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The Nova Venécia migmatite-granulite-granite Complex (NVC) in the core of the Araguai Orogen (AO,
630-480 Ma), southeast Brazil, exposes a mid-crustal section with abundant evidence for high-grade
metamorphism linked to production, extraction and emplacement of peraluminous melts. Although the
AO represents the textbook example of a confined orogen, there is surprisingly a lack of detailed studies
on its metamorphic evolution related to widespread granitogenesis occurring from the Neoproterozoic to
early Paleozoic. In this study, we combine U-Pb geochronology and metamorphic petrology to constrain

ﬁi{,v:(z/rgf;eda the evolution of the NVC migmatitic metasedimentary granulites, from deposition to high-grade meta-
Aracuai morphism, and to correlate the metamorphic history of the terrain with the several episodes of granite
Orogen magmatism (G1-G5) in the AO. The sedimentation of the NVC can be bracketed within a maximum 13 My
Granulite period, between its maximum depositional age at ca. 606 Ma and the intrusion of early syn-collisional
Braziliano granitoids at 593 Ma. Compilation of available U-Pb data shows that the bulk of the magmatic rocks in the

AO (G1 +G2 rocks) crystallized contemporaneously over a period of 15 My (ca. 595-570 Ma) with a peak
at ca. 575 Ma. Although it is inferred a protracted period of crustal heating in the AO (from ca. 640-480),
U-Pb ages of metamorphic and magmatic zircons and monazites suggest at least two major heat pulses
at ca. 593-560 and 523-495 Ma. The timing of peak regional metamorphism is constrained from 575 to
560 Ma, which temporally overlaps with the crystallization of the youngest granitoids. Phase equilibrium
modeling of metasedimentary granulites from three different localities within the NVC, indicates that
all areas record similar peak P-T conditions of 750-850°C and 5300-7500 bar. This is followed by high
temperature retrograde evolution to 640-800°C and 4500-6000 bar. A post-collisional thermal event
linked to the intrusion of large norite bodies (520-480 Ma) is recorded in our metagreywackes (monazite
U-Pb) and in granites (monazite and zircon U-Pb) from 523 to 495 Ma.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nearly two decades after the concept of confined orogens was
introduced (Pedrosa-Soares et al., 2001; Rogers and Santosh, 2004),
its type example, the Araguai Orogen (AO, Brazil), still lacks detailed
investigation. Studies on classical (or intercratonic) orogens, such
as the Fosdick Complex, West Antarctica (e.g., Korhonen et al,,
2012), the Ivrea Zone, Italy, (Barboza and Bergantz, 2000), and the
Limpopo Belt, South Africa (e.g., Stevens and van Reenen, 1992;
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Nicoli et al., 2014; Taylor et al., 2014) have provided a valuable
wealth of information on a variety of processes that occur during
orogenesis, including high-grade metamorphism, partial melting,
melt extraction and emplacement. The investigation of these pro-
cesses ultimately leads to a better understanding of Earth’s crustal
evolution through time. But how do they operate in confined
orogens? In this study, we begin to address this question by inves-
tigating one key unit within the high-grade and crystalline core of
the AO: the Nova Venécia Complex (NVC).

The Nova Venécia migmatite-granulite-granite Complex is
exposed over an extensive area of the AO core, where high-
grade metasedimentary rocks occur in close association with
voluminous peraluminous and metaluminous granitoids that
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represent pre-, syn- and post-collisonal periods in the Aracuai
orogeny (630-480 Ma, Pedrosa-Soares et al., 2011). Interestingly,
the migmatites and granulites preserve a range of high-grade min-
eral assemblages with little evidence for retrogression.

The novelty of this study consists in the use of combined meth-
ods to constrain the nature of these high-grade lithotypes, the ages
of metamorphism linked to granite formation and the metamor-
phic evolution within the NVC, specifically, we use field-based
observations, petrography, mineral chemistry, U-Pb LA-ICP-MS
geochronology in zircon and monazite and thermodynamic model-
ing (pseudosections) in order to: (1) constrain the P-T evolution of
samples; (2) establish why the high-grade rocks record different
mineral assemblages; (3) determine a possible source or differ-
ent sources for high-grade metasedimentary samples based on
geochronology; and (4) correlate metamorphic events to intrusion
of igneous bodies occurring in close association with the sampled

high-grade rocks. This is a contribution to help elucidate crustal
processes occurring in the AO, which may also lead to a bet-
ter understanding of other Gondwana-related orogenic segments
today exposed in South America and Africa.

2. Geological setting

The Nova Venécia Complex comprises migmatitic granulite
facies metasediments and granitoids located in the high-grade
core of the Aracuai Orogen, in the states of Minas Gerais and
Espirito Santo, southeast of Brazil (Fig. 1). The AO is one of
the Neoproterozoic-Lower Paleozoic orogenic segments formed
diachronously during the Brasiliano-Pan African amalgamation of
West Gondwana to the south of the paleo-Sdo Francisco-Congo
Craton (Fig. 2). The terranes once merged into West Gondwana
landmass were broken apart by the Cretaceous South Atlantic
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Fig. 1. Geological map of the Araguai Orogen and the study area (modified from Pedrosa-Soares et al., 2007).
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Fig. 2. Cartoon showing a simplified evolution of the Brasiliano-Pan African orogenic system, with emphasis in the Araguai-West Congo Orogen (modified from Alkmim et al.
(2006). Based on Silva et al. (2005a,b, 2008), Rosa et al. (2007), Queiroga et al. (2007), Trouw et al. (2000), Campos Neto and Caby (2000), Valeriano and Pimentel (2008), Basei
et al. (2005), Goscombe et al. (2005), Pedrosa-Soares et al. (2006, 2011), Peixoto et al. (2014), Heilbron and Machado (2003), Gray et al. (2008), Frimmel and Frank (1998),
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rifting and are now complementary orogenic segments exposed
in eastern South America and southeastern Africa. Prior to break
up, there is evidence that the S3o Francisco and Congo Cratons
remained connected since the Paleoproterozoic by the so-called
Bahia-Gabdo Bridge (Porada, 1989). This supports the proposal that
the Aracuai Orogen and its complementary segment in Africa, the
West Congo Belt, were formed as a confined orogenic system within
an embayment of the paleo-Sdo Francisco-Congo Craton, which
hosted a gulf of the Adamastor Ocean (Fig. 2; Pedrosa-Soares et al.,
2001).

It has been proposed that the Araguai-West Congo Orogen
(AWCO) evolved in five geodynamic stages (Alkmim et al., 2006;
Fig. 2). Most of them are associated with production and emplace-
ment of pre- to post-collisional granitoid Supersuites known as
G1-G5 (e.g. Pedrosa-Soares et al., 2006, 2011), as summarized in
Table 1, and with deposition to metamorphism of metasedimen-
tary rocks in the AWCO belts and core. The five geodynamic stages

consist of: arift-phase in stage 1 (1000-660 Ma, e.g. Pedrosa-Soares
and Alkmim 2011, Silva et al., 2008; Queiroga et al., 2007); the pre-
collisional stage 2 (630-575 Ma; Pedrosa-Soares et al., 2011; Silva
etal.,2005a; Gongalvesetal., 2014,2015; Fig. 2); the syn-collisional
stage 3 (585-560Ma; Pedrosa-Soares et al., 2011; Gradim et al.,
2014); and the late to post-collisional stages 4 (560-535 Ma) and 5
(520-490 Ma), related to the AO tectonic collapse (Pedrosa-Soares
et al,, 2006, 2008, 2011; Table 1). A more detailed review on the
NVC geological setting and the AO tectonic evolution in relation to
other Brasiliano Pan-african orogenic belts can be found in Richter
(2015).

3. Previous studies on the NVC metamorphism
Previous studies report that the main rock-types in the NVC

are cordierite-rich granulites and biotite + garnet 4 cordierite 4
orthopyroxene + sillimanite migmatitic paragneisses (Roncato,
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Table 1

81

Main characteristics of the G1-G5 granitoid Supersuites. Referencing indicated by the numbers in superscript as follows: 1, Roncato (2009); 2, Pedrosa-Soares et al. (2007);

3, Pedrosa-Soares et al. (2011); 4, Gradim et al. (2014); 5, Gongalves et al. (2015).

G1 G2
Age (Ma) 630-58025; 630-585° 580-5602; 585-5603
Stage Pre-collisional1'23 to early Syn-collisional®?3 or late

collisional* pre-collisional to late
collisional*
Syenogranite to tonalite
and syenogranite to
granodiorite*

Mostly S-type;
peraluminous; sub- to
calc-alkaline?

Main rock types Tonalite and granodiorite,

minor granite3>
Geoche-mistry I-type; metaluminous to
slighly peraluminous;
expanded calc-alkaline3#

Plutonism related to the
Rio Doce magmatic-arc?3

Origin Generated mostly from
anatexis of

metassedimentary rocks?3

G3 G4 G5
545-5207; 545-5253 535-5007; 530-500% 520-4907; 520-480°%
Late to Post-collisional Post-collisional (orogenic

Post-collisional'-234

Leucogranite
(alkali-granite to
syenogranite)>4
S-type; peraluminous;
high-K alkaline*

Generated mostly from
anatexis of G2
granites?3

(orogenic gravitational
collapse)!-234
Granites, pegmatites4

Mostly S-type; mostly
peraluminous;
sub-alkaline?

S-type event of granite
genesis related to the
orogenic gravitational

gravitational collapse)!234

Syenogranite to
granodiorite, minor norite
to enderbite®*

I- to A-types;
metaluminous to slightly
peraluminous; high K-Fe
calc-alkaline to alkaline3*
Predominant mantle
contribution; partial
re-melting from a mainly

metaluminous continental
crust; and dehydration
melting from slightly
peraluminous rocks?

collapse?

