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Abstract 

The allochtonous domain of the Neoproterozoic Araçuaí belt involves large amounts of 
magma, widespread partial melting, granulitic facies and high geotherm, characterising this 
belt as a hot orogen. The Galiléia tonalitic suite, emplaced within host metasediments and 
deformed at magmatic state, represents a huge batholith that strongly influenced the 
mechanical behaviour of this middle crust. The anisotropy of magnetic susceptibility (AMS) 
measured through this batholith and used as a petrofabric proxy, combined to a detailed 
magnetic mineralogy investigation, permitted to characterize the paramagnetic behaviour of 
the Galiléia suite and therefore to highlight a complex 3D strain deformation. The observed 
structures developed within the viscous magma resulted from a combination of tangential 
tectonics induced by the compression, and gravitational forces arising from the load of the 
overlying crust. The kinematics of the batholith is compatible with that already described for 
ductile rocks of hot orogens. U/Pb dating on zircons and monazites together with 40Ar/39Ar 
dating on amphiboles, muscovites and biotites permitted to define the thermal evolution of the 
Galiléia batholith and its host metasediments and constrain the timing of the deformation. The 
Galiléia batholith emplaced during an important magmatic, tectonic and thermal event at ~580 
Ma. Temperature remained high during the first ~50 Ma of the thermal evolution, promoting a 
seemingly constant deformation of the batholith at magmatic state during several tens of 
millions years. Such high temperature conditions and stable deformation kinematics during 
protracted periods of time are supposed to be characteristic of hot orogen. The slow cooling 
rate of ~10°C/Ma evidenced after ~500 Ma probably indicate a very slow exhumation 
probably only conducted by erosion. 
 

 

Resumo 
A faixa Araçuaí, de idade neoproterozóica, caracteriza-se por apresentar em seu 

domínio alóctone, uma grande quantidade de intrusões magmáticas, uma crosta parcialmente 
fundida e rochas de facies granulítica, características de uma geoterma elevada, configurando 
trata-se de um orógeno quente. A suíte tonalítica Galiléia, alojada em metassedimentos, 
deformada no estado magmático, representa um grande batólito que influenciou de maneira 
significativa o comportamento mecânico desta crosta mediana. A Anisotropia de 
Suscetibilidade Magnética  (ASM) medida nesse batólito e usada para um estudo de 
petrotrama, combinado com uma investigação detalhada sobre a mineralogia magnética, 
permitiu caracterizar o comportamento paramagnético da Suíte Galiléia e, adicionalmente, 
trazer informações sobre uma deformacão complexa em 3D. As estruturas observadas se 
desenvolveram em um magma viscoso resultado de uma combinação da tectônica tangencial 
induzidas por compressão e forças gravitacionais devido ao peso da crosta sobrejacente. A 
cinemática do batólito é compatível com aquela descrita para as rochas dúcteis da faixa. 
Datações U/PB em zircões e monazitas e 40Ar/39Ar em anfibólios, moscovitas e biotitas 
permitiram definir a evolução termal do batólito Galiléia e de seus metassedimentos 
hospedeiros e trazer informações sobre o período deformacional. O batólito Galiléia colocou-
se durante um importante evento magmático, termal e tectônico a ∼ 580 Ma. A temperatura 
permaneceu alta durante os primeiros ∼ 50Ma da evolução termal, promovendo uma 
deformação quase constante do batólito no estado magmático durante várias dezenas de 
milhões de anos. Tais condições de alta temperatura e cinemática deformacional, estável 
durante períodos prolongados de tempo, são característicos de orógenos quentes. A taxa de 
resfriamento vagarosa de ∼ 10°C/Ma sugere que após ∼500Ma a taxa de exumação foi muito 
lenta, provavelmente ocasionada apenas pela erosão. 
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Introduction 

Introduction 

 

Orogenesis, the “mountain formation”, is probably one of the most complex tectonic 

processes, combining many aspects of the geology such as magmatism, metamorphism, and 

deformation. Increasing knowledge on the structuration of the Earth, and especially the 

rheology and dynamics of the most external layer that is the lithosphere, permitted to consider 

orogens as dynamical objects resulting from the succession of various geodynamical 

processes. Whether for collisional orogens, accretionary orogens or even for extensive 

systems, the nowadays accepted theory of plate tectonics (Wegener, 1912; Wilson, 1966) 

permits to explain most of the structures observed in terms of tangential tectonic (Dewey et 

Bird, 1970; Condie, 1989 in Burg et Ford, 1997). 

The way a collisional orogen is built is highly dependent of the thermal profile of the 

lithosphere involved. Indeed, the temperature highly influences the rheology of the rocks, 

which it-self determines the mechanical behaviour of the lithosphere. Therefore, depending on 

the mechanical behaviour of the rocks involved in the orogenesis, the mechanisms of 

deformation occurring can be significantly different. Another important feature in orogenic 

building is the presence or not of magma. It has been shown that the presence of melt in a 

rock can highly modify the behaviour of the rock/magma assemblage during a deformation. 

Consequently, in function of these two factors, thermal state of the lithosphere and presence 

or not of magma, the dynamics of the orogenic construction can highly differ from an orogen 

to another. 

The recent detection of probable large quantities of partially molten or magmatic bodies 

below the current Himalaya plateau and the Central Andes Cordillera (for instance, Dorbath 

& Masson, 2000; Unsworth et al., 2005) generated a great interest of the geologists for the 

study of partially molten crust involved in a continental collision. Such a partially molten 

level might have important consequences on the mechanical behaviour of the crust during the 

evolution of the collisional orogen. The questions of how the deformation is accommodated in 

such partially molten middle crust and how it affects the strain/stress transmission across the 

lithosphere is frequently debated. 

In many worldwide orogens, the presence of granulitic rocks indicates that these orogens 

are characterized by a high geothermal gradient, characterising them as 'hot orogens'. 

Numerous of these exhumed orogens currently show a middle crust that has been widely 

intruded by large amounts of magma or that underwent large degree of partial melting. Such 



2 
Introduction 

characteristics would lead to an important weakening of the hot lithosphere and this one 

would be enable to sustain the load of high topographies (England and Bickle, 1984; Rey et 

al., 2001). In this way, the gravity would get a significant importance in the structuration of 

such partially molten crusts and in areas that underwent crustal thickening, the thickened 

orogenic crust may flow under its own weight (Coney and Harms, 1984; Dewey, 1988; 

Molnar and Lyon-Caen, 1988). Therefore, in such orogens, the tectonic structures would 

result from the combination of tangential tectonics related to plate tectonics and gravity 

forces. 

Studies of these hot orogenic domains (Martelat et al., 2000; Chardon, 2003; Vauchez et 

al., 2007; Goscombe and Gray, 2008; Gebelin et al., 2009; Schmidt et al., 2009) highlighted 

complex deformations involving combination of channel flow, channel doming and thrusting. 

In most of the belts, the presence of vertical shear zones between the domains characterized 

by different kinematics permits the accommodation of the bulk heterogeneous deformation. 

This implies a partial coupling between the different structural patterns. Determination of the 

chronology of the different structural patterns observed in hot orogens is crucial to understand 

their dynamics. 

In this present work, we focus on such a hot orogen where very large amount of magma 

were emplaced and deformed before their solidification. The objective of this work is to 

characterize the structural and thermal evolution of a partially molten crust through space and 

time and to constrain the effects of the rheological variations due to the injection and 

solidification of large volumes of magma. For this, we studied the Araçuaí belt, a 

Neoproterozoic collisional belt located in south-eastern Brazil. This belt resulted from the 

amalgamation of the Western Gondwana. As the orogens previously mentioned, the Araçuaí 

belt is characterized by an allochtonous domain involving large volumes of magma, 

widespread partial melting and a high geotherm and can consequently be regarded as a hot 

orogen. 

In the structural study, the first objective is to obtain a detailed characterisation of the 

different structural patterns of the orogenic segment. This is performed by measuring the 

Anisotropy of Magnetic Susceptibility (AMS) of samples collected through the studied area. 

To check if magnetic fabric obtained from AMS can be used as a proxy of the petrofabric, we 

performed a detailed rock magnetism investigation. The second objective is to verify whether 

the structural patterns observed are coeval or not. We performed U/Pb datations on samples 

from the different structural regions. 
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The objective of the geochronological study is to characterize its thermal history and to 

constrain the cooling of the magmatic bodies involved. We deduce the rheological evolution 

of the magmatic bodies and constrain the timing of the deformation that affected these bodies 

while they were in a magmatic state. Results are discussed at the end of this chapter. 
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I.1. Rheology of the continental lithosphere 

The lithosphere represents the superficial part of the Earth and is divided in different plates 

of variable size. These plates can move horizontally, following the currently accepted plate 

tectonic theory, initiated by Wegener (1912). The translational motions of the lithospheric 

plates result in convergent, divergent or transform-fault boundaries between these plates. 

These boundaries are subject to important stress and deformation which style depends on the 

nature and characteristics of the lithosphere involved. In this works, we are interested in 

convergent continental plates and consequently, a presentation of the continental lithosphere 

is made with an introduction to the parameters that control the deformation and the tectonic 

style of this lithosphere. 

 

I.1.a Generalities 

The continental lithosphere includes the continental crust and part of the upper mantle, 

which are separated by the Mohorovicic discontinuity, the Moho (Figure I.1.1). The thickness 

of the current continental lithosphere varies from < 120 km below extended regions to 

probably > 200 km below the cratons. The continental crust that constitutes the upper part of 

the lithosphere has an average thickness of 30 km but can vary from ~15 km in regions of 

extension to 60 km in orogenic domains. This continental crust has a heterogeneous 

composition, predominantly granitic to granodioritic. Indeed, in a stable continental 

lithosphere, the upper crust is mainly composed by sedimentary and/or volcanic rocks. The 

middle crust is composed by rocks of moderate metamorphism and intrusive granitoids, and 

the lower crust is mainly made of high grade metamorphic rocks such as granulites and 

intrusive rocks. The lower limit of the crust is marked by the Moho that represents a 

compositional discontinuity between the crust and the mantle. This upper mantle is mainly 

composed by peridotites. The limit of the continental lithosphere at depth is not compositional 

but is defined by an isotherm that was estimated at ~1300°C (Turcotte and Schubert, 1982). 

The thermal lithosphere would correspond to the passage from a conductive geotherm to a 

convective geotherm. In terms of rheology, the inferior limit of the lithosphere is defined by a 

rheological transition characterized by a important decrease in strength, probably due to the 

passage to a quasi viscous behaviour. Such a transition may be less than 1300°C. Actually, the 

lithosphere-asthenosphere boundary corresponds to a change of rheological behaviour due to 

the increase in temperature and pressure at depth. 
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I.1.b Basic rheologies 

The rheology of a material describes the response of this material to an applied force/stress 

and depends on various parameters such as composition, strain rate, water content, pressure or 

temperature, themselves varying with depth. Consequently, the rheology of the lithosphere 

evolves with depth, and for this reason the types of deformation occurring in response to a 

stress are different in function of the depth. Among the different parameters that the control 

the rheology, temperature is considered as one of the most influent. Nevertheless, 

experimental studies on the rheology of geological materials highlighted the existence of 

various rehological behaviours (Byerlee, 1978 ; Kirby, 1985 ; Evans et Kohlstedt, 1995 ; 

Kohlstedt et al., 1995) that can be described as resulting from the combination of two main 

endmembers, the brittle behaviour and the ductile behaviour. 

At low temperature and low pressure, rocks have an elastic behaviour. The deformation 

undergone by a rock during application of a small stress is reversible when this stress is 

released (Figure I.1.2, linear and proportional portion of the brittle strain-stress curve). This 

behaviour is valid until a certain threshold, above which is the failure and the deformation is 

 
Figure I.1.1: Sketch representing the continental lithosphere in a stable context, i.e. not during a tectonic or 

thermal event. (from Cagnard, 2005).  
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no longer reversible (Figure I.1.2, vertical portion of the brittle strain-stress curve,). This 

behaviour is qualified as brittle and is described by the Mohr-Coulomb failure criterion 

(Coulomb, 1776; Turcotte and Schubert, 1982; Ranalli 1995): 

 

(1) ( ) Cφtan στ +=  where τ is the shear strength and σ is the normal stress. C and φ are 

the cohesion and the angle of internal friction, respectively, and are parameters 

characteristic of each rock. 

 

In a medium already fractured, the strength needed to reactivate a fault plane is defined by 

two empiric law (Byerlee, 1978), independent of the nature of the rock involved: 

 

(2) 0.85στ =  for σ inferior to 200 MPa 

(3) 0.6σ60τ +=  for σ superior to 200 MPa 

 

At higher temperature and pressure, the rheological behaviour of the rock is modified. The 

elastic behaviour still exists at low stress but the material no more fail at high stress (Figure 

I.1.2). Instead, the deformation induced is accommodated by a reorganisation of the rock at 

the lattice scale, by mechanisms of solid-state deformation such as grain boundary migration 

by dislocation creep or by element diffusion. At stress constant, this results in a continuous 

deformation by creep (horizontal portion of the ductile stress-strain curve,Figure I.1.2). 

However, failure can occur at high deformation rate. This behaviour is described by a power 

law that links the deformation rate to the stress applied (Kirby & Kronenberg, 1987; Carter 

and Tsenn, 1987): 

 

(4)           where    is the strain rate, σ the stress, R the ideal gas 

constant, T the temperature, Q the activation enthalpy and A a constant related to the 

material. n can vary between 1 and 5.3. 

 

 

 

Figure I.1.2 : Strain-stress curves for 

the mean rheological behaviours. 
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This equation permits to define the strength of a rock, which is directly dependent of the 

composition of the rock, characterized by the terms A, n and Q, but especially of the 

temperature and the deformation rate. Thereby, in a simple version of the creep law, the 

temperature and the deformation rate are considered as the two main parameters that define 

the rock strength. 

These behaviour laws permits an estimate of the the strength of the continental lithosphere, 

along a vertical section. A rheological section can be constructed considering a stable 

lithosphere with a fixed geothermal gradient linear 20 °C/km, and a low constant strain rate of 

10-15/s. The Byerlee law is frequently used through the entire lithosphere for the construction 

of rheological section and can leads to the misconception of a brittle behaviour for the upper 

mantle. However, the very low frequency of earthquakes within this upper mantle would 

indicate that this part of the mantle is not brittle. Nevertheless, for the lower part of the crust 

and for the mantle, the strength of ductile material is determined in function of the dominant 

mineral of the considered layer. For a simple construction of rheological section, the quartz is 

typically used for the crust and the olivine for the mantle (Figure I.1.3, A). The resulting 

global strength of the lithosphere corresponds to the integral of the strength on the thickness 

of each considered part (Figure I.1.3, B). This rheological section reflects the natural change 

of rheology of the lithosphere with depth. Indeed, we observe that for a stable lithosphere, the 

upper part of the crust have a brittle behaviour while in the lower part of the crust and in the 

 
Figure I.1.3 : Rheological profile for a normal, stable continental lithosphere with a normal thermal gradient of 

20°C/km and a strain deformation of 10-15/s. Rheology evolves with depth. Ductile behaviour is present in the 

middle and lower crust. 
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mantle, the behaviour is ductile. However, water content, the presence of magma, mechanical 

anisotropy or particular thermal conditions will modify the behaviour laws and this 

rheological section can vary greatly depending on the lithospheric conditions, and therefore 

according to the tectonic context.  

 

I.1.c Magma rheology 

Melts are widely present in the continental lithosphere. Since it has been shown that melt 

can reduce the strength of the continental crust by more than 50%, if its volume reaches 10% 

(Dell’Angelo and Tullis, 1988; Rosenberg and Handy, 2005), many studies were performed to 

determine its influence in the deformation. To do that, knowledge of the mechanical 

behaviour of the melt is needed.  

In few simplified cases, magma can be considered as Newtonian fluid (Shaw, 1972; Webb 

and Dingwell,1990; Dingwell et al.,1993; Dingwell, 1995; Scaillet et al., 1997-1998), i.e. as a 

ductile material with a very low viscosity (equation (4) with n=1). However, magmas are 

composed of a mixture of solids (minerals) and a melt and are consequently considered as a 

multiphase material. Characterization of such material is complex, since its viscosity depends 

on numerous parameters such as the composition of the melt and solids, the proportion of the 

solids (or melt), themselves depending on the temperature and pressure. The simplest way to 

apprehend the rheology of magmas is to consider the evolution of the magma strength in 

function of the proportion of the crystals in suspension in magma (Rutter & Neumann, 1995). 

 

• Solid continuity and liquid connectivity 

Solid continuity and liquid connectivity represent geometric threshold that are determinant 

in the rheology of magma (Figure I.1.4) (Maaløe, 1982). During the partial melting of a rock, 

the first threshold reached is the liquid connectivity. With the melting, pockets of melt are 

created and they progressively grow until being connected with each other. When connected, 

the liquid connectivity is reached and permits the migration of the melt. Increasing volume of 

these pockets leads progressively to the diminution of the solid framework, until the second 

threshold, the solid continuity. Above this threshold, there is no more continuity of the solid 

framework and the initial partially molten rock is then considered as the magma formed by 

solids/crystals in suspension in a melt (Wickham, 1987; Sawyer, 1994; Vigneresse et al., 

1996; Vanderhaeghe, 2001). Inversely, during the cooling and crystallisation of magma 

(Figure I.1.4), available volumes for melt progressively decrease, due to the increasing 
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volume of crystallised minerals, until a solid framework forms. This transition is crucial 

during a deformation since it marks the passage from the magmatic deformation to the solid-

state deformation during the crystallisation of magma. 

The rheology of the magmas is directly linked to the geometric thresholds described here 

and can be consequently considered as a function of the melt/crystals fraction. 

 

• Rheology 

The figure I.1.5 shows the evolution of the strength of magma in function of the melt 

fraction. On one side, where melt fraction is null, the rheology of the rock is that of a ductile 

to viscous material, dependent on the temperature and strain rate (section I.1.b). On the other 

side, where melt fraction equals 100%, the rheology of the magma is that of a Newtonian 

fluid. This Newtonian “endmember” is a bit simplistic since some silicic magmas can have a 

visco-plastic rheology, permitting the failure in a magmatic state. Nevertheless, from one side 

to another, the strength of the material underwent a dramatic decrease of more than ten orders 

of magnitude (Cruden, 1990). Experiments performed to investigate the effect of melt fraction 

on viscosity suggested that it exists a “rheological critical melt percentage” for which the 

viscosity decreases drastically (Arzi, 1978). It has been suggested that this RCMP would 

correspond to the passage at the solid continuity threshold (Arzi, 1978; van der Molen & 

Paterson, 1979; Rutter & Neumann, 1995). However, Rosenberg and Handy (2005) recently 

 
Figure I.1.4: Evolution of the geometry of the partially molten rocks, during the partial melting and during the 

crystallisation showing the two determinant thresholds. (from Vanderhaeghe, 2009). Above: from a partially 

molten rock to a magma; Below: from a magma to a partially molten rock. 
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reinterpreted the experimental data of previous studies and suggested another explication of 

the drastic drop of strength and highlighted one more discontinuity (Figure I.1.6). The first, a 

major strength drop would correspond to the progressive increase of melt pockets within the 

rock until a melt fraction of ~7%. Then, a second modest discontinuity happens at 40-50 % of 

melt fraction and would correspond to the solid continuity threshold. 

Unfortunately, the rheological evolution of partially molten rocks is poorly constrained in 

dynamical conditions and during the cooling and crystallisation of magma. Based on the idea 

that the distribution of the melt in different in crystallising and melting rocks, it has been 

suggested that the rheology of melting rocks differs from that of crystallizing rocks 

(Vigneresse, 1996). However, the melt distribution would be controlled by the orientation and 

magnitude of the applied stress (Daines and Kohlstedt, 1997; Gleason et al., 1999). Under 

dynamical conditions, the melt connectivity is achieved for very low fraction of melt 

(Zimmerman et al., 1999; Kohlstedt, 2002; Holtzman et al., 2003) permitting the circulation 

and migration of melt through the material. This would allow a deformation in the magmatic 

state of a cooling magma until very low melt fraction. The transition from a magmatic state 

deformation to a solid state deformation would probably correspond to the drastic strength 

 
Figure I.1.5 : Strength and viscosity of magma in function 

of the melt fraction. RCMP: rheological critical melt 

percentage; CMF: critical melt fraction. (compiled data in 

Rosenberg and Handy, 2005) 

 
Figure I.1.6: Reinterpretation of the significance of 

strength drops of partially melted rocks (Rosenberg 

and Handy, 2005). MCT: melt connectivity 

transition; LST: solid-to-liquid transition. 
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variation at the “melt connectivity transition”. 

 

I.2. Partially molten crusts 

I.2.a Orogenic domains 

Literally, “orogens” describes a region of mountain building. Indeed, orogenic domains 

correspond to deformation zones where relief elevation and crustal thickening occur. 

Globally, it exists two kinds of orogens; the collisional and accretional orogens. Collisional 

orogens formed by the collision between two continental plates (Alps, Himalaya) while 

accretional orogens formed by the accumulation of exotic blocs such as island arc, 

microcontinents, accretionary prisms, against a continental margin. 

Orogenic terranes of the world are presented on Figure I.2.1, according to their age of 

formation. About 70% of the worldwide orogenic terranes are Precambrian, including 

Archean and Proterozoic belts, while only the 30% remaining are Phanerozoic (Figure I.2.1). 

This is due to the long duration of the Precambrian times, from 4.0 Ga to 542 Ma (Geological 

Time Scale 2009), which represents 85% of the geological times, while Phanerozoic covers 

only 15% of the geological times. Today, the Archean terranes constitute shield zones or 

 
Figure I.2.1 : Distribution and age of the orogens of the world. (from Burg and Ford, 1997) 
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cratons in most of worldwide regions. The Archean cratons are surrounded by the Proterozoic 

belts that formed later against these cratons. Finally, the “recent” Phanerozoic belts are 

located mainly at the limit between the actual tectonic plates. 

The widely accepted plate tectonics theory as a global tectonic model permitted to explain 

the formation and evolution of most of the Neoproterozoic and Phanerozoic belt (Dewey et 

Bird, 1970; Condie, 1989). Indeed, the concepts of lateral compression and horizontal 

displacements induced by the plate tectonics are consistent with the tectonic features that 

characterise the Neoproterozoic and Phanerozoic orogens. However, since an especially high 

geotherm is supposed for Precambrian and particularly for Archean times and that peculiar 

deformation modes have been observed in ancient Archean orogens, some authors suggested 

that the model of plate tectonics can not be extrapolated for such orogens (Hargraves, 1976; 

Wynne-Edwards, 1976; Hamilton, 1998). Even if today any global tectonic model has been 

validated for Archean time, the fact is that peculiar modes of deformation, different of that of 

the Phanerozoic belts, occurred in these ancient orogens. Nevertheless, the focus of this study 

is not to discuss the evolution of the global tectonics through geological time, but to discuss 

the dynamics of particular orogens that are present throughout the whole geological time. 

These orogens, qualified as “hot orogens”, are characterized by high geotherm that strongly 

influence their rheology and therefore their mechanic and structuration. Further on, we make a 

concise overview of the features of such hot orogens. 

 

I.2.b Partially molten crust 

Recent studies suggested that the middle crust beneath the present day continental plateaux 

developed in Himalaya (Tibet) and in the Central Andes Cordillera is abnormally hot and 

partially molten. Indeed, geophysical measurements suggested that in the Central Andes 

Cordillera, about 15-20 % of the middle crust located between 20 and 40 km depth, would be 

composed of magma, with a geotherm >30 °C/km (Giese, 1994; Wigger et al., 1994; Hamza 

& Munoz, 1996; Schilling et al., 1997; Schmitz et al., 1997, Dorbath & Masson, 2000). The 

middle crust beneath the Tibet plateau might involves a 1000 km long, 200 km wide and 10 

km thick layer of partially molten middle crust (Nelson et al., 1996; Alsdorf & Nelson, 1999; 

Mechie et al., 2004; Unsworth et al., 2005). These recent detections of partially molten middle 

crusts under the present day Himalaya and Andes Cordillera resulted in a renewed interest for 

the study of such “hot” crusts.  
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Numerous orogens involving important amounts of magma have been identified through 

the world, regardless of their age of formation. Therefore, this type of orogen is present 

during Proterozoic (Trap et al., 2007; Fritz et al., 2009), in the Neoproterozoic time, and 

especially the Pan African orogen (Martelat et al., 2000; Vauchez et al., 2007; Goscombe and 

Gray, 2008), during the Phanerozoic (Chardon, 2003; Gebelin et al., 2009; Schmidt et al., 

2009). These orogens are qualified as “hot orogens” and present thermally softened and 

ductile mid-crustal level. They all share high geotherms with large amounts of low viscosity 

melts involved within a stiffer crust, whether through emplacement of batholiths, by partial 

melting, or both. This important magmatism can represent an important crustal grow or a 

recycling of the lower crust. 

 

I.2.c Thermal state 

The thermal structure of the crust strongly influences the way this crust is deformed. 

Geotherms predicted from surface heat flow measurement in stable crusts are generally in the 

range of 10 to 20 °C/km (respectively corresponding to heat flux of 40 and 90 mW/m2) for the 

crustal part of the lithosphere, resulting in a steady increase of temperature with depth (Figure 

I.2.2). The gradient is not linear through the whole lithosphere and it decrease in the deeper 

mantellic part of the lithosphere. For current stable continental lithospheres, it is estimated 

that the temperature is about 550 °C at the Moho (Mc Kenzie et al., 2005). However, in 

orogenic domains, the geotherm is strongly disturbed and the values previously mentioned are 

no longer suitable.  

Hot orogens are defined by rocks of high temperature belonging to the granulitic facies, 

which characterizes rocks that have been submitted to high temperature (HT) and variable 

 

 

 

Figure I.2.2: Geotherm in the 

continental lithosphere. Two standards 

geotherm predicted from surface heat 

flow measurements (cold and hot) and a 

calculated quasi steady geotherm for 

high temperature terranes (Depine, 

2008) 
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pressure condition, from low to moderate. Consequently, geothermal gradients proposed for 

these high temperature terranes is generally high and variable, from 20 °C/km to very 

elevated value of 50-70 °C/km during the Archean to Paleoproterozoic (Fyfe, 1973; Davies, 

1979; Pinet et al., 1991; Condie, 1994). For Archean time, these extremely high gradients 

would be due to high temperature of the upper mantle (Thompson, 1984; Richter, 1985; 

Nisbet et al., 1993). Indeed, it is suggested that during the Earth history, the thermal gradient 

evolves from high values to those estimated today by heat flux measurement, due to a global 

diminution of heat production. The Earth would have had a greater amount of its primordial 

heat accumulated during its accretion (Smith, 1981) and a greater amount of long period 

radioactive elements such as U235, K40 or Th232. However, some author suggested that 

geothermal gradient in Precambrian orogens was not necessarily different from the 

Neoproterozoic and Phaneroizoic orogens, but comparable (Cheng et al., 2002; England and 

Bickle, 1984; Marshak, 1999). 

Nevertheless, low-pressure/high-temperature metamorphic belts with a high geotherm 

occur throughout the world, regardless of the age. A frequently suggested explanation for 

such high temperatures is the presence of anomalously high heat flow at the base of the crust. 

Since a common feature of these hot orogens is the presence of large amount of magmas, it 

has been also proposed that this widespread magmatism would provide an adequate advective 

heat source for granulitic terranes (Deyoro, 1991; Chardon, 1997; Michaut and Jaupart, 2007; 

Depine, 2008;). A compilation of worldwide high-temperature metamorphic terranes (Pattison 

et al., 2003) shown that these rocks can be present over a wide range of pressure and a 

relatively narrow range of temperature, approximately between ~700 and ~950 °C. Since this 

is not compatible with a linear extrapolation of the geotherm at large depth, it has been 

suggested that the high geotherm become quasi steady in the middle and lower crust (Figure 

I.2.2) (Depine et al., 2008; Whittington et al., 2009). Depine (2008) proposed that long-lived 

plutonism would result in a very high geotherm in the upper crust and a near isothermal 

geotherm in the middle and lower crust. Whittington (2009) suggested that the time needed to 

reach such geotherm can be reduced by the low thermal diffusivity of hot rocks, by retention 

of heat. 
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I.2.d Influence of melts 

As previously mentioned, melts strongly influence deformation, even for very small 

amounts.  For an initially ductile material where deformation is homogeneously distributed, 

the presence of melt results in a drastic change of the mechanical behaviour of the whole 

material (Figure I.2.3). The deformation is localized along a thin shear band, which also 

account for melt migration (Rosenberg and Handy, 2000). At larger scale, it is frequently 

suggested that melts weaken the crust, inducing large-scale localization of the deformation 

and decoupling (Hollister and Crawford, 1986; Handy, 1990). Examples have been described 

from transpressive and transcurent crustal shear zone where melts are associated with the 

deformation (Davidson et al., 1992; Vauchez and Egydio-Silva; 1992). 

In the cases of punctual synkinematic emplacements of small magmatic sills or small 

plutons within a stiffer upper crust, the structure of these bodies generally shows a 

consistency with their host rocks. Depending on the structure of their host rock, the structure 

of these small plutons can be horizontal, vertical or curved (Arriagada, 2003). Even if these 

 

 

 

 

 

Figure I.2.3 : Strain contour 

diagrams for a sample first 

deformed in solid state (stages 1, 2 

and 3) and then in presence of melt 

(stages 4, 5, 6 and 7). This 

illustrates the localisation of the 

deformation in the weaker melt 

(from Rosenberg and Handy, 

2000). 
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small plutons emplaced in the upper crust are relatively decoupled from their host rocks, they 

are still affected by the regional deformation. In this way, these magmatic intrusions are often 

studied as kinematic markers of the regional deformation (for instance: Bouchez and Gleize, 

1995; Djouadi et al., 1997; Gleize, 1998; Talbot et al.; Egydio-Silva et al., 2005; Horsman et 

al., 2005). Therefore, due to their relatively small extension, from few meters to few 

kilometers, these magmatic intrusions do not influence the whole behaviour of the crust and 

the structure of the whole belt is mainly controlled by the rheology of the host material. 

However, in crusts involving magmatic or partially molten units of several tens or hundreds of 

kilometers of extension, the whole behaviour of the crust in response to a deformation is 

poorly known. 

 

I.3. Modes of deformation 

I.3.a Localized versus distributed deformation 

Principally due to specific geotherm and therefore the rheology of the lithosphere of each 

orogen, the structures involved are diverse and the deformation is accommodated in different 

ways. The higher the geotherm is, the shallower is the transition between brittle and ductile 

behaviour (Ranalli, G., 1986). When the geotherm is low, rheological layers of the continental 

lithosphere are roughly the same as those previously estimated (Figure I.1.3) and strength of 

the lithosphere is relatively high. In this low temperature context, the deformation in the 

lithosphere will be mainly localised along few important structures (Figure I.3.3), which can 

affect the entire lithosphere (Davy et al., 1990; Davy et Cobbold, 1991).  

On the contrary, for some high temperature terranes, such as granulitic rocks, the geotherm 

is considered to have been at least > 30 °C/km (Figure I.2.2), resulting in a low strength of the 

lithosphere. Deformation of the lithosphere in such thermal context will result in a less 

effective localization (Figure I.3.1). Indeed, numerous small thrusting structures will be 

mainly present in the upper brittle crust, while the ductile deeper layers will accommodate the 

 
Figure I.3.1: Sketch of observed structures in analogical lithosphere in compression. a. for a stiff lithosphere and 

b. for a weak lithosphere. (In Cagnard, 2005; modified from Davy et al., 1990; Davy et Cobbold, 1991) 
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deformation by distributed flow. A channel flow accounts for displacement of material within 

a channel with parallel walls. 

In the partially molten crust of hot orogens, due to the high geotherm, most of the material 

involved has a ductile behaviour. However, most known orogens involved crusts composed 

by materials rheologically heterogeneous. The most important source of heterogeneity within 

the crust is probably the presence of magma, which can drastically modify the behaviour of 

the crust. An issue within such heterogeneous crusts is the strain distribution. The stress drop 

occurring with the emplacement of magma may cause two different evolutions, depending on 

the amount of magma involved. If magma emplaced in limited volumes of the crust, it is 

expected to lead to a localization of the deformation in these very low viscous material. If the 

magma is widely present within the crust, it is rather expected that deformation may be 

distributed. 

 

I.3.b Modes de deformations 

In worldwide orogens, the structures observed result mostly from the horizontal 

movements of the plate tectonics. In hot orogen, since most of the material involved is ductile, 

partially molten or viscous, the deformation mainly accommodated by distributed flows may 

occur along shear zones, thrust or strike-slip faults. These structures mainly result from the 

horizontal compression due to plate convergence. 

However, in hot orogen, due to the weakness of the hot lithosphere, this one would be 

enable to sustain the load of high topographies (England and Bickle, 1984; Rey et al., 2001). 

This particularity would have important consequence on the forces that control the dynamic of 

the orogen. Indeed, the low strength of the middle and lower crust in hot orogen allows the 

gravity to get a significant importance in the structuration of such partially molten crusts. In 

this way, in areas that underwent crustal thickening, the thickened orogenic crust may flow 

under its own weight (Coney and Harms, 1984; Dewey, 1988; Molnar and Lyon-Caen, 1988). 

More recently, it has been suggested that the orogenic thickening would be accommodated by 

orogen-parallel escape flow, along these sub-horizontal structures (Cagnard, 2006-2007; 

Chardon, 2009). This global model implies the combination of a compression, related to plate 

tectonic and resulting in a transpressional regime accounting for thickening of the crust and 

lateral flow, and gravity forces leading to an accommodation of the thickening of the crust by 

orogen-parallel flows (Figure I.3.2). Extreme example of such dynamics is proposed by 

Chardon et al. (2009) for Archean extremely weak crusts (Figure I.3.2). The upper crust 
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would account for thickening in response to the compression while the lower crust would 

accommodate the thickening of the crust by lateral horizontal flow. 

Nevertheless, mode of deformation of these hot orogens generally combines thrusting over 

the adjacent terranes of the orogen and gravity driven deformation in more internal domains 

of the orogen. Studies of the middle to lower crust of these exhumed orogens all revealed the 

importance of large low viscosity units within the orogen, resulting in domains of contrasting 

deformation style through the belt and a complex 3D strain pattern (Figure I.3.3). The 

different structural patterns observed within these hot orogens are frequently separated by 

vertical shear zones of variable scale that might permits the accommodation of the bulk 

heterogeneous deformation. 

An important issue when dealing with such a diversity of structural patterns is the 

determination of their relative chronology. Indeed, the global dynamics deduced from 

structural patterns formed simultaneously can be highly different from one deduced from 

structural patterns resulting from successive deformations. 

 
Figure I.3.2: Synthetic fabric patterns and kinematics of a Archean orogen (from Chardon, 2009). The upper crust 

(UC) is characterized by a vertical foliation illustrating the transpression and thickening of the crust induced by the 

compression. The lower crust (LC) is characterized by horizontal foliation with orogen-parallel lineation 

highlighting the lateral flow accommodating the thickening of the crust. 
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I.3.c Models 

The numerical and analogical models for the dynamical evolution models for partially 

molten crust are based on the structural patterns observed in migmatites and granitoids from 

past and present orogens. They are related to the development of high continental plateau, 

such as the current day Himalaya plateau or Central Andes Cordillera. As mentioned by 

Vanderhaeghe (2009), is has been proposed various kinetics for the flow of partially melted 

and magmatic material: vertical extrusion in axial zone (Brown and Solar, 1998; Solar et 

al.,1998; Schulmann et al., 2008), lateral extrusion to the edge of continental plateaux and 

lateral (Burchfiel et al., 1992; Hodges et al., 1993; Weinberg and Searle, 1998; Beaumont et 

al., 2001; Vanderhaeghe and Teyssier, 2001b; Grujic et al., 2002) and vertical flow in the 

axial zone of gravitationally collapsed orogens (Burg and Vanderhaeghe, 1993; Gardien et al., 

1997; Vanderhaeghe et al., 1999a; Ledru et al., 2001). It has been recently purposed a model 

of continental plateaux that would account for the main structures observed in partially molten 

exhumed crusts, combining vertical, lateral and domal flow (diaper by buoyancy) during the 

construction of the orogenic wedge and the development of the continental plateau (Figure 

I.3.4, Vanderhaeghe, 2009). The horizontal flow would occur during the collapse of the 

orogen. However, for orogens that do not present evidence of collapse, Cagnard et al. (2007) 

suggested that vertical and horizontal flows can occur simultaneously in an already developed 

 
Figure I.3.3: Example of 3D complex strain pattern from the Pan-African Kaoko belt (Goscombe and Gray, 

2008) illustrating the rock flow and the strain partitioning in the transpressional system in the central part of the 

orogen. External domains are thrust. 
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continental plateau, horizontal flow accounting for the equilibration of the thickening of the 

crust. 

I.4.  Issues 

The dynamics of the convergent orogens involving a middle crust either partially molten or 

involving large amount of magma are currently relatively well defined. The variety of 

structures observed in convergent “hot orogens” is mostly explained by a regional 

compression or transpression induced by plate tectonics, and gravitational forces induced by 

the creation of reliefs or by buoyancy. Convincing models were constructed, mostly based on 

the observation of migmatitic and gneissic rocks, which are deformed at ductile or viscous 

state. In this work, we focus our attention on large amounts of magmas emplaced in such a 

“hot orogen” and deformed before their solidification. Since magmas have a very low 

viscosity, an important issue is to determine how deformation is distributed in large magmatic 

domains. Comparing their structuration to the other domains permits to define if this huge 

magmatic volumes influence or not the distribution of the deformation within the whole 

orogen. 

Since hot orogens show a large variety of structural patterns with different kinematics, a 

question frequently raised is that of the contemporaneity of the various patterns. Even if the 

proposed models of deformation are consistent with the structural patterns observed, the 

question of timing and chronology of these structures is frequently debated. Indeed, within a 

region where various kinematics are observed, it is of prime importance to determine if they 

 
Figure I.3.4 Model of continental plateau development with lateral channel flow and domal flow. (from 

Vanderhaeghe, 2009) 
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are coeval, and if not, to determine their chronology. The determination of this chronology is 

crucial for the establishment of the global kinematic evolution of the hot orogens. 

In this work, we purpose to put some constrains on these questions by studying an ancient 

“hot orogen” where emplaced huge volume of magmas that have been deformed before 

complete solidification. Our field target is the Araçuaí belt, a Neoproterozoic belt located 

South-East of Brazil. Our objective is to characterize the strain distribution in this belt and to 

check the simultaneity of the different structural patterns evidenced by this structural study. 

The characterization of the thermal evolution of the belt helps us to constrain the rheological 

evolution of the belt, and therefore the timing of the deformation that affected the magmas 

before their complete solidification. 
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II.1.  The Western Gondwana 

Most of the Brazilian terranes are composed by Precambrian cratons surrounded by Pan-

African mobile belts, and by coastal plains associated with the opening of the South Atlantic. 

The orogenic belts of Brazil mainly formed during the aggregation of the Western Gondwana 

that occurred at the end of the Pan-African tectonic cycle (~1000 Ma to ~500 Ma) with the 

accretion of fragments derived from the Rodinia supercontinent. These fragments constitute 

currently the different cratons of the Brazil and West Africa (Figure II.1.2), principally made 

of Paleoproterozoïc and Archean rocks. 

The term Pan-African initially referred to the orogenic events that occurred at 500 ± 100 

Ma in Africa and adjacent Gondwana fragments (Kennedy, 1964). Kröner (1984) used it later 

for the tectonic events that occurred between 950-450 Ma, at a larger space and time scale. 

Subsequently, the term Pan-African has been used more narrowly to describe the orogenic 

cycle in relation with the Western Gondwana accretion (Trompette, 1997; Stern, 1994; Meert 

et al., 1995). Nowadays, the term Pan-African orogeny is used more especially to qualify the 

orogenic belts resulting from the collision between the proto-continents that resulted in the 

 
Figure II.1.1 : Current day topographic map of the Brazil showing the location of the Ribeira-Araçuaí belt, in 

the South-East. 
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current African and South-American continents, roughly between 680 and 500 Ma. Brasiliano 

orogeny is also used, especially for the orogenic belts located in Brazil. 

The Neoproterozoic orogenies (Pan-african and Brasiliano) have shaped the South 

American and African continents since it resulted in the amalgamation of exotic blocks 

involving cratons and their surrounding peri-cratonic domains. Cratons involved in the Pan-

African collisions are the West African, Amazonian, Rio de la Plata, Congo, São Francisco, 

Northern Brazil, Tanzania and Kalahari cratons (Figure II.1.2). Convergence of these 

 
Figure II.1.2 : Reconstitution of the Western Gondwana showing the cratons, and Pan-African orogenic belts. 

Numbers in small box are the peak metamorphism ages of the Pan-African belts. A, Araçuai; Ar, Araguaia; B, 

Brasilia; D, Damara; Df, Dom Feliciano; Es, Espinhaço; G, Gariep; K, Kaoko or Kaokoveld; M, Mauritanide; 

Ma, Malmesbury; OS, Oubanguide-Sergipe; R, Ribeira; TS, Trans Saharan; Wc, West Congo. (modified from 

Goscombe and Gray, 2008) 
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continental blocs started at the beginning of the Pan-African cycle (~1000 Ma) and collisions 

between them occurred during a wide period of time, between ~680 Ma and ~500 Ma, 

depending on location. The different collisions resulted in the formation of a complex set of 

Pan-African belts surrounding the cratons. Precise history of these collisions is still discussed 

but a global vision of the events is already known. The chronology of the thermotectonic 

events within the Pan-African orogen was established principally by the study of resulting 

belts and basins. 

Numerous belts have been identified, their structure studied and correlations between them 

permitted Trompette (1997) to describe and group them in important orogenic mega-belts. 

Four of theses mega-belts are oriented roughly North-South, relatively to the present North: 

The Trans Saharan belt (Figure II.1.2), thrust upon the West Africa craton, nowadays located 

in West Africa, has a continuity in the northern Borborema Province of Northeast Brazil 

(Caby, 1989; Caby et al., 1991; Trompette, 1997; Neves et al. 2000). Much of the Borborema 

Province is however oriented East-West and is connected to the African Bénoué Trough. The 

South-Atlantic mega-belt (or Adamastor orogen) represents the central domain of the Western 

Gondwana (Goscombe and Gray, 2008; Basei et al., 2005; Trompette, 1997). The Araçuaí, 

West Congo, Ribeira and Kaoko belts compose the northern part of this orogen. The southern 

part of the South-Atlantic mega-belt is composed by the Dom Feliciano, Gariep and 

Malmesbury belts, which thrust the Rio de la Plata craton on one side and the Kalahari craton 

on the other. The West Africa-South America mega-belt, developed in the western fringe of 

Western Gondwana, includes the Araguaia belt and is thrust upon the Amazonian craton. A 

probable continuity of this belt is the Brasilia belt that was thrust on the Congo-São Francisco 

craton (Shackleton, 1977). Two mega-belts are oriented roughly East-West: the Oubanguide-

Sergipe mega belt thrust on the Congo-São Francisco craton and the Damara orogen thrust on 

the Kalahari craton. 

Each of the mega-belts has a particular structure and history, due to the terrains involved, 

the nature of the crust, the orientation, kinematics and timing of the belt. However, Trompette 

(1997) qualified these mega-belts as "old long-lived" orogens. Even if the detail timing of 

each belt differs for each belt, the old long-lived belts are globally characterized by an early 

orogenic cycle starting at ~1000-900 Ma with a rifting phase and ending at ~600 Ma with the 

aggregation of Western Gondwana. They display evidence of oceanic closure, for instance the 

presence of mafic to ultramafic sequences interpreted as ophiolites restites, calc-alkaline 

magmatism related to the subduction of an oceanic lithosphere, accretionary prisms and high-
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pressure metamorphism. Such characteristics have been highlighted in the Brasilia belt 

(Drake, 1980 ; Lesquer et al., 1981), the Trans Saharan belt (Black et al., 1979 ; Chikhaoui et 

al., 1980 ; Caby, 1987 ; Bayer and Lesquer, 1978), the African part of the Sergipe-

Oubanguides mega-belt (Poidevin, 1985; Penaye et al., 1993 ; Regan and Marsh, 1982 ; Sá et 

al., 1986 ; Oliveira and Tarney, 1990), the southern part of the South-Atlantic mega-belt 

(Kröner, 1975 ; Fragoso Cesar et al., 1989; Fernandes et al., 1992) and the Damara belt 

(Kukla and Stanistreet, 1991). In opposition to these belts, Trompette (1997) defined the 

orogenic cycle of young, short-lived belts that generally started at ~600 Ma and finished at 

~500 Ma. These orogenic cycles started with a rifting stage that would likely attest for an 

early unsuccessful attempt of break up of the Neoproterozoic super-continent. 

The chronology of the aggregation of the Western Gondwana is still debated but the 

previous characterization of the belts permitted authors to suggest various models. It is 

accepted that the aggregation involved the following proto-continental blocs delineated during 

the break up of the Rodinia and or before. These blocs are the Amazonia-West Africa, São 

 
Figure II.1.3 : Attempted scenario for the timing of the Western Gondwana aggregation (from Pedrosa-Soares, 

2001). 
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Francisco–Congo, Rio de la Plata and Kalahari proto-continents (Figure II.1.3). The blocs 

were separated by oceans that closed during the old long-lived cycle previously defined, and 

until the collision between the different blocs. One of the suggested scenarios for the 

aggregation first involves the collision between the São Francisco and Rio de la Plata cratons 

at ~750 Ma (Pimentel et al., 1999). Then, the collision between São Francisco and Amazonia 

cratons formed the Brasilia belt (~640–620 Ma). Slightly before, the collisions of the West 

Africa and São Francisco cratons with the Borborema Province leaded to the formation of the 

Oubanguides (~620 Ma) and Trans-Amazonian (~600 Ma) belts. The closure of the 

Adamastor ocean between Rio de la Plata and São Francisco cratons formed the Araçuaí, 

Ribeira, Dom Feliciano and Kaoko belts (~580-550 Ma). Finally, the Damara and Gariep 

belts (~540 Ma) resulted from the collision of the Kalahari craton against the Rio de la Plata 

and São Francisco craton. However, due to uncertainties and overlap of the different ages 

obtained thought the various belts, numerous models of the timing of the Western Gondwana 

aggregation are proposed. 

 

II.1.  The Ribeira-Araçuaí belt and São-Francisco craton 

At the end of the Western Gondwana aggregation, the Ribeira-Araçuaí belt and the São 

Francisco craton occupied a central part of the newly formed super-continent and may have 

represent a hinge between the different orogenic regimes of the adjacent belts. The Ribeira-

Araçuaí belt results from the convergence between the São Francisco and Congo counterparts 

of the nowadays dislocated Congo-São Francisco craton. It currently forms a continuous 

orogenic belt developed at the eastern and south-eastern borders of the São Francisco craton. 

It was suggested that the West Congo belt represent the eastern counterpart of the Ribeira-

Araçauí (Brito-Neves and Cordani, 1991; Trompette, 1994, 1997; Dalziel, 1997). The 

Ribeira-Araçuaí belt was probably involved in the closure of the Adamastor ocean, as the 

Dom Feliciano belt at South. However, a discontinuity of structural orientation between these 

two belts at the Luiz Alves craton suggests that they do not represent a continuous belt. The 

Adamastor ocean was mainly located between the Rio de la Plata and Congo-São Francisco 

cratons and had a probable continuity within the Congo-São Francisco craton, qualified as 

Red-Sea type (Pedrosa-Soares, 2001; Cruz and Alkmim, 2006), i.e. poorly developed and of 

weak extension. However, the presence of such an ocean is debated since it is confirmed by 

few and questionable evidences. 
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Figure II.1.1 : Geological map of the Ribeira-Araçuaí belt (in Silva et al., 2005, modified from the GIS-based  

“Geological Map of the Mantiqueira Province”, Scale 1:2,500,000, Silva et al., 2002d) 
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Although no remnant of ocean crust has been recognized in the southern Ribeira belt, the 

presence of MORB-type magmatism dated at ~850 Ma leads some authors to suggest the 

existence of an ocean between the São Francisco and Congo cratons (Heilbron and Machado, 

2003; daSilva et al., 2005; Pedrosa-Soares et al., 1998, 2001). This hypothesis is supported by 

marine deposits and a probable unit representing an ocean floor found in the northern Araçuaí 

belt and dated at ~800 Ma by Pedrosa-Soares et al. (1998). This ocean might have formed 

during the dislocation of Rodinia supercontinent at ~900 Ma, as proposed by different authors 

on the basis of mafic dykes of the São Francisco craton (Djama et al., 1992; Vicat and 

Pouclet, 1995; Machado et al., 1996). Even if there no clear evidence of ocean spreading, a 

continental rift stage is described, evidenced by the Neoproterozoïc deposits of the pre-

collisional Araçuai and São Francisco craton basins (Pedrosa-Soares et al., 1992, 1998; 

Uhlein et al., 1998a). This ocean opening may be related to the presence of the Paramirim / 

Espinhaço aulacogen that was formed at ~850 Ma (Cruz and Alkmim, 2006). The Paramirim 

corridor, where extensional deformation occurred, separates the São Francisco craton in two 

parts: the southern and northern lobes (São Francisco basin and Paramirim aulocogen, 

respectively) (Figure II.1.2). This separation may result from the fragmentation of the São 

Francisco craton, probably during the dislocation of the Rodinia supercontinent. The 

Paramirim may have been in the continuity of the assumed ocean in the Ribeira-Araçuaí belt, 

forming the so-called Macaúbas rift system (Pedrosa Soares et al., 1992, 1998, 2001; Tack et 

al., 2001). 

During the convergence of the São Francisco and Congo craton, a subduction phase is 

 
Figure II.1.2: Northern part of the Ribeira-Araçuai belt showing the São-Fracisco craton divided by the 

Paramirim corridor (from Cruz and Alkmim, 2006). 
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supposed with the emplacement of arc complexes in the Ribeira belt emplacement of calc-

alkaline series at ~790 Ma and ~635-620 Ma (Heilbron and Machado, 2003; Figure II.1.3) 

may mark the development of arc magmatism related to a subduction active during the 

convergence of the São Francisco and Congo craton. Calc-alkaline series have also been 

described and interpreted by Pedrosa-Soares et al. (2001) as resulting from a pre-collisional 

subduction phase at ~625-575 Ma. 

However, even if there is reliable evidence of rifting of the Rodinia supercontinent, the fact 

that no obvious oceanic crust has been identified in either northern Ribeira belt nor in 

southern Araçuaí belt, leads to consider the subduction hypothesis with caution. The 

Paramirim / Espinhaço aulacogen indicates that rifting has been aborted in the northern part of 

the São Francisco craton and this suggests that even if there was oceanic spreading further 

South, its extension may not have been large enough to initiate subduction and to create a 

magmatic arc during the convergence. 

It is widely accepted that collision between the São Francisco and Congo craton started at 

~600-580 Ma (Silva et al., 2005; Brueckner et al., 2000) in both the southern and northern 

segments of the Ribeira-Araçuaí belt (Figure II.1.3). It resulted in the deformation of the 

 
Figure II.1.3 : Sketch sections of a suggested evolution of the Ribeira belt (From Heilbron and Machado, 2003). 

The subduction phase shown in these sketch is still discussed. 
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sediments of the Macaúbas rift system, the inversion of the Paramirim / Espinhaço aulacogen 

and an important magmatism. Large quantities of magma emplaced suggest an important 

crustal grow during the collisional stage. 

From North to South, we observe a change in the dominant deformation regime (Figure 

II.1.4). The structural pattern in the Ribeira belt is a 1000 km long network of anastomosing 

transcurent dextral shear zones parallel to the orogen. In the northern Araçuaí belt, the 

structural pattern is a set of coeval or slightly diachronous orogen-normal thrust tectonic. This 

structural distinction has led to divide the belt into two parts, Ribeira and Araçuaí belts. 

Pedrosa-Soares and Noce (1998) consider that the limit between southern Ribeira and 

northern Araçuaí belt is defined by the southeast toe of the São Francisco craton, which 

corresponds to the structural change. Nevertheless, this variation in kinematics was 

interpreted as due to the termination of the stiffer São Francisco craton southward that 

controlled the belt structure (Vauchez et al., 1994; Egydio-Silva et al., 2002). The East-West 

convergence of the São Francisco and Congo craton is oblique in the Ribeira belt, oriented 

NE-SW, while in the Araçuai belt, it is almost orthogonal. Consequently, the Ribeira and 

Araçuaí are nowadays considered as belonging to the same orogen, which kinematics resulted 

in different structural patterns. 

Several studies, on the base of the late magmatism (Heilbron and Machado, 2003; Noce et 

al., 2000), suggested that during the final stage of the orogeny the Ribeira-Araçuaí has 

collapsed. This event, however, is poorly documented. Indeed, if an extensional event might 

 
Figure II.1.4 : Schematic structural map of the Ribeira-Araçuai belt. Southern structure is different from 

northern one (from Vauchez et al., 1994)  
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account for the late magmatism, no tectonic evidence has been found, such as normal faults or 

extensional shear zones, neither in the southern, nor in the northern part of the belt. 

Exhumation of the Ribeira-Araçuaí belt is poorly discussed in the literature. No tectonic 

event has been described to explain the rise of the belt, and the collapse phase is too dubious 

to consider it as the exhumation factor. Thus, it has been recently suggested that the Araçuaí 

belt had a cooling rate very low, arguing that the belt did not exhumed quickly and probably 

not collapsed (Vauchez et al., 2007; Petitgirard et al., 2009). It is therefore reasonably 

acceptable to think that erosion is the main factor of the exhumation of the belt. Since the 

Jurassic opening of the Atlantic Ocean, the Ribeira-Araçuaí is in a passive margin context and 

erosion is sufficient enough to ablate about ~20 km of crust. The exhumation of the belt may 

be therefore linked to the Atlantic opening since the paleosurfaces due to erosion were 

affected by the erosion consequent to the opening. 

