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a b s t r a c t

Described half a century ago, the Galil�eia tonalite represents a milestone in the discovery of plate margin
magmatic arcs in the Araçuaí-Ribeira orogenic system (southeastern Brazil). In the 1990's, analytical
studies on the Galil�eia tonalite finally revealed the existence of a Late Neoproterozoic calc-alkaline
magmatic arc in the Araçuaí orogen. Meanwhile, the name Rio Doce magmatic arc was applied to
calc-alkaline plutons found in the Araçuaí-Ribeira boundary. After those pioneer studies, the calc-alkaline
plutons showing a pre-collisional volcanic arc signature and age between 630 Ma and 585 Ma have been
grouped in the G1 supersuite, corresponding to the Rio Doce arc infrastructure. Here, we revisit the Rio
Doce arc with our solid field knowledge of the region and a robust analytical database (277 lithochemical
analyses, and 47 UePb, 53 SmeNd, 25 87Sr/86Sr and 7 LueHf datasets). The G1 supersuite consists of
regionally deformed, tonalitic to granodioritic batholiths and stocks, generally rich in melanocratic to
mesocratic enclaves and minor gabbroic to dioritic plutons. Gabbroic to dioritic enclaves show evidence
of magma mixing processes. The lithochemical and isotopic signatures clearly reveal a volcanic arc
formed on a continental margin setting. Melts from a Rhyacian basement form the bulk of the magma
produced, whilst gabbroic plutons and enclaves record involvement of mantle magmas in the arc
development. Tonalitic stocks (UePb age: 618e575 Ma, εNd(t): �5.7 to �7.8, Nd TDM ages: 1.28e1.68 Ga,
87Sr/86Sr(t): 0.7059e0.7118, and εHf(t): �5.2 to�11.7) form the northernmost segment of the Rio Doce arc,
which dies out in the ensialic sector of the Araçuaí orogen. At arc eastern and central zones, several
batholiths (e.g., Alto Capim, Baixo Guandu, Galil�eia, Muniz Freire, S~ao Vítor) record a long-lasting
magmatic history (632e580 Ma; εNd(t): �5.6 to �13.3; Nd TDM age: 1.35e1.80 Ga; 87Sr/86Sr(t): 0.7091
e0.7123). At arc western border, the magmatic evolution started with gabbro-dioritic and tonalitic
plutons (e.g., Chaves pluton, UePb age: 599 ± 15 Ma, εNd(t): �4.8 to �6.8, Nd TDM ages: 1.48e1.68 Ga,
87Sr/86Sr(t): 0.7062e0.7068, and εHf(t): �4.3 to �9.7; and Brasilândia pluton, UePb age: 581 ± 11 Ma,
εNd(t): �8.2 to �10.2, Nd TDM ages: 1.63e1.68 Ga, 87Sr/86Sr(t): 0.7088e0.7112, εHf(t): �12.3 to �14.9),
inas Gerais, Programa de P�os-
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followed by late granodioritic intrusions (e.g., Guarataia pluton, UePb age: 576 ± 9 Ma, εNd(t): �12.52
to �13.11, Nd TDM age: 1.74e2.06 Ga, 87Sr/86Sr(t): 0.7104e0.7110, εHf(t): �12.9 to �21.6). The Muria�e
batholith (UePb age: 620e592 Ma, εNd(t): �8.2 to �13.6, Nd TDM age: 1.41e1.88 Ga) and the Conceiç~ao
da Boa Vista (586 ± 7 Ma) and Serra do Valentim (605 ± 8 Ma) stocks represent a segment of the Rio Doce
arc correlated to the Serra da Bolívia and Marceleza complexes, making the link between the Araçuaí and
Ribeira orogenic domains. We suggest three phases of arc development: i) eastward migration of arc
front (632e605 Ma), ii) widespread magma production in the whole arc (605e585 Ma), and iii) late
plutonism in the western arc region (585e575 Ma). Usual processes of volcanic arc development, like
subduction of oceanic lithosphere under a continental margin, followed by asthenosphere ascent related
to slab retreating and break-off may explain the Rio Doce arc evolution.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

This paper focuses on a region that ranges from the northern to
the central sectors of the Mantiqueira Province, encompassing the
Araçuaí-Ribeira orogenic system (AROS). It includes two domains
roughly limited by the 21�S parallel: the Araçuaí orogen, to the
north, and the Ribeira belt, to the south (Fig. 1). The Araçuaí orogen
and its counterpart located in Africa, the West Congo belt, repre-
sents the evolution of a confined orogenic system bounded by the
S~ao FranciscoeCongo cratons along three sides and, to the south,
connected to the Ribeira belt (Pedrosa-Soares et al., 2001, 2008;
Alkmim et al., 2006). In contrast, the focused segment of the
Ribeira belt had a much more complex evolution, involving the S~ao
Francisco-Congo and Paranapanema cratons, the southern Brasília
belt, the Rio Negro magmatic arc, and the Búzios orogenic domain
(Heilbron et al., 2008, 2013; Schmitt et al., 2008; Tupinamb�a et al.,
2012; Trouw et al., 2013; Bento dos Santos et al., 2015). In this
geotectonic scenario, the Rio Docemagmatic arc seems to represent
a reliable link between the Araçuaí and Ribeira orogenic domains.

The knowledge on AROS granitic rocks significantly improved in
the last two decades, after results of systematic geological mapping
projects, carried out in the 1:100,000 and 1:50,000 scales, and the
widespread use of lithochemical and isotopic (Sr, Nd, Hf) analyses,
as well as UePb geochronology (e.g., Pedrosa-Soares et al., 2011;
Valeriano et al., 2011; Tupinamb�a et al., 2012; Heilbron et al.,
2013; Gonçalves et al., 2014, 2015; Gradim et al., 2014). This has
led to the identification of several segments of Neoproterozoic
magmatic arcs, related to distinct AROS evolution stages, crowning
half a century of studies since the pioneer descriptions based only
on field and microscope data came out.

In the early 1960's, the Galil�eia tonalite, representing a “Late
Proterozoic” batholith composed mainly by a foliated tonalite with
melanocratic enclaves, was described in the Rio Doce river valley
(Barbosa et al., 1964). More than thirty years later, detailed
analytical studies of the Galil�eia tonalite demonstrated its pre-
collisional calc-alkaline affinity, leading to the interpretation of a
volcanic arc formed on a continental plate margin around 595 Ma
(Nalini Jr., 1997; Nalini Jr. et al., 2000). This magmatic arc, along
with the discovery of Neoproterozoic ophiolite remnants, provided
solid evidence to refute an exclusively ensialic evolution for the
Araçuaí orogen (Pedrosa-Soares et al., 1992, 1998). Meanwhile, Rio
Doce became the name of a calc-alkaline magmatic arc of “Neo-
proterozoic III” age, extending further to the south of the Galil�eia
tonalite, from latitude 20�e22� S (Figueiredo and Campos Neto,
1993). Since the late 1990's, geological maps produced by system-
atic mapping projects in the 1:100,000 and 1:50,000 scales have
provided the cartographic basis that allow us to correlate litho-
logical units for long distances with significant accuracy (e.g., Pinto
et al., 2001; Pedrosa-Soares et al., 2003; Heilbron et al., 2007; Novo
et al., 2010a; Paes et al., 2010).
After those studies, the calc-alkaline plutons showing a volcanic
arc signature and age in the range of ca. 630e585 Ma have been
grouped in the G1 supersuite of the Araçuaí orogen (Pedrosa-Soares
et al., 2001, 2011). Recently, tonalitic and gabbroic plutons located
in the northern Ribeira belt have been correlated to the G1 super-
suite (Figueiredo, 2009; Novo, 2013; Heilbron et al., 2013; Corrales,
2015), including plutons ascribed to the Rio Doce arc by Figueiredo
and Campos Neto (1993).

