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Detrital zircon UePb geochronology combined with Hf isotopic and trace element data from meta-
sedimentary rocks of the Araçuaí Belt in southeastern Brazil provide evidence for break-up of the Congo
eSão Francisco Craton. The UePb age spectra of detrital zircons from metasediments of the Rio Doce
Group (RDG) range from 900e650 Ma and define a maximum depositional age of ca. 650 Ma. Zircon
trace element and whole rock data constrain an oceanic island arc as source for the deposition setting of
the protoliths to the metasediments. Zircon εHf(t) values from these rocks are positive between þ1
and þ15, supporting previous evidence of a Neoproterozoic extensional phase and oceanic crust for-
mation in a precursor basin to the Araçuaí Belt. Recrystallization of detrital zircon at ca. 630 Ma is
compatible with a regional metamorphic event associated with terrane accretion to the Paleoproterozoic
basement after transition from an extensional to a convergent regime. The juvenile nature, age spectra
and trace element composition recorded in detrital zircons of metasediments from the Araçuaí Belt
correspond with zircons frommetasedimentary rocks and oceanic crust remnants of other orogenic belts
to its south. This suggests that rifting and oceanic crust formation of the entire orogenic system, the
so-called Mantiqueira Province, was contemporaneous, most likely related to the opening of a large
ocean. It further indicates that the cratonic blocks involved in the orogenic evolution of the Mantiqueira
Province were spatially connected as early as 900 Ma.

� 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The Neoproterozoic break-up of the Rodinia supercontinent and
assembly of Gondwana is one of the most important events con-
cerning geodynamics, palaeoclimatic changes, and development
of biologic diversity on Earth (Hoffman et al., 1998; Meert
and Liebermann, 2008; Nance et al., 2014). In palaeogeographic
reconstructions, the Amazonian Craton is usually considered
part of Rodinia whereas the Río de la Plata, Kalahari and São
FranciscoeCongo Cratons were marginal to Rodinia (e.g. D’Agrella-
Filho and Cordani, 2017; Oriolo et al., 2017). However, South
American and African Cratons were possibly positioned within
the Rodinia supercontinent (Evans, 2009). The assembly of Rodinia
during the Grenvillian Orogeny was a long-lasting process
(1.45e0.97 Ga) whereas its break-up appears synchronous at ca.
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750 Ma (e.g. Li et al., 2008; Evans, 2009; D’Agrella-Filho and
Cordani, 2017). Contrastingly, rifting and collisional events of
South American and African continental masses were diachronic
processes between 1.00e0.75 Ga (D’Agrella-Filho and Cordani,
2017). Later accretion of West Gondwana (combined Africa and
South America; Fig. 1a) connected several continental blocks in a
network of orogens to build a crustal mosaic in the Ediacaran and
early Cambrian from 640e520 Ma (Trompette, 1997; Brito Neves
et al., 1999; Alkmim et al., 2006; Fig. 1a). Neoproterozoic colli-
sional belts are better known, whereas little is known about timing
of rifting and break-up in South American continental blocks.

The Mantiqueira Province is a section of this large orogenic
system extending alongside the southeastern coast of Brazil and
Uruguay (e.g. Almeida et al., 1981; Silva et al., 2005; Fig. 1a). The co-
evolution of the orogenic belts of theMantiqueira Province remains
a matter of debate, in spite of detailed description of each
composing belt (e.g. Silva et al., 2005; Bento dos Santos et al., 2015).
Contradiction exists betweenmodels that favourmultiple collisions
of different microplates over a single diachronic collisional event in
the orogenic province (e.g. Heilbron and Machado, 2003; Bento dos
ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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Santos et al., 2015). It is noteworthy however, that these models
mostly hinge on studies of orogenic magmatism; the lack of prov-
enance studies in this area weakens all tectonic models. This limi-
tation of studies restrains large-scale palaeo-reconstructions of
Gondwana assembly where rifting during Rodinia break-up at ca.
750 Ma and later amalgamation of continental blocks are evident.
As a consequence, many aspects of the geodynamic history are still
debated (e.g. Li et al., 2008; Frimmel et al., 2011; Evans et al., 2016).

Paleogeographical reconstructions of orogenic belts are
strengthened with the integrated use of provenance of sedimentary
rocks and palaeomagnetic and event chronology (e.g. Anderson,
2005; Cawood et al., 2007). Detrital zircon is increasingly used for
provenance analysis in geodynamic evolution and paleogeographical
modelling (e.g. Cawood et al., 2007; Gehrels, 2014). Zircon ages help
to constrain the timing of deposition of sediments, reconstruction of
provenance bymatching the agewith known zircon-forming events,
and basin modelling as a sink of zircon (e.g. Cawood et al., 2012;
Gehrels, 2014). Combining zircon detrital ages and Hf isotopic com-
positions overcomes limitations of this method such as lack of
outcrop or erosion of certain source rock units, or multiple potential
source areas with similar zircon crystallization ages (e.g. Augustsson
et al., 2006; Howard et al., 2009). This approach is increasingly used
to identify different source areas with similar ages because the Hf
isotopic signature of individual zircons is revealing the juvenile and
crustally evolved contribution of the source region.

In this contribution we investigate the provenance of meta-
sedimentary rocks of the Rio Doce Group (RDG) from the Araçuaí
Belt in southeastern Brazil, in the northern sector of the Man-
tiqueira Province in order to improve our understanding of Gond-
wana assembly. We show results of zircon UePbeHf isotopic and
trace element analyses in comparison with previously published
age spectra and isotopic compositions of zircon from potential
source areas in West Gondwana and other metasedimentary units
of the Mantiqueira Province. Based on this approach, we present
new constraints on the depositional age, provenance and tectonic
setting of the protoliths to the studied metasediments, with
implications for the geodynamic evolution of West Gondwana.
2. Geological setting

2.1. The Mantiqueira Province

The Mantiqueira Province is a geographical division of the Bra-
siliano Orogen, extending for w3000 km alongside the Atlantic
coast of southeastern Brazil and Uruguay. The orogen has the Pan-
African Orogen as a counterpart and comprises, from south to
north, the Dom Feliciano Belt (DFB), Ribeira Belt (RB) and Araçuaí
Belt (AB or Araçuaí Orogen) in South America and the West-Congo,
Kaoko, Damara and Gariep Belts in Africa (Almeida et al., 1981; Da
Silva et al., 2005; Bento dos Santos et al., 2015; Fig. 1a). These
orogenic belts connect a mosaic of Archean and Palaeoproterozoic
basement blocks and Meso- and Neoproterozoic sedimentary
basins that were amalgamated during closure of the Adamastor and
the Khomas Oceans (e.g. Brito-Neves and Cordani, 1991; Pedrosa-
Soares et al., 2001; Silva et al., 2005). Subsequent rifting of the
South Atlantic in the Cretaceous separated the South American
from the African belts. The orogenic systems are limited to the west
by the São Francisco, Paranapanema and Rio de la Plata Cratons and
to the east by the Congo and Kalahari Cratons (Fig. 1a).
Figure 1. (a) Position of cratonic blocks and Neoproterozoic orogenic belts of southwest
Abbreviations: AB e Angola Block, AC e Amazonian Craton, CC e Congo Craton, KC e Kalahar
Megacraton, SFC e São Francisco Craton (modified from Frimmel et al., 2011; Rapela et al., 2
Melo et al., 2017).
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Rift-related volcanics and anorogenic granites (ca. 900 Ma,
Machado et al., 1989; da Silva et al., 2008) together with inferred
ophiolite remnants in the AB (ca. 800 Ma, Pedrosa-Soares et al.,
1998) provide evidence for a Neoproterozoic ocean in the north-
ern Mantiqueira Province. Extensional magmatism in the RB
(ca. 800e770 Ma, Heilbron and Machado, 2003) and ophiolitic
remnants in the DFB (ca. 900 Ma and 750Ma, Saalmann et al., 2005;
Arena et al., 2016) are evidence of a southern continuation of that
ocean. Closure of this ocean gave rise to magmatic arc development
in the three belts at ca. 630e570Ma (e.g. Pedrosa-Soares et al., 2001;
Heilbron and Machado, 2003; da Silva et al., 2005; Saalmann et al.,
2005). Subsequent collision resulted in production of syn-orogenic
granites at ca. 590e570 Ma with associated granulite-facies meta-
morphism and anatexis in the DFB and AB (Leite et al., 2000;
Pedrosa-Soares et al., 2001; da Silva et al., 2005; Richter et al.,
2016; Melo et al., 2017). Final pulses of magmatism from 530 Ma
to 480 Ma mark the terminal amalgamation of continental blocks
(Pedrosa-Soares et al., 2001; da Silva et al., 2005; Richter et al.,
2016). Compared to the AB and RB, an initial phase of juvenile
magmatism at ca. 850 Ma was followed by continental arc mag-
matism in the DFB between 770 Ma and 680 Ma (São Gabriel Block,
e.g. Babinski et al., 1996; Saalmann et al., 2005; Lena et al., 2014).
The main collisional event occurred between 650 Ma and 580 Ma
with subsequent anatexis and production of large granitic bodies
(e.g. Saalmann et al., 2005; Bento dos Santos et al., 2015).

