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Abstract 
Repeated cycles of supercontinent amalgamation and break-up have profoundly influenced the 

evolution of the Earth’s crust, atmosphere, hydrosphere and biosphere since the late Archean. 

Supercontinent assembly is characterised by the formation of convergent plate boundaries, which 

ultimately results in continental collisions. Crustal thickening and heating due to accumulation of heat-

producing elements and/or increased mantle heat flow in continental collision settings leads to melting 

of pre-existing crustal lithologies and production of large volumes of granitic magmas, contributing to 

the differentiation of the Earth’s crust. This work focuses on the Araçuaí orogen in southeast Brazil, 

which is one of many Brasiliano/Pan African collisional orogenic belts that developed during 

convergence of South American and African protocontinents in the late Neoproterozoic and formed 

the West Gondwana supercontinent. Collision between the São Francisco and Congo craton resulted in 

prolonged granitic magmatism now exposed in the internal part of the Araçuaí orogen. While this 

magmatism is well-characterised, the metamorphic evolution of the orogen and the geodynamic 

evolution of involved continental blocks prior to West Gondwana assembly are less studied. 

Combined field work, petrography, whole rock geochemistry and detrital zircon U–Pb–Hf isotope 

analyses were performed on metasedimentary rocks in order to place better constraints on the 

geodynamic evolution of pre-West Gondwana continental blocks. Crustal reworking processes during 

supercontinent amalgamation have been studied through zircon U–Pb–Hf isotope analyses of granitoid 

intrusions and basement rocks. In addition, garnet in situ U–Pb geochronology and phase equilibria 

modelling were applied to reconstruct the metamorphic evolution of the Araçuaí orogen in order to 

better understand mountain-building processes and heat sources of partial melting during continental 

collision. Detrital zircon U–Pb–Hf isotopic and trace element data from metasedimentary rocks of the 

Araçuaí orogen provide evidence for break-up of the Congo–São Francisco craton. The U–Pb age 

spectra of detrital zircon range from 900–650 Ma and define a maximum depositional age of ca. 650 

Ma. Zircon trace element and whole rock data constrain an oceanic island arc as source for the 

protoliths to the metasediments. Positive zircon εHf(t) values indicate a Neoproterozoic extensional 

phase and oceanic crust formation in a precursor basin to the Araçuaí orogen. The juvenile nature, age 

spectra and trace element composition recorded in detrital zircons correspond with zircons from 

metasedimentary rocks and oceanic crust remnants of adjacent Brasiliano orogenic belts. This suggests 

that rifting and oceanic crust formation of a large connected orogenic system was contemporaneous, 

most likely related to the opening of a large ocean. It further indicates that the cratonic blocks involved 

in this orogenic evolution were spatially connected as early as 900 Ma. Paleoproterozoic migmatitic 

gneisses from the basement of the Araçuaí orogen represent addition of juvenile crust in an 

accretionary orogenic setting at ca. 2.2–2.0 Ga evidenced by their positive zircon εHf values. The Hf 

isotopic composition of zircon from pre-collisional granitoids defines a large range of negative εHf 

values consistent with inefficient mixing of melts derived from felsic and mafic Paleoproterozoic 



 

xx 

sources. Zircon grains of contemporaneous mafic intrusions display enriched Hf isotopic compositions 

indicating melting of Paleoproterozoic amphibolites rather than addition of mantle melts. Magmatism 

of the Araçuaí orogen related to the assembly of West Gondwana is dominantly a crustal reworking 

event. Petrographic observations, mineral chemistry, and phase equilibria modelling constrain peak 

metamorphic conditions of non-anatectic metasedimentary rocks of the central domain of the Araçuaí 

orogen at 640 ± 20 °C and 8.75 ± 0.75 kbar. Unprecedented in situ low-U (<1 µg/g) garnet U–Pb 

geochronology yielded geologically meaningful peak metamorphic ages between 585–570 Ma. 

Metamorphic zircon ages of ca. 630 Ma are related to a cryptic terrane accretion event prior to 

orogenesis, whereas garnet U–Pb ages record the orogenic peak metamorphism as revealed by 

disequilibrium rare earth element (REE) partitioning between the two minerals. Combining 

metamorphic conditions defines a clockwise P–T evolution for the Araçuaí orogen characterised by 

slow burial to depths of 26–30 km, followed by nearly isothermal decompression from ~10 to 6 kbar. 

Substantial differences of peak temperatures in various domains of the orogen are consistent with 

differences in initial lithology of crustal sections causing a higher concentration of heat producing 

elements in anatectic domains, which triggered partial melting of the metasedimentary rocks. This 

suggests that heat producing elements were a significant heat source for crustal reworking during West 

Gondwana convergent tectonics. 
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Resumo 
Ciclos repetidos de amalgamação e quebra de supercontinentes influenciaram profundamente 

a evolução da crosta, atmosfera, hidrosfera e biosfera da Terra a partir do final do Arqueano. A 

formação de supercontinentes é caracterizada pela formação de margens convergentes, que por fim 

resultam em colisão continental. Espessamento crustal e produção de calor devido a acumulação de 

elementos produtores de calor e/ou aumento da contribuição de calor mantélico em margens 

convergentes resultam em fusão parcial de litologias pré-existentes e produção de grandes volumes de 

magma granítico, contribuindo para a diferenciação da crosta terrestre. Este trabalho tem como foco o 

orógeno Araçuaí no sudeste brasileiro, o qual é um dos diversos cinturões colisionais do ciclo 

Brasiliano/Pan-Africano, edificados durante a convergência dos proto-continentes Sul-Americano e 

Africano ao final do Neoproterozóico, resultando na formação do supercontinente Gondwana 

Ocidental. A colisão entre os crátons São Francisco e Congo resultou em um prolongado magmatismo 

granítico, agora exposto na porção interna do orógeno Araçuaí. Enquanto este magmatismo é bem 

caracterizado, a evolução metamórfica do orógeno e a evolução geodinâmica relacionada aos blocos 

continentais que antecederam a amalgamação do Gondwana Ocidental são menos estudados, apesar da 

grande exposição de rochas metassedimentares. Um estudo combinado de trabalhos de campo, 

petrografia, geoquímica de rocha total e análises isotópicas de U–Pb–Hf em zircões detríticos foi 

realizado em rochas metassedimentares de forma a melhor entender a evolução geodinâmica dos 

blocos continentais pré-Gondwana Ocidental. Processos de retrabalhamento crustal durante a 

formação de supercontinentes foram estudados utilizando análises isotópicas U–Pb–Hf em zircões de 

intrusões graníticas e rochas do embasamento. Além disso, geocronologia U–Pb in situ em granadas e 

modelamento metamórfico foram aplicados na reconstrução da evolução metamórfica do orógeno 

Araçuaí de forma a compreender os processos orogenéticos e fontes de calor que produziram fusões 

parciais durante a colisão continental. Análises isotópicas U–Pb–Hf e dados de elementos traço em 

zircões detríticos de rochas metassedimentares do orógeno Araçuaí forneceram evidências da quebra 

do cráton Congo-São Francisco. O espectro de idades U–Pb dos zircões detríticos variou de 900–650 

Ma e definiram uma idade máxima de deposição de ca. 650 Ma. Elementos traço dos zircões e 

química de rocha total indicaram um arco de ilhas como fonte dos protólitos dos metassedimentos. 

Valores positivos de εHf(t) dos zircões indicam uma fase extensional Neoproterozóica e formação de 

crosta oceânica em uma bacia precursora ao orógeno Araçuaí. A natureza juvenil, espectro de idades e 

composição de elementos traço dos zircões detríticos correspondem com zircões de rochas 

metassedimentares e restos crosta oceânica dos cinturões orogênicos Brasilianos adjacentes. Isto 

sugere o rifteamento e geração de crosta oceânica em um grande sistema orogênico conectado e de 

forma contemporânea, provavelmente relacionado à abertura de um grande oceano. Isto também 

implica que os blocos cratônicos envolvidos nesta evolução orogenética estavam conectados há 900 

Ma. Gnaisses migmatíticos Paleoproterozóicos do embasamento do orógeno Araçuaí representam 
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adição de crosta juvenil em um cenário de acreção orogenética entre 2.2–2.0 Ga, evidenciado pelos 

valores positivos de εHf de seus zircões. A composição isotópica de Hf dos zircões dos granitóides 

pré-colisionais definem um grande intervalo de valores negativos de εHf, consistente com a mistura 

ineficiente de fusões derivadas de fontes máficas e félsicas Paleoproterozóicas. Grãos de zircão de 

intrusões máficas contemporâneas exibem composição isotópica de Hf enriquecida, indicando fusão 

de anfibolitos Paleoproterozóicos ao invés de adições mantélicas. O magmatismo do orógeno Araçuaí 

relacionado à amalgamação do Gondwana Ocidental é, desta forma, dominantemente um evento de 

retrabalhamento crustal. Observações petrográficas, química mineral e modelamento metamórfico 

restringe o pico metamórfico das rochas metassedimentares não-anatéticas do domínio central do 

orógeno em 640 ± 20 °C e 8.75 ± 0.75 kbar. Sem precedentes, geocronologia U-Pb in-situ em 

granadas de baixo-U (<1 µg/g) produziram idades consitentes para o pico metamórfico entre 585–570 

Ma. Zircões metamórficos com idades de ca. 630 Ma. são relacionados à um evento de acreção de um 

terreno não exposto atualmente antes da orogênese, enquanto as idades U–Pb em granada registram o 

pico metamórfico devido à orogênese, revelado pelo desequilíbrio entre o particionamento de 

elementos terras raras (ETR) entre os dois minerais. A combinação das condições metamórficas define 

uma evolução P–T em sentido horário para o orógeno Araçuaí, caracterizado pelo lento soterramento a 

profundidades de 26–30 km, seguido por descompressão praticamente isotérmica de ~10 a 6 kbar. 

Diferenças substanciais entre as temperaturas de pico metamórfico nos diversos domínios do orógeno 

Araçuaí são consistentes com diferentes litologias em diferentes seções crustais, causando uma maior 

concentração de elementos produtores de calor no domínio anatético, causando fusão parcial das 

rochas metassedimentares. Isto sugere que os elementos produtores de calor foram uma fonte 

significativa de calor para o retrabalhamento crustal durante a tectônica convergente do Gondwana 

Ocidental. 
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CHAPTER 1 
INTRODUCTION 

1  

1.1 GENERAL INTRODUCTION 

Earth history has been punctuated by repeated cycles of supercontinent amalgamation and 

break-up since the late Archean, which has influenced the rock record more profoundly than any other 

geological phenomenon (e.g. Murphy & Nance, 2003; Rogers & Santosh, 2003; Condie, 2011; Nance 

& Murphy, 2013). Although the mechanisms responsible for their amalgamation and dispersal are 

contentious, the scientific community agrees that supercontinent cycles have had a profound effect on 

the evolution of the Earth’s crust, atmosphere, hydrosphere, and biosphere (e.g. Nance et al., 1986; 

Hoffmann et al., 1998; Condie, 2002; Maruyama & Santosh, 2008; Meert & Liebermann, 2008; Stern 

2008). 

The advent of the plate tectonics theory in the 1960s introduced the link of crustal production 

and orogeny with subduction of oceanic lithosphere, accretion of terranes and continental collisions 

(e.g. Wilson, 1966; Dewey, 1969). Although the episodic nature of crustal development and orogenic 

activity has been noted even before the acceptance of the plate tectonic concept, only advances and 

increasing quantities of radiometric dates in the 1970s and 1980s affirmed the episodic nature of 

orogenesis and, thus, ultimately led to the formulation of the “supercontinent cycle” hypothesis 

(Worsley et al., 1984, 1986; Nance et al., 1986; Murphy et al., 2009). The episodic nature of 

supercontinents was further confirmed by the pattern of Phanerozoic sedimentary cycling (Mackenzie 

& Pigott, 1981), the distribution of ore-forming processes through time (Meyer, 1981, 1988), detrital 

zircon age spectra (e.g. Meert, 2012), and rift related mafic dyke swarms (Worsley et al., 1984). 

Consequently four supercontinents were predicted at ca. 2.6, 1.8–1.6, 1.1, and 0.6 Ga that predate the 

most recent supercontinent, Alfred Wegener’s Pangea (ca. 250–180 Ma), which are now recognised as 

Kenorland (or Superia/Sclavia ca. 2650–2450 Ma), Columbia (or Nuna; ca. 1900–1500 Ma), Rodinia 

(ca. 1000–750 Ma), and Gondwana (or Pannotia; ca. 550–250 Ma) (Fig. 1.1; e.g. Abu-Alam et al., 

2013; Nance et al., 2014). 

Despite the strong evidence in the geological record, all supercontinents older than Pangea and 

Gondwana are contentious in terms of their configuration, paleogeography and even existence (Li et 

al., 2008; Evans, 2009; Reddy & Evans, 2009). Similarly, the processes responsible for supercontinent 

assembly and break-up are intensely debated topics (Zhang et al., 2009, and references therein). 

Supercontinent assembly develops two distinct types of orogenic belts (Murphy & Nance, 1991); 

interior or collisional orogens, which result from continental collisions and end up in the interior of a 

supercontinent, and peripheral or accretionary orogens, which form in oceanic surroundings of 
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continental land masses and end up along the periphery of a supercontinent (Murphy & Nance, 1991; 

Windley, 1993; Cawood & Buchan, 2007). 

 
Figure 1.1 – The supercontinent cycle summarising episodic events in biogenesis (supercontinent break-up), 
collisional orogenesis (supercontinent amalgamation), mafic dyke swarms (supercontinent rifting), and major 
glaciation intervals (supercontinent stasis), with yellow blocks showing the duration of presently known 
supercontinents (Worsley et al., 1984; Nance et al., 2014). 

The break-up of Rodinia and the amalgamation of Gondwana in the Neoproterozoic mark a 

period of the Earth with important changes in global geodynamics and environment as well as the first 

appearance of modern life (Hoffmann et al., 1998; Brown, 2007; Maruyama & Santosh, 2008; Meert 

& Liebermann, 2008). Furthermore a geodynamic change of orogenesis took place at this transition 

with the onset of high-pressure (blueschist) and ultrahigh-pressure metamorphism indicating changes 

in geothermal gradients (e.g. Brown, 2007; Gerya et al., 2014). The supercontinent Gondwana is 

composed of East and West Gondwana, which were fused at ca. 600–500 Ma (e.g. Abu-Alam et al., 

2013). West Gondwana was assembled from African and South American cratonic blocks by the 

closure of several major Neoproterozoic oceans (Kröner & Stern, 2004). These cratonic blocks were 

sutured along the Pan-African and Brasiliano orogenies between 650 and 600 Ma (e.g. Pankhurst et 

al., 2008). Continental collisions of the Pan-African and Brasiliano orogenic events occupied positions 

in the interior of the assembled supercontinent (Murphy & Nance, 2003). However, accretionary 

orogens at the margins of the supercontinent have also been identified leading to the recognition that 

both fundamentally distinct types of orogen can be related to one supercontinent cycle. 

The focus of this thesis is the Araçuaí orogen, which together with its African conjugate, the 

West Congo belt, was formed by collision of the São Francisco and Congo cratons during the 

amalgamation of West Gondwana. The thesis aims to provide new constraints on the geodynamic 

evolution from the rifting stage between the two cratons to their final collision as well as the 

metamorphic evolution of the resulting orogen and associated crustal reworking. 
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In its core, the Araçuaí orogen is composed of high-grade metamorphic complexes and large 

volumes of different granitoids, which were emplaced between 630 and 480 Ma, and include the 

remarkable Eastern Brazilian Pegmatite Province, one of the world’s biggest gem and dimension stone 

producers (e.g. Pedrosa-Soares et al., 2011). The core of the orogen has been exposed due to the 

formation of the Atlantic Ocean during Cretaceous rifting, making different crustal levels accessible. 

This makes the Araçuaí orogen an ideal place to apply tools for understanding the metamorphic 

evolution of different levels of the crust through time. In addition, the Araçuaí orogen records several 

episodes of crustal anatexis associated with metamorphism and deformation (Pedrosa-Soares et al., 

2001; Gradim et al., 2014; Melo et al., 2017a). While dating has been done on the various suites of 

granitic plutons, very little direct dating of metamorphism has been conducted. Only recently 

thermodynamic modelling has been applied in a few studies on anatectic rocks of the orogen’s back-

arc region and fold-thrust belt providing solid pressure (P)–temperature (T)–time (t) constraints 

(Richter et al., 2016; Melo et al., 2017a; Peixoto et al., 2018). However, the P–T–t evolution of the 

central domain remains elusive. Metasedimentary rocks in the vicinity of the continental magmatic arc 

are interpreted to be arc-related deposits, albeit no extensive provenance studies have been conducted 

(Vieira, 2007; Pedrosa-Soares et al., 2001; Novo, 2013; Degler et al., 2017; Novo et al., 2018). 

Furthermore, the Neoproterozoic extensional phase prior to continental collision has been mostly 

deduced from rift-related magmatism, which, contrastingly is so far not reflected in the detrital zircon 

record of provenance studies. Thus, this work aims to investigate the following points: 

- Detrital zircon geochronology applied to metasedimentary rocks of the Araçuaí orogen 

can provide a better understanding of the geodynamic evolution in terms of provenance, 

tectonic setting of protoliths deposition and paleogeographic reconstructions. 

- Constraining the P–T–t conditions of so far unstudied high-grade rocks by the means of 

high precision in situ dating and thermodynamic modelling allows a better understanding 

of processes involved in crustal heating and reworking. 

- The influence of crustal reworking of Paleoproterozoic basement during continental 

collision has been proposed for the formation of the magmatic arc based on whole-rock 

isotope data. This hypothesis can be tested via zircon U–Pb geochronology and Hf 

isotopes of basement rocks and granitoids to trace their crustal evolution. 

This thesis is arranged as a compilation of articles that investigated the above-mentioned 

unresolved topics using different scientific approaches. The manuscript is laid out as follows: 

- Chapter 1 introduces the general topic, as well as the main goals of this study. It further 

summarises the link between supercontinent cycles and orogenic processes and their 

secular evolution in Earth’s history. 

- Chapter 2 provides a summary of the geological setting of the Araçuaí orogen, its structure 

and its tectonic evolution. 
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- Chapter 3 presents the results of an in situ LA-ICP-MS zircon U–Pb geochronology, Lu–

Hf isotopes, and trace element study of metasedimentary rocks from the Araçuaí orogen. 

Together with a large literature compilation the results are used to discuss rifting and 

ocean forming events, as well as the relative position of cratonic blocks prior to West 

Gondwana assembly. This study is in press in Geoscience Frontiers. Co-author 

contributions: M. Fonseca assisted with the field work. C. Lana supervised the analyses. 

All co-authors were involved in discussions during the writing of the manuscript. 

- Chapter 4 presents the results of zircon dating and Hf isotopes applied to Paleoproterozoic 

basement rocks, mafic intrusions and granitoids of the magmatic arc to evaluate the 

contribution of crustal reworking during orogenesis. A combination of new and literature 

data constrains potential sources for zircons of the orogeny-related magmatism. This work 

is in the final stages of manuscript preparation and will be submitted to Precambrian 

Research. Co-author contributions: M. Fonseca assisted with the field work. A. Mazoz 

assisted during analytical work and data reduction. C. Lana and F. Narduzzi were involved 

in discussions during the writing of the manuscript. 

- Chapter 5 presents the results of an integrated in situ dating (zircon, monazite, garnet) and 

phase equilibria modelling approach to constrain the P–T–t evolution of the Araçuaí 

orogen and to discuss heat sources that caused partial melting. It includes the first garnet 

in situ U–Pb ages performed on metamorphic low-U content garnets. This study is 

submitted to Journal of Metamorphic Geology. Co-author contributions: C. Lana and I. 

Buick assisted with garnet geochronology. A. Gerdes performed some of the garnet U–Pb 

analyses and was involved in discussions about garnet chronology. K. Cutts and G. Nicoli 

helped with phase equilibria modelling and contributed to discussions about the P–T data. 

- Chapter 6 summarises the main results of this work. 
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1.2 SUPERCONTINENT CYCLES 

The tremendous effect of supercontinent cycles on the evolution of the Earth and life are 

beyond dispute. As opposed to this, the mechanisms responsible for their assembly and dispersal are 

highly debated, not even mentioning their paleogeographic reconstruction. This section will give a 

synopsis of currently debated processes and the evolution of supercontinent cycles throughout the 

Earth’s history. 

1.2.1 Evolution of a supercontinent 

There are two geodynamically distinct realms of oceanic lithosphere when a supercontinent 

breaks up (Fig. 1.2). Oceanic lithosphere of interior oceans that forms in between dispersing 

continents is younger relative to the age of supercontinent break-up. On the other hand, oceanic 

lithosphere of exterior oceans, situated at the margins of a supercontinent, generally predates 

supercontinent break-up (e.g. Murphy et al., 2009). These two tracts of oceanic lithosphere have 

contrasting average thicknesses and elevations owed to their contrasting age (e.g. Sclater et al., 1980). 

Due to the geometry of supercontinent break-up, the two types of oceanic lithosphere have to come in 

contact with each other, which will result in unstable tectonic boundaries with ongoing continent 

dispersal (Fig. 1.2). Two end-member models have been proposed to explain the assembly of a new 

supercontinent: (1) extroversion, where subduction preferentially consumes the older oceanic 

lithosphere of the exterior ocean, while the interior oceans keep growing, and (2) introversion, where 

subduction prefentially destroys the younger oceanic lithosphere of the interior oceans (Fig. 1.2; 

Murphy & Nance, 2003). 

Evidence for both end-member models can be found at different stages in the geological 

record. Break-up of the Rodinia supercontinent and subsequent assembly of Gondwana is ascribed to 

extroversion, i.e. the preferential subduction of the older exterior ocean (e.g. Dalziel, 1992; Murphy & 

Nance, 2003). Amalgamation of Pangea after the break-up of Gondwana is related to subduction of the 

interior Iapetus and Rheic oceans (e.g. van Staal et al., 1998), and is, thus, resulting from introversion 

(Murphy & Nance, 2003). Differences between Sm–Nd isotope compositions of the two distinct 

oceanic lithosphere types have confirmed the end-member models (Murphy & Nance, 2003). As a 

next step, it is important to understand the processes that drive dispersal and re-assembly of super 

continents. 

1.2.2 Driving force of a supercontinent cycle 

In theory the supercontinent cycle has been explained as the geodynamic consequence of 

differential heat flow from the mantle through oceanic versus continental crust (e.g. Anderson, 1982, 

1994). It has been proposed that the supercontinent cycle consists of (1) assembly at sites of 

convective downwelling in the mantle; (2) mantle upwelling induced by the insulating effects of 

stationary supercontinents which uplifts and fragments the supercontinents; and (3) dispersal of 
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fragments driven by the upwelling mantle towards new areas of mantle downwelling (Anderson, 1982, 

1994). 

 
Figure 1.2 – Schematic diagrams showing the two end-member models of supercontinent dispersal and re-
assembly. A–C show relatively old oceanic lithosphere that surrounds the supercontinent underlying the exterior 
ocean (blue), and the development of new oceanic lithosphere in interior oceans (yellow) between diverging 
continentes. D Introversion, where the oceanic lithosphere of the interior ocean is preferentially subducted. E 
Extroversion, where oceanic lithosphere of the exterior ocean is preferentially subducted. F Formation of a new 
supercontinent by combination of introversion and extroversion. Murphy & Nance (2013). 

This theory has been confirmed by time-dependent numerical and kinematic modelling, which 

indicates that supercontinents prevent cooling of the mantle below them, which in turn causes 

overheating and fragmentation under tension (Fig. 1.3; e.g. Gurnis, 1988). More recently, Andersen 

(2001) proposed that subduction of cold lithosphere, which provides 90 % of the force needed to drive 

plate motions, is the primary engine of plate tectonics. This model is also referred to as “top–down” 

tectonics and is accounted responsible for upwelling beneath mid-ocean ridges and for supercontinent 

break-up over mantle upwelling sites (or geoid highs) and migration to sites of mantle downwelling 

(or geoid lows). 
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Figure 1.3 – Time-dependent numerical models of supercontinent break-up and dispersal with subsequent re-
assembly and amalgamation. A overheating of mantle underlying insulating supercontinent induces upwelling 
and fragmentation. B continental fragments disperse towards subduction zones (sites of mantle downwelling). C 
re-assembly of supercontinent at site of downwelling. D begin of a new cycle. Gurnis (1988). 

“Top–down” geodynamic models are consistent with supercontinent formation by 

extroversion where exterior oceans get subducted, such as the formation of Gondwana after break-up 

of Rodinia. However, these models fail to explain supercontinents formed by introversion, such as 

Pangea, which needs redistribution of geoid lows. The predicted outcome of “top–down” geodynamics 

for Pangea is not consistent with information of geological datasets, which are extensive since Pangea 

is the Earth’s most recent supercontinent (e.g. Murphy & Nance, 2013). Thus the plate motion from 

geoid highs to geoid lows as implied by “top–down” geodynamic models need to be reversed to 
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assemble Pangea via introversion. Condie (1998) addressed the relationship of mantle dynamics and 

supercontinent break-up and assembly by proposing that subducted slabs plunge through the mantle to 

accumulate at the core-mantle boundary. These slab avalanche events might trigger the rise of 

superplumes from the core-mantle boundary, which potentially induces the reversal in the direction of 

continent migration (Murphy et al., 2009). Thus a superplume would produce a geoid high that would 

result in a reversal of plate motion temporarily from “top–down” to “bottom-up” tectonics (Murphy & 

Nance, 2013). Geodynamic models (e.g. Zhong & Gurnis, 1997; Zhong et al., 2007), tomographic 

images (e.g. Hutko et al., 2005), and geochemical data of oceanic basalts (e.g. Tatsumi, 2005) have 

provided support for this idea. 

1.2.3 Secular change and supercontinents 

There are various secular trends in Earth’s history that appear to be manifested in Precambrian 

supercontinent cycles (Fig. 1.4; see Bradley, 2011 for an excellent review). For example, few passive 

margins and zircon minima coincide with the tenure of Pangea, which is a trend that can be traced 

back to Proterozoic episodes of assembled supercontinents at ca. 1625–1000 (Columbia), and ca. 875–

725 Ma (Rodinia) (Fig, 1.4). The abundances of granulites, eclogites, carbonatites, volcanogenic 

massive sulfides, and greenstone-belt collisions are other secular trends found in the rock record that 

coincide with supercontinent cycles (Fig. 1.4; Bradley, 2011). Furthermore, global sedimentation 

patterns record “superevents” at ca. 2.7, 2.2–1.8 and 0.8–0.6 Ga overlapping with major changes in the 

Earth’s evolution and linked to supercontinent cycles, mantle superplumes, crustal growth rate peaks, 

and changes in the atmosphere–hydrosphere–biosphere system (Eriksson et al., 2012; Nance et al., 

2014). These superevents include the development of the first giant carbonate platforms, deposition of 

banded iron formations, the first global glaciation, and the exsitance of free oxygen in Earth’s 

atmosphere, if not major oxidation events (Eriksson & Condie, 2013). 

Patterns of extreme metamorphic conditions through time have also been linked to 

supercontinent cycles (e.g. Brown, 2007). The distribution of high-pressure metamorphism and very 

steep inferred geothermal gradients suggest secular change of geodynamics, which will be reviewed in 

more detail in the following section. 
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Figure 1.4 – A published durations of various supercontinents according to the given literature. B Age spectra of 
variables that coincide with the tenure of supercontinents. C proposed tenure of supercontinents combining 
Phanerozoic plate reconstructions, passive-margin age distributions, and zircon age distributions of Bradley 
(2011).  
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1.3 EVOLUTION OF OROGENESIS 

Geodynamical processes are known to have changed over the course of Earth’s evolution, 

most likely due to thermal changes of the mantle (e.g. Brown, 2010, 2014) and possibly linked to 

supercontinent cycles as explained in the previous section (e.g. Brown, 2007; Nance & Murphy, 2013; 

Nance et al., 2014). A different style of mantle convection might have been responsible for a largely 

immobile layer on the surface of the early Earth’s mantle (Lenardic et al., 2004). During that time, 

heat loss due to mantle convection below this layer may be characterised as plume-like (Hansen et al., 

2006). In the concept of modern plate tectonics, developed since the early 60s, heat loss is controlled 

by recycling of the mantle via creation and destruction of oceanic lithosphere (Brown, 2007) with 

plumes playing a minor role. This modern style is often referred to as ‘mobile lid regime’ compared to 

a ‘stagnant lid regime’ commonly proposed for the early Earth (Brown, 2007). An episodic regime has 

been proposed by Davies (1995) for the Earth’s tectonic evolution from Archean to modern plate 

tectonics characterised by alternating episodes of plate tectonics (mobile lid regime) with mantle 

overturns (stagnant lid regime). 

The changes in the thermal state of the lithosphere are also reflected in the style of 

metamorphism. Thus, the Paleoarchean crust shows uniformly high temperature (T)/pressure (P) 

metamorphism, whereas the Neoarchean is characterised by two types of metamorphism, eclogite – 

high-pressure granulite and granulite–ultrahigh temperature metamorphism, respectively. This paired 

metamorphism is interpreted to register the onset of subduction with lower T/P metamorphism in the 

subduction channel and higher T/P metamorphism in the overriding plate (Brown, 2014). However, 

concerning global geodynamics, the subduction process is commonly interrupted by continental 

collisions due to cyclicity of supercontinent formation. During the Proterozoic, collision-related 

metamorphic rocks were most likely preserved as a result of orogenesis associated with supercontinent 

(Nuna to Rodinia cycle) assembly (Brown, 2014). The above-described type of metamorphism 

underwent another change in the Neoproterozoic, with the first appearance of blueschist and ultrahigh-

pressure metamorphism (e.g. Stern, 2005). This transition towards a “cold” subduction regime, 

characteristic of modern plate tectonics, is thought to reflect further cooling. Geodynamics in the 

Phanerozoic is mostly distinguished by the break-up of Pangea reflected in dispersion of continental 

lithosphere. The different styles of collision tectonics between Proterozoic and Phanerozoic orogens 

rely on differences in parameters such as ambient upper-mantle temperature, radiogenic heat 

production in the crust, thickness of continental lithosphere or chemical density contrast between the 

subcontinental lithospheric mantle and the asthenospheric mantle (Sizova et al., 2014). 

1.3.1 Accretionary and collisional orogenies 

Understanding the timescales of metamorphic processes is crucial to understand the thermal 

evolution of the crust during orogenesis. Metamorphic rocks that have been returned to the surface 
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serve as thermal probes of the interior of the Earth allowing us to reconstruct the timing, duration and 

rates at which crustal conditions evolve responding to large-scale tectonic processes. In general, an 

orogeny is distinguished by a characteristic relationship between sedimentation, tectonic deformation, 

regional metamorphism and magmatism. Typical processes accompanied by orogeny are inversion of 

sedimentary basins, mountain building and eventually exhumation of metamorphic belts. Furthermore, 

orogenesis leads to crustal differentiation by anatexis and transfer of granitic magma from the lower 

crust to the upper crust. The modern tectonic setting for orogenesis is convergent plate boundaries 

along lines of continental and/or arc collisions. Two different types of orogeny can be distinguished: 

accretionary orogenic systems and collisional orogenic systems. 

Accretionary orogenic systems form in the absence of continental collision above a subduction 

boundary (hinge/trench) during on-going plate convergence (e.g. Brown, 2010). Additional driving 

forces to subduction boundary migration in accretionary orogenic systems might be reorganisation of 

plate motions, geodynamic change in convergence across the subduction boundary, ridge-trench 

interactions, subduction of ocean floor debris, or terrane accretion (Brown, 2010 and references 

therein). Typically, these orogenic systems are referred to as Pacific-type (e.g. Matsuda & Uyeda, 

1971) or Cordilleran-type (e.g. Coney et al., 1980). In the Proterozoic, accretionary orogens strongly 

contributed to continental growth since they had a higher production rate of juvenile crust compared to 

the Phanerozoic eon (e.g. Gerya, 2014). 

Collisional orogeny is characterised by closure of an ocean in response to collision of arcs 

and/or allochthonous terranes and/or continents. Suturing of two continents during continent–continent 

collision leads to thickening of the continental lithosphere and shortening of the crust, which produces 

a mountain front with a wide orogenic plateau surrounded by internal basins (Brown, 2010). The 

entire orogenic process can be described in several stages: (1) considering the setup of one passive 

margin and one active convergent margin, orogenesis starts with subduction of the oceanic plate along 

the active convergent margin (this might develop an accretionary orogenic system); (2) the thinned 

passive continental margin is then introduced into the trench initiating detachment and stacking of 

upper crustal units and higher–pressure metamorphism at depth in the subduction zone (low-to-

intermediate dT/dP metamorphism); (3) the final stage is characterised by higher temperature (high 

dT/dP) metamorphism at depth induced by shortening and pronounced thickening of the lithospheric 

crust (Brown, 2010). 

1.3.2 Secular change of orogenesis 

Based on contrasting styles of regional metamorphism in orogens displaying different thermal 

gradients, Miyashiro (1961) classified paired metamorphic belts with an inboard high dT/dP belt 

juxtaposed against an outboard low dT/dP belt. This classification was proposed for accretionary 

orogens and included unpaired belts such as those in the Scottish Highlands of intermediate dT/dP 
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(Barrovian type; Barrow, 1893). These three types can be related to major changes in facies series, 

registering characteristic ranges of dP/dT or apparent thermal gradients, from ultrahigh-temperature 

(UHT) to eclogite–high-pressure granulite (E–HPG) and ultrahigh-pressure (UHPM) metamorphism 

(Brown, 2009). 

Ultrahigh-temperature (UHT) metamorphism is defined by peak temperatures that exceed 900 

°C or by diagnostic mineral assemblages (e.g. orthopyroxene + quartz + sillimanite), whereas 

ultrahigh-pressure (UHP) metamorphism is defined by conditions that exceed the quartz stability field 

(presence of coesite or diamond). The granulite facies extends to temperatures above 1000 °C and is 

only limited by the liquidus of crustal rocks (ca. 1100 °C; UHT metamorphism) and UHP 

metamorphism extends the eclogite facies to at least 6 GPa and up to possibly 10 GPa (e.g. Brown, 

2007). Different peak metamorphic P–T conditions for about 140 metamorphic belts are plotted in 

relation to their age in Fig. 1.5. 

This figure allows the attribution of different types of metamorphism with distinct thermal 

gradients. High-pressure (lawsonite blueschists / lawsonite eclogites / low-temperature eclogites) to 

UHP metamorphism falls in between thermal gradients of 150 °C/GPa and 350 °C/GPa. Thermal 

gradients for E-HPG metamorphism lie between 350 °C/GPa and 750 °C/GPa and Granulite-UHT 

metamorphism falls between thermal gradients of 750 °C/GPa and 1500 °C/GPa. All together the data 

in Fig. 1.5 suggests that each type of metamorphism can be linked to a characteristic tectonic setting 

(e.g. Brown, 2007). Moreover, the sketch illustrates a change of thermal gradients with time, marked 

by a decrease of temperature and increase of pressure conditions with the appearance of HP-UHP 

metamorphism (Fig. 1.5). This secular change in thermal regimes is even more obvious in a plot of 

thermal gradient vs. time (Fig. 1.6). It can be seen that there is no apparent change of the G–UHT 

metamorphism thermal gradient with time. The same accounts for the E–HPG metamorphism, which 

appears in the geological record in the Neoarchean, whereas a slight decline from Neoarchean to 

Paleozoic ages could be assumed (Fig. 1.6). Furthermore, Fig. 1.6 clearly shows that the occurrence of 

HPM (blueschists) and UHPM is restricted to the Neoproterozoic and the Phanerozoic eon. 
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Figure 1.5 – Plot of thermal gradients recorded in several metamorphic belts. The age distribution is indicated as 
follows: t >850 Ma in white, 485< t <850 Ma in gray, and t <485 Ma in black. The different types of 
metamorphism are G–UHT metamorphism (circles); E–HPG metamorphism (diamonds); and HP–UHP 
metamorphism (squares). Brown (2014). 

The scarcity of UHP metamorphic complexes in the Precambrian (2 HP–UHP terrains 

compared to ca. 20 in the Phanerozoic) suggests a different style of orogenesis in Earth’s earlier 

history (e.g. Gerya, 2014). The major difference between Precambrian and modern orogenesis is the 

involvement of major crustal growth and magmatism at high apparent geothermal gradients. The 

uniformly high T/P metamorphic belts of the Precambrian geological record with extensive 

magmatism (at depths often <25 km) formed on top of a hot mantle and remained hot for a protracted 

period of time (e.g. Chardon et al., 2009). Chardon et al. (2009) and Cagnard et al. (2011) classified 

Precambrian orogens into four different types based on structural and metamorphic characteristics as 

well as the state of the continental lithosphere (Fig. 1.7: ultra-hot orogens (UHO); hot orogens (HO); 

mixed hot orogens (MHO); and cold orogens (CO). Ultra-hot orogens are restricted to Archean and 

Paleoproterozoic accretionary orogens and are characterised by deformation of weak lithosphere and 

extensive juvenile magmatism (Gerya, 2014). Cold orogens develop by shortening of lithosphere 

bearing a stiff upper mantle and are characteristic for modern (Phanerozoic) orogenesis. Between these 

two end members, two further classes are defined, which distinguish collisional orogens (Fig 1.7). 
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Figure 1.6 – Thermal gradient in °C/GPa of the three main types of extreme metamorphic belt are plotted versus 
the age in Ma; symbols are the same as in Fig. 1.5. Brown (2010). 