In the present paper, we revisit the Rio Doce magmatic arc
through a robust analytical database (277 lithochemical analyses,
and 47 UePb, 53 SmeNd, 25 87Sr/86Sr and 7 LueHf datasets),
including new and compiled data from a great number of plutonic
bodies ascribed to the G1 supersuite, together with solid field
knowledge of the whole studied area.
2. Geological setting

The major lithotectonic assemblages found in the region of in-
terest are (Fig. 2):

✓ The western ArchaeanePalaeoproterozoic basement, repre-
senting the margin of the S~ao Francisco paleocontinental region
along the border of the lower plate (Pedrosa-Soares et al., 2001,
2008; Alkmim et al., 2006; Noce et al., 2007a,b);

✓ The eastern Palaeoproterozoic basement, including the Juiz de
Fora, Pocrane and Quirino complexes (Noce et al., 2007a;
Heilbron et al., 2010; Novo, 2013), representing the basement
of the upper plate where the Rio Doce arc developed (Pedrosa-
Soares et al., 2001, 2008; Alkmim et al., 2006);

✓ Neoproterozoic metavolcano-sedimentary and metasedi-
mentary units, including the arc supracrustal units represented
by the Rio Doce Group (Vieira, 2007; Pedrosa-Soares et al., 2008;
Novo, 2013);

✓ Late Cryogenian to Early Ediacaran ophiolitic bodies (Pedrosa-
Soares et al., 1992, 1998; Queiroga et al., 2007; Queiroga, 2010;
Peixoto et al., 2015);

✓ The regional plutonic (G1 to G5) supersuites related to distinct
tectonic stages of the orogenic evolution (Pedrosa-Soares et al.,
2011), which are briefly described ahead.

From the oldest pre-collisional plutons to the emplacement of
the latest post-collisional intrusions, the focused region records a
long lasting (ca. 630e480 Ma) succession of granite production
events (Pedrosa-Soares et al., 2011; Heilbron et al., 2013). We use
the name granite in a general sense, if not otherwise specified.
Regionally, the plutonic igneous rocks formed during the orogenic
evolution stages have been grouped into five supersuites, namely
G1, G2, G3, G4 and G5 (Pedrosa-Soares et al., 2011). Supersuites
include suites, batholiths, stocks, and individual plutons, as well as
minor igneous bodies like dikes, sills, veins and irregular-shaped



Fig. 1. Simplified geological map of the Araçuaí-Ribeira orogenic system (AROS) and its location in Western Gondwana (modified from Silva et al., 2005). 1, Cenozoic covers; 2, S~ao
Francisco craton covers. AROS units: 3, Post-collisional plutonism; 4, Collisional plutonism; 5, Rio Doce magmatic arc and probable correlatives; 6, Ophiolite-bearing rock as-
semblages; 7, Rio Negro arc domain; 8, Neoproterozoic metasedimentary and metavolcanic successions; 9, Tonian and Cryogenian rift-related magmatic rocks; 10, Southern Brasília
belt; 11, Pre-Neoproterozoic units. WCB, West Congo belt. CSF, S~ao Francisco craton. Pp-LA-RP, Paranapanema-Luiz Alves-Rio de La Plata cratonic blocks.
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bodies (e.g., leucosomatic patches) of several sizes.
According to the data and references presented in the forth-

coming items, the G1 supersuite corresponds to the plutonic
portion of the Rio Doce magmatic arc (Fig. 2). It mostly consists of
the expanded calc-alkaline series, represented by tonalites to
granodiorites crowded with mafic to dioritic enclaves and facies,
and minor gabbroic plutons. Regionally, G1 rocks show ductile
deformation and metamorphism, although well-preserved igneous
features are locally found (Nalini Jr. et al., 2000, 2005; Pedrosa-
Soares et al., 2011). The G1 plutonic rocks clearly show a volcanic
arc chemical signature and hybrid isotopic attributes, suggesting
interaction between the Palaeoproterozoic continental basement
and mantle derived magmas in a continental margin setting. The
arc-related supracrustal deposits include metavolcano-
sedimentary units of the Rio Doce Group in the arc domain
(Vieira, 2007; Gonçalves et al., 2010; Novo, 2013), the Nova Ven�ecia
Complex in the back-arc region (Gradim et al., 2014) and meta-
sedimentary deposits found in the fore-arc zone (Peixoto et al.,



Fig. 2. Distribution of the main lithotectonic units of the Araçuaí-Ribeira orogenic
system (modified from Pedrosa-Soares et al., 2007; Heilbron et al., 2013; Novo, 2013;
and Gonçalves et al., 2015). Analytical data shown in the map are from: C, Corrales
(2015); F, Figueiredo (2009); Gn, Gonçalves et al. (2014); Gn1, Gonçalves et al.
(2015); Gr, Gradim et al. (2014); H, Heilbron et al. (2013); M, Martins et al. (2004);
Mn, recalculated ages from Mondou et al. (2012); Md, Medeiros (this paper); N, Novo
et al. (2010b); N1, Novo (2013); Nc, Noce et al. (2000); NJ, Nalini Jr. et al. (2000); P,
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2015). G1 magmatism records an orogenic evolution from a pre-
collisional to early collisional stages (ca. 630e580 Ma), associated
with subduction of oceanic crust and convergence of the lower (S~ao
Francisco) plate against the upper (Congo) plate (Pedrosa-Soares
et al., 2001; Alkmim et al., 2006; Heilbron et al., 2013; Gradim
et al., 2014; Peixoto et al., 2015).

Although the G2 supersuite represents an essentially collisional
granite population, the oldest G2 granites formed still in the pre-
collisional stage of the Araçuaí orogen (Noce et al., 2000; Silva
et al., 2002; Heilbron et al., 2013; Gradim et al., 2014). In fact,
from the late pre-collisional to syn-collisional stages, the regional
partial melting of Al-rich paragneisses produced a very large
amount of peraluminous granites characteristic of the G2 super-
suite (ca. 585e545 Ma; Pedrosa-Soares et al., 2011; Peixoto et al.,
2015). G2 peraluminous granites form a continuous NS-trending
belt, extending for over 350 km along AROS northeastern sector
(Figs. 1 and 2). To the south, where deeper crustal levels are
exposed, G2 granites occur in more restrict areas and smaller
bodies (Pedrosa-Soares et al., 2003; Heilbron et al., 2007; De
Campos et al., 2004; Gradim et al., 2014). Heat sources required
to produce G2 magmas, in time and space, probably involved a
complex combination of tectonic processes, like subduction of an
ocean ridge, asthenosphere ascent under a hyper-extended back-
arc, thrusting of the hot magmatic arc onto sedimentary deposits
and increasing radioactive heat release related to collisional crustal
thickening (Gradim et al., 2014; Bento dos Santos et al., 2015).

Late collisional to post-collisional crustal decompression,
related to the fading of converging (tangential) stresses, associated
to the radioactive thermal release of an over-thickened crustal pile,
controlled the onset of a re-melting event, forming the mica-free
cordierite-garnet leucogranites of the G3 supersuite (ca. 545e530
Ma). These leucogranites occur in veins, patches and small plutons
grading to G2 granites (Gradim et al., 2014). Altogether, G2 and G3
granites represent a long lasting series of dehydrating melting
processes, from ca. 585 Ma to ca. 530 Ma.

