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ABSTRACT

The Paranapanema-Sdo Francisco convergence is partially recorded in the arc-related high-K calc-alkaline in-
termediate magmatism of south-eastern Brazil (Southern Brasilia Orogen) during the West Gondwana assembly.
Similar geochemical affinities are widespread in the crustal fault-bounded slice, Sdo Roque Domain, as in tec-
tonic domains of the eastern Sdo Francisco margin. The Sdo Roque Domain comprises metavolcano-sedimentary
sequences of Statherian maximum depositional age. Detrital zircon provenance points to a Rhyacian (2.17 Ga)
proximal source belonging to the Paranapanema block. Unprecedented Tonian zircon U-Pb ages suggest a
protracted evolution. The domain initiated magmatic activity at 680 Ma (Barro Branco orthogneiss) with weak
Hf-Nd radiogenic signatures that agree with the arc evolution of the Socorro-Guaxupé Nappe. Granitoids grading
from intermediate metaluminous to evolved peraluminous compositions intruded at 625 Ma (inequigranular
orthogneiss) and 620 Ma (Moinho granodiorite). The most voluminous magmatism occurred within
610-590 Ma. Hf-Nd radiogenic compositions of the Ediacaran granitoids imply crustal participation. All gran-
itoids have arc-related affinity with high Sr/Y and LREE, low Nb and Ti, and absence of Eu anomalies that
indicate a lower crustal source with residual garnet ( = amphibole + rutile). The petrogenetic and geochro-
nological constraints favor a retro-arc setting for the Sdo Roque Domain. Slab roll-back could have led to the
northward migration of magmatism (Socorro-Guaxupé Nappe) producing a chronological gap in the retro-arc.
The Ediacaran magmatism was probably triggered by the relaxation of the subducting angle. The last-longing
subduction beneath the Paranapanema plate might have contributed to the high-K and radiogenic compositions
through relamination. Monazite U-Pb ages from 630 to 600 Ma may be evidence of a thermal episode in the
retro-arc, overlapping the syn-collisional metamorphism in the Southern Brasilia Orogen.

1. Introduction

marked by the emplacement of calc-alkaline batholiths and high-K to
shoshonitic volcanic rocks (Defant and Drummond, 1990; Tatsumi and

In central-southeast Brazil, the Brasilia Orogen is the record of
Neoproterozoic plate convergence and collision between three cratonic
blocks, Sao Francisco as the lower plate, Amazonas and Paranapanema
and a line of Tonian island arcs (Pimentel, 2016; Fuck et al., 2017;
Valeriano, 2017 and references therein) at 670-640 Ma (Piuzana et al.,
2003; Reno et al., 2009; Campos Neto et al., 2011; Coelho et al., 2017;
Tedeschi et al., 2017). This tectonic process built one of the first con-
tinents of Western Gondwana, namely the Sdo Francisco-Paranapanema
protocontinent. After 600-580 Ma, the accretion of several terranes
southeast of this protocontinent constitutes the NE-trending Ribeira
Orogenic System (Heilbron et al., 2017a), which consolidates the West
Gondwana margin in the Cambro-Ordovician (Valeriano et al., 2016).

Transition from pre-collisional to late stages of arc evolution is

Eggins, 1995; Turner et al., 1996; Blatter et al., 2001; Stern, 2002;
Putirka and Busby, 2007; Pe-Piper et al., 2009; Ducea et al., 2015). The
origin of high-K magmatism is frequently attributed to mantle enriched
by previous subductions and triggered by processes such as slab break-
off and/or lower crustal delamination. Alternative origins of high-K
magmas include low-degree partial melting of “normal” lithosphere
(e.g., Stern et al., 1988; Putirka and Busby, 2007; Wang et al., 2017) not
exclusively related to late- or post-orogenic stages of continental evo-
lution. High-K calc-alkaline granitoids are widespread in the Socorro-
Guaxupé Nappe (magmatic arc domain) and the southern neighbor, Sao
Roque Domain. They are subduction-related with evidence of coeval
mafic magmatism (e.g., Haddad, 1995; Ragatky, 1998; Vinagre et al.,
2014; Janasi et al., 2016). The metasedimentary record indicates a
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Fig. 1. . (a) Tectonic sketch of the reconstruction of Western Gondwana (1- Phanerozoic basins; 2- Proterozoic covers; 3- Neoproterozoic System of Orogens; 4-
Basement of the cratons; 5- Covered old blocks; 6-South boundary of Sao Francisco craton) (Cioffi et al., 2016b). (b) Tectonic map of the orogenic systems that
surround the Sdo Francisco craton in south-eastern Brazil (modified from Heilbron et al., 2017a, 2020 and references therein) denoting the studied area (black

square).

possible correlation of both domains (Campos Neto, 2000), supported
by sedimentary provenance (Henrique-Pinto et al., 2015b).

We present unprecedented data such as bulk-rock geochemistry
(elemental and Sm-Nd isotopes) and in situ zircon (U-Pb and Hf) and
monazite (U-Pb and WDS) determinations. The petrogenesis and geo-
chronology of the Sdo Roque Domain allow the comparison and cor-
relation with other tectonic domains. The paleogeographic scenario
gives insight on to whether the Sdo Roque Domain was related to the
convergence between the Paranapanema and Sao Francisco paleoplates.

2. Geological setting

The diachronic amalgamation of the West-Gondwana (Fig. 1a) is
partly imprinted on the evolution of the Southern Brasilia Orogen that
was developed during convergence between the Paranapanema (active
margin) and Sao Francisco (passive margin) paleoplates (Brito Neves
et al., 1999; Campos Neto, 2000). The Socorro-Guaxupé Nappe (Fig. 1b)
is a high-grade, arc-derived terrane of exposed deep Neoproterozoic
crust. The magmatic arc remnants are stacked over the passive margin
basement (Cioffi et al., 2016a, Cioffi et al., 2016b, Westin et al., 2016),
covers (Westin and Campos Neto, 2013; Fumes et al., 2019; Westin
et al., 2019; Marimon et al., 2020) and over an allochthonous terrane
comprising high-pressure kyanite-bearing granulites, a metasedimen-
tary pile with eclogitic slices and foreland-like metawackes (Andre-
landia schists). Such occurrences form a package of flat-lying, east-
verging, thick-skinned collisional nappes of ca. 640-600 Ma (Campos
Neto and Caby, 1999; Trouw et al., 2000; Reno et al., 2009; Campos
Neto et al., 2010; Coelho et al., 2017; Tedeschi et al., 2017; Cioffi et al.,

2019).

The pre-collisional magmatic arc developed on the active margin of
the Paranapanema plate. The arc is divided into three units of Socorro-
Guaxupé Nappe, from base to top: (i) enderbitic granulites topped by
amphibolite-facies tonalite-granodiorite gneisses; (ii) migmatites that
transition to porphyritic granite batholiths, and (iii) garnet =

sillimanite gneisses that grade to peraluminous leucosomes (Campos

Neto and Caby, 2000). Charnockite and high-K calc-alkaline suites
composed by hornblende-biotite-quartz monzonites-monzogranites
with mafic enclaves (Janasi and Ulbrich, 1991; Haddad, 1995; Janasi,
1999; Mora et al., 2014) and subordinate monzodiorites, tonalites, and
granodiorites intrude the package. They are partially coeval to a pro-
longed high to ultra-high temperature metamorphism (up to ~1000 °C)
estimated at ca. 630-590 Ma (Rocha et al., 2017) or ca. 670-590 Ma
(Tedeschi et al., 2018).

The Ribeira Belt (Fig. 1b) is a system of orogens extending south-
wards from the Aracuai Orogen that comprises a set of independent
terranes, each recording an individual tectonic evolution. These were
accreted to the southeastern margin of the S3o Francisco-Para-
napanema protocontinent (agglutinated during the Southern Brasilia
Orogeny) after 580 Ma (Heilbron and Machado, 2003; Heilbron et al.,
2017b). The assembly makes up the tectonic scenario of four major
terranes — Occidental, Paraiba do Sul-Embu, Oriental, and Cabo Frio
(Heilbron et al., 2017a; Corrales et al., 2020). The Paraiba do Sul-Embu
Terrane comprises a Cordilleran-type inner-magmatic arc extending
from the Aracuai active margin (Serra da Bolivia-Rio Doce — Corrales
et al., 2020; Heilbron et al., 2020). The terrane developed between 650
and 590 Ma with high-grade metamorphic overprinting at ca. 580 Ma
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(Heilbron et al., 2013; Tedeschi et al., 2016; Novo et al., 2018; Corrales
et al., 2020). The Oriental Terrane, also accreted at 580 Ma, shows a
succession of slightly juvenile to evolved magmatic arcs built during the
Tonian (855-840 Ma), in the Cryogenian-Ediacaran transition
(640-620 Ma) and the late-Ediacaran (570-550 Ma — Tupinambad et al.,
2000; Fernandes et al., 2015; Peixoto et al., 2017). The terranes unveil
the evolution of a long-lived oceanic convergence scenario, ended with
an Eo-Cambrian collision — namely Cabo Frio orogeny (Schmitt et al.,
2016).

