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The collision of oceanic arcs with continents is a common plate tectonic process in the Phanerozoic, but its
recognition in the Precambrian is hampered by deformation and metamorphism. The Rio Capim volcanic–
plutonic–sedimentary belt lies in sharp tectonic contact with Archaean rocks of the Uauá block in the
northern part of the São Francisco craton. Field relationships and high-precision geochronology indicated
that the Rio Capim basalts, gabbros, diorites, and dacites were emplaced approximately at 2148–2143 Ma,
and later intruded by 2128 Ma-old diorite to tonalite plutons. All rocks were metamorphosed under
amphibolite to granulite facies conditions mainly between 2080 Ma and 2070 Ma, but deformation may have
lasted until about 2040 Ma as estimated from syn-deformation zircon and titanite grains. The association of
basalt, andesite, dacite, and their plutonic counterparts, combined with their positive εNd(t) values and
incompatible trace element geochemical signatures similar to island arc magmas, support the proposition
that the Rio Capim belt was a Palaeoproteorozoic intra-oceanic arc sequence that collided with a continent,
of which the Mesoarchaean Uauá block is a remnant. The implications for the regional evolution and
metallogenesis are also discussed.

© 2010 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

In present-day Earth arc magmatism in both oceanic and
continental tectonic settings is generally invoked as one of the two
major sources of mantle-derived (juvenile) material to make the
continents grow; the other is input from mantle plumes (e.g.,
Safonova et al., 2009; Isozkai et al., 2010). However, the recognition
of ancient arc assemblages in the geological record is not simple
because of the processes that occur along the boundaries of tectonic
plates. For instance, when an intra-oceanic arc collides with a
continental margin, both the arc rocks and the continent may undergo
deformation, high-grade metamorphism, and be intruded by syn- to
post-collision granite plutons. This geological scenario may be further
complicated if the rock assemblages, or terranes are displaced
laterally by strike-slip tectonics. One Phanerozoic example is the
accreted Kohistan island arc in the western Himalaya orogen which
was intruded by the Andean-style Kangdese batholith before final
.
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collision between India and Asia, and extrusion tectonics (Bignold and
Treloar, 2003).

Brazil has no active arc or collisional orogen, but the country is
underlain by a wealth of Precambrian orogenic belts and cratons. This
makes the Precambrian of Brazil a suitable place to look for ancient
accretionary orogens with continental and oceanic arcs. For example,
the Amazon craton has now been interpreted as having grown by
lateral accretion of arcs with ages varying from 2.3 Ga to 1.0 Ga
(Tassinari and Macambira, 1999; Ruiz et al., 2004; Santos et al., 2004;
Cordani and Teixeira, 2007; Cordani et al., 2009; Teixeira et al., 2010),
and in the São Francisco craton several arc batholiths and accretionary
orogens were recognized (e.g. Barbosa, 1990; Teixeira and Figueiredo,
1991; Delgado et al., 2003; Ávila et al., 2006; Oliveira et al., 2010).

Here, we present new geological, geochemical and isotopic data
for the Rio Capim belt, which is a sequence of plutonic-supracrustal
high-grade rocks exposed in the Serrinha block (microcontinent) of
the São Francisco craton. The belt is composed of Palaeoproterozoic
fine- and coarse-grained mafic igneous rocks, metadacites, metape-
lites and several granite plutons, which are in tectonic contact with
the Archaean Uauá block. Our results support the interpretation that
the Rio Capim belt was part of a dismembered oceanic arc that
collided with a continental plate, and provide direct evidence of plate
Published by Elsevier B.V. All rights reserved.
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tectonics processes, as we know in the Phanerozoic, as far back as the
early Palaeoproterozoic.
2. Regional geology

The main geologic features of the São Francisco craton are
outlined in Teixeira and Figueiredo (1991) and Teixeira et al.
(2000). In general, the São Francisco Craton consists of Archaean
to Palaeoproterozoic high-grade (migmatite, granulite) gneisses
and granite–greenstone supracrustal terranes overlain by Meso- to
Neoproterozoic platform-type cover (Fig. 1). Typical greenstone
belts with spinifex-textured komatiites occur in the iron quadran-
gle of Minas Gerais in the southernmost part of the craton (e.g.
Lobato et al., 2001), and in the Umburanas region in the north
(Cunha and Fróes, 1994). In the northern part of the São Francisco
Craton greenstone belts such as the Rio Itapicuru, Mundo Novo,
Rio Capim and Contendas–Mirante (Mascarenhas, 1979; Mascar-
enhas and Sá, 1982; Jardim de Sá et al., 1984; Davison et al., 1988;
Peucat et al., 2002) contain no komatiites, and geochronological
data have demonstrated that they range in age from ca. 3.3 Ga
(Mundo Novo greenstone belt, Peucat et al., 2002) to ca. 2.1 Ga
(e.g. Rio Itapicuru, Silva et al., 2001).

The high-grade terranes, mostly exposed in Bahia (Fig. 1), are
traditionally separated into the Neoarchaean Jequié migmatite–
granulite complex (Alibert and Barbosa, 1992; Barbosa and Sabaté,
2004), the Mesoarchaean to Palaeoproterozoic Serrinha block
(Mascarenhas, 1979; Mello et al., 2006; Rios et al., 2009; Oliveira et
al., 2010), and the Palaeoproterozoic-reworked Neoarchaean Ita-
buna–Salvador–Curaçá belt (Barbosa and Sabaté, 2004; Oliveira et al.,
2010). The latter comprises a northern segment known as the
Salvador–Curaçá belt (1 in Fig. 1) and a southern segment named
the Atlantic coast granulite belt or Itabuna complex (2 in Fig. 1). The
two segments are currently known as the Itabuna–Salvador–Curaçá
orogen (Barbosa et al., 2001; Delgado et al., 2003; Oliveira et al.,
2004a; Barbosa et al., 2008), as shown in Fig. 1.
Fig. 1. The São Francisco Craton with the main tectonic units and location of the no
All tectonic models proposed for the Itabuna–Salvador–Curaçá
orogen during the Palaeoproterozoic involve a final stage of
continent–continent collision similar to Phanerozoic orogens
(Figueiredo, 1989; Barbosa, 1990; Teixeira and Figueiredo, 1991;
Ledru et al., 1997; Teixeira et al., 2000; Silva et al., 2001; Oliveira et
al., 2002; Barbosa and Sabaté, 2004; Oliveira et al., 2004a, 2010).

According to Barbosa and Sabaté (2004) the southern segment of
the orogen is the final result of collision between the Gabon massif, in
West Africa, and the Jequié microcontinent, in the following
sequence:

1. (2.6–2.4 Ga) — accretion of a continental arc,
2. (2.4–2.2 Ga) — intrusion of shoshonitic to alkaline monzonite and

monzodiorite plutons,
3. (2.07–2.08 Ga) — continent–continent collision and granulite

facies metamorphism.

For the orogen's northern segment the geochronological and
geological data point to a long cycle of basement reworking (Sabaté et
al., 1994; Silva et al., 1997; Oliveira et al., 2000, 2004a,b; Silva et al.,
2007), accretion of continental and oceanic arcs, and plutonic
complexes to Archaean blocks (Teixeira and Figueiredo, 1991; Ledru
et al., 1997; Silva et al., 2001; Delgado et al., 2003; Oliveira et al.,
2004a,b, 2010). Final continental collision occurred between 2080 Ma
and 2039 Ma, i.e. the age interval for the peak of high-grade
metamorphism (Silva et al., 1997; Oliveira et al., 2002, 2004a; Mello
et al., 2006; Leite et al., 2009; Oliveira et al., 2010).

Barbosa and Sabaté (2004) proposed that four Archaean tectonic
blocks, namely Gavião, Serrinha, Jequié and the Itabuna–Salvador–
Curaçá orogen have collided during the Palaeoproterozoic orogeny.

Because the Rio Capim belt lies within the Serrinha block,
geological information on this block is relevant.

2.1. Serrinha block

The Serrinha block, or microcontinent (Fig. 2) comprises a
basement complex of migmatites, banded gneisses, orthogneisses,
rthern (1) and southern (2) segments of the Itabuna–Salvador–Curaçá orogen.



