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ABSTRACT

Several superposed Neoproterozoic-Cambrian orogenic systems occur in southeastern Brazil. The Rio
Doce magmatic arc, which defines the Serra do Mar microplate, is the youngest of them and appears to be
·related to northwestward ocean-plate subduction, followed by a Cambrian collision.
The Rio Doce pre-collisional calc-alkalic batholiths (590-570 Ma) are composed of tonalitic and enderbitic
low-K, high-Al expanded sequences, some of them with cogenetic basic rocks already enriched in the more
incompatible elements. These sequences evolved through fractional crystallization of hornblende (py­
roxene) and smaller amounts of plagioclase and biotite or by partial melting of an enriched mafic lower
crust leaving residual clinopyroxene-hornblende-plagioclase. The gneissic or charnockitic nature of these
batholiths appears to correspond to variations in the COz/HzO ratios in the magmatic fluid phase.
Peraluminous migmatites and granites were formed by crustal anatexis, at the arc roots, in the pre-colli­
sional stage and, predominantly, during the crustal thickening caused by the collisional (560-530 Ma)
event.
The alkali-calcic post-collisional pi'utonism (520-480 Ma), whose basic precursors derived from enriched
mantle sources, presumably have evolved through assimilation-fractional crystallization and magma-mix­

ing processes.
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INTRODUCTION

Several Neoproterozoic-Cambrian orogenic

systems occur in southeastern Brazil (Campos

Ncto & Figueiredo, 1992). They are found at the

southeastern border of the Sao Francisco Craton

(Fig. 1) and its marginal fold belts (Aracuai Belt

nnd Alto Rio Grande Belt) and are constituted by

the Guanhaes microplate, Apiai-Guaxupe micro­

plate, Juiz de Fora hinterland thrust belt, and Embu

nccreted terrane, whose main tectonic evolution

occurred during the Brasiliano ( 600 Ma), and the

younger Serra do Mar microplate.

· I'csquisadores do CNPq.

This work presents essentially the geochemi­

cal characteristics of the Rio Doce magmatic arc. A

discussion about the regional geology and evolu­

tion of the different tectonic units of southeastern

Brazil, can be found in Campos Neto & Figueiredo

(submitted for publication), as well as more de­

tailed descriptions and discussions about the struc­

tural relations and geochronology of the Serra do

Mar microplate.

The criteria used to select the typical compo­

sitions used here were: access to the complete data

set to evaluate consanguinity and to select typical

samples capable of representing the overall compo­

sitional variation of each sequence; rare earth ele­

ment data; analyses from only two laboratories.

Samples from the Sao Fidelis, Catalunha, Angelim

/
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Pre-collisional Calc-alkaline Plutonic Rocks

Fig. 1 - Geological map of the

central portion of the Rio .Doce

magmatic arc, with .location of the

rock sequences cited in the text.

and S-type plutoriism in the arc roots which culmi­

nated in the crustal thickening caused by a Cam­
brian collisional event.

Large northwestward ductile thrust piles af­

fected the Serra do Mar microplate as well as the

preceding Brasiliano tectonic units. These de­

formations produced the main regional tectonic fo­

liation which was the first one to affect the pre- to

. syn-collisional Rio Doce granitoids. Later on, sig­

nificant deformations acted upon all these super­

posed orogenic systems, related to mainly dextral
ductile strike-slip shear zones.

The post-collisional plutons and dikes, at least

partly related to the development of the strike-slip

shear zones, represent the ' final plutonism in the

Serra do Mar microplate, during the Upper Cam­

brian-Lower Ordovician.
This tectonic framework appears to be related

to the episodic closure of oceanic basins in a plate
convergence regime leading to the amalgamation

of this sector of the Gondwana supercontinent. The
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and Bela Joana rocks were analyzed by AAS and
XRF at the Department of Geology of Memorial
University of Newfoundland (MUN), while all
others ,were analyzed (by XRF and ICP) at
GEOSOL. Duplicate analyses show a general
agreement between those two laboratories with the
only major difference being generally higher val­
ues of Na and slightly higher values of trace ele­

ments such as Ba, Nb and Zr at GEOSOL. The
MUN analyses appear to be more reliable based on
duplicate analyses at Imperial College and ACT­
LABS.

The Serra do Mar microplate (Fig. 1) is made
up of high grade metamorphic terranes, with sub":
ordinate supracrustal gneisses, predominantly com­
posed of peraluminous migmatites. This
microplate is defined by a pre-collisional calc-alka­
lic plutonism related to northwestward ocean plate
subduction, followed by strong crustal anatexis
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Brasiliano-Pan-African passive continental mar­

lins correspond to the Aracuai-West Congolian

belts (Brito Neves & Cordani, 1991; Pedrosa

Soares et aI., 1992). The Guanhaes microplate ap­

pears to correspond to an eastward ocean plate sub­

duction and a collision against the AracuaiBelt.

On the other hand, the Juiz de Fora Hinterland

thrust belt and Apiai-Guaxupe microplate show

evidence of a Brasiliano magmatic arc related to

northwestward subduction (Campos Neto&

Figueiredo, submitted for ' publication). In the

Apiai-Guaxupe microplate occur an expanded

high-K calc-alkalic (ca. 670-650 Ma) plutonism,

followed by a mangeritic series (630 Ma), and ra­

pakivi-type granitoids of a final extensional regime

at about 600 Ma.
A new plate convergence process started, E-

SE of the Brasiliano domains, in the Neoprotero-
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Fig. 2 - Age distributions for the Rio Doce magmatic arc pre-, syn- and post-collisional
plutonism. Data from: Litwinski (1985); Siga if. (1986); Batista (1984); and Sollner et
al. (1987, 1989, 1991). The "rnetaluminous" granitoids include metaluminous to slightly
peraluminous pre- to syn-collisional biotite granodiorite-granites and post-collisional
alkali-calcic plutons.
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@ Metaluminous granitoids

o Metamorphism ages
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Doce compressional magmatic arc stage, from 590

to 570 Ma (Fig. 2). Sometimes, these calc-alkalic

gneisses contain xenoliths of peraluminous stro­

matic migmatites and are intruded by peralumi­

nous diatexitic migmatites.
Geochemically, these calc-alkalic batholiths,

mostly of high-AI type, are represented by the
tonalite-granodioritic Angelim and the norite-en­
derbite-charnoenderbitic Bela Joana batholiths

from northern Rio de Janeiro State, and by the gab­
bro-diorite-tonalite-granodioritic Muniz Freire, the

tonalite-granodioritic Jequitiba, the norite-ender­

bite-charnoenderbitic Santa Tereza and the ender­
bite-chariloenderbitic Guarapari batholiths in
southern Espirito Santo State (Fig. 1), whose typi­
cal compositions are presented in Table I.

