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 Based on structural, petrological and gechronological data we interpret the Central 

Riberia Belt as an intracontinental orogen 

 A post-orogenic stage is characterized by widespread crustal melting related to 

wrench tectonics and flow of partially molten crust  



 

 

© 2019 American Geophysical Union. All rights reserved. 

Abstract 

Recent advances in understanding the plate tectonics, intracontinental deformation and flow 

of partially molten crust have significantly improved our knowledge of collisional tectonics 

and the way in which we understand complex ancient orogens. The Central Ribeira Belt 

represents a Neoproterozoic fold-and-thrust belt formed in the Brasiliano Orogenic Cycle 

associated with the assembly of West Gondwana. This fold-and-thrust belt is currently 

interpreted as a result of recurrent collisions and amalgamation of terranes against large 

cratons. Based on an integrated structural, petrological and gechronological study in two 

metamorphic complexes of the Central Ribeira Belt (Embu and Costeiro complexes), we 

challenge the current model that involves multiple terrane collisions. Our data show for the 

first time metamorphic ages older than 600 Ma for samples from Costeiro and Embu 

complexes and suggest that both geological units experienced an intermediate-P 

metamorphism (M1) at circa 620 Ma and a low-P metamorphism (M2) at circa 575 Ma. Our 

proposed tectonic model is consistent with a M1 event related to an intracontinental orogeny, 

formed in response to the collision between the São Francisco Craton and the Parapanema 

Block. On the other hand, the later M2 metamorphism records extensional and wrench 

tectonics associated with orogenic collapse, constrained by the decompression paths of the 

metasedimentary sequences and M2-related S3 mylonitic foliation. The M2 metamorphism is 

associated with wide, right-lateral strike-slip shear zones and voluminous peraluminous 

magmatism in the Embu Domain and widespread partial melting of the middle crust forming 

migmatitic rocks and peraluminous leucogranites in the Costeiro Domain. 

1 Introduction 

Since the first formal proposals of the Plate Tectonics Theory by Wilson (1965), 

McKenzie and Parker (1967) and Morgan (1968), our understanding of geodynamics and its 

impact on the evolution of the Earth has steadily improved. Although these early workers 

assumed plate interior rigidity and narrowness of plate boundaries as central assumptions to 

constrain their mathematical models, the concept of diffuse plate boundaries and the 

evaluation of nonrigidity of plate interiors have emerged strongly over the last decades (see 

Gordon, 1998). Along with the concept of diffuse plate boundaries, ideas on intracontinental 

orogeny (e.g. Cunningham, 2005; Dyksterhuis & Muller, 2008; Neves et al., 2008), 

continental and oceanic core complexes (Whitney et al., 2013 and references therein) and 

crustal flow in compressive and extensional regimes (Beaumont et al., 2001; Vanderhaegue 

& Teyssier, 2001; Raimondo et al, 2009; McFadden et al., 2010b; Kruckenberg et al., 2011; 

among others) have recently been developed. 

Although the early ideas of orogeny were focused on deformation along plate 

boundaries (e.g. Dewey & Bird, 1970; Sëngor, 1990), new findings on intracontinental 

tectonics provided a more realistic perspective of the evolving continental crust (e.g. 

Cunningham, 2005; Raimondo et al., 2014). Modern transpressional orogens in Central Asia 

(Cunningham, 2005), Tertiary intracontinental deformation in southeastern Australia 

(Dyksterhuis & Muller, 2008) and Ediacaran and Paleozoic intracontinental orogenies in 

central Australia (Shaw et al., 1991; Aitken et al., 2009; Raimondo et al., 2010) reveal the 

underappreciated importance of intracontinental deformation far from plate margins. 

Moreover, large-scale tectonic events such as growth and assembly of Gondwana and the 

Variscan and Alpine-Himalayan orogenies have produced significant crustal thickening at 

large distances from active plate margins (Vauchez et al., 1995; Ziegler et al., 1995; Tommasi 

& Vauchez, 1997; Matte, 2001; Neves, 2003; Rogers & Santosh, 2003; Cunningham, 2005, 

2013; Aitken et al., 2013; Santosh et al., 2009; and references therein). 
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Exhumation processes associated with flow of partially molten crust also play an 

important role in global tectonics. In orogens and extensional settings, the flow of significant 

volumes of partially molten deep crust produces large-scale mobility of lower- and mid-

crustal material (e.g. Vanderhaegue & Teyssier, 2001; Teyssier & Whitney, 2002; Rey et al., 

2009a, Jamieson et al., 2011). Mid- to lower-crustal flow occurs frequently in tectonic 

settings dominated by compression (e.g. Beaumont et al., 2001, 2006; Raimondo et al., 

2009). Likewise, migmatite-cored gneiss domes exposed within metamorphic core complexes 

commonly produce large-scale crustal flow (e.g. Tirel et al., 2004; Rey et al., 2009b, 2011; 

Kruckenberg et al., 2010). These gneiss domes record the P−T−t−d 

(pressure−temperature−time−deformation) evolution of both thickened crust under extension 

(e.g. Norlander et al., 2002; Whitney et al., 2003; Kruckenberg et al., 2011) and rift-related 

extensional settings (e.g. McFadden et al., 2010a, 2010b). Furthermore, these complexes and 

their hanging walls are frequently intruded by large volumes of granitic rocks (e.g. Catlos et 

al., 2012; Konstantinou et al., 2013) and migmatitic cores typically comprise a wide range in 

melt fractions, from metatexites to diatexites. 

Based on these ideas, this paper re-evaluates the tectonic evolution of the Central 

Ribeira Belt (CRB) during the final configuration of West Gondwana during the 

Neoproterozoic. Traditionally, the CRB is interpreted as an orogenic belt formed by 

diachronous collision of several terranes or microplates (sensu Jones et al., 1983; Howell, 

1989) during the closure of the Adamastor Ocean and the formation of Gondwana during the 

late Neoproterozoic Brasiliano Orogenic Cycle (e.g. Brito-Neves & Cordani, 1991; Campos 

Neto, 2000; Trouw et al., 2000). Here we offer a study that integrates new geological and 

structural mapping, thermobarometry and Sensitive High-Resolution Ion Microprobe 

(SHRIMP) dating of zircon of the CRB. Our aim is to constrain the architecture and tectonic 

evolution of this belt, and to evaluate the orogenic processes involved in the Neoproterozoic 

formation of West Gondwana, thereby adding new data to a recently proposed tectonic model 

for the Ribeira Belt (Meira et al., 2015). Particular attention is paid to the structure and P–T–

t–d evolution of different structural domains (Embu and Costeiro domains) in order to 

address the roles of multiple terrane accretion versus intracontinental thickening of weakened 

lithosphere during supercontinental assembly. 

2 Geological background 

The Ribeira Belt constitutes the central part of the Mantiqueira Province (Almeida 

F.F.M. et al., 1981) and is characterized by a major NE–ENE-trending orogen-parallel strike-

slip shear system, located in the Atlantic coast of the southeastern Brazil. It is bound by the 

Luis Alves Craton to the south, by the Southern Brasilia Belt and the Araçuaí Belt to the 

northwest and north, respectively. The northern limit corresponds to the inflexion of large-

scale lineaments, roughly coincident with the transition from strike-slip- to thrust-dominated 

tectonic regimes (e.g. Vauchez et al., 1994; Egydio-Silva et al., 2005). The geological units 

of the Ribeira Belt include Paleoproterozoic crystalline inliers, Mesoproterozoic and 

Neoproterozoic metasedimentary sequences, voluminous Neoproterozoic granitic batholiths 

and small Ediacaran/Cambrian volcano-sedimentary basins (Campanha & Sadowski, 1999; 

Campos Neto, 2000; Janasi et al., 2001, 2009; Silva et al., 2005; Heilbron et al., 2008; 

Almeida R.P. et al., 2010, 2012; Siga Jr. et al., 2011; Vlach et al., 2011). All these units are 

variably reworked by the strike-slip shear system associated with the Neoproterozoic 

Brasiliano Orogenic Cycle. 

Major NE-trending strike-slip shear zones delimit different geological domains, 

usually called “terranes”, within the Ribeira Belt (Fig. 1). The Central Ribeira Belt (CRB) 

comprises three geological domains separated by the Itu-Jundiuvira, Taxaquara-Rio Jaguari 
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and Lancinha-Cubatão shear zones (Figs. 1 and 2). The northwestern domain is called São 

Roque-Serra do Itaberaba Domain (SR-SI Domain) and its northwest limit with the Socorro-

Guaxupé Domain (Southern Brasilia Belt) is delineated by the Itu-Jundiuvira Shear Zone. 