The geodynamic evolution of the Mantiqueira Province remains
debated. Many authors suggest a diachronic single collisional event
(da Silva et al., 2005; Bento dos Santos et al., 2015), whereas others
argue for multiple collisions of several microplates (Campos Neto
and Figueiredo, 1995; Heilbron and Machado, 2003). Bento dos
Santos et al. (2015) compiled geochronological and geochemical
data for the entire Mantiqueira Province and proposed a single
collisional event based on similar chemical signatures of magmatic
rocks in different periods in all belts with progressively younger
ages towards the northern section of the entire orogenic system.
Heilbron and Machado (2003) reported a metamorphic event
(540e520 Ma) only present in some terranes of the RB, and pro-
posed a scenario of several collisional events between microplates
containing the main cratonic blocks.
2.2. The Araçuaí Belt

The Araçuaí Belt in southeastern Brazil and its African
counterpart, the West-Congo Belt, developed between the São
Francisco and Congo Cratons and represent the northern end of the
Mantiqueira Province (e.g. Pedrosa-Soares et al., 2001; Alkmim
et al., 2006; Fig. 1a). The West-Congo Belt only hosts one third of
the combined Brasiliano/Pan-African system and consists mainly of
low-grade metamorphic rift to proximal passive margin sequences
of the precursor basin and no orogenic magmatic rocks (Tack et al.,
2001). The Araçuaí Belt, representing two thirds of the system,
constitutes rift-related to distal passive margin sequences of the
precursor basin, a continental magmatic arc, and collisional- and
post-collisional magmatic bodies (Pedrosa-Soares et al., 2001, 2011;
Alkmim et al., 2006; Fig. 1b). The basement in the western portion
of the Araçuaí Belt includes Archean gneisses of the São Francisco
Craton, greenstone belt remnants and Palaeoproterozoic supra-
crustal lithologies that were affected by the w2.00 Ga Trans-
amazonian Orogeny and later on reworked during the Brasiliano
ern Gondwana. The dashed line delineates the extent of the Mantiqueira Province.
i Craton, PPB e Paranapanema Block, RPC e Rio de la Plata Craton, SAC e South America
011). (b) Geological map of the Araçuaí Belt (modified from Pedrosa-Soares et al., 2001;
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Orogeny (e.g. Alkmim and Marshak, 1998; Pedrosa-Soares et al.,
2001). ArcheanePalaeoproterozoic basement units in the central
Araçuaí Belt are made up of high-grade amphibolite-to granulite-
facies rocks represented by the Juiz de Fora and Pocrane
Complexes (Pedrosa-Soares et al., 2001; Gonçalves et al., 2014).
According to their isotopic signature, these 2.20 to 2.00 Ga old
gneissic units are interpreted as juvenile magmatic arcs sutured
with the São Francisco Craton during the Transmazonian
Orogeny (e.g., Alkmim and Marshak, 1998; Pedrosa-Soares et al.,
2001; Gonçalves et al., 2014). A major rifting phase occurred at
ca. 1.75 Ga, represented by the Espinhaço Supergroup which is
found in the external fold-thrust belt on the western margin of
the Araçuaí Belt (Alkmim et al., 2006; Chemale et al., 2012). The
Macaúbas Group represents the precursor basin of the Araçuaí
Belt and records a first rifting phase during the Neoproterozoic
between 1000 Ma and 850 Ma (Pedrosa-Soares et al., 2001;
Alkmim et al., 2006; Babinski et al., 2012; Kuchenbecker et al.,
2015). Proximal tillite, diamictite, sandstone and pelite deposits
of the Macaúbas Group provide evidence of an 850 Ma old
glaciation event (e.g., Alkmim et al., 2006; Babinski et al., 2012).
Some distal metamorphosed mafic to ultramafic rocks of this
basin are interpreted as oceanic crust remnants. Amphibolites of
this assemblage have been dated at 820 Ma with a juvenile Nd
isotopic signature and are described as oceanic crust of the
rifting event (Pedrosa-Soares et al., 1998).

The crystalline core of the Araçuaí Belt constitutes volumi-
nous orogenic igneous bodies that record the different stages of
continent-continent convergence. The Rio Doce Arc has the pre-
collisional magmatism of metaluminous granites from 630 Ma to
ca. 580 Ma (e.g., Pedrosa-Soares et al., 2011; Gonçalves et al.,
2014, 2015). During the syn-collisional stage large per-
aluminous batholiths intruded between 585 Ma and 560 Ma
(e.g., Pedrosa-Soares et al., 2011; Richter et al., 2016; Melo et al.,
2017). Subsequently late-to post-collisional peraluminous leu-
cogranites were emplaced from 545 Ma to 530 Ma (Pedrosa-
Soares et al., 2001, 2011). In response to gravitational collapse
in the post-collisional stage, a final suite of granitic to noritic
plutons intruded the internal zone of the Araçuaí Belt between
530 Ma and 480 Ma (Pedrosa-Soares et al., 2001, 2011; Alkmim
et al., 2006; Richter et al., 2016). Granulite-facies anatectic par-
agneiss complexes Jequitinhonha and Nova Venécia are found to
the east of the crystalline core of the Araçuaí Belt and possibly
represent metamorphosed passive margin or back-arc basins
(Alkmim et al., 2006; Richter et al., 2016). The Rio Doce Group
(RDG) that covers vast areas of the Paleoproterozoic basement in
the western Araçuaí Belt is a little studied supracrustal unit
(Figs. 1b and 2). The group consists of pelitic schist, quartzite,
paragneiss and metagreywacke that were intruded by pre-
collisional granitoids (Vieira, 2007; Gonçalves et al., 2015). The
RDG also hosts metavolcanic sills of dacitic and rhyolitic com-
positions dated at ca. 585 Ma (Vieira, 2007; Gonçalves et al.,
2014). The maximum depositional age of the metasediments
was estimated at ca. 590 Ma (Vieira, 2007). Combined with field
observations, the ages led some others to propose that the RDG
metasediments are continental arc-related basin deposits and
that the metavolcanic rocks are equivalent to the pre-collisional
magmatism (Vieira, 2007; Pedrosa-Soares et al., 2011; Gonçalves
et al., 2014). Metasedimentary rocks of the RDG are the focus of
the present work.

3. Sampling

In the study area a transcurrent fault separates the RDG from
the Palaeoproterozoic Pocrane Gneiss Complex (Fig. 2). Granite
bodies of various sizes intruded the RDG during pre-collisional
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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magmatism (Fig. 2). According to Vieira (2007) the RDG can be
divided in four sub-units, stratigraphically from bottom to top:
(1) schists and paragneisses with lenses of amphibolite, calcsili-
cate rock and quartzite; (2) metavolcanic rocks; (3) garnet-
staurolite schist; and (4) quartzite. All four RDG samples of this
study were collected from the bottom sub-unit. Tuller (2000)
described the occurrence of the RDG rocks in the study area as
schists and paragneisses with amphibolite lenses and calcsilicate
rocks.