The Aracuai Orogen occurs at the northern tip of this system and
represents a complete orogenic section with passive margin, passive
margin-oceanic transition and active margin sequences originated by a
frontal collision (580-540 Ma) against the eastern margin of the Sao
Francisco Craton (Pedrosa-Soares et al., 1998; Alkmim et al., 2017;
Degler et al., 2017; Peixoto et al., 2018; Amaral et al., 2020).

An alternative hypothesis of intracontinental evolution consists of
an extensional regime followed by convergence between the Sao
Francisco-Congo cratons that would drive the Aracuai-West Congo or-
ogenesis (Fossen et al., 2020) — similar to the alternative Ribeira in-
tracontinental model (Meira et al., 2015). These models, however, do
not account for the geochemical and isotopic characteristics of the
widespread supra-subduction magmatism described for both orogenic
systems.

The Embu Terrane (Fig. 1b) consists of an exotic terrane regarding
its tectonic framework (Campos Neto, 2000; Frisch et al., 2011). It is a
NE-oriented elongated belt between the Sdo Roque Domain-Socorro-
Guaxupé Nappe and the Oriental Terrane, also limited by a shear zone
to the north from the Paraiba do Sul Complex (Campos Neto, 2000).
The section comprises an Eo-Tonian metasedimentary sequence hosting
slightly metaluminous to peraluminous orthogneisses contemporaneous
to regional metamorphism (up to upper amphibolite facies and melting)
at 800-780 Ma (Cordani et al., 2002; Vlach, 2008; Vinagre et al., 2017;
Campanha et al., 2019; Passarelli et al., 2019). This assembly is de-
tached over Paleoproterozoic orthogneisses that hold distinguished
chemical and (Nd-Hf) isotopic signatures and lack any record of the
Tonian metamorphism (Maurer, 2016; Silva, 2017). The northwestern
boundary of the Embu Terrane was masked by the Brasilia Orogen
collision and later on by late-Ediacaran shear zones, widespread
granitic magmatism and metamorphic overprint (Alves et al., 2013,
2016; Silva, 2017; Ribeiro et al., 2019).

2.1. Sao Roque Domain

Two major dextral shear zones delimit the Sao Roque Domain and
are part of the widespread strike-slip system in the eastern margin of
the Sao Francisco craton (Fig. 1b). The Jundiuvira shear zone to the
north separates the domain from the Socorro-Guaxupé Nappe, whereas
the Buquira-Rio Jaguari-Taxaquara shear zones to the south mark the
boundary with the Embu Terrane (Campanha et al., 2019) (Fig. 2a). It
comprises two metavolcano-sedimentary sequences with a con-
troversial lithostratigraphy due to complex relations and un-
conformities: the Serra do Itaberaba Group and Sao Roque Group stricto
sensu (Juliani and Beljavskis, 1995 and references therein; Juliani et al.,
2000). These sequences were intruded by a voluminous Neoproterozoic
magmatism.

2.1.1. Paleoproterozoic (to Mesoproterozoic?) metavolcano-sedimentary
sequences

The Serra do Itaberaba Group is a metavolcano-sedimentary se-
quence that records medium-grade metamorphism (Juliani et al.,
1986). It comprises units from base to top that intercalate metamafic,
metapelitic, calc-silicate and metavolcanic rocks, and banded iron for-
mations, (Fe-Mg- and Ca-rich) pelites with carbonate lenses, metatuffs,
metabasalts and metarhyolites to upper rhythmic schists and a quart-
zitic unit (Juliani et al., 2000). The basal metapelitic rocks present
medium- to high-grade assemblages (garnet, staurolite, kyanite,
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sillimanite, cordierite, and rarely K-feldspar). The quartzitic unit grades
into ( * biotite)-garnet-sillimanite schists resembling turbidites. A
minimum depositional age of ca. 1395 + 10 Ma was obtained from a
metandesite above a MORB-like metamafic unit interpreted as an
oceanic ridge environment (Juliani, 1993; Juliani et al., 2000 and re-
ferences therein).

The Sao Roque Group (Juliani et al., 1986, 2000) comprises a se-
quence of low-grade rocks represented by feldspathic metarythmites
(metawackes) with intercalations of phyllites, slate, metasandstones,
metarkoses and metamafic rocks underlain by metaconglomerates and
metabreccias (basal units). The southern lithostratigraphy comprises an
intermediate unit of low-grade metapelite that extends to the north as
an upper unit at the Serra do Itaberaba region (Juliani and Beljavskis,
1995). Deposition was estimated at around ~1.75-1.79 Ga (Van
Schmus et al., 1986; Henrique-Pinto et al., 2018) from the age of an
interlayered metarhyodacite. Bergmann (1988) interpreted the se-
quence as a continental rift basin in passive margin, whereas others
claim the Sdo Roque Group developed to a Neoproterozoic back-arc
basin (e.g., Hackspacher et al., 2000; Juliani et al., 2000).

Zircon provenance studies in the central S0 Roque Domain ad-
vocated for Statherian (~1.75 Ga) and Calymmian (~1.4 Ga) deposi-
tional ages, consisting of a lower rift sequence, an intermediate vol-
cano-sedimentary sequence (mainly the Serra do Itaberaba Group) and
upper platform turbidites (Henrique-Pinto et al., 2015b). The Sao
Roque Domain quartzites are potentially correlated to the quartzites
and schists in the southernmost Socorro-Guaxupé Nappe (Serra do Japi
region, Campos Neto, 2000), as shown by the highly similar detrital
zircon patterns (Henrique-Pinto et al., 2015b).

2.1.2. Neoproterozoic magmatism

The granitic magmatism of the Sdo Roque Domain is represented by
circumscribed plutons and small batholiths often associated with NE-
shear zones. The I-type magmatism is typically high-K calc-alkaline
with high Sr/Y, Ba and Sr. The main lithotypes vary from porphyritic
biotite monzogranites to quartz-monzonites with intermediate compo-
sition and predominantly metaluminous character (Janasi and Ulbrich,
1991). The magmatism was potentially generated at deep crustal levels
suggested by disequilibrium features observed in plagioclase (Janasi
et al.,, 2016; Lamoso and Janasi, 2019) and coeval mafic magmatism
(occurrence of mafic microgranular enclaves). Contamination from the
country metasedimentary rocks might have also played a significant
role during emplacement. These I-type granitoids were considered to
represent syn- to late-collisional emplacements (Campos Neto et al.,
1983, 1988; Janasi and Ulbrich, 1991; Ragatky, 1998). There are also
subordinate, post-orogenic sub-alkaline occurrences of A-type affinity
(Janasi and Ulbrich, 1991). In the central S0 Roque Domain, the
magmatism was constrained within 605-590 Ma, refuting previously
reported older ID-TIMS ages believed to carry an inherited component
(Janasi et al., 2016 and references therein). Janasi et al. (2016) noted
an eastward shift in Hf and Nd isotopes to more radiogenic signatures
indicating a progressive contribution of a juvenile component. The
isotopic signatures indicate reworking of a 2.4-2.5 Ga-old juvenile
protolith and suggest convergence on the eastern margin of the Ribeira
Belt (Henrique-Pinto et al., 2015b; Janasi et al., 2016).

Although geological information on the eastern Sdo Roque Domain
is scarce, new geochronological data determined that late-orogenic
plutons were emplaced within 606-589 Ma (Lamoso and Janasi, 2019)
similarly to what is observed in the central region. The Serra do Barro
Branco orthogneiss (Fig. 2a) has compositional and structural char-
acteristics of syn-orogenic settings (Campos Neto et al., 1988) with a
single U-Pb TIMS age of ca. 629 Ma (Ragatky, 1998), thus it represents
the oldest occurrence of intrusive rocks in the domain. The Moinho
granodiorite is a small intrusion south to the Barro Branco that was
dated at ca. 620 Ma (SHRIMP U-Pb; Tassinari et al., 2004). Ragatky
(1998) argued for reworking of a deep, long-lived crustal source (Nd
Tpym model ages ~1.7-2.0 Ga) followed by possible juvenile accretions
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that marked the late-orogenic magmatism.

