Machado, 1994). In the south, the Andorinhas
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greenstones are cut by a sill of ultramafic rocks
(Serra Azul complex; Docegeo, 1988) with a crys-
tallization age of 297097 Ma (zircon U–Pb;
Pimentel and Machado, 1994). Granitoids form
plutonic belts alternating with greenstones. In the
Marajoara area they comprise:
1. the Arco Verde tonalites (Althoff et al., 1993,

1994), a typical tonalite-trondlijemitediorite
suite with an emplacement age of 2957+25/
−21 Ma (zircon U-Pb; Macambira and
Lancelot, 1996), similar within errors to that
of the greenstones; and

2. various calc-alkaline and potassic granitoids
(Medeiros et al., 1987; Docegeo, 1988; Duarte
et al., 1991; Althoff et al., 1993) with ages
ranging from 2.93 to 2.85 Ga, namely: the
Guarantã monzogranite (2.93 Ga; zircon U–
Pb; Macambira, Personal communication,
1999), the Rio Maria granodiorites dated at
2874+9/−10 Ma (zircon U–Pb; Macambira
and Lancelot, 1991, 1996) and 287295 Ma
(zircon and titanite U–Pb; Pimentel and
Machado, 1994), the Mata Surrão monzogran-
ites dated at 2872910 Ma (whole-rock Pb–
Pb data; Lafon et al., 1994) and 287197 Ma
(zircon Pb–Pb; Althoff et al., 1998), the
Mogno trondhjemite (2871 Ma, titanite Pb–
Pb data; Pimentel and Machado, 1994), and
the Xinguara granite (2.8-2.88 Ga; zircon U–
Pb; Macambira et al., 1991). Similar Pb–Pb
ages (2872925 Ma) have also been reported
for granitoids from Redenção, to the south of
the area studied (Barbosa and Lafon, 1996).

To summarize, the evolution of the Archaean
crust in the Carajás Mineral Province occurred in
four main stages: 3.2–3.0 Ga (underlying crust),
2.98–2.93 Ga (greenstones and TTG), ca. 2.87 Ga
(calc-alkaline granitoids), and 2.75–2.55 Ga (vol-
canic and detrital sedimentary sequences, and late
granites). Although the Rio Fresco Group and
Aguas Claras Formation are likely to belong to a
same clastic sedimentary cover, and although the
undifferentiated Xingu Complex can be consid-
ered as equivalent to the calc-alkaline granites of
the Rio Maria terrain, we emphazise the following
points:
1. The Andorinhas supergroup (2.97–2.90 Ga)

and the related TTG rocks (2.96 Ga), occur

only in the Rio Maria terrain and correspond
to a typical granite–greenstone association.

2. The Itacaiúnas supergroup (2.76 Ga) and its
related mineralizations are restricted to the
Carajás terrain. The presence of 2.76 Ga conti-
nental-type sequences only in the Carajás ter-
rain seems to be attributed to a distinct
geotectonic environment (Araújo et al., 1988)
rather than to distinct erosion levels.

3. Sheeted alkaline granites (2.75 Ga) and A-type
granites (2.57 Ga) seem to be restricted to the
Carajás terrain.

A common evolution of both the Rio Maria
and Carajás terrains is attested only from the
Palaeoproterozoic, by 1.8 Ga anorogenic granites
which occur in both terrains (review in Dal-
l’Agnol et al., 1994).

3. Lithology and chemistry

The Marajoara area covers �900 km in the
southern part of the Rio Maria terrain (Fig. 1).
Although discontinuous, granitoid outcrops are
rather good compared with those found elsewhere
in the craton. This study deals mainly with the
Arco Verde tonalites, and to a lesser extent with
the Guarantã and Mata Surrão monzogranites,
and with the Rio Maria granodiorites (Figs. 2b
and 3). Fourty-four samples from these units were
analyzed for major and trace elements. Modal
compositions are given in Fig. 4, and representa-
tive whole-rock analyses in Tables 1 and 2.

3.1. Arco Verde tonalites (2.96 Ga)

The Arco Verde tonalite (AVT) unit is the
oldest and consists of grey, equigranular,
medium-grained (locally fine-grained) tonalites
and trondhjemites with igneous isotropic to
strongly foliated textures. Widespread composi-
tional banding is defined by layers of distinct
modal compositions, indicating mingling of crys-
tal-rich magmas with distinct proportions of bi-
otite and feldspars. Quartz-dioritic microgranular
enclaves (10–80 cm in length) are common. Con-
formable or cross-cutting veins of aplites and
pegmatites are widespread. Exceptionally, one
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hectometre-sized enclave of recrystallized
metapelites has been found in the Arco Verde
tonalites to the south-east of Marajoara. This
enclave shows evidence of intense recrystalliza-
tions due to contact metamorphism, superim-
posed on an early low-grade phase assemblage
associated with a schistosity. Small euhedral
limpid zircons from this enclave yielded a 29279
24 Ma age (SHRIMP U–Pb; Althoff et al., 1997,
1998). Although younger, this age cannot be dis-
tinguished within uncertainties from that of
the tonalites (2957+25/−21 Ma). Contacts be-
tween the AVT and the surrounding greenstone
belts are concealed by younger intrusions, or not
exposed.

