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ABSTRACT
Orogenic belts that sustain elevated temperatures at intermediate crustal depths for tens of millions of years are known as hot 
orogens. The evolution of these hot orogens is largely influenced by thermal maturation, primarily driven by the distribution of 
heat-producing elements (HPEs), such as K, Th and U in the overthickened crust. This process involves widespread anatexis, 
granulite facies metamorphism, extensive transfer of fluids and magma and large-scale crustal flow. Although most of the ther-
mal evolution of hot orogens is controlled by HPEs, episodic heat transfer may also contribute to their geodynamic development. 
The Araçuaí orogen, located in southeastern Brazil, represents a Neoproterozoic hot orogen that exposes in its internal domain 
deeper levels of an overthickened crust, resembling the Tibetan plateau. Its evolution involves more than 120 million years 
of magmatism and metamorphism, including ultra-high-temperature metamorphism. Different geodynamic models have been 
suggested to explain the thermal evolution of this orogen, ranging from episodic heat sources within subduction-collisional 
orogeny to continuous long-lived heat sources in collisional or intracontinental settings. In this paper, we integrate detailed ther-
modynamic modelling, Lu–Hf and Sm–Nd garnet dating, and U–Pb and REE zircon data from an outcrop that includes granulite 
facies metasedimentary rocks (Nova Venecia complex) and an intrusive gabbroic stock (São Gabriel pluton). This key outcrop 
allows us to investigate the history of high-grade regional metamorphism within the internal domain of the Araçuaí orogen, as 
well as the thermal impact of the late-stage high-temperature magmatism on the later evolution of this hot orogen. Our data indi-
cate that the studied rocks reached near-peak conditions (6.5–10 kbar and ~800°C) at 535–530 Ma and followed a near-isothermal 
decompression path to 5–6 kbar at ~530–520 Ma. Only local effects of contact metamorphism (~5 kbar and 900°C–1000°C) were 
observed along the contact between the gabbroic stock and its host rock. Based on this newly integrated dataset and the com-
pilation of existing information, we argue that the Araçuaí orogen evolved from a single, continuous, long-lived heat source 
controlled by radiogenic decay from HPEs, rather than episodic advective heating from subduction/collision-related processes.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

Large and wide orogenic belts that maintain elevated tem-
peratures at intermediate crustal depths (~15–35 km) for 
tens of millions of years are recognized as hot orogens (Ellis 
et  al.  1998; Chardon et  al.  2009; Beaumont et  al.  2010). The 
thermal evolution of this type of orogen is largely controlled 
by the distribution of heat-producing elements (HPEs) in 
the overthickened crust (e.g., England and Thompson  1984; 
Bea 2012; Clark et al. 2011, 2015). Nevertheless, episodic in-
creases in heat resulting from enhanced mantle heat flow 
and advective heating due to mafic and/or felsic melt em-
placement may also play a role in its evolution (Collins 2002; 
Brown 2007; Clark et al. 2014; Farias et al. 2023, among oth-
ers). These episodic heating events can be attributed to diverse 
geodynamic processes such as slab retreat, arc maturation, 
slab window subduction, slab breakoff and back-arc extension 
(Jiao et al. 2023 and references therein). Indeed, the range of 
geodynamic processes that can influence the thermal evolu-
tion of hot orogens offers numerous possibilities for interpret-
ing their geodynamics.

Well-studied examples of collisional hot orogens, such as 
the Himalaya-Tibet, Grenville and Variscan orogens, high-
light the complexity of their long-lived geodynamic evolution 
(e.g., Jamieson et  al.  2004, 2010; Parsons et  al.  2020; Kelly 
et al. 2020, 2022; Johnson et al. 2020). Petrological and geo-
chronological data from ancient orogens, especially those from 
the Proterozoic era, indicate that large hot orogens remained 
at suprasolidus temperatures for tens to hundreds of millions 
of years (Montero et  al.  2004; Smithies et  al.  2011; Johnson 
et  al.  2015; Clark et  al.  2015; Rocha et  al.  2017; Cavalcante 
et al. 2018; Turlin et al. 2018). Therefore, one of the most dif-
ficult questions regarding their evolution involves identifying 
the heat source(s) needed to keep these thickened continen-
tal crusts hot for such extended periods (Brown  2007; Clark 
et al. 2011; Jiao et al. 2023).

The Araçuaí orogen represents a long-lived hot orogen associ-
ated with the assembly of West Gondwana that records mag-
matic activity and tectonism spanning from 630 to 480 Ma 
(e.g., Pedrosa-Soares et al. 2001; Alkmim et al. 2006). It cor-
responds to the Brazilian counterpart of the Brasiliano/Pan 
African Araçuaí-West Congo orogen, which is characterized 
by a confined geometry in a continental gulf between the 
São Francisco and Congo cratons (e.g., Alkmim et  al.  2006, 
Figure 1a,b). The complex geological record and the confined 
geometry of the orogen stimulate an active discussion regard-
ing its tectonic model and geodynamic evolution (e.g., Fossen 
et al. 2020). The models that include oceanic plate consump-
tion with subduction and collisional tectonics are based pri-
marily on geochemical, isotopic and geochronological data of 
orthogneisses and granitoids (e.g., Pedrosa-Soares et al. 2011; 
Tedeschi et  al.  2016), and metamafic-ultramafic rocks in-
terpreted as fragmented ophiolites within an accretionary 
wedge (Pedrosa-Soares et al. 1998; Peixoto et al. 2015; Amaral 
et al. 2020). These tectonic models typically incorporate epi-
sodic heat sources to account for the protracted evolution of 
the Araçuaí orogen, such as mid-ocean ridge subduction, slab 
retreat, slab break-off and back-arc extension (e.g., Gradim 
et al. 2014; Bento dos Santos et al. 2015; Tedeschi et al. 2016; 

Richter et al. 2016). On the other hand, tectonic models that 
link the evolution of the Araçuaí orogen with either a plateau-
like intracontinental orogeny (e.g., Cavalcante et  al.  2019, 
2021; Fossen et  al.  2020) or crustal overthickening with 
limited oceanic consumption (Fossen et  al.  2017; Schannor 
et  al.  2021) highlight the importance of HPE distribution 
within the orogenic crust in controlling its thermal evolu-
tion. Although the tectonic model and geodynamic evolution 
of the Araçuaí orogen remain topics of ongoing debate, the 
available petrological and geochronological data, particularly 
those using an integrated petrochronological approach (Engi 
et al. 2017), offer significant insights into the thermal evolu-
tion of the orogen (e.g., Schannor et al. 2021).

In this study, we combine field data, detailed thermodynamic 
modelling, U–Pb and REE zircon data, as well as Lu–Hf and 
Sm–Nd garnet geochronology from high-grade metamorphic 
rocks within the internal domain, more specifically in the hot 
anatectic domain, of the Araçuaí Orogen in order to constrain 
its metamorphic evolution. This synthesis of data, along with 
the compilation of available P–T–t data for the Araçuaí Orogen, 
enables us to discuss its long-lived thermal evolution and eval-
uate various geodynamic hypotheses regarding the heat budget 
within this orogenic system.

2   |   Geological Background

The Araçuaí orogen represents the Brazilian counterpart of the 
Araçuaí-West Congo orogen, which became separated from the 
African side due to the opening of the Atlantic Ocean during 
the Cretaceous period (e.g., Pedrosa-Soares et al. 1998, 2001). 
Its formation is intricately linked with the breakup of the 
Rodinia supercontinent and the assembly of West Gondwana 
during the Neoproterozoic Brasiliano/Pan-African tectonic 
cycle, ultimately leading to the consolidation of the South 
American platform (Almeida  1967). Throughout this tectonic 
cycle, various sedimentary basins formed, and continents frag-
mented before being juxtaposed during diachronic orogenic 
events (Brito-Neves and Cordani 1991; Brito-Neves et al. 1999; 
Campos Neto 2000; Alkmim et al. 2001; Heilbron et al. 2004; 
Fuck et al. 2008). The Araçuaí orogen is bounded by the São 
Francisco craton to the north and west, and the Atlantic coast 
to the east (Figure 1b). Its southern limit with the coeval Ribeira 
Orogen, also associated with the Brasiliano/Pan-African cycle, 
is traditionally placed at the 21°S parallel based on significant 
structural differences. However, regional studies indicate a 
gradual transition between these orogenic systems, with the 
Araçuaí orogen characterized by a dominant shortening re-
gime and orogen-orthogonal crustal flow, while in the Ribeira 
Orogen, a transpressive regime and orogen-parallel kinematics 
dominate (Vauchez et al. 1994; Egydio-Silva et al. 2018).

The Araçuaí orogen can be subdivided into the external fold-
and-thrust belt, in the western and northern segments, and 
an internal (hot) domain in its central and eastern areas 
(Fossen et al. 2017; Cavalcante et al. 2019, Figure 1b). The ex-
ternal fold-and-thrust belt exhibits very low- to medium-grade 
metasedimentary rocks and variably reworked basement rocks, 
with metamorphic conditions increasing from west to east, 
up to amphibolite facies (Cavalcante et  al.  2019). Mylonitic 
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metasedimentary rocks forming a subhorizontal shear zone 
that exceeds 5 km in thickness, deformed at high temperature 
(~750°C), define the boundary between the external and inter-
nal domains (Vauchez et al. 2007).

The internal domain includes large tonalitic/granodioritic ba-
tholiths and medium- to high-grade metavolcanosedimentary 
sequences in the central domain of the Araçuaí orogen (Central 
Plutonic domain of Mondou et  al.  2012), and voluminous per-
aluminous granites and garnet-biotite diatexites, migmatitic 
paragneisses and late high-temperature granitoids and gabbros 
in its eastern area, also known as the anatectic domain (Vauchez 
et  al.  2007; Cavalcante et  al.  2014; Schannor et  al.  2021, 
Figure  1c). The migmatitic paragneisses of the anatectic do-
main are inferred to occur beneath the peraluminous granites 
and diatexites in the easternmost region of the Araçuaí orogen 
(e.g., Gradim et al. 2014; Melo et al. 2017b). The Nova Venecia 
complex is the southern exposure of the migmatitic paragneiss 
unit and includes mostly upper amphibolite to granulite facies 
metasedimentary rocks, represented by migmatitic gneisses 

with variable amounts of garnet, cordierite, biotite and silli-
manite; Al-rich granulites, stromatic metatexites, minor calcsil-
icate rocks and diatexites and peraluminous granites (Gradim 
et al. 2014; Richter et al. 2016).

2.1   |   Nova Venecia Complex

The main lithologies grouped as the Nova Venecia complex 
(NVC) include Al-rich paragneisses with evidence of partial 
melting, lenses of refractory calcsilicate rocks, granoblastic 
garnet- and cordierite-rich granulites, leucocratic veins and di-
atexites (Figure  2a). Two main metamorphic assemblages are 
observed in the paragneisses: (i) sillimanite + cordierite + gar-
net + biotite; and (ii) garnet + cordierite ± sillimanite ± orthopy-
roxene ± spinel ± biotite (Gradim et al. 2014; Richter et al. 2016). 
A general variation of metamorphic grade from amphibolite 
facies in the west to granulite facies in the east is interpreted 
as due to the exposure of progressively deeper crustal levels 
(Gradim et al. 2014).

