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Abstract 

 

The Dom Feliciano Belt is the South American part of an extensive Neoproterozoic orogenic system 

that developed during the late Cryogenian–early Cambrian close to the margin of southwest 

Gondwana. The link of its evolution with the tectonic processes in its African counterpart is still not well 

understood. P–T estimates, Lu-Hf garnet–whole-rock ages, U-Pb monazite SIMS ages and REE garnet 

and monazite data from samples of the Porongos and Passo Feio complexes indicate diachronous 

tectonic evolution of the central Dom Feliciano Belt foreland. Metasedimentary rocks of the eastern 

Porongos Complex reached previously estimated metamorphic peak conditions of ~ 560–580 oC, 5.8–

6.3 kbar at 654 ± 2 Ma, based on Lu-Hf isochron garnet–whole-rock age data. This episode represents 

an early orogenic thickening in the foreland as a response to the beginning of the transpressive 

convergent evolution of the belt. The monazite age of 614 ± 6 Ma (U–Pb SIMS) is interpreted as 

associated with post-exhumation magmatic activity in the foreland and suggests that the eastern 

Porongos Complex was exhumed sometime between ca. 660 and 615 Ma. The main metamorphic and 

deformation event in the Porongos Complex's western region occurred at ~ 545–565°C and 4.3–5.3 

kbar at 563 ± 1 Ma (garnet– whole-rock Lu-Hf isochron age). The exhumation of this part of the foreland 

is dated by using monazite crystallising during garnet breakdown and suggests retrograde 

metamorphism at 541 ± 7 Ma (U–Pb SIMS). The main metamorphic fabric in the Passo Feio Complex 

further to the west developed at 571 ± 2 Ma (garnet– whole-rock Lu-Hf isochron age) at 560–580 oC 

and 4.7–6.4 kbar. The western part of the Porongos Complex and the Passo Feio Complex have 

deformed at similar P–T conditions and apparent geothermal gradients at ca. 570–565 Ma. These 

regions record a second crustal thickening event in the Dom Feliciano Belt foreland and the orogenic 

front migration towards the west as a response to the onset of crustal thickening on the African side of 

this long-lived transpressive orogenic system. 
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INTRODUCTION 

 

Determination of the timing of metamorphic events is critical for correctly interpreting the 

evolution of orogenic belts. In metamorphic terranes with protracted evolution, separation of 

distinct deformation events from a progressive but single period of deformation is sometimes 

difficult due to the similar fabric superposition and comparable changes in the metamorphic 

mineralogy (e.g. Fossen et al. 2019). The petrochronological approach (Fraser et al. 1997) 

combines the application of various geochronometers with detailed petrological and 

microstructural observations to accurately link the appearance of various mineral phases used for 

geochronology with metamorphic–deformation events in a specific rock (Engi et al. 2017; 

Yakymchuk et al. 2017). Due to the different physical and chemical properties of each mineral, as 

is the diffusivity of the main elements or the specific closure temperature of their isotopic systems, 

various minerals such as zircon (e.g. Rubatto et al. 2006), monazite (e.g. Rocha et al. 2017), 

garnet (Baxter et al. 2017), titanite (Kohn 2017), allanite, xenotime or apatite (Engi 2017) can be 

utilized in petrochronological studies. Moreover, due to the specific physical properties of the 

datable minerals and the potential link of their crystallisation to various metamorphic and 

(micro)structural stages, it has become common to investigate more than one mineral (and 

isotopic system) in the same rock to interpret the pressure (P) –temperature (T) –deformation (d) 

evolution of geological units of metamorphic terranes in time (Hermann and Rubatto 2003; 

Rubatto et al. 2006; Stevens et al. 2015; Hagen-Peter et al. 2016; Regis et al. 2016; Rocha et al. 

2017; Schaltegger and Davies 2017; Walczak et al. 2017; Konopásek et al. 2019; Soret et al. 

2019; Percival et al. 2022). 

The Dom Feliciano Belt in SE South America (Fig. 1) is a long-lived Neoproterozoic belt built 

by protracted deformation. The complexity of its evolution is highlighted by recent papers, which 

have suggested that the contractional period lasted from ca. 660–640 Ma up to < ca. 570 Ma (e.g. 

Oriolo et al. 2016; Battisti et al. 2018; De Toni et al. 2020a, 2021; Percival et al. 2021, 2022, 2023; 

Hueck et al. 2022). The main purpose of this paper is to determine the timing of critical deformation 

events that shaped the present-day structure of the central Dom Feliciano Belt. Recent 

investigations in that area have suggested the thrusting of high-grade metamorphic rocks over 

the pre-orogenic supracrustal rocks of the foreland (Battisti et al. 2018; De Toni et al. 2021), as 

well as the burial of syn-orogenic sediments (e.g. Höfig et al. 2018). However, the timing and 

metamorphic conditions of these events are not yet well understood. 

For this reason, two supracrustal metamorphic complexes of the central Dom Feliciano Belt 

foreland were studied and compared. P–T estimates through thermodynamic modelling, Lu–Hf 

garnet–whole-rock isochron ages and U-Pb SIMS monazite ages from metasedimentary samples 



 

 

provided metamorphic and geochronological data, which point to two separate and well-

constrained periods of crustal thickening, both followed by periods of intense magmatic activity. 

The data provide evidence for the progressive migration of deformation towards the west, away 

from the centre of the orogenic system, and explain the recently discussed involvement of syn-

orogenic sediments and magmatic rocks in the deformation of the central Dom Feliciano Belt 

foreland (Battisti et al. 2018, 2022; Höfig et al. 2018). 

 

GEOLOGICAL SETTING 

 

Dom Feliciano–Kaoko–Gariep orogenic system 

 

The study area is located in the central Dom Feliciano Belt (Fig. 1 – DFB), which is the South 

American part of an NS-trending Neoproterozoic orogenic system also involving the Kaoko and 

Gariep belts along the Atlantic coast of southern Africa (e.g., Porada 1979; Gray et al. 2008; 

Konopásek et al. 2020). The Dom Felicano Belt is the result of the Brasiliano/Pan-African cycle, 

which started at ca. 840–800 Ma by igneous activity and associated sedimentation interpreted by 

some authors as related to a continental arc (Koester et al. 2016; Martil et al. 2017; Battisti et al. 

2018; De Toni et al. 2020a) or as generated in a back-arc/rift setting (Konopásek et al. 2018; Will 

et al. 2019; Hueck et al. 2022). The system evolved into a contractional tectonic regime, which 

started at ca. 660–640 Ma (e.g. Gross et al. 2006, 2009; Oyhantçabal et al. 2009; Lenz et al. 

2011; Martil 2016; Peel et al. 2018; Will et al. 2019; De Toni et al. 2020a; Konopásek et al. 2020; 

Percival et al. 2021, 2022). The contraction continued until at least 580–550 Ma, as recorded by 

ongoing thickening and associated metamorphism of both forelands of the orogenic system 

(Frimmel and Frank 1998; Goscombe and Gray 2008; Höfig et al. 2018; Percival et al. 2022, 

2023). Such a convergent period is related to the formation of the Gondwana supercontinent (e.g. 

Rapela et al. 2011; Ramos et al. 2017; Oriolo et al. 2017). 

The central DFB outcrops in southernmost Brazil (Rio Grande do Sul state) and is usually 

divided into Western, Central and Eastern domains (Fragoso-Cesar et al. 1986; Fernandes et al. 

1992; Basei et al. 2000) (Fig. 1c). The Western domain consists of Paleoproterozoic rocks (2.5–

2.0 Ga - Hartmann et al. 2000) of the foreland basement, ophiolites reminiscent of an oceanic 

crust (920–890 Ma - Arena et al. 2016) and juvenile arc-related rocks of the São Gabriel Block 

(750–690 Ma - Lena et al. 2014) with associated metasedimentary complexes (e.g. the Passo 

Feio Complex - Bitencourt 1983). 

The Central Domain is represented mainly by the Porongos Complex (PC), composed of 

low- to medium-grade volcano-sedimentary rocks (Jost and Bitencourt 1980; Saalmann et al. 



 

 

2005; Pertille et al. 2017) of Tonian (810–780 Ma) to Ediacaran (ca. 600 Ma) age (e.g. Saalmann 

et al. 2011; Pertille et al. 2017; Höfig et al. 2018; Battisti et al. 2022) with locally exposed 

Paleoproterozoic basement (Encantadas Complex; 2.26–2.0 Ga – Hartmann et al. 2003; Philipp 

et al. 2008). Late-orogenic, Ediacaran to Ordovician volcano-sedimentary deposits extensively 

cover the foreland (Western and Central domain) (Oliveira et al. 2014; Paim et al. 2014). 

The Eastern Domain represents the hinterland, and in the Rio Grande do Sul state, it 

features mainly granitic rocks (also called Pelotas Batholith - Fragoso-Cesar et al. 1986). The 

batholith is interpreted as part of a post-collisional granitic belt (Bitencourt and Nardi 1993; 

Bitencourt and Nardi 2000; Philipp and Machado 2002), whose emplacement was controlled by a 

large-scale discontinuity (Southern Brazilian Shear Belt - SBSB) active between ca. 650 and 580 

Ma (Bitencourt and Nardi 2000; Nardi and Bitencourt 2007).  

 

INSERT FIGURE 1 

  

Porongos Complex 

 

The Porongos Complex (PC) is part of the Dom Feliciano Belt foreland and comprises 

Neoproterozoic supracrustal rocks metamorphosed at lower greenschist to middle amphibolite 

facies conditions (Jost and Bitencourt 1980; Saalmann et al. 2006; Pertille et al. 2017; Höfig et al. 

2018; De Toni et al. 2021). The complex comprises metasedimentary and metavolcanic rocks, 

some ultramafic lenses and, less often, deformed granitic rocks (Jost and Bitencourt 1980; 

Marques et al. 2003; Zvirtes et al. 2017). Some authors interpret the ultramafic lenses as ophiolite 

remnants (Arena et al. 2018; Werle et al. 2020). The PC metamorphic grade increases from west 

to east. The Cerro do Facão staurolite-bearing metapelites at the easternmost border (Fig. 2) 

record the highest metamorphic grade of the complex (Jost and Bitencourt 1980; Lenz 2006). The 

peak PT conditions of these rocks were estimated at 560–580°C and 5.8–6.3 kbar (De Toni et al. 

2021), and the only available metamorphic age is an imprecise age of 658 ± 26 Ma (Lenz 2006; 

Rb–Sr in muscovite and whole-rock). 

Provenance studies in the PC have shown two distinct sources of the metamorphosed clastic 

sediments (Gruber et al. 2011, 2016; Pertille et al. 2015b, 2015a, 2017; Höfig et al. 2018). Based 

on this data, Höfig et al. (2018) suggested that the precursor of the Porongos Complex could have 

been at least two distinct and diachronous basins. The older PC metasedimentary rocks are 

represented by the Cerro da Árvore sequence (sensu Jost and Bitencourt 1980). These are 

located mainly in the eastern part of the complex (Fig. 2 inset) and represent largely clastic infill 

of a pre-orogenic basin(s) (> 650 Ma). The younger PC basin, called the Capané sequence, is 



 

 

related to the syn-orogenic (< ca. 650 Ma) evolution, as discussed by Höfig et al. (2018) and 

Battisti et al. (2018, 2022). In the western part of the PC (Fig. 2), the syn-orogenic sedimentary 

rocks are interleaved with the rocks of the pre-orogenic PC basin(s) (Höfig et al. 2018). Associated 

intermediate to acid metavolcanic rocks also yielded contrasting ages in different parts of the 

complex. Eastern regions of the PC contain metavolcanic rocks with protolith ages of ca. 770–

800 Ma (Saalmann et al. 2011; Pertille et al. 2017; Battisti et al. 2022), whereas studies of meta-

volcano sedimentary rocks in the western portion of the complex (Höfig et al. 2018) reported 

magmatic ages of ca. 600 and 601 Ma (LA–MC–ICP–MS, U–Pb zircon). Such a dataset shows 

that the igneous activity and late sedimentation in the northwestern PC are younger than the 

metamorphic peak recorded in the eastern portion of the PC (658 ± 26 Ma - Lenz 2006). According 

to the data compilated by Battisti et al. (2022), these two diachronous basins (Cerro da Árvore 

and Capané sequences) are separated by the main W-verging thrust fault in the Porongos 

Complex called Santana da Boa Vista thrust fault (Jost and Bitencourt 1980). The metamorphosed 

pre-orogenic sediments appear mostly east of the fault, whereas the relics of the syn-orogenic 

basin appear exclusively west of the fault, in the northwestern part of the Porongos Complex. 