Fig. 4. QAP plot of modal compositions of the Marajoara
granitoids. Tholeiitic, calc-alkaline and alkaline differentiation
trends are also shown.

Fig. 3. Geological sketch map of the Marajoara area. Num-
bers refer to sample analyses of Tables 1 and 2.

The Arco Verde tonalites are composed essen-
tially of plagioclase (An22–33; 44–64%) and quartz
(17–44%), with more restricted microcline (Or94–

98An0; B5%) and biotite (XMg=0.50–0.63; 3–
13%). Plagioclases generally display a faint
chemical zonation (AnB2%), but albitic rims are
common. Amphibole (pargasitic and edenitic
hornblende; XMg=0.37–0.49) is rare, except in
the contact aureoles around the younger
Palaeoproterozoic granites where it appears in
association with magnetite (rare clinopyroxene),
as centimetre-sized poikiloblastic crystals includ-
ing recrystallized quartz and feldspars grains. Ac-
cessories are titanite, apatite, zircon, allanite,
magnetite, ilmenite and pyrite (rare chalcopyrite).
Secondary minerals are chlorite, carbonates, epi-
dote, sericite, hematite and goethite (Magalhães et
al., 1994).

In normative An–Ab–Or or Qz–Ab–Or dia-
grams, the Arco Verde tonalite samples (64B
SiO2B73%; average K2O/Na2O=0.54;
Mgc =0.33) follow the trend of low-K suites
with Na enrichment. The Al2O3 contents range
from 13.5 from 13.5 to 17%, but are B15% at
SiO2=70%, a characteristic of the low-alumina
trondhjemites (Barker and Arth, 1976). Major-
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Table 1
Major (wt.%) and trace element (ppm) composition of the Arco Verde tonalitesa

Sample no.

92-34 92-26 92-10 93-1 92-38 92-32 93-392-6 92-5

68.9 69.43 70.54 71.766.43 72.06SiO2 72.54 72.7867.12
Al2O3 16.35 15.53 15.38 14.55 14.47 14.26 14.31 14.8315.43

3.59 3.54 3.0 2.59 2.24Fe2O3
b 2.043.64 1.053.59

0.03 0.04 0.05 0.040.03 0.03MnO 0.02 –c0.04
0.971.04 0.91 0.79 0.75 0.61 0.48 0.4 0.31MgO

3.77 3.2 2.52 2.56CaO 2.163.12 2.16 1.673.33
4.5 4.8 4.16 4.044.58 4.35.99 4.0 4.91Na2O

2.332.15 1.29 1.38 3.12 2.67 3.12 3.45 3.36K2O
TiO2 0.340.4 0.32 0.29 0.27 0.19 0.17 0.120.34

0.17 0.15 0.11 0.110.13 0.080.22 0.08 0.02P2O5

0.870.77 0.72 0.74 0.4 0.66 0.83 0.56 0.63L.O.I.

99.75 99.77 99.49 99.72Total 99.7599.23 99.73 99.6899.64

269 234 848 766965 528Ba 770 8871142
Co 7 4 3 6 4 2 1 16
Cr 10 2 2 13 6 2 5 511

1 – 7 39 5CU – 318
64 6 14 7 10 9 7 9Nb

118 9 11 10 13 14 15 24Pb
85 76 113 13363 104Rb 125 22763
5 5 4 4Sc 35 3 33

317 255 347 188432 187Sr 227 336838
164 11 16 7 13 9 9 7Th

2 2 1 2U 11 1 91
18 11 34 1529 846 4 11V

55 8 9 9 18 6 5 9Y
58 75 51 55Zn 5547 39 2356

218 239 132 129147 127Zr 112 66129
48.830.9 44.6 62.0 30.2 34.7 22.2 23.5 10.4La

76.7 109.1 56.8 63.0Ce 42.364.1 43.6 19.292.1
7.2 10.5 5.5 6.49.1 4.16.9 4.1 2.4Pr

29.226.0 23.6 34.6 18.3 22.5 14.2 14.1 8.7Nd
4.04.0 3.1 5.1 2.9 3.9 2.6 2.2 1.7Sm