2009; Gradim, 2013), which were metamorphosed under upper
amphibolite to granulite facies conditions (Gradim, 2013; Munha
et al., 2005). Available peak pressure-temperature estimates from
paragneisses assemblages are 5.0-6.1kbar at 712°C to 930°C
(Gradim, 2013) and 6.54+0.5kbar at 820+30°C (Munha et al.,,
2005). The suggested age of peak metamorphism in the NVC is
575Ma (Gradim et al., 2014). To the south of the AO (Fig. 2), in the
central-north Ribeira Fold Belt (state of Rio de Janeiro, SE Brazil),
it is reported that high-grade metamorphic rocks followed a clock-
wise P-T path from peak conditions of 8 + 1 kbar and 8504 50°C
to retrogression at ca. 500°C and 5 kbar (Bento dos Santos et al.,
2011).

4. Methodology

Twenty-nine samples from eight outcrops located in the Espirito
Santo State, Brazil (Fig. 3) were collected for petrographic char-
acterization. Coordinates of all outcrops, their localities, observed
lithotypes, and samples collected are given in Appendix B.1. Three
metasedimentary samples (101, 7A1B and 3A1) were chosen for
metamorphic modeling based on their whole rock chemistry, min-
eral chemistry and petrography. U-Pb LA-Q-ICP-MS zircon and
monazite geochronology data were obtained from metasedimen-
tary samples 3A1, 101, 7A1B, 114 and granitoid samples 7B, 7B.
Please refer to Appendices A.1 and A.4 for methods used to obtain
mineral chemistry and whole rock chemistry.

The metamorphic conditions in peak and preserved
assemblages in three samples of the NVC were investigated
using phase equilibrium calculations in the chemical system
Na,0-Ca0-K;0-FeO-Mg0-Al,03-Si0,-H,0-TiO,-Fe; 03 (NCKF-
MASHTO) using THERIAK-DOMINO software (De Capitani and
Petrakakis, 2010), in combination with the up-dated Holland
and Powell (1998) dataset. The modeling used the a-x relation-
ships of White et al. (2007) for silicate melt; White et al. (2002)
for orthopyroxene, spinel and magnetite; Holland and Powell
(2003) for K-feldspar and plagioclase; White et al. (2000, 2005)
for ilmenite; White et al. (2005) for garnet and biotite; Holland
and Powell (1998) for cordierite. The dataset was compiled for
Theriak-Domino by Doug Tinkham. The mineral abbreviations are
as follows: Ms - white mica; Bt - biotite; Grt - garnet; Opx -
orthopyroxene; Crd - cordierite; Ky - kyanite; Sil - sillimanite;
And - andalusite; Pl - plagioclase; Kfs - K-feldspar; Ilm - ilmenite;
Mag - spinel; Rt - rutile; H,O - aqueous fluid; Liq - silicate
liquid/melt; Qtz - quartz; Zrc - zircon; Mnz - monazite; Ap -
apatite.

The U/Pb data were collected with a New Wave UP-213 coupled
with a mass spectrometer Agilent 7700x in the Geology Depart-
ment of the University of Ouro Preto. In situ monazite dating
was performed in sample 114 at the Central Analytical Facility in
Stellenbosch University, South Africa, LA-Q-ICP-MS. For detailed
descriptions of the analytical method, please refer to Appendices
A.2 and A.3 and B.3 and B.4 for U/Pb data. Uncertainties on single
spot ages are given at 1o uncertainties; uncertainties on weighted
mean or concordia ages of populations are given at 2o uncer-
tainties. The data is presented using density concordia diagrams
constructed by cumulatively adding the normalized probability
density functions (PDF’s) of each individual analysis according to
their calculated mean values and 20 uncertainties (Fig. 9). The PDF
of each individual spot analysis was calculated using the equation
for a bi-variate normal distribution with correlated errors, using the
DensityDist code of Pullen et al. (2014) which incorporates a math-
ematical approach similar to that described in detail by Sircombe
(2006). Each of the diagrams in Fig. 9 contains Concordia and mean
ages calculated using Isoplot/Ex (Ludwig, 2003). Traditional con-
cordia diagrams presenting the individual ellipses of each analysis
at 95% confidence are provided as supplementary material to this
article (Appendix C.1).

5. Lithotypes of the NVC and field evidence for partial
melting

Table 2 presents the most relevant lithotypes investigated in
detail; their name abbreviations used in this study; their mineral
assemblages; and the outcrops from where they were collected. All
samples are metagraywackes whose protoliths probably contained
different amounts of matrix components (Richter, 2015). In the next
subsections, we provide a detailed description of these lithotypes
and the anatectic features of each outcrop.

5.1. Outcrops 10 and 11

Outcrops 10 and 11 are both located in the city of Colatina
(Fig. 3). They expose a gently folded stromatic migmatite, where
leucosomes and melanosomes are spaced regularly and oriented
parallel to the foliation defined by biotite (Fig. 4(a-1)). This banded
sequence may relate to the compositional layering of the pro-
tolith. Melanosomes containing fine-grained garnet are in contact
with leucosomes containing 2-3 cm medium- and coarse-grained
garnet (Fig. 4(a-2)). The assemblages in the melanosomes are rep-
resented by BGCM-101 in outcrop 10 and by BGM-114 in outcrop
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Fig. 3. Geological map of the study area (modified from Gradim, 2013). The outcrops from where samples were collected are: outcrops 3 and FMC10 (samples 3A1, FMC10,
3A4,3A2,3A3, 3A5); outcrop 4 (4A1, 4A2); outcrop 5 (5A, 5B); outcrop 7 (7A1B, 7B, 7D, 7A1A, 7A2A, 7A2B, 7C1, 7C2); Outcrop 8 (8A, 8B); outcrop 10 (101, 102, 103); outcrop
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Table 2

The main characteristics of the outcrops and samples studied in detail.

Outcrop Outcrop-scale Relevant sampled lithotype Sample# Abbreviation used Mineral assemblage
Main feature in this study
10 Bt-Grt-Crd Biotite-garnet-cordierite 101 BGCM-101 Biotite + garnet + cordierite + sillimanite +
metatexite metagreywacke plagioclase + K-feldspar + ilmenite + quartz; AP:
zircon, monazite and apatite
11 Bt-Grt Biotite-garnet metagreywacke 114 BGM-114 Biotite + garnet + sillimanite + plagioclase + K-
metatexite feldspar +ilmenite + quartz; AP: zircon,
monazite and apatite
7 Bt-Grt-Opx Biotite-garnet-orthopyroxene 7A1B BGOM-7A1B Garnet +orthopyroxene + biotite + plagioclase + K-
metatexite metagreywacke feldspar +ilmenite + quartz + pyrite; AP: zircon,
apatite and monazite
Peraluminous granodiorite 7D PG-7D Garnet + biotite + k-
feldspar + plagioclase + quartz; AP: zircon and
monazite
Granite 7B G-7B garnet + k-feldspar + plagioclase + quartz; AP:
zircon and monazite
3 Crd £+ Grt Cordierite metagreywacke (known 3A1 CG-3A1 Cordierite + K-
diatexite as cordierite granulite) feldspar + plagioclase + sillimanite + spinel +
ilmenite + biotite + quartz; AP: zircon, monazite
and apatite
3A4 CG-3A4 Cordierite + K-
feldspar + plagioclase + sillimanite + spinel +
ilmenite + biotite + quartz; AP: zircon, monazite
and apatite
FMC10 Crd +Grt Cordierite-garnet metagreywacke FMC10 CGG-FMC10 Cordierite + garnet + K-
diatexite (known as cordierite-garnet feldspar + plagioclase + sillimanite + spinel +

granulite)

ilmenite + biotite; AP: zircon, monazite and
apatite
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bears leucocratic segregations and granitoid intrusions. (b-2) Garnet and orthopyroxene in leucosomes and melanosomes (sample BGOM-7A1B). (b-3) Granitic balloon-shaped
dyke intrudes the stromatic migmatite and shows sharp contacts with the host-rock (sample G-7B). (b-4) Some granitic intrusions show evidence of solid-state deformation
(foliation oriented parallel to the main layering) and partial melting (sample PG-7D); (c) Outcrops 3 and FMC-10. (c-1) Outcrop FMC-10 exposes a diatexite with a network
of interconnected leucocratic segregations. (c-2) Nebulitic leucosome and foliation-paralel mesocratic neosome in outcrop 3, hosted by the melanosome (samples CG-3A1
and CG-3A4). (c-3) In outcrop FMC10, garnet and cordierite are in leucosomes and melanosomes (sample CGG-FMC10). (c-4) Garnet-shaped cordierite in the leucosome.

11 (Table 2). Leucosomes locally cross-cut the foliation, forming a
network of interconnected felsic segregations (Fig. 4(a-1)).

5.2. Outcrop 7

Outcrop 7 is located near the community of Vila Fartura
(Fig. 3). The outcrop (Fig. 4(b-1)) primarily consists of a stro-
matic metatexite where the layering of garnet-bearing leucosomes
and melanosomes are oriented parallel to the biotite-defined foli-
ation. The mineral assemblage in melanosomes is represented

by BGOM-7A1B (Table 2). Rarely, cordierite is present as part of
the melanosome, as represented by metasedimentary sample 7C.
Orthopyroxene and ubiquitous medium- to coarse-grained garnet
are present in both leucosomes and melanosomes, where they are
commonly associated (Fig. 4(b-2)).

Four different types of broadly granitic segregations occur
at this locality. Firstly, large (>1 m wide) cross-cutting garnet-
bearing intrusions with a foliation parallel to the stromatic
metaxite. This lithotype is represented by PG-7D (Fig. 4(b-4)), a
biotite- and garnet-bearing granodiorite that contains leucosomes
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concordant to the migmatite layering, indicating it was also affected
by anatexis. Secondly, garnet-bearing, balloon-shaped dykes that
cross-cut the stromatic migmatite with sharp contacts and show
no evidence of solid-state deformation. This lithotype is repre-
sented by G-7B (Fig. 4(b-3)), which consists of coarse-grained
quartz-feldspar granite containing a relatively low abundance of
fine-grained garnet crystals. Third, garnet-rich leucosomes with
patchy morphologies seemingly connected with stromatic leu-
cosomes. Fourth, a large vein-structured leucogranitic dyke that
cross-cuts the migmatitic layering.