Finally, mantle delamination and gravity-driven tectonics
caused a late orogenic extensional collapse, triggering the post-
collisional production of magmas that formed the intrusions
grouped into the G4 (ca. 530e500 Ma) and G5 (ca. 525e480 Ma)
supersuites (Pedrosa-Soares et al., 2001, 2011; De Campos et al.,
2004; and this volume; Bel�em, 2014; Gradim et al., 2014; Bento
dos Santos et al., 2015). Muscovite-bearing peraluminous granites
comprising the G4 intrusions are common in northern Araçuaí
orogen (Pedrosa-Soares et al., 2011). The G5 supersuite includes
balloon-like zoned plutons composed of granitic and mafic rocks,
characterizing a bimodal plutonic assemblage. Outstanding fea-
tures revealed by G5 plutons are diapir roots with inverse zoning
(mafic cores and granitic borders), as well as widespread evidence
of magma mixing. G5 intrusions cut across the regional structural
trend, shaping the regional foliation around them. Although they
are free from the regional foliation, they may show a local foliation
developed along their margins owing to emplacement-related
stresses (Wiedemann et al., 2002; De Campos et al., 2004;
Gradim et al., 2014).
3. Analytical methods

We briefly synthesized the analytical methods used to obtain
the new data here presented, which are the same described for
Pedrosa-Soares et al. (2011); Pt, Petitgirard et al. (2009); Q, Queiroga (2010); S, Silva
et al. (2005); S1, recalculated age from Silva et al. (2011); T, Tedeschi (2013); V,
Vieira (2007); W, Whittington et al. (2001).
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most data compiled from recent papers. Our samples were firstly
cleaned (including removal of weathering coats and any other
contaminants) and prepared (crushed and milled) for analyses in
laboratories of the Universidade Federal de Minas Gerais (CPMTC-
UFMG).
3.1. Lithochemichal analyses

Whole rock lithochemical analyses were conducted on 56
samples, taking into account the rock diversity of the G1 supersuite.
Sample powders were analyzed by ACME and ACTLABS laboratories
in Canada. Major and trace element contents were determined
using Inductively Coupled PlasmaeAtomic Emission Spectroscopy
(ICPeAES) and Inductively Coupled PlasmaeMass Spectrometry
(ICPeMS), respectively. Detection limits are 0.01% for oxides and
0.1 ppm formost trace elements, reaching values up to 0.01 ppm for
Heavy Rare Earth Elements (HREE), such as Tb, Tm and Lu. New (56)
and compiled (221) lithochemical analyses (277 samples) are
available in the Supplementary data file labeled
Lithochemical_Data.
3.2. UePb geochronological analyses

About 5e20 kg of each rock sample were prepared for analyses
in laboratories of the Universidade de S~ao Paulo and Universidade
Federal de Ouro Preto, Brazil. Zircon grains were separated using
conventional methods (crushing, grinding, gravimetric and
magnetic-Frantz isodynamic separator) and handpicked under
binocular microscope. For geochronological analysis of the
magmatic rocks and their metamorphic equivalents, we selected
zircon crystals from the least magnetic fractions. After mounted in
epoxy disks and polished to expose grain centers, backscattered
electron (BSE) and cathodoluminescence (CL) images revealed
morphological features and internal structures of zircon grains. No
analytical spot was performed on grain areas with inclusions,
fractures and/or metamict features. UePb isotopic analyses were
performed in the Sensitive High Resolution Ion Microprobe
(SHRIMP) laboratories of the Universidade de S~ao Paulo and
Australian National University, as well as in Laser Ablasion Multi-
collector Inductively Coupled Plasma Mass Spectrometry (LA-MC-
ICP-MS) laboratories of the Brazilian universities of S~ao Paulo,
Brasília and Rio Grande do Sul, and the Ludwig-Maximilian Tech-
nical University of Munich. Temora (417 Ma; Black et al., 2003) and
GJ-1 (Jackson et al., 2004) standard zircons were used in SHRIMP
and LA-MC-ICP-MS analytical routines, respectively. In this study,
the spot size in SHRIMP analyzes had 30 mm, and 25 mm in LA-MC-
ICP-MS. Data reduction used the SQUID software (Ludwig, 2001) for
the SHRIMP data, and the Excel sheet developed by Chemale et al.
(2012) for the LA-MC-ICPMS data. Data evaluation for each spot
took into account the common Pb contents, errors of isotopic ratios,
percentages of discordance and Th/U ratios. From the selected
spots, only those with discordance lesser than 10%were used to age
calculations and plotted in Concordia diagrams. The Concordia di-
agram and histograms were obtained with the software Isoplot/Ex
(Ludwig, 2003).

All new samples analyzed are from plutons of the G1 supersuite:
five UePb (SHRIMP) analyses from samples M-02 (Chaves foliated
gabbronorite), M-21 (Brasilândia foliated tonalite), M-11 (Guarataia
granodiorite), TN-165 (Baixo Guandu tonalitic orthogneiss), MU-56
(Muria�e migmatitic orthogneiss granodioritic), and AR-6 (Con-
ceiç~ao da Boa Vista tonalitic orthogneiss); and two UePb (LA-MC-
ICP-MS) analyses from samples OPU-1415 (Serra do Valentin meta-
gabbronorite) and CE-07 (foliated granite). The new UePb analyses
are available in the Supplementary data file labeled U_Pb_data.
3.3. SmeNd and RbeSr analyses

SmeNd and RbeSr isotopic determinations were conducted at
the Laboratory of Geochronology of Universidade de Brasília (UnB).
SmeNd followed the method as described by Gioia and Pimentel
(2000). Whole-rock powders (~50 mg) were mixed with a
149Sme150Nd spike solution and dissolved in Savillex capsules. The
lanthanides were extracted using ionic exchange conventional
techniques in quartz columns using BIO-RAD-AG-50W-X8 resin.
Sm and Nd extraction of whole-rock samples followed conven-
tional cation exchange techniques, using Teflon columns containing
LN-Spec resin di-(2-ethylhexyl) phosphoric acid (HDEHP) sup-
ported on PTFE powder. The fractions of Sr, Sm and Nd samples
were loaded on re-evaporation filaments of double filament as-
semblies. The isotopic measurements were carried out on a multi-
collector Finnigan MAT 262 mass spectrometer in static mode.
Uncertainties for 87Sr/86Sr are smaller than 0.01% (2s), and for Sm/
Nd and 143Nd/144Nd ratios are better than ± 0.1% (2s) and ±0.005%
(1s), respectively, based on repeated analyses of international rock
standards BHVO-1 and BCR-1. 143Nd/144Nd ratios were normalized
to 146Nd/144Nd¼ 0.7219 and the decay constant (l) used was 6.54�
10�12y�1. TDM ages were calculated according to DePaolo (1981).

We present sixteen new SmeNd analyses from the following G1
bodies: Chaves (M-02, foliated gabbronorite; L-12, L-22 and M-
02W, foliated enderbite); Brasilândia (M-21A, foliated tonalite; M-
21B and L-18, mafic enclaves); Guarataia (M-11, granodiorite), S~ao
Vítor (L-26A, foliated tonalite; L-26E and L-26C, mafic enclaves);
Muria�e (CE-10, CE-56A, CE-76A and MU-56; hornblende-bearing
orthogneisses; CE-57, foliated granite; CE-66B, mafic enclave). The
five new RbeSr data are from samples M-02, M-02W, M-11, M-21A
and M-21B. The new isotopic data are available in the
Supplementary file labeled Isotopic_data.

