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The Medina batholith and its host granitic migmatites record intriguing plutonic processes in the northern
Araçuaí orogen (SE Brazil). This orogen shows a long lasting (630–480 Ma) succession of granite production
events from the earliest pre-collisional plutons to the latest post-collisional intrusions. The Medina batholith in-
cludes granite intrusions ascribed to the post-collisional stage. They show high alkali and halogen contents, low
CaO (at SiO2 = 71%: Na2O+ K2O= 7 to 9%; CaO= 1.6%), and high FeOt/(FeOt +MgO) ratios (0.78 to 0.92). The
Medina granites are metaluminous to weakly peraluminous, with ASI (molecular ratio Al/(Ca-1.67P+ Na_K))
values of 1.76 to 2.07, and have high concentrations of high field strength elements (Zr + Nb+ Ce+ Y N 700
ppm), as well as high Ga/Al ratios. Accordingly, the Medina intrusions are typical ferroan A-type granites.
U\\Pb ages from zircon (501 ± 2Ma) andmonazite (497 ± 2Ma) constrain the emplacement timing of theMe-
dina batholith. Surprisingly, all monazite ages from host rocks also cluster around 500 Ma, despite their nature
and distance from the batholith, suggesting that they would have shared a same thermal process. The studied
host rocks are granitic migmatites varying from patch metatexite to nebulitic diatexite, comprising paleosome
of foliated sillimanite-garnet-biotite metagranite to gneiss, and non-foliated garnet-cordierite neosome poor to
free of biotite. A metatexite (R14) located relatively far from the Medina batholith, and a diatexite (M26)
found at the batholith contact were sampled for detailed studies. The paleosome of foliated metagranite
(R14A) only shows zircon grains with igneous features and Th/U ratio from 1.64 to 0.26. Although the spreading
of zircon spots, themain cluster yields a Concordia age at 556± 6Ma, constraining the protolith magmatic crys-
tallization. A minor cluster furnishes a Concordia age at 499± 7Ma, in agreement with the U\\Pb monazite age
at 501± 2Ma. Extracted from the same metatexite sample, the non-foliated garnet-cordierite neosome (R14B)
shows both igneous and metamorphic zircon domains with Th/U ratios ranging from 1.47 to 0.00. Again, the
U\\Pb spots cluster at two distinct Concordia ages (562± 3Ma and 499± 3Ma). The youngest of them, fitting
with themonazite age (495± 3Ma), constrainsmelt crystallization,while the oldest age suggests paleosome in-
heritance. The nebulitic diatexite (M26) showsmonazite (497± 2Ma) and zircon (Th/U= 1.7 to 0.0; Concordia
ages at 564 ± 2Ma and 507 ± 3Ma) populations similar to themetatexite neosome, alsowith the youngest ages
bracketing themelt crystallization process around 500Ma. Accordingly, all those ages at around 500Ma disclose
a partial melting episode coeval with the Medina batholith emplacement. Phase equilibrium modeling on a
garnet-cordierite neosome furnished P-T conditions of 750–840 °C at 2.4–3.5 kbar for that post-collisional
anatexis. Evidence for such a late thermal event are common in the Araçuaí orogen, even far from the post-col-
lisional batholiths. Thus, a possible major heat source can be envisaged, like a mantle plume triggering crustal
anatexis and regional fluid circulation during the gravitational collapse of the Araçuaí orogen.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

A-type granites define a particular groupwithin the granite set. They
are relatively potassic, iron and HFSE enriched, and crystallized from
high temperature melts (Eby, 1990; Frost and Frost, 1997; Loiselle and
Wones, 1979; Whalen et al., 1987). High mantle heat flow or involve-
ment of mafic magmas is required to justify such high temperatures in
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the source regions. According to Eby (1990, 1992), the A-type granites
can be chemically divided into two groups, A1 and A2. Primeval sources
of the A1 group can be related to those of the oceanic-island basalts,
whereas the A2 group has also certain relations to average continental
crust.

The Araçuaí orogenwas the scene of a long and fascinating history of
abundant granite production (Fig. 1), especially if we take into account
its confined nature because it developed within an embayment largely
surrounded by cratonic landmasses (Alkmim et al., 2006, 2017;
Pedrosa-Soares et al., 2001, 2008, 2011). Voluminous granitic rocks
with distinct signatures formed during a long time span (630–480Ma;
Fig. 1. Geotectonic setting and geological map of the Araçuaí orogen, showing th
Table 1), representing pre-collisional, collisional and post-collisional
tectonic stages, occur in southern and northern sectors of the Araçuaí
orogen (Pedrosa-Soares et al., 2011). The southern sector shows
ophiolite slivers and a calc-alkalic magmatic arc, testifying oceanic
spreading and subduction, whereas the northern segment evolved in
an ensialic setting (Gonçalves et al., 2016; Pedrosa-Soares et al., 2001,
2008). Therefore, models based on ocean-floor subduction, continental
collision, and post-collisional processes involving gravitational collapse,
asthenosphere upwelling and hot spot rising are reliable to explain all
granite production events in the southern sector of the orogen (De
Campos et al., 2016; Gradim et al., 2014; Tedeschi et al., 2016), where
e location of the study region (modified from Pedrosa-Soares et al., 2011).



Table 1
Main characteristics of the G1 to G5 granitic supersuites of the Araçuaí orogen, based on data from Medeiros et al. (2000), de Martins et al. (2004), Pedrosa-Soares et al. (2011), Belém
(2014), Gradim et al. (2014), Gonçalves et al. (2016), De Campos et al. (2016), Tedeschi et al. (2016), Melo et al. (2017a,b), Deluca et al. (2018), and the present paper.

Supersuite G1 G2 G3 G4 G5

U-Pb age (Ma) 630–580 585–540 545–500 530–490 525–480
Lithotypes Mostly tonalite to granodiorite,

minor diorite to gabbronorite,
with biotite, amphibole and/or
pyroxenes

Mostly biotite-garnet
syenogranite to alkali feldspar
granite, minor monzogranite to
tonalite rich in garnet, and
garnet-two-mica granite, locally
with sillimanite

Alkali feldspar granite to
syenogranite with
cordierite and/or garnet,
poor to free of biotite

Two-mica granite generally
with garnet, pegmatoid
granite, and minor biotite
granite

Alkali feldspar granite to
granodiorite, and
corresponding Opx-bearing
(charnockitic) rocks, minor
enderbite and norite

Field relations Batholiths and stocks, generally
rich in intermediate to mafic
enclaves, showing solid-state
deformation and migmatization,
local well-preserved igneous
fabrics, associated with the
arc-related
metavolcano-sedimentary Rio
Doce Group

Batholiths, stocks and stratoid
bodies, showing solid-state
deformation, metamorphism
and migmatization, local
well-preserved igneous fabrics,
with common restites and
xenoliths of metasedimentary
rocks

Non-deformed patches,
veins and lodes, and
minor stocks, free of the
regional foliation,
hosted by migmatites
with G2 paleosome

Intrusive, balloon-shaped
plutons, minor stratoid
bodies, generally free of the
regional deformation

Intrusive, balloon-shaped
plutons, batholiths, free of
the regional solid state
deformation, rich in magma
mingling and mixture
features, with mafic to
intermediate enclaves

Lithochemistry Metaluminous to slight
peraluminous, magnesian, calcic
to alkali-calcic, medium- to
high-K, expanded calc-alkaline
series

Peraluminous, calc-alkalic to
sub-alkalic

Peraluminous,
sub-alkalic to high-K
alkalic

Peraluminous, sub-alkalic
(K N Na)
to alkalic (Na N K)

Metaluminous to slightly
peraluminous, high K\\Fe
calc-alkaline to alkaline,
minor tholeiite

Isotopic
signature

Whole-rock εNd(t): −4 to −13 Whole-rock εNd(t): −5 to −13 εHf(t) in zircon: −4 to
−10

87Sr/86Sr(i): 0.713 Whole-rock εNd(t): −6 to
−23
Nd TDM ages: 1.4 to 2.5 Ga

Nd TDM ages: 1.2 to 1.8 Ga Nd TDM ages: 1.3 to 1.9 Ga Hf TDM ages: 1.3 to 1.7
Ga

87Sr/86Sr(t): 0.702 to 0.716
Whole-rock 87Sr/86Sr(i): 0.704 to
0.711

Whole-rock 87Sr/86Sr(i): 0.707 to
0.713

εHf(t) in zircon: −3 to −15 εHf(t) in zircon: −2 to −8
Hf TDM ages: 1.3 to 1.7 Ga Hf TDM ages: 1.3 to 1.9 Ga

Genetic type Mostly metaluminous I-type,
minor peraluminous I-type

Mostly S-type, minor
peraluminous I-type

S-type S-type A-type and I-type

Tectonic stage
and setting

Pre-collisional to early
collisional, continental margin
magmatic arc (Rio Doce arc)

Late pre-collisional to late
collisional

Late collisional to
post-collisional

Late collisional to
post-collisional

Post-collisional
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a complete Wilson cycle took place (Alkmim et al., 2006, 2017). How-
ever, those models generally become ineffective or lack data support
to explain the abundant collisional and post-collisional granites
emplaced in the ensialic sector of the Araçuaí orogen (Pedrosa-Soares
et al., 2011).