Fig. 2. Geological map of the Serrinha block with location of the Rio Capim belt (RC), Rio Itapicuru belt (RIGB) and the Uauá block (modified after CPRM-unpublished). Inset indicates
location of the Serrinha block in the São Francisco craton.

737E.P. Oliveira et al. / Gondwana Research 19 (2011) 735–750
mafic dykes and mafic–ultramafic complexes. This basement is
overlain by, or lies in tectonic contact with supracrustal sequences
of the Rio Itapicuru and Rio Capim belts, and of the Caldeirão shear
belt. Granites intrude all units. The Uauá, Jacurici and Retirolândia
gneiss–migmatite complexes (Fig. 2) are Mesoarchaean domains
(3152–2933 Ma, Oliveira et al., 2004a, 2010), or minor blocks in
the Serrinha block.

The Rio Itapicuru greenstone belt (RIGB in Fig. 2) is a low grade
metamorphic supracrustal sequence 180 km long and 30 km wide,
divided by Kishida and Riccio (1980) into three lithostratigraphic
units: (i) the basal mafic volcanic unit composed of massive and
pillowed basaltic flows interlayered with chert, banded iron-
formation, and carbonaceous shale; (ii) the intermediate to felsic
volcanic unit with metadacites, metandesites and metapyroclastic
rocks, and (iii) a metasedimentary pelitic–psammitic unit composed
mainly of metapelites and minor chemical sedimentary rocks. The
geochronological data indicate a Palaeoproterozoic evolution for this
belt, between 2170 Ma and 2080 Ma (Silva et al., 2001; Mello et al.,
2006; Rios et al., 2009; Oliveira et al., 2010).

The Rio Capim belt (RC in Fig. 2) lies in contact with the Uauá block
and for this reason the two tectonic units will be described in detail in
the next sections.

image of Fig.�2
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2.2. The Uauá block

The Uauá block (Fig. 2) is bordered to the west by the Archaean–
Palaeoproterozoic Caldeirão belt, and to the east it is unconformably
overlain by Neoproterozoic continental shelf metasedimentary rocks
of the Sergipano orogen (Bueno et al., 2009), or younger rock units.

The Caldeirão belt comprises a 10 km-thick sequence of steeply
dipping quartzites, metapelites, orthogneisses, mafic rocks and migma-
tites; all metamorphosed under amphibolite facies conditions. The
transition from this belt to the Uauá block is gradational andmarked by
refolding of older structures in the latter, granite and pegmatite
intrusions, anddevelopmentof shear zones, sometimesa fewkilometres
in width. Syn-deformational titanite inmafic dyke (Oliveira et al., 2000)
and detrital zircon grains in quartzite (Oliveira et al., 2002) constrain a
maximum deposition age of 2700 Ma and a metamorphic age between
2039 and 2077 Ma for the metasedimentary rocks.

The Uauá block consists mostly of NW-trending banded gneisses of
unknown age intruded by layered anorthosite, peridotite and diorite
complexes, and tonalite–granodiorite bodies (Mascarenhas and Sá,
1982; Cordani et al., 1999; Oliveira et al., 1999, 2010).Most of these rock
units have been metamorphosed under granulite facies conditions and
later retrogressed to amphibolite grade. Mesoarchaean rocks are
widespread in the Uauá block. Paixão and Oliveira (1998) obtained a
3161±65Ma whole-rock Pb–Pb isochron for anorthosites of the Lagoa
da Vaca layered anorthosite complex and zircon Pb-evaporation age of
3072±20Ma for orthogranulites, while Cordani et al. (1999) presented
Fig. 3. Geologicalmapof theRioCapimbeltwith sample location (modifiedafter JardimdeSá et
greyornamented—GalodoOuro shear zone; 3—Mafic dyke and irregular bodies; 4 to11—RioC
metavolcanics, and intercalated metasedimentary rocks; 7 — Metagabbro/medium- to co
10— Amphibolite and intercalated metasedimentary rocks; 11— Tonalitic to quartz–dioritic o
zircon U–Pb SHRIMP ages between 3.12 and 3.13 Ga for the Capim
tonalite. Several other Archaean felsic igneous bodies occur in the Uauá
block, some of which, i.e. the Uauá quarry enderbitic granulite and a
gneissic granodiorite to the southeast of Uauáwere respectively datedat
2933±3 Ma and 2991±22Ma (Oliveira et al., 2002); the latter entrain
xenoliths of the country-rock banded gneisses. Twomafic dyke swarms
intrude the basement; an old NW–SE-trending swarm made up of
amphibolite dykes and a young NE–SW-trending swarm made up of
tholeiite and norite dykes. Samples from the young dykes yielded a
reference Sm–Nd isochron of 2586±66Ma (Oliveira et al., 1999). The
latter dykes change their NE–SW direction to NW–SE as they approach
the Caldeirão shear belt, where the dykes have been boudined,
disrupted and metamorphosed to amphibolites. The observed dyke
curvature is related tonorthwarddisplacementof theUauá blockduring
oblique continent–continent collision between 2039 and 2077 Ma
(Oliveira et al., 2002, 2010).

3. The Rio Capim belt

This belt (Fig. 3) is a relatively small, 4-km wide on its
southern and northern tips, and about 10-km wide on the larger
central region, 20-km long, N-, to NW-trending belt of deformed
and metamorphosed mafic to felsic volcanic rocks and associated
sedimentary rocks, intruded by several plutons ranging in
composition from gabbro-diorite to granite. The Rio Capim belt
lies in contact with Archaean rocks of the Uauá block, to the west,
al., 1984). 1—Nappes of SergipanobeltNeoproterozoic sedimentary rocks; 2— Shear zone,
apimbelt: 4— Felsic dyke; 5—Granitic orthogneisses andpegmatites; 6— Felsic andmafic
arse grained amphibolite; 8 — Fine grained amphibolite; 9 — Felsic lava and tuffs;
rthogneisses; 12— Archaean basement.

image of Fig.�3
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by the sub-vertical sigmoidal S-shaped kilometre scale Galo do
Ouro shear zone (Figs. 3 and 4A); to the east it is overlain by
Neoproterozoic sedimentary rocks of the Sergipano belt. The Rio
Capim belt is metallogenetically interesting for its massive sulfide
occurrences (pyrite and pyrrhotite).

Mapping the Rio Capim belt is not an easy task, owing to its
lithological diversity and structural complexity. Winge and Danni
(1980), Jardim de Sá et al. (1984), Souza (1984) and Fonseca (1986)
recognized the following main rock associations:

– metabasalts (Fig. 4B) andmafic to felsic metatuffs interleavedwith
pelitic (Fig. 4C) metasedimentary rocks (garnet–biotite–silliman-
ite–cordierite schist, graphite schist, biotite gneiss) and chemical
to volcanic–chemical metasedimentary rocks (banded iron for-
mation, ferrugineous and carbonatic cherts);

– metadacites (Fig. 4d) tometa-quartz andesites, locally porphyritic;
– gabbroic and granitic intrusions (Fig. 4e,f);
– felsic dykes to the SW intrusive into the Uauá block and texturally

comparable with the felsic volcanic rocks within the central
portion of the Rio Capim belt.
Fig. 4. Field aspects of rocks of the Rio Capim belt. A) Banded mylonites along the Galo do Ou
deformed amphibolite (metabasalt); C) sills of metadacite (arrow) in low-grade pelitic meta
coarse-grained gabbro, possibly layered; F) quartz–diorite–tonalite with small mafic enclav
The relationships between mafic and felsic metavolcanic rocks is
unclear. However, because the felsic metavolcanics crop out mostly in
the central part of the Rio Capim belt, within a large scale, gently open
antiform, have decimetre- to metric scale metabasalt enclaves, and
appear as narrow sills in metasedimentary rocks, Winge (1981), Jardim
de Sá et al. (1984), and Souza (1984) suggested that felsicmetavolcanics
might be younger than the metasedimentary and metabasaltic rocks.