FIGURE 1    |    Tectonic and geological maps of West Gondwana and Araçuaí-West Congo orogen. (a) Tectonic map of West Gondwana showing the 
distribution of cratonic blocks and Neoproterozoic orogenic belts around 420 Ma; (b) general tectonic map of the Araçuaí-West Congo orogen (AWCO) 
and surroundings, after Fossen et al. (2017); (c) simplified geological map of the eastern part of the internal (hot) domain of the Araçuaí orogen, after 
Melo et al. (2017b).
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Previous P–T estimates constrain peak conditions in the migma-
titic paragneisses across de NVC to 820°C ± 30°C at 6.5 ± 0.5 kbar 
(Munhá et al. 2005) and 750°C to 930°C at 6.1 ± 1.5 kbar (Gradim 
et al. 2014) with the use of inverse thermobarometry; and 750°C 
to 1000°C at 6 to 9 kbar (Richter et al. 2016) and 732°C to 883°C 
at 5.6 to 7.3 kbar (Wisniowski et  al.  2020) based on more re-
cent phase equilibrium modelling work. Retrograde conditions 
of 640°C–800°C and 4.5–6 kbar were constrained by Richter 
et al. (2016), defining a clockwise P–T evolution for these rocks. 
Timing of near-peak conditions is constrained by U–Pb dating of 
zircon and monazite to have occurred at 560–571 Ma, whereas 
retrograde conditions (< 700°C) occurred at circa 500 Ma 
(Richter et al. 2016; Wisniowski et al. 2020). Metamorphic con-
ditions from the outcrop studied in this work have previously 
been constrained at 970°C–1010°C and 5.6–6.0 kbar for proxi-
mal hornfels next to a noritic gabbro (Wisniowski et al. 2020).

2.2   |   Ediacaran and Cambrian-Ordovician 
Intrusive Rocks

Intrusive Ediacaran peraluminous and metaluminous rocks 
and Cambrian-Ordovician high-temperature magmatic units 
occur within the Nova Venecia complex (Figures  1c and 2a). 
These rocks occur as garnet-bearing peraluminous granitoids, 
with dominant granodioritic and granitic compositions and 
contain abundant enclaves of paragneisses and calcsilicate 
rocks, indicating their genetic relationship to the migmatites 
of the Nova Venecia complex (Gradim et al. 2014; Cavalcante 
et al. 2021). The granitoids occur at different scales, from leu-
cocratic veins to large massifs of foliated granitoids (Figures 1c 
and 2a). Crystallization ages for these rocks range from ~590 
to 570 Ma; however, younger U–Pb dates (ca. 570–550 Ma) for 
monazite and zircon grains highlight complex recrystallization 

FIGURE 2    |    (a) Simplified geological map near the city of Colatina, outlining the São Gabriel gabbro-norite; (b) satellite image showing the lo-
cation of the studied roadcut with the indication of the contact between Nova Venecia complex and the São Gabriel gabbro-norite. Active quarries, 
mostly exploring the gabbro-norite for ornamental stones, are indicated, including the site ARAC-12, cited in the text; (c) schematic sketch of the 
studied roadcut showing field features such as leucosome parallel to the main gneissic/stromatic banding of the metatexitic paragneisses and late 
pegmatitic/aplitic veins crosscutting the gneissic foliation, associated with small faults. In the westernmost part of the outcrop is represented the gra-
noblastic cordierite-garnet granulite. Cretaceous diabase dykes are also shown in the western part of the outcrop. The contact between the migma-
titic paragneisses and the gabbro-norite is highlighted in the easternmost part of the outcrop.
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(metamorphic/metasomatic?) and/or isotopic reequilibration 
processes (Melo et al. 2017a, 2017b; Cavalcante et al. 2021).

Additional intrusive rocks including metaluminous I-type 
granitoids, ranging from hornblende-bearing granitoids to en-
derbites and charnockites, and gabbro-norites (Pedrosa-Soares 
and Wiedemann-Leonardos  2000; De Campos et  al.  2016) are 
also present. These rocks do not exhibit deformation fabrics and 
are interpreted as recording lower to middle crust geodynamics 
during the late gravitational collapse of the Araçuaí orogen (e.g., 
De Campos et al. 2016; Temporim et al. 2023). Most ages for this 
late-orogenic magmatism are around 500 Ma, but ages as old as 
~535 Ma and young as 490–480 Ma have been found (De Campos 
et al. 2016; Melo et al. 2020). In the studied area, a gabbroic stock 
associated with this late-stage magmatism is referred to as the 
São Gabriel pluton (Figure 2a,b). It comprises melanocratic to 
mesocratic isotropic medium- to coarse-grained gabbro-norite. 
U–Pb SHRIMP zircon data for this gabbroic rock constrain its 
crystallization age at 523 ± 7 Ma (Wisniowski et al. 2020).

3   |   Methods

3.1   |   Petrography and Mineral Chemistry

Mineral chemistry data were obtained using the Electron-Probe 
Microanalyzer (EPMA) JEOL-JXA8600 in the Microprobe 
Laboratory at the São Paulo State University (UNESP) and at 
the University of São Paulo (USP). For spot analysis, the equip-
ment was operated with 15 keV of accelerating voltage, 20-nA 
current, 5-μm beam diameter (except for 3-μm biotite that was 
used and USP points with 10 μm) and 10-s peak dwell time (5 s 
in background) for elements with expected concentrations > 5%; 
and 20 s peak dwell time (10 s in background) for elements with 
expected concentrations < 5%. Compositional maps were ob-
tained using the same operational conditions at UNESP (15 keV, 
20 nA), but 200 ms of dwell time, following the procedures de-
scribed in Lanari et al. (2019). Si, Al, Fe, Mg, Mn, Ca, Na, K, P 
and Ti were analysed using wavelength dispersive spectrometer 
(WDS) detectors, and Cr, S, Zn and Zr were determined with 
energy dispersive spectrometer (EDS) detectors. Quantitative 
compositional maps were extracted using the internal standard 
technique (De Andrade et al. 2006) in the software XMapTools 
(Lanari et al. 2014; Lanari and Engi 2017). Additional maps of 
structural formula and end-member compositions (e.g., Xalm, 
Xan, AlIV and Si apfu) were also produced using XMapTools. 
The specific parameters for the X-Ray maps and representative 
spot data used for standardization are presented on Data S1.

3.2   |   Thermodynamic Modelling

The isochemical phase diagrams were calculated using the soft-
ware THERIAK-DOMINO (De Capitani and Petrakaksi  2010) 
and the thermodynamic database tcds55_p07.bs (Holland and 
Powell 1998). The solid solution models used for calculations in 
the MnNCKFMASHTO chemical system were listed as follows: 
White et al.  (2007) for silicate melt; White et al.  (2005) for bi-
otite, garnet and ilmenite; White et  al.  (2002) for orthopyrox-
ene; Holland and Powell  (1998) for cordierite and spinel; and 
Holland and Powell  (2003) for plagioclase and K-feldspar. The 

H2O and ferric iron contents were estimated using T-X phase di-
agrams (Data S2). Chemical compositions were extracted from 
compositional maps using XMapTools (Lanari et al. 2019).

3.3   |   Geochronology and REE Geochemistry

3.3.1   |   U–Pb Zircon Dating and REE Analysis

Samples processed for zircon geochronology were crushed, milled 
and sieved. Magnetic separation was attained using the Frantz 
magnetic separator and/or a Nd hand magnet. Selected zircon 
grains representing different morphologies, colours and inclusion 
presence were hand-picked and mounted on epoxy resin mounts, 
polished and then carbon coated for cathodoluminescence (CL) 
and backscattering electron imaging, performed at the University 
of Campinas (UNICAMP) with a SEM model Zeiss Leo 430i and 
a Gatan Chroma CL DIGISCAN II CL detector. These images 
were used to select spot locations, considering possible fractures 
and chemical zoning. The system used for isotopic analysis was 
the LA-ICP-MS installed at the Laboratório de Geologia Isotópica 
(LAGIS-UNICAMP), with the mass spectrometer Thermo Fisher 
Scientific Element XR, attached to a Photon Machine Excites 193 
module and the HelEx ablation cell. Laser conditions were 25-
μm spot diameter, 10-Hz repetition rate and ~4.75 J/cm2 fluence 
with 40 s of dwell time for the analysis. The routine comprised 
two standard analyses, 1 blank and 10 unknowns. The standards 
used were Peixe (206Pb/238U age of 564 Ma; Gehrels, unpublished) 
and 91500 (206Pb/238U TIMS age of 1065.4 ± 0.6 Ma; Wiedenbeck 
et al. 1995). Both standard results are presented in Data S5 and are 
in accordance with reference data. Data were reduced and filtered 
with the IOLITE module of software Igor Pro (Paton et al. 2011), 
visualized with module VizualAge (Petrus and Kamber  2012) 
and plotted with IsoplotR (Vermeesch 2018). REE analyses were 
also obtained by the same ICP-MS laser ablation system, with the 
same spot size and fluence from the U–Pb analyses, and spot lo-
cations were chosen right next to the U–Pb spots, maintaining 
textural/domain control. Spot locations are presented with geo-
chronological data figures. Ablation time for REE analyses was 
90 s (30 s for gas blank and 60 s for sample counting).

3.3.2   |   Lu–Hf and Sm–Nd Garnet Dating 
and REE Analysis

Sample preparation for garnet dating included the isolation of 
garnets from whole-rock samples after crushing, milling, sieving 
and magnetically separating the samples to a specific grain size, 
controlled by the diameter of the target garnet population. Four 
250-mg garnet fractions plus 500 mg of garnet-free whole-rock 
fractions were isolated for Lu–Hf analysis. Three 100-mg garnet 
fractions and one whole-rock fraction were isolated for Sm–Nd 
analysis. For Sm-Nd analysis, two size fractions were used (two 
garnet fractions 125–63 μm, one < 63 μm) to ensure greater surface 
area and exposure of possible high-Nd inclusions (e.g., monazite 
and apatite). The Lu–Hf and Sm–Nd garnet dating was performed 
in the Radiogenic Isotope and Geochronology laboratory (RIGL) 
at Washington State University following the procedures from 
Johnson et al. (2018) and Anczkiewicz and Thirlwall (2003). Pure 
Lu, Hf, Sm and Nd solutions were analysed using a Thermo Fisher 
Scientific Neptune Plus multicollector ICP-MS. The constant 
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decays used for age calculations were 1.867 × 10−12a−1 for 176Lu 
(Söderlund et  al.  2004) and 6.54 × 10−12a−1 for 147Sm (Lugmair 
and Marti  1978). Data reduction procedures followed Vervoort 
et al. (2004) and references therein.

Garnet REE analysis was done at Western Washington University 
using an Agilent 7500ce ICP-MS coupled with the New Wave 
Research UP-213AS LA Accessory. Ten (10) spots were chosen 
in one representative garnet grain avoiding central inclusions, in 
a profile from rim to rim. Parameters used were the following: 
spot size, 40 μm; dwell time, 90 s (120 s of total acquisition time, 
including 30 s of background); fluence, ~13 J/cm2; repetition rate, 
10 Hz; and laser energy output of 80%. Calibration was performed 
using values obtained by Jochum et al. (2011) from the NIST 610 
and 612 SRM (Pearce et al. 1997), and data were reduced in the 
software Glitter v.4.4.4 (Van Achterbergh et al. 2000).

