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Abstract

The anorogenic, alkaline silica-oversaturated Serra do Meio suite is located within the Riacho do Pontal fold belt, northeast Brazil. This

suite, assumed to be Paleoproterozoic in age, encompasses metaluminous and peralkaline granites which have been deformed during the

Neoproterozoic collisional event. Preserved late-magmatic to subsolidus amphiboles belong to the riebeckite±arfvedsonite and riebeckite±

winchite solid solutions. Riebeckite±winchite is frequently rimmed by Ti±aegirine. Ti-aegirine cores are strongly enriched in Nb, Y, Hf, and

REE, which signi®cantly decrease in concentrations towards the rims. REE patterns of Ti-aegirine are strikingly similar to Ti-pyroxenes from

the IlõÂmaussaq peralkaline intrusion. Recrystallisation of mineral assemblages was associated with deformation although some original

grains are still preserved. Magmatic annite was converted into magnetite and biotite with lower Fe/(Fe 1 Mg) ratios. Recrystallised

amphibole is pure riebeckite. Magmatic Ti±Na-bearing pyroxene was converted to low-Ti aegirine 1 titanite ^ astrophyllite/aenigmatite.

The reaction riebeckite 1 quartz! aegirine 1 magnetite 1 quartz 1 ¯uid is also observed. Biotite and Na-ma®c minerals recrystallised

under metamorphic oxidising conditions corresponding to temperatures of 6008C between the NiNiO and HM buffers. q 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Granites related to the alkaline series are common in

within-plate, anorogenic (Murthy and Venkatenaman,

1964; Martin and Piwinskii, 1972), or post orogenic

settings (Nardi and Bonin, 1991). Classical alkaline anoro-

genic suites are exempli®ed by the Younger Granite

province of Niger Ð Nigeria (Jacobson et al., 1958), the

Proterozoic Gardar province, South Greenland (Upton,

1974), and the Finnish rapakivi magmatism (Vorma,

1976). Examples of post-orogenic alkaline suites are the

Permian±Triassic Western Mediterranean Province Bonin

(1980), Neoproterozoic Saibro Intrusive Suite, south

Brazil (Nardi and Bonin, 1991), and the Pan-African

Arabian Shield. Comparing both post-orogenic and anoro-

genic alkaline suites, Rogers and Greenberg (1990)

showed that post-orogenic suites are slightly richer in

CaO and MgO with lower amounts of alkalis. Peralkaline

types are more abundant in anorogenic suites while meta-

luminous types are largely dominant in post-orogenic asso-

ciations (Nardi and Bonin, 1991).

In this paper, major, trace and rare earth elements data on

ma®c minerals from a Paleoproterozoic anorogenic alkaline

suite are presented and discussed. Trace and rare earth

element data in sodic amphibole and pyroxene were

obtained by ion microprobe, through the SIMS technical

approach, showing the variation of these elements between

magmatic and metamorphic grains.

2. Geological setting

Paleoproterozoic alkaline magmatism with potassic af®-

nities have been described in the SaÄo Francisco Craton by

ConceicËaÄo (1990), ConceicËaÄo (1994), Rosa (1994), Rios

(1997) and Paim (1998). This potassic alkaline character
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is ascribed to the peculiar composition of the Paleoproter-

ozoic mantle in northeastern Brazil, which has produced

alkaline magmas with compositions suggesting metasoma-

tized mantle sources.

The Serra do Meio Suite (SMS, Leite, 1997) is located

in the Riacho do Pontal Fold Belt (RPFB, Brito Neves,

1975), in the Borborema Province of northeastern region

of Brazil (Fig. 1). The RPFB, located in the northwestern

border of the SaÄo Francisco Craton (SFC), is one of the

several Brasiliano (1.0±0.45 Ga, Wernick, 1981; Barbosa

and Dominguez, 1996) fold belts surrounding this craton.

According to Jardim de SaÂ (1994), the Neoproterozoic

fold belts in northeastern Brazil were generated during

intracontinental collisional events, with no evidence of

coeval subduction.

The Serra do Meio Suite is an alkaline granitic magma-

tism, which is part of the Campo Alegre de Lourdes Alka-

line Province (ConceicËaÄo, 1990). These alkaline granites

have been studied by Leite (1987, 1997), ConceicËaÄo

(1990), PlaÂ Cid (1994) and PlaÂ Cid et al., (2000). Isotopic

determinations at Campo Alegre de Lourdes Alkaline

Province point to magmatic ages related with the Transa-

mazoÃnico Event (2.0 ^ 0.2 Ga, Wernick, 1981), as

evidenced by U±Pb data in zircon/baddeleyite grains of

the Angico dos Dias Carbonatite (2.01 Ga, Silva et al.,

1988). In this area, the end of TransamazoÃnico Event

was marked by crustal extension in a continental rift

setting (Leite et al., 1993; PlaÂ Cid, 1994), emplacement

of the Angico do Dias carbonatite complex, outpouring

of tholeitic to transitional basalts with cumulative

preserved structures (Couto, 1989) and associated alkaline

granites.

The Neoproterozoic event at Campo Alegre de Lourdes

region was characterised by frontal collision of continental

blocks, with extensive thrust tectonics along ENE±WSW

striking surfaces (Leite et al., 1993; PlaÂ Cid, 1994

Fig. 1C). NS-striking sub-vertical transcurrent zones were

identi®ed in the northeastern part of this region (Fig. 1C),

and interpreted as lateral ramps active during the frontal

event (Leite, 1997). All geological units were affected by

this tectonic event which produced ductile shear structures

along thrust planes and lateral ramps. Such a framework

follows PlaÂ Cid (1994) in that lithological contacts in the

Serra do Meio Suite result from strong superimposition of

tectonic regimes during the Neoproterozoic event and do not

represent the igneous geometry.

3. Geology and petrography

The oldest rocks are represented by the late Archean

Gneissic±Migmatitic Complex which yields a whole-rock

Rb±Sr age of 2.6 Ga as determined by whole-rock Rb±Sr

isotopic dating (Dalton de Souza et al., 1979). These

gneisses have granite and trondhjemite±tonalite composi-

tions with development of migmatitic structures and were

metamorphosed within the amphibolite facies. Metasedi-

mentary rocks are represented by quartz±mica schist and

calcareous schist belonging to Paleoproterozoic Serra da

Boa EsperancËa Unit (Silva et al., 1988) and by metapelitic
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and metapsamitic rocks included in the Mesoproterozoic

Santo Onofre Group (Leite, 1997), both metamorphosed

to greenschist facies.

The Serra do Meio Suite includes several intrusions

oriented along ENE±WSW trends (Fig. 1C) that intrude

the Serra da Boa EsperancËa Unit. Quartz±mica schist

xenoliths are abundant within the alkaline granites. The

granites were deformed by the Brasiliano collision that

produced gneissic structures with a marked foliation

dipping to the SE or NW (PlaÂ Cid et al., 2000). The pre-

Brasiliano age of alkaline granites is suggested by whole-

rock Rb±Sr errorchrons yielding an age of ca. 850 Ma
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which indicates that these granites have experienced reset-

ting of the isotopic system.

Preserved igneous structures such as pod-like portions

with isotropic coarse-grained texture surrounded by

deformed portions, as well as biotite schlieren, are present

within these granites in spite of Brasiliano deformation and

metamorphism.

Modal analyses (Streckeisen, 1976) indicate that the

Serra do Meio Suite is composed of alkali feldspar granites,

and subordinate amounts of quartz alkali feldspar syenites.