The SR-SI Domain consists of a Mesoproterozoic metavolcano-sedimentary sequence (Serra 

do Itaberaba Group), a Neoproterozoic siliciclastic-dominated low-grade metasedimentary 

unit (São Roque Group) and voluminous Ediacaran granitic batholiths (Juliani & Beljavskis, 

1995; Juliani et al., 2000). To the southeast, the Taxaquara-Rio Jaguari Shear Zone separates 

the SR-SI Domain from the Embu Domain. The Embu Domain includes low- to high-grade 

metasedimentary rocks (Embu Complex), abundant syn-tectonic granitic bodies and stretched 

basement inliers reworked by the Brasiliano Orogeny (Fig. 2). The Costeiro Domain occurs 

along the Atlantic coast of the São Paulo and Rio de Janeiro states, and is separated from the 

Embu Domain by the Lancinha-Cubatão Shear Zone, and comprises essentially the Costeiro 

Complex and syn-tectonic granitoids (Fig. 2). The Costeiro Complex is comprised of high-

grade metamorphic rocks, including migmatitic metapelites and metapsammites, calcsilicate 

rocks, boudins of amphibolites and orthogneisses. The syn-tectonic granitoids are Grt-bearing 

two mica leucogranites and Hbl-Bt-bearing granitoids. 

3 Major structural features 

The major structural pattern of the Central Ribeira Belt is characterized by orogen-

parallel ENE-trending strike-slip shear zones (Fig. 2). However, the geometrical features and 

defomation pattern of the Central Ribeira Belt are different in both studied domains (Figs. 2 

and 3). In the Embu Domain, the main foliation (S3) is associated with strike-slip shear zones 

and transposes an earlier foliation (S2). The earlier S2 foliation is recorded in low-strain 

zones between major strike-slip shear zones, usually delineating upright to inclined 

asymmetric open to tight folds with subhorizontal axis (Fig. 3). The main S3 foliation in the 

Costeiro Domain grades continuously from steeper to gently dipping orogen-parallel 

structures (Fig. 3), defined by the transposition of the earlier S2 foliation that is characterized 

by rootless intrafolial isoclinal folds. 

3.1 Embu Domain 

The regional S2 foliation is well preserved in the Embu Domain, mainly in low-strain 

zones between major strike-slip shear zones. It corresponds to a transposition foliation 

recorded, mainly in quartzites, by intrafolial isoclinal rootless F2 folds (Fig. 4a). Sigmoidal 

mafic boudins (Fig. 4b) and S/C structures suggest top-to-the SW sense of movement to the 

S2 foliation, however the kinematics associated with this deformational phase are still poorly 

constrained. In the higher-grade paragneisses, leucosomes and leucocratic veins occur 

parallel to the S2 foliation (Figs. 4a-b). The dispersion of the S2 poles is related to the 

cylindrical F3 fold pattern with built axes dipping S71°W/16° (Fig. 3a). The measured fold 

axis and built axes are subparallel to the mineral and stretching lineations (L3) that show an 

average orientation N69°E/6° (Figs. 3a-b). 

The main S3 foliation constitutes a well-developed mylonitic foliation on major 

strike-slip shear zones, related to tight upright to steeply inclined folds (F3 folds), which 

transposes an earlier S2 foliation (Figs. 3c-d). The S3 foliation is orogen-parallel (~ENE‒

WSW) and has an average orientation of N68°E/81°NW (Figs. 3a-b). The F3 folds are 

asymmetric to upright with subhorizontal axis (Fig. 4c), subparallel to the orientation of the 

major strike-slip shear zones. Coeval emplacement of granitic bodies with predominantly 

peraluminous to slightly metaluminous compositions (Alves et al., 2013) constrains the D3 

deformation to ca. 595–585 Ma (Alves et al., 2016; Meira, 2014). Magmatic foliation defines 

the S3 foliation in granitic apophysis (Fig. 4e), plutons and batholiths, usually associated with 
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orientation of aligned phenocrysts of feldspar and/or aggregates of micas (Alves et al., 2013; 

Meira, 2014). High temperature solid-state deformation is also observed, mainly at the edges 

of the granitic bodies (Fig. 4f). Dextral kinematics are inferred to the D3 deformational 

phase, suggested by macro-scale sigmoidal shape of the shear-related structures and granitic 

bodies (Figs. 1 and 2) and mesoscale S/C’ fabrics and tension gashes in deformed porphyritic 

granites (Fig. 4f). 

Microscopically, the relics of S2 foliation are observed as inclusion trails in garnet 

and staurolite porphyroblasts from mica schists, with the external S3 foliation defined by 

aligned micas and quartz ribbons (Fig. 4g). In the two mica granites, magmatic foliation 

appears in microstructures delineated by aligned muscovite and biotite grains and large 

euhedral feldspar crystals (Fig. 4h). 

3.2. Costeiro Domain 

The main foliation in the Costeiro Domain is represented by a pervasive to mylonitic 

S3 foliation in para- and ortho-derived gneisses that are variably migmatized (Fig. 5). A 

suprasolidus fabric characterizes the S3 foliation in the leucosomes, diatexites and 

peraluminous granites, although minor features of high temperature solid-state deformation 

are also observed. Both mylonitic/protomylonitic and suprasolidus S3 foliation are 

concordant and continuous from Embu Domain through to the Costeiro Domain, with steeper 

dips in the NW sector and gentle dips in the coastal sector of the Costeiro Domain (Figs. 2 

and 3). Relics of the older S2 foliation are well preserved in rootless intrafolial isoclinal folds 

of metatexitic gneisses (Fig. 5a). 

Two structural domains are identified within the Costeiro Domain: a sector with 

steeply dipping S3 foliation and average orientation of N60°E/72°NW, concentrated at the 

orthogneisses unit, Pico do Papagaio batholith and northwestern para-derived migmatitic 

rocks and amphibolite unit (Figs. 2 and 3c); and the sector with gently dipping S3 foliation 

with average orientation of N50°E/27°NW that comprises most of the para-derived 

migmatitic unit, the São Sebastião Leucogranite and the orthogneiss and metatexite unit 

(Figs. 2 and 3d). The mineral and stretching lineations associated with the main foliation (S3) 

are defined by biotite and sillimanite with general strike N‒S to NE‒SW and average 

orientation N13°E/18° (Figs. 2 and 3d). 

Different kinematic indicators, including σ and δ -type porphyroclasts, S/C structures, 

inclined asymetric folds and sigmoidal schollen, suggest top-to-the S–SW sense of movement 

related to the development of S3/L3 structures (Fig. 5b). Discrete shear zones associated with 

intrusion of leucocratic veins deform the S3 foliation (Fig. 5c), and the sense of movement is 

compatible with that observed in the pair S3/L3. These structures may be related to late D3 

deformation. Stromatic features in the metatexitic gneisses are parallel to the S3 foliation and 

the leucosomes show both suprasolidus and high temperature solid-state deformation patterns 

(Fig. 5d). Diatexites and the peraluminous São Sebastião Granite (Fig. 2) show mostly 

magmatic flow structures delineated by pervasive orientation of feldspar crystals and mica 

aggregates (e.g. biotite schlieren) (Figs. 5e–f), however high temperature solid-state 

deformation also occurs. Crystallization ages of diatexites and peraluminous São Sebastião 

Granite (Meira, 2014) indicate that the D3 deformational phase continued until at least 570–

560 Ma. 

At the microscopic scale, relics of S2 foliation are recorded by rootless isoclinal 

microfolds defined by aligned biotite, sillimanite and quartz/feldspathic bands (Fig. 5g). 
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4 Metamorphic petrology and thermobarometry 

Mineral compositions were determined by wavelength-dispersive spectrometry 

(WDS) with a Cameca SX-100 microprobe (CIC-University of Granada), operated at 15‒20 

kV and 15 nA beam current. Plotting of the minerals in ternary ACF and AFM compatibility 

diagrams was done using CSpace software (Torres-Roldán et al., 2000). Elemental X-ray 

maps were obtained with the same Cameca SX-100 microprobe operated at 20 kV and 200-

300 nA beam current with step size (pixel) of 8 μm and counting time of 45 ms. The 

processing of the images was performed with DWImager software developed by R. Torres-

Roldán and A. Garcia-Casco (see Garcia-Casco, 2007 for quantification of the images). 

