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Petrology and Geochemistry of the Tapira Alkaline Complex,

Minas Gerais State, Brazil

José Affonso Brod
ABSTRACT

The Tapira alkaline complex is the southernmost of a series of carbonatite-
bearing intrusions occurring in the Alto Paranaiba 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 Sdo 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 (C1 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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CHAPTER I - INTRODUCTION AND GEOLOGICAL SETTING

I.1 - INTRODUCTION

The Tapira complex is located in the western portion of the State of Minas
Gerais, SE Brazil (Figure 1.1), immediately to the north of Tapira village and
approximately 30 km south-southeast of the city of Arax4. It is the southernmost of a
series of Late-Cretaceous, carbonatite-bearing alkaline plutonic complexes belonging to
the Alto Paranaiba Igneous Province (APIP, Gibson er 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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1.2.1 - THE SA0 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 Sdo 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 ez 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. Bernasconi, 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 (Araguai 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 Sdo Francisco craton to the west, underneath the
thrust slices of the Brasilia belt. The limits of the craton may therefore be significantly
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







J. A. BROD

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 S@o Francisco Craton proper, to the southwest, and the Salvador Craton (as an
exténsion 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 - THE BRASILIA BELT

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 S@o
Francisco Craton. The lithospheric extension during fhe rifting process reached the stage
of ocean crust generation (Strieder and Nilson, 1992; Brod et al., 1992). The subsequent
thrusting of the volcanic and sedimentary sequences agéinst the Sdo Francisco Craton
resulted in the formation of ophiolitic 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 (Araguaf 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 Parano4 and
Bambui Groups, as well as Phanerozoic sediments; b) an external zone, thrust over the
~cratonic zone, comprising the meta-sedimentary rocks of the Paranod and Canastra

Groups, and the Vazante and Ibid Formations; c) an internal zone, comprising the Araxa
"Group (metamorphosed sediments and basic volcanics, ophiolitic mélange); d) a
Brasiliano magmaﬁc arc that evolved at 930-600 Ma and shows the chemical and

isotopic signature of juvenile crust generated in an island arc environment (Pimentel and

Fuck, 1992).
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including the now well-established Goids magrﬁatic arc (Pimentel ef al., 1991; Pimentel
and Fuck, 1'992;‘ Viana, 1995; Pimentel et al., 1996b) and fragments of Archaean and
Early-Proterozoic terrains (Goids Massif). The latter have received contrasting
interpretations (Fuck er al., 1994; Fuck, 1994), but are lately considered as the original
palaeogeographic limit between the SZo Francisco Craton and the Late-Proterozoic
sedimentary basin (Pimentel et al., 1996b).

The Aréxé-Tapira region 1s 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-sedjmentary rocks of the cratonic and external zones and by meta-sedimentary and
meta-volcanic rocks 0% the internal zone of the Brasilia belt. The geographic continuity
of the magmatism of calc-alkaline affinity is hinted by Pimentel ez al. (1996b) but has
not as yet been positivély demonstrated, which may be due to the extensive area covered
by the Parand Basin (Figure 1.4).
| More detailed models for the structural evolution of the northern and the
extreme southern séctors can be found in Fonseca et ‘al. (1995) and Valeriano et al.

(1995), respectively.

I.2.3 THE PHANEROZOIC BASINS

After tllle final amalgamation of the South Amei‘ican Platform, at the transition
from the Proterozoic to the Palacozoic, the infilling of intra-cratonic basins (Figure 1.2:
Parand, Amazonas, Parnaiba and - not shown - Sanfranciscana Basins) started in the
Ordovician-Silurian (Schobbenhaus Filho et al., 1984).

" Relevant to the present study are .the Parand and Sanfranciscana Basins,
occurringfespectively to the south and to the north of an important structural high (the
Alto Paranaiba Arch). The strat1graph1c record of these basins is not complete in the
study area.- -The umts occurrmg in the Minas Gerals 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 stfatig’raphic units of the Parana Basin, the reader is referred to the works
of Schobbenhaus Filho et al. (1984) and Zaléan 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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these two periods coincide with extensive magmatic activity in Southern Brazil (see

below).

1.2.4 - THE CRETACEOUS-EOCENE 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 Parand Basin (also
known as the Parand CFB, of the Parani-Etendeka CFB Province) and Early-Cretaceous

to Eocene alkaline provinces that occur around the margins of the Parand Basin (Figure
1.6). In both cases, the magmatism hds often been associated with the thermal and/or
chemical influence of mantle-plumes impacting on the base of the underlying
continental lithosphere (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
alkalin¢ rocks in western Africa have also been linked with plume impact (e.g. Milner ez
al., 1995b; Milner and Le Roex, 1996; Lanyon and Le Roex, 1995; Le Roex and
Lanyon, 1998)

The Cretaceous alkaline ligneous provinces occurring at the margins of the
Parana Basin, in Brazil and Paraguay, have received increased attention during recent
years, in é series of geochemical, isotopic and mineralogical studies (e.g. Morbidelli et
al., 1995b; -Biizi et al., 1995; Gibson et al., 1995a,b, 1997a; Comin-Chiaramonti and
Gomés, 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 disﬁibution of their emplacement ages allows the grouping of these
~ provinces into three main categories: a) the northern provinces (Poxoréu, Ipora, Alto
Paranaiba) are Upper Cretaceous; b) the southém provinces, on both the west (Eastern
Paraguay Province) and the east (Ponta Grossa Province) have a more wide]y variable
age range; Early-Cretaceous magmatism (roughly contemporaneous to the Parana CFB)
seems to predominate but Late-Cretaceous alkaline rocks may also occur (e.g. in the
Ponta Grdssa province and further south, in the Lages and Piratini regions; c) the
‘ easternmost of the alkaline provinces (Serra do Mér) 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 Paranid 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 Paran4 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 Poxoréu 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 Sdo 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 northern provinces (including
the Serra do Mar province, to the east) are high-Ti ( >2.5 % TiO,), whilst in the
southern provinces the mafic rocks are typically low-Ti (< 2.5% TiO,), 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 Parani
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 Brazilian 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)
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d) The uplift of the Alto Paranaiba, Mogi-Guagi 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 - LATE-PROTEROZOIC 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 Arax4 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 Araxd schists may be of mylonitic origin.
Similar, strohgly 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 Araxé Group comprise quartz-mica-schists (occasionally containing one or
more of the minerals garnet, staurolite and kyanite) and subordinated quaﬂiites. Coarse-
to fine-grained amphibolites, representing the Proterozoic ocean crust, also occur.

The external zone is represented in the area by the Canastra and Ibid 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 éontrol 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.
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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 S@o Francisco Craton) observed elsewhere.

1.3.2 - PALAEOZOIC TO CRETACEOUS UNITS

These rocks are associated to the infilling of the Paranid 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 earliest sedimentary record of the Palacozoic 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).

Thé 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 (Tubardo Group).

During the Jurassic/Early Cretaceous the Sao Bento Group was deposited,
comprising aeolian 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
(Parand 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
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precision “PAr-PAr dating by Turner ef al. (1994) indicate that the main eruptive phase
of the Parand 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 lakeé under a semi-arid regime. The basal unit of the Bauru Group
(Uberaba Formation) is considered contemporaneous with the extensive Late-
Cretaceous alkaline 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 Fé 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
Parand 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 alkaline-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 - LATE CRETACEOUS ALKALINE MAGMATISM

During the Late Cretaceous the western Minas Gerais and the adjacent portion of
southern Goids 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 compoéed 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, Cérrego do Couro, Morro Alto, Mata do Lenco (Gibson et al.,
1995b). Pipes of diamondiferous (Gonzaga and Tompkins, 1991) kimberlites,
containing xenoliths of garnet lherzolite (Leonardos et al., 1993; Carvalho and
Leonardos, 1995) occur at the locality of Trés Ranchos (Goids 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 Parand 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 fir'_st‘phase of uplift was less intense, and Ear1y~Cretace0us in age
(therefore conterrlporaneouswith the formation of the Parand flood basalts). The main
phase of uplift .'occur-red in the Late Cretaceous, and is associated with the alkaline
magmatism of the Alto Paranaiba Igneous Province. _

Thle -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 oherrlical and mjneralogical similarities of these volcanic rocks to kamafugites is
now flrmly estabhshed (Seer and Moraes 1988; Seer et al., 1989; Sgarbi and Valenga,
1993, 1994 Sgarbi and Gaspar 1995; GleOI‘l et al., 1995a). K-Ar dating of phlogopite
separates from the Patos de Minas-Carmo do Paranaiba region yielded an age of 83.6 +
1.4 Ma. (Gibson er al., 19952).

|  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 irr the carbonatite complexes of APIP, and Seer and Moraes
(1988) suggested-that large amounts of .these xenoliths in the volcanic breccias may
indicate the presence of intrusive carbonatite-bearing complexes at depth. Furthermore,
_ their petrographiclde'scriptiOn .'of the pyroxerrite xenoliths (clinopyroxenites containing
calcic augite, ph_l'ogopite, perovskite, apatite, melanite opaque minerals and occasionally
Ba-rieh feldspar) closely resembles  the pyroxenites (bebedourites) of the Tapira
complex, described in this thesis (see Chapter II). Combined with the occurrence of
phlogopite-picrites dykes (Gibson et al., 1995b), which are also abundant in Tapira and
other earbonatite 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 pomt will be further investigated in detail in the
subsequent Chapters of this thesis.

Carbonatite complexes occur A1n 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 Morbidelli et al. (1995b). In the APIP, a
number of relatively iarge' (up‘to 65‘km2_), intrusive, carbonatite-bearing ultramafic
. complexes ar.e'fouri_d. These occurrences comprise the complexes of Cataldo I and
Catalio II in the southern Goifs State, and Serra Negra, Salitre I, Salitre II, Arax4 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 Brasilia 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 (18°08’S; 47° 48’W) and Cataléo II (18°02°S; 47°52°W)

The intrusions of Cataldo I and II are the northernmost known carbonatite
occurrences in the APiP.

Cataldo I, situated approximately 20 km to the NE of the city of Cataldo is the
largest (27 km?) and best known of the two complexes (e.g. Danni et al., 1991; Gaspar
and Aratjo, 1995;' Gaspar et al., 1994; Aradjo, 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 Cataldo 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 Cataldo L.

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 southern
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 foscorites 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 kimberlites, has béen
reported in association with the late stage alteration of the ultramafic rocks by
interaction with the carbonatite magma (Gaspar et al., 1994).

Important deposits of phosphate, niobium, rare-earths, titanium and vermiculite
are present in Cataldo I (Carvalho and Bressan, 1981; Gierth and Baecker, 1986) and the
complex is currently mined for apatite and pyrochlore.

The complex of Cataldo II 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 Cataldo II 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 Cataldo
I, |

Serra Negra (18°55°S; 46°50°W)

The Serra Negra complex, located to the east of the city of Patrocinio, 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 I1 (19°03°S; 46°47°W)

The complexes of Salitre I and Salitre II 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 II is a small (2.5 km?) plug located between the Salitre I and Serra

Negra complexes. The topographic expression of the Salitre I and II 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 i: 5.7 Ma. (recalculated by Sonoki and Garda, 1988, from Hasui
and Cordani, 1968). The Serra do S_alitre (Salitre Mountains) is the type area for
bebedourite, as defined by Troger (1928, see also Chapter II in this thesis).

The petrographic types present in the complex have been described by Mariano
and Marcheffo (1991) and Morbidelli ét al. (1995a). Salitre I is composed dominantly of
| pyroxerﬁtes (bebedourites) and feldspathic rocks (tinguaite, trachyte, fenite). A small
plug of apatite-rich carbonatite occurs in the northern Vportion of the complex. As
observed for Serra Negra, substantial modal‘variafions 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, melaﬁite and sphene. The carbonatite is é sovite with variable amounts of
apatite and opaque minerals, plus accessory dolomite and phlogopite. Morbidelli ez al.
(1995a) also report the presence of accessory olivine'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 occun‘ihg in the southern portion of Salitre I,
previously interpreted as trachﬁes 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 (K,ZrSigOq5) and strontian loparite in the latter.

Salitre II 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 Arax4, in Minas
Gerais State. Available K-Ar age detcrmination‘s (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

24




CHAPTER] - INTRODUCTION AND GEOLOGICAL SETTING

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 Cataldo 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 Arax4 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 - GEOLOGY OF THE 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 Arax4, 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, 1.11, 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 II). 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 I.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
.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 B1 and B2 units
(Figure 1.15) on the basis of their spatial distribution and petrographic/compositional

characteristics (see Chapter II). Because of their restricted occurrence dunites, wehrlites
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mineral phases can produce facies rich in olivine (dunites, wehﬂites), 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 (Guimaries 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 éyenites, 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 iﬁdependent intrusions (Figure I. 19) They are essentially composed of K-
feldspar plus p'hlogopite and/or aegirinic pyroxene, with accessory zircon and sphene.
The petrographic (Chapter II) 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 (C1 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 C1 carbonatite with the
bebedourites and wehrlites of the B1 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 intrﬁde both the Bl
bebedourites and the syeniteé. In the area marked “S” in Figure 115, carbonatites
percolate fractures in the syenitic rock to form monomitic breccias (Figure 1.18),
indicating intrusion by a magrﬁatic 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 aré variable in _sizé and may exceptionally reach up to metric dimension. The
matrix of these breccias may contain lapilli-sized fragments 6f the same rocks, but is
| mainly coinpbsed 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 6f carbonatite have been recognised in the cémplex:
(1) Sovites ( C], C3, C4) are typically medium to fine grained and essentially composed
of calcite and phlogopite, with accessory amouhts of clinopyroxene, amphibole, opaque
- minerals, apatite, pyrochlore, magnetite and pyrite. Veinlets of pyrite-phlogopite and
dolomite-ankerite commonly cut the sovite.

(2) Dolonﬁte sovites (C1, C2) occi,ur as massive bodies and dykes cutting pyroxenites,
earlier sovites and syeniteé. 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. Bbth the phenocrysts and the groundmass often display flow structure.
Common accessory phases ére phlogopite, pyrochlore and rare barite.

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

grained, commonly banded and ‘sometimes show flow textures. Common accessories
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Comprise phlogbpite, magnetite/ilmenite, apatite and pyrite. On the basis of drill core
information, the C5 area in Figure .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 dyk;:’s. 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 II and IV). Phlogopite-picrites consist of olivine phenocrysts set in
a carbonate- ‘and phlogopite-rich groundmass and often show evidence of flow-
differentiation, with the olivine phenocrysts concentrated towards the centre of the dyke.
Low-Cr dykes are very fine greﬁne’d, 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.

L4 - SUMMARY

e Three main geotectonic domains can be recognised in central and southeastern
Brazil: a) "Archaean cratons; b) Proterozoic mobilé belts; c¢) Phanerozoic
sedimentary and volcanic cover. In the study area, these comprise, respectively,-the
Sdo Francisco Craton, the Brasilia mobile belt and the Paran4 and Sanfranciscana
Basins.

e Two major episodes of magmatic activity occurred during the Cretaceous. The Early
Cretaceous magmatism comprise a) the Parand continental flood basalts (CFB); and
b) alkaline igneous provinces emplaced at the margins of the Parand 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 Parand Basin.
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e The APIP magmas were emplaced in metamorphic rocks of the Brasilia belt, near
the southwest margin of the Sdo 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 II).

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

with less abundant syenites, carbonatites and ultrapotassic ultramafic dykes.
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I1.1 - 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. Gaspar, H. J.
Seer, L. C. Moraes and 1. G. Guimardes, 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 B1 and
B2 units and syenites; the carbonatites are subdivided into five groups (C1 to C5 units)

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

I1.2 - CRITERIA FOR ROCK 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 IV.

Classification of SPS rocks 4

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 simplified 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 alkaline
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 er 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, ijolite, 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 Salitre 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 Cataldo and Arax4 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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Maitre et al. (1989).

Most of the ultramafic rocks in Tapira are described in the following sections as
cumulates. Since the definition and nomenclature of cumulaté rocks was proposed by
Wager et al. (1960) it has been widely used in the literature. 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 McBirney 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. McBime.y 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 thé 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:

e 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.

e The presence of oikocrysts, where the intercumulus phases are compatible with the
expected crystallisation sequence of silicate minerals (e.g. poikilitic pyroxene
including olivine; poikilitic phlogopite including pyroxene or olivine + pyroxene).

e 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.

e 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).
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‘e The regular recurrence of phlogopite-rich layers alternating with phlogopite-free

laye‘fs (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 Iﬁagma is further demonstrated 'by the occasional

occurrence of interstitial carbonate in evolved bebedourites (see below) and the
common presence of pegmatoids. | |

e With the éxéeption of phlogopite, all the other modally significant phases in
'wehrlites’ and bebedourites have a density comparable to, or exceeding that of,
férSteﬁtic olivine (e.g. clinopyroxene, apatite, perovskite, melanite, titanomagnetite,
chromite). Such.high—de'n‘sity phases are unlikely to be kept in suspension, especially
if the li‘ql;lid from whi'clh they crystallise is assumed to have high contents of volatiles
and, consequently, low viscosity..