Normally these granites exhibit strong mineral orientation

and recrystallisation textures but alkali feldspar phenocrysts

and some ma®c minerals are still preserved. Vein-type

mesoperthitic alkali feldspar is the major magmatic felsic

phase whereas quartz and the subsolvus assemblage

(albite 1 microcline) constitute the granoblastic ground-

mass. Three different lithotypes were identi®ed on petro-

graphic grounds: (i) metaluminous granites, sometimes
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Table 1

Representative analyses from Serra do Meio Suite

Sample CL-05b CL-54 CL-55 CL-87 GA-68 JP-49 GA-34 GA-46 GA-46a PPB-78a

Facies NE Met. NE Met. NE Met. Slight Peralk. Slight Peralk. Slight Peralk. Strong Peralk. Strong Peralk. Strong Peralk. Strong Peralk.

SiO2 75.10 75.70 73.30 73.20 74.50 67.30 74.20 71.40 72.30 73.30

TiO2 0.28 0.34 0.42 0.37 0.15 0.44 0.39 0.43 0.44 0.36

Al2O3 11.60 9.40 11.60 11 12.10 13.40 11.30 12 11.30 11.80

Fe2O3 1 3 1.30 3.70 0.64 4.30 2.70 3.70 3 3.20

FeO 2.10 2.20 2.50 1.50 1.80 1.80 1.40 1.80 1.90 1.10

MgO 0.10 0.16 0.23 0.12 0.10 0.14 0.10 0.10 0.10 0.10

CaO 0.89 0.46 0.89 0.45 0.79 1.30 0.40 0.64 0.58 0.31

Na2O 3.70 3.10 3.50 3.90 3.80 5.10 4.30 4.80 4.60 4.10

K2O 4.10 4 4.60 4.60 5 5.10 4.50 4.30 4.80 5

MnO 0.13 0.17 0.11 0.21 0.06 0.16 0.21 0.18 0.22 0.13

P2O5 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

H2Op 0.30 0.54 0.30 0.23 0.35 0.11 0.38 0.26 0.19 0.55

CO2 0.53 0.37 0.93 0.43 0.48 0.64 0.05 0.19 0.45 0.05

Total 99.88 99.49 99.73 99.76 99.82 99.84 99.98 99.85 99.93 100.05

F 1700 1100 1200 930 1800 2300 820 1300 810 250

Cl 20 20 20 20 20 20 20 20 20 20

Ag. Ind. 0.91 1 0.93 1.04 0.96 1.04 1.06 1.05 1.13 1.03

FeOt 3 4.90 3.67 4.83 2.38 5.67 3.83 5.13 4.60 3.98

Ba 840 200 390 240 160 710 440 510 340 300

Nb 81 350 130 200 120 190 53 77 50 56

Cs 6 5 5 5 5 5 6 5 5 5

Rb 110 160 82 130 190 150 68 88 72 84

Hf 15 68 27 34 10 21 9 12 8 8

Sr 68 29 73 36 35 140 33 40 19 13

Y 120 270 95 160 170 110 43 80 44 37

Zr 720 2690 1060 1440 430 810 360 600 340 400

Ga 32 29 35 33 46 41 42 37 40 41

V 8 8 8 8 5 8 8 8 8 8

Th 16 45 18 27 27 22 5 6 5 5

U 10 10 10 10 10 10 10 10 10 10

Ta 7 26 5 11 10 13 5 5 5 5

Cu 11 15 11 19 22 15 7 11 7 15

Co 28 28 28 51 28 51 23 28 28 28

Ni 29 18 41 18 59 29 129 47 18 24

Cr 52 77 103 52 116 52 258 65 52 39

La 208.2 155.1 76.29

Ce 436.6 335.2 170.9

Nd 179.1 144.4 70.1

Sm 29.26 24.32 14.54

Eu 3.22 2.61 2.25

Gd 20.39 18.26 10.81

Dy 16.89 16.23 9.16

Ho 3.18 3.18 1.72

Er 7.6 8.2 4.08

Yb 5.15 7.04 3.3

Lu 0.62 0.87 0.44

REE 910.21 715.41 363.59



with magnetite porphyroblasts; (ii) slightly peralkaline

granites, and (iii) strongly peralkaline granites.

The northeastern plutons, as well as restricted parts of the

ENE±WSW striking bodies, are made up of metaluminous

granites (Fig. 1). Biotite is the only ma®c mineral, and

occurs as interstitial grains or in millimetric elongated

concentrations. Fluorite grains are common. In the ENE±

WSW striking bodies, biotite is sometimes transformed to

muscovite and magnetite porphyroblasts are associated with

interstitial carbonate which suggests the important role of

Fe±CO2-bearing ¯uids during the Brasiliano deformation

(PlaÂ Cid, 1994).

The slightly peralkaline granites have aegirine, aegirine±

augite, and colourless pyroxene optically identi®ed as

hedenbergite (PlaÂ Cid et al., 2000). Interstitial biotite and

magnetite porphyroblasts are rare. The size, shape, and

composition of hedenbergite and of aegirine±augite grains

indicate their magmatic origin. Aegirine±augite constitutes

either millimetre-size irregular concentrations or aciculate

grains included in alkali feldspar cores (ConceicËaÄo, 1990).

The recrystallised clear rims of alkali feldspar are devoid of

pyroxene inclusions. Aegirine occurs as magmatic and

metamorphic crystals without compositional differences.

Poikiloblastic aegirine encloses alkali feldspar, albite, and

quartz.

The strong peralkaline granites have amphibole, aegirine

and aegirine±augite, aenigmatite or astrophyllite, biotite,

titanite, and magnetite as ma®c magmatic and metamorphic

constituents:

3.1. Metamorphic Minerals

Amphibole occurs as dark- to brownish-blue poikilo-

blasts, and as interstitial grains. The interstitial grains are

surrounded by aegirine along the foliation, and both were

produced by recrystallisation during the Neoproterozoic

event, whereas the poikiloblasts probably recrystallised

later in the same metamorphic event (Leite et al., 1991).

These poikiloblasts have a reddish ®brous mineral

(aenigmatite or astrophyllite) and euhedral titanite along

their borders (PlaÂ Cid et al., 2000). The presence of magne-

tite blasts along the foliation re¯ects the occurrence of Fe-

bearing ¯uids associated with this metamorphism.

3.2. Magmatic Minerals

They are non oriented, subhedral, dark-amphibole grains

sometimes mantled by aegirine and aegirine±augite.

Subhedral pyroxene phenocrysts are intensively zoned and

crosscut by the foliation (PlaÂ Cid et al., 2000). Some

subhedral, interstitial grains of pyroxene were also inter-

preted as magmatic.

4. Geochemistry

The alkaline af®nity of the Serra do Meio Suite is shown

in Fig. 2A and B. Additionally, the very low contents of

CaO and MgO, high concentrations of alkalis and the very

high values of FeOt/(FeOt 1 MgO) ratios and the agpaitic

index are diagnostic of their alkaline af®nity (Table 1;

Sorensen, 1974; Bonin, 1982; Whalen et al., 1987; Rogers

and Greenberg, 1990; Nardi, 1991, and references therein).

Typical anorogenic suites and the Serra do Meio granites

have similar compositions (Fig. 2B).