0.8 0.9 0.8 0.91.0 0.61.1 0.6 0.5Eu
2.72.7 2.3 3.8 2.3 3.0 2.0 1.8 1.3Gd

0.3 0.4 0.3 0.4Th 0.30.3 0.2 0.20.3
1.4 2.0 1.5 2.81.1 1.31.2 1.0 1.1Dy

0.20.2 0.3 0.3 0.3 0.5 0.2 0.2 0.3Ho
0.50.4 0.7 0.8 0.8 1.5 0.5 0.4 0.7Er

0.1 0.1 0.1 0.20.1 0.1Tm 0.1 0.10.1
0.40.4 0.7 0.7 0.8 1.6 0.5 0.4 1.0Yb
0.10.1 0.1 0.1 0.1 0.2 0.1 0.1 0.2Lu

a Major elements and Sc concentrations were determined by ICP-AES, and trace elements by ICP-MS at CRPG-CNRS (Nancy).
Analytical uncertainties are estimated at 2% for major elements, and at 5 or 10% for trace-element concentrations (except REE)
higher or lower than 20 ppm, respectively. Precision for REE is estimated at 5% when chondrite-normalized concentrations are \10
and at 10% when they are lower.

b Fe2O3 is the total iron.
c Below detection limit. The full data set is available on request.
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Table 2
Representative major (wt.%) and trace (ppm) element analyses of the Guarantã, Mata Surrão and Rio Maria granitoidsa

Guarantã monzogranites Mata Surrão monzogranites Rio Maria granitoids

92-14 92-29 92-31 92-2592-4 92-20 92-23 92-24

72.9 71.24 72.56SiO2 72.9271.34 63.03 64.5 67.15
Al2O3 14.98 12.73 14.96 14.58 13.76 15.11 15.5 16.07

5.44 1.61Fe2O3
b 1.131.79 1.91 5.44 3.97 3.08

0.02 0.02 0.02 0.02–c 0.08MnO 0.06 0.03
0.56MgO 2.12 0.39 0.29 0.48 3.5 2.22 0.96

0.3 1.37 1.43 1.54CaO 4.621.72 3.12 2.72
3.47 4.62 4.75 4.245.05 4.04Na2O 4.66 5.34

3.02K2O 1.52 4.72 3.94 3.79 2.97 2.87 2.27
TiO2 0.17 0.76 0.29 0.12 0.13 0.44 0.43 0.4

0.17 0.12 0.07 0.060.12 0.2P2O5 0.19 0.17
0.86L.O.I. 0.32 0.95 0.8 0.9 0.99 1.13 1.45

99.75 100.29 99.69 99.75Total 100.4299.61 98.65 99.64

1464 1722 1056Ba 7631375 966 859 856
Co 3 67 1 4 2 21 13 5
Cr 9 – – 29 5 135 132 12

9 1 5 213 47CU 28 4
3Nb 8 5 13 16 8 13 7

10Pb 13 25 25 17 11 14 14
227 142 138 12368 130Rb 112 87

11 2 3 4Sc 123 7 4
100 665 577 318639 564Sr 719 666

3Th 7 22 15 12 5 11 7
2 4 9 11U 11 7 2
– 7 18 1117 87V 58 33

5Y 10 3 8 15 17 21 8
13 37 36 33Zn 5821 85 58
57 201 95 81102 115Zr 161 141

16.4La 10.6 62.5 20.2 16.5 31.7 51.8 34.0
20.5 113.5 38.9 33.1Ce 66.833.5 64.7 64.6
2.1 10.8 4.0 3.43.5 7.3Pr 9.2 6.9

13.3Nd 7.2 33.2 14.8 12.5 26.4 33.9 25.3
1.3Sm 4.02.2 2.5 2.3 4.0 6.1 3.8
0.6 1.0 0.8 0.50.8 1.0Eu 1.5 1.0

1.7Gd 1.2 2.4 1.8 2.1 3.2 5.1 2.9
0.2 0.2 0.2 0.4Th 0.40.2 0.7 0.4
1.3 0.9 1.3 2.01.1 2.2Dy 3.4 1.6

0.2Ho 0.3 0.1 0.3 0.5 0.5 0.7 0.3
1.0Er 0.30.5 0.6 1.3 1.2 1.5 0.7
0.2 0.0 0.1 0.20.1 0.2Tm 0.2 0.1

0.4Yb 1.3 0.2 0.6 1.5 1.3 1.3 0.7
0.2Lu 0.00.1 0.1 0.3 0.2 0.2 0.1

a See Table 1 for analytical techniques.
b Fe2O3 is the total iron.
c Below detection limit.

element variation diagrams (e.g. TiO2–SiO2; Fig.
5a) show that the AVT samples define differentia-
tion trends consistent with fractional crystalliza-

tion. The behaviour of compatible (Co, Cu, Sr, V)
and incompatible (Pb, Rb) trace-elements corrob-
orate the role of fractional crystallization in the
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differenciation of the Arco Verde tonalites (e.g.
Rb–Sr; Fig. 5b). However, the lack of correlation
of Eu/Eu* ratios (]0.9 for most of them) with
differentiation index strongly suggest that the
samples studied are not representative of melts
but corresponded to a mixture of melt and cumu-
late minerals. This is also supported by the pres-
ence of feldspar- or biotite-enriched layers
suggesting crystal accumulation. Rb/Sr ratios in
the AVT (0.39 on average) are similar to the
average continental crust (0.32; Taylor and