3. Geology of the granitoid and metavolcano-sedimentary rocks in
the eastern Sdo Roque Domain

The targets of this study (Table 1) were heavily sampled (Barro
Branco and inequigranular orthogneisses and Moinho granodiorite,
Fig. 2a). Other occurrences are represented by single samples and
therefore only presented in a descriptive manner. However, a few
characteristics were cautiously taken into consideration for interpreta-
tion purposes.

The area of study is delimited by two major shear zones (Jundiuvira
and Buquira-Rio Jaguari) and intersected by the local Sertdozinho shear
zone, that condition the development of mylonitic foliation (Fig. 2a).
Sinistral kinematics overprinted by dextral movements (Garcia and
Campos Neto, 1997) generated the pervasive S, foliation observed in
the orthogneisses and parallelize the tectonic contacts with country
metasedimentary rocks. The foliation gradually shifts from NW to NE
that associated with axial-plane cleavages with gently NE-plunging fold
axes characterize a cylindrical W-verging fold (Fig. 2b). The stretching
lineation defined by feldspar porphyroclasts marks the reorientation of
the fold axes supporting a ductile top-to-SW shear zone regime.
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Fig. 3. . Macro- and micro-scale petrography of the area of study. Mineral abbreviations after Siivola and Schmid (2007). (a-d) The Barro Branco biotite orthogneiss
displays a protomylonitic foliation with S-C fabric and distinctive compositional layering. Greenish biotite enfolds feldspathic porphyroclasts (c) and antithetic
fractures (d). (e-f) The Barro Branco II inequigranular orthogneiss presents remarkable, complex coronal textures involving allanite, epidote, zircon and/or monazite,
commonly associated with plagioclase, magnetite and biotite. Phase relations within the coronas vary either with apatite/epidote or monazite nuclei (f). (g, h) The
Moinho granodiorite exhibits subtle foliation and a coarse-grained porphyritic fabric with biotite and hornblende as main mafic phases. Apatite is abundant and often
related to epidote surrounding biotite + hornblende. (i) Sample IGT-04C is represented by a grey, fine-grained biotite gneiss that is cut by oblique, discontinuous
granitic structures resembling clasts. (j) Outcrop IGT-04 presents complex relations between several rocks: (1) fine-grained biotite paragneiss (sample IGT-04D) with
micaceous S-C lenses hosting numerous inclusions of zircon and monazite; (2) a mafic, tonalitic gneiss composed of biotite-rich (IGT-04H) and hornblende-rich (IGT-
04E) layers; (3) a deformed quartz + feldspar + biotite granitoid (not sampled) displaying compositional layers, with fold interference and axial plane-foliation, also
marked by extensional features in the hinge.
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3.1. Serra do Barro Branco orthogneiss

The Barro Branco orthogneiss (Fig. 2) is one of the largest intrusions
represented by a folded body alongside smaller sheet. This gneiss has
porphyroblastic texture (up to 2 cm) with a fine-grained inequigranular
matrix (=1 mm) that evolves to a protomylonitic foliation near the
shear zones (Fig. 3a-b). Composition varies from tonalite to grano-
diorite and monzogranite (quartz + plagioclase + K-feldspar) with
biotite as the main mafic phase (Supplementary Material SM-1). Ac-
cessory minerals are titanite, allanite, apatite, epidote, magnetite,
zircon and -rarely- monazite. The greenish biotite marks the S, folia-
tion, concentrated in lepidoblastic bands (Fig. 3c). High-temperature
ductile features (such as “fish”-, 8- and o-) on feldspar porphyroclasts
transition to brittle antithetic fractures with recrystallized biotite and
quartz strain shadows (Fig. 3d). In the granoblastic bands, quartz rib-
bons with interlobate boundaries indicate grain boundary migration.
Titanite-free samples have reddish biotite and form coronal associations
of epidote + allanite + apatite.

3.2. Barro Branco II: inequigranular orthogneiss

The unit is composed by an inequigranular (0.4-1.6 mm) occur-
rence (sampled as the main Barro Branco in Ragatky, 1998) of a biotite
orthogneiss (Fig. 2). It is a monzogranite (quartz + plagioclase + K-
feldspar) with biotite as the main mafic phase and accessory phases
such as allanite, apatite, zircon, and monazite. The biotite has reddish
color (similar to titanite-free Barro Branco samples) and marks the S,-
foliation. The orthogneiss comprises remarkable coronal textures
formed by allanite + epidote + apatite (Fig. 3e-f). Although phase
relations are complex, hybrid zones of allanite + epidote fine ag-
gregates are ubiquitous. In few cases, we observe monazite and/or
zircon in the core of coronas. Such textures have been linked to the
break-down of primary monazite (e.g., Broska and Siman, 1998; Finger
et al., 1998; Ondrejka et al., 2012). Given secondary muscovite and
chlorite occurrences are low-temperature (post-magmatic) associations,
monazite break-down was probably induced by fluid activity in the
shear zones (e.g., Vlach, 2008).

3.3. Moinho granodiorite

The Moinho Granite outcrops to the south of the Barro Branco
(Fig. 2a) as a small intrusion of (hornblende)-biotite granodiorite with
porphyritic texture intertwined by a subtle foliation (Fig. 3g). The fo-
liation is marked by a greenish biotite + hornblende moulding feld-
spar (microcline and plagioclase) and flame perthite phenocrysts
(=1 cm) (Fig. 3h). The inequigranular matrix (0.4-1.8 mm) is com-
posed of interlobate quartz + plagioclase + microcline (and perthites)
with granophyric texture. Grain boundaries are filled with re-
crystallized quartz and feldspar sub-grains. Accessory phases are tita-
nite, abundant apatite, allanite, magnetite, epidote, and zircon.

3.4. Metavolcaniclastic rock

A fine-grained biotite gneiss (IGT-04C) composed of a
quartz + plagioclase + K-feldspar matrix is intertwined by biotite
crystals that mark the foliation. Accessory phases are magnetite, apa-
tite, allanite and zircon. The gneiss is cut by coarse-grained granitic,
discontinuous lenses with trace occurrences of white mica (sericite?)
and carbonate that resemble a granitic clast (Fig. 3i). Based on the
petrographic characterization and zircon grain pattern (further de-
tailed), we suggest the sample consists of a metavolcaniclastic rock.

3.5. Metasedimentary rocks

In this study, we analyzed two samples from the metasedimentary
sequence: a biotite schist (BB-06) and a biotite paragneiss (IGT-04D).
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The biotite schist was sampled between the Barro Branco orthogneiss
and the Jundiuvira shear zone (Fig. 2a). The rock alternates thick le-
pidoblastic bands of biotite + muscovite with thin quartz ribbons. The
foliation molds “fish” feldspar grains, forming an S-C fabric. The biotite
paragneiss was sampled in the central region, close to the Sertaozinho
shear zone (Fig. 2a). The paragneiss is composed of a fine-grained
quartz + feldspar matrix with oriented biotite. Coarse-grained mica
fish lenses (biotite + secondary muscovite) are common with nu-
merous inclusions of monazite and zircon (Fig. 3j-1). Monazite grains
from this sample were analyzed for mineral chemistry (WDS-EPMA)
and U-Pb dating (LA-ICP-MS). Metasedimentary outcrops displayed
numerous leucogranitic and quartzitic veins.

3.6. Mafic gneiss

The hornblende-biotite gneiss was sampled at the IGT-04 site along
the metavolcaniclastic rock and biotite paragneiss (Fig. 3j-2). It consists
of a mafic gneiss that obliquely intersects the metavolcaniclastic rock
and is associated with a granitoid rock (not sampled, Fig. 3j-3). The
gneiss presents distinct portions of either hornblende-rich or biotite-
rich (IGT-04H) layers that alternate thin tonalitic bands with titanite
and apatite as important accessory phases. Only sample IGT-04H was
used for whole-rock chemistry.

3.7. Igaratd gneisses

The Igaratd gneisses are scattered elongated bodies of biotite
gneisses that resemble the inequigranular orthogneiss. They occur
mostly between the Sertdozinho and Buquira shear zones (Fig. 2). The
foliation is more subtle and marked by a reddish biotite. These gneisses
are monzogranites with inequigranular matrix, locally with plagioclase
and K-feldspar porphyroblasts. Substitution of biotite by chlorite and
sericitization of feldspars are common. Accessory minerals are titanite,
metamict allanite, epidote, zircon, and apatite.