The aim of this paper is to study a large plutonic mass mostly com-
prising A-type granites, the Medina batholith (~1000 km2), emplaced
in the ensialic sector of the Araçuaí orogen, and its potential relation
with intriguing melting processes shown by the host rocks (Figs. 1
and 2). For that, we present many new data, and discuss the available
petrographic, lithochemical and geochronological dataset from Medina
granites and their host rocks, in the light of their field relations and tec-
tonic setting. Furthermore, aiming a better knowledge of the P-T condi-
tions on host rocks, we built pseudosections for sampleswith zircon and
monazite U\\Pb ages. Ultimately, all those data, together with evidence
from literature, allow us to suggest a mantle plume as a potential major
heat supplier for post-collisional anatexis in the northern Araçuaí
orogen.

2. Geological setting

The Neoproterozoic Araçuaí - West Congo orogenic system (AWCO)
developed during the assembly of West Gondwana, as part of the
Neoproterozoic-Cambrian Brasiliano – Pan-African belts that once
linked terranes now located in southeastern Brazil and southwestern
Africa. At the time it formed, the AWCO's precursor basin was like a
big gulf largely surrounded by cratonic land of the São Francisco-
Congo paleocontinent, but partially floored by ocean crust (Alkmim et
al., 2006, 2017; Pedrosa-Soares et al., 1998, 2001, 2008). That gulf was
connected to an ocean, the Adamastor ocean, which closure resulted
in the amalgamation of the central West Gondwana (Cordani et al.,
2003). Owing to the nature of its precursor basin, theAWCOwas shaped
like a confined orogenic system within an embayment of the São
Francisco-Congo craton. That orogenic systemwas split apart in the Cre-
taceous by the opening of the South Atlantic Ocean. The Brazilian coun-
terpart, called Araçuaí orogen, inherited two thirds of the AWCO,
comprising a sector with ophiolite bodies and a magmatic arc, to the
south, and an ensialic sector to the north (Alkmim et al., 2017;
Pedrosa-Soares et al., 2001, 2008).

One of the most remarkable features of the Araçuaí orogen is a long
history of granite production events (630–480Ma), from the beginning
of magmatic activity in the Rio Docemagmatic arc to the last post-colli-
sional intrusions (De Campos et al., 2016; Gradim et al., 2014; Melo et
al., 2017a,b; Pedrosa-Soares et al., 2011; Tedeschi et al., 2016). Around
one third of the orogenic region consists of granitic rocks, and related
gneisses and granulites. Based on field relations, structural features,
geochemical, geochronological and isotopic data (Table 1), those rocks
(s.l.) have been grouped into five supersuites (cf. Pedrosa-Soares et al.,
2011), named: G1 (pre-collisional, c. 630–580Ma), G2 (syn-collisional,
c. 585–540 Ma), G3 (late collisional to post-collisional, c. 545–500
Ma), G4 (late collisional to post-collisional, c. 530–490 Ma) and G5
(post-collisional, c. 530–480 Ma). This paper focuses on rocks of the
G2, G3 and G5 supersuites to reveal their field relations.

Despite assigned to distinct tectonic stages of the Araçuaí orogen de-
velopment, those supersuites can show age overlaps owing to transi-
tions in time and space from one stage to another along distinct
regions of the orogen (Pedrosa-Soares et al., 2011; Gradim et al., 2014;
Peixoto et al., 2015, 2018; Gonçalves-Dias et al., 2016; Richter et al.,
2016). The G1 supersuite (Fig. 1, Table 1), developed from the pre-
collisional to early collisional stages of the Araçuaí orogen, represents
the plutonic part of the Rio Doce magmatic arc (Gonçalves et al., 2016,
2018; Narduzzi et al., 2017; Novo et al., 2018; Tedeschi et al., 2016).
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The collisional stage was accompanied by regional deformation
and metamorphism, imposing anatectic processes on peraluminous
gneisses under high - T amphibolite to granulite facies conditions
(Degler et al., 2017; Gonçalves-Dias et al., 2016; Gradim et al., 2014;
Richter et al., 2016). Those paragneisses were responsible for the gen-
eration of a large amount of peraluminous biotite-garnet and garnet-
two-mica granites grouped in the G2 supersuite (Pedrosa-Soares et
al., 2011). These rocks are especially abundant in the back-arc zone
(Gradim et al., 2014; Melo et al., 2017a,b) and northern region
(Gonçalves-Dias et al., 2016; Paes et al., 2010) of the Araçuaí orogen
(Fig. 1; Table 1). The G2 granitic bodies generally show solid-state
deformation and related metamorphism to anatexis, displaying a
prominent regional foliation, although well-preserved igneous fea-
tures can be locally found within batholiths and stocks. Actually, the
G2 supersuite mostly occurs in migmatitic massifs, comprising
paleosomes composed by foliated G2 metagranite to gneiss, and
neosomes consisting of non-foliated G3 granites (Pedrosa-Soares et
al., 2011).

Following the collisional stage, the fading of convergent stresses to-
gether with crustal overthickening assisted the gravitational collapse of
the orogenic building under extension and decompression, triggering
late collisional to post-collisional igneous activities. During that tectonic
phase were formed the G3, G4 and G5 supersuites, representing differ-
ent plutonic assemblages related to distinct petrogenetic processes
(Table 1).

The G3 supersuite mostly includes patches, veins and lodes, and
minor stocks, composed by non-foliated garnet-cordierite migmatites
poor to free of biotite, which are post-kinematic to the regional foliation
imprinted in their host rocks. They generally occur in close association
with the G2 supersuite, both forming migmatitic massifs comprising
neosomes of G3 granite and paleosomes of G2 metagranite to gneiss.
The G3 granite neosomes usually show gradational contacts in relation
to the host G2 rocks, suggesting the G3melts have formed from autoch-
thonous partial melting of G2 metagranites (Gradim et al., 2014;
Pedrosa-Soares et al., 2011).
Fig. 2. Simplified geological map ofMedina batholith and its host rocks (modified from Paes et a
metatexite; 3, Metatexite to diatexite with paleosome composed of G2 metagranite to gneiss,
(Medina batholith); 6, samples for lithochemical analysis; 7, samples for zircon and monazite
Partial melting of metasedimentary rocks in relatively shallow
crustal levels formed the two-mica leucogranites of the G4 supersuite,
while anatectic processes in the deep crust rich in meta-igneous rocks
originated a myriad of intrusions grouped in the G5 supersuite
(Pedrosa-Soares et al., 2011). The G5 supersuite mostly includes I-type
and A-type granitic rocks, and their Opx-bearing charnockitic equiva-
lents, generally with significant amounts of melanocratic to mesocratic
microgranular enclaves (Table 1). In the southern Araçuaí orogen
(Fig. 1), G5 intrusions usually form inversely-zoned balloon-like
plutons, composed of granitic-charnockitic rocks and gabbronoritic
cores, with striking magma mixing and mingling features, and chemi-
cal-isotopic evidence of mantle involvement in G5 granite genesis (De
Campos et al., 2004, 2016). To the north, where relatively upper crustal
levels are exposed, amalgamated G5 intrusions make up granitic-
charnockitic batholiths with much less mafic components (Pedrosa-
Soares et al., 2011). Among them, the Medina batholith is one of the
largest granite assemblage of the G5 supersuite (Fig. 1).

Such a long-lasting history (630–480 Ma) of granite production
events, related to different tectonic stages of an orogenic evolution,
definitely requires distinct heat sources and catalyzing melting pro-
cesses. Published models have evoked ocean-floor subduction and
pre-collisional ascent of mantle magma, thrusting of the hot arc over
fertile metasedimentary piles, collisional crustal overthickening, as-
thenosphere upwelling accompanying slab break-off and delamination
of lithospheric mantle, and post-collisional hot spots (De Campos et
al., 2016; Gonçalves et al., 2016; Gradim et al., 2014; Pedrosa-Soares et
al., 2001, 2011; Tedeschi et al., 2016).
3. The Medina granites and host rocks

Large areas covered by collisional to post-collisional granitic rocks
characterize the ensialic sector of the Araçuaí orogen (Fig. 1), where
the Medina batholith is the largest post-collisional G5 plutonic assem-
blage (Fig. 2). The batholith consists of granite intrusionsmainly hosted
l., 2010). 1, Neoproterozoicmetasedimentary units; 2, G2metagranite to gneiss andminor
and neosome consisting of non-foliated G3 granite; 4, G4 granites; 5, G5 biotite granites
U\\Pb analysis and geothermobarometric studies.
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by granitic migmatites with paleosome composed of G2 metagranite to
gneiss, and non-foliated G3 neosome (Fig. 2).