Representative samples from the Costeiro and Embu complexes were selected for 

description metamorphic petrology and thermobarometric calculations, including the 

metasedimentary sequences and associated amphibolitic rocks. Detailed descriptions of the 

samples, including textures, mineral assemblages and mineral chemistry are available in the 

Supporting Information (Supporting Information S1, Table S1, Figure S1, Figure S2 and 

Figure S3). 

4.1 P−T conditions and paths 

Pressure and temperature were estimated from isochemical phase diagrams calculated 

with THERIAK-DOMINO software, version 04.02.2017 (de Capitani & Brown, 1987; de 

Capitani & Petrakakis, 2010) and the optimal multi-equilibrium average P−T method of 

Powell and Holland (1994) with THERMOCALC software (Holland & Powell (1998); 

version 3.33, dataset tc-ds55, 26 October 2009). The isochemical phase diagrams calculations 

were performed in the system MnNCKFMASHT (Mn was excluded from calculations of 

sample with less than 0.10 wt% of Mn) using the internally consistent thermodynamic dataset 

of Holland and Powell (1998; update 5.5, tcds55_p07; available in 

http://dtinkham.net/peq.html) and the solution models of Holland and Powell (1998) for 

staurolite, chloritoid, chlorite, cordierite and epidote; Holland and Powell (2003) for feldspar 

(plagioclase and K-feldspar; PLC1); Coggon and Holland (2002) for white mica (WM02V); 

White et al. (2000) for ilmenite (ILM0); White et al. (2002) for spinel and orthopyroxene; 

White et al. (2005) for garnet and biotite (in Mn systems); White et al. (2007) for garnet and 

biotite (GT07W2 and BI07, respectively, in systems without Mn), and silicate melt. A 

correction of CaO allocated to apatite was done by subtracting an amount of CaO from the 

total using the bulk P2O5 concentration as a proxy of apatite. Ferric iron was excluded. The 

calculations were performed assuming water saturation at subsolidus conditions for samples 

from Embu Complex. The amount of water component at supersolidus conditions was 

estimated from the intersection of solidus and H2O-saturated curves in T-XH2O equilibrium 

diagram (Figure S9). The optimal average P−T estimates include calculations using different 

phase assemblages grown at near-peak and post-peak metamorphic conditions, assuming 

H2O-fluid in all assemblages. Recalculation of the chemical mineral analyses, including ferric 

iron estimates, activity of each end-member and its uncertainty (1σ), were achieved using AX 

software (downloadable from www.esc.cam.ac.uk/research/research-groups/holland/ax). The 

optimal average P−T calculations and data treatment followed the method described in 

Powell and Holland (1994). The results of these estimations are presented in Table 1. 

4.1.1 Embu Complex 

A metasedimentary sample and a mylonitic metagranite were modeled to constrain 

the metamorphic evolution of the Embu Complex. The metasedimentary rock (PSM-111B) is 

a mylonitic staurolite-garnet-bearing mica schist (Fig. 6a) and the mylonitic metagranite 

(PSM-75C) is a fine-grained, garnet-bearing mica-rich mylonite (Fig. 6b). AFM diagrams are 
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presented with near-peak assemblages for both samples (Fig. 6c). The mineral abundance 

(visual estimates) of the studied samples is shown in Table 2. 

P−T estimates were calculated for both samples (PSM-111B; PSM-75C). Due to the 

high degree of retrogression in the matrix associated with late mylonitization (see Supporting 

Information for details), near-peak conditions were constrained essentially by the calculated 

stability field of the mineral assemblages and the distribution of compositional isopleths of 

garnet, staurolite and plagioclase porphyroblasts in isochemical phase diagrams, because 

these phases better retain peak compositions due to sluggish volume-diffusion kinetics in 

comparison with phyllosilicates, for example. The retrograde conditions were calculated 

using the multi-equilibrium average P−T method on reequilibrated/newly formed phases. 

For the staurolite-garnet-bearing mica schist (PSM-111B), the peak assemblage 

St+Grt+Ms+Bt±Rt+Qz+H2O (abbreviations of Whitney and Evans (2010)) is constrained at 

conditions between 7.0−~13.0 kbar and 570−640 °C. These conditions are further constrained 

by the measured near-peak Mg# of staurolite (0.15±0.01) and XAlm of garnet (0.79±0.01) and 

indicate near-peak conditions between 8.6–9.75 kbar and 610–640 °C (Fig. 7). Although Ti 

oxides have not been described as inclusions within garnet and staurolite porphyroblasts, the 

calculations predicted only trace amounts of rutile (less than 0.5 %) in near-peak conditions. 

Multi-equilibrium estimates yield near-peak conditions around 9.0 kbar and 600 °C, with 

associated errors (Table 1; Fig. 8a) in agreement with the isochemical phase diagram 

estimations. Retrograde rims re-equilibrated during cooling occur in both garnet and 

staurolite porphyroblasts; nevertheless, this retrograde zonation is absent in the contact zone 

between them (Fig. 9). The calculations of retrograde conditions for the assemblage Grt 

(outermost rim)+matrix Ms and Bt+Chl+Pl(rim)+Ilm+Qz+H2O yielded circa 4.0 kbar and 

560 °C (Fig. 8a). 

The near-peak conditions of the garnet-bearing mica-rich mylonite (PSM-75C) are 

constrained by the stability field of the assemblage Grt+Ms+Bt+Pl+Ilm+Qz+H2O in 

isochemical phase diagram, yielding a large P–T field with conditions of up to 8.8 kbar and 

between 525−670 °C (Fig. 10). The intersection of XAlm isopleths for the near-peak garnet 

composition (XAlm=0.73±0.01) and XAn of near-peak plagioclase (XAn=0.24−0.25±0.01) 

yields P−T conditions between 7.5–8.25 kbar and 620–655 °C (Fig. 10). The retrograde 

condition was estimated by the multi-equilibrium average P−T method with Grt (lower Xprp 

and higher Xsps outermost rim)+matrix Ms and Bt+Pl+Chl+Ilm+Qz+H2O and yielded circa 

3.0 kbar and 530 °C (Table 1; Fig. 8a). 

The estimated P−T path for the Embu Complex based on these two samples involves 

near-isothermal decompression from 7.0–9.0 to ~3.0 kbar at temperatures around 610−650 

°C. 

4.1.2 Costeiro Complex 

Amphibolitic and metasedimentary rocks were selected for assessing the metamorphic 

conditions of the Costeiro Complex. The amphibolitic rocks comprise medium- to fine-

grained amphibolites, including medium-grained garnet-bearing amphibolites and 

clinopyroxene-bearing amphibolites (Figs. 11a−c). The ACF diagram shows the distribution 

of the cofacial amphibolitic rocks, with different mineral assemblages being controlled by the 

bulk composition of the samples (Fig. 11d). Note that “ordinary” amphibolites plot on the 

tieline amphibole‒plagioclase, as expected. Two major groups of metasedimentary rocks 

were targeted for petrological studies: sillimanite-bearing garnet-biotite paragneisses 

(metapelites) (Figs. 12a and b) and metagreywacke rocks including amphibole-bearing 

garnet-biotite paragneisses (Figs. 12c and d). Geochemical data from these groups plot above 
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and below the garnet−biotite tieline, respectively, in the AFM diagram (Fig. 12e). The 

mineral abundances (visual estimates) of the studied samples are shown in the Table 2. 

Four metasedimentary (PSM-60B, PSM-104A1, PSM-104D, PSM-109E) and four 

amphibolitic (PSM-61A, PSM-61B, PSM-106A, PSM-106D) samples were used to constrain 

the P−T conditions of the Costeiro Complex. One isochemical phase diagram was calculated 

for metasedimentary sample PSM-104A1 in order to estimate near-peak P–T conditions. 

Multi-equilibrum average P−T calculations were performed for near-peak and retrograde 

conditions in both metasedimentary and amphibolitic rocks. 