3.8. Biotite granites

The biotite granites are small circumscribed plutons (Fig. 2) with
phaneritic inequigranular texture, sometimes with subtle foliation. The
composition is predominantly monzogranitic with biotite as the main
mafic phase. Accessory phases are titanite, allanite, epidote, apatite,
magnetite, and zircon. Quartz displays undulose extinction and has
interlobate contacts with microcline and plagioclase. Chlorite often
replaces biotite.

4. Analytical methods
4.1. U-Th-Pb geochronology of zircon and monazite

Zircon (from five samples) and monazite grains (from one sample)
were prepared and mounted in epoxy for LA-ICP-MS U-Pb dating at the
Centro de Pesquisas Geocronoldgicas (IGe-USP) following the routine of
Sato et al. (2008). Given two out of five zircon samples were metase-
dimentary rocks, the grains were randomly handpicked to avoid biased
age peaks. Imaging techniques included cathodoluminescence (CL) for
zircon and back-scatter electron (BSE) for monazite grains via scanning
electron microscopy (SEM).

LA-ICP-MS analyses used a 193nm Excimer laser (Photon Machines)
coupled to a Thermo-Neptune multicollector ICP-MS with 6 mJ energy
at a repetition rate of 6-7 Hz. The laser spot was set to 25 um for
monazite and 32 pum for zircon with 40-60 s ablation per spot. The He
carrier gas transported the ablated material (0.7 L/min) into the ICP-
MS. The MC-ICP-MS was set to mixed cup configuration at a 1100 W
radiofrequency power, refrigeration Ar flux rate of 15 L/min, auxiliary
Ar flux rate of 0.7 L/min and sample gas flux of 0.6 L/min. Elemental
and downhole fractionations were corrected combining measurements
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Fig. 4. . (a—j) Harker plots with relevant major, minor elements, and mg# of all sampled rocks. (f, k-m) Granitoid classification schemes (Shand, 1943; Peccerillo and
Taylor, 1976; Frost et al., 2001). Grey symbols represent data from literature: (i) SRD: 610-580 Ma granites (Ragatky, 1998; Janasi et al., 2016; Lamoso and Janasi,
2019) and granitoids from the eastern domain (Campos Neto et al., 1988; Ragatky, 1998); (ii) SGN: hbl-bt orthogneisses (Janasi, 1999), Pinhal-Ipuiuna batholith
(Haddad, 1995), Serra da Agua Limpa batholith (Vinagre et al., 2014), Pinhal and Sdo José do Rio Pardo diatexites, granulites and metatexites (Mora et al., 2014) and

metatexitic orthogneisses (Gengo, 2014).
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Fig. 5. . Chondrite-normalized (McDonough and Sun, 1995) REE fractionation patterns of all samples. Fields represent Sdo Roque Domain data from literature

(Ragatky, 1998; Janasi et al., 2016).

of blank, NIST-612 (Woodhead and Hergt, 2001), standard GJ-1 (Elhlou
et al., 2006) or Monazite-44069 (Aleinikoff et al., 2006) and unknowns.
Initial 2°*Pb was corrected according to Stacey and Kramers (1975).
Data reduction was peformed with in-house software (Siqueira et al.,
2014) and treated with Isoplot (Ludwig, 2003) and IsoplotR
(Vermeesch, 2018). The provenance study also relied on the Arizona
LaserChron spreadsheets. We filtered the data using common
Pb = 10%, CL zircon textures, weighted average plots to separate po-
tential populations and inherences, and 100 = 10% of concordance for
206ph,/238(J dates (< 1 Ga) and 2°°Pb/?*’Pb dates (> 1 Ga, prove-
nance).

4.2. Whole-rock and trace-element geochemistry

Whole-rock compositional analyses were performed at NAP-
Geoanalitica (IGc-USP). Major element compositions of twenty-four
samples were obtained by X-ray fluorescence spectrometry with a
Phillips-PW2400 XRF spectrometer. Sample preparation followed the
routine described in Mori et al. (1999). Quality control relied on du-
plicates and reference standards JB-1a and JG-la. Trace elements, in-
cluding REE, were measured for twenty-one samples with a Perkin
Elmer ICP-MS ELAN 6100 DRC after the procedures described in
Navarro et al. (2008). Quality control relied on JG-3 and JR-1 reference
materials. Geochemical plots and spidergrams were produced using
Excel and GCDKit software (Janousek et al., 2006).

4.3. Isotope geochemistry

4.3.1. Whole-rock Sm-Nd isotopes

Neodymium isotope determinations for four samples were held at
CPGeo facility (IGc-USP) with a Thermo-Neptune ICP-MS. Sample
preparation involved total dissolution in HF and HNO; until complete
evaporation in Paar bombs at 200 °C, followed by 6 N HCl washes and
overnight evaporation. The isotopes of interest were retrieved using
ion-exchange columns following the procedures described in Sato et al.
(1995).

143Nd/1*Nd isotopic ratios were normalized to
146Nd/**Nd = 0.7219 (DePaolo, 1981) and the average JNDi-1 stan-
dard of **Nd/***Nd = 0.512103 (average laboratory value of the last
twelve months). The €Ndp) wunits were calculated after
[(***Nd/"**Nd)sample/0.512638] — 1 (Hamilton et al., 1983).

4.3.2. Lu-Hf in zircon

Hafnium isotope determinations for three samples were performed
at the CPGeo facility (IGc-USP) via LA-ICP-MS. The analyses were ac-
quired under the same conditions of those employed for the U-Pb data
except for the laser spot (47 um), a He flux rate of 0.25 L/min plus a N,
flux rate of 1.2 mL/min to reduce oxide formation in the plasma. Cup
configuration in the multicollector was set to L4 = '7'Yb, L3 = 73Yb,
L2 = 7%Hf, L1 = 7Ly, C = 7°Hf +7°Lu+17°Yb, H1 = 77Hf,
H2 = '78Hf, H3 = '7°Hf and H4 = '®Ta. The analytical routine in-
volved measurements of blank, GJ1-82C standards (FElhlou et al., 2006)
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Fig. 6. . Cathodoluminescence images of representative zircon grains from granitoid samples (a) BB-04 and (b) BB-09), (c) the metavolcaniclastic rock (IGT-04C), and
(d) metasedimentary rocks (samples BB-06 and IGT-04D). Images display U-Pb and Hf spot analyses.

and mud tank. Data reduction was made with in-house spreadsheet
using 7°Lu decay constant = 1.867e” ' (Soderlund et al., 2004),
present-day 7°Hf/}77Hf = 0.28325 (DM) and 0.282785 (CHUR) and
76Lu/"7Hf = 0.0384 (DM) and 0.0336 (CHUR) (Griffin et al., 2002;
Bouvier et al., 2008). For subtraction of the interference of ”°Yb and
176Lu over '7°Hf, we considered the following relative abundance ra-
tios: '7*Yb/'7°Yb = 0.7938128 (Chu et al, 2002) and
176Lu/Y°Lu = 0.02656 (Blichert-Toft et al., 1997). Mass bias correc-
tions were calculated considering ”*Yb/!”'Yb = 1.130172 (Segal
et al., 2003) and 7°Hf/Y7Hf = 0.7325 (Patchett and Tatsumoto,
1980). For eHft calculations, ‘t’ refers to single age U-Pb analyses or the
crystallization age of the rocks for discordant grains.

4.4. EPMA-monagzite chemistry

Wavelength-dispersive spectrometry analyses (WDS) of monazite
grains were held at the NAP Geoanalitica (IGe-USP) using a JEOL JXA-
8530F Field Emission Electron Probe Microanalyzer (FE-EPMA).
Calibration conditions were 20 kV and a 50 nA current with a 5 pum
diameter beam. The applied standards were natural minerals (fluor-
apatite, albite, diopside, hornblende, fayalite, wollastonite, microcline,
zircon, ilmenite, rutile), REE (and Y)-phosphates (Sm, Gd, Dy, Yb, La,
Ce, Pr, Nd) and oxides (Sr, Ba, Th, U).
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5. Results
5.1. Whole-rock geochemistry

Whole-rock compositions are enlisted in SM-2. Geochemical data of
granitoids, orthogneisses and migmatites from the Sdo Roque Domain
and Socorro-Guaxupé Nappe were compiled for comparison. The data
array defines a linear differentiation trend along with the literature
compilation. All samples describe negative correlation of TiO,, FexOs),
MgO, CaO, Al,03 and P,Os towards the evolved members while K>O
contents increase with silica (Fig. 4a—f). Rocks with granitic composi-
tion are products of a high-K calc-alkaline magmatism with inter-
mediate 57-70% SiO, and 3.5-6.3% KO, straddling along the meta-
luminous-peraluminous boundary. The granitoids are magnesian to
slightly ferroan and predominantly alkali-calcic (Frost et al., 2001)
(Fig. 4k—m).