 

II.2.  The Araçuaí Belt 

As seen previously, the Araçuai belt is the northern extension of the Ribeira belt and 

corresponds to the Western part of the Congo belt. It is located in a particular setting, i.e. 

confined westward and northward by the São Francisco and eastward by the Congo craton. 

Lithological units of the Araçuaí belt can be globally classified into three main types: 1) The 

São Francisco basement, including the external part of the belt and the para-autochthonous 

material reworked in the Araçuai orogen, and 2) the allochtonous domains including 

sedimentary protoliths and intruded magmatic bodies. 

• Craton 

The basement of the São Francisco craton, has been identified as Archaean tonalite-

trondhjemite-granodiorite (TTG) gneissic complexes in which greenstone belts, 

Palaeoproterozoic supracrustal sequences and associated granite suites are present (Figure 

II.1.1, #14 to 19). These units have been affected by the ca. 2.2-2.0 Ga Transamazonian 

orogeny (Figueiredo and Teixeira, 1996; Alkmim and Marshak, 1998; Noce et al., 1998, 

2000). High grade amphibolite-facies orthogneiss and granulitic rocks associated with 

magmatic protholith of Palaeoproterozoic age (2.2-2.0 Ma) are interpreted as segments of the 

Transamazonian orogen reworked within the Araçuaí belt (Figueiredo and Teixeira, 1996; 

Alkmim and Marshak, 1998) (Figure II.1.1, #20 and 21). The Espinhaço Supergroup 

represents the sedimentary cover of the craton (Figure II.1.1, #13). It is composed by volcano-
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sedimentary and sedimentary sequences, deposited in a continental rift basin at ~1.7-1.7 Ga 

(Machado et al., 1989; Dussin and Dussin, 1995).  

• Basin material 

As mentioned before, the geological evolution of the Pan-African cycle in the Araçuaí belt 

started with an extensional phase at ~900 Ma, related to the dislocation of the Rodinia 

supercontinent. This phase is characterized by an important continental margin depositional 

assemblage represented by the Macaúbas Group (Figure II.1.1, #6 to 10). 

At the western frange of the Araçuai belt, a complex (Figure II.1.1, #10) consists of fluvial 

to shallow-marine sediments, including rare dolomite. Evolution of these sediments to 

diamictites, sedimentary iron formations and sandstones marks the transition from rift to 

margin-passive stages. Maximum age of the deposition of these sediments is estimated by 

Pedrosa-Soares and Wiedmann-Leonardos (2000) at ~950 Ma. They are interpreted as the 

proximal units of a continental margin, deposited in extensional context. 

Distal units would be represented by a large set of formations present in the center of 

Araçuaí belt. These formations are the main host rocks of the plutons that emplaced thereafter 

and they are consequently highly deformed and metamorphised. Globally, the Salinas 

formation (#6 and 8), Rio Doce group (#7), and Jequitinhonha and Paraiba do Sul complexes 

(#9) would be composed of diamictites, turbiditic deep-sea sand-mud, greywacke pelite and 

quartzose greywacke, sandstone, carbonaceous pelite, marl, limestone, and clast-supported 

conglomerate (Faria, 1997; Grossi-Sad et al., 1997; Noce et al., 1997; Pedrosa-Soares, 1995; 

Pedreira et al., 1997). Their depositional environments are hypothetical and their relative 

chronology poorly defined. Absolute datation performed on these units generally leads to a 

maximum age of deposition and is not sufficiently constrained to establish a clear depositional 

sequence. However, it is well established that all these units were deposited during the ca. 

~900-800 Ma rifting stage (Pedrosa-Soares et al., 1992, 1998; Pedrosa-Soares, 1995; Uhlein 

et al., 1998a). The Salinas formation received a special attention since it would contains 

mafic-ultramafic plutonics, tholeiitic amphibolites, metamorphosed deep-sea pelite, banded 

iron formation and ocean-floor basalt (Costa et al., 1995; Trouw et al., 1996; Pedrosa-Soares 

et al., 1998; Pedrosa-Soares et al., 2001). An age of ~850 Ma from MORB-type amphibolites 

(Heilbron and Machado, 2003) constrain the maximum age limit for the basin infilling. 

Consequently it is suggested that the formation of a continental rift evolved to a passive 

margin (Correa-Gomes and Oliveira, 1997; Martins-Neto, 1998b; Uhlein et al., 1998a; 

Pedrosa-Soares and Wiedmann-Leonardos, 2000; Texeira et al., 2000; Pedraosa-Soares, 1992, 
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1998; daSilva et al., 2005). The evidences of oceanic spreading are not clear and such an 

event is still debated. 

• Magmatic suites 

In comparison with the Ribeira belt, the Araçuaí belt is characterized by very important 

volumes of magma emplaced during the orogeny. A large variety of batholiths intruded the 

metasediments of the allochtonous part of Araçuai belt. These magmatic bodies were 

generally classified as pre-, syn- to post-tectonic/kinematic magmas. However, for various 

reasons, we will not use this classification to present the different magmatic bodies, since it 

can result in a misunderstanding. Indeed, since the Araçuaí belt has a long tectonic evolution, 

from the beginning of the cratons convergence and the rift closure to the end of the proto-

continents collision, it is difficult to determine exactly when actually starts and ends the 

deformation. Consequently, further on are presented the magmatic bodies in function of their 

ages. 

~640-600 Ma: 
The main unit emplaced between 640 Ma and 600 Ma is the Rio Negro complex, a dioritic 

to granodioritic suite (Tupinambá, 1999; Tupinambá et al., 2000) (Figure II.1.1, #5). This 

complex belongs both to the Ribeira and Araçuaí belts since it is located at the south-eastern 

limit between the two belts. Isotopic Sr and Nd data, together with its ca. 634 Ma U/Pb age, 

suggest that the Rio Negro complex represents a juvenile intra-oceanic magmatic arc 

emplaced during the São Francisco-Congo convergence and, consequently, may be related to 

a subduction. 

~600-570 Ma: 
It is during this period that most of the magmatic bodies emplaced within the Araçuaí 

orogen. They are mainly tonalitic to granodioritic magmas with calc-alkaline affinity, minor 

granites (Figure II.1.1, #4) and per-aluminous anatectic granites (#3). The tonalitic to 

granodioritic Galiléia suite, that constitute the focus of this study, is the main batholith and is 

frequently associated with minor meta-aluminous to per-aluminous intrusions of the same 

U/Pb and Pb/Pb age ca. ~590-570 Ma (Söllner et al., 1991; Nalini, 1997; Dussin et al., 1998; 

Paes, 1999; Noce et al., 2000). These tonalitic to granodioritic bodies have compositions 

compatible with magmas formed in a mature collisional continental arc (Pedrosa-Soares et al., 

2001). Their Nd isotopic content also suggests a continental arc origin with contamination 

from enriched Paleoproterozoic mantle lithosphere and crustal sources (Nalini, 1997; 
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Tupinambá, 1999). Thus, Sm/Nd measurements made by Nalini et al. (2000) on the Galiléia 

suite indicate a dominant continental crust contribution in the genesis of this suite. 

The main body of per-aluminous anatectic granites is the Carlos Chagas unit and is 

associated with minor plutons presenting different melting rates, migmatites and high 

temperature metasediments such as kinzigites. U/Pb datation of these per-aluminous granite 

yielded an age of ~580 Ma (Noce et al., 2000; Vauchez et al., 2007). Their per-aluminous 

composition together with their intermingling with remnants of metasediments suggest a 

crustal origin and widespread partial melting of the middle crust (daSilva et al., 2005; 

Vauchez et al., 2007). 

~540-480 Ma: 
The final plutonic phase of the Araçuaí belt is Cambrian to Ordovician and involves the 

emplacement of a wide variety of S- and I- type plutons (Figure II.1.1, #2 and more). Their 

composition varies from syenitic (Ibituruna syenite at ~530-535 Ma, in Petitgirard et al., 

2009) to granitic and charnockitic suite (Caladão granite and Padre Paraíso charnokite at ~515 

Ma, in Söllner et al. 1991; Noce et al, 2000). These plutons are frequently related to the 

supposed collapse of the orogen even if no tectonic and metamorphic evidence supports the 

existence of such an event (Wiedemann, 1993; Pedrosa-Soares and Wiedmann-Leonardos, 

2000). The origine and variety of these plutons is still poorly understood and they have been 

qualified as « atypical » intracontinental arc by Wiedemann (1993). 

 

• Structure 

It is supposed that the convergence between the São Francisco and Congo craton was close 

to East-West, i.e. almost normal to the eastern boundary of the São Francisco craton. This 

resulted in an orogenic belt that accommodated the convergence by coeval to slightly 

diachronous thrusts. The Araçuai belt can be subdivided in two main structural domains: the 

para-autochthonous and allochthonous domains (based on Oliveira et al., 2000). Para-

autochthonous domain of the Araçuaí belt is characterized by orogen-parallel foliations 

shallowly dipping to the East, and mainly involves para-autochthonous material of the São 

Francisco craton, i.e. mainly sedimentary cover and few basement materials. To the North of 

the belt, the North-South trend is disturbed by the limit of the craton and by the interactions 

with the Paramirim corridor (Cruz and Alkmim, 2006). On Congo side, the external domain 

also present orogen parallel foliation but with gently dipping to the West, suggesting a 
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thrusting onto the Congo craton. However, the contemporaneity of these domains in both 

sides is not well established.  

The allochtonous domain (Figure II.2.1) is a roughly N-S tectonic trend, confined to the 

Araçuaí belt side and thrust onto the western para-autochthonous domain. The structure is 

variable in this domain but presents a dominant vertical North-South trend. The allochthonous 

domain involves most of the magmatic units of the Araçuaí belt, intruded in metasediments. 

Since kinematics is difficultly observable in such magmatic material, kinematics of this 

domain are deduced and extrapolated from the external structural domain and from the 

lithological discontinuities. In the northern part of the domain, it has been suggested the 

presence of dextral transcurent fault oriented NE, interconnecting the thrusts (Oliveira et al. 

2000). 

• Metamorphism 

The metamorphic evolution of the Araçuaí orogenic segment is still poorly constrained. 

The pressure and temperature estimates available are globally based on the mineralogical 

assemblages and corresponding metamorphic facies but few thermo-barometric methods have 

 
Figure II.2.1 : Tectonic map of the Araçuaí-Congo belt in a reconstitution at the end of the Pan-African orogen 

showing the structural trends (Oliveira et al., 2000) 
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been performed. However, a variation in metamorphic degree is observed through the belt. In 

the Araçuaí belt, from external to internal structural domains, metamorphism tends to 

increase, from HT/LP greenschist and amphibolite facies in the western border of the Araçuaí 

belt, to HT/LP anatectic/granulitic facies in the magmatic core of the belt (Almeida et al., 

1978; Pedrosa-Soares et al., 1992, 1999; Cunningham et al., 1998). Overall, authors agree to 

place the metamorphic peak around ~590-565 Ma, at the time of the collision between São 

Francisco and Congo cratons. Petitgirard et al. (2009) estimated a metamorphism peak of 

~750 °C and 600 MPa at ~580 Ma, in mylonites from the western limit of the allochthonous 

domain. In the West Congo belt, metamorphism increase from eastern cratonic borders to the 

centre of the belt (Trompette, 1994). The whole Araçuai-West Congo belt would form a 

centripetal metamorphic pattern with higher P-T conditions in the center of the belt, as 

frequently observed in most orogenic domains. These metamorphic assemblages have North-

South continuity, until the southern Ribeira belt (Hasui and Oliveira, 1984; Heilbron et al., 

1995; Ebert and Hasui, 1998). 
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The allochtonous domain constitutes the center of the Araçuaí belt and is mainly formed by 

magmatic suites emplaced in metasediments. Because this domain is the focus of the study, 

we present a detailed description of it. This magmatic set constitutes roughly a North-South 

trend of ~100 to ~150 km wide, depending on the latitude. The architecture of the 

allochtonous domain can be subdivided in three main units (Oliveira et al., 2000; Vauchez et 

al., 2007), the Western Mylonitic Unit, Central Plutonic Unit, and Eastern Anatectic Unit 

(Figure II.2.1). These units are allochtonous material and thrust westward, upon the cratonic 

cover reworked sequences of the para-autochtonous domain. 

 

III.1.  Mylonitic Unit  

The Western Mylonitic Unit represents the western part of the allochtonous domain (Figure 

II.2.1 and Figure III.1.2, #2). This unit is bordered to the West by a gneissic complex of the 

para-autochthonous domain and to the East by the Central Plutonic Unit. The Western 

Mylonitic Unit represents therefore a NNE-SSW trend of about 200 km long and 20 to 60 km 

wide. Its northern limit terminates where the Plutonic Unit is directly in contact with the para-

autochthonous material of the cratonic cover. The Mylonitic Unit is mainly constituted by 

biotite-quartz rich metasediments, interspersed with levels of amphibolite and calc-silicate 

 
Figure II.2.1 : Simplified map of the Araçuai belt showing the 3 mains 

lithological units. 
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gneiss, which have undergone high grade metamorphism (upper amphibolite to granulite 

facies) and have been highly deformed at solid state. Their protoliths are not clearly identified 

but they probably belong to the sediments deposited during the rifting stage. The continuous 

deformation from the mylonites to the gneissic complex of the para-autochthonous domain 

suggests that both allochthonous and para-autochthonous domains were affected together by 

the same deformation. Together, mylonites and gneissic complex represent a >5 km thick 

subhorizontal shear zone. 

In the mylonites, the presence of biotite, garnet, prismatic sillimanite, few cordierite and 

systematic absence of muscovite permitted to estimate P-T conditions of the post-peak 

metamorphism at ~750°C and 6 MPa (Petitgirard et al., 2009). In thin section, quartz grains 

are tabular and generally do not display internal deformation such as undulose extension or 

subgrain boundary, attesting of the HT solid-state character of the deformation. Synkinematic 

garnet display pressure shadow hosting biotite. Important quantities of leucocratic melt, 

containing cordierite, garnet and feldspar, emplaced parallel to the mylonite foliation. Texture 

of these leucocratic veins is magmatic, with interstitial quartz generally free of solid-state 

deformation. These observations suggest that the solid-state deformation in mylonite occurred 

under HT conditions associated with intrusion of important quantities of leucocratic melt that 

deformed consistently in a magmatic state. 

 
Figure III.1.1 : Examples of shear criteria present in the metasediments of the Western Mylonitic Unit. The 

systematically top-to-the-west criteria illustrate the westward thrust onto the São Francisco craton, whether 

in inherited bodies (top) or in leucocratic vein (bottom) 
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Foliation of the mylonites is gently dipping to the East, and bears a down-dip lineation. In 

numerous places, sigmoid lenses of inherited materials or more competent layers are 

observable at all scale. They indicate a top-to-the-west sense of shear. Thus the leucocratic 

veins are boudinaged at magmatic state and also form top-to-the-west sigmoid lenses, 

indicating that they were deformed at magmatic state together with the mylonites. (Figure 

III.1.1). 

 
Figure III.1.2 : Geological map of the studied region. Modified from Oliveira et al., 2000. Reworked cratonic 

basement: 1: granulitic orthogneiss (Juiz de Fora Complex); Reworked sediments: 2: mylonites; 3: Palmital 

do Sul; 4: Tumiritinga; 5: São Tomé; 6: Kinzigitic complex; 7: Paraiba do Sul; 8: João Pinto; 600-570 Ma 

magmatism: 9: Deribadinha; 10: Galiléia; 11: São Vitor; 12: Carlos Chagas; 13: Urucum; 14: Palmital; 540-

480 Ma magmatism: 15: Nanuque; 16: Ibituruna; 17: Caladão; 18: Padre Paraiso; 19: limit between Eastern 

Mylonitic Unit, Central Plutonic Unit and Eastern Anatectic Unit. 



43 
Chapter III Lithological and Tectonic Units of the allochtonous domain 

Altogether, these observations indicate that the Mylonitic Unit is thrust westward, toward 

the São Francisco craton and that this unit represents the base of the allochtonous pile 

encompassing the Mylonitic, Plutonic and Anatectic Unit (Vauchez et al., 2007; Petitgirard et 

al. 2009). 

 

III.2.  Plutonic Unit 

The Central Plutonic Unit constitutes the focus of this study. It represents the main and 

central unit of the allochtonous domain (Figure II.2.1) and is mainly composed by a tonalitic 

suite, the Galiléia suite, which intruded the metasediments. This unit extends over more than 

300km along a roughly North-South trend and is ~50 to 100 km wide. This unit is limited by 

the Mylonitic Unit to the West and the Anatectic Unit to the East. 

Metasediments are represented by a large diversity of formations: Palmital do Sul, 

Tumiritinga, São Tomé, Jequitinhonha, Paraiba do Sul and João Pinto formations (Figure 

III.1.2, #3 to 8). The Galiléia suite is composed by two major batholiths: the São Vitor and the 

Galiléia batholiths (Figure III.1.2, #10 and 11, respectively). Numerous other smaller granitic 

bodies from different origin intruded in this region. 

 

 
Figure III.2.1a: Outcrops of metasediments from the western and central parts of the Plutonic Unit. A, B and C: 

outcrops of micaschists from the westernmost part showing metamorphic minerals such garnet and sillimanite; D 

and E: lower grade metamorphism metasediment encountered in the central part of the Plutonic Unit with 

stratification still visible.  
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III.2.a  Metasediments 

Metasediments of the Central Tonalitic Unit derived mainly from sediments deposited 

between ~800 and ~1000 Ma. They are mostly pelite to greywacke and have been submitted 

to various degrees of metamorphism. Because of the very humid climate of this region of 

Brazil, metasediments are very weathered and poorly preserved. We observed that areas with 

few reliefs or the plains are generally areas where metasediments are predominant and highly 

weathered. However, few outcrops allowed us to observe an apparent variation in 

metamorphism that metasediments of the Central Plutonic Unit undergone, through the 

orogenic segment studied. 

In the western part of the Plutonic Unit, metasediments are essentially micaschists from the 

Tumiritinga and Palmital do Sul formation. They are quartz-biotite rich schists with garnet, 

sillimanite and few amounts of amphibole (Figure III.2.1a, A, B and C). Depending on the 

outcrop, sillimanite can be present in very low quantity or on the contrary very abundant. 

In the central and eastern parts of the Plutonic unit, metasediments of the São Tomé 

formation still display their stratigraphy (Figure III.2.1a, D and E) with alternance of more 

pelitic and more quartzitic layers. These metasediment are principally quartz-biotite rich with 

few amount of muscovite and minor plagioclase. Muscovite seems to replace the sillimanite. 

In thin section, quartz grains have a variable size. Grains of ~0.1mm are well defined, with 

120° angles, and abrupt contact between grains (Figure III.2.1b, A). Bigger grains of about 

0.5mm have lobate boundaries, biotite inclusions and are usually free of internal deformation 

feature, suggesting a crystal growth through grain boundary migration (Figure III.2.1b, B). 

Few mineral of metamorphism are present, but minor amount of garnet and sillimanite are 

observed occasionally. Very small aggregates of rods of sillimanite can be present at the 

 
Figure III.2-4b: Thin section of metasediment from the central part of the Plutonic Unit. Metasediment of medium 

grade metamorphism. A: little quartz grains with 120° angles and sharp contacts; B: bigger quartz grain with lobate 

boundaries and inclusions; C: sillimanite at quartz boundaries. 
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contact between quartz grains or within biotites (Figure III.2.1b, C). Thus, porphyroblast of 

staurolite occur punctually. 

Close to the eastern limit of the Plutonic Unit, slightly before the contact with the Eastern 

Anatectic Unit, metasediments have clearly undergone metamorphism higher than in the 

western and central parts (Figure III.1.2, #6). Indeed, the initial stratification of the 

metasediments is no more recognizable except for some mafic lenses and remnants present 

within pelitic layers and leucocratic melts. These metasediments present a well developed 

foliation (Figure III.2.2a, A and B). Presence of a large amount of garnet and of prismatic 

sillimanite define them as kinzigites (Figure III.2.2a, C and D). In some place, alternation of 

what appears to be mafic remnant of metasediments and thin layers of leucocratic melt 

suggests that temperature was high enough to trigger partial melting. It is not excluded that 

this alternation may be due to injection of melt in metasediments but the thin intermingling of 

the mafic and leucocratic layers and the ill-defined contact between them gives rise to 

consider these formation as migmatites (Figure III.2.2a, E and F). Observation of thin sections 

of the kinzigitic metasediment reveals an annealed microstructure. Quartz grains are of 

variable size. Large, centimetric poikiloblastic grains include garnets and biotites, have lobate 

boundaries and display occasionally undulose extension (Figure III.2.2b, A). Smaller grains 

have 120° angles and sharp contacts. Garnet is present in large proportions (Figure III.2.2b, 

 
Figure III.2.2a: Outcrops of high temperature metasediments from the eastern boundary of the Plutonic Unit. A and 

B: outcrops of the kinzigitic metasediments; C and D: details of the kinzigitic metasediments showing centimetric 

garnets; E and F: outcrop and detailed view of the migmatitic metasediment. 
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B), such as prismatic sillimanite, which are associated with biotite. Few amounts of 

plagioclase and remarkably fresh cordierite are also present (Figure III.2.2b, C). 

Altogether, these observations suggest a metamorphic breack throughout the Central 

Plutonic Unit. The western part, close to contact with the Mylonitic Unit, appears to 

undergone a metamorphism of slightly lower temperature than the mylonites. Metamorphism 

seems to decrease eastward in the central part of the Plutonic Unit. Finally, a sharp increase in 

the temperature conditions occurs across the contact with the kinzigite, then the metamorphic 

conditions increase eastward across the contact with the anatectic unit. This contrast in 

metamorphic conditions between the Central Plutonic Unit and the kinzigitic and Anatectic 

units may represent a major tectonic discontinuity, probably a major thrust of the Anatectic 

Unit (including the kinzigites at the basal contact) upon the Plutonic Unit. 

 

III.2.b  Galiléia suite 

The two major batholiths that compose the Galiléia suite are the São Vitor batholith in the 

western part of the Plutonic Unit and the Galiléia batholith in the eastern part (Oliveira et al., 

2000). The Galiléia suite constitutes the most important magmatic intrusion of the Araçuaí 

belt and had an important influence in the structuration of the belt. The two batholiths, São 

Vitor and Galiléia, have both tonalitic to granodioritic and granitic compositions, as indicated 

in a Streckeisen diagram (Nalini, 1997). In the QAFP diagram, Galiléia suite is roughly 

composed by 35-50% quartz, 30-45% of plagioclase and 0-5% of alkaline feldspars. Previous 

geochemical studies on the São Vitor and Galiléia tonalites showed that these magmas have a 

meta-aluminous composition with calc-alkaline affinity (Nalini et al., 2000). Thereafter, we 

will use the term “tonalite” to qualify the São Vitor and Galiléia batholiths because the 

tonalitic facies is largely dominant. They are composed mainly of quartz, plagioclase, biotite, 

± hornblende. Since important amounts of biotite and amphibole are frequently present, they 

 
Figure III.2-3b: Thin sections of the kinzigitic metasediment from the eastern boundary of the Plutonic Unit. A: 

overview of the thin section showing large, poikiloblastic grains of quartz; B: garnet aggregate; C: cordierite. 
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are defined as biotite-hornblende tonalite to biotite-hornblende granodiorite. Garnet is also 

present but in very few amount and it is generally sparse and millimetric. Common accessory 

minerals are titanite, zircon, apatite and monazite. Globally, Galiléia and São Vitor tonalites 

are very similar in the field but a few peculiarities allow us to discriminate them. 

The São Vitor tonalite, located in the westernmost part of the Plutonic Unit, show a well-

developed foliation (Figure III.2.3a, A). We observed frequently centimetric to metric 

enclaves of metasediments (Figure III.2.3a, B). Enclaves are also present in the form of mafic 

layers composed essentially of biotites and amphiboles. We regard these mafic enclaves as 

schlieren from metasediments that undergone partial melting higher than the enclaves clearly 

identified as metasediment. The presence of metasediments or schlieren of metasediments 

within the São Vitor tonalite is a peculiarity that helps to recognize it in the field. The large 

amount of amphiboles, distributed or aggregated, may be related to the schlieren of 

metasediments or to their assimilation (Figure III.2.3a, E). Some outcrops present important 

intermingling between metasediments and tonalite and the whole structure of such an 

assemblage contrast with that of the massif tonalite itself (Figure III.2.3a, C). The area where 

this intermingling is the most developed is the contact region between Plutonic and Mylonitic 

Units (cf. § Contact region). The pronounced fabric of the São Vitor tonalite was initially 

interpreted as resulting from a solid-state deformation (Nalini et al., 2000; Bilal et al., 2000). 

Indeed, such a developed foliation is generally observed in orthogneiss. However, detailed 

 
Figure III.2.3a: Outcrops of the São Vitor batholith. A: well developed magmatic foliation; B: example of 

metasediment assimilation; C: contact between massive São Vitor tonalite (bottom) and intermingled tonalite and 

metasediments (top); D: detail of the magmatic texture of the well developed foliation (A); E: amphibole rich 

facies, F: magmatic foliated facies. 
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observations on the outcrop permit to see that texture is magmatic and that neither quartz nor 

feldspar display evidence of solid-state deformation (Figure III.2.3a, D and F). They are not 

elongated, do not present recrystallization tails or pressure shadows. Thin sections reveal an 

equigranular magmatic texture (Figure III.2.3b, A). Quartz is sometimes interstitial, presents 

irregular boundaries and is systematically free of solid-state deformation (no undulose 

extinction or subgrain boundary) (Figure III.2.3b, B and C). Plagioclase is frequently euhedral 

to sub-euhedral. 

 

The Galiléia tonalite roughly present the same characteristic as the São Vitor tonalite. 

However, one peculiarity of the Galiléia tonalite is the presence of mafic enclaves. Some 

outcrops can contain up to 20% of these mafic enclaves (Figure III.2.4a, A). They are 

 
Figure III.2-6b: Thin sections of the São Vitor tonalite. A: overview of a thin section showing magmatic texture; B: 

lobate quartz and irregular contacts with plagioclases; C: interstitial quartz. 

 
Figure III.2.4a: outcrops of the Galiléia tonalite. A: elongated mafic enclaves mingled within the tonalite. B: well-

developed foliation; C: aggregate of biotite and amphibole highlighting the fabric; D: detail of a mafic enclave 

showing ill-defined boundaries; E: detail of the magmatic texture of the tonalite; F: arenitic outcrop showing a 

alternation of layers due to alteration, different from the foliation. 
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elongated and highlight the well developed fabric of the tonalite. These mafic enclaves are 

composed mainly by quartz, plagioclase, hornblende and epidote with few amounts of biotite, 

zircon and apatite. Thin sections of these enclaves reveal a granular and ophitic texture, with 

poikiloblastic epidote encompassing hornblende grains. The particular repartition of the 

enclaves within the Galiléia tonalite suggest a mingling of the mafic magma within the 

tonalite. Thus, the ill-defined boundaries of the enclaves also suggest that an inter-

contamination between the two magmas occurred (Figure III.2.4a, D), in addition to the 

mingling. Nalini (1997) suggested a deep origin for the mafic magma, such as the lower crust 

or the mantle. As for the São Vitor tonalite, the well-defined fabric was initially though to be 

acquired at solid-state (Figure III.2.4a, B). Nevertheless, magmatic texture can be observed in 

the field, with equigranular quartz and absence of recrystallization tails, elongated quartz and 

feldspar or quartz ribbons (Figure III.2.4a, E). The fabric is frequently highlighted by 

elongated aggregates of biotite and amphibole, enclaves (Figure III.2.4a, C and A) or biotite 

and amphibole orientation in thin section. 

In thin section the Galiléia tonalite display similar characteristics as the São Vitor tonalite. 

Texture of the Galiléia tonalite is equigranular with quartz free of solid-state deformation 

(Figure III.2.4b, A, B and C). We observe also that biotite is well oriented and reveal the 

foliation of the rock. 

 

 

III.2.c  Contact region 

The region of contact between the Western Mylonitic Unit and the Central Plutonic Unit 

was initially interpreted as an independent unit deformed at solid-state and have been 

mistaken for an orthogneiss. Oliveira et al. (2000) described this region as the Deribadinha 

tonalite (Figure III.1.2, #9). Descriptions of the Deribadinha tonalite in the maps of Projeto 

Leste (Oliveira et al., 2000) include a large variety of facies, such as tonalite to granite, per-

 
Figure III.2-7b: Thin sections of the Galiléia tonalite. A: overview of a thin section showing magmatic texture; B: 

lobate quartz and irregular contacts with plagioclases; C: interstitial quartz. 
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aluminous melt, migmatitic gneiss, showing granitic, granoblastic or mylonitic textures. 

Detailed observation of the "Derribadinha tonalite" in two quarries around Governador 

Valadares led us to consider that this variety of facies results from the intermingling of 

various rock types. The lithology consists in a succession of massive tonalite and intermingled 

layer of schists, lenses of amphibolite and leucocratic granite (Figure III.2.5, A). 

 The thickness of these layers is variable, from plurimetric for the tonalitic sills and 

forming sharp contacts, to centrimetric and finely mixed. The tonalitic part is similar to the 

Galiléia and São Vitor tonalite, since it presents a biotite-hornblende tonalitic composition 

with quartz, feldspar, biotite, hornblende and minor garnet. The magmatic texture and the 

absence of solid state deformation feature indicate that this tonalite did not suffer any 

deformation after its solidification. The intermingled part includes mylonitised schists, 

amphibolitic lenses and remnants of pelitic components that probably belong to the Mylonitic 

Unit, and leucocratic granite (Figure III.2.5, B) that could be injected in the schists as well as 

resulting from their partial melting. A closer study of this intermingled facies reveals that the 

remnants of the pelitic component and the leucocratic melt are intimately mixed (Figure 

III.2.5, C), supporting that the melt results from partial melting of the pelitic components, 

which would represent the restites of the mylonitic schists. Leucocratic melt is frequently 

present as sigmoids lenses formed in a magmatic state, as in the Mylonitic Unit. Amphibolites, 

more resistant also form isolated sigmoid lenses (Figure III.2.5, A). This kinematics suggests 

a contemporaneous deformation in the Mylonitic Unit and in this contact region. These 

intermingled layers may have been previously interpreted as migmatitic gneiss. 

Even if we did not describe this region in its southern part, we supposed that the initially 

mapped “Deribadinha tonalite” correspond to the contact region we observe around 

Governador Valadares. The contact region has a NS to NNE-SSW extension between the 

 
Figure III.2.5: outcrops of the contact lithology between Mylonitic and Plutonic Units, named Deribadinha. A: 

outcrop showing a amphibolitic lenses between a massive tonalitic below and a intermingled facies above; B: 

intermingled facies involving remnants of mylonitic metasediments, leucocratic melt and tonalite; C: supposed 

migmatitic texture of the remnants of metasediments and leucocratic melt, porphyric feldspar. 
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Mylonitic and Plutonic Units, and a variable width. The largest width (about 25 km) is 

mapped south of Governador Valadares, but the lithology is also more heterogeneous and 

involves large volumes of tonalites free of solid-state deformation. To the North, in several 

outcrops at the contact between the Mylonitic Unit and the Plutonic Unit, we observed 

evidence of mingling leading to consider that the "Derribadinha tonalite" / contact region 

extends at least 30 km further north than initially mapped. In this northern part, we estimate 

the width of this unit at ~5 km. 

 

III.2.d  Urucum suite 

In addition to the lithologies presented previously, the Plutonic Unit also include small 

magmatic bodies that intruded both tonalite and metasediments. The most important of them 

is the Urucum suite that includes two main facies of leucocratic granite, the Urucum and 

Palmital granites (Nalini, 1997). This suite is located in the central part of the Plutonic Unit 

(Figure III.1.2, #13 and 14), in a region of about ~30 km wide and ~20 km long. Plutons that 

constitute this suite are generally elongated in a NW-SE trend, or annular. Urucum and 

Palmital granites are mainly characterized by a leucocratic aspect but can also present grey 

colour facies. Compared to the Galiléia suite, granites from the Urucum suite are aluminous, 

they contain muscovite. They are composed of quartz, biotite, muscovite, potassic feldspar. 

When present, garnet is very sparse and small. 

The Urucum facies have a porphyric texture characterized by the presence of centimetric 

potassic feldspars in the fine to coarse-grained matrix. These feldspars are aligned in the 

magmatic foliation and are generally euhedral. The strong foliation is marked by alignments 

of feldspar, biotite and muscovite. Globally, no evidence of solid-state deformation is 

observed, except in some facies where porphyric feldspars are present in very large amount. 

 
Figure III.2.6: outcrops of the Palmital granite. A: coarse-grained texture presenting a strong foliation. B: solid-

state deformation observed in the feldspars. B: discordant contact between the Palmital granite and its host 

metasediments. 
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In these cases, the magmatic mush contained potassic feldspars in contact with each other and 

were deformed at solid-state, while the other minerals forming the magmatic matrix, i.e. the 

quartz-biotite-muscovite, escape solid-state deformation. 

The Palmital facies do not have porphyritic feldspar and is generally more leucocratic and 

muscovite is in larger proportion than in the Urucum facies. The Palmital granite presents a 

strong foliation marked by alignments of biotite or muscovite and, sometimes, elongated 

felspars (Figure III.2.6, A). Depending on the outcrop observed, the structure of the Palmital 

granite is either magmatic state or solid-state. Indeed, some outcrops do not present evidence 

of solid-state deformation, but a well-defined magmatic foliation, when others outcrops 

display deformed quartz grains and recristallization tails on elongated feldpars (Figure III.2.6, 

B). This difference of the deformation state may be attributed to various reasons. Diachronous 

emplacements of the Urucum plutons can lead to a solid-state deformation in the early 

emplaced and solidified plutons, and a magmatic state deformation in the late emplaced 

plutons. Such a schema is also possible if the plutons underwent thermal history different 

from each others, leading to a more or less rapid solidification. The contact between Palmital 

granite and its host metasediments is discordant and denotes that deformation started in the 

country rock before the granite intrusion (Figure III.2.6, C). 

 

III.2.e  Other Magmatic bodies 

Among the small magmatic bodies that intruded the Galiléia suite and host metasediments, 

we observed small plutons scattered of Caladão and Ataléia (Figure III.1.2, #15 to 18). 

Caladão granitoid bodies are easily recognisable since they have a sugarloaf shape (Figure 

III.2.7, A). It is a coarse-grained, porphyritic granitoid in which the foliation is very difficult 

to observe. K-felspar crystal may sometimes be more than 10cm long (Figure III.2.7, B). 

Since the matrix of the Caladão granitoid has a mafic composition, this granitoid may be 

 
Figure III.2.7 : outcrops of Caladão and Ataléia granitoids. A: sugarloaf formed by the Caladão granitoid, B: 

porphyric texture of the Caladão granitoid, C: leucocratic facies of the Ataléia granite. 
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related to the Padre Paraiso charnokites located eastward and intruding the Anatectic Unit. 

Indeed, the Caladão granitoid and The Padre Paraiso charnockite are almost always associated 

and intrude the whole Araçuai belt along a NNW-SSE trend. At North, these plutons intrude 

the Central Plutonic Unit, and further north, they are located at the western limit of the 

allochthonous domain. 

The Ataléia leucocratic granite is located at the easternmost limit of the Plutonic Unit, 

between the kinzigitic metasediments and the Anatectic Unit. Its leucocratic composition with 

the frequent presence of garnet (Figure III.2.7, C) lead us to consider it as an equivalent of the 

Carlos Chagas leucogranite, i.e. derived from crustal melting (see below).  

 

III.3.  Anatectic Unit 

The Eastern Anatectic Unit constitutes the upper part of the allochtonous pile thrust upon 

the São Francisco craton (Figure II.2.1). It encompasses an anatectic suite and kinzigites 

(Figure II.1.1, #3 and 9; Figure III.1.2, #12 and 7, respectively). This unit is limited westward 

by the Plutonic Unit and eastward by the Phanerozoic covers and Atlantic Ocean. It consists 

in a unit ~300 km long, 50 to 100 km wide and roughly 10 km thick.  

The anatectic suite was called "Carlos Chagas granite" and is composed by a large variety 

of rocks resulting from a pervasive melting. This suite is essentially composed by anatectic, 

per-aluminous leucogranites and diatexites. Outcrops of metatexite display both protholithic 

metasediment and leucocratic melt resulting from its melting (Figure III.3.1, A). Circulation 

of the melt is observable in channels that correspond to the foliation of the rock. Either in 

metatexite, diatexites or anatectic granite, numerous garnets are present with biotite forming 

occasionally elongated cumulates that underline the foliation (Figure III.3.1, B). Prismatic 

sillimanite and cordierite in equilibrium with garnet are frequent (Figure III.3.1, C). 

Muscovite is systematically absent. Fabric in this anatectic suite is penetrative. As for the São 

Vitor and Galiléia tonalites from the Plutonic Unit, this well-developed fabric may be 

mistaken for a solid-state, gneissic foliation. However, for this anatectic unit too, the 

magmatic texture at outcrop scale and the absence of any solid-state deformation feature in 

thin section reveal that the Carlos Chagas leucogranite were deformed before its complete 

solidification (Vauchez et al., 2007).  
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Figure III.3.1: outcrop of Carlos Chagas suite. A : metatexite showing protolithic metasediments and leucocratic 

melt, B: elongated aggregates of garnet and biotite marking the foliation; C: biotite around a cordierite and garnet. 
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IV.1. Introduction  

In this chapter, the objective is to obtain a reliable image of the structure of the Galiléia 

suite from the Plutonic Unit through space and time. Associating structural and 

geochronological studies, two mains objectives are spotted: (1) to determine the geometry of 

the 3D complex strain field through the different structural domains of the Plutonic Unit, and 

(2) to check the simultaneity of the different structural fabrics observed in the Plutonic Unit. 

This approach permits to better understand the mechanical behaviour of the partially molten 

crust during the collision between São Francisco and Congo cratons. Thus, this study allows 

to better determine the mechanical properties of the lithosphere involving a crust where 

important amounts of magma emplaced. 

To achieve these objectives, two main methods have been used. For the structural part of 

this work, the anisotropy of magnetic susceptibility (AMS) has been measured in order to 

obtain the fabric of the rocks. When the fabric was not measurable directly in the field, a 

systematic sampling for AMS has been performed. The AMS measurements, in addition to 

the field measurements, permitted to obtain a dense structural map illustrating the 3D 

complex strain field. For the geochronological study, we used the U/Pb isotopic system on 

zircons. Isotopic datation of the São Vitor and Galiléia tonalite in a large variety of structural 

regions, together with leucocratic melts from the Mylonitic Unit, permitted to establish the 

simultaneity of the deformation through the whole orogenic segment studied. 

This chapter correspond to the article Mondou et al., submitted to the Journal of Structural 

Geology. It is preceded by the presentation of the methods used in this work, and is followed 

by additional data and discussion on the Palmital granite. 

 

IV.2. Methodology 

IV.2.a Magnetism 

Bouchez (1997) shown that granites always have a structural fabric, even low. Indeed, a 

magma is systematically deformed to accommodate its own emplacement and/or by a regional 

deformation. Consequently, granitic plutons represent very good markers of the 

deformation(s). When no macroscopic fabric is observable, the anisotropy of magnetic 

susceptibility (AMS) permits to determine this petrofabric because there is a usually good 

correlation between the flow fabric and the magnetic foliation and lineation. Nevertheless, the 
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magnetic fabric deduced from AMS measurements does not always correspond to the 

petrofabric and further investigations are needed. In this part, are presented the bases of the 

magnetism needed to use correctly AMS measurements as a tectonic proxy. 

• Generalities 

Origin of the magnetism: 
The magnetism of the materials comes from the presence of magnetic dipole moments at 

the atom scale. A magnetic dipole moment is generally defined as a pair of magnetic charges 

or a loop of electrical current (Figure IV.2.1). A magnetic moment results from the rotation of 

an electrical particle around its atomic nucleus (orbital movements) or from its rotation on it-

self (spin rotation). In rocks minerals, the disposition of these magnetic moments in the 

mineral lattice permits to define a resultant magnetic moment that determines the different 

magnetic behaviour of the minerals. This resultant is the magnetization J and corresponds to 

the sum of the magnetic moments in the volume considered. 

 

Magnetic susceptibility: 
In magnetic minerals, there are basically two types of magnetizations: the induced 

magnetization and the remanent magnetization. The remanent magnetization is a recording of 

the past magnetic fields that acted on the material, while the induced magnetization is 

acquired when the material is currently exposed to a magnetic field. Thereby, induced 

magnetization and inductor magnetic field can be linked by a dimensionless physical 

property, the magnetic susceptibility k, which is characteristic of each mineral. In an isotropic 

environment, k is a scalar: 

 

(1) kHJ =  with J the magnetization; k the susceptibility; and H the magnetic field. 

 
Figure IV.2.1: Magnetic dipole moments. A: constructed from a pair of a plus and a minus charge. B: 

constructed from a circular loop of electrical current. 
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In function of the disposition of the magnetic moment in the mineral lattice, the magnetic 

susceptibility is different and characterizes three principal types of magnetic behaviour: the 

diamagnetism, the paramagnetism, and the ferromagnetism “sensu lato” (s.l.) (Figure IV.2.2). 

Ferromagnetism s.l. includes the ferromagnetism “sensu stricto” (s.s.), the ferrimagnetism and 

the antiferromagnetism.  

 

Magnetic behaviours 
When a magnetic field is applied to diamagnetic material, it results in a small 

magnetization opposite to the applied field. Thereby, the induced magnetization in 

diamagnetic material is negative and proportional to the applied field (Figure IV.2.2). The 

susceptibility of diamagnetic material is consequently slightly negative, constant and is 

independent of the temperature. Quartz, orthose or calcite are examples of diamagnetic 

minerals. 

In paramagnetic materials, the disposition of magnetic moments is statistically disordered, 

resulting in null magnetization in absence of applied field. In an applied magnetic field, these 

moments tend to orientate themselves parallel to the applied field. This results in an induced 

magnetization positive and proportional to the applied field H. The magnetic susceptibility of 

paramagnetic materials is positive and constant (Figure IV.2.2). Temperature has an influence 

on paramagnetic susceptibility. Indeed, it globally tends to decrease with high temperature 

and the paramagnetic material can shift to a ferromagnetic behaviour at low temperature. 

Typical paramagnetic minerals in the rocks are biotite, amphibole or ilmenite. 

 
Figure IV.2.2: magnetism behaviours. J is the induced magnetisation, H the applied magnetic field, Js the 

saturation magnetization, Jr the remanent magnetization. Diamagnetism: k is slightly negative; Paramagnetism: 

k is positive; Ferromagnetism: k is positive until saturation where it becomes almost null; Antiferromagnetism: 

k is slightly positive. 
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Even in absence of an applied magnetic field, ferromagnetic materials have a 

magnetization. This magnetization is a remanent magnetization and results generally from the 

past applied fields that the material underwent. This is due to the statistically preferred 

orientation of the magnetic moments of the material. Indeed, magnetic moments are oriented 

roughly parallel to each others, resulting in a remanent magnetization (Figure IV.2.4). In 

presence of an external applied field H, magnetic moments are progressively reoriented 

parallel to this applied field, until all magnetic moments are oriented in the same direction. 

This results in a positive induced magnetization that increases progressively with the applied 

field until a saturation magnetization Js (Figure IV.2.2). Consequently, the magnetic 

susceptibility is positive but varies with the applied field, tending to zero close to the 

saturation magnetization. This susceptibility can be considered as constant in very low applied 

field. When the applied field is removed, some magnetic moments remain with the same 

orientation, resulting in a remanent magnetization. This property of ferromagnetic minerals to 

reach a saturation magnetization under high applied field and to retain a remanent 

magnetization when no field is applied is illustrated by the hysteresis loop (Figure IV.2.3).  

Temperature also has an influence on ferromagnetic material. Above a given temperature, the 

Curie temperature, the material looses its ferromagnetic behaviour and become paramagnetic. 

 
Figure IV.2.3: hysteresis of ferromagnetic s.l. materials. An external field is applied and progressively increased 

until reach the saturation magnetization Js. H is then progressively decreased until removed completely. The 

ferromagnetic material keeps a remanent magnetisation Jr . To cancel this remanent magnetization, it is needed 

to apply a negative field –H, until the coercive force –Hc, where remanent magnetization is null. This 

procedure is symmetric in negative applied field and forms thereby the hysteresis loop. 
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The ferromagnetism s.l. also includes two other distinct types of behaviour: the 

ferrimagnetism and the antiferromagnetism. Antiferromagnetic materials have magnetic 

moments antiparallel, i.e. oriented in opposite direction (Figure IV.2.4). The compensation of 

opposite magnetic moments results in a null magnetization in absence of applied field. Under 

applied field, antiferromagnetic materials have a behaviour comparable to that of the 

ferromagnetic material, but with a lower magnetic susceptibility (Figure IV.2.2). In 

ferromagnetic material, magnetic moments are antiparallel and with different magnetization 

intensities (Figure IV.2.4). Opposite magnetic moments are not completely compensated and 

it results in a magnetization lower than it would be for ferromagnetic s.s. material, in absence 

of applied field. When an external magnetic field is applied, the evolution of the induced 

magnetization J in function of the applied field H is almost similar to that of the 

ferromagnetic material, with a positive susceptibility k that tends to zero close to the 

saturation magnetization. 

 

Single-domain and multi-domain 
An important magnetic property to take into account using AMS as a proxy of the tectonic 

fabric is the notion of magnetic domains of the ferromagnetic s.l. minerals. A magnetic 

domain is a uniformly magnetized volume that can be considered as a unique oriented 

magnetic moment. Increasing the size of this volume, it becomes energetically more stable to 

form various domains with their proper magnetization direction. Thereby, it is the size of the 

mineral that define it as a single domain (SD) or a multi domain (MD) mineral. For small SD 

magnetite grains, a remanent magnetization is generally acquired for high applied fields, 

 
Figure IV.2.4: representation of the orientation of the magnetic moment in ferromagnetic materials (s.l.). 

Ferromagnetism: parallel magnetic moments resulting in a strong magnetization; Ferrimagnetism: antiparallel 

magnetic moments with different intensities resulting in a moderate magnetization; Antiferromagnetism: 

antiparallel moments with same intensities resulting in a null magnetization. 
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while for larger MD magnetite grains, the remanent magnetization is acquired for lower 

applied fields. 

 

Anisotropy of magnetic susceptibility 
In an isotropic medium, k is a simple scalar (equation 1). However, in minerals, variation 

in chemical composition, defects in the lattice mineral or even the particular disposition of 

magnetic moments can create anisotropies. In such cases, actually most of the cases, the 

magnetic susceptibility vary in function of the direction of the applied field. When the 

material is not isotropic, k is no more a scalar but becomes a matrix or tensor:  

 

(2) jiji HkJ =  with Ji the induced magnetization in the direction i ; H j the applied field 

in the direction j  (i, j = 1, 2, 3); and k ij  a symmetrical matrix of second order. 

 

The three diagonal and symmetrical terms of the magnetic susceptibility tensor k ij  are k11, 

k22 and k33. They define the magnitude and the principal directions of the magnetic 

susceptibility. They are represented by the triaxal ellipsoid of the anisotropy of magnetic 

susceptibility (AMS; Figure IV.2.5) with k1 ≥ k2 ≥ k3. k1 represents the magnetic lineation 

and k3 is the magnetic foliation pole. The arithmetic mean value, km = 1/3 (k1 + k2 + k3), is 

the value of the mean magnetic susceptibility of the considered material and is also called the 

bulk susceptibility. The intensity of the bulk magnetic susceptibility is variable. It ranges from 

~10-5 USI in diamagnetic materials to ~101 USI in strongly magnetic ferromagnetic materials. 

Various parameters are used to define the shape of the triaxal AMS ellipsoid. The most 

representative are those defined by Jelinek (1981), T and P’, which are the shape factor and 

the anisotropy degree: 

 

 
Figure IV.2.5: Ellipsoid of anisotropy of magnetic susceptibility. kmax ≥ kint ≥ kmin. The 3 principal vectors of 

the tensor of magnetic susceptibility represent the 3 axes of the AMS allispoid. (kmax = k1 ; kint = k2 ; kmin = k3) 
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T varies from -1 to 1 and permits to define the AMS ellipsoid as oblate (k1 ≥ k2 >> k3), 

prolate (k1 >> k2 ≥ k3). When T > 0, it characterizes oblate shapes and when T < 0, it 

characterizes prolate shapes.  

 

• Anisotropy in the mineral 

At the single crystal scale, two types of magnetic anisotropy may be defined: the 

magnetocrystalline anisotropy that is related to the mineral lattice and the shape anisotropy 

that is related to the mineral grain shape.  

The magnetocrystalline anisotropy is of first order importance since it is this anisotropy 

that will condition the anisotropy at the scale of the aggregate. It was shown experimentally 

that for some minerals, magnetic susceptibility is higher along specific crystallographic axes. 

This difference in intensity of the magnetic susceptibility along the crystallographic axes 

results in an anisotropy. This magnetocrystalline anisotropy is important in titano-hematite 

oxides, some sulfates and some anisotropic paramagnetic minerals (Figure IV.2.6). A good 

example is that of the biotite that presents its kmin along its c axis. The magnetocrystalline 

anisotropy is low in mineral that crystallise in isotropic systems, such as magnetite. For these 

minerals, the anisotropy comes from their shape. 

The shape anisotropy is present in each mineral, since they have an irregular shape. 

However, because anisotropy in minerals firstly depends on the intensity of the 

magnetocrystalline anisotropy, the shape anisotropy will be negligible or not. The shape 

anisotropy is important in minerals that crystallise in isotropic system such as magnetite. In 

muti-domains (MD) magnetite grains, the magnetic susceptibility is higher in the direction 

where there is more material. In single-domain (SD) magnetite grain, it is the 

magnetocrystalline anisotropy that dominates. The magnetic susceptibility in SD grains is 

higher in the axis perpendicular to the long axis of the crystal, while it is parallel in MD 

grains. 
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• Relation between magnetic fabric and petrofabric 

The bulk magnetic susceptibility of a rock results from the magnetic susceptibility of each 

mineral, dia-, para- and ferro-magnetic. Thereby, the bulk magnetic susceptibility is k = kdia + 

kpara + kferro. However, as mentioned previously, the magnetic susceptibility of diamagnetic 

minerals is very low, enough to neglect their influence on the bulk magnetic susceptibility. 

Consequently, the bulk magnetic susceptibility of a rock becomes k = kpara + kferro. The 

anisotropy of magnetic susceptibility of a rock is then controlled by the magnetocrystalline 

and shape anisotropy of the paramagnetic and ferromagnetic minerals. In a structural study 

such as this one, the first order issue is to determine whether the bulk rock AMS ellipsoid and 

its axis represent or not a good proxy of the petrofabric. We present here the two main “end 

member granites” to understand the relation between magnetic fabric and petrofabric: 

theoretical granite predominantly ferromagnetic and theoretical granite predominantly 

paramagnetic. 

Magnetite is characterized by a high susceptibility, generally predominant in comparison to 

other minerals, and by its shape anisotropy, low but dominant. Indeed, the magnetocrystalline 

anisotropy is negligible due to the isotropic crystalline structure of the magnetite. 

Consequently, it is the shape and the orientation of the magnetite and by extension the 

petrofabric of the rock that will give the AMS of the rock. In deformed granite, magnetite 

oriented parallel to the foliation and lineation will lead to an AMS ellipsoid concordant with 

the petrofabric, i.e. with magnetic lineation and foliation parallel to the petrofabric lineation 

and foliation, respectively. However, this is valid only for granite that contains MD magnetite. 

Granite with SD magnetite will have the k1 axis (representing magnetic lineation) of the AMS 

 
Figure IV.2.6: Magnetocristalline magnetic anisotropy in amphibole and biotite.  
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ellipsoid perpendicular to the long axis of the magnetite (corresponding to the petrofabric 

lineation). In such case, special precaution must be taken to deduce the petrofabric from the 

AMS. 

When granite contains predominantly pyrrhotite or hematite, AMS is controlled by the 

magnetocrystalline anisotropy of the minerals. The bulk AMS of the rock, independent of the 

shape of the mineral, is function of the preferred orientation of the crystallographic axes and 

particularly their alignment in the rock petrofabric. 

For predominantly paramagnetic granite, the case is similar to pyrrhotite or hematite-

bearing granite. The most important minerals in such granite are biotite and amphibole, which 

have predominant magnetocrystalline anisotropy. During a deformation, biotite and 

amphibole tend to orientate themselves parallel to the lineation and foliation of the 

petrofabric: c axis of the biotite tends to parallel the pole of the flow plane (foliation), and c 

axis of the amphibole tends to parallel the flow direction (lineation) (Figure IV.2.6). This 

means that for biotite, the AMS ellipsoid, consistent with the crystallographic fabric, is also 

consistent with the petrofabric. For amphibole, the magnetic kmax is orthogonal to the long 

crystallographic c axis (Figure IV.2.6). The magnetic lineation indicated by AMS ellipsoid is 

therefore perpendicular to the petrofabric lineation. However, this is valid only if amphibole is 

totally pure. Indeed, amphibole almost always includes magnetite in its lattice. Grains of 

magnetite included in amphibole have their long axis oriented parallel to the c axis of the 

amphibole. Consequently, the magnetite fabric of the magnetite grains is parallel to the 

petrofabric. Since very few amounts of magnetite included in amphibole are sufficient to 

control the AMS of the amphibole, the magnetic fabric resultant of the amphibole is generally 

consistent with the petrofabric. 

 

• Mineralogical investigation 

Since much magnetic behaviour are possible within a rock and especially since magnetic 

fabric does not correspond systematically to the petrofabric, it is important to define clearly 

what are the minerals that contribute to the AMS and what is their influence. Unfortunately, 

many studies minimize the importance of this investigation and frequently interpret too 

quickly the AMS ellipsoid as a well representing the petrofabric. 