A detailed description of the structural and metamorphic evolution
of the Rio CapimBelt is presented in Jardimde Sá et al. (1984) and Souza
(1984, 1986), hence only a summary is given here. Accordingly, the
main foliation of the Rio Capim rocks is a composite fabric of S1+S2,
whichcanbe clearly seenonF2 foldhinges. S1 is a lowangle foliation that
broadly parallels the original igneous and sedimentary structures (S0),
or the axial plane of intrafolial folds, and both structures are folded and
boudined by F2.

Metamorphism (M2) accompanying deformation F2 is of the low-
pressure type and shows remarkable variation across the Rio Capimbelt.
Thus, fromwest to east M2 gradually increases from low amphibolite to
low pressure–high temperature granulite facies. Themafic rocks consist
mostly of hornblende+plagioclase (An28–32) in the west, grading
ro shear zone that separates the Uauá block and the Rio Capim belt; B) fine-grained and
sedimentary rock; D) metadacite with xenolith of deformed granitic rock; E) deformed
es.

image of Fig.�4


Table 1
Whole-rock Pb–Pb isotope data for rocks of the Rio Capim belt.

Sample 206Pb/204Pb 1σ 207Pb/204Pb 1σ 208Pb/204Pb 1σ

Felsic dykes in the Uauá block
96-12 16.509 0.01 15.320 0.0139 35.692 0.043
96-13 16.036 0.0096 15.250 0.0137 35.320 0.042
MU-1 17.874 0.011 15.538 0.0142 36.522 0.044
MU-2 19.221 0.012 15.702 0.0144 37.234 0.045
MU-3.1 16.146 0.0099 15.312 0.0139 36.067 0.0438
MU-3.2 16.916 0.0102 15.419 0.0139 36.083 0.0435
MU-11 17.081 0.018 15.467 0.0232 36.890 0.088

Metadacite of the Rio Capim belt
96.9.1 20.071 0.012 15.995 0.0144 39.309 0.048
96.9.2 18.995 0.011 15.842 0.0141 38.290 0.046
96.9.3 20.206 0.012 16.034 0.0144 38.475 0.046
96.9.4 19.801 0.012 15.962 0.0145 39.148 0.048
96.9.5 19.150 0.012 15.871 0.0148 38.428 0.049
96.9.6 19.849 0.012 15.982 0.0144 38.903 0.047
CR-1 20.150 0.012 16.009 0.0144 39.035 0.047
CR-2 22.146 0.013 16.275 0.0145 41.495 0.05
CR-3 19.586 0.016 15.976 0.0177 39.008 0.056
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eastwards into hornblende+clinopyroxene+garnet+plagioclase
(An44–59), or clinopyroxene+hypersthene+hornblende+plagio-
clase. The composition of amphibole also changes significantly, as
indicated by mineral analyses done by us with a Cameca SX50 electron
microprobe of the Instituto de Geociências, Universidade de Brasília,
Brazil (unpublished data). Fe-hornblende dominates in the west, and
tschermackitic Fe-hornblende in the east, following the amphibole
nomenclature of Leake (1997). Moreover, the low-grade amphiboles
exhibit higher Mg-number (55–50) and higher Si cations (7.2–6.8 per
formula unit), but lower TiO2 content (b1 wt.%) than their granulite
facies counterparts (Mg#=50–45, TiO2=1–2 wt.%, Si=6.8–6.5 per
formula unit). By applying the Blundy and Holland (1990) geotherm-
ometer hornblende — plagioclase for metabasic rocks, we calculated
535–541 °C and 725–800 °C, respectively for the western and eastern
portions of the belt. These temperature estimates are coherent with the
amphibole compositions described above, and the mineral associations
found in both regions, i.e. blue to green hornblende+preserved
magmatic texture to the west; brown hornblende+low-Al clinopyrox-
ene (Wo39–46, En32–34)+low-Al hypersthene (En43–46,Wob1.9) in
mafic rocks, sillimanite+cordierite+almandine garnet in metapelites,
forsterite+periclase in marbles to the east. The strong temperature
variation across the belt sequence and the diagnostic mineral para-
geneses permit us to characterize a low to medium-pressure–high
temperaturemetamorphism,witha geothermal gradientof about45 °C/
km.

Subsequent folding (F3) shaped the present structural orientation
of the Rio Capim belt. This deformation phase is marked by open to
tight, upright to recumbent folds with N- to NW-trending axes. S3 is
typically a crenulation cleavage, or schistosity, developed under
retrograde amphibolite facies conditions as shown by amphibole
around orthopyroxene in mafic granulites. Several pegmatite intru-
sions exhibit the same orientation and foliation of S3, hence they are
likely to be syntectonic to F3.

The Rio Capim Belt experienced one additional deformation
episode (F4), responsible for nucleation and development of two
regional scale shear zones, one of which (Galo de Ouro shear zone)
separates the Rio Capim belt from the Uauá block. The Galo do Ouro
shear zone presents a sigmoidal S-shape, with width varying from 20
to 25 m in the north to 500 m in the south. Detailed field and
microstructural studies of Souza (1986) demonstrated that the shear
zones are sub-vertical, show right-lateral sense of movement, and
originated by progressive heterogeneous simple shearing under
greenschist to low-T amphibolite facies conditions. Souza (1986)
suggested that F3 and F4 are progressive.

No geochronological study has been done for the Rio Capim belt
before. However, Jardim de Sá et al. (1984) suggested an age of 3.2 Ga
based on a Rb–Sr isochron of Mascarenhas and Sá (1982) for a tonalite
body cropping out in the Uauá block, on the NW contact with the Rio
Capim belt, close to the Galo do Ouro shear zone. This tonalite entrains
amphibolite enclaves which were interpreted by Jardim de Sá et al.
(1984) as metabasalts of the Rio Capim belt. Bastos Leal et al. (1994)
studied two mylonitic mafic dykes of the Uauá block, close to the Galo
do Ouro shear zone. Their K–Ar data yield ages of 2003±86 Ma and
1975±2 Ma suggesting that the F4 above is Palaeoproterozoic in age.

4. Sampling

For this study, we selected representative samples of mafic and
felsic igneous rocks, and metasedimentary rocks. Nine amphibolite
facies metadacites from the Rio Capim belt and eight felsic dykes
intrusive into the Uauá block were dated by the whole-rock Pb–Pb
isochron technique, whereas one granulite facies leucogabbro (96-6)
and another high-grade diorite (96-5.4) had their single zircon grains
analysed by the thermal ionization mass spectrometry. Additional
zircon grains from one metadacite (CR-3) and one high-grade quartz
diorite–tonalite body (C-10) were dated by the sensitive high-
resolution ion microprobe (SHRIMP). Eleven samples of several rock
types (two metadacites, one metadacite dyke, two amphibolites, two
metapelites, one basement felsic dyke, one leucogabbro, one diorite,
and one tonalite) were chosen for Nd isotope geochemistry. Finally,
fifteen metadacite and fifteen mafic rocks were also analysed for
major and trace element for geochemical characterization.

Locations of the samples are shown in Fig. 3. The analytical
techniques and results are presented below.

5. Analytical techniques and results

5.1. Pb–Pb isotope data

The whole-rock Pb–Pb isochron technique followed the proce-
dures of Lafon et al. (1993). The analytical work and mass
spectrometer data acquisition were all carried out in the isotope
laboratory at Centro de Geociências of the Federal University of Pará,
northern Brazil.

The whole-rock Pb–Pb results for metadacite volcanics and dykes
are presented in Table 1 and the isochrons shown in Fig. 5. Nine
samples of metadacites yielded a Pb–Pb isochron age of 2153±79 Ma,
whereas seven samples of felsic dykes intrusive into the Uauá block, to
the west of the Rio Capim belt, yielded the age of 2218±170 Ma.

5.2. SHRIMP U–Pb data

To improve the age of the Rio Capim metadacite and to have age
information about granites of the Rio Capim belt, we have determined
the U–Pb isotopic ages for zircon grains from the metadacite CR-3 and
the quartz–diorite C-10.