The Barro Branco orthogneiss presents the most scattered data and
range from primitive to evolved SiO, compositions (57-68%). The
primitive end overlaps the Moinho granodiorite samples (59-65%)
whereas evolved samples match the behavior of the inequigranular
orthogneiss (66-70%) and biotite granites (67-70%). In terms of TiO,,
the Moinho granodiorite detaches from the trend due to significantly
lower contents. The CaO, Fe,O5, and MgO plots describe inflections at
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Fig. 7. . (a,b) Tera-Wasserburg Concordia plots of the Barro Branco and inequigranular orthogneiss. (c) Wetherill plot displaying the broad age spectra of the
metavolcaniclastic rock with detail on the Neoproterozoic populations (weighted average distribution). (d) Wetherill Concordia age of the youngest Neoproterozoic
zircon population. (e) Tera Wasserburg Concordia age of monazite from the biotite paragneiss, further discussed in item 5.4.

approximately 60% SiO, (Fig. 4c-d) whereas Al,O3; and P,Os mark a
shift from strongly to moderately negative slopes (Fig. 4b). The Mg#
number is virtually uniform (37-43) (Fig. 4e). Likewise, the MgO
contents vary within a narrow range of 0.4-1.8% (Fig. 4d). The gran-
itoids have high Ba (1308-2210 ppm) and Sr, the latter more enriched
in the Barro Branco orthogneiss (809-1079 ppm) and Moinho grano-
diorite (858-1032 ppm) (Fig. 4g-h). All samples have low Zr contents
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(190-665 ppm) and reached saturation around ~62% SiO, (Fig. 4i).
Low Y contents (4-26 ppm) are another relevant feature, with few
considerably low values in the evolved samples (e.g., inequigranular
orthogneiss and biotite granites) (Fig. 4j). Therefore, such signatures
produce high Sr/Y ratios (as further discussed).

Chondrite-normalized (McDonough and Sun, 1995) REE fractiona-
tion patterns (Fig. 5a-d) have overall slight negative slopes with near-
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flat HREE and absent-to-weakly-negative Eu anomalies. Unlike the
Barro Branco orthogneiss and Moinho granodiorite, the evolved gran-
itoids show pronounced anomalies (Eu/Eu* ~0.7) (Fig. 5a,c). They are
also more enriched in LREE and depleted in HREE, thus, resulting in
variably stronger REE fractionation slopes [(La/Lu)N = 15-189]. Our
data did not reproduce Gd and Tm anomalies described in Ragatky
(1998) for Moinho samples, implying possible analytical issues
(Fig. 5b).

The mafic gneiss and metavolcaniclastic rock define the least and
most evolved end-members of the dataset and were classified as an-
desite-trachyandesite and rhyolite, respectively (Middlemost, 1994).
The mafic gneiss presented exceptionally high MgO (3.3%), Nb
(36 ppm), V (123 ppm) and Y (26 ppm). Conversely, the metasedi-
mentary rock is depleted in P;Os (0.08%), CaO (0.8%) and Sr
(246 ppm) while enriched in Rb (279 ppm). The metavolcaniclastic and
metasedimentary rocks present the most pronounced Eu anomalies, the
latter forming a slight concave-up HREE pattern (Fig. 5d).

5.2. Zircon typology, U-Pb ages and Hf isotopes

5.2.1. Barro Branco orthogneiss

Zircon crystals from sample BB-04C are 100-300 pum long and
prismatic. We identified two major zircon populations: (i) fine-scale
oscillatory zoned crystals, with aspect ratios up to 4:1 and (ii) sector
zoning and elongate prisms (up to 6:1). CL images show all zircon
grains have dark narrow rims and exhibit locally resorbed and re-
crystallized domains (Fig. 6a). In addition, two sub-rounded (2:1) os-
cillatory-zoned zircon grains with relict old cores were observed.
Twenty-three grains were analyzed for LA-ICP-MS U-Pb (see
Supplementary Material SM-3). Th/U ratios range 0.3-2.7 and show no
correlation with age nor texture/shape. Discordant grains (n 8),
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inheritances (n = 2), and two outliers were rejected from the Concordia
age calculation (hollow ellipses). The 206pp /238(J dates (n 11)
yielded a Concordia age of ca. 680 * 4 Ma (MSWD = 0.28) inter-
preted as the crystallization time of the protolith (Fig. 7a).

In situ Hf analyses (n = 10, Supplementary Material SM-4) yielded &
values from —8 (1.9) to + 0.9 (0.7) and "°Lu/Y”’Hf ratios of
0.0004-0.0019. Although Hf spots were placed in the same textural
context of U-Pb sites, whenever possible, signatures do not form a strict
correlation with time. The positive and weakly radiogenic e values
imply an older juvenile component. Regardless of zoning styles, both
clear cores and oscillatory zoned rims show restricted Hf interval
(0.282129-0.282381) leading to the hypothesis that the 80-100 Ma
difference observed in such crystals represents the crystallization
timespan of the protolith.

5.2.2. Inequigranular orthogneiss

Zircon crystals from sample BB-09 are 100-250 pm long and CL
images reveal a vast variety of textures. The main zircon populations
are (i) elongated crystals (aspect ratios from 3:1 to 5:1) with weak os-
cillatory and sector zoning, (ii) medium-CL homogeneous crystals and
(iii) crystals with aspect ratios from 1:1 to 2:1 and oscillatory zoning
revealed to represent old inherences (Fig. 6b). Dark narrow rims are
ubiquitous and more pronounced in weakly zoned and homogeneous
crystals. Twenty-six grains were analyzed for LA-ICP-MS U-Pb (SM-3).
The 2°°Pb/**8U concordant single analyses range from 694 to 584 Ma
and yield a Concordia age of ca. 625 = 7 Ma (n = 8; MSWD = 0.077;
Fig. 7b) interpreted to represent the crystallization age of this rock.
Rejected data (hollow ellipses) consist of discordant and inherited
grains, and a ca. 689 Ma-old antecryst (in the sense of Miller et al.,
2007).

In situ Hf analyses (n = 10, SM-4) yielded eHft = —12.9 (2.1) to
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Fig. 9. . (a) BSE images of six monazite grains with U-Pb age spots (LA-ICP-MS)
and WDS chemical profiles. (b) Cheralite and huttonite substitution vectors of
the monazite grains. (¢) Chondrite-normalized (McDonough and Sun, 1995)
REE fractionation patterns of monazite.

—7.9 (1.8) that only overlap the most radiogenic values of the Barro
Branco. '7°Hf/'”7Hf(t) (0.282024-0.282140) and '7°Lu/"7"Hf
(0.00008-0.0005) ratios correlate with ages, although seven ¢ values
were based on the crystallization age of this rock. The Hf signature of
the antecryst is an outlier (eHf = —21.9 and 0.281772).

5.2.3. Metavolcaniclastic rock

Sample IGT-04C comprises a complex set of zircon populations
(Fig. 6¢). Forty-eight spots were analyzed for LA-ICP-MS U-Pb (SM-3).
The 800-500 Ma group includes 80-200 pm long crystals that are
bright-CL homogeneous to weakly (oscillatory and sector) zoned with
aspect ratios from 4:1 to 5:1 and Th/U of 0.2-2.8. Dark oscillatory-
zoned crystals often overgrow bright relict (Paleoproterozoic to Ar-
chean) cores. There is a significant number of fragments and dark
narrow rims in CL images. Two grains present dark, U-rich overgrowths
dated at 755 Ma and 777 Ma. Based on age ( % error) distribution
diagrams (Fig. 7c), we separated a group of 2°°Pb/?*®U single analyses
within 535-652 Ma that yielded a Concordia age of ca. 593 + 3 Ma
(MSWD = 2, acceptable for n = 11; Spencer et al., 2016 - Fig. 7e).
Single ages around 700 Ma (n = 9) fall off the Tera-Wasserburg Con-
cordia field describing a slightly reverse discordance. Along with an
isolated group of ~900 Ma single ages (n = 3), the broad age spectrum
is inconclusive.

