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ABSTRACT  

Deciphering the tectono-metamorphic evolution of Precambrian terranes can be difficult 

due to reworking by later superimposed events. Whole-rock elemental and isotopic 

geochemistry and zircon U–Pb geochronology are often employed in those studies, but these 

approaches are often not sensitive to the presence of multiple events and medium-grade 

metamorphic episodes. The Rio Apa Terrane (RAT), an allochthonous fragment of the 

Amazonian Craton, is a crustal block with a well-characterized evolution but with no detailed 

thermal constraints for its tectono-metamorphic evolution. In contrast to previous studies, we 

show the existence of four tectono-metamorphic events at c. 1780 Ma, c. 1625 Ma, c. 1420-

1340 Ma and c. 1300-1200 Ma on the basis of apatite, titanite and rutile U–Pb–REE, in-situ 

white-mica Rb-Sr and in-situ garnet Lu-Hf geochronology combined with mineral chemistry 

and phase-equilibria modelling. The c. 1780 Ma event is recorded in the basement of the 

Western domain, representing an extensional event coeval with the development of its Eastern 

domain in response to the retreat stage of the accretionary system. This is followed by 

juxtaposition of the Western and Eastern domains along a major crustal boundary at ca. 1625 

Ma, which is defined by the magnetic profiles and zircon U–Pb-Hf data across the boundary. 

The third and fourth events correspond to progressive high-pressure/medium temperature 

(HP/MT) metamorphism, characterized by an anticlockwise P-T path, suggesting a 

convergent-to-collisional tectonic setting. The RAT was accreted to the adjoining Paraguá 

Terrane at c. 1420-1340 Ma under an isobaric P-T evolution spanning ~530 to 600 °C and 

~10.0 kbar. Subsequently, the combined Rio Apa and Paraguá terranes collided with the SW 

Amazonian Craton at c. 1300-1200 Ma, reaching P-T conditions of ~560-580 °C and ~10.9-

11.7 kbar during crustal thickening. This study reveals for the first time the existence of a 

HP/MT metamorphic evolution related to the growth of the SW Amazonian Craton as part of 

an accretionary orogenic system during Rodinia assembly in the Paleo- to Mesoproterozoic.  

 

KEYWORDS: Petrochronology; Accessory mineral geochronology; in-situ white-mica Rb-Sr; 

in-situ garnet Lu-Hf; Rio Apa Terrane; Amazonia Craton; Rodinia assembly. 
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1. INTRODUCTION 

The tectonic evolution of complex Precambrian terranes can be challenging to disentangle, 

requiring a multi-method approach to reveal the magmatic and metamorphic-deformational 

events. The magmatic history is generally revealed with whole-rock and in-situ geochemistry 

and isotopic analyses (e.g., Alves et al., 2013; Cioffi et al., 2016). However, the metamorphic-

deformational events can be followed by modifier processes that obscure the record of these 

events (metamorphic overprints, metasomatism etc.), making the post-magmatic evolution 

generally more difficult to unravel (Lanari et al., 2013; Lanari and Duesterhoeft, 2019). 

Typically, these modifying processes do not affect all minerals and/or isotopic systems in the 

same way, so employing a diverse range of analytical techniques on a variety of mineral 

phases can reveal the entire tectono-metamorphic history (Cioffi et al., 2019; Holder et al., 

2019; Kirkland et al., 2020, 2017; Pollington and Baxter, 2010; Rocha et al., 2017). 

Geochronological and geochemical studies of ancient terranes commonly contribute to 

supercontinent reconstructions, however, better tectonic inferences may be made when the 

timing and conditions of metamorphism are also considered (e.g., Volante et al., 2020; Wan 

et al., 2015). 

The Paleo- to Mesoproterozoic Rio Apa Terrane (RAT), an allochthonous fragment of the 

Amazonian Craton (Figure 1A), is an example of a long-lived accretionary orogen developed 

along the SW Amazonian margin (Cordani et al., 2010; Faleiros et al., 2016; Ribeiro et al., 

2020a; Teixeira et al., 2020), which has undergone a long and complex metamorphic 

evolution. The RAT is predominantly composed of (meta)igneous and subordinate 

metasedimentary rock units ranging from 2100 to 1720 Ma, overprinted by regional thrusting 

at c. 1300 Ma (Figure 1B, C) (Cordani et al., 2010; Ribeiro et al., 2020a; Teixeira et al., 2020). 

Although the crustal development of the RAT is well studied on the basis of whole-rock 

geochemistry and zircon dating and isotopic studies (U–Pb-Hf) (Faleiros et al., 2016; Lacerda 

Filho et al., 2016, 2020; Plens, 2018; Plens et al., 2013; Ribeiro et al., 2020a; Teixeira et al., 
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2020 and references therein), the tectono-metamorphic events are poorly constrained, leading 

to uncertain tectonic inferences.  

Two tectono-metamorphic events were proposed for the RAT at c. 1670 and c. 1300 Ma 

(Cordani et al., 2010). Although the 1300 Ma event is well recorded in multi-mineral K/Ar, 

40Ar/39Ar and monazite U–Pb ages (Cordani et al., 2010; Lacerda Filho et al., 2016, 2020), the 

‘1670 Ma event’ was solely inferred from whole-rock Rb-Sr isochron age data, and has never 

been reported by any robust in-situ mineral dating. The latter event is suggested to reflect  

regional medium- to high-grade metamorphism in response to the closure and consolidation 

of the RAT as a coherent terrane, supporting further relations with Nuna and Rodinia 

supercontinents (Cordani et al., 2010; Lacerda Filho et al., 2020; Teixeira et al., 2020). 

Considering the importance of this age for tectonic reconstructions of the RAT and the overall 

SW Amazonian region during the Mesoproterozoic, a detailed investigation using advanced 

petrochronology is required. 

In this contribution, we present the first petrochronological investigation of the RAT using 

phase-equilibria modelling coupled to state-of-the-art geochronology (U–Pb–REE in apatite, 

titanite, rutile, in-situ Lu-Hf in garnet and in-situ Rb-Sr in white-mica) to elucidate the tectono-

metamorphic events that affected the terrane. We also integrate field-based structural analysis 

with airborne magnetic data and zircon U–Pb-Hf signatures to investigate the existence of a 

Mesoproterozoic large-scale suture zone. Our findings demonstrate the power of using a multi-

disciplinary approach applied to key rock samples, providing new insights and challenging the 

Mesoproterozoic tectono-metamorphic evolution of the SW Amazonia margin. 

2. GEOLOGICAL SETTING 

The RAT is a fragment of the Amazonia Craton and is predominantly composed of 

(meta)igneous and metasedimentary rocks, covered by the Neoproterozoic-Cambrian 

Corumbá Group and the Quaternary Pantanal Formation (Figure 1B) (Affonso et al., 2021; 

Faleiros et al., 2016; Ribeiro et al., 2020a; Rocha et al., 2019; Teixeira et al., 2020). Based on 

whole-rock Sm-Nd and zircon U–Pb isotopic data, the RAT was divided into Western and 
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Eastern Terranes bounded by the Aldeia Tomázia Shear Zone, a mostly concealed N-S-

trending structure interpreted to represent a major suture (Cordani et al., 2010; Faleiros et al., 

2016). Zircon U–Pb-Hf data collected across the RAT suggest that the Western and Eastern 

Terranes were developed during advancing and retreating episodes of a single accretionary 

orogenic system, following a crustal reworking trend (from ~2.7 to 1.8 Ga) and input of more 

juvenile magmatism (ca. 1.8 to 1.72 Ga) due to a possible slab roll back (Figure 1D, Ribeiro 

et al., 2020a). Given that both ‘terranes’ share a genetic relationship, we will adopt the terms 

Western and Eastern domains hereafter to avoid the tectonic significance of the term “terrane”.   

Although the magmatic evolution of the RAT is well investigated (e.g., Brittes et al., 2013; 

Dos Santos et al., 2019; Lacerda Filho et al., 2016; Manzano et al., 2012; Plens, 2018; Plens 

et al., 2013; Souza et al., 2017), the tectono-metamorphic evolution is uncertain. It is proposed 

that the RAT consolidated as a single coherent and stable tectonic unit at ca. 1.67 Ga on the 

basis of whole-rock Rb-Sr ages, interpreted to record a medium- to high-grade metamorphic 

event inferred to be related to amalgamation of the RAT (Cordani et al., 2010). This 

interpretation has been adopted in the subsequent literature and has been used to support 

tectonic reconstructions of the RAT within Nuna and Rodinia (Lacerda Filho et al., 2016, 2020; 

Redes et al., 2020; Teixeira et al., 2020). K-Ar and 40Ar/39Ar dating across the RAT 

demonstrated the existence of a regional thermal event at c. 1300 Ma (Araújo et al., 1982; 

Cordani et al., 2010; Lacerda Filho et al., 2020), which is also identified in metamorphic 

monazite (Lacerda Filho et al., 2016). Since the c. 1300 Ma event is also present in the SW 

Amazonian Craton, it was inferred that the RAT was at its periphery at that time (Teixeira et 

al., 2020). The metasedimentary rock sequence of the Eastern domain (Alto Tererê Formation, 

Figure 1B) is inferred to record a Barrovian-type metamorphic sequence from field-based 

observations of a progression from the biotite to the garnet zones and localized staurolite and 

kyanite zones (Faleiros et al., 2016). As it is the only reported metasedimentary rocks in the 

RAT with key metamorphic mineral assemblages, it is the rock sequence most likely to record 

the full tectono-metamorphic evolution.  
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2.1. Study area 

This paper focuses on the Porto Murtinho Complex, Caracol Complex and the Alto Tererê 

Formation exposed in the northern region of the RAT (Figure 2A). The Porto Murtinho 

Complex is composed of mylonitic monzonitic orthogneiss (Córrego Jiboia Gneiss) and 

undeformed porphyritic monzogranite (Morro da Lenha Granite) generally with high-K calc-

alkaline geochemical signature (Faleiros et al., 2016, 2014). The Caracol Complex, the 

characteristic unit of the Eastern domain, is composed of polydeformed leucocratic gneiss of 

granitic composition typically with high-K calc-alkaline geochemical signatures and dominantly 

suprachondritic zircon εHfT (Plens, 2018; Ribeiro et al., 2020a; Teixeira et al., 2020). The Alto 

Tererê Formation represents the supracrustal sequence of the Eastern domain, being 

composed of medium-grade siliciclastic metasedimentary rocks including schist with variable 

mineralogy (ranging from biotite to staurolite zone) and quartzite (from muscovite to garnet 

zone) with interlayered lenses of amphibolite with a precursor back-arc geochemical affinity 

(Faleiros et al., 2016; Lacerda Filho et al., 2016; Teixeira et al., 2020). 

The Caracol Complex, previously dated with zircon U–Pb (LA-ICP-MS) at 1756 ± 12 Ma 

(FMR140) and 1786 ± 44 Ma (FMR162) (Ribeiro et al., 2020a), strikes NNW with a shallow 

NE dip and shallowly ENE plunging stretching lineation. The metasedimentary rocks of the 

Alto Tererê Formation have a detrital zircon record indicative of derivation from the Caracol 

Complex (Ribeiro et al., 2020a) and show similar structures to the Caracol Complex with a 

NNW-striking mylonitic foliation dipping shallowly ENE with a downdip stretching lineation. 