This paper presents analytical data frommicroprobe mineral chem-
istry, lithochemistry, and isotopic geochronology of zircon and
Fig. 3. TheMedina batholith: (A) sugarloaf landform on granite; (B) coarse-grained biotite mon
rapakivi textures; (C) euhedral feldspar megacryst with anti-rapakivi texture, within the coa
showing a corroded phenocryst of micropertithic ortoclase with Carlsbad twinning, and in
highlighting accessory ilmenite (Ilm) and titanite (Ttn); (F) large enclaves surrounded and cu
enclave, showing plagioclase (Pl) within a matrix rich in biotite and quartz; (H) enclave r
elliptical body near the scale); (I) coarse-grained granite showing a rounded dark-gray enc
elliptical light-gray enclave rich in feldspar xenocrysts displaying diffuse contact with the h
contact; (J) melanocratic enclaves rich in feldspar xenocrysts locally outlining igneous flow.
monazite, aswell as calculations of pressure and temperature (P-T) con-
ditions for rock crystallization. Descriptions of the analytical methods,
laboratory conditions, references to analytical standards, as well as the
data tables are available in the Supplementary Data Files.
zogranite rich in feldspar megacrysts, showing weak igneous flow, and rapakivi and anti-
rse-grained granitic matrix; (D) photomicrography (crossed polarizers) from a granite,
clusions of quartz and biotite; (E) photomicrography (parallel polarizers) of a granite,
t by granite rich in feldspar clusters; (G) photomicrography (crossed polarizers) from an
ich in feldspar xenocrysts, showing a more mafic finer-grained residue (melanocratic
lave with biotite-rich rims (chilled margin) poor in feldspar xenocrysts, and a roughly
ost granite, and a feldspar xenocryst “frozen” when cutting across the enclave-granite



Table 2
Representative composition of alkali feldspar.

Supersuite G5 G2 G3

Sample R13A R14A R14B M26

Afs Afs Afs Afs

Analysis number 4 core 2SDa 4 rim 2SD 8 core 2SD 6 rim 2SD 5 core 2SD 3 rim 2SD 6 core 2SD 5 rim 2SD

wt%
SiO2 64.68 0.25 64.48 0.53 64.48 0.48 64.47 0.89 64.62 0.68 64.20 1.78 64.57 1.54 64.74 0.39
Al2O3 18.63 0.25 18.73 0.10 18.76 0.38 18.85 0.30 18.70 0.42 19.07 1.01 18.88 0.20 18.98 0.38
BaO 0.30 0.00 0.35 0.12 0.21 0.07 0.20 0.00 0.20 0.00 0.20 0.00 0.10 0.00 0.10 0.00
CaO 0.03 0.10 0.00 0.00 0.04 0.10 0.03 0.10 0.06 0.11 0.10 0.00 0.15 0.24 0.18 0.17
Na2O 1.35 0.20 1.40 0.16 1.49 0.47 1.47 0.69 1.34 0.18 1.47 0.61 2.20 1.66 2.18 1.58
K2O 15.25 0.26 15.15 0.12 14.78 0.81 14.88 1.43 14.94 0.41 14.73 1.10 13.85 2.44 13.84 2.20
Total 100.28 0.30 100.08 0.41 99.74 0.93 99.90 1.62 99.78 1.05 99.77 0.81 99.68 1.50 99.98 0.61

% molar
Ab 11.98 1.38 12.25 0.74 13.10 4.28 12.92 6.75 11.90 1.83 13.27 5.46 19.15 14.41 19.12 13.47
An 0.20 0.28 0.08 1.10 0.24 0.18 0.18 0.08 0.26 0.11 0.20 0.35 0.72 0.92 0.82 1.02
Or 87.83 1.64 87.63 0.82 86.66 4.31 86.88 6.80 87.82 1.89 86.57 5.61 80.12 15.19 80.08 14.31

a 2SD= 2 Standard deviation.
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3.1. Medina granites

The Medina batholith comprises an assemblage of biotite granites
that strikingly differ from their host rocks, which are peraluminous gra-
nitic migmatites andmigmatitic paragneisses (Fernandes, 1991; Paes et
al., 2010; Pedrosa-Soares and Wiedemann-Leonardos, 2000). Formerly
only considered as I-type granites of the post-collisional G5 suite of
the Araçuaí orogen (Pedrosa-Soares et al., 2001; Pedrosa-Soares and
Wiedemann-Leonardos, 2000), someMedina granites were reclassified
as A2-type granites (Paes et al., 2010). After that, the Medina batholith
was included in the redefined G5 supersuite (Pedrosa-Soares et al.,
2011), together with many other post-collisional I- and A-type intru-
sions found in the Araçuaí orogen (Table 1). The Medina batholith en-
compasses a set of G5 granite intrusions, emerging as a composite
elliptical body with around 38 km E-W and 27 km N-S (Fig. 2). Its sur-
face area over 1000 km2 shows superb sugarloaf landforms shaped on
granite intrusions (Fig. 3A).

The main composition of the studied Medina granites ranges from
biotite-bearing syenogranite to monzogranite (Fig. 3B, C and D).
Common accessory minerals are titanite, allanite, ilmenite, magnetite,
apatite, monazite and zircon (Fig. 3E). Muscovite, epidote, carbonate,
sericite and chlorite are minerals from late alteration processes. Biotite
is the main mafic phase and reaches modal values of 10%. The granites
generally display coarse- to medium-grained, inequigranular to por-
phyritic textures with variable amounts of euhedral to subhedral
(roughly rectangular) and anhedral (rapakivi-like ovoid), K-feldspar
Table 3
Representative composition of plagioclase.

Supersuite G5 G2

Sample R13A R13E R14A

Pl Pl Pl

Analysis number 19 core 2SDa 8 rim 2SD 25 core 2SD 12 rim 2SD 9 core

wt%
SiO2 64.65 1.67 64.70 0.89 63.44 1.53 63.64 1.15 64.18
Al2O3 23.19 1.91 23.15 1.74 24.77 2.13 24.58 1.55 22.27
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 2.93 1.73 2.89 1.61 3.56 1.24 3.28 1.05 3.17
Na2O 8.72 1.69 8.83 1.70 7.95 1.48 8.14 0.82 9.64
K2O 0.25 0.15 0.24 0.15 0.19 0.56 0.17 0.23 0.27
Total 99.80 0.91 99.78 1.68 99.90 1.30 99.81 1.14 99.48

% molar
Ab 82.78 10.15 83.41 9.49 79.09 9.26 80.83 5.62 83.38
An 15.58 9.44 15.13 8.88 19.71 8.36 18.00 6.24 15.17
Or 1.65 1.01 1.44 0.83 1.19 3.48 1.17 1.54 1.48

a 2SD= 2 Standard deviation.
phenocrysts (3–10 cm) (Fig. 3B, C and D). K-feldspar varies from domi-
nant microcline to minor orthoclase, and sometimes it show composi-
tional zoning revealed by distinct colors (light gray, pink, light yellow
or cream) from core to rim (Fig. 3C). They show corroded features by
matrix minerals, indicating crystallization during early magmatic stage
(Fig. 3D).

The Medina granites often show mesocratic to melanocratic
microgranular enclaves with variable sizes, from centimeters to me-
ters, and shapes, from bubble-like and egg-shaped to irregular bodies
with sharp angle edges (Fig. 3F, H, I, and J). They are essentially com-
posed of plagioclase, biotite, quartz and hornblende, generally with a
tonalitic composition (Fig. 3G). The enclave-granite contacts are
usually abrupt and marked by thin rims enriched in mafic minerals,
resembling chilled margins of originally hotter enclaves within the rel-
atively colder granite magma (Fig. 3F, H, and I). K-feldspar xenocrysts
are common within the enclaves (Fig. 3H, I and J). They can outline
distinct igneous flow within the enclave, but discordant of the flow
orientation shown by the host granite (Fig. 3H and J). Feldspar pheno-
crysts “frozen” in the way to cut across the enclave-granite contact, as
well as concentrated outside the biotite-rich enclave rims are common
(Fig. 3F, H and J). All these enclave features are evidence of magma
mingling processes. In some points, however, the contact between
the enclave and host granite tends to be diffuse, owing to the gradual
enrichment of felsic minerals from the granite inward the enclave
(Fig. 3H, I and J), suggesting gradual mixing between their parental
magmas (Fernandes, 1991).
G3

R14B M26

Pl Pl

2SD 6 rim 2SD 10 core 2SD 7 rim 2SD 12 core 2SD 11 rim 2SD

0.61 64.03 0.50 63.84 0.80 64.46 2.99 64.10 0.75 63.95 1.06
0.45 22.40 0.59 22.52 0.28 21.97 1.53 22.28 0.47 22.28 0.23
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.42 3.22 0.27 3.27 0.31 2.76 1.68 3.04 0.20 3.02 0.55
0.27 9.58 0.27 9.52 0.25 9.53 0.28 9.66 0.29 9.70 0.36
0.10 0.25 0.17 0.38 0.16 0.33 0.10 0.33 0.19 0.29 0.14
0.84 99.45 0.75 99.50 0.81 99.04 1.08 99.42 0.73 99.24 0.69

1.74 83.23 1.74 82.13 1.36 82.74 2.55 83.58 1.34 83.97 2.89
1.98 15.37 1.07 15.72 1.21 15.39 2.12 14.57 0.83 14.45 2.55
0.46 1.37 0.89 2.15 0.90 1.84 0.55 1.86 0.96 1.59 0.93
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3.2. Mineral chemistry of Medina batholith

The results of complete electron microprobe analyses of K-feldspar,
plagioclase and biotite are listed in Tables 2 to 4.