5.2.4. Metasedimentary rocks

Detrital zircon grains from two samples were analyzed for LA-ICP-
MS U-Pb. Sample BB-06 comprises three populations (Fig. 6d). Grains
with aspect ratios up to 2:1 are 150-340 pum long with weak sector and
oscillatory zoning that overgrow relict cores. Fragments are smaller
(130-170 um long) with flow textures. Rounded, homogeneous dark
grains (1:1) are 100-150 um long. Grains from sample IGT-04D are
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140-300 pm long with aspect ratios 2:1-3:1. A zircon population
comprises weak oscillatory zoning, dark to medium luminescence and
relict cores. Other grains are weakly sector-zoned with bright lumi-
nescence and one grain is oval (~1:1). All crystals present dark over-
growths of 20-50 pum. None of the samples showed a clear correlation
between shape/texture and age. Probability density plots (Fig. 8a) of
the 2°7Pb/2°°Pb dates highlight a main Rhyacian peak of ca. 2.17 Ga
(55-62%) and two minor peaks of ca. 2.7 Ga (10-20%) and ca. 2.9 Ga
(12-17%) (Fig. 8c). Sample IGT-04D also marked a minor peak at ca.
2.45 Ga. The youngest detrital zircon dates ca. 1.81 Ga. The density
curve of the metavolcaniclastic rock is used for comparison and mirrors
the main detrital peaks.

Sample BB-06 was targeted for in situ Hf analyses (n = 20). The
dataset comprises strongly positive and negative values of eHft from
—6 (1.5) to +7.2 (1.6). The zircon population of 2.1-2.4 Ga has
176Lu/Y77Hf ratios ranging from 0.00028 to 0.00136, similar to
the > 2.5 Ga-old population (0.0007 to 0.0014).

5.3. Nd isotopes

Four samples were analyzed for whole-rock Sm-Nd isotopes
(Supplementary Material SM-5). The eNd(t) was calculated based on
the obtained crystallization U-Pb ages and the ca. 620 Ma (SHRIMP U-
Pb) zircon age of the Moinho granodiorite (Tassinari et al., 2004).
Depleted mantle model ages (Nd Tpy;) were calculated after DePaolo
(1981). A biotite orthogneiss sampled as Barro Branco (BB-31C) pre-
sented '*Sm/"**Nd = 0.100300 and '**Nd/'*'Nd = 0.511840,
yielding the least radiogenic eNdego (—7.2) and Tpy of 1.62 Ga. The
Moinho granodiorite (BB-44A) presented similar *7Sm/!**Nd
(0.100500) and lower **Nd/!**Nd (0.511586) yielding more radio-
genic eNdgzo (—12.9) and Tpy of 1.96 Ga. The metavolcaniclastic rock
(IGT-04C) yielded lower '%7Sm/!**Nd ratio (0.091671). For this
sample, we obtained eNdsg3 of —11.6, and Tpy of 1.76 Ga. The me-
tasedimentary rock (IGT-04D) presented high '*”Sm/***Nd (0.107129).
The eNd(t) was determined for the Rhyacian detrital peak (eNdsi7
Ga = —0.9) and the youngest detrital zircon (eNd; g1 ga = —5) with
model age of 2.47 Ga. We also recalculated the Nd data for samples
labelled as Barro Branco and Moinho by Ragatky (1998). The Barro
Branco samples in fact correspond to the inequigranular orthogneiss
and yielded eNdgos = —11.6/—11.7 and Tpy 1.75-1.79 Ga. Note that
the inequigranular orthogneiss, Moinho granodiorite and metavolca-
niclastic rock have radiogenic crustal signatures.

5.4. Monagite composition and U-Th-Pb age

Sample IGT-04D provided a monazite-rich fraction of sub-rounded
and fractured grains 50-175 um long. BSE images showed that the
dominant texture is a subtle patchy zoning (nearly homogeneous) with
bright to medium response. Sector- and weak concentric zoning occur
to a lesser extent (Fig. 9a). Thirty-nine grains were analyzed for LA-ICP-
MS U-Pb (Supplementary Material SM-3). The 2°°Pb/?*8U dates are
uniform within uncertainties and yield a Concordia age of ca.
600 = 2 Ma (n = 36; MSWD = 1.8) (Fig. 7e). Three zoned monazite
grains yielded older dates (618, 629 and 633 Ma).

Six grains were analyzed for chemical composition (WDS-EPMA,
Supplementary Material SM-6). The WDS spots were placed both ad-
jacent to U-Pb spots and throughout the crystals (Fig. 9a). The monazite
composition is typically Ce-rich, with chemical variations mainly con-
trolled by the huttonite exchange Th** + Si** = REE®* + p°*
(Linthout, 2007; Fig. 9b) producing high Th contents (2.8-6.7 wt%).
Bright BSE domains respond to Th composition reaching up to 0.071
apfu. Chondrite-normalized (McDonough and Sun, 1995) REE patterns
are uniform, strongly enriched in LREE and steadily decrease towards
HREE with significant variations of Yb (Fig. 9c). The concentric zoning
relates to chemical variations, thus allowing to distinguish cores and
rims. Rims tend to be enriched in HREE + Th + Y and depleted in
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Fig. 10. . (a—c) WDS monazite chemical plots vs. age. Molar fractions were calculated according to Pyle et al. (2001). (d-f) Chemical monazite profiles. Spot positions

are not in scale, they solely illustrate variations from cores to rims.

LREE compared to cores (Fig. 10a—c). Monazite grains m2 and m22
show relevant intra-grain U-Pb age differences considering un-
certainties. Both grains have cores of ca. 630 Ma with low Yb + Th and
high LREE whereas the outermost domains date ca. 602 Ma with op-
posite chemical signatures.

We observed that the inferred cores have lower Th/U ratios (8.4-14,
Fig. 10d-f). Intermediate regions between cores and rims (namely mid-
rims) show anomalous increase of Th/U (12-33) due to seemingly in-
dependent peaks of Th and troughs of U. This mid-rim pattern could
either correspond to resorption zones in the crystals or hold a geological
meaning.

6. Discussion
6.1. Petrogenesis of the granitoid rocks

The Barro Branco is remarkable in that it records a protracted zircon
U-Pb history from Tonian to Cryogenian ages (ca. 680 Ma). The in-
equigranular facies describes a time-constrained differentiation trend,
since chemically evolved, peraluminous rocks span a long crystal-
lization period from Tonian to Ediacaran (ca. 625 Ma). Granitoids in the
domain describe a joint evolution of high-K calc-alkaline affinity (e.g.,
Janasi et al., 2016; Lamoso and Janasi, 2019).

Magmas derived from lower crustal sources hold key signatures
recognized in the magmatism of the S0 Roque Domain (Ragatky, 1998;
Janasi et al., 2016; Lamoso and Janasi, 2019). Garnet-rich ( % clin-
opyroxene = rutile) and plagioclase-poor sources are known to pro-
duce high-Sr intermediate magmas with flattened HREE patterns, low
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Y, and lack of negative Eu anomalies (Moyen, 2009) (Fig. 11a,b). The
granitoids presented in this study (particularly the Barro Branco or-
thogneiss and Moinho granodiorite) describe a high-K calc-alkaline
intermediate magmatism with high Sr/Y (30-220), LILE enrichment
and low Ti-Nb (Fig. 11b). Discrete Eu anomalies (Eu/Eu*) define a
subtle fractionating trend with SiO, (slightly pronounced in the in-
equigranular orthogneiss and biotite granites), which indicates that
plagioclase was not ubiquitous in the source (Fig. 12a). Although Dy/
YD versus SiO, characterize fractionation of amphibole (Davidson et al.,
2007), it is unlikely amphibole would alter trace elements in such scale
(Fig. 12b). It is possible garnet was overprinted by amphibole during
crystallization (Moyen, 2009). Residual rutile (and/or amphibole) at
higher pressures (e.g., Tang et al., 2019) could produce the Nb
anomalies and low TiO, compositions of these rocks. Lower crustal
assemblages also involve abundant apatite (compared to zircon) that
generate high-Th/La melts (Plank, 2005 and references therein). The
early apatite saturation (P»0s-SiO5) at 940-1060 °C (Harrison and
Watson, 1984) might represent the liquidus. The apatite saturation
temperatures and Zr undersaturation further suggest a deep-seated
parental source.

In Fig. 12¢, we observe the studied rocks replicate the formation of
felsic crust during the Archean (Chiaradia, 2015). Magmatism poten-
tially derived from the melting of mafic rocks at high pressures and
differentiation of the rising melts through thick crust helped develop
the calc-alkaline trend, anchored on positive correlation between Sr/Y
and La/Yb (Chiaradia, 2015; Profeta et al., 2015; Fig. 12d). The vari-
able LILE and LREE enrichment coupled to negative Nb-Ti anomalies
are diagnostic of subduction-related magmas (Tatsumi and Eggins,
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1995 and references therein).