5.3. Outcrops 3 and FMC10

Outcrops 3 and FMC10 were studied in combination because
of their similarities and close spatial association. They are located
close to the city of Nova Venécia (Fig. 3), less than 4km distant
from the 15 km wide G5 Pedra do Elefante Batolith (biotite-granite
and charnockite; Roncato, 2009). Both outcrops expose a diatexite
dominated by networks of interconnected leucosomes and meso-
cratic neosomes hosted by the melanocratic portion of the exposure
(Fig.4(c-1)). Leucosomes consist of K-feldspar—-quartz + plagioclase
and often display patchy and nebulitic morphologies. Melanosomes
have very similar assemblages represented by CG-3A1, CG-3A4
and CGG-FMC10 (Table 2) and locally display schollen (Fig. 4(c-1))
and schlieren morphologies (Fig. 4(c-2)). The mesocratic neosome
contains the same assemblage with a higher volume of felsic min-
erals. The sole difference between the outcrops is that in outcrop
3 garnet is rarely observed whereas in outcrop FMC10 garnet is
locally present in patchy leucosomes and melanosomes (Fig. 4(c-
3)). Inferred cordierite pseudomorphs after garnet occur locally
in the leucosomes (Fig. 4(c-4)), where relict garnet is commonly
present within cordierite crystals.

6. Petrography, mineral chemistry and whole-rock
chemistry

The complete dataset of whole-rock and mineral chemistry is
presented in Appendices B.2 and B.5, respectively. Table 3 presents
the whole-rock chemistry (in wt% and molar proportions, modi-
fied according to modeling) and mineral chemistry of the samples
chosen that had good potential for thermodynamic modeling
(BGCM-101, BGOM-7A1B and CG-3A1). They share some textures
and microstructures despite having different preserved mineral
assemblages (Table 2). All samples show textural evidence consis-
tent with the occurrence of partial melting with production and

Table 3

loss of melt to varying degrees, namely (Vernon, 2011; Sawyer,
2008): (1) the presence of small felsic patches, films and veinlets
of former melt (“pools of melt” or “protoleucosomes”), now pseu-
domorphs pseudomorphed by assemblages of quartz, K-feldpar or
sodic plagioclase; (2) the pools are developed where the grains of
the reactant assemblage touch and are commonly rimmed by grains
with euhedral outlines that may be feldspar or peritectic minerals;
(3) quartz, K-feldspar or plagioclase often have cuspate rims; (4)
the presence of patches and layers rich in peritectic minerals; and
(5) reactant minerals have corroded and embayed shapes.

6.1. Biotite-garnet =+ cordierite metagreywacke (BGCM-101 and
BGM-114)

Here we present the petrography of BGCM-101 (Table 2;
Fig. 5(a-e)), which shares most aspects with BGM-114. Subhedral
garnet poikiloblasts range in size from 2 to 15 mm in diameter. They
contain lobate or rounded inclusions of quartz and biotite, rounded
or subhedral and locally myrmekitic inclusions of plagioclase, and
elongate to acicular sillimanite inclusions (Fig. 5(b)). Garnet is set
in a medium to fine-grained matrix composed of quartz, plagio-
clase, K-feldspar, cordierite and biotite, which defines the main
foliation. Less often, fine-grained subhedral biotite occurs at the
rims of garnet (Fig. 5(c)). Garnet crystals are fairly homogeneous in
composition (Table 3). Locally, garnet rims less than 150 pm thick
with no difference in texture from cores have slightly higher Xa;,
compositions, e.g. from Xu;;; =0.67 in the cores to X, =0.69-0.73
in the rims. Because of these textural relationships and the anate-
ctic features of outcrop 10, garnet is considered to have originated
from fluid-absent biotite melting reactions and to be peritectic in
origin. Cordierite crystals are commonly poikiloblastic, anhedral,
pinitised and 1-7 mm in size. They are often associated with gar-
net, rimming garnet grains and in instances it appears to be a garnet
pseudomorph (Fig. 5(d)). K-feldspar occurs as 2-6 mm subhedral to
anhedral crystals that may show embayed shapes and cuspate areas
when surrounded by plagioclase, quartz and biotite. They com-
monly contain included fine-grained euhedral biotite (Fig. 5(e)).
Plagioclase is anhedral to subhedral and 1-2 mm in size.

6.2. Biotite-garnet-orthopyroxene metagreywacke (BGOM-7A1B)

BGOM-7A1B (Table 2) consists of poikiloblastic garnet and
medium-grained orthopyroxene set in a fine to medium-grained
granoblastic matrix of quartz, K-feldspar, plagioclase and biotite,
which defines the foliation (Fig. 5(f-k)). Garnet poikiloblasts

Representative whole-rock chemistry and mineral chemistry of samples BGCM-101, BGOM-7A1B and CG-3A1, which were used for metamorphic modeling. The H,0 content
was modified according to values coherent with the modeling (see text) and normalized to 100%. Complete dataset is in Appendices B.2 and B.5. Xa, = Fe?*/(Fe?* + Mn),
Xspss =Mn/(Fe?* + Mn + Mg+ Ca), Xcrs = Ca/(Fe?* + Mn + Mg + Ca), Mg# = 100 x Mg/(Mg +Fe?*), Xan = Ca/(Ca+Na+K), Xsan = K/(Ca+Na +K), Xpecra = Fe?* /(Mg +Fe?*).

BGCM-101 Composition (wt%) Si0, TiO, Al,03
71.72 0.83 12.72
Composition (molar) Si Ti Al
7091 0.50 14.96
Mineral compositions  Grt Xaim Grt Xgrs Grt Xsps
0.67-0.73 0.02-0.03 0.02
BGOM-7A1B  Composition (wt%) Si0, TiO, Al,03
62.65 0.81 18.79
Composition (molar) Si Ti Al
57.62 0.56 20.37
Mineral compositions  Grt Xaim Grt Xgrs Grt Xsps
0.64-0.65 0.04 0.03
CG-3A1 Composition (wt%) Si0, TiO, Al,03
74.57 0.7 13.34
Composition (molar) Si Ti Al
66.30 0.58 13.86
Mineral compositions  Crd Mg# Crd Xpecra Pl Xan
76-77 0.23-0.24  0.28-0.33

Fe,03 FeO MgO CaO Na,O K,0 H,O  Total
0.34 5.79 2.53 1.52 1.4 246 0.67 100
Fe3 Fe Mg Ca Na K H

1.56 1.91 2.09 1.55 3.30 226 095

Grt Mg# Crd Mg# Bt Mg# Pl Xan Kfs Xsan

28-29 67-70 59-65 0.31 0.80-0.88

Fe, 03 FeO MgO Ca0 Na,0 K,0 H,O  Total
0.28 4.7 2.24 5.22 3.46 1.63 022 100
Fe3 Fe Mg Ca Na K H

0.19 3.62 3.07 5.14 6.16 192 135

Grt Mg # OpX Xreopx Opx Mg# Bt Mg# Pl Xan

31 0.48-0.49 50-51 54-60 0.37-0.44

Fe, 03 FeO MgO Ca0 Na,0 K,0 H,O  Total
2.18 24 1.47 1.52 1.79 1.86 0.15 100
Fe3 Fe Mg Ca Na K H

0.24 4.47 3.49 1.50 2.50 290 413

Kfs Xsan Bt Mg#

0.73-0.89  65-68
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Fig. 5. Petrography of samples observed in thin sections. (a—e) Petrologic aspects of BGCM-101. (a) Part of a scanned thin section from BGCM-101 showing sites from where
photomicrographs (b-e) were taken. (f-k) Petrologic aspects of BGOM-7A1B. (f) Part of a scanned thin section from BGOM-7A1B showing sites from where photomicrographs
(g-k) were taken. (j) is not showed in (f). (1) and (p) Petrologic aspects of CG-3A1. (1) Part of a scanned thin section from CG-3A1 showing sites from where photomicrographs
(m) and (n) were taken. (0) and (p) are not in (1). (q-w) Petrologic aspects of CG-3A4 and CGG-FMC10. (q) Part of a scanned thin section from CG-3A4 showing the site from
where photomicrograph (t) was taken. (r, s, u, v, w) are photomicrographs from CGG-FMC10. See text for a more detailed description.

(1-10mm in diameter) contain inclusions of lobate and rounded is no textural difference from cores to rims. Composite Grt+Opx

quartz, plagioclase and biotite. Garnet compositions are homo- aggregates are common (Fig. 5(f)). Orthopyroxene crystals are fine
geneous and garnet is unzoned (Table 3). Some compositions to medium-grained and are always in contact with either biotite
measured within very thin rims (<150 pwm) vary slightly in compo- or garnet. Commonly, orthopyroxene contains inclusions either

sition (e.g. from Xy, =0.64 in cores to 0.65 in rims), although there of rounded biotite (Fig. 5(g) and (h)) or fine-grained subhedral
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(<200 pm) biotite (Fig. 5(i)). Locally, orthopyroxene associated with
garnet has compositions of Xgeopx =0.45 and Mg# = 54. Together,
petrography and field relations suggest that both garnet and
orthopyroxene are peritectic phases that formed from fluid-absent
melting of biotite. Anhedral 0.4-1.0 mm plagioclase grains are com-
mon in the granoblastic matrix and are locally replaced by sericite.
Strings of sub- to euhedral Qtz + Pl rim garnet crystals (Fig. 5(j)). K-
feldspar is observed either as anhedral crystals in the granoblastic
matrix, or as cuspate and lobate crystals rimming orthopyroxene,
garnet (Fig. 5(k), feldspar and quartz.