The Angelim and Guarapari batholiths are
composed of differentiated sequences relatively

homogeneous of mostly intermediate compositions

with scarce basic microgranular enclaves . In the
Muniz Freire region, Figueiredo & Campos Neto
(1991) distinguished two main units: one com-
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GEOCHEMISTRY OF THE PRE-COLLISIONAL

CALC-ALKALIC PLUTONISM

The calc-alkalic plutonic rocks of the Rio
Doce magmatic arc occur as elongated batholiths
of hornblende-biotite gray gneissic granitoids or as
orthopyroxene-bearing dark green gneissic char­
nockitic rocks, both composed of basic-intermedi­
ate-acid and iritermediate-acid sequences. These
batholiths have sharp contacts and intruded into
metasedimentary and migmatitic units before the
development of the main tectonic foliation of the
Serra do Mar microplate. These calc-alkalic batho­
liths were emplaced during the pre-collisional Rio

66

zoic III-Cambrian, originating the Rio Doce mag--matic arc in the Serra do Mar microplate (Fig. 2).
The Cambrian Rio Doce collision was responsible
for the closure of the residual oceanic space, due to
the movement of the Congo craton and Sao Fran­
cisco craton peninsula against the Amazonian Cra­
ton (Campos Neto & Figueiredo, submitted for
publication).
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TABLE!
Typical compositions of the Rio Doce magmatic arc pre-collisional calc-alkalic Bela Joana (BJ),

Angelim (AN), Muniz Freire (MF) , Jequltiba (JQ), Santa Tereza (ST), and Guarapari (GP)
batholiths . Data from: Rego (1989) • BJ and AN; this work - AN; Figueiredo & Campos Neto

(1991)- MF; Feboli et at. (1993) - JQ and ST; Feboli & Ribeiro (1993) • GP. nd =not determined.

BJ1 BJ2 BB ANI AN2 AN3 MF1 MF2 MF3 MF4

Si02 49.6 59.7 67.0 61.5 63.6 71.9 53.0 57.7 65.5 70.0

Ti02 1.46 1.29 0.72 1.11 0.96 0.42 1.50 1.00 0.74 0.47

Ah03 14.4 16.8 15.2 15.0 15.2 13.6 17.7 15.4 15.4 14.4

Fe2031 9.50 8.41 5.26 8.57 7.38 2.92 10.00 9.00 5.30 4.00

MnO 0.14 0.12 0.10 0.11 0.12 0.04 0.20 0.17 0.09 0.08

MgO 10.47 2.90 1.83 3.03 2.62 1.31 4.40 5.00 2.00 1.30

CaO 11.10 6.08 3.97 4.25 4.23 2.92 8.00 6.80 4.50 3.60

Na20 1.97 3.20 3.09 3.44 3.33 3.22 2.90 3.00 3.80 3.10

K20 1.08 1.18 2.69 2.73 2.32 3.62 1.60 1.70 2.30 2.80

pzOs 0.26 0.32 0.18 0.31 0.24 0.11 0.68 0.24 0.33 0.20

Cr 305 31 22 27 20 24 nd nd nd nd

Ni 125 6 3 22 14 11 nd nd nd nd

V 220 160 100 120 110 nd nd nd nd nd

Cu 49 2 14 15 15 nd nd nd nd nd

Zn 67 90 68 80 75 nd nd nd nd nd

Rb 41 21 83 142 131 141 50 54 85 84

Ba 344 589 ~OO 415 403 906 720 660 880 1750

Sr 472 327 215 152 222 322 480 360 400 390

Ga 11 19 15. 14 19 nd nd nd nd nd

Nb 13 13 14 i5 19 nd 17 16 21 17

Zr 103 . 320 205 243 232 200 210 130 290 240

16 21 . 21 13 40 40 39 32
1.1

" Y 19 17
J

~

20.6 57.4 52.7 46.6 22.7 27.1 32.1 58.4La 25.5 29 .0

s Ce 62.3 70.6 48.4 131 121 105 65.4 68.5 77.4 125
1

Nd 35.6 35.4 24.7 57.7 50.3 43.7 44.5 38.9 39.1 50.9
;1
.1

I
e Sm 7.87 7.58 4.88 10.9 9.13 6.92 8.89 7.67 8.38 8.26 I

I
I

- I
Eu 1.43 2.02 1.12 1.72 1.56 1.39 2.46 1.98 2.20 1.82

;'1-
Gd 7.67 7.48 5.59 7.70 6.41 4.27 6.87 6.37 7.34 6.09

n
5.55Dy 5.83 5.56 4.78 6.03 5.28 2.84 6.82 6.65 7.71

Ho nd nd nd 1.24 1.10 0.58 1.47 1.41 1.59 1.26

e Er 2.15 1.72 1.83 2.96 2.75 1.38 4.06 3.75 4.23 3.30

Y Yb 1.23 0.91 1.22 1.73 1.86 0.83 3.92 3.46 3.98 2.88

IS Lu nd nd nd nd nd nd nd nd nd nd

.e to be continued
0

I -
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subordinate muscovite and garnet, which appear to

correspond to crustal melts coeval to the intrusion

of the voluminous calc-alkalic magmas. Although

not yet separated in the available geological maps,

M. C. H. DE FIGUEIREDO and M. C. CAMPOS NETO68

posed by calc-alkalic hornblende-biotite gray

gneisses, with many enclaves of cogenetic basic

rocks; and the other, slightly peraluminous, leu­

cocratic gneissic biotite granites, sometimes with

All. Acad. bras. Ci., (1993) 65 (Supl. 1)

TABLE I (Continued)

"

JQl JQ2 JQ3 STl STZ STI ST4 ST5 GPI GP2 GP3
, I

I sio, 63.0 66.7 71.3 50.7 58.4 62.4 64.3 69.5 61.6 64.1 66.2

rio, 0.80 0.43 0.37 1.21 0.86 0.69 0.62 0.37 0.75 0.86 0.82

AlZ03 15.7 17.8 14.6 16.7 17.0 16.1 15.8 14.4 16.6 16.1-- "15.6
I ' (

Fez031 7.06 3.36 3.54 12.0 8.19 7.57 6.76 3.§J_8.26/'~6.92 6.17
---MnO 0.11 0.05 0.09 0.28 0.14 0.11 0.10 0.08 0.14 0.10 0.09

MgO 1.80 0.88 0.88 4.54 3.20 2.51 2.40 1.50 3.01 2.21 1.81

, I CaO 6.41 5.84 3.53 9.68 7.69 6.32 5.50 2.81 5.83 4.83 4.11,,
NazO 3.10 3.42 3.12 3.53 2.60 2.71 2.80 3.31 2.11 2.92 3.01

