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ABSTRACT

Mineral assemblages that are diagnostic of ultrahigh-temperature (>900°C) metamorphism are
generally restricted to Mg- and Al-rich rocks. However, in many metamorphic terrains such
compositions do not occur, and the rocks are dominated by orthogneisses that typically contain high-
variance mineral assemblages that are not diagnostic of particular pressure-temperature (P-T)
conditions. Here we use whole-rock and mineral chemistry, thermodynamic phase equilibrium
modelling, and zircon U-Pb-Hf isotopic data to constrain the P-T-time history of granulites from the
Socorro-Guaxupé Nappe of the Southern Brasilia Orogen. These rocks occur as part of a stack of
Neoproterozoic nappes that were assembled during the formation of West Gondwana. Based on phase
equilibrium modelling, the peak assemblage in a garnet-bearing felsic granulite (ortho- and
clinopyroxene, garnet, K-feldspar, plagioclase, quartz, ilmenite, and silicate melt) records pressures of
around 11.5 kbar and temperatures of ~1000°C, consistent with the high-Al content of orthopyroxene.
The retrograde path records a small decrease in pressure to 9 kbar marked by orthopyroxene replacing
garnet and the exsolution of magnetite from ilmenite followed by near-isobaric cooling that led to the
development of coronas of hornblende around pyroxene due to crystallization of the last vestiges of
melt. Zircon cores yielding U-Pb ages of ca. 625 Ma are interpreted as dating close-to-peak conditions
during high-temperature metamorphism. In one sample, zircon rims and ‘soccer ball’ zircon neoblasts
both have high U contents and yield ages of ca. 615 Ma, interpreted to mark the onset of melt
crystallization. In two other samples, low-U rims and ‘soccer ball’ zircons grains yield ages of ca. 600-
595 Ma, interpreted to date the end of melt crystallization. These data reveal a protracted regional
metamorphic event in which the lower crust remained at granulite-facies conditions for at least 30 Myr

during collision and assembly of West Gondwana.

Keywords: ultra-high temperature (UHT) metamorphism, P-T-t path, phase equilibrium modelling,

petrochronology, Brasilia Orogen

1 INTRODUCTION
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Ultrahigh temperature (UHT) metamorphism is the most thermally-extreme type of crustal
metamorphism, characterized by temperatures in excess of 900°C (Harley, 1998). There is widespread
evidence that these metamorphic conditions have been generated repeatedly in time and space (e.g.
Brown, 2007; Brown and Johnson, 2018; Clark et al,, 2011; Harley, 2008; Kelsey, 2008; Korhonen et al.,
2014). UHT metamorphism is most readily recognized via the presence of diagnostic stable mineral
associations, such as sapphirine-quartz, orthopyroxene-sillimanite-quartz-melt, osumilite-garnet
(Harley, 2008). However, these diagnostic mineral assemblages occur only in relatively rare MgO- and
Al;03-rich protoliths, raising the question of how UHT metamorphism can readily be identified in more
common protoliths, such as felsic and mafic granulites with granitic and basaltic bulk-compositions,
respectively. Partial melting is widespread in most rock compositions under UHT conditions, and the
separation and extraction of this melt is critical to the preservation of peak metamorphic mineral
assemblages in the lower continental crust (Baldwin et al., 2005; Moraes et al., 2002; White and Powell,
2002). Any melt remaining as the rock cools will crystallize and release H0, triggering retrograde re-
equilibration and overprinting of the peak paragenesis by lower-temperature hydrous minerals,
hampering temperature estimates based on conventional thermobarometry, as well as slow cooling,
which makes cation exchange possible (Clark et al,, 2011; Fitzsimons and Harley, 1994; Moraes et al,,

2002; Pattison and Bégin, 1994; White and Powell, 2002).

Thermodynamic phase equilibrium modelling of bulk-rock compositions can be used to recover
peak metamorphic conditions from UHT granulites that no longer preserve peak mineral compositions
(Kelsey and Hand, 2015). Although activity—-composition models appropriate for the anatexis of
aluminous rocks (metapelites and metagreywackes) that produce haplogranitic liquids have been
available for some time (Holland and Powell, 2001; White et al., 2007), it is only relatively recently that
models dealing with high-temperature and high-pressure pyroxenes, amphiboles and K>0-poor tonalitic
to trondhjemitic melt have become available (Green et al., 2016), allowing quantitative thermodynamic

modelling of partial melting and metamorphism in felsic and mafic granulites under UHT conditions.

Conventional thermobarometric calculations on felsic and mafic garnet granulites in the basal

portion of the Socorro-Guaxupé Nappe, Minas Gerais, southeastern Brazil, have consistently yielded
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UHT peak metamorphic conditions (Campos Neto and Caby, 2000; Del Lama et al., 2000, 1994; Moraes
et al,, 2015). Rocha et al. (2018, 2017) also have shown UHT conditions using Al-in-orthopyroxene
thermobarometry, while Tedeschi et al. (2018) obtained these conditions using the Ti-in-zircon
thermometer. In addition, geochronology were being done in the area without textural and chemical
context, and given a large range for metamorphic peak ages, from 650 to 630 Ma (e.g. Braga, 2002;
Campos Neto and Caby, 2000; Fetter et al., 2001; Salazar-Mora et al. 2014). More recently, an in situ
geochronological (U-Pb) coupled with geochemical (REE) approach was conducted in zircon and
monazite (Rocha et al., 2018, 2017; Tedeschi et al, 2018), showing a narrower range for the
metamorphic peak (630-625 Ma) and putting the younger ages (ca. 600 Ma) in petrological context as
associated with the crystallisation of melt. Here, we use the mineral chemistry, whole-rock
geochemistry, mineral thermobarometry, phase-equilibrium pseudosection modelling, and U-Pb-Hf-
REE zircon compositions to more precisely quantify the P-T-t history of the Socorro-Guaxupé granulites
during Neoproterozoic metamorphism, targeting the metamorphic peak, the onset and end of melt
crystallization, with consequences for the assembly of Gondwana and the gradual changes of Earth’s

tectonic processes.
2 GEOLOGICAL SETTING

The Socorro-Guaxupé Nappe is part of a stack of nappes in the Southern Brasilia Orogen (Figure
1A), which formed during the assembly of West Gondwana by Neoproterozoic collision of a passive
margin at the edge of the Sdo Francisco plate with the active margin of the Paranapanema plate (Brito
Neves et al., 1999; Brito Neves and Fuck, 2013; Campos Neto, 2000). The southernmost part of the
Brasilia Orogen is subdivided into three domains: an inner domain consisting of the Socorro-Guaxupé
Nappe, which includes high-grade rocks formed in the root of the Paranapanema plate magmatic arc
(Campos Neto and Caby, 2000, 1999); a central domain comprising the Andrelandia Nappe System,
consisting of subducted high-P continental rocks of the Sao Francisco plate (Campos Neto et al., 2010;
Campos Neto and Caby, 2000, 1999; Motta and Moraes, 2017; Trouw et al., 2000); and an external
domain representing the continental passive margin of the Sdo Francisco plate, which includes rocks of

the Carrancas Nappe and Lima Duarte Nappe Systems (Campos Neto et al., 2004).
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The Andrelandia Nappe System is composed of supracrustal rocks metamorphosed under
amphibolite to high-pressure granulite conditions, comprising three major allochthons in an inverted
metamorphic pattern (Campos Neto and Caby, 1999; Motta and Moraes, 2017). The metamorphic peak
and migration of the nappe system was restricted to the interval 635 to 600 Ma-(Coelho et al,, 2017;
Frugis et al,, 2018; Motta and Moraes, 2017), whereas the beginning of continental collision must have

occurred at ca. 670 Ma (Frugis et al., 2018; Reno et al., 2009).

The Socorro-Guaxupé Nappe is an allochthonous high-grade metamorphic terrane dominated
by granulites and migmatites (Campos Neto and Caby, 2000; Iyer et al., 1996; Rocha et al,, 2018, 2017;
Tedeschi et al, 2018), and comprises two main domains separated by Archean-Paleoproterozoic
orthogneisses (Cioffi et al., 2016a, 2016b). The northwestern Guaxupé Domain represents the deeper
crustal levels where granulites and diatexites are dominant (Figure 1B), whereas metatexites and
extensive igneous bodies are more common in the southeastern Socorro Domain, where rocks decrease
in grade southwards to amphibolite-facies conditions. In both domains, peak of metamorphism is dated
at between 650 and 625 Ma (Campos Neto et al., 2004; Campos Neto and Caby, 2000; Fetter et al., 2001;
Martins et al., 2009; Rocha et al., 2018, 2017; Salazar-Mora et al., 2014; Tedeschi et al., 2018). Pre-
metamorphic magmatism is recorded over a protracted period from ca. 800 to 640 Ma (see Rocha et al.,
2018 and references therein). ENd and €Hf show systematically negative values with depleted mantle
model ages ranging from 2.3 to 1.6 Ga (Janasi, 2002; Rocha et al., 2018; Salazar-Mora et al., 2014;

Tedeschi et al,, 2018).