The determination of the magnetic mineral and their contribution to AMS consists 

basically in three main steps: the determination of the magnetic behaviour, the determination 

of the ferromagnetic mineral, the estimation of the contribution to AMS of the ferromagnetic 
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minerals (Figure IV.2.7). These experiments are generally performed before the measurement 

of the bulk susceptibility and the AMS ellipsoid of the rock. 

Determination of the magnetic behaviour is done through the measurement of the magnetic 

susceptibility in function of the temperature (k-T curve) and through the measurement of the 

induced magnetization in function of the applied field (hysteresis curve). These experiments 

permit to detect if ferromagnetic material is present or not in the rock. If not, we estimate that 

AMS is carried by paramagnetic mineral and that anisotropy is magnetocrystalline. If 

ferromagnetic minerals are detected, the next step consists in identifying which minerals they 

are. This identification is done through the measurement of the remanent magnetization in 

function of the applied field (isothermal remanence magnetization, IRM). Measurement of the 

partial anhysteretic remanent magnetization (pARM) permits to determine if magnetite is SD 

or MD. Finally, measurement of the anisotropy of magnetic remanence (AMR) gives the 

remanence ellipsoid for ferromagnetic mineral. This ellipsoid, compared to the AMS ellipsoid 

give an idea of the ferromagnetic contribution to the AMS. 

 

• Analytical Method 

For each outcrop that presented fabric unmeasurable or dubious, sampling has been 

 
Figure IV.2.7: resume of the experiments needed to make a good interpretation of the AMS ellipsoid. 1: 

identification of the magnetic behaviour of the rock; 2: identification of the ferromagnetic minerals; 3: 

estimation of the contribution to AMS of the ferromagnetic minerals. The red cross do not mean that 

interpretation of AMS is not possible, but that it needs more experiments that were not performed in this study. 



66 
Chapter IV Structural study of the complex 3D strain pattern  

systematically performed. For each site, between 5 and 10 cores were drilled, oriented, and 

subsequently cut in laboratory in 2 to 4 specimens. These specimens are standard cylinders for 

magnetic measurements of 2.5 cm wide and 2.2 cm height. For magnetic mineralogy 

investigation, selected samples were powdered using an agate grinder to avoid contamination. 

Low field magnetic susceptibility and AMS measurements on standard cylinders were 

performed with a KLY-3S and KLY-4S Kappabridge instrument (Agico, Czech Republic) in 

the magnetic anisotropies laboratory of the Intituto de Geociências of São Paulo University 

(IGc USP). The same equipment was used for the k-T curves measurements on powders, 

obtained in an Ar atmosphere. Hysteresis measurement on powders were performed at room 

temperature using a vibrating sample magnetometer (VSM-Nuvo, Molspin, Newcastle-upon-

Tyne, UK) under fields up to 1 T. 

For pARM acquisition, we followed the procedure given by Jackson et al. (1989). Standard 

cylinders are demagnetized in a Molspin alternating field demagnetizer, at 100 mT before 

starting the experiment. During demagnetization from a peak field H, a steady field (DC field) 

is applied between two chosen values (alternating field (AF) window, between H2 and H1, 

H>H2>H1). AF peak is 95 mT and DC field is 0.1 mT. In this way, sample is magnetized only 

in a chosen AF window width of 10 mT, between 0 and 95 mT. After each induction, 

remanence is measured with a JR5A magnetometer (Agico, Czech Republic), demagnetized at 

100 mT and induced in a new AF window. After AF demagnetisation of the last pARM 

acquisition, samples were subjected to IRM in progressively increasing magnetizing fields 

using a pulse magnetometer (MMPM9, Magnetic Measurements). 

For the AARM measurements on standard cylinders, the measurement procedure starts 

with a demagnetization of the sample applying an AF field of 100 mT. Then, it comprises an 

induction of anhysteretic remanence in a determined direction (using the Molspin alternating 

field demagnetizer and the pulse magnetometer, for AARM and AIRM, respectively), a 

measurement of the AARM (using the JR5A magnetometer), and finally a demagnetization 

(using the Molspin alternating field demagnetizer). The direction of anhysteretic remanence 

induction is generally orthogonal to the previous one in order to avoid the effects of 

preferential magnetization along the last AF-demagnetized axis. In this study, AARM was 

characterized following a seven-position scheme, adapted to a large variety of rock types, 

using an acquisition applied field of 50 mT. AIRM followed a six-position scheme with an 

acquisition applied field of 20 mT. For both experiments and after each remanence 

measurement, axis was demagnetized applying an AF field of 100mT. 
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IV.2.b Geochronology 

Establishment of a chronology in the succession of geological events is a first order issue 

in most of studies. A relative chronology can generally be defined using geological recording, 

such as sedimentary sequences, or structural relations between rock formations. However, 

these recordings or structural relations do not permit to define an absolute age and duration of 

the geological events. Absolute measurement of the time in geology requires physical process 

independent of the variable parameters, such as pressure, temperature or composition, which 

could affect the geological objects. Natural radioactivity of some elements (U, Th, Rb, Sr, 

K...) meets these criteria. In this part of the study, our objective is to establish an absolute 

chronology of emplacement of the different granitic and metasedimentary bodies that occur in 

the region. 

• Generalities on isotopic dating 

Isotopic dating is based on the natural process of decay of some radioactive isotopes. 

Radioactive decay is a process in which an unstable atomic nucleus, i.e. the radioactive 

isotope, emits ionizing particles and radiations to become another type of atomic nucleus. The 

initial radioactive isotope, called parent nuclide (P), decays to become a radiogenic isotope 

called daughter nuclide (D). If this daughter nuclide is not stable it-self, it will decay until 

become a stable isotope. Velocity of the decay is variable in function of the radioactive 

isotope considered. This decay velocity is expressed through the decay constant λ (generally 

in year-1). The half-life for a radioactive isotope, t1/2 = ln2/ λ, corresponds to the time need to 

disintegrate into daughter nuclides the half of the parent nuclides present in the material 

considered. 

At the beginning of the XX century, after the natural radioactivity discovery by Becquerel 

(1896), authors (Rutherford and Soddy, 1902; Rutherford, 1906) quickly understood the value 

of this process that depends only on time, and they established the relation between the time, 

decay velocity and amount of parent nuclide present in the mineral: 

 

(1) λP
δt
δP −=  with P the amount of parent nuclides currently present in the mineral at t 

time; and λ the decay constant characteristic of each radioactive isotope. 

 

Integrating the equation (1), evolution of the amount of parent nuclides in the mineral in 

function of the time is: 
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(2) 
λt

0ePP −=  with P0 the amount of parent nuclides when the mineral formed at t = 0. 

 

Assuming that number of daughter nuclides (D) present in the mineral is equal to the 

number of daughter nuclides already present at mineral formation (D0) plus those created 

from the parent nuclides decay (P0 - P), this equation is obtained : D = P0 - P + D0. Using this 

relation in equation (2), we obtain:  

 

(3) 0D1)P(eD λt +−=  

 

Finally, from the equation (3), it is possible to obtain the elapsed time since the formation 

of the mineral from the amount of parent nuclides and daughter nuclides currently present in 

the mineral: 
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The first tests of absolute datation were performed by measuring the production of 

helium during the decay of uranium (Rutherford, 1906) but ages obtained were too young to 

be valid and the use of the isotopic pair Uranium-Helium was then abandoned. With the 

development and improvement of the mass spectrometer, analyses of isotopes became more 

accurate, and the first Uranium-Lead (U/Pb) ages were published by Nier (1939). However, 

ages obtained with various isotopic systems, either on whole rock or on specific minerals, 

were younger than expected and authors concluded that minerals have a capacity to loose 

daughter nuclides, resulting in a younger and altered age. This conclusion was actually an 

introduction to an important notion in geochronology, the closure temperature. 

 

• Closure temperature 

A daughter nuclide is a chemical element that is not related to the lattice of the host 

mineral and that is not adapted to the retention within this mineral lattice. Consequently, the 

daughter nuclides produced by the parent nuclides decay migrate by diffusion within the 

mineral lattice, until their total release. This results in a diminution of the daughter/parent 
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ration, and thereby in an apparent decrease of the measured age. Since diffusion is diminished 

by lower temperature, Jäger et al. (1967) suggested that there is closure temperature Tc below 

which the daughter nuclides no longer migrate, and stay in the lattice of the host mineral. This 

closure temperature is characteristic of each isotopic system and each mineral in which 

isotopic system is used.  

Figure IV.2.8 illustrate the notion of closure temperature of a system in a cooling 

environment. The daughter nuclides start to accumulate in the system at Ta temperature. At 

this temperature, the release rate of the daughter nuclides by diffusion becomes lower than 

their production rate by the parent nuclides decay. With the decreasing temperature, this 

release rate increase and diffusion decrease, resulting in a higher accumulation of daughter 

nuclides. At Tb temperature, the system is totally closed and no more daughter nuclides are 

released. Tc is obtained from the extrapolation of the accumulation curve. Thereby, absolute 

ages obtained by isotopic dating correspond to the passage of the system (mineral, rock...) at 

the closure temperature. 

During the study of the cooling of a geological body, precautions must be taken and 

 

Figure IV.2.8:  notion of closure temperature. The 

daughter/parent nuclides ratio increase only after the 

temperature decreased lower than the closure 

temperature, Tc 

 

Figure IV.2.9: thermal chronology of a rock. A: simple 

thermal history. It is progressive and consists in a 

unique cooling phase. B: complex thermal history. A 

late thermal event deleted the first cooling phase. 
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interpretation of ages obtained must be done with caution. Indeed, ages obtained on different 

minerals from the same rock, using isotopic systems adapted to these minerals, correspond to 

closure temperatures in each mineral and permit to define a thermal history of the rock. In 

most case, successive closure temperatures illustrate a progressive cooling with possible 

cooling rate variations (Figure IV.2.9, A). However, part of the thermal history can be deleted 

during a late geological event. An increase of temperature, related to a deformation, a fluid 

circulation or a metamorphic event, can result in the reopening of isotopic systems and 

consequently in a loss of daughter nuclides. In such a situation, the perturbed isotopic ratios 

will lead to an apparent thermal history that do not correspond to the reality (Figure IV.2.9, 

B). Ages obtained are younger than the mineral formations and further correspond to the last 

thermal event they undergone. 

• U/Pb isotopic system on zircon 

Among the different isotopic systems used in geology, the isotopic pair Uranium-Lead 

(U/Pb) in zircon is probably the most utilized, for various reasons. The first advantage comes 

from the fact that closure temperature of U/Pb in zircon is high. Since most of the magmatic 

bodies emplaced at lower temperature than the closure temperature of the U/Pb system in 

zircon, ages obtained correspond directly to the crystallization age of the zircon and the 

emplacement age of the magma. Thus, closure temperature of U/Pb system in zircon is high 

enough to prevent the release of daughter nuclides during moderate thermal and metamorphic 

events. These properties make U/Pb isotopic system in zircon a good choice in dating 

magmatic bodies. 

The second advantage is that the U/Pb isotopic system associate two parent isotopes from 

the same element (235U et 238U) whose decay, following two distinct decay constants, to form 

two daughter isotopes from another element (207Pb and 206Pb, respectively). The decay 

constants of the 206Pb/238U and 207Pb/235U isotopic systems are 238
λ = 1.55125.10-9 y-1 and 235

λ 

= 9.8485.10-10 y-1, respectively. The age equation for these isotopic systems are given by the 

equation (4) and become: 
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Thus, in addition to the radioactive decay, the isotopic composition of the lead also 

evolves, giving another measurement of time. Consequently, three distinct ages are 

measurable from three isotopic ratios: two Pb/U ratios (207Pb/235U and 206Pb/238U), and one 

lead isotopic composition ratio (207Pb/206Pb). Comparison of these three ages permits to reach 

an impressive accuracy and, especially permits to define if the mineral dated evolved in a 

system closed or open. Even if the considered mineral evolved in an open system, the U/Pb 

method permits to obtain an age well defined. Thus, using Concordia diagram, it is possible to 

know when the isotopic closed but also when it reopened (Figure IV.2.10). Wetherill (1956) 

was the first to use both 207Pb/235U and 206Pb/238U ratio in a Concordia diagram. 

The Concordia curve represents the evolution of 207Pb/235U and 206Pb/238U ratios through 

time. This curve is immutable and absolute. Measured ratios from analyses of a mineral that 

evolved in a closed system always plot on the Concordia curve (Figure IV.2.10, concordant 

analysis). On the contrary, measured ratios from analyses of a mineral that evolved in an open 

system are discordant and appear below the Concordia curve. This is due to the loss of 

 
Figure IV.2.10: Concordia diagram. Concordant analyses are on the Concordia curve and correspond the 

closure age of the system. Discordant analyses form a discordant line, above the Concordia curve. The upper 

intercept corresponds the closure age of the system and the lower intercept corresponds to the late opening age 

of the system. (modified from Bruguier, 2009) 
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daughter nuclides, reducing the isotopic ratios. However, these analyses form generally a 

discordant line whose upper intercept with the Concordia curve represents the age of closure 

of the system and the lower intercept represents the late age of opening of the system (Figure 

IV.2.10, discordant analyses). 

U/Pb isotopic system in zircon is considered as an enriched isotopic system. This signifies 

that the amount of radiogenic daughter nuclides produced by decay is very important in 

comparison to the amount of non-radiogenic daughter nuclides already present at the 

formation of the mineral. This difference permits to pass over the amount of non-radiogenic 

daughter nuclides and greatly facilitate the analysis treatment. The most interesting minerals 

are those that integrate parent nuclides in their lattice without integrating non-radiogenic 

daughter nuclides. However, non-radiogenic daughter nuclides, i.e. the common lead, can be 

present in analysed mineral. In such cases, a correction is needed, which can be done through 

analysis of mineral phase with very low U/Pb ratio, or through an estimation of the common 

lead with evolution models of the Pb isotopic composition in the crust (Stacey and Kramers, 

1975; Cumming and Richards, 1975). 

 

• Analytical method: 

All U-Th-Pb age determinations were performed at Geosciences Montpellier (University of 

Montpellier II, France) on an Element XR ICP-MS (ThermoFisher) coupled to a Compex 102 

Excimer laser (Lambda Physik). Analytical procedures follow those described by Petitgirard 

et al. (2009) based themselves on earlier reports (Hammor et al., 2006; Neves et al., 2006; 

Dhuime et al., 2007). The well-characterized G91500 zircon standard is used to tune the 

instrument and to correct the collected data for mass discrimination and inter-element 

fractionation. This standard was analysed every 5 unknowns. Measured masses are 202Hg, 
204(Pb+Hg), 206Pb, 207Pb, 208Pb, 232Th and 238U. Total acquisition time was 60 seconds with the 

first 15 seconds devoted to gas blank measurement that was subtracted to the measured 

signals. 202Hg and 204(Pb+Hg) were measured to monitor the interference on 204Pb. When 

common Pb was detected, analyses were rejected since common Pb correction often results in 

over correction. Thus, all data presented in this study are free of common Pb. Spot sizes used 

for laser ablation are 26 µm or 51 µm, depending on the grain size. To enhance sensitivity and 

reduce inter-element fractionation, ablation experiments were carried out under a helium 

atmosphere (Gunther and Heinrich, 1999). Following Horstwood et al. (2003), uncertainties 

reported for the 207Pb/206Pb and 206Pb/238U ratios of each unknown correspond to the quadratic 
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addition of the external reproducibility obtained from the measurements of the standards and 

the within-run precision of each individual analysis. Ages were calculated using the IsoplotEx 

program of Ludwig (Ludwig 2000). 

 

 

 

IV.3. Structure of the Galiléia suite 

This section correspond to the article Mondou et al. submitted to Journal of Structural 

Geology entitled “Complex, 3D strain in a synkinematic tonalite batholith from the Araçuaí 

(East-Brazil) neoproterozoic hot orogen: evidence from joint ASM and U/Pb studies.” 

(Annexe). A summary of results and the conclusions of this study are presented here. 

 

“Complex, 3D strain in a synkinematic tonalite batholith from the Araçuaí 

(SE-Brazil) neoproterozoic hot orogen: evidence from joint ASM and U/Pb 

studies.” 
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IV.3.a Abstract 

The neoproterozoic Araçuaí belt of East-Brazil involves a huge (~300x60km) tonalitic to 

granodioritic batholith formed by several magmatic bodies and numerous tonalitic sills 

interlayered with host metasediments. These magmatic rocks display a well-defined magmatic 

fabric consistent with the solid-state fabric observed in the country-rock. A detailed structural 

(Anisotropy of Magnetic Susceptibility) and geochronological (U/Pb) study was carried out 

across this batholith to determine the strain distribution through space and time. Magnetic 

investigations indicate that the studied tonalites have a predominantly paramagnetic behaviour 

and therefore that the magnetic fabric is a good proxy of the structural (flow) fabric. 

Measured magnetic foliations and lineations, together with field measurements, highlight a 

variation of the strain pattern through the studied domain. The western part is characterized by 

orogen parallel, eastward gently dipping foliation that bears a down-dip lineation, in 

agreement with westward thrusting of the belt onto the São Francisco craton. Eastward, the 

foliation progressively becomes steeply dipping then subvertical. From the centre of the 

tonalitic unit to its eastern limit, magmatic foliations are subvertical, orogen parallel and bear 

lineations varying from horizontal to vertical. In a narrow (~15 km), NS-elongated domain, 

the magmatic foliation is horizontal and bears orogen parallel lineations. 

To constrain the emplacement history of the huge volume of tonalitic-granodioritic magma 

involved in the batholith, and to constrain the timing of the deformations recorded by the 

magmatic fabric, U/Pb dating of zircons from 11 outcrops representative of the various facies 

and magmatic fabric observed in the batholith has been performed. The homogeneity of the 

results suggests 1) that the whole batholith emplaced during a single magmatic event at ~580 

Ma, probably in an already deforming middle crust, and 2) that the entire batholith was 

deformed before it started to behave as a solid. We therefore consider that the different 

structural patterns are roughly contemporaneous and represent a complex, 3D deformation 

resulting from the relatively simple East-West convergence that built the belt. The 

deformation of the tonalitic batholith and its country-rock involves 1) westward thrusting of 

the western domain (possibly controlled by the stiff cratonic lithosphere present at depth), 2) 

an association of thickening and lateral escape along both vertical or horizontal flow surfaces 

in its central and eastern domains. This complex 3D deformation may be due to the 

combination of a gravity-controlled strain component with the collision-related regional 

deformation, a behaviour characteristic of weak lithosphere in hot orogens. 
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IV.3.b Results 

• Magnetism 

124 outcrops were sampled for measurements of AMS, including 110 in the Galiléia and 

São Vitor tonalites (70 and 40, respectively), 9 in the contact lithology and 5 in the 

metasediments. The magnetic foliations obtained through the measurement of AMS are 

plotted on Figure IV.3.1, together with field foliations. This structural map permitted to 

highlight five main structural patterns, distributed in four main regions (Figure IV.3.1): The 

first structural region is characterised by (1) a shallowly to gently dipping orogen-parallel 

foliations bearing a down-dip lineation, the second structural region includes (2) a steeply 

dipping, orogen-parallel foliations with vertical lineations, and (3) an alternating horizontal 

and vertical stretching lineations on orogen-parallel steeply-dipping foliations. The third 

region is represented by (4) an orogen-parallel lineation on a flat-lying foliation. And the 

fourth structural region is characterized by (5) a N150 trending subvertical foliations bearing a 

horizontal mineral lineation.  

 
Figure IV.3.1: Structural map of the studied region with magnetic foliation deduced from AMS and field 

foliations. Four main structural regions have been identified. 
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Among the 124 samples measured for AMS, 20 were selected to perform further magnetic 

investigations and to characterize the magnetic mineralogy of the lithologies studied. These 

samples are distributed throughout the entire studied area and each of the 20 selected samples 

represents a particular structural area or a particular lithological facies. The thermomagnetic 

and hysteresis experiments permitted to identify the magnetic mineralogy of Galiléia and São 

Vitor tonalites as mostly paramagnetic with probable very few amounts of ferromagnetic 

minerals (Figure IV.3.2, samples AR-705 and AR-1009). For samples of São Vitor located 

close to the contact region between Mylonitic and Plutonic Units, we recognized the presence 

of amounts of ferromagnetic minerals, identified as magnetite, which could have a significant 

importance in the AMS (Figure IV.3.2, sample AR-1035). 

To characterize the ferromagnetic minerals detected during the previous investigations, 

pARM and IRM were performed on Galiléia and São Vitor samples. Results of pARM 

acquisition (Figure IV.3.3, A) indicate that for both Galiléia and São Vitor lithologies, 

remanences are higher for low field, suggesting that magnetite is multi-domain and thus that 

the AMS fabric did not underwent inversion of kmax orientation. On IRM spectra (Figure 

IV.3.3, B), the thresholds observed suggest that the magnetite is the major ferromagnetic 

mineral in the studied samples. 

Finally, to check the contribution of magnetite in the AMS ellipsoid, we performed AMR 

measurement on samples from Galiléia tonalite and São Vitor tonalite from the batholith and 

 
Figure IV.3.2: Examples of thermomagnetic curves (A) and hysteresis curves (B) obtained during the magnetic 

mineralogy investigation for Galiléia tonalite (AR-705), São Vitor tonalite (AR-1009) and São Vitor tonalite 

close to the contact region between Mylonitic and Plutonic Units (AR-1035). Galiléia and São Vitor tonalites 

have a paramagnetic mineralogy. São Vitor tonalite close to the contact region possesses few amount of 

magnetite. 
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from the contact region. Remanence intensity of all samples measured is very low, about 10-5 

SI. The paramagnetic samples of Galiléia and São Vitor tonalites mostly yielded AMR 

ellipsoids randomised (Figure IV.3.4), confirming that ferromagnetic minerals do not 

contribute to the AMS ellipsoid. However, some partial correlations a slight correlation 

between axis of AARM and AIRM, and axis of the AMS are probably due to the negligible 

amounts of magnetite that was evidenced with the thermomagnetic curves. We suggest that 

for the paramagnetic Galiléia suite (including both tonalites), either amount of magnetite is 

not significant and do not have influence in the AMS, or magnetite is present in very few 

amount and its contribution to AMS is correlated to that of the paramagnetic mineral. 

For samples of São Vitor close to the contact region, the good correlation between axis of 

the AMS ellipsoid and those of the AARM ellipsoid indicates that contribution of remanence-

bearing mineral, principally identified as magnetite, corresponds to that of the paramagnetic 

minerals. 

 
Figure IV.3.3: Rock magnetism for Galiléia and São Vitor samples. A: partial anhysteretic remanent 

magnetization (pARM). Normalized to the higher value. B: isothermal remanent magnetization (IRM). 

Intensities normalized to the saturation threshold.  
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• Geochronology 

A total of 3 samples of São Vitor tonalites, 5 samples of Galiléia tonalite and 3 samples 

through the Western Mylonitic Unit and the contact region with the Tonalitic Unit were dated. 

Each sample was selected in function of the structural region where it is located (Figure 

IV.3.5). Such a sampling through the studied region permitted to define whether the whole 

batholith was emplaced simultaneously or resulted from the emplacement of successive 

magmatic pulses over a large time span. Detail of the different samples and their 

corresponding U/Pb datation are presented in annexe. 

All ages obtained are regarded as ages of emplacement of the different magmatic bodies. 

The eleven ages obtained are consistent with each other and yielded ~580 Ma (Table IV-1). 

 
Figure IV.3.4: Comparison between ellipsoids of AMS, AARM and AIRM. 
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IV.3.c Discussion and conclusion 

In the Mylonitic Unit and in the contact region, considering that the leucocratic veins, the 

tonalitic sills, the remnants of metasediments and the mylonites are co-structured, we 

supposed that they were probably deformed concomitantly before the solidification of the 

leucocratic veins and the tonalitic sills. The homogeneous ages obtained on leucocratic veins 

and tonalitic sills of ~580 Ma is interpreted as the age of emplacement of these bodies and the 

beginning of the deformation. For the Galiléia suite (including São Vitor and Galiléia 

tonalites) the consistent ages obtained around ~580 Ma support an emplacement of the 

tonalites during a single magmatic event in a domain that extends over 300 km along the 

orogen. This age of ~580 Ma, together with the ages obtained in the Mylonitic (577 ± 9 and 

578 ± 3, Petitgirard et al. 2009) and Anatectic Units (575 ± 3, Vauchez et al., 2007), 

suggesting that a major magmatic, thermal and tectonic event took place at ~580 Ma, 

 
Figure IV.3.5: Repartition of the 11 samples dated in this structural study. One dated sample of each structural 

region and each lithology is shown on this map. 
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involving the emplacement of huge volumes of tonalites in the Plutonic Unit, widespread 

partial melting in the Anatectic Unit, and deformation of the entire orogenic segment. 

Magnetic investigation revealed that magnetic anisotropy is mainly carried by 

paramagnetic mineral, i.e. mainly biotites and few amphiboles, and we assume that the AMS 

represents a good proxy of the petrofabric. From the magnetic fabric and field measurement 

we constructed a structural map and highlighted different structural regions, each one 

characterized by specific dynamics: (1) a westward thrusting in the western part of the 

batholith characterized by gently eastward dipping orogen-parallel foliations with down-dip 

lineations, (2) a transpression-induced strain partitioning characterized by vertical orogen-

parallel foliations bearing vertical and horizontal lineations in the central and eastern part of 

the batholith, and (3) a flat-lying foliation with horizontal orogen-parallel lineations in a 

north-south band located in the eastern part of the batholith.  

The homogeneity of ages through the whole batholith leads to consider that the 

deformation, started at ~580 Ma, affected the entire batholith while this one was completely 

emplaced. Thus, since deformation in the Tonalitic Unit has been acquired at magmatic state, 

the different structural patterns have developed in the magma between its emplacement and its 

solidification. Therefore, we suggest that the various fabrics observed are coeval and 

represent different responses to a common compressional deformation. 

Consequently, we suggest a structural model, consistent with the models of “hot orogens” 

combining different flow modes: Fabric type (1) is related to the westward thrusting onto the 

São Francisco craton. Fabric type (2) accommodates both East-West shortening by thickening 

of the crust where lineation is vertical and thickening by lateral escape flow where lineation is 

horizontal. Fabric type (3) also accommodate thickening by horizontal lateral escape flow. 

These lateral escape flows are permitted by the particular rheology of the hot crust that can 

accommodate vertical stretching and that is not enable to sustain high topographies. Finally, 

we hypothesize that thrust tectonic (in the western domain) is controlled by the prolongation 

of the lower stiff cratonic lithosphere. Further east, the complex 3D deformation may be 

 Zircon Litho 
AR-940 586.7 ± 4.7  Leucocratic Melt 
AR-87-1 579.4 ± 7.6  Leucocratic Melt 
AR-264 581.0 ± 4.2  Contact tonalite 
AR-1057 582.6 ± 3.7  São Vitor tonalite 
AR-800 582.4 ± 5.8 São Vitor tonalite 
AR-968 584.7 ± 6.6 São Vitor tonalite 
AR-787 582.4 ± 6.4  Galiléia tonalite 
AR-705 579.4 ± 4.2  Galiléia tonalite 
AR-815 583.4 ± 3.6 Galiléia tonalite 
AR-717 581.4 ± 4.2 Galiléia tonalite 
AR-957 585.3 ± 4.1 Galiléia tonalite 

 

 

 

 

Table IV-1: Summary of the eleven dated samples. 
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related to the absence of the cratonic lithosphere at depth, replaced by a hot and weak 

lithosphere due the blanketing effect of the huge volume of partially melted rocks. 

 
 

 
 
 

IV.4. Structure of the Palmital granite 

IV.4.a Introduction 

Palmital granite is a facies of the Urucum suite. This granite is located in the eastern part of 

the Plutonic Unit, in a region that extends roughly 20 km wide and 20 km long. The Urucum 

suite is composed by various small plutons that intruded the host metasediments and the 

Galiléia suite. These plutons display an elongated shape, along an NW-SE axis, or a circular 

shape (Figure IV.4.1). The Urucum suite presents a large variety of facies which the most 

common is the Palmital granite, a coarse-grained leucogranite composed of quartz, potassic 

feldspar, biotite and muscovite. The pronounced fabric of the Palmital granite appears to be 

acquired mostly at magmatic state but some outcrops display some solid-state deformation 

features. 

These distinct aspects, the late emplacement, both magmatic and solid state deformation, 

lead to think that the Palmital granite constitutes a good deformation marker and that its 

geochronological information and structural characteristics can help to better define the 

timing of the deformation that affected the Central Plutonic Unit. Indeed, the beginning of 

this regional deformation is now well defined (~580 Ma) but its duration is still poorly 

informed. The structural study of bodies emplaced after the beginning of the deformation,  

 
Figure IV.3.6: Diagram 3D of the complex 3D deformation regime. Ages obtained in the different structural 

regions are reported. Not at scale. 
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consistently structured or not with their host rock, can help to constrain the end of the 

regional deformation. 

In this work we started a structural and geochronological study of the Palmital granite. For 

now, we dispose of few data that permit to get an idea of the structural and geochronological 

history of the Urucum suite region. However, the data presented hereafter are not sufficient to 

reach formal conclusions and hypothesis and suggestions emitted need more sampling and 

analyse to be checked. 

 

 
Figure IV.4.1: Geological and structural map of the Urucum suite, in the eastern part of the Central Plutonic 

Unit.  
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IV.4.b Results 

• Magnetism 

The bulk magnetic susceptibility of the Palmital granite is low, between ~10-4 and 10-5 SI 

(Table IV-2). Before suggesting that this low susceptibility is related to the paramagnetic 

behaviour of the Palmital granite, further investigations are needed. Shape parameters T are 

mostly between 0 and 1, indicating that the AMS ellipsoid of Palmital granite is globally 

oblate, with a well defined magnetic foliation plane. The anisotropy degree is moderate, 

between ~1.1 and 1.3. 

Three representative samples of the Palmital granite, selected through the different plutons, 

were analysed in order to characterize the magnetic mineralogy and to make sure that 

magnetic fabric is representative of the petrofabric. The same experiments as in the previous 

section were conducted: k-T curves, hysteresis curves, pARM, IRM and ARM. 

Figure IV.4.2 show the measured bulk susceptibility in function of the temperature (k-T 

curves) for the 3 samples. The obtained curves are similar to that of the Galiléia suite and 

probably denote a predominant paramagnetic behaviour. Indeed, all curves present a 

hyperbolic decrease followed by a progressive decrease, indicating a general paramagnetic 

behaviour. However, looking carefully, we observe that the curves decrease a few more 

quickly around the Curie temperature, probably revealing the presence of very few amount of 

magnetite. Thus, for sample AR-1015, the presence of slight disturbance near -20 °C could be 

due to the possible presence of antiferromagnetic material, and especially hematite. In this 

mineral, magnetic moments disappear at the Morin transition (~ 260°K), resulting in a null 

magnetization and susceptibility. We suppose that the slight decrease above zero observed on 

the k-T curve is related to this Morin transistion. Hysteresis curves (Figure IV.4.3) also 

present evidence of both contributions of paramagnetic and ferromagnetic materials. The 

small narrow hysteresis loops present at low field indicate the presence few amount of 

 
Figure IV.4.2: k-T curves for selected samples of the Palmital granite. Low and high temperatures for samples 

AR-648 and AR-1015. Only high temperature for sample AR-1025. Thick line represents the heating phase of 

the samples and dashed line represents the cooling return phase. 
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ferromagnetic minerals, while the high-field part of the hysteresis is characteristic of 

paramagnetic minerals. The evaluation of the contribution of both paramagnetic and 

ferromagnetic minerals in such cases is difficult and further investigations are needed. 

However, we can reasonably suggest that the global behaviour of the Palmital granite is 

paramagnetic with a slight and may be negligible ferromagnetic influence of hematite and 

magnetite. 

We observed that paramagnetic minerals present in the Palmital granite are mostly biotite 

and muscovite, and we therefore suppose that the paramagnetic component of the AMS 

ellipsoid is carried by these two minerals. Since the orientation of the paramagnetic ellipsoid 

is consistent with the crystallographic structure of the biotite and muscovite, i.e. kmin is 

parallel to the c-axis and orthogonal to the cleavage plan (Martín-Hernández and Hirt, 2003), 

we consider that the paramagnetic ellipsoid carried by these phyllosilicates is consistent with 

the petrofabric of the rock. Thus, the oblate AMS ellipsoid measured for Palmital samples 

(Table IV-2) may be related to the oblate paramagnetic anisotropy of biotite and muscovite. 

However, before to conclude that the whole AMS ellipsoid, including paramagnetic and 

ferromagnetic contributions, is consistent to the petrofabric, we need to characterize the 

ferromagnetic minerals and their contribution to AMS. 

As for samples from the Galiléia suite, we performed isothermal remanence magnetization 

 
Figure IV.4.3: Hysteresis curves for Palmital granite. Not corrected for paramagnetic slopes. 

 
Figure IV.4.4: Left: Remanent coercivity spectra derived from partial anhysteretic remanence acquisition 

(pARM). Spectra are normalized to the highest value of partial remanent acquisition. Right: Isothermal 

remanence magnetization (IRM). Intensities are normalized to saturation of IRM. 
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experiment (IRM) and of the partial anhysteretic remanent magnetization experiment 

(pARM), following the same procedure (section IV.2.a). The present results of IRM (Figure 

IV.4.4) indicate that remanence increase quickly until a first threshold around 100 mT. After 

this threshold, remanence continues to increase slowly until a saturation threshold completely 

at ~500 mT. The fist threshold characterizes the presence of low coercivity ferromagnetic 

mineral, probably the magnetite. The second threshold at higher remanence characterize 

mineral that have high coercivity, such as hematite or pyrrhotite. The magnetite threshold 

occurs at about 85% of the total saturation, meaning that magnetite is the main ferromagnetic 

mineral of the sample. 

The pARM diagram corresponds to the low part of the IRM diagram (0-100 mT). 

Consequently, the pARM diagram shows the partial remanence for minerals that have the 

lower coercivity in the IRM diagram, i.e. the magnetite. Results of pARM indicate that most 

of the magnetite has low coercivity (0-40 mT), indicating that magnetite grains are big, and 

probably multi domain. If hematite is actually present, we could not anyway observe evidence 

of its presence in pARM diagram since the remanence of hematite is higher than that we can 

measure with our equipment. 

To conclude the magnetic investigation of the Palmital granite, we measured the ARM 

tensor to discriminate the ferromagnetic contribution to the AMS. The AARM and AIRM of 

the sample AR-648 have been measured following the same analytical method than that used 

in section IV.2. Results are presented in Figure IV.4.5 and compared to the AMS ellipsoid. 

Values of remanence measured are very low, ~10-10 SI, close to the detection limit of the 

equipment. Consequently, the ferromagnetic contribution to the AMS is probably negligible. 

 
Figure IV.4.5: Comparison of the AMS, AARM and AIRM ellipsoid of the Palmital granite sample AR-648. 
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However, AMR ellipsoids obtained present interesting partial correlation with AMS. 

Globally, the AARM and AIRM ellipsoid are consistent between each other, but not with 

AMS ellipsoid. The kmin (= k3) of AMS and AMR are globally consistent, but kmax and kint 

(respectively k1 and k2) have a different orientation of ~90°. This can not be due to the 

presence of single domain magnetite since we did not detect some in pARM diagram. Thus, 

the magnetic inversion in presence of SD magnetite is between kmax and kmin. Therefore, we 

interpret this partial correlation between AMS and AMR as two different fabrics, one 

recorded by the dominant paramagnetic minerals (AMS) and the other recorded by few 

amount of ferromagnetic minerals (AMR). Implications for these two fabrics are discussed 

further on, in the interpretation part. 

 

• Geochronology 

The Palmital granite from the Urucum suite presents different facies, structures and 

deformation states. As for the Galiléia suite, this variety of facies and structure raises the 

question of the simultaneity of the emplacement and deformation through and within the 

various plutons. To answer this question, we used the same method as for the Galiléia suite: 

U/Pb dating on various samples spread over the Palmital granite. The analytical technique is 

the same as that described previously (section IV.2). Four samples of Palmital granite have 

been selected in function of their localisation, facies and state of deformation: AR-600, AR-

648, AR-1015 and AR-1025 (Figure IV.4.1). 

Sample AR-600 comes from a little Palmital pluton located in the western part of the 

region where Palmital granite occurs, close to the contact with the Galiléia tonalite. This 

sample displays a transitional facies between Palmital granite and Galiléia tonalite, with more 

amphibole, less muscovite and less leucocratic than the Palmital granite. It presents a fabric 

acquired at magmatic state. For this sample, fifteen analyses were performed on 15 different 

zircon grains. No analysis presents common lead and all are reported in Table IV-3. Two 

main independent populations are identified, one of 9 analyses with a low 206Pb/238U ratio 

between 0.083 and 0.087, and another of 6 analyses with a higher 206Pb/238U ratio between 

0.093 and 0.095. Analyses of both populations are concordant in the Concordia diagram 

(Figure IV.4.6, sample AR-600). The younger population yield a 206Pb/238U weighted mean 

age of 528.9 ± 4.6 Ma (MSWD = 0.35) and the older a 206Pb/238U weighted mean age of 580.9 

± 7.9 Ma (MSWD = 0.11). We interpreted both ages as ages of zircon crystallisation. Since 

this Palmital sample is located at the contact with Galiléia granite, the older zircon population 
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might represent a contamination by the Galiléia tonalite of the younger Palmital granite. 

However, it is also probable that this pluton emplaced in various magmatic pulses, at least 

two: an early pulse that emplaced slightly at the same as Galiléia granite, at ~580 Ma and a 

late pulse emplaced at ~530 Ma. 

Sample AR-1025 belongs to a Palmital pluton located at the south-east of the Urucum suite 

region and displays a magmatic fabric. As for sample AR-600, this sample has a transitional 

facies between Palmital granite and Galiléia tonalite. For this sample, twenty five analyses 

were performed on 31 zircon grains. No common lead is present in any of the analyses and all 

are therefore reported in Table IV-3. The set of analyses is not homogeneous and are 

dispersed on the Concordia diagram (Figure IV.4.6, sample AR-1025). No intercept have 

been found, due to the fact that no discordant line can be drawn. This dispersion in isotopic 

ratios may denote an evolution of the sample in an open isotopic system, i.e. high 

temperature, contamination by different zircon populations, or both. However, few analyses 

have homogeneous isotopic ratios and are concordant on the Concordia diagram (Figure 

IV.4.6). These 5 analyses yield a 206Pb/238U weighted mean age of 547.4 ± 9.2 Ma (MSWD = 

1.50). This age may correspond to the zircon crystallisation in Palmital granite, to 

contamination or inherited material. We discuss the significance of this age further on in the 

 
Figure IV.4.6: U/Pb Concordias for the different dated samples of Palmital granite. 
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interpretation part. 

Sample AR-648 also belongs to a little pluton of Palmital granite, but is located more 

inside the Urucum suite region, slightly further east. This sample has a facies characteristic of 

the Palmital granite but displays a fabric acquired at solid-state, with elongated quartz ribbons 

and pressure shadows on both sides of deformed feldspars. From the twenty analyses 

performed on 18 zircon grains, 17 without common lead are reported in Table IV-3. Within 

this remaining analysis, 15 are concordant on the Concordia diagram with a homogeneous 
206Pb/238U ratio between 0.092 and 0.096 (Figure IV.4.6, sample AR-648).This 15 analysis 

gave a 206Pb/238U weighted mean age of 577.7 ± 5.1Ma (MSWD = 0.29). This age is 

interpreted as the age of zircon crystallisation and may represent the emplacement age of the 

Palmital granite in this place. 

Sample AR-1015 comes from a Palmital pluton located north of the Urucum suite region. 

The texture of this sample is magmatic and fabric has been acquired at magmatic state. Forty 

analyses were carried out on 30 zircon grains. The 30 analyses remaining with no common 

lead are reported in Table IV-3. These analyses form a line in the Concordia with an upper 

intercept calculated at 588.2 ± 5.6 Ma. Since most of the 30 analyses forming the line are 

discordant in the Concordia diagram (Figure IV.4.6, sample AR-1015), we used the 
207Pb/206Pb ratio to calculate the age. So, 28 analyses with a homogeneous 207Pb/206Pb ratio 

between 0.059 and 0.060 yielded a 207Pb/206Pb weighted mean age of 588.8 ± 3.8 Ma (MSWD 

= 1.12). This age is our best estimation of the age of zircon crystallisation and emplacement 

of the Palmital granite in this place. 

 

IV.4.c Interpretations 

The different ages obtained on Palmital samples from the Urucum suite region are rather 

heterogeneous and delicate to interpret. This heterogeneity probably reflects a complex 

emplacement history and leads to think to a contamination by the Galiléia suite or 

assimilation of inherited material, an emplacement of the Urucum suite during various 

magmatic pulses spaced in time, or a late reopening of the isotopic U/Pb due to a thermal 

event, or these entire events. 

A thermal event capable of reopening U/Pb system in zircon would be important enough to 

affect a region larger than the Urucum suite region, and would be evidenced in samples of the 

Galiléia tonalite adjacent. Since no evidence of late reopening of the isotopic system have 

been observed in samples from the Galiléia tonalite, this hypothesis of late thermal event is 
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not suitable. Moreover, since almost each dated sample presents a particularity, a global 

common emplacement model for the whole Urucum suite and Palmital granite plutons is 

neither suitable and we suppose that each pluton has its proper emplacement history. 

Therefore, we suggest that Palmital granite emplaced during various magmatic pulses, which 

can be roughly defined as early and late. The early pulses are represented by samples AR-648 

and AR-1015 that respectively gave ages of 577.7 ± 5.1 Ma and 588.8 ± 3.8 Ma. Considering 

the error margins, these ages are consistent with those obtained in previous studies and with 

those obtained for the Galiléia suite in the previous section. This suggests that the leucocratic 

magmatism took place when the Galiléia suite emplaced and when the deformation started, at 

~580 Ma. The fact that outcrop AR-648 has been affected by solid-state deformation may be 

related to a cooling locally quicker than in adjacent regions. 

Late pulses might be represented by samples AR-600 and AR-1025, which gave ages of 

528.9 ± 4.6 Ma and 547.4 ± 9.2 Ma, respectively. The sample AR-600 also presents older 

zircons dated at ~580.9 ± 7.9 Ma, corresponding to the age of the early magmatic pulses. 

Therefore, we can suppose that this Palmital granite pluton, where the sample AR-600 was 

collected, emplaced during several magmatic pulses. However, since the sample AR-600 is 

located at the margin of the pluton, a contamination by the host rock, the Galiléia tonalite, is 

also probable. For sample AR-1025, the heterogeneity of the analyses might be also related to 

an emplacement in various magmatic pulses. To confirm the age of these probable late pulses, 

the center of Palmital plutons must be sampled in order to avoid contamination/assimilation, 

 
Figure IV.4.7: Structural maps of the Urucum suite plutons. Left: Magnetic foliations from AMS ellipsoid (black) 

plotted together with field measurement (red). Right: Flow surface interpreted from the magnetic foliation and 

magnetic lineation from AMS ellipsoid (black). 
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frequent at the pluton margins. 

Magnetic investigation revealed that the Palmital granite from the Urucum suite have a 

dominant paramagnetic behaviour. The AMS is probably mainly carried by biotite and 

muscovite present in important amount. Therefore, the anisotropy is magnetocrystalline, with 

kmin parallel to the c-axis of biotite and muscovite, it self parallel to pole of the foliation in a 

deformed rock. Consequently, we consider that for the Palmital granite, the magnetic fabric 

can be considered as a good proxy of the petrofabric. 

Even if we consider that the ferromagnetic component is negligible in the AMS, the 

magnetic ellipsoid obtained by ARM measurements brings interesting information. We 

observed that magnetic foliations obtained from AMS and AMR are both sub-vertical and 

oriented roughly NS. However lineations show a disorientation of ~90° between AMS and 

ARM ellipsoids. We suggest that these different fabrics within the same rock might reflect a 

transpression-induced strain partitioning. Indeed, due to a different rheology, the 

paramagnetic biotites and muscovites might have account for the vertical component of the 

deformation, as shown by the sub-vertical lineation of AMS, while ferromagnetic magnetite 

might have accommodate the horizontal component of the deformation, as illustrated by the 

horizontal lineation of the ARM ellipsoid. Such a transpression-induced strain partitioning is 

compatible with the structural pattern observed in the central part of the Galiléia batholith. 

The magnetic foliations deduced from AMS are plotted on a structural map of the region 

where the Palmital granite outcrops (Figure IV.4.7, left) and interpreted in terms of magmatic 

flow (Figure IV.4.7, right). If we consider that magnetic fabric can be interpreted as 

representative of the petrofabric, these maps highlight two major kinds of structural 

behaviour. (1) For the plutons located in the western part of the Urucum suite region, the 

structure is roughly consistent with the adjacent Galiléia batholith located further west. 

Foliations are oriented along a NNW-SSE axis, sub-vertical to vertical and bear vertical 

lineations. (2) For the plutons located in the eastern part of the Urucum suite region, foliations 

are mainly parallel to the pluton contours. These margin-parallel foliations are steeply dipping 

and bears horizontal lineations oriented roughly North-South. We suggest that the first 

structural pattern (1) reflects the regional deformation, which is a thickening by vertical 

stretching on vertical foliations (section IV.3). As suggested by ARM measurement, a 

horizontal stretching on vertical foliations is also possible, resulting from the strain 

partitioning. Such a horizontal stretching on vertical foliation is compatible with the 

deformation observed in the Galiléia and would reflect an accommodation of the thickening 

of the crust by lateral escape on vertical foliation. The NNW-SSE foliation trend is connected 
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at south to the sinistral shear zone evidenced previously along the Rio Doce (section IV.3). 

The second structural pattern (2) represents a combination of the emplacement dynamic of the 

plutons (margin-parallel foliations) with the regional deformation (orogen-parallel horizontal 

lineations). 

The global elongated shape along a NNW-SSE axis of the plutons from region where 

Palmital granite outcrop leads to think that the this entire region has been sheared and 

displaced through west, along the shear zone of the Rio Doce, and against the large quartzitic 

chunk located southward.  

A relation between the structural fabrics (1) and (2) and the age of emplacement of the 

magmatic pulses early and late might possibly be established. Indeed, we can suppose that a 

magmatic pluton emplaced in a region in deformation progressively acquire the regional 

structure and at the same time it progressively lose its structure of emplacement dynamic. 

Indeed, on one side, we observe that samples AR-648 and AR-1025 have emplaced early in 

the western part of the Palmital region, where the fabric (1) is consistent with the host Galiléia 

tonalite. This structural consistency between the early emplaced plutons and the adjacent 

Galiléia tonalite indicates that these plutons were consistently deformed with the Galiléia 

tonalite until the loss of their structure of emplacement dynamic. On the other side, sample 

AR-1015 has emplaced late in the eastern part, where fabric (2) might be a combination of 

regional deformation and emplacement dynamics. This would mean that the late emplaced 

pluton (represented by sample AR-1015) has not been affected enough by the regional 

deformation to lose the structure of emplacement dynamics. We can therefore hypothesize 

that this late pluton did not acquire a structure completely consistent with the regional strain 

pattern because the regional deformation might stopped slightly before its emplacement. 

However, this hypothesis is in contradiction with the structural and geochronological data of 

the sample AR-600. Indeed, the pluton where this sample was collected emplaced late and is 

located in a region structurally consistent with the regional deformation. 

Nevertheless, all plutons of Palmital granite observed present structural characteristics 

consistent with the regional strain pattern. This structural consistency, whether for plutons 

emplaced early or for those emplaced late, suggests that kinematics for the whole orogenic 

segment studied remained constant during several tens of Ma. The age of ~580 Ma obtain for 

the supposed early pulses, together with the ages of ~530 and ~550 Ma obtained for the 

suggested later pulses, permit to make a first order estimation of at least 30Ma for the duration 

of the regional deformation. Such a stability of the structural fabric, although the deformation 

lasts for very long periods of time, is probably a characteristic of hot orogens. These 
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preliminary suggestions are very similar to those made by Petigirard et al. (2009), based on 

the study of a late magmatic body, the Ibituruna syenite, emplaced in the Mylonitic Unit. 

Since the structure of this late emplaced syenite (~530 Ma) is consistent with the host 

mylonites, the authors suggested that kinematics of the regional deformation remained stable 

for various tens of Ma. 

 

 

IV.5. Conclusion 

The objectives of this structural study were first to define the whole strain pattern of the 

Galiléia magmatic suite from the Central Plutonic Unit of the allochtonous domain of the 

Araçuaí belt, and then to check the simultaneity of the different structural patterns observed. 

In addition, we investigate the structure of Palmital granite plutons intruded in the Galiléia 

suite, with the intention to use these plutons as markers of the deformation and therefore to 

constrain the timing of the regional deformation. 

We characterized the complex, 3D strain pattern of the Central Plutonic Unit, including 

the São Vitor and Galiléia tonalites, their host metasediments, and their contact with the 

Western Mylonitic Unit. Three main kinematics were therefore identified: (1) in the western 

part of the Plutonic Unit, a westward thrust characterized by eastward gently dipping 

foliations bearing down dip lineations. This pattern is concordant with that of the Mylonitic 

Unit, and illustrates the thrust of the allochtonous pile onto the external units of the belt and 

the São Francisco craton. (2) from the center of the Plutonic Unit and into its eastern limit, we 

evidenced a transpression-induced strain partitioning characterized by vertical orogen-parallel 

foliations bearing vertical or horizontal lineations. We suggested that this structural pattern 

account for thickening of the crust where lineation is vertical, and lateral escape flow where 

lineation is horizontal. (3) in the eastern part of the Plutonic Unit, within the structural pattern 

(2), a horizontal and lateral escape flow is characterized by flat-lying foliations bearing 

orogen-parallel lineations. We suppose that this pattern represents escape flow acting in 

response of the thickening and the load of the crust. 

U/Pb dating on zircon showed that the whole Galiléia suite emplaced simultaneity through 

the entire Plutonic Unit at ~580 Ma. In addition we defined that deformation started slightly 

at the same time, ~580 Ma, through the datation of zircons from synkinematic magma from 

the Mylonitic Unit and the contact region between Mylonitic and Plutonic Unit. We therefore 

concluded that the different structural patterns observed in the Galiléia suite (including São 
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Vitor and Galiléia tonalites) were acquired simultaneously, between the emplacement of the 

Galiléia suite and its complete solidification. 

Consequently, we think that the structural patterns observed all result from the same 

regional deformation, the relatively simple East-West compression. The complex 3D 

deformation resulting might be controlled by the presence or not at depth of the stiff craton. 

Indeed, thrust in the western part might be controlled by tangential tectonics enable by the 

presence of the stiff craton below, while the 3D complex strain pattern might result from the 

combination of the compression and gravity-driven forces, enable by the absence of stiff 

craton at depth and the weakness of the crust. 