Sample 7C, from the same locality (outcrop 7), bears the same
assemblage as BGOM-7A1B, except for the presence of cordierite
(1% in volume) and absence of orthopyroxene. Garnet has abundant
inclusions of sillimanite, rounded biotite, quartz and plagioclase.
Anhedral cordierite rims garnet and biotite and less commonly has
rounded biotite inclusions. Locally, cordierite is subhedral.

6.3. Cordierite + garnet granulite (CG-3A1, CG3A4 and
CGG-FMC10)

CG-3A1 is a biotite-poor and garnet-absent lithotype (Table 2)
that consists of cordierite poikiloblasts and K-feldspar porphy-
roblasts set in a granoblastic matrix composed of fine-grained
cordierite, K-feldspar, plagioclase, spinel, ilmenite, and minor
biotite (Fig. 5(i)). Anhedral, 0.3-10 mm cordierite crystals contain
biotite, quartz and spinel inclusions and are commonly pinitized
(Fig.5(m)and (n)). Subhedral ~1 mm cordierite crystals are rimmed
by feldspar with cuspate shapes (Fig. 5(1)). K-feldspar occurs as:
0.5-5.0mm porphyroblasts; 0.1-0.2 mm crystals in the matrix;
and anhedral cuspate-shaped crystals embaying spinel, quartz and
plagioclase. They are commonly perthitic and show simple twin-
ning. Quartz, plagioclase, biotite, zircon and monazite inclusions
occur in K-feldspar poikiloblasts. Anhedral 0.5-2.0 mm diameter
plagioclase grains are commonly antiperthitic. Biotite occurs either
as inclusions in cordierite and K-feldspar, or as corroded crys-
tals in the matrix (Fig. 5(p)). Spinel consists mainly of magnetite
and hercynite. Magnetite is ubiquitous in the matrix, as well as
commonly associated with ilmenite and hercynite. Locally, mag-
netite growth appears to have occurred at the expense of biotite
remnant crystals. Hercynite is always associated with crystals of
magnetite + ilmenite within cordierite crystals (Fig. 5(m)).

CG-3A4 is richer in biotite than CG-3A1 (Fig. 5(1) and
(q); Table 2). It contains elongate, poikiloblastic coarse-grained
cordierite aggregates bearing inclusions of hercynite and sillima-
nite (Fig. 5(q)). Fine-grained cordierite is less commonly observed
in the matrix, where it is more pinitized than cordierite located in
elongate aggregates. These aggregates, in addition to relict biotite,
define the foliation. Plagioclase + quartz + matrix cordierite locally
forms a mosaic rimming elongate cordierite aggregates (Fig. 5(t)).

CGG-FMC10 is a garnet-bearing lithotype (Table 2). Garnet
poikiloblasts with sillimanite inclusions are rimmed (Fig. 5(r)) or
wrapped (Fig. 5(s)) by hercynitic spinel. Cordierite occurs as coarse-
grained poikiloblasts that contain biotite and sillimanite inclusions
(Fig. 5(t) and (u)). Either garnet is rimmed by cordierite (Fig. 5(r))
or corroded garnet touches cordierite crystals (Fig. 5(u)). Corroded
and subhedral biotite is rimmed by bright segregations that proba-
bly consist of feldspar (Fig. 5(v)). Euhedral cordierite is observed
in sites where K-feldspar form apparent “pools” rimming other
feldspar and quartz with cuspate and lobate shapes (Fig. 5(w)).

The petrography of CG-3A1, CG-3A4 and CGG-FMC-10 and the
anatectic features of outcrops 3 and FMC10 suggest that garnet
and most cordierite are peritectic in origin, having formed from
fluid-absent melting reactions mainly via the breakdown of biotite.
However, from petrography, there is evidence that a second meta-
morphic may have affected those lithotypes and produced some
interesting features, specially: newly formed euhedral to subhedral

cordierite (Fig. 5(m) and (v)); and anhedral to subhedral hercynite
always associated with crystals of magnetite & ilmenite within
cordierite crystals (Fig. 5(q)).

7. P-T conditions of equilibrim

7.1. Assessing metamorphic conditions of inferred peak and
preserved assemblages

This study focuses on the peak to retrograde evolution of the
modeled samples, where granulite grade assemblages are inter-
preted to have been preserved as a consequence of melt loss.
Because the FeO:Fe203 ratio and the H20 content in bulk-rock
compositions used for modeling play a major role in determining
phase relations in pseudosections calculations, a number of T-Mge
and T-MH,0 were constructed for each of the samples in a variety of
pressure conditions so their FeO:Fe, O3 ratios and H, O content were
consistent with their inferred peak-metamorphic mineral assem-
blages. H,O contents were set to values consistent with: (1) the
formation of the infered peak-metamorphic assemblages based
on the assumption of partial melting driven by biotite-breakdown
reactions; (2) the modal abundance of melt between 0 and 10% at
peak metamorphic conditions (Nicoli et al., 2014), i.e. values low
enough so as to preserve assemblage; (3) the absence of phases
at peak which occur only as decompression related textures (e.g.,
cordierite); (4) the presence of phases at peak conditions that likely
have been replaced during decompression considering related tex-
tures (e.g., garnet). The bulk-Fe,03 content was chosen to values
consistent with the formation of the observed mineral assem-
blages in determined P-T conditions according with the mineral
modes and Fe3* contents in garnet and ilmenite. Bulk-rock com-
positions used for modeling were obtained from those calculations
and normalized to 100% (Table 3). Within stability fields, composi-
tional isopleths and isomodes of volume % of phases were plotted
with the aim to better constrain P-T conditions within peak and
preserved assemblage fields. These isopleths were compared to
mineral chemistry (Table 3) and isomodes with visually estimated
mineral modes.

7.2. Biotite-garnet-cordierite metagreywacke (BGCM-101)

Fig. 6 shows pseudosections calculated for BGCM-101. The
P-T pseudosection in Fig. 6(a) shows the P-T fields of the peak
assemblage Bt-Grt-Sil-Pl-Kfs-Ilm-Liq-Qtz and the preserved
assemblage Bt-Grt-Crd-Sil-PI-Kfs-1lm-Qtz. Fig. 6(b) shows com-
positional isopleths of X, and volume % of Grt. Measured
mineral composition of Grt yield X, values ranging from
67 (cores) to 73 (>150 wm thin rims) and estimated grt vol-
ume of 6-8% delineate two highlighted zones that overlap in
the peak field and in the suprasolidus lower-pressure field
Bt-Grt-Crd-Pl-Kfs-1lm-Liq-Qtz. Fig. 6(c) shows compositional Crd
Mg# isopleths and volume % of Crd. The two highlighted zones are
delineated by measured compositions yielding Crd Mg# that range
from 67-70 and cordierite vol% of 2-3. These zones overlap in the
Crd-in transition from the peak field to the lower-pressure supra-
solidus field and in the preserved assemblage lower-temperature
field. Fig. 6(d) shows melt vol% isomodes. The delineated melt vol%
zone assumes that no more than 5% was produced at peak. This
same procedure was used for the other modeled samples.

7.3. P-T path and P-T conditions of stable assemblages

The clockwise P-T path depicted in Fig. 6(e) was constructed
by overlapping all the highlighted zones of Fig. 6(b-d). The peak
metamorphic assemblage is stable between 755 to 815 °C and 5900
to >9000 bar. The path starts in the narrow T (~760-780°C) zone
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Fig. 6. P-T pseudosections calculated for BGCM -101. (a) P-T fields of peak assemblage Bt-Grt-Sil-PI-Kfs-Ilm-Liq-Qtz and the preserved assemblage
Bt-Grt-Sil-Pl-Kfs-1lm-Qtz. It is also shown the inferred P-T path obtained from overlapping highlighted zones in (b-d); (b) Compositional isopleths of X, and Grt volume
% isomodes; (c) Compositional Crd Mg# isopleths and volume % of Crd; (d) Melt vol% and Mg# isopleths obtained from rounded Bt included in Grt; and (e) Overlapping of all
the highlighted zones of (b-d) and inferred clockwise P-T path. See text for a detailed explanation.
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delineated by overlapping zones of Grt vol% (7), Grt X, (0.67) and
melt vol% (=2-3). Peak conditions are followed by nearly isothermal
decompression until the path crosses the Crd-in line and reaches
P-T conditions where the preserved assemblage is stable. The path
crosses part of this field where melt vol% decreases (from 3 to 0),
Grt Xam increases (from 0.71 to 0.73), Grt vol% decreases (from
7 to 5), Crd vol% increases (from 0 to 3) and Crd Mg# decreases
(from 70 to 67). This is followed by cooling where the path crosses
the solidus (at 765° C and 5800 bar) and reaches the field where the
preserved assemblage is stable. Within this field, P-T conditions are
further restricted by overlapping zones determined by Xa;,, (thin
150 wm rims=0.73), Crd Mg# (67-70) and Crd vol% (~2-3). The
restricted field within the preserved assemblage field is stable in
P-T conditions of 720 to 766°C and 5100 to 5900 bar. This clock-
wise P-T path is consistent with the petrography of the rock and
measured mineral chemistry, particularly with cordierite rimming
and pseudomorphing garnet (Fig. 6(d)) and with the preservation of
the high-grade assemblage with minor evidence of retrogression.