This study focusses on the granulitic base of the Guaxupé Domain, which mainly comprises felsic
granulites of acid to intermediate composition that are interlayered with ortho- and clinopyroxene-
bearing mafic granulites and sillimanite- and spinel-bearing aluminous (metapelitic) granulites. Also
present are intrusive charnockite bodies that are oriented both parallel to, and discordant with, the
gneissic banding. Four samples were selected for chemical analysis and/or thermodynamic modelling,
comprising two banded garnet-bearing felsic granulites (VABO1 and VAB19), a garnet-bearing felsic

diatexite (RGM55) and a garnet-bearing mafic granulite (PAR03).
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3 METHODS

3.1 Mineral and whole rock chemistry

Back-scattered electron imaging (BSE) and energy-dispersive X-ray spectroscopy (EDS) used a
TESCAN MIRA3 Field-Emission Scanning Electron Microscope (FESEM) at the Microscopy &
Microanalysis Facility, John de Laeter Centre, Curtin University, Australia, with a 15 mm working
distance and accelerating voltage of 20 kV. Wavelength-dispersive spectrometry (WDS) analyses were
performed with a JEOL JXA-8230 Hyperprobe at the Electron Microprobe Facility, Universidade
Estadual Paulista (UNESP), Brazil, using a focused beam at 15 kV and 20 nA with 10 um spot size for all
minerals other than clinopyroxene, for which a 1 um spot size was used due to the presence of closely-
spaced exsolution lamellae of clinoenstatite. The analyses were recalculated using the AX software

(https://www.esc.cam.ac.uk/research/research-groups/holland/ax). Analyses are given in Table S1

(Supporting information).

Compositional profiles were made across grains of garnet, pyroxene and feldspar in the two
garnet-bearing felsic granulite samples (VABO1 and VAB19) and the garnet-bearing mafic granulite
(PARO3). Biotite inclusions in garnet were analyzed in sample VABO1. Original (i.e. pre-exsolution)
compositions of clinopyroxene in the felsic granulites were calculated by reintegration of the
clinoenstatite lamellae and host clinopyroxene using average mineral compositions for each phase (n =

18 for both) weighted according to their relative proportions estimated from BSE images.

Garnet trace element analyses were performed using a Thermo ScientificiCAP Q ICP-MS coupled
to a New Wave UP 213 nm laser ablation system at the NAP Geoanalitica, Institute of Geosciences at the
University of Sdo Paulo (IGc-USP), Brazil. Garnet was analyzed with 65 pm spot size, a laser fluence of
5.52 ]/cmz?, and a repetition rate of 10 Hz. External calibration was performed relative to NIST 610 glass
and the USGS BCR-2G basaltic glass reference material was analyzed as a secondary standard during
analyses. Si and Ca determined by electron microprobe were used as internal standards. Results are

presented in Table S2.
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Bulk rock compositions were determined by X-ray fluorescence analysis using a Philips PW2400
at the NAP Geoanalitica, Brazil using a fused glass discs, following the methodology described by Mori
et al. (1999). Trace elements, including rare earth elements (REE), were analyzed in decomposed
powders, by microwave oven acid digestion (HF and HNO3), by inductively coupled plasma mass
spectrometry (ICP-MS) using a Thermo Scientific iCAP Q also located at 1Gc-USP, following the

methodology described by Navarro et al. (2008). The results are presented in Table S3.
3.2 Phase equilibrium modelling

Phase equilibrium modelling of garnet-bearing felsic granulite (samples VABO1 and VAB19) and
garnet mafic granulite sample PARO3 was performed in the ten-component NCKFMASHTO system
(Na20-Ca0-K,0-FeO-Mg0-Al;03-Si02-H20-Ti02-02) using THERMOCALC (Powell and Holland, 1988)
version 3.45i, with the following activity—composition models: silicate melt (L), clinopyroxene (augite -
aug) and hornblende (hb) from Green et al. (2016); garnet (g), orthopyroxene (opx), ilmenite (ilm) and
biotite (bi) from White et al. (2014a); K-feldspar (ksp) and plagioclase (pl) from Holland and Powell
(2003); magnetite (mt) from White et al. (2002). Rutile (ru), quartz (q) and aqueous fluid (H20) are
considered pure phases. Calculations are confined to a P-T window of 7-13 kbar and 800-1050°C. Mn
has a negligible effect on phase stability at high-T (White et al., 2014b) and was excluded from the model
system. The bulk compositions used in the pseudosections (expressed as mol. % oxides) are given in
Table 1. No modelling was attempted for diatexite sample RGM55 because the large volume of

leucosome precludes accurate estimation of an appropriate bulk composition.

In order to estimate the likely H20 content of felsic granulite VABO1 and VAB19 during high-T
metamorphism, a T-Xu,0 pseudosection was calculated at a pressure of 10 kbar (approximate peak P for
this rock - see below), where Xu,o ranges from 0.01 to 5 mol. %. The H20 content of 1 mol. % was chosen
such that between 5% and 20% melt might be predicted, consistent with the field observations (Figure
S1 - Supporting information). P-X pseudosections calculated at a temperature of 900°C (approximate
peak T for this rock - see below) were used to constrain Fe;03 contents at the metamorphic peak

(expressed as O in the pseudosection calculations). An Xre,0, value of 1 mol. % was chosen such that
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ilmenite and magnetite (but not rutile) were stable, which matches the oxide phases observed in the

rocks (Figure S2 - Supporting information).

P-T pseudosections for the garnet mafic granulite were constructed using two different values
for the H,O content, one with the measured loss-on-ignition value (0.01 wt. %) and another with an

assumed 1 mol. % of water. Assemblage fields in the P-Xre,0, pseudosection for this rock do not show

significant variability in the oxide phases, thus an Fe3+/XFe ratio of ~0.2 was assumed, which is similar

to the observed value in intrusive igneous rocks associated with arc magmatism (Evans, 2012).
3.3 U-Pb geochronology

Zircon grains were extracted from the garnet-bearing felsic granulite and diatexite samples
(VABO1, VAB19 and RGM55) via traditional methods of disaggregation, magnetic and heavy liquid
separation. The grains were mounted together with primary and secondary standards and NIST-610
glass. After polishing, the mounts were carbon-coated and imaged by cathodoluminescence (CL) using
a TESCAN MIRA3 FESEM. The mounts were cleaned and covered with a 40 um gold coat prior to U-Pb
isotopic analysis using the Sensitive High Resolution lon Microprobe (SHRIMP II). All this equipment is

housed in the John de Laeter Centre at Curtin University.

SHRIMP II was operated at a mass resolution of 5,000, with a primary beam current of 2 nA and
beam diameter of 20 pm, and a 6-scan cycle was used during analysis (de Laeter and Kennedy, 1998;
Kennedy and de Laeter, 1994). NIST-610 glass was used to calibrate the position of the 204Pb peak. CUYZ
(Curtin internal laboratory standard, with an age of 568.55 Ma) was used as primary standard and OGC
(Stern et al,, 2009) as a secondary standard. Data were processed using the SQUID II and Isoplot 3.75
(Ludwig, 2009; 2003) software with the correction of measured isotopic ratios for common Pb based
on Stacey and Kramers (1975). External spot-to-spot errors on zircon U-Pb calibration sessions were
<1%, which reflects the long-term performance of the SHRIMP II. The 207Pb/206Pb age of the secondary
standard determined during the analytical session was 3469.9 + 7.6 Ma, which is within error of the
published age (3465.4 £ 0.6 Ma; Stern et al., 2009). U-Pb data are presented in Table S4. Uncertainties

cited for individual spot analysis include errors from counting statistics, errors from the common Pb
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correction and U-Pb calibration errors based on reproducibility of measurements of the standard are
given as 20 if not indicated in the text. In the sample VABO1, 20 spot analysis were done in 19 grains;
sample VAB19, 11 spot analysis in 11 grains and the sample RGMS55, 17 spot analysis were done in 14

grains. All the analysis were considered in the calculations, exceptions are explained in the text.

3.4 Zircon trace element and Lu-Hf isotope analysis

Trace elements and Lu-Hf isotopes and complementary U-Pb data of zircon were collected using
Split-Stream Laser Ablation with Inductively Coupled Plasma Mass Spectrometry (LASS-ICP-MS) on an
ASI Resolution M-50 with a 193-nm wavelength Ar-F excimer laser with an Agilent 7700 mass
spectrometer at the GeoHistory Facility, John de Laeter Centre, Curtin University. Laser fluency was 2
J/cm2, at a repetition rate of 10 Hz and spot size of 50 um. Reference material NIST-610 was used as
primary standard and OGC (Stern et al., 2009), GJ-1 (Jackson et al., 2004) and PlesSovice (Slama et al,
2008) as secondary standards. Data were processed, corrected for down-hole fractionation and
instrumental drift using lolite 3.4 software (Paton et al., 2011). The same samples analyzed by SHRIMP
were used to analyze trace elements, Lu and Hf isotopes and complementary U-Pb. Figure S3 shows a
comparison of LASS-ICP-MS and SHRIMP U-Pb data. When possible, Lu-Hf calculations were done using

the ages obtained by SHRIMP. Data are presented in Tables S5, S6 and S7.