Generally, the foliation in the RAT is N-trending with a shallow E dip, but in the north the Porto 

Murtinho Complex it is NW-striking and vertical with a downdip stretching lineation. The rocks 

here are granitic mylonites dated at 1947 ± 9 Ma (FMR101, SHRIMP zircon U–Pb; Faleiros et 

al., 2016).  

We selected three samples of the Porto Murtinho Complex with a NW-trending strike 

foliation (FMR101, FMR104 and FMR105) and one sample with a N-trending strike foliation 

(FMR109) in order to evaluate the age of these mylonitic foliations and their relation to the 

tectono-metamorphic evolution of the RAT (Figure 2). Additionally, we selected four samples 
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of the Caracol Complex (FMR162, FMR140, FMR147 and FMR42) and two samples of the 

Alto Tererê Formation (FMR99 and FMR93, Figure 2) to reconstruct the pressure-

temperature-time-deformation (P-T-t-d) evolution of the RAT. 

3. METHODS 

3.1. Geophysical analyses 

High-resolution airborne magnetic data collected by the Geological Survey of Brazil 

between 2008-2009 was analysed using Oasis MontajTM (data available from 

http://geosgb.cprm.gov.br). The regional magnetic signal was corrected using the international 

geomagnetic reference field (IGRF) and reduced to the pole (RTP) filter to remove the effect 

of the earth’s magnetic inclination and declination in this part of Brazil. A tilt derivative of the 

RTP data is overlayed in grey to better identify high frequency features and the edges of 

magnetic anomalies (Figure 2B). Magnetic profiles were constructed by sampling the 

corrected magnetic signal along two profiles across the RAT.  

3.2. Electron probe microanalyzer (EPMA) 

Chemical mineral compositions were acquired using a CAMECA SX100s at the Macquarie 

Analytical and Workshop Facility, Macquarie University, Australia. The experiments were 

performed using an acceleration voltage of 15 keV, probe current of 20 nA and spot-size of 1 

μm. For the calibration procedures, the following standards were employed: Si, Mg, Al (biotite), 

Na (albite), K (orthoclase), Ca (CaSiO3), Ti (rutile, TiO2), Cr (chromite), Mn (Mn-garnet), Fe 

(magnetite, Fe2O3), P (apatite) and F (AlF3). Total iron was taken as FeO.  

X-ray maps (Si, Al, Fe, Ca, Mn, Mg, K, Na) were acquired in two passes (e.g., Lanari et 

al., 2019) using a CAMECA SX100s The analyses were performed using an accelerating 

voltage of 15 keV, probe current of 90 nA, step-size of 3 to 5 μm and dwell time of 150 ms. 

Garnet compositional maps were calibrated against point analyses using XMapTools 3.4.1 

(Lanari et al., 2019, 2014) assigning the specific composition of each pixel across the garnet 

zones. The average composition of each zone in oxide content (wt.%), oxygen-normalized 
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element per formula unit and garnet end-members were determined by integrating the pixel 

composition of each garnet zone (e.g., Santamaría-López et al., 2019). Compositional 

domains from each zone were carefuly selected avoiding mixing pixels, mineral inclusions and 

boundaries potentially affected by diffusion. Mineral compositions and associated 

uncertainties are presented in supporting information S1. 

3.3. Phase-equilibria modelling 

Phase-equilibria modelling considered the whole-rock bulk composition and was 

performed using Perple_X’6.9.1 with ten components (SiO2-TiO2-Al2O3-FeO-MgO-CaO-Na2O-

K2O-O2-H2O) using the database of end-member mineral thermodynamic properties of 

Holland and Powell (2011) (version hp633ver adapted for Perple_X) and the following activity-

composition relationships: Gt(W), Bi(W), Mica(W), Chl(W) and Crd(W) from White et al. 

(2014), ilmenite from White et al. (2014, 2000) and feldspar from Fuhrman and Lindsley 

(1988). The water content was estimated so that the rock was saturated at first melt. The 

intersections of almandine (Alm), spessartine (Spss) and grossular (Grs) isopleths constrain 

the P-T conditions of garnet crystallization with relative errors associated to the uncertainties 

of the EPMA data (c.f. Lanari et al., 2017) assuming the premise of x(Alm) + x(Sps) + x(Grs) 

~1 with very low pyrope contents. These isopleths were cross-checked with isopleths of Si 

(per formula unit, p.f.u.) in white-mica. Mineral abbreviations follow Whitney and Evans (2010). 

3.4. Geochronology  

3.4.1. In-situ U–Pb–REE analyses 

Multi-mineral U–Pb–REE analyses were performed via laser ablation split stream 

inductively coupled plasma mass spectrometry (LASS-ICP-MS) at the Isotopia Laboratory, 

School of Earth, Atmosphere and Environment, Monash University, Australia. The 

experiments were performed using an ASI RESOLution 193 nm ArF excimer laser ablation 

system equipped with a dual volume Laurin Technic S155 ablation cell. U and Pb isotopes 

were measured using a Thermo Scientific iCAP triple quadrupole TQ-ICP-MS and trace 
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element concentrations were measured using an iCAP Q-ICP-MS. The analytical routines for 

apatite, titanite, rutile are detailed described elsewhere (see Ribeiro et al., 2020c; Zoleikhaei 

et al., 2021). Data reduction was performed in Iolite4 using the built-in data reduction schemes 

for U–Pb (no common-Pb correction considered) and trace elements (Paton et al., 2011, 

2010). U–Pb ages were calculated using IsoplotR (Vermeesch, 2018) with no common-Pb 

correction considered. All ages and uncertainties are presented with 2σ level of confidence 

with final ages presented as x ± |y|, with x representing the age (Ma) and |y| representing the 

studentised error stated at 95% confidence (Vermeesch, 2018). We used 43Ca as an internal 

standard for apatite, 14Si for titanite and 49Ti for rutile assuming the average stochiometric 

proportion. MADEL (Payne et al., 2008), BLR (Aleinikoff et al., 2007) and Sugluk-4 (Bracciali 

et al., 2013) were employed as primary standard for apatite, titanite and rutile U–Pb analyses, 

respectively. The following standards were employed as unknown for the purpose of accuracy 

checks during U–Pb analyses: monazite 44069 (Aleinikoff et al., 2006), and Madagascar 

apatite (Thomson et al., 2012), OLT titanite (Kennedy et al., 2010) and R632 rutile (Axelsson 

et al., 2018). The 44069 monazite yielded an average 206Pb/238U age of 422 ± 2 Ma (MSWD = 

0.3, N = 100), Madagascar apatite yielded an 207Pb-corrected age (using the in-built Stacey 

and Kramers (1975) correction in IsoplotR) of 490 ± 6 Ma (MSWD = 0.6, N = 32), OLT titanite 

yielded a concordia age of 1009 ± 7 Ma (MSWD = 2.7, N = 13) and R632 rutile yielded a 

concordia age of 497 ± 5 Ma (MSWD = 1.1, N = 7). All secondary standards yielded ages in 

agreement with reference values for each standard and to the long-term reproducibility of the 

Isotopia Lab results (e.g., Ribeiro et al., 2020c, 2020b; Zoleikhaei et al., 2021) 

The international glass NIST610 was employed as primary standard for trace element 

analyses. All U–Pb and trace element secondary standards match with the reference values 

and the laboratory long-term reproducibility. Secondary standards for trace element analyses 

(NIST612, BCR2, ATHO) yield an accuracy of 1-5% in comparison to the reference values. 

The complete dataset of all samples is presented in supporting information S2 (apatite), S3 

(titanite) and S4 (rutile). U–Pb and REE standard results are presented in supporting 

information S5.  
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3.4.2. In-situ Rb-Sr analyses 

White-mica Rb-Sr analyses were performed at the Isotopia Laboratory, School of Earth, 

Atmosphere and Environment, Monash University, Australia. The experiments were 

performed using an ASI RESOLution 193 nm ArF excimer laser ablation system equipped with 

a dual volume Laurin Technic S155 ablation cell coupled to a Thermo Scientific iCAP TQ-ICP-

MS. The ablation was performed in a He atmosphere with the following laser setting: energy 

density of 3 J.cm-2, 10 Hz frequency and 100 μm spot-size. Each analysis consists of 20 s 

background acquisition followed by 30 s ablation time. Isobaric interferences between 87Rb 

and 87Sr were removed by introducing N2O(g)  (0.15 ml min-1) into the TQ-collision cell 

(Hogmalm et al., 2017; Zack and Hogmalm, 2016). NIST 610 was employed as the primary 

standard for calibrating the 87Sr/86Sr ratios, whereas the pressed powder tables of phlogopite 

Mica-Mg was employed as a primary standard to calibrate the 87Rb/86Sr ratios. Biotite from the 

Round Flat tonalite (zircon U–Pb age of 415.5 ± 7.2 Ma) (Kemp et al., 2005) was employed 

as the secondary standard, yielding a feldspar-anchored Rb-Sr isochron age of 409.6 ± 6.2 

Ma (n = 20, MSWD = 0.16). Data reduction was performed using Iolite 4 (Paton et al., 2011, 

2010) using an in-house data reduction scheme. Rb-Sr isochrons and ages were calculated 

using IsoplotR (Vermeesch, 2018) with the Rb decay constant after Villa et al. (2015). All ages 

and uncertainties are presented with 2σ level of confidence with final ages presented as x ± 

|y|, with x representing the age (Ma) and |y| representing the studentised error stated at 95% 

confidence (Vermeesch, 2018). The complete dataset of all samples is presented in 

supporting information S6. 

3.4.3. In-situ Lu-Hf analyses 

In-situ Lu-Hf analyses were conducted at Adelaide Microscopy, University of Adelaide 

following the methodology outlined in Simpson et al. (2021). Garnet grains were mounted in 

epoxy mounts and analysed using a RESOlution 193 excimer laser system coupled to an 

Agilent 8900 ICP MS/MS, using a ‘squid’ mixing device (Laurin Technic) smoothing the laser 

pulses. The experiments were focused in the centre of each garnet grain aiming to date the 
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core using a laser setting of 3.0 J.cm-2 energy fluency, 10 Hz repetition rate and 67 μm spot-

size. Data acquisition was performed with 30 s of background collection followed by 40 s 

acquisition time (ablation). Additional N2 (3.5 ml.min-1) was added to the carrier gas to enhance 

sensitivity (Hu et al., 2008). Reaction gas composed of 10% NH3 and 90% He was introduced 

into the collision cell at a flow rate of 3 ml.min-1 to remove isobaric interferences on 176Hf 

(Simpson et al., 2021).  