3.1. Outcrop POC3

Outcrop POC3 exposes as weakly foliated gneiss that contains
amphibolite lenses. Sample POC3A was collected from an
amphibolite lens. It is a medium-grained garnet-bearing amphib-
olite with hornblende (40%), quartz (30%), plagioclase (20%), biotite
(5%) and garnet (5%). Accessory phases are muscovite, zircon,
epidote and ilmenite. Hornblende-rich layers alternatingwith felsic
quartz-plagioclase layers build the foliation. Sample POC3B is fine-
grained garnet-quartz gneiss. The mineral assemblage includes
quartz (40%), plagioclase (35%), biotite (15%), garnet (10%) and
accessory zircon and ilmenite.

3.2. Outcrop POC28

Outcrop POC28 consists of a banded gneiss intruded by pre-
collisional granites (Fig. 2). Sample POC28A is biotite-quartz
gneiss with a mineral assemblage of biotite (30%), quartz (25%),
plagioclase (25%), epidote (10%) and garnet (10%). Accessory
phases are chlorite, zircon, titanite and ilmenite. POC28B
was collected from a granitic vein consisting of a quartz-
eplagioclaseebiotiteeepidoteegarnet association with accessory
zircon and titanite.

4. Analytical methods

4.1. Zircon UePb dating

Zircon grains were handpicked from heavy mineral separates of
crushed and panned metasediment samples. Subsequently the
grains were mounted in 25 mm-diameter circular epoxy mounts
and polished to expose their cores. Prior to analysis, zircons were
imaged by Scanning Electron Microscopy (SEM) using a JEOL 6510
equipped with a Centaurus cathodoluminescence (CL) detector at
the Geoscience Department of the Universidade Federal de Ouro
Preto (UFOP) (Brazil), to obtain information on their internal
structures. Zircon UePb isotope analyses were performed by LA-
ICPMS at UFOP using a Thermo-Fisher Element II sector field ICP-
MS coupled to a CETAC LSX-213 G2 þ (l ¼ 213 nm) Nd:YAG laser.
A detailed description of the method is given by Gerdes and Zeh
(2006, 2009). Ablation was carried out in a low-volume cell with
helium as carrier gas; laser beam parameters used were a spot size
of 20 mm, a repetition rate of 10 Hz, and a fluence of w3 J cm�2.
Time-resolved raw data were corrected offline for background
signal, common Pb, laser-induced elemental fractionation, instru-
mental mass discrimination, and time-dependent elemental frac-
tionation of Pb/U using the GLITTER� software package (Van
Achterbergh et al., 2001). Common Pb correction was applied us-
ing the interference- and background-corrected 204Pb signal and a
model Pb composition (Stacey and Kramers, 1975). Laser induced
elemental fractionation and instrumental mass discrimination
were corrected by normalization to the reference zircon GJ-1
(Jackson et al., 2004), which was routinely measured within each
analytical session. The drift in inter-elemental fractionation (Pb/U)
during 30s of sample ablation was corrected individually before
Craton break-up delimited by UePbeHf isotopes and trace-elements
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normalization to GJ-1. Reported uncertainties (2s) were propagated
by quadratic addition of the external reproducibility obtained from
the standard zircon GJ-1 during the analytical session (2SD in %)
and the within-run precision of each analysis (standard error in %).
In order to test the validity of the applied methods and the repro-
ducibility of the data, multiple analyses of the reference zircon
Ple�sovice (Sláma et al., 2008) were performed. Ple�sovice gave a
concordia age of 337 � 1 Ma (n ¼ 86, MSWD ¼ 0.21). This is in
agreement, within uncertainty, with the accepted ID-TIMS age re-
ported for Ple�sovice (337.3 � 0.4 Ma -2SD, Sláma et al., 2008).
In addition, several analyses of the in-house reference zircon BB
(Santos et al., 2017) were conducted. BB yielded a concordia age of
561 � 1 Ma (n ¼ 97, MSWD ¼ 0.27), which is consistent with the
reported ID-TIMS age of this reference material (560.0 � 0.4 Ma
-2SD, Santos et al., 2017).

A total of 490 analyses were performed on 312 zircon grains
from the four samples; in many cases two analyses were done in
different sectors of the same grain that showed different textural
and chemical-zoning features in the CL images.

4.2. Zircon LueHf isotope analyses

Following each session of UePb isotopic determinations, Lu and
Hf isotopic ratios were determined at UFOP, using a Thermo-Fisher
Neptune þ MC-ICPMS coupled to a Photon Machines 193
(l ¼ 193 nm) ArF Excimer laser ablation system. The 50 mm spot-
size laser was fired at 5 Hz repetition rate and w3 J cm�2 energy
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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density. Time-resolved profiles of the isotope ratios were pro-
cessed offline to control the homogeneity of the measured zircons.
Corrections for background signal, instrumental mass bias and
isobaric interferences of Lu and Yb isotopes onmass 176 were done
following the methods by Gerdes and Zeh (2006, 2009). Quoted
uncertainties are quadratic additions of the within-run precision
and the reproducibility of the reference zircons Temora (Wu et al.,
2006), 91500 (Blichert-Toft, 2008), Mud Tank (Woodhead and
Hergt, 2005) and BB (Santos et al., 2017). Four reference mate-
rials were used before and during runs: Mud Tank, Temora, 91500
and BB. Analyses of the reference zircon Temora yielded an average
176Hf/177Hf ¼ 0.282682 � 40 (2SD, n ¼ 33). 41 analyses on the
zircon 91500 yielded a 176Hf/177Hf ¼ 0.282317 � 70 (2SD). Mud
Tank yielded an average 176Hf/177Hf ¼ 0.282524� 54 (2SD, n¼ 37).
The average 176Hf/177Hf for BB was 0.281676 � 62 (2SD, n ¼ 20).
These values agree within error with the recommended values
for Temora (176Hf/177Hf ¼ 0.282680 � 31 (2s); Wu et al., 2006),
91500 (176Hf/177Hf ¼ 0.282307� 31 (2s); Blichert-Toft, 2008), Mud
Tank (176Hf/177Hf ¼ 0.282504 � 44 (2s); Woodhead and Hergt,
2005) and BB (176Hf/177Hf¼ 0.281674�18 (2s); Santos et al., 2017).

Initial 176Hf/177Hf ratios (176Hf/177Hf(t)) were calculated from the
measured 176Lu/177Hf and 176Hf/177Hf ratios using a 176Lu decay con-
stant of l ¼ 1.867 � 10�11 a�1 (Söderlund et al., 2004). Epsilon Hf
values and Hf model ages were calculated using Chondritic Uniform
Reservoir (CHUR) 176Lu/177Hf and 176Hf/177Hf ratios of 0.0336 and
0.282785, respectively (Bouvier et al., 2008), Depleted Mantle
(DM) values of 176Lu/177Hf ¼ 0.03933 and 176Hf/177Hf ¼ 0.283294
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011
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(Blichert-Toft and Puchtel, 2010) and an average continental crust
compositionwitha 176Lu/177Hf ratioof 0.0113 (Rudnick andGao, 2003).

Whenever possible, the LueHf laser spot was drilled on top of
the UePb laser spot. Where this was not the case, care was taken to
drill within the same zircon domain (core, rim) previously analysed
for UePb, characterized by CL imaging. In total, 205 analyses were
done on 174 zircon grains.

4.3. Zircon trace element analyses

Trace element concentrations in zircon were analysed using a
Thermo-Fisher Element II sector field ICP-MS coupled to a Photon
Machines 193 nm ArF Excimer laser at the Geoscience Department
at UFOP. Ablation were performed in a 0.7 L/min He stream using
25 mm laser spot sizes, a repetition rate of 6 Hz and a laser energy
density of 10e12 J cm�2. The He streamwas mixed with Ar directly
after the ablation cell prior to introduction into the plasma of the
ICP-MS. Oxide production, monitored as 254UO/238U on the stan-
dard glass NIST 612 was well below 1%, and measurements were
carried out in low resolution mode, with 15s background and 30s
data acquisition. The following isotopes were analysed: 29Si, 44Ca,
89Y, 93Nb, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy,
165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 206Pb, 208Pb, 232Th and 238U.
Data reduction was performed with GLITTER using 29Si for internal
standardization with SiO2 ¼ 32.7 wt.% for all zircons and the NIST
612 glass as primary standard. The standard glass NIST 610 and
basaltic glasses BCR and BHVO-1 have been used as secondary
standards. The accuracy of zircon measurements was checked
comparing between obtained and recommended concentrations
for the standard BCR. This resulted in an offset correction of
maximum 10%, which has been applied to the BHVO standard. The
corrected results agree for almost all elements (<12% deviation)
with recommended values of BHVO and hence, the same correction
has been applied to all unknown zircon analyses. Rare earth
element (REE) concentrations were normalized to C1 chondrite
(McDonough and Sun, 1995).