4 RESULTS

4.1 Petrography and bulk rock chemistry

4.1.1 Garnet-bearing felsic granulite (samples VABO1 and VAB19)

The garnet-bearing felsic granulite has a well-developed compositional and textural layering
(Figure 2A), comprising medium- to coarse-grained anhydrous leucosome, a fine- to coarse-grained
residuum and a poorly developed selvedge of hornblende at the margins of the leucosome (Figure 2B).
The layering is typically closely-spaced and bulk compositions determined for these rocks are mixtures

of leucosomes, residuum and selvedge.

The residuum contains the peak paragenesis garnet (5-10%), orthopyroxene (5-7%),

clinopyroxene (3-5%), plagioclase (40-50%), perthite (5-10%), quartz (20-25%) and ilmenite (<5%).
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Quartz inclusions in garnet, thin quartz films along the contacts between garnet and pyroxene (Figure
2C) and cuspate grains of orthoclase surrounding plagioclase (Figure 2D) are interpreted as
pseudomorphs after trapped anatectic melt (Holness et al., 2011; Waters, 2001), showing that it was
part of the peak paragenesis. Coronae of clinopyroxene locally surround orthopyroxene. Hornblende is
the only hydrous mineral in the rock matrix and replaces pyroxenes (Figure 2E), whereas rounded
grains of biotite (but not hornblende) occur as inclusions in garnet. The oxide phases comprise striped

intergrowths of ilmenite and Ti-magnetite (Figure 2F).

The leucosome contains garnet, orthopyroxene, clinopyroxene, plagioclase, perthite, quartz and
hornblende (Figure 2B). Porphyroblasts or symmetric porphyroclasts of mafic phases, mainly
orthopyroxene and garnet, occur locally in this domain (Figure 2A). The volume of leucosome in the
rock can reach 15 %. Clinopyroxene in both leucosome and residuum contains exsolution lamellae of

clinoenstatite (Figure 2F).

The analyzed samples (VABO1 and VAB19) have similar contents of major elements (e.g. Si02
between 61.7 and 63.5 wt.%) and match the compositions of intermediate granulites reported from the
western part of the Guaxupé Domain (Del Lama et al., 1998), plotting between the fields of diorite and
granodiorite (Figure 3A) in a TAS diagram (Middlemost, 1994). Samples VABO1 and VAB19 have similar
chondrite-normalized bulk-rock REE abundances (Figure 3B) with a fractionated trend from more-
abundant light REE (LREE) towards less-abundant heavy REE (HREE). This fractionation is stronger in
sample VAB19 (Lan/Ybn = 19.7) than in VABO1 (Lan/Ybn = 7.9). Both samples are strongly depleted in

Th and U and enriched Ti (Figure 3C), compared to average continental crust (Wedepohl, 1995).

4.1.2 Diatexite (sample RGM55)

The diatexite contains > 60% leucosome, within which are rafts of residuum. The rafts are fine-
grained and composed of garnet (<5%), orthopyroxene (5-10%), clinopyroxene (3-5%), plagioclase
(35-40%), perthite (10-15%), quartz (25-30%) and ilmenite. The leucosome is composed of medium-
to coarse-grained orthopyroxene, clinopyroxene, perthite, plagioclase and interstitial quartz, and has a

syenite composition (Figure 3A), similar to the group of acid granulites from the western part of the

10
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domain (Del Lama et al., 1998). Garnet is scarce, comprising less than 1% of the leucosomes. Perthite
megacrysts generally contain inclusions of rounded quartz and subhedral plagioclase. Pyroxene grains
are locally replaced at their margins by late biotite and/or biotite-oxide intergrowths (Figure 2G).

Accessory minerals include large crystals of zircon, apatite and allanite (Figure 2H).

The bulk REE patterns show pronounced enrichment in LREE (Figure 3B) relative to HREE
(Lan/Yby = 149.9). The sample rock is enriched in K, Rb, Th, LREE, Zr and Hf relative to average
continental crust (Wedepohl, 1995), but depleted in Sr (Figure 3C), a pattern that is distinct from the

felsic garnet granulite samples.

4.1.3 Garnet-bearing mafic granulite (sample PAR03)

The garnet-bearing mafic granulite exhibits a peak metamorphic mineral assemblage of garnet
(<2%), orthopyroxene (15-20%), clinopyroxene (25-30%), plagioclase (40-55%), quartz (<5%),
ilmenite (3%) and magnetite (3%). It has a fine-grained granoblastic texture with a poorly-developed
foliation and does not contain any hydrous phases (Figure 2I). Rare millimetric patches of leucosome
are composed of plagioclase and quartz with a tonalitic-dioritic composition and are interpreted to
represent crystallized anatectic melt. Rare orthopyroxene porphyroblasts contain thin exsolution
lamellae of clinopyroxene, and are locally surrounded by a discontinuous corona of the same mineral.
Its composition is more basic (~ 47.4 wt% of SiO2) than the basic granulites from the western part of

the domain (Figure 3A).

4.2 Mineral chemistry

4.2.1 Garnet

Grains of garnet from the garnet-bearing felsic granulite show no evidence for pronounced
major element zonation (Figure 4A and C). Values of Xu, (= atomic Mg/[Mg + Fe2+]) in sample VABO1 on
grains up to 7 mm in size are higher than in sample VAB19 (0.37 versus 0.32), but the grossular content
(Xgr = Ca/[Ca + Mg + Fe2+ + Mn]) in both samples is similar (Xg-= 0.12-0.14). Garnet in the garnet-bearing
mafic granulite is homogeneous in composition (Xwg = 0.24 and X, = 0.18-0.19), with lower Xy and

higher grossular contents than garnet in the felsic granulite (Figure 4E).

11
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Garnet from sample VABO1 exhibits three different REE patterns (Figure 4B). Crystals larger
than ~ 7 mm have cores (core 1) that are relatively depleted in HREE, and exhibit a moderate degree of
fractionation, with preferential concentrations in MREE over HREE (Gdy/Ybn = 7.1). The intermediate
portions of crystals larger than ~ 7 mm, as well as cores of garnet grains smaller than ~ 7 mm (core 2),
have flatter HREE patterns (Gdn/Ybn ~ 0.9). The garnet rims are slightly depleted in HREE (Gdn/Yby ~
0.7) relative to core 2 analyses in all crystals. All garnet variants in this sample have similar LREE-MREE

patterns, and have small negative Eu anomalies (Figure 4B).

The REE compositions of garnet from sample VAB19 show no significant differences between
rims and cores (Figure 4D). Most notably, the grains show a significant fractionation with preferential

incorporation of HREE over MREE (Gdn/Ybn ~ 0.2).

4.2.2 Pyroxenes

Orthopyroxene shows minor variations in Xuvg in the garnet-bearing felsic granulite (0.57-0.61
in VABO1 and 0.53-0.56 in VAB19) and in the garnet mafic granulite (Xmg 0.49-0.52 in PAR0O3). However,
significant variations in tetrahedral Al (AlT = elemental Si + Al - 2) are observed, with cores relatively
depleted in Al. Sample VABO1 has AlT between 0.033 and 0.063, whereas sample VAB19 has AlT between
0.030 and 0.050. Such variations are also observed in the garnet mafic granulite (PAR03), in which AlT

is 0.025-0.044.

Clinopyroxene within the garnet-bearing felsic granulite has an average Xumg of 0.69 and 0.85
atoms per formula unit (apfu) Ca (based on 6 oxygens). The exsolution lamellae of clinoenstatite have
lower Xug (~ 0.54), with almost no Ca and AIT ~ 0.075. Based on BSE images, the clinopyroxene grains
are estimated to contain around 10% clinoenstatite lamellae, equating to an Xug of 0.66 and 0.76 apfu
Ca in the original high-T clinopyroxene. In the garnet mafic granulite, clinopyroxene has an Xug of 0.63

and contains 0.84 apfu Ca.

4.2.3 Plagioclase
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In the garnet-bearing felsic granulite, plagioclase shows no pronounced compositional zoning
and has an average composition of Ansg 1. Conversely, plagioclase in the garnet mafic granulite has an

intense optical zonation, with cores more enriched in anorthite (Anso-70) than rims (Anso-4s).