McLennan, 1985), but are significantly higher
than those in the TTG suites (0. 15, Condie,
1993). This may correspond to post-crystallization
modifications, as suggested by Macambira et al.
(1991), Lafon et al. (1994) from isotopic data
indicating opening of the Rb–Sr system at �
2.5–2.6 Ga. Chondrite-normalized REE concen-
trations are variable (41BLaNB134, 2.1B
YbNB14.3), but the patterns (Fig. 5c) are always
strongly fractionated (average La/YbN=37) with
concave upwards HREE and small or no Eu

Fig. 5. Major- and trace-element composition of the granitoids of the Marajoara area: (a) TiO2–SiO2 plot for the Arco Verde
tonalites (�) showing a differentiation trend consistent with fractional crystallization involving a residue (
) composed of
plagioclase, hornblende, biotite and ilmenite; (b) Rb–Sr plot for Arco Verde tonalites; (c) and (d) chondrite-normalized REE
patterns for the Arco Verde tonalites, Guarantã and Mata Surrão monzogranites and Rio Maria granodiorites (normalization values
from Evensen et al., 1978).
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anomaly (0.60BEu/Eu*B1.07). Average Yb con-
tent (0.89 ppm) are close to that of the mean
Archaean TTG rocks (Yb=1 ppm; Condie, 1993).

Mass-balance calculations involving SiO2,
Al2O3, MgO, CaO and TiO2, show that the differ-
entiation trends of the AVT are consistent with
fractional crystallization of plagioclase, horn-
blende, biotite and ilmenite in 70/24/5/1 propor-
tions. Except for small amounts of biotite, this
composition is not significantly different from that
reported by Martin (1987) for the Archaean TTG
from eastern Finland. The amount of crystalliza-
tion cannot have exceeded 30%. The fractionated
concave-upward REE patterns with low Yb con-
tents further show that the parental melts may
have been in equilibrium with a gamet-horn-
blende-bearing solid residue (10–25% garnet).

3.2. The younger granites (2.93-2.87 Ga)

Three main bodies of calc-alkaline and potassic
granitoids crosscut the Arco Verde tonalites in the
area studied (Fig. 3): they correspond to the Guar-
antã and Mata Surrão monzogranites and to the
Rio Maria granodiorites.

The Guarantã monzogranite (2.93 Ga) is
strongly deformed and consist of foliated coarse-
grained porphyritic pink granites with a well-de-
veloped mineral lineation. The Mata Surrão
monzogranites (2.87 Ga) originally described to
the west of Marajoara (Duarte et al., 1991), are
deformed weakly and consist of medium-grained
equigranular grey granites. Decimetre-sized, fine-
grained, microdioritic enclaves are locally found in
both units. Crosscutting veins of granite, peg-
matites and diorites are common. Monzogranites
consist mainly of plagioclase (22–50%), K-
feldspar (20–55%) and quartz (19–35%), with a
few percents of biotite (XMg=0.49–0.59). Plagio-
clase comprises subhedral crystals (An12–18) and
recrystallized grains (An2–4). K-feldspar is a
perthitic (Or79–86An0) microcline (Or95–97). Acces-
sories are magnetite, apatite, titanite, zircon, allan-
ite, and garnet. Secondary assemblages comprise
sericite, chlorite, epidote and carbonates.

In the Marajoara area, the granodiorites display
the same mineralogical, chemical and structural
characteristics as the Rio Maria granodiorite

which was originally described farther north, near
the Rio Maria locality (Medeiros et al., 1987). The
granodiorites are greenish grey, equigranular,
medium-grained rocks, dominantly isotropic al-
though a weak planar fabric is observed locally.
They contain centimetre-sized, rounded to slightly
flattened, mafic microgranular enclaves consisting
of andesine, hornblende and biotite, and are cut
across by pegmatites and quartz veins. The gran-
odiorites consist of plagioclase (An29–40; 37–53%),
microcline (Or94–96An0; 10–19%) and quartz (18–
25%). Plagioclase zonation can be oscillatory, but
more commonly normal (An core-rim variations
reaches 7%). Amphibole (XMg= −0.60; 8–19%)
is slightly more abundant than in the granodiorites
from Rio Maria (−6%). Its composition ranges
from hornblende, mainly, to actinolite according
to Leake et al.’s (1997) classification. Biotite
(XMg= −0.45; 2–7%) occurs in addition to am-
phibole. Accessory phases are apatite, oxides, zir-
con and titanite. Secondary assemblages comprise
chlorite, sericite, apatite, epidote, and clay miner-
als.

