
Durham E-Theses

Petrology and geochem istry of the tapira alkali ne

complex, minas gerais state, Brazi l

Bro d, José A�onso

How t o cite:

Bro d, José A�onso (1 999). Petrology and geochemistry of the tapira alkaline complex, minas gerais

state, Brazil , Durham e-Theses. http://etheses.dur.ac.uk/4971 /

Use p olicy

The full-text may b e used and/or repro duced, and given to third parties in any format or medium, without prior p ermission or
charge, for p ersonal research or study, ed ucational, or not-for -pro�t purp os es provided that:

� a full bibliographic reference is made to the original source

� a link is made to the metadat a record in Durham E-Theses

� the full-text is not changed in any way

The full-text must not b e sold in any for mat or medium without the formal p ermission of the copyright holders.

Please consult the full Durham E-Theses p olicy for further details.

Academic Supp ort O�ce, T he Palatine Centre, Durham University, S to ckt on Road , Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6 107

http://eth es es.d ur.ac.uk

https://www.durham.ac.uk
http://etheses.dur.ac.uk/4971/
 http://etheses.dur.ac.uk/4971/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


Petrology and Geochemistry of the Tapira Alkaline 
Complex^ Minas Gerais State, Brazil 

By 

Jose Affonso Brod 

The copyright of this thesis rests 
with the author. No quotation from 
it should be published without the 
written consent of the author an 
information derived from it should 
be acknowledged. 

A thesis submitted in partial fulfilment of 
the requirements for the degree of 

Doctor of Philosophy 

Department of Geological Sciences 
University of Durham 

February 1999 

2 1 JUN 1999 



This thesis is dedicated to 

Seu Gilberto and Dona Juice 
Your love and wisdom gave me the inspiration, the strength 

and the confidence to keep going on the long road to here 
[Zeca) 

Tereza 
"As the wild mountain thyme 

goes around the purple heather" 
(Mc Peake Family) 

Daniel and Heloiza 
"Feed them on your dreams, 

the one they pick is the one you'll go by" 
(Graham Nash) 



Declaration 

I declare that this thesis, which I submit for the degree of Doctor of Philosophy 
at the University of Durham, is my own work and not substantially the same as any 
which has previously been submitted at this or another university. 

Jose Affonso Brod 

University of Durham 

February 1999 

Copyright © J. Affonso Brod 
The copyright of this thesis rests with the author. No quotation from it should be 
published without the written consent of J. Affonso Brod and information derived from 
it should be acknowledged. 



Petrology and Geochemistry of the Tapira AlkaUne Complex, 

Minas Gerais State, Brazil 

Jose Affonso Brod 

ABSTRACT 

The Tapira alkaline complex is the southernmost of a series of carbonatite-

bearing intrusions occurring in the Alto Paranafba region, western Minas Gerais State, 

Brazil. Together with kamafugites, lamproites and kimberlites, these complexes form 

part of the Late-Cretaceous Alto Paranaiba Igneous Province (APIP). The Tapira 

igneous complex is emplaced into rocks of the Late-Proterozoic Brasilia mobile belt, 

adjacent to a major cratonic area (the Sao Francisco craton). 

The complex is formed by the amalgamation of several intrusions, comprising 

mainly ultramafic rocks (wehrlites and bebedourites), with subordinate syenite, 

carbonatite and melilitolite. At least two separate units of ultramafic rocks (B1 and B2) 

and five episodes of carbonatite intrusion (CI to C5) are recognised. The plutonic rocks 

are crosscut by fine-grained ultramafic and carbonatite dykes. Two varieties of 

ultramafic dykes are recognised: phlogopite-picrites are the most primitive rocks in the 

complex; low-Cr dykes are more evolved, and typically lack olivine. The ultramafic 

dykes are carbonate-rich, and may contain carbonate ocelli, indicating that immiscibility 

of carbonatite liquid occurred early in the evolution of the complex. The ultramafic 

dykes are chemically similar to the APIP kamafugites. 

The primitive Tapira magmas underwent some differentiation in the crust, 

before their final emplacement. Crystal fractionation from the phlogopite-picrite magma 

may have produced olivine and chromite-rich cumulates, but these rocks are under-

represented in the complex. Crystal fractionation from low-Cr dykes may have 

produced the bebedourites. The Tapira complex contains examples of carbonatites that 

originated by either liquid immiscibility or crystal fractionation. These contrasting 

petrogenetic mechanisms have produced distinct geochemical and mineralogical 

signatures, which have been used to pinpoint specific events in the evolution of the 

complex, and to test the consanguinity of carbonatites and associated silicate rocks. 
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C H A P T E R I - INTRODUCTION AND G E O L O G I C A L SETTING 

L l - I N T R O D U C T I O N 

The Tapira complex is located in the western portion of the State of Minas 

Gerais, SE Brazil (Figure I . l ) , immediately to the north of Tapira village and 

approximately 30 km south-southeast of the city of Araxa. It is the southernmost of a 

series of Late-Cretaceous, carbonatite-bearing alkaline plutonic complexes belonging to 

the Alto Paranaiba Igneous Province (APIP, Gibson et al, 1995b). The complex 

intrudes phyllites, schists and quartzites of the Late-Proterozoic Brasilia mobile belt. 

The aim of this thesis is to: i) investigate the geochemical and petrological 

characteristics of the Tapira complex; ii) compare them with similar carbonatite 

complexes in the APIP and elsewhere; and iii) contribute to the understanding of the 

origin and evolution of carbonatites and associated igneous rocks. 
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Figure I.l- Map showing the location of the studied area, in western Minas 
Gerais State, Brazil. 

1.2 - GEOTECTONIC FRAMEWORK 

Figure 1.2 presents a simplified tectonic framework of Brazil, as devised by 

Almeida and Svisero (1991). Three main types of tectonic domains are present: a) 

cratonic areas; b) Proterozoic mobile belts and c) Phanerozoic cover. The two major 

exposed cratonic areas are the Sao Francisco and Amazonas cratons. Smaller cratonic 

regions comprise the Sao Luis craton in the north and the Luis Alves and Rio de la Plata 

cratons in the south. The existence of a large continental area during the Archaean (the 

Parana block), now lying underneath the sedimentary and volcanic cover of the Parana 

Basin, has been suggested by Haralyi and Hasui (1982), on the basis of gravimetric data. 

This is consistent with the results of teleseismic studies (VanDecar et al, 1995), which 

suggested the existence of a deep high-velocity zone under the northern Parana Basin. A 

hypothetical (unexposed) Parana craton has also been presumed by several authors (e.g. 

Scares et al.; 1990, Brod et al., 1991; Viana et al., 1995; Pimentel et al, 1996a) but, 

due to the thick Phanerozoic cover, there is no direct evidence as to the nature of this 

unit. Nevertheless, i f the Phanerozoic cover in Figure 1.2 is disregarded, the geotectonic 

scenario is clearly one of ancient cratonic areas surrounded by younger mobile belts. 
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Figure 1.2 - Simplified tectonic framework of Brazil (after Almeida and Svisero, 1991) 

The geotectonic units that are relevant to the present research are: 1) the Sao 

Francisco Craton; 2) the mobile belts which surround that cratonic area; 3) the Parana 

Basin; and 4) the Cretaceous alkaline provinces that occur along the margins of the 

latter (not shown in Figure 1.2). The discussion in this chapter will therefore be focused 

on these units. Emphasis will be given to the Late-Proterozoic Brasilia belt and to the 

Late-Cretaceous Alto Paranaiba Igneous Province (APIP), because these make up the 

immediate geological setting of the area. However, other major tectonic and magmatic 

provinces in central and Southern Brazil, and in Paraguay will be referred to for 

comparison. A brief description of the major tectonic units is given below. More 

extensive reviews can be found in the compilations by Schobbenhaus Filho et al. 

(1984), Dominguez and Misi (1993) and Pedrosa-Soares et al. (1994). 
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1.2.1 - THE SAO FRANCISCO CRATON 

The Sao Francisco Craton (Almeida, 1977) is surrounded by a number of mobile 

belts (Figure 1.3) generated during the Brasiliano (Late Proterozoic) tectonic cycle, 

which culminated with the amalgamation of the South American Platform. These 

comprise the Brasilia belt to the west, the Araguai belt to the east, the Alto Rio Grande 

belt to the south, and the Rio Preto, Riacho do Pontal and Sergipano belts to the north of 

the craton. The structures within the mobile belts indicate tectonic transport towards the 

craton, and the intensity of metamorphism and deformation increases away from the 

craton. 

Although it is generally accepted that the Sao Francisco Craton has remained 

tectonically stable in relation to the Late-Proterozoic mobile belts, its margins may have 

been involved in the tectonic event of the Brasiliano Cycle to a variable extent (e.g. 

Haralyi and Hasui, 1982; Alkmim et al, 1993). Furthermore, most of its area is 

concealed by an undeformed sedimentary cover of Proterozoic and Phanerozoic age 

(Schobbenhaus Filho et al, 1984; Alkmim et al, 1993). The exposure of the Archaean 

basement (granite-greenstone terrains), with ages ranging from 3,300 Ma to 2770 Ma 

(Pedrosa-Soares et al, 1994, and references therein), is therefore restricted to two areas, 

located in the southern and in the northeastern portions of the craton (Figure 1.3). 

The exact limits of the craton have been a subject of debate and several authors 

have proposed different limits and configurations for it (e.g. Bemasconi, 1983; 

Schobbenhaus Filho et al, 1984; Pires, 1986; Tompkins and Gonzaga, 1989; Trompette 

et al, 1992a; Alkmim et al, 1993). The works of Brod et al (1991), Strieder and Nilson 

(1992) and Pedrosa-Soares et al (1992) have demonstrated that significant portions of 

the mobile belts to the west (Brasilia belt) and to the east (Ara9uai belt) of the craton 

consist of allochtonous thrust slices that may have suffered considerable horizontal 

transport towards the craton. Moreover, evidence from gravity (Almeida et al, 1980; 

Lesquer et al, 1981; Pires, 1986); xenolith (Leonardos et al, 1993), seismic (VanDecar 

et al, 1995) and geochemical/isotopic studies (Gibson et al, 1995b) suggest some 

extent of sub-surface continuity of the Sao Francisco craton to the west, underneath the 

thrust slices of the Brasilia belt. The limits of the craton may therefore be significandy 

wider than those originally envisaged by Almeida (1977). This is further emphasised in 

Figure 1.3, where the thick solid line represents the presently accepted limits of the 
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craton (Alkmim et al., 1993). 
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Alto Rio Grande 
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Figure 1.3 - The Brasiliano Sao Francisco Craton and the marginal mobile 
belts (after Alkmim et al., 1993). The arrows indicate the direction of\ 
tectonic transport. 

Finally, the Sao Francisco craton is geographically divided in two by a NW-

trending belt of low-grade metamorphic rocks (the Paramirin Province, Figure 1.3). 

Since the work of Almeida (1977), this has been generally considered as an intra-

continental rift, containing rocks deposited and metamorphosed during the Middle 

Proterozoic (and therefore incorporated into the cratonic area before the Brasiliano 

cycle). This interpretation is mainly based on geochronological data (e.g. Brito Neves et 

a/., 1979) and challenged by Trompette et al. (1992a,b) and Uhlein et al. (1998) who, on 
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the basis of similarities with the stratigraphy and structural patterns of the Late-

Proterozoic belts, suggest that the Paramirin belt was extensively deformed during the 

Brasiliano cycle and, therefore, cannot be considered part of the craton. They propose 

the division of the Sao Francisco Craton (sensu Almeida, 1977) in two separate cratonic 

areas, the Sao Francisco Craton proper, to the southwest, and the Salvador Craton (as an 

extension of the Congo Craton in Africa) to the northeast of the Paramirin Province. 

The clarification of this debate awaits more detailed geochronological investigations. 

1.2.2 - T H E B R A S I L I A B E L T 

Together with the Paraguay-Araguaia belt, the Brasilia fold-and-thrust belt 

constitute the Tocantins Province (Figure 1.4). The Brasilia belt was formed during the 

Brasiliano cycle, by the tectonic inversion of sedimentary sequences deposited between 

900 and 800 Ma (Fuck et al, 1993) in a rifted basin at the western margin of the Sao 

Francisco Craton. The lithospheric extension during the rifting process reached the stage 

of ocean crust generation (Strieder and Nilson, 1992; Brod et ai, 1992). The subsequent 

thrusting of the volcanic and sedimentary sequences against the Sao Francisco Craton 

resulted in the formation of ophiohtic melanges (Strieder and Nilson, 1992). A similar 

scenario, involving the formation and subsequent tectonic inversion of a restricted (Red 

Sea-type) ocean basin is envisaged by Pedrosa-Soares et al. (1994) for the eastern 

margin of the Sao Francisco Craton (Araguai belt). 

Fuck (1994) provided a summary of the current knowledge about the tectono-

stratigraphic sub-division of the Brasilia belt, recognising the following domains, from 

east to west: a) a cratonic zone, comprising restricted areas of exposed basement and 

extensive areas covered by the meta-sedimentary rocks of the Precambrian Paranoa and 

Bambm Groups, as well as Phanerozoic sediments; b) an external zone, thrust over the 

cratonic zone, comprising the meta-sedimentary rocks of the Paranoa and Canastra 

Groups, and the Vazante and Ibia Formations; c) an internal zone, comprising the Araxa 

Group (metamorphosed sediments and basic volcanics, ophiolitic melange); d) a 

Brasiliano magmatic arc that evolved at 930-600 Ma and shows the chemical and 

isotopic signature of juvenile crust generated in 3j\ island arc environment (Pimentel and 

Fuck, 1992). 
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Figure 1.4 - Tectono-stratigraphic domains of the Brasilia belt (after Pimentel et al, 
1996b). Areas in black represent fragments of the Golds Massif (see text) 

The understanding of the Brasilia belt is further compUcated by the existence of 

two sectors of contrasting structural orientation, situated respectively to the north and to 

the south of a major tectonic structure (the Pirineus lineament), located in Goias State 

(Marini et al, 1984). This inflection in the structural trends of the Brasilia belt (Figure 

1.4) has been recently interpreted (Pimentel et al, 1996b; Fonseca and Dardenne, 1996) 

as an indentation of the foreland to the west, against the eastward tectonic transport of 

the Brasilia belt during the Late-Proterozoic collision between Sao Francisco and 

Amazonas cratons. 