Zircon crystals were mounted in epoxy with chips of the CZ3
standard zircon (564 Ma Sri Lankan zircon with 551 ppm U; Pidgeon et
al., 1994; Nelson, 1997). After optical observations under a polarizing
microscope, selected zircon grains were imaged on a SEM (Scanning
ElectronMicroscope) for analysis of morphology and internal structure.
U–Pb analyseswere obtainedusing the PerthConsortiumSHRIMPbased
on the operation procedure described by Compston et al. (1984) and
operation conditions described by Smith et al. (1998). In separate
analytical sessions, seven analyses of the CZ3 standard indicated a Pb/U
calibration reproducibility (1σ) of 1.42% for the Rio Capim tonalite data
and six analyses of the CZ3 standard indicated 1.08% reproducibility for
the Rio Capim metadacite data. Common-Pb corrections were made
assuming Broken Hill common-Pb compositions for all sample analyses.

The age-populations reported here are for 207Pb/206Pb with
between 95% and 105% concordance. Pooled ages are quoted with



Fig. 5. Whole-rock Pb–Pb isochrons for metadacites of the Rio Capim belt and felsic
dykes in the Uauá block. Analytical uncertainty (95% c.l.) similar to symbol size.
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95% confidence level errors. Dates from analyses that are b95%
concordant were regarded as minimum ages.

A total of 7 analyses were obtained on 7 zircon crystals from the
Rio Capim metadacite and 11 analyses on 8 crystals from the Rio
Capim quartz–diorite. The results are listed in Table 2 and displayed in
Figs. 6 and 7, respectively. Analyses outside the ±2σ interval of the
mean ages of identified populations were not in the age calculation.
Concordia diagrams were obtained following the procedures of
Ludwig (1999).

As shown in Fig. 6 zircon crystals of the metadacite CR-3 are
prismatic and show oscillatory zoning typical of felsic igneous rocks.
The weighted age calculated for 7 grains was 2148±9 Ma, which is
fairly similar to the age obtained by the Pb–Pb isochron. For the quartz–
diorite C-10 (Fig. 7) the calculated age for 5 grainswas 2128±7 Ma, i.e.
circa 20 m.y. younger than the metadacite age above. In this rock we
found a 92% discordant zircon (spot 3-2) with the 207Pb/206Pb age of
2318±13Ma and another 99% concordant grain (spot 6-1) with the
single 207Pb/206Pb age of 2236±5 Ma, which we interpret as inherited
from older crust. This latter age is of particular regional relevance
because it is similar to the Pb–Pb isochron age obtained for the
metadacite dykes in the Uauá block and to populations of detrital zircon
Table 2
Zircon SHRIMP U–Pb data of the Rio Capim metadacite CR-3 and quartz-diorite C-10.

Grain
spot

U
(ppm)

Th
(ppm)

Th/U 4f206
(%)

204-corrected isotopic ratios

207Pb/206Pb ± 208Pb/206Pb ± 20

CR-3, Rio Capim metadacite (UWA mount A75A)
2-1 428 201 0.471 0.211 0.1330 0.0006 0.1314 0.0010 0.
3-1 171 57 0.332 0.054 0.1327 0.0008 0.0932 0.0011 0.
4-1 446 177 0.396 0.085 0.1342 0.0005 0.1128 0.0008 0.
5-1 354 173 0.489 0.012 0.1336 0.0005 0.1396 0.0008 0.
6-1 211 172 0.816 0.079 0.1347 0.0007 0.2324 0.0016 0.
8-1 297 133 0.446 0.411 0.1359 0.0020 0.1245 0.0027 0.
9-1 192 83 0.431 0.056 0.1340 0.0007 0.1196 0.0013 0.

C-10, Rio Capim quartz–diorite–tonalite (UWA mount A75B)
1-1 63 76 1.22 0.053 0.1326 0.0012 0.3439 0.0032 0.
2-1 82 102 1.24 0.010 0.1321 0.0012 0.3467 0.0030 0.
3-1 56 91 1.63 0.036 0.1340 0.0021 0.4682 0.0061 0.
3-2 188 120 0.63 0.057 0.1476 0.0012 0.1779 0.0016 0.
4-1 123 183 1.49 0.090 0.1346 0.0033 0.3972 0.0105 0.
5-1 133 76 0.58 0.469 0.1380 0.0013 0.1229 0.0027 0.
5-2 46 85 1.86 0 0.1312 0.0015 0.5569 0.0057 0.
6-1 329 250 0.76 0.006 0.1407 0.0004 0.2127 0.0011 0.
6-2 86 110 1.29 0.081 0.1323 0.0013 0.3640 0.0035 0.
7-1 54 58 1.07 0 0.1329 0.0011 0.3039 0.0033 0.
8-2 71 82 1.15 0.143 0.1291 0.0022 0.3096 0.0055 0.
grains in metasedimentary rocks of the Rio Itapicuru greenstone belt
farther to the south, for which no source has been found so far.

5.3. U–Pb isotope data

Zircon U–Pb data using a VG Sector multi-collector thermal
ionization mass spectrometer (TIMS) were obtained at the Isotope
Geochemistry Laboratory of the University of Kansas, USA. Abraded
and non-abraded fractions of zirconswere spikedwith amixed 205Pb–
235U tracer solution and dissolved in HF and HCl in microcapsules,
using procedures modified after Krogh (1973). During these analyses,
analytical blanks varied from 5 to 25 pg for Pb. PBDAT (Ludwig, 1982)
and ISOPLOT (Ludwig, 1999) were used to reduce raw mass
spectrometer data; correct for blanks; and calculate uncertainties,
concordia intercepts, and weighted averages.

Zircon crystals from the leucogabbro (96-6) are brown, fully
transparent and rounded. The diorite (96-5.4), on the other hand,
contains normal, white-yellow euhedral zircon grains. The results are
presented in Table 3 and displayed on Fig. 8. Four zircon grains from
the diorite yielded a discordia line with the upper intercept age at
2144±17 Ma, whereas five grains from the leucogabbro yielded an
age of 2143±22 Ma. The two ages are similar and within error limits
coincide with that of the metadacite above (2148±9 Ma). In
summary, at about 2150 Ma both mafic and felsic magmas were
generated to form the continental crust of the Rio Capim belt.

5.4. U–Th–Pb electron microprobe monazite data

Monazite is a commonmineral inmetamorphic rocks derived from
Al-rich sediments such as cordierite–garnet metapelites associated
with low- and high-grade basic rocks of the Rio Capim belt. Dating
monazite grains will provide time constraints for the metamorphism
and deformation that affected the belt. The electron microprobe
dating of monazite is now a widely used technique (Montel et al.,
1996; Cocherie et al., 1998; Souza et al., 2006).

The monazite crystals were analysed for U, Th and Pb with a
Camebax Micro electron microprobe of the Université Blaise Pascal,
Clermont-Ferrand, with an accelerating voltage of 15 kV and a 90–
145 nA probe current. The standards used were ThO2, UO2, and a
synthetic glass (CaO–Al2O3–SiO2) with 6200 ppm of Pb. The counting
time for standards is 50 s on peak and 100 s on background for ThO2
%conc 207Pb/206Pb
age (Ma)

6Pb/238U ± 207Pb/235U ± 208Pb/232Th ±

3629 0.0031 6.6530 0.0673 0.1013 0.0012 93 2138±8
3872 0.0039 7.0844 0.0879 0.1086 0.0019 99 2134±10
3623 0.0032 6.7060 0.0672 0.1032 0.0012 93 2154±7
3885 0.0034 7.1556 0.0720 0.1110 0.0012 99 2146±7
3879 0.0036 7.2021 0.0815 0.1105 0.0014 98 2160±9
3699 0.0072 6.9303 0.1806 0.1033 0.0034 93 2175±26
3830 0.0036 7.0742 0.0814 0.1063 0.0016 97 2151±9

3550 0.0047 6.4887 0.1105 0.1004 0.0018 92 2132±16
4007 0.0053 7.2953 0.1234 0.1117 0.0020 102 2126±16
3395 0.0049 6.2714 0.1428 0.0973 0.0021 88 2151±28
3923 0.0053 7.9809 0.1320 0.1100 0.0021 92 2318±13
2582 0.0058 4.7921 0.1705 0.0688 0.0027 69 2159±43
3304 0.0043 6.2868 0.1071 0.0706 0.0019 84 2202±16
3545 0.0061 6.4145 0.1385 0.1061 0.0024 93 2115±20
4098 0.0041 7.9493 0.0871 0.1144 0.0014 99 2236±5
3807 0.0048 6.9426 0.1188 0.1076 0.0019 98 2128±18
3865 0.0052 7.0820 0.1189 0.1100 0.0021 99 2137±15
4114 0.0082 7.3235 0.2043 0.1108 0.0034 106 2086±30
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Fig. 6. (A) SHRIMP U–Pb data for the Rio Capim dacite; (B) Back-scatter electron
microscope image of zircon grains showing oscillatory zoning. Error envelopes in A are
1σ. Grey-filled symbols are single grains used for age calculation.