4.2.4 Biotite

Biotite inclusions in garnet from the garnet-bearing felsic granulite sample VABO1 have Xu; of

0.7 and Ti contents between 0.133 and 0.286 apfu, based on 11 oxygens.

4.3 Conventional thermobarometry

Compositions of coexisting garnet and orthopyroxene were used to estimate P-T conditions
using garnet-orthopyroxene thermobarometry corrected for late Fe-Mg exchange (Pattison et al,,
2003). The association orthopyroxene-clinopyroxene-garnet-quartz—plagioclase was used to estimate
pressure and temperature through the average P-T mode of THERMOCALC - version 3.45i (Holland and

Powell, 1998) (see Table 2).

Metamorphic conditions estimated for the garnet-bearing felsic granulite sample VABO1 using
the average P-T calculations suggest ultrahigh temperatures of 1009 + 144°C at pressures of 11.5 + 3.0
kbar. The Al-solubility-based thermobarometer of Pattison et al. (2003), using the model 2 of the RCLC
program and mineral modes observed in the petrography, yielded similar temperatures (1020°C), but
higher pressures (14.4 kbar). However, at a fixed pressure of 11 bar, temperatures of 936°C are

calculated, within uncertainties of the THERMOCALC calculations.

Calculated conditions for the garnet mafic granulite overlap with those for the garnet-bearing
felsic granulite within error. The average P-T calculations yielded 936 + 186°C at 10.2 + 2.2 Kkbar,
whereas the Al-solubility-based thermobarometer yielded a temperature of 919°C and pressure of 11.0

kbar.

4.4. Phase Equilibrium Modelling

A P-T pseudosection for garnet-bearing felsic granulite sample VAB01 with ~1 mol.% H-O is

shown in Figure 5. Within the modelled P-T window, the solidus occurs between 840°C at lower and
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higher Pand 880°C at intermediate P. Orthopyroxene is stable at relatively low P, and garnet at relatively
high P, with both minerals coexisting within a broad field at pressures of 8-12 kbar. Clinopyroxene is
stable everywhere except at the highest pressures and lowest temperatures. The hornblende-out line is
strongly dependent on temperature, ranging from ~860°C at 7 kbar to 930°C at 11-13 kbar. Magnetite
is only stable at low pressures (<8-10 kbar). K-feldspar stability is predicted up to temperatures of
960°C at lower P to 1040°C at higher P. Quartz, plagioclase and ilmenite are ubiquitous, and biotite is
not predicted to be stable. The field containing the inferred peak paragenesis (clinopyroxene-
orthopyroxene-garnet-ilmenite-K-feldspar-plagioclase-quartz-melt) is predicted to be stable
between 880 and 1030°C at 8.6 to 12.1 kbar. The quantity of melt in this field varies from 5 to 20 mol.%
and the compositional isopleths of tetrahedral Al in orthopyroxene range from 0.049 to 0.067 cations in
the formula unit based on six oxygens (Figure 5). A similar geometry is observed in a pseudosection
calculated for the other garnet-bearing felsic granulite (VAB19), where the peak mineral association is
present over the same range of temperature as VABO1 (880 to 1030°C) but spanning a lower range of

pressure from 8.6 to 11.2 kbar (Figure S4).

The changing modal proportion of phases as a function of temperature was calculated at a fixed
pressure of 10 kbar (Figure 5B) to understand the behaviour of phases during the cooling path. Near to
the metamorphic peak conditions, around 1000°C, the modes of garnet and K-feldspar are very low,
increasing towards lower temperatures. On the other hand, at lower temperature, plagioclase content
tends to decrease. Hornblende must be present at temperatures lower than 925°C, and melt would be
crystallized at temperatures around 875°C. If the rock were heated over the metamorphic peak

conditions, garnet and K-feldspar would be consumed, and the amount of plagioclase would increase.

The P-T pseudosection for the garnet mafic granulite with 1% H:0 is shown in Figure 6A. The
solidus occurs at temperatures between 830 and 880°C and has a positive dP/dT at relatively low P, but
becomes negative at pressures above the disappearance of orthopyroxene at around 9 kbar. The
hornblende-out line is broadly parallel with the solidus, but occurs at higher temperatures of between
870 and 900°C. The stability fields of magnetite, garnet and orthopyroxene are strongly dependent on

pressure. Magnetite and orthopyroxene are stable at lower pressures, magnetite below 8.2-9.4 kbar and
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orthopyroxene below 8.1-10.4 kbar. Garnet is predicted at pressures above 7.6-9.8 kbar. At
temperatures lower than the solidus hornblende and quartz are always present, whereas in the
hornblende-free region quartz is absent at pressures below ~9.5 kbar. Rutile occurs only at pressures
above 12 kbar. Plagioclase, clinopyroxene and ilmenite are present throughout the P-T range
considered. The paragenesis quartz-garnet-ilmenite-orthopyroxene-clinopyroxene-plagioclase-
leucosome, interpreted to have been present at the metamorphic peak, is calculated to occur between
900 and 1030°C, at pressures of 9 to 10.4 kbar, within a field no wider than 0.5 kbar. The modal

proportion of melt calculated within this field varies from 5 to 20% (Figure 6A).

In the P-T pseudosection for the garnet mafic granulite with minimal water (Figure 6B; H,0 =
0.01%), the solidus and hornblende-out lines coincide and occur at higher temperatures of between 860
and 900°C. Garnet is stable at pressures above 7.4 kbar and orthopyroxene is stable at pressures below
8.8-10.7 kbar. Magnetite and rutile are not predicted within the P-T window considered. Plagioclase,
clinopyroxene and ilmenite are present throughout, and quartz is stable at all P-T conditions, except at
the lowest Pand T. The peak paragenesis occurs at temperatures above 880°C and at pressures between

8.0 and 10.7 kbar, within which melt proportions are <1% (Figure 6B).

4.5 Zircon U-Pb Geochronology

Samples VAB0O1 and VAB19 both contain two types of zircon crystals with different shapes and
internal CL domains (Figure 7). One type comprises subhedral prismatic crystals (~2:1 aspect ratio)
with rounded terminations, and dark luminescent cores with narrow to broad oscillatory-zoning, which
are surrounded by bright-CL rims that are homogeneous or have sector-zoning. The cores of this zircon
type yielded 206Pb /238U dates ranging from ca. 705 to 631 Ma (Figure 8A). In both samples, the cores
have similar Th/U ratios with an average value of 0.6 and contents of both U and Th that are always
higher than 70 ppm (Figure 8D). A second group of crystals is rounded and shows sector zoning (‘soccer
ball’ type), with bright to moderate CL response, occasionally with darker xenocrystic oscillatory-zoned
cores (Figure 7). The bright CL rims of the prismatic zircon grains (3 in VABO1 and 5 in VAB19) and the

soccer ball crystals (11 in VABO1 and 3 in VAB19) appear to belong to the same age population and
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yielded weighted mean 206Pb /238U dates of 593.8 + 8.5 Ma (MSWD = 3.5; n = 14) in VABO1 and 598.5
4.6 Ma (MSWD = 2.0; n = 8) in VAB19 (Figure 8A and B). Their Th/U ratios are higher than in the
oscillatory-zoned cores of prismatic grains and are commonly >1.0 (Figure 8D). This group is variably

depleted in U compared to the cores of the first zircon type and may also be depleted in Th (Figure 8D).

The diatexite (RGM55) contains three morphological types of zircon crystal (Figure 7). These
include subhedral prismatic grains with rounded terminations, similar to those in VABO1 and VAB19,
but with cores that are predominantly sector-zoned or disturbed-zoned with only a few grains
exhibiting broad-oscillatory patterns. These grains have rims that are darkly luminescent and contain
relatively high U contents (from 242 to 126 ppm, with average of 204 ppm). Soccer ball zircons are also
present, but have a darker CL response and higher U content than those in VABO1 and VAB19 (Figure
8D). A third group comprises anhedral zircon grains characterized by sector-zoning. In this sample, the
prismatic sector-zoned cores yielded a weighted mean 206Pb /238U date of 624.8 + 3.4 Ma (MSWD = 2.0;
n = 6; Figure 8C) and an average Th/U ratio of 0.56 (Figure 8D), although one spot from a broad
oscillatory-zoned core yielded an older 206Pb/238U date of 639 + 18 Ma, this data excluded from the
calculations, as this data shows older age with a different texture. Complementary U-Pb data obtained
by LASS-ICP-MS in grains with broad oscillatory-zoned or some sector-zoned revealed the oldest
206Ph /238 dates that scattered from 660.9 = 7.1 to 631.4 + 8.5 Ma (Figure 8C) and have Th/U ratios
similar to the prismatic sector-zoned cores (Figure 8D). The rims, soccer ball and anhedral grains have
lower Th/U ratios (from 0.692 to 0.047 with an average of 0.26; Figure 8D) and lower Th contents
relative to sector-zoned cores, and yielded a younger weighted mean 206Pb /238U date of 615.8 + 3.4 Ma
(MSWD = 1.6; n = 8; Figure 8C), although two spots in anhedral grains; yielded younger 206Pb /238U dates
0f 599 + 16 Ma (Th/U = 0.22) and 594 + 14 Ma (Th/U = 0.16), which together yielded a concordia age of

597.3 + 5.1 Ma (MSWD = 1.6; n = 2; Figure 8C).
4.6 REE and Lu-Hf in zircon

The same samples (VABO1, VAB19 and RGM55) analyzed by SHRIMP were analyzed for REE

abundances and Lu-Hf isotopes by LASS-ICP-MS. The analyses were made in the five different zircon
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domains differentiated on the basis of CL and U-Pb analysis: (i) oscillatory-zoned cores (VABO1 and
VAB19); (ii) sector-zoned to broad oscillatory-zoned crystals (RGM55); (iii) sector-zoned cores
(RGM55); (iv) soccer ball crystals and rims with high U (RGM55); and (v) soccer ball crystals and rims

with low U (VABO1 and VAB19).