The near-peak assemblage of Grt+Sil+Bt+Kfs+Pl+Ilm+Qz+L (L=silicate liquid) of 

the metapelitic group (Sil-bearing Grt-Bt paragneiss – PSM-104A1) is modeled in the 

isochemical phase diagram by a penta-variant field at 4.2<P<6.8 kbar and 690<T<775 °C 

(Fig. 13). The intersection of XAlm isopleths for the near-peak garnet composition 

(XAlm=0.70±0.01) and XAn isopleths for near-peak plagioclase provide near-peak P−T 

conditions of 5.0–6.8 kbar and 715–760 °C (Fig. 13). The multi-equilibrium average P−T 

calculations for the sillimanite-bearing garnet-biotite paragneiss samples PSM-104A1, PSM-

104D and PSM-109E using the phases Grt±Sil+Bt±Ms+Pl+Qz+H2O yield near-peak 

conditions of 3.5−7.0 kbar and 600−750 °C (Table 1; Fig. 8b), in agreement within error with 

the isochemical phase diagram estimation. The near-peak average P−T estimates for the 

metagreywacke group (Amp-bearing Grt-Bt paragneiss – PSM-60B) yield conditions of circa 

3.5 kbar and 650 °C (Table 1; Fig. 8b). Moreover, the Grt-bearing amphibolites provided 

near-peak estimates of circa 650−750 °C and 4.5−5.5 kbar (Table 1; Fig. 8b). The near-peak 

conditions calculated for the amphibolites plot beyond the H2O-saturated basaltic solidus. 

Hence, if fluid locally fluxed the amphibolites they may have evolved (small) fractions of 

partial melts. The calculated retrograde conditions yielded circa of 530 °C and 4.5 kbar 

(Table 1; Fig. 8b). 

5 Zircon geochronology 

Zircon separation techniques followed the conventional magnetic and density 

techniques. Zircon grains were handpicked, mounted, polished and imaged by 

cathodoluminescence (CL) and optical microscope at the IBERSIMS laboratory of the 

University of Granada. Analytical sites were selected based on internal zonation and 

complexity, and morphological features of the grains. A wide range of morphology and 

internal textures were analyzed for U−Pb, including inherited cores, primary magmatic 

concentric oscillatory zoning and metamorphic overgrowths. The U−Pb analyses were 

obtained using a SHRIMP IIe/mc ion microprobe at the IBERSIMS laboratory of the 

University of Granada. The SHRIMP analytical method is available in 

www.ugr.es/~ibersims. The calibration of uranium concentration was achieved using the 

SL13 reference zircon (U: 238 ppm). U−Pb ratios were calibrated using the TEMORA-1 

reference zircon (417 Ma) (Black et al., 2003) which was measured every 4 unknowns. Point-

to-point errors (95% confidence interval) on the age standard were ±0.23% for 
206

Pb/
238

U and 

±0.46% for 
207

Pb/
206

Pb. Data reduction was performed with the SHRIMPTOOLS software 

(downloadable from www.ugr.es/∼fbea) using the STATA™ programming language. 

U−Pb zircon dating was collected from representative samples of metasedimentary 

rocks from both complexes and an amphibolitic rock from Costeiro Domain. The zircon rim 

analyses on metamorphic overgrowths were performed in order to date the medium- to high-

grade metamorphism of both complexes. The descriptions of the dated samples are presented 

in the Supporting Information (Text S2). 
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The spatial distribution of the samples is shown in the Figure 2. All analytical data 

and CL images from all analyzed grains are presented in the Supporting Information (Table 

S2 and Figures S10 and S11). All errors and weighted mean ages are quoted at 95% 

confidence level (2σ). Age uncertainties lower than 1% are unreliable considering analytical 

limitations and it must be treated as statistical artifacts. Age data for all zircon samples were 

plotted on Wetherill diagrams (Figs. 14 and 15) using SHRIMPTOOLS software. The 

weighted mean ages were calculated using IsoplotR software (Vermeesch, 2018). The 
206

Pb/
238

U ages were chosen as effective ages. 

Metamorphic overgrowths were analyzed on zircon grains from impure quartzites of 

the Embu Complex (PSM-88B; PSM-96; PSM-98A) and metatexitic paragneisses (PSM-

51E; PSM-60F; PSM-61J; PSM-108C; PSM-109A) and a garnet-bearing amphibolite (PSM-

104G) of the Costeiro Complex. In general the metamorphic overgrowths constitute 

homogeneous dark or bright luminescent rims (Figures S10 and S11). Homogeneous and 

slightly zoned bright luminescent grains also occur. Dissolution and recrystallization textures 

are present in the interface between the detrital cores and the metamorphic overgrowths 

(Figures S10 and S11). 

The zircon grains from the impure quartzites of the Embu Complex are between 100 

and 200 μm and comprise detrital cores with oscillatory growth zoning mantled by dark 

luminescent homogeneous rims (Figure S10). The analyses on these dark luminescent 

homogeneous rims yielded mean weighted 
206

Pb/
238

U ages around 575 Ma (575±2 Ma, 

MSWD=9.00 – PSM-88) and 610-620 Ma (613±3 Ma, MSWD=6.44 –PSM-98A; spot ages 

of 605±4 and 618±7 Ma – PSM-96) (Fig. 14). Two groups of ages, based only on spot ages, 

can be defined in zircon overgrowths from sample PSM-98A (620±4 Ma, MSWD=0.64 and 

607±4 Ma, MSWD=2.76; Fig. 14), although these groups are constrained by only a few 

analyses (Fig. 14). The low Th/U ratio of these analyses (lower than 0.25) (Fig. 16a) supports 

the metamorphic origin for the homogeneous rims (e.g. Rubatto, 2002). High values of 

reduced chi-squared (MSWD) suggest over dispersion of data or underestimation of the age 

uncertainties (Spencer et al., 2016). 

In the metatexitic paragneisses from the Costeiro Complex, the zircon grains include 

detrital cores mantled by homogeneous rims and homogeneous to slightly zoned grains 

(Figure S11). The zircon grains from samples PSM-51E, PSM-61J and PSM-109A are 

around 100 μm-long and contain bright to gray luminescent homogeneous rims. The analyses 

of these homogeneous rims provided scattered ages around 560 and 635 Ma (PSM-51), a 

poorly-constrained mean weighted 
206

Pb/
238

U age of circa 620 Ma (619±2 Ma, MSWD=21.40 

– PSM-61J) and a mean weighted 
206

Pb/
238

U age of 618±3 Ma, MSWD=2.95 (PSM-109A) 

(Fig. 15). The zircon grains from samples PSM-60F and PSM-108C comprehend bright 

luminescent homogeneous to slightly zoned grains and rims (Figure S11). The analyses from 

both samples, including the homogeneous grains and overgrowth rims, yielded mean 

weighted 
206

Pb/
238

U ages around 625 Ma (626±2 Ma, MSWD=6.07 and 626±3 Ma, 

MSWD=12.30 – respectively, PSM-60F and PSM-108C) (Fig. 15). Based on spot ages, an 

older age at around 640 Ma can be distinguished in a group of 4 analyses from sample PSM-

60F (640±5 Ma, MSWD=0.72; Fig. 15). Textural features and the low Th/U ratio of the 

overgrowth rims from the samples PSM-51E, PSM-61J and PSM-109A suggest a 

metamorphic origin for these overgrowths (Fig. 16a) (e.g. Rubatto, 2002; Corfu et al., 2003; 

Hoskin and Schaltegger, 2003). On the contrary, the analyses of the homogeneous grains and 

overgrown rims from samples PSM-60F and PSM-108C yielded high Th/U ratios (Fig. 16a), 

even though the textural features suggest a metamorphic origin. The high Th/U ratios might 

be related to the greywacke composition of these amphibole-bearing garnet-biotite 

paragneisses (see Text S2 for details) and/or zircon growth or re-equilibration involving a 
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melt phase (Schaltegger et al., 1999). Over dispersion of the data or underestimation of the 

age uncertainties must be considered for weighted mean ages with high MSWD values 

(Spencer et al., 2016). 

The zircon grains from sample PSM-104G (garnet-bearing amphibolite) are 

characterized by prismatic to ovoid crystals, varying in size from 40 up to 120 μm-long 

(Figure S11). Internal textures comprise oscillatory growth and convolute zoning cores with 

homogeneous gray to dark luminescent overgrowth rims and homogeneous bright 

luminescent grains (Figure S11). Homogeneous grains, cores with convolute zoning, and 

overgrowth rims yielded two well-defined groups of ages at around 580 and 615Ma (583±5 

Ma, MSWD=2.11 and 614±2 Ma, MSWD=3.96; Fig. 15). The age groupings were separated 

based only on spot ages. The values of reduced chi-squared (MSWD) around 2.0 and 4.0 

might indicate underestimated age uncertainties. Low Th/U ratios and textural features (lower 

than 0.05) (Fig. 16a) support the metamorphic origin for those analyzed grains and 

overgrowth rims. 