Fig. 7. (A) SHRIMP U–Pb data for the Rio Capim quartz–diorite–tonalite body; (B) Back-
scatter electron microscope image of zircon grains showing oscillatory zoning. Error
envelopes in A are 1σ. Grey-filled symbols are single grains used for age calculation.

742 E.P. Oliveira et al. / Gondwana Research 19 (2011) 735–750
an UO2, and 300 s on peak and 600 s on background for Pb glass. For
dating, the counting time was of 100 s at each point.

We analysed two samples of metapelitic rocks representative of the
low- (96-8.4) and high-grade (Z-15B) zones. For the first sample, six
monazite grains were analysed, and they gave an age of 2031±62 Ma
(2 sigma errors). For the high-grade sample, four monazite grains
yielded the age of 2096±69Ma. Although the ages differ significantly
from each other by 60 m.y., they are indistinguishable within the
Table 3
Isotope dilution U–Pb data for zircons of the Rio Capim diorite 96-5.4 and leucogabbro 96.6

Concentrations Corrected values

Mineral
fraction

Weight U Total Pb Com Pb 206Pb/238U 207

(mg) ppm ppm ppm

96-6, Rio Capim leucogabbro
m(5) 0.007 158.0 54.851 0.06 0.3186 5.6
m(−1) 0.001 1159.3 403.56 12.20 0.3182 5.6
nm(−1)−1 0.002 456.9 179.32 3.46 0.3660 6.6
nm(−1)−2 0.002 587.9 228.96 0.96 0.3577 6.5
nm(−1)ab 0.004 260.7 109.15 2.10 0.3782 6.8

96-5.4, Rio Capim diorite
m(0)ab 0.010 781.1 195.48 4.25 0.2196 3.5
m(−1) 0.007 686.3 252.46 0.39 0.3384 6.0
nm(−1) 0.007 621.9 189.18 0.50 0.2740 4.7
m(−1)ab 0.002 235.3 95.96 0.95 0.3783 6.9

m and nm — magnetic and non-magnetic fractions; ab — abraded grains.
analytical error. Moreover, the ages are much younger than the ages
found above for the igneous rocks and are consistent with the indicated
ages for the peak of regional metamorphism in the Itabuna–Salvador–
Curaçá orogen, which fall mostly in the time interval 2080–2070 Ma
(Silva et al., 1997; Oliveira et al., 2002; Mello et al., 2006; Oliveira et al.,
2010) but may be somewhat younger such as the 2039±2 Ma found
on syn-deformation titanite at the western boundary of the Uauá block
(Oliveira et al., 2000).
.

Age (Ma) Rho

Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb

138 0.1278 1782 1918 2067 0.989
226 0.1281 1781 1919 2072 0.994
463 0.1317 2010 2065 2120 0.947
216 0.1322 1971 2048 2127 0.983
729 0.1318 2068 2095 2121 0.986

419 0.1170 1279 1536 1910 0.100
443 0.1295 1879 1982 2091 0.990
393 0.1255 1560 1774 2035 0.995
235 0.1327 2068 2101 2134 0.993
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Fig. 8. TIMSU–Pb data for the (A) Rio Capim diorite (96-5.4) and (B) leucograbbro (96-6).

743E.P. Oliveira et al. / Gondwana Research 19 (2011) 735–750
5.5. Sm–Nd isotope data

Sm–Nd isotopes are useful to constrain themantle or crustal sources
of igneous rocks. Sm–Nd isotope data were obtained at the Isotope
Geochemistry Laboratory of the University of Kansas, USA, following
the general procedures of Patchett and Ruiz (1987). Sm and Nd were
loaded, respectively on Ta filament with H3PO4; and Re filament with
H3PO4 and a thin coat of resin beads. Analyses were corrected for
instrumental bias to a 143Nd/144Nd value for the La Jolla Nd standard of
0.511860. Correction for blanks was insignificant for Nd isotopic
compositions and for Sm/Nd concentrations and ratios. Depleted
mantle Nd model ages were calculated according to DePaolo (1988).
Table 4
Sm–Nd isotope data for rocks of the Rio Capim belt.

Sample Rock type Age Sm Nd
(Ma) (ppm) (ppm)

CR-2a Metadacite 2148 1.930 12.315
CR-3a Metadacite 2148 1.892 12.019
Z10.Ba h-grade amphibolite 2143 2.005 6.407
Z14a h-grade leucogabbro 2143 2.314 13.461
96-5.1a h-grade diorite 2144 4.971 29.561
96-8.3a l-grade amphibolite 2143 2.332 7.445
96-8.4a l-grade metapelite 4.814 25.680
96-8.5a metadacite dyke 2148 4.313 24.446
C-10 Capim qtz-diorite 2128 3.48 19.964
Z15.Ba h-grade metapelite 3.586 13.411
MU-3.1a Uauá block felsic dyke 2218 1.523 6.665

a Data from Lawrence (USA). Remaining from UnB (Brazil).
The results are shown in Table 4. The following groups are readily
distinguished in order of increasing Nd model ages (TDM): metadacite
dome (2.28–2.29 Ga); high-grade leucogabbro, amphibolite and gran-
ulitic diorite (2.43–2.46 Ga); low-grade amphibolite, metadacite dyke
and metapelite (2.52–2.58 Ga); quartz–diorite (2.75 Ga); high-grade
metapelite (3.11 Ga); Uauá block felsic dyke (3.28 Ga). These results
suggest that clasts for the sediment protolith of the high-grade
metapelite came from Mesoarchaean sources, possibly with minor
contribution from younger sources such as the Rio Capim belt. On the
other hand, the parental magma to the Uauá block felsic dykes might
have originated by partial melting of the Uauá block rocks, or from
younger sources with major contamination with the latter. Taking the
metadacite SHRIMP U–Pb age (2148 Ma) as a reference, most rocks
other than the Uauá felsic dyke, show slightly negative to positive εNd
values, suggesting a relative short crustal residence for the majority of
theRioCapimrocks anda significant juvenile contribution, especially for
the metadacite flows and amphibolites.

5.6. Whole-rock geochemistry

Whole-rock major and trace elements for mafic and felsic rocks
were analysed in a Philips PW2100 X-ray fluorescence spectrometer
at the Geosciences Institute of the University of Campinas (UNICAMP)
using respectively fusion beads and pressed powder pellets, following
the procedures of Vendemiatto and Enzweiler (2001). Data quality
was controlled routinely through analyses of the international
reference rocks W-2 and BHVO for major elements, and RGM-1 and
WSE for trace elements. The relative errors are 0.4–1.5% for major and
minor elements, while for trace elements they range within 1.5–10%.
Some samples were also analysed for the rare earth elements and
other trace elements on a Thermo (Xseries2) quadrupole ICP-MS at
the Geosciences Institute of UNICAMP following the in house adapted
analytical procedures of Eggins et al. (1997) and Liang et al. (2000),
and instrument conditions of Cotta and Enzweiler (2009); the results
are better than 10% deviation from the recommended values for the
international standards BRP-1, RGM-1 and GSP-2. A few samples were
analysed for the rare earth elements, Th, Hf and Co by instrumental
neutron activation analysis (INAA) at the Research Institute for
Nuclear Energy (IPEN) of the University of São Paulo, following the
analytical procedures of Figueiredo andMarques (1989). The accuracy
and precision of the method were verified by the analysis of the
reference materials granite GS-N and basalt BE-N, showing analytical
precision and relative errors better than 10%. The results are listed in
Table 5 and shown in Figs. 9–14.