The agpaitic index, which varies between 0.85 and 1.0 in

the metaluminous granites, reaches 1.05 in the slightly

peralkaline granites and 1.17 in the strongly peralkaline

types. As pointed out by PlaÂ Cid et al. (2000), the Harker

diagrams (Fig. 2C) illustrate that the Serra do Meio Suite

evolved along two evolutionary paths represented by: (i) the

metaluminous trend, formed by metaluminous and slightly

peralkaline granites, and (ii) the peralkaline trend,

composed by the strongly peralkaline rocks. The evolution-

ary trends can be generated by two alkaline parental liquids

due to differences in their sources or petrogenetic processes.

The peralkaline trend is richer in Na2O, TiO2, and FeOt,
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whereas the metaluminous one has higher concentration of

CaO and Al2O3 (Fig. 2C). Their parallelism suggest a simi-

lar magmatic evolution controlled by feldspar fractionation

as indicated by the Al2O3 £ SiO2 plot.

The whole-rock trace element concentration of the Serra

do Meio Suite are comparable to those of typical anorogenic

granites (Fig. 3). They are characterised by high concentra-

tion of incompatible HFS elements (Nb, Zr, Ga, Y, Hf), light

rare earth elements (LREE; Table 1), and Rb/Sr ratios . 1.

As previously observed by PlaÂ Cid et al. (1997), Zr exhibits

a peculiar behaviour, with higher concentration in granites

of the metaluminous trend than in the more peralkaline

varieties (Fig. 4). The Zr solubility increases with the

peralkalinity (Watson, 1979) and alkali contents of the

magma (Harris, 1980). Zr enrichment in metaluminous

granites, followed by higher concentration of HFSE and
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REE (Fig. 4), are opposite of the expected trend in alkaline

magmas. According to PlaÂ Cid et al. (2000), this can be

explained by the higher F-contents observed in the metalu-

minous liquid which probably promotes the stabilisation of

F±HFSE complexes (Harris, 1980). An HFSE and REE-

enriched source is therefore assumed for metaluminous

magmas.

The REE patterns of metaluminous and peralkaline gran-

ites have similar shapes (Fig. 5). They are depleted in HREE

relative to LREE, suggesting residual garnet in the source,

and exhibit Eu-negative anomalies. The peralkaline trend

exhibit slightly more negative Eu-anomalies than those of

the metaluminous trend. The different behaviour of Eu, Rb,

Sr and Ba in the metaluminous trend, relative to the strongly

peralkaline granites, was ascribed to more intense alkali

feldspar fractionation during magmatic evolution in the

metaluminous trend (PlaÂ Cid et al., 2000).

5. Mineralogy

Previous mineralogical studies in the Serra do Meio Suite
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Table 2

Representative analysis of micas from Serra do Meio suite. Crystals in contact with magnetite porphyroblasts (rim-mt)

Facies Slightly peralkaline Biotite granite (NE) Biotite magnetite granite Strongly peralkaline Metamorphic grains

Location Core Rim Rim Core Core Core Core Rim Core Rim Rim-mt Rim-mt

SiO2 35.66 35.45 34.14 33.14 35.28 35.35 34.53 35.09 36.69 36.53 36.19 36.32

TiO2 2.80 2.78 3.00 2.65 2.84 3.08 2.55 2.39 2.39 2.35 2.34 2.44

Al2O3 14.59 14.34 15.34 14.95 14.43 13.50 10.12 10.35 10.32 10.32 10.26 10.24

FeO 31.09 31.20 32.26 31.81 31.02 31.58 33.78 34.04 28.46 28.55 26.67 26.78

MnO 0.28 0.29 0.27 0.35 0.50 0.68 1.80 1.95 1.42 1.54 1.74 1.73

MgO 2.03 2.20 0.88 0.89 2.02 1.96 2.03 1.91 5.44 5.60 6.64 6.54

CaO 0.11 0.00 0.00 0.00 0.00 0.00 0.16 0.46 0.03 0.00 0.00 0.00

Na2O 0.08 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.02

K2O 8.99 9.19 9.33 9.46 9.50 9.18 8.10 7.02 9.11 9.29 9.50 9.22

F 0.31 0.42 0.12 0.38 0.21 0.31 0.41 0.00 0.83 0.47 0.73 0.91

H2O 1.63 1.57 1.70 1.53 1.67 1.61 1.49 1.69 1.36 1.53 1.40 1.32

Total 97.57 97.44 97.04 95.16 97.60 97.25 94.96 94.90 96.06 96.18 95.47 95.52

O_F 0.13 0.18 0.05 0.16 0.09 0.13 0.17 0 0.35 0.2 0.31 0.38

Ctotal 97.44 97.26 96.99 95 97.51 97.12 94.79 94.9 95.71 95.98 95.16 95.14

Si 5.777 5.776 5.606 5.602 5.735 5.793 5.931 5.950 6.083 6.027 6.011 6.039

AlIV 2.223 2.224 2.394 2.398 2.265 2.207 2.047 2.050 1.917 1.973 1.989 1.961

AlVI 0.561 0.528 0.573 0.578 0.497 0.398 0.000 0.017 0.097 0.032 0.019 0.044

Ti 0.341 0.341 0.370 0.337 0.347 0.380 0.329 0.304 0.298 0.291 0.293 0.305

Fe2 4.212 4.251 4.430 4.497 4.217 4.328 4.853 4.826 3.946 3.939 3.705 3.723

Mn 0.038 0.040 0.038 0.050 0.069 0.094 0.262 0.279 0.200 0.216 0.244 0.244

Mg 0.490 0.534 0.216 0.224 0.490 0.479 0.519 0.482 1.346 1.377 1.645 1.621

Ca 0.019 0.000 0.000 0.000 0.000 0.000 0.030 0.084 0.006 0.000 0.000 0.000

Na 0.025 0.000 0.000 0.000 0.041 0.000 0.000 0.000 0.000 0.000 0.000 0.006

K 1.858 1.910 1.954 2.039 1.970 1.919 1.775 1.519 1.927 1.955 2.014 1.956

Cations 15.54 15.6 15.58 15.73 15.63 15.6 15.75 15.51 15.82 15.81 15.92 15.9

Fe/Fe 1 Mg 0.90 0.89 0.95 0.95 0.90 0.90 0.90 0.91 0.75 0.74 0.69 0.70



were performed by ConceicËaÄo (1990) and PlaÂ Cid (1994).

New data on biotite, pyroxene, and amphibole are presented

below. The analyses were performed in the laboratories of

Universidade Federal da Bahia (UFBA) and Universidade

Federal do Rio Grande do Sul (UFRGS), Brazil, and

UniversiteÁ de Paris-Sud, Orsay-France. Representative

analyses of the minerals are shown in Table 2±4.

5.1. Mica

According to the revision of mica classi®cation (Rieder et

al, 1998), the Serra do Meio micas plot in the biotite ®eld, at

high FeO/(FeO 1 MgO) ratios (0.64±0.95) and close to the

annite end member (Fig. 6).

The metamorphic biotite in contact with magnetite

phenoblasts, indicates a probable recrystallisation under

the in¯uence of metamorphic Fe-bearing ¯uids (PlaÂ Cid et

al., 1995). Chemically, these grains are characterised by

lower Fe/(Fe 1 Mg) ratios of about 0.7 that decrease

towards the rims (Fig. 7). A similar decrease in the (Fe/

Fe 1 Mg) ratio in biotite is described by Czamanske and

Wones (1973) for the Finnmarka Complex, Oslo Ð Norway

and is interpreted as re¯ecting increasing fO2 conditions

during magmatic evolution. Metamorphic micas have

cationic contents in octahedral sites similar to those present

in magmatic biotites from peralkaline granites (Fig. 8).