The northern section of the Brasilia belt has a complex tectonic history. 
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including the now well-established Goi^s magmatic arc (Pimentel et al, 1991; Pimentel 

and Fuck, 1992; Viana, 1995; Pimentel et al., 1996b) and fragments of Archaean and 

Early-Proterozoic terrains (Goias Massif). The latter have received contrasting 

interpretations (Fuck et al., 1994; Fuck, 1994), but are lately considered as the original 

palaeogeographic limit between the Sao Francisco Craton and the Late-Proterozoic 

sedimentary basin (Pimentel <2/., 1996b). 

The Araxa-Tapira region is located at the very south of the Brasilia belt (Figure 

1.4). The geological setting of the southern Brasilia belt is dominated by the Proterozoic 

meta-sedimentary rocks of the cratonic and external zones and by meta-sedimentary and 

meta-volcanic rocks of the internal zone of the Brasilia belt. The geographic continuity 

of the magmatism of calc-alkahne. affinity is hinted by Pimentel et al. (1996b) but has 

not as yet been positively demonstrated, which may be due to the extensive area covered 

by the Parana Basin (Figure 1.4). 

More detailed models for the structural evolution of the northern and the 

extreme southern sectors can be found in Fonseca et al. (1995) and Valeriano et al. 

(1995), respectively. 

1.2.3 T H E PHANEROZOIC BASINS 

After the final amalgamation of the South American Platform, at the transition 

from the Proterozoic to the Palaeozoic, the infilling of intra-cratonic basins (Figure 1.2: 

Parana, Amazonas, Pamaiba and - not shown - Sanfranciscana Basins) started in the 

Ordovician-Silurian (Schobbenhaus Filho et al., 1984). 

Relevant to the present study are the Parana and Sanfranciscana Basins, 

occurring respectively to the south and to the north of an important structural high (the 

Alto Paranaiba Arch). The stratigraphic record of these basins is not complete in the 

study area. The units occurring in the Minas Gerais State and, in particular, in the 

Araxa-Tapira region, are described in section 1.3.2 of this Chapter. For a complete 

account of the stratigraphic units of the Parana Basin, the reader is referred to the works 

of Schobbenhaus Filho et a/. (1984) and Zalan et al. (1990). The stratigraphy of the 

Sanfranciscana Basin is described in Seer et al. (1989) and Campos and Dardenne 

(1997a). 
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A model for the tectono-stratigraphic evolution of the Parana and Sanfranciscana 

Basins in the Alto Paranaiba region was devised by Campos and Dardenne (1997b). 

Figure 1.5 illustrates how the independent sedimentation of the Parana and 

Sanfranciscana Basin was greatly influenced by the uplift of the Alto Paranaiba Arch, 

which started in the Early Cretaceous but was particularly intense during the Late 

Cretaceous, coinciding with the emplacement of the APIP rocks. It should be noted that 
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these two periods coincide with extensive magmatic activity in Southern Brazil (see 

below). 

1.2.4 - T H E C R E T A C E O U S - E O C E N E MAGMATISM 

Voluminous magmatism occurred in Central and Southern Brazil, and in Eastern 

Paraguay, from Early Cretaceous until Eocene times. This includes the extensive Early-

Cretaceous continental flood basalts (CFB) that cover much of the Parana Basin (also 

known as the Parana CFB, of the Parana-Etendeka CFB Province) and Early-Cretaceous 

to Eocene alkaline provinces that occur around the margins of the Parana Basin (Figure 

1.6). In both cases, the magmatism has often been associated with the thermal and/or 

chemical influence of mantle-plumes impacting on the base of the underlying 

continental Hthosphere (e.g. Herz, 1977; Toyoda et al., 1994; Gibson et al, 1995a,b, 

1997a; VanDecar et al, 1995; Thompson et al, 1998). Contemporaneous CFB and 

alkaline rocks in western Africa have also been linked with plume impact (e.g. Milner et 

al, 1995b; Milner and Le Roex, 1996; Lanyon and Le Roex, 1995; Le Roex and 

Lanyon, 1998) 

The Cretaceous alkahne igneous provinces occurring at the margins of the 

Parana Basin, in Brazil and Paraguay, have received increased attention during recent 

years, in a series of geochemical, isotopic and mineralogical studies (e.g. Morbidelli et 

al, 1995b; Bizzi et al, 1995; Gibson et al, 1995a,b, 1997a; Comin-Chiaramonti and 

Gomes, 1996; Comin-Chiaramonti et al, 1997; Carlson et al, 1996; Thompson et al, 

1998). The location and age-grouping of these provinces is given in Figure 1.6. The 

geographic distribution of their emplacement ages allows the grouping of these 

provinces into three main categories: a) the northern provinces (Poxoreu, Ipora, Alto 

Paranaiba) are Upper Cretaceous; b) the southem provinces, on both the west (Eastem 

Paraguay Province) and the east (Ponta Grossa Province) have a more widely variable 

age range; Early-Cretaceous magmatism (roughly contemporaneous to the Parana CFB) 

seems to predominate but Late-Cretaceoiis alkaline rocks may also occur (e.g. in the 

Ponta Grossa province and further south, in the Lages and Piratini regions; c) the 

easternmost of the alkaline provinces (Serra do Mar) contains the youngest alkaline 

rocks, varying from Late Cretaceous to Eocene. 

10 
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The Early-Cretaceous alkaline magmatism is thought to be associated with the 

impact of the Tristan mantle plume (Gibson et al, 1997a), which is also considered to 

be responsible for the Parana Etendeka CFB and for the contemporaneous alkaline 

magmatism in western Africa (Milner et al, 1995b; Milner and Le Roex, 1996; Le 

Roex and Lanyon, 1998). The Late-Cretaceous and Eocene magmatism in the north and 

northeast margins of the Parana Basin is thought to be related to the Trindade mantle-

plume (Crough et al, 1980; Gibson et al, 1995b, 1997b; Thompson et al, 1998). 

According to this model, the Poxoreu and Alto Paranaiba provinces are associated with 

the Late-Cretaceous impact of the starting head of the plume under central Brazil, 

whereas the Cretaceous-Eocene Serra do Mar province represents the leakage of hot 

mantle to the south as the thick, eastward-moving lithosphere of the Sao Francisco 

craton passed over the plume tail. 

Gibson et al (1995a) recognised a large-scale geographic zoning in Cretaceous 

mafic potassic magmas, whereby the mafic rocks in the northem provinces (including 

the Serra do Mar province, to the east) are high-Ti ( >2.5 % Ti02), whilst in the 

southem provinces the mafic rocks are typically low-Ti (< 2.5% Ti02), regardless of age 

variation. They interpreted this and other differences in trace-element and isotopic 

signatures as the result of variations in the sub-continental lithospheric mantle (SCLM) 

sources. They also demonstrated the spatial association of "High-" and "Low-Ti" mafic 

alkaline rocks with the "High-" and "Low-Ti" geographical domains of the Parana 

Continental Flood Basalts (CFB), and established a correlation of the two types of 

provinces with mobile belts and cratonic settings, respectively. 

The Tapira alkaline-carbonatite complex, which is the main subject of this thesis 

is part of the Alto Paranaiba Igneous Province (Figure 1.6). This province will be 

described in some detail in section 1.3.3 of this chapter. For descriptions of the 

remaining provinces the reader is referred to the following literature. The location and 

field description of most individual localities of BraziUan and/or Paraguayan alkaline 

rocks and carbonatites can be found in the comprehensive compilation by Woolley 

(1987). More recent accounts are found in Gomes et al (1990); Gibson et al (1995b); 

Comin-Chiaramonti and Gomes (1996); Thompson et al (1998) 

11 
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Figure 1.6 - Location of the alkaline provinces of the margins of the Parand Basin. Open 
circles represent Early Cretaceous rocks; solid circles are Late-Cretaceous rocks (except for 
the Serra do Mar Province - Cretaceous to Eocene). Adapted from Gibson et al. (1995b). 

1.3 - R E G I O N A L G E O L O G Y 

The western part of the Minas Gerais State and, in particular, the Cretaceous 

alkaline rocks that occur in that area have long since been the subject of attention in the 

Brazilian geologic literature. The region of Araxa has been under scrutiny for its mineral 
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resources since the eighteenth century. During the 1950's the importance of the alkaline 

intrusions, containing significant deposits of phosphate and niobium, became well 

established (Barbosa et al. 1970). 

Archaean 

Cretaceous - Miocene 

Middle-Upeer 
Proterozoic 

Palaeozoic 

Brasi l ia 
Block 

Figure 1.7 - Main stages of geological evolution of the Minas Gerais State, according to Pedrosa-
Soares et al. (1994) 

Figure 1.7 presents a simplified tectonic evolution of Minas Gerais state, 

summarised by Pedrosa-Soares et al. (1994). Five major stages are recognised: 

a) during the Archaean and Lower Proterozoic the region consisted of 

four large crustal blocks (Brasilia, Vitoria, Sao Paulo and Parana) 

b) during the Middle and Upper Proterozoic, a series of erogenic belts 

and platform sedimentary covers were established. The Sao Francisco 

Craton was then consolidated, surrounded by the Ara^uai, Alto Rio 

Grande and Brasilia Late-Proterozoic fold belts 

c) The beginning of the Palaeozoic marked the establishment of the 

Parana Basin. The basin was then infilled with sediments and, later 

(Early-Cretaceous) with large volumes of flood basalt (Serra Geral 

Formation, or Parana Basalts). 

13 
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d) The uplift of the Alto Paranafba, Mogi-Gua^u and Mantiqueira regions 

took place from the Cretaceous to the Miocene. 

e) Establishment of continental basins and zones of tectonic reactivation, 

during the Neogene and Quaternary (not shown in Figure 1.7). 

The detailed geology of the Alto Paranaiba region is summarised in Figure 1.8. 

An account of the aspects relevant to the present research is given in the sections below. 

1.3.1 - L A T E - P R O T E R O Z O I C UNITS 

The main lithologic units occurring in the vicinity of the Tapira complex belong 

to the internal and external zones of the Brasilia belt (Fuck, 1994; Fuck et al, 1994). 

The internal zone is represented by the granite-gnaisses and the meta-

sedimentary/meta-volcanic sequences of the Araxa Group. The former have 

geochemical affinity with syn-collisional granites and are extensively mylonitised, 

having been, in many instances, transformed in feldspathic micaceous mylonites (H. J. 

Seer, personal communication). This has traditionally misled previous investigators, 

who mapped many of these rocks as meta-sediments, but the work in progress by Seer 

suggests that significant portions of the Araxa schists may be of mylonitic origin. 

Similar, strongly mylonitised syn-kinematic granites have been reported by Brod et al 

(1991) for the region of Coromandel, further to the north. Genuine meta-sedimentary 

rocks of the Araxa Group comprise quartz-mica-schists (occasionally containing one or 

more of the minerals garnet, staurolite and kyanite) and subordinated quartzites. Coarse-

to fine-grained amphibolites, representing the Proterozoic ocean crust, also occur. 

The external zone is represented in the area by the Canastra and Ibia Groups. 

The Canastra Group is composed of locally carbonaceous schists, phyllites and 

quartzites, metamorphosed in the greenschist facies. In contrast with Araxa Group, the 

Canastra quartzites are volumetrically significant components of the meta-sedimentary 

succession, and exert an important control on the regional landscape, including the 

dome-shaped structure resulting of the intrusion of the Tapira complex (Figure 1.9). The 

Ibia Group consists of green-coloured carbonate-quartz-chlorite phyllites of greenschist 

metamorphic grade. 

14 
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The rocks of the internal zone of the Brasilia belt are thrust over those of the 
external zone (Figure 1.8) and these, in turn, are thrust over the rocks of the cratonic 
zone of the Brasilia belt, consistent with the overall eastward tectonic transport (i.e. 
towards the Sao Francisco Craton) observed elsewhere. 

1.3.2 - P A L A E O Z O I C TO C R E T A C E O U S UNITS 

These rocks are associated to the infilling of the Parana and Sanfranciscana 

Basin, respectively, to the NE and to the SW of the Alto Paranaiba Arch. The 

Phanerozoic units present in Minas Gerais State were summarised by Pedrosa-Soares et 

al (1994) and are briefly described below. 

Parand Basin 

Because the studied area is located at the very margin of the Parana Basin, the 

stratigraphic record is rather incomplete, with only a few units represented. 

The eariiest sedimentary record of the Palaeozoic in Minas Gerais State is the 

Pouso Alegre Formation (Cambrian-Ordovician), composed of sandstones, arkoses, 

polymitic conglomerates, siltites, argilites and marls. These rocks show low-grade 

metamorphism and have been interpreted as either the base unit of the Parana Basin or, 

alternatively, as molassic deposits associated with the end of the Brasiliano tectonic 

cycle (Pedrosa-Soares et al, 1994). 

The next depositional event in the area occurred during the Carboniferous-

Permian, represented by the fluvial-glacial conglomerates, sandstones, siltstones and 

shales of the Aquidauana Formation (Tubarao Group). 

During the Jurassic/Early Cretaceous the Sao Bento Group was deposited, 

comprising aeoHan sandstones of the Botucatu Formation and the flood basalts (plus 

acidic volcanics) of the Serra Geral Formation. The basalts generally overlie, but are 

occasionally intercalated with, the aeolian sandstones. The Serra Geral Formation 

(Parana CFB) correlates with the Etendeka Group of Northwestern Namibia (e.g. Milner 

et al, 1995a), and the two units have often been collectively designated as the Parana-

Etendeka CFB province. This is a large igneous province, similar in volume/area to 

other world-wide CFB provinces (e.g. Karoo, Deccan, Columbia River, Siberia). High 

16 
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Figure L9 - Landsat (TM) image showing the 
dome structure surrounding the Tapira Complex 
(compare regional structure of the rocks of the 
Brasilia Belt, to the north). The area of the 
phosphate mine is also clearly visible in the 
northem portion of the complex. 

Sal i t re 
Figure LIO - Landsat (TM) image showing the 
Serra Negra and Salitre carbonatite complexes. 
The dome structure is well defined around the 
Serra Negra complex, to the north, and less 
visible in Salitre, to the south. 

