
Precambrian Research 368 (2022) 106479

Available online 8 December 2021
0301-9268/© 2021 Elsevier B.V. All rights reserved.

Contrasting P-T-t paths of basement and cover within the Búzios Orogen, SE 
Brazil – Tracking Ediacaran-Cambrian subduction zones 

Thayla Almeida Teixeira Vieira a,*, Renata da Silva Schmitt a,b, Julio Cezar Mendes a,b, 
Renato Moraes c, George Luiz Luvizotto d, Raphaela Lopes de Andrade Silva b, 
Rodrigo Vinagre a,b, Silvia Regina de Medeiros a,b 

a Programa de Pós-Graduação em Geologia – PPGL – IGEO, Universidade Federal do Rio de Janeiro, UFRJ, Athos da Silveira Ramos Avenue, 274, block G – Cidade 
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A B S T R A C T   

Deeply eroded collisional orogens show complex structural and inverted stratigraphic relations with juxtaposi
tion of rock stacks from distinct crustal levels, origins and ages, hence with contrasting P-T-t paths during 
convergent tectonics. This paper presents petrochronological data on Paleoproterozoic (basement) and Ediacaran 
(cover) gneisses tectonically interleaved during the Ediacaran-Cambrian Búzios Orogeny, in southeastern Brazil. 
U-Pb in zircon and EPMA U-Th-Pb in monazite data, coupled with geothermobarometric data, plus Zr-in-rutile, 
reveal that at a first orogenic stage (ca. 530–520 Ma), these units were at distinct crustal levels. Samples within 
the Paleoproterozoic basement show metamorphic near-peak conditions of ~800 ◦C and 10 kbar, at a depth of 
c.37 km. Contrastingly, Ediacaran kyanite-orthoclase-garnet-biotite granulite with retrometamorphic sillimanite 
(cover) reached near-peak conditions of 15 kbar and 818 ◦C–785 ◦C at depths of c. 55 km, in high-pressure 
granulite facies. This deep burial of Ediacaran sediments in less than 20 m.y. would be compatible with a low 
angle subduction zone active from ca. 550 to 530 Ma. Intrusion of ca. 550 Ma tholeiitic dykes in the Paleo
proterozoic gneiss indicates a high geothermal gradient for this subduction setting, which is consistent with a low 
subduction rate. In a second orogenic stage (ca. 520–500 Ma), these distinct stratigraphic units were placed 
tectonically side by side during a fast exhumation, preserving an inverted metamorphic stack. The cover un
derwent retrometamorphic conditions of 800 ◦C and 10 kbar on a clockwise return path due to decompression. It 
is proposed here that the contact between reworked units within a Paleoproterozoic continental crust and Edi
acaran magmatic and sedimentary units represent the suture of an Ediacaran NW-subduction of the Angola 
continental paleomargin below the Oriental Terrane of the Ribeira belt. This paper reports the highest pressure 
recorded in Ediacaran-Cambrian metamorphic rocks from the Brasiliano belts along the actual South Atlantic 
continental margins. The suture we propose here is aligned along strike, with a medium to high-pressure Edi
acaran metamorphic occurrence 700 km to the SW, in the Curitiba Terrane.   

1. Introduction 

Deeply eroded collisional orogens expose complex structural re
lationships due to evolution of deformation and metamorphism during 
convergent tectonics (Butler 2018; Donaldson et al., 2013; Möller et al., 
2018; Moraes et al., 2002). The final result may present inverted strat
igraphic relations, with juxtaposition of rock stacks originated from 

distinct crustal levels with diverse P-T-t paths (Campos Neto, 2000; 
Coelho et al., 2017; Treloar et al., 2019; Trouw et al., 2000). In addition, 
the collisional metamorphic event may obliterate earlier P-T conditions 
that might be related to partial subduction or to a thermal effect of the 
magmatic arc. 

Inliers of older continental crust within the orogenic belts are key to 
unravel the P-T-t trajectories since they undergo the entire orogenic 
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evolution. However, these basement units configure an extra challenge 
because they might have been affected by other orogenic cycles (Brito 
Neves et al., 2014; Herwegh and Pfiffner, 2005). Within the internal 
orogenic belt this ancient basement is tectonically interleaved with early 
to syn-orogenic rock units. The contrasting age, P-T-t paths and origins 
are crucial characteristics to allow the understanding of the geodynamic 
evolution of a collisional belt. 

Geothermobarometric studies allied with geochronological data, 
assist in the quantification of the metamorphic conditions through time 
(Rubatto, 2002, 2017; Tedeschi et al., 2017). Furthermore, the combi
nation of zircon and monazite U-Th-Pb geochronology preserves the 
timing of orogenic events due to their chemical stability and high 
closure temperatures (Cherniak and Watson, 2001). By linking zircon 
and monazite growth it is possible to obtain a direct assessment of the 
timing of tectono-metamorphic events (Rocha et al., 2017; Rubatto 
et al., 2001). 

This paper presents petrochronological data on metamorphic rocks 
from a 1.5 km detailed geological cross section along the southeastern 
Brazilian coast in the context of the Central Ribeira belt. This is a key 
area to investigate the P-T-t paths of Paleoproterozoic and Neo
proterozoic gneisses tectonically interleaved during a Cambrian colli
sional event (Schmitt et al., 2004, 2016). By dating U-Pb in zircon and U- 
Th-Pb in monazite, coupled with geothermobarometric studies in sam
ples from basement and cover units, we provide new tectonic insights for 
evolution of the Ribeira belt, testing alternative approaches to investi
gate deeply eroded and poorly exposed collisional orogens. In addition, 
we judge the hypothesis that the paragneisses correlated with the Búzios 
Succession were buried to great depths, providing evidence to track 
subduction zones that led to Gondwana amalgamation. 

2. Tectonic setting 

The NE-SW Ribeira Belt is a product of the convergence and collision 
between São Francisco-Congo (Alkmim et al., 2006), Angola and Para
napanema cratons (Heilbron et al., 2008), and some microplates (e.g., 
Serra do Mar – Campos Neto and Figueiredo, 1995) from the Ediacaran 
to the lower Paleozoic (Fig. 1a – Schmitt et al., 2018). The Ribeira Belt 
extends to the north merged with the coeval Araçuaí Belt, and to the 
south it is in contact with the Luis Alves Craton (Fig. 1a – Heilbron et al., 
2004, Schmitt et al., 2018). To the west it partly overlaps the 50 m.y. 
older Brasilia Belt producing an interference zone (Trouw et al., 2013). 

Its central portion is divided in four tectonic domains (Fig. 1a – 
Heilbron et al., 2000; Heilbron et al., 2008). The western part comprises 
the Occidental Terrane and the Paraíba do Sul/Embu Terrane. These 
terranes have basement units from the São Francisco and the Para
napanema cratons, which were reworked, but only the former was 
tectonically intercalated with continental margin sedimentary rocks 
(dark green in Fig. 1a). The Oriental Terrane and the Cabo Frio Tectonic 
Domain constitute the eastern segment, both detailed below (lighter 
greens in Fig. 1a, detail in Fig. 1b. 

The Oriental Terrane is comprised of high T – low P supracrustal 
units intruded by pre-collisional plutons interpreted as three magmatic 
arcs (Serra da Bolivia, 859–838 Ma, Heilbron et al., 2013; Serra da Prata, 
790–620 Ma, Peixoto et al., 2017; and Rio Negro arcs, 650–585 Ma, 
Tupinambá et al., 2012), and by syn- to post-collisional plutons 
(580–460 Ma; Heilbron and Machado, 2003; Martins et al., 2016; 
Mendes et al., 2006; Silva et al., 2003; Valeriano et al., 2011). According 
to Heilbron et al. (2004), the contact between the Occidental and Ori
ental terranes is a suture zone, generated during the SE subduction of the 
São Francisco continental paleomargin (Fig. 1a). In this scenario, the 
Oriental Terrane would represent the upper plate consistent with the 
magmatic arc setting at a high T – low P regime. These authors propose a 
580 Ma collision between the arc-domain (Oriental Terrane) and the 
continental margin, to the NW. No basement rocks older than the Neo
proterozoic have been reported from the Oriental Terrane. 

To the southeast, along the Rio de Janeiro coast, the Neoproterozoic 

Oriental Terrane has a sharp tectonic contact with the Cabo Frio Tec
tonic Domain (CFTD – Fig. 1b and 2). The latter, focus of this study, is 
predominantly composed of Paleoproterozoic orthogneisses correlated 
with the African Angola craton (Região dos Lagos Complex – Fig. 1a; De 
Waele et al., 2008; Delor et al., 2006; Monié et al., 2012; Schmitt et al., 
2016). It is tectonically interleaved with Ediacaran high P-T para
gneisses and metabasites. The metamorphic ages are at least 50 m.y. 
younger than the Oriental Terrane, and are attributed to the collision, 
between the Angola continental paleomargin and the Oriental Terrane 
(Cambrian Búzios Orogeny – Fig. 1a, Schmitt et al., 2004). Heilbron and 
Machado (2003) interpreted this event as a response to the closure of a 
back-arc basin related to the Rio Negro magmatic arc of the Oriental 
Terrane. Other authors propose that the contact between the Oriental 
Terrane and the Cabo Frio Tectonic Domain is a suture due to a NW- 
directed subduction zone (Capistrano et al., 2017; Capistrano et al., 
2020; Fernandes et al., 2015; Martins et al., 2016; Schmitt et al., 2008; 
Schmitt et al., 2016). In this interpretation, the supracrustal units of the 
Cabo Frio Tectonic Domain would represent forearc and accretionary 
prism sequences and not back-arc sediments. The metamorphic condi
tions and P-T path of the Búzios Succession and the tectonically inter
leaved Região dos Lagos Complex may provide evidence to better 
constrain the geodynamic evolution of this belt. Additionally, there are 
alternative tectonic models which consider an intracontinental orogenic 
belt without the subduction of oceanic crust recently proposed in the 
literature (Fossen et al., 2020; Meira et al., 2015; Meira et al., 2019; 
Meira et al., 2020). 

2.1. Geological units of the Cabo Frio Tectonic Domain 

The Cabo Frio Tectonic Domain (CFTD) is composed of three main 
lithostratigraphic units: Paleoproterozoic orthogneisses (Região dos 
Lagos Complex – Fonseca et al., 1979) and two Ediacaran supracrustal 
sequences (Búzios and Palmital Successions, Fig. 1b – Schmitt et al., 
2008). The orthogneisses are predominantly granitic/granodioritic with 
subordinate diorites, representing a calc-alkaline magmatic series of 
Orosirian age (ca. 2.0–1.94 Ga – Schmitt et al., 2004, 2008b, 2016; 
Viana et al., 2008), cross cut by 5–15-meter-thick amphibolite bodies 
(José Gonçalves suite, Schmitt et al., 2009), former diabase bodies. No 
supracrustal or igneous rocks older than this plutonic complex were 
recognized so far, only inherited 2.6 – 2.5 Ga zircon cores (Schmitt and 
Armstrong, 2014). 

The Ediacaran supracrustal units include aluminous gneisses, 
psammitic gneisses, calc-silicate rocks, and metabasites (Schmitt et al., 
2004), separated in two successions: Palmital and Búzios (Fig. 1b – 
Schmitt et al., 2004; Schmitt et al., 2008). The former occurs along the 
contact between the CFTD and the Oriental Terrane and also as a klippe 
in the CFTD (Fig. 1b). The Palmital Succession is interpreted as a fore arc 
sedimentary succession deposited between 560 and 530 Ma, according 
to U-Pb ages of detrital and metamorphic zircon (Capistrano et al., 2017; 
Capistrano et al., 2020; Fernandes et al., 2015), with litharenitic pro
tolith (Capistrano et al., 2017; Fernandes et al., 2015). The predominant 
detrital zircon population from the Palmital Succession varies between 
700 and 600 Ma and the maximum deposition age for this succession is 
566 ± 9 Ma (Fernandes et al., 2015). 

The Búzios Succession, located only in the coastal region (Fig. 1b), 
comprises metamorphic rocks with deep-sea sedimentary and volcanic 
protoliths formed between 600 and 550 Ma in an oceanic crust realm, 
incorporated into the accretionary prism during convergent tectonics 
(Capistrano et al., 2020; Schmitt et al., 2008). U-Pb data on aluminous 
gneisses from the Búzios Succession revealed a major Ediacaran detrital 
zircon population, with ca. 583 Ma as a maximum age of deposition, and 
with a metamorphic overprint at ca. 521 ± 11 Ma dated in zircon rims 
(Capistrano et al., 2020). 

Finally, both successions were deformed and metamorphosed during 
the transition from Ediacaran to Cambrian, under upper amphibolite 
(Palmital Succession) to medium- to high-pressure granulite facies 
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Fig. 1. (a) West Gondwana reconstructed including South America and Africa, with cratons and mobile belts shown. Red rectangle indicates location of Fig. 1b. 
Modified from Schmitt et al., 2018); (b) Simplified geological map of the Cabo Frio Tectonic Domain and eastern Oriental Terrane with E-W geological cross section. 
Modified from Schmitt et al. (2016) and Capistrano et al. (2020). 
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conditions (Búzios Succession) with widespread migmatization (Schmitt 
et al., 2004). Based on zircon, monazite, titanite and rutile dating, a 
rapid cooling curve of 20 ◦C/m.y. from 518 to 505 Ma was calculated for 
the Búzios paragneisses, recording a relatively fast exhumation of these 
deep-seated rock units (Schmitt et al., 2004). The interleaved Paleo
proterozoic orthogneiss is also affected by this tectono-metamorphic 
event, with migmatitic zones concentrated along shear zones. Meta
morphic conditions for the Região dos Lagos Complex were originally 
considered to follow the Búzios Succession P-T-t path (Schmitt et al., 
2004), although some incompatibilities can be pointed out: (a) the strain 
and partial melt localization is observed only in the Paleoproterozoic 
basement; (b) the highly sheared contacts between the Paleoproterozoic 
orthogneiss and Búzios Succession; (c) the distinct protoliths (conti
nental and oceanic crusts). In this paper, we will investigate this issue. 