7.4. Biotite-garnet-orthopyroxene metagreywacke (BGOM-7A1B)

Fig. 7 shows pseudosections calculated for BGOM-7A1B.
Fig. 7(a) shows P-T conditions where the peak assemblage
Bt-Grt-Opx-Pl-Kfs-Ilm-Liq-Qtz and the preserved assemblage
Bt-Grt-Opx-Pl-Kfs-Ilm-Qtz are stable. This Figure displays a P-T
path constructed by overlapping highlighted zones in Fig. 7(b-d).
Fig. 7(b) shows plots of Grt Xaj;,, Grt Xg;s isopleths and isomodes
of Grt vol%. Measured Grt compositions yield Xaj;,, and X¢s val-
ues that range from 0.63 to 0.65 and 0.04 to 0.05, respectively.
Grt volume in the rock is estimated between 4 and 5%. Within
these ranges, the highlighted zones intersect at the subsolidus
fields: Bt-Grt-Opx-Pl-Kfs-Ilm-Qtz (preserved assemblage) and
Bt-Grt-Crd-Opx-PI-Kfs-Ilm-Qtz. Fig. 7(c) shows compositional
isopleths of Opx Mg# and isomodes of Opx vol%, as well as zones
delineated by the measured compositional range of Opx Mg#
(50-54) and estimated Opx vol% (3-4). These fields intersect in the
peak assemblage field and in the two above-mentioned subsolidus
fields. Fig. 7(d) shows melt vol% isomodes from O to 5%.

7.5. P-T path and P-T conditions of stable assemblages

Fig. 7(e) depicts a P-T path constructed with the use of over-
lapped zones in Fig. 7(b—-d). The peak assemblage is stable within
a narrow field from 810 to 852°C and 5300 to >9000 bar. The
clockwise P-T path starts at peak and is followed by decompres-
sion and subsequent cooling after the solidus is crossed (at 810°C
and 5300 bar). A suggested restricted field of stability of the pre-
served assemblage ranging from 630 to 800 °C and 4300 to 5200 bar
was constructed by overlapping zones of Grt Xjy, (0.63-0.65),
Grt Xgrs (0.04-0.05), Grt vol% (4-5), Opx Mg# (50-54) and Opx
vol% (3-4). After the P-T path crosses the solidus and reaches this
restricted field, values of Grt Xy, increases from 0.63 to 0.65, Grt
Xgrs decreases from 0.05 to <0.05, Grt vol% remain in-between 5 and
4,0px Mg# decreases from 54 to 52 and Opx vol% slightly decreases
from ~4 to >4. This decompression and subsequent cooling is con-
sistent with measured compositions in most small garnets and in
a few garnet rims of X, =0.64, as well as in matrix orthopyrox-
ene (Mg# = 50) containing fine-grained biotite inclusions (Fig. 7(i)).
This is also reflects the slightly decrease in Opx vol% whereas Grt
vol% remains roughly the same.

The subsolidus restricted field encompasses part of a lower-
pressure Crd-present assemblage (Crd-in line shown as a dashed
line within this field), although Crd was not observed as part of
the preserved assemblage. In the lower-pressure section of this
field, plots of Crd vol% yield less than 1 vol% Crd. It is possible
that: (1) such values are so small that may not be represented in

thin sections or visible in outcrop-scale; or (2) the dashed Crd-in
line in fact represents a low-pressure limit for the stability of the
preserved assemblage restricted field. Consistent with this, other
samples from the same outcrop (e.g. sample 7C) do contain a few
cordierite crystals (approx. 1% vol). Therefore, it would be reason-
able to assume that the low-pressure limit for the stability of the
preserved assemblage would be from the cordierite-in line until
the 1% vol cordierite isomode. In any case, the P-T obtained from
modeling is consistent with observed microstructures and with the
preservation of the high-grade assemblage with minor evidence of
retrogression.

7.6. Cordierite granulite (CG-3A1)

In Fig. 8, pseudosections calculated for CG-3A1 show the peak
assemblage Grt-Crd-Sil-Pl-Kfs-Ilm-Mag-Liq-Qtz and the pre-
served assemblage Bt-Crd-Sil-Pl-Kfs-Ilm-Mag-Qtz in (a). The P-T
path between these assemblages is depicted in Fig. 8(a) and was
constructed by overlapping the highlighted zones in Fig. 8(b-d).
Fig. 8(b) shows plots of Crd Mg# and Crd vol% isomodes. The mea-
sured values of Crd Mg# and estimated Crd vol% delineate two
highlighted zones. Fig. 8(c) shows plots of Bt Mg#, Bt vol% and Grt
vol%. Although CG-3A1 is a Grt-absent metagreywacke, Grt vol% iso-
modes were plotted because: (1) CGG-FMC10, collected from the
same location, is a Grt-bearing metagreywacke; (2) there is textu-
ral evidence in CG-3A1, CG-3A4 and CGG-FMC10 that garnet has
been replaced by cordierite and spinel (Fig. 8). In fact, the pseudo-
section shows that Grt is only stable in suprasolidus fields above
~6000 bar. The measured values of fine-grained biotite Mg# range
from 65 to 68 and the estimated modes of 0-3 vol% are consistent
with the small amount of Bt observed in thin sections from CG-3A1.
Fig. 8(d) shows plots of melt vol% isomodes and Pl X, isopleths.
Values of melt% from O to 5 and PI X, from 0.28 to 0.33 delineate
two highlighted zones.

7.7. P-T path and P-T conditions of stable assemblages

The clockwise P-T path depicted in Fig. 8(e) was constructed
by overlapping zones of Fig. 8(b-d). The peak assemblage is stable
between 775 to >1000°C and 6250 to 7500 bar. The path starts at
peak, which is followed by decompression where the path crosses
the Grt-out line. Microstuctures corroborate this, particularly in
CGG FMC10, where garnet is rimmed and wrapped by spinel (e.g.,
Fig. 5(r) and (s)) and cordierite locally appears as a garnet pseudo-
morph (e.g. Fig. 5(1)) and touching corroded garnet (e.g., Fig. 5(u)).
This is also consistent with Crd vol% increase until approximately
16%in the field Crd-Sil-Pl-Kfs-1lm-Mag-Liq-Qtz. The path contin-
ues with substantial cooling where it crosses the solidus (at ~780°C
and 5500 bar), the Crd-Sil-Pl-Kfs-Ilm-Mag-Qtz field and reaches
the preserved assemblage field. The small field that further restricts
P-T conditions of equilibria of the preserved assemblage is delin-
eated by a dashed line and represents the overlapping of Crd Mg#
and Bt Mg# isopleths. It is stable in P-T conditions of 650-720°C
and 4250-5555 bar. This restricted field almost reaches measured
values of Pl X5, =0.34. Interestingly, it underestimates the volume
of cordierite observed in the rock (12-15%) to 7% whereas it over-
estimates the amount of Bt (0-3%) to 4%.

The modal abundance of cordierite and the presence of her-
cynite in CG-3A1, CG-3A4 and CGG-FCM10 are not completely
explained by metamorphic modeling but can be assessed from
metamorphic microstructures and field relations. The fact those
samples were collected from outcrops that are less than 4 km
distant from the wide Pedra do Elefante G5 Batholith suggests
that the peak-metamorphic mineral assemblages have been mod-
ified by a lower pressure metamorphic episode associated with
emplacement of this pluton. This has been observed in other
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Fig. 7. P-T pseudosections calculated for BGOM-7A1B. (a) P-T conditions where the peak assemblage Bt-Grt—-Opx-PIl-Kfs-Ilm-Liq-Qtz and the preserved assemblage
Bt-Grt-Opx-Pl-Kfs-1lm-Qtz are stable. This Figure displays a P-T path constructed by overlapping highlighted zones in (b-d); (b) plots of Grt Xa,, Grt X¢;s isopleths and
Grt vol % isomodes; (c) compositional isopleths of Opx Mg# and Opx vol%; (d) melt vol % isomodes; (e) clockwise P-T path constructed with the use of overlapped zones in
Fig. 8(b-d). See text for a detailed explanation.
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detailed explanation.
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Table 4
Main populations that compose the zircon detrital dataset and calculated maximum sedimentation ages, which are the Concordia ages of the youngest populations in each
sample.
Sample Population 1 Population 2 Population 3 Population 4 Population 5 Population 6 Population 7
Detrital 7A1B 609.7 £3Ma 649.2 £6Ma 822.8+11Ma 877.3+14Ma
populations (60%) (20%) (12%) (8%)
101 6123 +3Ma 652.5+6Ma 698.2+7Ma 781.1+£18(2%) 807.8+19Ma 903.4+7Ma
(38%) (24%) (21%) (2%) (13%);
3A1 612.8+3Ma 649.1 £4Ma 715.4+9Ma 746.4+6Ma 789.5+7Ma
(36%) (34%) (7%) (15%) (8%)
Maximum 7A1B 606.1 +3 Ma
sedimentation (MSWD=0.91)
age
101 607.3+4Ma
(MSWD=1.80)
3A1 607.4+6Ma
(MSWD =2.20)

orogenic segments worldwide, e.g. the Ivrea Zone, Italy (Barboza
and Bergantz, 2000). The overprint consists mainly in late gen-
eration of cordierite and hercinitic spinel. We speculate that the
underestimation of cordierite modes obtained by metamorphic
modeling may be justified by the generation of more cordierite
post-peak (e.g. Fig. 5(m) and (w)).

8. Zircon and monazite U-Pb geochronology

U-Pb zircon and monazite ages obtained in our study are pre-
sented in Fig. 9 and summarized in Tables 4 and 5. Supplementary
Figures can be found in Appendices C.1 and C.2 and the complete
dataset in Appendix B.3.