The international glass NIST610 was used as the primary reference material in order to 

correct for analytical drift and reactivity differences between Lu and Hf. A 176Lu/177Hf ratio of 

0.1379 ± 0.005 and 176Hf/177Hf ratio of 0.282111 ± 0.000009 were used to calibrate analyses 

(Nebel et al., 2009). The Hogsbo garnet was used to correct for the effects of matrix induced 

elemental fractionation, producing an age of 1063 ± 8 Ma compared to the expected age of 

1029 ± 1.7 Ma (Romer and Smeds, 1996). An in-house secondary standard was used as 

quality control (Black point 1), yielding a corrected age of 1759 ± 12 Ma (MSWD = 1.2), similar 

to the expected age of ~1745 Ma (Lane, 2011).  

Background subtractions, drift correction and primary standard normalisation was 

processed using LADR software (Norris and Danyushevsky, 2018). Isochron ages were 

calculated using IsoplotR (Vermeesch, 2018) with a 176Lu decay constant after Söderlund et 

al (2004). All ages and uncertainties are presented with 2σ level of confidence with final ages 

presented as x ± |y|, with x representing the age (Ma) and |y| representing the studentised 

error stated at 95% confidence (Vermeesch, 2018). In-situ Lu-Hf data were treated in inverse 

isochron diagrams to minimize error correlations between isochron ratios (Li and Vermeesch, 

2021). The complete dataset for unknown and standards is presented in supporting 

information S7.  

4. RESULTS 

4.1. Rocks and microstructures 

The metaigneous rocks from both Western and Eastern domains of the RAT are strikingly 

similar, being primarily composed of quartz, alkali-feldspar, plagioclase, white-mica and 
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occasionally garnet (Figure 3A-F). Late-stage sericite and epidote are common in most rocks 

of the RAT. Rock samples from the Porto Murtinho Complex (Western domain) and the 

Caracol Complex (Eastern domain) have protomylonitic to mylonitic foliations mostly defined 

by preferred orientation of white-micas, elongated quartz-rich and sericite-rich aggregates. 

Despite the similar mineral assemblages, the rocks from both complexes preserve distinct 

quartz microstructures.  

Quartz aggregates from rocks of the Porto Murtinho Complex display external sigmoidal 

shapes with interlobate to serrate grain boundaries surrounded by neoformed grains up to 

tens of μm in size (Figure 3A-D). Large grains with clear patchy undulose and subgrains are 

common (Figure 3C). This set of quartz microstructures indicate that quartz initially 

recrystallized through grain boundary migration later overprinted by bulging recrystallization 

(BLG), qualitatively indicating a temperature gradient from ~500 °C to ~300 °C (Faleiros et al., 

2010; Stipp et al., 2002a, 2002b). On the other hand, quartz grains from rocks of the Caracol 

Complex are embedded in a protomylonitic structure with coarse plagioclase and feldspar with 

a shape preferred orientation parallel to the X-direction defining the rock structure (Figure 3E). 

Quartz is mostly euhedral to subhedral, inequigranular with interlobate to polygonal grain 

boundaries with weak or no undulose extinction, commonly pinned by white-mica grains. 

These microstructures indicate that quartz was recrystallized by grain boundary migration 

(~500 °C; Faleiros et al., 2010; Stipp et al., 2002b), potentially achieving grain boundary area 

reduction and recovery (Passchier and Trouw, 2005). 

The Alto Tererê Formation encompass mica-schist, sometimes with garnet (Figure 3G) 

and meta-arkose (Figure 3H). The mica-schist (sample FMR99) is primarily composed of 

quartz, plagioclase, alkali-feldspar, white-mica, and biotite and garnet both in low proportions 

(< 2%). Epidote, zoisite and clinozoisite are common throughout the rock, and are generally 

associated with hydrothermal alteration. The structure is mostly defined by the shape preferred 

orientation of white-micas, developing a S/C fabric with clockwise shear sense (Figure 3G). 

Garnet grains are described in detail below (section 4.2.4). The meta-arkose (sample FMR93) 

is primarily composed of quartz and feldspar forming a granoblastic matrix with fined-grained 
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titanite and biotite oriented parallel to the X-direction (Figure 3H, I). Quartz grains in the matrix 

display oblique shape preferred orientation indicating a clockwise shear sense, whereas 

quartz aggregates are oriented parallel to the X-direction. Quartz grains are mostly euhedral, 

equigranular with straight grain boundaries (polygonal) with few or no undulose extinction 

(Figure 3I). These microstructures suggest that quartz was affected by static recrystallization 

through grain boundary area reduction and recovery under high temperature conditions (> 500 

°C) (Passchier and Trouw, 2005)  

4.2. Accessory mineral phases 

4.2.1. Apatite 

Apatite from sample FMR101 of the Porto Murtinho Complex is commonly subhedral, 

inclusion-free and usually associated with biotite and sericite bounding quartz and feldspar 

grains. Apatite grains from samples FMR104 and FMR109 are commonly subhedral occurring 

embedded in the rock matrix and lacking any microstructural control (Figure 4B). Apatite from 

two samples of the Caracol Complex (FMR147, FMR42) is anhedral, mostly rounded, and 

embedded in the quartz matrix, sometimes fractured, lacking any close textural relation with 

other accessory mineral phases (e.g., zoisite and clinozoisite). 

4.2.2. Titanite 

Titanite from sample FMR101 of the Porto Murtinho Complex is euhedral, with different 

grain sizes (~0.2-1.0 mm) and no relationship to the preferred orientation of the quartz matrix 

(Figure 4E). Titanite from sample FMR42 of the Caracol Complex is mostly euhedral to 

subhedral and oriented towards the metamorphic foliation, fractured and in close association 

with biotite, epidote and zoisite/clinozoisite (Figure 4F).  

4.2.3. Rutile 

Rutile from two samples of the Caracol Complex (FMR140, FMR162) is commonly 

anhedral in shape, located along quartz grains boundaries surrounded by fluid inclusion trails 
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(Figure 4G, red arrows). Additionally, these fluid inclusions trails establish a connection 

between quartz grain boundaries and rutile embedded in quartz grains.   

4.2.4. Garnet 

The single garnet porphyroblast present in the thin section from sample FMR93 of the 

Alto Tererê Formation is subhedral, light brown in color, commonly fractured, with a diameter 

of ~400 μm and a few quartz inclusions dispersed throughout the grain (Figure 4I). A strain 

shadow is marked by quartz grains with a prominent shape preferred orientation towards the 

garnet porphyroblast, indicating its syn-kinematic growth. The backscatter electron image 

indicates multi-mineral inclusions such as titanite, epidote, biotite and quartz generally related 

to internal fractures (Figure 4J). Fine-grained zircon inclusions (< 5 µm) occur throughout the 

porphyroblast. Zoning was not detectable in the backscatter electron images. 

Garnet porphyroblasts from sample FMR99 of the Alto Tererê Formation are mostly 

subhedral to euhedral with light brown-pink colors, sometimes fractured, and with a grain-size 

ranging from ~100 to 300 µm (Fig. 4K). The foliation generally wraps around the 

porphyroblasts, indicating their pre- to syn-kinematic growth. The backscatter electron image 

highlights the existence of three zones (core, rim, outer rim) with multiple quartz inclusions 

concentrated in the core and few zircon inclusions (~1-3 µm) in all zones (Figure 4L). Given 

the diverse mineral assemblage and garnet abundance of sample FMR99, we selected this 

sample for mineral chemical analyses via EPMA and phase-equilibria modelling.  

4.2.5. White-mica 

White-mica from the Porto Murtinho Complex (samples FMR104, FMR105D and FMR109) 

is generally coarse-grained, displaying a fish-shaped geometry indicating clockwise shear 

sense for samples FMR105D and FMR109. These grains present a diverse range of 

microstructures such as kink bands and undulose extinction (Figure 5A-C), typically related to 

intracrystalline deformation and dislocation creep (Bell et al., 1986; Passchier and Trouw, 

2005; Wilson and Bell, 1979). Other microstructures such as aggregates of fine-grained 

recrystallized white-mica forming strain shadows around fish-shaped porphyroclasts and 
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along micro-cracks (Figure 5A, B) and grain-scale cracking at high angles to (001) planes are 

also common features. In addition to presenting undulose extinction and cracking at high 

angles to planes (001), white-mica from sample FMR109 also presents abundant exsolution 

of secondary phases oriented parallel to (001) planes (Figure 5C).  

White-mica microstructures from the Caracol Complex (sample FMR162) and the Alto 

Tererê Formation (FMR99) are simpler than those from the Porto Murtinho Complex. These 

grains are generally elongated and subhedral with unclear shear sense, commonly pinning 

quartz microstructures (Figure 5D, E). They have acicular inclusions (Fe-oxides) with a  shape-

preferred orientation parallel to (001) planes and grain-scale cracking at high angles to (001) 

planes. Moreover, microstructures related to intracrystalline deformation such as kink-bands 

and undulose extinction are scarce.  

In addition to their distinct microstructures, white-mica from the Western and Eastern 

domain also show significant chemical differences. White-mica from the Porto Murtinho 

Complex has an average Si (per formula unit, p.f.u) spanning 3.32-3.34, total Al of 2.25-2.34 

(p.f.u) and average Mg+Mn+Fe+Si (p.f.u.) ranging between 3.63-3.69 (Figure 5F). White mica 

from the Caracol Complex (FMR162) and the Alto Tererê Formation (FMR99) from the Eastern 

domain have a higher average Si (p.f.u.) content between 3.39-3.42, lower Al (p.f.u.) content 

of 2.09-2.10 and higher Mg+Mn+Fe+Si (p.f.u.) spanning 3.89-3.91. Considering the 

Tschermak substitution in white-mica, Eastern domain white-mica grains have a higher 

phengitic component than those from the Western domain, consistent with Si content 

differences. 

4.3. Garnet chemistry and phase-equilibria modelling 

The RAT lacks abundant rock units suitable for phase-equilibria modelling given the 

dominance of meta-igneous felsic rock units with simple mineralogy (quartz + plagioclase + 

K-feldspar and micas). Nevertheless, we selected one key metasedimentary rock sample of 

the Alto Tererê Formation (FMR99) within close proximity to the Aldeia Tomázia Thrust Fault 

(Figure 2A). This sample corresponds to a biotite-muscovite schist with low abundance of 
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garnet porphyroblasts (< 1%), typically with a well-defined S-C fabric indicating clockwise 

shear sense. Alkali feldspar, plagioclase and titanite are also present in the matrix, although 

titanite has low abundance and small grain-size (< 10 µm). Chemical maps and profiles from 

the biggest garnet porphyroblast (~300 μm diameter, Figure 4K, L) define three compositional 

zones, well highlighted by all end members (grossular-XGrs, almandine-XAlm, spessartine-XSps, 

pyrope-XPrp) (Figure 6A). The core is dominated by XGrs (0.330 ± 0.012 mole fraction) and XSps 

(0.417 ± 0.018) with lower XAlm (0.247 ± 0.014) and XPrp content (0.007 ± 0.012). The core-rim 

boundary is irregular, sinuous and chemically marked by a sharp XGrs and XSps decrease to 

0.225 ± 0.017 and 0.395 ± 0.013, respectively, and greater increase of XAlm (0.343 ± 0.011) 

and XPrp content (0.038 ± 0.009). A small decrease in XGrs (~ 0.246 to 0.200) and slight 

increase in the remaining end members in close contact to quartz inclusions in both core and 

rim are perceptible. The outer rim is the narrowest domain (< 50 μm) with a straight to slightly 

sinuous rim-outer rim boundary. This transition is also marked by a sharp XGrs increase (0.342 

± 0.032) and decrease of the remaining end-members. White-mica is characterized by high Al 

and Si content spanning 2.05-2.15 and 3.37-3.41 (p.f.u.), akin to the phengite series, and the 

biotite by XMg and Ti (p.f.u) average contents of 0.500 ± 0.008 and 0.084 ± 0.004 (Figure 6B).  