3. Methodology 

3.1. Mineral chemistry 

Amphibole, pyroxene, garnet, biotite, K-feldspar and plagioclase 
were analyzed for major elements in three thin sections (TH-5A, TH-10A 
and TH-34C) at the Electron Microprobe Laboratory (LABSONDA) of the 
Federal University of Rio de Janeiro (UFRJ) using a JEOL EPMA – JXA- 
8230 Electron Probe Micro-analyzer. The microprobe was operated in 
wavelength-dispersion system with five spectrometers and a set of eight 
analyzer crystals. Analytical conditions were accelerating voltage of 15 
kV, sample current of 20 nA and beam diameter of 5 and 10 μm. In
ternational certificate standards of natural minerals, for equipment 
calibration and quantitative analyses, are either from the Smithsonian 
Institute – USA or from Astimex Scientific Limited, Serial KM, MINM 
25–53. 

Composition profiles were obtained in garnet and plagioclase, with 
five to ten spot analyses to verify variations between cores and rims. At 
least three crystals in five different fields on the same thin section were 
analyzed. 

3.2. Monazite and rutile chemistry and U-Th-Pb dating 

Monazite and rutile were analyzed in two thin sections (TH-10A and 
TH-34C) at the Department of Geology of the State University of São 
Paulo – UNESP. Analyses were carried out through wavelength disper
sive spectrometry (WDS) using a JEOL JXA-8230 Electron Microprobe 
equipped with five WDS detectors. Monazite dating (U-Th-Pb) followed 
the instructions of Williams et al. (2006) and Vlach (2010). On the 
selected monazite grains, high resolution compositional X-ray maps 
were collected for Y, Th, U and Ca (15 kV, 100 nA, 100 s dwell time and 
10 µm electron beam size and step). For the purpose of comparing 
concentration levels and zoning features, X-ray maps generated for 
crystals from the same sample were processed together using the iden
tical color scale, i.e., same minimum and maximum magnitude values 
for all grains. The maps were then used to select different domains for U- 
Th-Pb spot analyses and later age calculations. Differently from the 
procedure highlighted by Williams et al. (2006), background measure
ments were performed for all analyses. Spot analyses were carried out 
using 15 kV, 100 nA, using background positions and PHA settings 
presented by Vlach (2010). To assess data quality, every 10 to 15 un
determined analyses were bracketed by three analyses on the Moacir 
monazite secondary standard (Paraíso monazite reported by Gonçalves 
et al., 2016) which are presented in the Supplementary Table 4. Spectral 
interference corrections (Th on U Pb and Th + Y on Pb Ma) were done 
offline and considered matrix correction factors. Interference correc
tions and age calculations were accomplished using the Age_Cor pro
gram (Vlach, 2010). Errors presented for each single spot and age were 
calculated using the 2-sigma relative standard errors (counting statis
tics) from the Electron Microprobe analyses. Data reduction was carried 
out using the software ISOPLOT 4 (Ludwig, 2009). Errors presented for 

multiple analyses (weighted mean) took into consideration error prop
agation and were calculated using the ISOPLOT 4 software (Ludwig, 
2009). 

Analyses of trace elements in rutile used a focused beam at 20 kV and 
100 nA, following the method outlined by Luvizotto et al. (2009) and 
with the conditions presented in Table 1. Si, Al, Cr, Fe, Nb, Ti, and Zr 
were measured and Si concentrations were used as a quality control to 
detect contaminations, that is, analyses with Si concentration higher 
than 300 ppm were discarded from the data set. Analyses of the R10 
rutile reference material (Luvizotto et al. 2009) are shown in Supple
mentary Table 3, and they were carried out after 15 unknown analyses 
to ensure the quality and reproducibility of the data. Zr-in-rutile tem
peratures were calculated with the calibration of Tomkins et al. (2007). 
Errors presented in temperature results were calculated using the 2- 
sigma relative standard errors (counting statistics) from the Electron 
Microprobe analyses. 

3.3. U-Pb analyses on zircon 

Zircon grains were separated from fresh crushed samples using 
conventional methods, heavy liquids and magnetic techniques (jaw 
crusher, disk grinder, Wilfley table, Frantz isodynamic magnetic sepa
rator and density separation using methylene iodide) at the Geological 
Laboratory of Samples Preparation (LGPA) at the State University of Rio 
de Janeiro (UERJ). Circa of 50–180 zircon grains from each sample were 
mounted in epoxy resin, polished to half of mean grain thickness for 
further imaging. The zircon grains were imaged in the Scanning Electron 
Microscope (SEM) model Quanta 250, Termo Scientific at MultiLab, at 
the Rio de Janeiro State University (UERJ) to unravel internal com
plexities with cathodoluminescence. SEM analytical conditions were: 
high voltage of 15 kV, work distance 16.9 mm, detector PMD, filament 
emission of 100 µA, and magnification range 95 to 250x. The U-Pb an
alyses were performed on samples (TH-34C) at MultiLab/UERJ. The 
laboratory has a multicollector Thermo (Neptune plus) coupled plasma 
induction mass spectrometer, ICP-MC-MS, and a laser ablation, Photon 
Machines, 193 mm. Isotopic data were obtained using the static mode 
through 40 cycles of 1.054 s acquirement time with a gas inlet flow (Ar) 
of 15 L / min, auxiliary flow (Ar) 0.90 L / min, in MC-ICP-MS. The laser a 
gas inlet He flow (two input streams with volumes of 0.700 / m and 
0.220 / m). Repetition of the laser was at 6 Hz, with 4–7 J / cm2 

(35–60%) output power and 40–50 μm crater size. The acquisition 
method comprises of a sequence, that starts with the analysis of one 
blank, which is the measurement of the data performed of the 
passageway of only Ar and He gases, being measured as a background, 
followed by the mensuration of a shot made on a zircon primary stan
dard (GJ-01). If the data are compatible with the genuine value 
described by Elhlou et al. (2006) (206Pb/207Pb = 0.06389 and 
206Pb/238U = 0.09812), thus the analysis of 9 grains of indefinite age can 
be done. After performing the undetermined analyses, data of another 
zircon secondary standard (91500, Wiedenbeck et al., 1995) is acquired, 
finalizing the spreadsheet with the reading of a second spot from GJ-1 
(zircon standard) and a blank over again. The U-Pb results attained by 

Table 1 
Electron microprobe conditions applied for the monazite and rutile trace ele
ments analysis.  

20 kV / 80 nA Si Al Cr Fe Ti Nb Zr 

Crystal TAP TAP PET LIF PET PET PET 
Line Kα  Kα  Kα  Kα  Kβ  Lα  Lα  
Peak seca 300 300 150 150 30 300 300 
Bkg secb 150 150 50 50 15 150 150 
DLc 25 20 50 40 55 40 45 

a Count time on peak position in seconds; b Count time on background position 
in seconds; c 2 σ detection limit, based on repeated measurement of variation on 
background, values in ppm. 
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LA-ICP-MS were treated in an offline spreadsheet for blank and GJ-01 
correction. The Supplementary Table 1 contain the U-Pb analytical 
data acquired by the LA-ICP-MS. The program ISOPLOT was used to 
calculate ages and construct concordia diagrams (Ludwig, 2009) and 
decay constant values used are recommend by Steiger and Jäger (1977). 
All calculated values in the concordia and discordia diagrams are 
referred to 2σ for all uncertainties quoted in the body of the text. 

U-Pb dating of sample TH-5A was analyzed by a Sensitive High-mass 
Resolution Ion MicroProbe (SHRIMP-II) at the Geochronological 
Research Center of the University of São Paulo (CPGeo-USP). The 
analysis was carried out with a spot size of 24 µm, analyzing grain rims 
and cores. Supplementary Table 2 includes the U-Pb analytical data 
acquired by the SHRIMP. The TEMORA 2 referenced standard was 
placed together in the mount – 4 zircon grains were used (206Pb/238U 
age = 416.78 ± 0.33 Ma; Black et al., 2004). The analytical procedures, 
acquisition, and data processing were done following Sato et al. (2014). 
Correction for common Pb was made based on the measured 204Pb, and 
the typical uncertainty component for the 206Pb/238U ratios is lesser 
than 2 percent. Data were reduced using SQUID 1.06 software, and 

Concordia age calculations were performed using the software ISOPLOT 
4 (Ludwig, 2009). Data-point uncertainty ellipses in the Concordia and 
Discordia diagrams have two sigma of confidence level for all un
certainties quoted in the body of the text. The decay constant values 
used are recommend by Steiger and Jäger (1977). 

4. Results 

4.1. Geology of the area and studied samples 

The studied area is a well-exposed 1.5 km geological section along 
the coast of Cabo Frio city with Paleoproterozoic (Região dos Lagos 
Complex) and Ediacaran gneisses (Búzios Succession) tectonically 
interleaved presenting high grade mineral paragenesis and local mig
matization (Fig. 1b and 2). The main NW-SE tectonic foliation in both 
units shows medium to high dip, with subhorizontal mineral and 
stretching lineation. At least two coaxial folding phases were detected: 
isoclinal F2 folds and open recumbent to upright F3 folds (Fig. 2). 
Leucosome veins are folded by F2 and also intrude parallel to F2 and F3 

Fig. 2. (a) Geological map and (b) geological cross section of the Brava beach area in Cabo Frio. Samples analyzed in this paper are located on the map and on 
the section. 
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axial plane foliations indicating that melting was present at least during 
these two folding phases (Fig. 3e). Locally the contrasting rheology 
resulted in complex geometries (Figs. 2 and 3). However, the area is still 
considered suitable to test whether these two distinct rock associations 
shared the same P-T-t paths. 

4.1.1. Dioritic and granitic orthogneisses (Região dos Lagos Complex) 
Dioritic and granitic orthogneisses are correlated with the Região dos 

Lagos Complex, and referred here as the Paleoproterozoic basement, 
confirmed by U-Pb geochronological data (Vieira et al., unpublished 
results). These lithotypes contain leucosome veins locally, sub-parallel 

to parallel to the main foliation, defining a stromatic structure 
(Fig. 3g). These partial melt products have a granodioritic composition 
in the dioritic gneisses and a monzogranitic to alkali-feldspar granitic 
composition in the granitic gneisses. These orthogneisses, with diorites 
and granites as protoliths, predominate in the southwestern portion of 
the studied area (Fig. 2). 

The dioritic orthogneiss crops out as layers of 50 m interleaved with 
the granitic orthogneiss (Fig. 2 and 3c). Two representative samples 
were analyzed in order to obtain temperature estimates from the pair 
hornblende-plagioclase (samples TH-8A and TH-33B). Samples are 
coarse-grained, with plagioclase (45%) and amphibole (42%), as 

Fig. 3. (a) High strain domain in the Paleoproter
ozoic granitic orthogneisses with the amphibolite 
isoclinally folded. (b) Low strain domain with the 
garnet-clinopyroxene amphibolite (sample TH-5A) 
cross cutting the Paleoproterozoic granitic orthog
neisses. (c) Paleoproterozoic orthogneisses with 
intercalation of dioritic and granitic compositions. 
(d) Sinuous contact between the granitic orthogneiss 
and garnet-clinopyroxene amphibolite related with 
the intrusion of the latter (detail in the paleodyke of 
Fig. 2b. (e) Ediacaran clinopyroxene amphibolite 
(Búzios Succession) with local partial melt and cen
timetric leucosome veins parallel to the axial plane of 
F3 folds. (f) kyanite-orthoclase-garnet-biotite gneiss 
layer (TH-34C) enclosed in the Paleoproterozoic 
granitic orthogneisses. (g) Tectonic contact between 
the Paleoproterozoic dioritic orthogneiss (Região dos 
Lagos Complex) and Ediacaran paragneisses (Búzios 
Succession) in a high strain zone with migmatites. (h) 
Ediacaran kyanite-orthoclase-garnet-biotite granulite 
with retrometamorphic sillimanite (TH-10A – Búzios 
Succession). Inset in upper right shows fibrolitic 
sillimanite overgrowing kyanite.   
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essential components, accessory biotite (5%), quartz (5%) and K-feld
spar (3%), apatite, titanite, magnetite, ilmenite, sulfides, rutile and 
zircon as trace minerals. In thin section, granoblastic texture 
predominates. 

The granitic orthogneiss preserves oriented euhedral to subhedral K- 
feldspar megacrysts in low strain domains (Fig. 3d). It is medium- to 
coarse-grained, equigranular to porphyritic, and contains plagioclase 
(An21-36; 35–40%), quartz (20–25%), biotite (8–15%), hornblende 
(5–7%) and microcline (18–13%), the latter up to 5 cm long. Amphibole 
and biotite show rectilinear contacts, suggesting equilibrium; ilmenite 
often exhibits titanite rims. As observed in thin section, granoblastic 
texture predominates. Locally an isotropic fine-grained hololeucocratic 
metagranite crosscuts both units. 

In addition, a paragneiss lens was mapped within the Paleoproter
ozoic orthogneisses, located in a high strain and migmatized domain 
(Fig. 3f), sample TH-34C). In the low strain and non-migmatized do
mains where original igneous structures are preserved (i.e., metadiorite 
enclaves in the metagranitoids), mafic paleodykes crosscut the meta
granitoids (Fig. 3b, samples TH-5A and TH-5B). 