Recent papers suggested that a part of the pre-orogenic basin of the PC (Cerro da Árvore 

sequence) and a part of the Várzea do Capivarita Complex may have shared a similar 

sedimentary depositional environment in their pre-collisional setting (Martil et al. 2017; Battisti et 

al. 2018, 2022). Battisti et al. (2022) argued that both complexes share igneous rocks with the 

same ca. 780 Ma protolith age, identical REE geochemistry, similar isotopic Nd–Sr and oxygen 

signatures, similar structural evolution, and convergent P–T–t evolution. These similarities led 

Battisti et al. (2018, 2022) and De Toni et al. (2021) to conclude that the higher grade, deeper 

VCC hinterland rocks were thrust over the lower grade, shallower PC foreland during a ca. 650 

Ma collisional event. 
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São Gabriel Block 

São Gabriel Block overview 

 

The São Gabriel Block (Fig. 1 and 2) represents the largest occurrence of juvenile magmatic 

rocks in the DFB (e.g. Arena et al. 2017, 2016; Lena et al. 2014; Saalmann et al. 2007, 2005). 

Although many authors do not consider the São Gabriel Block as part of the Dom Feliciano Belt 

and interpret it as a tectonic unit resulting from an independent orogeny (e.g. Chemale 2000; 

Philipp et al. 2016b; Arena et al. 2017), there seems to be a consensus that its long-lived history 



 

 

also influenced the evolution of the DFB (Philipp et al. 2016; Konopásek et al. 2018; De Toni et 

al. 2020a). 

According to Arena et al. (2016), some igneous rocks of the block may represent part of an 

oceanic domain (ophiolites - 920–890 Ma), accreted to a juvenile arc (ca. 880 Ma Passinho event 

of Leite et al., 1998) that evolved towards a continental magmatic arc (770–690 Ma - Lena et al. 

2014). The oceanic closure is interpreted to have happened between 690–650 Ma (Lena et al. 

2014) or 650–600 (Arena et al. 2017), whereas late granitic magmatism took place at ca. 585 Ma 

(Arena et al. 2017). The São Gabriel Block structural framework features NE-striking planar 

fabrics, predominantly dipping NW at low to medium angles, reworked by oblique, SE-verging, 

plus dextral transpression (Saalmann et al. 2005). 

Metaigneous, arc-related rocks of the São Gabriel Block are surrounded by metamorphic 

supracrustal complexes, both covered by extensive Ediacaran sedimentary basins. The intrinsic 

characteristics of such complexes (Pontas do Salso, Cambaí, Bossoroca, Imbicuí and Passo Feio 

- Philipp et al. 2021 and references therein) are beyond the scope of this work. The exception is 

the Passo Feio Complex, introduced in detail below.  

 

Passo Feio Complex 

 

The Passo Feio Complex (PFC) is traditionally considered the easternmost unit of the São 

Gabriel Block (Fig. 1, 2), separated from the easterly Porongos Complex by a magnetic anomaly 

(Costa 1997) whose meaning is, however, unclear because its area is covered by post-orogenic 

sediments (Fig. 2). This has led some authors to interpret the anomaly as a manifestation of a 

suture (Fernandes et al. 1995; Costa 1997), whereas others (Costa et al. 2021) interpret it as a 

regional dextral shear zone. As no other data would confirm this magnetic anomaly as a suture, 

the relation between the Passo Feio Complex and the rocks to the east (Central and Eastern 

domains) remains uncertain, as does the eastern limit of the São Gabriel Block. 

The PFC comprises phyllites, metapelitic schists, amphibole-bearing rocks such as 

amphibolites, metagabbros and amphibole schists, acid to intermediate metavolcanoclastic rocks, 

and subordinate magnesian schists and marble lenses (Bitencourt 1983; Bitencourt and 

Hartmann 1984a, 1984b; Costa et al. 2021; Hoerlle et al. 2022). The acid metavolcanic rocks from 

the northern region display protolith ages of ca. 580 Ma (Battisti et al. 2023), whereas the age of 

the metabasic rocks remains unknown. The PFC crops out as an antiformal structure with a 

subhorizontal axis plunging either NNE or SSW (Costa et al. 2021) with the 562 ± 8 Ma (SHRIMP 

U–Pb zircon - Remus et al. 2000) calc-alkaline Caçapava Granite in its core. The PFC is 



 

 

surrounded by the Ediacaran to Cambrian volcano-sedimentary sequences of the Camaquã Basin 

(Oliveira et al. 2014; Paim et al. 2014 - Fig. 2) and at the northeast by the Paraná Basin. 

The main metamorphic fabric of the complex has developed during progressive deformation 

(Bitencourt 1983; Costa et al. 2021) coeval with the growth of garnet up to the peak metamorphic 

conditions. The peak conditions were estimated by Costa et al. (2021) at 560–570 ºC and 5–5.5 

kbar for a garnet–staurolite schist and at 500–510 ºC and 5–6.4 kbar for a garnet phyllite. The 

main fabric is overprinted by a second metamorphic event marked by the crystallisation of 

andalusite (Costa et al. 2021), which was temporally close to the emplacement of the Caçapava 

Granite (Bitencourt 1983). The localized foliation related to such second metamorphic phase 

shows mainly recrystallization of biotite and relic minerals of the metamorphic peak schist, which 

indicates that the latter reached intermediate greenschist facies (biotite zone) with pressures lower 

than ~ 4 kbar, as indicated by the crystallisation of andalusite (Costa et al. 2021). 

Geochronological data for the PFC's first metamorphic event are rather limited and obscure. 

A single SHRIMP spot in a zircon rim of 685 ± 12 Ma (Remus et al. 2000) was associated with 

the metamorphic peak (probably a mixed age – see discussion). On the other hand, the age of 

the second metamorphic event is better constrained as this metamorphism was interpreted to be 

contemporary to the emplacement of the Caçapava Granite at ca. 562 Ma (see above - Remus et 

al. 2000). 

Provenance studies in PFC are also scarce. The available data of four PFC 

metasedimentary rocks (Lopes et al. 2015) indicated ages of 3.4–3.3 Ga, 2.4–2,3 Ga, 2.0 Ga, 

1.8–1.7 Ga and 850–800 Ma for the main source areas (zircon U-Pb SHRIMP). 

 

RESULTS 

 

Sample description and estimates of metamorphic conditions 

 

Metamorphic conditions for the Porongos Complex eastern region were published by De 

Toni et al. (2021), and we will use their results for further discussion of the evolution of the Dom 

Feliciano Belt foreland. To quantify the metamorphic evolution of the northwestern region of the 

Porongos Complex and the evolution of the Passo Feio Complex, the conditions of equilibration 

of mineral assemblages in two mica schist samples (MAB56A and BD03) were modelled by 

calculating P–T pseudosections based on the whole-rock chemical composition and H2O 

component in excess. Due to the absence of minerals with elevated content of Fe3+, all Fe in the 

samples was considered as FeO. The stability of the mineral assemblages was modelled using 

Perple_X 6.8.9 software (Connolly 2005, 2009) and thermodynamic properties of mineral 



 

 

endmembers published by Holland and Powell (2011). The mixing properties of the minerals were 

taken from Fuhrman and Lindsley (1988) for feldspar and White et al. (2014) for biotite, white 

mica, chlorite, staurolite, chloritoid, cordierite and garnet. 

Whole-rock compositions were obtained from rock powder tablets using a Rigaku RIX 2000 

X-Ray Fluorescence analyser at the X-ray Fluorescence Laboratory of Universidade Federal do 

Rio Grande do Sul (UFRGS), Brazil and at AcmeLabs - Bureau Veritas Minerals in Canada. 

Mineral compositions were determined at the Microprobe Laboratory, CPGq, UFRGS, Brazil and 

the Laboratory of Electron Microscopy and Microanalysis of the Masaryk University in Brno, Czech 

Republic, using the Cameca SXFive microprobe at analytical conditions of 15 keV, 15 nA current, 

and beam size of 5 μm. The instrument was calibrated using diopside (Ca, Mg), rhodonite (Mn), 

sanidine (Si, K, Al), Fe2O3 (Fe), albite (Na), rutile (Ti) and Cr2O3 (Cr) as standards. The crystals 

used during the microprobe analyses were PET for Ca, Cr, Ti e K; TAP for Si, Mg, Al e Na; and 

LIF for Fe and Mn. A compositional profile was measured for one garnet crystal in each sample 

(see supplementary data) together with individual core and rim analyses that were later used for 

P–T condition estimates (Table 1 and supplementary data). Mineral abbreviations used 

throughout this paper are after Whitney and Evans (2010). 

   

MAB56A – Northwestern region of the Porongos Complex 

 

Sample MAB56A (30.4767° S; 52.9818° W  – all coordinates in WGS84 – Fig. 2) is a garnet-

bearing mica schist with the main mineral assemblage garnet–biotite–plagioclase–muscovite–

quartz–ilmenite (Fig. 3a, b) from the structural footwall of the Santana da Boa Vista thrust fault in 

the northwestern part of the Porongos Complex, where the pre-orogenic metasedimentary rocks 

were tectonically interleaved with the syn-orogenic flysch sediments (Höfig et al. 2018; Battisti et 

al. 2022). The schistosity is marked by alternating muscovite-rich and quartz-plagioclase-rich 

layers, both intensely microfolded. The lepidoblastic texture and shape preferred orientation of 

muscovite (~40 vol.%) with crystal sizes up to 2 mm mark the main schistosity. Muscovite contains 

3.01–3.08 a.p.f.u. of Si and 0.02–0.14 a.p.f.u. of Ti. Quartz and plagioclase are fine-grained (up 

to 0.4 mm) and display lenses with intergranular interlobate texture. Quartz and plagioclase 

comprise ~45% of the rock volume. Plagioclase is albite (An0–2) with <1 mol.% of K-feldspar 

component. Biotite (~10 vol.%) crystals are up to 0.5 mm long with lepidoblastic texture in mica-

rich layers. Biotite shows XMg between 0.31 and 0.35, 0.09–0.16 a.p.f.u. of Ti and 1.33–1.45 of 

AlIV. 

Garnet (~3 vol.%) shows variable shapes in the thin section. Some crystals appear as 

fragments in the rock matrix (Fig. 3a), whereas others form mostly equant, up to 5 mm large 



 

 

porphyroblasts, usually cracked and partly consumed along the edges. They rarely show 

sigmoidal quartz and ilmenite inclusion trails that mark the porphyroblast rotation relative to the 

external matrix foliation during growth (Fig. 3b). In the fractures, chlorite commonly grows due to 

garnet dissolution (Fig. 9g and h). Garnet grains show strong chemical zoning, with increasing 

pyrope and almandine components from core to rim compensated by decreased grossular and 

spessartine components. General garnet core-to-rim composition (mol.%) is Alm67–82, Py5–10, 

Grs14–5, Sps16–2. The XMg value calculated as Mg/(Mg+Fe) (based on a.p.f.u.) increases from 0.07 

to 0.11 from core to rim (Table 1, 2). 