Thus, it is inferred that metamorphism during the Brasiliano

event promoted changes in the Fe/Mg ratios under higher

fO2 conditions, but cation ®lling in the octahedral site was

preserved.

Magmatic biotites evolve from annite to siderophylite

(Fig. 6). As seen in Fig. 8, the evolution annite!
siderophylite promotes a decrease in octahedral Fe12, Mn,

and Mg, and an increase in VIAl. The biotites in metalumi-

nous granites are richer in VIAl (Fig. 8) and IVAl (Table 2)

suggesting that the magma composition controls the biotite

chemistry. The highest Fe/(Fe 1 Mg) ratio is observed in

biotites of metaluminous granites, with slightly lower values

in the peralkaline types (Fig. 6). The lack of other ma®c

phases in metaluminous granites, can explain the high
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Table 3

Representative analysis of amphiboles from Serra do Meio suite. Roman numbers represent the crystals zoned observed in Fig. 12

Type Riebeckite-winchite (PPB-78A) I, VII, VIII, IV Riebeckite-arfvedsonite Recrystallised crystals

Location Core Core Core Core Rim Core Core Core Core Core Rim Core

SiO2 48.36 49.66 48.33 49.61 50.44 50.02 52.31 52.01 52.18 52.68 52.94 51.81

TiO2 1.69 0.20 0.27 0.39 0.31 0.35 0.21 0.20 0.20 0.13 0.19 0.07

Al2O3 2.14 1.51 1.74 1.99 1.86 1.90 1.34 1.37 1.34 0.47 0.32 0.17

MgO 0.48 0.48 0.62 0.61 0.55 0.57 2.08 1.99 1.95 0.82 0.60 0.34

CaO 1.01 0.74 0.79 0.94 0.85 0.91 0.82 0.77 0.85 0.04 0.03 0.11

MnO 1.11 0.84 0.74 0.84 0.84 1.06 0.79 0.86 0.88 0.31 0.28 0.44

FeOt 35.48 36.07 34.90 35.30 35.52 34.74 31.47 31.42 32.20 36.97 36.97 37.21

Na2O 5.94 5.93 5.78 5.88 5.82 5.82 6.74 6.85 6.76 6.77 6.69 6.61

K2O 1.01 0.69 0.72 0.93 0.82 0.80 0.81 0.85 0.86 0.13 0.11 0.20

F 0.00 0.00 0.00 0.00 0.00 0.40 0.29 0.37 0.29 0.06 0.00 0.05

Cl 0.01 0.00 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00

Subtotal 97.23 96.13 93.89 96.52 97.00 96.60 96.86 96.69 97.51 98.38 98.13 97.01

O_F_Cl 0.00 0.00 0.00 0.01 0.00 0.18 0.12 0.16 0.12 0.03 0.00 0.02

H2O 1.85 1.84 1.80 1.84 1.86 1.64 0.00 0.00 0.00 1.86 1.89 1.85

Total 99.08 97.97 95.69 98.35 98.86 98.06 96.74 96.53 97.39 100.21 100.02 98.84

TSi 7.53 7.76 7.73 7.73 7.80 7.81 8.08 8.07 8.03 7.99 8.05 8.01

Tal 0.39 0.24 0.28 0.27 0.20 0.19 0.00 0.00 0.00 0.01 0.00 0.00

Tfe3 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

T-site 8.00 8.00 8.00 8.00 8.00 8.00 8.08 8.07 8.03 8.00 8.05 8.01

Cal 0.00 0.04 0.05 0.10 0.14 0.15 0.24 0.25 0.24 0.07 0.06 0.03

Cfe3 1.74 1.97 1.95 1.80 1.81 1.73 1.09 1.07 1.19 1.88 1.80 1.87

Cti 0.20 0.02 0.03 0.05 0.04 0.04 0.02 0.02 0.02 0.02 0.02 0.01

CMg 0.11 0.11 0.15 0.14 0.13 0.13 0.48 0.46 0.45 0.19 0.14 0.08

Cfe2 2.80 2.75 2.72 2.80 2.79 2.80 2.98 3.01 2.96 2.81 2.90 2.94

CMn 0.15 0.11 0.10 0.11 0.11 0.14 0.10 0.11 0.12 0.04 0.04 0.06

Cca 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.07 0.03 0.00 0.01 0.01

C-site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 4.96 5.00

Bca 0.17 0.12 0.14 0.16 0.14 0.15 0.05 0.05 0.11 0.01 0.00 0.01

Bna 1.79 1.80 1.79 1.78 1.75 1.76 1.95 1.95 1.89 1.99 1.97 1.98

B-site 1.96 1.92 1.93 1.93 1.89 1.91 2.00 2.00 2.00 2.00 1.97 1.99

Ana 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.12 0.13 0.00 0.00 0.00

AK 0.20 0.14 0.15 0.19 0.16 0.16 0.16 0.17 0.17 0.03 0.02 0.04

A-site 0.20 0.14 0.15 0.19 0.16 0.16 0.23 0.28 0.30 0.03 0.02 0.04

Total cat. 15.16 15.06 15.07 15.12 15.05 15.07 15.32 15.36 15.33 15.02 15.00 15.04



FeO/(FeO 1 MgO) ratios observed in the micas. By

contrast, the lower FeO/(FeO 1 MgO) values in mica

from peralkaline rocks are due to crystallisation of coeval

Fe-rich pyroxene and amphibole.

Biotite compositional differences are displayed in the

Nockolds (1947) diagram (Fig. 9). In agreement with petro-

graphic observations, biotite in metaluminous granites plot

in the ®eld of rocks where biotite is the only ma®c phase,

whereas the biotite from peralkaline rocks fall within the

®eld where biotite is in equilibrium with other ma®c miner-

als. Biotite grains of slightly peralkaline granites are more

Mg-rich than those of strongly peralkaline types indicating

that biotite in equilibrium with pyroxene is richer in MgO

relative to mica in equilibrium with amphibole (Nockolds,

1947).

Nachit et al. (1985) developed some diagrams for identi-

®cation of biotites belonging to rocks of different magma

series (Fig. 10A). All analyses of the Serra do Meio Suite

are typical of biotites crystallised from alkaline magmas and

those of metaluminous granites have the highest Al.

Coupled substitutional schemes during magmatic evolu-

tion are Mg 1 VIAl! Fe12 1 Fe13 and IVAl 1 Fe13! Si

1Fe12. These correspond to the general scheme Mg 1
Altotal! Si 1 2Fe12 (Fig. 10B) as previously observed by

PlaÂ Cid (1994) and originally de®ned by Czamanske and

Wones (1973).

5.2. Amphibole

It occurs only in the strongly peralkaline granites.