4.1.2. Kyanite-orthoclase-garnet-biotite gneiss (undetermined unit, sample 
TH-34C) 

A 1.5-meter-thick lens of kyanite-orthoclase-garnet-biotite gneiss, 

enclosed within the Paleoproterozoic orthogneisses, was selected for 
geothermobarometric and geochronological analyses (sample TH-34C – 
Fig. 2 and 3f). The widespread stromatic structure is parallel to the 
tectonic foliation of the granitic orthogneiss (Fig. 3f). The mineralogical 
composition is quartz (35%), biotite (20%), garnet (20%), perthitic 
orthoclase (15%) and kyanite (8%), with subordinate amounts of 
microcline and oligoclase (Fig. 4c and d). Rutile, apatite, zircon, 
monazite, and ilmenite are accessory minerals (Fig. 4d). Symplectitic 
plagioclase occurs between garnet and biotite. Myrmekite is observed 
where both feldspars are in contact. Garnet occurs as porphyroblasts (2 
mm to 1 cm in diameter), usually with inclusions of biotite, quartz, 
plagioclase, zircon, monazite and opaque minerals (Fig. 4c and d). 
Kyanite appears as crystals up to 2 mm, in equilibrium with orthoclase 
and garnet (Fig. 4c and d). K-feldspar porphyroblasts reach up to 1 mm 
in size (Fig. 4c and d). Anhedral rutile crystals are included in biotite 
from the matrix. 

4.1.3. Garnet-clinopyroxene amphibolite (José Gonçalves Suite, sample 
TH-5A and TH-5B) 

Mafic bodies of garnet-clinopyroxene amphibolite, 5 cm up to 5 m 
thick, cross cut the Paleoproterozoic orthogneisses (Fig. 2, 3a and 3b). 
These paleodykes are correlated to the José Gonçalves Suite. Even with 
the metamorphic overprint, some mafic bodies preserve their original 

Fig. 4. (a) Fine grained garnet- 
clinopyroxene amphibolite cutting the Pale
oproterozoic orthogneiss, with granoblastic 
texture and mineral equilibrium between 
diopside-garnet-hornblende (sample TH-5A – 
José Gonçalves Suite). (b) Ilmenite with 
titanite rim in the fine-grained garnet-clino
pyroxene amphibolite (sample TH-5A); (c) 
Kyanite-orthoclase in equilibrium inside the 
kyanite-orthoclase-garnet-biotite gneiss 
(sample TH-34C); (d) Back-scattered electron 
(BSE) image of sample TH-34C sample 
showing monazite crystals in the matrix. (e) 
Garnet porphyroblast with inclusions of bio
tite, quartz, feldspar, zircon, monazite and 
opaque minerals (sample TH-10A – Búzios 
Succession). (f) Fibrolitic sillimanite inter
grown with biotite (sample TH-10A). Ab
breviations according to Kretz (1983).   
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igneous grain size variation (fine-grained at the border, coarse-grained 
at the center). Contacts are usually sharp (Fig. 3b), straight to locally 
sinuous (Fig. 3d). In high strain domains, the metabasites show isoclinal 
folds (Fig. 3a) and boudins parallel to the orthogneiss foliation. Locally 
they display partial melt features with leucosome, mostly composed of 
plagioclase and quartz (Fig. 3e). The garnet-clinopyroxene amphibolite 
has hornblende (34–60%), plagioclase (25–39%), diopside (10–23%) 
and garnet (8–18%) as essential minerals, and quartz (1–2%), titanite 
(2–5%), biotite (2–5%) ilmenite (2%), magnetite (1%), rutile (trace), 
apatite (trace) and zircon (trace) as accessory minerals. In thin section 
the granoblastic texture is dominant (Fig. 4a). 

Two samples from a fine-grained homogeneous garnet- 
clinopyroxene amphibolite body were selected for geo
thermobarometric studies (TH-5A and 5B– Fig. 2 and 3b, 3d). They were 
sampled in a low strain domain, without evidence of partial melting, and 
has a granoblastic texture in thin section. Diopside coexists in equilib
rium with pargasite (Fig. 4a) and both minerals are partially replaced by 
actinolite. The anorthite content in plagioclase varies from An2 (rim) to 
An49 (core). Titanite is surrounding ilmenite (Fig. 4b). Three different 
metamorphic assemblages were identified: 1. diopside + garnet +
andesine (An49) + quartz + pargasite + rutile + ilmenite (granulite- 
amphibolite facies, Fig. 4a); 2. hornblende + andesine + titanite 
(amphibolite facies); 3. albite + actinolite + biotite + chlorite + sericite 
+ epidote (greenschist facies). 

4.1.4. Kyanite-orthoclase-garnet-biotite granulite with retrometamorphic 
sillimanite (Búzios Succession, sample TH-10A) 

In the northeastern part of the area, the Paleoproterozoic orthog
neisses are in contact with Ediacaran paragneisses and associated 
banded amphibolite bodies (Fig. 2), which are correlated to the Búzios 
Succession, part of the Neoproterozoic supracrustals of the Cabo Frio 
Tectonic Domain, confirmed by U-Pb geochronological data from Cap
istrano et al. (2020, Fig. 2). The contact with the dioritic orthogneiss is a 
subvertical NW-SE high strain zone with strike-slip stretching lineation 
and widespread migmatization (Fig. 3g). Despite the deformation and 
metamorphism, the compositional banding reflects, at least in part, a 
primary bedding related to sedimentary and volcanic protoliths. Two 
groups of mafic bodies are described: (1) laminated and massive 
amphibolitic gneisses, >50 m thick with minor garnet amphibolite, 
diopside amphibolite and hornblende residue association; (2) centi
metric to metric amphibolite layers interleaved with aluminous gneiss 
and calc-silicate rocks (Schmitt et al., 2008; Capistrano et al., 2020). 

We selected a 2 m thick layer of kyanite-orthoclase-garnet-biotite 
granulite with retrometamorphic sillimanite layer to represent the 
Búzios Succession in our P-T-t studies (Sample TH-10A, Fig. 2 and 3h). It 
is intercalated with fine-grained amphibolite, quartzite and calc-silicate 
rock layers (Fig. 2). The layer is folded, but structurally concordant with 
the Paleoproterozoic dioritic orthogneiss (Fig. 2 and 3g). The selected 
sample from the melt-poor part of the migmatite, contains quartz (30%), 
biotite (20%), garnet (20%), orthoclase (16%) and kyanite (10%), a 
lower proportion of microcline and plagioclase (oligoclase-andesine). 
Titanite, rutile, apatite, zircon, monazite, tourmaline and ilmenite are 
accessory minerals. Kyanite occurs as individual crystals up to 2 cm in 
textural equilibrium with orthoclase, plagioclase and garnet. Garnet 
occurs as porphyroblasts up to 1 cm in diameter, usually with inclusions 
of biotite, quartz, feldspar, zircon, monazite and opaque minerals 
(Fig. 4e). Sillimanite partially replaces kyanite, forming pseudomorphs 
(Fig. 3h) and locally developing fibrolite intergrowth with biotite 
(Fig. 4f). The inclusion trails define an internal foliation in the garnet. 
The symplectite is localized along the contact between biotite and 
garnet, together with a lamellar and vermicular fine-grained inter
growth of plagioclase. Porphyroblasts of K-feldspar form crystals of up to 
1 cm in length. Plagioclase shows myrmekite and antiperthite and is 
locally replaced by sericite and carbonate. Chlorite partially replaces 
biotite and muscovite replaces in part biotite and K-feldspar. The 
selected sample has similar composition to the aluminous gneiss layer 

within the basement unit (Sample TH-34C – Fig. 3h), and is therefore 
suitable for P-T data comparison. 

4.2. Mineral chemistry 

4.2.1. Diorite orthogneiss (Região dos Lagos Complex, TH-8A and TH- 
33B) 

The amphibole has a composition varying from magnesio- 
hornblende to pargasite (Fig. 5d). In general, the amphibole from sam
ple TH-33B has XMg, Ti and Al content ranging, respectively, from 0.42 
to 0.44, 0.13 to 0.16 apfu and 1.71 to 1.89 apfu. For the amphibole from 
sample TH-8A, XMg, Ti and Al content vary, respectively, from 0.46 to 
0.49, 0.10 to 0.16 apfu and 1.50 to 1.69 apfu. TH-33B contains oligo
clase with average composition of An26-28, and in sample TH-8A 
plagioclase composition is An32-33 (Fig. 5c). 

4.2.2. Kyanite-orthoclase-garnet-biotite gneiss (nameless unit, sample TH- 
34C) 

The garnet composition is dominated by the almandine (78 to 82%), 
followed by pyrope (12 to 16%), grossular (3 to 4%) and spessartine end- 
member (2 to 3%). The compositional profiles are almost flat, with slight 
increase of Fe and decrease of Mg towards the rims (Fig. 5a). Orthoclase 
has no compositional variation and contains between 5 and 6% of albite 
molecule with pure albite exsolution lamellae (perthitic texture). The 
compositional variation of plagioclase ranges from An3 to An16, 
respectively in rims and cores (Fig. 5c). The biotite composition is ho
mogeneous with no significant variation from core to rim and XMg be
tween 0.49 and 0.57 (Fig. 5e). The Ti content is high, with values 
varying from 0.22 to 0.29 apfu. 

4.2.3. Garnet-clinopyroxene amphibolite (José Gonçalves Suite, samples 
TH-5A and TH-5B) 

The garnet composition is controlled by end-members almandine, 
with values between 57 and 61%, grossular varying from 19 to 22%, 
pyrope, 15 to 18% and spessartine, 2 to 4% (Fig. 5a). Although the 
garnet grains have considerable chemical variation in the rock, the one 
from Fig. 5a has a flat profile, with almandine 59-61, grossular 20-21 py
rope 15-18, spessartine 2-3. There is a slight increase in the almandine 
from core to rim, while pyrope and grossular contents decrease. Low 
spessartine contents vary between 2 and 4% (Fig. 5a). Significant 
compositional variations in plagioclase, from core to rim, occur in both 
samples (Fig. 5c). All rims are almost pure albite (An1-10), whilst the 
cores are andesine (An40-50). The clinopyroxene is diopside (Fig. 5b) and 
the core and rims of the crystals have practically no chemical variation, 
with XMg varying between 0.58 and 0.66, and aluminum ranging from 
0.02 to 0.16 apfu. The pargasite has cores with higher in Al (2.1 apfu) 
when compared with the rim (1.7 apfu). In general, the Ti content is 0.2 
apfu and XMg ranges from 0.45 to 0.49 (Fig. 5d). 

4.2.4. Kyanite-orthoclase-garnet-biotite granulite with retrometamorphic 
sillimanite (Búzios Succession, sample TH-10A) 

The garnet crystals from sample TH-10A have composition 
controlled by almandine end-members, significant grossular and pyrope 
components, with an evident core to rim variation (Fig. 5a). These 
crystals have a core relatively rich in grossular and pyrope, with 20–25% 
and 18–25% respectively, and comparatively poor in almandine, with 
52–56%, while the rims have 62–70% of almandine, 4–9% of grossular 
and 28–30% of pyrope (Fig. 5a). The plagioclase has compositional 
zoning, with composition An45 in the core and An23 in the rim (Fig. 5c). 
Orthoclase is perthitic with pure albite as exsolution. The biotite grains 
have Ti contents ranging from 0.01 to 0.05 apfu and XMg between 0.60 
and 0.67 (Fig. 5e). 

4.3. Thermobarometry 

The hornblende-plagioclase thermometer (Holland and Blundy, 
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Fig. 5. Mineral chemistry of Região dos Lagos Complex (dioritic orthogneiss, samples TH-8A and TH-33B), José Gonçalves Suite (garnet-clinopyroxene amphibolite, 
samples TH-5A and TH-5B), undetermined unit (kyanite- orthoclase-garnet-biotite gneiss, sample TH-34C) and Búzios Succession (kyanite-orthoclase-garnet-biotite 
granulite with retrometamorphic sillimanite, sample TH-10A). (a) Representative garnet zoning profiles for the three samples. (b) Chemical composition of pyroxene 
from garnet-clinopyroxene amphibolite (samples TH-5A and TH-5B). (c) Chemical composition of plagioclase from all samples. (d) Chemical composition of 
amphibole from garnet-clinopyroxene amphibolite and diorite orthogneiss (samples TH-5A, TH-5B, TH-8A and TH-33B). (e) Chemical composition of biotite from 
both paragneisses (samples TH-34C and TH- 10A). 
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1994), based on the number of Si- and Al-cations in the tetrahedron 
positions of amphibole, was applied to two dioritic orthogneiss samples 
(Região dos Lagos Complex). The results yielded temperatures between 
759 ◦C (sample TH-8A) and 772 ◦C (sample TH-33B), calculated for a 
pressure of 10 kbar. 

Pressure and temperature determinations, using THERMOCALC, 
v.3.32, average P-T mode (Powell and Holland 1994) were performed on 
4 samples (TH-5A, TH-5B, TH-34C and TH-10A). The temperature and 
pressure are calculated separately, then the two variables were calcu
lated together with the average P-T method (Powell and Holland 1994). 

The kyanite-orthoclase-garnet-biotite gneiss enclosed within Paleo
proterozoic granitic orthogneiss (sample TH-34C) yields pressure and 
temperature conditions of 10.1 ± 0.5 kbar and 818 ± 70 ◦C (Fig. 6b and 
Table 2). This represents the metamorphic near peak, with the core 
compositions of the minerals garnet, K-feldspar, plagioclase, biotite in 
paragenesis with kyanite, quartz and excess H2O. 

Samples TH-5A and TH-5B (garnet-clinopyroxene amphibolite – José 
Gonçalves Suite) show P-T conditions respectively of 9.7 ± 0.7 kbar and 
825, ± 35 ◦C and 10.1 ± 1.1 kbar and 825 ± 46 ◦C, based on mineral 
core compositions of garnet, clinopyroxene, hornblende and plagioclase, 
in the presence of quartz (Fig. 6a and Table 2). For sample TH-5B, T and 
P were calculated separately; for sample TH-5A, the calculation was 
simultaneous, using the average P-T mode. It appears that both rocks 
which are either included or that cross cutting the Paleoproterozoic 
orthogneisses, the kyanite-orthoclase-garnet-biotite gneiss (TH-34C) 
and the garnet-clinopyroxene amphibolite (TH-5A and 5B) yielded 
similar P-T results. 