The phase-equilibrium diagram was calculated for 450-650 °C and 5.0-15.0 kbar (Figure 

6C). Despite the zoned garnet porphyroblast and the low abundance of garnet-forming 

components (e.g., MnO), fractional crystallization might be negligible and was not considered 

given the garnet very low garnet abundance (< 0.5 % as confirmed by the modelling results) 

(Lanari and Engi, 2017). The model predicts the observed mineral assemblage at conditions 

of ~470-650 °C and ~7.5-15 kbar. Isopleths of XSps, XAlm and XGrs with respective relative 

uncertainties derived from the EPMA uncertainties (e.g., Lanari and Engi, 2017) indicate that 

the garnet core crystallized at P-T fields of ~530-550 °C and ~9.7-10.4 kbar within the titanite 

stability field, whereas the rim crystallized at ~580-600 °C and 9.5-10.4 kbar in the transition 

between the titanite and rutile stability fields. The transition from the rim to the outer rim is 

accompanied by an increase in pressure under decreasing temperature, reaching P-T 

conditions of ~560-580 °C and 10.9-11.7 kbar. Both absolute and relative values and 
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uncertainties are considered robust given that modification factors such as effect bulk 

composition fractionation might be negligible as previously mentioned (c.f., Lanari and 

Duesterhoeft, 2019; Lanari and Engi, 2017). The Si (p.f.u) content in white-mica spanning 

3.37-3.41 defines a P-T field mostly consistent with the outer rim crystallization conditions. 

4.4. Apatite, titanite and rutile U–Pb ages and trace element composition 

4.4.1. Porto Murtinho Complex (Western domain) 

Three key samples from the Porto Murtinho Complex with distinct structural settings were 

selected for apatite and titanite U–Pb geochronology and trace element analyses (Figure 2). 

Apatite from sample FMR104 presents two chemically different groups. The dominant apatite 

(group 1) has higher total REE content of 1343 ± 374 ppm (average ± standard deviation) and 

median of 1390 ppm, concave REE-chondrite normalized (reference values from McDonough 

and Sun, 1995) profiles with MREE enrichment (Figure 7A, black profiles). It presents 

(La/Sm)N and (Gd/Yb)N ratios of 1.30-0.16 and 4.54-0.77, respectively, and pronounced 

negative Sr and Eu anomalies with Eu/Eu* values of 0.23-0.09. Group 2 has lower total REE 

content (225 ± 41 ppm, median of 220 ppm) and HREE enrichment with (La/Sm)N and 

(Gd/Yb)N ratios spanning 0.37-0.18 and 0.92-0.68, respectively, with a pronounced Eu 

anomaly (Eu/Eu* ranging between 0.23 and 0.19) (Figure 7A, blue profiles). These apatite 

grains define a chemical trend ranging from high- to low-grade metamorphic apatite (Figure 

7B). Despite classified into two groups, these apatite grains define a single inverse isochron 

in the Tera-Wasserburg diagram yielding a lower intercept age of 1769 ± 38 Ma (2 σ, MSWD 

= 2.1) (Figure 7C). 

Apatite from sample FMR101 defines a chemically coherent group with total REE content 

of 3457 ± 795 ppm (median of 3596 ppm), fractionated chondrite-normalized REE profiles with 

LREE enrichment as indicated by the (La/Yb)N ratio spanning 15.65-1.35 and negative Sr and 

Eu anomalies with Eu/Eu* ranging from 0.79 to 0.45 (Figure 7D). This apatite set is akin to I-

type and mafic-type apatite (Figure 7E), defining a single inverse isochron in the Tera-
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Wasserburg diagram yielding a lower intercept age of 1782 ± 57 Ma (MSWD = 1.4, Figure 

7F). This age is consistent with that obtained for sample FMR104 within error. Titanite from 

sample FMR101 also defines a chemically coherent group with total REE content of 16,452 ± 

3,606 ppm (median of 16,800 ppm), LREE enrichment with (La/Yb)N between 7.73-1.25 and 

negative Eu anomaly with Eu/Eu* spanning 1.06-0.32 (Figure 7G). This titanite set defines a 

single inverse isochron in the Tera-Wasserburg diagram yielding a lower intercept age of 1940 

± 17 Ma (MSWD = 1.3, Figure 7H). A subset of five U–Pb data with maximum ± 5% 

discordance defines a concordia age of 1959 ± 25 Ma (MSWD = 1.4, Figure 7I). The titanite 

age is consistent with the zircon U–Pb age of 1947 ± 9 Ma for this sample (Faleiros et al., 

2016).  

Apatite from sample FMR109 defines a chemically coherent group with total REE content 

of 2906 ± 700 ppm (median of 2648 ppm), concave REE-chondrite normalized profiles with 

MREE dominance (Figure 7J). The (La/Sm)N and (Gd/Yb)N ratios span 0.60-0.33 and 2.02-

1.26, respectively, and the REE-chondrite normalized profiles present pronounced negative 

Sr and Eu anomalies with Eu/Eu* between 0.19-0.15. This apatite set is akin to high-grade 

metamorphic apatite (Figure 7K), defining a single inverse isochron in the Tera-Wasserburg 

diagram yielding a lower intercept age of 1970 ± 47 Ma (MSWD = 0.8, Figure 7L). 

4.4.2. Caracol Complex (Eastern domain) 

Apatite from sample FMR147 has variable REE contents of 384 ± 336 ppm (median of 

197 ppm), positive LREE and mostly flat HREE trends, as indicated by the (La/Sm)N and 

(Gd/Yb)N spanning 0.96-0.06 and 2.01-0.68, respectively (Figure 8A). This apatite set has 

negative Sr and Eu anomalies with Eu/Eu* spanning 0.35-0.23. The majority of the apatite is 

akin to low- to medium-grade metamorphic apatite (Figure 8B), defining a single inverse 

isochron in the Tera-Wasserburg diagram yielding a lower intercept age of 1409 ± 38 Ma 

(MSWD = 1.5, Figure 8C). 

Apatite from sample FMR42 defines two chemically distinct groups on the basis of REE 

content and Sr anomalies. Group 1 has a lower total REE content of 113 ± 36 ppm (median 
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of 108 ppm) and steep HREE fractionation as indicated by the (La/Sm)N and (Gd/Yb)N ratios 

spanning 1.73-0.30 and 0.20-0.13, respectively, and a positive Sr anomaly (Figure 8D). Group 

2 has higher REE content of 406 ± 254 ppm (median of 259 ppm), steeper HREE fractionation 

with (La/Sm)N and (Gd/Yb)N ratios spanning 4.66-0.08 and 0.95-0.11, respectively, and a 

negative Sr anomaly. Both groups present negative Eu anomalies with similar Eu/Eu* ratios 

between 0.82-0.23. Despite chemically distinct, apatite grains from both groups are akin to 

low- to medium-grade metamorphic apatite (Figure 8E), defining a single inverse isochron in 

the Tera-Wasserburg diagram yielding a lower intercept age of 1416 ± 70 Ma (MSWD = 1.7, 

Figure 8F). Titanite from sample FMR42 exhibits patchy zoning with bright and dark zones, or 

lacking clear zoning (Figs. 4G, H inset). Overall, all titanite grains have similar REE-chondrite 

normalized profiles with strong HREE enrichment with (La/Yb)N spanning 0.04-0.01 and a 

subtle negative Eu anomaly with Eu/Eu* spanning 0.87-0.30. Chemical differences arise from 

the REE content with bright and dark zones having 538 ± 144 ppm (median of 543 ppm) and 

381 ± 72 ppm (median of 390 ppm), whereas the titanite with undefined zoning has a REE 

content of 402 ± 105 ppm (median of 362 ppm). Despite the REE content differences, the 

three titanite groups define a single inverse isochron in the Tera-Wasserburg diagram yielding 

a lower intercept age of 1243 ± 37 Ma (MSWD = 1.7, Figure 8I).  

Rutile from two samples of the Caracol Complex were analysed for their U–Pb isotopic 

and trace element composition. Rutile grains from both samples are classified as niobian rutile 

with Nb/Ta ratios greater than 1 (Černý et al., 1964) and are characterized by high contents 

of high-field strength elements (HFSE) such as Nb, Ta and W and U. A subset of 21 U–Pb 

data points out of 45 from sample FMR162 within maximum ± 5% discordance yield a 

concordia age of 1330 ± 8 Ma (MSWD = 2.4, Figure 8J) and average 207Pb/206Pb age of 1382 

± 27 Ma (MSWD = 0.9). Similarly, 19 out of 30 U–Pb data points within maximum ± 5% 

discordance from sample FMR140 yield a concordia age of 1318 ± 9 Ma (MSWD = 2.4, Figure 

8K) and average 207Pb/206Pb age of 1354 ± 30 Ma (MSWD = 0.6, Figure 8L). Two concordant 

U–Pb analyses yield an older age of 1629 ± 53 Ma (MSWD = 2.5). The average 207Pb/206Pb 
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ages will be used for further interpretations given its lower dispersion. In summary, rutile from 

both samples yields consistent ages within uncertainty of 1380-1350 Ma.  

4.5. Garnet Lu-Hf ages 

Two garnet-bearing rock samples of the Alto Tererê Formation were selected for garnet 

in-situ Lu-Hf geochronology, mostly targeting the core of each analyzed garnet. A total of 52 

spot analyses were performed in garnet grains from sample FMR93. The data are 

characterized by 176Lu/177Hf and 176Hf/177Hf isotopic ratios spanning 0.3-4025.1 and 0.3-106.9, 

respectively, yielding an inverse isochron age of 1334 ± 16 Ma (MSWD = 0.7) with initial 

176Hf/177Hf of 0.2816 ± 0.0023 (Figure 9A). From sample FMR99, for which the P-T evolution 

was reconstructed, we measured Lu and Hf isotopes from 52 spot analyses. These garnet 

grains are characterized by 176Lu/177Hf and 176Hf/177Hf isotopic ratios spanning 0.03-24.18 and 

0.28-0.92, respectively, yielding an inverse isochron age of 1348 ± 24 Ma (MSWD = 0.6) with 

initial 176Hf/177Hf of 0.2823 ± 0.0015 (Figure 9B). 