. Thé'- whole-rock compositions of many of the ultramafic plutonic rocks, particularly
the bebedourites and their facies variations, fall 6utside the geochemical trends of
tﬁe finé—grained dyke rocks from Tapira (Chapter IV)

Nevertheless, 'soﬁie of the ultramafic ro_cks described in the following sections
do occur as relatiyély fin.e—graine‘d dykes (e.g. wehrlite dykes of the B2 unit, see below)
or as homogeneous,‘mediuin to fine-grained rocks, with uniform modal compositions
and ‘lacking evidence of banding or typicall cumulate textures (e.g. some evolved
bebedourites). These particular rock-types could, of course, represent the in situ
crystallisétion ofvmagmatic liquids, wi’thoﬁt 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—gra'ined‘ 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)
pheho’crysts. On other occasions they have been mistaken for metasomatic glimmerites,
because of the high modal Apercen’tages of phlogopite and carbonate. Gibson et al. (1995)
stressed that these rocks do not fit the established nomenclature, and proposed the name
phlogopite—pi:‘cﬂte' for them. Such rocks aisé fail to conform to the guidelines 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 fit 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 dykeé, 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, Tapifa carbonatitic rocks can be mostly classified as coarse-
grained calcite carbonatites (traditionally called sovites) and dolomite-bearing calcite
carbonatites. Less frequently, dolomitemay 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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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 B1 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 B1

bebedourites ‘and wehrlites. All three units of the SPS are locally intruded by

carbonatite.
11.3.1. B1 UNIT

Wehrlites and other olivine-bearing cumulates

A relatively small percentage of the samples collected from B1 bontain 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 + apatite, alternating with slightly thinner bands of apatite + perovskite +

~opaques (Figure I1.2). 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 I1.3) and phlogopite (Figure I1.4) are common intercumulus
minerals. Apatite is a cumulus phase throughout the crystallisation sequence. Melanite,
carbdnate, tetraferriphlogopite (Figure IL.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 II.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 I1.3) 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 olivine. 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). A

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 silicate minerals were being formed (despite the liquid probably being within the
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temperature range of olivine and pyroxene 'crystallisation). This could result, for
instance, from periodical fluctuations in the activity of the relevant components (e.g.
Si0,, TiO,, P;0s). The removal of olivine and pyroxene would drive an already strongly
undersaturated liquid towards even lower SiO, levels, with corresponding relative
increase in TiO, and P,Os. Saturation of these components would promote extensive
precipitation of perovskite and apatite, therefore driving the liquid back to relatively
higher SiO, contents.

~Phlogopite is a typical intercumulus phasc;, (e.g. Figure I1.4) in the wehrlites and
other olivine-bearing rocks of the Bl 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-
crystallisatioh movements. The optical characteristics of phlogopite in the olivine-
bearing rocks (pleochroic from brown to orange, with o < § = v) suggest normal Al and
Fe contents. However, in the vicinity of carbonaté veinlets (e.g. Figure II.5), the margins
of phlogopite crystals may.‘develop reverse pleochroism (o > 8 = v) in shades of bright
red and orange, indicative of replacement by tetraferriphlogopite (high Fe’*, 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
olivine-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

crystallisaition trend, with the wehrlites (and possibly dunites) representing the lower
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levels of a layered sequence of ultramafic cumulates, and the B1 bebedourites
represent@ng 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 pyroxené 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 I1.7), as.well as by phlogopite laths. The possible origins of
' igneous foliation have been recently discussed by McBirmey and Nicolas (1997) and by
Meurer and Bordreau (1998b): In volcanic and sub-volcanic. rocks, and in granitic
intrusions, igneous foliation is produced mﬁinly 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.
McBirney 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 mgrgins 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 McBirney 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 pértially consolidated margins of the intrusion
may have been subjected to some degree of shearing during or shortly -after
emplacement. '

Modal layerihg is often present in the Bl bebedourites. Figure II.8 shows the
contact between a phlogopite-rich and a perovskite/melanite (s.l.)-rich layer. The

relatively fine-grained aggregate of pyroxene, perovskite and melanite (s.l.), in the
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centre of the photbgraph) 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 crystallisation follows the sequence:

apatite = perovskite = clinobyroxene = phlogopite + opaques.
In the more evolved rocks this. chagges to:

clinépyroxene = perovskite = apatite => opaques + phlogopite.

Apatite forms small prismatic or rounded grains, occurring both as discrete
crystals or as inclusions in all other minerals. Although apétite is present throughout the
“crystallisation history of the B1 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 anisotfopy, induced by the conspicuous twinning. As
observed for the wehrlites, perovskite may locally include euhedral apatite prisms
(Figure I1.9). 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./.) may be present as rare discrete crystals or, more often, replacing
the rims of perovskite crystals (Figure I1.9). In the latter case the garnet hgs 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.

Clinopyroxene ip B1 bebedourites is a pale-green diopside, showing very littie
or no pleochroism. It oc.curs as large prismatic crystals and locally contains abundant
exsolution of opaque phases in structurally-controlled patterns. When zoning is optically

visible it is irregular, with a tendency for the rims to show paler shades of
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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, perovskite, 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 B1. It occurs as rare, minute,
euhedral or subhedral crystals of high refraction index and deep brown-red colour
(Figure I1.10). 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 melilitolite (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 melilite 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
I1.11), with subordinate amounts of euhedral perovskite, subhedral diopside and apatite,
and interstitial phlogopite and opaques. Perovskite is partially replaced by melanite
(s.1.). 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.

- 1L1.3.2. B2 UNIT

This unit occupies the northern margin of the Tapira complex. It is composed
dominantly of bebedourites, usually containing higher amounts of clinopyroxene than
those of BI. Olivine-bearing cumulates were not found in the studied drill cores.

Nevertheless, a few dykes of wehrlite intruding the B1 bebedourites are included in this
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unit, on the basis of their mineralogical and petrographic sirnilarities. 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 B1 unit is that these dykes contain only minor
amounts of perovskite, but have abundant primary garnet. The crystallisation order

suggested by the textural relationships between the essential phases is:
apatite = olivine = clinopyroxene = garnet + 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 BI1, where olivine precedes or is

contemporaneous with apatite. Olivine crystals are variably altered to serpentine and

. oxidised material (Figure I.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 II.13 illustrates a zoned garnet, where the rim is poikilitic
and the core is virtually inclusion-free. This variety of garnet is interpreted as primary,
formed from a liquid with higher silica content than the one that generated the wehrlites
and bebedourites in B1. Th§: paucity of perovskite in these rocks, despite the substantial
availability of Ca and Ti (as shown by the occurrence of Ti-rich garnet), 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 II.14). Apatite, perovskite, melanite

(s.1.) and sphene are usually present in subordinate amounts.

50







J. A. BROD

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) apﬁears in the latest stages. Apatite may be a recurrent early phase
in the most evolved bebedourites. As observed for B1, the bebedourites may show a
strong mineral orientation, defined by juxtaposed prismatic crystals of diopside and
apatite, as well as phlogopite lamellae (Figure II.15), but this feature is less common in
B2.

Clinopyfoxene is diopsidic in composition. The colour absorption is generally,
but not always, stronger than in B1 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 samplés the pyroxene is zoned towards paler rims (e.g. Figure II.14) whereas in
others the opposite variation is observed (e.g. Figure 1I.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 II.16). Interestingly, perovskite inclusions in pyroxene do not show any
signs of replacement by silicates, 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 II.14) to subhedral laths, in
the more evolved rocks. The pleochroism is normal, although in somewhat stronger
shades of orange or red than in BI. 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 II.17).
Reconnaissance X-Ray Diffraétometry (XRD) studies confirmed the presence of alkali
feldspar in ‘three of these rocks, one of which appears to contain the association
orthoclase + nepheline (pseudoleucite?).

The interpretation of the felsic patches is not straightforward. They could either
represent feldspars br feldspathoids crystallised fronﬁ 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 I1.18 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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differentiation processes. The altered patches are likely to represent the same
phenomenon, but have been obliterated by post-magmatic processes.

The relatively higher SiO, 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 sphéne and garnet in the bebedourites; ¢) 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 silicate-free perovskite
inclusions in pyroxene suggests that silicé increases in the liquid with magmatic
differentiation, as normally expected. On the other hand, the occurrence of melanite
(s.1.), 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, clinopyréxene) or non-silicate (perovskite, apatite) phases.
More complex alternatives would be the assimilation of the quartzitic country rock,
resulting in uneven silica distribution in the liquid, or the involvement of these magmas

in an episode of liquid immiscibility. These possibilities will be explored in detail in

Chapter V.

Note on bebedourites from the Mata da Corda

Neaﬂy all compositional and textural features observed in Tapira bebedourites,
from both the B1 and B2 units, are présent in clinopyroxenite xenoliths occurring within
pyroclastic deposits of the Mata da Corda Group (Seer and Moraes, 1988; and thin
sections 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 thel

Tapira complex. This provides an important link between the carbonatites and the

kamafugitic magmatism in APIP.

11.3.3. SYENITES

Tapira syenites occur as small intrusions in the B1 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 coinposed 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
rﬁore 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 IL.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 oéCasionélly includes small subhedral crystals of apatite. In most of the
éamples exémjned, 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 -clinopyroxene comprises fine-grained radial
aggfegates of acicular crystals (Figure 11.20). A

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 feldépar
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.

56







J. A. BROD

Carbonate occurs in interstitial masses, which may be related to the
crystallisation of COs-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 IL.21). However, because the syenites are spatially
associated with carbonatite intrusions, some of the interstitial carb;)nate is introduced by
fluids derived from the carbonatites, ‘making it difficult to estimate the relative
proportion between these two van'etics.

Zircon is a common accessory in Tapira syenites, occurring és anhedral,
relatively large (up to 0.5 mm, Figure II.22) crystals. These do not produce pleochroic
haloes when included in biotifc, 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 I1.23) but in some cases their contours resemble those of
leucite crystals (Figure 11.24) whereas others are rectangular, resembling nepheline or
kalsilite (Figure I1.25). A number of samples containing altered patches were subjected
to a reéonnaissance 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 reqﬁired 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 Serré do Mar Province, located to the southeast of the APIP. (Figure

L6).
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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 outcr/ops 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 (Figurés I1.26 and 11.27).

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
kalsilite (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 Valenca, 1993) and from the contemporaneous Ipord Igneous
Province, in the northern margin of the Parand 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 linking the
carbonatite compleAxes‘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 al.,

1998)

I1.4 - CARBONATITES

The Tapira carbonatites were grouped into five different units (C1 to C5),
according to their locdtion 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 C1 to CS also
reflect the volumetric importance of each unit within the complex. Accordingly, C1 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 Bl 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 Figuré 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.

11.4.1. C1 UNIT

This unit comprises granular, medium-grained calcite carbonatites and intrudes
B1 wehrlites and bebedourites, brecciating and metasomatising these rocks, with the
formation of phlogopite-rich fenites (see section IL.6). The calcite carbonatites are
frequently cut by dykes of late-stage dolomite carbonatites.

C1 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 recrystallised 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 I1.28, and Chapter IIT). This feature is particularly common in the C1
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 disequilibrium with the carbonatite liquid or reaction with adjacent
minerals was found (Figure 11.29). 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 C1
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 C1 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 C1 carbonatites suggests the influence of crystal

accumulation processes in the formation of some of these rocks.
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Pyrochlore is a conspicuous accessory in C1. It occurs as small euhedral to
subhedral crystals, locally associated with apatite and TFP. Some crystals show a
concentric zoning pattern (Figure II.30). Pyrochlore includes apatite and may include or
be included in TFP.

Baryte occurs as scattered grains or as aggregates of granular or fibrous crystals,
often altered to oxidised -materials. The shape of the aggregates is irregular and
sometimes baryte appears to be filling vugs in the carbonatite (Figure I1.31). Fractures
filled with baryte are common.

Opaque minerals occur as scattered grains of magnetite and late-stage subhedral

sulphides (mainly pyrite, occasionally chalcopyrite).

11.4.2. C2 UNIT

The mode of emplacement of C2 carbonatite is variable. These rocks occur as: a)
an independent intrusion (marked “C2”, i.n Figure 1.15); and b) as dykes and diatreme-
facies breccias elsewhere in the complex. These two sub-types are described separately
in the sections below. However, it should be emphasised that, since the two groups do
not necessarily show spatial association, their inclusion in the same unit is merely
tentative. These rocks share some compositional similarities (e.g. the presence of both
calcite and dolomite as primary carbonates; occasional occurrence of zirconolite) and
show a persistent association with syenites. However, a nﬁmber of other features, such
as contrasting textures and/or mode of emplacement (see below) could mean that

carbonatites of more than one origin are present within the C2 unit.

“C2” intrusion
- The rocks occurring in the C2 area of Figure 1.15 are composed essentially of
carbonate, with accessory opaque minerals and very small (in most cases negligible)
amounts of phlogopite, amphibole, zirconolite, baryte and pyrochlore. These rocks are
usually finer-grained than C1 (average grainsize 0.4 mm).
Carbonate minerals comprise calcite and dolomite. Both minerals may develop a
cloudy appearance, caused by the exsolution of Sr- and Ba- rich phases in response to
low-temperature recrystallisation. Deformation of carbonate crystals is recognised in

some samples, leading to the development of mortar texture (Figure I1.32), which
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ultimately evolves to a fine-grained fabﬁc with isolated “augen” of the original
carbonate (Figure I1.33). This contrasts with the apparently permissive intrusion of
carbonatite in the syenites (i.e., with the formation of magmatic stoping breccias, see
Chapter I). It may be that the C2 intrusion of Fi gure 1.15 consists of more than one batch
of magma. ‘

Phlogopite occurs only as tiny (0.1 mm) flakes, scattered in the carbonatite.
These flakes may show either normal (ordinary phlogopite) or reverse pleochroism
(TFP). The paucity and the reduced size of mica flakes in C2 make it difficult to
ascertain the origin of this mineral. Direct precipitation from the carbonatite magma or
disintegration of phlogopite xenocrysts seem equally probable. On the grounds of the
similar optical properties and of similar composition (see Chapter III) the flakes of TFP
are interpreted here as primary, whilst the flakes of ordinary phlogopite may be of
xenocrystic origin.

Pyrochlore is rare and occurs as scattered, euhedral, small (up to 0.2 mm) zoned
crystals. It is at least partly formed at a late stage, since it accompanies baryte in vugs.

Amphibole occurs in very few samples, forming radial aggregates of dark blue-
green acicular crystals. |

Opaque minerals consist mostly of small interstitial grains of subhedral
magneétite, with subordinate amounts of relatively coarser-grained sulphides.

Zirconolite occurs as small, subhedral, deep red-brown crystals (Figure 11.34).
Zirconolite is the only zirconium mineral found in the Tapira carbonatites during this
research. Furthermore, it seems to be restricted to carbonatites of C2 unit. It is
interesting to note that the C2 carbonatites are spatially associated with the Tapira

syenites, which are also enriched in zirconium (e.g. large zircon crystals, Figure 11.22).

Dykes and breccias

C2 Carbonatites locally occur as fine-grained dykes, containing euhedral
phenocrysts of apatite and tabular calcite, as well as deformed xenocrysts of phlogopite
(Figure 11.35) and, more rarely, diopside. The groundmass is composed of fine-grained
calc;ite, dolomite, apatite, opaque minerals, phl.ogopite‘ and chlorite. Zirconolite may be

a rare accessory. Oriented calcite phenocrysts define a conspicuous flow texture. (Figure
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I1.35). Globules composed of fine-grained feldspathic aggregates are common (Figures
I1.35, I1.36), suggesting that C2 may have been contemporaneous with syenites, and that
the two rock-types may be linked by a common origin (e.g. differentiation or liquid
immiscibility). The C2 carbonatite dykes show evidence of some degree of crustal
assimilation. Figure I1.37 shows a partially assimilated rounded grain of quartz,
presumably derived from the meta-sedimentary country rock.

A carbonatitic diatreme breccia has been temporarily exposed by the mining
activities in Tapira (see Chapter I). This is composed of fragments with highly variable
size (up to 1m), comprising several petrographic varieties of SPS rocks and, more
rarely, fragments of country rock. The matrix is fragmental and extremely rich in
xenocrysts (Figures I1.38 an’d I1.39), immersed in a carbonate-rich groundmass. The
composition of the xenocrysts is highly variable, but they seem to derive mainly from
the SPS rocks (e.g. clinopyroxene, olivine, apatite, phlogopite, opaques, perovskite).

Two varieties of clinopyroxene xenocrysts are present in the breccias and dykes
of the C2 unit. The first consists of abundant xenocrysts of pale-green, weakly
pleochroic diopside, similar to that in the bebedourites. The second comprises rare, deep
green aegirinic pyroxene, similar to that of the syenites.

On the basis of the presence of both calcite and dolomite in the groundmass of
the breccias and of the similarities between the xenocrysts present in the breccias and
those present in the C2 dykes, the breccias are interpreted here as an explosive
expression of the C2 magmatism. ‘

Finally, the petrographic evidence points to an intimate association between C2
and syenites, suggesting that these two rock-types may be contemporaneous or have
formed within a short period of time. This is supported by: (i) the presence of carbonate
globules and interstitial carbonate patches in the syenites (lacking apparent association
with carbonate veinlets); (ii) the spatial association between the two units in the
complex; (iii) the small number of aegirinic xenocrysts in C2, compared with diopside;
(1v) the presence of zirconolite as a common accessory mineral in C2, together with the

abundance of zircon in the syenites; (v) the presence of feldspathic globules in C2

carbonatites.

68







J. A. BROD

11.4.3. C3 UNIT

This unit occurs in the northern extremity of the complex. It consists of medium-
to coarse-grained (average grainsize = 2 mm) calcite-carbonatites, with isotropic
~ structure and granular texture. The carbonatite is composed mainly of interlocking
calcite crystals, and smaller (0.2-0.3 mm) rounded crystals of apatite. Opaques are
common, and xenocrysts of clinopyroxene and phlogopite are conspicuous. Pcrovékite
is an extremely rare accessory in C3.