Sample VABO1 shows three distinct zircon REE patterns (Figure 9A). The oscillatory-zoned
cores, which yielded the oldest dates of up to ca. 705 Ma, are moderately enriched in LREE relative to
chondrite, with weak Eu anomalies, and strongly enriched in HREE with concentrations up to 104 times
more than in chondrite (Figure 9A). The 176Hf/177Hf ratios are between 0.282223 and 0.282251 (Figure
9ED), equivalent to EHf(y) between -4.73 and -4.11, with an outlier value of 0.282325 (EHfy = -0.87).
The zircon rims are relatively depleted in La, have a pronounced positive Ce anomaly, a weakly negative
Eu anomaly, and a steeper HREE array, although the overall concentrations of HREE are lower than in
the oscillatory-zoned cores (Figure 9A). It is possible that these analyses represent a mixture between
rims and cores as laser pits from the LASS-ICP-MS are wider and deeper than the SHRIMP pits. The
soccer ball crystals, which yielded similar ages to the rims (593.8 Ma), have similar patterns of LREE
and MREE as the rims, but the HREE array is flat or exhibits a slight enrichment (Figure 9A). Zircon rims
and soccer ball grains have similar 176Hf/177Hf ratios, between 0.282245 and 0.282314 (Figure 9D),

equivalent to EHf(y values of between -6.02 and -3.31.

Zircon from sample VAB19 shows broad similarities with zircon from sample VABO1 (Figure
9B). Oscillatory-zoned cores (up to ca. 700 Ma) are moderately enriched in LREE and MREE, with weak
Eu anomalies, and are strongly enriched in HREE (Figure 9B). The 176Hf/177Hf ratios (0.282231-
0.282239) of this group are similar to the oscillatory-zoned zircon cores in sample VAB0O1, and yield
EHf(y values between -4.04 and -4.02 (Figure9D). A single analysis from a rim shows strong enrichment
in LREE, higher than in the oscillatory-zoned cores, HREE contents that are lower than the oscillatory-
zoned cores, with a negative Eu anomaly (Figure 9B). This rim yielded the lowest 176¢Hf/177Hf value of
0.281962 (Figure 9D), corresponding to the most negative €Hf(y (-15.9). Soccer ball crystals show the
same pattern as soccer ball grains from VABO1, with depletion in La, strongly positive Ce anomalies,

weakly negative Eu anomalies and flat HREE patterns (Figure 9B). The 176Hf/177Hf ratios are slightly
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evolved compared to the oscillatory-zoned cores, between 0.282254 and 0.282271 (Figure 9D) and

EHf(y between -5.92 and -4.12.

In sample RGM55, the older broad oscillatory-zoned core domains, which range in age from 631
and 661 Ma, show both enrichment and depletion in LREE, with weakly to strongly positive Ce
anomalies and negative Eu anomalies, and enrichment in HREE (Figure 9C). Zircon crystals from this
sample are less radiogenic than in the other samples (VABO1 and VAB19), with 176Hf/177Hf ratios
between 0.282148 and 0.282207, corresponding to EHf, values that range from -8.48 and -6.36 (Figure

9D).

The prismatic crystals from RGM55 with sector-zoned or disturbed zoned cores and ages of ca.
625 Ma show two contrasting LREE patterns, one moderately enriched in LREE and with weakly positive
Ce anomalies and another that is depleted in LREE with strongly positive Ce anomalies. MREE and HREE
distributions are similar in these two types and show negative Eu anomalies and a strong enrichment in
the heaviest elements (Figure 9C). The 176Hf/177Hf ratios range from 0.282150 and 0.282181 (Figure 9

D), yielding EHf(y values from -8.55 and -7.34.

The REE array in the anhedral and soccer ball grains from sample RGM55 (ca. 615 Ma) shows a
spread in LREE concentrations and positive Ce anomalies that are less pronounced than in the sector-
zoned cores, although an outlier is enriched in LREE and lacks any Ce anomaly (Figure 9C). The MREE
shows negative Eu anomalies and there is a steeper enrichment in HREE. The 176Hf/177Hf ratios, between
0.282133 and 0.282201, give €Hf(y values between -9.71 and -7.04, which are similar to the other

domains (Figure 9D).

The two youngest anhedral zircon grains (597 Ma) from sample RGM55 present similar M- and
HREE patterns to the other groups, with negative Eu anomalies and enrichment in HREE (Figure 9C).
Whereas one grain shows similar LREE behaviour to the other groups, the other shows an anomalous
enrichment in LREE, which might represent a coeval growth in a different chemical domain, without the
presence of plagioclase or amphibole, for example. Both grains have less radiogenic 176Hf/177Hf ratios

(0.282133 and 0.282410) than the older domains (Figure 9D).

18



465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

5 DISCUSSION

5.1 P-T path

The metamorphic P-T path of the base of Socorro-Guaxupé Nappe can be constrained by sample
VABO1 due to its particular petrographic features. Biotite grains armored in garnet have rounded shapes
and high Ti contents and Xwg values. Therefore, partial melting may initially have been by reactions
consuming biotite. Nevertheless, to reach the UHT conditions and preserve mineral assemblages, the
rock is likely to have lost these first batches of melt (Clark et al.,, 2011; Kelsey and Hand, 2015; Vielzeuf
et al,, 1990), modifying its composition, and become less prone to thermal buffering. Thus, the

metamorphic modelling calculated here cannot constrain the prograde metamorphic path.

According to the phase equilibrium modelling, continued melting would have been driven by
breakdown of K-feldspar and garnet once the rock had been exhausted of hydrous minerals (Figure 5).
The granulite is extremely depleted in Th and U and depleted in Rb relative to average continental crust
(Figure 3), which is consistent with depletion by melt loss during granulite metamorphism. Whole-rock
chemical data from orthogneiss from the Domain, which presents lower metamorphic conditions, shows
higher contents of Th, U and Rb (Genco, 2014) compared to the orthogneiss from this work, which
support the idea of depletion due to melt loss. A small enrichment in Sr relative to average continental
crust might indicate that plagioclase was not a major reactant phase during partial melting of the
granulite, which is suggested in the phase equilibrium modelling that predicts plagioclase would

increase in model abundance after the metamorphic peak (Figure 5B).

The calculated pseudosection assemblage fields for the inferred metamorphic paragenesis in
both the garnet-bearing felsic and mafic granulites overlap and are consistent with peak conditions of
around 1000°C at pressures higher than 9 kbar (Figure 10). Calculations using the average P-T mode of
THERMOCALC yielded similar conditions, as do P-T estimates based on the maximum Al-in-
orthopyroxene of the garnet-bearing felsic granulite (Figure 10). The high-T homogenized the major
elements in garnet, whereas trace elements were not, due to the low diffusion (Kohn and Penniston-

Dorland, 2017) (Figure 4).
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We suggest that the high-T retrograde evolution was associated with a small decrease in
pressure to 9 kbar (Figure 10), as evidenced by orthopyroxene replacing garnet and the exsolution of
magnetite from ilmenite (Figure 2). Thereafter, the rock followed a near-isobaric cooling path,
remaining within the stability field of garnet, since coronas or other textures of garnet replacement are
poorly developed. At temperatures close to the elevated (melt-depleted) solidus, hornblende began to
crystallize at the edge of pyroxene, particularly in the leucosome, consistent with conditions of around
870°C and 8.5 kbar (Figure 10), which suggest re-hydration of pyroxene when the crystallized melt

released water to the system.

5.2 Timescales of metamorphism

The geochronological data reveal at least four groups of ages that we suggest can be related to
distinct periods of zircon crystallization - one related to early magmatism, one to prograde to peak
metamorphism and two to melt crystallization (Figure 10). Although the garnet-bearing felsic granulite

and the diatexite appear not to have had the same protolith, some comparisons can be made.