4   |   Field Geology

The field descriptions presented in this manuscript are based on ob-
servations made at a large roadcut spanning approximately 250 m, 
near Colatina city in Espírito Santo State, Brazil (Figure  2a,b). 
Additional observations were gathered from active quarries in the 
vicinity (Figure 2a). This extensive roadcut reveals various field 
features of the migmatitic paragneisses from the Nova Venecia 

complex and the contact of this sequence with the late-orogenic 
gabbro-norite of the São Gabriel pluton (Figure 2c). This key out-
crop was also studied by Wisniowski et al. (2020).

The main lithotype in the outcrop is a metatexitic cordierite-
garnet paragneiss (± orthopyroxene ± spinel ± sillimanite) 
with prominent stromatic structures (Figures  2c and 3a) and, 
locally, folded structures defined by in-source leucosome. 
Gneissic banding is marked by compositional layering/interca-
lations of quartz/feldspar-rich coarse-grained felsic bands and 
biotite-rich bands with garnet, orthopyroxene and cordierite. 
Leucosomes occur as garnet-bearing bands oriented parallel 
to the gneissic banding and as coarser sub-metric folded bands 
(Figure 3a,b). Leucosome and melanosome segregation pairs are 
locally observed (Figure  3c). These pairs have more diffusive 
contacts between layers and are generally concordant to folia-
tion. Melanosomes are coarse- to medium-grained and rich in 
cordierite, garnet, orthopyroxene and biotite. Fine- to medium-
grained granoblastic cordierite-garnet granulites are present in 
the westernmost part of the outcrop and are intercalated within 
the stromatic metatexitic paragneiss (Figures 2c and 3d).

The São Gabriel pluton is mapped as an irregular ‘V’-shaped in-
trusion that is approximately 4–6 km in length (Figure 2a). It is a 
homogeneous isotropic medium- to coarse-grained gabbro-norite, 
extensively exploited as ornamental stone (commercially known as 

FIGURE 3    |    Field features of the migmatitic paragneisses. See location of the photos in the outcrop sketch (Figure 2c). Sampling locations are also 
highlighted. (a) Stromatic metatexitic paragneisses (ARAC-02B); (b) in-source leucosome parallel to the gneissic banding (ARAC-02C); (c) leucosome 
and melanosome segregation pairs occurring in the western part of the outcrop; (d) contact between the cordierite-garnet granoblastic granulite 
(ARAC-01B) and the stromatic metatexitic paragneiss (westernmost part of the outcrop).
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‘San Gabriel Black Granite’) and its mineralogy comprises orthopy-
roxene, clinopyroxene, plagioclase and minor hornblende, biotite 
and quartz. Despite being a homogeneous igneous body, its inter-
face with the host migmatitic paragneiss exhibits complex patterns 
of interaction between molten rocks (Figure 4), distinctly different 
from the abrupt contact depicted in the sketch of Figure 2c. Next 
to the contact with the gabbro-norite, coarse-grained granoblastic 
hornfels are observed (Figure 4a). Within this interface domain, 
leucocratic garnet-bearing rocks, hornfels and gabbro-norite are 
mixed together in a complex pattern (Figure 4b,c). Magmatic flow 
structures, such as biotite-rich schlieren, are observed in the leuco-
cratic rocks (Figure 4d).

5   |   Sample Descriptions and Mineral Chemistry

Detailed petrographic studies were carried out on cordierite-
garnet granulites, metatexitic paragneiss, in-source leucosomes 
and hornfels. Additional petrographic features are present in 

Data S3, whereas full mineral chemistry data and additional 
compositional maps are presented in Data S4. Mineral abbrevia-
tions adhere to the conventions from Whitney and Evans (2010).

5.1   |   Al-Rich Granulitic Paragneiss

The baric peak assemblage of the granulitic paragneiss in the west-
ern and central parts of the studied outcrop is composed of garnet, 
orthopyroxene, plagioclase, K-feldspar, quartz, biotite, sillimanite 
and ilmenite, showing distinct textures according to different 
microdomains. Garnet occurs as medium- to coarse-grained sub-
idioblastic to xenoblastic grains, commonly forming poikiloblas-
tic textures wrapped by the regional gneissic fabric (Figure 5a). 
These garnet grains are usually associated with aggregates of 
biotite, ilmenite and quartz (Figure 5a,b), but orthopyroxene is lo-
cally observed (Figure 5b,c). Acicular sillimanite (fibrolite) is also 
present. In these microdomains, orthopyroxene occurs as xeno-
blastic grains being replaced by biotite and quartz (Figure 5c), and 

FIGURE 4    |    Field features from the complex contact domain between migmatitic paragneisses and gabbro-norites (see location in Figure 2b, 
ARAC-12). (a) Equigranular granoblastic orthopyroxene-rich hornfels; (b,c) contact domain of the migmatitic paragneisses and the gabbro-norite 
showing the diffuse character of this interface and the complex pattern of molten rocks interaction; (d) magmatic flow structures defined by biotite-
rich schlieren in anatectic melts within the diffuse contact between the migmatitic paragneisses and the gabbro-norite.
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as subidioblastic grains associated with garnet but being replaced 
by plagioclase (Figure 5d). In felsic microdomains, orthopyroxene 
occurs as interstitial xenoblastic grains within medium-grained 
matrix plagioclase (Figure 5e). Replacement textures are well de-
fined in locally embayed garnet porphyroblasts around cordierite, 
which is associated with sillimanite (Figure 5f), spinel and zircon 
(Figure 5g–i). These textures highlight the consumption of garnet 
and formation of cordierite (Figure 5f), often associated with bio-
tite/quartz symplectites (Figure 5g) and the development of spinel 
aggregates (Figure 5h,i).

5.1.1   |   Cordierite-Garnet Granulite With 
Spinel + Sillimanite (ARAC-01B)

Sample ARAC-01B represents a cordierite-garnet granulite that 
occurs as greyish medium-grained equigranular boudins/lenses 

hosted by the metatexitic paragneiss, subparallel to the gneis-
sic banding (Figure  3d) in the westernmost part of the outcrop 
(Figure 2c). The rock shows a general granoblastic texture marked 
by subidioblastic, usually fractured, garnet crystals with an aver-
age diameter of 0.1 mm and not larger than 2.5 mm, plus quartz and 
feldspars (perthitic alkali feldspar + plagioclase). Biotite occurs lo-
cally as interstitial grains (Figure 6a). Garnet inclusions comprise 
very fine- to fine-grained sillimanite (fibrolite) trails (Figure 6a) 
and subrounded fine-grained quartz grains, concentrated mainly 
in cores. Quartz and feldspars form a felsic coarse- to medium-
grained matrix, dominated by medium- to coarse-grained per-
thitic alkali feldspar (average diameter of 1 mm) and fine- to 
medium-grained quartz and plagioclase. Textures characterized 
by garnet around aggregates of cordierite, hercynitic spinel, ± silli-
manite and ± ilmenite are common. Zircon and monazite are also 
common (Figure 6b,d, see Data S3), as well as aggregates of cord-
ierite, sillimanite, hercynitic spinel, ilmenite and alkali feldspar 

FIGURE 5    |    Textural features observed in Al-rich granulitic paragneisses sampled in the west and central part of the studied outcrop. (a) Xenoblastic 
and poikiloblastic garnet oriented parallel to rock foliation with corroded rims of subhedral biotite and plagioclase; (b) xenoblastic garnet with biotite 
and plagioclase rims associated with subidioblastic/xenoblastic fine-grained orthopyroxene in the limit between the garnet-rich microdomain and 
a fine-grained interstitial orthopyroxene microdomain; (c) mafic orthopyroxene-rich layers with medium- to coarse-grained subidioblastic ortho-
pyroxene, idiomorph biotite and local biotite and quartz; (d) xenoblastic garnet rimmed by irregular-shaped films/veinlets of plagioclase; (e) felsic 
plagioclase-rich equigranular domain with interstitial fine- to medium-grained orthopyroxene and minor biotite and ilmenite grains; (f) medium-
grained subidioblastic clean garnet with oriented fine-grained sillimanite associated with cordierite clustering with zircon inclusions marked by a 
pleochroic halo; (g) xenoblastic poikiloblastic garnet with spinel and sillimanite inclusions. Garnet is rimmed by irregular shaped intergrowths of 
plagioclase and biotite; (h,i) replacement textures with the assemblage cordierite-spinel-ilmenite-zircon replacing garnet + sillimanite (Texture 1).
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(Figure 6b). Cordierite/quartz symplectites also occur (Figure 6c). 
These garnet textures and aggregates of cordierite + spinel are 
referred to as Texture 1 (Figure 6d). Zircon and monazite grains 
occur as accessory minerals within the garnet texture (Data S3). 
Monazite inclusions in garnet are also present.

Chemical composition in garnet varies from Xalm = 0.59–0.66, 
Xprp = 0.29–0.37, Xgrs = 0.02–0.03 and Xsps = ~0.02. The 

chemical variation is subtle in the subidioblastic garnet grains 
and cores from xenoblastic garnet associated with Texture 1 
clusters (Xprp = 0.33–0.37, Xalm = 0.59–0.63). However, rims in 
the vicinity of Texture 1 close to cordierite have slightly lower 
pyrope and higher almandine contents (Xprp = 0.32–0.36, 
Xalm = 0.60–0.64) (Figure 6e,f). Cordierite is chemically homo-
geneous (Mg# = 0.75–0.84), but slightly higher Mg# is seen in the 
contacts with garnet and spinel (Mg# = ~0.82) and the lowest Mg# 

FIGURE 6    |    (a–h) Textural features of the modelled cordierite-K-feldspar-garnet granulite with spinel + sillimanite (sample ARAC-01B) and (i–k) 
in-source leucosome (ARAC-02C). (a) Very fine-grained fibrolite trail within xenoblastic garnet and small and rounded spinel rimmed by very thin 
films of cordierite within garnet and coarser cordierite and spinel clusters; (b) stretched cordierite-spinel-sillimanite-ilmenite cluster (Texture 1) 
within K-feldspar-rich felsic matrix; (c) cordierite-quartz symplectite within K-feldspar-rich matrix; (d) texture including garnet-cordierite-spinel 
mineral assemblage (Texture 1) selected for modelling; (e–h) examples of compositional maps: (e) garnet Xpy and (f) Xalm; (g) cordierite Mg#; (h) 
spinel Xhc; (i) xenoblastic garnet with leucocratic irregular films on its border; (j) medium-coarse cordierite knot with associated fibrolite within 
quartz-feldspathic matrix; (k) possible garnet pseudomorph sillimanite + spinel cluster.
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occurs in the cordierite/quartz symplectites (Mg# = ~0.78–0.79) 
(Figure 6g). Spinel is also chemically homogeneous and is classi-
fied as hercynitic spinel (hercynite component ranges from 0.64 
to 0.77, and spinel contents varies from 0.23 to 0.36) (Figure 6h) 
with low ZnO contents (2.25–2.64 wt%). Perthitic alkali feldspar 
exhibits an orthoclase component ranging from 0.68 to 0.92 (non-
integrated composition), with a slight increase in orthoclase con-
tents observed from core to rim, particularly noticeable on thin 
rims poor in albitic lamellae (Data S4). Plagioclase is homoge-
neous and classified as an oligoclase (albite component varying 
from 0.71 to 0.80). Biotite has iron contents (FeOt) varying be-
tween 11.30 and 15.61 wt%, aluminium contents (Al total) rang-
ing from 2.74 to 2.90 apfu, Mg# between 0.57 and 0.72 and high 
Ti contents between 0.38 and 0.66 apfu.