Calcite occurs as an equigranular, closely packed arrangement of anhedral
crystals that dominates the texture. The effects of post-magmatic alteration, observed in
C1 and C2 (development of “cloudy” calcite) are remarkably restricted in C3. This is
probably due to the smaller size of the C3 intrusion, with correspondingly downscaled
hydrothermal or carbothermal systems.

Phlogopite is only present in C3 as xenocrysts. These comprise anhedral crystals
of ordinary (normal pleochroism) phlogopite. They invariably display evidence of
disequilibrium with the carbonatite liquid, such as embayed margins, irregular shapes
and partially replacement by TFP, especially around the rims or along cleavages and
fractures (Figure 11.40).

Pyroxene is also xenocrystic, but has a more restricted distribution than
phldgopite. The pyroxene xenocrysts are not as easily dissolved by the carbonatite liquid
as those of phlogopite, but still show irregular, rounded or embayed margins. The
xenocrystic origin is evident in Figure I1.41. Note that the pyroxene in this picture
shows an irregular shape and the inclusion of apatite (near the top-side of the crystal)
. terminates exactly at the limit of the xenocryst. Optically, the clinopyroxene xenocrysts
in C3-are similar to the diopside in the bebedourites B-2, which is unsurprising, given

the spatial association of the two units in the northern margin of the complex.

IL4.4. C4 UNIT

This unit is petrographically similar to C3, except for the apparent absence of
diopside xenocrysts. Phlogopite xenocrysts show strong evidence of befng dissolved
into the carbonatite liquid, with fine-grained opaque minerals forming as a residue. In
extreme cases, the phlogopite crystal is completély dissolved, leaving behind only a

cloud of fine-grained opaque minerals and oxidised material (Figure 11.42).
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11.4.5. C5 UNIT

A number of late-stage dykes and veins have been grouped under this unit. In
Figure 1.15 (Chapter I) an area is shown, in the northwestern portion of the complex,
where these rocks are particularly common and which probably represents a larger dyke
or system of dykes. However, the C5 rocks are not restricted to this region, but form
thin dykes and veinlets throughout the complex. They are, therefore, considered as the
latest carbonatite manifestation in Tapira.

Carbonatites of the C5 unit are usually fine-grained (0.2-0.3 mm) and
equigranular, although coarser-grained facies may occur locally. They are composed of
dolomite or mixtures of dolomite and calcite. Opaques and baryte are the common
accessory minerals. Phlogopite (TFP) and apatite are very rare. Phlogopite xenocrysts
do occur, showing the same disequilibrium features described above for other

carbonatite units.

I1.5 - ULTRAMAFIC DYKES

The plutonic rocks of the Tapira complex are crosscut by a large number of
ultramafic dykes, subdivided here into phlogopite-picrites and low-Cr dykes. The
thickness of these dykes is usually small (a few centimetres) but may exceptionally

reach a few metres.

I1.5.1. PHLOGOPITE-PICRITES

These rocks consist of phenocrysts of olivine (less frequently phlogopite, apatite
clinopyroxene or perovskite) set in a fine-grained groundmass composed of phlogopite,
carbonate, apatite, perovskite and opaque minerals. They commonly show evidence of
flow-differentiation, defined by the accumulation of olivine phenocrysts towards the
centre of the dykes (Figure 11.43).

Olivine phenocrysts are subhedral to euhedral, varying from intensely
serpentinised to perfectly fresh. The preferred orientation of phenocrysts in the direction
of flow is common (Figure I1.44). Olivine phenocrysts may be coated by aggregates of
equant small crystals of perovskite and oxides (chromite). This texture is identical to
that observed in the wehrlites (e.g. Figure II.6). Perovskite coating of olivine crystals

has also been described from kimberlites (e.g. Reid et al, 1975; Dawson and
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Hawthorne, 1973). Locally the olivine phenocrysts are mantled by subhedral laths of
phlogopite (Figure I1.45). A similar texture has been described from lamproites
(Mitchell and Bergman, 1991) and interpreted as the product of nucleation of magmatic
phlogopite against olivine macrocrysts, rather than reaction between olivine and liquid.
Mantling of olivine by phlogopite laths has also been reported by Gibson et al. (1994)
from the kamafugitic diatreme of Serra do Bueno, in APIP. A second type of phlogopite
mantling in olivine phenocrysts is illustrated in Figure 11.46. In this case, anhedral
masses of phlogopite form coronas around the olivine phenocrysts and are clearly the
product of reaction (note, for instance, the ring of perovskite + opaques marking the
contours of the oﬁginal olivine crystal). The sample portrayed in Figure I1.46 shows
petrographic and chemical evidence of widespread post-magmatic alteration. This is
possibly a phlogopite-picrite dyke caught.in the hydro/carbothermal system of a late
intrusion of carbonatite. This texture is therefore interpreted as a metasomatic feature, as
opposed to the primary (magmatic) character of the texture in Figure I1.45.

In addition to its occurrence with olivine, phlogopite is present as phenocrysts
and is also an important constituent of the groundmass of phlogbpite-picﬁtes. The
phenocrysts may be locally abundant and occur as subhedral laths, oriented or not
(Figure 11.47). They may be zoned towards tetraferriphlogopite, in samples where
carbonate is modally abundant in the groundmass. The phlogopite laths show minor
embayments, indicative of incipient dissolution of the phenocryst into the liquid (Figure
11.47). Groundmass phlogopite occurs as subhedral to anhedral (interstitial) lamellae,
~ which may be oriented or not.

Clinopyroxene is diopsidic in composition and occurs as rare phenocrysts,
locally surrounded by phlogopite mantles.

Perovskite is an important constituent in the groundmass. It also forms rare
subhedral phenocrysts, containing inclusions of apatite and fine-grained groundmass
material.

Opaque minerals occur as small scattered grains in the groundmass (chromite +
titanomagnetite) or slightly larger crystals (chromite) accompanying perovskite in rings
formed around olivine phenocrysts.

Apatite occurs as small prismatic or equant crystals in the groundmass or, more

rarely, as subhedral prismatic microphenocrysts (Figure I1.48).
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The formation of carbonate-rich zones in the groundmass of phlogopite-picrite
dykes is locally observed. These may evolve to carbonate “pockets” (Figure II. 49) of
irregular or globular shape, suggesting that immiscibility of carbonate-rich liquid from
the phlogopite-picrite magma may have occurred as early as during the formation of
olivine. Although irﬁmiscibility of silicate and carbonate liquids is by far more common
at more evolved stages (e.g. carbonatite immiscibility from phonolitic magma) the
process has been documented in ultramafic rocks such as kimberlites and ultramafic

lamprophyres (e.g. Dawson and Hawthorne, 1973; Pearce and Leng, 1996).

I1.5.2. LOW-CR DYKES

The low-Cr dykes typically contain phenocrysts of one or more of pyroxene,
apatite, garnet and phlogopite, set in a groundmass of the same minerals plus opaques
and carbonate. | |

Clinopyroxene phenocrysts (Figure I1.50) are diopsidic in composition. They
form subhedral prismatic crystals, locally surrounded by a rim of opaque minerals. In
the groundmass, pyroxene occurs as subhedral to anhedral crystals, with a deeper green
colour and locally develops acicular habit.

Phlogopite occurs as microphenocrysts or as euhedral to subhedral lamellae in
the groundmass. The crystals commonly show preferred orientation, defining a flow
texture in the low-Cr dykes. Both phenocrysts and groundmass phlogopite may be zoned
towards deep reddish-brown rims. However, whilst the phenocrysts sometimes display
evidence of reaction with the liquid, the flakes in the groundmass appear to be in
equilibrium (Figure II.51). In many cases the colour absorption in the rims is so strong
that the character of the pleochroism.(i.e. normal or reverse) could not be determined.
These rims may represent tetraferriphlogopite or, alternatively, titanian phlogopite. The
zoning is interpreted as primary, rather than metasomatic replacement.

Apatite occurs as subhedral prismatic phenocrysts and microphenocrysts. It is
often skeletal (Figure I1.52), suggesting a relatively fast growth rate.

Garnet of melanite to andradite composition is common in the groundmass of
low-Cr dykes. Melanite, rather than perovskite, is the main Ti mineral. Together with

the absence of olivine and chromite, this is distinctive of the low-Cr dykes, when
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compared with the phlogopite-picrites. The garnet crystals are euhedral and zoned
towards lighter-coloured rims.

With the magmatic evolution of the low-Cr dykes, the carbonate content
progressively increases in the groundmass. This often leads to the formation of
carbonate globules or ocelli (Figures I1.53, 11.54), suggesting that carbonate tends to
form immiscible droplets within the low-Cr dykes. In some cases, the carbonate
enrichment in the groundmass of low-Cr dykes is extreme and these rocks virtually
grade to silico-carbonatites. The zoning of gamet seems to correlate well with this
process. Figure I1.55 shows garnet crystals from an extremely evolved (carbonate-rich)
dyke. The cores of garnet crystals are dark-coloured and optically similar to the melanite
occurring in less evolved dykes and in the B2 bebedourites. As the liquid evolves, the
amount of Ti decreases abruptly and the garnet rims become close to andradite in
composition. Whilst some of the darker cores may have irregular contours, indicating
that they were partially dissolved by the liquid, the rims are perfectly euhedral and seem
to be in equilibrium with the groundmass carbonate.

The sudden unavailability of Ti in the low-Cr dykes is difficult to explain only
by progressive removal of melanite or another Ti-rich phase (e.g. to form bebedourite-
like cumulates). It is possible that this abrupt change signals the onset of a more

extensive event of liquid immiscibility.

I1.6 - METASOMATIC ROCKS

11.6.1 - COUNTRY ROCKS

The intrusion of the Tapira complex resulted in deformation and metasomatism
of the meta-sedimentary country rocks (quartzites and schists). The effects of
metasomatism are more easily observed in the quartzites, because of their relatively
simple initial composition and because these rocks crop out more often than the schists.
The fenitisation aureole seems to be relatively restricted in Tapira although this is
difficult to evaluate accurately, because of the poor exposure. The fenitised country rock

can be found near the mining area and in rare outcrops around the margins of the

complex.
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The first metasomatic effect observable in the quartzites is the formation of
scattered porphyroblasts of alkali-feldspar. Closer to the contact with the complex,
where metasomatism was more intense, the quartzites are converted to feldspar- and
aegirine-rich fenites (Figure I1.56). The structural fabric of the original rock may be
preserved, or even enhanced, by the concentration of aegirine crystals along the pre-
existing structure. Most of the quartz is transformed to alkali feldspar. The presence of
substitution perthites in the feldspars (Figure I1.57) suggests that multiple generations of
alkali-feldspars were formed, perhaps during a prolonged metasomatic event or by

several independent introductions of metasomatic fluids.

I1.6.2 - SILICATE PLUTONIC ROCKS (SPS)

The effects of the intrusion of carbonatites in the Silicate Plutonic Series are
clearly visible in drill-core samples. A phlogopite-rich reaction zone develops in the
contact of syenite and carbonatite (Figure I1.58). Thé thickness of this reaction zone is
variable, but usually does not exceed a few centimetres.

In the ultramafic rocks of the SPS, the effects of carbonatite metasomatism are
by far more intense. The dunites, wehrlites and bebedourites are converted into a
phlogopité— carbonate- and magnetite-rich rock that has been classified as phlogopitite,
glimmerite, foscorite, and silico-carbonatite by previous investigators of the APIP
carbonatite complexes. This rock has also been occasionally confused with the
magmatic phlogopite-rich rocks (phlogopite-picrites and low-Cr dykes). To avoid
further misunderstanding, the metasomatic, phlogopite-rich products of the interaction
of carbonatite liquids with the ultramafic portion of the SPS will be called simply
“reaction rock” in this thesis.

The reaction rock (Figure I1.59) is fine-grained, dark brown in colour and
crosscut by abundant carbonate veinlets. Small-scale banding, with alternating
phlogopite- and carbonate-rich zones is conspicuous. These alternating bands are always
parallel to the contact (note the concentric pattern in Figure I1.59, surrounding the
preserved core of ultramafic rock). Similar textures have been described by Gaspar
(1989), for ultramafic rocks subjected to carbonatite metasomatism in the Jacupiranga
complex. The carbonate in the reaction rock is dolomite, and the mica has the strong red

colour and reverse pleochroism typical of tetraferriphlogopite (Figure I1.60).
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The generation of tetraferriphlogopite- by metasomatic processes has been

demonstrated in previous sections of this Chapter. In fact, it appears that all

tetraferriphlogopite in SPS rocks is accompanied by textural evidence of metasomatism.

The same is not true of the primary tetraferriphlogopite in carbonatites C1 and of the

zoned crystals in s'omevof the phlogopite-picrites and low-Cr dykes. The chemical

properties of Tapira micas will be investigated in a further section of this thesis, with a

view to establishing possible differences between magmatic and metasomatic varieties.

I1.7 - SUMMARY

The pvetrog.r.aphic characteristics of Tapira rocks are described in detail. The
subdivision of the Silicate Plutonic Series (SRS) and of the Tapira carbonatites,
established in Chapter I; is supported by detailed variations in mineralogy and
fexture of the Tapira rocks.

Within the ultramafic portion of the SPS, two petrographically distinct groups (Bl

ad B2) are recognised. In both groups, bebedourites (a variety of alkaline

cllinopyroxenites containing essential perovskite, apatite and phlogopite) are largely
predominant. Volumetrically subordinate olivine-rich rocks (mainly wehrlites) are
also present. Facies variations towards perovskite- and/or apatite-rich rocks are
common, particularly in B1.

A progressive increase in SiO, activity is marked by the decrease of modal
perovskite and the appearance of Ca-Ti silicates, such as melanite and sphene. This
may occur in both B1 and B2 rocks but is a more prominent feature in the latter.
Some evolved B2 bebedourites may contain interstitial feldspar and/or carbonate.
Modal‘ layering and strong mineral orientation, particularly in B1, suggest that most
of the SPS is composed of cumulates, and that these may have been emplaced
partially as a crystal mush. Some of B2 rocks, however, may represent the products
of in situ crystallisation. Ultramafic pegmatites occur .locally in Bl. Their
composition is mainly bebedouritic, but rare melilitolite (uncompahgrite) is also
present. |

Tapira syenites are composed essentially of non-perthitic orthoclase, with

subordinate aegirinic pyroxene and phlogopite, and accessory sphene, zircon and
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carbonate. Some samples may possibly contain altered feldspathoids.

Carbonatites are subdivided into five uni‘ts (C1 to C5). Rocks of the CI unit are
coarse;grained ~ calcite  carbonatites, containing  primary  crystals = of
tetraferriphlogopite, apatiteA, magnetite and pyrochlore. Phlogopite xenocrysts and
late-stage baryte and sulphides are also present.

~ C2 carbonatite vary considerably in texture and composition. Rocks from the “C2”
intrusion are compos.ed -essentially of calcite and subordinate dolomite, with
accessory phlogopite and/or tetraferriphlogopite, pyrochlore, amphibole, opaques
and zirconolite. The C2 dykes and the carbonatitic groundmass of diatreme-facies
breccias contain primary crystals of tabular euhedral calcite, in addition to frequent
xenocrystic material derived from the SPS and assimilated from the country rock. A
possible association of C2 carbonatites with the syenites is suggested.

C3 and C4 are petrogréphically similar, although not spatially associated. These are
medium to coarse grained calcite carbonatites, with accessory apatite, opaques and
rare perovskite (C3). Phlogopite and diopside xenocrysts, 'possibly entrained from
the ultramafic SPS rocks, are locally abundant. -

C5 comprises dolomitc carbonatites, occurring as late-stage dykes and veins.
Phlogopite-picrites are typically composed of olivine phenocrysts set in a fine-
grained groﬁndmass “of phlogopite, carbonate, apatite and opaques. Carbonate
“pockets” in the groundmass suggest a possible segregation of immiscible carbonate
liquid. |

Low-Cr dykes lack olivine, but may contain phenocrysts of pyroxene, apatite, garnet
and phlogopite, in a groundmass composed of the same phases plus carbonate and
opaques. Carbonate ocelli and sudden changes in the optical properties of some
minerals suggest that these rocks have been involved in liquid immiscibility
processes.

Metasomatic effects associated with the Tapira complex comprise the formation of
aegirine- and feldspar-bearing fenites in the quartzite country rock, and various

reactions between carbonatites and the silicate rocks of the SPS.
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II1.1 - INTRODUCTION

This chapter describes the chemical composition of some of the mineral phases
in Tapira rocks. The mineralogy of carbonatites and ‘associated silicate rocks is varied
and complex, and the detailed study of all minerals identified in thin section goes far
beyond the scope of this thesis. Instead, this study was concentrated on those minerals
occurring as essential phases in a range of Tapira rocks, from wehrlites to syenites and
carbohatites, with a view to identifying and nionitoring magmatic processes involved in
the genesis of Tapira rocks. Among the major mineral constituents of both carbonatites
and silicate rocks, apatite is the only phase not included in this study. Apatite, together
with rare accessory phases, such as pyfochlore and zirconolite, is part of current research
in progress. The following sections of this Chapter will discuss the mineral chemistry of
~ olivine, clinopyroxene, mica, perovskite, opaque' minerals, | garnet, feldspar and

carbonates from the Tapira complex.
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II1.2 - OLIVINE

Olivine is present in dunites and wehrlites of the silicate plutonic series (SPS), in

phlogopite-picrite dykes and as xenocrysts in carbonatitic breccias from the Tapira
mine. This mineral is notably absent from the bebedourites and low-Cr dykes. At the
rélatively weathering-free level reached by the drilling works, bebedourites are by far
the most abundant rock-type, whilst wehrlites are rare and dunites very rare. Only
hydrothermally altered samples of dunite were found in the drill cores examined during
this research, and these were not consideréd for whole-rock or mineral chemistry
studies. Therefore, the following discussion will be based solely on the olivines from in
wehrlites and phlogopite-‘picrites. The ranges and average composition of the studied
olivineé are presented in Table III.2.1. The complete set of analyses and calculated

formulas are given in Appendix 2.