4.6. White-mica Rb-Sr ages 

4.6.1. Porto Murtinho (Western domain) 

We collected Rb-Sr isotopes from 23 spot analyses on white-mica grains from sample 

FMR104, revealing 87Rb/86Sr and 87S/86Sr ratios of 12.3-59.4 and 1.0-2.2, respectively, and a 

plagioclase-anchored (n = 7 grains) isochron age of 1778 ± 11 Ma (MSWD = 1.9, Figure 10A) 

with an initial 87Sr/86Sr intercept of 0.7068 ± 0.0015. Similarly, we collected Rb-Sr isotopes 

from 24 spot analyses on white-mica grains from sample FMR105, exhibiting 87Rb/86Sr and 

87S/86Sr ratios spanning 0.20-53.70 and 0.70-1.90, respectively. Fifteen Rb-Sr data define a 

principal isochron yielding a statistically reliable plagioclase-anchored (n = 4 grains) isochron 

age of 1783 ± 19 Ma (MSWD = 1.0, Figure 10B) with an initial 87Sr/86Sr intercept of 0.7070 ± 

0.0014. A secondary plagioclase-anchored isochron is defined by five white-mica Rb-Sr data, 

yielding a younger isochron age of 1614 ± 28 Ma (MSWD = 1.1) with an initial 87Sr/86Sr 

intercept of 0.7085 ± 0.0018. From sample FMR109, we collected Rb-Sr isotopes from 25 spot 
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analyses on white-mica grains, which indicate 87Rb/86Sr and 87S/86Sr ratios of 15.73-73.94 and 

1.07-2.44, respectively. These grains define a statistically reliable plagioclase-anchored (n = 

9 grains) isochron age of 1629 ± 23 Ma (MSWD = 1.7) with an initial 87Sr/86Sr intercept of 

0.7072 ± 0.0017.  

In summary, white-mica grains from three samples of the Porto Murtinho Complex record 

two groups of isochron ages at c. 1780 Ma and 1625 Ma with similar initial 87Sr/86Sr intercept 

of 0.7073 ± 0.0012. 

4.6.2. Caracol Complex & Alto Tererê Formation (Eastern domain) 

We collected Rb-Sr isotopes from 33 spot analyses from sample FMR162 (Caracol 

Complex), indicating grains with highly variable 87Rb/86Sr and 87S/86Sr ratios spanning 61.5-

612.0 and 1.8-11.9, respectively. The data define a single isochron yielding a plagioclase-

anchored (n = 6 grains) isochron age of 1282 ± 9 Ma (MSWD = 2.6) with an initial 87Sr/86Sr 

intercept of 0.7133 ± 0.0017 (Figure 11D). From the metasedimentary rock sample FMR99 

(Alto Tererê Formation), we collected Rb-Sr isotopes from 16 spot analyses, which also 

display highly variable 87Rb/86Sr and 87S/86Sr ratios spanning 12.7-142.7 and 0.9-3.3, 

respectively. They define a single isochron yielding a statistically reliable, free anchor isochron 

age of 1264 ± 18 Ma (MSWD = 0.5, Figure 11E) with an initial 87Sr/86Sr intercept of 0.7388 ± 

0.0179.  

5. DISCUSSION 

5.1. Nature and significance of crustal structures  

The combination of airborne magnetic data with zircon U–Pb-Hf data from the main 

metaigneous units from the RAT reveal the nature and significance of the structure between 

the Western and Eastern domains, currently known as the Aldeia Tomázia Shear Zone 

(Cordani et al., 2010; Faleiros et al., 2016). The smooth magnetic transition from high 

(Western domain) to low (Eastern domain) magnetic anomalies is consistent with a low-angle 

east dipping structure. Since the regional structural setting of the RAT is characterized by N-
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trending foliations dipping shallowly (20-30°) east and shallowly E-plunging stretching lineation 

with top-to-west kinematic shear sense (Faleiros et al., 2014), we suggest that the Aldeia 

Tomázia Shear Zone represents a W-verging thrust fault. As such, we recommend modifying 

the name of this structure to the Aldeia Tomázia Thrust Fault hereafter to avoid 

misinterpretation.                                        

Although the Aldeia Tomázia Thrust Fault clearly separates two different crustal domains 

(Figure 11), it might not correspond as a suture zone stricto-sensu (e.g., Indus-Tsangpo suture 

zone; Honegger et al., 1982; Xu et al., 2015) as previously suggested and accepted since 

Cordani et al. (2010). Nevertheless, it is still an important feature in the RAT structural 

compartmentation. We envisage this structure may have a greater regional significance, 

requiring detailed investigations based on regional mapping and airborne magnetic surveys. 

The timing of this structure will be discussed below.  

5.2. Significance of accessory mineral composition and ages  

Here we discuss the significance of the mineral geochemistry and ages. A quantitative 

comparison with trace element data from the literature was carried out using lambda 

coefficients (λn). These are shape coefficients that describe the chondrite-normalized patterns 

with λ0 describing the average chondrite-normalized REE abundances, whereas λ1 and λ2 

describing the linear slope and the quadratic curvature, respectively (O’Neill, 2016). The 

lambda coefficients were calculated with the online BLambaR calculator (Anenburg, 2020) 

(https://lambdar.rses.anu.edu.au/blambdar/). All trace element data were normalized to the 

chondrite reference values from McDonough and Sun (1995). 

5.2.1. Apatite 

Apatite from the Porto Murtinho and Caracol complexes have different trace element 

chemistries and U–Pb ages. In general, the higher REE content, negative Sr and Eu 

anomalies and enrichment of LREE-MREE characteristics of apatite from the Porto Murtinho 

Complex are akin to igneous apatite (Belousova et al., 2001; Ribeiro et al., 2020c; Sha and 

Chappell, 1999). However, when the compositions are plotted in the apatite classification 
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diagram only apatite from sample FMR101 plots in the sections that correspond to I-type and 

mafic igneous rocks (O’Sullivan et al., 2020), whereas those from samples FMR104 and 

FMR109 plot as high-grade metamorphic apatite (Figure 12A). Since the high-grade 

metamorphic field was calibrated with rocks that may have experienced anatexis, this field 

could share chemical similarities with apatite from S-type granitoids leading to possible 

misclassification as discussed elsewhere (O’Sullivan et al., 2020, 2021). In fact, it has been 

statistically demonstrated that apatite from S-type granitoids is misclassified as high-grade 

metamorphic rocks 17% of the time, whereas apatite from high-grade metamorphic rocks was 

misclassified 33% of the time (O’Sullivan et al., 2020). Given the lack of evidence of high-

grade metamorphic processes and that the Porto Murtinho Complex consists of S- and I-type 

granitoids (Faleiros et al., 2016), we interpret the apatite from the complex as recording an 

original igneous signature. Group 2 apatite from sample FMR104, however, has a much lower 

REE content and significant LREE depletion, and is classified as low- to medium-grade 

metamorphic apatite. These chemical signatures are similar to those of recrystallized apatite 

(Ribeiro et al., 2020b), possibly indicating chemical re-equilibration during medium-grade 

deformation and metasomatism (Glorie et al., 2019; Odlum and Stockli, 2020; Ribeiro et al., 

2020b).  

Apatite from sample FMR109 still preserves the original igneous chemistry and U–Pb age 

(1970 ± 47 Ma) overlapping with zircon U–Pb ages from the Porto Murtinho Complex (Faleiros 

et al., 2016b; Ribeiro et al., 2020a), whereas apatite from samples FMR104 and FMR101 are 

ca. 200 Ma younger than the average crystallization age of the Porto Murtinho Complex. Since 

these samples are granitic mylonites and apatite has otherwise retained its igneous chemistry, 

we interpret that the apatite U–Pb system was reset via volume diffusion in response to a 

medium-grade mylonitization process (Jepson et al., 2021; Odlum and Stockli, 2020; Ribeiro 

et al., 2020c). Thus, the ca. 1780 Ma age from apatite may reflect the cooling age at conditions 

of 450-550 °C.  

Apatite grains from the Caracol Complex show different chemical signatures compared to 

those from the Porto Murtinho Complex with the former having lower REE contents and 
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fractionated REE-chondrite normalized profiles with HREE enrichment. These grains are 

predominantly classified as low- to medium-grade metamorphic apatite (Figure 12A), in 

agreement with chemical characteristics of metamorphic/metasomatic apatite (Glorie et al., 

2019; Henrichs et al., 2019, 2018; Ribeiro et al., 2020b). Apatite from samples FMR147 and 

FMR42 record c. 400-350 Ma younger ages than the crystallization age of the Caracol 

Complex (Faleiros et al., 2016; Plens, 2018; Ribeiro et al., 2020a; Teixeira et al., 2020). These 

apatite ages are interpreted to reflect (re)crystallization in response to a medium-grade 

metamorphic/metasomatic event affecting the Caracol Complex.       

5.2.2. Titanite 

Titanite from the Porto Murtinho and the Caracol complexes record contrasting chemistry 

and U–Pb ages. The Paleoproterozoic REE- and LREE-rich titanite from the Porto Murtinho 

Complex (sample FMR101) defines a chemically coherent group of igneous titanite, as 

demonstrated by their similarity to the trace element composition of igneous titanite from the 

literature (Figure 12B) (e.g., Garber et al., 2017; Ribeiro et al., 2020c). The igneous origin is 

also supported by the overlap, within uncertainties, between the titanite age (1959 ± 25 Ma) 

and the zircon crystallization age of 1947 ± 9 Ma (Faleiros et al., 2016). Assuming an average 

pressure of 0.5 GPa (~ 13 km depth for a normal continental crust) for granite crystallization, 

silica-saturated environment (silica activity αSiO2 = 1.0) and a minimum TiO2 activity of 0.5 

typical of crustal rock in the absence of rutile (Hayden et al., 2008 and references therein), we 

infer that the titanite from the Porto Murtinho Complex crystallized at temperature conditions 

of ~760 °C. This temperature range is consistent with crystallization conditions of igneous 

titanite (e.g., Garber et al., 2017). 

The Mesoproterozoic REE-poor and LREE-depleted titanite from the Caracol Complex 

(sample FMR42) defines a chemically coherent group despite having a clear patchy zoning, 

suggestive of fluid-mediated growth and redistribution of major elements during 

recrystallization in an open system (Harlov et al., 2006; Villa and Williams, 2013). REE- and 

LREE-depletion are indicated by the lower coefficients λ0 (total REE content) and λ1 (slope) 
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(Figure 12B), respectively, demonstrating great similarity with (re)crystallized titanite during 

medium-grade metamorphism and hydrothermal titanite (e.g., Garber et al., 2017; Papapavlou 

et al., 2017). The REE-content of titanite is controlled by the crystallization of cogenetic phases 

such as allanite, apatite and epidote, mostly affecting the LREE contents (Garber et al., 2017). 

Titanite from sample FMR42 has a clear crystallization relationship with biotite, epidote and 

zoisite/clinozoisite (Figure 4F), possibly causing the strong LREE depletion in titanite. 