On the total alkalis vs. silica diagram (Fig. 9a), the amphibolites,
high-grade leucogabbro and diorite plot mainly in the basalt field,
with four samples plotting in the fields of basaltic andesite to andesite.
The metadacites have higher silica abundance and fall in the fields of
dacite to rhyolite; the two metadacites that were emplaced as sill and
147Sm/144Nd 143Nd/144Nd TDM εΝd(0) εΝd(Τ)

(±1σ) (Ga)

0.09475 0.511245 (11) 2.30 −27.17 0.97
0.09516 0.511258 (11) 2.29 −26.92 1.11
0.18922 0.512654 (14) 2.44 0.3 2.38
0.10395 0.511287 (15) 2.43 −26.36 −0.82
0.10168 0.511230 (15) 2.46 −27.46 −1.3
0.18939 0.512637 (12) 2.58 −0.02 2.0
0.11334 0.511380 (14) 2.52 −24.54 −1.54
0.10666 0.511259 (14) 2.54 −26.9 −2.06
0.10540 0.511088 (17) 2.75 −30.24 −5.3
0.16167 0.511998 (13) 3.11 −12.48 −2.83
0.13815 0.511435 (12) 3.28 −23.46 −6.82
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Table 5
Whole-rock major and trace element data for representative rocks of the Rio Capim belt.

Sample
Rock

CF1 CF3 CF5 CF5-2 CF6 CF7b CF8 CF12 CF14 CF15 CR-1 CR-2 CR-3 96-8.2 96-8.5

Dacite Dacite Dacite Dacite Dacite Dacite sill Dacite Dacite Dacite Dacite Dacite Dacite Dacite Dacite sill Dacite dyke

SiO2 71.08 69.89 70.83 70.56 70.82 71.36 70.98 70.97 70.87 71.07 70.99 71.02 71.40 69.70 67.77
TiO2 0.32 0.33 0.32 0.32 0.33 0.33 0.31 0.33 0.32 0.33 0.30 0.31 0.30 0.63 0.75
Al2O3 14.80 15.43 14.95 14.94 14.81 14.94 14.72 14.81 14.88 14.75 14.26 14.36 14.51 17.79 14.42
Fe2O3 2.22 1.95 2.20 2.29 2.35 2.30 2.27 2.23 2.26 2.19 2.26 2.55 2.24 4.65 6.23
MnO 0.03 0.03 0.03 0.00 0.03 0.04 0.00 0.04 0.03 0.03 0.03 0.03 0.02 0.01 0.08
MgO 1.07 0.85 0.85 0.85 0.90 1.24 0.85 0.85 0.81 0.83 0.82 1.03 0.73 2.98 2.36
CaO 2.28 2.41 2.78 2.73 3.18 2.14 2.40 2.85 2.45 2.37 2.53 3.00 2.33 1.03 3.67
Na2O 4.57 4.30 4.50 4.50 4.57 4.60 4.66 4.46 4.60 4.69 4.34 4.32 4.44 0.78 1.88
K2O 1.89 2.96 2.01 1.99 1.43 2.36 2.08 2.12 2.24 2.00 1.97 1.33 1.67 0.34 1.45
P2O5 0.10 0.00 0.09 0.09 0.09 0.09 0.10 0.09 0.09 0.09 0.10 0.10 0.10 0.09 0.13
LOI 1.42 1.66 1.64 1.64 1.47 0.72 1.35 0.93 1.80 1.56 1.57 1.40 1.24 1.50 1.87
Sum 99.77 99.80 100.20 99.91 99.98 100.12 99.72 99.68 100.35 99.90 99.17 99.44 98.99 99.50 100.61

Trace elements in ppm (XRF)
Cr 13 13 13 21 14 13 11 14 16 19 18 23 17 107 181
Ni 4.0 3.6 3.8 2.4 5.1 2.3 2.7 4.6 3.2 2.8 4.0 4.0 5.0 47.0 62.0
V 24 24 24 26 26 28 22 27 24 23 25 24 25 110 120
Cu 5 9 8 6 7 11 7 16 6 12 – – – – –

Zn 30 30 47 47 52 33 43 94 47 47 57 41 46 56 72
Rb 56 68 62 61 60 63 67 67 60 56 67 60 64 17 59
Ba 610 961 530 558 482 974 601 601 613 922 579 391 591 150 656
Sr 224 256 219 218 334 301 186 234 265 244 259 230 240 101 205
Ga 18 19 17 18 18 20 17 17 18 18 – – – – –

Nb 3.4 3.2 3.4 3.2 3.5 3.2 3.2 3.6 3.3 3.4 3.8 4.0 3.7 5.0 6.0
Zr 127 136 128 126 127 129 128 131 131 128 130 132 131 155 201
Y 3.4 3.6 3.5 3.3 5.2 5.2 3.4 3.6 3.5 3.6 3.3 3.7 3.4 20.0 19.0

Trace elements in ppm (ICP-MS or INAA)
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS

Li 85.0 43.0 51.0 24.5 37.0 32.9 30.8 6.4 53.3
Sc 4.0 3.0 4.0 3.2 3.0 3.5 3.4 20.8 16.5
Co 5.0 5.0 5.0 5 5.0 5 8 13 19
Nb 3.0 3.4 3.1 3.4 3.0 3.4 3.2 5.2 7
Mo 0.4 0.8 0.4 0.4 0.4 0.4 0.1 0.3 0.2
Cs 3.6 3.5 3.5 2.8 2.8 2.2 3.5 0.6 3.2
La 21.11 16.94 19.99 20.4 20.4 21.2 21 37.1 35.6
Ce 34.68 21.89 37.23 37.5 34.3 36.4 36 70.4 65.3
Pr 3.61 3.02 3.56 3.8 3.4 3.6 3.5 7.5 7
Nd 12.34 10.42 12.10 13 11.8 12.6 12.3 28.2 25.2
Sm 1.99 1.74 2.04 2.1 2.0 2 2 5.2 4.5
Eu 0.54 0.52 0.59 0.61 0.5 0.62 0.6 0.95 1.09
Gd 1.39 1.27 1.44 1.45 1.4 1.39 1.34 4.4 3.66
Tb 0.17 0.15 0.17 0.18 0.2 0.17 0.17 0.66 0.57
Dy 0.86 0.77 0.86 0.87 0.8 0.82 0.8 3.72 3.35
Ho 0.15 0.13 0.14 0.15 0.1 0.14 0.14 0.73 0.68
Er 0.37 0.34 0.38 0.38 0.3 0.36 0.34 1.97 1.89
Tm 0.05 0.05 0.05 0.05 0.1 0.05 0.05 0.3 0.29
Yb 0.33 0.29 0.33 0.34 0.3 0.29 0.3 1.94 1.91
Lu 0.05 0.05 0.05 0.05 0.0 0.04 0.04 0.29 0.29
Hf 3.60 3.50 3.70 3.34 3.7 3.34 3.08 4.72 5.39
Ta 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.6 0.7
W 0.3 0.2 0.9 0.5 0.2 0.6 0.6 0.4 2
Pb 11.2 12.4 13.2 24.4 14.8 12.9 13.7 35.3 34.8
Th 8.00 6.40 8.10 7.88 7.6 7.77 7.56 15.65 18.06
U 1.80 1.30 1.60 2.1 1.8 1.89 2.21 4.31 2.42

CF9 Z5 Z5A Z7 Z10A Z10B 96-8.1 96-8.1A 96-8.3 Z14.1 Z14.2 Z16.1 Z16.2 96-5.1 96-5.2

Andesite Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Leuco-
gabbro

Gabbro Mafic
granulite

Mafic
granulite

Mafic
granulite

Mafic
granulite
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dyke into metapelitic rocks have the lowest silica contents amongst
the felsic volcanics. In the silica vs. K2O diagram for arc volcanics
(Fig. 9b) the samples followmostly themedium-K calc-alkaline trend;
in this diagram, one andesite has high-K content and plots in the
shoshonite field, whereas another andesite (CF9) and one metadacite
dyke (96-8.2) plot in the low-K tholeiite field. Because the alkalis and
silica aremobile elements during sub-solidus processes, the use of less
mobile elements is more appropriate for metamorphosed igneous
rocks. The Th vs. Co (Hastie et al., 2007) and Nb/Y vs. Zr/TiO2

(Winchester and Floyd, 1977) diagrams are currently the best proxies
for the total alkalis–silica and K2O–Silica diagrams. As shown in
Fig. 10a, the basic rocks span the fields of basalt, basaltic andesite and
andesite, whereas the more evolved rocks are classified as andesite to
dacite and trachy-andesite. On the Th–Co diagram (Fig. 10b) themafic
rocks are mostly calc-alkaline basalts to basaltic andesites and
andesites, whereas the felsic rocks are high-K andesite to dacite. The
association of basalt, basaltic andesite, andesite and dacite is typical of
oceanic arcs (Condie, 1997). Conversely, continental arcs, such as the
Andes, have much higher abundance of the more evolved rocks.