3.4. LueHf in zircon analyses

Besides the compiled LueHf analyses in zircon, we present new
data obtained via Laser AblasionMulticollector Inductively Coupled
Plasma Mass Spectrometry (LA-MC-ICP-MS, Photon machines 193/
Neptune Thermo Scientific) at the Isotope Geochemistry Laboratory
of the Universidade Federal de Ouro Preto, Brazil. Data were
collected in static mode during 60s of ablation with a spot size of
50 mm. Nitrogen (~0.080 l/min) was introduced into the Ar sample
carrier gas. Typical signal intensity was ca. 12 V for 180Hf. The iso-
topes 172Yb, 173Yb and 175Lu were simultaneously monitored during
each analysis step to allow for correction of isobaric interferences of
Lu and Yb isotopes on mass 176. The 176Yb and 176Lu were calcu-
lated using a 176Yb/173Yb of 0.796,218 (Chu et al., 2002) and
176Lu/175Lu of 0.02658 (JWG in-house value). The correction for
instrumental mass bias utilized an exponential law and 179Hf/177Hf
value of 0.7325 (Patchett and Tatsumoto, 1980) for correction of Hf
isotopic ratios. The mass bias of Yb isotopes generally differs
slightly from that of the Hf isotopes with a typical offset of the bHf/
bYb of ca. 1.04 to 1.06 when using the 172Yb/173Yb value of 1.35,274
from Chu et al. (2002). This offset was determined for each
analytical session by averaging the bHf/bYb of multiple analyses of
the JMC 475 solution doped with variable Yb amounts and all laser
ablation analyses (typically n > 50) of TEMORA zircon with a 173Yb
signal intensity of >60 mV. The mass bias behavior of Lu was
assumed to follow that of Yb. The Yb and Lu isotopic ratios were
corrected using the bHf of the individual integration steps (n ¼ 60)
of each analysis divided by the average offset factor of the complete
analytical session. During analyses, secondary standards such as
Ple�sovice, TEMORA, 91500 and GJ1 yielded 176Hf/177Hf ratios of
0.282475 ± 0.000010 (2s, n ¼ 09), 0.282661 ± 0.000011 (2s, n ¼
04), 0.282299 ± 0.000017 (2s, n ¼ 07), and 0.282020 ± 0.000013
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(2s, n ¼ 04), respectively. These ratios are in good agreement with
the recommended values (e.g., Griffin et al., 2006; Wu et al., 2006;
Morel et al., 2008; Sl�ama et al., 2008). The new LueHf in zircon data
come from the samples M-02 (Chaves foliated gabbronorite), M-21
(Brasilândia foliated tonalite) and M-11 (Guarataia granodiorite).

4. The Rio Doce magmatic arc

Figueiredo and Campos Neto (1993) suggested a first definition
for the Rio Doce magmatic arc, including two series of “pre-colli-
sional calc-alkaline plutonic rocks”: the “tonalitic” and “enderbitic”
series. This article is an important landmark for the characteriza-
tion of the Rio Doce arc as the “tonalitic series” really includes pre-
collisional plutons of the G1 supersuite, like Muniz Freire and Serra
da Bolívia (De Campos et al., 2004; Pedrosa-Soares et al., 2011;
Heilbron et al., 2013; and the present paper). However, the
“enderbitic series” of Figueiredo and Campos Neto (1993) corre-
sponds, in fact, to the peraluminous magmatism formed from the
partial melting of metasedimentary gneisses (Sluitner and Weber-
Diefenbach, 1989; S€ollner et al., 1989; De Campos et al., 2004;
Bento dos Santos et al., 2011; Gradim et al., 2014). Since then, the
concept of Rio Doce arc has been used in distinct senses or even
neglected possibly due to its relation to the controversial “Rio Doce
orogeny” (Campos-Neto and Figueiredo, 1995).

Nevertheless, we consider the essence of the Rio Doce arc
concept extremely useful nowadays, because it is the most impor-
tant candidate to be a pre-collisional link between the Araçuaí and
Ribeira orogenic domains. Furthermore, it records a singular case of
a magmatic arc partially formed inside an inland-sea basin shaped
like a large gulf, the confined Araçuaí-West Congo basin system.
Therefore, we redefine the Rio Doce magmatic arc based on our
solid fieldwork in the target region, as well as on a robust analytical
database.

The Ediacaran Rio Doce magmatic arc includes the plutonic G1
supersuite and themetavolcanoesedimentary succession of the Rio
Doce Group and correlatives (Fig. 2). The G1 supersuite mainly
comprises tonalitic to granodioritic batholiths and stocks, rich in
melanocratic to mesocratic enclaves, regionally deformed and
metamorphosed during the Brasiliano orogeny, although locally
showing well-preserved magmatic features (Pedrosa-Soares et al.,
2011; Gonçalves et al., 2014, 2015; Heilbron et al., 2013; Novo,
2013; Tedeschi, 2013). Most enclaves are gabbro to diorite auto-
liths, suggesting magma mixing features. G1 supersuite also in-
cludes orthopyroxene-bearing (charnockitic) rocks, ranging in
composition from gabbro to quartz monzonite (Novo et al., 2010b;
Tedeschi, 2013; Gonçalves et al., 2014, 2015; Corrales, 2015).
Metamorphosed pyroclastic and volcaniclastic rocks with dacitic to
rhyolitic composition, intercalated in the lower Rio Doce Group, are
supracrustal correlatives of the G1 supersuite. Additionally, the
sedimentary deposits of this group also show remarkable evidence
of provenance from the Rio Doce arc (Vieira, 2007; Gonçalves et al.,
2010; Novo, 2013).

From north to south, the Rio Doce arc can be subdivided into
three sectors: the northern sector comprising the G1 plutons
located to the north of Te�ofilo Otoni; the central sector located
between Te�ofilo Otoni and latitude 20� S; and the sector corre-
sponding to the Araçuaí-Ribeira boundary, to the south of latitude
20� S (Fig. 2). From west to east, the arc encompasses three zones:
the western border, a central zone and the eastern border, as we
refer to in the next sections.

Structural and kinematic features of the Rio Doce arc central
sector suggest an asymmetric, doubleeverging architecture, with
the westeverging structures more developed than the east-
everging ones. NeSetrending, Weverging thrusts mark the
western boundary of the arc, whereas Eeverging oblique thrusts
and dextral strikeeslip shear zones outline its eastern edge, and the
internal region of the arc seems to be relatively preserved from
large scale tectonic displacements and inversions (Alkmim et al.,
2006; Gradim et al., 2014; Peixoto et al., 2015). To the north of
latitude 18�300S, some G1 plutons provide evidence that the arc
died out in the ensialic region of the northern Araçuaí orogen
(Gonçalves et al., 2015). To the south of latitude 20�S, in the Ara-
çuaí-Ribeira boundary, NWeverging thrusts and remarkable NE-
SWetrending, dextral strike-slip shear zones characterizes the
evolution from the convergent to the docking stages of the orogenic
evolution (Alkmim et al., 2006; Heilbron et al., 2008, 2010).

4.1. Lithochemical and isotopic overview

A large number (277) of lithochemical analyses from G1 plutons
covers the studied region of the Rio Doce arc (Figs. 2 and 3). Besides
our new data, a number of datasets compiled from the literature are
available in a Supplementary file (Lithochemical_data). The
compiled data came from distinct sources, published along the last
25 years. In most cases, field and petrographic descriptions allow us
to check if the analyzed rock sample really belongs to the G1
magmatism. Nevertheless, it is important to take into account that
the presented lithochemical dataset does not represent a single
petrogenetic suite (in the sense of fractional crystallization),
neither a batholith, nor a specific pluton at all. In fact, it is only a
regional lithochemical overview of the Rio Doce magmatic arc
(Fig. 3). Nevertheless, tendencies shown by this lithochemical
overview agree with detailed studies carried out in distinct parts of
the arc (Novo et al., 2010b; Heilbron et al., 2013; Tedeschi, 2013;
Gonçalves et al., 2014, 2015; Corrales, 2015).