Hot orogens represent Cordilleran and wide mature collisional belts, have flow patterns 

comparable to UHO, but have less magmatic activity (Gerya, 2014). Mixed hot orogens represent 

magmatic arcs and Proterozoic collisional belts and are characterised by UHO juvenile crust and CO-

like structure and kinematics. An important parameter for collisional orogenesis and exhumation of 

UHP rocks is the Moho temperature (Tm). High Moho temperatures (>900 °C) imply thinning of the 

lithospheric mantle and enhance three-dimensional flow of the lithosphere in response to convergence 

(Gerya, 2014). This setting is preferred for the early Earth where gravity-driven flow of hot and weak 

lithosphere competes with thickening from early stages of collisional processes (Gerya, 2014). 

Depending on lower crustal rheology and convergence rates, a cold lithosphere (Tm<550 °C) favours 

stable subduction (CO), whereas Moho temperatures above 550 °C rather generate collision settings in 

continental convergence scenarios (Burov and Yamato, 2008). This indicates that decreasing Moho 

temperatures lead to a change from gravitational dominated tectonics in the Archean to modern-style 

subduction in collisional orogenic settings (Gerya, 2014). In the subduction-collision setting the onset 

of slab detachment can occur early in the presence of weak and young oceanic slabs (break-off at 5–10 

Ma after continental collision) or relatively late, i.e. with old and strong subducting oceanic slabs 

(detachment at 15–25 Ma after onset of continental collision) (e.g. Sizova et al., 2014). Furthermore, 

late detachment facilitates burial to greater depths and therefore the possibility of producing UHP 

rocks. This aroused the hypothesis that early and shallow slab break-off after onset of continental 

collision might be an explanation for the absence of HP–UHP metamorphism in Precambrian orogenic 
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belts. Modelling of upper mantle temperatures by Sizova et al. (2014) supported this hypothesis, 

demonstrating that an increase of the upper mantle temperature by 80–100 °C (corresponding to 

Neoproterozoic time at 600–800 Ma) produces hot collision regimes with shallow slab break-off. The 

onset of modern-style collision on Earth during the Neoproterozoic was thus much later than modern-

style subduction (estimated to appear during the Neoarchean, requiring upper mantle temperatures 

<200 °C warmer than at present; Sizova et al., 2014), advocating for a complex evolution of 

geodynamics for two major plate convergence processes (Gerya, 2014). 

 
Figure 1.7 – Classifications of Precambrian orogens by Chardon et al. (2009) and Cagnard et al. (2011). C = 
crust; LM = lithospheric mantle; LM1 = stiff upper mantle lithosphere; LM2 = ductile, lower viscosity, lower 
lithosphere mantle. Gerya (2014). 

1.3.3 Heat sources in orogenic settings 

The controls on temperature in orogenesis are governed by a combination of crustal (dominant 

in continental collisions) and mantle (preferred in active magmatic arc systems) heat sources (e.g. 

Jamieson & Beaumont, 2013). Several processes have been suggested to explain high temperatures in 

orogenic settings, including: subduction zone melting, slab break-off (Davies & von Blanckenburg, 

1995), convective removal of a thickened thermal boundary layer (Houseman et al., 1981), 

delamination of the mantle lithosphere (Bird, 1979), ascent of a mantle plume (Watson & McKenzie, 

1991), thickening of the radiogenic heat producing layers (England & Thompson, 1984) and 
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lithospheric extension (Dewey, 1988). These processes are summarised in Fig. 1.8 and each scenario is 

briefly reviewed below. 

 
Figure 1.8 – Schematic models accounting for high-temperature metamorphism and magmatism in collisional 
orogenic settings. (a) Subduction zone melting; (b) slab break-off; (c) thermal boundary layer detachment; (d) 
delamination; (e) ascent of a mantle plume; (f) crustal stacking, thickening of radiogenic heat producing 
lithologies; (g) lithospheric extension. Henk et al. (2000). 

In subduction zone settings, fluids released from the downgoing slab can induce melting of the 

mantle lithosphere of the overriding plate at active continental margins (Fig. 1.8a). Subduction zone 

melting can generate large volumes of calc-alkaline magmas, and through country rock assimilation 

and differentiation, a wide range of acidic to intermediate magmatics rock can form. A thick crustal 
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sequence forms when subducted material is accreted to the accretionary wedge, which might 

subsequently thin by extension. 

Slab break-off is characterised by the detachment of subducted oceanic lithosphere from 

continental lithosphere during continental collision (Fig. 1.8b; Davies & von Blanckenburg, 1995). 

After the closure of an oceanic basin slab break-off might occur when light continental lithosphere 

attempts to follow the dense oceanic lithosphere into the subduction zone. Detachment of the 

downgoing oceanic slab from the more buoyant continental lithosphere is invoked by the change in 

buoyancy forces and the contrast in the vertically integrated strength between the two types of 

lithosphere. The detachment results in ascent of hot asthenospheric mantle underneath the lithospheric 

mantle of the overriding plate (Fig. 1.8b). This heat supply from below causes melting of the 

overriding lithospheric mantle. Changes in potential energy of a thickened orogen after slab break-off 

result in uplift, enhanced erosion, extension and related metamorphism. 

The lithosphere comprises the mechanical boundary layer, which forms the stronger upper 

part, and the thermal boundary layer (TBL), the weaker lower part. The TBL is part of the moving 

plates and transfers heat from the convecting asthenosphere to the overlying layers by conduction. 

Both, the mechanical and the thermal layer thicken during continental collision, and the cooler and 

denser mantle root is pressed into the hotter and less dense asthenosphere. The TBL might become 

unstable because of lateral density and temperature contrasts, and then be removed from the upper 

lithospheric part into the asthenospheric mantle by convection (Fig. 1.8c; Houseman et al., 1981). As a 

consequence, the detached TBL is replaced by hot asthenospheric mantle, which heats the bottom of 

the mechanical boundary layer, producing mantle melts. Ascent and intrusion of these melts near the 

Moho advects heat into the crust, which may melt due to increased heat flow at the base of the 

lithosphere. 

Delamination describes removal of the entire lithosphere from the overlying crust (Fig. 1.8d; 

Bird, 1979). This process invokes extensive lower crustal magmatism, high-T metamorphism and 

plateau uplift. Overall it is similar to TBL detachment. 

Mantle plumes are comprised of hot material that rises through the upper mantle by thermal 

buoyancy towards the overlying lithosphere (Fig. 1.8e). As a consequence temperatures of the 

asthenosphere are significantly increased resulting in asthenospheric melting (McKenzie & Bickle, 

1988). Heating of the overriding lithospheric mantle results in widespread basalt production, which 

heats the thickened crust when it rises, thus inducing crustal melting. 

Compared to an increased mantle heat flow in the geodynamic scenarios described above, a 

higher surface heat flow can also result from an increased contribution from the decay of radiogenic 

elements in areas of thickened continental crust (Fig. 1.8f). Heat producing elements (HPE; U, Th and 

K) are preferentially concentrated in the upper continental crust and immature sediments. When upper 
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crustal rocks are stacked and thickened during continental collision the contribution of radiogenic heat 

increases in lithologies with elevated concentration of HPE. Consequently, the geotherms of thickened 

crust can be significantly steepened leading to crustal anatexis (England & Thompson, 1984; Patiño 

Douce et al., 1990; Gerdes et al., 2000). 

In post-collisional settings magmatism can be caused by lithospheric extension (Fig. 1.8g). 

Such thinning can either result from a change in plate boundary stresses leading to stretching of the 

entire lithosphere by external forces, or alternatively from the excess energy stored in the previously 

thickened orogen. The latter is also referred to as gravitational collapse and is interpreted to be a 

consequence of the loss of the lithospheric root by convective removal of a TBL, delamination or slab 

break-off (Dewey, 1988). Lithospheric thinning can result in melting of dry asthenospheric peridotite 

when stretching led to lithospheric thicknesses of less than 50 km (McKenzie & Bickle, 1988) and 

decompression melting of the hydrous sections of the lithospheric mantle. 

1.3.4 Orogenesis as seen in P–T–t space 

Since metamorphism is an evolutionary and dynamic process, rocks follow complex routes in 

P–T space diagrams according to burial, heating and exhumation. Orogenic belts can be divided into 

two different types by the timing of their rocks’ maximum P and T conditions. 

The first type describes a clockwise (CW) evolution in the P–T space, which is generated by 

basin inversion or crustal thickening followed by erosional exhumation and/or extensional thinning 

and/or lithospheric delamination or orogenic collapse (e.g. Brown, 1993). Metamorphic rocks that 

have undergone a clockwise P–T evolution achieve maximum P before maximum T, as shown in Fig. 

1.9, where CW paths for 50 km and 70 km after thickening are illustrated. The P–T–t paths describe 

thickening of the continental crust from 35 km to 70 km, followed by erosional thinning in 100 Ma 

after a post-thickening isobaric metamorphism of 20 Ma for an initially hot geotherm that reached 

granulite facies conditions (Fig. 1.9; Brown, 1993). Clockwise P–T evolution generally leads to 

decompression dehydration-melting and might induce granite magmatism. Indeed, crustal thickening 

is often connected with high temperature metamorphism, in particular decompression at high 

temperature, which consequently leads to crustal anatexis (e.g. Brown, 1993). 

The second orogenic belt type is characterised by a counter clockwise (CCW) evolution in P–

T space (Fig. 1.9). In this scenario, heating precedes crustal thickening and the evolution of the P–T 

path is characterised by achieving peak T before maximum P. Counter clockwise paths can be 

generated by intraplating of mantle-derived magmas and crustal thickening with concomitant mantle 

lithosphere thinning (Brown, 1993 and references therein). Processes that follow CCW P–T evolution 

might lead to granite production as well. 

To fully understand the evolution of an orogenic belt and the relationship between 

metamorphism and tectonics the following considerations are important: information on protolith 
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lithologies; data on the P–T evolution of the rocks; age constraints on the metamorphic conditions; 

data on pre-, syn-, and post-orogenic plutons and data on the cooling and exhumation history of the 

rocks. 

 
Figure 1.9 – P-T paths diagram showing: (1) Clockwise P–T–t paths (CW; 50 km and 70 km depth after 
thickening) for thickening of continental crust from 35 km to 70 km, followed by erosional thinning in 100 
million years, after a post-thickening isobaric metamorphism of 20 million years for an initially hot geotherm 
that certainly reaches granulite facies conditions. Counterclockwise P–T–t paths (CCW) for heating followed by 
crustal thickening and near isobaric cooling. GWS, granite wet solidus; BWS, basalt wet solidus. Brown (1993). 

This thesis focuses on the Araçuaí orogen (SE Brazil), which developed as one of the many 

Pan-African/Brasiliano collisional orogens between Africa and South America during Gondwana 

assembly in the Neoproterozoic. Although the timing and chemical affinities of voluminous orogenic 

magmatism are well constrained, so far, little is known about the metamorphic evolution of the 

Araçuaí orogen. Rifting events prior to continental collision are documented in several magmatic 

events; the zircon record, however, of this extensional phase is scarce in basins of the Araçuaí orogen. 

Thus, investigating poorly constrained metasedimentary rocks aims to answer the following questions: 

How did the Archean/Paleoproterozoic basement break up in the extensional phase that has to precede 

the converging phase that led to Gondwana amalgamation? How did the crust evolve in terms of 

heating, crustal reworking and cooling? Which processes were significant in the generation of new 

crust? 



Schannor, M., 2017 Geodynamic and metamorphic evolution of the Araçuaí orogen (SE Brazil) 

20 

The following chapter reviews the most important aspects of the geology of the Araçuaí 

orogen and introduces a controversy concerning its geodynamic evolution. 
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CHAPTER 2 
GEOLOGICAL SETTING OF THE ARAÇUAÍ OROGEN 

2  

The late Neoproterozoic–Cambrian Araçuaí orogen is one branch of the many Brasiliano/Pan-

African orogens that evolved during the break-up of Rodinia and amalgamation of West Gondwana 

during the closure of the Adamastor Ocean (Fig. 2.1; e.g. Pedrosa-Soares et al., 2001, 2011; Alkmim 

et al., 2006, 2017). Together with its African counterpart, the West Congo belt, it constitutes the 

Araçuaí-West Congo (A-WC) orogen. To the south, this orogen connects with other Brasiliano-Pan-

African orogens, namely the Ribeira, Kaoko, Dom Feliciano, Damara and Gariep belts (e.g. Pedrosa-

Soares et al., 2001; Alkmim et al., 2006). The A-WC orogen is limited to the west, north and east by 

the São Francisco and Congo cratons, which stayed connected since ~2300 Ma via the Bahia-Gabao 

Bridge (Porada, 1989) until the Cretaceous, when the South Atlantic opened. Due to its limitation by 

the São Francisco and Congo cratons the A-WC orogen is regarded as a confined orogenic system that 

formed inside the gulf of the Adamastor Ocean (Pedrosa-Soares et al. 2001). The Cretaceous rifting 

divided the A-WC orogen into the Araçuaí orogen in Brazil and the West Congo belt in present-day 

west-central Africa and led to exposure of lower crustal levels of the orogen (Fig. 2.1; Alkmim et al., 

2006). 

 
Figure 2.1 – The Araçuaí-West Congo orogen and the adjacent São Francisco-Congo craton in the context of 
West Gondwana. V, Vitória; S, Salvador; L, Luanda; and C, Cabinda. (Alkmim et al., 2006) 
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After splitting, the West Congo belt inherited the rift to proximal passive margin sequences of 

the precursor basins with a low-grade metamorphic overprint (Tack et al., 2001), whereas the Araçuaí 

orogen inherited two thirds of the orogenic system. This includes rift-related to distal passive margin 

and oceanic sequences of the precursor basin system, and the high-grade internal zone (Pedrosa-Soares 

et al., 2001). The interal zone, or “crystalline core”, consists of high-grade metamorphic complexes, 

the Rio Doce magmatic arc, as well as collisional to post-collisional igneous rocks (Pedrosa-Soares et 

al., 2001, 2011). 

The following subchapters provide a synopsis of the present day knowledge about the 

structural and temporal architecture of the Araçuaí orogen and its tectonic evolution. 

2.1 STRATIGRAPHY 

The Araçuaí orogen is composed of several domains that are characterised by their 

stratigraphy, structural features and metamorphic grade. The major units that record the evolution of 

the orogenic system, from its basement and rift events to orogenic magmatism and metamorphism 

related to the Brasiliano-Pan African event are displayed on a simplified geological map in Fig. 2.2. 

2.1.1 The basement 

The basement of the Araçuaí orogen is composed of units older than 1.8 Ga. Essentially, it 

consists of Archean tonalite-trondjemite-granodiorite (TTG) gneissic complexes with remnants of 

greenstone belts, Paleoproterozoic supracrustal sequences, and associated granitoid suites (e.g. 

Alkmim et al., 2006; Noce et al., 2007). The Archean gneisses have crystallisation ages from 3.4 to 

2.7 Ga with slightly negative initial Nd isotope composition indicating melting of older sources (Silva 

et al., 2002, 2015). These basement units were subsequently affected by the Transamazonian orogeny 

(ca. 2.2–2.0 Ga) and later reworked in the course of the Brasiliano-Pan African orogeny (Pedrosa-

Soares et al., 2001; Silva et al., 2015). The Paleoproterozoic basement consists of the Mantiqueira, 

Juiz de Fora and Pocrane complexes. The Mantiqueira complex is predominantly composed of biotite-

amphibole orthogneisses with crystallisation ages ranging from 2.2 to 2.0 Ga and strongly negative εNd 

consistent with reworking of the Archean crust (Noce et al., 2007; Heilbron et al., 2010). The Juiz de 

Fora complex mainly consists of banded, granulitic gneisses with intercalations of mafic granulites 

with crystallisation ages between 2.2 and 2.0 Ga and positive to chondritic εNd values (Noce et al., 

2007). These features characterise it as a juvenile magmatic arc. A spatially related unit, the Pocrane 

Complex (2.20–2.08 Ga), represents a poorly- to non-migmatised, banded to laminated, biotite-

hornblende orthogneiss unit that was metamorphosed in the amphibolite facies. It is interpreted to be a 

less metamorphosed (upper crustal level) correlative of the Juiz de Fora Complex (Novo 2013; 

Gonçalves et al., 2014). 
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2.1.2 Rift-related assemblages 

Prior to the Araçuaí-West Congo orogeny several rifting and associated anorogenic magmatic 

events led to filling of basins with bimodal volcanism and sediments. Pedrosa-Soares and Alkmim 

(2011) recognised at least six rifting events from 1.8 to 0.7 Ga. In the Paleo/Mesoproterozoic, at ca. 

1.75 Ga, the first major rifting episode produced the approximately 6 km thick Espinhaço Supergroup. 

Anorogenic alkaline granites associated with this event were dated at ~1.7 Ga (Chemale et al., 1998; 

Silva et al., 2002). Sediments and volcanic rocks of the middle portion of the Espinhaço Supergroup 

record a second rifting episode in the Mesoproterozoic at ca. 1.5 Ga. In the northern Espinhaço range 

this event is characterised by alluvial and aeolian sandstones, as well as intermediate to acid volcanic 

rocks dated at 1.5 Ga (Danderfer et al., 2009). Syn-rift deposits of the Sopa-Brumadinho formation 

mark the third rifting event around 1.2 Ga (Pedrosa-Soares & Alkmim 2011). The fourth rifting 

episode is represented by anorogenic granites in the West Congo belt (1.0 Ga, Tack et al., 2001) and 

by mafic dyke intrusions in southern Bahia (Renné et al., 1990). 

In the Neoproterozoic, bimodal volcanism dated at ~920 Ma (Tack et al., 2001) and 

anorogenic granite intrusions from 900–860 Ma (Thieblemont et al., 2011) record the fifth rifting 

episode (ca. 930–850 Ma) within the West Congo belt. Mafic dykes dated at 900 Ma (Machado et al., 

1989), anorogenic granites with ages of ca. 880 Ma (Silva et al., 2008) and the deposition of the pre-

glacial formation of the Macaúbas basin (e.g. Pedrosa-Soares et al., 2001; Babinski et al., 2012) 

represent this rifting event in the Araçuaí orogen. The sixth and final rifting stage lasted from 750–670 

Ma (Pedrosa-Soares & Alkmim 2011). Alkaline intrusions from 730 Ma to 700 Ma (Rosa et al., 2007) 

and the deposition of diamictites of the Macaúbas Group mark this episode in the Araçuaí orogen. In 

the West Congo belt it is recorded by felsic volcanics dated at ca. 700 Ma (Thieblemont et al., 2011). 

2.1.3 Macaúbas Group 

The Macaúbas Group represents the precursor basin of the Araçuaí orogen and records a first 

rifting phase during the Neoproterozoic between 1000 Ma and 850 Ma (Pedrosa-Soares et al., 2001; 

Alkmim et al., 2006; Babinski et al., 2012; Kuchenbecker et al., 2015). Tillite, diamictite, sandstone 

and pelite deposits of the Macaúbas Group provide evidence of an 850 Ma old glaciation event (e.g., 

Alkmim et al., 2006; Babinski et al., 2012). Detrital zircon data of the glacial diamictites provide a 

maximum depositional age of ca. 900 Ma (Babinski et al., 2012). Other formations, however, indicate 

maximum deposition ages around 750 Ma (Kuchenbecker et al., 2015). Some metamorphosed mafic 

to ultramafic rocks of this basin are interpreted as oceanic crust remnants. Amphibolites of this 

assemblage yielded a magmatic crystallisation date of 820 Ma with a juvenile Nd isotopic signature 

and are described as oceanic crust of the rifting event (Pedrosa-Soares et al., 1998). 
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Figure 2.2 – Geological map of the Araçuaí belt (modified from Pedrosa-Soares et al., 2001; Melo et al., 2017a; 
Narduzzi et al., 2017). 

2.1.4 High-grade internal zone 

The crystalline core is situated in the eastern portion of the Araçuaí orogen and consists of 

high-grade metamorphic rocks and granitic plutons that were emplaced during the different stages of 

the orogeny (Fig. 2.2). This zone can be subdivided into the following units: (1) the Rio Doce Group, 

which was interpreted as an arc-related metavolcano-sedimentary sequence (Vieira, 2007; Novo, 

2013; Novo et al., 2018); (2) metamorphic complexes composed of migmatitic paragneisses whose 
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protoliths have been deposited in distal passive margin and back-arc basin settings (e.g. Gradim et al., 

2014; Richter et al., 2016); and (3) the granitoid supersuites comprising the G1 (arc-related pre-

collisional granites), G2 (syn-collisional granites), G3 (late- to post-collisional granites), G4 (post-

collisional granites), and G5 (post-collisional granites) suites (Pedrosa-Soares et al., 2011). 

2.1.4.1 The Rio Doce Group 

The Rio Doce Group constitutes a metavolcano-sedimentary sequence that accreted to an 

active continental margin at a pre-collisional stage of the Araçuaí orogen (Vieira, 2007; Novo et al., 

2018). This unit is interpreted to represent the upper crustal section of the Araçuaí orogen intruded by 

the G1 granitoid suite, which is regarded as the plutonic segment of the orogen’s magmatic arc, the so-

called Rio Doce Arc (Pedrosa-Soares et al., 2001; Gonçalves et al., 2014, 2016). The Rio Doce Group 

is divided, from bottom to top, into the Palmital do Sul, Tumiritinga, São Tomé, and João Pinto 

formations (Vieira, 2007). 

The Palmital do Sul Formation comprises pelitic schists and paragneisses with lenses of 

quartzite, metavolcanic as well as calc-silicate rocks (Vieira, 2007). Pyroclastic rocks in this unit are 

found interlayered within schists and contain lapilli and bomb fractions, which is consistent with 

deposition close to the volcanic edifice (Vieira, 2007). The pyroclastic tuffs are classified as dacitic 

tuffs and were dated at ca. 595–585 Ma (Vieira, 2007; Novo, 2013; Novo et al., 2018). Conventional 

geothermobarometry on garnet-bearing pelitic schists indicates garnet growth with increasing 

temperatures from ca. 450 to 580 °C under decompression from ca. 8 to 6 kbar (Novo, 2013). Detrital 

zircons in metapelites from this unit yielded age populations at 3250, 2500, 2000, 1300, and 760 Ma 

and a maximum deposition age of ~660 Ma (Novo, 2013; Novo et al., 2018). 

The Tumiritinga Formation is composed of quartz-mica-schists, calc-silicate rocks, and 

marbles, deposited in a marine environment, and metavolcanoclastic rocks (Vieira, 2007). High ash 

content of the metavolcanoclastic rocks suggests a more distal deposition compared to the Palmital do 

Sul Formation. Metamorphic grades of this unit were estimated at greenschist to upper amphibolite 

facies conditions at ~450–650 °C and ~4.5–5 kbar (Castañeda et al., 2006). Zircon from the 

metavolcanoclastic rocks were dated at ca. 585 Ma, similar to the Palmital do Sul formation. 

The São Tomé Formation comprises metagraywackes, mica-schists and meta-dacites whose 

protoliths were deposited in a deep continental shelf to slope marine environment and metamorphosed 

under amphibolite facies conditions (Vieira, 2007). Detrital zircons from this unit indicate provenance 

from the Paleoproterozoic basement (2.2–2.0 Ga), rift-related rocks (~1000 Ma), and from the 

magmatic arc (640 Ma and 590 Ma). The youngest age of ca. 590 Ma was interpreted as the maximum 

deposition age of the São Tomé Formation. 

The João Pinto Formation consists of quartzites and it overlies all other formations of the Rio 

Doce Group (Vieira, 2007). Proposed protoliths for this formation are quartz-arenites with small clay 
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fractions. Detrital zircon geochronology yielded age populations at 3.0, 2.0, 1.8, and 1.2 Ga, indicating 

various sources from the basement and Mesoproterozoic rifting events (Novo, 2013). The maximum 

deposition age was constrained at ca. 620 Ma (Novo, 2013). 

2.1.4.2 Metamorphic complexes 

The Jequitinhonha and Nova Venécia complexes represent two migmatitic paragneiss suites in 

the eastern and northeastern part of the Araçuaí orogen, whose protoliths were deposited in distal 

passive margin and back-arc basin environments, respectively (Noce et al., 2004; Vieira, 2007; 

Gradim et al., 2014; Moraes et al., 2015; Richter et al., 2016). 

The Jequitinhonha complex consists of a thick kinzigitic assemblage, containing migmatised 

biotite gneisses, subordinate graphite gneisses, quarzite, marble and calc-silicate rocks that are 

exposed in the northeast of the Araçuaí orogen (Fig. 2.2; Noce et al., 2004). Paragneisses of this 

complex were metamorphosed under amphibolite to granulite facies conditions reaching peak 

temperatures and pressures of 850 °C and 7 kbar, respectively (Moraes et al., 2015). Based on detrital 

zircon populations at ca. 2.2, 1.8, 1.5, 1.2, and 1.0 Ga, proposed protoliths for the Jequitinhonha 

metasedimentary rocks are mixed material from the basement and magmatic rocks formed during 

rifting events (Gonçalves-Dias et al., 2016). 

The Nova Venécia complex (NVC) is mainly composed of peraluminous migmatites, 

granulites and calc-silicate rocks with the main rock assemblages being cordierite-rich granulites and 

biotite + garnet ± cordierite ± orthopyroxene ± sillimanite migmatic paragneisses (Gradim et al., 2014; 

Richter et al., 2016). In the orogen’s high-grade internal core the NVC is in gradational contact with 

G2 granitoids of the Ataléia Suite and the Carlos Chagas batholith with increasing degree of 

migmatisation (Gradim et al., 2014). Furthermore it was intruded by post-collisional I-type plutons 

producing contact metamorphic aureoles (Richter et al., 2016). High-grade rocks of the NVC show 

foliation parallel to migmatitic layers and are interpreted to be syn-tectonic to the main ductile 

regional deformation. It was suggested that all anatectic processes are related to syn-collisional 

generation of the G2 granitoid suite (e.g. Richter et al., 2016). Rocks of the NVC reached peak 

metamorphic conditions in the transition from the amphibolite to granulite facies (Richter et al., 2016). 

Detrital zircons have early Neoproterozoic populations ranging in age from 900–700 Ma. However, 

the main populations are derived from 650–610 Ma old sources. Combined with a maximum 

depositional age of 606 Ma, this indicates proximity to the Rio Doce arc (Richter et al., 2016). Zircon 

and monazites of the NVC record peak metamorphic events at ~570 Ma and ~540 Ma, respectively, 

which will be explained in more detail below (Richter et al., 2016). 

Richter et al. (2016) divided the metamorphic evolution of the NVC into four stages at ca. 590 

Ma, 570–560 Ma, 520 Ma and 500 Ma. The first stage can be related to an early period of syn-

collisional magmatism in the range of G1 and G2 emplacement. The second stage is interpreted to 
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record the peak metamophism of the Araçuaí orogen that caused partial melting in metasedimentary 

rocks and early granites. Stage 3 metamorphism is correlated to late granitogenesis and intrusion of 

peraluminous granitoids. The last stage is associated with the thermal event that led to genesis of I-

type post-collisional granites (G5). Phase equilibria modelling carried out by Richter et al. (2016) 

show a clockwise P–T path for rocks of the NVC with a metamorphic evolution related to biotite and 

muscovite breakdown reactions. Suggested peak metamorphic conditions are 750–850 °C and 5.3–7.5 

kbar and stability of preserved assemblages was attained at 640–800 °C and 4.5–6.0 kbar, which 

translates to an evolution from granulite-facies conditions to upper amphibolite-facies conditions. 

Metamorphic conditions indicate possible depths of 24–25 km for peak conditions and preservation of 

final assemblages at 17–20 km, corresponding to 5–7 km of exhumation. Richter et al. (2016) suggest 

that exhumation and cooling took place after peak metamorphism, but before the G5 thermal event, 

which is believed to mostly record contact metamorphism. Therefore the NVC experienced two major 

metamorphic events, one regional metamorphism at ca. 575–560 Ma and a later local high 

temperature/low pressure metamorphism at ca. 500 Ma. 

2.1.4.3 Orogenic magmatism 

The late Neoproterozoic and early Cambrian voluminous granitoid plutons crop out in a 150 

km wide and 700 km long, north–south-trending zone in the interior of the Araçuaí orogen (e.g. 

Pedrosa-Soares et al., 2001, 2011). According to their geochemistry, geochronology and field 

relationships, these granitoids have been grouped into five distinct suites (G1–G5), with ages ranging 

from 630–480 Ma (Pedrosa-Soares et al., 2001; Silva et al., 2005). In the following the different suites 

are described in more detail. 

The G1 consists of calc-alkaline, medium- to high-K, metaluminous to slightly peraluminous 

I-type granitoids (Gonçalves et al., 2014, 2016). Granites of the G1 suite are mostly comprised of 

batholiths and stocks of tonalitic and granodioritic composition, with minor dioritic and mafic facies 

bearing xenoliths of metasediments. The chemical signature of G1 rocks suggests a magmatic arc 

setting in an active continental margin with hybrid isotopic signatures indicating mixing between 

mantle derived magmas and Paleoproterozoic continental crust (e.g. Pedrosa-Soares et al., 2001, 2011; 

Novo, 2013; Gonçalves et al., 2014, 2016). Based on zircon ages and the geochemical signature, it 

was suggested that the G1 suite, together with volcanic rocks of the Rio Doce Group, represent the 

magmatic arc of the Aracuaí orogen that formed during a pre-collisional stage from 630–585 Ma (e.g. 

Pedrosa-Soares et al., 2001, 2011; Gonçalves et al., 2014, 2016). Granitoids of the G1 suite 

crystallised at pressures higher than 8 kbar and temperatures below 700 °C (Narduzzi et al., 2017). 

During the orogeny G1 rocks were deformed and metamorphosed as evidenced by migmatisation 

features. However, some plutons are free of solid-state foliation and show preserved igneous features 

(Pedrosa-Soares et al., 2011; Novo, 2013; Gonçalves et al., 2014, 2016). 
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The G2 suite is mainly composed of syn-collisional granites with peraluminous affinity. 

Commonly the G2 is represented by S-type batholiths of subalkaline to calc-alkaline granites, 

containing remnants of banded paragneisses and migmatites (Pedrosa-Soares et al., 2001). This unit is 

divided into several distinct suites such as the Carlos Chagas batholith and the Ataléia Suite. Pedrosa-

Soares et al. (2011) describe synkinematic solid-state deformation for the Carlos Chagas anatectic 

batholith according to regional foliation. Alternatively, the deformation could be interpreted as having 

occurred before full crystallisation in a partially molten stage of the middle crust (e.g. Vauchez et al., 

2007). The G2 granite suite is commonly spatially associated with the Nova Venécia complex or 

paragneissic correlatives. Geochronological studies suggest that the G2 suite evolved between 585–

560 Ma, slightly overlapping with ages from the G1 suite (e.g. Vauchez et al., 2007; Pedrosa-Soares et 

al., 2011; Gradim et al., 2014). The generation of G2 granitoids is ascribed to heat supply through 

crustal thickening and upwelling asthenosphere resulting in anatexis of metasedimentary rocks such as 

the NVC. Melo et al. (2017a) showed that the G2 records two anatectic events. The first event is 

related to granulite facies peak conditions of ca. 800 °C and 10 kbar at ca. 570–550 Ma, which is a 

consequence of crustal thickening (Melo et al., 2017a, b). The second anatexis at peak metamorphic 

conditions of 770 °C and 6.6 kbar is associated with asthenospheric upwelling during extensional 

thinning of the crust and the gravitational collapse of the orogen. Although the NVC rocks evidenced 

anatexis during a similar time episode as the G2 it remains, however, contentious if they were the 

source of the G2 since they were buried at higher crustal levels (Richter et al., 2016; Melo et al., 

2017a, b). 

Plutonic bodies of the G3 suite are less voluminous than the other granite suites and consist of 

subalkaline and peraluminous S-type granites (e.g. Pedrosa-Soares et al., 2011; Gradim et al., 2014). 

Granites of the G3 suite are usually garnet-/cordierite-bearing leucogranites without evidence of solid-

state foliation (Pedrosa-Soares et al., 2011). The G3 suite is generally associated to G2 granites and it 

was suggested that they are anatectic autochthonous to para-autochthonous products of deformed G2 

granite partial melting (Pedrosa-Soares et al., 2011; Gradim et al., 2014). Zircon of the G3 suite yield 

ages between 545–530 Ma, which is consistent with crystallisation during the late to post-orogenic 

stages (Pedrosa-Soares et al., 2011; Gradim et al., 2014). 

The G4 suite is composed of peraluminous to slightly metaluminous, sub-alkaline S-type 

granites (Pedrosa-Soares & Wiedemann-Leonardos, 2000). Common rock types include two-mica 

granites with locally preserved pegmatitic granite and biotite granite bodies. G4 granites generally do 

not show any foliation (e.g. Gonçalves et al., 2016). It was proposed that the G4 super suite evolved 

during the post-collisional orogenic stage of the Araçuaí orogeny between 535–500 Ma related to the 

gravitational collapse of the orogen (e.g. Pedrosa-Soares & Wiedemann-Leonardos, 2000; Pedrosa-

Soares et al., 2001; Silva et al., 2005). However an overlap of ages with the G3 super suite exists. 

Pedrosa-Soares et al. (2011) suggested that some G4 granites crystallised contemporaneously with G3 
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granites, but at higher crustal levels, as suggested by the occurrence of two micas reflecting more 

hydrated compositions. 

The G5 suite is characterised by post-collisional A- and I-type, tholeiitic, high-K calc-alkaline, 

alkaline to peralkaline granitoids that are related to the collapse of the Araçuaí orogen (Mendes et al., 

2005; Pedrosa-Soares et al., 2011; Gradim et al., 2014; De Campos et al., 2016). Rocks of this suite 

range in composition from gabbro-norite to granite with minor enderbite to charnockite facies (e.g. 

Pedrosa-Soares et al., 2011). Plutonic bodies of the G5 suite intruded the G1, G2 and G3 suites as well 

as the Nova Venécia complex (Pedrosa-Soares et al., 2011; De Campos et al., 2016). The granitoids of 

the G5 crystallised between 530–480 Ma (Mendes et al., 2005; Gradim et al., 2014; Gonçalves et al., 

2016; De Campos et al., 2016). 

2.2 STRUCTUAL FRAMEWORK OF THE OROGEN 

Alkmim et al. (2006) divided the A-WC orogen into 9 distinct structural domains according to 

differences in style, orientation, deformation history, and shear sense: (1) Serra do Espinhaço fold-

thrust belt; (2) Chapada Acauã Shear Zone; (3) Minas Novas corridor; (4) Rio Pardo salient; (5) 

Guanhães basement block; (6) Dom Silvério Shear Zone; (7) Itapebi shear zone; (8) high-grade 

internal zone; and (9) West Congo belt (Fig. 2.3). These domains comprise a synthesis from numerous 

individual studies and provide an overview of movements that occurred in the Araçuaí orogen during 

the Brasiliano/Pan-African Orogeny. 

The Serra do Espinhaço fold-thrust belt represents the margin of the eastern São Francisco 

craton and it incorporates Archean basement and units of the Espinhaço Supergroup and the Macaúbas 

Group. This domain consists of a 700 km long, NS-trending and west-verging system of faults and 

folds (Alkmim et al., 2006). 

The Chapada Acauã is located to the east side of the Serra do Espinhaço and builds a 50 km 

wide and 150 km long plateau. A hanging wall of metamorphosed Macaúbas Group sediments in this 

domain underlies a regional east-dipping shear zone, called the Chapada Acauã Shear Zone. 

The Minas Novas corridor structural domain represents a 30 km wide and 150 km long dextral 

strike-slip shear zone that cuts Macaúbas Group metapelites. The foliation of this structure is 

dominated by a steep to vertical north-east striking schistosity. 

Internal trendlines of the Serra do Espinhaço fold-thrust belt lay out a regional-scale convex-

to-the-foreland curve called Rio Prado salient. Ridges of Macaúbas Group quartzites delineate the 

salient (Pedrosa-Soares et al., 2001). 

The Guanhães domain is a 250 km long and 140 km wide structure that exposes Archean 

basement and Paleoproterozoic metasedimentary units southeast of the Serra do Espinhaço fold-thrust 

belt. In the southeast of the Guanhães Block is the Dom Silvério shear zone that juxtaposes Rio Doce 
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Group metapelites to the east against basement to the west. A shallowly dipping shear zone in the 

northern margin of the Guanhães Block juxtaposes Macaúbas Group units (above) against the 

basement (below). A foreland-verging thrust to the west put the Guanhães basement block over strata 

of the Espinhaço Supergroup (Alkmim et al., 2006). 

The Dom Silvério shear zone is a 100 km long and 4 km wide shear zone with a NNE-

trending, steeply dipping belt of mylonitic rocks with dominantly sinistral shear motion. To the north, 

it terminates against the dextral strike-slip Abre Campo shear zone. 