17 
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precision "^^Ar-^^Ar dating by Turner et al. (1994) indicate that the main eruptive phase 

of the Parana CFB occurred between 138 and 131 Ma. 

The Bauru Group (a continental, terrigenous succession with subordinate 

carbonates) unconformably overlies the Serra Geral Formation. It was deposited in fan 

systems and lakes under a semi-arid regime. The basal unit of the Bauru Group 

(Uberaba Formation) is considered contemporaneous with the extensive Late-

Cretaceous alkaUne magmatism of the APIP (Pedrosa-Soares et al, 1994). 

By the end of the Late Cretaceous a period of relative stability was achieved in 

the region, until neotectonic reactivations of the Middle Miocene started shaping the 

present landscape in the area 

Sanfranciscana Basin 

The earliest sediments recorded from the Sanfranciscana Basin in Minas Gerais 

State are the Permian-Carboniferous glacial (tillites, diamictites, sandstones and shales) 

deposits of the Santa Fe Group, which can be correlated with the glaciation centred in 

the southeast portion of the Parana Basin (Pedrosa-Soares et al., 1994). 

During the Cretaceous, the Sanfranciscana Basin became isolated from the 

Parana Basin by the uplift of the Alto Paranaiba region. The Early Cretaceous is marked 

by the deposition of the Areado Group (conglomerates, siltstones, shales and 

sandstones) in a semi-arid environment. The shape of the depositional basin was 

controlled by NNE-trending faults (Seer et al., 1989). 

The Late Cretaceous witnessed the principal phase of uplift in the Alto 

Paranaiba, with accompanying extensive alkaline magmatism in the Sanfranciscana 

Basin. This is expressed by the alkahne-ultramafic volcanic rocks (flows, breccias, tuffs 

and small intrusions) of the basal unit of the Mata da Corda Group (Patos Formation). 

The volcanic rocks were spatially associated with, and are covered by sandstones and 

subordinate conglomerates (Capacete Formation) deposited in fan systems adjacent to 

the volcanic edifices (Seer et al., 1989). During the Late Cretaceous the well-sorted 

sandstones, with subordinate conglomerates, siltstones and shales of the Urucuia Group 

were deposited in a fluvial environment, with some aeolian contribution. The Urucuia 

Group is considered to be partly synchronous with the Capacete Formation of the Mata 
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da Corda Group (Campos and Dardenne, 1997a). 

1.3.3 - L A T E C R E T A C E O U S A L K A L I N E MAGMATISM 

During the Late Cretaceous the western Minas Gerais and the adjacent portion of 

southern Goias State were the site of emplacement of a large number of mafic to 

ultramafic, ultrapotassic alkaline rocks, collectively known as the Alto Paranaiba 

Igneous Province (APIP: Almeida, 1983; Gibson et al., 1995b). This intense magmatic 

activity is represented by various types of intrusive (dykes, pipes, vents, diatremes, 

plutonic complexes) and extrusive (lavas and pyroclastics) bodies. The work by Gibson 

et al. (1995b) demonstrated that the magma types occurring in the APIP include 

kimberlites, madupitic olivine lamproites and kamafugites, in addition to large intrusive 

complexes composed of ultramafic plutonic rocks (mainly dunites and alkali-

pyroxenites), phlogopite-picrite dykes (previously described as lamprophyres) and 

carbonatites. They have also shown that the province was emplaced in a narrow interval 

of time, between 80 and 90 Ma, despite a much wider span registered in the literature 

(e.g. Ulbrich and Gomes, 1981; Sonoki and Garda, 1988; Bizzi et al., 1993, 1994). 

Rocks of kamafugitic affiliation are by far the most abundant in the province. Madupitic 

olivine lamproites are restricted to the NW portion of the APIP, including the 

occurrences at Bocaina, Corrego do Couro, Morro Alto, Mata do Len90 (Gibson et al., 

1995b). Pipes of diamondiferous (Gonzaga and Tompkins, 1991) kimberhtes, 

containing xenohths of garnet Iherzolite (Leonardos et al., 1993; Carvalho and 

Leonardos, 1995) occur at the locaUty of Tres Ranches (Goias State), in the north of the 

province. 

The ultrapotassic magmatism in the APIP took place mainly along the Alto 

Paranaiba Arch, a NW-SE trending structure which separates the Parana and 

Sanfranciscana Basins. This structure is well marked by magnetic anomalies, interpreted 

by Bosum (1973) as the result of mafic dyke swarms emplaced along a N50°W 

direction. Some of the dipole anomalies observed in aeromagnetometry maps coincide 

with the intrusive alkaline bodies, whilst numerous others may represent unexposed 

intrusions. Two phases of uplift of the Alto Paranaiba Arch have been recognised 

(Campos and Dardenne, 1997b) and are present in the sedimentary record of the region 
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(Figure 1.5). The first phase of upUft was less intense, and Early-Cretaceous in age 

(therefore contemporaneous with the formation of the Parana flood basalts). The main 

phase of uphft occurred in the Late Cretaceous, and is associated with the alkaline 

magmatism of the Alto Paranafba Igneous Province. 

The alkaline magmatism is well represented in the stratigraphic record of the 

Sanfranciscana Basin, where extensive areas were covered by the Mata da Corda Group. 

The chemical and mineralogical ,similarities of these volcanic rocks to kamafugites is 

now firmly established (Seer and Moraes, 1988; Seer et al., 1989; Sgarbi and Valen^a, 

1993, 1994; Sgarbi and Caspar, 1995; Gibson et at., 1995a). K-Ar dating of phlogopite 

separates from the Patos de Minas-Carmo do Paranafba region yielded an age of 83.6 ± 

1.4 Ma. (Gibson fl/., 1995a). 

Lavas and tuff horizons of the Mata da Corda Group commonly contain 

xenoliths of plutonic rocks such as dunite, pyroxenite, melilitite and syenite. This rock 

association is also common in the carbonatite complexes of APIP, and Seer and Moraes 

(1988) suggested that large amounts of these xenohths in the volcanic breccias may 

indicate the presence of intrusive carbonatite-bearing complexes, at depth. Furthermore, 

their petrographic description of the pyroxenite xenoliths (clinopyroxenites containing 

calcic augite, phlogopite, perovskite, apatite, rrielanite opaque minerals and occasionally 

Ba-rich feldspar) closely resembles the pyroxenites (bebedourites) of the Tapira 

complex, described in this thesis (see Chapter 11). Combined with the occurrence of 

phlogopite-picrites dykes (Gibson et al., 1995b), which are also abundant in Tapira and 

other carbonatite complexes of the APIP, and with the obvious provinciality/temporal 

association, this suggests a strong link between the kamafugitic rocks of the Mata da 

Corda and the APIP carbonatites. This point will be further investigated in detail in the 

subsequent Chapters of this thesis. 

Carbonatite complexes occur in several of the alkaline igneous provinces 

surrounding the Parana Basin and reviews of the Brazilian carbonatites can be found in 

Berbert (1984), Gomes et al. (1990) and Morbidelh al. (1995b). In the APIP, a 

number of relatively large (up to 65 km ), intrusive, carbonatite-bearing ultramafic 

complexes are found. These occurrences comprise the complexes of Catalao I and 

Catalao n in the southern Goias State, and Serra Negra, Salitre I , Salitre n, Araxa and 

Tapira in western Minas Gerais State. The complexes intrude Late-Proterozoic 
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metamorphic rocks of the internal and external domains of the Brasflia Mobile belt, 

which are conspicuously deformed into dome structures (Figures 1.9 and 1.10). 

The tropical weathering regime prevailing in the region, and the inward drainage 

patterns developed from the weathering-resistant quartzite margins of dome structures 

(e.g. Mariano and Marchetto, 1991; Danni et al, 1991) resulted in the development of 

an extremely thick soil cover in most of the complexes. Surface outcrops are very rare 

and the best samples for geochemical studies are restricted to drill cores. 

The Tapira complex is described in section 1.3.4. A brief description of the other 

carbonatite-bearing complexes in the APIP is given below. 

Cataldo I (IS^'OS 'S; 4r 48 'W) and Cataldo II (18''02 'S; 47^52 'W) 

The intrusions of Catalao I and n are the northernmost known carbonatite 

occurrences in the APIP. 

Catalao I , situated approximately 20 km to the NE of the city of Catalao is the 

largest (27 km ) and best known of the two complexes (e.g. Danni et al, 1991; Caspar 

and Araujo, 1995; Caspar et al, 1994; Araujo, 1996). This is a roughly circular-shaped 

(ca. 6.0 km in the N-S direction and 5.5 km in the E-W direction) multi-stage intrusion 

that domed the Late-Proterozoic schists and quartzites of the Araxa Group. The age of 

the Catalao I complex has been determined as 85 ± 6.9 Ma. (recalculation by Sonoki 

and Garda, 1988 of a K/Ar age by Hasui and Cordani, 1968). The rock-types occurring 

in the complex are mainly dunites, clinopyroxenites, carbonatites and metasomatic 

foscorites. Carbonatite occurs as a central massive sovite body, as well as widespread 

dykes and veins, whilst the ultramafic and metasomatic rocks dominate in the more 

external portions of the complex. Gibson et al (1995b) reported the occurrence of 

phlogopite-picrite dykes up to 5 m thick from drill cores of Catalao I . 

Brecciation and fenitisation of the county rock are conspicuous, resulting in the 

formation of orthoclase, aegirine and riebeckite in the fenitised quartzites. Danni et al 

(1991) described the occurrence of aegirine-bearing nepheline syenites in the southem 

and western borders of the complex, but pointed out that these rocks appear to grade to 

the fenites. A metasomatic origin for these syenites have also been previously suggested 

by Carvalho (1974) and Carvalho and Bressan (1981). Feldspathoids are not present in 
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the modal composition reported by Danni et al. (1991) for any of the other rock-types. 

The predominance of foseorites over the other rock-types testifies to the particularly 

intense hydrothermal processes that affected this complex. The occurrence of priderite, 

with compositions similar to those occurring in lamproites and kimberhtes, has been 

reported in association with the late stage alteration of the ultramafic rocks by 

interaction with the carbonatite magma (Caspar et al., 1994). 

Important deposits of phosphate, niobium, rare-earths, titanium and vermiculite 

are present in Catalao I (Carvalho and Bressan, 1981; Gierth and Baecker, 1986) and the 

complex is currently mined for apatite and pyrochlore. 

The complex of Catalao n is intrusive in the meta-sedimentary rocks of the 

Araxa Group, forming a small (18 km^) topographic high. The shape of the complex is 

irregular; elongated in the NE-SW direction and with sinuous east and west margins that 

reflect the existence of independent intrusions. Machado Junior (1992a) described the 

rock-types present in the Catalao U complex, as follows: a) pyroxenites are composed of 

augite, biotite, apatite, magnetite, zircon and accessory amphibole, K-feldspar, sphene 

and calcite. Felsic rock-types comprise quartz-and alkali feldspar-syenite, locally 

grading to more melanocratic varieties (up to 30% mafic minerals, mainly sodic 

pyroxenes, amphibole and mica); c) carbonatites include petrographic varieties of 

sovites, silicocarbonatites and beforsites; d) lamprophyre occurs as thin dykes with 

olivine phenocrysts set in a phlogopite-carbonate groundmass; d) foscorites are a 

product of metasomatic alteration of the ultramafic rocks. 

Interestingly, the syenites described by Machado Junior (1992a) seem to be 

either silica-saturated (alkali feldspar syenites lacking both quartz and nepheline) or 

silica-oversaturated (quartz syenites). This contrasts with syenites from Tapira and 

Salitre, studied during the present research (see section 1.3.4 below). His description of 

lamprophyres closely resemble the phlogopite-picrites that are common in other 

complexes. Machado Junior (1992b) obtained a Rb-Sr age of 83.4 ± 0.9 Ma for Catalao 

n. 

Serra Negra (IS^'SS'S; 46''50'W) 

The Serra Negra complex, located to the east of the city of Patrocmio, is the 
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largest of the carbonatite-bearing complexes of APIP. Amaral et al. (1967) obtained 

ages of 83.7 and 83.4 Ma in.biotite from peridotite. The intrusion was forcibly emplaced 

in the quartzites of the Canastra Group, generating the best example of intrusion-related 

doming among the APIP complexes (Figure 1.10). 

According to Mariano and Marchetto (1991), the complex is composed of a 

central core of sovite (estimated to be ca. 4.5 km in diameter), often containing apatite 

in excess of 20% and up to 5 % dolomite, with accessory phlogopite, magnetite, humite, 

rutile, pyrochlore, baddeleyite, pyrrhothite and pyrite. This central carbonatite is 

surrounded by a zone of pyroxenite (bebedourite) essentially composed of salite, 

phlogopite, magnetite, perovskite, apatite, calcite and minor ilmenite. Dunites and 

peridotites occur near the northern and northwestern margin of the complex. The 

bebedourite series is layered, and modal variations are common, with zones of 

concentration of apatite or magnetite-perovskite. These are interpreted as facies 

variations of the bebedourites by Mariano and Marchetto (1991), although they also 

point out that these ore bodies vary from concordant to dyke-like. Similar features were 

found during the present research in the Tapira complex (see below) and are interpreted 

here as indicative of the remobilisation of crystal-mush aggregates, during the 

emplacement of partially-crystallised cumulate sequences. 

Another striking feature of the Serra Negra dome is that the only contact effect 

observed is the silicification of the country rock. Mariano and Marchetto (1991) 

emphasise that, despite careful examination of the country rock, no fenites or even 

indications of alkali metasomatism are observed. Phlogopite-picrite dykes are reported 

by Gibson et al. (1995b), cutting the dunites of the northern margin of the complex. 

Salitre I and II (79^05 'S; 46''47'W) 

The complexes of Salitre I and Salitre n occur immediately to the south of the 

Serra Negra complex, and these three bodies are considered to form a system of 

coalescing intrusions (Mariano and Marchetto, 1991). Salitre I has a distorted oval 

shape, with approximate dimensions of 7 km in the N-S direction and 5 km in the E-W 

direction. Salitre n is a small (2.5 km ) plug located between the Salitre I and Serra 

Negra complexes. The topographic expression of the Salitre I and n complexes is 
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somewhat less distinctive than that of Serra Negra. K/Ar dating of biotite in bebedourite 

yielded an age of 86.3 ± 5.7 Ma. (recalculated by Sonoki and Garda, 1988, from Hasui 

and Cordani, 1968). The Serra do Salitre (Salitre Mountains) is the type area for 

bebedourite, as defined by Troger (1928, see also Chapter n in this thesis). 