5.1.2   |   Orthopyroxene-Cordierite-Garnet Porphyroblastic 
Granulite With Spinel + Sillimanite (ARAC-02B)

Sample ARAC-02B corresponds to a medium- to coarse-grained 
porphyroblastic metatexitic paragneiss with orthopyroxene, gar-
net, cordierite, spinel, and sillimanite. Idioblastic to subidioblastic 
garnet porphyroblasts (up to 2 cm in diameter) show inclusions of 
rounded quartz, biotite, and ilmenite, and are usually fractured 
(subparallel planar fractures) (Figure 7a). Replacement textures are 
present in this sample, showing smaller garnet grains around cord-
ierite and spinel aggregates associated with zircon and monazite 

(Figure 7a). These aggregates are usually oriented parallel/subpar-
allel to the regional foliation (i.e., gneissic banding). This texture 
is referred to as Texture 2 and was used in thermodynamic mod-
elling below. Larger microdomains rich in cordierite, spinel and 
sillimanite also occur in this sample (Figure 7b). Subidioblastic to 
xenoblastic orthopyroxene occurs in mafic bands associated with 
garnet and biotite, and in felsic bands associated with plagioclase 
and quartz (Figure 7c). Orthopyroxene shows brownish Ti exsolu-
tion lamellae. The felsic bands are predominately plagioclase and 
quartz, but alkali feldspar is locally observed. Idioblastic oriented 
biotite occurs parallel to the foliation (Figure 7a). Biotite grains de-
velop rims around orthopyroxene and garnet (Figure 7c) and may 
form symplectites with quartz.

Garnet porphyroblasts show larger variation in chemical com-
position (Xalm = 0.59–0.64, Xprp = 0.29–0.36, Xsps = 0.01–0.04 
and Xgrs = 0.02–0.03) with higher pyrope/lower almandine con-
tents in the core. Medium-grained idioblastic to subidioblastic 
garnet crystals display more homogeneous chemical composition 
with higher almandine and pyrope contents (Xalm = 0.57–0.59 
and Xprp = 0.37–0.38) and lower spessartine and grossular com-
ponents (Xsps = 0.02, Xgrs = 0.03). Xenoblastic and poikiloblas-
tic garnet grains have lower pyrope contents (Xprp = 0.29–0.36), 
akin to the smaller garnet grains around the cordierite + spi-
nel aggregates (Texture 1). These smaller garnet grains display 
higher almandine and lower pyrope contents than the idioblastic 
to subidioblastic grains (Xalm = 0.61–0.64 and Xprp = 0.32–0.36) 

FIGURE 7    |    Photomicrographs of orthopyroxene-cordierite-garnet porphyroblastic granulite with spinel + sillimanite (sample ARAC-02B). (a) 
General context of the modelled texture (Texture 2), including subidioblastic garnet being replaced by cordierite and spinel; (b) stretched cordierite-
spinel-sillimanite microdomain parallel to the main foliation; (c) xenoblastic garnet grains with very fine-grained rounded inclusions of quartz, 
biotite and ilmenite, and subidioblastic orthopyroxene and plagioclase; (d–f) examples of compositional maps fromTexture 2: (d) garnet Xprp; (e) 
cordierite Mg#; (f) spinel Xhc.
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(Figure  7d). Orthopyroxene presents minor variations in Mg 
and Fe contents (Xen = 0.53–0.56; Xfs = 0.34–0.38), and octa-
hedral Al contents range from 0.03 to 0.08 apfu. Plagioclase is 
compositionally homogeneous and is classified as a sodic an-
desine (Xan = 0.30–0.34; Xab = 0.62–0.67), whereas alkali feld-
spar shows a considerable variation in orthoclase component 
(Xor = 0.79–0.97). Cordierite displays small compositional vari-
ations (Mg# = 0.78–0.82), with higher Mg contents close to the 
contact with garnet (Figure  7e). Spinel is a homogeneous her-
cynitic spinel with slight variations in hercynite (0.68–0.71) and 
spinel (0.29–0.32) (Figure  7f). Biotite shows high Ti contents 
between 0.33 and 0.70 apfu, iron contents (FeOt) varying from 
9.83 to 15.52 wt% and magnesium number (Mg#) ranging from 
0.57 to 0.75. The biotite grains associated with xenoblastic gar-
nets and/or orthopyroxene show higher Ti contents (0.61–0.69) 
when compared with biotite within the quartz-feldspathic ma-
trix (0.30–0.70, Data S5).

5.1.3   |   In-Source Leucosome With 
Garnet + Cordierite + Sillimanite + Spinel (Sample 
ARAC-02C)

Sample ARAC-02C is a coarse-grained leucosome sampled ex-
clusively for U–Pb zircon dating. The rock was sampled from 
a leucocratic pocket (see Figure 3b), where leucosome is segre-
gated from the gneissic layering. The matrix shows intense cus-
pate contacts between quartz and feldspars. Local subidioblastic 

garnet grains are observed, showing rims of leucocratic quartz-
feldspathic films (Figure  6i). Coarse cordierite-rich micro-
domains associated with fibrolite are also present (Figure 6j), as 
well as aggregates of sillimanite and spinel resembling garnet 
pseudomorphs (Figure  6k). Melt films defined by quartz and/
or feldspar are also present. Photomicrographs from sample 02C 
are presented on Data S3.

5.2   |   Hornfels and Related Rocks

Rocks from the contact aureole between the São Gabriel plu-
ton and the Al-rich granulitic rocks are referred to as horn-
fels and display similar mineral assemblages and textures to 
the other granulitic paragneisses in the outcrop. Textures such 
as granoblastic interlobate orthopyroxene with plagioclase 
(Figure  8a), subidioblastic garnet grains in a plagioclase-rich 
matrix (Figure  8b), in leucosome microdomains with spinel 
inclusions (Figure  8c) and aggregates of spinel-sillimanite-
plagioclase ± cordierite ± garnet (Figure 8d,e) are similar to the 
microstructures described in Figures 5–7. Orthopyroxene-rich 
bands associated with coarse-grained biotite grains (Figure 8e) 
and garnet are also common. The predominant feature ex-
clusively described within the contact aureole is distinctive 
atoll textures. These textures are defined by orthopyroxene 
surrounding spinel, separated by a thin layer of plagioclase 
(Figure 8f) and occur specifically within the granoblastic or-
thopyroxene + plagioclase microdomain.

FIGURE 8    |    Textural features observed in the rocks near the São Gabriel pluton, at the easternmost part of the studied outcrop. (a) Xenoblastic to 
subidioblastic interstitial orthopyroxene within felsic inequigranular plagioclase-rich microdomain; (b) medium-grained subidioblastic to xenoblas-
tic garnet grains within a felsic inequigranular plagioclase-rich matrix, including interstitial biotite and minor ilmenite; (c) xenoblastic garnet with 
spinel inclusions; (d) sillimanite-ilmenite-spinel cluster, with dominance of equigranular fine-grained spinel, within a coarse-grained plagioclase-
rich matrix and local retrograde biotite; (e) plagioclase-spinel-ilmenite cluster oriented sub-parallel to main foliation. Fine-grained equigranular 
spinel occurs mainly in the inner part of the cluster. Plagioclase in the outer rim of the cluster is coarser than plagioclase within the cluster's core; (f) 
general context of the atoll-like texture (Texture 4): plagioclase-rich matrix with interstitial orthopyroxene, local orthopyroxene around plagioclase 
and spinel form the atoll-like textures. All photomicrographs (a, b, d, e and f) show diagonal split plane and cross polarized light, except (c) showing 
plane polarized light picture.
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5.2.1   |   Spinel-Orthopyroxene-Cordierite-Garnet 
Hornfels (ARAC-03R1)

The hornfels sample ARAC-03R1 displays two primary tex-
tures: a granoblastic texture with garnet, plagioclase and ortho-
pyroxene, labelled as Texture 3; and the atoll textures unique to 
the hornfels domain, denoted as Texture 4. Texture 3 is charac-
terized by coarse-grained xenoblastic garnet (up to 1–1.5 mm 
of diameter) and subidioblastic orthopyroxene (average length 
of 0.7 mm) within an inequigranular fine- to medium-grained 
matrix rich in quartz and plagioclase, and minor K-feldspar 
(Figure 9a,b). Cordierite is also present in this association with 
interlobate contacts with K-feldspar and plagioclase (Figure 9b). 
Garnet shows fine-grained rounded inclusions of quartz, ilmen-
ite and biotite (Figure 9b,c), and orthopyroxene contains brown-
ish Ti exsolution lamellae (Figure 9a–c). In Texture 3, garnet has 

almandine contents varying between 0.55 and 0.61 and pyrope 
component ranging from 0.34 to 0.40 (Figure 9d). Grossular and 
spessartine components vary slightly between 0.03–0.04 and 
0.01, respectively. Orthopyroxene displays homogeneous com-
position with enstatite component around 0.51–0.59 and octahe-
dral Al at around 0.05–0.14 apfu (Figure 9e). Cordierite is also 
compositionally homogeneous with Mg# around 0.76–0.81, but 
slightly higher Mg# values (~0.81) are found close to the con-
tact with plagioclase, orthopyroxene, and garnet (Figure  9f). 
Anorthite contents in plagioclase vary from 0.33 to 0.42, with 
enrichment of Xan towards the cores (Data S6). K-feldspar shows 
more variable compositions with orthoclase and albite contents 
varying between 0.75–0.96 and 0.04–0.20, respectively. The 
higher orthoclase values are usually displayed towards the rims. 
Biotite grains are rare and display slightly variable composition, 
Mg# = ~0.68–0.79 and Ti contents between 0.51 and 0.80 apfu.

FIGURE 9    |    Textures from the spinel-orthopyroxene-cordierite-garnet hornfels (ARAC-03R1). (a,b) General orthopyroxene-garnet association 
in contact with K-feldspar, cordierite and quartz. Garnet is xenoblastic and can display very fine-grained inclusions/symplectites of quartz and il-
menite; (c) general context of the modelled texture for the granulitic texture (Texture 3); (d–f) examples of compositional maps: (d) garnet Xprp; (e) 
orthopyroxene Xen; (f) cordierite Mg#. The local-bulk composition used for thermodynamic modelling were extracted from this map; (g) atoll-like 
texture (Texture 4) showing orthopyroxene around spinel separated by thin film of plagioclase—note the brownish Ti-exsolution lamellae in ortho-
pyroxene; (h,i) examples of compositional maps: (h) plagioclase Xan; (i) orthopyroxene Al (M1-site). Compositional maps used to extract local-bulk 
compositions for thermodynamic modelling.
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Texture 4 is characterized by orthopyroxene surrounding spi-
nel, separated by thin layers of plagioclase (Figures 8f and 9g). 
Local fine-grained biotite grains are observed in the border of 
orthopyroxene. The matrix plagioclase is subhedral, fine- to 
medium-grained (~0.5–1.0 mm) and optically continuous with 
the plagioclase within the thin layers that form the atoll tex-
tures. Chemically, the matrix plagioclase has anorthite content 
around 0.34–0.43, with higher anorthite values around orthopy-
roxene and within the atoll textures (Figure 9h). Orthopyroxene 
displays a lower enstatite component (Xen = 0.46–0.50) when 
compared with the orthopyroxene in the granoblastic texture, 
and considerably higher octahedral Al content, reaching up 
to 0.20 apfu, with an incipient enrichment towards the core 
(Figure  9i and Data S6). Spinel is compositionally homoge-
neous with a hercynitic component of 0.65–0.69 and Zn con-
tents of 2.10–2.27 wt%. The fine-grained biotite displays a lower 
magnesium number than in Texture 3 (Mg# = 0.64–0.66) and Ti 
contents ranging from 0.66 to 0.76 apfu.