 
Figure 2.3 – Structural domains of the Araçuaí-West Congo orogen. (Alkmim et al., 2006) 

The overall dextral transpressional zone at the northern edge of the Araçuaí orogen is 

characterised by the NW-trending Itapebi Shear Zone, which represents its main and central structure 

(Alkmim et al., 2006). It intersects Archean basement, the Salto da Divisa anorogenic granite and the 

Jequitinhonha Group. 
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The high-grade internal zone of the Aracuaí orogen consists of the Neoproterozoic–Cambrian 

granitoid suites (G1–G5) and the paragneiss complexes (Jequitinhonha and Nova Venécia complex). 

This crystalline internal zone can be structurally divided into two distinct sub-domains. West- and 

east-verging thrust-sense shear zones are found in the northern sub-domain, whereas dextral-

transpressional shear zones dominate the southern sub-domain (Alkmim et al., 2006). In the southern 

sub-domain, the Abre Campo, Manhuaçu, Guaçuí and Batatal shear zones dominate structural trends, 

whereas the Abre Campo Shear Zone represents the major structural and geophysical discontinuity of 

the Araçuaí orogen. It can be traced for at least 300 km and juxtaposes two domains of the basement: 

amphibolite-facies metamorphosed Archean rocks to the west and granulite-facies metamorphosed 

Paleoproterozoic rocks to the east. Therefore it could be interpreted as a Paleoproterozoic suture. 

However, since pre-collisional G1 plutons only occur to the east of the Abre Campo Shear Zone, it 

could also be a suture developed during the Brasiliano orogeny (Alkmim et al. 2006). 

The West Congo Belt is a NW-trending ENE-verging fold-thrust belt on the west side of the 

Congo craton. The western portion of the belt consists of basement slices that are thrust eastwards 

over Neoproterozoic high-grade metasediments. Alkmim et al. (2006) suggest that the West Congo 

Belt structural domain formed by inversion of the eastern side of the Macaúbas Basin. Overall, it 

differs from the part preserved in Brazil in containing more Neoproterozoic bimodal volcanism and in 

being narrower (Alkmim et al. 2006). 

2.3 TECTONIC EVOLUTION OF THE ARAÇUAÍ-WEST CONGO OROGEN 

The Araçuaí-West Congo orogen is limited to the west, north and east by the São Francisco 

craton and the Congo craton (e.g. Fig. 2.1). These two cratons remained connected since 

Paleoproterozoic times until the Cretaceous rifting event via a cratonic bridge, which characterises the 

A-WC orogen as an “confined” orogen (Pedrosa-Soares et al., 2001). This peculiar setting and 

detailed structural studies led Alkmim and co-authors (2006) to propose the now widely accepted so-

called “Nutcracker tectonics” model, which aims to explain the orogenesis, including production and 

emplacement of the voluminous plutons, within five stages (Fig. 2.4). This model partly hinges on 

subduction of oceanic crust, evidenced by slivers of ophiolite sequences (e.g. Pedrosa-Soares et al., 

1998). However, a series of proposals for alternative models exist in the literature that attribute a lesser 

emphasis on pre-existing oceanic crust or subduction zone processes (Trompette et al., 1992; 

Trompette, 1997; Vauchez et al., 2007; Petitgirard et al., 2009; and Mondou et al., 2012). 
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2.3.1 An ensialic model for West Gondwana formation 

Trompette (1997) proposed an alternative model to the “nutcracker tectonics” considering the 

geodyamics of the Brasiliano/Pan-African tectonic cycle towards aggregation of Western Gondwana. 

Two different types of Brasiliano/Pan-African belts are suggested according to the duration of their 

orogenic cycles. Orogenic belts whose cycle began at ca. 1000–900 Ma and ended at approximately 

600 Ma are described as old, long-lived (O-LL) orogenic cycles, whereas those that started around 600 

Ma and ended in the Cambrian at ca. 520 Ma are termed young, short-lived (Y-SL) orogenic cycles 

(Trompette, 1997). The O-LL belts are considered classical widespread belts of the Brasiliano/Pan-

African system, while Y-SL cycle produced rocks that are found in three different settings: early rift 

stage during development of wide Paleozoic basins; fillings of graben structures or molassic basins 

associated with tectonics closing O-LL cycles; or fillings of basins that were opened inside cratons and 

structurally influenced and intruded in the Cambrian (Trompette, 1997). The Araçuaí-West Congo 

orogen is related to the O-LL cycles having an intracratonic evolution, however with limited oceanic 

lithosphere formation. These cycles were the building mechanisms for the Western Gondwana 

supercontinent, whereas orogens of Y-SL type, being intracontinental, are regarded as unsuccessful 

attempts of Rodinia supercontinent break-up in the late Neoproterozoic at ca. 600 Ma (Trompette, 

1997). 

Following Trompette (1997), sutures of old, long-lived orogenic cycles are characterised by 

mafic to ultramafic lithologies being ascribed to ophiolite sequences, calc-alkaline magmatism 

possibly related to oceanic crust subduction, accretionary prisms, high pressure metamorphism, and 

gravimetric and/or magnetic anomalies. Due to the occurrence of mafic to ultramafic slivers within the 

Ribeirão da Folha formation, this part of the Araçuaí belt was interpreted as oceanic crust, providing 

evidence for a subduction process (e.g. Pedrosa-Soares et al., 1998; Peixoto et al., 2015). Relying on 

chemical evidence and numerous fragments of cratonic crust, Trompette (1997) however argues that 

the A-WC belt and its southern connection, the northern Ribeira belt, are mainly intracontinental with 

deep faults subparallel to the belt axis that reached the mantle in their internal part. According to this 

author, the A-WC belt and the northern Ribeira belt represent a complex and wide continental rift 

system at the northern end of the Adamastor ocean, which is clearly evidenced in the southern Ribeira 

belt further south within the Gariep and Kaoko belts. Support for this hypothesis comes from the 

interpretation that shortening of the Brasiliano/Pan-African orogeny was partly accomodated in the 

Espinhaço branch and partly along A-type subduction zones (Trompette, 1997). 

2.3.2 The Nutcracker tectonics model 

The first stage was initiated by an extensional event around 900 Ma that reactivated the 1.75 

Ga Espinhaço rift system, opening the Macaúbas basin and progressively broadening it southward 

until ca. 800 Ma, with the development of a narrow ocean (Fig. 2.4a). Maturation of the rift system 
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and full oceanic crust development is believed to have occurred around 660 Ma according to the 

presence of the ophiolitic sequence. 

Stage 2 describes the initial closure of the Macaúbas basin. Alkmim et al. (2006) suggest that 

collisions along the external margins of the São Francisco-Congo craton initiated the closure of the 

Macaúbas basin. This invoked subduction of the oceanic crust, with its slab dipping to the east below 

the Congo craton, which triggered the subduction-related volcanism of the G1 suite at ca. 625 Ma. The 

construction of this calc-alkaline magmatic arc lasted approximately from 625 Ma until 585 Ma 

(Pedrosa-Soares et al., 2001). According to Alkmim et al. (2006) the A-WC orogen can be regarded as 

a “forced orogen” since its formation was driven by external collision rather than by slab-pull forces 

alone. Thus sufficient continuation of closure could have caused substantial crustal thickening and 

continued magmatism after complete subduction of the oceanic crust. The model envisages that the 

southern arm of the São Francisco craton rotated counterclockwise relative to the Congo craton, 

resulting in an oblique convergence within the orogen (Fig. 2.4b). 

The third stage represents the full closure of the Macaúbas basin and the collisional event. 

With a continuously closing “nutcracker”, the passive margins of the closed ocean basin underwent 

inversion. This triggered the evolution of foreland-verging external fold-thrust belts, with east-verging 

belts in Africa and west-verging belts on the Brazilian side. The thrust front propagated towards the 

foreland and transported basin strata up and over the edges of the cratons as shortening continued (Fig. 

2.4c; Alkmim et al., 2006). This stage is characterised by peak metamorphism and intrusion of G2 

syn-tectonic S-type granitoids. The ages of this magmatism range between 585 and 560 Ma (Pedrosa-

Soares et al., 2001). 

During stage 4, a spatial shortage in the southern part of the A-WC orogen resulted in lateral 

escape towards the southwest accompanied by shear on the system of northeast-trending dextral strike-

slip faults (Fig. 2.4d; Alkmim et al., 2006). The spatial problem was caused by continuing closure of 

the nutcracker’s arms at a late collisional stage (560–535 Ma). Contemporaneously the Kalahari and 

Congo cratons collided giving rise to further orogenic belts of the Brasiliano/Pan-African system. 

Stage 5 of the “nutcracker tectonics model” describes the orogenic collapse of the A-WC 

orogenic system in the final stage of closure due to extreme thickening of the northern half of the 

internal zone (Fig. 2.4d; Alkmim et al., 2006). This extensional collapse lead to exhumation of the 

central portion of the Guanhães basement block. Additionally, the tectonic collapse gave rise to 

voluminous production of magma by decompression and partial melting of mid- and lower crustal 

level. Possible causes for the large amount of magma generated between 520 and 490 Ma giving rise 

to the G4 and G5 granitoid suites include delamination and sinking of the lithospheric mantle or 

residual rise of asthenosphere associated with subduction of the ridge of the narrow Macaúbas ocean 

(Alkmim et al., 2006). 
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Figure 2.4 – Illustration of the "nutcracker tectonics model" for the evolution of the A-WC orogen. (a) The 
Macaúbas basin at ca. 800 Ma; (b) Initial closure of the Macaúbas basin at ca. 600 Ma; (c) full development of 
the orogen at ca. 570 Ma; and (d) southward escape of the southern part of the A-WC orogen and its tectonic 
collapse at around 500 Ma. For further explanations see text. (Alkmim et al., 2006) 

2.3.3 The Araçuaí Belt developed from a hot orogen – a French perspective 

Several studies from a working-group based in France focused on linking large-scale 

deformation and magmatism using combined field observations on magmatic foliation and lineation, 

characterisation of strain distribution, anisotropy of magnetic susceptibility (AMS), dating of 

deformation, and recently, application of TitaniQ (titanium in quartz) geothermometry (Vauchez et al., 

2007; Petitgirard et al., 2009; Mondou et al., 2012 and Cavalcante et al., 2014). These authors were 

motivated by studies of the Himalayan plateau and the Andean Altiplano, which both show 

characteristics of pervasive partial melting in the middle crust (Vauchez et al., 2007). Among these 

characteristics are a high mean geotherm of 37 °C/km (Himalaya) and 32 °C/km (Andes), which 

indicates possible granite melting at depth of ca. 18 km, and geophysical surveys suggesting the 
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presence of large partially molten layers in the middle to lower crust of both domains. Experiments 

indicate that less than 10% of melt suffices to drastically weaken the rheology of crustal rocks leading 

to gravity-driven channel flow and external extrusion (Rosenberg & Handy, 2005). The (Ribeira-) 

Araçuaí-West Congo Orogen serves as an example of ancient orogens that underwent HT-LP 

metamorphism (~750 °C, 0.6 GPa), pervasive partial melting and widespread magmatism during 

collisional deformation, nowadays displaying large volumes of synorogenic migmatites representing 

anatectic domains of the partially molten crust (Vauchez et al., 2007). Therefore, comparing the 

deformation in the anatectic domains to those without evident pervasive partial melting should provide 

general information on the mechanical behaviour of the partially molten crust. 

To conduct this type of study the (Ribeira-) Araçuaí Belt was divided into three allochthonous 

units that were stacked upon the para-autochthonous metasedimentary cover of the São Francisco 

craton (Fig. 2.5). The bottom unit is the western domain (or mylonitic domain) that is characterised by 

a more than 5 km thick sheet of HT mylonites derived from predominantly metasedimentary 

protoliths, injected by syntectonic leucocratic magma (e.g. Petitgirard et al., 2009). The central 

domain is dominated by syn-collisional tonalitic and subordinate granodiorite and granite complexes 

with a pervasive magmatic fabric that is similar to the solid-state foliation and lineation of the 

metasedimentary country-rock (Vauchez et al., 2007). The top unit of this division is the eastern, or 

anatectic domain dominated by anatexites, mostly peraluminous diatexites and leucogranites (Vauchez 

et al., 2007). The anatectic domain displays a ~300 km long, 50–100 km wide and > 10 km thick unit 

representing pervasive partial melting that has been intruded by large amounts of syn-collisional 

magmas. 

 
Figure 2.5 – Schematic division of the (Riberia-) Araçauí Belt shown in a cross section. From W to E it displays 
the granulitic (1) and metasedimentary (2) crust of the São Francisco craton; the western (mylonitic) domain 
involving metasedimentary (3) and tonalitic (4) mylonites; the central domain that is composed of 
metasediments (5) and pre- to syn-collisional intrusives, mainly the São Vitor tonalite (6) and Galiléia batholith 
(7); the eastern pervasively anatectic domain, comprising metasediments (8) and anatexites (9) intruded by syn- 
to late-tectonic granitoids (10). The eastern domain is topped by mylonites (11). Surfaces above the topography 
schematically represent the dominant foliation and lineation. (Vauchez et al., 2007) 
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Vauchez et al. (2007) show that both anatexites and magmatic intrusions display a pervasive 

strain-induced magmatic fabric with homogeneous strain distribution and no obvious strain 

localisation. In addition, dating of anatexis indicates that partial melting in the eastern anatectic 

domain and the magmatism in the central unit were coeval at ca. 580–570 Ma (Vauchez et al., 2007). 

Therefore it is suggested that a large volume of crust was molten (>10% melt) during collision, 

inducing a decrease in crustal strength producing the observed homogeneous strain distribution. 

Hence, both units deformed coherently with solid-state rocks while still molten due to a combination 

of gravity-driven and collision-driven deformation (Vauchez et al., 2007). 

Petitgirard et al. (2009) studied a syenitic body at the boundary between the mylonitic and 

central/tonalitic domain. The magmatic foliation and lineation of the intrusive body indicates a 

common deformation history with the country-rocks. It was interpreted that the syenite was emplaced 

during high temperature (~750 °C) regional deformation and then deformed before full solidification 

together with the country-rock (Petitgirard et al., 2009). However, an age difference between the 

syenite (530–535 Ma) and HT deformation in the host rocks (570–580 Ma) suggests that deformation 

is >35 Ma older than emplacement of the magmatic body, contrasting with the structural results. 

Additional 40Ar–39Ar thermochronology indicates a low cooling rate (<5 °C/Ma), which might even 

have been lower during the first 10 Ma after peak metamorphism (<3 °C/Ma) suggesting a protracted 

regional deformation history under stable thermal conditions (Petitgirard et al., 2009). Under slow 

cooling conditions, hot orogens’ rocks can undergo deformation at different times but under 

unchanged thermal conditions, and therefore display similar microstructure and fabric (Chapter 1.1, 

Fig. 1.3). Following this reasoning, the Araçuaí orogen can arugably be characterised as a hot orogen 

(Petitgirard et al., 2009). 

Mondou et al. (2012) studied tonalitic plutons in the central domain using AMS and 

geochronology. They revealed four contrasting magmatic fabric domains in the plutons revealing a 

complex 3D deformation history. The magmatic fabric however is similar to the solid-state 

deformation in the country-rocks, so is the age of regional deformation and emplacement of tonalites. 

This argument together with the presence of partial melts in the middle crust (Vauchez et al., 2007) 

suggests emplacement of these plutons during the regional deformation resulting from the Africa-

South America convergence (Mondou et al., 2012). Hence, these tonalitic bodies cannot represent pre-

collisional igneous activity as suggested by Pedrosa-Soares et al. (2001). Furthermore Mondou et al. 

(2012) conclude that the presence of large amounts of partial melt in the middle to lower crust 

triggered gravitational forces due to topographic overload, invoking crustal flow that induced 

contrasting deformation to the tectonic forces from plate convergence, resulting in a complex 3D 

deformation. This further strengthens evidence for hot orogen characteristics found in the Araçuaí-

West Congo orogen. 
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Cavalcante et al. (2014) investigated the temperature of the middle crust using the titanium-in-

quartz geothermometer for anatactic rock suites and compared it to P–T conditions of neighbouring 

rocks measured by conventional geobarothermometers. Similar temperatures are found for the 

different rock suites implying crystallisation temperatures above 800 °C at pressures between 0.65 and 

0.70 GPa. Cavalcante et al. (2014) calculated melt proportions in the middle crust of at least 30 %, 

which together with a low viscosity, high temperature gradient, low cooling rate, size of the anatectic 

domain and its crustal thickness reinforces the interpretation of Vauchez et al. (2007) of gravity-driven 

escape flow combined with convergence-driven shortening in the middle crust of the Araçuaí orogen. 
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CHAPTER 3 
SÃO FRANCISCO – CONGO CRATON BREAK-UP DELIMITED BY U-

Pb-Hf AND TRACE ELEMENTS OF ZIRCONS FROM 
METASEDIMENTS OF THE ARAÇUAÍ BELT 

3  

ABSTRACT 

Detrital zircon U–Pb geochronology combined with Hf isotopic and trace element data from 

metasedimentary rocks of the Araçuaí belt in southeastern Brazil provide evidence for break-up of the 

Congo–São Francisco craton. The U–Pb age spectra of detrital zircons from metasediments of the Rio 

Doce Group (RDG) range from 900–650 Ma and define a maximum depositional age of ca. 650 Ma. 

Zircon trace element and whole rock data constrain an oceanic island arc as source for the deposition 

setting of the protoliths to the metasediments. Zircon εHf(t) values from these rocks are positive 

between +1 and +15, supporting previous evidence of a Neoproterozoic extensional phase and oceanic 

crust formation in a precursor basin to the Araçuaí belt. Recrystallisation of detrital zircon at ca. 630 

Ma is compatible with a regional metamorphic event associated with terrane accretion to the 

Paleoproterozoic basement after transition from an extensional to a convergent regime. The juvenile 

nature, age spectra and trace element composition recorded in detrital zircons of metasediments from 

the Araçuaí belt correspond with zircons from metasedimentary rocks and oceanic crust remnants of 

other orogenic belts to its south. This suggests that rifting and oceanic crust formation of the entire 

orogenic system, the so-called Mantiqueira Province, was contemporaneous, most likely related to the 

opening of a large ocean. It further indicates that the cratonic blocks involved in the orogenic 

evolution of the Mantiqueira Province were spatially connected as early as 900 Ma. 
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3.1 INTRODUCTION 

The Neoproterozoic break-up of the Rodinia supercontinent and assembly of Gondwana is one 

of the most important events concerning geodynamics, paleoclimatic changes, and development of 

biologic diversity on Earth (Hoffman et al., 1998; Meert & Liebermann, 2008; Nance et al., 2014). In 

paleogeographic reconstructions, the Amazonian craton is usually considered part of Rodinia whereas 

the Río de la Plata, Kalahari and São Francisco – Congo cratons were marginal to Rodinia (e.g. 

D’Agrella-Filho & Cordani, 2017; Oriolo et al., 2017). However, South American and African cratons 

were possibly positioned within the Rodinia supercontinent (Evans, 2009). The assembly of Rodinia 

during the Grenvillian orogeny was a long-lasting process (1.45–0.97 Ga) whereas its break-up 

appears synchronous at ca. 750 Ma (e.g. Li et al., 2008; Evans et al., 2009; D’Agrella-Filho & 

Cordani, 2017). Contrastingly, rifting and collisional events of South American and African 

continental masses were diachronic processes between 1.00–0.75 Ga (D’Agrella-Filho & Cordani, 

2017). Later accretion of West Gondwana (combined Africa and South America; Fig. 3.1a) connected 

several continental blocks in a network of orogens to build a crustal mosaic in the Ediacaran and early 

Cambrian from 640–520 Ma (Trompette, 1997; Brito Neves et al., 1999; Alkmim et al., 2006; Fig. 

1a). Neoproterozoic collisional belts are better known, whereas little is known about timing of rifting 

and break-up in South American continental blocks. 

The Mantiqueira Province is a section of this large orogenic system extending alongside the 

southeastern coast of Brazil and Uruguay (e.g. Almeida et al., 1981; Silva et al., 2005; Fig. 3.1a). The 

co-evolution of the orogenic belts of the Mantiqueira Province remains a matter of debate, in spite of 

detailed description of each composing belt (e.g. Silva et al., 2005; Bento dos Santos et al., 2015). 

Contradiction exists between models that favour multiple collisions of different microplates over a 

single diachronic collisional event in the orogenic province (e.g. Heilbron & Machado, 2003; Bento 

dos Santos et al., 2015). It is noteworthy however, that these models mostly hinge on studies of 

orogenic magmatism; the lack of provenance studies in this area weakens all tectonic models. This 

limitation of studies restrains large-scale paleo-reconstructions of Gondwana assembly where rifting 

during Rodinia break-up at ca. 750 Ma and later amalgamation of continental blocks are evident. As a 

consequence, many aspects of the geodynamic history are still debated (e.g. Li et al., 2008; Frimmel et 

al., 2011; Evans et al., 2016). 

Paleogeographic reconstructions of orogenic belts are strengthened with the integrated use of 

provenance of sedimentary rocks and paleomagnetic and event chronology (e.g. Anderson, 2005; 

Cawood et al., 2007). Detrital zircon is increasingly used for provenance analysis in geodynamic 

evolution and paleogeographical modelling (e.g. Cawood et al., 2007; Gehrels, 2014). Zircon ages 

help to constrain the timing of deposition of sediments, reconstruction of provenance by matching the 

age with known zircon-forming events, and basin modelling as a sink of zircon (e.g. Cawood et al., 

2012; Gehrels et al., 2014). Combining zircon detrital ages and Hf isotopic compositions overcomes 
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limitations of this method such as lack of outcrop or erosion of certain source rock units, or multiple 

potential source areas with similar zircon crystallisation ages (e.g. Augustsson et al., 2006; Howard et 

al., 2009). This approach is increasingly used to identify different source areas with similar ages 

because the Hf isotopic signature of individual zircons is revealing the juvenile and crustally evolved 

contribution of the source region. 

In this contribution we investigate the provenance of metasedimentary rocks of the Rio Doce 

Group (RDG) from the Araçuaí belt in southeastern Brazil, in the northern sector of the Mantiqueira 

Province in order to improve our understanding of Gondwana assembly. We show results of zircon U-

Pb-Hf isotopic and trace element analyses in comparison with previously published age spectra and 

isotopic compositions of zircon from potential source areas in West Gondwana and other 

metasedimentary units of the Mantiqueira Province. Based on this approach, we present new 

constraints on the depositional age, provenance and tectonic setting of the protoliths to the studied 

metasediments, with implications for the geodynamic evolution of West Gondwana.  

3.2 GEOLOGICAL SETTING 

3.2.1 The Mantiqueira Province 

The Mantiqueira Province is a geographical division of the Brasiliano orogen, extending for 

~3000 km alongside the Atlantic coast of southeastern Brazil and Uruguay. The orogen has the Pan-

African orogen as a counterpart and comprises, from south to north, the Dom Feliciano belt (DFB), 

Ribeira belt (RB) and Araçuaí belt (AB or Araçuaí orogen) in South America and the West-Congo, 

Kaoko, Damara and Gariep belts in Africa (Almeida et al., 1981; Da Silva et al., 2005; Bento dos 

Santos et al., 2015; Fig. 3.1a). These orogenic belts connect a mosaic of Archean and Paleoproterozoic 

basement blocks and Meso- and Neoproterozoic sedimentary basins that were amalgamated during 

closure of the Adamastor and the Khomas Oceans (e.g. Brito-Neves & Cordani, 1991; Pedrosa-Soares 

et al., 2001; Silva et al., 2005). Subsequent rifting of the South Atlantic in the Cretaceous separated 

the South American from the African belts. The orogenic systems are limited to the west by the São 

Francisco, Paranapanema and Rio de la Plata cratons and to the east by the Congo and Kalahari 

cratons (Fig. 3.1a). 
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Figure 3.1 – Schematic reconstruction of West Gondwana showing the location of the Araçuaí belt. (a) Position 
of cratonic blocks and Neoproterozoic orogenic belts of southwestern Gondwana. The dashed line delineates the 
extent of the Mantiqueira Province. Abbreviations: AB – Angola Block, AC – Amazonian Craton, CC – Congo 
Craton, KC – Kalahari Craton, PPB – Paranapanema Block, RPC – Rio de la Plata Craton, SAC – South 
America Megacraton, SFC – São Francisco Craton (modified from Frimmel et al., 2011; Rapela et al., 2011); (b) 
Geological map of the Araçuaí belt (modified from Pedrosa-Soares et al., 2001; Melo et al., 2017). 
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Rift-related volcanics and anorogenic granites (ca. 900 Ma, Machado et al., 1989; da Silva et 

al., 2008) together with inferred ophiolite remnants in the AB (ca. 800 Ma, Pedrosa-Soares et al., 

1998) provide evidence for a Neoproterozoic ocean in the northern Mantiqueira Province. Extensional 

magmatism in the RB (ca. 800–770 Ma, Heilbron & Machado, 2003) and ophiolitic remnants in the 

DFB (ca. 900 Ma and 750 Ma, Saalmann et al., 2005; Arena et al., 2016) are evidence of a southern 

continuation of that ocean. Closure of this ocean gave rise to magmatic arc development in the three 

belts at ca. 630–570 Ma (e.g. Pedrosa-Soares et al., 2001; Heilbron & Machado, 2003; da Silva et al., 

2005; Saalmann et al., 2005). Subsequent collision resulted in production of syn-orogenic granites at 

ca. 590–570 Ma with associated granulite-facies metamorphism and anatexis in the DFB and AB 

(Leite et al., 2000; Pedrosa-Soares et al., 2001; da Silva et al., 2005; Richter et al., 2016; Melo et al., 

2017). Final pulses of magmatism from 530 Ma to 480 Ma mark the terminal amalgamation of 

continental blocks (Pedrosa-Soares et al., 2001; da Silva et al., 2005; Richter et al., 2016). Compared 

to the AB and RB, an initial phase of juvenile magmatism at ca. 850 Ma was followed by continental 

arc magmatism in the DFB between 770 Ma and 680 Ma (São Gabriel block, e.g. Babinski et al., 

1996; Saalmann et al., 2005; Lena et al., 2014). The main collisional event occurred between 650 Ma 

and 580 Ma with subsequent anatexis and production of large granitic bodies (e.g. Saalmann et al., 

2005; Bento dos Santos et al., 2015). 

The geodynamic evolution of the Mantiqueira Province remains debated. Many authors 

suggest a diachronic single collisional event (da Silva et al., 2005; Bento dos Santos et al., 2015), 

whereas others argue for multiple collisions of several microplates (Campos Neto and Figueiredo, 

1995; Heilbron & Machado, 2003). Bento dos Santos et al. (2015) compiled geochronological and 

geochemical data for the entire Mantiqueira Province and proposed a single collisional event based on 

similar chemical signatures of magmatic rocks in different periods in all belts with progressively 

younger ages towards the northern section of the entire orogenic system. Heilbron and Machado 

(2003) reported a metamorphic event (540–520 Ma) only present in some terranes of the RB, and 

proposed a scenario of several collisional events between microplates containing the main cratonic 

blocks. 

3.2.2 The Araçuaí belt 

The Araçuaí belt in southeastern Brazil and its African counterpart, the West-Congo belt, 

developed between the São Francisco and Congo cratons and represent the northern end of the 

Mantiqueira Province (e.g., Pedrosa-Soares et al., 2001; Alkmim et al., 2006; Fig. 3.1a). The West-

Congo belt only hosts one third of the combined Brasiliano/Pan-African system and consists mainly of 

low-grade metamorphic rift to proximal passive margin sequences of the precursor basin and no 

orogenic magmatic rocks (Tack et al., 2001). The Araçuaí belt, representing two thirds of the system, 

constitutes rift-related to distal passive margin sequences of the precursor basin, a continental 

magmatic arc, and collisional- and post-collisional magmatic bodies (Alkmim et al., 2006; Pedrosa-
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Soares et al., 2001, 2011; Fig. 3.1b). The basement in the western portion of the Araçuaí belt includes 

Archean gneisses of the São Francisco craton, greenstone belt remnants and Paleoproterozoic 

supracrustal lithologies that were affected by the ~2.00 Ga Transamazonian orogeny and later on 

reworked during the Brasiliano orogeny (e.g. Alkmim & Marshak, 1998; Pedrosa-Soares et al., 2001). 

Archean-Paleoproterozoic basement units in the central Araçuaí belt are made up of high-grade 

amphibolite- to granulite-facies rocks represented by the Juiz de Fora and Pocrane Complexes 

(Pedrosa-Soares et al., 2001; Gonçalves et al., 2014). According to their isotopic signature, these 2.20 

to 2.00 Ga old gneissic units are interpreted as juvenile magmatic arcs sutured with the São Francisco 

craton during the Transmazonian orogeny (e.g., Alkmim & Marshak, 1998; Pedrosa-Soares et al., 

2001; Gonçalves et al., 2014). A major rifting phase occurred at ca. 1.75 Ga, represented by the 

Espinhaço Supergroup, which is found in the external fold-thrust belt on the western margin of the 

Araçuaí belt (Alkmim et al., 2006; Chemale et al., 2012). The Macaúbas Group represents the 

precursor basin of the Araçuaí belt and records a first rifting phase during the Neoproterozoic between 

1000 Ma and 850 Ma (Pedrosa-Soares et al., 2001; Alkmim et al., 2006; Babinski et al., 2012; 

Kuchenbecker et al., 2015). Proximal tillite, diamictite, sandstone and pelite deposits of the Macaúbas 

Group provide evidence of an 850 Ma old glaciation event (e.g., Alkmim et al., 2006; Babinski et al., 

2012). Some distal metamorphosed mafic to ultramafic rocks of this basin are interpreted as oceanic 

crust remnants. Amphibolites of this assemblage have been dated at 820 Ma with a juvenile Nd 

isotopic signature and are described as oceanic crust of the rifting event (Pedrosa-Soares et al., 1998). 

The crystalline core of the Araçuaí belt constitutes voluminous orogenic igneous bodies that 

record the different stages of continent-continent convergence. The Rio Doce Arc has the pre-

collisional magmatism of metaluminous granites from 630 Ma to ca. 580 Ma (e.g., Pedrosa-Soares et 

al., 2011; Gonçalves et al., 2014, 2016). During the syn-collisional stage large peraluminous 

batholiths intruded between 585 Ma and 560 Ma (e.g., Pedrosa-Soares et al., 2011; Richter et al., 

2016; Melo et al., 2017). Subsequently late- to post-collisional peraluminous leucogranites were 

emplaced from 545 Ma to 530 Ma (Pedrosa-Soares et al., 2001, 2011). In response to gravitational 

collapse in the post-collisional stage, a final suite of granitic to noritic plutons intruded the internal 

zone of the Araçuaí belt between 530 Ma and 480 Ma (Pedrosa-Soares et al., 2001, 2011; Alkmim et 

al., 2006; Richter et al., 2016). Granulite-facies anatectic paragneiss complexes Jequitinhonha and 

Nova Venécia are found to the east of the crystalline core of the Araçuaí belt and possibly represent 

metamorphosed passive margin or back-arc basins (Alkmim et al., 2006; Richter et al., 2016). The Rio 

Doce Group (RDG) that covers vast areas of the Paleoproterozoic basement in the western Araçuaí 

belt is a little studied supracrustal unit (Figures 3.1b and 3.2). The group consists of pelitic schist, 

quartzite, paragneiss and metagreywacke that were intruded by pre-collisional granitoids (Vieira, 

2007; Gonçalves et al., 2016). The RDG also hosts metavolcanic sills of dacitic and rhyolitic 

compositions dated at ca. 585 Ma (Vieira, 2007; Gonçalves et al., 2014). The maximum depositional 
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age of the metasediments was estimated at ca. 590 Ma (Vieira, 2007). Combined with field 

observations, the ages led some others to propose that the RDG metasediments are continental arc-

related basin deposits and that the metavolcanic rocks are equivalent to the pre-collisional magmatism 

(Vieira, 2007; Pedrosa-Soares et al., 2011; Gonçalves et al., 2014). Metasedimentary rocks of the 

RDG are the focus of the present work. 

3.3 SAMPLING 

In the study area a transcurrent fault separates the RDG from the Paleoproterozoic Pocrane 

gneiss complex (Fig. 3.2). Granite bodies of various sizes intruded the RDG during pre-collisional 

magmatism (Fig. 3.2). According to Vieira et al. (2007) the RDG can be divided in four sub-units, 

stratigraphically from bottom to top: (1) schists and paragneisses with lenses of amphibolite, 

calcsilicate rock and quartzite; (2) metavolcanic rocks; (3) garnet-staurolite schist; and (4) quartzite. 

All four RDG samples of this study were collected from the bottom sub-unit. Tuller (2000) described 

the occurrence of the RDG rocks in the study area as schists and paragneisses with amphibolite lenses 

and calcsilicate rocks. 

 
Figure 3.2 – Simplified geological map of the study area with sample locations (modified from Tuller, 2000). 
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3.3.1 Outcrop POC3 

Outcrop POC3 exposes a weakly foliated gneiss that contains amphibolite lenses. Sample 

POC3A was collected from an amphibolite lens. It is a medium-grained garnet-bearing amphibolite 

with hornblende (40%), quartz (30%), plagioclase (20%), biotite (5%) and garnet (5%). Accessory 

phases are muscovite, zircon, epidote and ilmenite. Hornblende-rich layers alternating with felsic 

quartz-plagioclase layers build the foliation. Sample POC3B is a fine-grained garnet-quartz gneiss. 

The mineral assemblage includes quartz (40%), plagioclase (35%), biotite (15%), garnet (10%) and 

accessory zircon and ilmenite. 

3.3.2 Outcrop POC28 

Outcrop POC28 consists of a banded gneiss intruded by pre-collisional granites (Fig. 3.2). 

Sample POC28A is biotite-quartz gneiss with a mineral assemblage of biotite (30%), quartz (25%), 

plagioclase (25%), epidote (10%) and garnet (10%). Accessory phases are chlorite, zircon, titanite and 

ilmenite. POC28B was collected from a granitic vein consisting of a quartz–plagioclase–biotite–

epidote–garnet association with accessory zircon and titanite. 

3.4 ANALYTICAL METHODS 

3.4.1 Zircon U-Pb dating 

Zircon grains were handpicked from heavy mineral separates of crushed and panned 

metasediment samples. Subsequently the grains were mounted in 25 mm-diameter circular epoxy 

mounts and polished to expose their cores. Prior to analysis, zircons were imaged by Scanning 

Electron Microscopy (SEM) using a JEOL 6510 equipped with a Centaurus cathodoluminescence 

(CL) detector at the Geoscience Department of the Universidade Federal de Ouro Preto (UFOP) 

(Brazil), to obtain information on their internal structures. Zircon U–Pb isotope analyses were 

performed by LA-ICP-MS at UFOP using a Thermo-Fisher Element II sector field ICP-MS coupled to 

a CETAC LSX-213 G2+ (λ = 213 nm) Nd:YAG laser. A detailed description of the method is given by 

Gerdes and Zeh (2006, 2009). Ablation was carried out in a low-volume cell with He as carrier gas; 

laser beam parameters used were a spot size of 20 µm, a repetition rate of 10 Hz, and a fluence of ~3 J 

cm-2. Time-resolved raw data were corrected offline for background signal, common Pb, laser-induced 

elemental fractionation, instrumental mass discrimination, and time-dependent elemental fractionation 

of Pb/U using the GLITTER® software package (Van Achterbergh et al., 2001). Common Pb 

correction was applied using the interference- and background-corrected 204Pb signal and a model Pb 

composition (Stacey & Kramers, 1975). Laser induced elemental fractionation and instrumental mass 

discrimination were corrected by normalisation to the reference zircon GJ-1 (Jackson et al., 2004), 

which was routinely measured within each analytical session. The drift in inter-elemental fractionation 

(Pb/U) during 30s of sample ablation was corrected individually before normalisation to GJ-1. 
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Reported uncertainties (2σ) were propagated by quadratic addition of the external reproducibility 

obtained from the standard zircon GJ-1 during the analytical session (2SD in %) and the within-run 

precision of each analysis (standard error in %). In order to test the validity of the applied methods and 

the reproducibility of the data, multiple analyses of the reference zircon Plešovice (Sláma et al., 2008) 

were performed. Plešovice gave a concordia age of 337 ± 1 Ma (n = 86, MSWD = 0.21). This is in 

agreement, within uncertainty, with the accepted ID-TIMS age reported for Plešovice (337.3 ± 0.4 Ma 

-2SD, Sláma et al., 2008). In addition, several analyses of the in-house reference zircon BB (Santos et 

al., 2017) were conducted. BB yielded a concordia age of 561 ± 1 Ma (n = 97, MSWD = 0.27), which 

is consistent with the reported ID-TIMS age of this reference material (560.0 ± 0.4 Ma -2SD, Santos et 

al., 2017). 

A total of 490 analyses were performed on 312 zircon grains from the four samples; in many 

cases two analyses were done in different sectors of the same grain that showed different textural and 

chemical-zoning features in the CL images. 