Chlorite (~2 vol.%) crystals are up to 0.3 mm long, and they occur as both dispersed in the 

rock matrix and in cracks and pressure shadow tails of garnet porphyroblasts. Chlorite XMg varies 

from 0.36 to 0.39. Most of the chlorite is interpreted to have formed after the metamorphic peak 

by a retrogressive reaction that consumed garnet and some biotite in the matrix; however, it 

cannot be excluded that some chlorite crystals intergrown with mica in the matrix represent a part 

of the mineral assemblage stable at the metamorphic peak. Accessory minerals are tourmaline, 

apatite, monazite, and zircon. 

The overall microstructure with intense microfolding in the matrix, garnet fragmentation and 

fracturing accompanied by the growth of late chlorite points to some degree of post-peak 

metamorphic reworking of the sample. 

 

INSERT FIGURE 3 

 

The P–T pseudosection calculated for sample MAB56A (Fig. 4, bulk composition in mass 

proportions: SiO2 – 62.15; Al2O3 – 18.34; TiO2 – 1.11; FeO – 8.14; MnO – 0.14; MgO – 1.96; CaO 

– 0.89; Na2O – 0.45; K2O – 3.23; H2O saturated) indicates that the assemblage Chl + Grt + Ms + 

Bt + Qz + Pl + Ilm is stable approximately at 490–560°C, and in the pressure range of 1.5 to 5.3 

kbar. Conditions of early garnet growth were established at 520–540°C and 3.9–5.3 kbar (Fig. 4a) 

by using the garnet core composition without applying the fractionation routine (Table 2). 

However, some garnet grains represent relics of larger porphyroblasts consumed by retrograde 

reactions. Such observation suggests that the rims of the least re-equilibrated porphyroblasts that 

survived the retrogression may represent higher metamorphic conditions than the matrix 

assemblage. The estimate of peak metamorphic conditions attained by the sample has been 

made using the garnet fractionation routine available in the Perple_X software (Connolly, 2005) 

to eliminate the composition of the garnet cores from the bulk chemistry of the sample. The 

calculation results show that isopleths for garnet rim endmembers and XMg of biotite overlap at 

545–565°C and 4.3–5.3 kbar in the staurolite stability field (field 21 – figure 4b). Thus, such data 



 

 

suggest that staurolite might have been present at the metamorphic peak and then all consumed 

during retrogression. The same is observed in figure 4a, where even without eliminating garnet 

core composition from the bulk rock chemistry, the garnet rim composition partly crosses the 

staurolite-in curve. A comparison of the observed vs. modelled mineral compositional parameters 

from all studied samples is shown in Table 2. 
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INSERT TABLE 1 

 

INSERT TABLE 2 

 

BD03 - Passo Feio Complex 

 

Sample BD03 (30.64389° S; 53.45345° W) is a muscovite–garnet–staurolite–biotite–

plagioclase–quartz schist (Fig. 3c, d) collected in the southern part of the Passo Feio Complex 

(Fig. 2). The schistosity is marked by alternating mica-rich and quartz-rich bands (Fig. 3c). Mica-

rich bands are discontinuous, up to 1 mm thick and composed of lepidoblastic biotite (~25 vol.%) 

and muscovite (~5 vol.%) up to 1.5 mm in length, and locally chlorite (~1 vol.%). Muscovite 

contains 3.01–3.04 a.p.f.u. of Si and 0.02 a.p.f.u. of Ti, whereas biotite shows XMg between 0.44–

0.51, 0.04–0.10 a.p.f.u. of Ti and 1.26–1.32 of AlIV. Chlorite has XMg of 0.51–0.53. Quartz-rich 

bands also contain some fine-grained (0.05 to 1 mm) plagioclase with inequigranular seriate 

texture (both adding up to ~45 vol.%). Plagioclase is andesine (An31–33) with <1 mol.% of K-

feldspar component. The opaque phase is ilmenite and represents ~2 vol.%. 

The external foliation wraps around the garnet and staurolite porphyroblasts, and their pre- 

to syn-tectonic origin is suggested by the rotation of their internal foliation highlighted by opaque 

minerals and quartz inclusions. Staurolite porphyroblasts (~15 vol.%; XMg = 0.16–0.20) are up to 

3.5 mm large and appear mostly in the mica-rich layers. Garnet (~8 vol.%) forms 0.8–1.5 mm 

large equant grains, usually with internal cracks (Fig. 3d). Such grains usually contain quartz and 

ilmenite inclusions and pressure shadows made up of biotite, muscovite, and quartz. Garnet 

grains show a strong chemical zoning with increasing almandine component from core to rim 

compensated by decreased spessartine component. On the other hand, grossular and pyrope 

display very weak chemical zoning. General garnet core-to-rim composition (mol.%) is Alm64–75, 



 

 

Prp7–11, Grs11–6, Sps20–7. The XMg = 0.10–0.13 is almost constant from core to rim. Other accessory 

phases are represented mainly by tourmaline and zircon. 

P–T pseudosection calculated for sample BD03 (bulk composition in mass proportions: SiO2 

– 64.13; Al2O3 – 15.61; TiO2 – 0.96; FeO – 7.95; MnO – 0.12; MgO – 3.13; CaO – 1.53; Na2O – 

1.81; K2O – 2.60; H2O saturated) is presented in figure 5. The estimate of peak metamorphic 

conditions has been made using the garnet fractionation routine available in the Perple_X 

software (Connolly, 2005). The reason for the subtraction of the garnet interior from the bulk is 

that the garnet shows strong chemical zonation from core to rim, which, together with its high 

modal proportion (~8 vol.%), may influence the effective composition available during peak 

metamorphic conditions (Stuwe 1997; Lanari and Engi 2017). Garnet core conditions were 

established at 525–545°C and 4.1 – 4.5 kbar (Fig. 5a) without applying the fractionation routine 

(Table 2). Several fractionation paths with different slopes in the PT space were tested (always 

crossing the garnet core conditions) to find the PT conditions at which the modelled final garnet 

composition successfully reproduced the observed composition of the garnet rim in the sample. 

Four fractionation paths met such conditions, and all of them led to similar results (Fig. 5a, b), 

which indicate that the assemblage Chl + Grt + Ms + St + Bt + Pl + Qz + Ilm was stable at ~560–

600°C and above 4.7 kbar (Fig. 5b). Isopleths for garnet rim endmembers, in addition to XMg in 

staurolite and biotite, and XAn in plagioclase, suggest equilibration conditions at 560–580°C and 

4.7–6.5 kbar. 

 

INSERT FIGURE 5 

 

MAB51B – Eastern region of the Porongos Complex 

 

A third mica-schist sample was studied to estimate the timing of metamorphic evolution in 

the eastern Porongos Complex. The metamorphic conditions of this region were estimated for 

sample MAB52A by De Toni et al. (2021). As this sample had no monazite, the geochronological 

study was conducted using sample MAB51B from a nearby locality. 

Sample MAB51B (30.73782º S, 52.81326º W) is a garnet-plagioclase-biotite-muscovite 

schist (Fig. 3e) collected in the hanging wall of the Santana da Boa Vista thrust fault, eastern part 

of the Porongos complex (Fig. 2). The schistosity is marked by lepidoblastic muscovite (~65 vol.%) 

and biotite (~15 vol.%). Both types of mica form crystals up to 0.5 mm long and commonly display 

isoclinal microfolds and undulose extinction. Plagioclase (~8 vol.%), quartz (~2 vol.%), and 

accessory K-feldspar (<<1 vol.%) form lenses of fine-grained (0.06–0.2 mm) inequigranular 

texture. Garnet (~5 vol.%) forms 3-4 mm large isometric grains, usually with well-developed 



 

 

crystal faces and internal cracks. Chlorite (~3 vol.%) forms isolated, ~1 mm long individual clusters 

interpreted as late overgrowths on muscovite-biotite crystals. Rare tiny staurolite crystals (<0.05 

mm, <1 vol.%) were found by SEM. The opaque phase is ilmenite (~1 vol.%). 

The mineral paragenesis (staurolite-garnet-biotite-muscovite ± plagioclase) and the texture 

of MAB51B resemble those described for sample MAB52A of De Toni et al. (2021). These 

samples represent the same lithological unit and thus likely display similar metamorphic peak 

conditions of ~560–580 °C and 5.8–6.3 kbar (De Toni et al. 2021). Another important similarity 

between both samples is that the staurolite crystals are strongly replaced by muscovite (Fig. 3f). 

The main differences are: i) staurolite is more abundant in MAB52A than in MAB51B; ii) Modal 

content of muscovite is higher in MAB51B than in the MAB52A sample (~65% vs 50%); iii) De 

Toni et al. (2021) did not report plagioclase in MAB52A. 

 

Lu-Hf garnet geochronology and trace elements chemistry 

 

Lu-Hf garnet-whole-rock isochron ages were obtained for the three studied samples to 

provide a temporal framework for the metamorphic evolution of the central Dom Feliciano Belt 

foreland (Table 3, figure 6). In addition, REE and additional trace elements (Hf, U, Ti, Nd – see 

supplementary file) were analysed along transects across garnet to determine the potential 

influence of inclusions on bulk mineral, separate isotopic systematics and the influence of zonation 

on age interpretation. The results of trace element analysis are summarized in figures 7, 8 and 9, 

and complete data are available in supplementary files. Complete analytical methods for the Lu-

Hf isotopic dating are described in appendix 1. Standards reproducibility and constants used for 

the Lu-Hf isochron calculations are given in the footnote to Table 3. 

 

INSERT TABLE 3 

 

INSERT FIGURE 6 

 

MAB51B – Eastern region of the Porongos Complex 

Lu–Hf isotopic analysis of sample MAB51B yielded a garnet–whole-rock isochron age of 654 

± 2 Ma, based on four garnet aliquots and one representative whole-rock powder aliquot (Fig. 6a). 

Rim-to-rim profiles of two garnet crystals in this sample were analysed for REE and trace 

element contents. The REE data present an almost homogeneous pattern for all analysed spots 

(Fig. 7a). The data demonstrate a well-known (e.g. Hacker et al. 2019; Rubatto et al. 2006) 

enrichment of Heavy Rare Earth Elements (HREE – 102 to 103 ppm) over Light Rare Earth 



 

 

Elements (LREE – 10-3 to 101 ppm). Although garnet cores are somewhat enriched in LREE 

compared to garnet rims, and HREE concentrations increase slightly towards the rims, this 

variation is not systematic. The data in figure 7 also indicate a slightly negative europium anomaly 

Eu/Eu* [(Eunorm)/(Smnorm x Gdnorm)0.5] ranging from 0.26 to 0.60, for garnet 1 and 0.24 to 0.60, for 

garnet 2 (see details in supplementary file). 

The Lu profile is rather flat, with a slightly higher concentration in the garnet core and an 

anomalous enrichment in the right-hand outermost rim (Fig 8a). Hf shows peaks that coincide with 

peaks in U, suggesting the presence of zircon inclusions. The presence of ilmenite inclusions is 

also indicated by peaks of Ti (Fig. 8a). Considering the clean part of the garnet crystal (without 

mixed analyses from mineral inclusions), Lu shows a mean value of ~33 ppm and Hf ~0.1 ppm. 

All isotopic and trace element data are available as supplementary material. 

 

 INSERT FIGURE 7 

 

MAB56A – Northwestern region of the Porongos Complex 

Lu–Hf isotopic analysis of six garnet aliquots and two representative whole-rock powder 

aliquots yielded a garnet–whole-rock isochron age of 563 ± 1 Ma for sample MAB56A (Fig. 6b). 

In the thin section, two crystals (garnet 3 and 4) were selected for REE data acquisition by 

LA–ICP–MS. The REE patterns show mild enrichment in LREE of the rim over the core, whereas 

the core is strongly enriched in HREE. Eu/Eu* values for garnet 3 range from 0.69 to 1.56 and 

from 0.59 to 0.78 for garnet 4 (Fig 9a). 