Regionally, lithochemical data from G1 rocks seems to disclose
two compositional suites (referred to a decreasing order of abun-
dance of their components). The most common suites, comprising
tonalite, granodiorite, diorite, granite, gabbro-diorite and gabbro,
occurs mainly in the central and eastern zones of the arc. The
monzonitic suites, including quartz monzonite, monzodiorite,
monzonite andmonzogabbro, occurs mostly in the western zone of
the arc. In both cases, these suites outline a general calc-alkaline
trend in the AFM diagram, including very few tholeiitic terms
(Fig. 3).

All together G1 granitic rocks are mostly (>80%) medium-to
high-K in composition, although they significantly reach the
shoshonite compositional field (<20%). Likewise, they are much
more calcic to calc-alkaline and magnesian than alkali-calcic to
alkaline and ferroan (Fig. 3).

Metaluminous to slightly peraluminous (<1.1 A/CNK; Fig. 3)
granitic rocks largely prevail in the Rio Doce arc. Besides rock as-
semblages, mineralogical attributes and isotopic data, this lith-
ochemical signature provides solid evidence that most G1 granitic
rocks are equivalent to typical I-typemagmas related to continental
margin arcs (Wilson, 1989; Chappell and White, 2001; Chappell
et al., 2012). Few data (<8%) suggest peraluminous rocks analo-
gous to S-type granites (>1.1 A/CNK; Fig. 3). G1 samples with
significantly peraluminous signatures are granitic rocks probably
modified by assimilation of metapelite xenoliths, and late veins
composed of garnet-bearing leucogranites.

5. Rio Doce arc e northern sector

Gonçalves et al. (2015) studied in detail the G1 plutons occurring
in the northern termination of the Rio Doce magmatic arc, to the
north of Te�ofilo Otoni (Fig. 2). We briefly summarize the results
presented by those authors. According to zircon UePb data, the
magmatic crystallization of those G1 plutons range from ca. 618 Ma
to 574 Ma, including two age groups: plutons crystallized at



Fig. 3. Geochemical data from the Rio Doce Arc. A) Plot of Na2O þ K2O versus SiO2 (wt.%) content (Wilson, 1989); B) AFM diagram (Irvine and Baragar, 1971); C) Variation of the
Aluminium Saturation Index (A/CNK ¼ mol. Al2O3/(CaO þ Na2O þ K2O); Shand, 1943); D) K2O versus SiO2 (wt.%), subdivision of subalkaline rocks (Rickwood, 1989); E) FeOtot/
(FeOtot þ MgO) versus SiO2 (wt.%) (Frost et al., 2001); F) Plot of Na2O þ K2OeCaO (MALI) versus SiO2 (wt. %) showing the spread distribution of the G1 rocks (Frost et al., 2001);
Symbols: 1, Chaves Pluton; 2, Brasilândia Pluton; 3, Guarataia Pluton; 4, Muria�e Batholith granitic facies; 5, Muria�e Batholith hornblende gneiss facies; 6, Muria�e Batholith enclaves;
7, Manhumirim region between Baixo Guandu and Serra da Bolívia complex; 8, compiled data from the entire arc; 9, compiled data from the arc enclaves. Data from: Figueiredo and
Campos-Neto (1993); Nalini Jr. (1997); Aracema et al. (1999); Vieira (2007); Gonçalves (2009); Novo et al. (2010b); Paes et al. (2010); Baltazar et al. (2010); Gonçalves et al. (2010);
Heilbron et al. (2013); Gonçalves et al. (2014); Gonçalves et al. (2015); Medeiros (this work).
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Fig. 4. Geological map of the ChaveseBrasilândia area, with indication of sample locations (Tedeschi, 2013).

M. Tedeschi et al. / Journal of South American Earth Sciences 68 (2016) 167e186174



M. Tedeschi et al. / Journal of South American Earth Sciences 68 (2016) 167e186 175
618e595 Ma and migmatized at 589e555 Ma; and plutons crys-
tallized around 575 Ma without evidence of migmatization. They
consist of granodiorite, tonalite and monzogranite, similar to a
magnesian, slightly peraluminous, calcic- (68%) to calc-alkaline
(24%), medium-to high-K magmatic series (Fig. 3). Although
marked by negative Nb, Ta, Sr and Ti anomalies, typically associated
with subduction-related magmas, the combined isotopic data
suggest a significant crustal contribution in magma genesis
(87Sr/86Sr(t): 0.705939e0.712155; 3Nd(t): �5.7 to �7.8, 3Hf(t): �5.2
to �11.7; and Nd TDM model ages: 1.4e1.7 Ga; Figs. 8 and 12).

When compared to the other segments of the Rio Doce arc, the
northernmost G1 rocks show remarkable differences, as they are
essentially slightly peraluminous granites (ASI ¼ 1.07) relatively
Fig. 5. Features of the central sector of the Rio Doce arc. A, gabbronorite with enderbite veins
pluton; C, photomicrograph of gabbronorite showing main mineral phases and the folia
plagioclase crystals from the coarse-grained tonalite matrix; E, stretched mafic enclaves wit
from Brasilândia foliated tonalite; G, porphyritic granite from Guarataia pluton; H, fine-gr
Guarataia pluton showing igneous flow marked by biotite, highlighting the abundance of a
migmatitic orthogneiss from Baixo Guandu batholith; E, photomicrograph from the migma
rich in biotite. According to Gonçalves et al. (2015), the northern
plutons are not typical I-type or S-type granites, being particularly
similar to granites of the Ordovician Famatinian arc (NW
Argentina). Those authors suggest a hybrid model involving dehy-
dration melting of meta-igneous (amphibolites) and metasedi-
mentary (greywackes) rocks for magma production (Gonçalves
et al., 2015).

6. Rio Doce arc e central sector: new data from a case study

After detailed field mapping of the western border of the Rio
Doce magmatic arc, Tedeschi (2013) delimited three distinct G1
plutons, named Chaves, Brasilândia and Guarataia plutons (Fig. 4).
from Chaves pluton; B, stretched gabbronoritic enclaves in opdalitic rocks from Chaves
tion; D, magma mixing feature from Brasilândia pluton: mafic dioritic enclave with
h different homogenization degrees; F, photomicrograph of hornblende-biotite tonalite
ained granodiorite from Guarataia pluton; I, photomicrograph of a sample from the
llanite bordered by epidote; J, migmatitic gneiss from the Baixo Guandu batholith; K,
titic gneiss from Baixo Guandu batholith.



Fig. 6. Cathodoluminescence (CL) images from zircon grains. Samples M�02, M�11 and M�21 are from the ChaveseBrasilândia area (Fig. 4) and TN-165 from the eastern border of
the Baixo Guandu batholith. Inherited zircons found in sample M�02 are also presented.
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These plutons generally show the regional solid-state foliation
superimposed in locally well-preserved magmatic fabrics.

6.1. Chaves pluton

It is a NS-trending elliptical body, showing a predominant
enderbite facies, with minor gabbronorite, opdalite, charnockite,
and biotite monzogranite facies (Figs. 4 and 5A to 5C). Contacts
among those facies are transitional, marked by hybrid zones
involving mixing of rocks from two or more facies (Fig. 5A to C).
Gabbroic autoliths, and acicular apatite and amphibole growth over
biotite plates are indicative of magma mixing processes (Hibbard,
1995).

Lithochemical data show a compositional trend from gabbro
and tonalite to monzonite, with a magnesian, metaluminous, calc-
alkaline (gabbroic rocks) to alkali-calcic (enderbitic to monzonitic
rocks) signatures (Fig. 3).