Representative K-feldspar compositions range fromOr86 toOr88. Pla-
gioclase varies from albite (An2) to oligoclase (An21). Feldspars often
show rapakivi and anti-rapakivi textures (Fig. 3B and C).

Biotite of the Medina granites has high siderophyllite-annite con-
tents with Fe2+/(Fe2++Mg) ranging from 0.72 to 0.75, AlIV from 2.5
to 2.6 a.p.f.u. and TiO2 from 2.27 to 2.75 wt% (sample R13A, Table 4).
The biotite of enclave has Fe2+/(Fe2++Mg) ranging from 0.73 to 0.76,
AlIV from 2.4 to 2.6 a.p.f.u. and TiO2 from 1.73 to 2.64 wt% (sample
R13E, Table 4). All biotite in both types have high contents of F (mean
= 1.54, 2SD = 0.17 wt% for Medina granites; mean = 1.93, 2SD =
0.21 wt% for enclave) and Cl (mean= 0.51, 2SD= 0.10 wt% for Medina
granites; mean= 0.50, 2SD= 0.04 wt% for enclave) (Table 4).

3.3. Studied host rocks

The focused host rocks of the Medina batholith are migmatites
(Figs. 2 and 4), varying from patch metatexite (Fig. 4A and B) to
nebulitic diatexite (Fig. 4E and F). They consist of variable amounts of
paleosome composed of G2 metagranite to gneiss, and non-foliated
G3 garnet-cordierite neosome.

The studied metatexite (R14) consists of scattered patches of
leucocratic non-foliated garnet-cordierite neosome, hosted by a domi-
nant mesocratic paleosome consisting of foliated sillimanite-garnet-bi-
otite metagranite (Fig. 4A). Along the outcrop, the paleosome varies
from weakly foliated to striped gneissic structure (Fig. 4B).
The paleosome is a fine- to medium-grained, foliated, sillimanite-gar-
net-biotite metagranite (Fig. 4C), very similar tomany others regionally
ascribed to the G2 supersuite (cf. Gradim et al., 2014; Pedrosa-Soares et
al., 2011; Richter et al., 2016). Biotite and garnet are the main
mafic phases, reachingmodal values around10–15% and 5–10%, respec-
tively. The paleosome composition ranges from monzogranitic to
syenogranitic, with sillimanite, hercynite, apatite, monazite, zircon,
ilmenite and rutile as accessory minerals. The orientation of biotite
flakes, sillimanite fibers to needles, and stretched quartz and feldspars
materializes the regional solid-state foliation within the granitic
paleosome, in concordance with the foliation of the country
metasedimentary rocks. This foliation can be ascribed to the regional
Barrovian-type metamorphism related to the collisional climax at
around 575–550 Ma (Pedrosa-Soares et al., 2011; Peixoto et al., 2018).
The neosome consists of leucocratic irregular-shaped patches and
minor veins, which are easily recognized in outcrop owing to coarser
grain-size and isotropic structure contrasting with the finer-grained fo-
liated paleosome (Fig. 4A and B). There are no rims of melanosome
around the neosome, which shows prominent cordierite clusters
surrounded by quartz-feldspathic matrix (Fig. 4A and B). The neosome
mineral assemblage essentially includes quartz, perthitic K-feldspar
and minor free plagioclase (oligoclase). Cordierite, garnet, apatite, zir-
con, monazite, and very scarce biotite and opaque minerals are acces-
sory minerals. Cordierite shows variable degrees of pinitization
(Fig. 4D). The scarce biotite can be related to alteration processes and/
or relics from the anatectic process. Although the neosome patches
and veins clearly overprint prior structures, they show grading and dif-
fuse contacts with the paleosome, suggesting autochthonous partial
melting (Fig. 4A and B). This feature also suggests that the melting pro-
cessmostly involved consumption of biotite from the paleosome. Cordi-
erite is, thus, a neoformed peritectic mineral in the R14 metatexite
neosome, as that phase is absent from the paleosome mineral assem-
blage (Fig. 4A, B and D).

The studied diatexite M26 resembles a nebulitic migmatite mostly
composed by isotropic garnet-cordierite neosome, and very minor
paleosome of foliated sillimanite-garnet-biotite metagranite (Fig. 4E
and F). The neosome is a porphyritic garnet-cordierite syenogranite
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with sillimanite, apatite, monazite, zircon, ilmenite and rutile as acces-
sory minerals. Garnet, cordierite and perthitic K-feldspar form crystals
up to 3 cm, enclosed in a medium-grained (1–5 mm) equigranular ma-
trix (Fig. 4F). Rare biotite occurs as a retrograde mineral, forming rims
and other replacement textures around and within garnet. The scarce
paleosome,well preserved in tabular schöllen rafts composed of foliated
Fig. 4. Host rocks of the Medina batholith: (A) Patch metatexite (R14) composed by paleosome
neosome (sample R14B); (B) detail of a metatexite composed by paleosome of G2 metagra
polarizers) of a G2 sillimanite-garnet-biotite metagranite showing well-developed regional f
and sillimanite (Sil) microneedles (fibrolite); (D) photomicrography (parallel polarizers) of n
matrix composed of K-feldspar and quartz; (E) nebulitic diatexite rich in G3 garnet-cordier
biotite-rich schlieren; (F) detail of G3 garnet-cordierite neosome (sample M26) in nebulitic
photomicrography of M26 neosome, showing rims of late retrograde biotite (Bt) around garne
garnet.
sillimanite-garnet-biotitemetagranite, shows the samemineral compo-
sition and fabrics of the R14A paleosome (Fig. 4C). It also displays grad-
ual and diffuse contacts with the neosome, suggesting autochthonous
partial melting largely controlled by the consumption of biotite. The
studied sample M26 only contains neosome, as it was cleaned from all
evident paleosome traces.
of weakly foliated G2metagranite (sample R14A), and non-foliated G3 garnet-cordierite
nite, and non-foliated G3 garnet-cordierite neosome; (C) photomicrography (parallel
oliation outlined by the orientation of biotite (Bt) flakes, stretched quartz and feldspars,
on-foliated G3 neosome, showing weakly to wholly pinitized cordierite (Crd) within the
ite neosome, and minor paleosome bands of sillimanite-garnet-biotite metagranite and
diatexite with paleosome relicts of foliated sillimanite-garnet-biotite metagranite; (F)
t; (H) photomicrography of M26 neosome, showing late retrograde biotite (Bt) replacing
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3.4. Mineral chemistry of host rocks

The results of complete electron microprobe analyses of K-feldspar,
plagioclase, biotite, garnet and cordierite are listed in Tables 2 to 4.
3.4.1. Paleosome - sample R14A
The analyzed K-feldspar, plagioclase, biotite and garnet from

paleosome R14A are considered to be metamorphic because they form
the regional foliation imprinted in the sillimanite-garnet-biotite
metagranite (Fig. 4C). Typical K-feldspar compositions in paleosome
R14A range from Or81 to Or91; those of plagioclase from An14 to An17.

The biotite of the paleosome R14A has siderophyllite-annite con-
tents with Fe2+/(Fe2++Mg) ranging from 0.63 to 0.71, AlIV from 2.56
to 2.67 a.p.f.u. and TiO2 from 2.28 to 3.99 wt%.