8.1. Peraluminous granodiorite (PG-7D)

PG-7D contains zircons that vary in size from 50-100 pm
(width) to 50-400 pm (length) and have a variable morphology
(Fig. 9(k)). Analysis in 50 spots yield a range of concordant to
sub-concordant ages that spread along the Concordia diagram
from ca. 631 to 475Ma (Fig. 9(a)) and record a complex history.
The unmix ages routine of Isoplot/Ex (Ludwig, 2003) yields at
least 5 populations with ages (+20) of 626.0+9 (6%), 594.4 + 7.8
(14%), 570.6+£3 (41%), 508.8+5 (26%) and 483.2+7 (13%)Ma
(AppendixC.2(a)). The ages of these populations are consistent
with the following described mean ages, Concordia ages and mor-
phologies from this sample and from other samples in this study.
CL-defined cores with bright luminescence truncated by darker
overgrowths define the oldest population (n=3) with a mean
age of 626.1 £ 8 Ma (MSWD=0.44; Appendix C.2(a)). Six spots in

Table 5

elongate, prismatic, euhedral to subhedral magmatic zircons with
oscillatory zoning (OZ) or faded OZ (that may or may not be
truncaded by thin mostly 10 wm rims) yield a Concordia age of
593 £ 8 Ma (MSDW=2.1, Fig. 9(a)) and Th/U=0.14-0.46. This age
is interpreted to record the magmatic crystallization of the intru-
sive PG-7D prior to peak regional deformation and metamorphism.
The remaining 39 spot analysis was obtained from zircon meta-
morphic overgrowths (30-70 wm) that have Th/U=0.04-0.26, are
mostly bright luminescent and truncate CL-defined cores with
0OZ or faded OZ. Twenty-one zircon spots yield a mean age of
571+4Ma (MSWD=1.4; Fig. 9(a)). Four spots yield a concordia
age 0f 523.2 +9.4 Ma (MSDW =2.1; Appendix C.2(a)), which is very
similar to the magmatic age of the granite sample 7B (Fig. 9(c); see
next). Ten spots yield a mean age of 501.94+4 Ma (MSDW =0.84;
Appendix C.2(a)). The remaining four spots have a mean age of
483 + 6 Ma (MSWD=0.99; Appendix C.2).

Monazites are 1:2 and 1:1 (100-300 wm in lenght) subhe-
dral to subrounded unzoned grains with very little number of
preserved cores, whose spots compose three very distinct age
populations (Fig. 9(b)). The oldest one (n=3) have ages from ca.
663 to 620 Ma that are interpreted as inherited. Twenty-eight spots
have mean ages of 566.5 + 4 Ma (MSWD =0.86). The youngest pop-
ulation (n=20) have a mean age of 513.0 £4Ma (MSWD=0.1).

8.2. Granite (G-7B)

G-7B contains zircons varying in size from 1:2 and 3:5
(50-250 pm in length). Analysis in 81 spots yield a range of con-
cordant to sub-concordant ages that spread along the Concordia
diagram from >680 to ca. 486 Ma (Fig. 9(c)). The Unmix ages rou-
tine of Isoplot/Ex (Ludwig, 2003) yields 3 younger populations

The four groups constrained from zircon and monazite ages from metagreywackes and granites in this study.

Group 1 - ca. 590 Ma
Magmatism 7D 593 +8 Ma (MSDW =2.10; Zr)
7B

Metamorphism 7A1B 589.6 +3 Ma (MSWD =0.86; Zr)

101 560.8 +5Ma (MSWD=1.16;
Zr); 557.4+5Ma

Group 2 - ca. 570-560 Ma

570+4Ma (MSWD =1.60; Zr)

Group 3 - ca. 520Ma Group 4 - ca. 500 Ma
519.3 +2Ma (MSWD=1.10; Zr)
495.0+3 Ma
(MSWD =1.08; Mnz)
498.6 +4 Ma
(MSDW =0.94; Mnz)

(MSWD =0.67; Mnz)

3A1 564.6 +5Ma (MSWD=1.18; Zr)

114 502+ 6Ma (MSWD=0.51;
Mnz)

7D 571 +4Ma (MSWD =1.40; Zr); 523.2+9Ma (MSDW=2.10; 501.9+£4Ma

566.5 +4Ma (MSWD=0.86;

Mnz)
7B

Zr); 513.0+4Ma
(MSWD=0.10; Mnz)

(MSDW =0.84; Zr)

497.7+4Ma
(MSWD = 1.60; Zr);
506.8 +5Ma
(MSWD=2.20; Mnz)
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Fig. 9. Density concordia diagrams constructed by cumulatively adding the normalized probability density functions (PDF’s) of each individual analysis according to their
calculated mean values and 20 uncertainties. The diagrams contain data from zircons and monazites and conventional Concordia diagrams and mean ages calculated from
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Fig. 9. (Continued)

(<600 Ma) with ages (+£20) of 558.7 +5 (17%), 519.94+ 2 (66%) and
495.7 £5(16%)Ma (Appendix C.2(b)), which are consistent with the
following described mean ages, Concordia ages and morphologies
from this sample and from other samples in this study (Table 5).
CL-defined rounded, mostly dark, 10-80 wm cores, have apparent
ages ranging from ca. 2609 to 588 Ma. Analysis in 30 euhedral to

subhedral prismatic and/or elongated crystals with faded OZ, that
in a few cases overgrow cores, yield a mean age of 519.3+2Ma
(MSWD=1.1; Fig. 10(c)) and have Th/U=0.01-0.39. This age is
interpreted to record the magmatic crystallization of G-7B, which
is undeformed and sharply intrusive in outcrop 7. The zircon cores
(inherited and magmatic) are truncated by well defined 20-50 um
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Fig. 10. Probability density plots for zircons and monazites analyzed from metasedimentary and granitic rocks in this study and from compiled data. Diagrams (a-g) show age
distributions and the relationship between periods of granitogenesis G1-G5, deposition in the NVC basin and metamorphism. (a) sets of Concordia ages from compilation of
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rims that are mostly bright luminescent (Fig. 9(k)). Analysis in
eleven of these rims shows one significant youngest population
with a Concordia age of 497. 7+£4Ma (MSWD=1.6; Fig. 9(c))
and Th/U=0.02-0.20. The meaning of the population at ca. 560
(Fig. 9(c)) in this sample is uncertain, but may record the meta-
morphic event ranging from 571 to 560 Ma (next subsections)
imprinted in all metasedimentary samples and in sample 7D.
Monazites from G-7B are 1:2 and 1:1 (100-300 pm in lenght)
subhedral to subrounded unzoned crystals. Fig. 9(d) shows that
analysis yield an age range from 548 to 488 Ma along the Concor-
dia line. A mean age of 506.8 + 5 Ma (MSWD =2.2) was calculated
using the 37 spot analysis within this range. The Unmix ages routine
of Isoplot/Ex (Ludwig, 2003) yields three main populations with
ages and 20 uncertainties at 542 4+ 25 Ma (4%), 519.8 = 19 Ma (22%)
and 501.7 +£ 6 Ma (74%). The age of the two youngest populations
(representing 96% of the analysis) are consistent with the supra-
mentioned zircon magmatic ages (519.3+2Ma) and the zircon
youngest metamorphic population (497. 7 £ 4 Ma) in this sample.

8.3. Biotite-garnet-orthopyroxene metagreywacke (BGOM-7A1B)

Zircons from high-grade BGOM-7A1B have a variable morphol-
ogy, ranging from 1:4 and 3:5 (100-250 pm in lenght) subhedral,
elongated to 1:1 (50 wm in length) sub-rounded crystals, which
correlate with age groupings. The analysis yield a complex age set
that ranges almost continuously from ca. 660 to 530 Ma (Fig. 9(e))
along the corcondia line. CL-defined detrital cores are 2:5 and
1:5(50-100 pm in length) domains that mostly present ghost OZ.
Twenty-five spot ages in cores reveal an apparent span from ca.
873 to 600 Ma. The Unmix ages rotine of Isoplot/Ex (Ludwig, 2003)
indicate there are 4 main populations of detrital zircons within
this range, with ages (+-20) of 877.3+14Ma (8%); 822.8+11Ma
(12%); 649.2 £ 6 Ma (20%); and 609.7 + 3 Ma (60%; Appendix C.2(c)).
These peak ages are clear in the probability density diagram
constructed using Isoplot/Ex (Ludwig, 2003) in Fig. 10(e). The
youngest spots (n=12) among detrital zircons yield a concordia
age of 606.1+3.4Ma (MSWD=0.91; Appendix C.2), interpreted
to represent the maximum sedimentation age of sample 7A1B.
The CL-defined cores are truncated by both dark and bright lumi-
nescent rims that overgrow cores and/or present a transgressive
recrystallization over cores. Analysis in rim domains indicates
distinct metamorphic populations. The Unmix ages rotine of Iso-
plot/Ex (Ludwig, 2003) indicate there are 2 (out of 4, Appendix
C.2) more important populations of metamorphic zircons within
this range at: 587.8 £+ 4Ma (46%) and 568.44+4 (42%). The oldest
population (n=13) have a mean age of 589.6 + 3 Ma (MSWD = 0.86;
Th/U=0.09-0.28; Fig. 9(e)), interpreted to record the intrusion
and magmatic crystallization of early granitoids, such as PG-7D
(593 + 8 Ma), prior to peak deformation/metamorphism. A meta-
morphic population obtained from 16 zircon spots have a Concordia
age of 570+ 4 Ma (MSWD=1.6; Th/U=0.03-0.29; Fig. 9(e)) is inter-
preted to represent the regional peak metamorphism, which is also
recorded in PG-7D (571 +4 Ma).

Monazite grains are subhedral and subrounded 1:1 100-200 wm
(in length) grains that are unzoned in BSE images. A monazite

concordia diagram is presented in Fig. 9(f), from 64 analyzed mon-
azite spots. Fifty-six of the youngest zircon spots yield a mean age
0f 495.0 +3 Ma (MSWD =1.08).