3.4.2 Zircon Lu-Hf isotope analyses 

Following each session of U–Pb isotopic determinations, Lu and Hf isotopic ratios were 

determined at UFOP, using a Thermo-Fisher Neptune+ MC-ICPMS coupled to a Photon Machines 

193 (λ = 193 nm) ArF Excimer laser ablation system. The 50 µm spot-size laser was fired at 5 Hz 

repetition rate and ~3 J cm-2 energy density. Time-resolved profiles of the isotope ratios were 

processed offline to control the homogeneity of the measured zircons. Corrections for background 

signal, instrumental mass bias and isobaric interferences of Lu and Yb isotopes on mass 176 were 

done following the methods by Gerdes and Zeh (2006, 2009). Quoted uncertainties are quadratic 

additions of the within-run precision and the reproducibility of the reference zircons Temora (Wu et 

al., 2006), 91500 (Blichert-Toft, 2008), Mud Tank (Woodhead & Hergt, 2005) and BB (Santos et al., 

2017). Four reference materials were used before and during runs: Mud Tank, Temora, 91500 and BB. 

Analyses of the reference zircon Temora yielded an average 176Hf/177Hf = 0.282682 ± 40 (2SD, n = 

33). 41 analyses on the zircon 91500 yielded a 176Hf/177Hf = 0.282317 ± 70 (2SD). Mud Tank yielded 

an average 176Hf/177Hf = 0.282524 ± 54 (2SD, n = 37). The average 176Hf/177Hf for BB was 0.281676 ± 

62 (2SD, n = 20). These values agree within error with the recommended values for Temora 

(176Hf/177Hf = 0.282680 ± 31 (2σ), Wu et al., 2006), 91500 (176Hf/177Hf = 0.282307 ± 31 (2σ), Blichert-

Toft, 2008), Mud Tank (176Hf/177Hf = 0.282504 ± 44 (2σ), Woodhead & Hergt, 2005) and BB 

(176Hf/177Hf = 0.281674 ± 18 (2σ), Santos et al., 2017). 

Initial 176Hf/177Hf ratios (176Hf/177Hf(t)) were calculated from the measured 176Lu/177Hf and 
176Hf/177Hf ratios using a 176Lu decay constant of λ = 1.867 x 10-11 a-1 (Söderlund et al., 2004). Epsilon 

Hf (εHf(t)) values and Hf model ages were calculated using Chondritic Uniform Reservoir (CHUR) 
176Lu/177Hf and 176Hf/177Hf ratios of 0.0336 and 0.282785, respectively (Bouvier et al., 2008), Depleted 
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Mantle (DM) values of 176Lu/177Hf = 0.03933 and 176Hf/177Hf = 0.283294 (Blichert-Toft & Puchtel, 

2010) and an average continental crust composition with a 176Lu/177Hf ratio of 0.0113 (Rudnick & 

Gao, 2003). 

Whenever possible, the Lu–Hf laser spot was drilled on top of the U–Pb laser spot. Where this 

was not the case, care was taken to drill within the same zircon domain (core, rim) previously analysed 

for U–Pb, characterised by CL imaging. In total, 205 analyses were done on 174 zircon grains. 

3.4.3 Zircon trace element analyses 

Trace element concentrations in zircon were analysed using a Thermo-Fisher Element II sector 

field ICP-MS coupled to a Photon Machines 193 nm ArF Excimer laser at the Geoscience Department 

at UFOP. Ablation were performed in a 0.7 l min-1 He stream using 25 µm laser spot sizes, a repetition 

rate of 6 Hz and a laser energy density of 10–12 J cm-2. The He stream was mixed with Ar directly 

after the ablation cell prior to introduction into the plasma of the ICP-MS. Oxide production, 

monitored as 254UO/238U on the standard glass NIST 612 was well below 1%, and measurements were 

carried out in low resolution mode, with 15s background and 30s data acquisition. The following 

isotopes were analysed: 29Si, 44Ca, 89Y, 93Nb, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 
163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 206Pb, 208Pb, 232Th and 238U. Data reduction was 

performed with GLITTER using 29Si for internal standardisation with SiO2 = 32.7 wt.% for all zircons 

and the NIST 612 glass as primary standard. The standard glass NIST 610 and basaltic glasses BCR 

and BHVO-1 have been used as secondary standards. The accuracy of zircon measurements was 

checked comparing between obtained and recommended concentrations for the standard BCR. This 

resulted in an offset correction of maximum 10%, which has been applied to the BHVO standard. The 

corrected results agree for almost all elements (< 12% deviation) with recommended values of BHVO 

and hence, the same correction has been applied to all unknown zircon analyses. Rare earth element 

(REE) concentrations were normalised to C1 chondrite (McDonough & Sun, 1995). 

3.5 RESULTS 

3.5.1 Zircon morphology and U-Pb dating 

The complete U–Pb data are listed in Appendix A1. Representative zircon CL images, 

concordia diagrams (calculated using using Isoplot/Ex 4; Ludwig, 2003) and Kernel density estimation 

plots (KDE) and histograms (plotted using DensityPlotter; Vermeesch, 2012) for detrital zircon U-Pb 

data at the 95% concordance level from each sample are shown in Figures 3.3 and 3.4. The 206Pb/238U 

age was used for zircons <1000 Ma and the 206Pb/207Pb age was used for grains older than 1000 Ma. 

Errors are reported at the 2σ level. 
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Figure 3.3 – Representative CL images with U–Pb and Lu–Hf spots of analysed zircons. The U-Pb ages are 
reported in Ma as 206Pb/238U ages for zircons <1000 Ma and 207Pb/206Pb ages for zircons >1000 Ma with errors at 
the 2σ level. Calculated εHf(t) values are given in brackets. 
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these two samples are colourless. In CL images, the majority of grains from sample POC3A show 

euhedral oscillatory-zoned cores, surrounded by weaker luminescence, low contrast rims (Fig. 3.3a). 

The rim domains are homogeneous and unzoned or weakly banded. Some detrital cores of the grains 

are embayed by rims (e.g. Fig. 3.3a grains 13 and 14). In most cases the rims were too small to 

analyse. However several overgrowths on zircon cores have a larger volume and were analysed (e.g. 

Fig. 3.3a grains 11–14). A small number of non-prismatic zircon grains show low CL intensity, sector-

zonation and no overgrowth (Fig. 3.3a grains 9 and 10). The typical Th/U ratios of euhedral zircon 

cores range between 0.21 and 0.90, whereas rim overgrowth Th/U ratios are significantly lower 

between 0.02 and 0.16 (Table 1 in Appendix A1). Low CL zircons with sector zoning have either low 

Th/U ratios of 0.05 (Fig. 3.3a grain 9) or moderate Th/U of 0.22–0.26 (Fig. 3.3a grain 10). Isotopic 

data of 114 analyses yielded exclusively Neoproterozoic ages ranging from 560 Ma to 940 Ma (Fig. 

3.4a). The ages of detrital zircon cores cluster around two main peaks at ca. 875 Ma and 800 Ma (Fig. 

3.4a). Sector-zoned grain and rim analyses define a concordia age of 627.3 ± 5.3 Ma (MSWD = 2.0) 

and this is interpreted as recrystallisation age of zircons (Fig. 3.4a). 

Zircons from paragneiss sample POC3B contain euhedral prismatic to anhedral cores with 

distinct oscillatory zoning (Fig. 3.3b). Some cores are fractured and contain crosscutting bands (e.g. 

Fig. 3.3b grains 4, 5, 8, 13). In all grains, cores are surrounded by low CL intensity, homogeneous 

unzoned rim overgrowths. Similar to sample POC3A some zircons show irregular or sector zoning. 

The majority of zircon cores have U concentrations below 100 ppm, whereas rims and irregular or 

unzoned zircons range from 110 to 250 ppm (Table 1 in Appendix A1). This difference is well 

reflected in Th/U ratios that differ between cores (0.17 to 1.22) and rims/irregular and unzoned zircons 

(<0.10). Results for core and rim analyses are plotted on a concordia diagram and show a similar range 

in ages as sample POC3A from 610 Ma to 950 Ma (Fig. 3.4b). The relative probability diagram for 

detrital cores reveals a main peak at ca. 725 Ma and a less-pronounced peak at ca. 825 Ma (Fig. 3.4b). 

Combined rim overgrowth and irregular zoning / unzoned grain analyses define a concordia age of 

628.0 ± 4.0 Ma (MSWD = 1.7) interpreted as zircon recrystallisation age (Fig. 3.4b). 

Zircon grains extracted from gneiss sample POC28A are prismatic to rounded in shape and are 

between 80 µm and 200 µm in length, with length to width ratios of 2:1 to 4:1. CL images show that 

zircon cores are prismatic and have oscillatory zonation. Cores have sharp contacts to surrounding rim 

overgrowth that show irregular zoning with different degrees of CL intensity (Fig. 3.3c). The Th/U 

ratios of detrital zircon cores range from 0.16 to 2.40 whereas rim overgrowth domains are 

significantly lower <0.10 (Table 1 in Appendix A1). The lower Th/U ratios of rims are usually marked 

by an increase in U concentration. However in some rare cases U concentration of core and rim 

domains are similar, the low Th/U ratio therefore was caused by an increase in Th concentration. Ages 

for the paragneiss sample POC28A range from 590 Ma to 2750 Ma. A concordia including all 

analyses is given in Appendix A1 whereas an inset that displays the major age populations is shown in 
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Fig. 3.4c. A relative probability plot shows that a few detrital zircon cores yielded Meso- to 

Paleoproterozoic ages with the bulk of the zircons being Neoproterozoic (Fig. 3.4c). The ages of 

Neoproterozoic zircons cluster around two main peaks at 680 Ma and 750 Ma and one minor peak at 

840 Ma. Rim overgrowth analyses define a concordia age of 633.0 ± 3.6 Ma (MSWD (conc.+equiv.) = 

1.8) which is interpreted as recrystallisation age of zircons (Fig. 3.4c). 

Zircons from the granite sample POC28B range in length from 100 to 250 µm, with length to 

width ratios from 3:1 to 5:1. Grain shapes are prismatic and CL images reveal oscillatory zonation. 

Two grains show inherited cores and rim overgrowth domains (Fig. 3.3d grains 9 and 10). The typical 

range of Th/U ratios is between 0.16 and 1.50 with some exceptions that are below 0.10 or >1.50 

(Table 1 in Appendix A1). The two inherited cores yielded Mesoproterozoic ages with rim overgrowth 

at ca. 585 Ma. Excluding the inherited cores, zircons of this sample define a weighted mean 206Pb/238U 

age 586.6 ± 3.7 Ma (MSWD = 10.7) and this is interpreted as the crystallisation age of the granitic 

vein (shown in Appendix A1). 
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Figure 3.4 – Concordia diagrams, Kernel density estimation plots (KDE) and histograms of U-Pb ages plotted 
for zircons from the Rio Doce Group metasediment samples. The U-Pb ages in KDE plots are reported as 
206Pb/238U ages for zircons younger than 1000 Ma and as 207Pb/206Pb ages for zircons older than 1000 Ma. 

3.5.2 Lu–Hf isotopes 

The Lu–Hf isotope analytical data with concordant U-Pb ages are shown in Table 1 of 

Appendix A2 and Fig. 3.5. Initial 176Hf/177Hf of zircon from metasedimentary rocks of the RDG are in 

the range of 0.28230–0.28288 with superchondritic εHf(t) values from -1.0 to 17.9. In contrast, lower 
176Hf/177Hf(t) were obtained from the intrusion sample with subchondritic εHf(t) values. Detailed results 

for the individual samples are listed below. 
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Detrital zircon cores from sample POC3A yield 176Hf/177Hf(t) ranging from 0.28234 to 0.28255 

(Fig. 3.5a). This corresponds to superchondritic εHf(t) values between 2.3 and 11.1. Rim domains yield 
176Hf/177Hf(t) ratios of 0.28251–0.28265, corresponding to superchondritic εHf(t) values ranging from 4.0 

to 9.2. Two young zircon grains have lower 176Hf/177Hf(t) of 0.28213 that corresponds to a 

subchondritic εHf(t) value of -9.6. 

Slightly higher 176Hf/177Hf(t) were obtained from sample POC3B between 0.28242 and 

0.28266, corresponding to εHf(t) values from 5.1 to 14.9 (Fig. 3.5b). Zircon overgrowths yield 
176Hf/177Hf(t) in the range from 0.28251 to 0. This corresponds to superchondritic εHf(t) values of 4.4–

10.4. 

 
Figure 3.5 – 176Hf/177Hf(t) vs. U-Pb age diagrams for each sample. Ages are reported as 206Pb/238U ages. The 
Depleted Mantle (DM) field is constructed with compositions from Griffin et al. (2002) and Blichert-Toft and 
Puchtel (2010). 

Initial 176Hf/177Hf ratios of Neoproterozoic detrital zircons from sample POC28A are in the 

range of 0.28230–0.28288, corresponding to a range in εHf(t) values of -1.0 to 17.9 (Fig. 3.5c). 
176Hf/177Hf(t) ratios of zircon rim domains range from 0.28234 to 0.28276, which corresponds to εHf(t) 
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to 0.28248, which corresponds to εHf(t) values of -7.5 to 12.1 (not shown in Fig. 3.5c). A small number 

of analyses with anomalously high εHf(t) values (>20) were discarded. The Neoproterozoic zircons of 

this sample display the same range in 176Hf/177Hf(t) and εHf(t) as samples POC3A and POC3B (Fig. 3.5). 

Excluding two inherited cores, zircons from sample POC28B yield 176Hf/177Hf(t) ranging from 

0.28196–0.28213, with a mean of 0.28206 ± 0.00008 (Fig. 3.5d), corresponding to subchondritic εHf(t) 

values from -15.5 to -10.2. The inherited cores have initial 176Hf/177Hf ratios of 0.28198 and 0.28209, 

which corresponds to εHf(t) values of 2.2 and 0.8. 

3.5.3 Trace element chemistry 

Zircon trace element data are listed in Table 1 of Appendix A3. Detrital zircon grains have Hf 

contents of 4000–10000 ppm, whereas zircons from POC28B range from 5500 to 7500 ppm, and Y 

contents of 100–2800 ppm and 800–2400 ppm, respectively. Chondrite-normalised REE patterns 

reveal negative europium anomalies [Eu/Eu*N = 0.07–1.37; mostly <0.4: Eu* = (Sm+Gd)N/2], and 

positive cerium anomalies [Ce/Ce*N = 0.5–25; mostly <10: Ce* = (La+Pr)N/2] in all samples. The 

REE patterns show a variable degree of fractionation as is reflected by Yb/SmN = 2–420 (mostly 

<150) and Yb/GdN = 1–170 (mostly <50), whereas the degree of fractionation in sample POC28B is 

generally lower (Fig. 3.6). The ΣREE of analysed zircon grains ranges between 40 ppm and 4000 

ppm. 

 
Figure 3.6 – Rare earth element (REE) concentrations for detrital zircons normalised to C1 chondrite 
(McDonough & Sun, 1995). 
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3.6 DISCUSSION 

3.6.1 Tectonic depositional environment of the sedimentary rocks 

Discrimination diagrams based on whole rock major element compositions are an indication of 

the tectonic setting and provenance of the RDG sedimentary rocks (Fig. 3.7). In Roser and Korsch’s 

(1988) discrimination diagram (Fig. 3.7a) RDG samples plot in the provenance fields of mafic to 

intermediate rocks whereas the intrusion sample POC28B plots in the felsic igneous provenance field. 

Data from the literature plotted for comparison are characterised as sources of felsic igneous or 

quartzose sedimentary provenance. In Fig. 3.7b (Bhatia, 1983) the majority of the RDG data plots in 

the oceanic island arc field with a few samples falling in the island arc and active continental margin 

field. 

 
Figure 3.7 – Discrimination diagrams for sedimentary rocks. (a) Roser and Korsch (1988) diagram. (b) Bhatia 
(1983) Fe2O3 + MgO vs Al2O3/SiO2 diagram. (c) Verma and Armstrong-Altrin (2013) discriminant-function 
diagram for high-silica clastic sediments for three tectonic settings (arc, continental rift, and collision). (d) 
Verma and Armstrong-Altrin (2013) diagram for low-silica clastic sediments. Whole rock data of Rio Doce 
Group samples from Vieira (2007) and Novo (2013) are shown for comparison. All data are listed in Table 2 of 
Appendix A3. 
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Discriminant-function-based multi-dimensional diagrams are used in addition to these 

traditional diagrams of tectonic settings. These additional diagrams enable to discriminate between 

island/continental arc, continental rift and collision setting of high-silica (SiO2 = 63–95%; Fig. 7c) and 

low-silica (SiO2 = 35–63%; Fig. 7d) rocks (Verma & Armstrong-Altrin, 2013). High-silica samples of 

the RDG metasedimentary rocks and low-silica sample POC3A plot in the arc tectonic setting whereas 

low-silica rocks of sample POC28A plots in the rift-setting field. 

The trace element chemistry of zircons can be used to fingerprint the provenance of 

sedimentary rocks by distinguishing between zircons crystallised in either oceanic or continental crust 

(Grimes et al., 2007). In the U-Yb discrimination diagram zircons of the RDG rocks plot in the 

oceanic crust provenance field as well as overlapping with the continental crust field (Fig. 3.8a). The 

composition of a few zircons of sample POC3A is similar to the field of mafic zircons, which is 

defined by continental gabbroic rocks (Grimes et al., 2009). In Fig. 3.8b the zircon trace element data 

were plotted in density distribution diagrams based on geochemical proxies for the tectono-magmatic 

settings of continental arc, ocean island and mid-ocean ridge. Zircons of sample POC3 show a high 

probability for the ocean island type which is similar to zircons from within-plate / continental rift 

settings of Grimes et al. (2015). Zircons of sample POC28 plot in the field of continental arc zircons, 

comparable with zircons from island arc-type ophiolites in the study of Grimes et al. (2015). 

 
Figure 3.8 – Tectonic discrimination diagrams based on zircon trace element contents. (a) U vs Yb variation 
diagram with discriminant continental and ocean crust fields from Grimes et al. (2007); (b) Density distribution 
plots based on geochemical proxies for the tectono-magmatic setting of mid-ocean ridge (MOR-type), plume-
influenced ocean-island (OI-type), and continental arc (Cont. arc-type) zircon from Grimes et al. (2015). 

Combining the whole-rock data with the zircon trace element dataset it becomes evident that 

the source of the protoliths of the RDG metasedimentary rocks most likely was mafic to intermediate 

igneous rocks in an island arc and/or rifting setting. Furthermore our results confirm that the zircon 
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discrimination diagrams by Grimes et al. (2007 and 2015) can be applied to detrital zircon populations 

to distinguish oceanic from continental crust derived zircons. 

3.6.2 Age of metamorphism in the RDG 

New zircon grows in magmatic or aqueous fluid, or by solid-state formation accompanied by 

mineral breakdown during metamorphism, whereas existing zircon can be modified by either 

recrystallisation, dissolution-re-precipitation and leaching or Pb diffusion (e.g. Pidgeon, 1992; Vavra 

et al., 1996, 1999; Grant et al., 2009). Zircon rims of the RDG metasediments are characterised by low 

Th/U ratios, irregular shape and homogeneous unzoned habit, which are well-established indicators of 

zircon recrystallisation (e.g. Pidgeon, 1992; Vavra et al., 1999). Large rim overgrowth domains partly 

truncating euhedral zircon core zonation (Fig. 3.3) provides evidence for new zircon growth by 

Ostwald ripening, a viable mechanism for zircon overgrowths formation on larger grains at the 

expense of smaller zircons in metasedimentary rocks (Vavra et al., 1996; Ayers et al., 2003). Few 

non-prismatic grains with sector-zoning and low Th/U ratios were found in the RDG metasediments 

(e.g. grains 9 and 10 in Fig. 3.3a). The low Th/U ratios and the lack of prismatic face development 

suggest that these grains formed by recrystallisation (Grant et al., 2009). 

Several studies have shown that the Hf isotopic composition of zircons is capable of providing 

further constraints on zircon formation mechanisms during metamorphism (e.g. Zheng et al., 2005; 

Chen et al., 2010). Zircon rims have similar to slightly higher 176Hf/177Hf(t) ratios compared to the 

magmatic cores (Fig. 3.5). This is consistent with rim overgrowth by recrystallisation of pre-existing 

zircons in a closed system, where breakdown of high 176Hf/177Hf ratio phases such as garnet, epidote or 

monazite had minor influence (e.g. Zheng et al., 2005; Chen et al., 2010). It is therefore concluded 

that zircon rims of the RDG metasediments formed by recrystallisation of existing zircons as well as 

by consumption of pre-existing smaller grains (Ostwald ripening). Thus, formation of overgrowth 

domains and sector-zoned zircons is interpreted to result from crystallisation during a regional 

metamorphic event at ca. 630–625 Ma as defined by the concordia ages in Fig. 3.4. 

Syn-collisional metamorphism in the Araçuaí belt at 575–550 Ma (Richter et al., 2016; Melo 

et al., 2017) overlaps with orogenic peak metamorphism of the other belts in the Mantiqueira Province 

from 600–560 Ma (Bento dos Santos et al., 2015 and references therein). In the Ribeira belt pre- 

metamorphic overprinting at 620 Ma (Tassinari et al., 2006) marks the onset of collisional 

metamorphic events, and Silva et al. (1999) reported a gneiss forming event at ca. 630 Ma. 

Metamorphic ages of 670–640 Ma in the Ribeira belt were interpreted as a consequence to the 

formation of a continental magmatic arc (Duffles et al., 2016). A high grade metamorphic event 

inducing partial melting in the Dom Feliciano belt was dated at ca. 650 Ma and related to crustal 

thickening during the collision between Rio de la Plata and Congo cratons (Lenz et al., 2011). The 

metamorphic event at 630–625 Ma reported for the RDG metasediments in this work is hitherto 
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described in the Araçuaí belt for the first time. The nature of this event remains, however, a matter for 

a separate study. 

3.6.3 Depositional age constraints on Rio Doce Group metasediments 

The three RDG metasediment samples used for detrital zircon U-Pb dating are grouped 

together for the discussion due to similarity in age spectra and close spatial relationship of outcrops 

(Fig. 3.9). The youngest concordant (<5% discordance) magmatic zircon yields an age of 600 ± 17 

Ma. This youngest single grain age, however, is separated from a cluster of older detrital zircons with 

ages of 670–650 Ma. The youngest grain cluster is assumed to be the more robust measure in this case 

because the single grain age is analytically not representative for the present dataset of detrital zircons 

(Dickinson & Gehrels, 2009). We therefore suggest that the youngest zircon among the 670–650 Ma 

grain cluster represents a realistic maximum depositional age. The deposition of the metasedimentary 

protolith is then constrained between 650 Ma (maximum depositional age) and 630 Ma (zircon 

recrystallisation event). 

3.6.4 Correlation of detrital zircon ages and isotopic data with potential source 

areas 

The U-Pb ages of detrital zircons from the metasedimentary units are shown as probability 

density plots in comparison to various basins from orogenic belts of the Mantiqueira Province in Fig. 

3.9. A first striking observation is the almost complete restriction of age spectra from RDG 

metasediments to the Neoproterozoic Era despite the close proximity to Paleoproterozoic basement 

rocks. Zircons from outcrop POC3 have Neoproterozoic ages, whereas about 20 % of detrital grains 

from sample POC28A yield small peaks at 2.3, 2.1, 1.8 and 1.3 Ga (Figs. 3.4 and 3.9). Potential 

sources related to these Paleoproterozoic peaks are magmatic and metamorphic complexes in the 

southern São Francisco craton region that developed during the Transamazonian orogeny such as the 

Mineiro, Mantiqueira, Juiz de Fora or Pocrane complexes (Alkmim & Marshak, 1998; Noce et al., 

2007; Gonçalves et al., 2014). Mesoproterozoic detrital zircons can be linked to rifting events during 

development of the Espinhaço Supergroup (e.g. Chemale et al., 2012). 

The main detrital zircon population within the RDG metasediments ranges from 900 Ma to 

650 Ma with subordinate peaks at 875, 800 and 700 Ma, respectively (Figs. 3.4 and 3.9). In the 

Araçuaí belt potential sources with zircon growth events are restricted to anorogenic granites of the 

Salto da Divisa Suite (ca. 875 Ma; Silva et al., 2008) and mafic dykes of the Pedro Lessa Suite (ca. 

900 Ma; Machado et al., 1989). The West Congo belt provides volcanic rocks from the Zadinian and 

Mayumbian groups as well as Mativa, Bata Kimenga and Noqui granites as considerable sources (ca. 

1000–900 Ma; Tack et al., 2001). Anorogenic alkaline magmatism close to the tectonic contact 

between the São Francisco craton and the Araçuaí belt was dated between 730–700 Ma (Rosa et al., 

2007) and provides another zircon forming event. 
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Figure 3.9 – Detrital zircon age spectra of the Rio Doce Group metasediment samples plotted versus detrital age 
spectra of other basins and units from the Araçuaí, Ribeira and Dom Feliciano belts. Data from [1] 
Kuchenbecker et al. (2015), [2] Fernandes et al. (2015), [3] Basei et al. (2008), [4] Basei et al. (2005), [5] Basei 
et al. (2011), [6] Lena et al. (2014), and [7] Pertille et al. (2015). Diagrams were constructed using 
DensityPlotter (Vermeesch, 2012). 

In the following, zircon Hf isotopic data presented here and literature data are used to further 

constrain source regions. Only the Neoproterozoic detrital zircons are discussed due to their dominant 

abundance in the age spectra. The εHf(t) data from RDG samples and available literature data for other 

belts of the Mantiqueira Province are displayed in Fig. 3.10. Neoproterozoic zircons of RDG 

metasedimentary rocks have juvenile signature with εHf(t) values from 0 to +15 with a distinct cluster 

between +4 and +14 (Fig. 3.10) within crustal evolution lines of 1050 Ma and 800 Ma (grey arrows 1 

and 2 in Fig. 3.10). Crustal model ages (TDM) calculated for RDG detrital zircons range between 1.54–
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0.67 Ga with a mean model age of ca. 1 Ga. Suitable source regions need to contain zircons with a 

juvenile Hf isotopic signature of εHf(t) between 0 and +15. 

We used the terrestrial Hf–Nd array to calculate the corresponding εHf(t) for given Nd isotope 

values (εHf(t) = 1.36 * εNd(t) + 2.95; Vervoort et al., 1999) because there is no available Hf isotopic data 

for potential source areas within the Aracuaí belt (Salto da Divisa Suite at ca. 875 Ma and mafic dykes 

of the Pedro Lessa Suite at ca. 900 Ma). Amphibolites of the Araçuaí belt interpreted as 

metamorphosed ocean-floor basalts yield crystallisation ages at ca. 820 Ma with mantle-like εNd(t) of 

3.4–4.6 (Pedrosa-Soares et al., 1998). Estimated amphibolite bulk rock εHf(t) of 7.6–9.2 thus fall within 

the range of RDG metasediment detrital zircons and potentially provided zircons of the ca. 800 Ma 

peak. Anorogenic alkaline magmatism north to the Araçuaí belt shows a mantle-like carbon and 

oxygen isotopic signature (Rosa et al., 2007). 

 
Figure 3.10 – εHf(t) vs. age diagram for detrital and recrystallised zircons from this study. The diagonal grey 
arrows indicate crustal evolution trends at 1050 Ma (1) and 800 Ma (2) using an average 176Lu/177Hf of 0.0113 
for the average continental crust (Rudnick & Gao, 2003). The crustal evolution arrays fit through the εHf(t) 
compositions of detrital zircons from this study. Data of detrital zircons, arc magmatism and oceanic crust 
formation from other orogenic belts of West Gondwana are plotted for comparison. The Depleted Mantle (DM) 
evolution is as in Fig. 3.5. 

The Ribeira and Dom Feliciano belts could be further sources for the 900–650 Ma old zircons. 

Events associated with zircon growth in the Ribeira belt are the onset of arc magmatism at ca. 790 Ma 

(Heilbron & Machado, 2003) and the Rio Negro magmatic arc from 630–590 Ma (Tupinambá et al., 
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mantle-like Nd and Sr isotopic composition (Tupinambá et al., 2012). εHf(t) values estimated from 

whole rock Nd isotopic data from -1.1 to +9.8 overlaps with the Hf isotopic composition of detrital 

zircons from the RDG metasediments. However, there is a lack of zircon grains between 790 Ma and 

630 Ma and a continued development of the magmatic arc is an assumption (Heilbron & Machado, 

2003; Tupinambá et al., 2012). Some zircon data (Degler et al., 2017) from metasedimentary rocks in 

the Araçuaí belt show significant overlap in age and Hf isotope composition with RDG zircons (Fig. 

3.10). These authors considered the Rio Negro arc the source of the zircons. 

The São Gabriel terrane within the Dom Feliciano belt provides a model for possible sources 

with ophiolites and intra-oceanic magmatic arc sequences around 900–680 Ma (e.g. Babinski et al., 

1996; Lena et al., 2014; Arena et al., 2016). Oceanic crust formation in the DFB dated between 750–

700 Ma show positive εNd(t) values with model ages from 1000 to 800 Ma (Babinski et al., 1996). 

These model ages fit with the calculated Hf TDM ages of 1.5–0.7 Ga of the RDG detrital zircons. 

Additionally estimated εHf(t) of +6.8 to +13.6 overlap with the εHf(t) values of detrital zircons from the 

studied metasediments. This is further corroborated by ophiolitic sequences within the São Gabriel 

terrane with zircon εHf(t) values from +1 to +15 and Hf model ages of TDM = 1.3–0.7 Ga (Arena et al., 

2016, 2017a, b; Fig. 3.10). Hence, erosion of rocks similar to the São Gabriel terrane of the DFB could 

have provided zircons to the protolith of the RDG metasediments due to their correspondence in age 

and Hf isotopic composition. 

Many studies successfully linked detrital zircon age spectra with zircon forming events in 

potential source areas. The reconstruction of the paleogeographic link between sources and sediments 

further constrain the tectonic evolution of geological terranes (e.g. Augustsson et al., 2006; Cawood et 

al., 2007; Howard et al., 2009). The protoliths of the RDG metasediments were derived from erosion 

of rift-related magmatic rocks, ophiolites and/or intra-oceanic magmatic arcs within the Mantiqueira 

Province. This interpretation is based on the similarity between detrital zircon ages in the RDG 

metasediments and intervals of zircon growth events in the Araçuaí belt and adjacent belts of the 

Brasiliano/Pan-African orogeny. The contribution of rift-related rocks from the West Congo belt is 

considered as minor because only a small cluster of detrital zircons of the RDG metasediments range 

in age from 1000 Ma to 900 Ma. 

This correspondence of variable sources is further substantiated by isotopic constraints. 

However in many instances either the isotopic dataset is insufficient to clarify potential source regions 

or estimations are made of available whole rock Nd isotopic data. Potentially any of the presented rift-

related zircon forming events could have provided detrital inputs into the RDG metasediment 

protoliths since they all show juvenile mantle-like signatures. Notwithstanding the best 

correspondence in age and zircon Hf isotope and trace element composition is found for oceanic 

crustal rocks of the Dom Feliciano belt. Similar rock associations in the Araçuaí belt may have 

sourced the zircons. 
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3.6.5 Comparison with existing detrital zircon data and tectonic setting of the 

protoliths 

In addition to potential zircon growth events, the detrital zircon age and isotopic data of the 

RDG metasediments are compared to other detrital zircon data from the Mantiqueira Province (Figs. 

3.9–11). To visualise this comparison, a compilation of zircon-forming magmatic events and the 

detrital zircon record of basins in the Mantiqueira Province during the Neoproterozoic is shown in the 

light of rifting events in Fig. 3.11. 

The Macaúbas basin is interpreted to be the precursor basin of the Araçuaí and West Congo 

orogeny recording a major glacial event and the evolution from a rift setting to a gulf basin (Pedrosa-

Soares et al., 2001; Babinski et al., 2012; Kuchenbecker et al., 2015). Detrital zircon spectra of the 

Macaúbas group show prominent peaks at ca. 2.0 Ga and 1.0 Ga with some Mesoproterozoic and 

Archean contributions (Fig. 3.9; Babinski et al., 2012; Kuchenbecker et al., 2015). These peaks are 

attributed to reworked basement of the São Francisco and Congo cratons during the Transamazonian 

orogeny as well as the rifting event at around 1000–900 Ma of the Congo craton (Tack et al., 2001). 

Zircons of the earlier rift stage <900 Ma however are very scarce compared to the RDG 

metasedimentary rocks (Figs. 3.9 and 3.11). The difference in detrital zircon age spectra between the 

Macaúbas basin and the RDG metasediments suggests that the protoliths to the RDG metasediments 

were deposited in a different basin system, further away from reworked basement rocks and closer to 

rift-related magmatism. 

Detrital zircons from the Ribeira belt display a major peak around 750–600 Ma and a smaller 

peak at ca. 1050–850 Ma with minor peaks in the Paleoproterozoic and Archean (Fig. 3.9; Fernandes 

et al., 2015). Detrital zircon from the Neoproterozoic Búzios succession, that show positive zircon 

εHf(t) values of 0 to +13 and TDM of 1.5–1.0 Ga (Fernandes et al., 2015). This unit was interpreted to be 

a back-arc basin or an intra-oceanic realm deposited in an extensional setting. A convergent system as 

source for zircons with juvenile Hf isotopic composition is ruled out due to the gap of continental arc 

magmatism between 790 Ma and 630 Ma (Fig. 3.11; Fernandes et al., 2015). 

The Porongos group of the DFB belt displays detrital zircon populations at 800–650 Ma, a 

broad cluster between 1500–1050 Ma and a minor peak at 2200 Ma with εHf(t) values of -18 to -4 (Figs. 

3.9–11; Pertille et al., 2015; 2017). Its tectonic setting is described as a cordilleran foreland basin with 

detrital zircon contribution from reworked crust (Pertille et al., 2015). Hence it shows no 

correspondence with the RDG metasedimentary rocks. Detrital zircons from metasedimentary units 

within the São Gabriel terrane range in age from 840 Ma to 660 Ma with a pronounced peak around 

750–700 Ma (Fig. 3.9; Lena et al., 2014). The O isotopic composition of these zircons is indicative of 

mantle-derived magmatism with progressive assimilation of altered crust (Lena et al., 2014). Lena et 
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al. (2014) propose a progressive tectonic setting from intra-oceanic arc to a continental active margin 

for metasediments of the São Gabriel terrane. 

 
Figure 3.11 – Stratigraphic correlation chart for Neoproterozoic magmatic events and basins adjacent to 
orogenic belts of the Mantiqueira Province. Ages of sedimentary basins are based on actual detrital zircon 
abundances (see text for explanation and references). 

Considering the correspondence of detrital zircon ages and isotopic composition between the 

RDG metasediments and metasediments from the Búzios succession and São Gabriel terrane, we 

suggest that the protoliths to the RDG metasediments were deposited in a similar tectonic setting. 

Scarcity in Mesoproterozoic to Archean detrital zircons indicates distance to the continental margin. 

Thus, we propose an intra-oceanic arc setting for the deposition of the protoliths to the RDG 

metasediments, which agrees with the results of whole rock and zircon trace element discrimination 

diagrams. The detrital zircon age spectra of the studied samples fit well with those suggested by 

Cawood et al. (2012) for back-arc basins. 

Richter et al. (2016) recently studied the Nova Venécia Complex (NVC), which is supposedly 

a back-arc basin related to the pre-collisional magmatic arc of the Araçuaí belt. Their work shows 

detrital zircon ages ranging from 900–700 Ma which is similar to the RDG metasediments (Fig. 3.11). 

However, detrital zircons dated at 650–610 Ma indicate proximity to the continental magmatic arc in 

comparison to the RDG metasediments (Fig. 3.11). Another difference is the record of metamorphic 

events at ca. 570 Ma and 540 Ma (Richter et al., 2016). Therefore the protoliths to the metasediments 

of the NVC and RDG initially shared a similar source for detrital zircons but subsequently underwent 

a different tectonic evolution. 
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3.6.6 Tectonic evolution and geodynamic implications 

The RDG metasediments are characterised by a geological history that is different from 

neighbouring units: (1) the juvenile signature and zircon age spectra show that the metasediments are 

distinct from the adjacent Paleoproterozoic basement at their western boundary and hence are not their 

reworked products; (2) zircons of the RDG metasediments record a different metamorphic event from 

paragneiss units of the NVC to their eastern boundary; (3) they are unrelated to pre-collisional 

magmatism because no ages near 630–580 Ma are recorded and furthermore are intruded by it; (4) 

boundaries to adjacent units are defined by thrust and transcurrent faults. It is therefore concluded that 

the RDG metasediments represent an allochthonous terrane. 