The monzogranites (70BSiO2B76%; average
K2O/Na2O=0.8; Mgc =0.37) and granodiorites
(62BSiO2B69%; average K2O/Na2O=0.76;
Mgc =0.52) follow the calc-alkaline differentia-
tion trend (Fig. 4). The Guarantã and Mata
Sur-rão monzogranites display similar REE con-
centrations (Fig. 5d) with fractionated patterns
and generally low Yb contents (5.6BLa/YbNB
211; 1.2BYbNB9. 1). The Rio Maria granodior-
ites display major-element compositions similar to
high-Mg granodiorites. They have fractionated
patterns (Fig. 5d) with low Yb contents and a
weak negative Eu anomaly (average La/YbN=26;
0.6BYbB1.3 ppm; Eu/Eu*]0.84).

4. Structural data

The Rio Maria terrain displays the typical
dome-and-keel structures (Fig. 1) of the granite-
greenstone terrains world-wide. The main struc-
tural element in the Marajoara region is a
WNW–ESE subvertical foliation. It is well devel-
oped in the Arco Verde tonalites and in the
Guarantã monzogranite, but absent in the Mata
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Fig. 6. Synmagmatic and subsolidus structures of the Arco Verde Tonalites: (a) subvertical cross-layering and folded layering with
horizontal axis (arrowed), observed in low strain domains; (b) orthogneissic tonalite with a subvertical foliation outlined by quartz
ribbons and crosscut by conjugated brittle zones filled with quartz.

Surrão monzogranite and in the Rio Maria
granodiorites.

4.1. Arco Verde tonalites

At the outcrop scale, low-strain domains are
close to highly-deformed, foliated domains. The
foliation is defined by alternate cm- to dm-thick
tonalitic to trondhjemitic bands. It trends N100–
120°E (except for limited local variations), gener-
ally with a steep dip to north or south. It
corresponds to a single deformation plane (XY
plane of the finite strain ellipsoid), but developed
within a large temperature range, from magmatic
to subsolidus low-T conditions. Layering can be
continuous for several hundred metres, but is
more commonly disturbed by cross-layering (Fig.
6a), pinch-and-swell structures, and crosscut by
synmagmatic vertical shear zones, veins and ten-
sion gashes. The foliation is defined by the pre-
ferred orientation of biotite, feldspars and

flattened polycrystalline quartz aggregates (Fig.
6b). In domains of high deformation, the compo-
sitional layering is accompanied by a well-devel-
oped near vertical foliation, and mafic enclaves
are strongly flattened. The foliation (high-T my-
lonites in zones of high strain) is commonly paral-
lel to the layering but is always axial planar for
the folds. The mineral or stretching lineation,
when clearly expressed, is always subhorizontal
and outlined by elongated quartz grains display-
ing microstructures suggesting high- to medium-T
recrystallization. In low-strain domains in the cen-
tre of the massif near the locality of Marajoara, a
horizontal layering is locally preserved (Fig. 6a).
It is disturbed by synmagmatic upright tight folds
with WNW–ESE trending subhorizontal axes. In
this case, tonalites preserve equigranular mag-
matic structures (Fig. 7a) with euhedral zoned
plagioclases and interstitial quartz with limited
intracrystalline deformation (undulatory extinc-
tion or slight recrystallisation).
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The mafic microgranular enclaves are oriented
parallel to the foliation and never show sigmoldal
structures, but may display high axial ratios
(10:3–80:3 in the XZ plane, less important but
still high in the YZ plane).

Metre- to decametre-long shear-zones (locally
filled with pegmatite, aplite or quartz) are com-
mon in zones of intense deformation. They are
vertical or steeply inclined, with a subhorizontal
sense of displacement, and occur either in single
or conjugated sets, with sinistral or dextral senses
of displacement. Conjugated shear-zones make
variable angles (Fig. 8) depending on their nature
(syn-magmatic, ductile or brittle), ranging from
20° in high-T magmatic domains to 90° in low-T
domains. But the acute bissectrix of this angle
always corresponds to the planar fabric (Fig. 6b).
These increasing angle variations suggest that the
shear-zones developed under decreasing tempera-
tures, i.e. during pluton emplacement and cooling.
This is also consistent:

1. with microstructures which display a transition
from the magmatic stage (euhedral to subhe-
dral crystals, weak intracrystalline deforma-
tion; Fig. 7a) to subsolidus stages at high-T
(ductilly deformed quartz and feldspars; Fig.
7b), middle-T (ductilly deformed quartz, brit-
tle feldspars; Fig. 7c) and low-T (cataclasis);
and

2. with mineral assemblages consisting of either
plagioclase+quartz+biotite9hornblende in
synmagmatic to subsolidus high-T foliation
and ductile shear-zones, or plagioclase+
quartz+biotite9muscovite in medium-T
structures, or epidote+chlorite+albite+
quartz in low-T brittle zones.

Non rotational strain is suggested by the nature
and position of the veins and tension gashes with
respect to the foliation: veins (filled with aplite,
pegmatite or quartz) parallel to the foliation are
boudinaged, whereas those at high-angle with it
are folded; tension gashes (quartz-bearing) are
perpendicular to the foliation.