In samples VABO1 and VAB19, oscillatory-zoned zircon cores exhibit higher U and lower Th/U
ratios than the rims or soccer ball crystals (Figure 8C), and have older ages, ranging from ca. 630 Ma up
to 705 Ma. Sample RGM55 also shows older ages in oscillatory-zoned or sector-zoned cores of zircon
that range between ca. 660 to 631 Ma. We suggest that the oldest dates from the three samples (VABO1,
VAB19 and RGM55) may reflect the age of igneous crystallization of the protolith and do not have any
relation to the metamorphism. Similar scattered magmatic ages were previously observed in other
studies in the southern Brasilia Orogen (Janasi, 1999, 2002; Martins et al., 2009; Salazar-Mora et al,,
2014; Rochaetal,, 2017; Rocha et al., 2018; Tedeschi et al., 2018). The U/Yb ratios of these zircon cores
always show values higher than 0.1, which suggest a granitoid source with no relation to the oceanic

crust (Grimes et al., 2015).

The zircon cores in sample VABO1 have higher concentrations of LREE and HREE and similar
contents of MREE to garnet cores and rims in this sample, as shown in zircon/garnet REE partitioning

diagrams (Figure 11A, C and E). Conversely, in sample VAB19 the zircon cores are enriched in LREE and
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depleted in MREE and HREE relative to garnet (Figure 11G). To assess equilibrium relationships
between zircon and garnet we use the array plots proposed by Taylor et al. (2017), showing log
(Dyb/Dga) vs. log (Dyy) of every zircon analysis against all different garnet compositions in samples
VABO1 and VAB19. In the plots (Figure 11B, D and F), zircon core data from both samples (VABO1 and
19) are clustered, showing no clear trends, suggesting that these domains cannot have grown in
equilibrium with garnet, corroborated by the enrichment in HREE in zircon in the traditional Drge plots

(Figure 11A, C and E).

In the diatexite (RGM55) subhedral prismatic zircon with sector-zoned or disturbed zoned cores
record a weighted mean date of 625.9 + 3.5 Ma. Based on the bulk-rock REE composition of this sample
(which is enriched in LREE), its mineralogy (allanite-bearing and garnet-depleted), and the REE
composition of its constituent zircon (which shows pronounced positive Ce and negative Eu anomalies),
this sample is unlikely to have had the same protolith as the felsic garnet granulite. Thus, the date of ca.
625 Ma may represent the age of crystallization of the magmatic protolith, although a previously
mentioned oscillatory-zoned core yields older date (> 630 Ma). Another possibility is that the ca. 625
Ma date could represent recrystallization of inherited material or magmatic zircon, since this process
can result in expulsion of the pre-existing Pb, and resetting of the U-Pb system (Taylor et al., 2016).
Grains of this domain show a progressive loss of the original internal features, as commonly observed
in high-grade conditions (Taylor et al.,, 2016). SHRIMP analysis spot #13.2 shows the loss of original
internal features, showing a ghost oscillatory-zoned texture, as well as in spot #14.1, which shows a
disturbed zoning pattern of previous (Figure 7C). This age matches the timing of the metamorphic peak
in the Socorro-Guaxupé Nappe as determined in other studies (Rocha et al., 2017; Rocha et al., 2018;

Tedeschi et al., 2018), which also used petrochronological data to assign meaning to the ages.

The rims of most zircon crystals, soccer ball and shapeless zircon crystals in sample RGM55,
which yield a date of 615.8 + 3.4 Ma, register the highest contents in U (up to 347 ppm) and lowest Th/U
ratios (~ 0.23) of the studied samples (Figure 8C). In comparison to their cores, they are depleted in Th
and have a wider range of LREE contents, suggesting that allanite, a sink for these elements (Hermann,

2002), including Th, was crystallizing at same time. This was made possible by the very high abundance
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of LREE in the bulk composition which will stabilize allanite at such high temperature conditions
(Hermann, 2002). Other studies using U-Pb geochronology combined with trace elements in zircon and
monazite interpret this age (ca. 615 Ma) as the time of melt crystallization in the Guaxupé Domain
(Rocha et al,, 2018, 2017). The data presented here also suggest this interpretation, where the zircon
may have begun to crystallize by the Zr saturation of the melt, at the same time as crystallization of

allanite. Thus, the date of ca. 615 Ma may represent a time closer to the onset of melt crystallization.

The rims and soccer ball zircon from samples VABO1 and VAB19 record the lowest contents of
U, the highest Th/U ratios and the youngest ages (Figure 8C). Major phases are more able to incorporate
U rather than Th (Yakymchuk et al., 2018), thus, without the presence of a Th-bearing phase, the Th/U
ratios in the melt tend to increase during crystallization. Therefore, this group may reflect the final

crystallization of the trapped melt (Figure 10), when the availability of U was low.

The Dggr for zircon-garnet from sample VABO1 for soccer ball crystals shows a flat pattern of
MREE and HREE when combined with core2 and rim garnet REE data (Figure 11C and E), but not when
they were normalized to the core of larger garnet grains (Figure 11A). Other than that, the data from
zircon rims show flat patterns of MREE and enrichment in HREE (Figure 11A, C and E), which may
indicate a mix with the core domain, as the spot size of the laser ablation is larger than the SHRIMP. The
garnet cores from smaller crystals or the intermediate domain of larger crystals and the garnet rims
from sample VABO1 better fit the zircon data, which show the same slope and trends as the experimental
data (Figure 11D and F). Thus, this behaviour implies that the low U zircon group from sample VAB01
grew in equilibrium with garnet, which is supported by the flat pattern of HREE in both minerals (Figure

4 and Figure 9), once both were competing to these elements.

The Drgg zircon-garnet plot for zircon rims and soccer ball crystals from sample VAB19 show M
and HREE depleted in comparison with garnet (Figure 11G). However, as seen in the array plot (Figure
11H), the data are displaced from the experimental data, which indicates that zircon and garnet were
not in equilibrium. In this case, garnet might have crystallized earlier than zircon, since it shows an

enriched pattern in HREE (Figure 4), while zircon shows a flat HREE pattern (Figure 9). HREE are
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strongly partitioned into garnet (Chen et al., 2010), thus garnet had already sequestered HREE when

the zircon rims and soccer balls crystallized.

The isobaric-cooling path earlier discussed shows that the garnet modal proportion increases as
melt crystallizes toward low temperature, as predicted in the pseudosection modelling (Figure 5). It is
likely that the age recorded by the low U zircon group from VABO1 and VAB19, at ca. 600-595 Ma,
represents the age of crystallization of late trapped melt. It is worth highlighting that two SHRIMP spot
analyses from sample RGM55 yielded similar dates (concordia age of 597.3 + 5.1 Ma) and although they
have low statistical representation, these two points might represent the end of leucosome
crystallization. Therefore, with the onset of melt crystallization at ca. 615 Ma, the duration of melt

crystallization is inferred to last for ca. 20 Myr (Figure 10).

5.3 Regional implications

5.3.1 The Guaxupé Domain

Calculated P-T conditions using phase equilibrium modelling and conventional
thermobarometry demonstrate that all three studied samples, which are located 30 kilometers apart,
reached UHT conditions during metamorphism. Similarly high metamorphic conditions have been
reported from other rocks associated with the Socorro-Guaxupé Nappe (e.g. Del Lama et al., 2000; Rocha
et al, 2017). Extreme temperatures are consistent with extensive charnockite magmatism in the area
(Janasi, 2002; Salazar-Mora et al.,, 2014). In summary, we propose that UHT conditions were widespread
within the orogen, although mineral associations diagnostic of UHT metamorphism have never been

recognized.

The Guaxupé Domain is composed of different protoliths, including pelites, and mafic and felsic
igneous rocks, with felsic igneous rocks being the most voluminous. Inferred magmatic crystallization
ages appear to be only slightly older than the metamorphic event (Campos Neto & Caby, 2000; Campos
Neto et al,, 1996; Salazar-Mora et al., 2014; Rocha et al., 2017; Rocha, 2016; Tedeschi, 2018). On the one
hand, the 176Hf/177Hf ratios show a horizontal spreading related to crystallization ages of the zircon

grains of all samples (Figure 9F), suggesting that the U-Pb isotopic system were opened during the UHT
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event, while the Lu-Hf remained closed. On the other hand, zircon cores are roughly clustered at lower
176Hf/177Hf ratios values than the metamorphic domains, particularly in VAB19, which also suggest a
slight enrichment in radiogenic 176Hf. Newly formed zircon domains are prone to incorporate radiogenic
176Hf (Gerdes and Zeh, 2009), however, due to the limited time interval between the magmatism and the
metamorphic event, significant enrichment was not expected. It is crucial to say that recently zircons of
Neoarchean to Paleoproterozoic age have been dated in both the residue and leucosome in rocks located
~70km to the west of the study area (Tedeschi et al., 2018), the first record of such ancient ages in this

region.