6   |   Thermodynamic Modelling

Thermodynamic modelling was conducted on representative 
samples encompassing the cordierite-garnet granulite (01B), 
orthopyroxene-cordierite-garnet porphyroblastic granulite 
(02B) and spinel-orthopyroxene-cordierite-garnet hornfels 
(03R1). Table 1 presents the chemical composition used for for-
ward thermodynamic modelling (isochemical phase diagrams).

6.1   |   Cordierite-Garnet Granulite With 
Spinel + Sillimanite (ARAC-01B)

An isochemical phase diagram was calculated for the 
cordierite-garnet granulite, sampled in the westernmost part 
of the outcrop (Figure 2c) to constrain the near-peak pressure 
P–T conditions. Textural constraints, including sillimanite 
as inclusions within subidioblastic garnet grains, suggest the 

TABLE 1    |    Chemical compositions used for thermodynamic modelling extracted from compositional maps. H2O and Fe3+ obtained through T-X 
phase diagrams (Data S2).

Sample (ARAC) 01B 02B 03R1 03R1

Oxide (wt%) Full map Full map Full map—Texture 3 Full map—Texture 4

SiO2 51.17 48.74 54.99 55.71

TiO2 0.7 1.31 1.76 0.73

Al2O3 22.99 26.67 18.13 23.26

FeOt 13.07 10.07 11.04 4.65

MnO 0.3 0.01 0.12 0.04

MgO 6.22 6.02 8 2.91

CaO 1.19 2.81 2.08 5.8

Na2O 1.04 2.76 1.69 5.37

K2O 3.23 0.8 0.83 1.01

Total 99.89 99.17 98.65 99.49

DOMINO input (mol)

Si 0.852 0.811 0.915 0.927

Ti 0.009 0.017 0.023 0.009

Al 0.451 0.523 0.356 0.456

F3 0.02 0 0 0

Fe 0.162 0.14 0.154 0.065

Mn 0.004 0 0.002 0

Mg 0.154 0.149 0.198 0.072

Ca 0.021 0.05 0.037 0.104

Na 0.033 0.089 0.055 0.173

K 0.069 0.017 0.018 0.021

H 0.135 0.104 0.096 0.05

Total 1.91 1.9 1.854 1.877
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near-peak pressure mineral assemblage of plagioclase, K-
feldspar, garnet, biotite, ilmenite, quartz, sillimanite and liq-
uid (melt) (Figure  6a,d,e), limiting the P–T estimate for this 
sample between 6.5 kbar (cordierite formation) and 10 kbar 
(sillimanite formation) and ~770°C (K-feldspar formation) 
and ~850°C (biotite and plagioclase loss) (Figure 10a,b). The 
calculated garnet volume (~29%) using the compositional 
map is comparable with the modelled garnet modal volume 
(Figure 10a), even though it is suggested by the texture that 
part of the garnet has been consumed after the formation of 
cordierite. The relationship between garnet consumption 
and cordierite growth is shown in the phase diagram by the 
decrease of garnet volume isomodes after the introduction 
of cordierite at lower pressures (Figure  10a). The measured 
contents of pyrope in garnet and anorthite in plagioclase 
(Xprp = 0.36 ± 0.02; Xan = 0.28 ± 0.02) suggest near-peak pres-
sure conditions around 800°C and 9.5 kbar (Figure 10b).

6.2   |   Orthopyroxene-Cordierite-Garnet 
Porphyroblastic Granulite With Spinel + Sillimanite 
(ARAC-02B)

The isochemical phase diagram modelled from the 
orthopyroxene-cordierite-garnet porphyroblastic granulite is 
presented in Figure 10c,d. The observed mineral assemblage 
of plagioclase, garnet, biotite, ilmenite, spinel, cordierite and 
liquid is constrained by the stability field at pressures from 
~4.5 to 5.5 kbar and temperatures between 770°C and 870°C 
(Figure  10c). Observed mineral isomodes of garnet (~16%) 
and cordierite (~34%) are comparable with the modelled iso-
modes within the constrained stability field (Figure  10c). 
The appearance of cordierite constrains an upper baromet-
ric limit at around ~6 kbar (Figure 10c) for this sample, with 
modelled cordierite and garnet volumes indicating an earlier 
decompression path, reaching the modelled P–T conditions 
(~800°C–850°C and 5 kbar) from higher pressures (Figure 10c). 
Modelled mineral isopleths, including garnet rim pyrope con-
tents (Xprp = 0.33 ± 0.02), cordierite Mg# (Mg# = 0.78 ± 0.02) 
and spinel hercynite (Xhc = 0.67 ± 0.02) suggest temperatures 
higher than 800°C (Figure 10d).

6.3   |   Spinel-Orthopyroxene-Cordierite-Garnet 
Hornfels (ARAC-03R1)

For the hornfels sample, two isochemical phase diagrams 
were calculated to constrain the P–T conditions for composi-
tions representing the Textures 3 and 4. The estimate based 
on the model obtained from the granoblastic texture com-
position (Texture 3 full map composition) considered the ob-
served mineral assemblage cordierite, garnet, orthopyroxene, 
plagioclase, ilmenite, quartz and liquid. K-feldspar observed 
in the texture (Figure  9c,d) is interpreted to represent melt 
crystallization, along with plagioclase and quartz. In this 
isochemical phase diagram, the garnet volume decreases to-
wards lower pressures, specifically at conditions of cordierite 
stability (Figure 11a). Biotite stability constrains a minimum 
temperature at ~800°C–810°C for the considered mineral 
assemblage. The stability field of this mineral assemblage is 
constrained by pressures between 4.5 and 6 kbar, due to the 

loss of garnet and formation of rutile at lower and higher pres-
sures, respectively, and temperatures above 800°C, after the 
loss of biotite (Figure 11a). The decrease in garnet volume and 
increase in orthopyroxene volume in the modelled phase dia-
gram (Figure 11a) are consistent with described replacement 
textures involving consumption of garnet and growth of or-
thopyroxene (Texture 3—Figure 9a–c), supporting the occur-
rence of a decompression stage following the pressure peak 
conditions. Furthermore, the observed mineral isopleths, 
including pyrope contents in garnet (Xprp = 0.37 ± 0.02), oc-
tahedral Al in orthopyroxene (AlVI = 0.14 ± 0.02 apfu) and 
anorthite in plagioclase (Xan = 0.42 ± 0.02) suggest P–T condi-
tions for the Texture 3 at around 5.2–6 kbar and 820°C–870°C 
(Figure 11b).

In the phase diagram for the Texture 4 full map composition, 
the orthopyroxene, spinel, plagioclase, ilmenite and liquid 
assemblage constrains the P–T conditions at 3.5–6 kbar and 
890°C–1080°C (Figure 11c). K-feldspar observed in the com-
positional map (Figure 9i) and part of the plagioclase in the 
matrix are interpreted as representing melt crystallization. 
The lower and higher limits in pressure conditions for the 
constrained stability field are defined by the introduction of 
spinel and garnet loss, respectively (Figure  11c). The stabil-
ity of spinel also constrains a minimum temperature of 850°C 
for the modelled sample (Figure 11c). The modelled changes 
in volume isomodes within the interpreted stability field, 
including decrease of orthopyroxene and increase of spinel, 
are compatible with a heating path for the formation of the 
observed texture (Texture 4—Figure 9g–i). Mineral isopleths 
including anorthitic component in plagioclase from the thin 
layers within the atoll (Xan = 0.39 ± 0.02) and octahedral Al 
in atoll orthopyroxene (AlVI = 0.19 ± 0.02 apfu) suggest P–T 
conditions for the atoll formation at approximately 4.5 kbar 
and 950°C (4–6 kbar and 900°C–1050°C; Figure  11d). The 
modelled isopleths for the observed spinel (Xhc = ~0.65) plot 
at lower temperatures than those in the modelled stability 
field, particularly in a field where biotite and cordierite are 
stable (Figure 11d). This inconsistency might arise from either 
chemical diffusion processes taking place during cooling or 
the failure to reach equilibrium during heating. Patchy chem-
ical zoning observed in plagioclase and, to a lesser extent, in 
orthopyroxene (Figure  9h,i) further suggests the occurrence 
of chemical diffusion processes, which could be attributed to 
either cooling or heating events.

7   |   Geochronology and REE Geochemistry

Zircon U–Pb and REE data from a cordierite-garnet granulite 
(ARAC-01B) and an in-source leucosome (ARAC-02C) are pre-
sented below, as well as Lu–Hf and Sm–Nd garnet data from 
sample ARAC-01B. All the data, including U–Pb, REE, Lu–Hf 
and Sm–Nd data, are fully presented in Data S7.

7.1   |   Cordierite-Garnet Granulite With 
Spinel + Sillimanite (ARAC-01B)

Both garnet and zircon from the cordierite-garnet granulite sam-
ple were analysed for geochronology and REE. Zircon crystals 
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877Journal of Metamorphic Geology, 2025

FIGURE 10    |    Isochemical phase diagrams for samples ARAC-01B (a,b) and ARAC-02B (c,d) bulk compositions—see Table 1. (a) Sample ARAC-
01B mineral assemblages and volume isomodes with main phase reactions; (b) sample ARAC-01B chemical isopleths; (c) sample ARAC-02B min-
eral assemblages and volume isomodes with main phase reactions; (d) sample ARAC-02B chemical isopleths. In parts (a) and (c), darker and lighter 
shades of green represent high and low variance fields, respectively.
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are generally colourless, homogeneous, spherical multifaceted 
(‘soccer ball’) grains. The average diameter is 125 μm, and the 
length:width ratio is 1:1 for most crystals. Back-scattered elec-
tron (BSE) images show mostly inclusion-free and homogeneous 
crystals. CL images highlight homogeneous grey/dark lumines-
cent grains with very incipient oscillatory zoning in the rims 

(Figure  12a). In the crystals with core/rim textures, the rims 
show brighter luminescence and prominent oscillatory zon-
ing, and the cores are characterized by dark grey luminescence 
(Figure 12a). REE patterns, normalized to chondrite, are simi-
lar across the analysed spots. They display a depletion in LREE, 
a distinct negative anomaly in Eu and enrichment in HREE 

FIGURE 11    |    Isochemical phase diagrams for ARAC-03R1 Texture 3 (a,b) and Texture 4 (c,d): (a) Texture 3 mineral assemblages and volume 
isomodes with main phase reactions; (b) Texture 3 chemical isopleths; (c) Texture 4 mineral assemblages and volume isomodes with main phase re-
actions; (d) Texture 4 chemical isopleths. In parts (a) and (c), darker and lighter shades of green represent high and low variance fields, respectively.
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(Figure  12b). Th/U ratios for concordant analyses range from 
0.13 to 0.62. Higher Th/U values (0.54–0.62) are concentrated in 
the brighter luminescent rims around the darker cores. Except 
for one older zircon (zircon 16–574 ± 22 Ma), all concordant 
dates (< 2% discordance) range from 532 ± 10 to 492 ± 10 Ma. The 
calculated concordia age (Figure 12c) yields 515 ± 4 Ma (n = 18, 
MSWD = 1.9, p[χ2] = 0.0012), and the calculated 206Pb/238U 
weighted mean age is 513 ± 4 Ma (n = 18, MSWD = 1.74, 
p[χ2] = 0.029) (Figure 12d). Both concordia and weighted mean 
ages were calculated after excluding dates with discordance of 
more than 2% and three dates were considered outliers.