The origin of the 650–900 Ma old zircons with positive εHf(t) in the protoliths of the RDG 

metasediments may be correlated to rift-related magmatism in the Araçuaí belt (Rosa et al., 2007; 

Silva et al., 2008) and possibly also to juvenile arcs and oceanic crust formation in the Ribeira and 

Dom Feliciano belts (Babinski et al., 1996; Tupinambá et al., 2012; Lena et al., 2014; Arena et al., 

2016). The pattern of age spectra from the RDG metasediments is suggestive of a back-arc basin 

setting (Cawood et al., 2012) whereas the paucity of pre-Neoproterozoic detrital zircons points to 

deposition of protoliths sediments distal to the continents and in proximity to the source. However the 

arc cannot be represented by pre-collisional magmatism in the Araçuaí belt considering the differences 

in zircon ages and Hf isotopic composition. We interpret that detrital zircons of the protoliths of the 

RDG metasediments were sourced from oceanic crust consistent with ophiolite remnants in Araçuaí 

belt at ca. 800 Ma (Pedrosa-Soares et al., 1998) and intra-oceanic magmatic arcs. Tectonic setting 

discrimination diagrams (Figs. 3.7–8) and Fig. 3.11 further constrain that the protoliths to the RDG 

metasediments were deposited in an oceanic island-arc settting. Contributions of detrital input from 

the Ribeira and Dom Feliciano belt (Fernandes et al., 2015; Arena et al., 2016) is not ruled out. We 

concur with previous studies (Pedrosa-Soares et al., 2001; Alkmim et al., 2006) that a mantle plume-

related rifting event led to the opening of an oceanic basin, and that the onset of this rifting stage was 

at ca. 900 Ma as evidenced by a first cluster of detrital zircons of the RDG (Figs. 3.4 and 3.11). A 

strong mantle contribution is indicated by positive εHf(t) values of detrital zircons from the RDG 

metasediments as well as positive εNd(t) values from oceanic crust remnants (Pedrosa-Soares et al., 

1998). The protoliths were deposited as pelites with compositional variations, which were transformed 

to felsic gneisses and amphibolites during metamorphism. Juvenile magmatism is recorded in the 

detrital zircon record until 650 Ma. This maximum depositional age is interpreted as the transition 

from an extensional to a convergent setting. 

The second stage involves subduction of the newly formed oceanic plate beneath an upper 

plate represented by the Paleoproterozoic basement. Sedimentary bodies, including the protoliths to 

the RDG metasediments, and fragments of thicker crustal bodies are scraped off the subducting 

oceanic crust and accreted to the upper plate. Related ophiolite bodies are further evidence of an 
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accretionary process. Terrane accretion can cause regional metamorphism in a scenario such as 

proposed here (e.g. Hudson & Plafker, 1982; Monger et al., 1982). Therefore the zircon 

recrystallisation recorded at ca. 630 Ma in RDG metasediments might be due to a regional 

metamorphic event during accretion. Similar metamorphic ages have been described in Degler et al. 

(2017). 

In a final stage ongoing subduction of oceanic crust led to partial melting to produce the pre-

collisional magmatism that intruded the RDG metasediments. Zircons of the pre-collisional 

magmatism display Hf isotopic compositions with εHf(t) of -15 to -10 and Hf model ages of 1.9–2.2 Ga 

(Fig. 3.7; Gonçalves et al., 2016). These results argue for reworking of the Paleoproterozoic basement 

to account for the continental arc magma production. The intrusion at ca. 585 Ma (sample POC28B) 

did, however, not affect zircons from the RDG metasediments. 

The results presented in this study have implications for the paleogeographic reconstruction of 

West Gondwana. Zircons of the RDG metasediments provide evidence for zircon growth events 

related to juvenile magmatism in a range from ca. 900–650 Ma. This sets a time frame for the final 

break-up of the São Francsico – Congo cratons in the northern section of the Mantiqueira Province. 

Furthermore, the juvenile character of the RDG metasediments and zircon trace element data suggest 

the existence of an island arc in a precursor basin to the Araçuaí belt. Zircons of several units in the 

Ribeira and Dom Feliciano belts to the south are similar in age and Hf isotopic composition with the 

RDG (Fig. 3.12a). Additionally, zircon trace element compositions overlap with those of ophiolite-

derived zircons from the Dom Feliciano belt (Fig. 3.12b). The similarity in ages for juvenile 

magmatism and oceanic basin settings in the Ribeira and Dom Feliciano belt are consistent with a 

large connected oceanic system. The combined evolution of the Araçuaí and Ribeira belts is rarely 

addressed but has been suggested elsewhere (Richter et al., 2016; Degler et al., 2017). Here we 

propose that the rifting and break-up of the entire orogenic system prior to Gondwana amalgamation 

was connected even farther to the south including the Dom Feliciano belt (Fig. 3.12). 

The break-up of supercontinents is often related to mantle plumes or superplumes (e.g. Li et 

al., 2003; Ernst et al., 2013; Murphy & Nance, 2013) whereas they are not necessarily the main 

driving force (Cawood et al., 2016). However, the synchronicity of juvenile rift-related magmatism in 

the entire Mantiqueira province is suggestive for a large plume that evoked break-up of its proto-

continents. It further implicates that the cratonic blocks involved in the Mantiqueira Province (Congo–

São Francisco, Rio de la Plata, Kalahari) most likely were connected as early as ~900 Ma. 

Subsequently these blocks underwent a similar geodynamic evolution until final West Gondwana 

assembly. 
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Figure 3.12 – Sketch illustrating the similarity in zircon age and composition of selected units in the 
Mantiqueira Province: (a) simplified εHf(t) vs. age diagrams corresponding to samples of the different orogenic 
belts with data from Fernandes et al. (2015), Arena et al. (2016, 2017a) and Degler et al. (2017). (b) tectonic 
setting discrimination diagram (Grimes et al., 2015) with data from Arena et al. (2017a, b). 

3.7 CONCLUSIONS 

Detrital zircons of metasedimentary rocks from the Rio Doce Group in the Araçuaí belt of SE 

Brazil, the northern orogenic sector of the Mantiqueira Province, have been studied in order to 

constrain their provenance. The conclusion of this U-Pb-Hf isotope and trace element work and their 

broader implications can be summarised as follows: 

− The protoliths to the metasediments were deposited in an ocean or intra-oceanic arc basin 

distal to the continent with a maximum depositional age of ca. 650 Ma. Detrital zircons are 

nearly exclusively Neoproterozoic in age displaying a major population from 650–900 Ma 

with strongly positive εHf(t) values. The potential source rocks are represented by rift-related 

magmatism and oceanic crust formation in the Araçuaí belt. Further potential contributions 

from juvenile arcs and oceanic crust assemblages of the Ribeira and Dom Feliciano belts to 

the south are possible. 

− Transition to convergence lead to accreation of the terrane that included the RDG 

metasediments to the Paleoproterozoic basement. An accretion-related regional metamorphic 

event invokes zircon recrystallisation at ca. 630 Ma. Subsequently this terrane is intruded by 
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pre-collisional magmatism at ca. 585 Ma, which did not affect the zircons of the RDG 

metasediments. 

− Correlation in age and zircon Hf isotopic and trace element composition from the entire 

Mantiqueira Province suggests that a mantle plume caused synchronous rift-related 

magmatism evidencing the onset of final break-up of the São Francisco – Congo craton and 

adjacent cratonic blocks at around 900 Ma with a peak at ca. 750 Ma. This further implies that 

the involved cratonic blocks (Congo–São Francisco, Rio de la Plata, Kalahari) were connected 

as early as 900 Ma irrespective of their position within Rodinia. 

− The simultaneity of rifting in all orogenic belts of the Mantiqueira Province is consistent with 

a synchronous geodynamic evolution during the Brasiliano–Pan-African orogeny. 
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CHAPTER 4 
REWORKED PALEOPROTEROZOIC SOURCES FOR 

CORDILLERAN-TYPE NEOPROTEROZOIC GRANITOIDS FROM 
THE ARAÇUAÍ OROGEN: CONSTRAINTS FROM Hf ISOTOPE 

ZIRCON COMPOSITION 

4  

ABSTRACT 

The Araçuaí orogen of SE Brazil exposes vast amounts of magnesian, metaluminous, calc-

alkaline, and medium- to high-K granitoid batholiths that were emplaced during early convergence 

between the São Francisco and Congo cratons during West Gondwana assembly in the late 

Neoproterozoic. Previously proposed sources for these pre-collisional granitoids include the 

Paleoproterozoic basement and mantle-derived melt based on isotopic signatures, abundant mafic 

enclaves and contemporaneous mafic intrusions. Zircons from migmatitic gneiss of the basement, a 

noritic intrusion and five granitoid intrusions have been analysed for U–Pb–Hf isotopes in order to 

evaluate the nature of their magma source. Paleoproterozoic migmatites represent addition of juvenile 

crust in an accretionary orogenic setting at ca. 2.2–2.0 Ga evidenced by their positive zircon εHf 

values. The Hf isotopic composition of zircon from pre-collisional granitoids defines a large range of 

negative εHf(t) values between –28.8 and –1.7 indicating a crustal protolith. This range of unradiogenic 

Hf isotopic compositions can be explained by inefficient mixing of melts derived from felsic and 

mafic Paleoproterozoic sources. Zircon grains of contemporaneous mafic intrusions display slightly 

higher, yet enriched, Hf isotopic compositions consistent with melting of Paleoproterozoic 

amphibolites rather than addition of mantle melts. The new Hf isotope data, in conjunction with other 

chemical and isotopic evidence, suggest that the pre-collisional granitoids were derived from lower 

crustal sources of the Paleoproterozoic basement, probably without significant contributions from 

mantle-derived melts. Thus, magmatism of the Araçuaí orogen related to the assembly of West 

Gondwana was a crustal reworking event. 
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4.1 INTRODUCTION 

The upper continental crust is dominated by felsic magmatic rocks, which are important for 

stability and longevity of the continental masses (Rudnick & Gao, 2003; Clemens & Stevens, 2016). 

Felsic magmatism commonly occurs in continental collision settings where convergence results in 

continental and/or oceanic crust subduction and recycling or in accretion against the overriding plate 

potentially inducing reworking (Vanderhaeghe, 2012). Water fluxed-melting of the mantle above 

subduction zones leads to the formation of basalts and andesites, which may differentiate and produce 

granitoid batholiths (Annen et al., 2006; Jagoutz et al., 2011). Crustal thickening and heating due to 

accumulation of heat-producing elements and/or increased mantle heat flow in continental collision 

zones leads to melting of pre-existing crustal lithologies and production of large volumes of granitic 

magmas (England & Thompson, 1984; Chappell et al., 2000; Clemens, 2003). Thus, subduction zones 

are predominantly settings for juvenile crust formation, whereas collisional orogens are preferential 

sites of crustal reworking. 

High-K, calc-alkaline granitoids are generally associated with subduction zone processes 

where melts were generated in mantle wedges enriched through interaction with fluids from down-

going, dehydrating slabs (Pitcher, 1987). Common models for the formation of high-K, calc-alkaline 

granitic magmas include partial melting of potassic arc andesitic to dacitic (tonalitic) rocks, 

assimilation of crustal rocks by mantle-derived mafic magmas, fractionation from mafic magmas, and 

mixing between crustal melts and mantle magmas (Roberts & Clemens, 1993; Thompson et al., 2002; 

Annen et al., 2006; Clemens et al., 2011). Zircon retains chemical information about the evolution of 

its source melt in its Hf isotopic composition and can be dated by U–Pb isotopes, which provides a 

useful tool to track processes involved in magma generation and to evaluate the degree of crust-mantle 

interaction (e.g. Griffin et al., 2002; Kemp et al., 2007; Villaseca et al., 2012). 

The Araçuaí orogen in southeast Brazil exposes large volumes of broadly granitic intrusive 

rocks including calc-alkaline batholiths emplaced between ca. 630 Ma and 580 Ma and S-type granites 

that formed during continental collision from ca. 580 Ma to 570 Ma (Pedrosa-Soares et al., 2001, 

2011; Gonçalves et al., 2014, 2016; Gradim et al., 2014; Melo et al., 2017a, b). Whereas partial melts 

of metasedimentary rocks deposited in a back-arc basin setting are the most probable source of the S-

type granites (Gradim et al., 2014; Richter et al., 2016), the nature of calc-alkaline magma formation 

is still contentious (Mondou et al., 2012; Gonçalves et al., 2016; Tedeschi et al., 2016). Previous 

studies report subchondritic zircon Hf isotopic compositions indicating reworking of the 

Paleoproterozoic lower crust. Microgranular mafic enclaves in the calc-alkaline granitoids as well as 

contemporaneous mafic intrusions have been cited, however, as evidence for mixing of crustal and 

mantle melts in the source of the batholiths. Here we present new zircon U–Pb–Hf isotopic data of 

granitoids, a mafic intrusion and Paleoproterozoic basement rocks to discuss the source of the 

granitoids as well as the crustal evolution in the study area.  
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4.2 GEOLOGICAL AND GEOCHRONOLOGICAL BACKGROUND 

The Araçuaí orogen formed during the amalgamation of West Gondwana caused by the 

convergence between the São Francisco craton and Congo craton in the late Neoproterozoic (Pedrosa-

Soares et al., 2001; Alkmim et al., 2006, 2017). It represents the counterpart of the West-Congo belt to 

the east and is bounded to the west and north by Archean and Paleoproterozoic blocks of the São 

Francisco craton. Orogenesis resulted in extensive magmatic activity from ca. 630 Ma to 490 Ma and 

produced igneous rocks that are presently exposed in the so-called crystalline core from deep to 

shallow crustal levels over an area of ~350,000 km2 (Fig. 4.1; Pedrosa-Soares et al., 2001, 2011). 

These igneous rocks have been grouped into pre-collisional, syn-collisional and late- to post-

collisional granitoids based on their field relationships and geochemical and geochronological data 

(Pedrosa-Soares et al., 2011). Pre-collisional granitoids, the subject of the present work, are exposed 

in the central domain of the orogen and cover an area of >15,000 km2 (Fig. 4.1c). The geochemical, 

geochronological and field relationships of these plutonic rocks are briefly reviewed below. For 

detailed descriptions the reader is referred to the work of Gonçalves et al. (2014, 2016 and 2018) and 

Tedeschi et al. (2016). 

Igneous bodies of the central domain are predominantly tonalites and granodiorites, but small 

gabbroic and granitic plutons have also been reported (Pedrosa-Soares et al., 2011; Gonçalves et al., 

2014; Tedeschi et al., 2016). They are characterised by medium- to high-K, calc-alkaline compositions 

and are metaluminous to slightly peraluminous (Pedrosa-Soares et al., 2011; Gonçalves et al., 2014; 

Tedeschi et al., 2016; Narduzzi et al., 2017). The granitoids are composed of biotite, hornblende, 

quartz, plagioclase, minor microcline and orthoclase, garnet, epidote and accessory titanite, zircon, 

apatite and monazite (Mondou et al., 2012; Gonçalves et al., 2014; Tedeschi et al., 2016; Narduzzi et 

al., 2017). Mafic microgranular enclaves (MME) are present in various stocks and batholiths of the 

central domain. The MME consist of hornblende, epidote, quartz, plagioclase and biotite and 

accessory titanite, zircon and apatite (Mondou et al., 2012; Gonçalves et al., 2014; Narduzzi et al., 

2017). Gonçalves et al. (2014) subdivided the granitoids into orthopyroxene-bearing rocks, enclave-

rich tonalite-granodiorite, and enclave-poor granite to tonalite. According to their compositional 

characteristics and mineral assemblages the granitoids were interpreted as cordilleran I-type 

granitoids, representative of a continental magmatic arc, referred to as the Rio Doce arc (Pedrosa-

Soares et al., 2001, 2011; Gonçalves et al., 2014; Tedeschi et al., 2016). Zircon U–Pb ages constrain 

formation of the batholiths between 630 Ma and 570 Ma, which was interpreted as a consequence of 

oceanic crust consummation prior to the main collisional event that formed the Araçuaí orogen 

(Pedrosa-Soares et al., 1998; Pedrosa-Soares et al., 2001; Alkmim et al., 2006; Gonçalves et al., 

2014). Commonly, plutonic bodies of the central domain are referred to by their local names. For 

simplicity we will refer to these rocks as pre-collisional batholiths/granitoids or magmatic arc. The 

magmatic arc is hosted by Neoproterozoic metasedimentary rocks (Novo et al., 2018; Schannor et al., 
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2018) and Paleoproterozoic basement complexes. The basement of the central domain is represented 

by the Paleoproterozoic Juiz de Fora and Pocrane complexes, which comprise banded biotite-

hornblende ortho- and paragneisses interlayered with metamorphosed mafic to ultramafic lithologies 

(Novo, 2013; Gonçalves et al., 2014, 2018). Zircons of the basement complexes yield ages from ca. 

2200 to 2080 Ma and their whole rock geochemical signature is characterised by positive εNd values 

(Noce et al., 2007; Heilbron et al., 2010; Novo, 2013; Gonçalves et al., 2014). Therefore, the Juiz de 

Fora and Pocrane complexes were interpreted as Paleoproterozoic juvenile magmatic arcs due to their 

chemical and isotopic composition. 

The eastern domain of the orogen comprises peraluminous leucogranite batholiths and 

migmatitic granulite facies paragneiss complexes (Gradim et al., 2014; Melo et al., 2017a; Pedrosa-

Soares et al., 2011; Richter et al., 2016). Zircon from S-type granites yield ages from ca. 585–545 Ma, 

which has been interpreted to be the main collisional stage of the orogen (Gradim et al., 2014; 

Pedrosa-Soares et al., 2011). During a late, gravitational collapse stage of the orogen, various plutons 

with compositions ranging from granitic to gabbroic intruded both domains (Pedrosa-Soares et al., 

2011; Gradim et al., 2014; De Campos et al., 2016). 

4.3 SAMPLING AND PETROGRAPHIC DESCRIPTION 

4.3.1 Granitoid samples 

Three samples were collected from enclave-poor plutonic bodies (POC4A, POC6 and POC26; 

Fig. 4.1c). These medium-grained granitoids are composed of plagioclase, quartz, biotite, amphibole, 

garnet, epidote, and minor K-feldspar. Magnetite, zircon, titanite and allanite are the accessory phases. 

The granitoids are weakly deformed and show a foliation that is defined by biotite and amphibole. 

Fine-grained biotite-poor dykes composed of quartz, plagioclase and garnet crosscut the granitoids. 

Two samples were collected from enclave-rich granitoids (POC7A and POC12). Mineral assemblages 

are the same as in the enclave-poor granitoids. Mafic enclaves are stretched following the same 

orientation as the foliation defined by biotite and amphibole. 

4.3.2 Norite sample 

Sample POC29 was collected from a noritic stock, approximately 500 m in diameter, which 

intruded hornblende-biotite gneisses of the Paleoproterozoic basement. The rock is composed of 

cumulus plagioclase and poikilitic interstitial orthopyroxene. Magnetite, ilmenite, pyrrhotite, 

chalcopyrite, pentlandite and apatite are the accessory phases. Orthopyroxene shows alteration to 

amphibole, biotite and chlorite. 
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Figure 4.1 – Geological setting of the São Francisco craton and Araçuaí orogen. (a) Schematic map of Brazil 
showing the location of the Araçuaí orogen. (b) The high-grade crystalline core of the Araçuaí orogen is 
separated from a fold-thrust belt by the Abre Campo shear zone (ACSZ) and enveloped by the São Francisco 
craton (SFC). (c) The orogen can be divided into an eastern anatectic, a central plutonic and western domain. 
Sample locations in the central domain are indicated on the map. Modified after Narduzzi et al. (2017). 
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4.3.3 Basement samples 

Samples POC9A and POC9B were collected from a migmatite outcrop that exposes strongly 

deformed, grey leucocratic gneiss of granodioritic composition with darker layers of tonalitic and 

basaltic composition. Intruding veins that contain less biotite and more quartz compared to the country 

rock crosscuts the migmatites. Sample POC9A was collected from the migmatite and sample POC9B 

from a crosscutting vein. 

4.4 ANALYTICAL PROCEDURES 

Rock samples were crushed and panned, and zircon grains were handpicked from heavy 

mineral separates after heavy-liquid and magnetic separation. The grains were mounted in 25 mm-

diameter circular epoxy mounts and polished to expose their cores. Subsequently, zircon grains were 

imaged by Scanning Electron Microscopy (SEM) using a JEOL 6510 equipped with a Centaurus 

cathodoluminescence (CL) detector at the Geoscience Department of the Universidade Federal de 

Ouro Preto (UFOP), to identify their internal structures. Zircon U–Pb isotope analyses were performed 

by LA-ICP-MS at UFOP using a Thermo-Fisher Element II sector field ICP-MS coupled to a CETAC 

LSX-213 G2 + (λ = 213nm) Nd:YAG laser. A detailed description of the analytical set-up and method 

is given by Schannor et al. (2018). Reference zircon GJ-1 (Jackson et al., 2004) was used for 

calibration and normalisation of analyses. The reproducibility of the data and the validity of the 

applied method were verified by multiple analyses of the reference zircons BB (Santos et al., 2017) 

and 91500 (Wiedenbeck et al., 1995). BB gave a concordia age of 560 ± 1 Ma (n = 30, MSWD = 1.4) 

in agreement with the reported ID-TIMS age (560.0 ± 0.4 Ma, Santos et al., 2017). Reference zircon 

91500 yielded a concordia age of 1063 ± 3 Ma (n = 30, MSWD = 1.0), which is consistent the 

recommended age of this reference material (1065 Ma, Wiedenbeck et al., 1995). The reference 

material U–Pb data is listed in Table 1 and Table 2 of Appendix B1. 

Lu–Hf isotopes were analysed at UFOP using a Thermo-Fisher Neptune + MC-ICPMS 

coupled to a Photon Machines 193 (λ = 193 nm) ArF Excimer laser ablation system following the 

method of Schannor et al. (2018). We analysed three reference materials before and during runs: Mud 

Tank, GJ-1 and BB. 20 analyses of Mud Tank yielded an average 176Hf/177Hf = 0.282512 ± 30 (2SD). 

Analyses of GJ-1 yielded a 176Hf/177Hf = 0.282004 ± 21 (2SD, n = 20). The average 176Hf/177Hf for BB 

was 0.281665 ± 18 (2SD, n = 18). These values agree within error with the recommended values for 

Mud Tank (176Hf/177Hf = 0.282504 ± 44 (2σ); Woodhead & Hergt, 2005), GJ-1 (176Hf/177Hf = 

0.282000 ± 5 (2σ); Wiedenbeck et al., 1995), and BB (176Hf/177Hf = 0.281674 ± 18 (2σ); Santos et al., 

2017). Initial 176Hf/177Hf ratios (176Hf/177Hf(t)) were calculated from the measured 176Lu/177Hf and 
176Hf/177Hf ratios using a 176Lu decay constant of λ = 1.867 × 10–11 a–1 (Söderlund et al., 2004). Epsilon 

Hf values and Hf model ages were calculated using Chondritic Uniform Reservoir (CHUR) 176Lu/177Hf 

and 176Hf/177Hf ratios of 0.0336 and 0.282785, respectively (Bouvier et al., 2008), Depleted Mantle 
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(DM) values of 176Lu/177Hf = 0.03933 and 176Hf/177Hf = 0.283294 (Blichert-Toft & Puchtel, 2010) and 

an average continental crust composition with a 176Lu/177Hf ratio of 0.0113 (Rudnick & Gao, 2003). 

4.5 ZIRCON DESCRIPTION AND U–Pb DATA 

The complete U–Pb data are listed in Table 3 of Appendix B1. The description of zircon 

morphology and internal structure as well as the ages of individual samples are presented below and 

illustrated in Figs. 4.2 and 4.3. 

Results from a U–Pb dataset of five granitoid samples identify magmatic activity from ca. 620 

to 580 Ma and older inherited grains at ca. 800 Ma and 2000 Ma. Zircon grains from all granitoid 

samples are transparent, elongated and prismatic, range in length from 100 to 300 µm with length to 

width ratios from 3:1 to 5:1 and display subtle oscillatory zoning (Fig. 4.2a-e). Three analyses from 

sample POC4A yielded ages between 730 and 650 Ma, whereas the other analyses were in the range 

of 620 to 580 Ma. Nineteen analyses yield a weighted average 206Pb/238U age of 603 ± 4 Ma (Fig. 

4.3a). Zircon analyses from sample POC6 define a weighted average 206Pb/238U age of 604 ± 4 Ma (n 

= 20) out of a range from 620 to 590 Ma (Fig. 4.3b). Nineteen zircon analyses from sample POC7A 

give a weighted average 206Pb/238U age of 602 ± 4 Ma (Fig. 4.3c). Few analyses yielded inherited ages 

between 1170 and 650 Ma (Table 3 of Appendix B1). U–Pb data of sample POC12 defines a weighted 

average 206Pb/238U age of 615 ± 4 Ma (n = 21; Fig. 4.3d). Zircons from sample POC26 yield a 

weighted average 206Pb/238U age of 597 ± 5 Ma (n = 24; Fig. 4.3e) and some grains returned 

Paleoproterozoic ages from 1800 Ma to 1600 Ma. The weighted mean average ages of the granitoid 

samples give mean square of weighted deviates (MSWD) >2, which reflects an age dispersion within 

single plutonic bodies of the batholith that has previously been recognised (Tedeschi et al., 2016; 

Narduzzi, 2018). 

Zircons separated from sample POC29 are subhedral to euhedral and range in length from 

150–500 µm, with length to width ratios from 2:1 to 3:1. CL images reveal weak oscillatory-zoning in 

most of the grains (Fig. 4.2f). Excluding inherited Paleoproterozoic cores dated at 2050–1850 Ma, 27 

analyses yield a weighted average 206Pb/238U age of 587 ± 3 Ma (Fig. 4.3f). Although the weighted 

mean average age is slightly younger than those of the granitoid samples, zircons from the norite 

sample shows a similar age variability. 
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Figure 4.2 – CL images of representative zircon grains from granitoids, norite and migmatitic gneiss samples 
with U–Pb and Lu–Hf spots of analysed crystals. 
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Figure 4.3 – U–Pb analyses of granitoids and norite samples. (a)–(e) Weighted mean average of zircon 
206Pb/238U ages obtained from granitoid samples. (f) Weighted mean average of zircon 206Pb/238U ages from the 
norite sample. 

Zircon grains from migmatite sample POC9A are prismatic to slightly rounded, range in 

length from 100 to 300 µm with length to width ratios from 2:1 to 4:1 and display weak oscillatory-

zoning (Fig. 4.2g). Twenty-eight analyses yield an upper intercept age of 2256 ± 16 Ma (Fig. 4.4a). 

Seven grains were sub-concordant and define a weighted average 207Pb/206Pb age of 2216 ± 9 Ma (n  = 

7; Fig. 4.4b). Zircons from sample POC9B are elongated, prismatic, range in length from 50 to 500 
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µm with length to width ratios from 2:1 to 6:1 (Fig. 4.2h). CL images reveal weak oscillatory to no 

internal zoning of zircon crystals (Fig. 4.2h). U–Pb data of 28 analyses yield an upper intercept age of 

2043 ± 19 Ma with concordant grains at ca. 2060 Ma (Fig. 4.4c). Analyses of both basement samples 

define a strong Pb-loss trend with a lower intercept at around 580 Ma (Fig. 4.4). The upper intercept 

ages are interpreted as crystallisation ages of the samples, which is consistent with previously 

published ages of basement rocks of the Araçuaí orogen and adjacent belts (Heilbron et al., 2010; 

Gonçalves et al., 2014; Teixeira et al., 2015; Moreira et al., 2018). 

 
Figure 4.4 – U–Pb analyses of migmatitic gneiss samples. (a) LA-IC-MS analyses of zircons from sample 
POC9A. (b) Weighted mean average of zircon 207Pb/206Pb ages obtained from sample POC9A. (c) LA-IC-MS 
analyses of zircons from sample POC9B. 
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4.6 Lu-Hf ISOTOPIC DATA 

The Lu–Hf isotope analyses were obtained on top of concordant U–Pb analyses on zircon 

grains and Lu–Hf isotopic data is summarised in Table 4.1 and plotted as a function of crystallisation 

age in Fig. 4.5. The complete data is listed in Table 2 of Appendix B2. 

Initial 176Hf/177Hf ratios of zircon from granitoids are in the range of 0.28145–0.28236, which 

corresponds to εHf(t) values from –28.8 to –1.7 (Fig. 4.5). Zircon from sample POC4A yield 
176Hf/177Hf(t) from 0.28165 to 0.28207, corresponding to subchondritic εHf(t) values from –25.5 to –

11.6 (Fig. 4.5a). Slightly higher 176Hf/177Hf(t) were obtained from sample POC6 between 0.28183 and 

0.28236 that corresponds to subchondritic εHf(t) values from –20.5 to –1.7 (Fig. 4.5b). Initial 
176Hf/177Hf ratios of zircons from sample POC7A are in the range of 0.28170–0.28212, corresponding 

to subchondritic εHf(t) of –24.9 to –10.5 (Fig. 4.5c). Zircon grains of sample POC12 have 176Hf/177Hf(t) 

of 0.28170–0.28236 that corresponds to εHf(t) values of –23.9 to –1.9 (Fig. 4.5d). Zircons from sample 

POC26 yield initial 176Hf/177Hf ratios of 0.28154 to 0.28221, which corresponds to εHf(t) values of –

28.8 to –7.4 (Fig. 4.5e). 

Generally higher 176Hf/177Hf(t) were obtained from norite sample POC29 between 0.28208 and 

0.28240, corresponding to εHf(t) values of –11.7 to –0.5 (Fig. 4.5f). Inherited cores with U–Pb ages of 

2070 Ma and 1750 Ma yielded chondritic initial 176Hf/177Hf of 0.28157 (εHf(t) = 3.7) and 0.28165 

(εHf(t) = –0.6), respectively. 

Initial 176Hf/177Hf ratios of zircon from basement sample POC9A are in the range of 0.28142 

to 0.28165 that corresponds to superchondritic εHf(t) values of +1.8 to +10.3 when calculated with the 

crystallisation age of 2216 Ma (Fig. 4.5g). Zircons from sample POC9B yielded 176Hf/177Hf(t) between 

0.28150 and 0.28164, corresponding to superchondritic εHf(t) values of +1.0 to +6.1 (Fig. 4.5h). 



Schannor, M., 2017 Geodynamic and metamorphic evolution of the Araçuaí orogen (SE Brazil) 

80 

 
Figure 4.5 – 176Hf/177Hf(t) vs. U-Pb age diagrams for each sample. The Depleted Mantle (DM) field is 
constructed with compositions from Griffin et al. (2002) and Blichert-Toft & Puchtel (2010). 
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Table 4.1 – Lu–Hf isotope data of zircons from granitoids 
Sample	Spot	 	 	 	 	 	 Age	 	 	 	Lu–Hf	 U–Pb	 Th/U	 176Lu/177Hf	 ±2σ	 176Hf/177Hf	 ±2σ	 (Ma)	 176Hf/177Hf(t)	 εHf(t)	 ±2σ	

Granitoids 
         POC4A 

          POC-071 4A-160 0.48 0.00152 10 0.282070 19 600 0.282053 -12.5 0.8 
POC-072 4A-156 0.26 0.00066 4 0.281877 17 591 0.281870 -19.2 0.7 
POC-073 4A-157 0.39 0.00135 9 0.282049 19 610 0.282034 -13.0 0.7 
POC-074 4A-154 0.18 0.00179 11 0.281930 19 593 0.281910 -17.7 0.8 
POC-076 4A-151 0.40 0.00149 9 0.281997 27 608 0.281980 -14.9 0.8 
POC-077 4A-152 0.68 0.00133 9 0.282087 52 612 0.282072 -11.6 0.7 
POC-078 4A-150 0.42 0.00119 9 0.281986 66 605 0.281973 -15.2 0.7 
POC-079 4A-132 0.27 0.00141 9 0.281987 28 604 0.281971 -15.3 0.7 
POC-080 4A-133 0.17 0.00153 9 0.281990 18 603 0.281972 -15.3 0.8 
POC-081 4A-134 0.21 0.00180 11 0.281952 24 603 0.281932 -16.7 0.8 
POC-082 4A-138 0.23 0.00189 11 0.281679 18 650 0.281656 -25.5 0.8 
POC-083 4A-139 0.19 0.00163 10 0.281778 16 615 0.281759 -22.6 0.7 
POC-085 4A-130 0.21 0.00161 10 0.281667 17 664 0.281647 -25.5 0.7 

           POC6 
          POC-018 6-013 0.50 0.00139 9 0.282191 16 585 0.282176 -8.5 0.8 

POC-019 6-015 0.25 0.00082 6 0.281838 16 600 0.281829 -20.5 0.7 
POC-020 6-016 0.44 0.00109 15 0.282178 20 603 0.282166 -8.4 0.8 
POC-021 6-017 0.31 0.00087 6 0.282248 18 596 0.282239 -6.0 0.7 
POC-022 6-018 0.36 0.00094 6 0.281869 17 606 0.281858 -19.3 0.7 
POC-023 6-019 0.48 0.00115 9 0.282141 22 604 0.282128 -9.8 0.7 
POC-024 6-027 0.41 0.00103 10 0.281962 22 590 0.281950 -16.4 0.8 
POC-025 6-028 0.51 0.00095 7 0.281945 18 607 0.281934 -16.6 0.7 
POC-026 6-029 0.13 0.00160 10 0.282287 22 647 0.282267 -3.9 0.8 
POC-027 6-030 0.46 0.00091 6 0.282073 19 600 0.282063 -12.2 0.7 
POC-028 6-031 0.23 0.00131 8 0.281983 20 604 0.281968 -15.4 0.7 
POC-029 6-032 0.40 0.00105 8 0.282218 19 602 0.282207 -7.0 0.7 
POC-031 6-034 0.48 0.00092 6 0.282149 47 606 0.282138 -9.4 0.7 
POC-032 6-035 0.30 0.00130 8 0.282033 19 617 0.282017 -13.4 0.7 
POC-033 6-036 0.36 0.00127 8 0.281934 13 620 0.281919 -16.8 0.7 
POC-034 6-037 0.37 0.00129 8 0.282052 14 614 0.282037 -12.8 0.7 
POC-035 6-039 0.30 0.00137 8 0.282373 14 600 0.282358 -1.7 0.7 
POC-036 6-040 0.36 0.00108 8 0.281847 18 611 0.281835 -20.0 0.7 

           POC7A 
          POC-095 7A-180 0.19 0.00118 11 0.282080 23 602 0.282067 -12.0 0.7 

POC-096 7A-172 0.46 0.00102 8 0.281941 36 591 0.281930 -17.1 0.7 
POC-097 7A-168 0.50 0.00165 12 0.281716 85 610 0.281697 -24.9 0.8 
POC-098 7A-167 0.24 0.00159 15 0.282096 95 633 0.282077 -10.9 0.9 
POC-099 7A-171 0.38 0.00096 7 0.281997 105 600 0.281987 -14.9 0.7 
POC-100 7A-170 0.52 0.00112 13 0.281808 247 613 0.281795 -21.4 0.8 
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Sample	Spot	 	 	 	 	 	 Age	 	 	 	Lu–Hf	 U–Pb	 Th/U	 176Lu/177Hf	 ±2σ	 176Hf/177Hf	 ±2σ	 (Ma)	 176Hf/177Hf(t)	 εHf(t)	 ±2σ	

POC-101 7A-175 0.39 0.00090 5 0.281887 21 607 0.281877 -18.6 0.7 
POC-102 7A-174 0.55 0.00124 8 0.282134 27 584 0.282120 -10.5 0.7 
POC-104 7A-177 0.29 0.00096 6 0.282011 22 619 0.282000 -14.0 0.7 
POC-105 7A-179 0.35 0.00114 7 0.281949 15 610 0.281936 -16.4 0.7 
POC-106 7A-187 0.49 0.00115 7 0.281793 14 600 0.281781 -22.2 0.7 
POC-107 7A-188 0.28 0.00143 9 0.281800 21 604 0.281784 -22.0 0.7 
POC-108 7A-191 0.32 0.00097 6 0.281990 18 596 0.281979 -15.2 0.7 
POC-109 7A-190 0.35 0.00118 7 0.281924 23 605 0.281911 -17.4 0.7 
POC-110 7A-189 0.14 0.00098 6 0.282074 28 1173 0.282053 0.4 0.7 
POC-111 7A-195 0.06 0.00099 6 0.281967 22 602 0.281956 -15.9 0.7 
POC-112 7A-196 0.35 0.00150 9 0.281799 16 607 0.281782 -22.0 0.7 
POC-113 7A-200 0.29 0.00084 5 0.281894 18 606 0.281884 -18.4 0.7 
POC-114 7A-197 0.50 0.00141 9 0.281994 14 590 0.281978 -15.4 0.7 