Study of the Palmital granite plutons highlighted structural and geochronological 

characteristics still not fully explained. U/Pb dating of various plutons yielded heterogeneous 

results. We interpreted this heterogeneity as representing a magmatic emplacement in various 

pulses: an early pulse slightly at the same time as the Galiléia suite, at ~580 Ma and late(s) 

pulse(s) between 530 and 550 Ma. We observed two main structural patterns. The fabric type 

(1) is present in the western part of the Palmital region and is characterized by vertical 

foliations bearing vertical lineation and probable horizontal lineation observed through ARM 

measurements. This fabric is consistent with the regional deformation and might reflect a 

transpression-induced strain partitioning accounting for the thickening of the crust, together 

with lateral escape flow. The fabric type (2) is characterized by steeply dipping foliations 

parallel to the pluton margins and bearing horizontal foliations. We interpreted this fabric as 

resulting from the combination of the emplacement dynamics (margin-parallel foliations) and 

the regional deformation (horizontal lineation). We suggested that plutons emplaced early 

were totally structured by regional deformation (fabric type (1)) while plutons emplaced late 

were partially structured by regional deformation (fabric type (2)). However, this hypothesis 

is disputable since a sample located in the region of fabric type (2) yielded a young zircon 

age. Nevertheless, in both fabrics and regardless of the age of the plutons, regional 

deformation has influenced the structuration, suggesting that global kinematics remained 

stable during various tens of Ma. These stable structural characteristics would be a common 

feature of hot orogens. 
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Site N Mean AMS parameters   Mean eigenvectors 

  Km P T  Kmax  Kint  Kmin 

    (10-4)       Dec/Inc e/z   Dec/Inc e/z   Dec/Inc e/z 

Palmital granite             
AR-1012 17 1.00 1.071 -0.401  208/36 11/3  3/51 18/3  109/13 18/11 
AR-709 11 0.49 1.076 -0.144  317/35 6/4  59/17 13/6  170/50 13/4 
AR-1011 17 0.85 1.082 0.031  268/70 12/8  1/1 25/12  91/20 24/8 
AR-1018 11 0.46 1.110 -0.133  344/3 10/5  223/84 11/5  74/6 13/6 
AR-598 11 1.27 1.111 0.373  225/61 8/3  343/14 11/6  80/24 10/3 
AR-1024 16 1.53 1.123 0.532  233/72 10/6  352/9 14/5  84/16 12/6 
AR-1022 9 0.48 1.139 0.591  237/44 24/12  40/45 24/11  138/9 16/3 
AR-1025 15 0.61 1.143 0.235  326/57 14/7  216/13 14/9  118/30 9/7 
AR-1021 11 0.74 1.148 0.136  1/9 5/4  248/68 9/4  94/20 10/4 
AR-754 23 0.73 1.175 0.301  111/6 52/46  211/59 62/47  17/30 62/51 
AR-649 19 1.06 1.176 0.302  109/63 7/3  346/16 7/6  249/21 7/4 
AR-648 16 0.59 1.209 0.469  102/55 8/3  346/18 9/8  245/30 9/3 
AR-1015 19 1.62 1.251 0.720  163/85 8/3  351/5 9/7  261/1 8/2 

Ataléia granite             
AR-972 11 1.90 1.061 0.502  350/89 10/5  114/1 10/9  204/1 10/4 

Caladão granite             
AR-963 16 3.65 1.041 0.043  76/46 21/20  265/44 72/21  171/5 72/19 
AR-962 12 2.29 1.047 0.103  9/13 68/11  277/11 68/32  148/73 32/11 
AR-638 11 8.04 1.122 0.017  212/51 67/43  329/20 67/26  72/32 46/33 

Tonalitic gneiss             
AR-894 9 38.20 1.174 0.565  23/22 28/8  153/57 28/5  283/23 9/3 
              
              

Site N Mean AMS parameters   Mean eigenvectors 

  Km P T  Kmax  Kint  Kmin 

    (10-9)       Dec/Inc e/z   Dec/Inc e/z   Dec/Inc e/z 
AARM Palmital 

granite             

I-AR648  4.56 2.483 0.397  195/7 46/9  92/62 46/9  289/27 11/9 
R-AR648  0.12 2.238 0.348  179/23 28/9  55/53 29/23  282/28 25/8 

Table IV-2: ASM data for samples from the different facies studied. 
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Sample Pbr Th U Th/U 208Pb/ 207Pb/ ±  207Pb/ ±  206Pb/ ±  r Apparent age (Ma) Disc 

 (ppm) (ppm) (ppm)  206Pb 206Pb (1s) 235U (1s) 238U (1s)  206Pb ± 207Pb ± % 

                          238U (1s) 206Pb (1s) (1s) 

AR600 Palmital granite (zircon)              

 "gl53"   597   0.0575 0.0022 0.6646 0.0316 0.0838 0.0023 0.58 518.5 13.8 512.4 82.9  

 "gl50"   2234   0.0594 0.0005 0.6947 0.0145 0.0849 0.0016 0.92 525.2 9.7 580.2 17.5  

 "gl42"   3597   0.0578 0.0001 0.6796 0.0062 0.0852 0.0008 0.97 527.2 4.5 523.5 4.7  

 "gl45"   2634   0.0580 0.0001 0.6856 0.0062 0.0857 0.0008 0.98 529.9 4.5 531.1 4.1  

 "gl43"   2690   0.0577 0.0009 0.6858 0.0232 0.0862 0.0026 0.87 533.1 15.1 518.1 35.7  

 "gl47"   2399   0.0591 0.0001 0.6945 0.0082 0.0852 0.0010 0.98 527.2 5.9 570.8 4.7  

 "gl52"   2474   0.0582 0.0005 0.6908 0.0127 0.0862 0.0014 0.88 532.7 8.3 535.6 18.7  

 "gl49"   1647   0.0589 0.0005 0.7109 0.0146 0.0875 0.0016 0.91 540.6 9.7 564.8 18.1  

 "gl44"   2610   0.0586 0.0006 0.6872 0.0148 0.0851 0.0016 0.90 526.4 9.8 551.2 20.7  

 "gl41"   5396   0.0590 0.0003 0.7606 0.0167 0.0934 0.0020 0.97 575.9 11.7 568.4 11.3  

 "gl54"   5236   0.0590 0.0003 0.7653 0.0100 0.0940 0.0012 0.94 579.3 6.8 568.3 10.0  

 "gl55"   6373   0.0589 0.0002 0.7655 0.0173 0.0943 0.0021 0.99 581.0 12.4 562.2 7.2  

 "gl48"   2293   0.0588 0.0004 0.7663 0.0130 0.0945 0.0014 0.90 582.2 8.5 559.8 15.8  

 "gl46"   9969   0.0586 0.0002 0.7699 0.0150 0.0952 0.0018 0.98 586.3 10.7 553.8 7.5  

 "gl51"   5135   0.0584 0.0002 0.7610 0.0209 0.0945 0.0026 0.99 582.1 15.2 544.9 6.2  

                  

AR648 Palmital granite (zircon)              

ia31 47 336 475 0.71 0.180 0.0599 0.0004 0.7630 0.0381 0.0924 0.0046 0.99 569.8 26.9 599.5 15.2 4.96 

ia28 74 205 803 0.25 0.093 0.0594 0.0008 0.7604 0.0112 0.0929 0.0007 0.51 572.5 4.1 581.3 27.4 1.52 

ia39 36 322 333 0.97 0.265 0.0595 0.0005 0.7691 0.0113 0.0938 0.0012 0.85 577.7 6.9 585.1 16.7 1.25 

ia35 27 248 236 1.05 0.282 0.0597 0.0006 0.7719 0.0149 0.0938 0.0016 0.87 577.9 9.4 592.6 20.4 2.49 

ia37 45 151 451 0.33 0.097 0.0600 0.0003 0.7759 0.0327 0.0938 0.0039 0.99 578.3 23.1 602.1 11.3 3.96 

ia36 52 272 521 0.52 0.155 0.0594 0.0004 0.7688 0.0162 0.0939 0.0019 0.94 578.8 10.9 580.2 16.2 0.23 

ia30 128 274 1351 0.20 0.062 0.0599 0.0002 0.7784 0.0297 0.0942 0.0036 1.00 580.3 21.1 601.3 6.8 3.49 

ia26 36 147 369 0.40 0.131 0.0596 0.0004 0.7743 0.0328 0.0943 0.0039 0.99 580.8 23.2 587.9 15.7 1.21 

ia41 22 102 230 0.45 0.134 0.0602 0.0003 0.7825 0.0219 0.0943 0.0026 0.98 581.1 15.3 609.2 10.7 4.61 

ia38 58 217 635 0.34 0.108 0.0593 0.0005 0.7728 0.0291 0.0946 0.0035 0.97 582.4 20.4 577.2 18.5 -0.90 

ia43 52 476 431 1.10 0.327 0.0613 0.0019 0.8021 0.0277 0.0950 0.0013 0.40 584.8 7.8 648.3 67.9 9.78 

ia27 32 206 337 0.61 0.181 0.0595 0.0004 0.7801 0.0258 0.0951 0.0031 0.98 585.4 18.2 585.9 13.2 0.08 

ia40 26 185 245 0.75 0.220 0.0594 0.0003 0.7788 0.0161 0.0952 0.0019 0.96 586.0 11.1 580.2 12.2 -1.00 

ia32 77 201 831 0.24 0.076 0.0587 0.0002 0.7713 0.0201 0.0953 0.0025 0.99 586.7 14.4 556.5 8.2 -5.42 

ia33 145 333 1483 0.22 0.071 0.0593 0.0003 0.7841 0.0353 0.0960 0.0043 0.99 590.7 25.2 576.8 10.6 -2.41 

ia42 148 239 1496 0.16 0.068 0.0600 0.0005 0.8478 0.0150 0.1025 0.0016 0.88 629.0 9.2 603.1 18.5 -4.29 

ia34 47 146 457 0.32 0.136 0.0595 0.0005 0.8516 0.0229 0.1038 0.0027 0.95 636.7 15.5 585.3 18.0 -8.77 

                  

AR1025 Palmital granite (zircon)              

aj1 521 705 6146 0.11 0.029 0.0579 0.0004 0.7083 0.0251 0.0888 0.0031 0.98 548.3 18.2 524.7 15.5 84.49 

aj2 299 634 4907 0.13 0.030 0.0622 0.0006 0.5339 0.0079 0.0622 0.0007 0.79 389.1 4.4 682.3 19.3 80.71 

aj3 103 162 462 0.35 0.127 0.0904 0.0007 2.5514 0.0639 0.2047 0.0049 0.96 1200.6 26.2 1433.8 14.0 86.00 

aj04 137 116 1611 0.07 0.055 0.0587 0.0005 0.7133 0.0143 0.0882 0.0016 0.92 544.6 9.6 555.2 17.5 82.46 

aj05 479 1702 8657 0.20 0.074 0.0589 0.0004 0.4643 0.0138 0.0572 0.0016 0.97 358.5 10.0 563.0 16.2 83.79 

aj06 82 579 1002 0.58 0.187 0.0579 0.0007 0.7000 0.0154 0.0876 0.0016 0.82 541.4 9.4 527.8 27.2 72.79 

aj07 128 152 6776 0.02 0.140 0.0588 0.0005 0.1674 0.0034 0.0206 0.0004 0.90 131.7 2.4 560.3 19.0 81.02 

aj08 196 19 3198 0.01 0.022 0.0581 0.0006 0.5243 0.0097 0.0655 0.0010 0.85 408.8 6.3 533.2 20.9 79.10 

aj09 30 162 278 0.58 0.216 0.0596 0.0007 0.7982 0.0245 0.0971 0.0028 0.93 597.1 16.3 590.8 23.8 76.24 

aj10 275 1632 6128 0.27 0.197 0.0860 0.0040 0.4978 0.0403 0.0420 0.0028 0.82 265.0 17.1 1338.6 87.9 12.05 

aj11 474 153 6618 0.02 0.009 0.0593 0.0008 0.6326 0.0188 0.0774 0.0021 0.89 480.7 12.3 576.7 28.9 71.12 

aj12 206 310 1348 0.23 0.088 0.0749 0.0009 1.6014 0.0825 0.1550 0.0078 0.98 929.0 43.3 1066.4 22.7 77.33 

aj13 54 114 740 0.15 0.207 0.1027 0.0083 0.8735 0.0999 0.0617 0.0050 0.71 385.9 30.3 1673.2 142.2 
-

42.16 

aj14 171 558 2008 0.28 0.152 0.0852 0.0037 0.9815 0.0544 0.0835 0.0029 0.62 517.2 17.1 1320.3 82.0 18.00 

aj15 327 343 6340 0.05 0.038 0.0585 0.0004 0.4607 0.0128 0.0571 0.0015 0.96 358.2 9.3 548.1 16.0 83.98 

aj16 613 61 8556 0.01 0.012 0.0583 0.0007 0.6368 0.0148 0.0792 0.0016 0.85 491.0 9.4 542.9 26.3 73.69 

aj17 37 42 117 0.36 0.093 0.1272 0.0012 5.4672 0.1221 0.3117 0.0063 0.91 1749.3 31.0 2059.5 16.5 83.53 

aj18 505 1599 7745 0.21 0.117 0.0740 0.0009 0.6499 0.0150 0.0637 0.0013 0.85 397.9 7.6 1042.3 24.1 75.92 

aj19 460 201 7507 0.03 0.032 0.0585 0.0009 0.5432 0.0151 0.0674 0.0016 0.84 420.3 9.5 547.8 32.7 67.35 

aj20 86 66 172 0.38 0.106 0.1784 0.0013 11.0633 0.3525 0.4498 0.0139 0.97 2394.4 61.7 2637.9 12.1 87.92 

aj24 35 73 429 0.17 0.070 0.0578 0.0009 0.7210 0.0234 0.0904 0.0026 0.87 558.0 15.1 523.4 35.0 64.98 

aj25 23 103 241 0.43 0.139 0.0598 0.0005 0.8189 0.0252 0.0994 0.0029 0.96 610.8 17.2 595.0 19.0 80.99 
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Sample Pbr Th U Th/U 208Pb/ 207Pb/ ±  207Pb/ ±  206Pb/ ±  r Apparent age (Ma) Disc 

 (ppm) (ppm) (ppm)  206Pb 206Pb (1s) 235U (1s) 238U (1s)  206Pb ± 207Pb ± % 

                          238U (1s) 206Pb (1s) (1s) 

AR1015 Palmital granite (zircon)              

ai41 21 62 205 0.30 0.101 0.0597 0.0003 0.8460 0.0206 0.1027 0.0024 0.97 630.3 14.2 594.1 11.9 -6.08 

ai42 33 78 453 0.17 0.025 0.0596 0.0004 0.7241 0.0373 0.0882 0.0045 0.99 544.7 26.6 587.7 13.7 7.32 

ai43 19 65 183 0.35 0.111 0.0599 0.0003 0.8242 0.0193 0.0998 0.0023 0.97 613.2 13.3 599.8 12.5 -2.23 

ai44 33 129 295 0.44 0.132 0.0596 0.0003 0.8778 0.0199 0.1069 0.0024 0.98 654.7 13.7 587.6 10.4 
-

11.41 

ai45 24 131 223 0.59 0.177 0.0598 0.0003 0.8226 0.0189 0.0998 0.0022 0.98 613.4 13.1 595.0 11.0 -3.10 

ai46 48 146 472 0.31 0.096 0.0599 0.0002 0.8097 0.0144 0.0980 0.0017 0.97 602.9 10.0 600.0 8.8 -0.49 

ai48 102 435 1100 0.40 0.102 0.0604 0.0003 0.7500 0.0174 0.0901 0.0020 0.98 555.9 12.1 617.8 9.3 10.01 

ai50 70 222 694 0.32 0.102 0.0596 0.0002 0.7833 0.0119 0.0953 0.0014 0.97 586.6 8.2 590.3 8.4 0.61 

ai51 67 142 908 0.16 0.051 0.0591 0.0003 0.6015 0.0085 0.0739 0.0010 0.95 459.4 6.0 569.2 9.4 19.29 

ai52 28 109 272 0.40 0.121 0.0594 0.0003 0.8019 0.0114 0.0979 0.0013 0.94 601.9 7.7 582.6 10.5 -3.32 

ai53 61 106 612 0.17 0.057 0.0587 0.0002 0.8536 0.0225 0.1055 0.0027 0.99 646.4 16.0 556.0 9.0 
-

16.26 

ai55 36 100 372 0.27 0.093 0.0594 0.0003 0.7755 0.0176 0.0947 0.0021 0.97 583.2 12.3 581.8 11.1 -0.25 

ai57 68 161 642 0.25 0.091 0.0595 0.0002 0.8426 0.0056 0.1027 0.0006 0.83 630.5 3.3 584.5 8.0 -7.86 

ai59 30 74 306 0.24 0.076 0.0599 0.0003 0.7923 0.0054 0.0959 0.0004 0.54 590.6 2.1 599.5 12.3 1.49 

ai63 33 76 336 0.22 0.081 0.0595 0.0003 0.8257 0.0090 0.1007 0.0010 0.89 618.4 5.7 584.7 11.0 -5.78 

ai64 23 59 223 0.27 0.091 0.0594 0.0003 0.8344 0.0141 0.1018 0.0016 0.95 624.9 9.5 583.6 11.9 -7.08 

ai65 28 120 265 0.45 0.145 0.0595 0.0003 0.8053 0.0078 0.0982 0.0009 0.89 603.9 5.0 584.2 9.3 -3.37 

ai68 16 70 148 0.47 0.149 0.0598 0.0004 0.8159 0.0113 0.0990 0.0012 0.89 608.5 7.2 595.6 13.5 -2.15 

ai69 37 74 363 0.20 0.067 0.0591 0.0003 0.8361 0.0083 0.1027 0.0009 0.90 630.1 5.4 569.0 9.6 
-

10.73 

ai70 15 51 147 0.35 0.112 0.0592 0.0004 0.8044 0.0120 0.0985 0.0013 0.89 605.8 7.7 574.6 14.6 -5.44 

ai71 29 88 289 0.31 0.096 0.0595 0.0003 0.7995 0.0099 0.0975 0.0011 0.90 599.7 6.4 584.5 11.6 -2.60 

ai72 11 28 105 0.27 0.088 0.0601 0.0003 0.8673 0.0087 0.1047 0.0009 0.86 641.9 5.3 606.3 11.0 -5.87 

ai73 34 50 361 0.14 0.050 0.0602 0.0003 0.7904 0.0093 0.0952 0.0010 0.89 586.2 5.9 611.1 11.5 4.07 

ai74 31 113 288 0.39 0.121 0.0602 0.0003 0.8429 0.0120 0.1016 0.0014 0.94 623.7 8.0 609.8 10.0 -2.29 

ai75 32 129 328 0.39 0.121 0.0599 0.0003 0.7680 0.0091 0.0930 0.0010 0.91 573.0 5.9 600.6 10.5 4.59 

aiStd76 24 134 225 0.60 0.181 0.0596 0.0003 0.8083 0.0142 0.0984 0.0017 0.95 605.2 9.7 587.7 11.5 -2.98 

aiStd77 61 146 669 0.22 0.061 0.0593 0.0002 0.7700 0.0157 0.0941 0.0019 0.98 579.8 11.1 579.7 8.3 -0.02 

aiStd78 34 201 326 0.62 0.192 0.0593 0.0003 0.7771 0.0086 0.0951 0.0010 0.90 585.7 5.6 576.5 10.3 -1.59 

aiStd79 98 352 947 0.37 0.113 0.0597 0.0002 0.8286 0.0122 0.1006 0.0014 0.97 617.9 8.4 594.4 8.2 -3.95 

aiStd80 21 60 197 0.31 0.095 0.0596 0.0003 0.8528 0.0091 0.1038 0.0010 0.90 636.9 5.9 587.6 9.8 -8.40 

                  

AR87-3 Deribadinha tonalite (zircon)              

hc10 9 38 98 0.39 0.134 0.0583 0.0008 0.7146 0.0150 0.0888 0.0014 0.73 548.7 8.1 542.5 31.3  

hc11 17 115 170 0.68 0.208 0.0587 0.0003 0.7224 0.0092 0.0893 0.0010 0.90 551.4 6.0 554.7 12.4  

hc17 21 24 246 0.10 0.035 0.0589 0.0002 0.7354 0.0207 0.0905 0.0025 0.99 558.5 15.0 564.7 6.9  

hc20 89 1206 699 1.73 0.589 0.0588 0.0003 0.7268 0.0223 0.0897 0.0027 0.99 553.9 16.0 557.9 11.5  

hc23 20 46 236 0.19 0.063 0.0587 0.0008 0.7250 0.0129 0.0895 0.0010 0.62 552.7 5.9 557.5 30.5  

hc8 81 480 538 0.89 0.476 0.0725 0.0178 0.8913 0.2298 0.0891 0.0072 0.31 550.4 42.4 1000.8 497.3  

hc9 94 555 928 0.60 0.208 0.0724 0.0117 0.8791 0.1590 0.0881 0.0072 0.45 544.3 42.5 996.3 328.0  

hc19 165 185 1403 0.13 0.332 0.0486 0.0087 0.6003 0.1158 0.0896 0.0065 0.37 553.2 38.1 127.9 421.2  

hc21 130 421 1328 0.32 0.116 0.0544 0.0062 0.6691 0.0787 0.0892 0.0025 0.24 550.8 14.9 387.6 256.3  

hc22 76 863 631 1.37 0.478 0.0518 0.0099 0.6259 0.1216 0.0876 0.0031 0.18 541.5 18.1 276.9 437.8  

hc25 123 1781 892 2.00 0.660 0.0485 0.0094 0.5846 0.1158 0.0874 0.0034 0.20 540.0 20.4 124.6 457.2  

hc13 15 34 167 0.20 0.064 0.0592 0.0003 0.7664 0.0037 0.0939 0.0001 0.28 578.7 0.8 573.8 10.2  

hc18 23 61 234 0.26 0.103 0.0584 0.0005 0.7876 0.0148 0.0978 0.0016 0.89 601.6 9.5 544.7 19.1  

hc12 128 123 374 0.33 0.108 0.1344 0.0007 6.7383 0.3167 0.3636 0.0170 0.99 1999.2 79.7 2156.4 9.5  

                  

AR772 tonalitic gneiss (zircon)              

ia1 124 78 455 0.17 0.040 0.1211 0.0007 4.5215 0.1715 0.2709 0.0101 0.99 1545.2 51.3 1972.0 10.6 3.32 

ia2 82 157 302 0.52 0.113 0.1241 0.0006 4.2448 0.1971 0.2480 0.0115 0.99 1428.4 58.9 2016.2 8.5 4.12 

ia3 72 68 187 0.37 0.097 0.1294 0.0006 6.3964 0.2150 0.3585 0.0119 0.99 1974.8 56.4 2090.1 8.0 2.86 

ia4 127 199 438 0.45 0.063 0.1243 0.0007 4.8964 0.2687 0.2858 0.0156 0.99 1620.3 77.7 2018.5 10.3 4.80 

ia5 91 123 395 0.31 0.057 0.1133 0.0021 3.5182 0.0975 0.2252 0.0047 0.75 1309.1 24.5 1853.4 33.3 1.87 

hd1 121 107 428 0.25 0.082 0.1197 0.0015 4.4419 0.1954 0.2692 0.0113 0.96 1536.9 57.2 1951.1 23.1 3.72 

hd2 114 411 345 1.19 0.218 0.1236 0.0011 4.7869 0.1556 0.2808 0.0088 0.96 1595.5 44.0 2009.3 15.7 2.76 

hd4 52 67 137 0.49 0.122 0.1282 0.0010 5.7933 0.2631 0.3278 0.0147 0.99 1827.8 70.9 2073.1 13.3 3.88 

hd5 53 52 187 0.28 0.091 0.1221 0.0013 4.4837 0.0936 0.2663 0.0048 0.87 1522.1 24.6 1987.3 18.3 1.62 

hd11 133 16 568 0.03 0.038 0.1185 0.0031 3.6532 0.2790 0.2237 0.0161 0.94 1301.3 84.2 1933.0 46.1 6.47 

hd13 156 359 653 0.55 0.086 0.1176 0.0018 3.6768 0.2158 0.2267 0.0128 0.96 1317.1 67.1 1920.7 27.8 5.09 

hd14 84 117 210 0.56 0.173 0.1279 0.0006 6.2081 0.0803 0.3522 0.0042 0.92 1944.9 20.0 2068.7 8.9 1.03 

hd15 96 77 261 0.29 0.081 0.1306 0.0006 6.6859 0.1573 0.3713 0.0085 0.98 2035.6 40.0 2106.0 8.6 1.97 

hd6 72 48 176 0.27 0.042 0.1301 0.0008 7.0757 0.2300 0.3944 0.0126 0.98 2143.1 58.0 2099.7 10.7 2.70 

hd9 78 134 183 0.73 0.172 0.1302 0.0013 6.6780 0.2065 0.3719 0.0109 0.95 2038.5 50.9 2100.9 17.7 2.50 

hd12 93 174 220 0.79 0.189 0.1304 0.0008 6.5750 0.2599 0.3658 0.0143 0.99 2009.5 67.1 2103.0 10.6 3.34 
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Table IV-3 : LA-ICP-MS U–Pb zircon results 
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V.1. Intoduction 

The objective of this chapter is to characterize the thermal state through space and time of 

the allochtonous domain, and particularly the Galiléia suite, including the Galiléia and the São 

Vitor tonalites. From this thermal evolution, we estimate the rheological evolution of the 

magmatic bodies and constrain the timing of the deformation that affected these bodies while 

they were in a magmatic state. Indeed, we suggested previously that the Galiéia suite 

underwent a deformation at magmatic state, and therefore that the deformation occurred 

between the emplacement and the solidification of the batholith. The characterization of the 

thermal evolution could permit to estimate when the Galiléia batholith started to behave as a 

solid. In this way, we can constrain the end of the deformation that did not affect the batholith 

at solid-state. For this, in addition to the zircons ages presented in the previous chapter, we 

performed U/Pb dating on monazite and 40Ar/39Ar on amphibole, muscovite and biotite. 

 

V.2. Methodology : geochronology-thermochronology 

 

For generalities on geochronology, refer to the section IV.2.b. 

A large variety of geochronometers is available and permits to characterize precisely the 

cooling of a rock with ages of closure temperature from temperature > 900°C with U/Pb on 

zircon to exhumation temperature with methods of surface exposure age dating (Figure 

V.2.1). Since the utilization of all geochronometers referred (Figure V.2.1) would be 

 

 

 

 

 

 

Figure V.2.1 : diagram showing 

closure temperatures of major 

geochronometers that can be used to 

characterize the thermal history of a 

rock. 
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impracticable, we should make a selection of the geochronometers to use, according to the 

objectives of the study and depending on the minerals present in the rocks. The aim of this 

chapter is to characterize the thermal history of the studied orogenic segment, and especially 

the cooling of the São Vitor and Galiléia batholiths and Palmital granite from their 

emplacement temperature as magma and until their solidification. Consequently the 

characterisation of the first few hundred degrees of cooling is sufficient. São Vitor and 

Galiléia tonalites are biotite and amphibole rich tonalites with accessory zircons and 

monazites. In addition to these mineral, the Palmital granite also have muscovite. For these 

reasons, we used the U/Pb geochronometer on zircon (results in annexe) and monazite, and 

the 40Ar/39Ar geochronometer on amphibole, muscovite and biotite. These geochronometers 

permit characterizing the first hundred degrees of cooling, from the temperature of 

emplacement (on zircon) to ~300 °C (on biotite). 

 

V.2.a U/Pb isotopic system on monazite 

After zircon, monazite is probably the most used U-rich mineral in geochronology. 

Monazite ranks second after zircon probably not because it is of less interest but because 

monazite minerals are rarer than zircon in granitoids. Nevertheless, monazite is a powerful 

geochronometer and can be used both in the determination of metamorphic events and in the 

characterization of the cooling of granitoids. U/Pb dating on monazite is based on the same 

radioactive principle as that of the U/Pb dating on zircon, that is the double radioactive decay 

of uranium in lead (see section IV.2.b). As for zircon, results of the U/Pb measurements on 

monazite are plotted in a Concordia diagram. 

 

• Closure temperature 

Monazite is often thought to have a relatively simple U/Pb system, in comparison to that of 

zircon. Zircon and monazite are often found in concordant position in the Concordia diagram, 

indicating close system behaviours with respect to the U/Pb system. Even if the closure 

temperature of U/Pb system in monazite is not well defined, it is generally considered as high 

and as for zircon, ages obtained on monazite from a magmatic body are interpreted as the age 

of emplacement of the magma. A recent study (Cherniak and Watson, 2003) suggested that 

the diffusion of the radiogenic lead in monazite is considered as null below 900°C. Thus, it 

has been suggested that radiogenic lead can be preserved in monazite during a metamorphic 

event for peak temperature of 800-900 °C (Bosch et al., 2002). 
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However, studies shown that monazite can be complex with the presence of inherited parts, 

recrystallization and radiogenic Pb losses due to late metamorphic events (Black et al., 1984; 

Copeland et al., 1988; DeWolf et al., 1993; Bosch et al. 1996, 2002). Actually, monazite 

requires more caution than zircon in the interpretation of U/Pb results, since this mineral can 

grow in a large variety of contexts, even at temperatures below the closure temperature. 

Indeed, the monazite can crystallise in a cooling magmatic body, as well as it can grows as a 

metamorphic mineral over a broad stability range (Harrison et al., 2002). Recrystallization of 

monazite can occur, generally induced by fluids (Teufel and Heinrich, 1997; Townsend et al., 

2001), even at moderate temperature. Consequently, the U/Pb ages obtained on monazite must 

be regarded as dating some (re)crystallisation events more than passages below a closure 

temperature. These crystallisation events can reflect both the emplacement of a magma and a 

metamorphic event. In this way, a polycyclic monazite can yield different ages, each one 

“preserved” in different domains of the grain, one illustrating for instance the crystallisation 

or emplacement of a magmatic body at high temperature and the other illustrating a 

recrystallisation during a late metamorphic event (examples in Bosch et al., 1996; Bosch et al. 

2002). Composite ages are therefore frequently obtained on monazite, resulting from analysis 

performed on different domains at the same time. Such a polycyclic growth can constitute a 

serious drawback in U/Pb dating because it may lead to inexact interpretations, but it also can 

provide important information. Therefore, to understand the U/Pb ages yielded by monazite, a 

good knowledge of the studied region as well as additional geochronological measurements 

on various minerals are needed. 

 

• Analytical method 

The measurements of U/Pb on monazites were done by LA-ICP MS following the same 

analytical method as that used for zircons (section IV.2.b), except for the standard used that is 

the Manangotry standard (Poitrasson et al. 2000).  

 

V.2.b 40Ar / 39Ar isotopic system 

• Principe 

Datation using the isotopic pair 40Ar/39Ar derives from the Potassium-Argon (K/Ar) 

method, itself base on the decay of the parent nuclide 40K in daughter nuclides 40Ar and 40Ca 

(Dalrymple et Lamphere, 1969). The decay constants are λAr = 4.962.10-10 y-1 and λCa = 
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0.581.10-10 y-1 for the decay of 40K in radiogenic 40Ar* and 40Ca, respectively (Steiger et 

Jäger, 1977). Consequently, the age of a mineral is obtained with the age equation (4) defined 

in section IV.2.b: 
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To be used, this method needs the measurement of the parent nuclide 40K and daughter 

nuclides 40Ar* by two different analytical methods. Thus, K/Ar method generally does not 

give very accurate results. The principle of the 40Ar/39Ar method consists in irradiating the 

potassic mineral phase to date in a stream of fast neutron, in order to transform part of the 

potassium in argon, permitting the measurement of argon isotopes only by a unique analytical 

method. The measured isotopes are the radiogenic 40Ar* issue from 40K decay, and the 39ArK 

issue from the irradiation of 39K. From these measurements, to find out the 40K/40Ar ratio to 

use in the age equation (1), several parameters must be known and few calculations made. 

The potassium has three isotopes: 39K, 40K, 41K, always present naturally in the same 

proportion, respectively 93,2581%, 0,01167% et 6,73% (Steiger et Jäger, 1977). 

Consequently, the natural 40K/39K is known and constant. During the irradiation that 

transform 39K isotope into 39Ar*, a well-defined standard is also irradiated, permitting to 

know the efficiency J of the reaction. This efficiency is given by the following equation 

(Crasty and Mitchell, 1966): 
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with 39K and 40K the initial content in the sample and ∆ the irradiation time. The integral 

represents the reaction efficiency, which is function of the neutron stream Φ and the 

efficient capture section of neutrons of energy E. 

 

During the irradiation, isotopic interferences due to the potassium, calcium and chlorine 

isotopes are added to the 39Ar production. The calculation of 40Ar*/ 39ArK that takes into 

account these interferences is: 
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with (36Ar/37Ar)Ca, (39Ar/37Ar)Ca and (40Ar/39Ar)K obtained irradiating CaF2 and K2SO4 

under the same irradiation conditions as those of the sample. Others terms are measured. 

 

(4) J =
eλt std −1

40Ar */ 39ArK

 

with tstd the age of the well-defined standard and 40Ar*/ 39ArK calculated from equation (3). 

 

Finally, the age equation is: 

 

(5) 







+=

K
39

40

Ar
*Ar

J1ln
λ

1
t  

 

In addition to the advantage of having only one single spectrometric analysis to perform, 

the 40Ar/39Ar method brings important additional information, in comparison to the K/Ar 

method. This information is obtained through the step heating method. Indeed, the heating of 

the mineral single-grain (laser) or mineral population (oven) is progressively made by 

successive steps and permits to highlight potential isotopic heterogeneities significant for the 

datation (cf. “Age spectra” section). 

 

• Argon diffusion and closure temperature 

Once the radiogenic argon 40Ar* was produced by the disintegration of the potassium, this 

argon diffuse through the lattice mineral, until get out of the mineral. The temperature is a 

crucial parameter in the diffusion of radiogenic argon. In this way, during the cooling of a 

rock, the diffusion rate progressively decrease until become negligible at the closure 

temperature, at which the isotopic system is considered as closed. This temperature is 

expressed by the following equation (Dodson, 1973): 
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(6) 
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with E the activation energy of diffusion; R the ideal gas constant; A a parameter 
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Closure temperatures of the 40Ar/39Ar system in minerals are lower than those of the U/Pb 

isotopic system in zircon. This lower closure temperature results from an isotopic system that 

remains open longer and that can be reopen during subsequent thermal events at lower 

temperature than the U/Pb isotopic system. Consequently, the 40Ar/39Ar method is useful to 

determine the cooling history of a mineral/rock, however, it is sensible to moderate thermal 

event. The closure temperature for hornblende, muscovite and biotite are generally estimated 

at 550 ± 50°C, 400 ± 50°C and 325 ± 30°C, respectively (Hodges, 1991; Spear, 1993; Dahl, 

1996; Villa, 1998; Harrison et al., 2009). 

However, as mentioned by the Dodson equation (6), various parameters intrinsic and 

extrinsic to the minerals can influence the closure temperature. Indeed, we observe that the 

bigger the mineral size is and/or the higher the cooling rate is, the higher will be the closure 

temperature, resulting in older ages. In addition, the mineral composition can also influence 

the closure temperature. For instance, the phlogopite has a Fe/Mg ratio higher than that of the 

biotite, resulting in a closure temperature higher. Harrison et al. (2009) recently highlighted 

the effect of the pressure on the argon diffusion. A system at high pressure will have a 

diffusion rate lower than at low pressure, inducing an earlier closure of the 40Ar/39Ar isotopic 

system. Thus, deformation or the presence or not of fluids are also parameters that can act on 

the closure temperature. Consequently, considering all these parameters, ages obtained on 

amphibole, muscovite or biotite must be treated with caution. Even within a region thermally 

homogeneous, some of these physico-chemical parameters can locally affect the minerals and 

lead to a early or late system closure. 

In the mineral lattice, the radiogenic argon is present at different kinds of sites, those of 

high argon retentivity and those of low argon retentivity. For sites of low retentivity, the 

diffusion of radiogenic argon is more efficient than for site of high retentivity. Globally, the 

sites of low argon retentivity are more sensitive to the parameters that can affect the diffusion 
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of argon within the mineral. Consequently, losses of radiogenic argon are generally more 

important for sites of low argon retentivity. During the heating of the sample by step, the first 

steps at lower temperature permit the extraction of the argon from the sites of low argon 

retentivity. Next steps of heating, at higher temperature the argon is extracted from sites of 

high argon retentivity. Such a discrimination between the different sites permits to separate 

the altered isotopic ratios from low retentivity sites from the theoretically unperturbed 

isotopic ratios from high retentivity sites. 

 

• Age spectra 

The step heating method permits to analyse precisely the argon gas extracted from the 

sample and to obtain one age for each temperature increment. The results are displayed in an 

age spectrum with the fraction of argon extracted on abscissa axis and the apparent age on 

ordinate axis. The sample age is defined by a plateau age and is considered as valid when at 

least three successive apparent ages are concordant at 2σ and represent at least 50% of the 

total amount of argon extracted. The final weighted mean age is calculated using the apparent 

ages that compose the plateau; i.e. the weighted mean plateau age. 
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The shape of the age spectrum and the distribution of the different steps in the age 

spectrum highlight on the thermal evolution that the dated sample followed. If the sample did 

not suffer any loss of nuclide daughters since the first closure of the 40Ar/39Ar system, 

radiogenic argon accumulated continuously (Figure V.2.2, A). Such a continuous 

accumulation results in a simple age spectrum and a regular plateau age. On the contrary, if 

the sample suffered partial losses of radiogenic argon during a thermal event, the final amount 

of argon do not reflect the real closure temperature age (Figure V.2.2, B). The plateau age 

obtained corresponds to an intermediate age between the closure age and the thermal event 

age.  

However, age spectra can be more complex. In function of the distribution of the argon in 

the sample, various type of age spectra can be distinguished. Some of the more frequent 

examples are presented (Figure V.2.3). A age spectrum showing younger apparent age on the 

first steps of heating (Figure V.2.3, A) characterize a radiogenic argon loss due to a volume 

diffusion for the sites of low retentivity during a moderate thermal perturbation or an 

alteration (Turner, 1968). A age spectrum characterized by older ages than the real closure 

age on the first and final steps of heating (Figure V.2.3, B) indicate an incorporation of excess 

 
Figure V.2.2: Evolution of the amount of radiogenic argon through time and corresponding age spectrum. 

A: Without thermal perturbation. Accumulation of 40Ar* is continuous and results in a plateau age 

homogeneous through each heating step. B: With a moderate thermal perturbation. During the thermal 

event, at t1, the sample loses 40Ar*. The resulting age spectrum lead to a plateau age that corresponds to 

an intermediate age, between the first closure and the thermal event. 
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radiogenic argon (Dalrymple et Lamphere, 1969). A mixture of mineral phases can also 

results in older or younger ages for the first and final steps (Figure V.2.3, B and C) 

(Alexandrov et al., 2002 ; Wijbrans et McDougall, 1986). Another style of age spectrum is 

that resulting from a biotite chloritization. The age spectrum geometry show an argon recoil 

(Figure V.2.3, D) that happens during the irradiation. The 39Ar migrates from the biotite 

sheets to the chlorite sheets, which release argon at lower temperature (Ruffet et al, 1991). 

 

• Analytical method 

Each sample has been crushed, and grains of biotite, amphibole and muscovite were 

separated manually under binocular. Careful examination was carried out when selecting the 

single grains to avoid grains with inclusions or alteration. Selected amphiboles and biotites 

were irradiated in aluminium packages for 40 hours, at the McMaster reactor, Ontario. The 

irradiated single-grains were loaded individually in alveoli of a copper sample holder. This 

sample holder is placed in a steel extraction chamber equipped with a ZnSe window through 

which the laser beam can pass. The gas extracted from the samples passes through a 

purification line equipped with cold trap and SAES getters. The gas that has not been trapped 

 
Figure V.2.3: Characteristic age spectrum obtained by step heating. A: alteration or radiogenic argon loss; B:  

radiogenic argon excess; C: radiogenic argon loss; D: radiogenic argon recoil (modified from Trap, 2007) 
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is finally analysed in the mass spectrometer. 

In this work, each analysis has been performed on a single crystal of biotite, muscovite or 

amphibole, following the step heating method. Each heating step represents one analysis and 

takes place in 4 stages: 

i) The extraction: Each single-crystal is heated during 40 seconds using a CO2 laser probe 

running in the continuous mode with a power range from 0 to 50 W.  

ii) The purification: the gases released during the heating phase are purified in the 

purification line during 3 minutes. Al–Zr getters and cold traps eliminates water, carbon 

dioxide, nitrogen, and others active gases. Then, the argon is trapped during 2 minutes on 

activated charcoal. While the argon is trapped on activated charcoal, the purification line 

is emptied during 1 minute of all remaining gases. 

iii) The desorption: the argon trapped is released by heating the activated charcoal and 

then injected in the mass spectrometer for analysis. 

iv) The analysis: the isotopic analysis is performed using a MAP 215-50 noble gas mass 

spectrometer equipped with an electron multiplier, during 12 or 15 runs. During each run, 

isotopes 36Ar, 37Ar, 38Ar, 39Ar and 40Ar are measured, in addition to a background 

measurement.  

When this sequence is finished, it is repeated from the beginning, applying a laser power 

slightly higher than for the previous step. The laser power is increased at each step, until the 

fusion of the analysed mineral. Every 3 or 4 heating step, a blank measurement is performed, 

following the same stages presented above, except the extraction phase. For each heating step, 

isotopic corrections are applied. These corrections consist mostly in the subtraction of blank 

and atmospheric 40Ar, mass discrimination radioactive decay of 37Ar and 39Ar and irradiation-

induced mass interference. The quoted errors represent one-sigma deviation and were 

calculated following McDougall and Harrison (1999). The errors reported on plateau and total 

gas ages include the error on the irradiation factor J. 

 

V.3. Sampling strategy 

The objective of this study is to characterize the thermal history of the whole studied 

orogenic segment. Since we defined previously that the entire São Vitor and Galiléia batholith 

emplaced at the same time, only the “post-emplacement” thermal history remain to be 

defined. Most of the samples selected are the same as those selected for zircon dating. In this 

way, we define the cooling of these samples from the age of their emplacement to the age of 
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their cooling below the closure temperature of biotite. For these samples, monazite has also 

been dated when present. In addition to these samples, others were collected through the 

studied area. These additional samples were only dated by 40Ar/39Ar method. For all samples, 

biotite was systematically dated, while amphibole and muscovite were dated only when 

present. 

For this thermal study, 12 samples were dated through the region for 40Ar/39Ar dating and 

U/Pb on monazite (Figure V.3.1). 4 of them are São Vitor tonalites, 4 are Galiléia tonalites, 2 

are Palmital granites, 1 is metasediment and 1 is an orthogneiss. A total of 21 ages were 

obtained on monazites, amphiboles, muscovites and biotites. 

 

V.4. Results 

Results are presented from West to East, starting with samples from the Mylonitic Unit, 

 

 

 

 

 

 

 

Figure V.3.1: Localisation of the 

sample used for datation. In black:  

samples dated using U/Pb method 

and 40Ar/39Ar method. In red: 

samples dated only using 40Ar/39Ar 

method. Blue: samples dated using 

the U/Pb method on zircon only.  
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then the contact region, the São Vitor tonalite, the Galiléia tonalite, the Palmital granite and 

finally the country rock. 

V.4.a Mylonites 

AR-935 
The site of the sample AR-935 is located in the Mylonitic Unit, close to the contact region 

between Mylonitic and Plutonic Units. It is a synkinematic leucocratic vein embedded in the 

mylonites. Zircons of this sample have already been dated Petitgirard et al. (2009) who 

obtained a U/Pb age of 578 ± 3 Ma. We have separated and dated monazites of the same 

sample. Since the sample is leucocratic, neither amphibole nor biotite was found. 

From the 20 analyses performed on 18 monazites, 16 did not present common lead and 

were reported in Table V-2. All the analyses are concordant in the Concordia diagram (Figure 

V.4.1). However, only 11 analyses are well grouped, with 206Pb/238Pb ratios between 0.088 

and 0.092. These 11 analyses yield a 206Pb/238Pb weighted mean age of 556.3 ± 3.7 Ma 

(MSWD = 1.8). The other analyses give one older age of 571 ± 5 Ma and one younger of 528 

± 6 Ma. It is not excluded that the weighted mean age obtained of 556 Ma could correspond to 

a mixture related to analysis of grain areas whose ages are ~571 and ~528 Ma. 

V.4.b Contact region 

AR-590 
The site where the sample AR-590 was collected is located at the western limit of the 

Plutonic Unit, in the contact region between the mylonite of the Mylonitic Unit and the 

 
Figure V.4.1: U/Pb Concordia diagram for the monazites from the sample AR-935, located in the Mylonitic 

Unit. 
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tonalite of the Plutonic Unit (Figure V.3.1). The collected sample is a tonalite from a tonalitic 

sill intruded in the mylonites. As defined previously, the foliation is this region is orogen 

parallel, gently dipping to the East and bears down dip lineations. We extracted and dated one 

amphibole and one biotite from the sample AR-590. 

The 40Ar/39Ar measurements performed on amphibole are reported in Table V-1 (AR-590, 

amphibole). Age spectrum obtained (Figure V.4.2) show ages younger for the first and final 

heating steps, may be due to the alteration and/or a mixture of mineral phases. Nevertheless, a 

plateau age is defined on the 7 central steps, which represent 49.9% of the released 39Ar, and 

lead a weighted mean plateau age at 549.2 ± 5.6 Ma. Even if these 7 steps do not exactly 

represent the half of released argon, we can reasonably consider that this age represent the age 

of closure of the 40Ar/39Ar isotopic system in the amphibole. 

Results for the analysed biotite are reported on Table V-1 (AR-590, biotite). Age spectrum 

corresponding leaded to a plateau age that is defined by 13 heating steps representing 85.5% 

of the released argon. Younger ages for the first steps denote an alteration. The 13 steps gave 

a weighted mean plateau age of 532.2 ± 2.2 Ma that we consider as the age of closure of the 
40Ar/39Ar isotopic system in biotite. 

 

V.4.c São Vitor tonalite 

AR-1057 
The sample AR-1057 comes from a São Vitor tonalite outcrop located in the western part 

of the Plutonic Unit, close to the contact region between Plutonic and Mylonitic Units (Figure 

V.3.1). The outcrop displays a fabric magmatic concordant with the fabric in the Mylonitic 

Unit and contact region, suggesting a synkinematic emplacement. This sample yielded an age 

of 582.6 ± 3.7 Ma for U/Pb dating on zircon and no monazite was found. The 40Ar/39Ar 

 
Figure V.4.2: Age spectra for amphibole and biotite of the sample AR-590, a tonalite from the contact region. 
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measurements carried out on one amphibole and one biotite are reported in Table V-1 (AR-

1057, amphibole and biotite). 

Except for the first heating steps that provided a young age due to alteration, the measured 
40Ar/39Ar ratios gave homogeneous ages for all heating steps (Figure V.4.3). Thereby, 8 steps 

representing 99.1% of the extracted argon lead a weighted mean plateau age of 541.6 ± 7.7 

Ma. For the biotite also, ages obtained are homogeneous and the plateau age is formed by 23 

steps. Weighted mean plateau age obtained is 507.5 ± 5.3 Ma. 

We interpret both amphibole and biotite ages as representing the passage of the rock at the 

closure temperatures of the 40Ar/39Ar isotopic system in amphibole and biotite, respectively. 

 

AR-1009 
This sample is a São Vitor tonalite collected at about 15 km to the north of the previous 

sample, on the banks of the Rio Doce. It is also located at the western limit of the Plutonic 

Unit, close to the contact region (Figure V.3.1). The outcrop presents a well-defined 

magmatic foliation, gently dipping to the east. Only 40Ar/39Ar isotopic dating of one 

amphibole and one biotite was performed for this sample. Results of the measurements are 

presented in Table V-1 (AR-1009, amphibole and biotite). 

 
Figure V.4.3: Age spectra for amphibole and biotite of the sample AR-1057, São Vitor tonalite from western 

boundary of the Plutonic Unit. 
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Age spectrum obtained for the amphibole displays a plateau age defined by 7 steps, which 

represent 99.2% of the extracted 39Ar. For most steps, error bars are relatively large. 

Nevertheless, we obtained a weighted mean plateau age of 500.8 ± 9.5 Ma. Age spectrum of 

the analysed biotite permits to obtain a weighted mean plateau age of 489.5 ± 5.4 Ma, 

calculated with the 9 steps constituting the plateau and representing 87.5% of the released 

argon. For both dating, the total gas age is very close to similar to the plateau ages; 500.6 ± 

9.5 Ma and 489.5 ± 5.4, respectively for amphibole and biotite. This consistency suggests that 

the amphibole and biotite analysed have homogeneous 40Ar/39Ar ratios and that they probably 

did not suffer late event likely to disturb the initial 40Ar/39Ar ratios, except a slight alteration 

observable for the first heating steps. 

We interpret ages obtained on both amphibole and biotite as the ages of the cooling of the 

rock below the closure temperatures of 40Ar/39Ar system in amphibole and biotite. 

 

AR-800 
The site AR-800 is located eastward, close to the limit between the São Vitor and Galiléia 

tonalite (Figure V.3.1), in the region of structural transition between the fabric type (1) 

(foliation gently dipping to the east bearing down-dip lineation) and type (2) (vertical foliation 

with lineation varying from horizontal to vertical) described in section IV.3. As in most cases, 

the São Vitor tonalite displays a foliation acquired in the magmatic state. This sample yielded 

a U/Pb age on zircon of 582.4 ± 5.8 Ma. This sample is one the few samples where we found 

monazite. Consequently, we dated a population of monazites using the U/Pb method, and one 

amphibole and one biotite using the 40Ar/39Ar method. U/Pb and 40Ar/39Ar measurements are 

reported in the Table V-2 (AR-800) and Table V-1 (AR-800, amphibole and biotite), 

respectively. 

 
Figure V.4.4: Age spectra for amphibole and biotite of the sample AR-1009, São Vitor tonalite from western 

boundary of the Plutonic Unit. 
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Fifteen analyses were performed on 16 monazites from the sample AR-800. Among these 

analyses, only 13 with no common lead are plotted on the Concordia diagram (Figure V.4.5). 

These 13 analyses are well grouped on the Concordia, with homogeneous 206Pb/238Pb ratios, 

between 0.088 and 0.091. They gave a 206Pb/238Pb weighted mean age of 556.0 ± 4.3 Ma 

(MSWD = 3.20). 

Age spectrum obtained for the analysed amphibole from the sample AR-800 display a 

plateau age of 10 steps representing 88.7% of the extracted argon. We weighted mean plateau 

age of 486.3 ± 6.5 Ma. For the biotite, the plateau age is constituted by 7 steps that represent 

90.0% of the total argon. These 7 steps gave a weighted mean plateau age of 485.0 ± 4.7 Ma. 

As previously, age plateau and total gas age are consistent, suggesting that the only 

perturbation that underwent this sample is a slight alteration visible on the first step of 

heating. 

Both ages obtained on amphibole and biotite are interpreted as the ages of passage at the 

closure temperature of 40Ar/39Ar isotopic system in amphibole and biotite. 

 

 
Figure V.4.5: Age spectra obtained for the São Vitor tonalite sample AR-800. Top: U/Pb Concordia diagram for 

the monazites. Bottom: Age spectra for amphibole and biotite. 
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AR-968 
Sample AR-968 has comes from an outcrop of São Vitor tonalite located in the northern 

part of the studied area. (Figure V.3.1). Foliation in this region is orogen-parallel, vertical and 

bears vertical lineations. Zircons of this sample have been dated and yielded an age of 584.7 ± 

6.6 Ma. Monazites have been encountered and results of their datation are presented in Table 

V-2 (AR-968). No 40Ar/39Ar dating was performed for this sample. 

From the 20 analyses that were performed on 18 monazites, none had common lead. 17 of 

them have homogeneous 206Pb/238Pb ratios between 0.079 and 0.082, and are grouped and 

concordant on the Concordia diagram. One unique analysis yield an age of 573 ± 8 Ma. The 

well-grouped 17 analyses yielded a 206Pb/238Pb weighted mean age of 499.6 ± 2.1 Ma. 

V.4.d Galiléia tonalite 

AR-747 
The sample AR-747 is located in the central part of the Plutonic Unit, in the Galiléia 

batholith, close to the limit between São Vitor and Galiléia tonalites (Figure V.3.1).The fabric 

in this region also is characterized by an orogen-parallel, sub-vertical magmatic foliation 

bearing vertical to horizontal lineations. No U/Pb dating was performed on this sample and 

only one biotite was analysed by 40Ar/39Ar isotopic method because no amphibole was 

encountered in this sample. 
40Ar/39Ar measurements of the biotite are reported in Table V-1 (AR-747). Corresponding 

age spectra (Figure V.4.7, left) displays a plateau age constituted by 9 steps and 81.8% of the 
49Ar released. This plateau age yielded a weighted mean plateau age of 481.7 ± 4.4 Ma, very 

 
Figure V.4.6: U/Pb Concordia diagram for the monazites from the sample AR-968, located in the northern part 

of the studied area. 
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close to the total gas age. The disturbances on the first and final steps are attributed to the 

alteration and may be related to a chloritization of the biotite. 

This age is interpreted as the age of cooling below the closure temperature of the 40Ar/39Ar 

system in biotite. 

 

AR-705 
The site AR-705 is located in the central part of the Galiléia batholith and south of the 

Urucum suite pluton. In this region, the roughly NW-SE trend of the vertical foliation is 

related to the presence of the shear zone along the Rio Doce. For this sample, the U/Pb dating 

on zircon yielded an age of 579.4 ± 4.2 Ma. Only one biotite was analysed by 40Ar/39Ar 

isotopic method, because neither monazite nor amphibole was found in this sample. 

Results of the 40Ar/39Ar are reported in Table V-1 (AR-705) and provided an age spectra 

composed by 8 steps and representing 87.1% of the argon released (Figure V.4.7, left). The 

weighted mean plateau age obtained is 474.5 ± 4.4 Ma. As for most of our samples, total gas 

age is comparable. This similitude together with the slight disturbances observable on the first 

and final steps suggests that mineral were affected only by alteration. 

 

AR-717 
Sample AR-717 comes from an outcrop located in the eastern part of the Plutonic Unit, in 

a region where the magmatic foliation is flat-lying with orogen-parallel lineation (Figure 

V.3.1). Zircons from this sample have been dated and yielded an age of 581.4 ± 4.2 Ma. One 

 
Figure V.4.7: Left: Age spectra for the biotite from the Galiléia tonalite sample AR-747, located in the central 

part of the Plutonic Unit, close to the limit between São Vitor and Galiléia batholiths. Right: Age spectra for the 

biotite of the Galiléia tonalite sample AR-705, located in the center of the Galiléia batholith, at South of the 

Urucum suite plutons. 



118 
Chapter V Thermal and rheological evolution of a long-lived magmatic middle crust 

amphibole and one biotite from the sample AR-717 have been analysed for 40Ar/39Ar isotopic 

dating. Results of these analyses are presented in Table V-1 (AR-717, amphibole and biotite). 

For the analysed amphibole, we observed that most of the 39Ar were extracted during the 

first heating steps (Figure V.4.8). Even if the plateau age is composed by only 5 steps, the fact 

that they represent 68.5% of the argon released and the global homogeneity of the age 

obtained permit to consider as accurate the weighted mean plateau age of 500.4 ± 4.5 Ma. 

Thus, the total gas age is very similar. The perturbations observed at the final heating step 

may be related to argon recoil that generally occurs during the irradiation. For biotite, a 

weighted mean plateau age of 481.0 ± 4.7 Ma has been obtained form 22 homogeneous steps 

representing 82.7% of the argon. As frequently observed, the younger ages obtained on the 

first heating steps are probably related to the alteration. 

Both age obtained on amphibole and biotite are considered as the age of cooling below the 

closure temperature of the 40Ar/39Ar system in biotite and amphibole. 

 

 

AR-957 
The Galiléia tonalite sample AR-957 is located in the northern part of the studied area 

(Figure V.3.1). The fabric of this site is magmatic and corresponds to the fabric type (2). U/Pb 

dating on zircon performed in the previous section gave an age of 585.3 ± 4.1 Ma. One 

amphibole and one biotite of the sample AR-957 were dated by 40Ar/39Ar method. Results are 

displayed in Table V-1 (AR-957, amphibole and biotite). 

 
Figure V.4.8: Age spectra for amphibole and biotite of the sample AR-717, Galiléia tonalite from the eastern part 

of the Galiléia batholith, in the sub-horizontal structure region. 
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Age spectra obtained from the analyses of the amphibole display a plateau age formed by 

11 heating steps (Figure V.4.9). These steps, which represent 75.5% of the argon extracted, 

yielded a weighted mean plateau age of 491.9 ± 5.8 Ma. For the biotite, the age spectra 

display a progressive decrease of the apparent age, from ~505 Ma to ~490 Ma. However, a 

plateau age is obtained for 14 steps that represent 87.7% of the 39Ar. We calculated a 

weighted mean plateau age of 500.6 ± 6.7 Ma. 