Webhrlites Phlogopite-picrites
Average Range -Average Range
SiO, 40.10 | 39.57-40.55 39.97 | 38.98-40.72
TiO, 0.02 0.00-0.09 0.03 0.00-0.12
AL O3 0.01 0.00-0.07 0.01 0.00-0.21
FeO 12.46 | 11.58-13.87 11.54 | 9.48-16.55
MnO 0.82 0.53-1.02 0.16 0.07-0.34
MgO 46.03 44.94—47.08. 46.98 | 42.93-48.78
CaO 0.46 0.13-0.70 0.16 0.02-0.50
NiO 0.09 0.00-0.22 0.31 0.03-0.52
Cr,03 001 0.00-0.04 0.05 0.00-0.20

Table I11.2.1 - Averages and compositional ranges of olivine (in wt % oxide)

and phlogopite -picrites.

from Tapira wehrlites
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Olivine composition can be described in terms of the end-members forsterite
(Mg,Si0y) fayalite (Fe,Si04) and tephroite (Mn,SiO4). Ca substitution results in the
monticellite (CaMgSiO4) - kirschsteinite (CaFeMgSiO4) series, although the pure
kirschsteinite end-member does not occur naturally (Deer et al. 1992).

The range of olivine compositions in Tapira is relatively narrow, particularly in
terms of major elements. The forsterite céntent of the studied grains varies from 84.2 to
86.9 mol % in the wehrlites, spanning a slightly wider intervai (81.6 to 89.8 mol %) in
leogopite—picrites.

The observed forsterite contents in the least evolved phlogopite-picrite olivines
are only marginally lower than the range of mantle olivines (89 - 92 mol %;
Kostopoulos, 1991), suggesting that these rocks may correspond to primitive magmas.
An attempt was made to correlate the composition of olivines from phlogopite-wehrlites
with the bulk rock contents of FeO and MgO. Roeder and Emslie (1970) concluded that

the partition coefficient Kd, defined as:

(X2) (X i)
(XH) (X90)

Kd =

should equal 0.3 for olivine crystallised in equilibrium with basaltic liquid. Figure II1.2.1
illustrates the variation of the calculated Kd for the studied phlogopite-picrite samples,
assuming that their bulk compositions truly represent the magmatic liquids from which

the olivines crystéllised.

It can be observed from Figure II1.2.1 that more than 809% of the calculated Kds
are between 0.25 and 0.35, which suggests that the olivine crystallised in equilibrium
with a liquid that is compositionally equivalent to the phlogopite-picrite dykes. The
 tailing towards higher Kd values in the histogram may be explained by the internal Fe-
Mg variation of olivine crystals or, alternatively, by olivine accumulation in some dykes
due to flow-differentiation (see Chapters I and II). Although the calculations suggest that
the olivine phenocrysts are the product. of equilibrium crystallisation, they must be

viewed with caution, since the magmatic system in alkaline-carbonatite complexes is
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II1.2.1. ZONING

Most olivine grains show some internal compositional variation, although this
does not necessarily reflect magmatic processes. Normal, inverse, and irregular zoning
are observed, sometimes in the same thin section, denoting a complex evolution for
olivine in the Tapira Complex. The variation of NiO (wt. %) and mol % forsterite in
pairs or rim-core analyses is illustrated in Figure II1.2.5. Whilst NiO usually decreases
from core to rim (except for two of the wehrlite olivine rim-core pairs in Figure II1.2.5),
the forsterite content may either decrease (normal zoning) or increase (inverse zoning).
In most olivines from phlogopite-picrites, NiO correlates positively with the mole
fraction of forsterite, which is the expected behaviour in igneous olivines. On the other
hand, a small number of olivines in phlogopite-picrites, and most olivines from
wehrlites, show a negative correlation between NiO and forsterite, which results from
increasing forsterite content towards the rims.

Figure III.2.6 shows two microprobe traverses across olivine grains in a single
thin section of phlogopite-picrite (sample at013). Column A represents olivine with
normal zoning, whereby MgO, NiO decrease and FeO, CaO increase towards the rim.
MnO is highest in the core, decreasing initially and later increasing towards the rim.
Column B shows a profile across a relatively larger olivine grain (compare horizontal
scales) that is inversely zoned with respect to FeO and MgO, highly variable in MnO
and NiO, and normally zoned in terms of CaO. This type of olivine seems to have
undergone a more complex evolution, probably involving extensive resorption and/or
diffusion processes and may have a xenocrystic origin.

Dalton and Wood (1993b) concluded that the partitioning of Fe and Mg between
. carbonate and olivine under mantle conditions is a function of the Ca content in
carbonate; the higher the concentration of Ca in carbonate the more magnesian the
olivine. If their conclusions are applicable at lower crustal pressures, where the Tapira
complex is thought to have formed, a similar process could be responsible for the
increase in forsterite content of olivine grains, by re-equilibration with the calcite-rich

groundmass in the phlogopite-picrite dykes.
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and, consequently, crystallising a more magnesian olivine. Unfortunately, the magmatic
system in Tapira is substantially different from a basaltic magma and a direct
application of their results to Tapira rocks is not warranted. However, several lines of
evidence suggest that the crystallisation history of the Tapira complex was marked by
dramatic variations in fO, and that at some stages substantial amounts of Fe** were
available in the liquid (see for example section IIL.4 - Phlogopite). Oxygen fugacity may,
therefore, have played an important role in the observed olivine zoning patterns.

Dalton and Lane (1996) pointed out that microprobe analyses of CaO near the
borders of olivine grains adjacent to Ca-rich phases may be affected by secondary X-ray
fluorescence, over distances of up to 70 microns, resulting in artificially high CaO
results. However, the width of the calcium-rich rims of Tapira olivines (up to 200
microns) is difficult to explain by this effect alone, indicating that interaction with the
carbonate-rich residual liquid is likely to have taken place.

The compositional ranges observed in Tapira olivines are similar to those
reported for ultramafic plutonic rocks from other APIP complexes, such as Salitre I and
Salitre II (Mariano and Mitchell, 1991) and Cataldo (Aradjo, 1996). Some of the
observed features, such as relatively high CaO and MnO have been considered (Gaspar

et al. 1998) as typical of carbonatite olivines.

II1.2.2 - SUMMARY

e The composition of Tapira olivines suggests that they crystallised from primitive
ultramafic liquids and in the phlogopite-picrites the olivines seem to be compositionally
in equilibrium with the host dykes.

e Olivines from wehrlites and phlogopite-picrites show substantial differences in
composition. Olivine in the slowly-cooling wehrlites is likely to have had enough time
to re-equilibrate at low temperatures. Alternatively, the wehrlites may have formed from
a liquid that was somewhat more evolved than the phlogopite-picrites.

e The high NiO content of Tapira olivines is similar to that observed in olivines from

other types of ultrapotassic rocks.
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II1.3 - CLINOPYROXENE

Clinopyroxene has widespread occurrence in the Tapira silicate plutonic series
(SPS). It is an essential constituent of bebedourites but is also present in wehrlites and,
less often, in syenites. Pyroxene xenocrysts were recognised in sovites of the C3
intrusion (northern margin of the complex) and in carbonatite breccias from the Tapira
mine, but this mineral was not found in any of the other carbonatite bodies (C1, C2, C4
and beforsitic C5 dykes). Among the dyke rocks, pyroxene is rare in the phlogopite-
picrites and common in the low-Cr dykes. Finally, it may be present as a metasomatic
phase in the fenites surrounding the complex. |

The classification of pyroxenes adopted in this work is after Morimoto et al.
(1988). The complete set of microprobe analyses and structural formulae can be found
in Appendix 2. The formulae were calculated on the basis of 4 cations and 6 oxygen and
the Fe®*/Fe®* ratios were estimated by charge balance. Where relevant, octahedral and
tetrahedral positions will be indicated in the text by the superscripts " and ™,

respectively

I11.3.1 - COMPOSITIONAL VARIATION OF PYROXENES

The general formula of pyroxenes is M2M1T,06 where M2 and M1 designate
cations in distorted and regular octahedral co-ordination, respectively, whilst T
identifies tetrahedrically co-ordinated cations. A number of cation substitutions are
possible in the pyroxene formula, the main occupancy priorities are as follows

(Morimoto et al., 1988):

Tetrahedral site (T) | Si*" > AI** > Fe™*

Octahedral site (M1) | AP > Fe** > Ti** > Cr** > V¥ > Ti** > zr* > 8¢ > Zn? >

Mg®* > Fe** > Mn**

Octahedral site (M2) | Mg** > Fe”* > Mn?* > Li* > Ca’* > Na* -
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The two most common types of pyroxene solid solution series occurring in
alkaline-carbonatite complexes are the series diopside (CaMgSi,Os)-hedenbergite
(CaFeSi;Og), and (diopside, hedenbergite)-aegirine (NaFe’*Si,Og). The former is
characterised by the standard Fe-Mg substitution, at relatively constant Ca, whereas the
latter is defined by Fe®* and Na enrichment.

Tetrahedral deficiency occurs when the sum of Si and ™Al is less than 2 (on the
basis of 4 cations aﬁd 6 oxygen) and must be compensated for by the allocation of
adequate amounts of alternative cati‘ons to tetrahedral positions. ™Fe®* (Morimoto et
al., 1988) and (Vipjs+ (Cundari and Salviulo, 1989; Carborin and Princivalle, 1996) have
been suggested as possible alternatives.

The presence of titanium in pyroxenes is controlled by substitutions such as
VDV )Alz—MgSiz, or ™Ti**Si. Based on a study of natural diopsides from New South
Wales leucitites, Cundari and Salviulo (1989) noted that Ti and Al solubility in
pyroxene increases, but the ™ Ti**/™)Al ratio decreases with progressive differentiation.
They suggest that Ti enters the tetrahedral site preferentiélly at higher temperatures
whereas octahedral Ti is the preferred form at lower temperatures. They also conclude
that increasing fO, favours the partition of Ti to pyroxene instead of Fe-Ti oxides.
TiO;-enrichment in evolved (sodic) pyroxenes has been described in ultrapotassic rocks
(Sgarbi and Valenga, 1994), nepheliﬁe—syenites (Nielsen, 1979), fenites and
hydrothermal veins (Ranlov and Dymek, 1991). Gaspar (1989) reported up to 14 wt. %
TiO, in pyroxene from fenites in the Jacupiranga carbonatite complex. Finally, a
peculiar variety of aegirine containing up to 7 wt. % ZrO; has been described by Jones
and Pecket (1980) in nepheline syenites from Motzfeldt (South Greenland).

During the early stages of differentiation of alkaline magmas, diopsidic pyroxene
evolves along a path of progressive enrichment in the hedenbergite end-member. At a
later stage, this is often followed by Fe**- and Na-enrichment, which drives the
pyroxene composition away from diopside-hedenbergite series and towards the aegirine
end member. The moment at which aegirine enrichment becomes significant varies
substantially between different localities and types of alkaline magmatism (e.g. Platt,
1996b; Mitchell and Vladykin, 1996). In some cases the onset of aegirine enrichment
does not occur until the pyroxene reaches a composition of nearly pure hedenbergite

(e.g. llimaussaq, Larsen, 1976). At the other extreme, pyroxenes from the ultrapotassic
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complex of Little Murun, Russia (Mitchell and Vladykin, 1996) form a complete series
of solid solutions from diopside to aegirine, at constantly low (< 15 mol %)
hedenbergite.

The diopside-hedenbergite section of the trend is generally regarded as a product
of magmatic evolution but the interpretation of aegirine enrichment is somewhat
controversial. Morbidelli ez al. (1995b) found that Fe- and Na- enrichment in pyroxene
correlates with fractionation in Brazilian alkaline and alkaline-carbonatite districts,
although they emphasise the lack of aegirine-rich pyroxene in areas where the most
evolved rocks are of sodic composition or have agpaitic index < 1.1 (Tunas and Juquid
complexes, respectively). On the other hand, Gaspar (1989) interpreted the Na and Fe
enrichment in Jacupiranga as a result of post-magmatic processes. The same
interpretation is favoured by Aradjo (1996) for the complex of Cataldo.

According ‘to Barker (1996) carbonatite clinopyroxenes typically vary from
CaMgSi,0¢ to NaFeSirOs but, similarly to phlogopite and olivine, they often show
textural evidence of disequilibrium with the carbonatite liquids, suggesting a

xenocrystic origin.

I11.3.2 - TAPIRA CLINOPYROXENES

Most pyroxenes in Tapira have some amount of tetrahedral deficiency (i.e. Si +
MAI < 2). Figure I.3.1 shows that there is a poor correlation between Si and ™AL,
especially below Si = 1.95 p.fu.,, when the trend clearly departs from the 1:1
substitution line. As Al is very low (always less than 0.1 p.f.u.), the addition of some
other cation is required, in order to fill the tetrahedral site to the stoichiometric value of
2. Ti** + ™Al correlate reasonably well with Si, varying along the 1:1 substitution line.
Fe** + ™ALl also show some degree of negative correlation with Si, although most of
the trend does not fit the substitution line. It must be stressed, however, that the A Fe’*
parameter plotted in Figure II.3.1 is calculated as Fe®* - Na, assuming an ideal
compensation of octahedral Fe** by Na m the aegirine molecule. The values are also
subjected to uncertainties in the estimation of the Fe**/Fe** ratio. In any case, the good
negative correlation between "’ Al+Ti and Si suggests that the substitution of ™Ti** for

Si, as proposed by Cundari and Salviulo (1989), plays a significant role. According to
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Carborin and Princivalle (1996), ™Ti* is a typical feature of pyroxenes from potassic

alkaline roc

ks.

Some analyses form a separate group, detached from the main trend in Figure

II1.3.1. These comprise metasomatic pyroxene in fenites, and they are characterised by

virtually no tetrahedral deficiency. In fact, some of these analyses show Si in excess of 2

p.fu
Wehrlite |Bebedourite |Bebedourite |Carbonatite|Low-Cr |Syenite Fenite
(B1) (B1) (B2) (C3) Dyke
SiO, 54.50 52.42 53.66 51.08 51.32 51.19] 53.91
TiO, 0.43 1.04 0.40 0.85 0.85 0.20 0.95
ALO, 0.46 0.85 0.59 1.03 1.30 0.55 0.82
FeO 0.93 1.59 4.01 2.92 5.88 7.29 4.12
Fe,O, 1.47 2.62 2.64 3.38 5.65 13.69] 1347
Cr,0, 0.07 0.06 0.15 0.09 0.14 0.08 0.13
MnO 0.10 0.12 0.27 0.17 0.32 0.54 0.40
NiO bd bd 0.08 0.04 0.04 bd bd
MgO 17.10 15.93 14.45 14.19 11.45 5.60 7.62
Ca0 25.24 24.64 23.84 23.67 22.32 14.56| 12.64
Na,0 0.37 0.42 0.84 0.66 1.49 5.37 6.69
K,O bd bd bd 0.02 bd bd bd
Total 100.67 99.69 100.92 98.11 100.75 99.06| 100.73
Tetrahedral cations
Si 1.970 1.931 1.967 1.928 1.920 1.983] 2.006
Al 0.020 0.037 0.026 0.046 0.057 0.017
SumT 1.990 1.968 1.993 1.974 1.977 2.000f 2.006
Octahedral cations
Al 0.008] 0.036
Ti 0.012 0.029 0.011 0.024 0.024 0.006) 0.027
Fe* 0.040 0.073 0.073 0.096 0.159 0.399] 0.377
Fe” 0.028 0.049 0.123 0.092 0.184 0.236] 0.128
Mg 0.922 0.874 0.790 0.798 0.638 0.323] 0.423
Mn 0.003 0.004 0.008 0.005 0.010 0.018] 0.012
Cr 0.002 0.002 0.004 0.003 0.004 0.003| 0.004
Ni 0.002 0.001 0.001
Ca 0.978 0.972 0.936 0.957 0.895 0.604] 0.504
Na 0.026 0.030 0.059 0.048 0.108 0.404| 0.483
K 0.001
Sum M 2.011 2.033 2.006 2.025 2.023 2.001] 1.994

Table 111.3.1 - Representative analyses of clinopyroxenes from Tapira. (bd = below detection). Formulas
calculated on the basis of 6 oxygens. Fe;0; calculated by charge balance.
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Despite the arbitrary nature of the vertical scales in Figure II.3.5, a
compositional gap between the pyroxenes from ultramafic rocks and syenites is evident
for all elements except SiO,. This feature results from the lack of intermediate
differentiates between the two groups. In fact, neither feldspar-bearing mafic rocks nor
mesocratic syenites were found during the present research. It must be stressed,
however, that most of the sampling in Tapira was restricted to within the few metres
reached by drilling beneath the weathered cover. Samples above this level are too
weathered for chemical studies, and the portions below are obviously unreachable.
Thus, intermediate rocks may be present but not be readily accessible.