Assuming an average pressure of 1.0 GPa (extrapolating the pressure conditions from the 

Alto Tererê Formation given its same tectono-context) and a silica-saturated environment 

(αSiO2 = 1.0) the Zr-in-titanite thermometer yields a crystallization temperature of ~700 ºC for 

TiO2 activity of 0.5 and 735 °C for activity of 1.0 (in presence of rutile). This temperature range 

is inconsistent with medium-grade metamorphic and hydrothermal titanite (e.g., Kirkland et al., 

2017) and the discrepancy between the high crystallization temperature and the medium-

grade and hydrothermal chemistry suggests that the Zr content in titanite is in disequilibrium 

with its crystallization conditions (e.g., Cioffi et al., 2019; Kirkland et al., 2017). Moreover, 

titanite from sample FMR42 records a U–Pb age of 1243 ± 37 Ma, whereas metamorphic 

apatite from the same sample was dated at 1416 ± 70 Ma. The titanite U–Pb data also define 

a more radiogenic initial 207Pb/206Pb ratio (~0.65) than the apatite U–Pb data (~1.0), possibly 

suggesting that the titanite crystallized from a U-bearing precursor (most likely a rutile). Given 

the higher closure temperature of titanite (~700 °C) compared to apatite (~450-500 °C) (Oriolo 

et al., 2018 and references therein), titanite should record an older or similar age than apatite 

formed during the same event. Thus, a simple cooling history fails to explain the 

geochronological data, suggesting that the titanite is likely to be associated with hydrothermal 

influx during late-stage metamorphism (e.g., Kirkland et al., 2017). The petrographic 

relationship of titanite with biotite, epidote and clinozoisite also supports its late-stage 

metamorphic crystallization (Figure 4F). 
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5.2.3. Rutile 

Rutile from two samples of the Caracol Complex yields ages at around c. 1380-1350 Ma, 

which are c. 400 Ma younger than the respective igneous crystallization age (zircon U–Pb 

ages; Ribeiro et al., 2020a). This niobian rutile are inferred to have a metamorphic affinity (Fe 

>> 1000 ppm, Zack et al., 2004) with predominant subchondritic signatures in the Zr/Hf vs. 

Nb/Ta diagram (Figure 12C). Although rutile with high HFSE concentration was previously 

associated with pegmatite (Černý et al., 1999), aplitic granite (Michailidis, 1997), peraluminous 

granite (Carruzzo et al., 2006a) and kimberlite (Tollo and Haggerty, 1987), Nb-Ta-Cr-rich rutile 

has also been associated with metasomatism and H2O-oversaturated environments (Carruzzo 

et al., 2006b; Tollo and Haggerty, 1987). Given the textural observations with rutile entrapped 

along quartz grain boundaries associated with several fluid inclusion trails (Figure 4G), a 

metasomatic origin is more plausible. Although considered as conservative elements, HFSE 

mobility can occur in a wide range of P-T conditions and particularly in high-pH environments, 

promoted by F-rich fluids (Jiang et al., 2005). The high F content of white mica between 0.65-

0.04% from sample FMR162 supports the presence of F-rich fluids and a metasomatic origin 

of rutile. HFSE-enriched rutile has been an important pathfinder for ore deposits across 

different tectonic settings (Porter et al., 2020; Rezvukhina et al., 2021; Scott et al., 2011; Scott 

and French, 2005; Tollo and Haggerty, 1987) and the presence of these HFSE-enriched 

niobian rutile in two samples of the Caracol Complex is promising for tracking potential 

deposits of critical metals (e.g., Nb and Ta). 

The rutile crystallization temperature calculated with the Zr-in-rutile thermometer 

(calibrated for α-quartz stability field; Tomkins et al., 2007) using an average pressure of 1.0 

GPa (extrapolating the pressure conditions from the Alto Tererê Formation) yields ~640 °C 

and ~665 °C for samples FMR162 and FMR140 (Figure 12D), respectively. Given that 

metasomatic rutile is likely to have crystallized at temperatures below ~450 ºC (Putnis, 1978; 

Putnis and Wilson, 1978), we suggest that the Zr content is in disequilibrium with the rock-fluid 

interaction, possibly due to the high Zr partition coefficient between rutile and aqueous fluid 

(Brenan et al., 1994), leading to Zr enrichment and an overestimation of crystallization 
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temperatures. The lack of coeval zircon-rutile crystallization is also an important factor, given 

this thermometer was calibrated with a quartz-zircon-rutile buffer. The similar rutile and apatite 

U–Pb ages from the Caracol Complex supports rutile crystallization at similar thermal 

conditions. 

5.2.4. White-mica 

In-situ Rb-Sr geochronology combined with textural and chemical constraints, can resolve 

the timing of deformation and the role of fluids (Olierook et al., 2020; Van Daele et al., 2020). 

Coarse-grained white-mica from the NW-trending Porto Murtinho Complex (FMR104, 

FMR105) has microstructures indicating crystal-plastic deformation (Bell et al., 1986; Wilson 

and Bell, 1979) and lower phengite contents in comparison to white mica from the Caracol 

Complex and Alto Tererê Formation (Figure 5F). The Porto Murtinho Complex white-mica 

grains show consistent initial 87Sr/86Sr and isochron ages of c. 1780 Ma, in agreement with 

reset apatite U–Pb ages from the same complex (Figure 13). Given the similarity with apatite 

ages, the evidence of crystal-plastic deformation and that the white-mica Rb-Sr isotopic 

system can be affected by medium-grade deformation (~500-500 °C; Eberlei et al., 2015; Inger 

et al., 1996; Oriolo et al., 2018 and references therein), we interpret the white-mica Rb-Sr 

isochron ages from the NW-trending Porto Murtinho Complex as reset ages (i.e., due to 

diffusion) in response to deformation.  

In contrast, white-mica grains from N-trending Porto Murtinho Complex (sample FMR109) 

define an isochron age of 1629 ± 23 Ma (Figure 10C) that is significantly younger than the 

apatite age from the same sample, which dates the protolith’s crystallization (1970 ± 47 Ma, 

Figure 7L). A similar age is recorded in the few white-mica grains analysed from sample 

FMR105 (1614 ± 28 Ma, Figure 10B). These younger ages, but with similar initial 87Sr/86Sr 

ratios to those from samples FMR104 and FMR105, may reflect a second thermal event that 

affected the Porto Murtinho Complex at c. 1625 Ma at temperature conditions below apatite 

closure temperature (~450-550 ºC). This interpretation is supported by low temperature 
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microstructures such as BLG recrystallization in quartz (280-400 °C; Faleiros et al., 2010; 

Stipp et al., 2002a, 2002b). 

White-mica from the Caracol Complex (FMR162) and the Alto Tererê Formation (FMR99) 

has high phengite content (higher Si p.f.u.) (Figure 5F) and an elongated shape defining the 

metamorphic foliation, and lack microstructures related to crystal-plastic deformation (Figure 

5D, E). White-mica from both units yields similar Rb-Sr isochron ages of c. 1280 Ma. These 

ages are within error of the late-stage titanite age (1243 ± 37 Ma; FMR42) and significantly 

younger than the metamorphic apatite U–Pb ages (c. 1410 Ma; FRM147, FMR42) from the 

Caracol Complex. Based on the white-mica microstructures and the similarity between the Rb-

Sr isochron ages with the titanite U–Pb age, we interpret the white-mica Rb-Sr ages to 

represent (re)crystallization ages with Sr homogenization through fluid-mediated processes 

during deformation (Glodny et al., 2003; Hickman and Glassley, 1984). The high 87Rb/86Sr 

ratios and initial 87Sr/86Sr recorded by the Caracol Complex (0.7133) and the Alto Tererê 

Formation (0.7388) demonstrate greater affinity with crustal processes such as reworking 

during orogenic processes.  

5.2.5. Garnet 

Garnet Lu-Hf ages from two samples of the Alto Tererê Formation agree within error, 

dating the garnet cores at c. 1340 Ma. Additionally, phase-equilibria modelling combined with 

garnet in-situ Lu-Hf geochronology from the metasedimentary rock sample FMR99 of the Alto 

Tererê Formation demonstrate for the first time the existence of a Mesoproterozoic high-

pressure/medium temperature (HP/MT) metamorphic event (~530-550 °C and ~9.7-10.4 kbar, 

Figure 6C) at 1348 ± 24 Ma (Figure 9B). The garnet chemical zonation records an 

anticlockwise P-T path in the phase-equilibrium diagram (considering the simplest path), with 

isobaric heating (core to rim) followed by an increase in pressure under decreasing 

temperature (rim to outer rim) reaching conditions of ~560-580 °C and 10.9-11.7 kbar (Figure 

6C). The Si isopleth in phengite (p.f.u.) are shown to be in equilibrium with the garnet outer 

rim, allowing indirect dating of the garnet outer rim with the phengite in-situ Rb-Sr age of 1264 
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± 18 Ma (Figure 10E). Thus, we conclude that this records a metamorphic timespan of c. 110 

Ma. 

The garnet porphyroblast from FMR99 presents sharp chemical transitions between the 

three zones and a sinuous and irregular core-rim boundary, suggesting distinct episodes of 

garnet crystallization with core resorption and low diffusion between zones (Giuntoli et al., 

2018; Vho et al., 2020). This supports the interpretation of three distinct episodes of garnet 

growth, with the garnet core representing growth at c. 1350 Ma and the outer rim growth at c. 

1260 Ma, both at HP/MT conditions. The first growth stage agrees with apatite and rutile U–

Pb and white-mica Rb-Sr ages from the Eastern domain of the RAT (Figure 13), and the latter 

agrees with the late-stage metamorphic titanite U–Pb age from the Eastern domain and with 

regional K-Ar and 40Ar/39Ar ages from across the RAT (Araújo et al., 1982; Cordani et al., 2010; 

Lacerda Filho et al., 2020).  

5.3. Thermal events 

Our petrochronology data across a suite of mineral phases along with previous published 

ages enable the recognition of a series of tectonothermal events in the RAT (Figure 13).   

5.3.1. 1780 Ma 

The Porto Murtinho Complex exposed in the northern domain of the study area exhibits a 

unique NW-trending vertical mylonitic foliation in the RAT (samples FMR101, FMR104, 

FMR105). For the first time, apatite U–Pb and white-mica Rb-Sr ages document the existence 

of a deformation event at c. 1780 Ma, responsible for the development of the NW-trending 

mylonitic fabric (Figure 13). Since titanite from one sample retains the protolith age (1959 ± 

25 Ma, FMR101), we infer that this deformational event occurred at temperatures lower than 

that of average Pb closure in titanite (~600-700 °C), and higher than the average Pb closure 

temperature of apatite (~450-550 °C) (Chamberlain and Bowring, 2000; Cherniak, 2010; 

Oriolo et al., 2018; Schoene and Bowring, 2006). We infer that this deformational event 

occurred at temperatures of ~450-550 °C, consistent with reset of the apatite U–Pb and white-

mica Rb-Sr systems (e.g., Eberlei et al., 2015; Jepson et al., 2021; Kirkland et al., 2017; Odlum 
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and Stockli, 2020; Olierook et al., 2020; Ribeiro et al., 2020c). The deformation temperature 

is qualitatively supported by the dominance of quartz SGR and GBM (Figure 3A-D), commonly 

developed at medium-grade thermal conditions in strain rate regimes for natural faults 

(Faleiros et al., 2010; Stipp et al., 2002a, 2002b). 