These ages obtained on amphibole and biotite are interpreted as the ages of passage at 

closure temperatures amphibole and biotite, respectively. 

 

V.4.e Palmital tonalite 

AR-648 
The site AR-648 is located in the central part of the Plutonic Unit, in the region where 

where plutons of Palmital granite emplaced (Figure V.3.1). This sample comes from a little 

pluton of Palmital granite located in the south-western part of this region. Considering the 

U/Pb age on zircon from this sample at 577.7 ± 5.1,  we suggested that this pluton emplaced 

during an early magmatic pulse. The outcrop where the sample AR-648 was collected 

displays a solid-state deformation and the structure is consistent with that of the host Galiléia 

batholith. Monazite, muscovite and biotite were extracted from this sample and dated. U/Pb 

and 40Ar/39Ar measurements are reported in Table V-2 (AR-648) and Table V-1 (AR-648, 

muscovite and biotite). No amphibole was encountered in this sample. 

 
Figure V.4.9: Age spectra for amphibole and biotite of the sample AR-957, Galiléia tonalite from the northern 

part of the Galiléia batholith. 
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For U/Pb measurements on monazite, 15 analyses were performed on 15 monazites and 2 

presented common lead. The 13 remaining analyses plot in two distinct concordant groups in 

the Concordia diagram (Figure V.4.10). The younger one is composed by 5 analyses with 

homogeneous 206Pb/238Pb ratios between 0.088 and 0.090. These analyses yield a weighted 

mean 206Pb/238Pb age of 553.2 ± 3.9 Ma. The older group is composed by 8 analyses with 
206Pb/238Pb ratios ranging from 0.092 to 0.094 and give a weighted mean 206Pb/238Pb age of 

574.1 ± 2.7 Ma. 

Age spectrum of the analysed muscovite shows a plateau age composed by 9 heating steps 

that represent 94.2% of the released argon. These steps give a weighted mean plateau age of 

487.6 ± 4.5 Ma. For the biotite, a weighted mean plateau age of 484.1 ± 4.7 Ma was obtained 

from 91.8% of the argon extracted during 14 steps of heating. For both minerals, the total gas 

age is consistent with the plateau age and no particular disturbance is observed in the age 

spectra, revealing that no noticeable event affected the system after the ages obtained, except 

a probable negligible alteration. 

Ages obtained on muscovite and biotite are interpreted as the age of passage at the closure 

temperature of the isotopic system in muscovite and biotite. 

 
Figure V.4.10:  Monazite U/Pb, muscovite  and biotite 40Ar/39Ar ages from sample AR-648, Palmital granite. 

Top: U/Pb Concordia diagram for the monazites. Bottom: 40Ar/39Ar age spectra for muscovite and biotite. 
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AR-1025 
The sample AR-1025 was collected in a pluton of Palmital granite, located in the central 

part of the Plutonic Unit (Figure V.3.1). From the U/Pb age of 547.4 ± 9.2 Ma obtained on 

zircons, this pluton has been interpreted as due to a late magmatic pulse. The fabric of this 

sample has been acquired at magmatic state and the structure of the pluton appears to result 

from the emplacement dynamics and the regional deformation (section IV.4). 40Ar/39Ar 

measurements were performed on one muscovite and one biotite (Table V-1, AR-1025 

muscovite and biotite). No amphibole was found in this sample. 

Age spectrum corresponding to the measurements of the muscovite shows a plateau age 

composed by 8 steps, which represent 90.7% of the total released argon. The 8 apparent ages 

provided by these heating steps yield a weighted mean plateau age of 483.8 ± 5.5 Ma. The 

fact that we do not observe younger ages due to alteration frequently observed in the first 

steps is probably due to important amount of argon released by the first heating step. Indeed, 

the low values of 40Ar/39Ar ratio usually released at low temperature are probably included 

and “diluted” in the first step, suggesting a negligible alteration. The age spectrum of the 

analysed biotite displays a plateau age composed by 14 steps representing 78.0% of the 39Ar. 

They provide a weighted mean plateau age of 488.1 ± 6.1 Ma. 

These ages are considered as the ages of passage at the closure temperature of the 

40Ar/39Ar isotopic system in muscovite and biotite. 

 
Figure V.4.11: Age spectra for muscovite and biotite from the  Palmital granite (sample AR-1025) 
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V.4.f Country rocks 

AR-784 
The sample AR-784 is a metasediment collected in the northern part of the studied area, 

close to the limit between the São Vitor and Galiléia batholiths (Figure V.3.1). These 

metasediments form the country-rock in which the Galiléia tonalite was emplaced. They 

present an alternation of pelitic and quartzitic layers. Foliation in this region is sub-vertical 

and bears lineation varying from horizontal to vertical. The analysed biotite comes from a 

pelitic layer. U/Pb dating was not performed on this sample and no amphibole was 

encountered. 

Results of the 40Ar/39Ar measurements on the analysed biotite are reported in Table V-1; 

they define a plateau age composed by 12 steps representing 97.3% of the 39Ar (Figure 

V.4.12, left). The apparent ages provided by these steps yield a weighted mean plateau age of 

562.7 ± 5.7 Ma. 
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AR-722 
The site AR-722 is located in the southeastern part of the studied area (Figure V.3.1). This 

sample has been identified as inherited material previously deformed in a solid state, as 

suggested by the presence of solid-state deformation features and by the U/Pb age of 2103 ± 

11 obtained on zircons. Since neither monazite nor amphibole was found in the sample AR-

722, only one biotite has been dated by 40Ar/39Ar method. 

The measurements, reported in Table V-1, permitted to obtain an age spectrum (Figure 

V.4.12) defining a plateau age composed by 14 steps corresponding to 85.4% of the total 

released argon. Only the two first heating steps are discordant and indicate a younger age due 

to the alteration. The 14 steps of the plateau age yielded a weighted mean plateau age of 484.3 

± 5.3 Ma. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure V.4.12: Left: Age spectra for the biotite from the metasediment sample AR-784, located in the northern 

part of the Plutonic Unit, close to the limit between São Vitor and Galiléia batholiths. Right: Age spectra for the 

biotite of the inherited orthogneiss sample AR-722, located in the south-eastern part of the Galiléia batholith. 
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V.4.g Summary 

A complete table of all ages obtained in this work is presented here; it includes U/Pb ages 

on zircons and monazites, and 40Ar/39Ar ages on amphiboles, muscovites and biotites. In 

addition, the ages obtained by Petitgirard et al. (2009) in the Mylonitic Unit and by Vauchez 

et al. (2007) in the Anatectic Unit are also shown. In the Mylonitic Unit, we have 2 zircon 

ages, one monazite age, 2 amphibole ages and 2 biotites ages from a mylonite, a leucocratic 

melt, a kinzigitic lense and the Ibituruna syenite intrusive in the mylonites. In the contact 

region, 3 samples of leucocratic melt and 3 of tonalitic sill yielded 5 ages on zircons, one on 

monazite, one on amphibole and one on biotite. In the Plutonic Unit, we obtained 13 zircons 

ages from 3 São Vitor tonalite samples, 5 Galiléia tonalite samples, 4 Palmital granite 

samples, and one orthogneiss. Three monazite ages were obtained on 2 São Vitor and one 

Galiléia tonalite samples. Five amphiboles from 3 São Vitor and 2 Galiléia tonalite samples 

U/Pb 
40Ar/39Ar Sample 

Zircon Monazite Amphibole Biotite Muscovite 
Lithology Unit 

AR526     501 ± 5 Ma 474 ± 5 Ma   Mylonite 
AR684 577 ± 9 Ma 572 ± 3 Ma      Leucocratic Melt 
AR86       468 ± 4   Kinzigitic lense 

AR414 534 ± 5 Ma   495 ± 4 Ma     Sienite Ibituruna 

M
ylonitic 

AR-935 578 ± 3 Ma 556.3 ± 3.7       Leucocratic Melt 
AR-940 586.7 ± 4.7        Leucocratic Melt 
AR-87-1 579.4 ± 7.6        Leucocratic Melt 
AR-264 581.0 ± 4.2        Contact tonalite 
AR-590     549.2 ± 5.6 532.2 ± 5.4   Contact tonalite 

AR264 580 ± 8         Contact tonalite 

C
ontact region 

AR-1057 582.6 ± 3.7   541.6 ± 7.7 507.5 ± 5.3   São Vitor tonalite 
AR-1009     500.8 ± 9.5 489.5 ± 5.4   São Vitor tonalite 
AR-800 582.4 ± 5.8 556.0 ± 4.3 486.3 ± 6.5 485.0 ± 4.7   São Vitor tonalite 

AR-968 584.7 ± 6.6 499.6 ± 2.1       São Vitor tonalite 
AR-747       481.7 ± 4.4   Galiléia tonalite 
AR-787 582.4 ± 6.4        Galiléia tonalite 
AR-705 579.4 ± 4.2     474.5 ± 4.4   Galiléia tonalite 
AR-815 583.4 ± 3.6        Galiléia tonalite 
AR-717 581.4 ± 4.2   500.4 ± 4.5 481.0 ± 4.7   Galiléia tonalite 

AR-957 585.3 ± 4.1   491.9 ± 5.8 500.6 ± 6.7   Galiléia tonalite 
AR-600 528.9 ± 4.6        Palmital granite Late 
AR-648 577.7 ± 5.1  574.1 ± 2.7   484.1 ± 4.7 487.6 ± 4.5 Palmital granite Early 
AR-1015 588.8 ± 3.8        Palmital granite Early 

AR-1025 547.4 ± 9.2     488.1 ± 6.1 483.8 ± 5.5 Palmital granite Late 

AR-784       562.7 ± 5.7   Metasediment 

AR-722 2103 ± 11     484.3 ± 5.2   Orthogneiss 

P
lutonic 

AR548 576 ± 4 Ma     472 ± 4 Ma   Carlos Chagas granite Anatectic 
Figure V.4.13: Summary of all dates obtained in this study using the U/Pb method on zircons and monazites and the 40Ar/39Ar 

method on amphiboles, muscovites and biotites, plus ages obtained from  Vauchez et al. 2007 and Petitgirard et al. 2009 in grey. 
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were dated. Eleven biotites ages were obtained from 3 São Vitor and 4 Galiléia tonalites 

samples, plus 2 Palmital granites, one metasediment and one orthogneiss. And 2 muscovites 

from the Palmital granite samples were dated. Finally, we dispose of one zircon and one 

biotite age in the Anatectic Unit from the Carlos Chagas leucogranite. 

As described in the section IV.3, zircon ages are homogeneous over the entire orogenic 

segment, even in the Mylonitic Unit and in the Anatectic Unit (Figure V.4.14, zircons). Except 

for some specific plutonic bodies such the Ibituruna syenite (Petitgirard et al., 2009) or the 

two plutons of Palmital granite that are clearly identified as late, the leucocratic melts from 

both the Mylonitic Unit and contact region, the tonalite from the contact region, the São Vitor 

and Galiléia tonalites and the Carlos Chagas leucogranite from the Anatectic Unit, all 

provided zircons dated at roughly ~580 Ma. The magmatic bodies emplaced later have zircon 

ages between ~550 and ~530 Ma (AR-414, AR-600 and AR-1025). 

U/Pb ages obtained on monazites are quite scattered in comparison to the zircon ages 

(Figure V.4.14, monazites). However, on the five ages obtained, we can observe a consistency 

between sample from the leucocratic vein of the Mylonitic Unit (AR-684) and that from the 

Palmital granite (AR-648) with an age around ~575 Ma. Within the central part of the 

 
Figure V.4.14: Probability density plots for each kind of mineral, all ages obtained are included in these plots. 
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orogenic segment, i.e. the contact region and the Galiléia suite, monazite ages are lower with 

a trend around ~556 Ma and an odd age of 499 Ma in the São Vitor tonalite (AR-968). 
40Ar/39Ar ages of amphiboles are remarkably homogeneous (Figure V.4.14, amphiboles). 

Indeed, from the 8 ages obtained, 6 of them are between 490 Ma and 500 Ma, regardless of 

the lithology and the unit of the samples. Only 2 of the ages obtained are older, between 540 

and 550 Ma, for the tonalite sample from the contact region (AR-590) and the São Vitor 

 
Figure V.4.15: Summary of all ages obtained in this study plus those from the literature localised on the map. In 

black: zircon ages ; purple: monazite ages ; brown: amphibole ages ; orange: muscovite ages ; green: biotite 

ages. 
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tonalite located close to this contact region (AR-1057). These samples also present biotite 

ages higher than the regional trend. 

Biotite ages also are homogeneous, with values generally around ~470 / 480 Ma (Figure 

V.4.14, biotites). However, the same two samples that have high amphibole ages, also present 

higher biotite ages. Thus, the Galiléia tonalite sample located in the northern part of the area 

(AR-957) have a biotite age younger than its amphibole age. Since both age errors overlap 

around an average age of ~495 Ma, we estimate that the 40Ar/39Ar isotopic system closed 

roughly at the same time in amphibole and biotite, at this average age. We discuss the 

implications and causes of this simultaneity in the part “Significance of the ages”. 

Finally, the two ages obtained on muscovite from the Palmital granite yielded ages 

consistent with each others, around ~485 Ma. These ages are younger than the main 

probability peak age for amphiboles (Figure V.4.14, amphiboles) and older than the main 

probability peak age for biotites (Figure V.4.14, biotites), that is consistent with the 

succession of the closure temperatures of amphibole, muscovite and biotite during a cooling 

event. 

 

V.5. Discussion 

V.5.a Significance of the ages 

In both U/Pb and 40Ar/39Ar dating method, for a same mineral species, if a dating method 

always yield the same age, this age represent therefore an event such as magmatic 

emplacement or cooling. If the ages obtained are different, then they probably do not 

correspond to an emplacement or a cooling since the same mineral species should 

theoretically close at the same temperature. We can use the probability density plots to 

highlight the different events evidenced by important densities of homogeneous ages (Figure 

V.4.14). 

 

• Zircons 

The closure temperature of the U/Pb isotopic system in zircon is generally thought to be 

>900 °C. Thereby, for most magmatic bodies emplaced in a colder country rock, zircons 

crystallised during the emplacement with an immediate closure of the isotopic system. In this 

way, we consider that zircon ages date the emplacement of the magmatic body considered. 
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The probability density plot for zircon (Figure V.4.14) highlight a first important magmatic 

event at ~580 Ma. The homogeneity of the zircon ages indicates a major tectonic, magmatic 

and thermal event around ~580 Ma, throughout the studied orogenic segment. Indeed, the 

leucocratic veins from the Mylonitic Unit co-structured with their host mylonites and dated at 

~580 Ma point out that the deformation started at this moment or slightly before. Thus, the 

continuity of the structure through the mylonites and the tonalites from the Plutonic Unit also 

dated at ~580 Ma denotes that the deformation and the emplacement of these tonalites are 

roughly contemporaneous. Finally, in the Anatectic Unit, the "Carlos Chagas" anatexite, 

likewise dated at ~580 Ma, and displaying a well-developed magmatic foliation, indicates that 

wide spread partial melting of the middle crust occurred simultaneously with the deformation 

and the tonalites emplacement. 

A second magmatic event is visible in Figure V.4.14 (zircons) around ~530 Ma. This 

secondary peak probably represents a punctual renewed magmatic activity with the late 

emplacement of the Ibituruna syenite, and Palmital granite plutons. 

 

• Amphibole and biotite 

Most of the amphibole ages highlighted an important event at ~500 Ma (Figure V.4.14, 

amhibole). Since the suggested closure temperature is 550 ± 50°C, we interpret this relatively 

well define age of ~500 Ma as the cooling below this temperature. Samples that yielded this 

age are mylonites and Ibituruna syenite from the Mylonitic Unit, São Vitor and Galiléia 

tonalites from the Plutonic Unit, and Carlos Chagas leucogranite from the Anatectic Unit. 

This age of ~500 Ma, common to all units of the studied region, indicates that the entire 

allochtonous domain cooled homogeneously below ~550 °C. 

Biotite ages also highlighted an important cooling event at ~480 Ma. As for amphibole, 

samples that yielded the ages that constitute the peak at ~480 Ma (Figure V.4.14, biotite) are 

located throughout the entire area and lead to think that the entire allochtonous domain, 

including Mylonitic, Plutonic and Anatectic Units, cooled relatively homogeneously below 

the closure temperature of 40Ar/39Ar system in biotite, purposed at ~325 ± 30°C. The slight 

divergence of the ages obtained on biotite and the rather wide density peak resulting (Figure 

V.4.14, biotite) may be attributed to the big dimensions of the studied region through which 

there may be areas cooling slightly quicker or slower than the whole region. Nevertheless, for 

a region of such a large extension, the cooling below the closure temperature of biotite can be 

considered as very homogeneous. 
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However, whether for amphiboles or biotites, there is few samples that do not fit with the 

whole tendency. Two samples yielded 40Ar/39Ar ages on amphibole and biotite older than the 

regional trend (AR-590 and AR-1057). They constitute the second density peak on (Figure 

V.4.14, amphibole). If we interpret this ages in terms of cooling, this would mean that these 

samples cooled below the closure temperature of the amphibole before the whole 

allochtonous domain. Samples AR-590 and AR-1057 are respectively tonalite from the 

contact region and São Vitor tonalite, and are both located in the western part of the Plutonic 

Unit. They are relatively close to each other and could be part of a small area that cooled 

quicker than the entire studied region. This small area would have reached relatively low 

temperature when the studied orogenic segment was still rather hot. To cool down faster than 

most of the orogenic segment, this particular area should have undergone some local 

processes allowing faster cooling, or should display a particular composition of the rocks, 

with calorimetric parameters different from that of the rocks that compose the whole orogenic 

segment. However, field observations made on these outcrops did not lead to consider that the 

rocks of this area were submitted to particular processes, and samples dated do not present 

particular compositions. Consequently, we suppose that the old 40Ar/39Ar ages obtained do not 

reflect a particular cooling event different from the regional one. 

Another explanation for the older biotite and amphibole ages obtained on samples  AR-590 

and AR-1057 can be found in the origin and composition of these minerals. Indeed, as 

mentioned in the chapter 3, large amount of remnants of metasediments are present in both 

São Vitor tonalite and tonalite from the contact region. The amphiboles and biotites dated 

from the samples AR-590 and AR-1057 may have initially belong to these remnants of 

metasediments. Since biotite and amphibole of the metasediments are metamorphic, they may 

have closure temperatures different from that of the amphibole and biotite formed during the 

crystallisation of the magmatic bodies. Indeed, composition, and particularly the Fe/Mg ratio 

can influence the value of the closure temperature. Biotite from the metasediment AR-784 

also yielded an older 40Ar/39Ar age at ~563 Ma. This could confirm that 40Ar/39Ar isotopic 

system in metamorphic biotites and amphiboles from metasediments has a closure 

temperature higher than in the magmatic bodies. Further compositional analyses would be 

useful to confirm or refute this hypothesis. However, a difference in composition is probably 

not enough to explain such difference of ages observed between the regional trend and the 

three particular samples. 

Biotite and amphiboles ages yielded by sample AR-957 are also delicate to interpret. 

Indeed, age amphibole is younger than biotite age. Since the age errors overlap, we suggested 
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that 40Ar/39Ar isotopic system closed in both mineral at the same time, around ~495 Ma. For 

amphibole, this age can be considered as consistent with the regional amphibole density peak 

at ~500 Ma. However, for biotite, this age is not only discordant with the regional biotite 

density peak at ~480 Ma, but it also implies a nearly instantaneous cooling of ~200 °C for the 

sample AR-957. Consequently, we suggest that closure temperature for biotite has been 

perturbed in this sample. In the present state of our knowledge, we can reasonably not purpose 

any cause for this disturbance of closure temperature but we can suspect effects of local fluid 

circulation, particular composition, or deformation rate. 

 

• Muscovite 

Both muscovite ages obtained from Palmital granite are consistent with each other. The 

age of ~485 Ma fits with the regional trend yielded by the main density peaks of amphibole 

ages and biotite ages, respectively ~500 Ma and ~480 Ma (Figure V.4.14, amphibole and 

biotite). Indeed, these muscovite ages can integrate perfectly the cooling curve that can be 

drawn between amphibole and biotite, confirming the normal sequence of closure 

temperatures of amphibole, muscovite and biotite during a cooling event. Consequently, we 

suppose that muscovite ages reflect a cooling below the closure temperature of the 40Ar/39Ar 

system in muscovite, suggested at ~400 °C. 

Within the sample AR-1025, we can observe a discrepancy since age yielded by biotite is 

older than age yielded by muscovite. However, we note that such an inversion is probably 

attributed to the uncertainties of the analysis. The error margins permits to suggest that 
40Ar/39Ar isotopic system probably closed before in muscovite and then in biotite. 

 

• Monazite 

As for zircon, the closure temperature in monazite is estimated to be > 900°C. Since this 

temperature is higher than the temperature of host material (estimated in mylonites at ~750°C; 

Petitgirard er al., 2009), we consider that ages obtained on magmatic monazite should date the 

emplacement of the studied bodies, such as zircon ages. This interpretation is probably valid 

for the leucocratic vein AR-684 and the Palmital granite AR-648 that yielded roughly similar 

zircon and monazite ages. 

However, the other samples dated gave monazites ages younger than zircon ages and 

therefore characterize secondary density peaks (Figure V.4.14, monazite). The peak at ~556 

Ma might be related to a metamorphic event during which monazites of the samples AR-935 
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and AR-800 recrystallised. This would be compatible with the fact that all amphibole age are 

younger than 556 Ma. Another explanation for this age of ~556 Ma is that it may represent an 

intermediate age without real significance, resulting from the mixture of monazite grain 

domains. Indeed, analyses performed on monazites from sample AR-935 revealed the 

existence of grain domains dated at ~570 Ma and ~530 Ma. This ages roughly correspond to 

the age of the main magmatic event with the emplacement of the Galiléia suite, the 

leucocratic melts and part of the Palmital granite plutons, and to the late magmatic event, with 

the emplacement of the Ibituruna syenite and the late Palmital granite plutons. Consequently, 

we can suppose that the dated monazites from the samples AR-935 and AR-800 formed 

during at least two events, the main magmatic event at ~580 Ma, and the emplacement of the 

late magmatic bodies at ~530 Ma. 

The age of ~500 Ma obtained on sample AR-968 indicate a crystallisation event for 

monazite. This young age may be related to late phenomena, such as circulation of pegmatitic 

fluids, able to recrystallise monazite or to form new generation of monazite by phases 

destabilization. The consistency of this age with most of the amphibole ages at ~500 Ma 

suggests that this recrystallization event took place at ~550°C, the suggested closure 

temperature of the amphibole. 

Nevertheless, monazite ages can not be interpreted in terms of cooling event below  a 

particular closure temperature. Instead, these ages probably represent dynamic processes of 

(re)crystallisation that occur during a complex thermal and metamorphic evolution, between 

~580 Ma and ~500 Ma. 

 

V.5.b Thermal evolution 

The thermal evolution of the allochtonous domain of the Araçuai belt started with an 

important event magmatic, tectonic and thermal event at ~580 Ma, that marks the start of the 

deformation, the emplacement of large amounts of magma, and widespread partial melting, as 

indicated by homogeneous zircon ages. Within the whole studied region, we can distinguish 

three thermal evolutions: that of the country rock, that of the Galiléia suite and the magmatic 

bodies emplaced at the same time, and that of the late magmatic bodies. These three thermal 

evolutions probably differed during the first Ma of evolution, mostly due to the different 

initial temperatures of the rocks involved. 

However, ages obtained on amphiboles, muscovites and biotites by 40Ar/39Ar method 

indicates that the whole studied region evolves toward a common history, after ~500 Ma. This 
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common thermal evolution probably represents the last cooling phase of the orogenic 

segment. Indeed, except for a few samples that we previously discussed, samples from the 

Mylonitic and Plutonic and Anatectic Unit yielded amphibole ages in the range ~500 Ma, 

indicating a cooling below ~550 °C, and biotite ages between 470 and 480 Ma recording a 

cooling below ~325°C. These dates permit to evaluate a mean cooling rate for the whole 

orogenic segment, cahracterized by a relatively low cooling rate ≤ 10 °C/Ma. Dated 

muscovites from Palmital granite confirm this cooling rate since it fits perfectly on the curve, 

between amphibole and biotite. This homogeneous cooling through the entire allochtonous 

domain probably denotes the end of the orogenic event. 

For the first ~80 Ma, i.e. from the emplacement of Galiléia suite at ~580 Ma to the cooling 

below ~550°C at ~500 Ma (amphibole), the thermal evolution was probably more complex 

and differed in function of the initial temperature of the rocks considered. 

The metamorphic conditions in the Mylonitic Unit were estimated at ~750 °C and ~600 

MPa (Petitgirard et al., 2009). Kinzigitic metasediments located east of the Plutonic Unit 

display evidence of partial melting; they likely underwent at least similar HT-LP 

metamorphism conditions, or even higher temperatures. Thus, Munhá et al. (2005) estimated 

at ~800 °C and ~650 MPa the metamorphic conditions of the kinzigites that top the Anatectic 

Unit eastward. For the host metasediments of the Galiléia suite, even if those of the central 

and eastern part of the Plutonic Unit seem to undergone metamorphic conditions slightly 

lower than that of the Mylonitic and Anatectic Units, the local presence of sillimanite indicates 

that these metasediments were also submitted to high temperatures, comparable to that of the 

adjacent units. For these reasons, we estimate that the temperatures for the mylonites, the 

metasediments of the Plutonic Unit and the kinzigites was in an approximate range of 750-

800 °C. 

The intrusion temperature of a tonalitic magma is globally higher than that of granitic or 

granodioritic magma. Experimental study of dehydration melting of tonalitic composition 

assemblage revealed that the composition of the formed melt approaches that of the starting 

assemblage for temperature of ~900 °C (Singh and Johannes, 1996). Therefore, we consider 

that the São Vitor and Galiléia tonalites emplaced in the Plutonic Unit at ~580 Ma, at 

temperature of at least ≥ 900 °C. Emplacement temperature of the late magmatic bodies 

Ibituruna syenite and Palmital granites are not clearly defined but they was probably higher 

than that of the host rocks. 

From these initial temperatures, we purpose that the Galiléia suite (São Vitor tonalite plus 

Galiléia tonalite) emplaced at ≥ 900 °C in host rocks at roughly 750-800°C. Considering only 
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the main density peaks yielded by the zircon and monazite ages, we can suggest a simple 

regional cooling evolution. If no metamorphic event occur after the emplacement of magma, 

we suggest that the Galiléia suite may cooled relatively quickly until reach the regional 

thermal evolution constrained by host rocks temperature (Figure V.5.1). This regional thermal 

evolution can be estimated from the beginning of the orogenic event at ~580 Ma and ~750-

800 °C in the host rocks, to the to the closure of the 40Ar/39Ar system in amphibole at ~490-

500 Ma and ~550 °C. Thereby, this simplified estimation of the thermal evolution during the 

first 80 Ma yield a very slow cooling rate, ≤ 3 °C/Ma (Figure V.5.1). Thereafter, emplacement 

of late magmatic bodies at high temperature may probably follow a quick cooling until reach 

the regional thermal evolution, as the Galiléia suite previously. After ~500 Ma, the host rocks, 

the Galiléia suite and the late magmatic bodies probably followed the evolution discussed 

above. 

However, monazite ages lead to think that one or more metamorphic events occurred. 

Indeed, we suggested that monazite ages at ~550 Ma could reflect either a metamorphic event 

at 556 Ma, or a polycyclic crystallisation at ~570-580 and thereafter at ~530 Ma. 

Nevertheless, in both case this suggest that the studied region remained at high temperatures 

during at least 50 Ma; i.e. from the emplacement of the Galiléia suite to the emplacement of 

late magmatic bodies. During this period, the thermal evolution probably did not follow a 

simple cooling as purposed previously and might have been perturbed by one or various 

thermal events. We suppose that the zircon peak at ~530-540 Ma, representing the 

emplacement of the late magmatic bodies, is one of these thermal events. 

To summary, we suggest that the orogenic segment studied remained at high temperatures 

during the first 50 Ma of evolution (>550 °C). During this period, the various magmas 

emplaced, at the beginning of the evolution (~580 Ma), and thereafter during supposed 

 

 

 

Figure V.5.1: Simple estimation of the regional 

cooling throughout the studied orogenic segment, 

considering only the main density peak yielded by the 

different mineral dating. In bleu is the regional 

cooling estimated from the temperature of the host 

rocks. In red and green are represented the probable 

paths of the Galiléia suite emplaced at ~580 Ma (red) 

and the late magmatic bodies emplaced at ~530-540 

Ma (green). 
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magmatic pulses and metamorphic events (~530 Ma), cooled quickly after their emplaced to 

fit to the regional thermal evolution (Figure V.5.2). After ~500 Ma, the whole region, 

including mylonites, Galiléia suite and late magmatic bodies, cooled together following a 

cooling rate of ~10°C / Ma. 

 

 

V.5.c Geothermal gradient 

During the beginning of the evolution of the orogenic segment studied, the geothermal 

gradient was high, as frequently observed in granulitic terranes of hot orogens. The 

temperatures might be maintained elevated by late intrusion of magmatic bodies and probable 

metamorphic event during the first 50 Ma, as suggested by thermochronological data. An 

estimate of the gradient yielded >30 °C/km (750 °C at 6 GPa; Petitgirard et al. 2009) but it is 

probable that this gradient varied between 20 °C/km and 30 °C/km during the first 50 Ma of 

evolution. A compilation of worldwide high-temperature metamorphic terranes (Pattison et 

al., 2003) shows that these rocks can be present over a wide range of pressure, from ~2 to ~14 

MPa and a relatively narrow range of temperature, approximately between ~700 and ~950 °C. 

Such a distribution is not compatible with a linear extrapolation of geothermal gradient until 

large depths. This observation leaded authors to suggest a geothermal gradient that becomes 

quasi steady at moderate pressure, in the middle and lower crust (Michaut and Jaupart, 2007; 

Depine et al., 2008; Whittington et al., 2009;). Such a geotherm might be induced by 

successive melt injection and melt migration through the crust during several tens of millions 

years. Since we suggested that the temperature remained high during the first 50 Ma of the 

evolution of the orogenic segment studied, we suppose that such a quasi steady geothermal 

 

 

 

 

Figure V.5.2: The first 80 Ma of thermal evolution 

was probably not a simple constant cooling as 

previously purposed. Thermal events probably 

occurred. Nevertheless the Galiléia suite (red) and the 

late magmatic bodies (green) probably cooled quickly 

to fit the regional thermal evolution. 
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gradient may have developed in the studied area. The emplacement of late plutons such as the 

Ibituruna syenite, the Palmital granites, and others late plutons not studied in this work, plus 

the lateral and vertical flows of São Vitor and Galiléia tonalites through the Plutonic Unit, 

highlighted in the structural study, would contribute to maintain and homogenize the high 

temperatures through the orogenic segment. A possible reason for maintaining such high 

temperatures during a so long period is a shallow lithosphere-asthenosphere boundary. Some 

studies suggest a thermally and rheologically equivalent of the asthenosphere directly present 

below the lower crust. However, Whittington (2009) suggested that the inefficiency of heat 

diffusion in hot rocks would lead to a thermal insulation. In such condition, the heat generated 

by strain heating would be sufficient to maintain high temperature. 

Globally, the cooling rate suggested by our thermochronological studied is low, between 3 

°C/Ma and 10 °C/Ma. Such low rates suggest an absence of quick exhumation and 

consequently an isobaric cooling. During the first 50 Ma, we suppose that the heat diffusion 

was probably limited due to the high temperatures of the middle crust itself. Indeed, in such 

middle crust, probably bounded by likewise abnormally hot upper and lower crust, thermal 

exchanges are limited by the low thermal diffusivity of the hot rocks (Whittington et al., 

2009). In addition, the latent heat released during crystallisation of the huge avolume of 

magma probably contributed to keep high temperatures and to slow down the cooling. In such 

conditions, the cooling of the crust can last for long periods of time, even more if this crust is 

heated punctually by emplacement of late magmatic bodies and continuously by a shallow 

lithosphere-asthenosphere boundary. After 500 Ma, the thermal evolution is characterized by 

slightly higher cooling rate, ~10 °C/Ma. We suggest that the slight increase of the cooling rate 

corresponds to the end of the orogenic activity and probably marks deepening of the 

lithosphere-asthenosphere boundary, due to the cooling of the crust and the thermal relaxation 

induced. However, such a cooling rate is still low and likely indicates that no exhumation 

occurred. 

 

V.5.d Rheological evolution 

We consider that the São Vitor and Galiléia tonalites emplaced in the Plutonic Unit at 

temperature of at least ≥ 900 °C. At this temperature, the viscosity and consequently the 

strength of the magma are very low, promoting the localisation of the deformation in the 

magma. The magmatic fabric observed on the entire Galiléia suite has been probably acquired 

in a viscous state, between the emplacement of the batholith at ≥ 900 °C and its solidification. 
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Below a characteristic temperature, the magma behaviour turns ductile (solid-state) and 

deformation of this newly ductile material would result in solid-state deformation features that 

were not observed in the Galiléia batholith. Consequently, we attempt here to estimate this 

transitional temperature in order to constrain the timing of the magmatic deformation in the 

Galiléia suite. 

However, estimate of such a transitional temperature between viscous and solid behaviour 

is complex. It is believed that the viscous/ductile transition is mainly controlled by the 

proportion of crystallised material present in the melt. This proportion of minerals in the melt 

influences directly the viscosity of the magma. Even if some models can predict the viscosity 

of a magma in function of its temperature (Vogel, 1921; Fulcher, 1925; Giordano and 

Dingwell, 2003 ; Hui and Zhang, 2007; Giordana et al., 2009), the relation between the 

viscosity and the proportion of material in suspension is poorly documented. For these 

reasons, we instead estimate the transition between viscous and ductile behaviour through the 

sequence of crystallisation of a magma. We consider that this transition is marked by the 

crystallisation of the quartz and we purpose a temperature of 650-700 °C. This rough estimate 

allows us to discuss the possible rheological evolutions for the Central Plutonic Unit. 

Since we suggested that the mylonites and the host metasediments of the Plutonic Unit 

remained at ~750-800 °C during the first tens of millions years of the orogenic evolution, the 

tonalitic suite emplaced at ≥ 900 °C in the Plutonic Unit probably cooled down rather quickly 

to this regional temperature. In the simple cooling scheme purposed previously, where the 

regional thermal evolution follows a linear cooling between the emplacement of the Galiléia 

and the closure of 40Ar/39Ar system in amphibole, the transition viscous / ductile would be 

reached at ~ 550 Ma (Figure V.5.3). This would implicate that the deformation occurred in 

the Galiléia suite during the first 30 Ma of the orogenic evolution. Thereafter, the deformation 

could have stopped or localized in another rocks which the strength was lower than the 

solidified tonalites. Since the magmatic bodies (Ibituruna syenite and the Palmital granite 

plutons) emplaced later are co-structured at magmatic state with the Galiléia batholith, the 

deformation would have localized in such low strength bodies. To affect such magmatic 

bodies embedded within the solidified tonalite, without affect the Galiléia batholith at solid-

state, the deformation should have been transferred through shear zones co-structured with the 

late magmatic bodies. However, such structures did not been evidenced in the studied region. 
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Nevertheless, this simple model probably does not reflect the real thermal evolution of the 

studied region. We therefore purpose to discuss the implication of a viscous / ductile 

transition for the more realistic thermal evolution which implies metamorphic event(s) during 

the first period of evolution. In this case, we suppose that the viscous / ductile transition is 

reached later, at ~530 Ma (Figure V.5.4). The viscous behaviour of the Galiléia magma would 

remain viscous during the very long period of ~50 Ma. In such situation, the magmatic bodies 

emplaced later would have been deformed in a magmatic state, consistently with the Galiléia 

suite. After ~530 Ma, magmatic bodies probably adopted a ductile behaviour. Since no solid-

state deformation features has been observed in the Galiléia tonalitic suite, we suppose that 

the deformation stopped or that it localized in rocks rheologically weaker than the solidified 

tonalites. 

 

V.5.e Conclusion 

The U/Pb dating performed on monazites and the 40Ar/39Ar dating on amphiboles, 

muscovites and biotites, in addition to the zircon ages obtained in Chapter IV, permitted to 

characterize the thermal evolution of the Central Plutonic Unit. The careful interpretation of 

geochronological data highlighted a complex thermal history for the first tens of millions 

years of evolution, followed by a homogeneous slow cooling of the whole studied region. We 

suggested that the first 50 Ma are characterized by very high temperatures and probably 

punctuated by one or more metamorphic events. We suppose that the maintenance of high 

 
Figure V.5.3: Estimate of the duration of the viscous 

behaviour in the case of a linear cooling between 

emplacement of the Galiléia batholith and 40Ar/39Ar 

system closure in amphibole. 

 
Figure V.5.4: Estimate of the duration of the viscous 

behaviour in the case of a complex thermal evolution 

between emplacement of the Galiléia batholith and 
40Ar/39Ar system closure in amphibole. 
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temperatures during such a long period of time is due to the low thermal diffusivity of the hot 

rocks, the flow of magmas, the latent energy of crystallisation and the emplacement of late 

magmatic pulses. After 500 Ma, the calculated cooling rate of ~10°C/Ma is relatively low and 

likely indicates that no exhumation occurred. This is consistent with the maintenance of high 

temperatures over a long period of time. 

Even if our estimate of a transitional temperature between viscous and ductile behaviour 

for the Galiléia suite was not formally defined, it permitted to discuss the rheology of the 

magmas and especially the consequences in terms of deformation. We suggested that the 

Galiléia suite remained in a magmatic state, with a viscous behaviour until ~530 Ma, 

promoting a magmatic state deformation during several tens of millions years, at least until 

the emplacement of the late magmatic bodies. 
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Step 40/39 38/39 37/39 36/39 F39Ar %40* 40*/39K 39Ar Age +- 1s.d. 
    (E-3) released   (E-14) Ma Ma 
                moles     
AR-590 Amphibole Contact tonalite        

1 1190.597 0.088 0.00163 115.344  97.14 1156.5 0.01 4440.84 959.0 
2 525.881 0.414 37.06841 395.543  78.30 421.95 0.05 2871.623 139.9 
3 40.087 0.055 0.07051 11.151  91.75 36.78 12.52 529.416 2.8 
4 38.401 0.053 0.00000 3.618  97.17 37.32 16.75 536.056 3.8 
5 38.749 0.053 0.00000 3.893  96.99 37.58 23.39 539.361 2.4 
6 37.889 0.054 0.00000 1.733  98.61 37.36 36.33 536.607 1.5 
7 38.485 0.05 0.00000 2.784  97.82 37.65 39.29 540.157 2.3 
8 39.338 0.052 0.88118 4.345  96.86 38.13 41.82 546.099 2.4 
9 40.045 0.053 0.22236 5.34  96.06 38.47 45.71 550.377 3.4 

10 38.602 0.197 9.80187 4.637  98.32 38.2 58.67 546.953 1.8 
11 38.792 0.22 8.05135 4.118  98.38 38.36 66.52 549.036 2.3 
12 38.736 0.234 8.42765 3.584  98.86 38.5 89.15 550.762 1.2 
13 37.921 0.149 4.41234 3.567  98.05 37.29 92.3 535.727 3.7 
14 38.258 0.119 3.12708 2.99  98.26 37.67 100 540.452 2.3 

           
AR-590 Biotite Contact tonalite        

1 260.267 0.279 0.85808 821.286  6.77 17.64 0.12 273.22 249.9 
2 47.308 0.078 0.30582 47.638  70.26 33.24 0.99 484.733 8.4 
3 37.783 0.055 0.00454 4.487  96.45 36.44 9.95 525.151 1.9 
4 38.096 0.056 0.02386 5.614  95.61 36.42 14.51 524.927 2.4 
5 37.547 0.054 0.00000 1.838  98.51 36.99 23.02 531.976 1.9 
6 36.978 0.051 0.00894 0.905  99.24 36.70 30.26 528.325 2.8 
7 37.316 0.052 0.00000 1.352  98.89 36.90 39.65 530.883 1.5 
8 37.577 0.052 0.02104 1.507  98.78 37.12 44.11 533.591 2.0 
9 37.213 0.052 0.00000 1.592  98.69 36.73 50.89 528.715 2.5 

10 37.553 0.053 0.01094 1.671  98.65 37.04 54.61 532.675 2.6 
11 37.395 0.054 0.00957 1.835  98.51 36.84 58.77 530.104 2.1 
12 37.339 0.054 0.00419 1.298  98.93 36.94 71.42 531.374 1.7 
13 38.200 0.054 0.02762 2.665  97.90 37.40 77.27 537.086 2.2 
14 37.479 0.053 0.00051 1.614  98.69 36.99 82.08 531.947 1.5 
15 37.740 0.053 0.00000 1.817  98.54 37.19 87.03 534.458 2.2 
16 37.682 0.054 0.01606 1.812  98.54 37.13 93.55 533.775 1.7 
17 37.827 0.052 0.00000 2.458  98.04 37.09 100.00 533.182 2.3 

           
AR-1057 Amphibole São Vitor toanlite  J= 0.009621       

1 1318.154 5.167 0.01591 4055.33 0.01 9.09 119.79 0 1383.1 7131.5 
2 137.46 1.089 0.00341 248.554 0.06 46.56 64 0 865.6 1790.6 
3 87.653 1.146 0.00438 857.07 0.10 -188.96 -165.63 0 0.0 0.0 
4 73.132 0.824 0.00216 49.913 0.19 79.81 58.37 0.001 804.0 1148.4 
5 26.992 0.121 0.00062 0.002 0.47 99.94 26.98 0.002 416.3 14.2 
6 33.716 0.136 0.00121 0.003 0.62 99.95 33.7 0.001 506.6 23.1 
7 33.403 0 0.00064 0.002 0.90 99.95 33.39 0.002 502.5 11.7 
8 36.065 0.038 0.00015 0 2.13 99.96 36.05 0.009 537.2 6.9 
9 36.223 0.103 0.00001 0 24.26 99.96 36.21 0.168 539.2 8.1 

10 36.476 0.083 0.00003 0 29.92 99.96 36.46 0.043 542.5 4.1 
11 36.61 0.11 0.00000 0 67.39 99.96 36.59 0.284 544.2 7.7 
12 36.231 0.073 0.00003 0 74.18 99.96 36.22 0.051 539.3 10.1 
13 36.788 0.053 0.00014 0 75.42 99.96 36.77 0.009 546.5 8.0 
14 36.393 0.09 0.00003 0 82.57 99.96 36.38 0.054 541.4 2.8 
15 36.267 0.055 0.00001 0 100.00 99.96 36.25 0.132 539.8 6.7 

           
AR-1057 Biotite São Vitor toanlite  J= 0.009621       

1 110.008 0.856 51.77421 633.621 0.02 -66.68 -75.92 0.001 0.0 0.0 
2 55.347 0.118 42.76951 156.805 0.05 22.05 12.55 0.001 205.7 635.9 
3 19.962 0 27.29096 4.961 0.12 99.92 20.9 0.003 330.5 253.3 
4 30.371 0.041 1.20390 11.343 0.44 89.21 27.12 0.015 418.2 54.5 
5 32.03 0.03 0.00003 2.986 1.30 97.2 31.13 0.04 472.7 20.0 
6 34.103 0.024 5.91843 19.592 2.40 84.28 28.85 0.051 442.0 16.0 
7 33.375 0.021 0.00001 0 5.04 99.95 33.36 0.121 502.2 4.0 
8 33.621 0.021 0.00001 0 7.65 99.95 33.61 0.12 505.4 2.4 
9 33.872 0.022 0.00001 0.173 10.01 99.8 33.81 0.108 508.0 8.0 

10 33.672 0.019 0.00001 0 14.42 99.95 33.66 0.203 506.1 2.1 
11 33.639 0.017 0.00001 0 18.01 99.95 33.62 0.165 505.6 4.1 
12 33.621 0.013 0.00001 0 20.48 99.95 33.61 0.113 505.4 4.8 
13 33.401 0.025 0.68492 0 25.61 99.95 33.45 0.236 503.4 3.8 
14 33.81 0.019 0.00001 0 29.71 99.95 33.79 0.189 507.9 2.6 
15 33.405 0.016 0.15295 0 33.97 99.95 33.4 0.196 502.8 3.5 
16 33.596 0.018 0.00995 0 36.51 99.95 33.58 0.117 505.1 1.9 
17 33.77 0.019 0.47576 0 39.37 99.95 33.8 0.132 508.0 1.9 
18 33.827 0.028 0.09567 0 48.56 99.95 33.82 0.422 508.2 5.0 
19 33.52 0.018 0.00001 0 53.17 99.95 33.5 0.212 504.1 3.1 
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20 33.961 0.019 0.00000 0 61.48 99.95 33.95 0.382 509.9 2.6 
21 33.56 0.021 0.00001 0.725 64.49 99.32 33.33 0.138 501.8 5.9 
22 33.94 0.021 0.00001 0 68.98 99.95 33.92 0.207 509.6 2.6 
23 33.895 0.019 0.00001 0 72.19 99.95 33.88 0.147 509.0 4.8 
24 33.485 0.021 0.39021 0 78.31 99.95 33.51 0.281 504.1 8.5 
25 33.807 0.018 0.03891 0.776 81.48 99.28 33.57 0.146 504.9 6.2 
26 33.809 0.02 0.11646 0.905 85.65 99.19 33.54 0.192 504.5 4.8 
27 33.911 0.02 0.00000 0 92.58 99.95 33.9 0.319 509.2 1.4 
28 33.821 0.019 0.00001 0 94.72 99.95 33.81 0.098 508.0 3.3 
29 33.943 0.02 0.00001 0.354 98.05 99.65 33.82 0.153 508.2 5.8 
30 33.419 0.023 0.00001 0 100.00 99.95 33.4 0.09 502.8 1.4 

           
AR-1009 Amphibole São Vitor toanlite  J= 0.009621       

1 240.903 2.011 0.00999 0.029 0.02 99.99 240.88 0 2163.5 187.3 
2 110.055 0 0.00470 0.014 0.07 99.98 110.04 0 1302.6 104.3 
3 31.356 0.142 0.00148 0.004 0.21 99.95 31.34 0.001 475.4 36.4 
4 26.766 0 0.00195 0.006 0.31 99.94 26.75 0.001 413.1 43.5 
5 13.629 0.094 0.00048 0.001 0.75 99.88 13.61 0.003 222.0 12.5 
6 32.837 0.098 0.00007 0 3.84 99.95 32.82 0.02 495.1 5.7 
7 32.942 0.092 0.00001 0 30.41 99.95 32.93 0.174 496.5 21.6 
8 33.752 0.116 0.00001 0 56.55 99.95 33.74 0.171 507.1 10.3 
9 33.243 0.104 0.00002 0 69.92 99.95 33.23 0.087 500.4 4.6 

10 33.177 0.094 0.00001 0 89.86 99.95 33.16 0.13 499.6 7.7 
11 36.04 0.126 0.00008 8.32 92.38 93.13 33.57 0.016 504.9 54.6 
12 35.724 0.111 0.00749 9.601 100.00 92.02 32.87 0.05 495.7 19.3 

           
AR-1009 Biotite São Vitor toanlite  J= 0.009621       

1 17.141 0.063 0.00031 48.478 0.21 16.34 2.8 0.004 48.0 246.5 
2 19.604 0.054 2.54802 27.182 0.64 59.92 11.77 0.009 193.5 112.0 
3 30.648 0.027 0.23931 2.129 12.46 97.96 30.03 0.25 457.8 4.8 
4 33.241 0.033 0.56846 3.592 21.69 96.89 32.22 0.195 487.1 5.9 
5 32.232 0.025 0.00002 0 26.50 99.95 32.22 0.102 487.1 2.4 
6 32.84 0.028 0.48662 3.662 34.88 96.77 31.79 0.177 481.4 6.6 
7 32.752 0.028 0.70427 3.193 43.07 97.23 31.86 0.173 482.4 6.6 
8 32.715 0.028 0.20325 0.356 64.36 99.68 32.61 0.45 492.3 3.6 
9 32.546 0.023 0.00001 0 69.86 99.95 32.53 0.116 491.2 1.3 

10 32.668 0.024 0.08151 0.609 82.04 99.42 32.48 0.258 490.6 4.4 
11 32.741 0.018 1.23529 1.025 84.66 99.31 32.54 0.056 491.4 20.1 
12 32.509 0.025 0.40070 1.045 100.00 99.09 32.22 0.324 487.2 2.5 

           
AR-800 Amphibole São Vitor toanlite  J= 0.009621       

1 26.374 0.054 21.89670 0.001 0.22 99.94 28.41 0.004 435.9 10.2 
2 70872599 0.986 6471088.75 2655792.8 0.22 99.58 0 0 0.0 0.0 
3 31.694 0.003 0.56990 8.473 1.79 92.19 29.23 0.028 447.1 30.1 
4 33.017 0.006 7.13409 16.62 2.73 86.7 28.76 0.017 440.7 47.7 
5 31.361 0.014 1.31729 0 11.22 99.95 31.47 0.152 477.2 2.1 
6 31.945 0.019 1.89573 0 13.28 99.95 32.11 0.037 485.7 2.5 
7 32.599 0.018 0.80191 2.961 20.54 97.45 31.79 0.13 481.4 7.6 
8 32.571 0.018 1.17556 4.099 28.79 96.5 31.46 0.148 477.0 6.4 
9 32.603 0.013 0.43274 0.861 47.60 99.27 32.37 0.337 489.2 3.4 

10 32.906 0.011 0.59039 0.183 53.01 99.92 32.89 0.097 496.0 9.5 
11 32.609 0.016 1.59652 1.713 56.92 98.77 32.24 0.07 487.4 13.0 
12 32.369 0.012 0.77070 0.508 68.81 99.67 32.28 0.213 487.9 4.9 
13 32.503 0.013 0.41896 1.822 82.48 98.39 31.99 0.245 484.1 4.2 
14 33.175 0.016 1.27473 6.214 88.11 94.71 31.45 0.101 476.8 9.5 
15 32.909 0.014 0.71076 3.24 100.00 97.21 32 0.213 484.3 4.9 

           
AR-800 Biotite São Vitor toanlite  J= 0.009621       

1 24.463 0.038 0.00042 0.001 0.24 99.93 24.45 0.003 381.1 11.0 
2 27.11 0 0.00006 0 1.91 99.94 27.09 0.024 417.9 2.6 
3 31.993 0.013 0.00000 0 24.01 99.95 31.98 0.315 483.9 3.2 
4 32.104 0.01 0.03448 0 40.98 99.95 32.09 0.242 485.4 1.0 
5 31.991 0.01 0.32973 0.101 65.29 99.94 31.98 0.346 483.9 2.8 
6 31.174 0.01 1.67359 0.53 73.66 99.85 31.16 0.119 473.1 7.9 
7 32.499 0.014 0.30455 1.315 87.06 98.83 32.12 0.191 485.9 4.3 
8 31.573 0.015 0.92221 1.489 91.94 98.78 31.21 0.07 473.6 11.6 
9 31.366 0.014 2.65175 0 96.19 99.95 31.6 0.061 479.0 2.1 

10 29.342 0.012 5.49134 0 97.99 99.95 29.85 0.026 455.4 4.7 
11 29.15 0.004 5.97273 0 100.00 99.95 29.7 0.029 453.4 2.3 

           
AR-747 Biotite Galiléia tonalite  J= 0.009143       

1 57.422 0.03 0.01364 91.03 1.61 53.13 30.51 0.158 443.9 7.1 
2 39.955 0.022 0.02162 25.911 4.52 80.8 32.28 0.286 466.6 2.8 
3 35.88 0.016 0.00738 9.687 9.02 91.98 33 0.443 475.7 3.3 
4 34.273 0.015 0.00168 2.766 20.32 97.57 33.44 1.11 481.3 0.9 
5 34.296 0.015 0.00014 2.832 31.62 97.51 33.44 1.11 481.3 1.1 
6 33.764 0.015 0.01223 0.697 40.13 99.35 33.54 0.837 482.6 2.4 
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7 33.859 0.015 0.00433 1.196 56.64 98.91 33.49 1.623 481.9 1.1 
8 33.859 0.015 0.00036 1.196 73.15 98.91 33.49 1.623 481.9 1.1 
9 34.115 0.015 0.00573 1.423 81.64 98.72 33.68 0.834 484.3 2.2 

10 34.308 0.015 0.00025 2.258 84.00 98.01 33.63 0.232 483.6 1.9 
11 33.948 0.016 0.00000 1.262 86.30 98.86 33.56 0.226 482.8 2.7 
12 34.072 0.016 0.00000 2.071 89.38 98.16 33.44 0.303 481.3 1.2 
13 34.353 0.016 0.00000 2.806 90.79 97.54 33.51 0.139 482.1 1.5 
14 33.582 0.014 0.01767 1.878 91.79 98.31 33.01 0.098 475.9 2.1 
15 33.964 0.016 0.09576 2.674 93.24 97.65 33.17 0.142 477.8 2.6 
16 34.171 0.015 0.04058 2.497 95.25 97.8 33.42 0.197 481.0 1.7 
17 34.185 0.013 0.03524 2.226 95.88 98.04 33.51 0.062 482.2 2.4 
18 35.065 0.012 0.04808 3.948 96.45 96.64 33.89 0.057 486.9 2.7 
19 34.571 0.016 0.37912 3.552 100.00 97 33.54 0.349 482.6 2.1 