Alternatively, if the Tapira complex is the product of a series of multiple
injections of magma and/or crystal mush (as indicated by the field and drill-core
evidence, see Chapter I), rather than a layered sequence of cumulates, it is most likely
that the missing terms in the sequence were emplaced at different depths. Some of the
pyroxene xenocrysts in carbonatite breccias have optical and chemical properties that
are intermediate between those of the bebedourites and syenites, strongly supporting the
concept that the intermediate rocks did form but the intrusions did not reach the same
levels as other SPS rocks.

Figure II1.3.6 illustrates the variation of SPS pyroxenes in terms of Ti and Al
Although the concentration of both elements is very low in Tapira clinopyroxenes, there
seems to be a sympathetic variation between them in the SPS. The Al/Ti ratio of most
pyroxenes varies between 1:1 and 3:1, apparently increasing with differentiation. Thus,
pyroxenes of wehrlites and B1 bebedourites are mostly contained in the envelope
defined by the Al/Ti ratios of 1:1 and 2:1, whereas B2 bebedourites and syenites seem to
fit better with a 2:1 or slightly higher ratio.

According to Cuvndari and Salviulo (1989), the Ti solution in pyroxenes plotting
above the 2:1 line in Figure II1.3.6 (in this case most of wehrlites and B1 bebedourites)
does not involve the CaTiAl,Og component and, consequently, is likely to result from
Si-Ti tetrahedral substitution. They argue that this type of substitution is favoured at
higher temperature, Al being the preferred tetrahedral substitute at lower temperature.
This is in good agreement with the lower Al/Ti ratio observed in pyroxenes of the least

evolved Tapira rocks. The aegirine-augite xenocryst from the carbonatite breccia (which
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(see Chapter II), indicating their xenocrystic character. In carbonatitic breccias, the
occurrence 6f pyroxenes of contrasting composition, within the same thin section,
supports this interpretation. The composition of carbonatite pyroxenes is compared with
those in other rocks in Figure II1.3.8

Pyroxenes included in C3 carbonatites are chemically unevolved and similar in
_composition to those of the ultramafic rocks of the SPS, which is difficult to reconcile
with the generally accepted notion that carbonatites are some of the latest manifestations
of the alkaline magmatism. In particular, they are similar to pyroxenes from B2
‘bebedourites, with which C3 carbonatites are spatially associated. This geographical
association and the chemical data strongly suggest that carbonatite pyroxenes in Tapira
were originally crystallised from an ultramafic silicate liquid, and only later
incorporated into the carbonatite magma through assimilation of B2 bebedourites (or
eqhiyalent semi-consolidated cumulates).

A Furthermore, as shown by Figure l]].3.8,'the xenocrysts in carbonatitic breccias
cluster in two widely separate’ groups. One group comprises rare, evolved, dark-green
pyroxene similar to those in the syenites, whilst the other group is more abundant,
unevolved, light-green, similar to clinopyroxene in the wehrlites. The latter probably
consist of crystals assimilated from SPS wehrlites during emplacement of the breccias.
The former were discussed in previous sections and probably originate from relatively
less-differentiated syenites that did not reach the same crustal level of the complex.

Clinopyroxene was not found in any of the other carbonatite occurrences (Cl1,

C2, C4 and beforsitic C5 dykes).

Fenites

Pyroxenes in fenites form a distinctive compositional group and are compared
with the magmatic pyroxenes in Figure I11.3.8. Similarly to syenite pyroxenes, they are
aegirine-augites (Figure II1.3.4), but can be distinguished from the former by their higher

Si, Ti and Al (Table III.3.1), lower Hd/D1 ratio (Figure I11.3.8) and textural properties
(Chapter II). .
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Lamproite pyroxenes are typically Al- and Na-poor diopside. They are similar to
those in orangeites, but do not show the late-stage Ti-enrichment observed in the
former.

Pyroxenes from minettes and ultramafic lamprophyres are Al-rich, with the latter
being also enriched in Ti.

Pyroxenes'frofn melilitites are typically diopsides with high TiO, (1-5 wt %), high
AlL,O3; (1-10 wt %) and very low Na,O (< 1 wt %). They vary within the solid
solution series diopsidé - CaTiAlOg - CaAl(AlSi),0¢ (Mitchell, 1996b).
Kamafugitic ‘pyroxenes are considerably ﬁcher in TiO, and Al,O;3 than those of
orangeites and lamproites. However, the- APIP kamafugites (Mata da Corda) differ
from kamafugites elsewhere, in that their pyroxenes are remarkably Al-poor.

According to Sgarbi and Valenga (1994), these vary from diopside to Al-poor

(always < 0.5 wt.% Al,O3), Ti-rich (2.7 - 8.43 wt.% TiO,) aegirine-augite.

Pyroxenes of plutonic alkaline complexes have also been the subject of recent

studies and reviews:

According to Platt (1996b), in agpaitic nepheline-syenites the clinopyroxene initially
evolves from diopside towards hedenbergite, becoming enriched. in the aegirine
molecule during the later stages. The onset of aegirine enrichment from a diopside-
aegirine trend depends on the combined effects of temperature, oxygen fugacity and
liquid composition, whilst silica activity does not seem to play a significant role. |
Pyroxenes from plutonic rocks of the ijolite series, commonly associated with
carbonatite, follow evolutionary trends similar to those of the nepheline syenite
complexes, a}beit with less extreme hedenbergite cnrichment (Platt, 1996a).

In ulfrapotassic plutonic comiplexes, pyroxene does not show the same strong
hedenbergite-enrichment that is observed in their sodic equivalents. An extreme
example is described by Mitchell and Vladykin (1996) in the Little Murun complex
(Russia), where pyroxene evolves directly from diopside to aegirine, the complete
solid solution having formed at very low ( < 15 mol %) hedenbergife. However, they
consider Little Murun as an unique example, since other potassic complexes in the
region s.how moderate hedenbergite enrichment.

Clinopyroxene compositions from the APIP complexes are still scarce, except

for the Cataldo complex, which was studied in detail by Aradjo (1996). The range of
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major-element variation in pyroxenes from Cataldo is essentially the same as in Tapira,
but aegirine-augite is interpreted as a product of non-magmatic processes. Similarly to
- Tapira, pyroxenes from Cataldo are Ti- and Al-poor, the maximum figures reported by
Aratjo (1996) being 1.54 wt % TiO, and 1.18 Al,0s. Mariano and Mitchell (1991)
describe diopside from pyroxenites of the Salitre I and II complexes, with end-member
proportions similar to to those from Tapira and Morbidelli et al. (1995a) reported low
Al,O3 (< 1 wt.%) and TiO; (< 3 wt.%) in pyroxenes from the Salitre I and Salitre II
complexes. Unfortunately neither provide complete analyses of Salitre pyroxenes.

High-Zr aegirines, such as those described by Jones and Pecket (1980) were not
found in Tapira. Those authors suggest that the factors controlling the formation of
high-Zr aegirine are high peralkalinity, low CaO, low ng (below the QFM buffer) and
~ the absence of other Zr-béaring phases. In Tapira such conditions are not fulfilled, since
the magmas are Ca-rich and the aegirine-bearing syenites coﬁtain accessory zircon.

Figure I1.3.9 compares Tapira pyroxenes with those from various alkaline
complexes, in terms of the diopside-hedenbergite-aegirine end-members. Tapira
pyroxenes do not show the extreme hedenbergite enrichment of some sodic complexes,
such as Ilimaussaq, but also do not fit with the Hd-poor of the ultrapotassic complex of
Little Murun. The moderate Hd enrichment in Tapira pyroxenes approximates the trends
in those of Uganda, Itapirapua (Brazil) and the ultrapotassic complex of Sakun (Aldan
Shield), although the former two reach higher'levels of aegirine e,ﬁrichment. The Tapira
- trend is compaﬁble with the overall variation of pyroxenes from Brazilian alkaline
récks, envisaged by Gomes et al. (1996b) (not shown in Figuré 1I1.3.9).

Figure ]j1.3.10 compares Ti and Al contents of Tapira pyroxenes with those in
different types of alkaline rocks. The abundénce of both elements in Tapira pyroxenes is
vefy low, similar to those of orangeites and lamproites. Both Al and Ti are substantially
lower than in pyroxenes of kamafugites (other than APIP). The AV/Ti ratio is slightly
lower than in kamafugite pyroxenes and significantly lower than in pyroxenes of the
Roman Province-type rocks and potassic alkaline rocks from Paragﬁay. The Al content
of Tapira pyrp);enes is comparable with those from APIP kamafugites (Mata da Corda

Formation), but they do not reach the same high levels of Ti-enrichment as the latter.
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II1.3.4 - SUMMARY

e (linopyroxenes from the Tapifa complex show a trend of compositional variation
consistent with magmatic differentiation. In ultramafic rocks and dykes they evolve
continuously from nearly pure diopside towards moderate enrichment in
hedenbergite and aegirine. At a later stage of magmatic evolution, the aegirine
component progressively increases at the relatively constant diopside/hedenbergite
ratio of 3:2.

e Pyroxenes in carbonatités are interpreted as xenocrystic, on the basié of field,
petrographic and chemical evidence. Two varieties of xenocrysts were identified,
one derived from wehrlites and bebedourites of the silicate plutonic rock series, and
the other probably derived from relatively unevolved syenites that presumably did
not reach the same crustal level of the Tapira complex.

e Aecgirine-augites of metasomatic origin occurring in fenites are chemically and
petrographically distinct from those in syenites.

e The presented chemical data support the field and petrographic evidence for a multi-
stage evolution of the Tapira complex, rather than a single layered sequence of
cumulates.

e Tapira pyroxenes show strong similarities to those from other carbonatite-bearing
complexes and kamafugitic rocks of the Alto Paranaiba Igneous Province. They are
also compatible with the overall chemical trends of pyroxenes in other Brazilian
alkaline districts, but chemiéally different from those in the western border of the
Parana Basin (Paraguay).

e The composition of the studied pyroxenes is similar to those in orangeites and
lamproites, and significantly distinct from those in kamafugites and Roman
Province-type rocks. It should be stressed, however, that pyroxenes of Alto

Paranafba kamafugites do not match the compositional range of world-wide

kamafugites either.
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I11.4 - MicA

Mica is present in all of the Tapira rock-types and is therefore a crucial mineral
in the investigation of the petrologic evolution of the complex. The following sections
will discuss the compositional variation of micas in Tapira and compare them with other
world-wide occurrences of carbonatites and alkaline rocks.

The nomenclature of trioctahedral micas used in the remaindér of the text is after
Bailey (1984), with the addition of tetraferriphlogopite (taken as the magnesian
equivalent of ferri-annite). When relevant, the structural position to which the various
cations are assigned will be indicated by the superscripts ™ and ' for tetrahedral and
octahedral cations, respectively. The ideal end-member compositions (for total cations =

16) referred to hereafter are given in Table II1.4.1.

Mineral Ideal end-member

Phlogopite KoMge(SigAl2020)(OH,F)4

Biotite K(Mg1.2.3.6Fe™4.8.2.4)(SicAl:020)(OH,F)4
Annite K;Fe®*6(SigAl,020)(OH,F),

Ferri-annite : K,Fe™*5(SigFe*20,0)(OH,F),
Tetraferriphlogopite K>Mgg(SigFe’,0,0)(OH,F)4

Eastonite - K>MgiAlLy(SisAl;O20)(OH,F)s
Siderophyllite KzFe2+4A12(Si4Al4020)(OH,F)4

Table I11.4.1 - Names and ideal end-member compositions of trioctahedral micas (after Bailey, 1984).

II1.4.1 - CHEMICAL VARIATION IN TRIOCTAHEDRAL MICAS
Although most naturally occurring biotites have octahedral aluminium, and thus
form a solid solution between the series phlogopite-annite and the series siderophyillite-
eastonite (Deer et al., 1992), this feature is rare in Tapira. In fact, most of the studied
micas lack DAl completely and many have insufficient Al even to fill the tetrahedral

positions. Therefore, the following discussion will concentrate on the more relevant,
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low-Al  compositions, ranging between phlogopite-annite and phlogopite-
tetraferriphlogopite (Table 111.4.1).

A number of cation substitutions is known to occur in trioctahedral micas
(Bailey, 1984). The most common cations in the octahedral site are Mg”*, AI’*, Fe** and
Fe'. Less frequently Ti**, Mn*, Li* and Cr** (among others) can also occupy
octahedral positions. Tetrahedral cations are primarily AI** and Si**, although Fe®* can
substitute for AI>* - a somewhat common feature in alkaline rocks and carbonatites - and
some authors have argued for the presence of tetrahedral Ti** (e. g. Farmer and Boetcher,
1981). The interlayer site is occupied mostly by K* and Na*, with Ca?* and Ba®* as

possible substitutes.

Octahedral substitutions

Substitution of Fe** for Mg2+ in the octahedral site defines the phlogopite-annite
series, and is probably the most common substitution in trioctahedral micas. Fe**
usually increases with magmatic evolution. In their inVestigation of phlogopite within
ultrapotassic rocks from several localities, Edgar and Arima (1983) demonstrated that,
although phlogopite is systematically more magnesian than the coexisting liquid, there
1S a sympathetic variation between the Mg/(Mg+Fe) ratio in the bulk rock and in
phlogopite.

In carbonatite liquids, however, this relationship is not so straightforward.
McCormick and Le Bas (1996) suggested that the Fe/Mg ratio of phlogopites
crystallised from the Busumbu and Sukulu carbonatites (Uganda) is controlled by the
co-precipitation of magnetite. They observed an initial decrease in the Fe/Mg ratio in
zoned phlogopite, as Fe is consumed during the crystallisation of magnetite. When
magnetite ceases to crystallise the Fe/Mg ratio of phlogopite increases progressively,
leading towards biotite. They also found Al to decrease in mica, as a result of the
progressively lower availability of this element in the magma, except in the late-stage
micas when Al was added to the magma via country-rock assimilation. Furthermore,
Gaspar and Wyllie (1987) detected MgO increase with relative age of carbonatite
intrusions in the Jacupiranga complex (south-eastern Brazil).

Titanium is an important element in alkaline magmas, and phlogopite from rocks

such as leucitites, melilitites and lamproites can be distinctively Ti-rich (Mitchell and
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Bergman, 1991; Mitchell, 1995a). The solubility of Ti in phlogopite may be affected by
paragenetic and/or physicochemical constraints. According to Edgar and Arima (1983),
in the absence of Ti-bearing oxides phlogopite is the preferential site for TiO, in
ultrapotassic rocks, if compared with other phases possibly crystallising at the same time
(such as clinopyroxene and olivine). HoWever, if Ti-magnetite or perovskite form
concomitantly with phlogopite, titanium will partition preferentially to the former two
| minerals, and the TiO, content in phlogopite may approximate that of the
clinopyroxene. Arima.and Edgar (1981) su'ggested that the solubility of titanium in
phlogopite is little related to the bulk rock composition, but strongly depends on the
physical conditions pfevailing during crystallisation. According to their review of
experimental data, inc.reasing temperature, ihcreasing fO, and decreasing pressure all
increase Ti solubility in phlogopite.

Finally, Mn can 's'ubsti_tute for Fe** in the octahedral site. Lalonde ez al. (1996)
described Mn enrichment with rFe/(vFe+Mg) in miéa from the Mont Saint-Hilaire
intrusion (Canada), suggesting ,thaf the increase of Mn correlates positivély with the

amount of tetrahedral Fe>".

Tetrahedral substitutions

Amoﬁg the possible tetrahédral substitutions, Fe" < Al is by far the most
important in alkaline rocks and carbonatites. This substitution defines the phlogopite-
tetraferriphlogopite and annite - ferri-annite series, and is commonly indicated by:

- a) strong negative correlation between Fe and Al
| b) deficiency in the sum of the common tetrahedral cations (i.e. Si + MAl < 8)

c) excess of octahedral ch‘argeé, caused by overestimated Fe®* from microprobe
analysis.

The presence 0f (Mpe3* is related to the reverse pleochroism which is typical of
tetraferriphlogopite. Even small amounts of ferric iron seem to induce this phenomenon.
Farmer and Boetcher (1981) described reversely-pleochroic mica with Fe,O3 as low as

0.66 wt. % (0.07 ™Fe** p.f.u.), whilst Aradjo (1996) detected a sharp change in the
MEe3 /WAL ratio, coinéident with pleochroism reversal, at 0.5 (Mpe3t p.f.u. Additional
sound evidence for the presence of tetrahedral Fe** in tetraferriphlogopite is provided by

Maossbauer spectroscopy studies (Dyar, 1987; Lalonde et al., 1996; Aratjo, 1996).
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M™Al-deficiency is typical of micas from lamproites and orangeites and has been
interpreted as a direct consequence of the peralkalinity of the magma (Mitchell and
Bergman, 1991; Mitchell , 1995b). Low Al concentration in the liquid and/or high
oxygen fugacity have also been recognised as major inducing factors for the formation
of tetraferriphlogopite (e.g. Arima and Edgar, 1981; Heathcote and McCormick, 1989;
Brigatti et al., 1996). Conditions such as these are fairly common in carbonatites, which
is in good agreement with the frequent occurrence of tetraferriphlogopite in these rocks.
Nonetheless, Dyar (1987) pointed out that there is Mdssbauer spectroscopy evidence for
tetrahedral iron in both Al-poor and Al-rich micas and Lalonde et al. (1996) reported
micas with "’Fe** formed in an Al-rich environment.

An alternative hypothesis has been proposed to account for tetrahedral
deficiency, involving ™ Ti** instead of ™’Fe**. Farmer and Boetcher (1981) suggested
that Ti** comes before Fe** in the order of preference to occupy tetrahedral positions,
with Fe®* entering the tetrahedral site only if there is still deficiency left.