5. Results

5.1. Zircon morphology and UePb dating

The complete UePb data are listed in supplementary data SM-1.
Representative zircon CL images, concordia diagrams (calculated
using Isoplot/Ex 4; Ludwig, 2003) and Kernel density estimation
plots (KDE) and histograms (plotted using DensityPlotter;
Vermeesch, 2012) for detrital zircon UePb data at the 95%
concordance level from each sample are shown in Figs. 3 and 4. The
206Pb/238U age was used for zircons <1000 Ma while the
206Pb/207Pb age was used for grains older than 1000 Ma. Errors are
reported at the 2s level.

Zircons from the garnet-bearing amphibolite sample POC3A and
felsic gneiss sample POC3B range in length from 100e400 mm, with
length to width ratios from 2:1 to 4:1. Zircons extracted from these
two samples are colourless. In CL images, the majority of grains
from sample POC3A show euhedral oscillatory-zoned cores, sur-
rounded by weaker luminescence, low contrast rims (Fig. 3a). The
rim domains are homogeneous and unzoned or weakly banded.
Some detrital cores of the grains are embayed by rims (e.g. grains 13
and 14 in Fig. 3a). In most cases the rims were too small to analyse.
However several overgrowths on zircon cores have a larger volume
and were analysed (e.g. grains 11e14 in Fig. 3a). A small number of
non-prismatic zircon grains show low CL intensity, sector-zonation
and no overgrowth (grains 9 and 10 in Fig. 3a). The typical Th/U
ratios of euhedral zircon cores range between 0.21 and 0.90,
whereas rim overgrowth Th/U ratios are significantly lower
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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between 0.02 and 0.16 (Table 1 in SM-1). Low CL zircons with sector
zoning have either low Th/U ratios of 0.05 (Grain 9 in Fig. 3a) or
moderate Th/U of 0.22e0.26 (grain 10 in Fig. 3a). Isotopic data of
114 analyses yielded exclusively Neoproterozoic ages ranging from
560 Ma to 940 Ma (Fig. 4a). The ages of detrital zircon cores cluster
around two main peaks at ca. 875 Ma and 800 Ma (Fig. 4a). Sector-
zoned grain and rim analyses define a concordia age of
627.3 � 5.3 Ma (MSWD ¼ 2.0) and this is interpreted as recrystal-
lization age of zircons (Fig. 4a).

Zircons from paragneiss sample POC3B contain euhedral pris-
matic to anhedral cores with distinct oscillatory zoning (Fig. 3b).
Some cores are fractured and contain crosscutting bands (e.g.
grains 4, 5, 8,13 in Fig. 3b). In all grains, cores are surrounded by low
CL intensity, homogeneous unzoned rim overgrowths. Similar to
sample POC3A some zircons show irregular or sector zoning. The
majority of zircon cores have U concentrations below 100 ppm,
whereas rims and irregular or unzoned zircons range from 110 to
250 ppm (Table 1 in SM-1). This difference is well reflected in Th/U
ratios that differ between cores (0.17e1.22) and rims/irregular and
unzoned zircons (<0.10). Results for core and rim analyses are
plotted on a concordia diagram and show a similar range in ages as
sample POC3A from 610 Ma to 950 Ma (Fig. 4b). The relative
probability diagram for detrital cores reveals a main peak at ca.
725 Ma and a less-pronounced peak at ca. 825 Ma (Fig. 4b). Com-
bined rim overgrowth and irregular zoning/unzoned grain analyses
define a concordia age of 628.0 � 4.0 Ma (MSWD¼ 1.7) interpreted
as zircon recrystallization age (Fig. 4b).

Zircon grains extracted fromgneiss sample POC28A are prismatic
to round in shape and are between80 mmand200 mmin length,with
length towidth ratios of 2:1 to 4:1. CL images show that zircon cores
are prismatic and have oscillatory zonation. Cores have sharp con-
tacts to surrounding rim overgrowth that show irregular zoning
with different degrees of CL intensity (Fig. 3c). The Th/U ratios of
detrital zircon cores range from0.16 to 2.40whereas rim overgrowth
domains are significantly lower <0.10 (Table 1 in SM-1). The lower
Th/U ratios of rims are usually marked by an increase in U concen-
tration. However in some rare cases U concentration of core and rim
domains are similar, the low Th/U ratio therefore was caused by an
increase inTh concentration. Ages for the paragneiss sample POC28A
range from 590 Ma to 2750 Ma. A concordia including all analyses is
given in the electronic appendix SM-1whereas an inset that displays
the major age populations is shown in Fig. 4c. A relative probability
plot shows that a few detrital zircon cores yielded Meso- to Paleo-
proterozoic ages with the bulk of the zircons being Neoproterozoic
(Fig. 4c). The ages of Neoproterozoic zircons cluster around twomain
peaks at 680 Ma and 750 Ma and one minor peak at 840 Ma. Rim
overgrowth analyses define a concordia age of 633.0 � 3.6 Ma
(MSWD (conc. þ equiv.) ¼ 1.8) which is interpreted as recrystalli-
zation age (Fig. 4c).

Zircons from the granite sample POC28B range in length from
100 to 250 mm, with length to width ratios from 3:1 to 5:1. Grain
shapes are prismatic and CL images reveal oscillatory zonation. Two
grains show inherited core and rim overgrowth domain (e.g. grains
9 and 10 in Fig. 3d). The typical range of Th/U ratios is between 0.16
and 1.50 with some exceptions that are below 0.10 or>1.50 (Table 1
in SM-1). The two inherited cores yielded Mesoproterozoic ages
with rim overgrowth at w585 Ma. Excluding the inherited cores,
zircons of this sample define a weighted mean 206Pb/238U age
586.6 � 3.7 Ma (MSWD ¼ 10.7) and this is interpreted as the
crystallization age of the granitic vein (shown in SM-1).

5.2. LueHf isotopes

The LueHf isotope analytical data with concordant UePb ages
are shown in Table 1 of supplementary material SM-2 and Fig. 5.
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011



Figure 3. Representative CL images with UePb and LueHf spots of analysed zircons. The UePb ages are reported in Ma as 206Pb/238U ages for zircons <1000 Ma and 207Pb/206Pb
ages for zircons >1000 Ma with errors at the 2s level. Calculated εHf(t) values are given in brackets.
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Figure 4. Concordia diagrams, Kernel density estimation plots (KDE) and histograms of UePb ages plotted for zircons from the Rio Doce Group metasediment samples. The UePb
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Initial 176Hf/177Hf of zircon frommetasedimentary rocks of the RDG
are in the range of 0.28230e0.28288 with superchondritic εHf(t)
values from �1.0 to 17.9. In contrast, lower 176Hf/177Hf(t) were ob-
tained from the intrusion sample with subchondritic εHf(t) values.
Detailed results for the individual samples are listed below.

Detrital zircon cores from sample POC3A yield 176Hf/177Hf(t)
from 0.28234 to 0.28255 (Fig. 5a). This corresponds to super-
chondritic εHf(t) values between 2.3 and 11.1. Rim domains yield
176Hf/177Hf(t) ratios of 0.28251e0.28265, corresponding to super-
chondritic εHf(t) values ranging from 4.0 to 9.2. Two young zircon
grains have lower 176Hf/177Hf(t) of 0.28213 that corresponds to a
subchondritic εHf(t) value of �9.6.
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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Slightly higher 176Hf/177Hf(t) were obtained from sample POC3B
between 0.28242 and 0.28266, corresponding to εHf(t) values from
5.1 to 14.9 (Fig. 5b). Zircon overgrowths yield 176Hf/177Hf(t) in the
range from 0.28251 to 0. This corresponds to superchondritic εHf(t)
values of 4.4e10.4.