The analysed garnet grains are idioblastic to subidioblastic 
and show general homogeneous major elements composition 
(see Data S7). The REE profile of a representative garnet crys-
tal displays a bell-shaped Lu distribution (from 15.5 ppm in 
the core to 1.1 ppm in the rim, Figure 13a); a similar pattern 
for Yb (core to rim from 93 to 8 ppm, not plotted). Garnet 
Hf contents show slightly lower values in the core, ranging 
from 0.16 ppm in the core to 1.6 ppm in the rim (Figure 13a), 
and Sm is relatively homogeneous in the core-to-rim profile, 
with an average content of 0.26 ppm (Figure 13a). Chondrite-
normalized REE plots show a general depletion of light rare-
earth elements (LREE) and a more pronounced Eu negative 
anomaly in the core when compared with the mantle and rim, 
and heavy rare-earth elements (HREE) depletion from core to 
rim (Figure 13b).

Lu–Hf and Sm–Nd isotope data are shown in Table 2. A four-
point Lu–Hf isochron yielded a 528 ± 3 Ma age (MSWD = 0.4) 
with initial 176Hf/177Hf of 0.282207 ± 14e-6 (Figure 13c). A two-
point isochron using the whole-rock and garnet 4 (G4) analysis 
(G4 was excluded from calculation of the four-point isochron) 
points to a maximum garnet age of 534 ± 3 Ma (Figure 13c). The 
Sm–Nd isochron age is 492 ± 2 Ma (MSWD = 0.91) with initial 
143Nd/144Nd of 0.5101604 ± 28e-6 (Figure 13d).

7.2   |   In-Source Leucosome With 
Garnet + Cordierite + Sillimanite + Spinel 
(ARAC-02C)

The zircon grains from sample ARAC-02C are grouped 
into two populations based on textural features (Data S7). 
Population 1 comprises mostly brownish prismatic crys-
tals with dark cores and a distinct rough surface. Average 
crystal length is 250 μm, ranging from 100 to 400 μm, with 
a length:width ratio of 2.5:1. CL images of Population 1 are 
mostly homogeneous with moderate to dark luminescent crys-
tals. Some grains show heterogeneous cores with discrete os-
cillatory zoning, including dark luminescent prismatic shapes, 
commonly rimmed by thin bright luminescent overgrowths 
(Figure  14a). Within this population, two distinct REE sig-
natures are discernible in chondrite-normalized diagrams. 
One group exhibits enriched LREE, a moderate positive Eu 

FIGURE 12    |    Zircon geochronological results for sample ARAC-01B: (a) cathodoluminescence zircon imaging with spot location examples; (b) 
REE profile; (c,d) U–Pb zircon concordia and weighted mean ages. Dashed strokes are discordant ages, not used in calculations and plotted for ref-
erence only. 2σ errors reported.
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anomaly, and a steep HREE pattern. The other group is char-
acterized by depleted LREE, the absence of an Eu anomaly, 
and enriched HREE (Figure 14b,c). Th/U ratios are very low 
(< 0.012) for both groups (Figure 14d). In terms of dates, there 
is no distinction between the two groups, and individual spots 
are spread from 576 to 516 Ma, but the majority of dates are 
concentrated around 556 ± 8 and 531 ± 9 Ma (Figure  14d,e). 
Three younger dates (< 520 Ma) within this population are as-
sociated with rim overgrowths (Figure 14a).

The second population (Population 2) includes colourless to pale 
yellow prismatic crystals with clean surfaces and minor spherical 
subrounded crystals (Data S6). The length of the prismatic crys-
tals ranges from 100 to 450 μm, and the length:width ratio is up 
to 6:1 in bigger crystals. Spherical crystals have an average diam-
eter of 125 μm. CL images show homogeneous dark to moderate 
luminescence as in Population 1, with absence of oscillatory zon-
ing (Figure 14f). The REE chondrite-normalized diagram for this 

population exhibits patterns similar to those of the zircon grains 
from ARAC-01B, involving depleted LREE, a prominent negative 
Eu anomaly and enriched but flat HREE. Th/U ratios range from 
0.29 to 0.50. Most of the concordant analyses range from 516 ± 9 
to 491 ± 8 Ma. The calculated concordia age is 497 ± 2 Ma (n = 11, 
MSWD = 1.2, p[χ2] = 0.27) and the calculated 206Pb/238U weighted 
mean age is 497 ± 3 Ma (n = 11, MSWD = 0.92, p[χ2] = 0.51).

8   |   Discussion

8.1   |   Regional Metamorphism

P–T estimates from three closely spaced samples along a roadcut 
(Figure 2c) define a coherent clockwise metamorphic trajectory 
for the NCV, characterized by a near-peak pressure conditions 
followed by near-isothermal decompression and overprinting by 
localized contact metamorphism.

FIGURE 13    |    Garnet geochronological results for sample ARAC-01B: (a,b) Garnet 175Lu, 178Hf and 147Sm core to rim and REE profiles (see text for 
description); (c,d) garnet Lu–Hf and Sm–Nd isochron plots considering garnet and whole-rock aliquots (Grt and WRB, respectively). 2σ errors reported.
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Near-peak pressure conditions were constrained at 
770°C–830°C and 6.5–10.5 kbar, considering the mineral par-
agenesis of plagioclase, K-feldspar, garnet, sillimanite, biotite, 
ilmenite, quartz and liquid in the cordierite-garnet granulite 
(ARAC-01B, Figure  10a). The P–T estimates obtained in this 
study are similar to the published near-peak temperature esti-
mates for other granulitic rocks within the Nova Venecia com-
plex (Munhá et  al.  2005; Richter et  al.  2016, Figure  15a) but 
suggest slightly higher pressures (Figure 15b). Pressure condi-
tions up to 10.5 kbar have been calculated for (± sillimanite)-
garnet-bearing granites from large peraluminous batholiths in 
the hot anatectic domain (Melo et al. 2017b). Nonetheless, most 
of the available near-peak P–T constraints for the cordierite-
bearing high-grade rocks of the Araçuaí-Ribeira orogenic sys-
tem, including the Nova Venecia complex, consider cordierite 
(± spinel) as a stable phase under near-peak metamorphic 
conditions (e.g., Munhá et  al.  2005; Wisniowski et  al.  2020, 
Figure 15a), which could explain the lower pressure estimates.

Conversely, our textural and chemical evidence from the stud-
ied cordierite-bearing paragneisses indicate that cordierite 
(± spinel) replaces near-peak pressure assemblages such as gar-
net and sillimanite (Figures  5f–i, 6 and 7). The metamorphic 
reactions biotite + garnet + sillimanite → spinel + cordierite + K-
feldspar + melt and garnet + sillimanite → cordierite + spi-
nel + quartz can indeed account for the observed textures. Both 
reactions have moderate slopes in the P–T space, with the latter 
displaying a shallower gradient (Dasgupta et  al.  1997; Spear 
et al. 1999; Shabeer et al. 2002). These textures are observed in 
both samples ARAC-01B (Texture 1) and ARAC-02B (Texture 
2). P–T estimates using the composition from sample ARAC-
02B suggest metamorphic conditions at lower pressures, ~4.5 
to 5.5 kbar and temperatures in the range of ~770°C–870°C 
(Figure 10c), consistent with a stage of near-isothermal decom-
pression following peak pressure conditions.

Additional reaction textures, such as xenoblastic/poikiloblastic 
garnet being replaced by subidioblastic orthopyroxene, quartz, 

plagioclase, cordierite and K-feldspar are also observed in the 
hornfels (ARAC-03R1—Texture 3, Figure 9a–f). This texture was 
modelled using the X-ray compositional map and the mineral 
assemblage of plagioclase, garnet, biotite, orthopyroxene, cord-
ierite, ilmenite, quartz and liquid representing the local equilib-
ria (Figure  11a). The stability field of this mineral assemblage 
indicates P–T conditions at around 4.5–6 kbar and temperatures 
exceeding 800°C (Figure 11a), further supporting a stage of de-
compression following peak pressure conditions. Forward ther-
modynamic modelling of other granulitic samples from the Nova 
Venecia complex also reinforces the interpretation of a near-
isothermal decompression path during the evolution of these 
rocks (Richter et al. 2016). In contrast, Wisniowski et al. (2020) 
interpret replacement reactions, including the consumption of 
garnet and sillimanite to produce cordierite and spinel, as a re-
sult of an isobaric heating stage associated with the intrusion of 
the gabbroic stock. Indeed, the modelled P–T conditions for the 
general texture of the hornfels (Texture 3, Figure 11a–b) suggest 
decompression accompanied by minor heating. However, the 
other modelled samples (ARAC-01B and ARAC-02B) are more 
consistent with a near-isothermal decompression trajectory.

Forward thermodynamic modelling based on bulk composition 
from samples ARAC-01B, ARAC-02B and ARAC-03R1 (Texture 
3) yielded coherent P–T estimates indicating near-peak pressure 
conditions, followed by a near-isothermal decompression in 
samples located away from the intrusion (Figure  10a–d), and 
decompression accompanied by minor heating in the sample 
next to the intrusion (Figure 11a–b). These P–T paths are pri-
marily constrained by the stability field of the observed mineral 
assemblage and are consistent with measured mineral volume 
isomodes and chemical isopleths.

8.2   |   Contact Metamorphism

Local textures suggesting the transformation of orthopyrox-
ene into spinel involving plagioclase (Texture 4, Figure  9g–i) 

TABLE 2    |    Lu–Hf and Sm–Nd isotopic data (ARAC-01B).