For the Ediacaran kyanite-orthoclase-garnet-biotite granulite with 
retrometamorphic sillimanite (sample TH-10A Búzios Succession), P-T 
conditions of 15.0 ± 0.6 kbar and 817 ± 24 ◦C were calculated 

simultaneously, using the average P-T mode (Fig. 6b and Table 2). 
Calculations for the metamorphic near-peak mineral assemblage 
considered mineral core compositions from garnet, K-feldspar, plagio
clase, and biotite in the presence of kyanite and quartz with H2O in 
excess. There is not much difference in the results when pressure and 
temperature are calculated separately, giving values of 14.2 ± 0.4 kbar 
and 790 ± 18 ◦C. For the retrograde stage, calculations considered 
mineral rim compositions of garnet, K-feldspar, plagioclase and biotite 
in the presence of sillimanite and quartz with H2O in excess. The con
ditions calculated on average P-T mode for the retrograde mineral 
assemblage are 10.8 ± 0.7 kbar and 800 ± 27 ◦C. When calculated 
separately, P-T conditions are 9.5 ± 1.1 kbar and 796 ± 23 ◦C (Fig. 6b 
and Table 2). 

4.4. Zr-in-rutile 

In the two paragneiss samples, kyanite-orthoclase-garnet-biotite 
gneiss (TH-34C) and kyanite-orthoclase-garnet-biotite granulite with 
retrometamorphic sillimanite (TH-10A, Búzios Succession), the Zr-in- 
rutile technique was used as a geothermometer, combined with pres
sures calculated previously by THERMOCALC, 10 kbar and 15 kbar 
respectively (Figs. 6, 7 and Supplementary Table 3). 

In sample TH-34C, from the paragneiss lens enclosed within Paleo
proterozoic orthogneisses, the Zr content varies from 893 to 441 ppm 
and the calculated temperature varies between 747 ± 4 ◦C and 682 ±
6 ◦C (Supplementary Table 3 and Figs. 6 and 7). In sample TH-10A from 
the Búzios Succession, the rutile crystals included in garnet porphyro
blasts show Zr concentration between 1012 ppm and 282 ppm, with 
calculated temperature ranging from 783 ± 3 ◦C to 666 ± 9 ◦C (Sup
plementary Table 3 and Figs. 6 and 7). 

Fig. 6. P-T conditions calculated with THERMOCALC for three samples. (a) garnet-clinopyroxene amphibolite from sample TH-5A (light green ellipse) plotted in a 
petrogenetic grid for mafic rocks, with a compilation of reactions by Pattison et al. (2003). (b) kyanite-orthoclase-garnet-biotite gneiss from undetermined unit (TH- 
34C – dark green ellipse) and kyanite-orthoclase-garnet-biotite granulite with retrometamorphic sillimanite from the Búzios Succession (TH-10A – blue ellipses), both 
plotted on grids for aluminous composition, with compilation of reactions by Pattison et al. (2003). For the last sample, the dark and light blue ellipses represent 
respectively P-T conditions for near-peak and decompression. The green and blue lines, for samples TH-34C and TH-10A respectively, are Zr in rutile isopleths 
according to Tomkins et al. 2007. These lines represent the temperature range for pressures ranging from 6 to 16 kbar. *747 ± 4 ◦C is the minimum metamorphic 
temperature for the kyanite-orthoclase-garnet-biotite gneiss from the undetermined unit (sample TH-34C); and it is provided by Zr-in-rutile technique at 10 kbar. 
*783 ± 3 ◦C is the minimum metamorphic temperature for the kyanite-orthoclase-garnet-biotite granulite with retrometamorphic sillimanite from the Búzios 
Succession (sample TH-10A); it is provided by Zr-in-rutile technique at 15 kbar. IP is an invariant point. Spear et al. (1999, SKC 99). White et al. (2001, WPH 01). 
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Table 2 
Mineral composition data used in geotermobarometric calculations by THERMOCALC.  

Sample TH-5A TH-5B 

Mineral Grt (core) Cpx (core) Pl (core) Hbl (core) Grt (core) Cpx (core) Pl (core) Hbl (core) 

SiO2 38.11 50.27 59.61 42.49 38.49 51.27 57.59 42.95 
TiO2 0.00 0.00 0.00 1.64 0.00 0.00 0.00 1.52 
Al2O3 21.35 4.45 25.85 11.14 20.82 2.53 26.45 10.99 
Cr2O3 0.01 0.02 0.00 0.00 0.02 0.00 0.00 0.00 
Fe2O3 0.00 1.71 0.00 1.8 0.00 2.39 0.00 2.55 
FeO 26.31 9.2 0.00 18.47 27.51 8.37 0.00 16.15 
MnO 1.14 0.28 0.00 0.14 1.59 0.36 0.00 0.12 
MgO 4.73 11.12 0.00 9.94 3.85 11.94 0.00 9.72 
CaO 7.52 22.29 8.14 11.41 7.38 22.73 8.71 11.80 
Na2O 0.00 0.49 6.70 2.14 0.00 0.47 6.56 2.04 
K2O 0.00 0.00 0.09 0.32 0.00 0.00 0.05 0.38 
Totals 99.17 99.84 100.39 99.79 99.65 100.06 99.36 98.69 
Oxygens 12 6 8 0.23 12 6 8 23 
Si 3.01 1.89 2.64 6.33 3.04 1.93 2.59 6.44 
Ti 0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.17 
Al 1.99 0.2 1.35 1.96 1.94 0.11 1.4 1.94 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3 0.00 0.05 0.00 0.2 0.00 0.07 0.00 0.29 
Fe2 1.74 0.29 0.00 2.3 1.82 0.26 0.00 2.02 
Mn 0.08 0.01 0.00 0.02 0.11 0.01 0.00 0.02 
Mg 0.56 0.62 0.00 2.21 0.45 0.67 0.00 2.17 
Ca 0.64 0.9 0.39 1.87 0.63 0.92 0.42 1.90 
Na 0.00 0.04 0.58 0.62 0.00 0.03 0.57 0.59 
K 0.00 0.00 0.01 0.06 0.00 0.00 0.00 0.07 
Sum 8 4 5 16 8 4  16 
End- Alm 58% XMg = 64 An39 XMg = 47 Alm 61% XMg = 66 An42 XMg = 48 
member Prp 18%    Prp 15%     

Grs 21%    Grs 21%     
Sps 3%    Sps 4%     

Sample TH-34C 

Mineral Grt (core) Bt (core) Pl (core) Kfs (core) 

SiO2 37.85 34.76 65.48 65.01 
TiO2 0.00 4.27 0.00 0.00 
Al2O3 20.39 21.39 21.36 19.60 
Cr2O3 0.00 0.00 0.00 0.00 
Fe2O3 1.99 1.85 0.01 0.08 
FeO 31.98 15.46 0.00 0.00 
MnO 1.10 0.00 0.00 0.00 
MgO 5.91 10.50 0.00 0.00 
CaO 1.27 0.00 2.40 0.11 
Na2O 0.00 0.00 10.45 2.96 
K2O 0.00 6.39 0.11 11.87 
Totals 100.49 94.63 99.81 99.63 
Oxygens 12 11 8 8 
Si 2.99 2.57 2.89 2.97 
Ti 0.00 0.24 0.00 0.00 
Al 1.90 1.87 1.11 1.05 
Cr 0.00 0.00 0.00 0.00 
Fe3 0.12 0.10 0.00 0.00 
Fe2 2.11 0.96 0.00 0.00 
Mn 0.07 0.00 0.00 0.00 
Mg 0.70 1.16 0.00 0.00 
Ca 0.11 0.00 0.11 0.01 
Na 0.00 0.00 0.89 0.26 
K 0.00 0.60 0.01 0.69 
Sum 8 8 5 5 
End- Alm 72% XMg = 52 An11  

member Prp 22%     
Grs 3%     
Sps 2%     

Sample TH-33B TH-8A 

Mineral Hbl Pl Hbl Pl 

SiO2 40.84 61.73 42.30 59.89 
TiO2 1.43 0.00 1.07 0.00 
Al2O3 11.75 24.74 11.10 24.43 
Cr2O3 0.00 0.00 0.00 0.00 
Fe2O3 4.33 0.15 4.91 0.15 
FeO 17.02 0.00 14.03 0.00 
MnO 0.04 0.00 0.36 0.00 
MgO 8.42 0.00 9.34 0.00 

(continued on next page) 
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4.5. U-Pb in zircon 

In order to constrain the crystallization and metamorphic age of the 
garnet-clinopyroxene amphibolite (sample TH-5A – José Gonçalves 
Suite; Fig. 3b), as well as the metamorphic and maximum depositional 
ages for the protolith of the kyanite-orthoclase-garnet-biotite gneiss 
(sample TH-34C – undetermined unit; Fig. 3f), U-Pb analyses on zircon 
were performed on both samples. The latter is included and the former 
cross cuts the Paleoproterozoic orthogneisses. 

4.5.1. Kyanite-orthoclase-garnet-biotite gneiss (undetermined unit, sample 
TH-34C) 

From the 188 zircon crystals, analyzed with U-Pb by LA-ICPMS, 170 
were 90–110% concordant (Fig. 8a). In general, crystals are translucent 
to pink, subhedral–euhedral rounded or prismatic, with dimensions 
between 78 μm to 434 μm (Fig. 8d and 8e). Most cores show concentric 
oscillatory zoning with high Th/U ratios (0.19–3.45), indicating an 
igneous origin (Fig. 8d and 8e). Considering that this is an aluminous- 
paragneiss, these zircon domains were interpreted as representing the 

ages of the sedimentary sources, hence detrital zircon grains. The crystal 
rims are bright in CL-images and present low Th/U ratios (0.01 to 0.04), 
consistent with a metamorphic origin (Fig. 8c). 

Probability density plots (PDP) were created using 206Pb/238U age 
for grains younger than 1.3 Ga and 207Pb/206Pb ages for grains older 
than 1.3 Ga. The results show a major detrital zircon population with 
207Pb/206Pb ages ranging from 2.0 to 1.68 Ga (Fig. 8b), with a prominent 
peak at 1.95 Ga (Orosirian-Paleoproterozoic). This peak coincides with 
the same age of the protolith of the Paleoproterozoic orthogneisses 
(Região dos Lagos Complex) in which this paragneiss lens is enclosed. 
Two other minor peaks show Statherian sources of ca. 1.82 Ga and 1.72 
Ga (Fig. 8b). The youngest detrital zircon has an age of ca. 1.68 Ga, 
interpreted here as the maximum depositional age for the protolith of 
sample TH-34C (see discussion). 

Although the metamorphic rims were too thin to be analyzed with 
LA-ICPMS, three spots yielded concordant ages in the range between 
546 and 529 Ma, with Th/U ratios below 0.03 (Fig. 8c). A concordia 
mean age of 533.8 ± 8 Ma was calculated, coherent with the Cambrian 
metamorphic event (see discussion – Fig. 8c). Spot #43.2 (593 ± 42 Ma) 

Table 2 (continued ) 

Sample TH-33B TH-8A 

Mineral Hbl Pl Hbl Pl 

CaO 11.74 5.29 11.65 6.90 
Na2O 1.59 7.86 1.26 7.58 
K2O 1.52 0.26 0.43 0.11 
Totals 98.68 100.04 96.45 99.06 
Oxygens 23 8 23 8 
Si 6.20 2.73 6 2.69 
Ti 0.16 0.00 0.122 0.00 
Al 2.11 1.29 1.989 1.30 
Cr 0.00 0.00 0.000 0.00 
Fe3 0.50 0.01 0.562 0.01 
Fe2 2.16 0.00 1.783 0.00 
Mn 0.01 0.00 0.046 0.00 
Mg 1.91 0.00 2.115 0.00 
Ca 1.91 0.25 1.898 0.33 
Na 0.47 0.67 0.370 0.66 
K 0.29 0.02 0.083 0.01 
Sum 16 5 16 5  

XMg = 42% An25 XMg = 47% An33  

Sample TH-10A 

Mineral Grt (core) Grt (rim) Bt (core) Bt (rim) Pl (core) Pl (rim) Kfs (core) Kfs (rim) 

SiO2 38.95 38.15 37.26 36.49 60.74 60.95 65.98 66 
TiO2 0.00 0.00 2.45 2.58 0.00 0.00 0.00 0.00 
Al2O3 21.65 21.44 17.21 16.87 25.16 25.23 19.26 19.1 
Cr2O3 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.03 0 0.07 0.00 
FeO 24.73 28.64 13.26 15.63 0.00 0.00 0.00 0.00 
MnO 0.60 1.85 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 6.27 5.70 15.02 13.59 0.00 0.00 0.00 0.00 
CaO 7.25 3.11 0.00 0.00 7.01 6.87 0.03 0.02 
Na2O 0.00 0.00 0.00 0.00 7.56 7.7 0.14 0.12 
K2O 0.00 0.00 9.59 9.87 0.10 0.1 15.13 14.61 
Totals 99.45 98.90 94.79 95.03 100.60 100.85 100.61 99.85 
Oxygens 12 12 11 11 8 8 8 8 
Si 3.03 3.02 2.77 2.74 2.69 2.69 3.00 3.01 
Ti 0.00 0.00 0.14 0.15 0.00 0.00 0.00 0.00 
Al 1.98 2.00 1.51 1.50 1.31 1.31 1.03 1.03 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Fe2 1.61 1.90 0.82 0.98 0.00 0.00 0.00 0.00 
Mn 0.04 0.12 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.73 0.67 1.66 1.52 0.00 0.00 0.00 0.00 
Ca 0.60 0.26 0.00 0.00 0.33 0.33 0.00 0.00 
Na 0.00 0.00 0.00 0.00 0.65 0.66 0.01 0.01 
K 0.00 0.00 0.91 0.95 0.01 0.01 0.88 0.85 
Sum 8 8 8 8 5 5 5 5 
End- Alm 54% Alm 64% XMg = 67% XMg = 61% An33 An33   

member Prp 25% Prp 23%        
Grs 20% Grs 9%        
Sps 1% Sps 4%        
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was excluded from the concordia age calculation, because it might 
represent a mixed age, due to the very thin metamorphic rim; part of the 
crystal core might also have been analyzed. (Fig. 8c). 