Representative analyses are indicate in Table 3 and belong

to the sodic group (Leake, 1978; Leake et al., 1997). The

Ca 1 IVAl vs. Na 1 K 1 Si diagram (Giret et al., 1980) indi-

cates that amphibole of the Serra do Meio Suite is either pure
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Table 4

Representative analyses of pyroxenes from Serra do Meio suite. Samples identi®cation is the same observed in Figs. 12 and 17b

Sample ppb78A ppb78A ppb78A ppb78A ppb78A ppb78A ppb78A ppb78A ppb78A ppb78A ppb78A ppb78A

II III V VI IX X XI a b c d e

SiO2 51.52 52.86 52.26 51.47 52.15 53.02 52.88 53.39 53.34 53.56 53.83 53.68

Al2O3 0.34 1.49 0.93 0.95 0.24 1.17 0.30 0.22 0.19 0.31 0.24 1.72

TiO2 1.52 0.11 0.89 1.42 1.36 0.15 1.54 5.25 3.64 1.25 2.04 0.10

FeO 11.23 10.34 9.81 13.24 14.90 12.12 13.01 24.95 25.08 28.10 27.55 27.18

Fe2O3 20.08 20.80 21.17 16.27 16.66 19.50 18.24 0.00 0.00 0.00 0.00 0.00

MnO 0.36 0.44 0.41 0.72 0.46 0.38 0.36 0.00 0.00 0.00 0.00 0.00

CaO 4.36 3.47 3.03 5.68 6.09 3.72 3.60 2.08 1.50 0.77 0.92 3.12

MgO 0.04 0.14 0.14 0.11 0.01 0.16 0.02 0.01 0.00 0.02 0.00 0.13

Na2O 9.85 10.29 10.55 8.92 8.71 9.91 10.05 12.08 12.59 13.07 13.01 11.67

K2O 0.02 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02

Total 99.32 99.98 99.20 98.76 100.58 100.14 99.99 98.10 96.39 97.14 97.61 97.92

TSi 2.03 2.05 2.04 2.04 2.04 2.06 2.06 2.05 2.07 2.05 2.05 2.05

Tal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Tfe3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

M1Al 0.02 0.07 0.04 0.04 0.01 0.05 0.01 0.01 0.01 0.01 0.01 0.08

M1Ti 0.05 0.00 0.03 0.04 0.04 0.00 0.05 0.15 0.10 0.04 0.06 0.00

M1Fe3 0.59 0.60 0.62 0.48 0.49 0.57 0.53 0.49 0.60 0.79 0.73 0.68

M1Fe2 0.35 0.32 0.30 0.43 0.46 0.37 0.41 0.32 0.22 0.11 0.15 0.19

M1Mg 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01

M2Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

M2Fe2 0.03 0.02 0.02 0.01 0.03 0.03 0.02 0.00 0.00 0.00 0.00 0.00

M2Ca 0.18 0.14 0.13 0.24 0.26 0.16 0.15 0.09 0.06 0.03 0.04 0.13

M2Na 0.75 0.77 0.80 0.69 0.66 0.75 0.76 0.90 0.95 0.97 0.96 0.86

M2K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 3.99 3.99 3.99 3.98 3.99 3.99 3.99 4.00 4.00 4.00 4.00 4.00
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0
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Biotite magnetite granites
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Fig. 6. Classi®cation diagram for micas (after Rieder et al., 1998).



riebeckite, or a member of riebeckite±arfvedsonite and

riebeckite±winchite solid solutions (Fig. 11A). These

evolved compositions re¯ect the high SiO2-contents of the

whole rock which varies between 73 and 74 wt.%. The occur-

rence of riebeckite±arfvedsonite compositions suggests a

late-stage magmatic trend, part of the richterite±arfvedsonite

series, de®ned by FabrieÁs (1978) and Giret et al. (1980).

According to Bowden (1982), riebeckite is a subsolidus

mineral produced by reaction between earlier ma®c minerals

and water-, albite-, and acmite-rich ¯uids.

Magmatic amphiboles are riebeckite±arfvedsonite and

riebeckite±winchite solid solutions with a late-magmatic

or subsolidus origin. Riebeckite±arfvedsonite compositions

occur in non-oriented subhedral grains whereas riebeckite±

winchite crystals are surrounded by sodic pyroxene (Fig.

12).

Pure riebeckite was considered by PlaÂ Cid (1994) to be a

product of recrystallisation. The crystals are subhedral to

euhedral porphyroblasts occasionally associated with pure

aegirine. They have the highest Fe13/Fe12 ratio (0.55±0.80)

whereas in the subsolidus crystals indicate ratios between

0.12 and 0.60. This is in agreement with the higher fO2

conditions prevailing during metamorphism.

Riebeckite±arfvedsonite and riebeckite±winchite grains

have higher Ca-contents than metamorphic grains (Fig. 11)

whereas (Na 1 K) concentrations are similar in all amphi-

bole types.

The magmatic amphibole (Fig. 13) evolution is controlled

by the general substitution: ANa 1 Fe12! AA 1 Fe13

(FabrieÁs, 1978). In the same diagram, the metamorphic

amphiboles represent a group with higher values of
AA 1 Fe13. The recrystallised grains have a ®ll rate in the

A-site below 10%, whereas magmatic crystals can reach

37%. This low ®ll rate in the A-site, compared to more

than 90% of the B-site ®lled by Na, con®rms the riebeckite

pure end-member composition (Miyashiro, 1957; Boyd,

1959) for metamorphic amphiboles.

5.3. Pyroxene

Pyroxenes are only present in peralkaline rocks as

suggested by Neumann (1976) who showed that sodic

pyroxenes appear only in magmas with an agpaitic character

(Na 1 K/Al) higher than 1. According to the IMA nomen-

clature proposition (Morimoto, 1988), they are aegirine±

augite and aegirine (Fig. 14). Representative analyses are

listed in Table 4.

In the slightly peralkaline granites, pyroxene is aegirine±

augite and pure aegirine (Fig. 14), with a compositional gap

between both pyroxenes. The aegirine±augite grains are

interpreted as preserved magmatic pyroxene whereas pure
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aegirine is formed through metamorphic recrystallisation of

aegirine±augite.

Magmatic pyroxene crystals from strongly peralkaline

granites display compositional zoning varying from aegirine±

augite to aegirine (Fig. 14). These grains are characterised by

Ti-rich zones, containing up to 15% of the Na2FeTiSi4O12

NAT (neptunite) molecule (TiO2 up to 5.25 wt.%), with very

low concentrations of jadeite component (Fig. 14). This tita-

nium-rich composition is probably controlled by TiO2

contents in the magma, since the strongly peralkaline granites

are richer in TiO2 than the other types (Fig. 2C). According to

Nielsen (1979), Ti-aegirine crystallises under liquidus condi-

tions down to temperatures of 6008C Ferguson (1977). Larsen

(1976) and Nielsen (1979) argued that Ti-Fe12-pyroxene is

produced under low fO2 conditions.

The zoned pyroxenes are either subhedral grains or occur

along the margin of winchite±riebeckite subhedral pheno-

crysts. The petrographic and electron probe data indicate a

late magmatic or subsolidus crystallisation order: riebeck-

ite±winchite! Ti-aegirine±augite! Ti-aegirine. This

paragenesis, as inferred by Ferguson (1978), Bonin (1980)

and Bonin and Giret (1985), suggests that Ti-bearing

aegirine crystallises after calcic and sodic amphiboles. In

the strongly peralkaline granites, recrystallised grains have

aegirine and aegirine±augite compositions with TiO2

contents lower than 0.2 wt.% and higher Al2O3 concentra-

tions (analyses x and e Ð Table 4). This TiO2-loss in pyrox-

ene during deformation produced the metamorphic

paragenesis aegirine 1 titanite 1 (astrophyllite or aenigma-

tite). In the samples without Ti-pyroxene is not observed

any Ti-bearing mineral, and the pyroxene composition

ranges between aegirine±augite and aegirine (Fig. 14). In

this case, the magmatic and metamorphic aegirine crystals

are chemically very similar.