Garnet 3 presents complex zoning of Lu with several peaks in different crystal growth zones 

(Fig. 8b). Several Hf+U peaks suggest the presence of zircon inclusions, whereas inclusions of 

ilmenite are evident from numerous peaks in Ti. In the clean garnet 4, Lu shows a mean value of 

~32 ppm and Hf ~0.1 ppm. 
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BD03 – Passo Feio Complex 

 

For sample BD03, Lu–Hf isotopic analysis of four garnet aliquots and one representative 

whole-rock powder aliquot yielded a garnet–whole-rock isochron age of 571 ± 2 Ma (Fig. 6c). 



 

 

The analysed garnet in sample BD03 displays a general enrichment in Lu towards the right-

hand side of the profile through the crystal (Fig. 8c). The appearance of Hf + U, Ti and U + Nd 

peaks suggests the presence of zircon, ilmenite and monazite/allanite inclusions, respectively. Lu 

shows a mean value of ~7 ppm and Hf ~0.1 ppm in the regions not affected by inclusions. 

 

U–Pb SIMS monazite geochronology and trace elements chemistry 

 

Monazite crystals were separated from samples MAB51B and MAB56A, whilst no monazite 

was found in sample BD03. The monazite age was determined by U–Pb isotopic dating using 

Secondary Ion Mass Spectrometry (SIMS) at the NordSIMS facility hosted by the Swedish Natural 

History Museum in Stockholm. REE data for monazite were acquired by LA–ICP–MS in individual 

monazite grains (in mount – near spots previously analysed for U–Pb age dating) to compare their 

chemistry with that of garnet. These data were completed by concentration maps for selected 

trace elements to understand their spatial distribution in the analysed grains. Details of both 

separation and analytical methods are provided in appendix 1. 

 

MAB51B – Eastern region of the Porongos Complex 

 

Monazite extracted from sample MAB51B forms irregular grains up to 200 μm large, which 

display various zoning patterns in back-scattered electron (BSE) images (Fig. 7). Most grains 

show well-preserved sector or oscillatory zoning related to crystal growth; however, zoning in 

some grains is more irregular. SEM imaging of monazite crystals in the thin section revealed 

either single crystals in the matrix (Fig. 7e, f) or grains apparently crystallized during the 

replacement of some other mineral (Fig. 7g). 

Seventeen SIMS isotopic analyses were performed in thirteen different monazite grains, 

and the resulting data are plotted in a conventional Wetherill U–Pb concordia diagram. 

Considering all data, the 17 spots yielded a pooled concordia age of 614 ± 6 Ma (2σ), which we 

consider the monazite crystallisation age in the sample (Fig. 7d). 

REE data normalised to chondrite (Boyton 1984) show enrichment of LREE over HREE 

(Fig. 7b). A pronounced Eu/Eu* anomaly ranges from 0.007 to 0.040. Th/U ratios of the grains 

range between 13.3 and 46.2, with one outlier of 70.8. 

 

MAB56A – Northwestern region of the Porongos Complex 

 



 

 

Monazite separated from sample MAB56A is up to 200 μm large (Fig 9). The crystals are 

usually rounded and cracked, displaying mostly weak zoning in BSE images. Concentric zoning 

is observed in some crystals, and two crystals preserve a central part rich in inclusions with a 

darker colour. However, from the observed zoning patterns, we cannot determine whether the 

crystals represent new monazite growth or are pre-existing crystals isotopically re-equilibrated 

during some post-growth metamorphic process. In the thin section, monazite is found in garnet 

cracks together with chlorite (Fig 9e-h), which suggests that the timing of monazite growth is 

closely related to the destabilization of garnet during retrogression. However, the monazite 

crystals in the garnet cracks are approximately ten times smaller than those analysed by SIMS 

(Fig. 9c). Monazite from that specific microstructural position was not dated due to its small grain 

size, and it is thus possible that it represents a different monazite-forming event. However, the 

dated large crystals all show very homogeneous U–Pb isotopic composition, resulting in a 

homogeneous cluster of data (Fig. 9d), which does not suggest more than one monazite-

forming/modifying event. 

Sixteen SIMS isotopic analyses were performed in eleven monazite grains of the sample. 

The data were plotted in the Wetherill U–Pb concordia diagram (Fig 9d), yielding a pooled 

concordia age of 541 ± 7 Ma (2σ). 

REE data of monazite normalized to chondrite (Boyton 1984) show enrichment of LREE 

over HREE (Fig. 9a). Although the LREE concentration is rather homogeneous in all analysed 

grains, they show a strong variation in HREE content. A small Eu/Eu* anomaly ranges from 0.36 

to 0.63). Th/U ratios range between 2.2 and 26.0. 

 

DISCUSSION 

 

Garnet and monazite petrochronology 

 

MAB51B – Metamorphic peak in the eastern Porongos Complex (ca. 660 Ma) 

 

In sample MAB51B, garnet displays a homogenous REE pattern for both rim and core, 

suggesting equilibrium with stable minerals in the matrix during its growth (Lanari and Engi 2017). 

Furthermore, the weak Eu anomaly recorded by the garnet (Eu/Eu* 0.24 to 0.60) likely suggests 

its growth in equilibrium with the matrix plagioclase. The Lu-Hf isochron age suggests that the 

metamorphic event responsible for garnet growth occurred at 654 ± 2 Ma. 

Trace element data suggest mild enrichment of Lu in garnet core (Fig. 7a). In metamorphic 

rocks, Lu usually shows partitioning into garnet core relative to rims due to Rayleigh fractionation. 



 

 

Consequently, the Lu-Hf bulk garnet age is biased towards early garnet growth (e.g. Baxter and 

Scherer, 2013). In our case, the weak Lu enrichment in the centre of the profile either means that 

this element is more homogeneously distributed than in typical prograde garnet or that the 

analysed section did not reach the very core of the crystal. Thus, the above-reported garnet age 

should be considered an average age for garnet growth in sample MAB51B. The mean Hf content 

acquired by LA–ICP–MS analysis of clean garnet (<1 ppm) presents a discrepancy compared to 

the value found from garnet isotope dilution (4 ppm – Table 3). Such disparity is likely attributed 

to contamination from Hf-rich accessory mineral inclusions in garnet. The presence of zircon and 

ilmenite micro-inclusions in garnet is confirmed by spikes in U + Hf and Ti, respectively, in figure 

8. Despite efforts to reduce the presence of such inclusions in garnet (after Anczkiewicz et al. 

2004), some Hf-rich inclusions may have dissolved together with the garnet. However, as in the 

case of zircon inclusions, a huge Hf contamination would swipe off the isochron, which seems not 

the case, as all analyses stay aligned. Thus, it is most likely that the Hf contamination was 

generated by some other ‘low-Hf’ mineral than zircon, for example, ilmenite, which would not pose 

any problems to the age estimates. This age estimate overlaps within error with an unpublished 

Rb–Sr white mica/whole-rock age of 658 ± 26 Ma from the same region (Lenz 2006). 

The peak conditions of the metamorphic event responsible for garnet growth in the eastern 

Porongos region were estimated by De Toni et al. (2021) at ~560–580 °C and 5.8–6.3 kbar, with 

the early growth of garnet at ~555–565 °C and 5.4–5.7 kbar. Also, Lenz (2006) constrained the 

metamorphic peak of the region at ~590 °C at 5–6 kbar (Table 4). The rocks studied by these 

authors display mineralogy identical to the sample MAB51B. We thus adopt the P–T data for the 

sample MAB52A of De Toni et al. (2021) as representing the peak of metamorphism in the region. 

The age of 654 ± 2 Ma obtained for the garnet growth in MAB51B is thus interpreted as dating the 

prograde metamorphic event in the region. 

 

MAB51B – Post-exhumation evolution of the eastern Porongos Complex (ca. 615 Ma) 

 

Monazite in sample MAB51B displays a generally homogenous REE pattern, with only some 

spread in the HREE content for individual grains. Such variation in HREE can be interpreted as 

local heterogeneities in rock chemistry or a time-related HREE zoning. The first possibility seems 

to be more likely, as the individual U–Pb dates form a homogeneous cluster in the concordia 

diagram (Fig. 7d). Thus, we interpret that all the analysed monazite grains represent the same 

event of monazite growth and the observed HREE variation may reflect a variable availability of 

HREE in the rock. 



 

 

Monazite grains in this sample present an extremely pronounced Eu anomaly (Eu/Eu* = 

0.040 to 0.007). Usually, such highly negative Eu anomaly is interpreted to represent monazite 

growth in equilibrium with plagioclase during melt crystallisation (Rubatto et al. 2006; Johnson et 

al. 2015; Hagen-Peter et al. 2016). This is also common in high-grade, migmatitic metamorphic 

rocks (e.g. Rubatto et al. 2013; Johnson et al. 2015; Hagen-Peter et al. 2016), but not the case 

for our lower-amphibolite facies schist. Moreover, the Eu anomaly in monazite is much stronger 

than that found in the garnet of the same sample (Fig. 7a, b), suggesting that the monazite did 

not grow during the garnet-forming metamorphic event (e.g. Rubatto et al. 2006). 

Calculated distribution coefficients of REE between monazite and garnet (Fig. 10a, b) may 

be used as another proxy for interpreting the mutual stability of these two minerals during their 

growth. Kd curves were calculated for the REE content of each analytical spot in monazite divided 

by the REE content of one representative spot for each garnet region (core, mantle and rim; for 

values, see supplementary data file). The Kd values for garnet 1 (Fig 10a) and garnet 2 (Fig 10b) 

of sample MAB51B show similar results for all three garnet regions. Although the LREE 

distribution coefficients are in the range expected for equilibrium growth by previous studies 

(Hermann and Rubatto 2003; Rubatto et al. 2006; Warren et al. 2019), the MREE and HREE 

present lower (to much lower – e.g. Eu) distribution coefficients than expected for monazite which 

would crystallise in equilibrium with garnet. Such results may be seen as another indication that 

the garnet and monazite of sample MAB51B did not crystallise in equilibrium. 

All the data presented and discussed above point to a monazite-forming event postdating 

the metamorphic peak reached by the schists of the eastern Porongos Complex. A significant 

activity of fluids altering the peak metamorphic assemblage is widespread in the region of sample 

MAB51B, as documented by muscovite halos replacing staurolite crystals and growth of 

andalusite crystals up to 10 cm in size in staurolite schists of the region (Lenz 2006; De Toni et 

al. 2021), or by the high density of quartz veins close to the nearby Passo do Marinheiro Fault. 

Thus, we interpret the large Eu anomaly found in the dated monazite from this sample as reflecting 

the growth of crystals triggered by Eu-depleted fluids.  

The fluids were likely released during crystallisation of the nearby magmatic rocks. The 

Encruzilhada Granite is the closest; however, it assimilates ca. 580 Ma syenitic rocks (Padilha et 

al. 2019), and thus, it is too young to be the fluid source. On the other hand, the 609 ± 2 Ma pulse 

of the multiphase Piquiri Syenite Massif (Rivera 2016; Sbaraini et al. 2020), which has also caused 

local contact metamorphism in the PC rocks (Battisti et al., 2018), is the most likely fluid source. 

Furthermore, K-feldspar may show a stronger Eu positive anomaly than plagioclase (Bea et al. 

1994), and feldspar-rich magmatic rocks tend to concentrate Eu in the primary feldspar (Larsen 

2002; Gahlan et al. 2016), which in turn may lead to the release of strongly Eu-depleted fluid 



 

 

during their crystallization. Therefore, we interpret the 614 ± 6 Ma monazite crystals as dating the 

time of the release of fluids from crystallizing syenitic rocks in the close vicinity, as their respective 

ages overlap within error. Furthermore, we associate the monazite growth with other features, 

such as the post-kinematic andalusite growth or the staurolite replacement by muscovite coronas 

(De Toni et al. 2021). Together with the Lu-Hf garnet age, these features suggest that the eastern 

Porongos Complex was exhumed between ca. 660–615 Ma since the syenite intruded it at 

shallower levels than those established for the metamorphic peak in the Porongos eastern region. 