Zircon populations extracted from a gabbronorite sample (M-
02) consist of short-prismatic and elongated grains, ranging in
length from 90 mm to 200 mm, with length/width ratios from 3:2 to
5:2, and few inherited rounded grains. Most grains are dark gray
and display magmatic oscillatory zoning on CL images (Fig. 6).
Analyzed spots yield only magmatic 232Th/238U ratios from 0.49 to
0.70. No grains show evidence of metamorphic overgrowth.

Seven spots of the sample M-02 yield a concordia age of
599 ± 15 Ma, interpreted as the crystallization age of the pluton
(Fig. 7). Analyses of LueHf isotopes in zircon spots yield Hf TDM
model ages from 1.47 to 1.75 Ga and 3Hf(t) from �4.31 to �9.66
(Fig. 8). These data together with the whole-rock Nd TDM age (1.48
Ga), 3Nd(t) (�4.83) and 87Sr/86Sr(t) (0.70620) suggest crustal
contamination. In fact, four inherited zircon grains, with
207Pb/206Pb ages from ca. 2058 Ma to ca. 1875 Ma (Fig. 6), and 3Hf(t)
of þ1.94 and þ 2.27, attest the contamination of the mafic magma
by the Palaeoproterozoic basement. However, the least negative
3Nd(t) values, together with similar Nd and Hf isotope attributes of
the gabbronorite facies are among the most primitive signatures
yet found in the Rio Doce arc (cf. Martins et al., 2004; Pedrosa-
Soares et al., 2011; Heilbron et al., 2013; Gonçalves et al., 2014,
2015).

Samples from the enderbitic (M-02W, L-12 and L-22) facies
show Nd TDM ages (1.57 and 1.58 Ga), 3Nd(t) (�4.90 to �6.78), and
87Sr/86Sr(t) (0.70682), suggesting involvement of a major crustal
component in magma genesis (Supplementary data files:
Isotopic_data).

6.2. Brasilândia Pluton

The Brasilândia tonalite forms a NNE-trending sheet-shaped
pluton limited by oblique thrust shear zones (Fig. 4). Locally, fea-
tures of contact metamorphism on the host rock suggest intrusive
emplacement prior to thrust development.

The pluton mainly consists of a foliated epidote-amphibole-
biotite tonalite, with foliated epidote-amphibole-biotite granodio-
ritic to granitic facies along its external zone, all of them rich in
dioritic enclaves (Fig. 5D to F). Mafic to dioritic autoliths including
plagioclase xenocrysts from the tonalite suggest magma mixing
processes (Fig. 5D and E).

Lithochemical data reveal a continuous compositional trend
from the gabbro-diorite enclaves (autoliths) to the late granitic
facies, with the predominance of tonalite, showing a magnesian,
Fig. 7. UePb concordia diagrams for the Chaves foliated gabbronorite (sample M�02);
Brasilândia foliated tonalite (sample M�21); Guarataia granodiorite (sample M�11);
and Baixo Guandu tonalitic orthogneiss (sample TN-165).



Fig. 8. Hf isotopic signature for the Rio Doce arc. A, Hf isotopic composition of zircon grains from the studied granitoids plotted against their age, together with the data from the
northern sector from Gonçalves et al. (2015). B, Relationship between zircon εHf(t) and whole-rock εNd(t) for the northern (Gonçalves et al., 2015) and central sectors.
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metaluminous to slightly peraluminous, medium-to high-K calc-
alkaline signature. From core to border, the pluton evolves from
calcic to alkaline terms (Fig. 3).

All zircon grains from a tonalite sample (M-21) are long to short
prisms from 100 mm to 300 mm in length, and length/width ratios
from 3:1 to 6:1, showing oscillatory zoning (Fig. 6). 232Th/238U ra-
tios vary from 0.26 to 0.58. Eleven spots yield a concordia age of
581 ± 11 Ma for the magmatic crystallization of the Brasilândia
pluton (Fig. 7).

LueHf in zircon analyses from the tonalite sample (M-21) yield
Hf TDM ages from 1.9 Ga to 2.0 Ga, and 3Hf(t) from �12.30 to �14.89
(Fig. 8). This is in agreement with whole-rock Nd TDM model ages
around 1.7 Ga and 3Nd(t) values from�8.18 to�10.18 (Martins et al.,
2004). Our analyses from enclaves yield Nd TDM model ages from
1.78 Ga to 1.96 Ga, and 3Nd(t) from �8.20 to �9.13, as well as
87Sr/86Sr(t) around 0.70641 which is the lowest value from this
pluton (the highest 87Sr/86Sr(t) ratio is 0.71119; Martins et al., 2004).
Again, isotopic data suggest important crustal contribution for the
genesis of a G1 tonalitic pluton of the Rio Doce arc.

6.3. Guarataia pluton

It is a roughly triangle-shaped pluton discordant of the regional
structural trend, cutting across the Palaeoproterozoic basement,
Neoproterozoic metasedimentary rocks and an older G1 pluton
(S~ao Vitor pluton; Fig. 4). Contrasting with Chaves and Brasilândia
plutons, the Guarataia intrusion is largely free of the regional solid-
state foliation. Having an isotropic core, the pluton shows features
indicative of igneous flow and foliation along its borders.

It comprises fine-grained to coarse-grained porphyritic epidote-
biotite granodiorite to granite, with mafic enclaves (Fig. 5G to I).
Lithochemical analyzes show monzonite, granodiorite and granite
compositions (Fig. 3). They are magnesian to ferroan, slightly per-
aluminous, and high-K calc-alkaline to alkali-calcic, similar to the
peraluminous I-type granites (Chappell et al., 2012).

Zircon crystals from a sample (M-11) of the porphyritic grano-
diorite facies shows two distinct populations. The first includes
short-prismatic grains, 150e300 mm in length, with most length/
width ratios around 3:2. The second population consists of long-
prismatic and large elongate grains, exhibiting length/width ra-
tios from 4:1 to 5:2. The first population shows distinctive high
luminescent cores, suggesting an apparent metamorphic recrys-
tallization that was not corroborated by analyses on cores and rims.
All grains displaymagmatic oscillatory zoning on CL images (Fig. 6).
232Th/238U ratios vary from 0.12 to 0.74.

Fourteen spot analyses from thirteen zircon grains yield a



Fig. 9. Features of the southern sector of the Rio Doce arc. A, migmatitic hornblende orthogneiss from the Muria�e batholith; B-thin section of rock shown in A; C, porphyritic biotite
granite from the Muria�e Batholith; D, amphibole-biotite gneiss with stretched gabbroic enclaves from the Conceiç~ao da Boa Vista tonalitic orthogneiss.
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concordia age at 576 ± 9 Ma for the magmatic crystallization of the
porphyritic granodiorite (Fig. 7). This age is very similar to the
zircon PbePb evaporation age of 575 ± 2Ma, obtained by Noce et al.
(2000) for the fine-grained granodiorite facies of the Guarataia
pluton.

Results from LueHf isotope analyses in zircon (Hf TDM ages:
1.92 to 2.57 Ga; 3Hf(t): �12.91 to �25.02; Fig. 8) together with
whole-rock SmeNd data (Nd TDM ages: 1.74 Ga to 2.06 Ga, 3Nd(t):
�12.52 to �13.11) and high 87Sr/86Sr(t) ratios (0.71045e0.71099;
Martins et al., 2004) are indicative of the crustal nature of the
Guarataia pluton.