The petrographic types present in the complex have been described by Mariano 

and Marchetto (1991) and Morbidelh et al. (1995a). Salitre I is composed dominantly of 

pyroxenites (bebedourites) and feldspathic rocks (tinguaite, trachyte, fenite). A small 

plug of apatite-rich carbonatite occurs in the northern portion of the complex. As 

observed for Serra Negra, substantial modal variations are present in the ultramafic 

rocks, including olivine-, perovskite- and apatite-rich facies, in addition to the typical 

bebedourites. Other mineral phases present in the bebedourites are phlogopite, opaque 

minerals, melanite and sphene. The carbonatite is a sovite with variable amounts of 

apatite and opaque minerals, plus accessory dolomite and phlogopite. Morbidelli et al. 

(1995a) also report the presence of accessory ohvine and zircon in the Salitre I 

carbonatite. Foscorites result from carbonatitic metasomatism of the ultramafic rocks. 

According to Mariano and Marchetto (1991) and Haggerty and Mariano (1983), a 

significant part of the feldspathic rocks occurring in the southern portion of Salitre I , 

previously interpreted as trachytes and phonolites, are in fact aegirine-nepheline-

sanidine rheomorphic fenites. They distinguish the truly magmatic syenitic rocks from 

the fenites on the basis of the absence of magnetite and presence of sodic plagioclase, 

dalyite (K2ZrSi60i5) and strontian loparite in the latter. 

Salitre n is composed mainly of ultramafic rock-types (dunites, perovskitites, 

clinopyroxenites, locally crosscut by carbonatites dykes and veins. 

Araxd-(19''38'S;46''56'W) 

The Araxa (also known as Barreiro) complex is a relatively small (diameter of 

4.5 km) intrusion, situated approximately 6 km south of the City of Araxa, in Minas 

Gerais State. Available K-Ar age determinations (Sonoki and Garda, 1988) vary from 

77 to 97 Ma. 

The complex penetrates schists and quartzites of the Araxa Group which, in the 

same fashion as the other APIP complexes, are deformed into a dome structure. The 
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complex has a particularly wide fenitisation aureole that reached up to 2.5 km from the 

contact, and resulted in the formation of arfvedsonite, calcite, alkali feldspar, sodic 

pyroxene and apatite in the quartzites, especially along fractures (Issa Filho et al., 1984). 

As observed in Catalao I , the metasomatic rocks (foscorites, glimmerites) are 

volumetrically substantial in the Barreiro complex, but preserved remnants of the 

original ultramafic plutonic rocks are extremely scarce in the latter. One main 

carbonatite plug and a series of other small carbonatite intrusions occur in the 

carbonatite/foscorite core of the complex. A glimmerite zone occurs between this core 

and the fenitised country rock. 

Unlike other carbonatite complexes in the APIP, in Araxa the predominant 

carbonatite type is dolomitic (beforsite), and typical sovites occur only in the NW 

portion of the complex (Silva, 1986). The complex has great economic importance 

(Grossi Sad and Torres, 1976; Silva, 1986), since it hosts the world's largest known 

niobium (bariopyrochlore) reserve. In addition to Nb, the Barreiro complex is also 

currently mined for phosphate and contains ore-grade reserves of uranium and rare-

earths. Within APIP, the Araxa complex can be considered as an extreme example, with 

regard to the predominance of dolomitic carbonatites and to the intensity of the 

metasomatic alteration of the ultramafic rocks. 

1.3.4 - G E O L O G Y O F T H E TAPIRA COMPLEX 

The Tapira complex is the main subject of this research. It is the southernmost 

(19°53'S; 46°50'W) carbonatite-bearing complex in the APIP, located approximately 30 

km southeast of the city of Araxa, Minas Gerais State. K-Ar dating of mica yielded ages 

of 85.6 and 87.2 Ma. (recalculation by Sonoki and Garda, 1988, of unpublished 

determinations by C. B. Gomes). 

The complex is roughly elliptical, 35 km^ in area, and consists dominantly of 

alkaline pyroxenite (bebedourite), with subordinate carbonatite, serpentinite (dunite), 

glimmerite, syenite, melilitic rock (uncompahgrite) and ultramafic potassic dykes. 

Economic concentrations of titanium, phosphate, niobium, rare-earths and vermiculite 

are associated with the weathering cover. The complex is currently being mined for 

phosphate (Figure 1.9). 
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The country rocks are Proterozoic phyllites and quartzites of the Canastra Group, 

which have been deformed into a dome structure (Figures 1.9, I . l l , 1.12), as well as 

fenitised and thermally affected, during the intrusion of the complex. The thermal and 

metasomatic effects, however, appear to be restricted to the quartzites in the immediate 

vicinity (few hundreds of metres) of the contact with the intrusion. In the country rocks 

closest to the contact, the interaction with metasomatic fluids resulted in the formation 

of sodic pyroxene and several generations of feldspars (Chapter 11). The pyroxene 

disappears away from the contact but feldspathisation may persist (Figure 1.13). This 

quartz-feldspathic fenite is easily altered under tropical weathering and rarely crops out, 

making it difficult to estimate the real extent of the fenite aureole. Locally the quartzite 

may develop columnar jointing due to the thermal effect of the intrusion (Figure 1.14) 

As is the rule with APIP carbonatite complexes, outcrops of Tapira alkaline 

rocks are rare. Some exposures are occasionally revealed by the progress of the mining 

activities and, in rare occurrences, poorly preserved rocks crop out in streams. Fresh 

samples are virtually restricted to drill core material. 

A schematic representation of the rock distribution in the complex is presented 

in Figure 1.15. Because most of the information was obtained from short segments 

(generally a few metres) of fresh rock at the bottom of drill cores, the observation of the 

spatial relationships between the different units is severely limited. Therefore, Figure 

1.15 is not intended as a geological map of the complex, but as a sketch to support the 

discussion of various aspects that will be developed in the remainder of this thesis. All 

the limits in the sketch are approximate, and the areas shown represent the 

predominance of a given rock type as deduced from the drill cores, rather than implying 

laterally or vertically continuous "stratigraphic" units. 

Silicate Plutonic Series 

In this thesis the coarse-grained silicate rocks (dunites, wehrlites, bebedourites 

and syenites) are referred to collectively as the Silicate Plutonic Series (SPS). The 

ultramafic rocks consist dominantly of bebedourite, subdivided into the B l and B2 units 

(Figure 1.15) on the basis of their spatial distribution and petrographic/compositional 

characteristics (see Chapter 11). Because of their restricted occurrence dunites, wehrlites 
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Figure 1. 11 - Sub-horizontal attitude of 
quartzites of the Canastra Group, away 
from the Tapira Complex. 

Figure 1.12 - Quartzites of the Canastra 
Group in the vicinity of the Tapira 
Complex. Note the sub-\>ertical character 
of the foliation, as a result of the 
deformation caused by the intrusion. 

Figure 1.13 - Fenitised quartzite of the 
Canastra Group. Note the lighter-
coloured, subhedral porphyroblasts of 
feldspar weathering out. 

Figure 1.14 - Block of quartzite of the 
Canastra Group showing columnar 

jointing caused by the thermal effect of the 
intrusion. 
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and modal variations in the proportions of perovskite, magnetite and/or apatite are not 

distinguished from the associated B l and B2 bebedourites in Figure 1.15. 

C-4 

Figure 1.15 - Geological sketch of the Tapira complex. Units represented are 
Bebedourites (Bl, B2), Carbonatites (CI to C5), Syenite and Syenite-carbonatite 
breccia (S). Drill core information in the southern portion of the complex is scarce. No 
drill-core information available in the white areas. (*) C5 rocks also occur as 
scattered dykes and veins throughout the complex. 

Ultramafic rocks - Alkaline pyroxenites (bebedourites) comprise most of the ultramafic 

rocks. They vary from fine to coarse grained (locally pegmatitic), and consist mainly of 

diopsidic pyroxene with variable amounts of phlogopite, perovskite, apatite, magnetite, 

melanite and sphene. Strongly oriented fabric is relatively common (Figure 1.16). As 

observed in other carbonatite complexes of the APIP, modal variations in the essential 
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Figure 1.16 - Block of bebedourite in the 
Tapira mine area. The pencil shows the 
direction of the strongly oriented fabric, 
suggesting movement of a partially 
crystallised crystal mush. 

Figure I. 17 - Magmatic layering in 
bebedourite. Outcrop in the Tapira mining 
area. Note the alternating phlogopite-rich 
and the relatively coarser grainsize of the 
phlogopite-rich rock. The recurrence of 
these phlogopite-rich layers indicates that 
the system was periodically enriched in 
volatiles. Their coarser grainsize is 
consistent with crystallisation in a more 
volatile-rich environment. 

Figure I. 18 - Segment of drill core 
showing a syenite-carbonatite breccia. 
The carbonatite intrudes the syenite, 
percolating along the fractures and 
causing the appearance of thin reaction 
rims (black) of phlogopite. 

Figure I. 19 - Syenite intrusion, in the 
Tapira mine area. The rock is completely 
altered, but the contours of the intrusion 
(lighter patch in the bottom-centre of the 
mine wall) are still visible. 
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mineral phases can produce facies rich in olivine (dunites, wehrlites), perovskite-

magnetite or apatite. Whilst this is primarily the result of magmatic layering (Figure 

1.17), some of the apatite- or perovskite-magnetite-rich rocks may occur as discordant 

bodies cutting the igneous layering or even penetrating the country rock. Such features 

suggest the remobilisation of pockets of partially consolidated crystal-mush and, in 

conjunction with the scarcity of fenitisation effects, may indicate that the intrusion was 

partially consolidated during emplacement. Plutonic melilitic rocks (uncompahgrites) 

have been described from the northeastern border of the complex (Guimaraes et al., 

1980). These are very coarse grained (crystals up to 3.5 cm) and consist mainly of 

melilite-group minerals (60%) with subordinate phlogopite, apatite, titanomagnetite, 

diopside, perovskite, and wollastonite. 

The ultramafic rocks are intruded by syenites, carbonatites, and ultramafic 

dykes. Where intruded by carbonatites, the pyroxenites and dunites have been locally 

converted to metasomatic phlogopitites. These are the equivalent of the metasomatic 

foscorites and glimmerites described in the literature for other complexes of the APIP 

(see previous sections in this Chapter). 

Syenites -These occur as fragments in carbonatite-syenite breccias (Figure 1.18), but 

also as independent intrusions (Figure I . 19) They are essentially composed of K-

feldspar plus phlogopite and/or aegirinic pyroxene, with accessory zircon and sphene. 

The petrographic (Chapter 11) and chemical (Chapter IV) characteristics of these rocks 

indicate an ultrapotassic affinity, consistent with the ultrapotassic character of other 

rock-types in Tapira and in the Alto Paranaiba Province. 

Carbonatites 

A number of carbonatite bodies intrude the SPS. rocks. The carbonatites were 

sub-divided into five units (CI to C5), according to their location and petrographic or 

compositional characteristics (Figure 1.15). The intrusions vary from massive 

carbonatite plugs through dykes to small veinlets. The silicate rocks intruded by 

carbonatite are often brecciated (Figure 1.18, Figure 1.20) and metasomatised to a 

variable extent. 
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The intrusion of carbonatites into ultramafic rocks often results in the 

development of a magnetite-phlogopite-dolomite fenite. The best examples of this 

"reaction rock" are found in drill cores from the contact of CI carbonatite with the 

bebedourites and wehrlites of the B l unit (Figure 1.15). 

Brecciation of SPS rocks by the intrusive carbonatite is also a common feature. 

In the northwest portion of the complex, C2 carbonatites intrude both the B l 

bebedourites and the syenites. In the area marked "S" in Figure 1.15, carbonatites 

percolate fractures in the syenitic rock to form monomitic breccias (Figure 1.18), 

indicating intrusion by a magmatic stoping process. The detached angular fragments of 

syenite are usually surrounded by phlogopite-rich reaction rims. In the Tapira mine area, 

a more explosive style of carbonatite intrusion resulted in the local development of 

diatreme-facies polymitic breccias, containing angular blocks of several petrographic 

varieties of SPS rocks, in addition to less frequent xenolithic fragments of county rock. 

The blocks are variable in size and may exceptionally reach up to metric dimension. The 

matrix of these breccias may contain lapilli-sized fragments of the same rocks, but is 

mainly composed of fractured crystals in a carbonate-rich groundmass. The matrix 

varies locally to carbonatite (e.g. Figure 1.20), suggesting that the breccias may have 

been periodically invaded by new carbonatitic material. 

Three compositional types of carbonatite have been recognised in the complex: 

(1) Sovites (CI, C3, C4) are typically medium to fine grained and essentially composed 

of calcite and phlogopite, with accessory amounts of clinopyroxene, amphibole, opaque 

minerals, apatite, pyrochlore, magnetite and pyrite. Veinlets of pyrite-phlogopite and 

dolomite-ankerite commonly cut the sovite. 

(2) Dolomite sovites (CI, C2) occur as massive bodies and dykes cutting pyroxenites, 

earlier sovites and syenites. Rocks of the C2 unit show a close spatial association with 

syenites, in the northwest portion of the complex, but also occur as dykes and breccias 

elsewhere. The dominant rock-type is medium to fine grained, occasionally developing 

a porphyritic texture given by 2 to 3 mm calcite phenocrysts in a calcite-dolomite 

groundmass. Both the phenocrysts and the groundmass often display flow structure. 

Common accessory phases are phlogopite, pyrochlore and rare barite. 

(3) Beforsites (C5) occur as scattered late-stage dykes and veinlets. These rocks are fine 

grained, commonly banded and sometimes show flow textures. Common accessories 

31 



Figure 1.20 - Outcrop in the Tapira 
mine area. Polymitic breccia formed 
mainly angularfragments of SPS rocks 
in a carbonatite matrix. 