Close to the Aldeia Tomázia Thrust Fault, the mylonitic structure of the Porto Murtinho 

Complex changes from NW- to N-trending with decreasing dip, possibly suggesting a 

structural rotation related to an active period of the Aldeia Tomázia Thrust Fault with a sinistral 

shearing component. However, apatite from this location records the crystallization age of the 

Porto Murtinho Complex (1970 ± 47 Ma, FMR109), indicating that neither the 1780 Ma thermal 

event nor the structural overprint of the Aldeia Tomázia Thrust Fault affected the apatite U–

Pb system. From this, we conclude that the c. 1780 Ma deformation had a heterogeneous 

thermal impact possibly due to strain localization and shear heating in some domains of the 

Porto Murtinho Complex. Additionally, we infer that the structural influence of the Aldeia 

Tomázia Thrust Fault into the Porto Murtinho Complex occurred at temperatures below the 

apatite Pb closure temperature (~450-550 ºC), consistent with the brittle microstructures 

recorded by sample FMR109 (Figure 3D). 

5.3.2. 1625 Ma 

White-mica grains from two samples of the Porto Murtinho Complex (FMR109, FMR105) 

in the basement of the Western domain record a second thermal event at c. 1625 Ma. Since 

apatite from sample FMR109 dates igneous crystallization and those from sample FMR105 

date the c. 1780 Ma event, we infer that the c. 1625 Ma event occurred at temperatures below 

the apatite closure temperature, preventing it from being reset while resetting the white-mica 

Rb-Sr system. This interpretation is supported by low temperature microstructures including 

pervasive quartz BLG overprint and fractured feldspar (Figure 3D). Additionally, this suggests 

that the white-mica Rb-Sr system can be affected by thermal events with temperature 

conditions below ~450 ºC (e.g., Olierook et al., 2020), pushing the lower limit of the closure 

temperature beyond what was previously suggested (< 500 °C; Eberlei et al., 2015). 
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Although it is clear that white-mica grains from the Porto Murtinho Complex were affected 

by the ca. 1780 Ma and ca. 1625 Ma thermal events, it is difficult to clarify the origin of those 

grains. However, given the initial 87Sr/86Sr ratios among all analysed samples (~0.707, Figure 

10A-C) are similar to the average initial 87Sr/86Sr ratio from whole-rock determinations (Cordani 

et al., 2010) and the dominance of deformation-related microstructures (as opposed to 

recrystallization microstructures) (Figure 5), we speculate they all crystallized from the same 

source (potentially the  protolith). Fluid influx could also promote reset of the white-mica Rb-

Sr system, which could also explain the slightly different chemical composition of white-micas 

from sample FMR109 (Figure 5F). However, this is unlikely since the initial 87Sr/86Sr ratio for 

all samples of the Porto Murtinho Complex is similar, and  a new fluid influx would likely modify 

that ratio according to the fluid composition and source (Glodny et al., 2003). 

5.3.3. 1420-1340 Ma 

The multi-mineral geochronology and phase-equilibria modelling demonstrate for the first 

time HP/MT metamorphism at c. 1420-1340 Ma constrained by crystallization ages of 

metamorphic apatite, rutile and garnet cores (Figures 13). This event is structurally related to 

the W-verging shortening that pervasively affected the RAT developing a hot-on-cold 

structure, typical of major thrust faults. The metamorphic constraints of this event indicate 

isobaric heating from ~530 to ~590 °C at around ~10 kbar, resembling a convergent tectonic 

setting with thermal gradients of ~53-59 °C/GPa.  

5.3.4. 1300-1200 Ma event 

Late-stage metamorphic titanite and syn-kinematic white-mica establish the last thermal 

event (Figure 13), in agreement with muscovite and biotite K-Ar and 40Ar/39Ar and a few 

monazite U–Pb ages (Araújo et al., 1982; Cordani et al., 2010; Lacerda Filho et al., 2016, 

2020). This event has been used to infer the paleogeographic proximity of the RAT and the 

SW Amazonian margin (Teixeira et al., 2020). The phase-equilibria modelling of the Alto 

Tererê Formation indicates an anticlockwise P-T path, with the garnet outer rim establishing 

a pressure increase possibly related to crustal thickening (e.g., Scodina et al., 2019). 
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5.4. Tectonic significance 

Prior to this study, the lack of thermal constraints for the tectono-metamorphic events in 

the RAT prevented accurate assessment of the timing of its consolidation into a single terrane 

and the relationship between the RAT and adjoining terranes (e.g., Paraguá Terrane and 

Amazonian Craton). We reveal four thermal events in the RAT and here we discuss their 

tectonic significance. 

5.4.1. Consolidation of the RAT 

The Porto Murtinho Complex records for the first time two thermal events at c. 1780 Ma 

and c. 1625 Ma. The first event is unlikely to represent the consolidation of the RAT, as its age 

is coeval with the magmatic evolution of the Eastern domain between 1800-1720 Ma (Figure 

13). Based on this age similarity and the previous finding that the Western and Eastern 

domains of the RAT evolved in close spatial proximity (Ribeiro et al., 2020a; Teixeira et al., 

2020), we suggest that the Western and Eastern domains experienced a similar tectonic 

evolution at this time. In the Eastern domain, juvenile εHfT input in zircon (Figure 1D) and basic 

magmatism with typical back-arc signatures at 1768 ± 6 Ma (Lacerda Filho et al., 2016) 

suggest that the region was undergoing extension in an overall accretionary system (Ribeiro 

et al., 2020a). The Morraria Gneiss (1970-1930 Ma; Cordani et al., 2010), recently interpreted 

to represent a fragment of the Porto Murtinho Complex in the Eastern domain (Ribeiro et al., 

2020a), may have rifted away from the Western domain during the c. 1780 Ma extensional 

event. Detailed quantitative structural analyses to quantify the strain ellipse orientation and 

geometry are key to strengthening this hypothesis (Dewey et al., 1998; Launeau and Robin, 

2005; Ribeiro et al., 2019).   

The second thermal event at c. 1625 Ma is preserved in a small domain of the Porto 

Murtinho Complex. The NW-trending mylonitic foliation of the Porto Murtinho Complex (dated 

at c. 1780 Ma) is reorientated to a N-trend adjacent to the Aldeia Tomázia Thrust Fault (Figure 

13, map inset). We interpret the NW- to N-trending structural reorientation of the Porto 

Murtinho Complex to be associated to the development of the ATTF at c. 1625 Ma during the 
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consolidation of the RAT as a single terrane. Since the c. 1780 Ma and c. 1625 Ma events are 

uniquely recorded in the Porto Murtinho Complex and that the Amoguijá Belt of the Western 

terrane is mostly undeformed (Faleiros et al., 2016), we suggest that the Western domain was 

affected by thin-skin tectonics, whereas the Eastern domain was affected by thick-skin 

tectonics, with basement and supracrustal rocks intensely deformed and affected by 

amphibolite facies metamorphism, as previously envisaged in Faleiros et al. (2016). 

In summary, combining the recent literature regarding the magmatic and crustal evolution 

of the RAT with the new thermal constrains presented here, we conclude that the RAT 

developed in a single accretionary system involving periods of advance and retreat spanning 

2100-1840 Ma and 1800-1720 Ma giving rise to the Western and Eastern domains (Faleiros 

et al., 2016; Ribeiro et al., 2020a; Teixeira et al., 2020). The Eastern domain was juxtaposed 

with the Western domain along the Aldeia Tomázia Thrust Fault at c. 1625 Ma, consolidating 

the RAT as a single crustal domain.  

5.4.2. Growing the SW Amazonian margin 

The RAT was envisaged to represent a fragment of the Amazonia Craton in Cordani et al. 

(2010), a suggestion which was later reinforced by whole-rock Rb-Sr and zircon U–Pb-Hf 

isotopic data (Faleiros et al., 2016; Plens, 2018; Ribeiro et al., 2020a; Teixeira et al., 2020). 

The RAT is currently separated from the SW Amazonian margin by the Paraguá Terrane and 

Neoproterozoic belts (e.g., Tucavaca Belt; Figure 1). The composite Paraguá Terrane has two 

domains (Paraguá and San Diablo) separated by a shear zone termed the San Diablo Front. 

Recent investigations in the San Diablo domain (southern domain of the Paraguá Terrane) 

have revealed the existence of Paleoproterozoic metaigneous rocks with whole-rock Sm-Nd 

and zircon U–Pb-Hf signatures similar to the Western domain of the RAT (Nedel, 2020; Nedel 

et al., 2021; Redes et al., 2020) (Figure 14A). The Chiquitania Group, a metasedimentary unit 

of the Paraguá Terrane intruded by the Lomas Maneches Suite, is characterized by detrital 

zircon U–Pb ages spanning 1910-1690 Ma with a peak of c. 1765 Ma (Boger et al., 2005). 

Based on multidimensional scaling analyses (performed in R following Vermeesch, 2013; 
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Vermeesch et al., 2016), we demonstrate that the provenance of the Chiquitania Group is 

statistically comparable to those from the Alto Tererê Formation sourced from the Eastern 

domain of the RAT (Figure 14B). This statistical correlation is consistent with the proximity of 

the RAT and the Paraguá Terrane during the Paleoproterozoic, and new detrital zircon U–Pb-

Hf analyses of the Chiquitania Group could further evaluate this hypothesis.  

Magmatism ceased at c. 1700 in the RAT with final development of the Eastern domain 

(Caracol Complex) (Figure 14C), suggesting that subduction stopped or migrated elsewhere. 

While magmatism in the Paraguá Terrane is younger than that of the RAT (Figure 14C), the 

isotopic correlation between the RAT and the Paraguá Terrane suggests they evolved as a 

single accretionary orogenic system (Figure 14A). Thus, we envisage a possible migration of 

the magmatism towards the back-arc domain of the RAT (between the RAT and the SW 

Amazonian margin) during an advancing phase of the accretionary system (ca. 1700-1660 

Ma; Boger et al., 2005). This hypothesis explains the magmatic lull in the RAT post c. 1700 

Ma and suggest a genetic correlation between the RAT and the Paraguá Terrane potentially 

in the same accretionary system. If this hypothesis is correct, the San Diablo domain is a 

plausible extension of the RAT to the north separated from the Paraguá Terrane by the San 

Diablo Front as previously suggested (Faleiros et al., 2016; Redes et al., 2015).  

After the RAT consolidation, we interpret that the RAT was accreted to the Paraguá 

Terrane between 1420-1340 Ma during the Alto Guaporé orogeny (Rizzotto et al., 2013) 

(Figure 14C). This event is recorded in the Alto Tererê Formation as a HP/MT metamorphic 

event with garnet Lu-Hf age of 1348 ± 24 Ma (FMR99, Figure 9B) as well as similar apatite 

and rutile U–Pb ages in the Caracol Complex (Figure 13) in association with W-verging thrust 

tectonics. Similar to the Paleo- to Mesoproterozoic events in the RAT, SE Laurentia is 

characterized by long-lived subduction and protracted convergence prior to collision (Hynes 

and Rivers, 2010) with Mesoproterozoic events being characterized by continent-arc-continent 

collision and exhumation of high-pressure rocks (Carlson et al., 2007; Hynes and Rivers, 2010; 

Mosher et al., 2008). The similar tectono-magmatic history and the paleogeographic 

reconstruction suggest a possible connection between SW Amazonian-SE Laurentia (Bispo-
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Santos et al., 2020; Evans, 2013; Johansson, 2009). Thus, the accretionary-to-collisional 

event recorded in the RAT (1420-1200 Ma) can be related to the Elsonian accretionary event 

in SE Laurentia, potentially recording the closure of the Mirovoi Ocean between SE Laurentia 

and SW Amazonia through two-sided subduction and suggesting a linked kinematic evolution 

of these cratonic masses at this time (Bettencourt et al., 2010; Cawood and Pisarevsky, 2017; 

Gower and Krogh, 2002; Hynes and Rivers, 2010; Rivers and Corrigan, 2000; Rizzotto et al., 

2013; Sadowski and Bettencourt, 1996; Spencer et al., 2013). 