6 Discussion 

6.1 Timing of metamorphism and the late Neoproterozoic tectonic evolution of the 

Central Ribeira Belt (CRB) 

The current tectonic models for CRB assume recurrent collision and accretion of 

different terranes, including the Embu and Costeiro domains, after 600 Ma (e.g. Campos 

Neto & Figueiredo, 1995; Campos Neto, 2000; Heilbron et al., 2004; Silva et al., 2005). 

However, our data show for the first time evidences of an older metamorphic overgrowth 

stage (M1) of around 620 Ma in zircon grains from both Embu and Costeiro domains. 

Scattered U-Pb ages suggest episodic growth of zircon at any time within 640-610 Ma range 

in both domains. Indeed, this ~30 Myr lasting metamorphic event is also recorded on 

collisional-related high-grade metamorphic rocks in the Southern Brasilia Belt (Reno et al., 

2012; Tedeschi et al., 2017, 2018; Rocha et al., 2018) (Figs. 16c and d). The younger 

metamorphic overgrowth stage (M2 − ~570-580 Ma) identified in zircon grains from both 

domains is coeval with the crystallization of migmatitic diatexites, anatectic peraluminous 

leucogranites (Meira, 2014) and A-type alkali-calcic porphyritic granites in the Costeiro 

Domain (Meira et al., 2014; Meira, 2014), and voluminous peraluminous magmatism in the 

Embu Domain (Alves et al., 2013; Meira, 2014) (Fig. 16e). The spread of metamorphic ages 

presented in this work is also seen in ages of magmatic zircons (Alves et al., 2013; Meira, 

2014) and may indicate prolonged high-temperature and melt-bearing conditions (at least 10-

20 Myr) in the middle crust during the post-collisional stage. 

In our tectono-metamorphic model for the Central Ribeira Belt, the older 

metamorphism (M1) is interpreted as an intracontinental orogeny in a hinterland setting 

associated with the far-field stress propagation from the collision between the Parapanema 

Block and the São Francisco Craton. This intracontinental deformation inverted the 

Neoproterozoic basins in all domains of the Central Ribeira Belt, forming the S1 and S2 

foliations in the Embu and Costeiro domains. In the latter, only the M1-related S2 foliation is 

preserved as intrafolial isoclinal folds. M1 metamorphism reached intermediate pressure and 

temperature (~8.0 kbar, 600 °C) in the Embu Domain (Fig. 16b), even though M1-related 

migmatites also occur in this domain (Fig. 4a) suggesting higher temperature regimes. 

Evidence of the intermediate pressure M1 metamorphism in the Costeiro Domain has not 

been found, possibly due to the high temperature M2 overprint (~650−750 °C and ~4.0−6.0 

kbar; Fig. 16b) that affected this domain. However, kyanite- and staurolite-bearing mica 

schists of the Turvo-Cajati Formation, possibly structurally correlated with the Costeiro 
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Domain in the south, record intermediate pressure collision-related metamorphism (Faleiros 

et al., 2011). Low-pressure M2 metamorphism is associated with widespread crustal melting, 

including voluminous peraluminous magmatism in the Embu Domain and migmatization in 

the Costeiro Domain, and also with the development of migmatite-cored gneiss domes and 

wide right-lateral strike-slip shear zones. The associated S3 foliation is a M2-related fabric 

and is characterized by a steep mylonitic foliation in the Embu Domain and moderately 

dipping domed mylonitic foliation in the Costeiro Domain. The kinematic indicators for the 

strike-slip shear zones are in agreement with regional dextral escape tectonics (previously 

interpreted as an oblique collisional regime) (Faleiros et al., 2011). However the top-to-the-

S‒SSW sense of movement for the low- to intermediate-angle shear zones of the Costeiro 

Domain does not fit in a simple regional tectonic-related stress field (e.g. dextral positive 

flower structure of Campanha and Ens (1996)). We suggest that the lower-angle shear zones 

of the São Sebastião region could be associated with crustal flow of the molten middle crust, 

as migmatite-cored gneiss domes (Fig. 16e) in the sense of Teyssier and Whitney (2002) and 

Rey et al. (2011). In this context, the strain-field in this region might be controlled by gravity 

in a topographic overload scenario, similar to what was suggested by Mondou et al. (2012) 

for the Araçuaí Belt. Furthermore, our model is in agreement with models of intracontinental 

deformation (e.g. Neves, 2003; Raimondo et al., 2014; and references therein) and crustal 

flow in extensional regimes (Vanderhaegue & Teyssier, 2001; McFadden et al., 2010b; 

Kruckenberg et al., 2011; among others), and allow the consideration of domain/terrane 

tectonics in the Ribeira Belt in the context of diffuse plate boundary models (e.g. Gordon, 

1998) rather than rigid plate models of several subduction and collisional processes. 

6.2 Conflicting tectonic models for the late Neoproterozoic 

Diachronous collision of small continental masses (terranes or microplates) against 

large cratons is largely considered the main process of the Brasiliano Orogeny and West 

Gondwana formation (e.g. Brito Neves & Cordani, 1991; Brito Neves et al., 1999; Silva et 

al., 2005). Although oceanic closure associated with subduction and collision played an 

important role in the Brasiliano Orogeny (e.g. Campos Neto & Caby, 2000; Lenz et al., 2011; 

Ganade de Araujo et al., 2014), the evolution of the Central and Northern Mantiqueira 

Province is still debated (e.g. Almeida R.P. et al., 2010; Mondou et al., 2012). The alternative 

tectonic model presented here for the formation of the Ribeira Belt considers a much simpler 

puzzle of tectonic plates with subduction of an oceanic crust beneath the Paranapanema 

Block and consequent collision with the passive margin of the São Francisco Craton (Fig. 

16). In this model, the basins of the Ribeira and Araçuaí belts were developed in an 

intracontinental environment and were inverted as a consequence of this event. 

First-order inconsistencies in the model of recurrent microplate collisions in the 

Ribeira Belt and the closure of an ocean in the Araçuaí Belt include: a) the non-agreement, in 

a broader sense, between the geological records of upper crustal (e.g. Ediacaran−early 

Cambrian rift-related basins) and middle-lower levels (e.g. terrane collisions and accretion) 

(e.g. Almeida R.P. et al., 2010, 2012; Heilbron et al., 2013), and b) the restricted size of the 

hypothetic Adamastor Ocean (e.g. Pedrosa-Soares et al., 2001; Alkmim et al., 2006) to 

accommodate several drifting small continental plates (see Fossen et al., 2017). Another 

critical issue involves the interpretation of Neoproterozoic tonalitic to granodioritic batholiths 

in the Ribeira and Araçuaí belts as magmatic arcs (e.g. Heilbron et al., 2013; Pedrosa-Soares 

et al., 2001, 2011). Recent detailed structural and geochronological studies of the Central 

Plutonic Unit of the Araçuaí Belt showed that the emplacement of the tonalitic magmas 

occurred around 580 Ma, contemporaneous with regional metamorphism (Mondou et al., 

2012). The similarity of the magmatic to sub-magmatic fabric of the tonalites and the solid-

state fabric of the host rocks, the lack of solid-state deformation in the tonalites and the 
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coeval regional deformation, tonalitic magma emplacement and partial melting of middle 

crust altogether contradict the previously suggested subduction-related magmatism (pre-

collisional magmatism G1 of Pedrosa-Soares et al. (2001)) of the two main tonalitic (Galiléia 

and São Vitor) batholiths in the Araçuaí Belt (Mondou et al., 2012 and references therein). 

Moreover, detailed structural studies indicate a complex 3D deformation flow pattern 

associated with spatial variations in strain-field due to a combination of far-field tectonic and 

gravitational forces (Mondou et al., 2012; Cavalcante et al., 2013). 

The previously suggested multiple terranes collage model for the Ribeira Belt 

considered the time span of 560−530 Ma (Campos Neto and Figueiredo, 1996) and 600−550 

Ma (Heilbron and Machado, 2003) for the collision of Serra do Mar (or Oriental) Terrane 

(here called the Costeiro Domain) against the already accreted Embu (or Ocidental) Terrane 

(here called the Embu Domain). If our data, including intermediate-P M1 metamorphism at 

~620 Ma and low-P M2 metamorphism at ~575 Ma coeval with calc-alkaline porphyritic 

granites in the Costeiro Domain (Meira, 2014; Meira et al., 2014) and voluminous 

peraluminous magmatism in the Embu Domain (Alves et al., 2013; Meira, 2014), were 

interpreted in terms of the recurrent terrane/microplate accretion model they would require 

the timing of terrane accretion to be extended to ~ 640-620 Ma and the establishment of a 

new subduction zone at the rear (east) of the accreted terrane in order to create a magmatic 

arc. This odd tectonic history contrasts with our much simpler intracontinental model for the 

tectonic evolution of these fold belts. 