Figure 1.21 - Altered ultramafic 
dyke of the Tapira complex intruding 
schist of the Canastra Group. Note 
the centimetre-thick chilled margin 
of greenish-yellow colour, 
contrasting with the red-coloured 
internalportion of the dyke. 

Figure 1.22 - Fresh phlogopite 
picrite dyke intruding granitic rock, 

^^near the city of Araxd. Note the 
'^^^chilled margins (darker colour) on 

^both sides. This extremely well 
ppreser\>ed dyke was sheltered from 

weathering by the more resistant 
^Skcountry rock (photograph by H.J. 
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comprise phlogopite, magnetite/ilmenite, apatite and pyrite. On the basis of drill core 

information, the C5 area in Figure 1.15 may represent larger or more abundant dykes, 

but it should be stressed that C5 rocks occur in several other locations in the complex. 

Ultramafic dykes 

The plutonic rocks of the Tapira complex are crosscut by numerous thin 

ultramafic dykes. The dykes are usually a few centimetres or tens of centimetres thick, 

rarely reaching more than one metre. These rocks have been divided, on the basis of 

their chemical and mineralogical composition, into phlogopite-picrites and low-Cr 

dykes (see Chapters n and IV). Phlogopite-picrites consist of olivine phenocrysts set in 

a carbonate- and phlogopite-rich grouridmass and often show evidence of flow-

differentiation, with the olivine phenocrysts concentrated towards the centre of the dyke. 

Low-Cr dykes are very fine grained, with rare phenocrysts of phlogopite, clinopyroxene 

and/or apatite. Although both types of dykes are mostly restricted to the interior of the 

complex, they occasionally occur in the country rock, both in the vicinity and away from 

the complex. In this case the dykes are often completely altered (Figure 21) or, in 

extremely rare examples, fresh (Figure 22). Chilled margins (Figure 21, Figure 22) are a 

commonly observed feature in ultramafic dykes occurring outside the complex. ' 

1.4 - SUMMARY 

• Three main geotectonic domains can be recognised in central and southeastern 

Brazil: a) Archaean cratons; b) Proterozoic mobile belts; c) Phanerozoic 

sedimentary and volcanic cover. In the study area, these comprise, respectively,^the 

Sao Francisco Craton, the Brasilia mobile belt and the Parana and Sanfranciscana 

Basins. 

• Two major episodes of magmatic activity occurred during the Cretaceous. The Early 

Cretaceous magmatism comprise a) the Parana continental flood basalts (CFB); and 

b) alkaline igneous provinces emplaced at the margins of the Parana Basin. A 

second episode of intense magmatic activity, during the Late Cretaceous, produced 

the ultrapotassic rocks of the Alto Paranaiba Igneous Province (APIP), along with 

other alkaline igneous provinces, at the northern margins of the Parana Basin. 
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The APIP magmas were emplaced in metamorphic rocks of the Brasilia belt, near 

the southwest margin of the Sao Francisco Craton. The alkaline rocks comprise 

kamafugites, lamproites, kimberlites and the carbonatite complexes of Araxa, 

Tapira, Serra Negra, Salitre (I and II) and Catalao (I and 11). 

The Tapira complex is a composite intrusion, containing ultramafic plutonic rocks, 

with less abundant syenites, carbonatites and ultrapotassic ultramafic dykes. 
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I L l - INTRODUCTION 

This Chapter is concerned with the petrographic description of the studied 

silicate rocks and carbonatites, with emphasis on the rock suites from the Tapira 

complex. The information contained in it is primarily derived from samples collected by 

the author from drill cores and outcrops in the Tapira and Salitre complexes. However, 

in order to investigate possible correlations within the APIP, I was granted access to the 

personal collections of Prof. R. N. Thompson, Dr. S. A. Gibson, Prof, J. C. Caspar, H. J. 

Seer, L. C. Moraes and I . G. Guimaraes, for which I am deeply grateful. The 

complementary information obtained from the study of these additional samples was 

invaluable in the interpretation of some of the petrographic features described below. 

As a first approach to the description of Tapira rock-types, the most obvious 

distinction is between rocks composed predominantly of silicate minerals (the Silicate 

Plutonic Series - SPS) and those composed essentially of carbonate (carbonatites). Fine­

grained ultramafic dykes and rocks of apparently metasomatic origin are considered as 

separate units throughout this thesis, and described independently. As set out in Chapter 

I , the rocks of the Tapira complex may be arranged into different "lithostratigraphic" 

units on the basis of their location, composition and, less often, of the mutual 
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relationships observed in drill cores. Accordingly, the SPS is subdivided into the B l and 

B2 units and syenites; the carbonatites are subdivided into five groups (CI to C5 units) 

and the dyke rocks are subdivided into phlogopite-picrites and low-Cr dykes. 

11.2 - C R I T E R I A FOR R O C K CLASSIFICATION AND NOMENCLATURE 

Because of their peculiar mineralogy, many of the Tapira rocks are difficult to fit 

into the commonly accepted criteria for the classification of magmatic rocks (e.g. Le 

Maitre et al, 1989). One major reason for this is that many minerals which are not 

commonly considered in classification schemes (e.g. apatite, perovskite, phlogopite, 

magnetite, garnet) may be essential components of Tapira rocks. In particular, the 

ultramafic portion of the SPS and the dyke rocks pose severe difficulties to the 

application of established rock-classification systems. 

The classification criteria used in this thesis will be discussed in the following 

paragraphs. It must be stressed that this Chapter is concerned with the petrographic 

. classification alone. A chemical classification of Tapira rocks will be discussed in 

Chapter FV. 

Classification of SPS rocks 

The ultramafic portion of the SPS consists predominantly of cumulates (see 

below) with variable modal proportions of the essential minerals olivine, clinopyroxene, 

phlogopite, apatite, perovskite, chromite and magnetite. The classification of these rocks 

in a simphfied framework (i.e. taking into account only the proportions of olivine and 

clinopyroxene) results in a progression from dunite through wehrlite to clinopyroxenite. 

However, in many samples the sum of modal apatite, perovskite and phlogopite exceeds 

that of olivine and clinopyroxene. In these cases, such classification is clearly 

inadequate to describe the composition, facies variations and the strongly alkahne 

character of Tapira rocks. 

A slightly more accurate approximation would be achieved by adding the prefix 

alkali (e.g. alkali pyroxenite), as suggested by Le Maitre et al. (1989). However, their 

recommended criteria for the application of this prefix are: 1) the occurrence of modal 

feldspathoids and/or alkali pyroxene/amphibole; or 2) the presence of normative 

feldspathoids or acmite. With extremely rare exceptions, the ultramafic plutonic rocks 
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of Tapira (and of other carbonatite complexes in the APIP) do not contain feldspathoids, 

and their clinopyroxene is diopsidic in composition, hence failing the first criterion. The 

use of normative composition to classify rocks in a sequence of cumulates with 

significant facies variations is, at best, adventurous. Therefore, the second criterion is 

rendered equally inapplicable. Moreover, the use of the name alkali-pyroxenite could 

induce confusion with jacupirangite, a particular variety of alkali-pyroxenite that is 

intimately associated with carbonatite complexes, but which differs from Tapira 

pyroxenites in that the latter usually do not contain nepheline. The same applies to the 

ijolitic series (melteigite, ijohte, urtite; distinguished on the basis of varying proportions 

of clinopyroxene and nepheline). These rocks, redefined by Le Maitre et al. (1989) as 

varieties of foidolite, are also commonly associated with carbonatite complexes. Again, 

the ijolite series is fundamentally distinct from Tapira rocks, as nepheline is an essential 

mineral in the former. 

Troger (1928, quoted in Troger, 1935) defined "bebedourite" as a biotite- and 

perovskite- rich clinopyroxenite, typically containing 54% aegirinic diopside, 21% 

biotite, 14% perovskite, 10% opaque minerals and accessory apatite, K-feldspar and 

olivine. The type locality for this rock is the Bebedouro area, in the Salitre Mountains, 

Minas Gerais State (i.e. the Sahtre Carbonatite Complex, in the Alto Paranaiba Igneous 

Province). This definition is a close enough match for most of the pyroxene-rich 

ultramafic plutonic rocks of Tapira. Furthermore, this rock-type is conspicuous in all 

carbonatite complexes of APIP, although in Catalao and Araxa significant amounts of 

bebedourite have been converted to phlogopite-rich metasomatic rocks ("glimmerites") 

by interaction with carbonatite magma or fluids. The term bebedourite has been 

frequently applied in the recent literature, in connection with carbonatite complexes of 

the Alto Paranaiba region (e.g. Gomes et al, 1990; Lloyd and Bailey, 1991; Gibson et 

al., 1995; Brigatti et al., 1996). Finally, the use of this rock name is most successful in 

emphasising the differences between the ultramafic rocks associated with the APIP 

complexes and those associated with many carbonatite complexes elsewhere. Therefore, 

whilst appreciating that regional rock names should ideally be avoided when classifying 

igneous rocks, the designation bebedourite is preferred here as the best available match 

for the Tapira "pyroxenites" and their facies variations. The remainder of the plutonic 

rocks (dunites, wehrlites, and syenites) are named according to the guidelines of Le 
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Maitreetal. (1989). 

Most of the ultramafic rocks in Tapira are described in the following sections as 

cumulates. Since the definition and nomenclature of cumulate rocks was proposed by 

Wager et al. (1960) it has been widely used in the Hterature. However, the applicability 

of the concept has also been challenged in a number of studies. The main problems with 

the use of the cumulate nomenclature are summarised by McBimey and Hunter (1995). 

During this research, the unavailability of long, continuous stratigraphic sections of the 

ultramafic rocks impeded the application of geochemical tests of the cumulate 

hypothesis (e.g. McBimey and Hunter, 1995; Meurer and Bordreau, 1998a) to the 

Tapira Complex. On the other hand, many of the ultramafic rocks of the SPS do not 

appear to be the product of crystallisation of a whole liquid in a closed system, and 

would therefore conform to the definition of cumulates, in a broad sense. This is 

supported by the following textural, compositional and chemical evidence: 

• Substantial variation in the modal proportions of the essential constituents; this 

produces facies variations where the rocks are virtually monomineralic (e.g. rocks 

containing only apatite) or have a mineralogical composition that is inconsistent 

with any known natural liquid (e.g. rocks composed essentially by perovskite + 

apatite or by perovskite + magnetite. 

• The presence of oikocrysts, where the intercumulus phases are compatible with the 

expected crystallisation sequence of sihcate minerals (e.g. poikilitic pyroxene 

including olivine; poikilitic phlogopite including pyroxene or olivine + pyroxene). 

• The occurrence, although rare, of dykes composed essentially of well-crystallised, 

equant grains of apatite (with very minor amounts of phlogopite), intruded in the 

quartzitic country rock. These are likely to represent the escape of a semi-

consolidated, monomineralic mush of cumulus crystals, rather than an "apatite 

liquid". It should be stressed that, in contrast with other well known silicate 

magmatic system (e.g. layered intrusions of basaltic affinity), the crystallisation of 

apatite occurs at an very early stage in the evolution of the Tapira complex, as 

demonstrated later in this Chapter. 

• The presence of modal banding, frequently observed in drill cores and in thin 

sections, as well as in more rare outcrops exposed in the mining area (see, for 

example. Figure 1.17, in Chapter I). 

38 



CHAPTER I I - PETROGRAPHY 

• The regular recurrence of phlogopite-rich layers alternating with phlogopite-free 

layers (Figure 1.17). This indicates that the system was periodically enriched in 

volatiles, probably as a result of the removal of anhydrous cumulus assemblages. 

The volatile-rich nature of the magma is further demonstrated by the occasional 

occurrence of interstitial carbonate in evolved bebedourites (see below) and the 

common presence of pegmatoids. 

• With the exception of phlogopite, all the other modally significant phases in 

wehrlites and bebedourites have a density comparable to, or exceeding that of, 

forsteritic olivine (e.g. clinopyroxene, apatite, peroVskite, melanite, titanomagnetite, 

chromite). Such high-density phases are unlikely to be kept in suspension, especially 

if the liquid from which they crystallise is assumed to have high contents of volatiles 

and, consequently, low viscosity. 

• The whole-rock compositions of many of the ultramafic plutonic rocks, particularly 

the bebedourites and their facies variations, fall outside the geochemical trends of 

the fine-grained dyke rocks from Tapira (Chapter IV) 

Nevertheless, some of the ultraniafic rocks described in the following sections 

do occur as relatively fine-grained dykes (e.g. wehrlite dykes of the B2 unit, see below) 

or as homogeneous, medium to fine-grained rocks, with uniform modal compositions 

and lacking evidence of banding or typical cumulate textures (e.g. some evolved 

bebedourites). These particular rock-types could, of course, represent the in situ 

crystallisation of magmatic liquids, without prejudice to an overall interpretation of the 

ultramafic portion of the SPS as a sequence of cumulates, on a wider scale. 

Classification of dyke-rocks 

A suite of fine-grained ultramafic dykes occurs in Tapira, as well as in the other 

APIP carbonatite complexes. Such rocks have been traditionally described as 

lamprophyres, on the basis of the abundant olivine (and occasionally phlogopite) 

phenocrysts. On other occasions they have been mistaken for metasomatic glimmerites, 

because of the high modal percentages of phlogopite and carbonate. Gibson et al. (1995) 

stressed that these rocks do not fit the established nomenclature, and proposed the name 

phlogopite-picrite for them. Such rocks also fail to conform to the guideUnes issued 

shortly after by Woolley et al. (1996) for the classification of lamprophyres, lamproites, 
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kimberlites and rocks containing kalsilite, melilite and leucite. Therefore, the 

denomination proposed by Gibson et al. (1995) is adopted in this thesis; the name 

phlogopite-picrite is used for dyke rocks essentially composed of phenocrysts of olivine 

and subordinate phlogopite, set in a groundmass of phlogopite, opaque minerals, 

perovskite, apatite and carbonate. 