           POC12 
          POC-115 12-013 0.26 0.00140 8 0.282338 14 623 0.282322 -2.5 0.7 

POC-116 12-007 0.32 0.00116 7 0.281853 16 591 0.281840 -20.3 0.7 
POC-117 12-017 0.22 0.00128 8 0.281982 23 611 0.281967 -15.3 0.7 
POC-118 12-018 0.22 0.00103 6 0.282015 17 598 0.282003 -14.3 0.7 
POC-119 12-015 0.32 0.00096 8 0.282057 91 610 0.282046 -12.5 0.7 
POC-120 12-014 0.41 0.00181 24 0.282087 60 609 0.282066 -11.8 1.1 
POC-121 12-019 0.10 0.00045 5 0.282002 50 645 0.281996 -13.5 0.7 
POC-122 12-016 0.34 0.00107 7 0.281716 55 647 0.281703 -23.9 0.7 
POC-123 12-020 0.28 0.00143 12 0.282377 47 588 0.282361 -1.9 0.8 
POC-133 12-027 0.49 0.00130 8 0.282165 28 611 0.282150 -8.8 0.7 
POC-134 12-028 0.24 0.00178 11 0.282081 18 623 0.282060 -11.8 0.8 
POC-135 12-029 0.24 0.00108 6 0.282153 24 618 0.282141 -9.0 0.7 
POC-136 12-030 0.09 0.00124 7 0.281837 18 608 0.281823 -20.5 0.7 
POC-138 12-034 0.36 0.00159 10 0.281889 17 615 0.281871 -18.6 0.8 
POC-139 12-036 0.14 0.00182 11 0.281941 17 626 0.281920 -16.6 0.8 
POC-140 12-037 0.22 0.00150 9 0.281826 13 647 0.281808 -20.1 0.8 
POC-141 12-033 0.63 0.00215 13 0.281977 18 611 0.281952 -15.8 0.8 
POC-142 12-032 0.29 0.00118 7 0.281985 18 618 0.281972 -15.0 0.7 
POC-143 12-039 0.31 0.00100 9 0.282081 83 610 0.282070 -11.7 0.7 
POC-144 12-040 0.32 0.00126 10 0.281958 380 613 0.281943 -16.1 0.7 
POC-145 12-035 0.27 0.00073 7 0.281983 43 609 0.281975 -15.1 0.7 

           POC26 
          POC-146 26-057 0.55 0.00151 11 0.281765 31 589 0.281748 -23.6 0.8 

POC-147 26-058 0.17 0.00126 8 0.281721 24 618 0.281706 -24.4 0.7 
POC-148 26-054 0.33 0.00172 14 0.282036 45 610 0.282017 -13.6 0.9 
POC-149 26-050 0.32 0.00124 12 0.281857 23 586 0.281843 -20.3 0.7 
POC-150 26-049 0.33 0.00163 12 0.281604 36 613 0.281585 -28.8 0.8 
POC-151 26-051 0.16 0.00300 21 0.282240 85 550 0.282209 -8.1 1.1 
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Sample	Spot	 	 	 	 	 	 Age	 	 	 	Lu–Hf	 U–Pb	 Th/U	 176Lu/177Hf	 ±2σ	 176Hf/177Hf	 ±2σ	 (Ma)	 176Hf/177Hf(t)	 εHf(t)	 ±2σ	

POC-152 26-053 0.23 0.00113 19 0.281954 96 583 0.281941 -16.8 0.9 
POC-153 26-048 0.37 0.00147 10 0.281959 97 603 0.281943 -16.4 0.8 
POC-154 26-080 0.65 0.00172 20 0.281771 300 797 0.281745 -19.0 0.9 
POC-156 26-076 0.45 0.00136 8 0.281858 27 616 0.281842 -19.6 0.7 
POC-158 26-074 0.30 0.00140 8 0.281995 22 577 0.281979 -15.6 0.7 
POC-159 26-068 0.13 0.00151 9 0.281847 15 760 0.281826 -17.0 0.7 
POC-161 26-071 0.44 0.00141 8 0.281707 21 602 0.281691 -25.3 0.7 
POC-162 26-069 0.38 0.00059 4 0.281966 18 605 0.281959 -15.7 0.7 
POC-173 26-148 0.24 0.00162 14 0.281730 91 600 0.281711 -24.6 0.8 
POC-174 26-149 0.20 0.00130 14 0.282014 66 593 0.282000 -14.6 0.8 
POC-175 26-150 0.47 0.00196 15 0.281938 54 605 0.281916 -17.3 0.9 
POC-176 26-152 0.32 0.00134 14 0.281868 56 593 0.281853 -19.7 0.8 
POC-180 26-157 0.47 0.00132 17 0.281583 94 1624 0.281543 -7.4 0.8 
POC-181 26-160 0.22 0.00095 6 0.281916 148 791 0.281902 -13.6 0.7 
POC-182 26-159 0.67 0.00160 18 0.281709 109 601 0.281691 -25.3 0.9 

           Paleoproterozoic basement 
       POC9A 

          POC-040 9A-048 0.30 0.00054 4 0.281678 17 2216 0.281655 10.3 0.7 
POC-041 9A-057 0.29 0.00094 6 0.281512 18 2216 0.281473 3.8 0.7 
POC-042 9A-056 0.38 0.00068 5 0.281462 22 2216 0.281433 2.4 0.7 
POC-043 9A-053 0.17 0.00063 4 0.281629 32 2216 0.281602 8.4 0.7 
POC-044 9A-071 0.23 0.00076 7 0.281523 18 2216 0.281491 4.5 0.7 
POC-045 9A-069 0.23 0.00061 4 0.281443 20 2216 0.281417 1.8 0.7 
POC-046 9A-068 0.30 0.00058 4 0.281570 15 2216 0.281546 6.4 0.7 
POC-047 9A-067 0.31 0.00075 6 0.281562 17 2216 0.281531 5.9 0.7 

           POC9B 
          POC-037 9B-214 0.06 0.00091 6 0.281613 13 2059 0.281577 3.9 0.7 

POC-038 9B-216 0.14 0.00075 11 0.281671 15 2059 0.281641 6.1 0.8 
POC-039 9B-209 0.22 0.00081 12 0.281561 19 2059 0.281530 2.2 0.8 
POC-048 9B-229 0.27 0.00076 6 0.281534 32 2059 0.281504 1.3 0.7 
POC-049 9B-239 0.24 0.00076 7 0.281527 18 2059 0.281498 1.0 0.7 
POC-050 9B-228 0.36 0.00069 4 0.281587 16 2059 0.281560 3.3 0.7 
POC-051 9B-231 0.28 0.00082 6 0.281604 19 2059 0.281572 3.7 0.7 
POC-052 9B-233 0.28 0.00089 10 0.281615 17 2059 0.281580 4.0 0.8 
POC-053 9B-236 0.35 0.00055 5 0.281590 14 2059 0.281568 3.5 0.7 

           Gabbronorite 
         POC29 

          POC-183 29-088 0.07 0.00099 7 0.282215 56 574 0.282204 -7.7 0.7 
POC-184 29-087 0.28 0.00090 7 0.282408 59 593 0.282398 -0.5 0.7 
POC-185 29-089 0.57 0.00112 9 0.282146 121 579 0.282134 -10.1 0.7 
POC-186 29-090 0.44 0.00067 5 0.282255 78 591 0.282248 -5.8 0.7 
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Sample	Spot	 	 	 	 	 	 Age	 	 	 	Lu–Hf	 U–Pb	 Th/U	 176Lu/177Hf	 ±2σ	 176Hf/177Hf	 ±2σ	 (Ma)	 176Hf/177Hf(t)	 εHf(t)	 ±2σ	

POC-187 29-091 0.44 0.00115 8 0.282171 106 584 0.282159 -9.1 0.7 
POC-188 29-092 0.52 0.00105 7 0.282351 59 564 0.282340 -3.2 0.7 
POC-189 29-096 0.93 0.00104 8 0.282090 80 594 0.282079 -11.7 0.7 
POC-190 29-094 0.23 0.00064 6 0.281590 138 2068 0.281565 3.7 0.7 
POC-191 29-093 0.64 0.00077 6 0.282143 107 585 0.282134 -10.0 0.7 
POC-192 29-097 0.54 0.00125 9 0.282324 94 580 0.282311 -3.8 0.8 
POC-193 29-100 0.30 0.00106 11 0.282359 161 580 0.282347 -2.5 0.8 
POC-194 29-099 0.49 0.00058 4 0.282285 84 585 0.282279 -4.8 0.7 
POC-195 29-109 0.41 0.00062 4 0.282243 57 581 0.282236 -6.5 0.7 
POC-196 29-110 0.30 0.00107 7 0.282245 38 597 0.282234 -6.2 0.7 
POC-197 29-113 0.69 0.00084 8 0.282247 48 607 0.282238 -5.8 0.7 
POC-198 29-112 0.67 0.00127 10 0.281517 54 739 0.281504 -28.9 0.7 
POC-199 29-115 0.55 0.00156 9 0.282222 18 630 0.282206 -6.4 0.7 
POC-200 29-120 0.78 0.00137 8 0.282201 17 617 0.282187 -7.4 0.7 
POC-201 29-119 0.11 0.00104 9 0.282151 91 615 0.282140 -9.1 0.7 
POC-202 29-117 0.29 0.00095 13 0.281382 60 657 0.281372 -35.4 0.8 
POC-203 29-139 0.48 0.00079 6 0.281663 54 1748 0.281655 -0.6 0.7 
POC-204 29-137 0.63 0.00067 7 0.282222 56 588 0.282215 -7.1 0.7 
POC-205 29-135 0.68 0.00084 7 0.282183 155 586 0.282174 -8.5 0.7 
POC-206 29-133 0.67 0.00108 7 0.282268 59 584 0.282257 -5.7 0.7 
POC-207 29-131 0.24 0.00090 8 0.282192 83 594 0.282182 -8.1 0.7 
POC-208 29-129 0.51 0.00076 10 0.282194 94 596 0.282186 -7.9 0.7 
POC-209 29-127 0.39 0.00108 7 0.282247 148 584 0.282235 -6.4 0.7 
POC-210 29-128 0.38 0.00058 6 0.282231 109 580 0.282225 -6.9 0.7 

 

4.7 DISCUSSION 

4.7.1 Paleoproterozoic juvenile crust formation 

Archean and Paleoproterozoic crustal segments of the São Francisco craton were assembled in 

the Paleoproterozoic, which involved recycling and melting of Archean crust and generation of 

juvenile crust during collisional processes from ca. 2.2 Ga to 1.9 Ga (Alkmim & Marshak, 1998; 

Alkmim & Teixeira, 2017; Teixeira et al., 2017). Closure of the Minas basin, which was deposited in 

the southern São Francisco craton from ca. 2.6 Ga to 2.2 Ga (Martinez Dopico et al., 2017), resulted in 

a long-lived orogenic system of oceanic and continental magmatic arcs that is divided into three 

Paleoproterozoic belts: the Mineiro belt, the Mantiqueira belt, and the Juiz de Fora (and Pocrane) belt 

(Teixeira et al., 2015, 2017; Alkmim & Teixeira, 2017). The belts consist of Cordilleran-type terranes 

that were emplaced between 2.17 and 2.0 Ga with Archean inheritance and juvenile terranes that were 

accreted between 2.2 and 2.0 Ga. The juvenile to chondritic nature of granitoids and amphibolites of 

these belts is indicated by Sm–Nd and Lu–Hf isotopic data and displayed in Fig. 4.6 (e.g. Noce et al., 
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2007; Novo, 2013; Teixeira et al., 2015; Moreira et al., 2018). Positive zircon εHf(2200Ma) values of 

migmatitic gneiss sample POC9A are in the range of those from granitoids and amphibolites of the 

Mineiro belt and consistent with a protolith that derived from melting of a depleted mantle source 

(Fig. 4.6). Whereas some negative zircon εHf(t) values from the Mineiro belt indicate reworking or 

crustal assimilation of Archean material (Fig. 4.6; Barbosa et al., 2015; Moreira et al., 2018), the 

zircon Hf isotopic data of POC9A suggests depleted mantle extraction during the Paleoproterozoic as 

source. Zircon εHf(2050Ma) values of sample POC9B fall on the same Hf crustal evolution array as 

sample POC9A, which is consistent with melting of the same source (Fig. 4.6). This melting event is 

contemporaneous with metamorphic events around the southern São Francisco craton reported in 

several studies (Aguilar et al., 2017; Carvalho et al., 2017; Cutts et al., 2018; Moreira et al., 2018). 

The absence of published Hf isotopic data for zircons of the Juiz de Fora and Pocrane complexes 

precludes a direct comparison with our data, and thus was compared to the Mineiro belt. However, 

existing εNd values for these two complexes allow estimation of equivalent εHf values using the 

terrestrial array Hf–Nd correlation (εHf = εNd*1.36 + 3) of Vervoort et al. (1999). Using εNd(2100Ma) 

values of Noce et al. (2007) for the Juiz de Fora complex (εNd(2100Ma) = –3.5 to –0.4) and of Novo 

(2013) for the Pocrane complex (εNd(2100Ma) = 0.4) yields equivalent εHf in the range of –1.8 to +3.6. 

These values plot on the same crustal evolution line as samples POC9 depicted in Fig. 4.6 and are thus 

in good agreement with our zircon εHf data. 

4.7.2 Sources of granitoids and mafic intrusions of the magmatic arc 

Hafnium isotopes in zircons are used to constrain the sources of magmatic rocks and as an 

indicator for mixing of melts and/or sources (Kemp et al., 2007). Variation in zircon Hf isotopic 

compositions could, however, also reflect source heterogeneities (Farina et al., 2014). The observed 

variation of Hf isotopic composition in zircons from pre-collisional I-type granitoids of the Araçuaí 

orogen displays a range of nearly 30 εHf units (Fig.4.6). The new data reported here overlap with 

results from previous studies (Fig. 4.6; Gonçalves et al., 2016; Tedeschi et al., 2016). Within-sample 

variation of zircon Hf isotopic compositions is on the same order of magnitude with approx. 20 εHf 

units (e.g. sample POC6). The variable Hf isotopic composition of zircons from the granitoids reflects 

an isotopic heterogeneity that was preserved during formation of the batholiths, and suggests mixing 

of melts from different crustal sources. This large heterogeneity may also reflect melting of 

isotopically heterogeneous material. 

The origin of continental arc magmas of the Araçuaí orogen has been related to melting of 

older continental crust, predominantly the Paleoproterozoic basement, based on high initial 87Sr/86Sr 

ratios, negative εNd values, inherited zircons, and zircon εHf values of the granitoids, as well as to 

mantle melts reflected by gabbroic to noritic intrusions and the abundance of microgranular mafic 

enclaves (MME) (Gonçalves et al., 2016, 2018; Tedeschi et al., 2016). Evolution lines for felsic and 

mafic crust reservoirs extracted at 2500 Ma intersect the Hf isotopic composition of zircons from 
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Paleoproterozoic basement rocks and overlap with the εHf range of zircons from the pre-collisional 

granitoids between ca. 630 and 580 Ma (Fig. 4.6). This reinforces the Paleoproterozoic basement as 

main source of the granitoids. The large variation in εHf units can be explained by inefficient mixing 

of melts from different crustal sources represented by the ca. 2.3 to 2.0 Ga old tonalites to 

granodiorites and amphibolites. Some zircons show even more enriched Hf isotopic compositions with 

εHf values as low as –30 (Fig. 4.6). These low values are consistent with reworking of Archean 

material that was extracted from the depleted mantle at ca. 2.9 Ga. At this point the southern São 

Francisco craton experienced a transition from widespread production of juvenile crust to a regime 

dominated by crustal reworking (Albert et al., 2016). 

 
Figure 4.6 – εHf(t) vs. age diagram for zircons from granitoids, norite and migmatitic gneiss samples. The 
diagonal grey arrows indicate crustal evolution using an average 176Lu/177Hf of 0.0113 for the average 
continental crust and 176Lu/177Hf of 0.022 for average mafic crust (Rudnick and Gao, 2003). Data of zircon from 
the Mineiro belt, and supracrustal rocks and granitoids of the Araçuaí orogen are plotted for comparison. The 
Depleted Mantle (DM) evolution is as in Fig. 4.5. 

The Hf isotopic composition of zircons from the norite intrusion contemporaneous with the 

granitoids is slightly more radiogenic and shows good overlap with evolved mafic crust that was 
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extracted between 2.6 and 2.4 Ga (Fig. 4.6). Kimberlites from the northern São Francisco craton 

indicate metasomatised, enriched mantle composition at ca. 650 Ma (Donatti-Filho et al., 2013), 

which could also explain the unradiogenic Hf composition of zircon from norite sample POC29. 

However, depleted mantle compositions have been inferred from zircon εHf values related to 

continental rift magmatism and oceanic crust forming events for prior to the Araçuaí orogeny from 

900 Ma to 650 Ma (Arena et al., 2016, 2017; Schannor et al., 2018). Therefore, it is more likely that 

the norite was sourced from melting of amphibolites from the Paleoproterozoic basement. MMEs are 

characterised by similar mineral assemblages, overlapping chemical compositions and identical 

isotopic compositions to their host granitoids (Gonçalves et al., 2014, 2016; Tedeschi et al., 2016). 

Zircon Hf isotopic compositions of the noritic intrusion suggest that the MMEs might represent syn-

plutonic injections of mafic magmas sourced from melting of amphibolites. This indicates that mantle 

contributions were minor to absent for the generation of the pre-collisional granitoids. Although fluid 

release during oceanic slab subduction must have played an important role for heat supply during 

granitoid generation, the chemical and isotopic composition of the magmatic arc can also be explained 

by inheritance from the Paleoproterozoic source (Roberts & Clemens, 1993). 

Collisional S-type granites of the Araçuaí orogen display slightly higher zircon εHf values 

compared to pre-collisional granitoids (Fig. 4.6; Melo et al., 2017b). Inherited zircons suggest that 

collisional granites were sourced from sedimentary rocks deposited during rifting and from pre-

collisional granitoids (Richter et al., 2016; Melo et al., 2017b). Higher zircon εHf values may thus 

result from mixing of melts from supracrustal rocks and pre-collisional granitoids (Fig. 4.6). Possibly, 

more efficient mixing of the two sources led to the isotopically more homogeneous composition of 

collisional granites in contrast to the large variation of Hf isotopic composition in zircon from the pre-

collisional granitoids. 

4.7.3 Regional implications 

The crustal evolution of the southern São Francisco craton and Araçuaí orogen area was 

influenced by two supercontinent cycles from the Paleoproterozoic to the late Neoproterozoic, which 

is reflected in the zircon Hf isotopic record shown in Fig. 4.6. The Paleoproterozoic is characterised by 

the formation of juvenile oceanic and continental arcs that were accreted to the southern São Francisco 

craton at ca. 2.05–2.04 Ga forming the Minas accretionary orogenic belts (Noce et al., 2007; Heilbron 

et al., 2010; Barbosa et al., 2015; Teixeira et al., 2015). These accretionary orogens resulted in the 

collision between the São Francisco and Congo paleocontinents, which might reflect the assembly of a 

supercontinent (Alkmim & Martins-Neto, 2012; Teixeira et al., 2015). The orogenic activity was 

followed by magmatic quiescence consistent with stabilisation of the São Francisco-Congo 

paleocontinent (Fig. 4.6). Mafic dykes (Cederberg et al., 2016) and the deposition of the Espinhaço 

Supergroup in a rift basin (Alkmim & Martins-Neto, 2012) record early stages of continental break-up 

at around 1.75 Ga. Detrital zircon U–Pb–Hf data from metasedimentary rocks of the Araçuaí orogen 
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indicate final break-up of the São Francisco-Congo paleocontinent between 900 and 650 Ma (Fig. 4.6; 

Schannor et al., 2018). Ultimately, the assembly of the West Gondwana supercontinent resulted in 

reworking of Paleoproterozoic crust without addition of juvenile crust to the Araçuaí orogen (Fig. 4.6). 

4.8 CONCLUSION 

Zircon from pre-collisional granitoidal and noritic intrusions and Paleoproterozoic migmatitic 

gneisses from the Araçuaí orogen (SE Brazil) have been analysed in order to characterise their Hf 

isotopic composition to evaluate their source and the crustal evolution during West Gondwana 

assembly. Paleoproterozoic migmatites represent addition of juvenile crust at ca. 2.2–2.0 Ga 

evidenced by their positive zircon εHf values, which is consistent with the formation of juvenile 

oceanic and continental arcs at that time. Pre-collisional granitoids display a large range of 

unradiogenic Hf isotopic compositions that can be explained by reworking and inefficient mixing of 

felsic and mafic Paleoproterozoic sources. Zircon grains of mafic intrusions contemporaneous to the 

pre-collisional granitoids display similarly enriched Hf isotopic compositions consistent with melting 

of Paleoproterozoic amphibolites rather than addition of mantle melts. Thus, the assembly of West 

Gondwana resulted in large-scale crustal reworking. 
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CHAPTER 5 
RECONSTRUCTING THE METAMORPHIC EVOLUTION OF THE 
ARAÇUAÍ OROGEN (SE BRAZIL) USING IN SITU U–Pb GARNET 

DATING AND P–T MODELLING 

5  

ABSTRACT 

The Araçuaí orogen of SE Brazil consists of deformed, metamorphosed and partly migmatitic 

sedimentary rocks and granitoid batholiths, which predominantly formed during collision of the São 

Francisco and Congo cratons during West Gondwana assembly in the late Neoproterozoic. While 

widespread anatexis and a prolonged magmatic record are well-established, insufficient information 

exists about the overwhelming exposure of metamorphic rocks along the Araçuaí orogen. Combining 

information from a wide range of these rocks is essential to reconstruct mountain-building processes 

and heat sources that operate in convergent tectonic settings. New petrographic observations, mineral 

chemistry, and phase equilibria modelling constrain peak metamorphic conditions of non-anatectic 

metasedimentary rocks of the central domain of the orogen at 640 ± 20 °C and 8.75 ± 0.75 kbar. We 

applied in situ low-U (<1 µg/g) garnet U–Pb geochronology, which yielded geologically meaningful 

ages between 585–570 Ma consistent with previously established ages for peak metamorphism. 

Metamorphic zircon ages of ca. 630 Ma are related to a cryptic terrane accretion event prior to 

orogenesis, whereas garnet U–Pb ages record the orogenic peak metamorphism as revealed by 

disequilibrium rare earth element (REE) partitioning between the two minerals. A compilation of our 

results with previously reported metamorphic conditions defines a clockwise P–T evolution for the 

Araçuaí orogen characterised by slow burial to depth of 26–30 km, followed by nearly isothermal 

decompression from ~10 to 6 kbar. Substantial differences of peak temperatures in various domains of 

the orogen are consistent with differences in initial lithology of crustal sections causing a higher 

concentration of heat producing elements in anatectic domains, which triggered partial melting of the 

metasedimentary rocks. This suggests that heat producing elements were a significant heat source for 

crustal reworking during West Gondwana convergent tectonics. 
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5.1 INTRODUCTION 

Final stages of supercontinent amalgamation ultimately result in continental collisions, which 

is well reflected in the geological record by episodic peaks in the ages of collisional orogens (Condie, 

1982; Worsley et al., 1984; Nance & Murphy, 2013). Collisional orogens are characterised by the 

burial of supracrustal lithologies and thickening of the continental crust. This eventually leads to 

partial melting, when high temperatures are reached, contributing to magma genesis and crustal 

differentiation (Sawyer et al., 2011). In the geological record, the occurrence of ultrahigh temperature 

(UHT) metamorphic belts (e.g. Enderby Land, Antarctica, Ellis, 1980; Eastern Ghats Province, India, 

Shaw & Arima, 1998; Lewisian Complex, Scotland, Baba, 1999) also correlates in time with the 

amalgamation of supercontinents (Brown, 2006, 2007). Several processes have been suggested to 

explain how the high temperatures within a given orogenic setting can be achieved, including: 

additional heat provided by subduction zone melting and slab break-off (Davies & von Blanckenburg, 

1995), convective removal of a thickened thermal boundary layer (Houseman et al., 1981), 

delamination of the mantle lithosphere (Bird, 1979), crustal thickening and accumulation of radiogenic 

heat producing lithologies (Clark et al., 2011; England & Thompson, 1984), lithospheric extension 

due to gravitational collapse (Dewey, 1988) and asthenospheric upwelling (Watson & McKenzie, 

1991). Suggested processes for heat sources of UHT metamorphism involve closure and thickening of 

back-arcs characterised by elevated mantle heat flow (Currie et al., 2004; Hyndman et al., 2005; 

Brown, 2007) and radioactive decay of heat producing elements (Huerta et al., 1998; McKenzie & 

Priestley, 2008; Clark et al., 2011; Clark et al., 2015). Discrimination between these various 

geodynamic scenarios requires the integrated study of geological, geochemical, petrological and 

geochronological data. This discrimination can be achieved by the investigation of pressure–

temperature–time paths of a different set of metamorphic rocks formed during continent-continent 

collision. 

Garnet records both the conditions and the timing of its growth, which can be linked to ages, 

durations, and rates of specific Earth processes (e.g. Baxter & Scherer, 2013). Thermodynamic 

parameters that control pressure–temperature–composition (P–T–X) conditions of garnet growth are 

well constrained and compositional zoning preserved in garnet from metamorphic rocks can be used to 

retrieve their P–T history under favourable circumstances (Loomis et al., 1985; Chakraborty & 

Ganguly, 1991, 1992; Carlson, 2006; Caddick et al., 2010). Major efforts have been made since the 

1980s to link these P–T conditions to absolute chronology (Van Breemen & Hawkesworth, 1980; 

Mezger et al., 1989; Baxter & Scherer, 2013). Early work on the garnet U–Pb chronometer (Mezger et 

al., 1989, 1991) was mostly abandoned due to contamination of garnet by U-rich mineral inclusions 

(DeWolf et al., 1996) and the Sm–Nd and Lu–Hf systems were established as robust and precise 

chronometers (Pollington & Baxter, 2010; Smit et al., 2013). A downfall to garnet’s capability as a 

chronometer of tectonometamorphic processes is, however, the time-consuming and challenging 
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analytical work, unavoidable for successful garnet geochronology (Baxter & Scherer, 2013; Baxter et 

al., 2017). Recently, garnet U–Pb geochronology was applied for in situ dating of hydrothermal 

grossular-andradite (grandite) garnets from skarn deposits by LA-ICPMS (Deng et al., 2017; Seman et 

al., 2017; Wafforn et al., 2018). The high spatial resolution and time (and depth)-resolved nature of in 

situ techniques allows U-rich mineral inclusions to be avoided, which was successfully proven for U–

Pb analyses of garnets of hydrothermal origin (Deng et al., 2017; Seman et al., 2017). However, the 

application of this technique to low-U (<1 µg/g) pyrope-almandine garnets from other rock types and 

from regional metamorphic environments, remains untested. 

In the present study, in situ U–Pb garnet geochronology is combined with phase equilibria 

modelling to place constraints on the P–T–t evolution of metasedimentary rocks of the Araçuaí orogen 

that developed during the Neoproterozoic - early Paleozoic as a consequence of the formation of West 

Gondwana (Pedrosa-Soares et al., 2001; Alkmim et al., 2017). The Araçuaí orogen is characterised by 

widespread anatectites of metasedimentary origin and prolonged granitoid magmatism (>100 Ma) 

indicating significant heat flow. While the geochemistry and geochronology of the felsic magmatic 

rocks are well characterised, few studies have been dedicated to the metamorphic history of their host 

rocks. Here, we combine our new results with existing P–T estimates to reconstruct the metamorphic 

evolution of the entire orogen. The resulting P–T–t path is used to discuss potential crustal heating 

processes for the metamorphism recorded by supracrustal rocks of the Araçuaí orogen. 

5.2 GEOLOGICAL SETTING AND PREVIOUS METAMORPHIC STUDIES 

The Araçuaí orogen in southeastern Brazil formed during the amalgamation of West 

Gondwana in the late Neoproterozoic to the early Paleozoic (Pedrosa-Soares et al., 2001; Alkmim et 

al., 2017). It is bounded to the west and north by Archean and Paleoproterozoic blocks of the São 

Francisco craton and to the east by its African counterpart, the West-Congo belt and the Congo craton 

(Fig. 5.1a). The external part of the orogen (also referred to as the Araçuaí belt) consists of pre-

Neoproterozoic orogenic basin-related rocks metamorphosed at low-grade. The interior part consists 

of high-grade metamorphic rocks and granitoids, the so-called crystalline core (Fig. 5.1b; Pedrosa-

Soares et al., 2011). The Araçuaí belt forms a N-S trending fold-thrust belt that resulted from collision 

against the eastern margin of the São Francisco craton (Alkmim et al., 2017). Its structures extend 

northwards into the craton along a reactivated pre-orogenic extensional rift basin (Fig. 5.1b; Cruz & 

Alkmim, 2017). The internal part includes voluminous amounts of magmatic and anatectic rocks with 

crystallisation ages ranging from 630 to 480 Ma (e.g. Pedrosa-Soares et al., 2011; Gradim et al., 2014; 

Gonçalves et al., 2016; Melo et al., 2017b), reworked Paleoproterozoic basement rocks comprising 

migmatitic gneisses and amphibolites with protolith crystallisation ages from 2.1 to 1.9 Ga (Gonçalves 

et al., 2014), as well as Neoproterozoic supracrustal units (Fig. 5.1c; Richter et al., 2016; Peixoto et 

al., 2015; Schannor, Lana & Fonseca, 2018). 
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Figure 5.1 – Geological setting of the São Francisco craton and Araçuaí orogen. (a) Schematic map of 
Brazil showing the location of the Araçuaí orogen. (b) The high-grade crystalline core of the Araçuaí orogen is 
separated from a fold-thrust belt by the Abre Campo shear zone (ACSZ) and enveloped by the São Francisco 
craton (SFC). (c) The orogen can be divided into an eastern anatectic, a central plutonic and western domain. 
Sample locations in the central domain and previously reported P–T estimates are indicated on the map. 
Modified after Narduzzi et al. (2017). 
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It can be further divided into a western mylonitic domain, a central plutonic domain, and an 

eastern anatectic domain, with increasing metamorphic conditions towards the east (Fig. 5.1c). 

The western domain includes Paleoproterozoic basement rocks, interpreted as ca. 2.0 Ga old 

juvenile arcs that were sutured with the São Francisco craton during Paleoproterozoic orogenesis and 

reworked during West Gondwana assembly (Alkmim et al., 2006; Gonçalves et al., 2014), as well as 

Neoproterozoic metasedimentary rocks that define an accretionary wedge (Peixoto et al., 2015). Rocks 

of this unit were homogeneously mylonitised and thrusted over the Araçuaí belt within the Abre 

Campo shear zone (Fig. 5.1c; Petitgirard et al., 2009). The central domain consists of tonalitic to 

granodioritic batholiths that are hosted in metapelites of Neoproterozoic sedimentary provenance, as 

well as Paleoproterozoic basement rocks (Gonçalves et al., 2014, 2016; Narduzzi et al., 2017). 

Various granitoid bodies of this domain show calc-alkaline, metaluminous to slightly peraluminous I-

type affinities. Different bodies have zircon crystallisation ages (inferred to date their emplacement) in 

the range of 630 to 570 Ma with an age peak at ca. 580 Ma (Pedrosa-Soares et al., 2011; Tedeschi et 

al., 2016). These batholiths are interpreted to be the products of a long-lived subduction-induced 

melting event within a pre-collisional magmatic arc setting (Pedrosa-Soares et al., 2001, 2011; 

Alkmim et al., 2017). They are mostly hosted by supracrustal rocks consisting of pelitic schist, 

quartzite, paragneiss and metagreywacke, which are defined as an arc-related metavolcano-

sedimentary succession (Novo et al., 2018). Recently, Schannor et al. (2018) demonstrated that 

several supracrustal lithologies of the central domain represent allochthonous units that were deposited 

in an intra-oceanic juvenile arc system and accreted prior to the main orogenic stages. Similar to the 

western domain, 2.2 to 2.0 Ga old gneissic units form the basement, which includes Paleoproterozoic 

juvenile magmatic arcs (Alkmim & Marshak, 1998; Gonçalves et al., 2014). The eastern domain is 

composed of anatectic, peraluminous leucogranite batholiths and migmatitic granulite-facies 

paragneiss complexes (Pedrosa-Soares et al., 2011; Gradim et al., 2014; Richter et al., 2016; Melo et 

al., 2017a). Zircon ages derived from S-type granite bodies range from ca. 585 Ma to 545 Ma, which 

has been interpreted to be the main collisional stage of the orogen (Pedrosa-Soares et al., 2011; 

Gradim et al., 2014). A detailed chemical, isotopic and textural study of zircons from one batholith 

revealed, however, that magmatic zircons with ages from 590 to 575 Ma dated the crystallisation of 

the batholith, whereas older and younger ages represented inherited cores and metamorphic zircon 

overgrowths, respectively (Melo et al., 2017b). The paragneiss complexes (Nova Venécia and 

Jequitinhonha; Fig. 5.1c) consist of migmatitic metasedimentary rocks whose protoliths were 

deposited between ca. 605 and 590 Ma (Richter et al., 2016). Main detrital zircon age populations of 

650–610 Ma are correlated with the pre-collisional magmatic arc, and further Neoproterozoic age 

populations ranging from 900 to 700 Ma correspond to various rift stages of the orogen. A large 

number of plutons with varying granitic, charnockitic and gabbroic affinities intruded the batholiths 

and migmatites at ca. 525 to 480 Ma, which was related to the gravitational collapse of the orogen 
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(Pedrosa-Soares et al., 2011; Gradim et al., 2014; De Campos et al., 2016). Small igneous bodies with 

similar chemical compositions and ages also intruded the central domain (Fig. 5.1c). 

There are two prevailing ideas concerning the kinematic evolution of the Araçuaí orogen. The 

first describes so-called “nutcracker” tectonics where several cratonic elements entirely enclose the 

terminal branch of an ancient oceanic system and rotation of one cratonic segment induces subduction 

of a gulf basin underlain by oceanic crust beneath the other (Alkmim et al., 2006; Pedrosa-Soares et 

al., 2011; Tedeschi et al., 2016). Metaluminous granitoid magmatism and contemporaneous formation 

of supracrustal rocks from the central domain would then have resulted from consumption of the 

oceanic segment (Pedrosa-Soares et al., 2001; Gonçalves et al., 2014; Tedeschi et al., 2016). 

Subsequent continental collision led to the development of peraluminous granite batholiths and the 

partial melting of metasedimentary rocks (Pedrosa-Soares et al., 2011; Gradim et al., 2014). The 

second interpretation describes the evolution of the Aracuaí orogen as a hot orogen involving 

extensive partial melting of the middle crust as a result of orogenic crustal thickening (Vauchez et al., 

2007; Petitgirard et al., 2009; Mondou et al., 2012; Cavalcante et al., 2014; Fossen et al., 2017). This 

view is based on magmatic deformation fabric studies and the U–Pb ages of various plutonic bodies. It 

shows that anatexis in the eastern domain was synchronous with magmatism in the central domain and 

that both deformed while they were still molten (Vauchez et al., 2007; Mondou et al., 2012). The 

development of both domains would then be related to crustal thickening during continental collision 

with only limited or even no influence of subduction processes (Fossen et al., 2017). 

Tectonic models of the Araçuaí orogen are mostly based on the age and the chemistry of the 

granitoids. Constraints on P–T conditions and the timing of metamorphism are, however, scarce. A 

summary of existing P–T–t conditions is given in Fig. 2 and described below. Metapelitic rocks of the 

northern Araçuaí belt record Barrovian-type metamorphism with P–T conditions increasing towards 

the crystalline core, and peaking at ~8.5 kbar and ~650 °C between 575 and 565 Ma (Peixoto et al., 

2018). A second low-pressure metamorphic event with peak pressures of 3.0–5.5 kbar reaching 

temperatures of up to 640 °C took place at ca. 530 Ma (Peixoto et al., 2018). The former is consistent 

with syn-collisional peak metamorphism during crustal thickening, whereas the latter was related to 

heat advection from post-collisional granitic intrusions (Peixoto et al., 2018). Similar P–T conditions 

of 8–9 kbar at 650 °C between 590 and 540 Ma have been described in the southern section of the 

Araçuaí belt (Cutts et al., 2018). The western domain of the crystalline core is characterised by a 

collisional, Barrovian-type metamorphic zoning with P–T conditions ranging from 6–8 kbar at 600–

700 °C and metamorphic ages of ca. 560 Ma (Peixoto et al., 2015). Syn-collisional granitoids (585–

570 Ma) of the eastern domain experienced two granulite-facies anatectic events at 570–550 Ma and 

535–515 Ma, respectively (Melo et al., 2017a). The first event is characterised by peak-metamorphic 

conditions of 9.5–10.5 kbar at 790–820 °C, which resulted from crustal thickening after granitoid 

intrusion (Melo et al., 2017a, b). A second anatectic event was related to asthenospheric upwelling 
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during extensional thinning and gravitational collapse of the orogen and records P–T conditions of 6.6 

kbar at 770 °C (Melo et al., 2017a). Migmatitic metasedimentary rocks of this domain were 

metamorphosed under upper-amphibolite to granulite-facies conditions, 5.3–7.5 kbar at 640–800 °C, 

during peak regional metamorphism from 575 to 560 Ma (Richter et al., 2016). Similar to the 

granitoids in this region, the metasediments also record a second metamorphic event from ca. 525 to 

495 Ma associated with post-collisional, orogenic collapse-related intrusions (Richter et al., 2016). 

 
Figure 5.2 – Compilation of published P–T–t conditions for the Araçuaí orogen and fold-thrust belt (Cutts et al., 
2018; Melo et al., 2017; Peixoto et al., 2018; Richter et al., 2016). The colour code corresponds to the geological 
map in Fig. 5.1. 