Tetraferriphlogopite has often been linked with post-magmatic processes
(Aragjo, 1996; Zaitsev and Polezhaeva, 1994; McCormick and Heathcote, 1987,
Mitchell, 1995a). In many cases the secondary character is indicated by petrographic
evidence, such as mantling of pre-existing phlogopite crystals by tetraferriphlogopite,
sharp compositional changes and various disequilibrium textures. Less frequently, the
opposite pattern is observed. Farmer and Boetcher (1981) described phlogopite with
reversely-pleochroic cores and normal-pleochroic rims in kimberlites and associated
peridotite xenoliths. They point out, however, that the cores are richer in Al,O3 and
poorer in FeO(t than in other optically similar phlogopites, suggesting that the reverse

pleochroism is not necessarily related to the Fe’* <> Al substitution.

Interlayer site substitution

Amongst the common substitutions in the 12-fold co-ordinated interlayer site,
Ba enrichment has been often described in carbonatites and alkaline rocks. Ba-rich
eastonite (up to 5% Ba) occurring as overgrowths on previously-formed phlogopite in
carbonatites from Arkansas has been interpreted as a product of the latest stages of
groundmass crystallisation (McCormick and Heathcote, 1987). Gaspar and Wyllie

(1982, 1987) found up to 10.3% BaO in phlogopites from the Jacupiranga carbonatites.
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They report zoning in both directions (incréasing and decreasing Ba.O towards the rim),
but point out that high-Ba rims are more common than high-Ba cores. Even higher Ba
contents (13 to 16% wt. % BaO) were reported by Seifert and Kampf (1994) for
phlogopite in a nephelinite from Bohemia and are also interpreted as a result of late-

stage Ba enrichment.

I11.4.2 - PHLOGOPITES FROM THE TAPIRA COMPLEX

During this research, an extenéive investigation of compositional variation in
phlogopites from different rock types was carried out. The results of microprobe
analyses and the corresponding calculated formulas are reported in Appendix 2. Two
main phlogopite types occur in the .studied rocks. In the silicate plutonic roéks series
(SPS) the most common micas belong to the phlogopite-annite series, whilst
carbonatites and metasomatic phlogopitites (= reaction rock, see Chapter II) may contaiﬁ
micas with an important tetraferriphlogopite - ferri-annite component, together with
resorbed or partially replaced crystals of phlogopite-annite.

The role of tetraférriphlogopite and ferri-annite can only be properly assessed if
the Fe*/Fe?* ratio is known. In the case of microprobe analyses, however, ferrous and
ferric iron cannot be distinguished,l and this ratio has to be estimated. Procedures for
iron recalculation invariably rely on a series of assumptions regarding the type of
tetrahedral substitutions prevailing iﬁ each case. Dymek (1983) and Droop (1987)
proposed recalculation methods for the estimation of the Fe**/Fe®* ratio. However,
Dymek’s iterative normalisation procedure was devised for the recalculation of VDAJ-
bearing biotites, which are substantially different from the phlogopites in this study.
Dfoop’s method is not applicable to minerals with cation vacancies and, as suggested by
‘Mitchell (1995b) may result in overestimated Fe**. Recent Mdssbauer spectroscopy
studies (Aradjo, 1996) have shown that Fe** is the main substituting cation in the
tetrahedral position in tetraferriphlogopites from Cataldo (a carbonatite complex in
APIP). Furthermore, crystal-chemistry studies (Brigatti ez al., 1996) suggested that

MFe3* & ™AL is the main tetrahedral substitution in Tapira. During this research the
analyses were recalculated using the method suggested by Aradjo (1996), as described

below.
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Microprobe results were first recalculated on the basis of 22 oxygen, and an
appropriate amount of Fe was recast as ""’Fe’* in order to complete the tetrahedral site

occupancy according to the equation:
MEe** =8 - §i - ™Al

After adjusting FeO and Fe,O; to the calculated ratio, the analyses were
recalculated on the basis of 24 oxygen (H,O calculated by stoichiometry). In some cases
the first estimate of Fe,Os3 by this procedure still leaves a small tetrahedral deficiency
after re-normalisation on the basis of 24 oxygen. The method was then successively
repeated until completion of the tetrahedral site. The good charge balances achieved
indicate that this procedure provides an adequate estimate of Fe**/Fe?* ratios in the
studied micas.

The main chemical characteristics of phlogopite in each rock group are described
below. Figure II1.4.1 illustrates the compositional variation of mica by rock group, in
terms of the relevant end-members. Most analyses cluster near the phlogopite end-
member, with little solid solution towards more Al-rich compositions. It must be
stressed, however, that this does not represent a true eastonite-siderophyllite component,
because all of the aluminium is ™Al The slight deviation from the phlogopite-annite
' liﬁe towards the Al corner is probably the combined result of Al < Si variation in the
tetrahedral site and normalisation of the variables to 100 % in the triangular diagram.

Starting from magnesian phlogopite, the following main compositional trends
are depicted: a) variation along the phlogopite-annite join, marked by micas from the
SPS and from some carbonatites; b) a trend towards ferri-annite, defined by the core-rim
evolution of phlogopite in some of the phlogopite-picrites and low-Cr dykes; c) a trend
towards tetraferriphlogopite, defined by micas from carbonatites, some phlogopite-
picrites and the rims of micas from the reaction rock. Cores of the reaction rock micas

are not individualised, but roughly coincide with the field for wehrlites.
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rocks (Arima and Edgar, 1981). The better-defined negative correlation of Ti with OSO
suggests that the vacancy substitution scheme is somewhat dominant.

The TiO; increase from wehrlites to syenites is difficult to reconcile with the
tendency of Ti-solubility to increase with increasing temperatures. Instead, one or more
of the other constraining factors (decreasing pressure, increasing fO,) suggested by
Arima and Edgar (1981) must be prevailing over the temperature effect. Oxygen
fugacity is expected to increase with differentiation and could lead to the observed Ti-
enrichment in syenite phlogopites. Furthermore, textural evidence (Chapter II) indicates
the emplacement of SPS at least partially as a crystal mush, suggesting that different
rocks may have been formed at variable depths. On the other hand, the zoning pattern of
phlogopite in some rocks shows a slight decrease in TiO, towards the rims, which could
be attributed to the effect of decreasing temperature during crystallisation. In summary,
temperature appears to be the most important constraining factor of Ti solubility in
phlogopite on a local scale, whereas a combination of decreasing pressure and
increasing fO, seems to control the differences between rock groups 'in SPS. This is
consistent with a multi-stage evolution for the complex.

Mn correlates positively with the Fe** /(Fe**+Mg) ratio in the SPS, increasing
steadily through the fractionation sequence, from less than 0.01 p.f.u. in the wehrlites to
0.08 atoms p.f.u. in the syenites. This indicates that Mn follows the progressive increase
of Fe** along the phlogopite-annite series.

Potassium in the interlayer site increases from 1.75 p.f.u. in the wehrlites to 1.98
p.f.u. in syenites. Na decreases slightly with differentiation but the variability within
groups exceeds the differences between different rock-types. Ba (up to 0.05 p.f.u.) and
Ca (up to 0.03 p.f.u.) are generally low and do not show systematic variation. Ba is
remarkably low i(less than 0.01 p.f.u.) in some syenites, but this feature is not part of a
Ba-decreasing trend in the preceding stages.

Figure I11.4.5 shows a series of microprobe profiles across individual phlogopite
grains from various rocks types. The first four columns show the evolution of primary
(magmatic) mica. Wehrlite and bebedourite show similar behaviour, whereby the rims

are slightly enriched in MgO and SiO,, with a corresponding depletion in TiO; and
A17_03.
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The coupled variation suggests that the substitution mechanism “"Mg + 2si
o Vi 4+ 2MWIA] (Robert, 1976) is in place. Note that there is no iron increase
associated with aluminium depletion. Syenite micas do not show any significant zoning
but have higher FeO and lower MgO than micas in the ultramafic rocks. The zoning of
phlogopite from carbonatite and metasomatic mica from the reaction rock (Figure

III.4.5) will be discussed in the following sections.

Reaction rock

At the contact between carbonatite intrusions and ultramafic rocks of the SPS
the interaction of carbonatite liquid with dunite, wehrlite or bebedourite results in the
banded reaction rock, described in Chapter II. This is formed by alternate bands of
carbonate and phlogopite + magnetite and grades into the original ultramafic rock away
from the contact. Similar features have been described by Gaspar (1989) in the
Jacupiranga complex and are common in other carbonatite complexes of the APIP (Issa
Filho et al., 1984; Aradjo, 1996; Araidjo and Gaspar, 1993).

The effects of metasomatism on phlogopite ére recorded in the form of
replacement rims of reversely-pleochroic tetraferriphlogopite (see Figures ‘II.S and 11.40,
in Chapter II), whilst the original composition of the magmatic phlogopite is often
preserved in cores with normal pleochroism. The chemical differences between the
preserved cores and the tetraferriphlogopite rims are sharp and coincide with the
inversion of pleochroism. A chemical profile of mica from the reaction rock is presented
in the right-hand-side column of Figure II1.4.5.

The variation pattern of metasomatic micas is easily distinguished from those
resulting from the magmatic evolution of the SPS (also shown in Figure I11.4.5). Of the
oxides represented in the profile, only SiO; shows a gradational progression from core
to rim. In contrast, MgO, Al,O; and TiO, decrease and FeOt increases abruptly. The
magnitude of the chemical changes is also remarkable, especially if compared with the
smoother and much less pronounced zoning of magmatic micas. Another outstanding
feature 1s the increase in FeOt, coupled with Al;O; depletion of similar magnitude. This
feature strongly suggests Fe’* substitution for Al in the tetrahedral site, and is clearly not
present in the magmatic micas. Finally, MgO is low in the rims of metasomatic mica,

whilst in micas from wehrlites and bebedourites magnesium tends to increase towards
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the rim. BaO is always below detection limit, unlike some late-stage micas in alkaline
rocks and carbonatites (e.g. Seifert and Kampf, 1994; McCormick and Heathcote, 1987)

The chemical and petrographic evidence indicates that cores and rims of these
micas crystallised under dramatically different chemical and/or physicochemical
conditions. Moreover, the cores of micas in the reaction rock are compositionally
similar to the magmatic phlogopite in the adjacent ultramafic rocks (compare, for
instance, with wehrlite and syenite in Figure IIl.4.5). This is consistent with a

metasomatic origin for the rims, rather than magmatic evolution.

Carbonatites

The relevant set of substitutions in carbonatite phlogopites is significantly
different from those observed in the silicate plutonic rocks. Here the tetraferriphlogopite
and ferri-annite end-members are important components of the micas (see Figure
IIT.4.1). Accordingly, the Fe’* < Al substitution in the tetrahedral site would be
expected to be a common feature in phlogopite from Tapira carbonatites (e.g. Brigatti et
al., 1996).

In Chapter II, three textural types of phlogopite were described in Tapira
carbonatites. These are summarised below:

Type I - Large crystals of relatively Al-rich (up to 12.63% Al,Os) phlogopite,
often showing evidence of resorption by the carbonatite magma and/or replacement by
rims and irregular patches of reversely-pleochroic tetraferriphlogopite. This variety
occurs in the central body of carbonatite (C1), and also in the C3 and C4, located at the
margins of the complex. The textural evidence suggest that the phlogopite cores are
xenocrystic, and that the tetraferriphlogopite is a reaction product between the
assimilated phlogopite and the carbonatite liquid.

Type 2 - Large, euhedral tetraferriphlogopite crystals, showing concentric (often
oscillatory) zoning patterns and no evidence of disequilibrium. A typical chemical
profile is presented in Figure II1.4.5. The oscillatory zoning generally involves variation
of SiO;, FeO and MgO and is reflected in different shades of red in the reversely-
pleochroic grains. Aluminium and titanium are extremely low and do not vary. An
interesting feature is the antipathetic variation of SiO, and FeO, suggesting mutual

substitution. Besides not showing evidence of disequilibrium, these micas often include
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common carbonatite minerals, such as pyrochlore, apatite and carbonate. This variety of
. phlogopite is therefore interpreted as ‘magmatic, crystallised directly from the
carbonatite liquid during a quiescent period, when minor chemical or physicochemical
changes in the system became imprinted in the mica (e.g. Heathcote and McCormick,
1989).

. ‘Type 3 - Minute, interstitial mica flakes. In C1 and C4 these are mainly
tetraferriphlogopite, and are interpreted as crystallised directly from the carbonatite (by
compositional analogy with type 2). In C2 some flakes are tetraferriphlogopite and some
are intermediate members of the phlogopite-tetraferriphlogopite series. The extremely
fine grain-size and paucity of mica flakes in C2 make the investigation of zoning
patterns and disequilibrium textures difficult, effectively precluding a decision as to
their magmatic or xenocrystic origin. Nevertheless, the simultaneous occurrence of both
compositional types as isolated, scattered ﬂakes in the same sample suggests that mica.
flakes in C2 actually represent a mixture of fine-grained phlogopite of different origins.

In summary, the only micas with clear textural evidence for magmatic
crystallisation from a carbonatite magma are the éuhedral, zoned crystals of
tetraferriphlogopite in CI1. However, srnall. tetraferriphlogopite flakes in other
carbonatites are interpreted here as magmatic on the grounds of similar composition. For
intermediate members of the phlo‘gopite-tetrafen‘iphlogopite series, fextural evidence is
either inconclusive (e.g. some of the interstitial mica in C2) or indicates a xenoc;rystic
origin (e.g. partially resorbed crystals in C1, C3 and C4).

.Minor elements in all three types of carbonatite micas are low (up to 0.22 %
BaO, < 0.1 % C,203) and do not allow discrimination between different types. High-Ba
micas, such as th"ose described by Gaspar and Wyllie (1982) for the Jacupiranga
carbonatites, were not found during the present research.

The composition of carbonatité micas is compared with those of the SPS in
Figure I1.4.6. Micas from carbonatites and silicate rocks clearly follow different
crystallisation paths. A sudden increase in FeO(t)/Al,O5 ratio (at FeO(t)/MgO = 0.75),
signals the crystallisation of tetraferriphlogopite in the carbonatites, whilst the plutonic
silicate rocks follow the pattern of the phlogopite-annite series. The high-Al cores of
micas from C1, C3 and C4 follow the phlogopite-annite trend and have composition

similar to the micas of wehrlites and bebedourites in the lower range of FeO(t)/MgO.
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depleted in A1203 relatively to the cores. In both rock types the Al-depletion towards the
rims may be the result of decreasing aluminium availability in the residual liquid.

A It was seen in a previous section of this Chapter that micas from different rock
types in the SPS show different Ti behaviour with FeO/(FeO+MgO). Figure I11.4.13
compares those trends ‘with the composition of micas in dykes and carbonatites. The
dashed arrows in the diagram represenf the core-rim variation of phlogopites in the
" dykes, except for the two highest TiO, pairs, where the arrows connect phenocrysts to
groundmass phlogopite. The evolution trends of cores and rims (or groundmass)
_ p'arallel, respectively; the trends of wehrlites + bebedourites(B1) and bebedourites (B2)
+ syenite. At least in the case of the low-Cr dykes, the results may suggest that micas
started crystallising at a greater depth and the rims were formed at higher levels, during
or after emplacement of the dykes, where lower pressure would favour the solution of Ti
in the mica (e.g. Arima and Edgar, 1981). This shallower site would, presumably,
coincide with the level of emplacement of B2/syenites, whose micas have
FeOt/(FeOt+MgO) and TiO, similar to the rims of phlogopite in the dykes.

Also noteworthy in Figure II1.4.13 is the comparatively high TiO, content of the
cores of mica xenocrysts in carbonatites (light-shaded field). In fact, they cover a large
span of SPS mica »compositions (except, maybe, the syenites). This suggests that the
carbonatite magmas assimilated mica crystals from différent ulframafic rocks (i.e.
wehrlites and the two groups of bebedourites). |

' The extreme enrichment of TiO, in the groundmass phlogopite of low-Cr dykes
contrasts with Ti depletion in the rims o'f' phlogopite-picrite micas. However, the cores
of the latter register an initial increase in TiO, and the Ti-depletion of the rims appears
to be attenuated, with increasing titanium content of the mica.(Figure III.4.12). The
rhicas crystallised from the carbonatite magma, on the othér hand, s-how extremely low
TiO, contents. An alternative reason for the behaviour of Ti and Al in primary
(magmatic) micas from. Tapira may be changes in the activity of these elements in the
magma. If the whole composition.'span of Tapifa rocks is considered, Al,O3 and TiO,
show substantial variation (e.g. cdrbonatites extremely depleted in both Al,O3 and Ti0;)
The rapid variations observed in some- phlogopites from dykes may indicate abrupt

chemical changes in the system (e.g. associated with liquid immiscibility).
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II1.4.3 - ORIGIN OF TETRAFERRIPHLOGOPITE

Tetraferriphlogopite is a common variety of mica in the APIP carbonatite -
complexes. Besides its occurrence in Tapira (Brigatti ez al., 1996 and this work), it has
also been described from the intrusions of Araxd (Cruciani et al., 1995), Salitre (Lloyd
and Bailey, 1991) and Cataldo (Aradjo and Gaspar, 1993; Aratjo, 1996).