Initial 176Hf/177Hf ratios of Neoproterozoic detrital zircons from
sample POC28A are in the range of 0.28230e0.28288, corre-
sponding to a range in εHf(t) values of �1.0 to 17.9 (Fig. 5c).
176Hf/177Hf(t) ratios of zircon rim domains range from 0.28234 to
0.28276, which corresponds to εHf(t) values from�2.9 to 13.1. Initial
176Hf/177Hf ratios of pre-Neoproterozoic zircons ranges from
0.28108 to 0.28248, which corresponds to εHf(t) values of �7.5 to
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011
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Figure 5. 176Hf/177Hf(t) vs. UePb age diagrams for each sample. Ages are reported as 206Pb/238U ages. The Depleted Mantle (DM) field is constructed with compositions from Griffin
et al. (2002) and Blichert-Toft and Puchtel (2010).
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12.1 (not shown in Fig. 5c). A small number of analyses with
anomalously high εHf(t) values (>20) were discarded. The Neo-
proterozoic zircons of this sample display the same range in
176Hf/177Hf(t) and εHf(t) as samples POC3A and POC3B (Fig. 5).

Excluding two inherited cores, zircons from sample POC28B
yield 176Hf/177Hf(t) ranging from 0.28196 to 0.28213, with a mean
of 0.28206 � 0.00008 (Fig. 5d), corresponding to subchondritic
εHf(t) values from �15.5 to �10.2. The inherited cores have initial
176Hf/177Hf ratios of 0.28198 and 0.28209, which corresponds to
εHf(t) values of 2.2 and 0.8.
5.3. Trace element chemistry

Zircon trace element data are listed in Table 1 of electronic
appendix SM-3. Detrital zircon grains have Hf contents of
4000e10,000 ppm, whereas zircons from POC28B range from 5500
to 7500 ppm, and Y contents of 100e2800 ppm and
800e2400 ppm, respectively. Chondrite-normalized REE patterns
reveal negative europium anomalies [Eu/Eu � N ¼ 0.07e1.37;
mostly <0.4: Eu* ¼ (Sm þ Gd)N/2], and positive cerium anomalies
[Ce/Ce � N ¼ 0.5e25; mostly <10: Ce* ¼ (La þ Pr)N/2] in all
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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samples. The REE patterns show a variable degree of fractionation
as is reflected by (Yb/Sm)N ¼ 2e420 (mostly <150) and
(Yb/Gd)N ¼ 1e170 (mostly <50), whereas the degree of fraction-
ation in sample POC28B is generally lower (Fig. 6). The SREE of
analysed zircon grains ranges between 40 ppm and 4000 ppm.
6. Discussion

6.1. Tectonic depositional environment of the sedimentary rocks

Discrimination diagrams based on whole rock major element
compositions are an indication of the tectonic setting and prove-
nance of the RDG sedimentary rocks (Fig. 7). In Roser and Korsch’s
(1988) discrimination diagram (Fig. 7a), those RDG samples plot in
the provenance fields of mafic to intermediate rocks whereas the
intrusion sample POC28B plots in the felsic igneous provenance
field. Data from the literature plotted for comparison are charac-
terized as sources of felsic igneous or quartzose sedimentary
provenance. In Fig. 7b (Bhatia, 1983) the majority of the RDG data
plots in the oceanic island arc field with a few samples falling in the
island arc and active continental margin field.
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011
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Figure 6. Rare earth element (REE) concentrations for detrital zircons normalized to C1 chondrite (McDonough and Sun, 1995).
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Discriminant-function-based multi-dimensional diagrams are
used in addition to these traditional diagrams of tectonic settings.
These additional diagrams enable to discriminate between island/
continental arc, continental rift and collision setting of high-silica
(SiO2 ¼ 63e95 wt.%; Fig. 7c) and low-silica (SiO2 ¼ 35e63 wt.%;
Fig. 7d) rocks (Verma and Armstrong-Altrin, 2013). High-silica
samples of the RDG metasedimentary rocks and low-silica sample
POC3A plot in the arc tectonic setting whereas low-silica rocks of
sample POC28A plots in the rift-setting field.

The trace element chemistry of zircons can be used to finger-
print the provenance of sedimentary rocks by distinguishing be-
tween zircons crystallized in either oceanic or continental crust
(Grimes et al., 2007). In the UeYb discrimination diagram zircons of
the RDG rocks plot in the oceanic crust provenance field as well as
overlapping with the continental crust field (Fig. 8a). The compo-
sition of a few zircons of sample POC3A is similar to the field of
mafic zircons, which is defined by continental gabbroic rocks
(Grimes et al., 2009). In Fig. 8b, the zircon trace element data were
plotted in density distribution diagrams based on geochemical
proxies for the tectono-magmatic settings of continental arc, ocean
island and mid-ocean ridge. Zircons of sample POC3 show a high
probability for the ocean island type which is similar to zircons
from within-plate/continental rift settings of Rimes et al. (2015).
Zircons of sample POC28 plot in the field of continental arc zircons,
comparable with zircons from island arc-type ophiolites in the
study of Grimes et al. (2015).

Combining the whole-rock data with the zircon trace element
dataset it becomes evident that the source of the protoliths of the
RDG metasedimentary rocks most likely was mafic to intermediate
igneous rocks in an island arc and/or rifting setting. Furthermore
our results confirm that the zircon discrimination diagrams by
Grimes et al. (2007, 2015) can be applied to detrital zircon pop-
ulations to distinguish oceanic from continental crust derived
zircons.

6.2. Age of metamorphism in the RDG

New zircon grows in magmatic or aqueous fluid, or by solid-
state formation accompanied by mineral breakdown during
metamorphism, whereas existing zircon can be modified by either
recrystallization, dissolution-re-precipitation and leaching or Pb
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diffusion (e.g. Pidgeon, 1992; Vavra et al., 1996, 1999; Grant et al.,
2009). Zircon rims of the RDG metasediments are characterized
by low Th/U ratios, irregular shape and homogeneous unzoned
habit, which are well-established indicators of zircon recrystalli-
zation (e.g. Pidgeon, 1992; Vavra et al., 1999). Large rim overgrowth
domains partly truncating euhedral zircon core zonation (Fig. 3)
provides evidence for new zircon growth by Ostwald ripening, a
viable mechanism for zircon overgrowths formation on larger
grains at the expense of smaller zircons in metasedimentary rocks
(Vavra et al., 1996; Ayers et al., 2003). Few non-prismatic grains
with sector-zoning and low Th/U ratios were found in the RDG
metasediments (e.g. grains 9 and 10 in Fig. 3a). The low Th/U ratios
and the lack of prismatic face development suggest that these
grains formed by recrystallization (Grant et al., 2009).

Several studies have shown that the Hf isotopic composition of
zircons is capable of providing further constraints on zircon for-
mation mechanisms during metamorphism (e.g. Zheng et al., 2005;
Chen et al., 2010). Zircon rims have similar to slightly higher
176Hf/177Hf(t) ratios compared to the magmatic cores (Fig. 5). This is
consistent with rim overgrowth by recrystallization of pre-existing
zircons in a closed system, where breakdown of high 176Hf/177Hf
ratio phases such as garnet, epidote or monazite had minor influ-
ence (e.g. Zheng et al., 2005; Chen et al., 2010). It is therefore
concluded that zircon rims of the RDG metasediments formed by
recrystallization of existing zircons as well as by consumption of
pre-existing smaller grains (Ostwald ripening). Thus, formation of
overgrowth domains and sector-zoned zircons is interpreted to
result from crystallization during a regional metamorphic event at
ca. 630e625 Ma as defined by the concordia ages in Fig. 4.