Considering the subduction-related deep origin of magmatism, Hf-
Nd isotopes provided insights on the petrogenetic evolution through
geological time. Hf in zircon yielded a wider spectrum of depleted
mantle model ages (Tpy). Tpy model ages indicate a crustal reservoir
extracted somewhere between 1.6 and 2.1 Ga (Fig. 13a,b). The 680 Ma-
old Barro Branco shows weak radiogenic signatures implying a juvenile
component. The eHf reveals an isotopic progression from the Barro
Branco to the evolved inequigranular orthogneiss (Fig. 13b,c). The in-
equigranular orthogneiss (ca. 625 Ma) and Moinho granodiorite (ca.
620 Ma; Tassinari et al., 2004) were concomitantly emplaced hosting
stronger radiogenic signatures, though bulk-rock compositions diverge.
They potentially originated from mixed sources given the older Hf Tpy
model ages (2.1-2.3 Ga) that overlap the isotopic data of the metase-
dimentary rocks (Fig. 13a,b). These rocks probably experienced crustal
contamination during emplacement and/or a crustal addition to the
source.

6.2. Insights from zircon provenance

We briefly approach the detrital zircon provenance of the eastern
S3ao Roque Domain. Two samples are under-representative of the stu-
died area; thus, we combined our data with provenance studies of the
central Sdo Roque Domain (Henrique-Pinto et al., 2015a,b). We used
the Kolmogorov-Smirnoff (K-S) test and cumulative distribution (CDF)
to analyze the data (Fig. 14). The K-S test showed that most P-values
are > 0.05 (95% confidence level). The samples from this study present
a high correlation (P = 0.529). Regarding the data compilation, sample
BB-06 (close to the Jundiuvira shear zone) highly correlates with PJ-
1 M (P = 0.815) and JP-01 (P = 0.690) whereas sample IGT-04D
(center of the studied area) highly correlates with JP-19 (P = 0.721)
and JP-01 (P = 0.287). The studied samples are less likely associated
with VT-03 and VT-04. However, a few P-values are > 0.05 and, thus,
we cannot discard the possibility of contribution (in part) from a
common source.
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We conclude the eastern Sdo Roque Domain more likely shared a
parent source with the southern region of the Socorro-Guaxupé Nappe
(Serra do Japi) and south region of the studied area. (Pico do Jaragua
and Serra do Pirucaia). The metasedimentary rocks are metawackes that
indicate sediment immaturity by the presence of detrital K-feldspar and
plagioclase. The Hf-Nd isotopes suggest a juvenile accretion between
2.3 and 2.5 Ga that preceded the Rhyacian peak (ca. 2.17 Ga)
(Fig. 13b). These features altogether imply a paleogeographic proximity
of the Sao Roque Domain to the source.

6.3. Metamorphism

The Serra do Itaberaba Group hosts medium-grade metamorphic
rocks (Juliani et al., 2000) and, in the eastern section, it records con-
ditions of biotite zone with development of a regional foliation. Meta-
morphic age determinations are scarce and obtained from U-rich
overgrowths on detrital zircon, dated at 584 + 47 Ma (LA-ICP-MS U-
Pb) (Henrique-Pinto et al., 2015b).

Monazite grains that grew on the foliation of a metasedimentary
rock revealed BSE textures of metamorphic monazite. U-Pb dating es-
timated a crystallization age at ca. 600 Ma and two oscillatory-zoned
grains with cores of ca. 630 Ma. Th concentrations vary 3-7% within
the interval of magmatic and hydrothermal monazite (Catlos, 2013 and
references therein). The Th range is partly reflected on anomalous Th/U
ratios in the mid-rims that could relate to simultaneous growth of
metamorphic zircon (e.g, Rubatto et al., 2006). Two U-rich zircon rims
around 750 Ma are the oldest records of a possibly former thermal
event.

Metamorphic monazite is believed to have formed under the same
conditions responsible for the development of the coronal textures in
the inequigranular orthogneiss (e.g., Finger et al., 1998; Vlach, 2008).
The host rock consists of a biotite paragneiss with low Ca lacking al-
lanite, a widespread accessory in the granitoids. Spear and Pyle (2010)
stated that low-Ca metapelitic rocks grow new monazite from allanite
dissolution (e.g., Corrie and Kohn, 2008; Catlos, 2013 and references
therein) during prograde metamorphism.

6.4. Regional implications

A key aspect of this work is to attribute a significance to the ~680
magmatism (namely the Barro Branco orthogneiss) that became pro-
minent during 610-590 Ma (Janasi et al., 2016; Lamoso and Janasi,
2019) and resolve the tectonic setting of the S0 Roque Domain. The
magmatism interestingly owns characteristics of subduction-related arc
activity found in neighbor terranes, such as the high-K calc-alkaline
affinity, high LILE and LREE, and low HREE, Nb and Y (Tatsumi and
Eggins, 1995; Ducea et al., 2015). High-K, Ba-Sr granitoids related to
arc magmatism are widespread in the Southern Brasilia Orogen
whereas arc-related rocks in the eastern margin of the Sao Francisco
Craton record medium-K high Ba-Sr magmatism (Araguai and Ribeira
Belts — Corrales et al., 2020). The Socorro-Guaxupé Nappe records a
protracted history of arc magmatism initiated at 800-700 Ma, north in
the Southern Brasilia Orogen (Tedeschi et al., 2018) that might overlap
the metamorphic stage. Some studies attribute older zircon ages to
xenocrystic cores defining a main 670-640 Ma pre-collisional stage
(Ebert et al., 1996; Hackspacher et al., 2003; Vinagre et al., 2014;
Rocha et al., 2018). Isotopic (zircon and bulk-rock) signatures con-
sistent with initiation of subduction show the contribution from an
enriched mantle. On a counterpart, arc-related plutonic rocks of the
Paraiba do Sul-Embu Terrane of the Ribeira Belt encompass Tonian
zircon ages (Corrales et al., 2020) that might represent inherences since
crystallization ages around the Barro Branco intrusion (680 Ma) are
absent.

6.4.1. Source areas and tectonic setting
The zircon provenance of the Sio Roque Domain supports a linked
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these ratios as a tool for crustal thickness estimations in magmatic arcs (Profeta et al., 2015). REE were chondrite-normalized (McDonough and Sun, 1995).

evolution with the Southern Brasilia Orogen (Henrique-Pinto et al.,
2015b) confirmed by the present data. Henrique-Pinto et al. (2012,
2015a,b) denoted a ca. 2.2 Ga-old juvenile crust (Mineiro Belt) in the
S&do Francisco Craton as main source area. This juvenile crust overlaps
the assumed ~2.45-2.2 Ga period of global magmatic inactivity
(Condie et al., 2009; Eriksson and Condie, 2014) leading the authors to
propose the southwestward extension of the Siao Francisco plate.
Nevertheless, Partin et al. (2014) disclosed that active-subduction
processes during that period left few juvenile signatures due to rapid
crust recycling.

Based on the plate reconstruction of Merdith et al. (2017), the
Paranapanema and S&o Francisco blocks were only accreted at 670 Ma
(Frugis et al., 2018), making the Sdo Roque Domain part of the Para-
napanema active margin. The Cryogenian (and Tonian) zircon record of
the Sdo Roque Domain is more likely related to the magmatic arc of
Socorro-Guaxupé Nappe, since the Ribeira-Aracuai belts were recording
pre-collisional stages of orogeny after ~650 Ma (Corrales et al., 2020).
Moreover, such as in the eastern Sao Roque Domain, Neoarchean zircon
ages with negative ¢Hf; were found in the north region of the Southern
Brasilia Orogen and hold evidence of a reworked Neoarchean crust that

16



M. Balis, et al.

10

Precambrian Research 350 (2020) 105913

S o
P4
w

-5

-10

. Metamudstones
(Henrique-Pinto et al., 2015)
-15

Age (Ga)

== Moinho granodiorite (BB-44A;
Ragatky, 1998; Tassinari et al., 2004)
=== Inequigranular orthogneiss (Ragatky, 1998)
=== Barro Branco orthogneiss (BB-31C)
=== Metavolcaniclastic rock (IGT-04C)
=== Metasedimentary rock (IGT-04D)