Fig. 7. Microstructures in the Arco Verde Tonalites: (a) magmatic assemblage with subhedral slighly zoned plagioclase and
interstitial quartz; (b) subsolidus high-T microstructures with recrystallized feldspars and quartz; (c) microstructures in a medium-
to low-T shear zone in the tonalites (the fine-grained matrix consists of quartz, plagioclase, biotite and muscovite).
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Fig. 8. Stereographic projections of the symnagmatic to subsolidus structures of the Arco Verde Tonalites, and inferred s1, s2, s3.

4.2. Monzogranites and Rio Maria granodiorites

The Guarantã monzogranite crosscut the Arco
Verde unit, but no thermal effects are observed in
the tonalites near the contacts. Magmatic struc-

tures (euhedral zoned crystals, porphyritic tex-
tures, magma mingling) are rare, due to intense
subsolidus, dominantly high-temperature, defor-
mation. Nevertheless, medium- to low-tempera-
ture microstructures are also observed. A
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widespread and well-developed WNW–ESE
trending subvertical foliation is associated to a
subhorizontal stretching lineation. These struc-
tures are outlined by the preferred orientation of
biotite, feldspar megacrysts and quartz ribbons.
The foliation in the Guarantã monzogranite is
parallel to that in the Arco Verde tonalites, and
the lineation trends parallel to fold axes of
tonalites. Some E–W trending subvertical cen-
timetre-thick ductile shear zones are observed.
Recrystallized tails in feldspars are symmetric or
show preferentially a dextral sense of shear, also
indicated by oblique schistosity in mafic dykes
conformable with the granite foliation.

The Mata Surrão monzogranites and the Rio
Maria granodiorites are almost undeformed. In
the latter, flow structures are scarcely observed
and mafic microgranular enclaves are generally
rounded. However, a weak E–W trending subver-
tical fabric is locally visible by the preferred orien-
tation of hornblende and weakly flattened mafic
enclaves. In thin sections weakly recrystallized
quartz and undulose extinction in feldspars are
observed.

4.3. Finite strain data

To examine the nature of the finite strain in the
granitoids from Marajoara, axial ratios of strain
ellipsoids were determined by digitalization of
perimeters of quartz and feldspars in oriented thin
sections from representative samples. Measure-
ments were made with a videographic analyser
and axial ratios obtained using the method of
Panozzo (1984) modified by Lapique et al. (1988).
The Arco Verde tonalites and Guarantã monzo-
granite are the most deformed. The strain ellip-
soids are in most cases oblate, especially when
measured using quartz aggregates (X/Y−1. 5;
2BY/ZB3), suggesting that both units were sub-
mitted to flattening, related to the bulk of the
regional deformation. However, prolate strain el-
lipsoids of constrictional type occur into local
minor shear zones and for feldspars measured in
low-T deformed rocks (1BX/YB2; Y/ZB0.5).
In the Rio Maria granodiorite (both at Rio Maria
and Marajoara), strain ellipsoids display axial ra-
tios close to unity, indicating either a very weak

deformation, or a magmatic foliation. However,
these axial ratios close to 1 does not allow the
type of deformation to be specified, because the
shape of crystals may be of magmatic origin
(euhedral feldspars) or imposed by the neighbour-
ing grains (interstitial quartz).

5. Discussion

The granitoids in the Marajoara area consist
mainly of two magmatic series emplaced in two
distinct episodes: one of trondhjemitic affinity em-
placed syntectonically at ca. 2.96 Ga (Arco Verde
Tonalites), and the other of calc-alkaline affinity
emplaced post-tectonically 100 Ma later at ca.
2.87 Ga (Mata Surrão monzogranites and Rio
Maria granodiorites).

5.1. Structure of the granitoids and the local
deformation

A locally penetrative, subvertical, N100–110E-
trending foliation is well developed in the Arco
Verde tonalites and in the Guarantã monzogran-
ite, but mostly absent in the younger Mata Surrão
monzogranites and Rio Maria granodiorites. The
lineation, when clearly expressed, is a subhorizon-
tal, high- to medium-T, stretching or mineral lin-
eation. Large-scale shear zones were not observed
in the area studied, but only small-scale high-an-
gle shear zones (dextral or sinistral) occurring in
single or conjugated sets bisected by the foliation.
In both the Arco Verde tonalites and Guarantã
monzogranite, the structural elements (foliation,
lineation, syn-magmatic folds and shear-zones,
conjugate shear-zones, tension gashes, boudi-
naged and folded veins) are in a spatial array
consistent with a coaxial deformation. Finite de-
formation analysis points to a predominant flat-
tening. All these data lead to the following
conclusions:
1. The AVT and Guarantã monzogranite suf-

fered a strong shortening under conditions
ranging from high-T (near solidus and sub-
solidus ductile deformation; intense quartz and
feldspar recrystallization) to low-T (low-grade
brittle deformation; weakly recrystallized
quartz, undulose extinction in feldspars).
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2. The AVT and Guarantã monzogranite are not
metamorphic rocks recrystallized under a pro-
grade event, as previously suggested (e.g. Do-
cegeo, 1988; Araújo et al., 1994), but
syntectonic plutons. The Rio Maria granodior-
ites and Mata Surrão monzogranites, almost
undeformed, postdate the deformation event.