           
AR-705 Biotite Galiléia tonalite  J= 0.009143       

1 47.49 0.035 0.09484 69.249 0.96 56.89 27.02 0.027 398.3 9.4 
2 34.542 0.019 0.04145 5.079 7.90 95.62 33.03 0.196 476.1 1.7 
3 34.124 0.019 0.03185 3.779 13.88 96.69 32.99 0.169 475.6 2.0 
4 34.076 0.018 0.02898 4.019 17.51 96.48 32.88 0.103 474.1 2.4 
5 35.064 0.017 0.00153 7.771 26.51 93.41 32.75 0.255 472.6 1.3 
6 33.221 0.017 0.00252 1.093 61.59 98.98 32.88 0.992 474.2 1.1 
7 33.451 0.016 0.00933 1.446 78.28 98.68 33.01 0.472 475.8 1.7 
8 33.74 0.015 0.00433 2.203 84.24 98.03 33.07 0.168 476.6 1.8 
9 33.62 0.015 0.04585 1.566 89.05 98.59 33.15 0.136 477.6 3.5 

10 33.468 0.019 0.00000 3.643 90.78 96.74 32.38 0.049 467.8 3.9 
11 33.088 0.016 0.00000 3.046 95.39 97.23 32.17 0.13 465.2 2.4 
12 33.857 0.021 0.01916 3.274 97.83 97.1 32.88 0.069 474.1 2.7 
13 34.062 0.022 0.30465 1.224 100.00 98.96 33.71 0.061 484.7 3.7 

           
AR-717 Amphibole Galiléia tonalite  J= 0.009143       

1 34.57 0.087 2.81088 1.655 9.34 99.15 34.34 0.342 492.6 1.7 
2 35.003 0.1 3.03178 0.741 43.23 99.96 35.07 1.241 501.7 1.0 
3 36.44 0.098 2.87131 5.795 46.51 95.85 34.99 0.12 500.8 1.9 
4 34.743 0.099 3.01849 0.501 71.53 99.96 34.87 0.916 499.3 0.8 
5 35.207 0.097 3.19382 1.54 74.55 99.34 35.05 0.111 501.5 3.4 
6 34.857 0.094 3.17437 0.909 77.87 99.87 34.88 0.122 499.4 3.6 
7 33.844 0.093 3.06684 1.285 81.76 99.51 33.75 0.142 485.1 1.4 
8 34.243 0.096 3.08908 1.2 84.98 99.6 34.17 0.118 490.5 2.8 
9 34.695 0.089 3.04323 0 86.34 99.96 34.98 0.05 500.6 2.8 

10 34.46 0.087 3.50846 0 87.96 99.95 34.79 0.059 498.2 2.2 
11 34.269 0.101 4.06140 0.423 89.99 99.95 34.52 0.074 494.9 3.4 
12 34.294 0.086 4.88181 1.663 100.00 99.59 34.26 0.367 491.6 1.8 

           
AR-717 Biotite Galiléia tonalite  J= 0.009143       

1 69.019 0.051 0.01228 123.733 3.52 47 32.44 0.291 468.6 4.8 
2 41.894 0.034 0.00000 32.376 5.10 77.13 32.31 0.13 467.0 4.2 
3 39.081 0.029 0.00000 20.501 10.99 84.46 33.01 0.487 475.8 1.4 
4 37.388 0.03 0.00000 13.371 16.72 89.39 33.42 0.473 481.0 1.4 
5 36.138 0.028 0.00294 9.623 22.38 92.09 33.28 0.468 479.2 1.3 
6 36.239 0.027 0.00000 9.562 26.30 92.16 33.4 0.324 480.7 3.0 
7 35.741 0.027 0.01162 8.044 30.38 93.31 33.35 0.337 480.1 1.3 
8 34.784 0.027 0.00000 4.364 40.46 96.25 33.48 0.834 481.8 1.8 
9 34.724 0.026 0.00451 4.722 46.91 95.94 33.31 0.533 479.7 2.1 

10 34.831 0.024 0.00000 4.944 51.38 95.76 33.35 0.37 480.2 2.5 
11 34.462 0.026 0.00000 3.546 56.80 96.91 33.4 0.448 480.8 3.9 
12 34.525 0.025 0.01044 3.976 59.00 96.55 33.34 0.182 480.0 3.0 
13 34.477 0.025 0.00000 3.118 62.83 97.28 33.54 0.317 482.5 2.7 
14 34.058 0.027 0.00000 1.788 67.39 98.4 33.51 0.378 482.2 2.7 
15 34.103 0.028 0.00000 1.581 69.44 98.58 33.62 0.169 483.6 4.6 
16 33.701 0.026 0.00000 0.809 73.23 99.24 33.45 0.314 481.4 1.6 
17 33.807 0.026 0.00000 0.726 76.31 99.32 33.58 0.254 483.0 2.0 
18 34.128 0.026 0.00000 1.843 78.69 98.36 33.57 0.197 482.9 2.2 
19 33.742 0.023 0.00778 1.58 81.84 98.57 33.26 0.261 479.0 2.4 
20 33.921 0.026 0.05392 1.562 83.39 98.6 33.45 0.128 481.4 2.1 
21 34.031 0.026 0.13242 1.878 84.41 98.35 33.47 0.084 481.7 3.2 
22 34.255 0.027 0.07780 2.209 86.16 98.07 33.59 0.145 483.2 2.2 
23 34.088 0.025 0.00000 1.579 89.48 98.59 33.61 0.275 483.4 2.0 
24 34.182 0.023 0.00000 1.897 91.45 98.31 33.61 0.162 483.4 1.7 
25 34.433 0.026 0.00000 3.116 92.87 97.28 33.5 0.118 482.0 1.8 
26 34.898 0.026 0.06806 5.072 93.74 95.68 33.39 0.072 480.7 3.5 
27 34.888 0.026 0.07908 3.617 100.00 96.91 33.81 0.518 486.0 1.0 

           
AR-957 Amphibole Galiléia toanlite  J= 0.009621       

1 90.921 0.123 0.00007 220.372 0.47 28.36 25.79 0.021 399.8 45.0 
2 28.051 0.133 0.00002 38.963 1.93 58.9 16.52 0.067 266.1 16.0 
3 26.711 0.083 0.00001 0 5.44 99.94 26.7 0.161 412.4 11.3 
4 31.753 0.099 0.00000 0 13.66 99.95 31.74 0.376 480.7 10.7 
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5 32.575 0.081 0.00001 0 19.06 99.95 32.56 0.247 491.6 4.1 
6 31.829 0.095 0.00000 0 32.63 99.95 31.81 0.621 481.7 8.0 
7 32.456 0.095 0.00000 0 41.55 99.95 32.44 0.408 490.1 2.4 
8 32.39 0.087 0.74200 0.619 46.68 99.56 32.26 0.235 487.7 6.4 
9 32.439 0.088 2.72211 0 51.05 99.95 32.69 0.2 493.3 6.8 

10 32.654 0.063 0.00000 0 58.09 99.95 32.64 0.322 492.7 4.2 
11 32.703 0.104 0.19190 0 61.17 99.95 32.71 0.141 493.6 1.7 
12 32.701 0.069 0.00000 0 71.31 99.95 32.69 0.464 493.3 2.6 
13 32.35 0.1 0.00001 0 77.13 99.95 32.33 0.266 488.7 4.4 
14 32.634 0.087 1.00316 0.444 79.83 99.78 32.58 0.124 491.9 8.7 
15 32.839 0.062 0.00003 0 80.90 99.95 32.82 0.049 495.1 1.0 
16 31.988 0.12 0.18118 0 100.00 99.95 31.99 0.874 484.1 1.0 

           
AR-957 Biotite Galiléia toanlite  J= 0.009621       

1 156.085 0.773 264.42637 0.001 0.09 99.99 0 0.003 0.0 0.0 
2 12.703 0.092 10.80908 0 0.53 99.88 13.59 0.011 221.8 9.6 
3 33.652 0.052 0.00002 0 3.27 99.95 33.64 0.066 505.8 16.3 
4 33.476 0.084 0.00004 0 4.62 99.95 33.46 0.032 503.5 6.4 
5 33.433 0.066 0.00002 0 7.10 99.95 33.42 0.06 502.9 5.1 
6 33.713 0.066 0.00001 0 16.77 99.95 33.7 0.233 506.6 5.1 
7 33.486 0.068 0.00003 0 18.47 99.95 33.47 0.041 503.6 2.5 
8 33.682 0.06 0.00000 0 32.88 99.95 33.67 0.347 506.2 4.9 
9 33.343 0.073 0.36510 0.098 37.40 99.95 33.33 0.109 501.8 9.5 

10 33.427 0.086 0.00001 0 46.56 99.95 33.41 0.221 502.9 5.8 
11 32.864 0.064 0.00000 0 59.31 99.95 32.85 0.307 495.4 4.3 
12 33.079 0.077 0.00001 0 68.39 99.95 33.06 0.219 498.3 3.5 
13 33.145 0.069 0.00002 0 71.41 99.95 33.13 0.073 499.1 5.4 
14 33.038 0.058 0.00001 0 78.53 99.95 33.02 0.171 497.7 3.5 
15 34.062 0.078 0.13977 3.46 85.48 96.98 33.04 0.168 497.9 7.6 
16 33.562 0.078 1.97547 4.071 88.26 96.81 32.53 0.067 491.3 14.3 
17 32.456 0.062 0.00000 0 100.00 99.95 32.44 0.283 490.1 5.2 

           
AR-648 Muscovite Palmital granite  J= 0.009143       

1 44.588 0.045 0.00000 33.342 0.32 77.87 34.72 0.012 497.4 15.8 
2 41.464 0.014 0.08912 25.844 1.44 81.56 33.82 0.041 486.1 4.0 
3 34.49 0.012 0.00096 1.894 38.29 98.33 33.91 1.353 487.3 0.9 
4 34.152 0.011 0.00000 0.74 63.38 99.31 33.92 0.921 487.3 2.3 
5 34.333 0.013 0.03045 1.628 67.35 98.56 33.84 0.146 486.3 3.7 
6 34.304 0.015 0.00066 1.067 71.51 99.04 33.97 0.153 488.0 1.9 
7 34.057 0.011 0.00000 0 79.71 99.95 34.04 0.301 488.9 2.2 
8 34.116 0.012 0.01782 0.308 87.49 99.69 34.01 0.286 488.5 1.2 
9 33.864 0.011 0.04417 0.046 88.52 99.92 33.84 0.038 486.3 3.3 

10 34.07 0.012 0.00000 0.058 94.25 99.9 34.04 0.21 488.8 0.9 
11 33.329 0.009 0.01615 0 96.75 99.95 33.31 0.092 479.7 1.4 
12 34.258 0.011 0.00364 0 99.74 99.95 34.24 0.11 491.4 1.5 
13 34.001 0.014 0.00000 0 100.00 99.95 33.99 0.009 488.2 11.5 

           
AR-648 Biotite Palmital granite  J= 0.009143       

1 52.46 0.026 0.00710 63.792 4.90 64.04 33.59 0.233 483.2 3.9 
2 40.419 0.018 0.00657 23.181 17.64 83.02 33.55 0.605 482.7 1.7 
3 37.645 0.017 0.00113 13.793 28.62 89.13 33.55 0.522 482.7 2.0 
4 38.948 0.016 0.00414 17.756 32.78 86.49 33.69 0.198 484.4 2.8 
5 36.093 0.017 0.00274 8.039 47.76 93.38 33.7 0.712 484.6 1.3 
6 35.885 0.014 0.02312 7.814 54.41 93.53 33.56 0.316 482.8 1.6 
7 35.43 0.015 0.00000 5.172 65.86 95.64 33.89 0.544 486.9 2.7 
8 35.595 0.015 0.00000 6.099 71.54 94.89 33.78 0.27 485.5 2.5 
9 35.949 0.014 0.02017 7.55 75.61 93.75 33.7 0.194 484.6 2.4 

10 35.756 0.013 0.07064 8.661 77.47 92.81 33.19 0.088 478.1 3.8 
11 35.479 0.016 0.02246 7.019 80.25 94.11 33.39 0.132 480.7 2.5 
12 35.548 0.015 0.00000 6.866 82.88 94.25 33.5 0.125 482.1 2.9 
13 35.359 0.016 0.00000 5.228 88.15 95.59 33.8 0.25 485.8 1.6 
14 35.204 0.015 0.01110 4.678 91.77 96.03 33.81 0.172 485.9 2.2 
15 32.629 0.012 0.01785 0 94.27 99.95 32.62 0.119 470.8 2.1 
16 32.112 0.014 0.03756 0 96.17 99.95 32.1 0.09 464.3 3.8 
17 36.991 0.015 0.00000 10.295 96.92 91.73 33.93 0.036 487.5 4.5 
18 126.985 0.072 0.00000 320.696 100.00 25.36 32.2 0.146 465.6 11.8 

           
AR-1025 Muscovite Palmital granite  J= 0.009621       

1 541.439 0.415 45.05340 2170.836 0.06 -17.86 -99.6 0.001 0.0 0.0 
2 40.012 0.11 1.87055 174.37 0.20 -28.47 -11.4 0.002 0.0 0.0 
3 32.721 0.011 0.80063 3.228 43.89 97.22 31.83 0.622 481.9 5.3 
4 35.195 0.022 0.44646 13.387 46.42 88.81 31.27 0.036 474.5 17.4 
5 33.354 0.012 1.25144 5.95 51.36 94.96 31.7 0.07 480.2 9.0 
6 32.073 0.01 0.00001 0 68.05 99.95 32.06 0.238 485.0 2.0 
7 32.215 0.013 0.00001 0.687 76.68 99.32 32 0.123 484.2 5.9 
8 31.979 0.01 0.00001 0 85.00 99.95 31.96 0.118 483.7 2.4 
9 31.746 0.016 0.00003 0 88.61 99.95 31.73 0.051 480.6 4.3 
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10 31.763 0.004 0.00004 0 90.86 99.95 31.75 0.032 480.9 2.5 
11 32.922 0.002 0.00003 0 94.51 99.95 32.91 0.052 496.2 3.2 
12 33.015 0.068 0.00019 0.001 95.00 99.95 33 0.007 497.4 8.1 
13 32.146 0.008 0.00002 0 100.00 99.95 32.13 0.071 485.9 1.9 

           
AR-1025 Biotite Palmital granite  J= 0.009621       

1 20.379 0 0.00140 0.005 0.02 99.92 20.36 0.001 322.8 23.6 
2 18.917 0 0.00114 0.004 0.06 99.91 18.9 0.001 301.4 20.1 
3 31.398 0.007 0.00003 0 1.27 99.95 31.38 0.037 476.0 4.0 
4 32.197 0.008 0.00001 0 6.71 99.95 32.18 0.164 486.6 2.9 
5 32.39 0.009 0.00001 0 13.32 99.95 32.37 0.199 489.2 2.8 
6 32.691 0.01 0.00001 0.358 19.92 99.63 32.57 0.199 491.8 3.8 
7 32.485 0.009 0.01408 1.316 25.58 98.76 32.08 0.171 485.3 4.4 
8 32.702 0.009 0.00001 1.168 31.74 98.9 32.34 0.186 488.7 4.1 
9 32.872 0.007 0.00000 0.933 40.59 99.11 32.58 0.267 491.9 3.8 

10 32.336 0.007 0.00001 0 47.21 99.95 32.32 0.2 488.5 2.7 
11 32.363 0.008 0.00001 0.807 51.83 99.22 32.11 0.139 485.7 5.8 
12 32.427 0.007 0.17520 1.14 59.08 98.95 32.09 0.219 485.4 5.0 
13 32.579 0.003 1.88306 3.75 61.97 96.99 31.64 0.087 479.4 8.8 
14 32.704 0.007 0.00001 3.181 68.51 97.08 31.75 0.197 480.9 5.0 
15 32.412 0.009 1.18349 1.019 71.93 99.3 32.21 0.103 487.0 8.2 
16 32.624 0.009 0.47684 1.424 77.45 98.77 32.23 0.167 487.3 6.1 
17 32.199 0.004 0.52551 0 79.27 99.95 32.23 0.055 487.3 2.7 
18 31.906 0.009 0.00000 0.17 100.00 99.79 31.84 0.626 482.1 4.4 

           
AR-784 Biotite Metasediment  J= 0.009621       

1 31.385 0.025 10.51859 67.267 0.21 39.13 12.37 0.009 202.8 119.9 
2 32.425 0.002 0.00012 0 0.51 99.95 32.41 0.012 489.6 5.6 
3 37.248 0.018 0.00002 9.808 2.70 92.18 34.33 0.092 514.9 10.5 
4 38.342 0.016 0.79488 2.121 8.05 98.48 37.78 0.225 559.3 4.9 
5 38.49 0.015 0.92331 2.396 14.94 98.3 37.86 0.29 560.3 5.1 
6 37.855 0.009 0.00001 0 18.14 99.96 37.84 0.135 560.1 2.9 
7 38.095 0.013 0.23959 0 29.69 99.96 38.1 0.486 563.4 2.3 
8 38.35 0.013 0.36913 1.097 39.83 99.19 38.05 0.427 562.7 3.6 
9 37.937 0.012 0.23888 0.73 55.72 99.44 37.73 0.669 558.7 3.5 

10 38.19 0.016 0.00000 0 70.65 99.96 38.17 0.628 564.4 2.5 
11 38.535 0.015 0.00001 1.131 74.46 99.09 38.19 0.16 564.5 6.4 
12 38.241 0.016 0.76861 1.227 82.36 99.16 37.94 0.333 561.4 3.4 
13 38.158 0.011 0.00002 0.329 84.39 99.7 38.05 0.085 562.7 12.7 
14 38.195 0.014 0.00001 0 88.64 99.96 38.18 0.179 564.4 1.3 
15 37.997 0.014 0.08187 0.179 100.00 99.84 37.94 0.478 561.3 3.6 

           
AR-722 Biotite Orthogneiss  J= 0.009143       

1 159.363 0.099 0.00000 464.193 1.87 13.92 22.18 0.061 333.1 21.7 
2 34.741 0.014 0.00000 6.242 14.58 94.65 32.88 0.415 474.2 2.6 
3 34.216 0.014 0.00000 1.643 47.17 98.54 33.72 1.064 484.7 3.5 
4 33.938 0.014 0.01015 0.977 60.65 99.11 33.63 0.44 483.7 1.7 
5 33.969 0.014 0.01127 0.317 68.16 99.68 33.86 0.245 486.6 8.2 
6 34.18 0.013 0.00113 1.167 73.52 98.95 33.82 0.175 486.1 3.3 
7 33.726 0.016 0.00313 0.389 79.06 99.61 33.6 0.181 483.3 3.3 
8 33.956 0.014 0.00000 0.523 82.42 99.5 33.79 0.11 485.6 3.1 
9 34.568 0.015 0.04584 1.497 85.25 98.68 34.11 0.092 489.8 3.2 

10 34.858 0.01 0.04797 4.659 87.71 96.02 33.47 0.08 481.7 3.2 
11 34.272 0.016 0.00315 2.179 90.25 98.08 33.61 0.083 483.5 2.2 
12 34.487 0.01 0.00000 2.001 92.79 98.24 33.88 0.083 486.8 3.1 
13 34.305 0.008 0.04174 1.852 93.90 98.37 33.75 0.036 485.1 3.2 
14 33.628 0.013 0.00000 0 95.50 99.95 33.61 0.052 483.5 3.4 
15 35.277 0.016 0.00000 5.575 96.17 95.29 33.61 0.022 483.5 3.1 
16 33.888 0.015 0.00000 0.891 100.00 99.18 33.61 0.125 483.4 2.4 

Table V-1: 40Ar/39Ar results for all amphiboles, biotites and muscovites. 
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Sample Pbr Th U Th/U 208Pb/ 207Pb/ ±  207Pb/ ±  206Pb/ ±  r Apparent age (Ma) Disc 

  (ppm) (ppm) (ppm)  206Pb 206Pb (1s) 235U (1s) 238U (1s)  206Pb ± 207Pb ± % 

                          238U (1s) 206Pb (1s) (1s) 

AR935 
Lecocratic melt 
(monazite)               

fb27* 2334  775  8.225 0.0580 0.0003 0.6793 0.0066 0.0849 0.0007 0.89 525.2 4.4 531.3 9.5 -1.15 

fb22* 3730  1839  5.077 0.0582 0.0002 0.6871 0.0059 0.0856 0.0006 0.87 529.4 3.8 538.0 9.1 -1.58 

fb30* 4984  2711  4.473 0.0594 0.0002 0.7255 0.0069 0.0886 0.0008 0.92 547.3 4.6 581.1 8.1 -5.81 

fb23* 3403  1303  6.538 0.0589 0.0003 0.7221 0.0073 0.0889 0.0008 0.90 549.0 4.8 564.0 9.4 -2.66 

fb29* 3369  2381  3.053 0.0595 0.0003 0.7325 0.0072 0.0893 0.0008 0.87 551.2 4.5 586.1 10.3 -5.97 

fb28* 4285  3054  3.155 0.0585 0.0002 0.7212 0.0093 0.0894 0.0011 0.96 552.2 6.6 548.1 7.6 0.75 

fb24* 2769  1362  4.796 0.0582 0.0002 0.7191 0.0066 0.0897 0.0008 0.92 553.6 4.5 535.7 7.9 3.35 

fb16* 5304  3430  3.491 0.0589 0.0002 0.7297 0.0055 0.0898 0.0006 0.89 554.4 3.6 564.3 7.5 -1.76 

fb25* 3533  1142  7.843 0.0592 0.0003 0.7331 0.0085 0.0899 0.0010 0.93 554.8 5.7 573.0 9.3 -3.18 

fb26* 3811  2061  4.337 0.0583 0.0002 0.7256 0.0069 0.0902 0.0008 0.92 556.8 4.7 542.2 8.1 2.71 

fb18* 3767  1993  4.451 0.0580 0.0002 0.7225 0.0044 0.0903 0.0005 0.82 557.5 2.7 530.2 7.7 5.14 

fb21* 4039  893  11.726 0.0590 0.0002 0.7394 0.0074 0.0909 0.0008 0.91 560.9 4.9 566.9 9.0 -1.06 

fb19* 3723  1842  4.746 0.0584 0.0002 0.7370 0.0050 0.0916 0.0005 0.78 564.8 2.9 543.9 9.3 3.85 

fb14* 2764  1492  4.227 0.0593 0.0005 0.7564 0.0083 0.0925 0.0007 0.71 570.2 4.3 578.9 16.7 -1.51 

fb17* 4029  775  13.741 0.0598 0.0002 0.7642 0.0063 0.0926 0.0007 0.90 571.1 4.0 597.7 7.8 -4.46 

fb20* 4127  877  12.215 0.0594 0.0002 0.7601 0.0059 0.0929 0.0006 0.86 572.4 3.7 580.7 8.7 -1.43 

                  

AR800 São Vitor tonalite (monazite)              

fb1 1882  1226  3.302 0.0584 0.0002 0.7275 0.0050 0.0904 0.0005 0.81 557.8 3.0 544.1 8.7 2.52 

fb2 3200  2110  3.329 0.0579 0.0003 0.7097 0.0057 0.0890 0.0006 0.83 549.5 3.5 524.1 9.8 4.84 

fb3 1903  1568  2.366 0.0581 0.0003 0.7329 0.0060 0.0914 0.0006 0.82 564.0 3.6 535.0 10.2 5.42 

fb4 1798  1338  2.744 0.0582 0.0002 0.7342 0.0062 0.0915 0.0007 0.87 564.5 4.0 536.8 9.1 5.16 

fb6 1776  902  4.640 0.0587 0.0003 0.7223 0.0072 0.0893 0.0008 0.88 551.2 4.6 555.3 10.3 -0.73 

fb7 2692  1838  3.213 0.0591 0.0003 0.7228 0.0073 0.0886 0.0008 0.89 547.4 4.7 572.5 10.1 -4.37 

fb8 2344  1350  3.978 0.0596 0.0003 0.7346 0.0077 0.0894 0.0008 0.88 551.8 4.9 589.7 10.7 -6.42 

fb9 3310  2674  2.572 0.0582 0.0002 0.7078 0.0064 0.0882 0.0007 0.88 544.9 4.1 537.5 9.2 1.36 

fb10 2630  1554  3.763 0.0586 0.0002 0.7328 0.0072 0.0907 0.0008 0.93 559.6 4.9 552.5 8.1 1.29 

fb11 2131  1760  2.421 0.0581 0.0002 0.7294 0.0057 0.0911 0.0006 0.84 561.9 3.5 532.9 9.4 5.45 

fb12 2866  1414  4.749 0.0583 0.0003 0.7375 0.0069 0.0917 0.0007 0.84 565.9 4.3 541.0 11.1 4.59 

fb13 2525  2679  1.703 0.0580 0.0003 0.7199 0.0060 0.0900 0.0006 0.84 555.7 3.7 529.5 9.9 4.95 

fb15 2704  1806  3.385 0.0587 0.0003 0.7179 0.0063 0.0887 0.0007 0.87 548.0 4.0 555.2 9.5 -1.28 

                  

AR968 São Vitor tonalite (monazite)              

fa11 3183  2154  3.223 0.0592 0.0004 0.7595 0.0076 0.0930 0.0007 0.75 573.4 4.1 574.9 14.3 0.25 

fa12 1493  919  4.318 0.0574 0.0004 0.6473 0.0073 0.0818 0.0007 0.79 506.9 4.4 506.4 15.1 -0.10 

fa13 2365  1276  5.046 0.0575 0.0004 0.6501 0.0077 0.0819 0.0008 0.79 507.7 4.5 512.3 15.8 0.91 

fa14 2332  1293  4.868 0.0571 0.0004 0.6530 0.0078 0.0829 0.0008 0.79 513.5 4.6 496.1 16.1 -3.50 

fa15 2525  1830  3.550 0.0571 0.0004 0.6346 0.0072 0.0807 0.0007 0.80 500.1 4.4 493.6 15.0 -1.31 

fa16 2108  1363  4.017 0.0571 0.0004 0.6330 0.0068 0.0804 0.0007 0.76 498.4 3.9 495.9 15.3 -0.50 

fa17 1956  1348  3.761 0.0567 0.0004 0.6245 0.0067 0.0798 0.0006 0.76 495.1 3.8 481.4 15.3 -2.86 

fa18 2400  1363  4.768 0.0572 0.0004 0.6315 0.0066 0.0801 0.0006 0.76 496.7 3.8 498.9 14.9 0.44 

fa19 4060  1514  7.636 0.0571 0.0004 0.6434 0.0063 0.0817 0.0006 0.70 506.1 3.4 496.6 15.3 -1.91 

fa20 2347  1669  3.572 0.0566 0.0004 0.6271 0.0062 0.0803 0.0006 0.70 498.1 3.3 476.4 15.4 -4.56 

fa21 3073  1403  6.209 0.0573 0.0004 0.6319 0.0061 0.0799 0.0005 0.68 495.7 3.1 504.2 15.3 1.68 

fa22 2405  1221  5.393 0.0573 0.0004 0.6405 0.0063 0.0811 0.0006 0.69 502.5 3.3 503.2 15.6 0.13 

fa23 2800  1505  5.043 0.0571 0.0004 0.6380 0.0055 0.0810 0.0004 0.61 502.3 2.5 495.2 14.9 -1.45 

fa24 2445  1039  6.653 0.0570 0.0004 0.6381 0.0056 0.0812 0.0004 0.60 503.1 2.5 491.9 15.4 -2.28 

fa25 2011  1392  3.704 0.0572 0.0004 0.6363 0.0063 0.0807 0.0006 0.73 500.2 3.4 499.1 14.8 -0.21 

fa26 2889  1296  6.330 0.0575 0.0004 0.6314 0.0070 0.0796 0.0007 0.77 494.0 4.1 510.8 15.6 3.30 

fa27 2285  1870  3.003 0.0575 0.0004 0.6344 0.0059 0.0800 0.0005 0.66 496.1 2.9 511.5 15.4 3.02 

fa28 2557  1660  4.170 0.0571 0.0004 0.6167 0.0067 0.0784 0.0006 0.74 486.4 3.8 494.5 15.8 1.64 

fa29 2543  1378  5.033 0.0572 0.0004 0.6318 0.0055 0.0802 0.0004 0.62 497.1 2.6 497.6 15.0 0.09 

fa30 2587  1191  6.194 0.0570 0.0004 0.6255 0.0068 0.0796 0.0006 0.72 493.7 3.7 491.6 16.4 -0.43 

                  

AR648 Palmital granite (monazite)              

ib3   191   0.0606 0.0006 0.7394 0.0123 0.0885 0.0012 0.81 546.5 7.1 625.7 20.9 12.66 

ib1   239   0.0599 0.0019 0.7317 0.0258 0.0886 0.0014 0.45 547.3 8.3 599.4 68.3 8.69 

ib8   846   0.0603 0.0009 0.7412 0.0120 0.0891 0.0004 0.29 550.2 2.5 615.5 33.4 10.62 

ib4   164   0.0599 0.0009 0.7400 0.0119 0.0896 0.0004 0.25 553.1 2.1 600.0 33.9 7.80 

ib9   143   0.0593 0.0010 0.7367 0.0124 0.0901 0.0004 0.23 556.3 2.1 577.5 35.7 3.66 

ib5   499   0.0600 0.0005 0.7660 0.0182 0.0926 0.0021 0.94 571.1 12.2 602.7 17.5 5.25 

ib6   161   0.0610 0.0014 0.7798 0.0183 0.0927 0.0004 0.18 571.6 2.3 639.1 49.7 10.57 

ib15   144   0.0598 0.0001 0.7648 0.0073 0.0928 0.0009 0.99 572.2 5.1 594.9 3.5 3.81 
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ib2   280   0.0574 0.0015 0.7353 0.0208 0.0929 0.0009 0.36 572.9 5.5 506.1 58.2 
-

13.20 

ib10   240   0.0585 0.0008 0.7525 0.0118 0.0932 0.0005 0.38 574.7 3.2 549.7 31.6 -4.55 

ib13   241   0.0591 0.0006 0.7636 0.0079 0.0937 0.0004 0.43 577.1 2.5 572.1 20.4 -0.88 

ib11   245   0.0602 0.0003 0.7790 0.0190 0.0938 0.0022 0.98 578.3 13.1 610.9 11.4 5.35 

ib12   428   0.0593 0.0009 0.7684 0.0205 0.0941 0.0021 0.82 579.5 12.2 576.6 33.0 -0.50 

Table V-2: LA-ICP MS results on monazites 
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Conclusion 

 
The structural and thermal characterization of the allochtonous domain of Neoproterozoic 

Araçuaí belt was performed through a detailed magnetic investigation and abundant U/Pb and 
40Ar/39Ar dating. Structural investigations revealed that the huge amounts of magmas 

involved were deformed at magmatic state, following some kinematics similar to that of the 

already described “hot orogens”. The relatively simple E-W compression that formed the belt 

resulted in a complex 3D strain patter. The structures developed within the viscous magmas 

and host metasediments resulted from a combination of tangential tectonics induced by the 

compression, and gravitational forces arising from the load of the overlying crust. Indeed, 

structures observed revealed that the external part of allochtonous domain was thrust onto the 

western units of the orogen, while the internal parts of this domain was submitted to vertical 

and horizontal flows. These flows are permitted by the weakness of the middle crust. They 

acted together to accommodate the shortening of the belt by thickening of the crust while this 

thickening, limited by the weakness of the crust, were accommodated by orogen-parallel 

escape flows. 

Thermochronological study indicated that the orogenic segment studied remained hot 

during several tens of millions years, promoting a deformation of magmas in a viscous state, 

between ~580 Ma and ~530 Ma. Therefore, such a long period of time characterized by very 

high temperatures is probably due to the low thermal diffusivity of the hot rocks, the flow of 

magmas within the crust, the latent energy of crystallisation and the emplacement of late 

magmatic pulses, preventing the cooling of the middle crust. We suggest that this thermal 

evolution is compatible with the development of a quasi steady state thermal gradient within 

the crust. After 500 Ma, the cooling became slightly more rapid, probably due to the complete 

solidification of the magmas, and to the end of the orogenic event. However, the low cooling 

rate deduced (~10°C/Ma) indicate that the exhumation was slow and only resulting from the 

erosion. 

Further investigations are needed to characterize the first millions years of the thermal 

evolution of the allochtonous domain of the Araçuaí belt. Some peculiar results obtained in 

U/Pb and 40Ar/39Ar dating shown that probable metamorphic event(s) occurred during this 

period. Thermobarometric study on metasediments from the Central Plutonic Unit would 

provide important information on the metamorphic history of this region. Thus, even this 

study permitted a detailed characterization of the structure and the thermal evolution of the 



148 
Conclusion 

Plutonic Unit on a region of large extension, it is not guaranteed that the features highlighted 

are constant over the entire North-South extension of the unit. Indeed, the Galiléia suite is also 

widely present at South of the studied region and it would be of great interest to check the 

continuity of the structural patterns in this southern region. 

The Plutonic Unit studied in this work constitute only a segment of the whole orogenic 

Araçuaí belt. Therefore, an important issue would be to integrate the structural and thermal 

features evidenced in the Plutonic Unit within a reliable picture of the whole belt. However, 

structure of the adjacent Anatectic Unit is poorly constrained and the structural relation 

between the two units is still dubious. A detailed study of this adjacent region would permit 

the progressive building of a detailed structural pattern for the Araçuaí belt. 

 Currently, some seismic, geochimical and structural studies are conducted through these 

lateral regions at the Instituto de Geociências (São Paulo) and their results will certainly shed 

some light on the dynamics of the whole Araçuaí belt. 
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Abstract 

The neoproterozoic Araçuaí belt of SE- Brazil involves a huge (~300x60km) tonalitic to 

granodioritic batholith formed by several magmatic bodies and numerous tonalitic sills 

interlayererd with host metasediments. These magmatic rocks display a well-defined 

magmatic fabric consistent with the solid-state fabric observed in the country-rock. A detailed 

structural (Anisotropy of Magnetic Susceptibility) and geochronological (U/Pb) study was 

carried out across this batholith to determine the strain distribution through space and time. 

Magnetic investigations indicate that the studied tonalites have a predominantly paramagnetic 

behaviour and therefore that the magnetic fabric is a good proxy of the structural (flow) 

fabric. Measured magnetic foliations and lineations, together with field measurements, 

highlight a variation of the strain pattern through the studied domain. The western part is 

characterized by orogen parallel, eastward gently dipping foliation that bears a down-dip 

lineation, in agreement with westward thrusting of the belt onto the São Francisco craton. 

Eastward, the foliation progressively becomes steeply dipping then subvertical. From the 

centre of the tonalitic unit to its eastern limit, magmatic foliations are subvertical, orogen 



168 
Annexe 

parallel and bear lineations varying from horizontal to vertical. In a narrow (~15 km), NS-

elongated domain, the magmatic foliation is horizontal and bears orogen parallel lineations. 

To constrain the emplacement history of the huge volume of tonalitic-granodioritic 

magma involved in the batholith, and to constrain the timing of the deformations recorded by 

the magmatic fabric, U/Pb dating of zircons from 11 outcrops representative of the various 

facies and magmatic fabric observed in the batholith has been performed. The homogeneity of 

the results suggests 1) that the whole batholith emplaced during a single magmatic event at 

~580 Ma, probably in an already deforming middle crust, and 2) that the entire batholith was 

deformed before it started to behave as a solid. We therefore consider that the different 

structural patterns are roughly contemporaneous and represent a complex, 3D deformation 

resulting from the relatively simple East-West convergence that built the belt. The 

deformation of the tonalitic batholith and its country-rock involves 1) westward thrusting of 

the western domain (possibly controlled by the stiff cratonic lithosphere present at depth), 2) 

an association of thickening and lateral escape along both vertical or horizontal flow surfaces 

in its central and eastern domains. This complex 3D deformation may be due to the 

combination of a gravity-controlled strain component with the collision-related regional 

deformation, a behaviour characteristic of weak lithosphere in hot orogens. 

 

 

 

Keywords 

batholith ; magmatic deformation ; anisotropy of magnetic susceptibility ; strain 

distribution ; zircons U/Pb dating ; hot orogen ; Araçuaí belt 

 

Main text 

1 - Introduction 

The evolution of collisional orogenic belts at convergent plate boundaries is 

systematically associated with magma ascent, pluton emplacement and, sometimes extensive, 

partial melting of the continental crust. It is well known that the presence of melt, even in 

limited proportions, significantly modify the rheology and the mechanical behaviour of rocks 

(Rosenberg and Handy, 2000). Rosenberg and Handy (2005) shown that less than 7% of melt 

in a rock is sufficient to decrease drastically the strength of the rock, triggering strain 

localization where the melt is located (Tommasi et al., 1994; Brown, 1994; Brown and Solar, 

1999). In some orogenic contexts, large amounts of magma may be present in magma 
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chambers or in areas of significant partial melting, thus altering the rheology and the response 

to deformation. Large, distributed volume of melt in solid rocks may thereby promote strain 

delocalization and distribution over large domains (e.g. Petitgirard et al., 2009). Unusually 

large volumes of magma, associated with high geotherm, have been identified in the middle 

crust of several specific orogenic belts. Such "hot orogens" have been recognized in either 

Achaean and Proterozoïc belts involving tonalites, tronjdemites, granodiotites (TTGs) 

migmatites and greenstones (e.g. Abouchami et al., 1990; Chardon et al., 2002; Chardon et 

al., 2008; Boher et al., 1992; Dia et al., 1997) or Phanerozoïc and active orogenic belts 

involving tonalites, granodiorites, diorites and partially melted material (e.g. Wigger et al., 

1994; Nelson et al., 1996; Schmitz et al., 1997; Alsdorf and Nelson, 1999; Clark and Royden, 

2000; Dorbath and Masson, 2000; Beaumont et al., 2001). Extensive partial melting and 

intrusion of large volumes of magma in hot orogens have led to consider that specific 

deformation regimes may occur in such domains: (1) distributed horizontal shortening with 

vertical stretching along transpressive zones (Ehlers et al., 1993; Benn and Peschler, 2005; 

Choukroune et al., 1995; Windley, 1992), and (2) horizontal lateral escape in channel flow 

(Royden, 1996; Royden et al., 1997), due to inability of the weak lithosphere to sustain the 

load of high topographies (England and Bickle, 1984; Rey et al., 2001). Cagnard et al. (2006) 

suggested that these two mechanisms may be in competition and thus may both contribute to 

the bulk deformation. The structure of these hot orogens differs from that generally observed 

in “colder” orogen. Chardon et al. (2009) suggested that the particular structure of hot orogen 

could be related to a high mean geotherm (~20°C/km corresponding to 90mW.m2), resulting 

in a shallow lithosphere-asthenosphere boundary and promoting an easier accommodation of 

the vertical component of deformation. However, a quasi-steady state geotherm was also 

suggested for the middle and lower crust of hot orogens (Depine et al., 2008), resulting in 

almost constant, or slightly increasing temperatures from the middle crust to the lithospheric 

mantle. Such "abnormal" geotherm may be due to the blanketing effect of a hot, partially 

molten middle crust (e.g., Whittington et al., 2009). In such conditions, a lithospheric mantle 

may be present below the Moho and entail a different mechanical behaviour of the orogenic 

lithosphere compare to the model of orogen devoid of lithospheric mantle. 

To discuss further how strain is accommodated in such hot orogens, we present a study of 

the northern Araçuaí belt, SE Brazil. This orogenic segment is characterized by huge volumes 

of magma, a high geotherm, widespread partial melting and a slow cooling rate (Vauchez et 

al., 2007; Petitgirard et al., 2009) and may thus be regarded as a hot orogen. Indeed, a tonalitic 

to granodioritic batholith intruded in host metasediments and deformed in a magmatic state, 
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extends more than 250km long and >50 km wide. This batholith presents a structural variation 

from a well organized thrust fabric to a more complex, 3D-deformation fabric. This complex 

structure may provide clues on how the deformation is accommodated in such weak middle 

crust. Thereby, to constrain the strain field and the deformation history of the large volume of 

magmas emplaced in the Araçuaí belt, we performed joint structural and geochronological 

studies on São Vitor and Galiléia batholith, located in the Central Plutonic Unit of the 

Araçuaí belt. 

The internal structure of magmatic bodies reflects the dynamics of ascent of the magma 

and/or regional deformation to which it was submitted before solidification; it may therefore 

represents image of the strain repartition (Bouchez et al., 1990). A detailed description of the 

tectonic fabric requires a high density of measurements of the foliation and lineation recorded 

in the batholith. Due to the size of the batholith in the Araçuai belt, a detailed study of its 

entire volume was not sizeable; we have therefore limited our study to a large corridor (~50 

km) across the tonalitic/granodioritic domain. Since the foliation and lineation are not always 

observable in the field, we measured the Anisotropy of Magnetic Susceptibility (AMS) of 

samples collected as systematically as possible over the studied area. A large body of data 

supports that AMS measurements, if used carefully, may be a reliable and therefore useful 

tool to map the internal fabric in magmatic, migmatitic and metamorphic rocks (e.g. 

Borradaile, 1988; Henry, 1989; Tarling and Hrouda, 1993; Borradaile and Henry, 1997; 

Bouchez, 2000; Borradaile, 2001; Ferré et al., 2003; Borradaile and Jackson, 2004). 

 

The Araçuaí tonalitic batholith represents a huge volume of magma and variation in both 

facies and composition, although limited, occur. Moreover, as it will be shown further on, the 

magmatic fabric varies significantly across the studied area. This raises the question of the 

timing of the batholith formation. Was this batholith built rapidly, during a single magmatic 

episode, or does it represent the final result of successive magmatic episodes that occurred 

over a rather large period of time? Are the various fabrics recorded in the batholith 

representative of a spatial variation of strain during a single magmatic episode or of variations 

of the strain regime through time? To put constrains on these issues, we have systematically 

performed U/Pb dating on zircons from samples representative of the different magmatic 

facies and magmatic fabrics.  

 

2 - Geological settings 
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Almeida (1977) defined the Araçuaí neoproterozoïque belt as the northern segment of the 

Ribeira belt. The Araçuaí belt is recognized as the counterpart of the West Congo belt, located 

at south western Africa (e.g., Trompette, 1994; Pedrosa-Soares et al. 1998). The Ribeira-

Araçuaí belt formed during the Brasiliano/Pan-African orogeny in response to the 

convergence between the South American and African proto-continents (fig.1, framework). A 

remarkable structural feature of this belt is the evolution of the deformation pattern from 

South to North. The southern part of the Ribeira-Araçuaí belt has a NE-SW trend and is 

characterized by a transpressional deformation regime that associates thrusting normal to the 

belt and dextral, orogen-parallel transcurent movements (Trompette, 1994; Vauchez et al., 

1994; Egydio-Silva et al., 2002; Schmitt et al., 2004; Egydio-Silva et al., 2005). The northern 

part of this orogen, the Araçuaí belt, trends North-South, and involves high temperature (HT) 

westward thrusting of allochtonous units on the São Francisco craton margin (Cunningham et 

al., 1998; Oliveira et al., 2000; Vauchez et al., 2007). The modification of the deformation 

regime from North to South is thought to be due to the termination of the São Francisco 

craton southward (Vauchez et al., 1994; Egydio-Silva et al., 2005) which controlled the strain 

repartition along the belt. 

Northward, the architecture of the Araçuaí belt (fig.1) may be described as involving 3 

main allochtonous units (Oliveira et al., 2000; Vauchez et al., 2007): the Western Mylonitic 

Unit, the Central Plutonic Unit and the Eastern Anatectic Unit. These three main allochtonous 

units are thrust westward upon a para-autochtonous sequence of HT metasediments derived 

from the São Francisco craton cover. 

The Western Mylonitic Unit displays metasediments homogeneously mylonitized under 

HT and low pressure (LP) conditions (~750°C and 600 MPa) (Petitgirard et al., 2009) and 

tightly interlayered with leucocratic veins and dykes resulting from partial melting. The 

mylonitic foliation dips gently eastward and bears an eastward shallowly plunging stretching 

lineation. Numerous shear-sense criteria indicate a top-to-the-west kinematics. This fabric is 

consistent with thrusting of the mylonite unit over the para-autochthonous metasedimentary 

cover of the São Francisco craton. Deformation in these mylonites has been dated by 

Petitgirard et al. (2009) using synkinematic leucocratic veins around 570-580 Ma (577 ± 9 Ma 

and 572 ± 3 Ma. 

The Central Plutonic Unit constitutes the focus of the present work. It involves several 

tonalitic to granodioritic bodies hosted in pelitic metasediments. Altogether, these magmatic 

bodies form a plutonic complex more than 250km long and >50 km wide. The "São Vitor" 

and "Galiléia" tonalites are the largest bodies in this batholith. The plutonic rocks in this unit 
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display a pervasive magmatic fabric consistently parallel to the fabric in the country rock, 

suggesting that they have been deformed concomitantly. 

Finally, the Eastern Anatectic Unit is composed essentially of anatectic, peraluminous 

leucogranites and diatexites resulting from pervasive melting of sediments. The fabric in these 

anatexites is consistently magmatic, suggesting that, as for the tonalitic unit, deformation 

occurred before complete solidification (Vauchez et al., 2007). Considering that the western 

boundary of this unit is oblique on the general trend of the belt, together with the dispersion of 

the stretching lineations around a dominant N-E trend on a gently refolded, low-angle 

foliation, Vauchez et al. (2007) have suggested that the deformation in this unit may result 

from the combination of the regional collisional tectonics with a vertical pure shear 

component due to gravity-driven deformation (e.g., Beaumont et al., 2001). U/Pb dating of 

these anatexites yielded an age of 575 ± 3 Ma, interpreted as the age of the partial melting 

event (Vauchez et al., 2007). 

 

3 - Central plutonic unit 

In the Central Plutonic Unit, magmatic rocks and metasediments are imbricate. The two 

main magmatic bodies, the "São Vitor" and "Galiléia" tonalites, belonging to the "Galiléia 

intrusive suite" (Oliveira et al., 2000) are blue-grey rocks of medium to coarse grain size, 

locally porphyritic (fig.2, A and B). These two tonalites are very similar in the field. Their 

composition varies from biotite-hornblende tonalites to biotite-hornblende granodiorites with 

quartz, plagioclase, minor microcline and orthoclase, biotite, hornblende and garnet. 

Amphibole and garnet amount is more important in the São Vitor than in the Galiléia tonalite. 

Common accessory minerals are titanite, zircon, apatite and monazite. Texture is generally 

equigranular and magmatic. Plagioclase is sometimes euhedral to sub-euhedral. Biotite and 

amphibole are well oriented (fig.2, C). 

Numerous mafic enclaves are present, especially in the Galiléia tonalite (fig.2, D). They 

are usually composed of hornblende, epidote, quartz and plagioclase. Small amount of biotite 

and titanite are also present and zircon and apatite are the main accessory minerals. The 

texture of the enclaves is granular and ophitic, with large poecilitic epidotes enveloping 

hornblende crystals. These mafic enclaves may represent a dioritic magma mechanically 

mixed with the tonalitic more felsic magma. In the São Vitor tonalite, enclaves are also 

present but in the form of mafic layers composed essentially of biotites and hornblendes. They 

are sharply defined and might represent schlieren from host metasediments. 
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The host metasediments are essentially micaschists ("São Tomé" and "Tumiritinga" 

formations). They are principally biotite-quartz-schists that alternate with more pelitic or 

more quartzitic layers. Garnet, sillimanite and hornblende are also present in small 

proportions. From West to East, the metamorphism conditions seems to decrease in the 

metasediments since replacements of sillimanite by muscovite are observed and 

porphyroblasts of staurolite occur close of the eastern boundary. Quartzites with very few 

amounts of biotite and muscovite are present punctually in the southeastern part of the region 

(fig. 1, right). Slightly before the contact with the Eastern Anatectic Unit, a sudden increase in 

metamorphism is observed with the presence of sillimanite-rich and garnet-rich kinzigitic 

metasediments displaying evidence of partial melting (fig.2 E and F). This change in 

metamorphism may mark a major thrust between the Central Plutonic Unit and an overlying, 

more metamorphic unit, which is topped by the anatectic eastern unit. .  

The Galiléia and São Vitor tonalites display a pronounced fabric. In the field, a clear 

foliation is observable. However, as usual in plutonic rocks, it remains difficult to measure the 

lineation. In a few favourable cases, it is marked by alignments of amphibole or biotite or by 

the long axis of elongated mafic enclaves (fig.2, C and D). These alignments of amphibole 

and biotite are also visible in thin sections (fig.3 A and B). Observations in thin section 

provide evidence that the fabric is magmatic: quartz especially displays irregular shapes and is 

usually interstitial. There is no evidence of solid-state deformation in quartz such as undulose 

extinction, elongated quartz or subgrains, nor evidence of recrystallisation (fig.3, C and D). 

Neither pressure shadows nor recrystallisation tails are present around feldspars. As for 

quartz, feldspars do not present undulose extinction or fractures, and have irregular contacts 

(fig.3, E and F). Consequently, theses observations suggest that the tectonic fabric developed 

before solidification of the tonalitic magma, and therefore that the emplacement of the 

tonalites was synkinematic. 

The structure recorded in the tonalites varies across the whole unit. Westward, at the 

contact with the mylonitic unit, foliation dips gently eastward and in a few instances a down 

dip lineation has been observed, depicting a fabric consistent with the mylonitic unit one. 

Eastward, this structural pattern turns progressively vertical. Further east, and until the eastern 

boundary of the central domain, the foliation is sub-vertical and trends NS. Vauchez et al. 

(2007) have described lineations varying from sub-vertical to sub-horizontal on the steeply 

dipping foliation that might suggest a transpressional strain regime.  

The contact between the tonalites and the mylonites is progressive and ill-defined. The 

lithology mostly consists in remnants of highly deformed schists and amphibolites embedded 
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in leucocratic granite likely resulting from the partial melting of the pelitic metasediments. 

Sills of tonalite were injected parallel to the foliation in these partially melted metasediments. 

The thickness of the schists, amphibolites or tonalite layers is variable, from centrimetric 

(fig.2, G) to plurimetric (fig.2, H). The schists and the leucocratic magma are intimately 

mixed and the amphibolites form boudinaged layers and isolated lenses. Fractures affecting 

the amphibolites are filled with leucocratic magma. The tonalite sills have preserved their 

magmatic microstructure and show a magmatic foliation parallel to the foliation in the 

metasediments. The intercalation of the different rock types and the parallelism of the solid-

state and magmatic fabrics suggest that the solid-state deformation of the metasediments, the 

partial melting of the pelitic component and the deformation of both the tonalites and the 

leucogranite before solidification were coeval, resulting in a melange of rock types very 

specific of the contact between the western and central units.. This melange is consistently 

observed within an N-S trending strip a few kilometres wide (fig.1, right). It was initially 

interpreted as a different tonalite body deformed in the solid state (Oliveira et al., 2000). 

  

4 - Magnetic measurements 

AMS is a symmetrical second rank tensor Kij that relates the intensity of the applied field 

Hj to the acquired induced magnetization Mi through the equation Mi=K ij Hj. The three 

principal eigenvalues and eigenvectors of this tensor, Kmax > Kint > Kmin, correspond to the 

maximum, intermediate, and minimum axes of susceptibility, respectively. The Kmax 

represents the magnetic lineation, and Kmin is the pole of the magnetic foliation, which is the 

plane containing both the Kmax and Kint axis (Tarling and Hrouda, 1993).  

Among the various parameters used to describe the anisotropy of magnetic susceptibility, 

these are the most used: 
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The Jelinek’s factor T that describes the shape of the magnetic susceptibility ellipsoid 

(Jelinek, 1981). T varies from -1 to +1 and is used to characterize the ellipsoid shape. For 
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T<0, the ellipsoid shape is prolate with Kmax >> K int ≥ Kmin.  For T>0, the ellipsoid shape is 

oblate with Kmax ≥ Kint >> K min.  

The AMS ellipsoid reflects the directional variation of the magnetic susceptibility. It 

represents the contribution of all the rock-forming minerals, i.e., it integrates the contribution 

of the dia-, para-, and ferro-magnetic minerals. In structural studies, to use the AMS as a 

proxy of the petrofabric, a precise knowledge of the AMS ellipsoid carriers is need.  

Depending on these AMS mineral carriers, two kinds of anisotropy are possible: the 

magnetocrystalline anisotropy and the shape anisotropy (Tarling and Hrouda, 1993). When 

AMS ellipsoid is carried by Fe-bearing silicate paramagnetic matrix minerals, such as biotite 

and amphibole; the AMS is then due to the mineral crystallographic preferred orientations 

(magnetocristalline anisotropy). In this case, the carriers of the AMS ellipsoid must be known 

to verify if their mineral crystallographic preferred orientation, and consequently the magnetic 

fabric, is consistent with the petrofabric of the rock. When AMS ellipsoid is carried by cubic 

ferrimagnetic minerals, such as magnetite; AMS is generally related to the shape preferred 

orientation (shape anisotropy). If magnetite is large enough to be multi domain (MD), the 

AMS ellipsoid corresponds to the shape ellipsoid and can be interpreted as consistent with the 

petrofabric. If magnetite is single domain (SD), the maximum susceptibility axis Kmax is 

orthogonal to the elongation axis of the grain and, consequently, the AMS ellipsoid does not 

correspond to the rock fabric (Stephenson et al., 1986). 

In the favourable cases, i.e. when magnetic fabric and petrofabric are interpreted as 

consistent, AMS data have been widely used as a proxy to map the strain fabric produced by a 

variety of geological processes. The most popular application of AMS was in igneous rocks 

such as granitoids or mafic dyke swarm (e.g. Borradaile, 1988; Bouchez et al., 1990; Raposo 

and Berquo, 2008; Raposo and Gastal, 2009). It provides a good approximation of the 

foliation and lineation, principally in rocks in which the fabric is weak (Bouchez, 1997; 

Tikoff and deSaintBlanquat, 1997). 