Lu–Hf analysis

Fraction Lu (ppm) Hf (ppm) 176Lu/177Hf ± 2σ 176Hf/177Hf ± 2σ

Garnet 1 (G1) 5.062 1.469 0.489108 0.002446 0.287045 0.000015

Garnet 2 (G2) 4.719 1.525 0.439317 0.002197 0.286569 0.000015

Garnet 3 (G3) 4.615 1.573 0.416488 0.002082 0.286334 0.000015

Garnet 4 (G4) 4.907 1.483 0.469688 0.002348 0.286915 0.000015

Whole-rock (WRB) 0.068 4.521 0.002281 0.000011 0.282229 0.000014

Sm–Nd analysis

Fraction Sm (ppm) Nd (ppm) 147Sm/144Nd ± 2σ 143Nd/144Nd ± 2σ

Garnet 1 (G1) 1.869 0.379 2.991468 0.01496 0.5212 0.00003

Garnet 2 (G2) 1.806 0.435 2.51483 0.01257 0.519717 0.000028

Garnet 3 (G3) 1.603 0.328 2.958921 0.01479 0.521126 0.00003

Whole-rock (WRB) 4.545 15.714 0.174915 0.00087 0.512166 0.000027
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FIGURE 14    |    Zircon geochronological results for Sample 02B Populations 1 and 2 (see text for description). (a) Population 1 cathodoluminescence 
zircon imaging with spot location examples from both high LREE/positive Eu and low LREE groups; (b,c) Populations 1 and 2 zircon REE profiles 
respectively; (d) Population 2 U–Pb zircon concordia age; (e) Populations 1 and 2 weighted mean ages/spread; dashed strokes are discordant ages, 
not used in calculations and plotted for reference only. (f) Population 2 cathodoluminescence zircon imaging with spot location. 2σ errors reported.
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are observed in the hornfels next to the gabbro intrusion 
(Figures  2c and 4) and represent only minor components in 
the overall rock volume (Figure 8e,f). The P–T constraints for 
these textures suggest heating to conditions of 870°C–1080°C 
at ~4–6 kbar (Figure  11c,d). The isochemical phase diagram 

(Figure 11c) also predicts orthopyroxene consumption and spi-
nel formation during heating above 900°C at lower pressures, 
supporting this interpretation. Patchy compositional zoning 
observed in the reacting minerals, particularly prominent in 
plagioclase (Figure 9h), indicates partial equilibration and may 

FIGURE 15    |    (a) Compiled P–T estimates for the Araçuaí orogen granulites including data from Munhá et al. (2005), Gradim et al. (2014), Moraes 
et al. (2015), Richter et al. (2016), Araujo et al. (2020) and Wisniowski et al. (2020); (b) P–T–t diagram with thermodynamic results from this work, 
including main textures, correlated ages, and the interpreted isothermal decompression path and local contact metamorphism; (c,d) T–t and P–t plots 
from Araçuaí orogen Eastern Domain, including data from this work, U–Pb ages coupled with Ti-in-zircon thermometry (Cavalcante et al. 2018), 
P–T estimates coupled with zircon and monazite dating from Richter et al. (2016) and Melo et al. (2017a), zircon U–Pb SHRIMP from Wisniowski 
et al. (2020) and Ar–Ar cooling ages from Vauchez et al. (2019).
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be attributed to chemical potential gradient and diffusion oc-
curring during either heating or cooling pathways. However, 
field-based observations, petrographic features, previous stud-
ies (Wisniowski et al. 2020) and modelled mineral assemblage, 
volumes and chemistry corroborate with the hypothesis of 
heating under low pressures (5–6 kbar). The temperature con-
ditions exceeding 850°C–900°C identified in domains within 
the hornfels are thought to be confined to the immediate vi-
cinity of the gabbro aureole, that is, < 2 m from the contact (see 
Figure 2c). P–T estimates derived from Texture 3 in the hornfels 
(Figure  11c,d) also suggest heating at relatively low pressures 
following a decompression event. The argument of localized 
overprinting by contact metamorphism is supported by (i) the 
presence of diffusive contacts between the intrusive gabbro and 
the host granulites, indicating that the host rocks were partially 
molten (at suprasolidus conditions) at the time of intrusion; (ii) 
the restricted spatial distribution of UHT assemblages within 
the hornfels, such as Texture 4; and (iii) the absence of heating-
related reactions or textures in other studied samples across the 
outcrop. This interpretation contrasts with the proposition of 
Wisniowski et al. (2020) and implies that advective heating from 
high-temperature magmas had a limited impact on the thermal 
history of the Nova Venecia complex, at least in the investigated 
region.

8.3   |   Petrochronological Constraints: The P–T–t 
History of the Hot Anatectic Domain

Timing constraints on the metamorphic history of orogenic 
rocks provide empirical data to understand the duration of oro-
genic processes (e.g., Engi et al. 2017), including the geodynamic 
evolution of hot orogens. In this study, U–Pb and REE zircon data 
and Lu–Hf and Sm–Nd garnet dating are used to constrain the 
timing of different metamorphic stages along the P–T evolution 
for the studied samples. The oldest U–Pb dates observed in this 
work vary from ~575 to 540 Ma (Figure 14) and were obtained in 
zircon grains showing homogeneous texture to subtle oscillatory 
zoning and generally low luminescence (Figures 12a and 14a). 
These zircon grains are mostly represented by Population 1 from 
a leucosome (ARAC-02C; Figure 14), which yield low Th/U ra-
tios (< 0.01) and steep HREE patterns in chondrite-normalized 
diagrams (Figure 14b). These geochemical signatures are com-
patible with the growth of metamorphic zircon within an assem-
blage rich in light and middle rare-earth elements (L-MREE) 
such as monazite (Rubato et al. 2009; Rubato 2017). Two groups 
of zircon in Population 1 can be distinguished based on their 
LREE contents and Eu anomaly but share an enriched HREE 
pattern (Figure  14b). The first one shows an enriched LREE 
pattern and a pronounced positive Eu anomaly. Enriched LREE 
suggests zircon growth at the expense of monazite, whereas 
the positive Eu anomaly indicates consumption of plagioclase 
and/or alkali feldspar at upper amphibolite-facies conditions 
(Rubato 2017; Yakymchuk 2023). Conversely, the second group 
shows a typical REE pattern for metamorphic zircon growing 
in an assemblage rich in monazite, including depleted LREE, 
a positive Ce anomaly, a steep Pr-Lu pattern and the absence 
of an Eu anomaly (Rubato 2017). Although the LREE contents 
in these two groups indicate opposite growth relationships with 
monazite, the shared enriched HREE signatures suggest zircon 

growth before garnet crystallization, likely during prograde 
metamorphism.

No distinguishable U–Pb dates are observed within these two 
groups (Figure 14e). In fact, the distribution of older U–Pb dates 
(Population 1, ARAC-02C and a few grains in ARAC-01B) is 
spread along the concordia (Figure 14d) and can be interpreted 
as either continuous growth of zircon for 30–40 My or lead-loss 
from grains crystallized at around 580–570 Ma. Either explana-
tion implies the maintenance of high-temperature conditions 
(> 750°C–800°C) for tens of millions of years. Similar or lon-
ger timescales have been recognized in hot orogens elsewhere 
(Herman and Rubatto 2003; Harley 2016; Clark et al. 2011, 2015, 
2024). The available U–Pb data from the Nova Venecia complex 
indicate a peak of metamorphic zircon and monazite crystalliza-
tion at around 580–560 Ma but also show a spread of dates down 
to 540 Ma along the concordia (Richter et al. 2016 and references 
therein). The interpretation of the age peak around 570 Ma as the 
regional metamorphic peak for the hot anatectic domain is com-
mon in the literature (e.g., Pedrosa-Soares et al. 2011; Gradim 
et al. 2014; Richter et al. 2016); however, the temperature–time 
diagram based on the available data (Figure 15c) suggests a later 
metamorphic peak at around 540–530 Ma. We interpret the older 
U–Pb metamorphic dates for zircon and monazite (spreading 
from 580 to 540 Ma) as representative of crystallization under 
prograde metamorphism at upper amphibolite conditions, asso-
ciated with muscovite breakdown incongruent melting reaction 
(e.g., Yakymchuk  2023) during 580–570 Ma (Figure  15b). This 
interpretation is corroborated by the enriched HREE patterns 
of the dated older zircon grains in the leucosome (Population 
1, ARAC-02C) and the large volume of peraluminous S-type 
granitoids within the hot anatectic domain yielding crystalliza-
tion ages of 580–560 Ma (e.g., Pedrosa-Soares et al. 2011; Richter 
et al. 2016). Therefore, the spreading of dates along the concor-
dia (Figure 14d) likely represents lead-loss during long-lasting 
high-temperature conditions.

The Lu–Hf garnet age of 528 ± 3 Ma obtained in this study 
(Figure  13c) also supports a later timing for the metamorphic 
peak in the hot anatectic domain (Figure 14d). The simple bell-
shaped Lu distribution within the analysed garnet grains and 
REE pattern from core to rim (Figure 13a,b) can be explained by 
Rayleigh fractionation during a single, continuous growth event 
of garnet (e.g., Smit et al. 2013, 2024). The presence of quartz, 
K-feldspar, multiphase quartz-feldspathic and sillimanite inclu-
sions in the core and inner rim of the analysed grains (Figures 5f, 
6a and 13a) indicates garnet growth during near-peak conditions 
in the presence of melt. However, forward thermodynamic mod-
elling predicts 20% volume of garnet in the modelled rock before 
reaching the constrained near-peak conditions (Figure 10a). The 
forward thermodynamic modelling also indicates rapid increase 
in garnet volume after reaching the K-feldspar stability field 
(Figure 10a). Overstepping reactions and late growth of garnet at 
suprasolidus conditions may explain the discrepancies between 
garnet core inclusions and the predictions from the forward ther-
modynamic modelling. Considering that, the obtained Lu–Hf 
age is interpreted as the timing of garnet growth under prograde 
to near-baric peak conditions (e.g., Anczkiewicz et al. 2014; Smit 
et  al.  2024), constrained at temperatures of 770°C–850°C and 
pressures of 6.5–10 kbar (Figures 10a and 15b).
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Metamorphic ages around 530 Ma are uncommon for the 
Araçuaí orogen, highlighting a notable gap in the zircon 
and monazite age records (e.g., Richter et  al. 2016; Melo 
et al. 2017a, 2017b). Only a limited number of concordant U–
Pb zircon dates have been documented for the crystallization 
of peraluminous leucogranites within the 540–525 Ma inter-
val (Petitgirard et al. 2009; Pedrosa-Soares et al. 2011; Richter 
et  al. 2016), along with a few U–Pb zircon and monazite 
dates interpreted as recording cryptic anatectic events (Melo 
et  al.  2017a, 2017b). A less precise Sm–Nd garnet age of 
538 ± 35 Ma is also reported for a migmatite sample in the hot 
anatectic domain (Brueckner et al. 2000). The apparent incon-
sistency between the newly obtained Lu–Hf garnet age and 
the available metamorphic ages for the hot anatectic domain 
can be attributed to the lack of studies employing multimin-
eral geochronology and different isotopic systems. Based on 
the interpretation that the studied rocks reached near-peak 
conditions around 530 Ma, we propose that prograde meta-
morphism in the hot anatectic domain evolved continuously 
from at least 580–570 Ma to 530 Ma. This evolution was likely 
driven by orogenic thermal maturation due to the redistribu-
tion of HPEs throughout the crust (e.g., Smithies et al. 2015). 
During this time interval, the heating rate was modest, in-
creasing by ~1°C–3°C per million years, from about 700°C to 
800°C–850°C (Figure 15c).

After reaching peak pressure conditions, the studied rocks fol-
lowed a near-isothermal decompression path, recorded by the 
replacement of garnet (± sillimanite) by cordierite, spinel ± 
orthopyroxene (Figures  6, 7 and 9). The P–T conditions after 
decompression are constrained at approximately 5 kbar and 
770°C–870°C from sample ARAC-02B (Figure  10c,d). Zircon 
grains causing pleochroic halos in cordierite (Figures  5f and 
6d) indicate cordierite growth around residual zircon or para-
genetic growth of zircon and cordierite. The qualitative correla-
tion between U–Pb dates and decompression reactions (e.g., 
Degeling et al. 2001) is precluded by the zircon REE signatures 
(Figure  12b). These zircon grains (ARAC-01 and Population 
2 in ARAC-02B) show a homogeneous chondrite-normalized 
REE pattern, featuring a prominent negative Eu anomaly and 
flat HREE (Figures 12b and 14c), along with high Th/U ratios 
(Figures 12d and 14c). These signatures indicate zircon growth 
in the presence of garnet, consistent with granulite-facies zircon 
grains formed from anatectic melts (Rubato 2017). Individual U–
Pb zircon dates for the sample ARAC-01B and Population 2 from 
sample ARAC-02B vary from ~532 to 491 Ma (Figures 12d, 14e); 
however, concordia and weighted mean ages from both samples 
yield approximately 510 to 500 Ma (Figures  12c,d and 14d,e). 
As discussed above, the spreading of U–Pb dates along the con-
cordia may represent continuous growth or lead-loss processes. 
Considering the consistency of the REE signatures in zircon and 
their correlation with zircon growth in the presence of garnet, 
we interpret the timing of zircon growth at circa 530 Ma, with 
spreading of U–Pb dates associated with lead-loss at ~500 Ma, 
before cooling. Therefore, the concordia and weighted mean 
ages do not represent crystallization ages but rather a minimum 
age for cooling to subsolidus conditions.