The pyroxenes plot near the acmite apex (Fig. 15A),

within the peralkaline silica-saturated ®eld (Bonin and

Giret, 1985). As noted by Neumann (1976) and Bonin and

Giret (1985), aegirine compositions are compatible with a

high agpaitic index and high silica activity in the magma.

The substitutional schemes are described by the oxidising

trends Ca 1 Fe12! Na 1 Fe13 (Fig. 15B) and Ca 1 Ti 1
Fe12! Na 1 2Fe13 (Fig. 15C), in magmatic and meta-

morphic grains. Similar substitutional schemes were

reported by Giret et al. (1980) and Bonin and Giret

(1985). The Fe13/Fe12 vs. Ti diagram shows magmatic

crystallisation of Ti-pyroxene under lower and constant

fO2-conditions, when compared to Ti-free pyroxene from

strongly peralkaline granites (Fig. 16). In the slightly

peralkaline granites, a dramatic increase in Fe13/Fe12 ratios

is observed, with the highest values corresponding to pure

aegirine analyses (Fig. 16), con®rming the high fO2-

conditions during metamorphism.

6. Trace and rare earth elements in pyroxene and
amphibole

Sc, V, Sr, Ba, Y, Nb, Hf, and REE in pyroxene and

amphibole grains were analysed using an ion microprobe

CAMECA-IMS 3F, at the laboratory of the CRPG-Centre

de Recherches PeÂtrographiques et GeÂochimiques, Nancy-

France. Analytical data are presented in Table 5.

6.1. Pyroxene

Crystals of three different samples were analysed: (i)

PPB-78A, strongly peralkaline granite, zoned Ti-aegirine;

(ii) GA-46, strongly peralkaline granites, interstitial

aegirine oriented along foliation, and, (iii) CL-87, slightly
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peralkaline granites, subhedral grains of millimetre-size

irregular agglomerations.

As noted by Jacobson et al. (1958), Ernst (1962), Larsen

(1976), Neumann (1976), Bonin (1980) and Mitchell

(1990), ma®c minerals from the sodic series crystallised

late, and do not re¯ect the original liquid composition.

Previous studies on trace and REE contents in pyroxene

from peralkaline systems are rare and generally restricted

to early crystallised phenocrysts (Larsen, 1979; Vannucci et

al., 1991; Dorais and Floss, 1992). Aegirine grains in

peralkaline suites were analysed by Shearer et al. (1989)

and Shearer and Larsen (1994) in the IlõÂmaussaq complex,

South Greenland.

In the strongly peralkaline granites, Ti-aegirine zoned

crystals of sample PPB-78A contain a Ti-rich core (TiO2

Ð 3.5±5.2 wt.%), with concentrations along the rims vary-

ing from 1.2 to 2.0 wt.%. The lowest concentrations

(,0.1 wt.%) occur along the outer recrystallised portion.

Ti zonation is mirrored by REE where the Ti-rich core has

the highest trace element and REE concentration (Fig. 17A)

whereas the lowest values occur in the recrystallised rim.

The REE patterns of Ti-zoned pyroxene were normal-

ised to the chondritic values of Evensen et al. (1978;

Fig. 17A). The core is enriched in all rare earth elements,

particularly in the intermediate group, with a slight Eu-

negative anomaly (Fig. 17A). The high REE-contents

of these pyroxenes con®rms their incompatible behaviour

in peralkaline oversaturated magmas. The rims, with
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intermediate Ti-concentrations are depleted in intermedi-

ate rare earth elements (Fig. 17A) due to strong REE-

partitioning in the Ti-rich core. The REE patterns of

these rims are similar to those obtained by Larsen (1979)

in hedenbergite and by Shearer and Larsen (1994) in

aegirine (Fig. 17A), con®rming their probable magmatic

origin. The recrystallised rim has the lowest REE-content,

mainly due to a decrease in the amount of light rare earth

elements (Fig. 17A). Thus, metamorphism of Ti-aegirine

resulted in the loss of Ti and light rare earth elements along

the rims.

The Ti-aegirine crystal has low concentrations of Ba

(1±7 ppm), Sr (7.2±23.4 ppm) and V (8.7±18.3 ppm) simi-

lar to those analysed by Shearer and Larsen (1994). The low

concentrations re¯ect the very low abundance of these

elements in alkaline oversaturated liquids. On the contrary,

PlaÂ Cid et al. (1999) found that ultrapotassic syenites

contain Sr and V-rich aegirine±augite crystals re¯ecting

their early crystallisation from Sr and V-rich liquid.

Ti-aegirine from strongly peralkaline granites is enriched

in Y (8±340 ppm), Nb (5±613 ppm) and Hf (6±85 ppm)

showing a positive correlation among these elements (Fig.

17b). In ®gure 17C, where Yaegirine/Yrock vs. Nbaegirine/Nbrock

ratios are plotted, the same positive correlation is observed

suggesting that Y and Nb contents in Ti-aegirine are directly

correlated to the concentrations in the liquid. The initial

crystallisation of this pyroxene is marked by strong parti-

tioning of Y, Nb, Hf, and REE which depletes the residual

magmatic liquid in these elements and results in lower

concentrations along the rims (Fig. 17b). The metamorphic

rim is therefore characterised by Nb and Hf depletion, and Y

enrichment (Fig. 17B and C).

The REE contents of recrystallised aegirine in sample

GA-46 are enriched nearly 10 times the chondritic values

(Fig. 17A). Their SREE contents show a strong depletion

relative to Ti-pyroxenes. The REE patterns are roughly ¯at

and very different from those reported by Larsen (1979) and

Shearer and Larsen (1994). These uncommon patterns prob-

ably re¯ect metamorphic equilibration and not magmatic

concentrations.

The whole-rock concentrations of Nb, Y, and Hf in

sample GA-46 are lower than in the slightly peralkaline

granites (sample Ð CL-87; Table 1), although the partition

coef®cients for mineral/rock are similar (Fig. 17C). In the

strongly peralkaline granites, incompatible elements are

preferentially concentrated in Na-pyroxenes whereas in

the slightly peralkaline granites, these elements are also

partitioned into other minerals. Therefore, the rare earth

elements in peralkaline systems are more easily mobilised

by ¯uids during metamorphism than other trace elements.

In the slightly peralkaline granites the subhedral sodic

pyroxene from irregular agglomerations has lower REE

contents than pyroxene grains from strongly peralkaline

granites (Fig. 17A). REE abundances range between 10

and 44 ppm, and the shape of the patterns is similar to

those of Ti-rich core pyroxene of strongly peralkaline

granites. The patterns, as well as the textural features, re¯ect

their magmatic origin.

Ba, Sr and V contents are very depleted in pyroxene

grains of this facies and normally lower than in Ti-aegirine

from strongly peralkaline granites (Table 5). The Nbaegirine/

Nbrock and Yaegirine/Yrock ratios are also lower than those

observed in Ti-aegirine and show the same positive corre-

lation between concentrations in mineral and rock (Fig.

17C). The slightly peralkaline granites are richer in Nb-,

Y-, and Hf relative to the strongly peralkaline varieties,

and the mineral/rock elemental ratios are lower. This is

probably due to accommodation of these elements by

other minerals prior to late-stage or subsolidus pyroxene

crystallisation.
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6.2. Amphibole

The trace and rare earth element analyses for amphiboles

are listed in Table 6. In samples PPP-78A and GA-34,

amphibole occurs as oriented porphyroblasts with rims of

reddish, ®brous, astrophyllite or aenigmatite. In sample GA-

46, the analysed grain is interstitial and oriented parallel to

the metamorphic foliation.