The RAT-Paraguá mass collided with the SW Amazonian margin at 1300-1200 Ma, 

recorded in the Alto Tererê Formation as a HP/MT metamorphic event with an increase in 

pressure to ~11.5 kbar (Figure 6C) indicating crustal thickening typical of a collisional setting 

(e.g., Scodina et al., 2019). Given the evidence of a Mesoproterozoic high-temperature 

metamorphic event in the Paraguá Terrane (Bettencourt et al., 2010 and references therein) 

and HP/MT metamorphic events in the RAT associated with this progressive convergence-to-

collision tectonics, we suggest that the Paraguá Terrane and the RAT represent a paired 

metamorphic belt in the more general sense of Brown (2010), i.e. the juxtaposition of 

penecontemporaneous belts with contrasting types of metamorphism and thermal gradients 

in response to plate tectonic processes.  

6. CONCLUSIONS 

In this study, we have applied petrochronology to investigate the tectono-metamorphic 

evolution of the RAT and its significance for the evolution of the SW Amazonian margin during 

the Mesoproterozoic. We identified four tectono-metamorphic events: i) c. 1780 Ma recorded 

in the basement of the Western domain of the RAT related to the Eastern domain’s 

development during a retreating episode of the accretionary orogenic system; ii) c. 1625 Ma 

corresponding with an important structural reorientation locally preserved in the Western 

domain of the RAT, establishing the consolidation of the RAT as a single crustal domain; iii) 

c. 1420-1340 Ma and c. 1300-1200 Ma ages are widespread in the Eastern domain and 

inferred to represent a progressive metamorphic events characterized by isobaric heating 
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(~530 to 600 °C at ~10 kbar) followed by an increase in pressure under decreasing 

temperature (~560-580 °C and ~10.9-11.7 kbar), establishing an anticlockwise P-T path 

related to a convergence-to-collision tectonics. The tectono-metamorphic evolution of the RAT 

broadly reflects that of the SW Amazonian margin during Rodinia assembly, in which the RAT 

was juxtaposed with the Paraguá Terrane at 1420-1340 Ma and collided with the SW 

Amazonian margin at 1300-1200 Ma, prior to Rodinia assembly. The timing of the 

Mesoproterozoic events along the Amazonian margin correlate with events along eastern 

Laurentia, with both characterized by a long-lived accretionary margin and overlapping 

tectonothermal events suggesting a linked kinematic evolution on opposing margins of the 

Mirovoi Ocean, perhaps due to closure across a double-sided subduction system (cf. Spencer 

et al., 2013). 

This study highlights the importance of investigating tectono-metamorphic events in 

complex Precambrian terranes such as the Amazonian Craton and adjoining terranes by using 

multi-mineral petrochronology, including phase-equilibria modelling coupled to mineral 

chemistry and multi-mineral-methods geochronology with structural and microstructural 

controls. This approach allows determination of events that are generally missed by 

conventional regional zircon U–Pb and whole-rock isotopic analyses. 
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Figure 1. A) Regional context of the RAT in relation to the SW Amazonia Craton and adjoining 
terranes and orogenic belts (adapted from Faleiros et al., 2016); B) Geological map of the 
RAT indicating K-Ar and 40Ar/39Ar ages from the main units (adapted from Ribeiro et al., 
2020a); C) Summary of multi-mineral K-Ar and 40Ar/39Ar (data extracted from Cordani et al., 
2010); D) εHfT versus zircon crystallization age from the Western and Eastern domains of the 
RAT (zircon data extracted from Ribeiro et al., 2020a). 
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Figure 2. A) Detailed map of the study area with structural features and location of samples 
used for geochronology and phase-equilibrium modelling (adapted from Faleiros et al., 2014). 
A schematic cross-section A-A’ is presented with the structural interpretation of the northern 
sector of the RAT; B) Composite map with reduced-to-pole (RTP) magnetic map overlayed by 
the tilt derivative in greyscale (right) and magnetic profiles sampled across the study area 
(left).  
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Figure 3. Photomicrographs of rock samples from the Rio Apa Terrane. A-D) granitic mylonite 
samples of the Porto Murtinho Complex; E) granitic mylonite of the Caracol Complex; G-I) 
metasedimentary rocks of the Alto Tererê Formation. White arrows in photomicrographs (B) 
and (D) indicate quartz bulging. All photomicrographs were taken under cross-polarized light, 
except photomicrograph (G) which was taken under plane-polarized light.  
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Figure 4. Accessory mineral phases of studied samples. Apatite from the Porto Murtinho Complex (A, B) and the Caracol Complex (C, D), titanite 
from the Porto Murtinho Complex (E) and Caracol Complex (F), rutile from the Caracol Complex (G, H) and garnet from the Alto Tererê Formation 
(I-L). Photomicrograph (F) was taken under cross-polarized light, and (A-E, G-I, K) were taken under plane-polarized light. 
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Figure 5. White-mica microstructures from the Porto Murtinho Complex (A-C), Caracol 
Complex (D) and Alto Tererê Formation (E); (F) white-mica chemistry variation across 
the Western and Eastern domains of the RAT based on the Tschermak substitution 
[Al(vi)+Al(iv)

(Fe+Mg+Mn)(vi)+Si(iv)]. 
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Figure 6. A) Garnet composition maps and chemical profiles from sample FMR99; B) 
Ternary diagrams of the chemical composition of white-mica and biotite; C) phase-
equilibrium diagram for sample FMR99 with P-T fields constrained by isopleths of garnet 
end-members (Sps - spessartine, Alm - almandine and Grs - grossular) and associated 
uncertainties extracted from the XMapTools (see supporting information S1 for EPMA 
data). Abbreviations for garnet zones are: core - C, rim - R, outer rim - OR. 
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Figure 7. Apatite and titanite U–Pb–REE from key samples of the Porto Murtinho 
Complex. REE-chondrite normalized diagrams (A, D, G, J) were calculated using 
reference values from McDonough & Sun (1995) and apatite classification diagrams (B, 
E, H) follow O’Sullivan et al. (2020). Ellipse uncertainties are 2σ and errors are 
studentised at 95% confidence with no common-Pb correction applied. The colour-coded 
ellipsis represents to the sum of light rare earth element (∑LREE = La + Ce + Pr + Sm) 
for each analysed grain. The abbreviations in the apatite classification diagrams stand 
to ALK = alkali-rich igneous rocks; HM = partial-melts/leucosomes/high-grade 
metamorphism; I+M = mafic I-type granitoids and mafic igneous rocks; LM = low- and 
medium-grade metamorphic and metasomatism; S = S-type granitoids and magmatic 
rocks with high aluminium saturation index; UM = ultramafic rocks including carbonatites, 
lherzolites and pyroxenites. 
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Figure 8. Apatite and titanite U–Pb–REE from key samples of the Caracol Complex. 
REE-chondrite normalized diagrams (A, D, G, H) were calculated using reference values 
from McDonough & Sun (1995) and apatite classification diagrams (B, E) follow 
O’Sullivan et al. (2020). Ellipse uncertainties are 2σ and errors are studentised at 95% 
confidence with no common-Pb correction applied. The colour-coded ellipsis represents 
to the sum of light rare earth element (∑LREE = La + Ce + Pr + Sm) for each analysed 
grain. The abbreviations in the apatite classification diagrams stand to ALK = alkali-rich 
igneous rocks; HM = partial-melts/leucosomes/high-grade metamorphism; I+M = mafic 
I-type granitoids and mafic igneous rocks; LM = low- and medium-grade metamorphic 
and metasomatism; S = S-type granitoids and magmatic rocks with high aluminium 
saturation index; UM = ultramafic rocks including carbonatites, lherzolites and 
pyroxenites. 
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Figure 9. Garnet Lu-Hf isochron ages from samples FMR93 (A) and FMR99 (B) of the 
Alto Tererê Formation. The data are plotted using an inverse diagram following Li & 
Vermeesch (2021). Ellipse uncertainties are 2σ and errors are studentised at 95% 
confidence.     
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Figure 10. White-mica Rb-Sr isochrons from the Porto Murtinho Complex (A - C), Caracol 
Complex (D) and Alto Tererê Formation (E). Isochron ages, number of spots, 
uncertainties, initial 87Sr/86Sr intercept and MSWD are presented in the lower right corner. 
Ellipse uncertainties are 2σ and errors are studentised at 95% confidence. 
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Figure 11. Variation of magnetic signal and zircon εHtT across the RAT (from Western to 
Eastern domain) highlighting the Aldeia Tomázia Thrust Fault as a major crustal boundary. 
Zircon εHtT data were taken from Ribeiro et al. (2020a). 
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Figure 12. A) Apatite classification diagram (O’Sullivan et al., 2020) with apatite data from all 
studied samples ranked by age (Ma); B) Chemical comparison between the titanite from the 
RAT (filled symbols) with others from the literature (hollow symbols). The reader is referred to 
O’Neill (2016) for detailed information about the lambda (λn) parameters; C) Zr/Hf vs. Nb/Ta 
diagram and D) Zr-in-rutile thermometry (Tomkins et al., 2007) vs. average 207Pb/206Pb rutile 
age from the Caracol Complex. 
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Figure 13. Time-space plot illustrating the distribution of multi-mineral ages across the RAT 
(adapted from Ribeiro et al., 2020a). The geological map with location of analysed samples is 
located in the top right corner with the mineral ages obtained in this study. Samples are 
distributed in the time-space plot according to their geographic position in relation to the ATTF. 
Mineral abbreviations are: Ap - apatite, Ttn - titanite, Rt - rutile, Grt - garnet, WM - white-mica. 
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Figure 14. A) Crystallization age (Ma) vs. εHfT from the Rio Apa and Paraguá Terranes 
alongside data from the Ventuari-Tapajós and Rio Negro-Juruena from the Amazonian Craton 
(adapted from Ribeiro et al., 2020a). Whole-rock εNdT was converted to εHfT following 
Vervoort et al. (2011); B) Multi-dimensional scaling diagram demonstrating the potential 
provenance of the Chiquitania Group (Paraguá Terrane) from the Eastern domain of the RAT 
(adapted from Ribeiro et al., 2020a); C) Regional time-space plot including orogenic events 
and general settings of the SE Laurentia, SW Amazonia, Paraguá Terrane and Rio Apa 
Terrane. 
 

 