3. Deformation recorded in the Arco Verde
tonalites and Guarantã monzogranite corre-
sponds to a flattening. Data suggest that the
principal shortening axis is nearly horizontal
and oriented N10–20°E (Fig. 8), whereas the
extension direction is nearly horizontal and
displays the same orientation as the foliation,
where it can be determined.

4. The attitude of the foliation always steeply
dipping towards the contacts, and evidence of
an horizontal magmatic fabric locally pre-
served in the central part of the massif may
suggest that the AVT unit is dome-shaped.
This may be interpreted as the result of either
diapiric ascent of magma, or of magma em-
placement through fractures followed by bal-
looning (laccolithic plutons), interfering with
the regional tectonic stress (e.g. Hutton, 1988;
Clemens and Mawer, 1992; Pons et al., 1995;
Petford, 1996).

5.2. Structure of the surrounding greenstone belts
and the regional deformation

A comparison between the granitoids and re-
lated greenstones is essential for discussing the
tectonic evolution of the Rio Maria terrain. Un-
fortunately, available data about greenstone belts
remain scarce, and granite–greenstone contacts
are mostly concealed (younger intrusives and dis-
continuous outcropping conditions).

In the Babaçu and Lagoa Seca greenstones
(Fig. 1), Cordeiro and Saueressig (1980), Huhn
(1991) report E–W trending structures consisting
of a schistosity associated with asymetric folds
with horizontal axes, and high-angle shear zones.
Moreover, conjugated shear zones allow the ori-
entation of the strain axes to be defined as fol-
lows: Z=N–S nearhorizontal, Y=vertical,
X=E–W near-horizontal (Huhn, 1991), in close
agreement with what is observed in the Arco

Verde tonalites. In the Sapucaia greenstone belt,
north of the Rio Maria terrain (Fig. 1), the schis-
tosity is subvertical and displays the same orienta-
tion as the foliation of the surrounding Xingu
‘gneisses’. The strain evolution is considered to
have been controlled by a regional N–S shorten-
ing responsible for a dextral oblique reverse shear-
ing (Oliveira et al., 1995). Structures of the
Identidade greenstone belt (Fig. 1) were inter-
preted by Souza et al. (1988, 1996b) as a synform
resulting from a dextral transpression, with shear
zones related to a NS shortening direction. Souza
et al. (1996b) further indicate that there is no
unconformity between the structures of the green-
stones and those of the granitoids.

Metamorphic phase assemblages in the green-
stone belts do not allow the depth of emplacement
of the Arco Verde tonalites to be estimated accu-
rately (no Al–silicates). Nevertheless, Souza and
Dall’Agnol (1994) report low-pressure green-
schist-facies conditions in the Identidade green-
stone belt, suggesting shallow emplacement
conditions for the AVT.

In the greenstone belts, shear zones correspond
dominantly to high-angle structures associated
with overthrusting (Souza et al., 1988; Souza and
Dall’Agnol, 1994), a pattern not observed in the
Arco Verde tonalites. In these rocks, deformation
corresponds dominantly to flattening with devel-
opment of a strong foliation and vertical shear
zones synchronous with magma emplacement,
consolidation and cooling. The distinct structural
patterns between greenstones and granitoids may
simply express distinct rheological behaviours
during a single tectonic event, or deviation of the
foliation trajectories around rheological
heterogeneities.

Available data converge to suggest that the
structures of both the Andorinhas greenstones
and the Arco Verde tonalites result from a same
regional tectonic regime: (i) structures and style of
deformation in the greenstones are conformable
with those in the granitoids where it can be seen;
and (ii) inferred strain axis orientations are similar
in both the volcanosedimentary and plutonic
units. This along with geochronological data sug-
gest that the deposition and metamorphism of the
volcano–sedimentary sequences (297995,
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2904+29/−22 Ma) along with the intrusion of
the Arco Verde tonalites (2957)+25/−21 Ma)
and the Guarantã monzogranite (2.93 Ga) oc-
curred in successive stages within a constant N–S
transpressional regime.