4.5.2. Garnet-clinopyroxene amphibolite (José Gonçalves Suite, sample 
TH-5A) 

The garnet-clinopyroxene amphibolite yielded few zircon crystals. In 
general, the crystals are translucent to pink, subhedral, rounded or 
prismatic, with dimensions between 190 μm to 230 μm (Fig. 9). Five 
grains were selected and 11 analyses were performed using U-Pb 

SHRIMP-II (Fig. 8 and Supplementary Table 2). 206Pb/238U measure
ments were considered for grains younger than 1.3 Ga and 207Pb/206Pb 
measurements, for grains older than 1.3 Ga. 

The bright white to light gray number 1 crystal exhibits concentric 
oscillatory zoning with high Th/U ratios (0.86 to 1.16), indicating an 
igneous origin (Fig. 9a). Three spots yielded ages of ca. 1.95 Ga, 1.91 Ga 
and 1.84 Ga, consistent with the age of the country rock (Paleoproter
ozoic orthogneisses from the Região dos Lagos Complex- see discussion). 

Grain 6 has clear igneous oscillatory zoning in its core, with ages of 
561 ± 6 Ma and 573 ± 5 Ma (Fig. 9a). This domain shows also high Th/U 

Fig. 7. Back-scattered electron (BSE) images of representative rutile grains with concentrations of Zr (in ppm). Boxplots showing concentration (in ppm) of Zr in 
rutile crystals from studied samples. Vertical lines show the 5th and 95th percentiles. Boxes represent the second (bottom-25%) and third quartile (top-75%). The 
square and horizontal line inside the boxes represent the average and the media, respectively. Only analyses above the minimum detection limit are presented. 
Analyzed samples are indicated on the top of each image, and correspond to kyanite bearing paragneisses (TH-34C, undetermined unit and TH-10A, 
Búzios Succession). 
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Fig. 8. (a) U-Pb Concordia diagram with all data for analyzed zircons from sample TH-34C (kyanite-orthoclase-garnet-biotite gneiss included in the Paleoproterozoic 
orthogneiss). (b) Relative age/probability density plot and histogram for the detrital zircon. (c) U-Pb Concordia diagram of spots in zircon metamorphic domains 
only. (d) and (e) Selected CL images with analyzed zircon spots for U–Pb. The numbers in rectangles represent Th/U ratios, bold numbers indicate the spot number 
and age. (d) Statherian zircon population. (e) Orosirian zircon population. 
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ratios (2.28 to 2.36). The oscillatory zoning, interpreted as igneous, is 
disrupted by textural discontinuities along which the original zoning is 
resorbed, resulting in a dark gray rim that has not been dated (Fig. 9a). 

Two spots were analyzed on grain 4 yielding ages of 550 ± 6 Ma and 
546 ± 5 Ma with high Th/U ratios (2.67 to 0.99, respectively). The in
ternal zircon structure shows a pattern of compositional sector zoning, 
typical of mafic rocks (Hoskin, 2000). 

In grain 5, zoning is not well defined, yielding ages of 541 ± 5 Ma 
and 548 ± 5 Ma with high Th/U ratios (2.27 to 2.19, respectively). The 
absence of zoning could lead to the interpretation that it is metamorphic 
crystal but, the high Th/U ratios and the date of this grain are similar to 
the other grains (#4, #6), that show igneous internal structures, and are 
interpreted as igneous. 

These spots produced a discordia with an upper intercept of 1976 ±
16 Ma and a lower intercept of 547.7 ± 8.7 Ma (Fig. 9b). A concordia 
mean age of 548.9 ± 4.9 Ma was calculated using only grains 4, 5 and 6 
(Fig. 9c). Considering the high Th/U ratio and the absence of meta
morphic overgrowths, the ca. 550 Ma age is interpreted as the timing of 
the mafic protolith crystallization. In this interpretation, the Paleo
proterozoic grain 1 would be a xenocryst (Fig. 9a). 

Contrastingly, crystal 2 displays a distinct internal structure and a 
younger age (Fig. 9a). Two spots reveal a 206Pb/238U age of 494 ± 8 Ma 
(core) and 500 ± 5 Ma (rim), overlapping in errors. The white to light 
gray core shows sector zoning and a Th/U ratio lower than the igneous 
grains (1.57). A dark gray rim cross cuts the sector zoning of the core and 
shows a very low Th/U ratio (Fig. 9a). A possible interpretation is that 
the core was cut by a newly grown domain (rim) of more homogeneous 
composition with Th/U ratio 0.1. 

4.6. Monazite U-Th-Pb data 

Monazite crystals from the two aluminous-paragneiss samples (TH- 
34C and TH-10A) were also dated by the chemical dating method. 
Crystals from the rock matrix and those included in garnet, were 
analyzed by electron microprobe. Major and trace elements analyses, as 
well as compositional maps of crystals, were generated (Y, Th, U and Ca 
– Figs. 10 and 12 and Supplementary Table 4). Some results were 
eliminated due to low/high sum of all analyzed elements (<98% and 
>102%) and/or low/high Si + P stoichiometric values (<0.9 and > 1.1). 

4.6.1. Kyanite-orthoclase-garnet-biotite gneiss (undetermined unit, sample 
TH-34C) 

Eighteen spots were measured on 10 monazite crystals, which are 
translucent, subhedral, rounded, with lengths between 31.6 and 91.5 
μm, and show compositional zoning of Y, Th, U and Ca (Fig. 10a and 
11a). Monazite grains are enriched in REE in relation to chondrite, and 
also in LREE in relation to HREE (Fig. 10b). This pattern of higher LREE 
and lower HREE is a typical characteristic of monazite grains (Bea, 
1996). MREE and HREE patterns evidence greater scattering when 
compared to LREE (Fig. 10b). Cores and rims of monazite grains do not 
show significant variations in REE patterns. The analyzed monazite 
grains occur as inclusions in feldspar, quartz and biotite, and also in 
contact with garnet and zircon crystals. The variation of the mean dates 
seems to be linked to monazite location. Dates of monazite 6 and 11, in 
contact with garnet, are older (e.g., grain 6 with 552 ± 27 Ma, Fig. 10a, 
10c and 11a), when compared to those in the matrix (e.g., 512 ± 25 Ma, 
Fig. 10 and 12a). Within a single grain measurement in the cores pro
duce older dates than measurements in the rims, as expected (e.g., cores 
with 522 ± 28 Ma; rims with 503 ± 26 Ma, Fig. 10a). Grain 18, enclosed 
in an orthoclase crystal in the rock matrix, contains a Y-rich resorbed 
core with 570 ± 27 Ma and a Y-poor rim with 518 ± 22 Ma and 524 ±
28 Ma (Fig. 10a and 10e). Grain 13 has a Y-rich rim with 501 ± 27 Ma 
and 505 ± 26 Ma; it is in contact with a zircon crystal (Fig. 10a and 10d). 

Based on these observations, two groups were defined: Group 1 with 
dates in the range 490 to 505 Ma (mean = 499 ± 9.3 Ma, Fig. 11b and 
11c), representing 39% of the data obtained from the rims of matrix 

Fig. 9. CL image with 5 zircon crystals from sample TH-5A (Grt-Cpx- 
Amphibolite – José Gonçalves Suite), with indicated spots. The numbers in 
rectangles represent Th/U ratios, bold numbers indicate the spot number and 
the age. (b) U-Pb Concordia diagram with all data for analyzed zircon from 
sample TH-5A (Grt-Cpx-Amphibolite) aligned along in a discordia line. (c) 
Concordia age calculated for the red ellipses (550 Ma) representing spots #4.1, 
# 4.2, #5.1, #5.2 and #6.2. 
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Fig. 10. (a) Representative compositional X-ray maps of monazite from sample TH-34C sample (kyanite- orthoclase-garnet-biotite gneiss which is included in 
Paleoproterozoic orthogneiss) with U, Th, Ca and Y in ppm. Black circles indicate spot analyses, with respective age in Ma. Notes on the left-hand side of the image 
designate the monazite identification and the textural context of the grains. (b) Monazite REE patterns normalized to the chondrite values of Nakamura (1974). 
Color- coded by corresponding ages (c) Mnz 6 Grt = monazite from matrix and in contact with garnet. (d) Mnz 13 Zr = monazite from matrix, included in biotite and 
in contact with zircon grain. (e) Mnz 18 Mtx = monazite from matrix and included in orthoclase. 
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crystals (Fig. 10); Group 2 with dates in the range 512 to 524 Ma (mean 
= 519 ± 10 Ma, Fig. 11b and 11d), representing 33% of the data located 
both in cores and rims (Fig. 10). The younger and older monazite grains 
were studied separately: 446 ± 34 Ma and 471 ± 26 Ma (Fig. 11a) and 
552 ± 24 Ma, 552 ± 27 Ma and 570 ± 27 Ma (Fig. 11a). Their signifi
cance is discussed below. 

4.6.2. Kyanite-orthoclase-garnet-biotite granulite with retrometamorphic 
sillimanite (Búzios Succession, sample TH-10A) 

Fifteen monazite crystals were analyzed in 52 spots (Fig. 13a). 
Crystals are translucent, rounded with diameters between 45 and 200 
μm. MREE and HREE patterns reveal high scattering, but the LREE has a 
more regular pattern (Fig. 12b). The analyzed monazite grains are 
enriched in REE in relation to chondrite. The La and Yb contents are, 
respectively, ca. 4x105 and 300 times greater than in chondrite (values 
of Nakamura, 1974 – Fig. 12b). This pattern observed in sample TH-10A, 
which has the highest LREE and the lowest HREE, is typical in monazites 

(Bea, 1996). Cores and rims of monazite crystals do not show significant 
variations in REE patterns. They occur in the matrix, in contact with 
garnet, zircon or apatite and included in garnet crystals. In general, the 
compositional zoning of Y, Th and Ca does not correlate with the mea
surements in the crystals (Fig. 12) with the exception of the uranium and 
yttrium content. There are two groups of monazite grains in which the 
dates are apparently related with the uranium concentration (Fig. 13a): 
Group A with U > 70,000 ppm, dates range from 400 to 480 Ma (mean 
= 469.6 ± 8.6 Ma, Fig. 13d), located in the rim of matrix grains and 
representing 27% of the total measurements; Group B with U less than 
50,000 ppm, dates range from 490 to 540 Ma (mean = 512.4 ± 3.8 Ma, 
Fig. 13a), corresponding to 73% of the measurements. The latter group 
is subdivided in: Group B1 (510–490 Ma), with a mean age of 501.2 ±
5.8 Ma, obtained in rims, corresponding to 31% of all measurements 
(Fig. 13b), and Group B2 (510–540 Ma), with a mean age of 521.3 ± 5.2 
Ma, obtained mostly in the monazite cores, representing 42% of the total 
measurements (Fig. 13c). 

Fig. 11. Error-weighted average of U–Th–PbT EPMA ages of monazite for sample TH 34C (kyanite -orthoclase-garnet-biotite gneiss included in the Paleoproterozoic 
orthogneiss). Red lines show the mean values. Data-point error symbols are all 2 sigma. Wtd: weighted, conf.: confidence, rej.: rejected and MSWD: Mean Square of 
Weighted Derivates. (a) Data for all analyzed monazite grains from sample TH-34C (512 ± 13 Ma). Note that when the average includes all analyzes, the probability 
is low. (b) Data from all monazites in the center of the analysis, without the first two and the three-last recorded (508 ± 7 Ma). Note that the probability increases 
without these five samples. (c) Data from group 1, monazite rims from the matrix (499 ± 9.3 Ma). Probability increases even more when only this data is taken into 
account. (d) Data from group 2, monazite cores from the matrix (519 ± 10 Ma). 

T.A.T. Vieira et al.                                                                                                                                                                                                                              



Precambrian Research 368 (2022) 106479

18

Fig. 12. (a) Representative compositional X-ray maps of monazite from sample TH-10A (kyanite-orthoclase-garnet-biotite granulite with retrometamorphic silli
manite from the Búzios Succession), with U, Th, Ca and Y in ppm. Black circles indicate spot analyses, with respective age in Ma. Notes on the left-hand side of the 
image designate the monazite identification and the textural context of the grain. (b) Mnz 14 Zr, Ap = monazite in contact with apatite and zircon. (c) Mnz 18 Grt =
monazite included in garnet grain. (d) Mnz 23 Mtx = monazite in contact with garnet and biotite. (e) Mnz 16 Zr = Monazite included in feldspar and in contact with 
zircon. (f) Mnz 2 Mtx = monazite from matrix included in feldspar and in contact with biotite. (g) Mnz 17 Mtx = monazite from matrix included in biotite. (h) 
Monazite REE patterns normalized to the chondrite values of Nakamura (1974). Color- coded is by corresponding ages. 
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5. Discussion 

According to the data presented here, the lithotypes enclosed in the 

Paleoproterozoic orthogneisses and the rock which represents the Búzios 
Succession show contrasting P-T conditions at their metamorphic near- 
peak. This is also evident from their distinct origins, ages, and tectonic 

Fig. 12. (continued). 
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evolution prior to their juxtaposition during the collisional event. We 
discuss here this contrasting evidence in the light of the tectono- 
metamorphic evolution of a convergent margin that ultimately resul
ted in a continental collisional orogen in the Ediacaran-Cambrian plate 
tectonic scenario. 