6.4. The Baixo Guandu batholith

Designated as Rio Guandu gneiss by Vieira (1993), the Baixo
Guandu (or Mascarenhas) batholith was included in the G1
supersuite by Pedrosa Soares et al. (2001, 2011). Cropping out along
the eastern arc border (Fig. 2), the Baixo Guandu batholith com-
prises tonalitic to granodioritic orthogneisses with stretched mafic
to dioritic enclaves (autoliths). They also include xenoliths from the
Rhyacian-Orosirian basement and Neoproterozoic metasedi-
mentary rocks. The orthogneisses generally show migmatitic
structures and ductile shear zones, suggesting that partial melting
occurred during the collisional deformation (Novo, 2013; Gradim
et al., 2014).

We present zircon UePb data for a sample (TN-165) from a
tonalitic orthogneiss located at the eastern margin of the Baixo
Guandu batholith (Fig. 5J). This rock is a strongly foliated, migma-
titic, banded tonalitic orthogneiss rich in biotite (Fig. 5J to L). Zircon
grains constitute a homogeneous population of prismatic crystals
(ratio 2:1) with original igneous features, such as oscillatory zoning
and high 232Th/238U (0.31e1.08), and some evidence of meta-
morphism, like thin metamorphic rims and 232Th/238U lower than
0.05 (Fig. 6).

One inherited zircon grain with igneous features
(232Th/238U ¼ 0.75) yield a 207Pb/206Pb age of 835 ± 15 Ma, sug-
gesting a contribution from a Tonian source in magma genesis.
Regionally, similar ages have been found in detrital zircon spectra
from Neoproterozoic metasedimentary covers on arc basement
(Novo, 2013), and in igneous rocks of terrains located in the Ribeira
belt (Cordani et al., 2002; Heilbron and Machado, 2003). On the
other hand, this age coincides with a time gap found in the detrital
zircon records for the precursor basin of the Araçuaí orogen
(Kuchenbecker et al., 2015). Therefore, an explanation for the 835
Ma inherited zircon may be some assimilation of arc-related meta-
sedimentary rocks during magma evolution, considering that the
Baixo Guandu orthogneisses present xenoliths of those rocks.

Six UePb analyses yield a concordia age of 621 ± 5 Ma for the
magmatic crystallization of the orthogneiss tonalitic protolith
(Fig. 7). This is one of the oldest magmatic ages yet found in the Rio
Doce arc (Fig. 2). To the north, a foliated tonalite records a much
younger magmatic age (ca. 589 Ma, Gradim et al., 2014), suggesting
a long-lasting magmatic history for the Baixo Guandu batholith.

7. The Rio Doce arc in the Araçuaí-Ribeira boundary: new data

Migmatization and strong deformation are common features in
both G1 and basement orthogneisses along the sector to the south
of latitude 20�S, where important strike-slip ductile shear zones
overprinted previous thrusts. For this reason, some G1 bodies were
interpreted as basement rocks (Quirino complex) in former publi-
cations (Noce et al., 2003; Tupinamb�a et al., 2007).

This is the region where the Rio Doce arc was defined
(Figueiredo and Campos Neto, 1993). Actually, the Araçuaí-Ribeira
connection arises from the correlation of the G1 bodies named
Manhuaçu and Muniz Freire (Pedrosa-Soares et al., 2011), Serra do
Valentim (this paper), Divino (Novo et al., 2010b), Muria�e
(Figueiredo, 2009, and this paper), Conceiç~ao da Boa Vista (Novo,
2013, and this paper), Serra da Bolívia (Heilbron et al., 2013) and
Marceleza (Corrales, 2015).



Fig. 10. Cathodoluminescence (CL) images of zircon grains from the Conceiç~ao da Boa Vista tonalitic orthogneiss (sample AR-6), migmatitic hornblende orthogneiss from the Muria�e
batholith (sample MU-56), and metagabbronorite of the Serra do Valentim pluton (sample OPU-1415). Backscattered electron (BSE) images from zircon grains of the foliated granite
from the Muria�e batholith (sample CE-07).
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7.1. Serra do Valentim pluton

Formerly ascribed to the granulitic basement, the metamafic
rocks found in the Serra do Valentim pluton were correlated to the
Muniz Freire batholith by Figueiredo and Campos Neto (1992). We
present new data supporting this correlation and assigning the
Serra do Valentim gabbroic intrusion to the G1 supersuite of the Rio
Doce arc.

The sample (OPU-1415) selected for UePb dating is a medium-
grained metagabbronorite with an allotriomorphic texture, in
which a net of mafic minerals (amphibole, pyroxene and biotite)
has the spaces among them occupied by plagioclase and quartz. The
zircon grains comprise short to medium-prismatic grains reaching
420 mm, with length/width ratios predominantly from 2:1 to 5:2
(Fig. 10). The CL images reveal interesting internal structures which
depict a more or less dark inner domain and a light outer domain.
The inner domain shows broad zoning and euhedral outer shape. In
every case the outer domain, which is light in luminescence, has



Fig. 11. UePb concordia diagrams for plutons from the southern sector of the Rio Doce arc. Muria�e foliated granite (sample CE-07); Muria�e migmatitic hornblende gneiss (sample
MU-56); Serra do Valentim pluton (sample OPU-1415); Conceiç~ao da Boa Vista tonalitic gneiss (sample AR-6).
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curved, bay like, convex boundaries to the inner domain, indicating
recrystallization (Fig. 10). The grains have Th/U ratios ranging from
0.72 to 2.47, all suggesting a magmatic origin.

Five spots from six zircon grains yield a concordia age of 605 ± 8
Ma (Fig. 11), which is the best time constraint for the magmatic
crystallization of the Serra do Valentim gabbronorite. Six spots
from the outer domains yield a concordant age of 590 ± 7 Ma
(Fig. 11), interpreted as the age of a metamorphic event.

7.2. Muria�e Batholith

Based on lithological correlation, Noce et al. (2003) and



Fig. 12. Tectonic lithochemical diagram for Rio Doce arc (after Pearce et al., 1984; data
sources in Fig. 3). Nd isotopic evolution diagram for the Rio Doce arc. Data sources:
Pedrosa-Soares et al. (1998); Nalini Jr. et al. (2000); De Campos et al. (2004); Martins
et al. (2004); Queiroga et al. (2007); Noce et al. (2007a); Figueiredo (2009); Gonçalves
(2009); Novo et al. (2010b); Queiroga (2010); Gonçalves-Dias (2012); Pedrosa-Soares
et al. (2011); Heilbron et al. (2013); Novo (2013); Tedeschi (2013); Gonçalves et al.
(2014); Gonçalves et al. (2015).

Fig. 13. UePb age distribution histograms for the Rio Doce arc. A, general age diagram;
B, diagram highlighting the western, and central and eastern arc zones; C, diagram
highlighting the northern, central and southern arc sectors (data sources referred in
Fig. 2 caption).
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Tupinamb�a et al. (2007) assigned the Muria�e migmatitic ortho-
gneisses to the Palaeoproterozoic Quirino Complex. After UePb
data, Figueiredo (2009) ascribed the same rocks to the G1 super-
suite, redefining the Muria�e batholith. It is an extremely deformed
body, elongated along the NEeSW structural trend, including
migmatitic hornblende orthogneiss (Fig. 9A to C), and minor
allanite-magnetite-bearing foliated granite and leucocratic granite.
The last two granites are free of migmatization and represent a late
stage of the batholith evolution (Fig. 8A). Lithochemical data indi-
cate monzonitic to granitic compositions with a high-K calc-alka-
line to alkali-calcic, metaluminous to slightly peraluminous
signature (Fig. 3).