After the measurement of low field magnetic susceptibility and of its anisotropy, we 

performed a series of additional measurements on representative samples to better constrain 

the magnetic mineralogy and its consequences on the rocks magnetic characteristics. These 

experiments consist firstly in identify the magnetic behaviour of the rock and the potential 

ferromagnetic mineral present, secondly in characterize the nature of ferromagnetic minerals 

and finally verify the contribution of the ferromagnetic mineral to the AMS of the rock. The 

experiments are detailed in the analytical method. 
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4.1 Analytical method 

124 outcrops were sampled across the orogenic segment, including 110 in the Galiléia 

and São Vitor tonalites (70 and 40, respectively), 9 in the contact lithology and 5 in the 

metasediments. In most cases, even if the rocks display a pronounced fabric, only magmatic 

foliation was observed in the field and frequently, measurement was not possible or not 

reliable. 5 to 10 oriented cores were drilled for each site/outcrop, and from each core 2 to 4 

specimens were subsequently cut. The final specimens are standard cylinders for magnetic 

measurements, i.e., 2.5 cm in diameter and 2.2 cm in height. Measurement of low field 

magnetic susceptibility and its anisotropy were performed with a KLY-3S and KLY-4S 

Kappabridge instrument (Agico, Czech Republic) in the magnetic anisotropies laboratory of 

the Intituto de Geociências of São Paulo University (IGc USP). 

 Further magnetic mineralogy investigations were performed on 20 samples selected 

among the 121 sites, each one representing a specific structural or lithological area. First, to 

determine whether the magnetic behaviour is paramagnetic or ferromagnetic and identify the 

potential ferromagnetic minerals, we measured low-field thermomagnetic curves (K-T curves) 

and hysteresis loops on the 20 representative samples. After AMS measurements of these 

samples, one specimen of each was grounded using an agate grinder to avoid contamination. 

High and low temperature susceptibility curves (K–T), obtained in an Ar atmosphere, were 

determined using a CS-3S apparatus coupled to the KLY-3S or KLY-4S Kappabridge 

instrument. Hysteresis measurements at room temperature were performed using a vibrating 

sample magnetometer (VSM-Nuvo, Molspin, Newcastle-upon-Tyne, UK) under fields up to 1 

T.  

Then, for samples showing a ferromagnetic component, determination of the coercivity 

remanent spectra by acquisition of partial anhysteretic remanent magnetization (pARM), and 

measurements of isothermal remanence magnetization spectra (IRM) were performed. These 

experiments allow the discrimination of ferromagnetic minerals and the determination of 

magnetite multi and single domain. For pARM acquisition, we followed the procedure given 

by Jackson et al. (1989). Samples are demagnetized in a Molspin alternating field 

demagnetizer, at 100 mT before starting the experiment. During demagnetization from a peak 

field H, a steady field (DC field) is applied between two chosen values (alternating field (AF) 

window, between H2 and H1, H>H2>H1). AF peak is 95 mT and DC field is 0.1 mT. In this 

way, sample is magnetized only in a chosen AF window width of 10 mT, between 0 and 95 

mT. After each induction, remanence is measured with a JR5A magnetometer (Agico, Czech 

Republic), demagnetized at 100 mT and induced in a new AF window. After AF 
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demagnetisation of the last pARM acquisition, samples were subjected to IRM in 

progressively increasing magnetizing fields using a pulse magnetometer (MMPM9, Magnetic 

Measurements). 

Finally, to check the contribution of the ferromagnetic mineral to the AMS of the rock, 

we computed the anisotropy of magnetic remanence tensors (AMR). AMR allows one to 

discriminate the contribution to the AMS of remanence-bearing, ferromagnetic minerals from 

that of the paramagnetic and/or diamagnetic minerals. AMR fabrics can be compared to the 

AMS ones to check a possible effect of single domain grains. AMR is determined by 

measuring a magnetic remanence artificially acquired by application of a magnetic field along 

different directions. In this study we used the anisotropy of anhysteretic remanence 

magnetization (AARM). The anisotropy of isothermal remanence magnetization (AIRM) has 

been measured on a few samples to confirm AARM litigious results. AMR tensor is a second-

rank tensor with eigenvectors AMRmax > AMRint > AMRmin relative to the Kmax > K int > Kmin 

AMS eigenvectors, respectively. As for AMS, shape parameters characterise the AMR 

ellipsoid. For both AARM and AIRM, we follow the procedure described in Raposo et al. 

(2007) and Raposo and Berquo (2008). The measurement procedure starts with a 

demagnetization of the sample applying an AF field of 100 mT. Then, it comprises an 

induction of anhysteretic remanence in a determined direction (using the Molspin alternating 

field demagnetizer and the pulse magnetometer, for AARM and AIRM, respectively), a 

measurement of the AARM (using the JR5A magnetometer), and finally a demagnetization 

(using the Molspin alternating field demagnetizer). The direction of anhysteretic remanence 

induction is generally orthogonal to the previous one in order to avoid the effects of 

preferential magnetization along the last AF-demagnetized axis. In this study, AARM was 

characterized following a seven-position scheme, adapted to a large variety of rock types, 

using an acquisition applied field of 50 mT. AIRM followed a six-position scheme with an 

acquisition applied field of 20 mT. For both experiments and after each remanence 

measurement, axis was demagnetized applying an AF field of 100mT. We performed these 

analyses for 4 sites; 2 Galiléia tonalite samples and 2 São Vitor tonalite samples from the 

contact between Western Mylonitic and Central Plutonic Units. For each site, at least five 

specimens were analysed. 

 

4.2 AMS fabric 

Plotting shape parameters T and P’ together, we observe that a large majority of samples 

from the two main studied lithologies have an oblate ellipsoid, with T between 0 and 1 (fig. 
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4), denoting a well-defined magnetic foliation plan. Figure 5 shows that most anisotropy 

values are high, between 1.02 and 1.18 with an important peak at moderate values in the range 

1.04-1.06. 

Magnetic foliations and lineations deduced from the AMS measurements (fig.6 and table 

1) are reported on a map, together with field measurements (fig.7). This map highlights the 

existence of different structural domains in the plutonic unit. In the western part of the 

plutonic unit (fig.7, region 1), magnetic and field foliations in the São Vitor tonalite are 

consistent; they are gently dipping eastward and bear a down dip mineral (or magnetic) 

lineation (fig.6, A). Measurements in the host metasediments are similar to those in the São 

Vitor tonalites. Eastward, the dip of the foliation and the associated lineation progressively 

increases and becomes subvertical. This variation is observed in the tonalite and its country 

rock. Further eastward, the first outcrops of Galiléia tonalite also display a NS-trending, 

steeply-dipping foliation and a subvertical lineation. An eastward or westward steeply dipping 

magmatic foliation largely dominates until reaching the eastern limit of the central plutonic 

unit (fig.7, region 2). The magmatic lineation however is more variable and frequently shifts 

from subvertical to subhorizontal. Indeed, this steeply dipping fabric is widespread since it 

spans over the entire studied area in a NS direction and also affects a strip of kinzigite that 

makes the transition between the Central Plutonic Unit and the Eastern Anatectic Unit, and 

also the westernmost part of this anatectic unit. It therefore represents a major structural 

characteristic of the studied orogenic segment. Most of the samples showing a prolate 

ellipsoid (with T<0) are located in this vertically structured domain (fig.6, B). Inside this 

domain, a few areas display a fabric that contrasts with the general one. One of these is 

located in the southwestern part of the studied area, along the Rio Doce River (fig.7, region 

4), where foliation is close to vertical but is oriented N150, oblique on the dominant NS-trend. 

The lineations in this domain are principally sub-horizontal, oriented parallel to the N150 

trend. Two other domains (fig.7, region 3), located in the South-Eastern and North-Eastern 

part of the Plutonic Unit, are characterized by a flat lying foliation and a NS-trending, i.e., 

belt-parallel, magmatic lineation (fig.6, C). In these two domains, the NS-extension direction 

is also marked by stretched lenses of a more mafic magma. 

To summarize, we have recognized five main structural patterns (fig.7): (1) shallowly to 

gently dipping orogen-parallel foliations bearing a down-dip lineation, (2) steeply dipping, 

orogen-parallel foliations with down-dip lineations, (3) alternating horizontal and vertical 

mineral stretching lineations on orogen-parallel steeply-dipping foliations, (4) N150 trending 
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subvertical foliations bearing a horizontal mineral lineation and (5) orogen-parallel mineral 

stretching lineation on a flat-lying foliation. 

 

4.3 Rock magnetic properties 

For the Galiléia and São Vitor tonalites, the bulk susceptibility Km is about 10-4 SI.  It is 

generally accepted that the bulk susceptibility is directly related to the amount of 

ferromagnetic minerals. Indeed, it is considered that materials whose susceptibility Km is 

above 10-3 SI have a ferromagnetic behaviour and those whose susceptibility Km is below 10-3 

SI have a paramagnetic behaviour (Rochette et al., 1992). However, since it has been shown 

that ferromagnetic and paramagnetic materials may both have low bulk susceptibility values 

(Trindade et al., 1999), the relation between bulk susceptibility and magnetic behaviour must 

be considered with caution. Therefore, we performed further investigations on 20 samples : 4 

Galiléia tonalite samples from the vertically structured northern region of the studied area, 3 

Galiléia tonalite samples from the vertically structured central region, 2 Galiléia tonalite 

samples from the flat lying region, and 4 Galiléia tonalite samples from the weakly structured 

southern region, 4 São Vitor tonalite samples from the gently dipping western region, and 3 

São Vitor tonalite samples from the contact region between tonalites and mylonites. 

Thermomagnetic and hysteresis experiments allow a more reliable definition of the 

magnetic behaviours of Galiléia and São Vitor tonalites: 

(1) All Galiléia tonalite samples have a mean magnetic susceptibility 

around 10-4 SI (table 1). This suggests that the entire Galiléia suite has a 

paramagnetic behaviour. A conclusion confirmed by the K-T curves and hysteresis 

curves. K-T curves show a quick hyperbolic decrease of bulk susceptibility during 

the first 200°C of heating and then a slow decrease until 700°C (fig.8, A). Some 

samples display a very slight inflection at the Curie temperature that might denote 

the presence of very few amounts of magnetite. K-T curves are not reversible, 

because of the formation of ferromagnetic minerals at high temperatures. On the 

hysteresis curves (fig.8, B, samples AR-705 and AR-780), we observe a 

proportional increase of the bulk susceptibility with the applied field. This 

indicates that the magnetic susceptibility is a linear function of the applied field, 

typical of a paramagnetic material. For samples AR-705 and AR-780, there is no 

evidence of hysteresis loop characteristic of ferromagnetism, even at very low 

applied fields. Hysteresis curve of sample AR-717 display a very slight hysteresis 

at low field, indicating the presence of negligible amount of magnetite. Altogether, 
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these observations define the entire Galiléia tonalite, regardless of the differences 

in fabric, as paramagnetic. Biotites and amphiboles observed in thin sections 

probably represent the major carriers of the paramagnetic susceptibility. 

(2) For the São Vitor tonalite, the mean magnetic susceptibility is similar to 

the Galiléia one, close to 10-4 SI (table 1). As for Galiléia tonalite samples, the 

hyperbolic decrease of the bulk susceptibility in K-T curves and the linear relation 

between magnetic susceptibility and applied field in the hysteresis curves highlight 

the paramagnetic behaviour of the São Vitor tonalite (fig.9, A and B, for samples 

AR799 and AR1029). However, magnetic susceptibility is locally higher for a few 

samples. These samples are all located in the westernmost part of the Central 

Plutonic Unit, close to the contact between São Vitor tonalite and the mylonites 

from the eastern unit. As described above, outcrops in this domain present 

evidence of mechanical mixing between the two units. Consequently, these high 

magnetic susceptibilities can be interpreted as a result of a slight contamination by 

the mylonitic unit material that has higher bulk susceptibility (Petitgirard, 2009). 

Moreover, this slight ferromagnetic behaviour is observed in the K-T and 

hysteresis curves of the sample AR1035, located in the contact region. K-T curve 

of this sample is characterized by a sharp drop of bulk susceptibility at Curie 

temperature, around 580°C (fig.9, A, sample AR-1035). This indicates the 

presence of a small amount of magnetite. Consequently, hysteresis curves present 

a small hysteresis loop at very low field, revealing the presence of ferromagnetic 

minerals (fig.9, B, sample AR-1035). To resume, São Vitor tonalite has a 

paramagnetic behaviour controlled by biotites and amphiboles. This paramagnetic 

behaviour seems to be disturbed close to the western boundary of the unit by a 

contamination by material intermingled in the contact region. This contamination 

results in a higher anisotropy and a ferromagnetic component. 

Since we know that mineralogy is mainly paramagnetic, the oblate fabrics are interpreted 

as representative of the biotite that has oblate magnetocristalline anisotropy. These hypotheses 

are valid for the Galiléia tonalite and for most samples from the São Vitor tonalite. Three São 

Vitor samples from the contact region have peculiar high anisotropy. These samples are those 

that display a ferromagnetic component in the k-T and hysteresis curves. These samples show 

an increase in anisotropy correlated with the magnetic susceptibility (table 1). This high 

magnetic anisotropy may be related to the shape anisotropy of the magnetite present in few 

quantities. 
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Since we observed that some samples of São Vitor tonalite have a ferromagnetic 

component, we performed a thorough investigation to characterize the ferromagnetic 

minerals, i.e. magnetite, which contributes to the bulk magnetic susceptibility and the AMS. 

Representative results of pARM experiments for São Vitor samples are presented on figure 10 

(fig.10, A). All analysed samples present highest remanence for low field and almost no 

remanence for high field, indicating that magnetite grains have a relatively large size and, 

consequently, are multi domain grains. This suggests that AMS is not controlled by single 

domain magnetite grain and thus that the AMS fabric does not underwent inversion of Kmax 

orientation. However, remanence for highest magnetic field does not reach zero, meaning that 

few small magnetic grain may be present. On IRM spectra (fig.10, B), remanence increases 

quickly until a first threshold around 100 mT, characterising the presence of MD magnetite. 

Over 150 mT, remanence increases again until saturation up to around 450/500 mT. This 

saturation threshold can be attributed to magnetic minerals such as hematite. The magnetite 

threshold occurs at about 85% of the saturation, indicating that magnetite is the major 

ferromagnetic mineral in the studied samples. 

Magnetism investigations reveal that for most samples from the Galiléia and São Vitor 

tonalites, paramagnetic minerals, biotites and amphiboles, carry the magnetic susceptibility. 

However, São Vitor tonalite samples located close to the contact between the Central 

Plutonic and the Western Mylonitic Units have a slight ferromagnetic component. In these 

particular samples, though paramagnetic biotites and amphiboles participate to the whole 

susceptibility, few multi-domains crystals of magnetite may contribute, even slightly, to the 

magnetic susceptibility and its anisotropy. 

 

4.5 Anisotropy of Magnetic Remanence (AMR) 

 Representative results for both experiment AARM and AIRM are presented in figure 11. 

The best-fit AARM tensors, calculated by the least-squares method which showed root-mean-

squares of less than 5%, indicate that the ellipsoids are well-resolved (Jackson, 1991).  

For the paramagnetic samples of the Galiléia and São Vitor tonalites, root-mean-squares 

obtained are higher than 5% and were therefore not represented (fig.11). These high root-

mean-squares are due to the paramagnetic behaviour of the samples that have very low 

remanence intensity close to the detection limit of the equipment, about 10-5 SI (table 1), and 

have ellipsoid axes of AARM and AIRM relatively randomized. However, for the sample 

AR717, we observe a slight correlation between the K3 axis of AARM and AIRM ellipsoid 

and the K3 axis of AMS ellipsoid (fig.11, sample AR717). Such a slight correlation is also 
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observed for the K2 axis of the sample AR705 (fig.11, sample AR705). Other axes are 

randomly oriented. These partial correlations may be due to negligible amount of magnetite 

supposed with the k-T and hysteresis curves. Consequently, these observations suggest that 

for the paramagnetic Galiléia tonalitic suite, either the contribution of remanence-bearing 

minerals to the AMS is correlated to that of paramagnetic minerals, or there is no contribution 

to the AMS. 

For São Vitor samples belonging to the contact region between plutonic and mylonitic 

domains (fig.11, sample 1043), the ARM fabric remains unchanged, in comparison with AMS 

fabric. Though mean eigenvectors are roughly defined for AARM, their 95% confidence 

ellipses overlap those of the AMS. This means that AMS and AARM tensors are coaxial and 

that contribution of remanence-bearing mineral, principally identified as magnetite, 

corresponds to that of the paramagnetic minerals. 

To summarize, the magnetic investigation showed that both Galiléia and São Vitor 

tonalites have a paramagnetic behaviour. AMS results essentially from the preferred 

orientation of biotites and amphiboles. The tonalites involved in the contact region with HT 

mylonites present evidence of magnetite. However, magnetite amount is low enough to be 

negligible. We consider that the magnetic behaviour for these lithologies is paramagnetic and 

that anisotropy is magnetocritalline, as for the whole Galiléia suite. The measured AMS 

tensor is dominated by the biotite fabric leading most of the time to an oblate ellipsoid, with a 

well-defined magnetic foliation corresponding to the strain foliation. Foliations and lineations 

obtained by AMS agree well with the foliations and lineations observed in the field in 

adjacent areas. Finally, AMS data plotted on a map (fig.7) to illustrate the repartition of the 

magnetic foliation and lineation in the studied region and may be regarded as a good 

approximation of the strain fabric. 

 

6 - Geochronology 

 The tonalitic magmas that form the "São Vitor" and "Galileia" bodies are spread over a 

very large area and represent a huge volume of magma intermingled with the host 

metasediments. In addition, AMS measurements have evidenced the existence of various 

structural patterns through the orogenic segment. As described previously, these structural 

patterns result from deformation still in a magmatic state, i.e., before complete solidification 

of the magma. Altogether, these characteristics raise the question of the contemporaneity of 

the deformation in the domains displaying contrasted structural pattern, and thus of the timing 

of the tonalitic magma emplacement. Systematic U-Pb dating was carried out to define 
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whether the whole batholith was emplaced simultaneously or resulted from the emplacement 

of successive magmatic pulses over a large time span. In both cases, the various structural 

patterns might have formed diachronously. However, in the first case, the observed magmatic 

fabrics should have formed between the emplacement and the solidification of the magma, 

indicating that the complexity of the magmatic fabric reflects the complexity of the strain 

distribution at the regional scale. In the second case, the various magmatic fabrics would 

result from deformations that occurred diachronously where new magmatic pulses were 

intruded into the country-rock. They would represent a succession of deformation episodes, 

possibly separated by long periods of time, and thus a variation of the deformation regime 

through time. 

 

6.1 U-Th-Pb analytical technique 

Minerals separation was made at the Geochronological Research Center (CPGeo, 

Geosciences Institute University of São Paulo, Brazil) using standard techniques: samples 

grinding, concentration of dense minerals using a wilfley table and heavy liquids, and 

magnetic separations with a Frantz isodynamic magnetic separator (6° tilt and 1° tilt at full 

amperage for monazite and zircons respectively). About 50 zircons grains per sample were 

picked-up under binocular microscope from the final, least magnetic concentrations. The 

selected grains were mounted on epoxy resin together with zircon external standards (G91500 

from Wiedenbeck et al. (1995). They were then polished until they expose their internal 

structure. To observe the internal structure of the minerals, samples were first observed under 

back-scattered electron (BSE) using a scanning electron microscope (SEM, University of 

Montpellier II, France). 

All U-Th-Pb age determinations were performed at Geosciences Montpellier (University 

of Montpellier II, France) on an Element XR ICP-MS (ThermoFisher) coupled to a Compex 

102 Excimer laser (Lambda Physik). Analytical procedures follow those described by 

Petitgirard et al. (2009) based themselves on earlier reports (Hammor et al., 2006; Neves et 

al., 2006; Dhuime et al., 2007). The well-characterized G91500 zircon standard is used to tune 

the instrument and to correct the collected data for mass discrimination and inter-element 

fractionation. This standard was analysed every 5 unknowns. Measured masses are 202Hg, 
204(Pb+Hg), 206Pb, 207Pb, 208Pb, 232Th and 238U. Total acquisition time was 60 seconds with the 

first 15 seconds devoted to gas blank measurement that was subtracted to the measured 

signals. 202Hg and 204(Pb+Hg) were measured to monitor the interference on 204Pb. When 

common Pb was detected, analyses were rejected since common Pb correction often results in 
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over correction. Thus, all data presented in this study are free of common Pb. Spot sizes used 

for laser ablation are 26 µm or 51 µm, depending on the grain size. To enhance sensitivity and 

reduce inter-element fractionation, ablation experiments were carried out under a helium 

atmosphere (Gunther and Heinrich, 1999). Following Horstwood et al. (2003), uncertainties 

reported for the 207Pb/206Pb and 206Pb/238U ratios of each unknown correspond to the quadratic 

addition of the external reproducibility obtained from the measurements of the standards and 

the within-run precision of each individual analysis. Ages were calculated using the IsoplotEx 

program of Ludwig (Ludwig 2000). The detector was allowed working in the triple mode 

Pulse counting / Analogue / Faraday and was free to switch between these three modes, 

depending on the signal intensities. For samples AR717 and AR800, their high 238U content 

has been measured in analogue mode when it is measured in pulse counting on the standard 

(which has low U content in comparison, ~80 ppm). This resulted in a bias of 206Pb/238U ratio 

calibration and consequently in reversely discordant position of the unknown from samples 

AR717 and AR800. Therefore, only 207Pb/206Pb ratios were considered for these samples. 

During this study, a total of 11 dates were obtained; 3 in the São Vitor tonalite, 5 in the 

Galiléia tonalite, and 3 through the Western Mylonitic Unit and the contact with the Central 

Tonalitic Unit, each one in particular structural region.  

 

6.2 Results 

6.2.1 Leucocratic melt from São Vitor / Mylonite contact, samples AR940 and AR87 

 Samples AR940 and AR87 are located at the boundary between the Western and 

Central Units (fig. 1, right and table 2), where the São Vitor tonalite and mylonites are 

intermingled. Foliation in this region is gently dipping to the East and bears a down dip 

lineation. The dated samples correspond to two leucocratic veins interlayered with the 

mylonites and tonalite. About 50 zircons were selected for both analyses. They are sub-

euhedral with zonations consistent with crystallisation from a melt (fig.12). 

For sample AR940, 30 analyses were performed on 25 zircons. From these analyses, 27 

do not show common Pb and are reported in the table 2. Concordia plot (fig. 13) show that 

some analyses have a low 206Pb/238Pb ratio and are in discordant position, revealing that the 

U/Pb system in these grains has been open later. All analyses define a discordia line with an 

upper intercept age of 589 ± 10 Ma (MSWD = 1.5) and a near zero lower intercept (23 ± 220 

Ma). Amongst these analyses, fifteen are concordant and yield a 206Pb/238U weighted mean 

age of 586.7 ± 4.7 Ma (MSWD = 0.23).  



185 
Annexe 

For sample AR87, among the 20 analyses performed on 16 zircons, 9 do not show 

common Pb and are reported in the table 2., 8 analyses are well grouped on the Concordia and 

gave a 206Pb/238U weighted mean age of 579,4 ± 7.6 Ma (MSWD = 0.29). 

Both ages are considered as our best estimate for injection of the leucocratic vein and 

crystallisation of zircons crystals in the magma. 

 

6.2.2 Tonalite from the São Vitor / Mylonite contact region, sample AR264 

 Sample AR264 comes from a quarry located on the contact between the Mylonitic and 

Plutonic Units. This sample is a tonalite taken in the intermingled facies of the contact region, 

which does not display evidence of solid-state deformation. The 50 selected zircons of this 

sample present a sub-euhedral shape, with oscillatory zoning characterising a magmatic grow 

fig. 13).  

On the 30 analyses performed on 28 zircons, only 3 showing common Pb were rejected. 

The 27 remaining analyses are reported on table 2. These analyses define a discordia line with 

an upper intercept age of 2166 ± 21 Ma. We consider that this upper age represent a probable 

assimilation, by the tonalite, of metasediments intermingled with the tonalites and the 

leucogranites. Twelve analyses are concordant and yielded a 206Pb/238U weighted mean age of 

581.0 ± 4.2 Ma (MSWD = 0.54). 

We interpret this age as the age of emplacement of the tonalite in the contact region. 

 

6.2.3 São Vitor Tonalite, samples AR1057, AR800 and AR968 

 Sample AR1057 was collected in the western part of the Plutonic Unit. Foliation in 

this region is gently dipping to the East. Sample AR800 corresponds to an outcrop located in a 

region where the transition between the gently eastward dipping foliation and the steeply 

dipping foliation occurs (fig. 1, right and table 2). Sample AR968 was collected in the 

northern part of the studied area, where foliation is steeply dipping and bears a vertical 

lineation. Selected zircons from these samples are elongated to stocky, translucent and 

euhedral (fig.12). Zonation is rarely visible; they are generally diffuse and oscillatory, 

characteristic of a magmatic growth, from a melt, possibly during a single phase. Inherited 

cores were not observed. 

For sample AR1057, 40 analyses were performed on 31 zircon grains. The 39 analyses 

free of common Pb (table 2) form a discordia line that intercepts the Concordia at 586.7 ± 5.1 

Ma (fig.13 Upper intercept?). These analyses have rather homogeneous 207Pb/206U ratios and 

yield a weighted mean 207Pb/206U age of 582.6 ± 3.7 Ma (MSWD = 0.77). 
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Twenty five analyses were performed on 18 zircon grains from sample AR800. During 

the analysis of this sample, the detector switched in analogue mode (see analytical technique) 

and analyses are reversely discordant on the Concordia diagram (fig. 13). However, from the 

12 analyses without common Pb, 8 yield homogeneous 207Pb/206Pb ratios ranging from 0.0591 

to 0.0596 and give a weighted mean 207Pb/206Pb age of   582.4 ± 5.8 Ma (MSWD = 0.93). 

For sample AR968, we performed twenty five analyses on 20 zircon grains. Eighteen 

analyses that do not show common Pb are reported on table 2. Eleven of these analyses define 

a Concordia (fig. 13) and yield a 206Pb/238U weighted mean age of 584.7 ± 6.6 Ma (MSWD = 

0.30). 

We consider the three ages obtained on São Vitor tonalite from different regions as the 

age of crystallisation of the zircons and the emplacement of the São Vitor in these regions. 

The 3 ages obtained on the São Vitor tonalite are in good agreement with the age of the 

Galileia tonalite (see below). 

 

6.2.4 Galiléia Tonalite, samples AR787, AR705, AR815, AR957 and AR717 

 Five samples have been selected as representative of three domains displaying 

contrasted magmatic fabric. Outcrop AR787 is located at the transition between the gently 

and steeply dipping foliations (fig. 1, right and table 2). Samples AR705 and AR815 have 

been collected in the centre of the Galiléia batholith, where the foliation is vertical and 

lineation varies from horizontal to vertical. Sample AR957 is located in the northern part of 

the Galiléia batholith, in a region that also present a vertical foliation and lineation varying 

from horizontal to vertical. This northern sample permits to check the age of emplacement of 

the Galiléia batholith along its North-South extension. Finally, sample AR717 comes from an 

outcrop where the foliation is flat-lying and bears a NS-trending lineation (fig. 1, right and 

table 2). These five outcrops display typical coarse-grained Galiléia tonalite, with a well-

defined magmatic fabric. Outcrops AR705, AR717 and AR957 have been also sampled for 

magnetic measurements. Zircons from the 5 samples are generally stocky to elongated, 

subeuhedral and translucent (fig.12). Internal structure visible on backscattered electron 

images displays diffuse and oscillatory zoning, attributed to a magmatic growth. Grains 

display neither clear inherited cores nor overgrowths. 

From the five analyses performed on five zircons from the sample AR787, we retain four 

that do not present common lead and that have consistent 206Pb/238Pb ratios between 0.0938 

and 0.0955. Even if we retained few analyses, the four remaining are concordant and well 
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grouped on the Concordia (fig. 13) and give a 206Pb/238Pb weighted mean age of 582.4 ± 6.4 

Ma (MSWD = 0.35). 

For sample AR705, 25 spot analyses were performed on 19 zircons. Twenty analyses 

were found to contain no common lead and are reported on table 2. Three grain analyses gave 

slightly higher 206Pb/238U ages, from 600 to 670 Ma suggesting that they contain an inherited 

component which was not detected during BSE examination or that they represent xenocrysts 

snatched from the country rock. The 17 remaining grains are concordant (fig.13) and yield a 
206Pb/238Pb weighted mean age of 579.4 ± 4.2 Ma (MSWD = 0.53).  

Seventeen zircon grains from sample AR815 were analysed. From the 20 analyses 

performed, 3 shown presence of common Pb and the 17 remaining are presented in the table 

2. From these analyses, 13 are homogeneously clustered along the Concordia (fig. 13) and 

gave a 206Pb/238Pb weighted mean age of 583.4 ± 3.6 Ma (MSWD = 0.35). 

Twenty analyses were performed on 16 zircon grains from the sample AR957. The 19 

analyses that do not present common Pb are reported in table 2. Plotted in a Concordia 

diagram (fig.13), 16 analyses are homogeneously distributed on the Concordia and yield a 
206Pb/238Pb weighted mean age of 585.3 ± 4.1 (MSWD = 0.11). 

For sample AR717, the 20 analysed grains all provide reversely discordant analyses (fig. 

13), due to the switching of the detector to the analogue mode (see analytical technique). 

Therefore, we consider only the 207Pb/206Pb ratio as reliable. All grains have consistent 
207Pb/206Pb ratios between 0.0592 and 0.0597. They provide a 207Pb/206Pb weighted mean age 

of 581.4 ± 4.2 Ma (MSWD = 0.78). 

The five samples of Galiléia tonalite, collected in different structural region, yield 

consistent ages. They are regarded as representative of the age of zircon grains crystallisation 

and thus of the tonalite emplacement. 

 

7 - Discussion 

7-1 Geochronology 

In the contact region where intermingling between São Vitor tonalite and mylonite 

occurred, the co-structured leucocratic veins sampled yielded an age of 586.7 ± 4.7 Ma and 

579,4 ± 7.6 Ma. Considering the error bars, these ages are regarded as similar and suggest an 

emplacement of the leucocratic veins at 582-587 Ma. Since the leucocratic veins, the tonalitic 

sills and the remnants of metasediments are tightly mixed and co-structured, we consider that 

they were deformed concomitantly before solidification of the leucocratic melt. The age of 

emplacement of the leucocratic vein therefore provides an upper estimate of the age of the 
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deformation. These ages are consistent with those obtained by Petitgirard et al. (2009) on 

similar synkinematic leucocratic veins from the Western Mylonitic Unit (577 ± 9 Ma and 578 

± 3 Ma). This suggests that the leucocratic veins emplaced within the Mylonitic Unit and 

those injected along the contact with the Plutonic Unit emplaced at the same time.  

The age of 581.0 ± 4.2, obtained on the tonalitic sills intermingled with the leucogranites 

and the remnants of metasediments that marks the contact between the two units, supports the 

hypothesis that tonalitic sills, leucocratic melt and mylonites were deformed concomitantly. 

We therefore may speculate that the emplacement of tonalite within the mylonitic 

metasediments triggered their partial melting. 

The height U/Pb ages obtained for samples coming from domains of the São Vitor and 

Galiléia tonalites showing contrasted magmatic fabric, are consistently close to ~580 Ma. 

This age is considered as the age of emplacement of the plutonic suite. This supports an 

emplacement of the tonalites during a single magmatic event in a domain that extends over 

300 km along the orogen. This age of ~580 Ma is consistent with the ages from previous 

works obtained in the Mylonitic (577 ± 9 and 578 ± 3, Petitgirard et al 2009) and Anatectic 

Units (575 ± 3, Vauchez et al., 2007), suggesting that a major magmatic, thermal and tectonic 

event took place at ~580 Ma, involving the emplacement of huge volumes of tonalites in the 

plutonic domain, widespread partial melting in the anatectic domain, and deformation of the 

entire orogenic segment. 

Also, the eleven consistent zircon ages obtained from the leucocratic vein, the São Vitor 

and Galiléia tonalites lead to consider that the entire batholith emplaced at ~580 Ma and that 

deformation, also started around ~580 Ma, affected the batholith while this one is completely 

emplaced. 

 

7.2 Strain repartition from AMS and field measurement 

The statistical preferred orientation of minerals in magmas results from the periodical 

stabilization of elongated crystal parallel to the flow plane during their rotation within the 

flowing magma. Ildefonse et al. (1992) and Arbaret et al. (1997) showed that the lineation and 

foliation deduced from the preferred orientation of those crystals are coaxial with the strain 

ellipsoid of the deformation that affected the magma before total solidification. Thus, the 

basal plane of biotite tends to parallel the flow plane (foliation) and the elongated hornblende 

prism the flow direction (lineation). Moreover, magnetocristalline anisotropy of biotite and 

hornblende is tightly correlated to their shape. Biotite has Kmin parallel to the pole of the basal 

plane (Kmin < Kmax ~ Kint) and hornblende has Kmax parallel to the elongated prism (Kmax > Kint 
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~ Kmin) (Hrouda, 1982). Consequently, anisotropy of magnetic susceptibility from biotite and 

hornblende can be directly related to the strain ellipsoid. Since magnetic investigations 

revealed that the studied tonalites have a paramagnetic behaviour, with a magnetic 

susceptibility essentially carried by biotite and hornblende, we can assume that magnetic 

foliation and lineation obtained by AMS reflect the strain fabric acquired before complete 

solidification. Furthermore, where direct measurement of the fabric was possible, there is a 

good agreement between the magnetic fabric and the foliation and lineation measured in the 

field. 

From the AMS and field measurements of the foliation and lineation, we derived a map 

of the flow surfaces and directions that allowed us to recognize different structural patterns 

(Fig.14). Globally, two major and one subsidiary fabric constitute the structure of the plutonic 

domain: 

(1) To the West, a gently eastward dipping foliation and lineation in the continuity of the 

fabric in the Western Mylonitic Unit. Together with the top-to-the-west shear sense observed 

in the mylonites (Vauchez et al., 2007), this suggests that the westermost São Vitor tonalite 

was thrust westward together with the mylonites, toward the São Francisco craton, before 

complete solidification. The contact between the mylonitic unit and the São Vitor tonalite is 

marked by a relatively wide, elongated domain oriented approximately North-South; where 

the rocks from the two units are interlayered. This suggests that the tonalite intruded an 

already deforming middle crust. Since the host metasediments from the Central Plutonic Unit 

are different from the metasediments involved in the Western Mylonitic Unit, a tectonic 

contact may have already existed when the tonalites were emplaced. 

(2) Eastward, the steeply dipping to vertical, orogen-parallel foliation dominates until the 

eastern limit of the batholith. It is recorded in the Galiléia and São Vitor tonalites, the eastern 

kinzigites and the westernmost part of the anatectic unit as well. The foliation, either 

magmatic in the tonalite or solid-state in the host metasediments, bears a lineation that shifts 

from vertical to horizontal over rather short distances.  This suggests a transpression-induced 

strain partitioning. Vertical foliations bearing vertical lineation may represent regions where 

viscous material flows vertically, contributing to the thickening of the crust, while vertical 

foliations with horizontal lineation may have formed in domains where lateral orogen-parallel 

escape occurred.  

(3) The third fabric type is located in the South-Eastern part of the Central Plutonic Unit, 

in a 15 km wide area displaying a flat-lying foliation bearing a NS-trending, subhorizontal 

orogen-parallel lineation. This fabric suggests a horizontal flow parallel to the orogen that 
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accommodates a lateral escape tectonics.  Since such fabric type is also observed in the North-

Eastern area, this fabric may occur in a strip that is likely extending over 50 km, suggesting 

that the lateral escape may have occurred within a rather extended North-South trending 

domain. 

Within this broad pattern, an area where a distinct fabric exists has been determined. This 

area is characterized by a steeply N150-trending foliation bearing a subhorizontal lineation, 

located along the Doce River. The foliation in this zone is connected to the regional one 

through progressive bending, typical of srike-slip shear zones, that suggests a sinistral shear 

sense. This shear zone is probably due to the presence of a large quartzitic chunk located 

southward and oriented roughly N150. Quartzites are stiffer than pelitic metasediments and 

than the tonalitic magmas; this contrast in stiffness may have favoured strain localization to 

accommodate the flow of the weaker pelitic metasediments and tonalitic magma around the 

quartzites. 

Since the study of the microstructure showed that the batholith was still in a magmatic 

state when it acquired its structure, the deformation happened while the Galiléia suite had a 

magmatic behaviour. In such mechanical conditions, deformation tends to be distributed 

throughout the entire material. Consequently, we propose that the various magmatic fabrics 

observed in the batholith formed rather simultaneously, during a distributed deformation, 

between the emplacement and the solidification of the magmatic stock. This simultaneity of 

the deformation in the different structural regions of the batholith is supported by the 

homogeneous U/Pb ages obtained through the orogenic segment and by the global continuity 

of the structural patterns between each others. 

Even if there is a general consistency between the magmatic fabric of the tonalites and 

the fabric in the host metasediments, cross-section and 3D diagram constructed from the 

tectonic map, i.e. from field and AMS structural data, suggests that there are locally slight 

obliquities between the two lithologies (fig.15). This suggests a diachronism between the 

initiation of the deformation in the metasediments and the emplacement of the tonalitic 

magmas. In addition, the foliation recorded in the tonalites generally bends around 

metasedimentary domains (fig. 14 and 15), suggesting an adaptation of the tonalites flow 

around chunks of host metasediments. This would mean that the deformation is localised in 

the magma immediately after its emplacement until it became more viscous and stiffer than 

the country-rock. Altogether, these observations support a model in which the deformation 

started within the metasedimentary middle crust and then localized in the tonalites when they 

were emplaced. Considering the absence of any solid-state deformation in the tonalites and 
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associated granodiorites, it may be speculated that the progressive solidification of the 

tonalitic magma (~700°C) may have resulted in a migration of the deformation back to the 

metasediments. 

 

7.3 Structural Model 

Systematic dating of tonalite samples collected in domains displaying the various types of 

magmatic fabric described above highlighted that emplacement of the magma in these 

domains was broadly coeval. This implies that different fabrics developed in the magma 

between its emplacement and its solidification since no post-solidus reworking occurred. It 

may therefore be considered that the various flow fabrics are coeval and that they represent 

domains where different strain regimes dominated during a single, progressive compressional 

deformation. This emphasizes that the strain in the Central Plutonic Domain resulted in a 

complex, 3D deformation that combined westward thrusting toward the craton, thickening and 

orogen-parallel, lateral escape. The western part of the Central Plutonic Unit shows a 

homogeneous thrust fabric consistent with the kinematic recorded at the contact between the 

para-autochtonous and the allochtonus units. It may be due to the prolongation of the cratonic 

lithosphere below the allochtonous domain. The central and eastern part shows a more 

heterogeneous deformation that may be related to the presence of a hot, weak orogenic 

lithosphere at depth. Considering the high geotherm and the large amount of magma 

emplaced in the metasediments, the middle crust was probably weak and the 3D deformation 

may result from 2 main characteristics: (1) the possibility to accommodate vertical stretching 

permitted by the viscosity of the lower layers and (2) the inability of this mid-crustal domain 

to sustain the overload due to the building orogenic topography. The fabric type (2) results 

from the compression and is permitted by the first characteristic and the fabric type (3) results 

from the thickening and is permitted by the second characteristic. A vertical stress component 

due to topography overload might have triggered a horizontal NS flow. This deformation, 

together with the flow in domains characterized by a steeply dipping foliation bearing a 

subhorizontal lineation, are interpreted as representing domains where lateral flow occurred to 

compensate, at least partly, the crustal thickening resulting from the orogen shortening. Such 

behaviour seems to be frequent in hot orogens; it was already suggested to explain complex 

3D kinematics in several fossil or active orogenic segments (Cagnard et al., 2006 and 2007; 

Chardon et al., 2009; Denèle et al., 2009). 

However, previous studies on hot orogen shown that regions of thickening are distinct 

from regions of lateral escape flow. In our case, both thickening and lateral escape are present 
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in the same region. We suppose that this difference in organization may be related to the scale 

of the batholith. Indeed, large orogens may permit a segregation of the different flow types in 

different regions, while in smaller orogens, we suppose that such an organization is not 

possible and these flows should act together in the same region to accommodate the 

horizontal shortening and the vertical thickening. 

 

8 - Conclusion 

The structure of the northern Araçuaí belt schematically involves 3 main allochtonous 

units thrust upon the São Francisco craton. This orogenic segment displays an abnormally 

high thermal gradient. The Central Plutonic Unit is characterized by a huge volume of 

tonalitic to granodioritic magma. Structural study, through AMS and field measurements and 

thin section observations, revealed that the tonalitic batholith has been highly deformed while 

it was in a magmatic state, i.e. before its complete solidification. Three main structural 

patterns have been identified through the batholith: (1) a westward thrusting in the western 

part of the batholith characterized by gently eastward dipping orogen-parallel foliations with 

down-dip lineations, (2) a transpression-induced strain partitioning characterized by vertical 

orogen-parallel foliations bearing vertical and horizontal lineations in the central and eastern 

part of the batholith, and (3) a flat-lying foliation with horizontal orogen-parallel lineations in 

a north-south band located in the eastern part of the batholith. Fabric type (1) is related to the 

westward thrusting onto the São Francisco craton. Fabric type (2) accommodates both East-

West shortening by thickening of the crust where lineation is vertical and thickening by lateral 

escape flow where lineation is horizontal. Fabric type (3) also accommodate thickening by 

horizontal lateral escape flow. These lateral escape flows are permitted by the particular 

rheology of the hot crust that can accommodate vertical stretching and that is enable to sustain 

high topographies. 

U/Pb dating on a wide range of samples spread over the entire batholith and the different 

structural fabrics showed that the whole magmatic suite (both São Vitor and Galiléia 

tonalites) emplaced at ~580 Ma during a single magmatic event. This therefore suggests that 

the 3 deformation regimes described in the batholith affected the tonalites before they started 

to behave as a solid. This simultaneity of the deformation styles suggests a complex 3D 

kinematics in response to the relatively simple East-West compression. We hypothesize that 

thrust tectonic (in the western domain) is controlled by the prolongation of the lower stiff 

cratonic lithosphere. Further east, the complex 3D deformation may be related to the absence 
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of the cratonic lithosphere at depth, replaced by a hot and weak lithosphere due the blanketing 

effect of the huge volume of partially melted rocks. 
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Figures

 
Fig. 1: Simplified map of the Northern part of the Ribeira-Araçuaí belt, from “Projeto Leste” 

(Oliveira et al., 2000). The 3 main lithological domains are visible to the East of the para-

autochthonous metasediments of the São Francisco craton. The Western Mylonitic Unit 

involves metasediments that have been submitted to strong solid-state deformation and is 

thrust to the West, onto the craton. The Central Plutonic Unit comprises a tonalitic suite 

(Galiléia and São Vitor tonalites) deformed in magmatic state and intruded in host HT 

metasediments. The Eastern Anatectic Unit is composed of anatectic granites, diatexites, both 

deformed in a magmatic state, and some kinzigitic to migmatitic metasediments. Inset in 

upper left corner is a schematic map of the final stage of assembly of the West Gondwana. It 

shows the main cratonic domains (São Francisco craton; SFC, Congo craton, CC; Amazon 

craton, AC; and West African craton, WAC) and the neoproterozoic mobile belts in eastern 

South America (SA) and western central Africa (AF). The framework shows the location of 

the North Ribeira-Araçuaí. 
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Fig. 2: Typical outcrops from the tonalitic domain. (A) Well-developed foliation on a Galiléia 

tonalite outcrop. (B) Detail of (A), magmatic texture, without quartz rod or elongated 

feldspar. (C) Magmatic foliation of São Vitor and Galiléia is underline by the shape-preferred 

orientation of biotite aggregates. (D) Foliation in Galiléia tonalite highlighted by elongated 

enclaves. (E) Kinzigitic metasediment with evidence of partial melting. (F) Centimetric garnet 

present in the kinzigitic metasediments. (G) Contact facies located at the limit between 

Mylonitic and Plutonic Units. Succession of centimetric layers of tonalites, remnants of 

metasediments, leucocratic melts and amphibolites. (H) Contact facies. Contact between 

massive sill of tonalite below and intermingled facies above. 
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Fig. 3: Microstructure of the tonalitic suite. (A) and (B) show Galiléia and São Vitor tonalite 

microstructures, respectively. Left sides of both pictures are sections under crossed-polarized 

light. Texture is magmatic, without characteristic of solid-state deformation. Right sides of 

both pictures are the same thin sections under polarized light illustrating the well developed 

magmatic foliation with biotite alignments. (C) and (D) are details of the Galiléia and São 

Vitor tonalite microstructures, respectively. Quartz grains are interstitial and their margins are 

irregular, showing the magmatic texture. (E) and (F) show lobate and irregular contours of the 

feldspars and quartz grains of the Galiléia and São Vitor tonalites, respectively. 
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Fig. 4: Plot of the magnetic susceptibility ellipsoid shape factor (T) versus the anisotropy 

degree (P) for the 3 lithologies studied. For T<0, the ellipsoid shape is prolate with Kmax > 

Kint = Kmin. For T>0, the ellipsoid shape is oblate with Kmax = Kint > Kmin. T=0 denotes a 

triaxal ellipsoid where Kmax > Kint > Kmin. Most of the samples have oblate ellipsoid shape. 

This can be linked to the biotite bearing of the tonalites and granite. 
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Fig. 5: Histogram showing the repartition of the analysed samples in function of their bulk 

susceptibility. Most anisotropy values are between 1.02 and 1.18 with an important peak at 

low values in the range 1.04-1.06. 
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Fig. 6: Representative AMS diagram of São Vitor and Galiléia tonalites, in different structural 

areas. A: low eastward dipping foliation bearing a down dip lineation. This pattern is located 

in the western part of the Plutonic Unit and is characteristic of the westward thrust. B: vertical 

orogen-parallel foliation with vertical lineation. This pattern is located in a region that extends 

from the central part of the Plutonic Unit to its easternmost limit. It is associated to vertical 

orogen-parallel foliation with horizontal lineation and is interpreted as a transpressional 

tectonic regime. C: sub-horizontal foliation bearing an orogen-parallel horizontal lineation. 

This fabric is located in the eastern part of the Plutonic Unit and is interpreted as a lateral 

escape horizontal flow. 
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Fig. 7: Map of the studied region with structural data including both magnetic fabrics from 

AMS and field measurements. Insight at the bottom left of the map represent the 4 main 

structural regions identified (refer to the text for description of these regions) 
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Fig. 8: Galiléia tonalite (A) Representative k-T curves from the Galiléia tonalite for high 

temperatures. For the 3 samples presented, k decrease slowly with T, without sharp drop at 

Curie temperature. Curves are irreversible because of the creation of magnetic mineral at high 

temperatures. (B) Representative hysteresis curves (uncorrected for paramagnetic 

susceptibility) from Galiléia tonalite. For the 3 samples, magnetization is proportional to the 

applied field. Hysteresis loop is absent, excepted for sample AR-717 that present a very slight 

hysteresis at low field.  
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Fig. 9: São Vitor tonalite. (A) Representative k-T curves from the São Vitor tonalite. For 

samples AR-1009 and AR-799 the high temperature k-T curves decrease slowly until 700°C, 

as for Galiléia samples. A slight decrease at Curie temperature for the sample AR-1035 

indicate presence of magnetite but no Vervey transition is observed at low temperature. (B) 

Representative hysteresis curves (uncorrected for paramagnetic susceptibility) from São Vitor 

tonalite. Samples AR-799 and AR-1029 show a proportional relation between magnetization 

and applied field, as for samples of Galiléia tonalite. Detection of magnetite in sample AR-

1035 is confirmed by the hysteresis loop at low field. 
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Fig. 10: Rock magnetism for representative samples from the tonalitic domain. (A) Partial 

anhysteretic remanent magnetization (pARM). Spectra are normalized to the highest value of 

partial remanent acquisition of each sample.  For the 3 lithologies, remanence is higher for 

low field, indicating a multi-domain behaviour. Remanence increase slightly for alternating 

field of 90-95 mT, suggesting that few single-domain magnetite grains are present. (B) 

Isothermal remanence magnetization (IRM). Intensities are normalized to saturation of IRM. 

For the 3 samples, a threshold is present at about 100 mT and about 85% of the saturation, 

indicating that most of the ferromagnetic minerals are magnetite. 
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Fig. 11: Comparaison between AMS ellipsoid and ARM ellipsoid from AARM and AIRM. 

Paramagnetic samples AR717 and AR705 have axes ellipsoid of ARM roughly sparse but 

show a partial correlation with axes ellipsoid of AMS. Sample AR1043 of São Vitor from the 

contact region has AARM ellipsoid correlated to that of AMS. 
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Fig. 12: Back Scattered Electron images of representative zircon from the different samples 

analysed for geochronology. AR940 represents the leucocratic melt of the intermingled 

lithology of the contact region between Western Mylonitic Unit and Central Plutonic Unit. 

AR264 represents the tonalitic part of the intermingled lithology of the contact region. AR968 

represents samples belonging to the São Vitor tonalite. And AR717 represents zircons from 

the Galiléia tonalite. 
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Fig. 13: U/Pb Concordia for zircons. AR800 and AR717 present reversely discordant values 

due to the detector that switched in analogue mode (see analytical technique), consequently, 

ages for these two samples are weighted mean 207Pb/206Pb age. All diagrams are fitted 

between each others, showing U/Pb Concordia between 530 and 670 Ma. All ages are 

concordant, around ~580 Ma. 
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Fig. 13 (continued) 
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Fig. 14: Structural map of the studied area showing foliation traces and lineations. Foliation 

traces, illustrating the magmatic flows, are deduced from the structural data presented in fig. 