8.4. Biotite-garnet-cordierite metagreywacke (BGCM-101)

Zircons from BGCM-101 have variable morphologies, including
1:1 and 2:5 (50-250 in length) elongate, subhedral, subrounded
and oval crystals. Ubiquotous CL-defined zircon cores, truncated
by overgrowths and transgressive recrystallization of rims, are
mostly dark 25-100 wm (in length) oval to sub-rounded shaped
domains. Sixty-seven analysis in these cores reveal an apparent
range of spot ages from ca. 2097 to 597 Ma. Using the Unmix
ages routine (Isoplot/Ex; Ludwig, 2003), six main populations
are determined among detrital zircons (ages +2¢): 903.4+7 Ma
(13%); 807.8+19Ma (2%); 781.1+18 (2%); 698.2+7Ma (21%);
652.5+6Ma(24%); and 612.3 +3 Ma (38%; Appendix C.2(d)). These
populations are crearly shown in the probability density diagram
of Fig. 10(c). A concordia age of the youngest population (n=19) is
607.3 +4 Ma (MSWD =1.80), interpreted to be the maximum sedi-
mentation age of sample 101. The zircon rims are 20-50 pm bright
domais that overgrow cores, with Th/U=0.03-0.21. Analysis (n=5)
yield a metamorphic Concordia age of 560.8 5 Ma (MSWD=1.16;
Fig. 9(g)), interpreted to represent the peak regional metamor-
phism.

Monazites are mostly unzoned rounded 1:1100-200 wm (in
length) crystals. Three analysis have ages around 608 Ma, inter-
preted to be detrital. Two very distinct age populations have were
obtained: the oldest (n=16) with a mean age of 557.4+5Ma
(MSWD=0.67) and the youngest (n=18) with a mean age of
498.6 +4Ma (MSDW =0.94).

8.5. Cordierite granulite (CG-3A1)

Zircons from metasedimentary sample 3A1 are oval to sub-
rounded 1:1 and 1:2 (50-200 in length) crystals. Ubiquotous
CL-defined cores are both dark and bright luminescent 50 pm
domains that often present ghost OZ. Analysis in these cores
yield an apparent range of spot ages spanning from ca. 1942 to
588 Ma. Using the Unmix ages routine (Isoplot/Ex; Ludwig, 2003),
six main detrital populations are determined within the most
important range from ca. 806 to 588 Ma (ages +20): 789.5+7 Ma
(8%); 746.4+6Ma (15%); 715.4+9Ma (7%); 649.1 £4Ma (34%);
and 612.8 -3 Ma (36%). These peak ages are clear in the proba-
bility density diagram constructed using Isoplot/Ex (Ludwig, 2003)
in Fig. 10(d). The youngest group (n=10) yield a Concordia age of
607.44+ 5.7 Ma (MSWD =2.2; Fig. 9(g)), interpreted to represent the
maximum sedimentation age of sample 3A1. Rims are 10-50 um
both dark and bright domains that truncate and recrystallize trans-
gressively over cores. Analysis in seven of these domains yields a
mean age of 564.6 + 5 Ma (MSWD =1.18), interpreted to represent
the peak regional metamorphism. These domains have a variable
Th/U ratio from 0.01 to 0.43.

(2004); (b) probability density plots for detrital zircons in NVC metasedimentary rocks and magmatic zircons from granitoids G1-G5 in the Araguai Orogen. Data is compiled
from Noce et al. (2004); Gradim (2013); Pedrosa-Soares et al. (2011); Petitgirard et al. (2009); Roncato (2009); Gradim (2013); Novo et al. (2010); (c) probability density
plots for detrital zircons, metamorphic zircons and metamorphic monazites analyzed in metasedimentary sample 101; (d) probability density plots for detrital zircons and
metamorphic zircons analyzed in metasedimentary sample 3A1; (e) probability density plots for detrital zircons, metamorphic zircons and metamorphic monazites analyzed
in metasedimentary sample 7A1B; (f) probability density plots for magmatic and metamorphic zircons and metamorphic monazites analyzed in granite sample 7D; (g)
probability density plots for metamorphic zircons and metamorphic monazites analyzed in granite sample 7B. The accessory phases are named metamorphic because they
record the metamorphism that formed the S-type granite. All probability density curves were constructed using Isoplot/Ex (Ludwig, 2003) by: assigning a normal (Gaussian)
distribution to each analysis that is less than 15% (compiled data) and 2% (our data) discordant, based on 206U/238Pb reported ages and 1o uncertainties; and summing the

probability distribution of each acceptable analysis into a single curve.
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8.6. Biotite-garnet metagreywacke (BGM-114)

In situ monazite dating was undertaken in BGM-114. BSE
images show that monazite crystals are unzoned, range from 20
to 120 wm in size and are included or rimming biotite, garnet and
feldspar. Analyses in 7 spots yield a concordia age of 502 + 6 Ma
(MSWD =0.51; Fig. 9(j)).

9. Discussion and concluding remarks
9.1. Magmatism in the Aragcuai Orogen

In the diagram shown in Fig. 10(a), sets of 71 reported zir-
con concordia ages from G1 to G5 Supersuites have a broad age
overlap, which can be interpreted as a nearly continuous supply
of magma from at least 640-480 Ma. Major peaks in zircon crys-
tallization are grouped into six periods: 640-595Ma (G1 event);
595-570Ma (G2+G1 events); 570-540Ma (G2); 540-525Ma
(G3+G4); 525-505Ma (G4 +G5); and 505-475Ma (G5). Relative
probability density (RPD) diagrams constructed using compiled
G1-G5 ages (Fig. 10(b)) corroborate these overlaps and further
suggest two main magmatic pulses: one that comprise the most
voluminous G1 and G2 Supersuites, both with a peak at ca. 575 Ma;
and the late event comprising the G5 Supersuite.

9.2. Nature and provenance of the Nova Venécia Complex

The seven populations that compose the NVC detrital zircon
dataset (Table 4) are correlated with the main peaks in detrital
ages depicted in Fig. 10(c-e). Populations 1 (ca. 609-612 Ma) and
2 (ca. 649-652 Ma), which are the main detrital populations in
all of our samples, clearly overlap with the early AO magmatism
(Fig. 10(a) and (b)). This indicates the Rio Doce arc (e.g. Pedrosa-
Soares et al., 2011), represented by the early G1 plutonism, as the
main provenance of NVC protoliths from ca. 650 to 610 Ma (Fig. 12),
although minor sources could also be the southern Rio Negro arc
(RFB, 650-610 Ma; Heilbron and Machado, 2003; Fig. 10(a) and (b)).
This corroborates previous suggestions that the NVC represents a
back-arc basin related to the Rio Doce magmatic arc, including the
Serra da Bolivia Complex (Heilbronetal.,2013; Novo, 2013) and the
(early) G1 Supersuite (Gradim et al., 2014). Older populations 3 (ca.
715-698 Ma), 5 (ca. 789-781 Ma) and 7 (ca. 903-877 Ma; Table 4)
may correlate to reported ages of the rift-related Southern Bahia
alkaline province (732-696 Ma, Rosa et al., 2007), the early portion
of the Rio Negro magmatic arc in the RFB (ca. 790 Ma, Tupinamba
et al,, 2012) and the rift-related Salto da Divisa Suite (ca. 880 Ma,
Silva et al., 2008). Provenance of populations 4 (ca. 746 Ma) and 6
(ca. 807-822 Ma) is uncertain.

The maximum sedimentation age of the NVCis 606 Ma (Table 4).
The NVC sedimentation can be bracketed between its maximum
depositional age at ca. 606 Ma and the intrusion of granitoids at
593 Ma (PG-7D, Fig. 9(a)). This indicates the NVC was deposited
within at most a 13 Ma period, during a transition from pre- (G1) to
syn-collisional (G2) plutonism, as shown in Fig. 10(b) and 12. Our
interpretation is that the NVC protoliths were (meta)greywackes
(enriched with more or less 15-50% clay and silt components), pos-
sibly formed as turbidites (high energy density flows) from the Rio
Doce magmatic arc.

Although the evolution of the AO and of the RFB occurred,
intuitively, in conjunction, there are surprisingly few studies
that address this combined evolution. Detrital zircon ages of
paragneisses from the southeastern portion of the Neoproterozoic-
Ordovician Central Ribeira Orogen reported recently by Fernandes
et al. (2015) are very similar to most ages presented in this
study. In that region, the majoriy of detrital zircon grains have

Neoproterozoic sources divided in three broad groups, which can
be correlated to the populations in our study: (1) their 1.0-0.9 Ga
sources can be correlated to our Population 7; (2) their 0.9-0.8 Ga
sources may correlate with our Populations 5 and 6, which are pos-
sibly eroded sources; and (3) their most abundant sources from 750
to 570 Ma can be correlated to our most abundant populations 1, 2,
3 and 4. Fernandes et al. (2015) proposed an evolution for the east-
ern part of the RFB in two stages, where the first stage represents
an extensional setting of Buzios basin and the second a convergent
setting at ca. 590-550 Ma. If this is so, the first event could repre-
sent a back-arc basin in the RFB that is nearly contemporaneous to
the Nova Venecia back-arc basin.

9.3. Metamorphism in the Nova Venécia Complex

Outcrop-scale observations show metatexites and diatexites
with leucosomes and melanosomes both containing variable
amounts of peritectic garnet, cordierite and orthopyroxene (Fig. 4).
Microstructures provide evidence of the former presence of melt
and for the formation of peritectic minerals (Fig. 5). Notably,
major crustal melting in peraluminous metasedimentary protoliths
involves incongruent reactions consisting of muscovite then biotite
breakdown, producing high-grade assemblages that commonly
contain peritectic sillimanite, garnet, cordierite and orthopyrox-
ene (e.g., Clemens, 2006; Brown, 2007; Taylor et al., 2014). These
assemblages and the proportion of melt produced by incongruent
reactions depend on P-T conditions and protolith compositions.
Different protoliths will produce different melt volumes (e.g.
Brown, 2007) and different assemblages along a given P-T-t path.
As H,0 strongly partitions into the melt, melt segregation and
escape is required for the preservation of largely unretrogressed
high-grade assemblages (e.g. White and Powell, 2002), with leu-
cosomes acting as sites of melt accumulation and melt drainage.
Therefore, in this study, the preservation of high-grade assemblages
is assumed to have followed melt loss at, or close to, peak P-T con-
ditions (e.g. White and Powell, 2002; Taylor et al.,2014; Nicoli et al.,
2014). Modeling of all samples show the solidus just below the peak
P-T assemblages, which is consistent with the preservation of these
assemblages (White and Powell, 2002).