In this work, the cores of analyzed zircon crystals from garnet-bearing felsic granulite (VABO1
and VAB19) have ages between 705 and 630 Ma and REE patterns characterized by relative enrichment
in LREE and strong enrichment in HREE, which generally is different from patterns of other identified
zircon groups, which may represent magmatic ages. Zircon crystals from the diatexite (RGM55) also
show older ages scattered between 660 and 630 Ma that may be magmatic, although the REE patterns
and Hf signatures of these grains are different from those within the felsic garnet granulite. These dates
suggest a protracted magmatic event, lasting some 75 Myr, although they could also indicate variable
Pb loss along the concordia from a single older magmatic population during UHT metamorphism. Many
authors have advocated that these zircon cores are related to the generation of a pre-collisional
magmatic arc (e.g. Campos Neto et al., 1996; Campos Neto and Caby, 2000; Salazar-Mora et al., 2014).
However, in this study, the Hf signatures of zircon cores suggest a crustal source for the magmas.
Importantly, there are no juvenile signatures (as observed in Figure 9D), suggesting these rocks
represent reworked older continental crust, as indicated by the negative EHf() and ENd values (Janasi,
2002; Rocha et al, 2018; Salazar-Mora et al, 2014; Tedeschi et al., 2018) and the newly found

Neoarchean-Paleoproterozoic ages (Tedeschi et al., 2018).

5.3.2 The Brasilia Orogeny

The granulites of the Guaxupé Domain in this study show a metamorphic peak at around 1000°C

and 11.5 kbar, which implies a high T/P ratio (around 870°C GPa-1). Although there are only limited
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thermobarometric data published for this domain, similar conditions have been described here before
(Del Lama et al., 2000; Garcia and Campos Neto, 2003; Rocha et al., 2018, 2017). A compilation of these

data yields an average of T/P ratio of 818°C GPa'! (Figure 12).

On the other hand, the central domain of the southmost part of the Brasilia Orogen, the
Andrelandia Nappe System, has more detailed data on the metamorphic peak conditions (Campos Neto
et al.,, 2010; Cioffi et al., 2012; Garcia and Campos Neto, 2003; Motta et al., 2010; Motta and Moraes,
2017; Santos et al., 2004). This portion shows a greater diversity of metamorphic grade, from low
amphibolite facies to high-pressure granulite (e.g. Motta and Moraes, 2017). The T/P ratio in this

domain shows lower values than the Guaxupé Domain, with an average of 596°C GPa-!1 (Figure 12).

Thus, the southmost part of Brasilia Orogen shows a bimodal distribution of metamorphism, as
observed in the histogram (Figure 12), with two distinct populations. This dualism in the metamorphic
conditions is consistent with the evolution of plate tectonics through time (Brown and Johnson, 2018;
Holder et al,, 2019). However, the low T/P group is at least 100°C GPa-! higher when compared to the
Phanerozoic orogens, which show T/P ratios <500°C GPal (Holder et al., 2019). Actually, these values
are even higher than those predicted for low T/P rocks in Neoproterozoic orogens (Holder et al., 2019)
(Figure 12), showing that the conditions of heating were anomalous in this region during the closure of
West Gondwana. Nevertheless, the data seem to confirm the idea of gradual changes in the style of plate

tectonics and the progressive decreasing of mantle temperatures through time.

6 CONCLUSIONS

The present study has demonstrated that:

e The Guaxupé Domain in the southernmost part of the Brasilia Orogen underwent
widespread regional UHT metamorphism with peak conditions ranging from 900 to
1050°C at 9 to 12 kbar;

e Modified textures in zircon crystal cores, such as ghost oscillatory zoning and disturbed
patterns may represent the recrystallization of magmatic zircon at peak conditions (ca.

625 Ma);
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e High-U zircon grains and rims record ages of ca. 615 Ma, which represent Zr saturation
in the melt, close to the onset of melt crystallization;

e Afinal period of melt crystallization occurred at 870°C at 8.5 kbar in a field where garnet
was crystallizing and is marked by ca. 595 Ma soccer ball zircon crystals and rims
depleted in U and HREE in the garnet-bearing felsic granulite;

e This evolution defines a clockwise P-T path suggesting that the lower crust was heated
to high-grade conditions for at least 30 Myr (625 to 595 Ma) and that the crystallization
of partial melt lasted 20 Myr (615 to 595 Ma);

e A T/P comparison with the Andrelandia Nappe System shows a bimodal metamorphic

distribution, consistent with the evolution of plate tectonics through time.
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Figure S1. T-X pseudosection (sample VABO1 - garnet-bearing felsic granulite), where X varies from
0.01 to 5 mol. % of H»0. Dashed lines are the modal proportions of melt. It was chosen a value (red

dashed line) to cover among 5 and 20% of melt at the assemblage peak (aug-opx-g-ilm-ksp-L)

Figure S2. P-X pseudosection, where XFe,03 varies from 0.2 to 1.75 mol. %. An XFe,03 value of 0.98 mol.

% was chosen (blue dashed line) to eliminate rutile from the calculations.

Figure S3. Comparison between 206Pb /238 age obtained by SHRIMP and LASS-ICP-MS. (A) All the data,
where blue balls are sample VABO1, yellow triangles are sample VAB19 and red diamonds are sample
RGM55; (B) Sample VABO1; (C) Sample VAB19; and (D) Sample RGM55. In (B), (C) and (D) uncertainties

bars are given in 20. Note that LASS-ICP-MS tends to yield older ages than SHRIMP.

Figure S4. Pseudosections (VAB19). (A) T-X, where X varies from 0.01 to 4.74 mol. % of H;0. Dashed
lines are the modal proportions of melt. It was chosen a value (red line) to cover among 5 and 20% of
melt at the assemblage peak (aug-opx-g-ilm-ksp-L). (B) P-X, where XFe,03 varies from 0.2 to 1.75 mol.

%. An XFe;03 value of 0.98 mol. % was chosen (red line) to eliminate rutile from the calculations. (C) P-
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T, contours show the modal proportion of melt (dashed lines), and the solidus is represented by a bold

red line. The peak mineral association is highlighted in yellow.

Table S1. Representative EMP data of silicates.

Table S2. Representative LA-ICP-MS data of garnet.

Table S3. Chemical analyses of granulites.

Table S4. SHRIMP U-Pb data of zircon.

Table S5. LASS-ICP-MS complementary U-Pb data of zircon

Table S6. LASS-ICP-MS trace elements data of zircon.

Table S7. LASS-ICP-MS Lu-Hf data of zircon.

Figure Captions

Figure 1. (A) Brasilia Orogen and its relation with Neoproterozoic orogens and cratons of eastern Brazil.
(B) Geological Map of the Guaxupé Domain of the Socorro-Guaxupé Nappe, Southern Brasilia Orogen
(after Campos Neto et al,, 2010). Numbers 1 to 4 are the location of the studied samples VAB01, VAB19,
RGM55 and PARO3, respectively, two garnet-bearing felsic granulites, a diatexite and a garnet mafic
granulite. Previous works are labelled: green box is Del Lama et al. (1998); red star is Rocha etal. (2017);

yellow star is Rocha et al. (2018); and blue box is Tedeschi et al. (2018).

Figure 2. (A) Banded garnet-bearing felsic granulite with orthopyroxene porphyroblast (VAB01). (B)
Typical mineral assemblage of the banded garnet-bearing felsic granulite with two pyroxenes in both
the residuum and in the leucosome (VAB19, plane-polarized light). (C) Films of quartz (arrows)
surrounding feldspars in the garnet-bearing felsic granulite, representing evidence of former anatectic
melt (crossed polarized light plus A plate - VAB01). (D) Films of K-feldspar wrapping plagioclase crystals
in the garnet-bearing felsic granulite (BSE image - VAB19). (E) Rounded biotite inclusions in garnet and
hornblende replacing pyroxene outside garnet in the garnet-bearing felsic granulite (VABO1, plane-
polarized light). (F) Clinopyroxene (darker grey) in the garnet-bearing felsic granulite with fine

exsolution lamellae of clinoenstatite (brighter grey) and an adjacent oxide phase in the top right corner
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oxide comprising exsolved ilmenite (brightest grey) and magnetite (VABO1, BSE image). (G) Biotite and
oxide intergrowths surrounding pyroxene grains in the diatexite (RGM55, plane-polarized light). (H)
Coarse allanite crystals in leucosome of the diatexite (RGM55, plane-polarized light). (I) Fine to coarse-

grained garnet mafic granulite with granoblastic fabric (PAR03, plane-polarized light).