 

INSERT FIGURE 10 

 

MAB56A – Metamorphic peak in the northwestern Porongos Complex (ca. 560 Ma) 

 

In sample MAB56A, relict garnet grains present a systematic variation of HREE content, 

where the HREE are strongly enriched in garnet cores, and the concentrations decrease towards 

the rims. Despite five spots with a slightly positive Eu anomaly (Eu/Eu* = 1.01 to 1.57), the 

generally mild negative Eu anomaly (Eu/Eu* = 0.59 to 0.98) in this sample is interpreted as a 

response to the presence of plagioclase in the metamorphic assemblage. Garnet from this sample 

shows Lu enrichment in several growth zones of the crystal (Fig. 8b), whereas another analysed 

crystal (supplementary figures) shows a bell-shaped profile suggesting Lu partitioning into the 

core. Due to this non-uniform distribution of Lu in garnet crystals of this sample, we interpret the 

Lu-Hf garnet–WR age of 563 ± 1 Ma as representing an average age of the garnet growth in 

sample MAB56A. Hf mean content acquired in LA–ICP–MS analyses (~0.1 ppm) differs from the 

value found after garnet isotope dilution (2.5 ppm) and may suggest that some ilmenite micro-

inclusions were dissolved together with garnet. However, ilmenite is considered part of the stable 

mineral assemblage, together with garnet. As such, its presence as inclusion in the garnet crystals 

should not influence the resulting age estimate. 

The peak PT condition reached during garnet growth was estimated at ~545–565°C and 

4.3–5.3 kbar (Fig. 4). Even though garnet grains in the sample MAB56A are often relict crystals, 

our PT estimates are based primarily on the composition of garnet that largely escaped 

retrogressive dissolution (Fig. 3b). This evolution of the sample does not rule out potentially higher 

peak metamorphic conditions than indicated by the matrix mineral assemblage. Thus, staurolite 

crystals might have been present during the metamorphic peak, as suggested by the 

thermodynamic model (Fig. 4), and they could have been subsequently consumed during 

retrogression, while some garnet crystals remained preserved. Despite the potential discrepancy 

between the observed mineral assemblage and estimated metamorphic conditions, we interpret 



 

 

the Lu-Hf garnet age (563 ± 1 Ma) and the PT conditions estimated from the garnet composition 

as reflecting/approaching the metamorphic peak in this region of the PC prior to the retrograde 

re-equilibration of sample MAB56A. 

 

MAB56A - Retrogression in the northwestern Porongos Complex (ca. 540 Ma) 

 

Monazite in sample MAB56A appears in garnet cracks together with chlorite, and its growth 

thus appears temporally related to garnet chloritization (Fig. 9g, h). Such observation, together 

with garnet being mostly present as relict crystals, suggests retrograde reworking of the sample. 

Even though the dated monazite grains are approximately ten times bigger than those observed 

in the garnet cracks, their homogeneous U–Pb isotopic composition does not suggest multiple 

monazite-forming/modifying events, and we thus associate the monazite age of 541 ± 7 Ma with 

the garnet breakdown. Such interpretation is also supported by the ~20 m.y. difference between 

the garnet and monazite age. Their respective ages (including 2σ errors) do not overlap, which 

provides strong evidence that the growth or isotopic modification of the large monazite grains is 

not connected with garnet growth. Monazite grains display a strong variation in HREE content. 

However, colour-coded REE curves and corresponding dates in the U–Pb concordia diagram (Fig 

9c, d) show that the variation in HREE content is not reflected in the U–Pb date of the analysed 

grains, as they all overlap and form a homogeneous cluster in the concordia diagram. Such results 

suggest that all dated grains represent the same monazite-growing/modifying event. The Th/U 

ratios of the analysed crystals are similar and thus support this interpretation. In this sample, 

garnet cores are systematically richer in HREE than their rims (Fig. 9a). We thus interpret the 

variation of monazite HREE content as related to the position of the monazite grain during its 

growth with respect to the garnet, i.e., monazites grains found in garnet-core cracks are richer in 

HREE, than those found in the cracks of garnet rims. The calculation with Perple_X predicts ca. 

6 vol.% of garnet at the peak metamorphic conditions, whereas its mode decreases to ca. 3 vol.% 

in the stability field of the observed retrograde mineral assemblage, which is in accord with the 

estimate from the thin section.    

An alternative interpretation by Hagen-Peter et al. (2016) suggests a time-related coupling 

of garnet breakdown and monazite growth. In such a case, the older monazite grains would be 

HREE depleted, as they would have grown from garnet rims, whereas the younger monazites 

related to the dissolution of garnet cores would be richer in HREE. Although this interpretation 

cannot be fully discarded, the resolution of our dating is not high enough to determine a 

relationship between age and HREE content. Another alternative proposed by Hacker et al. (2019) 

suggests that temperature elevation caused by a heating event could raise the partitioning 



 

 

coefficient of HREE into monazite, allowing new grains to support a larger amount of HREE in 

their structure. The spatially and temporally nearest intrusion is the Capané metagranite, which, 

according to Zvirtes et al. (2017), crystallized at 603 ± 6 Ma (U–Pb zircon age – LA–ICP–MS) and 

has a metamorphic age of 539 ± 9 Ma (U–Pb age from zircon rims and titanite age – LA–ICP–

MS). Such data indicate that the intrusion is too old to provide heat at ca. 540 Ma. On the other 

hand, the metamorphic age of the Capané metagranite is in accord with the monazite age of the 

metasedimentary sample MAB56A. 

The Eu anomalies in MAB56A monazite and garnet are similar (Eu/Eu*mon = 0.36 to 0.63; 

Eu/Eu*grt = 0.59 to 1.56). Also, distribution coefficients between monazite and garnet for some 

REEs (La–Tb; Fig. 10c, d) follow the expected equilibrium values from previous studies 

(Hermann and Rubatto 2003; Rubatto et al. 2006), although petrographic observations attest to 

disequilibrium between these minerals (Fig. 9g, h). On the other hand, Kd curves for the HREE 

suggest equilibrium only in a few cases, and most of the HREE Kd curves for monazite/garnet 

core and garnet mantle deviate from expected equilibrium values (Fig. 10c, d). The HREE Kd 

values for monazite/garnet rim show a large spread (up to three orders of magnitude) for each 

element, where some of the values match the expected equilibrium values, some are higher, 

and some are lower (Fig. 10c, d). This reflects the strongly variable HREE content of the 

monazite itself (Fig. 9b), and as mentioned above, we interpret this feature as a result of the 

variable availability of HREEs during monazite growth, which will largely depend on the distance 

of the growing monazite from the dissolving garnet, as well as on the particular part of the garnet 

(core, mantle, rim) releasing the HREEs. 

Thus, we interpret the monazite U–Pb SIMS concordia age of 541 ± 7 Ma (2σ) as the time 

of retrograde overprint of sample MAB56A. 

 

BD03 – Prograde metamorphism in the Passo Feio Complex (ca. 570 Ma)  

 

The garnet Lu-Hf dating of sample BD03 yielded an age of 571 ± 2 Ma. In agreement with 

previous works (Bitencourt 1983; Costa et al. 2021), we interpret the garnet in this sample as syn-

kinematic to the main progressive deformational-metamorphic event in the complex, represented 

by the main schistosity. Therefore, the ca. 570 Ma age is interpreted as the mean age of the 

prograde metamorphism of the Passo Feio Complex. Also, as Lu is not concentrated within one 

growth zone of the garnet (Fig. 8c), the Lu-Hf garnet–WR dating result is considered an average 

age of the garnet growth in sample BD03. The mean Hf content acquired by LA–ICP–MS (<1 

ppm) presents a discrepancy when compared to the value found from garnet isotope dilution (4 



 

 

ppm). However, as in sample MAB51B, all the garnet aliquots stay aligned in the isochron, and 

thus the same interpretation is applied to sample BD03, which indicates the age is likely trustful. 

Thermodynamic modelling of sample BD03 places the peak metamorphic conditions of this 

event at ~560–580 oC and 4.7–6.4 kbar, with initial garnet growth at ~525–545 oC and 4.1–4.5 

kbar. The data agree with the estimates of Costa et al. (2021) for a nearby sample of a garnet-

staurolite schist, whereas their additional estimate for a staurolite-free garnet phyllite places the 

metamorphic peak to ~500–510 ºC and 5–6.4 kbar (Table 4). 

Published geochronological data for the main metamorphic event in the PFC are rather 

limited. A single SHRIMP spot in a zircon rim yielded a date of 685 ± 12 Ma (Remus et al. 2000) 

that was associated with the metamorphic peak and thus contrasts with the 571 ± 2 Ma Lu-Hf 

garnet age. However, the available image (Fig. 5i in Remus et al. 2000) suggests that the 

microprobe beam size was larger than the zircon rim width, which points to a possible mixed 

analysis with the Tonian (843 Ma) zircon core. 

A second, low-pressure metamorphic event overprinted the peak mineral assemblage in the 

PFC (Bitencourt 1983; Costa et al. 2021), and it was interpreted as being related to the 

emplacement of the Caçapava Granite at 562 ± 8 Ma (SHRIMP U–Pb zircon – Remus et al. 2000). 

The dextral transcurrent fabric generated in such second event cross-cuts the main metamorphic 

foliation (Costa et al. 2021). Thus, despite the overlap of the ages within their respective errors 

(M1 at 571 ± 2 Ma and M2 at 562 ± 8 Ma), metamorphic and structural field relations attest that M1 

preceded the M2 event, or they are even progressive phases. 

 

INSERT TABLE 4 

 

Geological significance of the data and an evolutionary scenario for the Porongos and 

Passo Feio complexes 

 

The geochronological and metamorphic data presented in this work can be summarized in 

a P–T–t diagram showing the evolution and mutual relationships of Porongos and Passo Feio 

complexes (Fig. 11). The data show progressive thickening of the central Dom Feliciano foreland 

taking place in at least two distinct periods. 

The early phase of orogenic evolution in the foreland is recorded by the prograde 

metamorphism of mica schists in the eastern region of the Porongos Complex. Estimates of 

metamorphic conditions by De Toni et al. (2021) and Lenz (2006) suggest a clockwise path for 

this region (see lines 1 and 2 in Fig. 11a). Garnet started to grow at ~ 555–565oC and 5.4–5.7 

kbar and the metamorphic peak was reached at conditions of 560–580oC and 5.8–6.3 kbar 



 

 

(MAB52A – De Toni et al. 2021). Such data demonstrate early thickening of the foreland crust 

with an apparent geothermal gradient ranging from 25 to 35oC/km at ca. 660 Ma (Fig. 11a – line 

1), as demonstrated by the Lu-Hf garnet-WR age. For many authors (e.g. Saalmann et al. 2006; 

Höfig et al. 2018; Battisti et al. 2018; De Toni et al. 2021), the main metamorphic–deformation 

event in the PC was related to the well-known collision in the DFB at ca. 650 Ma (Chemale et al. 

2011; Martil 2016), which generated W-verging thrust of hinterland nappes on top of the foreland 

(Battisti et al. 2018; De Toni et al. 2021). Our Lu-Hf garnet–WR dating confirms the timing of the 

main fabric development and metamorphic peak in the eastern region of PC during this ca. 660–

640 Ma event. 

The post-exhumation evolution of the eastern Porongos Complex (Fig. 11a - line 2) is 

registered by the destabilization of the peak metamorphic assemblage and growth of andalusite 

crystals in the mica-schist samples (De Toni et al. 2021; Lenz 2006). Lenz (2006) estimated the 

conditions of this event at 550–560°C and 2.7 kbar. As discussed above, we associate these fluid-

triggered mineralogical changes with the growth of monazite in sample MAB51B dated at ca. 615 

Ma. All these data suggest that the eastern PC was exhumed between ca. 660 and 615 Ma, i.e. 

before the onset of extensive magmatic activity in the region at ca. 610 Ma. 

The second phase of thickening of the foreland is recorded in the northwestern region of the 

Porongos Complex (line 3 in Fig. 11b) and in the Passo Feio Complex (lines 5 and 7 in Fig. 11c). 