Lloyd and Bailey (1991) described tetraferriphlogopite from the Salitre complex,
associated with carbonate-silicate cryptocrystalline material in bebedourites. They
interpreted the mica as a late-stage product, but consider the evidence to be inconclusive
as to whether it crystallised from the residual liquid or resulted from introduction of
material after crystallisation. Morbidelli et al. (1995a) reported the presence of
tetraferriphlogopite in carbonatites and fenites from Salitre. Gaspar and Aradjo (1995)
and Aragjo (1996) interpreted the tetraferriphlogopite of Cataldo as the result of
metasomatic interaction of the early-formed ultramafic rocks with carbonatite magma,
in a process that led to the transformation of dunites and pyroxenites into phlogopitites.
Issa Filho et al. (1984) interpreted the glimmerites of the Arax4 complex as being of
metasomatic origin, formed by phlogopitisation of ultramafic rocks. Although they do
not provide phlogopite analyses (and the Arax4 mica studied by Cruciani et al., 1995
comes from a sovite), the textural features of the Araxd glimmerites resemble the
reaction rock of Tapira.

Brigatti et al. (1996) studied the crystal chemistry of Tapira phlogopites. They
suggested that the formation of tetraferriphlogopite (i.e. ™)pe3*  substitution
accompanied by inversion of pleochroism and depletion in Al and Ti) is a magmatic
process and increases with fractional crystallisation, in the sequence dunite = wehrlite
= clinopyroxenite = bebedourite = garnet-magnetitite = perovskite-magnetitite =
glimmerite = carbonatite. In fact they propose the division of Tapira rocks in two
magmatic systems, one (alkaline-silicate system) including the first four rock types in
that sequence and the other (silicate-carbonatite system) comprising the remaining three.
However, their petrographic descriptions suggest that the studied rocks are mostly
varieties of cumulate from the ultramafic magmas of the SPS. Perovskite- magnetite-
and gamet-rich cumulates, for instance, are commonly associated with pyroxenites in
Tapira and the very low TiO, content of Tapira carbonatites (see Chapter IV) suggests

that the carbonatite liquid is unlikely to produce Ti-rich cumulates. Furthermore, the
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specimens 'deScribed by Brigatti et al. (1996) do not include syenites or true carbonatites
(maximum CO, content reported is 14.28%). Finally, they report the formation of
hematite rims associated with tetraferriphlogopite, which could be the result of
~ meétasomatic processes. '

The results of the present work - using a wider range of petrographic types -
indicate that magmétic mica in the SPS evolves from phlogopite towards biotite, rather
than tetraferriphlogopite, and that Ti contents of phlogopite increase with fractional
crjstallisatidn, albeit in .a scenario of multi-stage magmatic evolution. It was also
demonstrated in previous sections that magmatié érystallisation of tetraferriphlogopite is
génerally restricted to true (magmatic) carbonatites,. the possible exceptions being
groundmass mica in some carbonate-rich phlogopite-picrites. Whilst agreeing with the
evolution proposed by Brigatti e al. (1996) for the ultramafic rocks (increasing Fe and
Ti with decreasing Mg) and, indeed, extending this model to the most differentiated
rocks (syenites), the results of the present research do not support their model of
" magmatic progression from phlogopite to tetraferriphlogopite in the SPS. Instead, the
MEe3* « ™AL substitution reported by Brigatti et al. (1996) as magmatic, closely
. resembles the evolution of miéas in the reaction rock and rims bf xenocrysts, as well as

that of metasomatic micas in Cataldo (Aradjo, 1996).

I11.4.4 - OXYGEN FUGACITY

Figure I.4.14 provides an estimate of the oxidation state of the liquids from
which phlogopite crysiallised. Micas from the SPS plot in é trend sub-parallel to the
nickel - nickel oxide buffer line, indicating that little variation in oxygen fugacity was
involved in the differentiation of the plutonic silicate rocks. Primary tetraferriphlogopite
B fI‘OI’i’l carbonatites, on the other hand, plot well above the line of the hematite-magnetite
buffer, indicating the highly oxidised character of the carbonatite magmas in Tapira. The
phlogopite xénocrysts in carbonatites are not plotted in the diagram but span the range
of most of the SPS phlogopites, suggesting that the former were crystaillised in less
oxidising conditions than those prevailing in the carbonatite magma. Phlogopite ﬂakes
from C2 define a trend of increasing Fe®* at high Mg, similar to the one proposed by
Brigatti et al (1996, Figilre 6) for ‘the evolution of Tapira rocks. Finally phldgopite from

phlogopite-picrites and low-Cr dykes plots along a number of trends of increasing Fe**
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Al,O3 (towards low-Ti tetraferriphlogopite). The latter is commonly interpreted as
secondary in origin.

e Group II kimberlites (orangeites) also show two separate trends, one involving Fe <
Al substitution (phlogopite-tetraferriphlogopite) and the other between the
phlogopite-annite end-members.

e phlogopites from lamproites typically have high Ti, and evolve towards Ti and Fe
enrichment with (Ti-tetraferriphlogopite) or without (Ti-biotite) Al depletion.

e micas from minettes and lamprophyres show a more variable behaviour, but in
minette they are usually Al-rich.

Phlogopite evolution in carbonatites has been described as increasing Mg and Si
and decreasing Al, Ti and Fe, coupled with incorporation of Fe** in tetrahedral sites
during the later stages (Heathcote and McCormick, 1989). On the other hand, a similar
trend seems to derive from metasomatic processes. McCormick and Heathcote (1987)
interpreted tetraferriphlogopite in carbonatites from Arkansas as formed during
dolomitisation of previous sovite, with ingress of Si, Mg, Fe’* and removal of Al, Fe**
and Ti from the system.

Figure I1.4.15 compares phlogopites from Tapira with other examples of
carbonatites and alkaline rocks, in terms of TiO; and Al,O3 compositions. As a general
rule, phlogopite from the SPS, cores of xenocrysts in carbonatites and cores of mica
crystals from dykes have Al,O3 ranging from 9 to 13 % and limited TiO, (up to =5%).
This coincides roughly with the field for MARID micas and with the low-TiO; half of
the field for kamafugite phlogopites, but is distinguished from minettes (Roman
Province), alkaline rocks from Paraguay and the Brazilian carbonatites complexes of
Jacupiranga and Juquid by the lower Al,O; and more restricted TiO,. Primary
carbonatite micas from Tapira cluster near the origin of the diagram, and cannot be
distinguished in the adopted scale. A coupled depletion of TiO, and Al,O;, leading
towards tetraferriphlogopite is typical of metasomatic and late stage micas. This
variation is similar to that observed in orangeites, and distinguished from lamproitic
tetraferriphlogopites, which are Ti-rich. The field of APIP carbonatite complexes
includes analyses of phlogopite from silicate rocks and carbonatites of Salitre and

Cataldo, roughly coinciding with the compositional range of variation of Tapira micas.
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Figure III.4.15 also provides an insight into the relative differences between
micas from the APIP and those from other alkaline provinces emplaced around the
margins of the Parand Basin. The field for the Jacupiranga complex includes analyses of
phlogopites from ijolitic rocks and carbonatites, with the latter being restricted to the
very-low-TiOy/high-Al,O3 end of the diagram. The compositional range occupied by the
carbonatite phlogopites is marked by a sudden inflection of the Jacupiranga field
towards higher Al,Os3, suggesting that the latest stages of magmatism in that complex
are characterised by high-Al mica. Indeed, Gaspar and Wyllie (1987) stated that micas
from the Jacupiranga carbonatites almost always show VDA as high as, or higher than,
Fe**. A similar pattern is shown by the alkaline rocks from Paraguay. Although the field
in Figure II1.4.14 does not include carbonatite micas, an inflection towards high Al,Os
still appears at low TiO,. Gomes et al. (1996b) draw attention to the fact that eastonite-
siderophyllite is an important component of micas in the Paraguay alkaline rocks.

The field for Juquid comprises only phlogopites from silicate rocks, and shows
Al,O3 comparable to Jacupiranga and Paraguay, for the more restricted TiO, range
covered. Therefore, the fields of mica from Jacupiranga, Juquid and Paraguay are
roughly coincident, and characterised by high-Al,O3; and variable (very low to very
high) TiO,. The lowest TiO; portions of the Jacupiranga and Paraguay fields are marked
by a sudden increase in Al;O3. The TiO, / Al,Os ratio is similar to that of minettes and
Roman Province. On the other hand, carbonatite complexes of the APIP are
characterised by lower Al,O3 (similar.to that of kamafugite and MARID micas), and a
more restricted TiO, range. Additionally, carbonatite micas are depleted in Al;Os,
causing the fields to inflect towards tetraferriphlogopite (thus in the opposite direction to
Jacupiranga + Juquid + Paraguay).

The high-TiO, portion of the kamafugite field in Figure II1.4.15 consists entirely
of micas from APIP kamafugites (Mata da Corda Group, not individualised). If a genetic
relationship exists between these rocks and the carbonatite complexes, the Mata da
Corda micas may represent the high-Ti equivalent of Tapira/Salitre/Cataldo, defining a

wider APIP field, still at lower Al,O3 than Paraguay/Jacupiranga/Juquia.
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Finally, it should be noted that the alkaline magmatism in the APIP is Upper-
Cretaceous in age, and is interpreted as the result of the impact of the Trindade mantle
plume in the lithosphere under southeast Brazil (Gibson et al., 1995b), whereas
Jacupiranga and Juquia are Early Cretaceous and therefore contemporaneous with the
Parana flood-basalt magmatism (which in turn has been associated with the Tristan da
Cunha mantle plume). Therefore, mica compositions may be reflecting two different
tectono-magmatic situations. It must be stressed that the alkaline rocks from Paraguay
“cover a wider range of ages (240 to 39 Ma - Gomes et al., 1996a), and the field plotted

in Figure II1.4.15 is not age-selective.

I11.4.6 - SUMMARY

The results of the study of Tapira phlogopites can be summarised as follows:

e Primary phlogopites in carbonatites and silicate rocks seem to evolve independently
and follow divergent trends.

e In the silicate plutonic rocks, mica evolves from high-Mg phlogopite in the least
differentiated wehrlites to biotite in the more evolved syenites. This variation follows
a continuous trend of Fe & Mg substitution. Ti and Mn also increase with
differentiation.

e Ti variation indicates a multi-stage evolution for the SPS. Decreasing pressure and/or
increasing oxygen fugacity seem to be the main factors controlling Ti increase in
mica from the wehrlites to syenites, whereas temperature is the more significant
factor on a local scale.

e Metasomatic micas are characterised by replacement of the original phlogopite by
rims and patches of tetraferriphlogopite. The inversion of pleochroism coincides with
a sharp decrease in MgO, Al,Os and TiO; and increase in FeOt. There is no
gradational zoning towards tetraferriphlogopite. The chemical changes involved are
distinct from those associated with magmatic differentiation.

e A distinct chemical behaviour is displayed by magmatic tetraferriphlogopite in

carbonatites, consisting basically of MFe** < Si substitution. These micas are

virtually Al-free, and form euhedral crystals with oscillatory zoning.
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e Textural and compositional evidence indicates that Al-rich phlogopite is not likely to
have crystallised directly from the carbonatite magma. The presence of this type of
mica in Tapira carbonatites is probably the result of assimilation of phlogopite from
the silicate plutonic rock series, either during emplacement of the carbonatites or
during the ascent of the carbonatite magma through pockets of partially crystallised
ultramafic rock in the magma chamber.

e Alternatively, this variety of mica could have crystallised in equilibrium with a
hybrid silicate-carbonate liquid at depth and have been removed from the system
during an immiscibility event. Such liquid would have to be ultramafic, as there are
no xenocrysts in the carbonatites with composition similar to the syenitic micas.

e If the high-Al micas in carbonatites had crystallised directly from the carbonate liquid
(or evolved towards tetraferriphlogopite as a result of magmatic differentiation), a
wider range in Fe’* and Al would be expected in the cores of phlogopites from
different carbonatite samples. This was not observed in the studied carbonatites,
where mica seems to ‘“jump” in composition from Al-phlogopite to
tetraferriphlogopite.

e Micas in phlogopite-picrites and low-Cr dykes generally follow the compositional
trend of the SPS. Phlogopite-picrites have the more primitive, and low-Cr dykes have
the more evolved mica. With respect to mica composition, the dykes may be
interpreted as the equivalents of the silicate plutonic rocks. Late-stage sharp chemical
changes in phlogopite from the dykes may be signalling the onset of major chemical
disturbances in the system, such as liquid immiscibility.

e Micas from Tapira are compositionally similar to those from the consanguineous
complexes of Salitre and Cataldo, and distinct from micas in the Jacupiranga and
Juquié alkaline-carbonatite complexes. Micas in the dykes and SPS have TiO, and
AlyOs contents similar to MARID micas and kamafugites, although the field for the
latter extends to higher TiO,.

e If the Mata da Corda kamafugites are considered, the APIP phlogopites define a field
that is roughly parallel to that of Jacupiranga + Juquid + alkaline rocks from
Paraguay, but at significantly lower Al,Os. In the low-TiO; range (defined by the

carbonatite micas) the two trends become divergent, inflecting towards low and high

Al O3, respectively.
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II1.5 - PEROVSKITE

Perovskite is an essential constituent of the wehrlites and bebedourites in the
silicate plutonic rock series (SPS). It also occurs in the phlogopite-picrite dykes and,
rarely, in carbonatites. The presence of perovskite in Tapira has economic significance,
because the weathering of perovskite-rich SPS rocks ultimately produces ore-grade
concentration of anatase, within the thick soil cover of the complex. The process of
perovskite alteration has been studied by Banfield and Veblen (1992) but, despite its
economic implications, this is beyond the scope of the present work. Therefore, the
following discussion will refer to perovskite solely as part of the original mineral
assemblage of the igneous rocks.

. Perovskite is the main primary Ti mineral in the Tapira complex and an
important host for the rare earth elements in the ultramafic cumulate rocks, having a
major effect on the distribution of Ti and the REE during magma evolution.

In wehrlites and bebedourites perovskite occurs as a cumulus phase,
accompanying olivine and clinopyroxene. In the phlogopite-picrite dykes it may be
present as rare phenocrysts, discrete crystals in the groundmass or rings of discrete
grains coating olivine phenocrysts. Perovskite was not found in the syenites, where
sphene may occur instead. The perovskite-sphene equilibrium is constrained by
temperature and silica activity of the magma, and Veksler and Teptelev (1990)
demonstrated that the crystallisation of perovskite in alkaline magmas is inhibited by
increasing Si and Al content of the liquid. Accordingly, the absence of perovskite in the
syenites reflects the higher activities of Si and Al in the syenite system, compared with
the ultramafic cumulates and dykes.

The structure of perovskite can be expressed by the ideal formula ABX3, where
A and B represent cations and X represents anions. In natural perovskites the anions are
oxygen, and the formula may be then rewritten as ABOs. The composition and
proportions of the A and B cations, however, can be extremely variable. According to
Mitchell (1996¢), the A site can be occupied by over 20 elements and the site B by over
50 different elements, rendering perovskite a potentially very complex mineral.

Nevertheless, the description of common, naturally-occurring perovskites can be
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simplified by considering the A site as occupied mostly by Na*, K*, Ca**, Sr**, REE>",
Pb®* and Ba®™, and the B site by Ti**, Nb>*, Fe’*, Fe’*, Ta>*, Th*" and Zr**. Cations in
the A-site could therefore be mono- di- or trivalent and cations in the B site could be
penta- tetra- or trivalent. More complex compositions can be generated by charge-
coinpensating combined substitutions in the A (e.g. Na*os, Ce**os & Ca**) or B (e.g.
Fe**ys, Nb> o5 < Ti*") sites (Mitchell, 1996¢). This set of cations and substitutions is
sufficient to explain the most relevant end-members (Table IL.5.1) of natural
perovskites, apart from silicate perdvskites'such as (Ca,Mg,Fe)SiO;, which are only
important in mantle assemblages (e.g. Deer et al., 1992; Schubert and Tackley, 1995)
and Will not be discussed here. The microprobe analyses and calculated mineral

formulae of Tapira perovskites can be found in Appendix 2.

Perovskite - CaTiO;
Loparite (Nags5Ceq5)TiO5
Lueshite | NaNbO;
Latrappite | Ca(Feq sNbg 5)03
Macedonite ) PbTiO;
Tausonite , SrTiO;
Synthetic ' KnbO;
Synthetic .| BaTiO3
Synthetic : Ce,Ti,04
Synthetic Ca,NbyOy
Synthetic CaZrO;
Synthetic CaThO;

Table 11.5.1 - End member composition of perovskites (after Mitchell, 1996¢)

Figure III.5.1 shows the classification of Tapira perovskites in the system
perovskite-loparite-tausonite-lueshite. All analyses plot within a limited composition
range, varying from perovskite (sensu strictu) to Ce-perovskite, with up to 13.5 mol %
of the loparite end-member. One analyses of a perovskite in a carbonatite (sample

at043), shows a much higher loparite content (40 mol. %), although it is still classified
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B2 bebedourites but, in contrast with the latter, this is not accompanied by an increase in
Sr. Perovskite from both wehrlites and phlogopite-picrites are typically poorer in the
tausonite end-member than those in the bebedourites, although it should be stressed that

the tausonite component is low in all Tapira perovskites.

IT1.5.1 - MAGMATIC EVOLUTION OF PEROVSKITE

The composition of perovskite can be related to the stage of evolution and to the
type of magma from which it crystallised. As suggested by Veksler and Teptelev (1990),
perovskite can be a relatively early-crystallising phase in silicate liquids. Its abundance
in the ultramafic cumulates of SPS is consistent with this concept and indicates that it
- crystallised relatively early in the evolution of the complex. The normal evolution of
perovskite in alkaline magmas is one of replacement of Ca by REE, Na, Sr, and
replacement of Ti by Nb, i.e. early-formed Ca-Ti perovskite progresses towards lueshite
and/or loparite with magmatic evolution (Mariano and Mitchell, 1991; Mitchell, 1996c).