The only P–T estimates for the central domain are given by the mineralogy of I-type 

granitoids that is consistent with crystallisation at pressures above 8 kbar and temperatures below 700 

°C (Narduzzi et al., 2017). P–T conditions of the host metasedimentary rocks of these granitoids are, 

however, crucial for the understanding of the geodynamic and thermal evolution of the Araçuaí 

orogen, but have so far not been characterised. We collected metasedimentary samples covering a 

large part of the central domain of the orogen in order to constrain their metamorphic evolution in the 

context of the Araçuaí orogen.  
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5.3 ANALYTICAL METHODS 

5.3.1 Whole rock and mineral chemistry 

Whole-rock major element compositions for pseudosection modelling were obtained by X-ray 

fluorescence spectroscopy (XRF) using a Phillips 2404 XRF spectrometer at the Universidade Federal 

de Ouro Preto (UFOP) together with loss on ignition (LOI, Table 5.1). 

Mineral major element compositions were determined through electron microprobe 

measurements using a JEOL JXA-8500F electron microprobe equipped with a field emission cathode 

and five wavelengths-dispersive spectrometers (WDS) at Museum für Naturkunde Berlin. 

Measurements were done at 15kV accelerating voltage, beam diameters of <5 µm and 15 nA beam 

current. Counting times on peak and backgrounds were 20 s and 10 s, respectively. Standardisation for 

oxides has been done on Smithsonian and Astimex mineral standards. Secondary natural mineral 

reference materials were analysed together with samples and standard deviations (2s) were well below 

1% relative. Raw data were corrected for matrix effects using the ZAF correction routine of the 

manufacturer. Representative mineral analyses are shown in Table 5.2–7 and the complete data is 

listed in Table 1 of Appendix C1. 

Table 5.1 – Bulk rock major element compositions of metasedimentary rocks from the central part of the 
Araçuaí orogen in wt.%. Total iron as Fe2O3. 

Sample POC3A POC3B POC28A MFC-16A MFC-16B MFC-22B 

SiO2 60.45 76.96 52.79 62.10 73.84 73.50 
TiO2 0.41 0.13 1.50 1.08 0.22 0.519 
Al2O3 16.18 12.25 17.73 17.28 13.86 12.81 
Fe2O3T 7.72 2.55 10.52 8.32 5.66 2.97 
MnO 0.13 0.05 0.15 0.29 0.469 0.28 
MgO 3.32 0.29 3.19 2.82 0.60 0.61 
CaO 7.73 1.80 6.96 0.52 1.13 9.06 
Na2O 2.77 4.40 1.56 1.08 2.22 0.19 
K2O 0.31 0.54 3.43 4.22 1.56 0.03 
P2O5 0.05 0.03 0.31 - - - 
LOI 0.72 0.44 1.40 2.37 0.82 0.35 
Total 99.79 99.43 99.55 100.08 100.38 100.31 

LOI = Loss on ignition 

5.3.2 Garnet trace elements 

Trace element concentrations in garnet were analysed using a Thermo-Fisher Element II sector 

field ICP-MS coupled to a CETAC LSX-213 G2 + (λ = 213nm) Nd:YAG laser at UFOP following the 

analytical description of Schannor et al. (2018). Data was reduced with the GLITTER® software 



Contribuições às Ciências da Terra Série D77, vol. 367, 165p. 

97 

package (Van Achterbergh et al., 2001) using 29Si for internal standardisation from garnet EPMA 

analyses. Results for secondary reference materials NIST 612 glass, basaltic glasses BCR and BHVO, 

and samples are listed in Table 1 and Table 2 of Appendix C2. Rare earth element (REE) 

concentrations were normalised to C1 chondrite (McDonough & Sun, 1995). 

5.3.3 Geochronology 

Rock samples were crushed and panned, and mineral grains (zircon and monazite) were 

handpicked from heavy mineral separates after heavy-liquid and magnetic separation. Subsequently 

the grains were mounted in 25 mm-diameter circular epoxy mounts and polished to expose their cores. 

Prior to analysis, zircon grains were imaged by Scanning Electron Microscopy (SEM) using a JEOL 

6510 equipped with a Centaurus cathodoluminescence (CL) detector at the Geoscience Department of 

UFOP, to obtain information on their internal structures. Internal structures of monazite grains were 

obtained using back-scatter electron (BSE) images. All reference material U–Pb data is listed in Table 

1 of Appendix C3. 

5.3.3.1 Zircon U–Pb dating 

Zircon U–Pb isotope analyses were performed by LA-ICP-MS at UFOP using a Thermo-

Fisher Element II sector field ICP-MS coupled to a CETAC LSX-213 G2 + (λ = 213nm) Nd:YAG 

laser. A detailed description of the analytical set-up and method is given by Schannor et al. (2018). Sri 

Lankan zircon BB (560 Ma; Santos et al., 2017) was used as the primary reference material. The 

validity of the applied method and the reproducibility of the data were verified by multiple analyses of 

the reference zircon GJ-1 (Jackson et al., 2004). GJ-1 gave a concordia age of 604 ± 2 Ma (n = 16, 

MSWD = 1.2) in agreement with the recommended age (601.95 ± 0.40 Ma, Horstwood et al., 2016). 

5.3.3.2 Monazite U–Pb dating 

U–Pb isotopes in monazite were analysed using a Thermo-Fisher Element II sector field ICP-

MS coupled to a CETAC LSX-213 G2 + (λ = 213 nm) Nd:YAG laser following the analytical 

description by Gonçalves et al. (2016). Data reduction was performed with GLITTER. The USGS 

44069 monazite (Aleinikoff et al., 2006) was used as calibration reference material and data quality 

was screened by repeated analyses of secondary reference monazites Bananeira (Gonçalves et al., 

2016) and Diamantina (Gonçalves et al., 2018). Bananeira gave a weighted average 207Pb/235U age of 

508 ± 3 Ma (n = 20; MSWD = 1.1) in agreement with the accepted ID-TIMS age (507.7 ± 1.3 Ma, 

Gonçalves et al., 2016). Diamantina monazite yielded a weighted average 206Pb/238U age of 492 ± 3 

Ma (n = 15; MSWD = 1.1), which is consistent with the reported ID-TIMS age of this reference 

material (495.26 ± 0.54 Ma, Gonçalves et al., 2018). 
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5.3.3.3 Garnet LA-ICP-MS U–Pb dating 

Garnet was either analysed on mounted and polished rock slabs or on fragments of garnet that 

were embedded in epoxy and polished. In situ U–Pb analysis were performed using a Photon 

Machines 193 (λ = 193 nm) ArF Excimer laser equipped with a two-volume Helex ablation cell 

coupled to a Thermo-Fisher Neptune plus MC-ICP-MS at UFOP and a Thermo-Fisher Element 2 

sector field ICP-MS coupled to a Resolution S-155 (Resonetics) 193nm ArF Excimer laser 

(CompexPro 102, Coherent) equipped with a two-volume ablation cell (Laurin Technic, Australia) at 

Goethe University Frankfurt (GUF). Static ablation used a spot size of 150 µm and a fluence of ~2 

J/cm2 at 6 Hz repetition rate. During data acquisition the signal of 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 235U, 

and 238U was detected. 

Raw data were corrected offline using an in-house MS Excel© spread sheet program (Gerdes 

& Zeh, 2009). The 207Pb/206Pb ratios were corrected for mass bias and the 206Pb/238U ratios for inter-

element fractionation, including drift over the time of each analytical session, using the reference 

zircon GJ-1 (Jackson et al., 2004) at UFOP and SRM-NIST 614 at GUF. The spot size of zircon 

analyses was reduced to 30 µm due to significantly higher U contents of GJ-1 (~230 µg/g) compared 

to garnets (usually <1 µg/g). In order to test the validity of the applied method, multiple analyses of 

reference zircon 91500 (Wiedenbeck et al., 1995) and various reference garnets were performed 

during the analytical sessions. 91500 yielded a concordia age of 1062 ± 2 Ma (n = 23, MSWD = 1.4), 

which is consistent with the reported ID-TIMS age of this reference material (1065 Ma, Wiedenbeck 

et al., 1995). To test matrix effects between zircon/NIST glass and garnet, we analysed hydrothermal 

grossular-andradite (grandite) garnet, Mali grandite, recently characterised for LA-ICP-MS studies by 

Seman et al. (2017). Mali grandite has “high” U contents of ~2 µg/g and an ID-TIMS weighted 

average 206Pb/238U age of 202.0 ± 1.2 Ma (Seman et al., 2017). Mali garnet incorporates significant 

and variable amounts of common Pb, which produces discordant arrays on conventional (Wetherill) 

and inverse (Tera-Wasserburg) concordia diagrams. The problem is exacerbated by the even lower U 

concentations in the garnets from the Araçuaí orogen (6–1990 ng/g, see below). Therefore, data from 

the Mali and Araçuaí orogen garnets are reported as lower intercept ages on Tera-Wasserburg 

concordia diagrams. Repeated analyses during analytical sessions yielded a lower intercept age of 

201.1 ± 1.1 Ma (n = 50, MSWD = 4.9) well in agreement with the published ID-TIMS age, and 

indicating insignificant matrix effects (Fig. C1). This is most likely to the wide laser pits, which 

minimise the effects of downhole fractionation (Deng et al., 2017; Wafforn et al., 2018). In addition, 

we analysed skarn garnets from the Ida Dome in the Central Zone of the Damara Belt, Namibia 

(Longridge et al., 2011). The age of skarn formation at the Ida Dome is constrained by an inferred 

genetic link to leucogranitic intrusions and leucocratic dykes that were dated at ~520 Ma and 511–508 

Ma, respectively (Longridge et al., 2011). LA-ICP-MS analyses of garnet from skarns related to the 
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Ida Dome gave a lower intercept age of 520.6 ± 2.2 Ma (n = 20, MSWD = 2.7; Fig. C2). This age is in 

agreement with the leucogranitic intrusions and suggests skarn formation at that time. 

Considering the consistent ages of the reference Mali garnets, small matrix effects were likely 

compensated by the difference in spot sizes between garnet and zircon. Thus, matrix corrections for 

normalisation of the 206Pb/238U ratio were not applied to samples. The budgets of uranium and lead in 

garnets from metasedimentary rocks may be influenced by contributions from inclusions of monazite 

and zircon (DeWolf et al., 1996). Zircon and monazite inclusions also have a profound effect on the 

Pb/U ratios when sampled by the laser. The time-resolved signal was monitored for abrupt changes in 

the signal strength of the measured isotope ratios. Subsequently, inclusion-influenced parts of the 

signal were cropped. 

5.4 PETROGRAPHY AND MINERAL CHEMISTRY 

The metasedimentary samples studied were collected from four outcrops covering a large part 

of supracrustal rocks from the central domain of the orogen (Figs. 5.1 and 5.3). The petrographic 

characteristics and mineral chemistries of each sample are described below. Mineral abbreviations 

used throughout the text and figures are from Kretz (1983). The mineral end-members discussed 

below are defined as Xalm = Fe/(Fe + Mg + Mn + Ca), Xsps = Mn/(Fe + Mg + Mn + Ca), Xprp = Mg/(Fe 

+ Mg + Mn + Ca), and Xgrs = Ca/(Fe + Mg + Mn + Ca) for garnet, Mg# = Mg2+/(Mg2+ + Fe2+) for 

biotite, and XAn = Ca/(Ca + Na + K) for plagioclase. 

5.4.1 POC3 

The outcrop hosting samples POC3A and POC3B is a foliated metasedimentary package 

defined by an alternation of amphibole-rich lenses and quartz-plagioclase-rich gneissic layers. Sample 

POC3A is a medium-grained garnet-bearing amphibolite. The mineral assemblage is dominated by 

poikiloblastic (ferro/alumino-) tschermakite (~40 vol.%) with inclusions of epidote, quartz (~30 

vol.%), plagioclase (~20 vol.%; XAn = 38–54), porphyroblastic garnet (~5 vol.%; Xalm = 51–65; Xsps = 

2–10; Xprp = 8–23; Xgrs = 19–26), biotite (~3 vol.%; Mg# = 0.47–0.54) and contains accessory ilmenite 

and zircon (Figs. 5.4a, 5.5 and Table 5.2). Garnet grains are xenoblastic, up to 1.5 mm in diameter and 

contain few quartz inclusions. Biotite, amphibole and ilmenite overgrow garnet grains (Figs. 5.4a and 

5.6a). Garnet major element zoning from sample POC3A is shown in Fig 5.6a. Transects of garnets 

reveal relatively unzoned cores but show sharp increases in Xsps, Xalm and Xgrs at rims and close to 

cracks of up to 5 mol.% (Fig. 5.6a). Xprp of those grains shows the opposite trend decreasing 

approximately 10 mol.% at grain boundaries. Rare earth element (REE) patterns for garnets reveal 

similar characteristics for cores and rims with a lack of Eu anomaly (Eu/Eu* = 0.50–0.87), positive 

middle REE (MREE) slope and relatively flat heavy REE (HREE) slope (Yb/GdN = 2.0–7.6; Fig. 

5.7a). The MREE-HREE patterns and major element compositions suggest garnet resorption. 
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Figure 5.3 – Field photographs from sampling sites. (a) Foliated metapelite POC28 showing quartz-plagioclase 
dominated layers alternating with biotite-epidote-rich layers. (b) Abundant garnet porphyroblasts at macroscopic 
scale. (c) Host schist at outcrop MFC22 containing felsic boudins. (d) Weathered felsic boudins host preserved 
mafic mineral assemblages. (e) Pelitic schist at outcrop MFC16 interbedded with deformed, leucocratic, garnet-
rich layers. (f) Detail of (e) highlighting a leucocratic layer and abundant garnet porphyroblasts. 
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Sample POC3B was collected from the gneissic part of the outcrop and is characterised by a 

mineral assemblage containing porphyroblastic garnet (~10 vol.%; Xalm = 65–84; Xsps = 2–10; Xprp = 3–

7; Xgrs = 9–17), granoblastic matrix quartz (~40 vol.%), plagioclase (~35 vol.%; XAn = 13–26), biotite 

(~15 vol.%; Mg# = 0.20–0.32), minor muscovite, K-feldspar, and accessory ilmenite and zircon (Figs. 

5.4b, 5.5 and Table 5.3). Alternation of quartz-rich layers and biotite-rich layers define a weak rock 

fabric. Garnet porphyroblasts are anhedral, <2 mm in diameter, fractured and contain inclusions of 

quartz (Figs. 5.4b and 5.6b). Biotite and chlorite crystallise along garnet fractures and rims (Fig. 5.6b). 

Major element transects of garnet from sample POC3B show well-preserved normal growth zonation 

patterns with Ca and Mn-rich cores smoothly decreasing towards the rims and parallel core to rim 

increase of Fe (Fig. 5.6b). There is no obvious Mg zoning except for a slight decrease at garnet rims. 

Garnet cores show relatively flat HREE slopes with weakly pronounced Eu anomalies (Eu/Eu* = 

0.12–0.51; Yb/GdN = 2.4–11.4), whereas rims are characterised by negative HREE slopes and slightly 

more negative Eu anomalies (Eu/Eu* = 0.12–0.23; Yb/GdN = 0.7–0.9; Fig. 5.7b). 

5.4.2 POC28 

Sample POC28 is a banded gneiss collected from an outcrop that shows crosscutting intrusive 

felsic veins related to early magmatic activity of the Araçuaí orogen (Schannor et al., 2018). The 

mineral assemblage consists of biotite (~30 vol.%; Mg# = 0.39–0.41), quartz (~25 vol.%), plagioclase 

(~25 vol.%; XAn = 38–53), epidote (~10 vol.%), garnet (~10 vol.%; Xalm = 49–53; Xsps = 11–15; Xprp = 

4–5; Xgrs = 31–35), and contains minor chlorite, titanite and accessory zircon (Figs. 5.4c, 5.5 and Table 

5.4). Elongate biotite crystals and epidote define a strong foliation separating quartz and plagioclase 

domains (Fig. 5.3a-b). Garnet porphyroblasts are idioblastic, ranging in size ~1 to 3 mm in diameter 

and overgrow the foliation (Fig. 5.6c). Garnet grains are poikiloblastic with abundant inclusions of 

quartz, biotite, epidote and titanite, with quartz inclusions forming an internal foliation parallel to the 

main foliation. Garnet of sample POC28 has pronounced Xsps peaks in cores, steadily decreasing to 

rims and slightly increasing at rims (Fig. 5.6c). These grains show a slight increase of Xgrs from core to 

rim and are unzoned in Xalm and Xprp. Garnet cores and rims are relatively depleted in REE and display 

similar REE patterns that show moderate to small Eu anomalies (Eu/Eu* = 0.31–0.71 and 0.13–0.36 in 

cores and rims, respectively) and flat MREE-HREE patterns (Yb/GdN = 1.7–8.1 and 0.8–8.9 in cores 

and rims, respectively; Fig. 5.7c). Rims are characterised by a larger variation in HREE (YbN = 3 to 

YbN = 124) compared to cores (YbN = 8 to YbN = 29). 
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Figure 5.4 – Photomicrographs of metasedimentary samples showing various petrographic observations 
described in the text. (a) Garnet porphyroblasts in weak amphibole-biotite foliation and quartz-plagioclase 
matrix of sample POC3A. (b) Quartz-dominated sample POC3B showing biotite and garnet porhyroclasts. (c) 
Foliation of sample POC28 defined by biotite and epidote separating quartz and plagioclase. (d) Preserved 
mineral assemblage clinopyroxene-garnet-plagioclase-quartz in sample MFC22. (e) Thin section of sample 
MFC16A. Garnet porphyroblasts contain quartz inclusions and display asymmetric quartz-filled pressure 
shadows. The foliation is defined by tabular biotite and muscovite that are wrapped around garnets. (f) 
Leucocratic vein (sample MFC16B) is dominated by quartz and contains muscovite and garnet porphyroblasts. 
Quartz grains show 120° dihedral angles at grain boundaries. 
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5.4.1 MFC22 

Sample MFC22 was collected from a weathered schist in an outcrop close to the anatectic 

domain of the orogen (Fig. 5.1c). The deformed mafic schist contains felsic boudins which host well-

preserved, dark grey “nuggets”, ranging in size from a few centimetres to several tens of centimetres 

(Fig. 5.3c-d). These preserved “nuggets” are characterised by the mineral assemblage quartz (~80 

vol.%), plagioclase (~10 vol. %; XAn = 96–98), patchy aggregates of Ca-rich clinopyroxene and garnet 

(Xalm = 42–53; Xsps = 8–11; Xprp = 2–3; Xgrs = 33–45), and contains minor titanite, opaque phases 

(predominantly pyrite) and accessory zircon and monazite (Figs. 5.4d, 5.5b and Table 5.5). The 

polycrystalline aggregates, surrounded by plagioclase and quartz, commonly show clinopyroxene 

crystals enclosed by garnet (Fig. 5.4d). Patchy garnet of sample MFC22 reveals no major elemental 

zoning patterns (Fig. 5.6d). 

 
Figure 5.5 – Mineral chemistry for the metasediment samples. (a) Titanium content in matrix biotite vs. Mg#. 
(b) Feldspar composition on an Ab–An–Or triangular diagram. 
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5.4.2 MFC16 

The outcrop MFC16 consists of pelitic schist interbedded with deformed, up to several cm 

thick, leucocratic, garnet-rich layers (Fig. 5.3e-f). Sample MFC16A was collected from the schist 

containing an assemblage of biotite (~30 vol.%; Mg# = 0.50–0.54), muscovite (~30 vol.%), quartz 

(~20 vol.%), garnet (~20 vol.%; Xalm = 74–78; Xsps = 6–8; Xprp = 12–13; Xgrs = 4–6), minor sodic 

plagioclase (XAn = 21–22), tourmaline, sulphides and accessory ilmenite and zircon (Figs. 5.4e, 5.5 and 

Table 5.6). The main foliation is defined by aligned tabular biotite and muscovite and is wrapped 

around idioblastic garnet porphyroblasts (Fig. 5.4e). Garnet porphyroblasts, ranging from 1–5 mm in 

diameter, contain randomly dispersed quartz inclusions and developed asymmetric quartz-filled 

pressure shadows providing evidence of tectonic strain (Fig. 5.4e). Sample MFC16B, sampled from a 

leucocratic layer, consists of quartz (~60 vol.%), garnet (~20 vol.%; Xalm = 72–79; Xsps = 6–8; Xprp = 

11–13; Xgrs = 4–7), muscovite (~15 vol.%), biotite (~5 vol.%; Mg# = 0.43–0.50), minor sodic 

plagioclase (XAn = 17–22), and accessory ilmenite and zircon (Figs. 5.4f, 5.5 and Table 5.7). Garnet 

porphyroblasts, up to 0.5 mm in diameter, are subhedral and contain quartz inclusions. Albeit smaller 

garnet grain sizes in the quartz-rich layers compared to the host schist, similar garnet chemical 

compositions imply that garnet in both domains experienced a similar growth history. Quartz 

recrystallisation is evident by 120° dihedral angles between grain boundaries (Fig. 5.4f). Major 

element zonation in garnets from samples MFC16A and MFC16B is show in Fig. 5.8. Garnets exhibit 

well-preserved growth zonation patterns with cores rich in Xgrs and Xsps, smoothly decreasing towards 

the rims and parallel core to rim increase of Xalm (Fig. 5.8). In core-rim transects garnet is relatively 

unzoned in Xprp except for a slight decrease at crystal rims. 
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Figure 5.6 – Representative rim to core to rim traverses showing composition profiles of garnet. (a) Sample 
POC3A. (b) Sample POC3B. (c) Sample POC28. (d) Sample MFC22. Note that due to the patchy habit of garnet 
this no core to rim traverse per se. 
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Figure 5.7 – Chondrite-normalised rare earth element (REE) patterns of garnet (McDonough and Sun, 1995) 
comparing core and rim compositions. (a) POC3A. (b) POC3B. (c) POC28. 
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Table 5.2 – Representative electron microprobe data for sample POC3A. 

		 Grtcore Grtrim Pl Bt Amph 
n 51 21 16 13 20 
SiO2 38.78 38.36 57.69 36.69 41.93 
TiO2 0.07 0.06 0.01 1.16 0.63 
Al2O3 22.04 21.85 28.56 20.46 17.87 
FeOT 26.12 26.84 0.32 17.97 17.32 
MnO 1.22 2.3 0.02 0.21 7.45 
MgO 5.31 3.72 0.01 9.9 0.3 
CaO 8.4 8.35 9.07 0.25 12.59 
Na2O 

	 	
6.03 0.1 1.19 

K2O 
	 	

0.05 6.53 0.63 
Total 101.94 101.47 101.78 97.24 99.92 
oxides 12 12 8 24 23 
Si 2.97 2.98 2.54 5.53 5.97 
Ti 0 0 1.48 0.13 0.07 
Al 1.99 2 0 3.64 3 
Fe3+ 0.07 0.04 

	 	
1.21 

Fe2+ 1.6 1.71 0.01 2.28 0.85 
Mn 0.08 0.15 0 0.03 0.04 
Mg 0.61 0.43 0 2.23 1.58 
Ca 0.69 0.69 0.43 0.04 1.92 
Na 

	 	
0.51 0.03 0.33 

K 
	 	

0 1.25 0.12 
Total 8 8 4.98 19.16 17.08 
Xalm 53.78 57.22 

	 	 	Xprp 2.67 5.08 
	 	 	Xsps 20.37 14.41 
	 	 	Xgrs 22.35 22.85 
	 	 	Mg# 

	 	 	
0.5 

	XAn 		 		 45.21 		 		
Mean values given, with n = number of analyses used to define mean. 
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Figure 5.8 – Rim to core to rim traverses displaying garnet compositional zoning for MFC16 samples. (a) 
MFC16A. (b) MFC16B. 
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Table 5.3 – Representative electron microprobe data for sample POC3B. 

		 Grtcore Grtrim Pl Bt 
n 13 70 14 7 
SiO2 37.26 37.22 64.03 35.21 
TiO2 0.03 0.02 0.01 2.43 
Al2O3 21.16 21.40 24 19.88 
FeOT 31.84 36.15 0.18 25.80 
MnO 3.59 1.72 0.01 0.05 
MgO 1.72 1.22 0 5.29 
CaO 5.68 4.24 3.96 0.06 
Na2O 

	 	
8.75 0.09 

K2O 
	 	

0.09 9.33 
Total 101.26 101.97 101.02 98.16 
oxides 12 12 8 24 
Si 2.97 2.96 2.79 5.35 
Ti 0 0 0 0.28 
Al 1.98 2.01 1.23 3.56 
Fe3+ 0.08 0.07 

	 	Fe2+ 2.04 2.34 0.01 3.28 
Mn 0.24 0.12 0 0.01 
Mg 0.2 0.15 0 1.20 
Ca 0.48 0.36 0.18 0.01 
Na 

	 	
0.74 0.03 

K 
	 	

0 1.81 
Total 8 8 4.96 19.51 
Xalm 68.67 78.97 

	 	Xprp 8.14 3.93 
	 	Xsps 6.88 4.90 
	 	Xgrs 15.67 11.81 
	 	Mg# 

	 	 	
0.27 

XAn 		 		 19.89 		
Mean values given, with n = number of analyses used to define mean. 

Table 5.4 – Representative electron microprobe data for sample POC28. 

		 Grtcore Grtrim Pl Bt Ep 
n 32 20 16 16 16 
SiO2 37.52 37.59 56.73 35.818125 38.81 
TiO2 0.15 0.11 0.02 2.24 0.18 
Al2O3 21.52 21.51 28.68 18.46 29.08 
FeOT 22.49 22.61 0.16 22.06 7.36 
MnO 5.79 4.96 0.01 0.24 0.22 
MgO 1.05 1.07 0.01 8.28 0.02 
CaO 11.50 12.31 9.42 0.07 24.04 
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	 Grtcore	 Grtrim	 Pl Bt Ep 
n 32	 20	 16 16 16 
Na2O 

	 	
5.75 0.11 0.01 

K2O 
	 	

0.08 9.31 0 
Total 100.03 100.15 100.85 96.58 99.72 
oxides 12 12 8 24 12.50 
Si 2.98 2.98 2.52 5.44 2.95 
Ti 0.01 0.01 0 0.26 0.01 
Al 2.02 2.01 1.50 3.31 2.60 
Fe3+ 0 0.02 

	
0.75 0.47 

Fe2+ 1.50 1.48 0.01 2.80 
	Mn 0.39 0.33 0 0.03 0.01 

Mg 0.12 0.13 0 1.88 0 
Ca 0.98 1.05 0.45 0.01 1.96 
Na 

	 	
0.50 0.03 0 

K 
	 	

0 1.80 0 
Total 8 8 4.98 19.57 8.01 
Xalm 50.06 49.63 

	 	 	Xprp 13.03 11.14 
	 	 	Xsps 4.16 4.22 
	 	 	Xgrs 32.80 34.72 
	 	 	Mg# 

	 	 	
0.40 

	XAn 		 		 47.26 		 		
Mean values given, with n = number of analyses used to define mean. 

Table 5.5 – Representative electron microprobe data for sample MFC22. 

		 Grt Pl Cpx 
n 33 12 12 
SiO2 37.55 43.7 50.78 
TiO2 0.06 0.01 0.06 
Al2O3 21.27 36.38 0.51 
FeOT 21.99 0.23 18.23 
MnO 4.04 0.01 0.67 
MgO 0.71 0.01 7.28 
CaO 14.09 19.84 23.34 
Na2O 

	
0.34 0.08 

K2O 
	

0.01 
	Total 99.73 100.54 100.95 

oxides 12 8 6 
Si 2.98 2.01 1.97 
Ti 0 0 0 
Al 1.99 1.98 0.02 
Fe3+ 0.03 

	
0.05 
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	 Grt Pl Cpx 
n 33 12 12 
Fe2+ 1.43 0.01 0.55 
Mn 0.27 0 0.02 
Mg 0.08 0 0.42 
Ca 1.20 0.98 0.97 
Na 

	
0.03 0.01 

K 
	

0 
	Total 8 5.01 4 

Xalm 47.92 
	 	Xprp 9.11 
	 	Xsps 2.83 
	 	Xgrs 39.55 
	 	Mg# 

	 	 	XAn 		 96.91 		
Mean values given, with n = number of analyses used to define mean. 

Table 5.6 – Representative electron microprobe data for sample MFC16A. 

		 Grtcore Grtrim Pl Bt 
n 9 16 8 9 
SiO2 37.26 37.41 62.92 35.67 
TiO2 0.02 0.02 0.01 1.44 
Al2O3 21.81 21.86 23.44 20.67 
FeOT 34 34.78 0.11 17.25 
MnO 3.30 2.82 0.01 0.04 
MgO 3.09 3.19 0 10.75 
CaO 1.87 1.56 4.22 0.15 
Na2O 

	 	
8.43 0.31 

K2O 
	 	

0.07 7.70 
Total 101.37 101.64 99.21 93.99 
oxides 12 12 8 24 
Si 2.96 2.96 2.79 5.38 
Ti 0 0 0 0.16 
Al 2.04 2.04 1.23 3.67 
Fe3+ 0.05 0.04 

	 	Fe2+ 2.21 2.26 0 2.18 
Mn 0.22 0.19 0 0.01 
Mg 0.37 0.38 0 2.42 
Ca 0.16 0.13 0.20 0.02 
Na 

	 	
0.73 0.09 

K 
	 	

0 1.48 
Total 8 8 4.96 19.41 
Xalm 74.75 76.44 
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	 Grtcore Grtrim Pl	 Bt	
n 9 16 8	 9	
Xprp 7.50 6.38 

	 	Xsps 12.37 12.7 
	 	Xgrs 5.26 4.40 
	 	Mg# 

	 	 	
0.53 

XAn 
	 	

21.56 
	Mean values given, with n = number of analyses used to define mean. 

Table 5.7 – Representative electron microprobe data for sample MFC16B. 

		 Grtcore Grtrim Pl Bt 
n 6 16 6 8 
SiO2 35.78 36.85 63.15 36.27 
TiO2 0.02 0.02 0.01 1.68 
Al2O3 21.49 21.68 23.35 20.32 
FeOT 33.61 34.5 0.12 18.68 
MnO 3.28 2.78 0.01 0.05 
MgO 3.14 2.94 0.01 9.66 
CaO 2.13 1.90 3.87 0.11 
Na2O 

	 	
8.62 0.29 

K2O 
	 	

0.07 7.72 
Total 99.45 100.66 99.21 94.79 
oxides 12 12 8 24 
Si 2.89 2.95 2.80 5.45 
Ti 0 0 0 0.19 
Al 2.05 2.04 1.22 3.60 
Fe3+ 0.17 0.06 

	 	Fe2+ 2.11 2.25 0 2.35 
Mn 0.22 0.19 0 0.01 
Mg 0.38 0.35 0 2.16 
Ca 0.18 0.16 0.18 0.02 
Na 

	 	
0.74 0.08 

K 
	 	

0 1.48 
Total 8 8 4.96 19.34 
Xalm 72.77 76.19 

	 	Xprp 7.76 6.39 
	 	Xsps 13.08 11.90 
	 	Xgrs 5.90 5.36 
	 	Mg# 

	 	 	
0.48 

XAn 		 		 19.80 		
Mean values given, with n = number of analyses used to define mean. 
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5.5 PHASE EQUILIBRIA MODELLING 

Phase equilibria modelling was conducted on supracrustal rocks of the central domain to 

further constrain the P–T history of the Araçuaí orogen. Thermodynamic modelling was performed in 

the chemical systems MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2 

(MnNCKFMASHTO) for the samples POC3A, POC28A, MFC16A and MFC16B and MnO–Na2O–

CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2 (MnNCKFMASHT) for samples POC3A and 

MFC22B, which contain little or no Fe3+-bearing minerals. We used the Perple_X software (version 

6.7.5; Connolly, 2005) with the updated thermodynamic data set of Holland and Powell (2011) and the 

following a–x models: melt and clinopyroxene (Green et al., 2016), Ti-rich biotite (White et al., 

2007), garnet (White et al., 2005), ilmenite (White et al., 2000), amphibole (Diener & Powell, 2012), 

muscovite (Coggon & Holland, 2002), plagioclase (Newton et al., 1980), orthopyroxene, staurolite 

and corderite (Holland & Powell, 1996), chlorite (Holland et al., 1998) and epidote (Holland & 

Powell, 2011). 

Since the samples show no field or petrographic evidence for partial melting, H2O was 

considered as in excess, a common approach used for modelling subsolidus rocks, in most of the 

samples except for sample MFC22, which shows a water-free mineral assemblage suggesting granulite 

facies conditions. Nonetheless, we calculated MFC22 with H2O in excess because of the absence of 

water-rich minerals where the amount of water in the system had negligible effects on the stabilisation 

of the preserved mineral assemblage. 

We set the whole-rock Fe2O3 content for samples POC3A, MFC16A, MFC16B and POC28 by 

using reconnaissance modelling on P–X pseudosections at 650 °C and 600 °C, respectively (Figs. C3, 

C4, C5 and C6). Maximum Fe2O3 values were chosen to constrain the transition between rutile and 

ilmenite since all the samples are ilmenite-bearing. Hence, the Fe3+ concentration was chosen 

according to the stability of ilmenite at P–T conditions matching the preserved metamorphic 

assemblage field. 

5.5.1 Samples POC3A and POC3B 

The observed peak assemblage garnet, biotite, plagioclase, quartz, amphibole and ilmenite of 

sample POC3A is stable at 7.5–9.5 kbar and 625–700 °C (Fig. 5.9a). The presence of epidote in the 

stability field (<1 vol.%) is consistent with the observed epidote inclusions in amphiboles, which 

might be interpreted as remnants of the prograde P–T history of this sample. The ilmenite-rutile 

transition at ~9.5 kbar defines an upper pressure limit of equilibration conditions. Measured Xsps values 

of 2 from least resorbed areas and plagioclase compositions (An42–50) match with calculated isopleths 

within the inferred peak assemblage (Fig. 5.9b). This further constrains the P–T conditions of 

equilibration to 7.5–8.5 kbar and 625–650 °C. 
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Figure 5.9 – Phase equilibria modelling of POC3. (a) Calculated P–T pseudosection for POC3A in the 
MnNCKFMASHTO system. The stability field for the peak assemblage grt + bt + plag + qtz + amph + ilm is 
indicated by the dashed area. (b) Calculated garnet and plagioclase compositions match with measured values 
constraining the equilibration conditions defined by the shaded area. (c) Calculated P–T pseudosection for 
POC3B in the MnNCKFMASHT system. The stability field for the peak assemblage grt + bt + plag + ms + qtz + 
ilm is displayed by the dashed area. (d) Calculated garnet and plagioclase compositions match with measured 
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values constraining the equilibration conditions defined by the shaded area. The arrow indicates the prograde 
path as recorded by garnet zonation. 

The peak assemblage field of sample POC3B, garnet, biotite, plagioclase, muscovite, quartz 

and ilmenite, defines P–T conditions of 5.5–11.0 kbar and 580–650 °C in the calculated phase diagram 

(Fig. 5.9c). Isopleths for the measured Xgrs, Xsps and Xprp values and XAn of plagioclase intersect within 

the stability field of the peak assemblage at ~8.0–10.5 kbar and 580–650 °C (Fig. 5.9d). 

Normal/simple garnet zoning patterns (i.e. decreasing Mn and increasing Mg from core to rim; e.g. 

Chakraborty & Ganguly, 1991) of Xgrs and Xsps constrain a prograde path from ~6.5 kbar and ~525 °C 

(Xgrs = 17; Xsps = 10) to ~8 kbar and ~600 °C (Xgrs = 9; Xsps = 4) which is consistent with HREE core to 

rim zoning (Fig. 5.7b). 

5.5.2 Sample POC28 

The peak metamorphic assemblage of sample POC28 is defined by garnet, biotite, plagioclase, 

muscovite, epidote, quartz and titanite. P–T pseudosection modelling constrains the stability of this 

assemblage between 5–12 kbar and 500–680 °C (Fig. 5.10a). Calculated isopleths match with 

measured Xgrs (33–35), Xprp (4–5) and XAn (38–53) within the peak assemblage at P–T conditions of 8–

9 kbar and 600–650 °C (Fig. 5.10b). Core to rim zonation of Xsps defines a prograde growth path of 

garnet from 7 kbar and 570 °C to 8 kbar and 600 °C similar to sample POC3B. 

 
Figure 5.10 – Calculated P–T pseudosection for POC28 in the MnNCKFMASHTO system. (a) The stability 
field for the peak assemblage grt + bt + plag + ms + ep + qtz + ttn is shown by the dashed area. (b) Calculated 
garnet and plagioclase compositions match with measured values constraining the equilibration conditions 
defined by the shaded area. The arrow indicates the prograde path defined by garnet zonation. 
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5.5.3 Sample MFC22 

The observed peak assemblage of garnet, plagioclase, clinopyroxene, quartz and titanite exists 

only in equilibrium with melt (Fig. 5.11a). The lack of biotite in sample MFC22 constrains the P–T 

conditions of the mineral assemblage to be above solidus at 5–9 kbar and 700–800 °C (Fig. 5.11a). 