5.1. Protoliths – origin and age 

The Paleoproterozoic orthogneiss (Região dos Lagos Complex), that 
predominates in the Cabo Frio Tectonic Domain, contains numerous 
amphibolite lenses, with concordant deformational structures generated 
at amphibolite to granulite facies conditions (Fig. 4a and 6a). The age of 
these amphibolites was ill defined, as they were interpreted as tholeiitic 
basaltic paleodykes that intruded the orthogneisses between ca. 1.9 and 
0.6 Ga (Schmitt et al., 2004; Schmitt et al., 2016). We provide better 
constraints to this issue, with the few zircon crystals obtained in the 
mafic rock sampled in a low strain domain (TH-5A). The internal zircon 

structure from sample TH-5A shows a pattern of compositional sector 
zoning, characteristic of mafic rocks (Hoskin, 2000). This author argues 
that broad zones in zircon crystals of mafic rocks tend to become pro
gressively narrower during the magma evolution, generating concentric 
oscillatory zoning in higher silica magmas (e.g., granitoids). The 
concordant zircon grains (ca. 550 Ma – Fig. 9) are considered evidence 
to interpret these igneous domains as yielding the age of the mafic 
intrusion. The single Orosirian zircon, related to the upper intercept of 
the U-Pb discordia, is probably a xenocryst from the wall rock, incor
porated in the mafic dyke during its emplacement. For this reason, the 
age of the mafic intrusions is interpreted to be Ediacaran (548.9 ± 4.9 
Ma), early- to syn-collisional with respect to the Búzios Orogeny (see 
tectonic implications). Since these rocks were deformed and meta
morphosed after the intrusion, the P-T conditions calculated could be 
extended to the wall rock, the Paleoproterozoic orthogneisses (Região 
dos Lagos Complex – Fig. 3b). 

The kyanite-garnet-biotite gneiss lens is the first record of a 

Fig. 13. Error-weighted average of U–Th–PbT EPMA ages of monazite for sample TH-10A (kyanite-orthoclase-garnet-biotite granulite with retrometamorphic 
sillimanite from the Búzios Succession). Red lines show the mean values. Data-point error symbols are all 2 sigma. Wtd: weighted, conf.: confidence, rej.: rejected and 
MSWD: Mean Square of Weighted Derivates. (a) All analyzed monazite from sample TH-10A. Only mean values for group B were calculated (512 ± 4 Ma). Note that 
when the average includes group B, the probability is low. (b) Data from group B1, monazite rims from the matrix (501 ± 6 Ma). Note that the probability increases. 
(c) Data from group B2, monazite cores from the matrix (521 ± 5 Ma). (d) Data from all younger monazite from the rims (470 ± 9 Ma). 
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supracrustal unit within the Paleoproterozoic orthogneisses (sample TH- 
34C – Fig. 3f, 4c and 4d). U-Pb analyses on detrital zircon confirm that 
this sedimentary protolith has no contribution from Mesoproterozoic or 
Neoproterozoic sources (Figs. 8 and 14). For this reason, this protolith is 
not correlated with the Ediacaran paragneisses of the Búzios or Palmital 
successions, since their main detrital population is Neoproterozoic 
(Capistrano et al., 2020, Fernandes et al., 2015, Fig. 1b and 14). This 1.5 
m thick lens is located inside a high strain migmatitic domain of the 
2.0–1.9 Ga granitic and dioritic orthogneisses (Fig. 2). It could be either 
a xenolith or a sedimentary layer, tectonically interleaved during the 
orogenic event. Its major Paleoproterozoic detrital zircon population, 
with an age peak at ca. 1.95 Ga, has the same age as the surrounding 
igneous protoliths. Minor Statherian detrital zircon populations indicate 
additional younger sources, reported from the African side today 
(Fig. 1a – Kaoko belt and Angola Craton – Seth et al., 1998, Kröner et al., 
2010). Hence this sedimentary lens cannot be a xenolith. It probably 
represents a younger sedimentary cover deposited on the Paleoproter
ozoic crust, its major source. The youngest detrital age of ca. 1.68 Ga 
marks the maximum sedimentation age. The 530 Ma metamorphic 
zircon rims limit the minimum depositional age. 

Although the sedimentation age is poorly constrained, the absence of 
younger sources reinforces the idea that this sequence was not close to 
any Brasiliano-Pan-African orogen during its deposition (Fig. 1a). The 
predominant source was the Paleoproterozoic orthogneiss, that crops 
out today in the Cabo Frio Tectonic Domain (Brazilian SE coast) and in 
the Angola Craton (west Africa- Fig. 1a). This might represent a sedi
mentary basin deposited on the Angola Craton or on its proximal pale
omargin. These data allied with the concordant deformational and 
migmatitic structures in the enclosed orthogneisses provide enough 
evidence to tie the P-T conditions calculated for this sample to the P-T 
conditions of the Paleoproterozoic orthogneisses, at least after ca. 1.68 
Ga (Fig. 14). 

Sample TH-10A, selected to represent the P-T-t path of the Búzios 
Succession, has a major Ediacaran detrital zircon population, and minor 
Tonian, Statherian and Neoarchean groups (Capistrano et al., 2020, 
Fernandes et al., 2015, Fig. 14). The Ediacaran detrital zircon grains 
represent sources predominantly juvenile to moderately evolved (εHf 
between − 4 and +10, Capistrano et al., 2020). According to these au
thors, this association is interpreted as an accretionary prism deposit 
developed prior to the Cambrian collision along with the juvenile mafic 
Ediacaran units (Fig. 2). The P-T-t path here determined will test this 
hypothesis. 

5.2. Metamorphic P-T conditions 

The samples related to the Paleoproterozoic orthogneiss (basement) 
show coherent P-T conditions. The mafic paleodyke (garnet-clinopyr
oxene amphibolite, sample TH-5A) provided a pressure of 10 ± 1 kbar 
and a temperature of 825 ± 46 ◦C. The paragneiss lens (kyanite-ortho
clase-garnet-biotite gneiss – sample TH-34C) yielded a pressure of 10 ±
0.5 kbar and a temperature of 818 ± 70 ◦C, by THERMOCALC, and 
750 ◦C by Zr-in-rutile. In addition, the hornblende-plagioclase ther
mometer applied on the dioritic orthogneiss (Região dos Lagos Com
plex) yielded temperatures between 759 ◦C and 772 ◦C, for samples TH- 
8A and TH-33B, respectively. These metamorphic values represent near- 
peak conditions attained in the Paleoproterozoic orthogneiss from the 
Região dos Lagos Complex. 

The mafic paleodyke has a Grt + Cpx + Pl + Qtz-bearing assemblage 
that, according to Pattison (2003), might implies high pressure condi
tions of metamorphism in the transitional between amphibolite and 
granulite facies or between granulite and eclogite facies, at high tem
peratures. Although the Opx-free Grt + Cpx + Pl-bearing assemblage, as 
studied here, is characteristic of high-pressure metamorphism, it is not 
conclusive and not so effective to determine minimum temperature of 
formation, as Opx + Cpx + Pl-bearing assemblages (Pattison, 2003). 
Clinopyroxene emerges in the amphibolite facies, in both sillimanite and 

Fig. 14. The compiled published detrital zircon age data from the Búzios and 
Palmital Successions to compare with those of sample TH-34. (a) Relative age/ 
probability density plot and histogram for the detrital zircon from the Búzios 
Succession (Capistrano et al., 2020; Fernandes et al., 2015). (b) Relative age/ 
probability density plot and histogram for the detrital zircon from the Palmital 
Succession (Fernandes et al., 2015) (c) The range of detrital ages obtained for 
sample TH-34C, data from this work. 
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kyanite stability fields, with the onset of amphibole dehydration, start
ing at 650 ◦C (Bucher and Frey, 2002). A vast P-T window embraces the 
clinopyroxene coexistence with garnet and plagioclase. If quartz is 
added, the window is straitened, but it is still large and cannot be used 
alone as diagnostic of high-pressure granulite facies (Pattison, 2003). 
Therefore, clinopyroxene marks the beginning of the upper amphibolite 
facies (Bucher and Frey, 2002), and thus the mineral paragenesis Cpx +
Grt + Pl should not be considered as diagnostic for granulite facies for 
the mafic igneous protoliths. 

In mafic rocks, with increasing temperature, the hornblende de
creases as the anhydrous granulite facies minerals substitute it pro
gressively. Hornblende requires very high temperatures to be fully 
consumed. For this reason, many mafic granulites may still have pro
grade hornblende, as opposed to retrograde hornblende. Hence, the 
occurrence of prograde amphibole, in equilibrium with diopside and 
garnet, suggests that the granulite facies was attained in the studied 
rocks (TH-5A and 5B) and it confirms that the Cpx + Grt + Pl +Hbl is the 
peak paragenesis, which is consistent with the fact that anhydrous mafic 
granulite usually forms at temperatures above 850 ◦C (Patiño Douce and 
Beard 1995). The absence of orthopyroxene cannot be used as proof that 
the granulite facies has not been reached (Bucher and Frey, 2002). In the 
field, the garnet-clinopyroxene amphibolite (TH-5A and 5B) shows 
locally leucocratic veins, composed of plagioclase + quartz, surrounded 
by hornblende rich concentrates. These veins are interpreted as products 
of in situ partial melting and hence would represent leucosomes 
(Schmitt et al., 2004); they confirm the high temperature metamorphic 
conditions, ca. 800 ◦C, as calculated here. 

The Búzios Succession, represented by the Ediacaran kyanite- 
orthoclase-garnet-biotite granulite with retrometamorphic sillimanite 
(sample TH-10A), reveals a distinct metamorphic path, with P-T near- 
peak conditions of 15.0 ± 0.6 kbar and 817 ± 24 ◦C. However, it 
shares similar characteristics with the kyanite-orthoclase-garnet-biotite 
gneiss included in the Paleoproterozoic orthogneiss (sample TH-34C). 
Both show the same metamorphic peak paragenesis, kyanite + ortho
clase + garnet + biotite, with the absence of prograde muscovite and the 
evidence for partial melting showing that the reaction Ms + Pl + Qtz =
Kfs + Ky + melt was been reached (Spear et al., 1999). But there are key 
chemical distinctions between these two samples. The lens of kyanite- 
orthoclase-garnet-biotite gneiss, enclosed in the Paleoproterozoic 
orthogneiss (sample TH-34C), has no variation in garnet composition, 
showing almost flat profiles, with slight increase of Fe and smooth 
decrease of Mg towards the rims (Fig. 5a). According to Spear (1991), 
caution is needed to interpret peak metamorphic temperatures in 
amphibolite facies, because of diffusion processes that may obliterate 
rim garnet composition during cooling. The calculation of the meta
morphic peak temperatures of high grade is reliable but it becomes 
difficult if performed in terranes where cooling was slow, or on rocks 
with small garnets or wide Vgarnet/Vbiotite ratio due to Fe-Mg exchange 
(Spear, 1991). By contrast, the kyanite- orthoclase-garnet-biotite gran
ulite with retrometamorphic sillimanite from the Búzios Succession 
(sample TH-10A) shows significant variation of garnet composition from 
core to rim. The garnet porphyroblasts have cores enriched in Ca and Mg 
and poor in Fe, and rims enriched in Fe and poor in Ca and Mg. This 
variation could be interpreted as a record of growth during temperature 
increase due to progressive metamorphism (Spear, 1991). 

Since Zr-in-rutile is a geothermometer less sensitive to cooling and 
independent of the Fe-Mg exchange of minerals, the temperatures 
calculated by this method can be considered as reliable (Tomkins et al., 
2007). Luvizotto and Zack (2009) determined statistically that the 
highest Zr concentration values are better than the mean Zr concentra
tions for calculating peak temperatures. Zr-in-rutile provided a mini
mum metamorphic temperature of 747 ± 4 ◦C for the kyanite- 
orthoclase-garnet-biotite gneiss of the basement (sample TH-34C), 
similar to the one calculated by THERMOCALC (818 ± 70◦ C) consid
ering the margin of error. The absence of sillimanite in the rock allows us 
to interpret the Zr-in-rutile result as the metamorphic peak temperature 

or the close to it. In the other sample (TH-10A), which represents the 
Búzios Succession, rutile is found as inclusion in garnet with minimal 
metamorphic temperatures of 783 ± 3 ◦C, also similar to the tempera
ture calculated with THERMOCALC (817◦ ± 24 ◦C) for the metamorphic 
near-peak. 

In a clockwise metamorphic return path, kyanite- orthoclase-garnet- 
biotite granulite with retrometamorphic sillimanite (sample TH-10A, 
Búzios Succession) developed sillimanite over relict crystals of kyanite 
(pseudomorphic texture), fibrolite intergrowth with biotite and some 
garnet grains partially replaced by symplectite (Grt + Kfs + Qtz + liquid 
= Bt + Sil, Spear et al., 1999). These P-T conditions were also calculated 
with THERMOCALC as 10.8 ± 0.7 kbar and 800 ± 27 ◦C. The temper
ature remained about equal, but the pressure dropped 5 kbar, charac
terizing an intense decompression, as suggested by Schmitt et al (2004). 

5.3. Metamorphic P-T-t paths 

P-T conditions are defined by chemical equilibria between different 
minerals while time is established by radioactive decay of elements such 
as U-Th to Pb in monazite and zircon. Nevertheless, the interpretation of 
their ages relative to the development of their host rock-forming min
erals is a challenging task due to the complexities in the growth and 
dissolution behavior of these crystals. 

The P-T data show that the metamorphic minerals from the rocks 
associated with the Paleoproterozoic orthogneiss are formed during the 
metamorphic near-peak at medium pressure and high temperature. On 
the other hand, the sample representing the Búzios Succession (Edia
caran supracrustal, TH-10A) shows a metamorphic near-peak at a higher 
pressure and temperature, followed by a second paragenesis related to a 
retrograde clockwise path linked to decompression (Fig. 6b). In this 
section, we incorporate textural observations with petrological, mineral 
chemistry and age data to establish the P-T-t paths for both basement 
and cover units. 