K20 1.90 1.41 2.42 1.11 1.80 1.50 1.60 4.21 1.51 1.71 2.01

PzOs 0.15 0.12 0.11 0.15 0.12 0.17 0.10 0.09 0.19 021 0.22

I i' ,I Cr 11 11 23 53 20 nd 42 10 38 29 19

t
l, Ni 34 22 33 55 34 nd 24 13 20 20 28

V 220 125 200 380 182 nd 130 120 nd nd 112

Cu 14 5 9 18 53 nd 11 7 14 10 9

Zn 62 44 59 40 45 nd 43 50 127 116 78

Rb 61 61 75 nd 50 nd 68 120 49 44 83

Ba 570 420 680 130 425 420 470 570 540 460 450

Sr 320 400 350 390 310 250 240 200 240 240 210

Ga nd nd nd nd nd od nd od nd od od

Nb 32 od 35 od 20 od od od od 24 18..
Zr . 200 500 260 140 114 180 120 140 210 190 170

Y 38 153 64 50 30 35 18 22 40 16 14

La 31.7 26.5 25 .3 11.0 18.8 41.3 18.5 20.1 36.4 42.0 38.0

Ce 56.7 47.7 43.8 21.5 27.1 69.2 33.1 38.0 82.3 92.4 87.8

Nd ' 29.2 22.4 21.4 15.1 15.4 29.0 17.8 20.1 38.1 38.5 38.0

Sm 6.41 ~ 3 .57 3.03 2.95 3.80 5.32 2.60 3.11 7.44 6.61 6.40

Eu 1.30 1.11 0.92 0.96 0.74 1.09 0.83 0.84 1.59 1.42 1.02

Gd 5.60 3.04 3.11 2.86 4.20 4.02 2.52 2.99 5.69 4.25 4.15

Dy 4.50 2.21 2.35 2.49 3.01 3.16 2.17 2.62 5.54 2.93 3.35

Ho 0.95 0.37 0.40 0.53 0.60 0.66 0.38 0.44 1.15 0.53 0.64

Er 2.40 1.07 1.43 1.60 1.73 1.84 0.88 1.10 3.10 1.49 1.62

Yb 1.90 1.01 2.17 1.42 2.04 1.48 1.20 1.14 2.75 0.94 1.36

Lu 0.25 0.15 0.31 0.24 0.40 0.20 0.15 0.14 0.37 0.13 0.16
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Fig. 5 - Chondrit e-norm alized (Boynton, 1984) REE
distribution patterns for typical compositions (Table I) of the
Bela Joana charnockitic rocks.

Fig. 4 - Shand 's indices diagram (Maniar & Piccoli , 1989) for
the Rio Doce plutonic rocks . Same symbols as in Fig. 3.
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calc-alkalic batholiths yielded 0.708 (Campos Neto

& Figueiredo, submitted for publication).
In terms of rare earth element (REE) distribu ­

tions all these lithologies are very similar, with

moderately fractionated patterns (LanlYbn around

15) and with negligible to small negative Eu

anomalies. Their total REE contents are moderate

with La values of about 100 times chondrite. How­

ever, there are some variations in REE distribution

among the different batholiths. The REE patterns

for the Bela Joana and Angelim rocks present small

negative Eu anomalies (Angelim not shown, being

slightly enriched in total REE), and decreasing

REE contents with differentiation (e.g. Fig. 5). The

Muniz Freire hornblende-biotite gray gneisses

7

Fig. 3 - R, -R2 discriminant. diagr am, based on modern
granitoids (Batchelor & Bowden , 1985), for the Rio Doce
pre-collisional calc-alkalic batholith s (circles), pre- to
syn-collisional peraluminous migmatites and gran ites
(asterisks), and post-collisional alkali-calcic plutons and dikes
(squares).

2500
1 - Mantle Froctlonates

< 2(0)
2 - Pre-plate CoIIslon

~

+
3 - Posf-colllslon Uplft

~1500 4 - Late-oroow'lc •
+ 5 - AnorogenIc

§HXX> 6 - Syn-coI

• 7 - Post
S!

500

6

the geochemical data (Feboli et al., 1993) for the

Jcquitiba and Santa Tereza rocks allow the distinc­

tion of three series: a calc-alkalic series ; peralumi­

nous gneisses which could correspond to crustal

melts; and basic-intermediate gneisses with sirriilar

compositions to the post-collisional granitoids

which occur in the region. The Santa Tereza rocks

uppear to represent the charnockitic equivalents of

the Jequitiba gray gneisses, although the data set

includes a larger number of basic samples. Only

the typical compositions of the calc-alkalic series

have been used here to represent the Jequitiba and

Santa Tereza rocks.

All these batholiths have gabbro-diorite­

tonalite-granodioritic compositions with a greater

abundance of intermediate rocks. Plagioclase,

quartz, K-feldspar, hornblende, biotite and garnet

(orthopyroxene and clinopyroxene in the char­

nockitic batholiths) are typical mineral assem­

blages with accessory magnetite, ilmenite, zircon

lind apatite, and eventual allanite, titanite, rutile

lind pyrite. This lithological association is gener­

ally interpreted as being produced in a pre-plate

collision environment (e.g. Fig. 3) and it has essen­

tially a meta luminous character, with a few sam­

ples being very slightly peraluminous (Fig. 4). The

few 87Srf6Sr initial ratios (Ro) available for thc

IS,

~h

m

to
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Fig. 7 - Chondrite-normalized (Boynton, 1984) REE
distribution patterns for typical compositions (Table I) of the
Santa Tereza charnockitic rocks.

The MORB-normalized incompatible element
distribution patterns (spidergrams) for intermediate
rocks of the calc-alkalic batholiths (Fig. 8) exhibit
enrichment of large ion lithophile elements (LILE)
and decreasing values for the least incompatible
elements, as well as negative anomalies of Nb, P
and Ti. These features have been described as the
geochemical subduction zone component (e.g.
Pearce, 1983) and, at least for the basic rocks of
the sequence, are considered fls being produced by
partial melting of lherzolitic mantle variably meta­
somatized by a fluid and/or melt derived from a
subducting lithospheric plate. For the studied
rocks, only the Jequitiba ones do not present the
typical Nb depletion. No Nb contents were deter­
mined for the intermediate rocks from the Santa

. Fig. 8 - MORB-normalized . (Pearce, 1983) incompatible
elements distribution patterns for typical compositions (Table I)
of" the Rio Doce pre-collisional calc-alkalic batholiths.

Vb
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Fig. 6 - Chondrite-normalized (Boynton, 1984) REE
distribution patterns for typical compositions (Table I) of the
Muniz Freire calc-alkalic gray gneisses.

100

show increasingly fractionated REE patterns
(higher La/Yb ratios) with differentiation (Fig. 6).
The Santa Tereza charnockitic rocks exhibit in­
creasing REE contents and small fractionation dur­
ing the initial stages; followed by decreasing REE
contents in the final stages of differentiation (Fig.
7). The Jequitiba rocks present decreasing total
REE (not shown) with increasing silica and the

small negative Eu anomaly of the least differenti-
. ated sample becomes negligible in the more
evolved rocks. However, the more differentiated
sample has an unusual pattern with increasing con­
tents of Er, Yb and Lu that may represent analyti­
cal problems since these higher contents are not
accompanied by higher Y. The Guarapari ender­
bites have small negative Eu anomalies and de­
creasing heavy REE (HREE) contents with
increasing silica (not shown).