The thermal influence of gabbroic rock emplacement into 
granulitic rocks is indicated by the presence of local atoll 

orthopyroxene textures (Texture 4). These textures are charac-
terized by orthopyroxene surrounding plagioclase in the mantle 
and spinel cores (Figure 9g–i) within hornfels near the intrusion 
(Figure 2c). The orthopyroxene formation in these rocks is inter-
preted to be a result of decompression reactions involving con-
sumption of garnet. Therefore, the subsequent consumption of 
orthopyroxene and the development of atoll textures are thought 
to have occurred after the decompression event. The P–T condi-
tions for the atoll texture formation are constrained at approxi-
mately 5 kbar and temperatures above 900°C (Figure 11c). The 
timing for the emplacement of the gabbroic stock and contact 
metamorphism is constrained by the crystallization age for the 
gabbro norite (523 ± 7 Ma, Wisniowski et al. 2020).

Concordia and weighted mean zircon ages around 510–500 Ma 
(Figures 12c,d and 14e), coupled with the Sm–Nd garnet age of 
492 ± 2 Ma (Figure 13d), reasonably constrain the timing of final 
cooling to below 750°C (Figure  15b,c). Further cooling is re-
corded by Ar–Ar ages that constrain temperatures below 300°C 
at approximately 480–460 Ma (Vauchez et al. 2019).

8.4   |   Geodynamic Implications

The evolution of the Araçuaí orogen spanned over 120 million 
years of magmatism, metamorphism and deformation (Alkmim 
et  al.  2006; Pedrosa-Soares et  al.  2011), reflecting a long-lived 
history that included crustal thickening, orogenic thermal mat-
uration and orogenic collapse. Crustal thickening of at least 
60–70 km is inferred for this orogen, based on the current crustal 
thickness of ~40 km (Assumpção et  al.  2013) and palaeopres-
sures of 7 to 10 kbar, calculated from currently exposed rocks 
(Figures 10a and 15a,b; Vauchez et al. 2019). The onset of crustal 
thickening in the Araçuaí orogen remains a matter of debate (e.g., 
Gradim et al. 2014; Cavalcante et al. 2019; Fossen et al. 2020). 
However, the crystallization of peraluminous granites around 
600–590 Ma (e.g., Gradim et  al.  2014; Cavalcante et  al.  2018) 
implies that orogenic thickening occurred earlier than 620 Ma 
(Vauchez et al. 2019; Cavalcante et al. 2019). A plateau-like evo-
lution for the internal domain of the orogen has been proposed 
by Fossen et  al.  (2017) and further developed by Cavalcante 
et al. (2019, 2021). In this model, the authors suggest the forma-
tion of an orogenic plateau following approximately 500 km of 
crustal convergence (Cavalcante et al. 2019). The thermal matu-
ration of the overthickened crust, driven by heating from HPEs 
(e.g., England and Thompson  1984; Clark et  al.  2015), would 
have raised the temperature of the middle crust above the sol-
idus, resulting in the generation of migmatites and voluminous 
crustal melts at 600–570 Ma (Cavalcante et  al.  2021; Schannor 
et al. 2021). Later collapse of the orogenic plateau is constrained 
by near-isothermal decompression (Richter et al. 2016; Schannor 
et  al.  2021, Figure  15a,b) and high-temperature magmatism, 
including charnockitic magmas and mantle-derived gabbroic 
melts, at approximately 520–500 Ma (e.g., De Campos et al. 2016; 
Araujo et  al.  2020). Although the general evolution associated 
with crustal thickening and orogenic collapse is reasonably 
well constrained for the Araçuaí orogen (e.g., Pedrosa-Soares 
et al. 2011; Alkmim et al. 2017; Cavalcante et al. 2021), the data 
presented in this study provide new insights into the geodynamic 
evolution of the hot anatectic domain.
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The available P–T–t data, along with our new findings, indi-
cate burial and heating of the sedimentary sequence in the hot 
anatectic domain (Nova Venecia complex) to conditions above 
the solidus before 600 Ma (Figure  15c). A heating rate of ap-
proximately 1°C/My–3°C/My is inferred from the compiled 
data for the period between 600 and 560 Ma (Figure  15c). It 
is hypothesized that burial and heating until 570–580 Ma is 
related to crustal thickening and thermal maturation driven 
by radiogenic heat from anomalous concentrations of HPEs 
inherited from the Nova Venecia metasedimentary rocks 
(Schannor et  al.  2021). The maintenance of temperatures 
around 800°C–850°C in the plateau core middle crust from 
570–560 Ma to ~530 Ma was possibly associated with a blanket 
effect caused by the redistribution of HPEs in the middle crust 
due to the emplacement of large volumes of peraluminous gran-
itoids (Smithies et al. 2011; Cavalcante et al. 2021). According 
to Cavalcante et al. (2021), these granitoids were emplaced in 
the middle crust (~25–30 km deep) not far from their sources 
and evolved as a partially molten (mush-like) tabular anatec-
tic body between at least 600 and 570 Ma, with limited vertical 
transport. Calculations of radiogenic heat production of these 
anatectic melts, based on the bulk-rock concentrations of U, Th 
and K from Cavalcante et al. (2021) and heat production rates 
from Ryback  (1988), indicate heat production values higher 
than the average upper crust, with a median of 2.04 uW/m3 and 
anomalous values up to 14.62 uW/m3 (see Data S8). These data 
are consistent with the interpretation of long-lasting tempera-
ture conditions in the overthickened middle crust sustained by 
a single and evolving radiogenic heat source during the history 
of the orogenic plateau development from approximately 600 
to around 530 Ma (Cavalcante et al. 2021). The U–Pb data and 
P–T estimates presented by Melo et  al.  (2017a, 2017b) for the 
evolution of the hot anatectic domain are also consistent with 
this interpretation.

The Lu–Hf garnet age of 528 ± 3 Ma is considered a mini-
mum age for the peak conditions in the hot anatectic domain. 
Around this time, the thermally evolved orogenic plateau 
reached a critical mechanical state that enabled its collapse. 
Decoupling of the lithosphere and subsequent delamination 
are possible geodynamic processes that could account for this 
collapse (Vanderhaeghe  2012). P–T thermodynamic model-
ling of replacement textures (Textures 1 and 2) suggests that 
near-isothermal decompression occurred around 525 Ma at 
exhumation rates of ~0.25–0.7 kbar/My (Figure  15d). This 
near-isothermal decompression event is widely recognized 
within the internal domain (e.g., Richter et  al.  2016; Melo 
et al. 2017a, 2017b; Schannor et al. 2021) and likely represents 
the record of the plateau collapse. The collapse of the orogenic 
plateau is also evidenced by extensional structures in the 
external domain (e.g., Alkmim et  al.  2006) and widespread 
high-temperature magmatism in the internal domain between 
530 and 490 Ma (De Campos et  al.  2016; Araujo et  al.  2020; 
Cavalcante et  al.  2021; Temporim et  al.  2023). A cause-and-
effect relationship between this high-temperature magmatism 
and the orogenic/plateau collapse has been postulated, pri-
marily associated with asthenospheric upwelling due to slab 
break-off (e.g., De Campos et al. 2016; Gradim et al. 2014) or 
mantle plumes (e.g., Serrano et al. 2018). However, the contin-
uous thermal evolution of the orogenic plateau, as proposed in 
this study, does not require additional geodynamic processes 

such as slab break-off or mantle plumes to explain this late 
high-temperature magmatism. Instead, our preferred model 
attributes high-temperature melting of the lower crust and 
mantle during the late orogenic stage to extreme thermal mat-
uration of the crust, followed by adiabatic melting after litho-
spheric delamination.

Low-pressure/high-temperature metamorphism in the hot 
anatectic domain during the late stage of the orogenic evolu-
tion (~520–490 Ma) has been used to support tectonic models 
associated with episodic heating (e.g., Melo et al. 2017a, 2017b; 
Serrano et al. 2018). However, the local thermal impact of the 
gabbroic intrusion within the Nova Venecia complex in the 
studied region indicates that the advective heating from the 
high-temperature magmatism had a minor influence on the 
heat budget of the hot anatectic domain, even during the late-
stage evolution of the orogen. Rather than a new metamorphic 
cycle driven by additional advective heating, the late orogenic 
stage (or collapse stage) is characterized by the waning of mid-
dle crustal flow, extensional deformation in the mid-upper crust 
(e.g., Alkmim et al. 2006; Schannor et al. 2021) and vertical to 
orogen-parallel magma transport (e.g., Temporim et al. 2023). 
Cooling of the orogen proceeds at slow rates (~1.5°C/My–3.5°C/
My) during the collapse stage (~490–520 Ma), but rapid cooling 
(~10°C/My–60°C/My) is observed after crystallization of the 
high-temperature magmatism (< 490 Ma) (Figure 15c; Vauchez 
et al. 2019).

9   |   Conclusions

In this contribution, we present a comprehensive metamorphic 
study for high-grade metamorphic rocks from the hot anatectic 
domain of the Araçuaí orogen. Our study includes thermody-
namic modelling, Lu–Hf and Sm–Nd garnet dating, and U–Pb 
and REE zircon data. Integrating these data with existing geo-
logical and geochronological information from the Araçuaí oro-
gen allows us to propose a continuous thermal evolution for the 
internal domain of the orogen.

According to our model, the internal domain evolved as an 
orogenic plateau, formed after contractional deformation 
and thickening driven by more than 500 km of crustal con-
vergence. This crustal convergence likely began earlier than 
620 Ma. The plateau-like evolution, characterized by the lat-
eral flow of partially molten middle crust towards the foreland 
domains, started at approximately 600 Ma and continued until 
540–530 Ma. Thermal evolution of the plateau was primarily 
controlled by inherited HPEs within the thickened crust and 
redistribution of these elements after crustal melting. Peak 
conditions, approximately 800°C and 9–10 kbar, were achieved 
at circa 530 Ma. The extreme thermal maturation in the over-
thickened crust eventually led to the destabilization and col-
lapse of the plateau.

We interpret the decoupling in the lithosphere and lithospheric 
delamination as the main geodynamic processes responsible for 
the plateau's collapse. This collapse induced near-isothermal 
decompression in the core of the plateau and high-temperature 
melting of the lower crust and mantle around 520–510 Ma. Low 
cooling rates were observed during collapse and late-stage 
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high-temperature magmatism. Throughout the evolution of 
the orogenic plateau, the middle to lower crust levels remained 
under suprasolidus conditions for nearly 100 My (from ~600 to 
510 Ma). Contact metamorphism driven by the emplacement of 
high-temperature magmas was localized and apparently did 
not significantly influence the heat budget of the hot anatectic 
domain, at least in the studied region. After the collapse stage 
and crystallization of the high-temperature magmas, the col-
lapsed orogen cooled rapidly, with cooling rates of ~20°C per 
million years.
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