The selected sample (MU-56A) is a migmatitic hornblende-
bearing orthogneiss, composed of granodioritic paleosome and
granitic neosome. It furnished prismatic zircon grains ranging from
170 to 500 mm in length, with length/width ratios around 2:1
(Fig. 9A and B). Most of them show distinctive low luminescent
zoned cores with 232Th/238U between 0.04 and 0.18, surrounded by
high luminescent rims, generally showing oscillatory zoning with
232Th/238U from 0.20 to 0.52 (Fig. 10). Zircon grains from the
granodioritic paleosome do not exhibit evidence of overgrowth,
whilst those from the granitic neosome show clear overgrowth
rims (Fig. 10, spots 2.2, 3.2, 5.1, 6.1, 11.2, 17.2). Twelve spot analyses
on cores yield a mean 206Pb/238U age of 620 ± 3 Ma, interpreted as
the magmatic crystallization age for the granodioritic paleosome.
Six spots performed on grain rims yield a concordia age of 592 ± 4
Ma, assumed as the crystallization age of zircon overgrowths
related to the intense migmatization shown in the outcrop (Fig. 11).
Two inherited grains yield ages around 670 Ma (Fig. 10). They may
be explained by magmatic assimilation of arc-related supracrustal
rocks, which contain many zircon grains with similar ages (Novo,
2013), during the granodioritic magma evolution.

A sample (CE-07) represents the foliated porphyritic biotite
granite of the Muria�e batholith (Fig. 9C). The zircon crystals can be



Fig. 14. Evolutionary model for the central sector of the Rio Doce magmatic arc (not to scale).
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grouped into a predominant population (elongated prisms, 100 mm
in length, with length/width ratios greater than 3:1), and a minor
group (shorter prisms, with length/width ratios around 7:3 and
poorly developed shapes). Most grains exhibit internal zoning and
232Th/238U ratios ranging from 0.07 to 1.54 (Fig. 10). Twelve spots
yield a 206Pb/238U age of 593 ± 4 Ma for the magmatic crystalliza-
tion of the porphyritic granite (Fig. 11).

SmeNd analyses on whole-rock samples from the migmatitic
hornblende orthogneiss paleosome provide Nd TDM model ages
from 1.41 Ga to 1.88 Ga, and 3Nd(620) from�8.23 to �10.99. The late
granite shows a Nd TDMmodel age at 1.83 Ga and 3Nd(593) of�13.59.
Both rocks record the continental basement contribution for their
magmatic protoliths.

7.3. Conceiç~ao da Boa Vista tonalite

Formed by tectonic slices interleaved with rocks of the base-
ment and metasedimentary cover, grading to strongly deformed
migmatitic terms, this tonalitic orthogneiss was ascribed to the
Palaeoproterozoic Quirino complex (Tupinamb�a et al., 2002).
However, Novo (2013) assigned the Conceiç~ao da Boa Vista tonalitic
orthogneiss to the G1 supersuite after the new UePb data pre-
sented ahead.

The selected sample (AR-6), a hornblende-biotite tonalitic
orthogneiss with stretched gabbroic enclaves (Fig. 9D), furnished
elongated (3:1) prismatic zircon crystals with oscillatory zoning
and 232Th/238U ratios from 0.04 to 1.17. Three inherited zircons
(2132 ± 7 Ma, 2029 ± 5 Ma and 2012 ± 16 Ma; Fig. 10) attested
basement involvement in magma production (Heilbron et al.,
2010). Four spots yield a concordia age of 586 ± 7 Ma, interpreted
as the magmatic crystallization age for the tonalitic protolith
(Fig. 11).

8. Discussion and conclusion

The Rio Doce magmatic arc extends at least for some 550 km
from the northern sector of the Araçuaí orogen to the Ribeira
orogenic belt, roughly between latitudes 17� and 22� S, i.e., more
than 100 km to the south of the conventional Araçuaí-Ribeira
boundary (Figs. 1 and 2). It reaches its maximum width around
140 km in the central sector, at Baixo Guandu latitude, which
represents the most complete remnant sector of the formerly full-
developed arc. Owing to the present-day erosional levels, expo-
sures of the arc infrastructure, represented by the G1 supersuite,
are much more common than its volcano-sedimentary cover,
recorded by the lower formations of the Rio Doce Group.

The G1 rock assemblages, similar to an expanded calc-alkaline
series, together with robust lithochemical and isotopic datasets
strongly suggest a pre-collisional magmatic arc developed on an
active continental margin setting (Figs. 3, 8 and 12). Isotopic
(whole-rock Nd and Sr, and Hf in zircon) data reveal an important
contribution of continental crust in arc genesis (Figs. 8 and 12).
Indeed, the contribution of the crustal basement might be very
important, as one expects for magmatic arcs developed on conti-
nental margins. Furthermore, a great part of the Rio Doce arc
formed inside a confined orogenic setting, the Araçuaí orogen,
where the continental crust would be much more extensive than
the oceanic crust. The 3Nd evolution diagram clearly shows the very
significant contribution of the continental crust, mostly repre-
sented by the Rhyacian-Orosirian basement and anorogenic
igneous rocks of the precursor rift system (Fig. 12). Most Nd model
ages, ranging from 1.2 Ga to 2.0 Ga, also reflect the mixture of older
continental sources with relatively younger sources. The last can be
related to the Neoproterozoic rift-related magmatism and, at least
in part, to some influence of the CryogenianeEdiacaran oceanic
lithosphere in mantle magma genesis. Gabbroic intrusions and the
great abundance of mafic to dioritic autoliths in tonalitic-
granodioritic rocks provide evidence for mantle magma inter-
vening in arc development. However, we suggest that upwelling
mantle magmas represented much more a heat source triggering
partial melting on the lower crust than a direct juvenile magma
source for the arc.

Our studies show that rocks from the monzonitic suite (from
monzogabbro to quartz monzonite, Fig. 3) mainly occur along the
western zone of the arc, whilst rocks not so rich in potassium are
more common from the central to eastern zones. Moreover, the
calc-alkaline rocks of mafic composition are more common along
thewestern zone of the arc (Gonçalves et al., 2010, 2014; Novo et al.,
2010b; Tedeschi, 2013). This, together with the age distribution in
space and time provide the guidelines for an evolutionary model
(Fig. 14).

The UePb age histograms suggest three main age intervals and
their peaks (Fig. 13). The oldest age interval, from 632 Ma to 605
Ma, shows a peak at 625-615Ma. It follows an age interval from 605
Ma to 585Ma, with a peak at 600e590Ma. Finally, the youngest age
interval, from 585 Ma to 570 Ma, shows a peak at 585e575 Ma
(Fig. 13). Combining age relations shown in Figs. 2 and 13, the age
distribution in space and time along the whole arc shows distinct
patterns concerning each age interval. Ages from the oldest interval
(632-605 Ma) tend to be concentrated in the eastern and central
zones of the arc (Fig. 13B). Ages from the intermediate interval
(605e585 Ma) are widespread along the whole arc, seeming to be
more common from the central to the western zones (Figs. 2 and
13). Finally, the youngest ages (585e575 Ma) mostly occur from
the central to the western zones of the Rio Doce arc.

The presented data suggest an evolutionary model for the Rio
Doce magmatic arc, mostly based on its central sector, as follows
(Fig. 14):

✓ Phase 1 - Subduction of oceanic lithosphere from west to east
triggered the arc building processes along the (present-day)
eastern zone of the Rio Doce arc, from ca. 632 to ca. 605 Ma.

✓ Phase 2 e Slab retreating and subduction of the ridge from ca.
605Ma to ca. 585Ma catalyzed the production of a large amount
of magmas, shown by plutons widespread over all arc zones.

✓ Phase 3 e Slab break-off in the pre-collisional to collisional
transition caused a heat input under the western arc zone,
generating the late arc intrusions. This last arc development
phase overlaps the early collisional stage of the Araçuaí orogen.
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