The variable REE distributions of the several
calc-alkalic batholiths indicate changing fractionat­
ing mechanisms for these rocks, such as variations
in the residual phases during partial melting or in
the mineral assemblage that have been removed by
fractional crystallization. Decreasing REE contents
with differentiation have been found in many calc­
alkalic gneissic or charnockitic .quences (e.g.
Arth et al., 1978; Condie et al., 1982) and are gen­
erally considered as representing crystal-liquid
equilibrium of the igneous protolith, being either
the result of partial melting of a mafic source or
fractional crystallization of basic magmas.

, I
I
! .

I;
I'
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Iercza and Guarapari batholiths, but judging from

lhe Nb contents of other analyzed samples, these

I cks will probably also show Nb negative anoma­
lies.

A northwestward 'Chemical zoning is apparent
111 northern Rio de Janeiro State. The Angelim

rocks are richer in K, Rb, Ba and REE compared

with the Bela Joana ones. This increasing north­

westward maturity is also shown by other massifs,

uch as the high-K charnockitic rocks of Serra da

olivia (Fig. 1), and is suggestive of a NW-dipping

ubduction zone for the generation of these calc-al­
alic rocks (e.g. Figueiredo et aI., 1990; Machado

I Demange, 1992).

The granitic or charnockitic nature of the Rio

ace calc-alkalic batholiths corresponds to an
original variation in the fluid phase of the crystal­

lizing magmas. Some batholiths (e.g. Bela Joana

lind Santa Tereza) are essentially enderbite-char­

noenderbitic, while others (e.g. Angelim and Mu­
niz Freire plutons) are hornblende-biotite gray

ranitoids. Intimately associated gray gneisses and
charnockitic rocks with identical compositions oc­
cur in the Guarapari batholith (Sluitner & Weber­

Diefenbach, 1989). These features suggest that

these calc-alkalic magmas had fluid phases with

variable C02IH20 ratios. The charnockitic rocks

IIppears to be related to C02-rich magmas, while

the hornblende-biotite granitoids would correspond
to aqueous magmas. The hybrid nature of some

batholiths, such as Guarapari, can result from local
concentrations of carbonic or aqueous fluids. This
also appears to be the best explanation for the con­

spicuous charnockitic patches among gneissic gra­

nitoids from other parts of the Serra do Mar
microplate as, for instance, the augen gneisses of

Rio de Janeiro city. However, the presence of three

distinct magmatic series, discussed above, both in
the gray gneissic Jequitiba and charnockitic Santa
Tereza rocks, suggests that charnockitization of
this northeastern portion of the microplate may
have occurred through a C02 front. This idea is re­

inforced by the occurrence, in this region, of silli­

manite-gamet-cordierite migmatites with slightly

greenish leucosomes.
Further work will be necessary to define the

particular fractionating mechanism for each of

those calc-alkalic batholiths. The most probable

one is (pyroxene)-hornblende-plagioclase-control­
led fractional crystallization, at least for those
batholiths with conspicuous cogenetic basic en­
claves. However, partial melting of a lower crustal
mafic layer cannot be discarded and might be more
probable for those batholiths, such as Angelim and
Guarapari, with almost no associated basic rocks.

GEOCHEMISTRY OF THE PRE- TO

SYN-COLLISIONAL PERALUMINOUS

GRANITOIDS AND MIGMATITES

Strong crustal anatexis producing mostly S­
type migmatites and granites, began at the com­
pressional magmatic arc stage (590 to 570 Ma) and
culminated, during crustal thickening associated
with piling-up of large thrust slices northwest­
wards, in the collisional stage (Fig. 2) of the Rio
Doce orogeny (Campos Neto & Figueiredo, sub­
mitted for publication) in the 560 to 530 Ma age
interval.

In northern Rio de Janeiro State occur the
Catalunha peraluminous diatexitic migmatites, or
S-type granites, and the stromatic migmatites of

Sao Fidelis-type. Their typical mineral assemblage

is (cordierite)-sillimanite-garnet-biotite-plagio­
clase-quartz-K-feldspar. In southern Espirito Santo

State occur the sillimanite-garnet-biotite-cordierite
stromatic migmatites, mapped as "aluminous
gneisses" by Feboli et al. (1993), and the Colatina
S-type granites (Fig. 1). Typical .compositions of

these peraluminous rocks are presented in Table II.
The peraluminous granitoids and migmatites

have essentially a granodiorite-granitic composi­
tion, thus plotting near the compositional fields

generally considered as typical of crustal melts
formed in syn-collisional environments (e.g, Fig.
3), and range from mildly to strongly peraluminous
(Fig. 4). The pre-collisional metaluminous to
slightly peraluminous granitoids have Ro of 0.706
to 0.711, while the syn-collisional peraluminous to
metaluminous granitoids have Ro ranging from
0.709 to 0.715 (Campos Neto & Figueiredo, sub­

mitted for publication).
The Sao Fidelis stromatic migmatites present

some variation in the REE distribution patterns
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TABLE II
Typical compositions of the Rio Doce magmatic arc pre- to syn-collisional peraluminous Sao Fidelis (SF) stromatic

migmatites, Catalunha (CT) S-type granites, "aluminous gneisses" (AG) stromatic migmatites, Cola tina (CL) S-type

granites, and Muniz Freire leucocratic biotite granites enG). Data from: Rego (1989) - SF and CT; Feboli et at. (1993) - AG

and CL; Figueiredo & Campos Neto (1991) - BG. nd = not determined.

SF1 SF2 SF3 en Cf2 CT3 CT4 AGl AG2 Am CLl CL2 CL3 BGl BG2

sio, 64.3 66.2 68.2 71.1 75.1 76.1 78.6 63.1 69.2 74.4 70.6 70.9 71.5 74.6 77.6

TiOz 1.40 0.88 0.34 0.75 0.42 0.44 0.50 1.11 0.92 0.75 0.70 0.77 0.33 0.21 0.10

Sm 5.48 10.5 5.24 2.96 7.68 2.21 · 10.5 5.51 4.15 5.88 4.57 6.42 0.78 5.64 6.44

Eu 1.02 0.60 1.11 0.92 1.41 1.21 1.11 1.15 0.96 1.09 1.44 1.32 1.42 0.81 0.60

AlZ03 15.1 15.9 15.7 12.5

Fez031 6.78 5.98 3.66 6.34

MnO 0.07 0.10 0.07 0.09

MgO . 2.54 2.30 1.09 3.02

CaO 4.16 2.82 3.23 0.92

NazO 2.67 2.88 2.99 1.70

KzO 2.60 2.91 4.17 3.49

pzOs 0.35 0.06 0.54 0.06

Nb 25 23

Zr 229 216

Y 8 23

Th 1.0 50

U nd 36

La 18.1 60.9

Ce 46.7 147

Nd 25.4 59.0

nd

nd

nd

nd

nd

nd

nd

nd

160

580

140

6.16

8.07

nd

nd

nd

nd

nd

nd

nd

nd.