Perovskite in ultramafic cumulate rocks is usually close to the CaTiO;
composition. Mariano and Mitchell (1991) recognised some REE enrichment in
perovskite from bebedourites of APIP carbonatite complexes, and related this to the
interaction of early perovskite with late-stage hydrothermal fluids. They also pointed out
that “significant Sr and Na enrichment does not occur in these perovskites and they thus
differ from perovskites in carbonatites”. In more evolved rocks, such as syenites,
significant contents of the lueshite and tausonite end-members may be present (e.g.
Mitchell and Vladykin, 1993). Further, perovskite in pegmatites associated with
ultrapotassic syenite complexes and in some carbonatites may also show late-stage
enrichment in Th (e.g. Mitchell, 1996c; Mitchell and Chakhmouradian, 1998).

This general pattern of perovskite chemical evolution is probably an
oversimplified model, especially on a small scale. Campbell et al. (1997) demonstrated
the presence of oscillatory and reverse (towards purer CaTiOs) zoning patterns of
individual Ca-Ti perovskites in ultramafic rocks from the Gardiner complex (East
Greenland). They interpreted this as the result of chemical changes in the system, such
as influx of new fluids or back-reaction of perovskite with the liquid. Nevertheless, they

point out that perovskite-group minerals in the ultramafic rocks from Gardiner are Ca-Ti
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perovskite, whereas Nb-rich loparite (ca. 10% Nb,Os) occurs in syenite, thus confirming
the tendency of REE and Nb-enrichment with magmatic evolution over a larger scale.
Less often, unevolved Ca-Ti-perovskite has been reported in syenites (Magnet Cove,
Flohr and Ross, 1990).

Perovskites from carbonatites usually evolve by progressive Na- and REE-
enrichment (i.e. along the perovskite-lopafite solid solution). The preliminary
experimental results of Mitchell (1997) indicate that, because of the high solubility of Ti
in carbonatite melts, perovskite is a relatively late-stage phase in carbonatite, contrasting
with its early-stage crystallisation in silicate magmas. The first perovskite-group mineral
in the haplocarbonatite system (at 650 °C and 1 atm) is Ca- and Ti-rich, but loparite can
crystallise from the carbonatite liquid at lower temperatures. Under these experimental
conditions, lueshite and tausonite are not stable phases in the synthetic haplocarbonatite
system. This is consistent with observations in natural carbonatites, where the most
commonly observed solid solution is between perovskite (sensu strictu) and loparite.
Mitchell’s results also show that in CO,-bearing systems, Sr is strongly partitioned into
the carbonate minerals rather than to perovskite, which is consistent with the very low
tausonite content in the analysis of carbonatite perovskite (Figure II.5.1). In Tapira
perovskite co-exists with carbonate in the phlogopite-picrites and in carbonatite. The
partition coefficient for Sr between perovskite and carbonate was calculated for three

phlogopite-picrite dykes and one carbonatite, according to the relation:

KSr (carbonate/perovskite) =wt% S rO(carbonate) Wt % S I,O(perovskitc)

It should be noted that the calculations were based in the highest measured Sr content,
because the carbonates tend to recrystallise during post-magmatic alteration, with the
exsolution of Sr-rich phases (see Section III.9 of this Chapter). The results (Table
II.5.2) confirm the strong partition of Sr to the carbonate. Note that this appears to
increase with the carbonate content (expressed by wt % CO;) in the sample.

The low levels of Nb in perovskite from Tapira carbonatite suggests that the
system had relatively high levels of F and a relatively low Na/Ca ratio, therefore

favouring the crystallisation of pyrochlore, rather than lueshite, as the main Nb phase
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(e.g. Jago and Gittins, 1993; Chakhmouradian and Mitchell, 1998).

at022 at120a at013 at043

CO, (wt. %) in 5.96 8.22 9.05 25.06
whole-rock

SrO (wt. %) in 1.3 2.8 2.46 2.35
carbonate

SrO (wt. %) in 1.07 097(  0.83 0.54
perovskite

K, Y 121 2.88 2.96 4.35

Table 111.5.2 - Partition coefficient for Sr between carbonate and
perovskite (K,“®") in some Tapira rocks.

The strong REE- and Na-enrichment (loparite component) in perovskite from
Tapira carbonatite (nearly twice the highest REE content of perovskite in the silicate
rocks) is consistent with a late-stage, independent crystallisation of this perovskite from
the carbonatite magma, rather than with a xenocrystic origin. In sections IIL.3 and IIL.4,
pyroxene and phlogopite from this same carbonatite sample were interpreted as
xenocrysts. The fact that these two minerals are compositionally similar to their
counterparts in the ultramafic rocks, whereas the perovskite has such an evolved
composition, reinforces the concept that pyroxene and phlogopite in this carbonatite are
xenocrysts. In fact, the high solubility of perovskite in carbonatite liquids (Mitchell,
1997) would probably favour the assimilation of any xenocrystic perovskite that entered

the carbonatite liquid together with pyroxene and phlogopite.

II1.5.2 - OXYGEN FUGACITY

The iron content of perovskite have been interpreted as an indication of oxygen
fugacity (e.g. Dawson et al., 1995). Accordingly, the low iron content in perovskites
from the SPS wehrlites (up to 3.55 wt. % FeO) and bebedourites (up to 1.87 wt. % FeO)
suggests that these rocks formed under relatively low oxygen fugacity. On the other
hand, the analysis of perovskite from carbonatite yielded a much higher iron content
(11.31 wt % FeO) and this perovskite is therefore interpreted as having formed under
higher oxygen fugacity. This inference is consistent with: a) the occurrence of magmatic

tetraferriphlogopite (section IIL.4) in the carbonatites and its absence in the SPS (except
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where associated with metasomatic replacement); b) the presence of melanite in the
low-Cr dykes and SPS rocks (section III.7). The iron content of perovskites from the
carbonate-rich phlogopite-picrite dykes (up to 3.03 wt. % FeO) is slightly higher than
those in bebedourites, but similar to perovskites in wehrlite. Increasing oxygen fugacity
in the dykes is suggested by the chemical evolution of phlogopite (section II1.4), but this
feature was not observed in the wehrlites. As suggested for the relatively high-CaO
olivines from wehrlites (section III.2), it is possible that some of these perovskites
crystallised from a liquid that was slightly more evolved and/or more carbonate-rich

than the phlogopite-picrites.

II1.5.3 - MINOR ELEMENTS
Rare earth elements (REE)

Several perovskite grains were analysed by electron microprobe, to determine
the contents of the measurable rare-earth elements. The sum of the REE oxides varies
from 0.73 to 8.12 wt % in perovskites from the SPS, 1.81 to 4.56 wt. % in perovskites
from dyke rocks and reaches 17.82 wt. % in the perovskite from carbonatite. Perovskite
was also manually separated from one wehrlite (sample at016) and analysed by ICP-
MS. The results are presented in Figures II1.5.2 and II1.5.3, where yttrium (Y) from the
microprobe analyses is used as a proxy for Ho. |

Figure I11.5.2 shows the nearly perfect correspondence of microprobe and ICP-
MS data for the REE from La to Sm. The heavier elements Gd and Y (Ho in the ICP
analysis) still show good agreement, but some deviation from the ICP values is
observed. In fact, if the whole set of analytical data is considered, the scatter in Gd is
c'onsiderably higher than in the lighter REE, suggesting that the discrepancy in Figure
II.5.2 is related to a lower microprobe sensitivity due to the low Gd abundance. The
difference between Y (microprobe) and Ho (ICP-MS) results may also be attributed to a
combination of low microprobe sensitivity and, perhaps, to small differences in the
geochemical behaviour of Y and Ho in the perovskite. The ICP-MS analyses defines a
steep REE pattern in Figure II1.5.2, with chondrite-normalised La/Lu ratio of 341,

reflecting the strong preference of the light REE for perovskite.
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Figure II1.5.3 shows the variation of REE in perovskite from different Tapira
rock-types. The fields represent the range covered by the averaged analyses of different
specimens within each unit. The REE abundance and the extent of LREE enrichment
between perovskites from different silicate rocks are roughly similar, although the
perovskites in B2 bebedourites can be distinguished from those in the B1 bebedourites
by their higher LREE concentrations. This is in good agreement with the evidence from
other minerals (e.g. phlogopite, clinopyroxene, see relevant sections in this Chapter),
that bebedourites in the B2 unit are more evolved than those in B1. However, the
presence of complex zoning patters (normal, reverse, oscillatory) in these perovskites
suggests that their composition is not simply controlled by a smooth trend of
progressive REE enrichment. The fact that the perovskites in wehrlites have REE
contents intermediate between B1 and B2 bebedourites (rather than being less evolved
than both) suggests that either the rocks crystallised from different liquids or the system
underwent a complex evolution history, involving substantial fluctuation of the REE
contents.

The perovskite from carbonatite shows significant REE enrichment and a steeper
REE pattern, relatively to the silicate rocks. As shown by other elemental variations,

this perovskite is clearly different from those crystallised in the SPS.

Zrand Th

Some perovskites from carbonatites and ultrapotassic syenites can be Zr- and/or
Th-Rich. Lupini et al. (1992) reported up to 3.27 wt. % ZrO; and up to 1.7 wt. % ThO,
in perovskite from the Polino carbonatite (Italy). However, this perovskite is Ca- and Ti-
rich and, therefore, not evolved in the sense of Mitchell (1996¢c). Perovskite in
carbonatite complexes of the Kola' Peninsula may have up to 4.9 Awt. % ThO,
(Chakhmouradian and Mitchell, 1997). In the APIP, Mitchell (1996c) reported up to
6.19 wt. % ThO; in perovskite from a rheomorphic fenite associated with the Salitre
complex. Limited Th and Zr data were obtained for perovskite in some of the Tapira
dykes and SPS rocks. The résults indicate low, albeit measurable, concentrations of Zr
(up to 0.51 wt. % ZrO,) and Th (up to 0.6 wt. %. ThO,) in these perovskites. The Zr
content successfully discriminates perovskites in wehrlites from those in bebedourites,

whereby the former reach higher Zr contents (Figure III.5.4). Unfortunately, the
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from the Mata da Corda kamafugites (Alto Paranaiba Igneous Province). These are
close to the perovskite.end-ember, with limited solid solution towards loparite (i.e.

average REE content of 3 wt. %; Sgarbi and Gaspar, 1995).

II1.5.5 - SUMMARY

e Perovskite-group minerals from the silicate plutonic rocks and from phlogopite-
picrites dykes have composition close to the perovskite end-member, with some
solid solution towards loparite. One analysis of perovskite from carbonatite shows
the strongest enrichment in the loparite molecule.

e Perovskite is an important REE carrier in Tapira rocks. The REE patterns are steep,
with strong enrichment in the light REE. The fractionation of perovskite during the
formation of the wehrlites and bebedourites should influence the distribution of REE
in the liquid.

e The proportions of the Sr and Nb end-members (tausonite and lueshite) are low in
all Tapira perovskites. In carbonate-bearing rocks, Sr is preferentially partitioned to
calcite. The low Nb content of carbonatite perovskite suggests a high activity of
fluorine and a low Na/Ca in the carbonatite magma, which would ‘favour the
crystallisation of pyrochlore as the main Nb mineral.

e Perovskites from B2 bebedourites are more evolved than those from B1. Perovskites
from wehrlites are broadly similar in composition to those of the phlogopite-picrites,
but may show slightly higher Nb contents. The composition range of wehrlite
perovskites overlaps that of perovskites in B1 and B2 bebedourites.

e Tapira perovskites are similar in composition to those of other carbonatites and
carbonatite-bearing complexes (Magnet Cove, Polino, Gardiner), and to perovskites
from the Mata da Corda kamafugites. They are distinguished from perovskites in
syenitic rocks by their much lower Sr contents. They also differ from perovskite-
group minerals occurring in some carbonatites (e.g. Schryburt Lake, Ontario;

Lueshe, Zaire; carbonatites from the Kola Peninsula), which are Nb-rich.
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I11.6 - OPAQUE MINERALS

The oxide minerals present in Tapira rocks comprise spinels (chromite,
magnetite) and ilmenite. Magneﬁte is by far the most abundant species, occurring in
both carbonatites and silicate rocks. Chromite is restricted to phlogopite-picrites and,
occasionally, wehrlites. Ilmenite is rare, occurrings in few samples of carbonatites and
silicate rocks. The compésition ranges of Tapira oxide minerals are given in Table
II.6.1. The complete set of microprobe analyses and the correspondent mineral

formulae can be found in Appendix 2. Ferric/ferrous ratios were estimated from

microprobe results according to the method of Droop (1987).

Chromite . Magnetite Tmenite

TiO, . 5.40-11.96 0.35-19.00 32.57-54.28
AlLO; 3.18 - 8.09 0.00-2.74 0.00-0.03.
Cr05 20.12 - 43.60 0.00-5.57 0.00 - 1.65
FeOr 28.28 - 50.60 63.55-93.59 - | 39.11-5043
MnO 0.27 - 0.60 0.00 -2.76 0.07-4.19
MgO 8.97 - 11.64 0.10-9.95 0.00 - 10.62
ZnO 0.00-0.12 0.00 - 0.048 0.00-0.18

Table II1.6.1 - Compositional range (oxides wt. %) of Tapira magnetites,
chromites and ilmenites. FeOyr = total iron as FeO :

111.6.1 - SPINELS

4

The spinels from dyke rocks (phlogopite-picrites and low-Cr dykes) show
compositional characteristics that are distinct from those in the associated coarse-
grained plutonic rocks (SPS and carbonatites). For clarity, spinel analyses from these

two groups are represented separately in Figures I11.6.1 and II1.6.2.
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with the less evolved character of these rocks, when compared with the low-Cr dykes.

The same. is true of the occasional présence of chromite in some, But not all wehrlites

(EDS qualitative analyses only), when compared with the chromite-free bebedourites

~and carbonatités. In Tapira magnetites the chromium content is moderately low. One

“analysis of magnetite from a phlogopite-picrite yielded 5.57 wt. % Cr,O3 but all the
remainder have less than 2.11 wt. % Cr,0s.

The increase in the Fe/(Fe+Mg) ratio with differentiation in the Tapira spinels is
conéistent with observations from other examples of alkaline rocks and carbonatites.
Gaspar and Wyllie (1983b) pointed out that magnetites from the Jacupiranga complex

. show an increase in FeO/(FeO+MgO) ratios with decreasing age of the host carbonatite.
Iron enrichment with magmatic evolution is also observed in spinels from lamproites
(Mitchell and Bergman, 1991) and orangeites (Mitchell, 1995b).

~ Minor element contents of Tapira magnetites are also consistent with magmatic

~ evolution of the host rock. Thus, magnetites from phlogopite-picrites have the highest

TiO; (up to 16.8 wt. %), Al,Os (up to 2.74 wt. %), MnO (up. to 2.76 wt. %) and MgO

(up to 9.95 wt. %), whilst magneﬁtes in the SPSVand carbonatites become progressively

poorer in all minor elefnents, leading to compositions close to the ideal magnetite
molecule.

Figure II1.6.3 further illustrates the compositional differences of the various
groups of ‘Tapira spinels. Both A1203 and MgO are highest in spinels from the dyke
rocks. The spinels from the coarse-grained SPS rocks and carbonatites are Al-poor, but
the MgO variation suggests that spinels in wehrlites and bebedourites are less evolved
than those in carbonatites. Magnetites from the metasomatic reaction rock (see Chapter
ID) are plotted» in Figure I1.6.3 for comparison. These are nearly pure magnetite,

~ occupying a small field near the origin of the diagram. The presence of abundant
exsolved lamellae of ilmenite in these magnétites suggests that they are the product of
low-temperature recrystallisation of primary titanomagnetites from the original
ﬁltramafic rock. .

In the system FeO-FezOg—TiOQ (Figure 111.6.4), Tapira magnetites plot near the
join 6f the magnetite-(titanomagnetite)-ulvospinel solid solution. Despite the partial
0\.'erlap of thé two compositional fields, most analyses frofn dykes and coarse-grained

rocks plot in separate regions of the diagram. Magnetites from the SPS and carbonatites
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e The composition of Tapira spinels is similar to those in lamproites and orangeites

e Tapira ilmenites are within the compositional range of ilmenites from other

carbonatite complexes.
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II1.7 - GARNET

Yellow to dark-brown titanian garnet occurs in Tapira rocks, either as rims on
perovskite crystals from the silicate plutonic rock series (SPS), or as discrete euhedral
crystals in the dyke rocks.

The structural formula of garnet can be expressed as X3Y,Z3;0;,, where X, Y
and Z represent, respectively, dodecahedral, octahedral and tetrahedral cations. The

~ideal end-member compositions of common garnets are as follows (Table I11.7.1):

Pyralspite garnets

Pyrope Mg3AlLSi301;

Almandine Fe**3A1,81501,

Spessartine Mn3ALSi1304;

Ugrandite garnets

Grossular CazAl;S1304,

Andradite Cas(Fe® Ti),Si301,
Uvarovite Ca3Cr;,S1301,
Hydrogrossular CazAlS1,04(S104)1.m(OH)4m

Table I11.7.1 - Ideal end-member compositions of garnet

Tapira garnets are Ca-rich (30.3 - 33.7 wt. % CaO), Al-poor (< 2.4 wt. % Al,O3)
and Cr-poor (< 0.17 wt. % Cr;03) and, therefore, classify as andradite-type. They also
con