6.3 Tectonic subdivision of the Central Ribeira Belt and some insights on 

paleogeographic reconstructions 

Since the works of Hasui and Sadowski (1976), the Precambrian rocks of the 

southeastern Brazil, including the Central Ribeira Belt and the Southern Brasilia Belt, are 

subdivided in four different geological blocks delimited by major strike-slip shear zones 

(Socorro‒Guaxupé Domain; São Roque‒Serra do Itaberaba Domain; Paranapiacaba or Embu 

Domain; and Costeiro Domain). Although this initial proposal of division was for purposes of 

description, later propositions contained large interpretative conceptions (e.g. Campos Neto, 

2000; Heilbron et al., 2004, 2008). The division in vogue considers the different domains as 

“tectono-metamorphic” terranes and their limits as suture zones (e.g. Heilbron et al., 2008; 

Faleiros et al., 2011; Tupinambá et al., 2012). Nevertheless, new geochronological and 

petrological data has challenged the status quo of this interpretative division (Almeida R.P. et 

al., 2010; Trouw et al., 2013; Meira, 2014; Meira et al., 2015, and this study). 

Based on detailed geological mapping, structural analysis and geochronological data, 

Trouw et al. (2013) argued that the separation of the Embu and the Socorro‒Guaxupé 

domains as two distinct tectonic units should be abandoned and interpreted the Embu Domain 

as the southward continuation of the Southern Brasilia Belt (called by these authors 

Brasilia/Ribeira interference zone). Furthermore, the new petrological and geochronological 

data, including P−T−t−d paths, metamorphic overgrowths in zircon grains, timing of 

migmatization and crystallization of granitoids, together with lack of oceanic remants and 

high-P metamorphism between the studied domains, suggest that the Embu and Costeiro 

domains were part of a single lithospheric plate since at least ~650 Ma. Hence, a phase of 

intracontinental orogeny is proposed for the intermediate-P M1 metamorphism recorded in 

both domains (Fig. 16d), followed by a phase of wrench tectonics associated with gneiss 

dome development and low-P high-temperature M2 metamorphism (Fig. 16e). Considering 

the above-mentioned arguments, the division of the Embu and Costeiro domains into distinct 

tectonic terranes (or microplates) should be avoided, at least for the final stages of the 

assembly of Western Gondwana. A new limit between these two geological domains is 
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proposed in this study (see discussion in Meira, 2014) and this division should be used for 

descriptive purposes only, circumventing interpretative misconceptions. In this context, the 

metasedimentary sequences of the whole Central Ribeira Belt should be considered as part of 

the eastern Parapanema Block (Fig. 16) and the deposition of these metasedimentary 

sequences should be associated with different basin stages, including Mesoproterozoic (e.g. 

Serra do Itaberaba Group and Embu Complex?) and Neoproterozoic (e.g. São Roque Group, 

Costeiro Complex and Embu Complex?) sedimentary successions. Both Embu and Costeiro 

domains might represent the hinterland of the Southern Brasilia Belt, connected northward to 

a stricto sensu intracontinental setting (Araçuaí Belt) between São Francisco and Congo 

cratons (Meira et al., 2015; Fossen et al., 2017). 

Accordingly to our tectonic evolutionary model, a more than 1500 km-long 

continuous rift system, active along the southeastern South America during the middle 

Ediacaran−early Cambrian, indicates an important extensional event in the Mantiqueira 

Province (Almeida R.P. et al., 2010, 2012). Small fault-bounded siliciclastic and 

volcaniclastic basins and voluminous coeval granitic magmatism characterize this rift system 

and imply that all the terranes involved in the collisional stages of the Brasiliano Orogeny in 

the Mantiqueira Province were united in a single plate already at ~650−600 Ma (Almeida 

R.P. et al., 2010; this work). Hence, the model of diachronous collision of different terranes 

proposed by many authors (e.g. Brito Neves et al., 1999; Heilbron et al., 2004; Silva et al., 

2005) for the Ediacaran to early Cambrian periods in the Central Ribeira Belt must be re-

evaluated. 

7 Conclusions 

In this paper we present new data that corroborate with a recently proposed tectonic 

model for the evolution of the Central Ribeira Belt (Meira et al., 2015) during the late 

Neoproterozoic (Fig. 16). Taking into consideration new advances in the understanding of 

orogenic belts, including intracontinental deformation and flow of partially molten crust, we 

propose that the whole Central Ribeira Belt evolved as a weakened crustal sector that was 

thickened in an intracontinental environment at circa 620 Ma (M1 metamorphism) followed 

by recurrent extensional and wrench tectonics at around 575 Ma (M2 metamorphism). We 

conclude that the Embu and Costeiro domains were already assembled by 650 Ma, and 

perhaps as early as at ca. 790 Ma when intracontinental basaltic and granitic magmatism 

intruded the Costeiro and Embu domains (Meira, 2014). 

The older M1 metamorphism indicates burial of the metasedimentary successions up 

to 8.0 kbar (down to ~25 km depth), reaching amphibolite facies conditions. A contractional 

regime with crustal thickening produced two foliations (S1 and S2), usually recorded by 

rootless isoclinal intrafolial microfolds. Near-isothermal decompression down to ~3.0 kbar 

(~10 km depth) at temperatures of ~550−600 °C characterizes the younger M2 

metamorphism in the Embu Domain. Wide right-lateral strike-slip shear zones typify the D3 

deformation phase (S3 mylonitic foliation) during the ensuing cooling and decompression 

stage. In the Costeiro Domain, however, M2 metamorphism involved heating with moderate 

decompression and peak conditions of ~650−750 °C and ~4.0−6.0 kbar (ca. 12‒18 km 

depth), followed by cooling and decompression. Heating to upper amphibolite conditions 

reached by the rocks of Costeiro Domain caused widespread partial melting of the middle 

crust during decompression, forming migmatitic rocks and peraluminous leucogranites. The 

low angle deformation fabric (S3 mylonitic foliation) associated with this metamorphic phase 

is interpreted as extensional crustal flow of middle molten crust. 
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Our new data and interpretations of tectonic evolution of the Ribeira Belt are in 

agreement with the chronologic and structural evolution of Ediacaran-early Cambrian rift-

related basins and of the tonalitic batholiths of the Araçuaí Belt. Furthermore, the Tonian 

magmatism and metamorphism in both Costeiro and Embu domains suggests a much longer 

shared tectonic history for these geological domains, arguing against the multiple terrane 

accretion hypotheses for the tectonic evolution of the Ribeira belt. Nevertheless, detailed 

petrochronological data are necessary to test the new proposed tectonic model and contribute 

to the better understanding of the Ribeira Belt tectonic evolution. 
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Table 1. Summary of THERMOCALC optimal average P–T estimates (Holland and Powell, 

1998) for each studied sample. 

 

Sample Rock type Selected assemblage 

P−T 

stage 

Average 

T ±1σ 

Average 

P ±1σ 
Cor

rel. 

Sig

fit 

sd(f

it)  (°C) (kbar) 

Embu Complex 

PSM-

111B 

St-Grt-bearing mica 

schist Grt/St/Bt/Ms/Qz/H2O Peak 604±76 9.6±2.0 

-

0.16

5 

1.3

5 

1.5

4 

PSM-

111B 

St-Grt-bearing mica 

schist Grt/St/Bt/Ms/Qz/H2O Peak 611±72 8.9±1.9 

-

0.22

7 

1.2

5 

1.5

4 

PSM-

111B 

St-Grt-bearing mica 

schist 

Grt/Bt/Ms/Chl/Pl/Qz/H2

O Retro 558±13 4.2±1.2 

0.54

1 

0.7

4 

1.5

4 

PSM-

111B 

St-Grt-bearing mica 

schist 

Grt/Bt/Ms/Chl/Pl/Qz/H2

O Retro 560±14 4.0±1.3 

0.58

1 

0.6

3 

1.5

4 

PSM-

111B 

St-Grt-bearing mica 

schist 

Grt/Bt/Ms/Chl/Pl/Qz/H2

O Retro 558±13 4.1±1.2 

0.54

4 
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0.38

9 

0.7
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0.44

4 

1.0

7 

1.6

1 

PSM-

61A 

Grt-Bt-bearing 

amphibolite 

Grt/Amp (Fe-

Ts)/Bt/Pl/Qz/H2O Peak 623±67 4.8±1.1 

0.44

9 

0.9

7 

1.6

1 

PSM- Grt-Bt-bearing Grt/Amp (Cum- Retro 464±67 3.5±0.7 0.16 1.0 1.9
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Note. Abbreviations throughout the manuscript follow Whitney and Evans (2010). 
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Table 2. Mineral Abundance of the Studied Samples (visual estimates). 