During this research, the access to well preserved drill cores allowed the 

sampling of more evolved members of the phlogopite-picrite suite. These rocks are 

composed of phlogopite, apatite and, occasionally, clinopyroxene and garnet 

phenocrysts, set in a carbonate- and phlogopite-rich fine-grained groundmass. They 

show significant chemical differences (see Chapter IV) from the more primitive 

phlogopite-picrites, especially with regard to the compatible elements, such as Cr and 

Ni. Again, it is difficult to fi t these rocks to any of the established nomenclature 

schemes. Apart from the high carbonate content, their mineralogy resembles that of the 

bebedourites, but this term will not be applied to the dykes, in order to avoid confusion 

with the cumulate rocks of the SPS. For the purposes of this thesis, they will be 

informally named low-Cr dykes. 

Similarly to the bebedourites, this suite of ultramafic dykes appears to be 

conspicuous in the Alto Paranaiba Igneous Province. They occur associated with all 

carbonatite complexes and, less frequently, as isolated dykes elsewhere in the province, 

with no obvious geographic connection with carbonatites. Their petrogenetic 

significance in the context of the APIP carbonatite complexes will be discussed in detail 

later in this thesis. 

Classification of carbonatites 

Woolley and Kempe (1989) recommended that the name carbonatite be 

restricted to igneous rocks containing over 50% of carbonate minerals and that the 

petrographic varieties should be named on the basis of the type of carbonate present. 

According to this system, Tapira carbonatitic rocks can be mostly classified as coarse­

grained calcite carbonatites (traditionally called sovites) and dolomite-bearing calcite 

carbonatites. Less frequently, dolomite may be the dominant or exclusive carbonate 

mineral of Tapira carbonatites, especially in late-stage dykes and veinlets. These rocks 

are commonly fine-grained and classify as dolomite carbonatites (also known as 
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beforsites). 

I L 3 - S I L I C A T E PLUTONIC S E R I E S ( S P S ) 

The siUcate plutonic rocks are subdivided into three main groups. The B l and 

B2 units are composed dominantly of bebedourite, with subordinate wehrlite, and facies 

variations towards apatite- and/or perovskite- rich cumulates. The two units are 

distinguished on the basis of their: (i) location in the complex; (ii) mutual relationships 

within the drill cores and (iii) textural and compositional (Figure U.l) differences 

Pv 

Bebedouri tes B 2 

A A A Bebedour i tes B1 

A • A 
+ Wehrl i tes 

A 
/ v v v v v • ' ̂

 \ A 

Figure U.l - Composition of the ultramafic rocks of the SPS, in terms of modal percentages (Appendix 4) 
of apatite (Ap), perovskite (Pv) and clinopyroxene (Cpx) normalised to 100%. The dashed arrow 
represents the progressive changes in the order of crystallisation of these phases throughout the 
evolution of the complex (see text). 

observed in thin section. 

The B l unit is geographically situated between the B2 unit, in the north, and the 

central carbonatites of the Tapira complex (see Figure 1.15, in Chapter I). Wehrlites 
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appear to be significant only in B1. In fact, no olivine-rich cumulates were observed in 

B2 at the level sampled. However, relatively fine-grained wehrlites occur as dykes 

intruded in B l and may represent the olivine-rich counterpart to the B2 bebedourites. 

These wehrlite dykes are therefore assigned to B2, despite their occurrence outside the 

geographic domain of that unit. The third unit comprises syenites intrusive in the B l 

bebedourites and wehrlites. Al l three units of the SPS are locally intruded by 

carbonatite. 

II.3.1. B l UNIT 

Wehrlites and other olivine-bearing cumulates 

A relatively small percentage of the samples collected from B l contain olivine. 

Some of these are wehrlites, but variations towards olivine-bearing apatite- and/or 

perovskite-rich cumulates are also common. Although dunites are locally present, all the 

examples examined were too altered (serpentinised) to allow petrographic or chemical 

studies. Therefore, the following account will be concerned only with the wehrlites and 

their modal variations to perovskite- and apatite-rich cumulates. 

Because preserved rocks can only be found in small sections at the bottom of the 

drillings, it is difficult to assess vertical variations in the complex. Some of the olivine-

bearing rocks are located at greater depths (relative to the absolute altitude at the top of 

the drillings) than the bebedourites, suggesting that the former could represent deeper 

cumulate horizons in the complex. However, this is not necessarily the case for all 

olivine-bearing rocks in B1. 

Most of the examined samples lack preferred mineral orientation but igneous 

layering is evident in some cases. This is particularly so in the apatite- and perovskite-

rich rocks, which may display small-scale banding defined by centimetre-thick layers of 

olivine -f- apatite, alternating with slightly thinner bands of apatite -i- perovskite -i-

opaques (Figure n.2). The textural relationships between the essential minerals in most 

rocks suggest crystallisation in the sequence: 

olivine (+chromite?) => apatite perovskite => clinopyroxene =^ phlogopite+opaques 
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Pyroxene (Figure II.3) and phlogopite (Figure n.4) are common intercumulus 

minerals. Apatite is a cumulus phase throughout the crystallisation sequence. Melanite, 

carbonate, tetraferriphlogopite (Figure n.5) and oxides may be present in late-stage 

veinlets or as a secondary replacement of the cumulate phases. 

Olivine forms coarse-grained, subhedral to anhedral cumulate crystals. It may 

show variable degrees of serpentinisation and commonly contains abundant micro-

inclusions of opaque minerals. Olivine crystals are locally coated by aggregates of small 

grains of perovskite and opaque minerals (Figure n.6) or by lamellae of phlogopite. 

Inclusions of primary phases in olivine are rare or absent, indicating its early-stage 

formation. Exceptions are the apatite- and perovskite-rich cumulates, where these two 

minerals are sometimes included in olivine. Some olivine crystals may be slightly 

deformed, indicating limited transport of the semi-consolidated rock. 

The textural properties of pyroxene are dependent on the stage of evolution of 

the rock. In olivine-rich cumulates the pyroxene is typically an intercumulus phase, 

locally forming large oikocrysts (e.g. Figure n.3) that poikilitically include olivine, 

apatite and perovskite. However, as the amount of olivine decreases, clinopyroxene 

becomes a typical cumulus phase, accompanying perovskite and apatite. 

The onset of apatite crystallisation occurs very early in Tapira ultramafic 

cumulates, possibly contemporaneously or slightly after ohvine. Apatite persists as a 

typical cumulus phase until late in the crystallisation of the complex. It forms equant, 

often euhedral crystals or, alternatively, euhedral to rounded inclusions in all other 

mineral phases (but rarely in olivine). 

In olivine-rich cumulates, perovskite is subhedral and poikilitic, suggesting a 

relatively late-stage crystallisation (certainly after the onset of olivine and apatite). As 

the amount of olivine decreases, perovskite becomes preferentially euhedral and 

contains only minor amounts of inclusions, indicating a cumulus origin. The existence 

of perovskite- and apatite-rich horizons within the wehrlites, where none of these 

minerals contains inclusions of silicate phases, testifies to the extreme silica-

undersaturation of the liquids that generated the Tapira cumulates. It suggests that, at 

some stages during the crystallisation history of the complex, only very small amounts 

of sihcate minerals were being formed (despite the Uquid probably being within the 
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Figure II. 2 - Magmatic banding in perovskite-rich wehrlite. The euhedral perovskite is concentrated in thin 
layers, together with apatite and opaques, alternating with thicker bands where olivine (and subordinate 
clinopyroxene) dominates. Sample atO 15, plane-polarised Ught. Field of view = 12x 7.2 mm. 
Figure 11.3 - Clinopyroxene oikocryst (large, light-coloured, optically continuous grain in the centre) in 
wehrlite. Sample at217, cross-polarised light. Field of view = 12x 7.2 mm. 
Figure II.4-Intercumulus phlogopite, interstitial to rounded crystals ofolivine and rare diopside, in wehrlite. 
Sample at025, plane-polarised light. Fieldofview ^ 6x3.7 mm. 
Figure 11.5 - Replacement ofphlogopite by tetraferriphlogopite along the margins of a carbonate vein let 
Note the deep red colour and the inversion in the direction of highest absorption in the tetraferriphlogopite. 
Sample at 101b, plane-polarised light. Fieldofview = 1.3x0.77 mm. 
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temperature range of ohvine and pyroxene crystallisation). This could result, for 

instance, from periodical fluctuations in the activity of the relevant components (e.g. 

Si02, Ti02, P2O5). The removal of ohvine and pyroxene would drive an already strongly 

undersaturated liquid towards even lower Si02 levels, with corresponding relative 

increase in Ti02 and P2O5. Saturation of these components would promote extensive 

precipitation of perovskite and apatite, therefore driving the liquid back to relatively 

higher Si02 contents. 

Phlogopite is a typical intercumulus phase (e.g. Figure n.4) in the wehrlites and 

other olivine-bearing rocks of the B l unit. It forms interstitial poikilitic crystals, 

containing inclusions of all other phases in the rock. Phlogopite is commonly associated 

and contemporaneous with late-stage opaque minerals. Some phlogopite lamellae show 

evidence of deformation, suggesting that the rock has been affected by post-

crystallisation movements. The optical characteristics of phlogopite in the olivine-

bearing rocks (pleochroic from brown to orange, with a < p = y) suggest normal Al and 

Fe contents. However, in the vicinity of carbonate veinlets (e.g. Figure n.5), the margins 

of phlogopite crystals may develop reverse pleochroism (a > p = y) in shades of bright 

red and orange, indicative of replacement by tetraferriphlogopite (high Fê ,̂ low Al). 

This variety of mica is clearly formed by metasomatic processes associated with the 

intrusion of carbonatites. 

Two varieties of opaque minerals are present in the wehrlites. In the more 

ohvine-rich samples they occur as small interstitial grains of chromite, usually 

associated with perovskite. In the more evolved cumulates the opaque minerals are 

titanomagnetite, and form at a later stage. 

Bebedourites 

This group comprises clinopyroxene-rich rocks containing essential perovskite, apatite, 

phlogopite and opaque minerals. Facies variations are recognised, defined by 

differences in the modal proportions of these minerals. Olivine and chromium-rich 

spinel are absent from bebedourites. Melanite {s.L), carbonate and rare zirconolite may 

occur in accessory amounts. The spatial association of the bebedourites with the 

wehrlites in the B1 unit suggests that these two petrographic types are related to a single 

crystallisation trend, with the wehrhtes (and possibly dunites) representing the lower 
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levels of a layered sequence of ultramafic cumulates, and the B l bebedourites 

representing the more differentiated rocks. However, it should be noted that the olivine 

rocks are volumetrically subordinate, and this sequence may be incomplete. 

The texture of bebedourites from B1 is dominantly medium to coarse-grained. 

Pegmatite facies occur locally within this unit, with pyroxene and phlogopite crystals 

reaching up to several centimetres. 

Preferred mineral orientation is common, resulting in the development of a 

foliation in some of these rocks. This structure is well marked by elongated prisms of 

diopside and apatite (Figure n.7), as well as by phlogopite laths. The possible origins of 

igneous fohation have been recently discussed by McBimey and Nicolas (1997) and by 

Meurer and Bordreau (1998b). In volcanic and sub-volcanic rocks, and in granitic 

intrusions, igneous fohation is produced mainly by magmatic flow. In cumulates, 

foliation can develop as a result of: a) shearing produced by viscous flow during 

crystallisation; b) primary alignment of inequant crystals (during accumulation); c) 

compaction of the cumulate pile. Meurer and Bordreau (1998b) observed vertical 

variations in the intensity of crystal alignment within a section of the Stillwater complex 

(Montana) and interpreted these as the result of compaction, rather than shearing. 

McBimey and Nicolas (1997) found that in the Skaergaard layered intrusion the 

development of layering and foliation due to shearing (dynamic processes) is 

predominant along the margins of the intrusion, whereas in the interior and on the 

Upper Border Series of Skaergaard non-dynamic processes dominate. In Tapira it is not 

possible to assess vertical changes in the fabric of the ultramafic rocks, due to the thick 

weathering cover. However, the intensity of foliation seems to increase laterally 

outwards in the B1 unit. Further, some of the characteristics described by McBimey and 

Nicolas (1997) for layered rocks that have undergone simple shear (e.g. sharp layering, 

with strong modal variations; well-developed foliation and lineation) are present in 

some Tapira rocks. This suggests that the partially consolidated margins of the intmsion 

may have been subjected to some degree of shearing during or shortly after 

emplacement. 

Modal layering is often present in the B l bebedourites. Figure n.8 shows the 

contact between a phlogopite-rich and a perovskite/melanite (5./.)-rich layer. The 

relatively fine-grained aggregate of pyroxene, perovskite and melanite (^s.L), in the 
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centre of the photograph) could possibly represent an autolith, eroded from elsewhere in 

the magma chamber and deposited at the interface between the two layers. 

The order of crystallisation varies with evolution of the bebedourites. In the least 

evolved variants the crystalhsation follows the sequence: 

apatite =^ perovskite clinopyroxene phlogopite + opaques. 

In the more evolved rocks this changes to: 

clinopyroxene perovskite =^ apatite =^ opaques + phlogopite. 

Apatite forms small prismatic or rounded grains, occurring both as discrete 

crystals or as inclusions in all other minerals. Although apatite is present throughout the 

crystallisation history of the B l unit, its modal percentage decreases steadily at first, and 

it becomes an interstitial phase to diopside. In the most evolved bebedourites, a renewed 

increase in modal apatite is observed. 

Perovskite occurs as euhedral to subhedral crystals. Optically it is light brown in 

colour and usually displays a false anisotropy, induced by the conspicuous twinning. As 

observed for the wehrlites, perovskite may locally include euhedral apatite prisms 

(Figure 11.9). However, in many of the bebedourites this feature is absent and the 

euhedral contours of perovskite suggest that it is an early-formed cumulus phase, as 

opposed to its relatively late appearance in the wehrlites. 

Melanite (s.l.) may be present as rare discrete crystals or, more often, replacing 

the rims of perovskite crystals (Figure n.9). In the latter case the gamet has a deep 

brown-red colour, indicating high content of Ti. The discrete crystals are anhedral, less 

frequently subhedral, and have a lighter colour (orange/yellow), but may show both 

regular and irregular (patchy) zoning towards darker colours. 