140

740

200

4.40

4.32

nd

nd

nd

nd

nd

nd

nd

1.39

2.48

88 nd

141 65

787 473

171 292

5.32

4.11

nd 22 nd 24 16

nd 313 nd 130 85

55 48 27 36 50

nd nd nd nd nd

nd 5.7 nd nd nd

nd 65

nd 44

10 16

nd 16

nd 105

nd 26

nd 11

4.64

5.13

30.0 36.5 11.5 33.1 22.6

50.6 70.0 17.9 74.9 53.7

23.8 34.3 7.06 31.6 25.9

13.4 13.3 14.9 13.4 12.4

5.20 6.15 3.21 2.20 1.20

0.08 0.11 0.07 0.06 0.04

1.51 1.51 1.00 0.42 0.13

1.21 1.21 3.02 1.70 1.10

2.02 1.92 3.92 3.10 2.70

5.14 4.03 2.01 4.20 4.70

0.11 0.07 0.07 0.09 0.05

7

nd

nd

nd

nd

nd

nd

nd · nd

94 181

311 796

160 202

4.70

3.29

4.15

4.77

4.64

3.66

7.88

7.17

63 71 119 89

17 21 86 65

nd nd 30 21

nd nd 30 . 20

105 102 201 155

2 9 50 16

4 12 10 11

51 57 115 72

55 49 141 141

442 344 382 454

151 120 76 151

3.52

4.12

nd

nd

76

7

6.87

6.37

119

9

13

12 11 17 39 30 nd

258 197 461 402 404 nd

27 16 33 80 65 40

18 nd 35 nd nd nd

nd nd 6.1 5.7 2.8 nd

45.1 16.0 59.1 35.7 24.3 34.0

105 38.2 139 64.6 43.6 62.0

45.4 15.1 57.0 31.7 20.6 30.6

11.3 11.2 9.49 16.8 14.7 11.0

5.49 4.50 4.93 8.86 6.84 5.13

0.09 0.07 0.08 0.15 0.13 0.07

2.41 2.01 2.08 4.02 2.32 1.40

1.54 1.73 1.19 0.65 1.21 1.50

2.25 1.88 1.73 1.61 1.72 2.21

1.34 2.01 1.35 3.62 2.83 3.31

0.06 0.05 0.07 0.12 0.06 0.20

nd

nd

nd

18

82

24

88 .. 59

133 28

657 302

146 148

3.47

4.89

133

nd

nd

12

3

45

11

25

42

109

922

213

5.45

5.24

12 10

114 197

26 19

12 20

3.0 3.0

16.1 14.3

44.2 34.8

25.0 14.8

40

15

nd

nd

7.15

5.54

105

4

25

78

147

577

189

41

11

4.88

3.25

nd

nd

146

14

6

79

125

502

204

Gd

Dy

Zn

Ba

Sr

Rb

v
Cu

Pb

Cr

Ni

Co

Sc

Ho nd nd nd nd nd nd nd 0.69 0.93 0.55 0.96 0.80 0.41 0.76 1.53

Er 0.91 3.22 4.54 2.75 3.64 1.81 4.34 2.08 2.37 1.77 2.70 2.29 1.48 2.13 3.84

Yb nd 2.42 4.54 2.55 2.93 1.11 2.83 1.86 2.30 2.08 2.41 2.46 1.80 2.54 3.31

Lu nd nd nd nd nd nd nd 0.26 0.36 0.29 0.36 0.37 0.24 nd nd
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La Ce Nd SmEu Gd Dy Er Vb

VbLa Ce Nd SmEu Gd DvHe Er

10

Fig. 11 - Chondrit c-norm anzed (Boynton, 1984) REE
distribution patterns for typical compositions (Table II) of the
Muniz Freire gneissic leucocratic biotite granites.

°BG1 cBG2
1000 c--..--.,.---.----.-----.-----.-----,--,--,--.--,...---r---r----.------r-----=l

100

"aluminous gneisses" with fractionated LREE,

small to very small negative Eu anomalies, and un­

fractionated HREE, but one sample has much

lower REE contents and a strongly positive Eu

anomaly. Considering that this last sample has

more AI, Ca and Na and less K, compared with the

others, it is possible that it represents a plagioclase

cumulate. The Catalunha rocks have moderately

fractionated LREE, negligible to neg ative Eu

anomalies, and sub-horizontal to mildly fraction­

ated HREE (not shown). One sample has lower

REE values and slightly positive Eu anomaly, re­

sembling that "cumulate" sample from the Colatina

granite.

The Muniz Freire slightly peraluminous leu­

cocratic biotite granites have REE patterns (Fig.

11) with moderately fractionated LREE, strongly

negative Eu anomalies, and unfractionated HREE.

These leucocratic biotite granites, with accessory

muscovite, garnet, magnetite, titanite, zircon and

apatite, do not appear to correspond to S-type gran­

ites but rather to evolved I-type crustal melts (e.g.

Chappell & White, 1992).

The peraluminous migmatites and granites

spidergrams (Fig. 12), compared with those of the

calc-alkalic batholiths, show enrichment in LILE,

strongly depleted P and Ti, and less depleted Yand

Yb. Nb shows negative anomalies for the Sao

Fidelis and Catalunha samples and negligible

anomalies for the Espirito Santo rocks, but these

differences may not have petrogenetic significance

VbLuLa Ce Nd SmEu Gd Dy He Er

10

°SFl
1(XX) ~"--""--',.---,-----,-----.-----.-...--,----.-----r----r-'-'--'----:l

Fig. 10 - Chondrit e-normalized (Boynton, 1984) REE
distribution pallerns for typical compositions (Table II) of the
Colatina S-type granit es.

0CLl CCL2 6CL3
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100

100

Fig. 9 - Chondrite-normalized (Boynton, 1984) REE
distribution pallerns for typical compositions (Table II) of the
• (l Fidelis strom atic migmatites.

10

(Fig, 9), with moderately fractionated light REE

(LREE), small negative Eu anomalies, and almost

unfractionated heavy REE (HREE), but also with

umples with enriched LREE and others with de­

picted HREE. These features are probably due to

variations in the residual mineralogy during

unatexis, The "aluminous gneisses" from southern

spfrito Santo (not shown) exhibit more homoge­

neous patterns with moderately fractionated LREE,

with La contents of about 100 times chondrite,

mall negative Eu anomalies, and sub-horizontal

HREE patterns with values of around .lO times

chondrite.