 

Sample Rock type Grt Amp Sil St Bt Ms Chl Qz Pl Kfs Ilm 

Embu Complex 

PSM-75C Foliated metagranite 2 

   

20 35 8 20 15 x x 

PSM-111B St-Grt-bearing mica schist 5 

  

10 30 40 5 10 x 

 

x 

Costeiro Complex 

Metasedimentary rocks 

PSM-60B Amp-bearing Grt-Bt paragneiss 5 3 

  

25 

  

30 32 

 

5 

PSM-104A1 Metatexitic metapelite 5 

 

20 

 

30 x 

 

25 20 x x 

PSM-104D Metatexitic metapelite 3 

 

7 

 

10 3 

 

30 25 20 x 

PSM-109E Metatexitic metapelite 3 

 

5 

 

15 

  

40 35 x x 

Amphibolites 

PSM-61A Grt-Bt-bearing amphibolite 8 35 

  

10 

 

x 5 30 

 

10 

PSM-61B Grt-Bt-bearing amphibolite 2 55 

  

x 

  

10 15 

 

15 

PSM-106A Grt-Bt-bearing amphibolite 15 10 

  

7 

  

35 30 

 

3 

PSM-106D Grt-Bt-bearing amphibolite 15 25     20     15 20   5 

x: Present in small amounts. 
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Figure 1. Regional geologic map of Southern and Central Ribeira Belt, showing major shear zones and 

available ages of magmatic bodies indicated. The inset shows the cratonic blocks of West Gondwana. Evidence 

for suture zones includes ophiolites, well-defined magmatic arcs and high-pressure rocks. Abbreviations: Cities 

– CA, Caraguatatuba; CT, Curitiba; JA, Jacareí; PA, Paraibuna; SP, São Paulo; SS, São Sebastião; Batholiths – 

AGB, Agudos Grandes Batholith; CPB, Cunhaporanga Batholith; TCB, Três Córregos Batholith; Cratons – 

AM, Amazonia Craton; ANG, Angola Block; CO, Congo Craton; KA, Kalahari Craton; LA, Luis Alves Craton; 

PP, Paranapanema Block; RA, Rio Apa Block; RP, Rio de La Plata Craton; SL, São Luis Craton; WA, West 

Africa Craton. 
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Figure 2. Geological map of the studied area. See location in Figure 1. All sampling sites are shown. 

Abbreviations: Cities – CA, Caraguatatuba; IL, Ilhabela; JA, Jacareí; PA, Paraibuna; SS, São Sebastião. LCSZ, 

Lancinha-Cubatão Shear Zone. 
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Figure 3. Schematic geological cross-section through the studied area and lower hemisphere equal area 

stereographic projections of all structural data collected in this work. See Figure 2 for location of cross-sections 

A-A’ and B-B’. (a) and (b) Structural data from Embu Domain. Grey contoured density in (a) represents S2 

folded foliation and grey and blue contoured densities in (b) represent S3 foliation and L3 stretching and mineral 

lineations, respectively. (c) Structural data from western part of Costeiro Domain. Note the northeast-directed 

doming structure, well delineated in the structures of the Pico do Papagaio Batholith (PPB). (d) and (e) 

Structural data from eastern part of Costeiro Domain. (d) data from São Sebastião surroundings and (e) data 

from Ilhabela island. Abbreviation: LCSZ, Lancinha-Cubatão Shear Zone. 
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Figure 4. Main structural features of the Embu Domain. (a) Relics of S1 foliation defined by rootless intrafolial 

isoclinal F2 folds in para-derived metatexitic sequence of the Embu Complex (Paragneiss-dominated Unit). S/C 

and sigmoidal structures suggest top-to-the S-SSW sense of movement during D2 deformational phase. The 

inset highlights rootless isoclinal F2 fold defined by a quartzite layer. (b) Sigmoidal boudin of mafic rock 

interleaved with metatexitic paragneisses of the Embu Complex (Paragneiss-dominated Unit) as a δ-type 

kinematic indicator suggesting top-to-the S-SW sense of movement during the D2 deformational phase. (c) 

Asymmetric to upright F3 folds are transposed by S3 steep foliation in mica schists of the Embu Complex 

(Schist-dominated Unit). The inset image shows detail of the tight upright F3 folds and the axial plane S3 

foliation (PSM-98). (d) Intrusive relationship of foliated granitic apophysis within schists of the Embu Complex 

(Schist-dominated Unit – PSM-98). Note that the foliation in the granitic apophysis is subconcordant to the S3 

foliation of the host rocks. (e) and (f) S/C’ structures and tension gashes filled by quartz veins, respectively, in 

porphyritic granites (borders of the Itapeti Pluton) suggesting dextral kinematics during high temperature solid-

state deformation. Lower hemisphere equal area stereogram shows the main structural features of the deformed 

porphyritic granite. (g) Staurolite porphyroblast with relict internal S2 foliation wrapped by mica-rich bands that 

delineate the S3 mylonitic foliation (porphyroblastic St-Grt-bearing mica schist-PSM-111B – Embu 

Complex/Schist-dominated Unit, cross-polarized light). (h) Magmatic foliation defined by aligned muscovite, 

biotite and feldspar megacrysts in porphyritic peraluminous granite (Salesópolis Granite; cross-polarized light). 
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Figure 5. Main structural features of the Costeiro Domain. (a) Rootless isoclinal intrafolial F3 fold in 

metatexitic paragneiss of the Costeiro Complex (Para-derived migmatitic and amphibolitic Unit – PSM-61). (b) 

Kinematic indicators related to the S3 foliation, including sigmoidal schollen and asymmetric folds in 

metatexitic paragneiss of the Costeiro Complex (Para-derived migmatitic and amphibolitic Unit – PSM-61). 

Lower hemisphere equal area stereogram showing the main elements of the D3-related structures. (c) Photo 

mosaic of a coastal outcrop showing discrete shear zones filled with leucocratic veins. The inset images 

highlight the drag folds (para-derived migmatitic and amphibolitic Unit – PSM-60). (d) Stromatic metatexites 

with leucosome, neosome and amphibolitic boudins parallelized along the S3 foliation. Note the steeper dipping 

of the S3 foliation at this location (para-derived migmatitic and amphibolitic Unit – PSM-104). (e) Foliated 

homogeneous diatexite with schlieren and hololeucocratic veins. (f) Photomicrograph of biotitic schlieren in 

diatexite related to the magmatic foliation and aligned parallel to the regional S3 foliation. (g) Photomicrograph 

of F3 microfolds delineated by aggregates of sillimanite and biotite wrapped by S3 main foliation in medium- to 

fine-grained Sil-bearing Grt-Bt migmatitic paragneiss (metapelitic group – PSM-104A1). The 

quartzofeldspathic bands (leucosome) are oriented parallel to the S3 foliation. 
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Figure 6. Transmitted light photomicrographs of petrological relationships and AFM compatibility diagrams of 

the Embu Complex. (a) Porphyroblastic St-Grt-bearing mica schist (PSM-111B) showing pre-S3 poikiloblastic 

St porphyroblasts and idioblastic to subidioblastic Grt porphyroblast wrapped by S3 mylonitic foliation, 

delineated by fine-grained Ms+Bt-rich and quartz-ribbon bands. The images are in plane-polarized light. (b) 

Fine-grained garnet-bearing mica-rich mylonite (mylonitic metagranite, PSM-75C) showing two phases of 

muscovite growth: an early phase of coarse-grained (Ms1 − mica-fish) grains (pre-S3 foliation) and the syn-

mylonitic late fine-grained (Ms2) grains (S3 folation). Fine-grained garnet grains are chloritized and chlorite 

appears as retrograde post-S3 phase. Ms2 and Bt define the S3 mylonitic foliation. (c) AFM compatibility 

diagrams of metasedimentary rocks from Embu Complex (left) and mylonitized metagranite (right). 
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Figure 7. P−T isochemical phase diagram in the NCKFMASHTi system for St-Grt-bearing mica schist (PSM-

111B – Embu Complex). All fields are saturated in quartz and water. Top diagram highlights the quadri-variant 

field for peak assemblage of St+Grt+Ms+Bt+Rt+Qz+H2O. Bottom diagram shows mineral isopleths for XAlm in 

garnet (green lines) and Mg# in staurolite (brown lines). Thick lines indicate measured near-peak Mg# of 

staurolite (0.15±0.01) and XAlm of garnet (0.79±0.01). Estimation of near-peak conditions between 8.5–9.75 

kbar and 610–640 °C is shown by a gray polygon. Bulk composition (%wt): SiO2 (58.64); TiO2 (0.85); Al2O3 

(20.54); FeO (8.14); MnO (0.06); MgO (2.66); CaO (0.13); Na2O (2.26); K2O (5.11). 