The arc geochemical signature of the Rio Capim samples can be
further explored on the mantle-normalised multi-element diagram
(spidergram) and on tectonic setting discrimination diagrams.



Table 5 (continued)

CF9 Z5 Z5A Z7 Z10A Z10B 96-8.1 96-8.1A 96-8.3 Z14.1 Z14.2 Z16.1 Z16.2 96-5.1 96-5.2

Andesite Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Amphi-
bolite

Leuco-
gabbro

Gabbro Mafic
granulite

Mafic
granulite

Mafic
granulite

Mafic
granulite

62.25 59.47 50.76 49.73 49.18 50.33 51.12 50.82 50.64 49.13 49.29 51.32 59.87 51.66 55.39
0.76 0.84 0.97 1.38 0.98 1.01 1.24 1.26 1.16 0.99 0.94 1.13 0.63 1.09 0.76

14.96 14.71 15.37 14.89 14.29 14.91 14.71 15.10 14.40 19.86 14.66 17.60 17.09 17.82 18.40
5.92 8.88 13.11 14.90 13.08 13.48 13.80 13.82 13.38 8.88 12.68 10.30 6.22 10.08 8.44
0.10 0.14 0.22 0.22 0.20 0.22 0.21 0.22 0.20 0.14 0.21 0.13 0.09 0.15 0.12
4.25 3.65 6.17 5.15 5.98 6.25 5.47 6.21 7.19 4.85 8.08 4.79 3.01 4.71 3.47

10.27 3.67 10.21 10.01 9.99 10.22 10.05 9.84 11.40 8.55 10.49 8.97 6.79 8.94 8.79
0.96 1.55 2.57 2.32 2.10 2.33 1.98 1.86 0.80 3.16 1.20 3.87 3.87 3.83 3.91
0.13 3.79 0.41 0.47 0.83 0.84 0.38 0.37 0.27 1.42 1.22 0.94 1.18 0.98 0.68
0.16 0.14 0.10 0.12 0.09 0.09 0.13 0.12 0.11 0.38 0.07 0.26 0.15 0.25 0.18
0.72 2.35 0.63 0.64 2.78 0.85 0.48 0.79 0.59 1.87 1.51 0.54 0.36 0.64 0.35

100.47 99.19 100.52 99.83 99.50 100.53 99.57 100.41 100.14 99.23 100.35 99.85 99.26 100.15 100.49

Trace elements in ppm (XRF)
194 290 162 164 222 75 213 196 230 112 433 123 66 94 55
99.0 69.0 50.0 39.0 74.0 33.0 61.0 78.0 75.0 37.0 113.0 66.0 18.0 66.0 29.0

121 182 286 314 182 350 256 264 279 252 332 220 89 173 178
6 – – – – – – – – – – – – – –

51 86 106 127 102 102 110 109 97 85 100 103 74 98 81
2 192 11 10 81 34 45 12 12 80 57 18 44 27 12

247 952 151 40 611 152 246 326 163 289 324 625 1036 819 262
510 151 136 146 155 148 164 229 154 436 198 436 343 451 329
15 – – – – – – – – – – – – – –

4.6 5.0 5.0 5.0 8.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 8.0
109 145 72 91 135 56 100 98 69 41 39 162 130 161 90
16.4 28.0 20.0 27.0 27.0 19.0 28.0 28.0 24.0 8.0 15.0 21.0 15.0 20.0 21.0

Trace elements in ppm (ICP-MS or INAA)
ICP-MS INAA ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS INAA ICP-MS INAA ICP-MS

12.3 8.2 5.3 30.0 10.6 11.5 7 24.8 10.8
20.7 24.5 45.4 44.6 25.0 45.4 40.7 45.9 21 17.8 26.1 21
25 32.5 46 45 29.0 45 45 51 31.4 19 33.4 25
4.1 2.7 4.9 7.8 1.8 3.2 2.1 5.7 7.1
0.2 0.2 0.5 0.6 0.1 0.2 0.3 0.3 0.3
0.6 4.4 0.8 0.1 1.4 1 1.6 1 2 0.2 0.1

13 39 4.1 13.7 30.0 4.2 10.5 5 15.3 19.8 33 22.7
31.7 73 17.5 20.8 58.0 9.9 22.7 11.7 30.2 40.9 67 49
4 1.4 3.4 6.6 1.4 2.9 1.6 4.6 8.1 6

16.8 27.3 6.9 14.7 25.0 7.1 13.3 8.2 12.55 17.6 29 24.1
3.6 5.7 2.3 3.8 5.1 2.2 3.7 2.6 2.54 3.3 5 5
0.91 1.24 0.82 1.14 1.0 0.82 1.09 0.9 1.7 1.15 1.6 1.16
3.11 2.97 4.28 5.0 2.89 4.26 3.31 2.78 4.19
0.47 0.74 0.57 0.75 0.8 0.52 0.77 0.61 0.11 0.42 0.5 0.67
2.88 3.74 4.98 4.8 3.52 5.06 4.14 2.42 3.89
0.58 0.82 1.07 1.0 0.78 1.08 0.91 0.5 0.79
1.6 2.27 2.99 2.8 2.13 3 2.49 1.32 2.1
0.24 0.36 0.46 0.4 0.34 0.48 0.38 0.2 0.32
1.62 2.6 2.29 2.89 2.8 2.15 3.02 2.48 0.73 1.31 2.33 2.05
0.23 0.32 0.34 0.44 0.4 0.32 0.45 0.37 0.11 0.19 0.25 0.29
2.74 3.8 2.11 2.46 3.9 0.97 2.89 1.98 0.71 3.42 3.8 2.15
0.3 0.82 0.2 0.4 0.7 0.1 0.2 0.2 0.4 0.42 0.5
2.1 0.9 0.7 0.8 1.2 0.3 0.8 0.3 0.3
6.6 15.9 7.6 22.4 4.6 8.8 6.9 16.5 39.7
4.2 11 2.31 2.84 11.8 0.95 3.47 1.16 0.19 1.05 1.02 1.37
0.74 3.1 0.42 0.53 2.8 0.32 0.84 0.32 0.53 0.74
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Fig. 11 shows spidergrams of the Rio Capim basic rocks along with
the fields of basalts to andesites of intra-oceanic arcs. Both the studied
samples and the arc rocks show the remarkable negative Nb anomaly
and weakly fractionated rare-earth elements; the Rio Capim samples
are more akin to evolved oceanic arcs such as the New Britain arc. On
the La/Yb vs. Th/Ta tectonic setting discrimination diagram for basaltic
rocks (Condie, 2001) with additional data for oceanic island arcs
(Pearce et al., 1995;Woodhead et al., 1998), the Rio Capim basic rocks
fall mostly in, or close to the field of island arc basalts (Fig. 12); the
granulite facies basic rocks contrast markedly with the others by their
lower Th/Ta ratios and higher La/Yb ratios. The Th/Ta ratio is more
critical for arc rocks and the observed low values may be assigned to
selective removal of Th during the granulite facies metamorphism
that affected these rocks.