The Colatina S-type granites present REE dis ­

tributions (Fig. 10) generally similar to those of the
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Like the tonalitic or enderbitic calc-alkalic se­

quences, the Rio Doce post-collisional plutonism
is characterized by basic to acidic expanded se­

quences , but they define monzonitic sequences

with late-orogenic to anorogenic characteristics

(e.g . Fig. 3). Usual mineral assemblages of the
more evolved rocks consist of micro cline, quartz,

plagioclase and biotite, with accessory apatite, zir­

con, titanite, allanite, magnetite and eventual
monazite. They are metaluminous to slightly per­
aluminous, with the exception of the more differ­
entiated of the Piiima dikes which is more

peraluminous. Compared with the calc-alkalic

rocks they exhibit lower AlNK indices (Fig. 4).
The Itaipavas quarry dikes are moderately en­

riched in REE and show increasing REE fractiona­
tion with differentiation (Fig . 13). The basic dike
exhibit moderate LREE/HREE fractionation, the
intermediate one has higher LREE and lower
HREE contents, while the acid dike has still lower

HREE values (hornblende fractionation?). The Eu

anomalies are slightly negative to negligible.
The Garrafao pluton shows strongly enriched

and fractionated REE patterns (Fig. 14). With in­
creasing silica the REE patterns become slightly
more fractionated and the Eu anomalies range from
negligible to slightly negative, but for the more dif­
ferentiated samplethe total REE contents increase

sharply and the Eu depletion increases.
The Arace rocks present REE distributions

(not shown) even richer and more fractionated than

those of the Garrafao pluton and more similar to
those .of the nearby granitic dikes. There is little
difference in the LREE contents with differentia­
tion, but HREE and Eu diminish with increasing
silica. The granitic dikes which occur in the region

of the Domingos Martins 1:50,000 sheet have REE

patterns (Fig. 15) highly enriched and fractionated

with moderate negative Eu anomalies and variable

HREE depletion.
The Rio Novo do SuI pluton is also enriched

and fractionated in REE, with small negative Eu
anomalies, and show almost no REE fractionation
with increasing silica, the major difference being
the HREE depletion of the more evolved rock (Fig.
16). The Iconha pluton has an overall chemical
composition very similar to that. of the Rio Novo

M. C. H. DE FIGUEIREDO and M. C. CAMPOS NETO74

Fig . 12 - MORB-normalized (Pearce, 1983) incompatible

clements distribution patterns for typical compositions (Table
II) of the Rio Doce pre- to syn-collisional peraluminous
migmatites and granites.

GEOCHEMISTRY OF THE

POST-COLLISIONAL ALKALI-CALCIC

PLUTONISM

10

°Sf3 -cn AAG2 ' CL2 "BG1
1000 ~~~~~-,--,--,--,--,--,--.----.----.----,----,--."

.1

since they reflect analyses in different laboratories,
and the Nb values for the Sao Fidelis and
Catalunha samples appear to be more reliable.

100

The Rio Doce post-collisional plutonism
(520-480 Ma) is characterized by plut6ts and dikes
of mainly alkali-calcic granitoids enriched in in­

compatible elements. Their Ro appear to vary from
0.708 to 0.717. Some of the plutons have associ­

ated basic rocks and zoned structures, as well as

evidence of magma mingling/mixing and are gen­
erallyenriched in K, P, Ba, Sr and Zr (e.g. Wiede­
mann & Ludka, 1984; Wiedemann et al., 1987;

Junho, 1993).
Recently published geochemical data (Feboli

et al., 1993; Feboli and Ribeiro, 1993), including
REE, for some of these plutons and dikes from
southern Espirito Santo State indicate essentially

alkali-calcic expanded monzonitic sequences. Ex­

amples of these 'Plutons are the Garrafao and Arace
massifs in the Domingos Martins 1:50,000 sheet
and the Iconha and Rio Novo do SuI plutons in the

. Piuma sheet (Fig . 1). Granitic dikes also occur in
both sheets. In northern Rio de Janeiro State, basic,

. intermediate an~ acid dikes occur in the Itaipavas
quarry cutting Angelim tonalitic gneisses. Table III
presents typical compositions for these lithotypes.

i .
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se- TABLE III
ism Typical compositions of the Rio Doce magmatic arc post-collisional alkali-calcic Itaipavas quarry dikes (11),

se- Garrafao (GF) pluton, Arace (AR) pluton, granitic dikes from the Domingos Martins 1:50,000 sheet (DMD), Iconha

Ices (lC) pluton, Rio Novo do SuI (RNS) pluton, and granitic dikes from the Phima 1:50,000 sheet (PD). Data from: this

.tics work - IT; Feboli et al. (1993) - GR, AR and DMD; Feboli & Ribeiro (1993) • IC, RNS, PD. nd = not determined.

the IT1 11'2 IT3 GR1 GR2 GR3 GR4 AR1 AR2 AR3 AR4 DMD1
irtz,
zir- sio, 51.2 65.3 72.7 50.0 57.7 64.9 72.3 57.6 62.6 66.9 71.3 57.0