Arguably, abundant polycrystalline garnet-clinopyroxene aggregates surrounded by plagioclase and 

quartz might evidence the existence of a melt phase (Carswell & O’Brien, 1993; Jones & Escher, 

2002). A fluid-absent reaction where garnet grew at the interface between clinopyroxene, which 

supplied Fe, Mg and Ca, and plagioclase, which supplied Al, Ca and most of the Si might have formed 

these mineral aggregates. Modelling indicates that garnet mode and Ca content increase while 

plagioclase and clinopyroxene mode as well as Ca content decrease within the peak assemblage field, 

which would be consistent with such a reaction (Fig. C7). The measured values of Xgrs, Xsps and XAn fit 

with calculated isopleths and further define P–T conditions of 5.5–7-0 kbar and 750–800 °C (Fig. 

5.11b). 

 
Figure 5.11 – Calculated P–T pseudosection for MFC22 in the MnNCKFMASHT system. (a) The stability field 
for the peak assemblage grt + plag + cpx + qtz + ttn is shown by the dashed area. (b) Calculated garnet and 
plagioclase compositions match with measured values constraining the equilibration conditions defined by the 
shaded area. 

5.5.4 Samples MFC16A and MFC16B 

The stability of the peak metamorphic assemblage garnet, biotite, plagioclase, muscovite, 

quartz and ilmenite in sample MFC16A is constrained at 4–11 kbar and 560–660 °C (Fig. 5.12a). 
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Garnet Xgrs and Xsps compositions match with calculated isopleths in a restricted P–T space of ~8.2–9.8 

kbar and 640–660 °C within the peak assemblage stability field (Fig. 5.12b). Decreasing Xgrs (6–4) and 

Xsps (8–6) from core to rim in garnets of this sample is consistent with garnet growth at these P–T 

conditions. Calculated and measured XAn values of plagioclase only match at lower pressures and 

temperatures in the inferred peak assemblage, which might indicate retrograde P–T conditions (Fig. 

5.12b). The modal abundance of plagioclase (~1 vol.%) is, however, not very high in this sample and 

it is thus not a very robust retrograde P–T constraint. 

The same peak assemblage of garnet, biotite, plagioclase, muscovite, quartz and ilmenite 

defines P–T conditions of 4–11 kbar and ~520–670 °C for sample MFC16B (Fig. 5.12c). Measured 

and calculated Xgrs, Xsps and Xprp values match at 6.5–9.5 kbar and 610–650°C overlapping with the 

equilibria conditions of sample MFC16A (Fig. 5.12d). Similar to sample MFC16A plagioclase 

compositions only match at lower pressures and temperatures within the peak assemblage field. 

Resembling P–T conditions of the host schist (MFC16A) and leucocratic layer (MFC16B) further 

suggest that these samples experienced a shared metamorphic evolution. 

5.6 GEOCHRONOLOGY 

In order to constrain the timing of metamorphism, U–Pb isotope composition of zircon, 

monazite and garnet were analysed depending on their abundance in different samples. 

5.6.1 Samples POC3 and POC28 

Textural features of detrital zircons from samples POC3A, POC3B and POC28 were 

previously described and analysed for U–Pb geochronology by Schannor et al. (2018). Ages of these 

detrital zircon cores range from 900–650 Ma and their recrystallised rims yield concordia ages of 627 

Ma, 628 Ma and 633 Ma, respectively. 

Garnet U–Pb data of samples POC3 and POC28 are listed in Table S2 of Appendix C3. A total 

of 7 analyses for sample POC3A yielded a lower intercept 206Pb/238U date of 580 ± 25 Ma (MSWD = 

2.6) and U concentrations of 19–1990 ng/g (mean = 550 ng/g; Fig. 5.13a). Variations in common Pb 

concentration of 14 spot analyses from sample POC3B define a mixing line in the Tera-Wasserburg 

plot that produces a lower intercept 206Pb/238U date of 586 ± 13 Ma (MSWD = 1.00; Fig. 5.13b). U 

concentrations of this garnet are in the range 6–340 ng/g (mean = 41 ng/g). Four analyses for sample 

POC28 yielded a lower intercept 206Pb/238U date of 583 ± 18 Ma (MSWD = 2.3) and U concentrations 

of 30–126 ng/g with a mean of 73 ng/g (Fig. 5.13c). 
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Figure 5.12 – Phase equilibria modelling of MFC16. (a) Calculated P–T pseudosection for MFC16A in the 
MnNCKFMASHTO system. The stability field for the peak assemblage grt + bt + plag + ms + qtz + ilm is 
indicated by the dashed area. (b) Calculated garnet and plagioclase compositions match with measured values 
constraining the equilibration conditions defined by the shaded area. (c) Calculated P–T pseudosection for 
MFC16B in the MnNCKFMASHTO system. The stability field for the peak assemblage grt + bt + plag + ms + 
qtz + ilm is displayed by the dashed area. (d) Calculated garnet and plagioclase compositions match with 
measured values constraining the equilibration conditions defined by the shaded area. 
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5.6.2 Sample MFC22 

The complete zircon U–Pb data and representative CL images of sample MFC22 are listed in 

Table S3 of Appendix C3. Zircons separated from the preserved mineral assemblage range in length 

from 50–400 µm, with length to width ratios from 2:1 to 5:1. CL images reveal euhedral oscillatory-

zoned grains, mostly surrounded by weaker luminescence, low contrast rims of varying width. Non-

prismatic zircon grains are usually rounded and show irregular zoning. Typical Th/U ratios range 

between 0.3 and 1.0. Except for some Paleoproterozoic dates ranging from 2030 to 1930 Ma, zircon 

U–Pb dates cluster between 610–570 Ma with a peak at ca. 580 Ma (Fig. C8). Analyses of overgrowth 

rims yielded spot dates between 588 Ma and 578 Ma. 

 
Figure 5.13 – LA-ICPMS U–Pb results for garnet from four samples plotted in Tera-Wasserburg diagrams. 
Lower intercept ages are reported and data-point error ellipses are 2σ. MSWD = mean square of weighted 
deviates. (a) POC3A. (b) POC3B. (c) POC28. (d) MFC16.  
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Monazite grains from sample MFC22 are rounded in shape, range in diameter from 50 to 150 

µm and appear to be homogeneous in composition. U–Pb dates range from 625 to 580 Ma and yield a 

weighted average 206Pb/238U age of 603 ± 4 Ma (n = 40, MSWD = 4.0; Fig. C9, Table S4 of Appendix 

C3). 

5.6.3 Sample MFC16 

In sample MFC16 monazite grains are anhedral to rounded, between 50–100 µm in length, 

and compositionally unzoned. The majority of analyses yielded dates between 530–490 Ma 

constraining a weighted average 206Pb/238U date of 511 ± 3 Ma (n = 35, MSWD = 2.6; Fig. C10). 

Garnet U–Pb data of sample MFC16 are reported in Table S5. Three euhedral ~5mm grains 

were analysed and 20 laser spots form an array in the Tera-Wasserburg plot (Fig. 5.13d). The garnet 

analyses yield a lower intercept date of 568 ± 17 Ma (MSWD = 9.6; Fig. 5.13c) and U concentrations 

of 114–591 ng/g (mean = 432 ng/g). Larger error ellipses compared to the other samples are related to 

differences between uncertainty propagation using zircon and NIST glass as primary reference 

material. 

5.7 DISCUSSION 

5.7.1 P–T history of supracrustal rocks from the central domain 

The P–T conditions of the supracrustal rocks from the central domain can be inferred by 

combining the results from phase equilibria modelling for a set of various metasedimentary 

compositions samples (POC3, POC28 and MFC16). Combining the P–T estimates from all samples 

indicates that the central domain experienced a prograde evolution along a geothermal gradient of up 

to 25–30 °C/km from 530 °C and 6.5 kbar to 640 ± 20 °C and 8.75 ± 0.75 kbar (Fig. 5.14). The 

prograde path is consistent with burial of the samples to mid-/lower crustal depth of 22–26 km 

(assuming an average crust density of 2.75 g/cm3) accompanied by heating along the geothermal 

gradient. 

Garnets from several samples show reverse zoning (MFC16), whereas those from other 

samples (POC3A and MFC22) are relatively unzoned, which prohibits the reconstruction of a 

prograde path. The preservation of prograde garnet growth zoning depends on factors such as crystal 

size, timing of burial, maximum temperatures reached, or different rock compositions that all 

influence the diffusional re-equilibration of grains (Caddick et al., 2010). For example, pelitic garnets 

have to be ~3 mm or larger in diameter to preserve zoning if maximum temperatures reached 600 °C 

during 50 Ma lasting metamorphic events (Florence & Spear, 1991; Caddick et al., 2010). To preserve 

zoning at higher peak temperatures requires even shorter metamorphic histories, where elimination of 

growth zoning at granulite-facies conditions is likely to happen. Garnet crystals that are <1 mm in 

diameter require fast metamorphism of less than 10 Ma and rapid exhumation to retain prograde 
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growth zoning at amphibolite-grade conditions (Caddick et al., 2010). We interpret garnet from 

samples POC3A and MFC16 to have equilibrated due to their smaller crystal sizes (~0.5–1 mm) at T 

above 650 °C, possibly indicating slower metamorphic time scales or additional diffusional resetting 

during the exhumation history. Differences in preservation of growth zoning from garnets of samples 

POC3A and POC3B may be related to their different rock compositions. Unzoned garnet in sample 

MFC22 likely reflects metamorphism at granulite facies conditions (Fig. 5.11).  

The P–T conditions of sample MFC22 differ significantly from those of the other samples. 

Phase equilibria modelling constrains the stability of the preserved mineral assemblage clinopyroxene-

garnet-plagioclase-quartz at granulite-facies conditions, 780 °C – 6.5 kbar (Fig. 5.14). This 

assemblage is common in several mafic to intermediate, high T - high P granulitic rocks (e.g. Carswell 

& O’Brien, 1993; Jones & Escher, 2002; Racek et al., 2008). However, the mineral assemblage of 

sample MFC22 clearly displays disequilibrium textural features indicating post-peak metamorphic 

modification (Fig. 5.4d). The observed replacement reaction can be described as 3 Ca(Fe,Mg)Si2O6 + 

3 CaAl2Si2O8 = 2 Ca3Al2Si3O12 + Fe3Al2Si3O12 + 3 SiO2 (Clinopyroxene + Anorthite = Grossular + 

Almandine + Quartz). Different P–T estimates for sample MFC22 compared to the other samples 

might be linked to its geographic position. Whereas the other samples were collected in the central-

western area of the central domain, sample MFC22 was taken towards the east, close to the anatectic 

domain of the orogen (Fig. 5.1). 

 
Figure 5.14 – P–T path for metasedimentary rocks from the Araçuaí orogen. Compilation of the prograde and 
peak metamorphic conditions from Figs. 5.9–11 and 5.12 and literature data. 
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5.7.2 Timing of metamorphism in the central domain 

The metamorphic ages in the western fold-thrust belt and the eastern anatectic domain of the 

Araçuaí orogen are well-constrained (Richter et al., 2016; Melo et al., 2017a, b; Peixoto et al., 2018). 

However, in order to constrain large-scale tectonic processes, it is important to add geochronological 

information to the discussed P–T conditions of the central domain. Garnet U–Pb systematics of 

samples POC3 and POC28 suggest crystallisation ages of ~585 ± 15 Ma (Fig. 5.13). These ages are 

slightly older but within error consistent with peak metamorphism in the anatectic domain at 575–550 

Ma (Gradim et al., 2014; Richter et al., 2016; Melo et al., 2017a). The garnet ages are, however, 

significantly younger than previously reported metamorphic zircon ages for the same samples at ~630 

Ma (Schannor et al., 2018). Garnet and zircon are co-existing REE-bearing minerals that both 

sequester M-HREE (Sm–Lu) in metamorphic assemblages and REE partitioning between the two 

phases has been widely applied to link U–Pb ages to metamorphism (Rubatto, 2002; Hermann & 

Rubatto, 2003; Buick et al., 2006; Harley & Kelly, 2007; Rubatto & Hermann, 2007; Taylor et al., 

2015). For example, zircons growing in garnet-rich assemblages are characterised by relatively flat 

HREE patterns compared to magmatic zircons, since HREE are preferentially sequestered in garnet 

according to experimental data of Rubatto & Hermann (2007) (e.g. Schaltegger et al., 1999; Hermann 

& Rubatto, 2003; Whitehouse & Platt, 2003). Positively-sloped MREE-HREE patterns and Hf isotope 

data from metamorphic zircons in samples POC3 and POC28 suggest that zircon grew in the absence 

of garnet (Schannor et al., 2018). This can be further explored by comparing calculated mineral-

mineral distribution coefficients to empirically and experimentally constrained values (Rubatto, 2002; 

Kelly & Harley, 2005; Rubatto & Hermann, 2007; Taylor et al., 2015). Zircon/garnet REE distribution 

coefficients, DREE(zrc/grt), were calculated using metamorphic zircon rim M-HREE values from 

Schannor et al. (2018) and are plotted together with distribution coefficients obtained from natural 

rocks and experiments in Fig. 5.15. 

DREE(zrc/grt) for sample POC3A shows a positive slope for M-HREE with small variations of 

the MREE (DGd = 1.2–3.5), whereas HREE range over an order of magnitude (DYb = 1.2–28.2; Fig. 

5.15). Zircon rims coupled with an average garnet composition resemble several trends and absolute 

values of distribution coefficients obtained from different empirical and experimental studies 

performed with various P–T conditions and garnet compositions (7 kbar, 900 °C, Ca-free garnet, 

Taylor et al., 2015; 20 kbar, 800 °C, CaOgrt = 8 wt.%, Hermann & Rubatto, 2003). Considering that 

the calculated DREE(zrc/grt) cover the whole range of published equilibrium patterns using only one 

garnet composition demonstrates disequilibrium between zircon rims and garnet. The same accounts 

for sample POC28 where absolute values of DREE(zrc/grt) are up to two orders of magnitude higher 

than unity and empirical/experimental distribution coefficient values (Fig. 5.15). The apparent 

DREE(zrc/grt) calculated using garnet cores and zircon rims of sample POC3B display a slightly 

positive slope for M-HREE that partly overlaps the equilibrium pattern of D values for an eclogite 
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schist (15–18 kbar, 600°C, CaOGrt = 4–9 wt.%, Rubatto, 2002; Fig. 5.15). DREE(zrc/grt) calculated for 

garnet rims and zircon rims display a steep M-HREE that ranges over two orders of magnitude, from 

DGd = 0.3 to DYb = 40 (Fig. 5.15). The steep slope for DM-REE(zrc/grt) is not observed in experimental 

and empirical equilibrium distribution coefficients indicating disequilibrium between garnet rims and 

zircon rims of sample POC3B. Although apparent DREE(zrc/grt) calculated using garnet cores and 

zircon rims resemble empirical equilibrium patterns, it is unlikely that the garnet cores are linked to 

the metamorphic zircon ages. Garnet rims represent peak conditions and estimated P–T conditions for 

garnet cores (<6.5 kbar and <550 °C) are inconsistent with zircon rim textures that indicate formation 

at higher temperatures in the presence of partial melt (Rubatto, 2017). Therefore, we conclude that 

garnet U–Pb ages at ~585 Ma are linked to the modelled P–T conditions, whereas the age of zircon 

recrystallisation at ~630 Ma relates to a cryptic regional metamorphic event as previously suggested 

(Schannor et al., 2018). 

 
Figure 5.15 – Rare earth element (REE) distribution patterns between zircon and garnet. Equilibrium 
D(zircon/garnet) values of empirical (emp; Ru = Rubatto, 2002) and experimental (exp; RuHe 2007 = Rubatto and 
Hermann, 2007; Taylor 2015 = Taylor et al., 2015) studies are shown for comparison. 

Garnets from sample MFC16 yield ~15 Ma younger U–Pb ages than those of samples POC3 

and POC28 (Fig. 5.13). The 570 Ma garnet age possesses, however, a higher age uncertainty as 

expressed by a mean square of weighted deviates (MSWD) of 9.6. The high MSWD is related to 

several garnet analyses that scatter off the isochron, which may indicate variations of both younger 

and older ages within the analysed garnets (Baxter et al., 2017). Considering the relatively small 
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crystal size of garnet grains (~0.5–1 mm) and the large laser spot due to low U contents (150 µm), it is 

not possible to resolve potential age zonation. However, regarding the similarity to the other garnet U–

Pb ages and metamorphic ages from other parts of the orogen, we consider the garnet age of ~570 to 

be geologically meaningful. The range of matrix monazite ages (~530–490 Ma) from sample MFC16 

is similar to monazite ages across the entire orogen (Gonçalves et al., 2016; Richter et al., 2016; Melo 

et al., 2017; Peixoto et al., 2018). Monazite formation from 530–510 Ma was attributed to heat supply 

from post-collisional intrusions during lithospheric thinning (Richter et al., 2016; Melo et al., 2017; 

Peixoto et al., 2018), whereas the youngest monazite populations likely represent fluid-rock 

interaction related to gravitational collapse of the Araçuaí orogen (Gonçalves et al., 2016). 

Summarised, the timing of peak metamorphic P–T conditions of supracrustal rocks from the central 

domain are best constrained by garnet U–Pb ages from 585–570 Ma. 

Monazite U–Pb ages from 625–580 Ma were reported for migmatites and anatectic granitoids 

of the eastern domain and were interpreted as source-inherited monazites (Richter et al., 2016; Melo et 

al., 2017). Monazite ages of sample MFC22 thus also represent inherited grains consistent with other 

observations that monazite can persist granulite-grade metamorphism (Hermann & Rubatto, 2003). 

The youngest zircon population of this sample overlaps with monazite ages likewise suggesting source 

inheritance. Recrystallised rims of older zircon populations at 580 Ma together with the youngest 

zircon and monazite grains from 580–570 Ma constrain a maximum time limit for metamorphism of 

sample MFC22. Although the precise age related to the metamorphism of this sample remains 

unknown, we suppose that the timing of peak P-T conditions was contemporaneous to metamorphism 

of units from the eastern domain with similar P–T estimates (ca. 575–560 Ma; Richter et al., 2016). 

5.7.3 P–T–t evolution of the Araçuaí orogen 

We integrated P–T estimates from phase equilibria modelling with U–Pb zircon and garnet 

ages to reconstruct the P–T–t evolution of the Araçuaí orogen. We make the assumption that the 

lithological units from the central domain and the eastern domain shared a common metamorphic 

history for the following reasons: 

1 Detrital and inherited zircon ages of various units from both domains indicate a common source. 

Zircons from metasedimentary rocks of the central domain display age populations from 900–650 

Ma similar to migmatitic metapelites of the eastern domain, and consistent with deposition during 

rifting stages prior to the onset of orogeny (Richter et al., 2016; Schannor et al., 2018). The same 

age populations were reported for inherited zircons of anatectic granitoids in the eastern domain 

(Melo et al., 2017b). Units of the eastern domain record, however, zircons sourced from early 

magmatic stages of the orogen (630–600 Ma) suggesting they were deposited more proximal to a 

magmatic arc compared to metasedimentary rock protoliths of the central domain. 
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2 The timing of metamorphism in both domains is contemporaneous. Combined garnet, zircon and 

monazite U–Pb ages of the central and eastern domains overlap at 575–570 Ma, whereas peak 

conditions may have been reached slightly earlier in the central domain. 

3 Peak metamorphic conditions of metapelites from the central domain and anatectic granitoids 

from the eastern domain define a slope that is consistent with a geothermal gradient of 28–30 

°C/km (Fig. 5.14) indicating a similar burial history. 

The combination of metamorphic estimates and U–Pb dating of garnet and accessory phases 

from metasedimentary rocks and anatectic granitoids of both domains results in a clockwise P–T path 

that defines three distinct stages. The first stage involves burial of metasedimentary rocks to a depth of 

~30 km resulting in amphibolite-grade metamorphism in the central domain and granulite-grade 

metamorphism and partial melting in the eastern domain at ca. 575 Ma (Fig. 5.14). Burial rates 

calculated from maximum sedimentation ages and peak metamorphic ages range from 0.75–0.85 

km/Ma (Richter et al., 2016; Schannor et al., 2018) and suggest slow burial, consistent with global 

burial rates in convergent settings at the Proterozoic–Phanerozoic transition (Nicoli et al., 2016). Peak 

metamorphism is followed by nearly-isothermal decompression from ~10 to 6–6.5 kbar (Fig. 5.14). 

Evidence for decompression is abundant in migmatitic metapelites of the eastern domain where it is 

indicated by cordierite reaction rims around garnet and as pseudomorphs after garnet (Richter et al., 

2016). Decompression was accompanied by hydrous mineral-breakdown fluid-absent partial melting 

producing melt volumes of <5 % (Richter et al., 2016). This is further supported by the mineral 

assemblage of sample MFC22, which yielded pressures of ~6 kbar but was reported as high-pressure 

assemblage in other studies involving nearly isothermal decompression (e.g. Carlswell & O’Brien, 

1993; O’Brien & Rötzler, 2003). There is no precise time constraint for exhumation. The youngest 

zircon and monazite U–Pb ages related to decompression melting of migmatitic metapelites at ~560 

Ma (Richter et al., 2016) suggests, however, that exhumation was relatively fast subsequent to peak 

metamorphism. Subsequent syn- to post-decompression cooling was constrained to occur prior to 

~520 Ma (Richter et al., 2016). The shape of the described P–T path involving crustal thickening, 

isothermal decompression and cooling is consistent with a continental collision orogenic setting. 

5.7.4 Origin of the crustal heat in different domains: mantle heat flow vs. 

radiogenic heat 

Supracrustal rocks of the central domain record peak temperatures at ca. 585–570 Ma that are 

about 150 °C lower compared to those of the eastern anatectic domain at slightly lower to similar 

pressure conditions (Fig. 5.14). To assess why metasedimentary rocks of the central domain did not 

reach granulite-facies conditions, potential heat sources are discussed below. 

In the literature, the main model for heat sources during the continental collision stage of the 

Araçuaí orogen are slab break-off and the ascent of a mantle plume (Gradim et al., 2014; Bento dos 
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Santos et al., 2015; Tedeschi et al., 2016). Models that involve an increasing heat flow from the 

mantle will most likely be accompanied by mass transfer, i.e. intrusion of mafic magmas beneath or 

into the base of the crust. Mafic magmatism in the Araçuaí orogen is restricted to rare norite intrusions 

in the central domain during early orogenic stages (620–580 Ma) and gabbroic intrusions at late 

orogenic stages from 520–500 Ma (De Campos et al., 2016; Tedeschi et al., 2016). Isotopic studies of 

noritic intrusions and mafic enclaves within granitoids in the central domain show that mafic magmas 

were derived from partial melting of Paleoproterozoic amphibolitic lower crust with insignificant 

contribution of mantle melts (Gonçalves et al., 2016; Schannor et al., in prep.). Late orogenic mafic 

intrusions were related to lithospheric extension due to gravitational collapse of the orogen, after 

significant thickening (De Campos et al., 2016). Due to the lack of mafic intrusions in the anatectic 

domain and the geochemical evidence it is, therefore, unlikely that mantle heat flow through mass 

transfer was responsible for orogenic heating. 

At first glance, abnormal mantle heat within a back-arc basin setting appears convenient. In 

such a configuration, the central domain would represent a cold fore-arc and the eastern domain would 

represent a former thin back-arc lithosphere, a preferential site for crustal thickening and orogenesis 

during continental collision (Hyndman et al., 2005). In this model, the high temperatures recorded in 

the continental crust could be explained by a rapid upward convective heat transfer beneath thin 

lithosphere, driven by the downgoing oceanic plate and further enhanced by water released from the 

slab to the mantle wedge (Currie et al., 2004; Hyndman et al., 2005). However, it is debatable if such 

a subduction zone back-arc setting is applicable to the Araçuaí orogen. Although there is evidence for 

the opening of an oceanic basin (Pedrosa-Soares et al., 2001; Schannor et al., 2018), oceanic crust 

formation might have been limited (Meira et al., 2015). Subduction triggered calc-alkaline I-type 

granitoid magmatism at ca. 630 Ma (Pedrosa-Soares et al., 2011; Gonçalves et al., 2016; Tedeschi et 

al., 2016), but was likely short considering the “confined” orogenic model (Pedrosa-Soares et al., 

2001), which limits the amount of convergence (Fossen et al,. 2017). Thus, subduction was too short 

to allow extreme crustal thinning of the back-arc region. Furthermore, termination of subduction is 

followed by rapid decline of mantle wedge convection within a few tens of millions of years, causing 

the heat flow to decrease (Hyndman et al., 2005). Considering that subduction in the Araçuaí orogen 

began at ca. 630 Ma and was short-lived, mantle heat within the back-arc region could only be a minor 

heat source for partial melting of the crust at ca. 570 Ma. 

Recently, Fossen et al. (2017) suggested that decay of radioactive heat producing elements 

(HPE) might have been a major heat source in the Araçuaí orogen. It has long been recognised that the 

contribution of heat producing elements (U, Th and K) in thickened crustal columns can significantly 

increase temperatures by radioactive decay, causing crustal anatexis (England & Thompson, 1984; 

Huerta et al., 1998; Gerdes et al., 2000; Clark et al., 2011). Numerical modelling suggests that crust 

significantly enriched in HPE and deeply buried or containing moderate concentrations of HPE and 
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staying buried for ~60 Ma can even reach ultrahigh temperature conditions >900 °C (McKenzie & 

Priestley, 2008; Lexa et al., 2011; Clark et al., 2015). Temperatures required for dehydration melting 

and observed peak conditions of the eastern anatectic domain of the Araçuaí orogen (~850 °C) can be 

reached within 20–40 Ma when concentrations of HPE were elevated and the crust was thickened by 

at least 50 % relative to its original thickness (Patiño Douce et al., 1990; Clark et al., 2015). This time 

constraint is consistent with the duration from the onset of thickening to peak metamorphism as 

indicated by our estimates of burial rate. Heat producing elements are preferentially concentrated in 

felsic upper crust and immature sediments, which will dominate the distribution of HPE within a 

crustal section (Patiño Douce et al., 1990). The pre-orogenic basin of the eastern domain was a 

deposition site for greywacke sourced from a magmatic arc (Gradim et al., 2014; Richter et al., 2016). 

It is therefore reasonable to assume that upon crustal thickening, these metagreywackes constituted an 

HPE-enriched interval of the crustal section and a fertile source for peraluminous granitoid formation 

by fluid-absent partial melting. In contrast, the crustal section of the central domain is dominated by 

mafic to intermediate igneous rocks and metasedimentary rocks, which contain a significant 

contribution of mafic/intermediate volcanics in their source (Schannor et al., 2018). These lithologies 

display lower values of heat production compared to metagreywackes of the eastern domain (Vilà et 

al., 2010). The difference in peak temperatures between the two domains is thus related to differences 

of initial lithology in their crustal profiles. 

Clark et al. (2015) recently suggested that ultrahigh temperature conditions temporally 

correlating with supercontinent amalgamation might be related to redistribution of HPE during 

supercontinent cycles. The Araçuaí orogen involves collision of rifted continental margins, i.e. thick 

sedimentary packages on thinned crust and lithosphere and thus an ideal site to concentrate HPE. 

Neoproterozoic orogens that formed during the assembly of the Gondwana supercontinent extend for 

~3000 km to the South of the Araçuaí orogen and they share common thermal and tectonic histories 

(Bento dos Santos et al., 2015). This suggests that reworking of HPE within these collisional orogens 

during Gondwana amalgamation was a major heat supply to their long-term high thermal history. The 

decrease of burial rates in convergent settings from the Archean to the Phanerozoic (Nicoli et al., 

2016) indicates that the incubation time of HPE in thickened crust during continent-continent collision 

will have increased. Thus, heat production from radioactive elements may have become a more 

important heat source for crustal reworking at convergent settings during Earth history. 

5.7.5 Tectonic implications 

We demonstrated that the central and eastern domains of the Araçuaí orogen preserved 

different peak P–T conditions that can be linked to one common clockwise P–T loop (Fig. 5.14). 

Subsolidus estimates for supracrustal rocks at mid-crustal levels of the central domain contradict 

extensive partial melting of the middle crust of the entire internal crystalline part as suggested in hot 

orogen models (Vauchez et al., 2007; Petitgirard et al., 2009; Cavalcante et al., 2014; Fossen et al., 
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2017). Melting of the middle crust was rather restricted to the eastern domain. The “nutcracker” 

tectonic model in a confined orogenic setting (Alkmim et al., 2006; Pedrosa-Soares et al., 2001, 2011) 

involves long-term subduction of oceanic crust and asthenospheric upwelling as heat sources, which is 

not consistent with the heat supply discussed in this work. Therefore, we suggest a hybrid model 

where convergence between the São Francisco and Congo cratons invoked burial of thick sedimentary 

packages enriched in HPE. Whereas limited oceanic crust subduction might have induced granitoid 

magmatism in the central domain, higher abundances of HPE in the crustal column of the eastern 

domain led to extensive partial melting. Partial melting of lower to middle crust in the eastern domain 

produced high melt fractions of 12–34 vol.% accompanied by significant melt loss (Melo et al., 

2017a). Melt loss as diapiric ascent of partially molten crust involves decompression rates that are 

consistent with a nearly isothermal decompression path as depicted in our compiled P–T loop 

(Norlander et al., 2002; Whitney et al., 2004). This suggests exhumation processes similar to 

metamorphic core complexes (Calvert et al., 1999; Norlander et al., 2002), which is consistent with 

structural features at contacts of the eastern domain (Melo et al., 2017b), and would explain the 

juxtaposition of high-grade and medium-/low-grade metamorphic rocks in the internal part of the 

Araçuaí orogen. 

5.8 CONCLUSION 

Phase equilibria modelling coupled with in situ low-U (<1 µg/g) garnet U–Pb geochronology 

constrains upper amphibolite facies P–T conditions of 640 ± 20 °C and 8.75 ± 0.75 kbar at 585–570 

Ma for supracrustal rocks of the central domain of the Araçuaí orogen in SE Brazil. Combining these 

results with previously reported metamorphic estimates of the eastern domain defines a clockwise P–T 

evolution of the orogen characterized by slow burial to depths of 26–30 km, followed by nearly 

isothermal decompression from ~10 to 6 kbar. An apparent offset in peak temperatures between the 

central domain and the eastern domain of ~150 °C is consistent with differences in initial lithology of 

crustal sections causing a higher concentration of heat producing elements in the eastern domain, 

which favoured higher peak metamorphic temperatures and anatexis. In view of recent petrological 

and regional geology studies (Bento dos Santos et al., 2015), our results suggest that heat producing 

elements were a significant heat source for crustal recycling during West Gondwana amalgamation 

and indicate that they might have become a more important heat source at convergent settings during 

Earth history when burial rates decreased and residence time of buried supracrustal rocks increased. 
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CHAPTER 6 
GENERAL CONCLUSIONS 

6  

This project aimed to study the evolution of the Araçuaí orogen (SE Brazil) from early rifting 

stages separating the São Francisco–Congo protocontinent, to their collision during the formation of 

the West Gondwana supercontinent. Crustal reworking and heating processes associated with 

continental collision were investigated via a combination of field work, petrography, mineral and 

whole rock chemistry, zircon U–Pb–Hf isotope analyses, garnet in situ U–Pb geochronology and 

phase equilibria modelling. The findings and conclusions from this thesis, presented in chapter 3, 4 

and 5 are synthesised below. 

Detrital zircons of metasedimentary rocks from the central domain of the Araçuaí orogen were 

studied in order to constrain their provenance. Protoliths to metasedimentary rocks were deposited in 

an ocean or intra-oceanic arc basin distal to the continent with a maximum depositional age of ca. 650 

Ma. Detrital zircons of the metasediments are Neoproterozoic in age displaying a major population 

from 650–900 Ma with strongly positive εHf(t) values. The potential source rocks are represented by 

rift-related magmatism and oceanic crust formation in the Araçuaí orogen. Further potential 

contributions from juvenile arcs and oceanic crust assemblages of the adjacent Ribeira and Dom 

Feliciano belts to the south of the Araçuaí orogen are possible. We propose that the protoliths of the 

metasedimentary rocks were deposited in an extensional setting that testifies to the break-up of the São 

Francisco–Congo protocontinent, which formed during accretionary orogenic events in the 

Paleoproterozoic. Transition to convergence led to accreation of the terrane that included the 

metasedimentary rocks to the Paleoproterozoic basement. An accretion-related regional metamorphic 

event invokes zircon recrystallisation at ca. 630 Ma. Correlation in age and zircon Hf isotopic and 

trace element composition from several orogenic belts adjacent to the Araçuaí orogen suggests that a 

mantle plume caused synchronous rift-related magmatism evidencing the onset of final break-up of the 

São Francisco – Congo craton and adjacent cratonic blocks at around 900 Ma with a peak at ca. 750 

Ma. This further implies that the involved cratonic blocks (Congo–São Francisco, Rio de la Plata, 

Kalahari) were connected as early as 900 Ma, which should be addressed in Paleogeographic 

reconstruction models. 

Zircon from pre-collisional granitoidal and noritic intrusions and Paleoproterozoic migmatitic 

gneisses from the Araçuaí orogen were analysed in order to characterise their Hf isotopic composition 

to evaluate their source and the crustal evolution during West Gondwana assembly. Paleoproterozoic 

migmatites represent addition of juvenile crust at ca. 2.2–2.0 Ga evidenced by their positive zircon 

εHf values, which is consistent with the formation of juvenile oceanic and continental arcs at that time. 

Pre-collisional granitoids display a large range of unradiogenic Hf isotopic compositions that can be 
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explained by reworking and inefficient mixing of felsic and mafic Paleoproterozoic sources. Zircon 

grains of mafic intrusions contemporaneous to the pre-collisional granitoids display similarly enriched 

Hf isotopic compositions consistent with melting of Paleoproterozoic amphibolites rather than 

addition of mantle melts. Thus, the assembly of West Gondwana resulted in large-scale crustal 

reworking. 

Phase equilibria modelling coupled with in situ low-U (<1 µg/g) garnet U–Pb geochronology 

constrains upper amphibolite facies P–T conditions of 640 ± 20 °C and 8.75 ± 0.75 kbar at 585–570 

Ma for supracrustal rocks of the central domain of the orogen. Combining these results with 

previously reported metamorphic estimates of the eastern domain defines a clockwise P–T evolution 

for the orogen characterised by slow burial to depths of 26–30 km, followed by nearly isothermal 

decompression from ~10 to 6 kbar. An apparent offset in peak temperatures between the central 

domain and the eastern domain of ~150 °C is consistent with differences in initial lithology of crustal 

sections causing a higher concentration of heat producing elements in the eastern domain, which 

favoured higher peak metamorphic temperatures and anatexis. In view of recent petrological and 

regional geology studies, our results suggest that heat producing elements were a significant heat 

source for crustal reworking during West Gondwana amalgamation and indicate that they might have 

become a more important heat source at convergent settings during Earth history when burial rates 

decreased and residence time of buried supracrustal rocks increased. Nearly isothermal decompression 

as depicted in our compiled P–T loop suggests exhumation processes similar to metamorphic core 

complexes. We propose that the eastern domain of the Araçuaí orogen probably developed as a 

metamorphic core complex, which is more consistent with the juxtaposition of high-grade and 

medium-/low-grade metamorphic rocks in the internal part of the orogen compared to other 

suggestions such as development of a hot orogen involving extensive partial melting of the middle 

crust. 
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Appendices 
Appendix A1 – Summary of zircon U–Pb age data of Rio Doce Group samples and reference 

materials. (Electronic appendix)  
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Appendix A2 – Zircon Lu–Hf isotope data of samples and standards. (Electronic appendix)  
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Appendix A3 – Zircon trace element data of samples and standards and whole rock data. 

(Electronic appendix)  
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Appendix B1 – Summary of zircon U–Pb age data of Granitoid, Gabbronorite and 

Paleoproterozoic basement samples and reference materials. (Electronic appendix)  
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Appendix B2 – Zircon Lu–Hf isotope data of samples and reference materials. (Electronic 

appendix)  
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Appendix C1 – Electron microprobe data of minerals from all samples. (Electronic appendix)  
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Appendix C2 – LA-ICP-MS trace element data of garnet and reference materials. (Electronic 

appendix)  
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Appendix C3 – LA-ICP-MS U–Pb data of garnet, zircon, monazite and reference materials. 

(Electronic appendix)  
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Appendix C – Supporting figures for in situ U–Pb garnet geochronology: 

 

 

Figure C1 – Tera-Wasserburg diagram for U–Pb data of Mali garnet. 
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Figure C2 – Tera-Wasserburg diagram for U–Pb data of garnet from Ida dome, Namibia 
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Appendix C – Supporting figures for phase equilibria modelling: 

 

 

Figure C3 – P–X pseudosection for sample POC3A. 
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Figure C4 – P–X pseudosection for sample POC28. 
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Figure C5 – P–X pseudosection for sample MFC16A. 
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Figure C6 – P–X pseudosection for sample MFC16B. 
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Figure C7 – P–T pseudosection of sample MFC22 with Ca content and mode isopleths for garnet, plagioclase 
and clinopyroxene. 
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Appendix C – Supporting figures for zircon and monazite U–Pb geochronology: 

 

 

Figure C8 – Concordia diagram for zircon of sample MFC22 and representative CL images. 

 

 

Figure C9 – Weighted mean average diagram for monazite of sample MFC22 and representative BSE images. 
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Figure C10 – Weighted mean average diagram and concordia diagram for monazite of sample MFC16 and 
representative BSE images. 
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