The metadacite samples show also the typical subduction-related
negative Nb anomaly on the spidergram but with more fractionated
rare earth patterns (Fig. 13a). As for Ti, Y and the heavy rare earth
elements, two dacite groups can be identified; one with higher
abundances and another with low abundances of these elements. The
former group is made up of samples that occur as sills or dykes in the
metapelitic rocks, and the other group comprises the remaining rocks
and one sill sample (F7b) in metapelite. Because the first group is



Fig. 9. Geochemical characteristics of the Rio Capim igneous rocks. A) Total alkalis vs.
silica diagram with fields after Le Maitre et al. (1989); B) Silica vs. K2O diagram for arc
rocks, with fields after Peccerillo and Taylor (1976). Symbols as follows: square=mafic
to intermediate rocks; losange = felsic (metadacitic) rocks.

Fig. 10. Immobile trace element discrimination diagrams for classification of metaigneous
rocks of the Rio Capim belt. A) Nb/Y vs. Zr/TiO2 *0.0001 diagram of Winchester and Floyd
(1977); B) Th vs. Co diagram of Hastie et al. (2007); H-K and SHO — high K2O and
shoshonite; CA — calc-alkaline; IAT — island arc tholeiite; B — basalt; BA/A — basaltic
andesite and andesite; D/R — dacite and rhyolite. Symbols as in Fig. 9.
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geochemicaly more primitive (high MgO and Ni, less SiO2) and
contains amphibole, fractional crystallization of this mineral (less
than 30%) may account for the observed geochemical differences
between the two groups (Fig. 13b).

On the granite discrimination diagram of Pearce et al. (1984) the
Rio Capim metadacite samples plot all in the volcanic arc field
(Fig. 14). To demonstrate that this diagram works well also for
volcanic rocks, we have added data for dacites from arcs (Japan and
the Andes) and intraplate rifting settings such as the Paraná
continental flood basalt province (Brazil) and the Basin and Range
province (USA); as shown in Fig. 14, these rocks plot in the tectonic
settings they should plot, namely in the volcanic arc and within-plate
fields, respectively.

In summary, the trace element geochemical signatures presented
here when combined with rock association, i.e. metamorphosed
basalt, andesite, dacite, gabbro, and diorite, and the positive to slightly
negative epsilon Nd values of the rocks (Table 4) indicate that the
most likely Phanerozoic analogue tectonic setting for the Rio Capim
mafic to felsic meta-igneous rocks is the oceanic island arc.

6. Discussions and conclusions

The Rio Capim greenstone belt is composed of a rock assemblage
with trace element and Nd isotope geochemical signatures that are
indistinguishable from arc rocks. The dominance of basalt, andesite
and dacite is more typical of oceanic rather than of continental arcs
(e.g. Condie, 1997).

The new data presented here provide the basis for a tectonicmodel
of Palaeoproterozoic arc–continent collision in the northeastern part
of the São Francisco craton, in which the Rio Capim belt is a fragment
of an oceanic arc and the Uauá block a remnant of the continent. The
island arc sequence is represented mainly by basalt, andesite, dacite,
and pelitic sedimentary rocks, and their plutonic counterparts:
gabbro, diorite, quartz–diorite to tonalite, and Al-rich gneisses. During
accretion, the arc sequence underwent low- to medium pressure–
high temperature metamorphism and was converted into amphibo-
lite facies rocks, in the west, and granulites in the east.

The arc may have formed in the time span 2148–2128 Ma and was
likely accreted to the Archaean Uauá block between 2080 and
2070 Ma (ages of the peak of regional metamorphism), when two
continental masses collided, reworked Archaean rocks, and formed
the Itabuna–Salvador–Curaçá orogen. The collision was oblique as
inferred from the occurrence of regional scale left-lateral strike-slip
shear zones in the Serrinha block (Chauvet et al., 1997) and in the core
of the orogen (Delgado et al., 2003), which eventually resulted in
orogen-parallel terrane escape (Oliveira et al., 2004b, 2010). The likely
lateral displacement of components of the arc and continent makes
the reconstruction of the arc–continent collision zonemore difficult to
restore. This is particularly true for the Uauá block that is bounded to
the east and west by nearly upright shear zones. Kinematic indicators
along these shear zones demonstrate that the Uauá block was
displaced significantly from south to north during oblique collision.
As a consequence, the observed sharp contact of the Rio Capim belt
with the Uauá block along the Galo do Ouro shear zone is the outcome
of terrane displacement and not the original arc–continent collision
zone.

image of Fig.�9
image of Fig.�10


Fig. 11. Mantle-normalised, multi-element diagram for amphibolites and mafic granulites of the Rio Capim belt. Basalts and dacites of the South Sandwich arc (light grey field) and
New Britain arc (dark grey field) respectively after Pearce et al. (1995) and Woodhead et al. (1998). Normalising values after McDonough and Sun (1995). Symbols as in Fig. 9.
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Our interpretation of the Rio Capim belt as a fragment of an intra-
oceanic arc that collided with a continental block has several
additional implications.

The age of the Rio Capim arc is similar to ages of some igneous rocks
in the Rio Itapicuru greenstone belt, farther to the south. The oldest
rocks in this belt are 2163–2155 Ma arc plutons (Cruz Filho et al., 2005;
Mello et al., 2006; Rios et al., 2009; Oliveira et al., 2010), followed by ca.
2145 Ma basalts (Oliveira et al., 2010). The basalts were intruded by a
younger generation of arc-related granodiorite and tonalite (2130–
2127 Ma — Chauvet et al., 1997; Mello et al., 2006) and by high-K
plutons (2110–2106 Ma — Carvalho and Oliveira, 2003; Rios et al.,
2007; Costa and Oliveira, 2008), the latter probably emplaced during
arc–continent collision (Oliveira, 2009; Oliveira et al., 2010). The Rio
Capim rocks are thus coeval with basalts and arc plutons of the Rio
Itapicuru belt with ages in the time interval 2145–2127 Ma, and as such
the Rio Capim belt may be a laterally displaced fragment of a major
Palaeoproterozoic volcanic–sedimentary arc sequence. In this tectonic
scenario, the Rio Itapicuru and the Rio Capim belts, along with the
displaced Uauá block seem to belong to an accretionary orogen very
much like the North American Cordilleras (e.g. Dickinson, 2009).

Juvenile magmatism in the range 2.35 to 2.1 Ga covers huge areas
extending for thousands of square kilometres in the adjacent
Borborema Province (Neves, 2003; Neves et al., 2006; Souza et al.,
2007; Martins et al., 2009), as well as the São Luís craton to the NW
(Klein et al., 2005) and French Guiana (Gruau et al., 1985;
Vanderhaeghe et al., 1998; Delor et al., 2003). Similar geological and
tectonic evolution is also found in Birrimian terranes in western Africa
Fig. 12. Th/Ta vs. La/Yb diagram (Condie, 2001) for amphibolites andmafic granulites of
the Rio Capim belt (losanges). Fields for intra-oceanic arc based on data from Pearce
et al. (1995) and Woodhead et al. (1998).
(Abouchami et al., 1990; Boher et al., 1992). It follows that the intra-
oceanic and continental margin tectonics are a viable mechanism for
explaining voluminous juvenile magmatism during Palaeoproterozoic
times.

Finally, intra-oceanic arcs and arc–continent collision zones are
potential sites formineral exploration. Sediment-hostedmassive-type
sulphide occurrences are known in the Rio Capim belt (Winge, 1981)
and our newmodel increases the prospect of new findings. Therefore,
mineral exploration in the Rio Capim belt should be encouraged.
Fig. 13. Trace element characteristics of metadacites from the Rio Capim belt.
A) Mantle-normalised, multi-element diagram (normalising values after McDonough
and Sun, 1995); B) Fractional crystallization modeling with partition coefficients for Y
and Sr for hornblende and plagioclase after Rollinson (1993). Filled losanges— sills and
dykes; open losanges — lavas.
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Fig. 14. Tectonic setting discrimination diagrams of Pearce et al. (1984) for metadacites
of the Rio Capimbelt, with additional samples of dacites fromarcs (Japan— Tamura et al.,
2003; Chile — Costa and Singer, 2002) and intracontinental settings (Paraná — Janasi
et al., 2007; Mincato, 1994; and Basin and Range— Gans et al., 1989); syn-COLG — syn-
collision granites; VAG — volcanic arc granites; WPG — within-plate granites; ORG —

ocean-ridge granites.
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