Syn-collisional metamorphism in the Araçuaí Belt at
575e550 Ma (Richter et al., 2016; Melo et al., 2017) overlaps with
orogenic peak metamorphism of the other belts in the Mantiqueira
Province from 600 to 560 Ma (Bento dos Santos, 2015 and refer-
ences therein). In the Ribeira Belt metamorphic overprinting at
620 Ma (Tassinari et al., 2006) marks the onset of collisional
metamorphic events, and Silva et al. (1999) reported a gneiss
forming event at w630 Ma. Metamorphic ages of 670e640 Ma in
the Ribeira belt were interpreted as a consequence to the formation
of a continental magmatic arc (Duffles et al., 2016). A high grade
metamorphic event inducing partial melting in the Dom Feliciano
Belt was dated atw650Ma and related to crustal thickening during
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011
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Whole rock data of Rio Doce Group samples from Vieira (2007) and Novo (2013) are shown for comparison. All data are listed in Table 2 of electronic appendix SM-3.
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the collision between Rio de la Plata and Congo Cratons (Lenz et al.,
2011). The metamorphic event at 630e625 Ma reported for the
RDG metasediments in this work is hitherto described in the Ara-
çuaí Belt for the first time. The nature of this event remains, how-
ever, a matter for a separate study.

6.3. Depositional age constraints on Rio Doce Group metasediments

The three RDG metasediment samples used for detrital zircon
UePb dating are grouped together for the discussion due to simi-
larity in age spectra and close spatial relationship of outcrops
(Fig. 9). The youngest concordant (<5% discordance) magmatic
zircon yields an age of 600 � 17 Ma. This youngest single grain age,
however, is separated from a cluster of older detrital zircons with
ages of 670e650 Ma. The youngest grain cluster is assumed to be
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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the more robust measure in this case because the single grain age is
analytically not representative for the present dataset of detrital
zircons (Dickinson and Gehrels, 2009). We therefore suggest that
the youngest zircon among the 670e650 Ma grain cluster repre-
sents a realistic maximum depositional age. The deposition of the
metasedimentary protolith is then constrained between 650 Ma
(maximum depositional age) and 630 Ma (zircon recrystallization
event).

6.4. Correlation of detrital zircon ages and isotopic data with
potential source areas

The UePb ages of detrital zircons from the metasedimentary
units are shown as probability density plots in comparison to various
basins from orogenic belts of the Mantiqueira Province in Fig. 9.
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011



Figure 8. (a) U vs. Yb variation diagram with discriminant continental and ocean crust fields from Grimes et al. (2007). (b) Density distribution plots based on geochemical proxies
for the tectono-magmatic setting of mid-ocean ridge (MOR-type), plume-influenced ocean-island (OI-type), and continental arc (Cont. arc-type) zircon from Grimes et al. (2015).
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A first striking observation is the almost complete restriction of age
spectra from RDG metasediments to the Neoproterozoic Era despite
the close proximity to Palaeoproterozoic basement rocks. Zircons
from outcrop POC3 have Neoproterozoic ages, whereas about 20% of
detrital grains from sample POC28A yield small peaks at 2.3, 2.1, 1.8
and 1.3 Ga (Figs. 4 and 9). Potential sources related to these Paleo-
proterozoic peaks are magmatic and metamorphic complexes in the
southern São Francisco Craton region that developed during the
Transamazonian Orogeny such as the Mineiro, Mantiqueira, Juiz de
Fora or Pocrane Complexes (Alkmim and Marshak, 1998; Noce et al.,
2007; Gonçalves et al., 2014). Mesoproterozoic detrital zircons can
be linked to rifting events during development of the Espinhaço
Supergroup (e.g. Chemale et al., 2012).

The main detrital zircon population within the RDG metasedi-
ments ranges from 900 Ma to 650 Ma with subordinate peaks at
875 Ma, 800 Ma and 700 Ma, respectively (Figs. 4 and 9). In the
Araçuaí Belt potential sources with zircon growth events are
restricted to anorogenic granites of the Salto da Divisa Suite (ca.
875 Ma; Silva et al., 2008) and mafic dykes of the Pedro Lessa Suite
(ca. 900 Ma; Machado et al., 1989). The West Congo Belt provides
volcanic rocks from the Zadinian andMayumbian Groups as well as
Mativa, Bata Kimenga and Noqui granites as considerable sources
(ca. 1000e900 Ma; Tack et al., 2001). Anorogenic alkaline mag-
matism close to the tectonic contact between the São Francisco
Craton and the Araçuaí Belt was dated between 730Ma and 700Ma
(Rosa et al., 2007) and provides another zircon forming event.

In the following, zircon Hf isotopic data presented here and
literature data are used to further constrain source regions. Only the
Neoproterozoic detrital zircons are discussed due to their dominant
abundance in the age spectra. The εHf(t) data from RDG samples and
available literature data for other belts of the Mantiqueira Province
are displayed in Fig. 10. Neoproterozoic zircons of RDG metasedi-
mentary rocks have juvenile signature with εHf(t) values from
0 toþ15with a distinct cluster betweenþ4 andþ 14 (Fig.10) within
crustal evolution lines of 1050 Ma and 800 Ma (grey arrows 1 and 2
in Fig. 10). Crustal model ages (TDM) calculated for RDG detrital
zircons range between 1.54 Ga and 0.67 Ga with a mean model age
of ca. 1 Ga. Suitable source regions need to contain zircons with a
juvenile Hf isotopic signature of εHf(t) between 0 and þ15.

We used the terrestrial HfeNd array to calculate the corre-
sponding εHf(t) for given Nd isotope values (εHf(t) ¼ 1.36 � εNd(t)
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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þ 2.95; Vervoort et al.,1999) because there is no available Hf isotopic
data for potential source areaswithin theAracuaí Belt (Salto daDivisa
Suite at ca. 875 Ma and mafic dykes of the Pedro Lessa Suite at ca.
900 Ma). Amphibolites of the Araçuaí Belt interpreted as meta-
morphosed ocean-floor basalts yield crystallization ages at ca.
820 Ma with mantle-like εNd(t) of 3.4e4.6 (Pedrosa-Soares et al.,
1998). Estimated amphibolite bulk rock εHf(t) of 7.6e9.2 thus fall
within the range of RDG metasediment detrital zircons and poten-
tially provided zircons of the w800 Ma peak. Anorogenic alkaline
magmatismnorth to the Araçuaí Belt shows amantle-like carbonand
oxygen isotopic signature (Rosa et al., 2007).

The Ribeira and Dom Feliciano Belts could be further sources for
the 900e650 Ma old zircons. Events associated with zircon growth
in the Ribeira Belt are the onset of arc magmatism at ca. 790 Ma
(Heilbron and Machado, 2003) and the Rio Negro magmatic arc
from 630 Ma to 590 Ma (Tupinambá et al., 2012). The early stage of
the Rio Negro Arc of the Ribeira Belt (ca. 790 Ma, 630e620 Ma) has
a mantle-like Nd and Sr isotopic composition (Tupinambá et al.,
2012). εHf(t) values estimated from whole rock Nd isotopic data
from �1.1 to þ9.8 overlaps with the Hf isotopic composition of
detrital zircons from the RDG metasediments. However, there is a
lack of zircon grains between 790 Ma and 630 Ma and a continued
development of the magmatic arc is an assumption (Heilbron
and Machado, 2003; Tupinambá et al., 2012). Some zircon data
(Degler et al., 2017) frommetasedimentary rocks in the Araçuaí Belt
show significant overlap in age and Hf isotope composition with
RDG zircons (Fig. 10). These authors considered the Rio Negro Arc
the source of the zircons.