Figure 3. (A) TAS diagram (Middlemost, 1994) for the rocks of this work. The green shaded area
represent basic granulites, the red area intermediate granulites and yellow area acid granulite.
Classification and data follow-Del Lama et al. (1998). (B) Chondrite-normalized (Sun and McDonough,
1989) REE patterns for the garnet-bearing felsic granulites and diatexite; (C) Average continental crust-
normalized (Wedepohl, 1995) trace-element patterns for the garnet-bearing felsic granulites and

diatexite.

Figure 4. Representative compositional profiles from analytical traverses across garnet grains acquired
by EMP (figures A, C and E) and LA-ICP-MS (figures B and D). Sample ID is labelled in the figure. In (B),
core 1 represents the centres of those crystals bigger than ~7 mm, and core 2 the intermediate portions

of these big grains and centres of smaller grains.

Figure 5. (A) Calculated P-T pseudosection for the bulk composition of VABO1, a garnet-bearing felsic
granulite, using the augite model for clinopyroxene. Contours show the modal proportion of melt
(dashed lines), and the solidus is represented by a bold white line. The peak mineral association is
highlighted in yellow. AlT isopleths in orthopyroxene marked by magenta lines with their respective
values. (B) Calculated changes in modal proportions of phases at 10 kbar for sample VABO1, a garnet-

bearing felsic granulite.

Figure 6. Calculated P-T pseudosection for a garnet-bearing garnet mafic granulite (PAR03), using an
augite model for clinopyroxene. The peak mineral association is highlighted in yellow. (A) Water content
around 1 mol. %. (B) Water content of 0.01 mol. %. Contours for the modal proportion of melt are shown

with dashed lines, and the solidus is represented by a bold white line.

Figure 7. CL images for representative zircon crystals from the three studied samples. Yellow ellipses

show the location of SHRIMP spots (~ 20 um diameter) and blue circles the location of LASS-ICP-MS
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spots (~ 50 pm diameter). Labels present spot ID, 206Pb /238 date (Ma) with 1o uncertainties, U content
(ppm) and EHf(y values, when the latter is available. Labels in yellow show SHRIMP data, while labels in
blue LASS-ICP-MS data. (A) Sample VABO1, oscillatory-zoned cores show older ages and higher U than
soccer ball crystals. (B) Sample VAB19, oscillatory-zoned cores show older ages and higher U than rims
and soccer ball crystals. (C) Sample RGM55, broad oscillatory cores show the oldest ages, sector- and
disturbed-zoned cores older than rims and soccer ball crystals, and anhedral grain show the youngest

age.

Figure 8. Concordia diagrams with zircon U-Pb isotopic data collected with SHRIMP II (2c error ellipses)
in (A), (B), (C) in which: (A) Data for sample VABO1 from soccer ball zircon (sb) and rims with a weighted
mean 206Ph /238 age of 593.8 + 8.5 Ma and cores ranging up to ca. 700 Ma; (B) Data for sample VAB19
from soccer ball zircon and rims with a weighted mean 206Pb /238U age of 598 + 4.6 Ma and cores ranging
up to ca. 700 Ma; (C) Data for sample RGM55, where blue ellipses represent the oldest ages, red ellipses
are zircon cores with a weighted mean 206Pb /238U age of 624.8 + 3.4 Ma, yellow ellipses are soccer ball
and shapeless zircon and rims with a weighted mean 206Pb /238U age of 615.8 + 3.4 Ma, and green ellipses
are shapeless zircon with Concordia age of 597.3 + 5.1 Ma. Contents of Th and U (obtained by SHRIMP,
except group 5, which was obtained in LASS-ICP-MS) of different zircon types are shown in (D), in
which: 1 - oscillatory-zoned cores from VABO1; 2 - rims and soccer ball crystals from VABO1; 3 -
oscillatory-zoned cores from VAB19; 4 - rims and soccer ball crystals from VAB19; 5 - older broad
oscillatory-zoned or sector-zoned cores from RGM55; 6 - 625 Ma sector-zoned core from RGM55; 7 -

615 Ma high U domain from RGM55;and 8 — 597 Ma anhedral zircon from RGM55.

Figure 9. Zircon REE chondrite-normalized pattern (Sun and McDonough, 1989) in (A) to (C), in which:
(A) VABO1; (B) VAB19; (C) RGM55; (D) 176Hf/177Hf against 206Pb /238U for different zircon types (LASS-
ICP-MS Hf data linked to SHRIMP ages data), in which: 1 - oscillatory-zoned cores from VABO1; 2 -
soccer ball crystals from VABO1. 3 - rims from VABO1; 4 - oscillatory-zoned cores from VAB19; 5 -
soccer ball crystals from VAB19; 6 - rim from VAB19; 7 - older domain from RGM55; 8 - 625 Ma sector-
zoned cores from RGM55; 9 - 615 Ma high-U domains from RGM55; 10 - 597 Ma domain from RGM55.

Shaded areas are data from Tedeschi et al. (2018).
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Figure 10. Summary of P-T-t estimates for rocks of the Guaxupé Domain. Peak fields for samples VABO1
(felsic granulite) and PARO3 (mafic granulite) are overlain to show the region of overlap. Calculated in
pseudosection AlT isopleth in orthopyroxene is at similar conditions to those calculated in the average
P-T mode of THERMOCALCA. The post-peak evolution leads to the magnetite growth coexisting with
garnet. Crystallization of high U rims and the formation of xenomorphic and soccer ball zircon at ca 615
Ma, might be linked with the Zr saturation in the melt in the onset of melt crystallization. The end of the
crystallization of the melt happened at 870°C and 8.5 kbar and it is marked by the crystallization of low
U rims and soccer ball zircon depleted in HREE at ca. 595 Ma. The prograde evolution is dashed because
the uncertainties around the protolith, and partial melt and melt segregation mean that the present-day
bulk composition may not be representative of previous conditions, although sector-zoned zircon grains

are representative of this period at ca. 625 Ma.

Figure 11. Zircon and garnet trace elements data from garnet-bearing felsic granulite (VABO1 and
VAB19). Traditional DREE (zircon-garnet) plot in (A), (C), (E) and (G). Array plot, purposed by Taylor
et al. (2017), showing DREE (zircon-garnet) for all zircon against average garnet domains in (B), (D),
(F) and (H). (A) and (B) zircon data plotted against garnet cores depleted in HREE from sample VABO1
(core 1 from Figure 4B). (C) and (D) zircon data plotted against cores/intermediate portion of garnet
from sample VABO1 (core 2 from Figure 4B). (E) and (F) zircon data plotted against garnet rims from
sample VABO1 (rim from Figure 4B). (G) and (H) zircon data plotted against the single garnet domain
from sample VAB19 (Figure 4D). (*) zircon-garnet data from Taylor et al. (2015) performed at 7 kbar.

(**) zircon-garnet data from Rubatto and Hermann (2007) performed at 20 kbar.

Figure 12. (A) Distribution of T/P ratios in the southmost part of Brasilia Orogen showing two
populations, one of high T/P, represented by the Guaxupé Domain (n=8) and other of low T/P,
represented by the Andrelandia Nappe System (n=14). The pink box represents the expected low T/P
group for a Neoproterozoic age of 625 Ma, whereas the blue box is what were expected for the high T/P
group, according with Holder et al. (2019). (B) P-T conditions of metamorphic peak in the southmost
part of Brasilia Orogen. In both figures, blue symbols are data from Guaxupé Domain and red symbol

are data from Andreldndia Nappe System; references are labelled inside the figure.
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Table Captions

Table 1. Bulk composition as molar oxides (mol.%) used in phase equilibria modelling.

Table 2. Summary of conventional thermobarometric results. The uncertainties of THERMOCALC are

reported as 20.
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Sample Lithology Figs. H20 Si0, Al,03; CaO MgO  FeO K20 Na,0O TiO, O
VABO1 Grtfelsic 4,5, 1.00 68.34 9.67 5.63 3.88 5.37 1.43 3.11 0.57 1.00
granulite 6,51

and
S2
PARO3 Grt 7A 1.00 48.38 7.74 11.28 7.91 14.78 0.1 3.05 2.28 3.48
mafic
granulite

7B 0.01 4884 7381 11.39 7.98 1491 0.1 3.08 2.3 3.58
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Sample Analysis THERMOCALC Pattison et al. (2003)
used (see T (°C) P (kbar) T (°C) P (kbar) T (°C) at fixed
Table S1) P (11 Kbar)
VABO1 cpx(reint)*- 1009 + 144 11.5+3 1020 14.4 936
opx3.7-
pl2.5**-
grtl.8
VAB19 Cpx2.2*- 962 + 148 12.2+3 952 13.5 894
opx9c-
pl4.2%**-
grtl.5
PARO3 cpx7.1*- 936 + 186 102+22 919 11 921
opx1.3-
pl3.3**-
grt8.3
* clinopyroxene analysis are not used in the Pattinson et al. (2003) thermobarometer.
** at fixed pressures plagioclase is not used in the Pattinson et al. (2003) thermometer.
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