Chnopyroxene in B l bebedourites is a pale-green diopside, showing very little 

or no pleochroism. It occurs as large prismatic crystals and locally contains abundant 

exsolution of opaque phases in stmcturally-controlled pattems. When zoning is optically 

visible .it is irregular, with a tendency for the rims to show paler shades of 
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Figure II.6 - Olivine surrounded by small crystals of perovskite (brown) and chromite (black). Note the 
interstitial character ofthe phlogopite. Sample at217, plane-polarised light Field ofview =3x1.9 mm. 
Figure II. 7 - Strong preferred mineral orientation in bebedourite Bl, given by the juxtaposition of 
clinopyroxene and apatite crystals. Note the prismatic inclusions of apatite in pyroxene. The fine -grained 
rock (top-left corner) is a wehrlite dyke ofunitB2. Sample at 126a, plane-polarised light Field ofview = 6x 
3.7 mm. 
Figure II.8-Autolith(?) of fine-grained aggregate (clinopyroxene+perovskite +melanite), deposited at the 
contact between coarse-grained perovskite+melanite-rich (right) and phlogopite-rich (left) layers of 
bebedourite. Sample at007, plane-polarisedlight Fieldofview =3x1.9 mm. 
Figure II.9-Perovskite (bottom) showing inclusions ofapatite and replacement by melanite, in bebedourite 
ofunitBl. Sample at003, plane-polarised light Fieldofview = 6x3.7 mm. 
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green than the cores. In some samples the large prismatic diopsides show preferred 

orientation. With the evolution of the bebedourites, diopside progresses from late-stage 

poikilitic crystals to early-stage cumulate phases. . 

Phlogopite forms large anhedral crystals, with normal pleochroism; it includes or 

partially surrounds grains of diopside, apatite, perpvskite, melanite (s.L), suggesting that 

phlogopite is one of the latest phases to crystallise. Locally the lamellae may be 

deformed and show undulose extinction. 

Opaques may crystallise at the same time as, or after, phlogopite. In the latter 

case they are typically interstitial and anhedral. 

Zirconolite was identified in the pegmatite facies of B l . It occurs as rare, minute, 

euhedral or subhedral crystals of high refraction index and deep brown-red colour 

(Figure n.lO). Together with perovskite, zirconolite is an indicator of strong silica-

undersaturation. Its occurrence in the pegmatitic facies also signals the relative 

enrichment of zirconium in the residual liquid. 

Melilite-bearing plutonic rocks 

A coarse-grained' pyroxene melihtohte (uncompahgrite) occurs near the 

northeast margin of the complex. This occurrence has been recognised by Guimaraes et 

al. (1980), who determined the composition of the mehlite as akermanitic. So far, this is 

the only known melilite-bearing rock from the Tapira complex. It is composed 

essentially of large (up to 3-4 cm) subhedral to anhedral crystals of melilite (Figure 

n . l l ) , with subordinate amounts of euhedral perovskite, subhedral diopside and apatite, 

and interstitial phlogopite and opaques. Perovskite is partially replaced by melanite 

(s.L). The melilite crystals are occasionally altered to a fine-grained mixture of calcite 

and wollastonite. The Tapira uncompahgrite is possibly a facies variation of the 

pegmatites of the B1 unit. 

II.3.2. B2 UNIT 

This unit occupies the northem margin of the Tapira complex. It is composed 

dominantly of bebedourites, usually containing higher amounts of clinopyroxene than 

those of B l . Olivine-bearing cumulates were not found in the studied drill cores. 

Nevertheless, a few dykes of wehrlite intruding the B l bebedourites are included in this 
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unit, on the basis of their mineralogical and petrographic similarities, with other B2 

rocks. 

Wehrlite dykes 

These rocks are medium to fine grained and composed essentially of olivine, 

clinopyroxene, melanite (s.L), phlogopite, apatite and opaque minerals. A fundamental 

difference from the wehrlites in the B l unit is that these dykes contain only minor 

amounts of perovskite, but have abundant primary gamet. The crystallisation order 

suggested by the textural relationships between the essential phases is: 

apatite ^ olivine ^ clinopyroxene => gamet + phlogopite + opaques. 

Olivine typically contains numerous euhedral inclusions of apatite (Figure 11.12), 

consistent with the crystallisation of apatite at a very early stage in these rocks. This 

relationship contrasts with that observed in B l , where olivine precedes or is 

contemporaneous with apatite. Olivine crystals are variably altered to serpentine and 

oxidised material (Figure 1.13) 

Melanite (s.l.) occurs both as partial replacement of perovskite and as abundant 

primary crystals. These are euhedral and show optical zoning, with dark-brown cores 

and lighter brown rims. Figure n.13 illustrates a zoned gamet, where the rim is poikilitic 

and the core is virtually inclusion-free. This variety of gamet is interpreted as primary, 

formed from a liquid with higher silica content than the one that generated the wehrlites 

and bebedourites in B l . The paucity of perovskite in these rocks, despite the substantial 

availability of Ca and Ti (as shown by the occurrence of Ti-rich gamet), is in good 

agreement with a generally higher silica activity in the liquid. 

Bebedourites 

The bebedourites of the B2 unit are usually finer-grained and have higher 

pyroxene content than those of B1. Densely packed accumulations of diopside crystals 

with intercumulus phlogopite are common (Figure n.14). Apatite, perovskite, melanite 

(s.l.) and sphene are usually present in subordinate amounts. 
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Figure 11.10 - Small zirconolite crystal in pegmatitic bebedourite. Sample at035, plane-polarised light 
Field ofview = 0.12x 0.08 mm. 
Figure 11. II -Melilite crystals in uncompahgrite, showing the typical uneven bluish birefringence. Note the 
included diopside (bright pink) and the altered patches composed of a fme-grained mixture of wollastonite 
and carbonate. Sample U-1, cross-polarised light. Fieldofview = 12 x 7.2mm. 
Figure II. 12 -Large crystals of olivine in wehrlite dyke. The olivine shows abundant inclusions of prismatic 
apatite. Subhedral crystals of clinopyroxene (left) surround the olivine, defining a flow texture in the dyke. 
Sample atl 26b, cross-polarised light Fieldofview = 3x1.9 mm. 
Figure 11.13 -Euhedral melanite in wehrlite dyke. Note the difference in colour and amount of inclusions 
between core and rim. The bottom side of the photograph is a serpentinised olivine, containing inclusions of 
prismatic apatite. Sample at 126b, plane-polarisedlight Fieldofview =^ 1.3x0.77 mm. 
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The crystallisation sequence varies with the evolution of the bebedourites. At the 
very early stages the order appears to be: 

apatite + perovskite =^ clinopyroxene =^ phlogopite => garnet ^ sphene. 

This is later replaced by: 

clinopyroxene =^ (± perovskite) =^ apatite phlogopite =^ garnet => sphene =^ (± feldspar) 

which is the dominant sequence in B2 bebedourites. Perovskite disappears and possible 

feldspar (see below) appears in the latest stages. Apatite may be a recurrent early phase 

in the most evolved bebedourites. As observed for B l , the bebedourites may show a 

strong mineral orientation, defined by juxtaposed prismatic crystals of diopside and 

apatite, as well as phlogopite lamellae (Figure 11.15), but this feature is less common in 

B2: 

Clinopyroxene is diopsidic in composition. The colour absorption is generally, 

but not always, stronger than in B l diopsides. This results in deeper green colours that 

suggest a higher hedenbergite component. The grains vary from subhedral to euhedral, 

and may be either equant or prismatic. Zoning may be irregular (patchy) or concentric. 

In some samples the pyroxene is zoned towards paler rims (e.g. Figure 11.14) whereas in 

others the opposite variation is observed (e.g. Figure n.15). 

Perovskite is an early-crystallised phase in B2 rocks, but the mineral is 

invariably unstable, coated by one or more of opaques, melanite (s.l.) or sphene, in this 

order (Figure n.16). Interestingly, perovskite inclusions in pyroxene do not show any 

signs of replacement by sihcates, suggesting that the earliest crystallised perovskite was 

in equilibrium with the liquid. The modal amount of perovskite decreases with the 

evolution of the bebedourites, and the mineral is often absent in the more evolved 

members of the sequence. 

Phlogopite varies from interstitial lamellae (Figure n.14) to subhedral laths, in 

the more evolved rocks. The pleochroism is normal, although in somewhat stronger 

shades of orange or red than in B l . In rocks crosscut by carbonate veinlets, phlogopite 

lamellae are partially replaced by tetraferriphlogopite 
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Melanite (s.l.) occurs both replacing perovskite and as discrete primary crystals. 

The latter are euhedral to subhedral, zoned towards paler shades of brown. 

Sphene occurs as a late-stage replacement of perovskite, often forming an 

external coating, after the perovskite had been partially converted to opaque minerals or 

garnet. Another variety of sphene occurs as euhedral to subhedral crystals, which are not 

spatially associated with perovskite and may have crystallised directly from the 

bebedourite liquid. 

Carbonate veinlets crosscutting the B2 bebedourites are common. Some 

carbonate may migrate from the veinlets into the host pyroxenite, forming patches of 

interstitial carbonate. However, in some samples these patches do not show an obvious 

association with carbonate veinlets, in which case they may represent primary 

carbonate, formed from the crystallisation residue. 

Some evolved bebedourites in the B2 unit, particularly those lacking perovskite, 

contain interstitial patches of fine-grained sericite with subordinate carbonates. These 

patches probably result from the alteration of accessory felsic minerals in the 

bebedourite, such as feldspars or feldspathoids. In most examples the original mineral 

cannot be accurately identified under the petrographic microscope, although alkali 

feldspar seems to be present in patches where alteration was incomplete (Figure H.IV). 

Reconnaissance X-Ray Diffractometry (XRD) studies confirmed the presence of alkali 

feldspar in three of these rocks, one of which appears to contain the association 

orthoclase + nephehne (pseudoleucite?). 

The interpretation of the felsic patches is not straightforward. They could either 

represent feldspars or feldspathoids crystallised from the residual magmatic liquid or, 

alternatively, derive from metasomatically introduced material. The occurrence of rare 

inclusions of feldspathic material within euhedral clinopyroxene supports the first 

alternative. Figure n.18 shows one such inclusion, composed of a finely-grained 

aggregate of feldspar with accessory mica. In contrast with the altered patches described 

above, the feldspar in this inclusion seems to be well preserved, having apparently been 

sheltered from post-magmatic processes by the host pyroxene. The globular shape of the 

inclusion is suggestive of the entrapment of a droplet of syenitic liquid in the 

crystallising pyroxene. This feature is interpreted here as a primary texture, and provides 

a possible link between the B2 bebedourites and the Tapira syenites by magmatic 
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11.14 n.i5 

11.16 11.17 

Figure 11,14- Densely packed diopside crystals with intercumulus phlogopite. Bebedourite ofthe unit B2. In 
some pyroxene grains it is possible to obser\>e zoning towards lighter-coloured rims, although the zoning 
pattern is mostly irregular Sample atOOS, plane-polarised light. Field of view = 3x1.9 mm. 
Figure 11.15 - Strongly oriented fabric in coarse-grained bebedourite B2, given by the Juxtaposition of 
prismatic diopside and apatite crystals. Sample at030, plane-polarised light. Fieldofview = 12x 7.2mm. 
Figure 11.16 - Unstable perovskite crystal (dark brown, in the centre), with replacement rims of opaque 
minerals and sphene. Phlogopite in this sample is partly secondary, replacing pyroxene (bottom). Sample 
at029, plane-polarised light. Fieldofview = 3 x 1.9 mm. 
Figure 11.17- Interstitial patch offeldspar in bebedourite B2. The original feldspar is partially altered to a 
mixture ofsericite and carbonate. Sample at032, cross-polarised light. Field ofview = 6x3.7 mm. 
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differentiation processes. The altered patches are Ukely to represent the same 

phenomenon, but have been obHterated by post-magmatic processes. 

The relatively higher Si02 content of the liquid from which the B2 unit was 

formed is testified to by the following evidence: a) primary garnet in the wehrlite dykes; 

b) primary sphene and garnet in the bebedourites; c) primary (interstitial) feldspar in 

perovskite-free, evolved bebedourites; d) low modal content of perovskite throughout 

the B2 unit; and e) disequilibrium features of the existing perovskite, which is 

invariably replaced by Ti-rich silicate minerals. The existence of sihcate-free perovskite 

inclusions in pyroxene suggests that silica increases in the liquid with magmatic 

differentiation, as normally expected. On the other hand, the occurrence of melanite 

(s.L), rather than perovskite, in the - presumably - less differentiated wehrlites suggests 

that this increase was not smooth, but probably disturbed by oscillations in the silica 

activity of the system. Such oscillations could have been controlled by the preferential 

removal of silicate (olivine, clinopyroxene) or non-silicate (perovskite, apatite) phases. 

More complex alternatives would be the assimilation of the quartzitic country rock, 

resulting in uneven sihca distribution in the liquid, or the involvement of these magmas 

in an episode of liquid immiscibility. These possibihties will be explored in detail in 

Chapter V. 

Note on bebedourites from the Mata da Corda 

Nearly all compositional and textural features observed in Tapira bebedourites, 

from both the B l and B2 units, are present in clinopyroxenite xenoliths occurring within 

pyroclastic deposits of the Mata da Corda Group (Seer and Moraes, 1988; and thin 

section's from the localities of Chumbo and Lagoa Formosa examined during this 

research). In fact, the classification of those rocks as bebedourite would seem entirely 

appropriate. The petrographic similarities strongly suggest that the plutonic counterparts 

of the Mata da Corda kamafugites are bebedourites analogous to those occurring in the 

Tapira complex. This provides an important link between the carbonatites and the 

kamafugitic magmatism in APIP. 

II.3.3. SYENITES 

Tapira syenites occur as small intrusions in the B l bebedourites. In turn, they are 
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intruded and brecciated by dolomite-bearing calcite carbonatites of the C2 unit. The 

reaction of the syenites with the intrusive carbonatite results in the formation of 

abundant phlogopite at the margins of syenite fragments in breccias. 

The syenites are composed essentially of K-feldspar, with aegirinic pyroxene 

and/or phlogopite/biotite as the principal mafic mineral. Altered patches suggest the 

presence of feldspathoids such as leucite and/or nepheline in some samples. One or 

more of the minerals sphene, zircon, carbonate, apatite and opaques may be present in 

accessory amounts. The texture is usually equigranular, medium- to fine-grained. 