The evolution of sample MAB56A from the northwestern Porongos Complex shows the onset of 

garnet growth at 520–540oC and 3.9–5.3 kbar and the metamorphic peak at ~545–565oC, and 

4.3–5.3 kbar. Together with Lu-Hf garnet-WR dating, such data indicate a burial event at ca. 565 

Ma. The exhumation of the PC northwestern region was associated with severe chloritization of 

the garnet-bearing peak mineral assemblage. It took place at around 540 Ma (Fig. 11b – line 4), 

as suggested by monazite growth at the expense of the ca. 565 Ma garnet. This second thickening 

event is exclusively recorded northwest of the Santana da Boa Vista thrust fault (Fig. 2). 

Burial of the Passo Feio Complex took place at ca. 570 Ma (Fig. 11c – lines 5 and 7), as 

determined by Lu-Hf dating of garnet growth during the main regional metamorphism of the 

complex. Sample BD03 registers the metamorphic peak of this event at ~560–580 oC and 4.7–

6.4 kbar. The exhumation of the complex occurred before ca. 560 Ma (Fig. 11c – line 6), which is 

the age of the Caçapava granite intrusion triggering contact metamorphism at depths shallower 

than 14 km, as indicated by the crystallization of andalusite (Costa et al. 2021). The exact 

exhumation path is unclear (line 6 in fig. 11c) and either corresponds to a near isothermal 

decompression path or to an exhumation and cooling path followed by re-heating (Costa et al. 

2021), both due to the heat input caused by the Caçapava granite intrusion. P–T modelling also 



 

 

indicates that andalusite is only stable at temperatures similar to those of the metamorphic peak 

but at lower pressures (Fig. 5). 

 

INSERT FIGURE 11 

 

Evolutionary model 

 

Our geochronological and metamorphic data indicate a diachronous metamorphic evolution 

of the eastern and northwestern regions of the Porongos Complex. Such results explain the 

difference between these two regions, mainly noticed in the zircon provenance patterns of 

metasedimentary rocks (Gruber et al. 2011, 2016; Pertille et al. 2015b, 2015a, 2017; Höfig et al. 

2018) and protolith ages of metaigneous rocks (Saalmann et al. 2011; Pertille et al. 2017; Höfig 

et al. 2018; Battisti et al. 2022). 

The older Porongos Complex sequence (called Cerro da Árvore after Jost and Bitencourt 

1980; Fig. 2), and the Várzea do Capivarita Complex metasedimentary rocks (Fig. 2) have been 

deposited from before ca. 810 Ma, as indicated by the age of the associated volcanic rocks 

(Saalmann et al. 2011; Pertille et al. 2017; Battisti et al. 2022), until ca. 660–640 Ma, when the 

early orogenic deformation and metamorphism took place (Fig. 12a). The ca. 660–640 Ma 

collisional event affected the easternmost part of the Cerro da Árvore sequence, which was thrust 

under the developing hinterland represented by the W-verging nappes of the Várzea do Capivarita 

Complex (Martil et al. 2017; Battisti et al. 2018; De Toni et al. 2021) but had minor effect on the 

westernmost part of this sequence (Fig. 12b). Sometime between ca. 660 Ma and ca. 615 Ma, 

the eastern PC was exhumed. The exhumation preceded an extensive magmatic activity in the 

region, during which at least some intrusions likely exploited the existing nappe boundaries. The 

ca. 660–640 Ma collisional event happened when the stretched crust of the Nico Pérez–Congo 

blocks, where the Várzea do Capivarita Complex and older sequence of the Porongos Complex 

originated, was inverted and thrust over its western border (Rio de la Plata Craton and São Gabriel 

arc – Fig. 12b). 

In the PC western region, the basin with the pre-orogenic infill of the Cerro da Árvore 

sequence started receiving synorogenic (flysch) sediments of the present-day Porongos Complex 

Capané sequence. Based on the data of this study, the flysch sedimentation took place any time 

from ca. 660 Ma to ca. 570–560 Ma (Fig. 12b). At ca. 570–560 Ma, the second episode of crustal 

thickening occurred. The eastern region of PC was thrust on top of its western region, which 

caused metamorphism and deformation of both the Capané (younger) and Cerro da Árvore (older) 

PC sequences (Fig. 12c). The MAB56A locality represents the region where the Cerro da Árvore 



 

 

and Capané sequences are interleaved. The destabilization of garnet and appearance of 

monazite in equilibrium with retrograde chlorite at ca. 540 Ma likely indicates the exhumation-

related decrease of metamorphic temperatures from ca. 560 Ma to ca. 540 Ma. 

Our new data suggest that the crustal thickening and overall tectonic activity in the central 

Dom Feliciano Belt foreland at ca. 570–560 Ma was much more extensive than so far published. 

Such data indicate that the Passo Feio and western Porongos complexes record an orogenic front 

migration towards the west as a part of a long-lived transpressive deformation in the Dom 

Feliciano Belt, which has started at ca. 660–640 Ma (see also De Toni et al. 2021; Percival et al. 

2022, 2023). 

 

INSERT FIGURE 12 

 

Connection with the African part of the orogenic system 

 

The metamorphic–deformation event at ca. 650 (±10) Ma is well documented in the 

hinterland domain of the Dom Feliciano–Kaoko–Gariep orogenic system. High-grade 

metamorphism of this age was registered in the central and southern sectors of the Dom Feliciano 

Belt in the Várzea do Capivarita (e.g. Battisti et al. 2022; Chemale et al. 2011; Martil et al. 2017) 

and Cerro Olivo (e.g. Gross et al. 2006, 2009; Oyhantçabal et al. 2009; Lenz et al. 2011; Basei et 

al. 2011; Peel et al. 2018; Will et al. 2019) complexes, as well as in the Coastal Terrane of the 

Kaoko Belt (Franz et al. 1999; Goscombe et al. 2005). Until recently, this timing of deformation 

was not recognized in the foreland regions of the orogenic system, which led several authors to 

interpret that the 650 (±10) Ma event is not connected with orogenic evolution but with the building 

of a magmatic arc above the subducting oceanic crust (e.g. Basei et al. 2000, 2018; Goscombe 

et al. 2005; Hueck et al. 2018). 

The first interpretations that the ca. 650 (±10) Ma event may represent thrusting of the 

orogenic hinterland over the South American foreland domain were published by Battisti et al. 

(2018) and De Toni et al. (2021). These interpretations were later confirmed by a detailed 

petrochronological work in the northern Dom Feliciano Belt foreland by Percival et al. (2022). The 

petrochronological data presented in this paper demonstrate for the first time that the 650 (±10) 

Ma metamorphic–deformational episode is also registered in the foreland of the central sector of 

the Dom Feliciano Belt and thus confirm the earlier interpretation of Battisti et al. (2018). 

Furthermore, the data of Percival et al. (2022) and the new data presented in this work show that 

the 650 (±10) Ma thrusting event is registered along a large part of the Dom Feliciano Belt 



 

 

hinterland–foreland boundary and confirm it as the main event that has shaped the regional 

architecture along the western edge of the orogenic system. 

The main deformation event in the African Kaoko Belt occurred at 580–550 Ma when the 

Coastal Terrane was thrust over the eastern/southeastern Congo Craton margin (Goscombe et 

al. 2005; Konopásek et al. 2005, 2008; Goscombe and Gray 2007; Ulrich et al. 2011). The same 

timing for contractional evolution is known from the Gariep Belt, representing the southern African 

part of the orogenic system. There, inversion of the pre-orogenic Gariep basin started at ~ 580 

Ma. The contractional period in the Gariep Belt lasted for ca. 35 My, and the belt reached its 

metamorphic peak at ca. 545 Ma (Frimmel and Frank 1998). 

So far, the thrusting event in the Dom Feliciano Belt, corresponding to the 580–550 Ma 

crustal thickening on the African side of the orogenic system, has not been demonstrated. Our 

petrochronological data for the second crustal thickening episode in the Central Dom Feliciano 

belt presented in this paper suggest its close connection with the main deformation period in the 

Kaoko and Gariep belts. The Lu-Hf garnet ages of 563 ± 1 and 571 ± 2 Ma registered in the 

western Porongos and Passo Feio complexes, respectively, demonstrate for the first time that the 

crustal thickening event that shaped the African side of the orogenic system was also important 

in building the regional architecture of the central Dom Feliciano Belt foreland. 

 

CONCLUSIONS 

 

A petrochronological study utilizing petrological modelling combined with Lu-Hf garnet–WR 

ages, U–Pb monazite SIMS ages and REE data in garnet and monazite was performed in 

metasedimentary rocks of the central Dom Feliciano Belt foreland. The results allow us to draw 

the following conclusions. 

1) Metasedimentary rocks of the eastern Porongos Complex display a main metamorphic 

event at 654 ± 2 Ma (Lu-Hf isochron garnet–whole-rock age). Such event took place at 

~555–565 oC and 5.4–5.7 kbar and reached metamorphic peak at ~560–580 oC and 5.8–

6.3 kbar. This episode represents an early orogenic thickening event in the foreland as 

a response to the beginning of the transpressive convergent evolution of the Dom 

Feliciano Belt. 

2) The monazite age of 614 ± 6 Ma (U–Pb SIMS) suggests that the eastern Porongos 

Complex was exhumed sometime between ca. 660 and 615 Ma. The growth of monazite, 

andalusite and secondary white mica was likely triggered by a release of fluids during the 

crystallisation of neighbouring syenitic rocks of similar age. 



 

 

3) Syn-orogenic sediments (Capané sequence) were deposited in the western part of the 

Porongos Complex at an unspecified time between ca. 660 to ca. 560 Ma. This region's 

main metamorphic and deformational event occurred at ~545–565°C and 4.3–5.3 kbar 

at 563 ± 1 Ma (garnet-WR Lu-Hf isochron age). 

4) The exhumation of western PC is dated by the appearance of monazite crystallised 

during garnet breakdown, suggesting retrograde metamorphism at 541 ± 7 Ma (U-Pb 

SIMS). 

5) The main metamorphic fabric in the Passo Feio Complex has developed at 571 ± 2 Ma 

(garnet–WR Lu-Hf isochron age) at metamorphic conditions of ~ 560–580oC and 4.7–6.4 

kbar. 

6) The Western part of the Porongos Complex and the Passo Feio Complex were deformed 

at ca. 570–565 Ma at similar PT conditions and geothermal gradients. These regions 

record a second crustal thickening event in the Dom Feliciano Belt and the orogenic front 

migration towards the west in a long-lived transpressive orogenic system. 

7) The Lu-Hf garnet ages of 563 ± 1 and 571 ± 2 Ma registered in the western Porongos 

and Passo Feio complexes, respectively, demonstrate for the first time that the crustal 

thickening event that shaped the African side of the orogenic system was also important 

in building the regional architecture of the central Dom Feliciano Belt foreland. 
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Appendix 

 

1. Lu-Hf isotope analysis 

 

The Lu–Hf analyses were conducted at the Geological Institute of the Czech Academy of 

Sciences (chemistry) and Faculty of Science, Charles University (MC–ICP–MS). Garnet 

concentrates and whole-rock powders were weighted and mixed with the 176Lu–180Hf tracer 

solution. The samples were digested in closed 30ml Savillex Teflon vials using combined acid 

attack (HF–HNO3–HCl). First, 0.5 ml HNO3 + 2 ml HF (concentrated acids) was added to each 

sample and left to stand cold in a closed vial for 3 hours. Subsequently, the bombs were opened 

and warmed on the hotplate to 90 ºC to evaporate Si and all acids. During this step, the major 

minerals are attacked by the acids, most of the Si evaporates with the excess HF, and the acids 

used in the following step thus can attack any resistant minerals without being depleted by 

reaction with major silicate phases. After complete evaporation, the mixture of 1.5 ml HNO3 + 4.5 

ml HF was added to the samples, left on a hotplate for two days at 160 ºC, and then evaporated 

to dryness. After that, the samples were treated three times with 2 ml of concentrated HNO3 and 

evaporated to dryness. Next, 1 ml of 6 M HCl was added and immediately dried down. Finally, 8 

ml of 6 M HCl was added and left on a hotplate at 160 ºC in a sealed beaker for 24 hours. The 

sample was then evaporated to dryness, and 2 ml of 1 M HCl was added for subsequent column 

chemistry. 