tual rto, 1.31 0.69 0.40 3.82 1.81 1.01 0.43 2.22 1.51 0.98 0.42 2.32

per- Ah03 17.4 15.6 13.0 14.7 16.3 14.6 12.8 14.2 14.3 14.4 13.4 14.4

fer- Fez03
1 9.85 5.05 2.93 12.3 8.41 5.62 2.32 9.17 6.61 4.14 2.72 9.91

lore MnO 0.12 0.07 0.03 0.23 0.13 0.09 0.07 0.13 0.10 0.05 0.05 0.14

alic MgO 4.93 1.92 0.87 4.82 3.41 1.91 0.43 2.52 1.92 1.11 0.50 2.22

CaO 8.46 3.23 2.12 7.73 5.12 2.82 1.11 5.74 4.04 2.53 1.61 5.65
en-

NazO 4.13 3.64 2.72 3.11 3.61 3.52 3.13 3.22 3.03 3.13 3.01 3.13
ina-

KzO 2.32 4.34 5.04 2.01 2.81 5.24 7.28 4.03 5.15 6.46 6.83 4.03
like

the
PzOs 0.31 0.18 0.13 1.31 0.74 0.33 0.07 1.11 0.77 0.28 0.15 1.21

Cr 74 12 nd 180 48 34 6 38 nd nd nd nd
wer

wer Ni 55 27 5 100 38 26 11 34 nd nd nd nd

Eu Cu nd nd nd 52 14 15 3 24 11 11 4 19

Pb nd nd nd 14 6 38 8 48 nd nd nd nd

hed Zn nd nd nd 70 nd 105 nd 145 nd nd nd nd

in- Rb 74 160 170 32 62 130 170 95 130 250 300 90

htly Ba 524 1130 1370 1350 2080 2080 1040 2750 2400 1800 1100 2300
rom

,

Sr 332 240 240 "gOO 860 610 150 1300 1020 420 300 1100
dif-

Ga nd nd nd nd 37 nd 23 nd 29 39 28 nd
ease

45Nb nd nd nd 44 60 68 45 84 57 50 64

ions
Zr 95 250 145 380 780 940 460 770 790 1100 420 630

:han
y 24 15 nd 38 65 48 59 64 55 42 32 70

r to Th nd nd , . nd nd nd nd 28 nd nd 24 24 23

ittle U nd nd nd nd 2.8 nd 2.8 nd 2.8 nd nd 2.8

itia- La 22.4 55.0 55.4 70.7 72 .8 100 221 172 172 203 147 160

sing Ce 57.7 124 126 141 139 179 382 304 313 356 279 282

~ion Nd 32.9 52.9 51.4 75.8 76.7 80.8 168 150 142 148 107 132

tEE Sm 7.32 9.05 8.26 14.6 13.8 11.4 25.8 22.0 22.2 . 20.5 20.0 21.1
ated

Eu 1.91 1.78 1.80 3.21 3.29 2.22 3.58 4.07 3.76 2.50 1.70 3.86
:lble

9.40 7.75 15.3 13.7 13.4 11.9 8.73 13.9Gd 5.64 5.87 4.65 10.1

.hed Dy 5.70 4.24 2.92 5.52 5.63 4.13 8.23 7.54 7.39 5.72 4.47 7.16

Eu Ho 1.24 0.82 0.59 1.00 1.10 0.68 1.57 1.40 1.23 1.05 0.88 1.26

tion Er 3.34 1.95 1.19 2.61 2.54 1.67 4.11 3.50 2.88 2.41 2.03 3.03

eing Yb 2.60 1.14 0.75 1.61 1.58 1.21 2.90 2.34 1.58 1.37 1.10 1.73

Fig. Lu nd nd nd 0.23 0.25 0.19 0.37 0.30 0.19 ·0.17 0.17 0.23

tical to be continued
ova
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show small negative Eu anomalies and decreasing

total REE contents with increasing silica.
The Rio Doce post-collisional plutonism pre-

sent spidergrams (Fig . 18) similar to those of the

calc-alkalic bathol iths, with LILE enrichment, de­

creasing contents of the least incompat ible ele­

ments and negative anomalies of Nb, P and Ti,

All. Acad. bras. Ci., (1993) 65 (Sup!. 1)

do Sui massif, including the REE patterns (not

shown).
The granitic dikes of the Piuma sheet have the

more .fractionated REE patterns of the studied

rocks (Fig. 17), essentially due to their severe

HREE depletion which suggests that garnet-am­

phibole should have acted as residual phases. They

TABLE III (Continued)

DMD2 DMD3 DMD4 IC1 IC2 IC3 RNS1 RNS2 RNS3 RNS4 PD1 PD2 PD3

Si02 66.8 68.6 69.6 57.5 63.3 69.3 57.6 62.7 66.2 68.8 66.6 69.3 70.6

Ti02 0.83 0.79 0.53 2.14 1.62 0.54 2.12 1.71 1.21 0.98 1.11 0.74 0.46

Ah03 14.7 14.0 13.6 15.4 14.4 14.0 14.3 13.9 14.3 14.6 15.6 15.1 15.6

Fe2031 4.86 3.93 3.92 8.67 6.69 4.55 8.99 7.62 5.24 4.03 3.94 3.03 2.83

MnO 0.06 0.05 0.12 0.13 0.10 0.07 0.14 0.10 0.09 0.05 0.04 0.03 0.05

MgO 1.00 0.81 0.53 2.75 1.72 0.87 3.54 1.81 1.31 0.94 1.42 0.64 0.60

CaO 2.63 2.12 1.51 5.39 3.64 2.23 5.46 4.03 2.73 2.22 2.32 1.82 1.62

Na20 2.84 2.72 2.83 3.25 2.93 2.34 3.34 3.02 3.13 3.13 3.03 3.43 2.22

K20 6.08 6.65 7.16 3.76 4.95 5.79 3.34 4.33 5.25 4.94 5.66 5.75 5.97

P20S 0.26 0.28 0.14 1.02 0.70 0.36 1.21 0.74 0.45 0.30 0.29 0.16 0.09

Cr nd nd nd 30 10 nd 95 12 21 18 26 nd 8
f Ni nd nd nd 29 10 nd 35 26 26 18 20 nd 181
I

" Cu 9 9 3 10 10 7 25 13 22 19 22 3 5

Pb nd nd nd 66 66 75 400 11 100 625 180 75 8

Zn nd nd nd 165 150 . 80 240 115 150 530 240 85 62

Rb 230 230 210 79 120 170 100 110 170 170 220 270 240

Ba 1800 1610 1880 2700 2800 1400 2700 3270 3200 2500 2170 1470 1630

Sr 400 450 260 1250 900 380 1080 695 745 770 540 430 440

Ga. nd nd nd 33 28 16 36 nd 29 21 37 36 18

Nb 64 45 47 40 29 20 24 48 24 nd 20 nd nd

Zr 960 535 580 710 950 650 610 540 770 820 850 700 220

Y 75 65 64 45 38 32 44 42 45 30 14 13 16

Th 36 36 33 ....43 nd 39 nd nd 22 42 40 nd nd

U 2.8 5.7 2.8 nd 1.0 1.0 2.0 2.0 2.0 nd nd nd nd

La 238 154 201 155 199 192 150 162 137 155 357 216 178

Ce 419 264 365 337 412 412 317 350 297 315 426 479 376

Nd 166 112 159 144 161 152 138 157 123 113 249 161 124

Sm 23.7 18.6 24.3 21.7 23.9 21.9 19.1 23.0 18.4 14.2 24.8 19.0 15.5

Eu 2.86 2.06 3.64 4.30 4.34 2.53 3.70 4.17 3.20 2.31 2.88 2.16 1.61

Gd 13.5 12.5 14.6 11.9 12.8 11.9 10.0 11.6 10.2 7.07 8.31 7.15 6.05

Dy 6.56 7.05 8.19 7.08 7.77 6.58 5.45 7.42 6.25 3.98 3.23 2.79 2.22

Ho 1.12 1.36 1.57 1.29 1.43 1.24 1.16 1.37 1.28 0.77 0.55 0.50 0.40

Er 2.45 3.24 3.97 3.03 3.49 2.85 2.67 3.09 2.84 1.62 0.94 1.07 0.86

Yb ' 1.13 2.49 2.94 1.90 2.44 1.63 1.66 2.04 1.84 1.08 0.40 0.51 0.31

Lu 0.14 0.32 0.38 0.25 0.31 0.23 0.23 0.23 0.24 0.17 0.06 0.08 0.10
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Fig. 15 - Chondritc-normalized (Boynton , 1984) REE
distribution patterns for typical compositions (Table III) of the
granitic dikes of the Domingos Martins 1:50,000 sheet.

with the difference of having an overall enrichment

lithe incompatible elements, including LILE, REE

IIId high field strength elements (HFSE).
The post-collisional plutonism of the Rio

I oee magmatic arc is composed predominantly of

I compatible element-enriched expanded monzoni­

II' sequences, mostly intermediate to acid, and for

those sequences which have associated basic rocks,

neh as the Garrafao pluton, these basic rocks are

ilrcady strongly enriched in LILE and ·REE sug­

sting derivation from enriched mantle sources.

l'he strong REE fractionation of all these rocks

In/Ybn ratio of about 70) indicate the participa­

tion of residual garnet and/or amphibole in their

urce area.