The São Gabriel terranewithin the Dom Feliciano Belt provides a
model for possible sources with ophiolites and intra-oceanic
magmatic arc sequences around 900e680 Ma (e.g. Babinski et al.,
1996; Lena et al., 2014; Arena et al., 2016). Oceanic crust forma-
tion in the DFB dated between 750 Ma and 700 Ma included zircon
with positive εNd(t) values andmodel ages from 1000Ma to 800Ma
(Babinski et al., 1996). These model ages fit with the calculated Hf
TDM ages of 1.5e0.7 Ga of the RDG detrital zircons. Additionally
estimated εHf(t) of þ6.8 to þ13.6 overlap with the εHf(t) values of
detrital zircons from the studied metasediments. This is further
corroborated by ophiolitic sequences within the São Gabriel terrane
with zircon εHf(t) values from þ1 to þ15 and Hf model ages of
TDM ¼ 1.3e0.7 Ga (Arena et al., 2016, 2017a, b; Fig. 10). Hence,
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011
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Figure 9. Detrital zircon age spectra of the Rio Doce Group metasediment samples plotted versus detrital age spectra of other basins and units from the Araçuaí, Ribeira and Dom
Feliciano Belts. Data compiled from Basei et al. (2005, 2008, 2011), Lena et al. (2014), Fernandes et al. (2015), Kuchenbecker et al. (2015), and Pertille et al. (2015). Diagrams were
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erosion of rocks similar to the São Gabriel terrane of the DFB could
have provided zircons to the protolith of the RDG metasediments
due to their correspondence in age and Hf isotopic composition.

Many studies successfully linked detrital zircon age spectra with
zircon forming events in potential source areas. The reconstruction
of the palaeogeographic link between sources and sediments
further constrain the tectonic evolution of geological terranes (e.g.
Augustsson et al., 2006; Cawood et al., 2007; Howard et al., 2009).
The protoliths of the RDG metasediments were derived from
erosion of rift-related magmatic rocks, ophiolites and/or intra-
oceanic magmatic arcs within the Mantiqueira Province. This
interpretation is based on the similarity between detrital zircon
ages in the RDG metasediments and intervals of zircon growth
events in the Araçuaí Belt and adjacent belts of the Brasiliano/Pan-
African Orogeny. The contribution of rift-related rocks from the
West Congo Belt is considered asminor because only a small cluster
of detrital zircons of the RDG metasediments range in age from
1000 Ma to 900 Ma.

This correspondence of variable sources is further substantiated
by isotopic constraints. However in many instances either the iso-
topic dataset is insufficient to clarify potential source regions or
estimations are made of available whole rock Nd isotopic data.
Potentially any of the presented rift-related zircon forming events
could have provided detrital inputs into the RDG metasediment
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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protoliths, since they all show juvenile mantle-like signatures.
Notwithstanding the best correspondence in age and zircon Hf
isotope and trace element composition is found for oceanic crustal
rocks of the Dom Feliciano Belt. Similar rock associations in the
Araçuaí Belt may have sourced the zircons.

6.5. Comparison with existing detrital zircon data and tectonic
setting of the protoliths

In addition to potential zircon growth events, the detrital zircon
age and isotopic data of the RDG metasediments are compared to
other detrital zircon data from the Mantiqueira Province
(Figs. 9e11). To visualize this comparison, a compilation of zircon-
forming magmatic events and the detrital zircon record of basins in
the Mantiqueira Province during the Neoproterozoic are shown in
the light of rifting events in Fig. 11.

The Macaúbas Basin is interpreted to be the precursor basin of
the Araçuaí and West Congo Orogeny recording a major glacial
event and the evolution from a rift setting to a gulf basin (Pedrosa-
Soares et al., 2001; Babinski et al., 2012; Kuchenbecker et al., 2015).
Detrital zircon spectra of the Macaúbas Group show prominent
peaks at ca. 2.0 Ga and 1.0 Ga with some Mesoproterozoic and
Archean contributions (Fig. 9; Babinski et al., 2012; Kuchenbecker
et al., 2015). These peaks are attributed to reworked basement of
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011



Figure 10. εHf(t) vs. age diagram for detrital and recrystallized zircons from this study. The diagonal grey arrows indicate crustal evolution trends at 1050 Ma (1) and 800 Ma (2)
using an average 176Lu/177Hf of 0.0113 for the average continental crust (Rudnick and Gao, 2003). The crustal evolution arrays fit through the εHf(t) compositions of detrital zircons
from this study. Data of detrital zircons, arc magmatism and oceanic crust formation from other orogenic belts of west Gondwana are plotted for comparison. The Depleted Mantle
(DM) evolution is as in Fig. 5.
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the São Francisco and Congo Cratons during the Transamazonian
Orogeny as well as the rifting event at around 1000e900 Ma of the
Congo Craton (Tack et al., 2001). Zircons of the earlier rift stage
<900 Ma however are very scarce compared to the RDG meta-
sedimentary rocks (Figs. 9 and 11). The difference in detrital zircon
age spectra between the Macaúbas Basin and the RDG metasedi-
ments suggests that the protoliths to the RDGmetasediments were
deposited in a different basin system, further away from reworked
basement rocks and closer to rift-related magmatism.

Detrital zircons from the Ribeira Belt display a major peak
around 750e600 Ma and a smaller peak at ca. 1050e850 Ma with
minor peaks in the Paleoproterozoic and Archean (Fig. 9; Fernandes
et al., 2015). Detrital zircon from the Neoproterozoic Búzios suc-
cession show positive zircon εHf(t) values of 0 to þ13 and TDM of
1.5e1.0 Ga (Fernandes et al., 2015). This unit was interpreted to be a
back-arc basin or an intra-oceanic realm deposited in an exten-
sional setting. A convergent system as source for zircons with ju-
venile Hf isotopic composition is ruled out due to the gap of
continental arc magmatism between 790 Ma and 630 Ma (Fig. 11;
Fernandes et al., 2015).

The Porongos Group of the DFB displays detrital zircon pop-
ulations at 800e650 Ma, a broad cluster between 1500e1050 Ma
and a minor peak at 2200 Ma with εHf(t) values of �18 to �4
(Figs. 9e11; Pertille et al., 2015, 2017). Its tectonic setting is
described as a cordilleran foreland basin with detrital zircon
contribution from reworked crust (Pertille et al., 2015). Hence it
shows no correspondence with the RDG metasedimentary rocks.
Detrital zircons frommetasedimentary units within the São Gabriel
terrane range in age from 840 Ma to 660 Ma with a pronounced
peak around 750e700 Ma (Fig. 9; Lena et al., 2014). The O isotopic
composition of these zircons is indicative of mantle-derived mag-
matism with progressive assimilation of altered crust (Lena et al.,
2014). Lena et al. (2014) proposed a progressive tectonic setting
from intra-oceanic arc to a continental active margin for meta-
sediments of the São Gabriel terrane.
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Considering the correspondence of detrital zircon ages and
isotopic composition between the RDG metasediments and meta-
sediments from the Buzios succession and São Gabriel terrane, we
suggest that the protoliths to the RDG metasediments were
deposited in a similar tectonic setting. Scarcity in Mesoproterozoic
to Archean detrital zircons indicates distance to the continental
margin. Thus, we propose an intra-oceanic arc setting for the
deposition of the protoliths to the RDG metasediments, which
agrees with the results of whole rock and zircon trace element
discrimination diagrams. The detrital zircon age spectra of the
studied samples fit well with those suggested by Cawood et al.
(2012) for back-arc basins.

Richter et al. (2016) recently studied the Nova Venécia Complex
(NVC), which is supposedly a back-arc basin related to the pre-
collisional magmatic arc of the Araçuaí Belt. Their work shows
detrital zircon ages ranging from 900 Ma to 700 Ma, similar to the
RDG metasediments (Fig. 11). However, detrital zircons dated at
650e610 Ma indicate proximity to the continental magmatic arc in
comparison to the RDGmetasediments (Fig. 11). Another difference
is the record of metamorphic events at w570 Ma and w540 Ma
(Richter et al., 2016). Therefore the protoliths to the metasediments
of the NVC and RDG initially shared a similar source for detrital
zircons but subsequently underwent a different tectonic evolution.

6.6. Tectonic evolution and geodynamic implications

The RDG metasediments are characterized by a geological his-
tory that is different from neighbouring units: (1) the juvenile
signature and zircon age spectra show that the metasediments are
distinct from the adjacent Paleoproterozoic basement at their
western boundary and hence are not their reworked products; (2)
zircons of the RDG metasediments record a different metamorphic
event from paragneiss units of the NVC to their eastern boundary;
(3) they are unrelated to pre-collisional magmatism because no
ages near 630e580 Ma are recorded; (4) boundaries to adjacent
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011
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units are defined by thrust and transcurrent faults. It is therefore
concluded that the RDG metasediments represent an allochtho-
nous terrane.