The ion exchange column chemistry follows closely that of Anczkiewicz et al. (2004), which 

is a down-scale modification of the original setup of Patchett and Tatsumoto (1980). The 

separation of Hf (+ Ti) and Lu (+ Yb and LREE) fractions is first carried out on a standard cation 

exchange column using AG50W–X8 resin (200–400 mesh size) and 1 M HCl–0.06 M HF (HFSE 

elution) and 2.5 M HCl (REE elution). The final purification of Hf from other HFSE and potentially 

interfering Lu and Yb takes place on a second column with Eichrom LN resin (50–100 µm) using 

a technique based on Lee (1999) employing the mixture of 2 M HCl–0.1 M. The same column is 

then used to purify Lu from other REEs and reduce Yb in the Lu cut using 4M HCl. 

All measurements of Lu and Hf fractions were carried out using a THERMO Neptune multi-

collector (MC) ICP–MS in the labs of the Faculty of Science, Charles University in Prague. 

Hafnium isotopic compositions were analysed in a static mode using Faraday cups with the 

following configuration: L4 – 172Yb, L3 – 174Yb, L2 – 175Lu, L1 – 176Hf, C – 177Hf, H1 – 178Hf, H2 – 

179Hf, H3 – 180Hf, H4 – 182W. Samples were aspirated to the instrument in 0.5 M HNO3–0.25 M HF 

mixture using CETAC Aridus II desolvating nebulizer. The data acquisition procedure consisted 

of 40 integration cycles acquired over a period of ~ 6 min, followed by ~ 5 min of washout with a 



 

 

mixture of 1.2 M HNO3–0.5 M HF composition. The raw data were processed offline using an on-

purpose-built calculation EXCEL spreadsheet. Repeated measurements of 50 ppb JMC–475 

standards throughout analyses yield 176Hf/177Hf =0.282158 ± 7 (2SE, n=7), which is in agreement 

within error with the reference data (Chu et al., 2002). The spike stripping routine employing the 

ratio of 179Hf/177Hf iteratively deconvoluting to the natural value of 0.7325 (Patchett and Tatsumoto, 

1980) and exponential mass-bias correction were used to obtain Hf isotopic composition and Hf 

concentration of the spiked samples. 

For Lu isotopic analyses, Faraday cup configuration was as follows: L3 – 171Yb, L2 – 172Yb, 

L1 – 173Yb, C – 174Yb, H1 – 175Lu, H2 – 176Lu, H3 – 177Hf. The sample aspiration was identical to 

the Hf measurements, with the difference that HF-free acids were used for sample introduction 

(0.5 M HNO3) and washout (1.5 M HNO3). The data acquisition procedure consisted of 40 

integration cycles acquired over a period of ~ 3 minutes, followed by 4 min of washout. The raw 

data were processed offline using an on-purpose-built calculation EXCEL spreadsheet. Repeated 

measurements of natural Lu and Yb standard solutions were carried out to check the accuracy of 

the isotopic ratio measurements. The mass-bias correction (exponential law) of the spiked 

176Lu/175Lu ratio was done using the natural Yb present in the sample (reduced in the 3rd step of 

column chromatography to be ~ 1/10 of the amount of Lu to be suitable for mass bias correction 

while not causing excessive interference on 176Lu mass) and the true ratio of 174Yb/172Yb = 

1.45198 (Thirlwall and Anczkiewicz, 2004). The value of 176Lu/175Lu was then used to calculate 

the concentration of Lu in the samples. The accuracy of the method was checked by measurement 

of spiked aliquot of BCR–2 reference material, which gave 176Hf/177Hf = 0.282859 ± 11, Hf = 5.00 

ppm and Lu = 0.514 ppm, which are in good agreement with published values of 0.282866 ± 11 

(Jweda et al., 2016), 4.8 ± 0.2 and 0.51 ± 0.02 (U.S. Geological Survey Certificate of Analysis, 

online source) respectively. 

 

2. U–Pb monazite dating methodology 

 

The samples were processed through a rock crusher and a hammer mill. Monazite and 

garnet were separated using a Wilfley table, a Frantz™ isodynamic magnetic separator and heavy 

liquids in the laboratories of the Department of Geosciences at the UiT The Arctic University of 

Norway in Tromsø. Subsequently, monazite grains were handpicked under a binocular 

microscope, and selected grains were mounted in one-inch epoxy disks. In order to identify 

internal microstructures and possible compositional zoning, backscattered electron (BSE) images 

of monazite grains were made by Zeiss Merlin Scanning Electron Microscope (SEM) housed at 

the Faculty of Health Sciences of the same university. 



 

 

Monazite U–Th–Pb analyses by SIMS were performed on a Cameca IMS 1280 ion probe at 

NordSIMS laboratory hosted by the Swedish Museum of Natural History in Stockholm. Operating 

parameters concerning primary beam and mass resolution were similar to those used for zircon, 

broadly following the protocols described (Gasser et al., 2015). The principal difference from 

zircon is that the monazite analyses employed both a smaller entrance slit (30 µm instead of 75 

µm) to limit the secondary beam intensity, as well as a smaller energy slit (30 eV instead of 45 

eV) together with a -30 eV energy offset (applied via sample high voltage) on all the Pb, ThOx and 

UOx (where x = 0, 1 or 2) peaks of interest to minimize matrix differences in potentially chemically 

diverse monazite and eliminate a small ThNdO2
2+ interference on 204Pb identified in earlier 

monazite studies (e.g. Kirkland et al., 2009). Secondary beam centring and optimization steps 

were performed as for zircon but using the CePO2
+ matrix peak at nominal mass 203. U–Pb ratios 

were calibrated against a 425 Ma reference monazite from a metapelite of the Wilmington 

Complex, Delaware (sample 44069, Aleinikoff et al., 2006), using a two-dimensional power law 

calibration approach, i.e. (Pb/U)true = f.(Pb/U)meas, UO2/Umeas) based on measurement of these 

ratios in the reference monazite. 

  



 

 

FIGURE CAPTIONS 

 

Figure 1. a Overview geological map and main tectonic domains of the Dom Feliciano–Kaoko–Gariep 

orogenic system (modified after Konopásek et al., 2018 and Bitencourt and Nardi, 2000). b Relative 

position of Africa and South America is shown at 140 Ma - after Heine et al., 2013. c Dom Feliciano 

Belt domains in the Rio Grande do Sul state are shown in the inset. Location of figure 2 is indicated. 

Cities: FL – Florianópolis, PA – Porto Alegre, MV – Montevideo, LÜ – Lüderitz, SW – Swakopmund. 

 

Figure 2. Geological map of the studied area with the sampled sites indicated. DCZS – Dorsal do 

Canguçu Shear Zone; PCSZ – Passo das Canas Shear Zone. Tectonic division shown in the inset 

(sensu De Toni et al. (2021). References: 1 – Paim et al. (2014); 2 – Padilha et al. (2019); 3 – Rivera 

(2016), Padilha et al. (2019); 4 – Bitencourt et al. (2015), Knijnik (2018), Vieira et al. (2020); 5 – Knijnik 

(2018), Vieira et al. (2020); 6 – Remus et al. (2000); 7 – This paper; 8 – Battisti et al. (2023); 9 – Höfig 

et al. (2018); 10 – Philipp et al. (2016b); 11 – Saalmann et al. (2011), Pertille et al.( 2017), Battisti et al. 

(2022); 12 – Martil et al. (2017), Battisti et al. (2022); 13 – Gross et al. (2006), Chemale et al. (2011), 

Philipp et al. (2016a), Martil et al. (2017); 14 – Chemale et al. (2011); 15 – Leite et al. (2000), Hartmann 

et al. (2003), Saalmann et al. (2011), Gregory et al. (2015). 

  

Figure 3. a General view of MAB56A garnet-bearing plagioclase–biotite–quartz–muscovite schist. 

microstructure with detail of a relic of strongly dissolved garnet crystal. b Snowball garnet in MAB56A 

sample. c General view of BD03 muscovite–garnet–staurolite–biotite–plagioclase–quartz schist 

microstructure; d Detail of a garnet porphyroblast. e General view of MAB51B garnet–plagioclase–

biotite–muscovite schist. The lower left inset shows a BSE image of the relationship between a relic of 

staurolite and monazite. f MAB52A staurolite-garnet-biotite-muscovite schist studied by De Toni et al. 

(2021) (30.74621º S, 52.81647 ºW) from the same lithological unit as MAB51B. Photomicrographs were 

taken in plane-polarized (PPL) and cross-polarized light (XPL) to highlight the textural aspects of the 

rock. The lower left inset shows a pseudomorphic replacement of staurolite crystal by muscovite in the 

sample MAB52A. 

 

Figure 4. P–T pseudosections calculated for sample MAB56A. a Phase diagram calculated for the bulk 

chemistry of the sample, showing conditions for the early garnet growth (pink polygon) and for the 

garnet rim stability (blue polygon). b Phase diagram calculated for the bulk rock chemistry modified by 

gradually removing corresponding garnet volume and composition along the selected fractionation 

path. 

 



 

 

Figure 5. Calculated P–T pseudosections for the sample BD03. a Phase diagram calculated for the 

bulk chemistry of the sample. b Phase diagram calculated for the bulk rock chemistry modified by 

gradually removing corresponding garnet volume and composition along the selected fractionation 

path. Although the P–T conditions of stabilization of the matrix mineral assemblage are similar in both 

diagrams, the P–T diagram for fractionated bulk rock composition shows a better match of the mineral 

composition with the peak metamorphic assemblage field (field 23 in (a), and field 19 in (b)). 

 

Figure 6. Results of the garnet–whole-rock Lu–Hf dating. Porongos Complex – sample MAB51B (a) 

and, sample MAB56A (b), and Passo Feio Complex – sample BD03 (c). 

 

Figure 7. REE data for garnet (a) and monazite (b) in sample MAB51B, normalized to chondrite 

(Boyton, 1984). In (a), colour coding of the REE curves indicates the distance of each analytical spot 

from the garnet centre. c BSE images showing textures of analysed monazite grains and their 

respective U238/Pb206 dates. d U–Pb SIMS, concordia age of monazite, calculated from all analysed 

grains. In (b) and (d), colour-coded REE curves and ellipses distinguish each SIMS spot in monazite 

grains shown in (c). Textural relationships of monazite with other mineral phases in the thin section are 

illustrated in BSE images in (e), (f) and (g). Additional trace element data and garnet laser spots are 

presented as supplementary material. 

 

Figure 8. Lu–Hf–U–Ti–Nd distribution curves for garnet of MAB51B (a – grt1) and MAB56A (b – grt3) 

– Porongos Complex; and garnet of BD03 (c – grt5) – Passo Feio Complex. The coloured bars indicate 

the presence of inclusions. 

 

Figure 9. REE data for garnet (a) and monazite (b) in sample MAB56A), normalized to chondrite 

(Boyton, 1984). In (a), colour coding of the REE curves indicates the distance of each analytical spot 

from the garnet centre. c BSE images showing textures of analysed monazite grains and their 

respective U238/Pb206 dates. d U–Pb SIMS, concordia age of monazite, calculated from all analysed 

spots. In (b) and (d), colour-coded REE curves and ellipses distinguish each SIMS spot in monazite 

grains shown in (c). Textural relationships of monazite with other mineral phases in the thin section are 

illustrated in BSE images in (e–h). Additional trace element data and garnet laser spots are presented 

as supplementary material. 

 

Figure 10. Calculated distribution coefficients of REE between a monazite and garnet 1 and b monazite 

and garnet 2 in sample MAB51B and c monazite and garnet 3 and d monazite and garnet 4 in sample 



 

 

MAB 56A. Dashed black lines: Mnz/Grt core, grey lines: Mnz/Grt mantle, dashed blue lines: Mnz/Grt 

rim. 