Garnet forms small crystals to porphyroblasts, both some what
stretched along the regional foliation of the paleosome. They are non-
zoned grains and present a solid solution of almandine and spessartine
reaching N90% of the total composition (Table 4).
Fig. 5. Lithochemical data fromMedina granites plotted on classification diagrams (cf. Frost et a
Alumina saturation index (ASI) diagram; (D) Chondrite-normalized REE patterns (normal
microgranular enclaves and host granites (normalizing values from Boynton, 1984); (F) multi-
from Sun and McDonough, 1989). Data for granites: this work and Paes et al. (2010). Data for
3.4.2. Neosomes - samples R14B and M26
Representative K-feldspar compositions range from Or84 to Or89 in

neosomeR14B, and varies fromOr70 to Or91 inM26; those of plagioclase
from An13 to An17 and from An12 to An16, respectively (Tables 2 and 3).

Garnet is much more abundant in neosome M26 than in sample
R14B. Individual crystals do not display any significant major element
zonation, with a solid solution of almandine and spessartine reaching
N90% of the total composition for both R14B and M26 samples (Table
4). It seems to be a peritectic neoformed mineral.

Large crystals of cordierite occurs in both R14B and M26 neosomes.
Cordierite composition corresponds to Fe-rich cordierite with an Mg/
(Mg + Fetotal) ratio of 0.36 to 0.39 (Table 4). It does not occur in the
paleosome, being a peritectic mineral crystallized after dehydration
melting of biotite.

Textural evidence indicates biotite formation by back reaction in
neosome thin sections, which show biotite rim growth over garnet
and replacement relations of biotite around and within garnet (Fig. 4G
and H). Such features have usually been interpreted as a rehydration
process on garnet, during cooling of granitic melts (Fitzsimons, 1996).
l., 2001): (A) FeOt/(FeOt +MgO) vs. SiO2 (wt%); (B) Na2O+ K2O – CaO vs. SiO2 (wt%); (C)
izing values from Boynton, 1984); (E) Chondrite-normalized REE patterns comparing
elemental spider diagram related to Ocean Island Basalt pattern (OIB, normalizing values
microgranular enclaves: this work and Fernandes (1991).



Fig. 6. Lithochemical data frommicrogranular enclaves and Medina granites plotted in Harker diagrams (data from this work, Paes et al., 2010 and Fernandes, 1991).
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Analyzed biotites have siderophyllite-annite contents with Fe2+/(Fe2+

+Mg) ranging from 0.46 to 0.70 in R14B, and varies from 0.64 to 0.73
in M26. The content of AlIV range from 1.83 to 2.66 a.p.f.u. in R14B,
and from 2.49 to 2.60 a.p.f.u. in M26. The content of TiO2 is high in
both samples (0.06–3.95 wt% in R14B; 2.07–4.00 wt% in M26), being
negatively correlated with Al2O3 (Table 4).
4. Whole-rock geochemistry

Together withmineral assemblages, lithochemical studies are useful
to detail the classification and support petrogenetic interpretations on
the studied rocks.
Fig. 7. Lithochemical data from Medina granites plotted on discriminant diagrams: (A) Y
vs. Nb (Pearce et al., 1984). B to D (Whalen et al., 1987): (B) 10,000 * Ga/Al vs. Zr, (C)
10,000 * Ga/Al vs. Ce, and (D) 10,000 * Ga/Al vs. Y. Triangular diagrams E and F (Eby,
1992): (E) Y-Nb-3Ga; and (F) Y-Nb-Ce. Data for granites: this work and Paes et al. (2010).
4.1. Medina granites – major and trace elements

The Medina granites are clearly A-type ferroan granites with FeOt/
(FeOt+MgO) ratios above 0.77 for SiO2 N 65 wt% (Fig. 5A), calc-alkalic
to alkali-calcic (Fig. 5B), and weakly peraluminous to metaluminous
reaching the border of the peralkaline field (Fig. 5C).

The REE patterns for Medina granites, represented in a chondrite-
normalized diagram, show enrichment of LREE ([La/Yb] N average =
48 to 59), and negative Eu anomalies ((Eu / Eu *) N 0.45) (Fig. 5D), as
usual in A-type granites (Nardi and Bitencourt, 2009). The
microgranular enclaves show a quite similar pattern (Fig. 5E), being
enriched in LREE ([La/Yb] N average = 52 to 68), with negative Eu
anomalies ((Eu / Eu *) N 0.61). SiO2 contents range from 64 to 75 wt%
in Medina granites, whereas the microgranular enclaves show lower
values (from 52 to 67 wt%). From a geochemical viewpoint (Fig. 6),
these rocks commonly display two different trends in Harker diagrams.
One of them, including FeOt, MgO, TiO2 and CaO, is characterized by
negative correlation with increasing evolution, whereas K2O trend
shows positive correlation. The linear variations in Harker diagrams to-
gether with similar REE signatures suggest genetic links between
microgranular enclaves and their host Medina granites.

Data from granites normalized to OIB (Sun and McDonough, 1989)
display a relatively flat general pattern (Fig. 5F) with enrichment of
most incompatible elements, as expected since the rocks are more dif-
ferentiated than the OIB standard. Negative anomalies are noticed for
Ba, Nb, Sr, P and Ti. Normalization using the OIB patterns suggests
geochemical similarity with magmas derived from such sources. The
Medina granites have medium to high contents of high field-strength
elements (HFSE) such as Zr (139–663 ppm), Y (9–59 ppm), Nb
(13–59 ppm) and Ce (100–500 ppm). Total Zr + Nb+ Ce+ Y average
contents are 765 ppm (our samples) and 722 ppm (samples from Paes
et al., 2010), as expected for A-type granites (N350 ppm, Whalen et al.,
1987). These features suggest chemical similarity of theMedina granites
with those originated mainly by fractionation of basic magmas pro-
duced from mantle-enriched sources. However, further studies with
more powerful analysis (e.g., isotope geochemistry) are needed to anul-
timate test on that hypothesis.

Diagrams for tectonic environment discrimination indicate that the
Medina granites were formed in within-plate continental setting
(Fig. 7A), with some deviations to other fields probably due to host
rock contamination and/or crustal inheritance from magma sources.
In A-type granite discriminant diagrams (Whalen et al., 1987), the
Medina granites behave as typical A-type granites (Fig. 7B, C, and
D). Only the samples that plot in the within-plate granite field and
are A-type rocks in Whalen et al. (1987) diagrams were tested for
the A1-A2 discrimination diagram of Eby (1992). Accordingly, most
Medina granites plot in the A1 field (Fig. 7E and F), suggesting they
may have a genetic similarity with differentiates of magmas derived
from sources like those of oceanic-island basalts, but emplaced in con-
tinental rifts or during intra-plate magmatism related to mantle
plumes or hotspots (cf. Eby, 1992).
4.2. Host rocks – major and trace elements

Lithochemical analysis on host rocks were carried out from
paleosome and neosome samples, which were carefully separated and
cleaned one from each other. From paleosome to neosome samples,
they generally vary from magnesian to ferroan (Fig. 8A), calc-alkalic to
alkali-calcic (Fig. 8B), and from striking peraluminous (ASI = 1.3–1.0),
to very slightly metaluminous (ASI = 0.95–1.0) (Fig. 8C).

Paleosome and neosome samples havemoderate to high abundance
of rare-earth elements (REE = 86–417 ppm and 44–445 ppm, respec-
tively), with significant negative Eu anomalies (Eu/Eu * = 0.65 for
paleosome and 0.50 for neosomes, and pronounced enrichment of
LREE ([La / Yb] N average= 34 and 39, respectively; Fig. 8D).

Primitive-mantle normalized spider diagrams also display similar
patterns for both sample sets, showing marked negative anomalies for
Ba, Sr and Ti, significant enrichment in Rb, and low contents of high
field strength elements (HFSE) such as Zr (130 ppm), Nb (19 ppm)
and Y (16 ppm) (Fig. 8E).

5. Zircon and monazite U\\Pb geochronology

U\\Pb zircon andmonazite ages obtained in our study are presented
in Figs. 9 to 10. These analysis were performed on samples: i) R13A,Me-
dina A-type granite (Fig. 9A,B and 10A); ii) R14A, paleosome of a



Fig. 8. Studied host rocks plotted on classification diagrams (cf. Frost et al., 2001): (A) FeOt/(FeOt+MgO) vs. SiO2 (wt%); (B) Na2O+ K2O – CaO vs. SiO2 (wt%); (C) Alumina saturation
index (ASI); (D) Chondrite-normalized REE patterns (normalizing values from Boynton, 1984); (E) Primitive mantle-normalized spider diagram (normalizing values from Sun and
McDonough, 1989). Data for host rocks: this work and Paes et al. (2010).
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metatexite (Fig. 9C–F and 10B); iii) R14B, neosome of the same
metatexite (Figs. 10C and 11) and, iv) M26, neosome of a diatexite
close to the contact with the Medina granite represented by sample
R13A (Figs. 10 and 12).