  



 

 

© 2019 American Geophysical Union. All rights reserved. 

 
 

 

 

Figure 8. P−T diagrams showing conditions calculated with THERMOCALC and paths for rocks from Embu 

(a) and Costeiro (b) complexes. For calculations data see Table 1. Ellipse errors are ±1σ. For reference, the grid 

for the KFMASH system (Spear et al., 1999) and the wet basaltic solidus (Vielzeuf and Schmidt, 2001) is 

included. 
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Figure 9. XR images showing key textural and compositional data of the St-Grt-bearing mica schist (PSM-

111B – Embu Complex). Color scale bar indicates high (red) and low (blue) concentrations. (a), (b) and (c) XSps 

, XAlm and XGrs images of garnet porphyroblast showing normal growing zonation with Mn-rich cores and 

decreasing in Mn contents towards the rim. The zonation pattern also indicates coalescence of smaller garnet 

grains. Note that porphyroblasts show a slight increase in Mn and Fe contents and decrease in Ca contents, 

suggesting retrograde readjustments. The compositional profiles AB and CD are presented in the Supporting 

Information Figure S1. (d) Mg# image of staurolite porphyroblasts showing re-equilibrated retrograde rims 

characterized by low Mg# contents. Note that in the contact zone between garnet and staurolite porphyroblasts 

the retrogression textures are faint or absent. 
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Figure 10. P−T isochemical phase diagram in the MnNCKFMASHTi system for garnet-bearing mica-rich 

mylonite (PSM-75C – Embu Complex). All subsolidus fields are saturated in quartz and water. Top diagram 

highlights the penta-variant field for peak assemblage of Grt+Ms+Bt+Pl+Ilm+Qz+H2O. Bottom diagram shows 

compositional isopleths of garnet (XAlm) in green and plagioclase (XAn) in light brown. Thick lines indicate 

measured near-peak XAlm of garnet (0.73±0.01) and XAn of plagioclase (Xan=0.24−0.25±0.01). Estimation of 

near-peak conditions between 7.4–8.3 kbar and 620–665 °C is shown by a grey polygon. Bulk composition 

(%wt): SiO2 (57.85); TiO2 (1.22); Al2O3 (21.00); FeO (6.61); MnO (0.13); MgO (2.15); CaO (0.50); Na2O 

(0.89); K2O (6.19). 
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Figure 11. Transmitted light photomicrographs of petrological relationships and ACF compatibility diagram of 

the amphibolitic rocks from Costeiro Complex. (a) and (b) General texture of medium-grained Grt-Bt-bearing 

amphibolite (PSM-61B). A common texture of this lithotype comprises rounded quartz inclusions in 

plagioclase. (c) General texture of coarse-grained Cpx-bearing amphibolite. Images (a) and (c) are in plane-

polarized light, and image (b) is in cross-polarized light. (d) ACF compatibility diagram of amphibolitic rocks 

and amphibole-bearing paragneiss from Costeiro Complex. MORB (mid-ocean ridge basalts) and IAB (island 

arc basalts) compositions are plotted for comparison. 
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Figure 12. Transmitted light photomicrographs of petrological relationships and AFM compatibility diagram of 

the metasedimentary rocks from Costeiro Complex. (a) and (b) General texture of porphyroblastic medium- to 

fine-grained Sil-bearing Grt-Bt migmatitic paragneiss (metapelitic group). (c) and (d) General texture of 

porphyroblastic medium-grained Amp-bearing Grt-Bt paragneiss (metagreywacke group–PSM-60B). Note the 

widespread presence of rounded quartz inclusions in plagioclase, similar to those from the Grt-Bt-bearing 

amphiboles. Images (a), (b) and (c) are in plane-polarized light, and image (d) is in cross-polarized light. (e) 

AFM compatibility diagram of metasedimentary rocks from Costeiro Complex. 
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Figure 13. P−T isochemical phase diagram in the MnNCKFMASHTi system for Sil-bearing Grt-Bt paragneiss 

(PSM-104A1 – Costeiro Complex). All supersolidus fields contain quartz and melt (L=silicate liquid). Top 

diagram highlights the quadri-variant field for near-peak assemblage of Grt+Sil+Bt+Pl+Kfs+Ilm+Qz+L 

(L=silicate liquid). Bottom diagram shows compositional isopleths of garnet (XAlm) in green and plagioclase 

(XAn) in light brown. Thick lines indicate measured near-peak XAlm of garnet (0.70±0.01) and XAn of plagioclase 

(0.31±0.01). Estimation of near-peak conditions around 5.0–6.8 kbar and 720–760 °C is shown by a grey 

polygon. Bulk composition (%wt): SiO2 (66.23); TiO2 (0.75); Al2O3 (15.75); FeO (5.58); MnO (0.13); MgO 

(2.58); CaO (1.59); Na2O (1.89); K2O (2.82). 
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Figure 14. SHRIMP zircon U–Pb data for metamorphic overgrowths on zircon grains of impure quartzites from 

Embu Complex. Wheterill concordia plots of each sample. Error ellipses are at 95% confidence interval (≈2σ). 

Dashed ellipses were not used for weighted mean age calculations. 
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Figure 15. SHRIMP zircon U–Pb data for metamorphic overgrowths on zircon grains of metatexitic 

paragneisses and garnet-bearing amphibolite of the Costeiro Complex. Wheterill concordia plots of each sample. 

Error ellipses are at 95% confidence interval (≈2σ). Dashed ellipses were not used for weighted mean age 

calculations. 
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Figure 16. Graphics with data summary and schematic evolutionary model for the late Neoproterozoic tectonic 

history of the Central Ribeira Belt. The cross-section is not in a geographically straight line (see Meira et al., 

2015 for details). (a) Top: 
206

Pb/
238

U ages with 2σ errors of all metamorphic zircon data from rocks of both 

Embu and Costeiro complexes, associated with the two tectonic events interpreted to have occurred in the 

Central Ribeira Belt. See discussion section for explanation. Bottom: 
206

Pb/
238

U ages vs. Th/U plot showing that 

most of the analyzed zircon overgrowths have low Th/U ratios (lower than 0.25), suggesting a metamorphic 

origin. The high Th/U ratios of analyses on homogeneous zircon grains and overgrown rims from samples PSM-

60F and PSM-108C might be related to the semipelitic (or greywacke) composition of these samples and/or 

zircon growth or re-equilibration involving a melt phase (Schaltegger et al., 1999). See text for explanation. (b) 

Integrated P−T–t–d paths for both Embu and Costeiro complexes. Light green and light blue fields indicate P−T 

estimations from isochemical phase diagrams for Embu and Costeiro domains, respectively. Green and blue 

stars indicate P−T data from optimal thermobarometry for Embu and Costeiro domains, respectively. 

Abbreviations: M1, first metamorphism; M2, second metamorphism; S1, S1 foliation; S2, S2 foliation; S3, S3 

foliation; (c) Subduction stage of Southern Brasilia Belt at circa 700–640 Ma (e.g. Campos Neto et al., 2000; 

Trouw et al., 2000; Rocha et al., 2018; Tedeschi et al., 2018). (d) Collisional stage in Southern Brasilia Belt (e.g. 

Campos Neto et al., 2011; Reno et al., 2012; Tedeschi et al., 2017, 2018; Rocha et al., 2018) and 

intracontinental orogeny in Central Ribeira Belt at around 640–600 Ma. (e) Post-collisional stage at circa 600–

560 Ma, characterized by voluminous S-type peraluminous magmatism and wrench tectonics in the Embu 

Domain, and calc-alkaline/alkali-calcic magmatism, widespread migmatization and gneiss domes development 

in the Costeiro Domain. Note the intrusion of A-type rapakivi granite and associated high-K calc-alkaline 

granitoids in the Socorro-Guaxupé Domain (see Janasi et al., 2009). Abbreviations: IJSZ, Itu-Jundiuvira Shear 

Zone; LCSZ, Lancinha-Cubatão Shear Zone. 

 