Locally the syenites exhibit preferred mineral orientation, given mainly by tabular 

crystals of feldspar, but most of the studied samples lack oriented structures. 

Feldspar occurs as subhedral, tabular crystals of orthoclase. Zoning is visible in 

some samples (Figure n.19). Optically recognisable perthites seem to be generally 

absent. 

Pyroxene occurs as subhedral prismatic crystals with a deep green colour and 

strong pleochroism, indicative of aegirinic composition. Zoning is inconspicuous but 

may be present in some grains, marked by deeper green colour in the rims. 

Clinopyroxene occasionally includes small subhedral crystals of apatite. In most of the 

samples examined, the modal percentage of clinopyroxene is small and in many cases 

the only mafic mineral present is phlogopite/biotite. However, the concentration of 

glomeroporphyritic aggregates may locally result in over 30 modal % of clinopyroxene 

in a thin section. A second variety of chnopyroxene comprises fine-grained radial 

aggregates of acicular crystals (Figure n.20). 

Phlogopite/biotite occurs in two varieties. The first one is the original mica from 

the syenite, and occurs as small subhedral isolated lamellae. The second variety is 

produced by the reaction of the syenite with interstitial carbonate or with intrusive 

carbonatite magma and may occur as: (i) anhedral lamellae, interstitial to feldspar 

grains; (ii) phlogopite margins in carbonate globules within the syenite; (iii) carbonate-

phlogopite veinlets crosscutting the syenites; or (iv) phlogopite coating syenite 

fragments from carbonatite breccias. 

Sphene occurs as small, euhedral, interstitial crystals, or as inclusions in 

feldspars. It is the main titanium-rich phase in Tapira syenites, since perovskite and 

melanite were not found in these rocks. 
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11.20 

11.19 

11.21 

FigureII.18-Globular inclusion in diopsidefrom bebedourite B2. The inclusion is afine-grained aggregate of 
feldspar and mica. The feldspar within the inclusion is remarkably well preserved, in comparison with the 
interstitialfeldspar in this sample (Figure II. 17). The shape of the inclusion suggests a droplet ofsyenitic liquid 
trapped during the growth of the pyroxene. The pyroxene is concentricallyzoned and partially includes apatite 
(top). Sample at032, plane-polarised light Field of view =0.66x0.4 mm. 
Figure 11.19 -Tabular euhedral orthoclase in syenite. Zoning is marked by the brown alteration. Aegirinic 
pyroxene (dark green, prismatic), opaques and interstitial carbonate (low relief) are also visible. Sample 
atO 12, plane-polarised light Field of view =3x 1.9 mm. 
Figure 11.20 - Radial aggregates of acicular aegirine in syenite. Note also the absence of optically visible 
perthites in thefeldspars. Sample at 018, cross-polarised light Fie Id of view =3x 1.9mm. 
Figure 11.21 - Globule of carbonate, apparently unrelated to carbonatite metasomatism, in syenite. The 
reaction ofthe carbonate in the globule with the host syenite results in theformation ofa phlogopite rich margin. 
Sample atOl 8, cross-polarised light. Fieldofview = 1.3x0.77 mm. 
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Carbonate occurs in interstitial masses, which may be related to the 

crystallisation of C02-enriched residual liquid. Carbonate globules occurring locally 

within the syenites seem to support this hypothesis. In this case the reaction of the 

carbonate in the globule with the host syenite results in the formation of a phlogopite 

margin in the globule (Figure n.21). However, because the syenites are spatially 

associated with carbonatite intrusions, some of the interstitial carbonate is introduced by 

fluids derived from the carbonatites, making it difficult to estimate the relative 

proportion between these two varieties. 

Zircon is a common accessory in Tapira syenites, occurring as anhedral, 

relatively large (up to 0.5 mm, Figure 11.22) crystals. These do not produce pleochroic 

haloes when included in biotite, suggesting that Tapira zircons have relatively low 

contents of radioactive elements such as U and Th. 

Altered patches, composed of a mixture of carbonate, sericite and clay minerals 

are present in some of the examined samples of syenite. Because the orthoclase in the 

same thin sections is virtually fresh, these patches are unlikely to be derived from the 

alteration of feldspar. They probably represent original feldspathoids, such as leucite 

and nepheline, which are more susceptible to alteration processes. The patches are often 

irregularly shaped (Figure n.23) but in some cases their contours resemble those of 

leucite crystals (Figure n.24) whereas others are rectangular, resembling nepheline or 

kalsilite (Figure 11.25). A number of samples containing altered patches were subjected 

to a reconnaissance XRD investigation. In two of these samples a set of peaks consistent 

with the presence of leucite or analcime was found. Unfortunately, these minerals were 

not found in the thin sections investigated by electron microprobe, and a more detailed 

microprobe study is required to characterise their chemical composition. 

In any case, the presence of leucite and analcime (as a likely product of the post-

magmatic alteration of the former), suggested by the XRD data, is consistent with the 

ultrapotassic character of the alkaline rocks in the Alto Paranaiba Igneous Province 

(APIP). Leucite syenites have not been previously described in the province, but are 

known from the Serra do Mar Province, located to the southeast of the APIP. (Figure 

1.6). 
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11.25 

Figure 11.22-Relatively large zircon crystal partially included in orthoclasefrom the Tapira syenite. Sample 
at302, cross-polarised light. Fieldofview = 2.24x L47mm. 
Figure 11.23 - Irregularly shapedpatch composed of a fine-grained mixture of carbonate and sericite. Note 
the absence of alteration in the adjacent orthoclase. Sample at039, cross-polarised light. Fieldofview =3x 
1.9 mm. 
Figure 11.24 - Altered hexagonal patch, included in unaltered feldspar The shape of the altered area 
resembles that commonly obsen'ed in leucite crystals. Sample atOl 8, plane-polarised light. Fieldofview =3 
X 1.9 mm. 
Figure 11.25 - Rectangular altered patches in syenite. The shape is strongly suggestive of nepheline or 
kalsilite. The patch near the centre of the picture suggests that the original mineral was zoned. Note that the 
feldspars (white) are alteration-free. Sample at II5, plane-polarised light. Field ofview = 3x1.9 mm. 
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Note on fine-grained (microsyenite) dykes from Salitre 

Fine-grained rocks of syenitic composition were not found in the studied drill 

cores or in outcrops from Tapira. However, these rocks are relatively well exposed in 

the Salitre complex, located further to the northwest in the APIP. A suite of felsic dykes 

from Salitre was examined petrographically and by XRD, and their chemical 

composition determined (Chapter IV), as a potential fine-grained equivalent of the 

Tapira syenites. As in Tapira rocks, the Salitre microsyenites are essentially composed 

of K-feldspar and aegirinic pyroxene. However, they also contain fine-grained 

perovskite and modally significant feldspathoids (Figures n.26 and n.27). 

More importantly, the XRD study of one of these samples revealed the presence 

of peaks at D = 3.94, 3.119, 2.572, 2.479 and 2.43 A, which indicate the presence of 

kalsihte (card number 11-579 in the JCPDS). In addition to kalsilite, the XRD results 

also suggest the presence of nepheline in these rocks. As nepheline and kalsilite are 

petrographically indistinguishable, the evaluation of their relative proportions, as well as 

a precise chemical characterisation awaits detailed microprobe studies of the Salitre 

rocks. 

Kalsilite has been described in kamafugitic rocks from the APIP (Mata da 

Corda, Sgarbi and Valenga, 1993) and from the contemporaneous Ipora Igneous 

Province, in the northern margin of the Parana Basin (Junqueira-Brod, 1998), but has 

not been reported in connection with the carbonatite complexes. The occurrence of 

kalsilite in rocks from Salitre provides a crucial piece of evidence hnking the 

carbonatite complexes with the kalsilite-bearing kamafugitic rocks of APIP. This is in 

good agreement with the remarkable petrographic similarities between the Tapira 

bebedourites and the clinopyroxenite xenoliths contained in the Mata da Corda 

kamafugites. Kalsilite has been reported from some of these xenoliths (Sgarbi et ai, 

1998) 

llA - CARBONATITES 

The Tapira carbonatites were grouped into five different units (CI to C5), 

according to their location in the complex (see Figure 1.15, Chapter I) and to their 

mineralogical and petrographic properties. Apart from C5, which occurs as dykes 

crosscutting several rock- types in the complex, the stratigraphic relationships between 
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these bodies are difficult to estimate from drill core data alone. Therefore, the sequential 

numbers were attributed to the units on the basis of limited indirect evidence, such as 

the spatial association with particular units of the SPS. The designations CI to C5 also 

reflect the volumetric importance of each unit within the complex. Accordingly, CI is 

the largest carbonatite body, composed essentially of calcite-carbonatites (sovites, 

subordinately dolomite-sovites) and intruding wehrlites and bebedourites of the B1 unit, 

in the centre of the complex. C2 consists of dolomite-bearing calcite-carbonatites 

(dolomite-sovites) spatially associated with syenites in the centre-north region. C3 and 

C4 are small bodies of sovite occurring, respectively, in the northern and southern 

border of the complex. C3 is spatially associated with bebedourites of the B2 unit, and 

seems to be located in the contact of B2 with a small area of B l bebedourites (see 

Figure 1.15). C4 is petrographically similar to C3 and crops out in an isolated area, 

where the contact with the country rock is not exposed. Finally, several late-stage dykes 

crosscutting the previous units were collectively placed in the C5 unit, regardless of 

their occurrence within the "C5" area of Figure 1.15 or not. 

It should be stressed that this ordering of the Tapira carbonatites is merely 

tentative, due to the lack of direct field evidence in most cases. In later sections of this 

thesis, evidence from rock and mineral chemistry will be examined seeking to confirm 

or refute this hypothetical "magmatic sequence" of the Tapira carbonatites. The 

petrographic aspects of each individual unit are described below. 

II.4.1. C I UNIT 

This unit comprises granular, medium-grained calcite carbonatites and intrudes 

B l wehrlites and bebedourites, brecciating and metasomatising these rocks, with the 

formation of phlogopite-rich fenites (see section n.6). The calcite carbonatites are 

frequently cut by dykes of late-stage dolomite carbonatites. 

C I carbonatites vary from homogeneous to locally banded. The essential 

minerals are calcite, phlogopite, magnetite and apatite, with subordinate amounts of 

dolomite, sulphides, baryte and pyrochlore. The texture is dominantly granular. 

Carbonate minerals consist essentially of anhedral, equant (1-2 mm) grains of 

calcite. Post-magmatic processes resulted locally in low-temperature recrystallisation of 

the calcite. The recrystaUised carbonate acquires a "cloudy" aspect, caused by the 
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exsolution of several phases such as opaque minerals and Sr-, Ba- and REE-rich 

carbonates (Figure 11.28, and Chapter HI). This feature is particularly common in the CI 

unit, probably as a function of the larger dimensions of this intrusion, which would 

favour the development of more extensive hydrothermal/carbothermal systems. The 

carbonate crystals may locally show preferred orientation, suggesting a certain degree of 

flow of the semi-consolidate carbonatite. Dolomite may occur as interstitial grains, or 

accompanying ankerite in the late-stage veinlets. 

Phlogopite occurs as subhedral laths with very strong orange to deep-red reverse 

pleochroism, which is characteristic of tetraferriphlogopite (TFP). The crystals often 

show concentric oscillatory zoning and inclusions of carbonate, apatite and pyrochlore. 

No evidence of disequiUbrium with the carbonatite Uquid or reaction with adjacent 

minerals was found (Figure n.29). This variety of phlogopite is, therefore, interpreted as 

magmatic, crystallised directly from the carbonatitic liquid. 

A different variety of phlogopite comprises xenocrysts derived from the 

ultramafic rocks of the SPS. These are particularly common in breccias formed in the 

vicinity of the contact with the SPS, but become rare towards the centre of the CI 

intrusion. The phlogopite of this variety has normal pleochroism, in shades of yellow 

and orange, which is typical of ordinary phlogopite. The crystals invariably show 

evidence of disequilibrium with the carbonatite liquid, being replaced at the rims and 

along cleavages by TFP. The completion of the replacement process results in fine­

grained aggregates of anhedral TFP. These are unlike the primary TFP described above, 

in that they do not exhibit euhedral shapes or regular zoning. However, the dispersal of 

these fine-grained aggregates may result in scattered TFP flakes, which are then 

indistinguishable from the primary mica. 

The proportion of apatite is highly variable, as a function of the banded character 

of some of the C I carbonatites. Apatite occurs as subhedral to more frequently rounded 

crystals. It may be concentrated in bands, together with TFP, or in irregular aggregates 

with TFP and pyrochlore. In some cases, the apatite-rich bands also contain xenocrystic 

phlogopite. The modal banding of C I carbonatites suggests the influence of crystal 

accumulation processes in the formation of some of these rocks. 
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11.28 11.29 
Figure 11.26 - Syenitic dyke from the Salitre Complex. Note the oriented prismatic feldspars and the 
hexagonal section of an euhedralfeldspathoid (leucite?). Compare with Figure 11.24. Sample sal-2, plane-
polarised light. Fieldofview = 1.3x0.77 mm. 
Figure 11.27-Syenitic dyke from the Salitre Complex. Note the orientation offeldspars and the rectangular 
section of feldspathoid (lightgrey, in the centre). This is uniaxial negative and could be either nepheline or 
kalsilite (see text). Compare with Figure 11.25. Sample sal-2, cross-polarised light. Field of view =3 x 1.9 
mm. 
Figure 11.28 - Carbonatite of the CI unit. Note the orientation of the calcite grains, parallel to the 
phlogopite-and apatite-rich band at the top. Also note the developmentof "cloudy" calcite (see text) along a 
fracture at the bottom. Sample at055, plane-polarised light. Fieldofview = I2x 7.2 mm. 
Figure 11.29 - Euhedral zoned phlogopite, in equilibrium with carbonatite. Note the strong pleochroism 
from yellow-orange to deep red-brown. A Iso note the extensive developmentof "cloudy " calcite, due to post-
magmaticrecrystallisation. Sample at 136, plane-polarised light. Fieldofview = 2.15x1.3 mm. 


















































































































































































































































































































































































































































































































































































































































































































































































































































