The older metamorphic age obtained in a lens of paraderived rock 
included in Paleoproterozoic orthogneisses is preserved in three mona
zite crystals from the kyanite-orthoclase-garnet-biotite gneiss (sample 
TH-34) in the range of 570–550 Ma (Fig. 11a, 15a and 15b). There is no 
petrographic or isotopic evidence to justify presence of detrital mona
zite. Thus, we interpret that no detrital monazite grain survived the 
high-grade metamorphism, as also described by Williams (2001). 
Monazite can provide robust data for the beginning of high-grade 
metamorphism (Möller et al., 2003). It might preserve the age of pro
grade growth and, consequently, has the potential to provide the timing 
of high-grade metamorphism. Some authors point out that monazite in 
metapelites may originate in prograde metamorphism at lower to mid- 
amphibolite facies (500–600 ◦C) conditions (Bingen et al., 1996; 
Rubatto et al., 2001; Smith and van Barreiro, 1990) and it could preserve 
the age of growth up to ~850 ◦C assuming that dry conditions prevent 
recrystallization (Bingen and van Breemen, 1998). In addition, high-Y 
core represented by monazite number 18 (Fig. 10a, 10b and 10e – 
ca.570 Ma, #Mnz 18 Mtx) evidences that there was no capture of Y by 
the garnet (Pyle and Spear, 2003) and that, therefore, the garnet must 
have grown later, after ca. 570 Ma. Following this line of evidence, this 
older monazite preserved in the kyanite-orthoclase-garnet-biotite 
gneiss, enclosed in Paleoproterozoic orthogneiss (sample TH-34C), is 
interpreted to record the beginning of high-grade metamorphism along 
the prograde metamorphic path (Fig. 15a). 

It is noteworthy that this older monazite age range overlaps with the 
crystallization age of the mafic paleodyke (sample TH-5A, ca. 550 Ma – 
Fig. 8). It is reasonable to assume that the dyke intruded the granitic 
orthogneiss when this was at least at a temperature of 550 ◦C, because 
this is the minimum temperature for crystallization of metamorphic 
monazite (Rubatto et al., 2001). This evidence would imply that the 
mafic dykes were emplaced at lower crustal levels, deeper than usually 
assumed for diabase dyke swarms. There are examples worldwide of 
basic dyke swarms emplaced at mid-crustal levels (Bright et al., 2014). 
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Fig. 15. (a) Pressure–temperature–time (P-T-t) paths of the analyzed samples based on textural relationships, thermobarometry, Zr-in-rutile thermometry and EPMA 
geochronology data of distinct monazite generations. This figure was constructed using the metamorphic facies division of Brown (2014). (b) Schematic diagram 
illustrating the crystallization sequence of zircon and monazite and its connection with the metamorphic stages recorded by studied rocks from the Cabo Frio 
Tectonic Domain. X-ray maps of the main monazite types and CL images of the main zircon are shown. (c) Schematic tectonic model with two orogenic stages: 
530–520 Ma and 520–500 Ma. The tectonic position envisaged for the three analyzed samples is shown for each stage. E-HPG = Eclogite – High-P Granulite facies; 
Gn = Granulite facies; Am = Amphibolite facies. 
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The temperature difference between the mafic magma and the wall rock 
would be less than 500 ◦C, a possible reason for the preserved curved 
contacts among these two units in low strain domains (Fig. 3d). After the 
emplacement of the mafic paleodykes, our data shows that in in less than 
20 m.y., these were submitted to the high-grade regional meta
morphism, together with the wall rock (Paleoproterozoic orthogneiss), 
with near-peak pressure of 10 kbar and temperature of 825 ◦C. 

The age of this metamorphic near-peak is obtained combining the 
monazite and zircon data. For Möller et al. (2003), monazite dating in 
metasedimentary rock is complementary to zircon dating, because 
monazite is less susceptible to inheritance from pre-metamorphic pro
toliths. According to Rubatto et al. (2001), the stability of zircon is 
defined by the presence of melt, with zircon and monazite crystalliza
tion, conserving a memory of long-lasting thermal events. In the kyanite- 
orthoclase-garnet-biotite gneiss (TH-34C, included in the Paleoproter
ozoic orthogneiss), metamorphic rims on zircons of 533 ± 8 Ma, provide 
the metamorphic age. Their Th/U ratios are below 0.3 and the cath
odoluminescence images show typical metamorphic sector zonation 
(Fig. 9a). The low Th/U ratio is related to the presence of Th rich phases, 
such as monazite and metamorphic zircon in amphibolite and granulite 
facies rocks (Fraser et al., 1997; Kirkland et al., 2015; Rubatto, 2017). A 
more abundant group of monazite grains from the same rock yielded a 
mean age of 519 ± 10 Ma (Group 2, Fig. 12b and 12d). Considering that 
this group is only stable in the matrix, with grains concordant with the 
rock foliation and the fact that the zoned monazite grains show decrease 
in Y toward to rim (Fig. 10), we interpreted that monazite and garnet 
grew concomitantly (Fig. 15b). According to Pyle and Spear (2003), 
monazite is an accessory mineral that records interactions with garnet, 
both phases with high Y compatibility. During the growth of the garnet, 
Y is sequestered, affecting the monazite composition (Pyle and Spear, 
2003). Hence, the diminution in Y in the direction of the rim, combined 
with the lack of monazite inclusions in garnet in sample TH-34C, suggest 
that monazite grew during the late stage of garnet growth and before 
garnet consumption (Fig. 15b). Since the monazite group, with mean 
age of 519 ± 10 Ma, grew concurrently with the metamorphic zircon 
rims (~530 Ma) with Th/U ratios below 0.1, we infer that the near-peak 
P–T conditions occurred between 530 Ma and 519 Ma (Fig. 15a and 
15b). At approximately 530 Ma, the metamorphic zircon crystallized 
sequestering the HREE from the rock. Around 520–500 Ma when 
monazite crystallized, most of the HREE was already concentrated in the 
zircon. If zircon crystallization had not occurred at ca. 530 Ma, monazite 
grains would probably have a flatter HREE pattern (Fig. 10a and 10b). 

A third group of monazite grains, from the same sample, provided a 
mean age of 499 ± 9.3 Ma (sample TH-34C), mainly analyzed in crystal 
rims from the matrix and Y-poor rims (Fig. 15a and 15b). Monazite 13 is 
an exception in this growth process; this grain is in contact with zircon 
with a Y-depleted rim and along the contact with biotite the grain has a 
high-Y rim (Fig. 10a and 10d). Apparently, there was no competition for 
HREE, that is, zircon did not affect the development of monazite grain 
nor its HREE profile (Fig. 10a, 10b and 10d). For this reason, the age of 
499 ± 9.3 Ma was interpreted to register the retrograde path and cooling 
(Group 1, Fig. 12b and 12c, 15b). Additionally, the mafic paleodyke 
(TH-5A, garnet-clinopyroxene amphibolite), that intruded the basement 
at ca. 550 Ma, also registers this retrograde age in one concordant 
metamorphic zircon crystal of ca 500 Ma (Crystal 2, Fig. 8a). According 
to Yakymchuk et al. (2018) zircon with Th/U ratios <0.1 are expected to 
be metamorphic and zircon with Th/U ratios >0.1 could be igneous or 
metamorphic. According to this criterium both domains, core and rim 
from crystal 2, could be interpreted as metamorphic. This metamorphic 
zircon has a Th/U ratio higher than 0.1 (0.1 -rim and 1.57 – core), 
attributed primarily to the breakdown of Zr-bearing phases, due to a 
high-grade reaction probably related to partial melting by decompres
sion followed by melt crystallization (Fraser et al., 1997; Kirkland 
et al.,2015; Rubatto, 2017). The variation of the Th/U ratios, higher in 
the core, and lower in the rim, might be related to a concomitant growth 
of a Th-rich mineral during the metamorphic event. Rubatto (2017) 

explains that the Th/U ratio of equilibrated zircon in these systems will 
be dependent on the amount of allanite or titanite and that zircon is 
commonly expected to have low Th/U ratios in allanite/titanite-bearing 
systems. In case of the studied rock, titanite is the Th-rich mineral. 
Following this statement, we suggest that at approximately 500 Ma there 
was Th competition in the system, possibly due to the growth of titanite, 
allowing zircon grain 2 to develop with a lower Th/U ratio than other 
crystals in the rock. 

The sample representing the Búzios Succession (TH-10A, kyanite- 
orthoclase-garnet-biotite granulite with retormetamorphic sillimanite) 
has metamorphic zircon overgrowths in the age range of 530–508 Ma 
and Th/U ratios below 0.1, with a well-defined concordia age of 521 ±
11 Ma, interpreted as the metamorphic age (Capistrano et al., 2020). Its 
monazite data define two groups of ages: 521.3 ± 5.2 Ma (Group B2, 
Fig. 13a and 13c) and a 501.2 ± 5.8 Ma (Group B1, Fig. 13a and 13b). 
The first is interpreted as belonging to the near-peak metamorphism, 
since it is in agreement with the age of metamorphic zircon rims 
(Fig. 15b). According to Harley et al. (2007), when there is previous or 
concurrent growth of monazite, in which Th is a main component, this 
may lead to zircon with low Th concentration and consequently a low 
Th/U ratio. This is the case for sample TH-10A, with concurrent growth 
of monazite and zircon. It also exhibits a greater amount of metamorphic 
zircon overgrowths (Capistrano et al., 2020). As the stability of the 
zircon is defined by the presence of melt (Rubatto et al., 2001) and this 
rock reached high-grade metamorphic conditions (15 kbar and 800 ◦C), 
this might account for the abundance of metamorphic zircon rims in the 
paragneiss from the Búzios Succession when compared to the lens of 
paragneiss included in the Paleoproterozoic orthogneiss, which contains 
less metamorphic zircon rims. 

The second group of monazite grains from the same sample, with age 
of 501.2 ± 5.8 Ma, shows high-Y rims mostly occurring in the matrix 
(Fig. 15b). These high -Y monazite domains could be correlated with the 
retrograde path, because of the reaction Bt + Sil partially replacing the 
garnet porphyroblasts (Fig. 4f). This reaction, involving also the con
sumption of K-feldspar and melt, is commonly associated with cooling 
(Spear et al., 1999). It is likely that these monazite rims are related with 
in-situ melt crystallization (Pyle and Spear, 2003). This would occur 
during the retrograde path generating partial melting and, thus, these 
monazites crystallized at ca. 500 Ma from that melt. 

Therefore, the ca. 500 Ma age is correlated to the retrograde mineral 
assemblage in the Búzios Succession which developed at P-T conditions 
similar to the Paleoproterozoic orthogneiss and associated rocks. Since 
the same mineral metamorphic ages were obtained in the two samples 
related with the Paleoproterozoic orthogneiss (TH-34C and TH-5A), it 
can be assumed that at 500 Ma both, the Búzios Succession and the 
Região dos Lagos Complex were tectonically juxtaposed (Fig. 6 and 15c). 

The ages here obtained for the Búzios Succession are coherent with 
previous published data. Metamorphic zircon grains from an interleaved 
Ediacaran mafic layer, in the same area, show a 530 Ma U-Pb concordia 
mean age (Capistrano et al., 2020). Schmitt et al. (2004) dated 
concordant zircons from a syn-D2 leucosome inside the Ediacaran par
agneisses in Búzios at 525 ± 9 Ma (U-Pb with TIMS – Fig. 1b). Monazite 
ages from the same leucosomes range between 500 and 493 Ma, while 
monazite crystals from the paragneiss matrix yielded ages of 511 ± 2 Ma 
and 513 ± 2 Ma. For these authors, the 10 m.y. age gap between the 
leucosome and the metasedimentary rocks are linked to the origin of 
these monazites, the first group crystallized from a partial melt and the 
second group recrystallized in the solid state. 

It is noteworthy in our data that both studied paragneiss samples 
presented Ordovician-Silurian monazites. The one related to the Búzios 
Succession has a monazite group with a mean age of 469.2 ± 8.6 Ma 
(Group A, Fig. 13a and 13d) that has mostly Y-rich rims likely linked to 
garnet breakdown. The paragneiss sample, included in Paleoproterozoic 
orthogneiss, shows two younger monazite crystals which have Y-poor 
rims (446 ± 34 Ma and 471 ± 26 Ma, Fig. 11a). The significance of these 
younger crystals is still a matter to be investigated. The heat produced as 
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effect of collision would have endured until 454 to 440 Ma and could 
also be correlated with the prominent magmatic intrusions in the adja
cent Oriental Terrane (Fig. 1b – e.g., Bongiolo et al., 2015). These plu
tons are referred to as records of post collisional orogenic collapse 
(Valeriano et al., 2011). 

6. Tectonic implications 

This paper reports the highest pressure for Ediacaran-Cambrian 
metamorphic rocks within the Brasiliano-Pan African belts that crop 
out along the actual South Atlantic continental margins (Fig. 16). The 
inland branch of this orogenic system in Brazil, the Brasilia orogen, has 
many occurrences of metamorphic units formed at pressures higher than 
10 kbar (Fig. 16). This belt is a product of convergence between the SW 
paleomargin of the São Francisco-Congo paleocontinent subducting 
below the Paranapanema paleocontinent, and the subsequent collision 
at 670–620 Ma (Campos Neto, 2000; Trouw et al., 2000, 2013; Fig. 1a 
and 16). The high-pressure units are located mainly in a nappe and 
associated klippen below the suture zone, and in the underlying nappes. 

Within these nappes, the high pressures vary from 10 to 17 kbar with 
temperatures between 630 and 840 ◦C for the lower structural levels, 
and similar pressures but higher temperatures, ca. 800–960 ◦C for the 
upper levels, still within the lower plate, below the suture (Campos Neto 
and Caby, 1999, 2000; Campos Neto et al., 2010; Coelho et al., 2017; 
Garcia and Campos Neto, 2003; Trouw et al., 2013). One data gave a 
temperature of 1030 ◦C and pressure of 12 kbar, in the autochthonous 
suture zone (Rocha et al., 2017, Fig. 16). 

In the Araçuaí-Ribeira orogenic system, there is only one occurrence 
of a metamorphic unit with pressure above 10 kbar. It is located in the 
Curitiba Terrane (Fig. 16), southern Ribeira belt, with pressure of 9–12 
kbar at 670–810 ◦C (Faleiros et al., 2011, Fig. 16). The Curitiba Terrane 
is constituted of reworked Paleoproterozoic continental crust inter
leaved with Neoproterozoic metamorphic units. Ricardo et al. (2020) 
interpreted this medium to high pressure supracrustal unit as an 

accretionary prism sequence related to a subduction zone verging NW 
between the Luis Alves Craton and the Curitiba Terrane (Fig. 1a and 16). 
The occurrence of ophiolites marking this suture zone is also reported 
(Passarelli et al., 2018). 