5.1. Sample R13A – Medina granite

Zircon crystals from a typical Medina granite (R13A) range from 150
to 320 μm in size with length towidth ratios of 2:1 and 3:1 to 4:1. Some
grains are needle-shaped (acicular) zircon crystals suggesting quick
crystallization. Zircon zoning is poorly developed and commonly
shows dark core surrounded by a bright luminescent area followed by
low luminescent border (Fig. 9A). The compositional difference in inter-
mediate growth zoning becomes very small, yielding only faint zoning
patterns in most of the grains. If the zoning pattern can be noticed, it
is observed that regular growth zoning is interrupted by textural dis-
continuities along which the original zoning is resorbed and succeeded
by the deposition of new-growth-zoned zircon. In some grains, it is pos-
sible to identify bright seams that indicate altered fractures disrupting
original zoning. Twenty-one spot analyses on zircon crystals reveal
relatively low Th/U values (0.12–0.33) and yield a Concordia age of
501± 2Ma (MSWD=1.7, Fig. 9B).

Monazite grains from the R13AMedina granite are anhedral, gener-
ally 85–200 μm in size with most being around 135 μm. BSE imaging
indicates the presence of weakly zoned grains whereas other are non-
zoned. Twenty-eight spot analyses onmonazite grains, with Th/U ratios
from 12 to 33, furnished a mean 207Pb/235U age of 497 ± 2 Ma (95%
conf., MSWD=1.9; Fig. 10A).

5.2. Host rock samples

U\\Pb (LA-ICP-MS) analysis were performed on zircon and mona-
zite grains extracted from a paleosome (R14A) and related neosome
(R14B) of a metatexite located relatively far from theMedina batholith,
and from the neosome of the diatexite located very close to the contact
with the Medina granite.

5.2.1. Paleosome from metatexite - sample R14A
In paleosome R14A, zircon crystals range from 75 to 225 μm in size

with elongation ratios varying from 2:1 to 7:1; the most common are



Fig. 9. Cathodoluminescence images on analyzed zircon grains and U\\Pb Concordia diagrams for: (A) and (B), Medina granite R13A; (C), (D), (E) and (F) paleosome R14A.
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Fig. 10.U\\Pbdata andelectron backscatter diffraction images formonazite crystals from: (A)Medina granite R13A.Host rocks: (B) paleosomeR14A; (C) neosomeR14B; and (D)neosome
M26.
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3:1, 4:1 and 5:1. Combined SEM-CL and optical images reveal mostly
elongate prismatic crystals with discrete oscillatory zoning, and
subhedral to euhedral rims (Fig. 11A, B).

Although significant spreading along the Concordia from ca. 630Ma
to ca. 450 Ma, thirteen spot analysis may yield two Concordant ages
(Fig. 11C, D, E). Six spots with Th/U= 0.32–1.47 and CL image features
of igneous grains generated a Concordia age of 556 ± 6Ma (MSWD=
1.6, Fig. 11D), which may be related to the magmatic crystallization of
the paleosome igneous protolith. Three spots (Th/U = 0.26–1.64)
yield a Concordia age of 499 ± 3Ma (MSWD= 1.5, Fig. 11E), which is
virtually equal to the zircon magmatic age of 501 ± 2Ma given by the
Medina granite (R13A sample; Fig. 9).
Monazite grains from the paleosome R14A are anhedral and
rounded, ranging from 75 to 200 μm in length (Fig. 10B). BSE image in-
dicates the presence of weakly zoned grains, whereas others seem to be
non-zoned. There is no age variation associated with the observed zon-
ing. Fifty two spot analyses in R14A monazite, with Th/U ratios of 4–20,
yield a mean 207Pb/235U age of 501 ± 2 Ma (95% conf., MSWD= 1.8;
Fig. 10B).

5.2.2. Neosome from metatexite – sample R14B
This sample contains 125 to 250 μm, prismatic, subhedral to

euhedral or sub-rounded-shaped zircon grains with elongation ratios
varying from 2:1 to 4:1. CL image displays concentric and convolute



Fig. 11. Cathodoluminescence images from zircon grains and U\\Pb Concordia diagrams for neosome R14B.
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zoning, typical of high-grade metamorphic zircon (e.g., Vavra et al.,
1999). Xenocrystic cores and grain discontinuities indicate deep resorp-
tion of early zircon phases (Fig. 11A,B). Some grains show complex
growth zoning with local intermediate resorption.

Although spreading along the Concordia from ca. 750 Ma to 450 Ma,
data from fifty-four spots generated two Concordia ages (Fig. 11C, D, E).
Eighteen spot analyses on zircon have variable Th/U ratios (0.00–1.60)
and yield a Concordia age of 562 ± 3 Ma (MSWD = 1.7, Fig. 11D),
which is similar to the age of the R14A paleosome protolith (556 ± 6
Ma), although someTh/U ratios suggest ametamorphic event. Ten anal-
yses from the younger population (Th/U = 0.00–1.50) produced a
Concordia age of 499 ± 3 Ma (MSWD= 1.5, Fig. 11E), very similar to
the youngest zircon and monazite ages from the paleosome and, also,
the magmatic ages for the Medina granite.

Monazite from sample R14B is up to 200 μm in size but is generally
around 100–130 μm (Fig. 10C). Grains are usually rounded, anhedral
to subhedral and a few of them also contain cracks and holes. Under
BSE imaging, grains are commonly weakly zoned to non-zoned. Six-
teen spot analyses in R14B monazite, with Th/U values of 2.7–9.3, gen-
erate a mean 207Pb/235U age of 495± 3Ma (95% conf., MSWD= 1.8;
Fig. 10C).
5.2.3. Neosome from diatexite – sample M26
Zircon grains from neosome M26 are prismatic, subhedral, rang-

ing from 108 to 350 μm in size with elongation ratios varying from
2:1 to 6:1. CL images reveal convoluted zoning and cores truncated
by irregular zoning, which is interpreted as being a recrystallization
feature typical of granulite facies zircon. Inherited cores and grain
discontinuities indicate deep resorption of early zircon phases
(Fig. 12A, B).

Spot ages spread along the Concordia from ca. 650Ma to ca. 480Ma,
but show two clear age clusters (Fig. 12C, D, E). Sixteen spot analyses on
zircon have Th/U values of 0.00–1.20 and yield a Concordia age of 564
± 2 Ma (MSWD= 1.03, Fig. 12D), again in good agreement with the
oldest Concordia ages obtained for samples R14A and R14B. Nine anal-
yses (Th/U = 0.00–1.70) from the younger population produced a
Concordia age of 507± 3Ma (MSWD= 1.06, Fig. 12E), roughly similar
to the youngest ages yielded by zircon clusters of the previously de-
scribed samples.

Monazite grains are anhedral to sub-rounded (Fig. 10D), b200 μm in
diameter, usually around 150 μm, and BSE image shows non-zoned
grains, whose sixteen spots have a mean 207Pb/235U age of 495± 3Ma
(95% conf., MSWD= 1.8; Fig. 10D) and Th/U= 2.7–9.3.



Fig. 12. Cathodoluminescence images from zircon grains and U\\Pb Concordia diagrams for neosome M26.
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6. P-T conditions

The P-T conditions recorded by the non-foliated garnet-cordierite
neosome (M26), separated from a diatexite found close to the contact
with the Medina granite (R13A), were investigated by phase equilib-
rium calculations in the chemical system MnO–Na2O–CaO–K2O–FeO–
MgO–Al2O3–SiO2–H2O–TiO2–Fe2O3 (MnNCKFMASHTO), using
THERIAK-DOMINO software (De Capitani and Petrakakis, 2010), in
combination with the updated td-tcds62-6axmn-03.txt converted
Holland and Powell (2011) database. Mineral abbreviations are: Ms. –
white mica; Bt – biotite; Grt – garnet; Crd – cordierite; Ky – kyanite;
Sil – sillimanite; And – andalusite; Pl – plagioclase; Kfs – K-feldspar;
Ilm – ilmenite; Spl – spinel; Rt – rutile; H2O – pure water; Liq –
silicateliquid/melt; Qtz – quartz. Pseudosection was calculated using
the bulk composition from the same sample M26.

Appropriate values for water content were investigated on T-X
pseudosections and the bulk H2O values (M26 = 0.03 wt%) were
chosen according to the methodology of White et al. (2001).

For the neosome M26, the mineral assemblage Pl-Kfs-Grt-Crd-Ilm-
Qz-Sil is stable between 660 and 860 °C at 2.0–3.8 kbar (Fig. 13A).
Within this field, the amount of garnet (2–10 vol%) and cordierite
(8–25 vol%) is compatible with the modal contents estimates in thin
section (~3% and 15%, respectively). The modeling shows a rise in the
Crdmode, conjugatedwith a decrease in theGrtmode if decompression
occurs and/or temperature increases over the range defined by the peak
assemblage.