 

Figure 11. P–T–t evolution of Eastern (a) and Northwestern (b) region of the Porongos and (c) Passo 

Feio complexes, based on the data of this paper and literature (see text for related references). d 

summary of the evolution of the studied complexes. Depth was calculated using average crustal density 

of 2.8 g/cm3. 

 

Figure 12 – A pre-orogenic setting and two-stage orogenic evolution model of the Central Dom Feliciano 

Belt foreland (Porongos and Passo Feio complexes) and hinterland (Várzea do Capivarita Complex). 

A) Pre-orogenic evolution of the area showing the stage of continental stretching (ca. 800–770 Ma) and 

formation of extensional basins as precursors to the foreland and hinterland domains. B) Initial stage 

of orogenic evolution at ca. 660–640 Ma showing thrusting of the hinterland (Várzea do Capivarita 

Complex) over the volcano-sedimentary cover of the foreland (represented largely by the Cerro da 

Árvore sequence of the  Porongos Complex). During this orogenic episode, the developing topography 

was gradually eroded and deposited as the early orogenic flysch deposits, which are the precursor of 

the Capané sequence in the western region of the Porongos Complex. c Second stage of orogenic 

evolution at ca. 570–560 Ma. The pre-orogenic sediments distal from the orogenic front and the early 

orogenic flysch sediments are involved in the second episode of crustal thickening in the foreland. This 

period is responsible for the metamorphism of the Capané sequence and the Passo Feio Complex. 

During this episode, the Cerro da Árvore and Capané sequences became tectonically interleaved in 

the northwestern region of the Porongos Complex. 
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Table 1. Representative microprobe analyses of minerals (The analyses were recalculated based on the following nr. of oxygen atoms: 
Pl = 8O; Bt, Ms = 11O; Grt = 12O; Chl = 14O; St=24O). All analyses are available as supplementary data. 

Sample  MAB56A    BD03 

Wt% 
 

Bt Ms Pl Chl 
Grt 
core 

Grt 
rim 

 
Bt Ms Chl Pl St 

Grt 
core 

Grt 
rim 

SiO2  33.75 45.11 68.04 24.71 37.46 37.22  35.60 45.75 24.74 59.95 27.65 36.75 37.46 

TiO2  1.90 0.30 0.05 0.07 0.08 0.05  1.19 0.45 0.13 0.03 0.67 0.05 0.07 

Al2O3  20.49 36.90 20.32 21.66 21.03 20.79  19.91 37.13 23.29 24.63 53.66 20.68 21.20 

FeO  22.90 1.03 0.19 31.60 31.09 36.50  18.03 0.73 23.48 0.08 13.37 28.97 33.86 

MnO  0.07 0.02 - 0.20 5.60 1.20  0.10 0.04 0.17 0.00 0.19 8.45 3.14 

MgO  6.82 0.35 0 10.10 1.38 2.12  10.01 0.56 15.02 0.00 1.73 1.78 2.91 

CaO  0 0 0.10 0.03 3.86 2.54  0.00 0.01 0.02 6.95 0.04 2.98 2.39 

Na2O  0.16 1.24 11.97 0.02 - -  0.16 1.23 0.00 7.95 0.03 0.00 - 

K2O  8.41 9.21 0.01 - - -  9.06 9.41 0.03 0.10 0.00 0.00 - 

Cr2O3  0.10 0.07 - 0.08 0.13 0.02  0.09 0.18 0.03 0.00 0.06 0.00 0.00 

ZnO  - - - - - -  0.00 0.00 0.00 0.00 0.15 0.00 - 

Total  94.58 94.26 100.68 88.55 100.63 100.43  94.12 94.84 86.92 99.68 97.55 99.65 101.04 

Si  2.62 3.02 2.96 2.67 3.01 3.00  2.71 3.02 2.62 2.67 3.93 2.99 2.99 

AlIV  1.38 0.98 1.04 1.33    1.29 0.98 1.38 1.32 0.07 0.01 0.01 

AlVI  0.50 1.92 0 1.50 1.99 1.98  0.50 1.91 1.51 0 8.92 1.98 1.99 

Cr  0.01 0 - 0.01 0.01 0.00  0.01 0.01 0 0 0.01 0.00 0.00 

Fe3+  0 0 - - -   0 0 - 0 0 0.02 - 

Ti  0.11 0.02 0.001 0.01 0.00 0.00  0.07 0.02 0.01 0 0.07 0.00 0.00 

Fe2+  1.49 0.06 0.01 2.85 2.09 2.46  1.15 0.04 2.08 0 1.59 1.95 2.26 

Mn  0.01 0 - 0.02 0.38 0.08  0.01 0.00 0.02 0 0.02 0.58 0.21 

Mg  0.79 0.04 0 1.63 0.17 0.25  1.14 0.05 2.37 0 0.37 0.22 0.35 

Ca  0 0 0.01 0.003 0.33 0.22  0 0.00 0 0.33 0.01 0.26 0.20 

Na  0.02 0.16 0.99 0.01 - -  0.02 0.16 0 0.69 0.01 0.00 - 

K  0.83 0.79 0.001 - - -  0.88 0.79 0 0.01 0.00 0.00 - 

Zn  - - - - - -  0 0 0 0 0.02 0.00 - 

XMg  0.35 0.39 - 0.36 0.07 0.09  0.50 0.58 0.53 - 0.19 0.10 0.13 

XAn  - - 0.99 - - -  - - - 0.32 - - - 

XGrs  - - - - 0.11 0.07  - - - - - 0.09 0.07 

XAlm  - - - - 0.70 0.82  - - - - - 0.65 0.75 

XPy  - - - - 0.06 0.08  - - - - - 0.07 0.11 

XSps  - - - - 0.13 0.03  - - - - - 0.19 0.07 



 

 

Table 2. Summary of estimated PT conditions and comparison of observed vs. modelled mineral 
compositional parameters. 

  

PT estimates Mineral Compositions 
 T oC P (kbar)   XAlm XSpss XPrp XGrs Grt XMg Bt XMg Chl XMg XAn St XMg  

Sample 
min 
max 

mean 
min 
max 

mean             

MAB56A 
core 

520 
540 

530 
3.9 
5.3 

4.6 

Obs.* 0.74 0.09 0.06 0.11 0.08 - - - -  

Mod.♠ 0.72 0.10 0.05 0.12 0.07 - - - -  

% diff. -2 +1 -1 +1 -1 - - - -  

MAB56A 
rim 

545 
565 

555 
4.3 
5.3 

4.8 

Obs.* 0.79 0.04 0.08 0.09 0.09 0.34 0.37 1.00 -  

Mod. 0.81 0.02 0.08 0.09 0.09 0.32 0.39 0.89 -  

% diff. +2 -2 0 0 0 -2 +2 -11 -  

                                

BD03 
core 

525 
545 

535 
4.1 
4.5 

4.3 

Obs.* 0.65 0.20 0.07 0.08 0.10 - - - -  

Mod.♠ 0.65 0.20 0.08 0.07 0.11 - - - -  

% diff. 0 0 +1 -1 +1 - - - -  

BD03    
rim 

560 
580 

570 
4.7 
6.5 

5.6 

Obs.* 0.73 0.10 0.10 0.07 0.12 0.49 0.52 0.32 0.18  

Mod.♠ 0.77 0.05 0.10 0.08 0.12 0.41 0.50 0.50 0.18  

% diff. +4 -5 0 +1 0 -8 -2 +18 0  

* Median values shown for observed mineral compositions ♠ Modelled mineral compositions calculated using mean PT estimates 

 

  

Table 3. Summary of the Lu–Hf dating results. 

 

Sample Fraction 
Weight 

(mg) 
Lu 

(ppm) 
Hf 

(ppm) 
176Lu/177Hf Error 176Hf/177Hf Error 

Age 
(Ma) 

M
A

B
5
1

B
 Grt1 60.80 24.11 3.65 0.9167 0.0458387 0.2934 0.0000031 

654±2 

Grt2 59.77 24.42 3.81 0.8879 0.0443961 0.2930 0.0000024 

Grt3 60.23 23.61 4.19 0.7820 0.0391048 0.2917 0.0000039 

Grt4+inc. 190.89 25.91 5.68 0.6323 0.0316155 0.2899 0.0000025 

WR 31.75 0.73 6.77 0.0148 0.0007436 0.2823 0.0000027 

M
A

B
5
6

A
 

Grt1 61.05 7.88 2.74 0.3981 0.0199052 0.2863 0.0000031 

563±1 

Grt2 60.18 7.60 2.68 0.3938 0.0196920 0.2863 0.0000048 

Grt3 91.16 8.06 2.70 0.4144 0.0207188 0.2865 0.0000049 

Grt4+inc. 64.30 6.45 4.96 0.1805 0.0090225 0.2840 0.0000036 

Grt5+inc. 208.00 7.13 5.08 0.1946 0.0097286 0.2842 0.0000025 

Grt6+inc. 192.72 7.26 5.00 0.2015 0.0100729 0.2842 0.0000043 

WR 29.92 0.54 5.42 0.0137 0.0006862 0.2823 0.0000059 

WR 31.47 0.53 5.37 0.0137 0.0006851 0.2823 0.0000035 

B
D

0
3

 

Grt1 100.80 12.15 3.97 0.4246 0.0212277 0.2868 0.0000017 

571±2 

Grt2 100.56 11.63 3.77 0.4280 0.0213986 0.2869 0.0000031 

Grt3 123.17 12.54 3.87 0.4495 0.0224754 0.2871 0.0000035 

Grt4 121.95 12.15 3.66 0.4606 0.0230301 0.2872 0.0000029 

WR 30.13 0.42 4.31 0.0135 0.0006776 0.2824 0.0000028 

 
All errors are 2 SE (standard errors) and relate to the last significant digits. Constants used for data reduction: 
179Hf/177Hf=0.7325 (Patchett and Tatsumoto, 1980) and the exponential law were used for mass bias correction of interfering 
Yb and Lu isotopes and isotopes of Hf; 176Lu decay constant = 1.867x10-11 (Söderlund, 2004). Grt = garnet; WR = Whole-
rock; Grt+inc = garnet with inclusions. 

 
 



 

 

 
  



 

 

 
Table 4. Comparison of the P–T estimates from the Porongos and Passo Feio complexes presented 
in this paper with the data available in the literature. 
 

Comple

x 

Sampl

e 

Early garnet 

growth 
Metamorphic peak 

Garnet + 

whole rock 

age (Ma) 

Monazite age 

(Ma)  
Reference 

P
o

ro
n

g
o

s
 

E
a

s
te

rn
 r

e
g
io

n
 

MAB 

51B 
  654±2 614±6 This paper 

MAB 

52A 

555–565 oC at 5.4–

5.7 kbar 

560–580 oC at 5.8–6.3 

kbar 
- - 

De Toni et al. 

(2021) 

CMP13 

CMP54 

 584 ± 50 oC at 5–6 kbar 

658±26 

(Rb–Sr, Ms–

WR) 

- Lenz (2006) 

N
o
rt

h
w

e
s
te

rn
 

re
g

io
n
 

M
A

B
 5

6
A

 

520–540 oC at 3.9–

5.3 kbar 

Ca. 545–565 oC at 4.3–

5.3 kbar 
563±1 - 

This paper 

 
Greenschist facies 

(retrogression) 
- 541±7 

Passo 

Feio 

BD 03 
525–545 oC at 4.1–

4.5 kbar 

560–580 oC at 4.7–6.4 

kbar 
571±2 - This paper 

BD 16C 
490–500 oC at 2.5–

3.3 kbar 
500–510 oC at 5–6.4 kbar - - 

Costa et al. 

(2021) 

BD 15 
530–550 oC at 3.0–

4.3 kbar 
560–570 oC at 5–5.5 kbar - - 

 
 
 
 
 

 