The thermodynamic modeling presented in Figs. 6-8 sug-
gests that all samples depict a similar P-T path, recording peak
P-T conditions from approx. 750-850°C and 5300-7500 bar and
conditions of stability of preserved assemblages from approx.
640-800°C and 4500-6000bar. Fig. 11 shows their simplified
metamorphic evolution. The metamorphic peak in all samples
was attained at granulite-facies conditions and all preserved
assemblages equilibrated close to the transition between upper
amphibolite to granulite conditions. CG-3A1 and BGOM-7A1B
record very similar peak P-T conditions constrained by the T
interval of biotite fluid-absent melting reactions. Although BGCM-
101 records lower peak T conditions (an area in-between the T
interval of muscovite and biotite fluid-absent melting reactions),
there is ubiquitous evidence that reactions taking place in this
rock-type are typical fluid-absent biotite breakdown reactions (e.g.
Fig. 5(a) and (b)).

Based on evidence from metamorphic modeling, petrography
and geochronology of our samples, we interpret that significant
exhumation and cooling occurred subsequently to peak metamor-
phism, but prior to the G5 thermal event (520-480 Ma; AO tectonic
collapse). First, G-7B (519 Ma) sharply intrudes the NVC show-
ing no evidence of solid-state deformation related to peak nor
any anatectic features linked to the exposed migmatites. Thus it
is inferred that the metatexite exposed in outcrop 7 had already
cooled by the time it was intruded. Based on the metamorphic mod-
eling of BGOM-7A1B, cooling follows/accompanies decompression.
Second, our samples located close to the G5 Pedra do Elefante
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Fig. 11. Suggested and simplified metamorphic evolution for all samples related
to granulite and amphibolite conditions of metamorphism and to temperature
intervals where biotite and muscovite breakdown most likely occur (Vielzeuf and
Holloway, 1988; Patifio Douce and Johnston, 1991; Montel and Vielzeuf, 1997;
Stevens et al., 1997; Pickering and Johnston, 1998). Peak metamorphism in all sam-
ples was attained at granulite conditions and all preserved assemblages must have
equilibrated close to the transition between upper amphibolite to granulite condi-
tions.

Batolith (CG-3A1, CG-3A4, CGG-FMC10)record a late Low Pressure-
High Temperature metamorphic event, similarly to other reports
from the AO (Pedrosa-Soares et al., 2011), probably occurring from
520-480Ma. The evidence consists of newly-formed euhedral to
subhedral cordierite (Fig. 5(1, v)) and the presence of anhedral to
subhedral hercynitic spinel, always associated with crystals of mag-
netite + ilmenite within cordierite crystals (Fig. 5(m)). In the meta-
morphic model of sample CG-3A1 (Fig. 8), the underestimation of
cordierite modes within the preserved assemblage field may indi-
cate that the generation of more cordierite post-peak is required to
attain observed mineral volumes in cordierite granulites.

Therefore, there are two reasons why metagreywackes record
different assemblages: (1) their protolith compositions, also
reflected by the different constitution in percentage of each detrital
population in each sample (Table 4) and (2) some of the sam-
ples were affected by two metamorphic events. The events are the
regional granulitic-peak metamorphism (575-560 Ma, next sub-
section), recorded in all samples, and a younger event dated at ca.
500 Ma (Table 5), recorded in samples from outcrops 3 and FMC10.
We infer a second event based on the younger ages (ca. 500 Ma,
Table 5) obtained in this study in both metasedimentary rocks and
granites, which may relate to massive I-type G5 intrusions (e.g. the
Pedra do Elefante Batolith). As previously suggested by Pedrosa-
Soares et al. (2011), this may indicate restricted metamorphism
within contact aureoles, which is analogous to the metamorphic
events affecting the Ivre Zone, in northern Italy (Barboza and
Bergantz, 2000). However, it may be that other lithotypes in the
AO were also affected by the G5 event but do not contain a strong
textural overprint due to their refractory nature following the peak
metamorphic event.

9.4. Metamorphic history of the Aracuai Orogen as recorded by
the Nova Venécia Complex

Metamorphism recorded in zircons and monazites in our sam-
ples can be grouped into 4 periods, as presented in Table 5. Group
1 (ca. 590 Ma) is recorded in outcrop 7, where the magmatic crys-
tallization of PG-7D can be related to metamorphism recorded in

zircons from BGOM-7A1B. This group is interpreted to record an
early period of peraluminous magmatism, within the 595-570 Ma
range of G1 +G2 plutonism (Fig. 10(a) and (b)). Group 2 is recorded
by metamorphic zircons and monazites in BGOM-7A1B, BGCM-
101, CG-3A1 and G-7D. In this study, this group is interpreted
to represent the AO peak metamorphism ranging from ca. 571
to 560 Ma, causing partial melting in both metagreywackes and
early granites (e.g. PG-7D; Fig. 4). Notwithstanding the complex-
ities of the regional geology, it seems reasonable to assume that
peak regional metamorphism in the Araguai Orogen lasted 15 My,
between 575 and 560 Ma, through combining the peak ages deter-
mined in previous studies (575 Ma, e.g. De Campos et al., 2004;
Gradim et al., 2014) and those obtained here. This period is similar
to the period of peak granulitic metamorphism in the central-
north part of the Ribeira Belt (575-560 Ma; Bento dos Santos et al.,
2011). Notably, these ages partly overlap with the syn-collisional
period of magmatism (G1+G2, 595-570 Ma) with a peak at ca.
575Ma (Fig. 10(a) and (b)). This suggests a relationship between
the peak regional metamorphism recorded in our samples and the
youngest portion of the G1+G2 plutonism, which needs further
detailed investigation. We infer that the products of partial melt-
ing generated during peak throughout the AO could be at least
part of the granitoids contemporaneous to G2 (570-540 Ma) and
G3+G4 (540-525 Ma) periods (Fig. 12). This agrees with the sug-
gestion of Bento dos Santos et al. (2015) that, in the Northern
RFB and AO, magmatism took place at 584-544 Ma and metamor-
phism at 587-560 Ma within a syn-orogenic period. The ages are
also very similar to the ages reported by Fernandes et al. (2015)
for the stage of convergence in the Buzios basin (590-550 Ma),
eastern portion of the RFB. In our study, however, late grani-
togenesis and metamorphism is also remarkably significant. For
instance, in outcrop 7, the sharply intrusive G-7B records mag-
matic crystallization at ca. 519.3 +2 Ma, which is registered by
metamorphic-related zircon age of 523.2 + 9 Ma and monazite age
of 513.0+4Ma in PG-7D (Group 3, Table 5). It is interesting to
note that these ages are very similar to the ages reported for the
Buzios Cambrian Orogeny (530-510Ma; Schmitt et al., 2004), to
the south. In addition, Group 4 represents the G5 thermal event at
ca. 500 Ma, recorded in metagreywackes (monazites) and in gran-
ites (monazites and zircons). We infer that ages at ca. 523-495 Ma
are linked to partial dissolution of peak 575-560Ma zircon and
monazite in restricted partial melts and then re-precipitation of
new anatectic zircon and monazite. Moreover, during this period,
CG-3A1, CG-3A4 and CGG-FMC10 were affected by a late meta-
morphic event. Therefore, we suggest that the supply of magma
arising from deep crustal levels throughout the AO was probably
continuous from syn- to post-collisional periods (Fig. 10(a) and (b)),
it was more significant during ca. 590-560 Ma and 520-480 Ma
and possibly caused two main events of metamorphism in the
orogen.

The fact that the AO records such a long-lived heat supply
history may be related to both or at least one of the following rea-
sons: its evolution as a confined orogenic system (Pedrosa-Soares
et al.,, 2001) and the multiple events of accretion and collision
occurring to its south, in the RFB. Several studies in the recent
past have used the concept of channelized lower crustal flow to
account for the characteristics of large and hot orogenic belts
related to magmatism, high-grade metamorphism (partial melt-
ing) and deformation of continental crust (e.g., Clark et al., 2005;
Royden, 1996; Vanderhaeghe and Teyssier, 2001). In the chan-
nel flow model, differential crustal thickness or density contrasts
within the crust (contrast in gravitational potential energy) could
drive channelized flow of weak, low-viscous (partially melted)
layer in the lower crust. This could allow for the transfer of material
over distances of more than 100 km (Clark et al., 2005). Consider-
ing the clear evidence for widespread partial melting in the AO, we
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Fig. 12. Summary of findings in this study: correlation between ages of magmatic and metamorphic events recorded in metagreywackes and granites and the periods of
main events occurring in the AO. (1) refer to discussion for details; (2) groups presented in Table 5; (3) populations presented in Table 4; (4) overlap of probability density

diagrams presented in Fig. 10.

infer that this crustal layer may have represented a weak layer that
could have behaved as a viscous flow in a channel, but could not be
transferred over long distances due to the confined character of the
AO. Obstacles for channelized flows exist, for instance, in the east-
ern Tibetan Plateau margin (see mechanisms in Clark et al., 2005).
Therefore, the confinement of hot material would favor its accumu-
lation near the paleo-arc and Hinterland, increasing the heat flow
in the area. Complementarily, the multiple events of accretion and
collision in the RFB, may have contributed with some of the heat
input in the AQ, as many orogenic segments in both systems could
(and should) be considered as correlate sections. These hypotheses
may represent interesting opportunities for new research in the
area.
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