Modeled garnet shows compositional isopleths of XAlm, measured
mineral composition of Grt yield XAlm values ranging from 0.80 to
0.81 (Fig. 13B). Fig. 13C shows compositional Crd Mg# isopleths,
as well as one highlighted zone can be outlined by measured com-
positions yielding Crd Mg# that range from 37 to 39. The use of
XAlm and Crd Mg# values helps to more tightly constrain the P-T
conditions of the peak assemblage to 750–840 °C and 2.4–3.5 kbar
(Fig. 13D).
7. Discussion

The presented data allow us to discuss the nature and origin of a
thermal-magmatic rebound during the post-collisional stage in the
ensialic sector of the northern Araçuaí orogen, focusing the Medina
batholith and its host rocks.



Fig. 13. Calculated P-T pseudosections for neosomeM26 on a whole-rock bulk composition that is presented at the top of the diagrams inmoles. (A) P-T fields of peak assemblage Pl-Kfs-
Grt-Crd-Ilm-Qz-Sil (bold line); (B) Plot of compositional isopleths of XAlm; (C) Plot of compositional CrdMg# isopleths; (D) P-T conditions of equilibration estimated based on overlapping
of all the highlighted zones of composition (B and C).
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7.1. Petrogenesis of the Medina batholith

The Medina batholith mostly includes biotite-bearing syenogranite
to monzogranite with a ferroan, alcali-calcic to calc-alkalic,
metaluminous to weakly peraluminous signature. In general, the Me-
dina granites have HFSE abundances (Zr + Nb + Ce + Y N 700 ppm)
and high Ga/Al ratios (Fig. 7B, C, and D), which are features typical of
A-type granites (cf. Whalen et al., 1987).

The Zr saturation geothermometry (TZr = 12,900 / [2.95+ 0.85 M
+ ln(496,000/Zrmelt)]) may provide good estimates of crystallization
temperatures for both metaluminous and peraluminous rocks (Miller
et al., 2003;Watson andHarrison, 1983). In order to calculate the Zr sat-
uration temperature, a chemical analysis for major elements must be
done, fromwhich the cation ratios are calculated and then theM deter-
mined. Once anM value is calculated, onemust determine if the sample
falls within or outside of the calibration range of the Watson and
Harrison (1983) experiments (M= 1.0–1.5). If the calculated M value
lies within the experimental range of Watson and Harrison (1983),
then the user may feel relatively confident that the calculated M can
provide useful Zr saturation and temperature information. This compo-
sitional factorM [(Na+ K+ 2Ca)/(Al x Si)] displays values between 1.2
and 1.5, which is a reliable calibration range for the Zr saturation
geothermometry (cf. Hanchar and Watson, 2003). Accordingly, this
geothermometer indicates a temperature range of 760–930 °C
(Fig. 14A), which can be related to the crystallization ofMedina granites
but also, concerning the highest values, to melting conditions in the
magma source. Such high melt temperature is not usually achieved in
the crust, requiring the involvement of mafic magmas and/or a high
mantle heat flow (cf. Eby, 1992; Bonin, 2007).

The Medina granites belong to the oxidized A-type (Fig. 14B,C),
which are geochemically distinct from I-type calc-alkaline or Cordille-
ran granites, but are similar to typical A-type granites inmost attributes,
including those with rapakivi texture (Dall'Agnol and Oliveira, 2007).
Experimental data indicate that, besides pressure, the nature of A-type



Fig. 14. (A) Zr saturation temperatures TZr (oC)were calculated followingMiller et al. (2003) andDahlquist et al. (2010). Geothermometerwas calibrated forM=1.2 to 1.5, and indicates a
temperature range of 760 - 930 oC for the Medina granites. (B) Whole-rock FeOt/(FeOt+MgO) vs. Al2O3, and (C) FeOt/(FeOt+MgO) vs. Al2O3/(K2O/Na2O) (cf. Dall’Agnol and Oliveira,
2007). (D) Y/Nb versus Yb/Ta plots for Medina granites. Fields for Oceanic Island Basalts (OIB) and Island Arc Basalts (IAB) are from Eby (1990). Data for granites: this work and Paes et al.
(2010).
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granites is dependent on both fO2 conditions and water contents of
magma sources. Oxidized A-type magmas are considered to be
derived from melts with substantial H2O contents, originating from
partial melting of quartz-feldspathic igneous sources under oxidizing
conditions in the lower crust (Dall'Agnol and Oliveira, 2007;
Dall'Agnol et al., 1999).

Both enclaves and host Medina granites show LREE-enriched, sig-
nificant negative Eu anomalies and flattening HREE end-segment
(Fig. 5E). These REE patterns and close chemical coherence in Harker
diagrams (Fig. 6) suggest a genetic link between enclaves and host
granites, probably involving fractional crystallization of the major
igneous phases from a series of comparable (cogenetic) magmatic
phases. Except for K2O, all major element oxides gradually decrease
with increasing SiO2 content. Particularly, increases in SiO2, K2O and
decreases in FeOt, MgO, TiO2 and CaO contents are consistent with
their evolution through fractional crystallization processes (i.e., plagio-
clase fractionation).

The studied A-type granites display a chemical similarity to OIB
(Fig. 14D), suggesting relation to an OIB-like source. Variations can be
explained by the high degree of fractionation of feldspar (negative Ba,
Sr and Eu anomalies), apatite (negative P anomaly) and opaque oxide
minerals (negative Ti anomaly). Feldspar fractionation plays an impor-
tant role in the evolution of A-type granites worldwide (Dall'Agnol et
al., 2005; Deng et al., 2016; Eby, 1990; King et al., 2001; Vallinayagam
and Kochhar, 2011; Whalen et al., 1987).

In summary, the Medina granites notably represent within-plate
A1-type felsicmagmas geochemically similar to those related to sources
with oceanic-island basalt (OIB) signature (Fig. 14D). Such A1-type
granites are mostly found in extensional tectonic settings (e.g., active
continental rifts and post-collisional or post-orogenic extensional set-
tings) driven by mantle plumes or hotspots.
7.2. Zircon and monazite dating evidence

Independently if the sample came from ametatexite or diatexite, the
studied paleosome and neosome samples furnished two zircon U\\Pb
age clusters: the oldest at around 560Ma (556± 11Ma for paleosome
R14A; 558 ± 5 Ma for neosome R14B; and 563 ± 4 Ma for neosome
M26), and the youngest at around 500Ma (499± 7Ma for paleosome
R14A; 499 ± 3 Ma for neosome R14B; and 507 ± 3 Ma for neosome
M26). Otherwise, all U\\Pb monazite ages only cluster around 500 Ma
(501 ± 2Ma for paleosome R14A; 495± 3Ma for neosome R14B; and
497± 2Ma for neosomeM26). Both the youngest zircon and monazite
ages are identical, within analytical error, to both U\\Pb zircon (501±
2Ma) and monazite (497 ± 2 Ma) ages for the typical Medina granite
(sample R13A).

The oldest age (ca. 560 Ma), obtained from oscillatory-zoned zircon
crystals with typical igneous Th/U ratios, much probably represents the
magmatic crystallization of the paleosome granitic protolith (Fig. 9E).
Actually, this interpretation is in very good agreementwith the regional
age range for most metagranites of the collisional G2 supersuite (cf.
Melo et al., 2017a,b; Gradim et al., 2014; Pedrosa-Soares et al., 2011;
Richter et al., 2016; Table 1). Similar Concordia ages around 553–563
Ma, furnished by the garnet-cordierite neosomes (samples R14B and
M26), indicate zircon inheritance from the G2 paleosome (Figs. 11D,
12D). Indeed, the studied neosomes show gradual and diffuse contacts
with their related paleosomes, and contain biotite-rich schlieren resem-
bling relicts of the paleosome foliation. This zircon inheritance, together
with fabrics relations and geochemical trends, strongly suggest that the
garnet-cordierite neosome formed from autochthonous partial melting
of the foliated sillimanite-garnet-biotite metagranite (G2 paleosome).

In fact, the youngest zircon ages recorded in the studied paleosome
and neosome samples are virtually equal to the magmatic



Fig. 15. Model illustrating a rising mantle plume during the gravitational collapse of the northern sector of the Araçuaí – West Congo orogen (AWCO), related to the generation of the
Medina granites and post-collisional anatexis on country rocks.
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crystallization age of the Medina granite (Fig. 9B), all of them around
500 Ma (Figs. 9F, 11E, 12E), implying that those minerals also formed
and/or recrystallized concurrently in a late orogenic stage at high
temperature. Together, those youngest U\\Pb ages suggest that an ab-
normally hot source imposed an important thermal process on the
host rocks, causing isotopic resetting and partial melting. Indeed, a
clear evidence for such a vigorous thermal process is the emplacement
of the Medina batholith itself, suggesting high temperature metamor-
phism and anatexis within contact metamorphism aureoles. However,
evidence of a Late Cambrian thermal event has been reported from
several regions of the Araçuaí orogen, either for areas with exposed
post-collisional G4 and/or G5 intrusions (De Campos et al., 2004,
2016; Gradim et al., 2014; Melo et al., 2017a,b; Pedrosa-Soares et al.,
2011; Pedrosa-Soares and Wiedemann-Leonardos, 2000; Peixoto et
al., 2018; Richter et al., 2016) or far from them (Cabral et al., 2017;
Marshak et al., 2006; Queiroga et al., 2016). It has also been suggested
that some garnet-cordierite neosomes ascribed to the G3 supersuite
could be related to the same thermal event that formed G5 intrusions
(Pedrosa-Soares et al., 2011).