5.3. Plutonism and Archaean tectonics

Two end-member tectonic structures and pro-
cesses are reported for the growth and evolution
of the Archaean crust (Choukroune et al., 1997;
Collins et al., 1998).
1. Dome-and-basin structures related to buoy-

ancy forces. These structures are considered to
be due to partial convective overturn of the
crust, reflecting the proximity of a plume
within a craton submitted to weak boundary
forces. There is no age zonality and granites
form diapirs rimmed with greenstone belts.
Typical examples are the Dharwar and east
Pilbara cratons, and similar interpretations
were also given for the Zimbabwe craton (e.g.
Jelsma et al., 1993). For instance, in the
Mount Edgar Batholith and adjacent Warra-
woona Syncline (east Pilbara craton; Collins et
al., 1998), the strain pattern across the granite-
greenstone contact is characterized by a grad-
ual change from an S-fabric (weak inclined
flattening) to an intense L-fabric (in a radial
array) towards the greenstone synclinal axis
(strong vertical constrictional deformation).
Closely similar structures are also reported in
the Dharwar craton (with decollement hori-
zons at the base of the greenstone belts inter-
preted in terms of progressive deformation),
but a late intense transcurrent deformation
ends the evolution of this area (Bouhallier et
al., 1993; Choukroune et al., 1995; Chardon et
al., 1998).

2. Fold-and-thrust structures related to regional-
scale tangential tectonics. These structures
reflect lateral accretion at the margins of a
craton. There is a clear age zonality, and
greenstone assemblages form slices resting tec-
tonically on deeper crustal lithologies. This is,
for instance, illustrated by the Superior
Province in Canada (Choukroune et al., 1997),
where structures encompasses a dominant

nearly horizontal fabric, imbricated thick du-
plexes involving gneisses, granites, greenstones
and sedimentary rocks (Pontiac subprovince;
Camiré and Burg, 1993), and pervasive
crustal-scale high temperature shearing and
thrusting (Opatica Plutonic Belt; Sawyer and
Benn, 1993). Late ubiquitous transcurrent
shear zones are also observed.

The Rio Maria terrain presents some similari-
ties with the east Pilbara craton and Superior
Province: lithologies dominated by thick green-
stone sequences and plutonic belts composed of
TTG rocks, a large scale structure consisting of
greenstone keels between gregarious batholiths,
and a short time lag between greenstone eruption
and granite emplacement and deformation. The
large amounts of magma emplaced in a short time
span in the Rio Maria area, along with dome-
and-keel structures are consistent with intense re-
heating and thermal softening of the crust.
However, the following two points have to be
emphazised:
1. Although the overall geometry of the Rio

Maria terrain consists of greenstone keels and
synkinematic plutons, the structures are dis-
tinct from those reported in the east Pilbara
and Dharwar cratons, and in the Superior
Province as well. They consist mostly of sub-
vertical. foliations, high-angle shear zones and
subhorizontal stretching lineations with a con-
stant direction, expressing an intense flattening
in the granite domains and moderate transcur-
rent deformation in the greenstone belts. This
suggests that, in the Rio Maria area, horizon-
tal forces overcame gravitational instabilities,
but that the crust was thermally softened al-
lowing overall flattening rather than low-angle
thrusting related to the convergence of rigid
blocks.

2. Recycling of basement rocks in the genesis of
Mount Edgar and Corunna Downs batholiths
(east Pilbara. craton) appears clearly from
field, geochronological and geochemical data,
whereas the involvement of an older basement
in the generation of the Rio Maria granitoids
can only be suspected from zircon age data
suggesting the presence of an older crust (3.0–
3.2 Ga). The intrusive diatexites and high-



F. Althoff et al. / Precambrian Research 104 (2000) 187–206 203

strain migmatites described in the Mount
Edgar Batholith (suggesting that granitoids are
still rooted in their rnigmatitic substrate) are
lacking in the Rio Maria area where metamor-
phic recrystallizations are restricted to low-
pressure greenschist-facies conditions (e.g.
Souza and Dall’Agnol, 1994). This indicates
that the Arco Verde tonalites and Guarantã
monzogranite correspond to shallow level (un-
rooted?) plutons and that we have access to a
crustal level higher than in east Pilbara. Fur-
ther, although the overall geometry of the Rio
Maria terrain is that of a dome-and-keel struc-
ture, this does not necessarily imply diapiric
structures, because emplacement of magma
along fractures with ballooning (giving raise to
laccoliths) may also result in a strain pattern
very similar to that produced by diapirism. In
this respect, the Rio Maria area closely resem-
bles the Chilimanzi granite suite in the Zim-
babawe craton consisting of greenstone
sequences intruded by upper crustal synkine-
matic plutons emplaced during a shortening
event related to plate collision (e.g. Treloar
and Blenkinsop, 1995).

In conclusion, the structural evolution of the
Rio Maria terrain appears to represent an inter-
mediate case between the east Pilbara craton
dominated by diapiric movements, and the Supe-
rior Province characterized by thrust tectonics.
The widespread transpressional deformation in
the Rio Maria terrain suggests that strong exter-
nal forces associated with plate convergence were
operative between 2.96 and 2.90 Ga in the south-
eastern part of the Amazonian craton where in-
tense horizontal shortening of a thermally
softened crust shaped the granite–greenstone
terrains.
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bulk homogeneous shortening and transcurrent shearing in
the Archaean Dharwar craton: the Holenarsipur area,
souther India. Precambrian Res. 63, 43–58.
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