REE are generally enriched relative to chondritic values

(Fig. 18), with absolute concentrations ranging from 2 to

275 ppm. These patterns are roughly ¯at, at about 10 times

the chondritic values along with Eu-negative anomalies.

The interstitial grains yield the highest concentrations of

REE (275 ppm) and show intensive HREE fractionation

(Fig. 18).

Compared with pyroxenes, amphiboles yield lower REE

concentrations. The recrystallised pyroxenes from sample

GA-46 exhibit REE patterns that are similar to those
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observed for amphiboles, although pyroxenes have Ce enrich-

ment relative to La which is not observed in amphiboles. Sr, V,

and Hf concentrations are depleted relative to pyroxenes,

whereas Ba is enriched (Table 6). Y and Nb concentrations

are similar in amphiboles and pyroxenes for samples GA-46

and PPB-78A because these Na-rich minerals are the main

carriers of these incompatible elements. However, the positive

correlation between Y, Nb, and Hf in pyroxenes was not

observed in amphibole, although the small number of analyses

preclude any conclusions.

7. Final considerations

7.1. Magmatic evolution

Experimental studies have shown that partial melting of

crustal sources is unlikely to generate peralkaline granitic

magmas (PatinÄo Douce and Beard, 1996; Dooley and PatinÄo

Douce, 1996). Halliday et al. (1991) argue for intense

fractional crystallisation involving substantial volumes of

cumulates and claim that generation of high-Rb/Sr rhyolites
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cannot be explained by any partial melting models invol-

ving the usual crustal sources.

The Serra do Meio suite is characterised by enrichment in

incompatible elements such as Zr, Nb, Y, Ga, and light-REE

relative to the average composition of A-type granites

(Whalen et al., 1987) and to the anorogenic Corsican suite

(Bonin, 1980, 1988). PlaÂ Cid et al. (1997) noted their deri-

vation from an incompatible-element enriched mantle

source. The HFSE enrichment is lower in peralkaline than

in metaluminous rocks. Regarding the trace elements varia-

tion diagrams (Fig. 3), Ba contents are different for both

evolutionary trends, exhibiting a negative anomaly in meta-

luminous granites which is absent in peralkaline rocks. This

feature, as well as the stronger Eu-negative anomaly in

metaluminous granites (Fig. 5), suggest strong fractionation

of alkali feldspar.

The contrasting HFSE concentrations in the Serra do

Meio metaluminous and peralkaline liquids can be

explained by their provenance from different original

basic melts. They were produced by a small degrees of

melting in the mantle during different stages. The parental

magma of metaluminous liquids was ®rst extracted and the

HFSE-solubility was enhanced by high temperature and

high F contents in the source. This early extraction caused

a relative depletion in the source resulting in lower abun-

dance in subsequent magmas generated during a second

partial melting event. This hypothesis is supported by the

fact that the Serra do Meio metaluminous granites are richer

in HFSE and F relative to typical anorogenic metaluminous

granites from Nigeria (Bowden and Kinnaird, 1984).

7.2. Major and trace elements correlation in Ti-aegirine

REE and Zr exhibit a negative correlation with Na/

(Na 1 Ca) ratios in aegirine (Shearer and Larsen, 1994).

The size of the M2-site in hedenbergite (Cameron et al.,

1973) and acmite (Clark et al., 1969) is very similar, show-

ing a limited effect on the site capacity to accommodate

REE. In this case, REE incorporation is controlled by the

optimal charge differences between hedenbergite (1.79) and

acmite (1.16; Shearer and Larsen, 1994). In addition, the

crystallisation of REE-bearing phases during pyroxene

growth would result in a decrease in REE and Ca in

pyroxene (Larsen, 1977, 1979).

In Ti-aegirine of the Serra do Meio suite, the negative

correlation between REE and Na/(Na 1 Ca) ratio is

observed as well as with other trace elements (Fig. 19).
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Table 5

Trace and rare earth elements (in ppm) of pyroxene from Serra do Meio suite. Identi®cation of analyses of sample PPB-78A are the same as Fig. 17

Sample CL-87 CL-87 GA-46 GA-46 GA-46 GA-46 GA-46 PPB78A PPB-78A PPB-78A PPB78A PPB-78A

b c e a d

Sc 23.14 35.17 70.48 55.05 84.64 49.11 109.63 12.24 13.61 15.92 14.86 12.04

V 11.96 22.88 27.70 14.34 27.58 14.20 31.14 12.89 9.52 8.66 18.31 9.47

Sr 4.14 5.70 19.35 86.60 8.39 17.11 27.37 17.57 23.35 7.19 18.00 11.58

Y 5.51 34.66 12.11 8.29 2.42 7.78 11.53 21.78 19.36 39.65 340.47 8.41

Nb 5.80 51.53 17.54 9.91 0.34 2.70 13.00 32.23 14.21 0.62 613.39 5.33

Ba 196.33 1.94 4.88 218.35 1.89 2.01 3.58 1.34 1.57 1.37 7.57 1.26

Hf 0.49 3.19 1.79 1.37 1.25 0.00 1.26 19.96 33.05 0.00 85.47 6.60

La 0.33 0.79 2.65 14.01 0.74 0.64 1.33 8.53 11.20 1.65 16.44 8.83

Ce 0.95 6.49 22.65 16.73 0.54 3.15 10.41 42.37 70.36 4.06 139.77 49.16

Pr 0.32 1.35 1.03 0.98 0.21 0.26 0.58 7.77 8.25 0.68 26.63 5.47

Nd 1.87 8.47 3.59 3.50 3.05 0.85 2.96 39.82 37.34 4.42 187.70 20.31

Sm 1.65 4.83 0.77 3.84 1.59 0.63 1.18 9.98 8.18 3.76 92.59 3.28

Eu 0.65 0.84 0.05 0.86 0.00 0.14 0.29 1.35 1.29 1.72 21.12 0.69

Gd 1.45 6.94 0.82 5.23 1.68 0.49 1.12 6.58 6.38 3.44 129.04 1.04

Dy 1.21 5.84 0.94 3.60 1.90 1.00 1.57 4.32 4.29 6.76 111.42 1.27

Er 1.06 3.90 0.61 1.11 1.78 0.55 0.79 5.35 3.74 2.73 66.69 1.05

Yb 1.06 3.58 0.89 1.63 0.65 1.19 1.64 17.81 13.29 6.22 43.07 3.35

Lu 0.05 0.11 0.10 0.22 0.14 0.14 0.21 0.99 1.05 0.48 1.75 0.18
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Correlation between trace elements such as Nb, V and Y,

and the major elements occurring in M1 and M2 sites is not

clear since the Na/(Na 1 Ca) ratio in these pyroxenes shows

a strong correlation with the Fe13/Fe12 ratio and Ti content.

It is necessary to verify whether Nb, Y and V are readily

incorporated into the M2 site or related to elemental varia-

tions in the M1 site. Signi®cant partitioning of trace and rare

earth elements between Na-pyroxene and liquid explains the

dramatic decrease of these elements in pyroxene rims. Early

crystallisation of Na-pyroxene leads to lower concentrations

of these elements in the residual liquids, and a strong deple-

tion in the late magmatic rims. In Fig. 19, recrystallised

borders show Na loss during metamorphism as evidenced

by a decrease in the Na/(Na 1 Ca) ratio accompanied by

general depletion of all trace elements.