7.3. Thermobarometric modeling: evaluating the magnitude of a thermal
influx

The P-T conditions of 750–840 °C at 2.4–3.5 kbar, constrained by the
peak assemblage (Pl-Kfs-Grt-Crd-Ilm-Qz-Sil; Fig. 13) are consistent
with a process of incongruent melting reactions consuming biotite
and sillimanite under water-undersaturated and high-T conditions.
The absence of amphiboles and low modal proportion of cordierite in
the studiedneosomes could be used to reinforce theminimumH2O con-
tent of the parentalmagma. The breakdown of biotite has a solid knowl-
edge basis either from experiments and detailed studies involving
themobarometric modeling on high-grade peraluminous migmatites
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(Johnson et al., 2008; Nicoli et al., 2015; Patiño Douce and Beard, 1996;
Stevens et al., 1997; Vielzeuf andMontel, 1994), including those carried
out on rock assemblages of the Araçuaí orogen (Melo et al., 2017a;
Richter et al., 2016). Accordingly, garnet and cordierite crystals of the
studied neosomes are interpreted as a product of partial melting reac-
tions that consumed biotite, quartz, plagioclase and sillimanite at gran-
ulite facies conditions, and produced peritectic phases (garnet and/or
cordierite), according to the following reaction by Otamendi and
Patiño Douce (2001):

Btþ Plþ Qtzþ Sill ¼ Grtþ Crdþ Ilmþ Kfsþmelt

In the studied neosomes, cordierite is the most abundant peritectic
maficmineral formed in equilibriumwith partialmelting reactions, dur-
ing the breakdown of biotite, since it is more stable at pressures lower
than 5 kbar (Vielzeuf andMontel, 1994). Unlessmelt extraction is com-
plete, in-situ crystallizing melt back-reacts with the thermal peak
phases (cordierite and garnet) upon cooling. The quartz-feldspathic
leucosomes with restitic cordierite and/or garnet indicate that at least
part of themelt crystallized in situ and, therefore, a degree of back reac-
tion between restite minerals and the melt took place in the studied
neosomes (Ashworth and Brown, 1990; Powell, 1983). Formation of bi-
otite by back reaction with a silica-undersaturatedmelt or local granitic
melt can be inferred for the garnet-cordierite neosomes (Fig. 4G and H).
Therefore, the retrograde biotite was excluded from the peak P-T para-
genesis of the studied phase equilibrium modeling.

Even considering large granitic plutons and heat renew in a contact
aureole owing tomultiple igneous pulses, it is hard to expect that such a
peak temperature range (750–850 °C) can be sustained for more than a
few hundred meters from pluton edges (Bucher and Grapes, 2011).
However, widespread garnet-cordierite neosomes hosted by granitic
migmatites similar to the studied rocks occur for many kilometers far
from the Medina granites, as well as far from other G5 batholiths and
minor intrusions (cf. De Campos et al., 2016; Gradim et al., 2014;
Pedrosa-Soares et al., 2011; and references therein). Indeed, this suggest
a thermal process more complex than a simple contact metamorphism.

7.4. A model for the post-collisional thermal event in the Araçuaí orogen

The post-collisional thermal event responsible for the generation of
a myriad of G5 intrusions has been reported since the first systematic
studies on the Araçuaí orogenic granites, being generally related to
asthenosphere ascent during the gravitational collapse of the orogen
(cf. De Campos et al., 2004, 2016; Gradim et al., 2014; Pedrosa-Soares
et al., 2001, 2011; Pedrosa-Soares and Wiedemann-Leonardos, 2000).
The late orogenic extensional tectonics (Alkmim et al., 2006, 2017;
Marshak et al., 2006) was accompanied by low-P – high-T
metamorphism (Peixoto et al., 2018; and references therein). Mafic
cores and enclaves within G5 granitic plutons, as well as single gab-
bro-noritic G5 intrusions, together with geochemical and isotopic
signatures, have been quoted as themain evidences for mantle involve-
ment in the post-collisional thermal event (cf. De Campos et al., 2004,
2016; Pedrosa-Soares et al., 2011; and references therein).

We present the first quantitative study relating G5 granites and coe-
val thermal effects, involving significant partial melting on their host
granitic rocks. Our U\\Pb data and lithochemical signatures clearly
demonstrate that the ca. 500MaMedina granites represent an oxidized
A1-type magmatism geochemically related to an OIB-type source, im-
plying in the involvement of a risingmantle plume during the post-col-
lisional stage in the ensialic sector of the Araçuaí orogen. Besides the
expected contact metamorphism, our field and analytical data, together
with descriptions found in the literature previously quoted, also suggest
that partial melting took place in country rocks far from the G5 intru-
sions. The presented U\\Pb data and phase equilibrium modeling esti-
mates from the host granitic migmatites of the Medina batholith
constrain a post-collisional anatectic episode around 500 Ma at P-T
conditions of 750 to 840 °C at 2.4 to 3.5 kbar. This reinforces amodel in-
volving a rising mantle plume, already suggested by the Medina batho-
lith signature. Such a mantle plume provided and enhanced enough
heat to induce anatectic melts by the increasing in the geothermal gra-
dient, at the same epoch of the Medina batholith emplacement. The
combined zircon and monazite U\\Pb geochronology bracketed the
late orogenic thermal event in the range of ca. 510–490 Ma, involving
the coeval emplacement of A1-type plutons, and regional anatexis on
country rocks and fluid circulation.

Our model suggests that, following the fading of collisional conver-
gent stresses, the combination of gravitational collapse, decompression
along extensional zones and ascent of a mantle plume, representing a
large sub-crustal heat source, triggered and sustained a late orogenic
thermal event in the ensialic sector of the Araçuaí orogen (Fig. 15).

8. Conclusions

We present field and analytical studies that, together with a thor-
ough compilation of the literature, support the following conclusions:

1. U\\Pb zircon and monazite dating constrain the late orogenic
magmatism represented by the Medina granites around 500Ma.

2. The Medina batholith comprises oxidized A1-type granites,
representing H2O-rich crustal melts, and abundant melanocratic to
mesocratic enclaves displaying solid evidence of magma mingling
and mixing with a basic magma component.

3. Sources of the A1-type Medina granites are geochemically related to
those of magmas derived from oceanic-island basalts (OIB),
emplaced in continental rifts or in late orogenic intra-plate settings.

4. The evidence described in this work indicates an episode of post-col-
lisional anatexis in the ensialic sector of the Araçuaí orogen. In this
late thermal event, foliated sillimanite-garnet-biotite metagranites,
ascribed to the collisional G2 supersuite, melted to produce anhy-
drous, peraluminous granitic melts crystallized as post-kinematic,
non-foliated, garnet-cordierite neosomes. These neosomes, dated
around 500 Ma, are found either very close to or many kilometers
apart from theMedina granite edges, suggestingmore complex ther-
mal process than a simple contact metamorphism of high
temperature.

5. The studied garnet-cordierite neosomes (ca. 500 Ma), related to the
redefined G3 supersuite (545–500Ma; Table 1), are coeval with the
G5 plutonism and, in fact, represent a post-collisional thermal
event that can be of muchmore regional importance than suggested
in the current literature.

6. The phase equilibriummodeling using bulk composition of a garnet-
cordierite neosome, dated at ca. 500 Ma, indicates that the inferred
thermal peak mineral assemblage (Pl-Kfs-Grt-Crd-Ilm-Qz-Sil) equil-
ibrated at 750–840 °C and 2.4–3.5 kbar. The thermal peak estimates
are in agreement with cordierite and garnet formation via an incon-
gruent melting reaction that consumed biotite and sillimanite. Such
P-T condition, that controlled the generation of a very significant
amount of widespread post-collisional garnet-cordierite neosomes
formed from the partial melting of collisional G2 metagranitic
rocks, requires a heat source greater than theMedina batholith itself.

7. Therefore, our detailed characterization of the Medina A1-type gran-
ites and their host rocks allows us to suggest a model involving the
rising of a mantle plume related to gravitational collapse in the
ensialic sector of the Araçuaí orogen (Fig. 15).
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