7. The black line cross-cutting the region represents the cross-section used in the fig.15 
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Fig. 15: Diagram 3D of the complex 3D deformation regime. Ages obtained in the different 

structural regions are reported. Not at scale. 
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Site N Mean AMS parameters   Mean eigenvectors 

  Km P T  Kmax  Kint  Kmin 

    (10-4)       Dec/Inc e/z   Dec/Inc e/z   Dec/Inc e/z 
Galiléia 
tonalite             
AR-648e 7 3.78 1.213 0.866  83/65 6/1  328/12 7/2  233/22 3/1 
AR-894 9 38.20 1.174 0.565  23/22 28/8  153/57 28/5  283/23 9/3 
AR-379 9 2.52 1.062 0.734  150/51 24/15  14/25 20/9  267/25 24/5 
AR-392 8 2.15 1.049 -0.177  32/52 26/9  131/9 34/14  236/27 28/19 
AR-392b 8 2.15 1.049 -0.148  31/53 26/9  130/9 32/15  234/28 27/19 
AR-393 4 2.55 1.096 0.416  334/83 6/1  169/6 6/0  79/1 4/1 
AR-599 13 289.74 1.115 0.104  339/24 8/1  245/9 15/8  135/64 15/1 
AR-600 17 67.07 1.160 -0.652  354/34 17/10  167/58 32/17  264/3 32/9 
AR-602 15 2.79 1.080 0.483  204/50 38/11  12/28 37/9  103/18 17/5 
AR-602b 14 2.80 1.081 0.463  203/47 38/11  9/31 37/10  102/19 17/5 
AR-603 12 2.70 1.118 0.529  238/76 8/4  351/6 13/7  83/14 12/5 
AR-651 11 238.27 1.113 0.052  99/76 13/4  342/9 21/10  251/11 21/5 
AR-652 5 2.89 1.162 0.447  353/18 10/4  257/15 11/3  127/66 11/4 
AR-653 14 1.50 1.101 -0.254  352/28 14/9  233/41 17/11  106/36 16/12 
AR-705 28 2.37 1.099 0.443  348/38 12/7  189/50 13/8  86/11 10/7 
AR-713 6 2.32 1.170 0.450  28/9 11/3  119/5 12/7  239/80 11/1 
AR-716 18 1.41 1.125 0.021  27/23 11/8  290/16 13/9  168/61 12/9 
AR-717 25 2.83 1.134 0.325  12/22 11/5  106/10 11/6  218/66 6/5 
AR-719 23 3.20 1.067 0.425  0/19 23/7  98/21 23/7  233/61 7/6 
AR-752 15 4.09 1.081 -0.054  334/24 6/3  232/24 6/5  103/55 6/3 
AR-753 14 370.31 1.054 -0.525  342/36 13/5  114/46 25/8  231/24 24/8 
AR-755 28 3.22 1.057 0.066  171/63 14/7  7/26 22/13  274/6 23/5 
AR-758 12 3.02 1.073 0.444  286/57 7/5  187/6 7/5  93/32 6/4 
AR-780 14 2.32 1.047 0.679  357/17 47/7  208/70 47/4  90/10 9/5 
AR-782 14 2.03 1.059 0.550  342/36 9/4  147/53 12/6  247/7 11/5 
AR-785 17 3.54 1.051 -0.193  4/69 20/6  167/21 24/13  260/6 20/6 
AR-789 11 336.49 1.034 0.262  172/44 29/9  349/48 27/22  80/1 20/13 
AR-790 14 291.47 1.036 0.065  340/35 23/3  170/56 32/17  79/5 28/13 
AR-791 16 355.59 1.036 0.000  172/27 22/10  352/64 22/12  82/3 16/9 
AR-792 19 3.38 1.051 -0.003  165/80 12/6  7/9 28/9  276/4 28/8 
AR-793 16 459.02 1.045 0.233  158/63 11/6  26/19 20/10  290/18 20/6 
AR-795 15 390.30 1.041 -0.135  205/71 8/4  36/19 25/5  304/4 24/7 
AR-796 24 3.64 1.050 0.042  307/64 15/6  205/6 17/11  112/25 15/5 
AR-819 16 2.55 2.114 -0.154  213/11 12/5  120/13 11/7  341/73 8/6 
AR-822 11 143.57 1.151 0.462  169/42 22/4  296/36 21/14  51/29 14/6 
AR-825 19 202.58 1.082 0.090  319/23 22/11  138/65 25/16  231/5 21/12 
AR-834 13 3.34 1.058 0.225  247/37 7/5  345/10 7/6  88/51 8/5 
AR-836 9 1.51 1.113 0.643  290/14 11/7  39/52 11/9  189/35 11/6 
AR-871 13 419.05 1.063 -0.424  272/63 5/3  143/19 22/3  46/20 22/4 
AR-875 10 1.56 2.114 -0.154  324/17 18/13  205/58 18/10  63/26 15/9 
AR-895 27 3.61 1.103 0.043  84/72 4/3  202/8 17/4  294/15 17/3 
AR-896 22 3.66 1.068 0.219  99/64 14/7  350/9 14/7  255/24 9/5 
AR-897 9 1.87 1.059 0.051  138/59 10/5  344/28 14/6  247/11 12/6 
AR-898 18 2.39 1.060 -0.074  129/43 11/6  16/22 66/10  267/39 66/6 
AR-899 18 7.53 1.342 0.103  3/9 45/33  273/2 74/45  170/81 74/31 
AR-920 15 2.15 1.060 0.399  107/66 23/7  9/4 23/7  277/24 8/7 
AR-921 18 0.76 1.162 0.631  230/33 24/6  322/3 24/4  57/57 8/3 
AR-933 17 2.92 1.102 0.198  11/15 12/7  101/2 13/8  199/75 12/10 
AR-936 23 3.39 1.031 -0.258  245/68 13/10  347/5 25/13  79/22 25/10 
AR-937 17 8.66 1.270 0.129  195/26 36/21  98/13 65/29  344/60 65/26 
AR-973 17 2.32 1.149 0.616  75/29 11/5  343/5 11/6  244/60 7/4 
AR-974 13 3.05 1.064 0.147  121/59 7/5  212/0 8/5  302/31 7/5 
AR-976 9 1.96 1.035 0.325  333/29 34/10  179/59 34/11  69/11 14/4 
AR-977 16 2.59 1.077 -0.311  0/83 4/3  193/7 14/3  103/2 14/3 
AR-986 14 2.53 1.095 0.503  107/48 14/2  356/18 15/4  252/36 6/1 
AR-987 12 3.50 1.097 0.391  56/15 13/3  326/2 14/8  230/75 10/4 
AR-988 24 316.37 1.113 0.530  17/64 12/6  144/17 12/9  240/20 12/9 
AR-989 25 375.03 1.167 0.592  104/44 17/7  360/11 19/8  255/45 19/5 
AR-991 12 1.74 1.190 0.524  206/12 7/3  297/5 8/3  52/77 5/2 
AR-992 22 1.73 1.160 0.350  203/28 9/7  103/19 11/8  344/55 10/7 
AR-993 24 198.26 1.148 0.255  195/27 7/3  292/14 7/6  46/60 7/4 
AR-994 16 1.87 1.080 -0.214  188/22 5/3  299/43 9/3  79/40 9/5 
AR-998 10 1.86 1.036 0.372  154/65 22/11  0/22 23/13  266/10 14/11 
AR-1001 22 1.37 1.025 0.256  283/26 49/25  45/48 49/39  176/31 39/26 
AR-1002 10 3.16 1.027 -0.014  271/10 16/8  4/15 41/14  148/72 41/9 
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AR-1004 13 2.57 1.099 0.486  102/15 16/6  336/65 17/10  197/19 13/3 
AR-1005 20 1.42 1.118 0.627  291/18 35/8  52/58 35/5  192/26 8/6 
AR-1007 11 2.66 1.083 0.351  330/29 14/6  187/55 19/6  70/18 20/9 
AR-1008 16 2.96 1.078 0.402  133/75 17/7  7/9 17/8  275/12 9/5 
AR-1019 17 2.70 1.145 0.612  17/14 21/5  279/29 21/5  130/57 6/5 

              
São Vitor tonalite            
AR-365 8 3.31 2.114 -0.154  78/31 11/7  173/9 12/8  277/57 9/8 
AR-366 8 4.11 1.095 0.167  91/30 6/4  355/9 7/3  250/58 6/3 
AR-367 8 5.94 1.113 -0.259  103/15 13/6  5/25 24/9  216/62 22/8 
AR-368 9 2.84 1.053 0.031  79/46 31/14  325/18 34/19  227/51 25/20 
AR-369 9 1.48 2.114 -0.154  249/9 27/8  70/82 30/20  339/0 26/11 
AR-370 8 3.22 1.138 0.452  82/26 16/5  177/10 17/8  286/60 10/6 
AR-371 7 3.28 1.122 0.533  82/30 19/4  351/4 16/6  260/60 11/5 
AR-372 8 4.05 1.134 0.837  107/26 30/4  205/13 29/7  313/52 22/3 
AR-373 6 2.50 1.154 0.046  87/21 6/1  180/7 12/1  288/67 12/4 
AR-374 11 3.85 1.119 0.563  74/32 21/7  166/1 21/8  258/57 10/6 
AR-375 14 1.63 2.114 -0.154  268/14 37/17  156/57 37/21  6/30 24/13 
AR-376 10 3.16 1.035 -0.205  93/44 29/18  359/5 31/14  269/33 29/27 
AR-377 5 1.89 1.083 0.438  35/79 33/8  340/2 37/26  253/16 31/7 
AR-378 10 2.76 1.063 0.218  180/81 25/2  292/2 23/16  22/6 14/10 
AR-519 9 3.11 2.114 -0.154  241/46 33/20  116/29 77/22  8/30 76/20 
AR-798 10 2.96 2.114 -0.154  353/77 13/6  85/1 25/10  175/13 25/10 
AR-799 22 2.70 1.090 0.320  97/78 11/4  6/0 14/9  276/12 13/3 
AR-801 17 3.22 1.073 0.255  160/82 13/7  45/4 22/9  315/8 22/10 
AR-852 10 184.50 1.040 -0.392  98/68 9/6  209/11 32/6  302/18 32/7 
AR-861 14 458.71 1.106 0.859  93/23 16/12  181/3 17/12  276/65 19/6 
AR-868 12 252.42 1.023 0.486  262/65 28/14  27/26 30/18  122/13 28/11 
AR-869 13 213.35 1.237 0.771  112/21 23/8  205/11 23/8  320/67 10/5 
AR-872 12 4.28 2.114 -0.154  46/85 5/3  163/3 12/4  254/5 12/3 
AR-957 10 0.80 1.113 0.130  66/33 12/8  184/36 13/10  307/36 14/9 
AR-959 14 1.29 1.139 0.302  46/44 13/10  138/2 13/7  230/46 14/8 
AR-968 14 2.08 1.101 0.474  353/47 13/8  163/42 12/11  258/5 12/7 
AR-985 20 205.24 1.081 0.249  70/43 27/5  328/18 29/20  224/40 23/8 
AR-999 21 3.82 1.054 -0.176  25/51 10/7  170/33 9/8  272/18 9/7 
AR-1000 17 446.05 1.050 -0.271  2/43 14/10  128/35 24/13  239/29 24/10 
AR-1009 14 4.70 1.140 0.814  54/11 25/7  145/5 26/8  259/77 12/6 
AR-1017 13 3.77 1.086 0.007  103/62 14/5  8/3 19/6  277/28 19/5 
AR-1027 11 3.60 1.042 0.365  42/38 18/6  136/4 18/6  231/51 8/4 
AR-1028 14 3.63 1.093 -0.115  279/13 9/6  27/54 12/7  181/33 11/6 
AR-1029 17 2.85 1.097 -0.024  77/11 20/9  172/22 12/9  323/65 19/9 
AR-1038 14 235.00 1.334 0.633  125/25 9/3  22/26 9/5  253/53 7/4 
AR-1039 10 1.01 1.177 0.685  85/31 12/3  177/4 12/5  273/59 5/3 
AR-1041 16 193.00 1.318 0.582  91/36 9/3  349/16 9/4  240/49 6/3 
AR-1043 18 2.48 1.125 0.493  163/6 30/4  68/43 31/4  259/46 10/5 
AR-1048 14 2.44 1.220 0.751  50/28 6/4  148/14 5/3  263/58 6/2 
AR-1049 11 2.15 1.086 0.376  107/44 12/8  346/28 18/6  236/33 16/7 
              
Contact region             
AR-387 11 43.38 1.083 0.366  108/14 10/2  16/9 10/1  252/73 3/1 
AR-1032 14 4.60 1.119 0.634  76/4 9/4  166/1 8/6  271/86 6/5 
AR-1034 16 567.00 1.636 0.028  77/9 5/1  167/0 5/2  258/81 6/2 
AR-1035 18 7.41 1.181 0.427  65/1 11/5  335/19 11/5  158/71 6/5 
AR-1040 18 56.50 2.114 -0.154  118/25 11/2  17/21 20/6  252/56 18/4 
AR-1046 15 4.49 1.106 0.741  123/51 10/3  8/19 10/4  265/33 5/3 
AR-1047 16 3.22 1.139 0.882  119/60 31/5  5/14 31/5  268/26 5/4 
AR-1053 12 308.00 1.408 0.202  61/8 7/3  330/7 6/3  202/80 5/2 
AR-1056 16 1.92 1.241 0.835  99/3 6/5  191/43 7/3  6/47 5/2 
              

Metasediments             
AR-389 5 4.21 1.414 0.764  82/10 10/2  174/10 10/1  306/76 3/3 
AR-722 6 5.51 1.170 -0.792  20/34 4/3  121/13 31/4  229/52 31/2 
AR-955 16 4.07 1.119 0.433  2/76 16/4  174/14 16/8  265/2 9/4 
AR-1016 12 2.03 1.040 0.319  322/6 48/11  56/34 48/10  224/56 11/10 
AR-1042 12 5.22 1.112 0.613  334/4 8/4  64/3 8/4  191/85 5/3 
 
 
              

Site N Mean AMR parameters   Mean eigenvectors 

  Km P T  Kmax  Kint  Kmin 



212 
Annexe 

    (10-9)       Dec/Inc e/z   Dec/Inc e/z   Dec/Inc e/z 

IRM              
I-AR648 7 4.56 2.483 0.397  195/7 46/9  92/62 46/9  289/27 11/9 
I-AR705 5 40.50 2.613 0.27  74/34 23/4  214/48 17/3  329/21 24/2 
I-AR717 5 103.00 1.567 0.219  101/11 46/20  357/51 50/27  199/37 40/24 
AAMR              
R-
AR1043 5 10.60 1.551 0.34  172/0 24/5  82/37 24/12  263/53 13/5 
R-AR648 7 0.12 2.238 0.348  179/23 28/9  55/53 29/23  282/28 25/8 
R-AR705 5 1.37 2.558 0.093  87/61 47/13  220/21 60/29  318/19 59/20 
R-AR709 6 0.50 12.44 0.271  83/27 27/10  191/31 36/17  320/47 31/10 
R-AR717 5 3.20 1.874 0.08  332/4 33/30  67/48 49/19  239/41 48/23 

Table 1: ASM data for samples from the different facies studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



213 
Annexe 

Sample Pbr Th U Th/U 208Pb/ 207Pb/ ±  207Pb/ ±  206Pb/ ±  r Apparent age (Ma) Disc 

 (ppm) (ppm) (ppm)  206Pb 206Pb (1s) 235U (1s) 238U (1s)  206Pb ± 207Pb ± % 

                          238U (1s) 206Pb (1s) (1s) 

AR940 Leucocratic melt (zircon)  Localisation Lon -41.844 Lat -18.858        

#1-1 50 107 466 0.23 0.094 0.0676 0.0005 1.0204 0.0310 0.1095 0.0032 0.97 670.0 18.7 855.4 16.3 21.68 

#2-1* 13 50 129 0.39 0.123 0.0598 0.0004 0.7838 0.0137 0.0950 0.0015 0.92 585.2 9.0 597.2 14.7 2.01 

#3-1* 28 115 280 0.41 0.159 0.0595 0.0003 0.7846 0.0160 0.0957 0.0019 0.96 589.1 11.0 584.2 12.4 -0.83 

#4-1 31 199 321 0.62 0.192 0.0594 0.0003 0.7272 0.0072 0.0887 0.0007 0.82 548.0 4.3 583.1 12.2 6.01 

#5-1 30 185 299 0.62 0.190 0.0596 0.0003 0.7577 0.0084 0.0922 0.0009 0.85 568.4 5.1 589.9 12.5 3.65 

#6-1* 46 313 442 0.71 0.221 0.0596 0.0004 0.7815 0.0108 0.0951 0.0012 0.88 585.6 6.8 589.1 14.3 9.16 

#7-1* 15 72 161 0.45 0.139 0.0599 0.0004 0.7781 0.0139 0.0942 0.0016 0.94 580.2 9.3 600.6 13.3 3.40 

#8-1 29 139 316 0.44 0.133 0.0601 0.0003 0.7393 0.0077 0.0892 0.0008 0.88 550.6 4.8 608.4 10.7 9.50 

#9-1 19 59 209 0.28 0.090 0.0596 0.0004 0.7475 0.0091 0.0910 0.0009 0.85 561.6 5.6 587.9 13.8 4.48 

#10-1* 23 117 232 0.50 0.155 0.0601 0.0003 0.7948 0.0148 0.0960 0.0017 0.95 590.7 10.0 606.2 12.3 2.56 

#11-1* 43 205 401 0.51 0.223 0.0597 0.0005 0.7830 0.0139 0.0952 0.0015 0.86 586.1 8.6 591.4 19.3 28.55 

#12-1* 8 17 78 0.22 0.068 0.0598 0.0005 0.7976 0.0151 0.0967 0.0017 0.91 595.2 9.8 596.5 16.6 0.21 

#13-1 18 117 170 0.69 0.192 0.0596 0.0004 0.7467 0.0122 0.0909 0.0014 0.92 560.8 8.0 588.4 14.2 4.68 

#13-2* 19 119 183 0.65 0.205 0.0593 0.0004 0.7756 0.0143 0.0949 0.0016 0.93 584.3 9.6 577.8 14.7 -1.12 

#14-1* 25 120 239 0.50 0.167 0.0598 0.0005 0.7826 0.0171 0.0949 0.0019 0.92 584.7 11.2 595.5 18.0 1.80 

#15-1 24 168 235 0.72 0.225 0.0600 0.0004 0.7388 0.0088 0.0893 0.0009 0.85 551.3 5.4 604.0 13.4 8.72 

#16-1 25 103 268 0.38 0.116 0.0592 0.0003 0.7094 0.0089 0.0869 0.0010 0.90 537.3 5.8 574.2 12.0 6.43 

#17-1 25 103 259 0.40 0.122 0.0594 0.0004 0.7357 0.0101 0.0898 0.0011 0.90 554.1 6.6 583.4 12.8 5.02 

#18-1* 27 68 287 0.24 0.072 0.0600 0.0003 0.7859 0.0204 0.0950 0.0024 0.98 585.2 14.2 603.1 11.8 2.97 

#19-1 20 121 204 0.59 0.185 0.0594 0.0004 0.7090 0.0096 0.0866 0.0010 0.87 535.6 6.1 580.2 14.3 7.68 

#19-2 26 151 261 0.58 0.178 0.0597 0.0003 0.7251 0.0093 0.0881 0.0010 0.89 544.4 6.0 592.0 12.5 8.03 

#20-1* 21 29 233 0.12 0.037 0.0582 0.0003 0.7641 0.0172 0.0952 0.0021 0.97 585.9 12.2 538.9 12.1 -8.72 

#21-1 27 141 279 0.51 0.185 0.0595 0.0004 0.7298 0.0083 0.0890 0.0009 0.85 549.8 5.1 583.7 13.1 5.80 

#21-2* 11 61 107 0.57 0.177 0.0591 0.0004 0.7842 0.0135 0.0962 0.0015 0.90 592.3 8.8 570.9 16.0 -3.74 

#22-1* 18 67 190 0.35 0.102 0.0592 0.0004 0.7658 0.0123 0.0939 0.0014 0.93 578.5 8.2 572.8 12.9 -1.01 

#23-1* 27 172 258 0.67 0.202 0.0601 0.0004 0.7932 0.0140 0.0957 0.0016 0.94 589.3 9.4 607.2 12.6 2.96 

#25-1* 15 40 145 0.28 0.088 0.0593 0.0004 0.7829 0.0126 0.0958 0.0014 0.91 589.5 8.3 578.0 14.1 -2.00 

                  

AR87 Leucocratic melt (zircon)  Localisation Lon -41.842 Lat -18.855        

#1-1* 15 48 156 0.31 0.104 0.0594 0.0006 0.7728 0.0209 0.0944 0.0024 0.94 581.4 14.1 581.1 20.1  

#3-1* 10 38 97 0.40 0.161 0.0605 0.0002 0.8297 0.0113 0.0995 0.0013 0.97 611.6 7.7 620.3 6.6  

#4-1* 18 70 186 0.37 0.118 0.0598 0.0003 0.7650 0.0127 0.0928 0.0014 0.94 572.2 8.5 595.6 12.4  

#5-1* 10 20 105 0.19 0.060 0.0585 0.0006 0.7634 0.0153 0.0947 0.0017 0.87 583.2 9.8 547.2 21.3  

#6-1 4 14 24 0.60 0.186 0.0743 0.0012 1.5447 0.0550 0.1508 0.0048 0.90 905.4 27.0 1049.6 30.9  

#7-1* 40 293 384 0.76 0.208 0.0599 0.0006 0.7842 0.0158 0.0950 0.0016 0.86 585.1 9.7 598.5 22.4  

#7-2* 41 187 408 0.46 0.147 0.0600 0.0009 0.7875 0.0211 0.0952 0.0021 0.82 586.3 12.3 602.9 33.0  

#9-1* 21 78 219 0.35 0.106 0.0590 0.0006 0.7610 0.0132 0.0936 0.0014 0.84 576.7 8.1 566.1 20.4  

#16-1* 69 155 760 0.20 0.096 0.0594 0.0008 0.7647 0.0240 0.0934 0.0026 0.90 575.7 15.6 580.9 29.2  

                  

AR264 Tonalite from contact region (zircon) Localisation Lon -41.936 Lat -18.912       

#1-1 126 211 331 0.64 0.169 0.1335 0.0005 6.6283 0.0949 0.3600 0.0050 0.96 1982.2 23.4 2144.9 6.9 93.12 

#2-1 18 62 188 0.33 0.113 0.0635 0.0003 0.8789 0.0153 0.1004 0.0017 0.96 616.8 9.8 724.8 10.7 89.35 

#3-1 89 136 389 0.35 0.102 0.1098 0.0037 3.1123 0.1911 0.2056 0.0106 0.84 1205.5 56.3 1795.6 59.9 40.08 

#4-1 185 205 271 0.76 0.147 0.1359 0.0005 7.8458 0.1038 0.4187 0.0053 0.96 2254.5 24.0 2175.7 6.8 93.23 

#5-1 34 39 83 0.48 0.139 0.1347 0.0008 7.2651 0.0899 0.3912 0.0043 0.89 2128.2 20.0 2160.2 9.8 90.24 

#6-1 44 22 158 0.14 0.043 0.1249 0.0006 5.2379 0.1457 0.3041 0.0083 0.98 1711.6 41.0 2027.7 8.6 91.40 

#7-1* 24 87 253 0.34 0.104 0.0597 0.0003 0.7798 0.0168 0.0947 0.0020 0.97 583.3 11.7 593.4 11.0 88.98 

#8-1 66 199 614 0.32 0.102 0.0608 0.0003 0.8989 0.0222 0.1073 0.0026 0.98 656.9 15.1 631.2 10.3 89.70 

#10-1* 19 43 184 0.23 0.071 0.0598 0.0003 0.7840 0.0193 0.0951 0.0023 0.98 585.8 13.4 595.3 11.4 88.58 

#11-1 56 171 508 0.34 0.105 0.0599 0.0003 0.9045 0.0164 0.1096 0.0019 0.97 670.4 11.2 598.4 9.8 90.22 

#12-1* 11 85 105 0.81 0.250 0.0603 0.0005 0.7864 0.0145 0.0946 0.0016 0.91 582.5 9.3 614.7 16.3 83.73 

#13-1* 25 382 189 2.02 0.614 0.0596 0.0003 0.7685 0.0071 0.0935 0.0007 0.78 576.5 4.0 588.2 12.6 87.42 

#13-2* 29 235 258 0.91 0.291 0.0617 0.0003 0.8051 0.0093 0.0946 0.0010 0.89 582.8 5.7 664.0 11.3 88.73 

#14-1 49 53 115 0.46 0.130 0.1360 0.0006 7.4401 0.2148 0.3968 0.0113 0.99 2154.4 51.9 2176.6 8.2 91.82 

#15-1 69 71 201 0.36 0.112 0.1299 0.0006 5.9320 0.1185 0.3313 0.0065 0.98 1844.6 31.2 2096.2 7.4 92.58 

#16-1 81 71 258 0.28 0.121 0.1324 0.0006 7.2849 0.1557 0.3991 0.0083 0.98 2164.8 38.2 2129.9 8.2 91.81 



214 
Annexe 

#17-1* 78 537 725 0.74 0.225 0.0600 0.0002 0.7891 0.0125 0.0953 0.0015 0.96 586.9 8.5 605.1 9.0 91.04 

#18-1* 59 293 601 0.49 0.147 0.0600 0.0003 0.7789 0.0139 0.0941 0.0016 0.96 579.8 9.4 604.7 11.2 88.82 

#19-1* 17 156 152 1.03 0.309 0.0594 0.0004 0.7998 0.0167 0.0976 0.0019 0.94 600.3 11.2 582.9 15.5 84.51 

#20-1 39 78 85 0.92 0.261 0.1361 0.0010 7.2485 0.1077 0.3863 0.0049 0.85 2105.5 22.8 2178.2 13.4 86.63 

#21-1* 12 129 108 1.20 0.362 0.0593 0.0004 0.7740 0.0121 0.0947 0.0013 0.90 583.4 7.9 576.6 14.7 85.29 

#22-1 89 261 258 1.01 0.259 0.1178 0.0008 4.6154 0.1283 0.2842 0.0076 0.97 1612.6 38.2 1922.8 12.7 87.28 

#23-1 269 392 660 0.59 0.168 0.1375 0.0006 6.7404 0.0796 0.3556 0.0039 0.94 1961.5 18.7 2195.4 7.2 92.82 

#24-1* 12 123 106 1.16 0.359 0.0595 0.0004 0.7778 0.0120 0.0947 0.0013 0.92 583.5 7.9 586.9 13.3 86.70 

#25-1 160 195 423 0.46 0.145 0.1338 0.0005 6.6130 0.1559 0.3584 0.0083 0.99 1974.6 39.4 2148.7 6.9 93.09 

#26-1* 13 84 120 0.70 0.221 0.0608 0.0008 0.7912 0.0183 0.0944 0.0017 0.80 581.5 10.3 631.8 29.8 70.23 

#28-1* 53 157 556 0.28 0.095 0.0634 0.0003 0.8163 0.0102 0.0934 0.0011 0.93 575.5 6.4 721.8 9.8 90.19 

                  

AR1057 São Vitor tonalite (zircon)  Localisation Lon -41.861 Lat -18.969        

#1-1* 20 138 187 0.74 0.227 0.0593 0.0004 0.7555 0.0069 0.0923 0.0006 0.71 569.3 3.5 579.8 14.0 1.80 

#2-1* 24 151 227 0.67 0.210 0.0591 0.0003 0.7468 0.0089 0.0916 0.0010 0.92 565.1 5.9 571.4 10.3 1.09 

#3-1* 26 231 239 0.97 0.301 0.0595 0.0003 0.7232 0.0095 0.0882 0.0011 0.94 545.0 6.5 583.7 9.6 6.62 

#4-1* 59 304 644 0.47 0.143 0.0594 0.0002 0.6735 0.0066 0.0823 0.0007 0.91 509.8 4.4 580.4 8.6 12.17 

#5-1* 24 72 237 0.31 0.096 0.0593 0.0003 0.8158 0.0073 0.0997 0.0008 0.86 612.7 4.5 579.6 9.9 -5.70 

#6-1* 21 97 199 0.49 0.153 0.0597 0.0004 0.8156 0.0204 0.0991 0.0024 0.97 609.1 14.0 592.6 13.3 -2.77 

#7-1* 14 50 136 0.37 0.112 0.0591 0.0003 0.8047 0.0161 0.0988 0.0019 0.97 607.1 11.3 570.6 10.3 -6.40 

#7-2* 13 55 131 0.42 0.132 0.0595 0.0004 0.7732 0.0166 0.0942 0.0019 0.96 580.4 11.4 586.2 13.7 0.99 

#8-1* 40 109 399 0.27 0.092 0.0594 0.0003 0.7903 0.0164 0.0965 0.0020 0.98 593.8 11.5 582.2 9.4 -2.00 

#9-1* 15 96 136 0.70 0.226 0.0602 0.0004 0.8242 0.0174 0.0993 0.0020 0.94 610.1 11.6 611.6 15.0 0.25 

#9-2* 12 67 112 0.60 0.197 0.0597 0.0003 0.8320 0.0150 0.1012 0.0017 0.95 621.2 10.1 591.1 12.2 -5.10 

#10-1* 22 130 217 0.60 0.184 0.0591 0.0003 0.7908 0.0098 0.0971 0.0011 0.90 597.2 6.3 570.2 11.9 -4.73 

#10-2* 24 198 229 0.87 0.266 0.0593 0.0003 0.7467 0.0097 0.0914 0.0011 0.94 563.7 6.6 576.7 9.9 2.25 

#11-1* 11 49 110 0.44 0.135 0.0593 0.0004 0.8353 0.0114 0.1022 0.0012 0.86 627.2 7.0 577.8 15.0 -8.55 

#12-1* 25 88 264 0.33 0.106 0.0592 0.0003 0.7695 0.0085 0.0943 0.0010 0.91 580.8 5.6 574.6 9.8 -1.07 

#12-2* 23 77 223 0.34 0.108 0.0589 0.0003 0.8757 0.0117 0.1079 0.0013 0.90 660.6 7.5 561.7 12.7 -17.60 

#13-1* 17 79 163 0.48 0.144 0.0593 0.0004 0.8135 0.0097 0.0995 0.0010 0.87 611.6 6.0 577.7 12.9 -5.86 

#14-1* 19 96 187 0.52 0.156 0.0595 0.0004 0.8160 0.0092 0.0995 0.0009 0.84 611.3 5.5 585.4 13.1 -4.43 

#15-1* 31 269 307 0.88 0.243 0.0598 0.0003 0.7832 0.0145 0.0950 0.0017 0.96 585.3 9.9 595.4 11.2 1.70 

#16-1* 18 74 163 0.45 0.145 0.0595 0.0004 0.9045 0.0164 0.1103 0.0019 0.94 674.6 10.9 584.1 13.3 -15.50 

#17-1* 12 58 108 0.54 0.160 0.0595 0.0004 0.8360 0.0185 0.1019 0.0022 0.96 625.8 12.7 584.8 13.1 -7.01 

#19-1* 17 89 153 0.58 0.178 0.0596 0.0003 0.8375 0.0176 0.1019 0.0021 0.96 625.5 12.0 589.5 12.5 -6.12 

#20-1* 15 87 138 0.63 0.206 0.0596 0.0004 0.7996 0.0176 0.0972 0.0020 0.95 598.2 12.0 590.7 14.3 -1.27 

#21-1* 39 193 342 0.56 0.233 0.0592 0.0002 0.8313 0.0238 0.1018 0.0029 0.99 624.9 16.8 575.6 8.8 -8.56 

#22-1* 20 137 185 0.74 0.240 0.0609 0.0004 0.7781 0.0164 0.0927 0.0019 0.95 571.2 11.0 636.0 13.5 10.18 

#23-1* 36 116 375 0.31 0.095 0.0592 0.0003 0.7438 0.0144 0.0911 0.0017 0.97 562.1 10.1 574.7 9.9 2.19 

#24-1* 31 167 324 0.52 0.152 0.0597 0.0003 0.7111 0.0150 0.0864 0.0018 0.97 534.4 10.4 591.6 11.5 9.67 

#24-2* 13 54 119 0.46 0.138 0.0598 0.0004 0.8105 0.0160 0.0983 0.0018 0.95 604.3 10.8 596.9 13.6 -1.24 

#25-1* 34 265 367 0.72 0.211 0.0611 0.0004 0.6572 0.0141 0.0780 0.0016 0.96 484.4 9.6 641.9 12.4 24.53 

#26-1* 21 105 206 0.51 0.154 0.0593 0.0003 0.7775 0.0157 0.0951 0.0019 0.97 585.6 11.0 578.0 10.4 -1.32 

#26-2* 29 105 291 0.36 0.105 0.0592 0.0003 0.7764 0.0161 0.0951 0.0019 0.97 585.8 11.2 574.3 11.7 -2.00 

#27-1* 11 37 113 0.32 0.098 0.0598 0.0004 0.7657 0.0161 0.0929 0.0018 0.95 572.6 10.9 595.9 14.4 3.91 

#27-2* 24 124 226 0.55 0.176 0.0596 0.0003 0.8041 0.0161 0.0979 0.0019 0.97 602.1 11.1 588.0 10.6 -2.40 

#28-1* 21 138 221 0.63 0.189 0.0594 0.0003 0.6965 0.0152 0.0851 0.0018 0.97 526.4 10.7 580.7 12.2 9.35 

#29-1* 19 83 185 0.45 0.145 0.0590 0.0004 0.8031 0.0187 0.0986 0.0022 0.97 606.5 13.0 568.7 13.1 -6.63 

#29-2* 11 42 101 0.41 0.135 0.0596 0.0004 0.7978 0.0170 0.0971 0.0020 0.94 597.6 11.5 587.9 15.5 -1.65 

#30-1* 16 43 123 0.35 0.114 0.0600 0.0003 1.0422 0.0208 0.1260 0.0024 0.96 765.2 13.9 602.6 11.7 -26.99 

#31-1* 35 293 321 0.91 0.274 0.0594 0.0003 0.7507 0.0152 0.0916 0.0018 0.97 565.1 10.6 582.6 9.9 3.01 

#31-2* 17 58 166 0.35 0.107 0.0601 0.0004 0.8125 0.0163 0.0980 0.0019 0.95 602.6 11.0 608.8 13.0 1.02 

                  

AR800 São Vitor tonalite (zircon)  Localisation Lon -41.648 Lat -19.101        

#1-1* 40 104 391 0.27 0.078 0.0596 0.0002 0.8611 0.0237 0.1048 0.0029 0.99 642.6 16.7 588.5 7.2 -9.19 

#1-2* 14 47 135 0.35 0.099 0.0592 0.0003 0.8467 0.0205 0.1037 0.0025 0.98 635.8 14.3 576.2 11.1 -10.34 

#2-1* 63 515 546 0.94 0.271 0.0595 0.0002 0.8140 0.0142 0.0992 0.0017 0.98 609.7 9.9 586.0 7.8 -4.04 

#6-1* 43 125 428 0.29 0.115 0.0598 0.0002 0.8237 0.0092 0.0999 0.0011 0.94 614.1 6.2 595.4 8.5 -3.13 

#6-2* 63 360 607 0.59 0.171 0.0595 0.0008 0.8146 0.0227 0.0992 0.0024 0.87 610.0 14.1 586.6 29.7 -3.99 

#9-1 48 135 474 0.28 0.122 0.0608 0.0007 0.8059 0.0502 0.0962 0.0059 0.98 592.0 34.6 631.2 23.2 6.22 

#9-2 72 298 722 0.41 0.139 0.0618 0.0007 0.8104 0.0142 0.0951 0.0012 0.72 585.6 7.1 667.5 25.9 12.26 



215 
Annexe 

#11-1* 81 542 739 0.73 0.204 0.0591 0.0002 0.8162 0.0173 0.1001 0.0021 0.99 615.1 12.3 571.7 6.6 -7.60 

#11-2 36 148 328 0.45 0.169 0.0612 0.0009 0.8750 0.0145 0.1037 0.0008 0.47 635.9 4.7 646.7 31.3 1.68 

#15-1* 27 177 255 0.69 0.186 0.0593 0.0002 0.8095 0.0141 0.0990 0.0017 0.98 608.3 9.9 579.1 6.8 -5.04 

#16-1* 48 317 441 0.72 0.176 0.0594 0.0003 0.8309 0.0089 0.1014 0.0010 0.91 622.5 5.8 583.1 9.8 -6.77 

#17-1 42 46 422 0.11 0.036 0.0611 0.0003 0.8794 0.0055 0.1044 0.0004 0.64 639.9 2.5 643.2 10.4 0.51 

                  

AR968 São Vitor tonalite (zircon)  Localisation Lon -41.413 Lat -18.062        

#1-1* 75 199 586 0.34 0.087 0.0596 0.0004 0.7842 0.0140 0.0954 0.0016 0.94 587.5 9.4 589.4 13.0 0.33 

#1-2* 38 105 390 0.27 0.085 0.0598 0.0003 0.7874 0.0167 0.0956 0.0020 0.97 588.5 11.6 594.6 11.2 1.03 

#2-1* 29 77 317 0.24 0.080 0.0596 0.0003 0.7873 0.0189 0.0958 0.0022 0.98 589.8 13.2 589.3 10.9 -0.08 

#5-1* 42 166 460 0.36 0.110 0.0594 0.0003 0.7677 0.0158 0.0937 0.0019 0.97 577.5 11.1 582.3 10.6 0.84 

#5-2* 19 73 203 0.36 0.116 0.0592 0.0004 0.7792 0.0180 0.0954 0.0021 0.96 587.6 12.5 575.2 13.5 -2.16 

#6-1 40 129 461 0.28 0.094 0.0601 0.0004 0.7352 0.0177 0.0887 0.0021 0.97 547.7 12.2 608.3 12.8 9.96 

#7-1 28 133 290 0.46 0.149 0.0592 0.0004 0.7476 0.0113 0.0916 0.0013 0.92 565.1 7.5 574.0 13.1 1.55 

#9-1 20 107 207 0.52 0.160 0.0591 0.0003 0.7290 0.0126 0.0895 0.0015 0.95 552.4 8.7 570.6 11.6 3.20 

#10-1* 45 109 438 0.25 0.079 0.0594 0.0003 0.7854 0.0226 0.0960 0.0027 0.98 590.7 16.0 580.4 11.0 -1.78 

#11-1* 33 110 321 0.34 0.112 0.0600 0.0003 0.7891 0.0264 0.0953 0.0031 0.99 587.0 18.5 604.8 11.6 2.94 

#12-1* 15 48 147 0.33 0.104 0.0596 0.0004 0.7851 0.0183 0.0955 0.0021 0.96 588.2 12.6 588.8 13.3 0.10 

#12-2* 33 113 332 0.34 0.102 0.0598 0.0003 0.7894 0.0123 0.0957 0.0014 0.95 589.0 8.3 598.0 11.0 1.52 

#13-1* 80 266 711 0.37 0.095 0.0596 0.0003 0.7755 0.0141 0.0944 0.0017 0.96 581.7 9.7 587.4 10.9 0.96 

#14-1 43 188 477 0.39 0.122 0.0595 0.0003 0.7240 0.0089 0.0883 0.0010 0.92 545.3 5.9 584.9 10.6 6.76 

#17-1 51 212 547 0.39 0.121 0.0594 0.0003 0.7440 0.0106 0.0909 0.0012 0.94 560.7 7.2 581.2 10.4 3.53 

#18-1 29 96 309 0.31 0.096 0.0596 0.0003 0.7548 0.0122 0.0918 0.0014 0.93 566.2 8.1 590.1 12.5 4.04 

#19-1* 37 133 409 0.32 0.099 0.0595 0.0003 0.7624 0.0138 0.0929 0.0016 0.96 572.7 9.5 586.0 10.9 2.28 

#20-1 24 82 259 0.32 0.100 0.0595 0.0003 0.7290 0.0102 0.0888 0.0011 0.91 548.7 6.7 585.8 12.5 6.34 

                  

AR787 Galiléia tonalite (zircon)  Localisation Lon -41.553 Lat -19.139        

#1-1* 134 406 1459 0.28 0.074 0.0593 0.0002 0.7743 0.0164 0.0948 0.0020 0.99 583.7 11.7 576.7 6.5  

#2-1* 48 299 448 0.67 0.213 0.0596 0.0004 0.7701 0.0174 0.0938 0.0020 0.95 577.8 11.9 587.9 15.2  

#4-1* 123 370 1289 0.29 0.098 0.0597 0.0002 0.7861 0.0258 0.0955 0.0031 1.00 587.8 18.3 593.4 6.8  

#5-1* 110 335 1138 0.29 0.160 0.0593 0.0004 0.7752 0.0182 0.0948 0.0022 0.97 583.8 12.7 578.6 12.9  

                  

AR705 Galiléia tonalite (zircon)  Localisation Lon -41.467 Lat -19.180        

#1-1* 31 313 153 0.49 0.143 0.0590 0.0010 0.7702 0.0185 0.0947 0.0017 0.74 583.5 9.9 565.5 35.3  

#1-2* 58 572 366 0.64 0.181 0.0588 0.0005 0.7712 0.0328 0.0951 0.0040 0.98 585.5 23.3 560.7 18.4  

#2-1* 29 303 95 0.31 0.094 0.0600 0.0004 0.7849 0.0078 0.0948 0.0007 0.75 583.9 4.2 605.2 14.2  

#3-1* 50 541 152 0.28 0.096 0.0600 0.0017 0.7748 0.0333 0.0937 0.0030 0.75 577.3 17.7 603.0 61.9  

#4-1* 12 122 51 0.42 0.122 0.0594 0.0005 0.7695 0.0425 0.0940 0.0051 0.99 579.4 30.3 580.0 16.6  

#6-1* 36 376 125 0.33 0.097 0.0595 0.0006 0.7829 0.0177 0.0954 0.0019 0.89 587.6 11.3 585.2 22.4  

#7-1* 39 407 151 0.37 0.123 0.0598 0.0005 0.7711 0.0212 0.0935 0.0024 0.94 576.2 14.2 597.0 19.8  

#8-1 20 193 109 0.57 0.126 0.0619 0.0014 0.8707 0.0303 0.1020 0.0027 0.77 626.2 15.9 670.7 47.9  

#9-1* 25 265 129 0.49 0.148 0.0588 0.0006 0.7581 0.0529 0.0936 0.0065 0.99 576.5 38.0 558.6 22.4  

#10-1 25 227 91 0.40 0.145 0.0602 0.0004 0.8608 0.0191 0.1037 0.0022 0.96 636.0 12.9 610.9 13.3  

#11-1* 13 132 66 0.50 0.161 0.0591 0.0009 0.7558 0.0187 0.0928 0.0018 0.78 572.0 10.6 569.9 33.5  

#11-2* 19 196 67 0.34 0.108 0.0591 0.0008 0.7571 0.0117 0.0929 0.0007 0.47 572.7 4.0 570.8 29.6  

#12-1 35 325 145 0.45 0.114 0.0598 0.0003 0.8628 0.0150 0.1047 0.0018 0.96 641.7 10.2 595.9 10.3  

#12-2* 35 349 106 0.30 0.151 0.0586 0.0004 0.7501 0.0160 0.0928 0.0019 0.94 572.0 10.9 553.1 16.0  

#13-1* 76 772 282 0.37 0.180 0.0620 0.0006 0.8082 0.0280 0.0946 0.0032 0.97 582.4 18.6 673.8 19.2  

#14-1* 24 256 96 0.38 0.106 0.0590 0.0004 0.7642 0.0118 0.0940 0.0013 0.91 579.1 7.7 566.1 14.0  

#15-1* 22 226 87 0.38 0.101 0.0599 0.0004 0.7834 0.0333 0.0949 0.0040 0.99 584.3 23.4 599.4 14.9  

#16-1* 40 395 224 0.57 0.175 0.0591 0.0005 0.7711 0.0120 0.0947 0.0013 0.86 583.2 7.4 569.4 17.4  

#16-2* 28 265 156 0.59 0.174 0.0600 0.0008 0.8063 0.0215 0.0974 0.0022 0.85 599.4 13.0 604.1 30.2  

#19-1* 42 411 306 0.75 0.219 0.0596 0.0005 0.7697 0.0243 0.0936 0.0029 0.97 576.9 16.8 590.3 17.6  

                  

AR815 Galiléia tonalite (zircon)  Localisation Lon -41.414 Lat -19.199        

#2-1* 6 50 56 0.89 0.226 0.0596 0.0009 0.7638 0.0194 0.0929 0.0019 0.82 572.7 11.4 589.8 31.5  

#3-1 44 86 182 0.47 0.162 0.1128 0.0016 3.2303 0.2339 0.2076 0.0147 0.98 1216.2 78.2 1845.5 25.6  

#4-1* 52 410 480 0.85 0.250 0.0596 0.0003 0.7698 0.0109 0.0937 0.0012 0.93 577.6 7.3 587.5 11.7  

#6-1* 15 133 129 1.03 0.281 0.0579 0.0015 0.7588 0.0202 0.0950 0.0004 0.16 585.0 2.4 527.3 57.7  

#6-2* 16 126 151 0.83 0.330 0.0594 0.0013 0.7660 0.0194 0.0935 0.0012 0.50 576.3 6.9 582.3 47.8  

#7-1* 33 152 344 0.44 0.146 0.0589 0.0003 0.7675 0.0214 0.0945 0.0026 0.98 582.4 15.2 562.7 10.7  
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#8-1* 17 68 177 0.39 0.122 0.0589 0.0006 0.7742 0.0116 0.0954 0.0010 0.72 587.3 6.0 562.1 22.8  

#9-1* 27 231 247 0.94 0.243 0.0589 0.0007 0.7620 0.0159 0.0938 0.0016 0.81 578.1 9.3 563.6 26.6  

#10-1* 20 180 177 1.02 0.333 0.0589 0.0006 0.7684 0.0176 0.0946 0.0020 0.91 582.9 11.6 562.8 20.6  

#10-2* 44 92 482 0.19 0.058 0.0587 0.0003 0.7706 0.0205 0.0952 0.0025 0.98 586.0 14.5 557.0 12.6  

#11-1 45 141 450 0.31 0.101 0.0583 0.0004 0.7984 0.0254 0.0993 0.0031 0.98 610.4 18.0 541.0 15.1  

#12-1* 144 242 1582 0.15 0.050 0.0595 0.0007 0.7706 0.0260 0.0940 0.0030 0.94 578.9 17.5 584.9 25.7  

#13-1* 15 82 144 0.57 0.222 0.0591 0.0016 0.7839 0.0305 0.0962 0.0026 0.71 592.1 15.5 570.9 59.8  

#14-1* 47 301 455 0.66 0.181 0.0596 0.0010 0.7787 0.0205 0.0948 0.0020 0.79 583.7 11.6 588.6 35.0  

#15-1 13 104 106 0.98 0.226 0.0602 0.0008 0.8628 0.0153 0.1040 0.0012 0.66 637.9 7.1 609.3 28.8  

#16-1 11 72 97 0.74 0.240 0.0588 0.0005 0.7981 0.0073 0.0984 0.0004 0.44 605.2 2.3 560.0 17.8  

#17-1* 16 183 126 1.45 0.454 0.0597 0.0011 0.7795 0.0226 0.0948 0.0022 0.79 583.6 12.8 591.2 38.2  

                  

AR957 Galiléia tonalite (zircon)  Localisation Lon -41.415 Lat -17.847        

#1-1* 21 84 208 0.40 0.128 0.0597 0.0004 0.7800 0.0133 0.0948 0.0015 0.94 583.9 8.9 591.9 12.9 1.36 

#1-2* 18 70 178 0.39 0.127 0.0591 0.0004 0.7719 0.0163 0.0948 0.0019 0.95 583.6 11.2 570.0 14.0 -2.38 

#2-1* 16 70 157 0.45 0.147 0.0592 0.0005 0.7750 0.0141 0.0950 0.0015 0.90 585.0 9.1 573.5 17.4 -1.99 

#2-2 14 57 167 0.34 0.110 0.0598 0.0004 0.6904 0.0128 0.0837 0.0014 0.93 518.3 8.6 596.7 14.5 13.15 

#3-1* 20 90 199 0.45 0.140 0.0599 0.0004 0.7831 0.0124 0.0949 0.0014 0.93 584.2 8.2 599.1 12.8 2.49 

#4-1 15 84 160 0.53 0.180 0.0609 0.0004 0.7040 0.0153 0.0838 0.0017 0.95 518.7 10.3 637.0 14.4 18.57 

#5-1* 66 159 657 0.24 0.076 0.0596 0.0003 0.7882 0.0085 0.0959 0.0009 0.87 590.3 5.3 589.3 11.5 -0.17 

#6-1* 72 156 765 0.20 0.063 0.0596 0.0003 0.7818 0.0122 0.0951 0.0014 0.95 585.5 8.3 590.5 10.3 0.84 

#7-1* 18 67 180 0.37 0.118 0.0597 0.0004 0.7829 0.0120 0.0951 0.0013 0.89 585.9 7.6 592.1 15.0 1.04 

#8-1 29 63 317 0.20 0.065 0.0602 0.0003 0.7421 0.0108 0.0894 0.0012 0.93 552.1 7.2 610.3 11.6 9.54 

#9-1* 27 54 268 0.20 0.075 0.0589 0.0003 0.7742 0.0176 0.0953 0.0021 0.97 586.6 12.3 564.9 12.6 -3.84 

#10-1* 23 74 238 0.31 0.099 0.0594 0.0004 0.7769 0.0135 0.0949 0.0016 0.94 584.2 9.1 581.9 13.0 -0.40 

#11-1* 58 141 620 0.23 0.074 0.0600 0.0003 0.7827 0.0146 0.0946 0.0017 0.96 583.0 10.0 602.8 11.3 3.30 

#11-2* 12 33 127 0.26 0.088 0.0596 0.0005 0.7791 0.0137 0.0948 0.0015 0.87 583.7 8.5 589.8 18.5 1.04 

#12-1* 37 99 374 0.27 0.091 0.0596 0.0003 0.7840 0.0133 0.0954 0.0015 0.95 587.6 9.0 588.4 11.7 0.14 

#13-1* 18 75 178 0.42 0.134 0.0595 0.0004 0.7798 0.0112 0.0951 0.0012 0.88 585.6 7.1 584.5 14.8 -0.18 

#14-1* 13 58 127 0.46 0.147 0.0592 0.0004 0.7723 0.0121 0.0946 0.0013 0.90 582.6 7.8 575.0 14.6 -1.33 

#15-1* 14 54 139 0.39 0.122 0.0594 0.0004 0.7727 0.0161 0.0944 0.0019 0.94 581.3 10.9 581.4 15.0 0.00 

#16-1* 36 242 333 0.73 0.225 0.0596 0.0004 0.7740 0.0147 0.0942 0.0016 0.92 580.3 9.7 588.9 16.2 1.46 

                  

AR717 Galiléia tonalite (zircon)  Localisation Lon -41.253 Lat -19.180        

#1-1* 73 683 272 0.40 0.112 0.0596 0.0004 0.8612 0.0095 0.1048 0.0009 0.76 642.2 5.1 590.1 15.5 -8.84 

#4-1* 81 796 214 0.27 0.078 0.0595 0.0002 0.8447 0.0202 0.1029 0.0024 0.99 631.6 14.2 585.9 7.5 -7.80 

#5-1* 60 555 194 0.35 0.103 0.0594 0.0002 0.8666 0.0089 0.1058 0.0010 0.95 648.3 6.0 582.2 7.3 -11.36 

#6-1* 7 64 36 0.57 0.205 0.0595 0.0003 0.8116 0.0053 0.0989 0.0005 0.74 608.1 2.8 585.4 9.6 -3.88 

#6-2 6 57 38 0.66 0.201 0.0622 0.0004 0.8476 0.0075 0.0988 0.0006 0.66 607.5 3.4 681.2 14.1 10.82 

#7-1 81 839 226 0.27 0.068 0.0605 0.0002 0.8113 0.0055 0.0973 0.0006 0.91 598.6 3.5 620.3 6.2 3.50 

#7-2 46 382 146 0.38 0.102 0.0611 0.0003 1.0017 0.0116 0.1188 0.0013 0.92 723.9 7.3 644.1 9.5 -12.39 

#8-1* 72 711 240 0.34 0.104 0.0597 0.0002 0.8164 0.0039 0.0991 0.0003 0.74 609.1 2.0 594.5 6.9 -2.45 

#9-1* 56 546 222 0.41 0.146 0.0594 0.0002 0.8423 0.0137 0.1029 0.0016 0.97 631.2 9.4 581.1 8.9 -8.63 

#9-2 78 697 382 0.55 0.132 0.0614 0.0002 0.8989 0.0080 0.1062 0.0009 0.91 650.9 5.0 652.0 7.8 0.16 

#10-1 78 716 263 0.37 0.109 0.0604 0.0002 0.8966 0.0063 0.1076 0.0007 0.91 659.0 4.0 618.4 6.3 -6.56 

#11-1* 6 58 28 0.49 0.151 0.0592 0.0005 0.8628 0.0091 0.1056 0.0008 0.67 647.2 4.4 576.2 17.0 -12.32 

#12-1* 49 462 150 0.32 0.096 0.0597 0.0002 0.8611 0.0059 0.1046 0.0006 0.80 641.2 3.4 593.3 8.8 -8.07 

#13-1 123 1152 341 0.30 0.088 0.0603 0.0002 0.8756 0.0088 0.1054 0.0010 0.93 646.0 5.8 612.7 7.9 -5.44 

#14-1* 58 522 243 0.46 0.116 0.0593 0.0002 0.8572 0.0174 0.1049 0.0021 0.99 642.8 12.3 577.6 6.4 -11.29 

#14-2* 79 818 258 0.32 0.093 0.0592 0.0002 0.7939 0.0074 0.0972 0.0009 0.94 598.0 5.0 575.9 7.0 -3.84 

#15-1* 81 791 272 0.34 0.083 0.0592 0.0002 0.8123 0.0227 0.0995 0.0028 1.00 611.5 16.2 574.7 6.1 -6.41 

#17-1* 50 501 253 0.51 0.086 0.0593 0.0002 0.7932 0.0108 0.0971 0.0013 0.97 597.1 7.5 577.1 7.6 -3.47 

#18-1* 27 241 135 0.56 0.162 0.0593 0.0002 0.8374 0.0081 0.1025 0.0009 0.95 628.9 5.5 577.1 6.3 -8.98 

#20-1 35 736 141 0.19 0.099 0.0607 0.0003 0.3984 0.0082 0.0476 0.0010 0.98 299.7 5.9 629.3 9.0 52.38 

Table 2: LA-ICP-MS U–Pb zircon results. 
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Abstract 

The allochtonous domain of the Neoproterozoic Araçuaí belt involves large amounts of 
magma, widespread partial melting, granulitic facies and high geotherm, characterising this 
belt as a hot orogen. The Galiléia tonalitic suite, emplaced within host metasediments and 
deformed at magmatic state, represents a huge batholith that strongly influenced the 
mechanical behaviour of this middle crust. The anisotropy of magnetic susceptibility (AMS) 
measured through this batholith and used as a petrofabric proxy, combined to a detailed 
magnetic mineralogy investigation, permitted to characterize the paramagnetic behaviour of 
the Galiléia suite and therefore to highlight a complex 3D strain deformation. The observed 
structures developed within the viscous magma resulted from a combination of tangential 
tectonics induced by the compression, and gravitational forces arising from the load of the 
overlying crust. The kinematics of the batholith is compatible with that already described for 
ductile rocks of hot orogens. U/Pb dating on zircons and monazites together with 40Ar/39Ar 
dating on amphiboles, muscovites and biotites permitted to define the thermal evolution of the 
Galiléia batholith and its host metasediments and constrain the timing of the deformation. The 
Galiléia batholith emplaced during an important magmatic, tectonic and thermal event at ~580 
Ma. Temperature remained high during the first ~50 Ma of the thermal evolution, promoting a 
seemingly constant deformation of the batholith at magmatic state during several tens of 
millions years. Such high temperature conditions and stable deformation kinematics during 
protracted periods of time are supposed to be characteristic of hot orogen. The slow cooling 
rate of ~10°C/Ma evidenced after ~500 Ma probably indicate a very slow exhumation 
probably only conducted by erosion. 
 

Résumé 

Le domaine allochtone de la chaîne Neoproterozoïque Araçuaí mets en jeu de grandes 
quantités de magma, de la fusion partielle et un gradient thermique élevé, ce que caractérise 
cette chaîne comme un orogène chaud. La suite tonalitique Galiléia, mise en place dans des 
métasédiments et déformée à l’état magmatique, représente un énorme batholite qui a 
fortement influencé le comportement mécanique de la croûte moyenne. L’anisotropie de 
susceptibilité magnétique (ASM) mesurée à travers le batholite et utilisé comme proxy de la 
petrofabrique, associé à une étude de la minéralogie magnétique, a permit de définir le 
comportement paramagnétique de la suite Galiléia et de mettre en évidence une déformation 
complexe en 3D. Les structures développées dans le magma visqueux résultent d’une 
combinaison de tectoniques tangentielles induites par la compression, et de forces gravitaires 
découlant du poids de la croûte sus-jacente. La dynamique du batholite est compatible avec 
celles déjà décrites pour des roches ductiles d’orogènes chauds. Les datations U/Pb sur zircon 
et monazites et 40Ar/39Ar sur amphiboles, muscovites et biotites ont permit la caractérisation 
de l’évolution thermique du batholite et de contraindre la durée de la déformation. Le 
batholite Galiléia s’est mis en place à ~580 Ma, au cours d’un important événement 
magmatique, tectonique et thermique. Les températures sont restées hautes durant les 
premiers ~50 Ma de l’évolution thermique, favorisant une déformation constante du batholite 
à l’état magmatique, pendant plusieurs dizaine de millions d’années. De telles hautes 
températures et une telle déformation stable durant de si longues périodes sont des 
caractéristiques qui semblent communes au orogènes chaud. Le refroidissement lent estimé à 
10°C/Ma après ~500 Ma indique l’exhumation a été très lente, probablement due à l’érosion 
uniquement. 