The slightly peralkaline granites show higher concentra-

tions of Nb 1 Y relative to strongly peralkaline rocks (Table

1). Primary aegirine in the slightly peralkaline granites have

lower amounts of Nb 1 Y than Ti-aegirine found in strongly

peralkaline rocks. Considering the higher F contents of the

slightly peralkaline granites, REE, Y, and Nb are likely to be

partitioned between aegirine and exotic F-bearing minerals.

In the strong peralkaline rocks, however, these elements are

incorporated only into Na-ma®c minerals.

7.3. Recrystallisation conditions

PlaÂ Cid et al. (2000) noted that recrystallisation of the

Serra do Meio suite occurred under high fO2 conditions,

within the magnetite stability ®eld, and an upper tempera-

ture limit of around 550±6008C. This is supported by the

stability temperature of alkali-amphiboles (Ernst, 1962),

and by metamorphic conditions for basement rocks de®ned

by Leite (1997), as greenschist to low amphibolite facies in

this part of the Riacho do Pontal fold belt.

In metaluminous granites, the higher metamorphic

temperatures is illustrated by a similar reaction of annite 1
quartz! alkali feldspar 1 magnetite 1 quartz (Eugster and

Wones, 1962; Rutherford, 1969), under high fO2 conditions,

close to the Ni±NiO buffer (ConceicËaÄo, 1990) and tempera-

ture (for log fO2� 10218) estimated at 6008C (Fig. 20A). In

the presence of Fe-rich ¯uids (PlaÂ Cid, 1994), the reaction

microcline 1 quartz 1 Fe-¯uids! annite 1 magnetite

(Bonin, 1982) occurred at temperatures and fO2 conditions

close to those reported by Eugster and Wones (1962). Meta-

morphism related to the Brasiliano event also caused ther-

mal instability of alkali-feldspar with development of

subsolvus albite 1 microcline paragenesis

In the strongly peralkaline granites, two groups of

magmatic amphiboles were identi®ed: (i) riebeckite±winch-

ite grains rimmed by Ti-pyroxene, and (ii) riebeckite±

arfvedsonite crystals. Amphiboles with such a composition

are diagnostic of late-magmatic to subsolidus origin as

described by Giret et al. (1980). Bonin (1988) de®ned a

subsolidus trend that is consistent with riebeckite±

arfvedsonite compositions in the Serra do Meio suite (Fig.

20B). Furthermore, the petrographic relations of riebeckite±

winchite grains are suggestive of their earlier crystallisation

relative to riebeckite±arfvedsonite crystals.

The oxidising reaction: riebeckite 1 quartz 1 ¯uid!
aegirine 1 magnetite 1 quartz 1 ¯uid occurred during

metamorphism in the strongly peralkaline rocks (PlaÂ Cid,

1994). The studies of Ernst (1962) on sodic amphiboles

stability suggest a temperature below 6008C and fO2

conditions within the magnetite ®eld, near to NiNiO buffer

(log fO2� 10220 bars, Fig. 20B). These peralkaline gran-

ites are also characterised by the presence of magmatic

riebeckite±winchite amphibole rimmed by Ti-aegirine

and isolated subhedral crystals of Ti-aegirine. Meta-

morphism of these Ti-pyroxenes produced the syn-

tectonic paragenesis riebeckite 1 titanite 1 (aenigmatite
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Table 6

Trace and rare earth elements (in ppm) of amphibole crystals from Serra do

Meio suite

Sample GA-34 GA-34 GA-46 PPB78A PPB78A

Sc 31.45 15.74 118.74 22.47 23.00

V 6.83 6.56 16.88 7.23 6.71

Sr 8.26 1.27 15.33 5.93 5.41

Y 6.17 0.08 12.47 31.96 28.53

Nb 17.77 1.17 6.83 10.28 35.41

Ba 98.58 5.02 51.86 53.54 5.62

Hf 0.00 0.21 0.60 0.00 0.00

La 3.56 0.17 54.94 5.87 2.58

Ce 9.81 0.66 133.57 10.44 10.78

Pr 1.35 0.08 16.31 2.22 1.57

Nd 5.91 0.56 55.04 9.05 7.66

Sm 1.80 0.29 6.53 4.49 4.29

Eu 0.55 0.10 0.72 0.87 0.27

Gd 4.08 0.36 4.96 4.48 6.10

Dy 1.87 0.13 1.65 4.44 3.97

Er 0.93 0.18 0.82 2.35 1.99

Yb 2.24 0.19 0.97 7.72 4.42

Lu 0.15 0.06 0.07 0.27 0.14
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or astrophyllite). Astrophyllite has been described by

Stephenson and Upton (1982), showing that this mineral

is an accessory phase commonly associated with the para-

genesis Na-amphibole, Na-pyroxene, biotite and zircon.

According to MacDonald and Saunders (1973) astrophyl-

lite is a late magmatic mineral probably produced by low

temperature reaction involving ilmenite and alkali-rich

residual ¯uid (Stephenson and Upton, 1982). In the Serra

do Meio suite, this paragenesis is produced at the same

subsolidus temperature suggested for the metamorphic

reaction riebeckite 1 quartz 1 ¯uid! aegirine 1
magnetite 1 quartz 1 ¯uid.

Regarding Fig. 20B, riebeckite±arfvedsonite crystals are

stable under more reduced conditions than pure riebeckite,

and a temperature around 7008C. Similar conditions were

assumed by FabrieÁs (1978) and Bonin (1982), who have

shown that riebeckite±arfvedsonite grains crystallise

under the most reduced conditions among the Fe-rich alkali

amphiboles.

8. Conclusions

The Paleoproterozoic Serra do Meio alkaline, over-

saturated suite was emplaced in the Riacho do Pontal Fold

Belt, northeast Brazil, and consists of metaluminous,

slightly peralkaline and strongly peralkaline granites. Meta-

morphism of the metaluminous and strongly peralkaline

granites is close to greenschist and low-amphibolite limit.

The metamorphic paragenesis formed during the Neoproter-

ozoic event were superimposed on the original magmatic

assemblages.

Metaluminous granites are characterised by annite

whereas the slightly peralkaline granites contain aegirine±

augite and aegirine as their chief ma®c components. In the

strongly peralkaline granites, the crystallisation sequence:

riebeckite±winchite! Ti-aegirine±augite! Ti-aegirine

was observed. The Ti-rich pyroxene shows strong enrich-

ment in incompatible elements, notably Nb, Y, and REE,

with patterns comparable to those described by Larsen
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(1979) and Shearer and Larsen (1994). In the strongly

peralkaline granites, Nb and Y have been removed by alkali

amphiboles and pyroxenes. In the slightly peralkaline

facies, these elements were partitioned between aegirine

and exotic REE±Nb±Y±F exotic minerals.

During the Brasiliano event, the following metamorphic

reactions were identi®ed: (i) microcline 1 Fe-rich ¯uid 1
quartz! annite 1 magnetite 1 quartz and riebeckite 1
quartz 1 Fe-rich ¯uid! aegirine 1 magnetite 1 quartz,

both suggesting the upper limit of metamorphism and (ii) Ti-

pyroxene! riebeckite 1 titanite 1 (astrophyllite or aenig-

matite). Metamorphism generated magnetite, low-Fe annite,

and pure riebeckite, while causing pyroxene to lose Ti and

incompatible elements such as REE and Nb. Metamorphic

conditions were close to the NNO buffer and temperatures

around 6008C (Fig. 20A and B). Fe-rich ¯uids has played a

signi®cant role in producing the metamorphic paragenesis.
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