The origin of the 650e900 Ma old zircons with positive εHf(t) in
the protoliths of the RDG metasediments may be correlated to rift-
relatedmagmatism in the Araçuaí Belt (Rosa et al., 2007; Silva et al.,
2008) and possibly also to juvenile arcs and oceanic crust formation
in the Ribeira and Dom Feliciano Belts (Babinski et al., 1996;
Tupinambá et al., 2012; Lena et al., 2014; Arena et al., 2016). The
pattern of age spectra from the RDGmetasediments is suggestive of
a back-arc basin setting (Cawood et al., 2012) whereas the paucity
of pre-Neoproterozoic detrital zircons points to deposition of pro-
toliths sediments distal to the continents and in proximity to the
source. However the arc cannot be represented by pre-collisional
magmatism in the Araçuaí Belt considering the differences in
zircon ages and Hf isotopic composition. We interpret that detrital
zircons of the protoliths of the RDG metasediments were sourced
from oceanic crust consistent with ophiolite remnants in the Ara-
çuaí Belt at ca. 800 Ma (Pedrosa-Soares et al., 1998) and intra-
oceanic magmatic arcs. Tectonic setting discrimination diagrams
(Figs. 7 and 8) and Fig. 11 further constrain that the protoliths to the
RDG metasediments were deposited in an oceanic island-arc
setting. Contribution of detrital input from the Ribeira and Dom
Feliciano Belt (Fernandes et al., 2015; Arena et al., 2016) is not ruled
out. We concur with previous studies (Pedrosa-Soares et al., 2001;
Alkmim et al., 2006) that a mantle plume-related rifting event led
to the opening of an oceanic basin, and that the onset of this rifting
stage was at ca. 900 Ma as evidenced by a first cluster of detrital
zircons of the RDG (Figs. 4 and 11). A strong mantle contribution is
indicated by positive εHf(t) values of detrital zircons from the RDG
metasediments as well as positive εNd(t) values from oceanic crust
remnants (Pedrosa-Soares et al., 1998). The protoliths were
deposited as pelites with compositional variations, which were
transformed to felsic gneisses and amphibolites during meta-
morphism. Juvenile magmatism is recorded in the detrital zircon
record until 650 Ma. This maximum depositional age is interpreted
as the transition from an extensional to a convergent setting.

The second stage involves subduction of the newly formed
oceanic plate beneath an upper plate represented by the Paleo-
proterozoic basement. Sedimentary bodies, including the protoliths
to the RDG metasediments, and fragments of thicker crustal bodies
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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are scraped off the subducting oceanic crust and accreted to the
upper plate. Related ophiolite bodies are further evidence of an
accretionary process. Terrane accretion can cause regional meta-
morphism in a scenario such as proposed here (e.g. Hudson and
Plafker, 1982; Monger et al., 1982). Therefore the zircon recrystal-
lization recorded at ca. 630 Ma in RDG metasediments might be
due to a regional metamorphic event during accretion. Similar
metamorphic ages have been described in Degler et al. (2017).

In a final stage ongoing subduction of oceanic crust led to partial
melting to produce the pre-collisional magmatism that intruded
the RDG metasediments. Zircons of the pre-collisional magmatism
display Hf isotopic compositions with εHf(t) of �15 to �10 and Hf
model ages of 1.9e2.2 Ga (Fig. 7; Gonçalves et al., 2015). These
results argue for reworking of the Paleoproterozoic basement to
account for the continental arc magma production. The intrusion at
ca. 585 Ma (sample POC28B) did, however, not affect zircons from
the RDG metasediments.

The results presented in this study have implications for the
palaeogeographic reconstruction of West Gondwana. Zircons
of the RDG metasediments provide evidence for zircon growth
events related to juvenile magmatism in a range from ca.
900e650Ma. This sets a time frame for the final break-up of the São
FrancsicoeCongo Cratons in the northern section of the Man-
tiqueira Province. Furthermore, the juvenile character of the RDG
metasediments and zircon trace element data suggest the existence
of an island arc in a precursor basin to the Araçuaí Belt. Zircons of
several units in the Ribeira and Dom Feliciano Belts to the south are
similar in age and Hf isotopic composition with the RDG (Fig. 12a).
Additionally, zircon trace element compositions overlap with those
of ophiolite-derived zircons from the Dom Feliciano Belt (Fig. 12b).
The similarity in ages for juvenile magmatism and oceanic basin
settings in the Ribeira and Dom Feliciano Belts are consistent with a
large connected oceanic system. The combined evolution of the
Araçuaí and Ribeira Belts is rarely addressed but has been suggested
elsewhere (Richter et al., 2016; Degler et al., 2017). Herewe propose
that the rifting and break-up of the entire orogenic system prior to
Gondwana amalgamation was connected even farther to the south
including the Dom Feliciano Belt (Fig. 12).

The break-up of supercontinents is often related to mantle
plumes or superplumes (e.g. Li et al., 2003; Ernst et al., 2013;
Murphy and Nance, 2013) whereas they are not necessarily the
Craton break-up delimited by UePbeHf isotopes and trace-elements
2018), https://doi.org/10.1016/j.gsf.2018.02.011



Figure 12. Sketch illustrating the similarity in zircon age and composition of selected
units in the Mantiqueira Province: (a) Simplified εHf(t) vs. age diagrams corresponding
to samples of the different orogenic belts with data from Fernandes et al. (2015), Arena
et al. (2016, 2017a) and Degler et al. (2017). (b) Tectonic setting discrimination diagram
(Grimes et al., 2015) with data from Arena et al. (2017a, b).
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main driving force (Cawood et al., 2016). However, the synchro-
nicity of juvenile rift-related magmatism in the entire Mantiqueira
Province is suggestive for a large plume that evoked break-up of its
proto-continents. It further implicates that the cratonic blocks
Please cite this article in press as: Schannor, M., et al., São FranciscoeCongo
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involved in the Mantiqueira Province (CongoeSão Francisco, Rio de
la Plata and Kalahari) most likely were connected as early as
w900 Ma. Subsequently these blocks underwent a similar geo-
dynamic evolution until final West Gondwana assembly.

7. Conclusions

Detrital zircons of metasedimentary rocks from the Rio Doce
Group in the Araçuaí Belt of SE Brazil, the northern orogenic sector
of the Mantiqueira Province, have been studied in order to
constrain their provenance. The conclusions of this UePbeHf
isotope and trace element work and their broader implications can
be summarized as follows:

(1) The protoliths to the metasediments were deposited in an
ocean or intra-oceanic arc basin distal to the continent with a
maximum depositional age of ca. 650 Ma. Detrital zircons are
nearly exclusively Neoproterozoic in age displaying a major
population from 650e900 Ma with strongly positive εHf(t)
values. The potential source rocks are represented by rift-
related magmatism and oceanic crust formation in the Ara-
çuaí Belt. Further potential contributions from juvenile arcs and
oceanic crust assemblages of the Ribeira and Dom Feliciano
Belts to the south are possible.

(2) Transition to convergence lead to accretion of the terrane that
included the RDG metasediments to the Paleoproterozoic base-
ment. An accretion-related regional metamorphic event invokes
zircon recrystallization at ca. 630Ma. Subsequently this terrane is
intruded by pre-collisional magmatism at ca. 585 Ma, which did
not affect the zircons of the RDG metasediments.

(3) Correlation in age and zircon Hf isotopic and trace element
composition from the entireMantiqueira Province suggests that a
mantle plume caused synchronous rift-related magmatism
evidencing the onset offinal break-upof the São FranciscoeCongo
Craton and adjacent cratonic blocks at around900Mawith a peak
at ca. 750 Ma. This further implies that the involved cratonic
blocks (CongoeSão Francisco, Rio de la Plata and Kalahari) were
connected as early as 900Ma irrespective of their positionwithin
Rodinia.

(4) The simultaneity of rifting in all orogenic belts of the Man-
tiqueira Province is consistent with a synchronous geodynamic
evolution during the BrasilianoePan-African Orogeny.
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