0.2825

= 0.2820
“E *
25 To2s15| V0L @
= o~ oy
25 & e
m £ 0.2810 :
° 1761 u/\THE
0.2805
0 0.001 0.002 0.003 0.004
15 A DM
:TDM ~1.7-2.1 Ga E Tr\'c ~2.1 Ga
i, T,,~224Ga
5- PPt tas
Y= -
T L
w -7
-5 1 P - : o o
- Q0 Q n.. Q .
.~ . \Tﬂﬁﬁ/ ’ ‘e ¢
\’\6‘,\)‘ ] K
-15 4 .
@ Barro Branco 11 inequigranular orthogneiss (BB-09) 600-590 Ma granites (SRD; Janasi et al., 2016)
25 1 [l Barro Branco orthogneiss (BB-04C) Morro do Polvilho metarhyolite (Henrique-Pinto et al., 2018)
@ Metasedimentary rock (BB-06) Detrital zircon dataset (from Janasi et al., 2016)
¢ Hf new crust model age (To) Jaragua and Pirucaia region @ Votuverava region
W Hf depleted mantle model age (Tpy)
-35 +~r—r—r-—r— T —+—TT7TT T T 7T T T T T T T T T T T T T T T T T T T
500 800 1100 1400 1700 2000 2300 2600 2900 3200 3500
Age (Ma)

Fig. 13. . (a) eNd plot of all sampled rocks with compiled Nd data from metamudstones of the central Sdo Roque Domain (Henrique-Pinto et al., 2015a). (b) eHf; plot
of all sampled rocks. Black dashed line is the '”°Lu/"”7Hf = 0.015 crustal evolution (Griffin et al., 2002); orange line is the “new crust” (Dhuime et al., 2011); grey
area encompasses the isotopic trend of the Morro do Polvilho metarhyolite (Henrique-Pinto et al., 2018); light grey dashed line marks the youngest detrital zircon
from our dataset. The unpublished detrital zircon array was extracted from Fig. 11 in Janasi et al. (2016) for virtual comparison. Pink area includes metatexites (Mora
et al., 2014) and granulites (Tedeschi et al., 2018) from the Socorro-Guaxupé Nappe. (c) '7°Hf/*77Hf(t) vs. '7°Lu/*"”Hf plot to help identify distinctive isotopic
patterns of each sample. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

contributed to the magmatism (Tedeschi et al., 2018). We propose the
Rhyacian source area potentially lies in the Socorro-Guaxupé basement,
thus placing the SAo Roque Domain in a retro-arc setting.

6.4.2. Origin of the high-K magmatism

The origin of the widespread high-K signature of arc-related rocks in
the Sdo Roque Domain and surrounding terranes is often associated
with an enriched mantle source. We discuss a variety of processes fit-
ting to our scenario that could generate such trend. High-K,O mag-
matism can derive from phlogopite-bearing sources at great depths or a
K-enriched lower crust exposed by delamination in back-arc domains
(e.g., Tatsumi and Eggins, 1995 and references therein; Feldstein and
Lange, 1999). Nonetheless, low-degree partial melting of “normal”
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mantle lithosphere in the Sierra Nevada Batholith was enough to de-
velop high-K,0 through fractional crystallization (Putirka and Busby,
2007). Similarly, the Northern Marianas record shoshonitic low-degree
mantle partial melts in the volcanic front (Stern et al., 1988). Con-
tinental sediment inputs to the mantle through subduction zones can
also generate high-K,O melts at shallow mantle depths (Wang et al.,
2017). The high-K granitoids of the Socorro-Guaxupé-Sao Roque may
be products of low-degree partial melting. However, since such process
would rapidly deplete the source, replenishment from sediment-derived
melts and/or the contribution from the enriched mantle could play a
vital role.
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6.5. Tectonic evolution

The subduction configuration is the prime reason for the magmatic

distribution in space and time (Cross and Pilger, 1982; Nakajima and
Hasegawa, 2007). Considering the southwestern-driven subduction
underneath the Paranapanema plate, the Sio Roque Domain presents a
consistent structural framework and chrono-correlations with the So-
corro-Guaxupé Nappe that favor a retro-arc setting (Fig. 15a). Fol-
lowing the 685-675 Ma Barro Branco event (and possible Tonian ac-
tivity from a metavolcaniclastic rock), the Sdo Roque Domain
documented a magmatic gap of ~40-80 m.y. (considering age un-
certainties). During this period, the Socorro-Guaxupé domain recorded
extensive, north-northwestward arc-related magmatism and a syn-col-
lisional UHT metamorphism from 670 to 590 Ma (Haddad, 1995;
Gengo, 2014; Mora et al., 2014; Vinagre et al., 2014). We hypothesize
that during this period the subduction geometry beneath the Para-
napanema plate shifted. Steepening of the subduction angle (slab roll-
back; e.g., Hawkins, 1995; Kincaid and Griffiths, 2003; Ramos, 2010;
Munch et al., 2020) supports the interruption of magmatism in the
retro-arc and the northward migration to the arc domain (Fig. 15b).
Relaxation of the subduction angle leading to the emplacement of the
Ediacaran granitoids in the retro-arc is concomitant with the collisional
stage in the neighbor domain (Rocha et al., 2017; Tedeschi et al., 2018)
(Fig. 15c¢). The period is marked by more evolved geochemical and
isotopic compositions. Growth of metamorphic monazite at ca. 600 Ma
(and two monazite cores of ca. 630 Ma) coincides with zircon and
monazite ages of syn-collisional partial melting and last stages of melt
crystallization in the Socorro-Guaxupé Nappe (Martins et al., 2009;
Rocha et al., 2017; Tedeschi et al., 2018).

Considering the last-longing subduction beneath the Paranapanema
(Frugis et al., 2018; Tedeschi et al., 2018), subduction erosion could
have fed trench sediments and/or fore-arc crust (e.g., Andrelandia
schists) into the mantle. Aside from enriching the mantle, the eroded
material may rise as melts and relaminate to the base of the crust (e.g.,
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Castro, 2014; Kelemen and Behn, 2016; Ewing et al., 2018) adding a
crustal component to the source of magmatism.

7. Conclusions

This research provides unprecedented data concerning the eastern
Sao Roque Domain and proposes a tectonic model based on geochem-
ical and chronological constraints. The widespread subduction-related
high-K calc-alkaline magmatism and age correlations throughout the
Sdo Roque Domain and neighbor Socorro-Guaxupé Nappe support a
joint tectonic evolution. The Barro Branco orthogneiss is a major folded
I-type granitoid dated at ca. 680 Ma with a juvenile component.
Associated granitoids formed at ca. 625 Ma and 620 Ma with crustal Hf-
Nd signatures indicating progressively mixed mantle and crustal
sources for the granite magmatism. Bulk-rock geochemistry suggests a
main parental source derived from the lower crust, yielding high Sr/Y
and La/Yb due to residual deep-seated assemblages (e.g., garnet =+

clinopyroxene * amphibole).

Inherited zircon grains span from Paleoproterozoic to Archean. A
metavolcaniclastic rock presented a remarkable age spectrum from
700 Ma to 800-900 Ma, the latter reported for the first time in this
domain. Provenance of detrital zircon yielded a Rhyacian peak at ca.
2.17 Ga that is consistent with observed patterns in the central Sdo
Roque Domain and southern region of the Socorro-Guaxupé, thus,
linking their evolution. Monazite U-Pb reported a metamorphic episode
at ca. 600 Ma (possibly initiated around 630 Ma), concomitant with the
630-590 Ma metamorphism in the Socorro-Guaxupé Nappe.

We propose the Barro Branco orthogneiss records an early mag-
matism in the retro-arc domain during the initiation of subduction
beneath the Paranapanema active margin. Magmatism in the Sdo Roque
Domain potentially derived from a ca. 2.1 Ga juvenile crust that lies
within the Paranapanema block. Slab rollback caused the magmatism to
migrate northwards resulting in a ~40-80 m.y. magmatic gap in the
retro-arc domain. Relaxation of the subducting slab (Barro Branco II
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Fig. 15. . Schematic tectonic model based on the proposed evolution for the Sao
Roque Domain in a retro-arc setting regarding the convergence between the
Paranapanema and S&o Francisco paleoplates. The model is divided into three
main stages (a—c) anchored on the geochronological constraints here presented
and studies from the surrounding tectonic domains.

and Moinho granodiorite) relates to the continental collision between
the Paranapanema and S3o Francisco paleoplates. Contamination from
the metasedimentary sequence and crustal additions to the source (re-
lamination?) during the last-longing subduction left evolved isotopic
imprints. The retro-arc Sao Roque Domain as part of the Southern
Brasilia Orogen history contributes to the record of the West-Gondwana
assembly in southeastern Brazil.
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