°GRl DGR2 "GR3 "GR4
,(XX) .,..-,..----,,--,~----,__,..---r----r----r___.___y_-,---.-_,_---r-~

100

10

La ce Nd SmEu Gd DvHo Er Vb lu

I I I L~ ' 14 - Chondrite-normalized (Boynton, 1984) REE
dlstriburlon patterns for typical compositions (Table III) of the
I lllrrarnO pluton.

The subduction zone component signature of

the trace element distributions suggests a metaso­

matic enrichment of the mantle sources during the

preceding subduction environment. This is rein­

forced by the Ro of about 0.708, similar to those of

the calc-alkalic batholiths, for some of the basic-in­

termediate rocks of the post-collisional plutons.

The enrichment in highly charged cations, such as

Ga and Zr, suggests that this plutonism has affinity

with A-type granites (e.g. Collins et al., 1982). The

Rio Doce post-collisional rocks are indeed even

richer in LILE (K, Ba and, Sr), LREE and HFSE

(Zr and Nb) than the Lachlan fold belt A-type

granites (e.g. Chappell and White, 1992).
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Fig. ' 16 - Chondrite-normalized (Boynton , 1984) REE
distribution patterns for typical compositions (Table III) of the
Rio Novo do.SuI pluton.
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CONCLUSIONS

between mantle-derived basic magmas and crustal

acid magmas. This type of post-subduction mix­

irig-fractional crystallization process to produce

calc-alkalic magmas mostly by mixing of silicic

crustal material with mafic magma is well de­

scribed in the southwestern United States (e.g.

Glazner, 1990). On the other hand, for the mon­

zonitic expanded sequences, such as those dis­

cussed here, fractional crystallization of basic

magmas already enriched in incompatible elements

appears to be the dominant mechanism for their

differentiation.

The Rio Doce orogeny is characterized in the

Serra do Mar microplate with the piling-up of three

different crustal segments, the supracrustal terrane,

the gneiss-migmatitic terrane and the granulite­

granite-migmatitic terrane (Campos Neto &
Figueiredo, 1990), in a hinterland domain in rela­

tion to a northwestward dipping ocean crust sub­

duction zone.
The Rio Doce magmatic arc includes pre-col­

lisional (590-570 Ma) calc-alkalic elongated batho­

liths, pre- to syn-collisional mostly peraluminous

S-type migmatites and granites, with the syn-colli­

sional stage occurring at 560 to 530 Ma, and post­

collisional (520-480 Ma) alkali-calcic plutons and

dikes.
The calc-alkalic granitoids are generally con­

stituted by low-K, high-Al calc-alkali~ expanded

sequences, with basic-intermediate-acid composi­

tions and intermediate-acid ones, with geochemical

subduction zone components. Most of these series

present variations in REE contents, such as de­

creasing total REE with increasing silica, reflecting

the specific crystal-melt equilibria of their igneous

precursors (e.g. Cullers & Graf, 1984). According

to Arth et al. (1978) this could be explained by

fractional crystallization of mainly hornblende and

lesser plagioclase and biotite from a parent of ba­

saltic composition. However, partial melting mod­

els (e.g. Condie e~ al., 1982) are also consistent

with these variations, involving the production of

tonalitic rocks by partial melting of a mafic source

51' K20 Rb Sa Th Nb ce P205 ZJ 8mT102 V Vb
.1

10

100

Fig. 18 - MORB-normalized (Pearce, 1983) incompatible
Clements distribution patterns for typical compositions (Table
III) of the Rio Doce post-collisional alkali-calcic plutons and

dikes.
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The REE distribution patterns of these plutons
indicate that crystal-liquid equilibrium was an im­

portant mechanism for their differentiation. Some

sequences, such as those from the Garrafao and

Arace plutons, present clear inflections in some of
their trends in Harker diagrams also indicating
crystal-liquid processes such as fractional crystal­

lization. On the other hand, some of these post-col­
lisional plutons have ample evidence of magma

mingling/mixing processes (e.g. Wiedemann et al.,

1987). Some of them, such as Santa Angelica and

Castelo plutons, almost do not have associated

monzonitic rocks, the intermediate terms being

characterized by granodiorites produced by mixing

La Ce Nd SmEu Gd Dy He Er Vb Lu

F~g'. 17. - Chondrite-normalized (Boynton, 1984) REE
distribution patterns for typical compositions (Table III) of the
granitic dikes from the Piiima 1:50,000 sheet.
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with variable ratios of residual hornblende/clinopy­
roxene.

The mafic source area or the- initial basic

magma of the calc-alkalic sequences, depending
whether partial melting or fractional crystallization

models are adopted, has to be derived from an en­
riched mantle source, since the basic rocks of the

studied sequences are already LILE- and LREE-

nriched. Considering fractional crystallization of

basaltic magma, a reasonable model would be par­

tial melting of suprasubduction zone LILE- and

LREE-enriched mantle (e.g. Harris et al., 1986;

McCulloch & Gamble, 1991) yielding enriched

lind hydrous basalt, followed by fractional crystal­

lization of hornblende and smaller amounts of pla-

ioclase and biotite. Another possibility is
underplating of such an enriched basalt forming a
mafic lower crust , followed by hydrous partial

melting of mineral assemblages ranging from

dominantly clinopyroxene-plagioclase todomi­

nantly hornblende-plagioclase to produce - the

tonalitic magmas.
At least some of the Rio Doce calc-alkalic

batholiths have conspicuous associated basic rocks
iuggesting that fractional crystallization of basic
magma is a probable mechanism for their evolu­

tion. The regional occurrence of both hypersthene­

bearing dark green charnockitic rocks and/or

hornblende-biotite gray gneisses suggests that this

plutonism had variable H20/C02 ratios in its fluid

phase.
The Rio Doce collisional orogenic stage ap­

pears to have lasted from 560 to 530 Ma, with
strong anatexis of metasediments producing
peraluminous S-type migmatites and granites,
mostly of granodiorite-granitic composition, dur­

Ing a crustal thickening episode. However, crustal

melting began at the pre-collisional stage, in the

roots of the magmatic arc, with the production of
peraluminous S-type migmatites and granites, as
well as metaluminous to slightly peraluminous bi­
otite granodiorite-granites which probably corre­
spond to I-type melts. Variations in REE

nbundances, particularly in HREE, of the peralumi­
nous magmatism may reflect variations in the re­

sidual mineralogy, including garnet , during partial

melting,

Plutons and dikes of LILE-REE-HFSE-en­
riched expanded monzonitic sequences charac­

terize the Rio Doce post-collisional plutonism,

which presents highly fractionated REE patterns,
whose basic precursors are probably derived from
enriched mantle sources. There are evidences that
these sequences evolved through assimilation-frac­
tional crystallization and magma mixing processes.

These alkali-calcic monzonitic sequences have
shoshonitic affinity and the onset of this magma­
tism was probably triggered by tectonic instability
due to the Cambrian collisional event.
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