Our data is located within a context of a Paleoproterozoic continental 
crust (basement, Região dos Lagos Complex) reworked during the Bra
siliano orogenies, tectonically interleaved with high-pressure Ediacaran 
units (cover, Búzios Succession – 15 kbar – this work). Along strike, 
these terranes (Cabo Frio and Curitiba) could be connected, but they are 
distant ca. 700 km and this connection is mostly covered by off shore 
South Atlantic Ocean sediments (Fig. 16). However, it is noteworthy that 
both are located at or near the contact with Neoproterozoic magmatic 
terranes to the NW (Fig. 16). Magmatic terranes correspond here to 
Neoproterozoic domains with voluminous batholiths of intermediate to 
acidic composition (Fig. 16). Along the contact with the Cabo Frio 
Tectonic Domain, the Costeiro Domain (part of the Oriental Terrane – 
Fig. 1b) is composed of Neoproterozoic ortho- and paragneisses. It is the 
locus for Late-Neoproterozoic to the Ordovician magmatic intrusions, 
considered a long-term high thermal flux terrane (Bento dos Santos 
et al., 2010, 2015). 

Therefore, it makes sense to suggest that these medium to high 
pressure metamorphic occurrences, in the central and southern Ribeira 
belt, record ancient sutures zones that separate reworked Paleoproter
ozoic continental margin terranes and Neoproterozoic magmatic ter
ranes (Fig. 16). 

This observation can be confirmed by the example of the Brasília 
Belt. The Socorro-Guaxupé Nappe (numbers 6 and 7 – Fig. 16, e.g., 
Campos Neto and Caby, 1999, Reno et al., 2009, Rocha et al., 2017; 
Rocha et al., 2008) records UHT peak metamorphism under interme
diate pressure conditions, with maximum pressures of ca. 12kbar in the 
Paragneiss metatexite unit (Rocha et al., 2017) and in the Basal Gran
ulite unit (Del Lama et al., 2000; Campos Neto, 2000; Rocha et al., 
2018). The high-pressure conditions within the Brasília Belt are recor
ded in the Andrelândia Nappe System (number 3 and 8 – Fig. 16, e.g., 

Fig. 16. South America and Africa continental margins reconstructed as Gondwana, according to Schmitt et al. (2018). Africa is rotated and South America is 
positioned in actual time. Coastlines are indicated. Mobile belts are: CRB - Central Ribeira belt, SRB - Southern Ribeira belt, BB - Brasília Belt, ArB -Araçuai belt, WCB 
– West Congo belt; KB – Kaoko belt, DFB – Dom Feliciano belt. Numbers indicate occurrence of metamorphic units with pressure above 10 kbar as published by: (1) 
Central Ribeira belt, Cabo Frio Tectonic Domain; our work; (2) Southern Ribeira belt, Curitiba terrane; Faleiros et al. (2011); (3) Brasília Belt, Liberdade Nappe; 
Coelho et al. (2017), Motta and Moraes (2017); (4) Brasília Belt, Luminárias Nappe; Fumes et al. (2019); (5) Brasília Belt, Pouso Alegre Complex; Cioffi et al. (2016) 
and Tedeschi et al. (2017); (6 and 7) Brasília Belt, Socorro-Guaxupé Nappe; Campos Neto and Caby (1999, 2000), Reno et al. (2009), Rocha et al. (2017); (8) Três 
Pontas-Varginha Nappe; Garcia and Campos Neto (2003); (9) Carvalhos Klippe; Campos Neto et al. (2010). 
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Campos Neto et al., 2010, Motta and Moraes, 2017), Três Pontas- 
Varginha Nappe (number 8 – Fig. 16, e.g., Garcia and Campos Neto, 
2003), Carvalhos Klippe (number 9 – Fig. 16, e.g., Campos Neto et al., 
2010), Liberdade Nappe (number 3 – Fig. 16; e.g., Coelho et al., 2017, 
Motta and Moraes, 2017). Therefore, the high pressures occurrences are 
located either along the contact with the Socorro-Guaxupé nappe or in 
the klippen and nappes further east (Fig. 16). Hence, it makes sense to 
compare this distribution with the conventional tectonic models where 
high-pressure units tend to indicate paleo-subduction zones. 

Other evidence corroborates the hypothesis that the units here 
studied are related to a subduction-collision setting between the Cabo 
Frio Tectonic Domain and the Oriental Terrane of the Ribeira Belt 
(Fig. 1). The latter is a hot orogenic terrane, with magmatic units crys
tallized in the age range 630–480 Ma (Bento dos Santos et al., 2010, 
2015; Bongiolo et al., 2016; Martins et al., 2016; Valeriano et al., 2011). 
Hence, it seems a good candidate to represent the upper plate of a 
subduction zone. Heilbron et al. (2008) defend a suture zone to the 
northwest of the Oriental Terrane, where a subduction zone pulls the 
São Francisco paleomargin towards southeast (the Occidental Terrane – 
Fig. 1a. However, there is no high-pressure unit in this proposed suture. 
Our data fit better with another suture zone, carrying the Angola con
tinental paleomargin underneath the Oriental Terrane (Figs. 1, 15 and 
16). To reinforce this, mafic layers interleaved with the Ediacaran 
supracrustal rocks (cover unit) are interpreted as oceanic crust based on 
geochemical and isotopic data (Capistrano et al., 2020). This sequence is 
interpreted by these authors as an ophiolite relic. Allied to this evidence, 
the contact between the Cabo Frio Tectonic Domain and the Oriental 
Terrane registers the strongest magnetic anomaly in the southeastern 
Brazilian continental crust (Stanton et al., 2010). These authors suggest 
that this anomaly might either represent a high strain zone or a suture 
zone or both. This orogenic suture zone extends offshore towards NE and 
SW to the Brazilian continental margin (Fig. 1). The fact that the Cabo 
Frio Tectonic Domain units record the youngest metamorphic peak ages 
in the Central Ribeira belt, defined as the Búzios orogeny, corroborates 
with the assumption that it marks the final collision in the West Gond
wana amalgamation (Schmitt et al., 2016, 2018). 

Considering all the data, this would be an appropriate region to test 
the possibility of tracking subduction zones in the Pan-African Brasiliano 
belts. We emphasize that in the Central Ribeira belt, this is the only 
occurrence that might record a suture zone. In the interval of 530–520 
Ma, the basement and cover units had contrasting P-T paths and meta
morphic peaks (Fig. 15). The major distinction is that the near-peak 
pressure reached 10 kbar in the former and 15 kbar in the latter, both 
at ca. 825–750 ◦C (Fig. 15). 

One key question is how the Ediacaran sedimentary sequence, rep
resented by the cover unit (Búzios Succession – sample TH-10A), has 
reached pressures of 15 kbar, buried into the lower crust, in less than 20 
m.y (interval between the youngest detrital zircon – 550 Ma – and the 
oldest metamorphic rim – 530 Ma – Capistrano et al., 2020 and this 
paper). This pressure indicates that it was introduced c. 55 km down into 
the crust, considering a normal lithostatic gradient of 3.75 km/kbar. The 
most effective way to take a sedimentary succession to depths of 55 km 
is in a subduction zone (Stern, 2002). If we assume a subduction angle of 
30◦, the subduction rate would be 0.55 cm/yr. This is a very slow sub
duction rate according to Stern (2002), who considers a slab sinking 
vertically at 10 cm/yr as a fast rate. This corresponds to a subduction 
rate of 5.5 km/m.y., not even close to the slowest subduction zone rate 
recorded today in the Aegean Sea of 7.6 km/ m.y. (Syracuse et al., 2010). 
With this rate, at an angle of 30◦, the cover unit would take 13 m.y. to 
reach 55 km depth. 

If we change the subduction angle to 10◦, the rate would increase to 
1.58 cm/yr, still a low rate, implying that this rock unit would have to 
move more than 300 km in 20 m.y to reach 55 km vertical depth. This 
rate would be compatible with specific actual tectonic settings, with low 
angle or flat subduction, usually related with the arrival of a thicker 
oceanic crust in the trench (e.g., plateaus, volcanic island). Another 

mechanism to lower the subduction angle, is decreasing the density of 
the descending plate. This could happen with the arrival of a younger 
oceanic crust or a segment with a slab window, bringing transform- 
fracture zones or mid-ocean ridges to the trench (Groome and Thor
kelson, 2009; Meneghini et al., 2014; Sisson et al., 2003). Both situations 
involve a less dense oceanic plate, due to a high geothermal gradient. 

This leads to the second key question. If we consider that the cover 
unit went into a low angle subduction, taking 20 m.y. to reach the near 
pressure metamorphic peak of 15 kbar (Fig. 15), a temperature of ca. 
800 ◦C is not expected. Usually in subduction zone models, at 50 km, the 
temperature of the subducting slab is between 200 and 500 ◦C (Stern, 
2002). The conditions reached by the sample of this study are compat
ible with a normal continental crust gradient at depth of 55 km that 
corresponds to a pressure of 15kbar with temperature of approximately 
800–900 ◦C. But as we mentioned earlier, there is no other mechanism 
able to bring this sedimentary sequence to this depth in less than 20 m.y. 
Therefore, the subduction channel here proposed must have an anom
alous geothermal gradient, coherent with high temperature subduction, 
due to slab windows (Groome and Thorkelson, 2009). Slab breakoff is 
also a mechanism to explain high-temperature metamorphism by the 
relationship with advection heat passed by mafic magmatism (Santosh 
et al., 2012). 

We record two lines of evidence that could be related to this envi
ronment. The occurrence of 550 Ma basaltic dykes intruding the Pale
oproterozoic basement (our sample TH-5A) indicate that there was 
partial melt of mantle rocks in this pre- to syn-collisional setting. This 
would be compatible with an unusually high geothermal gradient. In 
addition, Capistrano et al. (2020) recognized also that the Ediacaran 
mafic gneisses interleaved with the metasedimentary rocks (cover unit) 
would represent an oceanic crust in a plume-related environment. This 
580 Ma magmatic event occurred near or at the passive margin of the 
Angola Craton before convergence and collision with the Oriental 
Terrane. Therefore, this could justify the higher temperature in the 
subsequent subduction setting and even the hot orogenic nature of the 
Oriental Terrane, the upper plate of this subduction zone (Capistrano 
et al., 2020). 

The hypothesis of NW-subduction of the Angola continental paleo
margin below the Oriental Terrane of the Ribeira belt is also proposed in 
other papers (Martins et al., 2016; Schmitt et al., 2008, Capistrano et al., 
2020). This is also consistent with the suggested tectonic setting for the 
Ediacaran high pressure metamorphic sequence from the Curitiba 
Terrane (Faleiros et al., 2011; Ricardo et al., 2020, Fig. 16). 

The 520–500 Ma metamorphic zircon and monazite crystals from 
both basement and cover rocks are here interpreted as the timing that 
these distinct stratigraphic units were placed tectonically side by side 
during exhumation (Fig. 15). This is registered by the cover unit sample 
(TH-10A), that presents decompression from 15 to 10 kbar, between 520 
and 500 Ma. The contrasting P-T-t path of basement and cover units is 
represented by an inverted metamorphic stratigraphy related to exhu
mation. The preservation of an inverted metamorphic stack indicates a 
fast exhumation rate, as the cover unit moves upwards at least 20 km 
within the crust, mostly by nappes displacement (Fig. 15). 

Furthermore, the data here presented for the Central Ribeira belt 
corroborates with the broad and extensive geological evidence that ex
cludes the intracontinental hypothesis suggested in recent papers for this 
Ediacaran-Cambrian tectonic setting (Fossen et al., 2020; Meira et al, 
2015, 2019, 2020). 

7. Conclusions 

Geothermobarometric, U-Pb zircon and U-Pb-Th monazite data 
shown here, inserted in the evolutionary context of the Brasiliano 
orogeny, enable us to propose that during a first orogenic stage 
(530–520 Ma) the Região dos Lagos Complex (basement) and Búzios 
Succession (cover) were at distinct crustal levels. The Região dos Lagos 
Complex shows metamorphic near-peak conditions of 800–750 ◦C and 
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10 kbar, at a depth of at least 37 km in the transition zone between 
amphibolite and granulite facies. The Búzios Succession reached near- 
peak conditions of 15 kbar and 818 ◦C − 785 ◦C at depths of at least 
55 km in high-pressure granulite facies. On a clockwise return path, 
mainly related to decompression, this cover underwent retro
metamorphic conditions of 800 ◦C and 10 kbar during a second orogenic 
stage at 520–500 Ma. 

This paper reports the highest pressure for Ediacaran-Cambrian 
metamorphic rocks within the Brasiliano-Pan African belts that crop 
out along the actual South Atlantic continental margins. It is probably a 
suture zone that separates a reworked Paleoproterozoic continental 
paleomargin and a Neoproterozoic magmatic terrane. Along strike, it 
connects with the Curitiba Terrane with a similar tectonic setting, 
comprising a Paleoproterozoic continental crust reworked in Brasiliano 
events and tectonically interleaved with even higher-pressure Ediacaran 
units also with pressure above 10 kbar. We propose that this suture 
represents an Ediacaran NW-subduction of the Angola continental 
paleomargin below the Oriental Terrane of the Ribeira belt. The 55 km 
burial of Ediacaran sediments (Búzios Succession) in 20 m.y. would be 
compatible with a low angle subduction zone active from 550 to 530 Ma. 
Intrusion of 550 Ma tholeiitic dykes within the Paleoproterozoic gneiss 
indicates a high geothermal gradient for this subduction setting, 
consistent with a low subduction rate. 

The subduction theme is enigmatic and stimulating. Therefore, every 
new discovery adds constraints to the possible mechanisms involved. 
Our results encourage further studies with the purpose of improving the 
understanding of metamorphic evolution during the Pan-African Brasi
liano event. 
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